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Phase-sensitive optical coherence reflectometer
with differential phase-shift keying of probe pulses

A.E. Alekseev, V.S. Vdovenko, B.G. Gorshkov, V.T. Potapov, I.A. Sergachev, D.E. Simikin

Abstract. We report a new method for reconstructing the signal
shape of the external dynamic perturbations along the entire length
of the fibre of an optical coherence reflectometer. The method pro-
posed is based on differential phase-shift keying of a probe pulse
and demodulation of scattered light by the phase diversity tech-
nique. Possibilities of the method are demonstrated experimentally.
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tometer, scattered radiation, differential phase modulation, phase
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1. Introduction

Optical coherence-domain reflectometry is a widespread
method used to detect dynamic perturbations in an optical
fibre [1—4]. Despite a considerable interest in this method,
caused by the possibility of determining dynamic perturba-
tions along the entire length of an optical fibre, most currently
available optical coherence reflectometers allow one to detect
the presence and location of perturbations on a particular
segment of the fibre and to quantify its value, the type of the
perturbation remaining unknown [2—4]. At the same time,
demodulation of scattered light of the reflectometer and
reconstruction of the signal shape of external perturbations is
a key factor necessary for identification of the signal and
determination of its source.

For interferometric sensors, the issue of light demodula-
tion is fairly well studied [5—8]. One of the demodulation
methods is based on the phase diversity technique (first
proposed by Koo et al. [6]) utilising an optical hybrid. This
technique is essentially an analogue of the method of
quadrature processing of angle-modulated signals, studied
in [9]. First, the phase diversity technique was considered
by Posey et al. [10] to quantify the strain of a fibre in an opti-
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cal coherence reflectometer. An extension of this work was
paper [11], which demonstrated the reconstruction of the fre-
quency of the dynamic, external perturbation signal.
Farhadiroushan et al. [12] showed the possibility of utilising a
3 x 3 coupler as an optical hybrid for measuring dynamic per-
turbations in optical coherence reflectometers. The possibility
of using the phase diversity technique for signal demodula-
tion in a fibre scattered-light interferometer, which is an inte-
gral part of an optical coherence reflectometer, was studied
by Alekseev et al. [13, 14] in order to detect the acoustic phase
perturbation in an optical fibre and to reconstruct its shape.

In this work, we consider the application of the phase
diversity technique in an optical coherence reflectometer,
which allows the shape of the external phase perturbation sig-
nal to be reconstructed along the entire length of the fibre
without the use of an optical hybrid [15]. The phase diversity
of received scattered-light signals is achieved by differential
phase shift keying (DPSK) of a probe pulse of the reflectom-
eter. Unlike the method utilising the optical hybrid [10—-12],
the technique described involves the use of only one optical
receiver and makes it possible to maximise the received scat-
tered-light signals under the existing constraints on the peak
power of the probe pulse, which are caused by nonlinear
effects in fibre.

2. Theoretical part

The proposed scheme of an optical coherence reflectometer
with DPSK of a probe pulse is shown in Fig. 1.

A detailed description of the experimental setup is given in
Section 3. A key element that allows the light scattered by the
fibre to be demodulated by the phase diversity technique and
the shape of the external perturbation signal to be determined
is a phase modulator with DPSK of probe pulses. In the case
of phase modulation of consecutive probe pulses, they are
conventionally divided into three groups, the pulses being dif-
ferently phase-modulated in the groups. The first group con-
sisted of probe pulses with ordinal numbers 1, 4, 7, etc.; the
second — of pulses with numbers 2, 5, 8, etc.; and the third — of
pulses with numbers 3, 6, 9, etc. The first and second groups
of probe pulses were phase-modulated in such a way that the
optical field in the first half of the pulse was not subjected to
phase modulation, whereas the optical field in the second half
of the pulse experienced a phase shift by 6 = +2n/3 for the
first group of pulses and by 6 = —2n/3 for the second group.
The third group of probe pulses was not phase-modulated
(Fig. 2). Such a phase modulation of the optical field of the
probe pulse allowed one to reconstruct completely the func-
tion of an optical six-port hybrid [13, 14] and apply the phase
diversity technique.
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Figure 1. Scheme of an optical coherence reflectometer with DPSK of probe pulses.
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Figure 2. DPSK of the field of optical probe pulses: (a) relative phases of the optical fields of pulses and (b) sequence of optical pulses.

Suppose that at some point O of a fibre segment, the fibre
experiences an external phase perturbation ¢(z), which repre-
sents the fibre stretching according to some law. Consider a
probe pulse (the optical field of which is modulated in phase
by the above method) propagating along the fibre. After some
time, this pulse will move to the region of the fibre experienc-
ing an external perturbation. For simplicity, we assume that
the spatial extent of this region is much smaller than the spa-
tial extent of the probe pulse, i.e., we shall consider the exter-
nal perturbation to be point-like. It is worth noting that,
because the light pulse propagates, the length of the effective
region of the optical fibre, which scatters light and in which
the light fields experience interference, is twice less than the
spatial extent of the probe pulse. Thus, the fields scattered by
a fibre segment, which is located within the half of the spatial
extent of the probe pulse, are simultaneously incident on a
receiver. Without loss of generality, we assume that the signal
scattered by the fibre is measured and digitised only at those
instants of time when point O of application of the external
perturbation is located at some distance x from the middle of
the effective scattering region, which constitutes a half of the
spatial extent of the probe pulse (Fig. 3).

Let us divide the effective scattering region into three sec-
tions: A, B and C (Fig. 3). Segment A is located before the
perturbation point O, and the optical field scattered by this
segment has not been phase-modulated by the phase modula-
tor; moreover, the light scattered by this segment has not been
subjected to phase modulation due to external perturbations.
Segment B is located before the perturbation point O, and the
optical field scattered by this segment has been already phase-
modulated by the phase modulator so that an additional
phase difference between the fields scattered by segments A
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Figure 3. Schematic representation of the effective scattering region.

and B of the fibre amounts to ¢, which may be equal to +2m/3,
—2m/3 or 0 depending on the group of pulses in question: first,
second or third. Light scattered by segment B of the fibre has
not been subjected to phase modulation due to external per-
turbations. Segment C is located after the perturbation point
O, and the optical field scattered by this segment has also
been phase-modulated by the phase modulator so that the
additional phase difference of the fields scattered by segments
A and C of the fibre amounts to ¢ as well. Light scattered by
segment C has been subjected to phase modulation due to
external perturbations in the fibre.

Assuming, for simplicity, the degree of coherence of scat-
tered light to be high and neglecting additional effects of
modulation broadening of the spectral band of scattered
light, we write the expressions for the complex amplitudes of
the fields scattered by segments A, B and C in the form

Up = paEaexp(ipa),
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Uy = pgEgexp(ipy + 1), (1
Uc(1) = pc Ecexplipc +ikep(1) + 6],

where E4, Ep, Ec are the amplitudes of scattered fields; ¢a,
¢, ¢c are the phases of scattered fields; pa, pg, pc are the
polarisation vectors; and k¢(7) is the signal that is propor-
tional to the external perturbation with the coefficient k. In a
simple case, when all the scattered fields have the same polar-
isation, the resulting complex amplitude of the scattered field
will have the form

Us = Exexplipa) + Egexp(ipp + i6)

+ Ecexplipc + ikp(1) + 6], 2

where, depending on the group of pulses, 6 = +2n/3, -2n/3, 0.
The scattered light intensity is equal to the product of
expression (2) and its complex conjugate value. We will write
in the explicit form the expressions for the intensities of light
scattered by the pulses of the first, second and third groups:

I = E,i + Eé + E(z; + 2EgEAcos(pp — pa +21/3)

+ 2EcEAcOs[pc — @A + k(1) +21/3]

+ 2EcEgcos|pc — pp + kp(1)], 3)
I = E} + Ej + EE + 2EREAcos(pp — pa —27/3)

+ 2ECEACOS[(pc — pa T+ k(1) —21/3]

+ 2EcEgcospc — ¢y + kp(1)], “)
Iy = EX + Eg + EG+ 2EgExcos(pp — 9A)

+ 2EcEAcos[pc — pa + kp(1)]

+ 2EcEgcos[pc — pp + kp(1)]. )

One can see from expressions (3) and (4) that one of the
terms in (3), containing a variable component k¢(?), is shifted
in phase relative to the same term in (4) by 2n/3, which is the
main feature of the phase diversity technique. Expressions
(3)—(5) also have terms, which contain the variable compo-
nent kp(7), but do not have an additional phase shift; these
terms do not give additional information about the external
perturbation signal k¢(¢), unlike the terms that are shifted
relative to each other in phase. It is reasonable to exclude
from further analysis the terms, which do not give additional
information about the external perturbation; to this end, we
consider the sum of expressions (3)—(5):

Iy = I+ Iy + Iy = 3(EX + Eg + EQ)
+ 6Ec Egcos[pc — pp +kp(1)], (6)
where we have used the well-known trigonometric identity

cos(a + 2m/3) + cos(a — 2m/3) + cosa = 0. (7)

Subtracting from expressions (3), (4) and (5) expression
(6) divided by 3, we obtain

I — Is/3 = 2Eg Excos(pp — pa +21/3)

+ 2EcExcos[pc — pa + k(1) +21/3], 8

Iy — Is/3 = 2Eg Excos(pg — oA —21/3)

+ 2EcEncos[pc —pa + ko(1) —2n/3], ®

Iy — Is/3 = 2Eg EACOS(pp — @)

+ 2EcExcos|pc —pa + ko(0)]. (10)

We have excluded from expressions (8)—(10) the terms that
do not have an additional phase delay. In these expressions,
useful information about the external perturbation is given
only by the second term, the first terms, which contain only
amplitudes and phases of scattered fields, gradually changing
over time under the action of the environment and giving no
information about the external perturbation. By assuming
that the minimum frequency in the spectrum of the external
perturbation signal ¢(z) exceeds the frequency of temporal
fluctuations of amplitudes and phases of the scattered fields,
as evidenced by the experimental data, the terms without the
variable component can be excluded from expressions
(8)—(10) if use is made of a filter of higher frequencies. The
terms independent of the external perturbation can be also
excluded by appropriately selecting the spatial location of
the probe pulse, so that the distance x be equal to zero (see
Fig. 3); in this case the factor Eg = 0. Moreover, these terms
can be eliminated by adjusting the start of DPSK of the sec-
ond part of probe pulses of each of the three groups.

Excluding from consideration the terms without the vari-
able signal component kg(7), we will write expressions
(8)—(10) in the form

I = 2EcExcos[pc — @a + ko(1) + 21/3], (11)
Iy = 2EcExcos[pc — pa + k(1) — 21/3], (12)
I = 2EcExcos[pc — pa + kp(1)]. (13)

As can be seen from (11)—(13), for each of the three
groups of pulses the external phase perturbation k¢(z) causes
a nonlinear response of the reflectometer; nevertheless, it can
be retrieved using the technique proposed in [6] and devel-
oped in [8]. For a fibre scattered-light interferometer, this
method is described in [13, 14]. The main idea is to form, from
any two signals spaced in phase by 2n/3 [for example, signals
(11) and (12)], a signal of the form:

dr- dart

— gty UL
S=1 dt ! dr’

(14)
where I™ = I+ I;, and I~ = I; — I;;. The variable S in this
case is proportional to the time derivative of the modulating
signal d(ke(2))/dz, and the integral of it, with the accuracy to a
scale factor, is equal to the modulating signal k¢(¢), i.e., the
shape of the perturbation signal is reconstructed. For expres-
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sion (14) to be applied, the scattered-light signals obtained
from the pulses of the first and second groups must be syn-
chronised in time. This can be achieved by processing appro-
priately the reflectometer signal. This method for selecting
the analysed scattered-light signals limits the maximum fre-
quency of the external perturbation signal ¢(7), which can be
detected: this frequency should not, according to the Nyquist
criterion, exceed the half of the sampling frequency, which
in this case is 1/3 of the repetition rate of probe pulses in the
reflectometer.

Forming a combination of equations (11) and (12) in
accordance with (14), we obtain

It = 4E Eccos[pc — @a + k()] cos(27/3),

I™ = 4EAEcsin[pc — pa + kp(1)]sin(27/3),

. . d(ke(t

AL _ 4, Ecsinlipe - pa + kp(0) cos(2n/3)(+l()),
i , d(ke(1

% = 4E Eccos[pc — @a + k(p([)]sln(Zn/,’))W,

As a result, for S we have the expression

S = 8(EAEC)Zsin(4T“)W. (15)

Thus, by integrating (15) over time we can obtain the recov-
ered signal

(1) = fo 'Sdi

of the phase perturbation, proportional to kg(¢) with the
accuracy to a factor, weakly dependent on time.

As seen from expression (15), if the amplitudes of the
fields scattered by segment A or C are close to zero, the recov-
ered signal is close to zero; in this case, the recovered signal
experiences so-called fading. Note that according to expres-
sion (15), for the recovered signal to be more uniform, it can
be normalised to a weakly time-dependent factor (Ex Ec)%,
which can be obtained from expressions (11)—(13).

3. Experiment

The scheme of the experimental setup corresponded to that
shown in Fig. 1. A Rio Orion semiconductor laser (Redfern
Integrated Optics Inc.) with a high degree of light coherence
(with the spectral bandwidth of 2 kHz) generated cw radia-
tion at a wavelength of 1550.92 nm and a power of 10 dBm.
The intensity modulator produced 100-ns rectangular pulses
with a rise time of less than 5 ns. Pulsed radiation was coupled
into a JDSU phase modulator, which implemented DPSK of
probe pulses by the method described in the theoretical part.
The duration of the front of phase switching was 2 ns.
Amplitude- and phase-modulated optical radiation was
amplified by an erbium-doped fibre amplifier to a power hav-
ing a peak value of 25 dBm; then, using a circulator radiation
was coupled into a 2-km-long optical fibre under test. Optical
radiation scattered by the fibre was coupled out of the fibre
using the same circulator and fed to a 50-MHz photodetector.
The signal from the photodetector was either fed to a digital
oscilloscope or to an ADC coupled to the personal computer
processing the signal.

The external phase perturbation was modelled by feeding
a low-frequency signal of harmonic or triangular shape from
a Tektronix AFG3021B generator to a piezoceramic cylinder
with a fibre of length of about 30 cm wound around it, which
was located at a distance of 1 km from the beginning of the
fibre. The received signal was processed by separating (in
accordance with the previously described procedure) succes-
sive scattered-light signals into three groups; then, the signals
generated by these groups were synchronised in time and used
to extract the external perturbation signal by the methods dis-
cussed above.

The three groups of successive probe pulses with a posi-
tive relative phase shift of the field in the half of the pulse (6 =
+2m/3), with a negative relative phase shift of the field in the
half of the pulse (0 = —2n/3) and without a phase shift of the
field in the pulse resulted in the appearance of three different
successive reflectograms. Figure 4 shows the reflectograms
recorded using an Agilent MSO7104A oscilloscope with
4-GHz sampling rate.
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Figure 4. Reflectograms for groups of pulses with 6 = (1) +2m/3, (2)
—2m/3 and (3) 0. Region near ¢ = 880 ns corresponds to the fading region.

The reflectograms for the three groups of probe pulses dif-
fer due to different phase ratios of the interfering fields of
scattered light. One can see from Fig. 4 that near ¢ = 880 ns,
all the three reflectograms have a small intensity; this
region can be classified as a low-sensitivity region of the
reflectometer, or fading, occurring due to the smallness of
the (E Ec)? value in expression (15).

The experimental dependences of the signals scattered by
the region subjected to the external phase perturbation are
shown in Figs 5a and 5b for the first and second groups of the
pulses. The external perturbation was modelled using a fibre
wound around the piezoceramic cylinder, to which harmonic
voltage with a frequency of 100 Hz and phase modulation
index equal to 3 was applied. The recovered signal of the
external perturbation is shown in Fig. 5c; in this case, it com-
pletely repeats the initial signal.

The experimental dependences of the signals scattered by
the region subjected to the external phase perturbation are
shown in Figs 6a and 6b for the first and second groups of
pulses when a triangular signal with a frequency of 100 Hz
and phase modulation index equal to 3 is applied to the piezo-
ceramic cylinder. The recovered signal of the external pertur-
bation is shown in Fig. 6¢. As in the first case, it completely
repeats the initial signal.

Thus, DPSK of the probe pulse of an optical coherence
reflectometer and the use of the phase diversity technique
allow one to reconstruct the shape of the external phase per-
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Figure 5. Experimental time dependences of the scattering signals for
(a) first and (b) second pulse groups, when external harmonic voltage
with a frequency of 100 Hz and modulation index 3 is applied to the
piezoceramic modulator, as well as (c) signal reconstructed by the phase
diversity technique.
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Figure 6. Same as in Fig. 5, but when external voltage of triangular
shape with a frequency of 100 Hz and modulation index 3 is applied to
the piezoceramic modulator.

turbation signal in optical fibre with the accuracy to a scale
factor.

4. Conclusions

We have considered an optical coherence phase-sensitive
reflectometer capable of reconstructing the shape of the exter-
nal phase perturbation signal. The main feature of the scheme
proposed is the use of DPSK of probe pulses, which allows
for demodulation of scattered-light signals by the phase diver-
sity technique. The advantage of this scheme consists in the
fact that it makes it possible not to use an optical hybrid and
three photodetectors recording phase-spaced scattered-light
signals. Thus, this scheme provides a higher signal/noise ratio
at the photodetector output at an equal peak power of pulsed
radiation coupled into the optical fibre.
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