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In the quantum key distribution system, quantum channel is always affected by spontaneous Raman
scattering noise when it transmits with classical channels that act as synchronization and data channels on a
shared fiber. To study the effect of the noise exactly, the temporal distribution characteristics of the Raman
scattering noise are analyzed theoretically and measured by a single-photon detector. On the basis of this, a

scheme to decrease the noise is proposed.
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Since the first experimental implementation of the
quantum key distribution (QKD) in 1992, the key
generation rate and transmission distance have been
improved significantly!™. However, the compatibility
of QKD with existing dense wavelength division
multiplexing (DWDM) network has not been resolved
so far, because DWDM network usually multiplexes up
to dozens of different wavelength channels on a shared
fiber. If the quantum channel coexists with other
classical channels on a single fiber, several effects, such as
spontaneous Raman scattering and four-wave mixing,
can degrade QKD system performance severely®?.

To quantitatively study the effect of the noises, a
spectrograph is always used to measure the power of
the noises at different wavelengths®'?. However, the
sensitivity of the spectrograph decreases the accuracy
of the noise measurement. And the result measured by
the spectrograph is different from that by the single-
photon detector (SPD), because when two or more
photons reach the SPD through one gate, the SPD
records only one photon. Therefore, using a spectrograph
to measure noises and calculate the quantum bit error
rate (QBER) is not accurate, so we adopt a method in
which the SPD is used to measure the time distribution
characteristics of spontaneous Raman scattering noise.
Then we can know the number of the noises per second
recorded by the SPD, based on which the QBER is
more accurate.

This letter evaluates the effect of the spontaneous
Raman scattering noise on the quantum channel
wavelength-multiplexed with classical channels. We
theoretically analyze and experimentally measure the
time distribution characteristics of the spontaneous
Raman scattering noise from a classical channel. Then
based on the experimental results, we proposed a scheme
to decrease the spontaneous Raman scattering noise.

When the classical signal is propagating in the fiber,
it will produce Stokes and anti-Stokes Raman scattering
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noises. To study the effect of the noise on the quantum
signal when the classical signal propagates with the
quantum signal in the same fiber, we model the time
distribution characteristics of Stokes and anti-Stokes
Raman scattering noise power. Suppose the power of
the pump light (classical signal) is not high enough to
induce stimulated Raman and Brillouin scatterings, and
the time of the pump light arriving at the SPD is 0.
Then the arriving time ¢ of Stokes Raman scattering
noise produced at z is written as

t:l—z_l—zyn:£7 (1)
U, u, Yoou
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where z is the transmission distance of the pump light
in the fiber; ¢ is the arriving time of Stokes Raman
scattering light when the arriving time of the classical
light is 0, and here ¢>0; lis the fiber length; c is the speed
oflight in vacuum; u is the group velocity of Stokes Raman
scattering light atl (7 is a variable); u_ is the group
velocity of the classical signal; n,. is the group refractive
index of Stokes Raman scattermg light; n, _is the group
refractive index of the classical light.

The power of Stokes Raman scattering light produced
at zis written as

pzz = p()p,' exp(_acz) ) (2)

where p, is the input pump light power, p, the Raman
efficiency of Stokes Raman scattering hght and «, the
loss coefficient for the classical light.

Then Stokes Raman scattering light power at [ is
written as

—a,(1-2)]; (3)

D, = PP, exp(—a z) exp|
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where p, is Stokes Raman scattering light power at A,
(7 is a variable) and «, the loss coefficient for Stokes
Raman scattering light.

Substituting Eq. (1) into Eq. (3), we have

(e )
p, = ppexp| —al +(a, —oci)anf J S
gi gc

Similarly, the power of anti-Stokes Raman scattering
light at [is written as

(e )
p, = p,pexp| —al+(a, - aj)LC—J , (5)
nr}i - nyc

where D, is anti-Stokes Raman scattering power at A,
(jis a variable), p. is the Raman efficiency of anti-Stokes
Raman scattering light, a;is the loss coefficient for anti-
Stokes Raman scattering light, n,. is the group refrac-
tive index of anti-Stokes Raman’ scattering light, and
t is the arriving time of anti-Stokes Raman scattering
light when the arriving time of the classical light is 0O,
and here t<0.

Let us assume that the bandwidth of the filter is given,
then the total power of Stokes and anti-Stokes Raman
scattering noises at [ is

=hy A=y

p= D, p+
A=A A=A

i~ =M

D (6)

where 4, and 4, are, respectively, the upper and lower
bound wavelengths of the filter bandwidth. The first
item on the right-hand side of Eq. (6) is the power of
Stokes Raman scattering noise and the second item is
the power of anti-Stokes Raman scattering noise.

According to the filter bandwidth and the Raman
efficiencies of Stokes and anti-Stokes Raman scattering
light, we can calculate the time distribution character-
istics of Stokes and anti-Stokes Raman scattering noise
power by Eq. (6). And then based on the characteristics
of the SPD, we can know the number of the noise light at
different times recorded by the SPD per second, which is
the expectant experiment result.

The experimental setup, as shown in Fig. 1, is used
to study the time distribution characteristics of Stokes
Raman scattering noise from a classical channel with
different repetition frequencies and in different fiber
lengths. To accurately measure the scattering noise,
the quantum channel (1550 nm) is not added in the
experiment. In the transmitter, a sequence of optical
pulses (1309 nm) is generated by a pulsed laser
(PDL808; PicoQuant), and the average transmitting
power is 36 uW when pulse repetition frequency is
80 MHz. An optical filter centered at 1309-nm (band-
width 12-nm) is installed to suppress the side mode of
the laser. Extra 1310/1550 nm multiplexer and demul-
tiplexer are used to get the same spontaneous Raman
scattering noise in this experiment as that in the
experiment of multiplexing a quantum channel with a
classical channel, because 1310/1550 nm multiplexer
can further filter noises. In the receiver, an optical
1550-nm filter (bandwidth 14 nm) is installed to

suppress the cross talk from classical signal and the
spontaneous Raman scattering noise around the wave-
length of the quantum signal. The SPD in the setup is
produced by Auréa Technology, of which the quantum
efficiency, the dark count rate, and the duration of the
gate are set to 10%, 8x107% count/ns. gate, and 2.5 ns,
respectively. The output clock signal of the laser is
transformed to 1.25 MHz by an electrical level trans-
lator and a frequency divider, and then fed to the SPD
as the clock, which can reduce noises from after-pulse
in the SPD. Then, we can obtain the time distrib-
ution characteristics of Stokes Raman scattering noise
centered at a wavelength of 1550 nm by adjusting gate
delay of the SPD.

The temporal distribution characteristics of Stokes
Raman scattering noise (wavelength 1443-1557-nm)
from the classical channel through different fiber
lengths (i.e., 25 and 50 km) are shown in Fig. 2.
The noises are recorded under four pulse repetition
frequencies: 10, 20, 40, and 80 MHz. In all the cases, peak
pulse power remains unchanged. When two or more pho-
tons arrive at same gate of the SPD simultaneously, only
one noise photon is recorded by the SPD. Then we can
know that when some noise photons and the quantum
signal reach the same gate of the SPD, only one photon
is counted. Here we assume that the recorded photon is
the noise photon.

As shown in Fig. 2(a), the highest number of noises
(1443-1557 nm) from a single classical signal (pulse rep-
etition frequency of 10 MHz) through 25-km single-mode
fiber (SMF) is about 850/s, which means noises exist 850
times/s or more when the number of the classical signal
pulses is 10x10°/s. On the basis of the experimental data,
we can calculate the QBER more accurately when quantum
channel exists in the experimental setup and the
pulse repetition frequencies of the quantum signal and
the classical signal are the same. As we can see from
Fig. 2(a), there is no noise for some time (about 40 ns)
when the pulse repetition frequency is 10 MHz, and
the area no longer exists when the pulse repetition
frequency is >20 MHz, which means the noise distribution
time range increases as the pulse repetition frequency
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Fig. 1. Stokes Raman scattering noise test setup. Solid lines
indicate the route of optical signal and dotted lines indicate
the route of electrical signal. F1, 1310-nm filter; F2, 1550-nm
filter.
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increases, and then the noise is distributed throughout
the time domain. In this situation, we cannot extract
the keys accurately. By comparing Figs. 2(a) and (b),
we can see that the noise distribution time increases as
the fiber length increases, and the number of the noise
increase as the pulse repetition frequency increases. We
cannot distinguish the quantum signal from the noise
when their wavelengths are the same or similar, then
the effect of the noise on the distillation of secret key
increases as the pulse repetition frequency or the fiber
length increases.

The experimental system, as shown in Fig. 1, can
also used to study the time distribution characteris-
tics of anti-Stokes Raman scattering noise produced
by classical pulse with different repetition frequencies
propagating through different fiber lengths. To accu-
rately measure the scattering noise, the quantum
channel (1310 nm) is not added in the experiment.
A sequence of classical optical pulses (1550 nm) is
generated by a pulsed laser (PDL808; PicoQuant), and
the average transmitting power is 36-uW when their pulse
repetition frequency is 80 MHz. The classical signals
(1550 nm) pass through an optical 1550 nm filter in the
transmitter and through an optical 1310 nm filter in
the receiver. Then, we can obtain the time distribution
characteristics of anti-Stokes Raman scattering noise
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Fig. 2. Experimental data of photon counting of Stokes Raman
scattering noise when the SMF length is (a) 25 and (b) 50 km.

centered at a wavelength of 1310 nm by adjusting gate
delay of the SPD.

As shown earlier, the noises are measured under the
same four conditions.

Figure 3 shows the photon counting of anti-Stokes
Raman scattering noise (1304-1316 nm) from a classical
pulse through different fiber lengths (i.e., 25 and 50 km).
Thenumber of the noises from asingle classical signal (pulse
repetition frequency of 10 MHz) through 25-km fiber is
about 15/s, which means noises exist 15 times/s or more
when the number of the classical signal pulses is 10x10°/s.
On the basis of the experimental data, we can calculate
the QBER more accurately when there exists quantum
channel in the experimental setup, and the pulse
repetition frequencies of the quantum signal and the
classical signal are the same.

The distribution of noise in Fig. 3 is similar to that
in Fig. 2. According to Figs. 2 and 3, we can see that
the spontaneous Raman scattering noises are distributed
all over the time domain when the pulse repetition fre-
quency of the classical signal is high. Although the num-
ber of anti-Stokes Raman scattering noise is less than
that of Stokes Raman scattering noise when their pulse
repetition frequencies and fiber lengths are the same,
anti-Stokes noises still have an influence on the
quantum channel when the pulse repetition frequency of
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Fig. 3. Experimental data of photon counting of anti-Stokes Raman
scattering noise when the SMF length is (a) 25 and (b) 50 km.
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the classical signal is high. Therefore, quantum channel
wavelength-multiplexed with classical channel cannot
filter noise completely no matter the wavelength of the
quantum channel is larger or smaller than that of the
classical channel.

To solve this problem, we can use a synchronization
time-division multiplexing (STDM) scheme. In this
scheme, quantum signal and classical signal both have
same wavelength and fixed time slice that includes a
lot of pulse signals. At this point, only a few quantum
signals that are near to the classical signal are covered
by the noises, because the noises are distributed around
the classical signals. In addition, the wavelengths of the
noises are different from the wavelength of the quan-
tum signal, and the distribute time of the noise passed
through a narrow band filter is reduced compared with
the wavelength division multiplexing technology. We
need only discard a few quantum signals that are cov-
ered by noise, then theoretically we can obtain the quan-
tum signals without noises.

In conclusion, we theoretically and experimen-
tally investigate the effect of the spontaneous Raman
scattering noise on the quantum channel when the quan-
tum channel is wavelength-multiplexed with a classical
channel. First of all, we theoretically analyze the power
distribution of Stokes Raman and anti-Stokes Raman scat-
tering noise. Then the number of the spontaneous Raman
scattering light is measured at different fiber lengths, pulse
repetition frequencies, and wavelengths of the classical sig-
nal using a new method. On the basis of the experimental
results, we propose STDM scheme to decrease the noises,
and theoretically the noise can be removed completely.
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