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Description

Met hod and device for determining the polarization split in

a heterodyne coherent receiver

Field of the invention

The invention relates to optical transnission systens wth
phase nodul ated signal transnission and heterodyne coherent

pol arization diversity receivers.

Optical access networks becone nobre and nore popular to
satisfy the growing denmand for higher bandwidth. D fferent
types of passive optical networks (PON) have been depl oyed
in the past, but next generation optical access networks
can provide higher bandwidth by using nore powerful and
efficient nodulation techniques and transm ssion

princi pl es

In phase-nodul ated transnission systens the data is coded
in the phase angle of the carrier |light, generally called
phase shift keying (PSK) . An enbodinent of PSK for instance
is quadrature phase shift keying (QPSK) , wherein the
symbols hold angles of 0°, 90°, 180°, and 270°. Therefore
the receiver needs to determine the phase angle of the
received light in order to extract the data. Instead of
setting the phase angle to code synbols, an alternative is
to change the phase between two consecutive synbols. This
method is called differential phase shift keying (DPSK)
DPSK is significantly sinpler to inplement than ordinary
PSK since there is no need for the denpdulator to have a
copy of the reference signal to deternmine the exact phase
of the received signal.

Next generation optical access systens not only shall

provi de higher bandwi dth but also higher reach. H gher

reach neans to convey data over |onger distances. Both
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requirenments are the notivation to use coherent

conmuni cati on techni ques.

Coherent transm ssion systens have several advantages. The
receiver sensitivity can be inproved by up to 20 dB
conpared with that of systens inplenenting intensity

nodul ation with direct detection. Second, the use of
coherent detection also allows a nore efficient use of
fiber bandwi dth by increasing the spectral efficiency of
the systens.

A key conponent in coherent optical transm ssion systens is
the receiver. A coherent receiver is able to distinguish

and evaluate the optical phase and polarization of the
received light. The basic principle of a coherent receiver
is to conmbine the incomng signal light with light which is
locally generated by a narrow line width laser, called

| ocal oscillator.

M xing of the received optical signal with the [ocal
oscillator inproves the receiver's performance.

As nentioned before, a coherent receiver nust be able to
di stinguish and evaluate the optical phase and polarization
of the received light. In an asynchronous receiver the
recei ver does not get any phase information from the sender
and therefore has to retrieve the phase information by
itself. Especially the phase information is necessary to
decode the information coded in the phase shifts of a
phase shift keying signal. Another inportant aspect is

pol ari zation. The polarization state of the received signal
and the local oscillator plays an inportant role. Since the
pol ari zation state of the received optical signal is
unknown, there might be a polarization msmatch with the

| ocal oscillator.

To cope with this problem a two port balanced coherent
receiver can be used. Fig. 1 illustrates a schematic
coherent polarization diversity receiver.
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The incoming input signal light is split by a polarization
beam splitter into two orthogonal polarization planes.
Further, the local oscillator (LO light is divided into
two light beanms by a splitter and one branch is left
unchanged while the other branch shifts the polarization of
the LO light by 90°. Now there are two orthogonal polarized
components of the signal light available as well as two
orthogonal polarized conponents of the LO light. According
to Fig. 1 the conmponents of the signal and the LO light are
combined by a 3 dB coupler. The resulting Ilight paths

|l eaving the couplers are fed into two pairs of photodiodes.
The photodiodes <create electric current which is typically
transforned into a proportional voltage by a so called
trans-i npedance anplifier. The resulting signhals are
digitized by analog-to-digital converters (ADC) and fed to
appropriate electronics for further data processing.

Each beam conmbiner in the two branches conbines signal

light with local oscillator |light of the proper

pol ari zati on. Dependent on the polarization state of the
signal light, which is tine variable in a transm ssion
system the relative weight of the signal in the two
branches wll vary.

However it is guaranteed, that independent from the

pol arization state of the input signal, the projection of
the signal onto the local oscillator |ight cannot be zero
for both branches at the sane tine. It could be zero for

one and maximum for the other, or equally distributed
between the two branches, or any distribution between those

two extrene cases.

In the case where the polarization of the signal 1ight
happens to be perfectly aligned to the polarization of the
local oscillator light in one branch, this branch wll
receive all the useable signal, while the orthogonal

pol ari zati on conponent associated wth the other branch is

zero, so that only local oscillator light is present in
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this branch. This results in a high quality signal in the
well aligned branch while the other branch produces a
receiver signal having significant noise.

However the polarization state of the incomng signal is
random and not predictable. The source for unpredictable

pol ari zation state is caused by the so called polarization-
node dispersion. Perfect operation of a coherent receiver
requi res exact matching of the polarization state of the
local oscillator to that of the received input signal. This
is given when the polarization state of the optical fields
of the LO and the input signal are equal. If however the
pol ari zation states of the LO and the input signal are
orthogonal to each other, the resulting signal disappears
conpl etely.

To cope with the problem of unknown polarization state of
the incom ng signal, both branches of the bal anced
receivers wth orthogonal polarization have to be

eval uated. The analysis which one of the balanced receivers
has a useful signal and which one outputs nore or |ess

noi se, is an inportant task.

A known nethod for analyzing the signal and to decide which
path contains the better signal is to process both signal
paths in the receiver and to perform error estimtion e.g.
determining the error rate via FEC. The disadvantage of
this procedure however is that appropriate electronics have
to be provided for both signal paths. This results in

hi gher footprint of electronics, higher power consunption
and increased costs.

Anot her known nethod consists in adding a polarization
controller at the signal input port of the receiver, which
is then dynamically adjusted to align the polarization of
the input light to the local oscillator 1light. This nethod
requi res another optical element (the polarization
controller) which is costly and attenuates the input
signal, leading to a decreased receiver sensitivity. It
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al so requires sophisticated and fast control electronics in
order to follow the polarization variations of the signal.

Anot her known nethod consists of adding a 90 degree optical
hybrid to the receiver, and doubling the nunber of

phot odi odes. In such a receiver, the signal light is m xed
once with the LO light of each polarization directly, and
once with the LO light of the each polarization phase
shifted by 90 degrees, essentially creating two

pol ari zati on diverse balanced receivers, wth the LO |ight
of one polarization diverse balanced receiver phase shifted
by 90 degrees with respect to the LO light in the other

pol ari zati on diverse balanced receiver. This allows for the
full recovery of the optical field, and with data
processing the distribution of the signal anong the two
orthogonal polarizations can be determ ned. The

di sadvantage of the nmethod is the doubling of the nunber of
phot odi odes and TIAs that are necessary, the splitting of
the LO power between the two pairs of polarization diverse
bal anced receivers, and the sophisticated data processing.
The recovery algorithm also requires the insertion of a
training pattern in the data, which increases the overhead
and decreases the usable data bandw dth.

The invention proposes to use the differences between the
estimted phase deviations for the four possible synbols
(0°, 90°, 180°, 270°) to decide which of the two orthogonal
pol arization directions is better aligned to the signal.

Signal |ight

A sin((ogt ++) (1)
A= signal anplitude (electric field anplitude)

ps=signal phase (synmbol, o, 90°, 180°, 270°)

o,=signal frequency (optical)

Local oscillator [light:
AL sin(GLot +00) (2
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A;o=local oscillator anplitude (electric field anplitude)
¢z0=LO phase
&1,=LO frequency (optical)

Coherent reception nultiplies the electrical fields of the
signal and local oscillator:
signal *LO ->

g

A
Z-A-[sin((i% + D )+ g+ o)+ SN({% - 0 o)t +ag- By, ) (3)

The conponent at the sum frequency cannot be detected by
the receiver due to its |owpass characteristics.

Recei ved signal: 2

A
2w—[sm((a)s.- W o )t+og- @ )l (4)

The difference between the signal frequency and the LO
frequency is the internediate frequency w;r plus the
frequency error Aw:

0 - O o=0F tA® (5)
After analog to digital conversion, the received signal (4
is multiplied in the digital signal processing wunit (DSP)
with sin (co|Ft) and cos (@ I:t) to detect the | and Q channels.

| channel :

S =M#O[sin((fi)IF +A0)t+ Qg - @01 sin(@t)
(6)

N

A_A
=- 4L0 [cos({ Awi + g - @10)- cos((2oe +Aw)i + @5+ @0 )]

sQ= 12 [Sn(@yr +A)i + 0, (o)1 cOSyr)

(7

A A . :
=== (AGL o - 0,0) +sin((201 + A@) T+ 0+ 00)

Again, a low pass filter renopves the terms which contain
the high ((2©;r) frequencies.

Using the ratio of the Q and | channels we can extract the
phase :
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So |
arctan| — | = Awt+ (g - @/ (8)

ST
Subt racti ng the previous angle from the current one vyields
Acotpy + A (9)
where ty is the bit period. The first term of (9 is
proporti onal to the frequency offset of the |local
oscil | ator laser and will be used as control input for the
| aser control al gorithm which ains to mninze this offset
by changing the LO laser frequency M, until Awtp is zero.
The second term is the data synbol for differential phase
coded conmuni cati on. In the case of DOQPSK, Ag@, is a

mul tiple of 90°.

I f the polarizations of LO and signal are badly aligned
(for one receiver) , there wll be very |little signal and
the inbuilt automatic gain control (AGC) of the receiver
anmplifier will not be saturated. In this case, the carrier
(= unnodul at ed laser light) wll not be suppressed in

conpari son to the signal.
This wll add a term to the detected signal which does not

include the synbol phase:

A A
A
Si —4'—fL[cos(Aa)t+(os- ®ro )t acy COS( Acot - o (10)
_AA . .
So ——54—9[s1n(Aa)t+gps- (pL0)+aCW Sln(ACOt- PLon (11)
Here a.w is the fractional contribution of the carrier peak
to the received signal. This contribution will shift the
frequency esti mat or line for 9.,=90° and 270° by an equal
amount , but in opposite directions. For 0° there is no
shift, because both terns are identical, and for 180° there
is also no shift because of the periodicity of the arctan

function
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Therefore, by conparing the neasured frequency shifts for
the different symbols it is possible to distinguish between
a shift which is caused by a frequency error and a shift
which is caused by a polarization msmatch.

The difference D between the estimator output for 90° and
270° is proportional to the msalignnent of the

pol arizations. This is used to determne which of the two
pol ari zations should be used (the one with the smaller b).
In case Dis O for both polarizations, either one is picked
at random (if newy starting the system) , or, if D was
previously not O for one of the receivers so that the other
was picked, the system continues in this polarization, or
an equally weighted sum of the two can be used, since they
both have sufficient alignnent of their polarizations.

It is an object of the invention to provide a beneficial
solution for utilizing a sinple and efficient way to
evaluate the polarization state in each path of the
receiver and to select the appropriate signal part for
further processing.

This is achieved according to the features of the
i ndependent clainms. Further enbodinments result out of
dependeni ng cl ai ns.

In order to overcone the disadvantages, a nethod and an
arrangement for a coherent polarization diversity receiver

i s presented.

In an enbodi rent of the invention, the coherent

pol ari zation diversity receiver conprises a |ocal

oscillator laser, the light of which is split into two
parts of nmutually orthogonal polarizations, which are m xed
optically with the signal light, the signal Iight also
having been split into corresponding polarizations, so that
light of the local oscillator and signal having equal

pol arization directions is conmbined in the tw paths of the
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receiver optics. Each polarization is then detected
separately by a pair of photodi odes, generating an

el ectrical output signal proportional to the optical signal
for each polarization.

The phase angle difference between the first polarized
input signal and the first polarized LO portion is

determ ned, and also the phase angle difference between the
second polarized input signal and the second polarized LO
portion is determned. This information is then used to
select a portion of the first electrical output signal and
a portion of the second electrical output signal.

The advantage of this method is, that the phase inform-
tion, which is necessary for the correct operating of the
receiver, can be used directly to decide and to determne,
which portion of the digitized signal light of each branch
of the receiver is used for the final output signal.

To achieve the mxing, 2x2 waveguide couplers mght be
used. In another enbodinment, free-space beam splitters
m ght be used. In yet another enbodinment, the optical
splitting and mixing mght be achieved using fiber-based
2x2 coupl ers.

In one enbodiment, each pair of photodiodes is configured
so that the electrical signal proportional to the power in
the local oscillator laser and in the signal I|ight cancels
and the electrical output is only proportional to the
product of the local oscillator light and the signal |ight.
In anot her enbodi nent, one arm of the 2x2 splitters is
term nated, and a single photodiode is used on the other
arm generating a signal proportional to the sum of the

| ocal oscillator |aser power, the optical signal power, and
the product of the local oscillator Iight and the signal
[ight. AC coupling of the electrical output is then used to
remove the conmponents of the electrical signal which are
proportional to the power of the local oscillator 1ight and
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10
the signal light, leaving only the electrical signal
proportional to the product of the local oscillator |[ight
and the signal light for further analysis.

In an enbodi ment, a signal analysis block determ nes the
phase angle difference between the first polarized input
signal and the first polarized local oscillator signal and
the phase angle difference between the second polarized

i nput signal and the second polarized I|ocal oscillator
signal. A decision algorithm then selects a first portion
of the first electrical output signal and a second portion
of the second electrical output signal for further
processing .

In an enbodi ment, these first and second portions are
determned by a control and decision unit.

In another enbodi ment of the invention, these first and
second portions are conbined by a signal selection and
weighting unit. This weighting unit may assign weights to
the signal with values between 0 and 1.

In a sinmplified version of the invention, the decision unit
does not conbine the first and second signal, but instead
selects one for further processing and discards the other,
leading to a further sinplification of the data processing
unit, because in this case, it is not necessary to

determ ne the proper tine shift between the first signal
and the second signal. This mght be achieved with a sinple
switch.

Enbodi ments are possible in which the first input signal
and the second input signal are orthogonal to each other,
and the first LO signal and the second LO signal are

ort hogonal to each other.
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In an enbodi ment, the control signals necessary to decide
on the proper weighting between the first portion of the
signal and the second portion of the signal is derived from
the control signal used for frequency control of the |ocal
oscillator |Iaser.

In anot her enbodi ment, separate control circuitry may be
used for the laser frequency control and the weighting and
decision wunit.

In anot her enbodi ment, the phase offset measured for
synbols 0° and 180° is used to control the LO frequency,
and the difference between the phase offset measured for
synmbols 90° and 270° is used to control a selection swtch
which switches from one polarization to the other.

It is further noted that the nmethod steps described above
may be processed by an apparatus, which conprises a |ocal
oscillator having a polarization, wherein the [ ocal
oscillator generates a first and a second polarized |ocal
oscillator signal, the apparatus having a polarization unit
to split the polarization of the input signal into a first
pol ari zed input signal and a second polarized input signal,
the apparatus having a first coupler/splitter unit
configured to mx the first polarized input signal with the
first polarized local oscillator signal and to feed the
signal light into a pair of photo diodes to generate a
first electrical output signal, the apparatus further
having a second coupler/splitter wunit configured to mx the
second polarized input signal with the second polarized
local oscillator signal and to feed the signal light into a
further pair of photo diodes to generate a second

el ectrical output signal, the apparatus further conprises a
phase angle detection unit configured to detect the phase
angle difference between the first polarized input signal
and the first polarized local oscillator signal and another
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phase angle detection unit configured to detect the phase
angle difference between the second polarized input signal
and the second polarized local oscillator signal, the
apparatus conprising a selection and weighting wunit
configured to select a first portion of the first
electrical signal and a second portion of the second
electrical signal to conmbine an output signal for further
processi ng

Enbodi nents of the invention are shown and illustrated in
the followi ng figures:

Fig. 1 shows a known coherent polarization diversity
receiver

Fig. 2 and 3 show exanples of the inventive coherent
pol ari zation diversity receiver with a control and decision
circuit and a selection and weighting unit

Detail ed description

Figure 1 shortly illustrates a state of the art receiver.
The input signal 110 is split by a polarization splitter

115 in signals 116 and 117. A local oscillator (Lo |ight
120 is also split by splitter 125 into a LO light 132 and
an LO light 131 the polarization of which is nade

orthogonal to LO light 132 by polarization rotator 130, so
that now the polarizations of signal 116 and LO light 131
are aligned and also the polarizations of signal 117 and LO
light 132 are aligned. In a first branch the signal |Iight
116 and LO light 131 is mxed by a coupler/splitter and fed
into a pair of photo diodes. The same processing is done in
the second branch with signal light 117 and LO light 132.
The resulting analog electrical signals |eaving the

bal anced photo detectors 140 and 141 in the first and the
second branch of the receiver are further processed by



10

15

20

25

30

35

WO 2013/092391 PCT/EP2012/075439

13

appropriate wunits 150,160 and conmbined by digital conbiner
170 to a final output signal 180.

Figure 2 shows a first enbodinment of the invention. An

i nput signal 210 of the receiver 200 is split by a

pol arization splitter 215 into two orthogonal conponents
216 and 217. A local oscillator 220 generates |laser |ight
having a polarization (LO light) . This LO light is split
evenly by a splitter 225 into a first part 232 which is

| eft unchanged while a second part is polarization shifted
by 90 degrees via a polarization shifter 230 to LO light
231, so that now the polarizations of signal 216 and LO
light 231 are aligned and also the polarizations of signal
217 and LO light 232 are aligned. Signal light 216 and one
part of the LO light is mxed with a conbiner/splitter 235
and fed to a first pair of photodi odes 240.

Also the orthogonal polarized signal Ilight 217 and the
other part of the LO light 232 is mxed with a conbiner/
splitter 236 and fed to a second pair of photodi odes 241.
Both pairs of photodiodes are arranged as bal anced
receivers and output an electric signal current. This
signal current generated by the photodiodes is typically
transforned to a proportional signal voltage by so called
trans inpedance anplifiers (TIA 250, 251. Then the output
of the TIAs is fed to analog digital converters (ADC) 260,
261 and further fed into the phase detectors 270, 271. The
phase detectors each output a digital electrical signal and
feed it into a selection and weighting wunit 280. The
weighting unit conmposes an output signal 281 by conbining
arbitrary portions of the digitized signals 273 and 274.
The phase detectors 270 and 271 each analyze the phase
angles of the signals in both branches and transfer this
information into a control and decision unit 290. The
control and decision wunit controls on the one hand via
control signal 295 the frequency of the local oscillator

| aser and on the other hand the selection and weighting

unit 280 via control signal 296.
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For perfect setting of the local oscillator |I|aser, the
detected synbols wll be perfect nultiples of 90°. If the
local oscillator is detuned, the detected angles will be
larger or smaller proportional to the frequency offset.
Therefore, this offset can be used as input to the
frequency control wunit.

If the weight of the signal light is very small in one
branch of the bal anced receiver, nobst of the electrical
signal will be due to un-nodulated Ilight. This results in
an offset in the detected phases which is not due to the
frequency offset of the local oscillator light. It can be
di stingui shed because the offset due to frequency detuning
is the sanme for all detected angles, whereas the offset due
to unnodul ated light is O for phase angles o0° and 180°, and
of opposite sign for 90° and 270°.

The advantage of this method is, that the phase inform-
tion, which is necessary for the correct operating of the
receiver, can be used directly to decide and to determ ne,
which portion of the digitized signal |ight of each branch
of the receiver is used for the final output signal 281.

If the phase angle deviation from nmultiples of 90° varies
strongly for 90° and 270° in one branch of the receiver,
then a big portion of the signal in the other branch of the
receiver is used to create the final output signal and in
consequence, if the phase angle deviation from nmultiples of
90° is near zero for all 4 synbols simultaneously in a
branch of the receiver, a big portion of the resulting
signal in this branch is taken to form the final output

si gnal

It is an advantage, that always the mpjority of the output
signal can be taken from the receiver branch, which has

| ower noise figures.

It is also an advantage, that not any additional

el ectronics or circuits in the signal path are necessary to
decide, which portion of the signals 273 and 274 have to be
taken to create an optimal output signal 281. Only the
selection and weighting unit 280 is necessary to create the
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final output signal 281. The selection and weighting unit
280 is controlled by the control and decision unit 290. The
control wunit is arranged to receive the phase information
from the phase detectors 270, 271 and controls the
selection and weighting wunit 280 via control signal 296.

Figure 3 shows an interesting and cost saving alternative
of the invention having an extrenely sinplified selection
and weighing unit 380. Figure 3 shows an inventive
receiver, the structure of which is identical to Figure 2
but differs only in the selection and weighing unit.

Unit 380 consists of a sinmple switch to select exclusively
either the electrical signal of one or the other branch of
the receiver, depending on the fact, which one of the
signals 373 or 374 has the better phase angle difference.
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3 dB splitter

90° polarization shifter
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control signal for selector unit
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Claims:

2. A

A nmethod for a coherent polarization diversity
receiver, the coherent polarization diversity
receiver (200) conprising a local oscillator (220)
having a polarization and configured to generate a
first and a second polarized local oscillator
signal (231, 232), the nethod conprising:
splitting the polarization of the input signal (210)
to generate a first polarized input signal (216) and
a second polarized input signal (217),
mxing the first polarized input signal (216) wth
the first polarized |local oscillator signal (231)
via a coupler/splitter unit (235), generating a
first electrical output signal (241) via a pair of
photo diodes (240),
m xing the second polarized input signal (217) wth
the second polarized local oscillator signal (232)
via a coupler/splitter unit (236), generating a
second electrical output signal (243) via a further
pair of photo diodes (242),
detecting the phase angle difference for the first
polarized input signal and the first polarized |ocal
oscillator signal (270),
detecting the phase angle difference for the second
polarized input signal and the second polarized
| ocal oscillator signal (271),
selecting a first portion of the first electrical
output signal (273) and a second portion of the
second electrical output signal (274) for further
processi ng

nmet hod for a coherent polarization diversity

receiver according to claim 1,

wherein the first portion of the first output signal

(273) and the second portion of the second output
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signal (274) is determned by a control and decision
unit (290)

A nmethod for a coherent polarization diversity

receiver according to claim 1 and 2,

- wherein the first portion of the first output signal
(273) and the second portion of the second output
signal (274) is conbined by a signal selection and
wei ghting unit (280)

A nmethod for a coherent polarization diversity

receiver according to claim 3,

- wherein the ratio of the first portion of the first
output signal (273) and the ratio of the second
portion of the second output signal (274) can vary
between 0 and 1.

A nmethod for a coherent polarization diversity

receiver according to claim 3,

- wherein the signal selection and weighting unit
(280) either selects only the first portion of the
first output signal (273) or the second portion of
the second output signal (274) to create an output
signhal (281)

A nmethod for a coherent polarization diversity

receiver according to claim s,

- wherein the signal selection and weighting unit
(280) is a sinple switch (380)

A nmethod for a coherent polarization diversity

receiver according to claim 1 - &,

- wherein the polarization of the second input signal
(217) is orthogonal to the polarization of the first
i nput signal (216)
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A nmethod for a coherent polarization diversity
receiver according to claim 1 to s,

- wherein local oscillator signal (231) is

polarization shifted by 90 degrees conpared to the
| ocal oscillator signal (232).

A coherent polarization diversity receiver apparatus
(200), the apparatus conprising a
- a local oscillator (220) having a polarization and

configured to generate a first and a second
polarized local oscillator signal (231, 232),

a polarization wunit for splitting the polarization
of the input signal (210) into a first polarized

i nput signal (216) and a second polarized input
signal (217) ,

a coupler/splitter unit (235) configured to mix the
first polarized input signal (216) with the first
polarized local oscillator signal (231) for feeding
the signal light into a pair of photo diodes (240)
to generate a first electrical output signal (241),
a coupler/splitter unit (236) configured to mx the
second polarized input signal (217) with the second
polarized local oscillator signal (232) for feeding
the signal light into a pair of photo diodes (242)
to generate a second electrical output signal (243) ,
a phase angle detection wunit (270) configured to
detect the phase angle difference between the first
polarized input signal (216) and the first polarized
| ocal oscillator signal (231),

a further phase angle detection wunit (271)
configured to detect the phase angle difference
between the second polarized input signal (216) and
the second polarized |local oscillator signal (232),
a selection and weighting wunit (280) configured to
select a first portion of the first electrical

signal (273) and a second portion of the second
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el ectrical signal (274) to conbine an output signal

(281) for further processing.

10. A coherent polarization diversity receiver apparatus
5 according to claim o,
- wherein the ratio of the first portion of the first
output signal (273) and the ratio of the second
portion of the second output signal (274) is

determned by a control and decision wunit (280)

10
11. A coherent polarization diversity receiver apparatus
according to claim 9 or 10,
- wherein the control and decision wunit (280)
determnes the ratio of the input signals (273) and
15 (274) based on the control signals received from the

phase angle detection wunits (270), (271).
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