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https://youtube.com/playlist?list=PLlKljWqa8R66hVQgHHKy3YOJVfVyCn1I_

| took these notes after rewatching carefully ALL the lessons and included the book parts for
missing explanations. But keep in mind there might be errors and inaccuracies.

« Everybody asks "Mamma, dov'e quello, mamma, dov'e questo?” , but nobody asks
“Ciao Mamma, come stai?" »

«I liked this course so much that | took it 2 times » -average ES student

«ABBAndonate ogni speranza voi che vi iscrivete» -Dante

Honest, not asked for,

A NEEDED PREFACE

| shall start mentioning that I’m an automation engineering student that took this

Indeed the course it’s difficult enough for electronic eng. students, so it’s fair to say that
my different background may have intensified the struggles. Anyway most of the problems
come from the prof and not from the subject, that | personally found interesting.

LECTURES

Starting from the lectures, that are basically a compilation of repetitive sounds, retfunny
jokes, stupid and overcomplicated examples and schemes sketched at the speed of lights.
The slides suck, the book too, the songs in it too.

EXERCISES

| think the prof also underestimated the exercise sessions, since, at least this year, he
covered the majority of them. Indeed they’re done too fast, the solutions are often
dispersive and not focused on defined requests, this makes it difficult to understand the
reasoning and the method behind the solution. The assistants are competent, | wished
Zappa could have give them more space, and let them do most of the exercises.

EXAM AND PROJECT

The project, in my opinion, is kinda useless. | mean it’s fine to learn how to use a new
software, but the fact that in the end it’s just used to solve a simple example make it
useless. They should probably get rid of it or assign a more serious project that maybe
takes up more point at the oral exam. Indeed, | think that, for the number of hours
assigned to theoretical lectures wrt exercises, it would be more fair to value more the
oral (not just +3), since the theory also requires a lot of time and the written test is 50%
luck and 50% Shrek.

In the end, if you have the possibility to do some course ZAPPing, don’t choose this
course. (R.l.P. the ones who have it as mandatory).
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Capacitor:

. De “ul.klm;

In both digital and analog electronic circuits a capacitor i1s a fundamental element. It
enables the filtering of signals and 1t provides a fundamental memory element.

The capacitor 1s an element that stores energy in an electric field.

The circuit symbol and associated electrical variables for the capacitor is shown on

Figure 1.

Figure 1. Circuit symbol for capacitor

The capacitor may be modeled as two conducting plates separated by a dielectric as

shown on Figure 2.
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, Behuvioup:

Let’s now consider the circuit shown on Figure 3 where a capacitor of capacitance C is
connected to a time varying voltage source v(1).

ff?é

v(t) =

Figure 3. Fundamental capacitor circuit

If the voltage v(7) has the form

v(t) = Acos(art) (1.8)
Then the current if7) becomes
dv
i(t)y=C—
() 7
=—C Awsin(wt) (1.9)
=CwA cns[mr + g]

Therefore the current going through a capacitor and the voltage across the capacitor are
90 degrees out of phase. It is said that the current leads the voltage by 90 degrees.

The general plot of the voltage and current of a capacitor is shown on Figure 4. The
current leads the voltage by 90 degrees.
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Figure 4

If we take the ratio of the peak voltage to the peak current we obtain the quantity

1
Xo=— 1.10
(' ( )

Xc has the units of Volts/Amperes or Ohms and thus it represents some type of resistance.
Note that as the frequency @ — 0 the quantity Xc goes to infinity which implies that the
capacitor resembles an open circuit .

Capacitors dallike to pass current at low frequencies

As the frequency becomes very large @ — oo the quantity Xc goes to zero which implies
that the capacitor resembles a short circuit.

Capacitors like to pass current at high frequencies
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The inductor 1s a coil which stores energy in the magnetic field L
Consider a wire of length / forming a loop of area 4 as shown on Figure 11. A current if7) o VOLTAGE acirss the indudvr: fﬂ‘“ well E"] 4.1 = vit)
1s flowing through the wire as indicated. This current generates a magnetic field B which dt
1s equal to . i
ve L L e O,y
i(0) d¢t dt
B(t) Z'HT (1.23)
: . . . . E x KL m‘nuﬁl
Where u 1s the magnetic permeability of the material enclosed by the wire. =
t=o '
I Stebdy State Value
A
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B
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- Transient Time p..|

Figure 11. Current loop for the calculation of inductance
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, Behuvioup:

Let’s now consider the circuit shown on Figure 13 where an inductor of inductance L 1s
connected to a time varying current source i(7).
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Therefore the current going through an inductor and the voltage across the inductor are R R
90 degrees out of phase. Here the voltage leads the current by 90 degrees.
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Intro from Zagpn's Bt p. 22

In analog electronics, it 1s important to extract signals from sensors and
amplify them properly in order to make these signals strong enough to be
treated by analog filtering and processing blocks or analog/digital conversion
blocks placed downstream. Usually, the key feature of an amplifier is to have

its gain G between its input and its output as constant and linear as possible.
However, there are also other performance criteria that characterize an
amplifier, and those criteria have to be considered in the analysis or design
phase of an electronic system. For instance, the input impedance of an
amplifier stage may cause a significant loss of amplitude of the signal to be

amplified.
‘o QH'»Je ﬂ-'mrl{k‘" + Compubaions:
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Unfortunately there are voltage drops: |__5 Vol h" dVors
Vin = Vs - Emﬁrﬂs Ve =V, - ELTRH ,
‘l'o i’mrwv; e 'H‘U.S oS¢ e l’lkVQ +° 6‘100.5( R.M ((RL

Hence a good Voltage Amplifier must have: [

Rin, >> Rg very high input impedance R, << R; very low output impedance

—» 99D corENT ANMPL| FIER:

L d

(
oV
Hence a good Transimpedance Amplifier must have: To ™0

Rin << Rs verylow input impedance R, << R; very low output impedance

: @ ) + gait E
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E e ° m v‘vQ ;k E
+  Hence a good Transconductance Amplifier must have: to ™M |
E Rin => R very high input impedance R, => R; very high output impedance E
OL 5 The stages that must drive some actuators (e.z. speakers) deserve a

separate discussion. In fact, their action is proportional to neither the voltage
delivered to their terminals nor the current flowing in them, but the total
¢lectrical power delivered to them. In this case, the maximum power transfer
efficiency is obtained when the output impedance of the amplifier stage is
exactly equal to the impedance R;.

Mote: so far we have used the terms resistance and impedance without
caring about the fact that impedance generally includes reactive components
and that it changes as the frequency of the input signal changes.
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1.3.1 Invention of the Feedback

The idea of negative feedback belongs to the American Harold S. Black,  distortion of signals applied to them. In fact, non-linearity of the elements that After H. S. Black came up with the idea, he skeiched, on a page of The  Four days later, on August 6, he made the effects of feedback on input and
made up the amplifiers, in the first place, the electronic tubes, resulted in the New York Times, the diagram of a negative feedback loop and derived its output impedance of a circuit clear, thereby achieving another important
generation of unwanted harmonics in the output signal while the variations of basic properties. He signed his notes at the bottom of the newspaper, then objective: to establish and stabilize the impedance of various stages of an
the characteristics of the same elements, due to temperature or aging effects, arrived at the laboratory, and showed them to his manager, E. C. Blessing, amplifier, this impedance had to match that of the signal transmission cables
determined a change in the performance of the amplifiers, in particular in their  shortly thereafier. The manager, convinced of the importance of that invention, perfectly. _ o
gain. also signed as a witness in footnotes. Those notes summarized the idea that  On DEC'-‘_th 29 of the same year, H. 5. B]f“:k 33"["“"”““‘-‘1"}‘ verified, for
The research objective of H. S. Black was the improvement of the the amplifier gain could be well controlled and that the distortion of the the first time, the characteristics of negative feedback systems through
performance of the amplifiers placed as repeaters along the telephone lines so  amplified signal could be extremely lowered if the output signal of the circuit measuring & distorton redlahc:tmn 2 ﬁ“:mr_ of 100,000 ou IR S Bz
that it could be possible to simultancously transmit multiple channels on the Were brought back to the input and added in phase with the applied signal. betmeen: i aml. dokkay uaing the: sl negahive: feedback: amplifier. . the

e history.
NEGATIVE FEEDPRACLK

He came up with that idea in a Tuesday morning, on August 2, 1927, while
crossing the Hudson River on the Lackawanna ferry to get to work in
Manhattan. He was 29 years old and had been working as an engineer at the
laboratories of the American Telephone Company (today’s Bell Telephone
Laboratories) for six years. The object of his research was to design a system
for long-distance telephone commumication which requires the creation of
equipment that would enable an efficient linkage between the two coasts of
the United States and between the Umted States and Europe. The difficulties
of that research were related to not only the quality of the components used,
but mainly the fact that no one knew how to design amplifiers, which are
sufficiently stable, which are linear, and which do not lead to excessive

same line for a long distance. He soon realized that the characteristics
required for an amplifier o accomplish that performance were so strict that it
could not be considered to obtain them simply by making improvements to
existing topologies. They needed a completely new 1dea.
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Here is the “open-loop” OpAmp:

CLOSED LOOp

Vo4 i f 100.000 VIV = 100 mVipV Here is a basic “closed-loop” (negative feedback) circuit:
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Concurrent presences of interference that overlaps the useful signal often
make the measurement of an electrical quantity difficult. Let us consider, for
instance, a small voltage signal of a few tens of pV, developed across a
temperature sensor, such as a thermocouple, occurring away from the
amplifier electronics. As seen so far, to amplify the signal, you might think of
connecting one terminal of the sensor to the ground and the other to the input
of the amplifier (]éﬁ;_;'.“] .CSa]G.'> Unfortunately, this simple configuration does not
allow making accurate measurement of the weak signal. In fact, if the two
ground connections are far apart, they are not strictly equipotential. The

potential difference between the two ground Vg(t} would hence be added to

the useful signal. Moreover, variable electric fields present in the
environment would induce an electromotive force in series with the sensor
signal, which 1s proportional to the area of the loop linked with the
electromagnetic field.

To ensure the amplification of the useful signal alone, connecting both
terminals of the sensor to the amplifier with a matched pair of wires can be
considered (Fig. 1.5b). In this new configuration, the potential difference
between the terminal of the amplifier and the ground, named the differential
signal, 1s equal to the sum of the useful signal V,(t) and the only interference

induced in the loop (identified by the two connecting wires) by the
electromagnetic fields. Since the area of this loop is much less extensive than
the previous one, the electromagnetic interference is proportionally reduced
while the disadvantage of the non equipotentiality of the two ground

connections 1s entirely eradicated. ‘
Nevertheless, it can be useful, and sometimes essential, that the sensor is

separated from the ground. In these cases, it is necessary to use a voltage
amplifier with two input terminals that is able to amplify only the differential
signal present at its terminals (V'-V'"). Amplifiers designed specifically for
these applications are called differential amplifiers (Fig. 1.5¢). However,
note that a potential difference between the sensor and the amplifier ground
Vem(t) still remains. This signal is called the common mode signal and equal

to the average of the potentials of the two wires. If the differential amplifier
were ideal, this common mode signal would have no effect on the output
value, and the signal V (t) would simply be proportional to the differential

signal.
LD RG f/lf.:

9ING-L€ — ENED  INPUT

Single-ended input:

* GND bouncing undistinguishable from signal

 ElectroMagnetic disturbance coupled through loop

by kor

As shown in Fig. 1.5¢, twisting the two wires that connect the sensor and
the amplifier allows reducing even the small differential interference still
present due to the loop between the two wires. In this way, on each conductor,
the directions of the induced electromotive forces alternate from a lobe to the

next, thus canceling out.
Like all voltage amplifiers, the differential amplifier must show, between

the two inputs V' and V", high impedance, which is ideally infinite, while the
output has to have low impedance, which 1s 1deally zero. The circut 1s
characterized by a differential gain G that defines its ability to amplify the
differential signal V;=V'-V" and by a common mode gain G_,, that accounts

for the residual amplification, which is undesired, of the common mode signal
V.= (VHEV12.

The simultaneous presence of the two types of signal at the input means, by
and large, that the transfer of a real amplifier is given by:

Vo= VarGem' Vem

Obviously, a good differential amplifier will have a high differential gain
Gy and a low common mode transfer G_,,. For instance, if we assume that

V=50uV while V_,=500mV, to prevent the common mode from completely
hiding the amplified differential signal at the output, the ratio Gy/G,,, must be

much greater than (500mV/50uV)=10%,
The Common Mode Rejection Ratio (CMRR) is an important figure of
merit of a differential amplifier and defined as CMRR=G4/G,,,, Usually, the

two amplifications differ by several orders of magnitude, so the CMRR,
expressed in dB, is between 80 and 100dB.

For specific applications, differential amplifiers can be designed and
implemented with discrete components, i.e. by assembling individual
components on a printed circuit board. Nonetheless, nowadays, 1n most cases,
integrated differential amplifiers are used, in which the whole circuit is built
on the same silicon substrate. Operational amplifiers are ntegrated
differential amplifiers characterized by differential amplifications of 10°+10°
and a CMRR of 100+120dB with input resistance up to some G£2 and output
resistance lower than 100€2. These components are among the most widely
used in the production of electronic circuits and are called operational
because, if properly connected, they allow performing many operations on the
input variables (sums, differences, derivations, integrations, etc. ).
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Fig. 1.5:  Connection schemes of a sensor to an amplifier: a) single-ended through ground; b)

single ended through two wires; B differential sensing.
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Here is the “"open-loop” OpAmp:
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We can generally say that the negative feedback, together with other benefits in terms of stabilization of the transfer
and of impedentialmatching, also has a beneficial effect on the frequency response of the circuitsinceittendsto
widen the bandwidth.
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|
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: It is important to note how negative feedback makes the transfer less
. | sensitive to changes in the parameters of the forward block, but that it has no
— 1F We buy a g Rmp aud &° P
Cov x. foy aqing it chauges : G- A effect with respect to the variation in the transfer function F(s) of the feedback
by Sov. (“_) 70”‘; i il I F) block. In fact, according to Eq™1.3, it is just the transfer function F(s) that
L} / ; G- dF determines the transfer function of the system. Therefore, in order to have a
Urwing ¢ loy  Sof- (L") '
- | = transfer of the feedback amplifier that is reproducible, we must care about the
: G= -4 reproducibility of the parameters of the transfer function F(s). In practice, this
| 2 condition is easily satisfied with building the feedback branch only with
: d6_ 4 (\Q__Hég passive components (usually resistors) that have a sufficient margin of
| > F a tolerance. Thus, the amplification A(s) of the forward block has to only insure
a high loop gain.
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Because of mutual ground, all currents sum up to - pin to create i, the outputis the weighted sum of the input voltages. This type of scheme allows to avoid crosstalks between all voltage sources by creating a fake (virtual)
ground. The circuit adds the voltages of the input terminals with a gain equal to R/R1 (possibly an attenuation if the ratio is lower than one), and the output gives the inverted voltage (due to the sign “-”).
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The drain and source are heavily doped N+ region and the
substrateis p-type. The current flows due to the flow of
negatively charged electrons, also known as n-channel
MOSFET. When we apply the positive gate voltage the holes
present beneath the oxide layer experience repulsive force
and the holes are pushed downwards into the bound
negative charges which are associated with the acceptor
atoms. The positive gate voltage also attracts electrons from
the N+ source and drain region into the channel thus an
electron reach channel is formed.

A diode is a semiconductor device that essentially acts as a one-way
switch for current. It allows current to flow easily in one direction, but

severely restricts current from flowing in the opposite direction.

Diodes are also known as rectifiers because they change alternating
current (ac) into pulsating direct current (dc). Diodes are rated according

to their type, voltage, and current capacity.

Diodes have polarity, determined by an anode (positive lead) and cathode
(negative lead). Most diodes allow current to flow only when positive
voltageis applied to the anode. When a diode allows current flow, it is
forward-biased. When a diode is reverse-biased, it acts as an insulator and

does not permit current to flow.
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There are many circuits with OpAmps that realize non-linear functions (for The a,lmrh'/{cv 15 nS L'L‘A'l in The  case o hre  wn wark o vekly A sl S\J’ud (i
which the superimposition principle does not apply). We can start considering /

the precision rectifiers.
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Consider now the circuit shown in Fig. 2.39; it is a full-wave rectifier. Vi R
When v; is positive, and the output v, is negative, the diode D, conducts (the ® L i Vo
v, ' terminal is a virtual ground) because D, is in interdiction (the v; ” terminal i Vo1l A
1s virtually grounded because there is no current flowing through the resistance
R). * —" D2
R
4
Com pavakoy.
(Rook p 469
The comparator presents two inputs connected to a constant reference § o,
voltage V. and to the signal v,. The output can assume only two distinct values -
(Fig. 2.42) to detect if the signal v, is above or below the reference voltage. Open-|00p ODAmD (Une'th reshold dISCI'IlTIInEltOI')Z |
Using a differential amplifier without a feedback network (i.e. with a very v X |
high open loop gain A), it 1s possible to obtain a very sharp input linear region. u, | g
In fact, for a standard OpAmp, only few tens of pV are enough to saturate the vt \‘/'_ | "
output, as shown in Fig. 2.43. Often, this switch interval is defined as the |
“resolution”. There are OpAmps with the intended purpose of comparing o o IJ‘I’; 5o % heseally b
voltages with very high resolution, for example for the pnA311, it is below 15 r— > — "‘;;:
TR
G Ily the vol d hich th A h G« Vt>v™ D Ve & (Vi-v)so
enerally the voltages v and vy at which the OpAmp or the comparator
: - + R
saturates are close to the supply voltages of the device, for example 0-5V, £5V, c Vot = Ve o (V-V)<o
+12V. To make thc.: putput signal compatible with digit:fil circuits (or, more o VEdVT s Yo 2o
generally, to make 1t independent of supply voltages), dedicated component are
required. Another method to limit the voltage is the use of Zener diodes, as
W: KJQW oW ”0*0' Gy p g ” . o . A e
! Window” (two-thresholds) discriminator:
(&OOLL V 468) Fr1 Fas L
;U . . ; : : e o
The combination of an inverting and a non-inverting comparator, with two ‘ o £
different reference voltages, allows the implementation of a circuit suitable for y =
detection if the input voltage v, is in a certain range. The comparator output is % —1 :}_"' - -0,
5 . “ i Rl
connected to an AND gate which provides a high output value only if both —
inputs are high. This is verified only in the window W=Vp,-Vp, (Fig. 2.48). (superiore) |, o Av, .
FII |
| -
M Y W
SOIMM‘H' Te &lﬂ' e
The comparators presented in the preceding chapters have a single reference
voltage for threshold switching: it is evident that normal noise on this
reference can cause many undesired commutations.” The comparator with
hysteresis (also known as Schmitt Trigger) does not suffer from this problem
as 1t has two different input thresholds, V, for the rising signal and V; for the
decreasing signal. The difference between them is the hysteresis or the dead I — — TRIGcER ScpraT
Z0NC Vw ' Trigger -
[NVERTING S humilt Tpi“er
To introduce the hysteresis in a comparator stage, it is sufficient to add In this case, the output v, switches to low, becoming equal to Vi, . The output
Ao, slightly positive feedback to the OpAmp through the resistors R, and R, as continues to remain low even if the signal v, starts to grow.
R, ; —p - shown in Fig. 2.50. The signal v, is applied to the non-inverting input terminal When the signal v, decreases, the output switches to high for v.=v;, but the
v, — 3 B ar . ; . . - ; . 3
i \ Yon Rl through the R; resistance (irrelevant to the operation of the system) while the value v, has changed compared to the previous case because of the different
/ I 1 : - external reference voltage V. is applied to the resistance R,. The voltage value of the output voltage v,,. This new value is the lower threshold equal to:
'l.-" 1 F E & " 5 ; E g E 5 5
K.>0 v " ¥, I v,  apphed to the non-inverting termunal 15 (with the superposition principle):
>0 R l | PP g uperposition principle) y_w __R . R . RVg+RY,
R B " e — r=
= v e g e £ . R.+R R:+R R.+R
R, " -p' o * TR Y Ream, ' d '
k : : . .
e i Assuming that v,< v, is the initial state, the output voltage v, is equal to The hy?:teresm voltage 1s equal to the difference between the two different
Usually let's choose Rf}} Rr Vo If the signal v, increases, the output commutation will be for v.=v,, i.e. Commutphan threshods:
S0 ... ' - corresponding to the upper threshold equal to:
Upper threshold: Vi =V, + '?“ R R, RV, +RY, :
Vo = Vi) = of V, = and it depends on both the ratio R/R, and the output voltage, not the

R,+R R.+R R.+
Lower threshold: V. =V — Vi, i A r+ 0 reference voltage V.. Normally, the hysteresis is less than the output voltage,
* n= °r

and this can be obtained with R,<<R;. In this case, we have:

-~ .1 - e
V=V, +— Va =

r

Notice that V, defines the “distance™ between the center of the hysteresis
cycle and the origin of the characteristic if Vo= -V In fact, we generally
have:

And particularly 1f (V,+V)/2=0, we have a detector with no hysteresis.
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The non-inverting Schmitt Trigger is similar to the inverting configuration,
but the input signal v, and the reference V, are reversed, as shown in Fig. 2.51.

With an analogous reasoning, as for the inverting configuration, we have:

Vi

and thus v, =V, = R—Fr —% Vor - The output voltage v, changes its value
/] )

to Vg and remains stable for every further increase of the signal v,. When the

19714 1ecrease aill have the commutation for

i

. R, +R
and thus with v, =¥, =—=~ "":_“Rrpﬂff'

~—— 7 R, K,
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( Booke P 199)

The first thing to clarify in order to avoid any misunderstanding 1s that the
frequency response study is a small-signal study; that is, a study that analyzes
components or circuitry when they deviate from their operating point a little
and do not come out of their linear operation range, reaching the saturation or
even the cut-off.

Let us consider stages employing operational amplifiers (OpAmps) which
have their own intrinsic frequency response A(s). the so-called “open loop™,
which represents the gain between the differential signal applied to the two

input terminals and the corresponding output at different frequencies. Since
typical values of Ag=A(0) are well above 100000, OpAmps cannot operate

with an open loop, but have to be used in a negative feedback configuration
with the output signal coming back (in full or reduced) to the inverting
OpAmp pin. The “loop closure™ leads to a reduction of the OpAmp gain, but,
at the same time, makes 1t more precise, widens the stage bandwidth, reduces
the output impedance, raises the input impedance (seen from the positive
terminal), almost completely zeroes the impedance of the virtual ground (seen
from the inverting terminal), and more. In other words, negative feedback
redresses all the “defects™ of the real OpAmp, enhancing the performance of
the stage.

A noticeable disadvantage of feedback is that it may cause t}f
the stage. The aim of this chapter 1s to understand whether feedback applied to
an OpAmp is still able to maintain stability or not.

Commonly, we say that an OpAmp is compensated if the second pole £, of

its open-loop gain A(s) is at a frequency higher than the intersection of
Gigep(s) (1n the case of the buffer configuration, Gy, (s) overlaps A(s)) and
the 0dB axis, as shown in Fig. 3.1. By connecting such an OpAmp in buffer
configuration (see Fig. 3.1), the ideal closed-loop gain becomes unity up to
high frequencies. In the real gain, even new poles will arise. This chapter will
show how to compute these poles, how to verify whether the stage remains
stable, and, in case of instability, how to make it stable, i.e. compensated. In
the case of the buffer in Fig. 3.1, we will find out that the poles are placed at
fpk,w (corresponding to Gmp{5}=l] and at fphigh (coinciding with the second
OpAmp pole f,). The phase margin PM is the difference between the phase
of G;mp (negative) and -180° (see Fig.3.1). In fact, an additional phase shift of
Giyop Of -180° makes the loop have positive feedback (with a net phase shift

of -3607). The PM 1s a function of frequency, but we consider it only at the
mtersection of Gy, and the 0dB axis if we are interested in the stability of the

circuit. In the case of the circuit of Fig. 3.1, the stage will certainly be stable
with a phase margin much greater than 45°. A system is unstable if the PM is

su*it:tlz less than zero degrees.

Elechor:e Systewms

To better understand how various factors, such as Gy, A(s), and [i(s),
aflect the system’s stability, it 1s advisable to analyze the system’s Bode plots

(magnitude and phase), which also helps predict the time response. Moreover,
it is handy to know how to use the tool represented by the root locus. Fig. 3.2
summarizes the typical stage behavior with two separate poles (at the top) or
complex conjugate poles that lead to a stable system (in the middle) or
gradually to a more and more unstable one (at the bottom). In the figure, |G| 1s
the closed-loop gain of the stage, not the loop gain G,
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In order to assess G,,,,, to check feedback quality and stage
, and to be able to draw the real closed-loop frequency
response and not just the ideal one, do follow these hints:
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1. Draw A(s)

2. Compute [(s)
then draw 1/p(s) remember: poles of f{s) lift up, zeroes of fi(s) put down 1/5(s)

i.e, the frequency response of the OpAmp
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3. The split between A(s) and 1/p(s) is Gyyp(S);

the larger the split, i.e. G, the better the feedback CJUAlIty
instead, at frequency ", where A(s) intercepts 1/(s), G,.(I"}=1

3. Draw the expected ideal gain

4. The real closed-loop frequency response -
follows the ideal one when “there is G..)", i.e. G (s)>1,
instead, beyond f* there is no more feedback, hence the
real gain rolls off from the ideal trend, experiencing all following
poles and zeros of A(s); “the real gain dies as A(s) is dying”

depends on the “closure angle” between A(s) and 1/ji(s) around f*
when 20dB/dec before and after *
when 20dB/dec before and 40dB/dec after f* or viceversa
when 40dB/dec or higher before and after f*

don't cara about A(s) nor 1/5(s)

5. Stage
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The reason why “closure angle” matters on

1. Given that the split between A(s) and 1/B(s) is G,;,(s)
2. The "closure angle” at f* measures the slope of G, ,,(s) versus frequency at f*
3. If before f* the G, experienced...

is straighforward:

1 pole, -20dB/dec slope
2 poles, -40dB/dec

n poles, n x -20dB/dec

2 poles 1 zero, -20dB/dec

p poles z zeroes, - (p-z) x -20dB/dec
1 pole before f* and 1 pole exactly at f*, -20dB/dec before f* but -40dB/dec after f*
4. Each pole (zero) adds a phase shift of -90° (+90°) to the feedback signal after one
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22nF | C Let us study the frequency response of the non-inverting configuration with
7 a capacitor on the feedback network (approximate integrator) which is shown
”}“‘EWR' S in Fig. 3.26. If we want to calculate the forward block A, “turn off” the
10k feedback (Fig. 3.27) and compute:
Il W Vaut
= Ve "
+ TLOS4 4= 2 = A(s)
Win L —
= Y/ Note that the output network is not involved in the calculation because it is
RITCRN 4  assumed that the output impedance is zero. To compute the contribution of the
T feedback block, we proceed with using the circuit shown on the right of Fig.
327
1+ .
B Vins. B |zero)
v, R4R, | 5
3 .
aa L [potef,
C
— |
Vies where 1/pole=-C-(R||R,) and 1/zero=-C-R,.
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Because of the capacitor, } is now not constant but is low (p<1) at low
frequencies and increases at high frequencies (p=1), as shown in Fig. 3.28.
Pay attention to the fact that, as shown in Fig. 3.28, in the plot of 1/p(s), the
zero of P(s) behaves like a pole (introduces a slope of -20dB/dec), and the
pole vice versa (introduces +20dB/dec).

Since in this case A is not different from A(s), the closed-loop transfer .
function will be virtually identical to 1/B(s) at low frequencies and to A(s) at =™~ = .-,
high frequencies, as shown in Fig. 3.29, If we instead want to use the general

method introduced previously, we first plot the ideal gain equal to 1+Z,/R,,
where Z,=C//R,. In this case, such a gain coincides with 1/B(s) just found,

which is 11 at frequencies below the pole (of 1/, which is the zero of J,
which is 1/C-R,=72Hz) and | at frequencies above the zero (when C becomes

The 1[4z} has a low-pass shape, whach ncreases G, &1 high frequancies

a short circuit with respect to R, and the stage gets buffer connected).

It is interesting to note how at “low frequencies™, the ideal gain is equal to:

1 R, 1

that is, how the Elosed-loop pole coincides with the zero of the block B] The
pole of B. on the other hand, can be graphically obtained from Fig. 3.28 or
from Fig. 3.29, knowing that the gain has to decrease from 11 to 1 and that the
frequency of the zero is 72Hz It is found that the pole must be placed at
11-72=800Hz. If not, it can be deduced from the electrical analysis of the
circuit on the right of Fig. 3.27: 1/C-(R; || R;)=800Hz is found.

The ideal gain would always be equal to 1 at frequencies above 800Hz. To
calculate the real gain, the frequency f* of the intersection of A(s) and 1/f(s)
have to be found, which in is equal to the GBWP (3MHz) of the OpAmp this
case. This means that the real gain will coincide with the 1deal one up to
3JMHz. From then on, it will experience the same slope of A(s), 1.e.
-40dB/dec. Since the closure angle is 20dB/dec before f* and 40dB/dec after
f', the phase margin will be equal to 45°, resulting in a slight peaking in the
response of the real gain Gy; of the non-inverting stage, in correspondence of

2

The same result, obviously, would have been obtained with the calibration
of the root locus. Since Gy,,,>>1, on the root locus, the closed-loop pole

migrates towards the open-loop zero (Fig. 3.30). It is interesting to note that,

> for fax (if Gioop does not go to zero, i.e. if the feedback is still working), the

gain Gy, would not go to zero, but would tend to 1 (buffer). So, there is a zero
that is just the pole of B since the capacitor is placed on the feedback branch.
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’/The ideal derivator circuit is shown in Fig. 3.41. The ideal gain is:
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and the 0dB frequency of the derivator is:
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As can be seen from the intersection of A(s) and 1/B(s) at the frequency f°, the
stage is definitely unstable. The real gain is equal to the ideal gain up to f,
above which, instead of continuing with +20dB/dec, the real gain suffers the

VARLIARLY fole  and it at vy suan ‘:h-,o

shorted, and the stage gain becomes —R/R- and not = as in the previous case

of Fig. 3.41. The real gain will follow the ideal one up to {°, beyond which,
instead of continuing as the ideal one (flat), it will suffer the reduction in A(s)
(-20dB/dec), and it will thus get an overall slope equal to 0-20=-20dB/dec.

Note that the real gains of Fig. 3.41 and Fig. 3.42 coincide and, in
particular, exhibit two poles in correspondence of f (in fact, the slope
changes from +20dB/dec to -20dB/dec). However, in Fig. 3.41, there is the
peaking because of the instability of the

stage while in Fig. 3.42, the stage is stable, and the poles are quiet (since
PM=45°, poles will be complex comjugates with a 60% angle, as discussed

Real derivator (can be stable): Ads) Stable collapse of A(s) (-20dB/dec) and the rise of 1/p(s) (and therefore the  above).
AW B . collapse of fi(s) equal to -20dB/dec) for an overall decrease of +20-20- Listed here are the steps to be followed for sizing the derivator, given the
it *” 2 B b 20=-20dB/dec. When the OpAmp GBWP is reached, the slope increases by  bandwidth of interest to obtain (e.g. 0=f) and the frequency f; at which the
: D, Ve . x.,_-_-:.'.‘f-"' we another -20dB/dec due to the second pole of the OpAmp, which is located at  g4in should be 0dB:
Vi@ . T Fzere ; lhc]GBW]i'. o the e p . _ o * choose an OpAmp with GBWP=100-f, and place f'=fmm1_=*lﬂ~ﬁ;
= = o A n conclusion, the stage acts as a derivator (i.e. with a gain proportional to , :
=t GBWP = - Z : I > [ g % = Iu" > i
T AR R s) up to f*. To determine this value, just look at the triangle that has been ]H‘he source has R I[}Flﬂ choose € ]_ZERCF (making sure th?‘t{} Catray
created in the Bode plot between the points f, ', and GBWP. The midpoint, of the UpArlnp}: otherwise choose C>>Cyyryy and then Re=1/2aCf’;
BesT care “inde ed & e on logarithmic axes, is given by: * finally, obtain R=1/2CH,
i )
omel yre the other  possiblc cases: f*=f, GBWP EX. Swulektons
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Unfortunately, for the stage is unstable, the Bode plot will have a marked
1 peaking in frequency exactly in correspondence of f, as shown in Fig. 3.41. A LM101A
¢ way to compensate the stage would be by introducing a pole in 1/f(s) (i.e. a fi= 1kHz
zero in P(s)) just in correspondence of f. A circuit that accomplishes this is C = 16nF
shown in Fig. 3.42 and is called an approximate derivator. Sizing; R =4.7kQ)
A 1
*= GBWP = -
=% = e ——
we come to the plots demonstrated again in Fig. 342, on the right The || yncompensated || | ‘Compenssted . -
intersection leads to a phase margin equal to 45°. Now, the ideal gain does i Output, wih ringing | ouous, smost e
i ion lead ha ' | to 45°. N he ideal gain d : ; =
2 | not continue with a +20dB/dec slope, but flattens upon reaching the frequency | i
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VWA AE?EHF* between the two terminals of an OpAmp, there is a stray To compensate this circuit, the intersection of A(s) and 1/p has to occur _
R1 e s due to, . other tl‘!mgs, the Sl “'“I:" the rest ‘“1““‘3 with a 20dB/dec slope, not with a 40dB/dec slope, as it actually happens. At Com pensation
YATATA . cireuit. Th':’ Eﬁ'ﬂﬂf of this capacitance: can hj: ‘d1sa?fstrmls if not tﬂkf:“ IO worst, it is possible to make the intersection occur exactly in correspondence . |
L 200k —— account in the design stage. Consider the circuit in Fw:/H& where this stray  ofa slope change, i.e. 40dB/dec before and 20dB/dec immediately afier, so as is needed !
Vin@ I0F < Lapacitance C;is also shown. to ensure a phase margin equal to 45°. Specifically, it is sufficient to introduce _
£ Initially, Cc- is not present. Since it is inverting, the circuit will have areal  a zero in the B(s), for instance through a capacitance Cc in parallel to R, — @ 2nf |{"'
- ) gain G#£1/B. To calculate it, we can proceed with the method that uses 4,  which is midway (geometric mean) between the pole=1/2nC{R,|R,) and the i . R2
obtaining: frequency f-=GBWP/(1+R,/R,), which is a zero=V(pole-f-)=585kHz. Since A\
_ : : Rl
the zero of fi(s) 1s at the pulsation 1/C-R,, we obtain a value of C-=0.6pF. AN
It threatens stability because it alters the feedback fj R 1 ; L = . . i 200k : Voul
- F=2 iR -[l-l-.:: (C (R|R ]"]] The result of this compensation is shown in Fig. 3.48. Note that beyond f ,\ n@ 200k o —— 0
r Wk G 5 : e " 11 ' ' ; Gy ey drops again with a -40dB/dec slope, but this time due to the L pF TLOR4
1ed s - = Veu ™ A - Qs ihVe nbibpt« 00d ]
Wpdvsh = R +R. (RalRa) Vit [ R‘IE_ e simultaneous effect of the zcﬁ':r(mhﬁ and of e condition |G1mpl=|- Also note b =
- — {H'Sk ‘ R, that the introduction of C- changes the pole, but in a negligible manner since
" " T for foloopl==1 !
4_4’5_ - 454 o Vet 24y Rt 2 p . RarRz__ / R usually Ce=<C; holds.
Yhiee T arfe F T s = Trm st e | Reewrsabil, G = 3
T — o 3 : ” ; HPENSATED ’
i - e / \ A(s)- R, 1 T Now 1t 15 worth noticing one thing. For stability, we see at which frequency Conf 5'\. : Pu‘
modules (dB) A Ao=200.000 VoE s S TR, e =¥ _ Gloopi=~1 ¢ | G. 1. The 166k how Bie G h i 180°. O modules A Aq=200.000
A@) Bl . o ChosE A" o R+R, [1 ¢ we have |Gy, [=1. Then, we look how far G, phase is from -180°. One -
;_.-""" . ons il | ¥ pole | might say that also in Fig. 3.48, the stage is unstable because, before ', the SN
Hll‘lf]*ﬂ o gt 40dB/dec : phase shift has already reached -180°, even with fﬁhml‘:-bl. Well, we should 0,
' T - ~ : : i P =33 e
el . GEWP=IMH: The expression just found is shown in the plot of Fig. 3.47, where and 1/p not worry because Bode stability criterion ensures that the pnly point of] Rl 3_‘ I
=23 % % . are also reported. The phase plot of Gy, is also plotted. interest to be studied is the one where |Gy,,=1] To be convinced of this, it o
15H f Otherwise, we can proceed with the proposed method, which is plotting would be worth deepening your comprehension of the theory of stability by G0)=23 >
I, only A(s) and 1/B(s). It is easy to see that at low frequencies (C; open), we using the Nyquist criterion. f
) p];';“' 3 ; have p=R,/R,+R, and consequently 1/p=1+R,/R;. On the other hand, at the 3
Foap A

infinite frequency, =0, then 1/p=xc. The stage can be unstable as in the case O{hc,
f  ofFig. 3.47. To find the ideal gain, it is enough to note that no signal will flow R
through C; since it is connected between the ground and the virtual ground. g

Then, the ideal gain is independent of its presence and is constant, -R/R,.
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The real gain will be the same, but only up to . After that frequency, the real
gain will collapse with a -40dB/dec slope (since both A(s) and P(s) have a
-20dB/dec slope). Since the stage is unstable, the real gain will have a

peaking at f*, which highlights the presence of two complex conjugated poles.
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There are various types of amplifiers for photodiodes: some of them read
the tension that builds up between their termunals and amplify 1t whereas
others read the currents flowing and transform these currents into tension. The
drawback of the former, if realized with active circuitry, 1s that part of the
signal is lost in stray components of the circuit. The quality of the latter,
instead, is that the current signal is injected into the virtual ground and

therefore is not lost.

In the second case, 1.e. current signal reading, we can see how the circunt
loop gain has singularities introduced just by the stray capacitance of the
photodiode. For this reason, photodiode transimpedance amplifiers can fall

into the compensation method for input stray capacitance.

that:

1+ SRC,
1+3R(C, +C, +Cp)

GIW{S}E = 4{3}'
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There are some applications where the loop gain 15 unstable even if the
operational amplifier is internally compensated. Possible causes of instability
may be stray capacitors of the circut. Compensation methods can modity
either the forward gain, which is the case of high load capacitance, or the

ideal gain, which is the case of high input capacitance. We will now examine
circuits where the output impedance is highly capacitive, which can be:
sample-and-hold, peak detectors, voltage references, voltage regulators, and
amplifiers directly connected to coaxial cables. These circuits can be

W 3.60, where Cy is the load capacitance.
Refer to Fig. 3.61. It can be noted how in Gy, appear A(s) and [i(s), but
also the additional pole at the following frequency:

1

—— = 530kH:
27-Cy - Ry

Jou =

It is therefore appropriate to introduce a new gain E*{.ﬂ as the cascade of
A(s) and the pole:

and A=

where the approximation is due to the fact that the two resistors R, and R,
reconstructed at the OpAmp output have been considered negligible (since
they are much higher than Rg;). Plotting the graphs (Fig. 3.62), we proceed as

[ ~ - '
usual, but using A*(s) instead of A(s). We note that the system is unstable
since the intersection between &A* and 1/f occurs with a closure angle of
40dB/dec, which implies a phase margin less than or equal to 45, Precisely:

PM =90° - arctg I”—“ = 33°

iar

The frequency of the pole corresponding to the intersection of A* and 1/p
15:

[ =fu: B -GBWP

g = oul

The circuit which we refer to is the one shown in Fig. 3.54. With C,
denoting the capacitance seen at the inverting terminal of the OpAmp., we note

Comrounk;ou _——v-}o S""\’o:li'%' (pﬂ.:45o)

One possible way for compensating the amplifier in case of large
capacitive loads (e.g. for driving coaxial cables) is by introducing a
decoupling resistor R and a feedback capacitor Cp. Fig 3.63 shows this

solution. Let us proceed with the calculation of A*(s) and the feedback block. 'EI

For the former, we consider Ry and R~ much lower than R and R, resulting

In:
A*= A(s) : : - :
1+5C, (R, +R.) 1+35C.-(R || R,)
EEI.‘:I:-;;R_.JI.'_C}__“-- hcu-;:;u:pr;;u_n pole

For the feedback block f}, we find what 1s shown 1a Fig. 3.65. We observe
that, since two loops are present, it is not trivial to deduce the trend of Gy,
and that of the real gain through the classical approach (Fig. 3.66).

Let us see how we can proceed with the compensation of this kind of a
circuit, A procedure somewhat empirical, often suggested in data-sheets,
leads to choose:

2R,

EI'.' = R':I R‘ =]-'|-I|'_|_F

C-=0C,

The choice 15 complicated by the fact that Ry, 1s not constant, but can vary
from 100 to 1k at the dc frequency and from 10682 to 500 at high

frequencies. It also depends on the instantaneowus value of the output voltage
Vo Also note that we cannot increase Re too much, due to the voltage drop

across 1t that could bring the OpAmp out of 11s admissible voltage swings.

B2
Wy, R2
W el — A ﬂ—r
v 1 L] " '-"‘-.l""llt""=
vy, 1 R .,
Viebak = WA » . -
i R Wisedback =
Bylow frequency) = o -_1-
R+R, Pihigh frequency)= |
FJ;H. 205 Feedbaek Mook af low fon e |'q'.l'|'_|' erived |||IIII,_'|rI ||':l'|."£||'r|'|:'r|l|"|:£'l- kT Hig .l'r;l;.l'h'.l.

The effect of non-complete stability of the circuit is visible in the
oscilloscope image shown in Fig. 3.56, where the output of a transresistance

amplifier with compensated OpAmp can be seen. In the image on the top right,
we see a strong ringing while in the figure below (notice the expanded scale)

there 1s even the appearance of oscillations. To avoid this phenomenon, it is
necessary to compensate with a feedback capacitor C¢ by paying attention to
diligently choose the value of Cy; in this type of compensation a wrong choice
of Cy causes an excessive reduction in bandwidth and thus a reduction in the

intensity of the output frequency as the frequency of the optical signal
modulating frequency increases, as shown in Fig. 3.57.
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This approach is suitable for the compensation of any pole of A(s) (8 ’ ; ; _ - : , , L
; So far, we have tried to compensate by acting on the forward gain to In fact, it is obvious that, given a certain V,, it will be:
It improves the Slew-Rate too , : ; : : : :
, improve the closure angle of the intersection with 1/p. In this section, we will
270k T TR . . . R
Y see some circuits in which the trend of 1/p gets modified. We will see that, y. =yt =y =y . ;
R2 . . . . in out R R
5.6k among other things, this method also allows to achieve an improvement of the 1 T4y
1w — Vout circuit slew-rate. which yields: Yo _ womctant = 21t 1
i ' O Negative feedback compensation 1s used to compensate any pole of A(s) or. 3
e egative fee mp mp Y p 3 V. R,
i in general, of the forward block, such as that caused by Rg. The circuit that
"u"in@ OPA3T < performs this kind of compensation is shown in Fig. 3.70. For the calculation ~ The 'Zfbtﬂinﬂd magnitude B}Jd&_pkﬂ‘is shown in Fig. 3.72. ‘
of the forward block, we refer to the circuit depicted in Fig. 3.71, on the lefi. This kind of compensation is suitable for any OpAmp with two poles (even
- : . 1 for the non-compensated case) whereas previous procedures required that the
We mote that RgmmiComatatimslnanencien, shove 5, C.-(R.+R|R,) OpAmp was either compensated even for unity gain (buffer) or required to

where, however, also P decreases gradually. For the palculation of the have aload capacitor C; as the integral part of the compensation.

R. C. are bootstrapped on the input signal, feedback block, we use the circuit depicted in Fig. 3.71, on the right. It is Usually, in non-compensated OpAmps, the value A is specified that is

hence they have no role in the circuit (what's up here thenz171)  found: the minimum closed-loop gain (non-inverting) which grants stability (Fig.
3.73). In Fig. 3.74 two examples of circuits, stable and unstable, are
& R2
proposed.
Ri j::*% R1 M TVIL‘SI
= Vo - YW " R L eRe C magnitude
.__%‘_J>;§.' TC  Wietback = = f=—— — A
A A Wi ;a::” Eﬂf ?"‘ R +R, 1+s(Rc+R|R,) i
il:'._; e _
A(s)| N +

Note that the series connection of R and Cc 1s bootstrapped on the input Aix

signal since the stage reads the voltage on the positive terminal and gives it

back the same (at least in the case of an ideal OpAmp) to the inverting one.

B | . Then, there will be no current flow in the series connection. Since this

S et . S et g S network does not affect the real gain, but only the gain B, it will allow
f  compensating the stage without changing its closed-loop gain.
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Fig. 3.73: A ., represents the minimum gain that can be used without needing any
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\ M R, could not work. To solve this problem, we introduce a resistor R, that
D I provides positive feedback. In practice, it happens that in the magnitude Bode
— i Vout | plots, the 1/f starts to rise at lower frequencies. It is important to note that this
FF' ER o Co= 7 is the only compensation method for voltage-followers. Let us consider the
g 0 2 =L.Re circuit in Fig. 3.77.
+ EI: OPA637 10 Let us calculate, working as what has already been done up to now,
Vin@ forward and feedback blocks,
The expression found for the forward block is:
R VI s
l+s{K +K )-C
Vi " Viest For the calculation of the feedback block, we use the circuit depicted in Fig.
g ¥ peadnack 3.78, on the right. It is found:
—t negativo.  —
éRE - B_=1 g = R,
v Vfeedback R, +Rc+ ;—5—
é positivo
/ R2 — V(: . v‘ - V(__ - - The combination of positive ([i,) and negative feedback (P.) results in a net

}

Re Hl’-«llﬂ.r_-)._’

Observe that the input compensation network is bootstrapped and that the
effect of loading the input node 15 then reduced. The input impedance is:

A(s) since Giopl5)=A(s) in buffer configuration

z _|R¢+5~—£.

while in the previous circuit, it was only:

Z -:'I ...Llll G where Gtmia}zﬁiﬂﬁ and p<1.
il fe Fraly

oo | 5
r ¥
The compensation just elaborated has many similarities with the previous
one, but adds a new degree of freedom: the choice of R, which was

previously determined by the desired gain.
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In elecironics, “noise” is defined as the random fluciuation associated to the delerministic
amplitude of every electncal signal. When desigming an analog electronsc circunt (¢.g. an
amplifier), it 15 very important 1o determine its noise performance as, whenever this quantity
became comparable or even higher than the input signal, the information brought by the latter
could be corrupted or get completely lost. Noise also impacts other aspects of the clectronic
system, like the component selection and the signal conditioning partition among blocks.

In general, every electric signal x(1) can be descrnibed as the superposition of the useful
elecing signal, s(t), carrying vseful information, the nowse nit), randomly Muctuating in fime,
plus potential electromagnetic disturbances dit), caused by mterferences wath other circunts
or devices. So the trend of a generic electric vanable (voltage or current) follows this model:

wty=sie)+n{n)+d(1)
While the source of disturbances, typically being specific circuits or components, can be
identified and potentially attenuated by means of shiclding and filtering, electronic noise 15
due to the random statistical movements of the charge camiers in the electronic devices and
15 therefore incradicable. Examples of “noisy™ electrical waveforms are shown in Fig. 1.1.

In the case of a Poisson process, only one moment is required to desenbe itz the first onder
momend {1.e, the nodse vanance, of mean square value), The Poisson distnbution descrnibes
single elementary processes (usually at the microscopic level), The Posson distnbution is:

pla)= " :—1 with n equal 1o the number of “success™

‘.".i:lllil.'ll'l.'r..' 1o the '|'l|:'|:rL"-|‘.'|:lu|'-r.' wsed For |.|-:|'|.|ilL.1|"r|.' *.i.E_I'IL'IIh.. gl nodse can be sudicd in
irequency domain: suppose to send a nosy signil st through o bandpass filier, which cuts
oul any frequency outside an imterval with bandwidth Al centered around a specific frequency
f.. as shown in Fig. 1.2, Let us measure the mean square value of the signal obtained after the
filter. Considening a very narrow Al the output of the bandpass filier 15 a sine wave al the
frequency £ the mean square value 15 proportional (o the square of the amplitude at that
harmomic component, .. to the electncal power at that frequency. The ratio befween fhe
mean square value and the filter bandwidth Af is called power spectrum.

< 1" =
r

S

AF
with units of measurement V=/Hz or A"'Hz depending on the nature of the noise (voltage or
current).

[:il|.:|"|-|.‘|'||:li1I|,1 on the ~.||:.1|‘h: of the POWER SpecInum, We can |.|i.h1i1'.FlIi'-'||. between while noases

‘//-W‘ld;; S\';MA (6smnes (u.sa J.'fhl-aj issue  with Vo 0w h'wﬁvy and tureshold)

F——

ai—

L (when the spectrum density is constant in frequency ), pinkiredbrown noises (when the low-
frequency componenis are more intense than those at higher frequencies) and blue/violet
noises (when high-frequency components are stronger).

a
1||'f|:|
| : misuratore di
| - , acty | filtro gl e
S —— P . X e > passa banda > quﬂjlﬂiﬂﬂ >
Fig. 1.1 Evomples of electrfioal wavglormy aifecied By olectromic amse (et ond Sppical Caowssdan
medio
afvstribarion frighi
e .7 Block dipgram o Ay SOWer Specirin medmrcmoni
Being a random variable, in order to study the behavior of electronic noise it 15 necessary o
spply statistical concepts. In most cases, noise comes as the superposition of many
clementary (microscopic) processes, each onc, gencrally, described by a Poisson stochastic Sl {f} T{j“]] Sﬂl{”
process. Thus, it 15 possible to apply the Central Limit Theorem, which implies that the f
macroscopic precess can be described by a CGiaussian process, totally charactenzed by its first-
and second-order moments, 1.e. mean and variance. By definition, noise must always be Frg 13 Nodse Trasfer Fiorcelon im o Imcar setworl
characterized by mil mean {otherwise 115 mean could be considered as an offset):
is K
3 o g 2 ¢ integral power spectrum is the integral of the mean square values of each harmonic
wur]r’e‘ Plx) = —p o i The integral power spect the integral of 1} | lues of each |
NosE 2mer, components, representing the noise mean square value, 1.¢. the nowse power:

PARLEWL Th: a =_FF-SHH.11'

Po wer

Instantaneous value is nonsense, better to measure the power:

Power

% INEGIC

“Ergodic"” process (time average = samples average), Gaussian, with nil mean value
(st br this procus,

Variance, “power”, mean squared value:

Po JuE|
b

2 VAW(E
<x (t)>=

-
sp-br - beywny dowann

i
? i
Parceval's theorem: o’ =€ xi(t) >= IS LOhdf Hi .
et
S -
Root mean square, rms: X =V ot e

_E.}_‘. S"ffﬂ.‘n We I“-V‘ ain OSU.Nonr&!
Vit) |

Mow, let us study the output of an electnic network with Transfer Function Tije) and a
nixise gencrator at the input, which is charactenzed by a power spectram 5 (1) (Fig. 1.3k The
linear network transfers at the output all the input harmonic components modifying their
amplitude and phase. Thus, a genenic harmonic component of the noise m frequency s
tranzferred 1o the output with the amphitude modified by [Tijo). Thus, of its mean sguare
value at the il'l."!llll s f';-"tl':ldl', the outpul has a mean square valse oqual to:

Sl M =S ()T 20 ) df
fr conclusion, the linear petwork transfers the power spectrum of the inp notse froltage
SR cagrref .':.;',lurarq'.l Ier r.l'rq_' IJ[J]'J'.IHJ. ﬂr.lrpl']_,l'iw.l' fr__|. |'|IJ|;' SR .rrnx.l'.'.r.l'r r!-.I'-J'.rrq' |r'.'|'r.lll|']_‘1‘r1_' il
CIFFEIT, r':wlru;'r.'rn-.f‘r.l rrrm-:.l';,-r Tunetion, Since poise v g stochasile conpribuiion, we are nol
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Types o F hoist

o SHOT nolse e—alss called GRANVAR ,or Poissenn uelse

> CMANVLATATY OF CHARGE CllossinNG THE TUNUion

Shot noise 1s a source of white noise, manly present in diodes and in BITs. [tis associated
to the DC current flowing through the component, and its power spectrum can be
approximated as:

: o
S(f)=5(0)=2ql = — hoise |2q1 AF

Thus, a DC current flowing in every P-N junction has an associated noise whose amplitude
15 proportional to the square root of the current itself, as shown in Fig. 1.4. An important
figure to keep in mind is the 4pA/YHz introduced by a S0pA DC current.

Starting from the vanance o (square value), given the system bandwidth Af it is casy to infer

the root mean square (rms) value:
o =,/2ql Al

that i1s the noise amplitude can be either positive or negative, with an amplitude limited
between £3a for the 99.7% of the time.

o THERMAL hoise

—> Dbue

A second source of noise, discovered by John Johnson and often referred to as “thermal”
noise, 15 instead caused by the random thermal motion of electrons within the electronic
component (¢.g. within a resistor); this random motion doesn’t depend on the presence of a
DC current, since the typical transport velocity of electrons in a conductor is much lower
than the thermal velocity of electrons. Due to its nature, this phenomenon is of course
extremely dependent on the absolute temperature, T. As for Poisson noise, thermal noise can
be considered white, 1.e. its noise spectral density is independent from the frequency. More
accurate models, however, show that thermal noise spectral density actually starts to drop at
very high frequencies (above about 10THz), outside the frequency range of typical electronic
circuits and devices,

It is possible to demonstrate that, in a resistor R, the thermal noise can be modeled by a
voltage penerator <v*> in series to its terminal, or —equivalently— by a current generator <i*>
in parallel to the resistor itself, as shown in Fig. 1.5, whose values can be computed as:

< v e dKTRAL <1 = iE-;E-[
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where k 1s the Boltzmann constant. An important figure is the noise gencrated by a 1k} —_— ’Zt-""-‘“ bev 'hquk 4= 4. 6¢-10 VZ.

resistor at room temperature {293K), which is equal to v =4n} {! JH:.

o FLICKER hoise

-1

Da HANY (UNKNOWN) ORLGINS

Flicker noise is typical of all active devices and also of some discrete passive elements, For instance, the flicker noise power is the same if we consider an interval between 0.01 Hz
such as carbon resistors. Its amplitude 15 very dependent on the nature of the phenomena and 0.1 Hz and a sccond interval between 100 Hz and 1000 Hz. This is very different with
aking place inside the device: for instance, it has a strong impact on MOSFET transistors, respect to the case of white noise, which instead depends on the absolute width of the

while being almost negligible for BJT transistors, in which it is mainly caused by traps with considered interval {in our example, the white noise power would be a factor 107 higher in r-."f__,--
contaminations and crystalline defects in the emitter-base depletion region, whose energy is the latter case than in the former).

concentrated at low frequencies.

An important observation: mathematically, the 1/f noise would result in an infinite

Flicker noise can be modeled with a parallel generator and is always associated to a spectral density at OHz, thus resulting in infinite noise power, which is absurd. This paradox
current flow; moreover, differently from the two kinds of electronic noise described up to can be casily solved by considering that the minimum frequency 15 determined by the

now, flicker noise has a very distinctive frequency-dependent behavior, shown in Fig. 1.6: observation ime. For instance, let us consider an amplifier with | kHz bandwidth and assume
I ’ to observe the behavior for 1 day, i.e. to have an inferior limit set by:

{i'y=h—Af
i=h

where Al is a small bandwidth around the frequency f: [ is a DC current; a and b are constant
values that depend on the device, typically around one (in general, in the range 0.5-2); his a

. S [HoT -N ds € Suin mary

b
L P

» shows up only if there is a current flow

+ the rms value increases with /7

THERHAL -NOISE Suwmmavy

+ independent of current flow
- rms value depends on /T and /R
* independent of frequency (“white” noise)

<v' >=4kT-R-Af {1‘1}=4kr'£5f
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constant value typical of the device. the observed bandwidth spans across 8 decades. If, instcad, we observe it for 100 days the

Since its speciral distribution is substantially inversely proportional to the frequency (sce bandwidth would span across 10 decades (since the inferior limit would be 1007 Hz), its B
Fig. 1.7), it is often called *I/f noisc™ or “pink™ noise, and its contnbution 15 particularly spectral density approaching infinity at low frequency, but only giving a power increase of
important at low frequencies. As shown in Fig. 1.6, its amplitude is often quoted m terms of 25% with respect to the former case, ren L

“noise comner frequency™, i.e. the frequency at which the 1/f noise intersects the white noise;
above this frequency, the 1/f component can typically be neglected. Depending on the
specific device considered, the noise comer frequency could range from few Hz or kHz
{typical for BJTs or JFETs) up to MHz or even GHz (typical for MOSFETs). The amplitude
distnbution of the flicker noise 15 usually not Gaussian.

Note that iff we consider a frequency interval with boundaries ) and 3, the total noise
power in such interval only depends on the ratio between f; and f3, and not on their absolute

values:
i
P= _[ﬂdr = |I1n[~5‘~
f f

° ()]
&UR’ST herSe DUE To LATHICE DeFEcTs,oMRo—L- ™MAPPING cenTERS, N

/

The burst noise is another type of low-frequency noise typical of some integrated circuits
or discrete transistors, which owes iis name to the bursis on few discrete levels (two or more
levels) that appear when watching this signal at an oscilloscope, as shown in Fig. 1.8 (where
some bursts appear superimposed to a seemingly-white nmse). The sources of this noise are
not completely known yet, although it has been proved that it 15 associated to the presence of Af
heavy metal ton contaminations and that it is linked to the simultaneous release of many
electrons from different traps. In particular, golden-doped devices present a very high burst
nasg.

The repetiion frequency of the bursts 15 usually in the audio band (some kilohenz or E
lower), causing a typical popping when transmilted with a speaker. The spectral densaty of E
the burst noise is: =

(i) =k, —— — Af 3

1+[£]

where k, is a constant value distinctive of each device. 1 is a DC current, ¢ a constant between
0.5 and 2 and [ 15 a charactenstic frequency associated to a specific noise process. The
spectrum is shown in Fig. 1.9; at higher frequencies the noise spectrum decreases as 1/F. The
burst poise processes aften occur with different ime constants, causing the presence of many
humps in the spectrum. Furthermore, often the burst noise combines with the flicker noise
resulting in the spectrum shown in Fig. 1.9. The amplitude distnbution 15 not a Gaussian. Fig.
1.8 reports the burst noise probability density, highlighting the non-Gaussianity of such
process, which results in the superposition of two (or more) Gaussian probability densities.
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The total output noise power is < v;, >= [S,(/)df = [|4 ()| -S.df =S, - [|4.(f)| df
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circuit with single pole transfer function causes a noise equivalent to a clean frequency cul SuHE) Tin \T{I“)!
Typically, when speaking about noisc the most important characteristic is its total power, at the frequency A= 1LSTF . For cirewits with more than one pole, the noise equivalent gﬂ -I-C % R . 4kT — I
or rms ampliude, handwidth decreases, wdeally reaching the -3dB bandwidth when the circuit has an infinite T R T
I pranciple, it is easy o compute the 1otal noise power by imlegrating its spectrum density number of poles. For instance a transfer function with two conjugate poles a1 45° has o noise — | - — | L . S'w”’)
peross the bandwidihs of interest AL However, real circuis don®t have a defined handwadih bandwidth that is only the 11% broader than the -3dB bandwidth (Af=1.] 1'1;...,5- whereas a Fig 1.10:  Circuit for the equivalent noise bandwidth computation.
I the xuivalem nput oiae density i inependent rom the frequency (white ey 15 e L
e e se density is * fre ¥ ¢ mise), e o
possible to simplify the computations using the concept of noise equivalent bandwidth. Lt Tk IRE pawer : . il i — : e - S, {”. J > : " —— E x. Dl F‘e (7YY Se ‘ on # ‘! rﬂlcs
Consider an amplifier with constant noise spectral density <v =/Af=5 | and o single-pole Let’s u.'""I:"H': = ?'.F“ial e lhr::implcsl noisy ".'-i"'-uil' with limited bandwidth, i.2. 1'?"'
. = e ! " i resistor with a capacitor i parallel. Consider the resistor equivalent parallel noise shown in f
transfer function with voltage gain A (f). The spectral density of the output voltage neise in Fig. 1.10 and proceed as above with the normal computations. The transfer functions is: =8l éﬁf- Vou
S =<v,>/Al is the product of the input voliage noise spectral density and the square of the R. I ] v.
voltage gain, decreasing by 40dB/dec beyond the pole. The total output voltage noise is Tjo)e —E- u K . . . | .
obtained by intcgraning the output spectral densiny: R+ I 14sCR
. " . 3 , : pre |
<y >= 3 5,(f)Af = JS,{I’,HF G ﬂ-‘*‘-"]. 5.di = s.ﬂﬂ-"‘-."l df i i T ]__ R Fig. 1.11:  Linear electric metwork with ils input noise generalors /< E f f /ﬂ’ ) I
= b B B ' o oy =————s ¢
We can express this resull as the product of the circuit DC gain A, and introducing the the output spectral density is : ai. NO"'G'- 1 ool - f \
definition of noise equivalent bandwidth, i.¢. an equivalent Afsothat = 2, == 5 A7 T, AT ovowr: AET R — 4 iy /n =l{ '»\e Zﬁ\& /N=1,ltra\|. 3&‘«:: /dx oo 4‘d¢; /”d r,h
. By comparing the two equations, we obtain: S'--“-.:I - R '|T{-|m1 . R 3 I+ CR
1 - - ) ' | The pole is NOT the noise bandwidth f,,=Af to consider !
Al = [ & ok 18 ¢ value) i 5 . . .
Ad A II'l.."'l. if ]-l the overall owlpul mm.:. Wi ln-iE:: {imcan *ﬁlllu:4kn:lrunl} 15 2 i 2 M”: &, l‘. we Nuve W\M,“‘\ Pls P"{‘} W e s w“MJsv th. clohhm'l'
= = P : ! . ot e S = I = i ¥ 3 ' = —— ) .
Considering a single pole trumsfer function, given by: Ver '.[ o{F HIF T '.[ L 9 Moise Equivalent Bandwidth: 1, AL ‘El""“[ri df Aoy oMme — the over cshy wu‘\‘. u s u?"‘l ; H& o indid i we
A
A (T) " " [:ln:ls{mi‘ﬂ l]' 4kTR (= ] kT = [ lonside dwy, Wast ase
. = dkTR :| — = i = = . : e - ST
oo i 2nRC e \3)" € kit el e T o Tl £y IS " fuz
. ; B . . This last equation corresponds to multiplying the 4kTR speciral noise by a term [ f, b ' .
where [, is the -3dB frequency, and solving the mtegral, we find the following neise S 1 E ] . 2poles: o, w0,22-N _ EQuIVA LGNT e ""'; 5'5 »
bandwidth, which is a general solution valid for every single pole circuit: Af = '—,; IaRC  4RC < vy = 4kTRAF = 4kTR T T NoSE Bw/ /a"- T’“; (”“ ,/-1} Hphor
A= | al’ e x. L 1.57-f The output noise is therefore independent from the resistance, thus the overall outpus OK then, the rms value is SORT("base x height”) of such an equivalent rectangle wr fom
] f 2 e nodse voltage only depends on capacitance and temperature, despite the resistor being the (ir:z %Z; o >
1+ i nopy  component, The noase bandwedith of the circuil in Fig. 110 45 egual o ’ (25%7. =257
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Nol\se EQUIVALENT GeNERATORS

Since cvery active clectronic component introduces its own sources of white and non-
white noise, when dealing with complex circunts it 15 often useful to model the noise of each
single sub-circuit (1.c. of every genene linear circunt) with a couple of “equivalent™ noise
generators, one for modelling current nowse sources and one for voliage ones, as shown Fig.
.11 If our circuit has a generic input resistance R, thanks to the Thevenin theorem we can
easily derive the power spectrum of the voltage generator, 5 () by shorting out the network

input terminals and measunng the noise spectrum at the output terminals 8%f). Being T(jm)

the transfer function v_ /v, the output noise spectrum 18 due only to 5, (1) and 1t 15 equal to

S _if)=5.(F)-[T(jwm) - Thus, the value of the equivalent input noise voltage generator is given

by the equation S (7} Tl =50

Consequently: §.()=——"

Ti |m]|
8,00 this ix the equivalent power specirum which, applied o the circuir input and in absence
IZEI" ather noise sources, causes the same CHIIERET REEE SENACIFT wien the TERERLIT ferminals are
shorted.
A similar definition applies to the equivalent current noise gencrator. In this case, the
noise spectrum at the real network output, 5°( ). 15 measured when the input terminals are
open. The transfer functionv_/i_is R_Ti{jem), thus the output noise spectrum of the equivalent

network is S__ (=S, (FR’ [T(jw)| ; consequently, we find:
S (£) e for =0
5(f)=— ——
R_IT(jm)

The definition of equivalent input noisc gencrators allows to compute the effects caused
by all the noise sources introduced by cach clectronic component. In the general case, the
network can be sourced by a generator with genenc impedance Rs, as in the case of Fag. 1.12.
The noise spectrum at the output terminals can be evaluated referning to Fig. 1.12 bottom, in
which both noise equivalent generators have their own transfer function to the output, giving
two separate noise contnbunons which must be quadratically summed to compute the total
outpul noIse power:

5. (I)= T1_|mJ

RFI:F

Observing this equation, wie note 'I|1.11 with low source resistances, R <<R_, the outpul noises
15 dominated by the voltage generator, whereas for R>>R_, the input curreni noise
dominates. Thus. when selecting the source impedance (which of course gives its own
contribution to the total output noise), we must pay atiention to the values of the two noise
generators.
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Noise Ftwﬂe NF

In order to characterize the noise performance of a two-pole network, whose generic
representation is shown in Fig. 1.13, we can define a “noise factor™ F, which expresses the
degradation of the signal-to-noise ratio introduced by the network:

_ 5/ N input ratio

\!

ovf

5/ N output ratio

Even thought this method is only himated to cases where the input source is resistive, its
explomtation 15 a very powerful tool, especially for welecommunications systems.

Referning to Fig. 1.13. where 5 represents the signal power and N the nose power, we
have as only source of input noise (N ) the source resistor Rs. At the output, instead, we find
a noise power N, given by all circuit components and by the source resistor. We obtain:

S, N,
N S

Considering an ideal noise-less amplifier, the output noise is only due to the input source

resistor, and thus, if the circuit power gain is G, the outpul signal S, and the output noise N

are given by § =GS and N =GN . Replacing these equations in the definition of noise figure,

we obtain in this case F=1, i.e. 0 dB.
Another useful defimition of F comes from the original one:
N, 5,, TGN,

overall output noise

that can be wrnilten as: k= - .
portion of the output noise due o the source resislor

Another figure of ment often used to charactenze the noise performance of a network 15 the
NF, defined in the same way as the noise factor but expressed in dB:
The noise figure is usually defined for a small bandwidth Al around a

“nmse fhigure”
NF =10-log_F.
frequency f with Af<<f (Af =1 Hz at the tesi frequency commonly used of 1kHz). We can
exploit the equivalent inpul noise generators, as in Fig. 1.14, 1o evaluate the effects of each
circuit parameter on the noise figure: a genenc circuit, with input impedance z and voltage
gain G=v /v , is driven by a source resistor R, and feeds a load R,. The source resistor
introduces a thermal noise <i,*>, while the circuit noise is represented by its equivalent
(uncorrelated) generators <i;"> and <v;">. In order to compare the noise introduced by the
circul to that of the source resistor, we can consider the Thevenin equivalent at the input, at
the left of the proper circuit (1.¢. without considening Z;).
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Using the defimtion of nmse Digure and replacing the values we already found, we obtain:

. N, +N,_, <v >+<i >R, <V __ >
fF=—2—7F2=]+—"= - - =]4+—==
N,, 4kTR Al 4kTR Al

where <V, »"> is the overall input noise. This equation provides the spot noise factor, in the

and <vi*> is negligible.
Z.) except for the

(pretty much realistic) hypothesis that the correlation between <i*>
Observe that F is independent from all the circuit parameters (G, R,
equivalent input noise generators and for the source resistance R, therefore, the noise factor
af different circuiis must alwavs be compared af the same R_. Moreover, for small values of
f o "E'q.'":’ﬂ;].l'-l'ih" 5 JfI'HFHHHFH

R-. the noise is dominated by the - = generator, whereas the -

Jor large R,
factor. This optimal resistance can be computed by differentiating the previous equation:

in the between, there 15 an “optimal™ value of B, which mimimizes the noise

= =0 = -IhT‘Lrh‘ - {.I..;‘."U = <y >+ < >R =0 = R ,—-ﬂ‘. -
dR (4kTR_Af) " AKTAS <i' >
The optimal noise figure is:
" s fevis)
A <1 > . r — - .
e <V > N <i) > <V, o<l >
NF_, =10log, | 1 | — =|0log,, | 14 :
[< v > 4kTAl 2kTAL
4kTAf f—- :
i j= g

thus the smaller the product <i*>-<v;*>, the smaller the NF __

Let us suppose 1o have the two trends shown in Fig. 1.15, associated to two different
devices A and B. From a :.up-:rﬁuml ﬂn:l.l:.-".-ai*.-. of the two E'.t':.'l|'l1'|h. the device A could appear (o
be less noisy than B, since its NF is lower. Nevertheless, this comparison strongly depends
on the source resistance value: indeed, in case the source resistance i1s equal w R, the device

B is much better than A! Therefore, comparing two devices only basing on their NF_ doesn’t

make any sense, as its circuit must be evaluated in its actual operating conditions. n case the
source resistance is large (Rs=>Ryoe) and a selection has o be performed between two
amplifiers with different equivalent noise generators, the choice should fall on the one with
the smalier parallel generator. The opposite applies in case of small source resistance
(Rs= Ry.ape). Finally, 1t 15 possible to compute the total input noise voltage for a genenc two-
port network (see Fig. 1.14) as:

o J.- o

Ve o it _ | " R} +4kTR.
Af Y
Y
NE[dB
B
L
" -
Sy
""hr]-'—'
R R R [63]
Fig. 1.5 Compartson between two different tremds of NF as a funiction of B
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Ex. NF Recae

Let us now make a practical example: consider the operational amplifier LM3%4, whose

# # 'S L)
noise trends are represented in Fig. 1.16, with bi-loganthmie axes. The NF (mghhghted area E’(o (ﬂk’\. JG" [ 8 r YL w$ 'l‘ld ) uh‘
in the l'!gun.']- is the difference between overall input noise and source resistor nose (in |l1ll 3N Circute 3N ——
scale). From this figure we can observe that H..;m_lﬂ- 1.e. the point at which the equivalent
voltage and current generators have the same value, is equal to 15 k(). The total noise ; ! ch
coincides with the OpAmp equivalent voltage noise for low source resistances, bemng then Signal-to-Moise Ratio: % = SNR = 10log,, "'_] 10log,, { : " — ] Y, ¢ /(€)= VP sin (741/ \‘,‘)
dominated by the source resistor noise beyond 200 €2 and by the equivalent current generator ; :¥ong (4KTR, +e +ilRS)-Af ) P
hu;.'u_ml Haa. ; 5 2t . Noise Factor: ¢_ oNRE. _ 5 N, Mg Total output noise 2 b Bl ‘/\- Bl o e -VV'W.S
Given a voltage noise generator <v>=(500nV)" and a current noise generator . Fe SNE. N 5 G.N_ Towml oulDuR noien R A e B = R
<i*>=(50pA), we find that for 2 kHz bandwidth and 293 K temperature, the optimum source ... -—— ' S 2 €
; 1 I oy . ; e 2 Total input noise
resistance 15 equal 1o Rep=V{500nV)/(50pA)=10k(), whereas the optimum noise figure 1s: AKTR L .
I : = ) g w 1 (T
VI 300n1 )" - (50pA) | . (0 Vm: VT- V2(E)dE = !E_
N =100t 145 38107 -300-2000 |~ % 2
21,38 =3 - 2
) Noise Equivalent Temperature: T, =(F-1)-T, justto tell how "hot" the noise is
For matched circuits (source resistance equal to Thevenin input resistance), the smallest TL\O powey ot wLb) @ 01(4»!4 to e povres of o DC (o]t Vbhs
possible NF 15 3dB, unless particular techniques are used for further noise suppression; the
NF for a practical low-noise circunt can range between one and few dBs. ® (Powcr hd..‘,) t , V e
. A "
Va0V Hz) " _ (Vo)
o) ) SNR <194, | PUE) 2 N /.r) & Gswer:
R .9?“, 40 ﬁ View . D)
() .
10000 | LM39% a | kHz con 1=50 £44 O‘rms (ZmVims WSy s u-’!“ : }lw‘
i =(0.16 pA/ HEY? Vidbed 47( ,/ Viu
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Nois. tn Djodes

Ihfferently from resistors, which mainly introduce thermal noise, a diode mainly
introduces shot and flicker (1/1) noise; its equivalent noise circuit is represented in Fig. 1.17
(where ra=1/gy, 1s not a physical resistance, thus it doesn’t introduce any noise). Both flicker

and shot noise can be represented by means of current generat
the following expression for equivalent noise generators:

< v; >=4kTr,Af <i® >=2qI,AF+K ;.' Af

ors in parallel to ry, leading t

Ili

The shot noise can also be expressed as: [hl A NoT nosy

3

2 5= 2q1,a1 = 20 XL 1, af = ax1] /2
@ B 2 e T s e

_; ot it ses ¥
AF

|. S oEm

In addition, a secondary noise source associated to a diode

15 the thermal noise due to its

series resistance rs (caused by the non-nil resistivity of the semiconductor); even though this

nolse source 15 often very 11ug|igih|u with respect to shot noi
words discussing 1ts contnibution.

s, 1t 15 worth to z-;pend a few

Mote that increasing the diode bias current brings to an increased thermal noise. This trend

1s due to the fact that increasing the biasing the electric fields

become significant also in the

ohmic regions and the present carriers are not anymore in balance with the reticle at the

temperature T.

W

| | few kT @ %
% 2q1 @

1
B

Fig. 1.19: Computation of the current noise in a biased juncrion (fgft) and an equivalent circuit for small

signaly frighi) with the noise generaiors

Ex  (hoica of i Jumee R

Vol e

The average kinetic energy, E, of the charges in the resistive paths can by formally written
as E=3/2kT., with T.>T thus 1t 15 not surpnsing if also the thermal noise of these charges 15
4kT/Re and it increases at higher biasing. Let’s consider rg=100 £, [ equal to 0.0]1 mA,
0.1 mA, | mA, 10 mA obtaining the following white noise:

g, =04mS, r; =25k = S_=3-10%+25.10" =3.25-10" A’ /Hz
g =4mS, r,=2500 = S_=16-100" +1.36-107" =1.96-10" A°/Hz
g_=40mS, =250 = S_=128-10" +1.06-10" =1.19-10~ A*/Hz
g =048 =250 = S_=1910"+16-10"=1.62-10" A’ /Hz

thus with r,=100{}, in order to minimize the overall noise, we will chose the lowest current
possible even if it causes an increase of ( 1/g.)* and an increase of the flicker noise.

Mote that both shot noise (2qlpAf) and small signal :irnp-.:ﬂ.‘l:nm; ( |I.'r5._:_ =kT/gl ) depend
on Ip: mereasing Ip has the double effect of reducing the diode small-signal impedance
{beneficial effect) and of increasing its noise contribution (detrimental effect). The equivalent
noise generator 1s equal to :

}? _2T 1
2q1 .41 {— ]=~qrf“ﬂef '
E: {{}'f” } g 1,

from which we can notice that increasing Ip has a global beneficial effect to the (voliage)
noise, due to the square power associated to it

Let us now consider the network in Fig. 1.19 (right) and analyze the current power spectrum
associated (0 1. We can consider the equivalent small signal circuit (Fig. 1.19 left) which
also schematizes the two noise equivalent gencrators, associated to both the resisior R
(thermal noise 4kT/R) and 1o the junction (shot noise 2ql).

The noise current that flows between power supply and ground, 7, is the superposition

of two independent contributes; its spectral density equals:

S. = ..Fql_'!_l_gl'“!: — o 4k-r. R: -

- ':I'IE.!—.l 'PR.j: H lI'.Il‘l:u +R'Tl

If l/g=> R, the dominant coninbution is 2gl; conversely, if 1/g,<< R, the coninbution
4kT/R becomes domuinant. At low currents, 1.e. when the junction resistor 1s much higher
than the resistor R, the current noise spectrum has an intensity equal to 2ql: when the bias
current increascs, the series resistance dominates the overall noise and thus the spectrum
intensity tends to the constant value 4kT/R.
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The term Instrumentation Amplifier refers to a special class of amplifiers
which, on account of their nature, are widely used when it i1s needed to
acquire weak differential signals from high impedance sources in the presence
of large common mode interferences. We shall see their basic features, when
they are employed, and how they are designed for achieving an ideally infinite

CMRR, negligible offset, high input impedance.
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A simple solution to the problem arising from the need that has just been
mentioned might be the so-called Differential Amplifier depicted in Figure
3.1. In this configuration, many non-idealities impair the Common Mode
Rejection, and the high common mode gain is the heaviest himut of the
Differential Amplifier. In order to have an infinite CMRR, the following two
conditions must be met:

* the Op-Amp must have an infinite CMRR;
» R3/R4 must be equal to R1/R2.

In practice, the second condition is the dominant one: the Op-Amp is built
with a CMRR much higher than that attributable to the mismatches between
the ratios of pairs of elements. which are typically more than 100dB, while
the mismatches (1f the resistors are discrete and standard) are high and lead to
degradation of the CMRR by 40dB. However, even in the field of integrated

T \
COlMlMoul MO&-(_ Rr)’td;l‘ﬂv\ MO

resistors where the degrees of tolerance are high, this condition dominates the
other.

Regarding the Common Mode Rejection Ratio, another issue 1s related to
the input impedance values of the inverting and non-inverting nodes which, in
addition to being different from each other, are relatively low. Therefore, the
CMRR undergoes further degradation due to the inevitable mismatches of
resistance sources. In fact, even if the input resistance values of the inverting
and non-inverting nodes were the same, they would not be much larger than
the source resistances. Since the source resistance of the positive input will
be probably different from the source resistance of the negative input, a
common mode signal input become a differential signal and would be treated
as such. Unfortunately, R1 and R3 cannot be chosen too large since they must
be less than R2 and R4, respectively, in order to obtain a gain of the structure
higher than unity whilst R2 and R4 cannot be chosen too large. This structure
is sometimes made with discrete components to perform a single measurement
and has a fixed gain, and the CMRR is increased to acceptable levels by
trimming.

NO‘i’t On 'l‘lqe. .

E x.

In Fig. 4.2, there is an example of how to use an INA: we want to measure

the temperature variation through the use of a thermal resistor and an OpAmp
with A;=100dB and CMRR=80dB. We choose R=30Q(@0°C)+0.15Q/°C.

The differential signal is V7=150uV/°C and V,=70.5mV/°C. We observe

that the distributed resistance along the cable introduces 2-AV, i.e. a
systematic error. For example, 1if this resistance 1s 10 distributed, we have a

That is why you often use the 4 wires (2 to force the current I and 2 to
measure V) connection that is called Kelvin. @2

The differential voltage v, ;7=300 ImA= 30mV causes in the non-inverting
stage an input common mode voltage (because V-=V+) equal to v;, ... = v

470k (1k + 470k) = 30m}V and 30mV-471=14.1V output. Because of the
finite A, at the OpAmp input remains a voltage error

Ve~ Vou/ Ag=1007000=141pV, corresponding to an error of 141pV/150pV/
°C=+0.94°C. The presence of a finite CMRR will alter this error because we

will have v,,, = v, dy+ vy, . A, because:
v A
o o _i“:. - Tn'r_rnr _‘j:'

thus, a further contribution of 30mV/CMRR=3uV, which is negligible in this
case.
Even resistive degrees of tolerance give a contribution to the common

mode:
_i}
R,
=10%, i.e. an

tolerance of 10% (R3=R1-0.9 and R2=R4) gives v u,/Ven
equivalent CMRR of 470/0.10=73dB, worse than the intrinsic CMRR. of the
OpAmp.

[ R, [ R,
Vo =V J1+—
coe R, + R, R

— W& mU l'(v‘ Ml b e - wuh'}m&ov lﬂu s ','0 WMc A guve VJ‘H’ -

12V
Am

v‘;q_(: s

pore ke
/ i
—_— So,lv"i'oh -é‘dbeVl'h Cou“'d'm*
92V
Am
@
i
d
avt i 0 |
.t : Rq
vm.( o " _f_
ov 1
+

K Ve “llc Mo ones w'ﬁkw

2t e iR, C V*D—{—I—z—-ﬂ'
q

t <0 [V'

R R2

v ﬁV*—V‘:V&-H
N To mrk[—y wﬂ-ui\ J\‘H‘wmcn We oy e wse e F""OW:V\} 5h’(

Vo= (VF_v7). 22 o Input tmpedame 27z R4ty

— Bul Mis lﬂ.) Scveval iSSMest

ho.J—oW"
vap

12V ~ | nded
Amp

£

Elcchonic

Systew s

Furthermore, the impedance values seen by the input terminals are
different: Z,.,~R,=1kQand Z,,=R;+R,;=471kQ. Finally, the offset V,; cannot
be canceled unless you use an external trimmer, dedicated inputs, or through

circuital shrewdness. In this case, it introduces an error of 20°C.

‘ It we want 0 medsun the volt, &fF. Wik, 0w RT bk s
systematic error of 2-1Q-ImA=2mV and a resulting inaccuracy of 13.3°C. ®' Py 4z . / to pump & Cowmt .
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Let us see how, with some smart changes, we may be able to solve some
problems of the differential amplifier by obtaining an instrumentation

amplifier with performance adequate for our needs. We refer to Fig. 4.3. To

solve the problem due to the low input resistance values, connecting two
buffers to the input terminals could be sufficient. If we have two gain stages in
our design, we could not only solve the preceding problem, but also increase
G;r and thus the whole CMRR.

The connection between the virtual grounds of the two input amplifiers
ensures G.,=1 for this first stage. In fact, if the input is a common mode
signal, also the two virtual grounds will follow this signal, so no current can
flow into Ry and R,, and the OpAmp output will follow the common mode

input. In conclusion, the stage preceding the difference amplifier has G, =1
and Gg;>1, thus improves the CMRR of the whole circuit.

Compared to the simple differential amplifier, this structure has also the
great advantage of being able to vary the gain simply by tuning the resistor Rg;.
In practice, two external terminals (gain pins) are made available for
connection to an external resistor (which runs in parallel to the internal one 1f
present), and you can vary the gain without appreciably changing the basic
behavior of our system.

The overall CMRR is equal to the product of the CMRR of the difference
amplifier and Gy of the first stage, and the CMRR depends directly on the
gain. The noise of the system depends on the gain setting: 1t is easy to see that
the higher the first stage’s gain is, the more negligible the noise of the next
stage (compared to that of the first one) will be.
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It avoids voltage

. For example the AD522 INA has the following features: Vec=10+36V
drops along the wire

L [supply=10mA  Vos=ImV  [B=25nA  Rin=1GQ  GBWP=300KHz
Sense Vnoisein=15pVrms (10+15kHz)
vt Fig. 4.4 shows the correct usage of the INA, with the proper exploitation of
v the extra pins (reference, sense and guard) to mimimize errors due to
% ;ﬂ@ ché E.:nlllu?. connect ons and parasitisms, | |
: Wy 36 U P Output . In addition to the shown typologies, there are several others with better
. ¢« e 3= performance than those obtainable with these circuit topologies, such as the
‘l:;‘: : gf*" A () | ] - Load class of Instrumentation Current Feedback Mode.
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The offset voltage in CMOS technology is worse than that in bipolar

technology. For this reason, in order to 1mprove the situation, circuit
topologies, such as Commutating Auto Zeroing (CAZ) Amplifiers which
allow to create acceptable values of Offset: V =1pV, drift=0.1pV/°C, are

used. Fig. 4.5 shows the operating principle of such an amplifier. The CAZ is
produced with CMOS technology because the switches are better, and the
offset 1s worse than that of BJT. In the INAs, this solution 1s not used because
the repeated switching can cause great disturbance.
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INAs have a very high CMRR which should not be lowered. For example,
if you want a low pass filter, it 1s not correct to use the scheme shown in Fig.
4.7. In fact, the degree of tolerance of resistance values is a factor of primary
importance (high degree of tolerance means expensive devices!), but the
capacitance values have degrees of tolerance of at least 1%. Thus, a branch
has a pole 1.01% higher and the other 0.99% lower than the expected value
1/(2rRC). Hence the filter differently attenuates the input frequency,
determining a differential signal that cannot be rejected despite the INA’s very

~

Can compénsate the vnltag\e* offset (first order approximation):
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high CMRR.

One can use the circuit shown 1n Fig. 4,me the differential
filtering (on the left) or the common mode filtering (on the right). For the
circuit shown on the left, input resistance values must be matched with 1k€ to
avold the waste of the CMRR performance of the INA. For the circuit shown
on the right, the capacitance C3 “mitigates” the mismatch of Cl and C2 as
long as C3>>C1 and C3>>C2.
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You can now consider another practical aspect of the use of these devices.

.__,W wow b RC g0 b s b, is

e

The pins of the IC are an excellent “sensor” of the internal temperature of the % a e wctosn ()
chip, i.e. if you change the internal temperature, the output will also change | o
and vice versa. Making precise measurements, you can see when blowing out REAmeiE oA e Wi
on the INA pins that the output varies of uV or more, depending on the gain. o s 4y W/ C
: : : 3 D G
The welding with the track makes a thermocouple, as shown 1n Fig. 4.12. ————= l *
The worst connection is the kovlar-copper one. For this reason, some 35uVPC | o
manufacturers produce copper IC pins. Nonetheless, the problem remains
because the welding is made of tin. The solution is to maintain isothermal
thermo-coupling to nullify the induced thermal voltage. ; P ad .
. . . : sHroat welds -.
It 1s more 1mportant to take care of the track width, connecting all unused 31_: S o u«: Thinmetal o o
pins to ground or, at least, connect them to large tracks that operate as efficient - 4« &
heat exchaneers l Different heat dissipation, hence temperature
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INA116

Ultra Low Input Bias Current
INSTRUMENTATION AMPLIFIER

FEATURES

& LOW INPUT BIAS CURRENT: 3fA typ

& BUFFERED GUARD DRIVE PINS

® LOW OFFSET VOLTAGE: 2mV max

& HIGH COMMON-MODE REJECTION:
84dB (G = 10)

® LOW QUIESCENT CURRENT: 1mA

& INPFUT OVER-VOLTAGE PROTECTION: 40V

D

Th

ESCRIPTION

e [NAL LG 15 a complete oxmolithic FET -mpuat mstns-

mentation auplifier wath extremely low mput s
cusrenit. DHfel® mputs and special puardng techmgques
yeeld gt baas comwenes of 364 at 2550, and ondy 25£A
at B5°C. Its 3-op anyp 1opology allows pans o be st
from 1 e 1000 by connectng n sangle external resiston

Guard pms sdpacent 1o bath wnpat comechons can be
used o dnve cuoat board and mpot cable pamrds o
mamtnn extranely low wugpial bues current

APPLICATIONS o i
@ LABORATORY INSTRUMENTATION tengeTanE e mope
& pH MEASUREMENT
® |ION=SPECIFIC PROBES
& LEAKAGE CURRENT MEASUREMENT
3 ;r”
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S T ek acess % INA110
SROSHTA - SEFTEMDER 1068 - JULY 2008
Fast-Settling FET-Input
INSTRUMENTATION AMPLIFIER
FEATURES APPLICATIONS

& LOW BIAS CURRENT: S0pA max

& FAST SETTLING: 4us to 0.01%

® HIGH CMR: 106dE min; 90dB at 10kHz
& INTERMNAL GAINS: 1, 10, 100, 200, 500
® VERY LOW GAIN DRIFT: 10 to 50ppm/“C
® LOW OFFSET DRIFT: 2uvic

& LOW COST

® PINOUT SIMILAR TO ADE24 AND ADE24

DESCRIPTION

The INATID = a versatibe monolithic FET-inpat
mstrumentation amplifier, It cument-feedback circus topal-
ogy and laser frimmed input stage provide
excellent dynamic perdomance and accurscy. The INAT10
seftles in 4ps to 0.01%, making # deal for hgh speed or
multiplexced-Inpud daka acoUESEon SYSIEmS.

Infernad gam-set ressstors are provided for gaens of 1, 10,
100, 200, and S00VA. Inputs ame prolecied for diflerantial
and common-mode voltages up 1o Yoo I very high input
impedance and kew input bias cument make the INAT10 deal
for applicabions requinng input filers or input protection
ity

Thee INAT1D = available in 16-pin plastic and ceramic DiPs,
and i the SOL-16 suface-mosnt package. Militany, ndus-
treal and comimercial lsmperalide range grades e vadabla

& MULTIPLEXED INFUT DATA
ACOUISITION SYSTEM

@ FAST DIFFERENTIAL PULSE AMPLIFIER
® HIGH SPEED GAIN BLOCK
& AMPLIFICATION OF HIGH IMPEDANCE

=

High-Speed Programmable Gain
INSTRUMENTATION AMPLIFIER

FEATURES

@ DIGITALLY PROGRAMMABLE GAINS:
PGA206: G=1, 2, 4, BVIV
PGA207T: G=1, 2, §, 10VIV

® TRUE INSTRUMENTATION AMP INPUT
® FAST SETTLING: 3.5us to 0.01%

@ FET INPUT: I = 100pA max

@ INPUT PROTECTION: H30V

® LOW OFFSET VOLTAGE: 1.5mV max
@ 16-PIN DIP, SOL-16 SOIC PACKAGES

APPLICATIONS

® MULTIPLE-CHANNEL DATA ACQUISITION

® MEDICAL, PHYSIOLOGICAL AMPLIFIER
® PC-CONTROLLED ANALOG INPUT
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DESCRIPTION

The PGAZDG and PGAXDT are digatally programmuable
gain mstrumentation amplifiers that are sdeally susted
for data acquesition SYsiems

The PGARG and PGAMNT s fast senling wme allows
multiplexed mput chamnels for excellent system effi-
ciency. FET mputs ehounate I errors due o annlog

multplexer senes resastance

Ganie are welecied l|:|!|.' Pw'o EM-DE.-’ITL-:mqnub]e
address lives Annlog wyputs are mtemally protected
for overloads up 1o T40V, even wath the power sup-
plies off. The PGAX06 and PGAZDT are laser-tnmmed
for low offset voliage and low dnfi

The PGAMNG and PGALDY are avmlable m 16-pan
plastic DIP and 50L-16 surface-mount packages. Both
are specified for —40°C 10 +85°C opembon
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Many INAs are provided with some internal resistors to set the gain,
simply shorting the pins to the ground. Some INAs have circuitry to protect the
front-end Op-Amps from overvoltage. Furthermore, there are buffers that can
be used as Guard Outputs, which are connected to the coaxial cable that
brings the signal (Fig. 4.13).

To protect the INA pins, it is a good idea to make protection rings on the
PCB layout, as shown in Fig. 4.14:

conductive path towards the ground for the INA input supply currents.
high value introduces a great voltage offset (due to Iz) and a great voltage

noise. Parenthetically, this is a common mode input voltage and should thus be

rejected by the INA.,

To improve the response of the Guard with fast input signals, it is possible
to add an external Op-Amp that acts as a buffer on the cable to be protected
(Fig. 4.15)%To ensure the Toop for the input bias currents, it is always

e IMQ

resistance

necessary to take actions, as shown in Fig. 4.16.

Always remember to provide Ig:

Input Protections:

5.82k0
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Electrade

Referance

Electrode

In the INA110, whose datasheet 1s attached below, it 1s possible to choose

* between x10, x100, x200, and x500 gains. The Guard connection (to drive the

signal coaxial cable) is not present in the INAL10. It is possible to put it
externally, as shown in the figure of the data-sheet of the INA110 at the end of

the chapter.
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Some INAs also have offset nulling control and overvoltage protection.
Moreover, other INAs have an internal network to select the gain. Often, this
network can be driven through simple digital pins. Such ICs are named
PROGAMMABLE GAIN AMPLIFIER, PGA. At the end of this chapter is
attached a data-sheet of one of these PGAs (PGA206/207). Cascading more
PGAs, it is possible to obtain different gains. Incidentally, it is necessary to
pay attention to noise and bandwidth, which change with varying set gain.

A

Mecrophone,
Hydrophona PGA =
el
J :
4 Thki} ot :::_ 4Tkl
PGA -0

Cantertap provides
baas current retum

Bias current retunm

inhemently provided by sounce

P6A in Senrs o

e

M C

With £V = 15V, R, = 100ki2, R, = 1M " who\e
Ry = 10K, Vogrsering = $130mVY [ (7.'% 4] poth
1
y i B
| | X200 = |"'1.; Vour
Ay i IHAT10 -
i 3
L . -— &
& I" Z + [ l
Ty
10HE |
"J
'\’utv‘l
Dirssder minimines degredobon of CRR dus o
destnbuled capaciance on the mpud bnes
. a’p\t
unl"l
Q( Ve
W= .:_'_“.._.'-' D\—I
> [ ] PGAZOT oV,
"H'IH Oo— k
+ v Rel
1 |:|: 1
o0 o o J_—
= 2200 Ay Ay = 20k =20k
_:\-' ;-
+ - -
g \ Equal to mpud
-1 | R common-mode voltage.
fuwvl
canivml A | A | A | A
G=1,2 5610 G=1,10, 100 i 1] 1] o il
F, 0 1 i 0
5 1 o I 1]
Va 10 1 1 i} i}
20 L] 1 i 1
50 1 i} 0 1
1040 1 1 0 1
200 0 1 1 i}
Ay A, 500 1 0 1 | o
1000 | 1 1 1]

O aimp: builfer helps |

guard cables with
fasd input signals—
it leaf

=
-
SG"\"‘J ,Lﬁ.lll J
(‘nhtvf\f‘ ‘o/'l’““
[Tk
Twd racial calles ! '_ [
ERS
| [ -
vy IR
.
Vi o] e :
S
L



ESo?_ CFA

luivo

( Booke . 2.93)

In this section, we will examine a particular type of OpAmp: the so-called
Current Feedback Amplifiers (CFA). As we can see, these amplifiers have
exceptional characteristics regarding the bandwidth and the SR. We could try
to explain how these values are justifiable by looking for the causes at
microelectronics device level. We will see, however, that this extraordinary
performance is counterbalanced by some worsening factors with respect to
the classical VOAs seen until now.

Cuwart Fulbnck hmpkfio (Starbug fom th Voby, Mode Ampibor (VOR) asnlysis)

(Bosk p.}ol)

Consider again the amplifier in Fig. 4.31. We can make some general
considerations: it is possible to say that, since the stage has high input
impedance both on the inverting and non-inverting terminals, with any
feedback network, we created a “voltage feedback™. It makes sense to speak
of the input voltage Vdift.

We see 1n the preceding chapters that because of the compensation
capacitance C and the maximum current 21 of the differential stage, the
limitations are attributable to the Slew Rate and the open loop bandwidth seen
in the preceding chapters.

This 1implies that, when we implement a voltage amplifier with feedback, -
as depicted in Fig. 4.347 we find out strong limitations on performance. In
fact, feedback imposes a relationship between Bandwidth and Gain: their

jQ/ol’m Iz w\r\?h‘f)

For these reasons, we understand that if we desire our feedback amplifier
to have a high gain and wide bandwidth at the same time, we must design an
operational amplifier having a high gain (to have a high Gy,,,) and wide
bandwidth as well.

There are limits (related to the technology and the architecture circuit) at
maximum gain and maximum GBWP, which a traditional OpAmp can have.
However, since the late ‘80s, a new architecture of monolithic operational
amplifiers known as Current Feedback Amplifiers was brought to markets.

LCFA prindple
[ boot p.l%)

Observe now the scheme of Fig. 4.37. The closed loop gain 1s as before:

structure is the same as depicted in Fig. 4.38. We find an input
buffer followed by a high impedance gain node and finally an output buffer.
With a closed loop, a current comparison 1s made, and 1t generates a current

e «error signal. As done in the VOA OpAmp, here too we must take the error
signal and amplify it. In this block diagram, this signal 1s somewhat picked up
«(practically through current mirrors), then amplified, and sent on the
resistance Ry, where a current-voltage conversion i1s made. Finally, it 1s sent

Sae (M“V
Vedd  puelbeckmwe

out through another buffer.
We observe that the voltage gain of the CFA was solely due to the

conversion resistance Ry; : to have a high gain, R5; must have a high value.

One mught ask why, instead of using the input and output buffers, gain blocks
are not used. The answer is simple: a peculiarity of this CFA is to have a
broadband; therefore, the internal components must be fast, and the buffers are
the faster elements (think of the follower, which ideally has infinite
bandwidth).

Also the use of high conversion resistance 1s not only due to the reasons
related to the gain, but also for the reasons related to compensation. In these
circuits, the Miller effect (with all the problems 1t entails) 1s not used. Here,
we use a direct compensation. To obtain a high time constant, we must
maximize Ry -Ceonmp @nd show how Ry will be made through the collector

resistor (very high resistance).
Compute the closed loop bandwidth for the circuit in Fig. 4.38. At the node

1 we have:
Fip 431 v, V-V, V.-V
+ — = =0
Fy. 4.%%
%TI—PH*UT
4 !||.||II|.'J-

Requirements:
one high-impedance input
one low-impedance input
voltage output

(hence voltage-driven input)
(hence input-current, i.e. Acting as an output)

(proportional to the input current)

Systeug

Elc cbbk:’c

(other possible scheme for following explanations)

F o ,
4y N
I, s
Ciain node —
I_H].- . T EI'I.I'r
ﬁ 7 l
F-.EE'
A moduli
4 (5) AL,
A Vout
4 \diff " o
RE a1 ]J"II
@ § G e e e B
(closed loop)
L ]
A
- : ¢ ”
Vf‘ %RI Uptﬁﬂup {;.lL'F.‘hL-".!'ILH_'flI'ﬁ f
— o - handwidth bandwidth
(N G ¥ = Pofor oBur
A—o’(o: 16 BwP
Performances:

-20dB/dec slope
constant GBWP (hence trade-off between gain and bandwidth)
limited SR (tens of V/us)

strict relationships among fy |l Ceomp SR (again trade-off)

I,:'n Vﬂ
Vl - RB RF

1 1 1
——

‘R.F RG RB

At node 2, it results:
V,=1,- Ror
e T .

The “particular” symbolism highlights that I, is originated from the input
current mirror and then the two branches, one of which goes in the high
impedance node (Rgp), and the other goes out of the OpAmp negative

terminal; both of those have the same current. The current that flows through
Ry (output equivalent resistance of the input buffer) is

L:ﬁ"—ﬁzp_[ L ol ]_Vﬂ"f and because V=4 .V,=V, We canextract
" Ry O \Be Re) B
1+
Vum_ Rg_
Vin 1
i 3
R
RF+[1+%G-’—]-R3 {R; +[1+—F] Rﬂ]'Gfmp
1+ A1+5
Rot - Aoa R,,+[1+-—F]-R,
% J
A F
! Roy J

The gain tends to the ideal value as much as R, ‘Aout—o0, as for the “voltage

mode” OpAmp. The expression of the time constant seems more complex to
analyze. However, considering the case with great R, we have:

= AW?
fpﬂ.’r - i =
-:r]:RF + A
OUTPUT 0
Aout=1 . '{vu,} [_ =1 '!'%E (CR R';R—y (/H- %)'nﬁ << e -\1'1@\5 — k¢ @ ]
o Forlowgain ( R,<<——%=R,|R, weget [, .=
%R g { RH_ + HI:.‘. } g pole 2?: - RF ; C{Imup
:
N Bandwidth depends only on R, not on R, hence NOT ON GAIN !
Suggﬁﬂtﬂd h}ll while it 1s

IJ&I'H..EH’].I.IJ!—_'._'EI.'I]"" on the ﬁ.‘t’-l{biu.‘k resistance .i].rld I.I1-TI : o w”t;“u‘
independent of B, and thus of the closed loop gain! Therefore, the choice of & u‘wi\'

Ry is more important in this case than in the “voltage mode™ OpAmp casc.
c[ Lok oot

GBWP =

the Manufacturer

(1)

chosen by

designer A

pelely

2R, -C

CLARIEY

¢ Instead for high gain (>=50) we get

Qs for VOA, again trade-off Gain &Bandwidth (i.e. constant GBWP)

G.=I+Ef'- , - (1+§2-f).ks S =y this — (.0,
r ; 1458, *Cong v, v.-¥, V.-F L Y
. . : . . g Vin—F, v | ] il Four : i | [ g 401 i — () s
It looks identical to VOA, but completely different feedback action = VIR R )R R: R, Ry &) At
_] 1 R /Pﬁlb: UT ¢ e 'Comp
With open-loop:  p ﬂfE'” senloop ™ wa:a s _Rm. : Aum ' - L) _
o comp Rov RH ¥ ‘RF RF G /Pl‘ =6 bup = oot
ut £y th«lp
... hence, when loop is closed: (Post wuvmdere o) — S
—1 Ry, —1
P”‘JE:'.fri-.n-:.n'."rmp o pr}fﬁ,,lm-mlﬂ,,f, £ [ | - G."rm,.'.:- } = . = =
C-!'H.rlrp X Rﬂn’. RF Cﬂmrp i RF
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BJT Structure

# The BJT is constructed with three doped semiconductor regions (emitter, base, and collector) separated by two

pn junctions,

+ Onetype consists of two nregions separated by a p region (npnj, and the other type consists of two p regions

separated by an n region {pnp).

v«.
vcn
1

G-P= coust= ¢BWP

W/. e ppcn (R ov R2 dwy,)

'n

L‘bﬁm’. ?
Ld\m’, the falo.

log G

o In conclusion, at low gains...

)

\Vouk = bie (*H l_%

(1)
2)
(2)

(4)

o G = 1+ RE
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LARGE-SIGNAL OUTPUT vs FREQUENCY
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‘C e (wwesse R Vg = £15V
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Inst t high gains... 5™ ©
» Instead at high gains oo . \

(CFA =VOR)
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Output Vollage (Vp-p)

10 —% X

Operation: Inside the npn structure

& Theheavily doped n-type emitter region has a very high density of conduction-band [free) electrons,

10k

100K

1M

Frequency (Hz)

* These free electrons eashly diffuse through the forward-based BE junciion into the lightly doped and very thin p-

type base region,

#* The base has a low density of holes, which are the majority carriers,

& The term bipolar refers to the use of both holes and electrons as current carriers in the transistor structure,

Ty b

|||||

[y T B

Figiire I Basic BT sirucivve

& The pn junction joining the base region and the emitter region is called the base-emitter junciion,

= The pn junction jeining the base region and the collector region is called the base-collector funciion,

+ Awire lead connects to each of the three regions.

# The leads are labeled E, B, and C for emitter, base, and collector, respectively.

# Acsmall percentage of the total number of free electrons injected into the base region recornbine with holes and

move as valence electrons through the base region and into the emitter region as hole current.
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Figure 4 BT apevition shouwing alecirn Mo

= The base region is lightly doped and very thin compared to the heavily doped emitter and the moderately doped

collector regions,

= When the electrons that have recombined with holes leave the crystalline structure of the base, they become free

electrons in the metallic base lead and produce the external base current.

& As the free electrons move toward the reverse-biased BC junction, they are swept acrass into the collector region

BT (M'HI h\uik,m'uq-

Fig. 1L.17 A pne lsberal trarmestor

Transistor with multple emitters; The applications such as transistor- transistor logie (TTL)

require multiple emitters. The below figure shows the circunt sectonal view of three N-cmitter

regions diffused in three places inside the Paaype

enhances the component density of the 1C,

baze. This arrangement saves the chip area and

=

i)

)
[+
\_" Fig. L.18 (3] MuRi-emifer iransston (b)) Cross-sechonal view of 8

mast-EmiRler Srareeior

by the attraction of the positive collector supply voltage.

= The free electrons move through the collector region, into the external circuit, then return into the emitter region
along with the base currant.

= The emitter current is slightly greater than the collector current becawse of the small base current that splits off
from the total current injected into the base region frem the emitter,

+ The operation of the pnp is the same as for the npn except that the roles of the electrons and holes, the bias
valtage polarities, and the current directions are all reversed.

& |, is through the base-emitter junction because of the low impedance path to ground and, therefore, 1, is zero
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Frgure 2 CoMagior Chonac e ic curnes

= When both junctions are forward-biased, the transistor is in the saturabion region of operation. Saturation is the
state of a BJT in which I, has reached a maximum and is independent of i,

1. AsV,. isincreased, V., increases as |, increases. This is the portion between points A and B in Fig. 9. |,
increases as V. is increased because V., remains less than 0.7 W due to the forward-biased base-collector
junction.

= When ¥V, exceeds 0.7V, the base-collector junction becomes reverse-biased and the transistor goes into the
active, or linear, region of operation.

1. I increases very slightly for a given |, a5V, increases due to widening of the base-collector depletion
region, This causes a slight increase in f.

2, This is the partion between points B and C in Fig. 9. | in this portion is determined only by I =f.1,.

= When V., reaches a sufficiently high voltage, the base-collector junction goes into breakdowm; and |- increases
rapidly, shown by the portion to the right of point C. A transistor should never be operated in this region,

= A family of curves is produced when I, versus V, is plotted for values of I, When |, 20, the transistor is in the coioff
region. Cutoff is the nonconducting state of a transistor,
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The simplified structure of a classical voltage-mode amplifier is shown in
Fig. 4.31. Now instead let us study a different feedback network, as the one MOA‘ S’,Md"t‘fc
shown in Fig. 4.32. The first and the second stages are common emitters o, I
while the third 1s an emitter follower. The first stage output resistance is Y v
about R, because we suppose that r, of Q is reasonably higher (Rout;=R¢)) Q6

L L {

Let us think in terms of currents. The first stage produces a current S A
proportional to the input voltage signal (transconductance stage). This A \E
second stage output current can follow three paths: re-flows into r, of Q: , Vi

L] L
flows through R-; enters into the base of Q,. According to the hypothesis, the i A A
. i , s Q1 Q2 S Vout
first path will be followed by a current negligible with respect to the currents e
flowing through the remaining paths (reasonably, the bipolar Early resistance A oy
will be greater than discrete resistance). Vieedback v T Q

At this step, we should ask which alternative this current should follow. e
Naturally, the answer is obvious: the second stage works well 1f 1t receives * f
the input current. The more is the current flowing into the input, the more 1s the - 1 * N Q4
current produced as the output; this current should be sent to a load to produce
a voltage across the load. To send more current as the input of the second g 3 Q5
stage, we must have RIN.gp.qr< Rout;. A A

The different reasoning modes give contrasting conclusions. But then, to
maximize the gain, 1s 1t convenient to choose VOLTAGE MODE or
CURRENT MODE approach? If we make some calculations on the studied
structure (neglecting the emitter degeneration for the common emitter stages),
we can find that we have the optimal condition when Rout; 1s much greater Requirements:
thﬂn R]Nj:‘;—r.’xﬁ.ll-‘ ]t d L] L] t hl h (] d L) t

As has just been said, it is wrong to proceed with voltage mode. When you voltage-dariven Inputs — Ign Impedance Inputs
design with voltage mode, people tend to turn the current into voltage soon; in ] VD"BQE output _ Iow-impedance OUtpUt
this mode, already at the first stage output, we would like a high-impedance RS \
node to immediately transform the input transistor collector current into a Ry fx K % ; |r _________ : :"-T@IT_'__'__'_";
voltage signal. However, that takes us away from the optimal solution in terms ‘*’”’TK{QI B—K % | 3 gy Vout] l

o Risee W out
of gain. o . | Em:"v’m@ > | IR @ T | Mas
; | I ——— A e o —— ——— o —— - - I
CFa S‘hf"ld'"" AR ISTAGE I STAGE
(500& pJM)
Q! : ]- = Qo We could find in fact:
Q" + a buffer-like structure as an input;
[~ ceow 1 o1 e the current mirror scheme to read the error signal;
cneuT " T Ja — ¢ m\jfertmg anq nnn—mvertmg Inputs; |
TR TN — Gain T S .  gain node with compensation capacitance;
WA o - « output buffer, like the input buffer.
i ’ * Q4 . . . . i . . . .
Vi-meur [ s s As an input circuit, we find a peculiar circuit that we can identify as a kind
A of complementary Darlington Push-Pull. There are at least two good reasons
G for its presence: to improve the QOFFSET voltage and improve the SLEW

RATE. Let us see how it works. The input stage acts as a buffer. Suppose that
we apply a voltage step to the non-inverting input (%4.42). The input

b we apply a b\‘)

Step L A i
\ \L‘h“ | 4 ; |
to L |
A \/

A Qu
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Fig. 4.43.

comp*

ansistor Q, acts as a follower and quickly copies the voltage V;, at the

inverting node. (Recalling the properties of the follower, we immediately
realize that during the transient if the signal increases, also the gm of the
transistor increases, and consequently the performance of the buffer
improves.) Since the output V, has not enough time to react, the buffer should

provide a current to R5 and Ry. This current is drawn from the emitter of Q4
(or Q, 1f the step input 1s decreasing) and brought to the current mirror through

the collector of that transistor and goes on to the high impedance gain node.
If, for example, we suppose to give a 1V step as an input and that Ry 18

1KQ (typical value for most practical cases), such a current has a value of
ImA. In first approximation, doubling the step doubles the current that flows

[t C=1pF, 1n the case of 1V step, we should have a slew rate

—505
Us

I

C

comp

_1mA
1pF

SR

o

Actually, there are various second order effects which limit the Slew Rate,
such as the parasitic capacitors connected to the input buffer nodes, shown 1n


Martin Molinaro
Timbro

Martin Molinaro
Linea poligonale

Martin Molinaro
Timbro

Martin Molinaro
Nota
For more intuitive explanation see: https://www.allaboutcircuits.com/technical-articles/current-feedback-amplifiers-vs.-voltage-feedback-amplifiers/


Indeed there are second-order effects, which degrade SR

At first it stays charged

1 hence Q, goes off instad of
L § pulling up the node
Ci
A 1# Qs
A
>t FINRUT - INFUT
- * ‘ Qj L L

Vin C

0 - s a

=
Co It takes time to be charged up
i, IE
- ¥ hence the node stays low

and Q4 keeps sinking current

o OFP Scl's
O#.4 by o ;hw We  dfFoent Thesholds of the ﬂm}{sI'WS
+5V
R
X .
Vin=_V I Y ? 0.8\,/' V- Vin-03V103V = | +M

/

A positive step applied to the positive terminal determines the charge of the
parasitic capacitance C, and the discharge of C,;. The voltage of this

capacitance i1s copied on the other input (the output of the input buffer). To
reduce this effect, CFAs are designed with “high” current (hundreds of uA or
even mA) in the input stage. Even the current mirrors have parasitic
capacitors and can reach the saturation due to current crowding (for high
currents caused by a large step input).

Suppose that the additional path provided by Q, is NOT present. If we

suppose to give a negative step input to turn off the current of the Q, npn, its

transconductance decreases, and the system struggles to respond to a large
input  signal. We cannot speak of time constants because the system is
operating in the non-linear regime, but the delay is equivalent to that due to the
increasing signal. In the extreme case, if I give a great step, the base of Q,

suddenly falls while the emitter sees parasitic capacitors and could not
instantaneously follow the base (however small the emitter resistance may
be). Eventually transistor Q, enters interdiction region, 1i.e. Iits

transconductance decreased down to zero. It means that the transistor emitter
load network is free to evolve with the time constants given by the same

capacitors as before, but no longer sees 1/g,, because the transistor 1s off, but

the parasitic resistance is large, so time constants become very long. This is a
very high non-linearity. To avoid this, we could use a push-pull at the output
for the same reason.
The big advantages of the CFA in terms of bandwidth and slew rate are
Gvident in the table below.) You can also notice the larger offset voltage.
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emitters improve the CFA behavior for great signals as an input because they
directly drive the current mirrors. The transresistance Ry 1s equal to 7TMCQ

and 1t 1s possible to use RF up to 2.5kQ

From what we have seen so far, it can be concluded that the CFA 1s
advantageous from the AC point of view (bandwidth, speed, and slew rate),
but not from the DC point of view (accuracy, offset, and precision). Thus, 1n
the case of ADC conversion at high frequencies, the CFA is not suitable
because it is inaccurate. Typical CFA offsets vary between 2+15mV, so it is
hard to have systems with more than 8+10 bit.
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These amplifiers produce an output current proportional to the differential ~ The transconductance expression shows that varying the current I, for Y
signal applied as the input signal. The gain is therefore a transconductance, example by means of an auxiliary input, it is possible to control the stage
defined as follows: transconductance. This adjustment is linear on a wide range. Varying the -
control current, it is possible to modify the gain and other parameters related, é i s Y e P
o dlgyr  dlgyr such as the bandwidth, the power consumption, the input bias current, and V+ ; oo fI’*“‘ o kT/q 25m¥
Cals ﬁTFﬁ - d“{ —F_} others. 4 | Tewry :
The capability of the transconductance to be controllable by the tail current Ve :
Consider now the cl fﬁjsmﬂ] OTA simplified structure shown in Fig. 4.64; s Sjﬂﬂbﬂlizﬂd.iﬂ the schematic shown in F:I g 4.65, but every producer uses ilts v =, é e
You can nﬂtl-::e four Current mirrors: it is interesting to observe that three of | WD symbolism. The cuwrrent [ 5~ in the schematic of the Harris CA3280 ki 4
these mirrors translate a differential signal to a single-ended signal without Semiconductor CA3280 OpAmp plays the same role as the current I of the s -
any amplification of the signal (we suppose a mirroring ratio equal to one). circuit shown in Fig. 4.64. The internal circuit of the CA3228 is reported in ) -
The transconductance of the overall stage is equal to that of the input BJT, i.¢/  the attached data-sheet. Practically, choosing the external resistance, we can
g =lg/Vy, set the desired I,pc for the desired performance, as shown in the curves Advantages: Disadvantages:
M depicted in Fig. 4.66Tnthis OpAmp, there is another confrol pin, I. which all low-impedance nodes no infinite gain
ved allows acting on the input-output characteristics linearization (Fig. 4.677. wide bandwidth no "VIRTUAL GROUND"
AV We must observe that, during the open-loop operation, the input voltage fooie = 1/27C capRiono itis used open-loop
K i, Ve could be smaller than the thermal voltage k7/g. Thus, the amplifier
_____ characteristic could be non-linear, in fact, a hyperbolic tangent. To improve
A" the linearity, it 1s possible to use two techmques:emitting degeneration; diode u e Taw saie " D :
' K linearization. In the first case, we add two resistors Ry in series with the e —— % ;L' i
- emitters of the BJT differential input couple (Fig 453) to increase the § == - 4 7K
Aeivip e linearity range up to l,peo Re. If we use a current IAE[—lnﬂ anu:l a resistor E"' S for %(
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[ =21 "ﬁnw' ":ﬁmr = Iy : . P . e i gl i e | _
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N _ i reduced. The second solution 1s better and consists of placing two diodes as R RN A MRSV Couner wr SOV O
o IR ) = . = an input, and the voltage in these diodes “counterbalances™ the exponential
" E characteristic of the base-emitter junction of the input BJT couple (Fig. 4.69).
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Many acquisition data systems have multiplexers to select different
sources. These front-end circuits are damaged by voltages over 20-30V. To
protect them from common-mode voltages and to ensure a galvanic isolation,
it s necessary to use the Isolation-Amplifiers (Fig. 4.17). These OpAmps do
not protect the input terminals from excessive differential voltages applied to
them, but eliminate the high current which would flow from the input towards
the output (and then towards the acquisition system made of MUX, ADC, etc.)
if at the input, a high common-mode voltage were applied. The Isolation
Mode Rejection Ratio (IMRR) is very important, defined as shown in Fig,
4,18,

With increasing amplitude and frequency of Vi, the isolation techniques

become more important because it gets more difficult to effectively isolate the
two worlds. Typical values are between 140dB and 160dB for DC while the
IMRR decreases with a slope of 20dB/dec with increasing frequency (Fig.
4.19). Also PCB can deteriorate performance.
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The IMRR does not suffice to satisfactorily indicate the capability of the
SO to isolate the two worlds. Particularly, the steep edges can overload the
amplifier, causing non-linearity, offset errors, and saturation effects. To have a
response on the behavior of the ISO from this point of view, we can use the
TRANSIENT IMMUNITY (TI) expressed in [V/ps]. For example, for the
[SO122, we have:

TI(dV/dt of the V,,, without errors)<1000V/ps

If, for a given application, it is important to have a low distortion, the V,,
frequency must be lower than half of the modulation frequency of the Op-
Amp. As we can see, the coupling can be made with a modulated transformer
or with capacitors:

fv,so (for low distortion) < £ /2

Information (not just digital, but also analog) can be coupled through three
different ways: optical, magnetic, or capacitive. Every method has its own
pros and cons, thus being essential to properly trade-off for the correct
choice.
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The current feedback, presented in the preceding section, 1s not an  , 455

approach completely based on current mode because not all the nodes have  Requirements: Input stage:

| : d I g . ST d 1 B - both inputs be at LOW impedance 1

ow impedance. In this section, we will obtain and analyze, making b e | a !
considerations different from those made for the VOA, a structure completely » output be at HIGH impedance . T .
different from the normal feedback configuration of the VOA. The preceding hence current source i |
section has highlighted the fact that the CFA 1s not only an improved - o L ;
architecture (starting from the classical VOA), but conceptually different from = | b

the VOA itself. The analyzed positive and negative aspects of the CFA depend e f-j - K"-
on the particular input impedance situation. Nonetheless, it 1s not correct to it . = ,
say that the CFA 1s an OpAmp totally current mode. Often we tend to confuse —> G- la A

the current mode with the current feedback; this is due to the fact that the ot
current amplifiers are still in an experimental phase and not present on the
market. After this introduction, we can start studying these systems.

. : : . A y : Translinear principle:
The idea is to obtain a circuit in which all the nodes have low resistance to

“work with current” in the whole system, from the input to the output. We want
to design an OpAmp whose both input terminals have low impedance values
to read the input current, as shown in Fig. 4.55.

%

IoI=10,=1I

* L]

With identical transistors...

D, "
Tha.?: internla] ‘E:II'E]I:IIELEI'UIE 1s based on thja trarrslinear principlﬂ.. The -, . I T bt siial
translinear principle is introduced by Barrie Gilbert in a famous paper in the P
1972. This principle takes its name from the fact that the BIJT D, \/ i 1,0 = 1,,(Y) = 0 we get

transconductance is linear proportional to its collector current, under the
normal forward-active working conditions. The most common example of a
translinear circuit 1s the current mirror; the classical 4 transistors output c/ass
AB stage can be seen in translinear terms.

Examine the Fig. 4.56 that represents a typical input stage: they are BE

l=k=l, and ly=1=l,

; Thanks to pin £
I 69 I the voltage at the inputs is set
I
T,>| K.
D,
LX) ? L)
1 \'Iinz'nl I : ; llb‘fluz':ll'|II
A
|]_. i \‘;_I}‘!
> I R <
I Q L

With common-made input signal

Iy = 1= I = linow/2

. B a I
junctions, one Dppﬂ}alte to the DI].'IEI’ and form closed loops (or closed meshe.s}. The stage is designed with I;=500pA. We have obtained a CMRR of about | ) With differential input signal
Observe that bipolar transistors are used because they ensure high _ % _ :
_ ; : 0dB for low input currents and of 65dB for input currents of about 2mA. '
transconductance values and are good current wells (1/gm as emitter). It is a
system with 2 inputs and 4 outputs, which transfers the input signal towards Even if they are not very hr{ghmyg}ggs. do not forget that ﬂ*ﬁ' Shage previously Tﬁ vh
the output. Nevertheless, more importantly, the stage equally treats the seen had a CMRR of 0dB. However, there are more optimized and modern A 5
i gy it D cells which reach values up to 100dB. ficid TN ly = 1= ly = Lpiee/2
tlﬂ‘;rgn?a fdnt ;“"f“?: : clglgna i F}t]cr WD;;’ 1t; 5;1_ P ":_q:‘:"iz We had seen the input stage, and sent the output currents I, I, I, and Iy =i I, ¢ *-:
MIESER Ly CH I A (RSN SRR YLl =g towards current mirrors to sum them up and extract the differential D, 21 = lo + hooierf2
and if I <<I,, we have: [;==l4-1. /2 and I;=1,=I+1. /2. R st 3 ‘
To improve the CMRR of the input stage and effectively reject the common- The scheme shown in Fig. 4.58 uses 6 current mirrors. Through the use of
mode currents, we can use the stage shown in Fig. 4.57. Notice the presence the current mirror, at the output, we obtain: /7, ., =1, ,— 1, —and !, _ =1, @
of two translinear cells (T, T», Ty, T, and T,", T,’, T+, Ts’) in which the . : . . ; A
1o 12 13, 14 1» 12, 13, 14 I;, +. Unfortunately, despite the applied improvements, the amplifier does .

second serves to eliminate the common-mode currents.

t amplify the current signal. / I
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FI Practically, 1t 1s simpler to think that the currenr mode OpAmp “reads™ the
JIIII1 = :;?"‘ current of the positive input (both AC and DC) and acts to impose it on the
| negative input with the same sign and the amplitude.
% It is appropriate to highlight that the closed-loop bandwidth is wide and
Fo=c2af that it does not change by varying the closed loop. The circuit in Fig, 4.63 has
" R, v the behavior depicted in the same figure. In this case, A=1, therefore, for
1% R,=1k£2 the voltage gain will be:
R, Ry Al 1By M2 o
: , R 1+4i 2 R 2
w The
[, =A-1 o iy
0 = A "Ly and not Rp/R,, as you would instinctively think!
/ Ll Often, these OpAmps have a control pin into which a current can be
injected, controlling the biasing of the imternal current mirrors. In this way,
A R R Io = ke ( Uy % ‘I°) you can change the performance of the Op-Amp, in terns oft Gain-Bandwidth
V = g o V Sl LT V s 128 Re M2 Product, Slew Rate, Input Bias Current, Supply Current, and Output Sink
o 14 4. ] R : R - b b Current in order to better adapt the OpAmp 1o the specific application of
4 | 2 To (4*’\\‘)’/“(@ ﬁz> interest. For details, please consult the attached data-sheets.
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Sampling consists in the observation of analog quantities (time and amplitude
variable) at certain time moments. If these moments are periodically and
uniformly distributed, we talk about free-running sampling; otherwise, if the
sampling is non-periodic, it is named single-shot. In the case of sampling with
a period of Tg, 1.e. at a sampling frequency fo=1/Tg, the Sampling Fundamental
Theorem gives the condition to be met in order that the original signal and the
sampled signal have the same information content. The importance of the
theorem is attributable to the fact that a discrete-time signal can represent a
continuous-time  signal without altering the information. This theorem is
attributed to C.E. Shannon, who first published a paper on this topic in 1949,

Fig. 6.3 depicts the spectrum of a sampled signal for various sampling
frequencies. The graph shows that only a sampling that respects Shannon’s

f;'I'I.'u"l .'l:}

and then reconstructing the original signal by means of a simple low-pass filter,
as those shown in Fig. 6.4.

Theorem allows preserving the starting base-band spectrum (i.e. below

Shannon theorem, 1949:

“1f a function s(t) has no frequency components above BW Hz,

then it is fully determined by its values, sampled every T¢='/,p,/
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Generally, the sampling operation relies on a circuit named Sample&Hold
(described in detail in this chapter), which does not generate analog pulse
samples, but periodically picks the signal setting the amplitude at the output for
a period Tg, as shown in Fig. 6.5.

Because of this, unlike what was found by the ideal sampling, satisfying also
the constraint imposed by the sampling theorem, after the reconstruction of a
signal from an S&H. you get a distorted signal shown in Fig. 6.6. Note that,
assuming to sample with a frequency fg=2-f ... the error caused by the sinc(f)
distortion is -3.9dB, which is non- negligible. Inthe case of an input signal with

a frequency lower than the sampling one, the introduced distortion cannot be
neglected. (For example, with f =fi/100, the gain is reduced to 0.9998,

corresponding to an error of about 1 LSB in a 12 bit conversion, as we are
going to see in the next chapters about digital-to-analog and analog-to-digital
converters).

Luckily, amplitude and phase distortions are linear, and it is possible to
cancel them, equalizing the reconstruction filter output. Fig. 6.7 and Fig. 6.8

show the blocks needed for reconstruction and equalizing, respectively. 7,65 7”7
It is easier to employ “rectangular” samples instead of delta-like ones
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If one samples with a sampling frequency not high enough, the discrete-time The Fig. 6.15 (at the top) shows a generic analog signal and its spectrum in

samples, once sent to the final user (the time-continuous signal reconstruction), the centre of the figure, the sampling frequency is lower than the minimu F'\[z@'ﬁ (:::J 1 -

will generate a signal different from the desired one. This problem must be allowed, causing aliasing: finally, at the bottom of the figure, the sampling "

avoided because signal equivocations can rise otherwise. Intuitively, we can frequency is increased, i.e. many more samples are taken, and the spectra are original S I , / : |
understand the aliasing effect by taking into account Fig. 6.13 and Fig. 6.14. In o giie b ead from each other without any superimposition. s . m.;i.mp 24

Fig. 6.13, the sampling frequency fg=10ksps (T¢=100ps) is not high enough to

To reconstruct the signal, we must use a reconstruction filter that makes a

give the correct sinusoid at f,=13kHz. With slack samples, the obtained input  pand_pass filtering (low-pass as seen until now) on the obtained samples. We Fiy-6:13 0 cn i | D ||
signal will thus be considered with a frequency lower than the original one,  can understand that it is simpler to reconstruct the signal if the sampling ,)C]l* ‘ ‘ 4
particularly £ ;. . =, -fc=3kHz. Only with f&=2-f (i.e. T¢<!%2'T,. when at least  frequency is significantly higher than the limit imposed by the Sampling Sampled at d_f \ ‘
two values in the minimum period of the input sinusoid are sampled), the  Theorem. Thus, the sampling shown in Fig. 6.16 is really good for the signal / fe<2-f,, ' e % ' s *
sampled signal maintains the correct information on the original signal. This r::c:r.:&mtrua::tiun because the filter that selects the bandwidth can have relaxed AL ASINK G
happens, for example, in Fig. 6.14 when fy=32.5kHz (T=30.8s, i.e. with features. i.e. it can have a corner frequency not very sharp at the frequency £, . & | Sedf)
about 2.5 samples for every input signal period). (canhe less selective). AL g
It is the same effect described in the previous paragraph and exemplified in On the other side, the repeated sampled spectra are superimposed, and we Sampled at
Fig 6.10. It can be quantitatively explained by analyzing the sampling effect in ~ will have aliasing, which causes an information distortion and then a wrong fg>2-f,, Y fs

the frequency domain. The sampling of a signal with a frequency f; results in
the original spectrum repetition (around the integer multiples of the sampling
frequency). So, if f .. is the bandwidth of the signal, then the minimum
sampling frequency must be at least equal to fg=2f .,
superimposition of the repeated spectra.

in order to have no

reconstructed signal. In Fig, 6.17, we see, in the bandwidth of the signal (more
precisely between fg-f, ., and £, ), that the spectrum is different because of the

presence of the replica tails.

Aliasing stems out also from unexpected spurious disturbances with f_,, >fs/2

9 G.1% j—-:_']. | ,_,Pnb F
Therefore aliasing drastically deforms the original spectrum S(H»r = ‘nﬁ‘“ﬁ % llﬁf" 0 et #
A z A __:___—— = ] ﬁiﬂ\'u“,
o Y= o
S(f) ‘ l‘ J l' ang e
J AT o . ;
> -fmax fmax Fspur J f &&
~fimax Fimax £ - 'b,w,- S,JM'\"‘} N va oo \w’k 5/‘/'%'{ SM‘*V’"J with /S >o2 /W\o\y
S(f) 1 % 2 3#6\‘:“ e 51 5 W "‘:‘ P
A, B — \nt fo ¢
= aw
Sp(f) o »
fs < 2 fmax [/\/\_/\,\‘l = .
> -fg ‘\ g 2 fg 3fs 4 fg f
£5/2 go 8 %t 2

Never trust just on the bandwidth self-limitations of the input welcome signal ...

Avoid aliasing BEFORE it comes into play, otherwise no way to remove it ! ... anyway, bandpass filtering is a must !

Ex

Misinterpretation (aliasing)
when > 0.5 fg
Avoid !

Equali2akion

a. Analog frequency =00 (i.e, DC)

Amplitude
=
1
Amplitude

Tune (or sample number)

/1{5‘ =)
LV

Lm;_x S Z/mx \/Shuuboh
0.09

el

b. Analog frequency = 0.09 of sampling rare

Time (or sample number)

- fi fues < 2foes XSuwh*

| Analog frequency = 0.31 of sampling rate ) (4. Analog frequency = 0.95 of sampling rate g ALIANNG
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FIGURE 3-15

Three antiahas filter options for time domain encoded signals. The goal 1s to eliminate high frequencies (that will alias
during sampling), while simultaneously retaining edge sharpness (that carries information). Figure (a) shows an example
analog signal containing both sharp edges and a high frequency noise burst. Figure (b) shows the digitized signal using
a Chebyshev filter. While the high frequencies have been effectively removed. the edges have been grossly distorted.
This 1s usually a terrible solution. The Bessel filter. shown 1 (¢). provides a gentle edge smoothing while removing the
high frequencies. Figure (d) shows the digitized signal using no antialias filter. In this case. the edges have retained
perfect sharpness: however, the high frequency burst has aliased into several meaningless samples.
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(Baah, p,‘ﬁq)

To calculate the spectrum of a sampled sequence, vou must use the Discrete
Fourier Transform (DFT) or its improved version named the Fast Fourier
Transform (FFT). The calculation of the FFT is based on the assumption that
the sequence is regular; therefore, the FFT spectrum will provide the spectrum
of the sequence obtained from the periodic original sequence, i.e. the sequence
is repeated infinitely many times and is always the same, as shown in Fig. 6,20,

Given N samples in the time domain, the calculation of the FFT will provide
as many samples as in the frequency domain according to an algorithm that is
described in the chapter about digital signal processing and digital signal
processor (DSP). As in the time domain, it is assumed that the original
sequence is periodically repeated every N Ty, also the spectrum obtained from

the FFT will be repeated every fi=1/Tg (Fig. 6.20).

Because of this periodicity of the original sequence, implicit in the spectrum
calculation with the FFT, the choice of the samples number N must not be
underestimated. A different number of samples N can determine the imprecision
in the periodic sequence and, ultimately, deformation in the computed spectrum.
Fig. 6.21 shows a sinusoidal signal at 1kHz sampled at fe=20kHz and 1ts FFT

for a number of N=20 samples that follow one another every 1/fg=50ps. Notice

that the obtained spectrum 1s made of a perfect Dirac’s delta function at 1kHz
and another Dhirac’s delta function symmetrically placed with respect to f./2,

i.e. at 20kHz-1kHz=19kHz, If we had used N=21 samples of the sinusoid,
although everything else was unchanged, we would have had a very different
FFT spectrum, as shown in Fig. 6.22. Although it may seem to have correctly
sampled the input signal in both cases, the two sequences computed by the FFT
algorithm are very different, as can be seen in Fig. 6.23. The great junction
between the beginning and the end of the sequence causes the spectral
deformation and a different representation in the frequency domain. Notice that
the most intense histogram in Fig 6.22 is at fg/N=20kHz/21=953Hz, not at

1kHz (and 19kHz) any more.
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Wendowsing bebove FFT

The spectrum 1s described more finely with N frequency histograms and
consequent bin-width of fo/N=20kHz'200=100Hz (while in the previous
figures, it was l1kHz). However, while the first spectrum is theoretically
expected, the second one is different. The reason is that with N=200 samples,
we have a perfect connection between the beginning and the ending of the
sequence while with N=256 samples (or a number different from an integer
multiple of f/f, ), the periodic sequence has an abrupt connection (see Fig.

6.25).

Notice that these truncations are non-predictable when we have an unknown
input signal. To alleviate this problem, it is extremely useful to smooth the
values of the sequence at the ending of the interval before applying the FFT
algorithm. To do this, we can use the windowing technique. This operation
consist of “smoothing owt™ the incoming samples, considering a weight
becoming less and less as you approach the extremes of the interval, as shown
in Fig. 6.26.

The windowing technique alleviates the problem of the connection and
therefore improves the accuracy of the spectrum computed by the FFT.
Unfortunately, it slightly distorts the spectrum of the original sequence, as
evident in Fig. 6.27. In fact, multiplying the original sequence with a window in
the time domain corresponds to convolving the orginal spectrum with the
Fourier transform of the window in the frequency domain.

Fig. 2%
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Exmmngle of using a wiordow u spectral analysis. Figure (ah slows the frequensy spectum (magnatude only) of & signal
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represented by o simgle sample. The other sine wave has a frequency benveen two of the basis functions, resulimg in
drils oay the peak. Figure (b slsows the frequency spectmum of tle same signal, bur with a Blackman window applied
before taking the DFT. The window makes the peaks ook the same and redoces the tasls, but broadews the peaks
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The spectral trends can be found in textbooks.
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In literature, differemt windowing solutions have been proposed. The
simplest, in addition to the rectangular one, is the Bartlett (triangular), which,
for 2M+1 samples, is:

otherwise 0

In the case of N samples, other windows (Fig. 6.27) are the Hanning (raised
cosine):
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The Sample & Hold (S&H) is an analog circuit which, in correspondence of
a control signal, samples the input voltage value and stores it until the next
command. Such circuits are normally used to provide a sampled signal to an
analog-to-digital converter that translates the amplitude into the relative binary
code. Generally, the S&H is used wherever storing the instantancous value of
an analog signal is needed before its processing,

The operation of an S&H is divided into two steps: the first one is the actual
sampling operation while the second one consists in the voltage maintenance
(holding). As shown in Fig. 6.28, the first operation consists of charging the
capacitance Cyy to the input voltage to have V=V, In the second phase, the

switch is open, and the capacitor Cy; remains insulated to store the analog

value. The switch 15 usually constructed by a MOSFET while the OpAmp 1s
used as a buffer to provide the output current without changing the information
stored in the capacitance.

The need of an S&H with an ADC, and sometimes a DAC, is correlated to
the continuous variation in the input signal. In fact, to convert an analog signal
into a digital code, we use a certain conversion time T, during which 1t is
very important that the signal applied to the input of the ADC does not vary
significantly; otherwise, an error in the conversion occurs. Consider, for
example, the conversion of a sinusoid s(t=V, sin(2m- f-t) with a peak amplitude
V- The maximum variation speed is at the inflection point of the sinusoid with

a slope equal to: %{ =L Vo

As we can see in ﬂ'l::uﬁ}lluwing, in the case of an ADC with n=12bits and a
maximum excursion Vegp=3V (Full Scale Range), the value of the smallest part
of the output signal (resolution) is:

LSB:E&!L

8
—

equal to 1.22mV. To avoid the ADC error during the conversion, we can
tolerate a maximum variation less than AV<'ALSB=610pV. Assuming to apply
as an input a sinusoid with a peak-to-peak amplitude equal to the whole range

Note on HosFeT:
0 perwfﬂ'u, ond bo ( bor o« H9sSFeT oyt |ilee A Sb(l('r(/l-l-)
tos tlos v AV v, _Jitr

Saturation
region

Channel Linear

V. °f v

— OFF: v55<v;, V(,4vmm + Vi

Clﬂbl ¢ 1h ‘ch"’ol\

This first problem is attributable to the capacitive coupling between the

o Vetrr € —5t0}

control of the MOSFET and the capacitance Cy; during the transition from

sampling to hold, as shown in Fig. 6.30. Following the switch opening, there is
an undesirable injection of charge into Cy and a consequent change in the

potential, equal to:
Cu

vV o
Cy+Cy

Imjeciion

= AV,

The value AV represents the amplitude of the transition since the capacitor lefi

floating (switch open). To limit the introduced error, we need to choose Cy

high enough, unfortunately, penalizing the input bandwidth during the sampling
phase, depending on the time constant =Ry Cyy. For example, to ensure an
error Viyieerion =0.01% FSR=ImV and supposing AVe=Vq cumpling Vono™15V

(the worst case), we will choose Cy=9nF, determining the bandwidth as

354kHz.
If this error is constant, it behaves as the OpAmp offset (since this error has

a behavior similar to an offset, we decided to call it induced offset or pedestal

error) and will be eliminated by the subsequent electronics or at the software
level after the ADC.

Aﬁnltm —t'uJuce d hou»h"ueggl'g

Actually, as shown in Fig. 6.30, not all of the V; transition constitutes AV;
coupled on the capacitance because while the MOSFET conduces (V=V, V),
the input generator V,, imposes the Cyy voltage. Because this value depends on

the input voltage, the error is not constant and then determines a non-linearity of
the transfer function of the S&H (for this reason, we gave the name aperfure-
induced non-linearity to this error), which is more difficult to eliminate as in

the case of a simple systematic offset.

In this case, the worst condition 15 verified with a high input voltage. In fact,
with V;, equal to 5V, the MOSFET will be turned oft at V;=5+V =7V and then

AVG=12V (from which Vi i0,=0.83mV). The best condition is when Vj=-5V
because the MOS is turned off at V=-3V and thus AV;=2V (corresponding at

meﬂ m=¢]2 EI’I’IW

_S_Zun‘. - ba JHM%LIQ

The MOS capacitance Cgy, is the cause of another unwanted coupling (Fig.
6.31) between the input and the capacitance Cp, which in the hold phase,

determines a perturbation of the stored voltage due to the input transition. The
value of the ‘error is;

With a capacitor of 9nF and in the worst condition, 1.e. the input fluctuation

equal to the whole FSR (AV, =10V), the error i1s only 111uV peak-peak, equal

to a tenth of the admitted error, thanks to the favorable ratio between C,, and

Cy- Choosing a smaller Cy; subjects this situation to a deterioration.

o0

We need to consider also the Cyy discharge during the hold phase due to the
OpAmp bias current and the MOS leakage current. With a leakage current of
100pA and capacitance of 9nF, the voltage varies 11mV/s. This means that
working with a sampling frequency of 100kHz, the variation is 0.11uV during
each hold phase. The error, negligible due to our specifications, can become
meaningful when working with longer hold phases (low sampling frequency
unless you lengthen the tracking phase) and is subjected to strong temperature
dependence because the inversely biased junction’s leakage doubles every 5°C,

y ] region Channel off A VA e 'f‘ Vl‘u 5\/ ve: oﬁBV
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of the ADC (Vi =2FSR) and to use a conversion time of T, =10ps, the  overdrive, i.e. we choose Vg noine="10V. In the same way, to ensure the
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maximum frequency allowed for the input signal is; s switch opening during the hold phase, it is needed that V; does not exceed V,,
sd O Comlivzion Y
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It 15 obvious that this is a very restrictive condition, much more restrictive than
the theoretical limit imposed by the Sampling Theorem of f <'ife= _ _
(2-T.. y'=50kHz. Specs: Input signal: -oV++5V  20kHz bandwidth
Connecting an S&H before an ADC, the restrictions on the input signal’s maximum admitted error: < 0.01% FSR = 1mV
frequencies become relaxed. In fact, the signal conversion takes place during - ;
the hold phase when the switch is open, and the ADC input does not vary, At sampling Trequency: 100khz
least ideally, there is no error during the conversion, and the maximum
frequency of the input signal can reach the theoretical limit £ =4 fs. Components: OpAmp: Ao=110dB |,,,.=50pA
Project the S&H shown in Fig. 6.29, using devices with the following MOSFET, V=2V Ron=50Q  Cy=0.5pF Cy=0.1pF
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Because of the finite OpAmp gain, the output voltage will always have an

inaccuracy in respect of the stored voltage on the capacitance because of the
. . : &
residual differential voltage between the two termunals. To ensure an error

lower than the 10% of the admitted one, i.e. e<100uV, it is necessary to choose
an OpAmp with at least Ag=V, ;i ma/E=50000=94dB. Also this error, depending

on the output voltage, introduced a non-linearity effect.

To guarantee &<1mV we musthave Ay;>V,, ./t = 5,000 =74dB

AE""“" A-clhl,’h“mg — > dyuamic cwor

Other inaccuracies in the sampled signal are caused by non-ideal timing
control signal. A first effect is caused by the delay with which, in the transition
from sampling to hold, the opening command can actually halt the switch
conduction. In this regard, note that although the control sampling command has
often CMOS logic levels (for example, it comes from a pC or DSP), the
voltages applied to the MOS gate are very different and much wider. A stage
which makes the appropriate level-shifting 1s therefore necessary.

Consider, for example, the driver shown in Fig. 6.32. One of the six buffers
(a non-inverting buffer) contained in the IC 7417; the buffer has an open-
collector output. The tail npn transistor impose the Zener bias current; the
upper transistor determines the diode cathode voltage and, thus, on the MOS
gate.

When the buffer input is low, its output has a voltage equal to +0.2V and then
V=0.2-0.7-5.7=-6.2V (hold phase). Indeed, with a high input, the buffer open-

collector output 1s interdict, and the resistance R 1s free to increase the base
voltage up to the supply voltage; the output goes around V;=15-0.7-5.7=+8.6V

(sampling phase). Both levels are suitable to drive the S&H.
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Actually, the aperture delay is not a deterministic value because of the

The propagation of control command along the circuit will be in a finite time,
in the order of several nanoseconds. The resulting effect is that the actual
switch opening will happen with a certain average delay compared to the
sampling command assertion. This corresponds to sampling the signal at a
different time than expected. In the case of free-rumning sampling (continuous
acquisition with constant cadence), the effect is merely to have a sampling
comb delayed compared to the theoretical one, but 1s always uniform.

Indeed, in the case of single-shot sampling (irregular acquisition with
unpredictable results), it is extremely important to have a sampling exactly at

the desired moment. Therefore, the aperture delay T, determines an
acquisition error AV, ... depending on the slope of the input voltage V;, at
the desired sampling moment (Fig. 6.32). > Viw = Viguus £ (erpenst)

Assuming to have a sinusoid with a peak-to-peak amplitude Vi, .«

14,y X
with the

maximum frequency fi, ,,,,, We can extract the maximum amplitude error:

\Viaymax 2.T. Kw\x -%;WM

: dv,_ G )
&mm:? 'Tmc:"nifml 'm.mu'T:permm
For ~example, with an average delay T, ,=Ins, we have
AV, perure=21 20kHz-5V- Ins=628uV, close to the limit of the accuracy imposed

by the specifications.

2 5 ) : With T «=1ns we get AV o= 2n-20kHz-5V-1ns = 0.63 mV
electronic noise, of the supply voltage fluctuations, of the thermal drift, of the e ? -
components’ tolerance degrees and so on. Therefore, in addition to the average
value described previously, we need to consider also its fluctuation, the time
Jitter.
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Fig, 6.33:  Example of a differential stage for the sampling command. g
. G o sy 3 Skope for the Vigmmaad  dgplt G e = toparre = 27 Fr Vi s Lo = 13487
For example, consider the comparator shown in Fig. 6.33, which is made of bo the ok ol tne kO d |y,
a differential stage, and consider the noise Sl:E]]ﬂ]'lITI}‘.IDSEd on the swﬂrcl’ung In case of a CMOS drive:  AV=6-G,,0ua= 75HV,, (18bit) trascurabile
threshold equal to 6, .o0q=1mV. If the applied input command has a swing of
0.4V in 400ps, the corresponding time jitter for the threshold crossing will be qv
E":Il.la| to: O apermre =Tim 'tm=2}t'fm' ‘u_'u:n: 't:pu:wt
t _ GIH'EIJHH - ImV = lps . . .
wew =gy | 04V P In this project, we have an rms value of ﬂﬂwnum={].628u\§ corresponding to a
dt 0.4ns statistical error with a ranging of about 3.8uV peak-to-peak, which 1s non-
negligible in this case,
As it has been obtained, this jitter is expressed as rms. Similar to what has
been done previously; the resulting amplitude error is given by:
A‘cqui‘;'hgh H'Mc —> Aryllllk.ln/l\(/ ayrov
'
Consider, however, the sampling phase when the switch conduces, and the . : . . :
rpnsp In the case where this slope exceeds the available SR, the S&H will remain Fp 635

S&H must track the input signal. It is important to pay attention to the time
required for the S&H to make an accurate acquisition of the input signal so that
V.. reaches the value of the input voltage within the range given by the

specifications.

The main limit to the charging of Cy; is given by the circuitry before the
MOSFET (Fig. 6.34); this circuitry must provide the required (charge) current.
For example, a possible OpAmp before the S&H or the same switch could have
a finite I ., In both cases, indicating the maximum current available for

limited by the slew-rate until the two slopes are equal, and the charge wil

transition of A=R ' L....

have an S&H with an OpAmp with I, =25mA,

il
continue exponentially, as shown in Fig. 6.35. The connection will come when
A/=S8R, 1.e. when for the charge across the capacitor remains for only a

In the example, the worst case is verified when the voltage across the
capacitance must make the maximum excursion, going from the previously
sampled value -5V to the new value +5V that must be sampled. Assuming to
we should have
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charging with I,,.. the charging speed of the capacitor, named the slew-rate ~ A=500-25mA=1.25V. The charging is slew-rate limited (linear ramp) for a 21 7] Hold Sampling :
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> For example: A = 500-25mA = 1.25V

desired precision on the final voltage value quantifiable through the error: Wth oy ma = 25MA W6 get
Indeed, without a current limit, an increasing A of the voltage on the K ;l — | q o,
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In the following will be described a more accurate and faster S&H in respect When the acquisition time due to the Cpy charge becomes very small, the

of the Fig. 6.40 prototype analyzed in other literature. The first goal is the
acquisition time reduction. The more mundane method to obtain this result 1s
that of the Cy; reduction; unfortunately, in this way, also the other errors should
increase consequently.

The solution shown in Fig. 6.40 employs a second capacitor on the OpAmp
feedback, with the same capacitance as that of Cy. During the sampling phase,

both MOSFETs are closed. and M2 discharges the feedback capacitance and

OpAmp settling-time becomes very important, which 1s linked both to its
closed loop pole (through the GBWP) and to the intrinsic SR, Typical values
are in the order of hundreds of ns. Thus, in this case, a good estimation of the
total acquisition time is the sum of the RMS wvalues of different delay

contributions: t,__ o7 = ,ft: +Uogne =/ (300n5)° + (300ns)’ = 424ns
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(Bost p. 443)

Such an S&H is not fast enough if, downstream, it 1s followed by an ADC
with a lower conversion time, for example T=5ps, so that the latter is the
limiting factor of the speed and not the S&H (which weighs only for one tenth
of the conversion time). Note that the proposed calculus is not true for feedback
stages which are discussed in the next section.

Another very interesting architecture, which offers good performance levels
not only in terms of speed, but also in terms of MOSFET command easiness, 1s
depicted in Fig. 6.41. To understand how it works, note the first branch on the
non-inverting terminal, which brings the voltage to the ground and serves as a
dummy structure to balance the charge injection, as for the circuit shown in Fig.
6.40. Thus, also the inverting terminal should have a zero potential because it is
a virtual ground. In the sampling phase, both MOSFETs are closed, and we
obtain a simple inverting configuration with a gain V,/V;=-Rg/R=-1. In this
situation, across the feedback Cyy, there is the same output voltage, i.e. V.

On the following hold phase, the MOSFETs are open without causing
variations in V,, because any fluctuation in V,, impacts only the node A

Note how the MOSFET command can assume TTL logic levels because the
channel has a zero potential. The earning is dual: reduced amplitude Vi of the

command signal is enough; the AV excursion during the MOSFET turning off

is always constant, independently of the V, value. Definitively, the error due to
the charge injection in the virtual node (and thus in the hold capacitance) 1s
significantly reduced with respect to the preceding cases. With equal admitted
pedestal error, we can reduce Cpy and, definitively, accelerate the S&H

acquisition time, extending the bandwidth. In fact, the circuit time constant
(which is the closed loop pole during the sampling phase and which is equal to
the zero of the feedback block) results © = Cy (2 Ry + Rp)=24ns. For

example, with C=60pF, Ry= 5062, and R=300€, the bandwidth is around

6.6MHz. Ve

A drawback of the proposed circuit is the low input impedance: this is equal
to Ry during the sampling phase and during the hold phase, is RpARp if 'V, is
very similar to V,; otherwise, with the diodes conducting, it decreases to R.

voltage, which has a potential equal to the average of the output voltage (set
during the sampling phase) and the input one. However, to facilitate the
conduction of M1 in the sampling phase, the node A cannot change the potential
more than £0.6V, introducing two anti-parallel dindeﬁ\ wlld Mo X @
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This imposes to put a fast buffer upstream the S&H, which is capable of
providing the necessary current to be injected into the virtual node; if R=300¢2

and Vi, ., =5V, we must select an OpAmp with I > 17mA.
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Analyze the S&H mPD_l‘DH}’ ﬂhﬂwﬂ_iﬂ Fig. 6.42, Whi_ﬁ_h is made with bipolar bridge since the output cannot vary, i.e. V=V In this way, during the ' = T
technology and characterized h!_" a high signal acquisition speed. Because the switching moment, the point C is brought to the voltage V,-Ry-1-0.6V while E)] s
RIS e:re Tthgﬂ od l;f}] lzgﬁ SWI:_‘:];%;&" e FEIS, :hﬁ;}r e b]e zl:;plnﬁdrab the point D rises to VR 1+0.6V, i.e. the bridge is inversely biased with a s s b j N H
current switches within differential stages as current-steering. In sampling =~ . s L ; 5 K g
phase, BJTs on the right branch of the differential stage are turned on, and the ST | ;RF e r::qual B Ill.ﬁ"-.*' 1t _WE use Rp=lks. _ This H il [ S
current I flows in the diode bridge. The potential of the two collectors and the shrewdness is to reduce the diode depletion capacitance and to contain the T alw S '
nodes A and B are forced by the input, lower than the transistor saturation. If effect of the m,gmil .&Ed_thm“gh.' Moreover, the 1niverse b ﬂppimd. i Vo @ b o L. b L Vo
the diodes are identical with the same current I/2, then V- perfectly coincides a-:‘rms Elwr}r‘dmde i Em’"“am' depﬂ_ndhemF}r of Vi 0SSOI eIt ol on ) || o NS ==Gy
of non-linearity due to residual charge-injection, - fast diodes b 40 E |

with V... This condition is reached from any initial condition. Suppose that, for
example, V., = +5 V and V- = 0 initially holds. D1 cannot be turned on while
D2 takes all the current I, which will charge Cy;. Conversely, Vi, can only be at
Vi-0.6V=4.4V, causing the interdiction of D3, because the current | imposed by
the npn will flow into D4,

The process will end only when Vi reaches 5V It i1s understandable
therefore that the choice 1s dictated by the speed with which you want to charge
the hold capacitance according to the ramp: dVeyu/d=LCyy. In the case of
I=5mA and having Vin=t5V (1.e. F5R=10V), to complete the acqusition in less
than 50ns, it is required to have C,;<25pf.

During the hold phase, the left of the differential stages are turned on instead
of the transistors. Now, the voltage across Cy, is no longer affected by V,, as no

current is supplied to the capacitor because of the polarity of the diode bridge.
Indeed, instead of leaving the diode bias null (or slightly negative), we adopt
the solution shown in Fig. 6.42, forcing the current in the opposite nodes of the

Instead of normal pn junction diodes, employving Schottky diodes (metal-
semiconductor junction) or hot-carrier diodes or diodes made with
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