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Abstract—Coherent state quantum communication is attracting
extensive attention for its great value in terrestrial and satellite
information networks. This paper proposes a new non-orthogonal
quantum multi-user (MU) iterative detection scheme. At the receiv-
ing end, we develop a composite quantum receiver with multi-stage
measurement instrument and soft iterative MU detector. Further-
more, based on a three-dimensional factor graph, a nonlinear
Poisson-Gaussian noise limited coherent state iterative MU parallel
interference cancellation (PIC) algorithm is derived. Our results
demonstrate that this system can well support MU communication
and achieve good performance. Quantitatively, for the 8 users sce-
nario, the BER of 10~° can be obtained when the photon number
is 19. Further numerical results show that the system we designed
exhibits superior robustness against imperfections (e.g., quantum
mode mismatch and quantum thermal noise).

Index Terms—Coherent state, iterative PIC, poisson-gaussian
noise.

1. INTRODUCTION

UANTUM has the characteristics of non-cloning and

superposition. Under the guidance of quantum mechanics,
ther¢ emerge many promising technologies, such as quantum
network and quantum key distribution (QKD) [1]-[4]. Besides,
quantum wireless communication (QWC) has been extensively
studied due to its inherent advantages, e.g. high transmission
rate and unconditional communication security. It is of great
application prospect in future terrestrial and satellite networks
[STH71.

With the growth of users, the resulting multiple access in-
terference seriously affects the performance of the communi-
cation system. To solve this problem, a variety of schemes are
developed in quantum communications [8]—[10]. In [8], a novel
quantum code-division multiple-access (QCDMA) network is
developed, which is suitable for any input quantum pure state.
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In [9], a quantum wireless network communication (QWNC)
scheme using multi-qubit Greenberger-Horne-Zeilinger (GHZ)
state is proposed, which can provide lower computational com-
plexity than the Bell state based schemes. In [10], a QKD system
that utilizes wavelength division multiple access (WDMA) is
demonstrated.

In addition, photomultiplier tube (PMT) receiver has been
concerned due to its ability to detect signal intensity in a wide
range [11]-[13]. In [11], the achievable rate and capacity of
PMT receiver are studied. The upper and lower bounds on the
transmission rate of optical wireless scattering system using
PMT are derived in [12]. Work in [13] proposes a new adap-
tive control strategy for high-speed underwater wireless optical
communication with PMT receiver.

In this paper, a new non-orthogonal coherent-state iterative
multi-user (MU) OWC system is proposed. More explicitly, the
main contributions of this paper are outlined as follows.

1) Under the nonlinear Poisson-Gaussian noise model, an
iterative quantum MU parallel interference cancellation
(PIC) algorithm is derived. Numerical results show that
the proposed system can well support MU communication
and obtain superior bit error ratio (BER) performance over
the conventional photon-counting MU scheme [23].

2) An iterative composite MU receiver is developed, which
composes of quantum multi-stage measurement and soft
iterative MU detector. The simulation result shows that this
scheme can effectively eliminate multi-user interference
and achieve good BER performance.

3) The proposed system exhibits good robustness against the
various imperfections, e.g. quantum mode mismatch and
quantum thermal noise.

The remainder of this paper is organized as follows. Section II
provides the system model for the quantum MU communication
scheme. Section III evaluates the BER and iterative convergence
performance of the system. Finally, Section IV concludes this

paper.

II. SYSTEM MODEL
A. Transmitter Design

As shown in Fig. 1, it’s assumed that the proposed quan-
tum iterative MU system can support / users to communicate
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Fig. 1. The structure of quantum iterative communication for K users with
composite quantum receiver, including multi-stage displacement measurement
and iterative mulit-user detector.

simultaneously. The transmitted information bit sequence of
kth user is dj, = {d[i],7 € [1, Ly, k € [1, K]} with Ly as the
length of the sequence. The sequence is then encoded with for-
ward error correction (FEC) code, generating I, = {lj[j],j €
[1, L.]} of length L.. After that, the chips of encoded sequence
are permutated by the user-specific interleaver IIj, resulting in
oy = {zlj],j € [1, Le]}.

Quadrature amplitude modulation (QAM) is then performed
on the interleaved sequence, which can be characterized by a
pair of orthogonal amplitudes Z. and Z, in quantum theory as

o (a+a" _  (a—a)

=TT A= T ey
where G' and @ are the creation and the annihilation operators
respectively. Then QAM signal of coherent state is given by

Qs )= ’(C—l—is)~a>, ¢, s €Q, )

where |a) = ezl S

n=0

%|n> [14]. « is the average

number of signal photons while |n) denotes the eigenstate of the
number operator. Also, € is the index set of the QAM symbol.
When each of the two amplitudes takes L values, {2 can be
represented by

Q={-L-D+2w-1)|w=1,2,3,....,L, L
—2,3,4,5...}. 3)
After that, the symbol sequences are emitted to the base station
with the same optical wavelength.
B. Iterative Quantum Receiver

1) Iterative Partition Quantum Measurement: It can be seen
from Fig. 2 that the coherent state signal at the receiving end is

) = Zxk[j]-a>- &)
k=1

The received quantum signal is firstly divided into () consecutive
partitions. This operation can be implemented by (@) — 1) beam
splitters (BS) with a transmittance of R,, and the expression of
R, is

1
Ryj=———.q=1,...,Q — 1. 5)

Q—-q+1
The signal after partition can be denoted as |, [5]) = |r[4]) /v Q.
Through the displacement operation D(f) [15], the received

signal field interferes with the local oscillator field |53, .- [1]),
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Fig. 2. The schemetic of multi-stage displacement measurement for iterative

receiver.

invoked for shifting the amplitude to the vicinity of the vacuum
state |0). After that, PMT is used to detect the interference field
and the corresponding average intensity in the gth partition can
be expressed as [15]

2
+7

2

1) rli) ©

Ve V@

where ¢ is the quantum mode mismatch parameter between the
signal field and the local oscillator field.

In the first partition, that is ¢ = 1, it is assumed that the am-
plitude of the local oscillator field |3, ,,+) is any of M possible
symbols, where M = (K + 1)2. In the gth (¢ > 1) partition,
through m* from the previous stage, the corresponding local
oscillator field is adjusted by the electro-optic modulator (EOM),
ie. |Bgm*) = |rgm)/v/@Q [16]. m* is obtained according to the
log maximum a posterior probability (Log-MAP) criterion as

S,li] = (1 —m] |Bame )

m”* = arg max
mel[0,M]

Prl|rqm[7])1Pr(2q7)/|7q,mJ
! [|7g,m [F])]Pr[24[5]/|7q,m[i])] D

2 PrllrgmlilIPrlzglil/Irq.m i)

x < Log

where Pr{|r,.,[7])] = Pr[|rq—1.mlj])|24-1[j]] and ¢ > 1. The
output z,_1[j] of PMT receiver follows the Poisson-Gaussian
distribution which will be introduced in the next section. Ab-
breviate S, [j] as Sy, the corresponding probability distribution
function (PDF) of z4[j] can be written as

Pr (z4[5]/5q)
_ Z "Oexp

no=0

—5q) - Gy (24[4]; no Ae, noo? + 08)7

®)
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and

Gno (Z) =

! exp <—('Z"°A€)2)>, ©)

2m(ngo? + od) 2(ngo? + o3

where A is the amplification factor, ng denotes the number of
detected photoelectrons, and e is the charge of a single electron.

After @ times of partitioned detection, m™ in the last partition
is the corresponding decision output and 7[j] could be generated
according to m*.

2) Poisson-Gaussian Noise Model: In this paper, a PMT
receiver is used. Let A5 and A; be the mean number of pho-
toelectrons of the detected target signal portion and background
noise portion, respectively. According to [17], the number of
detected photoelectrons NN, satisfies a Poisson distribution, i.e.

(a2

Pr(N, =ng) = o]

exp [—(As + Ap)] . (10)
Since the PMT receiver can amplify the detected photoelectrons,

we obtain

z =ngde + v,

(11)

where z is the output signal of PMT. v represents additive
Gaussian noise including thermal noise and shot noise with
variances o3 and o2, respectively. The PDF of z under detecting
ng photoelectrons is
Pr(z|N, = no)

= Gy, (2z;n0Ae, noo> + 03). (12)

Therefore, for the input signal (A5 + Ap,), the corresponding PDF
of PMT output signal z is given as

oo

Pr(z|rs + Ap) = Z Pr(N, =ng) - Pr(z|N,, = no)
nop=0
0 (Mg + Ap)™0 - —hs — A
:Z (As + Ap) ex'p( b) Gy (2).
=0 no-
13)

Based on the above, (8) can be derived by substituting A5 + Ay =
S, into (13).

3) Multi-User Iterative PIC Detection: As shown in Fig. 3,
an iterative MU-PIC algorithm is obtained based on the three-
dimensional factor graph. The update of information occurs
only at the multi-user nodes (MUN) and the decoding nodes
(DN). According to [18] and [19], we can define a posterior
probability log-likelihood ratio (LLR) as

o Pr(ali) = Y]
(el = Loag o =57
o Pr(mli]=1) . Pr(rlil/mli] = 1)
= Lo = 0) T BBl el = )
A2 (z[4]) re(zk[5])
(14)

Then the extrinsic LLR can be derived by

2 (ax[]) = v (@xli]) — A% (2xld])- (15)
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Fig. 3. The three-dimensional factor graph about iterative PIC process of the
quantum MU system at the receiving end. (RSVN: Received Sequence Variable
Node, DBSVN: Decoded Bit Sequence Variable Node, MUN: Multi-User Node,
DN: Decoding Node).

Specifically, the extrinsic LLR of real part of QAM symbol in
MUN can be calculated by [20]

oy _ Be(7l) — (B(Re(7lj) ~ E(Re
fow GEU) = = R - Reap)

(16)
where
a xRe .
S = S
Mion (22°[d])
PR 1
and
Var (z2°[j]) = 1 — (E(z;°[j])*. (18)

The expression for external LLR of the imaginary part is similar.

In the first iteration, the a priori LLR is initialized to 0, that
is, A}run(2k[s]) = 0. Through the exchange of the extrinsic
LLR between the multi-user node and the decoding node, the
information bit sequence of each user is finally obtained in the
decoding node through a hard decision. In DN, a standard «a
posterior probability process (APP) that follows the algorithm
used in [21] is performed.

Finally, Table I illustrates the steps of the iterative MU PIC
algorithm in detail.

III. SIMULATION RESULTS

This section analyzes the performance of the iterative quan-
tum multi-user system. Furthermore, the EXtrinsic Information
Transfer (EXIT) chart is used to evaluate the system’s conver-
gence.

In the simulation, we assume that the channel fading is 1. Ac-
cording to [22], we set the wavelength of light as A = 1.55 um,
the diameter of the receiving aperture as D,. = 2 cm, the distance
of link as L = 2.5 km. Moreover, using the previously reported
simulation parameters [17], the variance of the thermal noise
and the shot noise per photoelectron in the PMT receiver are
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TABLE I
ITERATIVE MU PIC ALGORITHM

1 Initialization: The a priori LLR A;AUN(xi[j]),t € {Re,Im} is
initialized to zero.

2 Iterative PIC Detection:

(1) The extrinsic LLR A5,y (x.[j]) can be calculated by Eq. (16).
(2) After deinterleaving, the a priori LLR of DN /lf‘)N(xz,[j]) is
obtained.

(3) App decoding is performed in DN and obtain the feedback
extrinsic information of DN A (x} [/])-

(4) After interleaving, A3\ (x;[j]) is generated for multi-user
interference estimation in the next iteration.

(5) Go back to step (1) for next iteration.

3 Hard Decision: When the maximum number of iterations

is reached, the information bit sequence dy, k € [1, K] is recovered
through hard decision in DN.

108 f —&— 2users
—©—4users
=—HB—6users

—&— 8users

10 ——8— 10Qusers | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

Fig.4. The BER performance of quantum iterative MU system with quantum
mode mismatch of ¥ = 0.9, repetition coding rate of R, = 1/8 for different
number of users. In addition, partition numbers are 2 x (K + 1) and normalized
thermal noise of oo /Ae = 0.1.

set as 03 = 2.56 x 10726 and 02 = ¢2A%e? = 2.56 x 10724,
respectively. Furthermore, the amplification factor of A = 108
and spread factor of ¢ = 0.1 are used [17].

A. Benefit 1: Good Performance in Multi-User Scenarios

Fig. 4 depicts the designed system’s BER performance for
different number of users. It is observed that as the number
of users increases, BER performance deteriorates at the same
photon number. However, as shown in Fig. 4, even in the case
of 10 users, when the photon number per bit is ns = 19, the bit
error ratio can reach 8.8 x 1072, which shows that the system
we designed can well support multi-user communication.

Fig. 5 shows that the BER performance can be improved by the
increment of iterations. Quantitatively, For the 4 users scenario,
when ns = 15, the BER reaches 10~° after 6 iterations while
1073 is obtained for 2 iterations. The reason is that as iteration
increases, the more accurate soft LLR can be obtained, which
can effectively mitigate the MU interference.

It is also helpful to discuss the computational complexity of
the proposed system. In our scheme, it mainly depends on the
number of partitions and users, and is expressed by O(Q x N).

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022
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Fig. 5. The BER performance under different iterations for the quantum
iterative MU system with 4 users and repetition coding rate of 1/8. Furthermore,
partition numbers are set to 10, ¢ = 0.9 and o /Ae = 0.1.

BER

Performance
improvement

—6— K=4,The proposed scheme
= @ :K=4,conventional scheme
—0—K=6,The proposed scheme
- 6- *K=6,conventional scheme

30 35 40 45 50

Fig. 6. Comparisons with the conventional photon-counting MU scheme in
the case of 4 users and 6 users, for R, = 1/8, ¥ = 0.9, 09/Ae = 0.1 and
partition numbers are 2 x (K + 1) respectively.

10°

BER

—8—0=0.9

Fig. 7. The BER performance of the proposed system in different mode
mismatch, where repetition coding rate is 1/8 and partition numbers are 10.
Besides, the number of users is fixed at 4 as well as o9 /Ae = 0.1.
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Fig. 8. Impact of the different thermal noise on the quantum iterative MU
system. In the simulation, the number of users is fixed at 4 while ¥ = 0.9 and
R, = 1/8. In addition, partition numbers are 10.
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partitions. (a). R = ¢, (b). R = %.

When the number of partitions @) is set to 2 x (K + 1), the
overall algorithm complexity is O(K?). This is an acceptable
complexity for its good performance.

B. Benefit 2: Superior Performance Over the Conventional
Photon-Counting MU Scheme

It can conclude from Fig. 6 that the designed scheme’s
performance is greatly improved compared with the conven-
tional photon-counting MU optical code-division multiple-
access (OCDMA) scheme [23]. Quantitatively, for the case of
K = 4, the proposed scheme attains a BER of 1.14 x 1075 at
ns = 15, while photon numbers per bit of ng = 50 are needed
in the conventional scheme for obtaining the same BER. This
is because the composite receiver we developed can obtain as
much received quantum state information through the partition
detection as possible. Furthermore, MU PIC algorithm is used
for soft LLR combining and multi-stage iterative detection,
which can further mitigate quantum noise.
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C. Benefit 3: Good Robustness

In practice, various factors can affect system’s performance
and deteriorate the BER performance. To study the robustness
of the system, the following factors are considered: (1) Quantum
mode mismatch, (2) Quantum thermal noise.

It can be seen from Fig. 7 that even with mode mismatch,
the system has good robustness and can achieve good BER
performance. More explicitly, for the K = 4 scenario, even if
the mismatch parameter is 0.6 [24], the BER can still reach
8 x 10~* when ng = 15.

According to [17], the BER performance become worse as
quantum thermal noise increases when oy /Ae > 0.1. However,
the system we designed can effectively resist its effect. As shown
in Fig. 8, for the K = 4 scenario, when o(/Ae = 1, it depicts
that the BER of 5 x 10~ can be obtained at n, = 15, showing
the superior robustness against quantum thermal noise.

D. Benefit 4: Fast Convergence

As depicted in Fig. 9, for the case of four users and six
users, the proposed system only takes three and five iterations
to converge at near (1, 1) point, respectively. It indicates that
the designed soft iterative quantum receiver has rapid conver-
gence property. Besides, it can be seen from Fig. 10 that when
the code rate is % and % respectively, the iterative receiver
needs rounds of 9 and 5 to converge. It shows that the num-
ber of iterative rounds required decreases with the lower code
rate.

IV. CONCLUSION

A new quantum coherent-state iterative multi-user commu-
nication system is developed in this paper. At the receiving
end, we propose the joint quantum multi-stage measurement
and iterative MU detection scheme. In particular, under the
nonlinear Poisson-Gaussian noise model, an iterative quan-
tum multi-user PIC algorithm is derived. Numerical results
indicate that the system we designed can effectively miti-
gate quantum MU interference and support MU simultaneous
transmission with low BER. Besides, it also shows rapid con-
vergence property as well as good robustness about imper-
fections, e.g. quantum mode mismatch and quantum thermal
noise.

REFERENCES

[1] A.S. Cacciapuoti, M. Caleffi, R. Van Meter, and L. Hanzo, “When entan-
glement meets classical communications: Quantum teleportation for the
quantum internet,” IEEE Trans. Commun., vol. 68, no. 6, pp. 3808-3833,
Jun. 2020, doi: 10.1109/TCOMM.2020.2978071.

[2] M. B. Rota, F. B. Basset, D. Tedeschi, and R. Trotta, “Entanglement
teleportation with photons from quantum dots: Toward a solid-state based
quantum network,” IEEE J. Sel. Topics Quantum Electron., vol. 26, no. 3,
May/Jun. 2020, Art no. 6400416, doi: 10.1109/JSTQE.2020.2985285.

[3] C. Liu, C. Zhu, X. Liu, M. Nie, H. Yang, and C. Pei, “Multicarrier
multiplexing continuous-variable quantum key distribution at terahertz
bands under indoor environment and in inter-satellite links communi-
cation,” IEEE Photon. J., vol. 13, no. 4, Aug. 2021, Art no. 7600113,
doi: 10.1109/JPHOT.2021.3098717.

[4]

(51

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

Z. Qu and 1. B. Djordjevic, “High-speed free-space optical con-
tinuous variable-quantum key distribution based on Kramers-Kronig
scheme,” IEEE Photon. J., vol. 10, no. 6, Dec. 2018, Art no. 7600807,
doi: 10.1109/JPHOT.2018.2875590.

L. Hanzo, H. Haas, S. Imre, D. O’Brien, M. Rupp, and L. Gyongyosi,
“Wireless myths, realities, and futures: From 3 G/4 G to optical and
quantum wireless,” Proc. IEEE, vol. 100, no. Special Centennial Issue,
pp. 1853-1888, May. 2012.

L. Gyongyosi, S. Imre, and H. V. Nguyen, “A survey on quantum channel
capacities,” IEEE Commun. Surv. Tut.,vol. 20,no. 2, pp. 1149-1205, Apr.—
Jun. 2018.

L. Moli-Sanchez, A. Rodriguez-Alonso, and G. Seco-Granados, ‘“Per-
formance analysis of quantum cryptography protocols in optical earth-
satellite and intersatellite links,” IEEE J. Sel. Areas Commun., vol. 27,
no. 9, pp. 1582-1590, Dec. 2009.

M. Rezai and J. A. Salehi, “Quantum CDMA communication systems,”
IEEE Trans. Inf. Theory, vol. 67, no. 8, pp. 5526-5547, Aug. 2021,
doi: 10.1109/TIT.2021.3087959.

Z. Li, G. Xu, X. Chen, X. Sun, and Y. Yang, “Multi-user quantum
wireless network communication based on multi-qubit GHZ state,”
IEEE Commun. Lett., vol. 20, no. 12, pp.2470-2473, Dec. 2016,
doi: 10.1109/LCOMM.2016.2610434.

K. A. Patel et al., “Quantum key distribution for 10 Gb/s dense wavelength
division multiplexing networks,” Appl. Phys. Lett., vol. 104, no. 5, 2014,
Art. no. 051123.

Z. Jiang, C. Gong, G. Wang, and Z. Xu, “On the achievable rate
and capacity for a sample-based practical photon-counting receiver,”
IEEE Trans. Commun., vol. 69, no. 9, pp.6152-6169, Sep. 2021,
doi: 10.1109/TCOMM.2021.3088515.

D. Zou, C. Gong, and Z. Xu, “Signal detection under short-interval
sampling of continuous waveforms for optical wireless scattering commu-
nication,” IEEE Trans. Wireless Commun., vol. 17, no. 5, pp. 3431-3443,
May 2018, doi: 10.1109/TWC.2018.2812161.

J. Ning, G. Gao, J. Zhang, H. Peng, and Y. Guo, “Adaptive receiver control
for reliable high-speed underwater wireless optical communication with
photomultiplier tube receiver,” IEEE Photon. J., vol. 13, no. 4, Aug. 2021,
Art no. 7300107, doi: 10.1109/JPHOT.2021.3089781.

G. Cariolaro and G. Pierobon, ‘“Performance of quantum data transmission
systems in the presence of thermal noise,” IEEE Trans. Commun., vol. 58,
no. 2, pp. 623-630, Feb. 2010, doi: 10.1109/TCOMM.2010.02.080013.
M. Takeoka and M. Sasaki, “Discrimination of the binary coherent
signal: Gaussian-operation limit and simple non-Gaussian near-optimal
receivers,” Phys. Rev. A., Gen. Phys., vol. 78, no. 2, Aug. 2008,
Art. no. 0 22320.

K. Li, Y. Zuo, and B. Zhu, “Suppressing the errors due to mode mismatch
for M —ary PSK quantum receivers using photon-number-resolving de-
tector,” IEEE Photon. Technol. Lett., vol. 25, no. 22, pp. 2182-2184,
Nov. 2013.

D. Zou, C. Gong, and Z. Xu, “Optical wireless scattering communication
system with a non-ideal photon-counting teceiver,” in Proc. IEEE Glob.
Conf. Signal Inf. Process., 2016, pp. 11-15.

X. Yu, X. Zhou, C. Xu, L. Wang, D. Shen, and H. Zhou, “A noma-based
quantum key distribution system over poisson atmospheric channels,” in
Proc. IEEE Glob. Commun. Conf., Waikoloa, HI, USA, 2019, pp. 1-6.
C. Berrou and A. Glavieux, “Near optimum error correcting coding
and decoding: Turbo-codes,” IEEE Trans. Commun., vol. 44, no. 10,
pp. 1261-1271, Oct. 1996, doi: 10.1109/26.539767.

P. Li, L. Liu, K. Wu, and W. K. Leung, “Interleave division multiple-
access,” IEEE Trans. Wireless Commun., vol. 5, no. 4, pp. 938-947,
Apr. 2006, doi: 10.1109/TWC.2006.1618943.

S. G. Wilson, M. Brandt-Pearce, Q. Cao, and J. Leveque, “Free-space opti-
cal MIMO transmission with Q-ary PPM,” IEEE Trans. Commun., vol. 53,
no. 8, pp. 1402-1412, Aug. 2005, doi: 10.1109/TCOMM.2005.852836.
T. Ozbilgin, M. Koca, “Optical spatial modulation over atmospheric turbu-
lence channels,” J. Lightw. Technol., vol. 33, no. 11, pp. 2313-2323, Jun.
2015, doi: 10.1109/JLT.2015.2409302.

L. b. Li, X. Zhou, R. Zhang, D. Zhang, and L. Hanzo, “Performance and
capacity analysis of Poisson photon-counting based Iter-PIC OCDMA
systems,” Opt. Exp., vol. 21, no. 22, pp. 25954-25967, Nov. 2013.

X. Zhou, C. Wei, D. Shen, C. Xu, L. Wang, and X. Yu, “A shot noise lim-
ited quantum iterative massive MIMO system over Poisson atmospheric
channels,” in Proc. IEEE Int. Conf. Commun., 2019, pp. 1-6.


https://dx.doi.org/10.1109/TCOMM.2020.2978071
https://dx.doi.org/10.1109/JSTQE.2020.2985285
https://dx.doi.org/10.1109/JPHOT.2021.3098717
https://dx.doi.org/10.1109/JPHOT.2018.2875590
https://dx.doi.org/10.1109/TIT.2021.3087959
https://dx.doi.org/10.1109/LCOMM.2016.2610434
https://dx.doi.org/10.1109/TCOMM.2021.3088515
https://dx.doi.org/10.1109/TWC.2018.2812161
https://dx.doi.org/10.1109/JPHOT.2021.3089781
https://dx.doi.org/10.1109/TCOMM.2010.02.080013
https://dx.doi.org/10.1109/26.539767
https://dx.doi.org/10.1109/TWC.2006.1618943
https://dx.doi.org/10.1109/TCOMM.2005.852836
https://dx.doi.org/10.1109/JLT.2015.2409302


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


