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Switched-Capacitor Techniques Advantages

e Reduced silicon area

» (Good accuracy. Time constants are implemented with
capacitor ratios (~0.1%)

 Don’t require alow-impedance output stage (OTASs could
be used)

e Could be implemented using digital circuit process
technology

e Very useful inthe audio range
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Anaog Signal and Systems Concepts

Types of signals

- Continuous-Time (CT)
--Continuous valuesin time
--Continuous values in magnitude

» Sampled Data (SD)
--Continuous values in magnitude
--Discretevaluesin time

e Digitd
--Discrete values in magnitude
--Discretevaluesin time

Mathematical
Description

Laplace

Z-Transform

Z-Transform



Example of Basic |mplementations

® First-order Low Pass

K . Vo (S) K Wp

I_I(S):1+§/wp C V() s+w,

Continuous-time

V, o

R
AVAVAV 1
—— C=
R/K C Rw,
4YAVY, —
o

dvgt(t) +wov,(t) =Kw, v, (t)

p Vin

one zeroat - ¥
one poleat - w_

Stability impliesto have polesin the
left-half plane (LHP)



Frequency Response

h(t)

h(t) = Kw e ™

> 1

| mpulse Response



* First-Order Low-Pass Sampled-Data (i.e., Switched-Capacitor)
A

"V (z) 1- z gy _Wp1 -zt

[
H(Z)_ Vo(z) _ Kl _ Klwpl . K() >< > Re

Stability implies polesinside

[Wpl i Z_l]vo (2)= K W Vi (2) z-plane unity circle

Wplvo (Z) - Z-1\/0 (Z) = K1Wp1Vin (Z)

Taking the inverse z-transform

W,V (nT) - v, (n- YT =K w, v, (nT)

Vo(n-T- wv, (nT)=-Kw,v, (nT)

This difference equation represents the first-order low passin the Z-domain.

Note that
Z'X ()P x,(n-1T
Z°X (2)p x,(n- b)T



Il ¥
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f./2 3,
2 C

Frequency Response (A periodic transfer function!)

K.w _ Z K.w_ (coswT + jsinwT
(Z)_ 1" pl — M1 pl( )

“w,Z-1|  (w,coswT- 1)+ jsinwT
— AW phase
z=¢ A
4 N
j K,w e i u
H(ejw): 1 2pl - éWT- tan-l sinwT u
{(wp1 coswT - 1) +sin2wT} & W, COSWT - 14
F, G F,
MyLwES where
FzJ_ J_Fz
= Kw, =<1
F, CiF, C 17T
Ve T L%
1L W,y =1+ 2



What are the relationships between the s-plane and z-plane?

» There are a number of mappings between the two planes. All these mappings require frequency

prewarping to yield quasi identical transfer functionsin both planes. That is magnitude and
phase of the two transfer functions should be as close as possible.
» The most popular and exact is the bilinear mapping.

_21-7%' 2z-1 _1+(T/2)s
S=— =— or z=—3"—+
Tl+z! Tz+1 1- (T/2)s

Pre-warping is needed:
W = (2/T)arctan(wT/2)

* The commonly used mapping from s - to z-plane, for high-sampling rate is the forward mapping :
11-z' 1z-1
S=———7F==
T z T 1

or

z=sl +1

bilinear

s-plane forward z-plane



Example. Approximate afirst-order low-pass continuous-time to a
discrete-time low-pass under high-sampling conditions, (fs/f >>1)

K Kw 4
H = = P
(S) 1+ s/WP S +Wp 1 -O¥ //// X
s:?(z- 1) - W,
Kw T Kw T t
W w
H — p — p
(Z) z-1+w T z- (1- WpT) C)
M(l_ WpT)

What is the 3dB cut-off frequency in both domains?

fae =W, CT

For H(z) is more complex than the computation of f5 5
Kw, T

coswT + jsinwT - (1- WpT)

Hem) = e

W= WZ?»dB

H(e" )=




Numerical example. Low-Pass (First Order)

w,=2p” 10°r/s

s an3
f=f =20kHz ; T=1f, ; wr=2P 29 -0

*" 720710
K =2

For the continuous-time

fae =1KHz
2
H(jw) =-2 =1.4142
(iw) N
W =W;4g

For the sample-data
f 4 2- 2WpT' (Wp-r)2
fas = =>COS
2p 2(1- w,T)

fop @L16KHZ




Switched - Capacitor Filters

e Use Z-transform mathematics

Are described by difference equations

Time constants are proportional to capacitor ratios

There are well defined mappings between the s- and
Z-plane which involve some frequency warping

Originally the basic goal was to replace resistors by
switches and capacitors. Now we focus on how to
Implement H(z)

This design approach is one of the most popular in
the industry. Basic components are switches, capacitors and
Op Amp (usualy OTAS)



-2 -1
b,z"“+bz "+ Db,

H(z) =

1- alz'1 +a,Z

52 51
b,2"“+b2"~ +b,

2

z=72+1

1+a; 2 t+a,?

2

bg =Dbg, by =2by+Dby, by =by+by +Dbg,

a1=2-a, as=1l+ta,- a1

Table  Generic Biquadratic Transfer Functiond in the z- And z-domains,
a,= 2rcosQand a, = r?, a,=aand a,=b.

Generic Form

Numerator N(z)

Numerator N{z)

LP 20 (bilinear transform)
LP 11

LP 10

LP 02 (forward transform)
LP 01

LP 00 (backward transform)
BP 10 (bilinear transform)
BP 01 (forward)

BP 00 (backward)

HP

LPN

HPN

AP

K(1+z71)2
Kz1(1+z1)
K(1+z1)

Kz -2

Kz -1

K
K(1-z1)(1+z1)
Kz1(1-z1)
K(1-z1)
K(1-z1)2
K(l+ezt+2z2) e>afbb>0

K(l+ez1+z2) e<allbb>0

K(b+az1+2z2)

K(1+4z1+24z2)
K(221+1¥z1
K(222+3z1+1)
K2 -2

K(1+%1yz1
K(1+z1)2
K(1+2z1)

K21

K(1+%Z1)

K
K[1+21(2+¢e+(2+6dz7]

KIL+21(2+e+(2+6z7]



Advantages

Have different transfer functions in the
Z-plane for one transfer function in s-plane.

Good accuracy. Time constants are
Implemented with capacitor ratios (~0.1%)

Don’t require alow-impedance output stage
(OTA’s could be used)

Could be implemented using digital circuit
process technology

Very useful in the audio range.




NOTATION

Switches L
— /. — L., N
Representation
S Phase Period Representation
Network \W /
o f13 1 3 [ n-1 n
T | | | — | -t
With No ﬁ 0 Tin 2T/ ain 027 (37 T
Switches [ Lf14n X Clock Period X
L0

EXAMPLE n=2, NON-OVERLAPPING

> t

| R ¢
T/2 T 3T/2 2T 5T/2
PHASE PERIODS OF A CLOCK SEQUENCE



Ya(®

S S S : » {
8T T 15T §2T§ 31 4T
vsot L[]
or
f1
Yt (1) .
Yy(t) f
or L
fo I I
Y2 () | st

S/H and its respective odd and even components

yu () =yR () +yg ()

or

Yu(2) =YD +YS (@)



Sample
Vo@ |  Daa V,(2)

Circuit

Vin(2) =Vir (2) + Vi3 (2)
Vo(2)=V5(2) +V5(2)

HED) =22 (é))

CONVENTIONAL NOTATION FOR TRANSFER FUNCTION IS

N J
Hlj (Z) — V:) (Z)
Vin(z)
| and j can beeither “e” or “0”. 1,e,,
Vo (2)

H(Z) =

Vin(2)



TWO-PHASE CLOCK GENERATOR

T — CLMDIGNA;...{>¢ £
A L
h,




SWITCHED-CAPACITOR
EQUIVALENT RESISTOR

Continuous (Conventional) Resistor

R:V1-V2:V2-V1p|2:V2-V1
Iy 2
V;and V, are constant voltage sources
11 I2
>—¢ <
fo] To ‘
+ 1 +
Vi ——cC Vo,
|
A
L1 [ ] -t
O N D
. ? E ’ Lt -t

T2 T 3T/2 2T



At time t = t, we apply the clocks.

At f 1
@
At f 2

<>\+/1 _ )32 Q(t, +T)=CV,- CV,

Q(t, + T) =C(V,- Vi)

—c (V. QU+Ti2=cv,

For the next period, at f ¢

Qo +2) = C(V; - Vi)

O e Oh

ot

ty +3T/2 ty +3T/2

lec\)il(t)dt = C)il(t)dt
to + T tg +T/2



The average current 11 (ayer ) bECOMES

Q (t, + >1)
Il(aver): T
1 ty + 3T /2
) (ver ) = = O 12 (t)dt
T t, + 3T /2
. _C(Vy-V, _DQ
1 (aver ) T Dt
or
T _V,;- V,
C I1(a\/er)

Comparing with the continuous time resistor

T 1
q Re = c f.C <::
EXAMPLE. R =250KW, fc =128KHz

1 1

AR C= =
@s2 Re fc 2507 128° 10°
Ac q

=31.25pF

Continuous R “SC-R”
AREA 5,776 178.57 mils 2



ACCURACY OF TIME CONSTANTS
() CONTINUOUSTIME:

t =R1Co
dt _dR1, 9% & +40%® +65%
t R1 Co

Whered—t IS interpreted as the accuracy of t.

TEMPERATURE DEPENDANT!

() DISCRETETIME:

1
t=—— >Co =T
foCy 2= ( )

dt _dT  dCp dCl

t T Cp, C

dt @92 915 010
t C, C




KCHL KIRCHOFF “CHARGE” LAW

g
aQ =0
1=1
Qj=CjVc
C;
t; >0
VXI lVy
.|a_‘ _ tr>1
Ve
a t=1t,

Ve, =Vx(t2)- Vy(t2) - (Vx(t1) - Vy(t1))

Voltage across the capacitor VCj — voltage difference (at present time) across the
capacitor minus initial condition (at past time).



CHARGE CONSERVATION
ANALYSIS METHOD

q. (nN)=qyu(n-1)+qec(n)

i | fa t
nil n-I}é ;1 nJrI}/z> A
f f

1 T2 AR

Example ¥
V] —c,Tc, V2

for f 2
ColVE(n) - VE(n- 1)+ CylvE(m) - VP (n- 1)) =0

for fl
Co[VE(n- ¥))- V5(n-1]=0b VI(n- ¥))=V5(n-1)




THEN

Cva(n) + Cyva(n) =Cyva(n- 1) +Cyvi(n- 1)

(CL+Co)V2(2)- CZV3(2)=CV(2)Z !

ﬁz'l .
C Z
HOO(Z) — 1 —
C*+Cy Co 1 1+4a-azt
C Cq
&Z'l .
C Z
HOO(Z) — 1 =
C+C2 C2,1 1+a-azt
G Cq

V@) _VE@Z

SR Vin(2) Vin(2)




V5(n) =V5n+ %)
CAVE(n+ 1) - VE(n- 1+ CiIvS(n+ ) - ve(n- 1))
Co[ V3 (2)] [Z% -Z %] + Clvg(Z)Z}é =CVL(2) 7 %

Co1-Z 1)V§ (2)+CV5(2) =1V (2) 7 7

V2 (Z) Gz 1 B Gz 1
VO(2) G- ZY+C, CrtCy- Cpzt
Vi) o | C
VP(Z) (Co+G)Z- Gy (Co+C)+(C+Cy)ST- Cy
Z @L+ST
For high-sampling rate wT <<1
V(2)| C, 1 1
VO(Z)‘ C +(Co+CpsT 1+(C2 CL)T 1+ / c
Z=1+sT . Cll | (G CT
Aside; 0y Co+C)T 1, C

C
1.1 _1 f
F3p @2p R1C2 @2p TC, 2p c:2

G G




Switched-Capacitor (SC) Filters

How to design SC Filters ?

- Two basic approaches

Filter Specifications

il

Approximation Methods in the s-plane

‘4

]

H(s) = H(z) mapping

Select a RC-Active Filter Topology

Pick a SC Filter topology, and use coefficient Use a high-sampling rate and
matching to determine capacitor values substitute R's by SC resistors

SC Filter Implementation




Systematic

Design specifications

q

Software tools:
Fiesta, Cadence, etc.

Block, circuit diagrams
Transfer function
Design equations

>

SC Filter Design

SC Filter Design

l

>

Simulate Filter
(SWITCAP, ASIZ, etc.)

Simulate SC at transistor
level (if possible)

Layout circuit

Additional specifications

Extract layout

Design amplifiers,
switches, etc.

Fabricate

Verify design

Test

doesn’'t meet specs

does meet specs




What ar e the advantages and disadvantages of
thetwo filter design procedures ?
*Mapping Techniques
+ Systematic and well documented (see FIESTA-2)
+ |t can use any sampling rate, including the (minimum) Nyquist rate.

- Difficult to implement by hand calculation

eTransforming R to SC resistors

+ It is, conceptually, easier to follow for analog designer
+ Itsdesign is straightforward

- Yields not an optimal design for area, imposed high sampling rate
Involves larger capacitor ratios.



BASIC BUILDING BLOCKS

A. GAIN AMPLIFIERS

Basic Configuration: Cs C

. . o I ] i I
«Compact, versatile & time v, > Vo,

continuous
|_acks dc feedback
- Op amp is not stabilized Gan =. °s

- Leakage current saturates the

clircult

Analog and Mixed Signal Center TAMU



Improved Gain Amplifier C fq

I v
- f 5
«Low sensitivity to the op amp — -

f H
offset voltage and open loop | ° |
gain (due to charge f 1/
cancellation) —

C
eAdditional CapaC| tor (not shown in Fig.) O_jl A I T >
+
between nodes A and B diminates ! ) B
the “spikes’ during the non- T
. . Cq
overlapping clock phases gan = - c




B. Integrators

Conventional stray-insensitive integrators.

| |
[
fl CS f2 CI

Non-inverting: 5 .

ol nverting: Vi




Example of SC Analysis: An Inverting Integrator

|
|
Ck

f C, f : (n- %)r nT (n+%)T (n+1)T (n+%)r
. 1] L | i i i —>
A a > Vo f, f, f, f

During f, (odd clock phase) at (n-1/2) < t/T<n

| |
11
Cr

Cive, +Cpveg = Clvf?]- %g]_ +CFV8§] - %31' - Cpvo(n-2)T=0 (1)



During f, (even clock phase) atn <t/T <n + 1/2
I 1

Applying z- transform to both (1) and (2) one obtain
Cz %Vlo(z) +Cpz %Vg(z) -CeVE@z =0

=7 /2ve(2)

Solving (3) and (4)

CV2(2) +CrV2(2) - Crz WVE(z) =0

C, /) Y
HOO(Z):VC()J(Z) :- %F HOG( )_V (Z) %F
V2(z) 1-z1 VL (2) 1- 271



Type of Magnitude,| Phase, | Mapping Transfer

Integrator ‘H(ej""T)‘ ArcH(E"T) | (Equivalent) Function
CI:I
R4 _ 2 W p |nthe . _ l _ WO
| W P e H(S = =-
O P w 2 |sPae ¢ "OTRe, s

1 For V, & f, Cl(z'1/2

f fa P =-
'_/1T/_ | Yo _WTTZ Z LDI H) C, 1- Z'l)
c, Vol W SnWT/2) |\ AT
" i — For V, a f,
Inverting Stray-sensitivel W, ,  WT /2 g_

) W—ZT Forward  H(Z) =- Cl( 1)
(Forward) W sin(wT /2) > 1-Z°

| For V, a f, Cl(z-llz

p —
f, Cy , w,, WI/2 - LDI H(Z)— _1)
v TT >N e | ? Czlz __________

L For V, a f, - C1
wo wri2z | -2-2-  |Forward  H(Z )= & ( 1)
Non- Invertlng W Sn(wT/2) 2 2 -Z
|| For V, a f, 1
f, Cy C2 %( WT /2 ) p wh Backward H(Z) =- Cl( _1)
j“ 4é>70 W Sin(WT /2) 2 2 €2 1-2
— Forv,atft, | | C "";ifz --------
Invertlng Wo  WT/2 g LDI H(Z) = - Cl( 7)
(Backward) w Sn(wT /2) 2 1- 2




DC OPEN LOOP GAIN A, EFFECTS
| 1L.C

— Inverting Integrator

19 t
f, Odd Phase f,Even Phase ) During f; g - —9<? £n:

vo(n
V2 (n) =v(n) + Yo 0
g Ao
Furthermore a Qi
=1 _
a10V] ¢ +OVg =0
o(mu 16_
a,av®(n) +o\We Lo m VEEh- ==2=0 (2)
1@1() Ao| c(n)- cgn- 5=
1) Duringf, (n-1)<— 8%19
& 27 .
1 vga%-ég
§% “2=vgin- 22+ 2 3
20 20 Ao



Egs(3) and (1) into (2) yields

Note that

Substituting (4) into (2') and taking the Z- Transform we obtain
a,\Vy (Z
a vy (2) =L () , gu_i(l Z )
Vo (Z) _ - al

H%(2) =

V1'(2) al +a?‘[+_€(1 ] ) a1, 1 49, Z'1§[+Ai.:c;j
04

o a Ao 0
- al
1
1+—(@1+a,)

HOO(Z):VS(Z) — AO —

V2(2) 1+ 1 1- 271

1-Z°% A ® ¥
a1+ 1 +1 0
AO AO




Actual polelocated at

Al
1+i
Z. = Ao =1 IDEAL
i 1+ 1 (a;+]) Yy
A, 1THA,® ¥ ¢ R,
Z
\ NON-IDEAL
Z-Plane
wWT /2
ZJsen(WT/2)1+i EQ_J' a
A, 2g A, tan(wT/2)
-6 | |
- 6.1 A, =1000 -
- 6.2 - EXAMPLE
- 6.3\/\/\ 5th Order
- 6.4+ A, =100 \| Chebyshev
- 6.5 |

I I
0 1028 27 10° 37 10°



Basic SC first-order low-pass

H(s)

Active RC prototype

R2
11
11
C
Vin R, +
fq 2
v

G 1 >
Vin f f +
4 2

\Vh v

Block Diagram representation

0
Vin ©

_-RyIRg
1+sCR,

Req :T/Ci :1/Cifs, |:1,2

H(z2) = — (C,/1C)z
z1+C,/C)-1

Zzer0 =0

Zpole = 1/(1"‘ C2 / C)

- C,l/C
<

1

- G /Gy
|
|

o]
oVO

1- 71




Improved Integrator with reduced capacitance spread

“ y

"
Problem: offset I
Solution: use an offset & low Dk
dc gain compensated Vie® 1, G| £, | =S
Integrator as the 2nd stage C /f2) ” fz/ *
(only valid for two-integrator == =
loop applications) Hooz) = Yo@ - GCs 1

V2(z2) C,Cul-zt

C, =C, +C;



Offset and gain compensated Integrator

» C;, compensates the offset

voltageand dc gain error of "7 T (.:
the op amp S P

° Cl\/l eliminates Spl kes ‘, § lel +
(providing continuous = = =
feedback to the op amp) ooy VD G 1



Biguad Circuits & Block Diagrams

——————————————————————

Inverting
Summer

Circuit Diagram

Vin

Inverting | ntegrators| Non-inverting Integrator

Block Diagram

G

v, | 1-7* 1- 71 V.

o




Biquad Circuit 1

Circuit Diagram Block Diagram
fi ag P
/ I /
fi jil e a?ICZ f/fz_
= = f, 1
C
1 — TQI“IQ

I
+
~E
| Q@
=N
@)
N
AR N
N
V
L <
o




Biguad Circuit 2

Block Diagram

-C,/Cqy

G /G

-G

(8>
/G

(@)

Circuit Diagram



; 2/ %@%@E/Z
1, @G 1, 1 1
2) J |Lz L L
“® 2 G-
11 - 1
7 2 ® ‘ 1@

2
@9e—/— - Oy L :
Vin — ® ﬁ+ @ljl_ JL_Z (9 |+ Vo

_&j & G
Cr Cat+CrCa |
1 -1
1- 71 1_22-1 \O/O
¢! | T CFZ
Vo & G g

G +Ca Cr SC Bandpass Filter Block Diagram



SWITCAPINPUT FILE

timing;
period 2e-5;
clock clk 1 (O
1/2);

clock rq 1/100 (O

1/200);
end;

subckt (1 2 3 4)
opamp (P:a0);
el (5034)1;
e2 (1 280) a0;
sla (56 ) rq;
slb (8 6) #rq;
s2a (8 7) rq;
s2b (5 7) #rq;
ceq (6 7) 14.03;
cp (8 0) 10000;
end;

circuit;

cl (1 2) 2.2;
cfi1 (2 3) 5.4;
cfi11 (2 5) 1.1;
cfi12 ( 4 5) 3;
c2 (7 8)1;
c3 (11 12) 1;
c4d (210) 1;

cf2 (13 10) 5.4;

ch (8 9)1;
xel (6 00 2)
opamp (28000);
xe2 (10 00 9)
opamp (28000);
sl (20 1) clk;

s2
s3
s4
sb
s6
s7
s8
s9
s10
sll
sl?
s13
sl4
sl1l5
sl16

(3 6) #clk;
(5 0) #clk;
(5 6) clk;
(4 0) #clk;
(2 4) clk;
(6 7) #clk;
(7 0) clk;
(8 0) #clk;
(8 13) clk;
(9 13) #clk;
(21 10) clk;
(11 10) #clk;
(11 0) clk;
(12 2) #clk;
(12 0) clk;

vi (20 0);

end;

analyze sss;
infreq 1 3000 lin

300;

set vl ac 1.0 0.0;
print vm (21);
plot vm (21);

end;

end;



Capacitor Values for the SC Filter

Capacitor Values
fo(HZ) Cr1(Cu) Cr1 = Cra(Cu)
697 4 11.4
852 2.6 9.3
1209 1.5 6.6
1477 1.1 5.4

Where:C, =C3;=C, =C;, =1Cu, C;=2.2Cu,
Ce; =3Cu and f.=1/T =50kHz




Specifications vs. Simulated Results for the SC Filter

Design Specifications Simulated Results
Gan fo(H2) Q Gan fo(HZ) Q
(VIV) (VIV)

1 697 20 0.998 | 699.00 | 19.92

852 20 0.999 | 857.25 | 20.02

1
1 1209 20 1.000 | 1209.00 | 19.83
1 1477 20 1.002 |14/9.00 | 20.11




1.20E+00

1.00E+00

8.00E-01

6.00E-01

4.00E-01

2.00E-01

0.00E+00
0.00E+00 5.00E+02 1.00E+03 1.50E+03 2.00E+03 2.50E+03 3.00E+03 3.50E+03



5 H |
(&) |
A/ N

—¢

51 -F @+2Y

)

%>—>Q‘/

Vo
A general SC biquad flow diagram, for B=D=1, type 1. Notg tha& - 1



An Alternative Block Diagram Representation



) Jfl

1

f

0

SC implementation with maximum number of switches. Type E1 corresponds to F



Y—

|/|:_

1

3 f,,

SC implementation minimum switch configuration.



Design of 2nd-Order LP Notch Filter

Design aLP Notch Filter with f,=1,800 Hz, f = 1,700 Hz, Q=30 and 0dB DC Gain.
. o, 2 P P
The corresponding H(s) yields:

0.891955° + (1.140926" 10°)
s? +356.0475s + (1.140926" 10°)
By using the bilinear mapping

1- 771
s=K 1
1+z
where K =wa/tan (w,T/2)
For T= 1/128kHz, the corresponding transfer function becomes:

1- 1.99220z 1+ 7 2

1- 1.99029z 1 +0.9972327 °
Next we will match the coefficients of H(z), for A=1, with the ones of a SC Biquad Topology, i.e.

-1 a- 2
He (2) = - 1+ (1+G-J)z "+ (G- H)z Output taken at node V2
=2 1+ (E+C)2 1+ C2 2
-1

- Z "
Wherezl= ey Z=z-1
1- z

H(s) =

H(z) = 0.89093

1+0.00782 1+ 0.00782 2
1+0.00972" 1 + 0.0006947" 2

H(2) = 0.89093



E-CIRCUIT

DYNAMIC
CAPACITOR RANGE
(PF) INITIAL  ADJUSTED  FINAL
A 1.0000 0.08308 1.0000
B 1.0000 1.0000 12.0365
C 0.00694 0.00694 2.5035
D 1.0000 0.08308 29.9613
E 0.00277 0.00277 1.0000
F --- —-- ——
G 0.00694 0.00694 2.5035
H _— _— _——
| --- —-- —--
J --- --- ---
K(1=J) 0.89093 0.89093 10.7238
a C(pF) 50.7




SWITCAP Input file

timing; A (24) #lk;

period 7.8125e-06; s5 (95) #lk;

clock clk 1 (0 1/2); 39 (80) #lk;

end,; s10 (7 6) #clk;
s2 (10)clk;

circuit; s3 (20) clk;

cg (12)2.5935; s6 (90)clk;

ca (87) 1.0000; s/ (38)clk;

cd (4 3) 29.9613; s8 (70)clk;

cb (65) 12.0365; vl (200);

ce (45) 1.00000; end,;

cc (29) 2.5035; analyze sss,

el (3004) 28000; Infreq 1 4000 lin 300;

e2 (500 6) 28000; setvlac 1.00.0;

sl (20 1) #clk; print vm(5);

plot vm(5);
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PRACTICAL CONSIDERATIONS FOR OP AMPS

Key op amp specifications:
«Galn, output impedance
*Speed (BW)
*Supply voltages

«Qutput swing
*Noise

*Power

Alternatives ?




NON-IDEAL EFFECTS OF OP AMPS

A.FINITE DC GAIN
For atwo integrator biquadratic filter:

A @? 2Qo

— 0)

A1+A,

1 2
Q Ao
Therefore:

- w, deviations are negligible

- Q deviations can be significant

B. FINITE BANDWIDTH
« Bandwidth isvery critical for high frequency
applications



Consider A Biquadratic Function

* A, Effectsonw, and Q

If Q - then Ay High Q requirements imply high A,

The actual Q, Is given by
1

é 1 Vs 2 Aol\JE
Qa = Qg BaltAg +— ¢
Ba-A oL

Qa » ? EEQ

Ao g
and the actual center frequency w, IS

N | =

é N\, \
Wa =Wp g 1 l:IeuéAg+ﬁ+13 » Wo AO
g]-"'Aoue Q ¢ Ag+l




In fact in a LP function: .

T
08 292G
and the change of magnitude of denominator |D| is
DD| =20 IogQ& @20 log(1+2Q/A,)
A
Examples
A, =103
1) Q=1then Wheak = 0.707 wy
Q, = 0.998
i) Q =10 Wheak = 0.997 w,
Q, =1.00125Q =9.8
i) Q =15 DD| @0.257dB

Qp @456



How to determine the GB of an Op Amp?

e The required GB Is afunction of the clock
frequency and the feedback topology
around the Op Amp.

e A rule of thumb to select GB requiresto
satisfy the following inequality:
aGBT>5
where T Isthe period of the clock frequency, aisthe
capacitor ratio between the sum of all the feedback
capacitors divided by the sum of all the capacitors
connected to the input terminal of the Op Amp



Architectures Styles and Pros and Cons
A. SINGLE-ENDED CONFIGURATION

e Highgan

« CMRR=0

* Nested compensation trades BW for stability

B. FULLY DIFFERENTIAL CONFIGURATION
High gain

Good CMRR

Rail-to-rail output swing

Higher bandwidth (less compensation)

e Requires and additional CMFB and dynamic reset
C. FULLY BALANCED FULLY DIFFERENTIAL
e Use single ended amplifiers

» Excellent CMRR
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