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1 Introduction
Optical code division multiple access (OCDMA) can provide
high-speed connections with bandwidth sharing and secure
communications in next-generation optical access networks.1

Spectral amplitude coding (SAC) in OCDMA systems has
been exploited in the optical networking units of passive
optical networks (PONs).2,3 However, in the on–off keying,
the codewords are unidimensional and require the codewords
power of bit “1” and the zero codewords power of bit “0” to
control the unequal power to accommodate more simultane-
ous users in PONs.4 The codewords in two-code keying
(TCK) are a better event because the codewords power of
bit “1” and the codewords power of bit “0” control the
equal power. In addition, the performance of OCDMA sys-
tems is limited by the multiuser interference (MUI).5 To
address this issue, shifted prime (SP) codes with TCK are
proposed to remove MUI.6 In this letter, we propose
extended shifted prime (ESP) codes with TCK to further
reduce the phase-induced intensity noise (PIIN) and support
more simultaneous users. The variance of PIIN current is
effectively reduced by employing the proposed ESP codes.
We also propose a novel array waveguide grating (AWG)
architecture to decrease the power loss and complexity of
the optical line terminal (OLT).

In the following sections, we first review the SP codes.6

The SP codes are designed to eliminate MUI without
chip stuffing of the codes. A code sequence of the SP
code is denoted as Cm;n¼½cm;nð0Þ;cm;nð1Þ; : : : ;cm;nðp−1Þ�,
where m ¼ 0, 1; : : : ; p − 1; n ¼ 0; 1; : : : ; p − 1, and
Cm;n ∈ pp. The pp represents the set of all p-tuples over

GFðpÞ. The corresponding codeword is denoted as
Xm;n ¼ ½xm;nð0Þ; xm;nð1Þ; : : : ; xm;nðp2 − 1Þ�. Therein, we set
xm;nðiÞ ¼ 1 as i ¼ cm;nðbÞ þ bp and b ¼ 0; 1; : : : ; p − 1,
where cm;nðbÞ ¼ m • b

L
n. Otherwise, xm;nðiÞ ¼ 0. The

• and
L

are the modulo-p multiplication and addition,
respectively. The codewords Xm;n with the same value m
belong to the same code group. The cross-correlations
between the two SP codewords Xm;n and Xq;r are
Xm;n⊙Xq;r ¼ p as m ¼ q, n ¼ r, Xm;n⊙Xq;r ¼ 0 as m ¼ q,
n ≠ r, or Xm;n⊙Xq;r ¼ 1 as m ≠ q, where ⊙ is the dot-
product of two vectors.

2 1-D ESP Codes with TCK
In the letter, we design ESP codes to reduce PIIN and
increase the number of simultaneous users. Specifically,
we describe the ESP codes as follows: xe;m;nðjÞ ¼ 1, for
j ¼ ðe − 1Þpþ cm;nðbÞ þ bNp, b ¼ 0; 1; : : : ; p − 1; other-
wise, xe;m;nðjÞ ¼ 0, where e ∈ f1; 2; : : : ; Ng. The code
weight is p, the code length is Np2, the number of code-
words is M ¼ Np2, and the code size is Ms ¼
Nðp2 − pÞ∕2. Table 1 uses an example with N ¼ 2,
p ¼ 3, M ¼ 18, and Ms ¼ 6.

The cross-correlations of the ESP codes are specified
as follows: Xe;m;n⊙Xf;q;r ¼ p as e ¼ f, m ¼ q, n ¼ r,
Xe;m;n⊙Xf;q;r ¼ 0 as e ¼ f, m ¼ q, n ≠ r, Xe;m;n⊙Xf;q;r ¼
0 as e ≠ f, or Xe;m;n⊙Xf;q;r ¼ 1 as e ¼ f,m ≠ q. Moreover,
we let any two codewords (Xe;m;n and Xe;m;n 0 ), which belong
to the same code group, assigned to the same user for TCK.
It is set as Xe;m;n ¼ Xe;m;nþ1 in this letter. Table 1 uses
a codeword Xe;m;n or Xe;m;n as the encoding of information
bit “0” or “1”. The modified cross correlations in ESP codes
for TCK are derived as follows:
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Xe;m;n⊙Xf;q;r − Xe;m;n 0⊙Xf;q;r

¼
(p; e ¼ f;m ¼ q; n ¼ r;
−p e ¼ f;m ¼ q; n

0 ¼ r;
0 otherwise:

(1)

The above subtraction method for TCK can eliminate
MUI according to the difference between the two

correlations. For ESP scheme, we propose a new OLT as
shown in Fig. 1, which includes a 1 ×Ms splitter at the
remote node, and Ms optical network units (ONUs). The
AWG architecture can effectively combine all codes into
one and concentrate the power. The ONUðτÞ, where
τ ∈ f0; 1; : : : ;Ms − 1g, is able to decode the ESP codes
to produce the information bits “0” or “1” for user(τ).
As shown in Fig. 1, the OLT transmitter includes a broad-
band light source (BLS), an AWG architecture, and a matrix
operation circuit.

The AWG architecture includes one 1 × Np2 AWG
demultiplexer, Np2 electro-optic modulators (EOMs), and
one Np2 × 1 AWG multiplexer. The light outputted from
BLS designs wavelength bandwidth to be first divided
into Np2 wavelength chips by the 1 × Np2 AWG demulti-
plexer. The wavelengths of Np2 wavelength chips are
esignated as λ0; λ1; · · · ; λNp2−1. These wavelength chips
are then modulated by the Np2 EOMs, respectively.
At last, these modulated wavelength chips are combined
by the Np2 × 1 AWG multiplexer and outputted into an
external fiber for data transmission. The EOM modulates
the incoming wavelength chips according to the variables
h0; h1; · · · ; hNp2−1, which are calculated based on the
information bits and adopted ESP codewords of each user
via the matrix operation circuit. The calculation of
this matrix operation circuit is performed according
to H ¼ 1∕p × S × BIT, where H ¼ ½h0; h1; · · · ; hM−1�T ,
S ¼ ½XT

1;0;0; X
T
1;0;1; · · · ; X

T
N;p−1;p−1; X

T
N;p−1;p−2�, and BIT ¼

½bit0; bit0 · · · ; bitMs−1; bitMs−1�T . Therein, XT
1;0;0 and XT

1;0;1
are the transpose of codeword vectors for user #0, ⋯, and
XT
N;p−1;p−1 and XT

N;p−1;p−2 are for user #(Ms − 1). In fact,
a universal OLT encoding architecture can be operated
with other code families, e.g., SP codes and M3 sequence
codes.6,7 Only the codeword matrix S needs to be updated.

The proposed transmitter encodes ESP codes in the elec-
trical domain, the same as the literature,8–11 and it has been
shown that the EOM can transfer the electrical domain into
the optical domain.12

In Fig. 2, the modulation voltage Vm is the input of
EOM, and the optical transmitted intensity In is the output
of the EOM, where the optical transmitted intensity
In ¼ In0 þ ψVm. If Vm ¼ 0, the optical transmitted intensity

Table 1 Extended shifted prime (ESP) codes for N ¼ 2, code weight
p ¼ 3, and code size Ms ¼ 6.

e m n Xe;m;n

1 0 0 100 000 100 000 100 000

1 0 1 010 000 010 000 010 000

1 0 2 001 000 001 000 001 000

1 1 0 100 000 010 000 001 000

1 1 1 010 000 001 000 100 000

1 1 2 001 000 100 000 010 000

1 2 0 100 000 001 000 010 000

1 2 1 010 000 100 000 001 000

1 2 2 001 000 010 000 100 000

2 0 0 000 100 000 100 000 100

2 0 1 000 010 000 010 000 010

2 0 2 000 001 000 001 000 001

2 1 0 000 100 000 010 000 001

2 1 1 000 010 000 001 000 100

2 1 2 000 001 000 100 000 010

2 2 0 000 100 000 001 000 010

2 2 1 000 010 000 100 000 001

2 2 2 000 001 000 010 000 100

Fig. 1 Schematic block diagram of extended shifted prime (ESP) codes for two-code keying (TCK)
including transmitter and receiver.
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is In0. The EOM transfers the modulation voltage Vm into
optical transmitted intensity In. Therefore, the ratio of trans-
mission factor is ψ ¼ In∕Vm. Figure 2 presents the transfor-
mation from the electrical domain to optical domain with the
environment described in Table 1, where N ¼ 2 in ESP
codes with the code weight p ¼ 3 and the code sizeMs ¼ 6.

We first describe the matrix operation circuit in the
electrical domain with H ¼ 1∕p × S × BIT, where
H ¼ ½h0; h1; · · · ; hM−1�T , S¼ ½XT

1;0;0;X
T
1;0;1; · · · ;X

T
N;p−1;p−1;

XT
N;p−1;p−2�, and BIT ¼ ½bit0; bit0 · · · ; bitMs−1; bitMs−1�T .

The codes are then transformed to the waveform as follows.
Let h0 denote the element of H. If code X1;0;0 is transmitted
and bit0 is 1, h0 is 1/3. In contrast, if the codes X1;0;0 and
X1;1;0 are transmitted and bit0 is 1, h0 will be 2/3. If the
codes X1;0;0, X1;1;0, and X1;2;0 are transmitted and bit0 is
1, h0 becomes 1. If the codes without X1;0;0, X1;1;0, and
X1;2;0 are transmitted and bit0 is 1, h0 is 0. Let Vm;max denote
the maximum value of modulation voltage Vm. Afterward, hi
is included in the voltage setting in the transformation to the
waveform, i.e., Vm ¼ −Vm;max þ 2Vm;maxhi.

Figure 3 shows the receiver structure of the proposed
ONUðτÞ with ESP codes for TCK in an OCDMA system.
The ONUðτÞ comprises two sets of fiber Bragg gratings
(FBGs), one balanced detector, and an integrator. The two
FBG sets are constructed based on the codewords Xe;m;n
and Xe;m;n 0 . The upper output part is connected to the
input part of the photodetector (PD) as PD0, and the
lower output part is connected to the input part of PD1.13

The balanced detector is connected to an integrator.
The two cross-correlation results Xe;m;n⊙Xf;q;r and
Xe;m;n 0⊙Xf;q;r lead to the output of PDs 0 to 1 in the
balanced detector.

The principles of the FBG-based decoder are based on the
cross-correlation described as in Eq. (1). The code sequences
Xf;q;r are first received by the FBG-based decoder. Then, the
signature code Xe;m;n achieves the modified cross correlation
as shown in Fig. 3. The input of the correlator τ1 represents
the spectral components. The first output of the correlator τ1
is connected to the FBG for the code sequence Xe;m;n 0 . The
second output of the correlator τ1 is connected to the PD1.
The spectral components with the FBG for the code
sequence Xe;m;n 0 are reflected back toward the PD1 to obtain
the photocurrent I1;bit¼x. The other spectral components are
passed through the FBG for the code sequence Xe;m;n 0 .

The other spectral components are connected to the
correlator τ0. The first output of the correlator τ0 is con-
nected to the FBG for the code sequence Xe;m;n. The second
output of the correlator τ0 is connected to the PD0.
The spectral components with the FBG for the code
sequence Xe;m;n are reflected back toward the PD0 to acquire
the photocurrent I0;bit¼x. The other spectral components
are passed through the FBG for the code sequence Xe;m;n.
The average photocurrent is Ir;bit¼0 ¼ I0;bit¼0 − I1;bit¼0 and
Ir;bit¼1 ¼ I0;bit¼1 − I1;bit¼1 corresponding to Eq. (1).
Therefore, the principles of the FBG-based decoder are
based on the cross-correlation.

Moreover, we eliminate the MUI with Eq. (1) according to
the difference between the two correlations. Now, Table 2
compares the optical power budget for the conventional
OLT using SP codes and the proposed OLT.6 Since the pro-
posedOLTdoes not include splitter and combiner, which gen-
erally have high insertion loss, the power loss of the proposed
OLT is much smaller than that of the conventional ones. This
replaceable word is the insertion loss of A. The insertion loss
of AWG is 3 dB according to the existing work.14 By contrast,
the insertion losses in this paper are improved to 5 dB for the
1 × 49 AWG multiplexer and 5 dB for the 49 × 1 AWG
demultiplexer, respectively. The total insertion loss is 10 dB.
This replaceable word is the insertion loss of B and insertion

Fig. 2 The modulation voltage versus the optical transmitted intensity
of the electro-optic modulator (EOM).

Fig. 3 The receiver structures of the ESP codes for TCK in an optical
network unit (ONU, τ).

Table 2 Comparison of optical power budgets for conventional OLT
with SP codes and proposed OLT with ESP codes.

Items �n Optical PB (Ref. 6) n Optical PB

Code W p ¼ 7 p ¼ 7

Ins. A 0 0 dB 1 10 dB

Ins. EOM 0 0 dB 1 2 dB

Ins. B 1 4 dB 0 0 dB

Ins. C 1 4 dB 0 0 dB

Ins. D 1 0.9 dB 0 0 dB

Ins. E 1 11 dB 0 0 dB

Ins. F 1 11 dB 0 0 dB

Total 30.9 dB 12 dB

Note: Optical PB: Optical Power Budget; Code W: Code Weight;
Insertion loss of: Ins.; A: 1 × 49 and 49 × 1 AWG (DE)MUX; B:
1 × 7Coarse AWG; C: 7 × 7 Fine AWG; D: 2 × 1Optical Switch; E: 1 ×
7 Splitter; F: 7 × 1 Combiner.
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loss of C. The insertion loss of AWG is 3 dB according to the
literature.14 The insertion loss of 7 × 7AWG is 2.4 dB accord-
ing to the literature.15 By contrast, the insertion losses in this
paper are improved to 4 dB for the 1 × 7 coarse AWG multi-
plexer and 4 dB for the 7 × 7 fine AWG, respectively. This
replaceable word is the insertion loss of D. The insertion
loss of the optical switch is 0.7 dB according to the existing
work.16 By contrast, the insertion loss in this paper is
improved to 0.9 dB for the optical switch. This replaceable
word is the insertion loss of E and insertion loss of F. The
insertion loss of the optical splitter (and optical combiner)
is 11 dB according to the Ref. 17. Therefore, the insertion
loss is 11 dB for the optical splitter (and optical combiner).
This replaceableword is the insertion loss of EOM. The inser-
tion loss of the EOM is 1.2 dB according to the existing
work.18 By contrast, the insertion loss in this paper is
improved to 2 dB for the EOM. The power budget difference
will be increased with the value of p. Therefore, as p ¼ 7, the
optical power budget (dB) decreases from 30.9 dB in the SP
codes in Ref. 6 to 12 dB in the proposed OLT.

3 System Performance
We first describe the signal-to-noise ratio (SNR) and bit
error rate (BER) of the proposed scheme. The photocurrent
noise variances are derived according to independent
noise variances, i.e., < i2noise;bit¼0 >¼< i2PIIN;bit¼0 > þ
< i2shot;bit¼0 > þ < i2thermal;bit¼0 > and < i2noise;bit¼1 >¼
< i2PIIN;bit¼1 > þ < i2shot;bit¼1 > þ < i2thermal;bit¼1 >, where
the average photocurrents in the received signals are
I0;bit¼0; I1;bit¼0; I0;bit¼1, and I1;bit¼1.

Note that the cross-correlation between X1;0;0 and Xf;q;r
corresponds to the cross-correlation of the PD current I0;bit¼x
and I1;bit¼x with information bit ¼ “x” Therefore, if the
information bit is “0,” the two cross-correlations are
I0;bit¼0 and I1;bit¼0. If the information bit is “1,” the two
cross-correlations are I0;bit¼1 and I1;bit¼1. Before obtaining
SNRbit¼0, SNRbit¼1, and BER, below we first derive the
number of type-I simultaneous users, probability density
function of the cross-correlation value, total cross-correla-
tion, auto correlation, and photocurrent noise variances.

First, we derive the number of type-I simultaneous users.
Let W denote the number of simultaneous users, and we
randomly choose one of them as the major simultaneous
user, which selects X1;0;0 code, whereas other (W − 1)
simultaneous users will select other codes. The number of
type-I simultaneous users is dðW − 1Þ∕Ne because
dðW − 1Þ − ðW − 1Þ∕Ne simultaneous users have the
cross correlation as “0.”

Second, we derive the probability density function of the
cross-correlation value with “1” and “0.” The code weight is
p, and p is odd. (p − 1) is the even because we adopt (p − 1)
divided by 2 from the TCK, and the remainder is zero. The
code size is Ms ¼ Nðp2 − pÞ∕2 in TCK. The probability
density function of the cross-correlation value with “0” is
½ðp − 1Þ∕2 − 1�∕½ðp2 − pÞ∕2 − 1�. The probability density
function of the cross-correlation value with “1”
is b1 − ½ðp − 1Þ∕2 − 1�∕½ðp2 − pÞ∕2 − 1�c.

Third, we derive the total cross-correlation. Before the
derivation of the PD current, the total cross-correlation
is Λ¼dðW−1Þ∕Ne− bdðW−1Þ∕Neðp−3Þ∕ðp2−p−2Þc,
where the cross-correlation value is “0” and “1,” the number

of type-I simultaneous users is dðW − 1Þ∕Ne, and the prob-
ability density function of the cross-correlation value is set
with “0” and “1.”

Fourth, we derive the auto-cross correlation. (pþ Λ) is
the auto-cross correlation adding to the total cross-
correlation. The code length (Np2) is incorporated in
ðpþ ΛÞ∕ðNp2Þ. The average photocurrents I0;bit¼0; I1;bit¼0;
I0;bit¼1, and I1;bit¼1 are originated as follows. For information
bit ¼ “0” we develop I0;bit¼0 and I1;bit¼0 as I0;bit¼0 ¼
RPsrðpþ ΛÞ∕ðNp2Þ and I1;bit¼0 ¼ RPsrΛ∕ðNp2Þ. For infor-
mation bit ¼ “1” we develop I0;bit¼1 and I1;bit¼1 as I0;bit¼1 ¼
RPsrΛ∕ðNp2Þ and I1;bit¼1 ¼ RPsrðpþ ΛÞ∕ðNp2Þ. As the
information bit ¼ “0” and “1,” the average photocurrent is
as follows:

Ir;bit¼0 ¼ I0;bit¼0 − I1;bit¼0 ¼ RPsr∕ðNpÞ and

Ir;bit¼1 ¼ I0;bit¼1 − I1;bit¼1 ¼ −RPsr∕ðNpÞ; (2)

where R is the responsivity of the photodiode.
Fifth, we derive the variance of the PIIN, shot noise, and

thermal noise. According to the statistically independent
noise characteristics, the variance of the PIIN current at
each ONU receiver is as follows:

< i2PIIN;bit¼0 >

¼ BrR2P2
srp½ð1þ Λ∕pÞ2 þ ðΛ∕pÞ2�∕ðΔfNp2Þ

¼ BrR2P2
srf1þ 2Λ∕pþ 2Λ2∕p2g∕ðΔfNpÞ; (3)

where < i2PIIN;bit¼1 >¼< i2PIIN;bit¼0 >. The above equations
show that the ESP codes can increase the number of simul-
taneous users because the variance of PIIN current is reduced
by N. Thus, the power of PIIN is also suppressed. Since shot
noise is obtained from the mutually independent PDs 0 and
1, the variance in the shot noise current is expressed as

< i2shot;bit¼1 > ¼ 2eBrðI0;bit¼0 þ I1;bit¼0Þ and

< i2shot;bit¼1 > ¼ 2eBrðI0;bit¼1 þ I1;bit¼1Þ:
(4)

Moreover, the variance of the thermal noise current is as

< i2thermal;bit¼0 >¼< i2thermal;bit¼1 >¼ 4KbTnBr∕RL: (5)

Finally, we derive the SNRbit¼0, SNRbit¼1, and BER. We
utilize the Gaussian approximation to find the BER, while
the SNRs are SNRbit¼0 ¼ I2r;bit¼0∕ < i2noise;bit¼0 > and
SNRbit¼1 ¼ I2r;bit¼1∕ < i2noise;bit¼1 >. Therefore, the BER is

obtained as BER¼ erfcð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðSNRbit¼0 or SNRbit¼1Þ∕2
p Þ∕26.

Figure 4 shows the numerical results withΔf¼12.5 TGz,
λ0 ¼ 1.55 μm, the data transmission rate ¼ 2.5 Gbps,
Tn ¼ 300 K, and RL ¼ 1030 Ω. The Br of the receiver is
half of the data transmission rate. Figure 4 compares the pro-
posed ESP codes and SP codes with similar code lengths. We
use the effective source power and data transmission rate to
present −5 dBm and 2.5 Gbps, respectively. The code
weight is set as p ¼ 5, N ¼ 14, p ¼ 5, and N ¼ 8 in the
ESP codes for TCK. The results indicate that the maximum
number of simultaneous users for p ¼ 5 and N ¼ 14 in our
proposed system can reach 60 as BER ¼ 10−9.
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4 Conclusion
We propose ESP codes and demonstrate that the effects of
PIIN are effectively suppressed. Compared with the existing
SP codes, our numerical results show that ESP codes can
effectively increase the number of simultaneous users
under 2.5-Gbps data transmission. Moreover, a universal
OLT encoding architecture can be operated with other
code families. Then, we also devise a AWG architecture
for ESP codes to reduce the power loss and the complexity
for OLT in PONs.
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Fig. 4 Comparison of bit error rate (BER) in the proposed ESP and
other codes with different numbers of simultaneous users.
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