Lesson 9

Analog Discrete-Time Integrated Circuits, TSTE80

L esson Exer cises:
Recommended Exercises:

Theoretical |ssues:

Theoretical

* SC-filter

Leapfrodfilter

Lesson 9

B10.5- B10.10, K31, K32, K33, K34, K40
K29, K35
SC-filter

In many cases we use a continous-time analog reference filter to find the specifications on the
SC filter. The filter is transformed with LDI or bilinear transformation into a suitable discrete-

time representation.

Lossless Discrete Integrator, LDI transformation

Let the transformation be given by

s = 50[21/2_2—1/2] =5

1-z71 _ soz—l =5 —z1
22 172 712

Or using integration notation

172
1_1,z77°
s § 1-z1

Let

s = jw andz = ei®

which gives

w

- R0 -
W = 2585050 % = 550077

wherew is the continous-time angular frequency@nd is the discrete-time. Due to the LDI

mapping we see that
W< 2s

From that we conclude that the filters to be transformed must be narrow banded. This is a
drawback with the LDI transformation.

We also find that

212 = giQ/2 = ¢
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Example Exercise K40
Synthesize an LDI filter. Transformation 4
give Rekonstruera
specifikation
- g2zl 28
T 02

The specification on the reference filter
angular cut-off frequency is chosen to be 4 5g

A

Z

W, = 2m1500rad/s

Since sampling frequency i§; = 40 kHz
we have the discrete-time cut-off frequency

as
4

15 25 1/2T=20

L

Poisson

Z

%

7

[kHz]

Samplad
specifikation

7

Q. = 20K [Pmt= 0.235€
and the discrete-time stop-band frequency a&3
_ 258K o _
Q= 20K [Pmt=0.3927
1.25
From this we have,
S S
2sin(Q./2)

3000rt

= — =/ 3
2sin(0.2356" 2 0.09%kradls 28 /
We find thews

Wy = 25,8iN(Qy/2) = 105

A

= 2 [40.0930sin( 0.3927 P=

= 15.643krad/s
Design an elliptic filter. Order is found to e = 3
k2 = 1 and choos&®; = Ry = 1kQ
The normated values on the components are
Cyy = Cay = 1.9314, C,, = 0.3781andL,,
These are denormalized with

L = 50Lin andC; = 1
W WoRy

Cin

Wy Ws

A\

0.2356 0.3927, Tt

LDI

v

Referensfilter
specifikation

. Suppose the resistors are equal, or

= 0.7571
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Which gives
C, = C3 = 204.9F
L, = 80.3nH
R
C, = 40.InF R

The filter is transformed. The constant

used in the figure is given by NL\?
0, = C +C, = C,+Cy lo
Setting up the wellknown equations forQ) ] Vs Cfay ViCilay ROD

currents and voltages in the filter, we

h R
ave Ci+Cy CstCy Elminatez1/2 in the integrators by propagating backwards.
_ R —
R, = R|i—§iv1 -V, ey VsV
V, = =~ (RI,=RI,),Rl, = —— R (v, -V,
L7 sRC,H 0T T2 T2 T (L) [I(1/sCy)t LT T3 gz_l/z Roap
1 R R i
V3 = ;R——Ca(R|2—R|4), R|4 = Eova = ﬁ‘OVL
etc. With this the signal flow graph becomes
\Vj V3=V
- 3=VL
1, >+ )<

z-112R I
|

: : o

i Ro We now though have/2  terms in the outer feedback amplifiers. This is practically not pos-
sible to implement. One way to implement this is simply to removerth@ term in the
expression:

B pi/2
I RIy R
lo R We could assume that the origirgl ~ @d  have the expressions
= -1/2 = R [/2
LDI transform by setting Ro=R ¥ andR, = R [z
_ E_l As discussed earliez 12 naturally contains valuable frequency information
S= %

/2 = _ i 9 _Qwr?
£ J230+A Cos,0

69 Elektronics Systems, http://www.es.isy.liu.se/ Elektronics Systems, http://www.es.isy.liu.se/ 70



Lesson 9 Analog Discrete-Time Integrated Circuits, TSTE80

Thereby

R 12 = RL[_J-%OJ, | _E%ODT = R (w)
R —>
R : -

=R {1—%?—@%0 = R(w) - jol L

Which is realized by a frequency dependent resistance in series
with an inductance, or more useful in this filter implemenation, as a frequency dependet resist-
ance in parallel with a capacitor.

R [p-1/2 = (Ru(w) —joL (R (w) +jowL )
. = =
CL

R (@) + joL,
R? (L

R JI—(0/25,)2+ jR /25,

1
= I =R (w)llC,

1
+ -
R/ J1—(w/2s5)? R/ (10/2) R.(®)
Suppose tha€, is coupled in parallel wih and correspondingly

for the inner source resistanGe  is in parallel W@th . This is corrected by letting the com-
ponents have the values

. _ 1 _ 1 . T
Cl Cl—Ci = Cl_é—S;h—- = Cl—a)—o‘ﬁslnu—z—% and
1 1

C3 = C3—CL = Ca—m = Ca_QTRL
We still have an error that is caused by the fact that we will not implement a frequency depend-
ent resistance. This error is considered to be acceptable. The realization of the filter is given
by the flow graph
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The two integrators (inverting amplifiers with and without delay)
are replaced with their corresponding SC circuits.

The transfer function of the summing integrator is given by

T

_ ozt C, C, (o)
Vo = P g 0a@ g D/z(z)} -
2
Check: No direct signal path from input to the output. Vio \. ./ o
Va

The transfer function of the summing and inverting integrator is —=
given by

G

Vo) = ——2 I:F—l vy + 2 D\/Z(z)}
1-z171[Cy Cs
Check: Direct signal path from input to the output.
(Charge that is directed ©;  is given by a linear combinatiorvgf —E:
the input signals,(t) and,(t) .) T,

Integrators are used in the realization. The sizes of the capacitors
have to be identified. This is done by comparing signal paths in the SC realization with those
of the signal flow graph:

SC filter Signal Flow Graph Result
Cy 2112 1 712 Cy 1
Ve =g Vil = SRy o3 c ” SRay
C C
[V, . = =21 [Vl o = ——y 6. _1
-RI; C1-71 —RI; spRay C;  spRay
C C
[V, = =51 [V, = 1 .B = 1 . 5o 1 .
Vi Ci1-z1 Vi soRA; 'R SoR 04 C; sRay
C ~1 - C
[-RI,],, = 2-E [RI,] ., = -2 -8 - R
Vi 101-2z1 Vi slp1-zt Cio Sl
C - ~1 C
[-RI,], = =2-EZ [-RI,], = -2 -0 - R
Vs Cyol-z7t Vs splol-z1 Cio Sl
Ciu 1 R, 1 1 c 1
Vel g, =€ M Vil mi; = R 5Re =) . C SR
g 13 1-7 2 L SRtz 1-z 13 SoRLds
Ci2 1 R 1 1 Cip 1
Vv = = Vv == O 1z -
[Valy, Cia1-771 [Valy, R $RC3 1-7z1 Ciz SRag

For the feedback we have:

— C14 — C2 C14_ CZ
Py, =<, Vb, =5 T T
Vi, = Cis Vil = & Cis = S

-Vi Cis -V oy Ci3  Og

We assume that
R =R =R
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RLO. R }7 Multiplication of Rlg with z712 givesRIgz which
U also gives a phase shift of -180 degrees, which
= changes the sign of all nodes in the filter.

Further, the correction term gives

(*)c
= ————— andC;' = C,-1/2s,R
% = 2sin(Q/2) T S0
Which yields

Ca_Cs_ o [M‘BT Cu_ G [M‘BT
c, C, C, 2sin(Q./2) 2R] 'Cy;3 Cyg 2sin(Q./2) 2R
Cg _ Co _ 2Rsin(Q./2)
Cio  Cio Ly
C C C C
e e S o - Ot
Ci3 sin(Q./2) Ci3 sin(Q./2)

C,+Cj — e Cr+Cy———s—

Ri(")c RLwc

With values we have

Cs_Cs_Cs_Cu_Cup_ [21151500510001 2048+40.1n) 1

2sin(0.2356’ 3 2
Cg _ Co _ 2[M000Lsin( 0.2358 203106

Cio Cyo 3000t [B0.3m
C C
novi 40'12in(0 2356 3 O
13 13 _ 2INV.2990 9
40.1n + 204.N 1000513000t
Choose the integrators’ capacitors all equal
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C; = Cjg = Cy3 = 47nF
From this we have the values of all other capacitors.
Scaling:

Scale the filter so that the relation between the OPamp outputs and the input signal is unity
(L, -norm). We are scaling the filter to keep the signal levels at wanted levels. The principle

of scaling can be described by dividing the net into subnets. The subnets have a number of
inputs and outputs. If the inputs are scaled with a conktant  all nodes of the subnet will be

scaled with a factok; , as well as we have to scale all outputslwith

In this case the signal after the first node is scalé&gXq , the secorid kyixy, and finally

the third (the output) witt;k,k; X5 . By changing the values of the capacitances we now can

realize the scaling. AtC, we usk,C, instead. FOf - Cg/k, Cg - Cglk, ,
Cua

Cia ~ feer Cas = Cas ks, Cg = Co/ky, Cy ~ Cry kg et
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Exercises

Exercise K35

Third order low pass filter with an elliptic ref-
erence filter. The specification gives

fo = 3.4kHz, A, = 0.02dB,

fsample = 128kHz,

Normalized values from table are:

R =Ry = 1kQ, C; , = C3,, = 0.527E,C, ,, = 0.1921,L, , = 0.770C
LDI transformation gives
— D]_-—Z_l _ Wye
ST %R wheres, = 2sin(w,T/2)
Denormalize the values.

Compensate for the LDI transformation errors.
Find the flow graph

Use standard SC integrators.
Identify the values

Exercise K34
Due to the fact that
R=R =R_
we know that the dc gain &/ 2

You can also see that the filter is realizing a third order elliptic low pass filter. Suppose that

the maximum output value is given by dc voltage. This implies that we directly can choose the
scaling parametek; in such a way that all nodes in the net become scaled with a factor two,
hencek, =2 .

Exercise K33

The order is found to bd = 3 . Values are

T kR
c?ﬁ CTT

Cay = 1,Ly, =2,Cpy =1 and
R = R_= 1kQ
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