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(57) A digital signal processor for use in a direct-de-
tection optical data receiver. The digital signal processor
including a first electronic unit for estimating signal-to-sig-
nal-beat interference in a received first sequence of dig-
ital intensity measurements of an optical signal combin-
ing an optical carrier and an optical data-modulated sig-

nal in a same optical wavelength channel. The digital
signal processor includes a second electronic unit to
modify the first sequence by clipping some of the intensity
measurements thereof in response said some of the in-
tensity measurements having magnitudes above a
threshold.
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Description

Field of the invention

[0001] The disclosure relates to optical data communications, direct-detection optical data receivers and to methods
of operating such optical data receivers.

Background

[0002] Due to the growth of cloud services, data center-interconnect (DCI) and metro networks have become increas-
ingly important network segments. Typically, DCI and metro networks use optical fiber to transport data.
[0003] One approach for optical fiber data transport, which can provide high data rates desired for DCI applications,
is based on the direct-detection (DD) of optical signals, which are intensity-modulated to carry data. However, the
maximum optical reach of such DD optical communication systems is typically limited, e.g., by fiber group velocity
dispersion (GVD).
[0004] Further approaches for optical data transport over optical fiber, at the high data rates desired for DCI, are based
on phase-modulation of optical signals. These approaches may both increase data rates and overcome some optical
reach limits caused by dispersion. Some approaches to phase-modulation use coherent optical receivers, which would
be costly for DCI applications. Recently, other approaches to the use of phase-modulation for the optical transport of
data have proposed the use of direct-detection of such phase-modulated optical signals. Direct detection typically does
not use optical mixers in the optical data receiver to extract phase information carried by the optical carrier. The phase
information is extracted from the electrical intensity measurements of a photodiode or phototransistor. Such direct-
detection can recover data carried of in-phase and quadrature-phase components of the optical data-modulated signal
without interference of said signal with a locally generated optical carrier. Thus, direct-detection can enable a simpler
optical data receiver than in a coherent optical data receiver.

Summary

[0005] Some embodiments provide a direct-detection, optical data receiver, methods of operating such receivers,
and/or methods and systems of communicating data using such receivers. Some such embodiments may better reduce
signal-to-signal beat interference (SSBI) contributions to the optical intensity measurements used to recover the phase-
modulated data stream. The optical intensity measurements are of an optical signal combining an optical carrier and a
data-modulated optical signal in the same optical wavelength channel. Some such embodiments may be useful in optical
data receivers whose digital signal processors (DSPs) iteratively remove SSBI in the digital signals corresponding to
the optical intensity measurements. Some such embodiments enable a reduction of the power of the optical carrier and
can enable the use of more wavelength channels in a wavelength-division-multiplexed system, e.g., at optical reaches
obtained via in-line optical amplification.
[0006] First embodiments include a digital signal processor for use in a direct-detection optical data receiver. The
digital signal processor includes a first electronic unit for estimating signal-to-signal-beat interference contributions to a
received first sequence of digital intensity measurements of an optical signal. The optical signal combines an optical
carrier and an optical data-modulated signal in a same optical wavelength channel. The digital signal processor includes
a second electronic unit to modify the first sequence by clipping some of the intensity measurements thereof in response
said some of the intensity measurements having magnitudes above a threshold.
[0007] In any of the first embodiments, the apparatus may further include an optical data receiver. The optical data
receiver includes a photodetector, an analog-to-digital converter and the digital signal processor. The analog-to-digital
converter is connected to generate the digital intensity measurements in response to an electrical signal measuring the
optical signal from the photodetector.
[0008] In any of the first embodiments, said digital signal processor may be configured to filter at least one of said first
sequence and said modified first sequence to remove frequency components of one sign therefrom.
[0009] In any of the first embodiments, said digital signal processor may be configured to scale by a factor magnitudes
of said digital intensity measurements of at least one of said first sequence and said modified first sequence.
[0010] In any of the first embodiments, the apparatus may include a remote optical data transmitter configured to
transmit the optical signal to an optical fiber.
[0011] In any of the first embodiments, the digital signal processor may include a third electronic unit for recovering
data carried by said optical data-modulated signal from compensated values of the digital intensity measurements of
the first sequence. Each of the compensated values is a corresponding one of the digital intensity measurements of the
first sequence minus one of the estimated optical signal-to-signal-beat interference contributions. In some such embod-
iments, the digital signal processor may be configured to estimate the optical signal-to-signal-beat interference contri-
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butions in said intensity measurements of the first sequence based on a third sequence of intensity measurements
obtained by clipping some of the compensated ones of the intensity measurements in response said some of the
compensated ones of the intensity measurements having magnitudes above a threshold.
[0012] In any of the first embodiments in which the apparatus includes the optical data receiver as described above,
the apparatus may further include another optical data receiver having a second photodetector, a second analog-to-
digital converter, and a second digital signal processer. The second analog-to-digital converter is configured to produce
another sequence of intensity measurements from in response to the second photodetector receiving an optical signal
combining an optical carrier and an optical data-modulated signal together in a second wavelength-channel. The second
digital signal processor has an electronic unit to estimate optical signal-to-signal-beat interference contributions to said
intensity measurements of the another sequence based on the intensity measurements thereof. The electronic unit of
the second digital signal processor is configured to perform said estimating based by magnitude-clipping some of the
intensity measurements of the another sequence in response said some of the intensity measurements of the another
sequence having magnitudes above a threshold. Some such embodiments may further include a remote optical data
transmitter configured to transmit said optical signals.
[0013] According to further exemplary embodiments, said clipping procedure may comprise soft clipping, wherein a
signal amplitude of the signal to be clipped is limited to a predetermined non-constant clipping level, depending on the
specific signal amplitude.
[0014] In contrast to hard clipping, where all values of a signal, which are higher than a predetermined value, are set
to this predetermined value (resulting in a transfer function that is non-differentiable at said predetermined value, i.e.
comprises an edge), soft clipping denotes a type of distortion effect, where the amplitude of a signal is saturated along
a smooth curve, rather than an abrupt shape as obtained by hard-clipping.
[0015] In some first embodiments, said clipping may be responsive to ratios of magnitudes of the some of the intensity
measurements of the first sequence to an average magnitude of the intensity measurements of the first sequence being
7dB or more. According to other exemplary embodiments, the clipping may be responsive to the ratios having other values.
[0016] According to some first embodiments, the clipping may be response to a value of the threshold determined via
a training session in which the optical data receiver receives an optical signal carrying data stream. As an example, the
value of the threshold may be adjusted to lower a bit error rate in recovery of a data stream from the received optical
signal during the training session.
[0017] According to some first embodiments, the apparatus may include a filter to filter said intensity measurements
to remove frequency components thereof of one sign and/or to remove a DC component therefrom. According to ex-
emplary embodiments, said filter may be a SSB filter such as an finite impulse response, FIR, filter, e.g., a digital FIR filter.
[0018] In some of the first embodiments, said apparatus may include a wavelength division multiplexing, WDM, system
configured to transmit said optical signals via an optical fiber. In some such embodiments, the optical signals may be
transmitted by single multi-wavelength optical transmitter.
[0019] Various embodiments enable monitoring of an optical data-modulated signal and/or recovery of some data
carried thereby through self-coherent detection of the optical signal at the optical receiver.
[0020] Second embodiments provide a method of operating a direct-detection optical receiver. The method includes
making a temporal first sequence of digital intensity measurements of an optical signal combining an optical carrier and
an optical data-modulated signal in a same wavelength channel. The method also includes digitally estimating optical
signal-to-signal-beat interference contributions to said intensity measurements based on the intensity measurements.
The digitally estimating is based a second sequence of intensity measurements obtained from the first sequence by
magnitude-clipping some of the intensity measurements thereof in response said some of the intensity measurements
having magnitudes above a threshold.
[0021] In any of the second embodiments, the method may further include recovering data carried by said optical data-
modulated signal from compensated values of the intensity measurements. Each of the compensated values corresponds
to one of the digital intensity measurements minus one of the estimated signal-to-signal-beat interference contributions.
[0022] In any of the second embodiments, the method may further include digitally estimating the optical signal-to-
signal-beat interference contributions in said intensity measurements of the first sequence based on a third sequence
of intensity measurements obtained by clipping some of the compensated ones of the intensity measurements in response
said some of the compensated ones of the intensity measurements having magnitudes above a threshold.
[0023] In any of the second embodiments, the method may further include receiving the optical signal combining an
optical carrier and an optical data-modulated signal from a remote optical data transmitter.
[0024] In any of the second embodiments, the method may further includes making another sequence of digital intensity
measurements of a second optical signal combining a second optical carrier and a second optical data-modulated signal
in a same second wavelength channel. In such an embodiment, the method also includes another digitally estimating
optical signal-to-signal-beat interference contributions to said intensity measurements of the another sequence based
on the intensity measurements thereof. The another digitally estimating is based on a sequence of intensity measurements
obtained from the another sequence by magnitude-clipping some of the intensity measurements thereof in response
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said some of the intensity measurements of the another sequence having magnitudes above a threshold.
[0025] In any of the second embodiments, the method may further include filtering said first set of intensity measure-
ments to remove frequencies of one sign and the optical carrier therefrom.

Brief description of the figures

[0026] Further features, aspects and advantages of the illustrative embodiments are explained in the following detailed
description with reference to the drawings in which:

Figure 1 is a block diagram schematically illustrating an optical fiber communication system according to exemplary
embodiments;
Figure 2 is a block diagram schematically illustrating an optical data transmitter for providing a phase-modulated
optical signal, e.g., in the system of Figure 1;
Figure 3 is a block diagram schematically illustrating a direct-detection type of optical data receiver, e.g., in the
system of Figure 1;
Figure 4 schematically illustrates optical wavelength channels of a WDM signal according to the WDM optical fiber
communication system of Figure 1;
Figure 5A is a flow-chart schematically illustrating aspects of a method for estimating the time varying SSBI(t)
contribution to optical intensity measurements of a received optical signal, e.g., for use in a DSP of the single
wavelength-channel, optical data receivers of Figures 1 and 3;
Figure 5B is a flow-chart schematically illustrating aspects of a method for recovering a data stream carried by a
received optical signal based on the estimated SSBI(t) of Figure 5A, e.g., in a DSP of the single wavelength-channel,
optical data receivers of Figures 1 and 3;
Figure 6 is a flow chart schematically illustrating iteratively estimating SSBI according to preferred embodiments,
e.g., in the optical data receiver of Figure 3 based on the methods of Figures 5A - 5B;
Figures 7, 8, and 10 schematically illustrate example spectra for signals at various steps of the method of Figure 5A;
Figure 9 illustrates an example of an optical intensity measurement varying in time after subtraction of a direct
current and how clipping in the method of Figure 5A may change said intensity measurement in time;
Figure 11 schematically illustrates a possible clipping procedure for the method of Figure 5A on the example of an
optical intensity measurement of Figure 9,
Figure 12 illustrates estimates of some output signal-to-noise ratios (SNRs) when SSBI reduction is performed
according an example of the methods of Figures 5A - 5B and when SSBI reduction does not use clipping as in those
methods;
Figure 13 schematically illustrates estimated output SNRs for an optical data receiver using examples of the methods
of Figures 5A-5B and for a conventional Kramers-Kronig and for a coherent optical data receiver for a carrier-to-
signal power ratio (CSPR) of 4dB;
Figure 14 schematically illustrates estimates of the gain in the SNR over a conventional Kramers-Kronig optical data
receiver of an optical data receiver using the methods of Figures 5A-5B and a signal-to-signal beat interference
(SSBI) algorithm with 10 iterations for a CSPR of 4dB;
Figure 15 schematically depicts an output signal to noise ratio according to further exemplary embodiments,
Figure 16 schematically depicts a gain according to further exemplary embodiments,
Figure 17A to 17C are block diagrams schematically illustrating optical data transmitters according to various ex-
emplary embodiments, e.g., for use in the optical fiber, data communication system of Figure 1.

[0027] Herein, quantities such as optical signal os(t), wavelength-channel-a optical carrier oc_a(t), wavelength-channel
"a", optical data-modulated signal od_a(t), single-sideband signal SSB(t), and signal-to-signal-beat interference SSBI(t)
may vary in time "t" and may have respective Fourier transforms os (f), oc_a(f), od_a(f), SSB(f), and SSBI(f) that vary
in frequency "f". Herein, for various parameters, time "t" and/or frequency "f" labels may be dropped where such labels
would be obvious to a person of ordinary skill in the relevant arts.
[0028] In various embodiments, optical data receivers use direct detection to detect a received optical signal. This
implies that the received optical signal is not mixed with light of a local optical oscillator to detect optical phase modulations
thereon. Also, the received optical signal combines an optical carrier with an optical data-modulated signal so that self-
coherence of the received optical signal can be used to extract data therefrom as further described below.
[0029] Figure 1 schematically illustrates an optical fiber communication system 1 according to exemplary embodiments.
The optical fiber communication system 1 communicates "n" many optical signals os_1, os_2, ..., os_n between an
optical data transmitter 1a and an optical data receiver 1b via an optical fiber 16. Here, each optical signal os_1 - os_n
is in a different optical wavelength channel, and n is an integer equal to or greater than 1 so that the system 1 may or
may not be an optical WDM system.
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[0030] The optical fiber 16 may be, e.g., a standard single-mode optical fiber or may not be a single mode fiber in
short reach applications. In the optical fiber communication system 1, the optical fiber 16 may have a short reach, e.g.,
a length of greater than 10 or 20 kilometers, or may. e.g., have a length of 80 to 100 kilometers. For example, such a
system may provide data communications between spatially-localized data centers and may or may not have one or
more wideband (i.e., WDM) optical amplifiers 14, 18.
[0031] In Figure 1, the optical fiber communication system 1 is illustrated as a wavelength division multiplexing (WDM)
system for transmitting "n" respective optical signals os_1, os_2, ..., os_n on "n" corresponding wavelength channels
ch_1, ch_2, ..., ch_n (Fig. 4) with n > 1. The optical signals os_1 - os_n are spread over a range of frequency (f) to form
"n" different optical wavelength channels ch_1, ch_2, ..., ch_n as schematically shown in Fig 3.
[0032] In this WDM embodiment, each of the optical signals os_1, os_2, ..., os_n is provided by a respective single-
wavelength-channel, optical data transmitter 10_1, 10_1, ..., 10n. Also, each of the optical signals os_1 - os_n is received
by a corresponding single-wavelength channel, optical data receiver 20_1, 20_2, ..., 20_n via the optical fiber 16 (Fig. 1).
[0033] Each optical signal os_1 - os_n, provided by the optical data transmitters 10_1, 10_2, ..., 10_n, includes a
combination of an optical carrier oc_1, oc_2, ..., oc_n and a co-propagating optical data-modulated signal od_1, od_2,
..., od_n in the same wavelength channel ch_1, ch_2, .., ch_n as schematically illustrated in Figure 4. The co-propagating
optical carrier oc_1 - oc_n enables an efficient self-coherent, direct-detection of the optical data-modulated signals od_1
- od_n in the corresponding "n" optical data receivers 20_1, 20_2, ..., 20_n of the optical fiber communication system
1. In particular, the co-propagating optical carriers oc_1 - oc_n enable extraction of phase-modulated data as is discussed
in more detail below.
[0034] Fig. 4 shows the optical data-modulated signals od_1 - od_n as being asymmetrically located with respect to
the corresponding optical carriers oc_1 - oc_n. That is, the optical data-modulated signals od_1, od_2, ..., od_n are
single sideband (SSB) signals. Such SSB signals may enable a narrower channel packing in WDM embodiments.
[0035] In Figure 1, the "n" optical signals os_1, os_2, ..., os_n are wavelength-multiplexed into a WDM optical signal
os by an optical wavelength multiplexer 12 of the optical data transmitter 1a. The diagram of Fig. 4 corresponds to
frequency "f" spectrum of the example WDM signal os. The WDM signal os is optical wavelength-demultiplexed by an
optical wavelength demultiplexer 22 of the optical data receiver 1b.
[0036] Optionally, the WDM signal os may be amplified by a first optical amplifier 14, which may be an in-line optical
amplifier and/or may be co-located with the "n" single wavelength-channel, optical data transmitters 10_1, ..., 10_n and
the optical wavelength multiplexer 12 to form the optical data transmitter 1a, as shown in the optical fiber communication
system 1 in Figure 1. Similarly, the WDM signal may be amplified by one or more other optical amplifiers 18, which may
be an in-line optical amplifier(s) and/or may be co-located with the optical wavelength demultiplexer 22 and the "n" single
wavelength-channel, optical data receivers 20_1, 20_2, .., 20_n to form the WDM optical data receiver 1b, as shown in
the optical fiber communication system 1 in Figure 1.
[0037] In Figure 1, the one or more optional optical amplifiers 14, 18 may be conventional erbium doped fiber amplifiers
("EDFA") and/or other conventional types of optical amplifier, e.g., Raman amplifiers
[0038] Whereas Figure 1 schematically illustrates the optical fiber communication system 1 as supporting wavelength
division multiplexing, other embodiments are also intended to include an optical fiber communication system based on
a single optical wavelength-channel, i.e., the channel ch_1 of Figure 4. Such embodiments have a single-wavelength,
optical data transmitter 10_a of Figure 1, which is optically connected to a corresponding single-wavelength, optical data
receiver 20_1 of Figure 1 via the optical fiber 16. Since this embodiment has a single wavelength-channel, the optical
wavelength multiplexer 10 and the optical wavelength demultiplexer 20 of Figure 1 may not, e.g., be used or needed in
some such embodiments.
[0039] Figure 2 schematically depicts a single wavelength-channel, optical data transmitter 100, e.g., for generating
optical signal os_1 of optical wavelength-channel ch_1 of Figures 1 and 4. While the optical data transmitter 100 is
configured for the specific optical wavelength-channel ch_1, the optical transmitters 10_2 - 10_n for different ones of
the optical wavelength-channels ch_2 - ch_n may have structure similar to the structure of the optical data transmitter
100 of Fig. 2.
[0040] Typically, the optical data transmitter 100 is configured to output both the data-modulated optical signal od_1
and the optical carrier oc_1 in the same wavelength channel thereby forming the optical signal os_1. Herein, an optical
carrier oc_1 is a signal that is substantially unmodulated temporally. But, the optical carrier oc_1 may be, in some
embodiments, modulated at a much lower rate than the optical data-modulated signal od_1, e.g., the optical carrier oc_1
may carry a very low rate modulation to transmit conventional monitoring information. The optical data transmitter 100
outputs a data-modulated optical signal od_1 according to a phase modulation scheme such as quadrature phase-shift
keying (QPSK) or quadrature amplitude modulation (QAM). The optical data transmitter 100 transmits the optical carrier
oc_1, with an about constant amplitude and regular phase, in a same wavelength range as the optical data-modulated
signal od_1 transmitted therefrom. In particular, the optical data transmitter 100 receives an input digital data stream Id
and phase-modulates said input digital data stream Id onto an input optical signal ios_1 for an optical wavelength-channel
ch_1, i.e., an unmodulated optical carrier, to produce the optical data-modulated signal od_1. The input optical signal



EP 3 723 303 A1

6

5

10

15

20

25

30

35

40

45

50

55

ios_1 is produced by a light source 108, e.g., a laser, which may, e.g., also produce the corresponding optical carrier
oc_1 in the same wavelength-channel ch_1. As explained below, the constant or almost constant form of the optical
carrier oc_1 is used to recover data from optical intensity measurements in the corresponding optical data receiver 20_1
of Figure 1.
[0041] The optical data transmitter 100 may include a digital processing block 102, first and second electronic drivers
104a and 104b, and an electro-optical data modulator 110, and may optionally include electrical amplifiers 106a and 106b.
[0042] The digital processing block 102 maps the input digital data stream Id into a stream of digital symbols for
transmission via the data-modulated optical signal od_1 of the corresponding optical signal os_1. In the data-modulated
optical signal od_1, each symbol may be, e.g., defined by a pair of in-phase I and quadrature phase Q values of the
optical data-modulated signal od_1. The digital processing block 102 may also perform other types of conventional
processing, e.g., adding redundancy for forward error correction to the input digital data stream prior to optical modulation
thereof.
[0043] The digital processing block 102 outputs digital I and Q values to electrical driver circuits 104a and 104b in
response to receipt of segments of the input digital data stream. From said digital values, the driver circuits 104a and
104b generate analog electrical signals for operating the electro-optical data modulator 110 to phase-modulate the input
optical carrier ios_1 to carry the corresponding streams of (I, Q) values, which define the optical symbols.
[0044] Typically, the driver circuits 104a, 104b include digital-to-analog converters (DACs), which transform received
digital values to analog electrical values appropriate for operating the electro-optical data modulator 110 to produce the
desired I and Q modulations. In some embodiments, the analog signals output by the DACs 104a, 104b may be electrically
amplified by electrical amplifiers 106a, 106b before the control electrodes of the electro-optical data modulator 110. Said
electrical amplifiers 106a, 106b may not be present in other embodiments. The driver circuits 104a, 104b, and the optional
electrical amplifiers 106a, 106b may be conventional electrical devices that would be known to persons of ordinary skill
in the relevant arts.
[0045] The electro-optical modulator 110 performs I and Q modulation of the input optical signal ios_1 from optical
source 108 to produce a corresponding phase-modulated optical data-modulated signal od_1 of Figure 4. For example,
the electro-optical modulator 110 may be a conventional nested Mach-Zehnder optical modulator for I and Q modulation.
[0046] As already stated, the optical data transmitter 100 also produces an optical carrier oc_1, i.e., a "co-propagating
carrier", at a wavelength in the wavelength band of the corresponding optical data-modulated optical signal od_1. Ac-
cording to various embodiments, said optical carrier signal oc_1 may be provided by said I/Q modulator 110 or said
optical source 108, as explained in more detail below, e.g., in Fig. 17C. The combination of the optical carrier oc_1 and
the optical data-modulated signal od_1 of the optical wavelength-channel ch_1 forms the optical signal os_1 output by
the optical data transmitter 100, e.g., for transmission by the optical fiber 16 of Figure 1.
[0047] According to further exemplary embodiments, the further optical data transmitters 10_1, ..., 10_n of Fig. 1 may
comprise a similar structure to the optical data transmitter 100, illustrated by Fig. 2, for producing other ones of the
optical signals os_1 - os_n of Figures 1 and 4.
[0048] Various embodiments may enable the optical data transmitter 100 to use less precise and less costly DACs in
the electrical driver circuits 104a, 104b.
[0049] Fig. 3 schematically illustrates a single wavelength-channel, optical data receiver 200 for receiving the optical
signal os_1, of the wavelength channel ch_1 of Figures 1 and 4. While the optical data receiver 200 is configured for
the specific optical wavelength-channel ch_1, the optical receivers 20_1 - 20-n of Fig. 1 for different ones of the wavelength
channels ch_1 - ch_n may comprise a structure similar to the optical data receiver 200 of Fig. 3.
[0050] The optical data receiver 200 includes a photodetector 202, e.g., a single photodiode or photo-sensitive transistor
optionally having an electrical amplifier at the output thereof, and an electrical signal processing device 203. Said optical
data receiver 200 converts, in said photodetector 202, a received optical signal os_1, e.g., as in Figure 1, into an electrical
signal s1 measuring the received optical intensity and processes said electrical signal s1, in the signal processing device
203, to recover transmitted data therefrom. That is, the data is recovered from a received optical signal os_1 that combines
an optical carrier oc_1 and an optical data-modulated signal od_1, e.g., phase-modulated, in the same wavelength
channel ch_1.
[0051] Said signal processing device 203 includes an analog-to-digital converter (ADC) 204 and a digital signal proc-
essor (DSP) 206.
[0052] The ADC 204 converts said electrical input signal s1, received from the photodetector 202, into a stream of
digital electrical signals s2, i.e., optical intensity measurements of the received optical carrier os_1. The stream of digital
electrical signals s2 is a temporal series of signals with a plurality of discrete signal values. The number of discrete signal
values ("samples") per time corresponds with a sample rate or conversion rate of the ADC 204. The sampling rate is
typically equal to or greater than the symbol rate on the optical data-modulated signal od_1. The possible number of
different amplitude values of said digital electrical signal s2 corresponds to a resolution of said ADC 204.
[0053] The DSP 206 typically recovers a data stream s3 carried by the optical data-modulated signal od_1, received
by the optical data receiver 200. The DSP 206 may perform methods of Figures 5 - 6 to recover data stream s3 from
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the stream of digital signals s2, which digitized electrical signal s1 measuring the optical intensity of the optical signal
os_1 at the photodetector 204. The digital signal s2 is a temporal stream of optical intensity measurements of the received
combination of the optical carrier oc_1 and the optical data-modulated signal od_1 in the same optical wavelength-
channel oc_1. The DSP 206 recovers the data stream s3 via direct-detection of the optical signal os_1, which is a
combination of the optical carrier oc_1 and the optical data-modulated signal od_1, the combination being transmitted
by a remote optical data transmitter, e.g., the optical data transmitter 100 of Figure 2.
[0054] The recovery of the data carried by the optical data-modulated signal od_1 is based on intensity measurements
I(t) at sampling times "t" by the photodetector 202. Since the photodetector 204 receives both the optical carrier oc_1
and the optical data-modulated signal od_1 for the optical channel ch_1, the intensity measurements are defined by: 

In the above form for I(t):

- the first term is a DC offset if the optical carrier oc_1 has an approximately constant amplitude,
- the second term is linear in the optical data-modulated signal od_1, and
- the third term is the signal-signal beat interference (SSBI).

The optical data receiver 200 may remove the DC offset before or after processing of the intensity measurement s1 by
the ADC 204. After removal of the DC offset, DSP 206 does digital processing to reduce the contribution of SSBI, i.e.,
|od_1(t)|2. For example, the DSP 206 may perform the method of Figure 5 to reduce the contribution of the SSBI.
[0055] In eq. 1, each of the three terms of the second form for the measured intensity, I(t), have intermediate or
baseband frequencies due to the square-law detection, i.e., optical intensity detection, in the photodetector 202. Thus,
the measured intensity, I(t), varies at lower frequencies than optical frequencies and may be processed at digital speeds
of the DSP 206.
[0056] The DSP 206 obtains an estimate of the SSBI from the signal s2 after analog or digital subtraction of the DC
offset, i.e., after subtraction of the first term of the second form of eq. (1), i.e., |oc_1(t)|2. For example, an analog DC-
blocking filter, i.e., such as a capacitor, may subtract the DC offset. After removal or subtraction of the DC offset, the
second term of the second form of I(t), in eq. (1), typically has a much larger magnitude than the third term, because
the magnitude of the optical carrier, i.e., | oc_1| , is much larger than the magnitude of the optical data-modulated signal,
i.e., |od_1|. Thus, the square of the second term of last form of I(t), in eq. (1), provides an estimate of the SSBI up to a
rescaling to remove the dependency on a square of the optical carrier, i.e., |oc_1|2. For this reason, various methods
herein may obtain estimates of the SSBI by rescaling an estimate of the DC-subtracted form of s2 by 1/|oc_1| and then,
squaring the result or by squaring an estimate of the DC-subtracted form of s2 and then, dividing by |oc_1|-2.
[0057] There are known techniques to improve estimates of the SSBI iteratively. For example, "Comparison of digital
signal-signal beat interference compensation techniques in direct-detection subcarrier modulation Systems" by Zhe Li
et al, Optics Express, Vol. 24, Issue 25, pp. 29176-29189 (2016), describes some such techniques and is incorporated
herein, in its entirety, by reference. These techniques rely on the optical carrier oc_1 having a much larger magnitude
than the optical data-modulated signal od_1. Some such iterative techniques remove errors in above-mentioned estimate
of the SSBI, wherein the errors are higher order in the number of powers of |od_1|/|oc_1|.
[0058] The inventor realized that techniques for estimating the SSBI are susceptible to large errors from temporal
components of the DC-offset-adjusted, optical intensity measurements I(t) of large magnitude, e.g., large temporal
components. Such large amplitude temporal components can cause errors, which could be magnified in estimates of
the SSBI, in part, because the methods for obtaining such estimates square the DC offset adjusted, optical intensity
measurements. That is, the squaring operation can amplify errors in the estimates of the SSBI due to errors in the large
temporal components of the optical intensity measurements with respect to errors in the estimates of the SSBI due to
errors in the smaller temporal components of the optical intensity measurements. In other words, techniques for estimating
SSBI may suffer from large errors when the carrier to signal power ratio (CSPR) is small, i.e. when the temporal component
of the signal is relatively large in comparison with the DC part.
[0059] Various embodiments include clipping the magnitudes of digital optical intensity measurements I(t), after DC-
subtraction. That is, after DC-offset removal, temporal components of measured optical intensities, whose magnitudes
are above a selected threshold, are magnitude-clipped prior to their use in estimates of the SSBI. While such clipping
may also introduce errors into the estimate of SSBI, the inventor believes that these later errors are often less than errors
likely introduced when a large magnitude temporal portion of the measured optical intensity is used to determine the



EP 3 723 303 A1

8

5

10

15

20

25

30

35

40

45

50

55

SSBI. Thus, such clipping of the DC-subtracted optical intensity measurements I(t) can improve the convergence and/or
accuracy of one or more resulting estimates of the SSBI.
[0060] Figure 5A illustrates an example method for digitally processing the DC-subtracted, measured optical intensity
I(t) in the optical data receiver 200 of Fig. 3. The method describes digital processing, in the DSP 206, of the measured
optical intensity I(t) of the received optical signal os_1 of Figures 1 and 3. In particular, the digital processing is performed
on the electrical digital signal s2 of Figure 3, after subtraction of the DC offset, i.e., the processing is on a temporal
sequence of optical intensity measurements.
[0061] Various operations of the method of Figure 5 are also schematically illustrated by Figures 7 - 11, as described
below. In different embodiments, the order of some of the steps may be varied.
[0062] The method involves a digital processing step on the signal s2 by the DSP 206, wherein an estimate est_SBBI
of the SSBI is obtained from the stream of optical intensity measurements s1 (step 310)). The step 310 has several sub-
steps as described below. The various sub-steps are schematically illustrated by Figures 7 - 11.
[0063] Figure 7 schematically illustrates the measured optical intensity I(t) for the optical channel ch_1 in frequency
"f". The measured optical intensity I(t) has a zero frequency component, i.e., f= 0, corresponding to the Fourier transform
of the intensity measurements, i.e., the component due to |oc_1|2, of the optical carrier oc_1. The measured optical
intensity I(t) also has a low and/or intermediate frequency portion P_1 corresponding to the second and third terms of
the second form of the measured optical intensity I(t) in eq. (1). Thus, this frequency component has a component
proportional to loc_1| |od_1| and a smaller SSBI, i.e., |od_1|2, which is indicated as SSBI in Figure 7.
[0064] In some embodiments, the method may include filtering the stream of measured optical intensities to extract
a single sideband (SSB) thereof (step 312). For example, such extraction may be performed via digital filtering in the
DSP 206. Such filtering would produce from the received sequence of optical intensity measurements, with a frequency
spectrum of Figure 7, signals with a frequency spectrum of Figure 8. Since optical intensity measurements are real, the
SSB restriction to positive frequencies or alternatively to negative frequencies does not lose information about the signal
s2. The filtering of step 312 may be performed, e.g., via a digital finite impulse response (FIR) filter in the DSP 206.
[0065] Referring again to Figure 5A, the method includes clipping the magnitude of the temporal measured intensity
signal I(t) such that magnitudes of the signals thereof are not larger than a selected threshold (step 314). Figures 9 and
11 schematically illustrate the magnitude clipping of step 312 for an example of a temporal optical intensity measurement
I(t) before and after an example of such clipping. Figure 9 illustrates the selected thresholds +CL and -CL and a temporal
peak s21 of the optical intensity measure I(t), which is replaced by a peak s22 by said magnitude clipping. Figure 11
illustrates the original optical intensity measurement I(t), along the bottom of the vertical axis, and the clipped intensity
measurements I’(t) the horizontal axis as well as the clipping thresholds CL and -CL. The peak S21 and corresponding
clipped peak s22 are also indicated in Figure 11. Exemplarily, Figure 11 depicts hard clipping according to preferred
embodiments. Alternatively, according to further preferred embodiments, soft clipping may also be used.
[0066] In Figure 5A, said clipping step 314 may be performed before or after filtering removes one sideband of the
DC offset-subtracted optical intensity measurements I(t).
[0067] Referring again to Figure 5A, the method includes digitally scaling and squaring the clipped, DC offset-sub-
tracted, optical intensity measurements I(t) to obtain an estimate est_SSBI of the SSBI (step 316). In some embodiments,
the scaling operation of step 316 may be performed before squaring operation. In other embodiments, the scaling
operation of step 316 may be performed after the squaring operation.
[0068] The scaling of the step 316 is typically used to enable the result of step 314 to be used to obtain estimate(s)
of the SSBI. While the DC offset-subtracted, optical intensity measurements I(t) is typically approximately proportional
to the magnitude of the optical carrier, i.e., |oc_1|, the SSBI is not proportional to |oc_1| or a positive integer power
thereof, i.e., if |oc_1| >> |oc_1|. If the DC offset-subtracted, optical intensity measurements I(t) is rescaled by the DC-
offset of I(t), the dependence of such rescaled DC offset-subtracted, optical intensity measurements I(t) on the magnitude
of optical carrier oc_a is approximately removed. Thus, such rescaled quantities can be used to obtain a temporal stream
of values of approximate magnitude |od_1|2, i.e., for use in obtaining the SSBI.
[0069] At the step 316, the appropriate amount of scaling may also be determined, e.g., by a training session in which
the optical receiver 300 adjusts the amount of scaling to approximately optimally recover a known training data sequence.
According to further preferred embodiments, a scaling factor for the abovementioned scaling process can be known at
the receiver or can be determined, respectively, e.g. depending on the DC carrier power and a carrier-to-signal power
ratio (CSPR). As an example, the scaling factor alpha may be determined as follows: alpha=(CSPR+1)/(CSPR* received
DC carrier power), i.e. alpha=(CSPR+1)/(CSPR* averaged value of I(t)), i.e. alpha=(CSPR+1)/(CSPR*mean{I(t)}). In
other words, if the DC carrier power and the CSPR are known, then the scaling factor is also known or can efficiently
be determined. According to further preferred embodiments, said scaling factor may be determined by employing an
optimization process. As shown above, alpha = 1/(received DC carrier power) is a good estimation of the scaling factor
as (CSPR+1)/CSPR ~ 1. The scaling factor alpha can be then optimized for the best performance.
According to further preferred embodiments, said scaling factor may be estimated through a training process using a
training sequence.
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[0070] As already mentioned the clipping procedure may introduce errors in the estimate of the optical data-modulated
signal od_1(t). But, the inventor believes that such a clipping-caused errors may be smaller and/or may be efficiently
controlled by conventional processing to obtain the SSBI. Moreover, the inventor believes that such clipping may reduce
the likelihood of an instability, which may arise in conventional SSBI reduction schemes.
[0071] In various embodiments, said clipping of step 316 may be a hard clipping for which peaks and valleys in the
DC offset-subtracted, optical intensity measurements are clipped so that the magnitude of said signal does not exceed
a selected threshold CL, -CL. As an example, the clipping may cause the magnitude of the DC offset-subtracted,
measured intensity I(t) over a temporal average thereof to be not more than about 7 dB.
[0072] In some examples, the clipping may be adjusted to improve or approximately optimize the recovery of data
from the DC-subtracted, measured intensity after clipping. As previously mentioned, such embodiments may use per-
formance of data recovery in a training period to set the level of clipping and/or the amount of scaling in above step 3.
[0073] In alternate examples, said clipping procedure of the step 316 may comprise soft clipping (not shown), wherein
a signal amplitude of the signal s21 to be clipped is limited to a predetermined non-constant clipping level, depending
on the specific signal amplitude.
[0074] Soft clipping is a clipping technique well-known by a person of ordinary skill in the relevant arts. While hard
clipping means all the values of the signal, which is higher than a predetermined value (e.g., CL of Fig. 9), are set to
this predetermined value, wherein the signal is saturated along abrupt shape curve, soft clipping is a type of distortion
effect where the amplitude of a signal is saturated along a smooth curve, rather than the abrupt shape of hard-clipping.
[0075] In embodiments including the SSB filtering step 312, the method further may also include estimating the SSBI
for positive and negative frequencies from the estimates obtained from the step 316, i.e., for frequencies of one sign.
Since the SSBI(t) is a real quantity, the spectrum of the SSBI for one sign of the frequency "f" determines the spectrum
thereof for the other sign of the frequency by reflection in frequency, i.e. SSBI(-f) = SSBI(f), as illustrated qualitatively in
Figure 10.
[0076] With respect to the method of Figure 5A, the estimates of the SSBI may be used for various reasons. For
example, the uses may include monitoring of the optical wavelength-channel and/or recovery of data carried by the
optical data-modulated signal od_a transmitted therein.
[0077] Figure 5B illustrates a method of recovering data carried by the optical data-modulated signal od_a based on
the method of Figure 5A.
[0078] In Figure 5B, the method includes subtracting the estimated SSBI from the stream of optical intensity meas-
urements I(t) of the received optical signal os_a to obtain a sequence of improved optical intensity measurements from
which an estimate of the temporal SSBI(t) contribution is removed (step 322). The temporal estimates of the SSBI(t) of
step 322 are obtained via the method illustrated in Figure 5A. Since the SSBI(t) varies in time, the subtraction typically
involves subtracting from each temporal one of the optical intensity measurements I(t), the SSBI (t) value at the same time.
[0079] The method also includes recovering the data stream carried by the received optical data-modulated optical
signal od_1 from the sequence of improved optical intensity measurements obtained in the step 322 (step 324). The
recovery step 324 may perform via conventional techniques for recovery of the data stream via direct detection in which
the optical data-modulated signal is phase-modulated onto an optical signal. The step 324 may involve substeps related
to equalization, e.g., to compensate or remove effects of chromatic and/or polarization-induced dispersion, carrier re-
covery to adjust for phase drift between the optical carrier oc_1 and the co-propagated optical data-modulated signal
od_1, and error correction.
[0080] According to further exemplary embodiments, the above method may be performed iteratively to obtain one or
more improved estimates of the time varying SSBI(t). Such methods may obtain one or more improved estimates for
the data-modulated optical signal oa_d(t) from earlier estimate(s) thereof. That is, the one or more improved estimates
are based on earlier estimate(s) of the SSBI based on the DC-subtracted, optical intensity measurements. The improved
estimate of the optical data-modulated signal od_a(t) is used to obtain an improved estimate of the SSBI(t), which then
may be subtracted from an earlier estimate of the optical data-modulated signal od_a(t) to obtain a more improved
estimate of the data-modulated signal od_a(t), e.g., for use in various applications such as data recovery from the
received optical signal s_a(t).
[0081] Figure 6 is a flow chart schematically illustrating iteratively estimating SSBI according to further preferred
embodiments, wherein said estimating may e.g. be performed by DSP 206 (Fig. 2), preferably in accordance with the
following equation: 

wherein L ( ) represents a single side band filter, wherein C() represents a clipping operation, wherein I(t) represents
temporal measured intensity signal (also cf. reference sign s2 of Fig. 3), wherein |.|2 represents a squared absolute
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value, wherein alpha represents said scaling factor, wherein k (integer >= 0) represents an iteration counter, and wherein
SSBIk represents the SSBI as obtained by the k-th iteration. As an example SSBI0 = 0.
[0082] Overall, according to further embodiments, the estimation of the SSBI in the iteration number k+1 depends on
the previous SSBIk.
[0083] As an example, for a first iteration, k=0, equation 2 reads : SSBI1 = |C(L(I(t) - SSBI0))|2 ∗ alpha = |C(L(I(t)))|2
∗ alpha, According to further preferred embodiments, this may be obtained according to the steps 31, 32, 33, 34 of Fig.
6, wherein step 31 takes as an input the temporal measured intensity signal I(t) (also cf. digital signal s2) and represents
a SSB filter operation (preferably by means of an SSB filter that removes e.g. negative frequencies (f < 0) and the optical
carrier (Fig. 7).), wherein step 32 represents a clipping procedure, e.g. according to Fig. 9, 11, wherein step 33 represents
the squaring step (|.|2), and wherein step 34 represents the scaling step, i.e. multiplication with scaling factor alpha. In
other words, for the first iteration, i.e. k=0, after step 31, it is obtained L(I(t)), after step 32, it is obtained C(L(I(t)), after
step 33 it is obtained |C(L(I(t)))|2, and after step 34 it is obtained SSBI1 = |C(L(I(t)))|2 ∗ alpha.
[0084] After this, the result SSBI1 of the first iteration is combined with a temporarily stored copy s2’ of the digital signal
s2 (cf. block 31’ of Fig. 6), whereby the combined signal s24 is obtained. For said combining, preferably an adder 206
may be used, which is configured to subtract the term SSBI1 provided by block 34 from the stored copy s2’.
[0085] Preferably, according to further embodiments, the steps 31, 32, 33, 34 are repeated for a predetermined number
k of iterations, e.g. between 1 and 20 times, preferably between 1 and 10, cf. the arrows k, 37 of Fig. 6. For each of
these iterations, the combined signal s24 of a preceding iteration is used as the input signal s2, so that undesired SSBI
is iteratively removed from the signal s2.
[0086] As a further example, the estimation of the SSBI in the second iteration is: 

[0087] According to further exemplary embodiments, after said predetermined number k of iterations, the combined
signal s24 may be used as an output signal of the process, which may also be denoted as "iterative SSBI cancellation
with clipping", and an optional step 38 of dispersion compensation and/or symbol detection and forward error correction
(FEC) 39 may be performed on the combined signal s24, which e.g. comprises the output signal s3 of Fig. 3. According
to further aspects, the scaling factor alpha may depend on the DC carrier power and the average carrier to signal power
ratio CSPR, which may be known beforehand or can be estimated by the receiver. In further preferred embodiments,
this value is known as it does not change during the operation of the system.
[0088] Figure 12 schematically depicts on a vertical axis v1 an output signal to noise ratio in dB over a number k of
iterations (also cf. the arrow k of Fig. 5) according to further exemplary embodiments. Curve C1 corresponds with an
application of the method according to exemplary embodiments, i.e. iterative SSBI cancellation with clipping (cf. step
312 of Fig. 5 and steps 31, 32, 33, 34 of Fig. 6) and relates to the output signal to noise ratio of the combined signal s24
as obtained at an output of the adder 206a after k many iterations (Fig. 6). It can be seen that with increasing number
k of iterations, the output signal to noise ratio C1 may increase. By contrast, curve C2 represents the output signal to
noise ratio of a conventional SSBI cancellation procedure without clipping, similar to the approach explained in Z. Li, et
al. "SSBI Mitigation and Kramers-Kronig Scheme in Single-Sideband Direct-Detection Transmission with Receiver-based
Electronic Dispersion Compensation." J. Lightwave Technol. 35 (2017) [reference 1]. As an example, for the comparison
according to Fig. 12, a signal-to-channel-noise ratio is fixed at 25 dB, and the CSPR is 4 dB. It is noted that with clipping
(curve C1) the performance of SSBI cancellation is much better and also the SNR is increased with the number k of
iterations. This is not the case where clipping is not applied, cf. curve C2. Overall, the scheme according to exemplary
embodiments performs significantly better than a previously reported scheme without clipping, on which curve C2 is
based.
[0089] Figure 13 schematically depicts an output signal-to-noise-ratio in dB (vertical axis) over a signal-to-channel-
noise ratio in dB (horizontal axis) according to further exemplary embodiments. Curve C3 depicts results obtained by
applying a conventional Kramers-Kronig scheme, as e.g. explained in [reference 1], curve C4 depicts results obtained
by application of a method according to exemplary embodiments, i.e. iterative SSBI cancellation with clipping (cf. step
312 of Fig. 5A, and steps 31, 32, 33, 34 of Fig. 6), and curve C5 depicts results as (theoretically) obtainable by an ideal
coherent detector.
[0090] Figure 14, cf. curve C6, schematically depicts a gain of the method according to exemplary embodiments (with
exemplary k=10 iterations and a CSPR of 4 dB) over the Kramers-Kronig (KK) scheme (e.g., according to [reference
1]) in dB (vertical axis) over a signal-to-channel-noise ratio in dB (horizontal axis) according to further exemplary em-
bodiments.
[0091] Figure 15 schematically depicts an output signal-to-noise-ratio in dB (vertical axis) over a signal-to-channel-
noise ratio in dB (horizontal axis) according to further exemplary embodiments, similar to Fig. 13. Curve C7 depicts
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results obtained by applying a conventional KK scheme, as e.g. explained in [reference 1], curve C8 depicts results
obtained by application of a method according to exemplary embodiments, i.e. iterative SSBI cancellation with clipping
(cf. step 312 of Fig. 5A, steps 31 to 34 of Fig. 6, k=10 iterations), and curve C9 depicts results as (theoretically) obtainable
by an ideal coherent detector. In contrast to Fig. 13, presently, for the depiction of Fig. 15, a CSPR of 5 dB is assumed.
From Fig. 15 it can be seen, that the approach according to exemplary embodiments, cf. curve C8, is superior to the
conventional KK approach, cf. curve C7.
[0092] Figure 16, cf. curve C10, schematically depicts a gain of the method according to exemplary embodiments
(with exemplary k=10 iterations and a CSPR of 5 dB) over the Kramers-Kronig (KK) scheme (e.g., according to [reference
1]) in dB (vertical axis) over a signal-to-channel-noise ratio in dB (horizontal axis) according to further exemplary em-
bodiments.
[0093] From the above explained Figures 12 to 16, it can be seen that the approach according to some exemplary
embodiments (cf. curves C4, C6, C8, C10) significantly outperforms the state of the art (cf. curves C3, C7). According
to some exemplary embodiments, the obtained gain can be as high as 7 dB when the channel noise is low, which may
correspond with a practical case of short-reach transmission. Figures 13 and 14 also show that the proposed scheme
according to some exemplary embodiments can work effectively with a comparatively low CSPR value of 4 dB.
[0094] Figure 17A to 17C each schematically depict a simplified block diagram of an optical transmitter according to
further exemplary embodiments. The transmitters exemplarily depicted by Fig. 17A to 17C are configured to provide an
optical signal osa1, osa2, osa3 (similar to signal os_1, cf. Fig. 1) for a WDM wavelength channel, wherein an optical
carrier is assigned to said optical signal, cf. e.g. Fig. 4, reference signs ch_1, oc_1.
As an example, according to exemplary embodiments, one or more of the optical transmitters 10_1, 10_2, ..., 10_n of
Fig. 1 may comprise a structure similar or identical to any of the configurations 100a, 100b, 100c of Fig. 17A to 17C.
[0095] Figure 17A depicts a transmitter 100a which uses two laser sources 108a, 108b for generating an optical output
signal osa1 with an associated optical carrier c1. Signal processing block 102 provides two signals that are converted
by respective DACs 104a, 104b to analog signals I, Q a spectrum S of which, having bandwidth 2B, is exemplarily
depicted in the detail D1 of Fig. 17A. Based on these signals I, Q and a laser signal (with frequency fc) of the first laser
source 108a, I/Q modulator 107 generates an I/Q-modulated optical signal os1, which is optionally amplified by an
optional optical amplifier 109 (e.g., an EDFA) to obtain an amplified signal os2. As an example, the optical signal os1
(and/or the amplified version os2 thereof) may correspond to a WDM wavelength channel ch_1, cf. Fig. 4, also cf. the
spectrum S in the spectral view of detail D2 of Fig. 17A. Optical coupler 110 (Fig. 17A) combines the amplified signal
os2 with an optical carrier signal c1 (with frequency fc-B, wherein B corresponds with a bandwidth of the I/Q-modulated
signal os1) provided by the second laser source 108b (Fig. 17A). As a result, the optical spectrum S with associated
(co-propagating) optical carrier c1 is obtained.
[0096] Figure 17B depicts a transmitter 100b which is similar to transmitter 100a of Fig. 17A in that it provides an
optical output signal osa2 with an associated optical carrier c1, cf. the spectrum S depicted in detail D2. However,
transmitter 100b has only one laser source 108a (e.g. operating at 1550 nanometer (nm)), and uses a comb generator
108c ("frequency comb") to provide respective input signals fc, c1 to the I/Q-modulator 107 and the coupler 110.
[0097] Figure 17C depicts a transmitter 100c which is similar to transmitter 100b of Fig. 17B in that it provides an
optical output signal osa3 with an associated optical carrier c1, cf. the spectrum S depicted in detail D2. However, instead
of using a comb generator 108c (Fig. 17B), transmitter 100c of Fig. 17C provides the carrier signal c1 by means of digital
signal processing, cf. block 102. In other words, in contrast to the transmitters 100a, 100b of Fig. 17A, 17B, the transmitter
100c of Fig. 17C provides the carrier signal c1 already in the digital domain ("digital carrier"), together with the I/Q-signal
components, so that one single laser source 108a is sufficient for providing the optical output signal osa3 at an optical
carrier frequency of e.g. 1550 nm, together with an associated (co-propagating) optical carrier c1.
[0098] To summarize, any of the transmitters 100a, 100b, 100c explained above with reference to Fig. 17A, 17B, 17C
(as well as transmitter 100 according to Fig. 2) may be used for the optical receiver 200 according to the embodiments
and/or for the WDM system 1 according to the embodiments. According to further embodiments, transmitter 100c of
Fig. 17C may be preferred over variants 100a, 100b of Fig. 17A, 17B as only one single laser source 108a is required
and a comb generator is not required. However, if a high-power digital carrier c1 (Fig. 17C) is generated according to
further exemplary embodiments, a requirement for resolution of the digital-to-analog converter (DAC) may be higher in
comparison to the case of an optically generated carrier (Fig. 17A, Fig. 17B). This is because the resolution of the DAC
is shared between the digital carrier c1 and the information-bearing signal (cf. spectrum S of Fig. 17C). I.e., the higher
the power of the digital carrier c1 is, the higher a requirement for the resolution of the DACs 104a, 104b may be. As a
result, according to further exemplary embodiments, it may be desirable to use a comparatively small CSPR in systems
with digital carrier c1, if possible.
[0099] According to further exemplary embodiments, a power of the (optical) carrier (cf. e.g. reference sign oc_1 of
Fig. 4, c1 of Fig. 17C) in a self-coherent detection system may be characterized by the abovementioned carrier-to-signal
power ratio CSPR. In conventional systems, cf. e.g. [reference 1] above, a typical value of CSPR is about 10 dB. This
means that the number of WDM channels in WDM transmissions using said conventional system is limited to around
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20 WDM channels due to a comparatively high value of CSPR and the limited output power of the optical amplifier 14
(Fig. 1, e.g., an EDFA). In other words, if the CSPR can be reduced by 3 dB, the number of WDM channels that may
be provided for the WDM system 1 (Fig. 1) will be doubled. According to further exemplary embodiments, this can
efficiently be achieved by employing the (preferably iterative) reduction of SSBI using clipping 312 (Fig. 5A, 6). As a
result, when employing the principle according to the embodiments, SSBI may be reduced in the optical receiver 200,
which in turn allows to operate the WDM system 1 (Fig. 1) (and/or single transmitters thereof) with a comparatively low
CSPR of e.g. 4 dB or 5 dB - as compared to e.g. 10 dB as used within conventional approaches. Due to the lower CSPR,
a larger portion of the EDFA amplification budget may be employed for (additional) WDM channels, so that according
to further exemplary embodiments, the number of WDM channels of the system 1 can be increased.
[0100] Further exemplary embodiments relate to optical communication equipment and more precisely but not exclu-
sively, to optical transport systems employing direct detection self-coherent receivers 200, 20a, 20b, ..., 20n and com-
patible transmitters 100, 100a, 100b, 100c.
Further exemplary embodiments relate to a method of reducing or cancelling the SSBI in self-coherent detection receivers
and/or systems using a comparatively small CSPR, e.g. 4 dB or 5 dB, instead of 10 dB as implemented in prior art.
Further exemplary embodiments may also be denoted as "iterative SSBI cancellation with clipping". In comparison with
the conventional Kramers-Kronig (KK) scheme ([reference 1]), the method according to exemplary embodiments shows
up to 5 dB performance improvement when the CSPR is kept as low as 4 dB.
[0101] Therefore, further exemplary embodiments enable a massive WDM transmission with self-coherent direct
detection, e.g. using receivers 200 of the self-coherent direct detection type, where the CSPR can be kept low (e.g.,
lower than 10 dB). According to further exemplary embodiments, the number of WDM channels may be increased to
e.g. 80, instead of a typical value of 20 (when the CSPR is 10 dB, according to conventional approaches).
[0102] Moreover, further exemplary embodiments enable an effective implementation of self-coherent direct detection
(receivers 200) with digital carrier c1 (Fig. 17C). This is because a CSPR as low as 4 dB or 5 dB according to further
exemplary embodiments may significantly relax a requirement of the DACs’ 104a, 104b (Fig. 17C) resolution.
[0103] As an example, according to further exemplary embodiments, with a typical resolution of 6 to 8 bits of com-
mercially available DACs, self-coherent direct detection with a digital carrier system can be implemented effectively if
the CSPR is kept low as 4 dB or 5 dB. As a result, exemplary embodiments enable both massive WDM transmission
and cost-effective implementation of self-coherent transmission and/or reception systems.
[0104] Some examples of embodiments described herein may mitigate one or more problems of prior art and thus
make an application of DD (direct detection) more effective. For example, some embodiments herein more effectively
remove the SSBI(t) component of the optical intensity measures I(t) in an optical data receiver, e.g., elements 20_1 to
20_n of Figure 1, so that lower magnitude optical carriers, i.e., optical carriers oc_1 to oc_n of Figure 4, are usable. Due
to the lower magnitude of such optical carriers, optical signals combining an optical carrier and an optical data-modulated
signal in the same wavelength-channels, e.g., optical signals os_1 to os_n of Figure 4, produce a lower optical load on
an optical amplifier. For that reason, wideband optical amplifiers, e.g., the optical amplifiers 14 and 18 of Figure 1, may
be able to operate with more optical channels, e.g., larger values of "n" in Figure 1, so that some such embodiments,
e.g., the system 1 of Figure 1, can support more parallel wavelength-channels for data.

Claims

1. A method of operating a direct-detection optical receiver, comprising:

making a temporal first sequence of digital intensity measurements of an optical signal combining an optical
carrier and an optical data-modulated signal in a same wavelength channel; and
digitally estimating optical signal-to-signal-beat interference contributions to said intensity measurements based
on the intensity measurements; and
wherein the digitally estimating is based a second sequence of intensity measurements obtained from the first
sequence by magnitude-clipping some of the intensity measurements thereof in response said some of the
intensity measurements having magnitudes above a threshold.

2. The method of claim 1, comprising recovering data carried by said optical data-modulated signal from compensated
values of the intensity measurements, each of the compensated values being a corresponding one of the digital
intensity measurements of the first sequence minus one of the estimated optical signal-to-signal-beat interference
contributions.

3. The method of claim 1 or 2, further comprising digitally estimating the optical signal-to-signal-beat interference
contributions in said intensity measurements of the first sequence based on a third sequence of intensity measure-
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ments obtained by clipping some of the compensated ones of the intensity measurements in response said some
of the compensated ones of the intensity measurements having magnitudes above a threshold.

4. The method of any of the preceding claims, further comprising, receiving the optical signal combining an optical
carrier and an optical data-modulated signal from a remote optical data transmitter.

5. The method of any preceding claim, further comprising:

making another sequence of digital intensity measurements of a second optical signal combining a second
optical carrier and a second optical data-modulated signal in a same second wavelength channel; and
another digitally estimating optical signal-to-signal-beat interference contributions to said intensity measure-
ments of the another sequence based on the intensity measurements thereof; and
wherein the another digitally estimating is based a sequence of intensity measurements obtained from the
another sequence by magnitude-clipping some of the intensity measurements thereof in response said some
of the intensity measurements of the another sequence having magnitudes above a threshold.

6. Method according to at least one of the preceding claims, further comprising filtering said first set of intensity
measurements to remove frequencies of one sign and the optical carrier therefrom.

7. An apparatus, comprising:

a digital signal processor for use in a direct-detection optical data receiver, the digital signal processor including
a first electronic unit for estimating signal-to-signal-beat interference contributions to a received first sequence
of digital intensity measurements of an optical signal combining an optical carrier and an optical data-modulated
signal in a same optical wavelength channel; and
wherein the digital signal processor includes a second electronic unit to modify the first sequence by clipping
some of the intensity measurements thereof in response said some of the intensity measurements having
magnitudes above a threshold.

8. The apparatus of claim 7, further comprising an optical data receiver comprising a photodetector, an analog-to-
digital converter and the digital signal processor, the analog-to-digital converter connected to generate the digital
intensity measurements in response to an electrical signal measuring the optical signal from the photodetector.

9. The apparatus according to at least one of the claims 7 to 8, wherein said digital signal processor is configured to
filter at least one of said first sequence and said modified first sequence to remove frequency components of one
sign therefrom.

10. The apparatus according to at least one of the claims 7 to 9, wherein said digital signal processor is configured to
scale by a factor magnitudes of said digital intensity measurements of at least one of said first sequence and said
modified first sequence.

11. The apparatus according to at least one of claims 7 - 10, comprising an optical data transmitter configured to transmit
the optical signal to an optical fiber.

12. The apparatus according to at least one of claims 7 - 11, wherein the digital signal processor comprises a third
electronic unit for recovering data carried by said optical data-modulated signal from compensated values of the
digital intensity measurements of the first sequence, each of the compensated values being a corresponding one
of the digital intensity measurements of the first sequence minus one of the estimated optical signal-to-signal-beat
interference contributions.

13. The apparatus according to claim 12, wherein the digital signal processor is configured to estimate the optical signal-
to-signal-beat interference contributions in said intensity measurements of the first sequence based on a third
sequence of intensity measurements obtained by clipping some of the compensated ones of the intensity measure-
ments in response said some of the compensated ones of the intensity measurements having magnitudes above
a threshold.

14. The apparatus any of claims 8 - 10 and 12 - 13, further comprising another optical data receiver having a second
photodetector, a second analog-to-digital converter, and a second digital signal processer, the second analog-to-
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digital converter to produce another sequence of intensity measurements from in response to the second photode-
tector receiving an optical signal combining an optical carrier and an optical data-modulated signal together in a
second wavelength-channel; and
wherein the second digital signal processor has an electronic unit to estimate optical signal-to-signal-beat interference
contributions to said intensity measurements of the another sequence based on the intensity measurements thereof;
and
wherein the electronic unit of the second digital signal processor is configured to perform said estimating based by
magnitude-clipping some of the intensity measurements of the another sequence in response said some of the
intensity measurements of the another sequence having magnitudes above a threshold.

15. The apparatus of claim 14, further comprising a remote optical data transmitter configured to transmit said optical
signals.
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