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ABSTRACT A thorough analysis of the system model for complex-valued optical double-sideband (DSB)
transmission with carrier-assisted differential detection (CADD) receiver under the influence of laser phase
noise and fiber chromatic dispersion (CD) is presented. It is shown that the interaction of laser phase noise
and CD leads to the phenomenon of phase-to-amplitude (P2A) noise and equalization-enhanced phase noise
(EEPN). The achievable performance of the complex-valued optical DSB transmission with CADD receiver
under the influence of EEPN and P2A noise is estimated by a closed-form expression, and it is verified by
simulation that the results show an inaccuracy of less than 1 dB for a wide range of system parameters.
In addition, in order to mitigate the EEPN and P2A noise, we propose a pre-decision aid-based simplified
blind phase search (BPS) algorithm, commonly referred to as PDA-BPS algorithm. The PDA-BPS algorithm
allows for reduced complexity by decreasing the number of symbols entering the BPS algorithm. Theoretical
derivation and simulation verification illustrate that the PDA-BPS algorithm can achieve similar mitigation
performance to the BPS algorithmwith lower complexity. Specifically, under the condition that classification
decision threshold R is equal to 0.25, the complexity can be reduced by 40%/16.6% with 1 MHz/7 MHz
linewidth for 16-QAM and 29%/10.9% with 0.5 MHz/3 MHz linewidth for 64-QAM.

INDEX TERMS Carrier-assisted differential detection, equalization-enhanced phase noise (EEPN), laser
linewidth, phase to amplitude noise (P2A), short-reach interconnects.

I. INTRODUCTION
Driven by 8K high-definition video, augmented/virtual real-
ity (AR/VR), cloud computing, and other broadband services
in 5G era, the growth of data capacity has gradually shifted
from the core network of ultra-long distance transmission
to the direction of short-reach and medium-reach metropoli-
tan area networks [1], [2], [3]. Short-reach transmission
requires many transceivers, which pays more attention to cost
issues than long-reach transmission. Conventional intensity
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modulation and direct detection (IM/DD) has become the
first choice for short-reach and medium-reach transmission
because of its low cost and easy implementation [4], [5], [6].
However, it suffers from spectral fading problems due to the
square-law detection of the photodetector, and thus hinders
the transmission distance and data rate [7]. In recent years,
the self-coherent scheme has been widely discussed because
it breaks through this limitation [8], [9], [10], [11], [12],
[13], [14].

So far, enormous efforts have been devoted to improv-
ing the self-coherent systems’ transmission distance and
spectral efficiency (SE). In 2013, Shieh group proposed a
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block-wise phase switch scheme to achieve optical field
recovery of double-sideband (DSB) signals [15]. In order
to obtain both the in-phase and quadrature components of
the optical field, π /2 phase shift is applied on the signal or
the optical carrier of the two consecutive blocks, leading to
only 50% electrical SE with respect to single polarization
coherent detection. In 2015, Zhang and co-workers proposed
a twin-SSB modulation scheme to detect a complex-valued
DSB signal, but the usage of optical bandpass filter (OBPF)
with sharp edge roll-off at the receiver prevents its practical
application [16]. The aforementioned problems prompt sci-
entists to explore new solutions, and Shieh group proposed a
scheme called carrier-assisted differential detection (CADD)
recently [17]. Three output photocurrents from the CADD
receiver are combined to retrieve the optical field of the
complex-valued DSB signal without the use of a sharp-slope
OBPF. In Ref. [18], the CADD receiver was experimentally
demonstrated. To further simplify the structure of the CADD
receiver, a symmetric scheme without using the single-ended
photodiode (SPD) branch was proposed and numerically
studied in Ref. [19]. Considering that the electrical disper-
sion compensation (EDC) is lower in cost and easier to be
implemented than the optical compensation scheme [18],
the CADD system mainly adopts EDC. To further reduce
the costs, distributed feedback (DFB) lasers were adopted
to replace high-cost external cavity lasers (ECL) without
considering the effect of DFB laser’s linewidth (LW) in the
simulation to reduce the analysis complexity [19]. However,
the influence of DFB lasers’ wide linewidth, even reaching
several MHz, a study of the influence of laser phase noise on
the system performance is necessary.

In this paper, we analyze the impact of laser phase
noise on the complex-valued optical DSB transmission with
CADD receiver by considering the phenomena of phase-to-
amplitude (P2A) noise conversion and equalization enhanced
phase noise (EEPN). A frequency domain analysis reveals
the origin of the EEPN, which results from the non-linear
inter-mixing between the sidebands of dispersed signals
and the noise sidebands of DFB lasers. Furthermore, P2A
noise is caused by the interaction of fiber chromatic disper-
sion (CD) and laser phase noise in the direct current (DC)
term. Both EEPN and P2A noise may cause non-negligible
performance degradation. The achievable performance of
the complex-valued optical DSB transmission with CADD
receiver under the influence of EEPN and P2A noise is esti-
mated by a closed-form expression, and it is verified by sim-
ulation that the results show an inaccuracy of less than 1 dB
for a wide range of system parameters. In addition, the EEPN
cannot be mitigated with any linear filter since it has almost
an identical spectrum as the transmitted signal, so we propose
a pre-decision aid-based simplified blind phase search (PDA-
BPS) algorithm. The PDA-BPS algorithm allows for reduced
complexity by decreasing the number of symbols entering
the BPS algorithm and can achieve similar mitigation per-
formance to the BPS algorithm [20] with lower complexity.

Specifically, under the condition that classification decision
threshold R is equal to 0.25, the complexity can be reduced by
40%/16.6% with 1 MHz/7 MHz linewidth for 16-QAM and
29%/10.9% with 0.5 MHz/3 MHz linewidth for 64-QAM.

The rest of this paper is organized as follows. In Section II,
the origin and impact of EEPN and P2A noise on the CADD
system are analyzed in detail. The principle of the proposed
PDA-BPS algorithm is also introduced. Section III shows the
simulation results and provides corresponding discussions.
Finally, Section IV concludes the article.

II. SYSTEM MODEL AND PDA-BPS ALGORITHM
In Ref. [19], the theoretical derivation of the complex-valued
optical DSB transmission with CADD receiver has been
given, but the laser phase noise and fiber chromatic dis-
persion were neglected. It has been demonstrated that the
EEPN originates from the interaction of laser phase noise and
fiber chromatic dispersion [21], [22], [23], [24], [25], [26].
Besides, the P2A noise is also excited due to the interplay
of laser linewidth, fiber chromatic dispersion and square-
law detection in direct detection (DD) systems [27], [28],
[29]. EEPN and P2A noise was studied for the case of the
Kramers-Kronig (KK) system [29], [30], however, to the best
of our knowledge, there is no report concerning its effect on
the complex-valued optical DSB transmission with CADD
receiver. Fig. 1 shows the system model under the influence
of laser phase noise and fiber chromatic dispersion.

A. GENERAL ANALYSIS
At the transmitter end, the time-domain and frequency-
domain expressions of the electric domain DSB signal are
S(t) and S(f ), respectively. After in-phase/quadrature (IQ)
modulation, the optical signal is obtained. The stochastic
baseband equivalent represents the emitted laser which can
be written as ejϕ(t) and X (f ) in time and frequency domains,
respectively. ϕ(t) is the laser phase noise which is a ran-
domWiener process characterized by the laser linewidth 1v.
By neglecting the impact of fiber loss and nonlinearity, the
received optical signal can be written as [A + S(t)]ejϕ(t) ⊗

h(t), where A is the amplitude of the virtual carrier, h(t)
and ejkf

2
are time and frequency domain responses due to

CD, respectively, and ⊗ represents the convolution opera-
tion. Where k = πDLc/f 20 , D is dispersion coefficient,
L is fiber length, c is the speed of light and f0 is carrier
frequency. The optical signal is equally split into upper and
lower branches by the coupler, and the upper branch signal
is delayed by an optical delay line (ODL) with a delay of τ .
The delayed signal is sent to the 90◦ optical hybrid together
with the lower branch signal from the coupler output, and
the photocurrent I1 and I2 are obtained through the balanced
photodiode.

I1 =
1
2
Re
{[

[A+ S(t)]ejϕ(t) ⊗ h(t − τ )
]∗

[A+ S(t)] ejϕ(t) ⊗ h(t)
}

(1)
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FIGURE 1. The system model of the optical DSB transmission with CADD receiver under the influence of laser phase noise and fiber
chromatic dispersion. Inset: Structure of the CADD receiver; OC: optical coupler; BPD: balanced photodiodes.

I2 =
1
2
Im
{[

[A+ S(t)]ejϕ(t) ⊗ h(t − τ )
]∗

[A+ S(t)] ejϕ(t) ⊗ h(t)
}

(2)

Re {·} and Im {·} represent the real and imaginary parts,
respectively. The optical field recovery can be realized by
linearly combining the two photocurrents as

R1(t) = I1 + jI2

=
1
2

{[
Aejϕ(t) ⊗ h(t − τ )

]∗ [
Aejϕ(t) ⊗ h(t)

]
+

[
Aejϕ(t) ⊗ h(t − τ )

]∗ [
S(t)ejϕ(t) ⊗ h(t)

]
+

[
Aejϕ(t) ⊗ h(t)

] [
S(t)ejϕ(t) ⊗ h(t − τ )

]∗
+

[
S(t)ejϕ(t) ⊗ h(t)

] [
S(t)ejϕ(t) ⊗ h(t − τ )

]∗}
(3)

The delay τ can be applied to the waveform R1(t) as

R1(t − τ ) =
1
2

{[
Aejϕ(t) ⊗ h(t − 2τ )

]∗ [
Aejϕ(t) ⊗ h(t − τ )

]
+

[
Aejϕ(t) ⊗ h(t − 2τ )

]∗ [
S(t)ejϕ(t) ⊗ h(t − τ )

]
+

[
Aejϕ(t) ⊗ h(t − τ )

] [
S(t)ejϕ(t) ⊗ h(t − 2τ )

]∗
+

[
S(t)ejϕ(t) ⊗ h(t − τ )

]
×

[
S(t)ejϕ(t) ⊗ h(t − 2τ )

]∗}
(4)

By subtracting the conjugation of Eq. (4) from Eq. (3), the
complex-valued signal R(t) can be acquired as

R(t) = R1(t) − R∗

1(t − τ )

=
1
2

{[
Aejϕ(t) ⊗ h(t − τ )

]∗
×

[
Aejϕ(t) ⊗ h(t) − Aejϕ(t) ⊗ h(t − 2τ )

]
+

[
Aejϕ(t) ⊗ h(t − τ )

]∗
×

[
S(t)ejϕ(t) ⊗ h(t) − S(t)ejϕ(t) ⊗ h(t − 2τ )

]
+

[
S(t)ejϕ(t) ⊗ h(t − τ )

]∗
×

[
Aejϕ(t) ⊗ h(t) − Aejϕ(t) ⊗ h(t − 2τ )

]
+

[
S(t)ejϕ(t) ⊗ h(t − τ )

]∗

×

[
S(t)ejϕ(t) ⊗ h(t) − S(t)ejϕ(t) ⊗ h(t − 2τ )

]}
(5)

On the right-hand side of Eq. (5), the first term represents the
P2A noise, the second term is the useful signal component,
and the third term is the conjugate version of the second
term. and the last term is signal-to-signal beating interfer-
ence (SSBI). Due to the relatively small laser linewidth, the
Aejϕ(t) ⊗ h(t − τ ) approximated as Aejϕ(t) ⊗ h(t). It is well-
known that the CD converts the phase noise to amplitude
noise [27], [30] as

Aejϕ(t) ⊗ h(t) ∼= [A+ n(t)]ejϕ(t) (6)

where n(t) represents the amplitude noise which is converted
from the laser phase noise by the fiber CD. For explanation
simplicity, we assume the SSBI could be mitigated by SSBI
cancellation. Taking into account Eq. (6), the second term
in Eq. (5) can be written as two items, one of which is
P2A-signal beat (P2A-SB) noise with n(t). The other item is
converted to the frequency domain as shown below

r2(f ) =
1
2
AX∗(f ) ⊗

[
[S(f ) ⊗ X (f )]ejkf

2
[1 − e−j2π f 2τ ]

]
=

1
2
AX∗(f )

⊗

 ∞∫
−∞

S(f − f1)X (f1)ejkf
2
[1 − e−j2π f 2τ ]df1


=

1
2
A

 ∞∫
−∞

∞∫
−∞

S(f − f1)X (f1)

× X∗(f2)ejkf
2
−2jkff2+jkf 22 [1 − e−j2π (f−f2)2τ ]df1df2

]
(7)

After the inverse transfer function module and electrical dis-
persion compensation, r(f ) is obtained.

r(f ) =
1
2
A


∞∫

−∞

∞∫
−∞

S(f − f1)X (f1)X∗(f2)ejkf
2
2 −2jkff2

× [1 − e−j2π (f−f2)2τ ]df1df2
}

/[1 − e−j2π f 2τ ] (8)

In Eq. (8), it can be found that ejkf
2
2 will broaden the side

band component of the signal due to the existence of the laser
linewidth and fiber dispersion, but it is insignificant since the
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linewidth is much smaller than signal bandwidth.We can also
observe that e−2jkff2 is almost parallel to signal spectrum and
distributed within the whole signal band, it will cause the
so-called EEPN. The inverse transfer function also affects
the EEPN due to the non-exchangeable multiplication and
convolution operations. Additionally, the EEPN cannot be
mitigated with any linear filter since it has almost an identical
spectrum as the transmitted signal. In this paper, we propose
a PDA-BPS algorithm to mitigate its impacts as shown in 2.3.

B. THE NOISE CALCULATION
The EEPN induced noise scales linearly with the accumulated
CD, laser linewidth and signal band width and it exists in the
whole signal band. When the effect of the inverse transfer
function on EEPN is ignored, the variance of the additional
noise due to the EEPN can be described as [21]

σ 2
EEPN =

A2PSπλ20DLBS1v

2c
(9)

where BS is the signal bandwidth, PS is the signal power, and
λ0 is the center wavelength of the carrier. The normalized
power spectral density of the P2A noise can be calculated by
using a Bessel expansion of the electrical field and neglect
contributions from the higher order terms.

According to [27] and [28], we canwrite the power spectral
density (PSD) of the P2A as

N (f ) =
1
2

{
∞∑
n=0

4Jn

(
1
f

√
21v
π

)
Jn+1

(
1
f

√
21v
π

)

× sin

[
(2n+ 1) πcf 2DL

f 20

]}2

(10)

where Jn is the Bessel function of the first kind. It is noted
that to simplify the analysis, we assume that P2A and P2A-SB
noise is signal-independent and is not affected by the inverse
transfer function and EDC. Knowing the normalized noise
spectral density, the noise power of the P2A noise interfering
with signal is calculated as

σ 2
P2A = A4

∫ 1f /2+BS

1f /2
N (f )df (11)

where 1f is the frequency gap between the left and right
sideband signals. The total power of the beat noise between
P2A and signal with a power of PS can also be estimated as
in Ref. [30]

σ 2
P2A−SB = A2PS

∫ 1f /2+BS

1f /2
N (f )df (12)

Assuming that SSBI is fully compensated, the signal-to-noise
ratio (SNR) of the signal can be expressed as

SNR =
A2PS

σ 2
EEPN + σ 2

P2A + σ 2
P2A−SB

(13)

After simplification, the final SNR with the impact of ASE
noise becomes

SNR = 1/

{
πλ20DLBS1v

2c

+ (CSPR+ 1)
∫ 1f /2+BS

1f /2
N (f )df + σ 2

ASE

}
(14)

Eq. (14) shows the achievable performance of the CADD
receiver based optical DSB transmission system. However,
the SSBI in the CADD system cannot be eliminated entirely
by iteration algorithm, and the inverse transfer function
also interferes with the accuracy of the proposed model.
In Section III, numerical simulations are implemented to
investigate the achievable system performance.

C. THE PRINCIPLE OF THE PDA-BPS ALGORITHM
Fig. 2 shows the block diagram of the PDA-BPS algorithm.
First, the received symbol rk is fed into a pre-decision circuit
which includes calculating the distances Dk between rk and
all ideal constellation points, and determining whether the
minimum distance of Dk is less than a classification decision
threshold R. (the size of R is an empirical value, which can be
changed according to different situations and needs. In this
case, the value of R is optimized in section III-C) If so, the
symbol rk is output directly. At this point, the influence of
EEPN and P2A noise on the symbol can be ignored. If the
minimum distance of Dk is greater than the threshold R, the
received symbol rk is rotated by multiple test phase angles ϕb
with

ϕb =
b
B

×
π

2
, b ∈ {0, 1, · · · ,B− 1} (15)

The parameter B is the number of test phase angles, and it
is set to 18 and 28 for the 16-QAM and 64-QAM CADD
systems, respectively, when mitigating EEPN and P2A noise.
Then all rotated symbols are fed into a decision circuit, and
the squared distance

∣∣dk,b∣∣2 to the closest constellation point
is calculated. In order to remove distortions from additive
noise, the distances of N (N = 16 for 16-QAM and N =

22 for 64-QAM) consecutive test symbols rotated by the same
phase angle ϕb are summed up

Sk,b =

N∑
n=−N

∣∣dk−n,b∣∣2 (16)

The optimum phase angle is determined by searching the
minimum sum of distance values. As the decoding is already
executed in Eq. (15), the output phase angles ϕk can be
selected from the ϕb using a switch controlled by the index of
the minimum distance sum. The output phase angle is used to
mitigate the effects of EEPN and P2A noise.

The constellations in Fig. 2(a) show the quality of the
recovered 16-QAM signal at 300 kmwhen the laser linewidth
is 3 MHz. The combined action of EEPN and P2A noise
leads to the rotation and dispersion of constellation points.
Fig. 2(b) shows the constellation diagram after the PDA-BPS
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FIGURE 2. Block diagram of the proposed PDA-BPS algorithm. Inset: constellation of the 16-QAM symbols after 300 km transmission when the
laser linewidth is 3 MHz (a) without algorithms; (b) with the proposed PDA-BPS algorithm; (c) with the BPS algorithm.

FIGURE 3. Simulation setup. IQ Mod.: IQ modulator; SSMF: standard single-mode fiber.

algorithm, and it can be found that the quality of the signal
is significantly improved. In order to be able to demonstrate
the superiority of the proposed algorithm, Fig. 2(c) shows the
constellation diagram of the signal after mitigation by the
BPS algorithm under the same conditions. The obtained
results indicate that the quality of the signal after mitigation
by the two algorithms is basically comparable. However, the
proposed PDA-BPS algorithm has a lower complexity.

III. SIMULATION RESULTS AND ANALYSIS
A. SIMULATION SETUP
As shown in Fig. 3, the establishment of the optical
DSB transmission with carrier-assisted differential detec-
tion receiver by co-simulation using MATLAB and VPI

transmissionMaker11. 1 is accomplished. At the transmit-
ter, the header of each frame has 1024 symbols for syn-
chronization and equalization, and a total of 217 bits are
transmitted for the final BER calculation. The modulation
format considers 16-QAM and 64-QAM. The two pseudo-
random binary sequences (PRBS) bit streams are mapped to
generate the symbol sequences that are pulse-shaped using
root-raised cosine (RRC) filter with the roll-off of 0.01. And
the signals are up-converted to obtain left and right sideband
signals which are summed to obtain the twin-SSB signal.
The transmitted optical signal is obtained by IQ modulation
after adding the virtual carrier. Herein, the virtual carrier is
used to facilitate the control of CSPR. The optical carrier
is generated by a DFB laser, and the center frequency of
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FIGURE 4. SNRs of 60 Gbaud 16-QAM CADD received signal after different transmission distance and the laser linewidth is 7 MHz. (a)1f = 6GHz
and without ASE noise; (b) 1f = 10GHz and without ASE noise; (c) 1f = 6GHz and with ASE noise; (d) 1f = 10GHz and with ASE noise.
iteration1: SSBI simplified iteration cancellation algorithm; iteration2: SSBI complex iteration cancellation algorithm.

the optical carrier is set to 193.4 THz. Only the effects of
CD and additive white Gaussian noise (AWGN) are consid-
ered in the channel, and the dispersion coefficient is set to
17 ps/nm/km. It should be noted that AWGN is accurately
added by using a settingOSNRmodule inVPI. At the receiver
side, the field recovery of the signal is achieved by using
the CADD receiver. The optical delay in the receiver is set
to 12.5 ps to keep the signal in the SSBI suppressed area.
In order to eliminate SSBI as much as possible through
iteration algorithm, the CSPR is set to 12 dB. And the Rx.DSP
includes the SSBI cancellation, inverse transfer function,
EDC, down-conversion, matched RRC filter, synchroniza-
tion, equalization, PDA-BPS algorithm, symbol decision, and
finally the SNR estimation module. The SSBI cancellation
includes SSBI complex iterative elimination algorithm and
SSBI simplified iterative elimination algorithm [19].

B. PERFORMANCE AND DISCUSSIONS
Since the transfer function of the CADD receiver is equiv-
alent to that of a delay interferometer, the null point at
zero frequency is inevitable. Thus, the SSBI and P2A noise
are severely enhanced in the low-frequency region, which
requires a frequency gap between the left and right sideband
signals. A larger frequency gap can effectively suppress SSBI
and P2A noise enhancement to increase the accuracy of the
proposed model, but it will reduce the SE of the system.
By weighing the pros and cons of SE and performance,
while meeting the need to suppress SSBI and P2A noise,
we consider the frequency gap of 6 GHz and 10 GHz to
verify the accuracy of the proposed model. In addition, for
in-depth research and analysis, we separately consider two
cases including the existence of two kinds of noise (EEPN
and P2A noise) and the existence of three kinds of noise
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FIGURE 5. SNRs of 60 Gbaud 64-QAM CADD received signal after different transmission distance and the laser linewidth is 3 MHz. (a) 1f = 6GHz
and without ASE noise; (b) 1f = 10GHz and without ASE noise; (c) 1f = 6GHz and with ASE noise; (d) 1f = 10GHz and with ASE noise.

(EEPN, P2A noise, and ASE noise) in the system. Specif-
ically, Figs. 4-9 (a) and (b) only consider EEPN and P2A
noise in order to focus on analyzing the mitigation effect of
the proposed PDA-BPS algorithm on EEPN and P2A noise.
In Figs. 4-9 (c) and (d), the ASE noise is also considered in
order to be more realistic. However, due to the higher baud
rate, the OSNR is set to 38 dB and 45 dB for the 16-QAM
and 64-QAM modulation formats, respectively. Since the
EEPN, P2A noise, and ASE noise are closely related to
the three parameters (symbol rate, transmission distance and
laser linewidth), we verify the proposed model by varying
the three parameters. It is worth noting that according to the
generation mechanism of EEPN and P2A noise, the two types
of noise can be distinguished theoretically. Still, for the actual
system, the two types of noise are generated at the same time,
and the impact on system performance is manifested as a
hybrid effect that cannot be precisely distinguished. There

is no need to distinguish them, our mitigation algorithm can
simultaneously equalize them.

Figs. 4 and 5 plot the SNR of the received signal at different
transmission distances. The baudrate of the system is fixed
at 60 Gbaud, and the linewidth of the DFB laser is fixed
at 7 MHz/3 MHz for 16-QAM/64-QAM. All the dotted lines
are theoretical calculation results and the rest are numeri-
cal simulation results. The obtained results indicate that the
overall SNR decreases significantly as the transmission dis-
tances which attributes mainly to the increase of the EEPN.
Meanwhile, the ASE noise and P2A noise change slightly
with the increase in the transmission distance. In addition, the
proposed PDA-BPS algorithm also significantly mitigates the
influence of the increase in the transmission distance. This
effectively extends the transmission distance of the CADD
system. And it can be found that the proposed PDA-BPS
algorithm has comparable mitigation performance compared
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FIGURE 6. NRs of 60 Gbaud 16-QAM CADD received signal with different laser linewidth after 300 km
transmission. (a) 1f = 6GHz and without ASE noise; (b) 1f = 10 GHz and without ASE noise;
(c) 1f = 6GHz and with ASE noise; (d) 1f = 10GHz and with ASE noise.

FIGURE 7. SNRs of 60 Gbaud 64-QAM CADD received signal with different laser linewidth after 300 km
transmission. (a) 1f = 6GHz and without ASE noise; (b) 1f = 10 GHz and without ASE noise;
(c) 1f = 6GHz and with ASE noise; (d) 1f = 10GHz and with ASE noise.
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FIGURE 8. SNRs of 16-QAM CADD received signal with different symbol rate after 300 km transmission
and the laser linewidth is 7 MHz. (a) 1f = 6GHz and without ASE noise; (b) 1f = 10GHz and without
ASE noise; (c) 1f = 6GHz and with ASE noise; (d) 1f = 10GHz and with ASE noise.

FIGURE 9. SNRs of 64-QAM CADD received signal with different symbol rate after 300 km transmission
and the laser linewidth is 3 MHz. (a) 1f = 6GHz and without ASE noise; (b) 1f = 10GHz and without
ASE noise; (c) 1f = 6GHz and with ASE noise; (d) 1f = 10GHz and with ASE noise.
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FIGURE 10. (a) BER performance versus R of different laser linewidths after 300 km transmission for
16-QAM. (b) BER performance versus R of different laser linewidths for 64-QAM. (c) number of N2 versus R
of different laser linewidths for 16-QAM. (d) number of N2 versus R of different laser linewidths for
64-QAM.

with the BPS algorithm. However, the proposed PDA-BPS
algorithm has a lower complexity. In the Figs.4-9 iteration1
represents SSBI simplified iteration cancellation algorithm,
while iteration2 represents SSBI complex iteration cancel-
lation algorithm. Under the combined effect of EEPN, P2A
and ASE noise, the performance of SSBI simplified iteration
elimination algorithm is better than SSBI complex iteration
elimination algorithm.

Figs. 6 and 7 show the SNR of the 60 Gbaud 16-QAM
and 64-QAM CADD received signals for different laser
linewidths after 300 km transmission, respectively. We can
find that: (1) The SNR of EEPN and P2A noise decreases
significantly with the increasing of linewidth, and the SNR
of ASE noise keeps constant. (2) With two kinds of noise
in the system, by using the proposed PDA-BPS algorithm,
the overall SNR is higher than the SNR of EEPN. These
results imply that both EEPN and P2A noise are effectively
mitigated. (3) Despite the fact that EEPN and P2A noise
degrade the performance of the CADD system as a whole,
the effectiveness of SSBI iterative cancellation algorithm
is immune to the EEPN and P2A noise. (4) The proposed
model and the PDA-BPS algorithm can be applied not only
to 16-QAM, but also to higher-order 64-QAM modulation
format. Additionally, considering that the 64-QAM modula-
tion format is more sensitive to the linewidth, the maximum
linewidth of 64-QAM is set to 3 MHz.

Figs. 8 and 9 show the SNR comparison between the-
oretical calculation and numerical simulation for 16-QAM
and 64-QAM CADD systems after 300 km transmission
with laser linewidth set to 7 MHz and 3 MHz for different
values of the symbol rate, respectively. We can make the
following conclusions: (1) The EEPN and P2A noise increase
significantly with the increasing of symbol rate, while the
ASE noise remains roughly constant. (2) The compensation
effect of the proposed PDA-BPS algorithm is still obvious
with the interference of ASE noise, and the performance of
the proposed PDA-BPS algorithm is comparable to that of
the BPS algorithm. Specifically, when the symbol rate is set
to 90 Gbaud, the proposed PDA-BPS algorithm can improve
the SNR from 11.9 dB to 14.7 dB under the SSBI simplified
iterative elimination algorithm. (3) The P2A noise is signif-
icantly increased as 1f decreases from 10 GHz to 6 GHz,
but it has no significant effect on the ASE noise and EEPN.
(4) For all cases, the error of the proposed model is less than
1 dB by comparing the results of the theoretical calculations
and numerical simulation.

C. COMPUTATIONAL COMPLEXITY
To clarify the superiority of the proposed PDA-BPS algo-
rithm, whose complexity per symbol is compared with that
of the BPS algorithm, as shown in Table 1. Herein, 16-QAM
is taken as an example, because the reduction of complexity
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FIGURE 11. (a) BER performance versus R of different transmission distance for 16-QAM and the laser
linewidth is 7 MHz. (b) BER performance versus R of different transmission distance for 64-QAM and the
laser linewidth is 3 MHz. (c) number of N2 versus R of different transmission distance for 16-QAM and
the laser linewidth is 7 MHz. (d) number of N2 versus R of different transmission distance for 64-QAM and
the laser linewidth is 3 MHz.

TABLE 1. Complexity comparison between PDA-BPS and BPS algorithm
for each symbol.

is mainly related to the number of symbols that do not enter
the BPS algorithm, and has nothing to do with the mod-
ulation format. Complexity calculations are based on opti-
mal implementations. For example, complexmultiplication is
composed of four real multiplications and two real additions,
and complex addition is composed of two real additions.
In Table 1,N is the smoothing filter length for sliding average
methods set to 16. B is the number of test phase angles
for PDA-BPS algorithm set to 18. P = (N1 − N2)/N , N1
represents the total number of 32768 symbols, and N2 rep-
resents the number of symbols that are not processed by the
BPS algorithm, which determines the degree of complexity
reduction of the proposed PDA-BPS algorithm. The size of
N2 is closely related to R. A larger R can effectively reduce
the complexity of the algorithm, but it will sacrifice system
performance. Figs. 10(a) and (b) shows BER as a function
of R for different linewidths after 300 km transmission in

the presence of three kinds of noise (EEPN, P2A noise, and
ASE noise). The corresponding number of N2 is given in
Figs. 10(c) and (d). Fig. 11 shows the curve as the transmis-
sion distance changes. After weighing up the pros and cons
of performance and complexity, R is set to 0.25 in this paper.
Specifically, the complexity can be reduced by 40%/16.6%
with 1 MHz/7 MHz linewidth for 16-QAM and 29%/10.9%
with 0.5 MHz/3 MHz linewidth for 64-QAM.

IV. CONCLUSION
In this paper, the system model of complex-valued optical
DSB transmission with CADD receiver under the influence
of EEPN and P2A noise is proposed. The achievable perfor-
mance of the complex-valued optical DSB transmission with
CADD receiver is estimated by a closed-form expression, and
it is verified by simulation that the results show an inaccuracy
of less than 1 dB for a wide range of system parameters.
Our work gives clear insights into the impact of the laser
phase noise on CADD system, showing that both the EEPN
and P2A have significant impact on the system performance.
We have proposed and investigated the PDA-BPS algorithm
to mitigate the effects of EEPN and P2A noise. The algo-
rithm has comparable mitigation performance with the BPS
algorithm while having lower complexity. Specifically, under
the condition that R is equal to 0.25, the complexity can be
reduced by 40%/16.6% with 1 MHz/7 MHz linewidth for
16-QAM and 29%/10.9%with 0.5MHz/3MHz linewidth for
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64-QAM. We believe that the presented model can be used
to accelerate the design and implementation of the CADD
system for practical applications.
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