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Optimum Parameter Determination of PLL Used in

Timing Clock Recovery Circuit
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Abstract

The closed-loop transfer function of 2-nd order PLL(phase-looked loop) of which loop filter

has active-lag 1-st order is found. Considering the three criteria of system performance: the
transient response time of the circuit, noise bandwidth by the linear analysis and stability which
uses root-locus method, the optimum value of damping factor is 1.0 and the natural frequency
which depends upon the signal frequency can be determined after consideration of the trade-off

relationship between the transient response time and the noise bandwidth.

I. Introduction

In digital/optical PCM data transmission,
timing clock is recovered for the original data
to be found from the input data stream in recei-
vers or repeaters. Self-timing method is very
useful for the clock recovery, in which there are
two typical schemes: tuned-circuit scheme and
PLL (phase-locked loop) scheme [1] [4] [6].
Without the loss of practical generality, PLL is
well-accepted.

On the report of T. Shimamura and I. Eguchi
[3], the proper value of damping factoris 5 to
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8 when the number of repeater chain is 100, or
15 to 18 when the number of repeater chain is
1000 in the viewpoint of minimization of jitter
accumulation. But in this paper the noise band-
width is found to be minimum at the point of
damping factor of about 0.5 which is the same
with the result of F.M. Gardner’s analysis [6].

The noise bandwidth in which damping
factor is 5 to 18 is about 14 to 50 times than
the minimum bandwidth. It is quite natural
that thc larger the noise bandwidth is, the poor-
er the system performance is. In addition to
the noise bandwidth, the ‘transient response
time and the stability are considered for the per-
formance enhancement of 2-nd order PLL
which is generally used in timing recovery cir-
cuit.



II. Second-order PLL

In Fig. 1. the active-lag typed loop filter is
shown which is used in the second-order PLL.

C

f___

R2

R1

Fig. 1. 1-st Order Active Loop Filter.

For large A in Fig. 1, L(s) which is the trans-
fer function of loop filter is represented in eq.

(1).

ST2 + 1
s)=-————- 1)
STl
where T, = R1*C, T, = R2*C

The PLL block diagram which uses the loop
filter in Fig. 1 is demonstrated in Fig. 2.

Eq. (2) is the expression of closed-loop
transfer function [5] [6].

8o (s)
0i (s)
KvKpL (s)
s + KvKpL (s)

H(s) = (2a)

H(s) = (2b)

where Kv is the transfer gain of VCO,
Kp is the transfer gain of PD.

Fig. 2. 2-nd Order PLL.

Combining the eqs. (1) and (2), we can obtain

the eq. (3).
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H(s) = (3)

where wq is (KvKp/ T, )l/2 which is natural fre-
quency, £ is(T,wy)/2 which is damping factor.

Here we can see that the natural frequency
and the damping factor change according to the
variation of the transfer gain of devices and the
passive elements.

III. Transient Response Time

In line coding for digital communications,
bipolar NRZ(nonreturn-to-zero) data without
DC component will be transmitted. BUU(bi-
polar-to-unipolar unit) in repeaters or receivers
converts this signal to the signal with the dis-
crete spectral components. The unipolar NRZ
data stream will reach the timing recovery cir-
cuit through the BPF(bandpass filter).

From eq. (3) the output response will be eq.
(4) when the input data of 1 is applied.
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C(s) = 4
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In order to study the transient response time
(rise time), eq. (4) must be inversely transform-
ed to time-domain. The consequent equations
(5), (6), (7) are classified in accordance with
the variation of damping factor.

When damping factor £ is greater than 1.0,
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When damping factor £ is less than 1.0,



Optimum Parameter Determination of PLL Used in Timing Clock Recovery Circuit
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(t)=1 +ﬁ sin(w /1- £ 2t+a)
2Esim/1- £ 2w t SRt

1-£2

(6)
where o is -tan”! «/1- g2 £).
When damping factor § is equal to 1.0,
c(t)= 1- ewnt + wt e Wnt @)
In practical digital/optical transmission

system the natural frequency wp has at least
3000 [rad/sec] (especially, 3653 [rad/sec] in
1344 channel (2 * T3 level) 90 Mbps fiber optic
system). For the mathematical expression of
transient response time (rise time: 10% to 90%
response), the approximation is accomplished
to obtain the egs. (8), (9).
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tp = forf >1.0 (8)
(£ +y/E*- 1wy
0.6325
tR= —— for £ €1.0 (9)
Ewy,

In Fig. 3 transient response time (rise time)
versus damping factor is plotted.
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Fig. 3. Rise Time of PLL.

IV. Noise Bandwidth

Noise accompanying the signal causes the
VCO (voltage-controiled oscillator) phase to
fluctuate. Noise performance is studied in case
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for the stationary, bandpass, Gaussian noise.
Noise bandwidth of the loop through the linear
analysis is depicted as eq. (10) which is general-
ly well-accepted [1] [2] [5] [6].
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BW_=

0 H(znf) * df (10)

After eq. (3) is combined into eq. (10), com-
plex integration is performed by use of residue
threom according to the region of variation of
damping factor. The resultant equations for
the noise bandwidth are as follows.

When 0. < & <1/4/2.

wo (482 +1)
BWn = I
8sin[0.5*arctan(2 £ v/1- £2/(1-2§ 2))]
(11
When £ =1 \/i_,
BWn=3\/2 w_/8 (12)

When 1 /2 <§< 1.0,

wo (482 + 1)

BWn =
" 8cos[0.5*arctan(2£4/1- £2 [ (2E2 - 1))]

(13)
When £ is equal to 1.0,
BWn = w_*(5/8) (14)
When ¢ >1.0,
-ql (4E%+1
BWn = w, [p-a] (4% ) -

16£+/52- 1

wherep=\/2£2-1+2£\/§2~l
a=v2£%-1-28/5% 1

The noise bandwidth normalized by the
natural frequency is graphically shown in Fig. 4
from which we can see that the noise bandwid-
th is minimum at damping factor of 0.49 and
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Fig. 4. Noise Bandwidth.

hereafter linearly increases in parallel with the
growth of damping factor.

V. Stability

Of the system stability criteria, the root-locus
method is applicated to this 2-nd order PLL cir-
cuit.

The root-locus is the trace of poles of the
closed-loop transfer function (the movement of
root of denominator) in s-domain as the para-
meters such as damping factor, natural frequen-
cy vary from zero to infinity.

The farther the poles go to the left hand side
from the ordinate, the more stable the circit is.
The root-locus for the 2-nd order PLL is shown
in Fig. 5. The dominant root-locus which de-
termines the stability is also drawn,
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(a) total root-loci (b) dominant root-locus

Fig. 5. Root-Locus of 2-nd Order PLL.

From Fig. 5, we can plot the magnitude of
stability to the variation of damping factor
because poles of eq. (3)are wn[-(t/8%-11,
which is demonstrated in Fig. 6.

In the region where damping factor has 1.0,
the PLL circuit is most stable.
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Fig. 6. Stability Variation.

V1. Discussion

Fig.3,4,6 are graphical results based on the
analysis of circuit parameter for the perform-
ance enhancement of 2-nd order PLL. The
smaller the noise bandwidth is, the smaller the
transient response time is and the farther the
poles exist from the imaginary axis in s-domain,
the richer and the better the 2-nd order PLL
circuit is. The global property which depends
on the three criteria is shown in Fig. 7.
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Fig. 7. Global Property of 2-nd Order PLL.

Therefore the optimum value of damping
factor is 1.0.

The noise bandwidth and stability are pro-
portional to the natural frequency and transient
response time is inversely propertional to the
natural frequency. In general, the natural fre-
quency will be calculated so that the transient
response time may be at most 10% of the signal
duration time and the noise bandwidth may be
small as possible and the circuit may be stable.

VIH. Conclusion

The 2-nd order PLL which adopts the active-
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lag 1-st order as loop filter has been analysed on
the basis of three criteria: transient response
time, noise bandwidth, stability.. The conclu-
sive result is shown in Fig. 7. in which the
optimum value of damping factor is 1.0.

The transient response time is inversely pro-
portional to the natural frequency as shown in
Fig. 3. the noise bandwidth and stability are in
parallel with the natural frequency in Fig. 4,
Fig. 6. respectively.
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