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Abstract

Contrary to the other multi-carrier modulation systems, the coherent optical
orthogonal frequency division multiplexing communication system with an
offset quadrature amplitude modulation (CO-OFDM-OQAM) possesses in-
herent imaginary interference (IMI). This has an important impact on the
channel estimation process. Currently, a variety of frequency-domain channel
estimation methods have been proposed. However, there are various prob-
lems that still exist. For instance, in order to reduce the influence of IMI, it is
necessary to insert more guard intervals between the training sequence and
the payload, leading to the occupation of excessive spectrum resources. In
order to address this problem, this work designs a high spectral efficient fre-
quency-domain channel estimation method for the polarization-division-
multiplexing CO-OFDM-OQAM systems. First, the working principle of the
proposed method is described in detail. Then, its spectral efficiency, power
peak-to-average ratio, and channel estimation performance are studied based
on simulations. The simulation results show that the proposed method im-
proves the spectral efficiency without worsening the power peak-to-average
ratio. The channel estimation capability of this method is verified in three
scenarios of long-distance transmissions, including back-to-back, 100 km,
and 200 km transmissions.
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1. Introduction

With the rapid development of communication technologies, multi-carrier mod-
ulation has been a focus of research community. Due to the use of pulse-shaping
filters with good time-frequency characteristics, the orthogonal frequency divi-
sion multiplexing communication system with an offset quadrature amplitude
modulation (OFDM-OQAM) has lower out-of-band energy leakage and higher
spectral efficiency [1] [2] [3]. The combination of coherent optical OFDM-
OQAM and polarization-division-multiplexing (PDM CO-OFDM-OQAM) further
improves the spectral efficiency and transmission capacity [4] [5] [6]. The chan-
nel estimation is a crucial signal processing step in any communication system.
By obtaining accurate information regarding the channel response, the channel
impairments can be effectively inversed. Contrary to the traditional OFDM,
OFDM-OQAM only satisfies the orthogonality condition in the real domain and
does not satisfy the orthogonality condition in the complex domain, resulting in
an inherent imaginary interference (IMI) [7] [8]. This phenomenon affects the
channel estimation process of the OFDM-OQAM systems. Therefore, the influ-
ence of IMI and polarization mode dispersion (PMD) should also be considered in
addition to the influence of chromatic dispersion and noise, especially in case of
PDM CO-OFDM-OQAM [9]. Consequently, the design of channel estimation
algorithms is relatively difficult [10] [11]. Frangois Horlin et al discussed the
feasibility of combining OFDM-OQAM and PDM to enhance the spectral effi-
ciency [12]. Zhaohui Li et al presented the experimental verification of PDM
CO-OFDM-OQAM [13]. However, due to the influence of PMD and IMI, the
channel equalization of PDM CO-OFDM-OQAM is quite different from other
polarization division multiplexing systems [14] [15] [16]. Frangois Horlin et al.
designed a minimum mean square error (MMSE) time-domain equalizer for
PDM CO-OFDM-OQAM [12]. Xi Fang et al. designed and studied a time-domain
channel estimation method for PDM CO-OFDM-OQAM [17]. Nhat-Quang
Nhan ef al. redesigned a sparse pilot structure and used it to estimate the channel
response of PDM CO-OFDM-OQAM [18]. Please note that the common prob-
lem in the three aforementioned methods is that they are all time-domain chan-
nel estimation schemes, which have high computational complexity. Few me-
thods with lower computational complexity that perform channel estimation
and equalization in the frequency domain are also presented. Xi Fang et al. pro-
posed two frequency-domain channel estimation methods for PDM CO-OFDM-
OQAM [19], using half-loaded and full-loaded pilots, respectively, for perform-
ing channel estimation. Under the same transmission conditions, the full-loaded
method shows better channel equalization characteristics. In [20], Bangjiang Lin
et al. applied the above two methods to PDM OFDM-OQAM for the intensity
modulation-direct detection.

It is evident from the aforementioned analysis that the channel estimation
methods of PDM CO-OFDM-OQAM are divided into two categories, ie., the
time-domain methods and the frequency-domain methods. The time-domain

methods have high computationally complexity and are difficult to use in prac-
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tical environment. There are two frequency-domain methods, Ze., half-loaded
method and full-loaded method. Under the same transmission conditions, the
full-loaded method shows better channel equalization characteristics. The tradi-
tional full-loaded methods either use the real pilot-based interference approxi-
mation training sequences (IAM-R) [19] or the complex pilot-based enhanced
IAM (E-IAM-C) [18]. Please note that the frequency-domain channel estimation
methods presented in literature suffer from two problems, including more null
subcarriers need to be inserted to form the guard interval, and the spectral effi-
ciency requires further improvement. The peak-to-average power ratio (PAPR)
of the training sequence is ignored. In this work, a high spectral efficiency fre-
quency-domain channel estimation method for PDM CO-OFDM-OQAM is de-
signed. In the proposed method, a data frame is composed of a training sequence
and a payload, and the training sequence for each polarization branch requires
only four frequency-domain symbols. In contrast, other frequency-domain es-
timation methods require at least six frequency-domain symbols, thus the spec-
tral efficiency is improved. The real-valued pilot is a random sequence, which
does not make the PAPR of the signal worse. In order to verify the effectiveness
of the proposed method, a numerical simulation platform for PDM CO-OFDM-
OQAM is also designed in this work. Subsequently, its channel estimation per-
formance in amplified spontaneous emission (ASE) noise channels and real opt-
ical fiber channels is studied. Finally, the channel estimation and equalization
capabilities of different methods are compared. The experimental results show
that the proposed method still has a very good channel equalization perfor-

mance even for nonlinear optical fiber channels.

2. The Modulation and Demodulation Principle of PDM
CO-OFDM-0QAM
Figure 1 shows the working principal diagram of PDM CO-OFDM-OQAM. We

denote the baseband signals transmitted in the x-polarized and y-polarized states

as s, (t) and s, (t), respectively. These signals are mathematically expressed

as follows:
Ny M-1 jommb[ XMy ) men-2mn
2
s,(t)=>.> a ,,0(t—nz,)e ( )e 2
n=1m=0 (1)
Ns M-1 jZﬁmfo(t—$T5) j”%*z"‘”
s, (t)= a,,.9(t—nz)e
n=1 m=0
PBC: polarization beam combiner PBS: polarization beam splitter
1:.: IOI:I
T . N "
e 1Q Sy ¥, | Coherent \(‘ >
X o » Modulation - | Receiver 0, > RX
. ~. » -] . M - ¢
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. » Fiber Channel > . -
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Figure 1. The working principal of PDM CO-OFDM-OQAM.
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where, g(t) represents the pulse-shaping filter, a and a represent

the real-valued signals transmitted through the x and y polarizeii states at the
time-frequency grid point (m,n). The total number of subcarriers is A4 the in-
terval between the adjacent subcarriers is f, =1/T, and 7 represents the time
duration of one OFDM-OQAM complex symbol. T, represents the time-domain
sampling interval and K represents the overlap factor of g(t).

When the time-domain waveform passes through the optical fiber channel, it
is affected by the dispersion, PMD, and ASE noise. This work uses h,, h ,

h,,,and h, to represent the channel impulse response of polarization division

XX 2

multiplexed optical fiber channel. Here, h,, and h, represent the dispersion-

XX

induced impulse responses of the x-polarized and y-polarized states, respective-

ly, hXy
y-polarized state caused by the PMD, and h, represents the polarization

represents the polarization crosstalk from the x-polarized state to the

crosstalk from the y-polarized state to the x-polarized state caused by the PMD.
When the optical signal passes through the fiber channel, the received signal is

mathematically expressed as follows:

M (t) _ hxx hyx Sy (t) W,y (t)
LmHhxy thsymeya)}‘ @

In Equation (2), W, (t) and w, (t) represent the additive complex noises
that are added in the transmitted signal in the x and y polarized states, respec-
tively,and ® denotes the convolution operation.

After photoelectric conversion, the received signal also needs to recover the
data carried by the sub-carriers based on the analysis filter bank (AFB) and fast
Fourier transform. Using the orthogonality condition in the real domain, the

demodulated signal at (m, n) is obtained as follows:

_ m+p,n+q
rx,m,n - Hxx,m,na‘x,m,n + (p,q)z¢(0,0) Hxx,m+p,n+qax,m+p,n+q m,n
m+p,n+q
+ H yx,m,nay,m,n + (p,q)§(0,0) H yx,m+ p,n+qay,m+ p,n+q>m,n > (3)
+Wx,m,n
_ m+p,n+q
I’y'm,n - H yy,m,nay,m,n + (p,q)Z;t:(O,O) H yy,m+p,n+qay,m+p,n+q m,n
+HX mnaxmn+ z HX m+p,n+ aXITH- n I'rl':];p'n+q 4 (4)
R O = (X0 Rt
AW, n
where, H, .., Hy .. Hyna-and Hy, o represent the Fourier transforms
of h,, h,, h,,and h,, ie, the channel frequency responses.

M p,n+g :<gm'n,gm+p'n+q>:J’j:gmyn(t)g;wmq (t)dt represents the IMI coeffi-

cient. The fiber channel is a slow time-varying channel, and the following rela-

tionships are established: H ~H H ~H

XX,m+p,n+q XX,m,n > yy,m+p,n+q yy,m,n >
Hyymipnrg & Hymn>and Hyoooo o2 Hy, oo At the same time, the parameters
a&'?nn and a(y')m , are introduced to represent the IMI of the adjacent carrier

data in the x and y branches at the time-frequency grid point (m,n), respec-

tively, and are mathematically expressed as follows:
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X,M+p,n+q <gm,n’ gm+p,n+q>
> (5)

alna= 2 a
(P.a)es
ag/l,)m,n = z ay,m+p,n+q <gm,n ! gm+p,n+q>
(P.a)<s
where, Q(*u) =Q —(0,0) represents the first-order nearest neighbor region
of the time-frequency grid point (m,n). Substituting Equation (5) into Equa-

tion (3) and Equation (4) and rewriting it into matrix form, we obtain:

rx,m,n Hxx,m,n ny,m,n a)(,m,n + a)((l}n,n Wx,m,n
“IlH, H O |Tlw | (©)
ry,m,n Xy,m,n yy,.m,n ay,m,n + ay,m,n y,m,n
It is evident from the aforementioned expression that in order to obtain the

demodulation information from each subcarrier, the following operations are

|:éxmn:| R |:hXan hmen:|l|:erﬂ:| (7)

M =Req] T o H

y,m,n hxy,m,n hyy,m,n ry,m,n

3. A High Spectral Efficient Frequency-Domain Channel
Estimation Method

performed:

Q>

In order to further improve the spectral efficiency, this work proposes a fre-
quency-domain channel estimation method with high spectral efficiency and
low PAPR based on the modulation and demodulation principle of PDM CO-
OFDM-OQAM. The flowchart of the process is presented in Figure 2. Figure 3
shows the training sequence and the corresponding frame structure.

First, at the transmitter’s end, the training sequence and the payload form a
data frame, and a baseband transmission signal is generated based on this data
frame. Figure 3(a) presents the training sequence of the proposed method. The
training sequences of x-polarized and y-polarized states occupy four frequen-
cy-domain symbols, and the real-valued pilots are placed in the 2nd and 3rd
frequency-domain symbols. The even-numbered sub-carriers of the x-polarized
state are not zero, and all the odd-numbered sub-carriers are zero. On the con-
trary, the odd-numbered sub-carriers of the y-polarized state are not zero, and
all the even-numbered sub-carriers are zero. Please note that the guard symbol is
inserted before and after the real-valued pilots. The frame structure of the two
polarization branches is shown in Figure 3(b). For convenience, we denote the
transmission training sequence in the x-polarized direction as [z, p,y, P,,.Z],
and the transmission sequence in the y-polarized direction as [Z, Pyis pyz,z].

These transmission sequences satisfy the following conditions:
pxl,Zm,n * O’ px1,2m+l,n :0’ pyl,Zm,n = 0’ py1,2m+1,n * 0 ) (8)
px1,2m‘n = pr,Zm,n’ pyl,2m+1‘n = _py2,2m+1,n > (9)

We use the superscripts (1) and (2) to represent the time positions of the two
real-valued training symbols. Now, the received pilot signal is obtained accord-

ing to Equation (6) as follows:
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Figure 2. The flowchart of the method proposed in this work.
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Figure 3. The pilot structure diagram of the method proposed in this work.
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s f‘n,n = Hxx,m,n ( px2,m,n + pf(iz),m,n ) + ny,m,n ( py2,m,n + pf/iz),m,n)+ W)(<2)
: ) , (A1)
ry,zm,n = ny,m,n ( px2,m,n + pilz),m,n ) + H yy,m,n ( pyz,m,n + pgllg,m,n ) + W§/2)

As discussed, the pilot frequencies Py, Py, Py;, Py, satisfy the conditions
presented in Equation (8) and Equation (9). Therefore, Equation (10) can be re-

written as follows:

rx(,lz)m,n = H Xx,2m,n ( pxl,Zm,n + pf(il),Zm,n ) + H yx,m,n ( pglil),Zm,n)

r><(,12)m+1,n = Hxx,2m+l,n ( p>(<i1),2m+l,n ) + H yx,2m+1,n ( pyl,2m+1,n + pglil),Zm,n) (12)
RO — +o®  \iH 0) ’
y,2m,n Xy,2m,n pxl,Zm,n pxl,Zm,n yy,m,n pyl,Zm,n

r-y(,lgmérl,n = H Xy,2m+1,n ( p>(<il),2m+1,n ) + H yy,2m+1,n ( py1,2m+1,n + pglil),Zm,n)

Similarly, Equation (11) can be rewritten as follows:

I’><(,22)m,n = Hxx,Zm,n ( px2,2m,n + piiZ),Zm,n ) + H yx,m,n ( p(in),Zm,n)

r><(,22)m+1,n = Hxx,2m+1,n ( p>(<i2),2m+1,n ) + H yx,2m+1,n ( py2,2m+1,n + pgfig,Zm,n) (13)
r)f,zz)m,n = ny,Zm,n ( px2,2m,n + p>(<I2),2m,n ) +H yy.m,n ( pgllz),Zm,n)

r)g,zz)ma-l,n = H Xy,2m+1,n ( p>(<I2),2m+1,n ) + H yy.2m+1,n ( py2,2m+1,n + p(ylz),Zm,n)

According to the modulation and demodulation principle of OFDM-OQAM,

+p,n+q

it can be proved that the pattern of IMI coefficient ¢ has the following
symmetry:

m

i-)"s -ip i(-1)"s
-i(-0)"7 a,, i(-D)"7 | (14)
i-)"s ip i(-1)"s
As discussed earlier, the real-valued pilots satisfy Pzmn = Pyzamns
Py12miin = —Py2.2men - Based on the symmetry of Equation (9) and Equation

(14), it can be proved that the imaginary interference of real-valued pilot satisfies

the following conditions:
piil),Zm,n == p>(<i2),2m,n’ piil),2m+1,n = p£i2),2m+1 > (15)
pg/il),Zm,n == py%,Zm,n ’ pgjl),2m+l,n == pgliZ),Zerl > (16)

The following relationships are obtained by substituting Equation (15) and
Equation (16) in Equation (12) and Equation (13):

K+ Homn = Hooomn 2Pt omn » (17)
Emetn = W omen = Hycamean 2Pyt omenn o (18)
K mn * 1 om0 = Hogzma 2 Pz (19)
ry(,lgmu n= ry(,22)m+1,n =H 2m102Pyromian > (20)
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It is evident from the aforementioned equations that the channel frequency

response coefficient can be estimated by the following equations:

(O] (2) ® ()
_ 2mn T Namn _ My 2men ~ X 2metn
xx,2m,n v hyx,2m+,n T
2px1,2m,n 2py1,2m+1,n (21)
(6] (2) o (2) ’
_ r-y,2m,n + ry,Zm,n _ r-y,2m+1,n - r-y,2m+1,n
xy,2m,n v lyy2m+ln T
2 px1,2m,n 2 pyl,2m+1,n

The channel response coefficients for other even and odd subcarrier positions
are calculated by using the interpolation method.

Finally, in order to lessen the influence of noise and interference, this work
uses intra-symbol frequency-domain average (ISFA) for further improving the
channel estimation accuracy, ie., the ISFA channel estimation value of each fre-
quency point is equal to the average of k points before and after this point. The
channel frequency response after the ISFA is expressed as follows:

5[]
(] = mnk (22)

m JisFa min(m,,,,,m’+ k) —max(m,;,,m' —k) +1’

where, [hrﬁ"L] represents the least squares channel estimation value of the mth
subcarrier. m,, and m_ represent the maximum and minimum number of
effective subcarriers. The ISFA is repeated for the channel estimation values. Af-
ter several cycles, the channel estimation accuracy is further improved. After the
optimization of the channel frequency response is completed, the original in-
formation of all the payloads is recovered based on the operation presented in

Equation (7).

4. Experimental Results and Discussion

In order to verify the channel estimation ability of the method proposed in this
work, a numerical simulation platform for the CO-OFDM-OQAM communica-
tion system is built. The specific configuration is presented in Figure 4. The
time-domain sampling rate of the system is set to 20 G samples/s. The total
number of subcarriers (the size of the Fourier transform) is 512, the modulation
format is 16-QAM, and the center frequency of the laser is 193.4 THz. At the
transmitter’s end, the binary bit sequences transmitted in the x and y polarized
states are first generated. Then, two electrical signals are generated after the ap-
plication of offset-QAM modulation, inverse fast inverse Fourier transform, and
synthesis filter banks, respectively. The laser at the transmitting end generates
two beams of orthogonal polarizations by using a polarization beam splitter and
modulates the optical carrier with the x and y electrical signals in the Mach-
Zehnder modulator, respectively, for generating the x and y polarized optical
signals carrying the data. Then, these two signal lights are combined by the pola-
rization beam combiner and transmitted via the optical fiber link. At the receiv-
er’s end, the received optical signal is first decomposed into two optical signals x

and y by using the polarization beam splitter and after mixing with the beam
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Figure 4. The numerical simulation configuration of PDM CO-OFDM-OQAM. The inset shows its electrical and optical spec-
trum. LO denotes the local oscillator laser and LPF denotes the low-pass filter.

emitted by the local oscillator laser, the signals enter the balanced detector for
generating two electrical signals. The electrical domain digital signal processing
includes AFB, Fourier transform, offset-QAM demodulation, channel response
estimation and equalization. Finally, the binary bit sequence transmitted by the
two branches is obtained and the bit error rate is computed.

In this work, we first calculate the PAPR values of PDM CO-OFDM-OQAM
by using different channel estimation methods. These PAPR values are obtained
by measuring the ratio of the peak power to the average power of the time-domain

samples, and are mathematically expressed as follows:

max(|s(t) ﬂ} (23)
Efls®)F] |’

where, S(t) represents the sampling point of the transmission signal in time

Reapr =1010gy, {

and E[-] represents the expectation operator. Since PAPR varies randomly
between OFDM-OQAM symbols, a better metric for the multi-carrier signals is
complementary cumulative distribution function (CCDF), ie., the probability
when the PAPR exceeds a given threshold. If the threshold is expressed as T, ,
the CCDF is expressed as Fecpr =1— Prob(Rper <T,) . The results obtained af-
ter averaging the x and y polarized states are shown in Figure 5. The figure
clearly shows the change in the PAPR performance of the system before and af-
ter inserting the training sequences. The results show that E-IAM-C has the
greatest impact on the PAPR performance of the system, whereas the proposed
method has the least impact. The IAM-R method has almost the same impact on
the system as the half-loaded method. The figure also shows the number of
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Figure 5. The complementary accumulation function used to represent the PAPR per-
formance of different channel estimation methods for PDM CO-OFDM-OQAM.

frequency-domain symbols that the training sequence of each method needs to
occupy. The training sequence on each polarization branch of the IAM-R me-
thod and the half-loaded method occupies six frequency-domain symbols, the
E-IAM-C method occupies eight frequency-domain symbols, and the method
proposed in this work only occupies four frequency-domain symbols.

Now, we investigate the channel estimation performance of the proposed me-
thod in back-to-back (BtB) case. The corresponding results are presented in Fig-
ure 6. The figure shows the correspondence between the system bit error rate
(BER) and the OSNR. It is evident that in case of optical BtB, when the OSNR is
less than 23 dB, the BER of this method after 6 cycles of ISFA is better than that
of the TAM-R method. When the OSNR is less than 27 dB, the BER after 8 cycles
of ISFA is better than that of the IAM-R method. In the OSNR range under in-
vestigation (10 dB - 30 dB), the BER of the proposed method after 10 cycles of
ISFA is always better than that of the IAM-R method.

The channel estimation performance of the proposed method in this paper
after 100 km and 200 km standard single-mode fiber (SSMF) transmission is
shown in Figure 7. Please note that in this work, the fiber nonlinearity is not
considered temporarily. The fiber dispersion coefficient is considered to be 16
ps/nm/km and the differential group delay (DGD) is set to 5 ps/km'?2 In case of
100 km optical fiber transmission, when the OSNR is less than 23 dB, after 6
cycles of ISFA, the BER of the proposed method in this work is better than the
IAM-R method. In the OSNR range of 12 dB to 25 dB, after 8 cycles of ISFA, the
BER of the proposed method in this work is always better than that of the
IAM-R method. If the fiber length is increased to 200 km, when the OSNR is less
than 21.5 dB, the BER of the proposed method is better than that of the IAM-R
method after 6 cycles of ISFA. When the OSNR is less than 22.5 dB, the BER af-
ter 8 cycles of ISFA is better than that of the IAM-R method.
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An important difference between the fiber and wireless channels is the nonli-
nearity of the fiber, which can lead to physical impairments, such as self-phase
modulation, cross-phase modulation, and four-wave mixing, etc. However, the
authors in [16] [17] did not consider the nonlinearity of the fiber. In the pre-
vious stage of research, this work compared the channel estimation capabilities
of different methods in the linear fiber channels by ignoring the nonlinearity of
the fiber. The last part of this work focuses on the channel estimation perfor-
mance of the proposed method in nonlinear fiber channels. Figure 8 shows the
correspondence between the BER and fiber input power after 100 km SSMF
transmission. The damage caused by the nonlinearity of the fiber is described by
the nonlinear refractive index (2.6 x 1072 m?/W). The EDFA introduces ASE
noise with a noise index of 4 dB. The 7% hard-decision forward error correction
code limit is marked with a dashed line in the figure and noted in text. The
transmission of an optical signal in a dispersive and nonlinear SSMF was simu-

lated by solving the coupled nonlinear Schrodinger equation using the split-step
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Figure 6. The BER performance of different channel estimation methods in the case of
optical BtB.
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Figure 7. The BER performance under different channel estimation methods after SSMF transmission: (a) 100 km, (b) 200 km.
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Figure 8. The bit error rate performance of the proposed method in this work for the
nonlinear optical fiber channels.

Fourier method [21]. The nonlinear fiber channels generate two noises, includ-
ing ASE noise and nonlinear interference. As shown in Figure 8, when the input
power is relatively small, the received signal quality is mainly limited by the ASE
noise. As the input power increases, the nonlinear interference begins to domi-
nate and severely degrade the quality of the received signal. At the optimal input
power, the BER is minimal. As the number of ISFA cycles increases from 1 to 3,
the BER performance of the proposed method becomes better, and the corres-
ponding optimized input powers are equal to: —2 dBm, —3 dBm, and -1 dBm,
respectively. These results demonstrate that the proposed method provides effi-

cient channel estimation capability in both linear and nonlinear fiber channels.

5. Conclusion

This work proposes and studies an improved frequency-domain channel estima-
tion method for PDM CO-OFDM-OQAM systems. The main advantage of this
method is that only four frequency-domain symbols are required for the training
sequence of each polarization branch. As compared with the interference ap-
proximation method using real-valued pilots (IAM-R), the number of symbols
occupied by the training sequence is reduced by 33.3%. As compared with the
E-IAM-C method using complex pilots, the number of symbols occupied by the
training sequence is reduced by 50%. This significantly improves the spectral ef-
ficiency. Moreover, in the proposed method, the real-valued pilot is a random
sequence, which does not make the PAPR of the signal worse. The channel esti-
mation capability of the proposed method is verified quantitively in an actual fi-
ber channel by considering the effects of fiber dispersion, polarization mode
dispersion, and nonlinearity. The results show that the proposed method achieves
better BER performance even for nonlinear fiber channels. The method pro-
posed in this work provides a useful reference for the research and development
of short-distance fiber communication systems based on OFDM-OQAM.
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