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ELECTIVE-I

CMOS ANALOG IC DESIGN
Course Objectives:

e To provide in-depth understanding of different types of MOS devices and modeling
techniques
To understand and design the operation of current mirror circuits

To demonstrate the analysis and design of amplifiers using CMOS

To design a various stages of Operational amplifiers using CMOS devices.

Design and construct the open loop and discrete time comparators using op-amp.

UNIT -l

MOS Devices and Modeling:

The MOS Transistor, Passive Components- Capacitor & Resistor, Integrated circuit Layout,
CMOSDevice Modeling - Simple MOS Large-Signal Model, Other Model Parameters, Small-Signal
Model forthe MOS Transistor, Computer Simulation Models, Sub-threshold MOS Model.

UNIT -l

Analog CMOS Sub-Circuits:

MOS Switch, MOS Diode, MOS Active Resistor, Current Sinks and Sources, Current Mirrors-
Currentmirror with Beta Helper, Degeneration, Cascode current Mirror and Wilson Current Mirror,
Current andVoltage References, Band gap Reference.

UNIT -1l

CMOS Amplifiers

Inverters, Differential Amplifiers, Cascode Amplifiers, Current Amplifiers, Output Amplifiers, High
Gain Amplifiers Architectures.

UNIT -1V
CMOS Operational Amplifiers

Design of CMOS Op Amps, Compensation of Op Amps, Design of Two-Stage Op Amps, Power-Supply
Rejection Ratio of Two-Stage Op Amps, Cascode Op Amps, Measurement Techniques of OPAmp.

UNIT -V

Comparators

Characterization of Comparator, Two-Stage, Open-Loop Comparators, Other Open-Loop
Comparators, Improving the Performance of Open-Loop Comparators, Discrete-Time Comparators.




TEXT BOOKS:

1. CMOS Analog Circuit Design - Philip E. Allen and Douglas R. Holberg, Oxford University
Press, International Second Edition/Indian Edition, 2010.

2. Analysis and Design of Analog Integrated Circuits- Paul R. Gray, Paul J. Hurst, S. Lewis and
R. G. Meyer, Wiley India, Fifth Edition, 2010.

REFERENCE BOOKS:

1. Analog Integrated Circuit Design- David A. Johns, Ken Martin, Wiley Student Edn, 2013.
2. Design of Analog CMOS Integrated Circuits- Behzad Razavi, TMH Edition.

3. CMOS: Circuit Design, Layout and Simulation- Baker, Li

Course Outcomes:

e Model various components in CMOS process to estimate their performance in circuits.

e Analyze and design of MOS and different current mirror circuits including Wilson, cascode

current mirror.

Design of CMOS Amplifiers including Differential, Cascode and high gain amplifier
architectures.

Design of CMOS Operational amplifiers and to measure the characteristics of cascode
operational-amplifier.

Apply and analyze the performance of open loop and discrete time capacitor circuits







UNIT -1
MOS Devices and Modeling

MOS Transistor:

A MOS transistor is primarily a switch for digital devices. Ideally, it works as follows:

If the voltage at the gate electrode is "on™ , the transistor is "on", too, and current flow between
the source and drain electrodes is possible (almost) without losses.

If the voltage at the gate electrode is "off", the transistor is "off", too, and no current flows
between the source and drain electrode.
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The most basic element in the design of a large scale integrated circuit is the transistor. For the
processes this type of transistor available is the Metal-Oxide-Semiconductor Field Effect
Transistor (MOSFET). These transistors are formed as a "sandwich" consisting of a
semiconductor layer, usually a slice, or wafer, from a single crystal of silicon; a layer of silicon
dioxide (the oxide) and a layer of metal. These layers are patterned in a manner which permits
transistors to be formed in the semiconductor material (the "“substrate"); a diagram showing a
typical (idealized) MOSFET is shown in Figure _I. Silicon dioxide is a very good insulator, so a
very thin layer, typically only a few hundred molecules thick, is required. Actually, the
transistors which we will use do not use metal for their gate regions, but instead use
polycrystalline silicon (poly). Polysilicon gate FET's have replaced virtually all of the older
devices using metal gates in large scale integrated circuits. (Both metal and polysilicon FET's are
sometimes referred to as IGFET's --- insulated gate field effect transistors, since the silicon
dioxide under the gate is an insulator. We will still continue to use the term MOSFET to refer to
polysilicon gate FET's.)



http://www.cs.mun.ca/~paul/transistors/node1.html#figmosfet

Transfer Characteristics of MOS Devices:

A cross section of a typical enhancement-mode n-channel MOS (NMOS) transistor is shown in
Fig.
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Heavily doped n-type source and drain regions are fabricated in a p-type substrate (often called
the body).A thin layer of silicon dioxide is grown over the substrate material and a conductive
gate material (metal or polycrystalline silicon) covers the oxide between source and drain. Note
that the gate is horizontal in Fig., and we will use this orientation in all descriptions of the
physical operation of MOS devices. In operation, the gate-source voltage modifies the
conductance of the region under the gate, allowing the gate voltage to control the current flowing
between the source and drain. This control can be used to provide gain in analog circuits and

switching characteristics in digital circuits.

TRANSISTOR OPERATING POLARTIES

Polarity of . Polarity of
Vs and Vi Polarity of vpq Vaurk

+ + ,
n-channel. enhancement Most negative

. + .
n-channel. depletion Most negative

Type of Device

p-channel, enhancement Most positive

p-channel. depletion Most positive




Passive Components- Capacitor & Resistor:

Capacitors

A good capacitor is often required when designing analog integrated circuits. They are used
as compensation capacitors in amplifier designs, gain-determining components in charge
amplifiers, bandwidth-determining components in gm/C filters, charge storage devices in
switched-capacitor filters and digital-to-analog converters, and other places as well. The
desired characteristics for capacitors used in these applications are:

* Good matching accuracy

« Low volage coefficient

* High ratio of desired capacitance 1o parasitic capacitance

* High capacitance per unit area

* Low temperature dependence

Polysilicon beveom plate

MOS capacitors. (a) Polysilicon—oxide channel. (b) Polysilicon—oxide—polysilicon.
(c) Accumulation MOS capacitor.




Range of
Values

2.2-2.7 fFlpm? 50 pp°C
0.8-1.0 fF/pm? 50 ppmi°C
0.021-0.025 fF/pm* —
0.021-0.025 fFjpum? —
0.021-0.025 fF/pm’ —
80-150 4[] 1500 ppm/°C
50-80 /) 1500 ppm/”C
2040 /) 1500 ppm/~C
1-2v] 8000 ppm/*C

Metal-Metal and Metal-Metal-Poly Capacitors
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""i"“ parasitic
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A model for the integrated capacitors showing top and bottom plate parasitics.




Resistors

The other passive component compatible with MOS technology is the resistor. Even though
we shall use circuits consisting of primarily MOS active devices and capacitors, some appli-
cations, such as digital-to-analog conversion, use the resistor. Resistors compatible with the
MOS technology of this section include diffused, polysilicon, and n-well {or p-well) resistors.
Though not as common, metal can be used as a resistor as well.

Resistors. (a) Diffused (b) Polysilicon (c) N-well




PASSIVE COMPONENT SUMMARY
(0.8um Technology)

Component | Range of Values | Matching | Temperature Voltage Absolute
Type Accuracy | Coefficient Coefficient |Accuracy
Poly/poly | 0.8-1.0 fF/um2 | 0.05% 50 ppm°C | S0PPM/V | +109
capacitor
MOS 2.2-2.5 fF/um= | 0.05% 50 ppm°C | S0PPM/V | +1004
capacitor
MOM 0.02-0.03 fF/um= +10%
capacitor
Diffused 20-150 Q/sq. 1500 ppm/°C | 200ppm/V | +3505
resistor
Polysilicide R 2-15 Qsq.

Poly resistor 20-40 Q/sq. 1500 ppm/°C | 100ppm/V

N-well 1-2k Q/sq. 8000 ppm/°C | 10K ppm/V
resistor

Integrated circuit Layout:

A unique aspect of inlegtﬂe&-cirl:uit design is that it requires undMng
of the circuit beyond the schematic. A circuit defined and functioning properly at the
schematic level can fail if it is not correctly designed physically. Physical design, in the con-
text of integrated circuits, is referred to as layout.

Matching Concepts

As will be seen in later chapters, matching the performance of two or more components is
very important to overall circuit operation. Since matching is dependent on layout topology, it
is appropriate to discuss it here.

The rule for making two components electrically equivalent is simply to draw them as
identical units. This is the unir-marching principle. To say that two components are identical
means that both they and their surroundings must be identical. This concept can be explained
in nonelectrical terms.




MOS Transistor Layout

Transistors that are used for analog applications are drawn as linear stripes as opposed to ¢
transistor drawn with a bend in the gate. The dimensions that will be important later on are the
width and length of the transistor as well as the area and periphery of the drain and source. |l
is the W/L. ratio that is the dominant dimensional component governing transistor conduction,

and the area and periphery of the drain and source that determine drain and source capaci:
tance on a per<device basis.

One unil

Tnu.la.ruu
125 units

Tm:-lmun
18 unitg

Y path technique

Resistor Layout




Example layout of MOS transistors using (a)} mirror symmetry, (b) photolithographic
invariance, and (c) two transistors sharing a common source and laid out to achieve both photolitho-
graphic invariunce and common centroid. (d) Compact layout of (c).
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RESISTANCE CALCULATION

Given a polysilicon resistor like that drawn in Fig. 2,6-8(a) with W = 0.8 pm and L = 20 pm,
calculate p, (in £2/07), the number of squares of resistance, and the resistance value. Assume

that p for polysilicon is 9 X 10™* {)-cm and the polysilicon is 3000 A thick. Ignore any con-
tact resistance.

First calculate p,.

% 10°4
p:=£=9 10 S_lacm=30(m
T 3000 X 10 %cm

The number of squares of resistance, N, is

giving the total resistance as

R=p,%xN—30X25=7500




Capacitor Layout

Capacitors can be constructed in a variety of ways depending on the process as well as the
particular application. Only two detailed capacitor layouts will be shown here.
The double-polysilicon capacitor layout is illustrated in Fig.

EorA
C="=
. as

;;E; Polysilicon 2
FOX ?

Subsirate /

Poljl'rﬁilicm gale

Polysilicon gate

Example layout (a) double-polysilicon capacitor and (b} triple-level metal capacitor

Layout Rules

As the layout of an integrated circuit is being drawn, there are layout rules that must be ob-
served in ordey to ensure that the integrated circuit is manufacturable. Layout rules governing
manufacturability arise, in part, from the fact that at each mask step in the process, features of
the next photomask must be aligned to features previously defined on the integrated circuit,
Even when using precision automatic alignment tools, there is still some error in alignment.
In some cases, alignment of two layers is critical 1o circuit operation, As a result, alignment
tolerances impose a limitation of feature size and orientation with respect o other layers on
the circuit.




Design Rules for a Double-Metal, Double-Polysilicon, N-Well. Bulk CMOS Process.

Minimum Dimension Resolution (A)

1. N-Well
IA. width
IB.  SPACIILE ... e 12
Active Area (AA)
2A. width
Spacing to Well
2B. AA-n contained in n-Well
2C. AA-n external to n-Well
2D. AA-pcontammed mn-Well ... .. 3
2E. AA-p external to n-Well

Spacing to other AA (inside or outside well)

2F. AA 10 AA (P OT 1)t e 3




Polysilicon Gate (Capacitor bottom plate)

3A. width

3B, SPACINE ...covtiiiiice e 3
3C. spacing of polysilicon to AA (over field)

3D. extension of gate beyond AA (transistor width dir.)........ 2
3E. spacing of gate to edge of AA (transistor length dir.) ...... 4
Polysilicon Capacitor top plate

4A. width

4B. spacing

4C. spacing to mside of polysilicon gate (bottom plate)

Contacts
SA.
5B. spacing
5C. spacmg to polysilicon gate
5SD. spacing polysilicon contact to AA
SE. metal overlap of contact

SF. AA overlap of contact

5G. polysilicon overlap of contact

SH. capacitor top plate overlap of contact
6. Metal-1
OA. WIdth.....c.oooii 3

6B. SPACING .......ccooiiiiiiiieiee e 3




Via

7B. spacing

7C. enclosure by Metal-1

7D. enclosure by Metal-2

Metal-2

8A. width

8B.  SPACIG ...t 3

Bonding Pad

8C. spacing to AA

8D. spacing to metal circuitry

8E. spacing to polysilicon gate
Passivation Opening (Pad)

9A. bonding-pad opening

9B. bonding-pad opening enclosed by Metal-2
9C. bonding-pad opening to pad opening space




CMOS Device Modeling:

Before one car design a circuit to be integrated in CMOS techrology, one must first have a
model describing the behavior of all the components available for use in the design. A model
can take the form of mathematical equations, circuit representations, or tables. Most of the
modeling used in his text will focus on the active and passive devices discussed in the previous
chapter as opposed to higher-level modeling such as macromodeling or behavioral modeling.

SPICE was originally implemepted in FORTRAN where all input was required to be uppercase
ASCII characters. Lowercase, greek, and super/subscripting were not ailowed. Modem SPICE
implementations generally accept (but do not distinguish between) uppercase and lowercase
but the tradition of using uppercase ASCII still lives on. This is particularly evident in the
device model parameters. Since greek characlers are not available, these were simply spelled
out, for example, -y entered as GAMMA. Superscripts and subscripts were simply not used.

Simple MOS Large-Signal Model:

The large signal model is nonlinear and 1s used to solve for the dc
values of the device currents given the device voltages.

The large signal models for SPICE:
Basic drain current models -

1. Level 1 - Shichman-Hodges (V1. K'. v. A. &. and Ngyg)

2. Level 2 - Geometry-based analytical model. Takes into account
second-order effects (varying channel charge, short-channel, weak
inversion, varying surface mobility, etc.)

3. Level 3 - Semi-empirical short-channel model

4. Level 4 - BSIM model. Based on automatically generated
parameters from a process characterization. Good wealk-strong
inversion transition.

Basic model auxilliary parameters include capacitance [Mever and
Ward-Dutton (charge-conservative)]. bulk resistances. depletion regions.
etc..

Small Signal Model

Based on the linearization of any of the above large signal models.

Simulator Software

SPICEZ2 - Generic SPICE awvailable from UC Berkeley (FORTRAN)
SPICES3 - Generic SPICE available from UC Berkeley (C)
*SPICE*- Every other SPICE simulator!




All large-signal modelg will be developed for the n-channel MOS device with the positive po-
larities of voltages and currents shown in Fig. 3.1-1(a). The same models can be used for the
p-channel MOS device if all voltages and currents are multiplied by —1 and the absolute
value of the p-channel threshold is used. This is equivalent to using the voltages and currents
defined by Fig. 3.1-1(b), which are all positive quantities. As mentioned in Chapter 1, lower-
case variables with capital subscripts will be used for the variables of large-signal models anc
lowercase variables with lowercase subscripts will be used for the variables of small-signa
roodels. When the voltage or current is a model parameter, such as threshold veltage, it will be
designated by an uppercase variable and an uppercase subscript.

When the length and width of the MOS device is greater than about 10 wm, the substrate
doping is low, and when a simple model is desired, the model suggested by Sah {3] and usec
in SPICE by Shichman and Hodges [4] is very appropriate. This model was developed it
Eq. (2.3-27) and is given below,

CoxrW
B =5 5 [(Vc;s -Vp - (%—’)]vm (311

The terminal voltages and currents have been defined in the previous chapter. The various pa
rameters of Eq. (3.1-1) are defined as

po = surface mobility of the channel for the n-channel
or p-channel device (¢ m>/ V-5)

C., = - = capacitance per unit area of the gate oxide (Flem?)

™

W = effective channel width
L = effective channel length
Figure 3.1-1 Positive sign convention

for (a) n~channel and (b) p-channel
MOS iransistor.




The threshold voltage V7 is given by Eq. (2.3-19) for an n-channel transistor:
Vi=Via + T( V2(@p| + vy — V 2|¢F|)

V2¢esi Neua2i oF|
Con

V 2e5,9Nsus

Con

Vro = Vr(vgg = 0) = Vg + 2|df| +

¥ = bulk threshold parameter (V%) =

¢ = strong inversion surface potential (V) = % In

Vg = fletband voltage (V) = ¢us — &'-

Cax

us = dr(substrate) — pp(gate) [Eq. (2.3-17))

d5{oubstrate) = "Tln(N“"

q

)[n-channcl with p-substrate]

n;

K. (N,
r{gate) = : m( ‘::"‘) [n-channel with n* polysilicon gate]

Q,; = oxide-charge = gN.,
k = Boltzmann's constant
T = temperature (K)

n; = intrinsic carrier concentration
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Qutput characteristics of the MOS device.

APPLICATION OF THE SIMPLE MOS LARGE-SIGNAL MODEL

Assume that the transistors in Fig. 3.1-1 have a W/L ratio of 5 pm/1 pm and that the large-
signal model parameters are those given in Table 3.]-2. If the drain, gate, source, and bulk
voltages of the n-channel transistor are 3V, 2V, 0V, and 0 V, respectively, find the drain cur-
rent. Repeat for the p-channel transistor if the drain, gate, source, and bulk voltages are =3V,
—2V,0V, and 0V, respectively.

We must first determine in which region the transistor is operating. Equation (3.1-15) gives
vps(sat}as 2V — 0.7V = L3 V. Since v is 3 V, the n-channe| transistor js in the satyration
region. Using Eq. (3.1-18) and the values from Table 3.1-2, we have

KuW .
ip = ;L {vas = V() + Ay vps)
_lox 10785 um)

21 pm)

2 -07%(1 + 004 X 3) = 520 uA

Evaluation of Eq. (3.1-15) for the pchanne! transistor is given as

vsntsnt) = Vg — IVTP‘ =2V-907V=13Vy




Since vgp is 3 V, the p~channel transistor is also in the saturation region, and Eq. (3.1-17) is
applicable. The drain current of Fig. 3.1-1(b) can be found using the values from Table 3.1-2 as

KW
ip = L(‘I»"m V]2 (1 + Npvsp)

50 X 107%5 pm)
(1 pm)

It is often useful to describe vgg in terms of ip in saturation as shown below:

(2 = 0.7%1 + 005X 3) = 243 A

vgs = Ve + V2ipi8 (3.1-19)

This expression illustrates that there are two components 10 vge—an amount to invert the
channel plus an additional amount to support the desired drain current. This second compo-
nent is often referred to in the literature as V. Thus Vo can be defined as

Von = V2iplB (3.1-20)

The term Vx should be recognized as the term for saturation veltage Vs (sat). They can be
used interchangeably,

Other Model Parameters:

The large-signal model also includes several other characteristics such as the source/drain
bulk junctions, source/drain ohmic resistances, various capacitors, and noise. The complele
version of the large-signal model is given in Fig. 3.2-1.

The diodes of Fig. 3.2-] represent the pn junctions between the source and substrate and
the drain and substrate. For proper transistor operation, these diodes must always be reverse
biased. Their purpose in the dc model is primarily to model leakage currents. These currents

are expressed as
igp = I [cxp(qk;n) | ]

o= e 22




where [, is the reverse saturation current of 2 pn junction, ¢ is the charge of an electron, k is
Boltzmann's constant, and T is temperature in kelvin units.

The resistors r, and rs represent the ohmic resistance of the drain and source, respectively,
Typically, these resistors may be 50100 {)* and can ofien be ignored at low drain currents.

Figure 3.2-1 Complete large-signal model for th
MOS ransistor.

The capacitors of Fig. 3.2-1 can be separated into threz types. The first type includes
capacitors Cgp and Cpy, Which are associated with the back-biased depletion region between
the drain and substrate and the source and substrate. The second type includes capacitors Cy;p,
Cgs, and Cigp, which are all common to the gate and are dependent on the operating condition
of the transistor. The third type includes parasitic capacitors, which are independent of the
operating conditions.




Small-Signal Model for the MOS Transistor

Figure 3.3-1 Small-signal model of the MOS transistor.

o7
BD . .
(at the quiescent point) = 0
BD

Sphs = (at the quiescent point} = 0

The channel conductances. g;,. g,,»s and g4, are defined as

oIy,

En= (at the quiescent point)

ol
Enbs = (at the quiescent point)
IV gs

3 (at the quiescent point)
Ds




Saturation Region

&y =\ KWL Ip|(1 + A Vo) =\ QK WD)y

AL, (o,
Smbs =y 977)\97s5

dlp —dI
Noting that =2_=2 . we get
o = }, =
Smbs ~ Sm 2(2|¢Fi + VSB)]_E

Relationships of the Small Signal Model Parameters upon the DC Values of Voltage
and Current in the Saturation Region.
Small Signal DC Current DC Current and DC Voltage
Model Parameters Voltage

o = (2K InWiD)"? KW
Sm (K'IpWiL) - ET(VGS‘VT)

Embs yIpp'™ - Y(B(Vgs—VD)
220 |1 Vsp) 2(29F | + Vsp)1

&ds — —




Nonsaturation region

_ ByVps
Vs 2Q2|¢p|+ Vsp)l?

Embs =

gds = BVgs—Vr—Vps)

Relationships of the Small-Signal Model Parameters upon the DC Values of Voltage
and Current in the Nonsaturation Region.
Small Signal DC Voltage and/or Current
Model Parameters Dependence
m =BVps
Embs ByVps
2Q2loF | +Vsp)'?

gds =B (VGs—VT —VDs)

— 4kT
2 0= [g]ﬂf (&)

—2 AkT
U nps = [?}ﬁf (A-Z)

— 8kT g, (1+1) (KF I .
? nD = 3 + C 12 (Ab)
- f ox




Computer Simulation Models:

The large-signal model of the MOS device previously discussed is simple to use for hand cal-
culations but neglects many important second-order effects. While a simple model for hand
calculation and design intuition js critical, a more accurate mode] is required for computer
simulation. There are many model choices available for the designer when choosing a device
model to use for computer simulation. At one time, HSPICE* supported 43 different MOSFET
madels [2] (many of which were company proprietary) while SmartSpice publishes support
for 14 [9]. Which mode! is the right one to use? In the fabless semiconductor environment, the
user must use the mode] provided by the wafer foundry. In companies where the foundry is
captive (i.e., the company owns its own wafer (abrication facility) a modeling group provides
the model to circuit designers. It is seldom that a designer chooses a model and performs
parameter extraction to get the terms for the mode] chosen,

The SPICE LEVEL J3 dc model will be covered in some detail because it is a relagvely
straightforward extension of the LEVEL 2 model. The BSIM3v3 model will be introduced
but the detailed equations will not be presented because of the volume of equations required
to describe it—there are other good texts that deal with the subject of modeling exclusively
[10,11], and there is little additional design intuition derived from covenng the details.

Models developed for computer simulation have improved over the years but no model
has yet been devetoped that, with a single set of parameters, covers device operation for all
possible geometries. Therefore, many SPICE simulators offer a feature called “model bin-
aing." Parameters are derived for transistors of different geometry (W's and L's) and the sim-
ulator determines which set of parameters to use based on the particular W and L called out in
the device instantiation line in the circuit description. The circuit designer need only be aware
of this since the binning is done by the model provider.




SPICE Level 3 Model

The large-signal model of the MOS device previously discussed neglects many important
second-order effects. Most of these second-order effects are due to narrow or short

channel dimensions (less than about 3um). We shall also consider the effects of

temperature upon the parameters of the MOS large signal model.
We first consider second-order effects due to small geometries. When vy is greater than

Vr, the dram current for a small device can be given as

Drain Current

1 +fb
ips=BETA|vGs— V=73 |'pE| "DE

Weff Wef'f

BETA =KP = "0OX 2
"[eff lu'effC Leﬁ' ( )

Legr=L —2(LD) 3)
Wegs= W — 2(WD) €]
Vpg = min(vpe . g (sat)) (5)

GAMMA - f.

4(PHI + vgp)!? (6)

fb :fn+

Note that PHI is the SPICE model term for the quantity 2¢f. Also be aware that PHI is
always positive in SPICE regardless of the transistor type (p- or n-channel).

_DELTA _ 7&i

.
Weee 2 -COX )

T

fi=1-—L LD“"C[l—[ = - ()

X4+ wp

L off 1‘; :

wp =xd (PHI + Vsp )1""'2 (9

2. 112
v = | —2—
g - NSUB




2
W W
we =1‘J,-|:Fc‘l +F(2(+I_j -k _p }
K X
k1 =0.0631353 . k> =0.08013292 ., k3=0.01110777

Threshold Voltage

ETA-8.1577 ‘ 12
Vr= Vo= [vps+ GAMMA - £,( PHI + 1) + £ (PHI +vgp)

C.OX eff

Vi = ‘_ﬂ? + PHI

vy = VIO — GAMMA - Y PHI

Saturation Voltage

1'35— Vo

B 1+fb

1/2
—_ . .2 ,2
vps(sat) = v T ve - (1 sat + "C)

VMAX - L g
Ve = T
5

If VMAX is not given, then vy (sat) = v .

Effective Mobility

~ U0
1+ THETA (vgg— Vo)

M when VMAX =0

u
Hegr = . when VMAX = (: otherwise Megr = Mg

VDE
1+—
Ve

Channel-Length Modulation

When VMAX =0




1/2
AL = xd [KAPPA ("ps— 1'Ds(sat)):|

when VMAX = 0
1/2

9 2
ep-xd* |fep-xd~ B} 5
AL =— 3 + [( 3 ) + KAPPA - xd < - (vpg— 1'D_S.(sa‘r)):|

where

Ve (1“C+ 1'DS(saT))
ep =

- Ips
DS 1 _AL

Weak Inversion Model (Level 3)

In the SPICE Level 3 model. the transition point from the region of strong inversion to

the weak inversion characteristic of the MOS device is designated as v, and is greater
than V. vy, 1s given by
Von = VT_fﬂSI

(D

where

kT

o = _[1 , - NFS GAMMA . f, (PHI + vgy!? + f, (PHI —1-53)'| o
g CoxX 2(PHI + vgp) ]

NFS 1s a parameter used in the evaluation of v,, and can be extracted from
measurements. The drain current in the weak mnversion region, vgg less than v, 1s given

as

(11{}5-1.0??}
iDs = ipg(Won: Vpg: Vsp)e\ ST

where i is given as (from Eq. (1), Sec. 3.4 with vgg replaced with v,

1 +fb
ipg=BETAW,, — Vr— ~» |'DE| YDE




Sub-threshold MOS Model:

The models discussed in previous sections predict that no current will flow in a device when
the gate-source voltage is at or below the threshold voltage. [n reality, this is not the case. As
vgs approaches Vrp, the ip — vyg characteristics change from square-law to exponential.

Whereas the region where vgg is above the threshold is called the strong inversion region, the
region belfow (actually, the transition between the two regions is not well defined as will be
explained later) is called the subthreshold, or weak inversion region. This is illustrated in
Fig. 3.5-1 where the mransconductance characteristic of a MOSFET in saturation is shown
with the square root of cumrent plotted as a function of the gate—source voltage. When the
gate—source voltage reaches the value designated as Vo (this relates to the SPICE model for-
mulation), the cumrent changes frem square-law te an exponential-law behavior, 1t is the ob-
jective of this section to present two models suitable for the subthreshold region. The first is
the SPICE LEVEL 3 [2] model for computer simulation while the second is useful for hand
calculations.

In the SPICE LEVEL 3 mudel, the transition point from the region of strong inversion to
the weak inversion characteristic of the MOS device is designated as V,, and is greater than

Von = Vr + fast (3.5-1)

kT q - NFS GAMMA-ﬁ.(PHI+v,,)m+£,(PHI+vﬂ)]
Jast =g [l *TCcox T 2(PHI + vgp) (3.5-2)

NFS is a parameter used in the evaluation of Vou and can be extracted from measurements.
The drain current in the weak inversion region, vgs < ¥ou. is given as

ves — Vown

ips = ips (Vown. Vo Vsg) €Xp ( fast (3.5-3)

where ipg is given as {from Eq. (3.4.1), with v, replaced with V]

ipgs = Bmﬁ[v,pn - Vr~— ( 2 f#)l’pg] ~ VYor

1

|
s 1.0
) v, Vg, vas : Vow Yos
Figure 3.5-1 Weak inversion characteristics of the MOS transistor as modeled by Eq. (3.5-4).




Moderue Figure 3.5-2 The three regions of operation of an
inversion fegion MOS uansistor.

l
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Yos
For hand calculations, a simple mode| describing weak inversion operation is given as

. W Yes )
& - S
ip LIm exp (n ) (3.5-5)
where the term # is the subthreshold slope factor, and ,y; is & process-dependent parameter
that is dependent also on vgy and V. These two terms are best extracted from experimental
data, Typically » is greater than 1 and less than 3 (1 < n < 3). The point at which & transistor
enters the weak inversion region can be approximated as

kT
V’, < Vr + n ? (35—6)

Unfortunately, the mode! equations given here do not properly model the transistor as it
makes the transition from strong to weak inversion. In reality, there is a transition region of
operation between strong and weak inversion called the “‘moderate inversion” region [15].
This is illustrated in Fig. 3.5-2. A complete treatment of the operation of the transistor through
this region is given in the literature [15,16).

It is important to consider the temperature behavior of the MOS device operating in the
subthreshold region. As is the case for strong inversion, the temperature coefficient of the
threshold voltage is negative in the subthreshold region. The variation of current due to
temperature of a device operating in weak inversion is dominated by the negative temperature
coefficient of the threshold voltage. Therefore, for a given gate-source voltage, subthreshold
current increases as the temperature increases. This is illustrated in Fig. 3.5-3[17].




UNIT -11:
Analog CMOS Sub-Circuits

A subcircuit 1s a circuit which consists of one or more transistors and

generally perfoms only one function.

A subcircuit 1s generally not used by itself but mn conjunction with other

subcircuits.

Example

Design hierarchy of analog circuits illustrated by an op amp.

Operational
Amplifier

Complex Circuits //7 \‘\\
Simple C‘hV / \ \

Biasing Input Different- Second Gain Output
Circuits ial Amplifier Stage Stage

/NN SN N

. ] ] . o Cwrrent ] Current
Current | | Current | | Current Daff. Muror Inverter Sink Source Sink

Source | | Mirror Sink Amp. Load Load Follower Load

MOS SWITCH:

The switch finds many applications in integrated-circuit design. In analog circuits, the switch
is vsed to implement such useful functions as the switched simulation of a resistor [1]. The
switch is also useful for multiplexing, modulation, and a number of other applications. The

switch is used as a transmission gate in digital circuits and adds a dimension of flexibility-
found in standard logic circuits. The objective of this section is to study the characteristics
swilches thal ar¢ compatible with CMOS integrated circuits. .




SWITCH PROPERTIES

Ideal Switch

] Rag(on) = 0Q
| Rap(off) =<

Nonideal Switch




MOS TRANSISTOR AS A SWITCH

C(G)
On Characteristics of A MOS Switch

Assume operation in non-saturation region (vpg < Vgg - V1)

. KW . VDs
Ip =7 [(VGS - V1) - T}»’Ds

dip K'W
vps L [Ves = V1 — vps]

Thus,

R = IVpg _ 1
ON™ 9i, KW ,
P = (vgs — V- vps)

OFF Characteristics of A MOS Switch

If vgg < V1, then ip =g = 0 when vpg = OV.

If vpg = 0. then




MOS DIODE/ACTIVE RESISTOR:
MOS ACTIVE RESISTORS

Realizations

When the drain 1s connected to the
11 gate, the transistor 1s always saturated.

|I: _ Vps 2VGs - VT

\'YD - VS > VG - VS - \r}—']_"

Vpg = -V where V4 =0

Large Signal

: : K'W
i=ip = (Fg )ves-Vr]?

= g(VGS'VT}Zv ignore A

or

21
Small signal V=vpg=vVgs = V1T B

ZmV Embs Vbs

o S

v 1 1

1 gv T g2ps &M

If Vgg = 0, then Rout =
If Vg # 07

Note: Generally. g, = 10 g ;. = 100 g4,




VOLTAGE DIVISION USING ACTIVE RESISTORS

Objective : Derive a voltage Vout from Vgg and Vpp

VoD
-

Equating ip to ip, results in :

B

VDs1 T B |VDsa2 - Vra| + V1

where
Vst =Vpst and  Vggr = Vpsa

Example :

If Vpp=-Vgg=35volts, V_,=1volt, and In; = Iy, = 50 pamps,

then use the model parameters of Table 3.1-2 to find W/L ratios.

ip; = 5 (Vgs-Vr)?
B, = 40uANV2 B, = 11.1 uA/V2

K,= 17 HA/V2 p= SHANZ

then (W/L ), = and (W/L), = 1.34




SUMMARY OF ACTIVE RESISTOR REALIZATIONS

AC Resistance
Realization

Linearity

How
Controlled

Restrictions

Single MOSFET

Poor

\"YGS or T\‘\frf’]_‘

VBULK < Min (Vs._. VD)

Parallel MOSFET

Good

Ve or WL

v E (K'PC - Y\-'T"_[')

Single-MOSFET,
differential resistor

Good

Ve or WL

|-Vl| =2 "TC - Y‘("T

VBULK = V1
Difterential around vy

Double-MOSFET.
differential resistor

Very Good

\?C]. - \’—Cz or
W/L

Vl._ V?_ < ]l]j]].(\-"rc]_'\'?"-[',
Vea-Vr)
VBULK < ]l]j]l(vl ._.Vz)
Transresistance only




Current Sinks and Sources:

CHARACTERIZATION OF SOURCES & SINKS

1). Minimum voltage (vy ) across sink or source for which the

current 1s no longer constant.
2). Output resistance which 1s a measure of the "flatness" of the
current sink or source.

CMOS Current Sinks & Sources

Vop

VDS(SAT.) = VON where Vo = Vgg - Vr




SMALL SIGNAL MODEL FOR THE MOSFET

ZmVgs(y,) Embs‘bs

2K'WI
€m = L

EnY

€mbs — =
mbs 2 2¢F+|VBS|

INCREASING THE Rgpy OF A CURRENT SOURCE
MOS

Circuit Small-Signal Model

D <

Imbs2Vbs?

_I_
Vsa >71




Loop equation:

Vout — [lout - (gnlzvgsZ + gmbsivbﬂ}]rdsz T gyt T

But. Vesa = Voo and vi,» = - Vga.

Vout — [iout T ZmaVer T gnleEVSE]rdsZ + iout I
Replace v, by 1,,,1-

Vout — iou’r [ Tgs2 T Zmaldsal * Zmpsalds2l T 1 |
Therefore,

Tout — Tds2 Tr [1 T Em2lds2 + gmbsf’.rdsi]

MOS Small Signal Simplifications

Normally,

g, = 10g

=mbs

~ 100g,,

Contimung

Tout = I&m2Tlds2

r =~ r X (voltage gain of M2 from source to drain)

out

CASCODE CURRENT SINK

MOS

Circuit _ Small-Signal Model

2P

Lmbs2Vbs2

> I'ds1 Vg2
Zm1Vgsl -




Vout = llout - (gm'ZVgsZ + 2mbs2Vbs2)1tds2 T loutlds]
Vout = loutlfds2 T &m2rds2t(l + M2) +14s1]

Tout = Ids2 TI[1 + gmprds2(1 ¥ N2)] = 14512mards2(1 + M)
vy = V1T 2VoNE 075+ 1.5=225 (assuming Vo = V)

NMOS Cascode-

IlmA

0.75mA

o 0.5mA

0.25mA

OmA
ov




Gate-Source Matching Principle

S=W/L

Assume that M1 and M2 are matched but may not have the same W/L ratios.

].) If VGS] = ‘IGSZ’ tllell lDl = (81;52)]D2
a). Vgg) may be physically connected together . or

b). vgg; may be equal to vggo by some other means.

2). If ip; = ip,. then

a). vgg; = V1 T+ ‘\,Szfsl(VGsz -Vp) .or
b). If S; =S, and Vg, = Vg, then

VGgs1 ~ Vasz

Strictly speaking, absolute matching requires that vg be equal for two matched

devices.
Reduction of Vyn or Vopur(sat)

Hich-Swing Cascode

Method 1 for Reducing the Value of v ;r(sat)

Irer J'

2VT + 2VoN

VoUT(zat)




Standard Cascode Sink :

Part of v g [ Part of v g to
+

Vgs = Von T VT = to achieve

drain current | enhance the channel |
C

" Vps(sat) = Vas - V1 = (Von ¥ V1) - Vi = Vox

I
Vr V1tVon

- GS

Above 1s based on the Gate-Source matching principle.

Circuit Which Reduces the Value of Vout(sat) of the Cascode Current Sink

IREF L

1/1

o
+'|:

Vo +Vaon

Vr+2Von Ml

Ta

111




DESIGNING THE SELF-BIASED HIGH-SWING CASCODE
CURRENT SINK FOR A GIVEN Vi

Use the cascode current-sink configuration of Fig. 4.3-8 to design a current sink of 250 pA
and a Vg of 0.5 V. Assume the device parameters of Table 3.1-2.

With Vym: of 0.5 V, choose Vgy = 0.25 V., Using the saturation model, the W/L ratio of M1
and M3 can be found from

W _ 2igur _ 2 X 500 X 10°°
L K'Viy 110X 107% x 0.0626

= 72.73

Figure 4.3-8 Self-biased high-swing cascode current
SOurce.

The back-gate bias on M2 and M4 is —0.25 V. Therefore, the threshold voltage for M2 and
M4 is calculated 1o be

Ve = 0.7+ 04 (VG.ZS +0.7 — Vﬂ.’?) = (.755

Taking into account the increased value of the threshold voltage, the gate voltage of M4 and
M2 is

Vo = 0.755 + 0.25 + 0.25 = 1.255
The gate voltage of M1 and M3 is
Vo = 0.70 + 0.25 = 0.95

Both terminals of the resistor are now defined so that the required resistance value is easily
calculated to be

_ Vo= Vi _ 1255095
250 X 10°®* 250 x 10°*®

= 122002




Current Mirrors-Current mirror with Beta Helper

Current mirrors are simply an extension of the current sink /source of the previous section. In
fact, it is unlikely that one would ever build a current sink/source thal was not biased as a cur-
rent mirror. The current mirros uses the principle that if the gate—source potentials of two
identical MOS transistors are equal, the channe! currents should be equal. Figare 4.4-] shows
the implementation of a simple n-channel current mirror. The current i is assumed to be de-
fned by a current source or some other means and i, is the output or “mirrored” current. M1
is in saturation because vy, = Vgs). Assuming that vpg = v — Vi is greater than Vi, al-
lows us to use the equations in the saturation region of the MOS transistor. In the most general
case, the ratio of iy to iy is

2GR = e )]
i \WLy) \Vgs — Vn/ L1+ Mpg \K|

R in Rout

CURRENT

MIRROR/

AMPLIFIER

Ideally,
R.. =0 R

111 out = oo

Graphical Characterization

slope = 1/Ryp i
’/ slope = 1/Rout

-—

OUTPUT

TEANSFER




Cascode current Mirror and Wilson Current Mirror

Cadcode Current Mirror

CIRCUIT

mproved current |
i MODEL MNMOS]1 NMOS VTO=0.75 KP=15U
OUT +LAMBDA=).01 GAMMA=05 PHI=0.§
11100 MNMOS] W=3U L=3U
2100 MNMOS1 W=3U L=3U

11

33 10 MNMOS] W=3U L=31
43 20 MNMOS]1 W=3U L=31],

|

L

w

VouT
Example of Small Signal Output Resistance Calculation -

I’

1

[

Tds3 ) V4 Tdsd b
Bm3V3 Zma(vitvi-va)

]"\'1=v3=0 Y,

I'ds1 .
EmiVi

— V3 ™ V2 T Igsa [lo - g1114(v3 N Vi- VZ) ™ g111b54v2] N rdsi(lo -gmivl)
-V = iol‘clssZ
Vo T 1 [1‘d54 + (glzn—’lrd.csZ)rdsﬁr + (rdSZglnbs:l)rdsil + rdsi]
VO
~Tout = E ~Igsq + Tds2 + rdsil‘ds:l(gmél + gmbsil)




Wilson Current Mirror

Circuit and Performance-

|
I;p = 80uA

TOuA
i]I M3JJIO T 60uA
: . S0uA

40uA
30uA

20uA
10uA

Wilson Current Source

M1 1200MNMOS W=15UL=30

M2 2200 MNMOS W=15U L=3U

M3 3120MNMOS W=15UL=30U

E 10 100MEG

MODEL MNMOS NMOS VIO=0.75, KEP=251,
+LAMBDA=0.01, GAMMA=0.8 PHI=0.6
ImNol1

VOUT30

DCVOUTO050.1 1IN 10U 80U 10U
PRINT DC V(2) V(1) ID(M3)

PROBE

END

Principle of Operation:
Series negative feedback increase output resistance

1. Assume mput current is constant and that there is high resistance to
ground from the gate of M3 or drain of M1.
2. A positive increase 1n oufput current causes an increase 1 vega.

3. The mcrease in Vg, Causes an mncrease i vggy -

4. The increase in Vg causes ai ICrease 1l 1nyy .

5. If the input current 1s constant, then the current through the resistance to
ground from the gate of M3 or the drain of M1 decreases resulting in a decrease
m vggs3-

6. A decrease in Vg3 causes a decrease in the oufput current opposing the

assumed increase 1n step 2.




Qutput Impedance of the Wilson Current Source

-

0
+

im=0 V3 >
Zm3 (" -V 2) Smbs3V2
Vout

glez< I'dsl Tds2
gﬂﬂ‘\’

Vout ~ 1d~33[10ut gm3Vi T Zm3Va T gmbs%"2] T Va

Vout — Tds3lout = Em3lds3 a( gmil dtsl“ZJI T gm3las3Va T Zmbs3Tds3Va T V2

) Ids2
V2 = lout l + gm2rds2

Vout ~ loutlds3 + [g11131‘d53 + Zmbs3Tds3 + gmlrdslgnﬁrdsﬂvl + Va

4 I + gm3rds3 + gmbs3rds3 + gmlrdslgm3rds3
Tout = Tds3 ™ Tds2 1+gm?2rds2

Tds28m1Tds1&m3lds3 i ‘ . .
g8 Tds2 = Igs1 X (€m3Tds3) 1 Em1 = 8mo2




Improved Wilson Current Mirror

C

.

Additional diode-connected
transistor equalizes the
drain-source voltage drops
of transistors M2 and M3

SPICE simulation

I | | ]

Limproved Wilson curment source .=
'MODEL MNMOS1 NMOS VT0=0.75 KP=25U Iin =80uA

e | AMBDA=0.01 GAMMA=).8 PHI=0.6

M1 123 0 MNMOS] W=12U L=3U

2 3 30 0 MNMOS] W=12U L=3U T0uA

103 5300 MNMOS] W=12U L=3U

M4 22 50 MNMOS] W=12U L=3U

bDC VOUT 0 5 0.2 T 10U 80U 104 60uA

R 20 100MEG

o2

lvouT1o S0uA
< PROBE

45.0uA [eapeocmony 10ua

Iollt = 3I0uA

22.5u1A 20uA

10ud




SUMMARY OF CURRENT MIRRORS

Current Mirror

Accuracy

Output
Resistance

Minimum
Voltage

Simple

Poor (Lambda)

Igs

Vo

Cascode

Excellent

gmrclsz

Vi +2Vian

Wilson

Excellent

gmra:lf-s2

2Von

Regulated

Good

2.3
Zm~Tds

V1 T2VON

Cascode

Current and Voltage References:

An ideal current or voltage reference is independent of power supply and temperature. Many
applications in analog circuits require such a building block, which provides a stable current or
voliage. The large-signal current and voltage characteristics of an ideal current and voltage ref-
erence are shown in Fig. 4.5-1. These characteristics are identical to those of the ideal current
and vohage source. The term reference is used when the current or voltage values have more
precision and stability than ordinarily found in a source. A reference is typically dependent on
the load connected to it. It will always be possible to use a buffer amplifier to isolate the refer-
ence from the load and maintain the high performance of the reference. In the discussion that
follows, it will be assumed that a high-performance voltage reference can be used 1o imple-
ment a high-performance current reference and vice versa.

Figure 4.5-1 /—V characteristics of ideal current and voli-
age references.




CALCULATION OF THRESHOLD VOLTAGE REFERENCE
CIRCUIT

Calculate the temperature coefficient of the circuit in Fig. 4.5-4(a), where W/L = 2, ¥V,
5V, and R = 100 k{}, using the parameters of Table 3.1-2. Resistor R is polysilicon and h;
temperature coefficient of 1500 ppm/°C.

Solution

Using Eq. (4.5-8),

. 2Vpp — V1) 1
A

BR=220X10"x10°=22

PR 25-07) /1Y

LL L. 1500 ppm/°C

RdT
(Ve — Vooe
- + VM
dVarr _ 26R
dar 1
1+
V28R (Vo — Vaer)
5 — 1281
—23 x ln_,+v5 1.231(1.5
dVeer _ 2(22) \300
dT 14+ 1
V2(22) (5 — 1.281)

— 1500 X 10‘“)

T LIBI X 107°V/C

The fractional temperature coefficient is given by

e, = L HVeee
Veep dT'

giving, for this example,

1

o=l —
1231) C 928 ppm/°C

TCr = —1.189 X 107 (




Band gap Reference:

In this section we present a technique that results in references that have very little depen-
dence on temperature and power supply. The bandgap reference [8-12] can generate ref-
erences having a emperature coefficient on the order of 10 ppm/°C over the temperature
range of 070 °C. The principle behind the bandgap reference is illustrated in Fig. 4.6-1.
A voltage Vi is generated from a pn-junction diode having a temperature coefficient of
approximately —2.2 mV/°C at room temperature. Also generated is a thetmal voltage V,
(= kT/g). which is propertional to absolute temperature (PTAT) and has a temperature coeffi-
cient of +0.085 mV/°C at room temperature. If the V, voltage is multiplied by a constant X
and summed with the Vpp voltage, then the output voltage is given as

Veer = Vae + KV,

To understand thoroughly how the bandgap reference works, we must first develop the
temperature dependence of Vge. Consider the relationship for the collector-current density in
a bipolar transistor,




Je = collector curremt density (A/m?)
np, = equiibrium concentration of electrons in the base
D, = average diffusion constant for electrons

W5 = base width

B 11 DESIGN OF A BANDGAP-VOLTAGE REFERENCE

Assume that Agy = 10 A, Vg = 0.7V, R; = Ry, and V, = 0.026 V at room temperature.
Find R2/R, to give a zero temperature coefficient at room temperature,




UNIT -111:
CMOS Amplifiers

Inverters & Differential Amplifiers:

The inverter is the basic gain stage for CMOS circuits. Typically, the inverter uses the common-
source configuration with either an active resistor for a load or a current sink/source as a losd
resistor. There are a pumber of ways in which the active load can be configured as shown in
Fig. 5.1-1. These inverters include the active PMOS load inverier, current-source load
inverter, and the push—pull inverter. The smali-signal gains increase from left to right in cach
of these circuits with everything else equal, The active load PMOS inverter, current-source
inverter, and push-pull inverter will be considered in this chapier.

Tvpes

e

Active Current Push-pull
Load Source v

Inverter Inverter mverter




Inverting and Noninverting Amplifiers

The types of amplifiers are based on the various configurations of the actual transistors.
If we assume that one terminal of the transistor is grounded. then three possibilities

result:
Vop
A
Vin o—
i
+ Yout

+
Vin 60— /i Load

Common Common Common
060608-01 SoUrce Gate Drain

Note that there are two categories of amplifiers:

1.) Noninverting - Those whose input and output are in phase (common gate and
common drain)

2.) Inverting - Those whose mput and output are out of phase (common source)

A( TIVE LOAD INVERTER

=5.0Vv=tav
05 aFe VIOV

o Z{mzs.sv
04 b y=3.0V

=

Ip(mA)

o
i

e
=

=
=1

R LR s EEE e oy
\ :

Fig. 32002

The boundary between active and saturation operation for M1 is
vDS1=2vGS1-VIN — vour=vIN-0.7V




Large-Signal Voltage Swing Limits of the Active Load Inverter
Maximum output voltage. vor7{max):

| vour(max) = Vpp - [Vrp| |

(ignores subthreshold current influence on the MOSFET)

Minimum output voltage. vy/7{min):
Assume that M1 is nonsaturated and that V) = |V = V.

Vps1 =VaEst - VT‘V —=  Vour =Viv- 0.7V
The current through M1 is

§! OL‘T)2
and '}he CBL(l }55‘1] ]1_01},1%111[1)\51 2—@'— = p1 [(VDD VT%(‘ ouT) - ]

ip= "? (vsgo — V)2 = ’? (VDD —vour - V12 =7 (vour+ VT Vpp)2
Equating these currents gives the minimum voz/7 as.
. Vop -Vt
voyr(min) = Vpp - V- 1+ (/B A1)

Small-Signal Midband Performance of the Active Load Inverter
The development of the small-signal model for the active load inverter is shown below:

52=B1

M2 Em2Vgs2

¥,
our %1— D1=D2=G?2

Rlour
= B

Vout

EmlVin\/ Tds1 P Em2Vout \/ Vds2 )
o Q
Fig. 320-03

Sum the currents at the output node to get.

Zn1Vint &ds1Vour T Em2Vout T &ds2Vour =0
Solving for the voltage gain, v,,;/vi. gives

Vout ~Eml gm (K FW'T’FIL".'

Vin T @dsl + ds2 + gm2 =~ gm2 = T \K'PL11),
The small-signal output resistance can also be found from the above by letting v;;, =0 to
get.

1 |

Zds1 + Zds2 + Zm2 ~ Zm2

Rom =




Example 5.1-1 - Performance of an Active Resistor-Load Inverter

Calculate the output-voltage swing limits for Vpp = 5 volts, the small-signal gain,
the output resistance, and the -3 dB frequency of active load inverter if (W1/Ly) is 2 pm/1
pmand Wa/La = 1 ym/1 pm, Cegy = 100£F, Cpay = 2001F, Cpgz = 1001F, Cgs2 = 2001F,
Cr = 1pF, and Ip; = Ipy = 100pA, using the parameters in Table 3.1-2.

Solution
From the above results we find that:
voyr(max) = 4.3 volts
vopr(min) = 0.418 volts
Small-signal voltage gain =-1.92V/V
Rour =9.17 kQ including ggs1 and ggs2 and 10 kQ 1gnoring g4s1 and g4s2
71 =2.10x109 rads/sec
p1 = -64.1x106 rads/sec.

Thus, the -3 dB frequency 1s 10.2 MHz.

C URRENT SOUR( E INVERTER

=5 0Vvp=4.3V
VIV ’\,.,f:'“m—ai oV

s

=
[

i/

Iy (mA)

=
)

et
-

e
=
=

"
-

] ] ) 5 Fgsls
Regions of operation for the transistors:

Ml: vps1 =zvgs1 -V — vour =zviy - 0.7V
M2: vsp2 =vSG2 - |Vipl = VDD-vOUT =VDD -VGG2 - — vOoUT =32V




Frequencv Response of the Current Source Load Inverter

Incorporation of the parasitic
capacitors into the small-signal Ces2, .
model (x is connected to Vizga):

VoD

If we assume the input voltage
has a small source resistance.

5
Vout(*s) _ngom‘ 1 ) 3]

Vin(s) =

L-p1

4 -1 Em
where Em = Em1- p1= Ro:if(C‘OIJI-i_C:M} ! and a1 CM

and R,,; = sl T 2ds2 and C,,r = Ced2 + Cpa1 + Cpd2 + CL Car = Cgdr
<|z1/, then the -3 dB frequency response can be expressed as

Egdsl + Zds2
@-3dB = ®1 = Cgqy + Cgaa + Chdl + Cpaa + CL

Example 5.1-2 - Performance of a Current-Sink Inverter Vpp
A current-sink mverter 15 shown in Fig. 5.1-7. Assume
that W1 =2 um, Ly = 1 yum, W2 =1 um, L2 = lum, Vpp =5 v o——”
volts, Vgg1 = 3 volts, and the parameters of Table 3.1-2 b
describe M1 and M2. Use the capacitor values of Example Veo QDD
5.1-1 (Cgqy = Cgqn)- Calculate the output-swing limits and the 1
small-signal performance. Figure 5.1-7 Cusrent sink CMOS inverter
Solution
To attain the output signal-swing limitations, we treat Fig. 5.1-7 as a current source
CMOS 1inverter with PMOS parameters for the NMOS and NMOS parameters for the
PMOS and use NMOS equations. Using a prime notation to designate the results of the
current source CMOS 1nverter that exchanges the PMOS and NMOS model parameters,

- . _ _ 110 1) 3-0.7 ),
vopr(max)’ =5Vand vopyp(min)” = (5-0.7)[1 -\ /1 - I ][ =0.74V
In terms of the current sink CMOS 1inverter, these limits are subtracted fl‘OIIl 5V to get
voyr(max) =4.26V  and v oy (min) = 0V,
To find the small signal performance, first calculate the de current. The dc current, Ip, 1s

N T 1101
Ip="21; (Vec1-Vmm*="2-

Voutlvin = ~92V/V, Royr= 38.1ke, and  f3qg=2.78 MHz.




Summarv of CMOS Inverting Amplifiers

Inverter

AC Voltage
Gain

AC Output
Resistance

Bandwidth (CGB=0)

Equivalent.
input-referred.mean-
square noise voltage

p-channel
active load
inverter
Current
source load
inverter
Push-Pull
inverter

-g2ml
gm?2

-gml
gdslrgds2

-(gm1+gm?2)

gdsltgds2

1
gm?2

1

gds1+gds2

1

gds1+gds2

gm?

CBD1MCGS17CGSs2+CBD2

gdsl+gds2

CBD1MCGD1TCDG2CBD2

gdsltgds2

CBD1MCGD1TCGS27CBD2

Zm0
"-nlz + Glﬁz\gml )

Zm0
"-nlz + Glﬁz\gml )

gml+ gm2)




Differential Amplifiers:

CHARACTERIZATION OF A DIFFERENTIAL AMPLIFIER

What is a Differential Amplifier?
A differential amplifier is an amplifier that amplifies the difference between two

voltages and rejects the average or common mode value of the two voltages.
Differential and common mode voltages:

vy and v, are called single-ended voltages. They are voltages referenced to ac
ground.
The differential-mode nput voltage, vyp. 1s the voltage difference between v; and v;.
The common-mode input voltage, vyc. is the average value of v; and v2

v+
vip=vi-v2 and vic="3 = vi=vc+05yp and vy =vic-05vp

"'1 + 1'2.-]

vour =Avpvip £ Avevic = Ayp(vi - v2) £ Apce [ 2
T  where

YoUT Aypp = differential-mode voltage gain
Ay = common-mode voltage gain

o
Fig. 5.2-1B

Differential Amplifier Definitions
* Common mode rejection rato (CMRR)

4:4 VD
Ayc

CMRR 1s a measure of how well the differential amplifier rejects the common-mode
input voltage in favor of the differential-input voltage.
* Input common-mode range (ICMR)

The mput common-mode range is the range of common-mode voltages over which
the differential amplifier continues to sense and amplify the difference signal with the
same gain.

Typically, the JCMR 1s defined by the common-mode voltage range over which all
MOSFETs remain in the saturation region.

* Output offset voltage (Vpgs(out))

The output offset voltage 1s the voltage which appears at the output of the differential
amplifier when the input terminals are connected together.
* Input offset voltage (Vps(in) = Vps)
The input offset voltage is equal to the output offset voltage divided by the
differential voltage gain.
Vos(out)
Vos="dyp

CMRR =




Voltage Transfer Characteristic of the Differential Amplifier

In order to obtain the voltage transfer characteristic, a load for the differential amplifier
must be defined. We will select a current mirror load as illustrated below.

= = i i Fig 52-5
Note that output signal to ground 1s equivalent to the differential output signal due to the
current Mmirror.
The short-circuit, transconductance is given as
(ffOU]" fKFIIS‘S'WrI 1/2
gm= dVID (VID = 0) = (ﬁISS)l"'z = [ L

Voltage Transfer Function of the Differential Amplifer with a Current Mirror Load

M4 saturated

]J M2 saturated
VG2 I P

R

vip (Volts) 06070501

o

Tvgsat vour

L I B B
—
—

\.

Regions of operation of the transistors:
M2 is saturated when,
Vo= Ve Vv = YourVsi =z Vi 0-5vip- V- Viy — vour= Vie Viw
where we have assumed that the region of transition for M2 is close to v, = 0V.
M4 is saturated when,
Vsps = Vsgs - Vel = Vppvour= Vses Vi — vour = Vop-Vseat!Vpl
The regions of operations shown on the voltage transfer function assume Isg = 1004A.

12:50
Note: Vsga =\/502 +HVpl =1 + Vppl = vopr<5-1-07+0.7=4V




Frequency Response of the Differential Amplifier
Back to the current mirror load differential amplifier:

s
DI1=G3-D3=G4 —03

2 D2=D4
o IsT @ % .
EmlVesl %Cl v BN/ 7S i m CT
‘Eﬁﬂ’ =2 5

NS e
py L] _
Biaz — Fig. 330-07
L 4
Ignore the zeros that occur due 10 Cog1. Ceg2 and Cogy.
C1 = Coq1tCpa1TCpa3tCos3tCasa.  C2 = Cpgr TCpastCodntCr and C3=Cggy

If C3 = 0. then we can write

i

| oo o
Vour(s) = odsf$10d34 } m;ﬁl( 1] Vesi(s) - Vgsa(s)} ]ﬁ] where @, = w
If we further assume that g,,3/C >> (g4s2+gds4)/C2 =
then the frequency response of the differential ampliﬁer reduces to
Vour(s) ( gmi ] f w2
Vid(s) =\gds2 + gdsa) s + an

] (A more detailed analysis will be made in Chapter 6)

Noise Analvsis of the Differential Amplifier

M4

= = Fig. 5.2-11C
Solve for the total c-utput-noise current to get,
Io 2 = gmi*n® T gma?en® + mi’ens® T Gma’ens’
This output-noise current can be expressed in rerms of an equivalent input noise voltage.
€eq”. given as i102 = Gm12€0q?
Equating the above two expressions for the total output-noise current gives,

sm3

eeq:z n12+£n7"+Lm ] [En32+€ 4~ ]

1/f Noise (e,12=¢,,* and e, 3°=€,42): Thermal Noise (e,1°=¢,»* and e, 3°=e,4%):

_[2Bp K’y By [g ) B 16kT HBLIKE;] }
¢eqUN~ NIML, N (K pBp ) I Ceatmy™\| GREWWLLL] 1 GINE,




DESIGNING DIFFERENTIAL AMPLIFIERS
Desion of a CMOS Differential Amplifier with a Current Mirror Load

Design Considerations: VDD
Constraints Specifications
Power supply ~ Small-signal gain jl——ﬂi
Technology Frequency response (Cy) M3 M4
Temperature ICMR
Slew rate (Cy)
Power dissipation

Relationships
Ay = gmiRour
@w.3dB = V/Rou:Cr
Vie(max) = Vpp - Vs + Vi
Vie(min) = Vg +Vpgs(sat) + Vg = Vg
+Vpgs(sat) + Vs
SR =155/C
Pgiss = (Vppt|Vss)xAll de currents flowing from ¥Vpp or to Vs
Example 5.2-2 - Design of a MOS Differential Amp. with a Current Mirror Load
Design the currents and /L values of the current mirror load MOS differential amplifier
to satisfy the following specifications: Vpp = -Vss = 2.5V, SR = 10V/us (Cr=5pF), f-
3gB = 100kHz (C;=5pF), a small signal gain of 100V/V, -1.5V<ICMR<2V and P jj
< lmW. Use the parameters of Ky'=110pA/VZ, Kp'=50uA/N2, Va=0.7V, Vp=-0.7V,
An=0.04V-1 and Ap=0.05V-1.
Solution
1.) To meet the slew rate, I5g = S0pA. For maximum P, Iss < 2004A.
2.) f3qg of 100kHz implies that R,,; = 318kQ. Therefore R,,; :m = 318kQ
. Isg=70uA  Thus, pick Iss = 100pA
3) Vicmax) =Vpp - Vsgs + Vop —= 2V =25-Vse+ 0.7

_ 2-50pA
Vses=1.2V = \/so;; AN2(WaLy) + 07
gy 2
=I4=052"8
2wl /2 110§ AN 2(I)/Ly) 7 Wy W
4) 100=gnRoui=g 2 +ggea = (0.04+0.05500Aa — 2Ny = L= =184




2-50pA
5) Vjc(lllill) = VS‘S +VDS_:_,(SEIT)+VGS1 — _15= —2.5+VD§S(SRI)+ 110}f¢%ﬂ§5(184) +0.7

W5 2ss _
Vpss(sat) =0.3-0.222 =0.0777 = L—S:m =150.6

We probably should increase W71/L] to reduce V1. If we choose W1/L1 = 40, then
Vpss(sat) = 0.149V and W5/Ls = 41. (Larger than specified gain should be okay.)

Cascode Amplifiers :

VOLTAGE-DRIVEN COMMON GATE AMPLIFIER

Common Gate Amplifier VoD + VoD

Circuit: VpBias1
4—}[

Vi
NBias2
t

Large Signal Characteristics:
Vour(max) = Vpp — Vps3(sat)
Vour(min) = Vpg)(sat) + Vpgz(sat)

Note VDS](SHT) =Von

E—
Vonm+VYon
+*

Small Sional Performance of the Common Gate Amplifier

Small signal model:




] S|y Vout +§n;2’"d52rd.s-3
" Pyl TS 1., =7. = .
Fdsatrgsy / Vin Vo Vg Fds2trds3

( Fds2 ] (3:;;2*”(?’32"0’.5-3
Vout = 8m2Vs2 \rgortrgs3/ ds3 =

Ry =Ry |lrgs1. Ry 1s found as follows
vs2 = (i1 - gmavs2)rds2 + i17ds3 = i1(rds2 + 7ds3) - gm2 Tds2Vs2

Vs2  Fds2 T 7ds3 Yds2 T Vds3

Ry'= 71 T+ gmatdse e Rin = rds1lT+ Em2lds2

Rout = rds2llrass |

VOLTAGE-DRIVEN CASCODE AMPLIFIER

Cascode Amplifier
'y VDD
VeBiasi

M3
Your

VNBias?

ey

ViN

Advantages of the cascode amplifier:
* Increases the output resistance and gain (if M3 1is cascaded also)
* Eliminates the Miller effect when the input source resistance is large

Larege-Sional Characteristics of the Cascode Amplifier
vm\'zﬁ_ o ‘Iw‘j:.\,":4. SV
o ¥

I 5 vp—=4.0V
I 1 vp=3.5V
4 v =30V

lvpE2. 5V

2.0V
+ ‘}B ]

D vp=15v
P

AB W .

4 an.

Am

e -




Frequency Response of the Cascode Amplifier
Small-signal model (Rs = 0): e
where 5’1 I; AWV D2=D3 9

Cl N ngl‘ v Em1Vin @"{i&'l% 3?1?% 3 J;"1 Em2V1 @ rf{sg% Cs i Vou
C2 = Cpa1+Chsa+Ces2. and 5 T T°

C3 = CpagatCpaztCagntCodsztCr rle s
The nodal equations now become:
{gm?. + gds1 + gds2 +5C1 + '56‘2)1'1 — &ds2Vout = —\&m1 — *S'Cl)"in

and —(gds2 + gm2)v1 + (gds2 + gds3 + 5C3)vour = 0
Solving for Vau(s)/ Vin(s) gives.

Vout(s) ( 1 J f —(gm1 = 5C1)(gds2 + gm2)

Vin(s) =\1 + as + bs2) \gds18ds2 + &ds3(gm2 + &ds1 + &ds2)
where

B C3(gds1 + &ds2 + gm2) + C2(8ds2 + ds3) + C1(ds2 + Lds3)
- Cds18ds2 + 2ds3(gm2 + Zds1 + Lds2)

a

C3(C1+ )
Zds18ds2 + 2ds3(gm2 + 2ds1 + Zds2)

b=

NON-VOLTAGE DRIVEN CASCODE AMPLIFIER — THE MILLER EFFECT
Miller Effect
Consider the following inverting amplifier:

]

e ]

I

+ e

Vl VE = _APVI
4] — -

Zip(s) = I ° = t}fﬁ}ﬁum;x

Solve for the mnput impedance:

Iy =sCpy(V] = V2) =sCp(V1 + 4,71) =sCp1 + 4,)7
Therefore.

n " 1 1
Zin(s) =T} = SCa(1 + AV = sCaf(1 ¥ 4,) = 5Cq

The Miller effect can take Cy = 5fF and make it look like a 0.5pF capacitor in parallel
with the input of the inverting amplifier (A4, = -100).

If the source resistance is large, this creates a dominant pole at the input.




Designing Cascode Amplifiers
Pertinent design equations for the sumple cascode amplifier.

voyrimax) = Vpp - Vspa(sat)
I
KpWs — " \JKp(W3/L3)
!'=—17 Vbp- Vi Vrel)2 .

N M3 .
ﬁ vourimin) =Vpsi(sat) + Vpsa(sat)

— Il'r 21 + / 2]
“JKN(WY/LY) T JKn(WA/Lo)

Vee: =

8ml _ [2KM(W/Ly)

L'dl-pl = gd_‘3 _\JI ;LPEJ

Example 5.3-3 - Design of a Cascode Amplifier
The specs for a cascode amplifier are 4, = -50V/V, voyr(max) = 4V, vorr{min) = 1.5V,
Vpp=5V. and P ;;,=1mW. The slew rate with a 10pF load should be 10V/ys or greater.
Solution
The slew rate requires a current greater than 100y A while the power dissipation

requires a current less than 2004 A. Compromise with 150#A. Beginning with M3,

W3 21 2:150

L3 = Kp[Vpp-vouzr(max)]2 = 50(1)2=©

[ 21 12-150
From this find Vizg3: Vegs = Vpp - Vpl - Kp(W3L3) = 5-1-N\/3p6 =3V

Wi M) (50-0.05)2(150) _
Next, L= 2Ky = 7110 =273
To design W»/L,, we will first calculate Vg (sat) and use the vy 7{min) specification to
2] 2-150

define Vpg(sat). Vpsi(sat) ="\ | WL = \| TI0-4.26 = 0.8V
Subtracting this value from 1.5V gives Vpgo(sat) =0.7V.

W, 2I 2-150

> = KnVpsa(san? = 110-0.72 = 2-7

[ 2]
Finally, Vear = Vpsi(sat) + \ | T WA~ + Vrv=08V+ 0.7V + 0.7V = 2.2V




Current Amplifiers:

* An amplifier that has a defined output-input current relationship
* Low input resistance

* High output resistance

Application of current amplifiers:

§F

Smgle—ended mpul Differential 1'11;:11[.T Fig. 5.4-1

i
—»

Rg>> Ry, and R,,; >> Ry

Advantages of current amplifiers:
* Currents are not restricted by the power supply voltages so that wider dynamic
ranges are possible with lower power supply voltages.
* -3dB bandwidth of a current amplifier using negative feedback is independent of the
closed loop gain.

Frequencyv Response of a Current Amplifier with Current Feedback

Consider the following current amplifier with resistive L
negative feedback applied. R ?

INED
.
. . . . . Vin )
Assuming that the small-signal resistance looking into Q

L Fig. 542
the current amplifier is much less than R; or Ry,

Ip = Ai{i1-13) = 4; Ryl
Solving for i, gives

A ) - R4

lo = 1+4,, Ry = Vour = Roi, :Rl 1+4; Vin

1

4,
If A(s) =" . then

w—AJrl
Vour Raf 1 ] R?.[ 4, " REI Ay |/ 1

I |TRy|s ~ Ry \1+4, s
I wy T(1+4,), wy(174,) T
@.3dB = wg(1+4,)

Vin - R_l




Bandwidth Advantage of a Current Feedback Amplifier
The unity-gainbandwidth is.
RyA4, R, R,
GB = 3dB = Ry(1+4,) wq(1+4,) = RI Ao wg =R GB;
where GB; 1s the unity-gainbandwidth of the current amplifier.
Note that if GB; is constant, then increasing Ra2/Ry (the voltage gain) increases GB.

Hlustration:

Magnitude dB oltage Amplif R
4  Voltage Amplifier, 7

R') AG )

Ry
Ri\+4o \oltageAmphﬁm ——K -1

)
o Current Amplifier

‘/

A, dB .

1%740)014
0dB o
‘ oy, oB\ GBINGEN. 2% 170§Ui 1
Note that GB; > GB| > GB;

The above illustration assumes that the GB of the voltage amplifier realizing the voltage
buffer is greater than the GB achieved from the above method.

Current Amplifier using the Simple Current Mirror

i'-ifn'
. i
< cyl\

Vin T
EmVin\/Tds1 7 C1 Em2Vin\/ T 52

o

Current ™/ Amplj:ﬁe:r
1 WL,
Ri’u o 7_ a]]'d “ij - I{rl-' Ll )

S

Frequency lesponse.
_ -Cgml—l_gdsl) . B E-ml—l_gd:l) . "Uaml
P C+C, del—l_cg:l—l_('gsl—l_('grﬂ ~ (_.MI-I-CE_,I-I-{'_.M-I-C:&:
Note that the bandwidth can be almost doubled by including the resistor. R.
(R removes Cg; from p,)




Find the small-signal current gain, .4;, the input resistance, Rj,, the output resistance,
R,,» and the -3dB frequency in Hertz for the current amplifier of Fig. 5.4-3(a) if 101, =1,

= 100pA and Wo/Ly = 10W/L) = 10pmy/1pm. Assume that Cpgy = 10fF, Cgq) = Cgn -
100fF, and Cgyn = SOfF.

Solution

Ignoring channel modulation and mismatch effects, the small-signal current gain,
Wh/La
4; =L, = 10A/A.

The small-signal input resistance, R;,,, is approximately 1/g,,; and is
1 1 _
Rin = IR 10,A = 46.9S = 21.3kQ2
The small-signal output resistance is equal to

|
= 250kQ.

The -3dB frequency is

46.9uS .
®_3g8 = 760fF = 180.4x106 radians/sec.

— ﬁSdB =28.7 MHz

Wide-Swing. Cascode Current Mirror Implementation of a Current Amplifier

Voo + Vop

Iv d) lo UT@

M3

VNBias2 ‘—4__]4*

ViN
J—

lin

o
+

O
060610-01

I’szﬂz
4 =TRL,

1

Ry = oml- Rout = Yds2€maldsa- and




Differential-Input, Current Amplifiers
Definitions for the differential-mode. 7,,. and common-mode, 7,~, input currents of the
differential-input current amplifier.

lo=Apip T Aric=4
Implementations:

Summary

* Current amplifiers have a low mput resistance. high output resistance, and a defined
output-input current relationship

* Input resistances less than 1/g,, require feedback

However, all feedback loops have internal poles that cause the benefits of negative
feedback to vanish at high frequencies.

In addition, these feedback loops can have a slow time constant from a pole-zero
pair.

* Voltage amplifiers using a current amplifier have high values of gain-bandwidth

* Current amplifiers are useful at low power supplies and for switched current
applications




Output Amplifiers:

General Considerations of Output Amplifiers

Requirements:

1.) Provide sufficient output power in the form of
voltage or current.

2.) Avoid signal distortion.
3.) Be efficient

4.) Provide protection from abnormal conditions
(short circuit, over temperature, etc.)

Types of Output Amplifiers:

1.) Class A amplifiers
2.) Source followers

3.) Push-pull amplifiers

4.) Substrate BJT amplifiers

5.) Amplifiers using negative
shunt feedback

CLASS A AMPLIFIERS
Current source load inverter

A Class A circuit has
current flow in the MOSFETs
during the entire period of a ‘ , Ry dominates
sinusoidal signal. i ' i /s the load line
Characteristics of Class A
amplifiers: ; - RO
* Unsymmetrical sinking and 1% o
sourcing s Fig. 5.5-1
* Linear
* Poor efficiency

vour(peak)? vour(peak)?
Py 2R — R

. (1'Obvz{peak)']3
Efficiency =P, i = Vpp-Vssp = l(V p-Vss)|~\ Vpp -Vss .

(Vpp-Vss)™ 2R;
Maximum efficiency occurs when vor7(peak) = Vpp = | Vss| which gives 25%.




Small-Sional Performance of the Class A Amplifier

Although we have considered the small-signal performance of the Class A amplifier as
the current source load inverter, let us include the influence of the load.
The modified small-signal model:

;1
F R : 2
Vin g e Fds1S ¥ds? RS ¢ ZI::I}'our
P :

O Fig. 552

The small-signal voltage gain is:

Yout ~8m1l

Vin — &ds178€ds2tCr
The small-signal frequency response includes:

and a pole at

B (gds118ds2tGr)
pP= ngl"’_cgdf"cbdl"'c‘bdf"ci

Example 5.5-1 - Desion of a Simple Class-A Output Stage

Use Table 3.1-2 to design the W/L ratios of M1 and M2 so that a voltage swing of £2V
and a slew rate of =1 V/us 1s achieved if Ry =20 kQ and C; = 1000 pF. Assume Vpp =
[Vssl =3V and Vgga=0V. Let L =2 ym and assume that Cgyy = 100fF.

Solution
Let us first consider the effects of Ry and Cj.

iour(peak) = £2V/20kQ = 100 A and  Cz-SR=10-9-106 = 1000pA
Since the slew rate current 1s so much larger than the current needed to meet the voltage
specification across Ry, we can safely assume that all of the current supplied by the
inverter is available to charge C7.
Using a value of +1 mA,

m 2Uour+lo) 4000 3pm

Ly = Ky (VppHVssl -V - 110-(5.3)2 = 2ym
and

- 2lour” 2000 15um

L2 = Kp'(Vpp-Vaoa Vrpl)? ~ 50-(2.3)2 7 21m
The small-signal performance 1s 4, = -8.21 V/V (includes R; = 20kQ) and r,,,; = S0kQ
The roots are, zero = g;,1/Cggq1 = 59GHz and pole = l/[(Ryllrp,,)Cr)] = -11.14kHz




Class-A Source Follower

N-Channel Source Follower Voltage transfer curve:
with current sink bias:

Vpp
-r----Vpp-VGsi

» VIV

/ Vop-Vom+Vast

— IoRr<\Vssi+Vonn

= Fig. 040-01 1 Vssi+Von
Vss| Fig. 040-02

Maximum output voltage swings:
voyr(min) = Vss - Vone (it Ry 1s large) or voyr(min) = -IpR; (if Ry is small)

voyr(max) = Vpp - Von1 (ifviy> Vpp)  or vour(max) = Vpp - Vgsi

PUSH-PULL AMPLIFIERS
Push-Pull Source Follower

Can both sink and source VDD
current and provide a slightly
lower output resistance. ﬁE_—l—*

p Vi — —Vss

vmoﬂ l_fm;r [’
———OVOUT

VBigs —
Efficiency: HETEVDD R
Depends on how the -
transistors are biased. s
* (Class B - one transistor has

current flow for only 180° of the sinusoid (half period)

1‘0@7‘(})881()2
- Ppr 2Ry xvout(peak)
. Efficlency =Py, = ]’1 (21'057(})8311)) =2 Vpp-Vss
(Vpp -Vss)a\ ™ &,

Maximum efficiency occurs when vorrr(peak) =Vpp and is 78.5%

* (Class AB - each transistor has current flow for more than 180° of the sinusoid.
Maximum efficiency is between 25% and 78.5%




BIPOLAR JUNCTION TRANSISTOR OUTPUT AMPLIFIERS
What about the use of BJTs?

Vss L L
Comments: p-well CMOS n-well CMOS  Fig 55-84

* Can use either substrate or lateral BJTs.
* Small-signal output resistance is 1/g;, which can easily be less than 100€2.

* Unfortunately, only PNP or NPN BJTs are available but not both on a standard
CMOS technology.
* In order for the BJT to sink (or source) large currents, the base current, ig. must be

large. Providing large currents as the voltage gets to extreme values 1s difficult for
MOSFET circuits to accomplish.
» If one considers the MOSFET driver, the emitter can only pull to within vgz+V o of

the power supply rails. This value can be 1V or more.
We will consider the BJT as an output stage in more detail in Sec. 7.1.

USING NEGATIVE FEEDBACK TO REDUCE THE OUTPUT RESISTANCE
Concept

Error

Amplifier ‘

VN ©

Error
Amplifier

B rdsi|rds2
Rout = 1+Loop Gam

Comments:

* Can achieve output resistances as low as 10Q.

* If the error amplifiers are not balanced. it is difficult to control the quiescent current in
M1 and M2

* Great linearity because of the strong feedback
* Can be efficient if operated in class B or class AB




Summary of Output Amplifiers

* The objectives are to provide output power in form of voltage and/or current.

* In addition. the output amplifier should be linear and be efficient.

* Low output resistance is required to provide power efficiently to a small load resistance.

* High source/sink currents are required to provide sufficient output voltage rate due to
large load capacitances.

*» Types of output amplifiers considered:
Class A amplifier
Source follower
Class B and AB amplifier
Use of BITs
Negative shunt feedback




High Gain Amplifiers Architectures:

The philosophy behind the high-gain amplifier is based on the concept of feedback, In
analog circuits, we must be able to precisely define transfer functions. A familiar representa-
tion of this concept is illustrated by the block diagram of Fig. 5.6-1. In this diagram, x may be
2 voltage or current, A is the high-gain amplifier, F is the feedback network, and the feedback
signal x;is subtracted from the input signal x, in the summer. If we assume the signal flow is
unidirectional as shown and 4 and F are independent of the source or load resistance (not
shown}, then the overall gain of the amplifier can be written as

Xy A
A= T1+AF

Tn order to precisely define A, we need only define F, if A is sufficiently large. Typically, F is
implemented with passive components such as resistors or capacitors.

X,
A=""2

The high-gain amplifier is defined in terms of X,

Because x can be voltage or current there are four different types of high-gain amplifiers that
will be examined in this section.

Figure 5,6-1 A general, single-loop, pegative feedback circuit,
~0 X5




UNIT -1V:
CMOS Operational Amplifiers

Design of CMOS Op Amps:

Basic op-amp

The ideal operational amplifier is a voltage controlled
voltage source with infinite gain, infinite input impedance
and zero output impedance.

The op-amp is always used in feedback configuration.

Op Amp Characteristics
Nomn-1deal model for an op amp

I
bz

=

| o

I
C£m

Boundaryv Conditions Requirement
Process Specification See Tables 3.1-1 and

~

Supply Voltage
Supply Current
Temperature Range 0 to 70°C
Tvypical Specifications
Gain

Gainbandwidth
Settling Time

Slew Rate

Input CMR

CMRR

PSRR

Output Swing

Output Resistance
Offset

Noise

Layvout Area

80 dB

10 MH=

0.1 usec

2 V/iusec

2V

60 dB

60 dB

2 VP-P
“apacitive load only
+=5 mV

S0nV/A/Hz at 1IKHz
10.000 square um

NIAVIAONVIVIVIVIVIA VIV




Power supply rejection ratio (PSRR):

Vout (vpe=0)
AV Ava(s Vip - PS5
PSRR Z(AVOI:;I;) Avd(s) = A:jgs; - V;Tlt
(vin=0)

Vps

Common-mode input range (ICMR).
Maximum common mode signal range over which the differential
voltage gain of the op amp remains constant.

Maximum and minimum output voltage swing.

Slew rate:

Av
Slew rate = max{ OUT]

At

Input
Voltage

-10%
Ous

Settling Time

Upper tolerance

Lower tolerance

6

Time (sec)




Design Approach

Design

Analysis

Specifications . .
p Simulation

Specifications:

e Gam Bandwidth
Output voltage swing PSRR
Settling time CMRR

Power dissipation Noise

e Supply voltage Common-mode put range

e Silicon area

Design Strategy

The design process involves two distinct activities:
Architecture Design

e Find an architecture already available and adapt it to present

requirements

e C(Create a new architecture that can meet requirements
Component Design

e Design transistor sizes

e Design compensation network
If available architectures do not meet requirements, then an existing
architecture must be modified, or a new one designed. Once a satisfactory
architecture has been obtained. then devices and the compensation network

must be designed.




Compensation of Op Amps:

In virtually all op amp applications, feedback will be applied around the
amplifier. Therefore, stable performance requires that the amplifier be
compensated. Essentially we desire that the loop gain be less than unity

when the phase shift around the loop is greater than 135°

B

our 4
IN 1+ 4B

Goal: 1 + AB =0
Rule of thumb: arg[AB] < 135" at mag[AB] =1

Graphical Illustration of Stability Requirements

=1
ARl (dB) g -6dB/oct

—
N

|
Frequency -12dB/oct

_—

AN

AN

Frequency




Tvpes of Compensation

1. Miller - Use of a capacitor feeding back around a high-gain, inverting
stage.
« Miller capacitor only
« Miller capacitor with an unity-gaimn buffer to block the forward
path through the compensation capacitor. Can eliminate the RHP
zero.
« Miller with a nulling resistor. Similar to Miller but with an added

series resistance to gain control over the RHP zero.

2. Self compensating - Load capacitor compensates the op amp (later).

3. Feedforward - Bypassing a positive gain amplifier resulting in phase

lead. Gain can be less than unity.




Miller Compensation

VDD

=

C M ,.IV\

}\{E
>

Small-signal model

1
T

\%ﬁ

2
\
CMJ» + EmdV1 +
-vl-.ﬂ
TV 2L g
dsl T - (&= e

Simplified small-signal model

1 1
2ds2 " Eds4 - 2ds6 T EdsT

/

/

-1

Analysis

Vy(s) (gm Jr)(gu;ff) (RPR(L - sCelgmp
Vin(s) 1+ 5[RACY + Ce) + RIf(CL + Co) + gmiRRCel + s2RIRIACICL + Ce(C1+ C)]




-1
EmII Rr Ry Ce

_ “EmlICc
P2=C.CL+ C.C.+ CC,

P11 =

“Emil

where

EmlI~— &Eml ~— Em2

1 1

Ry= Rpp=
I~ giot84e I ga06+84s7

Conditions for Stability

» Unity-gamnbandwith 1s given as:

GB = Av(0)|p1| = ( gmigmIiRIR1) [

1 _ Zml
emIRIRTC ¢ Ce

* The requirement for 45° phase margin 1s:

Arg[AB] = £180° - tan-! L) tanl[ =] - tau'l[mJ = 45°
_|P1| [p2| z




Design of Two Stage  Op Amps:

Two-Stage Operational Amplifier Design

Vbp

—

Vss

Important relationships:
Eml = &m2 = Zmp Em6 = Emir Eds2 + Edsa = Gp and gsg + 2457 = Crp
I5
Slew rate SR =——
('C
Em1 2gm

8ds2 t 8ds4 IS(AQ + "14)

First-stage gain 4, =

Emé Emé

gds6 + 2ds7  Ig(Ae + A7)

Second-stage gain 4, =

or
. . aml
Gam-bandwidth GB = —;.I
“C

—Emé6

Output pole p; = ?

Eme6

RHP zero z; = C
[

. Is
Positive CMR Vin(max) =Vpp-— ,\Xﬁ:B - |VIU3|(max) +Vn (mi_n))




Two-Stage Operational Amplifier Design

Important relationships:
Em1 = &m2 = &ml &m6 = EmIp &ds2 + Ldsa = Gp and ggs6 + &4s7 = Gpr
Is
Slew rate SR = —
("C

Em1 2gm1

8ds2 + Zds4 35(}"2 + "1’4)

First-stage gamn 4, =

Eme6 Emeé

gds6 + 8ds1  16(Ag + A7)

Second-stage gain 4,, =

or
. . aml
Gam-bandwidth GB = ga:x
¢

—Em6

Output pole py = ?

Em6

RHP zero z; = C
C

5 Is
Positive CMR Viymax) = Vpp — )\Xﬁ:B’_ |VTO3|(max) +Vr l(mi_n))




T
Negative CMR Vip(min) = Vs + -\/‘BEJr V11(max) + Vpss(sat)
1

. 2Ips
Saturation voltageVpg(sat) =4 [——

B

All transistors are in saturation for the above relationships.

The following design procedure assumes that specifications for the following parameters
are given.

. Gam at dc. 4,(0)

. Gam-bandwidth. GB
. Input common-mode range. ICMR
. Load Capacitance, Cy

. Slew-rate. SR
. Output voltage swing
. Power dissipation. Pgjc.

Choose a device length to establish of the channel-length modulation parameter A.

Design the compensation capacitor C.. It was shown that placing the loading pole p, 2.2

times higher than the GB permitted a 60° phase margin (assuming that the RHP zero z; 1s

placed at or bevond ten times GB). This results in the following requirement for the
minimum value for C,.

C,.>(2.2/10)C;

Next., defermine the minimum value for the tail cwrent 5. based upon slew-rate
requirements. Using Eq. (1). the value for /5 is determined to be

Is=5R (Cc)

If the slew-rate specification is not given. then one can choose a value based upon settling-
time requirements. Determine a value that is roughly ten times faster than the settling-time
specification. assuming that the output slews approximately one-half of the supply rail. The
value of /5 resulting from this calculation can be changed later if need be.

The aspect ratio of M3 can now be determined by using the requirement for positive input
common-mode range. The following design equation for (W/L); was derived from

Eq. (7).
15
(K'3) [Vpp — Vin(max) — |[Vpp3|(max) + Vyy(min)]2

S3=(WiL)3=

If the value determined for (W/L)3 is less than one. then it should be increased to a value
that minimizes the product of # and L. This minimizes the area of the gate region. which




in turn reduces the gate capacitance. This gate capacitance will affect a pole-zero pair which
causes a small degradation in phase margin.

Requirements for the transconductance of the input transistors can be determined from
knowledge of C, and GB. The transconductance g,,» can be calculated using the following

equation
gm1 = GB(C,)

The aspect ratio (#7L), 1s directly obtainable from as shown below

Em1
2

o

“ml

(K'5)(Is)

Enough information is now available to calculate the saturation voltage of transistor
MS5. Using the negative ICMR equation. calculate ¥pgs using the following relationship

derived from Eq. (8).

Sy = (W/L), =

1/2
Vpss = Vip(min) — Vg — (;—SJ — V(max)
1
If the value for Fpgs 1s less than about 100 mV then the possibility of a rather large (7/L)s
may result. This may not be acceptable. If the value for Vpgs 1s less than zero, then the
ICMR specification may be too stringent. To solve this problem. /5 can be reduced or
(WIL); increased. The effects of these changes must be accounted for in previous design
steps. One must iterate until the desired result is achieved. With Vpgs determined. (/L)
can be extracted using Eq. (9) in the following way

2(1s)
K's(Vpss)?

For a phase margin of 60°. the location of the loading pole was assumed to be
placed at 2.2 times GB. Based upon this assumption and the relationship for jp,| in Eq. (5).

Ss=(WiL)s=

the transconductance g, can be determined using the following relationship
Eme = 2.2(gm)(CL/Ce)

Since S3 1s known as well as g;,6 and g,,3. assuming balanced conditions,

55 = 53 *‘—':!?6
Sm3

Ig can be calculated from the consideration of the “proper murroring” of first-stage the
current mirror load of Fig. 6.3-1. For accurate current mirroring. we want Vgpy; fo be equal

to Vgpy- This will oceur if Ve, 1s equal to Vggg. Fggyq Will be equal to Fgge if




Ig= %}1 :(%J I
L)y 4
Choose the larger of these two values for /g (Eq. 19 or Eq. 20). If the larger value 1s found
i Eq (19). then (/L) must be increased to satisfy Eq. (20). If the larger value 1s found mn
Eq. (20). then no other adjustments must be made. One also should check the power
dissipation requirements since /, will most likely determine the majority of the power

dissipation.
The device size of M7 can be determined from the balance equation given below

I I
S7=(WIL); = (WI/L)s (i}z Ss (i}

The first-cut design of all W/L ratios are now complete. Fig. 6.3-2 illustrates the above
design procedure showing the various design relationships and where they apply in the
two-stage CMOS op amp.

Max. JCMR

Vs

G6
||: M6 Zm6 Or

C, Proper Mirroring

Ce=02CT
(PM = 60°)

To
D
|
VBias I_’|M5

Vin . M1 M2

Vss
Figure 6.3-2 Illustration of the design relationships and the circuit for
a two-stage CMOS op amp.

At this point in the design procedure. the total amplifier gain must be checked against the
specifications.

_ (2)(3}?12)(3}?16)
VU I + A)Ig(Ag + A7)

If the gain is too low, a number of things can be adjusted. The best way to do this is to use
the table below. which shows the effects of various device sizes and currents on the




different parameters generally specified. Each adjustment may require another pass
through this design procedure in order to insure that all specifications have been met. Table
6.3-2 summarizes the above design procedure.

Dependencies of device performance on various parameters

Dram M1 and M3 and  Inverter Inverter Comp.
Current M2 M4 Load Cap..
IS I':,-' W/L L W L Wﬁ.-"Lé W';.v Lj.' Cl:

Increase DC (12 (Hhi2 mrz T T miz T

Gain

Increase GB (HY/ (T)l.-"Q

Increase RHP (T] 1/ (T} 1/2

Zero

Increase Slew T

Rate

Increase Cy,

Design Procedure:

This design procedure assumes that the gain at de (4,). unity gain bandwidth (GB). put
common mode range (Vj,;(min) and Vj,(max)), load capacitance (Cp). slew rate (SR).
settling time (7). output voltage swing (¥,,{max) and ¥,,{mim)). and power dissipation
(Pgiss) are given.

Choose the smallest device length which will keep the channel modulation parameter
constant and give good matching for current mirrors.
From the desired phase margin. choose the minimum value for C.. 1e. for a 60°

phase margin we use the following relationship. This assumes that - = 10GB.
C.>022Cp
Determine the minimum value for the “tail current™ (/5) from the largest of the two
values.

Is=SR-C,

Vpp +|Vss|
2T,

Is=10

Design for S3 from the maximum mput voltage specification.

Is

S3

= 21
K3[Vpp — Vip(max) — |[Vys|(max) + P (min)]2




Verify that the pole of M3 due to Cgg3 and Cggy (=0.67W3L3C,,) will not be
dominant by assuming it to be greater than 10 GB

Em3

2 CgsB

> 10GB.

Design for S, (S) to achieve the desired GB.

2
Em2

Em =GB -C.=5,; ZKFZES

Design for S5 from the minimum input voltage. First calculate Fpgs(sat) then find Ss.

I
Vpss(sat) = Fy,(min) — Veg— ,3_5 — Vpy(max) 2 100 mV
1
25

Ks[Vpss(sat)]?

55:

Find g, and Sg by the relationship relating to phase margin. load. and compensat
capacitors. and the balance condition.

Eme =2.28,p(Cr/Cp)

Calculate /g
I 6= (S 6;,54)1 4= (S 65 4_) (ir 5 2)

Design S5 to achieve the desired current ratios between /5 and fg.
57 = Ug/I5)Ss

Check gain and power dissipation specifications.

4 = 2g8m28me
YV Is(As + A3)g(Ag + A7)

Pgiss = Us + Ig)(Vpp + | Vss])

If the gain specification is not met. then the cuwrrents. J5 and Jgz. can be decreased or the
W/L ratios of M2 and/or M6 increased. The previous calculations must be rechecked
to insure that they have been satisfied. If the power dissipation is too high. then one
can only reduce the currents 75 and Jg. Reduction of currents will probably necessitate
increase of some of the W/L ratios in order to satisfy input and output swings.

. Simulate the circuit to check to see that all specifications are met.




Example: Design of a Two-Stage Op Amp

Using the material and device parameters given in Tables 3.1-1 and 3.1-2. design
an amplifier similar to that shown in Fig. 6.3-1 that meets the following
specifications. Assume the channel length is to be 1um.

A4, 3000V/V Vpp =125V Veg =-2.5V

GB = 5MHz C; = 10pF SR = 10V/us

Vo range = £2V ICMR = -1 to 2V P gice = 2ZmW
Solution

Calculate the minimum value of the compensation capacitor C,,
C,>(2.2/10)(10 pF) = 2.2 pF

Choose C,. as 3pF. Using the slew-rate specification and C,. calculate /5.
Is = (3% 10712)(10 x 106) = 30 pA

Next calculate (#7/L)3 using ICMR requirements.

B 30x 1076
T (50 % 10°9)[2.5 — 2 — .85 + 0.55]2

WIL)s =15

g3 = \lz % 50x10°6 x15x10°6 % 15 = 150S

Therefore
(WIL)3 = (W/L)g = 15
Check the value of the mirror pole, p;. to make sure that it 1s in fact greater than

10GB. Assume the C = 0.4{F /um?. The mirror pole can be found as

Sy NS0

P37 20, 2(0.66T)W;L5Cy,

=15.75x10%(rads/sec)

or 2.98 GHz. Thus, p;. is not of concern in this design because p; >> 10GB.
The next step in the design is to calculate g,

g, = (5 x 109)(2m)(3 x 10-12) =94.25u8
Therefore. (W/L); 1s

2 2

WLy = (Wln=3g 7= 211015

279=3.0

Next calculate Vg




30 % 1076
Vpss=(—1)—(=2.5) =\ [———- 85=0.35V
110X 10763

Using Vpgs calculate (W/L)s from Eq. (16)
2(30 % 10-6)
~ (50 x 10-6)(0.35)2
From Eq. (20) of Sec. 6.2. we know that
g <>10g = >942.5uS

om

(WiL)s =449 =45

Assuming that g, .= 942.5uS

9425 x 10-6

(WiL)g =15 =9425
150 x 10-6

Using the equations for proper mirroring. /g 1s determined to be

Is = (15 X 10-6)(94.25/15) = 94.25 pA
Finally. calculate (/L)

r 94.25 % 10-6
(WiL);=4.5| —————|=14.14

30 x 10-6

Check the ¥V, (min) specification although the W/L of M7 is so large that this 1s
probably not necessary. The value of ¥, (min) 1s

V. . (out) = Vp(sat) 2 X932 0.348V
- Our) — s4at) — - — U, i
min D57 110 x 14.14

which is much less than required. At this point. the first-cut design 1s complete.
Examining the results shows that the large value of M7 is due to the large value of
M35 which in turn is due to a tight specification on the negative input common
mode range. To reduce these values the specification should be loosened or a
different architecture (1.e. p-channel input pair) examined.

Now check to see that the gain specification has been met

(2)(94.25 x 10-6)(942.5 x 10-6)
V™30 x 10-6(.04 4 .05)38 x 10-6(.04 + .05)

=19.240

which meets specifications.




Power-Supply Rejection Ratio of Two-Stage Op Amps:

Improved PSRR For Two-Stage OTA

Use cascode to reject C. feedforward

+PSRR 1s reduced by M9

Disadvantage -

1

Miller pole is larger because Rj =
- Zm9

positive input common mode range is restricted




Cascode Op Amps:.

LOAD COMPENSATED CASCODE AMPLIFIER

gm?2

Im4d | . Zm?2
Av =5 ——(2mé + 2m9o) R
W 2( om 4) (h mo6 g 1119) o

Avi =

1
Avz = E (g1116 + ng)Ro

where

Ro = (g111c21'dsc2}1‘d56 || (gmclrdscl}fds? and M7 = M8
Or,
Ay = (gml'z"gmi] KR
where
~ Wes/Le WolLo
K=F%ii: = WaLs




Design Example

Pertinent design equations:

_ 10UT
SR = Cr

gm?2
Ay = m (gm6 T gm7) To

- gm2(Zmé6 + Em7)
B = 2(gma)Cr

Is ]
T"’FIIII(IHE!X) = VDD - '\/]:_3 - |\’“T3|(111ax) T 11-'~“TT1(1111'11}

Is
Vin(minj =Vss + Vpgs + ‘\/% + VTI(max)

Specifications:

VDD =-Vss =5V

SR = 5V/us mto Cy, = 50pt
GB =5 MHz

Avy = 5000

CMR =+3V

Output swing = £3V




Measurement Technigues of OP Amp.:

In designing a CMOS op amp, the designer starts with building blocks whose performance
can be analyzed to a first-order approximation by hand/calculator methods of analysis. The
advantage of this step is the insight it provides to the designer as the design of the circuit de-
velops. However, at some point the designer must turn to a better means of simulation. For the
CMOS op amp this is generally a computer-analysis program such as SPICE. With the insight
of the first-order analysis and the modeling capability of SPICE, the circuit design can be op-
timized and many other guestions (such as tolerances, stability, and noise) can be examined.
Fabrication follows the simulaticn and layout of the MOS op amp. After fabrication the
MOS op amp must be tested and evaluated. The techniques for testing various parameters of
the op amp can be as complex as the design of the op amp itself. Each specification must be ver-
ified over a large number of op amps to ensure a working op amp in case of process variations.
The categories of op amp measurements and simulations discussed include: open-loop
gain, open-loop frequency response (including the phase margin), input-offset voltage, com-
mon-mode gain, power-supply rejection ratio, common-mode input- and output-voltage
ranges, open-loop output resistance, and transient response including slew rate. Configura-
tions and technmiques for each of these measurements will be presented in this section.

Figure 6.6-1 Open-loop mode with offset
compensation.

-

A0
RC
(b)
Figure 6.6-2 (a) A method of measuring the open-loop characteristics with
dc bias stability. (b) Asymptotic magnitude plot of the voltage-oransfer
function,




UNIT -V
Comparators

Characterization of Comparator:

What 1s a Comparator?
A comparator 1s a circuit which compares two analog signals and
outputs a binary signal based on the comparsion. (It can be an op amp

without frequency compensation.)

Characterization of Comparators

We shall characterize the comparator by the following aspects:
* Resolving capability
* Speed or propagation time delay
» Maximum signal swing limits
Input offset voltage
Other Considerations
Noise
Power

Etc.

VOLTAGE COMPARATORS

Definition of a Comparator




Noninverting

Vog when Va =

Vor when Vi <

Inverting

Vor when Vu

Vog when Vy <

COMPARATOR PERFORMANCE

1. Speed or propagation time delay.
The amount of time between the time when V4 - Vg = 0 and the

output is 50%6 between initial and final value.

2. Resolving capabality.
The input change necessary to cause the output to malke a transition
between its two stable states.

3. Input common mode range.
The mput voltage range over which the comparator can detect

Va=Vg.

4. Output voltage swing (typically binary).

5. Input offset voltage.
The value of Vour reflected back to the input when V4 is physically

connected to Vg.




APPROACHES TO THE DESIGN OF VOLTAGE
COMPARATORS

Open Loop

Use of a high-gain differential amplifier.
Vou - VoL
resolution of the comparator

Gamn =

Regenerative

Use of positive feedback to detect small differences between two
voltages, Va and VB. Le., sense amplifiers in digital memories.

Open Loop - Regenerative

Use of low gain, high speed comparator cascaded with a latch.
Results 1n comparators with very low propagation time delay.

Charge Balancing

Differential charging of a capacitor. Compatible with switched
capacitor circuit techniques.

Offset Voltage
(Power supply)

Type Resolution Speed (8 bit)

Open-loop 1-10 mV 3000V (£5V) 10 MHz

Regenerative 0.1 mV 50UV (£5V) 50 MHz

Charge , ] -
Balancing 0.1 mV SmV (5V) 30 MHz




COMPARATOR MODELS - OPEN LOOP

Zero Order Model

> f{Vp - Vy

Vou for (Ve - VN)
fo(Vp - V)=
Vor for (Vp - VN)




First Order Model

Transfer Curve

Vou for (Ve -VnN)2Vig

fi(Vp - VN)zi Ay(Vp - V) for VL £ (Vp - V) € Vig

VoL for(Vp-VN)=VL




TWO-STAGE COMPARATOR

Combine the differential amplifier stage with the inverter stage.

e Sufficient gain.
e Good signal swing.

Vop

-
37 | (Ye

04
Ml M2

—=
_l




Design of Two stage Comparator:

DC BALANCE CONDITIONS FOR TWO-STAGE
COMPARATOR

e Try to keep all devices in saturation - more gain and wider signal

SWINgS.

e Based on gate-source and DC current relationship. I.e. if M1 and M2

are two matched devices and if Vgg) = Vs, then Ipy = Ip» or vice
versa.

W

Let S§;= L_l
M1 and M2 matched gives S| = S3.
M3 and M4 matched gives S3 = Sy4.

also, I1 = I = 0.515s.

From gate-source matching, we have
. ] S7 Se
Vgss = Vags7 ‘17 =15 S< and Ig = Iy Si < Assume

Vase =VaGse
For balance conditions. Ig must be equal to I7. thus
Is S7 Seg

It 'Ss S

Since L, 2. then DC balance 1s achieved under the following:

E— S_? “ N7 — N 1 - d
Si 2 S5 VDG4 = 0 ° M4 1s saturated.




SYSTEMATIC OFFSET ERROR

Ky = 24.75 LA/V2 2V
Kp = 10.125 pA/V2 leTLF
ViN=-V1p=1V '
Ax = 0.015V-1 e 0
Ap = 0.020V-1 It Vet

M1

2008y,

ng| 10 3v
' M5 '

T — T
Find Vg to make 15 =17 Vss =0V

(1) Find the mismatch between 16 and 17

i7 (1 +ANvDs7)(W7L7) _ 1+ (0.015)(5) 1) = 1029
5 |\ T= anvpss ) | Wsts ) “T+(0.0153) D =L

u (1 +ApvDsa
15 = 214
7= (1.029)(2)is = 2.057i4 and ig = 2.115is

Wa/Lg

s _ (1 + ?tPVDSGJ[VV’af’Ls} 1+ (0.02)(5)

“T7(0.02)2) @ ~2115

(2) Find how much vgge must be reduced to make 15 =17
AvGse = VGse(2.11514) - vgse(2.05714)

2L
AVGS6 = F‘»’s%i“" (V2.115 -42.057) = 1411 mV

(3) Reflecting Avgse nfo the mput

. 2 /KN( ’WﬂLz)
A\(dlfﬂ = [}LE ¥ }‘44) 15 =89.9

__Avgse  14.1mV _ .




DESIGNING FOR COMMON MODE INPUT RANGE

Vop——" "~

_I_
T -
M3 vgi(min) = Vgg + Vpss + Vasi

*15;;2 . _ B} . Is
vg1(min) = Vgs + Vpss + Vri(max) + —25
v 1

Vbsi

vG1(max) = VDD - Vsas - VDg1(sat)

[ 1
vg1(max) = Vpp - ﬁ - |VT3(max)} + VT11(m

where Vpai(sat) =-VT11

Example

Design M1 through M4 for a CM mput range 1.5 to 9 Volts when Vpp =
10 V. Isg = 40uA, and Vgg = OV. Table 3.1-2 parameters with VTN p| =
0.4 to 1.0 Volts,

. Is
vG1(min) = Vgs + Vpss + '\/% + Vr1(max)

1.5=0+0.1+ %%Jﬂl

reasonable to assume [ is already defined and find Bs)

(assumed Vpgs = 0.1V- 1t probably more

B KnWi

W W,
=15 2 —
Br=—F— =250 uA/V “

T, = E =14.70

Is .
vg1(max) = Vpp - \/B: - [Vr3(max)| + V11 (min)

B KpW; W3 Wy

B3 i =250 pA/V2 © “ L Li =31.25




GAIN OF THE TWO-STAGE COMPARATOR

=
N +

gm1Vid rdsl% Tm% Vi ZmeV1 rdsG% rds?g Vout

Vid = VP - VN

A = Zml Zmé6
VO \eds2 T gdsa )\ gds6 T gdsT

W1 YWs
2N\ [ Ky Kp[ I, I Te }
JA.TV' = -

- (?'.2 + ?'.4)(;&5 + ?b?)'\’:[l]:ﬁ

Wi N
.7 —_— = ) = .'r-]_ = .'7-]_
Using T 5, Te 5. AN = 0.015V-1, Ap = 0.02V
and Table 3.1-2 values:
2 \/(17)(8)(5)(5} . 95199-10-6

.10-6
(0.015+G.02)3\}1116 \II1I5

JA.T‘.' =
Assume [} = 10 pA and Is = 100 pA
Ay = 3010

VoH - VoL .
— A Resolution = 5 mV (assume)
1.'

5
then Vog - VoL = 1000 ° 3000 = 15 Volts




PROPAGATION DELAY OF THE TWO-STAGE
COMPARATOR

Vop

signal swing
less than the

. EM 4 output

16
i
key node

v

= Cr2

° Vg

M5
It M7

'

Vss

Vass = Vop - (Ve * Vpa2)

Atr+=C12 |: KpWe

VTRP3 - Vss
3T, (VDD - VP - VDG2 - VTe|)2 - I7

VDD - VTRP3
Atr-=Cr2 l: W-Y Ls :|
[T

lsource/sink

Slew rate = Cr
11




TWO-STAGE, CMOS COMPARATOR

General Schematic

Key Relationships for Design:

B

ip = > (vgs - VT)2| = ip(sat) :% [vDs(sat)]?

vDs(sat) = }21D[gsat)

Em — ZBID




COMPARATOR DESIGN PROCEDURE

1. Set the output current to meet the slew rate requirements.

v

N
2. Determine the mmimum sizes for M6 and M7 for the proper ouput
voltage swing.

2Ip
vDs(sat) = T

. Knowing the second stage current and minimum device size for M6,

calculate the second stage gain.
_ “Zmé6
. gds6 T 2ds7

4. Calculate the required first stage gain from A, and gain specifications.
. Determune the current 1n the first stage based upon proper mirroring
and minimum values for M6 and M7. Verify that Pgiss 1s met.

. Calculate the device size of M1 from A; and Ips;.

Aq = “Zm1 and _ 2K'W/L
L™ g4s1 + gds3 gml N Ipsi

. Design minimum device size for M5 based on negative CMR require-

ment using the following (Ipg; = 0.5Ipgs):

. IDss
vGgl(min) = Vgs + Vpgs + Br + Vr1(max)

2IDpss .
where Vpgs = Bs = Vpgs(sat)

. Increase either M5 or M7 for proper mirroring.

. Design M4 for proper positive CMR using:

 |Ipss
vg1(max) = Vpp - B_3 - ‘V’[Q 3|(max) + V11

10. Increase M3 or M6 for proper mirroring.

11. Simulate circuit.




DESIGN OF A TWO-STAGE COMPARATOR

Specifications:

Ao > 66 dB Lambda = 0.05V-! (L =5 um)
Pdiss < 10 mW Vpp=10V
Cr =2 pF Veg =0V

tprop < 1 Us Recall that B = KW

CMR =4-6V
Output swing 1s Vpp - 2V and Vgg + 2V

1). For tprop << 1 Us  choose slew rate at 100 V/us

dvou
s I =Cp gt” = (2:10-12)(100-106) = 200 UA

2). Size M6 and M7 to get proper output swing.
M7:

. At 2(200uA) W7
2V = vpg7(sat) = ‘\/; —\/17.0#1%,2(“,7&?) - 17 5.88

M6:
. . /2(IOL'T+17) 2(400uA) Ws
2V = vpge(sat) = BG = )\/S.UMAWZ.(W@&@ EN Lo = 12.5

“Zm6 -1 2Kp'We
3). Ay =—— = A\ |52 = -10
) AT G F Baer (?‘»N + }bPJ IsLe

4). Avo =A1As =66 dB = 2000 — A; =200




) S4
5). Assuming vGgs4 = vGse. then Iy = Se Is

choose Sy =1 which gives Iy = 1;—5 (200pA) =16.0 uA

S5
Assume S5 =1 which gives Is = 8_7 I7 = 22088A =34 uA

1
andI4=§ Is =17 uA

7

v :
Choose I4 =17 uA  tokeep 1 lIatios greater than 1.

Wi _ Ws { 17

~ Is=34pA T = Tg 200

Pdiss = 10(I7 + Is) =234 mW < 10 mW

1 !2KN'\-V1 Wi I4
= 3 = + LS —

T

Wi
Lj

J =1.06 =1.0

=200 (Good for noise)

. Is .
7). Vpss = vg1(min) - Vgs - '\/;—1 - VT1(max)

e = (34) _ ;

AP 2034w Ws
VDss —'\/; =4\ /(lﬂl)Ss -1 0.48

o Is 34 s B Ws
8). S5 =1 87=355 (5:88) = 10— == 1.0




Is :
9). Vgi(max) = Vpp - Bs ° ‘VTO 3|(max) + V7i(min)
Is

B3 =
[VDD - VG1(max) - |VT03|(1113X) + VTl(mi“)F

_ 34 uA
T(10-6-1+0.5)72
W3 (2.76)(2) Wi Wy

‘13 3 = 0.69 K: T,

I

(Previously showed T = 1.06 so no modification 1s necessary)

=2.76-10-6

> 0.69

10). Summary

W),
Y“‘a’rd_ra'wn = [f}]—_’ - 16)

Design Ratios Actual Values with Sum Proper Murroring

minimum geometry and Lp = 0.8um

W2 1000 680

(Need to adjust for proper mirroring)




FOLDED CASCODE CMOS COMPARATOR

Circuit Diagram

J__' I:MNE s MNI MN2
L vy 0— —owv1

W]j_HlH . i ol

Small Signal Model

o]

1 1
Em12 Til Em13 J iz )
<> 1 ? i Toute Yout
1y 1y
Zm2V1 _
o
where

Rout = (rds5gm11rds11)|[((rds4llrds2)gm131ds13) =

1
2ds52ds11  (Qds2TCdsa)Zds13

+
gmll Zmi3

The small signal voltage gain 1s
gmlTgm?2
2ds58ds11  (gds2T8ds4)8ds13

+
gmill1 Zm13

Vout — I’Cbut(i,?'iﬂI = (g1113+g1111)R0utVin =

where vip = vy - va.




Frequencv Response

Small signal model-

. Jiz
tll &) Cs
v Zm12 v
Zm1V2 m Zm2V1 Zmi3

C1=Cgs12 T Crs12 T Cpas T CrD3

C2=Cgs13 T CBs13 T Cpga T CBD4

and C3=Cpci11 +* CBp11 T CpG13 T CBD13 T CLoad

AvDom3
AVDS) =S o5

where

|

(ﬂ _=
3 ToutC3

Typical performance-

Wi W2 Wi Wis
Ip1=1Ip> = SOMA and Ip3=1Ips = IOUMA, T1 = 1, = T11 = T1s

=1, assume C3 = 0.5pF, and using the values of Table 3.1-2 gives:

gml = gm2 = gm11 =41.2uS  gm13 = 28.3uS
gdss = €ds11 = 0.5US  gdsq = gds13 = 0.25uS

Therefore, 1oy = 121MQ. ®3 = 16.553krps, and Aypg = 4,978

resulting i a gain-bandwidth of 13.11MHz.
C3AV  0.5pFx10V

gl 1000A = 50nS

Delay = AT =




OPEN LOOP COMPARATOR - MC 14575

M4_ |—

Performance (IsgT = 50 nA)

Rise time :
Tall e 100 ns 1nto 50 pF
Propagation delay = 1 us

Slew rate = 2.7 Volts/us

Loop Gain = 32,000




CLAMPED CMOS VOLTAGE COMPARATOR

“bp
A

N[S:Ij

Dram of M2 and M3 clamped to the gate voltages of M4 and MS5.

M6 and M7 provide a current, push-pull output drive capability
similiar to the current ., push-pull CMOS OP amp.

Comparator 1s really a voltage comparator with a current output.




Improving the Performance of Open-Loop Comparators:

There are two areas in which the performance of an open-loop, high-gain comparator can be
improved with little extra effort. These areas are the input-offset voltage and a single transi-
tion of the comparator in a noisy environment. The first problem can be solved by autozeroing
and the second can be solved by the introduction of hysteresis using a bistable circuit. These
two techniques will be examined in the following.

Autozerolng Techniques

Input-offset voltage can be a particularly difficult problem in comparator design. [n precision
applications, such as high-resolution A/D converters, large input-offset voltages cannot be
tolerated. While systematic offset can nearly be eliminated with proper design (though still
affected by process variations), random offsets still remain and are unpredictable. Fortunately,
there are techniques in MOS technology lo remove a large portion of the input offset using
offset-cancellation techniques. These techniques are available in MOS because of the nearly
infinite input resistance of MOS transistors. This characteristic allows long-term storage of
voltages on the transistor’s gate. As & result, offsel voltages can be measured, stored on caps-
citors, and summed with the input so as to cancel the offset.

i

o s

\

wo;."
L

\

AZ
(a)
Figure 8.4-1 (a) Sirnple model of a comparator including offset. (b) Comparator
in unity-gain configuration storing the offset on autozero capacitor Cuz during
the first half of the autozero cycle. {¢) Comparator in open-loop configuration
with offse: cancellation achieved at the noninverting input during the second half
of the autozero cycle.

Figure 8.4-2 (a) Differential circuit implementation of an autozeroed comparator.
{b) Comparator during ¢, phase. (c) Comparator during ¢, phase.




Comparator with hysteresis:

Whyv Hysteresis?

Eliminates "chattering" when the mput 1s noisy.

Comparator with no Hysteresis

Vin

C arator
/\\<
. |

¥

Comparator
output

N\

|

Comparator with Hysteresis

comparator

output \

_




VOLTAGE COMPARATORS USING EXTERNAL FEEDBACK

Inverting

Noninverting




DESIGN OF AN INVERTING COMPARATOR WITH HYSTERES!!

Use the circuit of Fig. 8.4-10 to design a high-gain, open-loop comparator having an uppe
trip point of 1 V and a lower trip point of 0 V if Vo = 2 Vand Vg, = —2 V.

Solution

Putting the values of this example into Eqs. (8.4-13) and (8.4-14) gives

R, )
)2+(R|+Rz Vaer

_[_ R _ R, )
0_(31‘1'32)( 2’+(m+ﬂz Ve

Solving these two equations gives 3R, = Ry and Vygp = 2 V.

Discrete-Time Comparators:

Tn many applications the comparator only fimctions over a portion of a time period. Such cir-
cuits are driven by a clock and will have a portion of time or phase when the comparator is
functioning as a comparator and a phase when the comparator is not being used. In this
circumstance, other forms of comparators can be used that are efficient and have a small
propagation delay time. We will examine two such comparators in this section. They are the
switched capacitor comparator and the regenerative comparator,

Switched Capacitor Comparators

The switched capacitor comparator uses a combination of switched capacitors and open-lcop
comparators. The advantages of the switched capacitor comparator are that differential sig-
nals can be compared using single-ended circuits and the switched capacitor comparator nat-
urally lends itself to autozeroing the dc offset voltage of the open-loop comparator. Figure
8.5-1(a) shows a typical switched capacitor comparator. The voltages applied to the circuit are
normally sampled and held so that capitzl variables are used.




Figure B.5-1 (a) A switched capacitor
compuarator. (b) Equivalent circuit of
(a) when the ¢, switches are closed.

—0 Vuul

Vc_('ﬁw) = Vos

Vo€ (Vi = Vsl N VosCp
c+C, C€+C  C+G,

Vouldr) = —4A [ ] + AVops
{

C+C,

Cp
Cr C,.+ C_’_q)]"‘*“in""dﬂ’z“"'t)

- "A[(Vz-— V) - le.s( X

c+C,

Vould2) = AV, = V3)

Therefore, the difference between the voltages V, and V; is amplified by the gain of the
comparator.

Regenerative Comparators

Regenerative comparators use positive feedback to accomplish the comparison of two signals.
The regenerative comparator is also called a latch or a bistable (5]. The simplest form of a
lach is shown in Fig. B.5-3 and consists of two cross-coupled MOSFETs, Figure 8.5-3(a)
uses NMOS transistors while Fig. 8.5-3(b) is a PMOS latch. The current sources/sinks are
used to identify the dc currents in the transistors. Normally, the latch has two modes of oper-
ation. The first mode disables the positive feedback and applies the input signal to the termi-
nals designated as v, and v,,. The initial voltages applied during this mode will be designated
as v, and vg,. The second mode enables the latch and depending on the relative values of v,
and v5;, one of the outputs will go high and the other will go low, A two-phase clock is used
to determine the modes of operation.




It is important to characterize the time it takes for the latch to go from its initial state
the final state during the enabled mode of operation. Figure 8.5-4(a) is a redrawing of

Figure 8.5-3 (a) NMOS latch.
(b) PMOS lawch.

Flgure 8,54 (a) Redrawing of Fig. 8.5-3(a). (b) Equivaient model of (a).

v\
EmVYa2r + G Vg + a‘i'cl(""oi = "}ﬂ) = gmVor + GV, + sC,V,) — C\V;; =0

| ,
ndval + G:Vm + SCz(Va; - Tz) = gﬂvai + GV, + S'C;V.,:_ - C;Vnz =0

where G, and G; are the conductances seen from the drains of M1 and M2 to ground and C,
and C, are the capacitances seen from the drains of M1 and M2 to ground. Solving Egs. (8.5-5)
and (8.5-6) for V,, and V,,, gives

R,C, EmiR| 7 EmiR)
vV, =—mV, - —————V,, = —¥,, - ——¥,
ol SR.Cl +1 ol .!R|C| + lVﬂ sTy ]Vﬂl sry + 1 a2




R,C, ] Em2R> T2 Vi, — EmaRs ,

— . V.

S R U RGN st 1 sl

where 7, is the time constant R, Assume that both transistors are identical so that g, =
=8 K= Ry=RandC= Ci= C;.whjchgives Ih=nR= 7. Let us define the differ-
ence between V,; and V,, a3 AV, and the difference between V,, and V}, as AV,

Therefore,

Ty, + -8R

= AvY,
s+ 1 st+ 1

Solving for AV, gives

- TA.V;
Ao = (- aR




Tutorial Problems

What 1s the on resistance of an enhancement MOS switch if Vg =0V, Vg
10V, W/L =1, Vg = 1V, and K' = 25uA/V22

Assume that vpg = 0V. Therefore,

VDS L/'W
iD o K'WG—VS —V-_r)

Ron =

108

RoN =35010.1) — 44442

If V=10V at t=0. what is the W/L _T_

value necessary to discharge C; to . T

with 5% of its intial charge at

t=0.1uS? Assume K'=25uA/V2 SV=E=, =

ﬂﬂdVTc,,: 1V. - CI_EDPF | _
V() = Sexp(tRC) — -4 L L

107 ) 107
ex ]—ED — RC = In(20)

RC

Therefore, R = ]E—G x 10302

10x103 L/'W LW

Thus, == =Ko Vs V) ~ (2.5x105)(9)

) W
Gives 1 = 2.67

Assume that Vpyp varies from 8 to 12 volts and that Vo = 0. Using

the values of Table 3.1-2, find the common mode range for worst case
conditions. Assume that Igg = 100UA, Wi/L; = Wo/Ly = 5, Wi/l =
WyLy =1, and vgn; = 0.2V, Include the worst case value of K' in the
calculations.

If Vpp varies 10 £ 2V, then we get

Isg
VGi(max) = YDD ~VSD5 ~ E V11

=8 - 02— —12 6.6 —1.67 =499V

ﬁ ss
Vi@ = Vss T\, T VT3~V
=0+ \|‘1X18?+12 08=04+231=271V

Therefore, the input common mode range of the p-channel input
differential amplifier 1s from 2.71V to 4.99V




” +
2V
Ky =2475 pa/ve 20 >, 20
N HA 20 —“ 20 7y
Kp = 10.125 pA/V2 M3 . Ms6
M4 40
AN =0.015V-1 ,_ 6y
10 10 4 _
Ap = 0.020V-! It e — A Vo =s
Ml _ M2 14
g, +
_ﬂu.ﬂ;ﬂm
10 3V 10
ms_| ! N
| M5 N7 10

Find Vg to make ig =17 V=0V

(1) Find the nmismatch between 15 and 17

17 (1 + ANVDST|(W7/L7} 1+ (0.015)(5) 1) —1.029
15 |1+ AnvDpss)|Ws/Ls] 1+ {G_DIS](E)( ) =1

16 (1 +ApvDsS6|(WeLe) 1 +(0.02)(5) %) = 2115
14 |1+ Apvpsa)|Wy/Lg] 1+ ({]_{}2](2]{ ) =2.

15 = 214
S =(1.029)(2)14 = 2.05714 and 15 =2.11514

(2) Find how much vgse must be reduced to make 15 =17
Avgse =vgse(2.11514) - vgse(2.05714)
2Lg
Avgss = KpWs

ig (V2115 -42.057) = 1411 mV

(3) Reflecting AvGse wmto the mput

. 2 En(Wa2/L2)
Av
GS6 141 mV 0157 mV

- VOS =@ - 899



DESIGNING FOR COMMON MODE INPUT RANGE

Vopr———— -
+
L
Vsﬁih_,___- |
Y vG1(mn) = Vgg + Vpsgs + Vgsi
1s/2 I-
L yEs N Ve 4 Veex 15
Voar | vgi(min) = Vgg + Vpgs + Vri(max) + 7B
Vg1o—] I:v -
+ 0 SDst vG1l(max) = VDD - VsG3 - VDG1(sat)
Vst 4 Is _
- 455 vG1(max) = VDD - B3 - |VT3EmaX]| + VT1(min)

Vaias—] Vs

M5 -
Vsg -

Example

where Vpgi(sat) =-V11

Design M1 through M4 for a CM wmnput range 1.5 to 9 Volts when Vpp =
10 V, Isg = 40uA, and Vgg = OV. Table 3.1-2 parameters with [Vn p| =
0.4 to 1.0 Volts,

: Is
vG1(mmn) = Vss + VDss + ’\/;—1 + VT1(max)
40pLA .
15=0+01+4 f% +1 (assumed Vpgs = 0.1V- it probably more

reasonable to assume P 1s already defined and find P5)

KNW1 o Wi W2
Bi=", =250 pA/V? oL

= 1470

-

I5 _
vG1(max) = VDD - B3 |VT3(max)| + VT1(min)

KpW3 W3 W
B3=—F— =250 pA/V2® T =

4 .
I3 I3 _L_4 =3125




Example: Design of a Two-Stage Op Amp

Using the material and device paramefers given in Tables 3.1-1 and 3.1-2, design
an amplifier similar to that shown in Fig. 6.3-1 that meets the following
specifications. Assume the channel length is to be 1um.

A, = 3000V/V pp=2-5V Ve =-2.5V
GB = SMHz Cy = 10pF SR = 10V/us
V, range=+V  ICMR=-1t02V Py _<2mW

Solution

Calculate the minimum value of the compensation capacitor C,
C.=(2.2/10y(10 pF) =22 pF

Choose C, as 3pF. Using the slew-rate specification and C,. calculate /5.
Is=(3 % 1071910 % 106) =30 pA

Next caleulate (/L) using ICME. requirements.

D 30 x 109 5
7 — =123
37 (50 106)[2.5— 2 — 85+0.55)2

2,5 = \[2 % 50x10 x15x10°6 x 15 = 1505
Therefore
(WIL); =(W/L)y=15
Check the value of the mirror pole. p;. to make sure that it is in fact greater than
10GB. Assume the C, = 0.4{F .-'umz. The mirror pole can be found as

po o Em3 _ B el Ak
3 ECEES 2(0.667),L;C,,
or 2.98 GHz. Thus. ps. is not of concern in this design because p; == 10GB.

=15.75x10%rads/sec)

The next step in the design is to calculate gy
g1 = (5 % 109(2m)(3 x 10712y = 04 2518
Therefore, (/L) 15

2 7
o EmT (94252
(VL) = (WL =3¢ 3= 311015~ 279 =30

Wext calculate VD 55



30 % 106
Vpss = (=1) = (<2.5) <A [————- 85=035V
110 % 10-6-3

Using Frgs calculate (F7/L)5 from Eq. (16)
. 2(30 x 10-6)
(D)=~ =~
(50 = 10-6)(0.35)2
From Eq. (20) of Sec. 6.2, we know that
S = 108, 2 942,518

=440 =45

Assuming that g, . =942 5u5

D= 15 2102 _ g4 5
Fe=1 Tsox106 ~ >

Using the equations for proper mirroring. /5 is determined to be
Ig=(15 x 10-6)(94 25/15) = 94.25 pnA
Finally, calculate (F7L);
(WD) =45 [94.15 x 10-6
30 x 10-6

Check the I, {min) specification although the W/L of M7 is so large that this is
probably not necessary. The value of V', {min) 15

2x 0425
Vpintout) = FVpe(sat) = m =0.348V

which 15 much less than required. At this point, the first-cut design 1s complete.
Examining the results shows that the large value of M7 15 due to the large value of
M5 which m turn 1s due to a tight specification on the negative input common
a

]P: 14.14

Calculate the gain, unity-gain bandwidth, and slew rate of the previous
two-stage op amp used in weak mversion 1f:

Ips = 200nA np=15 hp =0.02V-1
L=10um Ny =25 Ay =0.01V-1
C =>5pF T=27"C

1

AV = (175)(2.5)(0.026)(2)(0.1+0.02)(0.01+0.02) — ~0%8

100-10-9
(2 530 026)5-10-12)

GB= = 307.69Krps or 45 97KHz

Find the propagation delay time of an open loop comparator thar has a dominant pole
at 103 radians/sec, a de gain of 104, a slew rate of 1V/ys, and a binary output voltage

swing of 1V. Assume the applied input veltage 1s 10mV.

Solution

The input resolution for this comparator is 1V/104 or 0.1mV. Therefore. the 10mV

mput is 100 ames larger than v;,,(min) giving a & of 100. Therefore, we get
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Operational amplifiers
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Operational amplifiers are the most widely vsed bleck in the analog circuit design.
Depending on the mode of representation of the signals (by current or veltage) four broad
tvpe of operational amplifiers are known:

- operational voltage amplifier (usually called Op Amp): voltage input — voltage output;

- operational transconductance amplifier (OTA): voltage input — current output;

- operational transresistance amplifier (current mode amplifier, CMA): current mnput —
voltage output;

- operational current amplifier (OCA): current input — current output.

CMOS Analog IC
Emil I Manalor, TU-Safa Opention] amplifierz 3

Basic CMOS Operational Amplifier
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The basic CMOS Op Amp configuration consists of two stages. The first stage 15 a
differential amplifier (M1, M2, M7) with current mirror load (M3, M4). It ensures high
value of the CMRER. The second stage is a class AB output amplifier with a complementary
source-followers (M11.M12). M5 and M6 are common source amplifier with active load.
Transistors M9 and M10 set the biasing of the output pair. The couples M8, M7 and M8.M6
are simple current mirrors. Iref is a constant current reference. As we know from previous
modules. transistors M1 and M2, and M3 and M4 are identical. Miller capacitance Cc is the
frequency compensation of the circuit.

CMOS Analop IC
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Basic DC relations in the Op Amp

= = :voo  To obtain the basic DC relations in
r3 }—-—' 14 the Op Amp, the circoit 1s analyzed
et} ¢ E\._E, without exciting zignal. ie.
=
————— V(In+) = V(In-) = OV.
kO | - | wH i
In-'_"—| M '-.121 — i+ A 0ul - C w8
1 r wia }—-—{ Tz Lpe =Ipg = Hna ok E\-’Eﬂ—a;
b7 # )
e || - | . WL WL
. . w0 W8/L8 ' ws/Lg ™

Because of the symmetry in the input pair

I . W1 Wi3_
Iy =Ipy=Ips=Ipy= % = upla TRG HpCox I3 Vefrs

To ensure the symmetrical load of the input diff amp, the next equations should be fulfilled

W5/L5 Iy, W5/L5 I, W3/L3W7/L7
W3/L3 2 W3/L3 2 W3I/L3 W8/L8’
(continue to the next slide)

SRR
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Basic DC relations in the Op Amp (cont.)

“voo Using the basic property of the
current mirror we can find
We/L6

WE/L]

Becaunse of currents ID3 and ID6
are equals

Ipg =Ins
|
Ins =Ips =Ipy =Ipp:

T WH/L5 WT7/L7 Wa/Le

ves ) W3/L3 W8/L8 ¥ W8/L8

and finally ——= —. which is the condition for normally operation of the circuit.
L5 L7 Lo L3

To assure the desired biasing of the output pair, the transistors M9 and M10 should be sized
wsing the following formulas

18 _ 20y L0 2-Ips

WO . CoVie WIO pCpVig,’

W3 W7 W6 W3

[E¥)

Wi2/L12_ _ WIl/Ll
P wio/tio BF wosro

Ipy =Ipp =1
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Low-frequency analysis of Op Amp

—wee The fornmlas for voltage gain An and
output resistance rew of the OPF Amp
can be obtained by using the equations
for the simple amphfiing stages, grven
in Maodule 3. Hence, the signals at

Irat .-\. _{)'

n-i": | Lyl mrjl ik Pt 1 pU:III.I'.A. and B are as follow
* +1:|J- -'-I j -1':- 1.'A=Au1v,-d =%X’mﬂﬂd
= S EnTE
MB:] & . i o o4
_..1 syes  YBT A'u.]""-a. = lvﬁ.
a5 T Eos
The final resultsare A =A A .= Yom VB _ ~Eml Bms and 1, = ;,
Via  Vid  (Ze2 +Eou NEos + Eas) Emll + Exi2
where
— _
| J . AUpy ' W3 . AUps
Em1 = -.'IQHnCm; 17 12 = PoCoxVem2 = Vi, 2= =1II|' WpCox 75 Tas =PpCoxVers = s
Eor=Hhmalpal Zos =Hhplpai Zos =Rpslps: Zo5 = Muslps-
CMOS Analog IC
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High-frequency behavior of Op Amp

Angft 1

5] T Fa4 Y
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5w i :

r.u:] %

The discussed circnit has the disadvantage of having two high-impedance nodes in pomts A and B.
This imphes that two poles will be dominant, which deteriorate the phase margin of the Op Amp. The
right graphic shows the open loop uncompensated frequency response of the amplifier. There are two
poles in the circuit and at the point at which the open-loop gain is unity (0 dB) cotresponds the phase
shift is higher than 180 degree. As we know the marxinmm admissible phase shift 1s 135 degree, which
assures a phase margin of 45 degree. Otherwise the circuit 15 highly unstable. as it 1s in our case. To
avoid the mstability the frequency compensation 1s used. which guarantees a phase margin no less
than a 45 degree. (Frequently. 60 degree is desired for better safety).

CMOS Analog IC
Emil D Manalow, TU-5afa Opentiona] amplifisrs 8




‘ Frequency compensation of Op Amp
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To compensate the Op Amp the capacitor Ce isused. In this way the deminant pole is translated towards
the low frequencies. The next fornmla can be used for caleulation the value of the capacitor Ce.

fll =GBW = ‘A'UB%? = AILlAILE g[:'l + g04 = Alﬂ EU?. + g04 = gm] E{I] + $u4 = Eml

A -C 2aC, g1t B 2mC, 2aC,

In this formmula, fu 15 the frequency, at which the open-loop gain is unity (usually is known as vnity-gain
frequency). The value of ful is very close to the gam-bandwidih product, GBW.
But the results shown in the right graphics demonstrate that despite of applied compensation the Op Amp
iz unstable again An additional night-hand plane zero appears, which boosts the magnitude while
decreasing the phase.

CMO35 Analog IC
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‘ Zero compensation of Op Amp
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Frequency
As we seen in the previous slide. when the compensation capacitor is included. the right-hand
plane zero appears. Its value is given by z=g . f-‘CE. To eliminate the problem a resistor in
series with the compensation capacitor can be included. Then the formula for zero changes

- +1-1

z=,C, L _ R, ] :
I \ B3 J

If Rz is selected equal to 1/gms the zero disappears. If Rz is larger than 1/gms the phase

margin increases. In the discussed case the result is extremely positive. The using of zero nulling

resistor increases the phase margin up to 60 degree.

CMOS Analop IC
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Common mode rejection ratio

Akl

[EUERETS

Common-mode rejection ratio, CMER, is defined as the ratio of the differential voltage
amplification And to the common-mode voltage amplification Aucm. Ideally this ratio
would be infinite with common mode voltages being totally rejected.

The figure shows the test-circuit for CMER simulation. The fornmla for CMEER
calculation is

“MER = | . (Vi Out 1}
i ‘i.' Out_2)/ |
. Lu:m :
CMOS Analop IC
Emil D Manalow, TU-50fa Operationa] amplifiers bl

Power supply rejection ratio

v Wi Y
Tt —
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The power supply rejection ratio, PSER, describes how well an amplifier rejects noise
or changes on the VDD and V55 power supply. The figure shows the test-circuit for
PSRER simulation. The formulas for PSRE calculation are

All1 . PSRR™ = An

!V Vo !V

PSER™ =

v

The right plots demonstrate the frequency characteristics of the three components of the
above formulas.

CMO5 Analog IC
Emil D Manalog, TT-5ofa Opentiona] amplifiers 3




Slew rate

Win

2nVomn

Slew rate. SR. 1s the rate of change in the output voltage caused by a step input. Ifs units
are V/ps or V/ms. Figure shows slew rate graphically. The primary factor controlling
slew rate in most op amps 1s the internal compensation capacitor Cc, which is added to
make the op amp unity gain stable. In op amps without infernal compensation capacitors,
the slew rate is determined by the load capacitor CL. The slew rate is limiting factor for
Maximum output-swing bandwidth, BOM. As the frequency gets higher and higher the
output becomes slew rate limited and can not respond quickly enough to maintain the
specified output voltage swing. BOM specifies the bandwidth over which the output is
above a specified value Vomin.

CMO5 Analop IC
Emil D Manalow, TU-Safa

Opentionz] amplifiers 31

Settling time

—_T_—O‘Jout
CL

I

Final Valug

E Damped |
* Oscillation

L Shew
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' Tine

Time

The settling time characterizes the finite
time for a signal to propagate through the
internal circuitry of an op amp. In fact it
takes a period of time for the output to
react to a step change in the input. In
addition, the output normally overshoots
the target value, experiences damped
oscillation. and settles to a final value.
Settling time, ts. is the time required for
the output voltage to settle to within a
specified percentage of the final value
given a step input. Figure shows this
graphically. Seftling fime is a design issue
in data acquisition circuifs when signals
are changing rapidly.

CMO5 Analop IC
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Operational current amplifier

The Operational current amplifiers OCA
5 t‘ W5 uses of input commeon-gate stages M1 and
M3, which are biased at current Ie. The
signals from the drains of M1 and M3 are
current mirrored to the output, with current
factor Ba. For small-signals, the input
c, current iy is divided over both input
L transistors, nmltiplied by B2, and generates
-_l- an output voltage in the output resistance
Tont. The current gain is very modest (Bz)
but the transresistance (Ar) can be very
large. It 1s not possible fo compare the
w—sz_tl ol product ARBW to the GBW of a voltage
amplifier. They have totally different

Ap =Bir, = B, ; BW=— 1. dmlepsioqs. The main ad1=nﬂtage of Ihis
Bas T 2us 2C 1oy amplifier is that the Slew Rate is unlimited.
B L Indeed, for a large input current, the SR s
ApBW =— o SR=B, CE determined by this input current itself
“T-L L multiplied by Ba.
CMOS Analop IC
Emil It Manalow, TU-Sofa Opentional amplifiers kad

Operational current mode amplifier

The presented two-stage opamp has a
OCA as a input stage and standard
voltage-to-voltage stage as a second
stage. Such operational amplifiers are
C, known as Operational current-mode

— amplifiers CMA. In this circuit the
low-voltage gain Awo is defined from
Rr/Rs ratio, as in voltage-to-voltage
Op Amps. However, due fo the
current feedback, the expressions for
the bandwidth are now different. The
BW is determined by the feedback
resistor Rr, while the series resistor
Rs controls the GBW.

L
R’ T 2iRC.

_t
2nR,C,

R 1 Rr.

A =—_F_ ° - AL - GBW=|A, | BW=
Ay R 1+ joRC, Aug Al

CALOS Analog IC
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Comparator

v The comparator is a circuit that compares one analog signal with another
analog signal or a reference voltage and outputs a binary signal based on the

comparison.

v" The comparator is basically a 1-bit analog-to-digital converter

Reference
Voltage
1
!
Analog 1-Rir
Input  “ Quantizer

—M

1-Bit ADC
1-Bit |-Bit
Encoder [+ Digital
Output

v Comparator symbol

VP Ot

vy 0—f

[

-
-

Analog | Comparate
Inpur 1
1-Bit 1-Rir

N —
Cuantizer| | Encoder 7—3

Ana]ogﬁ_ i

Input 2

60E0E-01

Non-inverting and Inverting Comparators

v The comparator output is binary with the two-level outputs defined as,

— VOH = the high output of the comparator

— VOL = the low level output of the comparator

v Voltage transfer function of a Non-inverting and Inverting Comparator

1

4]
b

Vor

For

= p-V

Noninverting Comparator

Vo
F 3

Vor

Inverting Comparator

V-1

Vor,



Input Offset Voltage of a Comparator

v Voltage transfer curve

Ya

J.F’os Vor
Vi
2 — vpvy
i
Vor ——
. . VorrtVor
Vos = the input voltage necessary to make the output equal ——>—— when vp = vy

v Model VP o ( ) P o
+ - +

2108, 51y 1vp=y) 1o

TN O0————————IN° o
v Comparator

v Other aspects of the model:

— ICMR = input common mode voltage range (all transistors remain in saturation)
— Rin = input differential resistance

— Ricm = common mode input resistance

Comparator Noise

v Noise of a comparator is modeled as if the comparator were biased in the
transition region

1|r_ L7 Vo
Rms Noise [/f/

T *VPVN

Vor J

Transition Uncertainty

v Noise leads to an uncertainty in the transition region causing jitter or phase
noise



Input Common Mode Range

v Because the input is analog and normally differential, the input common
mode range of the comparator is also important

v Input common mode range (ICMR):

— ICMR = the voltage range over which the input common-mode signal
can vary without influence the differential performance

v The ICMR is defined by the common-mode voltage range over which all
MOSFETSs remain in the saturation region

Linear Frequency Response — Dominant Single-Pole

Model:
4,0)  4.40)
A,(s) = s.1 zs;r—l
@t 1
where

A4,(0) = dc voltage gain of the comparator

1 :
we =T, = -3dB frequency of the comparator or the magnitude of the pole

Step Response:
£ 4 oy T Fle AT
vold) —AyUj [L - e " ¥y
where
I, = the magnitude of the step mput.

Maximum slope of the step response:
dvolt)  4,{0)

dr = 1, e ey,
The maximmum slope occurs at ¢ = 0 giving.
o) | Ay0)

di 0= 1. Vin



Dynamic Characterization — Slew Rate

v If the rate of rise or fall of a comparator becomes large, the dynamics may be
limited by the slew rate

: . av
v Slew rate comes from the relationship ;= Ca

— where 1 is the current through a capacitor and v is the voltage across it
v If the current becomes limited, then the voltage rate becomes limited,

Therefore for a comparator that is slew rate limited, then

AV Vog-Vor
Ip=AI =SR="7238FR

v where
— SR = slew rate of the comparator

— If SR < Imaximum slopel, then the comparator is slewing

Example - Propagation Delay Time of a Comparator

Find the propagatnon delay time of an open loop comparator that has a dominant pole
at 103 radians/sec, a dc gain of 104, a slew rate of 1V/ys, and a binary output voltage
swing of 1V. Assume the applied input voltage is 10mV.

Solution

The input resolution for this comparator is 1V/104 or 0.1mV. Therefore, the 10mV
mput 1s 100 times larger than v;,,(min) giving a & of 100. Therefore, we get

T A TR
ER LY

In =103 3”[2-;100_1.] =10-3 hﬂm =501pus

I FaTal

For slew rate considerations, we get
: 104 r 105 v/ /
Maximum slope = 10-3 10mV = 10- Visec. = 0.1V/pus.

Therefore, the propagation delay time for this case 1s limited by the linear response and is
5.01ps.



Open-loop Comparators

SINGLE-POLE COMPARATORS

Dominant Pole Comparators

v Any of the self-compensated op amps provide a straight-forward
implementation of an open loop comparator without any modification.

v The previous section give the relationships for:
— The static characteristics
* Gain
* Input offset
* Noise
— The dynamic characteristics
* Linear frequency response

+ Slew rate response

Single-Stage Dominant Pole Comparator

— 0R0B0E-02

. ..
* Gain = g,,"r s

* Slew rate =I5/Cy.

» Dominant pole = -1/(Ry,,:C1) = -1/(gprds>Cr)



Example - Performance of a Two-Stage Comparator

Evaluate Vg, Vor, 4,(0), V,(min), p|, p», for the two-stage comparator
Assume that this comparator is the circuit of ©P ampP with no compensation capacitor,
(., and the minimum value of Vgg = 0V. Also, assume that C;= 0.2pF and Cp;= SpF.

Solurion

Using the above relations. we find that

, ] §234x10-6 ,
Vor =2.5-(2.5:0-07) [1 -\ 1- 5057063802 5-0-0 792 | — 22V

The value of Vpy 1s -2.5V. The gamn was evaluated m Ex. 6.3-1 as A(0) = 7696.

Vi (min) = 4.(0) 7696~ 0.611mV
Next, we find the poles of the comparator, p; and p-. From Ex_ 6 3-1 we find that

g T gt 15%106(0.04+0.05)
Pi=- - 0.2x10-12

=-6.75x108 (1.074MHz)

and

_ 8ds6 T 8&ds7T  95x10-0(0.04+0.05)
P27 m T sx1el2

— _1.71x106 (0.272MTIz)

Step Response of a Two-Stage Comparator

v Find the maximum slope of Two stage comparator and the time it occurs if the
magnitude of the input step is vin(min). If the dc bias current in M7 is 100uA, at
what value of load capacitance, CL would the transient response become slew
limited? If the magnitude of the input step is 100vin(min), what is the new value of
CL at which slewing would occur?

Solution

v The poles of the comparator were given as p, = -6.75x 106 rads/sec p, = -1.71x106
rads/sec. This gives a value of m = 0.253. From the previous expressions, the
maximum slope occurs at t (max) = 1.84 secs. Dividing by Ipll gives t(max) =
0.272ps. The slope of the transient response at this time is found as

dv,y, (f,(max))

dar, =-0.338[exp(-1.84) - exp(-0.253-1.84)] = 0.159 V/sec
D , Vg, (H(max))
Muluplymg the above by Ip,| gives T dr = 1072V/pus

If the slew rate 1s less than 1.072V/us, the transient response will experience slewing.
Therefore, 1if Cz = 100 A/1.072V/ps or 93.3pF, the comparator will slew.
If the input 15 100v,,(1mn), then we must unmormalize the output slope as follows.

dv,,,; (il max)) v; dv,, . (1 max))
g Swpmiy dr = 1001.072V/pis = 107.2V/jis

Therefore. the comparator will now slew with a load capacitance of 0.933pF.




Summary

The two-stage, open-loop comparator has two poles which should as large as
possible

The transient response of a two-stage, open-loop comparator will be limited
by either the bandwidth or the slew rate

[t is important to know the initial states of a two-stage, open-loop comparator
when finding the propagation delay time

If the comparator is gain bandwidth limited then the poles should be as large
as possible for minimum propagation delay time

If the comparator is slew rate limited, then the current sinking and sourcing
ability should be as large as possible
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End/Mid Questions

UNIT-I
MOS DEVICES AND MODELING

1.Discuss about the Passive Components of the MOS transistor.

2.Explain about the CMOS device Modeling.

3.Explain the Large-signal model for the MOS Transistor.

4.Draw the small-signal model for the MOS transistor. Briefly explain each component
5.Explain about the computer simulation models.

UNIT-l ANALOG CMOS SUB CIRCUITS
1. Write short notes on current sinks and sources.
2. What is Current Mirror? Explain the general properties of current mirrors with
block diagram.
3. Explain the cascode current mirror and Wilson current mirror using bipolar and MOS
devices.
4. Explain the following:
i) Simplest form of Current Mirror in Bipolar and MOS
ii) Simplest form of Current Mirror with beta helper in Bipolar and MOS
iii) Simplest form of Current Mirror with degeneration in Bipolar and MOS

UNIT 1lIl CMOS AMPLIFIERS
1. Draw and explain the small signal frequency response of the active resistor load
inverter.
2. Briefly explain the differential amplifiers. With necessary equation give
the large signal analysis of CMOS differential amplifiers.

3. Explain the large signal characteristics of cascode amplifier.
4. What is a current amplifier? Explain the single ended input current amplifier.
5. Write short notes on Output amplifiers.
6. Explain about high gain amplifier architectures.
UNIT IV CMOS OPERATIONAL AMPLIFIERS
1. Explain about the design of CMOS op-amps.
2. Explain about the two stage operational amplifier analysis.
3. Derive the expression for power-supply rejection ratio of Two-stage op-amps.
4. What is compensation of op amp? Explain the operation of Miller compensation.
5. Explain about the Cascode Op-amps.
6. Explain the Measurement technologies of Op-amp.

UNIT V COMPARATORS

1. What are the characterizations of comparators? Calculate the gain and propagation
delay of two stage comparator.

2. Draw and explain the two stage open loop comparator.
Explain the types of discrete time comparator circuit.(or)
4. Explain the following terms with neat sketch.

a) Switched capacitor comparators

b) Regenerative comparators

5. How to improve the performance of open loop comparators? Explain it.

w
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SECTION-1

(@) Explain about MOS large- signal analysis of CMOS Device Modeling
(b) Explain sub-threshold MOS model Parameters.

OR

(@) Discuss about the passive components of the MOS transistor.
(b) Write about computer simulation models for MOS transistor

SECTION-11

a) Explain the working of current mirror with beta helper
b) Explain the operation of MOS Diode

OR

Discuss the Cascode current Mirror and Wilson Current Mirror

SECTION-III
(a)Explain about working of differential amplifier
(b)Explain the operation of CMOS inverter

OR

Max. Marks: 75

This question paper Consists of 5 Sections. Answer FIVE Questions, Choosing ONE Question from
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Discuss the principle of High Gain Amplifiers Architectures
SECTION-IV
Discuss the concept of op amp compensation and give the necessary expressions.
OR
(a)Explain the Design of Two-Stage Op Amps
(b)What are the various measurements of op amp?
SECTION-V
(a) Explain the Discrete-Time Comparators.
(b) What is a comparator and list the important characteristics of a comparator
OR

What are the various forms of improving the slew-rate of a 2-stage op amp and obtain
the expression for slew rate of CMOS op amp
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SECTION-I

Q.No. 1.a. Draw the physical structure of n channel and p channel MOS transistor using well
technology

and highlight the importance points? [7M]

b. Explain the importance of BSIM3 model addresses threshold voltage reduction? [7M]

OR
Q.No 2.a. Explain the small signal model for the MOS transistor? [7M]
b. Explain about CMOS device model? [7M]

SECTION-I1
Q.No.3.a. Explain the the feedback through effects by using a dummy transistor? [7M]
b.Draw the current sink circuits and explain the VI characteristics? [7M]
OR
Q.No.4.a. What do you mean by band gap reference and list the principle involved? [7M]
b.Draw the circuit diagram of standard cascode current sink and how its reduces the errors in
Vorl? [TM]
SECTION-II
Q.No.5.a. Draw the circuit diagram of output amplifier using push pull inverting amplifier and
comment on
it? [7TM]
b. Explain the noise model of a p channel differential amplifier ? [7M]
OR
Q.No.6.a. Explain the design relationships for the differential amplifier? [7M]
b. Draw the circuit diagram of differential mode and common mode circuits using CMOS and
explain? [7TM]
SECTION-1V
Q.No.7. What is compensation of Op-amp? Explain the operation of Miller compensation. [14M]

OR
Q.No.8.a. Explain the design procedure for the 2 stage CMOS opamp? [7M]
b.Explain folded cascode op amp? [7M]
SECTION-V
Q.No.9.a. Explain regenerative comparators? [7TM]
b. Draw the switched capacitor comparator and highlight four important points? [7M]
OR
Q.No.10.a. How to improve the performance of an open loop high gain comparator by auto zeroing?
[7M]
b. Explain clamped push pull output comparator? [7M]
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