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Phase Error Variation of Timing Recovery Circuit

in Optical Communication
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Abstract

It is analyzed how performance of phase-locked loop driven by photodetector current in optical

receiver will be changed under the condition that Gaussian thermal noise, pattern noise and shot
noise are present and the loop has the nonzero detuning frequency. The phase error variance
changes with the circuit configuration and the produced noise models. The analyzed results are
applied to the previously implemented 90.194Mbps optic system whose loop filter is the improved

active noninverting 1-st order lag-lead type.

I. Introduction

For conventional channels disturbed by add-
itive Gaussian noise, there are satisfactory results
in analyzing and testing the performance of a
variety of synchronization circuits[1]. In optical
communications the situation is different bec-
ause the other noises -shot noise and pattern noise
are accompanied [2-3]. These properties degrade
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the performances for the timing recovery circuit
to estimate the transition times of the incoming
data and to compensate for frequency drifts [4].
Without the loss of generality, the detuning
frequency is nonzero so that the stochastic
characteristic of each noise is more complex than
the results of the U. Mengali. As the detuning
frequency becomes larger, the variances of phase
error due to each noises also increase. Especially,
the increased variances owing to Gaussian thermal
noise, pattern noise and shot noise are found to be
18.67[dB], 5.12[dB] and 27.91{dB] when the
detuning frequency is 0.06% of the symbol rate.

II. First-Order Approximation

From the photodetector model used by S.D.
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Personick the output current is expressed as
follows [5].

i(t) = s(t) + ny(t) + n,(t) + ny(t) (D

where s(t) is data signal,

ng(t) is zero-mean wide-sense stationary
Gaussian noise,

n_(t) is pattern noise which is deviations from
the timing wave produced by the data
pattern,

ns(t) is shot noise which is time-varying owing
to its impulsive character.

We shall look at s(t) as the synchronizing signal to
be tracked by the PLL in the presence of such
noises which have zero-mean and orthogonal.
Since s(t) is the input of PLL timing recovery
circuit, the timing wave s(t) can be expanded into
Fourier series.

s(t) = i I sin (kwt +6,) (2)
where W= 2n/T, T is symbol period.

The fundamental mode of s(t) has the following
amplitude and phase.

, = 261 |P a/m| (3)
1 T 1
0, =arg {Py, (1/T)} 2n7/T +7/2 (4)

where G1 = E {gt Iis the expected value of
avalanche gains,
Cl= E {¢ } is the expected value of
transmitted data,
7 is an unknown, constant timing parameter
tracted by the PLL.

Py (=P, (f) W() (5)

Po(f) is the Fourier Transform of the optical pulse
shape and W(f) is the response of the photode-
tector circuitry to the generation of a single
charge-carrier.

The equivalent model of PLL recovery circuit
is shown in Fig.1.
€1 is loop-detuning, ¢(t) is phase error of loop
which is the difference between the instantaneous

n(t) cos (Wit +8—¢)

ot+6——+ Asing | +

K/S F(s)

Fig.1. Equivalent model of PLL.

phase ‘wst+01 and wot+él of the instantaneous
phase of VCO, K is the DC gain of loop,

A=1;/2, F(s) is the loop filter

n(t) = ng(t) + np(t) +nyt) (6)

d¢

_dT =2 -KF (p) [ Asing +n(t) cos (ws t+0,-¢) ]
)

where p=d/dt

The eq.(7) is the stochastic differential equation
governing the model of Fig.1. Based upon the
pertubation techniques and the Taylor series
expansion [6], the eq.(7) can be represented as
€qs.(8), (9) assuming that the phase error is not so
much fluctuated.

d¢0

—= §2 - AKF(p) sind)o (8)
dt

9 KF

E =-KF(p) [A¢; cosp, + n(t) cos

%
(wt+01-0,) 1

For simplicity, the original eq.(7) is the same as
€q.(9) on the condition that ¢(t) is much small,
which is the case in general practice.

From eq.(8)

d
— 900 =Q-AKF(®) 6,0 (10)

In nonzero detuning frequency,

Q

P (s) = _——s(s+AKF(s)) an
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From eq.(9)

¢ (t)=h(t) ® [ n(t) cos (wst+01) +

$o(tIn(t) sin (wyt+d)] (12)
where  h(t) = £°! [-KF(s)/ stAKF(s) ]
(12a)
¢O(t) = .,C-l [(I)O(S)] (12b)
And overall noise n(t) is
n(t)=2 nx(t) = ng(t) + np(t) + ns(‘t) (13)
X=g,p,8
II. Noise Power Spectra
@(t) = h(t) ®q(t) (14)
where q(t) = n(t) cos (wst+0 O+ ¢O(t)n(t) sin
(wet+by) (15)

R¢(f1, ty) = E{¢(ty) ¢ (t2)!

Through the simple procedure, R ¢(t1 , t3) is
confirmed to be cyclostationary.

If the cutoff frequency of H(f) is much less
than 1/2T, ¢(t) is wide-sense stationary so that
variance of phase error due to each noises and loop
detuning can be depicted as eq. (16).

2

o J | HE) | 2 Sx(f) df (16)

z
X=g,p.s

where Sx(f) is the spectral density of q, (.

The cyclostationary process (17) q(t) can be
replaced by q(t+v), where v is uniformly distri-
buted random variable [O,T]. By using the
properties of the cyclostationary process,

q(t) = n(t) cos(wst+01+0) + ¢O(t)n(t) sin
(17)
(wst+01+6)

where @ is uniformly distributed [0,27].
Ra (ty, t2) = 1/2 E{n(ty) n (tz)} coswg (t1-t2)

+ 1/2 R¢ (tl, tg) E{n(tl) n(tz)} COSWs
(o]

(t1-t2) (18)

(240)

R, (t1,t)=G1? (C2C1?) Z p(t;kTr)
P k (19)
p(tz-kT-7)

Rng (1, t2) = G2 f wity ) w(tyt) E f2(t)} dt
(20)
where C2= E { clz( b, G2= E{ glzc b z(t) is a filtered,

doubly stochastic Poisson process.
Therefore, we can obtain the following power
spectral densities of each noises.

§ng(f) = 1/4 [N(f-1/T)+N(f+1/T)] ®
[8(H+ |02

@n

§ﬁp(f)=G12 (C2-C1%) /4T [ |P,(f-1/T)| 2 +
[P1(£+1/T)| 2~2Re { Py (f-1/T)P; (£+1/T) eI®
®@L8(D+ |@(D)]? ] (22)

Sny(f) = G2/4 [ z+CIP(0)/T] [ [W(f-1/T)| 2 +
|W(f+1/T)| 21-G2C1/2T

‘Re [P} (/TIW(E-1/T)WH(+1/T)% | @

(8D + [@,D] ?1 (23)

where z o is the factor considering dark current
effect,

o equals 2arg {P, (1/T)},

N(f) is the power spectral density of Gaussin noise.

IV. 90Mbps Fiber-Optic Recovery System

data in

converter

[ H oo H o H veo feciow
out

Fig.2. Clock recovery system.
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In Fig.2 the clock recovery system is shown
which adopts the PLL (phase-locked loop) method.

The clock signal is produced at the output of
VCO and obtained more precisely by ‘“divide and
multiply (by 2) technique” PLL is made up of
PFD (phase frequency detector), VCO (voltage
controlled oscillator) and the LPF (low pass filter)
which governs the dynamic charateristics of the
loop. The other part of the system in Fig.2 is the
data retiming circuit,

MECL12040 has been used for PFD (phase
frequency detector) with transfer gain of 0.1194
[v/rad], ECL line receiver MC10216 has been
practiced in VCO (voltage controlled oscillator)
with the average sensitivity of 62800 [rad/v]
and the 1-st order active noninverting lead-lag
loop filter is shown in Fig.3.

ouT
IN

Fig.3. Loop filter circuit.

At this time the transfer function of loop filter is

F(s) = 1 *sCR2 24

sCR1

In order to improve the transient response
characteristics, we place the RC LPF in front of
loop filter but the global closed loop transfer
function is negligibly affected. The improved
loop filter is in Fig.4.

ouT

Fig.4. Improved loop filter circuit.

3A TR L

(241)

B2 K B3

But if the cutoff frequency W, is close to the
natural frequency Wi pole is expected to be
added and produce even more oversoot. There-
fore, to avoid this damage, W, must be at least 10

times more than W

w = 4/ (R1Cc (25)

C

w

c IOWn

(26)

We have chosen the damping factor of 0.8 with
1.5 % overshoot and natural frequency of 3653.2
[rad/sec]. To recover the better timing signal,
we have used frequency divider circuit before the
recovery circuit and the frequency multiplication
has made in PLL circuit. As the factor of 2.0
is taken, the practical transfer gain of PFD, VCO
will be considered to be half times of original
values.

V. Simulation and Results

The variances of phase error due to the each
noises are shown in Figs, 5,6 and 7. The magnit-
udes of variances increase with the detuning
frequency.

VI. Conclusion

We have derived the phase error variance from
the Gaussian, pattern, shot noises through the
first-order approximation on the pertubation
techniques and the Taylor series in case of nonzero
detuning loop.

Variance (Gaussian thermal noise)
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Fig.5. Variance due to Gaussian noise.
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Variance (pattern noise)
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Fig.6. Variance due to pattern noise.

Variance (pattern noise)
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Fig.7. Variance due to shot noise.

The poreviously designed and implemented
90.194Mbps (1344 voice channels) fiber-optic
system has been adopted in this analysis and
through the computer simulation its performance

variation can be obtained. The augmented vari-
ances due to Gaussian, pattern, shot noise are
18.67 [dB], 5.12[dB] and 27.91{dB] in case
0.06% detuning frequency of symbol rate is
compared to zero detuning. The further research
will be remained to minimize the phase error
variance and to optimize the retiming clock
systems.
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