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Additive Noise and Jitter Performance
Analysis of Passive Optical Interferometers
Operated at Ultrahigh Rates
Konstantinos Yiannopoulos, George Theodore Kanellos, Nikos Pleros, and Hercules Avramopoulos

Abstract—In this paper, we theoretically associate the additive
noise, the amplitude jitter and the timing jitter at the input and
output of passive optical interferometers. We make use of the
theoretical results to assess the noise and jitter performance
of interferometer based applications such as pulse repetition
frequency multiplication and clock recovery. We show that, for
both applications, interferometers may successfully reduce the
noise and the jitter existing in the input signals, and thus yield
very high quality output signals. Furthermore, we focus on the
practical aspects of deploying Fabry–Pérot interferometers in rate
multipliers and clock recoveries, and provide rules for selecting
the characteristics of the Fabry–Pérot interferometer to meet
specific quality requirements for the output signal.
Index Terms—Additive noise, amplitude jitter, clock recovery,
Fabry–Pérot interferometers, interferometers, optical signal processing, pulse repetition frequency multiplication, timing jitter.

I. INTRODUCTION

P

ASSIVE interferometers appear to be well-suited candidates for deployment in optical signal generation and
signal recovery applications, including high rate optical sources
[1]–[4], burst generators [5], [6], coders/decoders [7], [8],
clock recoveries [9]–[13], and receivers [14]. This mainly owes
to their characteristic impulse response that can be properly
tailored to meet specific performance requirements in each
respective application, as well as to their capability of performing in ultrahigh bit rates exceeding hundreds of gigabits
per second. However, operating optical subsystems employing
passive interferometers at ultrahigh rates imposes severe limitations regarding the measurements that have to be performed
upon the pulse train at the output of the interferometer. In
particular, amplitude and timing jitter of the output pulse train
are key parameters when assessing the output signal quality
but can not be easily measured due to the limitations in the
test equipment. So far, several methods have been proposed
for calculating the amplitude and timing jitter of ultrahigh-rate
pulse trains, including radio frequency spectrum analysis [15],
[16], intermediate frequency spectrum analysis after electrical
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frequency down-conversion [17], time-domain demodulation
after optical down-conversion [18] and optical cross correlation
[19].
In the present work, we propose a novel theoretical method
for estimating the amplitude and timing jitter at the output of
interferometer based systems. This method relies on the association of the amplitude and timing jitter at the input and output
of the interferometer in terms of its impulse response, or equivalently its transfer function. As a result, the root-mean-square
values of the amplitude and timing jitter at the output of the
interferometer are expressed as a function of the interferometer
impulse response and their respective values at the input.
We apply this method to split-and-delay and to Fabry–Pérot
interferometric configurations performing rate multiplication,
showing that the infinite duration of the impulse response of
the Fabry–Pérot makes it possible to reduce the input jitter,
while the split-and-delay interferometers (SDIs) suffer from
excessive timing jitter. Moreover, we discuss the interferometer
based clock recovery scheme and examine the applicability of
Fabry–Pérot interferometers as retiming elements, revealing
that the Fabry–Pérots successfully retime the incoming data by
reducing the timing jitter below 50% for pseudo-random bit
sequences (PRBS), making them perfectly suitable for deployment in 3R regenerative setups. As such, the proposed method
provides accurate estimation for amplitude and timing jitter for
systems operating at over multihundred of gigabits per second,
where the direct measurement of both quantities is not feasible,
as well as a valid estimate for lower rate systems, where the
amplitude and timing jitter measurement precision is limited,
as for example when the jitter is estimated by suppressed
radio frequency (RF) harmonics [1], or only a couple of RF
harmonics is available [15]. Finally, this method can be applied
to design optimal applications of interferometers minimizing
amplitude and timing jitter of the output signal.
The rest of the paper is divided into three sections. In Section II, we make a detailed discussion on the response of the
interferometer when driven by a nondeterministic signal, as is
the case of jitter, and we derive the equations that associate the
input and output jitter. To this end, Section II includes the impact
of the interferometer response on additive noise and provides a
noise figure (NF) calculation, as well. In Section III we apply
the results of the theory on the rate multiplication technique and
assess the noise and jitter performance of split-and-delay and
Fabry–Pérot interferometers performing rate multiplication. Finally, in Section IV we discuss the interferometer-based clock
recovery scheme and examine the applicability of Fabry–Pérot
interferometers as retiming elements.
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II. THEORETICAL ANALYSIS

(8)

The aim of this section is to associate the amplitude and
timing root-mean-square (rms) jitter deviation, as well as the
additive noise power at the input and output of the passive optical interferometer. We begin our analysis considering that the
and timing
input optical signal suffers from amplitude
jitter, which lie in the small signal domain
.
As a result, the optical power may be written as [15], [20]

(1)
is the power of the perfect (jitter-free) signal,
is
where
the time derivative of the signal power, and is the bit period of
the signal. Although it is common practice to measure the jitter
in the optical power domain of (1) [15], [20], [21], we need to
find the respective optical field, since the optical interferometer
impulse response we use later on in this section is valid only for
optical fields. Under the small signal assumption for the jitter,
we can express the optical field as

(9)
In (7)–(9)
,
denote the contribution
of the optical field, amplitude jitter, timing jitter and additive
noise autocorrelations, respectively, to the input autocorrelation
function.
In as similar fashion, we need to evaluate the autocorrelation
of the stochastic process
at the output of
function
the interferometer, and then calculate the SNR and rms output
jitter deviations. The autocorrelation function of the signal at the
output is given by

(10)
where
eter

is the impulse response function of the interferom-

(2)
(11)
Based on (1) and (2) the rms amplitude and timing jitter deviations as measured in the field domain
,
and the rms
amplitude and timing jitter deviations as measured in the power
,
are related as follows:
domain

We evaluate the integral of (10) and we find that

(12)
(3)
(4)
Thus, although we will refer to the field rms jitter deviation for
the rest of the paper, unlike the commonly used power rms jitter
deviation, the association between them is straightforward.
After including the additive noise term in (2), we finally obtain the signal at the input of the interferometer

In (12) we have introduced the discrete autocorrelation coeffiof the interferometer, calculated by
cients

(13)
The SNR and rms jitter deviations at the output are given by

(5)
The next step is to calculate the rms jitter deviation and noise
power of the input signal, by means of the autocorrelation function of
. Under the conditions that
,
, and
are zero mean, wide-sense stationary stochastic processes, the
autocorrelation function is given by

(6)
The input signal signal-to-noise ratio (SNR) and jitter rms deviations are then calculated by

(7)

(14)

(15)

(16)

The autocorrelation contributions
in (14)–(16) are defined similar to the contributions to the input signal autocorre.
lation
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In order to simplify (14)–(16) we need to evaluate the autoof the jitter-free optical signal. We
correlation function
assume that the optical signal is in return-to-zero format with a
, thus it may be written as
bit period equal to

(25)
(26)
After combining (7)–(9) and (21)–(23) we finally obtain

(17)
where

is the function that describes the optical pulse and
indicates the data signal encoded on the respective
pulse. The autocorrelation function of the optical signal is then
given by [22]

(27)

(28)
(18)
where
is the autocorrelation function of the optical pulse
is the discrete autocorrelation function of the data, caland
culated by

where

(19)
From (18) we see that if the optical pulse duration is short with
respect to the bit period, which is the case in return-to-zero formats, then there is no interference between successive pulses at
the autocorrelation function, thus

(20)
After replacing the autocorrelation function in (14)–(16), they
simplify to

(21)

(22)

(23)

The last step of the theoretical analysis is to associate the
rms jitter deviations and SNRs at the output and input of the
interferometer. We make this association after defining the NF
and rms jitter deviation ratios

(24)

(29)
denotes the respective normalized noise or jitter autocorrelation
function.
We conclude this section by commenting on several assumptions we have made. A key assumption is that jitter and noise
are wide sense stationary processes, therefore their autocorrelation functions depend only on variable . However, when the
jitter and noise processes are nonstationary, their autocorrela, and as a result, the
tion functions must be replaced by
respective rms deviations will vary with time. Filtering nonstationary processes is possible by deploying adaptive filters [23],
but this is beyond the scope of this paper. A second assumption
is uncorrelated with the optical
is that the amplitude jitter
field
. Our analysis is still valid in a more realistic scenario,
in which the amplitude jitter and the optical field are correlated.
In such case, the products of the individual autocorrelation funcand the amplitude jitter
tions of the optical field
are replaced by the cross correlation function
in (8)
and (15). Finally, we have neglected the effect of interferometric
phase noise, assuming that the coherence time of the optical field
is much larger than the bit period. Despite the fact that this is not
true in most optical systems, the coherence time of the optical
field can be increased in an incoherent-to-coherent wavelength
converter [24] deployed at the input of the interferometer [25].
In the following sections, we apply (27) and (28) to evaluate the performance of interferometer-based rate multipliers
and clock recoveries.
III. RATE MULTIPLICATION
The rate multiplication technique has been extensively
studied by several research groups, since it is capable of
producing ultrahigh rate pulse trains in a simple and robust
fashion. In rate multiplication, a high free spectral range (FSR)
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interferometer is triggered by a low-rate optical signal with
, and as a consequence the rate of the optical
period equal to
. The
signal is multiplied by a factor equal to
low rate signal may be viewed upon as a repetitive pattern of
“0’s,” thus the period of the input
one “1” followed by
. This approach is
signal relates to the bit period as
consistent with the notation of the coefficients of (17), which
are given by
(30)
while the respective discrete autocorrelation function is calculated as
(31)

Fig. 1. Rate multiplication with the FPF: calculated NF versus the FPF finesse
for multiplication factors m = 1; . . . ; 16.

We introduce (31) into (27) and (28) to study the noise and jitter
performance of the interferometers.
A. Noise Figure (NF) Analysis
After combining (27) and (31) we obtain

(32)

which shows that the NF of the rate multiplication process depends only on the interferometer correlation function and the
. Since in most practical
noise spectral power density
is much larger
cases the additive noise spectral bandwidth
than the interferometer FSR, the noise autocorrelation function
is a delta function. Thus, (32) simplifies to

Thus, SDI-based rate multipliers are capable of performing rate
multiplication without altering the NF of the input signal.
This is not the case however in FPF-based multipliers. The
FPF does not produce equal amplitude replicas of a single pulse,
but its impulse response function is exponentially decaying.
pulses,
Since their impulse response function lasts for over
FPFs suffer from pulse to pulse amplitude variations which
may significantly degrade the output signal if not dealt with
[1], [2]. However, the fact that the duration of the FPFs impulse
pulses gives them the advantage of better
response is over
filtering the noise, thus enhancing the NF. In order to assess the
noise and jitter performance of the FPFs we first calculate their
discrete autocorrelation function

(37)
(33)

where is the FPF mirror reflectivity. By combining (33) and
(37) we calculate the NF

To further elaborate in the study of noise performance in rate
multiplication we study two commonly deployed types of interferometers, the SDI and the Fabry–Pérot filter (FPF). The
SDI produces successive equal amplitude replicas of a single
pulse, thus its transfer function is given by

(38)

(34)

The NF of (38) is plotted in Fig. 1 against the FPF finesse for
. As it can be verified from
multiplication factors
Fig. 1 rate multiplication in the FPF achieves very high NFs, and
after curve fitting we find that the NF can be approximated by

The respective discrete autocorrelation function of the interferometer is calculated as
(39)
(35)
After combining (33) and (35) we find that the NF is given by

(36)

which provides a rule of the thumb for selecting the finesse of
the FPF in the rate multiplier when noise performance enhancement is required, and this might be the case if the low rate signal
introduced to the FPF is of poor quality. In such case, the respective SDI-based multiplier would maintain the poor quality of the
signal.
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B. Amplitude and Timing Jitter Analysis
As far as the amplitude jitter is concerned we combine (28)
and (31) to obtain

[21] or uncorrelated [20], [21]. In the uncorrelated jitter regime,
,
the jitter bandwidth is much larger than the interferometer
thus the jitter autocorrelation function is practically a delta function, similar to the additive noise analysis case. Considering that
the jitter is uncorrelated, (40) and (41) reduce to

(40)

(47)

(48)
(41)

The multiplication factor is introduced in (41) so as to relate
the output timing jitter deviation with the resulting repetition
.
period, since
We use (40) and (41) to study the jitter performance of SDIand FPF-based rate multipliers. As far as the SDIs are concerned, we make use of their autocorrelation function to obtain

which shows that it is possible to reduce uncorrelated timing
jitter in an FPF-based rate multiplier only when

(49)
and in such case the amplitude jitter ratio is also reduced to

(50)
(42)
(43)
As a result, SDI rate multipliers leave amplitude jitter unaffected, but drastically degrade the timing jitter. Thus, SDI-based
rate multipliers require low rate triggering pulse trains of very
high fidelity. The fidelity requirements may be relaxed, however, in FPF-based rate multipliers. When FPFs are employed,
the jitter rms deviation ratios become

The uncorrelated amplitude and timing jitter rms deviation ratios are plotted in Fig. 2-1(a) and 2-2(a), respectively. As it can
be verified from these figures, it is always possible to reduce
amplitude jitter, however timing jitter may be reduced upon the
condition described in (49), and higher FPF finesses are required
as the multiplication factor increases.
Contrary to the uncorrelated jitter regime, in the correlated
is orders of magnitude
jitter regime the jitter bandwidth
smaller than the FPF FSR. In the extreme limit where the jitter
bandwidth is infinitesimally small (fully correlated jitter) with
, the autocorrelation function
equals
respect to the
unity for all , and (44) and (45) reduce to
(51)
(52)

(44)

(45)
Equations (44) and (45) are plotted versus the FPF finesse and
for several multiplication factors in Fig. 2. The graphs have been
plotted considering a Gaussian jitter spectral power density

(46)
of the jitter spectral power
Depending on the bandwidth
, jitter is categorized as being correlated [16],
density

Thus, the FPF, much like the SDI, is not capable of reducing the
fully correlated amplitude jitter and aggravates the correlated
timing jitter by the multiplication factor , and this is clearly
shown in Fig. 2-1(c) and 2-2(c). The results of (51) and (52)
generally hold for any type of interferometer-based rate multiplier operating in the correlated jitter regime, and this can be
in (40) and (41).
shown after we replacing
Finally, when the jitter bandwidth is close to the FPF FSR
(partially correlated jitter) [26], (44) and (45) cannot simplify
and have to be calculated. The case of partially correlated jitter
is shown in Fig. 2-1(b) and 2-2(b). Fig. 2-1(b) shows that, like
the uncorrelated and fully correlated cases, it is always feasible
to reduce the amplitude jitter, and the degree of reduction lies
between the two extremes. Similarly, Fig. 2-1(b) shows that it is
not always possible to reduce timing jitter, however when this
is possible higher finesse values are required with respect to the
uncorrelated jitter case.
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Fig. 2. Rate multiplication with the FPF: calculated amplitude and timing jitter ratios versus the FPF finesse for multiplication factors m
, and
in columns (a), (b), and (c), respectively.
equals ,

10

= 1 . . . 16. 1 FSR
;

;

f=

IV. CLOCK RECOVERY
Clock recovery is a crucial optical node functionality, for it provides the necessary synchronization in optical subsystems, such
as optical receivers [14], 3R-regenerators [27], and header processing circuits [28]. Experimental results have shown that the
timing and amplitude jitter of the recovered clock in interferometer-based clock recoveries is less than that of the incoming
data [14], [29], and this has been taken advantage of in the experimental demonstration of an all-optical receiver [14]. In the
current section, we confirm these experimental results.
In interferometer-based clock recovery, the interferometer
FSR is chosen to be equal to the inverse of the bit period of
the incoming signal, and as a result the interferometer isolates
the spectral components of the signal that lie near multiples of
the FSR, yielding a clock resembling signal at the output. In
the time domain this process corresponds to partially filling the
data pattern “0’s” with “1’s,” and this random distribution of
“0’s” and “1’s” in the coefficients of (17) has to be taken into
account when the NF and rms jitter deviation ratios of (27) and
(28) are calculated. Although (27) and (28) are consistent for
any type of the incoming data, we assume that the data form a
PRBS of order , the autocorrelation function of which is given
by

(53)

with
being the PRBS period [30]. We introduce
(53) in (27) and (28) to study the regenerative properties, with
respect to the noise and jitter, of the interferometer-based clock
recoveries.

Fig. 3. Clock recovery with the FPF: calculated NF versus the FPF finesse for
; ;
;
.
PRBS order n

= 3 7 11 31

A. NF Analysis
We combine (27) and (53) to obtain

(54)

If the additive noise bandwidth is large compared to the interferometer FSR (54) simplifies to

(55)
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Fig. 4. Clock recovery with the FPF: calculated amplitude and timing jitter ratios versus the FPF finesse for PRBS order n
, and
in columns (a), (b), and (c), respectively.

10

10

This shows in a straightforward manner that the NF is always enhanced in interferometer-based clock recoveries, and this is to
be expected, since the interferometer rejects the additive noise
that does not lie near the clock harmonics. For a quantitive analysis of (55) we consider the case when the clock recovery is performed in a FPF, for which case the NF is calculated as

(56)

= 3 7 11 31. 1 FSR equals 1,
;

;

;

autocorrelation function is practically a delta function and then
the rms jitter deviation ratios simplify to

(59)

For the FPF-based clock recovery, (58) is written as

which is plotted in Fig. 3 versus the FPF finesse for PRBS orders
. Fig. 3 shows that clock recovery in the FPF
achieves very high NFs which vary linearly with the FPF finesse,
and as a rule of the thumb the NF is approximated by

(57)
Noise figure improvement is achieved irrespective of the PRBS
,
order, and this is demonstrated in Fig. 3 where curves for
11,31 overlap. This is so, since the PRBS period relates expois practically
nentially to the PRBS order, and as a result
zero for all PRBS orders in (56).
B. Amplitude and Timing Jitter Analysis
In a similar fashion, we combine (28) and (53) to obtain the
jitter rms deviation ratios

(58)
This shows that both the amplitude and timing jitter of the
generated clock signal is always reduced with respect to the
jitter of the incoming data, and the degree of reduction depends
strongly on the duration of the jitter autocorrelation function.
If the data jitter varies between successive pulses then the
is much larger
jitter spectral power density bandwidth
than the interferometer FSR, similar to the uncorrelated jitter
regime of the rate multiplication case. Consequently, the jitter

f=

(60)

which for the pulse-to-pulse jitter simplifies to

(61)
Equation (61) is plotted versus the FPF finesse and for PRBS
in Fig. 4(a). As it can be verified from
orders
the figure, the remaining jitter in the clock signal is drastically
reduced to 5%–50% of the jitter existing in the incoming data,
depending on the FPF finesse.
Jitter reduction is also possible when the jitter bandwidth is
, however in this case the jitter rms
comparable to the FPF
deviation ratios of (60) have to be calculated for a given jitter
spectral power density. Fig. 4(b) plots the results of the calculation for the FPF-based clock recovery, when the jitter spectral
power density is Gaussian, as in (46). Fig. 4(b) shows that both
the amplitude and the timing jitter can be drastically reduced to
30%, however higher FPF finesse values are required as compared to the pulse-to-pulse jitter case of Fig. 4(a).
In the extreme case where the jitter bandwidth is small compared to the interferometer FSR, similar to the correlated jitter
regime of the rate multiplication case, then the autocorrelation
function is practically unity for all , and (60) reduces to

(62)
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This is clearly shown in Fig. 4(c), where there is only a marginal
reduction in the jitter of the clock signal at the output of the
FPF. This marginal reduction is also expected for any type of
interferometer, since (62) generally holds, as it can be easily
shown after setting the jitter autocorrelation function equal to
unity in (58).
V. CONCLUSION
In this paper, we discussed the impact of passive optical interferometers on the additive noise, the amplitude jitter and timing
jitter of the input signals by associating theoretically the input
and output noise and jitter in terms of the autocorrelation functions of the input signal, the interferometer impulse response
and the noise and jitter. We applied the results of the theoretical
analysis to evaluate the performance of interferometer-based
rate multiplication and clock recovery schemes, showing that
it is possible to reduce additive noise and amplitude jitter when
employing interferometers in rate multiplication configurations,
although the timing jitter may be aggravated by the multiplication factor unless certain conditions are met. Moreover, we discussed the deployment of FPFs in rate multipliers and provided
guidelines for selecting their finesse so as to meet certain quality
requirements for the produced high-rate pulse train in terms of
its noise and jitter. As far as the interferometer-based clock recoveries are concerned, we showed that both noise and jitter are
always reduced, irrespective of the interferometer characteristics. The FPF-based clock recovery, in particular, is capable of
reducing amplitude and timing jitter up to 5%–30%, depending
on its finesse and the jitter bandwidth, and is a perfectly suitable candidate to deploy in regeneration schemes. We believe
that this work can be of practical importance for accurately estimating the jitter at the output of interferometer-based systems
when they operate at rates over 100 Gb/s where no testing equipment exists, and as a design tool for determining the interferometer impulse response in order to achieve optimal noise and jitter
at its output.
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