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Abstract

In this dissertation, we propose and, demonstrate three novel techniques for optical
performance monitoring (OPM): and  impaitment mitigation. The first one is
proposed for dispersion monitoring at 40. Gb/s; or beyond, and is a novel
post-detection method based -on an -optical delay-and-add filter (DAF). 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 DC extinction ratio of a Mach Zehnder
(MZ) modulator or self-phase modulation (SPM). The second technique is proposed
and demonstrated for monitoring the timing alignment between a pulse carver and a
phase modulator in RZ differential phase shift keying (RZ-DPSK) systems. An
optical frequency discriminator is used to monitor the spectrum broadening caused by
timing misalignment. After photo-detection, microwave bandpass filtering and
envelope detection, a correct timing is achieved by minimizing the detected
microwave power. This proposed method has a large detection dynamic range and is
polarization independent. Finally, a novel linearization technique is proposed and
demonstrated for cable TV (CATV) external-modulated systems, and it can
simultaneously suppress the nonlinear distortions (NLDs) generated in a transmission
system and increase the received carrier-to-noise ratio (CNR). This technique is
based on offsetting the bias voltage of MZ modulator from its inflection point. Both

analytical and experimental results are presented for the three techniques.
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Chapter 1 Overview

Generally speaking, the impairments caused by imperfections in an all-optical
network will accumulate along the optical path through the network, and the signal
quality will become unacceptable after some distance. Therefore, there will be
transmission limitations in all-optical networks. Optical impairments which degrade

the signal quality can be classified into three broad categories [1].

(a) Noise: random signal fluctuations that are often treated as a Gaussian process
and can be signal level dependent. Examples are optical amplifier

noise and laser noise.

(b) Distortion: modification of the average signal waveform, for example, the
average waveform of the marks and spaces taken separately.
Distortion is caused by.nonlinearities or fiber dispersion effects and
may be signal level-and pattern. dependent and can lead to burst errors
and BER floors.= Examples:include daser, optical amplifier and fiber
nonlinearities, laser diode bit pattern dependent response, receiver bit
pattern dependent . response; chtomatic and polarization mode

dispersion, and phase induced intensity noise.

(c) Timing: fluctuations in the time registration of the bits. Timing jitter can

occur as quickly as bit-to-bit or accumulate over many bit periods.

In order to achieve long link lengths, many well-known and perhaps countable
deleterious effects of optical transmission must be minimized or controlled carefully,
and all of these effects are controlled through the network design. The transmission
margin is ensured to be enough, while the worst-case impacts of transmission
impairments are taken into consideration in the network design.  Notable

transmission impairments include [1]

(a) Amplifier noise
(b) Amplifier distortion and transients

(c) Chromatic dispersion (CD)



(d) Polarization—mode dispersion (PMD)

(e) Fiber nonlinearity induced distortion and crosstalk (self-phase modulation
(SPM), cross-phase modulation (XPM), four-wave mixing (FWM),
stimulated Raman scattering (SRS), and stimulated Brillouin scattering
(SBS).

(f) Timing jitter

(g) Polarization effects

(h) Interference effects (MPI)
(1) Pump laser RIN transfer
(j) Optical filter distortion

(k) Linear crosstalk

As the network capacity increases, the. aboye factors reduce the window of
operability further. Therefore;new technologies have been developed to keep the
window open, and optical performance monitoring (OPM) and impairment mitigation
techniques are potential means:of widening this window. These techniques can
improve the control of transmission and physical layer fault management, and they
are essential in building a high capacity and reliable all-optical network, which are
expected to be transparent and dynamically reconfigurable. In future optical
networks, OEO conversion will be mostly eliminated, and therefore the bit-rate-,
modulation-format-, and protocol- independent performance monitoring and
impairment mitigation techniques are required. Moreover, wavelength channels are
added to and dropped from optical nodes dynamically, and these techniques have to
be without knowledge of the origin or transport history of data stream. Using
maintenance calls to manually adjust optical components or network elements is not
practical, so the monitored signals are needed for impairment compensation or fault
correction. These reconfigurable properties in all-optical networks will drive the
need for adaptive compensation techniques, such as chromatic dispersion and PMD

equalization.

Historically, performance monitoring refers to monitoring at SONET/SDH layer,

and each data stream will be recovered at every network node. The optical
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performance monitoring started to be paid attention, while people think more about
optical network rather than optical transmission. The purpose of OPM is to examine
the signal quality in the optical domain, and the broad spectrum of OPM includes a
plethora of parameters to be monitored which can be classified into three categories as
shown in the Fig. 1.2 [2].

(a) Signal loss monitoring: refers to the monitoring of in-line component
failures and fiber cuts that cause a change in opacity in optical
transmission. It is particularly important to monitor the active
components such as EDFA and optical crossconnects due to their high

failure probability.

(b) Signal alignment monitoring: on the other hand, concerns with the
alignment of signal wavelength, filter position, and pulse carver to

ensure proper operation.

(c) Signal quality monitoring;pertains to the monitoring of a multitude of
disparaging effects that_must<be minimized or controlled. These

impairments include noise, distortion,and timing jitter.

The OPM techniques can either be digital or.analog. High-speed processor is
used in digital techniques to recover bits.embedded on optical waveforms, and high
correlation with bit error rate (BER) can be obtained. However, digital methods can
not isolate the effects of individual impairments effectively. Analog waveforms are
measured and analyzed directly in analog methods, so analog measurement are
typically protocol-independent. Analog measurements can be subdivided further
into time domain and spectrum methods. The time domain methods includes eye
diagram and auto-correlation measurements, and the spectrum methods includes

optical spectrum and RF spectrum measurements.

Compared to time domain methods, the spectrum techniques can be
implemented by narrowband electronics, so it is less complicated and cost effective,
even high frequency subcarriers are involved. In addition, the monitoring sensitivity
may be increased as well, because narrow detection bandwidth is used. High
sensitivity is of importance for optical monitoring, because the optical power levels

for monitoring is usually quite small.



Indeed, performance monitors that provide feedback for closed loop control of
compensation elements will be desirable for management systems to mitigate or
compensate the degrading effects, and this OPM combination might be implemented
with little additional hardware. Real time performance monitors can measure the
signal quality, and the monitored signal will be used to trigger alarms and feedback to
active compensators adaptively. As a result, the impairments caused by component
aging, fiber degradation or environmental changes will be controlled or mitigated, and

therefore system reliability is guaranteed.

In this dissertation, we will focus on performance monitoring and impairment
mitigation techniques related to (1) chromatic dispersion monitoring and equalization,
(2) pulse carver and data alignment monitoring, and (3) electro-optical pre-distortion
technique. For high-speed wavelength division multiplexed (WDM) systems, the
system performance is strongly affected by fiber chromatic dispersion and fiber
nonlinearity. In a re-configurable WDM network, the accumulated chromatic
dispersion of each channel may change:frequently. To achieve full dispersion
compensation, a variable dispersion compensator-(VDC) is needed to optimize the
residual dispersion for each channel. —Moreover; the chromatic dispersion is sensitive
to ambient temperature, and this variation would harm the high-speed signals greatly.
So, the online automatic chromatic  dispersion equalization techniques become

indispensable in high-speed WDM systems.

The combination of the two modulators for the pulse carving and data
modulation poses the problem of maintaining the correct timing of two devices.
Since the optical path length in between depending on the ambient temperature, the
bit-synchronous modulation is easily asynchronized. Accordingly, to drive phase
modulator synchronously with the pulse sequence, the clock timing alignment is
essential for bit-synchronous modulation, such as RZ (return-to-zero) and CS-RZ
(carrier-suppressed RZ), which use two optical modulators for data and clock,

respectively.

Duo to the stringent carrier-to-noise ratio (CNR) requirement of analog
AM-VSB signals, semiconductor optical amplifiers (SOAs) have long been
considered not suitable for CATV systems which transmit multi-channel AM-VSB
signals. This is because the amplifier’s nonlinear distortion (NLD), which is caused
by signal-induced carrier density modulation, can potentially degrade system
performance seriously, and can not be accepted by AM-VSB signals. As a result,

linearization techniques to improve SOA saturation characteristic and thereby to

4



expand the SOA input power dynamic range are attractive for CATV systems.

This dissertation is organized as follows. Chapter 2 describes the dispersion
monitoring that we propose for high-speed transmission systems at 40 Gb/s or beyond,
and it is a novel post-detection method based on an optical delay-and-add filter (DAF).
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 DC extinction ratio of a Mach
Zehnder modulator or self-phase modulation. In Chapter 3, a novel technique for
monitoring the timing alignment between a pulse carver and a phase modulator in
RZ-DPSK systems is proposed and demonstrated. An optical frequency
discriminator is used to monitor the spectrum broadening caused by timing
misalignment. Chapter 4 describes a novel linearization technique for CATV
external-modulated systems, and it can simultaneously suppress the nonlinear
distortions (NLDs) generated in a transmission system and increase the received
carrier-to-noise ratio (CNR). Both analytical and experimental results are presented.

Finally, conclusions and future works are drawn in Chapter 5.
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Chapter 2 Chromatic Dispersion Monitoring and

Equalization

2.1 Introduction

Online automatic dispersion equalization techniques are indispensable for long-haul,
high-speed DWDM systems. A dispersion equalizer has two important design
parameters, i.e., dispersion monitoring window and dispersion resolution.
Dispersion 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/nm.  This variation could be even larger for longer transmission distances.
Dispersion resolution is of special importance. for data rates higher than 40 Gb/s,
because a small chromatic dispersion of;60.and 15 ps/nm can cause 1 dB power
penalty in 40 and 80 Gb/s NRZ_systems. . Medulation formats such as RZ and
carrier-suppressed RZ (CS-RZ)-have even smaller dispersion tolerance, e.g., 40 Gb/s
RZ and CS-RZ incur a 1 dB power penalty-at-a chromatic dispersion of 30 ps/nm [3]
and 25 ps/nm [4], respectively.

In a linear dispersion compensation scheme, residual fiber dispersion could be
fully compensated via either a pre-detection or a post-detection scheme in
combination with a variable dispersion compensator (VDC) at a receiver, as
illustrated in Fig. 2.1. In a pre-detection 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 same as the measured total system dispersion
but with a negative sign. Examples of pre-detection schemes include the use of an
amplitude modulation (AM) pilot tone [5],[6] and clock fading technique [7]—[10].
In a post-detection 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 post-detection
schemes include PM pilot tones [6], [11], off-line alternating chirp [12], and clock
generation techniques [7], [9], [10].

Each of above monitoring techniques have one or more of the following



disadvantages [4]:

(a) Monitored physical quantity is influenced not only by chromatic dispersion

but also by other effects, such as PMD and nonlinearities.

(b) Tansmitter/receiver must be modified.
(c) Monitoring range and sensitivity are low or modulation format dependent.
(d) Implementation is complex and may require stabilization.

(e) A single monitor can only accommodate a single wavelength.

The advantages of our proposed technique include:

(a) Insensitivity to SPM and PMD.

(b) No modification of the transmitter. Thus, the transmitted waveform will

not be distorted, and no extra;spectrum will be occupied.
(c) Large monitoring range‘and high-sensitivity.

(d) Easy to implement and an adaptive feedback scheme is proposed to stabilize
DAF.

In this Chapter, we propose a novel post-detection technique which 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 which has a symmetric spectrum with respect to its
optical carrier (e.g., NRZ, RZ, CS-RZ, 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 t 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 a high-speed modulating data when there is

no pilot tone.

This Chapter is organized as follows. Section 2.2 describes the operation
principle of an AM pilot tone-based post-detection scheme using DAF. The impacts
of the detuning of the differential optical delay and the frequency misalignment
between the monitored optical wavelength and the DAF are investigated. A filter

tuning and stabilization scheme for the DAF is also proposed. In Section 2.3, the



operation principle of the post-detection scheme using DAF filtering without a
pilot-tone is presented. In Section 2.4, the conventional RZ format without a pilot
tone is used to demonstrate the spectrum properties and waveform distortions after
DAF filtering. We will prove that the proposed technique works even when fiber
chromatic dispersion interacts with frequency chirp caused by self-phase modulation
(SPM) or by a finite DC extinction ratio of a MZ modulator. The same detection
technique (without adding a pilot-tone) is used for NRZ, RZ, CS-RZ, RZ-DPSK and
CSRZ-DPSK. Finally, the experimental results are presented in Section 2.5.



2.2 Operation Principle of Proposed AM-Pilot-Tone-Based Post-
Detection Scheme Using DAF

A simplified system model is considered in Fig. 2.2. An optical source (denoted by
its electric field s(7), representing a CW laser externally modulated by an AM pilot
tone with a frequency f,) is launched into a dispersive fiber with a transfer function
Hppe( 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 constructive or
destructive output port has a transfer function H.( /) or H( f). The received r.(¢) or
r(t) after the DAF is converted to a photo-current i(f). It should be noted that the
actual modulating data does not pass through DAF, only the post-detection path
passes through the DAF via a tap coupler as shown in Fig. 2.1(b). The Fourier
transforms of all signals are also shown in Fig. 2.2. Note that we ignore the effect of
baseband modulation in our calculation because we assume any intermodulation
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 [5], and is not within the s¢ope of this Chapter.

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. 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 pre-detection scheme we can
estimate the total accumulated dispersion by measuring the magnitude of the received
pilot tone. The detected chromatic dispersion-dependent RF power of an AM pilot

tone can be expressed as [13]

7A2DL

C

2
P, zé{ﬂ?}’nmcos( f;)} R, 2-1)

where ‘R is the responsivity, R, is the resistive load of the optical receiver, P, is the
average received optical power, m is the rms modulation index of the AM pilot tone, ¢
is the speed of light in vacuum, A is the operating wavelength, D is the fiber
dispersion parameter, and DL is the total accumulated 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 (A Pam/ ADL, in dB/(ps/nm)). This out-of-band
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pilot tone requires a higher bandwidth photo-detector, costly microwave/millimeter-

wave components, and reduces the effective system spectral efficiency.

To improve the problems explained above, we use an optical DAF before a
photo-detector, as shown in Figs. 2.2 and 2.3. The frequency response of the

constructive port of the DAF can be written as

H(1)=[H (1™ =L (e ) 2-2)

Fig. 2.4 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 + f, and f, — f,). The free spectral range (FSR) of the DAF is 1/t. The
basic idea is to let the phase shifts between the optical carrier and the two pilot-tone
sidebands be +n/2 and —/2, respectively, so that these two sidebands have a © phase
difference and therefore they could cancel each other (i.e., the received AM pilot tone
amplitude is zero) 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:

(1) 7= 7,=1/42f,);

(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. 2.4, which implies

/= (2-3)

where 7 is an integer. The amplitudes and phases of the three frequency components
in Fig. 2.4 can be verified by substituting f'in (2-2) with f,+1/(21,), f,, and f,—1/(21,),
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., T
= 7, +0t. This can be observed from the above two conditions that 7, = 1/2f,) and
= (2n-1)/(4f,) cannot be always equal for any arbitrary f, , f, and n. As a matter of

fact, f, is always given, whilez needs to be adjusted such that condition (2) is always

11



satisfied, but not necessarily condition (1). For example, if f,= 193.3 THz, f, = 40
GHz, we obtain 7 =1, = 1/(2f,)= 12.5ps, and (2-3) is satisfied by letting n equal to
4833. But when the optical carrier frequency is changed to f, = 191.123 THz, (2-3)
is satisfied by letting n equal to 4799 and 7= 12.501ps, i.e., 7 #7, in this case. We
will show the effect of dzin Fig. 2.5, Fig. 2.6, and (2—13).

The electric field of a pilot tone after passing through a dispersive fiber and a

DAF can be written as

r(t)=+[P, He'* /™ {1+m[H2 +H3Jej(qfﬁw¢2;%j cos(a)pt b _¢3j
4\ H, 2 (2-4)
{2y bt
+]}Z(H2[;H3 Jel[‘lfp & 2 J sin(a)pﬂ— ¢2 ;¢3 j}
where
q=-27"B,L= zaelt (2-5)
C
H, = |H+(f0)| = |cos(7rr 1)
H, =|1,(f, + 1,) =| coslme (i £ (2-6)
Hy=|H.(f, - 1,) =| coslze( 1 =]
and

@ =(D+(fo)=—7rrfo+%+4cos(7rrfo)
?, =CD+(f0+fp)=—7rTf0+%+Acos[m'(fo +fp)]—7nfp 2-7)

$=D . (f,—f,)=-77 [, +%+Lcos[7n(f0 —fp)]+m'fp

The photo-current of f, is obtained by squaring (2—4) and keeping the linear terms at

the modulation frequency f,,:
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Lav .par() = RE, %Hl\/(flz +H,) cosz(q]‘p2 —¢ + b, J2r¢3 j+(1—12 ~H,) sinz[qf; 4+ # J2F¢3 j
-cos{w t+M+6]
g 2
(2-8)
(1, —H3)sin[qf,f 4 +¢2+¢3j
where ¢ =tan™! 2 (2-9)

(H2 +H3)cos(qu2 - +¢2;¢3)

After some mathematical manipulations, it follows that the transfer function of the

cascade of a dispersive fiber and a DAF is given by

Hﬁb,DAF(fo, fp ,T,q) =
eostre f0)|‘/ sin® (zz £, )sin® (zz f,,)sin® (gf;) + cos” (z7 f,) cos” (z7 f,) cos” (qf )

(2-10)

Consequently, the detected RE power of the AM-pilot tone after a dispersive

transmission link and a DAF can be expressed.as
1
PAM,DAF = E {mpomHﬁb,DAF f, + fp T, ‘1)}2 R, (2-11)
When 7= 7, and (2-3) are both satisfied, (2—11) can be simplified as

7A2DL

c

2
sin( fpz)} R, (2-12)

1
Pt par = E {ERPOmKZ

where K _ 1 s the transmittance of the DAF at the wavelength of the pilot-tone

V2
sidebands. Comparing (2—12) to (2—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 which utilize PM pilot tone [6],
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[11]. The main difference lies in the fact that [6] used a serial PM modulator at the
transmitter, [11] used a parallel PM modulator at the transmitter, while this Chapter
used an AMZI at the receiver. Therefore, the proposed method in this Chapter has
the same advantages mentioned in [6], such as SPM and PMD-tolerant. In terms of
complexity, the proposed method is not more complicated than those shown in [6],
[11] — those papers have a complicate transmitter design with excessive power loss,
while this Chapter has an extra AMZI at the receiver (note that the tapped loss can be
easily compensated by an existing pre-amplifier). It is also noted that DAFs have
been widely used in optical DPSK demodulation, and are commercially available with

thermally tunable optical delay.

As we mentioned previously, there always will be an unavoidable delay
variation 9ot in practical conditions. Its effect on an AM pilot-tone RF power at
different accumulated fiber dispersion DL can be examined by substituting 7 f, =
(2n-1)/4, = 1, + &t and 7, = 1/(2f,) into (2-11) (i.e., condition (2) in Section 2.2 is

satisfied, while condition (1) is not):

2
Pt par :%{Q{R)m%\/ cos (@07 £, )sin’ (gf 7) +sin’ (757 f,)cos’ (¢f ) } R, (2-13)

Based on (2-13), Fig. 2.5 shows the AM: pilot-tone power as a function of the
normalized delay variation 87/t 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, 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., dt/1, = 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 10.021%, +0.042%, etc., can be explained as
follows: As previously discussed, n = 4833 in (2-3) when 7 =17, = 1/(2f,) = 12.5ps.
The two nearest quadrature points take place at n = 4832 and 4834, respectively. As
a result, 8t/t, = (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 pilot tone
power is not completely zero except at several points such as 6t/t,=0. The non-zero
residual AM pilot tone power at DL=0 originates from the cosz(quz) term in the
square root of (2-10) or (2—13).

Fig. 2.5 shows a small variation range (within +0.1%) of dt/t,, which means z,
is very closely matching 1/(2f,) (this section), or a half of the data-bit-period (Section

2.3). However, sometimes due to fabrication uncertainties of 7 in AMZI, and
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sometimes due to data rate changes after line coding, there may be a large variation
range of 01/1,. In Fig. 2.6, the solid lines are the calculated pilot-tone power as a
function of residual dispersion over a much larger variation range of dt/t, (up to
18.75%) based on (2—13). In Fig. 2.6, the frequencies of the pilot tone and optical
carrier are 40 GHz and 193.3 THz, respectively; and dt/1, is set to 0% (open triangle),
6.25% (open circle), 12.5% (open diamond), and 18.75% (open square), respectively.
Fig. 2.6 also shows that the smaller 6t/t,, 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 detection schemes [5—10].
Fig. 2.6 also shows the simulation data (in various symbols) based on
VPItransmission Maker. The key simulation parameters are shown in the figure
caption of Fig. 2.6. 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 because the simulation took into account the residual
chirp in a transmitter MZ modulator due to its limited extinction ratio of 40 dB, while
(2—-13) does not consider the residual 'chirp:, Fig. 2.6 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 dBm/ch to 12/dBmi/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. 2.5, 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 t should always be adjusted to let the monitored optical
wavelength coincide with one of the DAF quadrature points (i.e., condition 2
(Eq.( 2-3)) in Section 2.2 is always satisfied, but not necessarily condition 1). We
show in Fig. 2.3 a DAF control loop which can be used to achieve this purpose. This
control loop uses a differential optical power detection method which is similar to
those commonly adapted for wavelength stabilization [14]. The DC optical power

detected at the constructive and destructive ports are

2L {1 + cosl:Zﬂro_f;[l + &H} (2-14)
2 T,

P.=P, * = P, |cos(7 1)

H.(f,)

and
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P =P ‘=p,

H.(f,)

sin(zz f,)

: Z’{l _co{zmo fo(l ﬁﬂ} (2-15)

respectively, where H.( /') was defined in (2-2), and H( /) is the frequency response
of the DAF destructive port given by

H_(f)=|H_(f)e'™ " = %(e’-’ ) (2-16)

The error signal used to stabilize the DAF in Fig. 2.3 is

E=Bl _ osrr s = cos{27nofn (1 + &ﬂ (2-17)
P +P T

+ 4

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

(2-18)

where 7 is an integer. This is exactly the'same as (2-3). Note that the control loop
uses only the DC optical power-of the DAE constructive and destructive ports, and is

independent of the signal modulation format or-data rate.
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2.3 Proposed DAF Zero-Dispersion Detection without a Pilot-Tone

In this Section, we will show that the DAF post-detection method can also be applied
to any modulation formats with symmetrical spectrum (e.g., NRZ, RZ, CS-RZ,
RZ-DPSK, CSRZ-DPSK, etc.). The key point is that when DL#0 a clock component
lI( 1. )| should be generated, and when DL=0, the clock component should be zero.
The DAF used in this Section is different from that in Section 2.2 in that the
differential delay in AMZI is 1/(2f.) (=7/2, where T is the data period) instead of
1/(2f,). 1t should be noted that in Section 2.2, 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’ (2-19)

where x(7) is the envelope of the electric field,.and is given by

x(t)z\/§[1+21ng(t—nT)} (for ASK) (2-20)
or
x()=+[P, > 1,g(t—nT) (for PSK) (2-21)

where {/,}={%1} is the transmitted data sequence, 7 is the data period, and g(z) is the
pulse shape.  From (2-19), we have S( /') = X( f - f, ), where S( /) is the Fourier
Transform of s(¢). S( f) is symmetric with respect to the frequency of the optical

carrier, 1.€.,

S, + N =[S, = 1)
. (f,+ ) ==0,(f, = ]) (2-22)
where S(f) =|S(f) g%

We will need to use this symmetric property in deriving (2—29) later on.
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The received optical signal spectrum before a photo-detector is given by
RS = H(NH 1y (DS = [HL (DS 00 - 03)

where H.( /') is the transfer functions of a DAF (given by (2-2), but with 1 replaced
by 7/2), and Hppe( f ) 1s the transfer function of a dispersive fiber system. The

spectrum of the photo-current is then given by

fVID\/[

I(f)=R()®R(~f)= j CRWR(f +v)dv (2-24)

where ® denotes the convolution operation and fwpwm is the bandwidth of a WDM
filter. The clock frequency component at f. is resulted 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.+ 1. /2 — f; in (2-24))

fWD’\/I f f

R+ DR, e

1(f.)= S)df

l

— il
y/wom 5 Je

1

2

= [ f[R (- FHR =

LG R (7, - L)Ri(ﬁ,+f+%)}df

(2-25)

Since R+( f') is composed of H+( f), Hppe( f), and S( 1), if we can use their amplitude
and phase symmetry/anti-symmetry properties (with respect to f,), and prove that the
two terms in (2—-25) are equal and 180° out-of-phase at DL=0, then the usefulness of
DAF detection method is proven. The amplitude and phase responses of the DAF at

the constructive port, respectively, can be expressed as

];" =H, (f, - |cos(7zr f)|
(2-26)
H.f,+ f + 2\ = .07, = £ 425 =JsinGar, 1)

and
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8.0+ 1+ L=, F-Ly= 0.1, 1 -

where 8, =90°r —90°

Je Jey_
7) _¢+(fo _f +7) _9+ (2_27)

Note that (2-27) is consistent with the concept presented in Fig. 2.4 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

) ‘+£2
Hﬁber(fn +f+%)=Hﬁber(fa—f_%):e (f 2]

(2-28)

N A
HﬁberU’o+f—%>=Hﬁbe,(Jz—f+§>=e %)

Therefore, after substituting (2—22), (2-26), (2-27) and (2-28) into (2—-25), we can

obtain the complex frequency component of the detected signal at /. as

1 1
Ly . ,
27" Jey g (f,+ 4o

2 2 }cos(@ +2qf.f) ldf

I (oS~
1(f.) = j [sin(Zm-of)S( £+ f7 ) ) [

0

S(zd )

(2-29)

It follows that the magnitude of the complex frequency component at f., |I( f. )|, is
zero if the total accumulated dispersion DL is zero because the cosine term in (2-29)
is zero (when DL=0, we have ¢g=0 according to (2-5), and & is either 90°or —90°) .
Note that this result could be achieved for any real modulating signal which has a
symmetric amplitude property (and anit-symmetric 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 /. could result in a phase of +90° or -90°, the resultant
clock power after a photo-detector is zero when DL=0, because the number of
contributing terms to +90° or -90° are equal. When DL=0, however, the upper and
lower sideband clock frequencies experience different phase rotations due to the fiber
dispersion, the 180° phase relationship no longer exists and therefore the resultant

clock power after a photo-detector is not zero.
In the case that the modulation formats with asymmetric frequency response are
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applied, such as an optical single sideband (OSSB) signal, the double sideband AM
pilot tone-based DAF detection technique (Section 2.2) can be used.

We use an RZ50 signal, which has 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 (t = 1/(2f;) = 7/2). The
computer simulation results are shown in Fig. 2.7 (optical spectrum) and Fig. 2.8 (RF
spectrum). In Fig. 2.7, the dark and gray lines show the received optical spectrum of
an RZ50 signal with and without a DAF filtering, respectively, when DL=10 ps/nm.
Fig. 2.8(a) (zero dispersion) and Fig. 2.8(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 was faded by only about 0.3 dB when the dispersion 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.
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2.4 Effects of Bit Pattern, Modulation Formats, Finite MZI Extinction
Ratio, and SPM

The amplitude of a clock component after a dispersive fiber link and a DAF depends
not only on the accumulated dispersion of the transmission line, but also on the pulse
shape and bit pattern of the transmitted data. The broadening or compression of a
pulse width depends on whether the pulse propagates in an anomalous dispersion
regime (f; < 0) or in a normal dispersion regime (/% > 0), and depends on the chirp
parameter of the optical transmitted signals. Fig. 2.9(a) and Fig. 2.9(b) show the
received pulse waveforms of a 40-Gb/s RZ50 signal for three different amounts of
accumulated dispersions, without and with DAF filtering, respectively. An RZ50
signal is transmitted via two MZ modulators (functioning as data and pulse generators,
respectively), both with an extinction ratio of 40 dB, and received with a 3" _order
Bessel lowpass filter (having a 60 GHz cutoff frequency) after a photo-detector. It is
interesting to see that when the chromatic dispersion is increased, the clock frequency
components appear on top of the marks '(‘:ls”), and thus the clock component
becomes very clear especially forithe consecutive marks. Therefore, the amplitude

of the clock frequency components is pattern-dependent, as will be discussed next.

To evaluate the impact of bit patterns, we conducted more computer simulations
for 40-Gb/s RZ50 with three different patterns.. The three patterns are (a) all marks,
(b) alternate marks and spaces, i.e., 010101..., and (c) 512-bit pseudorandom binary
sequence (PRBS) with equal probable marks and spaces using 50 different seeds.
The extinction ratio of the MZ modulators (data and pulse generators) was set to be
40 dB in the simulation. Fig. 2.10 shows the clock power variation as a function of
the accumulated dispersion and bit patterns for an RZ50 passing through a DAF.  As
already observed in Fig. 2.9, we can again see in Fig. 2.10 that the highest and lowest
clock power occur when a bit pattern is composed of all marks and “0101” sequence,
respectively. The detected clock power of PRBS with 50 different seeds is between
those two cases. Moreover, we note that the clock power is zero not only at zero
dispersion, but also at an accumulated dispersion of Nx77.8 ps/nm (N=1,2,3, ..., etc.).
This periodic phenomenon can be understood from the cos(é;+2¢f. f) term in (2—-29):
I( f.) equals to zero when 2¢f.f =n (DL =77.8 ps/nm when f, = 193.3 THz, f. = 40
GHz, f = f./2). Despite the fact that the clock power varies under different pulse
shapes and bit patterns, it can still be used as a measure of the amount of residual

dispersion in our proposed DAF method.
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In this Section, we will also 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 (2—29))
using five modulation formats including NRZ, RZ50, CS-RZ, 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. 2.11.  All transmission parameters are the same as those used in Fig. 2.6.
Two values of dt/1y (0 and 6.25%) are used. We can see that the clock power for all
five modulation formats becomes zero when there is zero accumulated dispersion at a
zero delay variation. When 8t/19 < 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 rangé in ¢ombination with a dispersion monitoring
window of ~£30 ps/nm (slightly smaller;than.that of the AM pilot-tone + DAF based
method discussed in Section 2:2) for all modulation formats result in a minimum
dispersion resolution of (30ps/nm)/(8 dB)= 3.75 ps/nm/dB, which is quite sufficient
for the VDC in Fig. 2.3 to reduce the.total dispersion close to zero. Note that CS-RZ
always has the worst dynamic range around zero dispersion while dt/to#0, because
the neighbor CS-RZ optical pulses have a phase difference of m which results in an

amplitude-cancellation effect.

Four clock power detection methods for dispersion equalization are compared
in Fig. 2.12.  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 2.1. The “high” dispersion resolution in Table 2.1 is
defined as AP > 6 dB within a residual dispersion window of £30 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
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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 4 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 CS-RZ 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 extinction 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, whereas EOP is
defined as [15]

(2-30)

EOP(dB) =10 logm( Eye opening back:te back J

Eye opening after transmission

An EOP of 0.5 dB 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 of the
datarate. All waveforms were simulated without considering optical amplified noise.
We assume 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 ~78MHz (40e9/512).
All simulation parameters are the same as those in Fig. 2.6. Fig. 2.13(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 [16],[17], which implies that the phase of e-field has an initial frequency chirp
term, in addition to the link distance-dependent chromatic dispersion phase term
(proportional to DL £.7). 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 non-zero
residual dispersion value, as shown in Fig. 2.13(b). We can see that the minimum
clock power occurs at the minimum-EOP residual dispersion, and not at a zero

residual dispersion.
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Residual frequency chirp could also be generated by SPM [18]. 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. 2.6, except that we
purposely increase the fiber launched power to 12 dBm/ch. Fig. 2.14 shows the EOP
(a) and clock power (b) of an RZ50 signal with a 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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2.5 Experimental Results

To demonstrate the feasibility of the proposed dispersion monitoring technique, we
performed an experiment using a half-bit-delay DAF filter for RZ signal. In addition,
the result of one-bit-delay DAF filter has been demonstrated and reported recently
[20].

We conducted the experiment of a 10.61 Gb/s RZ system. An RZ transmitter
consists of a tunable continuous-wave (CW) laser with a linewidth of 100 kHz, an
electro-absorption modulator (EAM) for pulse carving, and an intensity modulator.
The CW light was carved into a pulse train with a pulse-width of 28 ps via an EAM,
which was driven by a 10.61 GHz sinusoidal clock signal. The pulse train was then
intensity-modulated by a 10.61 Gb/s NRZ pseudorandom binary sequence of pattern
length 2°'-1 using a LiINbO3; modulator. ~ After photo-detection and amplification, the
clock frequency power as a function of the accumulated dispersion is shown in Fig.
2.15 with and without using a half-bit=delay DAF, respectively. With half-bit-delay
DAF filtering, the detected clockspowerassminimum at zero accumulated dispersion,
and the monitoring window of ~t640 ps/nm was obtained here for a 10.61 Gb/s RZ
transmitter. It is equivalent to-the monitoring window of ~+40 ps/nm in a 40 Gb/s
RZ transmitter, because the fiber dispersion-induced phase shift is proportional to

square of bit rate.

In [20], a 10 Gb/s NRZ signal and an DAF with differential delay of one-bit
delay were used, and the monitoring window of > £2300 ps/nm was obtained by half
clock frequency detection. This monitoring window is equivalent to >~%143.8
ps/nm (2300/16=143.8) for 40 Gb/s system, while our simulation result is £150 ps/nm
shown in Table 2.1. Fig. 2.16 shows the experimental setup reported in [20]. A 10
Gb/s NRZ signal with PRBS pattern length of 2*~1 is transmitted through dispersive
link, which consists of a section of single-mode fiber and fiber-based dispersion
compensation modules. After propagating through dispersive link, a portion of
optical signal is tapped off and sent to dispersion measurement system. The signal is
first amplified by an optical amplifier, because the measured RF power depends on
the received optical power. The signal then passes through a fiber-based DAF with
differential delay of 100 ps (one-bit delay). The DAF is maintained at quadrature by
adjusting the temperature of one arm. The optical signal is converted to
photocurrent by means of a photodiode with 20 GHz bandwidth. For each dispersive
link test, the optical power into the photodiode is keep at 2.9 mW to ensure the
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measured RF power variations result from accumulated dispersion changes, not from
optical power fluctuations. The RF power at 5 GHz (half-clock frequency) is
measured using an RF spectrum analyzer with resolution bandwidth of 1 MHz. The
measured RF power at 5 GHz for various values of accumulated dispersion is shown
in Fig. 2.17. The measurement result demonstrates the monitoring window of >

+2300 ps/nm and a good agreement with the theory.

Campillo [20] also mentioned that the monitoring window can increase further
by increasing the value of differential delay of a DAF. A path length difference of
250 ps will produce a monitoring window of more than £15000 ps/nm for 10 Gb/s
NRZ signals (equivalent to more than ~+938 ps/nm for 40 Gb/s NRZ signals), while
RF power at 2 GHz is detected. Note that much smaller frequencies may cause
problems, in case the laser linewidth has to be broadened to increase SBS threshold.
Moreover, to maintain biasing at DAF quadrature becomes more difficult, because

increased DAF differential delay will lead to temperature-dependent variations.
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Fig. 2.4 Optical amplitude (a) and phase (b) responses of a DAF at its constructive
port. Also shown is the electric field speetrum consisting of an optical carrier and its

associated pilot tones.
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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, f,=40 GHz, data
length=512 bits, fiber launched spower=--3 .dBm/ch and 12 dBm/ch, fiber length
(SMF)=50 km, fiber loss=0.2 dB/km," D=16- ps/nm/km, dispersion slope=0.08
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extinction ratio=40 dB. 0t/1¢={0%, 6:25%,712.5%, 18.75%}, i.e. 1={1/2/40¢9,
1/2/42.6667¢9, 1/2/45.7143e9, 1/2/49.2308e9}; 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) (Eq.(2-3)) described in Section 2.2.
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Fig. 2.7 Simulated optical spectrum of 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. 2.6. 9d1t/1=0.
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Fig. 2.8 Simulated RF spectrum of received (a) RZ50 signals under 0 ps/nm
dispersion and (b) RZ50 signals under 10 ps/nm dispersion without (gray lines) and
with (black lines) DAF filtering, respectively. The display resolution bandwidth is

625 MHz. Simulation parameters are the same as those in Fig. 2.6. 31t/19=0.
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Fig. 2.9 Simulated pulse waveforms of 40-Gb/s RZ50 signals under three different
amounts of accumulated dispersion (0, 4, and-16 ps/nm), without (a) and with (b) DAF
filtering. Simulation parameters ‘are:the same:as those in Fig. 2.6. 8t/10=0. The
cutoff frequency of a 3™-order Bessel LPF (after photo-detection) is 60 GHz.
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Fig. 2.10 Simulated clock power after DAF filtering as a function of accumulated
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through a bandpass filter @ 40 GHz with a bandwidth of 100 MHz. Simulation
parameters are the same as those in Fig. 2.6. 8t/1p=0. PRBS uses 50 different seeds.
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Fig. 2.11 Clock power after DAF filtering as a function of residual dispersion, with a
DAF normalized delay variation of 0% and 6.25%, respectively, for 40-Gb/s (a) NRZ,
(b) RZ50, (¢) CS-RZ, (d) RZ-DPSK and (e) CSRZ-DPSK. All simulation parameters
are the same as those in Fig. 2.6. f,={193.28e12 + 40e9/2, 193.28¢12 + 42.6667¢9/2}
Hz for 61/19 = 0 and 6.25%, respectively, which implies that f, is always aligned with a
DAF quadrature point. RF power was detected through a BPF@40GHz with a 500
MHz bandwidth.
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Fig. 2.12 Clock and half-clock power with and without DAF filtering as a function of
residual dispersion, for 40-Gb/s (a) NRZ, (b) RZ50, (c) CS-RZ, (d) RZ-DPSK and (e)
CSRZ-DPSK. All simulation parameters are the same as those in Fig. 2.6. RF power
was detected through a BPF at 20 and 40GHz, respectively, with a 500 MHz bandwidth.
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Table 2.1 Comparison of dispersion resolution around zero dispersion and dispersion

monitoring window of 5 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 Monitoring
+ 40 ps/nm + 40 ps/nm + 70 ps/nm + 50 ps/nm
Window
AP/ADL Low Low Low Low High
Direct detection
@half clock Monitoring
+150 ps/nm | £75 ps/nm +90 ps/mm | +150 ps/mm | £150 ps/nm
Window
Half-bit-delay
AP/ADL High High High High High
(12.5 ps) DAF
@clock Monitoring
+ 34 ps/nm + 36 ps/nm + 34 ps/nm + 34 ps/nm + 28 ps/nm
(40 GHz) Window
One-bit-delay .
AP/ADL High Low Low Low Low
(25 ps) DAF
@half clock Monitoring
+150 ps/nm+"|—£L50-ps/am | “£150 ps/nm | 150 ps/nm | £150 ps/nm
(20GHz) Window
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Fig. 2.13 Simulated EOP (a) and the corresponding clock power (b) as a function of
residual dispersion with finite MZ modulator DC extinction ratios, 20 (open diamond)
and 40 dB (down triangle), respectively, for a 40-Gb/s RZ50 signal. Simulation
parameters are the same as those in Fig. 2.6. 09t/t9p=0. RF power was detected
through a BPF@40GHz with a 500 MHz bandwidth.
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Fig. 2.14 Simulated EOP (a) and the corresponding clock power (b) as a function of
residual dispersion with fiber launched power of -3 (triangle) and 12 dBm/ch (open
diamond), respectively, for a 40-Gb/s RZ50 signal. Simulation parameters are the
same as those in Fig. 2.6. 3t/19=0. RF power was detected through a BPF@40GHz
with a 500 MHz bandwidth.
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Fig.2.15 The power at clock frequency of 10.61 GHz as a function of the accumulated
dispersion with and without using a half-bit-delay DAF, respectively. An 10.61 Gb/s
RZ transmitter with a pulse-width.of 28 ps;was-used in the experiment
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Fig. 2.16 Experimental setup [20]. A 10 Gb/s pseudorandom signal is transmitted
through dispersive link. A portion of receivéd signal is amplified, and passed through
a DAF with differential delay of 100 ps (ene-bit d€lay), and detected by a photodiode.
The RF power at 5 GHz (half-clock frequency) 1s measured by an RF spectrum

analyzer.
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Chapter 3 Pulse-Carver and Data Alignment Monitoring

3.1 Introduction

In an RZ-DPSK system, the correct timing between pulse carving and phase
modulation must be maintained. This has recently been recognized as a challenging
task, because of the unavoidable optical/electronic device aging and the temperature
variation-induced optical length change between the two modulators [21-23]. For
example, it was reported that a 10 Gb/s RZ-DPSK system power penalty increases
rapidly when the timing alignment exceeds 15 ps [22]. This is equivalent to 3.75 ps
in a 40 Gbps RZ-DPSK system, which can be easily incurred due to temperature
variations [21]. Therefore, an automatic alignment method is needed for a long-term
stable field deployment. Two methods have so far been published for this purpose
[21], [22]. The first method measured the degree of polarization (DOP) change due
to timing-misalignment by using a polarization-maintaining-fiber, a polarizer, and an
optical power meter. A very limited monitored power dynamic range of ~0.2 dB was
obtained. The second method [22] used.an off-Center optical filter to capture the
frequency chirp induced by the timing-alignment, but the monitored DC power
dynamic range is limited to only 3.35dB fora 10.61 Gb/s RZ-DPSK.

In this Chapter, we use an‘optical frequency discriminator and a microwave
detector centered at a half of the phase modulation data rate to monitor the misaligned
timing. This timing-misalignment detection method can be used when the phase
modulation is implemented by either a dual-arm Mach-Zehnder (MZ) modulator or a
phase modulator. Compared with previous monitoring schemes [21-23], this
polarization-independent method can achieve a much larger dynamic range of ~17.5

dB, and therefore a much higher monitoring sensitivity.
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3.2 Conventional Techniques

In this section, we will briefly summarize the two reported methods that were

developed to align the timing between pulse carver and phase modulator.

3.2.1 DOP Method [21]

As shown in Fig. 3.1, a scheme to monitor the alignment status of RZ-DPSK is
proposed by measuring the power variation after polarizer, which is induced by the
reduction of signal’s DOP due to the timing-misalignment after propagation in an

intentionally introduced finite differential group delay.

However, the monitoring power dynamic range (MPDR) of ~0.2 dB is achieved
within the timing alignment range of half-bit period by this method, so measurement

error might be incurred under polarization fluctuation of the incoming signal.
3.2.2 Off-center Filtering Method.|22]

An off-center optical filter is employed to capture the: chirp induced by misalignment.
As shown in Fig. 3.2, a portion-of RZ-DPSKifransmitter output is tapped off and fed
into alignment-monitoring module, which only.‘consists of optical bandpass filter
(BPF) and an optical power meter. The optical filter is adjusted to be offset from the
signal center wavelength, and the output optical power of the optical BPF is used as a

monitoring signal for timing alignment.

By filtering out a narrow slice from the edge of the signal spectrum, any
misalignment-induced spectrum broadening will be translated into an increased output
power from the optical filter. However, as there are periodic power nulls in the
signal spectrum, if the filter bandwidth is smaller than the null spacing, the
monitoring power change will fluctuate with respect to filter center frequency. The
filter bandwidth and signal occupied spectrum will make the monitoring more
sensitivity to the filter center frequency stability, and therefore the filter center
frequency should be chosen to give the maximum MPDR. The optical filter with
bandwidth of 0.22 nm and frequency offset of 0.5 nm are used in 10.61 Gb/s
RZ-DPSK system, and the MPDR of 3.35 dB was reported.
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3.3 Operation Principle of Proposed Alignment Monitoring Technique
for RZ-DPSK Systems

The proposed configuration is shown in Fig. 3.3(a). A small portion of the
transmitted optical signal is tapped and passed through an optical frequency
discriminator.  After photo-detection, RF bandpass filtering and envelope detection,
the output is fed into a control circuit which drives a voltage-controlled phase shifter
to adjust the time delay between the data and clock signal. The phase shifter is
adjusted until a minimum of detected microwave power is reached. Note that if the
optical frequency discriminator is temperature stabilized, it could serve as a

wavelength locker.

In order to obtain a clear idea about how an optical frequency discriminator
functions and what the important design parameters are, we provide a closed-form
analysis in this section. We first assume that the optical field of a modulated light

source to be

elr)= m o/l (3-1)

where i (¢) and ¢(¢) are the intensity and phase.modulations, respectively, and Q is the

angular frequency of optical carrier. For an RZ-DPSK signal, ¢(t) = Zn] nm(t -nT ),

where {[,}={0, 1} is data sequence with equal probability, and m(¢) is the phase

modulator driving pulse in one bit slot.  Also, i (¢) is an RZ pulse train given by
Vile ) = Zs(t — kT —t,), where s(f) is an optical pulse within an interval of [-0.57,
k=—0

0.57], T is the bit duration, and ¢, represents the misalignment (-0.57 < ¢, <0.57).
The frequency chirp caused by the phase modulation can be written as

_Ld oy 1 dO-gt—1) _Ad(t7) )
M= =, . Py (3-2)

where Ag(t,7)=¢(t)-4(t—7) and t is sufficiently small. In the followings, we
will see that A¢ (t,7) can be obtained directly from an analysis based on a
delay-and-add frequency discriminator, given that A@(z,7) is also sufficiently small.
This closed-form analysis can help us gain a clear physical insight of the proposed
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method even though the physical optical frequency discriminator may not be a
delay-and-add filter.

After passing e(f) through a delay-and-add optical frequency discriminator

operating at a quadrature point, we can obtain the detected photo-current as

P(e)=i(t)+ it —7) % 2:fi(e) it — 7 )sin[Ag(t, 7)] (3-3)

where + represents the data captured at the positive or negative slope of the optical
frequency discriminator. In (3-3), the first two terms are the RZ pulse train and its
delayed replica. The third term is the product of the intensity modulation and the
frequency chirping, and is directly proportional to Ag@(z,7) when |[A@ (¢, 7)|<<1. We
can see that this interference term exists only when the RZ pulse amplitude and the
frequency chirp are both non-zero. Fig. 3.4 shows that although frequency chirp
always occurs during data transitions (Fig. 3.4(b)), the interference term exists only
when the RZ pulses are misaligned with respect to the modulating data, as shown in
Fig. 3.4(d). In other words, only'when a,part.of the carved RZ pulse enters the data
transient region due to timing misalignment, can the frequency chirp be observed and
measured. Note also that the “first and second terms in (3—3) are not dependent on
the timing misalignment, and their presence-in’a measured result could decrease the
monitoring dynamic range at DC. and the clock frequency. Therefore, our
measurement focuses on the third term t0 improve the dynamic range in [22].
Besides RZ-DPSK, this method can also be applied to other modulation techniques
such as RZ and CS-RZ, which use two optical modulators for data and clock,

respectively.

The RF power spectrum of the detected photo-current can be obtained by taking
the Fourier transform of the autocorrelation function of (3—3). It is composed of the
power spectrum of the RZ pulse train, which has spikes occur at the clock frequency

and its harmonics, and the power spectrum of the interference term given by

\sin(7Tf )cos(anTf) f 2 (3-4)

Pim(f,to,a,T)OC S2(0.5T— ) 1_(2an)2

Z‘0

where we have assumed that the phase modulating data m(7) has a raised cosine pulse

shape with a roll-off factor &. We can see that the RF spectrum level is proportional
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to the misaligned pulse shape s(0.57—|t,|) and the differential delay 7z When #,=0,
Piy 1s zero because 5(0.57)=0. For a fixed non-zero ¢,, the power spectral density of
the interference term is zero at f =0 and f =1/7. The maximum power spectral
density is around f =1/(27) depending on roll-off factor a, as shown in Fig. 3.5.
Note also that (3—4) has no power at f =1/T. Therefore, the highest detection
sensitivity and dynamic range can be obtained if we use a narrowband microwave
filter centered at 1/(27). Theoretically, the dynamic range can reach infinity because
the detected microwave power between totally-misaligned and perfectly-aligned
timing is given by [s(0)/s(0.57)]* where s(0.57) is zero. In practice, however, the

dynamic range is limited by the microwave detector noise.

There exists a tradeoff to select a proper differential delay t. The differential
delay has to be small to ensure that the frequency excursion is within the linear slope
of the frequency discriminator, as shown in Fig. 3.3(b), i.e., [OV(f)]pk-to-pk < FSR/2 =
1/(27), where FSR is the free-spectral-range of the delay-and-add filter. On the other
hand, according to (3—4), the longer the differential delay t, the larger the power

variations induced by the discriminator:
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3.4 Experimental Results
3.4.1 Experimental Setup

An experiment was conducted to verify the feasibility of the proposed method in a
10.61 Gb/s RZ-DPSK system. An RZ-DPSK transmitter consists of a tunable
continuous-wave (CW) laser with a linewidth of 100 kHz, an electro-absorption
modulator (EAM) for pulse carving, and an optical phase modulator. The CW light
was carved into a pulse train with a pulse-width of 28 ps via an EAM, which was
driven by a 10.61 GHz sinusoidal clock signal. The pulse train was then
phased-modulated by a 10.61 Gb/s NRZ pseudorandom binary sequence of pattern
length 2*'-1 using a LiNbO; phase modulator. At the output of the RZ-DPSK
transmitter, a portion of optical power was tapped off and fed into an optical thin-film
filter-based optical frequency discriminator with a linear frequency transition range of
~0.3 nm. After photo-detection and electrical amplification, an RF spectrum
analyzer was used to observe the RF powersvariations for different misalignment
conditions. Different misalignment conditions were achieved by manually adjusting
a tunable delay between the 10.61 GHz sinusoidal clock and the EAM. As for the
direct detection of DPSK data-signals, a single-ended Mach-Zehnder interferometer
with a relative arm delay of 94 ps was used before a PIN photodiode.

3.4.2 Results and Discussions

Fig. 3.6(a) shows the phase modulator driving signal in our experiment, and Figs
3.6(b) and 3.6(c) show the detected RZ pulses using the optical frequency
discriminator. Both Figs 3.6(b) and 3.6(c) were obtained when the CW laser
frequency was aligned to the —3 dB point of the optical thin-film filter at its positive
slope, at a timing misalignment of 0 and 47 ps, respectively. In Fig. 3.6(b), the AM
signal (RZ pulse trains) with no FM-to-AM conversion component appeared at the
output of the optical frequency discriminator. In Fig. 3.6(c), the largest possible
clock misalignment, i.e. the half-bit misalignment, was selected to demonstrate an
added FM-to-AM conversion component appeared at the rising edge of the driving

signal (this is because we used the positive slope of the filter).
Fig. 3.7 shows the measured RF spectrum of a 10.61 Gb/s RZ-DPSK signal with

a clock misalignment of 0, 26 and 47 ps, respectively. Again, the CW laser
frequency is aligned to the —3 dB point of the optical filter at its positive slope. As

50



expected, the relative amplitude around 5.3 GHz increased the most as the clock
misalignment increased. This is due to the presence of FM-to-AM conversion
component which occurred at bit transitions. Note that only a difference of 2.63 dB
at 10.6 GHz is obtained between perfect alignment and total misalignment, and that is

why the clock frequency is not a good choice to achieve a high dynamic range.

Fig. 3.8 shows the monitored power at 5.3 GHz as a function of timing
misalignment, while the CW laser frequency is aligned to the -3 dB point of the
optical filter at its positive slope. The detection bandwidth is the resolution
bandwidth of the spectrum analyzer, 300 kHz. Furthermore, the detected RF power
should be averaged over time to prevent the pattern dependent effect induced by
consecutive data transitions. A dynamic range of ~17.5 dB was achieved within a
range of +40 ps. This is a much higher monitoring sensitivity when compared with
the results given in [21], [22]. The corresponding 10.61 Gb/s RZ-DPSK system
power penalty induced by the timing misalignment is also shown in Fig. 3.8. Note
that the power penalty increases rapidly when the timing misalignment exceeds 15
ps. The degraded eye diagrams for yarious;timing misalignment are shown in Fig.

3.9, respectively.

Fig. 3.10 shows the optical thin-film filter frequency response obtained from an
optical amplifier-based white noise.source. -The corresponding monitoring power
dynamic range as a function of frequency detuning between the CW laser frequency
and optical filter center frequency is also shown. A dynamic range of more than 15
dB can be achieved at either slopes of the optical filter within a wide detuning range
of >0.3 nm. Note that when the laser frequency was aligned to the center of the
optical filter, the dynamic range was severely degraded. This is because the flat top
response cannot provide enough FM-to-AM conversion. In addition, the dynamic
range was also severely reduced when the laser frequency is tuned to the edge of the
optical filter, because in this case, the measured dynamic range was limited by the
high optical filter insertion loss (> 30 dB).
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Chapter 4 Electro-Optical Pre-distortion Technique

4.1 Introduction

The sinusoidal light versus bias voltage (L-V) transfer curve of a LiNbOs-based
external modulator prevents a multi-channel CATV system from obtaining a highly
linear performance. Presently, however, external modulator-based transmitters are
linear enough to transport > 80 channels of AM video signals, because an electrical
pre-distortion technique with two arrangements has been successfully used. The first
arrangement is that the bias point of the external modulator is fixed at the inflection
point of the sinusoidal L-V curve [24] so that second-order nonlinear distortions
(NLDs) can be completely suppressed. The second arrangement is that a third-
and/or fifth-order pre-distortion circuit is inserted between the modulating signal
source and the external modulator, so that the major odd-order NLDs can be
suppressed significantly. However, even when this highly linear optical transmitter
is used in an optical fiber CATV system, the performance of the entire system can still
exhibit high composite second order (€SO)=because many other NLD-generation
mechanisms may exist. For examples, CSOs.can be generated from optical receivers,
semiconductor optical amplifiers (SOAs); linear optical fiber dispersions [25],[26],
self-phase modulations [25-27], interferometric multiple reflections [28],[29], etc.
Therefore, it may be preferred todesign an-optical transmitter that can provide a
highly linear performance for the end-to-end system. In other words, the optical
transmitter can itself generate certain levels of NLDs, in order to compensate the

NLDs generated from the transmission system.

In this letter, we propose a novel pre-distortion technique in an external
modulation  system. This technique is wused to compensate the
frequency-independent CSO products generated from the transmission link. The
basic idea of this technique is to shift the bias point of an external modulator from its
inflection point so that transmitter-generated CSO products can be used to cancel
those from the system. We experimentally demonstrate the feasibility of this
technique by using a 1.3 pm-external modulator-based transmitter whose bias voltage
is offset from the inflection point. The transmitter-generated CSOs can be used to

compensate those generated from a 1.3 um semiconductor optical amplifier.
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4.2 Operation Principle

The operation principle of the proposed technique is explained in this Section. We

start with the static transfer characteristic of an MZI modulator given by

P (0= Bk {Hsin(Vi mwﬂ (4-1)

T

where P, is the output power of the MZI modulator, P;, is the input power of the
MZI modulator, L, is the insertion loss due to the MZI modulator, V(7) is the
modulating voltage, V; is the half wave voltage of the MZI modulator (the voltage
required to achieve 180° optical phase shift), and ¢ is static bias phase shift. Assume
that the modulating voltage V(#) is composed of multiple channels of CATV signals
and a DC bias voltage Vy:

V()= Asin(wi+0)+ 7, (4-2)

i=1

where A is the amplitude and -@; 1s the angular frequency of the i-th channel. By
substituting Eq.(4-2) into Eq.(4=1), the AC output of the MZI modulator can be

expanded as

% sin(; V(t) + ¢j

T

PL,| . (=« TN 7 A I
== {SIH[V v, + ¢J COS(V Z Asin(wt + 6, )J + CO{V V, + ¢] sm(V Z Asin(wyt +6, )J}

T 7 =l T 7 =l

(4-3)

Let , = 7 4, we can use Bessel function expansions to obtain

T

T N
sin —ZAsin(a),.t +6,)

z i=1

0

={i Z i‘]nl(l)"]nz(l)”"]rg\,(l)Sin[n](a)lt+e])_'—n2(w2t+92)'”+nN(a)Nt+HN)]}

ny=—0 ny=—0 ny=—0

(4-4)
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={:i Z i‘]nl(l)"]nz(l)”"]nj\,(Z)Cos[nl(a)lt_'-91)+n2(a)2t+92)'”+nN(a)Nt+9N)]}

(4-5)

where J, is the n-th order Bessel function of the first kind. From Egs. (4-3)—(4-5),

we can obtain the fundamental carrier amplitude by letting n,=1, n; ;= ;=0 to be

AL sof 7,00 +-5)

T

The amplitude of the second-order intermodulation of the type w;+ ) is given by

T

B e s 2| (+7)

and the amplitude of the third-order intermedulation of the type w;+ @y is given by

Bl a0 (U s | (+-8)

T

Therefore, the power ratio of carrier to CSO is given by

_ 1 JO(Z) 2c02 T (4-9)
_NCSO{JI(/}//)} t[Van+¢j

where Ncso is the product-count of CSO. The power ratio of carrier to composite
triple beat (CTB) is given by

64



C _ L2 ()
18 % 2 (F o))V }2 Ncrs
__ 1 {J o(l)}
Ners | 41(x) (4-10)
1 (2)
Nerp (Ej
where Nc¢rp is the product-count of CTB. From Eqgs.(4-9) and (4-10), we can

calculate the C/CSO and C/CTB as a function of bias voltage offset (from inflection

point) for any number of input carriers. Fig. 4.1 is the result for single-tone input

(with an optical modulation index or OMI equals to 0.6), and Fig. 4.2 is the result for
two-tone input (each with an OMI equals to 0.2). It is clear from Fig. 4.1 that when
the bias point is at mV, (m=0, £1,+£2, ...), we can obtain the best carrier to
second-order harmonic distortion ratio, as expected. From Fig. 4.2, we can see that
when the bias voltage is offset slightly from the inflection point, the second-order
NLDs increase sharply, while the third“ordér’NLDs decrease slowly. For example,
for a bias offset of 0.1V, thes®+w,reomponents increase from non-existent to
about —30 dBc, and both the fundamental carriet andthe @;+2 @, component decrease
by 0.44 dB (i.e., C/CTB remains constant). The small change of fundamental
carrier power indicates that the change of-OMI depends critically on the final bias
point, i.e., OMI can be increased or decreased; depending on if the DC offset gives
lower or higher optical power. On the right axis of Fig. 4.2, we also see that when
the offset is positive, the DC power can be increased (up to 3 dB). For example, for
a 0.1V offset, the DC power increases by about 1.15 dB.

To summarize our analysis so far: when the bias voltage is offset from the
inflection point, the resultant CSOs can be increased significantly, and they can be
used to compensate the CSOs generated from the transmission system. In the mean
time, the changes of the resultant CTB is small, while CNR and DC power can vary

depending on the offset direction.

Although we have proved that significant CSOs can be generated from the
optical transmitter by offsetting the bias from inflection point, we cannot be sure
about whether the phase of these CSOs are in or out of phase with respect to the
transmission system-generated CSOs. Fortunately, we note that we can change the
sign of the CSOs by changing the direction of bias offset. For instance, the CSOs
due to +0.1 and —0.1V; offsets are 180° out of phase with respect to each other.

65



4.3 Experimental Results

The Experimental setup is shown in Fig. 4.3. Seventy-seven random-phased
continuous-wave (CW) carriers with 6 MHz spacing (starting from 55.25 MHz), from
a matrix generator were used to modulate a 1.3 um LiNbO; balanced bridge
interferometer (BBI) CATV modulator, which has dual outputs. By using a 1.3 um
distributed-feedback (DFB) laser, both optical outputs of the modulator reached 3.5
dBm. The optical modulation index per channel (OMlI/ch) is about 3%. The BBI
modulator had a bias control circuit to control and to stabilize the modulator’s bias
point. It should be noted that the conventional Schottky diode-based pre-distortion
circuit [24] was not used. Between the external modulator and the optical receiver
are two adjustable optical attenuators, a commercial available multiple-quantum-well
(MQW) SOA, and two optical isolators before and after the MQW-SOA to minimize
the multiple reflection effect. The MQW-SOA had a low polarization sensitivity
(~0.5 dB) and a low gain ripple performance (< 0.3 dB). At a bias current of 300
mA, the MQW-SOA had a fiber-to-fiber gain of 28.9 dB with a gain peak at 1310 nm.
When the SOA input power level was:at'=14:3 dBm and the modulator was bias at the
inflection point, the received RF spectra st three different frequency bands are shown
in Fig. 4.4(a). The three frequency bands include those channels at low-frequency
range (50-100 MHz), middle-frequency range (290-330 MHz), and high-frequency
range (520-560 MHz). We can see that the worst'case C/CSO in the three frequency
bands were 18, 24, and 23 dB, respectively.. After the modulator bias point was
offset by 0.24 V., the worst case C/CSO in all three frequency bands were
significantly improved to 34, 40, and 32 dB, respectively, as can be observed in Fig.
4.4(b). These results can indeed demonstrate the feasibility of our proposed

linearization technique.
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4.4 Discussions

Comparing the CNR before and after the bias offset of 0.24 V7, we can see in Figs.
4.4(a) and 4.4(b) that the CNR was improved by about 4 dB in the latter case. This
is because when the optical power was lowered, the OMI/ch was increased and the

shot noise level was decreased, and both contribute to increase the resultant CNR.

Another point worth emphasizing is that, for a BBI modulator with dual outputs,
when we change the bias point to cancel the CSOs generated in the transmission
system, only one of the dual outputs can work effectively. This is because the CSOs
generated from the two BBI outputs are 180° out of phase. This phenomenon

implies that this technique is best applied to an MZI with a single output.
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Fig. 4.3 The experimental setup to demonstrate the SOA carrier-modulation- induced
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modulator from its inflection point.
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Chapter 5 Conclusions

In order to increase network capacity and achieve longer transmission distance,
advanced optical performance monitoring and mitigation techniques provide
promising solutions. These techniques can improve the control of transmission and
physical layer fault management, and they are essential in building a high capacity
and reliable all-optical network, which are expected to be transparent and dynamic
reconfigurable. However, technology challenges exist to achieve these goals. In
this dissertation, we propose and demonstrate three novel techniques for optical
performance monitoring and impairment mitigation. The major contribution of this

dissertation are summarized as follows.

In Chapter 2, an adaptive post-detection method is proposed for chromatic
dispersion monitoring. The method uses an optical delay-and-add filter, whose two
arms have a differential optical delay equal to a half period of a pilot tone or a
half-data-bit/one-data-bit period. This'method does not require a pilot tone if the
transmitted data has a symmetrical spectrum With respect to its optical carrier.
Adaptive feedback schemes, such as'a schieme to accurately align the DAF quadrature
point with the optical carrier of a monitored wavelength and a scheme to
automatically adjust a VDC based on the ‘monitoted clock or pilot-tone power, are
proposed to form a complete dispersion equalization apparatus. We have shown that
the post-detection scheme works well even when a residual chirp exists due to a finite
MZ modulator DC extinction ratio or SPM. The proposed scheme was also verified
by VPI simulation to work well for various modulation formats such as NRZ, RZ50,
CS-RZ, RZ-DPSK and CSRZ-DPSK. The dependence of the dispersion monitoring

window and dispersion resolution on data formats has also been thoroughly studied.

In Chapter 3, we have experimentally demonstrated an automatic timing
alignment method for an RZ-DPSK transmitter using an optical frequency
discriminator. Compared with previously published monitoring schemes, our
proposed method achieved a significantly improved monitoring power dynamic range
of ~17.5 dB within a timing alignment range of a half-bit period. An additional
advantage of this method is that the optical frequency discriminator can also serve as

a wavelength locker if the discriminator is temperature stabilized.

In Chapter 4, we have also demonstrated, both analytically and experimentally,

that by offsetting the bias point of a MZI modulator from its inflection point, one can

72



obtain sufficient CSOs from the MZI-based transmitter to compensate those CSOs
generated from an in-line SOA. The SOA carrier-modulation-induced CSOs were
suppressed by as much as 9 to 16 dB over the entire CATV band (from 50 to 550
MHz). We believe that the same technique can also be applied to electro-absorption

modulators.

The research can be studied consequently in following aspects.

(a) We have demonstrated our proposed chromatic dispersion monitoring
technique by 10.61 Gb/s RZ signal and a half-bit-delay DAF. In addition,
one published result [20] shows its feasibility using 10 Gb/s NRZ signal and
an one-bit delay DAF. It is worthy to carry out experiments for various
DAF differential delay and modulation formats, which have attracted much

attention recently.

(b) For our proposed alignment monitoring technique for pulse carver and data
modulator by using an optical_frequency discriminator, the demonstrated
experiment shows flat-top response of an optical filter will degrade the
monitored power dynamic range, and therefore make the monitoring results
more sensitivity to the filter center frequency stability. In order to increase
the detuning range between -the optical’ carrier frequency and center
wavelength of the optical fréequency discriminator, other optical filters can
be used to replace the thin-film filter in our previous experiment. In our
simulation, both Fabry Perot and Gaussian filters are good candidates for
achieving this goal, as shown in Fig. 5.1. An experiment can be performed

to verify its feasibility.
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