EE 330
Lecture 36

High Frequency Operation of Amplifiers
Digital Circuit Design

Hierarchical Design



Fall 2024 Exam Schedule

Exam 1 Friday Sept 27
Exam 2 Friday October 25
Exam 3 Friday Nov 22

Final Exam Monday Dec 16 12:00 - 2:00 PM



Review from Last Lecture

Cascade Configurations

|VDD ‘VDD
|51 Iso
Your Vour
‘l)|N Q1 Qz (UIN
|
Vss
Two-stage CE Cascade Three-stage CE Cascade

« Large gains can be obtained by cascading
» Gains are multiplicative (when loading is included)
» Large gains used to build “Op Amps” and feedback used to control gain value
« Some attention is needed for biasing but it is manageable
* Minor variant of the two-stage cascade often used to build Op Amps
« Compensation of two-stage cascade needed if feedback is applied to maintain stability
* For many years three or more stages were seldom cascaded because of challenges
in compensation to maintain stability though recently some industrial adoptions



Review from Last Lecture

Other Basic Configurations

FIG. [ o ¢
& A

PLASTIC
ENCASEMENT

fitd

Lo

___-""""-—-—e

I
i
!

D
A ;”f )
i

ff -

Darlington Configuration S. DARLINGTON 2,663,806
SEMICONDUCTOR SIGNAL TRANSLATING DEVICE

/7
/3

FLATING

AL

Filed May 9, 1952

« Current gain is approximately 2
 Two diode drop between B_;and E_



Review from Last Lecture

Other Basic Configurations

idj
C g
B /2
Q; Q, { 7
il
E
Sziklai Pair

May 7, 1957 G. C. SZIKLAI 2,791,644
PUSH-PULL AMPLIFIER WITH COMPLEMENTARY TYPE TRANSISTORS
Filed Nov. 7, 1952

« Gain similar to that of Darlington Pair
 Current gain is approximately B, B8,

* Current gain will not be as large when ,< 3,
* Only one diode drop between B_;and E



Review from Last Lecture

Other Basic Configurations

Buffer

VDD VDD

Ig1

Ideally Vo 1=V |\
Assume load terminated on gnd

Current through M, changes with V

Voltage shift varies with V,y in buffer

Super Buffer

Voo Vb

g2
Ig1 i
CE Vour [‘_‘JMz

M
Vin ‘vah Vin 4 1
Rc Vour
\#E M,
Ig1
R
IBZ ? (optional) -

s

Assume load terminated on gnd

Current through shift transistor is constant
for Super Buffer as V|, changes so voltage
shift does not change with V

Same nominal voltage shift as buffer



Review from Last Lecture
Other Basic Configurations

Low offset buffers

| Vee |

B2
Vour
VOUT V|N 4‘ M1 4! IE/IZ
ViN Q4 Q; Z

Z

|51

| Vss
VEe

« Actually a CC-CC or a CD-CD cascade

« Significant drop in offset between input and output
» Biasing with DC current sources

« Can Add Super Buffer to Output



Material Not Covered From Last Lecture
Start Here



Parasitic Capacitors in
MOSFET

Fixed Capacitors — Fixed Geometry

&

CGDO o

-"---- "
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LD

Overlap Capacitors: Cgpo, Coso .
Cap Density: Cpyy

L: lateral diffusion




Parasitic Capacitance
Sum malrly (partial)

D
Can_|.
T 1=
G T ”_’. B
CGS'V
S
Cutoff Ohmic Saturation
Csso CoxWLp CoxWLg CoxWLp
Cepo CoxWLyg CoxWLg CoxWLp

L is @ model parameter



Overlap Capacitance Model Parameters

CAPACITANCE PARAMETERS
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Types of Capacitors in MOSFETSs

1. Fixed Capacitors
a. Fixed Geometry
wm=== b. Junction

2. Operating Region Dependent



Parasitic Capacitors in MOSFET
Fixed Capacitors- Junction

/

T Cssi | Cpp,

Junction Capacitors: Cgq;, Cyp;




Parasitic Capacitors in MOSFET
- Fixed Capacitors

Overlap Capacitors: Cspo, Cioso
Junction Capacitors: Cgq, Cgp




Fixed Parasitic Capacitance Summary

D
LY
o1k
VI GD CBD
G
| P
/\CGS CBS
N
i
S
Cgot and Cg,, are model parameters
Cutoff Ohmic
CGSO CoxWLp CoxWLp
Ccpo CoxWLp CoxWLp

Cga
Cgs Cgs1 = CpotAs*+CswPs Cgs1 = CpotAs*+CswPs

Cgep Cgp1 = CgotAp+CswPp Cep1 = CeotAp+CswPp

Saturation
CoxWLp

CoxWLp

Cgs1 = CeotAs*+CswPs

Cep1 = CeotAp+CswPp



Cgor and Cg,, model parameters

CAPACITANCE PARAMETERS

Area (substrate)
Area (N+active)
Area (P+active)
Area (poly)
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Types of Capacitors in MOSFETSs

1. Fixed Capacitors
a. Fixed Geometry
b. Junction

mmm=) 7. Operating Region Dependent



Parasitic Capacitors in MOSFET
Operation Region Dependent -- Cutoff

/

Cenco

Cutoff Capacitor: Cpco




Parasitic Capacitors in MOSFET
Operation Region Dependent -- Cutoff

CGBCO

Note: A depletion region will form under the gate if a positive
| Gate voltage 1s applied thus decreasing the capacitance density

Cutoff Capacitor: Cpco




Parasitic Capacitors in MOSFET
Operation Region Dependent and Fixed -- Cutoff

Overlap Capacitors: Cspo, Cioso

Junction Capacitors: Cgq;, Cgp;
Cutoff Capacitor: Cpco




Parasitic Capacitance Summary

Cutoff
CoxWLp

CoxWLp
CoxWL (or less)
CgotAs+CswPs

CeotAp+CswPp

|
/
@)
5

Ohmic

Saturation



Parasitic Capacitors in MOSFET
Operation Region Dependent -- Ohmic

CBCH

| Note: The Channel is not a node in the lumped device model so can not
directly include this distributed capacitance in existing models

Note: The distributed channel capacitance 1s usually lumped
and split evenly between the source and drain nodes

Ohmic Capacitor: Cicy s Cpen




Parasitic Capacitors in MOSFET
Operation Region Dependent and Fixed -- Ohmic

C
| | /'k | Cepo

BS1 Cep1

—||'f

Overlap Capacitors: Cspo, Cioso

Junction Capacitors: Cgq;, Cgp;
Ohmic Capacitor: C ¢y, Cgen




Parasitic Capacitance Summary

D
\
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VY GD CBD B
G— 1
| >
T~Coqs Css
Lumped Cg and Cg to )
analytically avoid dealing with
distributed capacitance 4 \
S /
Csa
S
Cutoff Ohmic Saturation
CGS CoxWLp
CGD CoxWLp
CBG CoxWL (or less)
Cgs CgotAs+CswPs

C BD CgotAp*+CswPp




Parasitic Capacitors in MOSFET
Operation Region Dependent -- Saturation

CGCH

_l_CBCH

Note: Since the channel 1s an extension of the source when in saturation, the
distributed capacitors to the channel are generally lumped to the source node

Saturation Capacitors: C;cy > Cgen




Parasitic Capacitors in MOSFET
Operation Region Dependent and Fixed --Saturation

GCH

T| Cepo

T Cepi

CGSO
| Coso Tl

—I—C
|
CC
T Cp | P

Overlap Capacitors: Cspo, Cioso
Junction Capacitors: Cgq;, Cgp,
Saturation Capacitors: Ccy > Cgen

+ 2/3 CoxWL is often attributed to Cyy to account for LD and saturation
» This approximation is reasonable for minimum-length devices but not so good for longer devices




Parasitic Capacita[\)nce Summary

AY I
o
™ GD CBD

Lumped Cg: and Cg to
analytically avoid dealing with
distributed capacitance

Cutoff
CoxWLp

CoxW Lp
CoxWL (or less)
CgotAs*+CswPs

CgotAp+CswPp

/\CGS CBS

Ohmic Saturation
0.5CoxWL CoxWLp+(2/3)CoxWL

0. 5CoxW L CoxW LD
0 0
CgotAst+CswPs+0.5WLCgorcH CeotAstCswPs +(2/3)WLCgorcH

CgoTtAp+CswPp+0.5WLCgo1cH CeotAp+CswPp



Parasitic Capacitance Summary

D
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%] Ce
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- /
CBG
S
Cutoff Ohmic Saturation
Cas CoxWLp 0.5CoxWL CoxWLp+(2/3)CoxWL
Cop CoxWLp 0.5CoxWL CoxWLp
CBG CoxWL (or less) 0 0
Cgs CgotAs+CswPs CgotAs+CswPs+0.5WLCgotcH CrotAs+CswPs +(2/3)WLCgotcH
Cgep CgotAp*+CswPp CgotAp+CswPp+0.5WLCgotcH CgotAp*+CswPp

Observe there is no Cpqin this model because does not physically exist



Parasitic Capacitance Summary

D D
e 2 Lo ar
T ™| B o B
G J_ N i _|_C| .
Ces BS Gs BS
] 5 r—AHI—
C N S %
S ? Cse
S S
High Frequency Large Signal Model High Frequency Small Signal Model
Often Vzg=0 and Cgz5=0, so simplifies to
D D
\ \
/J:CGD C/Bl_ /J:CGD C/E;[I)j
e—, o—k,
“~Cas T Ces




Parasitic Capacitance Implications
D

G
< ~T~Coqs Cas
N — )
C \
- /
Cge
S

The parasitic capacitances inherently introduce an upper limit on how fast either
digital circuits or analog circuits can operate in a given process

Two parameters, f,,x and f;, (not defined yet) are two metric that are used to
specify the fundamental speed limit in a semiconductor process

The dominant parasitic capacitances for most circuits are Csg5 and Cgp



Material Not Covered From Last Lecture
End Here




f- and fy,ax for a semiconductor process

f; is defined to be the frequency where the short-circuit current gain of a
transistor drops to unity

fuax 1S defined to be the frequency where the power gain of the transistor drops
to unity (related to the maximum frequency of oscillation in a process)

- 3 WV _ 3 1u|VDD_VTH| (2A=L )
"“4n 2, 167 (A-LDY o
f; strongly dependent on Vg
for the ON 0.5u process

—

U,Cox=100uAN? | | _4E10mern:

COX=2 AfF/u? U, =400cmzaF-1v-2

A=0.2u — At Vg=1V, {=25GHz
LD=.05u

Vy,=0.8V B

Note: As feature sizes shrink with process nodes, Vg yax Will typically drop linearly

but L., will drop quadratically thus f; gets much larger in small feature processes



f- and fy,ax for a semiconductor process

frequency (GHz)  (a)

80| 80
70l 170
60| 160
_s0[ {503
g 40l la0m
301 | 30%
20/ 120
10] 110
0 | . | . EL
00 02 04 06 08 10

L (um) (b)

Fig. 7. (a) Maximum stable gain (MSG) and maximum
available gain (MAG) for different channel lengths and (b)
the cutoff frequency (fr) and maximum oscillation frequency
(fmaz) as functions of the channel length.

For 0.18u process, V=2V, V5=1.2V
Journal of the Korean Physical Society, Vol. 40, No. 1, January 2002, pp. 45~48



Parasitic Capacitance Summary

D D
Iy Lo |25
GD Cso Csp
G- L': B G I{g B
J_CGS Css Cas Ces
= LﬁF
— T
Cac %
S S

High Frequency Small Signal Model
(saturation region)

Often Vzgg=0 and Cz5=0 in saturation, so simplifies to

High Frequency Large Signal Model

D D
,J: Cep C> I_ /J: Cen C?BIID_‘
G —||: G __|E
~Cos T Ces




High Frequency Small-Signal Model

(Saturation Region)

H%
G D
INE; 1
B Ces g Cos
G I T Vgs ImVgs OmbVbs j
CGB;F : l S
Vbs CSBT '
B + 4-terminal low frequency model
Often Vzg=0 and Cyz5=0, so simplifies to
D yoe
\I_‘ Al
/
/J:CGD CBD G l + D
G E Cas (v s ¢ gm(vgs § go ~ CDB
;:CGS /‘\ —_— S B

3-terminal low frequency model

S B 3-terminal high frequency model (with Vgs=0)



High Frequency Small-Signal Model

Often Vzg=0 and Cz5=0 and C5y and g, can be neglected so simplifies farther to

—F A
Cep l + D
__| C v ~Cos
G E Gs "\ V s gm(vgs ~
A~Cos | | S.B
3-terminal low frequency model
3-terminal high frequency model (with Vgs=0) neglecting Cep

Neglecting C;p which is high frequency feedback from output to input
often simplifies analysis considerably



Recall:
Small-signal and simplified dc equivalent elements

Element ss equivalent Simplified dc

equivalent
o L ] *
Large/|\ ‘

Capacitors ?
L
Smaﬁ /|\ ‘

Inductors

E
-
- vy ¢

Simplified
ﬂ %E: %ﬁ
transistors
Simplified
(MOSFET (enhancemen t or
depletion), JFET)
g Simplified

Have not yet considered situations where the small capacitor is
relevant in small-signal analysis



Recall:
Small-signal and simplified dc equivalent elements

Element ss equivalent Simplified dc

equivalent
o L ] *
Large/|\ ‘

Capacitors ?
L
Smaﬁ /|\ ‘

Inductors

E
-
- vy ¢

Simplified
ﬂ %E: %ﬁ
transistors
Simplified
(MOSFET (enhancemen t or
depletion), JFET)
g Simplified

Have not yet considered situations where the small capacitor is
relevant in small-signal analysis



Amplifiers with Small Capacitors

Consider a bipolar amplifier first where C; is a small capacitor but not a
parasitic capacitor

Recall:
Vb If capacitors are large
Vour
Q1
VIN % R3 % R|_
ViN Ri/IR,
A4



Amplifiers with Small Capacitors

What if C, and C, large but C; is not large?:

C
\
7

1

VDD

R1§ Ré

Cs
I

Vourt

Vout

d

f |

Qq

R2
RiS A

IN




Amplifiers with Small Capacitors

What if C, and C, large but C; not large?:

v1 C|:,3 (vout
AN
_|_
R4/IR
VN 1Rz Vbe g'IT1 ¢gm1vbe R R,
V4
From KCL:

Wor (SC3 + GL) = ‘l{SCS
(LI(SC3 +G3)+gm1(l}N = UrSC; ‘

Solving:
Yur _ —SC309,m
U, sC, (G, +G;)+G,G,
Equivalently:
Uyr __ InSCR:R,
N sC, (R, +R;)+1

Serves as a first-order high-pass filter

Ayl

e




Amplifiers with Small Capacitors

Consider parasitic Cgq and Cpg

VDD
Vout
R
D§ CG&L + |
Vour ™ T Vgs ¥ GmiVgs T O0® %RD

| — |

El\/h - Cos <
By KCL.:
N

‘lZ)UT (SCDB + GD) = _gmﬂ”N

(this circuit is different from previous) Solving'
%UT — _ 9
71’N SCDB + GD
Equivalently:
%UT _ _gm1RD

UV, SCR,+1



Amplifiers with Small Capacitors

Consider parasitic C5q and Cpg

VDD

!

U, SCzR, +1
i gm‘IRD
A =
v(jo) JoC R, +1
‘AV(]CU)‘ gm1RD
J(@CogR, Y +1

ZA, (jo)=-180° —tan™ (%j

W

Since first-order low-pass, half-power
frequency given by
1

Q. =
3dB R C
D~DB




Amplifiers with Small Capacitors

Consider parasitic Cgg, Cgp, and Cpg

VDD

By KCL.:
utT (S[CDB + CGD] + GD) = =Gy +SCspYy

Cpg causes gain to decrease at high frequencies
Cqp causes feed-forward and limits high frequency drop

Has one LHP pole and one RHP zero

Ayl

Vout
Cop ==
T E ™ 7= cos )
15 l
Vin 07 |
'VSS
Solving:
%UT _ —9m "'SCGD
UYy S[CDB T CGD] +G,
Equivalently:
Uyr __ —Rp (gm1 _SCGD)
U, S[CDB +CGD]RD +1




Amplifiers with Small Capacitors

Consider parasitic Cgg, Cgp, and Cpg

I
1 | N o |
M, Cos Device parasitics problematic at high frequencies
;E Cpe: Cgp and Cgg effects can be significant

Value of parasitic capacitances strongly dependent
upon layout

Device parasitics usually not a problem at audio
frequencies

Causes gain to decrease at high frequencies:
has one high frequency LHP pole and one high frequency RHP
Zero.



Example: Determine the small-signal voltage gain and the 3dB
bandwidth. Consider only the effects of Cpg on the BW. Assume a 0.5u
process with V;,=0.75V and the layout of the transistor shown.

3V

Solution:

/DQ:1oouA/v2210

(2-0.75)* =0.78mA
o1

I oR, =0.78mA e 2K =1.56

Vout

EM =
RD R
‘vin 10p
L=1p

<~

4u¢ EEEER
1”4 10|-_1 '
EEEEER

Coor=942aF/u2 Cgqy=212aF/u ~—

From PDK

Cpg=942aF/u?*40u?+212aF/u*28u

Cpp=37.7fF+5.9fF=43.6fF

Vout

M;
e
‘vin @ Vgs gmvgis <+>

CDB

A

/1




Example: Determine the small-signal dc voltage gain and the 3dB
bandwidth. Consider only the effects of Cpg on the BW. Assume a 0.5u
process with V;,=0.75V and the layout of the transistor shown.

M, Vout

| Cos
=

Vo ut _'_

ENHT Cos (vm (i) Vgs gm\v/vgj()§+> RD§ -
L=1p
Uin W=10p i o

2v Y Cp=43.6fF

Solution continued:

Uyr (GD +SCDB)+gmvN =0 Z/DQRD 3.12
AVO :_ngD - — V :—E:—2.5
g RD EB .
Vyr =Y v
T 1 sCuRp foo el _18GH:z
A ‘Av‘ 3dB 272_ R C
Ay D™~ DB

l’E

‘
W3dB



Sinusoidal Steady State Response for Linear Systems

Vi) — A, (S ) — Vourl(t)

Key Result from EE 201

|f V|N=Vmsin(wt+e) where V_ is small (so linear operation maintained)

Steady state output is also a sinusoid given by

Vour () =V, |A, (jo)|sin(at +0+ LA, (jo))



Sinusoidal Steady State Response for Linear Systems

. o
- ‘ V(jw)‘_\/(wc R,) +1
DB" "D
M, T~ Cos
Vin E | V4 ZAV (_/CO) =-180° —tan™ (%j

If V=V, sin(wt+0)

For V., small, small-signal steady state output given by

Vour (t) =V, CAA > sin (a)t +60-180° —tan™ (—COCDBRD jj
J(@CogR, ) +1 1
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Digital Circuit Design

Most of the remainder of the course will be devoted to
digital circuit design

§>

-

I2lEIRIEREIRE
[ o] gl
IEI =) IR o]

>

>
Verilog —

module gates (input logic [3:0] a,b,
output logic [3:0] y1,y2,y3,y4,y5);
assign y1 = a&b; //AND
assigny2=a|b; //OR
assigny3 =a”b; //XOR
assign y4 = ~(a & b); //NAND
assign y5 =~(a|b); //INOR
endmodule

ey r——————-
i Acrendering of a small standard

| cell withthree metal layers

| (diglectric has been removed).

| The zand-colored structures are
| metal interconnect, with the

= wertical pilars being contacts,

| typically plugs oftungsten. The

| reddish structures are palysilicon

| gates, and the =olid at the buﬂum}
A|\ iz the crystalline silicon bulk

Standard Cell Library

i o L
B [ m
A [

VHDL
library IEEE; use IEEE.STD_LOGIC_1164.all;

entity gates is
port(a,b: in STD_LOGIC_VECTOR(3 dowto 0);
y1,y2,y3,y4,y5:0ut STD_LOGIC_VECTOR(3 downto 0));
end;

architecture synth of gates is
begin

y1 <=aand b;
y2 <=aorb;
y3 <= a xor b;
y4 <= anand b;
y5 <=anor b;
end,


http://en.wikipedia.org/wiki/Dielectric

Digital Circuit Design

» Hierarchical Design

Basic Logic Gates

Properties of Logic Families

Characterization of CMOS
Inverter

Static CMOS Logic Gates
— Ratio Logic
Propagation Delay

— Simple analytical models
- FI/OD
» Logical Effort

— Elmore Delay
Sizing of Gates

— The Reference Inverter

Propagation Delay with
Multiple Levels of Logic

Optimal driving of Large
Capacitive Loads

Power Dissipation in Logic
Circuits

Other Logic Styles
Array Logic
Ring Oscillators



Hierarchical Digital Design Domains:

Top
Behavioral:
Structural:
Physical
Bottom

Multiple Levels of Abstraction



Hierarchical Digital Design Domains:

Top
Behavioral:
c o
D ©
ks S
Structural: o 3
= o
5 P
. £ S
Physical o

Bottom



Hierarchical Digital Design Domains:

Top
' Behavioral: .
—————————————— C (@)
______________ D T
(7))
e e o e e 8 g
—————————————— Q_

Structural: > -
—————————————— c ®
______________ [®) @,

= Q
______________ C% >
__Physical
Bottom

Multiple Sublevels in Each Major Level
All Design Steps may not Fit Naturally in this Description



Hierarchical Digital Design Domains:

Behavioral : Describes what a system does or what it should do

Structural : Identifies constituent blocks and describes how these
blocks are interconnected and how they interact

Physical : Describes the constituent blocks to both the
transistor and polygon level and their physical
placement and interconnection

Multiple representations often exist at any level or sublevel



Example: Two distinct representations at the physical level (polygon sublevel)

Poly — - Poly
active — | T~ active
active
Poly — — Poly

active




Example: Two distinct representations at physical level (schematic sublevel)

|
W=4p

_|JV%4 /’ _|_| L =1
i \ _| W =8y

L =2u

L

_

W, L ] ow,ew, L




Example: Three distinct representations at the structural/behavioral level (gate
sublevel)

B_f




In each domain, multiple levels of abstraction are generally used.

Consider Physical Domain

Information Type
—  Consider lowest level to highest

e . . . PG data
0 - placement of diffusions, thin oxide G.D.F
regions, field oxide, ect. on a substrate. Netlist

1 - polygons identify all mask information HDL Description

(not unique)

2 - transistors
(not unique)

3 - gate level
(not unique)

4 - celllevel
Adders, Flip Flop, MUTs,...



Structural Domain:

— DSP

— Blocks (Adders, Memory, Registers, etc.

Information Type

HDL
Netlists

— (Gates

— Transistor



Behavior Domain (top down):

_  Application Information Type
— Programs High-Level Language
HDL

— Subroutines

— Boolean Expressions



Representation of Digital Systems
Standard Approach to Digital Circuit Design

8 — level representation

1. Behavioral Description
— Technology independent
2. RTL Description (register Transfer Level)
(must verify (1) & (2))
3. RTL Compiler
Registers and Combinational Logic Functions
4. Logic Optimizer
5. Logic Synthesis

Generally use a standard call library for synthesis

(sublevels 6-8 not shown on this slide)



Frontend design
Representation of Digital Systems

Standard Approach to Digital Circuit Design

1. Behavioral Description
— Technology independent T

2. RTL Description

(must verify (1) < (2)) H D L

3. RTL Compiler

Registers and Combinational Logic Functions

4. Logic Optimizer

5.Logic Synthesis

Generally use a standard call library for synthesis



Backend design

6. Place and Route
(physically locates all gates and registers and
interconnects them)
/. Layout Extraction
« DRC
* Back Annotation

8. Post Layout simulation

May necessitate a return to a higher level in the
design flow

Logic synthesis, though extensively used, often is not as efficient nor as
optimal for implementing some important blocks or some important

functions

These applications generally involve transistor level logic circuit design that
may combine one or more different logic design styles
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