EELE 414 - Introduction to VLSI Design

Module #5 —Inverters

Agenda

1. Inverters

- Static Characteristics
- Switching Characteristics

Announcements

1. Read Chapters 5, &7
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Inverters

Inverters
- The "Voltage Transfer Characteristics” (VTC) of an ideal inverter

Logic *1* output

Logic *0" output

0 Vop/2 Voo
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st

Inverters

Inverters
- an inverter is a basic gate that complements the input

[AT®
) 0|1
A— —— B=A
10
Truth Table

Symbol

- we study the invert in order to understand the Static and Dynamic performance
- once we do this, we can model more complex logic gates as "equivalent inverters” and use the

same analysis.

Inverters
+ Logic Levels
- We need to define boundaries when the signal is considered HIGH or LOW

- these are called the "Logic Levels"

Vin

Vpp = HIGH
HIGH

GND = LOW Low Vout
t

- what is the logic level in the middle region? It is unknown...

st
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Inverters
+  Inverters
- Graphically, this looks like:
Vop = HIGH Vin
GND = LOW Vout
t
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Inverter Static Behavior
+  Static Behavior
- "Static" or "DC" refers to the gate's operation when the inputs are NOT changing
- also called "Steady State”
- if we plotted Vout vs. Vin of an Inverter, we would get...
Vout
Logic HIGH
Logic LOW
Vin
4 EELE 414 — Introduction to VLSI Design Mudp“;;:g




Inverter Static Behavior

Static Behavior
- the region in the middle is not definitely a HIGH or a LOW because of:
- Power Supply Variation

- Process
- Noise

Vout

Uncertainty or Transition region
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Inverter Static Behavior

DC Specifications

- we need to be able to guarantee operation of the gate over all possible conditions
- the limits on guaranteed operation are called "specifications”

- Specifications can give limits on the worst case situations

- Specifications can also give limits on typical situations

Module #5
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Inverter Static Behavior

+ DC Specifications

-in areal inverter VTC, the output doesn't switch
instantaneously

- there are two critical points on the real VTC curve
which occur when the slope of V,(V;))= -1
Von |
-V, is the input low voltage which corresponds to an
output high voltage with a slope of -1.

-V, is the input high voltage which corresponds to
an output low voltage with a slope of -1

- other critical points are:

- Vo is the output voltage when the
output level is logic "1"

- Vo is the output voltage when the
output level is logic "0"

- Vy, is the point at which Vo, =V;,

Inverter Static Behavior

DC Input Specifications

Vi Minimum input voltage guaranteed to be recognized as a HIGH (aka V)
\ Maximum input voltage guaranteed to be recognized as a LOW (aka V, a,)
Voo
HIGH
Vin
Vin
Vic
LOW
Vss
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4 EELE 414 - Introduction to VLSI Design Page 10

4 EELE 414 - Introduction to VLSI Design Mod;;;:g
Inverter Static Behavior
+ DC Output Specifications
Vo  : Minimum output voltage guaranteed when driving a HIGH (aka Vo)
Vo.  :Maximum output voltage guaranteed when driving a LOW (aka Vg a0
— Voo
HIGH
— Vou
Vout
VoL
Low \
Vss
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Inverter Static Behavior

DC Noise Margins (NM)

HIGH State Noise Margin (NMy) = (Vou - Vi) = (Vormin = Vikimin)

LOW State Noise Margin (NM) =(Vii-Vo) = (Vimax - Vomax)

Vout Vin

Voo v,
* HIGH HiGH ”

Von Noise Margin v
H
- - V\L

Noise Margin

VSS
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Inverter Static Behavior

+ DC Power Specifications

- the total DC power dissipated by an IC is given by:

P

oc =

V,

oD "

oC

- for a given gate, the current drawn will vary depending on the logic level
Driving a Logic HIGH: ey (V,, =low)
Driving a Logic LOW: loe,(V,, =high)
- the gate will be in each one of these states 50% of the time

- if we assume the output voltage will swing from 0 to V5, We can estimate the average output
voltage as Vpp/2

- arough estimate of the DC power is: Poe = V%. [| o (Vm - IOW)+ loe (Vm =high )]

Module #5
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Inverter Static Behavior

Area

- as designers, we can adjust the sizes of L and W.

- we know that there is additional area required to fabricate the MOSFET
- active regions (surrounding FOX)
- channel Length (Y)
- substrate contacts

- but, as a practical measure, we talk about the area of a circuit as W-L

- while we know this isn't the full area that the device takes, it gives us a standard way to compare
the sizes of different layouts.

- it is widely accepted that the area of a device is W-L

Module #5
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Inverter Design

+ Inverter Implementations

- now we turn our attention to the circuit level implementation of the inverter
- there are many ways to create an inverter using MOSFETs
1) inverter with resistive-load
2) inverter with enhancement n-Type MOSFET load operating in the linear region
3) inverter with enhancement n-Type MOSFET load operating in the saturation region
4) inverter with depletion n-Type MOSFET load
5) CMOS inverter
- the most common type of inverter in VLSI is CMOS. This is due to the low static power consumption

- however, it is worth while to briefly look at other types of inverter implementations in case you use
afab that doesn't have PMOS

- for example, the Montana Microfabrication Facility (MMF)
-no N-Well & PMOS

- BUT, we can still design inverters using different circuit styles.

" . Module #5
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Resistive-Load Inverter

Resistive-Load Inverter

- this circuit consists of an enhancement-type, N-Channel MOSFET as the driver
- aload resistor is connected between Vg, and the Drain (Vout) of the MOSFET

- the gates that this inverter drives are assumed to be of the same configuration so there
is no DC load current looking into their gate terminals.

-V, Vos

ot

- Vin = Vgs

Module #5
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Resistive-Load Inverter

+ Resistive-Load Inverter

- we need a relatively high resistor (k€2) so we can implement the resistor using
either a diffused or undoped-poly resistor

- this resistor takes a large amount of die area to implement

Module #5
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Resistive-Load Inverter

Resistive-Load Inverter

- we solve for Vo,(Viy) using KVL where: Vou =Voo =Ri - Iz

- we solve for Vg, and Vg,

- applying V;,=Vgs=logic "0" or "1" Veo
- determining the mode of operation (cut-off, linear, sat)
- creating an equation relating Ips, Vo, and Vi,

Module #5
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Resistive-Load Inverter

Resistive-Load Inverter

- we solve for V,,, and V,,

- applying V,,=Vgs=logic "0" or "1"
- determining the mode of operation (cut-off, linear, sat)
- creating an equation relating lps, Vo, and Vi,

- remember that VIH and VIL are defined as the input voltage
when the output has a slope of -1

- then we need to:
- differentiate the equation with respect to V;,
- plug in (dV,/dVi)=-1
- solve for V,, or V.

- note that the solution will be quadratic (i.e., have two ‘l'
solutions). We pick the logical solution + O “,

i.e., the smaller solution for V

L
L

and
the larger solution for V,,;
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Resistive-Load Inverter

Resistive-Load Inverter

- these solutions yield:

V,

OH

= VDD

Module #5
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Resistive-Load Inverter

Resistive-Load Inverter

- notice that these solutions only depend on k,-R,

-we have control over W & L, which alters k,

-we have control over R, by altering the 6
shape of the resistor
s Vop =8V
V=tV
)
2 kB2 v
g, WA=V
Fi A= Ve
3 2
1
o
0 1 2 3 4

Input Voltage (V)
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Active-Load Inverter

Inverter with Enhancement-Type NMOS Load

- the resistive-load inverter takes a lot of chip area due to the resistor which makes it
impractical for VLSI

- another way to implement the load is to use an enhancement-type NMOS transistor
- this gives a load that takes less area

- this topology can have the load either in the linear or saturation region depending on how it is biased

Module #5
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Active-Load Inverter

Inverter with Depletion-Type NMOS Load

- the enhancement-type NMOS load has the drawback of a larger DC current when not switching.

- this power consumption make it less than ideal for VLS|
- another technique is to use a depletion-type NMOS load
- this gives a sharper VTC curve and better noise margin

- however, an additional process step is required to create the depletion-type device

4 EELE 414 - Introduction to VLSI Design
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CMOS Inverter

CMOS Inverter

- the CMOS inverter uses an NMOS and a PMOS transistor in a ry push/pull
- for a Logic "1" output, the PMOS=ON and the NMOS=0FF
- for a Logic "0" output, the PMOS=OFF and the NMOS=ON
- this configuration has two major advantages:
1) low static power consumption : due to one MOSFET always being off

2) a sharp and symmetric VTC profile giving full swing signals (1=Vpp, 0=Vss)

Module #5
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CMOS Inverter

+ CMOS Inverter

- basic operation, complementary switches

Input =0 Input =1
Voo Voo

PMOS = ON

PMOS = OFF

lLonp 1 lLoap
0
3 3
NMOS = OFF NMOS = ON
GND GND
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CMOS Inverter

+  CMOS Inverter Static Behavior

- let's start the Static Analysis by describing the regions of operation as the Inverter Switches

- Remember that:
Voo

Vos.n =Via

Vos .o =Vou B

Vesp = Voo ~Vir) g \

Gs.p o> ~Vin g Vou=Vn-Vroa

=

Vos.p = _(VDD Voul) i
1 ES M0 in sanraton
<]

(I} smos in saturason

B von n sanvason

Viop ° Vios Vi Ve Voo*Viop Voo

Input Voltage (V)

Module #5
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CMOS Inverter
+  CMOS Inverter Static Behavior

Region A

- let's assume Vpp=5V, V=1, V= -1
(Vin = 0V, Voy = 5v)

- When V,, = 0v, the output is Vo, =Vpp

g
e
B . g
- the NMOS transistor is OFF since 3
Vesn< Vi, (cutoff)ie, 0<1 H
H

- the NMOS drain current Iy ;

- the PMOS transistor is ON since mll ulm‘
Vesps Vrp i€, (0-5)<-1 |||| ©
IR
- the PMOS drain current I,
since Ip »=lp ,

Input Voltage (V)
- since Vps ,=0v, then the PMOS is

in the linear region since:

Vosp> (VospVr,) €., 0> (05) - (-1)

st
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=

®

Viop ° Vios Vi Vi Voo*Vm,

\

Vou=Vn-Vros

AMOS i saturation

D s i sasrason

B o in sanvraon

Voo
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CMOS Inverter
+  CMOS Inverter Static Behavior

Region B

- Now let's move V;, above V7 , but below Vi,
(Vin ~= 1V, Vou ~=5v)

o™V~ Vrop

<
8

- the NMOS transistor turns ON since
Vesn2 Vi i€, 121

\

- since Vps , is still near Vpp, the NMOS Vou=Va-Vioa

goes directly into saturation since:

Vosn> VesnVrn) ie., (~5)>1-1

Output Voliage (V)

S wos n sanraton

(I smos in sasurason

- the PMOS transistor is still ON since
Vesp<Vrp i€, ~(1-6) < -1 BB von in sanrason

I — ®

- the PMOS s still in the linear region since: M
Vosp> (VespVrg) i€, (-55)> (1-5) - (-1) "™

o Vi, Vo Vo VooeViop Voo

Input Voltage (V)
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CMOS Inverter
+ CMOS Inverter Static Behavior
Region C

- Now let's move to where V,, =V,
(Vip ~= 2.5V, Vo ~=2.5V)

<
8

- This is defined as Vy,

- the NMOS transistor is ON since
Vesn> Vi, i€, 25>1

- the NMOS transistor is in saturation since
Vosn> VosaVr,) i€, ~25>(25-1)

Output Vohtage (V)

- the PMOS transistor is ON since I Mm’
Vesp< Vrp i€, (255)<-1 i

- the PMOS is in saturation since: vy ° Vioa VoV

e
Vosn< (Vs Vrp) ie., (2.55) < (2.55) - (-1) )

EELE 414 — Introduction to VLS Design
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[l

Vou=Va-Vrop

Vou=Vn-Vros

) wos nsawraton
[ w05 in sasson

B vom i sonvason

®

Voo * Viog

Vo
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CMOS Inverter
+  CMOS Inverter Static Behavior
Region D

- Now let's move V;, above Vy, but below (Vpp+\
(Vin ~= 4V, Vou ~=1v)

Vou=Van-Vrop

<
8

- the NMOS transistor is ON since
Vesn2 Vi, i€, 421

- the NMOS transistor is in linear since
Vosa< (VesaVra) i€, ~1<(4-1)

Vou=Vn-Vros

S wos nsaurason

Output Vohtage (V)

- the PMOS transistor is ON since
Vesps Vrp i€, (45)<-1 [ sos in sasrason

- the PMOS s in saturation since: I st bt

Vosn< (VosnVrp) i€, (1-5) < (4-5) - (-1)
Vrop ° Vioa Vi Vi Voo*Viop Voo

Input Voltage (V)
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CMOS Inverter

+ CMOS Inverter Static Behavior

Region E

- Now let's move V;, above (Vpp+Vy )
(Vi =5V, Vou = 0V)

Vou

<
8

- the NMOS transistor is ON since
Vosn2 Vi, i€, 521

- the NMOS transistor is in linear since
Vosn< (VosnVrp) i€, ~0<(5-1)

Output Votiage (V)

- the PMOS transistor is OFF since
Vgsp2 Vrp i€, (5-5) > -1 (cut-off)

Input Voltage (V)

=Vi-Vro

B rwosinsawraton
D swosinsaurmion

B o0 0 sonvason

CMOS Inverter

+  CMOS Inverter Static Behavior

Summary

Region NMOS PMOS

Vou=VaVrop

A cut-off linear

B saturation linear

[ saturation ~saturation o il

D linear saturation ‘z: R
E linear cut-off : 3 rwos nsansaton

[ s insevesion

Input Voliage (V)
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CMOS Inverter

+ CMOS Inverter Static Behavior (V,)

-V, is defined as the input voltage that corresponds to the higher of the two output voltages with a
slope of -1.

- we know the modes of operation for the transistors in this region:
NMOS = saturation
PMOS = linear

- we also know from KCL that I,

- from this, we can write our first current equation:

D, p(lin) ‘ -\.;/ m‘-‘ v -

[2-Vesp ~Viop ) Vos V]

Din(sat) =
k

- Wosn Voo f
2

Module #5
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CMOS Inverter
+ CMOS Inverter Static Behavior (Vo & Vo)
- Now let's calculate the static operating specifications
- Vo and Vg are trivial since Ip, = Ip, = 0A in both cases
- this condition gives a full output swing across the complementary structure:
Vo =Voo
Vou =Vss
- Note that Vpp, is typically the power supply and Vg is typically GND.
Module #
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CMOS Inverter
+ CMOS Inverter Static Behavior (V, ) cont...
- remembering the relationships between V,, & V., and Vg & Vps!
Vesn =Vin
Vosn =Vou
Vos.p =~Voo ~Via) =Vin ~Voo
Vos,p = Voo ~Vou) =Vou Voo
- we can write:
k 2]
n -
L VRSVAN X X VARVAVAR VAR VY
4 EELE 414 - Introduction to VLSI Design M°§:;Zgg

CMOS Inverter
+  CMOS Inverter Static Behavior (V, ) cont...

- we are looking for when the derivative of dV,,,/dV;, = -1 so we differentiate both sides:

(Voo Vi) Vow Voo )~ Vo ~Voo ]]

d (ke _
m[? A VTD‘n)z]

- the left-hand-side is straight forward to perform a partial derivative on (with respect to Vin),
but the right-hand side consists of two products that must be differentiated using the product rule.

Remember the product rule:

Z=1(xy)-9(x.y)
az_d
dx  dx

Module #5
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CMOS Inverter

+ CMOS Inverter Static Behavior (V, ) cont...

- let's re-write the RHS as the sum of two products:

d (k d (k
R e L N |

Product #1 Product #2

- the left-hand-side is straight forward to perform a partial derivative on (with respect to Vin),

LHS =k, (Vi ~Vro,)

4 EELE 414 - Introduction to VLSI Design Module #5
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CMOS Inverter

+  CMOS Inverter Static Behavior (V, ) cont...

- now let's perform a partial derivative on the RHS (with respect to V;;) using the product rule:

RS = -2 Vo Vo Vo Vo) Vo Vo s e

dr dg df d
9N g ) Evg(x‘y)-ﬁv!(x‘y)

K, dVouI dVou( dVout
R =1 20 Ve -Veo) B[St Ve S |

7 mu T&'In [
k quul dVou!
RHS =22 [z Vg [ ] (z ot~ dV|n m Contins ke expessons

dVout dVout
k{[wm b ) (258 (M m

o0~
Vo =Voo )+ Vin ~Voo
-V,

dvout dvout
RHS =k, - Voo =Vio °)'[W]+(v"“‘ 7VDD)7(VW7VDD){ i ﬂ Reanange sgression
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CMOS Inverter

CMOS Inverter Static Behavior (V) cont...

- now our complete differentiated expression is:

bt Voo e Vo Vo G o Vo) Voo o |

dvin dvin

- let's plug in the condition we're solving for (dV,/dV, = -1)

ky - (Vi ~ Vm)*k [1Vin Voo =V ) (-2)+ Vo =Vop )~ (Vou ~Vioo)-(-1)]
Ky ( Tﬂn =k [ Vin *V o +Vrop +Vou =Voo +Vom’VDD]
oy VooV Yy Ve, i)

- then we can substitute V;,=V,:

k, N\L T(Jn) (2 Vou =V +Vrop VDD)

M le #:
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CMOS Inverter

CMOS Inverter Static Behavior (V) cont...
- let's rearrange to solve for V. :

k, '(VlL 7VT0‘n): k, '(2 Vouw Vi +Vio,p ’VDD)

Ko Vie =Ky Vign =Ky 2:Vo, =K, Vi +K, Vg, =K, Vg

Muliplythrough by k, & k,

Ky Vi Ky V=K, -2:Vo, K Voo +K Vi =Ky Vp e s ontis
Vil )=k 2Vt ky Voo by Vigy =k Vo e
v k 2:Vou + k Vi, + K, Vign k Voo Bring (skp) 0 RHS
we k, +k,
4 EELE 414 - Introduction to VLSI Design Module #5
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CMOS Inverter
+ CMOS Inverter Static Behavior (V, ) cont...

- to make this a little simpler, let's divide the top and bottom of the RHS by k:

k k k
k*p‘z'vom*kfp'vm,p Jrk*n‘VTo‘n 7k7p'VDD
V) P P P
L

K
X,

‘ =

k

p

- let's define kg as the ratio of:

4 EELE 414 - Introduction to VLSI Design Module #5
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CMOS Inverter
+  CMOS Inverter Static Behavior (V, ) cont...

- substituting in kg, we get our final expression for V, :

2 Vau\+vT0p V +k VTUn
1+kg

NOTE:
- this still depends on V.. This means to get a numerical solution, we must solve this together with
our expression relating the drain currents:

o Vi P =2 - Voo Vo) Vo ~Ve )~ ~Veo ]

this gives us two expressions and two unknowns (V,_and V)

4 EELE 414 — Introduction to VLSI Design Module #5
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CMOS Inverter

+ CMOS Inverter Static Behavior (V)

- Vyyis defined as the input voltage that corresponds to the lower of the two output voltages with a
slope of -1.

- we know the modes of operation for the transistors in this region:

PMOS = saturation

- we also know from KCL that I, = Ip

- from this, we can write our first current equation:

ot = Vopesan

Wos . ~Vron Vs, Vi,

4 EELE 414 - Introduction to VLSI Design Module #5
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CMOS Inverter

CMOS Inverter Static Behavior (V) cont...

- we are looking for when the derivative of dV,,,/dV;, = -1 so we differentiate both sides:

k
et etV vi] - (-

av,

- once again, we have a situation where we are differentiating an expression that contains product terms

we use the product rule again:

Z=1(xy)-9(x YJ

dz df
o g(x y)+ f(xy)
X
4 EELE 414 - Introduction to VLS| Design Module #5
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CMOS Inverter

CMOS Inverter Static Behavior (V) cont...

- remembering the relationships between V, & V,,, and Vs & Vpg:

Vesn =Vin
Vosn =Vou

Ves » =00 ~Vin)=Viy Voo

Vos.p = (Voo ~Vou)=Vou Voo
- we can write:
k
L A S A N

4 EELE 414 - Introduction to VLSI Design Module #5
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CMOS Inverter

CMOS Inverter Static Behavior (V) cont...

- let's expand the product terms in the LHS:

e Ve o Vel {5 Ve T

av,,
Product#1  Product #2

- the right-hand-side is straight forward to perform a partial derivative on (with respect to Vin),

RHS =k, -(Viy Voo ’VTo,n)

CMOS Inverter

CMOS Inverter Static Behavior (V) cont...
- now let's perform a partial derivative on the LHS (with respect to V,,) using the product rule:

d (K,
L = (52 Vi) Vo0 0]

v 3

ar dg ar g
a0+ Ty a0+ Ty

LHs:k—z" {2 [(1) Vo + My ~Vigy ) [%D [[1‘\’;’] (Vw')*("w)‘[z\\/}:‘m
LHS:k—Z" {2 [(1) Vo + Vi ~Vio, ) [ivTi:‘D—[z Vo) [?\l/lm Contine e s
fprscn o]

4 EELE 414 - Introduction to VLSI Design Module #5
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LHS =k, |, fan)'[%\\/;“‘}vm Ve ["Vm H —

M le #:
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CMOS Inverter

CMOS Inverter Static Behavior (V) cont...

- now our complete differentiated expression is:

dv, av,
ke {(v vm)[ d\;"‘]+vm—vm«[d7°“‘ﬂzkp~ Voo ~Vrg, )

- let's plug in the condition we're solving for (dV,/dV,, = -1)

Ko ¥ =Vra ) D)+ Vou Vo (D))= Ky Vi ~Voo Vo)

Ko Vi # Vi +Voue Vo] = kp (.n o0 ~Vrop)
k, -

Ky (Vi + Vi +2Vyu) =k, -y Voo Vi)

- then we can substitute V,,=V,:

Ky ( Vi +Vron +2¢ Vﬂur) kp '(V\H Voo ’Vmp)

4 EELE 414 — Introduction to VLSI Design Module #5
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CMOS Inverter

+ CMOS Inverter Static Behavior (V) cont...

- let's rearrange to solve for V,:
Ko (Vi #Vr0, +2 Vo) =Ky iy Voo ~Via, )

7kn >VIH +kn 'VTO‘H +2'kn 'Vﬂul = kﬂ IVIH 7kn ‘VDD =k, -V,

» Vrop Muliply through by k, & ,

Ky Vi =Ky Vi ==Ky Voo =Ky Voo, =Ky Vi =2k, Vo, s

op

Vil +K,)= =K, Voo =K, Vrg p =Ky Vegn =2k, Voy,

Pullout vy, of LHS

Vin '(kn +kp): Ky Voo Ky Vi Ky Vg +2:k, -V,

out Muliplyboth sides by -1

CMOS Inverter
+ CMOS Inverter Static Behavior (V) cont...

- again, let's divide the top and bottom of the RHS by ki

k 3 k
rp'vuu +k7p-vT0.p +k7"'vm.n + 2-k—”-Vm"
VAR 3 p 3
[ £+ﬁ
ko Ky

- remember that we defined kg as:

_ Ky Voo +Ky Vo, +Ky Vig, +2-K, Vou Bring (k) to RHS.
W=
Ky +K,
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CMOS Inverter
+ CMOS Inverter Static Behavior (V) cont...
- substituting in kg, we get our final expression for V,:
V. = Voo +Vrop +Ke Vg, +2-Kg Vo
H =
1+kg
o Voo Vi 2V Vi)
H =
NOTE: L+kq
- this expression again depends on V,,,. This means to get a numerical solution, we must
solve this together with our expression relating the drain currents (where V;,=V,):
k 21 Ke
L ORI ARVEA R ARV
this gives us two expressions and two unknowns (V,, and V)
” y Module #5
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CMOS Inverter
+  CMOS Inverter Static Behavior
- we now have all of the critical voltages to describe the Noise Margins of the Inverter:
Vo =0
Von =Vip
_ Z‘Vuux+vTo,p _VDD + kR IVTD‘n
[
1+kg
V. = Voo +Vio, +ke ‘(2 Vou JrVm‘n)
WE e
1+kq
4 EELE 414 - Introduction to VLSI Design MU::BIZ gg

CMOS Inverter Threshold
CMOS Inverter Static Behavior (Vy,)
- one of the most important static parameters of a CMOS inverter is the switching Threshold
- Remember that V,, is defined as when V; =V,

- this occurs in Region C of the VTC where
both transistors are in saturation

Voo

S wos n saton

I pwosinsusasen

Output Vottage (V)

bon n sanraton

Input Votage (V)

Module #5
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CMOS Inverter Threshold

CMOS Inverter Static Behavior (Vy,) cont...
- since we know the modes of operation we can write KCL to get our current equation:

1o ey =1

k k
?"'(Vss‘n _Vvo‘n)z = _7“ NGS,p _VTU,p)Z

D, p(sat)

EELE 414 - Introduction to VLS| Design
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CMOS Inverter Threshold

+ CMOS Inverter Static Behavior (V) cont...

- remembering the relationships between V,, & V,,, and Vg & Vps!

Vesn =Vin
Vosn =Vou
Ves.» =~Voo ~Via) =Vir Voo

Vos,p = Voo ~Vou) =Vou

Voo
- we can write:

k

K,
LNV . ARV

Module #5
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CMOS Inverter Threshold

CMOS Inverter Static Behavior (Vy,) cont...

- now we solve for V,

in

k
o Vg = Voo Vi, f
- let's walk through the steps of this solution:
KoV ~Vaoo f =K, - ~Voo oo, f
bW Ve F =l W Voo Vi F i

S \/(Vm ,vm)z - «/E \/(Vm*Vnn ,va)z Break square roots info equivalent poducis
W =Vaag)= =g W =Voo Vra) S S

Module #5
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CMOS Inverter Threshold

+  CMOS Inverter Static Behavior (V,,) cont...

- continuing...
k
k
R A S
k k
L R0 ot R VA0 [ —

k k
A W/k:‘v‘" =Vio, +\/? Voo +Vro p) Reariange terms o g Vi on the LS

kP klv
VIR PR L RV LS VRS R
k, K,
M le #
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CMOS Inverter Threshold

CMOS Inverter Static Behavior (V;;) cont...
- continuing...

Divide bothsides by (L4sqri(kplk)

Substiute in ke=sartkp)

1
vmmg(vm Vros)
[V L R

A Replace Vinwitn Wn
(1+ \/I]
ke
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CMOS Inverter Threshold
+ CMOS Inverter Static Design
- notice that Vpp, Vo, @nd Voo, are constants for a given system:

- this means that the only thing that effects the switching threshold is kg

V;

ron

(Voo V1)
\%

L
1+ S
kR
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CMOS Inverter Threshold

CMOS Inverter Static Design

- we actually have control over kg, by altering the Widths and Lengths of the transistors:

Y R L M

Vi = ¥y

Switching Threshold V. (V

2

o 08 1 w2 25 ) s 4

Transconductance Ratio ky = (K, /kg)

Module #5
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CMOS Inverter Threshold

CMOS Inverter Static Design Vign (V,,,,+v,n")

V, =

1
1 [E
lets relate the threshold voliage's [ * kR]
sensitivity 0 ke:
[V Sy I NV I VAREVARN R ——
kw kR
T,
Vi V- [ =V [V +V,) ity vn tvouen
w ke
Vo Vigs = |- Wop iy )V [ rearanecmsiogeimonis
ke ke
1
Vo Vo, = 1 Voo +Veo, ~Ve)
.

Vm ’Vvu‘n

rginalexpression for \ih

Pl put (L+sar(1A)

Divide 0 etk term alone

Voo +Vios Vi
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CMOS Inverter Threshold
CMOS Inverter Static Design

- rearranging the expression to get in terms of kg, we get:

2
Voo +Vro, =Vin
Vo =Vron

- an Ideal inverter puts the switching threshold directly in the middle of the voltage swing:

— Yoo
Vin,ideal = 2
- if we plug in the ideal threshold voltage, we get:

k) (Voo tVaop=05Vop | [ 05Vop +Vro, |
e 0.5:Vop ~Vron 05Vop —Vron

kD

Module #5
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CMOS Inverter Threshold
CMOS Inverter Static Design

-in most processes, Vo, = [Vro,l-

- since Vr,, is negative, then our Transconductance ratio looks like:

ﬁ _[o.s-vmwm ]Z .
Ko Jgear \05Vop =Vro,

" . Module #5
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CMOS Inverter Threshold
CMOS Inverter Static Design

- remembering the expression for k/k,, we can see that C,, will not have an effect:

W w
c. |= S
e

krE’iwziw
Hy-Co T T
» »

- since for an ideal (symmetric) inverter, we have:

Module #5
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CMOS Inverter Threshold

+ CMOS Inverter Static Design

- we can rearrange to see that for a symmetrical inverter:

. .
.~

- this means that for the given electron mobility of a process, we can size the PMOS and NMOS
transistors in order to move the switching threshold to Vpp/2

Module #5
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CMOS Inverter Threshold
CMOS Inverter Static Design

- sizing of the transistor can have a large impact on the noise margins and sensitivity of the inverter

Output Vetage (V)

o Voliace (V)

Module #5
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CMOS Inverter Power

CMOS Inverter Power

- CMOS inverters don't draw a significant amount of current when they are static (except for leakage)
- however, when they switch, a path forms between Vyp and GND that goes through both transistors
- the peak curment comes at Viy=Vo,, when both devices are in saturation

- this current is also called short circuit since
VDD has a low resistance path to GND

- we typically say that the majority of current s
consumed in a CMOS inverter is dynamic

Outout Vormge (v

K

k,
T Y VR B AN

Vet Vomage (V)
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CMOS Inverter Power Supply Scaling

+  CMOS Inverter Power Supply

- in theory, we can reduce the power supply voltage to the point at which:

V, =V, +

DD min — VTON n),p‘

- below this minimum amount, the inverter will exhibit hysteresis

- in reality, other noise sources in the system require us to select the supply voltage so that the
Noise Margins are enough to ensure robust operation.

- most modern designs select VDD to be ~5xVr

Oupna voraos

ot Vonge (V)

Module #5
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CMOS Inverter Area

CMOS Inverter Area

- there are many different ways to layout a CMOS inverter

- typically, the PMOS electron mobility is lower than the NMOS electron mobility

- this means that when we design a symmetric inverter, the PMOS device is larger

- we typically make the Lengths of the NMOS and PMOS devices equal (usually L, of the process)

- this leaves simply the ratio of W, to W, as the only design parameters:

" . Module #5
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CMOS Switching Characteristics

+  CMOS Switching Characteristics
- we studied the DC (or Static) characteristics of the CMOS inverter
- we learned how to calculate: Vo, Vor, ViL, Vig, Viny NM, NMy,
- we learned that we can modify some of these parameters using the W/L ratios of the inverter

- specifically, we say that the Vy;, is solely dependant on W/L and is usually the most important
and most commonly controlled parameter

- we now turn to the Switching (or AC or Dynamic) behavior of the inverter
- the switching characteristics give us how fast the circuit will run

- when designing, we must meet both DC and AC specs

Module #5
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CMOS Switching Characteristics

CMOS Switching Characteristics
-in an AC analysis, we need to consider the capacitance in the circuit
- note that the parasitic inductance tends to be small enough to be ignored (for now!)

- we consider an inverter that is driving another CMOS device or multiple CMOS devices in parallel

Module #5
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CMOS Switching Characteristics

+  CMOS Switching Characteristics

- there are 4 main groups of capacitance in the circuit

1) Driver's Oxide Capacitance
2) Driver's Junction Capacitance
3) Interconnect Capacitance

4) Receiver Oxide Capacitance

Module #5
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CMOS Switching Characteristics

+  CMOS Switching Characteristics

- we know that all of these capacitances vary as the dimensions of the inverter are altered
and for various interconnect configurations

-in order to get a feel for how the capacitance effects performance, we assume that we can
lump all of the capacitances into a fixed load capacitance (C,ya4)

Cuoat =Coan +Coap +Cann +Coapp +Cine +Cy

4 EELE 414 - Introduction to VLSI Design Module #5
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CMOS Switching Characteristics

+ CMOS Switching Characteristics

-in this

Pl we some of the
Cepns Cepp : There is no voltage change from Vg, , or Vg, , S0 there is no net capacitance

Cyem Cosp : Since these are connected between Vi, and Vop/Vss, the input drives these
capacitances. It is not part of the capacitance that the device output drives.

- this expression does include the interconnect and gate capacitance of the circuits that this
inverter is driving

Cioas = Cyan +Cyap +Cann +Canp + Cin +Cy

7N .

Oxides of Junctions

Interconnect Oxide of
Driver of Driver

Receiver

4 EELE 414 - Introduction to VLSI Design Module #5
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+  CMOS Switching Characteristics

- the speed of the device describes how fast we can charge or discharge the load capacitor

=Cgr

D
s| PMOS =ON
s
o
1
1

I Coad
3

NMOS = OFF

s PMOS = OFF

|
NMOS = ON

GND

" . Module #5
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CMOS Switching Characteristics

- Delay Time Definition

- the delay is the time it takes to switch from the steady state level to the 50% level

1 1
Ve =Vou =+ (Vou ~Vor) =5+ (Vou +Vo)

2 2
Vi
Yo |+ step input
Vions
- Note that in CMOS:
Vau S
Vor=Vop
Vor=Vss v
"m Tme To
S0 Vigo=Voo/2 Vou [ -1 I
|
|
Vaond
| |
vou i
W L)
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CMOS Switching Characteristics
Delay Time Derivation (zpyy)

- The current that is used to discharge C,, is dictated by the region of operation that the NMOS is in.

- There are two distinct regions of operation that the NMOS operates in during the transition:

Vou
1) Voyto (Vor— Vy,) NMOS in Saturation
2) (Vou = V) 10 Vg, NMOS in Linear
Voo ‘
Vout Ta
Vou [ ow0s i sansion
Vou=Ven 1- B (] w8 s regon
Vaen,
'
Wl
4 EELE 414 - Introduction to VLSI Design Module #5
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CMOS Switching Characteristics

+ Delay Time Derivation (tpy,)
“Differential Equation Method”

- we can re-arrange the current expression in the capacitor to be:

dv,
- t
dt = —Cpp =
Io,
Vou Tie
- now we can integrate to solve for dt -
Vo [ P r—
- we need to perform two integrals, one for Vor=Vrp (0] w08 i i rogion
each of the two regions of operation v
o

PR
PR

4 EELE 414 — Introduction to VLSI Design Module #5
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CMOS Switching Characteristics

Delay Time Derivation (e )
“Differential Equation Method”
- For the saturation region, our integral is:

oo | [.—]de.

VourVor W IDin-sat

ot Tme

[~ PPS—.

- For the linear region, our integral is: Vou=Ven 1 ] 08 i e egion
=l Vour=Vaom
. = t
t-t=[dt=—Cpy |
=t Vour-Vou—Vr n

- The delay is simply the sum of these two solutions:

ton =l -t)+ 1)

Module #5
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CMOS Switching Characteristics

Delay Time Derivation (T )

“Differential Equation Method”

- evaluating these integrals and adding the two delays together, we get:

e ey o ) ]

Kr\(vOH 7VT.H OH -V; VOH +VOL

Tn

- we can simplify this further by substituting in Voy=Vpp and Vo, =0

Cload . 2Vin +In 4(\/DD’VT.n) 1
v, A

oo =V, oo =V, D

Tn Tn

TpHL = K (V
n
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CMOS Switching Characteristics

+ Delay Time Derivation (zp )

“Differential Equation Method”

- we can follow the same process to find tp using the current equations for the PMOS:

_ Cloa R 2«’\/19‘ | 4(\/DD’Mp‘) 1
F VAR VAN | (V2R AN R (R

- these solutions are accurate from the standpoint that we use the exact current in the
transistors in our derivation of delay.

- these are still estimates and don't include ch: I-length. ion or ll-ge try effects

" . Module #5
4 EELE 414 - Introduction to VLSI Design Page 81

CMOS Switching Characteristics

« Delay Time Derivation (tpy,)

“Average Current Method”

- a simpler technique to estimate the delay is to use the average current in the capacitor
during the transition.

- this is accomplished by solving for the current at the beginning of the transition and the
current at the end of the transition and then averaging the two.

- at the beginning of the High-to-Low transition, the NMOS is in saturation

- at the end of the High-to-Low transition, the NMOS is in the linear region

out T

B o8 n st

OS i finaar rogion

Module #5
4 EELE 414 - Introduction to VLSI Design Page 82

CMOS Switching Characteristics

« Delay Time Derivation (zpy & Tp()
“Average Current Method”

- we can write the expression in terms of the voltages at V;, (Vgs ) and Vo (Vas )

P Cioas " AV
PHL
1 .
Tl el =Vor Vo Vo .1V =Vor Vo =Ve ]
L Clas" AVes
i =T

o-sailVin =Vou Vou =Vou ) +io.in(Vin =Vor Vou =Veos ]

- this technique tends to be faster and easier to use than the differential equation method.

Module #5
4 EELE 414 - Introduction to VLSI Design Page 83

CMOS Switching Characteristics

+ Rise & Fall Time Definitions (%se & Ta)

- rise time (1,5 ) is the time it takes to transition from Vg, t0 Vg,

- fall time (t;y ) is the time it takes to transition from Vg, t0 Vg

Tin o

Voo

Viow

- we can use either the (1) differential equation or the (2) average current technique to solve for these
- in these transitions, the transistors again operate in both the saturation and linear regions

- the only difference is that the limits of the transition are Vo, and Vg,

Module #5
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CMOS Switching Characteristics

+ Non-ideal Inputs

-in all of these derivations, we have assumed a perfect step input.

- if the input is not a perfect step (i.e., it has a finite delay or rise time), it will
increase the delay of the gate

- we can use an RMS estimation to account for the non-ideal input:

2 2

=7 +7
PHL(acual  PHL(o_skp_npu) | PLH(of _inpun)

2 2 2

T =T +7
PLGaal PN _sko_npuy | PHL(Of_inpuy

- we can also estimate the delay of the input if we are only given its rise/fall time by using:

7,
Pa—
2

_Tran
TonL =
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CMOS Switching Characteristics

Non-ideal Inputs

- we can apply this technique to the rise and fall times also:

2 _ 2

7 =7 +7
de(acuan | ree(o_sep_npu (ot _npun

2 2

2
T =7 +7
o Gacval) BH(o_ap_nguy | ree(ot _npun)
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CMOS Switching Characteristics

+ Designing for Constraints
- when we begin a design, we typically start with specification
- we then size the transistors to achieve the desired performance
- we saw how the sizes of the transistor effect the DC specs, specifically Vy,

- we also need to size the transistors so that for a given load capacitance, the gate can
achieve a designed delay or rise/fall time.

- we can use the expressions for delay and rise/fall time that we derived to calculate the
necessary transistor sizes.

" . Module #5
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CMOS Switching Characteristics

Designing for Constraints

- the average current method is the simplest technique to use:

. Cloas" Vi
.
1. .
Tl sl =Vor Vs =Von .1V =Vor Vo = Vo )|
Croas- AV,

1 .
3l Vo =Vou Vo =V ) i Vi =Ver Vo =Var ]

- in this expression, we can insert our timing spec in for tpy OF oy

- the RHS of the expression must evaluate to be less than or equal to the timing spec
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CMOS Switching Characteristics

« Designing for Constraints

- in the timing expression, notice that k, and k; are parameters under our control

- these are in the of the timing exp! 1, meaning that as k, and k,
increase, the delay of the circuit will decrease.

- this means that larger = faster
- we typically leave the lengths of the NMOS and PMOS transistors equal to each other
- we also typically set the lengths to the smallest possible dimension for a given process.
- this gives us the highest transconductance for a given Length and also minimizes the area.
- a given design process consists of the following steps:
1) set Ly=Ly=L iy
2) find the W /W ratio that will yield the desired V,,
3) find the minimum values for W,, and W, to achieve timing
4) combine the minimum sizes and the W /W ratio to select final sizes

5) round up the dimensions to give additional margin and standard sizes
(i.e., 4.927um rounds up to 5um)

Module #5
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CMOS Switching Characteristics

Area vs. Delay

- we've seen that larger = faster for a given inverter

- however, we have made an assumption that the load capacitance is independent of transistor size
- we know what a portion of the load capacitance comes from the driver oxide and driver junctions

- this means that as the inverter gets larger, so does the capacitance

- this leads to a point of diminishing returns with regards to reducing delay

[———.
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4 EELE 414 - Introduction to VLSI Design Page 90

15



CMOS Switching Characteristics
Area vs. Delay

- we can look at the Area X Delay Product to gauge the quality of a design with regards to efficient
area usage.

- typically we will see an inflection point which indicates the point at which increasing the size of the
transistors to decrease delay is out-weighed by the negative impact of increasing the area used on
the silicon.

-if a timing specifications requires an excessively large sized gate, it typically means that the
process is not sufficient to meet timing.

Area x Detay Procust (arberary unis)

AMOS Channel Width Wi, (um)
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CMOS Switching Characteristics

Interconnect

- one of the components in the load capacitance is the interconnect.

- the interconnect refers to the polysilicon and metal layers that are used to connect
the gates together.

- as sizes on-chip shrink, we've seen that the scaling of interconnect is a big problem because the
delay actually increases as you get smaller.

- in addition, the delay scales quadradically
with length meaning that intra-module traces ~ '°
and global interconnect can create Q
significant timing challenges.

Typica
- in modern processes, the delay of the g I oy

interconnect is actually more than the !’ 0 > <

o
switching delay of the transistors.

: \

20 m "W ooy 08 035u

Interconnect dolay

N\

Misiruen Fasture Size
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CMOS Switching Characteristics

Interconnect Modeling

- modeling of the interconnect describes the equivalent circuits we use to describe the electrical
behavior of the materials.

- the type of model we use is a trade-off between accuracy and simulation time

- we typciall use 1 of the 3 following models:

Typical Uses
1) Lumped Capacitance inter-module

2) RC network intra-module and global

3) Transmission Line global and off-chip

" N Module #5
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CMOS Switching Characteristics

Interconnect Modeling

- we choose the appropriate model based on the rise/fall time of the driver relative to the
prop delay of the interconnect

- the prop delay (t,) is the time it takes for the wave to travel down the length of the interconnect:

- the velocity of a wave in a dielectric is given by:
C
v=—
&
- the prop delay can then be given by:

length

prop =

Module #5
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CMOS Switching Characteristics

Interconnect Modeling

- we move between a lumped (C or RC) and a distributed (transmission line) model as follows:

4 " |
s, <251)
“Distributed” |
. s
mz2s(l) PR—_
. .4
e R R
1 +4
v IR
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CMOS Switching Characteristics

Interconnect Resistance

- resistance is based on the geometry and materials of the interconnect

R :pT'I: R -(#_of _squares)
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CMOS Switching Characteristics

Interconnect Capacitance

- capacitance depends on the surface area of the conductor, the insulating materials between
the conductors, and the distance between the conductors.

g-A
c=2~2
t
Fringing felds
A
\ 7

Cop
(paraliol-plat capacitance)
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4 EELE 414 - Introduction to VLSI Design P:ge o

CMOS Switching Characteristics

+ Interconnect Capacitance
- interconnect modeling becomes a complex problem due to the 3D geometries present on-chip
- we typically take a guess at the capacitance of the interconnect for initial simulations.

- once we start physically laying out our design, we can use the CAD tool to extract the actual
capacitance and back annotate it into our simulation.

- we then run a new simulation with accurate capacitance models to
verify timing is still met post-layout.

wvey

v s
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CMOS Switching Characteristics

Interconnect Capacitance

- Cross-talk refers to the noise that is generated on a line due to capacitive coupling from
neighboring lines that are switching.

- as geometries get smaller, lines are closer together so capacitance goes up.

- we can reduce cross-talk by separating the traces or inserting ground lines between the
signals, but this takes area.

LeveL s

7/
/

eveLs |

~TTT
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CMOS Switching Characteristics

+  Elmore Delay

- when we model interconnect using RC networks, it doesn’t take many branches in the net
before the KVL/KCL solution for the delay gets complex.

- Elmore Delay is a technique to estimate the overall delay between two nodes of an RC network
tree.

- in Elmore Delay, we find the equivalent RC network of the path between two nodes by:

- summing the delay of each segment in our path-of-interest
- we construct a set of RC networks as seen by our path-of-interest and then sum them together
- we walk through the series resistance in our path-of-interest.
- for each resistor node in our path-of interest, we include RC's in our expression as follows:

- C’s NOT in our path-of-interest are included as (Ryeq'C,)

- C’s that ARE in our path-of-interest can't be seen if they are on the far side

of a resistor in our path-of-interest

-as we get to the end of our path-of-interest, we can see all of the downstream
Capacitances past our end-node.
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CMOS Switching Characteristics

Elmore Delay

- example: Find the expression for the equivalent RC from V;, to node 7:

=(R)-€)+R)-(C,)+(R)-(C;)+(R)-(C.)+(R)-(C))
+(R+R;)-(Co)

+(Ri+ Ry +R,)-(Cy)+ (R + Ry + R, )-(Cy)

Module #5
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CMOS Switching Characteristics

+  Dynamic Power Consumption

- in theory, a CMOS gate does not consume any Static Power because the NMOS and PMOS
transistors are in the cut-off regions when driving Vg, or Vg,

- we know what there is leakage current in cut-off, however to the first order we neglect it.
- the majority of the power is due to the charging and discharging of Cy,,q
- this is called Dynamic Power because it is AC in nature and only occurs when the gate switches
- this current is described as:
dv,

= out
ic =Cioag

dt

- since the current consumed is proportional to the number of times that the gate switches, we
need to make an assumption to the number of times per second that V,,, switches

- since we have a binary system, we can assume that the output will be a ‘0’ 50% of the time
and a ‘1" 50% of the time.

- we can model the voltage on V,,, as a periodic square wave

Module #5
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CMOS Switching Characteristics

Dynamic Power Consumption

- current will be drawn from Vo, and sunk into Vs during a transition

¢
“
o
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CMOS Switching Characteristics

Dynamic Power Consumption

- assuming a periodic input and output waveform, the average power dissipated by a device
over one period is given as:

1F o
P =T ! v(t)-i(t)dt
- we split up the period into two sections:

0-T/2 V,, transitions from a 0 to a 1, the NMOS discharges C.q

T2 5TV, transitions from a 1 to a0, the PMOS charges Cq

Module #5
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CMOS Switching Characteristics

Dynamic Power Consumption

- We can now re-write our average power expression as:

17 dv,, i dv,,
Pag :;[ j vm.,{fc‘m m ‘}1+TJZ(VDD fvm)»[cmT}n

1
Pou=2Cous Vi,

Pus = T Cuoaa Vi
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CMOS Switching Characteristics

Dynamic Power Consumption

- amore qualitative view of this power consumption is as follows:

Capacitance is defined as

Each cycle, the average current in the capacitor is:

cv

Inve

9.
T

Power is IV, which gives:

cv
Pae =Vave “Tae =V '?: “Cioag 'Vnzul =1 -Cioua 'Vnz\n

1
=
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Power Delay Product (PDP)
- another quality measure of a design is the PDP
- this is a measure of the energy required to switch logic levels in a given period.

- qualitatively, Power x Time is:

:
Pas = g Coas Voo
Pog 7 = Cloaa Vo
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CMOS Switching Characteristics

Power Delay Product (PDP)

- as the delay goes down, the power goes up.

- the power going up is due to the increase in intrinsic junction capacitance of the driver.
- the delay reaches an ~asymptotic limit as the size is increased.

- the power increases as the size is increased.

- looking at the PDP can give an estimate of when you are optimally sized to deliver energy
in the most effective manner.

Module #5
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Ring Oscillator

Ring Oscillator

- if we connect a chain of inverters in a loop
and have an ODD number of inverters,
the circuit is inherently unstable.

1 2 1

[: v rl: v [: vy

- the circuit will oscillate between a i iis -
0 and 1 indefinitely.

- the frequency of the oscillation depends
on the gate delay of the inverter.

-
- this type of circuit is commonly used \

to test the device delay of a given Voo /

process.

- this can also be used to create a clock.

- the clock frequency of the ring oscillator N .
is not typically controlled tight enough to be
used as the system clock. 1
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Super Buffer

Super Buffer
- off-chip capacitances are typically an order of magnitude larger than on-chip capacitances.
- VLS| gates that are used in logic circuitry are sized to drive other gates of comparable size.

- if these smaller gates are connected to a much larger load capacitance, they are not sized
optimally.

- a gate can typically not drive a capacitance that has a much larger capacitance than its own
junction capacitance.

- a super buffer is a circuit that consists of a series of gates, each with a increasingly larger
size and drive strength.

- we define the relative size of each subsequence gate using the optimal sizing factor (a)
- we start with a typical logic gate and then design a subsequent stage that is larger by a factor of o

- we continue to add stages until the final capacitance that is to be driven (Cy,,) is a factor
of oclarger than the last state of the super buffer.

- we define the number of stages in the super buffer as N
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Super Buffer

Super Buffer

- we define C, as the gate capacitance of the next state.

- we define C, as the output drain capacitance of current stage.

- we can derive an expression to find the total delay as a function of (N, «).
- this expression gives us a relationship between N and o.

- we can differentiate this expression to find the optimal scaling factor:
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Super Buffer

Super Buffer
- we first findc.
- this defines how much larger each subsequent stage is relative to its driving stage

- we continue to add stages until the final C, that can be driven is Cygag

"o | | Cue
- I ‘

Module #5
4 EELE 414 - Introduction to VLSI Design page 112

19



