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INTRODUCTION

Nowadays a lot of efforts have been devoted to the integration of the receiv-
ing part of digital subscriber loop into a single chip. Clock or timing recovery

circuits are an essential part of such a system.

It has been discussed in [1] that the widely used Zero-crossing phase detec-

-

tor has intrinsic pattern jitter due to the multiple zero-crossing points caused

—

by various bipolar patterns. The wave difference method (WDM) phase det;ctor,
however, can effectively reduce pattern jitter. Thls report is devoted entirely to
2 circuit reﬂizﬁtion of the combinatio.n of phase detector using WDM and loop
filter inside the phase locked loop (PLL). This very simple circuit, employing
switched capacitor technique, can give a satisfactory performance as was
proved by computer simulation using realistic line impulse response. Some
Tonidealities have also been considered and the performance of the circuit

including those nonidealities is discussed and simulated.




CHAPTER 1
GENERAL DESCRIPTION

SECTION 1.1 : WAVE DIFFERENCE HETHOD

As shown in Fig. 1.1 , we take two samples which are 7T/2 apart. The
difference of these two samples are sent to an integrator which in turn is con-
nected to the VCO. By changing the sampling instants according to the output of
VCO, a feedback loop is formed. Now if we assume the input waveform is sym-
metrical, we should expect the sampling instants converge to two points, one of
which is at (£{—-T/4) and the other at {¢+7T/4). This will make the difference
of the two samples equal zero, and the output of integrator and the input of the

VCO will be constant.

"‘5’%"——{/ ©—[mreget 1 V0

Fi g 11

From the discussion above, we can at least feel the advantage of realization

the algorithm by using a switched capacitor integrator because of its intrinsic

[ SN
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sampling and integrating characteristics. This is the motivation of using a

switched-capacitor circuit realization of WDM phase détector.

SECTION 1.2 THE CONSTRUCTION OF THE SYSTEHM

The switched capacitor (SC) technique which has been widely discussed
these days enables the design of filters that can be realized in monolithic
integrated circuit form using MOS technology. In the timing recovery apélica—
tion, instead of constant sampling rate, a SC circuit with varying sampling fre-
quency which is determined by the phase error signal is used. With this
modification, the phase detector and loop filter part of the PLL can be easily

combined and realized by a simple circuit.

I t', - taat

Vin Cte) Vin (tytak)

Fig 12(@) Fig1.2¢b)

As shown in Fig. 1.2, the error signal Vi,' = Vi (2 +AL) — ¥ (£2) is fed into
the integrator ( or low pass filter). Due to stability considerations, the pole of

the integrator has to be moved to the left half plane from the origin. In SC
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circuit, a termination capacitor is added to achieve the relocation of the pole.

-

Before exploring the circuit with varying sampling frequency, the constant

sampling rate switched-capacitor integrator is described.

SECTION 1.3 : SOME BASIC SWITCHED CAPACITOR FILTERS

For the circuit shown in Fig. 1.3 (a), by conservation of charge, we have :

GV (n)+CyV,(n) = Cll{,(ni-;—)

=CyVp(n+1)
G o
- Vo (2) _ G

Va(z) =~ 1-2z71

The block diagram of the circuit is shown in Fig, 1.3(b)

G %_ : c

—— ——

T e Fl R >

I

Vin j_

Fig {3a) . Fig L3CF) Fig 13¢¢)
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This switched capacitor circuit is equivalent to an analog integrator with
some phase and magnitude error. The analog counterpart of this circuit is

shown in Fig. 1.3(c), that has the transfer function of

1 1
Hs) = D) _ w |*e o1
R |~ sRC

Vt’n(s) - R+ .s_]b-J

If we apply lossless digital integrator (LDI) transformation to the above
equation, i.e.

-1/2
. 1, g z "
s 1—2"1

then

-2
He) = gt

Compare these two equations, we can get the relationship between the digital

and the analog circuits.

-1—_,&—
®C T

1
T,
By using the same approach, we can get the transfer function of the circuit

shown in Fig. 1.4(a):

G

H(z)=- r—

The block diagram and the analog circuit which has similar transfer function are

shown in Fig. 1.4{b). 1.4(c) respectively.
-(i _ c“ -

.L_L Vin .
in  SRC

) Tig 14(0) Fig 14 Fq 14€)




-7-

As shown in Fig. 1.5, simply by adding a resistor in parallel with the capaci-
tor in the feedback loop of the continuous-time integrator, one can push the

pole of the integrator from the origin to the left half plane.

Rr
AN

Vin ’\R/‘

Ve
-Ip
Fiﬁ 15
The transfer function of the circuit is
1
His) = -—F&—
s +_Rr o
which has a pole at - .
. RrC
Replace s by :
1]{1—2"1/2
T|| z-172
Then we get:
o R
H(z) = - T 1ozl 1 = - - 2 e (t)
T, z-V2 ' RyC 1=="+%rC 2

We should expect to get a SC circuit which can give us a similar transfer

function. There are two simple kinds of SC circuits which have similar transfer



function:

(1) SC filter with one-delay termination capacitor:

Again by charge conservation:
CuVa(n-3)+CiY(n-2) = Ci(n)

(Ci+CT%(n-3) = Ci¥(n-1)

s Glaln-L34 —E__ynot) = )

27 (Cy+Cp)
- _zq‘ -1/2 ___za‘ -1/2
Vo _ Cy _ Cy
Vo S - h a, o
Y ="t g ®

Compare this equation with (*), we can see the relation

T, C; ~RC

1— CT -»> 1
T, C\+Cr ReC

_.l IE'__ V. 1 X 3‘*
—l_- ‘ - — Vo 3’5
1
Vin_Ij; 3‘:’.‘.
Fig 16() - e

F‘S L.6 (b)

Ve
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(2) SC filter with zero-delay termination capacitor:

GValn-2+CiT%(n-1) = (Cr+Cp) V()

= (Ci+Cp) %oln+ )

& -2
C, °
1—z"1+E-T—
1
Again
1 & - A
T. G RC
. C, Ry C
' Cu
L1 3

i

'-!"_-I—— > Vs Vin 1}: —X 3= Ve

3:
Vi 1 -~
_ Fig 17(®) | T—E:— i
| Fig LTCH)

These two types of filter are quite the same except for the phase difference

introduced by the last term of the denominator.

Wi
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As we will see in the next Chapter, instead of using constant sampling rate,
we can actually combine the phase detector { adapting the WDM algorithm ) with

loop filter by using a varying- sampling-rate switched capacitor filter.

rie




CHAPTER 2
SYSTEM AND CIRCUIT ANALYSIS

In this Chapter, we are going to analyze the circuit with varying sampling
rate.- In section 2.3 and 2.4, the stability and transient behavior of the system
will be discussed.

SECTION 2.1 : ANALYSIS OF THE CIRCUIT

By making the free running frequency of VCO be approximately twice of the
input frequency and taking output frequence of VCO as sampling frequence, the
WDM algorithm can easily be realized.

As shown in the figure,if we assume the waveform is symmetric, and if At is

not equal to 1/(2fw), an error voltage V=(V(t,+At)~V(¢;)) will be fed to the

ha

-d

vkl
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integrator. By taking the output of the integrator as input to the VCO, the out-
put frequency of VCO can be adjusted according to the error voltage. Due to the
feedback of the circuit, Af will end up to be equal to 1/(2f) with ¢+ %At at
the peak of the wave.

Now let's derive the equation for the varying-sample-rate circuit.

(1) One-delay termination capacitor:

(Cr+C)) V, (Lt +AL +AL") (Cr+C)\)V, (t,+At)

C1Va(t2)+ [~ Gy Vin(tz +48 )+ Vin (£5)]
or

(Cr+Cy) V, (Lt +AL +AL") (Cr+Cy)V, (£ +AL)

(o) Vin (tz)-qt( Ven (tz +At)- Vin (tz))

G
G T F——s
——L = =
= .}Q 2 |6

T
L% g™ W

I I_ g 5‘5"[“ =Cu7

Vin(tY Vin(tatat) Vin ——

() Zero-delay termination capacitor:
GV (tz "'At) = Cl Vin(tz)"q; ( Vin (tz +At)+ Vin(tz))

(Cr+C)Vin(tz) = Vo(tz—0t)
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c
» Va(ts)= g mo(ta—At)

N
or

G V(o +88) = (Cr+Cr) Vo (E+AE+AE) = V(£;')

where {;' is the new time axis for the next time period.

i = G | =

i | | ——-"—

> T >
= Sorat Tl
Vin(ts) Vin (tetat) Vip ———

By using the equations derived above, several simulations have been carried

out and the results are gathered in the appendix.

SECTION 2.2 : SOME OTHER POINT OF VIEW

There are two more things which have to be taken care of before the circuit
can really work. As one can see, if we close the feedback loop even when the
input signal is zero, the output voltage of the integrator will be reduced because
of the flipping of the termination capacitor. One way to avoid that is to use the

estimated bit as the controlling bit so that the switches will not close when the
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. estimated bit is zero.

The other thing is, in order to get the right polarity of the input to the
integrator no matter what polarity the input signal is, we have to use either an

absolute-value generator or add some extra controlling circuitry.

One totally different point of view is to think of the above idea as the block

-~

diagram shown below. A

X o veo Hz

This is one other kind of formal description oé the WDM. In order to recover
the timing signal, we have to be able to extract the desired frequency from the
spectrum of the transmitted signal. One way to do that is to introduce some
nonlinearity so that the spec&um of the transmitted signal will have a spectral
line ( or at least a large amplitude ) at the desired frequence. The rectifier in
the above figure will provide the nonlinearity needed. If we check the signal at
the output of the multiplier, we can see that it is simply the absolute value of

the input signal which is just what we stated above.




{,’A ot
22k A St B

NN
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The system is shown in Fig. 2.3 where we connect the output of the filter to

an VCO whose output is used as the control signal of switch.

= Vin 3 ‘ G3)
i A v L

o
-1:‘
k-

e e e e e o - o ar cv—es

Fig 23 Fig 2.4

One other thing worth of mentioning is that the filter used is in the form of

b (or

s+a

cz-llz
1—-z l4dz~/2

). It is shown in [2] that the active filter with transfer

function ( a+ 31;-). which is also called proportional plus integral (PPI) filter, will

provide better tracking performance. Although it is true, it seems that the sen-
sitivity of ppi filter to the non-idealities of the circuit elements is larger than
what we have used here. Also high gain OP Amp is needed for PPI filter. The sen-
sitivity of the fllter to the non-idealities of the circuit elements will be analyzed

in the next Chapter.
SECTION 2.3 : ANALYSIS OF THE STABILITY OF THE S YSTEM

The system shown in Fig 2.3 can be approximated by the block diagram

shown in Fig 2.4,
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where
——zg“ a4
G(z) = :
1—z“‘+C—T
— C,
_ K 1
H(Z) - fs 1-2z"1

Here we consider the SC filter with varying sampliﬁg rate as a combination
of S.C. filter with constant sampling frequence and a phase detector with gain
constant of Ky . It is quite reasonable since the change of sampling instant is
just the change of phase difference. The only thing that should be discus§ed is

the gain constant X; which will be considered later.

Cu
K, 22,1
‘G £ _1
=
1—g-14 S Ts 1~z
G

» K3G(z)H(z)

CuK, Ky z
C

fs Cl(]-"' FT')
1

(z-1)

n
&

(z-1)

. _GKK
1eCi(1+ 2
. 1

The system is stable for K < K; where
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&
Tl

fl

- 2(201+ CT)
(C1+Cy)

Root jocus of He (discrete ) sgstun
'Fij 2.5
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SECTION 2.4 : TRANSIENT ANALYSIS OF THE SYSTEM

-

Again, we use the block diagram to represent the system.

G

Tin K

G(z)

H(z) = -

Y, _  KiG(z)H(z)
Yo  1+KG(2)H(z)

--——z_l
e Cy K,
1_2-1+C_7' (1-2_1)fs
Cy
G -
25l K,

1+I(d - CT (1_z~l) fﬂ
1-2z +'Z,—

1

K G
AT

- . Cro. K G
(1-=2 l'l"E)(l—Z 1)+}Qr—51—z !
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des C'l

i

(1+ —-)z2+( 2+—+1r(‘,l #z +1

K G
I S
- % fs CI+CT
- C, C
2_ ___ - \ z
zf-(2 Kb CCiG 2T TGy

We can write the denominator of the above equation in the form :

222 IRlcosﬂz + lRIz

where

= 2~ -
N



b
bw _ Cr
L Js 1
| 2'Rlcos19 = -4 5 G

Cl B fs 'C.—iaNZCOS‘!,

if9 is very small, i.e. w, &< fs . (which is just our case )

2 _ K G
»BRG = K
= (o G W

B 13-. (I(dfs Cl) fs

Recall that the Laplace transform of a canonical second order differential equa-

tion is in the form of:

5%+ ’%smﬁ:szmws +w?

If we know w, and Aw , we can explore the transient behavior of the sys-

tem by the analogy between the discrete and analog system in terms of damping
ratio £

For a step input, which is just our case { fi; = constant ), the response is
shown in Fig. 2.8 where
T, = 2m T
w1~ ¢
2

_ 1 [l sz
"”[1 s [CIJ Ko KaCa |
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= 2w
L 2 L
Kk G)H 1ol s.c b
f‘[K"fs cll_ll‘ Z{cll KK G,

_ Ta
b =3

. : )
f(t)ma.x = fo 1t+exp|— L
(1-£%)®

where f, isthe steady state value.

and

If we define the settling time {;=nf, to be the time when

exp|- ""1_ < 0.05
(1-£)*
then
§went, > 3
- 3
2hoEnh > §w,
fmw‘ -------- iz -E -
SRR T N |
Fro-oZ - roNoS
[ |
: I
I
|
' |
(
) |
g L ’t
t

System Response for Step Input
Fiﬂ 2.8
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The results of computer simulations match the analysis almost exactly. As
shown in Fig. 2.9a,b, and ¢ ( where ideal sinusoidal waveform is used as input sig-
nal), Tyfs= 54, 17.3 and 11 respectively. The analysis gives 53.9992, 17.3493 and
10.9105. Based on the result obtained above, we can conclude that the model
used for the system and the analysis which has been developed based on that

model are correct.
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CHAPTER 3
THE EFFECTS OF SOME OP AMP NON-IDEALITIES

The results and equations derived so far are based on the assumption that
the opeartional amplifier (OP Amp) used is an ideal OP Amp. This chapter, we are
going to discuss the effect of the real OP Amp. i.e. OP Amp with finite gain, finite

bandwidth, and non-zero offset voltage.

SECTION 3.1: EFFECT OF FINITE GAIN OF OP AMP

Now we are going to discuss the effect of finite gain of OP Amp.
For ideal OP Amp:

(Cr+C1)V, (tz +At +At") = (Cr+Cy)V, (¢, +At)

cl% (tz)_Cu(Vin(tz +At )"Vt'n (tz))

1% (tz)-q; Vin'(tz)

(Cr+C)-Ciz2™ Y)YV, = -G V'

4
)
~~
N
A d
]
n
-

+C,
(0_104_2-1 .
1

OP Amp with finite gain A:
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(Cr+C)Vo(ta+At +AL) = (Cr+Cy)V, (¢ +At)

Ci¥a(t2)-Cul Vi (b +08) oo (6) L0 8 2]

-+ [(CT+C,)—i‘—]I/;(t,.,+At) CiVo(tz)=Cul Vin (£2 +A8 )= Vin (£2)]

Ci¥ (tz)"v‘i:n '(tz)

Apparently, the effect of the finite gain of OP Amp is to push the pole toward
G

Cl‘i'CT—i‘—

the unit circle, or from to

1
C1+Cp

'y

) é-plwne

A
SECTION 3.2: EFFECT OF THE OFFSET VOLTAGE OF OP AMP

As shown in the figure

(Cr+C) Vo (tz+AL +AL") = (Cp+C\)V, (t; +At)
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= C1Vo(tz)=Cu(Vin (b2 +88 )~ Vin (£2)~Vos )

G
I—p—1
« =
|
—-l" Ves —'%
Vin(h) —— Vip (& +at)

Some simulations based on the equation derived above are done. Two of
them (with V3= 1mV and 10mV respectively ) are shown in the appendix. The
results show that the effect of offset voltage of OP Amp is quite negligible.

SECTION 3.3 : EFFECT OF THE FINITE BANDWIDTH OF OP AMP

Before analyzing the circuit, we first look at one simpler case.

Cy

J.

—__I_Ij o

9. &

For the circuit shown,

Vo(n+1) = V,(n+1) + ¥, (n+1)
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%(ntD) = V)~ G+ D-Rns )] + S )R )]

where (n+1) is the very end of the charge integration period.

During g, bigh
- _ G 1 cstruy 1.
%) = %) - BoThns Dov (o] + B0 - vy nmLy ]
hit) = Wlm)+h(e) = Vin) - Z-[hn+ D-v0)] + %(e)

Differentiate the above equation :

- V% (t) _ Gy +Cu+Cy dV,(t) -
S Tdt s 2 dt (a)

Let the unity gain frequency of the OP amp be w; , then

TN A0 (5)
or
o(w) _ _w
o) - " w
Compare (a), (b)
-1 N, Eea ) = Wk
o
R(t) = Voln+ 2 exp(—wt)
and h
K+ 3 = g Wt D b

where wy is the closed loop bandwidth when p2 is high and

_ G )
Wy = Cu +Ctray +Cy “r
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During g, low
Wolt)C1 = (Garay +C1)[Wa ()T (n =L +m)]
—— tﬂgét) - Cst,.,,g:Cl d!/c';t(t) = —w %(2)
> 8 o we)

where Wy, is the open loop bandwidth and

w, = S w,
= s
o Cstray +C)

2 W(E) = Valn—+ mT) exp(-u, t)
* Btz = Y(n) expl-wy, (1-m)T]

» Vo(n+1)

% (n+ 2)* exp(—w,mT)

= cu+cj‘ T 3(n+—) exp(—wy,mT)

+ Ve (n)exp[ ~uy, (1-m ) T] exp(~wy,mT)

So we can get

V,(n+1) = V,(ﬁu)m(nu) .

= V()= lV -7 (4] + S (PT0 ()47 (e

¥ (n)- ——V(n+-ﬁ+q‘+c’zw+cl Y (n+1) C’—‘""’:—C‘—%(n)

CL

|74 (n)- V (n+ )+ —V(n+ ﬁ exp[~w, mT]

+ DB IOy ) expl -, (1-m) ] expl-uymT]
1
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Cotray +C
- icy?_l 2 (n) -
For the ci it sho Ct
or e circul WIL -I_ & )?
L .
L T - —,
_— CStm] +
-»lm;e G L
m =
b A VinlB) 2 Vin (ke +8)
4. Ryh
Vy(ta+At) = V(£ +A)+V, (£, +At) (a)
(Cr+C) Ve (b +At +8) = CyVs(te)=Cul Vin (s +0 )= Vi (£ )=y (4 +A¢ +£)]
+ Cutray [ Vo (tz + At +8) =V, (£, +08)] (0st<¥h

(b)

hlt+atet) = q+c,+q‘c,+c,m [Ven (o +0)~Vin (£)] exp (- wat)

+ Va(tz=At+mT) exp (- wyt) exp [~ (1-m)Tuy, ] (c)

where

- CI+CT w
Y T G tCarmgtCitCr

is the closed loop bandwidth when ¢, is high.

The expression
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_ C,
‘u)uo = Cs‘m'*’cl ‘uI‘

-

is the closed loop bandwidth when ¢, is low and w; is the unit gain frequency (

in radius ) of QP. Amp.

Now we separate the effect of varying sampling rate ( which can be con-
sidered as the function of phase detector) and concentrate ourselves on the

filter, then we can neglect ngmy and rewrite equation (a), (b) and (c) as :

(2) » Vo(n+1) = V(n+1) + Vp(n+1) (al)

Ci¥i(n) = G [t +3) = % (n+1)]

(8) ~ Vi(n+1) = T (b1)
() » V(b +At+t) = q,+—cc;;+aexp (= ) Vin (5 ¢

+V, (tz —At +mT) exp (= wyt) exp [~ (1-m) Ty, ]

Cu
Cu‘l"CT'*'Cl exp

> Vi(n+1) (= wyt) V,-,,'(n+-é—)

+Vs(n)exp (- wyt) exp [- (1-m)Tuy, ]

G
Cut+Cr+C, 2P

[-mTuwy,] x

5 Vm'(n-pw‘-é-é exp[-pmT (wy +(1-m)uy, ] (c1)
p=0

Take the Z transform

(21) +V(2) = Vi (z) + V(z)

_%’-w ci‘c

(B1) »V(z) = —T5 Y (2) + ———Vi(2)
_.__.__z—l —'_2-"
1 Cr+C, 1 Cr+C;
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(1) +Th(2) = = —exp(—mTu,)x
e q;+CT+Cl

z-1/2

1-27" exp(~T[mwy, +H(1-m)w, ]) V()

Va(2)

Ve(2) + Vi (z)

-.—q“._z-l/z
CT+C1 v (z)

- __z‘cl - -
Cr+C,

n

1

L
S — Cr+C, G B
+ G +1 C.1CiC, exp(=m Puy, )X

e

2-1/2
1~z exp[-mT(w, +(1-m u, )]

Vin(2)

—-—q‘_z-vz
Vo(2) _  Cr+Cy

Vin(2) Ty .
=z=c®

—éT(cT+c,-c,z-l+a,) TiGiC +g; T, xp(-mﬁuu)]

1- 1~z exp(~T[may, +(1-m)wy, ]) J

We see that the transfer function is modified by the expression inside the
' braces. If we define it to be M(z), then
—1-('CT+C -C z"%G,)Lexp(—mTwu)
G s G+Cr+Cy
1-z"! exp(—T[ma, +H(1-m)w, ])

M(z) = 1-

Now, we want to see the frequency response of M, i.e. plug

=z = exp(jul) ~ 1wl (w<d
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into the above equation, and let
exp(-mPuwy) =z
exp(=T(muy +(1-m)wy, ) = y
then
G

M) = 1o é_(CT+CI+Q—Q(1+ij))W
- 1-(1+jwT)y

G )., Cu
[[1‘ Groner) Tererer)

= 1= :
1-y—-jwTly ..

, G . G
Iy-puly =2+ e e s T ese G ?

(1—y)—jwTy

G . G
Gyt areag U e )

(1—y)-jwTy

Aexp(jp)
Note that
1>z >y
& 1 2me___ G 2
U2+ o) + 5%°T GtCr G e

> AN

1—y+%-w27'zy2

- Cu 1 - G 2 i, .2 2
ROl 2+W+E‘!DT2G‘+CI+CTZ (1+y E—wTey)

G+ Cr +_1_w2Ta__q;___.,,z

N -
itV T greG
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CutCr

T Tgrgrg T :

1 G

+ ) w?T? mexp(—ZmM)

In order to find ¢, we make another approximation:

, . G
1 me+JwT———zQ+CI+CT

M(jwT) ~ Ty

2 2.4 a‘ - 872 q‘__ —
1+w Tz‘y +]‘!DTW w* T C.+C,iCr zzy
1+w? Ty?

R

so, the phase error ¢ :

Ca
Sl v o

= WTG‘*_?W%P(-MM)

As we can see from the equations derived above, the magnitude error and
phase error are quite small in our case even for small m and moderate J: . So
the specification required for OP Amp can be relaxed. Some computer simula-
tions have been done and the results are quite satisfactory. One of them ( with
m=0.05 and f;=100K ) is shown in the appendix. Also shown in Fig, A7.1 is the
comparison of the system with ideal OP Amp and the system with OP Amp of
finite bandwidth. From the figure, we can see that the discrepancy is very
i.nsigniﬁca'nt and one can hardly distinguish between these two curves. This is

just what the analysis expects.
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SECTION 3.4 CONCLUSION

Fron;.gt.'l:;é previous sections we know that the circuit is quite insensitive to
the typical OP Amp non-idealities. This means that we don't have to use a high
performance OP Amp in order to get a satisfactory result. One can draw the
conclusion that the timing recovery subsystem which is one of the critical parts
of the digital subscriber loop is quite realizable by using a simple switched capa-

citor circuit adopting WDM without severe demands for precise circuit elements.



Wi

[1]

(]

(3]

[4]

-34-

REFERENCES

T. Suzuki, H. Takatori, M. Ogawa, and K. Tomooka, " Line Equalizer for a Digi-
tal Subscriber Loop Employing Switched Capacitor Technology," IEEE
Trans. Commun., vol. COM-30, pp. 2074-2082, Nov.1982.

F. M. Gardner, Phaselock Technigue, John Wiley & Sons (1979).

R. T. Kaneshiro, Circuit end Technology Considerations for High Freguency

Switched-Capacitor Filters, Memorandum No. UCB/ERL M83/42, July 1983.

K. Martin, and A. S. Sedra, " Effects of the Op Amp Finite Gain and
Bandwidth on the Performance of Switched-Capcaitor Filters,” JEEE Trans.

Circuits and Systems, vol. CAS-28, pp.822-829, Aug. 1981.



-35- \

APPENDIX
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APPENDIX
1. Main Program -

program IWDM (input, output); .

{Implementation of WDM using switched capacitor filter with }

{zero-delay termination capacitor }
{with lineout as input signal}
fuse b[4] as decision bit}
{assume OP Amp is ideal]
type random = record
time : real;
echo : real;
value : real
end; {end of record ‘random’}
storage =array [1..513] of random;
filter =array [1..22] of integer;
var v, tx, f: real;
fo, ko, c1, cy, ct: real;
vl, v2, fin, t, ttest: real;
y¥1, y2: real;
ab, fn, bb:integer;
L j, k. L, m, n: integer;
data : storage;
g, b:filter;
{v:voltage input to veo, tx:time axis, f:veo output freq
fo:veo free running freq, kd:gain of phase detector or
cu/ci of switched cap filter, ko:gain of vco, finiinput
freq, t:delta t or 1/2Tin.}
function vin (x, fre : real): real;
var tprime, delta, d0, d1,d2, d3: real;
index: integer;
{x:time, fre:input fre, table:output pulse of line}
begin {function begin}
tprime:=0.072/fre;
delta:=x-trunc(x/tprime)*tprime;
delta:=delta/tprime;
index:=trunc(x/tprime)+1;
dO:=datafindex-1].value;
dl:=data[index].value;
d2:=datalindex+1].value;
d3:=dataindex+2].value;
vin:=d1+delta*(d2-d1)+delta*(delta-1)*(d3-d2-d1+d0) /4
+(delta-0.5)*delta*(delta-1)*(d3-3*d2+3*d1-d0) /6;
{vin:=abs(vtemp)}
end;{function]
begin {main]
readln (fo);
readln (ko);
readin (c1);
readln (cu);
readln (ct);
readln (fin);




for j:=1to 513 do
begin {for]
read (data[j].time); -
read (data[j].echo);
readln (data[j].value);
end; {for}
writeln ('fo=",fo);
writeln é'cl='.c 1);
writeln ("cu=",cu);
writeln ("ct=",ct);
writeln ('ko=",ko);
writeln (*fin=",fin);
{initialization]
v:=0;
{tx:=0.5/fo;}
tx:=0.0000072373;
t:=1/fo;
ttest:=1/fin;
- ab:=0;
for k:=1to 22 do
begin {initialization of matrix]
a[k]:=0;
b[k]:=0;
end; {matrix}
fend of initialization)
for i:=1 to 800 do
begin
{generate a new bit if tx > ttest and run the scrambler}
if tx>=ttest then
begin {change cycle and run the scrambler}
tx:=tx-ttest;
for I:=1 to 19 do
begin
a[21-1]:=af20-1];
end;
a[1]:=ab;
fn:=1+a[3]+a[20];
ab:=fn-(fn div 2)*2;
fend of scrambler)
{bipolar coder]
bb:=a[1]-a[2]; .
ftransversal filter]
for m:=1to 19 do

begin
b[gal-m]:=b[20-m];
end;
b[1]:=bb;
end; {if}
fconvolution}
y1:=0;
y2:=0;
for n:=1to 22 do
begin
yl:=yl+b[n]*vin(tx+t+n*ttest-ttest,fin);



-3-

y2:=y2+b[n]*vin(tx+n*ttest-ttest,fin);
end; {begin}

- {end of convolution)
vl:=abs(y1)/0.05545;
vR:=abs(y2)/0.05545;
if b[4] <> 0 then
vi=(cl*v-cu*(vi-v2))/(ct+cl);
f:=fo+ko*v;
tx:=tx+t; {shift time axis]
t:=1/f; {change delta t}
tx=tx+t;

§if i>9000 then)
writeln (i,’ *.£);

~ end; {for}
end. {main programj}
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II. OP Amp Vith Finite Gain

program IWDM (input, output); -
{a switched cap WDM with termination advance cap)
{Implementation of WDM using switched capacitor filter with }
{zero-delay termination capacitor }
fwith lineout as input signal}
fuse b[4] as decision bit]
{finite OP Amp gain}
type random = record
time : real;
echo : real;
value : real
end; {end of record 'random’}
storage =array [1..513] of random;
filter =array [1..22] of integer;
var v, tx, f, gain: real;
fo, ko, ¢c1, cu, ct: real;
vl, v2, fin, t, ttest: real;
y1, y2: real;
ab, fn, bb:integer;
i, j, k, I, m, n: integer;
data: storage;
a, b:filter;
fv:voltage input to veo, tx:time axis, f:veo output freq
foiveo free running freq, kd:gain of phase detector or
cu/ci of switched cap filter, ko:gain of vco, fin:iinput
freq, t:delta t or 1/2Tin.} ,
function vin (x, fre : real): real;
var tprime, delta, d0, d1,d2, d3: real;
index: integer;
{x:time, fre:input fre, table:output pulse of line}
begin {function begin}
tprime:=0.072/fre;
delta:=x-trunc(x/tprime)*tprime;
delta:=delta/tprime;
index:=trunc(x/tprime)+1;
dO:=data[index-1].value;
dl:=datalindex].value;
d2:=data[index+ 1}.va1ue;
d3:=data[index+2].value;
vin:=d1+delta*(d2-d1)+delta*(delta-1)*(d3-d2-d1+d0)/4
+(delta-0.5)*delta*(delta-1)*(d3-3*d2+3%d1-d0) /6;
{vin:=abs(vtemp)]
end;{function]
begin {main]
readln gfo);
readin (ko);
readln (c1);
readln (cu);
readln (ct);
readln (fin);
readln (gain); {OP Amp gain]
forj:=1to 513 do




begin {for}
read (data[j].time);
read (data[j].echo); -
readln (data[j].value);
end; {for}
writeln (*fo=",fo);
writeln (fc1=',c1);
writeln g'cu=’,cu);
writeln ('ct=',ct);
writeln ("ko=",ko);
writeln ("fin=",fin);
{initialization]
v:=0;
{tx=0.5/fo;}
tx:=0.0000072373;
t:=1/fo;
ttest:=1/fin;
ab:=0;
for k:=1to0 22 do
begin {initialization of matrix}
a[k]:=0;
b[k]:=0;
end; {matrix}
{end of initialization]
for i:=1 to 800 do
begin
{generate a new bit if tx > ttest and run the scrambler]
if tx>=ttest then :
begin {change cycle and run the scrambler}
tx:=tx-ttest;
for I:=1to 19 do
begin
af21-1]:=a[20-1];
end;
a[1]:=ab;
fn:=1+a[3]+a[20];
ab:=fn-(fn div 2)*2;
fend of scrambler])
{bipolar coder}
bb:=a[1]-a[2];
{transversal filter]
for m:=1to 19 do
begin
b[21-m]:=b[20-m];
end;
b[1]:=bb;
end; {if}
fconvolution]
y1:=0;
y2:=0;
for n:=1to 22 do
begin
y1:=y1+bEn]*vin(tx+t+n*ttest-ttest.ﬁn);
y2:=y2+b[n]*vin(tx+n*ttest-ttest,fin);



end; {begin}
fend of convolution]
vi:=abs(y1)/0.05545;
vR:=abs(y2)/0.05545;
if b[4] <> O then
{ effect of finite gain of the OP Amp }
v:=(cl*v-cu*(vi-v2))/(ct+cl-cu/gain);
f:=fo+ko*v;
tx=tx+t; {shift time axis]
t:=1/f; {change delta t}
te=tx+t;
§if i>9000 then}
writeln (i," ',f);
end; {for}
end. {main program]
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III. OP Amp Vith Offset Voltage

program IWDM (input, output); -
{Implementation of WDM using switched capacitor filter with])
{zero-delay termination capacitor}
{with lineout as input signal}
fuse b[4] as decision bit]
ftake into consideration OP Amp offset voltage]
type random = record
time : real;
echo : real;
value : real
end; {end of record 'random’'}
storage =array [1..513] of random;
filter =array [1..22] of integer;
var v, tx, f, vos: real;
fo, ko, e1, cuy, ct: real;
vl, v2, fin, t, ttest: real;
y1, y2: real;
ab, fn, bbiinteger;
i, j, k, 1, m, n: integer;
data : storage;
a, b:filter;
fwivoltage input to veo, tx:timie axs, f:vco output freq
fo:veo free running freq, kd:gain of phase detector or
cu/ci of switched cap filter, ko:gain of veo, fin:input
freq, t:delta t or 1/2Tin.}
function vin (x, fre : real): real;
var tprime, delta, d0, d1,d2, d3: real;
index: integer;
{x:time, fre:input fre, table:output pulse of linej
begin {function begin]
tprime:=0.072/fre;
delta:=x-trunc(x/tprime)*tprime;
delta:=delta/tprime; .
index:=trunc(x/tprime)+1;
d0:=data[index-1].value;
dl:=datalindex].value;
d2:=datalindex+1].value;
d3:=data[index+2].value;
vin:=d1+delta*(d2-d1)+delta*(delta-1)*(d3-d2-d 1+d0) /4
+(delta-0.5)*delta*(delta-1)*(d3-3*d2+3*d1-d0) /8;
fvin:=abs(vtemp)}
end;{function]
begin {main}
readln éfo);
readln (ko);
readln (ci1);
readln (cu);
readlin (ct);
readln (fin);
freadin (gain); OP Amp gain]
readln (vos); {OP Amp gain]
for j:=1to 513 do

T

L)




begin {for}
read (data[j].time);
read (data[j].echo); -
readln (data[j].value);
end; {for}
writeln ('fo=",fo);
writeln ("cl=",c1);
writeln ("cu=’,cu);
writeln ('ct=",ct);
writeln ("ko=",ko);
writeln ('fin=",fin);
finitialization]
v:=0;
f{tx:=0.5/fo;}
tx:=0.0000072373;
t:=1/fo;
ttest:=1/fin;
ab:=0;
Tfork:=1to 22 do
begin {initialization of matrix}
a%k]:=0;
b[k]:=0;
end; {matrix}
fend of initialization}
for i:=1 to 800 do
begin
f{generate a new bit if tx > ttest and run the scrambler}
if tx>=ttest then
begin {change cycle and run the scrambler}
tx:=tx-ttest;
for 1:=1 to 19 do
begin
a[21-1]:=a[20-1];
end;
a[1]:=ab;
fn:=1+a[3]+a[20];
ab:=fn-(fn div 2)*2;
fend of scrambler]
{bipolar coder}
bb:=a[1]-a[2];
ftransversal filter)
for m:=1to 19 do
begin
b[21-m]:=b[20-m];
end;
b[1]:=bb;
end; {if}
{convolution}
y1:=0;
ya:=0;
for ni=1t0 22 do
begin
yl:=yl+b[n]*vin(tx+t+n*ttest-ttest,fin);
y2:=y2+b[n]*vin(tx+n*ttest-ttest,fin);



end; {begin]

fend of convolution}

vi:=abs(y1)/0.05545; -
v2:=abs(y2)/0.05545;

if b[4] <> 0 then
fvi=(cl*v-cu*(v1-v2))/(ct+cl-cu/gain);}

{ effect-of OP Amp offset voltage ]
vi=(cl*v-cu*(v1-v2))/(ct+el)+(cu/(ct+cl))*vos;
f:=fo+ko*v;

tx=tx+t; {shift time axis]

t:=1/f; {change delta t}

tx:=tx+t; )

fif i>9000 then] .
writeln (i, ,f);

end; {for}

end. {main program]
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IV. OP Amp Vith Finite Bandwidth

program IWDM (input, output); -
{Implementation of WDM using switched capacitor filter with }
{zero-delay termination capacitor }
fwith lineout as input signal]
fuse b[4]asdecision bit}
{with finite OP Amp bandwidth]}
type random = record
time : real;
echo : real;
value : real
end; {end of record 'random’}
storage =array [1..513] of random;
filter =array [1..22] of integer;
var v, tx, f, ve, cstray, ve, x, wu, wuo, ft: real;
fo, ko, cl, cu, ct: real;
vi, v2, fin, t, ttest: real;
y1, y2: real;
ab, fn, bb:integer;
i, j, k. 1, m, n: integer;
data : storage;
a, b:filter;
fv:voltage input to veo, txitime axis, fiveo output freg
fo:veo free running freq, kd:gain of phase detector or
cu/ci of switched cap filter, ko:gain of veo, fin:input
freq, t:delta t or 1/2Tin.}
fve:error voltage at input, cstray:input cap of OP Amp, ]
§ ve: voltage across cap, x:duty cycle of phase 2,
{ wu:close loop BW when phi 2 on, wuo:phi 2 off}
{ft: unity gain freq of OP Amp]
function vin (x, fre : real): real;
var tprime, delta, d0, d1,d2, 43: real;
index: integer;
{x:time, fre:input fre, table:output pulse of line}
begin {function begin}
tprime:=0.072/fre; '
delta:=x-trunc(x/tprime)*tprime;
delta:=delta/tprime;
index:=trunc(x/tprime)+1;
d0:=data[index-1].value;
dl:=datalindex].value;
d2:=data[index+1].value;
d3:=datalindex+2].value;
vin:=d1+delta*(d2-d1)+delta*(delta-1)*(d3-d2-d1+d0)/4
+(delta-0.5)*delta*{delta-1) *(d3-3*d2+3*d1-d0)/8;
f{vin:=abs(vtemp)}
end; {function]
begin {main]j
readin (fo);
readin (ko);
readin (c1);
readln (cu);
readln (ct);
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readln (fin);
readln (ft);
for j:=1to 513 do -
begin {for}
read (data[j].time);
read (data[j].echo);
readln (data[j].value);
end; {for}
writeln (*fo=',fo);
writeln ("c1=',c1);
writeln (‘cu=',cu);
writeln ('ct=',ct);
‘writeln ("ko=",ko);
writeln ('fin=",fin);
writeln ('ft=",ft);
{initialization]
v:=0;
ve:=0;

- ove:=0;

cstray:=0;
x:=0.05;
wu:=({cl+ct)/(cutestray+el+ct))*6.283%ft;
wuo:=(c1/(cstray+c1))*6.283*t;
{tx=0.5/fo;}
tx:=0.0000072373;
t:=1/fo;
ttest:=1/fin;
ab:=0;
for k:=1to 22 do
begin {initialization of matrix]
a{k]:=0;
b[k]:=0;
end; {matrix]
fend of initialization]
for i:=1to 800 do
begin
{generate a new bit if tx > ttest and run the scrambler)
if tx>=ttest then
begin {change cycle and run the scrambler]
tx:=tx-ttest;
for I:=1 to 19 do
begin
a[21-1]):=a[20-1];
end;
a[1]:=ab;
fn:=1+a[3]+a[20];
ab:=fn-(fn div 2)*2;
fend of scrambler]
{bipolar coder)
bb:=a[1]-a[2];
{transversal filter}
for m:=1to 19 do
begin
b[21-m]:=b[20-m];
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end;

b[1]:=bb;

end; {if} -
fconvolution}
y1:=0;
y2:=0;
for ni=1to 22 do

begin

yl:=yl+b[n]*vin(tx+t+n*ttest-ttest,fn);

y2:=y2+b[n]*vin(tx+n*ttest-ttest,fin);

end; {begin]
fend of convolution]
vi:=abs(y1)/0.05545;
v2:=abs(y2)/0.05545;
if b[4] <> 0 then

begin

{ effect of finite bandwidth of OP Amp }

ve:=(cu/(cu+ct+cl+estray))*(vi-va) *exp(-x*ttest*wu)

" - +ve*exp(-x*ttest*wu)*exp(-(1-x)*ttest*wuo);

ve:=(cl*ve-cu*(vi-v2))/(ct+cl);
v.=vesve;
end
else
{reexame the equation below]
ve:=ve*exp(-ttest*wuo);
fvi=(cl*v-cu*(vi-v2))/(ct+c1);}
f:=fo+ko*v;
te=tx+t; {shift time axis]
t:=1/f; {change delta t}
to=tx+t;
§if i>9000 then)
writeln (i’ *,f);
-end; {for}
end. {main program]
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