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Self-heterodyne detection for SNR improvement

and distributed phase-shift measurements in
BOTDA

Ander Zornoza, Mikel Sagues and Alayn Loayssa Member, IEEE

Abstract— In this paper we present a Brillouin optical time
domain analysis (BOTDA) sensor that takes advantage of the
enhanced characteristics obtained employing self-heterodyne
optical detection combined with synchronous demodulation. By
employing this technique we increase the sensitivity of the sensor
and demonstrate experimentally a 12.35-dB enhancement in the
SNR compared to conventional direct-detection systems. This
detection scheme also enables distributed measurements of the
Brillouin phase-shift in an optical fiber, which can lead to
enhanced BOTDA schemes.

Index Terms— Optical sensing and sensors, Fiber optics
sensors, Brillouin Scattering, Coherent systems, Self-heterodyne
detection.

I. INTRODUCTION

Stimulated Brillouin scattering (SBS) is a nonlinear effect
that originates from the interaction between two counter-
propagating signals with an acoustic phonon in an optical
fiber. SBS has been widely studied for many applications, and
among them sensing is one of the most interesting, because
SBS is sensitive to strain and temperature of the fiber.
Brillouin time domain analysis (BOTDA) sensors are based on
measuring the SBS interaction between a pump pulse and a
continuous probe wave that counter-propagate in a fiber [1].
From this characterization of the SBS it is possible to perform
distributed measurements of strain and temperature in km-long
fibers at meter resolutions [2].
However, the performance of BOTDA sensors is limited by
the reduced nature of the SBS interaction, which can be near
the noise floor. The natural solution to this problem may seem
to enhance the interaction and the detected signal to noise ratio
(SNR) by increasing the probe and pump powers.
Nevertheless, the maximum usable power of these waves is
limited by modulation instability (MI) and spontaneous Raman
scattering, in the pump pulse case [3], and by non-local effects,
for the probe [4]. These restrict considerably the sensor
operation, since using stronger signals deteriorates the overall
performance. Different solutions such as Raman amplification
[5] or pulsing the probe wave [6, 7] have been proposed,
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although they can increase the setup cost or increase the
measurement time. Other alternative solutions such as coding
of the pump signal have been proven as key to improve the
sensor performance [8]. In this case there is no need to
increase the pump and probe powers and the SNR of the
system is improved considerably.

In this paper we demonstrate the benefits of applying coherent
detection techniques in BOTDA systems to improve the SNR
without the need to increase the pump and probe powers. We
also show the possibility to obtain Brillouin phase-shift
measurements. Coherent systems have been widely used in
fiber optic communication and sensor systems in order to
enhance the performance by increasing the sensitivity in
detection [9]. We specifically concentrate in the application of
self-heterodyne detection in which the detected signal and the
local oscillator are generated by the same laser [10]. This way
we benefit from a suppression of phase noise and also take
advantage from the architecture of BOTDA setups, which
facilitates the implementation of self-heterodyne detection
[11].

In section II, we start by performing a theoretical analysis of
the benefits of using self-heterodyne detection in BOTDA
sensors. Then, in section III and IV, we propose and
demonstrate a high performance sensor that provides long-
range distributed measurements by using self-heterodyne
detection. We compare the results achieved with our system to
the results achieved with a conventional direct-detection
BOTDA under the same conditions to quantify the magnitude
of the performance enhancement. Finally, we also show the
possibility of measuring the distributed Brillouin phase-shift
spectrum along the fiber.

II. THEORETICAL BACKGROUND
A. Conventional direct-detection BOTDA.

In fig. 1(a) a conventional BOTDA’s detection principle is
depicted. The probe wave propagates through the fiber while it
is amplified via SBS by a pump pulse travelling in the opposite
direction. When the probe wave signal goes out of the fiber a
circulator directs it to the detector. The detection is made in
base-band converting the signal directly to the electrical
domain. Therefore, the received probe wave optical field is
given by:
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where V, is the group velocity in the fiber, Egp is the complex
amplitude of the optical field of the probe in the absence of
Brillouin interaction, vs is its optical frequency and Hsgs is the
Brillouin gain spectrum. In this expression it has been assumed
that the Brillouin interaction of the probe and the pump pulse
takes place at a distance z in the fiber and that the pulse was
launched =0 the interaction can be approximated to a
Lorentzian profiles such as:

2)

A T TETE)
1+ A,

where gyax s the maximum Brillouin gain, Avp is the Brillouin
bandwidth, vz is the Brillouin frequency shift, and Gsgs and
¢sps are the gain and phase-shift generated because of the
nonlinear phenomenon. However, with short pulses (~10ns),
the interaction spectrum is broader than the Brillouin spectrum
described in equation (2) and Hsgs is given by the convolution
of equation (2) with the actual pulse spectrum. Considering
that gsps<<l we can approximate:

Hg(v,2) (1 + Zps (Vs ,Z))exp(j¢583 (vs,2)) 3)
Since the optical power is the square of the optical field, the
detected optical power is:

Ps(t7v):Pso(1+gsgs(vsaz))2 4)
Where Pgy is the power of the probe power. Then the detected
current is:

I,(t,z)= R, P,(t,v) (5)

with Rp the responsivity of the detector, the signal to noise

ratio of a conventional BOTDA setup is:

4RD2PS20gSBS (6)
2

= exp(gsps (Vs> 2)) €xp(ji Psps (Vs> 2))

SNR, =
D
where &) is the total noise of the system that can be expressed
as:
2 _ 2 2 2 _
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Where o’7p is the thermal noise contribution, ozp the relative
intensity noise (RIN) contribution, o’sp  the shot noise
contribution, K the Boltzmann constant, 7 the photodetector
operating temperature, R; the output resistance, Fn the
photodetector noise figure, Af the photodetector bandwidth,
RIN the relative intensity noise of the laser source, g the
electron charge and I; the photodetector dark current. The
probe power is usually low (<-15dBm), hence RIN and shot
contributions are negligible. Thus, in conventional BOTDA
systems where direct detection is employed the noise is
predominantly thermal.

As a consequence of the previous analysis we can conclude
that in conventional BOTDAs with direct detection the SNR is
directly proportional to the detected probe power.
Accordingly, with a stronger P, the SNR is increased.
However, this leads to the apparition of non local effects,
which can be noticeable with a powers as low as -14dBm in
long range measurements [12]. So the maximum probe power
launched to the fiber in long range BOTDA measurements
must be kept at this level, limiting significantly the systems
SNR.
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Fig.1: schematic of the BOTDA interaction and detection using direct
detection (a) and self-heterodyne detection with synchronous demodulation

(b).
B. Self-heterodyne detection BOTDA

In fig. 1(b) we depict the BOTDA scheme using
self-heterodyne detection. Instead of a probe signal directly
coming from the laser source, we have two signals arriving to
the detector: a local oscillator and the probe wave. In the fiber
the SBS interaction occurs between the pump pulse and the
probe wave. In this case, the total optical field received after
Brillouin interaction, operating at an optical frequency of vs
and v, for the probe wave and the local oscillator, is:

E, (t, Vs ): Eg0 g5 (Vs,2) eXp(j(¢sss (Vs > Z)+ 27[‘/3’)) +Eq exp(jZm/wt) (®)
where Egpis the complex amplitude of the probe wave, and Ero

is the complex amplitude of the local oscillator. Then, the

detected optical power at the heterodyne frequency is:

P (lv") =2R. \/Pso (1 + &sps (Vsaz))z Pyo cosrfjpt + @y = Pps (v, 2)) ©)
where ¢ and fir are the phase and frequency difference

between the probe and the local oscillator, Rc is the

responsivity of the detector and the local oscillator and Pz and

Pgy the optical powers of the local oscillator and the probe

wave. The detected current is then:

I (t> =2R¢y Rro(l + 8ps (stz))z Py COSQ27f it + = Piys (v, 2) (10)

The amplitude of this electrical signal is given by the product
of the power of both optical signals. This is the reason behind
the improvement of the sensitivity of the detector obtained in
coherent detection, because the lower power signal is
amplified considerably. Furthermore, we do not lose the
information of the phase of the signal as we do in a
conventional BOTDA (4). Ic is then an amplitude and phase
modulated signal that contains not only the conventional
information of the Brillouin gain along the fiber, but also
information of the Brillouin phase-shift along the fiber. Finally
we demodulate this signal so as to obtain the phase and
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amplitude information in base-band. This last step can be
easily performed in the electrical domain through synchronous
demodulation, as shown in fig. 1 (b).

Calculating the SNR for the self-heterodyne detection scheme
described, we obtain:

SNR,. = 8RC2PSO§SBSPL() (1 1)
Oc

Therefore by using self-heterodyne detection, we can maintain
the probe wave power to the limit in which non-local effects
are negligible, and increase the SNR by using a stronger local
oscillator. If the noise in the coherent system is the same as in
the conventional system, the theoretical improvement of the
SNR is given by 2-Pc/Pso. However this is a theoretical limit
which is only true if the noise levels in both systems are the
same. One thing to take into account is that with a powerful
local oscillator the noise of the system is not only given by the
thermal noise: relative intensity noise (RIN) and shot noise
contributions must be taken into account, which can be
negligible in direct detection. Actually, if the local oscillator is
powerful enough, we can achieve the shot noise limit. Hence,
in the coherent case, the noise is:
Gé :U£C+GIZQC+GSZ'C =

_4-K,-T

(12)
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If we compare the two detection systems, the improvement
achieved with self-heterodyne detection is given by:

SNR. _2R.P. o7,
SNR, Ry’ Py O7c
So the improvement of 2-Pc/Ps is only true when the increase
of the signal due to coherent detection is bigger than the
increase of noise due to shot and RIN contributions.

(13)

C. Signal generation

As we have seen, the improvement of the system performance
is notable wusing coherent self-heterodyne detection. In
conventional self-heterodyne detection, the laser output is
divided in two branches. One of the signals, the local
oscillator, is delayed, and the other one is modulated. Finally
both signals are recombined before the photoreceiver for
heterodyne detection [10]. Although this scheme is also
possible, we propose a slight modification to apply in
BOTDA. It would consist in modulating the laser output and
using the sideband as probe and the carrier as LO, without any
division and recombination. This scheme is simpler and has
the benefit that the LO and the probe wave are coherent, so we
avoid phase noise that would appear in the conventional
self-heterodyne scheme. For example, we can use optical
single-sideband (OSSB) modulation, which would not alter (8)
and all the expressions from there on. In this case the sideband
will act as probe wave. Note that the modulation frequency,
frr, can be fixed to the desired frequency, and would substitute
Sirin (9)-(10).

The self-heterodyne detection we propose is also possible with
simpler modulation formats without affecting the system
performance, like for example phase modulation. In this case
the optical field in detection after Brillouin interaction is:

Ep (t"’) = Eso(l + &8ss (Vio + pr,Z))CXp(j(l}ngg(Vm + fRF’Z)*' 2”(VL0 + frr )’)) (14)
+Eq exp(«/—(¢/ ot 2”"1.()[)) +Eg, exp(— j(2”(vl o~ Jrr )t))
So the AC component of the photocurrent is:

(15)
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where ¢, and ¢ are the phase differences between the carrier
and each sideband. Note that although we have another term
because of the extra sideband, this does not affect the SNR or
the performance.

Moreover, if chromatic dispersion is not significant makes
do1~¢p2, what simplifies (15) to:

Lo i (69)= 2RG s 0 + e WPooPrgy €05 =iy (V15 + fopo2) (10

Thus, the signal after detection is only composed by the
Brillouin interaction, without a carrier, and the demodulation
process is simplified because the RF powers are lower
although the SNR is the same.

III. EXPERIMENTAL SETUP

In Fig.2 a schematic of the experimental setup is depicted. The
scheme is based on the one described in [11]. The output of
the laser is divided in two branches employing a 90:10
coupler. The upper branch, with 10 percent of the signal, is
directed to a Mach-Zehnder electro-optic ~modulator
(MZ-EOM), where we generate high extinction ratio optical
pulses with the RF pulse-shaping technique [13]. For this
purpose the MZ-EOM is modulated with RF pulses at near
11GHz so as to obtain a pulsed double-sideband with
suppressed carrier modulation of the incident light. The RF
pulses are generated in a microwave switch driven by a pulse
generator and a microwave synthesizer. After the optical
pulses are generated, we amplify them in an erbium doped
fiber amplifier (EDFA), to acquire the desired power, and then
we filter the ASE noise and the unwanted pulsed sideband in a
fiber Bragg grating (FBG). Finally a polarization scrambler is
employed to compensate the polarization sensitivity of SBS
before the pump pulse is directed to the fiber by a circulator.

The lower branch is used for the probe wave generation. So as
to generate the desired signal to perform self-heterodyne
detection, we modulate the output of the laser with an electro-
optic modulator with an RF signal from a RF synthesizer.
Then, the modulated signal goes to the fiber where interacts
with the pump pulse. After that, it is directed to a
photoreceiver with enough bandwidth to detect the beat of the
carrier with the sideband, and perform the self-heterodyne
detection. The detected signal is subsequently demodulated in
a synchronous demodulator. The same RF synthesizer source
is used for the optical modulation and for the RF synchronous
demodulation so as to minimize the phase noise that would
appear from having different sources [9]. There is a trade-off
between using a low or a high frequency in the RF synthesizer.
If the frequency is too low, less than S00MHz, the pump pulse
also interacts with the carrier, and it must be taken into
account. Also, if the frequency is too high, greater than
1.5GHz, the cost of the setup is more expensive.
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Fig. 2: Scheme of the experimental setup.

Note that in this scheme the frequency sweep between pump
and probe waves required to measure the Brillouin spectrum
can be made (i) sweeping the microwave signal of the pump
pulses (ii) sweeping the RF signal modulating in the probe
signal. In case (ii), since the RF signal is one tenth of the
microwave signal, the setup cost is reduced considerably. This
is because it is much cheaper a RF signal synthesizer (working
at frequencies below 1GHz) than a microwave generator
(working at frequencies around 11GHz) that can sweep with
IMHz accuracy.

It also should be remarked that since the photocurrent is in
AC, the signal amplification is much simpler and cheaper than
when it has DC components, like in conventional BOTDAs.

IV. RESULTS

A. Signal to noise ratio improvement

We compared the performance of a conventional BOTDA
sensor employing direct detection and our proposal of
self-heterodyne detection and RF synchronous demodulation
under the same conditions. The experimental setup employing
self-heterodyne detection was built following the scheme in
fig. 2. The power of the carrier was limited because of
spontaneous Brillouin scattering, so we fixed this parameter to
the value of 5dBm [14]. The modulation format chosen for
self-heterodyne detection was phase modulation at a frequency
of 850MHz. This phase modulated signal is shown in fig. 3
measured in an ESA with heterodyne detection. This
measurement was used to ensure that the modulation index
was the required to have the desired probe wave power.

Relative amplitude (10dB/div)

Frequency (500MHz/div)
Fig. 3: Phase modulation measured with heterodyne detection, the upper
sideband is the probe wave.

The conventional BOTDA built for the comparison followed
the scheme in [13], and also takes advantage of the RF-pulse
shaping technique.

We set all the operational parameters such as probe power,
pump power, number of averages and spatial resolution to the
same values in both systems. The probe power, i.c. the side
band of the modulation in the self-heterodyne setup and the
unaltered laser output in the conventional setup, was set to
-13dBm so as to avoid non local effects. The pump pulse
power was limited because of modulation instability, and fixed
to a value of 21.5dBm. The photoreceivers employed in the
two cases where different to fit the required bandwidth, power
and coupling characteristics of the two systems. Nevertheless,
the thermal noise level in the two cases where similar. The
spatial resolution was fixed to 1m and the averaging to 1024
acquisitions. We performed BOTDA measurements in a
20.6-km SMF fiber. In fig. 4 the distributed Brillouin gain
trace near a vz frequency difference between pump and probe
is shown. The trace using self-heterodyne detection is much
cleaner than the trace using conventional direct detection. In
order to quantify the improvement achieved we calculated the
SNR of each trace as:
V2 sorpa
2

(17)

SNR =

with Vgorpa the amplitude of the BOTDA signal when the
Brillouin gain is minimum (at the end of the fiber) and c,? the
variance of the noise floor in the BOTDA trace. The
improvement obtained using self-heterodyne detection is
measured to be of 12.35dB, which matches the theoretical
value calculated with (13), 13.1dB.

By sweeping the frequency of the pump wave in a span of
400MHz with steps of 4MHz we can reconstruct the whole
Brillouin spectra for each point of the fiber and measure the v
along the fiber. This measurement for both cases is represented
in fig. 5, and the measurement employing self-heterodyne
detection is clearly cleaner. In order to approximate the
accuracy of the sensors we calculated the standard deviation of
the measured vz along the fiber. We performed 5 consecutive
measurements with the fiber under the same conditions, and
we depict the obtained standard deviation distribution in fig. 6.
Once again the measurements performed with coherent
detection show to be better than the measurements performed
with conventional BOTDA. Using the values from figure 6 we
can also quantify the SNR in BOTDA sensors by the
expression [1]:

4
SNR =AY . (18)
4-9v,
where Ovp is the resolution of the measurement. The

improvement of SNR is of 14.3dB. However, we are using
10ns pulses for our measurements and (18) was defined taking
into account the Lorentzian shape of the Brillouin spectrum.
As in our case the profile of the Brillouin gain spectrum is no
more Lorentzian, it comes from the convolution between a
Lorentzian and the pulse spectrum, we doubt of the validity of
equation (18) in this case.
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Fig. 4: BOTDA traces of both systems in 20km fiber at 1m resolution, where
the red trace was measured employing the coherent BOTDA and the black
trace with conventional BOTDA.
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Fig. 5: Vg measured in a 20km fiber at Im resolution, where the red trace
was obtained employing the coherent BOTDA and the black trace with
conventional BOTDA.
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Fig. 6: standard deviation of 5 consecutive distributed measurement of the
Brillouin frequency shift in black with self heterodyne detection and in black
with conventional BOTDA

In fig. 7 we depict the vz measured between two sections of a
fiber at different temperature. Here we can measure the spatial
resolution, which is below 1m. This measurement was taken in

a 25km fiber with 10ns pump pulses so as to ensure the
systems capability, and it was the last 36m section of the fiber
the one introduced in a thermal bath at a temperature of 50°C.
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Fig. 7: Zoom of the Vg in the transition between the room temperature fiber

section and the 36m section at the end of a25.2km fiber that has been heated
to 50°C in a thermal bath.
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B. Distributed phase measurements

We measured the distributed Brillouin phase-shift and
Brillouin gain simultaneously, but this time using an OSSB
modulator. The modulating frequency was chosen to operate at
500MHz to generate the desired modulation format for self-
heterodyne detection, which is illustrated in fig. 8. The probe
wave was measured to be -22dBm, and with pump pulses of
21dBm we performed measurements in a 25km fiber with 6m
resolution. In fig. 9 we show the results of the measurements,
in which we depict the distributed measurements of the gain
and phase-shift. In the last section of the fiber, where the fiber
is heated up to 50°C, the Brillouin phase and gain are shifted
in frequency according to the temperature change.

Relative amplitude (5dB/div)

Relative frequency (200MHz/div)

Fig. 8: OSSB modulation measured with heterodyne detection, the upper
sideband is the probe wave.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

Gain (A.U.)

Phase (rad)

10’8\\\\ /f/o

Fre 109 0/
Quency Shify (Gx )

i2)

(b)

Fig. 9: Distributed measurements of the Brillouin gain spectra (a) and
phase-shift spectra (b) performed with OSSB modulation and self-heterodyne
detection.

Distributed phase measurements open a window to new
applications of BOTDA sensors. For example since we have
information of amplitude and the phase, fitting to these
measurands simultaneously we can improve the sensor
accuracy. Also, the phase profile, which has a linear shape
near the Brillouin frequency, could be exploited for dynamic
measurements, where usually the Brillouin gain spectra is used
[15], incrementing the measuring dynamic range. Detailed
results of the applications of phase measurements will be
published elsewhere.

V. CONCLUSION

In this paper we have presented a BOTDA sensor employing
coherent detection techniques to improve the sensor
performance by incrementing the SNR. In a conventional
system the SNR is limited by the maximum pump pulse and
probe powers, which cannot be incremented above a threshold
value because of non local effects, MI or spontaneous Raman
scattering. Using coherent self-heterodyne detection we do not
raise the pump and probe powers, and we have experimentally
demonstrated an increase of 12.35dB in the SNR in long range
measurements. We also show that we are able to carry out

distributed measurements of the Brillouin phase-shift, which
leads to new applications and enhanced sensors.
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