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The quantum fluctuation of photon counting limits the field application of optical time domain reflection. A method

of photon counts modulation optics time domain reflection with single photon detection at 1.55 pum is presented. The

influence of quantum fluctuation can be effectively controlled by demodulation technology since quantum fluctuation

shows a uniform distribution in the frequency domain.

Combined with the changing of the integration time of the

lock-in amplifier, the signal to noise ratio is significantly enhanced. Accordingly the signal to noise improvement ratio

reaches 31.7 dB compared with the direct photon counting measurement.
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1. Introduction

Optical time domain reflectometry (OTDR) is the
most common distributed measurement technique in
fibre network characterization. It has become a uni-
versal diagnostic tool widely used not only for atten-
uation measurements but also for the general moni-
toring of the homogeneity of optical fibre systems and
components. The traditional OTDR directly detects
light pulse by a photoelectric device and the response
relaxation properties of the photoelectric device lead
to the testing dead zone of OTDR.!'~3] The real-time
photon detection by the single photon detector (SPD)
has the advantages of broad dynamic range, fast re-
sponse time, high spatial resolution and the remove-
ment of the testing dead zone of other photoelectric
devices.[*! Photon counting method measures the pho-
ton probability distribution of optical field by photo-
electric counting. Lacaita et al. demonstrated a pho-
ton counting OTDR operating at A = 1.3 pm in 44-dB
dynamic range,l®! showing 6.5-dB higher than that us-
ing traditional methods. However, the quantum fluc-

tuation (QF),[0") which may limit the signal to noise
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ratio (SNR) Rgngr of photon counting measurement,
has not been considered. 8]

In this paper, we perform an OTDR measurement
of standard telecom fibres by single photon detection,
using photon counts modulation and lock-in technol-

ogy to eliminate the influence of QF and thus improve
the SNR of OTDR.

2. Theoretical analysis for pho-
ton counting modulation tech-

niques

The SPD records the incident photons during a
sampling time 7. Supposing the average photon num-
ber is «, the QF of the photon counting distribution

can be expressed asl%:10]

lar =3, P —aP, (1)

where n is the actual photon numbers measured dur-
ing the experiment.

For coherent light field, the photon count distri-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 10674086 and 10934004 ), the National Natural
Science Foundation for Excellent Research Team (Grant No. 60821004), the National Key Basic Research and Development
Program of China (Grant No. 2010CB923103), the National High Technology Research and Development Program of China
(Grant No. 2009AA01Z319), and the Program for Top Science and Technology Innovation Teams and Top Young and Middle-

aged Innovative Talents of Shanxi Province.

TCorresponding author. E-mail: xlt@sxu.edu.cn

(© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

064204-1



Chin. Phys. B Vol. 20, No. 6 (2011) 064204

bution obeys Poisson’s distribution
P.(n) =a"e */nl. (2)

The QF of coherent light field can be calculated
by inserting Eq. (2) in Eq. (1)

Igr = va. (3)

The SNR Rgngr of photon counting then can be ex-

pressed as

(a« + B+ D)t B V/(a+ B+ D)

Rsnr = v VT, (4)
where B is the photon count rate caused by stray light,
D is the photon count rate induced by the dark counts
of the detector.
the photon counts of background stray light and dark

In a low-temperature environment,

current of detector can be ignored compared to the sig-
nal counts. As a result the maximum value of Rgngr in
Eq. (4) of (a1)'/? can be obtained. Increasing 7 could
obtain a higher Rgngr, but the temporal resolution is
decreased in this way.

Lock-in amplifier™ 12l uses a technique known
as phase-sensitive detection to single out the compo-
nent of the signal at a specific reference frequency and
phase. Noise signals at frequencies other than the ref-
erence frequency are rejected and do not affect the
measurement. It is equivalent to a very narrow band-
width band-pass filter and it is necessary to compress
the filter bandwidth as much as possible in order to
suppress noise. When the incident photons were in-
tensity modulated by the sine-wave of frequency f,
the instantaneous photon counts at time t is expressed
as ro + mcos(2w ft), where rg is the average photon
counts, m is the depth of modulation. Then within
the sampling time 7 the valid photon counts can be
expressed asl?13]

() =10 + M cos(2nft+wfr). (5)

sin(m f)
wfT
The probability of n photons being detected dur-
ing the sampling time 7 is

O r(r)"

pln) = (6)

The photon counts should first be converted to
analog signal to fulfill the input demand of lock-in
amplifier. In the demodulation process of lock-in am-
plifier, only the frequency components corresponding
to the demodulation filter bandwidth will be retained.

The Rsnr of demodulated signal is

R = o
SN or + 1) (Af/ fn)

(7)

where Sy is the analog signal of photon counting, .y
is excess noise. f, is the noise distribution bandwidth.
Compressing the filter bandwidth A f will decrease the
corresponding noise signal, and then enhance the SNR

of OTDR measurement.

3. Experiment

The diagram of the OTDR system is shown in
Fig. 1. A pulse laser diode (id300, 1550 nm, ID
Quantique) externally triggered by a pulse genera-
tor (SRS DG645) was used to generate 300-ps laser
pulses at a wavelength of 1550 nm and a repetition
rate of 4 MHz.
and an attenuator, the weak pulses were modulated
by an acousto-optic modulator (AOM, GOOCH &
HOUSEGO M200-2J-F2S). A sine-wave signal, with
the frequency Fi, = 10 Hz, peak-to-peak voltage
Vop = 300 mV and offset voltage Vogser = 370 mV,
works as the modulation signal and is added onto
the AOM’s driver. Rayleigh scatter and Fresnel re-
flection existing inside the fibre (3-m length) will be
detected with an InGaAs SPD (Princeton Lightwave

Inc.) through an optical circulator. The time jitter

After passing through an isolator

of the SPD is 300 ps. Meanwhile, the synchronizing
transistor—transistor logic (TTL) pulses from DG645
are used to trigger the SPD. The reflection peak of
OTDR is obtained by regulating the delay time be-
tween the trigger signals of laser and SPD.

optical

isolator attenuator circulator

pulse | __ —--- . __ A
laser .ﬂ T @'
SPD

function
generator SR 400
|DG645 | —=
ock-in
—* amplifier computer

Fig. 1. The simplified block diagram of the OTDR system.

The digital outputs for the single photon detec-
tion from the SPD are 50-ns TTL pulses. We use a
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photon counter (SRS SR400) to convert the photon
counts to an analog signal, the digital-analog conver-
sion factor is ¢ = 0.1 mV/count. The analog signal
is demodulated by a lock-in amplifier (SRS SR830).
The experiment control and the data collection are

completed by a computer.

4. Results and discussion

The OTDR measurement with photon counting
is shown in Fig. 2(a), the average photon number
o = 50 keps, sampling time 7 = 1 ms. It is found
obviously about the quantum fluctuation of photon
counting. Figure 2(b) reflects statistical characteris-
tics of photon counting in Fig. 2(a). The solid line is
the fitted curve of Poisson’s distribution. As can be
found from Fig. 2(b), the photon counting of coherent
light field obeys Poisson distribution.
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Fig. 2. Quantum fluctuation of photons counting (a) and
its statistical characteristics (b) at a = 50 keps.

Figure 3 (a) depicts an analog signal of the pho-
ton counts after the digital-analog converted in pho-
ton counting OTDR from the end of the fibre. Figure
3(b) shows the Fourier transforms (FFT) results of the
analog signal in Fig. 3(a). We found that the noise am-
plitude distribution of the photon counting quantum

fluctuations is a uniform distribution in the frequency

domain. The lock-in method here will not be affected
by the low-frequency 1/f noise. The magnitude of
the carrier signal is about -8 dB at the location of
10-Hz modulation frequency, two orders of magnitude
higher than the corresponding noise amplitude. Fig-
ure 3(c) shows the linear relationship between noise
power and the mean photon number. The slope is

7.2 x 1078 V2/Hz-photon.
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Fig. 3. The digital-to-analog signal for photon count-
ing (a) and its noise amplitude spectral characteristics
(b); panel (c) shows the linear relationship between noise
power and the mean photon number.

However, the choice of modulation frequency also
affected the measurement results. As shown in Fig. 4,
the output signal value of the lock-in amplifier will
gradually decrease as the modulation frequency in-
creases. If the modulation frequency is lower, the data
processing will need a longer time, which limits the
measurement speed. Increasing the modulation fre-

quency would increase the speed of data processing,
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but reduce the average photon number and reduce the
measurement sensitivity. In practical applications, we
need to select an appropriate modulation frequency

according to the average photon number.
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Fig. 4. The demodulation output from the lock-in ampli-
fier versus modulation frequency.

Figure 5 shows the measurement results of the op-
tical pulse OTDR at the end of the optical fibre. The
x axis is the delay time between the trigger signals
for laser and SPD. The reflection peak was obtained
by regulating the delay time. The dashed line rep-
resents the time distribution characteristics of OTDR
using photon counting methods directly. The counting
time is 7 = 10 ms and the step of time delay is 5 ps.
We found that bigger counts induce greater fluctua-
tion. This is determined by the quantum fluctuations
(a7)'/? in photon counting. The solid line represents
the photon count modulation OTDR results measured
by the lock-in amplifier, where the quantum fluctua-

tions are eliminated effectively.
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Fig. 5. The OTDR results from direct measurement of
photon counting (dashed line) and photon counts modu-
lation (dots).

Table 1 is the relationship between the slope of
the low-pass filter and equivalent noise bandwidth
(ENBW), where T is the integration time constant

of lock-in amplifier. The filter slope determines the
extent of the noise filter. The greater slope results in
the smaller noise equivalent bandwidth and the abil-
ity to filter out the noise will be stronger. Improving
the SNR could be achieved by selecting the integra-
tion time of the lock-in amplifier and then changing
the filter bandwidth.

Table 1. The relationship between the slope of the low-pass
filter and equivalent noise bandwidth (ENB) WgnNB.

Slope WENB
6 dB/oct 1/(4T)
12 dB/oct 1/(8T)
18 dB/oct 3/(327)
24 dB/oct 5/(64T)

Here, the slope of the filter used in our experi-
ments is 18 dB, integraltion time is 7" = 100 ms. The
filter bandwidth of lock-in amplifier, which means the
noise equivalent bandwidth can be calculated Wgng =
3/32T = 0.94 Hz. For the 10-Hz modulation fre-
quency in Fig. 3(b), the corresponding voltage noise
spectral density is 1073 V/Hz. Then the Rgng of pho-
ton counts modulated OTDR is

Ring = 0.15 V/(107% V/Hz x 0.94 Hz) = 159. (8)

With the average photon number at the peak
a = 1700 cps, maximum Rgng of photon counting

can be obtained from Eq. (3)
RESR = Var = 4.12. (9)

The signal-to-noise improvement ratio (SNIR)
RLyg corresponding to the photon counts modulation

1S

20 log( Rk /RESR) = 201log(159/4.12)
= 31.7 dB. (10)

1
RSNR

5. Conclusion

In summary, a photon counts modulation method
was presented to improve the SNR of OTDR. It is
shown that, to our knowledge for the first time, the
effects of quantum fluctuation can be effectively con-
trolled and the SNIR was increased to 31.7 dB. The
high SNR OTDR measurement can improve the dy-
namic range and time resolution effectively and has
the possibility to be applied in single-photon sensing,

quantum imaging and time of flight.
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