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Abstract: This paper proposes a novel and efficient low-complexity chromatic dispersion equalizer
(CDE) based on finite impulse response (FIR) filter architecture for polarization-multiplexed coherent
optical communication systems. The FIR filter coefficients are optimized by weights to reduce the
energy leakage caused by the truncation effect, and then quantization is used uniformly to reduce
the number of real number additions and real number multiplications by utilizing the diversity of
the quantized coefficients. Using Optisystem 15 to build a coherent optical communication system
for simulation and experimental demonstration, the results show that after the filter coefficients
are optimized by weights. Compared with the time-domain chromatic dispersion equalizer (TD-
CDE), the proposed design has a lower bit error rate (BER) and better equalization effect. When
the transmission distance is 4000 km and the system quantization stages M = 16, the multiplication
operation and addition operations reduce computing resources by 99% and 43%, and the BER only
increases by 5%. Compared with frequency-domain chromatic dispersion equalizer (FD-CDE), widely
used in long-distance communication, the multiplication operation reduces computing resources by
30%. The proposed method provides a new idea for high-performance CDE in long-distance coherent

optical communication systems.

Keywords: coherent optical communication; chromatic dispersion equalization; weight optimization;
uniform quantization

1. Introduction

In wired communication systems, the traditional coaxial cable communication is
limited by the transmission distance and gradually replaced by optical fiber communication
with strong anti-electromagnetic interference and long transmission distance. For optical
signals with different frequency components or different model components, the signal
pulses are broadened due to different group velocities, which causes signal distortion after
being transmitted through the optical fiber. This physical phenomenon is called chromatic
dispersion (CD) [1]. As the CD accumulates, the front and rear optical pulses overlap,
causing inter-symbol interference (ISI) and increasing the bit error rate (BER). Therefore,
the CD is one factor that restricts the development of optical fiber transmission systems to
ultra-high-speed, ultra-large capacity, and ultra-long distance.

Although dispersion compensation fibers (DCF) or dispersion-compensating modules
(DCM) allow CDE in the optical domain, this increases the complexity and cost of technical
implementation. The digital coherent receivers perform CDE in the electrical domain,
restore the broadening and distortion of the pulse signal, achieve dynamic compensation,
and have been widely used in high-speed coherent optical communication systems [2-5]
The digital filters used for CDE involving the time-domain chromatic dispersion equalizer
(TD-CDE) filter and frequency-domain chromatic dispersion equalizer (FD-CDE) filter [6-8].
The CDE module occupies a large power consumption in the DSP, and a large number
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of calculation units also limit the development of the coherent receiver to a compact
size [9] Therefore, the CDE module should reduce the algorithm complexity and hardware
implementation conditions to improve the efficiency of coherent receivers [10,11]. Although
the FD-CDE method is considered the best choice for commercial coherent receivers, due
to the need for time-frequency conversion of the input sequence, this may cause time
aliasing and weak interaction with other TD modules limiting the reduction of energy
consumption [12]. The whole process of TD-CDE is carried out in TD, which avoids the
problems of FFT block size and time aliasing. So in this paper, we mainly discuss TD-CDE
and its optimization methods.

The traditional truncation process can be regarded as a rectangular window func-
tion to truncate the infinite and non-causal TD impulse response function. The ratio of
the main lobe energy of the window function to the total energy determines the filtering
performance after truncation to a certain extent. The spectrum side lobe of the rectangu-
lar window is high, and high-frequency interference is easily brought into the window
transformation [13]. To further improve the performance of the window function, a series
of classic window functions such as the Hanning window, Blackman-Harris window, and
Rife-Vincent window is proposed [13]. However, these window functions still cannot
meet the requirements of the narrow main lobe, small side lobe, and fast attenuation si-
multaneously. Jia proposed the use of rectangular shape pulse self-convolution to design
a triangular-shaped pulse [14]. On this basis, Hanning convolution windows, triangular
self-convolution windows, and hybrid convolution windows composed of rectangular
windows and cosine windows have been successively proposed [15,16]. Although the
method mentioned above has a certain improvement effect, application of the TD-CDE
still needs to be verified. The number of taps in the TD-CDE filter is positively correlated
with the accumulative CD in the channel. For ultra-high-speed long-distance coherent
optical communication systems, achieving CDE requires lots of TD-CDE filter taps, and the
amount of calculation is very large.

In this paper, we propose a lower-complexity TD-CDE filter structure, which is shown
in the next Section. The main contributions of this paper are in two aspects. The first aspect
is the use of a more superior Nuttall second-order self-convolution window instead of
a rectangular window, effectively reducing the impact of energy leakage on filter perfor-
mance. In order to reduce the computational complexity during convolutional operations,
to be suitable for the long-distance coherent optical communication system, the second
aspect adopts a uniform quantization strategy to improve the multiplicity of the filter
tap coefficients, and the digital signal is preprocessed by using the combination law of
addition, the distribution rate of multiplication and the symmetry of the filter tap coef-
ficient, which greatly reduces the computational complexity of convolution operations
and is more suitable for commercial coherent receivers. The rest of this paper is orga-
nized as follows; Section 2 briefly introduces the existing FD-CDE and TD-CDE methods,
analyzes the main drawbacks of TD-CDE, elaborates the optimized way in detail, and
gives the theoretical derivation. In Section 3, numerical simulations are performed to
verify that the proposed optimization algorithm can implement effective CDE with low
computational complexity. The computational complexity of TD-CDE, FD-CDE, and the
proposed TD-CDE optimization method are discussed in Section 4. Finally, Section 5 gives
the conclusion.

2. Operation Principles
2.1. Time-Domain Equalization Implementation

The previous section shows that digital signal processing (DSP) is playing a growing
role in the CDE. In digital coherent optical receivers, the CD transmission function of an
optical pulse in the channel given by

G(z,w) = exp(—jD/\zw22> (1)

47c
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Here, D,z , A, c and w are dispersion coefficient, length of the fiber link, wavelength,
light speed, and digital angular frequency. Therefore, we can derive an FD-FIR close to
Equation (1) to compensation CD as

- 1 DA?
JjwT\ _ _ . 2
Hpes (e ) e exp (]47'[6 w z) (2)

By implementing IFFT of Equation (2), the continuous CDE pulse response function as

81 = [ ew-iel) o) = 5o’ ©)

Aliasing occurs when the digital angular frequency exceeds the Nyquist frequency
determined by the sampling rate. To avoid aliasing, by direct sampling and truncation of
Equation (3), we derived with a complex impulse response given by [17,18]

[ jeT? . cT? , N N
hk) = D)\Zzexp<_]D)\zzk 2 Sk< 2 @)

Here, T is the sampling time. Where the length of the filter (k) is the maximum
number of filter taps so that aliasing does not occur, N is odd as

szxLDMZZJH 6)

2cT?

where | | is the rounding down operation and |D| indicates absolute value. So we can
further obtain the FD response of the filter after truncation as H (k).

One of the drawbacks of Equation (4) is that truncation is applied to Equation (7) to
avoid the aliasing of frequency. Still, truncation in the TD introduces energy leakage in the
FD, so the main lobe of the window spectrum can only be approximated as a rectangle.
Equation (4) has another drawback that the complexity of TD-CDE and FD-CDE are N2
and Npprlog, (Nprr) , where N is the number of filter taps, and Nggr is the FFT block size.
Therefore, for larger accumulated CD, such as in long-distance fiber transmission, the
complexity of FD-CDE is lower than that of TD-CDE [19].

2.2. Optimize Time-Domain Equalization Implementation

With the continuous development of commercial coherent transceivers, higher eftfi-
ciency requirements are put forward for the CDE algorithm to meet the requirements for
power consumption. The previous TD-CDE method needs to be revisited to (I) improve
the hardware implement ability of time CDE algorithms; (II) overcome the drawbacks
mentioned above; (III) reduce dependence on subsequent adaptive equalization modules.

2.2.1. Window Function Weight Optimization

The frequency-domain response Hpes (¢/“T) of an ideal filter has a constant amplitude-
frequency characteristic in the passband. When the FD response of the designed filter is
close to Hpes (¢/“T), the CDE effect is better, so the spectral energy of the window function
is required to be concentrated on the main lobe as much as possible. The filtered spectrum
H(k) obtained by the rectangular window truncation will have serious spectrum leakage,
which is quite different from the ideal FD response Hpes (ej“’T). In this paper, based on the
window function Nuttall window function with the smallest side lobe and fastest side lobe
attenuation characteristics, considering that the four-term three-order Nuttall window has
the fastest attenuation speed of side lobe compared to other window functions [20], the
Nuttall second-order self-convolution window function is used.
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The TD expression characteristics are

1, n=12,------ N
wg(n) = (6)
0, else
and its spectral characteristics are
_ sin(wN/2) . N—-1

The Nuttall window is a combination window with good side lobe characteristics, and
the TD expression is

M-1
wn(m) =Y (-1)"cpcos(2mn-m/N) n=1,2...N—1 8)

Here, M is the number of terms of the window function, N is the length of the window
function; C,, is the coefficient, and satisfies the constraints

M-1 M-1
Y (-D)"ecw =0, ) cu=1 )
m=0 m=0

M-1
2 2
wiv(@) = (1" [wie (- 2 ) 4w (w0 25 (10)
Here, W is the spectral function of the rectangular window. This paper selects a four-
term three-order Nuttall window, the coefficients of which are ¢; = 0.338946, ¢, = 0.481973,
c3 = 0.161054, c4 = 0.018027. The four-term three-order Nuttall window is self-convolved
to obtain the second-order Nuttall self-convolution window function as

wgrn (1) = wn(n) wn(n) (11)

Time-frequency diagram of the rectangular window and second-order Nuttall self-
convolution window function as shown in Figure 1.

It can be seen from the Figure that the side lobe performance of the Nuttall self-
convolution window is significantly better than that of the rectangular window. Therefore,
using the Nuttall self-convolution window to cut the signal can effectively suppress the
spectrum leakage. The Nuttall self-convolution window function is used to window and
truncate Equation (3) to obtain the CDE RN-FIR filter as

g (1) = wrwy (1) - hi(n), — B]J <n< B]J (12)

After the signal is truncated in the TD with the window function, the FD amplitude
of the signal will be affected, so amplitude restoration is required. The definition of the
amplitude restoration coefficient /() is that the amplitude when other window functions
are added is consistent with the amplitude of a rectangular window of the same length. Its
expression is

Kin = A1/ Az (13)

Here, A; is the amplitude of the zero frequency point after adding a rectangular
window, and Aj is the amplitude of the zero frequency point after adding other windows.
The modulus of the tap coefficient of the TD-CDE is constant, which limits the equalization
effect. The above method is equivalent to using a window function to optimize the weight
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of the TD-CDE taps if there is no longer a constant value, which effectively improves the
CDE filter effect.

50 : ‘
—Rectangular Window
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Figure 1. Side lobe performance of second-order Nuttall self-convolution window and rectangular
window.

2.2.2. Window Function Weight Optimization

In the convolution operation in the TD, the distribution characteristics of multipli-
cation and the combination of addition are used to reduce the number of multiplication
operations between input samples and tap quantization coefficients by implementing filter
tap coefficient quantization, thereby reducing the computational complexity of TD-CDE.
The uniform quantization method is used in the quantization process. As the number of
quantization stages M decreases, the number of quantized values of filter tap coefficients
decreases, and the system’s diversity increases. Figure 2 shows the schematic diagram of
the real part of the tap coefficient before and after quantization; the quantization stages M
is eight, and coefficients are normalized.

1
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< v Y “ \‘ ‘ 1 [ \|
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Figure 2. The real part of exact and quantized coefficients for M = 8 and N = 415.
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Before illustrating the specific implementation process, we must make two necessary
explanations.

¢ In this paper, the filter complex tap coefficients are independently written as their real
and imaginary parts for operation. This operation can increase the diversity of filter
tap coefficients, which is inversely proportional to the computational complexity of
TD-CDE.

e It can be seen from Equation (5) that the tap coefficient of the filter h(k) is symmet-
rical about the central coefficient [21]. Assuming the symmetric length is L, then
L= % If the tap coefficients are uniformly quantized, the quantized value is also
approximately symmetric about the central coefficient.

Through the above two points of analysis, before the tap coefficient quantization is
implemented, the output value y(n) after equalization is

N
y(n)= Y x(n+m—1)h(N—-m+1) (14)

m=1

among them, the filter coefficient #(N — i + 1) can be written in the form of the real part
plus the imaginary part, as shown below

BN =1 +1) = hyea) (N = 1+ 1) + Hinag (N = m +1) -i,m =0,1,2,...,N (15

Therefore, from Equations (14) and (15), the output value y(n) can be written as two
parts y1(n) and y»(n) , which are

yl(”) = x(n+m_1)hreal(N_m+1)

1=z

m=1

(16)

gk

ya(n) = x(n+m—1)himag(N —m +1) - i

m=1

Performing uniform quantization on the filter coefficients, the quantization level is M.
Taking the real part li,05 (N — m + 1) of the filter coefficient as an example, it is quantized
into M levels. The real part of the filter coefficient after quantizing can be expressed as
hl;eal ,k =1,2,...,M, and the number of each level is ”I;eal' After the above operation,
the input digital signal can be preprocessed using binding law to reduce the complexity
of subsequent calculations. Taking h’r‘ea1 as an example, combining the application of

k
real

for nllfeal times of multiplication operations, and accumulate the sum value of the input

multiplication distribution and addition combination can extract the common factor

koo L S L . .
sequence X'l with the same common factor hlfeal is E?fi‘l X, ™. The calculation method is
changed from the accumulative after polynomial multiplication to multiplication after the

. . . o . o
polynomial accumulative, which can get ¥, X, . 1* . Because uniform quantization

is adopted, the filter coefficients after quantization have the following properties

]’lk _ _hM+1—k (17)

real real
The calculation can be further simplified as shown

k M+1-k
Mreal k Mreal M+1—k
1

h]r(eal hreal h real k
)= L X - ) X Mreal (18)
=1 1=1
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In the same way, the calculation results of the second part areas are
nk M+1-k
h ?ma - 1ma g i\r/Ing: . ¢ k .
Y, 8 (n) = Z X, — Z X, | Hiag (19)
In summary, the CDE filter i(n) and the output value y(n) are
N N
hreal(n) {hreal} 0<k<M/2,— \‘2J <n< \‘ZJ
N N
‘ k i B =
Himag(1) € {Hinag -1} 0 <k <M/2, {2J <n< {ZJ
k M+1-k
M/2 Mreal k real M+1—k
hrea hrea 20
]/(TI)Z Z hreal ZX - Z Xl : 20
k=1 I=1 I=1
Lk M1k
M/2 Mimag imag pM+1-k
+ 2 hi(mag Z X 1m38 2 X o i

k=1

The detailed calculation flow for each sample of equalized output is shown in Figure 3.

Z Z Z
X(n) -1 -1 [ T |
Z Z 4
h(n) L h(n-1) h(n-2) h(n-L+1) h(n-L)
n (D) >< Q (u,w(nfl)>< (0~ 2) Dy (= L+1) O (N-L) ><
Xam (M| hey(n): Xum (M=D)f hey(N=1) Xy (M=2) hpy (- 2) Xam(N—L+1)  hey(n— L+1) x(n—L)| hegy(n-L)

imag

(] ® i
N y(n)

Figure 3. Symmetric CQWO-TD-CDE FIR filter architecture.

Next, we will analyze the calculation workload before and after the quantization
of the filter tap coefficients. The computational complexity evaluation is based on real
number adders R,4q and real number multipliers Ry,,. The computational complexity
of subtraction is the same as addition, so subtraction counts as addition in the complex
calculation. Implementing a complex adder C,4q requires two R,4q4, while a complex
multiplier Cp,yy only requires three R,y and five R,q4. The implementation process is

Zy=a+b-i,Zy=c+d-i

Zy-Zy=(a+b)(c—d)+a-d—b-c+(a-d+b-c)-i @

First, analyze the complexity of the TD-CDE. It can be seen from Equation (5) that the
number of filter taps is an odd number N. For each equalized output value, it needs to
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M/2
nRadd =2 (Z(ni(eal+nM+l_k+n}(mag+n%\r/ln—ggl_k) _2> +2'M:4'N—4+2‘M

perform N - Cppy and (N — 1) - C,qq, which are converted into real number multiplication
and real number addition

anul = 3 N nRadd =7-N-2 (22)

From Equation (21), it can be concluded that the times of complex number addition
and complex number multiplication of the TD-CDE after quantization are

real

k=1 (23)

anul =2-M

3. Simulation and Analysis
3.1. Environment

To verify the effectiveness of the proposed algorithm, the software Optisystem 15 is
used to build a coherent optical communication system, and MATLAB components are
used to realize DSP, as shown in Figure 4.

|_ ——————————————— | l- ————————————————— 1 |—= T TS T 5|
| | HlQ |
T ! HIEs |
| I : > PIN B ADC 1P S - |
| v o 90° e gl ol |
! . | ! > = S| I
| IQ Modulation [ ! Mixer NER R R L
| | | PIN B ADC ol | o > @ 3l
| O [ el sl |L o |l
D = B R= = = =)
1B~ @ ~
& gl NN
Il ¢n| |PBS Laser | | peC + b PBS| |PBS 2 g NN & |
| & = HSlel | 22| gl
s =N I [ Q|3
= I = I o Y @ =, Qll
= - | | PIN ADC o = ‘£, 3 @
! 1Q Modulation | I 90° | : 3|83l
| [ ' na Ot HIBLLTLIRI B ] P
| I Mixer 1 = = I
| | @ =} =
| I | > PIN ¥ ADC 4] S I
L | | = |
! | [ R |
———— JERp— ! ————lI\_'T__- =

Figure 4. Coherent optical communication system structure diagram.

The system adopts a square root raised cosine (SRRC) pulse signal generator at the
transmitter and SRRC filter at the receiver for matched filtering. The fiber link is composed
of optical fibers, optical amplifiers (OA), an optical filter, and a loop controller, in which the
span length is 100 km, the noise figure is 6 dB and the gain compensation is 20 dB. ADC
samples the sequence at twice the symbol rate before sending the sequence to the MATLAB
component to complete DSP. Table 1 is the system parameter setting.

Table 1. System simulation parameter.

Parameter Value Parameter Value
Wavelength 1550 nm Chromatic dispersion coefficient 16.5 ps/nm/km
Sequence length 131,072 Group velocity dispersion coefficient 0.2 ps/km
Symbol rate 28 GBaud Laser line width 0.1 MHz
Modulation format QPSK/16QAM Attenuation coefficient 0.2 db/km
Roll-off factor 0.25/1 Signal power 10 dbm

3.2. Result Simulation

In this chapter, we will evaluate the impact of filter tap weight optimization and
coefficient quantization on the performance of CDE in multiple formats compared with
TD-CDE and FD-CDE, such as Equations (2) and (4). The FD-CDE adopts the method
proposed in [7].
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3.2.1. Weight Optimization Performance Analysis

Set the optical signal modulation format to DP-QPSK and DP-16QAM, analyze
the effects of the optical signal to noise ratio (OSNR) to TD-CDE and FD-CDE, with
weight-optimized time-domain chromatic dispersion equalization (WO-TD-CDE), such as
Equation (12). The comparison is mainly reflected in two categories; the first is the longitu-
dinal comparison to three kinds of filters, and the second is the transverse comparison to
the same kind of filter. The control variable method is used to ensure that the simulation
experiment is based on fairness. The variable in the first type of comparison is the CDE
algorithm in DSP, and the variable in the second type of comparison is the length of the
optical fiber link. Each test independently repeats thirty times to reduce random errors, as
shown in Figure 5.

(a) BER curve under DP-QPSK

10 %
~~:§:::ﬂ_ —
) ’@»‘»‘tf 2 T %
b g
. \j LA
& 10 e ]
[S8] ..,‘v S ‘
m “\ .
@ N
N §
R R NN
-M (02) DP-QPSK 1000KM t . 8 & (02) DP-16QAM 500KM| g < T _
V- (04) DP-QPSK 1000KM ~m “¥-(04) DP-16QAM 500KM| . Wee B _

@ (12) DP-QPSK 1000KM S -@-(12) DP-16QAM 500KM WL
-3 (02) DP-QPSK 4000KM A -3 (02) DP-16QAM 700KM ®. "~
- (04) DP-QPSK 4000KM e - 3 | |57-(04) DP-16QAM 700KM

||-©(12) DP-QPSK 4000KM 107 F.5-(12) DP-16QAM 700KM e.. .
8 9 10 11 12 13 14 14 15 16 17 18 19 20 21
OSNR (dB) OSNR (dB)

(b) BER curve under DP-16QAM

Figure 5. The BER performance of the DP-QPSK and DP-16QAM data. We compare the TD-CDE FIR
filter, FD-CDE FIR filter, and WO-TD-CDE FIR filter under different OSNR. (a) Under the DP-QPSK
modulation format, the fiber transmission distance is 1000 km and 4000 km, respectively. (b) Under
the DP-16QAM, the fiber transmission distance is 500 km and 700 km, respectively.

From Figure 5, we can observe that the equalization performance of the filter in
Equation (12) is better than that in Equations (2) and (4), which is more prominent in short-
medium distance transmission and high OSNR, as shown in Figure 5a. The performance
advantage of Equation (12) is greater under the high-order modulation format in Figure 5b.
Therefore, using the second-order Nuttall self-convolution window function to optimize the
weight of the filter coefficients can effectively improve the CDE effect of a short-medium
distance coherent optical communication system, which is also suitable for long-distance
transmission systems under high OSNR.

3.2.2. Coefficient Quantification Performance Analysis

Under different fiber transmission distances, we consider multiple quantization levels
M, compare the CDE performance of the filter in Equation (4) and the filter in weight-
optimized coefficient quantization time-domain chromatic dispersion equalization (CQWO-
TD-CDE), such as Equation (20), and study the dependence of BER on the transmission
distance of several filters and the influence of the quantization level M on the performance
of the filter. In a real link, the signal OSNR is dependent on the link length, and the OSNR
required to reach a certain BER level is analyzed. However, in the simulation experiment
in this article, we consider the difference of BER under the same OSNR. Therefore, we
added the setup OSNR component after the fiber link transmission in the simulation
system to add a defined noise floor level to the signal. Figure 6a,b depict the four filters’
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performance under DP-QPSK and DP-16QAM modulation, with the OSNR of 15 dB and
21 dB, respectively. From the Figure, we can find that as the number of quantization stages
M increases, the filter’s performance in Equation (20) is close to the filter in Equation (4).
To quantitatively analyze the performance loss caused by quantization, we introduce the
quality factor Q, which is defined as the ratio of the difference between the BER before and

after quantization to the BER before quantization. Its expression is

Q = (BERcqwo-tp-cDE — BERTD-cDE) / BERTD-CDE

The larger the Q, the greater the performance loss caused by quantization. Figure 6¢,d
show the relationship between quality factor Q and transmission distance under different

quantization stages M.
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Figure 6. The BER and Q-penalty performance of the DP-QPSK and DP-16QAM data. We compare
the filters of the TD-CDE FIR filter and the CQWO-TD-CDE FIR filter under different transmission
distances. (a) BER curve under the DP-QPSK; the fiber transmission distance is from 500 km to
4000 km, respectively. (b) BER curve under the DP-QPSK; the fiber transmission distance is from
100 km to 800 km. (c) Q-penalty curve under the DP-QPSK; the fiber transmission distance is from
500 km to 4000 km. (d) Q-penalty curve under the DP-16QAM; the fiber transmission distance is

from 100 km to 800 km.
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3.2.3. Coefficient Quantification and Q-Penalty

As we observed in the previous chapter, the Q value decreases and becomes more
stable as the quantization stage M increases. Therefore, we assume that Q deteriorates to
50% as the threshold to verify the required quantization stage M. the modulation formats
are DP-QPSK and DP-16QAM. The transmission distance is 1000 km and 700 km, and
the OSNR is 15 dB and 21 dB, respectively. The rest of the simulation conditions remain

unchanged, and the relationship curve between the quality factor Q and the quantization
stage M is shown in Figure 7.
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Figure 7. The Q-penalty performance of the DP-QPSK and DP-16QAM data. We compare the
filters of the TD-CDE FIR filter and the CQWO-TD-CDE FIR filter under different quantization
stages M. (a) Q-penalty curve under the DP-QPSK, and the fiber transmission distance is 1000 km.
(b) Q-penalty curve under the DP-16QAM and the fiber transmission distance is 700 km.

It can be seen that as the number of quantization stage M increases, the quality factor
Q also gradually decreases. Whether it is in DP-QPSK or DP-16QAM modulation, when
M is greater than 10, the Q value drops below 50%. When M exceeds 18, the Q becomes
a negative number, and it can be seen from Equation (24) that the BER of the CQWO-TD-
CDE is lower than that of the TD-CDE. The higher the quantization stage M, the closer
the performance of the CQWO-TD-CDE is to that of the WO-TD-CDE, which means that

under this condition, the performance of CQWO-TD-CDE exceeds TD-CDE, and Q tends
to stabilize at about —10%.

4. Discussion

This section compares the calculated workload of CQWO-TD-CDE, TD-CDE, and FD-
CDE. When calculating complexity in CQWO-TD-CDE, it is necessary to consider window
function weight optimization. The comparison content for (I) each equalized output
value needs real number multiplication ng_  and real number addition ng_,,; (I) total

amount of calculation in the equalization process about real number multiplication n
and real number addition nI{add. To facilitate quantitative comparison of the calculation

operations between different equalizers, a constant factor 7,1 and 77,44 is introduced, and
the expression is

T
Rmul
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T,

Rinul
. 25)

Raad

_ T

Tmul = 1- anul/ n
T

Nadd =1 andd/n

Here, 1 and 7,44 are the optimizations indexed of the proposed algorithm to
calculate the operands, #, is the real number multiplication calculation, and 7,44 is the
real number addition calculation. The larger #,,, and #,44 , the lower the computational
complexity of the proposed algorithm. nlgmﬂ and ngdd are the total calculation times of real
number multiplication and real number addition in the experimental group (CQWO-TD-

CDE). nlgz ,and nﬁzd are the full calculation times of real number multiplication and real
number addition in the control group (TD-CDE or FD-CDE).

4.1. Comparision of TD-CDE and CQWO-TD-CDE

As analyzed in Section 3, for TD-CDE, the calculation amount of real number multipli-
cation and the addition calculation amount of each equalized sample output depends on
the number of filters taps N. In the CQWO-TD-CDE, the calculation amount of real number
multiplication is only related to the quantization stages M, and the degree of correlation
between the calculation amount of real number addition and the filter taps N is also lower
than that of TD-CDE. Considering different quantization stages M, the quantitative analysis
of the changing trend of #,,,; and 77,44 is shown in Table 2.

Table 2. The degree of correlation between the calculation amount of real number multiplication 7,1
and real number addition 7,44 and quantization stages M.

L/km 500 1000 1500
N 207 415 623
M 8 12 16 8 12 16 8 12 16

Hmul 97.4 96.1 94.8 98.7 98.1 97.4 99.1 98.7 98.3
Nadd 419 414 40.8 424 42.1 419 42.6 422 422

From the analysis in Table 2, we find that when the fiber transmission distance is
fixed, as the quantization stages increase, the computational complexity of the optimized
algorithm will increase slightly. Still, the computation complexity of the real number
multiplication #,, can also reduce by more than 90%. From Section 3, we can see that
the increase in the quantization order can significantly improve the algorithm’s perfor-
mance. When the quantization stage M is fixed, as the transmission distance increase,
the computational complexity of the optimized algorithm decreases. In summary, the
proposed optimization algorithm can greatly reduce the computational workload under
long-distance and large CD conditions. Even considering the performance requirements to
compromise and the quantization stages are set to M = 16, the optimization indexes 7
and 77,44 also show efficient optimization.

4.2. Comparision of FD-CDE and CQWO-TD-CDE

From Section 3, we know that the computational complexity of FD-CDE is proportional
to the size of the FFT block Ngpr In the optical communication system of long-distance
transmission from cost, FD-CDE is far superior to TD-CDE. Therefore, CQWO-TD-CDE
must be compared with FD-CDE to evaluate the replaceability. In the overlap preservation
method, the Nppr size signal block is transformed into the FD through FFT, then multiplied
by the transmission function of the dispersion equalization filter, and then transformed
into the TD through IFFT. An FFT operation includes Nggr/2 - log, Npr times of complex
number multiplication operations and Ngpr - log, Ngrr times of complex number addition
operations. It can be calculated that in FD-CDE, the real number multiplication and real
number addition required for each, equalized, are
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ng_, = 3 (Ngrr - log, Nrrr + Nrr)

(26)
ng .. = 9 Ngpr - log, Nppr + 5 - N1

add

The overlap value in FD-CDE is the key parameter determined by CD. As long as
an integer is greater than the necessary overlap, it can theoretically be used as the Nppr.
However, for different CD values, there is an optimal Ngpr to achieve the optimal calculation
amount of FD-CDE, and as the CD value increases, the optimal Ngpr also increases. The
optimal Nppr used in the experiment comes from [22] The overlap size is specified as half
of the Nppr to simplify the calculation. Considering that the multiplication module is the
most important indicator of the complexity in the digital signal processing module, we
mainly compare the multiplication operations in FD-CDE and CQWO-TD-CDE, as shown
in Figure 8.

70
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Transmisted length (km)

Figure 8. The influence of fiber transmission distance on the optimization performance of real number
multiplication under different quantization stages M.

The results in Figure 8 prove that in long-distance optical fiber communication, the
computational complexity of CQWO-TD-CDE is still better than that of FD-CDE. With the
increase in optical fiber distance, this advantage presents an upward trend. The lower the
quantization level M, the better performance optimization. When M = 8 and the optical
fiber distance is 4000 km, the calculation complexity optimization reaches more than 60%;
even in the short-distance optical fiber communication, such as 200 km, the performance
index is also close to 35%. If weighting the performance requirements, such as setting the
quantization level M = 16, when the fiber distance is 4000 km, the calculation complexity is
also close to 30% optimization.

5. Conclusions

This paper uses a Nuttall second-order self-convolution window with the smallest side-
lobe peak value and the fastest side-lobe attenuation rate. The uniform quantization of tap
coefficients results in a high diversity of real and imaginary parts; a low complexity TD-CDE
for DSP is proposed. Using Optisystem 15 to build a coherent optical communication system
for simulation verification, the following three points have been obtained. (I) Compared
with rectangular windows, a Nuttall second-order self-convolution window is used to
optimize the weight of the TD-CDE filter, which can effectively reduce the effect energy
leakage caused by the truncation effect. (II) Compared with the standard TD-CDE, by using
a Nuttall second-order self-convolution window function to optimize the weight of the filter,
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and then uniformly quantifying the filter coefficient, rationally using the multiplication
distribution law, addition combination law, and the symmetry of the filter coefficients,
while maintaining equalization performance, the demand for multipliers and adders in
the convolutional operation process can be greatly reduced, and it is more suitable for
commercial coherent optical communication systems. The real number multiplication
operation reduces by 99%, the real number addition operation reduces by 43%, and the
performance only reduces by 5% when the quantization coefficient M = 16. (III) From the
analysis of the quality factor Q in Section 3 and the constant-coefficient 7, in Section 4, it
can be seen that in the long-distance optical fiber link, considering the certain equilibrium
performance loss, the proposed CQWO-TD-CDE method can be reduced by more than
60% compared with the commonly used FD-CDE method, and the optimization effect
is highlighted with the increase in the transmission distance, effectively reducing the
complexity of the hardware implementation of commercial coherent receivers.

In general, it has been proven that the proposed equalizer can achieve the double
guarantee of performance and computational complexity. It can become an effective
alternative to FD-CDE in long-distance fiber communication.
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