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Summary

In this document, we consider the performance required of an optical-pulse source
for use in ultrafast optically time-division-multiplexed communications systems. For

such a source, the jitter is a critical parameter for achieving a desired bit-error rate.

We describe a pulse source, consisting of a gain-switched laser diode, a linear
pulse compressor, an adiabatic soliton pulse compressor, and a pedestal suppres-
sor. This source meets most of the established criteria. We also examine a means
of reducing the jitter of a gain-switched laser diode, the phenomenon of temporal-
multiplexing-induced amplitude jitter, and two techniques for characterizing any pulse
train’s jitter.

We experimentally compare gain-switching of a laser diode by an electrical
pulse train (created by driving an impulse generator with a sinusoid) or directly by
the sine wave. When the power of the waveform driving the laser is equal in both
cases, pulse-train drive yields lower pulse width, timing jitter, and amplitude jitter.
In contrast, when the power of the sinusoid is held constant, no advantages are found

to result from pulse-train gain-switching.

We derive an expression for the power fluctuations of a temporally multiplexed
pulse train in terms of its pedestal level; this expression quantifies how temporal
multiplexing couples pedestal level to slow, correlated amplitude jitter. Experimental
results (obtained with two pedestal-suppression devices) confirming the theory are

presented.

Finally, we derive two methods of simultaneously extracting the uncorrelated
and correlated contributions of the amplitude and timing jitter (and the correlation

times of the correlated components) of a pulse train from radio-frequency spectra.

xxxii



The first technique extracts these contributions directly from the detected train’s
spectrum. The second extracts the jitter from two spectra obtained from mixing the
detected train with sinusoids that are in phase and in quadrature phase. Simulations
detailing the conditions under which these methods are accurate are provided. Since
the methods’ errors are systematic, we can compensate for them, enlarging the high-
accuracy domain. Experiments confirming the accuracy of the first scheme are also

included.
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CHAPTER 1

Introduction

1.1 Roadmap

Chapter 1 serves as an introduction to the work presented in this dissertation. Sec-
tion 1.2 provides motivation for the work. Section 1.3 is a short note concerning
the nomenclature employed. Section 1.4 is an overview of optical communications.
Section 1.5 examines the behavior and origin of the various types of jitter. Like all

chapters in this document, Chapter 1 ends with a commentary (Section 1.6).

1.2 Motivation

1.2.1 Applications of Short-Pulse Sources

. Sources of low-jitter, ultrahigh-rate trains of ultrashort optical pulses have numerous

applications, including the following:

e Optical sampling [1]-[7].

e Optical time and frequency metrology [8]-[22].
. Optical pump-probe measurements [23].

e Light detection and ranging (LIDAR) [24].

1,



e Optical telecommunications.

In this dissertation, we are principally concerned with the optical-communications

application.

1.2.2 Optical Communications

Typically, one of two optical multiplexing strategies is employed to exploit the enor-
mous bandwidth available in optical fiber: wavelength-division multiplexing! (WDM)
or optical time-division multiplexing? (OTDM). In addition, progress has recently
been made in code-division multiplexing (CDM), though CDM systems are not yet
commonly deployed. OTDM communications systems offer several advantages, par-
ticularly if a return-to-zero (RZ), or pulsed, format is employed. In this document,

we focus on the particular requirements placed on a pulse source in OTDM systems.

1.2.3 Jitter and Pedestal Level
The performance requirements placed on an OTDM pulse source are manifold3:

e A specific repetition rate.
e Low timing jitter.

e Low amplitude jitter.

e A specific pulse shape.

e Low pedestal level.

1 See Subsection 1.4.1.
2 See Subsection 1.4.2.
3 These requirements will be explained and quantified in Subsection 1.4.4



e A narrow pulse width.

e A specific duration-bandwidth product.

In most modern communication systems, both OTDM and WDM, the timing and
amplifude jitter ultimately limit error-free performance [25]. As will be shown?,
OTDM systems require that additional attention be paid to pulse-source jitter [26]
and that special care is also taken with the pedestal level [27], [28]. This manuscript
is concerned with reducing and characterizing the jitter and pedestal level of the
OTDM pulse source. We will show that the process of OTDM multiplexing couples
the pedestal level to amplitude jitter®. The pedestal level is therefore essentially a
jitter issue. Hence, this dissertation can truly be said to focus on jitter related to

OTDM pulse sources.

1.3 Nomenclature

Before swimming off out into the deep sea of jitter, we present a few notes on our

nomenclature.

First, a few standard symbols: as in most optics documents, we use ¢, 7, f,
w, 2, and A for time, delay (used with autocorrelations), frequency measured in Hz,
frequency measured in rad/s, distance in the propagation direction, and wavelength,
respectively. We will use T’ with various subscripts to denote various periods. Addi-
tionally, fiep Will be the repetition rate of a laser or pulse trafn, measured in Hz, and

Wrep Will be same quantity, measured in rad/s.

We will use A to represent the mean (power) amplitude of a pulse train and T

to represent the mean period. The mathematics related to amplitude jitter, AA, and

4 See Subsection 1.4.4.
5 See Chapter 4.



timing jitter, AT, are often quite parallel. We therefore find it convenient to use AJ
to stand for either amplitude or timing jitter. Via the process of back-formation, we

will use J to stand in for either A or T..

Throughout this document, we use o to signify the root-mean-squared (RMS)
width (or standard deviation) of any variable z. Similarly, ¢, will represenf the
autocorrelation of any variable x. We will use @, to stand for the Fourier transform
[29] of ¢, and thus the power spectral density of z. We will use e, to refer to the
error with which o, is extracted. Of central interest will be oAy, RMS amplitude or
timing jitter.

Also throughout this manuscript, we use a hat (*) to denote normalized vari-
ables. Thus, the normalized form of any variable x is Z. In each case, the quantity
to which the variable is normalized will be not only apparent from context but also

given. Of particular importance is the normalized RMS amplitude or timing jitter,
6AJ =0 A]/ J .

Now a word about the delimiters used in equations: we use (parentheses) to
denote continuous functions and [brackets] to denote discrete functions; {braces} are

therefore employed for grouping of terms.

In this document, we use “temporal multiplexing” as a synonym for “optical
time-division multiplexing.” Signals can, of éourse, be temporélly multiplexed elec-
tronically, but we consider onl}{ optical multjiplg}jcing schemes. Further, we will use
“ultrafast” specifically to describe a link witﬁ a system rate greater than or equal to

100 Gb/s.

Finally, thought not, strictly speaking, a matter of nomenclature, an aspect of
our plotting style should be pointed out. The units for each quantity in each plot
are given (in parentheses) on the corresponding axis label. An exception is made for

unitless quantities, in which case no units are given.



1.4 Optical Communications

The global demand for telecommunications services is increasing at an exponential
rate [30]. Optical communication systems represent the best solution to this ever-
increasing demand, since just one single-mode optical fiber offers a usable bandwidth
on the order of 10 THz [31]. WDM and OTDM are the two multiplexing schemes
most frequently employed to make fullest use of this bandwidth; CDM is a less mature

technology. The following subsections will describe WDM and OTDM links.

1.4.1 Wavelength—Division Multiplexing
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Figure 1.1: A wavelength-division-multiplexed link.

In a simple WDM link (Fig. 1.1) [32]-[34], each channel is assigned a particular
wavelength. Typically, N lasers, operating at N distinct wavelengths, are indepen-
dently driven to produce optical bits at the single-channel bit rate, Bean. These bit
streams are combined by a wavelength multiplexer onto a single fiber. This process

results in a system data rate, By, equal to N Behan- The channels travel together

5



across the link to the wavelength demultiplexer, where they are separated out onto
individual fibers. A photodetector associated with each channel converts the optical
signal into an electrical one. It is important to note that all the electronics in the sys-
tem operate at the channel rate. It should also be pointed out that a WDM network
can be assembled by combining multiple links with switches, add/drop multiplexers,

and other hardware.

1.4.2 Optical Time-Division Multiplexing

In témporally multiplexed systems, each chénnel is assigned a particular time slot.
OTDM links can be assembled with multiple sources, like the a WDM system, or with
a single source. As in the WDM case, an OTDM network can be built by combining

multiple links, switches, add/drop multiplexers, and other hardware.

1.4.2.1 Multiple-Source Link
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Figure 1.2: A multi-source optically time-divi}sion—multiplexed link.



The direct temporal equivalent of the WDM system is the multi-source OTDM
link shown in Fig. 1.2. In this system, N lasers, each at the same wavelength, are
modulated at the single-channel bit rate, Bean. The channel bit period, Tihan, is
" 1/Behan- A passive (non-modulating) temporal multiplexer combines the data streams
onto one fiber, placing each pulse in its appropriate time slot to form a single-color
dafa stream at the system bit rate, Byys = NBuan. The system bit period, Tyys, is
1/Bsys = Tthan/N. At the far end of the link, a demultiplexer splits the channels onto
individual fibers. The optical pulses on each fiber are then detected. Note that the
relative delay between channels to be multiplexed is critical; either the data sources
must be synchronized, taking into account the differing propagation delays, or the
multiplexer must re-time the incoming data. This additional difficulty ‘(with respect
to a single-source OTDM link) may be justified, however, if the transmitters must be

physically separated from one another.

1.4.2.2 Single-Source Link
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Figure 1.3: A single-source optically time-division-multiplexed link.
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Figure 1.4: A modulating temporal multiplexer.

In practice, most OTDM links rely only on a single pulse source (Fig. 1.3)
[35], [36]. In this variant, one laser is driven to produce an unmodulated pulse train®
with a repetition frequency, frep, €qual to Benan. An active (modulating) temporal
multiplexer (Fig. 1.4) splits the pulse train into N paths, which are each modulated at
Ban, differentially delayed, and recombined to form a data stream at the system bit
rate, Beys = N Bhan. "At the far end of the link, a temporal demultiplexer separates
the channels, which are each detected. This type of OTDM system does not require

careful timing of multiple sources or clock recovery. Only the differential delays within

the multiplexer, which are fixed, require fine timing. Thus, the single-source OTDM

link is considerably simpler to operate than the multiple-source variant.

The temporal demultiplexers shown in Figs. 1.2 and 1.3 are full serial-to-parallel
converters; they each extract all N channels [35], [37], [38]. In either OTDM scheme a
single-channel demultiplexer, such as an ultrafast nonlinear interferometer [39]-[42], a
nonlinear-optical-loop-mirror demultiplexer [43]-[46], a terahertz optical asymmetric

demultiplexer [47]-[50], or a four-wave-mixing demultiplexer [51]-[53] can be used.

6 OTDM is typically performed with RZ data, thus the laser employed is pulsed.



1.4.3 Remarks

It should be pointed out that these two multiplexing paradigms are not antithetical;
.OTDM can be combined with WDM, though the spacing of the wavelength channels
will necessarily be coarser, due to the greater spectral width associated with the short
pulses of OTDM. That being said, OTDM links have two significant advantages over
their WDM counterparts. First, WDM systems incorporate guard bands between the
channels to eliminate crosstalk. OTDM operation obviates these bands, so tempo-
rally multiplexed links offer greater spectral efficiency [54]. Second, the number of
pulsed lasers required (one for pure OTDM, a few if OTDM is combined with coarse
WDM) in an OTDM system is lower than that of a comparable-rate WDM system,
simplifying system design and error monitoring [54]. Unfortunately, because OTDM
systems operate with shorter pulses, they are more sensitive to dispersion and nonlin-
ear effects. This sensitivity can be reduced by employing solitons [55], thus ezploiting
nonlinear propagation. Return-to-zero systems allow easier nonlinearity optimization
and therefore longer spans. Thus, significant effort has been devoted to developing
the multi-GHz, picosecond-pulse sources required for ultrafast RZ OTDM links. It is

on these sources this dissertation is focused.

1.4.4 Pulse-Source Criteria

An RZ OTDM pulse source must meet a number of strict criteria, as described below

and illustrated in Figs. 1.5 and 1.6.

1.4.4.1 Repetition Rate

The pulse repetition rate (Fig. 1.5) must be identically equal to the channel rate, or

the system will not function at all.
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Figure 1.5: Several important parameters of a pulse train. (Timing and amplitude
jitter are illustrated in Fig. 1.6.) This pulse train has not yet been multiplexed so its |
repetition frequency, fiep, equals the channel rate. P—power. A—mean peak power.

Apes—normalized pedestal power. t—time. T—period. At—temporal full width at

half of maximum power.
1.4.4.2 Timing Jitter

The root-mean-squared (RMS) timing jitter, ca7, must be much less than the system
- period Ty, or crosstalk between OTDM channels will occur. Consider the eye diagram
of an non-return-to-zero (NRZ) data stream that is presented in Fig. 1.6 (The result

is unchanged for an RZ data stream.), and assume the following:

e The timing jitter has Gaussian statistics.
e The timing threshold is Tgys/2.
e Probability of error is 0 between time 0 and Ty, and 50 % elsewhere.

' There is no amplitude jitter.

With these assumptions we can calculate the bit-error rate (BER) due solely to timing
jitter, BERaT:

BERAT = -;—erfc ( (1.1)

1
2\/§3AT) '
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Amp. Jitter

.............

Amp. Jitter
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. PDF(A,.)
Figure 1.6: An eye diagram of a non-return-to-zero data stream. Ti,—mean sys-

tem period. Ti,—threshold time. A—mean amplitude of ONEs. A,—threshold
amplitude. oar—standard deviation of timing jitter. oa4,—standard deviation of

amplitude jitter of ONEs. oa4,—standard deviation of amplitude jitter of ZEROs.

Here, 6ar = oar/Tsys is the normalized standard deviation of the timing jitter and
erfc is the complementary error function. From Eq. 1.1, we see that, to achieve a
bit-error rate less than or equal to 1072, the standard deviation of the timing jitter

must be no more than 8.4 % of the system period. To reach a BER < 107'2, oar

must be < 0.0717y. This analysis is only valid if there are no other sources of
errors, but it does provide some insight into the impact of timing jitter. The timing-
jitter requirement is the same, relative to the system bit period, for both WDM and
OTDM but, because of the higher single-color rates of temporally multiplexed links,

the timing criterion is more stringent in absolute terms.
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1.4.4.3 Amplitude Jitter

The RMS amplitude jitter must be much less than the mean pulse amplitude, A, or
a ONE could be interpreted as a ZERO. Again, consider Fig. 1.6 and assume the

following

e The amplitude jitter has Gaussian statistics.

e The amplitude jitter on the ZEROs equals that on the ONES, which implies
the amplitude threshold is A/2, where A is the mean amplitude.

e There is no timing jitter.

With these assumptions, we can compute the BER due solely to amplitude jitter:

BERa4 = %erfc ( (1.2)

1
2\/§5AA) .
Here, Gaa = o0aa/A is the normalized standard deviation of the timing jitter. Note
that this result has the same form as Eq. 1.1, and, likewise, is valid only as long as
there are no other error sources. Thus, to achieve a BER less than 10~ (10712),
Gaa must be below 0.084 (0.071). Both Egs. 1.1 and 1.2 are plotted as one curve in
Fig. 1.7. (Recall that J represents either A or Tiys and oay stands for either AT or '

AT, correspondingly.)

The amplitude-jitter limit for linear OTDM systems(the one described in this
document) is the same as that for linear WDM systems. By contrast, in OTDM
communications systems employing nonlinear transmission, the criterion will be more
strict. In nonlinear systems, the peak power of the pulses is chosen very carefully
to balance the dispersion of the fiber; pulses with the incorrect peak power will
be distorted during propagation. Consequently, for nonlinear systems, the BER’s

sensitivity to amplitude jitter will increase beyond that described by Eq. 1.2.
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Figure 1.7: Bit-error rate due solely to either timing or amplitude jitter, BERaj as a

function of the normalized standard deviation of timing or amplitude jitter, oa;/J.
1.4.4.4 Pedestal Level

The pedestal level, Apeq, is the instantaneous power of the pulse far from the peak
(Fig. 1.5). Typically, the pedestal power normalized by the peak power, Aped =
Aped/A, is discussed, and “far from the peak” is taken to mean one system period.
Though the pedestal level might be deemed part of the pulse shape, we will con-
sider it separately. For a WDM communications link, the pedestal must only be low
enough to avoid intersymbol interference (ISI). For an OTDM system, the criterion
is qualitatively different and much more stringent; the pedestal must be low enough
that interpulse iﬁterference does not result in slow power fluctuations in the tempo-
rally multiplexed train’. These fluctuations, which amount to correlated amplitude
jitter with a long correlation time, must be below the limits described above for am-
plitude jitter, in order to achieve the given bit-error rates®. We will show that, for
multiplexing-induced power fluctuations no more than 8.4 % (and thus BER < 10~9),
the normalized pedestal level must be at least 22.7 dB below the peak. Similarly, for
power fluctuations no more than 7.1 % (and BER < 10712), we will show that Ay

7 See Chapter 4.

8 Note that it is the total amplitude variation, given by the sum-of-squares addition of the RMS
amplitude jitter inherent in the source and the RMS pedestal-induced fluctuations, that must remain
under the stated limits. We will, however, examine these two effects separately.
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must be at most -24.1 dB. Once again, this analysis assumes there are no other sources

of errors.

1.4.4.5 Pulse Shape

In linear WDM or OTDM links, the exact shape of the pulse is noncritical. For
optimal propagation in a nonlinear OTDM system, however, a fundamental soliton
[55] is required. The pulse generated by the source must therefore have a sech? power

profile.

1.4.4.6 Temporal Width

In a WDM system, At, the temporal full width at half maximum (FWHM), must
be less than the system period (Fig. 1.5), or ISI will occur. In an OTDM system,
the widfh of the pulse must be low enough that the wing of even a pedestal-free
| pulse will be below the maximum we imposed to limit power fluctuations. Thus, a
hyperbolic-secant pulse, which has broader wings than a Gaussian, must have width
at most 0.39 times the system period for BER to be no greater than 109, and it must
have AT < 0.377T,, for BER < 107!2. (Again, we assume no other error sources.)

1.4.4.7 Time-Bandwidth Product

The laser’s output must be close to transform-limited (no excess spectral content),
or even nonlinear propagation will not prevent dispersion-induced broadening. The
time-bandwidth product (TBP) of a transform-limited hyperbolic secant is 0.315, so
the TBP of the laser must be below approximately 0.40. Note that, for a linear WDM

system, a hyperbolic secant pulse is not required, yielding a more relaxed TBP limit.
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1.4.4.8 Remarks

While several of these conditions listed above apply to WDM sources, it is clear that

jitter and pedestal level are particulary critical parameters in OTDM systems.

1.5 Jitter Tutorial

/ Periodic
e . Data-
Deterministic | ———— Dependent
/ \ Duty-Cycle
Jitter
Absolute Residual
Uncorrelated
" (White)
Random || Correlated
(Stochastic) — (Red)
‘ T Super-Mode
(Pattern)

Figure 1.8: Types of jitter. This ddcument_is concerned only with random jitter

(noise), with special emphasis on uncorrelated and correlated jitter.

At this point, it is helpflﬂ to explain the distinctions between the various types
of jitter. As illustrated by Fig. 1.8, jitter can be categorized as either deterministic

or random, and both of these types can be subcategorized.

1.5.1 Random and Deterministic

Deterministic jitter consists of predictable, non-random deviations, from the ideal, of
the amplitude, period, or other parameter of a pulse train or data stream. Examples

of deterministic jitter include data-dependent, periodic, and duty-cycle.
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Data-dependent (pattern-dependent) jitter [56] can result from electronic, electro-
optic, and optical processes. Different sequences of ONEs and ZEROs have dif-
ferent frequency content and thus propagate through the frequency-dependent sys-
tem components with different group delays. This description is applicable whether
the pattern appears in the electrical domain (where the frequencies in question are
radio-frequency [RF] and the the frequency-dependent elements are electronic and
electro-optic components, such as amplifier/drivers, modulators, detectors, and re-
ceivers) or in the optical domain (where the frequencies in question are optical and
the the frequency-dependent element is dispersive fiber) [57]. Note, however, that
electrical-domain pattern dependence can affect even a back-to-back (zero-distance)

experiment.

Periodic jitter [56] is any jitter that repeats periodically. (This periodicity
clearly places periodic jitter within the bounds of deterministic jitter.) Periodic jitter
is typically caused by leakage into the system of external, periodic signals from, for

example, a power supply or RF synthesizer.

Duty-cycle (edge-dependent) jitter [56] is timing jitter that is predicted by
whether the associated edge is rising or falling. This type of jitter is therefore en-
countered only in NRZ systems, since, in RZ systems, every ONE bit has both a
rising and falling'edge. Duty-cycle jitter can come about for two reasons: (a) the
rise time differs from the fall time, or (b) the deéision threshold is c_Hosen incorrectly.
In either cése, the histogram of the edge crossing consists of two éfbups, leading to

increased BER.

Random jitter is just that: stochastic, nondeterministic, uhpredictable. This
type of jitter, often called noise because of its random nature, ca@ be can be parti-
tioned into two orthogonal subsets, whi:ch are illustrated by Fig. 18 fand described in
the remainder of this section. The rerflainder of this dissertation 1s concerned only

with random jitter; it does not address deterministic jitter. We will therefore use
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“noise” as a synonym for “jitter”. Accordingly, will use the phrase “total jitter” to

indicate the total random jitter.

1.5.2 Absolute and Residual

The absolute jitter of a device is the jitter of the device’s output, measured relative to
some ideal (constant-period, constant-amplitude) clock signal. Residual jitter [58]-
[61] is the noise added to the signal, measured relative to the input. Typically, the
device in question is a laser, and the radio-frequency signal employed to drive it, if
any, is the reference against which the residual noise is measured. However, we could
also speak of the residual jitter of a fiber link (downstream of a laser), for example,
where the laser’s output is the reference clock. Note that a laser must be driven or

triggered by some signal in order for the concept of residual noise to have meaning.

1.5.3 Total, Uncorrelated, Correlated, and Pattern

The total noise includes uncorrelated (white), correlated (red or drift), and pattern
(super-mode) contributions, which originate from distinct mechanisms in each system
component. The total timing or amplitude jitter, AJ, will be given by the sum of

these contributions, which are denoted by a subscript u, c, or p, respectively:
AJ = AJ, + A+ AJ, . | (1.3)

If the three contributions are assumed to be independent, the variance of the total

jitter will be the sum of the variances of the contributions:

2 _ 2 2 2
OAJ =0AJ, TOAs, T OAy, - (1.4)

1.5.3.1 Behavior

Let us consider the behavior of the uncorrelatéd, correlated, and pattern contribu-

tions. Example realizations of AJ,, AJ;, and AJ, are plotted in Fig. 1.9. The
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autocorrelations and power spectra of these sequences are shown in Figs. 1.10 and

1.11, respectively.

T (@ 1

AJ, (arb.)

AJc (arb.)

AJp (arb.)

0 50 100 150 200 250 300
Time (sample)

Figure 1.9: Time-domain representations of random sequences. (a) An uncorrelated

random sequence, AJ,. (b) A correlated random sequence, AJ.. (c) A super-mode

random sequence, AJp,.

Consider Fig. 1.9. Each value of AJ, is independent of any of the previous

samples and does not affect the value of any following samples; an uncorrelated ran-

dom process has no memory. In contrast, each value of AJ, is affected by and affects
those around it; the random sequence has memory, and can be thought of as drift.
(The AJ, sequence shown is the correlated version of AJ,, created by convolving
the AJ, sequence with a pulse-shaped function.) Contrastingly, each value of AJ, is
correlated not with its neighbors, but with values multiples of m samples away. The
resulting pattern, or super-mode, does not exactly repeat but approximately repeats
every m samples. (For the example sequence shown, m = 100; the sequence was
created by convolving samples of AJ, separated by 100. The pattern almost-repeats

three times in the 300 samples shown.)
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Figure 1.10: Autocorrelations of the random sequences shown in Fig. 1.9. (a) The

RV

autocorrelation of an uncorrelated random sequence, ¢as,. (a) The autocorrelation of
a correlated random sequence, @a .. (a) The autocorrelation of a super-mode random

sequence, @a,.

Now let us turn our attention to Fig. 1.10. The autocorrelation ¢a, is a delta
distribution located at the origin; because the values have no connection, the integral
of their product is only nonzero at zero delay. Contrastingly, ¢, has finite width;
because of the memory, nearby values are correlated. Meanwhile, ¢4, shows spikes
at all delays equal to multiples of m. However, since the pattern in AJ, does not

exactly repeat, the spike at zero is the tallest.

Finally, let us examine Fig. 1.11. The power spéctrum day, is approximately
constant; all frequency bins contain equal power; all colors are equally present. For
this reason, uncorrelated noise is called white noise. By comparison, ®4;, is con-
centrated around zero; more power is found at lower frequencies. Correlated noise is
accordingly termed red noise. Thus, for some readers, it may be helpful to consider

correlated noise as a band-limited version of the uncorrelated noise. Lastly, ®4 I
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Figure 1.11: Spectra of the random sequences shown in Fig. 1.9. (a) The spectrum
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of an uncorrelated random sequence, ®aj,. (a) The spectrum of a correlated random

sequence, Pay,. (a) The spectrum of a super-mode random sequence, @ay, .

consists of spurs at multiples of 1/m. (In the plotted realization, the spurs appear at

multiples of 1/100.)

1.5.3.2 Origins

Now let us consider the sources of the uncorrelated, correlated, and pattern contri-

butions in real-world lasers. These sources are summarized in Table 1.1.

In directly modulated (e.g. loss-switched or gain-switched) lasers, each pulse is
. produced independently, beginning with a spontaneously emitted photon [62]. Con-
sequently, the timing and peak power of the pulses are uncorrelated; each pulse has

no memory of previous pulses and no impact on following ones.

A similar phenomenon affects externally modulated or mode-locked lasers. The
gain medium in the laser introduces amplified spontaneous emission (ASE) into the

laser’s output. Each spontaneously emitted photon adds its own electric-field ampli-
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tude, phase, and polarization to that of the light that is passing. These photons are

uncorrelated and yield uncorrelated noise.

In lasers driven with an RF source (directly modulated, externally modulated,
actively mode-locked [AML], and hybridly mode-locked [HML)] lasers) the RF source’s
correlated noise (drift) will appear in the optical output. Fortunately, microwave
sources with very low noise are readily available; hence the noise of RF-source-driven
lasers may be dominated by other contributions. Similarly, any drift in a mode-locked
lasers cavity’s optical length (from, e.g., thermal variations) will manifest in the laser’s

output as correlated timing noise.

In lasers mode-locked at the fundamental, each pulse circulates within the
cavity and a fraction of it is out-coupled on every revolution. Thus, any uncorrelated
or correlated noise in the timing and amplitude of the nt" output pulse (arising from |

- ASE, the RF source, cavity-length drift, et cetera) is correlated with the (n + 1),
the (n + 2)*, and so on; the output of a mode-locked laser exhibits correlated noise.
This drift is especialiy prominent in the timing noise of passively mode-locked (PML)
lasers, where the pulses are not retimed on each circuit [63]. Indeed, for PML lasers,
since the output is not tied to a clock signal, the concept of RMS jitter is often

eschewed; instead these lasers are frequently characterized in terms of pulse-to-pulse
jitter or pulse-to-pulse“kicks” [23], [64]. In this document, we measured jitter relative

to a clock, and therefore characterize the jitter in terms of its standard deviation.

Now consider lasers mode-locked at the m!* harmonic, where m pulses circulate
within the cavity. In these sources, the noise of the nt® pulse is correlated with that
of the (n +m)®™, the (n 4+ 2m)**, and so on. Thus does super-mode noise appear in

the laser’s output.

It should be pointed out that, in addition to the jitter present at the laser
output, noise can accumulate downstream, depending on the application. In metro-

logical applications, for example, the laser is typically followed by a supercontinuum-
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generation stage, where uncorrelated jitter can arise from shot noise [20]. In com-
munications applications, numerous mechanisms exist whereby noise can accumu-
late during propagation. In single-wavelength links, noise can accrue due to the
Gordon-Haus effect [65]—[69], Kerr nonlinearities (cross-phase modulation and four-
wave mixing) [70], [71], electrostrictive effects [32], polarization-mode-dispersion [32],
and soliton interactions [32], depending on whether nonlinear propagation and/or
dispersion management are employed. Wavelength-division-multiplexed links can, in
addition, accumulate noise due to more complicated, interchannel soliton collisions
[32]. Finally, note that many of these propagation effects can also take place bwithin

the cavity of a fiber laser.

1.6 Commentary

In Chapter 1, we have seen that low-jitter, high-rate, short-pulse lasers have many
applications, and we have focused not just on the communications applicatibn, but
on optical-time-division multiplexing in particular. We have found that, for OTDM,
the jitter and pedestal level are vital parameters. We will now outline the work at

the heart of this dissertation.

1.6.1 Pulse-Source Technologies

Chapters 2 through 4 describe technologies of short-pulse production. Chapter 2
presents a pulse source, based on a gain-switched laser diode, designed for use in
OTDM communications. Chapter 3 attempts to determine whether gain-switching
with an electrical comb (rather than a sinusoid) can improve the jitter or pulse-width
of the resulting pulse train. Chapter 4 closely examines the phenomenon, only hinted
at in Subsubsection 1.4.4.4, whereby temporal multiplexing of a pulse train with

non-zero pedestal power leads to correlated amplitude jitter.
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1.6.2 Diagnostic Tools

Chapters 5 and 6 describe two methods of characterizing the jitter of a pulse train. By
“characterizing” we mean not simply measuring the total timing or amplitude noise,
but extracting the uncorrelated and correlated contributions®. Chapter 5 presents a
jitter-characterization technique that extracts these jitter parameters directly from
.the RF spectrum of a detected pulse train, while Chapter 6 presents a technique that
extracts these parameters from RF spectra obtained by mixing the detected train

with each of two sinusoids.

9 We will not attempt to extract the super-mode noise.
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Table 1.1: Origins of jitter contributions in various pulsed lasers.

harmonic

Laser Uncorrelated Correlated Pattern
Directly Independent RF source
modulated production
Externally RF source
modulated
PML at ASE | Cavity drift
fundamental Circulating single
pulse
PML at ASE Cavity drift Cavity drift
harmonic Circulating pulse
pattern
AML or HML at | ASE RF source
fundamental Cavity drift
Circulating single
pulse
AML or HML at | ASE RF source RF source

Cavity drift

Cavity drift

Circulating pulse

pattern

AML—Actively mode-locked.

ASE—Amplified spontaneous emission.

HML—

Hybridly mode-locked. PML—Passively mode-locked. RF—radio-frequency.
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CHAPTER 2

Picosecond-Pulse Source

2.1 Roadmap

Chapter 2 discusses a pﬁlse source designed to be compatible with ultrafast OTDM.
Section 2.2 is a brief summary of the performance required of the source. Section
2.3 reviews previous work in the field. Section 2.4 represents the bulk of the chapter;
in this section, we describe the short-pulse source and compare the performance
demonstrated by the laser to that required by ultrafast OTDM communications links.

Section 2.5 provides some commentary.

2.2 The Problem

We require a 2.50-GHz optical-pulse source, for use in ultrafast optically time-division-
multiplexed communications systems. The source must be capable of being tempo-
rally multiplexed to 160 Gb/s. Applying Behan = 2.5 X 10° GHz, By = 1.6 x 10!
GHz, and BER = 107° to the list of criteria in Subsection 1.4.4 yields the following

requirements:

e The repetition rate must = 2.5 GHz.

e The RMS timing jitter must be < 0.53 ps.
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e The normalized RMS amplitude jitter must be < 8.4 % .
e The normalized pedestal level must be < —23 dB.

The pulse shape must be sech? in power.

The temporal FWHM must be < 2.4 ps.

The TBP must be < 0.40.

2.3 Previous Work

A number of pulse sources have been proposed for use in ultrafast OTDM links.

Many, but by no means all, of these technologies are discussed in this section.

2.3.1 Passively Mode-Locked Fiber Lasers

Passive mode-locking [72]-[77] of a fiber laser [78]~[86] can easily yield 1-ps, sech®
pulses with low pedestal level. However, by the very nature of fiber lasers (assembled

of optical fiber), the cavities are typically at least few meters long. It is difficult to

produce a fiber laser with the 20-cm round-trip cavity length required for the funda-
mental repetition rate to equal the 1-GHz chénnel rate sometimes seen in ultrafast
OTDM systems. Higher channels rates necessitate even shorter cavities. It is also
difficult to make a PML laser mode-lock harmonically, that is, with multiple pulses
evenly and stably distributed in the cavity. PML lasers produce pulse trains exhibit-
ing correlated jitter, since all output pulses are simply fractions of a single intracavity

pulse circulating around the cavity. Typically, the jitter is small, well below 1 ps.
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2.3.2 Actively Mode-Locked Fiber Lasers

Active mode-locking of fiber lasers [63], [77], [87]-[96] does not have this problem
with the repetition rate. Because AML fiber lasers incorporate a phase or amplitude
modulator, they can be driven at a harmonic of the fundamental repetition rate.
However, the cavity must be dynamically stabilized to ensure that the length does
not fluctuate due to varying environmental conditions. (Fiber lasers are especially
sensitive to environmental variations, due to their length.) Further, AML fiber lasers
typically produce fairly wide pulses (on the order of 10 ps), unless (a) some form of
soliton shaping is incorporated into the cavity or (b) extracavity pulse compression is
appendéd to the laser. Unfortunately, pulse compression often leads to detrimental
pedestals, which must be suppressed. The jitter exhibited by AML lasers is corre-
lated. This jitter originates with the radio-frequency source employed to drive the
modulator. This jitter is typically small, since RF synthesizers with 100-fs jitter are

readily available.

2.3.3 Hybridly Mode-Locked Fiber Lasers

One solution to the shortcomings of the above two laser systems is to combine them,
yielding a hybridly mode-locked laser [97]. In such optical sources, active modulation
is used to harmonically mode-lock the laser, and a saturable absorber is incorporated
to narrow the pulses. HML lasers can produce 10-GHz trains of 1-ps pulses. Not
surprisingly, these lasers share the characteristics of PML and AML fiber lasers: HML
lasers require dynamic cavity-length control and produce pulse trains exhibiting sub-

picosecond correlated timing jitter.
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2.3.4 Passively Mode-Locked Laser Diodes

Laser diodes (LDs), like fiber lasers, can be passively model-locked [64], [98]-[103].
Because of the extremely short cavity, fundamental repetition rates as high as 240
GHz [103] are possible. Further, harmonic mode-locking can raise repetition rates to
a dizzying 2.1 THz [103]. PML LDs can produce trains of sub-picosecond pulses with
sub-picosecond (correlated) timingA jitter [104]. Unfortunately, an “off-the-shelf” LD
cannot be made to mode-lock; the diode must be fabricated specifically for passive

mode-locking, incorporating gain and saturable-absorption sections.

2.3.5 Actively Mode-Locked Laser Diodes

Actively mode-locked laser diodes [58], [104]-[111] can also operate at extremely high
repetition rates, such as 160 GHz [109]. Like their passive siblings, AML LDs can
produce trains of sub-picosecond pulses with sub-picosecond, correlated timing jitter
[104], [109]). As in the PML case, a laser diode must be fabricated specifically for

active mode-locking; it must include gain and ,modulatiori sections.

2.3.6 Hybridly Mode-Locked Lasers Diodes

Hybridly mode-locked laser diodes [60], [104], [112], [113], like their fiber counterparts,
attempt to combine the best properties of passive and active mode-locking. Thanks
to their short cavity lengths (even in external-cavity configurations) fundamental
repetition rates on the order of 10 GHz are easily attainable [23]; Because of the

hybrid mode-locking, sub-picosecond pulse widths and very low jitter are possible.

2.3.7 Loss-Switched Laser Diodes

Laser diodes can also be loss-switched (Q-switched) [62], [114]-[116] at multiple-GHz

rates. Since each pulse is produced from spontaneous emission, with no memory of
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the previous pulses [62], [114], the output of loss-switched LDs is usually dominated
by uncorrelated jitter. (The RF source used to drive the laser introduces correlated
jitter, but this noise is usually much smaller than that of the loés—switching process
itself.) This jitter can be less than 1 ps. Indeed, it has been proposed [62], [114],
[115] that loss-switched diodes are inherently lower-noise than their gain-switched
counterparts. As in gain-switching, the pulses produced by loss-switching are typically
multiple picoseconds in length, though they can be compressed through a variet:;r of
means. These compression stages often leave unwanted pedestals however, which
must be removed. Loss-switched laser diodes, too, must be fabricated explicitly for

loss switching, in two partitions: one gain section and one loss section.

2.3.8 Gain-Switched Laser Diodes
2.3.8.1 Description

Gain-switching (GS), which is essentially the opposite of loss-switching, can also be
applied to LDs [62], [100], [115], [117]-[120] to produce RZ sources for OTDM. Laser
diodes can be gain-switched at up to approximately 20 GHz, limited by the resonance

frequency of the diode [100]. GS LDs typically produce pulses 10 to 30 ps in width, but

these pulses can be compressed to below 1 ps. Indeed, compression to 20-fs widths has
been demonstrated [120]. Examples of pulse-compression technologies include linear
compression'), adiabatic soliton compression?, higher-order soliton compression [121],
and higher-order soliton compression in dispersion-decreasing fiber (a hybrid of the

previous two schemes) [122].

1 See Section 2.4.2.
2 See Section 2.4.3.
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2.3.8.2 Advantages

Gain-switched laser diodes, when cascaded with compression stages, can produce
pulses trains of the required repetition rate and pulse width. Furthermore, they
are simple and inexpensive to build, easy to operate, and compact: no dynamic
cavity stabilization is required, and the diode need not be designed explicitly for
gain-switching?. .(Since the LD need only consist of a single gain section, laser diodes

designed for non-return-to-zero operation can be gain-switched.)

2.3.8.3 Disadvantages

The first disadvantage associated with gain-switched and compressed laser diodes is
jitter. As with loss-switched LDs, GS LDs generate each pulse from spontaneous
emission [62], so their output is dominated by uncorrelated noise. (Again, the RF
source adds correlated noise.) Under ideal conditions, the timing jitter can be well
below 1 ps [62], [116], [119], [123]-[125]. However, if care is not taken, the timing

noise can be several picoseconds, and the amplitude noise can be similarly high.

The second difficulty is pedestal level (though this shortcoming comes about
because of the pulse duration). The compression stages often employed to reduce
the temporal width of the GS LD’s output to an acceptable value frequently leave a
substantial pedestal of uncompressed energy [120]-[122], [126]-[129]. However, it has
been shown that the pedestal can be reduced using a nonlinear intensity filter [121],

[122], [127]-[130], though spectral broadening often results.

2.3.8.4 Remarks

Note that the two principal disadvantages of GS LDs, are the very parameters most

critical in OTDM sources. Still, the advantages make this technology attractive. In

3 However, as we will see in Section 3.3, there are advantages to be reaped if the laser is designed
specifically for gain-switching.
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the next section, we will focus our attention on producing, from a gain-switched laser

diode, pulse trains with the required parameters.

2.4 Present Contribution

Current RF .
Source Synthesizer : Polarization

T Controller
1
-

1

— pemed
]
1

Laser
Diode

Coupler
—
——
Stage 1: Stage 2: Stage 3: Stage 4:
Gain-Switched  Linear Pulse Adiabatic Soliton Artificial Saturable Absorber
Laser Diode Compressor Pulse Compressor (Nonlinear Amplifying Loop Mirror)

Figure 2.1: The Picosecond-Pulse Source. Points A, B, C, and D are measure-
ment locations. RF—radio-frequency. EDFA—erbium-doped fiber amplifier. DCF—
dispersion-compensating fiber. DDF—dispersion-decreasing fiber. DSF—dispersion-

shifted fiber.

This section details the pulse source we developed with the intention of meeting
the requirements of ultrafast OTDM, one based on a gain-switched laser diode. As
explained in Subsubsection 2.3.8.2, this technology is attractive, because GS LDs are
simple (Inexpensive LDs can be used, and no phase-locked loop is required.); and this

simplicity confers robustness.

We call the laser under investigation the Picosecond-Pulse Source (psPS). The

psPS consists of four stages, as diagrammed in Fig. 2.1:
e A gain-switched, distributed-feedback laser diode.

31



e A linear pulse compressor.
e An adiabatic soliton pulse compressor.

e An artificial saturable absorber for pedestal suppression.

The performance of each stage in the system, and the performance goals, are sum-
marized in Table 2.1.

Table 2.1: The performance and goals of the Picosecond-Pulse Source.

Point A | Point B | Point C | Point D | Goal

fiep (GHz) | 2,50 2.50 250 | 250 | 2.50
oar (ps) 5.0 — — — <0.53
OAA 0.19 — — — <0.084
Apea (dB) — — -19.2 | =371 | £-23

Pulse shape | Gaussian | Gaussian | sech? sech? sech?
At (ps) 16.7 6.8 15 | 096 | <24
TBP 0.70 0.37 0.42 0.66 <0.40

Points A, B, C, and D are the outputs of Stages 1, 2, 3, and 4, respectively, as
indicated in Fig. 2.1. fiep—repetition frequency. oar—standard deviation of total

timing jitter. 6a4—normalized standard deviation of total amplitude jitter. Eped—

normalized pedestal power. At—temporal full width at half of maximum. TBP—

time-bandwidth product.

[ |
The first stage of the psPS is ejx?géin-switched laser diode [62], [100], [115], [117]-[120].

2.4.1 Stage 1: Gain—inizvitched Laser Diode

The purpose of this stage is to‘j g‘énéfaté the a pulse train at the desired repetition rate.

Each pulse in the train will be shaped by the following stages of the laser system.
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2.4.1.1 Theory
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Figure 2.2: Simulated gain-switching of a laser diode by a 2.5-GHz sinusoidal current.
it.t—total current. p—output optical power. J\—deviation from center wavelength.

t—time.

The laser diode is gain-switched by a combination of direct-current (DC) bias

and a high-power, RF sine wave*. The gain-switching process, which is illustrated in
Fig. 2.2, relies on the nonlinear behavior of the diode (the strong coupling between
the population inversion and the photon number). During the trough of the RF
signal, the two currents combine to set the laser below threshold. The peak of the
sinusoid briefly brings the diode far above threshold. This process initiates a series of
relaxation oscillations in the LD output. The next trough of the RF, arriving after
the first oscillation, brings the laser back below threshold before the second oscillation

begins. The resulting single-peak pulse is much narrower than the RF period. The

4 A laser diode can also be gain-switched by an electrical pulse train. For more information on
pulse-train gain-switching, see Chapter 3.
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precise shape and duration of the optical pulse will be determined by how quickly
charge carriers can be moved into and out of laser diode [100]. Thus the capacitance
of the diode (determined by the areas of the electrical contacts, the distance between

them, and the dielectric constant of the cavity) is a critical parameter.

During the production of each pulse, the variation in the net current yields
changes in the carrier density in the laser cavity. Because the refractive index in
the active region is dependent on the carrier density, the cavity index varies during
the production of each pulse. Thus, the resonant Wavelength of the cavity (and the
output wavelength) changes during the production of each pulse. In particular, the

resulting pulse has a strong, nearly linear, negative chirp®.

Note that, since the net current is below fhreshold between each pulse (because
a high extinction ratio is required), a new pulse is produced from spontaneously emit-
ted photons [62] during each RF period. Therefore the turn-on delays of the pulses
constitute an uncorrelated random sequence, and uncorrelated timing jitter appears
in the output of the LD. Similarly, the stochastic nature of the pulse production also
means that the peak powers are an uncorrelated random sequence, and uncorrelated

amplitude jitter is also present in the laser’s output.

2.4.1.2 Experiment

The laser employed for Stage 1 is a 2.50-GHz InGaAsP multiple-quantum-well laser
diode sealed in a butterfly package (Nortel Networks model LC155W0000-20A). The
laser’s center wavelength is specified to be 1547.7 nm, though, in practice, it can be
tuned a nanometer or so in either direction by adjusting the laser’s temperature. The

butterfly package is, in turn, embedded in a driver board (Fig. 2.3).

5 “Negative” chirp means that the higher frequencies (shorter wavelengths) appear at the front
of the pulse, while the lower frequencies (longer wavelengths) appear at the rear.
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Figure 2.3: Stage 1 of the Picosecond-Pulse Source.

The driver board contains circuitry for maintaining the diode’s temperature,
biasing the laser, and driving the laser with the RF signal. The temperature-control
circuitry consists of a connector and a few simple traces to link the off-board tem-
perature controller (ILX Lightwave model LDT-5412) to the thermister and thermo-
electric cooler in the butterfly package. The bias circuitry consists of connections
to an bff-board power supply (Tektronix model CPS250), a voltage regulator, a few
capacitors for despiking, and a voltage divider with potentiometer for tuning. The
RF circuitry consists of a short microstrip waveguide and an SMA connector for
linking the off-board RF source to the laser’s package. The length of the waveguide
is designed to be one half of the wavelength of a 2.5-GHz current sinusoid, given
the impedance of the waveguide. This length is chosen so that any reflections, due
to impedance mismatch, at the waveguide/butterfly interface add in phase, when re-
flected (again) from the connector/waveguide interface [119], [123]. This arrangement

is called resonant drive®. The off-board RF source consists of an RF synthesizer (Ag-

6 See Subsection 3.3.6.
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ilent model 83640L) and an RF amplifier (Anritsu model A3H2206), which is biased
by a power supply (Hewlett-Packard model 6237B) and bias tee (Hewlett-Packard
model 33150A).
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Figure 2.5: Optical spectra measured at Points A, B, C, and D of the Picosecond-

Pulse Source.

Driving this setup Wlth a 2 50 GHz, 18.0-dBm RF sinusoid produces, at Point
A of Fig. 2.1, a pulse with ternporal FWHM of 16.7 ps (Fig. 2.4). (We have assumed
a Gaussian pulse shape in order to compute the temporal width from the autocorre-
lation width.) The pulse is centered at 1547.7 nm and exhibits a strong, nearly linear

negative chirp’, with a spectral full width of 0.33 nm (Fig 2.5) and a TBP of 0.70.

7 The sign and linearity of the LD’s chirp is deduced from the sign of the dispersion used in the
linear compressor and the degree of compression that results; see Subsection 2.4.2.
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These temporal and spectral widths are far greater than the performance cri-
teria we have established. However, we may be able to use the excess spectrum to
shorten the pulse, thus “killing two birds with one stone.” This “double aviacide” is
the motivation for Stage 2. But before we consider the linear compressor, we must

investigate the jitter of the laser.

We characterize the noise of the pulse train at Point A using the oscilloscope
(histogram) technique and with the direct RF-spectral technique®. These measure-
ments suggest that RMS total timing jitter is 5.0 ps and that the normalized RMS
total amplitude jitter is 19 %. We have found that the following stages do not add
measurable jitter to that of Stage 1 through the Gordon-Haus effect or any other
propagation-induced-noise effects®. Thus; jitter values for the Stages 2 through 3 do

not appear in Table 2.1.

2.4.2 Stage 2: Linear Pulse Compressor

The second stage of the psPS is a linear pulse compressor [120], [131]-[134], consisting
entirely of a length of positive-dispersion (normal-dispersion) fiber. The purpose of
this stage is to reduce the temporal width and duration-bandwidth product of pulse

produced by Stage 1.

2.4.2.1 Theory

Consider the electric-field envelope of the pulse, F, as it enters the fiber [135]:

E(0, tioc) = £/ A0)(0, troc) , 2.1)

8 See Chapter 5.
9 See Subsubsection 1.5.3.2.
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where the 0 argument indicates that this variable is evaluated at the input of the

positive-dispersion fiber (z = 0), and the %), argument,
z
t]oc =t— — (22)
vy
is the “local” time in a frame moving at vy, the group velocity of the pulse. The
parameter x is a normalization constant (with units) and u is a unitless field-shape
function which, initially, has unit amplitude. The significance of the v/A factor be-

comes apparent when we compute the power of the pulse, P:

Ae
PO,tie) = =B toc)

_ A;%?A(O)s(o, foc) | (2.3)

where 7 is.the impedance of the medium, A.g is the effective area of the fiber, and
s = |uf? (2.4)

is a unitless power-shape function. If we choose

o= [N
K= A (2.5)
then
” P(0, tioc) = A(0)5(0, tioc) (2.6)

and A(0) becomes the initial power amplitude (peak power) of the pulse. Its units
are W. A

Let us assume that the pulse, as it enters the positive-dispersion fiber, has a

Gaussian profile. If it were not chirped, we would have

2 .
u(0, toc) = €xp (—-;— {ﬁ@)—} ) . 2.7

Here, Atgwie is the temporal half width at 1/e of the pulse power, which, for a
Gaussian, is related to the FWHM by [135]

At = 24/In (Q)Atlee

~ 1 .665At}1w1e . (28)
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In our case, the pulse is chirped, so

u(0, tioc) = exp (— 1+ iZC(O) { toc } ) ) (2.9)

Atgwie(0)?

Here, C is the( unitless) chirp parameter. For positively chirped pulses (higher fre-
quencies in back), C > 0; for negatively chirped (higher frequencies in front, like our

pulse), C < 0.

Now let the pulse propagate through dispersive fiber. All the parameters
with zero arguments above, become functions of z. Of particular interest to us is
Atgwie(z). If we ignore higher-order dispersipn, then we can represent the dispersion
of the fiber with D, the dispersion parameter, or f;, the GVD parameter. The two"

are related through

2mce

where c is, as usual, the speed of light in a vacuum, and X is the operating wavelength.

The evolution of Atgwie(z), due to dispersion, can then be quantified by

Atawie(2: toc) _ \\ {1 + __C'ﬂ_2z_}2 + {_ﬁ_r : (2.11)

Atawie(0) At (0) Atdiyie(0)

If C and S, have the same sign, the pulse will only elongate as it propagates. Con-
trastingly, if C' and B, are of opposite sign, the pulse will go through a compression
| phase first, then an expansion phase. Thus, by appropriate choice of the dispersion
parameter and length of the fiber, the linear component of the pulse’s negative chirp
can be compensated. Higher-order chirp, however, remains uncompensated. At some
optimum distance, 2z,p¢, the minimum pulse width will occur. The optimum distance

is
C At%IWle (0)

Zopt = 1 + C2 Iﬂ2| bl (2-12)
and the corresponding pulse duration is
Atywie(0)
At Zopt) = ——— . 2.13
HW1e(Zopt) TYew (2.13)
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Because our pulse has negative chirp, we choose a pulse with positive (normal)
dispersion (£ > 0 and D < 0). In particular, we employ 200 m of Corning dispersion-
compensating fiber (DCF) as this positive-dispersion fiber. The dispersion parameter,
D, and dispersion slope, dD/d) are specified to be -92.23 ps/[nm-km] and -0.12
ps/[nm2-km], respectively, at 1545 nm.

2.4.2.2 Experiment

At Point B, the pulse width is reduced to 6.8 ps, assuming a Gaussian shapé (Fig. 2.4),
and the spectrum is slightly broadened to 0.43 nm (Fig. 2.5). We would expect the
spectrum to remain unchanged, since the linear compressor is designed to be linear.
It is possible that a small amount of self-phase modulation occurs in Stage 2, but
this explanation is unlikely to be correct, given the few-milliwatt peak power and the
short propagation length. It is more likely that the compression and reshaping that
take place in the DCF are the source of the “broadening.” It may be that the pulse
measured and Point B simply corresponds to a broader power spectrum than the
pulse measured at point A. In other words, perhaps no new colors have been added;

the peak has just been reduced.

Using this new spectral width, the TBP is calculated to be 0.37, indicating the
pulse is close to transform-limited. This result means that that the compression was
nearly optimal. This TBP (and the indicated near-optimal linear compression) is the

basis for or claim that the chirp at Point A is nearly linear.

2.4.3 Stage 3: Adiabatic Soliton Pulse Compressor

The third stage of the psPS is an adiabatic soliton pulse compressor [66], [120], [122],
[127], [128], [136]). The purpose of this stage is to further reduce the temporal pulse
width. o
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2.4.3.1 Theory

Our adiabatic soliton pulse compressor is composed of an erbium-doped fiber amplifier
(EDFA) followed by a length of dispersion-decreasing fiber (DDF). The DDF exhibits

negative (anomalous) dispersion that decreases in magnitude along its length.

A soliton [55] is pulse in which the nonlinearity (self-phase modulation) balances
the dispersion, and it therefore resists dispersion-induced broadening. A (bright)
soliton can only exist in media with negative (anomalous) dispersion, it must be
transform-limited (chirp-free), and the field-shape function must be a hyperbolic se-

cant. Thus, as the pulse enters the DDF (z = 0), the electric-field envelope is

E(0, tioe) = 1/Aiﬂ,/,Lx(O)u(o,t,c,c) , C(2.14)

with

Atchar (0)

where Atg,.; is a characteristic temporal width (not the same as At or Atpwie).

(0, t1oc) = sech (——@”—-) , ‘ (2.15)

A soliton is often characterized by its order, Ny, given by

’YAAtchar
N )
sol — | :62|

where 7 is the nonlinearity parameter of the fiber. Be'cause the'pulse experiences

(2.16)

decreasing dispersion as it propagates along this. ﬁber it must temporally shorten
(thus increasing peak power) to maintain the ba.lance between dlspersmn and nonlin-
earity that constitutes a soliton. This process preserves the soliton order. Thus, the

evolution of the pulse duration can be described with

|62(2)]
Atchar(z) sol 'yA(z) (217)

Our adiabatic compressor uses a Corning DDF with initial dispersion, Dj,, of

10.5 ps/[nm-km], and final dispersion, Doy, of -0.1 ps/[nm-km] (both specified at
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1550 nm). The DDF is 11 km long; this length is chosen to ensure that the evolution
of the soliton is adiabatic. The EDFA is used amplify each pulse so that it forms a
fundamental soliton (soliton order = 1) as it enters the high-dispersion input end of

the DDF.

2.4.3.2 Experiment

The gain of the EDFA in Stage 3 is adjusted to optimize the pulse at Point C.
| The adiabatic compressor relies on fundamental-soliton propagation, so we expect to
observe sech? pulses at Point C, and, indeed, the measured autocorrelation (Fig. 2.4)
is consistent with a hyperbolic secant of full width 1.5 ps. Unfortunately, Stage
3 leaves a large pedestal of of uncompressed energy, corresponding to the narrow
spike observed in the spectrum (Fig. 2.5) [127], [129]. When we compensate for the
distortion of the autocorrelator!?, the pedestal level is found to be —19.2 dB. Because
of the spike, AX is not a good measure of the spectral content, and the TBP is also

not very meaningful.

2.4.4 Stage 4: Pedestal Suppressor

The fourth stage of the psPS is an artificial saturable absorber or high- -pass intensity
filter. The purpose of this stage is to suppress the pedestal that results after the linear
and nonlinear compression of Stages 2 and 3 and thus to reduce the amphtude jitter
that results after OTDM multiplexing!!. We have chosen a nonhnear amphfymg loop
mirror (NALM) [78], [130] as our intensity filter.

We use a NALM rather than another loop-mirror variant, because the higher
asymmetry, and thus greater phase difference, between the two paths will yield supe-

rior performance. Additionally, the NALM can achieve a 100 % contrast ratio with

10 The autocorrelation process exaggerates the pedestal level; see Subsubsection 4.4.1.2.
11 Gee Chapter 4.
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finite input power. Furthermore, the amplifier gain provides an additional degree
of freedom and allows the NALM to be easily optimized, particularly for varying
input-pulse characteristics. (Furthérmoré, experiments performed with an artificial
saturable absorber based on nonlinear polarization rotation [137] were only able to

reduce the pedestal level to -21.8 dB.)

2.4.4.1 Theory

The nonlinear amplifying loop mirror is treated theoretically in Chapter 4. That

chapter also contains a theoretical treatment of OTDM jitter.

2.4.4.2 Experiment

(=]
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Figure 2.6: Three autocorrelations: the output of the Picosécond-Pulse Source (Point

D), a Gaussian pulse with full width at half maximum of 1.04 ps, and an hyperbolic
secant pulse with full width of 0.96 ps. A

The pedestal reduction of thgéNALM is controlled by the gain in the loop.
Increasing the gain decreases Zpéa but aléo increases the positive chirp of the output
pulses. We find that a minimum géin of 16.8 dB is required to completely elimi-
nate the spectral spike observed at Point C. Further increasing the gain additionally

broadens the spectrum without significantly reducing Eped. We find that the easiest
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method for optimizing the NALM gain and fiber polarization controller is to mini-
mize the spectral spike; the settings yielding the smallest spike also produce the lowest
pedestal. The autocorrelation (Fig. 2.4 and 2.6) and spectrum (Fig. 2.5) measured
at the NALM output demonstrates that the pedestal is dramatically suppressed (and
the corresponding spectral spike is eliminated). Once we correct for the exaggeration
of the pedestal by the autocorrelation process, the pedestal level is revealed to be
-37.1 dB. This pedestal level represents an improvement of 17.9 dB and should more

than suffice to reduce the power fluctuations to a sufficiently small value.

The autocorrelation of the pulse is well fit!2 by an the autocorrelation of a 960-
fs hyperbolic secant over the first 25 dB. Thus, the NALM not only suppresses the
pedestal, but also reduces the pulse width by about a third and produces the desired
hyperbolic secant pulse shape. The spectral width is now 5.5 nm, and the TBP is 0.66,
indicating that the NALM imparts considerable chirp. It may be possible to reduce
this chirp by propagating the pulse through appropriately dispersive fiber [127] or a
bandpass filter, though, as our experiments with this final step indicate, care must

be taken due to the high peak power.

2.5 Commentary

The psPS meets the majority of the criteria established for our application!3:

e The repetition rate (2.50 GHz) is correct.
e The pedestal level (-36.6 dB) is well below the desired maximum (-23 dB).

e The pulse shape (hyperbolic secant) is correct.

12 The left side of the autocorrelation indicates the shape of the pulse with more fidelity. The right-
hand side is less accurate; the integration time of the photo-multiplier tube in the autocorrelator
was chosen to be 100 fs in order to yield a usably large signal, but it also slows the falling-edge
response of the autocorrelator.

13 See Subsection 1.4.4 and Section 2.2.
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e The temporal full width (0.96 ps) is less than the required maximum (2.4 ps).
However, the laser fails to meet several critical requirements:

e The RMS timing jitter (5.0 ps) surpasses the maximum allowed (0.53 ps).
e The RMS amplitude jitter (0.19) exceeds the maximum allowed (8.4 %).

e The TBP (0.66) is greater than the desired maximum (0.40).

Thus, the psPS is deficient in terms of noise and time-bandwidth product.

2.5.1 Jitter

The excess jitter results directly from the inherently noisy gain-switching process.
However, a number of methods have been shown to reduce the jitter of a GS LD’s
output!4. Some of the more successful methods involve designing the laser specifically
for low-noise operation. For example, lasers with extremely small active regions, such
as selectively oxidized, vertical-cavity, surface-emitting lasers® [124], [125], [138]. In
addition, optical feedback!® have been shown to produce pulse trains with timing
jitter below 100 fs [139]-[144] has been shown to reduce the jitter of of a GS LD’s
output train. Further, at least two devices have been demonstrated to reduce some
aspects of a laser’s jitter, when placed downstream of laser [145], [146]. Perhaps a
different gain-switching technique, a different design of laser diode, or a post-laser
jitter-reduction device would suffice to bring the noise of our laser system below the

established limits.

14 Gee Section 3.3.
15 See Subsection 3.3.5.
16 See Subsection 3.3.1.
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2.5.2 Time-Bandwidth Product

The excess spectral width, which results in the excess TBP, can be traced back to
the surfeit of temporal width present at the output of the LD. The pulse width can
be reduced by utilizing linear or nonlinear pulse compressors, yielding a lower time-
bandwidth product. However, this pulse compression results in a significant pedestal.
The pedestal can, in turn, be reduced, but doing so can increase the chirp. Moreover,
additional shortening of the pulse is not only unnecessary but also deleterious; shorter
pulses will have higher peak powers and greater sensitivity to nonlinear effects. The
TBP of the pulse can be directly reduced by propagation through a spectral filter,
but filtering high-power pulses often results in significant distortion. Thus, correcting
each problem seems to create a new one; the excessive temporal width of the LD’s

output pulse necessitates up to four additional stages.

2.5.3 Alternatives

Even if the jitter and bandwidth issues could be resolved by the addition of one or two
further stages, problems remain. A five- or six-stage pulse source is not only inelegant,

but also cumbersome and, because of the large number of degrees of freedom, prone

to misadjustment. Further, it may be that the psPS, even with the modifications

discussed above, may not be able to meet all the established criteria.

It is more efficient and more elegant to produce narrow-width, low-noise, low-
pedestal pulse trains directly from the laser cavity. The sigma laser [87], [89], [91],
[92], [94], [95], [147], for example, has demonstrated production of 11.4-GHz trains of
pulses with 10-fs timing jitter and amplitude noise < 01% [91]. The 1.4-ps pulses
produced have pedestals ; 34 dB [95] below the peak. These results were obtained
without extracavity pulse compression, pedestal reduction, or active jitter reduction.
A variant of the sigma laser has even been made to operate with multiple wavelengths

[147], making it a potential source for WDM or WDM-plus-OTDM links.
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CHAPTER 3
Pulse-Train Gain-Switching

3.1 Roadmap

Chapter 3 addresses gain-switching by an electrical pulse train as a means of reducing
pulse width and jitter. Section 3.2 briefly states the problem at hand. Section 3.3
reviews previous work in the field. Section 3.4 represents the bulk of the chapter; in
this section, we experimentally compdre the pulse width as well as the timing and
amplitude jitter of pulse trains generated by sinusoidal and pulsed gain-switching of

a single laser diode. Section 3.5 is a brief commentary.

3.2 The Problem

When a laser diode is gain-switched with complete extinction between pulses, each
pulse is produced independently from spontaneous emission. Each pulse has neither
memory of previous pulses and no affect on subsequenf pulses. Thus, GS LDs typically
produce pulse trains exhibiting uncorrelated noise, which can be quite large unless
specific steps are taken (as described in the next section). The purpose of this chapter

is investigate the efficacy of one of these methods, pulsé—train gain-switching.
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3.3 Previous Work

Many methods have been employed to produce gain-switched laser diodes exhibit-
ing subpiC(')second timing jitter. The very number of these solutions indicates the
significance of the problem. These methods include feedback, external seeding, a cav-
ity supporting multiple longitudinal or transverse modes, a very small active region,

resonant drive, and pulse-train drive.

3.3.1 Feedback

Optical feedback, also known as self-seeding [139]-[144] can be used to induce pro-
duction of a pulse by stimulated emission. Thus, the principle source of jitter in
gain-switching is reduced. Note that adding feedback will not only reduce the jitter,

but also correlate it to some degree.

3.3.2 External Seeding

If the laser diode is externally seeded [120], [144], [148], [149] with a continuous-wave
laser, then, as soon as gain is available in the cavity, an optical pulse is produced
from stimulated emission [114]. Thus, the timing jitter can be significantly reduced.

One drawback for the external-seeding scheme is the requirement of a second laser.

3.3.3 Multiple Longitudinal Modes

If the laser being gain-switched has multiple longitudinal modes, there are many
routes through which the system can decay from an unstable state (population in-
version) to a more stable state (no population inversion). Thus, the decay is faster.
This means that a multiple-longitudinal-mode laser diode, such as a Fabry-Perot

(FP) LD will have lower timing jitter than a single-longitudinal-mode diode, such as
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a distributed-feedback (DFB) laser diode [114], [125], [150]. Simple FP LDs [142] or
tapered-stripe FP LDs [119], [123] have been used to obtain subpicosecond timing
jitter. Unfortunately, the lower jitter of FP LDs is offset by the increased dispersion-
induced broadening they suffer due to their greater spectral width [150].

3.3.4 Multiple Transverse Modes

The multi-mode/timing-jitter argument made above applies equally to lasers with
multiple transverse modes, as most vertical cavity, surface-emitting lasers (VCSELs)
[151] are. However, multiple-transverse-mode VCSELs suffer higher amplitude jit-
ter than single-transverse-mode lasers [151]. Additionally, multiple-transverse-mode
lasers are very difficult to couple into the single-mode fiber used for high-rate com-

munications.

3.3.5 Small Active Regioh

It has been proposed that the jitter of a laser diode is proportional to the volume
of its active region [125]. Thus, if the laser diode is made small enough, very low
timing jitter can be obtained, irrespective of the pulsing technology (mode-locking,
gain-switching, et cetera). Note that tihis jitter will then originate principally with the
RF synthesizer driving the laser, and, as such, the jitter will be correlated-dominated.
VCSELs offer extremely small active-region volumes, but typically lase in multiple
transverse modes. The number of transverse modes can be reduced to one by de-
creasing the transverse dimension of the cavity through selective oxidation or other
means [152]. Note that doing so also reduces the total active-region volume. When
this process is done, timing jitter on the order of 100 fs can be obtained [124], [125],
[138].
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3.3.6 Resonant Drive

GS-LD driver boards have sometimes been designed so that the distance between the
RF input to the board and the laser diode is (or can be adjusted to be) equal to
vexactly half of the RF wavelength in the [119], [123], [153]. When this is done, any
reflections from the board/LD interface “re-reflect” from the input connector and add
in phase to the drive signal. This arrangement maximizes the drive power delivered
to the laser. Since the jitter of a gain-switched laser diode decreases with increasing

drive power [114], [115], [125], this resonant-drive condition reduces jitter.

3.3.7 Pulse-Train Drive

The jitter of a GS LD decreases not only with increasing drive-current amplitude
[114], [115], [125], but also with decreasing current build-up time [115]. These two
patterns can be simultaneously exploited by ﬁsing a current pulse train to gain-switch
the laser diode [119], [123], [124], [138], [142], [154], [155]. Indeed, as the width of the
electrical pulse approaches zero (the pulse becomes an impulse), the magnitude of
the timing jitter becomes independent of the spontaneous-emission noise [138]. Thus,
the noise should become coﬁelated—dominant. As an additional benefit, pulse-train

drive also reduces the temporal width of the resulting optical pulses.

Experiments have been performed to demonstrate timing-jitter reduction at up
to 1.2 GHz in FP LDs [119], [123], at up to 500 MHz in VCSELSs [138] and in DFB
LDs at up to 500 MHz [154]. To our knowledge, no experiments have been conducted
to compare multi-GHz gain-switching of a distributed-feedback laser diode by a pulse
train to that by a sinusoid. Since DFB LDs suffer from inherently higher jitter [125],

[150], producing sub-picosecond timing jitter from a DFB is more challenging than
in the FP LD or VCSEL cases. Further, no one has studied the impact of pulse drive
on the amplitude jitter of a laser diode. In this proposal, we will address these two

issues.
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3.4 Present Contribution

3.4.0.1 Theory

Traditionally, a laser diode is gain-switched by a combination of bias current and a
high-power, RF sinusoid, as described in Subsubsection 2.4.1.1. Now consider this
description, but imagine replacing the sinusoid with a train of current pulses, pulses
considerably narrower than the FWHM of the sinusoidal signal. ’The time during
which the net current is above threshold is lowered. Thus, the the resulting optical
pulse will be narrower [115], if the properties of the laser diode (carrier lifetime,
photon lifetime, capacitance, et cetera) allow it. Further, because the window during
which amplified spontaneous emission can occur is reduced, the timing and amplitude
jitter should also diminish [115]. It has been shown that jitter also decreases with
- increasing drive-current amplitude [114], [115], [125]; thus, an electrical pulse train

should produce lower-jitter optical pulse trains than an equal-power sine wave.

We can derive a simple estimate reduction of the amplitude jitter, timing jitter,
and optical pulse width by assuming these values are proportional to the width of the
rising edge of the drive signal. We further assume that the width of the rising edge

is proportional to the full width at half maximum, At, of the drive signal:

O AJ,pulse ~ Atpulse (3 1)
OAJsin Atsin ’ )

where the “sin” and “pulse” subscripts denote sinusoidal and pulsed drive signals,

respectively. Noting that the FWHM of a sine wave is half of the period'yields

OAJ,pul
Tadpuse o o f At e - (3.2)
OAJsin

3.4.0.2 Experiment

Our experimental setup (Figs. 3.1 and 3.2) is centered around a 10-GHz InGaAs/InGaAsP
multiple-quantum-well DFB LD mounted on a chip-carrier (NTT model KELD1551CCA).
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Figure 3.1: Diagram of experimental sétup for pulse-train drive. The impulse gener-

T Matching Resistor
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ator is omitted for sinusoidal drive. Point A is the fiber-coupled output of the laser.
RF—radio-frequency. Match. Net.—matching network. SRD—step-recovery diode.
LD-laser diode.

The chip carrier is, in turn, mounted in an intricate setup designed for (a) biasing
and driving the laser, (b) measuring and maintaining the laser’s temperature, and
(c) coupling its output into a single-mode fiber. The temperature-maintaining cir-
cuitry consists of connections to an external temperature controller (ILX Lightwave
model LDT-5412). The bias circuitry consists of connections to an external power
supply (Agilent model E36331A). The RF-drive portion of the setup includes a 50-2
transmission line and a resistor to match the approximately 3-2 impedance of the
diode to that of the transmission line. A double-stub tuner provides finer impedance
matching. This setup allows us to directly compare sinusoidal and pulse-train drive,
using the same laser chip and the same setup for both drive conditions. The laser
can be driven either directly with an RF sine wave or through a 2.5-GHz impulse
generator (Herotek model GC2500-329). The RF drive sinusoid is supplied by an
RF synthesizer (Agilent model 83640L), and an RF amplifier (Mini-Circuits model
ZVE-8G, with a Power-One model HB12-1.7-A power supply). All experiments are
performed at 2.5 GHz, the design frequency of the impulse generator.
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Figure 3.2: Photograph of experimental setup for pulse-train drive.

The electrical pulse employed for the pulse-drive experiments (Fig. 3.3), is
measured with a sampling head with a 40-GHz bandwidth and 50-Q input impedance
(Tektronix model SD-30), which is mounted in a digital oscilloscope (Tektronix model
11801B). The negative-going pulse has a FWHM, Atyyiee, of 35.5 ps and a zero-to-
peak amplitude of -3.8 V. By substituting Atpyee = 35.5 ps and frep = 2.50 GHz into
Eq. 3.2, we predlct that pulse-train drive should reduced the Jltter and duration to

approximately 0.20 of that produced by an equal-power sine wave

‘We measure the timing and amplitude jitter as well as the temporal pulse width
of the laser’s optical output using a fast phbtodetector (Newport model D-15ir) and
the same sampling head and oscilloscope. The sampling head and oscilloscope have

a measured trigger jitter of 1.7 ps.

The laser diode was gain-switched using three drive conditions:
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Figure 3.3: Electrical pulse used to drive the chip-carrier-mounted laser.

e Pulse-train drive: The impulse generator is included in the setup and was driven
with a 30.0-dBm sinusoid. The electrical pulse train produced containes 14.1

dBm of power.

e Low-power sinusoidal drive: The impulse generator is removed, and the laser is
driven directly with a 14.1-dBm sine-wave. This power equals that measured

at the output of the impulse generator in the pulse-drive case.

e High-power sinusoidal drive: T he;impulse generator is removed, and the laser
is driven directly with a 300-dBm sine-wave. This power equals that measured

at the input of the impulse‘g'ehefaftoir in the pulse-drive case.

For each drive condition, the bias fs varied from -17 to -26 mA in even steps. The
RMS timing noise, RMS amplitude noise, and pulse width measured for each of these

twelve conditions are plotted in Fig. 3.4.

From the plots, we see that pulse-train gain-switching does indeed reduce the

optical pulse width as well as the timing and amplitude jitter when the power in
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the sine wave and pulse train are equal. In particular, the timing jitter is reduced,
when we consider an average of all four biases, to 0.30 of that obtained in the low-
power-sinusoid case. The amplitude jitter is reduced, on average, to 0.13 of the low-
power-sinusoid value. Both of these results agree, appréximately with our prediction,
indicating that bpth jitter values are indeed proportional to the FWHM of the drive
signal (for equal-power drive signals). In contrast, the optical pulse width is, on
average, only reduced to 0.76 of the initial value, indicating that the duration of the
optical pulse is limited, in this case, by other factors, perhaps the resonance of the

laser diode.

Contrastingly, when the power in the sine wave is equal to that used to drive
the impulse generator, we find that the timing and amplitude jitter are nearly the
same in both the sinusoidal and pulse-train drive, and the pulse width is lower in
the sine-drive case (for higher biases). In particular, the timing jitter is reduced,
considering an average of all four biases, to 0.26 of that obtained in the low-power-
sinusoid case. If we ignore the lowest-bias datum, the timing-jitter-reduction ratio
computed for the pulse-drive case drops to the same value obtained, for the remaining
three biases, in the sine-drive case. The amplitude jitter ié reduced, on average, to

0.13 of the low-power-sinusoid value. These results indicate that it the power, rather

than the pulse width, of the electrical drive signal determines the jitter. The optical
pulse width is, on average, reduced to 0.47 of the initial value. This ratio superior to -
that found in that found in the pulse-drive case, but still far different from what is

predicted by Eq. 3.2.

3.5 Commentary

Our results indicate that, though some jitter and pulse-width reduction may be ob-
tained by using a pulse train to gain-switch the laser diode, it is just as effective and

considerably simpler to use a higher-power sinusoid. This finding suggests that, in
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our case, the jitter-reduction associated with increasing drive-signal amplitude (or,
equivalently, power) [114], [115], [125] outweighes the reduction of jitter associated

with decreasing drive-current rise time [115].
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CHAPTER 4

Temporal-Multiplexing Amplitude Jitter

4.1 Roadmap

Chapter 4 discusses the power fluctuation that results from temporally multiplexing
a pulse that contains a finite pedestal. Section 4.2 describes this difficulty and the
need for a solution. Section 4.3 reviews previous work in the fields of OTDM jitter
and pedestal suppression. Section 4.4 is the heart of this chapter; in this section, we
we present a theoretical analysis of temporal-multiplexing-induced amplitude jitter,
and describe experimental (and quantitative) confirmation of this theory. Section 4.5,

as usual, is a brief review of the chapter.

4.2 The Problem

In an optical time-division multiplexer (Fig. 1.4), a single, lower-rate pulse train
is temporally interleaved and modulated to produce a higher-rate train: each pulse
produced by the source is split, differentially delayed, modulated, and recombined. In
the recombined pulse train, interference occurs between each pulse and the pedestal
of nearby pulses. The net pedestal is composed of energy, from all other pulses,
that occurs within the time slot of the given pulse. In the temporal multiplexer,
especially a fiber-based embodiment, fluctuations in environmental parameters, such

as temperature and strain, result in variations of the pulse-pedestal relative phase
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prior to recombination. These phase fluctuations result in a slow (compared to the

repetition rate) modulation of the pulse intensity of the multiplexed data stream.

Note that this problem is alleviated somewhat if alternating polarization stat'es
are used. However, some demultiplexing schemes, such as surface-emitted second-
harmonic generation [35], [37], [38] require uniformly polarized data streams. Further,
the pedestal often extends over several times Tys, so alternating the polarizations will

not ameliorate the problem sufficiently.

These intensity fluctuations are a form of correlated amplitude jitter with a
very long (~ 1 s) correlation time. Thus, Eq. 1.2 applies when quantifying the effect
of theses fluctuations on the BER of an OTDM link.

Many means of short-pulse production, typically those involving pulse compres-
sion, result in pulses with a significant fraction of their energy in a pedestal [120]-[122],
[126]-[129], [156], [157]. In fact, nearly all pulses produced with some type of non-
linear cbmpression exhibit significant pedestals. It is, therefore, imperative to find a

means of reducing a pulse’s pedestal.

4.3 Previous Work

4.3.1 Pedestal Suppression

Since the temporal-multiplexing power fluctuation is slow (typically on the order of 1
Hz), it should be possible to reduce them using automatic power control [158], [159].
However, pedestal suppression using a saturable absorber (a high-pass intensity filter)
directly addresses the cause of the problem and is a more elegant solution. Several
researchers have shown that a saturable absorber (a high-pass intensity filter) can be

employed to suppress the pedestal level of a pulse train [121], [122], [127]-[130].
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4.3.2 Saturable Absorbers

All saturable absorbers can be classified as either real or artificial. A real saturable ab-
sorber is any material with a positiVely sloped transmission-versus-irradiance curve.
An artificial saturable absorber (ASA) is a device that converts some nonlinear phe-
nomenon, such as nonlinear phase shifting (NPS) [78], [122], [127], [128], [128]-[130],
[160], Kerr lensing [161], or nonlinear polarization rotation (NPR) [35], [121], [137],
[162], into a transmission function that increases with increasing irradiance. (Note
that real and artificial saturable absorber are often used to initiate passive mode-
locking or for pulse-shortening in hybrid mode-locking!. Saturable absorbers are also
categorized as either slow (The response time is long compared to duration of the
optical pulse in question.) or fast (The response time is short compared to the pulse

width.).

Since our experiments were performed with a nonlinear amplifying loop mir-
ror (Experiments performed with an NPR-based ASA yielded disappointingly high
pedestals.), it is prudent to discuss the theory behind the NALM’s operation. Before
doing so, it is illustrative to consider the NALM'’s predecessor, the nonlinear optiéal

loop mirror (NOLM).

4.3.2.1 Nonlinear Optical Loop Mirror

The nonlinear optical loop mirror (Fig. 4.1) [78], [122], [128], [130] is an elegant,
all-fiber artificial fast saturable absorber based on the Sagnac interferometer. The
NOLM is simply a directional coupler whose output ports (Ports 3 and 4) have been
connected together. The coupler’s power splitting ratio is a; the power coupled from
Port 1 to Port 3 is a, and the power coupled from Port 1 to Port 4 is 1 — a@. The

fiber polarization controller (FPC) is included to set the Jones matrix of the loop to

1 See Section 2.3.
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the identity matrix; thus, when the pulse halves meet in the coupler, they will have

the same polarization and will therefore interfere.

Fiber
Polarization
Controller

J\: Non-50:50 A

Coupler

Figure 4.1: The ideal nonlinear optical loop mirror.

Let E4; be the electric-field envelope impinging on the coupler from Port 1. The
corresponding power is Py; < E%, and I}; = Py;/Aeg is the irradiance, where A.g is
the effective area of the fiber. The fields departing through Ports 3 and 4 are given,
respectively, by '

Es, = VaE; ; (4.1)

Es =iV1—akEy; . (4.2)

(The i in Fy4, comes about because of the phase shift the field experiences when
switching fibers inside the coupler: i = ei"/2.)

We can calculate the nonlinear phase shift experienced by each of these fields
as they propagate around the loop. The result gives us the fields going back into
Ports 3 and 4, Ej5; and FEy;, respectively:

E3; = Eyoexpli(1l — a)noliikLnowm] ; (43)
Ey = E3, exp[iangf likLNOLM] . : (4-4)
In both equations, n, is the nonlinear index of the fiber. (ny ~ 2.2-1072 to 3.4.10~2°

m? /W for silica fibers [135].), Additionally, k = 27/ is the wavenumber of the optical
field, and LyoLm is the length of the NOLM’s loop.
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The net phase difference between these two fields as they recombine in the

coupler, ¢noLM, is given by
wnowm = (1 — 2a)ne ik Lnonm - (4.5)

(The 7 from before plays no part, because light in one fiber must cross to the other

before interfering, which cancels out the phase shift.)
Finally, we can calculate the irradiance output through Port 1, I1,, to be
I, = I11'2a(1 - a) []. + COS(‘PNOLM)]- (46)

Using Iy, = I; — I,,, we can calculate the NOLM’s power reflection, Ryorn, and

power transmission, Tyorm:

) Ilo
R (o) = —
NOLM T
= 20(1 — a)[1 + cos(p)] ; (4.7)
' I2o
T = =
NOLM T
= 1-2a(1— a)[l+ cos(p)] . (4.8)
:
-
E X o -- =02
iy
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Figure 4.2: The transmission of the nonlinear optical loop mirror for four values of

the power-spitting ratio, a.

In Fig. 4.2, Tnomy is plotted for four values of a: 0.1, 0.2, 0.3, and 0.4. (The
plot assumes ny = 3 x 10720 m?/W, Ag = 50 um?, A\ = 1550 nm, and Lyopm = 3
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km.) Note the intensity-dependent switching action of the NOLM. Physically, this
switching arises from the unequal splitting of the power. Since the clockwise-travelling
and counterclockwise-travelling pulses have different intensities, they see different
refractive indices. Hence one pulse is phase-shifted with respect to the other. When
the pulses recombine at the coupler, this phase shift forces the optical power to split
unequally between Ports 1 and 2. (If there were no nonlinear effects, the coupler
would exactly undo the splitting of the power, and all the energy would exit Port 1.)
This unequal split varies, depending on the input intensity and the initial splitting

ratio.

From the equation and the figure, we see that the contrast ratio increases as
the splitting ratio approaches 50:50. Unfortunately, the input irradiance required
for switching increases as « tends toward 0.50, becoming infinite there. As the split
approaches equality, the difference in power between the counter-propagating pulses,
for a given input power, drops. Thus more and more input intensity is required to
achieve the same index difference and the same switching behavior. At a = 0.50,
no amount of input pulse energy will produce an intensity difference or the resulting

index difference.

Looking at Fig. 4.2, we see that, over some domain, the NOLM can act as a

saturable absorber. As a result, it can be used to mode-lock a laser (when incorpo-
rated into the cavity) or suppress unwanted pedestals (when placed downstream of

the laser source).

Note that the nonlinear phase shifting of the NOLM relies on the Kerr nonlin-
earity. The response time of this nonlinearity is approximately 2 to 4 fs [135]. Thus,
the NALM is more than fast enough to suppress the pedestals of picosecond pulses.
One drawback to the NOLM is that is adds chirp to its optical output, broadening
the spectrum beyond the transform limit. [157).
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Variations on the on the basic NOLM include the dispersion-imbalanced NOLM
[127]-[129], [157] (Here, different dispersion parameters on each side of the loop pro-
vide asymmetry, allowing a 50:50 coupler to be employed.), the dispersion-decreasing
NOLM [160] (This loop mirror is a “continuous” version of the dispersion-imbalanced
NOLM,; the loop fiber’s dispersion varies smoothly along its length.), and the nonlin-
ear amplifying loop mirror. IN the next Subsubsection, we look more closely at the

NALM.

4.3.2.2 Nonlinear Amplifying Loop Mirror

Fiber
Polarization >
Controller

—_— —_
//\\ 50:50 f \

Coupler

Figure 4.3: The ideal nonlinear amplifying loop mirror.

In the nonlinear amplifying loop mirror [78], [130], also called the amplifying
Sagnac switch, an optical amplifier is used to provide the asymmetry, enabling the
use of a 50:50 splitter, which yields high contrast with finite power. The ideal NALM
is diagrammed in Fig. 4.3.

The amplifier, usually an EDFA, is placed close to one port of the coupler.
Because of the 50:50 coupler, the pulses entering the loop have the same power. One
of these pulses is immediately boosted to a much higher power. From this point on,

the NALM works much like a NOLM. The net phase difference is
onam = (G — D)nglyikLyarm (4.9)
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where G is the gain of the amplifier and Lyapm is the length of the NALM’s loop.

Modifying our earlier calculations, we find the following results, which are similar in

form to the NOLM results:

Ilo = IliG COS2(Q0NALM) . (4.10)
Igo = Ih'G Sin2((pNALM) . (4.11)
These equations leads to
I,
RNALM = '11:
= Gcos*(pnaLm) ; (4.12)
I2o
T, = —
NALM T
= Gsin®(pNawm) - (4.13)
15
3
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§
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Figure 4.4: The nonlinear transmission of the nonlinear amplifying loop mirror.

We plot Eq. 4.13 in Fig. 4.4. (The plot was made assuming ny = 3 x 10~
m?/W, Aeg = 50 pm?, A = 1550 nm, and Lyarm = 100 m, and G = 15.) Again, we
see saturable absorption. This time, however, we can achieve 100 % contrast with
finite input power.

Note that the NALM, also works by the Kerr nonlinearity, and is therefore
sufficiently fast for our purpose. Also like the NOLM, a NALM adds chirf) to its
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output. Indeed, the chirp imposed by the NALM is often greater than that imposed
by the NOLM, due to higher powers that result from use of the amplifier.

4.3.3 Remarks

To our knowledge, until the author’s work [27], [28] no researcher has systematically
investigated the effect of pedestal level on interference-induced power fluctuations of
the temporally multiplexed data stream. It is this topic we will investigate in this

chapter.

4.4 Present Contribution

4.4.1 Theory

Before we begin our analysis, we present a note about the nomenclature employed in
this chapter. We will frequently need to discuss the pulse shape, which is a function
of

z

toe =t ——, 4.14
I m (4.14)

the local time in a frame moving at v, the group velocity of the pulse. Due to this

frequency of use, the parameter ;. becomes somewhat cumbersome. In this chapter,

we will, therefore, use ¢ as a shorthandj for tloc.i

4.4.1.1 Temporal-Multiplexing Jitter

We would like to quantify the impact of pedestal level on temporal-multiplexing jitter.
We begin by establishing our notation. Consider a pedestal-free pulse (Fig. 4.5)
propagating through an optical fiber The electric-field envelope of the pulse, Ey, is
given by

Eo(t) = m/Aguo(t) (4.15)
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B = V()

t

0
Figure 4.5: The electric field of a pedestal-free pulse. E—electric field. t—time.

k—normalization constant. A¢—power amplitude of pedestal-free pulse. Ey—time-
dependent electric-field envelope of pedestal-free pulse. u,—unitless, unit-amplitude

field-shape function of pedestal-free pulse.

where & is a normalization constant and u(2) is a unitless, unit-amplitude field-shape
function. The significance of the 1/ Ay factor becomes apparent when we compute the

power of the pulse, Fy:

Aeﬂ”

R(t) = ” | Eo()|?
- A;Hn,onso(t) , (4.16)
where 7 is the impedance of the medium and so(t) = |uo(t)[? is a unitless, unit-

amplitude power-shape function. If we choose

— n
K= A’ (4.17)
then _
Po(t) = A()So‘(t) , (418)

and Ay becomes the power amplitude of the pulse (with units are W).

Now consider a more general pulse, one with a finite pedestal (Fig. 4.6). The

electric field envelope of this pulse, E, is

B0 = |[7=VA {Bao®) + B} - (4.19)
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Figure 4.6: Temporal multiplexing of a gsnite-pedestal pulse train. EF—electric field.
t—time. k—normalization constant. A—power amplitude of finite-pedestal pulse.
Eped—normalized field amplitude of pedestal. Ey=1- E’ped—normalized field
aniplitude of pedestal-free component. F—time-dependent electric-field envelope of
finite-pedestal pulse. Ep,—time-dependent electric-field envelope after multiplexing,.

Tsys—Dit period after multiplexing. u,—unitless, unit-amplitude field-shape function

of pedestal-free component.

Here, A is the power-amplitude of the pulse. Ey = E, /VA and Eped = Eped/ VA are
the normalized, unitless field-amplitudes of the pedestal-free pulse component and
the pedestal, respectively; Ey and Epeq are the corresponding non-normalized field

amplitudes, the units of which units are V/m. Note that we want

_ n
E(0) = e (4.20)
This requirement implies .
Ey=1-FEpa . (4.21)

The power of the finite-pedestal pulse is
Aegr
P@) = SE|E@)P
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= A{Aos1(t) + Apea} - (4.22)

where

51(t) = so(t) + EoEequo(t) + B Epeaud(t) (4.23)

where the superscript asterisk (*)-indicates complex conjugation. Note that, for low
small pedestals, s; ~ so. Further, Ay = A /A and ﬁped = Aped/A are the normalized,
unitless power-amplitudes of the pedestal-free pulse component and the pedestal,
respectively; Ag and Apeq are the corresponding non-normalized power amplitudes,
whose units are W. It is important to note that ﬁped is the normalized pedestal power.

Note that want the pulse amplitude to be A:
P(0)=A. (4.24)

This requirement is satisfied by Eq. 4.21.

Now let us move on to the temporal multiplexing of two finite-pedestal pulses
(Fig. 4.6). If we assume the peak and pedestal of each pulse are coherent and like-
polarized, the electric-field envelope of the output of the temporal multiplexer, Epeq,

is given by

Emx() = E(t) + E(t — Toys)e™ ~
N A" VA{ Boo(t) + Boea + Botio(t — Tays) e + Bpeac™®} , (4.25)
eff . ] )

where ¢ is the phase difference between the two pulses, and Ty is the system period.

Although the entire pulse fluctuates, it is useful to consider only the fluctuations
at the peak of the pulse. Looking only at the peak simplifies the mathematics but
does not change the result. The electric field at the peak is

Bux(0) = \| 5= VA { Boto(0) + Bpos + Borio(~Ton)e™ + Bpea€™} . (426)

Because uo(0) = 1 and Eo =1- Eped, the first two terms sum to unity. Recall that

Tsys > At, in accordance with Subsection 1.4.4. Hence, the third term is approxi-
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mately zero. Therefore,

Er(t) = | AT’“ VA{1+ By} . (4.27)

In other words, in agreement with intuition, the net electric field at the peak of one

pulse can be written as the sum of the fields of the peak of that pulse and of the
pedestal of the other.

The power of the peak in question, Ppu(0), is
| A
n
~ A {1 +2 .pred cos(p) + Aped} , (4.28)

PmUX(O) = |Emm<(0)l2

if Apeq is real.

We can now calculate the peak-to-peak deviation of the peak power, APpp,
due to differential environmental fluctuations in the paths of the multiplexer. If we

assume that that the phase difference can vary over [0, 27), then

APpp >~ 4A\/A\ped . ) ) (429)

If we further assume that the probability-distribution function of ¢ is uniform [163],

[164], the mean of the peak power, up will be given by
ppzA{1+ Eped} . (4.30)

Thus, APpp, the normalized peak-to-peak deviation of the power of the peak of the

multiplexed train is

AbPp = 2Fer
m1p
Ape
~ —VPed (4.31)
1+ Aped

This result is plotted in Fig. 4.7. Note that both of the assumptions we’ve made

“about distribution of ¢ are very physically reasonable.
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Figure 4.7: Normalized pedestal-induced amplitude jitter, plotted against normalized

pedestal power.

» Finally, the assumption of uniform distribution allows us to compute the root-
mean-squared deviation from the peak-to-peak deviation. Because the peak-power
variation we've described in this subsubsection is equivalent to amplitude jitter, we
will denote the RMS deviation (or standard deviation) of the peak power with oa4;

the normalized version will be denoted by Ga4. According to Appendix A (Eq. A.2),
APpp

oan= S (4.32)
Examining Eq. 4.30, we see that the mean of the peak power is approximately A.
Hence,
Gaa = 22
A
244/ Apea

1R

= . (4.33)
V3 {1 + Aped}
This equation is also plotted in Fig. 4.7.

By combining Egs. 1.2 and 4.33, we can now express the bit-error rate of a
temporally multiplexed pulse train as a function of the normalized pedestal level,

Apea.

This relationship is plotted in Fig. 4.8. (Note that we are not considering other
types of amplitude jitter in this analysis. Since the pedestal-induced jitter and the
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Figure 4.8: The BER, due to pedestal-induced amplitude jitter, of a temporally

multiplexed pulse train, plotted against normalized pedestal level.

noise of the source itself are independent, the RMS total amplitude variation will be
given by the sum-of-squares addition of the RMS OTDM jitter and the source’s RMS
amplitude jitter, and the BER will be impacted accordingly.) Note also that we are
ignoring timing jitter, pulse width, and any other problems with the pulse train, which
would also raise the BER. Examining Fig. 4.8, we see that, to achieve a BER of 10~°
or 10712, the pedestal must be at 22.7 dB or 24.1 dB below the peak, respectively.
Clearly, practical RZ OTDM sources must exhibit dramatically low pedestal levels.

4.4.1.2 Autocorrelation Pedestal Level

As we can only observe the temporal dependence of picosecond pulseé (which are much
shorter than the impulse response of our fastest photoreceiver) with an autocorrelator,
it is useful to be able calculate normalized pedestal level of a pulse from that of the
intensity autocorrelation. Recall that the time-dependent power of a finite-pedestal

pulse is
P(t) ~ A{Aos1(t) + Apea) - (4.34)

Consider the autocorrelation of the this pulse, ¢,(7):

o0

P ()Pt +7)dt (4.35)

op(T) = /
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where T is the temporal delay of the autocorrelation. Note that all integrals in this

chapter run from —oo0 to 0o unless otherwise indicated. Evaluating the integral yields
tp(r) = 42 [ { Bor(ss(t +7) + Aodpea {o1(8) + 51t + 1)} + B} dt . (4.36)
The last term is very small, since Eped is, by assumption, small. Hence,
¢p(T) = A? / {As1()s1(t +7) + AoApea {51(t) + s1(t +7)} } dt . (4.37)
Let us examine the autocorrelation at 7 = 0, where the peak occurs.
dp(0) = A / [Bs2(8) + 240 Apeasa (1)) dt . (4.38)
The second t.erm is very small compared to the first, so
p(0) ~ A2A2 f S2(t)dt . (4.39)

Now let us examine the autocorrelation at 7., a delay much greater than At, the

width of the pulse.

bp(r) = A {Ag / ()51t + Trar) dt
+gogped S1 (t) dt

+ 224 [ 51t + Tier) dt}. |  (4.40)

Since 73,y 3> At, there is very little overlap between s;(t) and s;1(t + 7). Thus, the
first integrand is approximately zero for all {. Because the bounds of integration are -

infinite, the ¢ + 73,, in the third term can be replaced with ¢. Therefore,

Gp(Trar) = A2 A Aoy [ s1(t)dt . (4.41)

Now we want to compute the normalized pedestal level of the autocorrelation,

which we denote with Bped: .

S ¢P (Tfar)

By = ——= . 4.42
ped ¢P(O) ( )

73



Computing the ratio of the true and autocorrelation pedestal levels yields

)

hN

Apea 1 4.43
Bped . E ? ( )
. where .
_ 2f31 (t)dt
6 = f—s%W . (4.44)

We must know the pulse shape to compute £. By assuming Gaussian and hyperbolic

secant shapes, we arrive at

2v/2 Gaussian .

= (4.45)
3  sech®.
Thus,
o~ 1 .
éped ~) 3 Gaussian . (4.46)
Byed % sech? . .

The result shows that the autocorrelator exaggerates the pedestal level.

4.4.1.3 Autocorrelation Amplitude Jitter

One of our measurements of the pedestal level is made with an intensity autocorrela-

tion recorded by an oscilloscope operating in persistence mode. Thus, we would like

to be able to extract the power fluctuation (amplitude jitter, intensity noise) from

those of the persistence autoéorrelation.

Consider a pulse whose noisy (power) amplitude is given by
A =A+AA, (4.47)

where AA is zero-mean random variable representing amplitude jitter. (Note that

the mean of A’, is A.) The time-dependent power of the pulse will be

P(t) ~ A's(t) . (4.48)

74



The autocorrelation of the pulse, ¢p, is given by
op(T) = A%¢y(7) , (4.49)

where ¢, is the autocorrelation of the shape function, and 7 is the temporal delay.
Note that the amplitude of the autocorrelation is proportional to the square of the

power amplitude of the pulse.

For convenience, let us define
B =A". (4.50)

Further, let us define, for any variable z, Zy;, as the minimum of z, and z ., as the
maximum of z. The peak-to-peak power fluctuation of the pulse, APpp, is simply
Al — Al ax, While the mean of A', is 2(AL ., + Al.). Thus the normalized peak-
. to-peak deviation is
Al — Al
2 {A FA ax}
2 VBius =/ Bon . (4.51)
Blrase + \/Binin

Note that this analysis ignores any noise in the autocorrelation process.

APypp

We can easily account for thermal noise. (Shot noise is more difficult.) We
measure the thermal noise by examlnlng the autocorrelation. power at a delay far
from the pulses, denoted by C'. If we let C;; = C’,'m; C’,’m‘n‘,“then we can correct
Eq. 4.51 for the thermal noise by replacmg B o« with D;n = B’ ‘-;— 1C; and

with D! . = B’ .

min min

E.\PPP - 2\/D{nax Y, D;nin

Diax + y/ Druin | | ‘
\/B Cdlf \/ min %Célif : (4 52)
\/ 3Cies + \/ Blin + 5C4 . -

replacing B’ .

min

+ 2C%;. The result is
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If we assume a uniform PDF, we can use Eq. 4.32 to compute the RMS multiplexing-

induced amplitude jitter:

1 y/Bloax — 3Clit = v/ Biuin + 3Chir

Gas=—= . (4.53)
V3 \/Binax — 3Ctit + y/Bluin + 30t

4.4.2 Experiment

4.4.2.1 Experimental Setup

Polarization
- Controller

Bidirectional
Amplifier

//\:’ 50:50 - “

Coupler ,
Figure 4.9: A diagram of the nonlinear amplifying loop mirror employed in the ex-

periments. DSF—dispersion-shifted fiber.

We employed the first 3 stages of the psPS? to provide pulses with significant
pedestals We choose a NALM as the saturable absorber, rather than another loop-
mirror variant, because the higher asymmetry, and resulting greater phase difference,
between the two paths yields superior performance. Furthermore, the NALM can
achieve a 100 % contrast ratio with finite input power. In additon, the amplifier gain

provides an additional degree of freedom and allows the NALM to be easily optimized.

A diagram and a photograph of the nonlinear amplifying loop mirror we con-
structed for these experiments are shown in Figs. 4.9, and 4.10, respectively. The
NALM employ 300 m of dispersion-shifted fiber (Corning model SMF-DS, D = 0
ps/[nm-km] and dD/DX = 0.0687 ps/[nm?-km)], both measured at 1562.82 nm) and

2 See Chapter 2.
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a bidirectional, wide-core EDFA of length 2.1 m (Pritel model SPFA-1550). To pre-
vent lasing, we insert isolators at the input and output of the NALM and make all

connections by splicing or with angled connectors.

lifying loop mirror employed in the

L s i sans

Figure 4.10: A photograph of the nonlinear amp

experiments.

To evaluate the impact of pedestal reduction on the power variations of an
OTDM data stream, we employ a fiber-based temporal multiplexer (a four-channel
version of the device shown in Fig. 1.4). The inter-pulse delays are set to 6.25 ps
(160 GHz), and the pulse polarizations are set equal. The modulators are biased to
produce an all-ONEs data stream. This multiplexer can be configured to produce

one-, two-, three- or four-bit trains.
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X

Temporal
psPS Multiplexer *

Figure 4.11: Experimental setup for measuring multiplexing-induced amplitude jitter

using a power meter.

4.4.2.2 Measurement Techniques

We employ two techniques to measure APpp and Ga4 of the multiplexed train: one

method employs a power meter, and one employs an autocorrelator.

In the first method (Fig. 4.11), we record the power of two-bit trains over
several minutes using an integrating sphere (Newport model 818-IS-1) and power
meter (Newport model 2832-C). This measurement assumes the power fluctuations
are slower than the 500-kHz sampling rate of the power meter. Note the two-arm setup
in the figure; the optical power is measured both before and after the multiplexer,

and a computer normalizes the output power to the input power. Thus, any drift of

the source power does not affect the measurement.

Temporal Oscillo-
psPS ' Multiplexer j\-*-/\- scope

Autocorrelator

Figure 4.12: Experimental setup for measuring multiplexing-induced amplitude jitter

using a persistence autocorrelation.

In the second method (Fig. 4.12), we record the autocorrelations of four-bit
trains, using an oscilloscope in persistence mode, over five minutes. (Our auto-

correlator is a Femtochrome model FR-103XL.) The persistence traces (Fig. 4.14)
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qualitatively illustrate the dramatic reduction in the amplitude variations of these

multiplexed pulse trains.

5

o2 : :

o —— Theory

< O Power-meter experiment. Norm. MSE = 0.034
o) O Autocorr. experiment. Norm. MSE = 0.12
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Figure 4.13: Multlplexmg induced amplitude jitter plotted against pedestal level.
Results from theory and two sets of experiments are included. MSE—mean-squared

error.

4.4.2.3 Remarks

Both sets of experimental results are compared with the theoretical power fluctuations
predicted by Eq. 4.31 in Fig. 4.13. The figure shows that both data sets are in

approximate agreement with the theory.

The power-meter measurement of the multiplexing-induced amplitude jitter
agrees more closely with our theory than the persistence-autocorrelation method,
indicating that it may be a better technique. (This disparity is principally due to
a single, perhaps a;,nomalous point.) In particular, the»nofmalized mean-squared

error (MSE), of the power-meter measurement is 0.034. The normalized MSE of the
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Figure 4.14: Autocorrelation traces, with persistence, of 4-bit multiplexed pulse trains

without (a) and with (b) pedestal suppression by a nonlinear amplifying loop mirror.

persistence-autocorrelation data set is 0.12. The autocorrelation technique, however,

does provide a more visual indication of reduction of OTDM jitter, as indicated by
Fig. 4.14.

This agreement between experiinent and theory indicates that, when the ped-
estal is below the noise limit of the measurement, as is the case in our experiment,
the two indirect, multiplexing measurements described here may actually be better

measures of the pedestal level than the autocorrelation is.

Finally, it is important to note that, as exemplified by Fig. 2.6, the low-pedestal
pulses produced by the NALM are essentially hyperbolic secant in shape.
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4.5 Commentary

4.5.1 Confirmation of Theory

We have presented theory describing the slow peak-power fluctuation that results
from OTDM multiplexing. We have also experimentally confirmed this theory using
a NALM.

4.5.2 Suitability of the Loop Mirror

In our experiments, the NALM is capable of reducing the pedestals to as low as 36.8
dB below the peak (Fig. 4.13). This pedestal level is 14.1 dB and 12.7 dB below the
levels we established in Subsubsection 4.4.1.1 for BERs of 10~° and 10712, respectively.
Thus, the NALM suffices to reduce the pedestal to acceptable levels.

4.5.3 Excess Spectrum

One drawback to the NALM is the spectral broadening associated with its use. It may
be possible to reduce this broadening by fine-tuning the pump power and FPC setting.
As we pointed out in Subsection 2.4.4, the TBP of the output pulse can be reduced
by propagating the pulse through a fiber with the correct total dispersion [127] or
filtering the excess spectrum. Both methods of TBP reduction have their pitfalls,
however. Filtering high-power pulses can lead to distortion. Compressing the pulse
would reduce the pulse width; but if the pulse output by the NALM is already at the
design duration of the link, the compression is not just unnecessary but deletérious;

a too-short pulse may suffer from (undesirable) nonlinear effects during propagation.
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4.5.4 Pedestal-Level Measurement

Since the pedestal level at the output of the NALM can be below the noise level of
the autocorrelation measurement, the two methods of measuring the power fluctua-
tions of the temporally multiplexed train (with a power meter or with a persistence
autocorrelation) are better methods of determining the true pedestal level when that

level is very low.
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CHAPTER 5

Direct Jitter-Characterization Method

5.1 Roadmap

In Chapter 5, we describe a method of extracting, from the RF spectrum of a pulse
train, the train’s total, uncorrelated, and correlated amplitude and timing jitter as
well as the correlation times of the two correlated contributions. Section 5.2 briefly
states the problem at hand. Section 5.3 reviews previous work in the field. Section
5.4 represents the core of this chapter; in this section, we derive the spectrum of
a noisy pulse train, describe a means of extracting all the jitter parameters, and
assess the performance of the jitter-characterization technique with simulations and
experiments. Section 5.5 consists of a summary and few comments concerning the

method.

5.2 The Problem

As quantified in Subsection 1.4.4, the usefulness of a pulse train for OTDM com-
munications systems is often limited by both timing and amplitude jitter. Further,
as evident from Section 1.5, the stochastic jitter! can be divided into absolute and

residual components or into uncorrelated, correlated, and super-mode contributions.

1 This chapter does not address deterministic jitter.
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These three noise components origihate from different sources, and knowledge of them
facilitates determination and elimination of the source of the noise. Thus, a means
of not simply measuring the total jitter of a pulse train, but of characterizing the it

(extracting the individual contributions) is required.

The direct spectral method is a technique commonly employed to measure
absolute jitter. This method has been shown to distinguish between amplitude and
timing noise, but not to distinguish between the uncorrelated, correlated, and super-
mode components. We wish to extend the direct method simultaneously extract the
total, uncorrelated, and correlated contributions to the absolute timing and amplitude
jitter and to measure the correlation times of the correlated contributions. (We will
not attempt to extract the super-mode noise.) In other words, we intend to modify

this method to extract the following eight parameters of the absolute random jitter:

e Total timing.

Total amplitude.

Uncorrelated timing.

Uncorrelated amplitude.

Correlated timing,.

Correlated amplitude.

e Correlation time of the correlated timing jitter.

Correlation time of the correlated amplitude jitter.
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5.3 Previous Work

A number of techniques for measuring the jitter of a pulse train have been demon-
strated. The advantages, and disadvantages of each are sketched below. These tech-

niques can be divided into temporal and spectral techniques.

5.3.1 Temporal Methods

5.3.1.1 Oscilloscope

RF Photo-
Generator detector Oscilloscope
Coupler
T Ha-
- ;
Trigger

Figure 5.1: The experimental setup employed with the oscilloscope-based jitter-

measurement method. RF—radio frequency.

The oscilloscope (histogram) method (Fig. 5.1) of noise measurement is the
most intuitive and simplest technique. In this temporal method, the instrument is
operated in pefsistence mode and simply assembles a vertical or horizontal histogram
at the appropriate point in the waveform to measure the amplitude or timing noise.
Unfortunately, this time-domain method is limited to measuring timing jitters greater
than the trigger jitter of the oscilloscope and amplitude jitters greater than the inten-
sity noise of the instrument. Even modern multi-GHz digital sampling oscilloscopes
have trigger jitters? on the order of 1 ps; Furthermore, this method can misrepresent

intensity noise as phase noise [25].

2 The total sampling timing noise of an oscilloscope consists of jitter in the trigger as well as in
the digitizing circuit. This noise is often simply called trigger jitter.
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5.3.1.2 Crosscorrelation

Autocorrelator

\ Ax A

Variable Oscillo-
rzzn scope

Delay
Figure 5.2: The experimental setup of the jitter-measurement method based on cross-

correlation. In practice a long fiber delay is also often employed.

The crosscorrelation technique (Fig. 5.2) [23], [59], [64], [66], [112] is also a
temporal method. This approach exploits the fact that the RMS width of the cross-
correlation, oxc, is broadened by timing jitter. This measurement must be calibrated
by first measuring the RMS width of the autocorrelation both before and after prop-
agation through the long and dispersive fiber delay used for crosscorrelating distant
pulses. These autocorrelation widths are labelled oac, and opc,, respectively. If we

assume a Gaussian pulse shape, the pulse-to-pulse RMS timing jitter, opp, can then

opp = v 0'52{0 - J%C . (51)

Here, oac is defined to be the mean of two squared autocorrelation widths:

be computed from 23]

ohc = ﬁgﬁ;—iz(’— : (5.2)

In this method, the intensity noise averages out and therefore cannot be mea-
sured [23], [112]. This fa.ct can be considered a disadvantage (if we are interested
in extracting both the timing and amplitude noise) or an advantage (if we are only
interested in the timing noise). This technique has other disadvantages and advan-

tages. The first disadvantage is that the method requires additional opto-electronic
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equipment and free-space alignment. The second disadvantage: three experiments
(one each to record gac,, oac,, and oxc) are required for each measurement 23],
[112]. One advantage: by crosscorrelating pulse pairs of varying delay, the entire
probability density function of the timing jitter can be mapped [23], a very powerful
capability.

5.3.1.3 Phase-Encoded Optical Sampling

gk

""""" ° ° tizer
o
Amplitude Sampling ——r
Modulator Modulator
Integrator

_<* jdt

Figure 5.3: The experimental setup of the jitter-measurement method based on phase-

encoded optical sampling.

Another temporal jitter-measurement method [2], [6] has been developed by
clever extension of a technique for optical analog-to-digital conversion called phase-
encoded optical sampling [1]. In the optical-sampling application, a pulsed laser
and an electro-optic modulator are used to sample an unknown, analog RF signal
(Fig. 5.3.). The laser is required to have amplitude and timing noise that is much
lower than any “interesting” structure in the RF signal. In the jitter-measurement
application the same setup is employed, but the unknown RF signal is replaced by a

sinusoid produced by an RF synthesizer. In a sense, the roles of the optical and RF
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signals are reversed; it is the sine wave which must have very low noise, in order to

measure the noise in the laser.

Like the other temporal methods (other than the oscilloscope method), the
jitter-measurement technique based on optical sampling cannot measure amplitude
jitter [2], [6]. However, this technique, uniquely, does allow pattern noise to be

quantified.

5.3.2 Spectral Methods

The two RF-spectral techniques (the direct and mixing-based methods) are the most
popular means of measuring subpicosecond timing jitter. The first fact in their favor is
that only spectral techniques (and the oscilloscope method) can measure both timing
and amplitude noise [2], [6]. Second, these measurement schemes (the direct method

especially) require little additional equipment.

Third advantage of the spectral techniques is that they have very fine reso-
lution, and can measure very small jitters, as we will show®. The reason for the
improved performance is that the RFSA is not required to have the same broad, flat -
frequency response that, for example, an oscilloscope is [57]. The spectrum is as-
sembled by combining a number of power measurements, each made over a different
narrow frequency band. Thus, the frequency response of the instrument need only be
flat over each band; any broader variation in the frequency response can be calibrated
out. By contrast, temporal measurements are made at all frequencies at once, placing

much more stringent demands on the performance of the oscilloscope.
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Figure 5.4: The experimental setup of the direct spectral jitter-measurement method.

RFSA—radio-frequency spectrum analyzer.

5.3.2.1 Direct Spectral

A radio-frequency spectrum analyzer (RFSA) was first employed to determine the
jitter of a pulse train by von der Linde in 1986 [165]. His analysis assumed correlated
noise (because von der Linde was interested in mode-locked lasers) and revealed that
the integrated noise power around harmonic & of the power spectrum was the sum of
two terms, one proportional to the amplitude jitter, and one proportional to A2 times
the timing jitter. Thus, by integrating the noise power around two harmonics, the
total amplitude and timing noise could be determined. (Note that, since this work
was conducted in 1986, it was often not possible to recorded the spectrum digitally or
to use a computer to sum the noise power in each frequency bin. Thus, von der Linde
simply approximated the integral of the noise power by computing the product of the
spectral width of the noise band and the maximum PSD.) Uhfortunately, because
this analysis assumed the jitter is correlated, yielding a spectrum with discrete noise

bands centered on each harmonic of the repetition rate, it was incomplete.

The direct method has been employed many times in the years following the
publication of von der Linde’s paper [26], [116], [119], [140], [148], [166]-[169], and

a number of modifications of the basic two-harmonic approach have arisen. For ex-

3 See Subsubsections 5.4.1.3, 5.4.1.4, 5.4.4.1.2, 5.4.4.1.3, 6.4.1.3, and 6.4.1.4.
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ample, some authors [140], [167], [170]-[172] have exploited the fact that a single
harmonic is sufficient if we only wish to measure the timing noise. Because of the
constant nature of the amplitude-noise power and the harmonic-number-squared de-
pendence of the timing-noise power, the integrated noise power around high harmonics

is dominated by timing noise.

The modification that is most relevant to this document was made by Leep
and Holm in 1992 [26]. Their analysis assumed uncorrelated noise (because Leep
and Holm were interested in gain-switched lasers) and revealed that the noise PSD
is proportional to the amplitude noise and the squared frequency times the timing
noise. This analysis provides a similar means to distinguish between the amplitude
and timing noise. Indeed, if you integrate the noise power around each harmonic,
you get the same result for the total jitter. Unfortunately, because the Leep analysis
assumed uncorrelated noise, yielding a spectrum with a single continuous noise band,

it was also incomplete.

5.3.2.2 Mixing-Based Spectral

The mixing-based method is a development of the direct technique that was intended

to measure residual jitter?. This method can separate the amplitude an timing noise.

5.3.2.3 Remarks

Before this author’s work, neither the direct nor the mixing-based spectral method
has distinguished between the uncorrelated and correlated contributions of the noise.
However, the von der Linde and Leep computations have been applied, incorrectly,
[172], [173] to extract the uncorrelated and correlated timing and intensity noise. Fur-

ther, to our knowledge, before the author’s work, no one has published a systematic

4 See Subsection 1.5.2.
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investigation of the accuracy of any jitter-measurement technique. In this chapter,
we describe how we have extended the direct technique to discriminate between the
uncorrelated and correlated contributions to the noise. In Chapter 6, we describe a

similar extension of the mixing method.

5.4 Present Contribution

5.4.1 Theory
5.4.1.1 Spectrum of a Noisy Pulse Train

The goal of this subsubsection is the computation of the power spectrum of a noisy
pulse train. Before we begin, however, it may be helpful to provide the reader with a
summary or abstract of the upcoming computation. This summary is, functionally,
very much like the dumb show in Hamlet, as described by the Player in Rosencrantz

and Guildenstern are Dead [174):

Well, it’s a device really—it makes the action that follows more or less

comprehensible; you understand we are tied down to a language that

makes up in obscurity what it lacks in style.

In our case, of course, the obscure language isn’t English or even Danish, but math-

ematics, making the need for an outline perhéps even greater.
In our analysis, we will proceed as follows:
e Analytically describe the detected voltage of a noise-free impulse train.
e Incorporate a finite pulse width as well as amplitude and timing noise.

e Compute the autocorrelation of the resulting noisy pulse train.
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e Take the time average to eliminate the temporal dependence.
e Evaluate the Fourier transform to arrive at the spectrum.

A note about our nomenclature before we proceed to the computation: As
will be explained®, our jitter-characterization technique is not appropriate for data
steams, only to unmodulated pulse trains. Thus, it cannot be applied to the output
of the temporal multiplexer, but only to the output of the pulse source, which has
period equal to the channel period, Tehan. In this chapter and the next, we will, for
compactness, use T' to represent the period' of the pulse train under examination.
(The reciprocal of T is, therefore, the repetition frequency of the laser in Hz, fep ,
and 27 /T is the repetition frequency of the laser in rad/s, wyep.) It is important to
recall that timing-jitter criterion listed in Subsection 1.4.4 is expressed in terms of

the system period, Tyys.

We begin with a noise-free train of impulses (infinitely narrow pulses). The
detected voltage of this temporal comb vyr, is proportional to the optical power of

the train (the definition of square-law detection) and is given by

wrlt) = Y AS(t—JT), | (5.3

j=—o0

~ -’

—~
temporal comb

where § is the Dirac delta distribution. It is easy to see from this equation, that A and
T are the amplitude and period of the impulses train, resbectively. All surnmation
in this chapter will run from —oo to oo, so, for compactﬁeé's,iwe will omit the limits
from future summations. We can create the detected voljt,age of a noise-free pulse
train by convolving the impulse train with a unitless, unit-;aimplitude shape-function
of finite width, s. This convolution (indicated by the ® 6perator) is equivalent to
sirhply replacing the ¢ in Eq. 5.3 with an s.
vpp(t) = i(,tl ®ZA6(t — 3T

shape J

5 See Subsection 5.5.4.
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= Z As(t — jT) . (5.4)

To assemble the detected voltage of a noisy pulse train, unt, we add jitter terms (each

the sum of uncorrelated and correlated contributions) to the amplitude and period®:

() = 2 {A+ DAl }st—5T - ATL] )

amp. jitter timing jitter
AJ = AJ, +AJ. . (5.5)
— =~

uncorr.  corr.
(Recall that we use AJ to stand in for AA or AT'.) It is by the inclusion of uncorrela-
ted and correlated timing and amplitude jitter that our analysis differs from others’.
The four noise terms are zero-mean, wide-sense stationary (WSS) random sequences
[164], which we assume to be independent of each other. Since the random sequences
have means of zero, A and T become the mean amplitude and period. Further, since

the AJ, and AJ, are, by assumption, independent, their variances add:
o5 =03 +05 . (5.6)
To simplify the following manipulations, we express the function s as a Taylor

series about ¢t — 7. We assume the noise is small; hence we can truncate the series

after two terms:
s (t — T — AT(j]) = s(t - §T) — AT[5)8(t - 5T) (5.7)
where the dot () indicates temporai differentiation. Thus,

one(t) & 3 As(t = 5T) + AAljls(t — §T) - AAT(Ji(t - 5T) ,  (5.8)

Since the noise is small, the four cross terms (containing, for example, AA,AT,) are

very small, and can be neglected.

6 We do not specifically account for pulse-width fluctuations, since these contribute little to the
spectrum [26].
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The PSD of any random process z, is ®,, given by [163]
Do (w) = F (E(a(t,t + 7)) - (5.9)

Here, ¢, <I5m, and X are the autocorrelation, PSD, and Fourier transform of z, re-
spectively. The F and &£ operators denote Fourier transformation and expectation,

respectively.

So our next task is to calculate ¢y (t,t+7) by computing £ (vnt(t)unr(t + 7)),
the expected value of unp(t)unt(t + 7). Note that two summation indices (j andk),
one for each time argument, must be used. Because all noise terms are independent,
the cross terms, such as £ (AA,[j]AA.[k]) or € (AT,[j]AA.[k]), vanish. Further, since
the jitter terms are WSS, only the difference in the index matters, and the “noncross”
terms , such as £ {AJ,[j]AJL[K]} = dau,[d, k], simplify [164] to terms like ¢ay, (£),
where £ = k — j. The result is

A2s(t—jT)s(t —{j + O T+ 1)+
Gunr(t,8 4 7) 22 ZZ daalls(t —T)s(t—{j+ O} T+7)+ ¢ . (5.10)
APprll)s(t — jT)s(t — {5 + L3 T +7)

Note that ¢, is periodic in ¢. (Thus vyt is cyclostationary.) The period is T

To remove the time dependence, we evaluate @(7), the time average of ¢y,
over one period [164]:
T
— /0 bone (bt +7)dt . (5.11)
After interchanging the order of the summations and the inﬁegration (because both
types of operation are linear) and executing a change of variables (¢t — ;T — t), we

arrive at an infinite sum of finite integrals that abut to cover all time:

o A2s(t)s(t — 0T + 1)+
Pur (T %}Z / daall)s(t)st — T + 1)+ pdt. (5.12)
’ A2pur[ls(t)s(t — £T +7)
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Note that the index j does not appear in the integrand. We can replace this infinite
sum of integrals with a single infinite integral. We also note [175] that, for any

continuous-time functions, f and g, and for any delay, (,

| s+ 0d =6, (513)

and

2-9(t—=¢) =g(t)®ZE:5(t—€€)- (5.14)

7
Substitution yields
. AP (1) S0 6(T — £T)+
o (T) = 4 65(r) Tedaalo(r — 1)+ ¢ - (5.15)
¢s(T) A2 Ty par[l]o(T — LT')

Let us look more closely at the uncorrelated and correlated contributions. Note
that, since (a) AJ, and AJ. are independent and (b) autocorrelation is a linear

process,
basll] = das,[€] + dasll] - (5.16)

Further, by definition of an uncorrelated random sequence,
Pas.l€l] = 0as,04 (5-17)

where o3 7, is the variance of AJ,. By substitutirig according to Egs. 5.16 and 5.17,

we see that each of the two noise terms in Eq. 5.15 contains

> 6(r — €T) {oas 81 + $as [} = oas. 3 8(r = L1)S[E]+ 3 5(r — UT)dar 1] -
7. [ £

N J/ ~ J

(5.18)

uncorrelated correlated

The uncorrelated term in the last equation reduces to oaz,6(7). The corre-

lated term resembles the sampling of a continuous-time autocorrelation. Let f be
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a continuous-time function. Now let f be the sampled (but still continuous-time)

version, as define by
fO) =F@) Y 6( 1) . (5.19)
¢

Note the the right-hand side can be rewritten:
fy=>" feer)s@ -y . (5.20)
¢

We can easily define a discrete-time version, f , by using the value of the sample
version at each multiple of T":
flg = f(er) . (5.21)
With this definition,
ft) = ; Fl1Q6(t —€T) . (5.22)
In our case, the correlated term in Eq. 5.18 is the same as the right-hand side of

Eq. 5.22 with the discrete-time function f replaced by ¢a.. We can therefore replace

the correlated term with
bas(t) Y 6(t —£T) (5.23)
I
where J)AJC is the continuous-time version of ¢a ..

Finally, we can now compute ®nr(w), the PSD of unrt, by calculating the

Fourier transform of ¢,
@NT(LU) = f{$UNT} . (5.24)

After a few manipulations, we arrive at the principal result of this subsubsection:

1
Onr(w) =~ 7 IS(w)|? { A2M(w/wrep) + Paa(w) + A2 Ppr(w) ¢ ;

pulse shape freq. comb amp. jitter timing jitter
1 v
— 2
Pas(w) = oay, +=0Pas(w—kwep) (5.25)
—— T k
uncorr. jitter S s

- corr. jitter
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In these two equations, S and éAJC are the Fourier transforms of s and gZA J., Tespec-

tively. Also, II(w/wyep) is the shah (comb) distribution [175] with period wyep:
(w/wWrep) = Wrep Z O(w — kwrep) - (5.26)
k

We again note that the ahalysis leading to Eq. 5.25 differs from other treatments
[26], [165] by the explicit inclusion of both uncorrelated and correlated noise, which
allows comparison of all four contributions. The salient features of Eq. 5.25 are
illustrated in Figs. 5.5 through 5.11 by spectra correéponding to several simulated
pulse trains. Considering Eq. 5.25 and the aforementioned figures, the first feature to
note is that the spectrum is scaled by an envelope due to the pulse shape’. The first
term within the braces is the spectral comb, corresponding to a jitter-free pulse train.
The second term represents amplitude jitter, and the third is timiﬁg jitter. In form,
the noise terms differ only by the A2w? factor in the timing noise. This quadratic
dependence allows us to distinguish between intensity and timing jitter. The second
line of Eq. 5.25 reveals that each noise term is composed of two “subterms”: (a)
the variance of the uncorrelated jitter (a constant), corresponding to a single noise
band spanning the entire spectrum and (b) a sum of copies of the correlated-jitter
spectrum, corresponding to multiple narrow noise bands, each centered at multiples
of wiep. This difference allows us to distinguish between uncorrelated and correlated

components.

7 In a real-world experiment, the detector and RFSA have finite bandwidth, so the envelope
term will be multiplied by |R(w)|?, where R is the Fourier transform of the detector/RFSA impulse
response. We will ignore this effect; we later normalize the spectrum to its envelope, so R(w) is
irrelevant.
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Figure 5.5: The spectrum of a train of impulses (infinitely narrow pulses) with no

Jitter.
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Figure 5.6: The spectrum of a train of finite-width pulses train with no jitter. The

root-mean-squared duration of the pulse is 5 % of the period.

b oA
o O O

Normalized Power, (dB)

0 1 2 3 4 5 6 7 8
Normalized Frequency, flf,ep

Figure 5.7: The spectrum of an impulse .pulse train with only uncorrelated amplitude

jitter equal to 1 % of the mean amplitude.
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Figure 5.8: The spectrum of an impulse pulse train with only uncorrelated timing

jitter equal to 1 % of the mean period.
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Figﬁre 5.9: The spectrum of an impulse train with only correlated amplitude jitter
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equal to 1 % of the mean amplitude.
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Figure 5.10: The spectrum of an impulse train with only correlated timing jitter equal

to 1 % of the mean period.
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Figure 5.11: The spectrum of a pulse train with all four jitter contributions. Each

contribution is equal to 1 % of the mean amplitude or period.
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5.4.1.2 Measurement Procedure

Now that we understand how the various jitter parameters manifest themselves in the
RF spectrum of the pulse train, we can extract them from a simulated or measured

spectrum.

5.4.1.2.1 Correction for Theoretical Approximation First, we note an ap-
proximation in our theoretical treatment; it does not conserve energy. The power in
the noise bands does not come at the expense of power in the comb. To compare the
simulated or measured spectrum to the theory, we adjust the spectrum by integrating
the total noise power around each harmonic and add that poWer to the comb. This

correction is very small for gy less than about 0.01.

5.4.1.2.2 Noise-Floor Subtraction The noise floor of the measurement setup
(the spectrum measured with no input signal) must always be carefully considered,
especially when attempting to measure very small jitters [176]. Some authors [140]
choose to subtract the noise floor (measured separately) from the signal spectrum.
However, this subtraction is dangerous, especially when the jitter of the laser under

investigation is very small. An early version of our procedure included noise-floor

subtraction, but the most recent version eliminates this step. (The noise floor is still
recorded, so that it can be plotted with the signal spectrum, giving an indication of

the relationship between the two spectra.)

5.4.1.2.3 Normalization Next, we normalize the spectrum to its envelope. For
jitter values appropriate to the theory (6a; < 1), the noise PSD is negligible com-
pared to the.comb power, so we approximate the envelope, at kw;ep, as the measured
harmonic peaks (triangles in Fig. 5.12). We then fit to the appropriate pulse shape

to determine the value of the envelope at all frequencies (dashed curve in Fig. 5.12).
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Figure 5.12: Envelope fit of a spectrum containing all four jitter contributions. MSE—

mean-squared error.
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0 1
Figure 5.13: The spectrum shown in Fig. 5.12 normalized to its envelope.
Dividing by this curve yields the normalized PSD, ®xr (Fig. 5.‘13)&

1A2 {A2Ill(w/w,ep) + @AA(w> + A“)‘w_sz)AT(w:)} . (5.27)

&)NT(LU) ~

The factor of 1/(wrepA?) is required to make the power in the first harmonic peak

equal to unity.

5.4.1.2.4 Total Jitter To extract the total jitter, we compute the total normal-
ized noise-band power around the At harmonic, Poise [h], by integrating ®nr, exclud-

ing the comb spike, from (h—1/ 2)w,ep to (h+1/2)wrep. In practice, we carry out the
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Figure 5.14: The spectrum shown in Fig. 5.13 with the harmonic peaks removed and

probe points encircled.

the noise-only integration by first “depsiking” (removing the harmonics peaks from)
the spectrum (Fig. 5.13), then integrating the result. Integrating Eq. 5.27 (without

the comb spike)) with the approximation w ~ hwye, yields

Proielh] > 6% 4 + {27h}26%, . (5.28)

We could now compute the standard deviations of the amplitude and timing

jitter by applying Eq. 5.28 to two harmonics (harmonics m and n):

P ﬁnoisc[n] - {n/m}2 ﬁnoise[m]

~ ; 9.29
o \j T= {n/m}’ o2
~ 1 ]3 noise[n] - ﬁ noise[m]
oar = ZJ 2 — m2 . (530)

We choose, however, to use more than two harmonics to increase the robustness and
precision of our measurement, as described in the following paragraph. The most
obvious way to make use of > 2 measurements is to compute a4 and Gar from the
average of all the pairwise combinations (obtained from Egs. 5.29 and 5.30). Instead,
we fit the integrated harmonic powers to a parabola, as illustrated in Fig. 5.15, and

extract the jitter parameters from Eq. 5.28.

103



Parabolic Fit: Total Jitter
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Figure 5.15: Parabolic fit of integrated noise-band power, employed to compute total

jitter. MSE—mean-squared error.

We employ > 2 harmonics because, when this jitter-characterization routine
is applied experimentally®, the integrated noiseband power does not always exhibit
parabolic dependence on the harmonic number. If seven harmonics are measured, for
example, one or two of values of P,,oise[h] will often lie far from the parabola defined
by the other values. Integrating several harmonics allows these anomalous values to

be identified and excised from the jitter computation.

5.4.1.2.5 Uncorrelated Jitter In order to extract the uncorrelated jitter, we
use a “pointwise” (rather than integrating) method: we measure ®yz at “probe”

frequencies, w, far from any peak. Typically, these probe points are chosen such that
wWp = wiep {172} . R (5.31)

Since the probe points (circles in Fig. 5.14) are far from any harmonic, the normalized

uncorrelated noise spectrum @, (w,) dominates Syt (w,):

EI;NT(wp) = E)U(wp)

2T (.9 222
o +wiTo . - (5.32
Wrep { AAy P ATu} ( )

12

8 See Subsection 5.4.4.
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As in the total-jitter case, we could compute the uncorrelated timing and amplitude

jitter from two probe frequencies (wy, and wy):

ot n Jép(wo—(wn/wm)z@p(wm)
CENT T el -

~ 1 &)p(wn) - &)p(wm)
~ = . 5.3
am T\' T~ 2) 29

However, as before, probing more than two harmonics and fitting the probe points
to a parabola (Fig. 5.16) increases the precision of the jitter extraction an allows
us to omit anomalous points (increasing the robustness). It should be pointed out
that the use of smoothing (local, frequency-domain averaging) of a few points around
the probe points can reduce the sensitivity of the jitter extraction to anomalies.
Lastly, it is important to note that, in cases where uncorrelated noise dominates, the

uncorrelated-jitter measurement yields a good estimate of the total jitter.

Parabolic Fit: Uncorreléted Jitter
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2 3 4 5
Norm. Probe Frequency, f/f
p rep

Figure 5.16: Parabolic fit of probe points, employed to compute uncorrelated jitter.

MSE—mean-squared error.

5.4.1.2.6 Correlated Jitter At this point, a number of methods of correlated-
jitter extraction are available. One could apply the integrating technique (described

above for measuring the total jitter) with limits corresponding to the width of the

105



correlated-noise bands. doing so includes some uncorrelated-noise power and excludes
some correlated-noise power. Another approach is to (a) estimate the uncorrelated
noisé PSD with a polynomial fit of the probe points, (b) subtract the estimate from
the normalized spectrum, and apply the integrating scheme to measure the total
remaining jitter, which should be the correlated jitter. Lastly, and most simply, one

could estimate the correlated contribution using
OaJ. =104y — 04y, (5.34)

or the equivalent
Gas. =\/0a; — Bay, - (5.35)
This third approach assumes AJ, and AJ, are independent.

An earlier version of our jitter-characterization routine used the polynomial-
fit-subtraction approach. We found that it did not output correlated-jitter values
significantly different from those obtained with the simple sum-of-squares calculation.
The similarity between the results obtained with these two approaches should come
as no surprise. If the polynomial resulting from the fit is a parabola (as it will be, if,
as described above, we ignore nonparabolic probe points), then these two schemes are
equivalent. Thus, to conserve floating-point operations, we compute the correlated

contribution by the third, sum-of-squares method.

5.4.1.2.7 Correlation Time Lastly, to calculate the RMS correlation times of
the correlated components, o., and o.., we assume the RMS width of the A"
correlated-noise band, w[h] can be approximated by weighted mean of the ampli-

tude and timing correlation bandwidths, w4 and wo:

wy + h?wor

“ = =T

(5.36)

Once again, we could measure exactly two harmonics and extract the two correlation

times. By now, the reader is no doubt expecting that we will will measure multiple
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correlation bandwidths and fit them to a parabola. The reader will not be disap-
pointed. However, we must first manipulate the last equation into a form that can
be parabolically fit. After multiplying each of the measured harmonics by 1+ h?, we
can fit the result to a parabola (Fig. 5.17) to determine ;. Finally, if we assume
both .AJc have Gaussian statistics, we can compute the correlation times from .
1

—. (5.37)

O'CJ =

Parabolic Fit: Correlation Time
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Figure 5.17: Parabolic fit of correlated-noiseband widths, employed to compute cor-

relation times. MSE—mean-squared error.

5.4.1.2.8 Measurement Routine We have coded a suite of MATLAB routines
to perform all of the appropriate manipulations of spectra and calculate all the jit-
ter parameters as described above. This measurement routine, which represents a

significant fraction of the work described in this chapter, is tested in Subsection 5.4.2.

5.4.1.3 Resolution

It is important to be able to estimate the resolution, or precision, of the direct jitter

measurement.
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5.4.1.3.1 Total Jitter By starting with Eq. 5.28 and assuming there is no timing

a'AA ~ Y ﬁnoise[h] ) (538)

where the hat again indicates a normalized jitter. (Assuming no timing jitter will

noise, we see that

yield the best-case [finest] resolution of the amplitude jitter. We will take a similar

approach for calculating the resolutions of all the parameters.)

The power in the A" noiseband can be rewritten:

P noise[h]
I pk[1] .

In the following analysis, we omit the [h] and [1] for simplicity. The double-sided,

Proise|h] = (5.39)

additive resolution of the amplitude-jitter extraction, Ao 4, will be given by the dif-
ference between the maximum and minimum values of oa 4, which are determined by

the single-sided, additive power resolution of the RF spectrum analyzer, AP":

AO'AA ~ Pnoise + A x:oise _ Pnoise - A})rlloise (5 40)

where AP/

noise and APy, indicate single-sided, additive resolutions of the noise-power

and peak-power measurements, respectively.

The RF spectrum analyzer is typically operated with a logarithmic vertical axis

(to measure small powers with greater precision). In this case, the power resolution
of the RFSA (usually called the marker resolution) is specified as a double-sided,
multiplicative resolution, OP:

AP

Here, AP/P is the normalized, double-sided, additive resolution of the instrument.
Because of the logarithmic scaling, the multiplicative resolution is the same for all
powers, so

“0Ppoise = OFpx = 0P . (5.42)
In practice, OP is typically specified in dB, so the single-sided, multiplicative reso-

lution, 9P’, is computed simply by halving the specified double-sided, multiplicative
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resolution in the logarithmic domain. Thus, we can substitute for 1 + AP/P in

Eq. 5.40. We can also replace 1 — AP/P. Consider 1/9P":

RIS
oP' 1+ &5
1— A :
= —F - (5.43)

2
1-{4%}
For fine resolutions, the second term in the denominator is very small, so

AP 1 »

Substitution for 1+ AP'/P and 1 — AP'/P yields

Aoaa Pnoise{ ' 1 }
~ F 0P = 55 ) - (5.45)

Recall, from Eq. 5.38, that the first factor on the right-hand side (the one with the
radical) approximates the normalized RMS amplitude jitter. Hence, we can compute

the multiplicative resolution of the total-amplitude-jitter measurement,

Oopas = 1+AUAA
OAA
1
'
140P - . (5.46)

Now consider the measurement of total timing jitter. Examining Eq. 5.28 and

neglecting the amplitude noise, we see that

1

ﬁ Pnoise[h] . (547)

oar ~

By similarity with the amplitude-jitter case, we arrive at

AOIAT 1 R noise ’ 1 }
~ P — — 4
T "~ 2ak\ Py {8 oP' (5.48)

where Aoar is the double-sided, additive resolution of the total-timing-jitter measure-

ment. We note that the the first two factors of the right-hand side are the normalized
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RMS timing jitter. Thus, the factor of 27h cancels, and the multiplicative resolution
of the total-timing-jitter measurement is given by

, 1
Boar ~1+0P = == . (5.49)

Note that this last result is identical to the one we obtained for the amplitude
case, so we can summarize the resolution of both total jitter measurements with a

single approximation:

A
6GAJ = oar
OAJ
1
/
14+0P' =5 . (5.50)

From this approximation, we see that a smaller vertical span yields finer precision.

This result makes intuitive sense.

5.4.1.3.2 TUncorrelated Jitter Let us turn our attention to the uncorrelated

amplitude jitter. From Eq. 5.32 (and if we neglect timing noise), we see that

TAA, frep&)NT(wp)

fre Dpoise (wp)
_p‘Pp_kT. . (5-51)

For compactness, we will omit the (w,) and [1] below. Recall that, in a real RFSA, the
PSD is actually measured as the power, Py, in some bin of of width Awyes. (Awres
is said to be the resolution bandwidth of the instrument.) We can therefore replace
Dpoise With Poin/Awres. From this point, the analysis is exactly parallel to that from

the total-jitter case, so

1
GO'AAuNl"FaP,——a—]; . (552)

Now consider the uncorrelated-timing-jitter extraction. We see, from Eq. 5.32

(and if we neglect amplitude noise), that

1 =
OAT, ~ w_\/frep(I’NT(wp) . (5.53)

p
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Much as in the total-timing-jitter case, the factor of 1/w, cancels, leaving

1 A
aO'ATu ~1+ oP' — ﬁ . (554)

Thus, the multiplicative resolutions of the two uncorrelated-jitter measurements are

equal not only to each other, but also to the resolution of the total-jitter measurement:

60Aju ~ 6P(7A_]
1

’ — —
1+0P 5P (5.55)
5.4.1.3.3 Correlated Jitter Now consider the resolution of the of the correlated-

jitter measurement. Recall that we compute the uncorrelated jitter by assuming the

total jitter is the RMS sum of the uncorrelated and correlated contributions:

ong. =1/0%;+0%;, . (5.56)

The additive resolution of the measurement of the correlated jitter, Aoay,, is given
by the difference between the maximum and minimum that can be measured, based
on the single-sided, multiplicative resolutions of the total- and uncorrelated-jitter

measurements, 9o ; and 0o/ ;. :

2 2
A — r 2 _ Joan | _ oag | _ r 12 _
OAJ: J{UAJaaAJ} {60' ] aU'AJ {UAJuaaAJu} (5 57)

Noting that do;, ~ do; (according to Egs. 5.50 and 5.55) and squaring both sides

yields

{Aoas} ~ {02.] - Ufuu} {303.12 - aOJAJ2} -

0% 0%
2J ohs = 00, 0h 085, — 255" + 0k, - (5.58)
aUAJ
For cases where Joay =~ 1 (fine resolution), the second term on the right-hand side

simplifies to

- 2
—2\/04; — 203,04, +04), = —2\/{agJ —dkn} - (5.59)
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2
If we incorporate this approximation and note that {az ;—0a Ju} in the first term
is the variance of the correlated contribution, we arrive at
2 2 ;2 1
{AUAJC} ~ OAJ 30‘AJ —2+_I—2 N (560)
* v Jo AJ
Taking the square root of both sides and 'dividing gives Ooay,, the multiplicative

resolution of the correlated-jitter measurements:

dopg, ~1+00p; — —— (5.61)

Ooln;
There ére two points that are important to note about Eq. 5.61. The first is the
the similarity of form between this equation and Egs. 5.50 and 5.55. The second is
that, for fine RFSA resolutions, the multiplicative resolution of the correlated-jitter

measurement will be close to 3 (or 4.77 dB).

5.4.1.4 Minimum Measurable Jitter

We would also like to compute the minimum jitter that can be measured with the
direct spectral technique. The analysis that follows assumes that the minimum noise
power that can be measured is limited by the dynamic range of the RF spectrum
analyzer employed for the measurement. It is also possible that the minimum mea-
surable noise power will be limited by the noise floor of the instrument. In this case,
the dynamic range in the following equations would be replaced by the reciprocal of

the normalized noise-floor power.

5.4.1.4.1 Total Jitter Consider the total amplitude jitter, approximately given
by Eq. 5.38. Clearly the minimum measurable jitter corresponds to the minimum

normalized noise power that can be measured:

aAA,min ~ pnoise,min . (562)
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In turn, the minimum P, is given by

B Pbin min Afspan )
P ise,min — : — 5.63
notse Ppk[l] Afres ( )

where Pbi_n,min is the minimum power in each bin, and A fpan is the span of the
measurement. (We use hertz-frequency, rather than radian-frequency parameters
because the PSD is given in W/Hz.) Note that we will ignore the dependence on
h =1 in all that follows.

To measure the smallest possible jitter for a given Ppgise,min, We want the largest
resolution bandwidth that does not exceed the step size, A fstep. (We disallow A fres >
A fstep because we do not wish to count any power more than once.) So we set
A fres = Afstep- To maximize the step size (and thus the resolution bandwidth) we
set the frequency span of the RFSA to frp. If there are Ny frequency bins in the
spectrum, the span is {Npt — 1} Afitep. Finally, let us define APpg to be the dynamic
range of the RFSA. (The normalized dynafnic range is defined such that it is greater
than unity, so, when expressed in dB, it will be greater than zero.) The minimum

measurable noise power is then

D Ppk[l] {Npt - 1} Afstep .

oy = = 5.64
nosem APDRPpk[l] Afstep ) ( )
The minimum measurable normalized total amplitude jitter is, therefore,
N N, —1
OAAmin ™ Ep%DDR (5'65)

Note that a higher dynamic range and a larger number of points yields a smaller

minimum jitter.

Now let us examine the total timing jitter, approximated by Eq. 5.47. By

similarity with the amplitude-jitter case, we see that

1 [Np—1
OATmin ~ e 5.66
OAT,min 2 hma.x AP DR ( )

Note that smallest minimum amplitude jitter will result from the larges harmonic

Pmax-
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5.4.1.4.2 TUncorrelated Jitter The uncorrelated amplitude jitter is given, ap-

proximately, by Eq. 5.51. Recall, from the resolution computation, we can replace

Dpoise With Poin/Awres. The reported jitter will be minimized, therefore, not only

when the Py, is minimized, but also when the resolution bandwidth is maximized.

Since we wish to avoid A fies > A fstep, We again choose A fres = A fitep. If we use the

same spectra recorded for the total-jitter measurement, A foep = A fopan/ {Npt — 1}
By similarity with our previous work, we arrive at
OAAymin ~ OAAmin

N1
Por

This result equals that obtained in the total-amplitude-noise case.

(5.67)

The uncorrelated timing jitter is approximated by Eq. 5.53. Note that the

probe frequency, wy, can be expressed with

Wy = Wrep{h+Ahy}
2m

where Ah,, is the offset frequency of the probe point expressed in terms of the rep-
etition rate. (In order to measure only uncorrelated noise, without “contamination”
from correlated noise, the probe point is chosen to be far from any harmonic peak.
Thus, Ah, is typically ~ 30.5.) By similarity with the previous work,
G AT, min ~ 1 Mo — 1 )
w 27 {hmax + AR}V Por

Once again, higher harmonics yield smaller minimum measurable jitters. Note that,

(5.69)

for large hmax, we can say, within the precision of the computations presented here,

hmax + Ahy ~ hyax, which gives the same result obtained for the toalt timing jitter:

OATy,min ™~ a:AT,min

1 [Ny—-1
~ 27rhmx1/‘ AP (5.70)

Thus, the minimum measurable total and uncorrelated timing jitter are equal.
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5.4.1.4.3 Correlated Jitter The RMS correlated noise is computed from the
difference between the total and uncorrelated noises. Thus, the minimum reportable
correlated jitter is 0. This very small minimum of the correlated-jitter measurement

is offset, however, by the large resolution of the measurement®.

5.4.2 Simulation

We have written a series of MATLAB routines to simulate pulse trains with arbi-
trary jitter and to compute the corresponding power spectra. The program, which
represents a large portion of the work described in this chapter, provides independent
control of both uncorrelated jitters, both correlated jitters, both correlation times,
and the pulse width, among other parameters. For coﬁsistency, we characterize the
pulse width by the standard deviation (also called the RMS width) of s, denoted
by os. The normalized RMS pulse width is s = o,/T. For a Gaussian pulse, the
temporal FWHM and RMS width are related through

at 2¢/21n {2}

Os
2.35 . (5.71)

1R

For the simulations shown here, the parameters vary as follows:

e o7 from 0 to 0.1 in 14 steps.
e G4 from 0 to 0.1 in 14 steps.

® 0, from 0 to 0.1 in 7 steps. -

Thus, 169 j itter combinations are represented for each pulse width, and 1372 jitter /pulse-

width combinations are simulated.

9 See Paragraph 5.4.1.3.3.
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Each spectrum is obtained by averaging the spectra of 128 simulated pulse
trains, each train comprising 128 pulses. In order to conserve floating-point operations
and reduce the simulation time, the time step, Atgep, is determined adaptively for

each jitter/width combination. In particular, the simulation routine chooses
1 .
Atgtep = Zmln[T/128, OTyyOT.y Ocps Ocas 0s/8] (5.72)

when each argument of the minimum operator is greater than zero. When an ar-
gument is zero, it is not considered when computing the time step. Finally, Ah,,
the probe-point offset normalized to the repetition rate, is chosen to be -0.45, and
the nine points at and around each probe frequency are averaged together to reduce

sensitivity to anomalies.

In the analysis presented in Subsubsection 5.4.1.1, we computed the spectrum
by evaluating the Fourier transform of the autocorrelation of the signal, which was the
least difficult route, analytically. The program, by contrast, calculates the spectrum
of the train by taking the square modulus of the Fourier transform of the signal.
These two computations are equivalent. We have chosen the second approach for
the simulation because, for numerical computation, that approach is much, much
faster; squaring the elements of a vector is much less computationally intensive than
evaluating the autocorrelatipn, and Fourier transforming a vector of length Ny is

much easier than transformi-ng’ one of length 2Ng,t 1.

The results described below are couched in terms of the normalized extmcti'on ;
error. The relative or normalized error in the extraction of total timing or amplitljde
jitter, eay is defined by '

OAJext — OAJ | (5.73)

EngE————
oAJ

where the “ext” subscript denotes the extracted value. (The quantity without the sub- .
script is the true, simulated quantity.) The errors obtained for the uncorrelated and

correlated contributions, eas, and €ay., as well as those obtained for the correlation
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times, eac, and €ac,, are defined likewise. We will use ¢ alone, without a subscript

as a synonym for ”error.”

5.4.2.1 Amplitude Jitter

For each of the seven pulse widths, we have plotted the extraction error for total,
uncorrelated, and correlated amplitude jitter (eas, €a4,, and ea4,.) against the nor-
malized total amplitude jitter, and the normalized total timing jitter. These surface
plots, and the corresponding contour plots, show only a weak dependence on pulse
width. Therefore, for compactness, we show only the plots associated with a single
RMS pulse width (s = 0.01) in Figs. 5.18 and 5.19. The plots for all of the pulse

widths are included in an appendix (Section B.1).

The first fact to notice is that all three amplitude-jitter-extraction errors (to-
tal, uncorrelated, and correlated) have similar dependence on the true timing and
amplitude jitter. In other words, for any simulated pulse width, the three surface
plots resemble each other. The second important feature of these plots is the ex-
treme overestimation of the amplitude noise for cases were the amplitude noise is
small and the timing noise is large (the far corner in the surface plots, and the upper
left corner of the contour plots). This overestimate results because of the quadratic
frequency dependence of the timing jitter. When the normalized RMS timing jitter
is greater than the normalized RMS amplitude jitter, the w? dependence causes the
timing-noise PSD (and integrated timing-noise power) in the spectrum to dominate
the amplitude-noise contribution. In fact, for large timing jitters, the characterization
routine reports an amplitude jitter that depends more strongly on the timing jitter,
than on the amplitude jitter itself! However, it is important to note that there is
still a large region in which the extraction error is small; for every pulse width and
for each amplitude-jitter contribution the extraction errors are remain below 0.30 as
long as

55™ 2 1.567 . ‘ (5.74)
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We can approximate this relationship by saying the error is less than 30 % as long
as the normalized RMS total amplitude jitter is approximately greater than the nor-

malized RMS total timing jitter:
Gan R 07 . ' (5.75)

This domain of low error is easy to discern in the contour plots; it appears as the
triangular region on the lower right. the that the extraction of the correlated jitter

is the least accurate, perhaps because of the indirect way in which it is computed.
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Figure 5.18: Extraction errors for (a) total amplitude jitter, eas, (b) uncorrelated
amplitude jitter, eaa,, and (c) correlated amplitude jitter, €a4,, obtained with the

uncompensated direct method. o4/A—normalized total amplitude jitter. op/T—

s /T—normalized root-mean-squared pulse width.

normalized total timing jitter.
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Figure 5.19:. The contours of the plots shown in 5.18
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5.4.2.2 Timing Jitter

The surface plots the three timing-jitter errors (ear, €ar,, and €ar.) and the cor-
responding contours, are; as in the amplitude-jitter case, insensitive to pulse width.
Thus, we only include the plots associated with the RMS pulse width of 1 % in
Figs. 5.20 and 5.21, while all the plots are shown in an appendix (Section B.2). Note
that the orientation of the axes of the surface plots differs from that of the amplitude-
noise-error surfaces; the axes in each case are arranged to best present the features

of the plots.

The first feature we note is that, as in the amplitude case, the error is similar for
the three timing-jitters. Second, the error is independent of the true amplitude jitter.
Both of these features are good. The third feature of note is that the routine under-
estimates for large timing jitter. This underestimation results from the small-noise
approximation we made in the derivation of the spectrum, and it provides informa-
tion about the limitations of the measurement that are imposed by this assumption.
However, even with this underestimation, the magnitude of the error remains below

30 % for all pulse widths and for all timing-jitter contributions so long as
or £0.032 . (5.76)

Note that, as in the amplitude-jitter case, the correlated-jitter extraction is the least

accurate.
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Figure 5.20: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, ear,, obtained with the uncompensated
direct method. o4/A—normalized total amplitude jitter. op/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.

122



log(c,/T)

Contours of £ AT for °s/T =0.01

Contours of £ ATy for cs/T =0.01

-t o o I O S S
0.2 0.2 0.2— 00— 005~ ~———0,05—]
4
-1.5 o -15
_2<OR \ /\/‘ %, { &3 _2?<> <> <
s 2> %
$o 2
&
25[ (g, 5 Qe ] 2
s I @ o )
-45 -4 -35 -3 -25 -2 -15 -1 -45 -4 -35 -3 -25 -2 -15 -1

log(c, /A) log(, /)

Contours of ¢ . foro /T = 0.01
aTe s

-1

[—0.5— 0.5 0.5+

_ sz qv\/\—"\a/’\,o.
€ g N
& - P(\JHQ .«/\I\o.rg
g o, ¢
-2.5 Q C\O) {oz [\ J
Mg DS
. 6?1' <> )
1.5 -1

—_— e Q0

-45 -4 -35 -3 -25 -2 -1,
log(c,,/A)

Figure 5.21: The contours of the plots shown in 5.20
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5.4.2.3 Correlation Time

The extraction-error surfaces for the two correlation times (0., and o.,) are also
qualitatively similar for all pulse widths. Thus, only the surface plots corresponding
to &5 = 0.01 are shown in Fig. 5.22. (The contour plots are omitted, because they
are not very illustrative.) The surface plots of all pulse widths are included in an

appendix (Sectvion B.3).

The correlation-time surface plots exhibit no prominent pattern such as those
seen on the amplitude-noise and timing-noise cases. The surface plots are flat on av-
erage, though very rough; the magnitude of the error is less than 30 % for many sim-
ulated timing-noise/amplitude-noise/pulse-width combinations, but there are many
combinations with errors beyond this range of [—-0.30 < € < 0.30]. The extraction of
the timing-jitter correlation time is much more accurate than the extraction of the
amplitude-noise correlation time. It should be noted that the correlation time was
fixed at 5T during these simulations, so the correlation-time extraction was not fully

tested.

Clearly, the correlation-time extraction would benefit from fine tuning. It may

be that the problem arises from a too-wide frequency step, giving too-coarse resolution

of the widths of the correlated-noise bands around each harmonic. If so, the problem
would be solved by reducing the frequency step, which means increasing the temporal
span (or equivalently, number of periods) of the simulated pulse train. This solution

would increase the time required for the computation of the spectrum,
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Figure 5.22: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, eas. and (b) timing jitter, ear,, obtained with the uncompensated direct
method. o4/A—normalized total amplitude jitter. o7/T—normalized total timing

jitter. o,/T—normalized root-mean-squared pulse width.
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5.4.3 Error Compensation

Examining Figs. 5.18 through 5.21 (as well as the corresponding plots in Section B.1),
we see that the errors are systematic for all values except the correlation times. This
pattern suggests that it should be possible to compensate, at least partially, for the
errors. To this end, we have implemented a compensation routine in MATLAB. The

routine takes, as its arguments, the extracted jitter values and the pulse width.

5.4.3.1 General Compensation Algorithm

We begin the compensation by normalizing both the newly extracted values (those to
be compensated) and the simulated-then-extracted values to the corresponding peri-
ods. In other words, we convert o5 to G,, oas to Gay, and so on. This normalization
allows us to compare the two data sets. We then choose simulated-then-extracted
pulse width closest to that of the pulse train under investigation, and examine the
corresponding extracted-jitter-versus-simulated-jitter surfaces. (Note that the pro-
gram chooses the nearest pulse width; it does not interpolate between pulse widths.
The pulse-width dependence of the errors is quite weak, so interpolation is unneces-
sary. Further, three-dimensional interpolation is more time-consuming that two- or

one-dimensional interpolation, and avoiding it speeds up the routine.)

For each extracted jitter parameter, the domain of timing-jitter/amplitude-
jitter combinations can be divided into three regions. The first domain is combinations
that have been simulated and for which the uncompensated routine errs less than a
specified threshold value. (We have set this threshold error at 0.005). In this region,
no compensation is required; we do nothing. This do-nothing case is employed only
in the timing-jitter case to eliminate unnecessary compensation, since there is such
a large region of low error in the timing extraction; in the am-plitude—jitter case,
we always attempt compensation. The second domain is simulated combinations

for which the error is greater than this threshold. Here, we treat the extracted
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value as the independent variable while treating the true, simulated value as the
dependent variable. We then interpolate to estimate the true value. The third domain
of jitter combinations is those that have not been simulated. Since the simulated-
then-extracted jitters extend all the way to zero, any combinations that fall outside
the simulated domain must be greater than the simulated values. In this case, we

extrapolate and then proceed as in the second region.

5.4.3.2 Amplitude Jitter

L S S —— =
IR
o )
= 107 +7,
(] .
£ Vot
=5
A
N0+
£
(ZD 107 + + — Simulated-Then-Extracted
+ Simulated
+ =+ Interp. or Poly. Fit
+ A Extracted
R Y Compensated

1(;"
Norm. Simulated-Then-Extracted Jitter

Figure 5.23: Compensation of the uncorrelated-amplitude-jitter extraction.

Compensating the amplitude-jitter errors is simplified by compensating the
timing-jitter'® first, and using the compensated timing jitter values. (For reasons of
consistency, we describe the amplitude-noise compensation first in this document)
This approach reduces the dimensionality of the interpolation from two to one. Un-
fortunately, as noted before, the parabolic dependence of the timing-noise power and
the constant nature of the amplitude-noise power mean that, when Gar > Ga4 the
power due to timing jitter dominates the amplitude-jitter power and the characteri-
zation routine overestimates the amplitude jitter. This pattern makes compensating

for the amplitude error quite challenging. This difficulty is illustrated by the nearly

10 See Subsubsection 5.4.3.3.
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horizontal portion of the simulated-then-extracted trace of Fig. 5.23. Because of this
difficulty, we introduce an additional step in the compensation of the amplitude jit-
ter; as a final check, since the amplitude noise is only overestimated, we take the

minimum of the uncompensated and compensated values.

It should be made explicit that the compensated value for each of the three
amplitude-noise parameters is computed independently form the uncompensated value.

This approach is different from that employed in the timing-jitter case!®.

The compensated amplitude-extraction-error surface and contours for an RMS
pulse width of 1 % are shown in Figs. 5.24 and 5.25). See Section C.1 for all amplitude-

error plots.

- The surface plots each have the same general shape as the uncompensated
plot, but the maximum extraction error is reduced (most clearly visible in the surface
plots), and the domain of error below 30 % is considerably enlarged, (most evident.
in the enhanced triangular regions in lower right of the contour plots). As before,
the correlated-jitter extraction is the least accurate, but, for all pulse widths and all

amplitude-jitter contributions, the error remains below 0.30 so long as
5980 2 1,557 . (5.77)

This region of low error is larger than that observed for the uncompensated case, but

it can still be loosely approximated by

Gan2Br . | (5.78)

11 See 5.4.3.3.
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Figure 5.24: Extraction errors for (a) total amplitude jitter,

€as, (b) uncorrela-

ted amplitude jitter, eaqs,, and (c) correlated amplitude jitter, €aq4,, obtained with

the compensated direct method. o4/A—normalized total amplitude jitter. or/T—

0s/T—normalized root-mean-squared pulse width.

normalized total timing jitter.
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5.4.3.3 Timing Jitter
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Figure 5.26: Compensation of the total-timing-jitter extraction.

Compensating the timing-jitter errors is simplified by the timing-jitter error’s
independence from the amplitude jitter; the two-dimensional interpolation is reduced
to a one-dimensional interpolation, illustrated in Fig. 5.26. The compensated timing-
error surfaces obtained for 6, = 0.01 are presented in Fig. 5.27. (As these plots are
now quite flat, the contour plots are no longer helpful and have been left out.) See

Section C.2 for the plots associated with all simulated temporai widths.

It should be pointed out that only the compensated values of the total and
uncorrelated timing jitter are computed from the uncompensated values. The com-
pensated correlated timing jitter is computed by applying taking the RMS difference
between the compénsated total and un¢orrelated jitter (exactly the way the uncom-
pensated correlated timing noise is coﬁlputed from the uncompensated total and

uncorrelated noise). This approach is different from that employed in the amplitude-

jitter case!?.

Importantly, though not surprisingly, the errors are still independent of the

amplitude jitter. F‘urthér, in all cases, the plots are clearly more planer, and the

12 See Subsubsection 5.4.3.2.
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region over which |e| < 30% is extended to
&7 50.071 . (5.79)

This is an improvement of more than a factor of two. Beyond this limit, the program
can over- or underestimate. With compensation, the timing-jitter error surfaces are

flat enough that contour plots are not helpful, so we do not present them here.
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Figure 5.27: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, ear,, obtained with the compensated
direct method. o4/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o;/T—normalized root-mean-squared pulse width.
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5.4.3.4 Correlation Times

The correlation-time error surfaces do not show a deterministic trend, so there is no
way to compensate for their errors. Thus, for the correlation-times, the compensation
routine simply returns the input values, and the with-compensation error surfaces are
identical to the without-compensation surfaces. We will, therefore, omit these plots

from this document.

5.4.4 Experiment

To validate the performance of the direct jitter-characterization scheme, we compare
the results obtained when it and the oscilloscope technique!? are applied to two very
different pulsed lasers. Before examining the results of these experiments, we will
discuss the experimental setup, the data-acquisition routine, and the lasers under

investigation.

5.4.4.1 Expei‘imental Details

5.4.4.1.1 Experimental Setup The experimental setup employed in the oscil-
loscope measurement consistes of a digital sampling oscilloscope (Tektronix model
11801B), a sampling head (Textronix model SD-30) with a specified bandwidth of 40
GHz, and a photoreceiver (Newport model D-15ir) with a specified impulse response
of 15 ps. We measured the trigger jitter of the osciloscope/sampling head combination

to be 1.7 ps.

In the direct spectral measurement, the setup consisted of an Agilent 8564EC
radio-frequency spectrum analyzer and the same D-15ir photoreceiver. The RFSA
records spectra of exactly 6001 points, has an operational band specified as 9 kHz to

40 GHz, and a dynamic range of 100 dB when operating with a logarithmic vertical

13 See Subsubsection 5.3.1.1.
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scale and with a level scale of 10 dB/division. The noise floor of the RFSA varies
with frequency, trending upward. The Iargeét value is -114 dBm/Hz, measured at

27.0 GHz.

Early versions of this setup incorporated an electronic variable attenuator
(Hewlett-Packard model 8156A), the optical output of which could be remotely dis-
abled. The attenuator was employed to automatically measure the noise floor of the
experiment. This arrangement had two problems. First, the insertion loss of the at-
tenuator was 4.3 dB, reducing the dynamic range between the power of the detected
pulse train and the noise floor of the oscilloscope. The second problem was that the
attenuator, even with its output disabled, was leaky, resulting in small, but measur-
able signal power being recorded during the noise-floor measurement. The attenuator
has therefore been eliminated from the setup. The noise floor is measured separately,

immediately after each all the signal measurement.

5.4.4.1.2 Resolution The Agilent 8564EC RFSA employed for our spectral mea-
surements (like every Hewlett-Packard/Agilent 856X-series RFSA) has four logarith-
mic level scales: 1, 2, 5, and 10 dB/division. Since the number of divisions is fixed
at 10, the dynamic range is simply 10 times the level scale. In Table 5.1, we sum-
marize the marker resolutions and the measurement resolutions that correspond to
each level-scale setting. Note that, as we suggested, the multiplicative resolution of
the correlated-jitter measurement is approximately 4.8 dB. All of the experiments de-
scribed in this document were performed with the 10-dB/division scale, so the bottom

row of the table applies.

5.4.4.1.3 Minimum Measurable Jitter The noise floor of the RFSA is low
enough, with respect to the power in the harmonic peaks in our experiments, that

the dynamic range of the instrument determines the minimum measurable jitter!4.

14 See Subsubsection 5.4.1.4.
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Table 5.1: Jitter-measurement resolutions when using an Agilent 856X.

Level Scale | 0P | Ooay | Ooay, | Ooay,
(dB/division) | (dB) | (dB) | (dB) | (dB)

1 1/60 | 0.017 | 0.017 | 4.7
2 1/30 [ 0.033 | 0.033 | 4.7
5 1/12 | 0.082 | 0.082 | 4.7
10 1/6 | 0.17 | 0.17 4.7

OP—marker resolution. Joaj—resolution of total amplitude or timing jitter.
0o aj,—resolution of uncorrelated amplitude or timing jitter. doay —resolution of

correlated amplitude or timing jitter.

The 856X-series RFSAs record spectra with only a fixed number of data points: 601.
Consequently, for each jitter parameter that is to be measured, there is only one
choice of minimum measurable value. The minimum measurable jitters for each mea-
surement, assuming hp. = 7, are summarized in Table 5.2. Again, the experiments
described in this document were performed with the 10-dB/division scale, so the

bottom row applies.

5.4.4.1.4 Hybrid Spectrum and‘Averaging Given the Agilent RFSA’s fixed
(and small) number of data points, it is difficult to recorded multiple harmonics with
the fine resolution required. The span of the recorded spectrum must be at least 2 frep
and preferably several times the repétition frequency. For high-rate sources (frep > 1
GHz), this span works out to be at least 2 GHz, and can easily be as high as 50
GHz. Another problem associated with wide-span spectra is that the harmonic peaks
cannot be resolved from the correlated-noise band. Simply splicing together a number
of narrow spectra to create one wide-span spectrum will not solve the problem. We
have found that doing so takes so very long that experimental drift occurs during the

measurement, making the recorded spectrum useless.
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Table 5.2: Minimum measurable jitters when using an Agilent 856X.

Level Scale | Por | Gamin OTymin | OAumin | OTumin | OJemin
(dB/division) | (dB)
1 10 7.7 0.18 7.7 0.18 0.0
2 20 24 0.056 24 0.056 0.0
5 50 0.077 |[1.8-1073| 0.077 |1.8-1073 0.0
10 100 |2.4-107* | 5.6-107% | 2.4.107* | 5.6-107¢ | 0.0

The table assumes Ny, = 601 and hpax = 7. IBDR——dynamic range. 04 min—minimum
measurable normalized total amplitude jitter. &7 min—minimum measurable normal-
ized total timing jitter. &4, min—minimum measurable normalized uncorrelated am-
plitude jitter. &7, mip—minimum measurable normalized uncorrelated timing jitter.

07, min—minimum measurable normalized correlated amplitude or timing jitter.
Npt—number of points. Amax—maximum harmonic.

Our solution to these problems is a “hybrid” spectrum. The hybrid spectrum

is assembled in three steps:

¢ A single spectrum, spanning the entire frequency region of interest, is recorded.

The result is called the “coast-to-coast” spectrum.

e For each harmonic, a spectrum consisting of the harmonic peak and its imme-

diate surroundings is recoded. This result is called the “zoomed” spectrum.

o Each of the harmonic peaks of the coast-to-coast spectrum (and a few surround-

ing points) is replaced by the corresponding zoomed spectrum.

The result of thesé manipulations is a spectrum consisting of approximately 601(H+1)
points, where H is the number of harmonics. (Note that, if the minimum harmonic
is 1, H = hmax.) This data set has fine spectral resolution where the pulse train’s
spectrum is most “interesting” and coarse resolution where the spectrum is nearly

flat.

136



Lastly, it should be pointed out that temporal averaging (multiple traces aver-
aged together) is employed to ensure a smooth signal. The coast-to-coast and zoomed

spectra are averaged to the same degree.
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Figure 5.28: The front panel of the LabVIEW data-acquisition routine. White-on-
black boxes are controls (inputs); black-on-white boxes are indicators (outputs). The
spectra are displayed by a subroutine (not shown) as they are measured and then

recorded.

5.4.4.1.5 Data-Acquisition Routine We have written a LabVIEW program to
control the RFSA and record the components of the hybrid spectrum. (Note that
the hybrid spectrum is actually assembled later, by the MATLAB characterization
routine.) The LabVIEW program takes as its inputs the directory and filename
prefix using which all the spectra should be saved, the number of averages to employ,
the repetition rate, the minimum and maximum harmonics to be recorded, and the
desired span and resolution bandwidth of the zoomed-in traces. The “front panel” of

the program is displayed in Fig. 5.28.
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5.4.4.1.6 Gain-Switched Laser Diode Our first experiment involves a gain-
switched laser diode'®. As a directly-modulated laser, we expect noise to be domi-

nated by the uncorrelated contribution®®.

'Polarization
Controller

Bidirectional
Amplifier

Nonlinear Amplifying
Loop Mirror

Polarization
Controller

Isolator

Unidirectional Loop

Figure 5.29: The figure-eight laser.

5.4.4.1.7 Figure-Eight Laser The second laser examined is a passively mode-
locked fiber laser, specifically a figure-eight laser (F8L, Fig. 5.29) [80], [81], the noise
of which we expect to be dominated by its correlated component'”. Further, we
expect that the correlation time of the F8L’s correlated jitter v;rill befo;n the order of

its cavity round-trip time, 7gr, (128 ns) or its photon lifetime 7, (~ 5140 ns).

The F8L presents an experimental difficulty not encountered 1n the measure-
ment of the gain-switched laser. Because the F8L is passively mode-locked, it is not
tied to any external clock signal; there is no retiming of the pulses on each circuit of

the cavity, as would be the case in an actively mode-locked laser. (For this reason,

15 Specifically, this laser is the first étage of the Picosecond-Pulse Source, whijch is described in
Subsection 2.4.1. : ;

16 See Subsection 1.5.3.
17 See Subsection 1.5.3.
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the jitter of a PML laser is often described in terms of pulse-to-pulse jitter [23], [64].)
The repetition rate of the laser can therefore drift with time, and the harmonic peaks,
especially the higher ones, can shift during a measurement. If averaging is used, this
shift will result in broadened, shortened harmonic peaks. Consequently, when mea-
suring the jitter of the figure-eight laser, if is important to minimize the number of

averages.

5.4.4.2 Results

OF — Measured Spectrum
----- Noise Floor

Normalized Power (dB)

1 0 1 2
Offset Frequency (kHz)
Figure 5.30: The seventh harmonic of the gain-switched laser diode’s power spectrum.

This spectrum was recorded with a 10-Hz step size and 10-Hz resolution bandwidth.

5.4.4.2.1 Gain-Switched Laser Diode The seventh harmonic of the gain-switched
laser diode’s spectrum is displayed in Fig. 5.30. It is important to note two features
of this spectrum. First, the noiseband of the laser is always well above the noise floor
of the measurement, indicating that (a) the results should be sound and (b) signifi-
cant uncorrelated jitter will be measured. Second, there are prominent noise spurs at
multiples of 120 Hz. Given the 120-Hz spacing, and the absence of these lines from
the F8L spectrum described beiow, we believe these spurs may result from leakage of

the 60-Hz laboratory power grid into the system.
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The jitter parameters measured for the GS LD with the oscilloscope technique
and those measured with the direct spectral technique are summarized in Tables 5.3
and 5.4, respectively. The total timing jitter reported by. the direct technique (4.9 ps)
closely agrees with that reported by the oscilloscope (5.1 ps). The total amplitude
jitter, meanwhile, agrees only approximately. The amplitude jitters reported by the
direct spectral technique are probably overestimates, since the magnitude of the tim-
ing jitter is so large'®. Thus, the total amplitude jitter reported by the oscilloscope
method (0.19) is probably the more accurate value. As expected, the uncorrelated
timing and amplitude jitter represents the vast majority of total, while the correlated
contributions are irery much smaller. The reported correlation times are essentially

meaningless, since there is virtually no correlated noise.

Of — Measured Spectrum
----- Noise Floor

Normalized Power (dB)

. (;:fset Freq?xency (k}-}z) 2
Figure 5.31: The seventh harmonic of the figure-eight laser’s power spectrum. This

spectrum was recorded with a 10-Hz step size and 10-Hz resolution bandwidth.

5.4.4.2.2 Figure-Eight Laser The jitter parameters measured for the F8L with
the two techniques are also summarized in Tables 5.3 and 5.4. In this case, the timing
jitter of the laser is less than the trigger jitter of the oscilloscope, so all we can say from
the oscilloscope method is that the total jitter is less than 1.7 ps. The jitter reported
by the spectral technique (200 fs) is somewhat less than the minimum jitter found in

Table 5.2 (710 fs, computed using hmax = 7 and T' = 128 ns). However, this situation

18 See Subsubsection 5.4.2.1.
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is not too worrisome; the computation of the minimum jitter!® was approximate and
only intended to provide and order-of-magnitude estimate. Returning to the results,
we see that, as expected, the correlated contribution dominates, and there is very little
uncorrelated jitter. The correlation times are of approzimately the same magnitude,
differing by a factor of about 2.6. Further, the correlation times are approximately

77, to 137,. These results are in rough agreement with our predictions.

Table 5.3: Jitter measured with the oscilloscope method.

Laser OAT OAA
(ps)
LD 5.1 0.19

, F8L | < 1.7* | 0.015
*Measurement limited by 1.7-ps trigger jitter of oscilloscope. LD—laser diode. F8L—

figure-eight laser. oao7—RMS total timing jitter. caos—RMS total amplitude jitter.

RMS—root-mean-square.

Table 5.4: Jitter measured with the direct spectral method.

Laser | oaT | oaTy, | OAT. oaa OAA, OAA. Ocp | Oca
(ps) | (ps) | (ps) (us) | (us)
LD | 49| 50 | 00 0.68 0.62 0.29 7800 | 710
F8L [0.19| 0.0 [0.19 | 1.4-107* | 4.5-107% | 1.3-10* | 0.68 | 1.8
LD—laser diode. F8L—figure-eight laser. oa7—RMS total timing jitter. oan,—

RMS uncorrelated timing jitter. oar.—RMS correlated timing jitter. oas—RMS
total amplitude jitter. oa4,—RMS uncorrelated amplitude jitter. oa4,—RMS corre-
lated amplitude jitter. o.,,—RMS correlation timing of correlated timing jitter. o.,—

RMS correlation amplitude of correlated timing jitter. RMS—root-mean-square.

19 See Subsubsection 5.4.1.4.
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5.5 Commentary

5.5.1 Uncorrelated and Correlated Jitter

We have derived a method of extracting all eight jitter parameters of a pulse train
directly from an RF spectrum containing > 2 harmonics. This method relies, in
part, on a non-integrating, pointwise measurement of uncorrelated jitter. We have
shown, through simulation, that this technique exhibits systematic errors that can be
compensated. According to additional simulations, with compensation, the scheme
can extract total, uncorrelated, and correlated amplitude jitter with error less than
30 % as long as the normalized RMS amplitude jitter is approximately less than the
normalized RMS timing jitter. These same simulations indicate that the routine can
extract the the total, uncorrelated, and correlated timing jitters with error less than
30 % as long as the the RMS total timing jitter is less than approximately 7.1 % of the
bit period. We have also shown, using experiments performed with a gain-switched
laser diode and a figure-eight laser, that the method’s results (a) are plausible and

(b) agree with total-jitter measurements made using an oscilloscope.

5.5.2 Super-Mode Jitter

The jitter-characterization scheme described in this chapter does not explicitly ex-
tract the super-mode jitter of a pulse train from its RF spectrum. In addition, the
simulation described in Subsection 5.4.2 does not incorporate this kind of noise. The
direct spectral jitter-characterization routine would integrate the super-mode noise
when computing the total jitter and, so long as the probe point is chosen far from any
super-mode spur, would exclude it from the uncorrelated-jitter computation. Thus,

the method would count the super-mode jitter as correlated jitter.
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5.5.3 Resolution and Minimum Measurable Jitter

We have derived analytical methods of estimating the resolution and minimum mea-
surable jitter of the direct spectral jitter-characterization method. When a Hewlett-
Packard/Agilent 8456X-series RF spectrum analyzer is used, the total and uncorrela-
ted jitter can be extracted with a multiplicative resolution between 0.017 and 0.16 dB,
and the correlated jitter can be extracted with a resolution of 4.7 dB. With the same
RFSA, the minimum measurable normalized total amplitude jitter and normalized
uncorrelated amplitude jitter lie between 7.7 and 2.4-10~%. The minimum normalized
total timing jitter and normalized uncorrelated timing jitter that can be measured
are lower by a factor of 2mhy.. The minimum measurable correlated amplitude or
correlated timing jitter is 0. It is important to note that there is a trade-off between

fine resolution and small measurable jitter.

5.5.4 Application to Data Streams

If the pulse train were modulated to become a data stream, the modulation, since
it is not periodic, would appear in the spectrum as amplitude noise. Indeed, since
half of the pulses would be multiplied by one (equivélent to no jitter), and half
would be muitiplied by by zero (-100 % jitter) the modulation would be equivalent
to RMS amplitude jitter of 1/4/2 = 0.707. This very large amplitude “noise” would
fill in the spaces between the harmonics in the spectrum, making extraction of the
amplitude or timing jitter impossible. Further, because these “noise” corresponding
to the modulation invalidates our assumption of small jitter, the analysis presented
in this chapter would not apply. Thus, the jitter-characterization routine presented

here is not applicable to data streams, only to pulse trains.
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CHAPTER 6

Mixing-Based Jitter-Characterization

Method

6.1 Roadmap

In Chapter 6, we present a spectral jitter-measurement technique based on mixing the
detected pulse train with sinusoids that are in phase and in quadrature phase. This
method extracts the total, uncorrelated, and correlated timing and amplitude jitter.
| Section 6.2 summarizes the problem the method is designed to address. Section 6.3 |
reviews previous work in the field. Section 6.4 is the heart of this chapter; in this
section, we derive the spectra of the in-phase and quadrature-phase mixing products,
describe a means of extracting all the jitter parameters, and assess the performance of -

the jitter-characterization technique with simulations. Section 6.5 is a commentary.

6.2 The Problem

The mixing-based spectral method of jitter measurement is a very popular technique.
This method was developed to measure residual jitter!, and has two additional ad-

vantages over the direct spectral technique: a lower minimum RFSA bandwidth and

1 See Subsection 1.5.2.
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physical separation of the timing from the amplitude jitter. As discussed previously?,
it is useful (in a diagnostic sense) to extract the uncorrelated and correlated contri-
butions of the jitter. The mixing scheme, as it has been employed, does not extract
these components. The purpose of this chapter is extend this method to distinguish

between the uncorrelated and correlated contributions.

6.3 Previous Work

6.3.1 Experimental Setup

, =
RF Source © Computer| SR |- :

VDL E

Coupler ||\_|.... = W | N LFSA |

' Mixer & 6

, * @ ........... .

* | > . RFSA|.....:
Amplifier 'IJ'LL

Laser Detector
Figure 6.1: The experimental setup of the mixing-based jitter-characterization

. method. RF—radio-frequency. RFSA—radio-frequency spectrum analyzer. LFSA—
low-frequency RFSA. VDL—uvariable delay line.

In the mixing technique (Fig. 6.1) [58], [60], [61], [63], [91], [113], [168], [169],
[177]-[182], two experiments are required in order to determine the total tim‘ing and
amplitude jitter. In the first experiment the detected pulse train is electronically
mixed with (multiplied by) a local-oscillator (LO) signal that is in phase with the
train. In the second, the train is mixed with a signal that is in phase quadrature. The

mixing process (a) moves the spectrum to a new center frequency and (b) separates

2 See Subsection 1.5.3.
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the timing jitter from the amplitude jitter3. In general, the LO’s repetition frequency
can be any harmonic, hyo, of the repetition frequency of the laser. In this document,
we will assume the repetition.rates of the LO and the laser are equal; hjo = 1. In

this case, the spectrum will be centered at DC.

6.3.2 Residual Jitter

The mixing-based spectral technique for jitter measurement was originally developed
[58] to allow measurement of residual total timing jitter [58]-[61]. To measure residual
jitter, the delays of the LO and drive signals are chosen so that each pulse is mized
with the RF peak that produced it (or 6ne produced at the same time, in the case
of two synchronized sources). If we assume the noises of the RF source and laser
are additive, any timing noise present in the RF source’s output will cancel, and the
residual timing noise will be measured. Interestingly, any amplitude variations in the
RF sinusoid should result in similarly signed variations in the corresponding pulses.
Thus, if we assume additive noise, the amplitude jitter measured by this technique
will be neither residual nor absolute, but rather some product of the noise of the
source and the residual noise. We feel it must be pointed out that a laser is a highly

nonlinear device, so tthe noises of the laser and RF synthesizer are not additive.

6.3.3 The Ideal Case: Square and Sawtooth Waves

In the ideal éase, the signal mixed in phase with the detected pulse train would be
square wave (Fig. 6.2a), while the signal mixed in quadrature would be a sawtooth
~wave (Fig. 6.2a). The mixing product (Fig. 6.2b) resulting from the in-phase mixing
will be a near duplicate of the pulse train (as long as the pulse is narrow compared to

the width of the positive fraction of the square wave). In the quadrature-phase case,

3 See Subsubsection 6.4.1.1.
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Figure 6.2: (a) A noisy pulse train with the ideal in-phase and quadrature-phase
local-oscillator signals: square and sawtooth waves, respectively. (b) The resulting

mixing products. LO—local oscillator. ¢—time. T—period.

the product signal (Fig. 6.2b) is a series of pulseé whose amplitudes are proportional to
the mistiming (timing jitter) of the detected train. Thus, the quadrature-phase mixing
serves as a phase detector, while the in-phase mixing produces a signal duplicating
the jitter of the laser output. Hence, if we are only concerned with the timing jitter,
we need only record one spectrum, the quadrature-phase spectrum. We still must
perform the in-phase experiment, but we need only record the mean voltage of the
in-phase mixing product, which is employed as a reference by which to calibrate the

mixer?* [183].

6.3.4 The Real Case: Sine Waves

In practice, the local-oscillator signal is usually a fraction the drive signal, in which
case the LO signal is a sinusoid. Even when the LO signal is generator by a different
source which is synchronized with the drive signal, it is difficult to generate square
and sawtooth waves of sufficient quality at multi-GHz repetition rates required. In
either case, the in-phase and quadrature-phase signals have identical shapes, with one

merely being a time-shifted version of the other (Fig. 6.3a).

4 See Paragraph 6.4.1.2.1.
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Figure 6.3: (a) A noisy pulse train with the in-phase and quadrature-phase sine waves
used as local-oscillator signals in real-world experiments. (b) The resulting mixing

products. LO—local oscillator. t—time. T—period.

As long as both the pulse width and timing jitter are much smaller than the rep-
etition period, the in-phase sinusoid approximates an in-phase square pulse, and the
quadrature-phase sinusoid approximates a quadrature-phase sawtooth wave. Thus,

the mixing products (Fig. 6.3b) are approximations of those obtained in the ideal

square-and-sawtooth case.

6.3.5 Remarks

6.3.5.1 Residual Jitter

The above analysis assumes that the noises of the RF source and laser are additive.
Unfortunately, lasers are highly nonlinear devices. It is, therefore, difficult to say
what, exactly this technique measures, but it certainly does not measure the residual

timing jitter. However, this method is very commonly used to measure timing jitter

[58], [60], [61], [63], [91], [113], [168], [169], [177]-[182], so it bears close investigation.
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6.3.5.2 TUncorrelated and Correlated Jitter

Before the author’s work, no researcher has shown how the mixing technique can be

employed to extract the uncorrelated and correlated components of the jitter.

6.4 Present Contribution

6.4.1 Theory
6.4.1.1 Spectra of the Mixing Products

The goal of this susubsection is the derivation of analytical expressions for the spectra
of the in-phase and quadrature-phase mixing products. Before beginning the analysis,

it may be helpful to provide a short preview of our approach.

In our derivation, we will proceed as follows:

e Express the mixing-product spectra in terms of the Fourier transforms of the

mixing sinusoids and the noisy train.

Argue that we can approximate the Fourier transform of the noisy train with

the square root of the PSD.

Convolve the square root of the PSD with each of the transforms of the sinusoids.

Evaluate the squared magnitude to arrive at the spectra of the mixing products.

One final note before beginning: as in the previous chapter, we will use T as a
shorthand for the repetition period of the laser, which is equal to to the bit period of
each OTDM channel, Tgy.
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As a first step, let us reproduce Eq. 5.5, the equation for the voltage of the

detected noisy pulse train:

ont(t) = Z{A'*‘ %[_jl}s(t—jT— AT[j] );

——
amp. jitter timing jitter
AJ = AJ, +AJ, . (6.1)
——
uncorr.  CoIr.

We assume that the first harmonic is to be mixed down to baseband. In this case,
the local-oscillator voltage, vpo is a sinusoid with frequency wrep. In particular, the

in-phase and quadrature-phase local oscillators, vp0,in and vLo,quad, are given by

vLo,in(t) = cos(wrept) ;

'ULO,qua.d(t) = sin(wrept) . (62)
The voltage resulting from mixing vyt with v o will be
Vmix(t) = Kmixvro (t)unt(2) , (6.3)

where ki is a constant scaler corresponding to the efficiency of the mixer. Fur-
ther, vpo represents Umixin OT Umix,quad, the mixing product in the in-phase or the

quadrature-phase case, respectively.

Recall that the PSD of any random process z, is @, given by [163]

Po(w) = F(E(P:(tit+ 1))
= E(IXW)) . (6.4)
Here, ¢., ®,, and X are the autocorrelation, PSD, and Fourier transform of z, re-

spectively. The F and £ operators denote Fourier transformation and expectation,

respectively. We want to compute the PSD of the mixing products:

1l

F (€ (Gomse (t:2+ 7))
€ ([Vanie@)[) (6.5)

Py (W)
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Here again, the capitalization of vy, indicates its Fourier transform. Perhaps the .
most obvious approach to calculating each of the mixing products’ spectra is by
evaluating the fransform of the autocorrelation of that product. Unfortunately, vmix
is difficult to calculate, so the first line of Eq. 6.5 is not appealing. The second line,
however, shows promise, because it contains

Vaix(w) = Vo(w) ® Vnr(w) , : (6.6)
and because Wyt is similar to ®,,,, the spectrum of the noisy pulse train, which we

have already computed.

Thus, we would like to make the following approximation:

Vo(w) ® Var(w)|* =~ ‘VLO(W) ® V Poyr (W) ’

Because the noise terms are independent, when we compute @, from Vyr, (ac-

(6.7)

cording to the second line of Eq. 6.4) all the cross terms vanish. The terms of Vyr
can therefore be assignéd, oﬁe—to—one, to the terms of ®,,... The validity of Eq. 6.7
then boils down to whether the phase of Vyt is even. Close examination reveals that
L(Vit) has approximately even symmetry so long as Vpr, the Fourier transformation
of the noise-free pulse train, dominates Vyr. In other words, so long as the noise is

small (which we already assumed to derive the spectrum of the noisy train), Eq. 6.7

is a valid approximation.

We can now calculate the spectra of the mixing products by using Eq. 6.7. We
assume the pulse is narrow with respect to the bit slot, which means that the spectral
envelope due to the pulse shape is wide with respect to the repetition frequency. We
also note that the comb and uncorrelated-noise spectrum are periodic with period wrep.
Lastly, we simplify the result by noting that we are only interested in frequencies on

the interval [0, wrep/2]. Finally,
q)vmix,in (w) =~ kmix{27r}2q)vnr (W + Wrep)

2m}?
I (%) B {A‘*"lrep}2 kmiX'{_aT}‘ JS (w+ wrep)li?AT(w + ‘*"rep)l . (6.8)

pulse shape timing jitter
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For convenience, we reproduce (and combine) Egs 5.25 and 5.26 here:

1
Onr(w) =~ T |S(w)|? { A2 (w/wrep) + Pas(w) + A2w?@ar(w) ¢ ;

pulse shape freq. comb amp. jitter timing jitter
1 v
asw) = ohy, + 7 2 as(w = kurep) ;
S k
uncorr, jitter - : ~ —
corr. jitter .
I(w/wrep) = Wrep Y, 6(w — kwrep) - (6.9)
% .

If is important to note four important features of Eq. 6.8:

e The normalized in-phase spectrum differs only by a constant from the spectrum
of the noisy train itself. This result is not surprising, given that the in-phase

LO signal is nearly constant over the duration of each (narrow) pulse.

e The quadrature-phase spectrum contains only timing noise and a pulse-shape

envelope; extraction of the timing jitter should be simple and accurate.

e The timing noise in the quadrature-phase spectrum is not not scaled. by a

quadratic-in-frequency factor as it is in the direct method.

e The difference between the spectra of the uncorrelated and correlated contri-
butions is unchanged from the direct case; our technique for discriminating

between the two still applies.

The manner in which the various pulse-train parameters manifest in the spectrum,
are illustrated by the example spectra plotted in Figs 6.4 through 6.10. Note that
“the first two figures (Figs. 6.4 and 6.5) appear identical, because of the lack of noise

and the narrow span of the spectra.
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Figure 6.4: The mixing-product spectra of a train of ¢mpulses (infinitely narrow

pulses) with no jitter. Only the spike of the in-phase spectrum is visible.
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Figure 6.5: The mixing-product spectra of a train of finite-width pulses with no

jitter. The root-mean-squared duration of the pulse is 5 % of the period. These

spectra appear identical to those in the previous figure.
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Figure 6.6: The mixing-product spectra of an impulse pulse train with only uncor-
related amplitude jitter equal to 1 % of the mean amplitude. The quadrature-phase

spectrum is not apparent.
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Figure 6.7: The mixing-product spectra of an impulse pulse train with only uncorre-

laied timing jitter equal to 1 % of the mean period.
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Figure 6.8: The mixing-product spectra of an impulse train with only correlated

amplitude jitter equal to 1 % of the mean amplitude. The quadrature-phase spectrum

is not apparent.
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Figure 6.9: The mixing-product spectra of an impulse train with only correlated

timing jitter equal to 1 % of the mean amplitude.

155



10 T T
~— In-Phase
0 - - Quadrature-Phase
)
i
A
1
@
2
o
o
°
@
N
£
2 -1
~80
~-90

0 0.1 0.2 0.3 0.4 05
Normalized Frequency, f/frep

Figure 6.10: The mixing-product spectra of a pulse train with all four jitter contri-

butions. Each contribution is equal to 1 % of the mean amplitude or period.
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6.4.1.2 Measurement Procedure

Now that we have the expressions for the spectra of the mixing products, we follow
a procedure very much like that employed in the direct case® to extract all the jitter

components.

6.4.1.2.1 Normalization The recorded spectra are only fi.,/2 wide, so (a) we
do not have multiple harmonic peaks with which to normalize the spectrum to its en-
velope, but (b) this is not a problem, because the spectrum is likely narrow compared
to the envelope. Consequently, for this analysis, we assume the envelope is nearly
flat in the region of interest (S(w) ~ S(0)). We do, however, need to normalize both

spectra to the power in the O-frequency peak of the in-phase spectrum.

If we are not interested in the amplitude noise, we can perform the normali-
zation without recording the in-phase spectrum. We must still perform the in-phase
experiment, but we need only measure the mean of vmiyi,. Recall that the mean of

any function, f is equal to the DC value of the Fourier transform, F:

F(0) = (f(1) , ' (6.10)

where the angle brackets denote the ensemble average. From Eq. 6.4, we know there

is a magnitude-squared relationship between the the spectrum and the transform:
bs(w) =€ (|FW)IF) - (6.11)

So, for any function, the power spectral density at DC is related to the mean of the
function by

25(0) =€ (GNP - - (612)
In our case, f = Umin in,and the mean will be due to the deterministic part of the signal

(the noise-free pulse train), so the expectation operation may be dropped. The power

5 See Subsubsection 5.4.1.2.
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in the DC peak, Py [0] will be given by the product of the PSD and the resolution

bandwidth, A fes, used to record the quadrature-phase spectrum:
Ppk[O] = Afres |(’Umix,in(t))l2 N (6.13)

and we can normalize the quadrature-phase spectrum without recording the in-phase

spectrum.

Performing either type of normalization eliminates the mixer’s conversion ef-
ficiency and any other losses [183]. The normalized spectra (Fig. 6.11) are denoted

with a hat and are given by

(ivmix,ln (w) =~ EI;'UNT (W + wrep) 5

(ivmix,quad(w) = wrepq)AT(w) . (6.14)

Recall, for comparison, Eq. 5.27 for the normalized spectrum in the direct case:

PN 1
2 2 2
Bnr(w) & ——5 {AW(w/wrep) + Pan(w) + A'w Oar(w)} - (6.15)
wrep
0 — In-Phase Spectrum
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0 0.1 0.2 0.3 0.4 05

Normalized Frequency, f/frep
Figure 6.11: Illustration of the measurement procedure. Both spectra are normalized

to the peak of the in-phase spectrum. The noisebands are integrated to compute the

total jitter, and the probe points are used to extract the uncorrelated jitter.

6.4.1.2.2 Total Jitter The total timing jitter is obtained from the integrated

noise-band power of the normalized quadrature-phase spectrum, Ppixquad- Once we
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know oaT, we extract a4 from the normalized noise power of the in-phase spectrum,

Pmix,in- Approximating w? as its mean on the (0, wyep/2] interval, wfep/ 12, yields

~ 1 /5
oAT = —2-7_1' Pmix,quad;

- 2
opa = \/Pmix,in - % . (616)

6.4.1.2.3 TUncorrelated Jitter Similarly, the uncorrelated timing-noise contri-
bution is extracted by measuring the PSD of the quadrature-phase mixing product
at probe frequency wp, far from DC (Fig. 6.11). The uncorrelated amplitude noise

can then be determined from the in-phase spectrum.

&AT., — évmigt;:?; (wp) :
aAAu = \/wrepévmlx,in (w]’) - w]2)02ATu * (6‘17)

6.4.1.2.4 Correlated Jitter We compute the correlated contribution as in the

oas, = /Ry +hy, - (618)

6.4.1.2.5 Correlation Time The correlation times are computed much as in

direct case, from

the direct case. Let wi, and wgquaa be the RMS spectral widths of the in-phase
and quadrature-phase spectra, respéctively. Since the quadrature-phase spectrum
contains only timing jitter, it is eaéy to compute the correlation bandwidth of the

correlated timing noise from the RMS width of the quadrature-phase spectrum, @qyad:
WT ™ Wauad - (6.19)

To compute the amplitude-jitter correlation bandwidth, we substitute the ws that

we just computed as well as h = 1 and w[h] = w;, into Eq. 5.36. The result is

w4 ~ wi, {win — w7} . (6.20)
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Lastly, we use Eq. 5.37 to compute both correlation times:

o, = — . (6.21)

6.4.1.2.6 Measurement Routine We have implemented a routine, in MAT-
LAB, to carry out all these manipulations on a (simulated or experimental) spec-
trum. QOur measurement routine, which represents a significant fraction of the work

described in this chapter, is validated in Subsection 6.4.2.

6.4.1.3 Resolution

We can estimate the resolution of the mixing method by the same process we employed
for the direct method“. Given the similarity between the equations for extraction of
the jitter parameters in the direct and mixing cases’, it is to be expected that the
mixing-method resolutions will be of the same order as those of the direct-method
case. We will therefore not bore the reader with the derivations, but only present the

results.

6.4.1.3.1 Total Jitter The resolutions of the normalized total timing and am-

plitude jitter are equal to each other and to those obtained in the direct case:

, 1

'6.4.1.3.2 TUncorrelated Jitter Likewise, the resolutions of the normalized un-

correlated timing and amplitude jitter equal each other and those found in the direct

case:

, 1
80Ju ~14+9P -a? . (6.23)

6 See Subsubsection 5.4.1.3
7 See Subsubsections 5.4.1.2 and 6.4.1.2, respectively.
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6.4.1.3.3 Correlated Jitter The resolutions of the normalized correlated timing

and amplitude jitter are also unchanged in the mixing case:

Oong, ~14+00h; — —— (6.24)

Oaln;
6.4.1.4 Minimum Measurable Jitter

The minimum jitter measurable with the mixing method can be estimated the same
way the minimum jitter measurable with the direct method was®. Consequently, we

will present only the results of our analysis, not the analysis itself.

6.4.1.4.1 Total Jitter The minimum measurable normalized total amplitude jit-

ter is given by
Ny —1
APpp

Meanwhile, the minimum measurable normalized total timing jitter is

. 1 ‘N -1
FaTmin ~ 5~ ﬁ—. (6.26)
: DR

6.4.1.4.2 Uncorrelated Jitter The minimum uncorrelated amplitude jitter is

OAAmin ~ (6.25)

~ N, —1
O A Ay,min ~ 277\ .&p%)DR‘ . (6.27)
Similarly, the minimum measurable normalized uncorrélaf;'ed jitter ié ;gi\:ren by
o in ™~ —=—=\|l = 6.28
ATy,min \/ﬁ\ APDR ( )

6.4.1.4.3 Correlated Jitter Just as in the direct spectral measurement, the cor-
related contribution is computed from the RMS difference between the total and un-
correlated noise. Thus, the minimum measurable normalized amplitude and timing

jitter are both 0.

8 See Subsubsection 5.4.1.4.

161



6.4.2 Simulation

We have written a MATLAB routine to (a) simulate the mixing of a noisy pulse train
with in-phase and quadrature-phase sinusoids and (b) compute the spectra of the
inixing products. This routine comprises a large portion of the work described in this
chapter. As the noisy train is generated by the same routine described for the direct-
spectral case, the program offers independent control of all the same parameters. In

these simulatiens, the total jitter and the pulse width vary as follows:
e g7 from 0 to 0.1 in 14 steps (as in the direct case).
e G4 from 0 to 0.1 in 14 steps (as in the direct case)..
e 7 from 0 to 0.1 in 5 steps (two fewer than the direct case)..

Consequently, 980 amplitude-jitter/timing-jitter/pulse-width combinations are repre-

sented.

In these simulations, the mixing-product spectra are computed by averaging the
spectra of 32 mixing-product signals. Each mixing product is the result of multiplying
a noisy train consisting of 128 pulses by a sinusoid (in-phase or quadrature-phase)
containing 128 periods. As in the direct case, each mixing-product spectrum is com-
puted by evaluating the squared magmtude of the Fourier transform of the signal.
The probe-frequency offset is chosen to be frep / 2, and once again, nine spectral values

are used to smooth the probe points.

6.4.2.1 Amplitude Jitter

9 and given

Given the similarity of the in-phase spectrum to the direct spectrum
the similarity of the measurement procedures for the mixing method to that of the

direct method'®, we might expect the mixing technique to exhibit amplitude-jitter-

9 See the first line of Eq. 6.8 and Eq. 5.25, respectively.
10 See Subsubsections 6.4.1.2 and 6.4.1.2, respectively.
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extraction errors similar to those observed in the direct case. We would not be
disappointed. Indeed, the error-surface plots (and the corresponding contour plots)
obtained with the mixing technique for total, uncorrelated, and correlated amplitude
jitter for each of the five simulated pulse widths bear a very strong resemblance
to the corresponding plots obtained with the direct method. The error surfaces and
contour plots corresponding to an RMS temporal width of 0.05 are shown in Figs. 6.12

and6.13, while those for all values of &, are included in Section D.1.

Because of the similarity, the positive aspects of the direct amplitude-jitter
extraction are maintained here. Still, even in the worst case, the magnitude of the

error is less than 30 % as long as
043 1.567 . (6.29)
In other words, very roughly speaking, the error is ldw so long as
GaROT, (6.30)

just as in the direct case. This fact is most evident in the contour plots. Once
again, the correlated-jitter extraction, because of the indirect method of computation,
is the least accurate of the three amplitude-jitter extractions. Unfortunately, the
negative aspects of the direct method are present as well: for combinations where
the normalized timing jitter is much larger than the normalized amplitude jitter, the
routine reports an amplitude jitter that depends more on the timing noise than on the
amplitude noise. Consequently, extreme overestimation occurs when o4/A < or/T

(the far corner of the surface plots).
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Figure 6.13: The contours of the plots shown in 6.12
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6.4.2.2 Timing Jitter

Given that the quadrature-phase spectrum contains only timing noise, we expect that
the mixing method will extract the timing jitter with greater accuracy than the direct
technique. The timing-extraction-error suI_'face plots obtained for an RMS temporal
width of 5 % of the period are shown in 6.14, and those obtained for all widths are
presented in Section D.2. (We do not show the contour plots as they are not very
illustrative.) Note that the orientation of the axes is different not only from that of
the amplitude-error surface plots, but also from that of the timing-error surface plots
presented in the direct-measurement éhapter; the axes have been arranged to best
present the dependence of the error on the true amplitude and timing noise. The

plotted surfaces validate our expectations.

The surface plots are somewhat rough, with departures from the local mean of
up to about 15 %. Fortunately, as in the direct method, the local mean is approx-
imately independent of the amplitude jitter. However, for most of the 15 surfaces,
le] < 0.3 for the entire simulated domain. For &, of 0.05 and 0.10, on the other hand,
there is underestimation of the total and uncorrelated timing jitter for combinations
of large amplitude jitter and small timing jitter (the right corners of the surface plots).
These dips come about because the the quadrature-phase mixing does not completely
isolate the timing noise, as our analysis suggests. Some amount of amplitude noise
“leaks” into the quadrature-phase trace, leading to overestimation in the extraction of
the total and uncorrelated timing jitter. This process is negligible in the narrow-pulse
cases, but when the normalized RMS pulse width is larger than about 5 %, overesti-
mation occurs. Because the overestimation of the uncorrelated jitter is greater than
the overestimation of the total jitter, underestimation of the correlated timing jitter
results. Ignoring this corner of the surfaces obtained with normalized RMS pulse
widths of 5 % and 10 %, all three timing jitters are extracted with error less than 30

% for all pulse widths and for all simulated jitter combinations.
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6.4.2.3 Correlation Time

The correlation-time-extraction surface plots corresponding to s = 0.05 are shown
in Fig. 6.15; the remainder are presented in Section D.3. The correlation-time error
surfaces the correlated timing jitter are very flat. For the correlated amplitude jitter,
however, the correlation-time error surfaces are far from smooth. Once again, we
should point out that the correlation time was fixed at 5T during these simulations,

so the correlation-time extraction was not fully tested.

As we proposed in the direct case, the problem with the correlation-time ex-

traction may be due to insufficient spectral resolution in the measurement.

€A for os/T =0.05

e forc /T =0.05
cT .S

3
log(c, ,/A) log(c,,/T) log(o,/T) log(c,,/A)

Figure 6.15: Extraction errors for the correlation times of the (a) correlated amplitude
jitter, eas. and (b) timing jitter, ear,, obtained with the uncompensated mixing
method. o4/A—normalized total amplitude jitter. or/T—normalized total timing

jitter. os/T—normalized root-mean-squared pulse width.
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6.4.3 Error Compensation

The simulations presented above reveal that the mixing method exhibits systematic
errors, as the direct case. We can therefore employ the same error-compensation
routine applied in the direct case!!. Note that the difference in shape between the
uncompensated timing-jitter-error surfaces obtained with the direct technique and
those obtained with the mixing-based method does not affect the compensation rou-

tine.

6.4.3.1 Amplitude Jitter

Because of the similarity between the in-phase and direct spectra (Eq. 5.25 and the
first line of Eq. 6.8), and between the amplitude-jitter-error plots of the uncompen-
sated mixing and direct methods, we expect the amplitude-jitter-error surfaces and
their contours obtained with the compensated mixing method to be similar to those
obtained with the compensated direct method. The surface and contour plots associ-
ated with an RMS width of 0.05 are shown in Figs. 5.24 to 5.25, while those associated
with all widths are shown in an appendix (Section C.1). As these plots indicate, the
expected similarity is indeed observed. Just as in the direct case, the compensated
amplitude-jitter-error plots have the same general shape as the uncompensated plots.
However, for each pulse width, the compensated method has a lower maximum er-
ror (most apparent in the surface plots), and a larger region of error less than 30 %
(most evident in contour plots). The enlarged domain of low error is described by
the following inequality.

643 2 1.567 . ‘ (6.31)

As before, the correlated-amplitude-jitter extraction is the least accurate.

11 Gee Subsection 5.4.3.
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6.4.3.2 Timing Jitter

The timing-jitter-error surfaces obtained, with compensation, for the case of G, = 0.05
are shown in Fig. 6.18. Those obtained for all simulated pulse widths are relegated,

for compactness, to an appendix (Section E.2).

Since the timing—tjitfer errors associated with the compensated mixing method
are so small, the compensation has little effect on the timing-jitter-error surfaces; it
merely flattens them somewhat. However, since the magnitude of the error was less
than 0.30 for nearly all jitter combinations for each pulse width before compensation,
it is no surprise that the error is still below our threshold after compensation. The
exceptional points correspond to combinations of high amplitude jitter, low.timing

noise, and RMS pulse widths of 5 % and 10 %, as we described before.
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Figure 6.18: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, eaT,, and (c) correlated timing jitter, ear,, obtained with the compensated
mixing method. o4/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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6.4.3.3 Correlation Time

Because the error in the extraction of the uncompensated correlation is so small, we
make no attempt to compensate for these errors. Thus, the compensated extraction-
error surfaces are identical to the uncompensated case and are omitted from this

document.

6.4.3.4 Experiment

Although we have performed no experiments with the mixing-based technique, a few
comments concerting experimental are warranted. First, as in the direct case, the
noise floor of the measurement must be carefully considered, especially if the jitter
of a very low-noise laser is the characterized. Second, the resolution and minimum-
measurable jitter of this technique are more difficult to determine. In the mixing
technique, the spectruin of the pulse train under scrutiny is downshifted to baseband.
A typical RF spectrum analyzer have finite low-frequency cut-off. Consequently, a
special, low-frequency spectrum analyzer (LFSA) must be employed to record the
lowest-frequency portions of each spectrum. The high-frequency cut-off of the LFSA

will be lower than frep/2. So, both instruments must be employed and the resulting

spectra must be spliced together. (Note that great care must be taken, during the
experiments, to ensure that the LFSA and RFSA spectra line up at the overlap
[183].)

6.5 Commentary

6.5.1 Absolute and Residual Jitter

The mixing-based total-jitter measurement was introduced to enable the measurement

of total residual timing jitter. (This method does not claim to measure the residual
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amplitude jitter.) Unfortunately, since lasers are inherently nonlinear, the method
does not, in fact, extract the residual timing jitter. However, this method is commonly

used and is therefore of considerable interest.

6.5.2 Advantages of the Mixing Technique

It should be pointed out that the mixing scheme has two advantages and (unrelated

to residual jitter) over the direct method.

6.5.2.1. Just One Harmonic

The phase-detection behavior of the mixing method (the physical separation of the
timing noise into the quadrature-phase mixing product) means that only one harmonic
need be recorded. Indeed, if only the timing jitter is of interest, we need only record
the quadrature-phase spectrum (and the mean voltage of the in-phase product). Thus,

timing-jitter measurements are considerably simplified.

6.5.2.2 Lower-Bandwidth Spectrum Analyzer

Because only one spectrum need be recorded, and because the mixing technique down-
shifts the center frequency of the pulse train’s spectrum, it allows us to measure the
jitter of a high-rate pulse-source without resorting to an extremely broadband (and
expensive) RF spectrum analyzer. The direct technique requires the RFSA to have a
bandwidth of at least 2f;c,. For modern, multi-GHz lasers, this requirement is quite
stringent. The mixing method, by contrast, requires an RFSA bandwidth of just

0.5 frep. This requirement is four times easier to meet.
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6.5.3 Disadvantages of the Mixing Technique

The disadvantages of the of the mixing technique are directly related to the advan-

tages, and are, therefore, also twofold.

6.5.3.1 Exactly One Harmonic

In the direct spectral technique, multiple harmonics can be employed to increase the
| accuracy of the measurement!2. In the mixing-based spectral technique, one, and only

one, harmonic is employed, so this means of accuracy enhancement is unavailable.

6.5.3.2 Additional, Low-Frequency Spectrum Analyzer

In the mixing method, as mentioned in Subsubsection 6.4.3.4, a special low-frequency
- spectrum analyzer (LFSA) must be employed to record the lower-frequency portion
of the mixing-product spectra while an RFSA must be employed to record the higher-
frequency portion. This additional complexity and expense is a significant drawback

of the mixing-based method.

6.5.4 Uncorrelated and Correlated Jitter

We have derived a method of extracting all six jitter parameters of a pulse train RF
spectrum of the in-phase and quadrature-phase mixing products. Simulations indicate
that this technique exhibits systematic errors, similar to those observed in the direct
version, and that these errors can be compensated. With this compensation, the
scheme can extract timing jitters with error less than 30 % for almost all simulated
combinations of pulse duration, amplitude noise, and timing noise. Similarly, the

measurement routine can extract amplitude jitters with error less than 30 % as long

12 See Subsubsection 5.4.1.2.
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as the normalized RMS timing jitter is approximately less than the normalized RMS
amplitude jitter.
6.5.5 Super-Mode Jitter .

The remarks concerning the extraction of super-mode jitter by the direct spectral
method!® apply to the mixing-based technique. The mixing techniqué would count

any super-mode noise as correlated noise.

6.5.6 Resolution and Minimum Measurable Jitter

The resolution and minimum measurable jitter of the mixing-base method are on par
with those of the direct method. |

6.5.7 Application to Data Streams

The argument we made concerning the the direct spectral jitter characterization
applies equally to the mixing method. The mixing-based jitter characterization can

only be applied to pulse trains, not to data streams.

13 Gee Subsection 5.5.2.

14 See Subsection 5.5.4.
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CHAPTER 7

Conclusions

In Chapter 7, we briefly summarize and comment of the work we have presented.

7.1 Introduction

7.1.1 Motivation

Sources of high-quality optical-pulse trains are needed for a number of applications,

optical communications in particular.

7.1.2 Optical Communications

Optical time-division multiplexing offers greater spectral efficiency as well as simpler
construction and operation, when compared with wavelength-division multiplexing.
An OTDM pulse source must meet several strict performance criteria; in particular

the source must have very low timing and amplitude jitter and very low pedestals.

7.1.3 Jitter Tutorial

Timing and amplitude jitter can each be divided into determinist and random (stochas-

tic) types. Each of these types, in turn, can be divided into one of two orthogonal
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sets: (a) absolute and residual or (b) uncorrelated (memoryless or white), correlated
(drift or red) and super-mode. The uncorrelated, correlated and super-mode con-
tributions originate from distinct mechanisms in the components of the laser source
and in any fiber downstream. It is important to discriminate between all these noise

components, when measuring jitter, in order to reduce them.

7.2 Picosecond-Pulse Source

We have demonstrated that a gain-switched distributed-feedback laser diode, when
cascaded with pulse-compression and pedestal-suppression stages, can meet most of
the performance requirements placed on an OTDM pulse source. Unfortunately, the
pulse width and especially the noise of the GS DFB LD create problems which cannot

be easily corrected.

7.3 Pulse-Train Gain-Switching

We have shown that gain-switching by an electrical pulse train can reduce the pulse
width as well as the timing jitter and amplitude jitter of the resultant optical pulse
train, compared to gain-switching by an equal-power sine wave. However, when
the sine wave has power equal to that used to drive the electronic pulse generator

employed in the pulse-drive case, the advantages vanish.

7.4 Temporal-l\/.[ultipléxing Amplitude Jitter

Temporal multiplexing converts any finite pedestal of the pulse train (which often
remains after pulse compression) into slow, correlated amplitude jitter, as quantified

by our analysis. This phenomenon is responsible for the strict requirement placed on
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the pedestal level of an OTDM source. Fortunately, we have demonstrated that even
a substantial pedestal can be reduced to an almost arbitrarily low level by employing

a nonlinear amplifying loop mirror as an intensity filter.

7.5 . Direct Jitter Characterization

The direct spectral technique of jitter measurement measures the absolute timing and
amplitude jitter of the pulse train under examination from two or more harmonics of
the train’s RF spectrum. (We have shown that employing more than two harmon-
‘ics increases the accuracy of the measurement.) We have extended this method to
extract the the uncorrelated and correlated contributions of the absolute timing and

amplitude noise.

Our simulations indicate that the extended technique exhibits systematié €errors,
which can be substantially compensated. The compensated method can extract the
timing-noise components with high accurécy for nearly all simulated combinations of
timing and amplitude jitter. (Only combinations with total timing jitter greater than
a few percent of the period yield small error.) The amplitude-noise contributions can
be extracted over a smaller, but still significant domain. Our experiments, performed
with gé.in-switched and mode-locked lasers, verify that this technique agrees not only

with the oscilloscope method, but also with our expectations.

7.6 Mixing-Baséd Jitter Characterization

The mixing-based spectral technique was developed as a means of measuring the
residual timing jitter of laser driven by an RF signal by mixing the detected train
with sinusoids that are in phase and in quadrature phase with respect to the pulse

train. Unfortunately, lasers are highly nonlinear devices, so this method does not, in
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fact, measure residual jitter. As in the direct case, we have extended this scheme to
extract the uncorrelated and correlated contributions of the noise. Our simulations
indicate that this jitter-characterization scheme exhibits systematic errors very much
like those of the direct method, and these errors can also be compensated. The timing-
jitter accuracy of the compensated is slightly greater than the direct method’s, while
the amplitude-noise accuracy is nearly the same. Depending oﬁ one’s application
(the pulse train being under investigation) and on one’s equipment (a LFSA or a
high-bandwidth RFSA), either the direct or mixing-based method may be the more

applicable.

7.7 Commentary

Much work remains, and will always remain, in the understanding, control, and mea-
suremént of jitter in telecommunications. Lasers with extremely low noise have been
constructed, but, as data rates climb ever higher, ever quieter lasers are required. We
can characterize very small jitters with very fine resolution, but, as laser noise slips
ever lower, ever more precise jitter-characterization techniques are needed. Like Alice

and the Red Queen in Through the Looking-Glass, who must constantly run to stay in

one place; like predator and prey, who must constantly evolve keener senses, greater
speed, or sharper minds to keep pace with each other [184]; optical engineers must
constantly improve their designs to remain competitive not only with each other, but

also with themselves.
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APPENDIX A

Root-Mean-Squared and Peak-to-Peak
Jitter

p(X)
: T 1.,

5 s
! +
X 5

Figure A.1: A random variable, X, with a uniform probability distribution function,

px. wx—the mean of X. a—a constant.

Consider a random variable, X, with a probability density function, px, that is
uniform from p, —a to p, —a, where ux is the mean of X [163], [164]. From Fig. A.1,
it is clear that the peak-to-peak deviation of X, AXpp, is 2a. The variance, % is '

given by the expected value of the sduare of the deviation:

ok = 8{(X—ux)2}
= /w(X—-/,Lx)de

—00
a?
3

The standard deviation is the square root of the variance. Thus, the ratio of the

(A1)

standard deviation to the peak-to-peak deviation is the reciprocal of the square root

of 12:
ox _ 1 (A.2)




APPENDIX B

Simulation Results: Uncompensated

Direct Method

B.1 Amplitude Jitter

On the next few pages, the extraction-error surfaces, obtained with the uncompen-
sated direct method, for total, uncorrelated, and correlated amplitude jitter are plot-
ted against the normalized total amplitude jitter and the normalized total timing
jitter, for each of seven normalized RMS pulse widths. The contours of these surfaces

are also included.
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Figure B.1: Extraction errors for (a) total amplitude jitter, €aa, (b) uncorrelated

amplitude jitter, eaa,, and (c) correlated amplitude jitter, eas., obtained with the

uncompensated direct method. ¢4/A—normalized total amplitude jitter. op/T—

0s/T—normalized root-mean-squared pulSe width.

normalized total timing jitter.
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Figure B.3: Extraction errors for (a) total amplitude jitter, eas, (b) uncorrelated

amplitude jitter, eaa,, and (c) correlated amplitude jitter, ea., obtained with the

uncompensated direct method. o,4/A—normalized total amplitude jitter. op/T—

0s/T—normalized root-mean-squared pulse width.

normalized total timing jitter.
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Figure B.4: The contours of the plots shown in B.3 .
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Figure B.5: Extraction errors for (a) total amplitude jitter, eaa, (b) uncorrelated

amplitude jitter, eaa,, and (c) correlated amplitude jitter, eaa,, obtained with the

O'T/T—

uncompensated direct method. ¢4/A—normalized total amplitude jitter.

0s/T—normalized root-mean-squared pulse width.

normalized total timing jitter.
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Figure B.6: The contours of the plots shown in B.5
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uncompensated direct method. ¢4/A—normalized total amplitude jitter.

normalized total timing jitter.

190



Contours of g, , forc /T = 0.005
AA s

Contours of € AU for csIT =0.005

\M

2
N
5?////
N
3 / S XK / -
-45 -4 -35 -3 -25 -2 -15
Iog(aAAIA)

-3
log(c,,/A)
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Figure B.11: Extraction errors for (a) total amplitude jitter, eas, (b) uncorrelated

amplitude jitter, eaa,, and (c) correlated amplitude jitter, eaa,, obtained with the

uncompensated direct method. ¢4/A—normalized total amplitude jitter. or/T—

0s/T—normalized root-mean-squared pulse width.

normalized total timing jitter.
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B.2 }Timing Jitter

On the next few pages, the extraction-error surfaces, obtained with the uncompen-
sated direct method, for total, uncorrelated, and correlated timing jitter are plotted
against the normalized total amplitude jitter and the normalized total timing jitter,
for each of seven normalized RMS pulse widths. The contours of these surfaces are

also included.
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Figure B.15: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, eAT;, obtained with the uncompensated
direct method. o4/A—normalized total amplitude jitter. o7/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure B.16: The contours of the plots shown in B.15
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Figure B.18: The contours of the plots shown in B.17
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Figure B.19: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ea,, and (c) correlated timing jitter, eat,, obtained with the uncompensated
direct method. ¢4/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure B.20: The contours of the plots shown in B.19
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Figure B.21: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, eat,, and (c) correlated timing jitter, ea,, obtained with the uncompensated
direct method. o04/A—normalized total amplitude jitter. op/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure B.22: The contours of the plots shown in B.21
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Figure B.23: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, ear,, obtained with the uncompensated
direct method. ¢4/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.

207



log(c,./T)

Contours of e AT for cs/T =0.01.

Contours of ATu for,csIT =0.01

<0.0} (X\ /v 90 o §a -2 ?O Q
s 22 % 5
& o

<>

0.5 .5 X U= U. U=
0. 0 0.5 “bod—00_ 0 T— 04—

0.2 0.2 0.2 __o.oa/\-——\/o.ofv—/z)\——-o.os—
0 -15

[ \/\O. NO' T~

-1

l0g(c,./T)

-1s / ?‘\/\""\0./’\,0.2——\.

-2 ’?(\/IQRQ/\I\ 0, TT'(
0. ° - o

-3 . ) 0.
. AT 0

_2.5>Q | SZ {‘Z [%ﬁ
Iy —

Contours of E4rc for csIT =0.01

[—0.6— 0.5 0.5

Jv

01~
-45 <-4 =35 -3 25 =~2 =i
log(c,,/A)

Figure B.24: The contours of the plots shown in B.23
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Figure B.25: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, eaT,, and (c) correlated timing jitter, ear., obtained with the uncompensated
direct method. 04/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure B.26: The contours of the plots shown in B.25
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Figure B.27: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, eaT,, obtained with the uncompensated
direct method. o04/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure B.28: The contours of the plots shown in B.27
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- B.3 Correlétion Time

On the next few pages, the extraction-error surfaces, obtained with the uncompen-
sated direct method, for the correlation times of the correlated amplitude and timing
jitter are plotted against the normalized total amplitude jitter and the normalized

total timing jitter, for each of seven normalized RMS pulse widths.
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ecAforcs/T= 0

log(a,,/A) ~ log(a,/T) log(c /) log(o, ,/A)

Figure B.29: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, eas, and (b) timing jitter, ear,, obtained with the uncompensated direct
method. 04/A—normalized total amplitude jitter. op/T—normalized total timing

jitter. o5/T—normalized root-mean-squared pulse width.

€ for c;s/T =0.0005 € for os/T = 0.0005

log(c,,,/A) log(a,/T) log(a,/T) log(c,,,/A)

Figure B.30: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, eas, and (b) timing jitter, ear., obtained with the uncompensated direct
method. o4/A—normalized total amplitude jitter. op/T—normalized total timing

jitter. o,/T—normalized root-mean-squared pulse width.
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Figure B.31: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, eas, and (b) timing jitter, ear., obtained with the uncompensated direct
method. 04/A—normalized total amplitude jitter. or/T—normalized total timing

jitter. oz/T—normalized root-mean-squared pulse width.

€ for cslT =0.005 € for osfl' =0.005

log(c, ,/A)

log(o,,/A) log(c,,/T) log(o,/T)

Figure B.32: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, eas, and (b) timing jitter, ear,, obtained with the uncompensated direct
method. ¢4/A—normalized total amplitude jitter. o7/T—normalized total timing

jitter. os/T—normalized root-mean-squared pulse width.
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Figure B.33: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, eas, and (b) timing jitter, ear., obtained with the uncompensated direct
method. o4/A—normalized total amplitude jitter. or/7—normalized total timing

jitter. os/T—normalized root-mean-squared pulse width.

€ for °s’T =0.05 . for os/T =0.05

A1) log(s,/T) log(a, ,/A)

log(o AA/A)

Figure B.34: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, eas, and (b) timing jitter, ear,, obtained with the uncompensated direct
method. ¢4/A—normalized total amplitude jitter. or/T—normalized total timing

jitter. o,/T—normalized root-mean-squared pulse width.
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Figure B.35: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, eas. and (b) timing jitter, ear., obtained with the uncompensated direct

method. 04/A—normalized total amplitude jitter. o7/T—normalized total timing

jitter. o,/T—normalized root-mean-squared pulse width.
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APPENDIX C

Simulation Results: Compensated Direct

Method

C.1 Amplitude Jitter

On the next few pages, the extraction-error surfaces, obtained with the compensated
direct method, for total, uncorrelated, and correlated amplitude jitter are plotted
against the normalized total amplitude jitter and the normalized total timing jitter,

for each of seven normalized RMS pulse widths. The contours of these surfaces are

also included.
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Figure C.1

amplitude jitter, eaa,, and (c) correlated amplitude jitter, eas., obtained with the

O'T/T—

04/A—normalized total amplitude jitter.

compensated direct method.

.0

normalized total timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure C.2: The contours of the plots shown in C.1
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Figure C.4: The contours of the plots shown in C.3

222



0.001

fore /T

EAAu

=0.001

foro /T

€an

log(c M/A)

=0.001

foro /T

sAAc

log(c A

log(c AAIA)

ion errors for (a) total amplitude jitter, eas, (b) uncorrelated

Extract

Figure C.5

amplitude jitter, eaa,, and (c) correlated amplitude jitter, eas,, obtained with the

O’T/T'—

04/A—normalized total amplitude jitter.

compensated direct method.

itter. o,/T—normalized root-mean-squared pulse width.

iming ji

normalized total t

223



log(c,./T)

-3

Contours of E4n foro /T =0.001
S

Contours of € for cs/T =0.001

LT

|

g, Y Q)"
00/

~

Figure C.6: The contours of the plots shown in C.5
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Figure C.8: The contours of the plots shown in C.7
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0s/T—normalized root-mean-squared pulse width.
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Figure C.12: The contours of the plots shown in C.11
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Figure C.14: The contours of the plots shown in C.13
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C.2 Timing Jitter

On the next few pages, the extraction-error surfaces, obtained with the compensated
direct method, for total, uncorrelated, and correlated timing jitter are plotted against
the normalized total amplitude jitter and the normalized total timing jitter, for each

of seven normalized RMS pulse widths.
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log(o,/T) log(a,,/A)

Figure C.15: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, ear,, obtained with the compensated
direct method. o4/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure C.16: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing .
jitter, ear,, and (c) correlated timing jitter, ear., obtained with the compensated
direct method. o04/A—normalized total amplitude jitter. op/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure C.17: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, ear,, obtained with the compensated
direct method. o4 /A——;normalized total amplitude jitter. or/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure C.18: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing

jitter, ear,, and (c) correlated timing jitter, ear,, obtained with the compensated

direct method. ¢4/A—normalized total ainplitude jitter. op/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure C.19: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, ear., obtained with the compensated
direct method. o4/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o5/T—normalized root-mean-squared pulse width.
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Figure C.20: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, ear,, obtained with the compensated
direct method. ¢4/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. os/T—normalized root-mean-squared pulse width.
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Figure C.21: Extraction errors for (a) total timing jitter, ear, (b) uncorrelated timing
jitter, ear,, and (c) correlated timing jitter, ear,, obtained with the compensated
direct method. o4/A—normalized total amplitude jitter. or/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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C.3 Correlation Time

The compensation routine does nothing to the correlation times. Therefore, the
correlation-time-error plots of the compensated direct technique are identical to those

of the uncompensated direct method! and are omitted.

1 See Section B.3.
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APPENDIX D

- Simulation Results: Uncompensated

Mixing Method

D.1 Amplitude Jitter

On the next few pages, the extrac’gion—error surfaces, obtained with the uncompen-
sated mixing method, for total, uncorrelated, and correlated amplitude jitter are
plotted against the normalized total amplitude jitter and the normalized total timing
jitter, for each of seven normalized RMS pulse widths. The contours of these surfaces

are also included.
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Figure D.1: Extraction errors for (a) total amplitude jitter, eaa, (b) uncorrelated

amplitude jitter, eaa,, and (c) correlated amplitude jitter, eaa,, obtained with the

uncompensated mixing method. ¢4/A—normalized total amplitude jitter. or/T—

0s/T—normalized root-mean-squared pulse width.

normalized total timing jitter.
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Figure D.2: The contours of the plots shown in D.1
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Figure D.4: The contours of the plots shown in D.3
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Figure D.6: The contours of the plots shown in D.5
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uncompensated mixing method. ¢4/A—normalized total amplitude jitter. o7/T—

normalized total timing jitter. o,/T—normalized root-mean-squared pulse width.
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Figure D.8: The contours of the plots shown in D.7
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Figure D.10: The contours of the plots shown in D.9
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D.2 Tii’ning Jitter

On the next few pages, the extraction-error surfaces, obtained with the uncompen-
sated mixing method, for total, uncorrelated, and correlated timing jitter are plotted
against the normalized total amplitude jitter and the normalized total timing jitter,

for each of seven normalized RMS pulse widths.
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jitter, ear,,, and (c) correlated timing jitter, ear,, obtained with the uncompensated
mixing method. 04/A—normalized total amplitude jitter. o7/T—normalized total

timing jitter. o,/T—normalized root-mean-squared pulse width.
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D.3 Correlation Time

On the next few pages, the extraction-error surfaces, obtained with the uncompen-
sated mixing method, for the correlation times of the correlated amplitude and timing
jitter are plotted against the normalized total amplitude jitter and the normalized

total timing jitter, for each of seven normalized RMS pulse widths.
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Figure D.16: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, a4, and (b) timing jitter, ear,, obtained with the uncompensated mixing
method. 04/A—normalized total amplitude jitter. or/T—normalized total timing

jitter. o,/T—normalized root-mean-squared pulse width.
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Figure D.17: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, ea 4, and (b) timing jitter, ear,, obtained with the uncompensated mixing
method. 04/A—normalized total amplitude jitter. o7/T—normalized total timing

jitter. o,/T—normalized root-mean-squared pulse width.
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Figure D.18: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, ea, and (b) timing jitter, ear., obtained with the uncompensated mixing
method. o04/A—normalized total amplitude jitter. or/T—normalized total timing

jitter. o,/T—normalized root-mean-squared pulse width.
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Figure D.19: Extraction errors for the correlation times of the (a) correlated ampli-
tude jitter, ea4, and (b) timing jitter, ear., obtained with the uncompensated mixing
method. ¢4/A—normalized total amplitude jitter. o7/T—normalized total timing

jitter. os/T—normalized root-mean-squared pulse width.
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tude jitter, ea4, and (b) timing jitter, ear,, obtained with the uncompensated mixing
method. o4/A—normalized total amplitude jitter. op/T—normalized total timing

jitter. os/T—normalized root-mean-squared pulse width.

262



APPENDIX E

Simulation Results: Cdmp'ensated Mixihg

Method

E.1 Amplitude Jitter

On the next few pages, the extraction-error surfaces, obtained with the compensated
mixing method, for total, uncorrelated, and correlated amplitude jitter are plotted
against the normalized total amplitude jitter and the normalized total timing jitter,
for each of seven normalized RMS pulse widths. The contours of these surfaces are

also included.
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E.2 Timing Jitter

On the next few pages, the extraction-error surfaces, obtained with the compensated
mixing method, for total, uncorrelated, and correlated timing jitter are plotted against
the normalized total amplitude jitter and the normalized total timing jitter, for each

of seven normalized RMS pulse widths.
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E.3 Correlation Time

The compensation routine does nothing to the correlation times. Therefore, the
correlation-time-error plots of the compensated mixing technique are identical to

those of the uncompensated mixing method! and are omitted.

! See Section D.3
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