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where and are transmitted and received signal respec-
tively, is the transfer function for theth subcarrier, is
the phase drift of theth OFDM symbol, and is the white
Gaussian noise with zero-mean. The transfer functions of the
subcarriers in opticalÞbers are treated as static within one
OFDM frame and obtained by using a training sequence in the
preamble. Since the OFDM symbol used has a period of 36 ns
and the laser sources both have about 20-kHz linewidth in our
experiment, the phase drift within one OFDM symbol can be
considered as constant and common to all the subcarriers.

From Fig. 1(b), the channel model for theth subcarrier in
the th OFDM symbol can be expressed as

(1)

(2)

where captures the group velocity delay fromÞber chromatic
dispersion, presumably a quadratic function of subcarrier fre-
quency . The group velocity delay consists of a zeroth-order
dc term , a linear term proportional to the time delay of the
Þrst subcarrier , and a quadrature term proportional to theÞber
chromatic dispersion in the unit of picoseconds/picometers.

is the optical carrier frequency.
As shown in (1), within theth OFDM symbol, the laser phase

drift is common to all the subcarrier but the Gaussian noise
is different for each subcarrier. Therefore, theÞrst step of

pilot-aided phase estimation is to compute the phase angle dif-
ference between the received and transmitted pilot subcarriers.
Then the laser phase drift of each OFDM symbol is obtained by
averaging the phase difference across all the pilot subcarriers.
The estimated phase drift of theth OFDM symbol can be for-
mally written as

(3)

where is the phase angle of the information symbol,
is the known transmitted pilot subcarrier, and is the number
of pilot subcarriers. After the and are acquired, in
(1) can be estimated based upon the received symbol. The
estimated , denoted as , can be expressed as

(4)

where is the conjugate of the estimated transfer function of
the th subcarrier. The estimated transmit symbol is ready
for OFDM symbol decision and BER calculation.

We deÞne the phase estimation using data subcarriers as data-
aided phase estimation. The channel model remains the same as
(1). The th-power-law method isÞrst used to remove the data
modulation [7] and the residual phase angle consists of phase
drift and Gaussian phase noise. After averaging across all the
subcarriers in theth OFDM symbol, the estimated phase drift
can be written as [3]

(5)

Similar to pilot-aided phase estimation, (4) is then used to
obtain the . Because of the phase ambiguity associated with
the th-power-law method, the error of phase estimation by (5)
can be signiÞcant when the phase noise is strong. Consequently,
the estimated transmit symbol is not accurate. However, the
accuracy of can be improved by iteration. A new is es-
timated by substituting with in (5). A new is then
obtained in (4) by using the new .

The advantage of pilot-aided phase estimation is apparent in
(3), namely, it does not suffer from phase ambiguity. Therefore,
it can achieve accurate phase estimation even with a very noisy
signal. On the other hand, conventional data-aided phase estima-
tion suffers from phase ambiguity as a result of multiple levels
of data signals. Differential encoders and decoders are gener-
ally added to resolve the phase ambiguity, but the effects from
random noise cannot be completely avoided [7]. Therefore, the
performance of data-aided phase estimation is degraded while
its implementation complexity is increased because of the need
for multiple-iteration of phase estimation.

III. PHASE ESTIMATION FOR CO-OFDMAND RESULTS

We apply pilot-aided and data-aided phase estimation to a
1000-km CO-OFDM transmission experiment and the details
of the experimental setup can be found in [8]. In the experiment,
128 QPSK modulated OFDM subcarriers are converted into
time domain by inverse FFT (IFFT) in a Matlab program. The
preamble and guard interval are subsequently inserted into
one OFDM frame, which has 400 OFDM symbols as shown
in Fig. 1(a). The resultant digital sequence is uploaded into
an arbitrary waveform generator at 4 GSa/s to produce the
real-time OFDM signals. A single MachÐZehnder modulator
biased at zero output is driven to produce 128 QPSK subcarriers
with certain constraints [5], which corresponds to a bit rate of
8 Gb/s. Therefore, one OFDM symbol has a time duration of
36 ns, including 4-ns guard interval. The transmission length
in a recirculating loop is equivalent to 1000-km transmission
over SSMF. At the receiver side, the optical OFDM signal is
coherently down-converted into the RF domain. The RF OFDM
traces are acquired with a real-time sampling scope at 20 GSa/s.
The acquired traces are processed with another Matlab program
as an OFDM receiver, which performs frame synchronization,
channel estimation, phase estimation and compensation, and
data decision. Pilot-aided and data-aided phase estimation are
both realized according to the theory in Section II. In this
experiment, the optical power into opticalÞber is limited to
about 10 dBm to avoidÞber nonlinearity, and the polarization
of the receiver laser is manually aligned to the incoming optical
signal. The nonlinearity and polarization diversity detection
will be further investigated in our ensuing experiments.

Fig. 2 shows the phase estimation and compensation results
for one OFDM frame after 1000-km transmission with 9.9 dB
received OSNR. The bold curve (a) shows the result of pilot-
aided phase estimation, namely, the symbol phase driftin
(3). After phase compensation by (4), we can calculate the indi-
vidual subcarrier phase noise as , illustrated
by the bold curve (e). From the curve (a) and (e), the pilot-aided
phase estimation only needs to be carried out once and the phase
drift is fully compensated, which is demonstrated by theßat
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Fig. 2. OFDM symbol/subcarrier phase noise evolution versus time. The cir-
cles indicate the disappearance of the phase kinks after the phase compensation.
PA: Phase-aided. DA: Data-aided.

phase noise evolution curve (e) only showing random noise. On
the other hand, the symbol phase drift of data-aided phase es-
timation in (5), as shown by the thin curve (b), clearly deviates
from pilot-aided phase estimation, which is caused by phase am-
biguity, particularly manifested as the occasional phase kinks.
Similarly, we can calculate the individual subcarrier phase noise
as after phase compensation by (4). As a
result of phase ambiguity, the phase noise evolution curve (c)
shows residual phase drift and phase kinks. For the data-aided
method, after one iteration of phase estimation and compensa-
tion, some phase kinks indicated by the small circles of the curve
(c) are eliminated, which means less symbol decision errors.
The residual phase drift can be further reduced for a better BER
if we iterate phase estimation and compensation as shown by the
curve (d). This is because the phase compensation of the last
iteration reduces the BER and improves the phase estimation
accuracy for the next iteration. We find four iterations are ade-
quate to obtain the minimum BER since further iteration cannot
improve phase estimation accuracy. However, this is still more
complex and requires more computation power in comparison
with pilot-aided phase estimation.

Although pilot subcarriers are effective for phase estimation,
they have the disadvantage of consuming useful bandwidth. It
is important to find the minimal number of pilot subcarriers
to maintain sufficient performance. Fig. 3(a) shows the exper-
imental BER performance as a function of number of pilot sub-
carriers at three different OSNRs after 1000-km transmission. It
can be seen that five pilot subcarriers are adequate for the phase
estimation because the BER performance is barely improved be-
yond five pilot subcarriers.

Based on the result in Fig. 3(a), we use five pilot subcarriers
for CO-OFDM system performance evaluations. Fig. 3(b)
shows the BER results of 1000-km transmission after applying
the phase estimation. With pilot-aided phase estimation, the
BER performance after transmission shows about 1-dB OSNR
penalty at BER of . However, if data-aided phase estima-
tion with four iterations is employed, the BER performance
degrades over 0.5 dB either for the back-to-back or 1000-km
measurements in comparison with the pilot-aided phase esti-
mation. Our approach using a small number of pilot subcarriers
enhances the performance of CO-OFDM systems compared
with data-aided phase estimation. This advantage will be more
significant if we employ 8-ary PSK and beyond.

Fig. 3. (a) BER performance versus number of pilot subcarriers; (b) BER
performance of 1000-km transmission. DA: data-aided, PA: pilot-aided, B2B:
back-to-back.

IV. CONCLUSION

In this letter, we have presented phase estimation and com-
pensation methods for a CO-OFDM transmission experiment
with a nominal data rate of 8 Gb/s over 1000-km SSMF without
optical dispersion compensation. The OSNR penalty is found to
be about 1 dB at BER of . By using pilot-aided phase es-
timation, the system performance can be improved over 0.5 dB
in comparison with data-aided phase estimation. We have also
shown that as few as five pilot subcarriers are sufficient for
pilot-aided phase estimation.
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