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Scope of the Course-ware

“This course material has been developed to supplement the
the discussions during the lectures in class. You can use this
as the principal reference material. However, this course
material is not a text book. You may still want to read up
some of the books listed in the reference list to gain more
insight or to get alternate explanation for a given topic.”

Your feedback is wel-come in terms of any corrections or any
additions to be done to the course-ware to improve its utility.

Note: The emphasis in this course is to designs analog circuits
on a digital CMOS technology. Some of the discussions should
be viewed and appreciated with this context in mind.
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[ist of Reference books

Due to the advent of mixed signal SOCs, numerous books
have been published on Analog Design. A partial list :

[. Analog CMOS Design
Razavi, McGraw Hill Publication

2. CMOS: Circuit Design, Layout , and Simulation
Boise, Baker, Lee, Prentice Hall Publication

3. Analog VLSI : Signal and Information Processing
Ismail and Feiz, McGraw Hill Publication

4. Analysis and Design of Analog Integrated Circuits
Gray and Meyer, Wiley Publication
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Topics covered

* CMOS versus Bipolar Implementation
* The Sub-micron MOS Transistor for Analog Design

» Small signal parameters for MOSFET
Cut-off frequency, Concept of Poles and Zeros, Miller approximation

* Single stage Amplifiers
Common source, Common gate, Source follower, Cascode

e Current Mirror
Cascode Current Mirror, Wilson Current Mirror, Regulated Cascode

 Layout issues

* Bandgap Voltage Reference
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Topics covered

Differential Amplifier
* Gilbert Cell

 Design of 2 stage CMOS OPAMP
Differential to Single ended conversion, DC and AC response
Frequency Compensation, Pole Splitting, Zero Cancellation

*OPAMP Performance Metrics
Slew rate, CMRR, Offset, Noise ...

* Output Stage
* OTA and OPAMP Circuits
*Sample and Hold

*Switched Capacitor Circuits
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Topics covered

« Comparator

 Sense Amplifier
Voltage SA, Current SA, Latch type SA, Gain bandwidth analysis

 Impact of mismatch on Analog design
Offset effects in Sense Amplifier

« Statistical Design and Simulation

* Alternate Device Gallery for Low Voltage Low Power Analog Design
Wide common range OPAMP
Bulk driven OPAMP
Lateral BJT in CMOS Technology
Sub-threshold operation of MOSFET : Neural Network Application
Floating Gate transistor as analog memory
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The First Transistor : 1947

The baby is born! Bardeen, Brattain, Schokley (@ Bell Labs

. i

* First transistor was point contact Ge bipolar junction transistor,
whereas the VLSI 1s neither based on Ge nor on BJT!

» The Bell Labs team was 1n fact trying to make MOS transistor,
but got stuck with surface states and ended up with BJT!
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Metal Oxide Semiconductor Field Effect
Transistor (MOSFET)

* Field effect transistor concept proposed in 1930s by Lilienfeld

 First MOSFET fabricated in 1960 by Kahng and Atalla

PMOSFET NMOSFET
metal metal
“oxide “oxide

‘Y et/ ot/ At/
Silicon Silicon

» Early MOS technology was based on PMOSFET's
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CMOS (Complementary MOS) technology
*Both NMOSFETs & PMOSFETs are used

*No static power consumption
*Very high integration density
*Very good 1solation

*Very low cost

CM(ﬁ Inverter

—d| PMOS

IN— ~— OUT

——|| NMoOS
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Evolution from SSI to VLSI
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* In the the Digital world, MOSFET completely displaced BJT
due to all the advantages offered by CMOS
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CMOS market share
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* CMOS captures more than 90% of electronics market share
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Process Technology Today (2003)

* 0.13um digital technology in volume production

* Number of transistors per chip is ~ 1 billion( DRAMs),
~ 100 million (microprocessors)

* Technology scaling for future more challenging and expensive

» State of the art fab set-up costs more than US$2 billion

* Recovering the fab cost requires a modular process technology
approach capable of producing diverse products

What do we do with the technology capable of making
millions of transistor on a tiny area in Si? :

Mixed Signal Systems On Chip (S0OC)
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BJT versus MOSFET speed

metal
oxide
- g L —
\p/ y i \nt/ 2, ot/
n_
/ Silicon
P
Base wélth defined by Chan{el length defined by
diffusion process Photolythography process

*Historically BJT used to be faster than MOSFET

*CMOS scaling has brought MOSFET on par with BJT
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*MOSFET f;has increased with scaling
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Analog Design on Digital Technology

» Microprocessors are today’s technology drivers

» The most elegant analog designs make use of the
existing digital technology

» Every modification to the baseline technology adds on
to the manufacturing cost

* Design For Manufacturability (DFM)

« CMOS analog circuits are logical choice
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The Sub-micron MOS Transistor for
Analog Design
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Transistor abstraction

ik )

‘ B
Ts T

schematic switch model
gate
n+ n+
A 9
P-well
S1

lay out cross section
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Simple 3-D picture of MOSFET

W /
n+ gat P

2

Tox| Onide

XjI n+ source V \ n+ drain

p substrate

Doping concentration = Na

The 2 important dimensional parameters of MOSFET
under circuit designer’s control are:

Lg = Length of the gate
Wg = Width of the gate
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Simple MOS Theory

Vos < Vt, MOSFET is in cut off region

Ids = 0

Vos > 1Vt Vds < Vos-Vt, MOSFET is in linear region

ue W Vds®

Ids =

{(Vgs —VtWds -

ox

Vos > Vi, Vds > Ves-Vt, MOSFET is in saturation region

where y 1s mobility, g 1s permittivity of the oxide,
and V¢ 1s the threshold voltage of the MOSFET

Tvox \/4gs qNa ¢b
&

ox

Kszb+2¢b+

Dr. Navakanta Bhat



I-V characteristics

Output Characteristics Transfer Characteristics
A
Vg3
s Saturation
Vds=Vdd
Ids Vg2 Ids
Vgl Linear
Vds~0.1V
Vds Vegs

*Ids 1s constant and independent of Vds in saturation

*[ds 1s zero in sub-threshold region
Both of these idealities are incorrect especially for
the sub-micron MOS transistor

Dr. Navakanta Bhat



Channel length modulation
Vg > Vi VQT vg-vt  Ids %
1 M,
— <
n+ SOWC@/fKAL n+ drain

electron channel

p-substrate Vds=Vgs-Vt

Vds
Effective channel length 1s Leff = L - AL, where AL=f(Vds)

;- ue, W (Vgs = Vt)2 I ue, W (Vgs —Vt)2 (

ds ds
T;)x L eff 2 T:)xL 2

Ids increases slightly in saturation region with increasing Vds

1+ AV, )

This limits the AC output resistance for analog applications
A 1s channel length modulation parameter in SPICE
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Sub threshold conduction

S

Log Ids - The inverse slope

—~of this line 1s S, the
sub threshold slope

Vt(S~8 0-100mV/decade)

A 4 >

Vgs

B

D

S_x

/

* For Vg < Vi, current is non zero and 1s exponential function of Vg

« S =2.3kT/q (1 + Cs1/Cox) mV/decade

Csi=depletion capacitance in Si, Cox=oxide capacitance,kT/q=thermal voltage

* MOSFET should be designed to have minimum possible S

* Sub threshold analog circuits work based on this principle
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Sub threshold limitation on Vt scaling

Suppose S = 100mV/decade

Suppose MOSFET should have Ion/Ioff = 10°

Then for Vds=Vsupply,
when Vgs 1s changed from OV (off state) to supply (on state)
Ids should change by ~ 6 decades

Vtmin =100 * 6 = 0.6V

=2 The value of S will impose the lower limit on Vt scaling
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Body effect

\Y/ d
o n+ n+
Vbse |
T \|4e.gN
Vo=V, +2¢, + w42,V

&

ox

+2¢b _\/%)

y = L, \/295sNa v = body effect factor (y = 0.3-0.7)
gox

* Vt increases due to body effect
e This results in a transconductance term

v, =V, + 7,
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Short Channel Effect (SCE)

Vg Vi
A
|,
n+ L n+
denletion depletion ~1pm
p-substrate L. >

L (um)
* Fraction of the depletion charge (Qd in Vt equation) 1s supported
by the source and drain junctions and hence Vg need not support this

 When L 1s very small (~ 1um) this charge becomes significant
fraction of the total depletion charge and can not be neglected

=2 Vt decreases with decreasing L
 Impacts matching of transistors in analog applications
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Reverse Short Channel Effect

Vit /

L
dV

L= +vye
dL L

714
dL

~ = —ve

* Invariably exists 1n almost all the sub-micron technologies
 The techniques used to suppress SCE are responsible for RSCE

* Vt becomes very sensitive function of L
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Drain Induced Barrier Lowering (DIBL)

e Y4
— n+ n+

Vds=0.1V

Vds=Vdd

Potential barrier

*Vt 1s also a function of drain voltage in sub-micron transistors

*DIBL effect is negligible in the long channel regime

Dr. Navakanta Bhat



Narrow Width Effect

/v v
/ 2\ k
/ . \

depletion
~lum
< W > |
p-substrate g
W (pm)

» Additional depletion charge at the edge of source & drain should
be supported by the Vg before inverting the channel

« When W is very small (~ 1um) this charge becomes significant
fraction of the total depletion charge and can not be neglected

=2 Vt increases with decreasing W
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107cm/sec at T=300°K
s

>

~10*V/em E

vV = UE valid only at low
electric fields (E)

Velocity saturation

Ids

Ids a (Vgs-Vt)?

Ids o (Vgs-Vit)

>

Vds
Ids will be less than expected

due to velocity saturation

*For velocity saturated transistor, the saturation drive current 1s

Ids

WV, —V,)

sat

T

ox

*Transconductance will be independent of L

*For L=0.1um transistor operating at Vd=1V:
E=10° V/cm => transistor is velocity saturated

Dr. Navakanta Bhat



Punch through

Vd > Vg - Vit
= n+ n+
depletion depletion

p-substrate

For short channel length, the drain depletion region merges with
source depletion region for Vd > Vpt, punch through voltage

This results 1n large transistor current resulting in breakdown

Punch trough voltage, Vpt, 1s one of the limiting factors on Vdsmax
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Bipolar induced breakdown

Parasitic Bipolar effect can trigger breakdown even
before the punch through voltage 1s reached.

G
S Avalanche effect at the drain
D generates e-h pairs.
S—X The hole current going into
the bulk can turn on BJT
Iy
B
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Hot carrier reliability

Vg >Vt Vdf Vg -Vt
- n+ source | n+ drain
electron channel
p-substrate
> X

Avalanche hot electrons
due to high electric field

E

\ 4

Hot electron generation 1s maximum when Vgs~Vds/2
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Transistor degradation due to hot carriers

Some of the high energy electrons are injected into the
gate oxide by surmounting the barrier at S1-S10, interface

Injected electrons get trapped in the oxide

The trapped electrons increase Vt, decrease mobility and
decrease drain current

Transistor degradation 1n turn reflects in circuit behavior
resulting in decreased speed and functional failure under
extreme conditions

Hot carrier degradation can be significant in analog transistor
biased such that Vgs~Vds/2
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Gate oxide reliability

Vo> Vi electrons
tunneling 7 [
B n+ n+
S
. O
p-S1

gate

Eox = Vox/Tox
Under high electric fields electrons tunnel through the oxide

Tunneling electrons create damage in the oxide and hence
affect the transistor performance

Gate oxide reliability worsens with decreasing oxide thickness
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Constant field scaling
Technology scaling

>
Scaling factor K > 1 L

Primary scaling factors:

Tox, L, W, Xj (all linear dimensions) 1/K
Na, Nd (doping concentration) K
Vdd (supply voltage) 1/K
Derived scaling behavior of transistor:
Electric field 1
Ids 1/K
Capacitance 1/K
Derived scaling behavior of circuit:
Delay (CV/I) 1/K
Power (VI) 1/K?
Power-delay product 1/K3
Circuit density (o 1/A) K2
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Transistor design methodology for Digital Technology

Circuit characteristics:
Delay (Vt/Vdd)

Active power (Vdd)
Standby power (Vt)

Hot carrier reliability - »
Vdd, L, N

System compatibility
Vdd

Gate oxide reliability
Vdd, Tox

Design parameters:
L, Vdd, Tox, N, X]j

* S/D engineering

» Channel engineering
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Vt-Vdd design plane

Normalized delay S

0.4 Vt/Vdd>
Delay increases significantly for Vt/Vdd > 0.4
Pactive (Pac) = CV 4

Pstandby (Psb) = WV I ¢

Delay and Power are the only trade-off points for digital design
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Analog Circuit Performance Metrics

The Analog Octagon:

NOISE LINEARITY

POWER GAIN

I/O IMPEDANCE SUPPLY VOLTAGE

SPEED VOLTAGE SWINGS

B. Razavi
Multiple trade-offs involved in Analog Design make 1t very complex
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Small Signal parameters for MOSFET
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AC Small Signal Parameters

Small signal parameters are derived from DC equations

The value of the small signal parameters 1s a function
of the DC bias point

MOSFET 1s assumed to be square law device under
saturation, 1.e. no velocity saturation effect

L 1s metallurgic channel length, L=Lg-2L -

L entered in SPICE 1s Lg. Internally SPICE will
subtract 2L, to model the transistor
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Low Frequency Model
NEGLECT CAPACITANCES IN LOW FREQUENCY MODEL
.D

Ge !

_|_

Vgs <>g mng <>g mbVsb 8o

g.,2., and g are the 3 conductance parameters
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Transconductance, g,

g = fas _ Oly, , wWith constant Vds, Vsb
Vi GVgS

. /ugoxW(Vgs o I/t Xl T ﬂ‘Vds )

Em

LT
_ 21ngoxW]dS (1 + ﬂ‘VdS )
Enm LT
21,
7
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g versus device dimension and bias point

W/L constant W/L constant
Em Em
Vas-Vt Ids
Ids constant .
In order to obtain large g,
Em

the input/output swing
trades-off with the transistor size

Veas-Vt
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Body etfect transconductance, g,

' ol ol, oV
gy =~ e o T S O , with constant Vds, Vgs
Vb oV, ov, oV,

B 14 g = C,
mb m
2.2¢,|+7, 7" C.

g Em = T8

n Is typically between 0.1 to 0.3
The back gate effect

) *The body terminal acts as the back gate
—Cox *However, the front gate 1s more efficient in
«— Channel controlling the channel compared to back gate
T C, *This 1s achieved through the proper design
B¢ of the MOS transistor
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Output conductance, g,

i, oI, oI, OL,

T aLeﬁ aV

, Wwith constant Vgs, Vsb

ue, W\, v )
2LT,
A
g = I,
’ 2(L—A)(V -V ) , more rigorous analysis

dsat

g0=/1

To simplify modeling, A 1s assumed to be independent of Vds
g, ~00lg

The output conductance is inversely proportional to L
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Typical values for 0.35um Technology

3.3V, L=0.35um, W=0.7um T =7nm, V,,=0.6V,

Vgs-Vit=1V

g ~10% AV 1/g ~10kQ
g ~0.1g ~105 AV 1/g . ~100kO
g, ~001lg ~10°A/V 1/g ~ 1000 kQ
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MOS Capacitances

C'sw | | I iSW
) Ca \ HE
T T
C C

C._, 1s split between source/drain depending on biasing condition

C,,=nWL,C,  where [<n<2 due to fringing and C, =¢ /T,

C,, = area component of junction depletion capacitance

C

Jsw

= side wall component of junction depletion capacitance
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MOS capacitances

Csb:AS*ija(I/sb) + PS*C ]sw(Vb)
Cdb:AD *C}a(va) + PD*C ]sw(Vb)
AS,PS source area, perimeter; AD, PD drain area, perimeter

In saturation:

2
C, = 3 —WL,,C, +nWL,C, ng =nWL,C_
In linear region:
Cy
WLC
C,=C, = 5 +nWL,C \
off sat | lin
Vi Vds+Vt

Ves
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Typical capacitance values

For L=0.35mm and W=1mm, Junction width = 0.7mm
C,=4.3fF/um* and C,,=1{F/ pm?

C,=C,=0.7{F

In saturation:

C,=1.11F C,/~0.2fF

In linear region:

C,,=C,~0.8fF
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Small signal equivalent circuit

C
® ® ITd ® * * . D
+
VgS __Cgs <>g mvgs <>g mbVsb 8o
(3 ® ®
S N
Cgb — * —_— C . ] Cdb
Vb ’
e

Gate to bulk capacitance C,, is insignificant and hence neglected
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Cut-off frequency
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Cut off frequency (Transition frequency)

L=1

At f,, the out put short circuit current gain 1s unity

: , with Z,=0

lout :lin

1, 1s the performance metric of transistor for high frequency operation

bin, G i g D
Ge o 1 i, =SC, v, +5C v,
+ iout — gmvgs B SngVgs
JE— At =7 :2 . 1 =|7.
Vgs Cgs <>gmvgs S ]a)t gjy{t |lout| |lm|
- "o 2C
d
Cgs\/1+ %
° ° ° &
S v :
v ft =W,
27
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Scaling trend for f,

1 g,
27 C,,

112

/.

Technology scaling factor k > 1

Ideally gm does not scale and C scales as 1/k
hence f, increases by a factor k

However, if Vt 1s not scaled due to leakage constraints then
g, will decrease in DSM regime, thus affecting the scaling trend

In cascaded voltage gain stages f, forms the upper limit
for the unity gain-bandwidth
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Concept of Poles and Zeros
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Poles and Zeros

The transfer function H(s) of any system can be represented as

S=jw

X(s) Y(s)

A
H(s)=
! (1—%1 (1— szj...

Z,,Z, ... are zeros and p,, p,, ... are the poles of the system
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Physical Significance of Poles and Zeros

Poles

» Any capacitance which shunts the input-to-output signal path
to ground results in a pole for the circuit

 Theoretically every node in the I/O signal path introduces a pole
 The poles degrade the high frequency response of the circuit

Zeros

* Any capacitance which appears in the input-to-output signal path
results in a zero for the circuit

» The zeros enhance the high frequency response of the circuit

 The zeros degrade the low frequency response of the circuit
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Impact of Pole
V, e J{f vV, Vo _ %C

;o 1
Lo Vi R+AC
Vo 1

' i)

The pole is on the left half of s plane (i.e. s=-1/RC = stable system)
The pole frequency o, =1/RC

AV

Dr. Navakanta Bhat



Gain and Phase response due to pole

V
G =20lo —0:—2010[ [+ \w/w } — _tan | W
ng g\/ (/p)2 ¢ tan |://Vp:|
20log|Av]|
0dB -20dB/decade
-3dB = -6dB/octave 0°
-45°
-90°
W, ® o, ®
At o, the gain is 3dB lower At o, the the phase shift is —45°

Beyond @, the gain decreases ata At 0.lw, the the phase shift saturates to 0°

rate of —20dB/decade At 100, the the phase shift saturates to -90°
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Impact of zero

R]
J AW, VO B R2 I-I—SRlC1
L , B RR,C
v | Vo e R R 2%1+R2
C
! S
=R, v R L= VRC)
V. R+R, 1-S5
v l ! ? 1 /_(R1+R2)/R1R2C1

z=-1/R,C, and p=-(R,+R,)/R ,R,C,

The zero frequency ®,=1/R,C,

AV
R
R 1.47 2
2 R +R,
R +R,
Q)

®

V4
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Gain and Phase response due to zero

G =20log

Vo

; :GO+2010g[\/1+(W/WpH ¢:tan_l[% }

GO:2010g{ L }

R +R,

G
90°
450

; +20dB/decade 0°

G,+3dB 4
G dB 6dB/octave
W, 0 o o
At o, the gain 1s 3dB higher At o, the the phase shift is 45°

Beyond ®,, the gain increases ata At 0.1, the the phase shift saturates to 0°

rate of 20dB/decade At 10w, the the phase shift saturates to 90°
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Miller Approximation
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Miller’s Theorem

) Z%% Y%

Z Z,
(a) i (b) i
If the circuit in (a) can be converted into that of (b) then
Z Z V
Z = q and Z,= = Av_l . where A = 7:

Proof: For the two circuits to be equivalent, the current flowing through Z
from X to Y in (a) should be same as current flowing through Z1 in (b)

Z Z
Vi-V, _V. Z,=———  Similarly, Z,=

Z  z 1—% 1—%
X Y
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Caveats of Miller’s Theorem

If the impedance Z forms the only signal path between X and Y,
Then the conversion is not valid

R
XNI‘—Y X% Y 1YY

%Rz e R +R, %{PLRz %{2 %'Rz

The output gain 1s no longer preserved in the modified circuit

The zeros 1n the transfer functions are discarded by Miller’s transformation

The theorem proves useful when the impedance is in parallel with main signal path

Z
—

Win signal path
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Single stage amplifier

«Common Source
Resistive load
Diode connected load
PMOS current source load
Source degeneration

*Source Follower
Common Gate

eCascode

*Folded Cascode
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Common Source with Resistive load

T Vb DC bias point
Vppnode is R, Transistor is kept in saturation in order to
AC Ground maximise gm and ro and hence the gain
i * V V.=V
in gas

Vi ue, W (Vgs — Vt)2
—¢ >—{ I, = 1+ AV

Vop=LRpt Vs

v ::Cgs ()gmvin %go __ L %GD:] /R,

J . I . . .
S NOTE: v =0
If there is any output load capacitance, that should be added with C
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AC analysis

Applying KCL at the output node:
(Vo _Vi)Sng +gmvi +(g0 +GD +SCdb)V0 = O
DC gain at s=0:

gm rRD
4(0)=— R
V() g +G, Em n+R,

The gain at high frequency:

l—Sng/
4(0)=-—E: :

_go -|-GD 1+S(Cdb -I-Cgcy
g0+gL

21— m/ng andp]:_(go—FGJ/(Cdb—'_Cgcy

NOTE: Miller’s theorem also gives the same pole frequency
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Important Trade-offs

The maximum DC gain can never exceed the intrinsic gain of the transistor
which is given by g, r, (For sub micron transistor, the typical intrinsic gain

is around 30
In the limit R, <r, The gain increases with increasing R, and is

Approximately equal to g, R,
High R, also results in lower pole frequency and hence the band width

High R, also results in smaller allowable output voltage swings because
Transistor come out of saturation when Vyp-Vpn, <V, -V,

If attempt to decrease Vy, by decreasing Vgs-Vt and increasing W/L
(thereby keeping g, constant and decreasing 1), the input pole can become
Dominant, the input swing decreases, large area overhead on Silicon

The gain is a strong function of g, which in turn depends on V.
This results is large non linearity when the input swings are large
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Trade-off
Vds
gml/'O
=~ Vop
Gain , Av(0) . The DC bias point Moves
Ideal bias ith increasing R, value
. point for +——=>
Bandwidth o max swing
"p Cy +C od
U 2
R, R,
: WISHLIST
Gain

Gain becomes
nonlinear transfer
function for the
large input swings

Vin+vin

Need to make gain insensitive
to the input swings

Need to decouple the DC bias
point from the AC requirements
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Diode connected load

Very 1nefficient to implement a large resistance in CMOS technology

Hence CS with resistive load is never implemented on CMOS

Diode connected transistor can act as a resistance

This configuration can make the gain a little more insensitive to imput

NMOS or PMOS diode connected load can be used
- VDD VSS

G-D shorted 4{ G-D shorted 4{

Diode connected NMOS Diode connected PMOS
(sensitive to body effect) (insensitive to body effect)
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CS with diode connected load

V

T Lt M1 . 1 I

iR

® vO

M1l ; j
VIN_“_ Vi._ Vi Vzl)D' Vi VO
Region 1: M1 linear, M2 saturation
VQ Region 2: M1 saturation, M2 saturation
| 11 111 Region 3: M1 saturation, M2 cutoff

Region 1: M1 cutoff, M2 saturation
Region 2: M1 saturation, M2 saturation
Region 3: M1 linear, M2 saturation

Vi Region 2 is useful operating region

v, VAV,

o
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AC analysis
For M2, Cpp,is shorted. V,,=-V, and V=V,

If the controlling voltage for a voltage controlled current source,
is the voltage across the VCS itself, then it reduces to a conductance

__(: 52 _£Sb2
<> ~8m2Vo <> Emb2Vo 2%02 __g -1

° Py H ng] . . ° P B
VO
_l_
v, ——Cu ()gmlvi = 8o T —Cyy,
o L I ® ®
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Low frequency gain

° | ng] ° 'y ° — o
i v
+ &2+ 8mp2+801+802 | Cp +C.+C
L m2+&mb2+S501+502 | Canr 52 b2
V; -1 gl Emi1Vi Z —_
° ° ° °

L4
Applying KCL at the O;tput node:

(Vo _Vi)Sngl T &mVi +(gT +SCT)V0 =0

DC gain at s=0:

T ——

gml

~y
"~y

gT gm2+gmb2+gol+g02 gm2(1+772)

The impedance seen looking into the source of the diode connected

MOS transistor 1s ~1/g
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Insensitivity of gain to input swing

The DC bias current I,,,=1,,,

Eml _ Vgs2 e , since &, = 2L,
gm2 Vgsl o I/tl Vgs o Vt

Replacing V-V, in terms of gm and W/L

Emi _ \/(W/ L)

Em2 (W/L)z

WD), |
AV(O):‘J /L), (+r)

The gain is essentially controlled by device dimension which are
the design parameters under the control of the designer

There is some sensitivity on body bias
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Body bias insensitivity using PMOS load

JVDD
4{ M2 Since the body and the source of PMOS
o o are connected to V node, V=0 and
y, hence the body bias trans-conductance
VIN—_:Q_{ M1 term becomes zero
A (O): . (W/L)llun
' (W/ L )2 p

Where /11, is the ratio of electron and hole mobility
H/ i, ~2 to 3
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Trade off between gain and output swing

This trade off is not eliminated even in diode connected load

Y (O) ~ Vgs2 o I/tz
' Vgsl - I/tl

Suppose V,,=3.5V, V,,= V,,=0.4V, and gain is required to be 30

Let V, -V, =0.1V in order to maximise output swing (i.e. V;y=0.5V)

gsl™

Then, V, -V, =3V ie V,,=V,;,=3.4V

gs2”
Hence V =V ,,=0.1V which is just at the verge of saturation.

o

Vo

The output swing is virtually zero

The necessity for higher gain makes the

20 i bias point unfavourable to output swing

0.4 0.5 Vi
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High Frequency gain

- Sngl

A (S):— gml gml
' gm2 T 82 T 801 T 802 1+S(ng1+cdbl+cgs2+csb2)

ng +gmb2 +g01 +g02

— gml
ngl

. ng + gme + gol +g02
ngl + Cdbl + C + Cst

gs?2

z

p =
Gain bandwidth product:

1 Av (O)‘Q) 1 gml

o0 Y s Cot +Cyy +Cs

+ Csb2
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The relative location of pole and zero
P . ngl(gmz +gmb2 +g01 +g02)

Z gml(cgd1+cdbl+c +Cy,)

as2 S
p | |
= <<1
z Av (O) 1+ Cdbl + CgsZ + Csb2
ngl

i.e. The amplifier works as a single pole transfer function with
the dominant pole and insignificant zero location

~

N

A

v
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CS amplifier with current source load

v In order to remove the trade-off between
J the gain versus the output swing, the
VGBg{ M2 DC resistance should be decoupled from
»,  AC impedance of the load!

o

‘—

Ml
- Remove the trans-conductance contribution

to AC resistance by fixing G & S voltage

y, i.e. use a constant current source load

M?2 in the above circuit acts as a constant current source
as long as it is in saturation condition |V | > |V -V

2
] :'ugoxW (VDD_VG _Vt) R —L
ds ac
]-;xLeﬁ 2 gOZ
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Small signal equivalent circuit

For M2,
C, and Cg are shorted
Vgso and vy, are zero and hence the corresponding g, terms are absent

v
- 1 Cor ——Cap
02
® | H Cgf’ ! o | [
vO
_|_
v, __Cgsl gV = 801 ——Cy,
o @ ® ®
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Low frequency gain

P | ngl o Py ° — o
i v
T 801+80 Coipy+Corgs+Cia
v, -1 Cgs] <>g mlVi Z __
° ° ° °

L4
Applying KCL at the O;tput node:

(Vo _Vi)Sngl T &mVi +(gT +SCT)V0 =0

DC gain at s=0:

4,0)=-Set =B

gr

gol +g02

The impedance seen looking into the current source

MOSFET load transistor 1s ~1/g,
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High Frequency gain

- Sngl
AV (S) — _ gml gml
g.+&., 14 S(ng1 +Cyp t+ ngz +Cyp)
gol + g02
P gml
ngl
p=- gol T goZ
ngl T Cdbl + ngz T Cdbz
Gain bandwidth product:
1 1
T AV(O)‘COP — gml
2 270 C oy + Cppyy + C gy + Cy
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Comparison with diode connected load

T Low frequency gain A (0) 1s higher
T 3 dB bandwidth is lower
T Gain-bandwidth product may be slightly higher

T Larger output swing without sacrificing gain

— Dominant pole transfer function similar to diode connected load

\ Gain is dependent on DC bias condition (g,)
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CS with source degeneration

VDD

]

M2

Ml

=Rs

The low frequency behaviour 1s affected

The small signal equivalent at low frequency:

Yo,

[

4 2 4

Yo

_I_

V

ol
gsl CQ/ gm]vgsl C/F Emb1Vsbi %g

. T/f(
=
Vbl

goQ%
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Low Frequency gain

lo — _vogo2
Vsb — loRS
Vgsl = vi o loRS

Applying KCL at node X

io — gml (vi o iORS) o gmblioRs + (Vo o iORS )gol

40)=- 2
gol +g02[1+Rs(gm1 +gmb1 +g01)]

A0) s
gol + gongle goZRS

Dr. Navakanta Bhat



Effect of source degeneration

The transconductance of M1 1s de-rated from g_, to 1/R

The gain becomes insensitive to bias and input swing

The output resistance of M1 is increased by a factor g, R,
This concept is used in several analog circuits to
enhance the out put impedance

4,0) -

I 8ol
R 0
gml S[gOz R j

ml™ts

1
ot Vo)
/]/02 rolgmlRS

The pole frequency (high frequency response) is not affected

4®ﬁ—é(
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Source Follower (Common Drain)

IVDD
i_é_{ M1 Used as buffer device or level shifter
o Vo Provides current gain
VGB—{ M2 Provides low output impedance
v Voltage gain 1s almost unity
o o ! !ng.] o ¢ vgsl ViV,
+ g.,and g, ,,do not
y :ggsl égo ; appear since v,,=v,,=0
gs! gm]ngI Emb1Vo
- Cyr and C,, are shorted
Vi - v,

% 8o2 — C 7=CatCyprt ng2
v
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Low frequency gain

Applying KCL at the output node
(gmbl + gol + g02 + SCT)VO — gml(vi _Vo) + SCgSl(Vi _Vo)

gml
Em T8mw T80 T 802

Av(0)~—Sm ]
gml+gmb1 1+77

Av(0) =

Transistor M1 suffers from body effect, I.e. Vi=f(Vo),
which results 1n significant non linearity in gain

In a twin well technology the gain can be made independent of 1
by connecting the body of M1 to the source of M1 and putting

M1 1n an isolated p-well
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High frequency response
sC

gsl

1+
AV(O) — gml gml

gml +gmb1 +g01 +g02 1+ S(CgSI T CSbl T ng2 T Cde)

gml +gmb1 +g01 +g02

__8m p=- Em T 8mp1 T 801 T 802
Cgsl Cgsl + Csbl + ngZ + Cdb2

Both pole and zero are on the left half of S plane

The relative location depends on the values of different parameters
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Broadband condition

pl=lz]

gm1+gmbl+gol+g02 _ gml

C + Csbl + ngZ + Cdb2 C

gsl gsl
C
gsl _ Av (O)
Cgsl + Csbl + ng2 + Cdb2

Av(0)
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Relative location of pole and zero

In most of the cases p<z

since

Cgsl
Cgsl + Csbl T ng2 + Cdb2> Av (O)

Av(0)
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Low frequency output resistance

+—0 ® ® +
_|_
o g,y gy,
@ @ L J
Ix
Vx
+ I \
Vosi % Emi Emb1 %’01
@ @ L J
Ix
Vx

IX

R

o

RO

Input source is shorted for
output Resistance computation

A test voltage source Vx is
applied at output node

Ro=Vx/Ix

— ngml + ngmbl + ngol

_hx 1
I gm T &mpt T 801
_ 1

) gm T Empi
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Thevenin equivalent

]/gml

W n %
" 1/ V A4 = Vo — &E mb1 — Em
V; % mb1 Vo Yoy % +% g, t8&
- ) ’ g fo g moemb

If the source follower is loaded by R, such that R,<1/g,,,
]/gml

i .
+ + RL

" % Vemi =Ry, e % +R
- - gml L
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Limitation of SF on previous stage

CS with current source load CS with current source load, driving SF

Vop Vop
® ®
————@ vO
Vx Vx M2

Vz';{ Mi Vz';{ Mi o
v
| L] s

T Vs -V

gas2 as

mein —

Otherwise M3 comes out of saturation

The voltage swing at node X is reduced

Dr. Navakanta Bhat



Output impedance 1n presence of Rs

v TM 1V v Assumptions:
Cor—— Vg, ,(v,v,) b1 7801802 <= &mi
Rs is small compared to 1/5C,

>—4 . Output shunt capacitance excluded
lO
Vo

Applying KCL at output node
I +g (v, =V )+SC Gv,=v)=0

. Vl
using

v, :R + 1
s ﬁcgﬂ

% 1 1+sRC

L,=—= CS < Zo(0)=1/g,, and Zo(o0)=Rs
L Eml 14y gy
ml
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Variation of Z with @

7 :vo _ 1 1+SRngs1

’ I, & 1_|_ch%
gml

| Zo|
]/gm]
Rs<1l/g,,
Rs
gm] /Cgs] ]/RSCgs] @
V.
| Zo| :
Rs
Rs > 1/g,, ductive! \ ’ -
l/g,., | Ringing
gm] /Cgs] ]/Ilzscgs] @
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Input Impedance Zin

* ! v
4+ C,q Simply shunts the input and hence
y G, It is excluded from equivalent circuit
gl =T~ gmlvgs]

817 8mb1 78017802 CT:CsbI+Cdb2+ng2

ii . gmlii 1
v, = +| i+
SCgsl SCgsl (gT + SCT)

Zin:‘f": 1 +| 14 -Em 1
i SCgsl SCgsl (gT +SCT)
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Low Frequency dependence of Zi

For relatively low frequency, sC,<<g
Z, = ‘fi = : +| 1+ Eml :
. SCgsl SCgS1 8r

Z. = L [l+g’”1j
gT SCgsl gT

Zl-n ~ 1 + 1 (gml_l_gmblj
E mbl SCgsl E mbl

i.e. a fraction of C, is felt at the input along with 1/g,,,,
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High Frequency dependence of Zi1

For relatively low frequency, sC>>g;

Zl.n:v": : + 14 B :
i, sCyy sCp ) 5Cy
1 1 Negative
7. = 1 __ 8Sm < Resistance!
"sC,, sC, @’C,C,

At the input a series combination of C
and a negative resistance 1s seen

Cr

gsl»

This negative resistance could be exploited to build oscillators
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[

1

Common Gate Amplifier

ng 1

Provides large voltage gain

Current gain 1s about unity
Provides low input impedance

Provides high output impedance

Often used for impedance transformation

,

® VO
vy g, v 8ol R, 7T Cavi

l

Cy; and C,; essentially shunt input and

hence excluded from the equivalent ckt
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Gain Expression

Applying KCL at the output node

(& T &)V TV, =v,)g, =(G, +5Cy, + Sngl)Vo

Av:vozgml—l_gmbl—l_gol 1
Vi g, +tG, 14 S(Capr + Coar)
gol +GL
AV(O) — gml +gmb1 +g01
gol +GL
p=- g01+GL
Cdbl +ng1

The transfer function has single pole and no zero
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Low frequency Input impedance

_V' _ 1_I_g'olleL

L, &t & T80

1+R/
Z- — 7'01
gml +gmbl +%
ol

Ifr,;>>Ryand 1/r,; << 8,7 &y then

1
Zin —
gml +gmbl
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Impedance Transformation

50 Qtransmission line o v

\ Ml |V

% ?m D 1

\ 4

\ 4

The impedance R, can be transformed into 50 (2
at the input by making 1/(g,,+g,,,)=50 Q2
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Cascode Amplifier

The term “cascode” 1s believed to be abbreviation of “cascaded triodes”

Cascode 1s a combination of common source and common gate stage

Voo
R Features of Cascode Amplifier
L
Vo Output impedance increases
Vs M2 Intrinsic gain 1s squared
y, X Shielding property :
r‘_{ M Node X is desensitized w.r.t. o/p
Input pole, in presence of Rs, is pushed away
v
M1 : Input Device Output swing impacted due to stacking
M?2 : Cascode Device VOin = VitV
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Low frequency gain for low Ry

RL << IQOZeff

The current flowing through the node X due to
Ji»RL , an input voltage v; 1s i.=g, v,

The current through output node 1s same as i,

Vg M?2
X Lo=1y VOZZXRL
rQ_{ Ml

\ 4

Vo :gm]viRL
AV(O): gm]RL

This result is identical to common source stage
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Low frequency gain for larger Ry

For an ideal current source load, the gain is dependent
Vop on the output resistance seen looking into drain of M2

For computation of v,,, M2 can be viewed as common
o Source stage with source degeneration of rol

M?2 _
Vas J/I/‘oZeﬁ r02eﬁ” _ (ngVOI)r02
X
V. .
i The output impedance enhanced!
r‘—{ M ¢—{ M2 put i
v X Av (O) — gmlgm2r01r02

= The intrinsic gain of cascode
v is the square of the CS stage

The increased output impedance is exploited in current mirror design
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Input pole desensitisation

The small signal equivalent, neglecting g,,, g,
and neglecting zero due to C,,

Vi () CT]_:

gm/b<]
>/

Vv
L »

@ ® ®
&)

Cr=Co T Copy(1tvy/v,) , using Miller’s theorem

gsl

C,,=C

<\J/>g miYx V12 TTS R,
@ ®

gs2+ng] T Cdb] T Cst

Crs=Caprt ngz +C

V

o
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Gain Expression

| 1 |
Av=-g R,
1+5R Cyy 145Cr 1+sR,C,,
(gm2 +gmb2)
Av (O) — _gmlRL
___
pl RSCTI
gm2 +gmb2
P, ==
Cra
D = |
L=
R, Cys
Cr=Co+2C,,,; since v,/v,=1,

i.e. Miller capacitance at I/p is drastically reduced
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Folded Cascode

Input and Cascode devices are complementary
Hence the current 1s either folded up or down

Avoids stacking of transistors

Vop Voo

—| M1 M2 | Vo, [ mi
Vi Vi M2 GB

=R, #)
'

Current is folded down Current is folded up
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Current Mirror

Basic configuration
Cascode Current Mirror
Wilson Current Mirror
Regulated Cascode

Dr. Navakanta Bhat



Basic Definitions

Current Source Current Sink

T Vop t Vo
‘ 1 ‘ 1
1
‘Vo v
Current Mirror > Current Lens
o oo i o
‘IOZ Lo Iref‘ ‘] o= Kl

Often times, the term current mirror is used to include current lens
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Simplest current source/sink
NMOS/PMOS transistor in saturation

>
R WV —vi)
- I - ﬂ;OXL (Vs : Vi) (4 47)

-

* Sensitive to variation in V_ (I.e.Ro 1s not infinity)

* Sensitive to variation in Vi,
* Sensitive to temperature variation (V,, i, 14,)

* Sensitive to process variation (V,, W, L, T, )

Strategy: Create one very well defined current reference using
complex temperature compensation and V, insensitivity.
Then use current mirrors (copy) to generate others
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Basic Current Mirror

M1 1s diode connected and

1, . . .
1s always 1n saturation
I
j - I sets a unique bias voltage
| | VO _ 2
M1 | o M2 I = pe, W Ve =7,) (1+47,)

- T:)xLl 2

R
;
M2 will mirror this current provided V>V, -V,

Since V=V, + AV where AV is gate over drive ; V,> AV
l,) ——mm

AV Vo
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Current ratio

Neglecting channel length modulation effect,

L),

U

However it 1s advisable to choose constant L for
Both M1 and M2 and ratio based on Ws only

L=L,-2L,

L, 18 constant for all L, = Ratio in L, does not translate to ratio in L

Ww.
I,==21
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Channel width effect

Strictly speaking
W = Wg —2AW
where AW 1s due to field oxide encroachment

Ratio in Wg does not translate to ratio in W

Parallel transistor layout can be used to overcome this problem
Ex: [ =2]R , then W,=2W,

M2*
I 2W —2AW

W AW
& = 2AW & C W, -2AW

R 2IR
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Issues with basic current mirror

Vds effect results in incorrect mirroring

I, W, 1+ AV,
= For L,=L,, A=A,=1
I, W, 1+AV,
For AV, << I, and neglecting A’ term:
lo W,
=21+ A0, - 1)
Iy W,

The output resistance 1s finite

R0:r02
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Cascode current mirror
VO

M3 is in common gate configuration

JI o  Hence M2 and M3 form cascode pair

R VGB;{ M3 :
j M3 shields node Y from variations in V,
Y
M2

X
Ml | | Avo :gm3+gmb3
| V—|— | Avy g03
e A
! Ay, =
T A0)

In order for / =1, V; should be chosen such that Vx=Vy

(0]

Vo= Vx + Vigs

This is achieved by introducing another diode connected transistor in series with M1
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Cascode current mirror with matching

Vo

Ju

M3
R¥
M2

VGB
M
X
Ml
Ve
:

VGB = Vx T VgSO
ForV._,=V . we need

gs0 as3

W/L), W/L),
W/L)y, W/L),

Then V.=V, and 1,=I;W, /W,

The minimum allowed Vo:

Vo= Vot Vs = 2AVE2V,

assuming similar overdrive and V't
oV opin =2AVAV,

Beyond V... M3 comes out of saturation
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Output resistance of cascode mirror

® ig V‘)

Applying KCL at output node

<\l/ ~8m3 vy C/]\ Emb3 vy %g(ﬁ .
lO = _(gm3 + gmb?))vy + g03(vo _vy)

Y ¢ :

g, % o+ ‘o = V802
y
£ ) . R/

Ro :’/'03.gm3r02(1+77)zr03.gm3r02

The output resistance of M3 (r,;) 1s enhanced by a factor g, ;7 ,
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Cascode mirror with improved o/p swing

I R
C) jVO
1 O
| L/GB
| M
M | | Vt 3
X R
|
M1 | T M2
VR_
!

The voltage at G, 1s V=24V +2V't
Hence the voltage at G3 1s

Vo =2AV+Vi

2 Vomin =2AV

Although output swing is increased,
it should be noted that Vx#Vy
Hence the improvement has come
at the expense of current matching
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Cascode mirror with improved o/p swing

Vt can be implemented using following configuration

I, The size of MO 1s 4 times
() Vp " smaller than that of M1
“ For the currents to be identical
1% I, the gate overdrive of MO be
W/4L | GB | .
MO | | twice that of M1 (2AV and AV)
4{ M3
X | I a2y,
M1 M4 M2
W/L | VRJE W/|L W/|L Vs3=2AV+V,
' Vomn=24V
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Wilson Current source

x % |
C) O Negative feedback arrangement
I, through M1, M2 and M3.
Xt I M1 * If Vo increase, then Io tends to increase
y 1d2 and hence Vy increase
| | » Since [/, 1s constant, Vx decreases
M3 M2 k- .
| | thus decreasing the gate drive for M1
’  This will restore Io to its 1nitial value
i.e. any change in Vo is absorbed as an appropriate change in Vx
y Y
I, W
0 _ 2[4 AV, - A7)
Iy W,

%

omin

=2AV+Vt
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Output resistance

_|_
v):—vy <¢>gm1("x"’)) (¢ Emb1Vy %g"]

gm2g03
Ro ~ ol (gmlro?a)

R =r, {1 + EmEms }
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Modified Wilson

Ji The current matching 1s improved
R

jl() Vx=Vy can be ensured if

Ww/L), _W,
X ﬁj Y wiL, W,
M3 || M2

| | Under this condition,

<
r
L

! [, =1, W, /W,

The output resistance 1s similar to Wilson
RO:ro](gm]ro.?)
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Regulated Cascode

CDIR jVO The gate of M3 1s connected to drain of M2
lo  The gate of M2 1s connected to fixed Vi,
X1 I MI The negative feedback 1s provided
M3 I j Y through M1 and M3
M2

Ve

Change in Vo 1s absorbed at Vx

!

No explicit conventional mirror connection of transistors
The mirroring 1s entirely due to the negative feedback

The output resistance 1s enhanced significantly

The minimum allowed output voltage is lowered V'

omin

=24V

*The circuit works reasonably well even if V. drops to AV
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Output resistance

i
v):—vy <¢>gm1("x"’)) (¢ Emb1Vy %g(’]
—® ° oY 3
8= (ng v;l_ 8or =
R _
R =r |1+ EmEm3
g02g03 ]

2
Ro ~ ol (gm ro )
Very high output impedance
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Regulated cascode with bias generation
VDD

M6 H M7 jVo

Iy

M1
a oo —
M5 | | M2

[, generates fixed bias for VG2

[ 1s mirrored on to M3 through the NMOS (M4-M5)
and the PMOS (M6-M7) current mirrors
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Layout Issues

Orientation

Symmetry

Adding dummy layers
Unit cell repetition

Common centroid

Avoiding interconnect resistance
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Orientation

Matched transistors should be oriented in same direction

N

M2

M1 M1

Photolythography process has different biases in
different axes, hence the requirement
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Symmetry

An unrelated metal line going 1n the vicinity of one of the transistor

S

Symmetry should be preserved by adding another similar line

Metal 1

Metal 1

i
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Unit cell repetition

Wide transistor should be laid out as parallel transistors
of unit width to decrease gate resistance, s/d area capacitance
as well as to counter AW effect

Disproportionate aspect ratio can be managed as below:




Interdigitation and dummy layer
D2

?
=<

[2

.S Dummy poly

D \

D2
Interdigitation distributes the transistors uniformly

Dummy poly line eliminates loading effect in photo and etch
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Common centroid

12M 1/2M

Common centroid configuration eliminates the first order
gradient effects of parameters along both the axes
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Interconnect routing

Circuit 1 Circuit 2 Circuit 3 Circuit 4

To distribute 7, in a large circuit, the resistance of ground bus makes

Vosn™V 451> thus atfecting the current mirroring significantly

Dr. Navakanta Bhat



Interconnect routing

Decrease the ground bus resistance

Provide multiple ground node connections 1f possible
And use short span ground bus

Keep several reference distributed in a large circuit
and mirror the reference locally
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Bandgap Voltage Reference
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Bandgap Voltage reference

Design Task to set the DC bias of any circuits
1. Power Supply Independent Biasing

2. Temperature Independent Biasing
Bandgap Voltage Reference
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VDD

Irer l R,

ML e

Resistance biasing

IO
+

M2

=

] — VDD W2
’ Rl+% W,
gml
N AV

’ R+/
gml

1 18 very sensitive to variation in Vp,

In order to have low sensitivity, the circuit must bias itself
i.e. self biasing
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Self Biasing circuit

v [, 1s bootstrapped to Iz
DD

(W/L), I K(W/L), lo= K Ipgr

M4| | M3
But how do we fix /,,
Lrer l Io

Because as long as all transistors are
M1 I T I M2 saturated, any current 1s a valid
(W/L), 4 R(W/L)y solution for the circuit!

R
In order to uniquely define the current another
constraint should be added to the circuit
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Self Biasing

Vgsl = VgsZ + IORS
\/ 2l +V :\/ 2l +1,R,
HCox (W /L), HCox (W /L),
2
Vb o= : : 2 (1 - lj
/LlCOX (W/L)n RS \/E
(W/L), (W/L)
M4| M3 o
| | The current is uniquely defined and
Lopr l I, it 1s independent of supply voltage
The current 1s still a function of
M1 I T I M2 Process parameters and temperature
(W/L), K(W/L),
R
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The Start-up problem

The previous circuit can support zero current as well!

At the start up 1t should be ensured that the circuit does
not enter this degenerate situation

At the start up the 3 diode connected
transistors M1, M5 and M3 provide
| i (W/L), a path to the ground give non zero /o

M4 | J | M3
Lopr l MSL{ }IQ Vi +Vis+1 Vi [<Vip

VDD

(W/L),

! V. <V,

l |
(W/ng/fl1 | MzK(W/L)n After start up, M2, M4 should turn on
T and M5 should be turned off
Ry
Vgsl + I/z‘5+ | Vgs3 |> VDD
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Temperature Independent Reference

The concept:

Generate the reference by combining two voltages of which
one has negative temperature coefficient and the other one
has a positive temperature coefficient

Vier = V) + a2,V
oV _
or
ov,

—ve

=+ve

051%+a2%:0
oT oT

Ve of a BJT (diode) 1s a good candidate for negative TC

Difference between 2 different Vggs 1s a good candidate for +ve TC
Other candidates such as resistor etc. also exist
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Negative TC

The BJT collector current 1s given by

V I/
I. =1 exp[;Ej —V,. =V, In=%  where V,=kT/q , is thermal voltage

T S
[=CukTn? C is proportionality constant
uap,T™ where m~-3/2
n? a T exp(-Eg/kT) where Eg is bandgap of Si, Eg ~ 1.12eV

At constant collector current, using above equations,
Ve Veg —(4+m)V, —E, /q

oV, T
Note that the TC 1s a function of Vg, and T itself

oV )
For V,,=0.75V and T=300°K, a—;E =—1.5mV/°K
T
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Positive TC

Suppose that the two collector
currents are nl, and /,

(typically done by adjusting
n]0<> <> lo the device dimensions/layout)
AV g AVie = Ve = Ve

1 2
2 Q AVy =V, In—= nlg =z ln—

]S ]S
AVy. =V, Inn
OAVy, k

=—Inn
oT q

Note that the TC 1s independent of /. and Temperature
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Bandgap Reference
Vieer = oV + b,
Choose V,= Vi and V, = AV,

Set o;=1 and choose «, such that the TC 1s zero at 300°K

Since dV,/dT = -1.5mV/°K and dAV p/dT = +0.087mV/°K,
Choose «, so that (a,Ilnn)(0.087mV/K)=+1.5mV/K

Vier ® Ve +17.2V

Ve =119V
Note: VREF can also be expressed as

E
Vigr = —+(4+ m)V;

In the limit as 750, Vo > E /g
Hence the name bandgap voltage reference
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The circuit to add Vyp and 17.2V;

Suppose that V,, and V,, are made

‘ equal by some external means
I, Iy Then,
p—or Vo Ve =RIp+ Ve,
R Rl, = Vg - Vg, =V, nn

01 Q2 Vor,=Vge, + Vinn
A nA which 1s the required reference

Need a mechanism for V,, =V,

Q1 is unit transistor with area A o :
02 has n unit transistors in parallel 1071 =17.2 results in impractical n and

The current in one unit of 02 is I,/n hence should some how scaled properly
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Circuit Implementation

The OPAMP forces V=V,

v This results in a current
IS through the right branch
Xt ] vy, Ixs= Vilnn/R;

R

i | VO:VBE2+V;nn(R +R)

Q. Q2 3
AT nA Vo=V,,,+V, In n[l + R2]
v v R3

If R2/R3 =10, then n=5

The output Vo gives the required reference voltage
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Compatibility with CMOS Technology

In an n-well technology the vertical PNP BJT can be realised
C

B

The p-substrate, connected to most negative potential (Gnd) acts
as a collector whereas n-well and p™ region act as base & emitter
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Modified circuit for CMOS Technology

é‘ilQl QzFﬁA N°
| | —

The output voltage Vo is the

bandgap voltage reference =
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Differential Amplifier
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Single ended vs. differential signaling

A

/\/ Single ended signal 1s
Vo measured with respect to

Vi a fixed potential (gnd)

‘ |
A n i A
Y Differential signal 1s
v, ’ v, measured with respect to
’ ; ; “ 2 nodes which make equal
/\/ J\ and opposite excursion

Differential
Voltage

Common mode Vo= VitV
Voltage ¢ 2

Vi = Avi = Vi~ Vi
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Advantages of differential signaling

High immunity to environmental noise

1.e. common mode noise 1s rejected

o W\/
L w

The capacitive coupling noise in cancelled
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Advantages of differential signaling

Similar to noise reception, the noise injected by differential
signal lines 1s also very low

The output swing 1s doubled 1n differential signaling

Vi

Vi1

Vi
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Differential signal amplification

Combine two single ended amplifiers
Rm% %Rm to form a differential amplifier

vV, — Y . .
of 02 The common mode input level determines
V; 1“ M1 M2 FV,-Z the differential gain, which 1s undesirable

Requirement of an ideal Differential Amplifier:
Differential gain should be independent of common mode input

— A configuration in which bias current is independent of V¢
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Differential Amplifier with current source bias

. -
bl b2 If Is is constant then 7, and [,
v, —] -V, are independent of V¢
v.— M1 M2 |y
" P © L, =1,=Is/2
IS
@ Does 1t mean Ve can be between 0 to o0?

The lower limit of Ve:

Is 1s typically realised using current mirror transistor

B P When Ve=0, M1 and M2 are off, M3 1s in
— deep triode region and Vp=0 and Is=0
Vas %l L. .
Hence the circuit does not act as an amplifier
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Lower Iimit for Ve

When Ve reaches Vt, M1 and M2 start turning on and hence

Vp starts following Ve (source follower)

The current Is starts increasing and hence /d/ and 1d2

When Vp reaches AV, of M3, then M3 comes into saturation
Is remains constant and so do /d/ and Id?2

slope=I
\

Laplay T v, Vp
Vor,Voo Iy2
Vip-LR /2
; Vi Vi+AV,,+AV, Ve Ve
Vo =V, 4 28V

VI+ AV, + AV, Ve
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Upper limit for Ve

As Ve starts approaching V,,, at certain value of Ve,
M1 and M2 come out of saturation

This happensat V=V, —%RD +V,

cmax

Beyond this point circuit is not usable since gm and ro drop

Further after this point, Vp starts lagging behind Ve
in order to maintain high gate overdrive to conduct
the current I¢/2

We will revisit this point when we discuss low voltage
wide common mode range OPAMPs
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The useful range of operation w.r.t. V¢

|4

- f f Ve
Vt Ve Ve Voo

min max

Useful voltage gain can be obtained for Vemin <Ve <Vemax
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Differential Response

Vol ,VozA
When Vy = TAV,,

The entire current /¢ flows
_/ VIR through only one of the two

N branches of differential pair

IR -Av,y, Av,, V., =v;-v,, (1.e. either through M1 or M2)
S YD

Vod This limits the maximum

input swing for v,

Via=Vir-Viz

-/ SRD
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Input range and Transconductance

— He W, (Vgsl _Vt>2 _ k, (

RD]% EQDZ ]dl T Ll ) 2 VgS1 - Vl>2

Yol e ZRA A ., -7)
VZI Ml M2 FVZZ d2 ]-;xL2 2 2 gs?2 t
7 AV;=V,-Viy and Al=1y-14,
S
The objective is to get Al =f(AV)
;o [ N Al . = Iy Al
ar= "y 5 2. 9 )

V 2[d2

gsl k gs2
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Input range and Transconductance

AVi:Vil_Visz

gsl

¥, = 2T ]
AViz :%[]dl +1,, _2\/[d11d2]

AL =X Ay [Hs _Ape
2 k

-V,

gas?2

This 1s used to get the input range and transconductance
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Input range

41
AL =X Ay [Hs Ay
2 k
At AV =V, , Al =1, Hence
21
A=\

Trade-off

AV, ,can be increased by decreasing k
but lower k = higher Vgs-V't
this results in increased Vemin

AV, ,can be increased by increasing I
but higher I = lower VIR /2+ V't
this results in reduced Vemax

nlon l11rrl1011/ ofnﬁn DOW Y

LU Tl
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Typical input range

If the bias current /=100pA
uC, = 50uA/V?

W/L =100

2x100
AV. = —./0.04 = 0.2V
M \/soxmo
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Difterential Transconductance
o _dAl
" dAY

k [41; %

G, =5
\/41/ ING

G,, 1s maximum when AV =0

G0 :\/E

G, can be increased by increasing k
but higher k = lower input swing AV,

Trade-off

G, can be increased by increasing I
but higher I = lower Vcemax
also higher static power
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Gm Versus AVZ

"

[
AN

AV AV AV AV AV,

Trade-oft between Gain and linearity!

Dr. Navakanta Bhat



Differential and Common mode response

Rz

vo] ] —V02

vy ILMI M2 }7"1'2

Differential mode gain 44

Common mode gain 4 —
C

Any given mputs v;; and v;, can be
decomposed into differential and
common mode signals

_ y =i T Vi
Via= Vi1 — Vi2 i =
2
_ V.+V
Vod= Vo1 Vo2 V. = ol 02
2
. V.
Vit =Vie T < Vio = Vie — <
2 2
A% A%
— od _ __ od
Vol _ Voc + 2 V02 — Voc 2
Y
_ od .
= with v, =0
Vid '
voc Wlth vid:O

ic
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Modified circuit in terms v, , and v..

For the symmetric differential pair:
Vb

Eml—Em2
ro=r
R ol 02’
y = = Vod Rp,;=Rp;
v 4 Voe —
oc 2 — — o¢ 2
1 M The differential response 1s obtained
i by setting v,. = 0
Vi b _ Via
2 S@ 2

The common mode response is
obtained by setting v,;, = 0
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Differential response

What happens at node P for a pure differential input?
1. If v;; changes by +4v and v,, by —A4v and
if the circuit 1s linear then Vp does not change

2. Since the current flowing out of node P is constant (IS),
the change in currents in two arms should cancel

l.e. gm(Ang] +Avgs2):() or Ang] = — Ang2 = Avgs

3. Also Vs =Vir-Vp and Ves2=Vir VD

From 1, 2, 3, it follows that Vp can not change and
the entire change 1n input 1s absorbed by gate overdrive

Vp is at AC ground
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Half circuit concept

A fully differential circuit can be analysed by looking
at only one half of the circuit

vod
; EmVI =Ry 2
@ P @ @
\%
A vod

Vid
2

=r,
0% roRD
Jd = = = _gm
Vi Vi% v, +RD

Ad z—ngD IfRD <<r,

Note: If a single stage CS amplifier 1s biased with I,
then the gain would be twice the differential gain
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Common mode equivalent circuit

For a pure common mode signal v,. 1s translated
equally in both branches, thus changing v,

Vp is NOT at AC ground
=Rp Rp
VOg o——
Vi Yo = EmV2 &
iX ] 9
P
2R

In a balanced circuit i,=0
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Common mode response

The circuit can be broken into two parts

The equivalent circuit looks like common
Source amplifier with source degeneration

The degenerated transconductance —1/2Rg

R
2R,
The common mode gain affects the DC

bias point and also affects the output
differential mode swing
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Common Mode Rejection Ratio

CMRR 1s a measure of differential amplifier which
indicates its ability to suppress common mode gain
and enhance the differential mode gain

CMRR = 4y

2g,1mRs
v+ R,

CMRR =

For high CMRR, R should be as large as possible
Hence the need for good current source at source of M1/M2
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Common mode to differential conversion

Another important problem i1s the conversion of CM signal
to DM output in presence of device mismatch

vod .
We define 4, as A, = with v, =0

Vic
CMRR = 24
cd
AR
For mismatch in R, A, =— D
ZRS
Ao R
For mismatch in gm, AC == Eml'p
(g +g.,)R,+1

The problem becomes serious at high frequencies, since
R gets shunted by the capacitances
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Differential pair with diode connected load
Ve, Advantages:

| Resistance 1s eliminated
—[ M3 M4 }*‘ Output common mode voltage 1s well defined

Vor V), Disadvantages:
Vu% Ml M2 }7"1'2 The gain 1s limited by g, , since

Ad:'g mn/ g mp
1
° @ Stringent trade off between gain and swing

o Ay = — /un(W/L)n :(Vgs_Vt)p
' wWiL), (V,-V),
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Differential pair with current source load

v
DD | Advantages:
v
B IM3—— M4 Ad=-g,,,(r,,lI7,,)
v, — —y, Gain and swing are not very strongly
(0] : :

coupled as in the earlier case

v, ]% M1 M2 }*VZQ P
Disadvantages:

L @ The output common mode voltage

1s not very well defined
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Combined load

The load consists of diode

I, M6 }_[/B as well as constant current

%3 M4 5

) 0.11 O source to exploit advantages
0. 41‘5 ~ Vs of both the configuration
o1 Vo2
v% M1 M2 h} Only a small fraction of /g
il i2 is routed through diode

The output gain 1s better than
diode load

The output common mode
voltage 1s also fixed
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Cascode configuration

Vb o
v Cascoding increases the output
- i M7 M8 resistance significantly
Vs | M5 | M6 R]:(gm5ro7)ro5
&R RZZ(ngI/o])ro3
Vor— ,p. [V
%RZ 02
& TMlrw M4 A4, == S
(gm5r07 )7"05 T (gm37'01)l”03
v I M1 M2 Stacking transistors reduces the
voltage swing
P
TELESCOPIC CASCODE

Dr. Navakanta Bhat



Gilbert Cell
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2 Quadrant Multiplier

Rp % %QD V_O — _ngD
Vi

e
._{ M1 M2 }7 Vo = _ngDvi
\ v, =~/ (V)Ry,
Ve—i M3 v, =—aV R,v,

Assuming g, =al,

Also functions as Variable Gain Amplifier (VGA)
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The transfer function

v, v =—aV R,v,

S2
[t 1s two quadrant multiplier

Because Vc can’t be negative

Vi Note that Vc 1s the DC voltage
and not the AC small signal
voltage

In order to build the 4 quadrant multiplier v, should be AC voltage

Construct two VGAs and combine the output!
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Gilbert Multiplier

A |
% =
o—vo
® ®
—
— Ml M2 |4 | M3 M4 |
Vi Vi ‘
® ®
— M5 M6
3
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The circuit analysis
V, =Ry (i +i,0) = Rp(iyy +iy3)

Case 1: v.=0,v, =0, then iy = -iyand i;,= -iy; Hence v, =0

Case 2: vi=0,v, =0, theniy =iy andiy= iy Hencev,=0

Case 3: v;z0,v, #0,

_ _ Ve Ag . =Ag , =—q<
V. V. QV (04 ay.v
1, +1 =—’(Am—Am = C4—C | =—LF
a1 laa T, &g mi Sons) 2( 5 5 j )
, , v, v.(av, av, av,v,
ld2+ld3:_2(Ang_Ang):_z( 5 T 5 j:_ )

V. =aR v,

The circuit acts as 4 quadrant multiplier for small signal v, v,
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Transfer curves

S

egative

VC I VO .Z_.
S| v, positive
Isy
I
Vi
Vv positive V. negative
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Balanced Modulator

Among vc and vi, when one of them 1s small signal
and the other 1s large signal square wave, the circuit
acts like a modulator

L~ N /
N ~_

146

Multiplication by +1 and -1

y
AN ~—

A
3
)
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Phase Detector

When both vi and vc are large signal square waves,
the circuit functions as phase detector with the DC
component of the output voltage proportional to
the phase difference

-V _(DC component)

IR,

0 /2 T ()
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Design of 2 stage OPAMP
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Ideal OPAMP

Infinite differential gain

Infinite input impedance

Zero output impedance

Zero input current

Zero common mode gain
Unfortunately Ideal OPAMP does not exist in reality!

Further attempts to reach ideality with these parameters will
have trade off with respect to speed, power, voltage swings etc

We will treat OPAMP as a “high gain differential amplifier”
designed with an adequate performance metrics for a given
application at hand
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Parameters of interest-Open loop gain

OPAMPs are invariably used with closed loop negative feedback

R, For an ideal OPAMP (Av=c0),
the closed loop gain can be set

v by only resistance ratio
(0]
R
V_O — 1 + 2
v, R,

1

Suppose R2/R1=9 and Av+#x and 1t is required to have less than
0.1% error 1n the gain. Then what 1s the minimum Av required?

v_0:1+& 1_R1+R2 1
v, R, R, Av

For gain error < 0.1%, the open loop gain Av > 10,000
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Parameters of interest-small signal bandwidth

Ay

20log|A,(0)|

The open loop gain drops at
higher frequency resulting in
an increased error for the
closed loop feedback system

Jsan

Ju>

Also the large signal settling time for the closed loop system
depends on the open loop unity gain frequency

ACL _ ACL

’Z' —
4,0)w;,, @
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Parameters of interest-slew rate

Determines the large signal behaviour

It gives the highest rate of change of input beyond
which the output does not respond instantaneously

Need very large slew rate for linearity

dv,/dt
SR

dv/dt
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Parameters of interest
Output swing: Trade off between O/P swing, bias current and gain

Linearity:
Differential implementation to suppress even harmonics
Allow significant open loop gain so that closed loop feedback
system achieves required linearity

Noise : Thermal noise and 1/f noise

Offset : Systematic and Random offset

Output load : Typical on-chip OPAMP applications mostly have
very low capacitive load < 1pF
Stand alone OPAMPs may have to drive
high capacitive and low resistance loads
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Basic 2 stage OPAMP

Most of the OPAMP designs have two gain stages

Unless absolutely desired, more gain stages should be avoided
Since the frequency compensation becomes complex due to
Multiple dominant poles
A
|

comp COMpensation Capacitor

Vil

Vio

First gain stage ~ Second gain stage ~ Output Buffer
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20log|Av 2 pole system response
G, dB -20dB/dec
& I
-40dB/dec  H(5)=
/A G/ (/Y
P P>
0dB
Oy Op |\ © If Av(0) 1s very large and
if o, 1S close to o,
0o | pe P
450 Then 1t 1s likely that at
-90° at some frequency o,, the
oo phase shift will be —180°

but the gain will still be

greater than unity
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Implication in closed loop negative
feedback system

At DC and low frequency there is

v- | a phase shift —180° between the
. " A (w) >——Yo Input v, and the output v,
Vil— |+ (This is due to the inversion between

Gate and Drain voltage of Transistor)

If Av(w) 1s a two pole transfer function, the poles introduce
and additional phase shift of —180° at o,

The negative feedback system gets converted to a positive
feedback system!!

The system becomes unstable and oscillatory
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20log|Av Pole splitting

G, dB -20dB/dec Split the nearby poles far apart by

/ some technique

By the time the second pole is
\ /f r reached the gain has already
P

0dB dropped below unity
O, ®
N The closed loop feedback system
450_ ____________________________ becomes a stable system
) .

-90°
—11?3%0 kThe phase margin 1s defined as

PM = ¢(w,) +180°

® PM should be positive for stability
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Positive Zero can be more dangerous

_(S_Zl) _ -1 1
H(s)—(le) ¢ = —tan [%Zj—tan %pl

20log|Av; -
G, dB -20dB/dec
Positive zero can make
R the system unstable
0dB
@, o, ®
N G If the positive zero exists
oo -\ Unstable!  nearby dominant pole,
-1350 then cancel the zero
-180°
) ® 6))

pl z1
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Negative zero 1s good

s+ p
20log|Aw, ( 1)
G, dB -20dB/dec 1 1
¢ =tan [y }—tan_ y
W, Dl
0dB : :
O, ©,, ®  Negative zero can increase PM
00 i
-450
000 SN/
-1350
-1800
) ® 6))
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First stage for the 2 stage OPAMP

The first stage should do two tasks
Produce reasonably large gain

Perform differential to single ended conversion
This 1s done using differential amplifier with

active current mirror load to enhance the gain
Voo

Active current mirror adds
M3 | | M4 currents in two branches
AV

and doubles the gain while

g, Av 2 . : :
5 g, AV Vo performing differential to
—{| M1 2 M2 . single ended conversion
Vil Vi2
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Second stage for the 2 stage OPAMP

VDD

]

ix M6
'——"  To IX buffer

0

v
PMOS common source amplifier
with the current source load

C.omp Performs frequency compensation
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Two stage (\_)/PAMP circuit

DD
M3 ] M4
g, Av
gmzAv g Av 2 M6
2 Vo
v, - — Ml M2 || éﬂ
comp
V™
| M5 | M7
Vbias | |
v

The input v,, goes through two inversions and hénce is +ve i/p

The 1nput v;, goes through one inversions and hence 1s -ve i/p
Note that the AC voltages at drain of M1 and M2 will be quite different
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First stage Low Frequency Differential Gain

VDD .
iy = AV
M3 ] M4 ]
* =G0
ZullY g Av 2 ZQ Yo 1
2 m
2 R =
M1 M2 0
+j/2 T h}iZZ_Av/2 g02 + g04
v, =+Av
" Y Vo — ioRo — gmAv
g02 + g04
gm]:ngng A _ vo — gm
| = =
AV g02 + g04
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Second stage Low Frequency Differential Gain

- Vbp

M7

Common source PMOS amplifier
with current source load
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Combined two stage differential response

4,(0)=-—FEn_Eus
g02 +g04 g06 +g07

AV(O) :_\//Llncoxlldl 1 \/ﬂpcox%]a% 1

L 10+ 2) Ly 15+ )

1 /4 1

A0)=—-C —Ju u, For Id1=1d6
I, "L (A + )y + 1)

A.(0)=— 2 2

' (12 + 14)(Vgsn _ V;n) (2’6 + 17)(Vgsp o I/tp)

For high gain either use small /d or large device dimension

Small /d impacts slew rate, large W/L impacts area and input capacitance
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First stage Common mode Gain

\V For matched devices

PD
1717

Vx=Vy, and hence

X vl Yo

Ml M2 | Ve |

M3 ] M4 We can short these 3

X

Ml

TRS

Eml~8m2~"8m

TRS

Eml~8m2~"8m

This brings M1 in parallel M2 and M3 in parallel M4
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Equivalent circuit for CM response

YPD This configuration now looks like
2 1 1 common source amplifier with
2¢ ..+2¢. 2g .. source degeneration Rs and drain
Ve Resistance R,=1/2
R 1
7 Ry Ac, =——FL=—
v R 28,48

The second stage simply amplifies this further
The two stage common mode gain 1s

1 gm6
2gm3/4I€S g06 + g06

Ac=Ac,Ac, = —
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Common Mode Rejection Ratio

g/
CMRR: A _ g01+g02)

A /
28,34R,

CMRR — zgmlgm3
gol +g02

CMRR 1s essentially determined by the first stage
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High frequency equivalent circuit

Cc
— ey :
_|_
v Denz e @ T
i_ Emi1Vi 1 |Crp EmeY1 Gr Cp
o o o o

G =1/Rp; = €,,78,
G, =1/Rpy =8o61 807
Cri=CuprtCupy™ Cgs6
Cra=CarstCar7 €,

Co=CoustC

comp
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High frequency Response

Writing the nodal equations for equivalent circuit
and solving for the gain, we obtain poles and one zero

1

P ==

&R R, C,
P e o &ue

= ~

C,C.+C,C.+C Gy Cp+C

Zl — gm6
C

c

p, needs to be made a dominant pole by appropriately
choosing the compensation capacitance

z, 1s a positive zero that can impact stability
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Pole splitting and choice of Cc

B Eml _ 1 Emi
gmlgm6RT1RT2Cc | AV(O) | Cc

P =

Cc should be chosen such that the unity gain frequency
®, << p, to get adequate Phase Margin

Also for the single pole response (with p,), the unity
gain frequency 1s given by

a)u:@
CC

CC:@
)

u

Dr. Navakanta Bhat



Feed forward zero

The positive zero location 1s very close to o, and
this will degrade the phase margin

— gm6
C

c

Z

Ifg <g, thenz, <o,

This zero should be cancelled, otherwise the system
becomes unstable
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Zero cancellation with nulling resistance

R, G, '
W— F. v, R[1+5C.(R +R)]
n i, Y2 v V. R +R,+sC.(RR,+RR +R,R)

R]:_]/gm6 le 1

§R2 Cc(_Rl_Rz)

1
=
\ ' C.(/g.s—R)

Qualitatively, adding R, makes i, weaker at any given frequency
compared to the value of 7, , 1.e. the effect of feed forward zero
1S suppressed

When R_= I/g,,, the zero is at infinity

For R_> 1/g,s, the zero moves to the left half plane improving PM
(lead compensation)

Dr. Navakanta Bhat



Zero cancellation with PMOS
VDD

M6
L v,
M C,

1
| VZ RZ = W
u,Cox™) 0, 1)
| M7

7 FOI‘ M6,
v
gM6 lLlnCO'x / ( gs6 t6

The R, 1s able track /g, , very well in spite of through process variations

The PMOS transistor Mz
1s biased such that 1t 1s

in linear region

Mg, Vas-Vt > Vds

7N\

The linear region Rz 1s

| 1
=
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OPAMP Performance Metrics
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Slew rate

When a step input is applied,

in order for the output to follow
- Yo the input the capacitance Cc
should be charged to the new value

The maximum current that is

Q

available to charge this capacitor
1s the bias current /s

Hence the slew rate, 1.e. the

dv /dt(max)=Is/Ce maximum rate of change of
output 1s = Is/Cc

t
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Random Input offset

Random offset arises due to transistor mismatch in the
supposedly matched differential pair (first stage)

The effect of offset 1s modeled as an input referred offset
voltage 1n series with the mput terminal of ideal OPAMP

ves—o,| A, A1
Vos = AVth +AVt3’4 gm3 + gS 1,2 1,2 3,4

g, 2 ) Vy Vy
1 N L, Ly,

AV, =Vi—=Vs Olffset voltage in series
- V,+V, with the gate of M1
t 2

AW IL)=(W /L), —(W/L),

w, W
V%: 41242
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Thermal and //f noise

1/f noise

/

Noise

Power .
Thermal noise

fo /
Thermal noise i1s due to random fluctuation of carriers in a resistor
Higher bias current helps decrease thermal noise

The 1/f noise or flicker noise 1s due to interface states in MOSFET

fc 1s 1/f corner frequency in the range of S00KHz
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Flicker (//f) noise due to interface states

Flicker noise 1s due to trapping and detrapping of carriers
from the interface states dangling bonds

Y - — oo
r\jz"! s @‘-‘tﬁ

Interface

: ~covalent bonds
The random trapping and detrapping of carriers from the

channel creates fluctuations in drain current
S K 1
v, =
COXWL f

Noise varies as 1/4 due to averaging effect
Noise varies as 1/C__ since the fraction of charge 1s less
Noise varies as 1/f since traps have certain time constant
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MOSFET versus BJT

The BJT circuits are not affected by flicker noise!

metal
\p/ Eé}\p/ Narea i
= Silicon
p

The current flow path does not ~ The current flow path 1s abutting
encounter any kinds of defects The interface defects region
since the current flow is entirely

in the bulk of Silicon
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Dual gate vs Single gate technology

 Historically CMOS technology had a single gate type
* Both NMOS and PMOS had n ™ poly-S1 gate

 This was because the poly thickness was fairly large
(more than 0.5um) and it was difficult to activate
such poly using implant and annealing

* Hence in-situ doping (1.e. doping during deposition process
itself) was invariably used
 As a result both NMOSFET and PMOSFET had n™ gate

« Almost all the recent technologies use dual poly gate
1.e. n" gate for NMOS and p" PMOS

 The poly is fairly thin (0.2um or less) and hence the activation
1s done during s/d implant and anneal step itself
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The problem of PMOS V, setting

Tvox \/4€s qNa ¢b
&

ox

The Vfb term depends on gate material

Vt:Vfb+2¢5b+

For NMOS with n* gate, Vib ~-0.9V, 2¢b=0.7V, the third
term 1s positive for p- well And hence Vt can be set to low value

For PMOS with p* gate, Vib ~+0.9V, 2¢b=-0.7V, the third
term 1s negative for n- well And hence Vt can be set to low value

For PMOS with n * gate, Vib ~-0.1V, 2¢b=-0.7V
hence Vt setting on n-well becomes very difficult

Hence 1n a single gate technologies the PMOS well was typically
counter doped to bring Vt to manageable levels. This process in turn
pushes the inversion layer away from interface
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Buried vs Surface Channel PMOSFET

Buried channel PMOSFET Surface channel PMOSFET

i P
| lodde | A \ oide | A

n
Silicon Silicon

Current flows away from interface =~ Current flows at the interface

The flicker noise performance of buried channel PMOS
1s similar to BJT with almost zero tlicker noise

However the surface channel PMOS 1is no better than
the surface channel NMOSFET
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Output Stage
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Output stage requirement

Capable of providing high output current to drive large loads

However, the DC bias current should be low to avoid
Static power dissipation

The output impedance should be very low

Source follower can serve the purpose

Class AB NMOS and PMOS source follower
(push-pull) stage 1s a preferred configuration
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Output stage class AB

Voo Ve and Vg, are set such that
Vi M1B and M2B are biased just
| M2B above V't to avoid cross over
Vead distortion
VO
Vaa| v
- i
—_MiB \/ \/
v
VO
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Biasing the output stage

v
> M3B and M4B are diode connected
‘L{ i NMOS and PMOS respectivel
Vx =V s3b +V s4b
M3B]HE [ M2B rooeh e
ny — th3b T th4b+2AV
LV Choose the sizes of M3B and M4B
such that Vxy 1s just above the
Y the two Vs of M1B and M2B to
M4BT MmIB avoid cross over distortion
Vbias—{ M7
v
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Folded Cascode v_

i p——
MI0 LMY
—@
M3— V4
Jﬂ M1 M2 |
M
VB i
v M6 M5

The differential current due to inputs are folded through

M1-M3 and M2-M4 pairs

The gain will be comparable to 2 stage OPAMP due to

cascoding of the load transistor

The load capacitance itself acts as compensation capacitance
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Folded cascode gain

4.(0) = Em
goZ +g09 + goS

gm4r04 gm7r07

2
A (0) = (g mr‘?) Assuming all gm and ro are identical
’ 3

The dominant pole 1s associated with the output
C, provides frequency compensation

Increasing C, improves phase margin
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OTA and OPAMP Circuits
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Operational Transconductance Amplifier

OTA 1s essentially an OPAMP without an output buffer

An OTA without output buffer can drive only capacitive loads

OTA 1s an amplifier where all nodes except I/O are low
impedance nodes. Hence the two stage OPAMP configuration
minus buffer 1s NOT an OTA since the drain of M4 is high
impedance node

As the name suggests, the quantity of interest in OTA 1s
not the voltage gain, but it 1s
Gm — Z.OZ/llL — Z.OZ/llL
Vi = Va Vi

l
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The basic OTA circuit configuration

VDD
MS | M3 ! | M4 K } M6
iO
@
Vir——{[ M1 M2 PLVQ
M9 | | M7
f 'K
v
Vbiasg{ M5
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Gm expression

Assumptions
8m1=8m2 and (W/L);= (W/L) ,= (W/L) ¢

(W/L)= K(W/L) , and (W/L),= K(W/L) ,

Then
L, =16 —ly7 :K(id4 _id9) :K(idz _idl)
V. V.
I =K —~+o L|=Ko v
l
Gm :—Ongm

V.

l
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Transconductance Gm
Gm can be set by appropriate K

For a given K (1.e. after design) Gm can still be varied
by setting an appropriate bias current, /g

1.e. Filters made using OTA can be tuned by changing /

Output pole 1s the only dominant pole!
i.e. capacitive loads improve the phase margin

(D

The symbol for OTA

Vio

Vil
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Simple Low pass filter

joC
I, v 1% :Gm(v—v).1
— 0 joC
Gm
v, joC
C_'_ K 1+Gm joC

Single pole low pass filter with a cut off frequency of

®,=G,/C

Dr. Navakanta Bhat



Simple High pass filter

iO B vaO
vo _Vi = = .
i v joC  joC
— > 0
| v, 1
|
C Vi 140/

%,
s,

High pass filter with cut off frequency of
®,=G,/C

~
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General biquadratic (biquad) configuration

|
V2 ||C]

 _
[Wal
Vs %2
Filter Input Condition Transfer function
Low-pass |y, =v, v,=0 ,v;=0 gn
Ji i’ 72 » V3 m 2 2
s C,C,+sC,g, +g,
High-pass |v,=0,v,=0 ,v,=v, s*C,C,
] ’ 2 ’ 3 1 2 2
s C,C,+sC,g,+g,
Band-pass |y, ,=(,v,=v,,v;=0 sC g,
s’C,C,+sC, g +g°
Band-erCCt v]:vl’VZZO ’V3:VZ S2C1C2 +gm2
s’C,.C,+sC,g +g.°
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Inverting and Noninverting amplifier

Inverting
v, % Vo __ &
.
¢ Vi R,
Non inverting R,
R,
1% R
l AYA v, 2 =1+ —2
Vi R,
Vi
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Integrator and Differentiator

Integrator c
—7—
1% R I
i W% v o=— jvidt
R,C,

Differentiator

vi—% dv
| vo = _R2C1 Cl’tz
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Log and Antilog Amplifier

Log
TV, -
o
R, v =—V.In e
vl N Rllo
Antilog
. va,— Vi
] — Vr
vd Vo T ]oRle

-
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Sample and Hold Circuit
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Sample and Hold Circuit

This 1s an essential requirement for discrete time systems
(sampled data systems)

Applications:
ADC:s,
Switched capacitor filters

Comparators etc.

Requirement of discrete time operation:
1.Switches to perform sampling

2.High mput impedance to sense the charge without corrupting
(ideally suited for CMOS and not for BJT)
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Requirements for S/H circuit

P .
Vi
Vi Vo /

Vet

Advantages of MOSFET ¢

over BJT as a switch ~  ———  ——
1. ON but zero current Vo / |

2. S/D voltages are not (ideal)

pinned to gate voltage
3. Conducts well in both

the directions Vo

But it is still does NOT perforrt €20 [
Ideal Sampling function!
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MOSFET switch 1ssues

Finite acquisition time

Finite bandwidth in sample mode

DC offset in sample mode (Vosl)

Finite aperture delay (At)

Pedestal error (Vos2) : (Charge injection and Clock feed through)

Droop 1in Hold mode
Fort>t,+AT

V()=V.(, +A)+V  +V

0s2

+ AV (¢)

s
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MOSFET sampling
P

1 o

Vi

{
C, (PL_Q N

Acquisition time =R, C; (RC time constant of channel)

R = 1 In linear region

/4
uCox” - (V,, ~,)

Bandwidth in sample mode = 1/t

V ., =0 provided MOSFET i1s in linear region (1.e. Vin < @, — V1)

o

Otherwise Vo#Vin instead Vo = @, — V't
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Channel charge injection

ﬁ 1 When switch 1s ON, channel charge 1s

Qc=WLCox(¢p,-Vi-Vt)
/ S When ¢ goes low, the switch turns off

— — and the channel charge must exit out
Ch

Vi

' An approximation 1s, 50% of this charge
Goes to the out put node

The fraction that goes to output node is a complex function of parameters such as
impedance seen at each node to the ground, clock transition time etc.
(ex: 1f clock makes slow transition all the charge could be absorbed at input)

N
2C,,
AV — WLCox(¢H _I/i _I/t)

2C,
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Effect of charge injection

V =V — WLC,, (flé —Vi=V) Vt is impacted by body effect
H

Vo V{H WLCoxjﬂ/ WLC, N WLC. ( _— +7m)

2C, 2C, 2C,
GazinT error Nonlinearity DC offset

Speed-Precision product : TAV

2
T-AV = L
2u
Interesting trade-off!
Depends only on L and is independent of transistor width

and the value of the sampling capacitance
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Clock feedthrough

When the switch 1s being turned off, the clock transition
capacitively couples to the output

¢
o AV = (¢, — ;) C;VC

::CH Cov =N CoxWLd

v

Note: If clock makes slow transition (quasi static)
Then the clock feed through error is significantly less
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Example for error values

W=10um, L=2um, Vt=0.7V, Cox=1.38fF/um?,
C. =3fF, C,=1pF, ¢, =5V, ¢,,=0V

Gain error = 1.1%
Charge injection offset = 47mV
Clock feed through offset = 15mV

Total offset = 62mV
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i kKT/C noise

2

Vi Equivalent ckt Vi R
in sample mode Vj 4‘ N"“
o] —> 1
;T v > =4kTR Af Cy
H(f)=— Y
1 + .]27?7(]3071 CH
v, =4kTR,, [ — L
o [+ j27R,,C,,| For C,=1pF, T=3000K,
T kT V o (rms)=64.3uV
ol — .~
Cy The lowest limit!
v (rms) = L2l
CH
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Offset cancellation with dummy switch

K4 $ |

M1 M2
Vi g Vo
a0, L 49> We need to ensure that AQ,
Cy injected by M1 should be
v picked up by M2 (AQ,)

AQ,=0.5W . L,C (Vpp-Vi-Vt)  AQ,=W,L,Cox(Vppy-Vi-Vt)
Choose L =L, and W,= W ,/2 to cancel the charge injection

Note that the clock feed through error 1s also cancelled

AVCﬁ:—A¢ Cor +A¢Q Cor =0
C +C, C +C,
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Switched Capacitor Circuits
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Switched capacitor as a resistor

V4 JI\} Ve 1_YVa=Vs The Resistor takes certain amount

A. - B R of charge per second from node
A to B resulting 1n a current |

A <7 < B S1 and S2 are non overlapping

—C S1 1\ [\ [
S2

v

In one cycle a charge g=VaC — Vb(C 1s transferred from A to B

1.e. charge transferred per second from A to B 1s

v,-V 1
]avg: clkC(VA_VB) =4 - R

“E 1/7,C - e

Switched capacitor acts like an equivalent resistance!
Provided f_; 1s higher than signal bandwidth
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Motivation for switched capacitor circuits

It 1s very easy to build a capacitor compared to a resistor
in the CMOS Technology

The value of the capacitance does not depend on temperature

The capacitor connected to the output of an OPAMP does
not impact the resistance and hence the open loop gain

Monolithic active RC filters can be built using switched
capacitor circuits

In most of the switched capacitor circuits, the poles and zeros
are governed by capacitance ratios rather than absolute values.
The precision on capacitance ratios 1s significantly better
compared to precision on absolute C and R
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Unity gain buffer/Sampler

S3
S3 open and S1, S2 closed
S2
, qH One plate of the capacitor 1s at
Vi I — 1 Vo virtual ground and hence Vi 1s
S1 r+ sampled on the other plate

S1, S2 open and S3 is closed

C, 1s connected to Vo and hence
Vo 1s sampled mput voltage
Further the circuit enters in holding
phase with constant voltage on Cy,
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Vi

Inverting Amplifier

Initially S3 open and S1,S2 closed

| ‘Cz
g2 Negative feedback is enabled and
Hence — input of OPAMP is at

S1

S3

Vo
r+ S1 and S2 open and S3 closed

|(%1 Virtual ground. C;; samples Vi
|

Capacitance discharges and the
charge will be transferred to C2

—L  From conservation of charge
C,
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Integrator

111G, S1, S2 are non overlapping
| and are switched at a
frequency of fc

Hence there 1s an effective

Vo Resistance between nodes
A and B

\4 Req — 1
C /.

v = G/ jvl.dt
CZ
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Stray 1nsensitive inverting integrator

&

¢l and @2 are non overlapping

¢z ﬁl P2 ) v
(Plik (plik P

¢l 1s closed and @2 1s open , C1 1s discharged to OV

Vi

¢l 1s open and @2 is closed , a charging current
flows through C1 and C2

At the n* sampling instance

4, (1) =V, (=D =Ly

2
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Stray 1nsensitive noninverting integrator

&

¢l and @2 are non overlapping

ol ﬁl P2 ) v
@25 ol ik P

¢l 1s closed and 2 1s open , C1 1s charged to Vi

Vi

¢l 1s open and 2 is closed , a charging current
flows through C2 from Vo and the charge 1s transferred to C2

At the n* sampling instance

4, (1) =V, (=14 0

2
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Integrator as versatile building block

Lossless resonator

|
zL—zjvodt
© b I
— Vo VYe g == [ (i, —i, )t
, Change variables
v = R [v,dt v=i.R* v,=i,R*
L

v, 1
v = R j(vi —v, )dt
r,=RC

L
T, = e
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Ladder filter : Low pass

v3I:i3

R, 3

"0
% — =y
’ C, C, R, ¢

Define v;* = i;x R” where v;" is scaled inductor voltage

*

- | T &

> jowC,R,  jwC,R  jwC,R

, v, V) These can be realized using
V3 = JoL IR - JoL IR summing integrator
v, = V3* Vo

" joC,R" joC,R,
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Comparator
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Characteristics of comparator

Comparator 1s a nonlinear circuit which generates rail to rail
output for small differential input signal

VO

Vi

Vi

Configurations:
High gain amplifier without latch
Latched comparator
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Selection of Av

The desired resolution and hence v,

imin

sets up the required gain
Suppose i1t needs to be used for 12 bit Flash ADC application
Let Full scale I/p=4V , 12 bit ADC = 4K levels

i.e. 1 LSB = ImV and half LSB=0.5mV

If the output rail voltage 1s 5V

5

= 0sxl0° 10000

AV
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High gain realized in a single stage affects speed
Suppose the gain bandwidth product is 10MHz

y Then f; = f,/A,=1KHz

v

=121 f;

7 =160 usec
J3as u

Instead of using a single stage, cascaded stages with lower
individual gain but constant overall gain can be used to
improve the speed
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Time constants of cascaded stage

VVN ’AVN ’ AvN
WoN WoN WoN

4,,(0)"

(1+%.)

For an n stage cascade, each stage can have significantly lower
gain in conjunction with higher bandwidth

A (jo) =

The gains get multiplied, whereas the time constants add up

N-1
Don _ A (0) N 2V ] o,y 1S 3dB bandwidth

Q

ol

For N=3, o\ /®,; = 236 and Av(0)=21.5
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Offset cancellation

VO  The offset impacts performance

If offset 1s not cancelled then the
Ve precision is affected

Vi

Vi

The concept of cancellation:

Sample the offset voltage

Store the offset voltage either at the input or output
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Output series cancellation

yi SU Lo Ve
_‘+ g I 4 Vo
S2 )l S3

Offset store: S1, S4 open and S2, S3 closed
Ve=AVos , The amplified offset voltage is stored on C
Amplify: S2, S3 open and S1, S4 closed
Vo=A(Vi+Vos)— Ve = AVi

Note: If the gain 1s very large the OPAMP may saturate
during the offset store phase
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Input series cancellation
S3

§1 Ve Vs
Vi I

Vo

S2

Offset store: S1 open and S2, S3 closed
The OPAMP is in negative feedback mode

VOZVC;-A( Ve - Vos)
VC :—V:)S ~ Vos
1+ A4

Amplify: S2, S3 open and S1 closed
V. j i.e. input referred offset is

V,= _A(I/i 1+ 4 ) reduced by a factor 1/(1+A)
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Sense Amplifier

Voltage Sense Amplifier
Current sense Amplifier
Latch type Sense Amplifier
Gain bandwidth analysis

Acknowledge the contributions made by Sugato Mukherjee
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SRAM structure

Row decoder

< g
< >

Word line

2" Bitline

Memory
Cell

Address |n
Input Column Mux

Column decoder

__, Sense en : j Sense Amplifier
—> .

External Clk Write en

Read-write
control
Write

Driver
Dataln  Data Out

SRAM is 2 dimensional array of memory cells (C)
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WL

6T SRAM cell

T1 |p d 12

= 3 Ij‘T4 ==

i
=

<}

Do
-

SRAM cell consists of two cross coupled inverters
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SRAM Read operation

BL and BL are pre-charged and equalized to Vdd
WL selects the memory cell
Either BL or BL _ starts discharging through cell

Differential voltage between BL and BL 1s
amplified by the sense amplifier
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System
of
Interest

Role of sense amplifier

—Cin

T Ay oA

CinL

-

O/P (rail to rail)

Sluggish inputs (1.e. large input capacitance)

In the absence of SA,

AV =1Iin * AT / Cin
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Sense Amplifier in SRAM

- Sense amplifier 1s one of the most critical elements
in the design of a high speed SRAM

*Sense amplifier 1s the most important analog block
in an otherwise digital memory

* Sense amplifier amplifies small voltage swing on
bit-lines to CMOS voltage levels.

 Data sensing delay comprises about 50% of the
total access time.
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Current Sense and Voltage Sense

Voltage Sense

* Input signal comes to gate of MOS transistors

* Input impedance tends to be very large

Current Sense

* Input signal comes to drain/source of MOS transistors
e Ideally zero input impedance

* Low input differential swing lowers interconnect delay
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Current sense vs. Voltage Sense

Current Voltage
Cell current 1s sensed Voltage on bit lines 1s sensed
Speed 1s independent of Cg Speed 1s a function of Cg
Low input impedance High mput impedance
Low power for small swings High power for large swings

More sensitive to offset voltage Less sensitive to offset voltage
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SA Implementations

Voltage Sensing

e Current mirror based SA

* PMOS cross-coupled SA
Current Sensing

* Current conveyor based SA
Other Schemes

* Half latch based SA
* Input decoupled latch SA
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Current-mirror based SA

All differential voltages should be equalized before sensing
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PMOS cross-coupled SA

DL DL

®sa —{é

D

eq
=
piheg

3 ghiclng
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Current mode vs Voltage mode

‘ “@\f——‘\/\f——z NS Vo
IiT O %RB T-C T RS l]o
Voltage mode signaling : R, = oo
T=R,C,
Current mode signaling : R, =0
T = RTCT
2

Ref: IEEE JSSC vol. 26, no. 4, April 1991
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Current conveyor

Tin lout=Iin

Unity current gain
Rin=0

For ideal current conveyor

Rin=0 and lout=Iin
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Current Conveyor based SA

et

Voo
-
[Hl%H_J L_‘[liﬂ
RS
bit CELL bit Voo
CBL CBL ¥
f W2 26112 % 56”2 6112
= ME’? e VP35 - e 12112
e ds _D"_‘“"’Vo
|| 24112 2412 T s | 0, 2012
[ Pfﬂi i ‘”;PZ‘ Nﬂ[ L_J \NA
| b 6n-2 T 6n2
5 | L YSEL 6/1:2
D T — pre 1
oL i “T100fF
- T
OL — :
COLT 6!12 6/1:2

SS

P1 and P2 provide
negative feedback

P1 and P2 can be
viewed as resistances
whose value 1s
modulated to suppress
change in input voltage

P1 and P2 are 1n sat
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Latch type sense amplifier

Positive feedback Latch
BL_

Column _4
Select

R1

—OMNO

Sense |

BL

4 Column
Select

Vegnd

a

Enable
(SAEN)

_/

|
Il MN2

Sense enable controls the latching operation
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0.35um Simulation Environment

e Tl

anrn

' To Sense Amp

Dr. Navakanta Bhat

The loading effect
of other cells 1n the
memory 1s taken
into account

Alternate 1 and 0

1s read from cell 0/1
to verify correct
read operation




0.35um Simulation Environment(contd.)

* Cycle time = 1.55 ns

* Supply voltage = 3.0 Volts

* Transistor models = Typical

« Temperature = 25" C

* Rise/fall time for pulsed sources = 200 ps

* Bit-line pre-charge turned OFF during sensing

» Amplifier transistor length = 0.7um
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Current Conveyor Simulation

* Circuit nodes do not reach steady state value for high-speed
 Divergence of cross-coupled nodes for high-speed operation
 Solved by equalization transistor

» Second stage activation with memory — wrong operation

* Second stage activation delayed for correct functioning

* Memory cell current not transported — attenuation

» Performance degradation for high operating speed

Dr. Navakanta Bhat



Current Attenuatlon in Current Conveyor

*EM | 2‘1?;%; ik » Measured at end of cycle

| f-.fg:fm iD‘?’EF‘ » 20d Stage deactivated

T

T

B 477| T Memory cell differential
S cumentis 190uA

S I IR

1 tsoua e | con . Sﬁuﬂ Differential current

| $ B “"F”ilk - 4ﬁlm B transported to the
R Gl I second stage is 20pA
C120uA (T wes T T gouA .
. _12_9 2l R 20 A Current attenuation due to
aasud™ e capacitive effects at high speed
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Current Conveyor Performance

No. of | Sense Bit-line Power
Rows | Delay | differential

256 500ps | 0.11 Volts 3.52mW

512 605ps | 0.07 Volts 3.53mW

Dr. Navakanta Bhat




Vdd bias Input Decoupled Latch SA

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ 111‘."'5.35'&%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ oSinglestage

- . * Input decoupled by
1 F_ o MPASSI,2

R i R S EEE - Latching occurs after

e decoupling

J,JE 1?:1335 .MPI,MP2,MN1,MN2

.....................................

S ) B e j 2.1/0.7 nominal size




Input Decoupled Latch SA Waveforms

¥Yi{102) W{0UT) WV{0UTBAR) V({104)

Word-line

Initially both

the outputs are
biased at Vdd

During sensing
one of the output
falls faster than
the other output




Half [Latch SA

------ [mea S 1 —'f f ° Slngle stage

S 14/0.35 o m(ﬁlz). =T

47 * Powered from the bit-lines

BEEE e Pl e AU BN « V) bias gives best performance

* PMOS transistors operate in
linear zone

« NMOS transistors in saturation
at start

« MP1,MP2,MN1,MN2: 2.1/0.7
nominal size

e E L e
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Half Latch SA Waveforms (V,, Bias)

1"3 5 WI101) WL102Z) V{OUT) V{OUTBAR) V{104)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
2 E ]
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Comparison of Single Stage Latch Style SA

Sense Delay Plots for Single Stage Sense
Amplifiers

700 -

600 - /
é 500
E 400 » ——Half Latch Vm Bias
(]
a // /

300 —— |nput Decoupled Full
§ ::‘/ Latch
S 200 -

100 -

0 I I I
0 3) 10 15
Number of Rows (Log Base 2)
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SA Comparison for 512 rows

SA Type Sense Bit-line Power
Delay | Differential
Curr.Conv. | 605ps | 0.07Volts |3.53mW
PMOS cc 624ps | 0.09Volts |3.51mW
Half Latch | 355ps | 0.09Volts |2.54mW
I/P Dec. Lat. | 552ps | 0.09Volts |3.00mW
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Frequency Domain Analysis

- Open loop gain-bandwidth analysis for single stage
positive feedback latch style amplifiers

» Small signal input impedance analysis for “current
sensing’” schemes

Advantages

* Minimum number of components needed
» Compare different amplifier structures
* Perform a preliminary sizing of amplifier transistors

* AC simulations will be much faster than the transient simulation

Dr. Navakanta Bhat



Open Loop Gain-Bandwidth Analysis

* Open loop GBW indicator of response speed of positive
feedback amplifiers

 Cross-coupled inverter amplifier core of the single stage
latch style SA

* Feedback loop opened with appropriate loading
* Input signals mimic the bit-line differential signals
 Frequency analysis done for open loop gain

* GBW studied for various amplifier transistor sizes
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Open Loop Circuit for Half Latch
é)geggw B, O | We O

ACTmY

R A

SN

Dummy transistors are added to simulate the loading
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(Gain Characteristic for Half Latch

as_, YOB(OUT)

E 3-pole 3-zero
i response up to 1 THz

For figure shown
Gain=20dB

: Bandwidth=802MHz
‘ GBW=8.02GHz

Vin

wf Similar responses for
: other two amplifiers
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Time and Frequency Domain Results-Half
Latch Amplifier

Comparison of Time and Frequency Domain Data for
Half Latch Amplifier

800 -

- 600 -

= —e— 1/GBW

o 400 -

£ —=— Sense Delay
¥ 200 -

0 T T T T
0 1 2 3 4 5
Wp/Wn

(GBW)! compared with time domain sense delay for
varying transistor sizes
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Time and Frequency Domain Results:
I/P Decoupled Latch Amplifier

Comparison of Frequency and Time Domain Data for
Input Decoupled Full Latch Amplifier

600 -
500 u

?‘: 400 \‘t.\.—I—Iﬂ—H —eo— 10/GBW
o 300 -
£ 200 —=a— Sense Delay
100 - 0\,_\_._‘_‘ -— o
0 T T T T !
0 2 4 6 8 10

Scaled (GBW)! compared with time domain sense delay
for varying transistor sizes
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Small Signal Input Impedance Study

|1l 12
<+> Vinl | " Rin ' '  Win2 CC“‘&
_ O 2950 - : OC 2954
AT 100ms : : : S
In1 In
SENSE AMP
Chut 1 Chut??

» Circuit to measure input impedance
* Differential output =0

* Differential input impedance measured as a ratio of
differential input voltage and current
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ALY
Head 2g

Input Impedance of Current Conveyor

Rin{magnitnde)

Dr. Navakanta Bhat

2-pole 1-zero response
up to 1THz

DC value =302

Peak value = 1.83kQ) at
1.29 GHz

For 1.55 ns cycle time
1.3GHz 1s twice
fundamental frequency

INPUT IMPEDANCE
NOT LOW FOR HIGH
SPEED OPERATION.




Summary of SA architecture

 Half latch and input decoupled latch amplifiers found to
give best speed performance

 Current conveyor based schemes are not well suited for
high-speed applications

* Frequency domain analysis useful tool to study positive
feedback amplifiers

* Access time limitations expected to increase with
increasing densities
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Impact of Mismatch on Analog Design

Acknowledge the contributions made by Ravpreet Singh and Srinivasaiah
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Transistor mismatch 1n deep sub-micron
technology

 Factors causing transistor mismatch

* Modeling the transistor mismatch
 Controlling mismatch effect at process/device level

 Impact of transistor mismatch in sense-amplifier design

 Controlling mismatch effect at circuit level

Dr. Navakanta Bhat



Transistor Mismatch Effects

3 identical transistors in a chip at the circuit design phase

s jn e

The structure of 3 transistors after the completion of IC processing

nnnnnnnn

413028418

BnHnm

4,058+

1mulated devices with £10% halo variation from nominal value
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Impact of process variation on drain current

1E-2

'g NMOS———> |

2 1F -3 e e

5 :

<

= TR = mmeeeeeosensnnnnionrStuaingaeessssssennnnsnsfrnnsssennnnnnsepfyfonsnnidunnnnd

O,
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i;" lE—5 E ......................................................................................

©

— lE_6 E ....................................................................... : ...............

b =D PMOS

8 lE_7 .5 .............. feessnnnnnannnnnnnnnnnnndekafen fonninfefun D9_PMOS

H —

8 1FE-8 T R .|===D10_PMOS

c E : : DO _NMOS

g 1E-9 . .. ....... _D9_NMOS

Y :

[ a D10 NMOS
1E-10 - ||| """ | I E— t ||  — —  —

-1 0 1
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Factors Causing Mismatch
|.Intrinsic type

* Discrete dopant effect
* Interface state density fluctuations

2.Extrinsic type due to random variation in.

* Gate length and width
 Oxide thickness
 Implant dose

* Implant energy

» Anneal temperature

» Gate & S/D overlap

* Spacer thickness
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Device parameters affected by process
parameters

* I the leakage current

e [ the saturation current

* V,, the threshold voltage
* S, the Sub threshold slope
* g, the Tranconductance.

* Various R s, C s and parasitics

Dr. Navakanta Bhat



Impact of process parameters on

circuit parameters

Oxidation Speed
T I

ox

Deposition \Z,;;\ J@:D\L G- Dynamic power

V ........
Implantatiot /

Diffusion > D Yield

* Circuit performance has a direct relation on process 1n a complex way.
 The relation between circuit parameter to process parameter 1s
highly nonlinear.

* Some of the Process level parameters are statistically correlated.
Dr. Navakanta Bhat




Short range and long range order

Inter die, Inter wafer and Inter lot variations have long range order

Intra die variations can be medium and short range
The variation along a clock tree has medium range order

The variation in matched differential pair 1s short range order

SPICE corner models are derived from long range order and
they will be very pessimistic for short range order

Typically the intra die variation of a parameter P between

two transistors M1 and M2 is given by

2 4, 4y 2
o' (F—P)= + +s, D,
WL~ 2W,L,
c* is variance, D, is distance between M1-M2, a, and s, are

Process technology dependent
Dr. Navakanta Bhat
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Distinction 1n variation of a parameter
vs. variation in matching of parameter

Variation in Vt

(long range) Frequency (#)

/\
o(Vt)
N

l
w(Ve)
Frequency (#) Frequency (#)

Variation in AVt
(short range) oAVt oAVt

- -

0 0 AVt
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Mismatch coefficient

A
oAVt =—==
VWL
oAt 0.2/4
S5SmV

qT, .\ 2NW,

E, NWL

2/Q.18

0.18um technology

"1

VWL

The equation 1s obeyed very well except at the edge of the
Process technology
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Scaling Trend

v

\I)I)
SAVE Signal ampli

6cAVt

| [
Ipm Technology O-1Wm

The parameter matching 1s becoming difficult with scaling
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ADC Yield

100 Y
Yield 7
bit
0] L | |
0 omV. v

The higher precision requires very low mismatch

The yield for high precision drops off very fast
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Offset Effects

*Mismatch effect modeled by variation in 3 and V;

 Sense amplifiers can be activated only after input signal
voltage (bit-lines) compensates offset voltage

* Different degrees of mismatch — 10%,5%,2.5%
* Worst case offset voltage generated for each sense amp

* Matched pair of transistors — (max V., min 3) and (min
V., max B)
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Comparison of Latch Amplifiers with
Offset (contd)

Sense Delay for Varying Mismatch

1.4 -
= 1.2~ —e— Half Latch Amplifier
S 1
b
3 0.8 —=— Input Decoupled Full
S 06" Latch Amplifier
c 0.4 —a— Ground Biased Full
” 0.2 Latch Amplifier

0 I I |

o

5 10 15
Mismatch(%)
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Effect of input offset on SA

Memory
Cell
CBL_
v
Mpassl O

MNI1

Q/INAMIL 7

Latch type Sense Amplifier

Delay
tracking
for BL and
WL delay
~ variations
_MBL
v
Mpass2
Sense Amplifier firing signal

Voffset (---)
Vsignal (1t/Cy,;)
__________________________ e
Time
VSA . ............ ' .................
/ Time

Timing slack

in the design

* Higher the offset, longer the delay for proper functionality
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Impact of transistor mismatch on SA Delay

Sense Delay for Varying Mismatch # Number Of
devices
1.4 -

7 i —e—Half Latch Amplifier Gaussian distribution

=

% 0.8 / —s— Input Decoupled Full

2 o6 Latch Amplifier

2 0.4 —a— Ground Biased Full

? 0.2 Latch Amplifier

O T T 1
0 5 10 15
Mismatch(%)
: Transistor

lo includes 84% .
devices mismatch

. Percentage of . . .
DesignIndex (0)  gynctional devices * 66 design index required from

! 34.1344740 circuit yield consideration
2 97.7249938 . . .
 Conservative design compromises the
3 99.8650033 . .
circuit speed (factor of 2 or more!)
4 99.9968314
5 99.9999713 e Thisis a typlcal Speed VErSus y1€1d

66— 999999999 =
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Conventional solution

# #
Offset compensation

/\Cmultry ] /\

Delay

Transistor mismatch Transistor mismatch 1

» Adding offset compensation circuit to Sense-Amplifier
e Increased number of transistors connected to SA output
» Added circuitry increases SA output node capacitance

* Intrinsic SA response becomes sluggish
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Offset Analysis of Latch-type sense amplifier

_ BL

Column Column
Select Select

R1 SAO R2

oMNo | [ MN1
| ! Vegnd ! T
Sense I ”_T
Enable I MN2
(SAEN)

C X A V P namic
1, =— =+ Ty ~ =Cp AV Vo

atapath ~— ]
cell

Latch type sense amplifier is preferred configuration for high speed
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Differ
ence
in Ids

(A)

Efftect of source-substrate bias

1.4e-4

1.2

0.4

0.4

0.4

0.2

0.0

______ r-——"~""T7T~"~"~"""™"7"~""~“""""“>“""™"/"~""77"77
B I I
______ Ll o __l______
I I I
i I I I I
—————— b - e ]
L I I I
I L B o o
I I I I
i | | * + + —4 +
A LT oo - - ———— -
I | | | |
I I I I
B JJ S S —— ————— e
- I I I I
N P N A [ T A I O A A P e O
0.0 0.5 1.0 1.5 2.0 2.5
Ui
Vds (V)

Vs=0V

Vs=0.5V

Vs=1V

Vs=1.5V

Applying body bias increases common mode Vt and hence
the difference in drain current decreases
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Intrinsic offset vs tail transistor size

Intrinsic Offset (mV)

65

D
o
I

[9)]
()]
I

[O)]
o
I

N
(&)
\

LN
o
\

w
($)]
I

w
o

—e— W/L=6u/0.25u
—x— W/L=3u/0.25u
—a— W/L=1u/0.25u
—a— W/L=0.25u/0.25u
- - - W/L=0.25u/1u

0

100 200 300 400
Rise Time of SAEN (ps)

500 600 700
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Extrinsic offset vs pass transistor size

19- —+— WL =1.81/0.25u
---@-- WIL=5.0u/0.25u
0l —a—W/L=1.8u/0.4u
—a— WL =1.8u/0.5u
g8
86
[ -
@)
O 4
‘n
£
= 27
>
LL
0 - ‘ | | ‘
0 100 200 300 400 S0

Rise Time of SAEN (ps)
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Extrinsic offset vs tail transistor size

9 - —a— W/L = 0.5u/0.25u
8 —e— W/L = 1u/0.25u
7. —x—W/L = 2u/0.25u
S
E 6
@
L 5
(@]
o 4 -
2
£3
0
2 |
1 _
0 I I I 1
0 100 200 300 400 500

Rise Time of SAEN (ps)
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Total latch offset vs pass transistor size

Q\I —e— WI/L =1.8u/0.25u
' ---@-- W/L =5.0u/0.25u

—4a—WI/L =1.8u/0.4u

—=— W/L =1.8u/0.5u

-----

100 200 300 400 500
Rise Time of SAEN (ps)
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Total latch offset vs tail transistor size

75

20 i WI/L = 2u/0.25u

65 o WI/L = 1u/0.25u

WI/L = 0.5u/0.25u

60 —h—

55

50

45 A A

Latch Offset (mV)

40

35

30

T I I I |

0 100 200 300 400 500

Rise Time of SAEN (ps)
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Speed and Power versus SAEN Rise Time

35
E —a—Rows=1024
= 30 7 —e—Rows=2048
§ 25 - —m— Rows=4096
€ 20
o
S 15 1
10 7
5
0 , — = —a
0 100 200 300 400 500
Rise Time of SAEN (ps)
1;0'9 ] —a— Rows=1024
£0.87 —e—Rows=2048
2 0.7 —m— Rows=4096
= 0.6
0 0.5 1
© 04
3 0.
< 03 B
0.2
0.1
0 T T 1
0 100 200 300 400 500

Rise Time of SAEN (ps)

Low power option also corresponds to high speed option!
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Effect of rise time on speed and power

Rise
Time
(ns) Access time (ns)
1024 4096
Rows 2048 Rows Rows
86 2.66 3.44 5
126 2.5 3.15 4.5
177 2.47 3.07 4.28
230 2.48 3.07 4.23
330 2.53 3.1 4.24
450 2.6 3.18 4.33

Rise
Time
(ns) Current consumption (uA/MHz)
o 4096
e 2048 Rows Rows
Rows
86 78.2 102 165.3
126 71.6 91.5 145
177 70.2 88 136
230 69 86.7 132
330 69 86.7 132
450 69 86.7 132
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Analytical modeling

The input offset voltage is the minimum required input signal
In order to produce correct latching

| A AC AC KC 3a
VSIG >AVT +_{(_B+_j+ = ;}(V _Vs _VT)maX

2|l C) C+Cq B a,
AC C

+ mdec GSQ(V_VS_VT)maX
(C+Cqs)
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Analytical Modeling

-—
co L MNO I ||:MN1 1 1
Sense |
Enable MN2
(SAEN)

0 02 04 06 08 1 12 14 16 18 2
Rise Time (sec) x10°

Excellent matching with simulation results are obtained
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Summary of transistor mismatch effects

« Random variations in IC process parameters result in
mismatch among 1dentically designed transistors

* Transistor mismatch limits performance and yield
of sense amplifiers in memory application

* The mismatch effects will become worse with
technology scaling

» Analog and mixed signal circuit design should be able
to overcome the transistor mismatch effects
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Need for Statistical Design and Simulation
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Pessimistic design with Worst Case
Process corners SPICE models

If the corner parameters are used to simulate the
worst case mismatch effect, the design will be
pessimistic

As a designer, in order to do a reliable as well
as high performance design, obtain the
matching data as well from the fab

It does take quite a bit of effort for the fab to generate
mismatch data, but 1t would be worth the effort
from designer’s viewpoint
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Statistical circuit simulation

Ideally the statistical design/simulation should be
part of the design flow for analog circuits

«
| Process
Normal Ckt
o Parameter
Statistical Extraction
Parameter
Extraction Design/simulation
With normal parameters
PVT, except short range
Statistical
Simulation
Measured v
Yield —P Yield Prediction
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Monte Carlo Technique

Statistical technique used to predict the output
distribution when there 1s no closed form
expression relating output distribution to mput

Random number generation is used to randomly
assign a value to input variables and walk through
the input to output transformation

By transforming a large set of inputs to the output
the output distribution is obtained
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Response surface methodology using DOE

For a complex circuit the SPICE simulations
in the Monte Carlo loop become computationally
inefficient

By performing very few input to output transformation,
a mathematical model could be fit to relate the output
quantity to the mput (linear, quadratic or some other
function)

This model replaces SPICE simulations from MC loop

Computational efficiency is enhanced significantly
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Wide Common Range OPAMP
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Common mode range for differential amplifier

| A

Lyl V
Vo], V02 = [S/Z
Vop-IgR D/Z
0
Ve Vt+AV, ,+AV, Vei

Only the lower limit of Vci is the
hard limit and is above negative rail (0V)

We presumed the upper limit also to be
much below positive rail (VDD) due
to IsRd/2 drop

Vei What if you replace the load RD

with current source load?
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The common mode range with current source load

Vb |AW
|

Ve Tz M4

Vo1~ vV, : |
V; ]4{ M1 M2 }fvl 5 7 Vei

1
° é The V. will be even greater VDD!
However the V. . 1s the hard limait

cimin
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Common Mode Range for NMOS and PMOS

. CMR

| CMR

Combine NMOS and PMOS input differential pair to
obtain rail to rail common mode range, Vci !
(In fact the CMR Could be even beyond rail to rail)
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The rail to rail input stage

@ =
Is; ‘
l .
V. |% !1\/[3 M4! ein
il . M2 .
To summing circuit
. using current mirror
®
s @

Low common mode input : Only P-type diff pair operates
Intermediate common mode input: Both N and P-type operate
High common mode input : Only N-type diff pair operates
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The variation of the first stage gain

28m
P-pair

N and P-pair

/

Em

\ N-pair

A%

VDD'Vt VDD VCi

For the simple circuit, the first stage gain 1s not constant
over the common mode input range

Additional circuit 1s required to maintain the constant gain
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The concept of gain control

Suppose that N and P pair bias current 1s constant and
N and P transistors are sized to match the transconductance

Jk I = Jk I = \JkI,

When both pairs are active the transconductance gets added
If we like to maintain the same transconductance when either

N or P differential pair 1s switched off, then we need to change
the active pair bias current using some circuitry

G =k 4. =2kl Increase N bias current by a
" noos 5 factor of 4 when only N is active

Increase P bias current by a
Gm o kp 415 =2 k]S factor of 4 when only P is active
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The first stage with gain control

‘ - Vb
%MS i
|
Vil | M3 M h)iZ
Ml . | M2

4 M5

1

Vi M9 |- gsz@

1:3

Vi, and Vy, are chosen slightly above Vt of M5 and M8
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The current switching

Forlow V_ 1eV_ <V,
M8 is OFF and M5 is ON = I, flows through M5
The current mirror M6-M7 multiplies I, by a factor
of 3 onto the drain of M7. This is added to I, thereby
increasing The P bias current by a factor of 4
Forhigh V ie V>V, -V,
M5 is OFF and M8 is ON = I, flows through M8
The current mirror M9-M10 multiplies I, by a factor

of 3 onto the drain of M10. This is added to I, thereby
increasing the N bias current by a factor of 4

For intermediate V_1.e V, < V. <V, -V,

M5 is OFF and M8 is OFF = Current mirrors are disabled
N bias current = P bias current = Is
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The corrected gain

P-pair N and P-pair N-pair

Em

O Vi VDD'Vt VDD VCi

Adding current switching makes the differential gain
almost flat over the common mode range
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Bulk Driven OPAMP
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The dead zone problem in

complementary input stage
Suppose that supply voltage is very small Vpp < Vg, Ve, 724V

N-Pair
Active

DEAD
ZONE

CMR P-Pair
Active

CMR

Then there 1s a dead zone 1n V¢ range!

Both the pairs are deactivated and no useful operation
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Overcoming the Vt problem 1n single stage

N and P stages are inherently limited by the fact that the
gate voltage should be more than V¢ to turn on the transistor

Possible remedy:
Fix the gate voltage above Vt and apply the inputs
to the body of the transistor (bulk driven)

Modulating the body voltage results in change in Vt
and hence gives rise to body effect transconductance
Which is used to operate on the input signals

Note: At the higher range of input common mode voltage
significant junction leakage may result
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The bulk driven NMOS
Vs
v Vg=Vp, oVop Vop
n+ n+ n+
electron channel
p-well
n-substrate i
Bulk driven MOSFET can
1d Bulk-source be viewed like a JFET
Driven MOS _
Vas=1.5V gi Veioﬁges Parasitic BJTs are not
=0V turned on
/ The transistor is ON even
-2-1 0 1 Vgs or Vbs  hen the input V=0
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Bulk driven NMOS first stage

DD Rail to rail Vci is possible

S ——
AN

H
<
.

| Gm 1s not constant over the Vci range

Vo2 If the supply voltage 1s less than 1V
V2 then the maximum forward bias of

@ junction would be about 0.5V
IS

Note that body effect is active even
when body to source voltage 1s
forward biasing the junction

3
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Lateral BJT in CMOS Technology
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. The Lateral BJT in CMOS

VT Vg=-Vp, oVop ‘ Vop
p‘|‘ n+ \N n+
~_ current
path
p-well

n-substrate

d

Suppresk;w vertical component
through4ayout technique

Use the lateral BJT between source and drain
Intentionally forward bias well-source (base-emitter) junction
Gate voltage 1s negative to turn off the MOSFET

_ For small channel lengths, BIT has reasonablegain
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Surround drain layout

The edgeless gate layout
C Improves the lateral BJT
performance over the
vertical one

The lateral current
collection has increased

Does not require any
modifications to CMOS
technology

1/f noise improves
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The device characteristics

_Vs=06 ]

w/

Vg=0.8V

Ic

%

g<-1.2V

When the gate voltage 1s negative,

0.5 Vs

the Ic-Vs characteristics look like 1deal BJT

This device can also overcome the Vt related problem
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Subthreshold Operation : Neural Networks

Acknowledge the contributions made by Amit Gupta
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Drain Current Ids (&)
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Subthreshold Operation

Inversion
O V<V
Charges G Tho

Depl Reg p-substrate Acceptors




Subthreshold Operation
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Subthreshold Operation

Exponential non-linearity

Extremely low power dissipation

Highest processing rate per unit power

Saturation of drain current in few k'T/q

Vt limitation is not present to build rail to rail OPAMPs
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Motivation for Neuromorphic circuits

Sequential Processors Vs Neural Networks
Hardware Implementation

Analog VLSI
Low Power Networks
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Motivation

* Modern Computer
— Pre Programmability

— Repetitive Computation

 Human Brain
— Speech Recognition
— Pattern Recognition
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Human Brain

* A powertful information processor
* Massively parallel complex network of neurons

* Neuron
— weak computation unit
— 7-8 orders of magnitude slower than current S1 gates

» Knowledge acquired through learning

* Synaptic weights are used to store the acquired
knowledge
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NEURAL NETWORKS:
Parallel Distributed Processors

Machines inspired from the brain’s
performance!!!
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Analog VLSI

* Analog systems carry more information per wire
and fewer transistors per operation

* Analog computing primitives, multiplication and
addition, are much smaller

« Redundant h/w to ensure fault tolerance
- Analog’s cost 1s low

« Real world interfacing: Analog systems
climinates the need of ADC/DAC.
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LL.ow Power Networks

» Battery driven portable systems

» High circuit density

SUBTHRESHOLD OPERATION
IS THE NATURAL CHOICE
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Model of a Neuron
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Model of a Neuron

y=0 Zn:wl.xl.+b
i=1

O——»
Wi
X, © b \
’ T s I~ Y
_
X ® W, / Neuron
" Activation
Function (@)

Dr. Navakanta Bhat



Model of a Neuron
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Feedforward Neural Networks

Input Hidden Output
Layer Layer Layer

* Back Propagation Algorithms: Highly popular for training
*Perturbation Algorithms: Hardware friendly
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Neuron Activation Function (NAF)

e Common choices

— Logsigmoid
1
Y= ,¥; €10,1;
T 1+e™” ’
— Tansigmoid
e™ —e
y]: s 9yj€{_191}
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BP Algorithm

v

*Weight update rule A
w (n+1)=w"(n)+ 175" (n)z" (n)

5‘—061
i S
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BP Algorithm

* Derivative computation

1 _ 1,2 For tansigmoidal transfer fn
y=1-y ;
For logsigmoidal transfer fn
y'=y(l-y)
*Implementation needs multiplier/squarer and adder/subtractor
, Y(x+0x)—y(x) Forward difference approx
V=
ox
'~ y(x+ox/2)—y(x—ox/2) Central difference approx
OX

Implementation needs switched capacitor to introduce small voltage.
*Asymmetry eliminates need of switched capacitor and supporting circuitry
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Parallel Perturbative Algorithm

 If (Error(k) < Error(k-1)) then
— SmallRandomPerturb(Weights(k))

* Else Restore(Weights(k-1)) and
— SmallRandomPerturb(Weights(k-1))
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Low Power Neurons
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Differential Transconductance Amplifier
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Differentiation

* Central Difference Approximation

o — tim [V +AV) =10y =AV)
diff AV —0 AV
AV/2 AV/2
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Differentiation
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Differentiation

[=1(V,,

—AV)
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Current (nA)

Differentiation
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Derivative of Neuron Activation

Function (DNAF)
135 /1 115 :
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Derivative of Neuron Activation

Function (DNAF)
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Neuron Circuit (with External Offset Voltage)

Vb

—q
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Source Degeneration

T * To increase the range
of mput voltage over
R, § § R, which the diff pair
o o behaves
—][m, M, | F— approximately as a
1 §'_ linear amplifier.
Var L] R, * To increase the input
o impedance.
® * To stabilize the gain
J_ (negative feedback)
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Effect of Source Degeneration on NAF/DNAF
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Current (nA)

NAF

(=1 TR N Ld TN
T

VDIFF (V)
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Current (n.)
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Offset Voltage

—————————————————————————————————————————————

Ry, § § Ry, Ry, § § Ry,
— — O —
Var M, M, ‘ Vaire M, M, ‘
® ® ;
JICS% I JICS%
GND GND
Asymmetric differential pair Symmetnc d1fferent1alpa1r
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Offset Voltage
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Offset Voltage Vs Asymmetry
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Asymmetry

e
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Derivative of Neuron Activation
Function (DNAF)
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Derivative of Neuron Activation
Function (DNAF)
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Neuron Circuit (with Asymmetry)
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NAF & DNAF
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Error (%)

Error Curves
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RMS Error Vs Offset Voltage
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Peak DNAF Vs Offset Voltage
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Peak-Error-Ratio Vs Offset Voltage
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Neuron (with External Offset Voltage)
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L.ow Power Feedforward Neural
Network
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Training

*Chip-in-the-Loop Training

L earning Algorithm on the host PC
— *Weight update from PC

*Can accommodate for offsets &
non-idealities
*Programmable Neural Network

>§ ~ ) *Flexibility in Learning Algorithm
> 7 *No learning overhead
NN System Serial weight update - slow learning

*PC 1s required for training
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Feedforward Neural Network

b, W
Input Hidden Output
T axrae T axrae T axrar
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Macro-Architecture

o £
M %I l 11 Vo VNar
b VNAF v V
Vh A 8 W4 IDNAF ® O INAF2
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Synaptic Weights: MDAC
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Synaptic Weights: MDAC

L] oon | o4 ] sy el
1 1 1 \/ 1 : 1
¥ JordE—de e
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The Chip Micrograph

- - el 1

The design was prototyped through MOSIS on AMIS 1.5um technology
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Neuron (with External Offset Voltage

¥
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Neuron (with Asymmet
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DNAF for Neuron with Asymmetr
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Training

Parallel Perturbative Algorithm

Logic OR & Logic AND Functions

I/P patterns: (0,0), (0,5), (5,0) and (5,5)
O/P: Logic 0 - 1.9V; Logic 1 - 2.9V

Error = i‘di - yi‘
i=1
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Training with OR Function
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Traimning with AND Function
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Floating Gate Transistor as Analog Memory
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FGMOS

The floating gate MOSFET can store charge on the FG

This forms a useful block in Neural Networks in order
to update the weights 1n analog fashion

The technology has to support the double poly
floating gate device

The floating gate transistor can correct itself for the
of process variations

Dr. Navakanta Bhat



Charge storage on FGNMOS

The electron charge 1s stored into the FG by hot carrier
Injection (program), while the charge 1s taken out (erase)
By tunneling through oxide

Program and erase are done only under high voltages
CG

FG

%
— n+ source )( | n+ drain

electron channel
p-substrate
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FGMOS with single poly?

There has been attempts to realize FGMOS 1n the
conventional digital technology

CG

FG .
Drain

Source

n+ n+

p-substrate

This device has been reasonably successful and precision
Adaptive analog circuits have been built using this

Dr. Navakanta Bhat
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