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Abstract: We propose a full transmission link chromatic dispersion (CD) estimation
technique for polarization-multiplexed coherent optical single carrier system using data-
aided channel estimation and least square quadratic fit. New training sequences based on
Chu sequence and Golay complementary pair are designed and compared for estimation
performance against the ideal full-level Chu sequence for both QPSK and 16-QAM systems.
The proposed technique is demonstrated in a 40-Gb/s coherent polarization multiplexed
optical system over 2080-km fiber transmission for QPSK format and 80-Gb/s system over
1800-km fiber for 16-QAM format to verify its accurate and robust estimation performance.

Index Terms: Chromatic dispersion (CD), data aided, channel estimation.

1. Introduction
For next-generation optical networks, coherent receiver and digital signal equalization has been
considered as the technology of choice. One of the most dominant impairment in optical trans-
mission, namely, chromatic dispersion (CD), can now be fully equalized using frequency-domain
equalization once the total dispersion in the transmission line is estimated. As CD is equalized using
digital signal processing (DSP), there is a need to accurately estimate this parameter at the ini-
tialization stage of the receiver. This can be done by using either blind or data-aided method [1]–[5].
Blind estimation typically uses gradient algorithm and has been shown to be very slow on conver-
gence speed and has singularity problem [3], [4] while data-aided method uses training sequences
and is faster and more robust [2]–[5]. Since CD is a static channel impairment and only needs to be
estimated once, it is more desirable to use data-aided method. Previous work on data-aided CD
estimation used constant amplitude zero autocorrelation (CAZAC) Chu sequences [2], [3], which,
while offering theoretically best performance, require high-resolution modulators especially for long
sequences. Thus, short sequences are used in [2] and [3], which limit the solution space to a small
amount of CD, and multiple estimations are used to find the best fit. We previously propose the use
of Golay sequences for CD estimation in single polarization systems using autocorrelation property
[6] and under space time block code scheme for polarization-multiplexed (PolMux) systems [5]
using complementary spectral property, which also provide theoretically best estimation perfor-
mance. By using Golay sequences, full transmission length channel estimation is possible, and
single-stage estimation based on unwrapped phase response and least square quadratic fit can be
used to estimate CD without prior knowledge of the transmission link. The method has been
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demonstrated in QPSK systems for over 2000-km transmission with good results. However, a
comparison with standard Chu sequences in CD estimation, as well as estimation performance with
different sequence lengths, has not beenmade, and the sequences used in [5] are only customized for
QPSK modulator. As the trend for designing next-generation network is now shifting to 16-QAM
systems, it is desirable to develop data-aided channel estimation andmonitoringmethodswith training
sequences designed specifically for 16-QAM system and beyond.

In this paper, we present, using experiments and simulations, full transmission link data-aided CD
estimation method for both QPSK and 16-QAM systems using new modulation-format specific
training sequences, namely, Golay sequences and quantized Chu sequences aided by single-stage
quadratic-fit interpolation. The new modulation-format specific sequences will ensure easy
integration into QPSK and 16-QAM commercial modulators without the need for high-resolution
digital-to-analog converter (DAC) unlike the case with the ideal full-level Chu sequence. Theory and
simulations on different sequence type, their lengths, and their performances are presented. The
method is demonstrated in experiments for QPSK system over 2080 km and 16-QAM system over
1800-km transmission length, and the experimental results are consistent with simulations, which
verify the good performance of the proposed new training sequences against the traditional CAZAC
Chu sequence.

2. Data-Aided Channel Estimation and CD Estimation

2.1. Channel Estimation
As proposed in [7], optical channel in PolMux systems can be modeled as a 2 � 2 MIMO

transmission channel, and wireless techniques for estimation of the MIMO channel can be used. The
channel transfer function Hðf Þ is modeled as the 2 � 2 matrix

Hðf Þ ¼
Hxx ðf Þ Hyx ðf Þ
Hxy ðf Þ Hyy ðf Þ

 !
(1)

where Hxx and Hyy correspond to the transfer function in the X and Y-polarization, respectively; and
Hxy and Hyx correspond to the cross-coupling between them, respectively.

In data-aided channel estimation, training sequences are sent through the channel using the
space time block code scheduling scheme [8], [9] where the transmission matrix S½k � is

S½k � ¼
S1½k � �S�2½k �
S2½k � S�1½k �

 !
(2)

where S1½k � and S2½k � are the discrete Fourier transform (DFT) of two orthogonal sequences. After
transmission, the received training sequences in frequency domain can be expressed as

R1½k � R2½k �
R3½k � R4½k �

 !
¼

Hxx ½k � Hyx ½k �
Hxy ½k � Hyy ½k �

 !
S1½k � �S2½k ��

S2½k � S1½k ��

 !
þ

Nx ½k �
Ny ½k �

 !
(3)

where R1½k � � R4½k � are the DFTs of the received signals; Nx ½k � and Ny ½k � are noise components;
and Hxx ½k �, Hyy ½k �, Hyx ½k �, and Hxy ½k � are the frequency-domain channel transfer functions. Since
the received signal is in frequency domain, assuming negligible noise components, the signal can
be viewed as containing only the product of the channel transfer matrix Hðf Þ multiplied by the
original training matrix in frequency domain. Therefore, an estimation of the channel transfer matrix
can be obtained by multiplying the received signal with the inverse of the training matrix

H ½k � ¼
Hxx ½k � Hyx ½k �
Hxy ½k � Hyy ½k �

 !
�

R1½k � R2½k �
R3½k � R4½k �

 !
S1½k � �S2½k ��

S2½k � S1½k ��
� ��1

: (4)
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2.2. CD Estimation
In systems with weak nonlinearities, a linear optical channel model mainly consists of polarization-

independent component such as CD and polarization-dependent component such as polarization
mode dispersion (PMD) resulting in a 2 � 2 channel transfer matrix as follows [10], [11]

Hxx ðf Þ Hyx ðf Þ
Hxy ðf Þ Hyy ðf Þ

� �
¼ Gðf Þ uðf Þ vðf Þ

�v�ðf Þ u�ðf Þ

� �
(5)

where PMD elements are 2� 2matrix with juðf Þj2þ jvðf Þj2 ¼ 1, and Gðf Þ is the CD transfer function,
which can be described as an all-pass filter in frequency domain characterized by

Gðf Þ ¼ exp �j �D�
2z

c
f 2

� �
(6)

whereD is the fiber dispersion parameter, z is the total fiber length, � is the transmission wavelength,
and c is the speed of light. Using (6), it can be seen that the phase response of theCD transfer function
is a quadratic rotation, and CD can be estimated using quadratic fit.

The CD estimation method proposed in [3] is based on knowing approximately the total amount of
CD, reconstructing multiple theoretical CD curves around this value, and choosing the curve that best
fits the estimated value. This approach is limited to measuring a small amount of CD (residual CD)
since large CD values require longer sequences and a large amount of estimation operations before
the best fit is found. In our approach, by unwrapping the phase of the transfer function and using
longer training sequences, the full CD transfer function can be estimated, which enables quadratic fit
in one single step. Fig. 1 illustrates the steps of large CD estimation approach where the CD transfer
function is first separated using the determinant method [3], [5] and phase response is extracted.
Phase response samples are then unwrapped to remove the �=2 �  ðf Þ � �=2 restriction where ðf Þ
is the sampled phase response of the CD transfer function and then a parabolic interpolation is fitted
using least square method. CD parameter is then extracted from this quadratic fit.

In order to estimate CD using the above method, training sequence has to be sufficiently long for
the intended transmission length. We derive an expression for the minimum required sequence
length for CD estimation by first noting that, in the case of time domain CD compensation using FIR
filter, the maximum number of taps is given by [12]

Lh ¼
Dz�2

cT 2 (7)

where Lh represents the channel memory length or number of taps, � is the laser wavelength, D is
the dispersion factor, z is the transmission length, c is the speed of light, and T is the receiver
sampling period. If Sp represents the samples per bit, then by extending the expression in [4] and
combining with (7), the required sequence length is

L ¼ LhNt

Sp
¼ Dz�2BNt

cT
(8)

where B is the system baud rate and Nt ¼ 2 for PolMux systems. Using (8), a training sequence
with a minimum length of 64 symbols is required to accurately estimate CD for around 2000-km fiber

Fig. 1. Quadratic fit CD estimation block diagram.
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transmission in a 40-Gbaud/s system, and it can be seen that a long training sequence will virtually
eliminate the need to know the approximate CD value.

3. Training Sequences in PolMux System
For data-aided channel estimation in PolMux system, we propose the use of two new types of
training sequences, both satisfy the orthogonal property and are designed for the specific system
modulation formats such as QPSK and 16-QAM.

3.1. Chu-Based QPSK and 16-QAM Sequences
Chu-based sequence is derived directly from the original Chu sequence [13] by first generating

orthogonal Chu sequences at a desired length. Then, for the Chu-based QPSK sequences (Q-Chu),
the sequences are passed through a QPSK slicer to obtain QPSK sequences with good frequency
response comparable with the original Chu sequences, as shown in Fig. 2. The slicer can be
mathematically formulated as

Ck ¼ sgn realðZk Þð Þ þ j � sgn imagðZk Þð Þ (9)

where Zk is the Chu sequence which is given by

Zk ¼ exp
�� u � n n þmodðL; 2Þð Þ

L

� �
n ¼ 0;1; 2; . . . ; L (10)

where sgnðxÞ is equal to 1 when x 9 0 and is equal to�1 otherwise, u and L are prime integers, and
L is the length of the sequence. This polyphase to quadriphase transformation offers a relatively flat
frequency spectrum [shown in Fig. 2(b)] that is slightly worse than that of the ideal Chu sequence,
which has a flat spectrum.

For 16-QAM systems, we propose the design of Chu-based 16-QAM sequence (16-QAM Chu) by
modifying the method used to generate the Q-Chu sequence. The original Chu sequence is passed
through an 8-PSK slicer with a design similar to the QPSK slicer above. After the polyphases to
eight-phase transformation, an 8-PSK Chu sequence is obtained. The 8-PSK sequence is then
adjusted to fill in the square 16-QAM constellation in order to form the final Chu-based 16-QAM
sequence. The process of transforming a Chu sequence to a 16-QAM Chu sequence is shown in
Fig. 3(a), while Fig. 3(b) shows the frequency spectrum of the 16-QAM Chu sequence compared
with the Q-Chu sequence, and it can be seen that the 16-QAM Chu sequence has slightly better
frequency spectrum compared with the Q-Chu sequence.

3.2. Golay Sequences
Golay sequences are pairs of Ba[ and Bb[ sequences that satisfy Golay property [14] such that:

let xcorr ða½n�Þ denotes the autocorrelation function of sequence a½n�, then

xcorr a½n�ð Þ þ xcorr b½n�ð Þ ¼ 2L�ðnÞ (11)

where �ðnÞ is the Dirac delta function, and L is the sequence length.

Fig. 2. (a) Generation of Q-Chu sequence and (b) frequency spectrum of Q-Chu-sequence.
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Equation (11) illustrates that the sum of the autocorrelation of Ba[ and Bb[ is an impulse as shown
in Fig. 4(a) and (b). By taking the DFT of (11), Golay property can be derived in frequency domain
as having complementary power spectra

A½k �j j2þ B½k �j j2¼ 2L (12)

where A½k � and B½k � are the fast Fourier transforms (FFTs) of a½n� and b½n�.
As shown in Fig. 4(c) and (d), the combination of the DFTs of Ba[ and Bb[ sequences results in a

linear flat spectrum in frequency domain.
Golay sequences are orthogonal to each other and can be generated recursively using Bseed

sequences[ that satisfy Golay property [14], and the constellation of the total sequence only
depends on the seed sequences. We also notice that Golay sequences Ba[ and Bb[ are orthogonal
to each other and can be fitted into the transmission matrix as follows:

S½k � ¼ S1½k � �S�1½k �
S2½k � S�2½k �

� �
¼ A½k � �B�½k �

B½k � A�½k �

� �
: (13)

The use of complex conjugate indicates the need for complex-valued sequences, while it can
also be seen that systems with QPSK, 16-QAM, or higher order modulation formats will benefit from
training signal that fits the modulated data constellation. Thus, instead of using real-valued binary
phase-shift keying (BPSK) seed sequences [14], [15], we propose the use of complementary QPSK
seed sequences: a½n� ¼ ½1þ j 1� j � and b½n� ¼ ½1þ j � 1þ j �. It can be easily shown that the two
seed sequences satisfy Golay property and sequences of 2n length can be generated using the
recursive construction method.

For 16-QAM systems, seed 16-QAM Golay sequences can be constructed from seed QPSK
sequences as [15]

s½n� ¼ 2a½n� þ b½n� and t ½n� ¼ �2b½n� þ a½n� (14)

where s½n� and t ½n� are the 16-QAM Golay pair, and a½n� and b½n� are the QPSK Golay pair,
respectively. The constellation of the original QPSK Golay sequences and normalized 16-QAM
Golay sequences is shown in Fig. 5, and it can be seen that both the QPSK and 16-QAM Golay

Fig. 4. (a) Autocorrelation of Golay Ba[ and Bb[ sequence. (b) Sum of their autocorrelation. (c) Power
spectrum of Golay Ba[ and Bb[ sequence. (d) Sum of their power spectrum.

Fig. 3. (a) Generation of 16-QAM Chu sequences and (b) frequency spectrum of Q-Chu and 16-QAM
Chu sequences.
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sequences fit their corresponding constellations. It is also clear from (14) that the 16-QAM Golay
sequences have average power similar to that of a 16-QAM data signal.

4. Experimental and Simulation Demonstrations

4.1. Simulation Results
Simulations are carried out with VPI TransmissionMaker 8.6, and the simulation setup is shown in

Fig. 6. Training sequences are sent through the arbitrary waveform generator (AWG) model to
convert data into electrical signal and then to I/Q modulators to convert into optical signal. Data on
X- andY-polarization are then combined using polarization beamcombiner (PBC). As described in (8),
a sequence length of only 64 symbols is required for 2000-km transmission, and we also use longer
length of 128 symbols and 256 symbols to investigate performance comparison. Fiber model consists
of multiple spans of fiber with amplifiers to compensate for fiber loss. A second-order PMD emulator
and optical-signal-to-noise ratio (OSNR) emulator are added at the beginning and end of the fiber
model to investigate the estimation performance against various levels of PMD and OSNR.

Fig. 7(a) shows the estimation performance in root-mean-square (RMS) error percentage for
different transmission distances with no PMD at an OSNR value of 26 dB for the QPSK system for
all three types of sequence (Chu, Q-Chu, and Golay) with different sequence lengths L. It can be
seen that the Golay sequences perform similarly to the Chu sequence for all transmission distances
and both achieve high accuracy with low error percentage, while the Q-Chu sequence has slightly
worse performance. Also, it can be seen that the error percentage decreases as the transmission

Fig. 5. Constellation of (a) QPSK Golay sequences and (b) 16-QAM Golay sequences.

Fig. 6. Simulation setup.
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distance increases since the total CD increases linearly with distance but the estimation error does
not, which, in most cases, results in slightly higher accuracy at longer distances. Finally, longer
sequence improves the estimation performance since this increases the resolution of the estimated
channel information and provides the quadratic interpolation with more data for more accurate
results. Results for the 16-QAM system are shown in Fig. 7(b) with similar trends compared with the
QPSK system but with slightly higher overall error since, compared with the QPSK systems, the 16-
QAM system has been scaled down to fit inside the modulator range. Also, since the 16-QAM Chu
sequence has a much improved frequency spectrum, performance gap among the 16-QAM Chu,
Golay, and ideal Chu sequences is smaller. Simulation results for both QPSK and 16-QAM systems
show that both Golay and quantized-Chu sequences attain similar estimation performances
compared with the ideal Chu sequence.

Fig. 8(a) shows the CD estimation error for the QPSK system using Chu, Q-Chu, and Golay
sequences at 2080-km transmission against different PMD values [represented by mean differential

Fig. 7. RMS error at different fiber length for (a) QPSK system and (b) 16-QAM system.

Fig. 8. RMS error against PMD for (a) QPSK system and (b) 16-QAM system.
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group delay (DGD)] using the PMD emulator with second-order PMD. It can be seen that, with the
addition of PMD, the estimation performance degrades slightly at very high DGD values and overall
still achieves very high accuracy of less than 5.5% RMS error. Sequences with longer symbol
length L have better performance and are slightly more robust against higher PMD values. In all
cases, both the Chu and Golay sequences perform similarly. The Q-Chu sequences have slightly
worse performance but still within 0.5% error of the Chu sequence. Overall, DGD does not have a
significant impact on the estimation error. Results for the 16-QAM system are shown in Fig. 8(b) for
Chu, 16-QAM Chu, and 16-QAM Golay sequences, and similar trends can be observed compared
with those of the QPSK system.

Fig. 9 shows simulation results for CD estimation performance against different levels of OSNR
for both QPSK and 16-QAM systems using the proposed training sequences. It can be seen that
lower OSNR has slightly negative impact on the estimation performance. Longer sequences are
slightly more robust against low level of OSNR, and thus, for full-channel CD estimation, choosing a
longer sequence than required improves the overall performance.

Overall, it can be seen that the CD estimation performance using the proposed Golay and Chu-
based training sequences is accurate and comparable with the ideal Chu sequence for both QPSK
and 16-QAM systems. The use of longer sequences improves the estimation performance in all
cases compared with the shorter sequences as expected for estimation using interpolation such as
quadratic fit. While the constellation of the Chu sequence becomes much more complex at longer
length, all other sequences have length-independent constellation and can be generated at longer
length using QPSK/16-QAM system modulator. It can also be seen that both PMD and OSNR
slightly affect the system performance, but the estimation is still accurate. Using the minimum
required sequence length of 64 symbols results in the RMS estimation error around 5%, while
increasing the length to 256 symbols reduces the estimation error to less than 2% for both QPSK
and 16-QAM systems.

4.2. Experimental Demonstration
Fig. 10(a) shows the experimental setup to demonstrate the CD estimation technique using the

proposed training sequences for the QPSK system. The training sequences are generated by two
AWGs at 10 Gsymbol/s. Chu- and Q-Chu-sequence pair are generated using shift orthogonal
method, and Golay sequences are generated using recursive construction and QPSK seed pairs.
While sequences with minimal length of 64 symbols are required from (8), each training sequence in

Fig. 9. RMS error against OSNR for (a) QPSK system and (b) 16-QAM system.
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the experimental demonstration has been chosen to have length L ¼ 256 symbols in order to
enhance the estimation accuracy with cyclic prefix (CP) Ncp ¼ 64 as shown in Fig. 11(a). The
sequences are then modulated and polarization multiplexed through the PBC. A 160-km-long
recirculating loop with standard single-mode fiber (SSMF) is used as a fiber channel with loop timing
determining the total transmission length. For 16-QAM experiments, due to the unavailability of the
original setup, the transmitter side consists of only one AWG to generate data on X-polarization and
a delay line to emulate the Y-polarization with delay time of 27.2 ns, as shown in Fig. 10(b). The
recirculating loop is 100 km long, and due to the different setup, the structure of the training
sequences is modified and shown in Fig. 11(b) for the 16-QAM system. The receiver setup for both
QPSK and 16-QAM systems is the same, where the signals are first filtered by an optical bandpass
filter (OBPF) before being fed into an optical hybrid followed by 18-GHz balanced receivers. The
signals are then captured in a 20-GHz 50-Gsamples/s oscilloscope for offline processing.

Fig. 10. Experimental setup for (a) QPSK system and (b) 16-QAM system.

Fig. 11. Structure of training frame for (a) QPSK system and (b) 16-QAM system.
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Both frequency offset compensation and timing synchronization are carried out by data-aided
algorithm [16]. After frequency offset compensation and timing synchronization, CD transfer
function is estimated using the method described in Section 2. The phase responses of the CD
transfer function are shown in Fig. 12(a) for QPSK 2080-km transmission and Fig. 12(b) for 16-QAM
1800-km transmission, respectively, with the red curve being the extracted estimated phase
response, the black curve being the theoretical value, and the blue curve being the least square
quadratic fit. It can be seen that both the estimated- and quadratic-fit CD curves are shifted due to
extra impairments in the systems. However, the CD estimate is extracted from the curvature of the
phase plots and is immune to this shift.

Experimental results for QPSK system transmission are summarized in Table 1, which shows
highly accurate estimation with low RMS error percentage with a maximum error of 1.5% for the
Chu sequence and 1.2% for the Golay sequences, while it can also be seen that the Q-Chu
sequence has slightly worse performance with maximum error of 1.7%. The real CD parameter for
the fiber is measured using the baseband amplitude-modulation (AM) response method in [17] and
is found to be 16.8 ps/(nm � km) with 0.1% accuracy. When random QPSK data sequences are
used as training sequences, we obtain significant higher estimation error at long distances.

Fig. 13 shows the estimation error percentage using the Chu, Q-Chu, and Golay sequences at
different transmission fiber lengths, while results using random QPSK sequence are omitted due to
having much higher error (above 5% for transmission distance beyond 640 km). It can be seen that
the Golay sequences achieve very similar performance compared with the full-level Chu sequence,
whereas the Q-Chu sequence has slightly worse performance. However, the performance of the
Q-Chu sequence is still within 0.5% error of the ideal Chu sequence. Overall, experimental results
for QPSK systems are consistent with the simulation results presented in Section 4.1.

For 16-QAM system experiments, due to the unavailability of a second AWG, data on the
Y-polarization are emulated by delaying data on the X-polarization with a delay time of 27.2 ns, which

Fig. 12. CDestimation phase curves for (a) 40-Gb/sQPSKsystemafter 2080 kmand (b) 80-Gb/s 16-QAM
system after 1800 km.

TABLE 1

Experimental results summary for QPSK system
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corresponds to 272 symbols for our 10-Gbaud systems. This delay time setup limits the maximum
length of the training sequences to 128 symbols per sequence.While this length is enough for channel
memory requirements according to Equation (8) and as shown in the simulation, the estimation
performance is less accurate compared with using 256-symbol sequences. Tables 2 and 3 shows the
experimental results for the 16-QAM system with both sequence lengths of L ¼ 128 and L ¼ 64,
respectively. The CD parameter of the fiber used in this experiment had been independently
measured using the method in [17] to be 16 ps/(nm � km) with 0.1% accuracy.

Table 2 shows the estimation error for the 16-QAM system using Chu, 16-QAM Golay, and
16QAM-Chu sequences with L ¼ 128 and it can be seen that maximum error for these sequences
are 3%, 2.9%, and 3%, respectively. For L ¼ 64, maximum errors for Chu, 16-QAM Golay, and
16-QAM Chu sequences are 4.3%, 4.4%, and 4.5%, respectively. Fig. 14 shows the combined data
fromTables 2 and 3, and it can be seen that all three types of sequences perform very similarly to each
other, and the maximum errors are consistent with the simulation results. While 256-symbol
sequences are not used, the relationship between sequence length and their performance for
128-symbol and 64-symbol sequences is verified and is consistent with the simulation results.

Fig. 13. RMS estimation error at different transmission distances for QPSK systems.

TABLE 2

Experimental results summary for 16-QAM system with L ¼ 128

TABLE 3

Experimental results summary for 16-QAM system with L ¼ 64
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Overall, it can be seen that, for both QPSK and 16-QAM systems, Golay pairs and Chu-based
sequences provide very similar performance compared with the ideal Chu sequence, while offering
advantage of length-independent constellation, which makes them suitable for large CD estimation
using data-aided channel estimation aided by quadratic-fit curve interpolation.

5. Conclusion
We have proposed a new CD estimation technique using training sequences and a quadratic fit to
the phase response. The use of long binary sequences enables full transmission link CD
estimation, while it can also be seen that the proposed Golay and Chu-based sequences perform
similarly to the ideal multilevel Chu sequence. Moreover, both the Golay sequences and Chu-based
sequences can be customized in QPSK and 16-QAM format, which allows easy integration into
commercial 100-Gb/s QPSK system and also those that employ higher order modulators. Through
simulation, we confirm that the proposed CD estimation method is robust against various levels of
PMD and OSNR, and longer sequences give more accurate results. The combined techniques are
experimentally demonstrated through 40-Gb/s coherent PolMux QPSK system for up to 2080-km
transmission distance and 80-Gb/s PolMux 16-QAM system for up to 1800-km distance to achieve
highly accurate CD estimation.
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