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CHAPTER 1

General Introduction

1.1 Background

Optical communication has a long history, which had been an only
communication medium until the appearance of electric communication in the
nineteenth century. After nearly one century, optical communication was
brought back to revival, when optical fiber communication was born in 1970,
with the advent of practical low loss (about 20dB/km) fiberslt] and semicon-
ductor lasers[zl. Since then lot of efforts have been made to reduce further
the fiber loss and to improve the performances of transmitter (laser) and
receiver. As results, optical fiber communication systems are now utilized in

practical communication networks.

The modulation/demodulation scheme used in present optical fiber
communication systems is so called intensity-modulation/direct-detection
(IM/DD) scheme, in which the inteﬁsity of light is modulated linearly with
respect to the input electrical signal, and detected directly by a photodetector.
Such system has advantages in system simplicity and low cost. In the
wavelength region around 0.85um, receiver sensitivity near to shot-noise-limit
can be obtained because Si-APDs used as photodetectors have excellent noise
performance in this region. However, the present optical fiber communication

systems are preferably used in the wavelength regions around 1.3pm and
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around 1.55pm, because in the former wavelength region the dispersion of
fibers is zero, and in the latter the loss of fibers is minimal. At such longer
wavelengths, Ge or III-V compound APDs are used as photodetectors, and
the receiver sensitivity will be deteriorated due to the poor noise performance
of this kind of photodetector[3]. In order to achieve a near shot-noise-limit
detection at 1.3 or 1.55um, coherent (heterodyne/homodyne) optical fiber

communications are presently considered to be an only practical method.

1.2 Brief description of coherent optical fiber communications

Heterodyne-type coherent optical communication was proposed in the
late 1960’5[4]. However, in that system, lens type waveguides and gas lasers
were considered to be used, which seems impractical. A new type of coherent
optical fiber communication system based on the use of optical fiber and sem-
iconductor lasers was developed for the first time in 1979[S ]’[6], and investi-

gated theoretically and experimentally since that[7]"[9].

Basic constructions of coherent (heterodyne/homodyne) receivers are
shown in Fig.1.1. In a heterodyne receiver (Fig.1.1(a)), the transmitted signal
light is mixed with local oscillator (LO) light, and detected by a photodetec-
tor. The obtained intermediate frequency (IF; the frequency difference |
between signal carrier frequency and LO frequency) signal is then ampliﬁéd
and demodulated. In a homodyne receiver (Fig.1.1(b)), the LO frequency and
phase are controlled to be the same as that of the received signal carrier, so
that baseband signals can be obtained directly. In a coherent optical receiver,
light power of the LO is so large that the shot noise due to the LO light
becomes a predominant source of receiver noise, thereby the remaining noises
of the receiver can be neglected, resulting in an achievement of the shot-

noise-limited detection.



1.3 Features of and problems with coherent optical fiber communication

systems

Compared with IM/DD optical fiber communication systems, coherent
optical fiber systems have mainly two -features; one is the possibility of
receiver sensitivity improvement of about 10~25dB at wavelength of 1.3 or
1.55pm, which leads to the elongation of repeater separation, and the other is
the possibility of frequency-division multiplexing (FDM) with very densely
spaced channels, which offers an access to vast transmission capacity of

single-mode fiber by transmitting many channels into one fiber.

However, before coherent optical fiber communication systems are
utilized in practical networks, following technical problems have to be over-

come:

[1] Frequency stability of semiconductor lasers. Since the typical IF in

coherent systems is about 10'6~ 10'5

times the carrier frequency of sem-
iconductor lasers, the requirement for frequency stability of lasers is very
serious. Particularly in multichannel coherent systems, frequency stabili-
zation methods have to be developed to set and maintain a desired chan-

nel spacing.

[2] Reduction of laser phase noise (spectral linewidth). It is understood that "
when the carrier of transmitter or LO has frequency or/and phase fluctua-
tions, bit-error rate (BER) of coherent systems will be deteriorated, caus-
ing an increase of required signal level. On the other hand, semiconduc-
tor lasers have relatively large phase noise (wide linewidfh) due to spon-
taneous emission events, carrier fluctuation effect, and 1/f noise. There-
fore, new types of detection scheme with large tolerance for laser phase

noise are necessary to be developed.
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[3] Random fluctuations of state of polarization (SOP) of signal lights. Three
methods (using polarization maintaining fiber, polarization controlling
devices, and polarization diversity scheme, respectively) have been pro-

posed and demonstrated101-12]_

So far, researches and developments have been performed on the
improvement of receiver sensitivity of single-channel coherent systems in
many laboratories, aiming to achievements of shot-noise-limited detection and
very long distance transmission[13]'[18]. Successful transmissions have been
achieved in laboratories over distance of 300km[19], and under bit-rate as
high as SGbit/s[ZO]. A first field transmission with coherent optical fiber sys-
tem was also reported[21]. Recently, attention is being attracted in multichan-

nel coherent systems.

Unlike that of single-channel coherent systems, the performance of
multichannel coherent systems will be deteriorated due to several physical
phenomena which are crosstalks caused by excess shot noise, intermodulation
interference and nonlinear effects in the single-mode ﬁber[zzl'[zsl, which do
not exist in single-channel systems. It has been found that crosstalk can also
be induced by optical amplifier (if used)[26]'[29].

First theoretical investigation on the multichannel coherent system was -
performed in Ref.[30] with respect to intermodulation interference. The
results show that homodyne detection with single-detector receivpr should be
avoided to use, because it gives poor intermodulation performance, indepen-
dent of channel spacing (i.e., frequency difference between the channels).
Then a kind of balanced receiver was investigated for multichannel coherent
system[31]. The results show that a balanced receiver can eliminate direct-
detection- and signal-cross-signal interferences. However, detailed theoretical

investigation on the crosstalk of multichannel coherent system has not been



reported, in spite of its importance.

On the contrary, experimental studies on multichannel coherent sys-
tem have become active. Many experimental results have been published with
respect to the crosstalks due to the intermodulation interference[BZ]-BS], and
the nonlinear effects in the single-mode fiber0138] and in the optical

ampliﬁer[39]'[41].

1.4 Purpose and construction of the thesis

The purpose of this work is twofold; one is to develop and demon-
strate novel transmission schemes suitable for low bit-rate coherent optical
fiber communications, in which conventional semiconductor lasers can be used
as both transmitter and LO even at low bit-rate (<500Mbit/s). In the
research, phase-noise-canceling heterodyne schemes (PNCHSs) are proposéd,
and investigated theoretically and experimentally. The experimental results
show the successful cancellation of laser phase noise, suggesting the feasibility

of PNCHSs.

The other purpose is to analyze the crosstalk performance of mul-
tichannel coherent optical communication systems. In the analysis, crosstalks |
caused by excess shot noise and image-band interference are calculated, and
influences of laser linewidth, types of IF filter, and pulse shape are discussed.

The construction of this thesis is as follows:

In Chapter 2, the performance of a dual-polarization PNCHS (DP-
PNCHS) is investigated theoretically. General BER formula and the influence
of loss in orthogonality of polarization are clarified, and the orthogonality of
polarization in a single-mode optical fiber and in a fiber coupler is also dis-

cussed.
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Chapter 3 describes the performance of a dual-frequency PNCHS
(DF-PNCHS), in which sensitivity of the scheme is analyzed, and a BER
measurement experiment is performed to confirm the principle of the scheme.

A polarization diversity DF-PNCHS is also proposed and discussed.

In Chapter 4, a new type of PNCHS called dual-waveguide PNCHS
(DW-PNCHS) is proposed and analyzed theoretically. Effect of propagating

characteristics of fibers is examined.

Another new type of PNCHS called time-division PNCHS (TD-
PNCHS) is proposed and investigated in Chapter 5, in which the performance
of the scheme is analyzed considering the influence of optical path difference,
and a simulated experiment is performed to confirm the principle of the

scheme. A polarization diversity TD-PNCHS is also proposed and discussed.

In Chapter 6, detailed theoretical investigations on crosstalk perfor-
mance of multichannel coherent optical fiber communication systems are
described, in which sensitivity penalties caused by crosstalks due to excess
shot noise and image-band interference are analyzed, and the influences of

various parameters determining the crosstalk are discussed.

Results obtained in this work are summarized in Chapter 7.
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CHAPTER 2

Dual-Polarization Phase-Noise-Canceling Heterodyne Scheme

Abstract

Dual-polarization phase-noise-canceling heterodyne scheme (DP-
PNCHS) is investigated theoretically, and BER performance of the scheme is
analyzed taking into account the influence of loss in orthogonality of polariza-
tion. Calculated results show that receiver sensitivity of the scheme is better
than that of the conventional DPSK heterodyne scheme when laser linewidth
is larger than 0.007 times bit-rate. The orthogonalities of polarization in a
single-mode optical fiber and in a fiber coupler are also discussed. It is found
that the orthogonality of polarization will be maintained in a fiber if it has the
same attenuation coefficient for both polarization components, and that in a
fiber coupler the polarization dependence of power splitting ratio will cause
loss in orthogonality of polarization. Experimental results show that the loss
in orthogonality of polarization is small in a typical fiber coupler, suggesting
the feasibility of the scheme.



2.1 Introduction

Since the concept of coherent optical fiber communications using sem-
iconductor lasers as transmitter and/or LO was proposed in 1979, researches
have been actively performed on improvement of frequency stability and
spectral purity (reduction of linewidth) of the semiconductor laser, because
the broad laser linewidth due to phase noise often causes degradation of
receiver sensitivity. Previous works show that the maximal permissible ratio
of laser linewidth to bit-rate (Aw/R,) is generally 9% for ASK system, several
percent for FSK system (depending on frequency deviation and detection
scheme), and below 0.5% for PSK (or DPSK) system to confine the sensi-
tivity degradation within 1dB at BER=10" [42]-[44]

Among many coherent optical fiber communication systems, it is
predicted that medial or low bit-rate (below several hundred Mbit/s) PSK sys-
tems will be commonly utilized in optical local area networks (LANs) or in
optical broadband subscriber systems in the future. However, according to
theoretical and experimental estimations, such systems require lasers having
linewidth less than about 1IMHz. But this is difficult to realize as far as soli-
tary distributed feedback (DFB) lasers are used, although some improvements
are achieved by using recently developed MQW DFB lasers having relative

Narrow Iinewidth[45].

One countermeasure against the problem of laser phase noise is to use
semiconductor lasers with external cavity as transmitter and/or LO. In fact,
some experiments concerned have been reported at low bitérates[46]’[47].
However, those systems are considered to be not useful for practical com-
munication networks, because of problems of stability, mode-hopping and

lifetime.
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Another countermeasure is to use phase-noise-canceling heterodyne
schemes (PNCHSs). One of them (called dual-polarization phase-noise-
canceling heterodyne scheme: hereafter DP-PNCHS) was proposed by
K.Tamura et al. in 1988[48], in which two orthogonally polarized lights are
used to cancel laser phase noise. Preliminary experiment showed that the
scheme is useful in low bit-rate system. However, detailed performance of the
scheme and the requirement for orthogonality of polarization have not been

analyzed.

In this Chapter, performance of the DP-PNCHS is investigated
theoretically taking into account the influence of loss in orthogonality of
polarization, and the losses in orthogonality of polarization in a single-mode

fiber and in a fiber coupler are studied theoretically and experimentally.

In Section 2.2, a general BER formula of the scheme is derived, and
the influence of loss in orthogonality of polarization is discussed. Section 2.3
describes theoretically and experimentally the losses in orthogonality of polar-
ization in a single-mode fiber and in a fiber coupler. Results of this Chapter

are summarized in Section 2.4.

2.2 Theoretical analysis of DP-PNCHS

In optical communication systems, one of the important factors is
receiver sensitivity (BER characteristic), here the sensitivity of the DP-
PNCHS is calculated. The shot-noise-limited state is assumed in the analysis

for simplicity.

2.2.1 Calculation of BER

In the DP-PNCHS shown in Fig.2.1, two orthogonally polarized light
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beams having the same intensity are transmitted. One beam (e.g., x-polarized
one) is used as signal channel and contains the information to be transmitted
and phase noise of transmitting laser, whereas the second beam (e.g., y-
polarized one) is used as reference channel and includes the laser phase noise
only. At the receiving end, with a proper polarization control the received sig-
nal and the LO lights are split into vertically and horizontally polarized com-
ponents by a polarizing beam splitter. The signals of two channels can be
separated completely, provided that the orthogonality of polarization is main-
tained in transmitting path (e.g., single-mode optical fibers) between the
transmitter and receiver. However, as will be described in Section 2.3, when
two optical waves with orthogonal polarizations are launched into a single-
mode fiber, in general, they will not remain orthogonal, and a sensitivity

degradation is thereby caused.

Considering here the case that the orthogonality of polarization can
not be maintained, i.e., at receiving end the difference of inclination angles of
state of polarization (SOP) of the two light beams is no longer 90 but 90+,
degrees, and a phase difference ¢ may be also produced between them (see
Fig. 2.2). The complex electric field amplitudes of the signals and LO lights at
the detectors, E,,, E,,, E;, and E,, (s: signal, L: LO, x: horizontal, y: vertical)

can be expressed as

£, = \/ 2 expliCo,e + 00 + 8]

+ N/ T sop explia,t + 6, + W] @2
E, = \/7;—_- cosp explji(w,t + &, + ¥)] (2.2.2)

Eu = \/ T expliay + 0] @23)

By = \/ T expli oy + 0,) (2.2.4)
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where P, denotes the received signal power, ¢, the signal phase noise includ-
ing laser phase noise, P, the LO power, ¢, the LO phase noise, o, and o, the
angular frequencies of the signal and LO light, respectively, and 6(r) denotes
the phase modulation by signals to be transmitted. Assuming that P, >>P,_, by
ignoring the DC terms and considering a mark signal(8(s) = 0), the obtained
photocurrents in a narrow band approach [49] can be expressed as
I, = [R\/P,P, + R\/P P, sinp cos{ + n,] cos(Awt + Ad)
— [RA\/P,P, sinp siny + n;] sin(Awt + Ad) (2.2.5)
I, = [R\/P P, cosp cosy + n,] cos(Awt + Ad)
— [R\/P,P, cosp siny + n,] sin(Awt + Ad) (2.2.6)
where Aw = 0, — ©,,, Ad = &, — ¢,,, and R denotes the detector responsivity,
n, (i=1,2,3,4) the shot-noise currents having zero-mean Gaussian distribu-

tions whose root-mean-square (rms) values are given as:

n? = n? = eR(R, + KAVP, = o2, (2.2.7)
n? = n} = eRKAVP, = o}, (2.2.8)
<m>=0 for i=12,3,4 (2.2.9)

where ¢ is the electron charge, Av the IF linewidth, and X is a constant
depending on the filter bandwidth. Here the use of two bandpass filters hav-
ing bandwidths of R,+KAv for the signal channel and KAv for the reference

channel is assumed.
The two IF signals, I, and I,, are amplified, and multiplied by each

other. Here ten stochastic variables are defined for further computations:

X, = R\/P.P, + R\/PP_ sinp cos{s + n,
X, = R\/P P, cosp cosy + n,

Y, = RA\/P,P, sinp siny + n,

Y, = R\/P P, cosp sinls + n,

x, =X, +X, x, =X, - X,
x3=Y,+Y, =Y, =Y,
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r2=x?+x} r2=zx}+x (2.2.10)
The product thus obtained can be expressed as
V= --21—()(1712 + Y,¥,) Q
= %(73. - r2) (2.2.11)

where r, and r, are norms of corresponding 2-dimensional vectors.

In PSK scheme, BER for mark signals is given as probability for gen-

erating a negative output; i.e., for r,<r,

P, = prob.(r, <r,)

= [ a0t S :qu (r,) dr,dr, (2.2.12)
where g,(r,) and g, (r,) are the probability density function of r, and r,,
respectively, which have the forms[5 0]
rm Am rM rﬁ% + A:
q,(r,) = -(-’—2—10 [ = ] exp [— = ] (2.2.13)
r!l All r’l rllz + Allz
g9,(r,) = -0—210[ - ] exp [- = ] (2.2.14)
where
o’ = o2 + o, (2.2.15)
A2 =x, %+ x5°2 _ (2.2.16)
A2=x,2+x,? ’ (2.2.17)

Considering first an ideal case of the orthogonality of polarization is

maintained (i.e., p = 0,4 = 0). Thus

A} = 2R?P P, A2=10 (2.2.18)

and
= In Xp [— ——r"z ] (2.2.19)
qn (rn ) 02 € 20_2 b

The BER can then be calculated analytically by substituting Egs.(2.2.13)-
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(2.2.19) into Eq.(2.2.12) to give

=1 -1 N
Fe=3 °XP[ 1+K -AV/R, 2] (22.20)

where N is the number of signal photons in one bit period. It is understood
that BER of the conventional phase-noise free DPSK heterodyne scheme is

given :«m[5 1]

P, = %—exp (-N) (2.2.21)

Thus power penalty of the DP-PNCHS can be obtained by comparing
Eqgs.(2.2.21) and (2.2.21), and given as

P, = 10 log;, [2(1+KAv/R,)] (dB) (2.2.22)

Figure 2.3 shows the calculated power penalty at BER= 107 as a func-
tion of the ratio of IF linewidth to bit-rate (Av/R,). The result for the conven-
tional DPSK heterodyne receiver is also shown for comparison in dotted
curve. It is found that the performance of the DP-PNCHS is better than that
of the conventional DPSK heterodyne receiver when Av/R,>0.007. It should be
noted that because o2, and o?, are determined by the bandwidth of IF BPFs,

the receiver sensitivity of individual system may be different from the present

calculated results if different filter bandwidth is chosen, but the conclusion

will be not changed remarkably. In addition, there may be an optimum choice
for BPF bandwidth because larger bandwidth will cause larger sensitivity
degradation, whereas the phase noise cancellation will become incomplete if

the bandwidth is too narrow.

2.2.2 Influence of loss in orthogonality of polarization

In the case of p # 0 and ¢ # 0, BER of the DP-PNCHS can be calcu-
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lated numerically by Eq.(2.2.12) to give

P, = de=-b [ el [2Vaele? [e1,[2VBEleCdt de (2.2.23)
where
Az Al
o = =— =
202 202

Equation (2.2.23) can be rewritten with a series as

P, = ¢ "k i a, (2.2.24)

ne=0

where

(2.2.25)

)

=%a,‘_1+-§- e? 5 — o [92-‘-]1 (2.2.26)

ay

n! imo(n=DIE)?

Figure 2.4 shows the calculated power penalties under various phasé
differences, as functions of the deviation in inclination angle at BER= 10'9. It
is found that the existence of phase difference ¢ will cause increase of power
penalty due to inclination angle difference p. Figure 2.5 shows the maximal
permissible phase difference to achieve a power penalty less than desired level
at BER= 10'9, as a function of the deviation in inclination angle. It is found
that the power penalty is strongly dependent on p rather than on ¥, and that
the deviation in inclination angle should be less than about 9 degrees to

confine the power penalty within 1dB when ¢ = 0.

2.3 Orthogonality of polarization in a single-mode fiber and a fiber coupler

The theoretical results calculated above show that the loss in ortho-
gonality of polarization will be detrimental to the performance of the DP-

PNCHS. Therefore, it is important to understand the relationship between the
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SOPs of two signal lights at the output end of a fiber, when the two signal
lights are orthogonal at the input end of the fiber. This section describes the
loss in orthogonality of polarization in a single-mode optical fiber, and in a

fiber directional coupler which is commonly used in coherent optical fiber

communication systems.

2.3.1 Theory

A linear optical system (e.g., a single-mode fiber) can be represented
by a 2X2 complex-amplitude Jones transmission matrix T. Assuming that E,,
and E,, are complex unit vectors (normalized Jones vectors) describing the
SOPs of input lights, and E,, and E,, are the corresponding complex vectors
describing the SOPs of output lights, then the scalar product of E,, and E,,

can be expressed as
E;a ' Elo = E;iT.TEli (2'3’1)

where * indicates the transpose complex conjugate. It can be found from

Eq.(2.3.1) that if the input lights are orthogonally polarized, that is,
Ey-E,=0 (2.3.2)

and the Jones matrix T is a unitary matrix, i.e., T'T =1, where I is a unit -
matrix, then the orthogonality of polarization will be maintained in the sys-
tem, that is, the SOPs of the output lights will be also orthogonally polarized.
In other words, a linear optical system having the unitary transmission matrix
will maintain the orthogonality of polarization.

When polarization fluctuations due to changes of external environment
(such as temperature, mechanical conditions, and so on) are ignored in a
single-mode optical fiber, the transmission matrix of the fiber, 7,, can be

expressed as



17

~1(+AR)-a
= |e * 0
I [ 0 e—i(ﬁ-Aﬂ)—u,] (2.3.3)

where B+Ap and B—Ap are the propagation constants for x- and y-polarized
lights, and «, and «, are the attenuation coefficients for x- and y-polarized
lights, respectively. It is found that T will become a unitary matrix, when
o, = o,. That is, the orthogonality of polarization can be maintained in a fiber

if it has the same attenuation coefficient for both polarization components.

The polarization fluctuations due to the changes of external environ-
ment in the fiber can be considered equivalently as a result of effects of opti-
cal phase shifters and rotators. The transmission matrix of a phase shifter, T,,

can be expressed as
T, =% C (2.3.4)

and the transmission matrix of a rotator, 7,, is given as

T = (cose sine) (2.3.5)

~sin® cos®

It is found that although the changes of external environment will cause the
fluctuation of SOP of lights, they do not give any influence on the orthogonal-

ity of polarization in the fiber, because both 7, and 7, are unitary matrices.

On the other hand, fiber coupler is often used to mix the signal and
LO lights in coherent systems. Assuming that the power splitting ratio of the
fiber coupler for x- and y-polarized components are p, and p, respectively, the
transmissioﬁ matrix of the fiber coupler from one pdrt of inputs to one port
of outputs, 7., can be expressed as

T, = [V’T{,_e” ‘\/ﬁ%e”] (2.3.6)
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It is found that 7, will become to be a unitary matrix when p, = p,. However,
since the power splitting ratio of a fiber coupler has generally a polarization
dependence, it is difficult to realize p, = p,, so that the orthogonality of polar-

ization can not be maintained in practical fiber couplers.

2.3.2 Measurement of loss in orthogonality of polarization in a fiber coupler

Experiment by R.E.Wagner et al.[52] showed that the loss in ortho-
gonality of polarization in a 150km single-mode optical fiber was about 6
degrees. It is found from Fig.2.3 that the corresponding power penalty is
0.5dB in the DP-PNCHS. However, loss in orthogonality of polarization in a
fiber coupler has never been reported. Experimental results of the measure-
ment of loss in orthogonality of polarization in a fiber coupler are investi-

gated here.

The experimental set-up is shown in Fig.2.6, in which SOP of the laser
light is changed by a Babinet-Soleil compensator and a polarizer, and SOP of
output light from the coupler is measured using another polarizer (analyzer)

and a power meter.

In the measurement, the Babinet-Soleil compensator is adjusted to give
a circularly polarized light, and the polarizer (PL.1) is fixed to give a linearly
polarized light. The inclination angle of the obtained linearly polarized light
can be changed by rotating PL.1. The maximal and minimal output powers,

P,., and P_,,, of the output light and corresponding inclination angles, 8,,,,

mazl
and 6, , are at first measured by rotating the analyzer. The inclination angle
of PL.1 is then rotated by 90 degrees, and the maximal and minimal output
powers, P,., and P,,,,, and the corresponding inclination angles é,,,,, and 6,,,,
are measured again. This procedure is repeated for the inclination angle of

PL.1 from 0 to 90 degrees. The fiber coupler under test is a commercially
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available 1.3pm 50/50 single-mode fiber coupler.

Figure 2.7 shows measured ellipticity defined as p,,,/P,.., of SOP of

min

the output light as a function of the inclination angle of PL.1, where

Ppni/Ppasy = 0 corresponds to a linearly polarized light, and P, /P, ., =1

max1
corresponds to a circularly polarized light. It is found that the SOP of the out-
put light varies with the inclination angle of PL.1. The loss in orthogonality
of polarization can be calculated as 6,,,, — 8,,,,; — 90 OT 0,,,; — 6,,,.,, — 90. The
measured results are shown in Fig.2.8 as a function of the inclination angle of
PL.1. It is found that the loss in orthogonality of polarization in the coupler is
varied with the inclination angle of PL.1, and has a maximal value of 6

degrees, causing a power penalty of about 0.5dB in the DP-PNCHS.

Figure 2.9 shows measured fluctuation of power splitting ratio of the
coupler as a function of the inclination angle of PL.1. It is found that the
maximal loss in orthogonality of polarization and the maximal deviation of
power splitting ratio are appeared at the same inclination angle, suggesting

the validity of the theory.

2.4 Conclusions

In this Chapter, the performance of the DP-PNCHS is analyzed taking
into account the influence of orthogonality of polarization, and losses in
orthogonality of polarization in a single-mode fiber and in a directional fiber
coupler are investigated theoretically and experimentally. It is found from the

results obtained in this Chapter that

(1) DP-PNCHS has better receiver sensitivity than the conventional DPSK
heterodyne scheme when IF linewidth to bit-rate is larger than 0.007, and

can be used even in a system having IF linewidth larger than bit-rate.
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The loss in orthogonality of polarization in transmitting path between the
transmitter and receiver will cause degradation of the performance of the
DP-PNCHS, and it should be smaller than 9 degrees to keep the power
penalty below 1dB at BER=10".

Although the SOP of lights will be fluctuated in a non-polarization main-
taining fiber due to changes of external environment, the orthogonality of
polarization will be still maintained in the fiber, provided that attenuation

coefficients of the fiber are independent of the SOP of signal lights.

The orthogonality of polarization can not be generally maintained in a
fiber coupler because of the polarization dependence of its power splitting
ratio. However, experimental results show that the loss in orthogonality
of polarization in a fiber coupler is as low as about 6 degrees, resulting in

very small power penalty in the DP-PNCHS.

These results suggest that the DP-PNCHS is quite feasible for low bit-rate

coherent optical system because in which conventional solitary DFB lasers can

be used as both transmitter and LO.

The only disadvantage of the DP-PNCHS is the requirement for polar-

ization control to obtain two linearly orthogonally polarized lights at the

receiving end. In conventional coherent systems employment of polarization

diversity receiver is found to be a useful solution to the polarization problem.

However, in the DP-PNCHS the polarization diversity receiver is difficult to

be used because the polarization informations of light are used to perform the

cancellation of laser phase noise. Therefore, some polarization control

schemes have to be used.
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CHAPTER 3

Dual-Frequency Phase-Noise-Canceling
Heterodyne Scheme: Theoretical and Experimental Studies

Abstract

The performance of dual-frequency PNCHS (DF-PNCHS) is analyzed
" theoretically, and a phase noise cancellation is succeeded for the first time in
experiment of BER measurement with a 20Mbit/s PSK DF-PNCHS. The
theoretical results show that receiver sensitivity of the scheme is the same as
that of the DP-PNCHS described in the preceding chapter. The experimental
result shows that there is no appearance of so called BER floor even when the
ratio of IF linewidth to bit-rate is about 1, suggesting the success of cancella-
tion of laser phase noise. A polarization independent DF-PNCHS is also pro-
posed and discussed. It is found that the proposed polarization diversity DF-
PNCHS can be used in a low bit-rate sysfem having small frequency separa-
tion and using a fiber with little difference in propagation delay times for two

principal states.
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3.1 Introduction

The DP-PNCHS described in Chapter 2 is advantageous for simple
system construction, however, because the polarization-domain in which is
used to achieve phase noise cancellation (that is, two separate signals are car-
ried onto two orthogonally polarized components of light), a polarization con-
troller is needed to compensate polarization fluctuations of signal lights, and it
is difficult to use a polarization diversity receiver. On the contrary,
frequency-domain PNCHS (called dual-frequency PNCHS) seems to be possi-
ble to use polarization diversity receiver. The principle of the DF-PNCHS
shown in Fig.3.1 has been proposed by J.P.Dakin et al.[53], in which two car-
rier lights having different frequencies were used. At the receiving end the
two carrier lights were mixed with LO, and detected by a photodetector.
Obtained IF current was demodulated by a square-law detector after passed
through a bandpass filter (BPF), generating a phase noise free second IF.
However, the detailed system structure and performance of the scheme have

never been investigated.

In this chapter, the performance of a PSK DF-PNCHS is investigated
theoretically and experimentally. A theoretical BER formula of the scheme is
given in Section 3.2. Section 3.3 describes the experimental results of BER
measurement of a 20Mbit/s PSK DF-PNCHS. A polarization diversity version
of the DF-PNCHS is proposed and discussed in Section 3.4, and results of this

chapter are summarized in Section 3.5.

3.2 BER analysis of the DF-PNCHS

Figure 3.2 shows the detailed construction of a PSK DF-PNCHS under
investigation, in which light from the transmitter laser is divided into two

beams having the same intensity. One beam is frequency shifted by a
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frequency shifter to w, + 2wAf, whereas the other is phase modulated by sig-
nal 6(¢) to be transmitted. Therefore, the complex electric field amplitudes of

the two beams can be expressed as

E, = '\/—g—-’— expli(o,t + 0(t) + &,)] | (3.2.1)
E,= \/-;;Texpﬁ(m, + 2wAf)t + jd,] \ (3.2.2)

where 4, is phase noise of the signal laser, which is time dependent. These
two beams are combined again, and launched into a fiber.

At the receiving end, after mixed with LO, two IF signals having fre-
quencies of Ae and Aew + 2mAf are obtained, and then separated by two
bandpass filters (BPFs) having the bandwidths of R, + kAv and KAv respec-
tively, where Aw = o, — ,, o, is the frequency of LO, and R, the bit-rate.

The two separated IF signals are

I, = [R\/2P_P, + n,Jcos(Awt + Ad) + n,sin(Awt + Ad) (3.2.3)
I, = [R\/2P,P, + njlcos[(Aa + 2mwAf)t+Ad]
+ n,sin[(Aw + 2mAf)t + Ad] (3.2.4)

Here Ad = ¢,-&,, and n, (i=1,2,3,4) denote the shot-noise currents having
zero-mean Gaussian distributions whose root-mean-square (rms) values are

given as

= n2 = 2eR(R, + KAv)P, = ok (3.2.5)
n? = n2 = 2eRKAvP, = o} (3.2.6)

Note that ¢}, = 207, and ¢}, = 207,

The two IF signals, I, and I,, are amplified and multiplied by each

other to generate a second IF. The output of the multiplier is expressed as

I = -;—[(xlx2 + ¥, )cos(@mAft) + (¥,X, — X,¥,)sin(2nAf)] (3-2.7)
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where X, and ¥, are defined as

X, =R\ZP P, + n,
X, =RA/2P,P, + n,

Yy =ny Y;=n,
It can be seen that the phase noise A¢ is canceled in Eq.(3.2.7).

In this receiver a second detector is necessary, because the output of
the multiplier is not a baseband signal but an IF signal. In this case a
coherent detection (or the differential detection) is advantageous and con-
venient, because the second IF, Af, is equal to the frequency shifted in the
transmitter and hence can be very stable. If a coherent detector is used as the

second detector, the output is expressed as

V= %(Xle + ¥,Y,)

_ 1, |
- Loz-m (3:2.8)

where r,, and r, are norms of corresponding 2-dimensional vectors, whose
probability density function are the same as what have been described in
Chapter 2. Thus BER of the scheme can be calculated in a similar way as in
Chapter 2. Note that in this case A? = 4R?P,P,, and A? = 0, then the BER can
be given as

P, = prob.(r,<r,)

.rgmqm (rm )J::q,, (rn )drm drn
1o 1 N
2 [ 1+K-AviR, 2 ] (3.2.9)

which is the same as that of the DP-PNCHS. That is, the DF-PNCHS has a

]

better sensitivity than the conventional DPSK heterodyne scheme when

Av/R,>0.007.
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3.3 BER measurement of the DF-PNCHS

Since laser phase noise will cause so called "floor” (saturation of BER)
to appear in BER curve, one can measure the BER curve of a system to
evaluate the influence of laser phase noise. To confirm the principle of the

DF-PNCHS, BER measurement is performed for a 20Mbit/s PSK DF-PNCHS
for the first time.

The experimental set-up is shown in Fig.3.3. Both transmitter and LO
used in the experiment are temperature controlled 1.3um DFB lasers having
linewidths of about 10MHz, so that the IF linewidth is about 20MHz. Light of
the transmitting laser is split into two beams by a half-mirror. Two acousto-
optic modulators (AOMs) are used in cascade to give frequency separation,

Af, of 200MHz to one beam. A LiTz0, phase modulator is used to modulate

the phase of the other beam with 20Mbit/s non-return-to-zero (NRZ) format’

pseudorandom bit sequence (215 -1), giving Av/R, = 1. Two intermediate fre-
quencies are arranged at SOOMHz and 700MHz and separated by two BPFs
centered at S00MHz and 700MHz respectively. The bandwidths of both filters
are 80MHz, giving K=4. The two separated IFs are amplified and multiplied
by each other, generating a second IF of 200MHz, which is free from the

laser phase noise.

The eye pattern obtained after demodulation and the measured BER

curve (circles) are shown in Figs.3.4(a) and (b), respectively. A receiver sen-

sitivity of -48.9dBm at BER= 107 is obtained. The power penalty is about.

10dB more than the estimated result (solid curve) by the theory considering
the phase noise effect. However, no floor is found in the BER curve, suggest-
ing that the laser phase noise is canceled. The appearance of power penalty of
10dB is believed to be due to imperfect phase modulation, deviation from

ideal operation of the multiplier (double balanced mixer) and other electronic
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circuit noise.

3.4 Polarization diversity DF-PNCHS

It is understood that in coherent optical fiber communications the
fluctuation of SOP of signal lights during transmission in a fiber will cause the
degradation of receiver sensitivity. So far a few polarization control schemes
and polarization diversity receivers have been proposed to solve the polariza-
tion problem. Experiment results showed that the polarization diversity
schemes can be used in any conventional coherent systems and are relatively
practical schemes[54]'[57]. Here the possible combination of DF-PNCHS with

polarization diversity receiver is discussed.

One of the possible constructions of polarization diversity DF-PNCHS
proposed here is shown in Fig.3.5, in which transmitter is the same oné as
shown in Fig.3.2, but at receiving end the signal light transmitted by a fiber
and the LO are divided into two orthogonally polarized components by a
polarizing beam splitter, and then detected separately by two photodetectors.
The obtained two IF signals can be expressed as

I, = R\/2P P, acos(Awt + 0(t) + Ad)
+ RA\/2P_P,Becos(Awt + 2wAft + Ad) (3.4.1)
I, = RA\/2P P, (I—a)cos(Awt + 6(t) + Ad + 3)

+ RA\/2P,P, (1-PB)cos(Ant + 2wAft + Ad + 1) (3.4.2)
where « and g are the power splitting ratios for two signal lights having dif-
ferent frequencies, and 5 and v the corresponding phase differences between
the two orthogonal polarization components. In general «, B, m and & will

change with the SOP of signal lights.

The two IFs, I, and I,, are then separated by two BPFs respectively,

and muitiplied by each other, giving
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I, = R22P P, VaBcos(8(t) — 2uAft) (3.4.3)
and
I, = R®2P P, V(I-a)(1-B)cos(8(r) — 2mwAft + q — d) (3.4.4)

Note that the phase noise is canceled in Eqs.(3.4.3) and (3.4.4).

When the two signal lights experience the same polarization fluctuation
in a fiber, the SOPs of the signals will become the same with each other at the
fiber output, resulting in « = 8 and v = 5. In this case a second IF is obtained

by summing I, and I,, so that
I = R%2P P, cos(8(t) — 2mAft) (3.4.5)

which is independent of the SOPs of the two signals. This IF can be demodu-

lated by coherent detection or differential detection to recover the data.

In general, SOPs of two signals with different frequencies are slightly -

different at fiber output end, because of the polarization dispersion in fiber
and frequency difference between two signal lights, giving « # g and n # 5. In
this case, observing the relative positions of the SOPs of such two signals on a
Poincare sphere, the SOP of one signal changes its position on the Poincare
sphere within a circular area centered around the SOP of another signal. Fig-
ure 3.6 shows the possible positions of SOPs of the two signals on the Poin-
care sphere. The maximal angle, v, cor‘responding to the maximal radius of

the circular area, is expressed as
vy = 2nAT-Af (3.4.6)

where Ar is the difference in propagation delay times for two principal

states[58].

Because the fluctuation of the SOP of light is relatively slow in a fiber,

n and & can be considered to be constants in a bit period. Therefore, I, and I,

can first be demodulated by differential detection, generating two baseband
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signals which are free from the phase differences v and &, and the receiver
output can then be obtained by summing the two baseband signals. In this
case the maximal sensitivity penalty can be calculated as
Penalty = 10-log,,(cos*y)

= 20-log,, [cos(2xAT-Af)] (3.4.7)
It is found that the penalty due to the SOP difference between the two signals
depends on the product of the difference in propagation delay times Ar and
frequency shift Af. Calculated power penalty at BER=10" is shown in
Fig.3.7 as a function of (ArAf). It is found that (A+Af) should be less than
53.5ps-GHz to achieve a power penalty below 0.5dB, and that the polarization
diversity DF-PNCHS can be used in a system with a fiber having a difference

in propagation delay times below 10ps and having a frequency separation of

several GHz.

3.5 Conclusions

In this chapter, the performance of DF-PNCHS is investigated theoret-
ically and experimentally, and a polarization diversity DF-PNCHS is
developed and discussed. The results of BER analysis and experimental

demonstration show that
(1) Receiver sensitivity of the DF-PNCHS is the same as that of the DP-
PNCHS, and is better than that of the conventional DPSK heterodyne

scheme when Av/R,>0.007.

(2) Experiment result of BER measurement of a 20Mbit/s PSK DF-PNCHS
shows a successful cancellation of phase noise, suggesting the feasibility

of the scheme even for AwR, = 1.
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(3) The DF-PNCHS can be combined with polarization diversity receiver
without causing any power penalty when two carrier lights having dif-

ferent frequencies experience the same polarization fluctuation in a fiber.

(4) When two carrier lights having different frequencies experience different
polarization fluctuation in a fiber, the power penalty of polarization
diversity DF-PNCHS will depend on the product, At-Af, of the difference
in propagation delay times and the frequency separation between two car-

rier lights, and will be below 0.5dB for A+-Ar<53.5ps-GHz.

There are several advantages for the DF-PNCHS, demand for only
one photodetector, freedom from the fluctuation of laser frequency and possi-
bility of using polarization diversity receiver. On the other hand, there are

also a few drawbacks for the scheme such as requirement of a wide-band fre-

quency shifter and an additional detection, and limited bit-rate owing to the

bandwidth of frequency shifter.
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Fig. 3.6 Possible positions of SOPs of two signals having different frequen-

cies on a Poincare sphere.
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Fig. 3.7 Calculated maximal power penalty versus product (Ar-Af) at

BER=10"7.



CHAPTER 4

Dual-Waveguide Phase-Noise-Canceling

Heterodyne Scheme: Proposal and Analysis

Abstract

A dual-waveguide PNCHS (DW-PNCHS) is proposed and its perfor-
mance is investigated theoretically. The results of BER analysis show that the
receiver sensitivity of the scheme is the same as that of the DP-PNCHS and is
dependent on the propagating characteristics 6f waveguides. Improvements of
the DW-PNCHS are also discussed to remove the influences of characteristic

difference of waveguides, and of polarization fluctuations.
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4.1 Introduction

Based on the principles of the DP- and the DF-PNCHSs described in
Chapters 2 and 3, the common principles of PNCHSs can be summarized as

follows:

(1) Two lightwave signals are transmitted separately at the transmitting end,
one includes laser phase noise and information to be transmitted, while

the other includes the laser phase noise only.

(2) At the receiving end, the two signals are received separately (or
separated at IF stage), and are multiplied by themselves after frequency
conversion. Thus obtained baseband signal will be free from the laser
phase noise, because the two IF signals include the same laser phase

noise which are canceled at the output of multiplier.

Following to the principle, two new types of PNCHS can be
developed. One is called dual-waveguide PNCHS (DW-PNCHS) described in
this chapter, and the other is call time-division PNCHS (TD-PNCHS) which

will be described in next chapter.

In this chapter, the DW-PNCHS is proposed and analyzed theoreti-
cally. In Section 4.2 the performance of the scheme is analyzed, and the
influence of difference of waveguide characteristics is discussed. Section 4.3
describes some improvements on the DW-PNCHS, and the results of this

chapter is summarized in Section 4.4.

4.2 Analysis of the DW-PNCHS

4.2.1 Principle of the proposed DW-PNCHS

Figure 4.1 shows a basic construction of the proposed DW-PNCHS, in

which a space-domain (i.e., two separate fibers) is used to achieve the phase
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noise cancellation. The basic principle of the scheme is as following:

Light of the transmitter laser is split into two beams having the same
intensity, one beam is phase modulated by signal 8(t) before launched into a
fiber, and the other beam is directly launched into another fiber. At the
receiving end, two signal lights transmitted by the two fibers are mixed with
the LO lights respectively, and detected separately by two detectors. The
obtained two IF signals are passed through two BPFs respectively, and multi-
plied by each other. If the two fibers have the same propagating characteris-
tics, then the obtained baseband signal will become to be free from phase
noise, because the two IF signals contain the same laser phase noise which can

be canceled by the multiplying process.

4.2.2 BER analysis of the DW-PNCHS

Referring to Fig.4.1, the two signal lights passed through the two

fibers can be expressed as

El = v;’z exp[i(mst + e(t) + (b.r + Bl)] (4‘2’1)
By = \/ 2 expliCo,t + b, + B, (422)

where g, and g, denote the phase depending on propagating characteristics of

the fibers including propagation constant, fiber length, dispersion, and so on.

As the two signal lights are mixed with the LO lights, and detected by
two photodetectors, the received two IF signals passed through two BPFs can
be expressed as follows, considering mark signals (8(¢) = 0),

I, = (R\/P,P, + n))cos(Awt + Ad + B,) + nysin(Awt + Ad + B,) (4.2.3)

I, = (R\/P,P cosAB + nj)cos(Awt + Ad + B,)
+ (R\/P,P_sinAB + n,)sin(Awt + Ad + B,) (42.4)

where A = B, — B,, and », (i=1,2,3,4) denote the shot-noise currents having
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zero-mean Gaussian distributions whose root-mean-square (rms) values are

given as

Mo

= eR(R, + KAV)P, = o2, (4.2.5)
= eRKAVP, = o2, ; (4.2.6)

=n

ANI

nZ=n

Note that o2, = o2, and o2, = o2,.
Considering first an ideal case that the two fibers used in the system
have the same propagating characteristics, then we have Ag = 0. Then BER
can be calculated similarly as in Chapter 2 using A2 = 2R?P,P, and A2 = 0, and

is consequently given as

e legpf-— 1 N
Fe = 2°"p[ 1+K -AvR, 2] (4.2.7)

It is found that Eq.(4.2.7) is equal to Eq.(2.2.19) of Chapter 2, indi-
cating that the DW-PNCHS has the same sensitivity as that of the DP-
PNCHS.

4.2.3 Influence of phase difference AB

A In general, propagation constant and dispersion are different for dif-
ferent fibers, i.e., A # 0, thereby the degradation of receiver sensitivity will

be caused. In this case, BER can be calculated with Eq.(2.2.12) of Chapter 2°

using
A2 = 2R2PSPLcos’éé§ (4.2.8)
A2=2R?PP, smzéf- (4.2.9)

Figure 4.2 shows the calculated power penalty due to phase difference
AB at BER= 10'9. It is found that Ap should be less than about 0.08% to
confine power penalty within 1dB.
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4.3 Discussion

4.3.1 Improvement of the DW-PNCHS

The theoretical results show that in‘ the DW-PNCHS shown in Fig.4.1,
the difference in propagating characteristics between two fibers used as
transmission lines will cause a sensitivity penalty. Figure 4.3 shows an
improved DW-PNCHS with IF shift technique[zol to remove the influence of
propagating characteristics of fibers. The basic construction of the developed
scheme is similar to that in Fig.4.1, but at the receiving end, one of the
obtained two IFs is frequency shifted by «», using an electric oscillator, and an

additional differential detection is used to recover the data.

Referring to Eqs.(4.2.3) and (4.2.4), by ignoring the noise terms, the

received two IF signals, I, and I,, are given as

I, = RN\/P P cos(Awt + Ad + B,) (4.3.1)
I,= RA\/P,P cos(Amt + 0(z) + Ad + B,) (4.3.2)

which vary with g, and B,.

In the scheme proposed here, the frequency Aw of I, is shifted to
Aw + », using an electric local oscillator and a double balanced mixer. Thus a

second IF signal I, can be obtained, after multiplying I, with 1,, as
Ly = R?P, P, cos(w,t + 8(t) + AB). (4.3.3)

This second IF signal is then demodulated by a differential detection to
recover the data. Since the fluctuations of g, and B, are negligibly small in bit
interval, the obtained baseband signal of the receiver becomes independent of

AB.
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4.3.2 Polarization diversity DW-PNCHS

As described in Chapter 3, It is desired to combine PNCHS with
polarization diversity receiver to remove the effect of fluctuations of SOP of
signal lights. Possibility for realizing of polarization diversity DW-PNCHS is
discussed here.

A possible structure of the polarization diversity DW-PNCHS is shown
in Fig.4.4, in which two signal lights transmitted from two fibers are
separated into a horizontally and a vertically polarized component by two
polarizing beam splitters respectively. Obtained four beams are mixed with
LO lights and detected separately by four photodetectors. Assuming that the
two fibers have identical propagating characteristics, and ignoring the noise

terms, obtained four IF currents can be expressed as

Iy = R\/F.P, o cos(Awt + B(t) + Ad) (4.3.4)
I,y = R\/P,P, (I—o) cos(Awt + 6(z) + Ad + 8) (4.3.5)
Ly = R\/P,P, B cos(Awt + Ad) - (4.3.6)
I,y = R\/P,P, (1-B) cos(Awt + Ad + 1) (4.3.7)

where « and B are power splitting ratios of polarizing beam splitters for two
signals transmitted from different fibers, and 5 and v are the corresponding

phase differences.

Considering an ideal case that the two signal lights experience the
same fluctuations of SOP, then the SOP of the two signal lights become to be
identical at the fiber output, bringing on o = g and 5 = . In this case, the
four IF currents can be processed as (I, I, + I, I,y) leading to a baseband
signal

I = R*P_P, cosb(t) (4.3.8)

which is independent of both laser phase noise and fluctuation of SOP of sig-
nal lights.
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However, it is predicted that the SOPs of lights launched into different
fibers will be different at the fiber output end, because of the difference in
polarization dispersion and birefringence of fibers, resulting in that o # g and
8 # m. In this case, some extent of degradation of receiver sensitivity will be
caused as described in Chapter 3. Therefore, the polarization diversity DW-
PNCHS can only be used in a special case that two signal lights transmitted
from two fibers are identical in SOP. |

4.4 Conclusions

In this chapter, a DW-PNCHS is proposed and analyzed theoretically,
and a polarization diversity DW-PNCHS is also discussed. Theoretical results
show that receiver sensitivity of the scheme is equal to that of the DP-
PNCHS, and is dependent on the propagating characteristics of fibers used és
transmission lines. The difference in propagating characteristics of fibers will
cause degradation of receiver sensitivity, and should be less than 0.08% to
confine penalty within 1dB. This problem can be solved by using an IF shift
technique. And an improved DW-PNCHS to remove the influence of non-

identification of waveguides is also proposed and discussed.

The DW-PNCHS can be combined with polarization diversity receiver,
provided that SOPs of two lightwaves experience the same fluctuations during
the propagation in two different fibers. However, in general it is predicted
that SOP of lightwaves is separately fluctuated in different fibers when the
fibers have different birefringences and polarization dispersions, so that the

polarization diversity DW-PNCHS will be confined to special use.
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Fig. 4.1 Basic construction of the proposed DW-PNCHS.
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CHAPTER 5

Time-Division Phase-Noise-Canceling

Heterodyne Scheme: Theory and Experiment

Abstract

A time-division PNCHS (TD-PNCHS) is proposed and investigated
theoretically and experimentally. The theoretical results show that the scheme
has better sensitivity than the conventional DPSK heterodyne scheme when IF
linewidth is larger than 0.009 times bit-rate, and that the difference in optical
path lengths (delay times) will cause degradation of receiver sensitivity. A
polarization diversity TD-PNCHS is also proposed and discussed. It is found
that the TD-PNCHS can be combined with polarization diversity receiver
without causing extra any power penalty. The results of experiment by an
electronic simulation model show a successful cancellation of laser phase

noise, suggesting the feasibility of the scheme.
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5.1 Imtroduction

In the preceding three chapters, three types of PNCHS are investi-
gated. It is found that although the DP-PNCHS is advantageous for its simple
system construction, there is difficulty for introduction of polarization diver-
sity receiver into it, and that the DF-PNCHS can be conditionally combined
with polarization diversity receiver, but it needs wider bandwidth than con-
ventional heterodyne schemes, which is undesirable in multichannel systems.
On the other hand, the DW-PNCHS has an advantage of simple structure, but
for which two fibers of the same propagating characteristics are required, and
it also has the problem of polarization control. Therefore, a new type of
PNCHS needs to be established, which is suitable for using in multichannel
coherent systems and is possible to be combined with polarization diversity

receiver.

In this chapter, a time-domain PNCHS (called time-division PNCHS:
TD-PNCHS) is proposed and investigated theoretically and experimentally.
In Section 5.2, the basic principle of the scheme is described, and its perfor-
mance is analyzed. Section 5.3 develops a polarization diversity TD-PNCHS.

The results of experiment by an electronic simulation model of the scheme

are discussed in Section 5.4, and a summary of this chapter is given in Section

5.5.

5.2 Analysis of the TD-PNCHS

5.2.1 Principle of the TD-PNCHS

One of the comstructions of the proposed TD-PNCHS is shown in
Fig.5.1, in which light of the transmitter laser is ON-OFF switched (or inten-

sity modulated) by an optical switch (or an amplitude modulator) with a
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switching signal of frequency, f,, and is then divided into two beams. One

beam is phase-modulated by a phase modulator, whereas to the other a delay

time of 5]—1;— (=7) is applied.

At the receiving end, the signals transmitted by a fiber are divided first
into two beams by a switch synchronized with the switch in the transmitter.
Then a delay time T is given to one of the beams which was not delayed at
the transmitter, so that the obtained two beams contain the same phase noise.
These two beams are mixed with LO lights and heterodyne-detected
separately. The obtained two IFs are amplified and multiplied by each other.
Thus a phase noise free baseband signal can be generated because the two
IFs contain the same phase noise. Figure 5.2 shows the schematic diagram of

the transmitted and received signals.

5.2.2 BER analysis of the TD-PNCHS

Referring to Figs.5.1 and 5.2, the electric field complex amplitudes of

the two beams at the transmitting end are expressed as

By = \/ 2 expliCo,t + 0 + ¢,)] (5:2.1)
E, = ‘\/.g explj(w,(t + 7)) + &, (t + 79))] (522) |

where 7, is the delay time applied to ‘one of the beam at the transmitting end.

In general, =, = T is chosen to be equal to 7, and 7 = El—‘ The two beams are
b

combined again and transmitted into a fiber.

At the receiving end, the transmitted signal light is divided into two
beams by another optical switch synchronized with the switch in the
transmitter, and a delay time 7, is given to beam E, which is not delayed at the

transmitting end, thus
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£} = \/ T expli,¢ + ) + 00) + 6,6 + )] (5.2.3)

Then the two beams, E, and E;, are mixed with LO lights and heterodyne-

detected. Considering mark signals (6(:) = 0), the output photocurrents are

expressed as

I, = (R\/P,P, + n,) cos(Aot + ©,7, + Ad,)

+ n, sin(Awt + ©,7, + Ad,) (5.2.4)
I, = [R\/P,P, cos(w,At + Ad) + n,] cos(Awt + ©,7, + Ad,)
+ [R\/P,P, sin(w, A7 + Ad) + n,] sin(Awt + o,7, + Ad,) (5.2.5)

where At =7, — 7, and A, = ¢,(t+7,) — b,(t+7,), and n, (i=1,2,3,4) denote
the shot-noise currents having zero-mean Gaussian distributions whose root-

mean-square (rms) values are given as

n} =ni =2eR(R, + KAv)P, = o} = 20}, (5.2.6)
and

;3? = rE = 2¢eRKAvP, = o} = 207, (5.2.7)

These two IFs are amplified and multiplied by each other, and the

resulted output can be expressed as

V= %(Xlx2 + YY) (5.2.8)

where X, and ¥, (i=1,2) are defined as

X, = R\/P.F, + n, (5.2.9)
Y, = n, (5.2.10)
X, = R\/P P, cos(w,At + Ad) + n, ' (5.2.11)
Y, = R\/P,P, sin(w, A7t + Ad) + n, (5.2.12)

It should be noted that when the delay times at the transmitter and the
receiver are equal to each other (i.e., 7, = 7,), then Ar = 0 and A, = 0, giving

A2 =2RP P, and A?=0. In this case laser phase noise will be perfectly
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canceled according to Eq.(5.2.8), and BER of the scheme can be calculated

similarly as done in Section 2.2.1 of Chapter 2, and consequently

Fe= '%'e"p [" 1+K-];Av/R,, ZX] . (5:2.13)

It is found that receiver sensitivity of the TD-PNCHS exhibits 3dB
penalty compared with other three types of PNCHS. This is because that only
half the time slot (in other words, half power) can be used to transmit the sig-

9 as a function

nals. Figure 5.3 shows calculated power penalty at BER= 10°
of the ratio of IF linewidth to bit-rate. The broken curve shows the result for
the conventional DPSK heterodyne receiver. It is found that the receiver sen-
sitivity of the TD-PNCHS is better than that of the conventional DPSK

receiver when Av/R,>0.009.

5.2.3 Influence of delay time difference

In general, it is difficult to adjust the delay times to be exactly equal
(i.e., 7, is not equal to =,), so that the laser phase noise can not be perfectly
canceled, then degradation of the receiver sensitivity will be caused. In this
case, the BER of the scheme can be calculated similarly as in Section 2.2.2 of

Chapter 2 using

A2 = 2R?P,P, cos? [‘LAT—zfﬁ] (5.2.14)
and |
A? = 2R?P,P, sin? [-“lff-z-“ﬂ] (5.2.15)

9 as a function

Figure 5.4 shows calculated power penalty at BER=10"
of w,Ar, where A¢ is assumed to be 0. It is found that w,Ar for a power

penalty of 1dB is about 4 %.
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Above mentioned theoretical results show that fluctuations of the opti-
cal path lengths and the optical delays should be less than 0.006 times one
wavelength. But, in a practical system it is difficult to adjust the optical path
lengths and optical delay so exactly. This problem can be solved by adopting

the IF-shift technique described in the preceding chapter[sgl.

5.3 Polarization diversity TD-PNCHS

As described in Chapter 3, it is desired to combine PNCHS with polar-
ization diversity receiver to remove sensitivity degradation due to polarization
fluctuations. In this section, a polarization diversity TD-PNCHS is proposed,

and its performance is discussed.

One of the possible constructions of the polarization diversity TD-
PNCHS to be proposed is shown in Fig. 5.5, in which the transmitter is the
same one as shown in Fig. 5.1, but at the receiving end the signal light
transmitted by a fiber is divided into two orthogonally polarized components
by a polarizing beam splitter, and the two beams are then received separately

by two receivers similar to those in Fig.5.1. Assuming that the delay times

are equally adjusted, by ignoring the noise terms, the obtained four IF signals

can be expressed as

I, = R\/FF.a cos(Aat + 8(t) + Ad) (5.3.1)
Iy, = RA/P,P a cos(Awt + Ad) (5.3.2)
I,, = R\/P,P,(I—o)cos(Awt + 8(t) + Ad + B) | (5.3.3)
I,, = R\/P, P, (I-a)cos(Awt + Ad + B) (5.3.4)

where o is the power splitting ratio of the polarizing beam splitter, and 5 the
phase difference between the two polarization components. In general, « and

8 will change with the SOP of signal lights.



63
These four IFs are then amplified and multiplied by each other, giving

I, = R?*P,P, o cos(8(t)) (5.3.5)
and

I, = R*P,P, (1-a) cos(6(t)) ‘ (5.3.6)

Note that laser phase noise is canceled in Eqgs.(5.3.5) and (5.3.6).

The data can be recovered by summing 7, and 1,, giving
I =RP_P, cos(8(t)) (5.3.7)

which is independent of the fluctuation of SOP of the signal light.

5.4 BER measurement of an electronic simulation model of the TD-PNCHS

To confirm the principle of the proposed TD-PNCHS, BER of the
scheme is measured with an electronic simulation model of the TD-PNCHS.
The experimental set-up is shown in Fig.5.6, in which a noise-contained car-
rier is generated by adding Gaussian noise from a noise generator to FM
input of a wideband voltage controlled oscillator (VCO). Figure 5.7 shows
the output spectral of the noise generator used in the experiment. The
linewidth of the carrier can be adjusted by changing the input voltage applied
on the VCO. In Fig.5.8 photographs of spectrum of carriers with different
linewidths are shown. The maximal linewidth of about IMHz can be

obtained.

In the experiment, the carrier is first ON-OFF switched by a sequence
of 10001000... with bit-rate of 20Mbit/s, and divided into two parts. One is
phase modulated by *101010..." signals of SMbit/s, and the other is delayed by
50ns (bit period) using a coaxial cable. The power spectral of the phase

modulated carrier is shown in Fig.5.9, it can be seen that it is noisy. Then the
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obtained two signals are combined again and detected at the receiving end.

Figure 5.10 shows the waveform of the combined signals.

At the receiving end, the transmitted signals are divided into two part,
one of which is delayed by 50ns using another coaxial cable. The two signals
are then amplified and multiplied by each other, generating a phase noise free

baseband signal which is inputted to the BER measurement equipment.

For comparison, BER of a conventional DPSK scheme of 20Mbit/s is
first measured using carriers with different linewidths. Figure 5.11 shows
measured BER curves as a function of the ratio of signal to noise (S/N), in
which solid inverse-triangles show the results for the DPSK system with IF
linewidth of about 350kHz, and solid squares show that with IF linewidth of
about 250kHz. It is found that floor appeared in the BER curves, because of

the large phase noise.

Previous analyses show that in the DPSK heterodyne system, the BER
[60],[61]

floor can be given as

=1 1~ [ _m
Pjoor - 2 erfc [4 AvT ] (5.4.1)

where T is equal to bit period. Figure 5.12 shows the calculated and measured

BER floors as functions of AvT. It is found that the measured results is agreed

well with the theoretical prediction. -

'I‘hé measured BER for the electronic simulation model of TD-PNCHS
is shown in Fig.5.11 by solid circles, where the IF linewidth is about 1MHz.
It is found that there is no BER floor, suggesting that the phase noise is can-

celed.
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5.5 Conclusions

In this chapter, TD-PNCHS is proposed and investigated theoretically
and experimentally, and a polarization diversity TD-PNCHS is also
developed. It is found from the results that the receiver sensitivity of the TD-
PNCHS is better than that of the conventional DPSK heterodyne receiver
when the ratio of IF linewidth to bit-rate is larger than 0.009, and it is 3dB
lower than other three types of PNCHS. Delay time difference at the
transmitter and receiver should be less than 4% of the frequency of signal
light to suppress the power penalty below 1dB, and the influences of fluctua-
tion of optical path lengths and switching instability of optical switch can be
removed by using the IF shifting technique. The TD-PNCHS can be combined
with polarization diversity receiver without penalty. Simulated experiment of
BER measurement of a 20Mbit/s PSK TD-PNCHS proves the successful can-

cellation of phase noise, suggesting the feasibility of the scheme.
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Fig. 5.1 Construction of the proposed TD-PNCHS.
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Fig. 5.2 Schematic diagram of the transmitted and received signals.
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Fig. 5.3 Calculated power penalty at BER= 107 as a function of the ratio of
IF linewidth to bit-rate, under various values of K. Similar result
for the conventional DPSK heterodyne receiver is shown in the bro-

ken curve for comparison.
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Fig. 5.6 Experiment set-up for BER measurement of the electronic simula-

tion model of the TD-PNCHS.
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Fig. 5.9 Power spectral of phase modulated carrier with SMbit/s *101010...

patterns.

Fig. 5.10 Waveform of combined signals at the transmitting end.
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Fig. 5.11 Measured BER curves as functions of the ratio of signal to noise
(S/N), among them the solid triangles show the results for DPSK
system with IF linewidth of about 350kHz, the solid squares that
with IF linewidth of about 250kHz and the solid circles that for the
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CHAPTER 6

Multichannel Coherent Optical Fiber Communication Systems

Abstract

Crosstalks caused by excess shot noise and by image-band interference
in multichannel coherent optical fiber communication systems are investigated
theoretically. It is found that the sensitivity penalty caused by excess shot
noise is dependent on LO power, and that when a typical LO power of 1mW
is used the permissible bit-rate and channel number for a penalty of 0.1dB are
2Gbit/s and 500 respectively. On the other hand, the crosstalk due to image-
band interference is dependent on modulation scheme, laser linewidth, type
of IF filter, pulse shape and bandwidth of IF filter. In an idealized phase noise

free system, ASK and PSK systems require larger channel spacing than FSK

systems, and ASK and PSK systems have similar crosstalk induced penalty. In

addition, the existence of laser phase noise causes an increase of the crosstalk
induced penalty, and FSK system is more sensitive to laser phase noise than
ASK and PSK systems. It is also found that the crosstalk induced penalty can
be significantly reduced by choosing a proper type of pulse as signal pulse.
The calculated results based on the present theory show good agreements with
the experimental results reported by others, suggesting the validity of the
theory.
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6.1 Introduction

The feasibility of single-channel coherent optical communications has
been proved by many systematical experiments, and attention is recently
being attracted in multichannel systems, because coherent optical fiber com-
munication systems offer a possibility of utilizing large bandwidth of single-

mode fibers via frequency division multiplexing (FDM).

In a multichannel coherent system, when more than one channels are
transmitted, performance of a coherent receiver will be degraded by several
physical phenomena, including excess shot noise generated in the receiver,
intermodulation interference due to adjacent channels, and crosstalk caused
by nonlinear effects in single-mode optical fiber and in semiconductor laser

amplifier (if used). These crosstalk sources determine the design parameters

(e.g., channel spacing, channel number, bit-rate, and modulation scheme) of

the multichannel system and consequently the receiver sensitivity. Therefore,
one of the main subjects of research on multichannel coherent systems is to
investigate sensitivity degradation due to above mentioned crosstalk, which

has not yet been studied.

In this chapter the sensitivity penalty due to crosstalk in multichannel

coherent optical fiber communication systems is theoretically investigated, and

optimum parameters of the system are discussed. System description and

problem statement are given in Section 6.2. Crosstalk due to excess shot noise
is analyzed in Section 6.3. Section 6.4 analyzes the crosstalk due to image-
band interference taking into account the effect of laser phase ﬁoise. Results
obtained are discussed in Section 6.5, and the whole chapter is summarized in

Section 6.6.
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6.2 System description and problem statement

The block diagram and channel arrangement of the N-channel
coherent optical fiber communication system under investigation are shown in
Figs.6.1(a) and (b), respectively, where D,,; denotes channel spacing between
lasers in optical-domain, and D, that in electrical-domain. In the system, N
numbers of transmitting laser are used and modulated by N numbers of infor-
mation source with ASK, FSK or PSK modulation format. The N numbers of

information source are available for each of M numbers of receiver. The fre-

quency of kth laser is
fe=fi+ (&=1D,, ,  for 1=k=N | (6.2.1)

Signals of the N numbers of laser are combined with an NXM optical fiber
coupler and transmitted to M numbers of receiver. Each receiver is able to
tune to any one of the signal channels by adjusting its local oscillator (LO)
frequency f, to such that f, = f, — f,., where 7, is the intermediate fre-

quency (IF) of the receiver.

It is understood that in coherent optical fiber communications, it is
desired to keep IF to be minimum since the equalized receiver noise spectral
density typically increases with the frequency. Thus it is assumed here that the
IF is smaller than the optical-domain channel spacing D,,,
arranged between the desired channel and the nearest adjacent channel. In this
case, two arrangements are possible; one is to locate f, to be closer to the
desired channel than the nearest adjacent channel leading to the smallest IF,
and the other is to locate it closer to the nearest adjacent channel than the
desired channel leading to the second smallest IF. In the analysis of this

chapter, the use of the former arrangement is first considered, and it is

assumed that kth channel is a desired channel, so that f, is located between

so that f, is-
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kth channel and (k-1)th channel and is closer to the kth channel than the (k-
I)th channel. With such arrangement, (k-I)th channel becomes the nearest

adjacent channel and the main source of crosstalk.

Because a balanced receiver can eliminate the direct-detection- and
channel-cross-channel interferences in multichannel coherent systems, in the
system of Fig.6.1 such kind of receiver is assumed to be used. In this case

output photocurrent of each of M numbers of receiver shown in Fig.6.1(a) is

given as
I(t) = AS(t) + C(2) + n(r) (6.2.2)
where :
A = 2R\/P,P, (6.2.3)
§(#) = m(t) cosQ@mfipt + (1) + 0,(2)) (6.2.4)

c@) = § m,(t) B, cos[2nfpt + 2m(i—k)D,,,t + b, (t) + 6,()] (6.2.5)
i1
1wk

B, = 2R\/P,P_ : (6.2.6)
Here 5(r) denotes the desired signal of the desired channel, C(¢) the crosstalk
terms due to image-band interference of adjacent channels, n(¢) the noise term
including shot noise and electrical circuit noise, subscript ¥ refers to the

desired channel, R is the detector responsivity, P, the LO power, P, the signal

power of desired channel, P, the signal power of the ith adjacent channel, N-

the channel number, m,(¢) and o, (¢) the amplitude- and phase-modulation sig-
nal for the ith channel, and ¢,(¢) the laser phase noise. The single-sided power

spectral density of the noise »(¢) in the receiver is
M = 2eRP, + 2i? for f£>0 (6.2.7)

where ¢ denotes the electron charge, P, the detected total power, and i, is the

receiver noise current including the noise of photodetector, load resistor, and

preamplifier.
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6.3 Amalysis of crosstalk due to excess shot noise
In a single-channel coherent system, the detected total power P, is
Pp =P, + P, (6.3.1)
so that the noise power at the filter output i;
ol = 2B[eR(P, + P,) + i?] (6.3.2)

where B is the bandwidth of the filter. The first and second terms of
Eq.(6.3.2) denote shot noise due to LO and signal power, respectively.
Because P, >> P,, in general the shot noise due to signal power P, can be
ignored compared with that due to LO power P,, resulting in the achievement

of shot-noise-limited detection.

On the contrary, in an N-channel system, the detected total power P,

is
N
P.=P, + 3P, (6.3.3)
il
thus the noise power at the filter output is

o2, =2B[eR(P, + §Pr,) + i2] (6.3.4)
w1

In the case that the transmitted optical power for each channel is equal, |

Eq.(6.3.4) becomes to be
o2, = 2B[eR(P, + NP,) + i?] (6.3.5)

It can be seen from Eq.(6.3.5) that the shot noise in a multichannel system is
larger than that in a single-channel system by 2¢R(N—1)BP,, which is called
excess shot noise, and results from undesired channels. Because the LO
power is finite, when N is large, the shot-noise-limited detection can not be

achieved as in single-channel systems, causing an occurrence of power

e
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penalty. Here sensitivity penalty stemming from the excess shot noise is calcu-

lated.

Referring to Eq.(6.3.5), the signal-to-noise ratio (SNR) at the filter

output in an N-channel system is expressed as

RP
SNR = : (6.3.6)
eB(1+ NP, + by
( P, eRPL)

On the other hand, BER of a heterodyne receiver can be approximately given
3]
as

BER = -—Z:Lexp (- « SNR) (6.3.7)

where « is a constant depending on modulation formats (o = % for ASK

scheme and FSK single-filter scheme, 71{ for FSK dual-filter scheme, and —;— for

PSK scheme). Therefore, the sensitivity penalty caused by the excess shot
noise can be calculated using Egs.(6.3.6) and (6.3.7), and be given as

RP, + Be/o log(2BER)

Penaty = RP, + BeN/o log (2BER) (6.3.8)

Figure 6.2 shows the calculated maximal permissible bit-rate for ASK
scheme under different LO powers to confine power penalty due to the excess
shot noise within 0.1dB at BER=10'9; as a function of channel number. It is
found that the permissible bit-rate is strongly dependent on LO power. For
example, the permissible bit-rate is about 900Mbit/s for an ASK system hav-
ing a channel number of 500 and an LO power of 0.5mW, however, it
becomes to be 1.8Gbit/s when LO power is increased to 1mW. Figure 6.3
shows the calculated maximal permissible bit-rate for ASK scheme to confine
power penalty due to the excess shot noise within the desired level at

BER=10'9, as a function of channel number, where an LO power of 1mW is
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assumed. A comparison of ASK scheme with FSK single-filter scheme, FSK
dual-filter scheme and PSK scheme is shown in Fig.6.4, where an LO power
of ImW and a power penalty of 0.1dB are assumed. It is found that the per-
missible bit-rate of PSK scheme is the largest among these schemes. This is
because that PSK scheme has a higher sensitivity than ASK and FSK schemes,

9

so that the needed signal power to achieve BER=10"" is lower than that in

ASK and FSK schemes, causing a smaller excess shot noise.

6.4 Analysis of crosstalk due to image-band interference

It is understood from Eq.(6.2.2) that in multichannel coherent sys-
tems, signals received by a receiver contain a crosstalk component C(t) due to
intermodulation interferences including image-band interference, direct-
detection interference, and channel-cross-channel interference. Since tﬁe
influences of direct-detection interference and channel-cross-channel interfer-
ence can be removed by using a balanced receiver, image-band interference
becomes a main cause for crosstalk. The crosstalk due to image-band inferfer-
ence comes from signal powers of adjacent channels fell within the bandwidth
of IF filter for the desired channel. The sensitivity degradation due to image-

band interference is calculated here.

6.4.1 General analysis

When channel spacing is large, an approximate frequency domain
analysis, in which the noise spectra due to image-band interference are
assumed to be Gaussian noise-like spectra (that is, the crosstalk probability
density function is approximated to the Gaussian probability density func-
tion), leads to simple BER expressions, and gives almost the same results as

that of exact time domain analysis[ézl. Therefore, a frequency domain
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analysis is conducted here. For simplicity, the shot-noise-limited state is
assumed, and the excess shot noise is ignored. In this case, noise power, o2,
of the receiver of desired channel can be expressed such, as the sum of shot

noise due to LO power and that due to crosstalk-induced noise, that

o? = o2 + g2 (6.4.1)
where o? denotes the shot noise caused by LO poy‘wer P,, and ¢? the noise
power due to image-band interference, which can be calculated as

ot = 6. IH() Par (6.4.2)

where G,(f) is the normalized spectral density (NSD) of the crosstalk terms
represented by Eq.(6.2.5), and H(f) the transfer function of IF bandpass filter
(BPF) used in the receiver for desired channel. Here the use of an ideal BPF

having twice Nyquist-limit bandwidth is assumed. That is,

1 for f—fr|=R,
]H(f) lz - {0 for If—fIF |> 'Rb (6.4.3)

where R, is the bit-rate.

Since information signals to be transmitted are independent of laser

phase noise, G,(f) can be expressed as[63]
N N
Gc (f) = 121 Biszi(f)*Gbi(f'ffzp'*(i“k)Dpp;) (6.4.4)

ivk

where * denotes the convolution, G,,(f) the NSD of modulation signals for ith
channel, and G,,(f) the NSD of carrier of ith channel. G,,(f) is determined by

pulse shape and modulation format. Thus the degradation of sensitivity due to

crosstalk can be calculated by Eq.(6.3.7) and Eqs.(6.4.1)-(6.4.4), and gives

Pcnatzy = L (6.4.5)

02
1+ —= log(2BER
2o 08(2BER)




85

6.4.2 Crosstalk penalty in an idealized multichannel system

Consider firstly an idealized multichannel coherent system in which the
transmitters and the LOs have negligible phase noises, and all the channels
have the same bit-rate, the same optical power and the same type of modula-
tion format. In this case, the carrier of each channel can be considered to be a
complete sine function, and whose NSD, G (f), is given by a Delta function

as

Gy (f) = 8(f) (6.4.6)

so that the noise power caused by the crosstalk due to image-band interfer-

ence can be calculated as

N  pfy+R
o2 = A? 3 f:-R: G, (f——fn,+(i-—k)Dap,) df (6.4.7)

vk

A. Crosstalk penalties in multichannel systems with ASK and PSK modula-

tion formats

The single-side NSDs of ASK and PSK signals are[63]

Gun(F) = “EIP (A + L 8(r) (6.4.8)

and

Gur () = SLIP ()P (64.9)

where |P(f)]| is the power spectral of signal pulses used as modulation signals.
When non-return-to-zero(NRZ) rectangular pulses are used, |P(f)|? is given

as

P(F)* = -1}1;2- sinc? [-I.i%]

where sinc(-) is a sinc-function defined as
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sinc(x) = sin(mx)

wnx

It is found that the NSDs of ASK and PSK signals are of similar profile, but
the NSD of ASK signals contains an additional carrier component 8(f). By
Substituting Eqs.(6.4.8) and (6.4.9) iI;tO Eq.(6.4.7), the noise power caused
by image-band interference due to adjacent channels can be calculated, and

the crosstalk induced penalty can be consequently calculated from Eq.(6.4.5).

Figure 6.5 shows the calculated crosstalk induced penaitics at
BER= 10'9 for ASK and PSK schemes under different channel numbers, as a

function of optical channel spacing normalized by the bit-rate D,,/R,. In the

opt
analysis an IF of R, is assumed for simplicity. It is found that the power
penalties are decreased with the increase of channel spacing and depend on
channel number. However, there are no difference in the calculated results
for 10-channel and for 50-channel systems. It is also found that the calculated

results for ASK and PSK schemes are equal to each other, in spite of the

difference in their NSDs. This is because that in the receiver the Delta-like |

component of NSD of ASK signals (i.e., second term of Eq.(6.4.7)) is out-
side the bandwidth of IF filter of the desired channel, so that the crosstalk is
only caused by the first term of Eq.(6.4.7), which is common to both

schemes.

B. Crosstalk penalty in multichannel systems with FSK modulation format

The single-side NSD of FSK signals is dependent on the modulation

index A, and is given as follows for integer A(=1, 2, 3,...):

Gmp(f) = SI]éb [sinc [-‘&% - —‘%—] - (._1)A sinc ['1‘2% + %—] ]2

Aol e

-
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For A=0.5,1,52.5,...:

G (f) = 1 [.wim:2 [-f- - A—]-cosz - [_f__ - A_]

2R, R, 2 R, 2
inc | Lo — A | f o A L
+ sinc [ R, 2 ] sinc [ R, + ) ] cos2m X,
2 | L+ A e [ A '
=+ sinc [Rb + 5 ] cos“qr [Rb + > ]] (6.4.11)

Since BER of a multichannel FSK single-filter system is the same as that of
ASK system, the crosstalk induced penalty can be calculated with Eqs.(6.4.5),
(6.4.7), (6.4.10) and (6.4.11). However, in a multichannel FSK dual-filter
system, noise power caused by the crosstalk is different for mark and space
signals, giving different expressions of the BER (see Appendix A). In this

case the noise power due to crosstalk is given as

fp—fatRy

2 2 u
o-c =A igl J-;IF"fd"Rb Gm (f _fIF+(l—k)Dopt) df
itk

N pfio+f,+R
a4l i?l j;I;if;Rbb G (f"f": +(i—k)D”P’) daf | (6'4‘12)
itk

so that the crosstalk induced penalty can be calculated with Eq.(6.4.5), and
(6.4.10)-(6.4.12).

Figure 6.6 shows the calculated crosstalk induced penalties at
BER=10"" for CPFSK (A = 0.5) and for FSK (A = 2) dual-filter scheme under

different channel numbers, as functions of D,,/R,. It is found that the penal-

opt
ties in FSK schemes are almost independent of channel number, and that the
channel spacings needed to keep the penalty less than desired levels in FSK
schemes are smaller than that in ASK and PSK schemes. These are because
that the NSDs of both ASK and PSK schemes are of second roll-off, while
that of FSK scheme has a fourth roll-off, so that in FSK scheme noise power

caused by adjacent channels (except for the nearest channel) becomes negligi-

-
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bly small.

6.4.3 Crosstalk penalty considering the influence of laser phase noise

In a practical system using semiconductor lasers as both transmitter
and LO, the carrier in each channel can not be considered to be a complete
sine function because of the existence of laser phase noise. The laser phase

noise ¢,(¢) is a nonstationary Wiener process:

6,0 = [ b, (6.4.13)

where () is the instantaneous angular frequency noise, which can be
modeled as a white zero-mean Gaussian random process with the power spec-

tral density (PSD) given as

S, = 2mAv for —w<f<w (6.4.14)
where Av is the full width half maximum (FWHM) linewidth at the IF stage,
i.e.,

Av = Av, + Ay, (6.4.15)

where Av, and Av, are the linewidths of transmitter and LO respectively. The

PSD given by Eq.(6.4.14) corresponds to the Lorentzian laser line shape[64],

the NSD of which is given as

_ 2wAv |
Gy, (f) = @uf 2+ (mAvy (6.4.16)

so that the crosstalk induced penalty including the influence of laser phase
noise can be calculated with Eqgs.(6.4.4), (6.4.5), (6.4.8)-(6.4.11) and
(6.4.16).

The calculated crosstalk induced penalties are shown in Fig.6.7 as

functions of the ratio of channel spacing to bit-rate (here the channel spacing
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in IF stage D,,/R, is considered, as will be described latter, D, = D, = ),
under different ratios of laser linewidth to bit-rate (AwR,). Here a two-
channel system is considered for simplicity. Figure 6.7(a), (b), (c) and (d) are
the calculated results for ASK, PSK, CPFSK and FSK dual-filter schemes.
Figure 6.8 shows the needed electrical channel spacings for various modula-
tion schemes for a penalty of 0.1dB at BER= 10'9, as functions of AwR,. It is
found that the needed channel spacings are not equal to each other for ASK
and PSK schemes when Av is large. This is because that when the carrier of
light source is phase fluctuated, compared with the NSD of PSK scheme, the
NSD of ASK scheme contains an additional Lorentzian-like component which
is not band-limited, causing an appearance of noise power. It is also found
that the penalty increases rapidly when AwR, exceeds 1/10 in ASK and PSK
schemes, and in FSK schemes the influence of laser phase noise on crosstalk

induced penalty is more critical than those in ASK and PSK schemes.

6.5 Discussion

6.5.1 Selections of IF and f,

As has been described in Section 6.2, there are two approaches to
arrange the frequency, f,, of LO; one is to locate f, closer to the desired
channel than the nearest adjacent channel, and the other is to locate it closer
to the nearest adjacent channel than the desired channel. In the former
arrangement, f,, < D,,,/2, and D,, = D,,, + 2f,. In this casé, the crosstalk gen-
erated by the (k-I)th channel is much stronger than that generated by (k-2)th
or (k+1I)th channels, because the (k-1)th channel is the closest to the desired

channel. In the later arrangement, f,, should be larger than D,,/2 to separate

opt

the channels completely, and both the (k-I)th channel and the (k-2)th channel
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may be the nearest adjacent channel depending on the selection of IF. When
fir = 3D,,/4, the (k-I)th and the (k-2)th channels are located symmetrically
about the desired channel at the IF stage, generating the smallest crosstalk. In
this case, D,, = 2D,,. For a certain -D,,, the second arrangement will have
twice the crosstalk power as that of the first arrangement, because the same
amount of crosstalk is generated by both the (k-I)th and the (k-2)th channels.
Therefore, the first arrangement is more advantageous than the second one

except for the special case that a large IF is needed.

6.5.2 Influences of IF and power level of adjacent channels

In the analyses of Section 6.4, a fixed IF (=R,), and the same light
power for all channels are assumed. In a practical system, these may not be
all the case, so that different crosstalk penalties can be resulted. The
influences of these factors are discussed here. In following calculation a two-

channel system is assumed for simplicity.

Since the channels in multichannel coherent systems are separated at
IF stage, the crosstalk induced penalty at IF stage depends on the electrical

channel spacing, D,, , rather than on the optical channel spacing, D, ,. There-

opt*
fore, it is important to arrange IF because when the optical channel spacing is
fixed, an increase of IF will cause a decrease of D,, at IF stage, and conse-

quently an increase of penalty.

Figure 6.9 shows the needed optical channel spacings for a crosstalk
penalty of 0.1dB at BER=10" versus the ratio of IF to bit-rate (f,./R,) for
various modulation formats. It is found that the normalized permissible chan-
nel spacing, D, /R,, increases by 2Hz for every 1Hz increase of f, . Figures
6.10 and 6.11 show the needed optical channel spacings for a crosstalk penalty

of 0.1dB at BER=10'9 for various modulation formats, as functions of the
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ratio of channel powers p, where p is defined as P,/P,. It is found that the per-
missible channel spacing increases with the increase of signal power of adja-
cent channels in ASK or PSK Scheme, while in FSK scheme it is almost main-
tained to be constant. This is again resulted from the fact that the NSD of
ASK or PSK scheme is of second roll-off, while that of FSK scheme has a
fourth roll-off.

6.5.3 Infiluence of type of IF filter

It is understood from Eq.(6.4.2) that the crosstalk induced noise is
dependent on the transfer function of IF BPF used in the receiver for desired
channel. All of the above analyses are performed under an assumption of use
of an ideal filter. However, in a practical system, so-called Butterworth- or
Tchebyshev-type filter rather than the ideal filter is commonly utilized: Here

the influence of type of IF filter on crosstalk is discussed.

The transfer functions of Butterworth- and Tchebyshev-type filter are

given respectively, as[63 ]
H O = — (6.5.1)
IF
' [ B ]
and,
|H () = '1::51.—3‘(7)' (6.5.2)

where B is the bandwidth of IF filter, € a constant expressing the ripple of the

filter, and T2(f) the Tchebyshev polynomial expression given as

I = [f 2 VAl [f fm])
. _%_[i:_f.zz_._ V- [j_;ng_]’] (6.5.3)

B

-
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Thus the crosstalk induced penalty can be calculated similarly as done in Sec-
tion 6.4.

The crosstalk penalty differences between the Butterworth-type filter
and ideal filter for ASK and PSK schemes under different orders of filter are

shown in Fig.6.12, as functions of D,,/R,, where P, denotes the crosstalk

opt
induced penalty using the ideal filter, and P, that using the Butterworth-type
filter. Fig.6.13 shows the calculated results for the Tchebyshev-type filter,
where P, is the crosstalk induced penalty using the Tchebyshev-type filter. In
the calculation, B = 2R, and a two-channel system are assumed for simplicity.
Figure 6.14 shows comparisons among a S5th order Butterworth-type, a 5th
Tchebyshev-type filter and the ideal filter. It is found that there are no differ-
ence among them when channel spacing is larger than 6 times bit-rate, sug-

gesting that the error caused by the approximation of the filter transfer func-

tion can be ignored in the analysis.

6.5.4 Influence of pulse shape

It can be seen from Eq.(6.4.2) that the crosstalk induced noise is also
determined by the NSD of signals. On the other hand, the NSD of signals is
dependent on pulse shapes of received signals. In general systems the NRZ
rectangular pulses with spectral of non-bandlimited are used as transmitting
signals. However, the received signals are no longer a NRZ rectangular
pulses because of the limited bandwidth of modulators and the bandpass
filtering of the receiver. The crosstalk induced penalties for two-channel ASK
and PSK schemes are calculated here using three types of signal pulse: Gaus-

sian pulse, cosine pulse, and raised cosine pulse.

The power spectra of Gaussian pulse, cosine pulse and raised cosine

pulse are given respectively as[65]
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P(f) = —\E’—'r exp [— [m]z] (6.5.4)
P(f) = Zocaluln) (6.5.5)

and

P(f) = ——Ltl*i‘i"éfi); (6.5.6)

=1
where T 7

b

The pulse shapes and corresponding spectral densities used in the cal-
culation are shown in Fig.6.15, where curve "a" is the model for NRZ rec-
tangular pulse, curve "b" that for cosine pulse, curve "c" that for Gaussian
pulse, and curve "d" that for raised cosine pulse. The calculated crosstalk
induced penalties for ASK and PSK schemes at BER=10" are shown in
Fig.6.16. It is found that the penalty can be significantly reduced by choosing
shapes of signal pulse. For example, the needed channel spacing of systems
with the raised cosine pulse for a power penalty of 0.5dB is 1/3 times that of

systems with the NRZ rectangular pulse.

6.5.5 Influence of bandwidth of IF filter

As described in Section 6.2, crosstalk due to image-band interference
is caused by the powers of adjacent channels fell within bandwidth of IF filter
of the receiver for desired channel, so that a wider bandwidth of IF filter will
cause a larger crosstalk induced penalty. Figure 6.17 shows the calculated
permissible channel spacings normalized by bit-rate for a penalty of the
desired level for two-channel ASK, PSK and CPFSK with A = 0.5 (referred to
as MSK) schemes, as functions of the normalized bandwidth of IF filter,
where curves "a" and "c" show the results for a penalty of 0.1dB, and curves

"b" and "d" show that for a penalty of 0.5dB. It is found that the needed
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channe] spacing is proportional to the bandwidth of IF filter with a factor of
1/2 in an MSK scheme, and that the same results are obtained in ASK and
PSK schemes when the bandwidth of IF filter becomes wider.

In FSK scheme of modulation index larger than 0.5, the bandwidth of
IF filter can not be chosen arbitrarily, and is limited by the modulation index.
Therefore, the permissible channel spacing is directly dependent on the modu-
lation index rather than the bandwidth of IF filter. Figure 6.18 shows the per-
missible channel spacing versus modulation index for FSK scheme to confine
the penalty within a desired level, where an IF of f, + R,, and the bandwidth
of IF filter of R, are assumed. It is found that in an FSK single-filter scheme
the permissible channel spacing is proportional to the modulation index with a
factor of 1, and that in an FSK dual-filter scheme it is proportional to the

modulation index with a factor of 2.

6.5.6 Comparison of calculated and experimental results

To confirm the present theory, the calculated results are compared
with experimental results here. The crosstalk induced penalty considering the
influence of laser phase noise in a two-channel ASK system has been calcu-
lated with the same parameters used in the experiment by Park et al.[35],
where Av/R, = 0.5 and the bandwidth of IF filter of 6.7 times bit-rate are used.
Figure 6.19 shows both the calculated and the experimental results, where
open circles are the measured crosstalk penalties, and the solid curve the

theoretical results obtained from the present analysis. It is found that a good

agreement is obtained.
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6.6 Conclusions

In this chapter, the crosstalk induced penalties due to excess shot noise

and image-band interference are analyzed theoretically. It is found that

M

)

@)

(4)

()

(6)

The crosstalk penalty caused by excess shot noise is dependent on LO
power, and at the same time it determines the bit-rate and channel
number. When a typical LO power of 1mW is used, the permissible bit-
rate and channel number for a penalty of 0.1dB is 2Gbit/s and 500.

The crosstalk penalty due to image-band interference is dependent on
modulation scheme, laser linewidth, type of IF filter, pulse shape and
bandwidth of IF filter. In an idealized system, ASK and PSK schemes
have similar crosstalk induced penalties and require larger channel spac-

ing than FSK schemes.

The existence of laser phase noise causes an increase of the crosstalk
induced penalty, and FSK systems are more sensitive to laser phase noise

than ASK and PSK systems.

The noise power due to crosstalk is determined by the electrical channel
spacing rather than the optical channel spacing. Therefore, an increase of
IF causes a decrease of electrical channel spacing and consequently an
increase of crosstalk when the optical channel spacing is fixed, and it is
better to locate the LO frequency closer to the desired channel than the

nearest adjacent channel.

The crosstalk penalty depends also on the type of IF filter. However, in a
system using the Butterworth- or Tchebyshev-type filter it can be approx-

imately dealt with as ideal filter without causing any extra penalty.

The crosstalk penalty can be significantly reduced by choosing proper

shape of pulses as signal pulses. For example, the needed channel spacing

-



(7)

(8)
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of systems with raised cosine pulse for a power penalty of 0.5dB is 1/3
times that of systems with NRZ rectangular pulse.

The needed channel spacing is proportional to the bandwidth of IF filter
with a factor of 1/2 in an MSK scheme, and similar results are obtained
in ASK and PSK schemes when the bandwidth of IF filter becomes wider.
In FSK scheme with modulation index larger than 0.5, the bandwidth of
IF filter can not be chosen arbitrarily, but is limited by the modulation
index. In an FSK single-filter scheme the permissible channel spacing is
proportional to the modulation index with a factor of 1, and that in an
FSK dual-filter scheme it is proportional to the modulation index with a

factor of 2.

The results obtained from the present theory show good agreements with
the experimental results reported by others, suggesting the validity of the
theory.
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Fig. 6.2 Calculated maximal permissible bit-rate for ASK scheme under dif-
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crosstalk induced penaity using the ideal filter, and P, that using

the Butterworth-type filter.
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an ideal filter versus normalized channel spacing for ASK and PSK

schemes under different orders of filter, where P, is the crosstalk

induced penalty using the Tchebyshev-type filter.
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CHAPTER 7

Conclusions

Phase-noise-canceling heterodyne schemes (PNCHSs) and multichan-
nel coherent optical fiber communication systems are studied theoretically and

experimentally in this thesis.

The theoretical analysis shows that a dual-polarization PNCHS is
advantageous for low bit-rate systems in which lasers used as transmitter and
LO have relatively large linewidth (>0.007 times bit-rate), and that the f)er—
formance of dual-polarization PNCHS is sensitive to loss in orthogonality of
polarization. For example, the permissible loss in orthogonality of polariza-
tion is about 9 degrees for a power penalty of 1dB. Theoretical and experi-
mental studies indicate that the loss in orthogonality of polarization is small in

typical fibers and fiber couplers, suggesting the feasibility of the scheme.

It is shown that the performance of dual-frequency PNCHS is the
same as that of the dual-polarization PNCHS. A receiver sensitivity of
-48.9dBm is obtained at BER=1O'9 in the experiment of BER measurement
of a 20Mbit/s PSK dual-frequency PNCHS. The measured BER curve shows
that no BER floor appeared even for Av/R, = 1, which suggests the successful
cancellation of laser phase noise. A polarization diversity dual-frequency
PNCHS is also proposed and analyzed. It is found that the proposed scheme
is available for low bit-rate systems having small frequency separation and

using a fiber with small polarization dispersion.
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A dual-waveguide PNCHS having the same performance as that of the
dual-polarization and the dual-frequency PNCHSs is proposed and analyzed
theoretically. It is shown that the receiver sensitivity of the scheme depends
on the difference in propagating characteristics of fibers used as transmission
paths, and that it should be less than 0.08w to keep power penalty below 1dB.
An improved dual-waveguide PNCHS insensitive to fiber characteristics is

also proposed and discussed.

Theoretical and experimental studies on a time-division PNCHS show
that the proposed scheme has a better sensitivity than the conventional DPSK
scheme when the ratio of laser linewidth to bit-rate is larger than 0.009, and
that the permissible time delay difference for a penalty of 1dB is 0.04 times
carrier frequency. The proposed scheme can be combined with polarization
diversity receiver without causing any penalty. Experimental results of elec-
tronic simulation model of the time-division PNCHS confirmed the principle

of the scheme.

Crosstalk induced sensitivity penalty of multichannel coherent systems
are analyzed considering crosstalks due to excess shot noise and due to

image-band interference. The crosstalk induced penalty due to excess shot

noise is dependent on LO power, and determines bit-rate and channel

number. When a typical LO power of 1mW is used, the bit-rate and channel
number should be less than 2Gbit/s and 500 respectively, to confine the
crosstalk induced penalty within 0.1dB.

Crosstalk induced penalties due to image-band interference for various
modulation schemes are analyzed considering the influences of laser
linewidth, type of IF filter, pulse shape and bandwidth of IF filter. In a phase
noise free case, ASK and PSK systems have the same penalty and require

larger channel spacing than FSK systems. The existence of laser phase noise
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causes increase of penalty, and FSK systems are more sensitive to laser phase
noise than ASK and PSK systems. Since noise power due to crosstalk is deter-
mined by electrical channel si:acing rather than optical channel spacing, an
increase of IF causes a decrease of electrical channel spacing and consequently
an increase of crosstalk when the optical channel spacing is fixed. The
crosstalk induced penalty can be significantly reduced by choosing signal

pulses with narrow spectrum.

The needed channel spacing is proportional to the bandwidth of IF
filter with a factor of 1/2 in MSK scheme, and similar results are obtained for
ASK and PSK schemes when the bandwidth of IF filter becomes wider. In
FSK schemes with modulation index larger than 0.5, the bandwidth of IF
filter can not be chosen arbitrarily, but is limited by the modulation index. In
an FSK single-filter scheme the permissible channel spacing is proportional to
the modulation index with a factor of 1, and in an FSK dual-filter scheme,
that is proportional to modulation index with a factor of 2. The calculated
results from the present theory show good agreements with experimental

results reported by others, suggesting the validity of the theory.
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APPENDIX

BER formula of a multichannel FSK dual-filter envelope

detection system considering crosstalk induced noise

BER formula of a single-channel FSK dual-filter scheme can be found
in common text books. However, because crosstalk induced noise in a mul-
tichannel FSK dual-filter scheme is different for mark and space time-slots,
BER formula of multichannel FSK dual-filter scheme is not equal to that of
single-channel scheme. Here BER formula of a multichannel FSK dual-filter

envelope detection scheme is derived.

Assuming that the received signal power is A%, and noises for mark

and space signals are N, and N, respectively, we have

N, = o} + o}, (A1)
and

N,

, =03 +ol (A2)
where o? is the shot noise, and o2, and o2 the crosstalk induced noises for

mark and space signals respectively. In general, ¢2, is different from o2.

cm

When a mark signal is transmitted the probability density function of

the receiver for mark signal is given by a Rice distribution as

P = 221y =) exp - B @)

m m m

whereas that of the receiver for space signal is given as

2

pc) = 1 exp - 72 (a9

¥ s
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An error occurs so long as r,>r,, , then BER is given as

BER™ = prob. (r,>r,) ,
= [ e [ p@yar, o, (AS)

By substituting Eqs.(A3) and (A4) into Eq.(AS), Eq.(AS) is simplified as

N, A?
BER. = N+ W, e"P[ 3, TN, ] (A6)

Similarly, when a space signal is transmitted the probability density

function of the receiver for space signal is given as

r, Ar, rk+ A?
p(r) = E'Io [‘7\;’-] exp [“ N, ] (A7)
whereas that of the receiver for mark signal is given as
- ._r_"_‘_. [__ d n% ( AS) '
r (r m/) Nm €xp 2Nm
An error occurs so long as r,, >r,, thus BER is given as
BER® = prob.(r,>r,)
= [ e [ p@ydr, arn, (A9)

By substituting Eqs.(A7) and (A8) into Eq.(A9), Eq.(A9) is simplified as

= N AT
BER, = N+ N, exp[ 2. TN, ] (A10)

Thus the total BER is
BER = —;—-(BER,,, + BER,)

= -21- exp [—- TN A_: ) ] (A11)



