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Abstract. The article examines the development of methods of one to increase the spectral
efficiency of the fiber optic systems of transmission. The essence of the method is shown with the use of
alphabet as signals with peak modulation and frequency manipulation. On the receiving side, such signals
are distinguished by successive application of selective operations on the frequency subcarrier and spectral
analysis of the low-frequency envelope of the signal. A short optical pulse with duration of 3-10 ps with a
given shape of the low-frequency envelope is formed on the transmitting side.

In order to form such a pulse the method of approximation of a given function with a weighted sum of
short pulses of duration about 100 fs is used. With such short functions, it is proposed to use laser pulses in
the mode-locking mode. Such pulses have a sufficiently short duration and are approximately Gaussian. To
form the output signal, a single laser pulse is divided into several directions (about 100). Further in each
direction, the pulse is amplified (or attenuated) in accordance with the necessary amplitude of the readout.

In each direction the pulse is then delayed by the necessary time in the delay line. The output signals
from the delay lines are summed and transmitted to the input of the trunk optical fiber. It is shown that this
method can be implemented using existing technologies. As a problematic part the creation of a system of
delay lines with slightly different delay time is considered. The time difference step is approximately 100 fs.
As a method of manufacturing such systems of delay lines, it is proposed to use optical fibers of the same
length with a slightly different composition of alloying additives. This method allows regulating the difference
in group velocities (group refractive indices) with sufficient accuracy and provides the necessary accuracy of
the delay step of the initial pulse. The performed calculations show that the use of the proposed methods
makes it possible to substantially increase the throughput of fiber-optic transmission systems using modern
technologies for manufacturing optical components.

Key words: refractive index, group refraction index, group velocity, frequency, doping,
concentration, structural identification.

AHHoTauus. CtaTbs nocssilieHa pa3BnUTMIO MeTogoB MNOBbILLEHUA cneKTpaanon SQ)Q)GKTVIBHOCTVI
BOJTIOKOHHO-ONTUYECKNX CUCTEM Nepenadn. PaccmanMBaech OOMH M3 MEeToAO0B peLlleHud haHHoN
I'IpO6J'IeMbI. CyTb MeToda CBOAUNTCA K UCMNOJ1b30BaHUIO aJ'I(baBVITa CurHanosB C aMHﬂMTyﬂHOVI MOﬂyJ'IFlLI,VIGVI n
YacToTHOM MaHVII'IyJ'IFlLI,VIeVI. Ha CTOpPOHE npumemMa TaKue CurHalbl pa3nnyarTcAa nocnenoBaTesibHbIM
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npUMEHeHNeM onepauMi cenekuMM nNo 4acTOTHOWM MNOAHEeCcyLen W ChnekTparbHbIM  aHanm3om
HM3KOYacTOTHOW ornbatolen curHana. Ha ctopoHe nepegayvm hopMUpyeTCs KOPOTKUA ONTUYECKUIA MMIMYIbC
anutensHocTblo 3-10 Nc ¢ 3agaHHOM (OOPMON HU3KOYacTOTHOWM ornbatowen. Ons opMMpOBaHMUS Takoro
uMnynbca WUCMOMNb3yeTcsa MeToq annpokcumMauum 3afaHHOW (YHKLUUKM B3BELIEHHON CYMMOW KOPOTKUX
UMNynbcoB AnuTenbHocTblo nopsaka 100 dc. B kayectBe Takmx KOPOTKUX (PYHKUMIA npeanaraetcs
NCnonb3oBaTb MMMYNbLChl Nasepa B peXxume CUHXPOHM3aUMM Mod. TakMe MMMyNbCbl MMEKT OOCTaTOYHO
Manyl OUTENbHOCTb M MpUONU3UTENBHO rayccoBy dopMy. [Ons dopMMpoBaHUSA BbIXOQHOMO CuUrHana
€0MHCTBEHHBIN UMMNYINbC Nasepa pa3genseTcs Ha Heckonbko HanpaeneHnun (nopsaka 100). anee B kaxgom
HanpaBneHnn MMMynbC ycunueaeTca (MM ocrabnsercs) B COOTBETCTBAM C HEOOXOAMMOW amnivTyLon
oTcyeTa. 3arteM B KaOoOM HanpaBleHuM MMMynbC 3aJepXMBaeTcsi Ha Heobxoaumoe Bpemsi B JIMHWUM
3afiepXku. BbixogHble curHanbl C NUHUA 3aepXXKM CYMMUPYIOTCA U NepefarnTcs Ha BXo4 MaructpanbHOro
ONTUYEecKoro BOSOKHA. [lokaszaHo, YTO AaHHbIM METOA MOXeT ObiTb peann3oBaH C WUCMONb30BaHUMEM
CYLLLECTBYIOLLMX TEXHOMOMMN. B kayectBe NpoOnemMHoON YacTun paccmaTpuMBaeTCs Co3daHne CUCTEMBbI JIMHUIA
3a4EepXKN C He3HauMTenbHO pasnuyalwumcs BpeMeHem 3agepxku. LWar pasnunumsa  BpemeHu
npuobnuantenoHo 100 dc. B kauecTBe MeToaa M3roTOBMEHUS TAKMX CUCTEM NNHUIA 3aOepXKKN npeanaraeTcs
ncnomnb3oBaTh ONTUYECKME BOFIOKHA OAMHAKOBOW AJIMHBLI CO cnabo pasnuyaromMmcs COCTaBOM NEMpYOLLNX
nobaBok. Takon MeTod MO3BOMSET C [OCTAaTOMHOM TOYHOCTBIO PErynupoBaTtb pasnvMyMe pynmnoBbIX
cKkopocTeln (rpynnoBbiX KO3(UUMEHTOB NpPenoMreHnst) n obecneynBaeT HeOOXOOUMYH TOYHOCTL Luara
3a[lepPXKKU UCXOAHOro MMnyrnbca. BbINOMHEHHbIE pacyeTbl NOKa3biBalOT, YTO UCNOMb30BaHWE npeararaemMblxX
METOAOB MO3BOJSIAET CYLLECTBEHHO YBEMMYUTL MPOMYCKHYIO CMOCOBHOCTbL BOSIOKOHHO-OMTUYECKUX CUCTEM
nepegayu npu UCNonbL3oBaHUN COBPEMEHHbLIX TEXHOMOMMN N3roTOBEHNSI ONTUYECKMUX KOMMOHEHTOB.

KntoueBble crnoBa: KO3(OPULMEHT MperioMrneHns, rpynnoBon KOIPPUUNEHT npenomMreHus,
rpynmnoBasi CKOPOCTb, YacToTa, NermpoBaHne, KOHLEHTpaLMs, CTPYKTYpHas naeHTudukaumns.

AHoTauis. CrtatTa npucBsYeHa pO3BUTKY METOAIB MNiABULLIEHHST CheKTpanbHOi edeKTUBHOCTI
BOJTOKOHHO-OMNTUYHUX cUCTEM nepefadi. Po3rnagaetbcss oaMH 3 MeToAiB BUpILLEHHS Uiei npobnemn. CyTb
MeTody 3BOOUTLCA A0 BUKOPUCTaHHA andasiTy curHanis 3 amnniTyaHo Moaynsuietlo i 4acTOTHOH
MaHinynduieto. Ha npuriManeHin CTOPOHI Taki CUrHamu po3pi3HAKTLCA MOCMIAOBHUM  3aCTOCYBaHHSM
onepawi cenekuii No 4YacTOTHIN MigHECYYIN i cnekTpanbHMM aHari3oM HM3bKO4acTOTHOI obBigHOI. Ha
nepeaaBarnbHi CTOPOHI POPMYETBLCS KOPOTKUI ONTUYHUIA iMNynbC TpuBanicTio 3-10 nc i3 3agaHoo hopmoto
HM3bKOYaCcTOTHOI 06BiAHOI. Ona copmyBaHHA Takoro iMnyrbCy BMKOPUCTOBYETLCA METOA anpokcumaLlii
3a0aHoi  (PYHKLii 3BaXXEHOK CYMOI KOPOTKMX iMnynbciB TpuBanicTio 6nmabko 100 cbc. B dAkocTi Takmx
KOPOTKMX GOYHKLI NPOMOHYETLCA BUKOPUCTATU iMNYNbCU Nasepa B peXnmi CUHXPOHi3aLii moad. Taki imnynbcu
MalTb LOCUMTb Mary TpuBanicTb i NpubnmaHo rayccoBy dopmy. Ona dopMyBaHHs BUXIQHOTO curHany
€AVHUIA IMNYNbC Nasepa po3finseTbcs Ha Aekinbka Hanpsamie (6nmabko 100). Oani B KOXXHOMY Hanpsimi
iMNyNbC NOCUIMIOETLCA (YM NOCNabnsaTbed) BiANOBIAHO A0 HeObXigHOI aMnniTyan Bianiky. [oTiM B KOXXHOMY
Hanpsmi iMNynbC 3aTPUMYETbLCA Ha HeOoOXiaHWMI 4Yac B MiHii 3aTpuMkn. BuxigHi curHanu 3 niHin 3aTpumMKu
CYMYIOTbCS | MepefarnTbCca Ha BXig MaricTparbHOro onTUYHOrO BOJSIOKHA. [lokasaHo, LWo Len MeTon MoXxe
OyTM peanisoBaHWiA 3 BMKOPUCTAHHAM ICHYHOYMX TEXHOMOrN. FAk npobrneMHa 4YacTMHa PO3rnsagaeTbcs
CTBOPEHHSI CUCTEMU TMiHIN 3aTPUMKM 3 4acoMm 3aTPUMKWU, L0 TPOXU Pi3HATLCA. Kpok BigMiHHOCTI 4dacy
nprbnmaHo 100 dc. Ak MeTon BMIOTOBMEHHS TaKUX CMCTEM FiHiA 3aTPUMKM NMPOMOHYETLCS BUKOPUCTATU
ONTUYHI BOMOKHA OOHAKOBOI AOBXMHM i3 CKNagoM Merylumx OOMILLIOK, O He CUMbHO Pi3HATLCA. Takun
MeTod [A03BONSE 3 [[OCTaTHbOK TOYHICTIO perynioBaTv BiAMIHHICTb IPYMoOBMX LUBUAKOCTEN (FPynoBuUX
koedilieHTIB 3arnomneHHs)) i 3abe3snedyye HeoOXiOHY TOYHICTb KPOKYy 3aTPMMKW MNOYaTKOBOrO iMMyrbCy.
BukoHaHi po3paxyHK/ MOKasyloTb, O BUKOPUCTaAHHS METOAIB, LO MPOMOHYHTLCHA, AO03BOMSATb 3HAYHO
30iNbWMTN MPOMYCKHY 34aTHICTb BOJIOKOHHO-OMTUYHMX CUCTEM Mepedadi Mpu BUKOPUCTAHHI CydacHMX
TEXHOMOriN BUrOTOBMNEHHST ONTUYHUX KOMMNOHEHTIB.

Knro4yoBi crnoBa: koeilieHT 3arnoMneHHsi, rpynoBui KoedilieHT 3anoMmeHHs, rpyrnoBa WBUAKICTb,
YyacToTa, NeryBaHHs, KOHLEHTpaLlisl, CTPYKTYpHa iaeHTudikaLis.

Introduction. The available frequency spectrum in fiber-optic transmission systems (FOTS)
occupies approximately the band from 175 THz to 375 Hz. Thus, the total bandwidth is about 200
THz. How effectively is this frequency resource used?

In modern industrial FOTS of STM-64 type, the data transfer rate in one frequency channel
is 10 Gbit/s [1]. Such a frequency channel has a bandwidth of about 100 GHz. In the range of the
central wavelength of 1550 nm (about 193 THz), 40 frequency channels are organized. The total
data transfer rate is approximately 400 Gbit/s. Thus the spectral efficiency (the ratio of the data
transfer rate in bits/s to one hertz of the bandwidth) is about 0.005.
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The use of similar frequency plans in the vicinity of several optical carriers (DWDM
systems) makes it possible to increase this index by an order of magnitude. The spectral efficiency
is approximately 0.05. It is reported [2] that in experimental FOTS the data transfer rate is 20
Tbit/s. The record value of spectral efficiency is, therefore, 0.1. For comparison: in mobile
communication systems using CDMA technology this indicator is about 10 units [3]. In 100 times
more than for record values in the FOTS!
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Figure 1 — Typical graph dependence of the Figure 2 — Equalization of group velocities in
attenuation coefficient on wavelength logical frequency channels:

1 — line of equal group velocities; 2 — carrier
frequency of the forward channel; 3 — carrier
frequency of the reverse channel

This result may seem paradoxical. In fact, the FOTS channels are protected from external
interference, and the radiation inside the optical fiber (FO) does not affect adjacent channels. The
reason for the relatively low spectral efficiency of the FOTS is the presence of different dispersion
effects, as well as the dependence of the damping factor on the frequency. Significantly, relatively
narrow frequency bands are used for data transmission (Fig. 1) in the vicinity of the so-called
transparency windows (in fact, the region of local minima of the dependence of the attenuation
coefficient on frequency).

Analysis of the graph in Fig. 1 shows that attenuation in a small vicinity of the 850 nm
transparency window is approximately the same as in a very wide vicinity of the 1550 nm
transparency window. In the latter case, attenuation at a level of about 3 dB/km is provided in the
band occupying about 1/3 of the entire available frequency range. And this "frequency abundance"
is practically not used. On the other hand, the application of even elementary compaction methods
with the organization of logical channels of equal group velocities (Fig. 2) makes it possible to
increase the total transmission rate two times [4]. In this case, two logical channels with the same
group speeds can be used for duplex transmission (forward and reverse channel) in the same FO.
The purpose of this article is the substantiation of the principal possibility of increasing the
spectral efficiency of narrow-band FOTS by approximately an order of magnitude under the
conditions of the existing level of the technology of manufacturing optical components.

Alphabet of signals. One of the methods for increasing the spectral efficiency of a FOTS is
considered in [5]. The essence of the method is to use for the transmission of the signal’s alphabet
with amplitude modulation and frequency manipulation:

E (t)=U,(t)cos(AQ, t)exp(jo,t), k=1.K, (1)
where U, (¢) — the envelope of the low frequency component (LFC); k£ — signal’s alphabet; AQ, —

low frequency deviation relative to the carrier ®,; K — the total number of different signals in the
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alphabet. Note that if K =2", then the implementation of the alphabet (1) will increase the data
transfer rate in N times.

There are no fundamental limitations on the functional form of the LFC. It is important to
fulfill two conditions. First, on the receiving side, the signals should be distinguishable. Second: on
the receiving side, the effective duration of the signals should not exceed the duration of the clock
interval. It follows that the different signals of the alphabet (1) should have approximately the same
initial duration and approximately the same expansion due to dispersion in the FO. Otherwise, the
duration of the clock interval will determine the maximum duration pulse on the receiving side.

The first condition is fulfilled by the successive application of frequency filtering and
subsequent recognition of the energy spectra of the LFC signals. In this case, the transformation
from the time representation of the signal to the spectral representation is performed using the
grating systems [6]. The second condition is satisfied, in particular, for the alphabet with LFC in the
form of Gaussian pulses [4]:

U,(t,z=0)=

1 —t?
ex , k=1.K, 2
o \on p[zoij ()

where the condition z=0 means the distribution of the signal energy at the time of propagation
along the FO, and the parameter o, characterizes the initial effective pulse duration. From the

theory of probability, it is known that within the interval 7, =[-3c,,35,] approximately 97% of
the pulse energy is contained. Variation of parameters ¢, and AQ, allow the equalization of the

expansion of impulses due to material dispersion. A concrete example of the parametric realization
of the alphabets (1-2) is given in Table 1, where AF, =AQ, /2n — deviation of the cyclic

frequency relatively to the carrier;\y, — parameter of the effective width of the energy spectrum of

the LFC (in this case, about 97% of the energy of the signal in the frequency domain is contained in
the interval W, =[-3y .3y, ]).

Table 1 — Parameters of the system of Gaussian pulses alphabet

k AQ,, 2110 rad / s AF,, GGc v, ,GGe G, PS

1 1,2566E+02 | 2,0000E+01 | 8,0000E+01 | 1,2500E+01
2 1,7771E+02 | 2,8284E+01 | 7,4833E+01 | 1,3363E+01
3 2,1765E+02 | 3,4641E+01 | 6,9282E+01 | 1,4434E+01
4 2,5132E+02 | 4,0000E+01 | 6,3246E+01 | 1,5811E+01
5 2,8098E+02 | 4,4721E+01 | 5,6569E+01 | 1,7678E+01
6 3,0780E+02 | 4,8990E+01 | 4,8990E+01 | 2,0412E+01
7 3,3247E+02 | 5,2915E+01 | 4,0000E+01 | 2,5000E+01
8 3,5542E+02 | 5,6569E+01 | 2,8284E+01 | 3,5355E+01

Based on the alphabet of signals with the parameters from Table 1, it is possible to form a
signaling system that allows 256 possible states to be transmitted in one pulse, i.e. one byte. In this
case, a separate pulse in the clock interval is formed as a weighted sum of the signals of the
alphabet (2):

K K 1
W, ()=—>afUc ), A,=D oy, of ={ } m=0,.2% -1, (3)
k=1

1
A, T 0
where o — expansion coefficients of the number m in the binary system; functions U, (¢) are
determined by the dependence (2). The normalizing factor A ' s introduced to equalize the energy

of the signals of the system W (¢).
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Analysis of the values of the parameters in Table. 1 is shows the signals of system (3) in the
frequency domain do not go beyond the band of one frequency channel of FOTS STM-16 or STM-
64 (from 100 GHz to 200 GHz). Thus, the signal system (3) basically allows one single byte of
information to be transmitted in one pulse, i.e. the transfer rate of the FOTS can be increased by a
factor of 8. Frequency filtering of signals spaced at 5-10 GHz is not problematic. A definite
scientific and technical problem is forming the envelope of the LFC of a given form. In this case it
must be taken into account the order of the initial duration of the optical pulses (1-10 ps, as shown
in Table 1).

The method of forming a low-frequency envelope. In this article we confine our
consideration to the special case of the LFC envelope in the form of a Gaussian function (2). It is
known that in the regime of mode locking [7], laser radiation sources form pulses that are
approximately described by functions of the square of the hyperbolic secant form or in the form of a
Gaussian pulse. We are also confined by the second case. The generation the pulses of the Gaussian
form (2) directly by the laser require a tuning for 100 ps of the effective pulse duration in
accordance with Table 1. The solution of this problem is very difficult from a technical point of
view. The method of forming the LFC envelope by approximating short functions of readings is
promising [8]. A schematic diagram of the device implementing this method is given in Fig. 3.
Fig. 4 illustrates the approximation of a long Gaussian pulse with a weighted sum of a sequence of
short Gaussian pulses.

d L’om

|
Nale”

Figure 3 — Schematic diagram of the LFC Figure 4 — Approximation of a long Gaussian
formation, which implements the approximation pulse by a sequence of short Gaussian pulses
by the readings’s functions:

a — optical demultiplexer (splitter); b — optical

amplifiers; ¢ — precision delay lines; d — optical

multiplexer (adder)

The proposed approximation of the alphabet (2) is represented in the following general form:
M

U,(t,M) = Z f/ﬂ exp(_zjzzer exp(— MJ U, (t), o,>B, 4)

2

m=—M O-k k 2[3
where the dimensional coefficient b is determined by the condition of the maximum rate of
convergence of the approximant to the initial function and in general form can be defined as

b =,a/P; t —the step of samples grid, which is chosen from condition: Mt > 35, . Selecting the

number of M functions of samples in the expression (4) is determined by the necessary accuracy of
approximation. It can be shown thet when M — o there is convergence U, (¢, M) — U, (¢) in the

metric L, and in equivalent metrics. In this work, we confined by the illustrations (Fig. 5, 6).
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Figure 5 — Approximation by sample functions Figure 6 — Approximation by sample functions
for M = 7 (total number of samples is 15) at M = 20 (total number of samples is 41)

As an indicator of the accuracy of approximation (4), we take the maximum error in the
reproduction of the amplitude:
8U, = max|U,(t) - U, (¢, M)|/ max|U, (¢)| . (5)

For M =7 (total number of sample functions N =2M +1=15) indicator value (5)
approximately equals to 8,5-10 (Fig. 5). If N =41 the value of this indicator is 7,9-107. For the
value N =101 the corresponding illustrations are not given, since the graphs of the original
function and the approximants are not graphically indistinguishable. The indicator value (5) has
order 2,4-107, which we will assume to be a negligibly small quantity.

Parametric constraints. Beyond the specific parametric model of the FOTS channel, the
assigned task does not make sense. Here we confine by considering the case of narrow-band
channel with a width of the order of 100-200 GHz (FOTS STM-64 [1]). The duration of the clock
interval will be 100 ps. This corresponds to the practical binary alphabet transfer rate (0 or 1 in one
clock cycle) of 10 bps, and in the proposed method 80 bps. To estimate the increment of the pulse
duration as we propagate along the FO, we take an average value of the material dispersion
coefficient of the order of 0,3 — 1 ps/(nm - km). In the vicinity of the transparency window of
1550 nm, the bandwidth of 100 GHz corresponds to approximately 0,8 nm. Thus, with an initial
pulse duration of the order of 3 — 10 ps, data can be transmitted without impulses from neighboring
clock intervals at a distance of 100 — 300 km. The last estimation fully corresponds to the structure
of the regeneration plots in the Ukrainian FOTS.

Aspects of technical implementation. The known devices [9] on the receiving side allow
performing of spectral transformations with an accuracy of up to 15 pm. Taking into account the
bandwidth of the order of 0,8 — 1 nm, this resolution can be considered sufficient to distinguish the
signals of the alphabet (2). The sensitivity of the photodetectors is also sufficient [10]. As shown
above, for the realization of signals with duration of the order of 10 ps, 100 samples are sufficient,
which will be separated in steps of 100 fs. The sampling functions should also have duration of
about 100 fs. The generation of such short pulses is technically feasible. Thus, titanium-sapphire
lasers allow the generation of pulses with duration of about 3,4 fs. In this case, the spectrum of such
pulses will occupy about 128 THz. Accordingly, a pulse of 100 fs duration will occupy a band of
about 4,35 THz. If amplifiers (Fig. 1) use optical amplifiers (OA) of a traveling wave [1], then it is
possible to provide an acceptable time for tuning the gain factors — about 1 — 2 ps. In this case, the
OA of the traveling wave is sufficiently broadband. Thus, the width of the band at the level of 0,5 is
not less than 38 nm. In the vicinity of the 1550 nm transparency window this band corresponds to
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approximately 4,75 THz, which is acceptable. The operations of dividing the optical signal along
the directions and then combining them (positions @ and d in Fig. 1) are performed exclusively by
optical components [1]. Such components are not inertial-free and do not distort the waveform
except a proportional reduction in power. If necessary, the separation of the signal over several
channels can be performed by cascade systems of splitters.

Thus, the fundamental difficulty of technical realization is only the production of a system
of delay lines with a relative step of the order of 100 fs.

The system of delay lines with precision pitch. Let’s confine by considering the delay
lines made of FO. Lines of delay (position ¢ in Fig. 1) must satisfy rather harsh conditions.

First, since short sampling pulses occupy a wide band of about 4,35 THz, then significant
dispersion effects will appear in the FO. In the case of long lines, even the higher-order dispersion
should be taken into account [11]. These effects will appear in lines of great length. Estimating the
material dispersion sufficiently large 1 ps/(nm - km) in a 0,8-nm-wide channel, we come to the
conclusion that the initial pulse duration of 100 fs can double at a distance of 100 m. If it is
considered acceptable to extend the sampling pulse by 1-10 %, then the limiting length of the delay
lines will necessarily be limited to 1-10 meters.

Second, the relative delay step is very small (100 fs) and must be maintained with high
accuracy in a sufficiently wide frequency range.

A simple method of constructing a system of delay lines is to use segments of FO of the
same structure with different physical lengths. Let us estimate the orders of the step length of the
OB for this method. The delay in the lines is determined by the formula:

At, =T +nt, n=1..N.Therelative delay step is determined by the dependence:
:Ln_Lnfl :Ln_Lnfln :ﬁn)’ (6)
Ve c e ¥
where L, —physical length of n delay line; V,,— group velocity; n,.— group refractive index;

T

c— light speed in vacuum; AL — the difference (step) of the lengths of the FO segments. It follows
from (6) that the step length of the FO segments: AL =t-c/n,,. In the last expression, we take the

value n, ~1,5. Then, at the required relative step t =100 fs, the difference in the lengths of

adjacent segments of the FO should be approximately 20 pm. Such a difference can be ensured by
precise grinding of the ends of the FO. However, it is also necessary to ensure the accuracy of
grinding, which should not exceed 1% of 20 pm, i.e. 0,2 um. Without excluding the possibility of
achieving this accuracy, consider an alternative method of producing delay lines, based on the
precise alloying of the FO core composition. The refractive index and the group refraction index of
quartz glasses have an expressed dependence on the frequency and on the content of alloying
additives (Fig. 7, 8). In this case, only the alloying of the basic composition SiO, additives of
germanium dioxide GeO,. The method of structural identification [12] of the two-parameter
dependence of the group refractive index on the frequency and concentration of alloying additives
gives the following model in this case:

n, (o,un) =1,5035E+00 — 6,6031E-05- o + 3,2447E-08 - " —4,6630E-12- o'+
+(1,2998E-01 + 2,1283E-05- @ + 7,6240E-09- »° + 1,9426E-12- ®’) - u+ (7)
+ (—=7,0069E-01 + 8,7468E-04- @ — 3,8480E-07 - > + 6,1189E-11- ®’) - p,
where the values of frequency ® have dimension Trad, and the parameter p concentrations GeO: is
taken as a mass fraction (percentage divided by 100).
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Figure 7 - Dependence of the refractive index
on the frequency and content of the GeO:
impurity (the higher the graph, the greater the
impurity content: 0%, 3,1%, 3,5%, 4,1%,
5,8%, 7,0%, 7,9%, 13,5%)

Figure 8 - Dependence of the group refractive
index on the frequency and content of the GeO>
impurity (the higher the graph, the greater the
impurity content: 0%, 3,1%, 3,5%, 4,1%, 5,8%,
7,0%, 7,9%, 13,5%)

The proposed method of organizing the delay line system is the following: all delay lines have the
same length, and the delay step is regulated by alloying additives. Taking into account the orders of
magnitude in formula (7), we confine by the linearized dependence of the relative step on the delay
increment:

T=£ngr(0‘)0’l’t0+AH)_£ngr(w07M0)z£MAu’ ()
c c c du

where o, — fixed frequency; p, — the central value of the concentration of alloying additives;
Ap— a small increase in concentration relative to the central value.
For the specific example, let us set the central value of the concentration 5% (p, = 0,05). After
differentiating the dependence (7), we obtain the calculated formula:

(®y, Uy) =(5,9912E-02 + 1,0875E-04- @, — 3,0856E-08- o, + 8,0615E-12:w; )-An.  (9)

The results of calculations using formula (9) are given in Table. 2 — 4. Analysis of
Table 2 — 4 shows the following. Required step t delays of 100 fs (1071 s) is ensured at the line

length of about 0,3 m by the increment of the concentration GeO> about 1%. The doping accuracy
should be 0,01%.

Table 2 — Delay step values t for a wavelength of 1530 nm (®,=1232 Trad)

A Delay on the length of the lines L, m
0,03 0,1 0,3 1,0 3,0
0,01 | 1,6213E-13 | 5,4044E-13 | 1,6213E-12 | 5,4044E-12 | 1,6213E-11
0,001 | 1,6213E-14 | 5,4044E-14 | 1,6213E-13 | 5,4044E-13 | 1,6213E-12
0,0001 | 1,6213E-15| 5,4044E-15| 1,6213E-14 | 5,4044E-14 | 1,6213E-13
0,00001 | 1,6213E-16 | 5,4044E-16 | 1,6213E-15 | 5,4044E-15| 1,6213E-14
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Table 3 — Delay step values t for a wavelength of 1570 nm (®,=1911 Trad)

Ap Delay on the length of the lines L, m
0,03 0,1 0,3 1,0 3,0
0,01 | 1,5995E-13 | 5,3317E-13 | 1,5995E-12 | 5,3317E-12 | 1,5995E-11
0,001 | 1,5995E-14 | 5,3317E-14 | 1,5995E-13 | 5,3317E-13 | 1,5995E-12
0,0001 | 1,5995E-15| 5,3317E-15| 1,5995E-14 | 5,3317E-14 | 1,5995E-13
0,00001 | 1,5995E-16 | 5,3317E-16 | 1,5995E-15 | 5,3317E-15| 1,5995E-14
Table 4 — Delay step values t for a wavelength of 850 nm (®,=3529 Trad)
Ap Delay on the length of the lines L, m
0,03 0,1 0,3 1 3
0,01 | 2,3725E-13 | 7,9082E-13 | 2,3725E-12 | 7,9082E-12 | 2,3725E-11
0,001 | 2,3725E-14 | 7,9082E-14 | 2,3725E-13 | 7,9082E-13 | 2,3725E-12
0,0001 | 2,3725E-15| 7,9082E-15 | 2,3725E-14 | 7,9082E-14 | 2,3725E-13
0,00001 | 2,3725E-16 | 7,9082E-16 | 2,3725E-15 | 7,9082E-15 | 2,3725E-14

Such parameters are quite achievable with the existing technology for the production of FO

by deposition from a gaseous mixture. In Tables 2 — 3 are given values for wavelengths differing by
40 nm. In the vicinity of the 1550 nm transparency window, this corresponds to a bandwidth of 4
THz. In this band, 40 frequency channels with a width of 100 GHz are completely stacked
according to the G.692 frequency plan [1]. In this case, for the extreme values of the wavelengths,
the difference in the delay step does not exceed 2%. Thus, the proposed method provides sufficient
broadband in the region of an individual carrier. In broadband systems, it is necessary to use
different delay line systems for carriers that are separated by more than 5 — 10 THz.

The conclusion. The proposed models and the performed calculations show the principal

possibility of densification of the narrow-band channels of the FOTS by approximately an order of
magnitude at the existing level of the technology of manufacturing optical components.

Calculations for parametric models are performed by Starenkiy I.V. and Kostyuk V.V. using free
software ScilLab.
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