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INTRODUCnON

Nowadays a lot ofefforts have been devoted to the integration ofthe 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 [l] 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 detector,

however, can effectively reduce pattern jitter. This report is devoted entirely to

a circuit realization of the combination 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

nonidealities have also been considered and the performance of the circuit

including those nonidealities is discussed and simulated.
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CHAPTER I

GENERAL DESCRIFnOtf

SECTION 1.1 : WAVE DIFFERENCE METHOD

As shown in Fig. 1.1 , we take two samples which are 77 2 apart The

difference of these two samples are sent to an integrator which in turn is con

nected to the VCO. Bychanging 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 (r-774) and the other at (r +T/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.

received
Sttna

I control Ii'm
sjjjnal

i

I

\.

tuiT

Integrator » ]JQQ

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

switched-capacitor circuit realization of "WDM phase detector.

SECTION 1.2 THE CONSTRUCTION OF THE SYSTEM

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 applica

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.

-n^ni—a

VinCt.) Vin (t*+At)
tf t;+*t

flq l.-2«X) FijI.SCb)

As shown in Fig. 1.2, the error signal V^' = J^fe+Ar) - Pk(*s) 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 inFig. 1.3 (a), by conservation of charge, we have

=CiV0(n+l)

*Uz) cp*
»4i(*) 1-2-1

The block diagram of the circuit is shown inFig. 1.3(b)

V. Vi r-^"-£
rin

R

tt

c

Fi<j 1.3(a) Fi,i.3CW Fj(, 13(C)
9

t/.
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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

MM - 7q(s) -
K' " Vu(s) ~ 7TT1 ~~R~| " IRC

f 1 '
sC \*+M

l sC\
[ R J

If we apply lossless digital integrator (LDI) transformation to the above

equation, i.e.

then

— -ft
1-Z"1

_ 1 m z-v*
#(*> = -ST?*RsAC i-z-i

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

and the analog circuits.

l £l _L_
RC "* Cx T0

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

shown in Fig. 1.4(a):

1—z l

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

shown in Fig. 1Mb), 1.4(c) respectively.

_, II - —
\[

*-SRC

Fig 14 CM Fi3 14(C)
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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.

The transfer function of the circuit is

His) = -

1

RC

s +
RfC

which has a pole at

Replace s by:

Then we get:

RfC

{ \

1

T

1-Z-V*
»-l/2

I Z )

H(z) = -

1

RC

1 1-2-1

Te z-i/2 RfC

RC
,-1/2

l-z"l+
RfC

,-1/2
(*)

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
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function:

(1) SC filter with one-delay terminationcapacitor:

Again by charge conservation:

(^i+CV)7.(n-i) = CxV9{n-l)

1 C2

v*

£*_-1/2 Cu . 1/2

cl—i—»-l 1_2-1+1—
Ci+CT " ~ ' d+CT

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

1 Qi i
Tc Cx "* RC

Tc CVj+•Cj> RfC

Cf

v^-<^ la.
c,

♦*

r-1

r

Fij 1.6 W)
f—I*:

CCr+c,)Cu

*3 L.C Cb)

•V.
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(2) SC filter with zero-delay termination capacitor:

^V*(n-±)+dV0(n-±) = (d+Cr) V0(n)

ro _ CuZ -1/2

Kn Ci+Cf-CiZ-1

Cu -1/2

^1

Again

Fij 1.7 ca)

= (d+Cr) V0(n +±)

1 Cg ^ i
7^ Cj "* /?C

1 Or

7c £ i ^?rC

Cu

Wn *® ©—*S>

t -fit.
Cu

fij L?Cb)

r

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

introduced by the last term of the denominator.
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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.
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CHAPTER2

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 ofVCO be approximately twice of the

input frequency and taking output frequence ofVCO as sampling frequence, the

WDM algorithm can easily be realized.

As shown in the figure.ifwe assume the waveform is symmetric, and if Ar is

not equal to 1/(2/*), an error voltage V=(V(ts+M)-V(tx)) will be fed to the
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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, Lt will end up to be equal to 1/(2/*) with tx +̂ &t at

the peak of the wave.

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

(l) One-delay termination capacitor:

(Cr+dJJStt.+AJ+Ai') = (CT+d)V0(tz+At)

or

(Cr+£i)J& (*»+**+**•) = (CH-CO^t,+Ar)

SriC

V.*(t*

Control

»n(tK+At)
1

•LP

(2) Zero-delaytermination capacitor:

cMtt+tt) = dv*(ta)-c*(vin(ta+to)+vin(t9))
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%»(*.)= -VQ(tx-M)

or

C^ftp+AJ) = (Cj+CyjKofe+Ar+Ar') = 70(*z')

where fx' is the new time axis for the next time period.

jt~s—ii—n_

VinCtx-) VinCt«+^t) Uin

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.

HIT

I

A

'—&
\

vcol-HHb

This is one other kind of formal description of 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 spectrum 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.
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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.

•T*—IH~1-

|\MU|—^—|Vin(t,+^t)|

Fiq 2.3
'3

Vn—* v.p—K, fsi\
W)

f iti\
IK3*

Fiq 2.4

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

-1/2b f cz

function ( a+ -—), 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 filter to the non-idealities of the circuit elements will be analyzed

in the next Chapter.

SECTION 2.3: ANALYSIS OF THE STABILITYOF THE SYSTEM

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

shown in Fig 2.4,

•). It is shown in [2] that the active filter with transfer
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where
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G{z) =

Cu
~cT

j-i

l-z~l+
Cq>

cT

K> 1H(z) = -
fs l-Z -1

Here we consider the SC filter with varying sampling rate as a combination

of S.C. filter with constant sampling frequence and a phase detector with gain

constant of K* . It is quite reasonable since the change of sampling instant is

just the change of phase difference. The only thing that should be discussed is

the gain constant IQ which will be considered later.

Eo-> I^G(z)H(z) =

Ci

CuKgKfi

/.Ci(l+7?4
^1

z-

1+

= at-

z—

1+
Cj» (2-1)

i )

QA^A^

Cf

1 J

K =

/.Ctfl+fr*

The system is stable for K < IQ where

(2-1)
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Kc =
1

z

/T „ , 1 N/^. <\
\Z n )\Z 1)

*=-l

(1+—7r-)x21+§L
t'l

2(2C1+C:r)
(Ci+Cr)

ftodt locus of +ta. (Jlsoete ) system
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SECTI0N2.4: TRANSIENT ANALYSIS OF THE SYSTEM

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

Yv 5v \s

f
MliJ

Fi<? 2.6

G(z) =
C\

^1

H(z) = K l
l-Z-1 fs

Y0 KdG(z)H(z)
Y^ l+EdG(z)H(z)

Kt

Cu _:
-dzl Kc

d

1+Jfc
Ci K>

!^-i+SL ft-"4)/.
ci

(l-z-'+-^(l-Z-')+Ai^-^z-'

Y.
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v KQ d
^TT-cT*

(l+§V+(-2+-^-+A-dCf . rjr Kq Cu
Cx ""/. d

}z+l

/v0 Cy

fs Ci+fy

-g fc 0* ^>y £< X ^1 t
Ci Ci C\+Cf C\+Cf

d

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

where

i?

:2-2 R costfz + R z

2 - C\ , cv.i a (l i-)
C\+Cf C\

* 1-
2 C*!

«_ CO*
9 =

-ys=2Cl-|W)
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-* 1- R
2 Cx

Aiw Cf

7T= cT

cos* =(2-^L -ft^Lik) w2cosiJ
cl /s W

if 1? is verysmall, i.e. wa «/s . (which is just our case )

«f-"*3f

* = (Ai

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

tion is in the form of:

VJn
S2+ -p^S+w2=S2+bwS+w2

If we know w0 and Lw , we can explore the transient behavior of the sys

tem by the analogy between the discrete and analog systemin terms ofdamping

ratio £

t - 1 &w
* " 2iw0 2 d

Kd
Ka Cu

»1

/. cx

For a step input, which is just our case ( /^

shown in Fig. 2.8 where

2tt

= constant), the response is

TA =

wf M
Zn

Pr I /s ^ii- 4-iva
4 ICXJ A^q,
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2tt

<p =
Td

/('/max " /o 1+exp iE_
1

2\2I (i-f2)* j

where /0 is the steady state value.

If we define the settling time ts=ntp to be the time when

fair
exp < 0.05

, (1-e2)2,

then

$wgntp > 3

-+ ts - ntp >
f">0

£WAV

%

.

i

-J, >

1

•••» •••» a^ •••«< _ I «•"•» ^^"_ ... ^,

— _ -y£ — 4 ._ «-^^ n

1 1 '

I 1
1

1
1
1
*
i

i
i *t

System R«»«««« f«r Sfaf Input



-22-

The results of computer simulations match the analysis almost exactly. As

shown in Fig. 2.9a,b, and c ( where ideal sinusoidal waveform is used as input sig

nal), Tdfs = 54, 17.3 and 11 respectively. The analysis gives 53.9992, 17.3493 and

10.9105. Basedron 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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CHAPTER3

THE EFFECTS OF SOME OP AMP NON-IDEALITES

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+COKofe+Ar+Ar') = (CT+d)V0(tz+M)

((CT+d)-dz-l)V0 = -CuVin'

'<?(«) =
VQ d

Tin

d

Ci
, Ci+Ct x _.

OP Amp with finite gain A:
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(CT+d)V0(tx+bt+te') = (CT+d)V0(ts+te)

=cMta)-dlVin(t*+to)-vin(ta)-fr9(t9+u)]

-> [(Cr+Ci)-^^(*.+Ar) =dVo&ydlVtofo+uyv+Qt.)]

= CiK.(*.)-v(*.)

H*(z) = Ci

V* £<cl+*-£*-*-i

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

g- plane

SECTION 3.2: EFFECT OF THE OFFSET VOLTAGE OFOP AMP

As shown in the figure

(Cr+CO^fe+At+Ar) = (CT+d)V0(tx+M)
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= CiVoitJ-dlVrnfo+AtyVnitJ-V..)

Vmiiij—-*> Vin ftx^t)

Some simulations based on the equation derived above are done. Two of

them (with J£a= ImV and lOmV 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.

V. *7^

^4= \J?
V.

For the circuit shown,

V0(n +1) = Kc(n+l) +7a(n+l)
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CuVcln +1) =Vc(n)- ^{Wn+̂-7.(n+l)]+feaL-[7.(n+l)-Kf(n)]

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

During tpz high

F.(t) =K.(n) - ^-[^(n+^-K.^)] +̂ -[V.(t) -V.(n-^-]

V,(t) =Ve(n)+Vm(t) =K„(n)-^-[K,(n+̂-H(0] +F.(0
Differentiate the above equation :

^ jK(r) _ Catray+Cu+Cl dV9(t) ,
dt d ""di <a>

Let the unity gain frequency of the OP amp be wt , then

dV0(t)
dt

= -u>tVe(t) (b)

or

%Qm) _ ^L
KC">) ~ /tw

Compare (a), (b)

or

and

dVs(t) d
--*-=^ Cu+dlc^ W =-^•<*>

%(0 =7a(n+|)+exp(-^0

where ii;u is the closed loop bandwidth when 532 is highand

= Cl
Cu +Cstroy +Ci
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During <pz low

y*(t)Cx = (QtTuy+d)[V8(t)-Ve(n-±-+mT)]

dyg(t)

where tu„ is the open loop bandwidth and

w«o = r. ±r_ wtCstTay +Ci

V*(t) = K(n-±-+mT) exp(-TUu t)

Kfa +h' = ^(^)exp[-wu(l-m)7']

-* Ke(n+1) = T9(^ +̂ +exp(-uium7T)

C^ 1

+Vg(n)exp[-*wUg(l->m)T] exp(-iuttm7')

So we can get

70(n+l) = 7c(n+l)+7e(n+l)

=H»K§-[K(£+i)-K(n+lj] +^—<l^W+ll-7(n)KK(n+ll

1 * C/j t» j

=^(^^^(n+l^+^i-^^n+̂ expC-^^r]
j. Cu+Cstray +C\ ,
+ £ ^'n' exPL-U!u0(l-^)7'] exp[--u;um7']
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CatTay +Cl
V9(n)

For the circuit shown

^~ZL

4>» fcjK,

^ofe+AO = 7c(tr+A0+>;(^+A0 (a)

(Cr+C^^fe+Ar+O = Ci7B(O-^[M^+M)-WW-r.(*.+A*+0]

+ Q««n,[Kfe+Ar+0-Kfe+Ar)] (O^t^fi

(b)

Kfe+Ar+O =

where

t^+Cr+Ci+C^n^ •[^fe+AO-^fe)] exp (-lUuO

+ Ve(tx-te+mT) exp (-™tt*) exp [- (l-m)Twu ] (c)

Ci+Cj*

Cu+Cstroy+Ci +CT

is the closed loop bandwidth when <p% is high.

The expression
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•'stray'Wuo = c—+T7"""*

is the closed loop bandwidth when <pi is low and wt is the unit gain frequency (

in radius ) of QE.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 Cstray and rewrite equation (a), (b) and (c) as :

(a) - 70(n +l) = 7c(n+l) + 78(n +l) (al)

CMn) - d [Vinin+h - Ffl(n+1)]
(» - %<»+i> = cvTcT (bl)

(c) -> Vfo+M+t) =^^+c oxpC-UfcOVfa+M)

+V9(tx-&t+mT) exp (-wut) exp [- (l-m)?^]

7a(n+1) =Wr+d^^^7*'^

+J£(n)exp (-tUu*) exp[-(l~77i)71ujiUo]

Cu
C^+Cy+Cj

•exp[-m7,iuu] x

*!£S KT»,(^-P+^exp[-ym7,(iwu+(l-mW] (cl)

Take the Z transform

(al) ->?.(«) = 7c(Z) + Ffl(Z)

£* ^g-»^2 £*
(61) -./.(,) =-M Ii.(«) +—^ K.(«)

Cy+Ci Cf+Ci
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Cu(cl) -*Ve(z) = c +c exp(-m7^)x

r-l/2

1-z'1 exp(-T[mwu+(l'-7n)wUo])

V0(z) = 7B(«) + K(»)

Ct+C\
,-1/2

1- £l--i
**»(*)

Cf+C\

Cu

-*k(*)

Cf+Ci

1 gl -11— Z l
Ct+Cx

+1
Q,

C^+Cf+ C\
•exp(—7nTwu)x

-1/2

l-2-1exp[-mr(iott+(l-77iX )] V^z)

Cu

V0(z) CT+d
Vin(z)

r-1/2

-1

Cy+C/j

•^-(Cr+^-dz^+q,) ^+^+c cxpt-mT^)
1-z*"1 exp(-r[miou+(l-77x)iwtt ])

We see that the transfer function is modified by the expression inside the

braces. If we define it to be M(z), then

Af(z) = i_-bf CU +Cr+d
1-Z"1 eXp^rtTTWI^ +(1-771)11^])

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

tz = exp(jwT) w 1+jwT (w«y$
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into the above equation, and let

then

M{jw) = 1-

= 1-

exp(—rnTwu) = x

exp(-T(mWu +(l-m)iuu)) = y

1-(1+jwT)y

j. (*u _ d
Cu^Ci-rCf Cu^Ci+Cf

1-y-jwTy

(l-u)-jwTy

(l-y)-jwTy

= i4exp0»

Note that

4 «

pa

l»x»y

(l-g+ ^* )+I«,*7« Si

1-*+ & x +1^2^ 5f

* !- ^ +Pr g+1^2r2 £u ^
C^+Ci+Cf 2 Cu^Ci+Cf

(l+y-i^srV)
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1"q.+c1+crexp(-TOnu»)

^-h*7* cA+c* "pH*""*)

In order to find p, we make another approximation:

l-jwTy+jwT *J x
M(jwT) « c^+cy

pa

so, the phase error p :

p pa lor——— x

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 ft . 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 /*=100A") 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

insignificant and one can hardly distinguish between these two curves. This is

just what the analysis expects.
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SECTION 3.4 CONCLUSION

From the 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 asimple switched capa
citor circuit adopting WDM without severe demands for precise circuit elements.
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APPENDIX

I. Main Program -

program IWDM (input, output);
{Implementation of WDM using switched capacitor filter with J
{zero-delay termination capacitor J
{withlineout as input signal]
{use b[4] as decision bit]
{assume OP Ampis idealJ
type random = record

time : real;
echo : real;
value : real

end; {end of record 'random'j
storage =array [1..513] of random;
filter =array [1..22] of integer;

var v, tx, f: real;
fo, ko, cl, cu, ct: real;
vl, v2, fin, t, ttest: real;
yl, y2: real;
ab, fh, bb:integer;
i, j, k, 1, m, n: integer;
data: storage;
a, b:filter;

{vivoltage input to vco, tx:time axis, f:vco output freq
fo:vco free running freq, kd:gain of phase detector or
cu/ci ofswitched cap filter, ko:gain of vco, fin:input

freq, t:delta t or l/2Tin. j
function vin (x, fre : real): real;
var tprime, delta, dO, dl,d2, d3: real;

index: integer;
(x:time, fre:input fre, table:output pulse ofline]
begin {function begin]
tprime:=0.072/fre;
delta:=x-trunc(x/tprime)*tprime;
delta:=delta/tprime;
index:=trunc(x/tprime)+l;
dO:=data[index-l].value;
dl:=data]index].value;
d2:=data "index+l].value;
d3:=data[index+2].value;
vin:=dl+delta*(d2-dl)+delta*(delta-l)*(d3-d2-dl+d0)/4

+(delta-0.5)*delta*(delta-l)*(d3-3*d2+3*dl-d0)/6;
{vin:=abs(vtemp)]

end;{function]
begin {main]
readln (fo);
readln (ko);
readln (cl);
readln (cu);
readln (ct);
readln (fin);
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for j :=1 to 513 do
begin {for)

read (data[j].time);
read (data[j].echo);
readln (data[j].value);

end; {for)
writeln ('fo=',fo);
writeln f'cl=',cl);
writeln ('cu=',cu);
writeln (*ct=',ct);
writeln ('ko=',ko);
writeln ('fin=',fin);
{initialization)
v:=0;
{tx:=0.5/fo;)
tx:=0.0000072373;
t:=l/fo;
ttest:=l/fin;
ab:=0;
fork:=l to 22 do

begin {initialization of matrix)
a[k]:=0;
b[k]:=0;

end; {matrix)
(end of initialization)
for i:=l to 800 do
begin
{generate a new bit if tx > ttest andrun 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-l]:=a[20-l];

end;
a[l]:=ab;
m:=l+a[3]+a[20];
ab:=fn-(fndiv2)*2;
{end of scrambler)
{bipolar coder)
bb:=a[l]-a[2];
{transversal filter)
for m:=l to 19 do
begin
b[21-m]:=b[20-m];

end;
b[l]:=bb;

end; {if)
{convolution)
yl:=0;
y2:=0;
forn:=l to 22 do
begin
yl:=yl+b[n]*vin(tx+t+n*ttest-ttest,fin);
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y2:=y2H-b[n]*vin(tx-i-nntest-ttest>fin);
end; {begin)

{end of convolution)
vl:=abs(yl)/0.05545;
v2:=abs(y2)/0.05545;
if b[4] <> 0 then
v:=(cl*v-cu*(vl-v2))/(ct+c1);
f:=fo+ko*v;
tx:=tx+t; {shift time axis)
t:=l/f; {change delta t)
tx:=tx+t;
{if i>9000 then]
writeln (i,1 *,f);
end; {for)

end. {main program]
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II. OP Amp With finite Gain

program IWDM (input, output);
fa switched cap WDM with termination advance cap)
{Implementation of WDM using switched capacitor filter with
{zero-delay termination capacitor )
{with lineoutas input signal)
{use 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, cl, cu, ct: real;
vl, v2, fin, t, ttest: real;
yl, y2: real;
ab, fn, bb:integer;
i, j, k, 1, m, n: integer;
data: storage;
a, b:filter;

(vivoltage input to vco, tx:time axis, f:vco output freq
fo:vco free running freq, kd:gain of phase detector or
cu/ci ofswitched cap filter, ko:gain of vco, fin:input
freq, t:delta t or l/2Tin.J
function vin (x, fre : real): real;
var tprime, delta, dO, dl,d2, d3: real;

index: integer;
(x:time, fre:input fre, table:output pulse ofline)
begin {function begin)
tprime:=0.072/fre;
delta: =x-trunc(x/tprime)*tprime;
delta:=delta/tprime;
index:=trunc(x/tprime)+1;
dO:=data[index-l].value;
dl:=datafindex].value;
d2:=data[index+ l].value;
d3:=data[index+2].value;
vin:=dl+delta*(d2-dl)+delta*(delta-l)*(d3-d2-dl+d0)/4

+(delta-0.5)*delta*(delta-l)*(d3-3*d2+3*dl-d0)/6;
{vin:=abs(vtemp))

end;{function)
begin {main)
readln (fo);
readln (ko);
readln (cl);
readln (cu);
readln (ct);
readln (fin);
readln (gain); {OP Amp gain)
for j :=1 to 513 do



begin {for)
read (data[j].time);
read (data[j].echo);
readln (data[j].value);

end; {for)
writeln ('fo=',fo);
writeln-(lcl=-',cl);
writeln ('cu=',cu);
writeln ('ct=',ct);
writeln ('ko=',ko);
writeln ('fin=',fin);
{initialization)
v:=0;
{tx:=0.5/fo;)
tx:=0.0000072373;
t:=l/fo;
ttest:=l/fin;
ab:=0;
fork:=l to 22 do

begin {initialization of matrix)
a[k]:=0;
b[k]:=0;

end; {matrix)
{end of initialization)
for i:=l 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 1:=1 to 19 do
begin
a[21-l]:=a[20-l];

end;
a[l]:=ab;
m:=l+a[3]+a[20];
ab:=fn-(fndiv2)*2;
{end of scrambler)
{bipolar coder)
bb:=a[l]-a[2];
{transversal filter)
for m:=l to 19 do ~~
begin
b[21-m]:=b[20-m];

end;
b[l]:=bb;

end; {if)
{convolution)
yl:=0;
y2:=0;
forn:=l to 22 do
begin
yl:=yl+b[n]*vin(tx+t+n*ttest-ttest,fin);
y2:=y2+b[n]*vin(tx+n*ttest-ttest,fin);
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end; {begin)
(end of convolution)
vl:=abs(yl)/0.05545;
v2:=abs(y2)/0.05545;
if b[4] <> 0 then
{effectoffinite gain of the OP Amp J
v:=(cl*v-cu*(vl-v2))/(ct+cl-cu/gain);
f:=fo+ko*v;
tx:=tx-H; {shift time axis)
t:=l/f; {change delta t)
tx:=tx+t;
{ifi>9000 then)
writeln (i,* ',f);

end; {for)
end. (main program)
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m. OPAmp With Offset Voltage

program IWDM (input, output);
{Implementation ofWDM using switched capacitor filter with)
{zero-delay termination capacitor)
{with lineout as input signal)
(use b[4] as decision bit]
(take 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, cl, cu, ct: real;
vl, v2, fin, t, ttest: real;
yl, y2: real;
ab, fn, bb:integer;
i, j, k, 1, m, n: integer;
data: storage;
a, b:filter;

(vTvoltage input to vco, tx:time axis, f-.vco output freq
fo:vco free running freq, kd:gain of phase detector or
cu/ci ofswitched cap filter, ko:gain of vco, finrinput

freq, t:delta t or l/2Tin.)
function vin (x, fre : real): real;
var tprime, delta, dO, dl,d2, d3: real;

index: integer;
(x:time, fre:input fre, table:output pulse ofline)
begin {function begin)
tprime:=0.072/fre;
delta:=x-trunc(x/tprime)*tprime;
delta:=delta/tprime;
index:=trunc(x/tprime)+1;
dO:=data[index-1j.value;
dl:=data[index].value;
d2:=data[index+1].value;
d3:=data[index+2].value;
vin:=dl+delta*(d2-dl)+delta*(deita-l)*(d3-d2-dl+d0)/4

+(delta-0.5)*delta*(delta-l)*(d3-3*d2+3*dl-d0)/6;
{vin:=abs(vtemp))

end; {function)
begin {main)
readln (fo);
readln (ko);
readln (cl);
readln (cu);
readln (ct);
readln (fin);
{readln (gain); OP Amp gain)
readln (vos); {OP Amp gain)
forj :=1 to 513 do



begin {for)
read (data[j].time);
read (data[j].echo);
readln (data[j].value);

end; {for)
writeln ('fo=',fo);
writeln ('cl=',cl);
writeln ('cu=',cu);
writeln ('ct=',ct);
writeln (*ko=',ko);
writeln ('fin=*,fin);
(initialization)
v:=0;
ftx:=0.5/fo;)
tx:=0.0000072373;
t:=l/fo;
ttest:=l/fin;
ab:=0;
fork:=l to 22 do

begin {initialization of matrix)
a[k]:=0;
b[k]:=0;

end; (matrix)
(end of initialization]
fori:=l 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 1:=1 to 19 do

begin
a[21-l]:=a[20-l];

end;
a[l]:=ab;
fh:=H-a[3]+a[20];
ab:=fn-(fhdiv2)*2;
(end of scrambler)
(bipolar coder)
bb:=a[l]-a[2];
{transversal filter)
for m:=l to 19 do
begin
b[21-m]:=b[20-m];

end;
b[l]:=bb;

end; (if)
(convolution)
yl:=0;
y2:=0;
for n:=l to 22 do
begin
yl:=yl+b[n]*vin(tx+t+n*ttest-ttest,fin);
y2:=y2+b[n]*vin(tx+n*ttest-ttest,fin);



-9

end; (begin)
(end of convolution)
vl:=abs(yl)/0.05545;
v2:=abs(y2)/0.05545;
ifb[4] OOthen
(v:=(cl*v-cu*(vl-v2))/(ct+cl-cu/gain);)
{effectof OP Amp offsetvoltage )
v:=(cl*v-cu*(vl-v2))/(ct+cl)+(cu/(ct+cl))*vos;
f:=fo+ko*v;
tx:=tx+t; (shift time axis)
t:=l/f; (change delta t)
tx:=tx+t;
(if i>9000 then)
writeln (i,' *,f);
end; (for)

end. (main program)
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IV. OP Amp With finite Bandwidth

program IWDM (input, output);
(Implementation ofWDM using switched capacitor filter with )
(zero-delay termination capacitor )
(with lineout as input signal)
(use b[4]~as"decision 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, vc, x, wu, wuo, ft: real;
fo, ko, cl, cu, ct: real;
vl, v2, fin, t, ttest: real;

~yl, y2: real;
ab, fn, bb:integer;
i, j, k, 1, m, n: integer;
data: storage;
a, b:filter;

(v:voltage input to vco, tx:time axis, f:vco output freq
fo:vco free running freq, kd:gain of phase detector or
cu/ci of switched cap filter, ko:gain ofvco, fin:input

freq, t: delta t or l/2Tin.)
(ve:error voltage at input, cstray:input cap of OP Amp,)
{vc: voltage across cap, x:duty cycle of phase 2,)
{wu:close loop BW whenphi 2 on, wuo:phi 2 off)
(ft: unity gain freq of OPAmp)
function vin (x, fre : real): real;
var tprime, delta, dO, dl,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;
deita:=delta/tprime;
ihdex:=trunc(x/tprime)+l;
dO:=data[index-l].value;
dl:=data[index].value;
d2:=data[index+ l].value;
d3:=data[index+2].value;
vin:=dl+delta*(d2-dl)+delta*(delta-l)*(d3-d2-dl+d0)/4

+(deita-0.5)*delta*(delta-l)*(d3-3*d2+3*dl-d0)/6;
{vin:=abs(vtemp))

end; (function)
begin (main)
readln (fo);
readln (ko);
readln (cl);
readln (cu);
readln (ct);
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readln (fin);
readln (ft);
for j :=1 to 513 do
begin (for)

read (data[j].time);
read (dataQ].echo);
readln (datafj].value);

end; (for)
writeln ('fo=',fo);
writeln rcl=',cl);
writeln ('cu=*,cu);
writeln ('ct=',ct);
writeln ('ko=',ko);
writeln ('fins'.fin);
writeln ('ft=',ft);
(initialization)
v:=0;
ve:=0;
vc:=0;
cstray:=0;
x:=0.05;
wu:=((cl+ct)/(cu+cstray+cl+ct))*6.233*ft;
wuo:=(cl/(cstray+cl))*6.283*ft;
(tx:=0.5/fo;j
tx:=0.0000072373;
t:=l/fo;
ttest:=l/fin;
ab:=0;
fork:=l to 22 do

begin (initialization of matrix)
a[k]:=0;
b[k]:=0;

end; (matrix)
(end of initialization)
fori:=l 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;
forl:=lto 19 do
begin
a[21-l]:=a[20-l];

end;
a[l]:=ab;
fn:=l+a[3]+a[20];
ab:=fn-(fn div 2)*2;
(end of scrambler)
(bipolar coder)
bb:=a[l]-a[2];
(transversal filter)
for m:=l to 19 do

begin
b[21-m]:=b[20-m];
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end;
b[l]:=bb;

end; (if)
(convolution)
yl:=0;
y2:=0;
for n:=l to 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)
(end of convolution)
vl:=abs(yl)/0.05545;
v2:=abs(y2)/0.05545;
if b[4] <> 0 then
begin
{effect offinite bandwidth of OP Amp J
ve:=(cu/(cu+ct+cl+cstray))*(vl-v2)*exp(-x*ttest*wu)

-—- +ve*exp(-x*ttest*wu)*exp(-(l-x)*ttest*wuo);
vc:=(cl*vc-eu*(vl-v2))/(ct+cl);
v:=vcTve;

end

else

(reexame the equation below)
ve:=ve*exp(-ttest*wuo);
(v:=(cl*v-cu*(vl-v2))/(ct+cl);)
f:=fo+ko*v;
tx:=tx+t; (shift time axis)
t:=l/f; (change delta t)
tx:=tx+t;
(ifi>9000then)
writeln (i,' '.f);
end; (for)

end. (main program)
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