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MOS as Diode:

When the gate of the MOSFET is connected to
the drain, it acts like a diode with characteristics
similar to a pn-junction diode.
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Region of Operation

When the gate is connected to the drain of an
enhancement MOSFET, the MOSFET is always in
the saturation region.

VDS=VGS- VT
= Vp-v§=vG-vs-V7r
= vp-vGg=-Vr
= VpG=-Vr
Since V7 is always greater than zero for an

enhancement device, then Vos = 0 satisfies the
conditions for saturation.



Expression for Current/Voltage
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Applications of MOS diode

* The MOS diode is a component of Current
Mirror circuits

e The MOS Diode is used for level translation



Application(To generate a Bias Voltage)
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MOSFET as Active Resistor

The MOSFET Switch can be viewed as a resistor,
where the transistor’s Drain and Source form
the two terminals of a floating resistor.

vmml
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* MOSFET acts in non-saturation region. The
Resistance can be given as:
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Current Source/Sinks

» Source current is the ability of the digital output/input
port to supply current. Sink current is the ability of
the port to receive current.

* These current sink and source are widely used for
Biasing the MOS transistors for a particular
functionality. It is therefore essential to learn about
these components.

* The other components which are used for biasing are
current mirrors and differential amplifiers.



T e Figure below shows the output characteristics of the
NMOS transistor with showing the current sink
region.

* From Figure, it can be seen that, if V4 is less than the
gate overdrive voltage then the transistor work as a
current sink.
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Output characteristics of NMOS transistor as current sink



Current Sources /

“+ In order to use the MOSFET as a current source, we
will have to operate it in saturation region.

» If VDS is greater than the gate overdrive voltage then
the drain current flowing through the device is
constant. This current is called as Saturation current
denoted by I,

Inst

Curren! source
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_... Output characteristics of NMOS transistors as current source



* Figure below shows the current source circuit based
on NMOS transistor.

* The important application of current source is it can
work as a load resistor in amplifier circuits with larger
load resistance value.
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NMOS current source



Curfent—Mirrors - —

* The current mirror circuits are based on the principle
that, if the gate to source voltage of two identical
MOSFETs are equal then the drain current flowing
through them is equal.

e

* The basic current mirror circuit is shown in Figure

below.
Voo
lLrrer -
| u:flw
Vas

Basiccuarrent rmirmror




By neglecting the channel length modulation of the
two transistors the drain currents can be given as :
IREF = my, Cnx (VGS i “‘;TH)2

and lout = my, Cﬂx (VGS il 1"""TH):JE

If we take ratio of two equations, we get,

= 1.e. L, = Iger

In basic current mirror circuit we have neglected the
channel length modulation. In practice for short
channel devices it results in significant error in
mirroring the currents.



Voltage & Current References

* An |deal reference should be independent of power
supply, process and temperature variations.

* The term Reference is used when the current or volta?e
values have more precision and stability than ordinarily
found in a source.

A high performance voltage reference can be used to
implement a high performance current reference and
vice versa.

Voltage and current references used to bias the current
sources and sinks, differential amplifiers, operational
amplifiers etc.....



[mplementation of voltage dividers in CMOS.

VDD - To reduce power
o dissipation, the
- resistors must be
R2 vref

made very large, which

requires large area on
die.

* Not practicable.



The Resistor - MOSFET Divider

o * Used in simple current
o mirror to bias the M2
transistor
+
- ml R +
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M M2y




Vrd' - VGS = VTHN + & — VTHN b j

The reference voltage used in the resistor-MOSFET divider is

equal to the V, of the MOSFET. V.y = Vgs

Calculate V_?

"~ VDD -V, _ B
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Calculate Sensitivity of V. to Vp?

The sensitivity of the reference voltage to VDD

Vg _ VDD 9Vry
PPV, OVDD

\)

when VDD >> V., is

2(VDD)
R- B

Sil ™
vDD
Vran - J%‘ +2

Vie = Vi +




How to achieve V  as more than

V..?
GS °
VDD
%R
The reference voltage in this circuit is given by
Rl T R
= =k
': Ml Vig Vi = VGS(Rz ¥ l)
R2

Modification of the resistor-MOSFET voltage divider.



The MOSFET-Only Voltage Divider

VDD VDD
[J m I o
- »
Ml V“f Ml —

7 VSS

Small layout because both are transistors



Calculate V ;7

Since I = I,

B
.é_(v,q«— VSS - Vrmy)? = E23(14’1):‘3'- Vies= Vrap)?

the reference voltage is

VDD - Vygp + JE(VSS+ Virun)

me =
or

knowing the reference voltage and the power supply voltages gives

Bi _ [VDD— Vi = v-_,-,,p]z
B2 | Vig—VSS—Vruw



Current Source Self Biasing

Main drawback of References based on voltage

divider are
very sensitive to supply voltage, process and

temperature.
Three important types of current source self biasing are :

1. Threshold voltage referenced self biasing
2. Diode referenced self biasing

3. Thermal voltage referenced self biasing



1. Threshold voltage referenced self biasing

mj},ﬂ{““ 4t nljk——qfrs —[#n

Threshold reference self-biasing circuit.
Sclt-biasing V, refcrence.



+ MOSFETs M3 and M4 force the same current to flow through M1 and M2.

ﬁ‘”: neglecting the output resistance of the MOSFETS and the body effect,

'._4

I._
IR=Vgs1 = Viun + JZ
_”: M2 B

Ml j If B, is large, the current, /, is given by
R
Vrun
[= ——
R

VSS

Threshold reference self-biasing circuit.

|deally the Reference current is independent of power supply.



Requirement of Start-Up circuit
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Threshold reference self-biasing circuit. Two possible operating points of threshold bias circuit




Threshold Referenced Self biasing with

VDD
.

T T
i -—I_—_|M2

M4

I—.

R

Startup circuit .

AN

start-up circuit

When |, =1, =0then
Ves; = LR=0and Vy,=V,s, = 0.

Now M5 transistor provides current
to flow through drain of M1. so |, increases
and so |,

Vs, Increases

V. decreases
When [, reaches point A,
M5 turns off as V.. < V...

The start up circuit will be idle until I, (=1,)
Becomes again zero.



Temperature Stable References

» The previous reference circuits failed to provide small values of temperature coefficient
although sufficient power supply independence was achieved.

* This lecture introduces the bandgap voltage concept combined with power supply
independence to create a very stable voltage reference in regard to both temperature and
power supply variations.

Bandgap Voltage Reference Principle

The principle of the bandgap voltage reference is to balance the negative temperature
coefficient of a pn junction with the positive temperature coefficient of the thermal
voltage, V; = kT/q.

Concept: VoD VeE

I -2mV/°C
Result: References with TCfg’s Ty
approaching 10 ppm/°C. . >T

VRer = VBe + KV,

+0.085mV/°C
KV,

Py
L |

Fig. 390-01




Negative TC Voltage

The base-emitter voltage of bipolar transistors or, more generally, the forward voltage of a
pn-junction diode exhibits a negative TC. We first obtain the expression for the TC in terms

of readily-available quantities.

I = Isexp(Vge/Vr) I is proportional to gk Tn?
n? o T3 expl— E, /(kT)]
—E
o E}T'd--l—rﬂ B
5 exp T
VHE = 1L""]I“ In{h-_;".."gj
BVge  aVy A Vrdls
3T = 8T s I 8T
dVge Vee — (4 +m)Vyr — E /g
aT T <

With Vge = 750mVand T = 300°K, 8 Vee /0T = —1.5 mVIFK



Positive TC Voltage

* It was recognised in 1964 that if two bipolar
transistors operate at unequal current
densities then the difference between their

base-emitter voltages is proportional to the
absolute temperature

Voo
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With the negative- and positive-TC voltages obtained above, we can now develop a reference
having a nominally zero temperature coefficient. We write Vggr = @) Var + o2( Vi Inn),
where Vr Inn is the difference between the base-emitter voltages of the two bipolar tran-
sistors operating at different current densities. How do we choose «; and a,? Since at
room temperature 9 Vg /0T ~ —1.5 mV/°K whereas 0V /0T == +0.087 mV/°K, we may
set &y = 1 and choose «; Inn such that («; In 7)(0.087 mV/°K) = 1.5 mV/°K. That is,
o2 Inn = 17.2, indicating that for zero TC:

Veer = Vg + 17.2Vr
2 1.28'V.
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nA Fora zero TC, we must have (1 + K>/ R3)Inn = 172
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Op-amps Introduction

* Operational amplifiers (op amps) are an integral part of many
analog and mixed-signal systems. Op amps with vastly different
levels of complexity are used to realize functions ranging from
dc bias generation to high-speed amplification or filtering.



Performance parameters

© Gain
O Example: the circuit is designed for a nominal of 10, i.e., A4
1+ R /R, =10. Vin
The close-loop gain:
[f:.nlr..lu" e /?1 - J'r[?] _ﬁ_-» . 111 ‘KT‘
Vir - Ay At A, R
R+ AR R, 1
vy.o(. RY. R+RF 1) -
If A >> (B + R)/ R, then —=L ~ 1_-h_l\ll_ 1 2
] [ : _}rl’ - H.J; |~. J'??J’I J‘.?g A‘. )
Theterm (&, + &)/(R, A) = (1 + B /R)/ A, represents the relative error.

To achieve a gain error less than 1%, we must have 4, > 1000,

O Discussion
Simple CS stage — an open-loop implementation:

I~
Hﬁ’f =g 0 =10

However, it is difficult to guarantee an error less than 1%.
The variations in the mobility and gate oxide thickness of the transistor and
the value of the resistor typically yield an error greater than 20%.




Performance parameters (cont’'d)

®@ Small-signal bandwidth Gain roll-off with frequency
dB

A
20l0g |A, |

-
faaB fu  f(log axis)

LIy -qan

© Large-signal bandwidth — slew rate

Als)




Performance parameters (cont’d)

4

©

Output swing — Most systems employing op
amps require large voltage swings to
accommodate a wide range of signal amplitudes.

Linearity — Open-loop op amps suffer from
substantial nonlinearity. For example, the input
pair M, — A4, exhibits a nonilinear relationship
between its differential drain current and input
voltage. In many feedback circuits, the linearity
requirement, rather than the gain error
requirement, governs the choice of the open-loop
gain.

Noise and offset — The input noise and offset of
op amps determine the minimum signal level that
can be processed with reasonable quality.

Supply rejection — Op amps are often employed
in mixed-signal systems and sometimes
connected to noise digital supply lines. Thus, the
performance of op amps in the presence of supply
noise is quite important. For this reason, fully
differential topologies are preferred.




One-stage op amps

Simple op amp topologies

Differential inpht & singie-enaded output Differentia/input & aifferentia/output

For small-signal:

O Low frequency gain = g,.»(7.v| 7.4- In general, this value hardly
exceeds 20 in submicron devices with typical current levels.

O The bandwidth is usually determined by the load capacitance, ;.

O The circuits suffer from noise contributions of A4-A4,. In all op amp
topologies, at least four devices contribute to the input noise: two
input fransistors and two “load” transistors.



Unit-gain buffer

Input common-mode voltage range Vin

l}i"'r.-:, Fir B Ii"SS

P;'.rr. FILEEX T Vﬂ.ﬂ_ VG&% T LTTEI

—+

If each device has a threshold voltage of 0.7V and an overdrive
of 0.3V, then I =1.3V,and V. = 2.7V. Thus, the input

IR, FrLERE I, FrELY

CM range equals 1.4V with a 3-V supply.

Qutput impedance

j?u L et ity o 1

foet

R T S = -
e 1+ ﬁf.[! apen 1+ g, .-'?E‘.-"l-"{"?:?plj._:}_-"l-"} o

The close-loop output impedance is relatively
inaependent of the open-loop output impedance. @
ke

Allowing us to design high-gain op amps by #icreasig
the open-loop output impedance while still achieving a
relatively low close-loop output impedance.



Telescope cascode op amps

In order to achieve a high gain, the differential cascode topologies can be used.

Low-frequency gain A4, = g, [(g.+7.47) || (g..27,7)], but at the cost of output
swing and adding poles.

Voo




Telescope cascode op amps (cont’d)

Cascode op amp with input and output shorted
— unit gain feedback topology

O Output swing: A2 and A4 in saturation:

J- I;r:i.-::: = p‘_’!{ + p}]’ff |78 I & B < 1 1 i
l V..i= W I — Vo= Vipra = Vour = Vp — Vgsa + Vo
g = i YirHs

[

the "u"DltEgE range p:sxﬁu'_ p;fs;'rz - V}"..":El = [ Vi.r‘éﬂ- = F}'".-"-.-'El

O Since the op amp attempts to force 17 , to be equal to
V..for V, < V,— Vo, wehave IV = V. and A, is in
triode region while others are saturated. Under this

condition, the open-loop gain of the op amp is reduced. v i""““" Vs
O As IV _and V, henceexceed I,— .., M enters
saturation and the open-loop gain reaches a maximum. Vi
For V,— Vi < Vo,< I— (Voa — Frpl. both A4 and i
M, are saturated and for I, > I, — (V. — Vi), M o

and A4, enter the triode region, degrading the gain. Thus,
a cascode op amp is rarely used as a unit-gain buffer.



Folded cascode op amps

In order to alleviate the drawbacks
of telescopic cascode op amps. The
primary advantage of the folded
structure lies in the choice of the
voltage levels because it does not
stack the cascode transistor on the
top of the input device.



Folded cascode op amps (cont’'d)

(il
O Two important differences between the two circuits:

® In Fig.(a), one bias current, /ss provides the drain current of both the input
transistors and the cascode devices.
In Fig.(b), the input pair requires an additional bias current, fss, = Z55/2 + /.

® |n Fig.(a), the input CM level cannot exceed 17 — Voss + Vrzn,whereas in
Fig.(b), it cannot be /essthan I - Ves + | Vil

O InFig.(b), itis possible to tie the /7-well of A4 and A4 to their common source point.



Folded cascode op amps (cont’d)

Folded cascode op amp with cascode PMOS loads

e |!H.. u..,l___l o

M, M,

e T

[ L] [
I'ss Vou

X Y
"’u'—u_ll—.a
Mg Mg

L] T

O Max. output voltage swing: With proper choice of I, and I,
Peak-peak swing = [ V,,— (| Vool + | Voml)l = (Vo + Vors ) fOr one side.
O The swing is lager by the overdrive of the tail current source in the telescopic

cascode. A% and A4 may require a high overdrive voltage if their capacitance
contribution to nodes Xand Yis to be minimized.



Folded cascode op amps (cont’d)

Small-signal voltage gain

Voo
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Vo o—* M, o Ver L2
< Yout Vine—| X
M, M,y
‘f"m [|7o1
ros || 701
- | Equivalent circuit with
Half circuit output shorted to ground
|A = £ g Since {.grra'1+.grraﬂ’3:'_1||ra’5 e ryl:lrgﬁ '
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2, e JI.:Dl' That iS Gm o gﬁsl‘

(e

Vout

My
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Equivalent circuit with
output open

Fop= G ¥ Gosr) Tt Ty

R o= Bopll Ghat G 7ol 701l 705)]

ThUS, Azl o -lgﬁ.?l [[{grfﬂ+gm£ﬂ] "?T:J-.'i[‘r:?1||rﬁ-ﬁ]] ” [[gfﬂ? T -gfr::‘.a‘?] "r:ﬁ' r{ﬁ][

The gain is usually two or three times lower than of a comparable telescopic cascode.



Telescopic- & folded-cascode op amps: Discussion

® The overall voltage swing of a folded-cascode op amp is only slightly higher than that of a
telescopic configuration. This advantage comes at the cost of higher power dissipation,
lower voltage gain, lower pole frequencies, and higher noise.

® Folded-cascode op amps are used quite widely, even more than telescopic topologies,
because the input and outputs can be shorted together and the choice of the input
common-mode level is easier.

O In a telescopic op amp, #ree voltages must be defined carefully: the input CM level
and the gate bias voltages of the PMOS and NMOS cascode transistors, whereas in
folded-cascode configurations only the latter two are critical.

O In folded-cascode op amps, the capability of handling input CM levels are close to

one of the supply rails.
r vﬂﬂ
| "1(‘1") d’) Iz




Two-stage op amps

High Gain High Swing
[ — o
Vin, | Stage1 ‘ : l Stage 2 Vit

® The gain of one-stage topologies is limited to the input pair transconductance
and the output impedance.

® Two-stage op amps consist of first stage providing a high gain and the second
providing large swing. The first stage incorporates various amplifier topologies,
but the second stage is typically configured as a simple common- source
stage to allow maximum output swings.

® Can we cascade more than two stages to achieve a higher gain?
Each gain stage introduces at least one pole in the open-loop transfer function,
making it difficult to guarantee stability in a feedback system using such an op
amp. For this reason, op amps having more than two stages are rarely used.




Simple implementation of a two-stage op amp

Voo

Gain:

AL:, lst stage = gﬁ:zl,l’[rﬂl,ﬁ || :"3314}

A&'.End stage = .g.-'.?.EE,E}{ Fas5.6 || rﬂ?.ﬁ-]
Overall gain A.E’ . Az.’. 1st stage X Az;?nd stapge

Output swing = Ipp— | Voms sl — Voor s



Two-stage op amp with single-ended output

- Vpp

M3 |_I_—“: Mg

MSFI Vo 1M
|""irl:h---l M1 + '“2;'_‘

(.%) Iss 1 Vou
M;ﬁ s “i"'s

Note that if the gate of A4, is shorted to |7, ,to form a unity-gain buffer,
then the minimum allowable output level is equal to .4 + Vg severely

limit the output swing.




Gain boosting

Increasing the output impedance by feedback

Hw[ +.. Hnul
Vh"—‘lriuﬂ Kot = GroTpTon Voo M3
M, operates as a degeneration resistor. r
o1

O The voltage variations at the drain of A4 effect Iy to a
A { Aou lesser extent because A, regulates this voltage. ( V= 1)
|J With smaller variations at _X; the current through 7, and
T hence the output current remains more constant,
%fm yielding a higher output impedance.
) O ﬁam‘*‘"‘" Algﬁﬂrﬁz Fol,
/,,.is booted substantially without stacking more
cascode devices on top of A4.




Gain boosting in cascode stage

e

Ay
‘>|"z

reguiated cascoae

For small-signal operation, I/, is set to zero.

Gain:
|Av| = Yml {.gm.? e rr:rl] {g.-'.?ﬁ rgﬂ}

“* Min. output swing:

Since VVy= lVzs, the min.value of
Ve 18 Vom + Vass. The auxiliary
amplifier limits the output swing.
Note: Min. output swing is Iom +
V'om Ina simple cascode.



Comparison of performance of various op amp topologies

Sl gﬁg =paed Diss?;uaiirnn b
Telescopic Medium Medium Highest Low Low
Folded-Cascode Medium Medium High Medium Medium
Two-stage High Highest Low Medium Low
Gain-Boosted High Medium Medium High Medium




Common-mode feedback (CMFB)

Full differential circuits have many advantages over their single-ended
counterparts such as greater output swings, avoiding mirror poles, higher
closed-loop speed. However, high-gain differential circuits require cormmon-

mode feedback.

Simple differential pair

Input & output common-mode
level is equal to V- fooRn/2




High-gain differential pair with inputs shorted to outputs

® \What is the common-mode level at nodes Xand ¥?
Since each of the input transistors carries a current /ss /2, the CM level depends on
how close /+; and /» are to this value.
® Effect of current mismatches: Mismatches in the PMOS and NMOS current mirrors
defining Jssand /3 4 create a finite error between /5 4 and Zss /2.
If Zm .4 > fss /2, then both A4 and A4 must enter the triode region so that their drain

currents fall to Zs¢ /2. Conversely, If Zm 4 < Jg5 /2, then both Fyand /pmust drop so
that A% enters the triode region, thereby producing only 2./ 4.



Simplified model of high-gain amplifier

In high-gain amplifiers, we wish a g-type current source to balance an stype current
source.

O Since the current error depends on mismatches and A/~ is quite high, the voltage
error may be large, thus driving the o-type or /~type current source into triode region.

O As a general rule, if the output CM level cannot be determined by "visual inspection”
and requires calculations based on device properties, then it is poorly defined.

O In high-gain amplifiers, the output CM level is quite sensitive to device properties and
mismatches and it cannot be stabilized by means of differential feedback. Thus a
CMFB network must be added to sense the CM level of the two outputs and
accordingly adjust one of the bias currents in the ampilifier.



Conceptual topology for CMFB

Voo
v CM Level
v . - Sense
e Circuit
o | TR MQ::I}-
+
— i VHEF

In high-gain amplifiers, the output CM level is quite sensitive to device properties and
mismatches and it cannot be stabilized by means of differential feedback. Thus a CMFB

network must be added to sense the CM level of the two outputs and accordingly adjust

one of the bias currents in the amplifier .



Slew rate

® Response of a linear circuit to input
step

O oV, /ot Since V,

LAt

= I4[1 - exp(-#1)], where r= AC, we have

av., ¥  ~t
— s — K [ —
el T L

O aV Jdf= Vi if we apply a larger input step, the output rises more rapidly.



Slew rate (cont’d)

® Response of a linear op amp to step response
O Assume opamp is linear,

et

| - .
[I A ]_.4-,&;“,_ | _ w4y s
T ARR ) TR, ReR T

Assume A, + A, >> R, we have

Linear Op Amp

e s

—El( ) - Roa
A o P o g > S
YRR ) TR R =

The step response is given by

f

: A | _ —7
ﬁ{:.r.f.' "Ei] ol "?2 ! - cxp flﬁ% :"'{Jr}
TR+ R\ |+ ARJ(R + )

indicating that the slope is proportional to the final value.
This type of response is called "linear settling.”




® While the small-signal bandwidth of a circuit may suggest a fast time-domain
response, the large-signal speed may be limited by the slew rate simply
because the current available to charge and discharge the dominant
capacitor in the circuit is small.

® Since the input/output relationship during slewing is nonlinear, the output of
a skewing amplifier exhibits substantial distortion.

O Forexample, if a circuit is to amplify a sinusoid V;sine,/(in the steady
state), then its slew rate must exceed Ve,



Power supply rejection

® |If the circuit in the figure is perfectly symmetric, V, = V..

Since the diode-connected device “clamps” node Xto 1, r ” '

V. and hence V,, ,experience approximately the same

change as does V/,, In other words, the gain from V,to

V1S
oLt o "Jj “4
G"L‘..r;f.r_-' ~ ] . I
oV, qu Vout
® The power supply rejection ratio ( ASAA) is defined as 4 m M I
the gain from the input to the output divided by the gain I:[ ’ 2

from the supply to the output. At low frequencies:

F "'F .a .-'f{? "E..:}.f
PSRR=— M, (A0 )
( Felr ,II' £



Noise in a telescopic op amp

® (Guige. With many fransistors in an op amp, it may seem difficult to intuitively identify
the dominant sources of noise. A simple rule for inspection is to change the gate
voltage of each transistor by a small amount and predict the effect at the output.

The input-referred noise voltage per unit bandwidth is given by

H — 1 \\I - - r:

At relatively low frequency, the 72 4 7f g A 23..%?_3 J* , Ky o K, w78
: : it 5 2 e D 5 £ —

cascode devices contribute negligible | 3845 3P 78Rl el A B

noise, leaving A4-A4, and M-, as the
primary noise sources. where A, and A, denote the 1//noise coefficients of NMOS
and PMOS devices, respectively.



Noise in a fold-cascode op amp

® The noise of the cascode devices is negligible at low frequencies,
leaving M,-M,, M-M,, and M,-M, , as potentially significant sources.

® Thermal noise:

V.
ﬁ ) -f’ i
) 2 ¥ 1
;.-;-..*.Jr.-'.-' AR - 2 4){ ‘TS_‘ L.ﬂ.r.r ‘-Rr:.r:.-' J 1 (unmrrﬂ!atEd nﬂIEE} vi.
KT8 y s M |
where the factor 2 accounts for noise of A# and A48, and +—=Vou
: v My My l‘l
Rowutdenotes the open-loop output resistance of the op " Yan ,;—;l
Emp - Vs M.y a Vine
= = "’ "I"
 Co—rm— ‘1
far: gt | AFDA0 j‘” ‘T LE;.*L|1|"E_§;.—] o
1- ngrﬁ?l 1
=, i 2 3 ¥ M\I
ff."_.(-'."."." .L’J.Z_ E’[ 4'{FF-1 éjx:.ll.ﬁ ﬁ;:.r.-' J
JLE'J.I?JI.J s

and A, =g, 7
Total input-referred thermal noise:

= /f
e .a.r rel oot
"ILH. A H '{

’l Y e
< & o] B = o 10
- + = ibi
r r-
r:r.rﬁ'l 3 3 £ ml



Noise in a fold-cascode op amp (cont’d)

® Flicker noise:
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Total input-referred flicker noise:
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Noise in a fold-cascode op amp (cont’d)

® The overall noise:
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® Discussion:

O The noise contribution of the PMOS and NMOS
current sources /#creases in proportion to their
transconductance. This trend results in a trade-off
between output voltage swings and input-referred
noise: for a given current, as implied by
g, = 2/, Vzo— V5., if the overdrive voltage of
the current sources is minimized to allow large i)
swings, then their transconductance is maximized.




Noise in a two-stage op amp

® Total voltage gain: A, = G (7a||7w)x Grs(7es||707).

® In the 2nd stage: The noise current of A% and A7 flows through r05||/07.
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0 Note the noise resulting from the second

stage is usually negligible because it is
divided by the gain of the first stage when
referred to the main input.




