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Description
Field of the Invention

[0001] The present invention relates to a method of operating an optical transmission system, wherein at least one
optical data signal is transmitted over an optical transmission link, which particularly comprises at least one optical fiber.
[0002] The presentinvention further relates to an optical transmitter, an optical receiver and an optical transmission
system.

Background

[0003] It is already known to apply optical time-domain reflectometry, OTDR, to determine the quality of an optical
transmission link. The OTDR principle requires an optical pulse to be transmitted over the fiber under test, and a resulting
reflected signal is measured in a time-resolved way.

[0004] Similarly, optical frequency-domain reflectometry, OFDR, is already known, too.

[0005] Disadvantageously, both OTDR and OFDR techniques require to use a transmission pulse having a compar-
atively high optical power, which especially in the context of wavelength division multiplex, WDM, systems results in the
blocking of at least one wavelength channel for transmission of user data. In optical access systems based on a WDM
PON (passive optical network) configuration, each customer fiber can only be accessed via one particular wavelength.
Thus, the application of conventional OTDR and OFDR techniques interrupts or at least impedes a regular data trans-
mission over an optical transmission link, especially in WDM PON structures. Moreover, OFDR techniques necessitate
rather complex measurement setups to measure an optical phase of a reflected signal with sufficient precision.

[0006] US 2004/0208523 A1 discloses swept frequency reflectometry using an optical signal with sinusoidal modula-
tion.

[0007] US 2008/0131114 A1 discloses afaultlocalization apparatus for optical line using subcarrier multiplexing (SCM)
monitoring signal and method thereof.

Summary

[0008] Accordingly, it is an object of the present invention to provide an improved method of operating an optical
transmission system, an improved optical transmitter and an improved optical receiver which particularly offer an efficient
assessment of the quality of optical transmission links.

[0009] According to the present invention, regarding the abovementioned method, this object is achieved by a method
according to claim 1.

[0010] The inventive method advantageously requires a less complex hardware setup as compared to conventional
OTDR and OFDR systems because a regular optical data signal carrying user traffic is employed for performing the
inventive method. Moreover, performing the inventive method does not require any interruption of a regular operation
of the optical transmission system, because it is the regular optical data signal which is modulated for test purposes
according to the principle of the present invention.

[0011] The inventive method advantageously enables to efficiently monitor physical properties such as loss and/or
reflection parameters of a fiber plant or a single optical transmission link while the respective optical transmission systems
remain fully operative.

[0012] By employing the inventive method, any upcoming problems related to an optical transmission system which
effect an alteration of scattering and/or reflection behavior can be detected at a very early stage so that appropriate
countermeasures can be taken.

[0013] While the invention may preferably be used for assessing the link quality of optical access networks such as
WDM PONs, any other optical transmission link may be analyzed according to the inventive principle, too.

[0014] According to a preferred embodiment, said step of modulating is performed by altering an input signal of an
optical transmitter, which may e.g. be a wavelength division multiplex, WDM, transmitter. The transmitter’s input signal
is altered depending on said test signal, whereby e.g. a modulation current may be influenced that is used in said
transmitter to control an optical output power of a laser light source such as a semiconductor laser diode.

[0015] According to a further preferred embodiment, said step of modulating is performed by using an external mod-
ulator, which advantageously enables to implement the invention with existing systems that do not offer direct access
to a transmitter, e.g. for modifying a modulation current of a laser light source.

[0016] According to a further preferred embodiment, a plurality of different optical data signals of a wavelength division
multiplex, WDM, system are, preferably simultaneously, modulated by respective test signals, which enables to simul-
taneously analyze the optical properties of a plurality of optical WDM channels or even optical transmission links in general.
[0017] According to a further embodiment of the present invention, particularly precise information on the optical
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transmission link under test may advantageously be gathered by repeating said steps of modulating and receiving for
M many different modulation frequencies f,,,4(m), m = 1,..,M. |.e., the inventive determination of the fiber quality measure
is performed several times, wherein a different modulation frequency for the test signal is chosen each time.

[0018] According to the present invention, for said step of determining said fiber quality measure, a frequency com-
ponent of said received reflected portion of said modulated signal is determined which corresponds to said predetermined
modulation frequency f,,,,(m). This enables to easily separate those signal portions of the received reflected portion,
which comprise information on said optical transmission link, from other signal portions which e.g. comprise user data
of the modulated data signal that is not required for the inventive assessment of the link quality.

[0019] In this context, it is particularly preferred to determine a scattering term H(f,,,,4), which can be derived from said
frequency component of said received reflected portion.

[0020] According to the present invention, scattering terms H(f,,,,4(m)) are determined for M many different modulation
frequencies f,,,(m),m=1,..,M, wherein each scattering term H(f,,,,(m)) characterizes an amplitude and phase of said
reflected portion at a specific modulation frequency f,,,4(m), each scattering term H(f,,,,(m)) associated with a specific
modulation frequency f,,,4(m) is multiplied with a phase term denoting a phase shift which depends on said modulation
frequency f,,,4(m) and a specific position x0 on said optical transmission link, whereby for each modulation frequency
fmog(m) a phase-shifted scattering term Hp(f,,,,(m)) is obtained, a sum of all M many phase-shifted scattering terms
Hp(f,,4(m)) is determined, and the value for said quality measure at said specific position is determined depending on
said sum, preferably by dividing said sum by said number M of different modulation frequencies f,,,(m).

[0021] This inventive embodiment enables an efficient determination of said quality measure regarding specific posi-
tions of said transmission link under test while at the same time only requiring comparatively few processing resources
as compared to conventional OFDR techniques.

[0022] According to another very advantageous embodiment of the present invention, each scattering term H(f,,,,,(m))
is obtained depending on the equation

H(fmoa) = f: a(x) - exp [—j (Mx)] dx,

wherein f,,,(m) denotes said specific modulation frequency, dx denotes a differential length element of a specific
position x on said optical transmission link (120), L denotes a total length of said optical transmission link to be analyzed,
a(x) denotes a spatial reflection function which characterizes reflection effects and/or scattering effects and/or losses of
said optical transmission link associated with said specific position x, exp[-] denotes the exponential function, j denotes
the imaginary unit, and v denotes the speed of light within said optical transmission link, each phase term is obtained
depending on the equation

o = ()

each phase-shifted scattering term Hp(f,,,,,) is obtained depending on the equation

Hp(fmod) = H(fmod) - pt(m)

= j:a(x) - exp [—j (Mx)] dx 'exp[j (Mxo)].

v v

[0023] According to a further preferred embodiment of the present invention, which enables a particularly efficient
determination of said quality measure, a total length L of said optical transmission link to be analyzed is discretized into
N many discrete length sections each of which has the length JL, and said phase term pt(m) is discretized so as to obtain
a discretized phase term ptd(m) which depends on a specific position n-SL corresponding to one of said discrete length
sections, wherein said discretized phase term ptd(m) is preferably obtained depending on the equation

ptd(m,n - 6L) = exp [j (ZLmet™ . 51}

[0024] According to a further preferred embodiment, a value a(n),n = 1,.., . for said quality measure is determined

max
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for all N many discrete length sections to provide detailed information on an overall state of the examined optical
transmission link.

[0025] In order to identify specific parts of the examined optical transmission link which exhibit a comparatively large
scattering and or reflecting behaviour, a further embodiment of the present invention proposes to determine a location
Nmax Of @ length section which is associated with a maximum quality measure value a that has the largest
absolute value of said N many values a(n),n = 1,..,N of said quality measure.

[0026] A further preferred embodiment of the present invention comprises the steps of: modifying all M many scattering
terms H(f,,,4(m)) depending on said maximum quality measure value a,,,, to obtain respective modified scattering terms
H'(fr04), Wherein said modifying is preferably performed by subtracting from a scattering term H(f,,,,,(m)) a product of
an absolute value abs(a,,,,) of said maximum quality measure value a,,,, and an associated phase term which char-
acterizes a phase shift that is associated with said location n,,,, of said length section which is associated with said
maximum quality measure value a wherein said modifying is particularly performed depending on the equation

max(nmax)

max’

H (fmoa(m)) = H(fimoa(m)) — abs(amas) - exp [~ (L2en, . - 51)),

determining modified values a’(n) for all N many discrete length sections except said length section which is associated
with said maximum quality measure value a,,,,(ny.x) by repeating said steps of multiplying, determining the sum and
determining the value for said quality measure based on said modified scattering terms H'(f,,,).

[0027] This variantof the inventive method advantageously enables to reduce an influence of highly localized scattering
and/or reflection effects by providing the modified scattering terms which, after a first iteration of the inventive method,
do not comprise any contribution of the currently determined maximum quality measure value. Consequently, smaller
scattering and/or reflection contributions of other portions of the analyzed transmission link can also be examined in detail.
[0028] According to a further advantageous embodiment of the present invention, the step of determining modified
values a’(n) is recursively repeated, preferably for N many times, wherein N corresponds to the overall number of discrete
length sections of the optical transmission link to be analyzed.

[0029] Accordingtoyetanother advantageous embodiment of the presentinvention, afrequency spacing Jffor adjacent
modulation frequencies f,,,(m = 1), f,,4(M = 2),.. is chosen which is proportional to a reciprocal value of the number
M of different modulation frequencies and/or the length L of the N many discrete length sections, wherein said frequency
spacing of is particularly obtained depending on the equation 5f = —2;"‘;1‘, wherein P is an integer.

[0030] As a further solution to the object of the present invention, an optical transmitter is proposed which is configured
to transmit at least one optical data signal over an optical transmission link, which particularly comprises at least one
optical fiber. The inventive optical transmitter is configured to modulate said data signal with a test signal having a
predetermined modulation frequency f,,,,,to obtain amodulated data signal for transmission over said optical transmission
link. For the realization of the inventive principle, the inventive transmitter may comprise external modulator means which
modulated said optical data signal that is already carrying user data.

[0031] Alternatively, itis also possible to add said inventive test signal to a modulation signal of a conventional optical
transmitter to obtain the inventive configuration. Hence, in this configuration, an optical carrier signal is simultaneously
modulated by both user data and the inventive test signal for measurement purposes, whereas when using an external
modulator, the inventive modulation with the test signal is applied to an optical carrier signal that has already been
modulated by user data before.

[0032] To enable an efficient diagnosis of optical transmission links for WDM systems having a plurality of wavelength
channels, it is also possible for the inventive optical transmitter to be configured to simultaneously modulate a plurality
of optical data signals, which are preferably associated with said different WDM channels. In this case, the respective
test signals for the different WDM channels can either have identical or different predetermined modulation frequencies
or test patterns defining a sequence of different modulation frequencies to be applied.

[0033] As a further solution to the object of the present invention, an optical receiver is proposed. The inventive optical
receiver is configured to receive a reflected portion of a modulated data signal that has been transmitted over an optical
transmission link, which particularly comprises at least one optical fiber, wherein said optical receiver is further configured
to determine a fiber quality measure depending on said received reflected portion of said modulated signal.

[0034] The inventive optical receiver may advantageously be integrated into an inventive optical transmitter or a
conventional optical transmitter having an external modulator for applying the inventive test signals to optical data signals.
The inventive optical receiver can also be provided as a separate unit as long as it is connected to the fiber under test
in a way which guarantees that a reflected portion of a modulated data signal can reach the optical receiver.

[0035] According to a further advantageous embodiment of the present invention, the optical receiver is configured to
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receive a plurality of reflected portions of modulated data signals each of which has been modulated with one of M many
different modulation frequencies f,,,4(m),m = 1,..,M, to determine a scattering term H(f,,,,,(m)) for each of said M many
different modulation frequencies, wherein each scattering term H(f,,,4(m)) characterizes an amplitude and phase of said
reflected portion (Pback) at a specific modulation frequency f,,,,4(m), to multiply each scattering term H(f,,,,(m)) asso-
ciated with a specific modulation frequency f,,,,4(m) with a phase term (pt(m)) denoting a phase shift which depends on
said modulation frequency f,,,,(m) and a specific position x0 on said optical transmission link, whereby for each mod-
ulation frequency f,,,,4(m) a phase-shifted scattering term Hp(fmod) is obtained, to determine a sum of all M many phase-
shifted scattering terms Hp(f,,,,4), and to determine the value for said quality measure at said specific position depending
on said sum, preferably by dividing said sum by said number M of different modulation frequencies.

[0036] Generally, according to further embodiments of the inventive optical receiver, said optical receiver is configured
to perform any method steps of the method according to the present invention, particularly the method steps according
to at least one of the claims 6 to 14.

[0037] A further solution to the object of the present invention is given by an optical transmission system comprising
an optical transmission link, which particularly comprises at least one optical fiber, an optical transmitter according to
one of the claims 15 to 16, and an optical receiver according to one of the claims 17 to 19.

[0038] Further features, aspects and advantages of the present invention are presented in the following detailed
description with reference to the drawings in which:

Fig. 1a  depicts a schematic block diagram of a first embodiment of an inventive optical transmission system,
Fig. 1b  depicts a schematic block diagram of a second embodiment of an inventive optical transmission system,
Fig. 1c  depicts a schematic block diagram of a third embodiment of an inventive optical transmission system,
Fig. 2 depicts a flow-chart of a first embodiment of the inventive method,

Fig. 3 depicts a flow-chart of a second embodiment of the inventive method,

Fig. 4 schematically depicts a discretization of an optical fiber under test using the inventive method,

Fig. 5 depicts a flow-chart of a third embodiment of the inventive method, and

Fig. 6 depicts a block diagram of an embodiment of an inventive optical transmitter.

Description of the Embodiments

[0039] Figure 1a shows a first embodiment of an inventive optical transmission system 100a. The optical transmission
system 100a comprises an optical transmitter 110 which is configured to transmit at least one optical data signal over
an optical transmission link 120. For the present example, the optical transmission link 120 comprises a single optical
fiber 120a. Generally, however, the optical transmission link 120 may also comprise a complex configuration of several
optical fibers or even a complete WDM PON configuration, which e.g. comprises a tree topology or the like.

[0040] The optical fiber 120a connects said optical transmitter 110 with an optical data receiver 130 that is configured
to receive said at least one optical data signal which is transmitted by said transmitter 110. Consequently, components
110, 120, 130 form a per se known optical transmission system which may e.g. be employed to transmit user data from
the transmitter 110 to the data receiver 130.

[0041] To enable an efficient monitoring of said optical transmission link 120 particularly regarding fiber losses and
reflections, the inventive optical transmission system 100a is configured to perform the inventive method a first embod-
iment of which is explained below with reference to the flow-chart of Figure 2.

[0042] In afirst step 200, said optical data signal provided by the transmitter 110 is modulated with a test signal having
a predetermined modulation frequency f,,,, to obtain a modulated data signal. Consequently, the modulated data signal
obtained according to the presentinvention comprises several spectral components: a) optical carrier frequency portions,
b) user data portions, and ¢) modulation frequency portions.

[0043] In contrast to the optical carrier frequency portions and user data portions of the spectral components, which
result from a regular data modulation for the data transmission between the components 110, 130, the spectral compo-
nents of the modulation frequency portions are a result from the inventive modulation 200 with the test signal having
said specific modulation frequency.

[0044] Itis important to differentiate between the inventive modulation with the test signal having a specific modulation
frequency and a regular modulation of an optical carrier signal for user data transmission purposes. However, since the
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user data transmission and related modulation schemes do not form the focus of the present invention, the term "mod-
ulation" primarily refers to the inventive modulation of an optical data signal with the inventive test signal.

[0045] As already explained above, the inventive method advantageously introduces a spectral component c) to the
optical signal sent over the transmission link 120 which can be considered to be dedicated for measuring purposes since
it is not part of the user data transmission and the respective spectral components a), b). Due to a specifically chosen
modulation frequency, the spectral component ¢) may furthermore easily be separated from the other spectral compo-
nents a), b) required for the regular user data transmission. Thus, the inventive method and a regular user data trans-
mission do not exclude each other. It is rather advantageously possible to conduct the inventive step 200 of modulation
with the test signal without impeding or even interrupting a regular data transmission operation between the components
110, 130.

[0046] Within the inventive transmitter 110, the modulation 200 may e.g. performed by locally generating the test signal
having the predetermined modulation frequency and by adding the test signal to an existing modulation signal of the
transmitter 110 which e.g. effects the conventional modulation of an optical carrier signal with a conventional modulation
signal that depends on the user data to be transmitted.

[0047] For instance it is possible to include the inventive modulation step 200 by directly modifying an electric control
current for a semiconductor laser diode providing the optical signals within said transmitter 110. In this case an inventive
modulation current component may be added to a conventional modulation current used for adding user data information
to a carrier frequency signal during an operation of said semiconductor laser diode.

[0048] Figure 6 shows a block diagram depicting details of an embodiment of the inventive optical transmitter 110.
User data u which is to be transmitted via said optical fiber 120a is supplied to an input port 112 of the transmitter 110
in form of an electric signal such as an electric current.

[0049] The inventive transmitter 110 also comprises internal test signal generating means 116 which generate the
inventive test signal s having a predetermined modulation frequency. The test signal s may also preferably be provided
as an electric signal, e.g. a current.

[0050] Both the user data current u and the test signal current s are fed to electro-optic converter means 114 which
may e.g. comprise a semiconductor laser device and output a modulated optical signal having both spectral components
related to user data and the inventive test signal to the optical fiber 120a.

[0051] External modulation means 115 may also be employed to add the inventive modulation depending on the test
signal s to a conventionally generated optical data signal, cf. the transmission system 100b of Figure 1b. In this config-
uration, the transmitter 110’ may comprise a conventional configuration, e.g. it does not require internal test signal
generating means 116 as shown by Fig. 6.

[0052] After generating the modulated optical data signal according to step 200 of Figure 2, said modulated optical
data signalis sentfrom the transmitter 110 over the transmission link 120. The modulated optical data signal is symbolized
by the arrow Pin, cf. Figure 1a.

[0053] While traveling from the transmitter 110 to the user data receiver 130 via said transmission link 120, the
modulated optical signal usually experiences attenuation, e.g. due to distributed losses such as fiber losses and con-
centrated losses that may be caused by interconnections between fiber sections (splices). Thus, a part of the optical
power transmitted into the fiber 120a is reflected at splices and connectors and the like, and a further part of the optical
power is backscattered in the fiber, e.g. due to Rayleigh scattering.

[0054] The reflected and backscattered power fractions of the modulated optical signal propagate in the fiber 120a
back to the transmitter 110, where they superimpose incoherently, i.e. the power values of the reflected signal components
are accumulated, as long as individual reflection points are separated by more than half of the coherence length of the
laser 114 of said transmitter 110. For a laser line width of 1 MHz, which is a typical value for transmission lasers 114
(Figure 6), this minimum separation is 100 meters. The minimum separation is reduced when the reflected signals
experience different polarization rotation as is the case in typical transmission fibers 120a.

[0055] Inorderto acquire information on the transmission conditions of the transmission link 120, particularly the above
explained reflection and scattering effects, the inventive method proposes a further step 210 of receiving a reflected
portion of said modulated data signal Pin that has been supplied to the transmission link 120 by the transmitter 110.
[0056] This reflected portion is symbolized by the arrow Pback in Figure 1a and may be received by receiver means
140, which according to the present example of Figure 1a are integrated into the transmitter 110.

[0057] Ascanbe seenfrom Figure 1c, itis also possible to provide the transmitter 110 and the receiver 140 as separate
components. In this configuration, optical power splitting means 142 have to be provided which supply the receiver 140
with the reflected portion Pback for the further inventive analysis.

[0058] From the received reflected portion Pback, a fiber quality measure can be determined at the transmitter side
of the transmission system 100a, Figure 1. l.e., in step 220, Figure 2, the fiber quality measure is determined depending
on said received reflected portion Pback of said modulated signal Pin.

[0059] Since the inventive method inter alia employs user data optical signals, which are modulated according to the
present invention, it can advantageously be applied during continuous, i.e. uninterrupted, operation of the transmission
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system 100a. That is, for the inventive method according to the steps 200, 210, 220 to be performed properly, a con-
ventional optical data transmission between components 110, 120, 130 is not required to be interrupted or blocked.
[0060] For example, the modulated optical data signal Pin which is transmitted over said fiber 120a according to the
present invention can be described by:

Pin = -E 1 + cos(2nfpmoqt + @o) +ud(t)| (equation 1),

scl sc2

wherein P denotes an optical peak power output by said transmitter 110, wherein the term sc1 = cos(2nf, o4t + @)
denotes a spectral component of said modulated optical data signal Pin which results from the inventive modulation, cf.
step 200 of Figure 2, and which consequently, inter alia, depends on the modulation frequency f,,,4 of the inventive test
signal s (Figure 6). ¢y denotes a phase shift related to the inventive modulation 200 process, and t denotes time.
[0061] Theterm sc2 =ud(t) denotes further spectral components of the modulated optical data signal Pin that represent
signal portions which are due to a conventional modulation process according to which an optical carrier frequency is
modulated with said user data u, cf. Figure 6. Since the term sc2 does not contribute to and is not required for the
explanation of the inventive analysis of the received reflected portion Pback, it is not detailed any further in the following
description.

[0062] According to equation (1), the inventive modulation 200 comprises using a sinusoidal modulation signal, which
is a preferred embodiment of the invention.

[0063] The received reflected portion Pback can be written as:

Pback = fol' Pin (t - -2;’() -r(x) - d2(x) dx (equation 2),

wherein pin'(t — i’f) represents the modulated optical data signal Pin depending on the time t, a specific position
v

x along the transmission link 120, and a speed of light v of the signal Pin within the optical fiber 120a of the transmission
link 120.

[0064] Figure 4 schematically depicts the optical fiber 120a under test together with a length coordinate x, wherein
x=0 denotes the position of the transmitter 110. In case of an external modulator 115 (Figure 1b) for the inventive
modulation of step 200 (Figure 2), the position coordinate x=0 denotes the position of the external modulator 115.
[0065] Moreover, the position coordinate x=L denotes a position of the user data receiver 130, i.e. L represents an
overall length of the optical fiber 120a.

[0066] Referring back to equation (2), r(x) represents a reflection coefficient at the location x, said reflection coefficient
characterising how much optical signal power is reflected back to the transmitter side 110 at said location x. For instance,
if there is a splice (not shown) or some other kind of perturbation of a refractive index of the optical fiber 120a at a specific
position x1, the corresponding value r(x1) of the reflection coefficient will be larger than for another position x2 = x1
having no splice or the like.

[0067] The term d(x) represents an accumulated loss between the fiber input at x=0, i.e. at the transmitter side, and
a specific position x. Equation (2) comprises the squared term d?(x) since the received reflected portion Pback has
travelled a fiber length of 2x prior to returning to the transmitter side and thus has suffered from attenuation effects twice,
one time for each direction of travel in the fiber 120a.

[0068] The accumulated loss term d(x) may be characterized by:

d(x) = exp(— f:a(y) dy) (equation 3),

wherein a(y) represents a location dependent attenuation term that comprises both localized losses and distributed
losses (e.g., due to Rayleigh scattering) in the fiber 120a.

[0069] According to a further preferred embodiment of the invention, the reflection coefficient r(x) and the squared
accumulated loss term d2(x) are combined to obtain a combined reflection and accumulated loss term

a(x) =r(x)- d*(x) (equation 4),
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which can be interpreted as a quality measure for optical data transmission over said transmission link 120 or optical
fiber 120a, respectively, because it accounts for reflection and scattering effects on the fiber 120a. Consequently, in the
further description, the term "quality measure" refers to the combined reflection and accumulated loss term a(x) according
to equation (4).

[0070] Whencombining equations (1) and (4) with equation (2), for the backward propagating optical power as received
at the transmitter side, e.g. by the inventive receiver 140, it is obtained:

Pback = _[OL a(x) - g [1 + c0s (2 fmoat + Qo — i'5{7”5’41c)] dx (equation 4a).

[0071] In obtaining equation (4a), the term sc2 of equation (1) has been omitted for simplification, which in the present
case is admissible as only those portions of the signal Pback are considered for the inventive determination 220 (Figure
2) of the quality measure a(x), which comprise frequency components related to the modulation frequency f,,,,, of the
test signal s.

[0072] Further simplifications to equation (4a) comprise applying Euler’s identity to the term sc1 of equation (1) and
omitting any spectral components different from the modulation frequency used for the inventive step 200 of modulating,
which yields equation (4b):

Pback,mod = g - expli(2nfoqt + ©g)] ¢ fol' a(x) - exp [—j (mf",“" x)] dx + c.c.

cl inta

(equation 4b),

wherein "c.c." denotes the conjugate-complex term of the first summand.

[0073] From equation (4b) it can be seen that the amplitude and phase of the modulation on the backscattered /
reflected power is determined by an aggregation of all scattering / reflection components, cf. the integral term int1.
Consequently, for the further description, said integral term int1 is also referred to as scattering term H(f,,,):

H(fmod) = fol'a(x) + eXp [—i (ﬂf",“—“x)] dx (equation 5).

[0074] Both amplitude and phase of the received reflected portion Pback or the derived term Pback,mod, cf. equation
(4b), are dependent on the modulation frequency ..

[0075] According to a preferred embodiment of the present invention, the inventive step of receiving 210 comprises
receiving the reflected portion Pback according to equation (4a) by means of said receiver 140. Since the expression
c1 of equation (4b) is a constant known in the transmitter 110 (and the receiver 140), the inventive scattering term H(f,,,,4)
can easily be derived from the received reflected portion Pback by omitting any spectral components different from the
modulation frequency f,,,4 used for the inventive step 200 of modulating.

[0076] I.e., the following steps may be performed in the receiver 140 to obtain the scattering term H(f,,,,): measuring
the signal Pback in the receiver 140, filtering the signal Pback so as to only consider spectral components having the
modulation frequency f,,,4 subtracting the known constant c¢1 from the measured signal as well as eliminating the
conjugate-complex portion c.c..

[0077] The aforementioned step of filtering may also be accomplished by employing a lock-in-technique. For instance,
the receiver 140 may comprise a lock-in amplifier 144 that may be tuned to the modulation frequency f,,,4 Which is
currently used for the step of modulating 200.

[0078] This way, the scattering term H(f,,,,), which usually is a complex number, is obtained by the receiver 140 or a
respective control unit (not shown) that may control operation of said receiver 140 and/or said transmitter 110.

[0079] Depending on said scattering term H(f,,,4), the quality measure a(x) may be determined in step 220 of the
inventive method.

[0080] Forinstance, according to one embodiment, the quality measure may directly be obtained as an absolute value
of said scattering term H(f,,,4), which represents a very simple quality assessment that in principle only allows to deter-
mined whether an aggregated backscattering and/or reflection is too high and that does not allow a position resolved
quality assessment.

[0081] According to a further embodiment of the present invention, said steps of modulating 200 and receiving 210
are repeated for a plurality of modulation frequencies, particularly for M many different modulation frequencies f,,,,4(m),m
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=1,.,M. Thus, M many different scattering terms H(f,,4(m)) are obtained, one for each modulation frequency.

[0082] According to an embodiment of the present invention, the quality measure a(x) can be obtained from said M
many different scattering terms H(f,,,,4(m)) by applying an inverse Fourier transform to these scattering terms H(f,o4(m)).
[0083] According to a further embodiment, it is also possible to discretize the total length L (Figure 4) of said optical
transmission link 120 or the fiber 120a into N many discrete length sections 11, 12, .., IN each of which has the length oL
thus enabling an efficient numeric solution with the spatial resolution of the length L.

[0084] Based on such discretization of the fiber 120a, a discretized scattering term H(f,,,,4) may be obtained according
to

- N . 41tfmoa°5L .

Ha(fmod) = Tn=12n €XP {—] (———;— n)| (equation 6),

wherein the index variable n ranging from 1 to N denotes a discrete position, e.g. the n-th length section In, with respect
to the fiber length, and wherein

5L .
a, = ]:=(n_1)5La(x) dx (equation 7).

[0085] The M many different values f,,,,4 chosen for the modulation frequency are likewise discrete. They can be
chosen as uniformly spaced, but they can also be randomly chosen out of a frequency range limited by the practical
implementation, i.e. the configuration of the test signal generating means 116, cf. Figure 6.

[0086] Equation 6 for the discretized scattering terms Hy(f,0q) can formally be rewritten as

Ha(fmoa) = Td (equation 8),

wherein Fd)(fmod) represents a vector of discrete scattering terms M many components of which have been determined

by multiple repetition of the inventive steps 200, 210 (Figure 2) with M different modulation frequencies, wherein T
represents a matrix having N many columns and M many rows,

i.e. T= [tm,n], wherein t;,, = exp [—j (wn)] .

[0087] According to the present embodiment, matrix T can be inverted to obtain the inverse matrix T-1, and the vector
a of equation (8), which comprises N many quality measure values each of which is associated with a specific length
element |1, 12, .., i.e. position of the fiber 120a, may be obtained by a matrix multiplication of -1 and the vector Fd)(fmod):

T Hy(fmoq) = T~ Td=d (equation 8a).

[0088] For this embodiment of the inventive method, matrix T has to be a square matrix, i.e. it is recommendable to
provide the same number M of different modulation frequencies as there are length sections I1, 12, .., i.e. M = N.
[0089] According to a further embodiment of the present invention, which is particularly preferred due to its simplicity
and precision, scattering terms H(f,,,4) are determined for M many different modulation frequencies f,,,,,(m), m=1,..,M,
wherein each scattering term H(f,,,,,) characterizes an amplitude and phase of said reflected portion Pback at a specific
modulation frequency f,,,4-

[0090] Said determination of said scattering terms may e.g. be performed by repeatedly conducting the inventive steps
of modulating 200 (Figure 2) and receiving 210 for M many times thus obtaining M many reflected portions Pback,
wherein every reflected portion has been obtained for a different modulation frequency. The M many reflected portions
Pback may e.g. measured by using an opto-electric converter such as a photo diode or the like.

[0091] From the M many reflected portions Pback, which have been measured by the receiver 140 in the course of
the receiving step 210, the scattering terms H(f,,,,,) can be easily obtained as disclosed above with reference to equations
(4a), (4b), (5), i.e. by neglecting frequency components other than the respective modulation frequency and by eliminating
conjugate-complex portions of said reflected portions Pback.
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[0092] The determination of said M many scattering terms according to the present embodiment of the invention is
symbolized by step 300 of the flow-chart depicted by Figure 3.

[0093] In a further step 310 of the current embodiment, each scattering term H(f,,,,,) associated with a specific mod-
ulation frequency f,,,,4 is multiplied with a phase term denoting a phase shift which depends on said modulation frequency
fmoq @nd a specific position x0 on said optical transmission link 120, whereby for each modulation frequency f,,,, a
phase-shifted scattering term Hp(f,,,,,) is obtained:

Hp(fmoa)= H(fmoa) - pt{m,x0) (equation 9).

[0094] After that, in step 320, a sum

sHP = T -1 Hp(finoa(m)) = Zth=s H(frmoa(m)) - pt(m,x0), (equation 10),

of all M many phase-shifted scattering terms H,(f,,,4) is determined, and finally, in step 330, the value for said quality
measure a(x0) at said specific position is determined depending on said sum obtained in step 320, preferably by dividing
said sum by said number M of different modulation frequencies f,,,4:

a(x0) = sHP/M (equation 11).

[0095] According to Applicant’s analysis, the obtained quotient a(x0) precisely reflects the state of the optical trans-
mission link 120 at the position x = x0 as far as reflection and scattering effects are concerned.

[0096] The inventive determination of said quotient according to the steps 310, 320, 330 can be performed by using
calculation means 146 (Figure 6) such as a microprocessor or a digital signal processor (DSP) which may be integrated
in the optical transmitter 110 or optical receiver 140.

[0097] According to a particularly preferred variant of the afore explained embodiment of the present invention, each
scattering term H(f,,,,) is preferably obtained depending on the equation

H(fmoa) = fo"'a(x) ' exp [—j (ﬂ‘%x)l dx (equation 12) ,

wherein f,,,4 denotes said specific modulation frequency, dx denotes a differential length element of a specific position
x on said optical transmission link (120), L denotes a total length of said optical transmission link 120 to be analyzed,
a(x) denotes the spatial reflection function which characterises reflection effects and/or scattering effects and/or losses
of said optical transmission link 120 associated with said specific position x, exp[-] denotes the exponential function, j
denotes the imaginary unit, and v denotes the speed of light within said optical transmission link 120.

[0098] According to a particularly preferred variant of the afore explained embodiment of the present invention, each
phase term pt(m) is preferably obtained depending on the equation

47 mod(m) xO)
v

pt(m) = exp [}( ] (equation 13).

[0099] Consequently, when combining equations (12) and (13), the inventive phase-shifted scattering term Hp(f,,,,4)
can preferably be obtained depending on the equation

Hp(fmoa) = H(fmoa) - Pt(M)

= f: a(x) - exp [-j (ﬂ”%‘—(—m—)x)] dx -exp [j (Mxo)] (equation 14).

[0100] Accordingto afurther preferred embodimentof the inventive method, a particularly simple and efficient numerical
solution to equation (14) can obtained if the total length L of said optical transmission link 120 to be analyzed is discretized
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into N many discrete length sections 11, 12, .., IN each of which has the length 5L, and when said phase term pt(m) is
discretized so as to obtain a discretized phase term ptd(m) which depends on a specific position x0 = n0-dL corresponding
to one of said discrete length sections 11, 12, .., IN.

[0101] Said discretized phase term ptd(m) is preferably obtained depending on the equation

pta(m,x0 = n0- 6L) = exp [j-(ﬂ@;@no . SL)] (equation 15).

[0102] Applying said discretization of the phase term pt(m) to equation (10) and using the discretized form for the
scattering terms Hy(f,,o4) @according to equation (6) yields:

sHP = Y1 Hy(fmoa) + Pta(m) (equation '16)

which can be simplified as follows:

M
> Ha(fmod) * Pta(m)
m=1

M N

B R R B )

m=1| \n=1 .

Hg (fmoa(m)) ~ pta(m)
SIAY . (4mfoa(m) - 6L A ]
= Z Z anexp |—j{ - - (n _ no)
m=1l\n=1" |
M -N,n:no . M
4tf, m) - 8L
= Z Z an exp|—j mod‘(, ) (n-no0) ||| + z ano
m=1 n=1 | ~=
) s1

(equation 17).

[0103] The left hand summand s1 in the last line of equation (17) approaches zero, if a sufficient large number M of
modulation frequencies is considered, thus, it follows:

sHP zM'ano

[0104] Hence, for the quality measure a,, at the position n0 it is obtained:

ane = SHP/M (equation 18).

1"
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[0105] This procedure may advantageously be repeated for all length sections 11, 12, .. of the transmission link 120 or
the fiber 120a, respectively, to get information on the state of the whole fiber 120a.

[0106] Forinstance, in order to determine the quality measure al for the first length section I1, the variable n0 is chosen
to be 1, and so on. This way, discrete quality measure values ay, .., ay may be obtained for all of the N many length
sections I1, .., IN.

[0107] According to a further variant of the present invention, itis also possible to determine a location n,,,, of a length
section which is associated with a maximum quality measure value a,,,,(n,4,) that has the largest absolute value of
said N many values ay, .., ay of said quality measure. Since this length section at the location n,,,, makes the largest
contribution to reflection and scattering effects of the whole fiber under test 120a, its exact position n,,,, is of great
interest for planning a further analysis or inspection of the transmission link 120.

[0108] As numerical simulations revealed, the aforedescribed method of determining the quality measure values a,
yields particularly precise results if the differences between the various quality measure values a,, are comparatively
small, i.e. if they only have a small variance.

[0109] Accordingto another preferred embodiment of the inventive method, the precision of the quality measure values
a, can be improved by taking into consideration the influence of the left hand summand sl in the last line of equation
(17). This is particularly useful for such configurations where only a comparatively small number M of different modulation
frequencies is used.

[0110] Itis therefore proposed to reduce the impact of a large localized backscattering parameter, i.e. quality measure
value a4, of a specific length section before calculating the quality measure values a,,n # n1 for other length sections.
For this purpose, the following method steps are proposed:

First of all, in step 400 of the flow-chart depicted in Figure 5, the inventive steps of modulating 200 (Figure 2) and
receiving 210 are repeated using a predetermined number M of different modulation frequencies.

[0111] Asasecond step 410, M many scattering terms H(f,,,,,(m)) for all used modulation frequencies are determined
as already explained above, cf. e.g. equations (4a), (4b), (5), i.e. by measuring Pback at the receiver 140, by neglecting
frequency components other than the respective modulation frequency and by eliminating conjugate-complex portions
of said received reflected portions Pback. Furthermore, in step 410, the quality measure values ay, .., ay are also
determined as explained above, i.e. by repeatedly applying equations (16), (17) to different length sections of the fiber

120a. Still in step 410 of Figure 5, the maximum quality measure value a,,.,(n,,,,) is determined:

amax = Max (abs(a,));n=1,..,N,

i.e. to determine the overall maximum quality measure value, preferably an absolute value abs() of the respective quality
measure values is used.

[0112] After that, in step 420, all of the M many scattering terms H(f,,,,4(m)) are modified depending on said maximum
quality measure value a,,,, to obtain respective modified scattering terms H(f,,,4,(m)). The modification is preferably
performed by subtracting from a scattering term H(f,,,,(m)) a product of an absolute value abs(a,,,,) of said maximum
quality measure value a,,,, and an associated phase term which characterizes a phase shift that is associated with said
location nj,,, of said length section which is associated with said maximum quality measure value a,,,,.

[0113] Said modifying 420 is particularly performed depending on the equation:

H Fmoa(m)) = H(fmpa(m) ~ @b (amas) - exp | =) (2228, - 61)]

(equation 19).

[0114] The step 420 of modifying ensures that the impact of the maximum quality measure value a,,,, of the whole
fiber 120a is compensated.

[0115] Based on the modified scattering terms H'(f,,,4(m)) obtained in step 420, in step 430 modified values a’(n) are
determined for all N many discrete length sections except said length section which is associated with said maximum
quality measure value a,,,,(n,4x)- This is achieved by repeating said steps of multiplying 310, determining 320 the sum
sHP and determining 330 the value for said quality measure a based on said modified scattering terms H'(f,,,5)-
[0116] I.e., the already above disclosed method steps 310, 320, 330 are performed based on the modified scattering
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terms H'(f,,,,) rather than the unmodified scattering terms H(f,,, ).

[0117] Consequently, after afirstapplication of said step 430, (N-1) many modified quality measure values are obtained,
i.e. for those (N-1) many length sections I1, .. of the fiber 120a which are not associated with the maximum quality
measure value a,,,,(Nmax)-

[0118] These (N-1) many modified quality measure values have advantageously been determined without the influence
of the maximum quality measure value a,,,,(n,,,), the impact of which has been removed by application of equation
(19). Thus, the modified quality measure values comprise a higher precision as their corresponding unmodified values.
[0119] After said (N-1) many modified quality measure values have been determined, from these modified quality
measure values a maximum value may be determined, and the procedure may recursively be continued, step 440, for
N many times to obtain precise quality measure values for all length sections of the fiber 120a.

[0120] Atthe start of the second cycle, the modified scattering terms H'(f,,,,4), that have been modified in the previous
cycle, are further modified by applying equation (19) based on the (N-1) many modified quality measure values and their
current maximum value. Subsequently, said further modified scattering terms can be used to calculate a new set of (N-
2) many quality measure values, and so on.

[0121] After N many recursions, the backscattering parameters, i.e. quality measure values an for all length sections
have been obtained. To furtherreduce errors, itis possible to calculate an absolute value of the quality measure values an.
[0122] Of course, itis also possible to perform the recursions of step 440 for a smaller number of cycles as compared
to the overall number of length sections, e.g. only until a variance of the currently remaining quality measure values has
not reached a predetermined lower threshold value.

[0123] According to a further advantageous embodiment of the inventive method, a frequency spacing Jf for adjacent
modulation frequencies f,,,4(m = 1),f,,,4(m = 2),.. is chosen which is proportional to a reciprocal value of the number M
of different modulation frequencies and/or the length oL of the N many discrete length sections, wherein said frequency
spacing of is particularly obtained depending on the equation

P-v :
of = sweL (€duation 20),

wherein P is an integer.
[0124] For a spatial resolution of 5L = 100 meters, the frequency range M - &f should be chosen to be a multiple of
1MHz. In addition, if this condition is not exactly met, the base frequency (f,,,4(m = 1) should satisfy the equation

Pv

fmod(m =1)# YT

[0125] The inventive method advantageously requires a less complex hardware setup as compared to conventional
OTDR and OFDR systems because a regular optical data signal carrying user traffic is employed for performing the
inventive method. Moreover, performing the inventive method does not require any interruption of a regular operation
of the optical transmission system 100a, 100b, 100c, because it is the regular optical data signal which is modulated for
test purposes according to the principle of the present invention.

[0126] The inventive method advantageously enables to efficiently monitor physical properties such as loss and/or
reflection parameters a of a fiber plant or a single optical transmission link 120 while the respective optical transmission
systems 100a, 100b, 100c remain fully operative.

[0127] The inventive steps related to receiving 210 (Figure 2) the reflected portion Pback and determining 220 the
quality measure - as well as the further method steps explained with respect to Figure 3 and Figure 5 - are advantageously
performed by calculation means 146 such as a DSP which may be integrated into the inventive receiver 140.

[0128] A further aspect of the present invention is given by a computer program product that comprises computer-
readable instructions that - when executed by the computer - cause the computer to perform the method according to
the present invention.

Claims
1. Method of operating an optical transmission system (100a, 100b, 100c), wherein at least one optical data signal is
transmitted over an optical transmission link (120), which particularly comprises at least one optical fiber (120a),

said method further comprising: modulating (200) said data signal with a test signal (s) having a predetermined
modulation frequency f,,,, to obtain a modulated data signal (Pin), receiving (210) a reflected portion (Pback) of
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said modulated data signal (Pin), and determining (220) a fiber quality measure (a) depending on said received
reflected portion (Pback) of said modulated signal (Pin), wherein, for said step of determining (220) said fiber quality
measure (a), a frequency component (Pback,mod) of said received reflected portion (Pback) of said modulated
signal (Pin) is determined which corresponds to said predetermined modulation frequency f,,,4 particularly a scat-
tering term H(f,,,,) derived from said frequency component (Pback_mod), wherein

- scattering terms H(f,,,,) are determined (300) for M many different modulation frequencies f,,,,,(m), m=1,...,M,
wherein each scattering term H(f,,,,) characterizes an amplitude and phase of said reflected portion (Pback)
at a specific modulation frequency f,,,4,

characterized in that

- each scattering term H(f,,,4) associated with a specific modulation frequency f,,,, is multiplied (310) with a
phase term (pt(m)) denoting a phase shift which depends on said modulation frequency f,,,4 and a specific
position x0 on said optical transmission link (120), whereby for each modulation frequency f,,,, a phase-shifted
scattering term Hp(f,,,4) is obtained,

- a sum (sHP) of all M many phase-shifted scattering terms Hp(f,,,,,) is determined (320), and in that

the value for said quality measure (a) at said specific position is determined (330) depending on said sum (sHP),
preferably by dividing said sum (sHP) by said number M of different modulation frequencies .

Method according to claim 1, wherein said step of modulating (200) is performed by altering an input signal of a
wavelength division multiplex, WDM, transmitter (110) depending on said test signal (s), particularly a modulation
current.

Method according to claim 1, wherein said step of modulating (200) is performed by using an external modulator (115).

Method according to one of the preceding claims, wherein a plurality of different optical data signals of a wavelength
division multiplex, WDM, system are, preferably simultaneously, modulated by respective test signals.

Method according to one of the preceding claims, wherein said steps of modulating (200) and receiving (210) are
repeated for M many different modulation frequencies f,,,,(m), m=1,.,M.

Method according to claim 1, wherein

- each scattering term H(f,,,,) is obtained depending on the equation

H(fmoa) = Jy a(x) - exp [—j (FLmtx)| dx,

wherein f,,,4 denotes said specific modulation frequency, dx denotes a differential length element of a specific
position x on said optical transmission link (120), L denotes a total length of said optical transmission link (120)
to be analyzed, a(x) denotes a spatial reflection function which characterises reflection effects and/or scattering
effects and/or losses of said optical transmission link (120) associated with said specific position x, exp[-] denotes
the exponential function, j denotes the imaginary unit, and v denotes the speed of light within said optical
transmission link (120),

- each phase term (pt(m)) is obtained depending on the equation

pt(m) = exp [j (4_7%_::1_(7"_))(0)]

- each phase-shifted scattering term Hp(f,,,,,) is obtained depending on the equation
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Hp(fmoa) = H(fmoa) ' Pt(M)

= f a(x) - exp[ (———4nf mod (™M) )] dx - exp [] (———mf’""d(m) 0)]

Method according to one of the preceding claims , wherein a total length L of said optical transmission link (120) to
be analyzed is discretized into N many discrete length sections (I1, 12, .., IN) each of which has the length JL, and
wherein said phase term pt(m) is discretized so as to obtain a discretized phase term ptd(m) which depends on a
specific position n - 4L corresponding to one of said discrete length sections (11, 12, .., IN), wherein said discretized
phase term ptd(m) is preferably obtained depending on the equation

ptd(m,n - 8L) = exp [j (Mn : SL)] .

Method according to one claim 7, wherein a value a(n),n = 1,..,N for said quality measure (a) is determined for all
N many discrete length sections.

Method according to claim 8, wherein a location n,,,, of a length section is determined which is associated with a
maximum quality measure value a,,,, (N4, that has the largest absolute value of said N many values a(n),n=1,..,N
of said quality measure (a).

Method according to claim 9, comprising the steps of:

- modifying (420) all M many scattering terms H(f,,,,(m)) depending on said maximum quality measure value
apax to obtain respective modified scattering terms H'(f,,,,4(m)), wherein said modifying is preferably performed
by subtracting from a scattering term H(f,,,4(m)) a product of an absolute value abs(a,,,,) of said maximum
quality measure value a,,,, and an associated phase term which characterizes a phase shift that is associated
with said location n,,,, of said length section which is associated with said maximum quality measure value
a wherein said modifying is particularly performed depending on the equation H'(f,,,4(m)) = H(f,,,(m)) -

max,

abs(a,, )

exp [ (L, 1)

- determining (430) modified values a’(n) for all N many discrete length sections except said length section
which is associated with said maximum quality measure value a,,,,(n,,,) by repeating said steps of multiplying
(310), determining (320) the sum (sHP) and determining (330) the value for said quality measure (a) based on
said modified scattering terms H(f,;,,q)-

Method according to claim 10, characterized by recursively repeating (440) the step of determining modified values
a’(n), preferably for N many times, wherein N corresponds to the overall number of discrete length sections (11, 12, ..,
IL) of the optical transmission link (120) to be analyzed.

Method according to one of the claims 7 to 11, wherein a frequency spacing Jf for adjacent modulation frequencies
fnod(m =1),f0q(M = 2),.. is chosen which is proportional to a reciprocal value of the number M of different modulation
frequencies and/or the length JL of the N many discrete length sections, wherein said frequency spacing Jf is
Pv

particularly obtained depending on the equation §f = Sl

, Wherein P is an integer.

Optical receiver (140) configured to receive (210) a reflected portion (Pback) of a modulated data signal (Pin) that
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has been transmitted over an optical transmission link (120), which particularly comprises at least one optical fiber
(120a), wherein said optical receiver (140) is further configured to determine (220) a fiber quality measure (a)
depending on said received reflected portion (Pback) of said modulated signal (Pin),

- receive a plurality of reflected portions (Pback) of modulated data signals (Pin) each of which has been
modulated with one of M many different modulation frequencies f,,,,4(m),m = 1,..,M,

- determine (300) a scattering term H(f,,,,(m)) for each of said M many different modulation frequencies, wherein
each scattering term H(f,,,,(m)) characterizes an amplitude and phase of said reflected portion (Pback) at a
specific modulation frequency f,,4(m),

characterized in that said optical receiver (140) is further configured to

- multiply (310) each scattering term H(f,,,,4(m)) associated with a specific modulation frequency f,,,4(m) with
aphase term (pt(m)) denoting a phase shift which depends on said modulation frequency f,,,m) and a specific
position x0 on said optical transmission link (120), whereby for each modulation frequency f,,,,,(m) a phase-
shifted scattering term Hp(f,,,4) is obtained, to

- determine (320) a sum (sHP) of all M many phase-shifted scattering terms Hp(f,,,,) (320), and

- to determine (330) the value for said quality measure (a) at said specific position depending on said sum (sHP),
preferably by dividing said sum (sHP) by said number M of different modulation frequencies.

Optical receiver (140) according to claim 13, characterized in that said receiver (140) is configured to perform the
method according to at least one of the claims 6 to 12.

Optical transmission system (100a) comprising an optical transmission link (120), which particularly comprises at
least one optical fiber (120a), an optical transmitter (110) configured to transmit at least one optical data signal over
said optical transmission link (120), wherein said transmitter (110) is configured to modulate (200) said data signal
with a test signal (s) having a predetermined modulation frequency f,,,, to obtain a modulated data signal (Pin) for
transmission over said optical transmission link (120), and an optical receiver (140) according to one of the claims
13 to 14.

Patentanspriiche

1.

Verfahren fiir den Betrieb eines optischen Ubertragungssystems (100a, 100b, 100c), wobei mindestens ein optisches
Datensignal iiber eine optische Ubertragungsstrecke (120), die insbesondere mindestens eine optische Faser (120)
aufweist, Ubertragen wird, wobei das Verfahren ferner beinhaltet: Modulieren (200) des Datensignals mit einem
Prufsignal (s), das eine vorgegebene Modulationsfrequenz f,,,,yhat, um ein moduliertes Datensignal (Pin) zu erhalten,
Empfangen (210) eines reflektierten Anteils (Pback) des modulierten Datensignals (Pin) und Bestimmen (220) eines
FasergitemalRes (a) abhdngig vom empfangenen, reflektieren Anteil (Pback) des modulierten Signals (Pin), wobei
fur den Schritt des Bestimmens (220) des FasergiitemaRes (a) eine Frequenzkomponente (Pback,mod) des emp-
fangenen, reflektierten Anteils (Pback) des modulierten Signals (Pin), die der vorgegebenen Modulationsfrequenz
fmog€ntspricht, bestimmt wird, insbesondere ein von der Frequenzkomponente (Pback_mod) abgeleiteter Streuterm

H(fn00): WObEI

- Streuterme H(f,,,,4) fir M unterschiedliche Modulationsfrequenzen f,,,,4(m), m = 1,.., M bestimmt werden (300),
wobei jeder Streuterm H(f,,,,4) eine Amplitude und Phase des reflektierten Anteils (Pback) bei einer spezifischen
Modulationsfrequenz f,,,; kennzeichnet, dadurch gekennzeichnet, dass

- jeder mit einer spezifischen Modulationsfrequenz f,,,, in Beziehung stehende Streuterm H(f,,,,) mit einem
Phasenterm (pt(m)), der eine Phasenverschiebung bezeichnet, die von der Modulationsfrequenz f,,,,; und einer
spezifischen Stelle x0 auf der optischen Ubertragungsstrecke (120) abhéngt, multipliziert wird (310), wodurch
fir jede Modulationsfrequenz f,,,4 ein phasenverschobener Streuterm Hp(f,,,,) erhalten wird,

- eine Summe (sHP) aller M phasenverschobenen Streuterme Hp(f,,,,) bestimmt wird (320), und dadurch, dass

der Wert fir das Gltemal (a) an der spezifischen Stelle abhangig von der Summe (sHP), vorzugsweise durch
Dividieren der Summe (sHP) durch die Zahl M unterschiedlicher Modulationsfrequenzen f,,,4 bestimmt wird (330).

Verfahren nach Anspruch 1, wobei der Schritt des Modulierens (200) durch Andern eines Eingangssignals eines
Wellenlangenmultiplex-(WDM-)Senders (110) abhangig von dem Priifsignal (s), insbesondere einem Modulations-

16



10

15

20

25

30

35

40

45

50

55

EP 2 323 286 B9
strom, durchgefuhrt wird.

Verfahren nach Anspruch 1, wobei der Schritt des Modulierens (200) durch Verwenden einen externen Modulators
(115) durchgefihrt wird.

Verfahren nach einem der vorangegangenen Anspriiche, wobei eine Vielzahl unterschiedlicher optischer Daten-
signale eines Wellenlangenmultiplex-(WDM-)Systems, vorzugsweise gleichzeitig, durch entsprechende Prifsignale
moduliert wird.

Verfahren nach einem der vorangegangenen Anspriiche, wobei die Schritte des Modulierens (200) und Empfangens
(210) fir M unterschiedliche Modulationsfrequenzen f,,,4(m),m = 1,.., M wiederholt werden.

Verfahren nach Anspruch 1, wobei

- jeder Streuterm H(f,,,,,) erhalten wird nach der Gleichung

B(foa) = [; alx) - exp|—j (T2 x| dx,

e

wobei f,,,4 die spezifische Modulationsfrequenz bezeichnet, dx ein differenzielles Ladngenelement einer spezi-
fischen Stelle x auf der optischen Ubertragungsstrecke (120) bezeichnet, L eine Gesamtlénge der zu untersu-
chenden optischen Ubertragungsstrecke (120) bezeichnet, a(x) eine Raumreflexionsfunktion bezeichnet, die
mit der spezifischen Stelle x in Beziehung stehende Reflexionseffekte und/oder Streueffekte und/oder -verluste
der optischen Ubertragungsstrecke (120) kennzeichnet, exp[-] die Exponentialfunktion bezeichnet, j die ima-
ginare Einheit bezeichnet und v die Lichtgeschwindigkeit innerhalb der optischen Ubertragungsstrecke (120)
bezeichnet,

- jeder Phasenterm (pt(m)) erhalten wird nach der Gleichung

(AT s ST
pt(m) = exp[" [—Hf vd am },

x0)
J
- jeder phasenverschobene Streuterm Hp(f,,,4) erhalten wird nach der Gleichung

Hp(fmad) = H(fmad) ! pt(m)

’ alx) exp [—j (w t)] dx-exp [f (M rﬁ)}

.}u () i’

Verfahren nach einem der vorangegangenen Anspriiche, wobei eine Gesamtlange L der zu untersuchenden opti-
schen Ubertragungsstrecke (120) in N diskrete Langenabschnitte (11, 12, .., 1N), von denen jeder die Lange &L
hat, diskretisiert wird und wobei der Phasenterm pt(m) diskretisiert wird, um einen diskretisierten Phasenterm ptd(m)
zu erhalten, der von einer spezifischen Stelle n. JL, die einer der diskreten Langenabschnitte (11, 12, .., 1N) ent-
spricht, abhangt, wobei der diskretisierte Phasenterm ptd(m) vorzugsweise erhalten wird nach der Gleichung

ptd (m,n- 5L) = exp [ [

Verfahren nach einem Anspruch 7, wobei ein Wert a(n),n = 1,.., N fir das Gutemal (a) fur alle N diskreten Léangen-
abschnitte bestimmt wird.
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Verfahren nach Anspruch 8, wobei ein Ort n,,,, eines Ladngenabschnitts bestimmt wird, der mit einem maximalen
GutemaBwert a,,5,(N 4y, der den héchsten absoluten Wert der N Werte a(n),n = 1,.., N des GiitemaRes (a) hat, in
Beziehung steht.

Verfahren nach Anspruch 9, mit folgenden Schritten:

- Modifizieren (420) aller M Streuterme H(f,,,4(m)) abhéngig vom maximalen Gltemalwert a,,,,, um entspre-
chende, modifizierte Streuterme H’(f,,,4(m)) zu erhalten, wobei das Modifizieren vorzugsweise durch Subtra-
hieren, von einem Streuterm H(f,,,,,(m)), eines Produkts aus einem absoluten Wert abs(a,,,,) des maximalen
GitemaBwertes a,,,, und einem zugehdrigen Phasenterm durchgefiihrt wird, der eine Phasenverschiebung
kennzeichnet, die mit dem Ort n,,,., des Langenabschnitts in Beziehung steht, der mit dem maximalen Giite-
malwert a,,,, in Beziehung steht, wobei das Modifizieren insbesondere durchgefiihrt wird nach der Gleichung

’e o - o, _ f‘tl'nfmod':m) Y
H' (F (M) = H(Fraqa (1)) = @b5(aa) - exp [~ (2, - 51|

- Bestimmen (430) modifizierter Werte a’(n) fur alle N diskreten Ladngenabschnitte mit Ausnahme des Langen-
abschnitts, der mit dem maximalen GutemaRwert a,,,,(n,4,) iN Beziehung steht, indem die Schritte des Mul-
tiplizierens (310), des Bestimmens (320) der Summe (sHP) und des Bestimmens (330) des Wertes fir das
GutemaR (a) auf der Basis der modifizierten Streuterme H’(f,,,,4) Wiederholt werden.

Verfahren nach Anspruch 10, gekennzeichnet durch rekursives Wiederholen (440) des Schrittes des Bestimmens
modifizierter Werte a’(n), vorzugsweise N-mal, wobei N der Gesamtzahl diskreter LaAngenabschnitte (11, 12,.., 1L)
der zu untersuchenden optischen Ubertragungsstrecke (120) entspricht.

Verfahren nach einem der Anspriiche 7 bis 11, wobei ein Frequenzabstand Jf fir benachbarte Modulationsfrequen-
zen fpog(m = 1),f,0q (M = 2),.., der proportional zu einem reziproken Wert der Zahl M unterschiedlicher Modulati-

onsfrequenzen und/oder der Lange SL der N diskreten Langenabschnitte ist, gewahlt wird, wobei der Frequenzab-

-‘17
stand Jf insbesondere nach der Gleichung Sf = 2;;+5‘L' wobei P eine ganze Zahl ist, erhalten wird.

Optischer Empfanger (140), ausgestaltet, einen reflektierten Anteil (Pback) eines modulierten Datensignals (Pin),
das iiber eine optische Ubertragungsstrecke (120), die insbesondere mindestens eine optische Faser (120a) auf-
weist, Ubertragen worden ist, zu empfangen (210), wobei der optische Empfanger (140) ferner ausgestaltet ist, ein
Fasergitemal (a) abhdngig vom empfangenen, reflektierten Anteil (Pback) des modulierten Signals (Pin) zu be-
stimmen (220),

- eine Vielzahl reflektierter Anteile (Pback) modulierter Datensignale (Pin), von denen jedes mit einer der M
unterschiedlichen Modulationsfrequenzen f,,,4(m), m = 1,.., M moduliert worden ist, zu empfangen,

- einen Streuterm H(f,,,q(m)) fir jede der M unterschiedlichen Modulationsfrequenzen zu bestimmen (300),
wobei jeder Streuterm H(f,,,4(m)) eine Amplitude und Phase des reflektierten Anteils (Pback) bei einer spezi-
fischen Modulationsfrequenz f,,,,4(m) kennzeichnet,

dadurch gekennzeichnet, dass der optische Empfanger (140) ferner ausgestaltet ist,

- jeden mit einer spezifischen Modulationsfrequenz f,,,,4(m) in Beziehung stehenden Streuterm H(f,,,4(m)) mit
einem Phasenterm (pt(m)), der eine Phasenverschiebung bezeichnet, die von der Modulationsfrequenz f,,,,g(m)
und einer spezifischen Stelle x0 auf der optischen Ubertragungsstrecke (120) abhéngt, zu multiplizieren (310),
wodurch fiir jede Modulationsfrequenz f,,,,4(m) ein phasenverschobener Streuterm Hp(f,,,4) erhalten wird, um
- eine Summe (sHP) aller M phasenverschobenen Streuterme Hp(f,,,,) zu bestimmen (320) und

- den Wert fiir das Gitemal (a) an der spezifischen Stelle abh&ngig von der Summe (sHP), vorzugsweise durch
Dividieren der Summe (sHP) durch die Zahl M unterschiedlicher Modulationsfrequenzen, zu bestimmen (330).

Optischer Empféanger (140) nach Anspruch 13, dadurch gekennzeichnet, dass der Empfanger (140) ausgestaltet
ist, das Verfahren nach mindestens einem der Anspriiche 6 bis 12 durchzuflihren.

Optisches Ubertragungssystem (100a), das eine optische Ubertragungsstrecke (120), die insbesondere mindestens
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eine optische Faser (120a) aufweist, einen optischen Sender (110), der ausgestaltet ist, mindestens ein optisches
Datensignal iiber die optische Ubertragungsstrecke (120) zu (ibertragen, wobei der Sender (110) ausgestaltet ist,
das Datensignal mit einem Prifsignal (s), das eine vorgegebene Modulationsfrequenz f,,,, ; hat, zu modulieren (200),
um ein moduliertes Datensignal (Pin) fiir die Ubertragung iiber die optische Ubertragungsstrecke (120) zu erhalten,
und einen optischen Empfanger (140) nach einem der Anspriiche 13 bis 14 aufweist.

Revendications

Procédé pour le fonctionnement d’un systeme de transmission optique (100a, 100b, 100c), dans lequel au moins
un signal de données optique est transmis sur une liaison de transmission optique (120), qui comprend en particulier
au moins une fibre optique (120a), ledit procédé comprenant en outre : la modulation (200) dudit signal de données
a l'aide d’'un signal/de signaux d’essai ayant une fréquence de modulation f,,,, prédéterminée afin d’obtenir un
signal de données modulé (Pin), la réception (210) d’une partie réfléchie (Pback) dudit signal de données modulé
(Pin), et la détermination (220) d’'une mesure de qualité de la fibre (a) en fonction de ladite partie réfléchie (Pback)
recue dudit signal de données modulé (Pin), dans lequel, pour ladite étape de détermination (220) de ladite mesure
de qualité de la fibre (a), une composante de fréquence (Pback_mod) de ladite partie réflechie (Pback) recue dudit
signal de données modulé (Pin) est déterminée qui correspond a ladite fréquence de modulation fmod prédéterminée,
en particulier un terme de diffusion H(f,,,,) dérivé de ladite composante de fréquence (Pback_mod), dans lequel

- les termes de diffusion H(f,,,4) sont déterminés (300) pour de nombreuses M fréquences de modulation
différentes f,,,4(m), m =1, .., M, dans lesquels chaque terme de diffusion H(f,,,4) caractérise une amplitude
et une phase de ladite partie réfléchie (Pback) & une fréquence de modulation f,,,, spécifique,

caractérisé en ce que

- chaque terme de diffusion H(f,,,,) associé a une fréquence de modulation f,,,4 spécifique est multiplié (310)
par un terme de phase (pt(m)) qui indique un décalage de phase en fonction de ladite fréquence de modulation
fmog €t d’une position spécifique x0 sur ladite liaison de transmission optique (120), gréce a quoi, pour chaque
fréquence de modulation f,,,4 on obtient un terme de diffusion H(f,,,,) & décalage de phase,

- une somme (sHP) de tous les M nombreux termes de diffusion H(f,,,,) @ décalage de phase est déterminée
(320), et en ce que

la valeur de ladite mesure de qualité (a) dans ladite position spécifique est déterminée (330) en fonction de ladite
somme (sHP), de préférence en divisant ladite somme (sHP) par ledit nombre M des différentes fréquences de
modulation f,,.

Procédé selon la revendication 1, dans lequel ladite étape de modulation (200) est effectuée en changeant un signal
d’entrée d’un transmetteur (110) a multiplexage par répartition en longueur d’onde WDM en fonction dudit signal/des-

dits signaux d’essai, en particulier un courant de modulation.

Procédé selon la revendication 1, dans lequel ladite étape de modulation (200) est effectuée en utilisant un modu-
lateur extérieur (115).

Procédé selon l'une des revendications précédentes, dans lequel une pluralité de différents signaux de données
optiques d’'un systéme a multiplexage par répartition en longueur d’'onde WDM sont modulés, de préférence simul-

tanément, par des signaux d’essai respectifs.

Procédé selon I'une des revendications précédentes, dans lequel lesdites étapes de modulation (200) et de réception
(210) sont répétées pour les nombreuses M fréquences de modulation différentes f,,,,(m), m =1, ..., M.

Procédé selon la revendication 1, dans lequel

- chaque terme de diffusion H(f,,,,) est obtenu en fonction de I'’équation

H(fmoa) = [ alx) - exp [_«. j (W x)] dx,
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dans laquelle f,,,, indique ladite fréquence de modulation spécifique, dx indique un élément de longueur diffé-
rentielle d’'une position spécifique x sur ladite liaison de transmission optique (120), L indique une longueur
totale de ladite liaison de transmission optique (120) qui doit étre analysée, a(x) indique une fonction de réflexion
spatiale qui caractérise les effets de réflexion et/ou les effets de diffusion et/ou les pertes de ladite liaison de
transmission optique (120) associée a ladite position spécifique x, exp[.] indique la fonction exponentielle, j
indique 'unité imaginaire, et vindique la vitesse de la lumiére au sein de la liaison de transmission optique (120),
- chaque terme de phase (pt(m)) est obtenu en fonction de I'’équation

pim) = ex ) (/25 0)

- chaque terme de diffusion Hp(f,,,,) & décalage de phase est obtenu en fonction de I'’équation

Hp (finoa) = H(fimoa) * pt(m)

= f, a(x) - exp [Wf (*—mmmf"”\"d‘cm} x)] dx  exp Ej (m4,xf ”‘f{m} x(‘})] )

[

Procédé selon 'une des revendications précédentes, dans lequel une longueur totale L de ladite liaison de trans-
mission optique (120) qui doit étre analysée est discrétisée en N différentes sections de longueur discrétes (11,
12, ..., 1N), dont chacune a la longueur SL, et dans lequel ledit terme de phase pt(m) est discrétisé de maniére a
obtenir un terme de phase discrétisé ptd(m) en fonction d’'une position spécifique n. 5L correspondant a 'une desdites
sections de longueur discrétes (11, 12, ..., 1N), dans lequel ledit terme de phase discrétisé ptd(m) est de préférence
obtenu en fonction de I'équation

ptd(m,n - 8L) = exp [f (

Procédé selon la revendication 7, dans lequel une valeur a (n), n=1, ..., N pour ladite mesure de qualité (a) est
déterminée pour toutes les N différentes sections de longueur discretes.

Procédé selon la revendication 8, dans lequel un emplacement n,,,, d’'une section de longueur est déterminé qui
est associé & une valeur de mesure de qualité maximum a,,,,(n,,.,) qui a la plus grande valeur absolue desdites
N différentes valeurs a(n), n=1,..., N de ladite mesure de qualité (a).

10. Procédé selon la revendication 9, comprenant les étapes consistant a :

- modifier (420) tous les M termes de diffusion H(f,,,4(m)) en fonction de ladite valeur de la mesure de qualité
maximum a,,,, afin d’obtenir des termes de diffusion modifiés H'(f,,,4(m)) respectifs, dans lequel ladite modi-
fication est de préférence réalisée par soustraction d’un terme de diffusion H(f,,,,(m)) d’un produit d’une valeur
absolue abs (a,,,,) de ladite mesure de qualité maximum a,,,, et d’un terme de phase associé qui caractérise
un décalage de phase qui est associé au dit emplacement n,,,,,, de ladite section de longueur qui est associée
a ladite mesure de qualité maximum a,,,,, dans lequel ladite modification est plus particulierement réalisée en
fonction de I'équation

H'(fimoa(m)) = H (finoa(m)) — abs(apqy)
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exp [_N j (4”f mod (1) Mo * éL)]

i

- la détermination (430) de valeurs modifiées a’'(n) pour toutes les N différentes sections de longueur discrétes
a I'exception de ladite section de longueur qui est associée a ladite mesure de qualité maximum a,,,,(N,,,,) €N
répétant lesdites étapes de multiplication (310), détermination (320) de la somme (sHP) et détermination (330)
de la valeur pour ladite mesure de qualité (a) en se fondant sur lesdits termes de diffusion modifiés H'(f,,,).

Procédé selon la revendication 10, caractérisé par la répétition récurrente (440) de I'étape de détermination des
valeurs modifiées a’(n), de préférence N fois différentes, dans lequel N correspond au nombre total de sections de
longueur discrétes (11, 12, ..., 1L) de la liaison de transmission optique (120) qui doit étre analysée.

Procédé selon 'une quelconque des revendications 7 a 11, dans lequel un espacement des fréquences of pour les
fréquences de modulation adjacentes f,,,,(m=1), f,,,(M=2), ... est choisi qui est proportionnel & une valeur réci-
proque du nombre M de fréquences de modulation différentes et/ou la longueur 5L des N différentes sections de
longueur discrétes, dans lequel ledit espacement des fréquences Jf est plus particulierement obtenu en fonction

de I'équation .;Sff s 2;‘:‘;,[." dans laquelle P est un nombre entier.

Récepteur optique (140) configuré pour recevoir (210) une partie réfléchie (Pback) d’'un signal de données modulé
(Pin) qui a été transmis sur une liaison de transmission optique (120), qui comprend plus particuliérement au moins
une fibre optique (120a), dans lequel ledit récepteur optique (140) est en outre configuré pour déterminer (220) une
mesure de qualité de la fibre (a) en fonction de ladite partie réfléchie (Pback) dudit signal modulé (Pin),

- recevoir une pluralité de parties réfléchies (Pback) de signaux de données modulés (Pin), dont chacun a été
modulé a l'aide de 'une des M différentes fréquences de modulation f,,4(m), m= 1, ..., M,

- déterminer (300) un terme de diffusion H(f,,,,(m)) pour chacune desdites M différentes fréquences de modu-
lation, dans lequel chaque terme de diffusion H(f,,,,(m)) caractérise une amplitude et une phase de ladite partie
réfléchie (Pback) a une fréquence de modulation f,,,4(m) spécifique,

caractérisé en ce que ledit récepteur optique (140) est en outre configuré pour

-multiplier (310) chaque terme de diffusion H(f,,,4(m)) associé a une fréquence de modulation f,,,,4(m) spécifique
par un terme de phase (pt(m)) indiquant un décalage de phase qui dépend de ladite fréquence de modulation
fmoq(Mm) et d’une position spécifique x0 sur ladite liaison de transmission optique (120), gréce a quoi, pour chaque
fréquence de modulation f,,,,(m) on obtient un terme de diffusion Hp(f,,,,) décalé en phase, afin de

- déterminer (320) une somme (sHP) de tous les M différents termes de diffusion Hp(f,,,4) décalés en phase
(320), et

- déterminer (330) la valeur pour ladite mesure de qualité (a) dans ladite position spécifique en fonction de ladite
somme (sHP), de préférence en divisant ladite somme (sHP) par ledit nombre M de différentes fréquences de
modulation.

Receveur optique (140) selon la revendication 13, caractérisé en ce que ledit receveur (140) est configuré pour
mettre en oeuvre le procédé selon au moins I'une des revendications 6 a 12.

Systeme de transmission optique (100a) comprenant une liaison de transmission optique (120) qui comprend plus
particulierement au moins une fibre optique (120a), un transmetteur optique (110) configuré pour transmettre au
moins un signal de données optique sur ladite liaison de transmission optique (120), dans lequel ledit transmetteur
(110) est configuré pour moduler (200) ledit signal de données a l'aide d’un signal/de signaux d’essai ayant une
fréquence de modulation prédéterminée f,,, 4 afin d’obtenir un signal de données modulé (Pin) destiné a étre transmis
sur ladite liaison de transmission optique (120), et un récepteur optique (140) selon I'une des revendications 13 a 14.
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