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Abstract — We present a setup able to generate and detect sin-  ferent locations [12]. Single-photon sources can be ob-
gle photons in optical fibers using the stimulated four-wave  tained from many devices, such as color centers in dia-
mixing (FWM) process. The results show an accurate gener-  mond, quantum dots, or single atoms and molecules [13].

ation of single photons at four different linear states of pdar- However, these sources have some practical problems, such
ization (SOPs), with angles 0, 45, 90 and -45 degrees. The de- as low collection efficiency, the technological complexity
tection was performed in back-to-back configuration and afer or the stability of the molecules [13]. Recently, stimuthte
transmission over an optical fiber with a length up to 10 m. FWM has been used to generate single-photons in optical
Keywords — Single-Photon Source, Polarization Control, ~ fioers [14]-{18]. The stimulated FWM process is a third-
Four-Wave Mixing, State of Polarization. order nonlinear process that occurs when light of two or

more frequencies (known as pump and signal fields) are
launched into an optical fiber given rise to a new wave,
known as idler field [19]. One advantage of using the stim-
The security of public-key cryptographic systems could ulated FWM is the possibility of generating the photons al-
become vulnerable due to advances in mathematics or comready inside the optical fiber [14], [15], [17]-[19]. Polzak
putation [1]. Moreover, quantum cryptography offers us a tion encoded photons have been proposed in some quantum
practical solution to transmit secure information between experiments to implement quantum cryptography protocols
two identities, usually called Alice and Bob [2]. The se- in optical fibers [12].

curity of the transmitted information is assured by quan- Inthis paper, we use the stimulated FWM process to obtain
tum mechanics properties such as no-cloning theorem anch source of single photons with adjustable linear SOP. This
the Heisenberg uncertainty principle [3]. This means that source also has the advantage of using only one optical field
quantum cryptography is not vulnerable to theoretical or to obtain four different linear SOPs.

technological advances [1]. The main application of quan- This paper is organized in the following way: in section
tum cryptography is the Quantum Key Distribution (QKD). Il we describe the experimental setup used to generate and
In terms of encoding methods, QKD can be implemented detect single photons in four different linear SOPs. In sec-
using polarization- or phase-encoding [3]. tion Il we present a theoretical description of the experi-
Stephen Wiesner first proposed quantum cryptography inment. In section 1V the experimental results are presented
1970, although more than 10 years have passed before hignd discussed. Finally, in section V we present our conclu-
paper was finally published [4]. Using Wiesner’s work, in Sions.

1984, Bennett and Brassard created the first quantum pro-

tocol, the well known BB84 [5]. The first QKD exper- Il. EXPERIMENTAL DESCRIPTION OF THE

iment using polarization-encoding for the BB84 protocol SINGLE-PHOTON SOURCE

took place in 1989 and was performed in free-space over In the experimental setup, see Fig. 1, a pumpjatrom
32.5 cm [6], [7]. Besides BB84 many other quantum pro- a external cavity laser (ECL), passes through a polarizatio
tocols were designed. One of them is the 2-state proto-controller (PC1), before being coupled to another optical
col, also known as B92 that needs only two non-orthogonalsignal,A, from a tunable laser source (TLS). This second
states to implement secure QKD [8]. A more secure, but optical signal,\,, is externally modulated to produce op-
also more difficult to implement, quantum protocol, is the tical pulses with a width at half maximum of 1.6 ns and a
6-state protocol, that uses three non-orthogonal basés tharepetition rate of 555.6 kHz. The two optical fields,and
Alice and Bob randomly alternate [9], [10]. A very suit- A5, pass through a linear polarizer, P1, and are launched
able QKD protocol called Differential-Phase-Shift Quan- into a dispersion-shifted fiber (DSF), with a length equal
tum Key Distribution (DPS-QKD) is now emerging as a to 305 m. Due to the stimulated FWM process, a new
technology that can be deployed in real fiber optical net- optical field, called idler, is generated inside the DSF at
works, and it is inherently secure against strong eavesdrop Az = A1A2/(2\2 — A1) [19]. At the fiber output, the three
ping attacks called Photon Number-Splitting (PNS) attacks optical fields pass through the PC4 in order to align the
[1], [21]. SOP of the idler photons with the linear polarizer P2. A
Most of the quantum protocols require single-photon filter, F1, blocks the pump and signal waves. At the exit
sources in order to transmit information between two dif- of P2 the angle of the linear SO, is controlled using a

I. INTRODUCTION
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rotatable key connector (RKC1). After passing through the where®@ is the angle of the analyzer, see Fig. 1, which can
quantum channel (optical fiber), the SOP of the idler pho- vary between 0 and. The Stokes vector corresponding to
tons is analyzed using another linear polarizer, P3, whosethe SOP at the fiber link output can be written as [21],
orientation B2, is tuned using a second RKC (RKC2). The

idler photons from P3 are detected with a Single-Photon S 1

Detector Module (SPDM) operating in the Geiger mode. S(2a,2B) = S| S 005(20()095(23) (4)
The dark count probability of the SPDM for a time gate, ’ S cog2a)sin(2B) |’

tg = 2.5 ns, isPy4c = 5x 105, and the quantum detection ef- S sin(2a)

ficiency isn = 10 % [20]. Photon counting measurements o
were performed with 0.1 photons per pulse at the input of wherea represents the ellipticity of the SOP, that can vary
the quantum channel, during a period of time of 10's. between-45° and 45, andp is the orientation of the semi-

major axis of the ellipse, which can vary betweénahd
I1l. THEORETICAL DESCRIPTION 180C°. Note thata and3 angles are refereed to the Stokes

In order to asses if the SOPs are correctly generated anc¢Pace: Substituting (3) and (4) in (2), we obtain,
detected, we present here a theoretical description that al S(26,20,28) —
lows to evaluate the obtained experimental data. Y

From the definition of Stokes polarization parameters 1+ cog2a)cos2(B - 8))
(S,S1,S andSg) for a plane wave, we can write the total So | cog26)[1+cog2a)cog2(B—6))] . (5)
optical power as, 2 | sin(26)[1+ cog2a)cos2(B—9))]
0
—_ ./ 2 1
% Sl+%+s3' @) From (5), we can obtain the four Stokes polarization pa-

The parametesS; is the difference between the optical rameters. Using (1), we can write the total optical power at
power that passes through a linear horizontal polarizer andP3 output, as,
a linear vertical polarizer. The parametgris the differ-

ence between the optical power that passes through a linear S

polarizer at +45and a linear polarizer at -45andS; is the $(20,20.28) = 5 |1+ cod2a)cos2(B~ e))] - ©
difference between the optical power that passes through a

circular right polarizer and circular left polarizer [21]. In terms of the average number of counts, (6) can be writ-
The SOP at P3 output (see Fig. 1) can be written as, ten as,

S(20) = Mp(29)S, %)

N
. . . 20,20,2B) = —
whereMp(26) is the Mueller matrix for a rotated linear po- 7 (28,20,28) 2

larizer in Stokes space, ar®lis the Stokes vector corre-

sponding to the SOP at the fiber link output. The Mueller where# is the average number of counts for each SOP, and
matrix for a rotated ideal linear polarizer is given by [21], N represents the average number of counts for a linear SOP,
i.e.,a = 0°, aligned with the polarizer angle, i.§.—= 62.

1+ cog2a)coq2(p— 92))1 , (M)

Mp(26) =
1 cog20) sin(20) 0 IV. ANALYSIS OF THE EXPERIMENTAL RESULTS
1 095(29) _ cos(26) sin(2_9) cog26) 0 In this section we present and discuss the experimental re-
2| sin(28) sin(26)co26) sir?(26) 0|’ sults obtained for the three different schemes: (i) baek-to
0 0 0 0 back configuration, and (ii) 1 m of transmission fiber and
(3 (i) 10 m of transmission fiber.

Single-photon source with

A. Back-to-Back
adjustable linear SOP

(o eDe TN , First, we performed a measurement without the quantum
channel, where the RKC1 was in back-to-back with the

! RKC2, i.e., the two RKCs was directly linked.

In Fig. 2 we plot the average number of counts as a func-
| tion of 8,, for the four different linear SOPs generated by

our single-photon source. The results presented in Fig. 2
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show that it exists a maximum and a minimum, separated of
about 90, for each linear SOP. The mean phase difference
between each linear SOP is abouf 49 he fact that the
maximums do not present the exact same value is because
G oo the losses are different for different angles of the RKCs.

Fig. 1 - Experimental setup used to generate and detecesatgitons at The theoretical fits glv_en by (7) are also plo_tted in Fig. 2.
the linear SOPs with angles 0, 45, 90 and -45 degrees. Defalie setup ~ We can see a good adjustment to the experimental results,
are presented in the text. which means that the experimental data for this scheme
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Fig. 2 - Average number of counts (Hz) as a function of the efigl(de- Fig. 3 - Average number of counts (Hz) as a function of the éfgl(de-
grees), for the linear SOPs with angls= 0, 45, 90 and -45 degrees, for ~ grees), for the linear SOPs with anglés= 0, 45, 90 and -45 degrees,
back-to-back.8; is the angle of the single-photon source, #@ads the using a SMF with a length equal to 1 m, as a quantum charte the
angle of the analyzer. The pump and signal optical powetseafilber in- angle of the single-photon source, @ds the angle of the analyzer. The

put wereP; = 2.20 mW, and® = 0.69 mW, respectively. The wavelengths ~pump and signal optical powers at the fiber input were: 2.07 mw, and
for the pump and the signal wekg = 1549.32 nm and, = 1550.92 nm, P, =0.61 mW, respectively. The wavelengths are the same udeid.i2.
respectively. The theoretical fits given by (7) are represby the solid The theoretical fits given by (7) are represented by the $iok.

lines.

B.2 Length equal to 10 m
were well achieved. However, some minor deviations be-
tween theoretical and experimental results are observed.
These are mainly due to the wear of the RKCs that are di-W
rectly linked, and consequently lead to different losses fo
different angles of the RKCs.

In Fig. 4 we present the average number of counts obtained
with a SMF with a length equal to 10 m as a function of
0,, for the four different linear SOPs. The presence of
a maximum and a minimum separated of about 8
each SOP also maintains, as the decrease of about 1500

From this analysis we can conclude that the generated ounts. The mean phase difference between the different
single-photons were detected efficiently, and we can eStabhnear SOPs is about 46 However, between the SOPs of

lish a good correspondence between the emitter and the 'y and 45 degrees, that difference is aboit 88 terms of

ceiver. minimum values, we can see that only one SOP remains
linear (45), while the other three present some ellipticity

B. Propagation on a Single-Mode Fiber due to polarization changes inside the optical fiber. The

theoretical fits approximate well to the experimental data

In this subsection we report the obtained experimental data. in the four different SOPS.

in the case where a SMF was used as a quantum channe
We have used two different fibers lengths, 1 and 10 m.

B.1 Length equal to 1 m

In Fig. 3 we present the average number of counts obtained 4000
with a SMF with a length equal to 1 m as a function of

8,, for the four different linear SOPs. From Fig. 3, we
also can see that exists a maximum and a minimum sep-~
arated of about 90for each linear SOP. In this scheme, the 5
mean phase difference between the different linear SOPs, is3 2000 Iv
about 48. The minimum value obtained for 0 and -45 de- ©
grees present a slightly deviation from zero. This is due to

a small polarization change inside the fiber that turns the
SOP slightly elliptically polarized. A decrease of about
1500 counts in comparison with back-to-back is observed 0
for this scheme. This is mainly due to insertion lossessinc 0
the fiber losses for this fiber length are negligible.
The theoretical fits presented in Fig. 3 have a good ad-Fig. 4 - Average number of counts (Hz) as a function of the @fgl(de-
justment to the expenmental data for the four different lin  9rees), fglr\/lﬂ;e Iltr;earI SOtF;]S with Iatngilaé_sm 0, 45, 90 an 4?] dr(;?r:—:-es,
ear SOPs. The slightly deviations between the theoreticalya 5,5 S, ™ & ndh saua o 10,m, o & et charle
fit and the experimental results are mainly due to different The optical powers and the wavelengths are the same used.ig.FThe
losses for different ang|es of the RKCs. theoretical fits given by (7) are represented by the solieklin

3000

1000




154 ELECTRONICA E TELECOMUNICAGOES VoL. 5, N° 2, uNHO 2010

TABLE |
VISIBILITY, GIVEN BY (8), ELLIPTICITY AND ORIENTATION OF THE
SEMI-MAJOR AXIS OF THE ELLIPSE OBTAINED FROM THE
THEORETICAL FITS, OF EACH SOP,FOR BACK-TO-BACK AND USING A
SMFWITH LENGTHS EQUAL TO1 AND 10 M.

For a SMF with a length longer than 10 m the results be-
gins to deviate considerably from the theoretical descrip-
tion, since the polarization mode dispersion (PMD) as-
sumes a major importance. PMD is a well known problem
in optical communication systems [22]-[24]. This is due
to the fact that birefringence varies randomly in an optical

fiber, changing the SOP also randomly [25], [26]. This so- - Sop 0° 45° o9C° -45°

called modal birefringencéBm = |ny — ny|, wheren, and Analysis

ny are the modal refractive indices for the two orthogonally Visibility, v

polarized states, with # ny, randomly change the orien- Back-to-Back | 0.999] 0.999| 0.991| 0.998

tation ofx andy axes over a length scale ef 10 m, un- SMF,L=1m 0.776| 0.987| 0.976| 0.869

less polarization-maintaining fibers (PMFs) were used.[19] SMF,L=10m | 0.832] 0.988| 0.685)| 0.834

This is the major issue of polarization-encoding in optical Ellipticity, a (deg)

fibers. Due to this impairment we are unable to obtain a se- Back-to-Back 1 1 1 1

cure transmission in a fiber with a length longer than 10 m. SMF,L=1m 18.7 1 1 15

To mitigate this impairment, some birefringence compen- SMF, L=10m 17.3 1 23.4 | 155

sator will be needed, in order to control the SOP over the Orientation of the ellipseB (deg)

optical fiber [25], [26]. Back-to-Back | 145.6] 10.1 | 53 | 94.3
o o . . . SMF,L=1m 1445 2.9 48,5 | 97.2

C. Visibility, Ellipticity and Orientation of the Ellipse SMEL=10m 1009 4241 49 141

In order to perform a better evaluation of the experimental
results, we can introduce a quantity that is called vigibili _ N _
The visibility of the average number of counts, for each to 10 m are so different from the other two, it is because in

SOP, can be calculated as [27], this case the SOPs suffered a random translation.
If we compare the three schemes tested in terms of the
- M;m7 (8) three parameters presented at Table I, we can see that there
M+m are a degradation in the results obtained with the increfase o

whereM andm are, respectively, the maximum and min- the length of the fiber. First, for the SMF with a length equal
imum average number of counts for each SOP. Since thel® 1 m we have two linearly polarized and two slightly el-
visibility can assume values between 0 and 1, the resultsliptically polarized SOPs. For the SMF with a length equal
for a linear SOP are considered ideal when it is equal to 1.0 10 m we have only one linearly polarized SOP, and three
The visibility values for each SOP, given by (8), are pre- Slightly eII|p_t|c_aI_Iy polan_zed SQPS. Second, the maximum
sented at Table 1. In the table we also present the elligticit value of ellipticity obtained with the SMF with a length
and the orientation of the semi-major axis of the ellipse. €qual to 1 m is smaller than the one for the SMF with a
These values were obtained from the theoretical fits to the/®ngth equal to 10 m.

experimental results. These results are in good agreement with other experi-
Analyzing the Table I, we can conclude, from the visibil- Ments reported in the literature [19].
ity and ellipticity values, that for back-to-back caseta# Based on the above discussion, we can say that we are able

SOPs presented at Fig. 2 have similar values for maximum(© implement a 4-states protocol with our single-photon
and minimum average number of counts, and are all linearly Source using a SMF with a length up to 10 m as a quan-
polarized. tum channel.
From the values obtained with the SMF with a length equal

to 1 m we can see that the SOPs of 0 and -45 degrees are not V. CONCLUSIONS

perfectly linear but present some ellipticity differenathl. We have shown that it is possible to generate and detect
This is due to some random polarizations changes insidesingle photons in well defined four linear SOPs using a
the optical fiber, as mentioned before. SMF with a length up to 10 m, as a quantum channel. This

From the values obtained with the SMF with a length equal setup can be used to implement a quantum protocol to au-
to 10 m we can see that three of the SOPs present elliptic-thenticate classical messages with enhanced security.

ity values greater than 15. It traduces the fact that these Our single-photon source permits to select four linear
SOPs are slightly elliptically polarized, mainly viewed fo  SOPs separated of 45and has the advantage of generate
the SOP of 90, as can be seen from the visibility values.  the photons already inside the optical fiber using only one
In respect to the orientation of the semi-major axis of the optical field.

ellipse, B, we can see that the mean phase difference be- To extend the transmission length behind 10 m, active
tween the four SOPs of each scheme is abo€t 4%ow- polarization-tracking devices must be used in order to sur-
ever, for the third scheme (SMF, L = 10 m) we have two pass the PMD limitation.

SOPs separated of about®6amely the SOPs of 0 and
45 degrees. This is due to the fact that in a fiber with such
a length, the correlation between the SOPs begins to lose. This work was partially supported by the Fundacé&o para
The fact that the values @ffor the SMF with alength equal a Ciéncia e a Tecnologia - FCT, through the Laboratério
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