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Abstract: We report design and applicztions of 2 novel mult-Watt (= 1 Watt output power) 2000 nm band hybrid Thulimm- and
Holmium-doped fiber amplifier with record wideband 330 nm (31.5 THz) continucusly operating bandwidth from 1720-2100 nm.
We cutline the theory, physics, and simulations behind this design, and show by comparisen with previcusly published
experimentz] results that the design presented is accurate to withm = 0.5 dB m saturated output power znd = 1.0 dB m smazll
signal gzin. Applications in future ~300-400 nm bandwidth wideband 2000 nm Ph's DWDM lightwave fiber optical transmizsion
systems spanning 10,000 o using new hollow core fiber designs are discussed. In particular, we demonstrate robust beginning-
of-lif= optical signzl to neise ratie (OSNE) mnd Q-factor margins for designs of 0.161 Ph's DWDL unregenerated (without
optical-to-glectrical-to-opticzl or O-E-O electronic functions) zll-optical transmizsion m the 2000 nm band over 10,000 km for
reprezentative terrestrizl and submarine lightwave zpplications. We achieve 2 total capacity * distance product of 1608 Pbis. In
(1.61 Exzbits's. km) over 2 single one-core optical fiber for the 10,000 km system designs. Applications to designs of 40,000 km
deplovzble unregenerated all-optical DWDLIL 0.124 Phi's subsez lightwave transmission systems with 5.21 Exasbit's. km capacity
* distzmes product zre outlined.
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1. Introduction

Two-micren Holmium -deped (HDF) [1-6] 2nd Thulium -deped (TDF) [7-13] fiber amplifiers and lasets have important roles
to play m many space and physics applications. These mclude, but are not limited to: free-space transmission in low atmespheric
attenuation wavelength bands, measurement of concentrations of gases such 25 CO: and CH: m the ztmosphere, gensration of
high energy 3-3 ym signzls. high powsr Tm-doped fiber smplifiers and lasers for directed enerpy wezpons, remot= molecule
sensing and LIDAR mmaging, future pravity wave mterferometers, and quantum computing experiments with 133Bz+ ions at
1762 nm. In these zpplications the He-doped fiber amplifiers have an operating bandwidth of ~ 100 nm [1-6] and the Tm-doped
fiber amplifiers an operatmg bendwidth of ~ 200 nm [7-13].

One zpplication that iz now emerging, but has not previously besn considered widely, iz the use of extremely wide
bandwidth (= 330 nm operating spectral width) Tm- and He-doped fiber zmplifiers in futurs mstzlled 2000 nm DWDL optical
fiber ransmission systems. All but one of the essentizl components for buiding  these 2000 nm DWDM lightwave systzms
[1£] have now been developed. They are: smgle frequency lzser sources,  the physics and engmesrimg of mtegrated transponders,
mtegrated amplitude and phase moedulaters, high speed photodstectors, wideband fiber amplifiers with record operating
bandwidth [1-13], and D3Ps for the coherent transponders. The remaining essentizl compeonent, extremely low loss wideband
transmission bandwidth optical fiber m the 2000 nm band, hes not vet been manufzetured. However, the path to cresting this
novel hollow cors fiber at losses approzching = 0.04 dBEm i the 2000 nm bend znd specifically optimized for this precise
wavelength region is now possible [17, 18], Wideband DWDM fiber optical transmission systems i the 2000 nm band using
extremely breadbend Ho- and Tm-doped fiber amplifiers and nowvel hollow core fibers will significantly advance the state of
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lightwave transmission systems and netwotrks and zre expected to usher i 2 new er2 i ultrz-high capecity and ultrz-long
transmission distznes operation of future fiber communications systems.

In this paper. we present the design of 2 novel multi-Watt-level (= 1 Watt cutput power) hybrid Tm- and Ho-doped fiber
amplifier with 330 nm operating bandwidth (from 1720-2100 nm, 2 record 31.3 THz) and low nedse figure that is suitsble for
widehand zmplificztion of multiple sources m the 2000 nm band. We then give 2 detziled anslysis of the total zchisvable
transmission capacity (n Pb's) without the need for O-E-O regeneration (10,000 km and 40,000 km) for representative all-optical
novel DWDM lightwave systems operzting over 2 = 350 nm bandwidth in the 2000 nm band, followed by comments on the
remaining practical considerations necessary to put such systems imto full deployment m the field.

Our paper is orgamized as follows. First, we outline the design and performance of a multi-Watt 380 nm (31.5 THz)
bandwidth nowvel hybrid TDFA-HDFA We start with the novel optical architecture and then present the output performanes (gain,
cutput powet, cutput spectra, and neise figure) 23 2 function of signal wavelength. We then discuss the physics that makes this
novel extremely wideband fiber amplifier possible. Next, we discuss the possible performance of the operation of the amplifier
with carefully selected gam flattenmg filters and show 2 simpler zltemative design that does not require the use of optical
circulators. Subsequent anzlysis covers first an outline for development of new hollow core fibers with =0.05 dB/km losses over
2 400 nm operzting bendwidth m the 2000 nm spectral region, followed by 2 detailed Phis capecity unregenerated zll-optical
lightwave system design example for 10,000 and 40,000 km totz]l transmission lengths usimg the novel extrem ly wideband 2000
nm fiber amplifiers znd the hollow cors fibers. We then present 2 disenssion and end with summeary remarks.

(=]

. Design and Performance of the 31.5 THz BW (350 nm) Hybrid TDFA-HDFA

(=]

1. Optical architecture of the design with 1567 nm/1360 nm pumping

Figure 1 iz an optical schematic of the nowvel 380 nm BW hybrid TDFA-HDFA with record 31.3 THz bendwidth (The
previous bandwidth record for fiber amplifiers in the 2000 nm band is ~ 19 THz or ~230 nm for 2 wideband TDFA [1%]. In the
1330 nm band the record i3 23.0 THz or 150 nm i 2 Bi-doped fiber amplifier operating from 1323-1473 nm [20]). In this design,
the Tm-doped active fiber F1 m the first stage 15 Exail IXF-TDF-3-123 with a length of 1.4 meters. The first stage i co-pumped
zt 1367 nm with 10 W of pump power from 2 fiber lzser source or 2 MOPA. The Ho- doped active fibet F2 the second stage i3
Exail IXF-HDF-3-125 with 2 length of 2.0 meters. The second stage is countsr pumped at 1360 nm [21] with 623 W of pump
power from a fiber laser source or 2 MOPA. Counter-pumping and an 1360 nm pump wavelength are chosen to maximize the
output powsr from the second stage [21]. The isolztor losses (I1) for the signal i this design are 1.2 4B and the WDM losses
(WDM1) zr2 0.6 dB for both the pump and the signzl. The signal and pump losses in each stage of the circulztors (CIE. 1 and 2)
m the Ho-doped second stage are 1.0 dB. For CIR1 and CIR2, port 1 is signzl mput, port 2 13 signzl cutput, and pert 3 s for the
1360 nm pump.

We zzsume that the izolator, WD, and cireulators all operate successfully over the entire signal bandwidth of the widebend
zmplifier. This assumption will be z2ddressed m detzil later in the discussion section.

Figure 1
Optical architecture of the novel 380 nm bandwidth hybrid HDFA-TDFA

F2 2.0 m HOF
1 2 1 7
INPUT == lEI- - “DM]_'_ @ - (7% OUTPUT
F= I CIR1 CIR2
H— 1.4 mTOF 3
1567 nm 3

10w i 1860 nm §25W

We note that the design of our novel hybrid 330 nm bandwidth fiber amplifier is unique i the aspect that it has 2 first stage
with Tm-doped fiber followed by 2 second stage with Ho-doped fiber. This is the oppoesite of all single clad hybrid designs for
2000 nm published so far [7, 19, 21]. The nowel cheice of a fist stzge TDF followsd by 2 second stage HDF provides 2 new
record-setting, extremely wide contimuous operating bandwidth 2z presented m detail m the next section.
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2.2, Signal output power and noise figure as a function of signal wavelength

The smmulated output power and neise figure for the hybrid amplifir m Figure 1 are plotted m Figure 2 for a
monochromatic mput signal from 1700 to 2123 nm i wavelength and an optical powser of 0 dBm. Details of the proprietary
simulation software programs, czlled Ho-FIEL and Tm-FIE1, are presented m Tench et 2l [21] znd Romano ot 2l [19] and are
outlined m Section 5. Figure 2 shows that the fiber coupled output powers range from 1.4 Wto 3.3 W over the majority of the
spectral operating band, znd that the 6 dB width of the cutput power curve i3 2 record 380 nm (1720 nm—2100 nm, 31.5 THz).
The device neise figure over this opersting band is typically 6 dB or less, mdicating geed performancs of the hybrid fiber
amplifier design.

Figure 1
The simulated output power and noise figure for the hybrid TDFA-HDFA from 1700-212%5 nm. The output power
and the noise figure are for the complete device (input fiber pigtail-to-output fiber pigtail performance). Since the input
power is 0 dBm, the output power in dBm and the amplifier gain in dB are numerically equal. The § dB output power
bandwidth of this novel design is 380 nm (1720-2100 nm) or a record 31.5 THz
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2.3. Output spectra as a function of signal wavelength

We next plot the output spectra for the zmplifier for sional wavelengths of 1750, 1900, =nd 20350 nm. These spectra are
shown i Figures 3(z), 3(b), and 3(c) with 2 resclution BW of 1.0 nm. We observe that with an mput monochromatic signal
powsr of 0 dBm, the OSNE. valuss of the output spectrz zre 48, 33, and 38 dB/0.1 nm, respectively, for the three signal
wavelengths smdied. These are good OSNE values for both monechromatic signzl amplification and for DWDM operation with
amultiwavelength mput frequency comb.



Journal of Optics and Photonics Research  Wol. XX Iss. XX yyyy

Figure 3
{(a) Output spectrum for 1750 nm inputat 0 dBm. REW = 1.0 nm, (b) Output spectrum for 1900 nm input at 0 dBm.
RBW = 1.0 nm, and (¢} Output spectrum for 2050 nm input at 0 dBm. RBW =1.0 nm
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2.4. Outline of the physics contributing to the wideband amplifier operation

To better understand the physics behind the novel 380 nm (31.5 THz) fiber amplifier with record bandwidth, we begin by
plotting the cutput powsr for the first TDFA stage that is mput to the second stage, and also the consequent output power for the
second HDF A stage m Figure 4.

Here the output powst from the first TDFA stage (with 1 mW mput power) i3 quite high from 1723-1950nm [7, 19, 21].In
this spectral range. the second stage HDFA does not amplify but zcts mstead as an attenuator. Nevertheless, the high cutput
power from the first stage is large enough to overcome the significant attenuation of the second stage in the lower spectral region,
resultng i multreztt cutput from the fiber amplifier overall

In the higher spectral range of 1973-2100 nm, Figure 4 shows that the output powser from the first stage diminishes
significantly as the wavelength morezses as expected [7, 19, 21]. Nevertheless, the remzining cutput power over this range is
quit= high enough to serve as zn excellent mput power for the high gain second stage, resulting i contmued multieart cutput
power from the amplifier 25 in the previous lower spectrz] range.
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Figure 4
Output powers from the first TDFA stage (blue) and second HDFA stage (orange) as a function of signal wavelength
from 1700 nm to 2125 nm
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The operation of the novel 330 nm (31.5 THz) bandwidth hybrid amplifier iz further dlustrated by considering the gain
(att=nuation) vs. wavelength of the Ho-doped fiber i the second stage. This gain (attenuation) vs. wavelength iz plotted n Figure
3 which clearly demenstrates how the He-doped second stage zcts 23 an attenuzter for 1700-1930 nm and then 23 an emecellent
fiber emplifier from 1973-2123 nm.

Figure 5§
Gain (attenuation) of the second HDFA stage as a function of signal wavelength for ) dBm signal input power. The 0
dB gain or transparency line is shown in red
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2.5. Comments on the anticipated performance of the hybrid TDFA-HDFA with gain flattening
filters

In most applications, itis desirsble to flatten the wavelength response of 2 fiber amplifier over its full operating range. hany
previous demoenstrations of this technique are fully developed for C- and L-band Er-doped fibet amplifiers operating m 1350 nm
DWDM lightwave transmission systems and networks [22]. The gam flattening optical filters, both fiber-based and fiber coupled
bulk-optics based deploved todzy for 1550 nm can rezdily be adapted to the 2000 nm band and used m future lightwave systems
employing the novel 380 nm BW hybrid TDF A-HDF A The izsue of developing gain flattenmg filtars over 2 ~400 nm bandwidth
15 addreszed m detail m the discussion section.
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We now illustrate the potentizal for 2 gam flattened 330 nm BW hybrid TDF AHDFA by simulzting the performance of the
amplifier m Figure | with 2 monechromatic mput signzl usmg the fD]lDW‘EEI.E two gam ﬂa‘l‘tEﬂtﬂE filters shown m Figurs 6 below.

The filt=r m Figurs 6(z) i3 mserted after the first Tm-doped stzpe and befors the second Ho-doped stage. The filter m Figure 6(k)
is msert=d after the s=cond Ho-doped stage.

Figure 6

{(a) Spectral characteristics of interstage gain flattening filter inserted after the first Tm-doped stage and (b)
output gain flattening filter inserted after the second Ho-doped stage
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With these gain flattenmg filters mserted mto the fiber amplifier design, we achieve the following cutput power vs. signal
wavelength performance shown m Figure 7.
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Figure 7
{a) Output power vs. signal wavelength performance for the gain flattened 380 nm BW amplifier using the two filters in
Figure 6 and (b) Output power vs. signal wavelength performance on an expanded vertical seale

(a)

(b)

We see that pam flamess of = 0.3 dB p-p is readily achieved with this mitizl design for 2 monochromatic mput signzl. The
mote complex gain flattening required for a DWDM mput signal may then be accomplished using standard techniques [22].

2.6. Optical architecture of the hybrid design with 1190 nm pumping

Many current Tm-doped and Ho-doped fiber amplifiers zre m-band pumped at 1367 nm for Tm and 1860-1940 nm for He
[7. 19, 21]. In-band pumping hazs a lower quantum defect than out-of-bend pumping, but experiences the difficulty of pump
wavelengths that are quite close to the signal wavelengths with consequent high demands on the performance of the wavelsngth
division multiplexers. An altemative arrangement is to use 1130-1190 nm pumps for both Tm-doped [23] mnd Ho-doped [24]
fiber zmplifiers and lasers. This out-of-band pumpmg technique vields improved neise figures (up to 2 dB mprovement) and
relaxes the demands on the performance of the WDMs.

An example of the hybrid amplifier design using 1190 nm pumping for both stages i given m Figure 3. Here the WDMs are
fused fiber couplers. In this architecture no optical circulztors zre required to coupls m and then separate the pump light used m
the HDF A second stage, simplifying the oversll design and redueing the cost of the mannfzetured amplifier.
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Figure 8
An alternative broadband TDFA-HDFA optical architecture using 1190 nm pumping
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In thiz 2ltemative design, iselators 12 and I3 perform the same functions s CIE. 1 and CIR 2 i the design of Figure 1 by
isolating the fiwrst and second stages and mmimizing the effects of outside feedback. WDM 2 and WD 3 m Figure 8 remove
residuzl pump light 2t 1190 nm from both stages to ensure that izolator 12 iz not affected by 2 high power cut-of-band signal.

We note that compact semiconductor laser and multiwatt fiber laser pump sowrces 2t 1130-1190 nm zre now commercizlly
avzilable and deploved m the field.

Initia]l stmulations mdicate that with 2 totel combmed pump powsr of 3.5 W at 1190 nm for the two stages m Figure §, the
noize figure will be zpproximately 4 dB and the fiber coupled output signal power i the 1720-2100 nm bend will be about 1.0 W
(+30 dBm). More detziled simulations for the 1190 nm pumped hybrid zmplifier will be presented m 2 future publication.

In the next section we now discuss the practicsl applications of the nowvel 313 THz BW 2000 nm band fiber amplifier m
practicz]l and deployzble DWDM lightwave systems.

3. Applications in Future 2000 nm DWDM Fiber Lightwave Systems Using New Hollow Core Fiber
Designs

3.1. Outline and matrix for future hollow core transmission fibers with 1750—2150 nm operating
BW

We begin our quantitative system analysis section by surveying the current state of key components and devices for present
13530 nm and future 2000 nm high bendwidth DWDM fiber optical transmission systems. This survey [16] i3 shown below m
Table 1.

Table 1
Survey of current state of components and devices for DWDM lightwave transmission systems at 1550 nm and
2000 nm
Key Realized at Realized at 2000 nm
Component/Device 1550 nm [18]
Single Freguency Laser YES-70 nim YES-=350 nm

Source Bandwidth Bandwidth Range
Range

Integrated Transponder YES Physics-YES; Minor

Engineering-Required

Amplitude/Phase YES YES
Modulator
High Speed YES YES
Photodetector
Wideband Fiber YES-70 nm YES-> 350 nm BW
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Amplifiers BW [This Wark]
Wideband YES-=80 nm DEVELOPMENT
Transmission Fiber BW REQUIRED:
POTENTIAL FOR = 400
nm BW
DSP for Coherent YES YES
Transponder

We szee from Tzble 1 that zll key components and devices are reglized for 1350 nm DWDM transmission systems as
expected. For 2000 nm systems, the outstndmg ttem s development required to design and memufacture 2 hollow core
transmizzion fiber with ~400 nm operating BW and loss of = 0.03 dBlm. We cutline zn approach to this necessary design and
development i the paragraphs below.

Hollow core fibers have been extensively resezrched, studied, and built for the past 135 years. A comprehensive survey of the
state of the art in this important field for mid-2024 iz contzined i the extensive and thorough mnzlysiz found m Chen et 2l [17].
Numkam Fokoua et al. [13], as well as Poggiolini and Poletti [23]. In this survey and analysis, we find the following plotm [17],
shown as Figure @ below, of present and anticipated losses vs. wavelength for DNANFE hollow core fiber designs optimized for
transmission at 1550 nm.

Figure 9
This case llustrates scenarios for new DNANF (double nested antiresonant nodeless fiber) hollow core fiber
designs optimized for 1550 nm. Total predicted loss for an ideal fiber is in the dashed red curve, and experimental
measurements for a newly manufactured fiber are in blue. For comparison, the loss of standard pure silica SMF is also
shown (dashed black curve)
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Here the zuthers show designs for potentizl fumre DNANF hollow core fibers optimized for 1330 nm operation and that
begm to move towsard the operatmg band required for fumre 2000 nm DWDRI lightwave systems with extremely brozdband
TDFA-HDF A fiber amplifiers. We note that the idez] minimum loss 2t 2000 nm for this fiber is 0.04 dB/km {dashed rad lme}
We tzke this value 23 2 begmning indicator for the future losses that can be achieved m manufactored and deploved fibers m 2
2000 nm system with new hollow core fiber designs that are specifically optimized for the 2000 nm operating spectral band. We
2lzo note that expermentzlly mezsured losses of 0.08 dBJm at 1330 nm were recently reported m the literature for DNANF
hollow core fibers [17], and rapid future improvements loss values for similar hollow core fiber designs are expected to be
published soon. We now use the mitial loss value of 0.04 dB/km at 2000 nm 23 2 benchmark for the analysis of future 2000 nm
DWDM lightwave transmission systems presented m the next section.

3.2. Optical architecture of future —~400 nm BW fiber amplified 2000 nm fiber transmission system
and quantitative calculations of novel 2000 nm system performance

To establish a clear picture of what could potentizlly be achieved i future 2000 nm DWDM transmission systems, we first
outline in Table 2 the fiber amplifier and transmission system operating parzmeters smploved m our analysis.
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Table 2
Fiber amplifier parameters for the hybrid TDFA-HDFA in a future 2000 nm DWDM system

Fiber Amplifier Parameters Mumerical Value
for Hybrid TDFA-HDFA

Effective Operating 350 nm (1750-2100 nm, 2B.55
Bandwidth THz)

Total Fiber Coupled Output 2.2'W (+33 4 dBm) terrestrial
Power (TOP) for each fiber
amplifier in cable with one 1.00 W({+30.0 dBm) subsea

pair of fibers

Device Moise Figure over < 6.0 dB terrestrial
Operating Bandwidth
4.0dB subsea

Average O5MR over 50 dB/0.1 nm for a
Operating Bandwidth manochromatic input at 0
dBm
Achievable Gain Flatness < 0.50dB [this work]

with Interstage Gain
Flattening Filters, over Full
Operating Range

Gain vs. Input Power See Figure 10
Behaviar

An important amplifier parameter for system design is the gain vs. optical mput power performance of the fiber amplifier
repeaters. We will employ the simulated gam vs. optical mput power for the fiber amplifier of Figure 1 that is shown i Figure 10
below.

Figure 10
Device fiber-fiber gain as a function of input signal power at 1925 nm for the wideband hybrid TDFA-HDFA of
Figure 1

dB

Fiber-Fiber Gain,

Mext, Table 3 putlines the system parameters for the future 2000 nm DWDM lightwave system, mcluding the performance
of the new hollow cors fiber design shown m Figure 10.

10
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Tahle 3

Lightwave svstem parameters for the hybrid DWDM 2000 nm transmission system design

System Parameters for 2000 nm
DWDM Transmission

MNumerical Value

Effective Loss of the Hollow Core
Fiber

0.05 dB/km

Effective Operating Bandwidth of
the Hollow Core Fiber

1750-2100 nm (2B.55THz)
as shown in Figure 12

Range of Span Lengths Considered
im the Designs

100 km-200 km

Range of Span Losses

5.0 dB-10.0dB

Effect of Optical Nonlinearities in
the Hollow Core Transmission
Fiber (SBS, SRS, FW M, SPM-Kerr
effect, etc.)

Mo measurable nonlinear
effects up to +35
dEm/channel [26, 27]

Dispersion of the Hollow Core
Fiber owver the Effective Operating
Bandwidth [26, 27, 2B, 29, 30]

2.0 p5/nm_km (estimated)

Mumber of Fiber Amplifier
Repeaters in the System Design

MNAMP

Spacing of Dynamic Gain
Flattening Filters in the System

Every 6-B Repeaters

MNumber of Spans in the System MSPAN = NAMP
Mumber of DWDM Channels MCHAMN =571
(Carriers)
Channel Spacing 50 GHz [31]
Mative Baud Rate of Each Channel 32 Gbaud [31]

Transmission Capacity of Each
Channel (Carrier)

281.6 Gbps/carrier

Coherent Modulation Approach PCS-64048M [31]
Q-Factor for 1E-03 BER at the 4. 7dB [31]
Receiver Using FEC (25%
overhead)
Total System Capacity 0.161 Pb/s

Total System Length Range

10,000 km-40,000 km

We use an effective loss of 0,03 dBkm for the hollow cors transmission fiber m the 1750-2100 nm band to account for
manufacturing variations i fibers produced in large quantities, cabling losses, bend losses, and the effects of deployment i a
terrestrizl or undersez environment. The zssignment of reslistic effective loss = ideal loss + (.01 dB/Jan for the hollow core
transmission fibers in Table 3 is based on considerations of bend losses, czbling losses, the effects of deployment m demandmg
subseatetrestrial environments, and large-scale manufacturing varistions with currently mstalled fiber cables. We expect that this
zzzignment will be refmed md made more zccurate and precise durmg the next phas=s of development as hollow core fibers
optimized for the 2000 nm spectral band are smdied more extenzively than they have been so far.

With the parametsrs m Table 3, we now tum to the optical srchitecture for the future 2000 nm DWDL lightwave
transmizzion system which iz shown schematically m Figure 11 below.

11
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Figure 11
{a) Overall optical architecture for the future 2000 nm DWDM lightwave transmission system under study and
(b} OSNE evolution in the 2000 nm DWDM lightwave svstem for a cascade of N identical amplified sections with
amplifier gain = span loss
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We note that for terrestrizl lightwave applicztions, the east-west distanes zcress Bussiz is 9,000 km. For subsea lightwave
zpplications, the circumference of the Earth zt the equator i3 40,073 km. Thersfore, we consider 10,000 km znd 40,000 km
system lengths without O-E-O electronic regeneration, and present 2000 nm DWDM lightwave transmission system designs for
ezch of these two significant zpplications. In our analysis, we follow the OSNE and system margin designs and caleulations
deseribed and outlined m References [23-30] and Figure 11(k).

We start with the design of 2 terrestriz] lightwave system with totz] transmission distance of 10,000 km. In this system, we
select repeater spans of 200 km corresponding to a spen loss and amplifier gain of 10.0 dB and NSPAN = 50. Here we use 330
nm BW fiber amplifiers with 2.2 W totzl output pewer and 2 noise figure of 6.0 dB (in-band pumping 2z m Figure 2). We chooss
+33.2 dBm output power from the amplifiers becanse there zre no constraimts on the electricsl powsr zvailzble for eperating the
fiber amplifier repeaters for terrestrizl lightwave systems.

The general formulz for the OSNE (dB. 0.1 nm) for 2 cascade of WAMP identical fiber amplifier repeaters with gam G =
span loss is given by the following expression for 2000 nm lightwave systems [23-30]:

OSNE.(dB/0.1 nm) =602 + TOP(dBm) — 10logl® (N3PAN) — G (dB) — NF(dB) — 10legl( (NCHAN) (1)

where TOP (dBm) 1z the totzl signal power at the output of the fiber amplifier. For the terrestrial system, TOP(dBm) = 33.4,
NEPAN = 30, G(dB) = 10.0, NF(dB) = 6.0 (device noise figure), and NCHAN = 571. Using these valnes m Equation (1) vields

QENE.(dB/0.1 nm) =33.04E for the terrestrizl system

Since thiz iz m the “large SNE. regime™ [26] we do not correct thiz value for generzlized dtoop m concatenzted fiber
zmplified lightwave systems. Followmg the analysizs in He et al. [31] we find that the Q-factor at the receiver for 33.0 dB
OENE 0.1 nm is expected to be 11.0 dB.

We note that this system iz completely ASE noise limited smee the contribution of 2l nonlmezr effects is zevo at this powsr
level [25-30]. Typical terrestrial lightwave systems with this bit rate and modulztion format [31] require an OSNE.(dB/0.1 nm) =
240 dE and & Q-factor = 4.7 dB for successful operation, so this 10,000 km 0.161 Ph's DWDM system i the 2000 nm band has
2 high begmning of lif= (BOL) OSNE. margm of +2.0 dB/0.1 nm and Q-factor margm of +6.3 dB, leading to excellent system
performance with significant margm to counterzet the effects of fiber spen aping, veristions i amplifisr gzin with t=mperatore
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and elzpsed tme, znd other system lifetime considerations. We note that typical OSNE margims i existing simulated ~10,000
km DWDM lightwave system designs are on the order of 3.0 dB [32], and this observation wvalidates our cherscterization of 2.0
dB BOL matginz 23 robust for the novel systems presentad i this paper.

We next consider design of 2 submarine lightwave system with totzl transmission distanes of 10,000 k. In this system, we
select repeater spans of 100 km corresponding to 2 span loss and amplifier gam of 3.0 dB and NSPAN = 100. Hers weuse 330
nm BEW fiber amplifiers with 1.00 W total cutput powsr znd 2 neise figure of 4.0 dB (out-of-band pumpmg 23 m Figure 8.). This
total output powet of +30.0 dBm i each of a pair of fiber amplifiers iz constramed by the maximum powet available n the
subsea czble, and is based on an analysis of the fiber mnpliﬂ&r architecture FiEu.rﬂ 3 and the anzlysis of Messguer ot 2l [23],
Poggiolmi and Poletti [23], =5 well 23 Inada [33] for powermg of subsez cables using 2 maximum availzble electrical power for
the cable of 18 KW net and 2 czble resistance of 1.0 ochmsJan. For this subsea smplifier design, the opticzl-to-optical conversion
efficiency iz 13%, and the electrical-to-optical conversion efficiency is 3.3 %%, A detailed zmal}sts of the power budgets will be
presented m 2 futurs publication.

The relevant parsmeters for the 10,000 lm subsez system operation zre now the followmg: TOP(dBm) =30.0, NSPAN =
100, G(dE) = 3.0, WF(dB) = 4.0 (device noize figure), and NCHAN=371. Using these values i Equation (1) yiclds

OSNE(dE/0.1 nm) =33.6 dB for the submarine system

which cotresponds to 2 Q-factor of 11.6 dB [31]. We note that thizs system iz zlso completely ASE noise limited since the
contribution of all nonlmear effects s zere at this power lewel [27, 28] Typical lightwave systems with this bit rate and
moedulztion format [31] require an OSNE (dB/0.1 nm) = 24.0 4B and 2 Q-factor of 4.7 dBE for successful operation, so this
10,000 km 0161 Ph's DWDRL svstem in the 2000 nm bend has 2 BOL OSNE. margin of +2.6 dB/0.1 nm and Q-factor mergin of
+6.9 dB, lezding agzin to excellent BOL system performance with significant margin to counteract the effects of system lifstime
considerations. The capacity * distance product for this subsea system with robust margms is 1.61 Exabits/'s . kn.

We observe that the typical OSNE (dB/0.1 nm) margm between best BOL target performance and worst EOL syst=m
petformance for open subses lightwave transmission systems iz 4.5 dB 2z derived from 2 2000 nm zdaptation of Table 2
Bivera Harfling et 2l. [34] and zlse from ITU-T  G-series Recommendations —  Supplement 39 [33]. Therefors the 10,000 km
subsez design presented hers is expectad to operats successfully at both BOL and EOL.

We next consider the maximum distance that can be achieved with the subsea lightwave system design if we keep the zbove
BOL - EOL margin of 4.5 dB constant and use the additionzl ovethead of (9.6 dB - 4.5 dB) = 3.1 dB to mcrease the transmission
distance. We zlso decrezse the number of channels from 371 to 440 yielding an zdditional mersase n OSNE of 113 4B and 2
total transmission capacity of 0.124 Ph's. The mersase m NPAN 1z now 3.1 dB + 1.13 dB = 6.23 dBE or alinear factor of
[t =4 198 to yield an mereased number of spans of ~420 and 2 totz] transmission distanee of 41 980 1m. We cbserve that
the circumference of the Earth 2t the equater 1z 40,073 km.

Therefore, we pradict it is now pessible to circummavigate the Ezrth with zn unrepeatered (no O-E-O electronic functions),
zll-optical fiber optic DWDM lightwave transmizsion system having a totzl capaetty of (L124 Ph's m one direction and 4.5 4B
OSNE.BOL maztgim, and one single core fiber peir.  The capacity distance product for this deplovable design 15 521 Exabitss .
km. Powsering of the all-optical subsea czble system may be zccomplished by using = 10,000 km segments between landing
points ezch operated with the powering strategy described sbowve, and ROADM fimetions for the all-optical lightwave 2000 nm
DWDM transmizsion at ezch landing point.

Thiz observation leads to 2 thought experiment: What zdditional transmission distanee can be achieved m 2 here research
experiment where the OSNE. margin 43 0.0 dB, and the system is just 2t the thresheld of errors for BEE. = 1E-037 From the
anzlysis zhove we see that the totasl distanee znd number of spans will be merezsed from 41 230 lam =nd 420 by 2 linear factor of
1peai=21818 to NSPAN = 1184 znd totz] transmission distanes = 118 300 km. The correspending capacity distance product i3
now 1467 Exzbits's . km. It will be mteresting to conceive of and then design and mmplement, 2 recirculating loep DWDL
experiment in the laboratory capsble of transmitting over 113,300 lm or zbout 3 times the circumference of the Earth at the
equator.

Table 4 below presents 2 summary outline of the results of the system simulztions and cutcomes presented so far.

Table 4
Summary of capacity = distance products for the 2000 nm DWDM lightwave systems under study
Lightwave System Application Deplovable  System  Distamce = | Research Experiment Distance =
Capacity Capacity
10,000 kan Terrestrizl 1.61 Exabitz's . km
10,000 km Subseaa 1.61 Exabitzs . km
40,000 km Subsea 5.21 Exabit's . km

113 300 km Subsea

14.67 Exzbit's . km

We next dizeuss an important metrie for ultrz-high-capaeity DWDM lightwave transmission systems: the dependence

of O-

factor on the transmitted optical launch power per ndividual channel. In 2 conventional high capacity DWDM lightwave system
using existing silica core transmission fibers, 2 typical Q-factor vs. launch power curve is shown below m Figurs 12(z) [36].
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Figure 12
{a) Q versus per-channel launch power for two transmit precompensation values for WaveLogic 3 100 Gbh/s DP-
after an actor vs. laun optical power per chann endence for the 10, submarine
PSK after 5000 km and (b) Q-f launched optical p per channel depend for the 10,000 km submari
lightwave system design. The nominal power per channel for the subsea system is +2.5 dBm
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We observe that i this typical curve for existing systems, the nonlinesr effects m the transmizsion fiber significantly limit
the maximum optical powsr per channel that can be launched, and the typical dependence iz an mverted parabelic curve with 2
maximum ()-value zt quite low powers 23 shown m Figure 12(2). In contrast, the 10,000 lm submarme system design hzs ne
nonlinear effects 2t the power levels considered and as a rezult the predicted Q-factor vs. pet-channe] launch power curve follows
zlinear dependence as shown i Figure 12(1).

Following the analysis i Meseguer et 2. [28] 23 well 23 Poggiolini and Poletti [23] we expect the thresheld for the onset of
nenlmearities m the DNANF hellow core transmission fiber m our 10,000 and 40,000 km submarme system designs to be at least
three orders of magnitude preater than the launched powers employved in our present calculations.

We fmzlly compare the design performance of owr proposed novel 40,000 km 2000 nm Ph's DWDM subsea lightwave
system with historical trends owver the past 30 years [37, 38]. This comparizon is present=d m Figure 13 [37, 38] which contzins 2
timelime of resezrch and deploved product cspecity * distance capshilities for unregeneratad optical datz trzmsmizsion over 2
single one-core optical fiber. We see that the proposed nowvel 2000 nm DWDM subsea lightwave system mtreduced n this work
is projected to outperform the 30 vear historical trends by 2 factor of ~ 10 or greater. This projected mprovement m oversll
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petformance validates owr novel design approach and peints the way to new system designs with 10,000 km and 40,000 km
unregenerated Ph's DWDM dats transmission capabilities.

Figure 13
Historical and projected trends for unregenerated subsea lightwave transmission through a single one-core
optical fiber in terms of capacity-distance product in Exabits/s. km.
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4. Discussion and Summary

We first observe that 2ll the novel designs and performemces for the fiber amplifiers presented hers zre the result of
simulations znd not expermments. Nevertheless, we also cbserve that the simulators employed m this smdy have been shown m
many publications to have achieved an 2ccurzcy of = 0.3 dB m samrated cutput powet 2nd = 1.0 dB in small signal gainz for both
Tm-deped and Ho-doped fiber lasers and amplifiers when compared with experimental results 23 outlined in detzil i Tench et 2l
[7, 21] znd Fomane et 2zl [19]. Based on these demonstrated results, we are confident that our designs are both precize and
accurate, and provide 2 full, fzir, and complete representation of the performance of our novel broadband fiber amplifiers m the
2000 nm band.

We next observe that iselators, circulaters, WDDMs, and gam flattening filters with zn operating bandwidth of ~200 nm at
2000 nm zr= expected to be availzble soon based on the recent progress m this field of mfrered component development As an
example, typical operating bandwidths for tedzy’s optical izolaters and cireul ztors i the 2000 nm spectral band are shout <1890-
=2130 nm or =240 nm. The same is true for production of new realistically deplovable hellow core fibers with approprizte loss vs.
wavelength znd dispersion characteristics m the 2000 nm band, such as the loss vs. wavelength plots flustrated m Figure 2 [17].
Great progress has alveady recently been demonstrated, and grester progress will soon be achieved, m development of the nowvel
wideband optical components and hollow core fibers for future 2000 nm DWDM lightwave transmission systems.

We note that the expected chromatic dispersion effects with the novel hollow cors fiber designs [26, 28] over the =10,000
km distances considersd here can readily be compensated by existing techniques m coherent lightwave transmission systems. The
PCS-640 AL modulation tachnique i3 emploved to provide compensztion for any potentizl nonlinezrities experienced i the 100
to 200 concatenzted fiber amplifiers i the system designs. Other anticipated transmission effects, such as pelanization, PMD, and
optical filtermg, will depend on the development of DNANF hellow core fibers and are under smdy in many venues zt the
present time. Feslistic powermg of the submarme cable at = 10,000 Im total length can be zchieved by selecting appropriate
electrical powering of the cable sections as discussed zbove and i Meseguer et 2l. [27], Poggiolini and Poletti [23], and Inada
[33].

In summary, we have reported the design and applications of 2 mult-Watt 2000 nm band hybrid Tm- and Ho-doped fiber
amplifier with record widshand 330 nm (31.5 THz) contmuously operating bandwidth from 1720-2100 nm. We outlined the
theory, physics, and simulations behind this design. and showed by comparison with previously published experimental results
that the design presented here 15 acourate to within =0.5 dB i signal cutput pewer z2nd = 1.0 dB i small signal gzin.
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In our detziled studies of unregenerated 10,000 kan terrestrizl and submarime lightwave systems, we demonstrated predicted
0.161 Pb/'s DWDM system capacities with novel and robust +9.0 dB/0.1 nm and +2.6 dB/0.1 nm OSNE begmnmg-of-lifz (BOL)
operating marginz, respectively. The predicted BOL Q-factor marging for terrestrizl and subsez systems zre +6.3 dB and +6.9 4B,
respectively. (The effects of agmg znd other mpsirments lezding to rezlistic end-of-life (EOL) margm caleulations will be
presentsd m a future publication.) We achieved 2 totzl capacity » distanes preduct of 1608 Ph's . kam (1.61 Exabits's . km) over 2
single one-core optical fiber for the 10,000 km system designs.

Applications to 40,000 km u.u:ee;enerated a]l-upneal DWDM 0.124 Pb's subsea lightwave tramsmission with deployable
BOL OSNE. and Q-factor marging znd a capacity * distanes preduct of 521 Exabits's . km were alse outlined. We note that 2
40,000 km zl-optical unregenerated subsea'terrestrial system design would provide new connectivity and system zrchitecturs
possibilities thet are impossible today. For example, 2 subsea'terrestriz] all-optical ring system cireummnazvigating the Earth. which
could be named North-South TransGlebal I, can now be designed to provide essential mterconnections m the north-south
directions that do not exist today. This novel system will greatly enhance the connectivity, redundancy, and reliability of service
m the wotldwide lightwave transmission network.

Our caleulations cleatly show that our novel approach vields 2000 nm DWDM system performances that preatly execeed
anything pﬂ-ssfh-le today or tomorrow with C- znd L-band transmission i the 1330 nm region of the spectrum, or O, E, znd 3-
band transmission in the 1300 mm spectral region.

We believe that our proposad 2000 nm Ph's DWDM subsea and teryestrial lightwave transmission systems with 1608—3420
Pbiz . km (1.61-5.24 Exabitz/s . km) capacity * distance product and achievable u.u:eg&uerated tranzmizsion distances of 10,000-
40,000 km will be designed, manufactured, deploved, and brought mte service within the next five to ten years, and will
significantly advance the deployvment znd operation of futire terrestrizl and subsea DWDM lightwave systems and networks.

5. Methods of Simulation and Calculation

The Ho-doped fiber amplifier stmulztions zre fully described m the techniques section of Beference [21] and zre carried out
with 2 proprietary program czlled Ho-FIEL. The Tm-doped simulations are carried out i 2 quite similsr manner in Romane ot 2.
[19] znd are carried out with 2 propristary program czlled Tm-FIBL. The sccuracy of the Ho-FIBL and Tm-FIB] simulztions

when compared to expermmental results 1z found to be = 1.0 dB m small signal gzm and = 0.5 dB m szturated output power as
outlined in detail i [7, 19, 21].
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