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Abstract| This paper presents a salient method to

�nd an optimal bandwidth for low noise phase-locked

loop (PLL) applications by analyzing a discrete-time

model of charge-pump PLLs based on ring oscillator

VCOs. The analysis shows that the timing jitter of

the PLL system depends on the jitter in the ring os-

cillator and an accumulation factor which is inversely

proportional to the bandwidth of the PLL. Further

analysis shows that the timing jitter of the PLL sys-

tem, however, proportionally depends on the band-

width of the PLL when an external jitter source is

applied. The analysis of the PLL timing jitter of both

cases gives the clue to the optimal bandwidth design

for low noise PLL applications. Simulation results us-

ing a C-language PLL model are compared with the

theoretical predictions and show good agreement.

I. Introduction

In modern data transmission systems such as local area

networks, disk drive system, telecommunication networks,

and optical communication systems, information is trans-

mitted or received in the form of either baseband or pass-

band signals containing sequences of digital symbols. In

these applications, usually only data signals are transmit-

ted by the transmitter and separate clock signals used

to synchronize the data are not transmitted to save the

expense of the interconnection and hardware. Therefore,

the receiver should extract the clock information from the

received data using a circuit block, called the clock recov-

ery circuit, and synchronize the data with the extracted

clock. Most of the clock recovery circuits contain at least

a PLL due to its excellent performance in extracting the

clock information[1][2].

In clock synthesis systems such as video, audio, and

data processors, several sets of clocks are usually required

to meet the di�erent frequency requirements for the inter-

nal signals. In these applications, those multiple frequen-

cies for the clocks should be generated from an external

reference clock which has a �xed frequency. In this case,

the clock synthesis system uses a circuit block, called the

frequency multiplication circuits based on a PLL with fre-

quency dividers[3][4].

As clock rates go higher, more stringent requirements

are put on the PLLs toward reducing the PLL noise be-

cause it increases error rates of a system. In the clock re-

covery system, the VCO(voltage controlled oscillator) in

the PLL is locked to the incoming noisy data bit stream

and the PLL is required to reduce the noise in order to

generate low noise output clock. However, in the clock

synthesis system, the VCO is locked to a low noise refer-

ence, often in the form of crystal. In this system, the out-

put noise is mainly a�ected by the internal noise sources

such as the VCO, phase detector etc. In both cases, it will

be shown that there is a trade-o� involved in selecting the

bandwidth of the PLL. A narrow bandwidth PLL rejects

input noise very well but does not correct the VCO tim-

ing errors as quickly, leaving the total output noise unre-

duced. On the other hand, a wide bandwidth PLL can

correct VCO errors more quickly but if made too wide,

leaves the system input noise unreduced.

Because the noise environments of both system are dif-

ferent, the bandwidth requirements are also di�erent. The

goal of this paper is to estimate the root mean square

(rms) phase noise (jitter) of a PLL clock output and �nd

the optimum bandwidth which gives the best noise per-

formance for each system. In section II, the noise analy-

sis is performed to obtain the total output jitter and the

equation for the optimum bandwidth is derived from the

analysis. Section III presents some design examples and

simulations with a behavioral model of a charge-pump

based PLL. Finally, in section IV, conclusions are drawn.

II. PLL Optimal Loop Bandwidth

The basic jitter analysis for a given internal VCO jit-

ter source has been published in [5]. However, to create

the logic connection to the overall analysis some material

here are repeated in this paper. As mentioned in [5], the

timing jitter in a ring-oscillator PLL depends on the in-

teraction of noise in the oscillator with the dynamics of

the phase-locked loop. It has been shown in [5] that the



timing jitter variance at the end of a chain of inverters

is given by the sum of the contributions of each stage. If

each stage contributes a timing error with variance ��2
n
,

then the total jitter at the end of N stages is N��2
n
. In

a ring-oscillator this timing error determines the starting

point of the next cycle and therefore creates a permanent

phase shift in the output signal. If the ring-oscillator is

con�gured in a phase-locked-loop, however, the phase dif-

ference between the reference clock and the oscillator out-

put is detected and compensated by the dynamics of the

loop. The phase detector will sense the shift and create an

error signal to change the frequency of the ring-oscillator

VCO in a way which moves the phase of the output in the

right direction.

Since the amount of phase adjustment is usually small,

the phase error is not corrected in one clock cycle, but

it is reduced gradually over the course of several cycles.

The phase error may remain for up to several hundreds

of cycles, depending on the bandwidth of the loop �lter

in the PLL.

Analysis of the accumulated phase jitter and its rela-

tion to the loop bandwidth is important for both clock

synthesis and clock recovery applications. In most PLL

clock synthesizer designs, the reference clock comes from

a very low jitter source such as crystal oscillator. There-

fore, the jitter in the ring-oscillator is the main source of

the phase error in the synthesized clock. For clock recov-

ery applications there is a trade-o� involved in the choice

of the loop bandwidth since the input signal that is being

locked to is not ideal, but has timing jitter associated with

it as well. A narrow loop-band width will reduce the im-

pact of jitter in the input signal since the loop will not try

to track input uctuations as strongly. On the other hand,

this means that it will take more time to compensate for

the jitter events in the ring-oscillator. Previously, more

attention has been paid to the �rst e�ect than the second,

but both are important for high performance clock recov-

ery applications. So for both clock synthesis and clock

recovery applications, a thorough analysis of the output

jitter due to the internal jitter sources as well as the ex-

ternal jitter source is important [6].

To �nd the accumulated rms jitter, a PLL which uses

a sequential phase detector and a charge-pumping circuit

(Fig.1) is represented by a simple discrete-time model as

shown in (Fig.2)[7]. The transfer function for jitter in the

PLL due to the internal jitter sources is represented by

(1) in z-transform domain.

�on(z) =
�ni(z)

1 +KdKvZF (z)z�1
(1)

Here the phase detector gain and VCO gain is given by

Kd = Is

2�
and Kv = dw

dv
respectively. Is indicates charge

pumping current and the ZF (z) represent the Z transform

of
H(s)

s
, where H(s) is the transfer function of the PLL

loop �lter(Fig.3).
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Here the loop �lter impedance H(s) can be reduced to

�rst order if the ratio of C2

C1

is less than 1. In this case, a

represent the gain of the loop �lter, and b represent the

zero of the �lter. Then,

ZF (z) = T �Z

�
L�1

�
H(s)

s

�
t=nT

�

= aT �
z2 + (bT � 1)z

(z � 1)2
�= aT �

z

z � 1
(3)

Since the PLL input data rate, 1
T
, is larger than the

zero b of the �lter, the product, bT in equation (3), is

negligible. Therefore, the (1) can be rewritten as (4).

�on(z) =
1� z�1

1� (1� �)z�1
�ni(z) ; where � = KdKvaT

(4)

In the equation (4) the timing jitter �ni(z) from the

ring oscillator can be modeled as a sequence of unit step

phase jump with random magnitude. And a single phase

jump at time nT can be represented by (5).

�ni(z) =
2���r

T

1

1� z�1
(5)

where ��r is the magnitude of the error step in the vco

phase. Then the output jitter at time nT in equation (4)

can be rewritten as (6) in z domain.

�on(z) =
2���r

T

1

1� (1� �)z�1
(6)

To see the result of the phase error in the time domain,

equation (6) needs to be transformed to time domain.

�on(nT ) =
2���r

T
(1 � �)nu(nT ) (7)

The summation of output timing error is represented

by (8).

�tot(nT ) =

nX
k=�1

�
2���k

T
(1� �)n�k

�
(8)

To �nd out the r.m.s. output jitter, the expectation of

the square of the sum(8) is calculated and represented by

(10). Where the r.m.s. of the ring oscillator ��r, ��l are

not correlated with di�erent time sample. As a result,

E[��r��l] is 0, when r 6= l and ��2
r
, when r = l.

E[�2
tot
(nT )] =

�
2�

T

�2
��2

r

nX
k=�1

(1� �)2(n�k)
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�
2�

T

�2
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1

�(2� �)

=

�
2�

T

�2
��2

r

2�
; where �� 1 (9)



q
E[�2

tot
(nT )] =

r
1

2�

�
2�

T

�
��1rms (10)

where ��1rms =
p
��2, and the product KdKvR is se-

lected less than 1
T
. According to the equation (10), total

rms output jitter due to internal VCO phase is inversely

proportional to the loop bandwidth of the PLL. Conse-

quently, increasing the PLL loop bandwidth decreases the

jitter accumulation in the output under the condition of

bT � 1, �� 1.

To �nd the output jitter caused by the external jit-

ter source, the same model is used except that the jitter

source moved from the VCO to the input. Then, the

transfer function for the PLL output jitter due to the in-

put jitter source is represented by (11) in the z-transform

domain.

�orn(z) =
KdKvZF (z)z

�1

1 +KdKvZF (z)z�1
�nr(z) (11)

In the equation (11) the timing error input �nr(z) from

the external input jitter source can be modeled as a se-

quence of single pulse with random magnitude. And a

single phase pulse at time nT can be represented by (12).

�nr(z) =
2�

T
��s (12)

where ��s is the magnitude of the error pulse. Then the

output jitter at time nT can be rewritten as (13) using

the equation (3) and (12).

�orn(z) =
2���s

T

�z�1

1� (1� �)z�1
; where � = KdKvaT

(13)

Then jitter output in the time domain is shown (14) by

inverse-z-transform.

�orn(nT ) =
2���s

T
� � (1� �)n�1u[(n� 1)T ] (14)

The summation of output timing error is represented

by (15).

�tot(nT ) =

nX
k=�1

�
2��tk

T
� �(1� �)n�k+1

�
(15)

To �nd out the r.m.s. output jitter due to the external

input jitter sources, the expectation of the square of the

sum (15) is calculated and represented by (16). Where

the r.m.s. of the external input jitter ��s ,��l are not

correlated with di�erent time samples.

q
E[�2

tot
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r
�

2
(1� �)

�
2�

T

�
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�=

r
�

2

�
2�

T

�
��2rms (16)

where ��2rms =
p
��2, and the product KdKvR is se-

lected less than 1
T
. By combining equation (10) with (16),

we can get the total PLL output rms jitter(17).

q
E[�2

tot
(nT )] =

r
1

2wnT

�
2�

T

�
��1rms +

r
wnT

2

�
2�

T

�
��2rms (17)

It is found that the output rms jitter is inversely pro-

portional to the � = KdKvaT when the internal jitter

is applied and proportional to when the external input

jitter source is applied. Here, the parameter � is repre-

sented by the product of the loop bandwidth parameter

wn = KdKva and the data rate T .

Minimization of equation (17) gives us the optimal PLL

bandwidth Wopt.

Wopt =
1

T

�
��1rms

��2rms

�
(18)

where the ��1rms is the r.m.s jitter of the internal vco

phase, ��2rms is the r.m.s. jitter of the external input

reference, and the T is the clock period of the PLL. Ac-

cording to the equation (18), the optimal loop bandwidth

of the PLL is closely related with the rms jitter of the

input source and the internal VCO and the clock period

of PLL.

III. Design example and Simulation

To verify the analysis, the PLL is modeled by C-

language with the con�guration shown in Fig.4. The sim-

ulator uses the white gaussian random number generation

for the jitter process including the e�ect of the noisy de-

lay cells in the VCO and the nonlinear physical channel

e�ect and environmental noise in the input.

The parameter of the PLL should be chosen carefully

for fast locking and stable operation. The parameter can

be decided from the viewpoint of the second order sys-

tem such as damping factor and natural frequency of the

PLL although the third order PLL is used. There is no

clear-cut design process, however, for the third order PLL

because of the complexity in controlling the system pa-

rameter. If the capacitor of the loop �lter, C2, be made

less the 20 times the C1, the second order model is enough.

Simulation result of the timing jitter output with vary-

ing was shown in Fig.5, and indicates that there is the

optimumbandwidth which minimizes the PLL output jit-

ter. The obtained bandwidth from the simulation result

agrees with their analysis. The VCO internal rms jitter is

usually very small (� ps), but the input rms jitter varies

a lot with the applications. Therefore in the timing recov-

ery system, where the input jitter dominates, the narrow

bandwidth should be chosen as shown in Fig.5(lower).

However, in the case of clock synthesis system, there is

concave function which has the optimum point generat-

ing low noise as shown in Fig.5(upper). Fig.6 shows the

analytical simulation of the output jitter with the same



parameter Td=internal jitter, Ti=external input jitter of

the above behavioral simulation. This makes a close re-

semblance between them. The optimal bandwidth of the

PLL in the above simulation is about 400KHz in the low

jitter input case and about 4KHz in the large amount of

input jitter.

Here, the decision of the optimal bandwidth requires

the parameters such as, the reference jitter variance, the

internal VCO variance and the system clock periods.

IV. Conclusion

In this paper, the estimation of the root mean square

phase noise of a PLL output taking external and internal

noise source are presented with the behavioral PLL model

simulations verifying the analysis. In the various noise en-

vironment requiring various loop bandwidth, the design

of optimal bandwidth with good noise performance, can

be made through the analytic phase noise model, taking

physical parameters such as external noise variance, in-

ternal noise variance and system periods.

Simulation results using a charge-pump PLL model

shows good agreement with the theoretical predictions.

This analysis can be used both in clock recovery and in

clock synthesis which requires good noise performance in

the PLL.
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