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Lecture 3 Discussed Large Signal Calculations

" |n analog circuits, we are often focused on amplifiers in
which the small signal behavior is of high importance

= Large signal calculations lead to the operating point
Information of the circuit which is used to determine the
small signal model of the device

" Example amplifier circuit:

g :  Small Signal Analysis Steps E
| Rp ; :
Dl + 1) Solve for bias current Iy

Rg | : 2) Calculate small signal

A I parameters (such as g, r,)

+ 3) Solve for small signal response

Viias 9 ERS J_ using transistor hybrid-r small

signal model



A Key Design Parameter is the Sizing of Devices
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" The designer is generally free to choose the width (W)
and length (L) of the device

= Wider width is often chosen to achieve higher channel
current for a given gate bias voltage

= Longer length is often avoided since it lowers the channel
current and decreases the operating speed of the device

= The minimum length for the gate is often used to define the
process name (i.e., 0.18u CMOS or 0.13u CMOS)

= Longer length is used in cases where better matching or
high resistance is desired



MOS DC Small Signal Model (Saturation Assumed)
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Im = UnCoxWIL)(Vgs - Viu)(1 + AVps)
_ =/ 2u,Cox(W/L)lp (assuming AVpg << 1)
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" How do we model if device is in the triode region?



CMOS Devices Also Have Capacitance

Top View Side View
4 Vas i
wW
v
junction bottom wall junction sidewall
cap (per area) / cap (per length)
Ci(0 Cisw(0)
source to bulk cap: Cip, = 9 WE + = (W + 2E)
\/1 +Vsg /| Dg| \/1 +Vse/|Ps| W (make 2w for "4 sided"
C-(O) C. (0) K perimeter in some cases)
drain to bulk cap: Cigq= ’ WE + = (W + 2E)
\/1 +Vpg /| Dg| \/1 +Vpg /| Pg
overlap cap: Cg,, = WLpCqy + WCinge gate to channel cap: Cy.= % CoxW(L-2Lp)

channel to bulk cap: C, - ignore in this class



MOS AC Small Signhal Model (Device in Saturation)

---------------------------------------------------------
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2
Cgs = Cgc + Cov = 7 CoxW(L-2Lp) + Cy,

3
ng = Cov
Csph=Cjsp  (area + perimeter junction capacitance)

Cab=Cjap (area + perimeter junction capacitance)

= Cyp»



Small Signal Modeling Strategy

" We will focus on the DC Small Signal Model first
= This will allow us to calculate the gain of amplifiers
= This will also allow us to derive Thevenin resistances

= We will later combine this information with the capacitors
within the AC Small Signal Model to estimate frequency
response information

" Homework 1 should have revealed to you how clumsy
the DC Small Signal Model can be in calculations
= We need a more streamlined approach

= Strategy: do not confine to general approach, but also
focus on achieving a simpler model that fits a large
number of circuit topologies that we will encounter



Thevenin Modeling of CMOS Transistors

Hybrid-m Model Key Small-Signal Parameters
Ring N Rp
Rg Qo q Parameter Strong Inversion  Weak Inversion
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We will discuss weak inversion
(i.e., subthreshold region) later

" Use the Hybrid-r model of transistor to calculate
Thevenin resistances at each transistor node

" Use these Thevenin resistance calculations for many
circuit topologies that we encounter



Thevenin Resistance Expressions

Hybrid-r Model Key Small-Signal Parameters

Ring Rp
Rg Qo \ q Parameter Strong Inversion  Weak Inversion
/) E + E Im \/Zuncox(W/L)ID %
Rthg E Vos ImVgs “OmbVs ro§ E :
- . Y9m (-1)lp
DECERE T ’ me 22|06 + Vgg nkT
Rin j\;" R Note: g,,,=0 /r 1 1
_S S if Rg=0 or V=0 0 Al Alg
Thevenin Resistances Exact . .
= " Thevenin resistances
Ring= fo (1+(9m*Imb)Rs)*Rs
gR Ry, = infinite useful for many
| D .
] PO Ll Femd calculations
d d m Im
we—3 B scorodimatin " |t would be nice to
/) S (gmb << gm’ gmro >> 1) .
AT N R o (149,Ro) replace Hybrid-m
ERS Rin,= infinite/ model with a simpler
1+ Rp/r, .
Roy= —go— R g (Ro<<Fo) alternative




Replace Hybrid-z Model with Proposed Thevenin Model

Hybrid-r Model Key Small-Signal Parameters
Rthd \ RD
Rg Q om e q Parameter Strong Inversion  Weak Inversion
| 1 1 I
;oL : I V20,C o WIL)Tp L
Rthg E Vos  OmVgs “ImbVs b |
L - : - Y9 (n-1)qlp
v ! m

m
Rahhhhh g T ’ 2\/2|Dg| + Vgg nkT

_ if RS=0 or VSb=0 0 7\’ID }\‘ID
’ Proposed Small Signal Transistor Model

Thevenin Resistances Exact
Ring= fo (1+(Im*Imp)Rs)*Rs Og N Rj ------------- g od
—gR Rip = infinite + Rin, ® :
I D - :
Dl R Rin,= (1+Ro /1) (1o 1 ERthggvg Awg | ol Rthd§ :
R d /- thd gm gmb : :
I~ N “: ‘ Approximation O i
R/ s (gmb<<gm’gmr0>>1) ----------------S-o ---------------
g N Rin, Ring= o (1*9mRs) Exact Approximation
Rs R, = infinite A, = 9o % A, =1 (Grp<<Gms GrFo>>1)
Rn=—g— =g Ro<<ro)|| o=14Rp/Ry, a =1 (Rp<<Ry, )

10



Key Things to Know About the Proposed Thevenin Model

Thevenin Resistances

Exact
Rthd= r'o (1 +(gm+gmb)RS)+RS
Rthg: infinite

Rths= (1 +RD /I’o) (ro

‘ Approximation

(gmb << Ims Imlo >> 1)
Ring= o (1+9mRs)

Rthg= infinite
1+Rp/r,

Rths= Im

)

gm+gmb

1
~ — R-<<r
gm ( D o)

Proposed Small Signal Transistor Model

A - P
-------------------------------

Exact

Av =9mlo

Approximation

Im
gm+gmb

o = 14Rp /Ry,

Av= 1 (gmb<<gm, gmro>>1)
o =1 (Rp<<Ry )

" This model may be generally applied in cases where the
transistor is in saturation and where there is not strong
Interaction between the transistor terminals

= Works well for open loop amplifier stages which will be our
Initial focus

" Proposed model is not commonly taught — | developed it

11



A General View of Signal Flow in an Open Loop Device

— V
RG g t N d M1
VVVV | Y 2 U
s— VYV, ’ I’ gate signal impacts source signal impacts
Rs ! source and drain drain
(D D =)
Rg ! h '
Vin,s G 1 g t S \S‘ d
! +
— 1 +
Rthg§ Vg AVVg <_|-> G‘IS Rthd § RD§
A4 1 S L Vd
+
Vin,g( t ) Rs Vind ( i )
Vg -
v

" To first order, influence of signals go from gate to
source or from gate and/or source to drain

= This is only true when the device is in saturation
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Example: Small Signal Analysis of Amplifier Circuit

g Key device characteristics
RD
that must be known:
RG Vout
IVI1
Forg,,r,: W, L, u,C,,., A
V.
in R :
S FOr 9mp: Om: ¥ P Vg

" First step: determine the operating region of transistor
= For triode region, approximate channel as a resistance
= |, will usually be set primarily by drain and source network
= For subthreshold region, approximate channel as open
= Later on, we will take a more accurate view of this
= For saturation region, use proposed Thevenin model

= |, will usually be set by gate voltage and source network
(.e., resistance and voltage)

= Small signal parameters (g,,, r,, €tc.) can be calculated
once |y Is known
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Substitute Proposed Thevenin Model (Assumes Saturation)

" Notice that all voltages and currents can be calculated
without requiring simultaneous equations!
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Reduce to Two-Port

" Calculation of G,
AfU 1 gm

Oé?:s = ?:3 = ~ Vg — Ug — vag

Vg ~ g —
Rths + Rs 1/9m + Rs 14+ gmBRs
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Detailed Example

1.3V Assumptions:

10k ¢ =50pANZ, V=05V

n

1000 Vo 1/(10V), y = 0
13u ’
0.13u

Vin M»]

Vie= 0.65V () 51 000

" Determine operating point conditions
= Transistor operating region, |

® Determine small signal parameters of transistor model
= If transistor is in saturation, thisis g, r,, €tc.

" Determine gain of amplifier
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