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Chromatic-Dispersion Monitoring Using an
Optical Delay-and-Add Filter

Kuen Ting Tsai and Winston 1. Way, Fellow, IEEE

Abstract—A novel postdetection method based on an optical
delay-and-add filter (DAF) is proposed for dispersion monitoring
at 40 Gb/s or beyond. The proposed method can be used with
or without a pilot tone and works well even when there exists
a residual chirp due to the finite direct current (DC) extinction
ratio of a Mach-Zehnder (MZ) modulator or self-phase modula-
tion (SPM). Several modulation formats, including conventional
nonreturn to zero (NRZ), return to zero (RZ), carrier-suppressed
RZ (CSRZ), RZ differential phase shift keying (RZ-DPSK), and
CSRZ-DPSK are used to numerically demonstrate the feasibility
of this technique without using a pilot tone.

Index Terms—Automatic dispersion equalization, fiber chro-
matic dispersion, optical performance.

I. INTRODUCTION

NLINE automatic dispersion-equalization techniques are

indispensable for long-haul high-speed dense wave-
length division multiplexing (DWDM) systems. A dispersion
equalizer has two important design parameters, i.e., disper-
sion monitoring window and dispersion resolution. The dis-
persion monitoring window is important because a large
chromatic-dispersion variation could be incurred due to a wide
ambient-temperature change. For example, assuming that the
temperature dependence of a zero-dispersion wavelength and
the dispersion slope of a 500-km optical fiber system are
0.03 nm/°C and 0.08 ps/nm?/km, respectively, a temperature
change of 40 °C could induce a large dispersion variation of
48 ps/mm. This variation could be even larger for longer
transmission distances. Dispersion resolution is of special im-
portance for data rates higher than 40 Gb/s, because a small
chromatic dispersion of 60 and 15 ps/nm can cause a 1-dB
power penalty in 40 and 80 Gb/s nonreturn-to-zero (NRZ)
systems. Modulation formats such as return to zero (RZ) and
carrier-suppressed RZ (CSRZ) have even smaller dispersion
tolerance, e.g., 40-Gb/s RZ and CSRZ incur a 1-dB power
penalty at a chromatic dispersion of 30 [1] and 25 ps/nm [2],
respectively.

In a linear dispersion-compensation scheme, residual fiber
dispersion could be fully compensated via either a predetec-
tion or a postdetection scheme in combination with a variable
dispersion compensator (VDC) at a receiver, as illustrated in
Fig. 1. In a predetection scheme, a dispersion detector first
detects the total chromatic dispersion in a transmission system,
and followed by a VDC whose dispersion is adjusted to be the
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same as the measured total system dispersion but with a neg-
ative sign. Examples of predetection schemes include the use
of an amplitude-modulation (AM) pilot tone [3], [4] and clock
fading technique [1], [S]-[7]. In a postdetection scheme, a zero-
dispersion detector is used to monitor the residual dispersion.
The zero-dispersion detector generates a VDC control signal
so that the VDC can completely cancel the residual dispersion.
Examples of postdetection schemes include phase modulation
(PM) pilot tones [4], [8], offline alternating chirp [9], and clock-
generation techniques [1], [5], [7].

In this paper, we propose a novel postdetection technique that
exhibits both sufficient monitoring window and high dispersion
resolution. The technique uses an optical delay-and-add filter
(DAF), in combination with a) an AM pilot tone or b) any
modulation format that has a symmetric spectrum with respect
to its optical carrier [e.g., NRZ, RZ, CSRZ, RZ differential
phase shift keying (RZ-DPSK), CSRZ-DPSK, etc.]. A DAF is
basically an asymmetric Mach—Zehnder interferometer (AMZI)
with a differential optical delay 7 between the two arms. The
DAF used in our proposal has a nominal delay that is equal to
a half period of an AM pilot tone or a half-bit/one-bit period of
high-speed modulating data when there is no pilot tone.

II. OPERATION PRINCIPLE OF AM PILOT-TONE-BASED
POSTDETECTION SCHEME USING DAF

A simplified system model is considered in Fig. 2. An
optical source [denoted by its electric field s(¢), representing
a continuous-wave (CW) laser externally modulated by an AM
pilot tone with a frequency f;] is launched into a dispersive
fiber with a transfer function Hper(f). Only linear dispersion
effect is taken into account in this section. The signal at the end
of the transmission link is coupled into a DAF, whose construc-
tive or destructive output port has a transfer function H, (f) or
H_(f). The received r (t) or r_(t) after the DAF is converted
to a photocurrent ¢(t). It should be noted that the actual mod-
ulating data do not pass through DAF, only the postdetection
path passes through the DAF via a tap coupler, as shown in
Fig. 1(b). The Fourier transforms of all signals are also shown
in Fig. 2. Note that we ignore the effect of baseband mod-
ulation in our calculation because we assume any intermod-
ulation product caused by the beating between the baseband
data and the pilot tone would have amplitude much smaller
than that of the pilot tone. The effect of pilot tone on data
can be small [3] and is not within the scope of this paper.

It is well known that after a transmission link and a photo-
receiver (without DAF), the magnitude of an AM pilot tone will
change with the total accumulated dispersion of the optical link.
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Fig. 2. Simplified block diagram of an optical transmission system with a DAF.

This is because optical fiber dispersion causes a time delay (and
thus, relative phase change) between the transmitted upper and
lower sideband AM pilot tones. Consequently, in a predetec-
tion scheme, we can estimate the total accumulated dispersion
by measuring the magnitude of the received pilot tone. The
detected chromatic-dispersion-dependent radio frequency (RF)
power of an AM pilot tone can be expressed as [10]

2 2
cos <7T)\DLf§> ’} Ry, (D

1
PAM = = {?RPOTTL
2 c

where 3t is the responsivity, Ry, is the resistive load of the opti-
cal receiver, P, is the average received optical power, m is the
root mean square (rms) modulation index of the AM pilot tone,
c is the speed of light in vacuum, A is the operating wavelength,
D is the fiber dispersion parameter, and DL is the total accu-
mulated dispersion. When the accumulated dispersion is small,
the magnitude of the AM pilot tone remains almost constant,
and as a result, the frequency of the pilot tone needs to be
increased to improve the resolution sensitivity (APay/ADL,
in decibels per picosecond per nanometer). This out-of-band
pilot tone requires a higher bandwidth photodetector and costly
microwave/millimeter wave components and reduces the effec-
tive system spectral efficiency.

To improve the problems explained above, we use an optical
DAF before a photodetector, as shown in Figs. 2 and 3. The

frequency response of the constructive port of the DAF can be
written as

Hy(f) = [Ha (D™ = 2727 1), @)
Fig. 4 illustrates the magnitude and phase response of the
DAF at the constructive port and the frequency spectrum of an
optical carrier (f,) and its associated AM pilot tones (fo, + fp
and f, — fp). The free spectral range (FSR) of the DAF is
1/7. The basic idea is to let the phase shifts between the
optical carrier and the two pilot-tone sidebands be +7/2 and
—m /2, respectively, so that these two sidebands have a 7 phase
difference, and therefore, they could cancel each other (i.e., the
received AM pilot-tone amplitude is 0) when there is zero fiber
dispersion. In addition, the received pilot-tone power should
change significantly even when only a small residual dispersion
is incurred, so that a high dispersion resolution can be obtained.
These goals can be achieved when two conditions are satisfied:

D r=7=1/2f);

2) the left-hand-side pilot tone, the optical carrier, and
the right-hand-side pilot tone are aligned with three
successive quadrature points of |H, (f)|?, as shown in
Fig. 4, which implies

~ 2n—1

Jo 4t

3
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Fig. 3.

Complete adaptive dispersion equalizer that is composed of a VDC and the proposed postdetection dispersion monitoring technique. A DAF controller is

used to adjust the delay 7 to ensure that f, is aligned with a DAF quadrature point. The VDC is controlled by the monitored clock or pilot-tone RF power, which

should be minimized by the VDC.
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Fig. 4. (a) Optical amplitude and (b) phase responses of a DAF at its

constructive port. Also shown is the electric-field spectrum consisting of an
optical carrier and its associated pilot tones.

where 7 is an integer. The amplitudes and phases of the three
frequency components in Fig. 4 can be verified by substituting
fin (2) with f, + 1/(27), fo, and fo — 1/(27,), respectively,
and use the two conditions given above. As a result, the optical
carrier and the two pilot tones all experience a 3-dB optical
power loss.

It should be noted that in practical systems, 7 may deviate
away from 7, i.e., 7 = 7, + 7. This can be observed from
the above two conditions that 7, = 1/(2f,) and 7= (2n —
1)/(4f,) cannot be always equal for any arbitrary fo,, f,, and
n. As a matter of fact, f, is always given, while 7 needs
to be adjusted such that condition 2) is always satisfied, but
not necessarily condition 1). For example, if f, = 193.3 THz
and f, = 40 GHz, we obtain 7 =7, = 1/(2f,) = 12.5 ps,
and (3) is satisfied by letting n equal to 4833. But when the
optical carrier frequency is changed to f, = 191.123 THz, (3)
is satisfied by letting n equal to 4799 and 7 ~ 12.501 ps, i.e.,
T # T, in this case. We will show the effect of §7 in Figs. 5
and 6, as well as in (13).

The electric field of a pilot tone after passing through a
dispersive fiber and a DAF can be written as

ry(t) = /P, Hyel?1e78%0t

A (Hat Ha Gasi-ons 230
4\ H

X COS (wpt + 7@ ; ¢3) -ﬁ-j% (H2;1H3>
« ej(qf§*¢1+¢2;r¢3) sin <wpt + W”)}
“4)
where
0= — 2L = 0L ©
H, = |H+ (fo)' = |COS(7TTfo)‘
Hy = |Hy (fo + fp)| = |cos [77(fo + fp)]]
Hz = |Hy (fo — fp)l = [cos[n7(fo — fo)]| (6)
and
¢1 :q)+(f0)
= —77fo + g + ZLcos(mT fo)
b2 =4 (fo + fp)
= —77f, + g + ZLcos[n(fo + fo)l — 7T fp
¢3 =24 (fo — fp)
= —77f + g + ZLcos[n(fo — fo)l + 77 fp. (D)
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Fig. 5. Power fading effect of an AM pilot tone at 40 GHz due to differential optical delay variation under five accumulated fiber dispersions. The optical
wavelength is 193.3 THz (~ 1552.0 nm), which satisfies (3).
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Fig. 6. Calculated (solid lines) and simulated (symbols) AM pilot-tone power as a function of accumulated dispersion with various differential optical delays in
solid curves. The optical carrier is at the quadrature point of the power transfer function of the DAF. Simulation parameters are sampling frequency = 1.28 THz,
fpo = 40 GHz, data length = 512 bits, fiber launched power = —3 and 12 dBm/ch, fiber length [single-mode fiber (SMF)] = 50 km, fiber loss = 0.2 dB/km,
D = 16 ps/nm/km, dispersion slope = 0.08 ps/nm? /km, fiber nonlinear coefficient = 1.32 W1 - km ™1, and transmitter MZ modulator extinction ratio =
40dB. §7/70 = {0%, 6.25%,12.5%, 18.75%}, ie., T = {1/2/40e9,1/2/42.6667€9, 1/2/45.7143e9,1/2/49.2308¢9}; and f, = {193.28e12 + 40e9/2,
193.28e12 + 42.6667¢9/2,193.28e12 + 45.7143e9/2, 193.28e12 + 49.2308¢9 /2 }Hz. The choices of f, are to satisfy condition 2) (3) described in Section II.

The photocurrent of f;, is obtained by squaring (4) and keeping  mathematical manipulations, it follows that the transfer func-
the linear terms at the modulation frequency f,; we arrive tion of the cascade of a dispersive fiber and a DAF is given
at (8) and (9), shown at the bottom of the page. After some by (10), shown at the bottom of the page. Consequently,

iAM,DAF (1) = %Po%fﬂ (Hz + H3)?% cos? <Qf§ —¢1+ W) + (Hy — Hz)? sin? (qf§ —¢1+ ¢2—2F¢3)

X COS (wpt + @ + 9) (®)

(Hy — H3)sin (Qfg —¢1+ %)

)
(Ha + H3) cos (qu - ¢1 + %)

where 6 = tan~!

Hen par(fo + fo. 7, q) = |cos(nT fo)] \/sin2 (77 f5) sin? (7T fp) sin2(qf1§) + cos?(n7 fo) cos?(nT fp) cos2(qf§) (10)
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the detected RF power of the AM pilot tone after a dispersive
transmission link and a DAF can be expressed as

1
Pantoar = 5 {RPomHenpar(fo+ o7, @)Y Rp. (11)

When 7 = 7, and (3) are both satisfied, (11) can be simpli-
fied as

1 2
PayM pAr = 5 {%PomKQ } Ry (12)

2

sin <7r>\ CDL f§>
where K =1/ \ﬁ is the transmittance of the DAF at the
wavelength of the pilot-tone sidebands. Comparing (12) to (1),
we see that the amplitude of the pilot tone is now related
to a sinusoidal function, rather than a cosine function, of the
accumulated dispersion. Therefore, the dispersion resolution
can be improved significantly around zero dispersion. Note
that this sinusoidal dependence on fiber dispersion is similar to
those dispersion-equalization techniques that utilize PM pilot
tones, i.e., [4] and [8]. The main difference lies in the fact
that Youn [4] used a serial PM modulator at the transmitter,
Wang et al. [8] used a parallel PM modulator at the transmitter,
while this paper used an AMZI at the receiver. Therefore, the
proposed method in this paper has the same advantages men-
tioned in [4], such as SPM and polarization mode dispersion
(PMD) tolerance. In terms of complexity, the proposed method
is not more complicated than those shown in [4] and [8]—those
papers have a complicated transmitter design with excessive
power loss, while this paper has an extra AMZI at the receiver
(note that the tapped loss can be easily compensated by an
existing preamplifier). It is also noted that DAFs have been
widely used in optical DPSK demodulation and are commer-
cially available with thermally tunable optical delay.

As we mentioned previously, there always will be an un-
avoidable delay variation d7 in practical conditions. Its ef-
fect on an AM pilot-tone RF power at different accumulated
fiber dispersion DL can be examined by substituting 7 f, =
(2n—1)/4, T =15+ 97, and 7, = 1/(2f,) into (11) [ie.,
condition 2) in Section II is satisfied, while condition 1) is not],
which gives us (13), shown at the bottom of the page. Based
on (13), Fig. 5 shows the AM pilot-tone power as a function of
the normalized delay variation 67 /7 at different total residual
dispersion DL (0, 0.05, 0.5, 5, and 20 ps/nm), and R = 1, P, =
0.5 mW, m = 0.16, f, = 193.3 THz, f, = 40 GHz, and R} =
1. We can see that the maximum AM pilot-tone power always
occurs at quadrature points of the DAF power transfer function
(i.e., 67/70 = 0, £0.021%, £0.042%, etc.) when DL # 0, and
the higher the residual dispersion DL, the higher the AM pilot-
tone power. The maximum AM pilot-tone power at £0.021%,
+0.042%, etc., can be explained as follows: As previously
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discussed, n = 4833 in (3) when 7 = 7, = 1/(2f,) = 12.5 ps.
The two nearest quadrature points take place at n = 4832 and
4834, respectively. As a result, 67/7, = (4834 — 4833) /4833
or (4832 —4833) /4833 = +0.021%, if f, is shifted to any of
the two neighbor quadrature points. When DL = 0, the residual
AM npilot-tone power is not completely zero except at several
points such as §7/7, = 0. The nonzero residual AM pilot-tone
power at DL = 0 originates from the cos?(¢fZ) term in the
square root of (10) or (13).

Fig. 5 shows a small variation range (within £0.1%) of
07 /7o, which means 7, is very closely matching 1/(2f,) (this
section), or a half of the data-bit period (Section III). However,
sometimes due to fabrication uncertainties of 7 in AMZI, and
sometimes due to data-rate changes after line coding, there may
be a large variation range of 67/7,. In Fig. 6, the solid lines are
the calculated pilot-tone power as a function of residual disper-
sion over a much larger variation range of §7 /7, (up to 18.75%)
based on (13). In Fig. 6, the frequencies of the pilot tone and
optical carrier are 40 GHz and 193.3 THz, respectively; and
0T /7, is set to 0% (open triangle), 6.25% (open circle), 12.5%
(open diamond), and 18.75% (open square), respectively. Fig. 6
also shows that the smaller 7 /7,, and the smaller the residual
dispersion, the higher the dispersion resolution around zero
accumulated dispersion. In addition, we see that the monitoring
window is +39 ps/nm in the 40-GHz pilot-tone-based systems.
This monitoring window is sufficient compared to other de-
tection schemes [1], [3]-[7]. Fig. 6 also shows the simulation
data (in various symbols) based on VPItransmission Maker.
The key simulation parameters are shown in the figure caption
of Fig. 6. We can see that these simulation results match well
with the theoretically calculated results except that there is a
small discrepancy at a normalized delay variation of 0%. This
is because the simulation took into account the residual chirp
in a transmitter MZ modulator due to its limited extinction
ratio of 40 dB, while (13) does not consider the residual chirp.
Fig. 6 also shows that a small monitoring error of 10 ps/nm
due to SPM is incurred when the fiber launched power is
increased from —3 to 12 dBm/ch. As mentioned previously,
SPM- and PMD-induced monitoring error can be reduced
by lowering the pilot-tone frequency, same as the PM pilot-
tone method.

As was shown in Fig. 5, the maximum AM pilot-tone power
always occurs at the quadrature points of a DAF power transfer
function when DL # 0. Consequently, the DAF differential
delay 7 should always be adjusted to let the monitored op-
tical wavelength coincide with one of the DAF quadrature
points [i.e., condition 2) (3) in Section II is always satisfied,
but not necessarily condition 1)]. We show in Fig. 3 a DAF
control loop that can be used to achieve this purpose. This
control loop uses a differential optical-power-detection method
that is similar to those commonly adapted for wavelength

1 1 : ) ?
Payi.par = 3 {WlDOm2 cos?(moT fp) sin® (quz) + Sln2(7757fp) cos? (qu)} Rp

13)
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stabilization [11]. The DC optical power detected at the con-
structive and destructive ports are

Py = Py|Ho(f.)]* = Py |cos(nr f,)|?

:P(’{l—i—cos {27770f0 (1—1—67)}} (14)
2 To
and
P =P, |H_(f.,)]? = P, |sin(x7f,)[?
Po{lcos |:27T7'ofo (1+57—)]} (15)
2 To

respectively, where H (f) was defined in (2), and H_(f) is the
frequency response of the DAF destructive port given by

H(f) = [H_()|e/® ) = Lea2mf — 1),

> (16)

The error signal used to stabilize the DAF in Fig. 3 is

— % = cos(2n7f,) = cos {27770]‘0 (1 + (:—)J”)

It follows that the zero crossings of the error signal occur at

2n—1
T p—
4fo

where n is an integer. This is exactly the same as (3). Note
that the control loop uses only the DC optical power of the
DAF constructive and destructive ports and is independent of
the signal modulation format or data rate.

(18)

III. DAF ZERO-DISPERSION DETECTION
WITHOUT A PILOT TONE

In this section, we will show that the DAF postdetection
method can also be applied to any modulation format with sym-
metrical spectrum (e.g., NRZ, RZ, CSRZ, RZ-DPSK, CSRZ-
DPSK, etc.). The key point is that when DL # 0, a clock
component |I( f.)| should be generated, and when DL = 0, the
clock component should be 0. The DAF used in this section is
different from that in Section II in that the differential delay in
AMZI is 1/(2f.)(= T/2, where T is the data period) instead
of 1/(2f,). It should be noted that in Section II, the pilot-tone
frequency f;, can be adjusted by a user; while in this section, f.
is the clock frequency of the modulating data, which cannot be
changed.

Let us assume that the transmitted electric field s(¢) can be

expressed as
s(t) = x(t)e ™! (19)

where z(t) is the envelope of the electric field and is given by

2(t) = ﬁ

1+ Ig(t—nT)
n

[for amplitude shift keying (ASK)]  (20)
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or

2(t) = \/Po Y _ Ing(t—nT) (for PSK) 1)

where {I,,} = {£1} is the transmitted data sequence, T is the
data period, and ¢(t) is the pulse shape. From (19), we have
S(f)=X(f — f,), where S(f) is the Fourier transform of
s(t). S(f) is symmetric with respect to the frequency of the
optical carrier, i.e.,

‘S(fo+f)‘ = |S(f0_f)|
¢s(fo+f): _¢s(f0_f)

where S(f) = |S(f)| e/?+(f). We will need to use this symmet-
ric property in deriving (29) later on.

The received optical-signal spectrum before a photodetector
is given by

Ry (f) = Hy (f) Haver ()S(f)
= |Hy (f)|S(f)] e+ (N Fdnver(NF0: (N (23)

(22)

where H, (f) is the transfer functions of a DAF [given by
(2), but with 7 replaced by T'/2], and Hgper(f) is the transfer
function of a dispersive fiber system. The spectrum of the
photocurrent is then given by

I(f) =R (f) ® Ry (- f)
fot3 fwpm

= / R (v)R (f +v)dv

(24)
fo—3% fwpm

where ® denotes the convolution operation and fwp is the
bandwidth of a WDM filter. The clock frequency component at
fec results from the sum of all beats between any two frequency
components whose spacing is f. in the optical spectrum and is
given by [with a change of variable v/ = v + f./2 — f, in (24)]

I(fc)
L fwonts fe
_ fC * fC
= / Ril(fotf =T ) B (fot fH5)df
-1 fwomta fe

2 fwom—3 fe

- [ |r(n-r-E) e (n-se k)

_fc>
2

x R, (f0+f+‘§)] df.

+ R+ (fo +
(25)

Since R (f) is composed of H(f), Haper(f), and S(f), if
we can use their amplitude and phase symmetry/antisymmetry
properties (with respect to f,), and prove that the two terms
in (25) are equal and 180° out-of-phase at DL = 0, then
the usefulness of the DAF detection method is proven. The



TSAI AND WAY: CHROMATIC-DISPERSION MONITORING USING AN OPTICAL DELAY-AND-ADD FILTER

amplitude and phase responses, respectively, of the DAF at the
constructive port can be expressed as

‘H+(fo+f—§>‘

_ ‘m (fo - J;)‘ = Jeos(mro )|

‘H+(fo+f+§>‘

fe

_ ‘H+ (fo i 2)‘ _ [sin(rr. f)| (26)

fe fe
o <fo+f+2>¢+ (fo+f2)

=04 <fo— —J;C> — o4 <fo - f—f—?) =0, (27)
where 6 = 90° or —90°.

Note that (27) is consistent with the concept presented in
Fig. 4, where we have shown that any two frequencies with a
difference of f. (i.e., 0.5FSR) have a phase difference of 90° or
—90°. The amplitude response of a dispersive fiber is constant
and its transfer function can be expressed as

Hﬁbcr <f0+f+];(:> :Hﬁbcr (fof'];c> = ejq(f+f70)2
fe f

Heper (fo+f_2> = Hfper (fo_f+£> = ejq(fi%)r{ (28)

Therefore, after substituting (22), (26)—(28) into (25), we can
obtain the complex frequency component of the detected signal
at f. as

L fwom-3fe

1) = [sin(zmofn ‘S <f0+f+ f)‘

3
S<f0+f—J;°)’

 odl@s(fotf~5)=da(fotf+4)]

X

x cos(04 +2qf.f) }df. (29)

It follows that at f., the magnitude of the complex frequency
component |I(f.)| is 0 if the total accumulated dispersion DL
is 0 because the cosine term in (29) is O [when DL = 0, we have
q = 0 according to (5), and 6 is either 90° or —90°]. Note that
this result could be achieved for any real modulating signal that
has a symmetric amplitude property (and antisymmetric phase
characteristic) with respect to its optical carrier. The simple
physics can again be summarized as follows: Since the clock
component generated from the beating of any two frequency
components with a frequency difference of f. could result
in a phase of +90° or —90°, the resultant clock power after
a photodetector is 0 when DL = 0, because the number of
contributing terms to +90° or —90° is equal. When DL # 0,
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Fig. 7. Simulated optical spectrum of an RZ50 signal without (gray lines) and

with (black lines) DAF filtering. The display resolution bandwidth is 625 MHz.
Simulation parameters are the same as those in Fig. 6. 67 /79 = 0.

however, the upper and lower sideband clock frequencies
experience different phase rotations due to the fiber disper-
sion, the 180° phase relationship no longer exists, and there-
fore, the resultant clock power after a photodetector is not 0.

In the case that the modulation formats with asymmetric fre-
quency response are applied, such as an optical single sideband
(OSSB) signal, the double-sideband AM pilot-tone-based DAF
detection technique (Section II) can be used.

We use an RZ50 signal, which has a symmetrical spectrum
with respect to an optical carrier, as an example to show the
effectiveness of the DAF approach. The clock extraction is
achieved by using a half-bit-delay DAF [r = 1/(2f.) = T/2].
The computer simulation results are shown in Fig. 7 (optical
spectrum) and Fig. 8 (RF spectrum). In Fig. 7, the dark and gray
lines show the received optical spectrum of an RZ50 signal with
and without DAF filtering, respectively, when DL = 10 ps/nm.
Fig. 8(a) (zero dispersion) and Fig. 8(b) (10-ps/nm dispersion)
further illustrate the difference of the detected RF spectra
with and without DAF filtering. We can see that when there
is no DAF filtering, shown in gray-colored curves, the clock
frequency power faded by only about 0.3 dB when the dis-
persion value is increased to 10 ps/nm. When there is DAF
filtering, shown in dark curves, the clock component disappears
when there is zero residual dispersion, and its power increases
dramatically when the dispersion is increased to 10 ps/nm.

IV. EFFECTS OF MODULATION FORMATS, FINITE MZI
EXTINCTION RATIO, AND SPM

In this section, we will show that the proposed technique
can work well even when fiber chromatic dispersion interacts
with optical frequency chirp, which is caused by a finite DC
extinction ratio of an MZ modulator or self-phase modulation
(SPM). We will also show the system effects of different pulse
shapes [via (29)] using five modulation formats including NRZ,
RZ50, CSRZ, RZ-DPSK, and CSRZ-DPSK.

Computer simulations are conducted at a line rate of
40 Gb/s using MZ-modulator-based data and pulse generators,
both with an extinction ratio of 40 dB, and the dependence
of clock power (after a DAF) on accumulated dispersion is
shown in Fig. 9. All transmission parameters are the same as
those used in Fig. 6. Two values of d7/79 (0% and 6.25%)
are used. We can see that the clock power for all five mod-
ulation formats becomes O when there is zero accumulated
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dispersion at a zero delay variation. When 67/79 < 6.25%,
the dynamic range of the clock power around zero dispersion
is > 8 dB for all modulation formats. Here, the dynamic
range is defined as the variation range of the detected clock
power within the monitoring window. This minimum dynamic
range in combination with a dispersion monitoring window of
~ #£30 ps/nm (slightly smaller than that of the AM pilot-tone-
plus-DAF-based method discussed in Section II) for all mod-
ulation formats result in a minimum dispersion resolution of
(30 ps/nm) /(8 dB) = 3.75 ps/nm/dB, which is quite sufficient
for the VDC in Fig. 3 to reduce the total dispersion close to 0.
Note that CSRZ always has the worst dynamic range around
zero dispersion while d7 /7y # 0, because the neighbor CSRZ
optical pulses have a phase difference of 7, which results in an
amplitude-cancellation effect.

Four clock-power-detection methods for dispersion equaliza-
tion are compared in Fig. 10. The four methods are

1) direct detection of the clock power;

2) direct detection of the half-clock power;

3) direct detection of the clock power with a half-bit-delay

in DAF;
4) direct detection of the half-clock power with a one-bit-
delay in DAF.

We summarize the results of dispersion resolution around zero
dispersion and monitoring window in Table I. The “high”
dispersion resolution in Table I is defined as AP/ADL >
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Fig. 9. Clock power after DAF filtering as a function of residual dispersion,
with DAF normalized delay variations of 0% and 6.25%, respectively, for
40-Gb/s (a) NRZ, (b) RZ50, (c) CSRZ, (d) RZ-DPSK, and (e) CSRZ-DPSK.
All simulation parameters are the same as those in Fig. 6. fo = {193.28¢12 +
40e9/2,193.28e12 + 42.6667¢9/2} Hz for 67 /79 = 0% and 6.25%, respec-
tively, which implies that f, is always aligned with a DAF quadrature point. RF
power was detected through a bandpass filter (BPF) at 40 GHz with a 500-MHz
bandwidth.
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Fig. 10. Clock and half-clock power with and without DAF filtering as a
function of residual dispersion, respectively, for 40-Gb/s (a) NRZ, (b) RZ50,
(c) CSRZ, (d) RZ-DPSK, and (e) CSRZ-DPSK. All simulation parameters are
the same as those in Fig. 6. RF power was detected through a BPF at 20 and
40 GHz, respectively, with a 500-MHz bandwidth.
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6 dB within a residual-dispersion window of 430 ps/nm. Note
that because the residual dispersion is always controlled to
be within +30 ps/nm, the dispersion penalty for all 40-Gb/s
modulation formats under consideration is less than 1 dB. We
see that method 3) enables high dispersion resolution for all
five modulation formats, while maintaining a relatively high
monitoring window (> 56 ps/nm). By lowering the detected
clock-power frequency by 50% in method 4), a greater than
four times monitoring window of 300 ps/nm (i.e., =150 ps/nm)
can be achieved. However, most modulation formats can no
longer have a good dispersion resolution, except for NRZ. For
RZ50 and CSRZ signal formats, one can combine methods 3)
and 4) to achieve both a high dispersion resolution and a large
monitoring window. For RZ-DPSK, the most cost-effective
solution is to combine methods 2) and 3). For CSRZ-DPSK,
the direct half-clock-power detection is the best choice, and the
DAF method is not needed.

Residual frequency chirp due to a finite modulator DC ex-
tinction ratio or SPM is studied next, while a half-bit-delay
DAF clock detection technique is used. We use the eye-opening
penalty (EOP) to evaluate a system performance, where EOP is
defined as [12]

. Eye opening back to back
EOP(decibel) =101 .
(decibel) 810 <Eye opening after transmission

(30)

An EOP of 0.5 and 1 dB represents 90% and 80% eye opening,
respectively. In addition, an EOP is estimated using a receiver
whose bandwidth is 0.7 times the data rate. All waveforms
were simulated without considering optical amplified noise.
We assume that a modulator is driven by a 40-Gb/s RZ50
signal with a random word length of 2%, which corresponds to a
frequency resolution of ~ 78 MHz (40e9/512). All simulation
parameters are the same as those in Fig. 6. Fig. 11(a) shows
the EOP of an RZ50 signal as a function of residual dispersion
with various MZ modulators’ (both data and pulse generators)
DC extinction ratios (20 and 40 dB). We see that the lower
the MZ modulator extinction ratio, the more asymmetric is the
dispersion penalty curve with respect to zero dispersion. This is
because an MZ modulator with a finite DC extinction ratio will
always be accompanied by a residual chirp [13], [14], which
implies that the phase of an e-field has an initial frequency-chirp
term, in addition to the link-distance-dependent chromatic-
dispersion phase term (proportional to DLf2). As a result,
zero clock power occurs when the initial frequency-chirp-
induced phase term is cancelled by a small amount of residual-
dispersion-induced phase term, and therefore, zero clock power
occurs at a nonzero residual-dispersion value, as shown in
Fig. 11(b). We can see that the minimum clock power occurs at
the minimum EOP residual dispersion and not at a zero residual
dispersion.

Residual frequency chirp could also be generated by
SPM [15]. The MZ modulators with extinction ratio of 40 dB
are used in the simulation, and the transmission parameters are
the same as those used in Fig. 6, except that we purposely
increase the fiber launched power to 12 dBm/ch. Fig. 12 shows
the EOP (a) and clock power (b) of an RZ50 signal with a



3746

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 23, NO. 11, NOVEMBER 2005

TABLE 1
COMPARISON OF DISPERSION RESOLUTION AROUND ZERO DISPERSION AND DISPERSION MONITORING WINDOW OF FIVE MODULATION FORMATS FOR
FOUR POWER-DETECTION METHODS AT 40 Gb/s. NOTE THAT “HIGH” DISPERSION RESOLUTION IS DEFINED AS WHEN AP/ADL > 6 dB

NRZ RZ50 CS-RZ RZ-DPSK  |CSRZ-DPSK
AP/ADL High Low Low Low
Direct detection
(@clock Monitori
onitoring +4 +4 I "
Window +40 ps/nm | £40 ps/nm | =70 ps/nm | %50 ps/nm
AP/ADL Low Low Low Low High
Direct detection
(@half clock I
= Monitoring
+ + + + +
Window +150 ps/nm | £75 ps/nm | £90 ps/nm | £150 ps/nm | £150 ps/nm
Half-bit-delay AP/ADL High High High High High
(12.5 ps) DAF
@clock (40GHz) | Monitoring
- + + + + +
Window +34 ps/mm | £36 ps/nm | +34 ps/nm | 34 ps/nm | £28 ps/nm
One-bit-delay (25 AP/ADL High Low Low Low Low
ps) DAF (@half
clock (20GHz) Monitoring
+ + + + +
Window +150 ps/nm | £150 ps/nm | =150 ps/nm | =150 ps/nm | =150 ps/nm
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Fig. 11. (a) Simulated EOP and (b) corresponding clock power as a function

of residual dispersion with finite MZ modulator DC extinction ratios of 20 dB
(open diamond) and 40 dB (down triangle), respectively, for a 40-Gb/s RZ50
signal. Simulation parameters are the same as those in Fig. 6. 7/m0 = 0.
RF power was detected through a BPF at 40 GHz with a 500-MHz bandwidth.

launched power of —3 and 12 dBm/ch, respectively. We can
see that at a 12-dBm/ch launched power, the minimum EOP
and clock power occur at ~ 2-ps/nm instead of 0-ps/nm residual
dispersion. The minimum EOP at 12 dBm/ch is only about 1 dB
higher than that at —3 dBm/ch.
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Fig. 12. (a) Simulated EOP and (b) corresponding clock power as a function
of residual dispersion with fiber launched power of —3 dBm/ch (triangle) and
12 dBm/ch (open diamond), respectively, for a 40-Gb/s RZ50 signal. Simu-
lation parameters are the same as those in Fig. 6. §7/79 = 0. RF power was
detected through a BPF at 40 GHz with a 500-MHz bandwidth.

V. CONCLUSION

An adaptive postdetection method is proposed for chromatic-
dispersion monitoring. The method uses an optical delay-
and-add filter (DAF), whose two arms have a differential
optical delay equal to a half period of a pilot tone or a
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half-data-bit/one-data-bit period. This method does not re-
quire a pilot tone if the transmitted data have a symmet-
rical spectrum with respect to its optical carrier. Adaptive
feedback schemes, such as a scheme to accurately align the
DAF quadrature point with the optical carrier of a monitored
wavelength and a scheme to automatically adjust a variable
dispersion compensator (VDC) based on the monitored clock or
pilot-tone power, are proposed to form a complete dispersion-
equalization apparatus. We have shown that the postdetection
scheme works well even when a residual chirp exists due to
a finite Mach—Zehnder (MZ) modulator DC extinction ratio or
self-phase modulation (SPM). The proposed scheme was also
verified by VPI simulation to work well for various modula-
tion formats such as nonreturn-to-zero (NRZ), RZ50, carrier-
suppressed RZ (CSRZ), RZ differential phase shift keying
(RZ-DPSK), and CSRZ-DPSK. The dependence of the dis-
persion monitoring window and dispersion resolution on data
formats has also been thoroughly studied.
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