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Systematic and Random Jitter Accumulation
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ABSTRACT

The timing clock is required to be recovered for the detection of original data in a receiver, or a re-
peater in digital trangmission of data signal, In general, phase locked loop (PLL) is usually utilized for
timing recovery.

Systematic/random jitters are produced in timing recovery and accumulated with the increase of
repeater chains, which have been analyzed in this paper.

The results applicated to 90 Mbps optical communication system are the table 1,2,3,4, The system-
atic jitter is accumulated more exponentially than the random jitter and the jitter accumulation is weaken-
ed according to the increase of damping factor.
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I. INTRODUCTION

From the definition of CCITT, jitter is
described as “‘a short-time variation of the signi-
ficant instants of a digital signal from their ideal
position in time.”

In digital system, jitter can be generated
in all places but the self-generated jitters pcoduc-
ed by the digital lines or multiplexer/ demulti-
plaxer are significant which are composed of
systematic jitter, random jitter, and residual
jitter (waiting time jitter).

The alignment jitter is the one produced
in each repeater (dynamic phase difference
between the input signal and the timing clock
derived from it). This alignment jitter is made
up of systematic and random jitter,increases
exponentially if it has the transfer function
jitter peaking.

The accumulated jitter is the sum of align-
ment jitters. Therefore, the accumulated jitter
is conclusvely the jitter produced at the end
point of digital transmission equipment. [1]-
(41

The systematic jitter is the one produced
in the equipment which is correlated with the
data pattern whose sources are estimated to be
ISI (intersymbol interference), static timing
offset, amplitude-to phase conversion (timing
noise due to trigger offset).

Since these sources have the energy at zero
frequency, the systematic jitters are strongly
accumulated in parallel with growth of the
number of repeater chain.

The random jitter is the one owing to re-
maining component (nonsystematic jitter) of
self-generated jitter, whose sources are expected
to be channel noise, cross talk, random mistuning

BRTEEME S % 2% (1986)

of timing circuit filter, This random jitter is
not strongly accumulated like the systematic
jitter.

The residual jitter (waiting time jitter)
is produced in multiplexer and demultiplexer
because of pulse stuffing mechanism, [6]

In this paper we have studied the systematic/
random jitter accumulation in repeater chain
when the 2-nd order PLL is used as the timing-
fillter. And we have known the fact that the
mean-square systematic jitter is asymtotically
proportional to the number of repeater chain
when the damping factor ( § ) is large enough.,
But the accumulation of jitter is exponentially
increased in case of small damping factor.

Also, both jitters are decreased in accord-
ance with the increase of damping factor,

II. ANALYSIS OF JITTER ACCUMULATION

In Fig. 1 the model of jitter accumulation
is shown.

No. 1 No.2 No. N
S,

S,
H(S) H(S) T' T H(S)
R R

R

Fig. 1 Equivalent model of repeater chain,

, where H(s) is denoted to be the PLL trans-
fer function for the timing recovery in repeaters.

In the first place, we have considered the
gystematic jitter accumulation,
that the equivalent jitter applied to each re-
peater is S(w). The systematic jitter is much
accumulated since the correlation is strong be-
tween the repeaters.

S(w)H(jw) N— (k—1)is the jitter spectrum at
the N-th repeater output from the jitter source

It is assume
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of k-th repeater,

After considering all repeater, the jitter
spectrum of the last N-th repeater output is
represented as eq. (1).

Su=3 S H(jw)"*"

_ .. 1-HGw)"
=S(w) H(jw) T=RGw) (1}
At this time it is expected that is

equal to constant S in the bandwidth of timing
filter.

The mean-square system jitter can be des-
cribed as eq. (3).

1—H(jw)"
1-H(jw)

Al

= S:il—l(jw)l'! ? dw

(3)

After normalizing by the mean-square jitter
in first repeater, the normalized mean-square
systematic jitter is obtained in eq. (4).

Py S ® . 2 I_H(jw)u Iy
Se ‘—2—“" So {H(Gw) | Iw]—H{jw) | dWM}
St S (= . N
o | HGw) 17w

Next we can derived the random jitter
accumulation in digital repeater chain.

r(w) is equivalent random jitter and is as-
sumed to be Gaussian,

R(w) is defined to be power spectral density
of n(w).

Since the random jitter is uncorrelated with
each repeater sources, the power spectral den-
sity of the last N-th repeater from the k-th re-
peater source is expressed as eq. (5).

Run( w) =R(w)} [H(jw) |"¥-*- (5)
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After transmitting through the N repeaters,
the mean-square randorm jitter is Ry

that is to say.
— N 1 w
Ri-5 == {7 Rew(w) dw
R(w) @ e 1= {HGiw) 1
__Rw - i
27 S IGw) U gGwy 7 9

(6)

Let’s normalizing eq. (6} by the mean-
square jitter produced in the first repeater.
Therefore we can come by the eq. (7).

. = oy 1= IHGw) I

R S IHGW) P~ hGw)

Lo _ (7)
' 50 IHGw) | *dw

Ili. APPROXIMATION PROCESS

The 2-nd order PLL is generally utilized
for timing clock recovery circuit in digital trans-
mission system and the 2-nd order PLL has the
1-st order loop filter.

The transfer function of PLL is represented
as eq. (8).

KoKd F(jw)

1+ KoKd F(jw) 18)

H(jw) =

. where F(jw) is the transfer function of loop
filter,

Ko is the VCO gain,

Kd is the gain of phase detector.

Since the F(jw) is the 1-st order transfer
function on the whole, the eq. (8) can be conver-
ted into eq. (9).

1+j)2&x

Hiw) =T 5% 5 +j2éx

(9)
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where x equals w}wn.

w is the natural frequency,
£ is damping factor.

With the eq. (9), we can simply approximate
the resulting eqs. (4), (7) without resorting to
the generating function.

In the first place, the eq. (7) can be appro-
ximated as the following procedure in case that
the damping factor is large enough.

1+j2 éx I
1—x% % 2+j2 &x

e 1+ (28x)k %2

T oldxkk 44+ (28x) k% 2

1
+(x/ 26 %% 2 o

IHGw) 17 = |

"

Therefore the denominator of eq. (7) is
integrated as follows,

« . : . ® l
S. [H(Gw) | dw= S. RNy Ty et
{K=W/wn)
:Ewnx (ll]

By use of the eq. (10) and variable change
of t=x{2 £ , the nominator of eq. (7) can be
expressed as eq. {12).

(0]l +tkk 2)% &«N—1}

1~ [H(jw) 1** (1-+esk* 2)% %N
1- {HGw) 1T = t ok 2
1+t% %2
-~ N
TI+HIN— 1) ktk %2
_ N
T {1l +exk 2 kkN
]l ek *2)
-~ N -
= I Nweawz (1TtR*2)
12

NREEPNRES & 2 ¥ (1986)

Therefore, the integration of nominator
can be accomplished with eqgs. (10), (12).

1= IHGw) | ™

-,
§, 1HGw 1 HGwy 17 9"
B Sm 1 N
o l+tk*2 1+N%t % %2
(1t Hk2)dw 13
=Emw, *SQRT(N) {14

The relationship between the variables is

t=x/2&=w/2&w,.

Therefore, the last conclusion is eq. (14)
divided by eq. (11) so that the normalized mean-
square tandom jitter is proportional to SQRT{(N)
in case of large damping factor, where N is
the number of repeater chain.

Likewise, it can be easily shown that the
hormalized mean-square systematic jitter is
proportional to N through the similar procedure
in case of a large quantity of damping factor.

but both jitters are exponentially increased
according to the number of repeater chain if the
damping factor has small value.

Here we have the physical meanings from
the above results.

The presence of internalf/external noise
causes any static phase error from its noise-free
level. 1In turn the presence of a static phase
error causes the phase jitter to increase. Then
we can study the change of PLL transfer func-
tion with the variation of damping factor.

The frequency response of a 2-nd order
PLL shows the fact that the loop performs a
lowpass filtering operation on its phase inputs,
and the bandwidth increases in parallel with the
growth of damping factor at a fixed natural
frequency. (7)

This fact indicates the following results.
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The transient responses of phase errors due
to step in phage, or frequency, or ramp in fre-
quency are decreased in a large quantity of ratio
according to the increase of damping factor. In
addition, if we study the noise performance of
PLL, it can be easily deduced that the eq, (11)
is equivalent to the noise bandwidth,

At a fixed natural frequency, the noise
bandwidth is minimum at damping factor of 0.5
but at this case the jitter becomes rapidly ac-
cumulated because the PLL transfer function
has the jitter peaking. { |H{jw)1>1)

IV. 90 MBPS OPTICAL
COMMUNICATION SYSTEM

The derived above results have been appli-
cated to the implemented 90 Mbps optical com-
munication system. The timing clock recovery
PLL circuit is exemplified in Fig, 2.

Clock

- -2 HP.D.hL.F. A >

Fig.2 Block diagram of PLL recovery circuit.

The values of used parameters are as belows.
damping factor = 0.8, 2.0, 4.0, 10.0
Wn(natural frequency) = 3.653 rad/sec
Kd =0,0593 V/rad
Ko = 31.400 rad/V
BW = 7 kHz

We have obtained the following results in

Table 1,2,3,4 through computer simulation
in case of variable damping factors,
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Table 1. Random/systematic jitters at §=0.8,

SPEAC IRTI0=  BNEN  uRNPAL TIEGA 130N BAXSIDTHTRES. 30
U FHLA-TITTER SYSTINATIE- STV TE:

1 80003E+09 .G0500E+00
11 ,18326E+02 .54290e+02
21 . 33660E+02 882832 +02
3 S8149E+02 1234TEH3
41 66962E+02 . 16307E+(3
9 83938k +02 20231E+03
61 JA0151E+03 . 24204E+03
N 116152403 .C81A4E+03
81 13534403 32098E+03
e 132576403 360606403

10t 169828403 .49030£+63
11 {8709E+03 L44G06E+03
12t 18159E+03 47987E403
i 18156E+03 31971403
141 A7S7SEHY (Sa7SIEH03
151 A79CEEH0 LITTEHI3

Table 2. Random/systematic jitters at &=2.0.

WA INC RATIOL  2.0000  ANTURAL FEEC=3453.00¢
] RAMODA-J1TTER

WibuEThR=2311. 0480
SYSTIMATIC-3)TTER

1 G60J0EHD 95003E+00
11 113536402 A5437E402
et 1G954E+02 .S7043E+02
31 19045E+02 b36bAEHD2
11 22422E+02 (73348E+02
=) 20B41E+02 B8695E+)2
&1 29339 +02 .88152£+02
71 32913 +02 958156 +02
81 3baalEtld 19372E+03
N 46239E+02 J11184E+03

1081 43967E+02 JJ2015E+03
m A7722E+02 ,1283%E+03
i2 91 GE8E+HI2 A3714E403
13 9o311E+02 . 14578E +63

141 97130E+02  1544BE+03
151 162963E+02 1632TE+H13

VY. CONCLUSION

We have derived the normalized mean-
square random/systematic jitters from the equi-
valent mode! of timing clock recovery PLL
circuit. And the approximation can be applied
in order to find out the proportionaity in case
of a large quantity of damping factor. The both
jitters are exponentially increased when the
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Table 3. Random/systematic jitters at & =4.0.

PG FATICs A.30E SRTARL TRELSINIILNN

4 s2AbBNy-, 1 TTEY SYSITALL-TTE

1 30050E+20 L R000E+G0
11 10626E+02 L 46750E+02
21 13730E+92 ,GbI9TE02
3 JAChPAE+2 VacIB0EYE2
4 AT247E+032 0bB40E+32
ot 1BI7RE+E2 L78432E+92
Y| A9757EHI2 ENE P
" LUBALE+2 ,7b382E+02
3t 21912E+02 ,879oE+02
M 22928E+02 314975402
131 L 2390TE442 .03889E+02
111 LARDTE4E2 36077€+02
121 ,25887C 492 .38288E+«02
i3 2bBb5EHG2 L90457E+92
141 278432402 J92600E+02
9% 2BBRBE+E2 94727E+02

Table 4. Random/systematic jitters at & =10,0,

Ml Aniids 154000 Saludsi FREC=1al3.S%2 FRih 3T TISE 330
Kl RRULOA- 5 TIER SETIRALIC- TR

i »dB0UCE+00 B9006E+00
{1 104346402 AT7TNEH02
a1 132810402 a795aE+02
3t JASh14E+02 .b6674E+02
it » 10270E+02 .70728E+02
S 7261402 73BITE+0R
ol .13083E+02 T9771EH02
7 .1873BE+02 L7779E+02
3 19406z +02 JTI7IE+02
) J19960E+02 BO8IBE+02

13 .20451E402 32239 +02
I3y »20921£402 B3548E+2
12} 1213472402 B34680E+02
i3 21 744E+02 G37155+02
141 Le119E+2 .26685E+32
151 22463E+)2 .B7614E+02

damping factor has small value,
As the results of Table 1,2,3,4, the nor-
malized mean-square random and systematic

RETRENIE S ¥ 22 (1986)

jitters are 169.82(dB], 400.3(dB]) and 43,967
(dB], 120, 15(dB] and 23.925{dB], 83.809
[dB] and 20.461[dB], 82.289([dB] according to
the 0.8, 2.0, 4.0, 10.0 of damping factor when
the magnitudes are the output of 101-th repeater
using PLL for the timing recovery and are nor-
malized by the output jitter of first repeater.
Also, we can recognize the systematic jitter is
accumulated more than the random jitter and the
magnitude of jitter is decreased according to the
growth of damping factor to 10,
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