IN-BAND OPTICAL INTERFERENCE MITIGATION FOR DIRECT-
DETECTION OPTICAL COMMUNICATION SYSTEMS

RELATED APPLICATIONS
[0001] This application claims priority to U.S. Patent Application No. 14/991,826, titled
“IN-BAND OPTICAL INTERFERENCE MITIGATION FOR DIRECT-DETECTION
OPTICAL COMMUNICATION SYSTEMS ,” and filed January 8, 2016, the entire contents

of which are hereby incorporated by reference.

TECHNICAL FIELD

[0002] This disclosure relates to the field of communication networks, and in particular to

optical transceivers.

DESCRIPTION OF THE RELATED TECHNOLOGY

[0003] Communication systems, such as optical communication systems, include
transmitters and receivers for communicating data over communication links. In some
implementations, reflections caused by optical components such as connectors used in optical
links can interfere with the original optical signals being transmitted between transmitters and
receivers over the optical link.

[0003a] US 2014/308046 Al teaches systems and methods for optical multi-path
interference (MPI) compensation, wherein a mean MPI signal representing a mean amplitude
of the MPI in an input signal is generated and subtracted from a first estimate of transmitted
amplitude of the input signal to generate a mean MPI compensated estimate of transmitted
amplitude. The mean MPI compensated estimate of transmitted amplitude is sliced to
generate a decision of transmitted amplitude of the input signal. The mean MPI signal can be
generated using a mean MPI feedback loop or using an iterative feed-forward process.
Alternatively, mean MPI levels corresponding to respective transmitted intensity levels are
generated and used to control slice levels of a slicer in order to compensate for MPI.

[0003b] WO 2015/043431 A1l teaches a system and method for improving reception of
direct detection optical signals, wherein a method for optical transmission includes bit
loading and power loading, with a digital signal processor (DSP), transmission bits of an

orthogonal frequency-division multiplexing (OFDM) signal; calculating, with the DSP, a



signal-signal beat interference (SSBI) component of the bit and power loaded OFDM signal
by modulating each subcarrier with a symbol; and subtracting, with the DSP, the calculated

SSBI component from the bit and power loaded OFDM signal.

SUMMARY
[0004] According to one aspect, the subject matter described in this disclosure relates to an
optical receiver for receiving an optical signal. The receiver includes at least one photo
detector, an analog to digital converter, and a digital signal processor. The at least one photo
detector is configured to generate a first electrical analog receiver signal in response to
receiving an optical signal, the optical signal including a modulated optical signal and a noise
optical signal, wherein the noise signal includes a reflected optical signal. The analog to
digital converter is configured to receive the first electrical analog receiver signal and
generate a corresponding first digital receiver signal. The digital signal processor is
configured to subtract a data signal from the first digital receiver signal to generate an
intermediate digital signal, wherein the digital signal processor determines the data signal
from the first digital receiver signal. The digital signal processor is further configured to
determine a frequency offset of an interference signal from the intermediate digital signal, the
frequency offset of the interference signal indicative of the difference between the carrier
frequencies of the modulated optical signal and the noise optical signal. The digital signal
processor is also configured to filter the first digital receiver signal using a notch filter having
a center frequency and bandwidth substantially equal to the frequency offset and a
bandwidth, respectively, of the interference signal to generate a filtered digital receiver
signal.
[0005] According to another aspect, the subject matter described in this disclosure relates to
an optical receiver for receiving an optical signal. The receiver includes at least one photo
detector, an analog to digital converter and a digital signal processor. The at least one photo
detector is configured to generate a first electrical analog receiver signal in response to
receiving an optical signal, the optical signal including a modulated optical signal and a noise
optical signal, wherein the noise signal includes a reflected optical signal. The analog to
digital converter is configured to receive the first electrical analog signal and generate a
corresponding first digital receiver signal. The digital signal processor is configured to
subtract a data signal from the first digital receiver signal to generate an intermediate digital
signal, wherein the digital signal processor determines the data signal from the first digital

receiver signal. The digital signal processor is further configured to determine a frequency
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offset of an interference signal from the intermediate digital signal, the frequency offset of
the interference signal indicative of the difference between the carrier frequencies of the
modulated optical signal and the noise optical signal. The digital signal processor is also
configured to filter the intermediate digital signal using a filter having a frequency and
bandwidth equal to the frequency offset and a bandwidth, respectively, of the interference
signal to generate an estimated interference signal. The digital signal processor is further
configured to subtract the estimated interference signal from the first digital receiver signal to
generate an interference suppressed digital receiver signal.

[0006] According to another aspect, the subject matter described in this disclosure relates to
an optical transmitter including a laser configured to generate an optical signal having a
carrier frequency. The transmitter further includes a modulator for modulating the carrier
frequency with a data signal to generate a modulated optical signal. The transmitter also
includes a laser tuner configured to tune the carrier frequency of the laser. The transmitter
further includes a processor configured to receive a frequency offset of an interference signal
from a receiver, the frequency offset of the interference signal indicative of the difference
between an optical signal received at the receiver and a noise optical signal, wherein the noise
optical signal includes a reflected optical signal. The processor is further configured to in
response to receiving the frequency offset, dynamically compare the frequency offset with a
bandwidth of the modulated optical signal; and based on the frequency offset being less than
the bandwidth, control the laser tuner to tune the carrier frequency of the laser such that the

received frequency offset is greater than the bandwidth.
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[0007] Details of one or more implementations of the subject matter described in this
specification are set forth in the accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from the description, the drawings,
and the claims. Note that the relative dimensions of the following figures may not be drawn

to scale.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figure 1 shows an example communication system.

[0009] Figure 2 shows another example communication system.

[0010] Figure 3 shows a first receiver capable of mitigating interference in an optical
signal.

[0011] Figure 4 shows a second receiver capable of mitigating interference in an optical
signal.

[0012] Figure 5 shows a third receiver capable of mitigating interference in an optical
signal.

[0013] Figure 6 shows another example interference mitigation block for use in the fourth
receiver shown in Figure 5.

[0014] Figure 7 shows a block diagram of an example band-pass filter.

[0015] Figure 8 shows another example transceiver for mitigating in-band interference
[0016] Like reference numbers and designations in the various drawings indicate like

elements.

DETAILED DESCRIPTION

[0017] The various concepts introduced above and discussed in greater detail below may be

implemented in any of numerous ways, as the described concepts are not limited to any
particular manner of implementation. Examples of specific implementations and applications
are provided primarily for illustrative purposes.

[0018] Figure 1 shows an example communication system 100. In particular, the
communication system 100 includes a first transceiver 102 communicating with a second
transceiver 104 over a communication link 106. Each of the first transceiver 102 and the
second transceiver 104 can be coupled to respective devices such as, network switches,
computers, data-storage devices, network interface cards, host-bus adapters, etc. The first
and the second transceivers 102 and 104 can provide communication between their respective

devices. In some implementations, the communication link 106 can include wired or wireless
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communication links. In some implementations, the communication link 106 can include
optical links.

[0019] The first transceiver 102 can include a first transmitter 108 and a first receiver 110.
Similarly, the second transceiver 104 can include a second transmitter 112 and a second
receiver 114. The first transmitter 108 can communicate with the second receiver 114 over a
first optical link 116, while the second transmitter 112 can communicate with the first
receiver 110 over a second optical link 118. In some implementations, the first transceiver
102 and the second transceiver 104 can communicate over out-of-band links. The first
transmitter 108 and the second transmitter 112 can each include circuitry for processing and
transmitting optical signals representative of the data being transmitted over the optical links
116 and 118 respectively. Similarly, the first receiver 110 and the second receiver 114 can
include circuitry for receiving and processing the optical signals transmitted by the first
transmitter 108 and the second transmitter 112, respectively, to regenerate the data. For
example, the first transmitter 108 can include a digital signal processor (DSP) 152, the first
receiver 110 can include a DSP 154, the second transmitter 112 can include a DSP 158, and
the second receiver 114 can include a DSP 156. The DSPs in each of the transmitters and
receivers can perform control and signal processing operations and can also communicate
with various input and output optical and electrical ports at the receivers and the transmitters.
In some implementations, each of the optical links 118 and 116 can include connectors 132
and 134 respectively. Each of the connectors 132 and 134 can extend the range of the optical
links 116 and 118 by allowing end-to-end connections of two optical fibers.

[0020] Figure 2 shows another example communication system 200. The communication
system 200 is similar to the communication system 100 in that, like the communication
system 100, shown in Figure 1, the communication system 200 also includes a first
transceiver 102 and a second transceiver 104, where the first transceiver 102 incudes a first
transmitter 108 and a first receiver 110, and the second transceiver 104 includes a second
transmitter 112 and a second receiver 114. However, unlike the communication system 100,
where the first and the second transceivers 102 and 104 communicate using separate optical
links 116 and 118, the transceivers 102 and 104 in the communication system 200
communicate over a single optical link 140. To allow communication over the same optical
link 140, the communication system can include a first circulator 142 and a second circulator
144. The first and second circulators 142 and 144 can separate optical signals that travel in
opposite directions. Thus, an optical signal received over the optical link 140 at the first

circulator 142 is directed towards the first receiver 110, while an optical signal received at the
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first circulator 142 from the first transmitter 108 is directed towards the optical link 140. In a
similar manner the second circulator directs optical signals received over the optical link 140
towards the second receiver 114, and directs optical signals received from the second
transmitter 112 towards the optical link 140. In some implementations, the optical link 140
can include a connector 146, similar to the optical connectors 132 and 134 shown in Figure 1.
[0021] In some implementations, the optical communications between the first and the
second transceivers shown in Figures 1 and 2 can suffer from unwanted interference. For
example, referring to Figure 1, the connectors 132 can cause reflections of optical signals
transmitted over the first optical link 116. In particular, the connectors 132 can cause
reflections of optical signals transmitted by the first transmitter 108 to the second receiver
114. Thus, the second receiver 114 not only receives the optical signal transmitted by the
first transmitter 108, but also receives the reflected optical signals. Similarly, the first
receiver 110 can receive the optical signal transmitted by the second transmitter 112 over the
second optical link 118 in addition to reflected signals due to the connectors 134. In some
implementations, signal interference caused by interfering signals resulting from reflections
of an original signal transmitted over a unidirectional optical link is known as multi-path
interference (MPI). As the reflected interfering signals are essentially a delayed copy of an
original optical signal transmitted over the optical link, the interfering signals have a carrier
frequency that is substantially equal to the original signal. As referred to herewith, noise
optical signals can include unwanted optical signals, one example of which is the reflections
of other optical signals or interfering optical signal.

[0022] The communication system 200, shown in Figure 2, which includes a bi-directional
optical link 140 also can suffer from interference from reflected signals. For example, the
connector 146 may reflect a portion of the optical signal transmitted by the second transmitter
112 to the first receiver 110 back to the second receiver 114. Thus, the second receiver 114
not only receives the optical signal transmitted by the first transmitter 108 but also the
reflected portion of the optical signal transmitted by the second transmitter 112. Similarly,
the first receiver 110 can receive the reflected portion of the optical signal transmitted by the
first transmitter 108 in addition to the optical signal transmitted by the second transmitter
112. In some implementations, the first transmitter 108 and the second transmitter 112
transmit optical signals at different carrier wavelengths. Thus, for example, the reflected
signals received at the first receiver 110 would include an original optical signal transmitted
by the second transmitter 114 and an interfering signal having a carrier wavelength similar to

the carrier wavelength of the optical signal transmitted by the first transmitter 108. If the
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carrier wavelengths of the first and the second transmitter 108 and 112 are separated by less
than the bandwidth of the optical signals transmitted by either of these transmitters, then the
interfering reflected signals can cause in-band interference.

[0023] In some implementations, especially in direct-detection optical systems, utilizing
higher order modulation techniques (e.g., PAM4), utilizing error correction techniques (such
as forward-error-correction (FEC)) can reduce the impact of conventional additive Gaussian
noise such as the thermal noise from transimpedance amplifiers. However, such technique is
less effective in mitigating the effects of in-band interference, such as that resulting from
reflecting optical signals discussed above in relation to Figures 1 and 2. The following
discussion relates to techniques for mitigating in-band noise caused by interference between
an original signal and reflecting signals having carrier frequencies that are substantially equal
to the carrier frequency of the original signal or have carrier frequencies that are within the
bandwidth of the original optical signal.

[0024] In some implementations, an intensity modulated optical signal (also referred to
herein as the original optical signal) transmitted by a transmitter over an optical link can be

represented by Equation (1):
E, (t) =1, (L+a()) /7% (1)

while the interfering optical signal received by a receiver in addition to the optical signal

transmitted by the transmitter can be represented by Equation (2):

E, (t)=1,, L+ b)) ™" o

where Iy and Iy denote the average optical signal intensity of the originally modulated signal
and the interfering signal received by the second receiver, respectively. a(t) and b(t) denote
normalized A/C components of the optical and interfering signals, respectively. «r and 0(1)
denote the carrier frequency and the phase of the original optical signal, while w;and ¢(t)
denote the carrier frequency and the phase of the interfering signal. 6(z) and ¢(z) also

constitute the modulation induced carrier phase change.

[0025] The terms \/ (l + a(t)) and J (l+ b(t)) in Equations (1) and (2), respectively, can be

further expanded using Tylor series resulting in Equations (3) and (4) shown below:

Jl+a®) =1+ fla®)) 3)
JA+b(1)) =1+ £ (b)) 4



where f{a(t)) and f{b(t)) denote a function of a(t) and b(t), respectively. Substituting
Equations (3) and (4) in Equations (1) and (2), respectively, results in Equations (5) and (6)

shown below:

E ()= 1oy - 41y, - fla@)-e" 7 5)

EI ([): IOI ‘eJ'WIHW(f) + ,IOI . f(b([))‘ejwlﬁm(t) (6)
where the terms /1, -e’“"/*“and \/I,, - f(a(r))-¢’*"7*® in Equation (5) represents the
DC component and the AC component, respectively, of the intensity modulated optical
signal. Similarly, the terms /1, -e’*"*/*" and /I, - f(b(r))-¢’*"**" in Equation (6)

represent the DC component and the AC component, respectively, of the interfering optical
signal.
[0026] A photodetector at a receiver receives both the original intensity modulated optical
signal represented by Equation (5) and the interfering signal represented by Equation (6).
The photodetector will transform the optical signal and generate a corresponding electrical
signal. Assuming that the state of polarization of the original optical signal and the
interfering optical signal are aligned (worst-case assumption), and that the intensity of the
interfering signal is significantly smaller than the intensity of the original optical signal, the
electrical current generated by the photodetector at the receiver can be represented by the
following Equation (7):

I{t) = RI, (1+a(®)+ 1 yer per O+ Loer et O+ Licr per O+ L sy (O (7)
where R denotes the responsivity of the photodetector. The first term R/, (1 + a(t)) in
Equation (7) is the current corresponding to the desired original optical signal, while the other

four terms represent the currents corresponding to interference signals caused by
interferences between the DC and AC components of the original optical signal and the
interfering optical signal. Among the four interference terms, the term 7, ,(¢), which
represents the current due to the interference between the DC components of the original
optical signal and the interfering optical signal, exhibits the largest amplitude. Further the
bandwidth of this term is relatively narrow, and is centered around a “beat frequency,” which
is the difference between the carrier frequency of the original optical signal and the carrier
frequency of the interfering signal. Therefore, one approach to mitigate the effects of

interference is to suppress the signal 1, ,(#) the center frequency of which is the

difference between the carrier frequencies of the original optical signal and the interfering



signal, and the bandwidth of which is relatively narrow.

[0027] Figure 3 shows a first receiver 300 capable of mitigating interference in an optical
signal. In particular, the first receiver 300 can be utilized to implement the first and second
receivers 110 and 112 shown in Figures 1 and 2. The first receiver 300 is capable of
automatically detecting an interference signal in the received optical signal and configuring a
notch filter to filter the interference. The first receiver 300 includes a photodetector 302, an
analog-to-digital converter (ADC) 304, a tunable notch filter 306, an equalizer 308, a symbol
decision module 310, a decoder 312 and a frequency offset monitor 314. The photodetector
302 can be a semiconductor PIN diode configured to convert the intensity of the laser light
incident on it into a corresponding electrical current. Photodiodes with spectral response
range substantially equal to or greater than the bandwidth of the transmitted signal can be
utilized. In some implementations, photodiodes with high sensitivity, and low dark current
also can be utilized.

[0028] The optical signal received by the photodetector 302 not only includes the original
intensity modulated optical signal transmitted by a transmitter, but also includes interfering
optical signals that may be a result of one or more reflections along the optical link. The
photodetector 302 converts the received optical signal into an analog electrical receiver
signal. In some implementations, the photodetector 302 can generate an analog electrical
current corresponding to the received optical signal. For example, the electrical current /(¢)
shown in Equation (7) above can represent the analog electrical receiver signal generated by
the photodetector 302.

[0029] In some implementations, an amplifier can be utilized to amplify and/or transform
the current /(1) generated by the photodetector 302. For example, a trans-impedance
amplifier (TIA) can be utilized for amplifying and converting the electrical current /(¢) into a
voltage V(). In some implementations, the TIA can be implemented using operational
amplifiers.

[0030] The analog electrical receiver signal output of the photodetector 302 can be
provided to the ADC 304 for conversion into a digital receiver signal. The ADC 304
converts the analog electrical receiver signal output by the photodetector 302 into a digital
signal y;, where y; denotes the digital value y for the K" sample of the analog electrical
receiver signal. In some implementations, any one of direct-conversion ADCs, successive-
approximation ADCs, ramp-compare ADCs, sigma-delta ADCs, etc., can be utilized for
implementing the ADC 304. The digital receiver signal output by the ADC 304 can be

provided to the frequency offset monitor 314 and the tunable notch filter 306.
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[0031] The frequency offset monitor 314 processes the digital receiver signal to determine
the center frequency for the tunable notch filter 306. In particular, the frequency offset
monitor 314 determines the beat frequency 4w of the interference optical signal, which is the
difference between the carrier frequency @y of the original optical signal and the carrier
frequency oy of the interfering optical signal. For determining the beat frequency 4o, the
frequency offset monitor first removes data modulation from the digital receiver signal y. To
remove the data modulation from the digital receiver signal y;, the frequency offset monitor
314 subtracts the output dy of the symbol decision module 310 from the digital receiver signal
vi. The result of the subtraction is an intermediate signal x;. The frequency offset monitor
314 then carries out a fast-Fourier-transform (FFT) analysis on the intermediate signal x; to
determine the beat frequency 4w. In particular, the frequency offset monitor 314 equates the
result of the FFT analysis to [4w, Z]. where Z denotes the amplitude spectrum, while 4o
denotes the beating frequency extracted from Z. The frequency offset monitor 314 then
determines the value of A that results in the maximum or peak value of Z. The 4w that
results in the maximum or peak value of Z is the beat frequency of the interference signal.
[0032] As discussed above, in instances where the interfering signal is a result of MPI, the
carrier frequency w; of the interfering optical signal will be substantially equal to the carrier
frequency wr of the original optical signal. As a result, the beat frequency 4w in such
instances is equal to zero. However, for in-band interference, where the interfering optical
signal and the original optical signals are from different transmitters, the beat frequency 4w
will be a non-zero value. In some implementations, where interfering signal is a result of
MPI, the frequency offset monitor 314 can be excluded and the tunable notch filter 306 can
be replaced with low-pass filter in the first receiver 300 shown in Figure 3. In some such
implementations, the low-pass filter can be an analog low-pass filter, and can be positioned
after the photodetector 302 and before the ADC 304. In some implementations, the analog
low-pass filter, such as the one described above, can be utilized in communication systems
that do not utilize an ADC at the receiver.

[0033] The frequency offset monitor 314 is capable of monitoring any changes in the beat
frequency that may occur over time. For example, if the frequency of the laser diode used to
generate the carrier frequency wr of the original optical signal drifts over time, the frequency
offset monitor 314 tracks this drift in the carrier frequency to determine the correct value of
the beat frequency Aw of the interference optical signal

[0034] Once the beat frequency 4w is determined, the value of the beat frequency Aw is

communicated to the tunable notch filter 306. The tunable notch filter 306 provides high
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attenuation of an input signal within a narrow bandwidth around a center frequency while
leaving frequency components of the input signal outside of the narrow bandwidth
substantially unchanged. In some implementations, while the center frequency of the tunable
notch filter is provided by the frequency offset monitor 314, the bandwidth of the tunable
notch filter can be kept relatively constant. For example, in some implementations, where the
linewidth of the laser generating the original optical signal is limited to a few MHz, and a
modulation-induced chirp in the original optical signal is relatively small, a substantial
portion of the interference signal will be limited to within tens of MHz of the beat frequency
Aw. Therefore, the bandwidth of the tunable notch filter can be set of a few tens of MHz. For
example, in some implementations, where a distributed feedback (DFB) laser (which can
exhibit a linewidth of about 10 MHz) is utilized to generate the carrier frequency, and where
an external modulator is used (which has a relatively small modulation-induced chirp), the
bandwidth of the tunable notch filter 306 can be selected to be a few tens of MHz, such as
about 10 MHz to about 90 MHz. The tunable notch filter 306 attenuates the frequency
components of the digital receiver signal y, within the desired bandwidth around the beat
frequency 4w, thereby substantially attenuating the interference signal.

[0035] The tunable notch filter 306 outputs a filtered digital receiver signal, which is fed to
an equalizer 308. The equalizer 308 compensates for transmission-link impairments such as
frequency-dependent phase and amplitude distortion, thereby reducing the effects of such
impairments on symbol detection. In some implementations, the equalizer 308 also can
reduce inter-symbol interferences. In some implementations, the equalizer 308 can carry out
corrections for optical attenuation and/or chromatic dispersion on the filtered digital receiver
signal. The equalizer 308 processes the filtered digital receiver signal and generates an
equalized digital receiver signal, which is fed to the symbol decision module 310.

[0036] The symbol decision module 310 determines data symbols d; from the equalized
digital receiver signal. The data symbols d; are fed back to the frequency offset monitor 314
and to the decoder 312, which decodes the actual bits represented by the symbols based on
the encoding and modulation technique employed at the transmitter.

[0037] In some implementations, employing the tunable notch filter 306 to directly filter to
attenuate the interference signal by directly filtering the incoming digital receiver signal may
also result in the attenuation of the original data signal. The attenuation of the original data
signal may, in turn, result in signal loss and an increase in the error rate of the data
transmission. The following discussion relates to utilizing techniques that filter the unwanted

interference signal without substantially affecting the original data signal.
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[0038] Figure 4 shows a second receiver 400 capable of mitigating interference in an
optical signal. In particular, the second receiver 400 can be utilized for filtering MPI in a
received optical signal. Unlike the first receiver 300, shown in Figure 3, which directly filters
the digital receiver signal to attenuate the interference signal, the second receiver 400
estimates the interference signal and then subtracts the estimate of the interference signal
from the digital receiver signal. By avoiding directly filtering the digital receiver signal, the
second receiver 400 avoids attenuating portions of the original data signal along with the
interference signal.

[0039] The second receiver 400, similar to the first receiver 300, shown in Figure 3, also
includes a photo detector 402 and an ADC 404. The photodetector 402 and the ADC 404 can
be similar to the photodetector 302 and the ADC 304, respectively, discussed above in
relation to Figure 3. The photodetector 402 receives an optical signal that includes an
original optical signal and interfering optical signals that are a result of MPI, and have a
carrier frequency that is substantially equal to the carrier frequency of the original optical
signal. The photodetector 402 generates an analog receiver signal corresponding to the
received optical signal. The analog receiver signal is digitized to a digital receiver signal by
the ADC 404.

[0040] The second receiver 400 also includes an equalizer 408 that is similar to the
equalizer 308 discussed above in relation to the first receiver shown in Figure 3. However,
unlike the equalizer 308 in the first receiver 300, which equalizes the filtered digital received
signal, the equalizer 408 of the second receiver 400 equalizes the digital receiver signal
output by the ADC 404 to generate an equalized digital receiver signal. Equalizing the digital
receiver signal can reduce errors in the symbol decision process that is carried out in the MPI
mitigation block 414 (discussed further below).

[0041] The second receiver 400 further includes an MPI mitigation block 414, which
includes an initial symbol decision module 416, a data-removing module 418, a low-pass
filter 420, and an MPI signal subtractor 422. The second receiver 400 also includes a final
symbol decision and decoder block 424, which can be similar to the combination of the
symbol decision module 310 and the decoder 312 discussed above in relation to the first
receiver 300, shown in Figure 3.

[0042] Referring again to the MPI mitigation block 414, initial symbol decision module
416 processes the equalized digital receiver signal y;, output by the equalizer 408, to
determine the data symbols ¢, included in the received signal. These data symbols ¢ are then

subtracted from the digital receiver signal y; by the data-removing module 418 to generate an
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intermediate data signal. The intermediate data signal is then filtered by a low pass filter to
generate an estimate &, of the interference signal. In some implementations, the bandwidth of
the low-pass filter can be based on the signal carrier phase noise (or linewidth) of the laser
used to generate the carrier signal. For example, in some implementations, where a DFB
laser and the external modulator are utilized, the linewidth of the signal carrier can be about
10 MHz to about 90 MHz. In some such implementations, the bandwidth of the low-pass
filter also can be selected to be about 10 MHz to about 90 MHz. The estimate & of the
interference signal is then subtracted from the digital receiver signal y; to generate an
interference-suppressed digital receiver signal. The interference-suppressed digital receiver
signal is then processed by the final symbol decision and decoder block 424 to extract the
data included in the interference-suppressed digital receiver signal. As mentioned above, an
estimate of the interference signal is subtracted from the digital receiver signal, instead of
filtering the digital receiver signal. This approach alleviates the risk of filtering out portions
of the original data signal along with the interference signal.

[0043] While the second receiver 400, shown in Figure 4, is directed to removing MPI from
the received optical signal, the receivers discussed below in Figures 5 and 6 are directed to
removing any (MPI or in-band) interference signals from the received optical signals.

[0044] Figure 5 shows a third receiver 500 capable of mitigating interference in an optical
signal. In particular, the third receiver 500 can be utilized for filtering MPI or in-band
interference signals from the received optical signals. Similar to the second receiver 400,
shown in Figure 4, the third receiver 500 determines an estimate of the interference signal
and subtracts the estimate of the interference signal from the digital receiver signal, thereby
alleviating the need for filtering the interference signal directly from the digital receiver
signal. Further, the third receiver 500 provides monitoring of the beat frequency between the
carrier frequencies of the original optical signal and the interfering optical signal.

[0045] The third receiver 500 includes a photodetector 502, an ADC 504, an equalizer 508,
an interference mitigation block 514, and a final symbol decision and decoder module 524.
The interference mitigation block 514 includes in initial symbol decision module 516, a data-
removing module 518, a tunable band-pass filter 520, a frequency offset monitor 526, and a
signal subtractor 522. The photodetector 502, the ADC 504, the equalizer 508, the initial
symbol decision module 516, the data-removing module 518, and the final symbol decision
and decoder module 524 is similar to the photodetector 402, the ADC 404, the equalizer 408,
the initial symbol decision module 416, the data-removing module 418, and the final symbol

decision and decoder block 424, discussed above in relation to Figure 4. Further, the
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frequency offset monitor 526 is similar to the frequency offset monitor 314 discussed above
in relation to Figure 3.

[0046] The interference mitigation block 514 utilizes the frequency offset monitor 526 to
monitor and determine the beat frequency 4w and uses this beat frequency to determine an
estimate & of the interference signal. In particular, the frequency offset monitor 526
subtracts the data symbols, determined by the initial symbol decision module 416, from the
digital receiver signal y; to generate an intermediate signal a;. The frequency offset monitor
526 then carries out a FFT analysis on the intermediate signal to determine the beat frequency
Aw. As discussed above, the beat frequency 4w represents the center frequency of the
interference signal. The center frequency of the tunable band-pass filter 520 is set to the beat
frequency 4w determined by the frequency offset monitor. The band-pass filter 520 filters
the data-removed digital received signal generated by the data-removing module 518. As the
center frequency and the bandwidth of the band-pass filter 520 are set to the estimated center
frequency and the bandwidth of the interference signal, the output of the band-pass filter 520
is an estimate & of the interference signal. This estimate is then subtracted from the digital
receiver signal y;, to generate an interference suppressed digital receiver signal, which is
processed by the symbol decision and decoder module 524 to generate data.

[0047] In some implementations, the accuracy of the beat frequency determined by the
frequency offset monitor 526 can dependent on the errors in symbol decisions made by the
initial symbol decision module 516. In some implementations, when the errors in symbol
decisions are high, the accuracy of the beat frequency determined by the frequency offset
monitor 526 may be unacceptably low. This, in turn, reduces the accuracy of the estimate of
the interference signal and the effectiveness of the interference mitigation block 514 in
removing the interference signal from the digital receiver signal. In some such
implementations, an iterative approach to determining the beat frequency can be utilized, one
example of which is discussed below in relation to Figure 6.

[0048] Figure 6 shows another example interference mitigation block 614 for use in the
third receiver 500 shown in Figure 5. In particular, the interference mitigation block 614 can
be used instead of the interference mitigation block 514. The interference mitigation block
614 includes two sub-blocks: a first sub-block 652 and a second sub-block 654. The first
sub-block 652 is identical to the interference mitigation block 514 shown in Figure 5 and
includes similar reference numbers. The second sub-block 654 includes a second symbol
decision module 616, a second data-removing module 618, a second tunable band-pass filter

620 and a second signal subtractor 622. The second symbol decision module 616, the second
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data-removing module 618, the second tunable band-pass filter 620, and the second signal
subtractor 622, can be similar to the symbol decision module 516, the data-removing module
518, the tunable band-pass filter 520, and the signal subtractor 522 of the first sub-block 652.
The second sub-block 654, however, does not include a frequency offset monitor like the
frequency offset monitor 526 in the first sub-block 652. Instead, the second tunable filter 620
receives the beat frequency value from the frequency offset monitor 526. The interference
mitigation block 614 improves the accuracy of the interference signal estimate by repeating
the symbol decision using the second symbol decision module 616. Thus, any errors in
symbol determination introduced by the symbol decision module 516 can be alleviated. The
estimate of the interference signal is re-determined based on the symbols detected by the
second symbol decision module 616, and the second estimate is subtracted from the digital
receiver signal. In some implementations, the second data-removing module 618 can subtract
the data symbols ¢; output by the second symbol decision module 616 from the same optical
signal y; received by the first sub-block 652 instead of from the interference suppressed
digital receiver signal output by the first sub-block 652 as shown in Figure 6. Similarly, the
second signal subtractor 622 also can subtract the estimate of the interference signal
generated by the second tunable band-pass filter 620 from the optical signal y; received by
the first sub-block 652 instead of from the interference suppressed digital receiver signal
output by the first sub-block 652.

[0049] In some implementations, the tunable notch filter 306 shown in Figure 3 and the
tunable band-pass filters 520 and 620 shown in Figures 5 and 6 can be implemented using
infinite-impulse-response (IIR) digital filters. However, IIR filters may exhibit unstable
operation. The following discussion relates to alternative approaches for implementing the
tunable notch and band-pass filters that provide improved stability compared to IIR filters.
[0050] Figure 7 shows a block diagram of an example band-pass filter 700. In particular,
the band-pass filter 700 can be utilized to implement the band-pass filters shown in Figures 5
and 6. The band-pass filter 700 includes a first cosine block 702 a first sine block 704, a first
low-pass filter 706, a second low-pass filter 708, a second cosine block 710, a second sine
block 712, an adder 714, and a scaling block 716. As discussed above in relation to Figures 5
and 6, the band-pass filter filters the data-removed digital receiver signal a; provided by the
data-removing modules 518 and 618. The signal ; is provided to both the first cosine block
702 and the first sine block 704. The first cosine block 702 multiplies the signal a; with a
cos{wty), while the first sine block 704 multiplies the signal a; with a sin(wt;), where ®

denotes the center frequency (i.e., A®) of the band-pass filter. Both the first cosine block 702
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and the first sine block 704 shift the high frequency components of the signal a; into low
frequency components. By shifting the high frequency components of the signal a; into low
frequency components, low-pass filters, instead of band-pass filters can be utilized to filter
the signal ;. Utilizing low-pass filters instead of band-pass filters, can be advantageous, as
low-pass filters, in comparison with band-pass filters, can be implemented more efficiently in
the digital domain. The bandwidth of the first and second low-pass filters 706 and 708 can be
selected to be substantially equal to the linewidth or bandwidth of the original carrier signal
and the interfering carrier signal, which can be monitored by the frequency offset monitor,
such as the frequency offset monitor 526 shown in Figure 5. The low-pass filters 706 and
708 select the required spectral components of the interference signal to generate filtered
signals i and vy, respectively. The filtered signals u; and vy are then up-converted or shifted
to higher frequency components by the second cosine block 710 and the second sine block
712, respectively. The up-converted signals output by the second cosine block 710 and the
second sine block 712 are summed at the adder 714, and scaled by a scaling factor & to
generate the estimate & of the interference signal. In some implementations, the first and the
second low-pass filters 706 and 708 can be implemented using a hardware-efficient moving-
average filter. In some implementations, an example window size of the moving average
filter can be about 64 samples.

[0051] In some implementations, the band-pass filter 700 shown in Figure 7 also can be
used in implementing a notch filter, such as the notch filter 306 shown in Figure 3. In some
such implementations, subtracting the output & of the band-pass filter 700 from the digital
receiver signal y; is equivalent to filtering the digital receiver signal y, with a center
frequency of ® and the same bandwidth as the band-pass filter 700.

[0052] Figure 8 shows another example transceiver 800 for mitigating in-band interference.
In particular, the transceiver 800 can be utilized to implement one or both of the first
transceiver 102 and the second transceiver 104 of the communication system 200 shown in
Figure 2. As discussed above in relation to Figure 2, the first receiver 110 can receive an
interfering signal that is a reflection of the optical signal transmitted by the first transmitter
108 to the second receiver 112. The reflection of the optical signal transmitted by the first
transmitter 108 is caused by the connector 146 on the bi-directional optical link 140. In some
implementations, the impact of the interference signal on the original optical signal is reduced
if the difference between the carrier frequency of the original optical signal received by the
first receiver 110 and the carrier frequency of the interfering signal (having the carrier

frequency of the first transmitter 108), increases. In some implementations, if the difference
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between the carrier frequencies is greater than the bandwidth of the original optical signal
received by the receiver 110, then the interference signal is no longer an in-band interference
signal, and can therefore be ignored. The transceiver 800 shown in Figure 8 is capable of
changing the carrier frequency of the transmitter such that the carrier frequency of the
resulting interfering signal is out-of-band of the original optical signal received by the
receiver.

[0053] The transceiver 800 includes a transmitter 802 and a receiver 804. The transmitter
802 includes a laser 806 for generating an optical carrier signal at the transmitter 802, a
modulator 808 for modulating data onto the optical carrier signal generated by the laser 806,
and a wavelength controller 810 that can control the wavelength (or the carrier frequency) of
the laser 806. The receiver 804 is similar to the receiver 300 discussed above in relation to
Figure 3, and includes the same components as that in the receiver 300. In particular, the
receiver 804 includes the frequency offset monitor 314 that monitors the incoming optical
signal and determines the beat frequency Aw. In some implementations, the beat frequency
Aw determined by the frequency offset monitor 314 is also communicated to the wavelength
controller 810 of the transmitter 802. The wavelength controller 810 also can store in
memory or receive from the receiver 804, the bandwidth of the optical signal received by the
receiver 804. The wavelength controller 810 can then alter the carrier frequency of the laser
806 such that the beat frequency 4w becomes greater than the bandwidth of the optical signal
received by the receiver. As a result, the resulting interference signal will be out-of-band,
thereby having minimal impact on the original optical signal received at the receiver 804.
[0054] In some implementations, the wavelength controller can be implemented using one
or more of a microcontroller, a microprocessor, or an field-programmable-gate-array
(FPGA). In some implementations, the wavelength controller can control a thermoelectric
cooler (TEC) to adjust the operating temperature of the laser 806 to change its carrier
frequency. In some implementations, for example, the wavelength of the laser 806 can
change at a rate of about 0.1 nm/°C. In some such implementations, a temperature change of
about 2 °C can result in a change of about 34 GHz in the frequency of the laser 806.

[0055] As discussed above, the frequency offset monitor, such as the frequency offset
monitor 314 shown in Figure 3, can determine the beat frequency 4w from the optical signal
during normal data transmissions. In some other implementations, pilot training pulses also
can be utilized for determining the beat frequency dw. For example, referring to Figure 1,
the first transmitter 108 can transmit pilot training pulses which can be received at the second

receiver 114 along with interfering optical signals. A frequency offset monitor, such as the
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frequency offset monitor 314 shown in Figure 3, at the second receiver 114 can determine the
beat frequency 4w using the received pilot training pulses. The frequency offset monitors
shown in Figures 5, 6, and 8 also can determine the beat frequency 4w using received pilot
training pulses. In some such implementations, the frequency offset monitor can continue
monitoring the frequency offset after the pilot training pulses have ceased and data
transmission has started.

[0056] Various modifications to the implementations described in this disclosure may be
readily apparent to those skilled in the art, and the generic principles defined herein may be
applied to other implementations without departing from the spirit or scope of this disclosure.
Thus, the claims are not intended to be limited to the implementations shown herein, but are
to be accorded the widest scope consistent with this disclosure, the principles and the novel

features disclosed herein.
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CLAIMS

What is claimed is:

1. Anoptical receiver (110, 300) for receiving an optical signal, comprising:
at least one photo detector (302) configured to generate a first electrical analog
receiver signal in response to receiving an optical signal, the optical signal
including a modulated optical signal and a noise optical signal, wherein the noise
signal includes a reflected optical signal;
an analog to digital converter (304) configured to receive the first electrical analog
receiver signal and generate a corresponding first digital receiver signal; and
a digital signal processor (154) configured to:
subtract a data signal from the first digital receiver signal to generate an
intermediate digital signal, wherein the digital signal processor determines
the data signal from the first digital receiver signal;
determine a frequency offset of an interference signal from the intermediate
digital signal, the frequency offset of the interference signal indicative of
the difference between the carrier frequencies of the modulated optical
signal and the noise optical signal; and
filter the first digital receiver signal using a notch filter (306) having a center
frequency and bandwidth substantially equal to the frequency offset and a
bandwidth, respectively, of the interference signal to generate a filtered

digital receiver signal.

2. The optical receiver of claim 1, wherein the digital signal processor is further
configured to:
equalize the filtered digital receiver signal to carry out correction for at least one of
optical attenuation and chromatic dispersion to generate an equalized digital
receiver signal; and

utilize the equalized digital receiver signal to generate the data signal.

3. The optical receiver of claim 1, wherein the frequency offset of the interference signal

is substantially equal to zero.
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The optical receiver of claim 1, wherein the frequency offset of the interference signal

is less than a bandwidth of the modulated optical signal.

The optical receiver of claim 1, wherein the noise optical signal constitutes a
reflection of the modulated optical signal, the reflection occurring over an optical link

over which the optical signal is received.

The optical receiver of claim 1, wherein the noise optical signal constitutes a
reflection of another optical signal transmitted by a transmitter other than the one
transmitting the modulated optical signal, the reflection occurring over a bi-
directional optical link over which both the another optical signal and the modulated

optical signal are communicated.

The optical receiver of claim 1, wherein the digital signal processor is configured to
determine the frequency offset of an interference signal from the intermediate digital

signal based on a result of a fast-Fourier-transform of the intermediate signal.

An optical receiver (110, 400, 500) for receiving an optical signal, comprising:
at least one photo detector (402, 502) configured to generate a first electrical analog
receiver signal in response to receiving an optical signal, the optical signal
including a modulated optical signal and a noise optical signal, wherein the noise
signal includes a reflected optical signal;
an analog to digital converter (404, 504) configured to receive the first electrical
analog receiver signal and generate a corresponding first digital receiver signal;
and
a digital signal processor configured to:
subtract a data signal from the first digital receiver signal to generate an
intermediate digital signal, wherein the digital signal processor determines
the data signal from the first digital receiver signal;
determine a frequency offset of an interference signal from the intermediate
digital signal, the frequency offset of the interference signal indicative of
the difference between the carrier frequencies of the modulated optical

signal and the noise optical signal;
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filter the intermediate digital signal using a filter (420, 520) having a
frequency and bandwidth equal to the frequency offset and a bandwidth,
respectively, of the interference signal to generate an estimated
interference signal; and

subtract the estimated interference signal from the first digital receiver signal

to generate an interference suppressed digital receiver signal.

9. The optical receiver of claim 8, wherein the digital signal processor is further
configured to:
de-serialize the interference suppressed digital receiver signal to generate data blocks;
and

decode the data blocks to generate decoded data.

10. The optical receiver of claim 8, wherein the digital signal processor is further
configured to:

determine another data signal from the interference suppressed digital receiver
signal;

subtract the another data signal from one of the interference suppressed digital
receiver signal and the first digital receiver signal to generate another
intermediate digital signal;

filter the another intermediate digital signal using another filter (620) having
the frequency and bandwidth equal to the frequency offset and bandwidth,
respectively, of the interference signal to generate another estimated
interference signal; and

subtracting the another estimated interference signal from one of the
interference suppressed digital receiver signal and the first digital receiver

signal to generate another interference suppressed digital receiver signal.

11. The optical receiver of claim 8, wherein the noise optical signal constitutes a
reflection of another optical signal transmitted by a transmitter other than the one
transmitting the modulated optical signal, the reflection occurring over a bi-
directional optical link over which both the another optical signal and the modulated

optical signal are communicated.
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12. The optical receiver of claim 8, wherein the frequency offset of the interference signal

is less than a bandwidth of the modulated optical signal.

13. The optical receiver of claim 8, wherein the filter is a band-pass filter (520), and
wherein the band-pass filter includes at least two cosine function multipliers and at

least two sine function multipliers for multiplying the intermediate digital signal.

14. The optical receiver of claim 8, wherein the digital signal processor is configured to
determine the frequency offset of the interference signal from the intermediate digital

signal based on a result of a fast-Fourier-transform of the intermediate signal.

15. An optical transmitter (108, 802) comprising;:
a laser (806) configured to generate an optical signal having a carrier frequency;
a modulator (808) for modulating the carrier frequency with a data signal to generate
a modulated optical signal;
a laser tuner configured to tune the carrier frequency of the laser; and
a processor (810) configured to:
receive a frequency offset of an interference signal from a receiver, the
frequency offset of the interference signal indicative of the difference
between an optical signal received at the receiver and a noise optical
signal, wherein the noise optical signal includes a reflected optical signal;
in response to receiving the frequency offset, dynamically compare the
frequency offset with a bandwidth of the modulated optical signal; and
based on the frequency offset being less than the bandwidth, control the laser
tuner to tune the carrier frequency of the laser such that the received

frequency offset is greater than the bandwidth.
16. The optical transmitter of claim 15, wherein the laser tuner is a thermos-electric

cooler configured to adjust the temperature of the laser in response to a control signal

received from the second processor.
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17. The optical transmitter of claim 15, wherein the noise optical signal constitutes a

reflection of the modulated optical signal.

18. The optical receiver of claim 1 or claim 8, wherein the digital signal processor is

configured to determine the bandwidth of the interference signal.
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