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Abstract. A spectral-polarization coding (SPC) optical code-division multiple-
access (OCDMA) configuration structured over arrayed-waveguide grating
(AWG) router is proposed. The polarization-division double balanced detector
is adopted to execute difference detection and enhances system performance.
The signal-to-noise ratio (SNR) is derived by taking the effect of PIIN into
account. The result indicates that there would be up to 9-dB SNR improvement
than the conventional spectral-amplitude coding (SAC) structures with Walsh-
Hadamard codes. Mathematical deriving results of the SNR demonstrate the
system embedded with the orthogonal state of polarization (SOP) will suppress
effectively phase-induced intensity noise (PIIN). In addition, we will analyze
the relations about bit error rate (BER) vs. the number of active users under the
different encoding schemes and compare them with our proposed scheme. The
BER vs. the effective power under the different encoding scheme with the same
number of simultaneous active user conditions are also revealed. Finally, the
polarization-matched factor and the difference between simulated and experi-
mental values are discussed.

Keywords: spectral polarization coding, optical code-division multiple-access,
arrayed-waveguide grating, polarization-division double balanced differential-
detector, phase-induced intensity noise, Walsh-Hadamard codes.

1 Introduction

The optical code-division multiple-access (OCDMA) technique in optical communi-
cation is gradually noticed in the recent years for requirement of multiple users can
access the network asynchronously and simultaneously with high level transmission
security [1-3]. The spectral-amplitude coding optical code-division multiple-access
(SAC-OCDMA) system was proposed as a means of increasing the maximum
permissible number of simultaneous active users by decreasing the codeword length
and eliminating the multiple-access interference (MAI) effect [4]-[7]. With regard
to spectral-amplitude coding (SAC) technique, it is crucial to identify the maximum
number of wavelengths that such dispersive devices could resolve, since this will
dictate the length of the code employed for coding. The SAC-OCDMA system
not only preserves the ability of MAI cancellation, but also uses cheap sources
with reduced complexity. However, in the traditional SAC scheme, the effect of
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polarization is often ignored in the procedure of encoding and decoding. While
photodiodes (PDs) are applied to detect in the receiver, the phase-induced intensity
noise (PIIN) cannot be suppressed and the signal-to-noise ratio (SNR) of system is
degraded. Smith et al. [8] have concluded that the performance of SAC schemes is
limited by the presence of beat noise. Hence, the performance is hard to boost
enormously even though using the bipolar scheme [9].

A fundamental approach to the PIIN problem is to reduce the number of
wavelength collisions in the balanced photo-detector. In the spectral-polarization
coding (SPC) scheme proposed in the current study [10], a Walsh-Hadamard code is
employed as signature address accomplishing by fiber Bragg gratings (FBGs). This
code is characterized by a bipolar property [11] due to orthogonality among states of
polarization (SOPs). The spectral efficiency of the proposed complementary bipolar
scheme is found to be twice that of the previous unipolar supercodes. Thus, the
proposed SPC approach enables a dramatic increase in the permissible number of
simultaneous active users for the same optical bandwidth. The other advantage of the
proposed system is that the use of two orthogonally polarized chips transmitted at the
same wavelength from the same encoder eliminates PIIN.

Since a single-mode fiber (SMF) supports two orthogonal SOPs for the same
fundamental mode, a new kind of multiplexing, known as the Polarization-division
multiplexing (PDM), in which two orthogonally polarized signals are transmitted
simultaneously in a, provides a versatile solution for increasing the utilization of the
available bandwidth. In PDM, two channels at the same wavelength are transmitted
through the fiber such that their pulse trains are orthogonally polarized at the fiber
input. At first glance, such a scheme should not work unless polarization-maintaining
fibers (PMFs) are used since the polarization state changes randomly in conventional
fibers because of birefringence fluctuations. However, even though the polarization
states of each channel does change at the end of the fiber link in an unpredictable
manner, their orthogonal nature is preserved, making it possible to isolate each channel
through simple optical techniques. Various combinations of PDM with other
multiplexing techniques have been proposed [12]-[14]. In [14], the respect to
polarization, an arrayed-waveguide grating (AWG) is a linear device, and thus the
degree of polarization (DOP) of the AWG-based system should not degrade. Besides,
multi-wave optical sources could be used in the PDM transmission systems [15].
However, the PDM demultiplexing technique is rather complex due to the random
change of the signal’s SOP caused by fluctuations of the fiber birefringence along the
fiber’s length. This phenomenon induces so-called polarization mode dispersion
(PMD). It means that there are two orthogonal polarization modes, which are called
principal states of polarization (PSPs) [16], obeying different dispersion relations.
Recently, PMD compensation techniques have been applied successfully to enhance
the performance of WDM systems as in [17] and [18]. In the general PMD
compensation approach, a feedback signal is employed to tune the adaptive polariza-
tion controller [19] and delay line [20] in order to adjust the PSPs and the differential
group delay (DGD). Such advanced PMD compensation techniques render the
proposed SPC scheme feasible for implementation in long-haul networks [21].

The remainder of this paper is organized as follows. Section 2 introduces the
proposed system configuration and explains the encoder/decoder (codec) mechanisms.
Section 3 describes the encoding/decoding schemes and illustrates the elimination of
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MALI by mathematical analyses. Section 4 derives the SNR of the proposed structure
and evaluates the system performance in terms of the bit error rate (BER) and the
maximum number of permissible simultaneous active users. The analytic results are
compared with those of the conventional unipolar and bipolar SAC schemes approach
to evaluate the performance improvement. Section 5 compares and discusses some
related-curve diagrams of the BER versus effective power under the different number
of active users and the different coding schemes with our proposed scheme. Finally,
Section 6 provides some concluding remarks.

2 System Configuration

2.1 Encoder Scheme

The OCDMA network coder embedded SPC and polarization-division double balanced
differential-detection technique is constructed on the basis of AWGs as shown in Fig. 1.
Due to transmitted information data bit for each user is different, the optical polarization
modulated module shown at left side in Fig. 1 is independent. In addition, the
polarization-division double balanced detector shown at right side in Fig. 1 is also one
by one for each user. The encoding procedure includes four steps.

1. A broadband optical source is adopting the modulating source. Then passing

through a splitter, it is modulated by desired data and its counterpart, data ,
respectively.

2. The modulated optical sources are introduced PBSs to divide mutually
orthogonal SOPs. After electric-optical modulator (EOM), a polarization
controller (PC) is set to adjust the SOP between an EOM and a PBS. Then
two mutually orthogonal SOP optical elements input to the AWG-based
OCDMA encoder.

3. According to the wavelength cyclic shifted property of AWGs, two
orthogonal SOPs are inputted different input ports of AWG to obtain a set of
Walsh-Hadamard code and its complementary code that accompany the
mutually orthogonal SOPs. Namely, there will be the spectrum of C;(H) and
C j (V) at the upper branch. Note that the sub-index means the codeword is
used for user #j; (H) and (V) denote the horizontal and vertical SOP,

respectively. Similarly, C; (V) and C (H) output at the lower branch.
4. Finally, the encoded spectrum for user #j is accomplished by combining two
branches.

2.2 Decoder Scheme

The decoding processes can be divided into three steps and explain as following.
1. Taking out the mutually orthogonal SOP components from the encoded
spectrum, then input to AWG router to perform OCDMA decoding process.
2. Depend on decoded signature code C; and its complementary, C; to

determine which output port of AWG routers should be coupled each other of
star couplers.
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3. The spectra have the same SOP are executed to realize balanced detection,
i.e., the detected electrical signals form the lower branch is subtracted from
the correspondence from the upper branch. Finally, the desired data signal for
user #j can be obtained.

3 Mathematical Analyses

3.1 Codec Scheme over AWG-Based

In Fig. 1, if we consider that K transmitter/receiver pairs are connected to a passive
2Kx1 star coupler. Meanwhile, a set of Walsh-Hadamard code is denoted by C; and its

complementary code C , is assigned to the k-th user. Here we give an example for the
number of user equals 7, i.e. K = 7, as shown in Fig. 2. The index i of H/V; denotes
horizontal/vertical quantity of the i-th user.

By adopting the wavelength cyclic shifted property of AWG routers, we can get the

spectra are C;, (H) + Ek (V) and C; (V) + C« (H) at the output of the 4x1 star coupler in

the upper and the lower branch, respectively. Therefore, the horizontal and vertical
quantity spectra are written as

K R —
Ey=>b,C,+biCy , (1a)
k=1
K — _
EV = Zbka +bk Ck 5 (1b)
k=1

where b, is the k-th user’s data bit (b, € {0,1} ), and C} and Cy are respectively the k-
th user’s direct and complementary codewords in the spectral domain. The summed
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Fig. 2. Structure diagram of AWG-based SPC codec in detail

signal spectrum for all the simultaneous active user, R, is composed of horizontal and
vertical states of polarization and is given by

R=Ey+Ey. 2)

Then the encoded spectrum is sent to the decoder as shown in Fig. 2. After the decoding
procedure as described in subsection 2.2 at Section 2, we can obtain the corresponding
spectrum for each user’s upper branch and lower branch at output of star couplers in the
decoder. They are expressed in Egs. (3a) and (3b), respectively,

K —
R'Ck = Zbk Ck+bk Ck . (3a)
k=1
— K- — —
RCr=2brCr+b,Cy . (3b)
k=1

In Egs. (3a) and (3b), the first item belongs to horizontal SOP quantity and the last
item belongs to vertical SOP quantity. Moreover, according to the proposed structure,
we take out horizontal and vertical components from above two equations to execute
the double balanced detection. It is expressed as

K — — —
26 (Cr+Cr) = bk (Ci +C)]
k=1
K —
Z(Ck+ck): N for bk =1, (4)
— k=1

- K _
— Y(Ci+Cr)=-N  for b, =0
k=1

where N is indicated the codeword length.
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3.2 MALI Cancellation

The encoded spectrum can be obtained in (2). From (3a), by replacing the external C;
becomes to Cj, the equation is rewritten as

K - — K — _
R-CJ-:[Z(bka'i'bka)"' Z(bka +bka)]C] (52)
k=1 k=1

Similarly, we update (3b) as shown below.
— K - — K — - _
RC;=[XCr+brCr)+ X (b Cr +br C)]-Cj. (5b)
k=1 k=1

In the above equations, the former items in the middle brackets are still represented the
horizontal SOP quantity. The latter items are the vertical SOP quantity. According to
our polarization-division decoding scheme, we make the parts have the same SOP to
execute balanced detection.

(Sa)(H) - (Sb)(H) =

K - - — - - . (6a)
2 [ (Cp-C;=C-Cj)+bi(C - Cj—=Cr - C j)]
k=1

(Sa)(v) —(Sb)(v) =

K — - — - — . (6b)
Y [bp(Ci -Cj=Ck -C j) +bi(Cy-C j=Cy-C j)]

k=1

By introducing the following Walsh-Hadamard codes correlation properties into
Egs. (6a) and (6b),

Ry (kD) = ¢ Cyiy =] N2 Tork=l (7a)
) = 1 1) = s a
ce oo N/4 , fork #1
and
R-(D=3C)Cry=] ° »frk=! (7b)
—(K, = l l)= .
“¢ i : N/4 , fork #1

We will get an answer of zero when the decoded pattern does not match the coded
pattern. Namely, the MAI is eliminated completely in theory for the idea flat spectrum
of an incoherent optical source.

Table 1 presents an example of the SPC with polarization-division double balanced
differential-detection mechanism for simultaneous active users K = 3 and code length
N = 8. In the illustration, users #1 and #2 transmit logical 1 information bit, and user #3
sends logical 0. We assume the optical source has the ideal flat spectrum and the power
unit of each wavelength is equal. Applying our proposed encoding process, the
resultant code vectors are Ey = 2\, 2\, 33, 1Ay, 1As, 14, 2A;, OAg) and Ey = (1A,
1A, OAs, 2A4, 245, 26, 107, 3Ag). When the received signal R pass through the decoder
#1, 8 units photocurrent are yielded, which corresponds signature code word, C;, and
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horizontal SOP at PD; as shown in Fig. 1. In the same method, 4 units photocurrent are
obtained for C; with horizontal SOP at PD,. Moreover, the 4 units and 8 units
photocurrent are matched C; (V) and C; (V) at PD; and PD, in the lower arm,

respectively. And the numerical values could be calculated by (5a) and (5b). Balanced

—H
differential-detection  results  in RCI(H)—RCE ) =4 units power and

—(V
RCI(V)—R C 5 ):—4 units power. After the second stage differential detecting, 8

units power is obtained and decides that logic “1” is transmitted. Similarly, if
substituting decoder #3 for #1, 4, 8, 8, 4 units power photocurrent would be detected at
PD,, PD,, PD;, and PD,, respectively.

Table 1. Simple illustration of polarization-division balanced differential-detection for 3
simultaneous active users

Spectral Polarization Coding Mechanism

Data Horizontal SOP Vertical SOP

User | bit Mo oA A A A A A M b oA A A A A
1 1 a1 1 1 1 0 0 0 oflcCilo o 0o 0o 1 1 1 1
2 1 Gl1 0 1 0 1 0 1 0|lC2l0 1 0 1 0 1 0 1

[Received
Signal (R) Ey |2 2 3 1 1 1 2 0| Ey 1 1 o 2 2 2 1 3

Finally, -8 units power will occur in decoder #3 and indicates user #3 sent logic “0”.
In the decoders of other users, e.g., C, = (1, 1, 0, 0, 0, 0, 1, 1), the unit power at each
PD is equal. After double balanced differential-detection, it will no power is detected.
Hence, MAI from other users with differential detection scheme can be theoretically
cancelled.

4 Performance Analysis

4.1 Signal Power Evaluation

Referring to [3] and [10], and applying (2), the detected photo-current coming from K
simultaneous active users with a chip length N per user, I;, from PD; shown in Fig. 9,
is written as

I =% G (v)av

%Psr

N K o ’ (8a)
= \/EN iglkgl{bk[ck(i)'Cj(i)]+bk[Ck(l').Cj(l')]}
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where R denotes the responsibility of the PD, G,(v) is the single-sideband power
spectral densities (PSDs) of the received signal at PD;, and Py; is the effective power

from a single source at the receiver. The coefﬁcientﬁ is as a result of adopting PBS.
Similarly, the detected photocurrents at photodiode PD,, PDs, and PD, are written as
I, I, 1, respectively.

12 :E’{J‘(;OGz(V)dV

RPN K _ - : (8b)

= ;\’,Z 2 [Cr (D) - C D]+ bk[Cr (i) - C j (D]}
i=1 k=1

I; :9?[5°G3(v) dv
_%P, (8
= Ton ,Zl kzl BlCi(i)- € (D] + BrICh () - C ()]}
1, =R[7 G4(v) dv
%P, (8d)
BBy S S lCuli)-C 1+ BilCh(i)-C )

\/ENzlk]

The signal from the desired user is given by the difference of the photocurrent
outputs. After the second stage balanced detection is expressed as

I=(-1,)-5-1y)

%P, N K —

= o L L BlCi@)-€;0)=C4()-C (D

—Ci(i) C;()+Cr(i)-C (@) - ®)
+b4[Ci(D)-C ()~ Cr (i) C (i)
—Cp(i)- C (i) +C(i)-C (D]}

By introducing the correlation properties of Egs. (7a) and (7b), Equ. (9) can be
simplified to be

ERP”/\E fork = jand b, =1
1={-%p, /\2 fork=jandb, =0. (10)
0 fork #j

4.2 PIIN Power Evaluation

Noise that exists in the SAC-OCDMA systems includes PIIN, shot noise and thermal
noise. The mathematical description is given by

i7)y=(1 +(1 +(I
< shot PIIN thermal ’ (1 1)
=2¢I B+1%Bt, +4K,T,B/ R,
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where e is the electron’s charge, I is the average photocurrent, B is the noise-equivalent
electrical bandwidth of the receiver, T, is the coherence time of the source, K, is the
Boltzmann’s constant, 7, is the absolute receiver noise temperature, and R; is the
receiver load resistor. PIIN is the dominating noise when the received optical power is
large enough (more than -10 dBm), we ignore the effect of other noises in large
received effective power condition. So, the variance of photocurrent due to the effect
of PIIN can be written as

<i2> = <11%HN> =1°(1+ P*)Br,, (12)

where P denotes the DOP. Base on the proposed scheme, the parameter P is set to 1.
Hence, (12) can be rewritten as

<I}%HN>:212BTC

2 & w2 ’ (13)

=2BR" ¥ (Jy G, (v)dv)
m=1

where m is the number of PD are used in our proposing structure. The light source
spectrum is assumed to be idea flat with linewidth, Av. The variance of the
photocurrent resulting from the PIIN at PD, is expressed as

ZNA\ir 12“{21 le[bkb m Ck D€, (DC (D)
+bybm Cy (HCm()C () . (14a)
+biby Ck () C,, ()C (0)
+bkbmCk ()C m(i)C j ()]

<I1> BR’P2 N K

In the same way, the variances of the photocurrent are generated by the others PDs (i.e.
PD,, PD;, and PD,) can be written as (14b), (14c), and (14d), respectively.

INAV 1kzl ngbkb Ck(z)Cm(l)C,(l)

+bbm Cp (HCm()C (i) - (14b)
+bib, Cr()C,,())C j (i)

+bibm Cr (HC m()C ()]

BR’P2 N K
(12)-

BR2p2 N K K L
12 — ST bib. Ce(NCr(NC (i
< 3> 2NAv E] ]El mz=1[ ko €k (DCm (D) C (D)

+b; bmCi () C,, (HC ;i) . (14c)
+bkby, € ()C m (D) C (D)
+bkbm € ()C,, (NC ()]
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S NAY ZZ] kZ] mZEbkb nCk(Cm()C (i)

+ by b C i (i) C,p ()C (i) - (14d)
+biby, Cp ()C m ()C ()
+bibm Ci()C,, ()C ()]

5\ BR?P2 N K K
(13)=

The total variance of the photocurrent resulting from the PIIN involves all four PDs
would be gotten. Performing the summation of (14a) to (14d), the total variance of the
photocurrent would be gotten.

<11%HN>=<1§>+<1§>+<1§>+<1}>. (15)

Depending on the relation of Zi]ile(i) +Ej(i) = N, and the statement of [20],Equ.

(15) could be represented as

2p2
< %1m>= BVPy (N kv o kik -ix2
2]\2JAV 2 4 _ (16)
BTA ST (K 2 — 0K +2K)
Vv

where o denotes the polarization-match factor. It means the SOPs mutually match
extent between the encoder and decoder. Depending on [20], if the polarization
matches when a differential-detection technique is used, the PIIN can be degraded
effectively. So, the cross collision may be eliminated completely in perfect condition.
In addition, the DOP must be considered under real condition. Thus, (16) must be
multiplied (1+P%) then becomes the last result to represent total PIIN in our system.
BR2P2

(1+P2)<1§,HN> T (@K K +2K). 17)

4.3 Signal to PIIN Ratio Evaluation

However, on the long-haul transmissions over OCDMA network the DOP effect must

be addressed. In the following analyses, we assume an average value, i.e., o is 1/2.
Dividing (10) by (17), the SNR due to the effect of PIIN is

<Ib:1_1b:0>2: 8Av
<12 > BK(K +3)

SNR(P]IN) = (18)

PIIN

The relation between SNR and simultaneous active users of conventional unipolar,
bipolar, previous SPC scheme over FBG-base [10], and we propose SPC with
polarization-division balanced detector embedded OCDMA system as shown in
Table 2. Table 2 presents the character comparison for four kinds of techniques base
on Walsh-Hadamard code and only PIIN is considered. The SNRgpy, of proposed
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Table 2. Comparisons of different coding schemes with differential-detector over OCDMA
network

Adopted Code User SNR N
scheme length capaci
ty
Unipolar N N-1 Av
SAC BK(K +1)
Bipolar N N-1 4Av
SAC BK(K +1)
Previous N N 8Av
SPC BK(K +1)
Proposed SPC N N 8Av
with polarization BK(K +3)
division detector

SPC with double balanced detector structure would be 9 and 3 dB improvement than
the conventional unipolar and bipolar SAC schemes, respectively. However, it would
be a little worse than the previous SPC scheme when a compromising position is
considered. This is because of our design without using any depolarizer. If the
polarization match extent is improved, our system will obtain better performance
even than hybrid SPC-SAC scheme [22].

Further, the SNR result is substituting into the following Eq. by using the Gaussian
assumption as following

SNR A
BER = %erfc[(% 1.

) (19)

Bit error rate
3
T
|
|
|
|
T

—©S— Unipolar SAC
—4— Bipolar SAC
Previous SPC
— “+— SPC with PDBD
0 20 40 60 80 100 120
Simultaneous active users (K)

Fig. 3. BER vs. the number of simultaneous active users for different encoding schemes with
Walsh-Hadamard code
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The relationship between BER and the number of active users for various Hadamard-
coded SAC and SPC schemes of OCDMA system is as shown in Fig. 3 based on (19).
Transmitting the data bits on two mutually orthogonal SOPs causes some of the PIIN
terms to be canceled out. The evaluation results have shown that the use of orthogonal
polarizations improves BER. The following parameters: Av = 6.25 THz, B = 80 MHz,
and the center wavelength is working at 1550 nm are used in our analysis.

5 Simulations and Discussions

If we think about the shot noise and thermal noise into total noise power for real noise
condition, and (17) is substituted for the middle term of (11). Then (11) is adopted as
the variance of photocurrent of noise and rewritten as

.2 2 2 2
<l > = <Ish0t> + <IPHN> + <Ithermal>

=2el B+1° Bt +4K,T,B/ R, : (20)
2p2
P, BR°P, 4K,T,B
=2e&B+&K(K+3)+#
\/E 4Av R;

Using the result of (20), the SNR which is involved the shot noise, PIIN, and thermal
noise could be represented as

ZEKZPS% ) (21)
2eRP,, B/\2 + BR*P2K (K +3)/4Av +4K,T,B/R;

SNR (total) =

Hence, we can draw the related curve of the BER and the effective received power
under the different number of simultaneous active user, i.e., K = 55, 63, and 71, for
we proposed system, as shown in Fig. 4. Clearly, when the effective power is smaller
than 107w, the proposed system appears high BER. When the received effective
power is increased, the BER has apparent improvement. After the effective power is
greater than 1pw, even if we continue to increase the power level, the BER keeps in
constant value.

Following, the same related curve would be shown under the different coding
schemes as shown in Fig. 5. We compare the proposed SPC with unipolar and bipolar
SACs, previous SPC with P = 0 and 1 under the number of simultaneous active user
equals 63. In the plenty simultaneous active user situation, the performance of
conventional unipolar coding scheme is awful. The bipolar SAC and SPC with P = 1
schemes have approach BER. The BER of the system we proposed is slightly worse
than SPC with P = 0. However, this scheme does not request the DOP equals 1,
namely we do not scatter the polarization state in our system. As long as the effective
power achieves certain level, the performances of two schemes will be the same.

In (16), we introduce a polarization-match factor to indicate the SOPs mutually
match extent between the encoder and the decoder. Above analyses, we take a
compromising condition into account and order o = 1/2. Certainly, when the
polarization states of the system are matched perfectly, the PIIN from cross collision
among different wavelengths will be eliminated completely because of o. becomes
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simultaneous active user

Bit error rate

—44k4444#4444#4444

I
|
|
4
|
|
|
|
4
|
|
|
|
4
|
|
.
C

—©S— Unipolar SA
—4A— Bipolar SAC
SPC with P=0
SPC with P=1

— “+— 8SPC with PDBD and P=1

10° 10°

107 10°

Effective power, Psr (w)

10° 10°

Fig. 5. BER vs. effective power with o = 0.5 and considering total noise for different encoding
schemes under 63 simultaneous active user

zero. On the other hand, the PIIN is maximum for the proposed mechanism while o
equals 1. Figure 6 discusses four different conditions of o to realize them how to
affect the performance of the system. Then the BER analysis and comparison under
previous SPC, hybrid SPC-SAC, and proposed SPC with three different polarization-
match factors is shown in Fig. 7. According to the simulated result, when o achieves

0.25, the performance of our proposed system is near hybrid SPC-SAC scheme.
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Fig. 6. BER analysis of the proposed system for four different polarization-match factors, i.e.,
a=0.25,0.5,0.75, and 1
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Fig. 7. Performance comparison between the proposed system with three different o and
previous SPC scheme

6 Conclusions

In this study, we proposed the modified SPC-OCDMA system structure constructed of
hybrid AWG routers and PBSs were implemented over differential photo-detectors.
This scheme not only cancels completely the effect of the MAI but also suppresses the
PIIN in the multiuser system when the SOPs are controlled. The BER of the OCDMA
system has been analyzed numerically for the PIIN limited case. Transmitting the data
bits of two users from one encoder on mutually orthogonal SOPs causes some of the
PIIN terms to be canceled out. The evaluation results have shown that the use of
orthogonal polarizations improves the SNR. However, as the number of active users
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increase, the number of PIIN terms which vanish is reduced relative to the total number
of incoherent beating terms and hence the noise suppression effect is diminished. The
SNR of proposed SPC with polarization-division double balanced detection structure
setting DOP to 1 (i.e., P = 1) would be found 9 and 3 dB better than the conventional
unipolar and bipolar SAC schemes when the DOP is set to zero, respectively. And if
the polarization of the system could be matched enough, the performance will achieve
the same level with hybrid SPC-SAC scheme.
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