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Vision and Mission of the Department Aty Engineering Colleee (4
Vision:

To become a center of excellence in the field of Electronics and

Communication Engineering with technological capability, professional
commitment and social responsibility.

Mission:
MI: Provide quality education, well-equipped laboratory facilities and industry collaboration.

M2: Promote cutting edge technologies to serve the needs of the society and industry through

Innovative research.

M3: Inculcate professional ethics and personality development skills.

P. Bujjibabu, Associate Professor, ECE
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AV Vision and Mission of the Institute

Vision:

* To emerge as a premier institute for quality technical education and
innovation

Mission:

* M1: Provide learner centric technical education towards academic excellence
« M2: Train on technology through collaborations
« M3: Promote innovative research & development

* M4: Involve industry institute interaction for societal needs

P. Bujjibabu, Associate Professor, ECE
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Course objectives

COB 1: To enable the students learn various fabrication steps of IC and MOS, Bi CMOS processes
COB 2: To enable the students learn basic electrical properties of Transistors in analysis of all circuits.
COB 3: To make the students study MOS technology-specific stick and layout rules

COB 4: To make students to familiar with different architectural issues of Subsystem design process
COB 5: To enable the students to highlight the architecture design issues in the context of IC design

Course outcomes

At the end of the Course, Student will be able to:

CO 1. Outline the fundamental concepts related to MOS and Bi-CMOS Circuits fabrication.
CO 2: Describe the electrical properties of MOS & BiCMOS circuits.

CO 3: Make use of design rules for stick and layout diagrams.

CO 4: Construct alternative forms of loads towards effective performance by subsystems.
CO 5: Interpret FPGA and ASIC design approaches for semi custom design.

VLSI Design Unit Il P. Bujjibabu, Associate Professor, ECE 5/15/2623



) | Basic Electrical Properties of Circuits: eering College (4

+ Ids versus Vds Relationships Itis requ_irre]d togo
. : : wit
Aspects of_MOS transistor: Vt, Gm, Gd, Figure of Merit, Text Book 1. &
» Pass Transistor concept Sung Mo Kang

 NMOS Inverter, alternative forms of pull ups
* Pull-up to Pull-down Ratio for NMOS Inverter driven by another NMOS inverter,

* Pull-up to Pull-down Ratio for NMOS Inverter driven by another NMOS inverter
through one or more Pass Transistors.

 The CMOS Inverter, and Bi-CMOQOS Inverter,
* Transistor switches,

« Schematics using NMQOS, PMQOS, and CMOS technologies:
> Inverter
»NAND gate
»NOR gate
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MOS diagrams
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Summary of normal conduction characteristics:

= Cut-off:

accumulation, Ids is essentially zero.

= Non-saturated : weak inversion, Ids dependent on both Vgs and Vds .
= Saturated : strong inversion, Ids is ideally independent of V ds.

Region NMOS
VDS < VDS(Sat) W|:(V ) _ EVZ :|
as ~ Vr DS
Non-saturation/ L 2
Triode V
RDSon IL
Saturation/ Vos > Vos(sal) | = k, (W V.. -V F
Pinch-off Dol L) '™

Transition between triode
and pinch-off

Vps(sat) = Vgs - Vg

Enhancement Mode

V>0V, 152 0mA, I, =g, Ig =0 mA




1. Ids vs Vds derivation Aditya Engineering College (A)

« A voltage on the gate, Vgs, induces a charge in the channel between source and drain
which may then caused electron to move from source to drain under the influence of
electric field created by drain voltage Vds.

* Since the charge induced is dependent on the gate -to-source voltage Vgs, then the Ids is
dependent on both Vgs and Vds.

 Consider the structure, as shown in figure below, in which electron will flow from source -
to- drain
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Aditya Engineering College (A)

chargeinduced in a channel (Q,)
Electron transit time(zy)

* The drain to source current ldsis 1 =1 =

Length of the channel (L)
Electron velocity (V)

* Where 74 =

- But velocity of moving particle is V= #,Egs with an effective field developed

between drain and the source ,
Vds
Egs =—
L
and hence electron velocity V
— ds
V=t e
L L L°
 There fore Ty = Y, which is then given by 744 =
Vds HaVs
Hn L

where s, =650cm/v s and p, =240cm/v s



#7¥™, »The Non-Saturation region: Aditya Engineering College (A)

,/ ADFUAY

PN _ENLIGHTENS THE NESCIENCE g

« The total induced charge (Qc) in the channel is then given by Q. = QyWL
 Where Qo Is the charge per unit area which is given by Q, = E 4 inso and
 Eg Is average electric field in the gate to channel and is given by

Y G e e

€inds the relative permittivity of the insulation

€0 is the absolute permittivity -

Vg s the effective gate voltage = Vgs-Vt B
Vds/2 is the average voltage at drain terminal

Vt Is the threshold voltage

W is the width of the MQOS transistor
L is the length of the MOS transistor
VG Is the gate voltage under Vds

D is the thickness of the gate oxide layer

A1



The total induced charge (Qc) in the channel is then given by

2
Q. = €insEoVVL.

(IR

D
* Thus the drain - to - source current is aiven bv

or

V S
(Mo vl )
ginsg VVL_.
IdS = QC TRE - 2 D
Z sd L
£V gs
V
(B/gs _Vt]_ SS j 1
l 4s = €ins€oVWVL.- D HnVgs F or

or
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* In other words the same current is also given by

\AY \V4
e Coﬂn-_[ﬁ/gs _Vt]_ 2k j.VdS or

L
¥ w

— lgs = K-T[[\/gs _\/t]_\/gS j-vds

» The Saturation region:

« Saturation begins when dsii=2i s =
\VAY/ N =
lgs = K T(Vdsz dzs j or
NS 2 N ==
— Ids W P VI\_/ ( ds - ds j or
2 2 2
| — K A 2V as Vs i1 W [ Vg4
2 L 2 Ll 2
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V-1 characteristics of nMOS

The parameters that effect the magnitude of Ids are:
= The distance between source and drain (channel length).

The channel width.
The threshold voltage.
The thickness of the gate oxide layer.

I

The dielectric constant of the gate insulator.
The carrier (electron or hole) mobility.

5/15/2023
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e The MOSFET conducts no current between its source and drain terminals unless
Vs IS greater than V.

* Increasing the gate-to-source voltage above and beyond V., will not affect the
surface potential and the depletion region depth.

» The gate to source voltage, for which the concentration of electrons under the gate
IS equal to the concentration of holes in the p-sub far from the gate called the
THRESHOLD VOLTAGE (Vt =Vgs) and is given by

Lot more to
\/285 AN A (24 +Vsp) know about the
COX

Flat band

voltage From equations, threshold voltage may be varied by changing:

= The doping concentration (N A).
= The oxide capacitance (C ox ).
= Surface state charge (Q fc).

5/15/2023 VLS| Design Unit Il o
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MOSFET applications, an input signal is the gate voltage Ve and the output is the
drain current ld.

* The ability of MOSFET to amplify the signal is given by the output current /input voltage

ratio, the Transconductance, di,
g =
_ " dVss Vps _
 Transconductance (gm) is a measure of how much drain current changes wrt the gate
voltage.

 For amplifier applications, the MOSFET is usually operating in the saturation region.

For a long-channel MOSFET: r}V
DS, for Vps <<Vsqr

BV, for Vs> Ve

For a short-channel MOSFET: _
On = VsatWCox

;.1_1 Iandng

5/15/2023 VLSI Design Unit Il L 1
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. The output conductance of a MOS device Is defined as the ratlo between the
change in output current to the change in output voltage. | oz seumman:s

 The output conductance in non saturation is given by
W
Ods = HnCox T(Vgs —V; _Vds)

« and decreases with increase in Vds (gds is O for saturation region).

17




N4 MOSFET Pass Characteristics Aditya Engineering College (A)
Pass characteristics: passing of voltage from drain (or source) to
source (or drain) when device is ON (via gate voltage)

+ Each type of transistor is better than the other at passing (1o
output) one digital voltage

- nMOS passes a good low (0) but not a good high (1)
- pMOS passes a good high (1) but not a good low (0)

VDD VDD +

nMOS Pl LVgs=th Passes a good low

ONwhengate OV ? VDD 9. Max high is VDD-Vtn
Is ‘high Vy =0V Vy -

VDD-Vin
oV oV - ,
pMOS O 5 QVSQFIVtPI Passes a good high
ON when gate VDD - oV 7+ Min low is |Vip|

is ‘low’ Ty= VDD Vy = |Vtp|

5/15/2023 VLSI Design Unit Il 18



CMOS Pﬂss Chﬁl"ﬂc*eriS*iCS Aditya Engineering College (A)

VoD vop| * nMOS
MOS Ugs Vin — 0in->0out
n ov_ [ voD_ | | — VDD in - VDD-Vtn out
Vy=0Vv E,"'DE,_WH — strong ‘0', weak ‘1’
0V 0V ] pMOS |
lb_ —Eb—VSg=|th| — VDD in =2 VDD out
pMOS vob [ | 0V + — 0in > |Vip| out
Vy =VDD Vy = |Vip| — strong ‘1", weak ‘0’

Switch logic and gate logic

« Switch logic is based on the pass transistor (PTL)or on the transmission gate logic(TGL).
« This approach is fast for small arrays and takes no static current from the supply rails.

« Hence power dissipation is small since current flows on switching only.

 Switch (or pass transistor) logic is similar to logic arrays based on relay contacts

* The designer can implement logics with expected features.

5/15/2023 VLSI Design Unit Il 19



(o) Switch logic and gate logic

Aditya Engineering College (A)

Switch logic Is based on the pass transistor (PTL)or on the transmission gate logic(TGL).
This approach is fast for small arrays and takes no static current from the supply rails.
Hence power dissipation is small since current flows on switching only.
Switch (or pass transistor) logic is similar to logic arrays based on relay contacts
The designer can implement logics with expected features.
1
— Tr
1L
ks

O Y

AND gate in PTL



Aditya Engineering College (A)

o) Switch logic and gate logic

al i

OI':I; . _]i[_—os
1r
i

i
L

Ex Or gate in PT Logic
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Inverter

DTL Inverter logic

nMOS Inverter loaic with nMOS Inverter logic with : . :
enhancement nMO% as load depletion nMOS as load CMOS Inverter logic BI-CMOS Inverter logic

Source: https://www.falstad.com/circuit/



%@H%J//@ N I\/I OS I nve rte 1 Aditya Engineering College (A)
= Vdd — Vdd Vdd
Both the ; |
Transistor & *:{7 | PU n/w
Resistor are Rd PU n/w < ~PUnlw 4|
taking much <
of silicon area Vout i Vout Vout
Vin — _ | : |
Vin Vin
4‘ PD n/w 4‘ PD n/w 4‘ PD n/w
Vss Vss Vss
Wee Resistor as PU Depletion nMOS as PU  Enhancement nMOS as PU
Vout
Transistor R 1 Vout thU
Inverter 4
1l Q-A vdd

A 4@ T Vdd |/
'5 GI” Even Resistor is \
S taking much of
- Vtpd
silicon area Vipd \
osvdd \L

Vin 0.5Vvdd

\ 4

5/15/2023
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C M OS | nve rte r Aditya Engineering College (A)

’ vdd Vout Vout
. | |
—o‘ pUnw  Vdd Vdd
Vin | -
, Vout Vinv Vinv
| . PD n/w
’, S~ ‘Vin S~ :Vln
VSS 0.5vdd 0.5vdd

5/15/2023 VLSI Design Unit Il 24



A CMOS Inverter: DC Analysig» et

Analyze DC Characteristics of CMOS Gates

. . 0
by studying an Inverter PEET: Vrp < ()
bp=Kkp \TJ p

DC Analysis

- DC value of a signal in static conditions T Vbp
DC Analysis of CMOS Inverter :\ Mp

- Vin, input voltage

- Vout, output voltage +&—9 ¢ *

- single power supply, VDD |

- Ground reference Vin || Mn Vout

- find Vout = f(Vin)

Voltage Transfer Characteristic (VTC)
- plot of Vout as a function of Vin W
- vary Vin from O to VDD Br=kn [f] n
- find Vout at each value of Vin



Inverter Voltage Transfer Characteristicg s feneerine colieee (4

+—'—“VDD

» Output High Voltage, Voy Vsap = Vop
- maximum output voltage - ‘q On
- occurs when input is low (Vin = OV) -
+ pMOS is ON, nMOS is OFF +6—¢ "
- pMOS pulls Vout to VDD v o -
- Vou= VDD n = : Off Vout = Vpp

- Output Low Voltage, Vo,
- minimum output voltage

- occurs when input is high (Vin = VDD) | — Vpp
- pMOS is OFF, nMOS is ON - Joﬁ
- nMOS pulls Vout to Ground - A
= VOL: oV + !
+ Logic Swing ‘ ¥
- Max swing of output signal 4{ On v,.=0

* VL: vOH- VOL Vm =VDD
¢ VL= VDD - _T_—




G2 Inverter Voltage Transfer Characteristicg s feneerine colieee (4

+ Gate Voltage, f(Vin) *Drain Voltage, f(Vout)
= Vgsn=Vin, Vgg,=VDD-Vin -Vpsn=Vout, vSDp:\/_DL—\élo)gT
+
- Transition Region (between Vo and Vo)  Vscp ﬂ Mp
- Vinlow ,
Vin < Vtn + Vasn ¥ +

- Mnin Cutoff, OFF Vin ——l _Mn Vout
- Mp in Triode, Vout pulled o VDD ]

Vin > Vin < ~Vout — -
- Mnin Saturation, strong current

- Mp in Triode, Vs; & current reducing Vi
- Vout decreases via current through Mn
- Vin = Vout (mid point) & £ VDD Vor=Vpp —
- Mn and Mp both in Saturation
- maximum current at Vin = Vout Vin <V S
- Vin high input logicLOW
Vin > ~Vout, Vin < VDD - |V1p| :
. - Mnin Triode, Mp in Saturation Vin > Vi Vop = 0=
Vin > VDD - |V1p|

input logic HIGH
- Mnin Triode, Mp in Cutoff Inputlog

5/15/2023 VLSI Design Unit Il 27



FN\B/N e : ' Adityg Engi i
NS\ 1 y4 Engirjeering College (A)
LADITYAY _T A AN TR
1 1 1 1 1
A 3.6V ' o
_‘:I 1 1 1
1 1 1
3 257 — 1 [ [
viﬂT ) T Vour : L
_1 1.6V —1 Lo
- 1 1 1
1 1 1
vﬂ-ut 1 11 @
- | |
' 2.5% VoD
@ 0=<¥F _=¥F_ n-dewice is cut off (14, =0, p-device in linear.
@ T N oY i12 — N n-dewice is in sat., p-device in linear.
@ Fopd2 —AS V. < Vo~ 2+ A m-device is insat., p-device in sat.
@ Yo f2+ A< Vo SV ot Vrp n-dewice is in linear, p-dewvice in sat.
'F,DD - Frp = Vjﬂ = VDD n-dewice is in linear, p-dewvice in cut off (Idgp:{]}.

»Beta Ratios

Region C Is the most important region. A small change in the input voltage, V
LARGE change in the output voltage, V ; -

This behavior describes an amplifier, the input is amplified at the output. The amplification is
termed transistor gain, which is given by beta.

Both the n and p-channel transistors have a beta.

> Varying their ratio will change the characteristics of the output curve.

results In a

in ¢



=101
P
p Beta tatio of nand
Vin V¢ p-channel transistors 1
‘ varied over two orders., '
n of magnitude, |
L
As tatio ks decteased, curve shifts to the Vout
right, but the output transition remains sharp. i . LV ‘f’lnn
_T Assume output
p {.:-f driving gate
Vin ] Vo  iSStableatsupply
voltage, e.g,,
n _
Vo =5V
L Vo=V

Noise margins are often compromised
to improve speed.

&

Alf.lfi.té? eering College (A)
t L

L1
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Bi-cMOS inverter

Vin=

<
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Vdd l
T4 ] T2
—O. ON — | ON
- | Vout
T3
T1 Vss

Aditya Engineering College (A)
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\' P u | | u p to p u | | d OW n ratio Aditya Engineering College (A)

* The transfer characteristics and Vinv can be shifted by varying the Zpu/Zpd
* As shown in figure, an inverter is driven by another similar inverter

* Consider the depletion mode transistor as pull up,for which Vgs=0 under all

conditions and meeting the requirement Vin=Vout= Vinv y
DD

Vo re
Veem lds1
Vini Voutr  Vin2 Vout2 9s=0

. o—
25V
" —
sharp. Vin v / . : :

| Fig: Inverter driven by another inverter las2

Vgs: Vinv

5/15/2023 VLSI Design Unit Il 31



ZXDIHUA‘% P u | | u p tO p u | | d OW n ratiO Aditya Engineering College (A)

* Let us consider at Vg=Vin=Vinv=0.5Vbp, both the transistors in an inverter are
in saturation with a drain current of;

2
W (VgS_Vt j Vop
l, =K
L 2
* In depletion mode tr(PUN), the drain current can be re written as vgs:04| 2
wy, (Vea |
l, =K
L., 2

e and the current in the enhancement mode tr(PDN), is i ﬂ

( ) Vas= Viny lds2

| _KWpd (Vlnv V) -
© L 2

pd

5/15/2023 VLSI Design Unit Il 32



Pu || u p to pu || down ratio Aditya Engineering College (A)

* |n saturation, current in both the transistors are equal and hence

W, (Vinv_vt )2 W, (_th )2

L oo 2 B L. 2
i(V. ~V, ) :i(—v ) ;Since,Z , = A
7 » inv t 7 e td pu Wpu X
Zpu 2 2 Zpu
7 (Vinv _Vt) = (_th ) — Z— — ( V ) /(Vlnv -V )
pd pd
here;V, , = 0.5V
vtz_o.zv L 4
V,, = —0.6V zo1

pd

* This is pull up to pull down ratio of inverter driven by another inverter



@‘i Aditya Engineering College (A
=24 pyll up to pull down ratio of ..... through one or more PTs

Case-ll

* Let us consider the arrangement shown in fig. input to inverter 2 is from output of
inverter 1, but through the series of nMOS transistors called Pass Transistors

VoD
(VDD-Vt1)-Vt2
Vgs=0 lds1
0 Vip
l Vout2 O—I_
— |d52
.___ ) »:_ Vgs— VDD —1
Vini ‘ R
0 Vouta. Voo
\
V s=0
oV g _‘I{‘ lds1
Fig: Inverter driven b ther inverter th h Pass Transist —i
Ig. Inverter driven oy anotner inverter rougn one or more Fass 1ransSISstors Vgs: VDD-th _:|d52

5/15/2023 VLSI Design Unit Il 34
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Aditya Engineering College (A)

* We are now concerned that connection of pass transistors in series will degrade the logic 1 level
Into inverter 2 so that the output will not be a proper logic 0O level.

« S0 as given in fig. input to inverter 2 is reduced by threshold voltage of series of nMOS pass

transistors

* For this reduced voltage at input to inverter 2, we must get out the same as would be the output

of inverter

1.

Vb

Vgszo_‘

|dsl

—

Vgs: VoD

5/15/2023

|d52

Depletion
mode

»

T1

Enhancement

mode

Vin=VDD

T2

R
1

.

Voutl=I1R1

Fig: Inverter 1 with Vgs=Vin= Vbb

VoD
T1 i
Vgs=0 last Depletion 12
‘ mode
Enhancement
Vgs: VDD-th ] |d52 mode R
== 2 Vout2=I2R2

T2
Vin=VDD-Vtp L

Fig: Inverter 2 with Vgs=Vin= Vbb-Vtp

VLSI Design Unit Il
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Aditya Engineering College (A)

Pull up to pull down ration Derivation

« If the input is at VDD, then the pd transistor T2 is conducting but with a low voltage across it
,and is said to be linear mode or resistive mode represented by R1 shown in fig.

e But, Pu transistor T1 is in saturation and is said to be constant current source.
e For the Pd transistor,

W Y%
) Woa1 Vis1 , here Vgs=Vdd = lgs = K s Vo _Vt)—ﬁ Vist
lgs = K L (Vgs _Vt)_T Vst Lpdl 2
pd1
- |here Vds1 very small and hence neglected
V %L 1

- Rl £ 8 ¥ dmr pdl \/ 1 1

I s KW VS _°.R e dS:L:—Z ———1

: | Voo Vo) - Y R S e e

For the Pu transistor,

2 ] W 1 | (0-V, )2 _
Wour | Vgs =V cherevVgs=0 - lgs =K i d
L 2 I—pul 2

pul | _

’ Ids:K




ﬂ :? 7 u %.1 _V 2
LRI o And hence, I, = 14s = K : [( ta) }——— (2)
1

2 2

NowVoutl = IR, = KT [(_th) } X izpdl[v = }

Zpul 2 K _Vt
Z o 2
:>Vout1 — o |:( th) :||: = :|___(A)
Zpul 2 Voo — Vi
Now considerinverter 2 with input (V5 — V)
. Rzz\@:izpdz 1 (3
Ids K (\/DD _th _Vt)
1| (v )Z}
and I, =1,.=K Lo M)
2 ds Zpu2 |: 2
2
NowVout2=1,R, _ 1 [(Mg)” |y izpdz 1
Zpu2 2 K Voo —Vyp — V4

= Vouo = Z [(_th)z}[ = }———(B)
Z 2 Vo, -V, -V

pu 2 tp VvVt



Aditya Engineering College (A)

* If inverter 2 is to have the same output voltage under these conditions as inverter 1,then
Voutl= Vout2. - _

e... I1IR1=12R2 Zpd{(—th)z}{ 1 }: Z vz {(—th)z} 1
ZpU1 2 VDD _Vt Zpu2 2 _VDD _V _Vt_

tp

* Modifying the above equation, will give; Z Voo —V4) _
Zoaz  Zpar| Voo =V =V

puz2

Z 4

pu?2
 Which leads — 4 [2] —
| Z,go 1

8 atV, =0.2Vpp and Vi, =0.3Vpp
1

4 4

Ut

 For an inverter driven by another inverter is with 7 T and inverter driven by
another inverter through one or more Pass Transistor |OgIC witn V4 8 IS

pu

desirable to have proper logic at o/p with expected amount of shift z il



(o) Switch logic and gate logic

Aditya Engineering College (A)

Switch logic Is based on the pass transistor (PTL)or on the transmission gate logic(TGL).
This approach is fast for small arrays and takes no static current from the supply rails.
Hence power dissipation is small since current flows on switching only.
Switch (or pass transistor) logic is similar to logic arrays based on relay contacts
The designer can implement logics with expected features.
1
— Tr
1L
ks

O Y

AND gate in PTL
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o) Switch logic and gate logic

al i
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Ex Or gate in PT Logic
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Vin — —  Vout

—— VsS ‘

Vdd — Vin
L E T3
—— | Vout o -

ﬁ CMOS invérter neineering College (A)
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) Series/Parallel Equivalent Circuits A trsineering coese (o

« Scale both W and L ':I _
. . o—[C WL — o—[C (KWJ(KL)foranyK
- no effective change in W/L o Ouq
- increases gate capacitance
L L 2L
—M_H-H e _”“_
- Series Transistors A 1B w] T o EE] a] f
- increases effective L o E e o
. | L ga L
02 _— {:’:M V-_.ﬂf_f | _— ;:,.:. -
O—1h—| WL, Qeq M
—— o—[, Wik +Lo) _ _ :
L wi, T (a) Separate transistors (b) Single equivalent FET
o _ v
» Parallel Transistors R = puie .
alie= AN .
- increases effective W - fatP ] Iv m el oy
D m g fwf F m] P |m] [ || )
Wi/l CESTIE 2 I 0 Ry P 15, I T
. Vi k] L EViy ] L
%Tlt_Tgl Wa/L — g:l{ (W4 + Wo)/L —HLK— —HLN— —HLH—
(a) Separate transistors (b) Single equivalent FET
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