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The optical orthogonal frequency division multiplexing (OFDM) signal is affected by impairments intro-
duced by electrical filters and optical chromatic dispersion. An enhanced fourth-power algorithm for phase
estimation with frequency separation is used to estimate and compensate the phase rotation of OFDM
subcarriers. The performance of the proposed phase estimation algorithm is evaluated on a 4-Gb/s OFDM
signal at different frequencies. Experimental results using the proposed algorithm show a 1.8-dB received
power sensitivity improvement at a bit error rate of 1x10™* after a 100-km standard single-mode fiber
transmission, compared with the conventional technique.
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Optical orthogonal frequency division multiplexing
(OFDM) has been proposed as a promising solution to
significantly improve transmission performance because
of its high-spectral efficiency and superior resilience
against fiber chromatic dispersion (CD)!"2l. However,
OFDM signal suffers severely from phase noise due to
its long symbol duration!®. In optical OFDM systems,
the phase noise results from the walk-off caused by CD,
leading to deteriorated phase coherence during detection.
Severe phase noise will lead to stronger inter-carrier inter-
ference and phase rotation, which will always dominate
the system performance[‘”.

To date, based on different optical receiver structures,
optical OFDM systems can be categorized as either
direct-detection optical OFDM (DDO-OFDM) or coher-
ent optical OFDM (CO-OFDM)P~7. Relative to CO-
OFDM, the simple structure of direct-detection (DD)
system can be advantageous for the development of low-
cost systems. In CO-OFDM, phase incoherency between
the laser source and the remote local oscillator results in
phase noisel®~1%. However, in the case of DDO-OFDM,
the carrier and the sideband would gradually walk off
with increased transmission length, eventually resulting
in loss of phase coherency[®l. Numerous approaches have
been proposed to estimate phase rotation, either jointly
or individually, in wireless communication systems or co-
herent optical communications, such as pilot subcarri-
ers and RF-pilot® 1112 However, few proposals are put
forward to overcome performance degradation caused by
phase noise in DDO-OFDM systems. Peng et al.'3! ap-
plied a simple Wiener filter to adaptively estimate the
statistically unknown phase noise, which inevitably in-
creased the hardware complexity and greatly reduced the
flexibility for real-time systems. Liang et al.' proposed
an optical OFDM phase shift and compensation method
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in the frequency domain by sending training sequences
and analyzing phase shifts in the DDO-OFDM signals.
However, high-phase estimation accuracy under experi-
mental conditions could not be obtained.

In this letter, we theoretically and experimentally in-
vestigate the effects of impairments on optical OFDM
signal at different frequencies. Based on the frequency
characteristics of the OFDM signal, an enhanced fourth-
power algorithm for phase estimation (FP-PE) with fre-
quency separation is presented[!21%! which is used to es-
timate and compensate for the phase rotation of DDO-
OFDM subcarriers caused by frequency selective fading,
subcarrier-to-subcarrier mixing interference, and other
nonlinear effects('%17), The experimental results demon-
strate that a 4-Gb/s DDO-OFDM signal combined with
the proposed phase estimation algorithm has superior
phase noise tolerance compared with conventional tech-
niques without phase estimation.

Derivation of the mathematical model for the DDO-
OFDM system is described below!!®l. A steady and
monochromatically distributed feedback (DFB) laser is
used as the light source and can be simplified in the time
domain as

C(t) = Ao cos (wot) , (1)

where A, and w, represent the amplitude and frequency
of the optical carrier, respectively. The OFDM signal in
the time domain can be defined as

N
S(t)= (ak cos k2t + by sin k2t), (2)
k=1
where N denotes the number of subcarriers in an OFDM

symbol, ¢t denotes the time, {2 is the first subcarrier fre-
quency, k{2 is the frequency of the kth subcarrier, and
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ay, and by represent the complex symbols of the in-phase
(I) and quadrature (Q) components for the kth subcar-
rier, respectively. The electrical OFDM signal output
is directly modulated on the optical carrier with double
side band (DSB) modulation by an intensity modulator
(IM). After digital-to-analog conversion (DAC) and re-
construction filtering, signal degradation occurs during
digital signal processing (DSP). The signal after OFDM
modulation can be written as

Eout (t) -

N
A, cos (wot) |14+ Z (ar cos k2t + by sink2t)|, (3)
k=1

where v denotes the optical modulation index in the IM
linear range.

The optical OFDM signal being transmitted over a
fiber is mainly affected by the fiber chromatic disper-
sion and polarization mode dispersion, wherein the im-
pairments lead to fre?uency shift, phase shift, and am-
plitude attenuation!!”. After transmission over a z-km
length fiber with the propagation f(w) and the ampli-
tude attenuation Att(z), the optical OFDM signal at the
receiver can be rewritten as

- B+ B
Eout(t) = AoyAtt(z) Zcos (wot A 5 22) X By

k=1
+ Aoatt(2) cos(wot — B32), (4)
where
B B — B2
By, = ay, cos (th — 5 z)
. B — B2
+ by, sin (th — 5 z),

Br = Blwo + k), B2 = Blwo — k), B3 = B(wo).

The square-law photon detector is employed to obtain the
optical-to-electrical (O/E) conversion. The unfiltered
photon electrical current can be expressed as

I=yp |Eout(t)|2
- B+ 8
AoyAtt(z) Z cos (wot - 5 2 z) X By,
k=1

+ 2y AZAtt?(2) cos(wot — [32)

N
Zcos (wot — b ;62 z) X By,
k=1

+ A2Att?(2) cos? (wot — B32). (5)

Given that the square-law photon detector at a certain
bandwidth is insensitive to high-frequency optical OFDM
signal, optical carrier-containing components can be con-
sidered as DC components. The OFDM signal after the
optical band-pass filter (OBPF) can then be expressed

as

I =~2A2Att2(2) [i cos (wot _& ; b z) X Bk} ’

[Z cos (2wot — 761 + 6; + 28 ) x By,

+ZC (51-1-52—2532) ka]

+ AgAtt (2) cos®(wot — B32), (6)

2
I =~2A2At2 (2 <Z Bk> + yA2Att?(2)

[ N
-2
Z By, + Z cos (761 + 6; B z) X By |[+A2Att?(2)
Lk=1 k=1
= yAZAtt?(2)
' N
Zcos(761+62_263z)ka ————— OFDM
Lk=1 2
N 2
+ AL AL (2) <Z Bk) —————————— SSMI
k=1
N
+ AZA2 () (1Y Be 1) m——————— - - DC.
k=1

From the equation above, the output signal contains
three parts: OFDM signal, subcarrier-to-subcarrier mix-
ing interference (SSMI), and DC. The signal is affected
by impairments in the DDO-OFDM system after pass-
ing through electrical filters and a span of fiber trans-
mission. The impairments mainly have three forms: 1)
frequency selective fading (FF) due to electrical filters
and DAC/ADC conversion during electrical signal pro-
cessing; 2) SSMI generated by the beating between
OFDM subcarriers; 3) optical CD, polarization-mode
dispersion, and FF due to symbol delay caused by the
dispersion('®=2%].  Among the three impairments, the
third is the most important factor.

The principle of the optical OFDM system and the
OFDM signal impairments at different locations are
shown in Fig. 1. Figures 1(ii), (iii), (iv), and (v) rep-
resent FF, SSMI, OFDM signal affected by phase shift-
ing, and OFDM signal after photodiode (PD) and ADC
conversion, respectively. From the diagram, the OFDM
signals undergo a phase and amplitude distortion. In
addition, the impairments have different influences on
the DDO-OFDM signal at different frequencies. The
effect of impairments on high-frequency OFDM signals is
greater than that on low-frequency signals because high-
frequency OFDM subcarriers are greatly influenced by
the FF and non-ideal spectrum characteristics of elec-
tronic devices.

The principle diagram of the FP-PE is shown in Fig.
9l9,12, 21?

The received signal comprises data-modulated signal
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and phase noise, and can be written in normalized form
as

r(k) = d(k) expjo(k)], (8)

where 0(k) = 05(k)+ Ay, r(k) is the received signal, d(k)
denotes the amplitude of the received signal, and 0(k) de-
notes the phase of received signal, which is influenced by
the modulated phase 6,(k) and the phase rotation A
caused by phase noise. A is estimated using the follow-
ing procedures: first, the modulated phase 64(k) should
be adjusted to 07 (k), such that four times of 0. (k) can be
cancelled on the basis of 27 phase periodicity. The phase
transformation can be expressed as

T 37 5w Tw
00T T
0.(k) g,w,?’;,zw} ' ©)

4 x (k) C {2m,4m, 67,87}

Afterward, certain continuous symbols are divided into
the same group and raised to the Mth power. For QPSK
modulation, the value of M is 4. The received signal can
be expressed as

s(k) = [r(k)]M = [d(k)]™ exp[4 x 0, (k) + 4 x Ay
(10)

After the continuous symbols are summated, the next
step is to average the real and imaginary vectors of the

summation and subtract 6,,(k) from its average phase.
Finally, the estimated phase A1) can be obtained by di-
viding the average phase with M, wherein

{ 0 (k) = 4579 . (11)

Oo(k) = 170 (k) = A7

. . . ~ .
subcarriers carriers subcarriers ~  carriers
—— —t—y
- noise
r— SSMI
GI iv

iii
Fig. 1. Principle of optical OFDM and signal impairments
at different locations. (i) After OFDM modulation; (ii) after
DAC and filter; (iii) after optical IM; (iv) after fiber transmis-
sion; (v) after O/E detection and ADC. LPF: low-pass filter,
GI: guard intervals.
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Fig. 2. FP-PE algorithm.

A phase adjustment before the phase estimation algo-
rithm occurs; thus, 7/4 must be subtracted from the
estimated phase 6y(k) to restore the signal point to the
previous position. The final accurate estimated phase is
shared by this group of continuous symbols, in which each
input symbol achieves the output phase after subtracting
the final phase estimated from the received signal phase
0(k).

In particular, from the average phase 6, (k), the supe-
riority of the phase estimation algorithm with separated
compensation in accordance to frequency can be clearly
observed. The impairments have different effects on the
DDO-OFDM signal at various frequencies, and a phase
estimation algorithm with frequency separation can ob-
tain higher phase estimation accuracy in the aforemen-
tioned system.

Figure 3 shows the enhanced FP-PE with frequency
separation. At the receiver, the received electrical OFDM
signal should be normalized and separated according to
the OFDM subcarrier frequency. The length of the frame
is L and the number of subcarriers in each frame is N.
Firstly, the subcarriers on all of the frames are divided
into IV large groups according to their frequencies. Sub-
carriers with similar frequencies are classified under the
same group. Secondly, subcarriers with similar frequen-
cies are further divided into smaller L/t subgroups, and
the number of subcarriers in each subgroup is ¢. Thirdly,
the FP-PE algorithm is adopted on the subcarriers of
each subgroup to estimate and compensate the common
phase rotation of the subgroups. When the common
phase rotation of all the subgroups at the first large
group are estimated and compensated, the next step is
to estimate and compensate the phase rotation of other
large groups in a similar manner. Finally, the data signal
should return to the previous position so that the origi-
nal signal can be demodulated correctly.

A particular qualitative conclusion about the chosen
groups can be drawn. The block length t of each sub-
group must not be extremely large or small; a moderate
value is better. The larger the designed value of ¢ is, the
better the effect of averaging phase noise will be. How-
ever, if the value of ¢ is too large, the premise that the
phase rotation of continuous symbols can be regarded as
similar will not be hold true; thus, the phase estimation
accuracy will be affected. Moreover, although the en-
hanced algorithm increases the computation complexity
of the system to a certain extent, the grouped struc-
ture of this proposed algorithm provides a possibility of
parallel processing for multiple grouped blocks, thereby
further improving the system efficiency.

Figure 4 shows the DDO-OFDM transmission sys-
tem with OFDM signal generation, E/O modulation,
optical transmission, O/E demodulation, and received
OFDM signal processing. OFDM modulation is imple-
mented using MATLAB with off-line programming. At
the transmitter, the pseudorandom binary sequence bits
are subjected to OFDM modulation, including serial-to-
parallel conversion, MAP (QPSK modulation), inverse
fast Fourier transform, parallel-to-serial conversion, and
circle prefix addition. The discrete digital signal is con-
verted to a continuous electrical signal by an arbitrary
waveform generator (AWG), which serves as the dig-
ital/analog converter. The electrical OFDM signal is
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Fig. 3. Diagram of the enhanced FP-PE algorithm with fre-
quency separation.

modulated directly on an optical carrier with DSB mod-
ulation over SSMF. At the receiver, the optical OFDM
signal is converted to an electrical OFDM signal after
detection by a PD. The received electrical signal is then
sampled by a real-time oscilloscope and processed off-line
for demodulation, which is the inverse transformation of
the transmitter. In particular, after the transformation
of the fast Fourier transform (FFT), the proposed phase
estimation algorithm is adopted in the received symbols,
and is used to mitigate the impairments of the DDO-
OFDM system with phase noise. Notably, no known
symbols, such as training sequences and pilot subcarriers,
are inserted at the transmitter for channel estimation.
The experimental setup for the DDO-OFDM system is
shown in Fig. 5. In this experiment, the length of frame
is 2000 and the number of subcarriers in each frame is
32, with a cyclic prefix of 4 samples in every OFDM
frame. QPSK is employed for signal modulation. OFDM
modulation of the digital data is implemented off-line
using MATLAB. The required analog electrical signal to
be transmitted is generated by an AWG, with a sam-
ple rate of 10-GS/s signal. The 12.5-dBm output power
light-wave is generated from a commercial DFB laser at 1
565.48 nm and modulated by an analog electrical OFDM
signal to generate the optical OFDM signal through an
optical IM with a bias voltage of 1.66 V. The DFB laser
linewidth is less than 2 MHz. The optical OFDM sig-
nal is amplified to 4 dBm by EDFA1 prior to transmis-
sion. After transmission over a 100-km SSMF-28, the
optical signal is pre-amplified by EDFA2 to 4 dBm and
then filtered through a 1-nm bandwidth OBPF. At the
receiver, the optical OFDM signal undergoes O/E con-
version using a commercial optical receiver with a 3-dB
bandwidth of 10 GHz. The power of the detected opti-
cal signal can be adjusted by a tunable attenuator. The
converted electrical OFDM signal is sampled using the
Tektronix real-time oscilloscope at 3-dB bandwidth of 8
GHz and stored for processing off-line in MATLABI!22],
The electrical spectra of a 4-Gb/s optical OFDM sig-
nal sampled by a real-time oscilloscope are indicated in

Fig. 5. The blue spectrum represents the electrical spec-
trum of the OFDM signal before transmission, whereas
the black spectrum represents the electrical spectrum af-
ter transmission. The OFDM signal is modified after
passing through electrical filters and fiber transmission.
The influence on high-frequency OFDM signals is greater
than that on low-frequency signals. This result proves
that OFDM signal is affected by optical dispersion and
that the effect on optical OFDM signal is relevant to the
subcarrier frequency. Therefore, the optical OFDM sig-
nal phase rotation should be estimated and compensated
separately according to the frequency.

We perform a comparative research on the received
DDO-OFDM signal with and without the proposed phase
estimation algorithm. A comparative analysis of the per-
formances of high-frequency, intermediate-frequency, and
low-frequency OFDM signals is also performed. The
subcarriers are divided into three groups: subcarrier in-
dex varying from 1 to 5 represent high-frequency OFDM
signal, subcarrier index varying from 6 to 10 represent
intermediate-frequency OFDM signal, and subcarrier in-
dex varying from 11 to 16 represent low-frequency OFDM
signal.

Figure 6 shows the errors of OFDM signal at different
frequencies. The received signal constellations at high,
intermediate, and low OFDM signal frequencies when
the received optical power is —27 dBm are also recorded.
OFDM signal errors at different frequencies without the
proposed phase estimation algorithm are shown in Fig.
6(a), whereas the OFDM signal errors at different fre-
quencies with the proposed phase estimation algorithm
are shown in Fig. 6(b). From Fig. 6, subcarriers at
different frequencies can be observed to suffer from phase
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Fig. 4. Principle of DDO-OFDM transmission system. Tx:
transmitter, Rx: receiver.
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Fig. 5. Experimental setup of DDO-OFDM transmission sys-
tem. The electrical spectra of OFDM signals are indicated.
EDFA: erbium-doped fiber amplifier, OBF: optical band-pass
filter, ATT: attenuator, TDS: real-time storage oscilloscope.
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Fig. 6. Errors of the OFDM signal at different frequencies.
The received signal constellations at high, intermediate, and
low OFDM signal frequencies when the received optical power
is -27 dBm are also indicated. (a) Without the proposed phase
estimation algorithm; (b) with the proposed phase estimation
algorithm.
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Fig. 7. Measured BER curves of high, intermediate, and low
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Fig. 8. Curves of the measured OFDM signal BER against
different receiving optical powers. The received signal con-
stellations when the receiving optical power is —27 dBm are
indicated.

rotation at different levels, with the rotary levels of high-
and intermediate-frequency signals being worse than
those of the low-frequency signals. By using the proposed
phase estimation algorithm, the errors of OFDM subcar-
riers at different frequencies are greatly reduced. The
received signal constellations of the three classifications
have become convergent, in which the phase rotation of
subcarriers has been basically corrected.

The bit-error rate (BER) performance of the DDO-
OFDM system with and without the proposed phase es-
timation algorithm is analyzed by monitoring the recep-
tion sensitivity. Figure 7 shows the measured BER per-
formance at high, intermediate, and low OFDM signal
frequencies against different received powers. The solid
lines represent the measured BER performance without
the proposed phase estimation algorithm, and the dotted
lines represent the measured BER performance with the
proposed phase estimation algorithm. The BER perfor-
mance of the OFDM signal varies at different frequencies.
Furthermore, the BER performance of the OFDM signal
at high and intermediate frequencies is worse compared
with that at low frequency. By using the proposed phase
estimation algorithm, the BER performance of OFDM
signal has been improved.

Curves of the measured BER of the OFDM signal
against different received optical powers are shown in
Fig. 8. The received signal constellations when the re-
ceiving optical power is —27 dBm are also recorded. The
BER performance of the OFDM system is improved af-
ter adopting the phase estimation algorithm, in which
the enhanced fourth-power algorithm is observed to be
superior to the original fourth-power algorithm with-
out frequency separation. The required receiving optical
power for the OFDM signal without any phase estima-
tion, with the original four-power estimation, and with
the enhanced four-power estimation algorithm at a BER
of 1x10™% are —24.8, -25.4, and ~26.6 dBm, respectively.
This result indicates a 1.8-dB improvement in the receiv-
ing power sensitivity at a BER of 1x10~4 after a 100-km
SSMF transmission by employing the proposed phase es-
timation algorithm.

In conclusion, an enhanced FP-PE with separated com-
pensation in accordance to frequency is proposed. The
experimental result shows that the proposed phase es-
timation algorithm can obtain better phase estimation
accuracy and higher receiver sensitivity. For the 4-Gb/s
OFDM signal, a 1.8-dB receiving power sensitivity im-
provement is achieved at a BER of 1x10~% after 100-km
SSMF transmission by employing the proposed phase es-
timation algorithm. Our theoretical and experimental
results prove that the algorithm is efficient in estimating
and compensating for the phase rotation of the optical
OFDM signal at all frequency bands. Although the pro-
posed algorithm increases the computational complexity
of the system to a certain extent, this algorithm is also
advantageous in the spectral utilization of DDO-OFDM
systems.
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