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Simulation of Single-Channel Optical
Systems at 100 Gb/s

Dietrich Marcuse Life Fellow, IEEE,and Curtis R. MenyukFellow, IEEE

Abstract—With the help of a computer simulation, we have relatively short shrift. In much of the work to date, it has been
investigated the co_nditio_ns under which the_ transmission of light gssumed that these high-speed, single-channel networks would
pulses through optical fibers may be possible over thousands of be based on standard soliton transmission [2], [3], but the use

kilometers at a bit rate of 100 Gb/s. Employing an amplifier - e S
spacing of only 20 km, nonreturn-to-zero (NRZ), return-to-zero of standard solitons limits the transmission length to around

(RZ), and dispersion-managed solitons (DMS’s) may all be useful 100 km [3].
provided that certain additional conditions are met. These include  In this communication, we show that by using both rel-

dispersion management by means of a dispersion map, a reducedatively short amplifier spacings and dispersion maps—both
dispersio o . _ . are 20 km—it is possible to transmit signals as much as
n slope, low polarization mode dispersion (PMD), and in-line . . S
optical filters. 2000.km with acggptable eye openings. The key point in
lowering the amplifier spacing is that it allows us to lower
the accumulation of amplified spontaneous emission (ASE)
noise. The rate at which noise accumulates is proportional to
[exp(aLamp) — 1]/ Lamp, Wherea is the fiber attenuation rate
and L., is the amplifier spacing. By reducing the amplifier
l. INTRODUCTION spacing from 80 km, which is common in current terrestrial
ESPITE the great success of wavelength division mulgystems, to 20 km, we reduce the rate of noise accumulation
plexed (WDM) systems in achieving high-capacity trand?y @ factor of 6. Depending on the signal format and the
mission, there remains interest in exploring the capabilities @stance we propagate, we are then able to achieve acceptable
high data rate, single-channel systems for at least specialify@ diagrams with peak powers comparable to those in current
applications. In this communication we investigate by meagystems. The key point in lowering the map period at 100 Gb/s
of computer simulations the possibility of transmitting a singlés that with the larger bandwidth of the channel, the periodic
channel at 100 Gb/s over 500 km or more. The length 6f nearly periodic oscillations in the dispersion map are large
500 km would be sufficient, for example, to connect mar§nough to disrupt the four-wave mixing but are not so large
of the major government laboratories in the Washington, Dat they lead to excessive intersymbol interference between
area. Point-to-point links using a return to zero (RZ) puld&e bits.
format have been studied by Saruwatari and his colleaguedVe studied nonreturn-to-zero (NRZ), return-to-zero (R2),
in a series of ground-breaking experiments [1]. Typical prognd dispersion-managed soliton (DMS) propagation. The NRZ
agation lengths were 200 km. The key difficulties that thejulses are generated as perfect rectangular shapes with time
encountered were finding effective methods for clock recovediots of lengthZ’. These pulses are rounded by filtering with
and demultiplexing. Techniques for resolving these issues &&essel filter of order four and baseband bandwidith 85
Compared in detail in [1] In the last few years, there hdsHz. The RZ pulses used in this simulation have the following
been considerable interest in finding network designs tHaised cosine shape which is also impressed on the field
take advantage of the existing techniques, and consideradmwelope:
progress has been made [2], [3]. Moreover, there has been con-
. . : . 1 2m
tinued progress in developing the optical components needed f== [1 — cos <—t>}, foro<t<T. 1)
for these networks such as optical memories [4]. The task 2 T

of developing the optlca! pomponents ”eef_’ed for operatigh e pulses are launched without an initial chirp. While there
at 100 Gb/s and determining network architectures that CRNevidence that an initial phase modulation can lead to an

operate successfully with these components are so daunfing oeq performance in wavelength division multiplexed
that the task of optimizing the optical fiber transmission I'”sttems [5], we did not find it necessary in our system

itself to achieve the maximum possible distance has receivgfl, pys pulses are launched as Gaussian waveforms of the
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lower peak powers than standard solitons and are thus tiwe electric field of the light wave. The vector is normalized so

affected by the Raman effect. The Raman effect can serioutat|U|? represents the power carried by the guided wave. The

degrade soliton performance at high data rates [8]. argumentd of the sine and cosine functions equals twice the
In this communication, we consider prototypical RZ, NRZangle defining the orientation of the fiber’'s birefringence axis

and DMS pulses because all three pulse forms have beelative to a fixed coordinate system. The Pauthatrices are

the subject of recent experimental and theoretical studies, atefined as

we determine their tolerances to variations of the dispersion, )

power, polarization mode dispersion (PMD), and dispersiog, = <0 1>, 09 = <0 _Z>, o3 = <1 0), (3)

slope. However, note that there is no fundamental distinction 10 ¢ 0 0 -1

between the d!ﬁerent formats. When we raise the power Ofoinspection of the coupled nonlinear Sctiiriger equation

an RZ pulse, 't_ tends to contract as it propagates and Gis easy to see that the following scale transformation leaves

eventually look like a DMS pulse; conversely, when we Iowq{S solutions invariant:

the power of a DMS pulse, it tends to spread as it propagates

and can eventually look like an RZ pulse. In our simulations, , ;L *?p\ %

the NRZ pulses had no initial phase modulation and did not t=nrt, zZ=rz |\55) TE5
transform into RZ pulses, but work by others [5] shows that 53 ! 53 1

this is possible. <$> =r2 L |U'|? = - U2 (4)

Successful signal transmission at 100 Gb/s requires that sev-
eral additional conditions are met. To be able to reach distanelqﬁa scaling parameters, connects the original variables

of several thousand kilometers, even with DMS, requires a Iy, the transformed quantities that are marked with primes.
dispersion _slope in addition to a Care_fully designed dlspe_r5|grihce the nonlinear Sobdinger equation deals with the field

map. We find that a few thousand kilometers can be bridggfle|ope instead of the field itself, the scale transformation
with dp/dA = 0.03 ps/(nnf-km). PuI;e transSmission OVer e cg only the scale of the overall temporal and spatial pulse
long distances is also helped by using in-line filters [12}iqih byt not the carrier frequency or the wavelength of the

Finally, PMD must be kept low and the signal power mugfqsica field. Thus, the wavelengthand the angular frequency
be held within certain ranges which depend on the chosgn, .o not affected by it.

modulation format and become narrower as the transmissiofryis seale transformation reveals a number of interesting

distance is increased. . . properties. If we want to scale a system from operation at 10
We also looked at the influence of the Raman nonlinearity 100 Gb/s. we have = 0.1. Thus. if the 10 Gb/s system

and found that its contribution to our calculations did not aItGHegins to experience transmission difficulties at 10000 km

the results significantly. Therefore, it was not included in thg,o" 100 Gb/s system can bridge a distance of only 1000 km’.

discussions presented in this paper. Simultaneously, the period length of the dispersion map as
well as the dispersion valueg?3/dw?, must also be reduced

Il. SCALING Laws by a factor of 10 while the peak power of the pulses must

Transmitting light pulses through fibers becomes increa&? incrgased by agfactog of 10. Part.icularly troublesome is the
ingly more difficult as the bit rate increases. This fundamentdiSPersion sloped”3/dw". If a certain slope value could be
property can be seen by inspection of the coupled non”}glerate_d at 10 Gp/s, at 1_00 Gb/s the acceptable value of the
ear Schodinger equation which governs light transmissioiSPersion slope is 100 times smaller!

through very long optical fibers incorporating the influence 1he value of the differencelr in arrival time of pulses
of dispersion, PMD, and the Kerr nonlinearity of the fibe olarized in the two principal polarization states is not affected
[13], [14] ’ ’ y the scale transformation (4). This time difference is the

cause of PMD [15], [16]. However, of more practical interest
. L d(AB) 0U is the fiber length scaleprnp over which a signal pulse
+ (03 cos 6+ 0 sin ) <A/3U e dw Ot with bandwidthAr suffers an average temporal width increase
1 /d?8\ 9*°U i [d38)\ 93U (|A7|). From the relationshig|A7|) = Dpyp v Lpymp and
<w> a2 6 <$> 513 the fact that the permissible temporal spread is inversely

; ou
Oz

2

proportional to the signal bandwidth, we havgyp =
+’V[|U|2U— %(UT@U)@U} =0. (2)  1/D%,p(Ar)2. Therefore, the length scale is proportional

to (Av)~2. Since Av is proportional tol/x, it follows that
The z-coordinate measures the actual length along the fibgf,,,;, « «2. We thus find once again that the acceptable value
while ¢ refers to the retarded time measured relative to trﬁﬂ Dpyp for a fixed propagation length is reduced by a factor
moving pulsew represents the angular frequency of the carriap when scaling from 10 to 100 Gb/s.
wave which travels with the propagation constght The
constanty is defined asy = nsw/cA.g Where ny is the
nonlinear coefficient of the fiber; is the velocity of light in
vacuum, and. is the effective area of the guided fiber mode. Our simulation of the transmission is characterized by a
The field U is a two-dimensional vector whose componentgsrge number of different parameters, most of which did not
represent the envelope of the two polarization componentsalifange from simulation to simulation. For completeness, we

lll. SYSTEM PARAMETERS
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list a typical parameter set below, and mention deviations from 3 , , , .

these values whenever they occur.
bit rate 100 Gb/s of’ = 10 ps; L j
number of bits per word 64;
wavelength A = 1.55 um; 5 | |
amplifier spacing Lamp = 20 km; g E@%%%@g{gg
excess noise factor of amplifien, = 1.5; > \\‘zg/%‘\‘%‘\%%{\\\‘\%;,
effective mode area 5pm?; T S SR S
polarization beat length 50 m; o 2\
fiber correlation length 100 m; o
polarization mode dispersion Dpyp = 0;
dispersion map witD) = 0
period length 20 km;
first leg 5 km,D = 0.3 ps/(nm-km); 0
second leg 10 kmpD = —0.3 ps/(nm-km);
third leg 5 km,D = 0.3 ps/(nm-km); time (ns)
dlspersmn slope dD/d)‘ = 0.03 ps/(nrﬁ— Fig. 1. An eye diagram for NRZ-pulses which was judged to be acceptable.
km); The ratio of the eye opening to the average level of the upper rail of the
fiber power loss o = 0.2 dB/km; eye is 0.57.
nonlinear coefficient: ns = 2.6 x 10716 cm/W;
optical in-line Bessel filters: is caused substantially by intersymbol interference so tidat a
spacing: 20 km; factor computed according the above definition would have no
bandwidth: 500 GHz for DMS: 1200 GHz for €asily definable relation to the bit error rate. For this reason,
NRZ and RZ: we use as our criterion for “acceptable” system operation the
order number:  4: ratio of the eye opening to the average level of the top ralil

(pulse level) of the eye.

. For illustrative purposes, a “good” and a “just acceptable”
bandwidth: 85 GHz; eye diagram are shown for NRZ pulses in Figs. 1 and 2. An
order number: 5. eye diagram was deemed acceptable when the ratio of the eye

The full-width at half maximum (FWHM) of the Gaussiangpening to the average height of the top rail of the eye was

DMS pulses was 2.56 ps while the FWHM of the RZ pulsegrger than 0.3. In Fig. 1 this ratio is 0.57 while it is only 0.33

is 0.3647 = 3.64 ps according to (1). In this simulation, thejn Fig. 2. As can be seen in Fig. 2, it is often not immediately

amplifiers were modeled as multipliers with a flat frequencybvious which part of the diagram represents the eye opening.

response that do no more than compensate for the fiber lasgce there are as many pulses as there are spaces in our 64

However, at each amplifier the appropriate amount of randasit word pattern, there must be 32 lines above and 32 below

Gaussian noise is added to each component of the Foufigs opening. Therefore, we identify the smaller areas labeled

spectrum of the optical signal. “eye” as the true openings and not the larger open areas at a

The in-line filters were given a different bandwidth for DMSsjightly higher level.

and NRZ as well as RZ modulation because the DMS spectrumpe consider systems of 500, 1000, 1500, and 2000 km in

remains more or less constant along the fiber while the speqéagth. In the case of DMS modulation, the middle section

of the NRZ and RZ signals become increasingly wider byf the dispersion map was set Bt= —0.25 ps/(nm-km) so
self-phase modulation, so that it was considered necessary-& the average anomalous dispersion of one period of the
provide them with a wider spectral range to grow into. Thgispersion map wagD) = 0.025 ps/(nm-km).

final so-called electrical filter operates at baseband and filtersThe dependence of the system performance on the path-

the square magnitude of the signal. averaged peak power of the launched pulses is summarized

in Fig. 3. Path averaging is used since analytical solutions

IV. TOLERANCES TOVARIATIONS OF THE PEAK PULSE Power  Of the nonlinear Sciidinger equation are usually given for

Ideally, an assessment of the satisfactory operation of t'i?gSSIess fibers. In a real system, fiber loss is compensated by
' . . riodically placed optical amplifiers so that the pulse power
system should be based on bit error rates. However, this fig i yp b P P P

of merit is notoriously difficult to estimate from computer, s and rises due to the interplay of loss and amplification.
y puterz many purposes, a path average of the pulse power can

simulations. Closely related to the bit error rate is anothggrve as a good approximation to the fixed power levels of
figure of merit, the-factor, which is defined as the difference lossless system. By definition, the relation between path-
between the average levels of the pulses and spaces divigeé’raged powerP. to pulse pe’ak powerP,, at the fiber

: e .av
by the sum of their standard deviations. However, the relat'?r?put (launched power) is given by

between? and the bit error rate exists only if the spread of the
levels is caused entirely by noise. In most real systems, as well P, = 1 — exp(—aLamp) P.. (5)
as in our simulation, the spreading of the pulse and space levels aLamp

electrical Bessel filter:
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Fig. 4. Tolerance of the 100 Gb/s systems to variations of the average
dispersion.
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Fig. 2. An eye diagram for NRZ-pulses which was judged to be barelyyerage dispersion, RZ pulses would perform better at higher

acceptable. The ratio of the eye opening to the average level of the upper S .

rail of the eye is 0.33. ower levels and would become indistinguishable from DMS
pulses. Likewise, DMS pulses could operate at higher power

levels if the average dispersion were raised abjd¥e= 0.025

100; " u DS ‘ ‘ ' ] ps/(nm-km). As mentioned in the introduction, there is no
I DMSI pMS | ] fundamental distinction between RZ and DMS modulation
10 £ 4 formats. At 2000 km, the NRZ-system works marginally at
’é‘ b I ] the 1 mW average peak power level. Of the three modulation
& A RZ RZ R Rz i formats, NRZ can operate with the lowest peak power.
‘E E NRZ NRZ NRZ INRZ E
5 i ] V. TOLERANCES TO VARIATIONS
- 0.1k 1 4 OF THE AVERAGE DISPERSION
g 3 The tolerance of the system to variations of the average
001' dispersion is shown in Fig. 4. The average dispersion was

0 500 1000 1500 2000 2500  changed by changing the normal dispersion value of the middle
section of the dispersion map. The vertical lines indicate once
fiber length (km) more the lower and upper limits of the permissible average
Fig. 3. Tolerance of the 100 Gb/s systems to path-averaged peak pulse padigpersion for each modulation format. It is important to note
variations. Note that the entries for DMS and NRZ are displaced from the¢hat the dispersion tolerances were computed for 14 mW path-
positions at 500, 1000, 1500, and 2000 km for clarity of presentation. averaged peak power for DMS pulses and 1 mW path-averaged
peak power for RZ and NRZ pulses. An increase of the power
The vertical lines clustering at fiber lengths of 500, 100@f the RZ pulses would improve the performance substantially
1500, and 2000 km describe DMS-, RZ-, and NRZ-systemssifice at higher power levels RZ pulses behave like DMS
these lengths. The positions of the lines representing DMS- apidlses. However, this comment does not apply to NRZ pulses.
NRZ-systems have been displaced sidewise to avoid overl&®ising their power does not result in DMS behavior but may
The end points of the vertical lines delineate the lowest afiggke the system inoperable. The tendency for this can be
highest (path-averaged) peak pulse powers that were jud§8gn in Fig. 3 where the upper power limits for NRZ pulses
to be acceptable for reliable performance of the systems"&t consistently below those of RZ pulses. Under the stated
the indicated fiber lengths. Throughout most of this work, tHeonditions, the NRZ-system does not operate well and the RZ-
path-averaged peak pulse power of RZ and NRZ pulses at fiy$teém not at all al. = 2000 km; therefore, RZ-pulses are
fiber input, and after each subsequent amplifier, is held at’@t shown at this length in Fig. 4.
mW. However, it can be seen in Fig. 3 that RZ pulses would
not be viable at a distance of 2000 km if the signal level were V1. TOLERANCE TO PMD
held at 1 mW. However, since Fig. 3 represents the results ofPMD can cause significant degradation of system per-
investigating the system tolerance to power variations, the Rgfmance. As a random variable with a wide (Maxwellian
pulse modulation format is listed at the 2000 km length since[it7]) distribution, the actual value abpyp depends on the
becomes viable in a power range between 1.5 and 5 mW. Teaticular distribution of the randomly varying birefringence
RZ pulses do not work at higher power levels because of aalbng the fiber. In our simulation, the actual values of the
insistence that pulses are regarded as being of the RZ typedifference of the group delays of the two principal states of
the average dispersion vanishes. At small positive values of f@arization depend at any given frequency on the choice
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Fig. 5. Tolerance of the 100 Gb/s system to PMD. The short line at 2080g. 6. Tolerance of the 100 Gb/s system to the dispersion slope.
km is not an indication of RZ pulses but a tic mark.

of random variables used to construct the birefringent fibenodulation. These average dispersion values are understood to
However, at the high bit rate considered in this paper, tla@ply at the carrier frequency of the signal. The path-averaged
signal spectrum is so wide that there is little correlation amomgak power of the DMS pulses is 14 mW and that of the RZ
the polarization group delays of widely separated specthd NRZ pulses is 1 mW.
components. For this reason, it was found that changinglnterestingly, the RZ modulation is most sensitive to the
the seed of the random number generator for producing ttlispersion slope. However, this observation is contingent on
fiber statistics has only a small effect on the observed sigrie fact that it is supposed to operate at 1 mW peak power
distortion. and (D) = 0. By comparison, NRZ (also gtD) = 0) proves

Fig. 5 shows the ranges of the permissible PMD values fibgelf to be surprisingly robust, since at shorter fiber lengths
each of the three modulation formats at 500, 1000, 1500, aih@¢an tolerate even larger values of the dispersion slope than
2000 km fiber length. The PMD tolerance study uses agdiiVS. This is probably due to the inherently wider temporal
the path-averaged peak power levels mentioned in the laddth of the NRZ pulses compared with RZ and DMS pulses.
section. It is of interest to observe that the permissible PMD Whereas RZ pulses do not appear at 2000 km in Fig. 5, their
range is smallest for DMS, the modulation with the widestppearance in Fig. 6 shows that they are marginally viable at
signal spectrum. It is somewhat wider for RZ with a somewh#awer dispersion slopes. It must be remembered that in Fig. 5
narrower spectral range and it is widest for NRZ with ththe dispersion slope watD /d\ = 0.03 ps/(nnf-km).
narrowest spectral range. This is another indication of the rapid
variation of the principal state as a function of frequency. At VIl
2000 km, RZ pulses are not listed since they are not viable at

this distance at the 1 mW power level. The short line seen atVé have discussed the possibility of using an optical fiber
2000 km is a tic mark. communications system, operating at a bit rate of 100 Gb/s,

at distances of up to 2000 km. The discussion was based on
results of computer simulations obtained by numerical solu-
tions of the coupled nonlinear Séitlinger equation by means
An important fiber parameter is the dispersion slopef the split-step method and included dispersion-managed soli-
dD/d\. So far, we have assumed in all our discussions th@ains (DMS), return-to-zero (RZ), and nonreturn-to-zero (NRZ)
this parameter has the valued/d\x = 0.03 ps/(nnf-km). modulation formats. Our discussion stressed the tolerance
This value was already too large to permit an RZ-system oflilnits imposed by fluctuations of the peak pulse power and
mW peak power to operate at a fiber length/of= 2000 km. by deviations from the design values of average dispersion,
A systematic study of the effect of the dispersion slope dhe polarization mode dispersion, and the dispersion slope.
system performance is summarized in Fig. 6. The length Giverall, these tolerance limits appear favorable in the sense
the vertical bars indicates the largest valuel6f/dX which a that they do not seem to place undue restrictions on the design
system with the indicated modulation format can tolerate at tbé such systems. The margins for all three modulation formats
fiber length specified on the horizontal axis. Once more, vege roughly equivalent.
have shifted the value for DMS and NRZ systems sidewaysSince our work was aimed at determining the propagation
to be able to display all three modulation formats on the sartimits in a highly optimized system, we did not do careful
graph. However, the average dispersion of the fiber systenstadies to determine how the maximum propagation distances
not the same for DMS and the other two modulation formatdegrade as the amplifier spacings increase. However, prelimi-
Following the practice used throughout most of this study, wery work indicates that the maximum propagation distances
have again assumed that for the DMS modulatid®), = 0.03  fall off very rapidly as the amplifier spacing increases beyond
ps/(nm-km), while{(D) = 0 was assumed for RZ and NRZ20 km. This topic is an important one for future study.

C ONCLUSION

VII. TOLERANCE TO THE DISPERSION SLOPE
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