97.477 Analog Integrated Electronics, Filter Summary Winter 2000
1) Von = Vo n—1—%Vip for regular integrator with t | at the end of @;
2) Vo n = Von_1tav,_1,, fornegative resistor with t, at the end of @,

3) Von =V A for negative resistor with t, at the end of @,

o, nN—
Z transform

replace the subscripts n—1, n—1/2, and n with z_l, 7Y% and 2° multiplier. For example, the integrators from

last section become:
v v —-1/2

1) 2 = 2) 2 = 92 - 3) 2 = =
Vi 1-z Vi 1-z Vi 1-z

<
Q
N

Here, zt represents a delay of 1 clock period T, where z = T . The z transform is just a substitution for the
Laplace transform for a delay. Here, the delay T = 1/ f_ is one period of the sampling clock.

f

- - a2 - : f — f — f|:| fD
S JZTT s HP
Z=e€e =€ =e = 1[|21[f = COS ’[fSD+]SIn%”f 0

S
This is a vector of magnitude 1 and angle is f/ f as a fraction of 360° . This results in the following table for fre-

-1
guency and values of z

f/fg 0 1/8 174 1/2 1
vector direction || —p \ * - —
1 1/ J2-j1/ .42 —j1 -1 1
;1
=100 = 100-45° = 10-90° = 10-180° = 10-360° = 100
—j2ren N -
—2 felock . -1 1 z !
note thatz = = e , thus vector has twice the angle of z ~. .
' -2
z

Integrator Example (with positive resistor, clock frequency = 32 kHz, Cz=50 pF, C,=1 nF)
1nF InF T 1 1

R — R= o = = = 625Q
C, vi_ipl 50pF (pl |_| C Cr oo (Cr  32kHz [(GOPF

— C
625k ‘%LCRL([)Z S time: v, ,—Vo ,_1 = OV, where a = -(-:—R = 0.05

o,n o,n |

\" 4 —j21'[f f
frequency: — = — ‘wherez ! = e clock
V; -1
I 1-z
ov Vi Y 1 1 af
o 0 - _ _ __ _ clock
Compare to continuous: time: e _RC| , frequency: v = SRC, 0 inC| 0 o

1 T Cgr
= = , R=—=—,a=—=)thenf, = 254.€Hz.
“u = Re, *Feloci (UsIN cy' ° Cl) o ‘
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Frequency Response Analysis of S.C. Implementation

(not to scale)

_ V,
AtDC(orclosetoit)f=o,z1=1,7°=—1—— 0[190° \\mel zt=o090°
i

1
f - v 0.05
tf=-dock g 71 =0203+j0707, 2= - —— 2220 _ .
a 8 z J v, 0293+ 0.707 1-7% = 0.293+j0.707
v
2= -0.025+0.06 = 0.065167.5 Gain = -23.7 dB (continuous = -23.9 dB)
i
f _ %
at f = 90k 17t = g4, 0= _oTo] = 0.035145°, Gain = -29 dB (RC=-29.9 dB)
i
1
1 1-70 = 1+]
f _ %
at f =90 17t = 141=2, 2= -0'705 = ~0.025, Gain = -32 dB (Continuous RC=-36 dB)
i
_ -1 _ Vo _ a
at f = f ek =1, — =-1-1 same as DC.
i —
A Good agreement at low frequencies. Can show mathematically:
20— . e
Sincez =e 9% forsmallx, €=1+x...,0r
SC -1 . f -1 _ . . .
—30 z =1—12T[f—,or 1-z :12th = jwT = joRaC,
ST clock clock
~@.continuous _ of
—40 | I S Thus —2— =~ —L _ or - —99K same as continuous
o f f oo 1-7+  JWRC jw
clock clock clock
4 2

Writing Difference Equations and an Example (by R.D.B year s ago)

The basic objective is to determine the relationship between changes in input voltage and changes in output volt-
age, as they occur over one full clock period. In general, when two-phase non-overlapping clocks are used, this

must be accomplished in two steps, e.g: from @, to @, and then from from @, to @, which is one full period (¢, to

®,).
For clocks as defined below, one must determine the difference equation fromt = (n—1)T tot = nT, using
t = (n=1/2)T as an intermediate step.
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Procedure (Charge balance method) e.g., for circuit above.

Winter 2000

1. Re-draw the circuit during the two clock phases. Note that the circuit for @, will be used twice, once for (n-1)

and once for n. The circuit for @, is used only for (n-1/2).

V.
in-1/2 Cry — v

%012 J:”l AT
C, _/—|

C

CRl

i,n-1
—Vo,n—l/z | |

E

\Y

o,n
on-1

2. Using your diagrams as aids, and for each of the two transitions (n—1) 0 (n—1/2) and (n—-1/2) 0 (n),
write Kirchoff's current equation at the inverting input to the opamp including currents through all capacitors
that are connected directly to the inverting input at the “instant in question.”

Kirchoff’s current law for switched capacitors is as follows:

CAV

- AQ _ -
ZIODZA ODZT—

whereV = V,—Vg,and}V = Vg . -V

initial

3. Solve the two equations simultaneously to eliminate Von-1/2

= Vo

0

W_Vhalf period agc

For the example: a) for (n—1) O (n—1/2), the “instant in question” is (n—1/2)
CoAVe, +CAVe =0 or CyolVe, n_1/2=Ve, n-1l *CilVe n-1/2=Ve n-1l = 0.
Col(Von1/2=0) = (Vo no1 =01 + Co[(Vj n_1/2-0) = (Vj 11 -0)] = O
note: all the zeros are from the inverting input = virtual ground. Removing these results in:
Co(Von—1/2=Von-1) +CaVi n_1/2=Vino1) =0

similarly, b) for (n—1/2) O (n) the “instant in question” is now n.

Cz[(voyn_o)_(voyn_l/z_o)] + CRZ[(Vo,n_O)_(O_O)] +
Cal(Vin=0) = (Vi n_1/2=0] +Cr [(0-0) =(V; ,_1,2=-0)] = 0

Removing all the zeros:
:2[Vo,n_vo n— 1/2] + CR [Vo n] + Cl[v

I n-—

1721 =Cr[Vin_12l = C

4. Note 1: Sometimes the only equation you can get for a transition is for example: V, ,,_1,, = V, ,_1

Note 2: If multiple opamps, then repeat above for each opamp.

Example with Biquad Filter

o,n

¢,
I 1
C
Cr ”1 Crs J— C”2 / 9
i 2 Cm | % ¢ Cro | @ [ O
T vandl -1 v
Lot e
On ¢,
J__<L Cy cRS
4 I
Co " — iy BTy I
Eﬁj 0) |
Vo1,n- 1/2 02,n-1/2 Zﬂ ’ :
n-1 n-1/2 n

Equations: V1 n_1,2 = Vo1 n-1r Vo2 n-172 = Yoz n-1
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On o,

v CR4 C v CR3
02, n—| |: 1 02, n—| |: C2

CRl
]

11
Vi h CRZ
i,n | = Vop : N
+ oLn | — + — Vo2,n

Equationl: CRlvi’ nt CR4v02’ nt Cl(vol, n— Vo1, n—1,2) = 0, divide by C,, substitute @, equations and take a z

Qg Vi +0,Vgo

-1 _ _
transform, o,v; + a,V o, + Vo1 —Vy1Z2 - =0 (1)orvy = - T (2)

1-z
equation 2: CRZ(O—vi’ n-1/2)+ CZ(Voz,n_Voz,n—l/Z) + CR3(V02, n—0) = 0 (3) divide by C,, substitute @, equa-

. —1 -1 _ . -1y -1
tion, z transform, —a,v 1z ~ +V 5, —V,»,Z "+ a3V, = 0 (4) or collecting terms, v ,(1+03-27) = a,vy;Z ~ (5)

a,Vi+ O‘4Vozz—1

substituting (2) into (5) Vy,(1+05—2 1) +a, - =0 or
1-z
-1
0,02

- 1 o
Voo _ 1-7 _ —0,0,Z _ —0,0,Z
Vi 0(20(42_1 . (1+0(3—z_1)(1—z_1)+0(20(42_1 2_2—2_1(2+G3—G2G4)+1+G3

—+1+05-2

1-z

Biquad Equation by Integrator Analogy
By making use of the two equations: Av, = —av; | for a normal integrator with regular resistor and

AVO = (XVi’ n_1/20r AVO = GVi’ n-1 for an inverting resitor, we can write equations for the two integrators.

equation 1: Vo; = Vop n_1 =01V o+ =0V, o @pply z transform: v, = v,,2 “ =0V, —0,Vv,, of

v — 0V + =0V,
ol —

1-71

L. _ _ _ -1 -1
equation 2: Vo, = Vgp n_1+ 0oVg1 n_1—03Vgs y @pply Z transform: v, = v,z ~+a,V0Z = 0gVy, or

-1 _ -1 . .-
Voo(l+0a3-27) = 0,z "vy, . Now substitute for v, from above, result is:

1+ B Y T e B I te out d ith th It
Voo(l+az—2z7) = a,z ———— | Separate out v, and v,; wi e result:
1-z
v a0,z "
-1 -1 -1, _ -1 02 _ Y12
Vool(L+a3-2 7)(1-2 ) +0,0,Z ] = —040,Z 'V, or v -

-1
[ z"-z (2+03-0,0,)+1+0,

Time Domain Analysis of Biquad

-1
v
The frequency domain equation is of the form: 02 - _ % _ \here a, b and c are constants calculated

] ) —
i z —az +b

from capacitor ratios. Cross multiply to result in: voz(z_z—az_l +b) = cz_l, taking the inverse z transform:

_ _a 1 c
V02,n—2_aV02,n—1+bV02 = —CVin_1 or Vo2 = B(Voz,n—l)_B(Voz,n—Z)_B(Vi,n—l)

Thus start with Vin=Vin-1 = Vozn = Vozn-1= Vo2 n-2 = 0, then change Vip=1 and calculate new Vo2 n-

n



