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Modulation Format Recognition for Optical Signals
Using Connected Component Analysis
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Abstract— We investigate and characterize the blind modula-
tion format recognition method based on connected component
analysis for general-purpose optical receivers. A converted binary
graph is generated by projecting a part of the received data
in Stokes space onto a 2-D plane. We further characterize
three key parameters, namely, the threshold of density filter,
the size of averaging filter, and the required number of data
points for successful format recognition. In addition, we compare
the computation complexity of the proposed method with other
format recognition methods in Stokes space. Our results show
that there exists a common set of parameters such that the
proposed method can recognize a number of common optical
modulation formats, proving its good robustness and practicality.

Index Terms— Modulation formats, optical detection, pattern
recognition.

I. INTRODUCTION

RECENTLY, flexible and software-defined optical net-
works have aroused much research interests. They

are equipped with fully programmable bandwidth variable
transponders, where the signal’s data rate and the signal’s mod-
ulation format are adaptive, based on the transmission length
and the channel state information. In particular, it is highly
desirable to have the receivers being able to automatically
recognize the modulation format of the received signal, hence
the most efficient digital signal processing (DSP) algorithm
can be applied to achieve the optimum detection performance.

Recently, several modulation format recognition (MFR)
schemes [1]–[5] have been proposed. In [1], the polarization
de-multiplexed power distribution was used to identify the
signal’s modulation format. However, it highly depended on
the optical signal-to-noise ratio (OSNR) of the received optical
signal. Thus, an additional OSNR monitoring module was
required [2]. In [3], the directly detected amplitude histogram
was applied to an artificial neural network (ANN) for MFR.
However, it required extensive training of the ANN, especially
the system impairments, including chromatic dispersion (CD)
and polarization mode dispersion (PMD), were considered.
In [4] and [5], the Stokes space based algorithms were promis-
ing, as they were inherently tolerant to carrier phase noise,
frequency offset as well as polarization mixing. However,
they were mostly based on the computation-intensive iterative
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K-means or expectation maximization methods, which hin-
dered their practical implementation.

In [6], we have recently proposed a new non-iterative
MFR method using very simple and common image
processing technique. By projecting the received samples
in three-dimensional (3-D) Stoke space onto a small-sized
two-dimensional (2-D) binary image, connected component
analysis (CCA) [7] was employed to recognize the signal’s
modulation format. The computation complexity was drasti-
cally reduced, as all required processing could be implemented
with logical operations. The feasibility of this method has
also been experimentally demonstrated in [6]. In this letter,
we further discuss the principle of our proposed CCA-based
MFR method [6], in details. Extensive characterization of the
key parameters in the proposed method, namely the threshold
of density filter (DF), the size of averaging filter (AF) and
the number of points required, are performed under different
OSNR values, via numerical simulations. The results show
that there exists a common set of key parameters such that the
proposed CCA-based MFR method can recognize a number of
common optical modulation formats in optical transmissions.
Besides, the computation complexity of the proposed method
is shown to be relatively lower than that of other relevant
Stokes based approaches. In general, the proposed CCA-based
blind MFR algorithm is a robust and practical method in
modulation format recognition for optical receivers.

II. OPERATION PRINCIPLES

At the coherent receiver, it is common to perform analog-
to-digital conversion, chromatic dispersion compensation, and
timing recovery, before handling the modulation format [8].
After these pre-processing, in our proposed blind CCA-based
MFR method, the dual polarization signal in Jones space is
first converted to the Stokes space, by [4],

[s0, s1, s2, s3]T

=
[
|X |2 + |Y |2 , |X |2 − |Y |2 , 2� {

XY ∗} , 2� {
XY ∗}]T

(1)

where X and Y represent the two orthogonal polarizations,
� {} and � {} stand for the real and the imaginary parts
of a complex number, respectively, and [.]T is the matrix
transpose operation. As the absolute phase information has
been removed in the transformation, the laser frequency offset
and the carrier phase noise have no effects in the Stokes
space. From Eq. (1), we can conclude that the phase-shift-
keying (PSK) signals distribute on the plane s1 = 0 in
Stokes space, as they have constant amplitudes, while the
quadrature amplitude modulation (QAM) signals distribute in
several discrete and symmetric planes that are parallel with
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Fig. 1. Stokes representation in Poincare sphere of (a) QPSK, (b) 8-PSK,
(c) 8-QAM, (d) 16-QAM, and their corresponding projections on selected
planes (e)-(h); (i)Voronoi diagram of the s2 −s3 projection of a 8-PSK signal,
SNR = 18 dB; (j) surviva points after density filtering; (k) converted binary
graph; (l) binary graph after averaging filter.

Fig. 2. (a) Flow chart of the algorithm. (b) Decision tree.

the plane s1 = 0. As shown in [6], we can project the data
in the outermost planes of the QAM signal (p1 & p1’ in
Fig. 1(c) and p2 & p2’ in Fig. 1(d)) to the s2 − s3 plane
(s1 = 0) by their s1 values (Fig. 1(g) and (h)), so as to increase
the successful recognition rate. The 3-D distribution and the
2-D projection of the PSK-QAM signals are depicted in
Figs. 1(a)-(h). As shown in Fig. 1(d), the clusters of 16-QAM
signal are crowded already, hence the recognition in the Stokes
space becomes very difficult for higher-order modulation for-
mats like 32- and 64-QAM.

Fig. 2(a) illustrates the flowchart of our CCA-based MFR
method. Polarization tracking is performed first, after the
Stokes conversion and normalization of s1 to s3 values with s0.
The method proposed in [9] is employed to determine a
least-square-fitting plane with only several hundreds of
received data points and its normal identifies the state of

polarization (SOP). A 3×3 rotation matrix is generated based
on the normal of the least-square-fitting plane and it is used
to recover the initial polarization of the received data. It is
worth noting that simple polarization tracking does not equiv-
alent to conventional polarization de-multiplexing because no
equalization is performed. Besides, the normal can be used
as the initial coefficients of the subsequent polarization de-
multiplexing equalizers. Another issue to be noted is that the
uncompensated PMD affects the signal quality in the Stokes
space so that the compensation is required if its value is
comparable as the symbol duration. Then, data slicing, based
on the s1 value of the received symbol, is performed. Only the
outermost planes of the 8-QAM and the 16-QAM are selected
for the projection, as in [6]. The plane flag is obtained based on
the part of data chosen, and its value is 0, 1, and 2 for PSK,
8-QAM, and 16-QAM signals, respectively, so as to mark
where the projected data are from. The last step of pre-
processing is the Voronoi diagram based density filtering [6].
The Voronoi diagram of the points in the projected plane is
generated, and the inverse of the area of each Voronoi cell is
used to estimate the density of each point. After normalization
of the area to be within (0, 1], a threshold is defined. The points
with their estimated densities below the density threshold are
removed, as seen in Fig. 1(i) & (j).

Now, it comes to the image processing process. First,
a binary graph is generated with the survived points in the
previous pre-processing step. The survived points are normal-
ized with both s2 and s3 within (0, N], where N is an integer
and defines the resolution of the generated binary image. Each
data point after the density filtering is now filled in one of
the N × N grids. If there is any point falling into the grid,
the grid is assigned with value “1”, otherwise, it is “0”. This
grid procedure is analogous to “quantization” in a digital
communication system, and it can be easily implemented, via
rounding operation of the normalized data points. Fig. 1(k)
shows the binary image converted from Fig. 1(j). The second
step is average filtering. It aims to smooth out the data set in
the binary image and increase the recognition accuracy. It is
simply a bi-directional 2-D smoothing filter implemented by
two-dimensional convolution between the binary image and
an N × N coefficient matrix with all coefficients being 1.
Fig. 1(l) denotes the effect after applying the AF. The final
step is the connected component analysis (CCA) [7]. It treats
one pixel together with its adjacent 4 or 8 pixels as the
connected components, as defined in Eq. (2) and Eq. (3),
respectively. Here, we adopt the 8-connectivity (N8(p)) as
defined in Eq. (3). For each pixel, its connectivity with its
neighboring pixels is first calculated, followed by the search
of its connected subset. The detailed implementation of the
algorithm can be found in [7], which runs in O(n) time. After
that, the number of the data sets, M , is used as an identifier
of the individual modulation format. Fig. 2(b) illustrates the
decision tree based on the number of data sets.

N4 (p) = {(x ± 1, y) , (x, y ± 1)} (2)

N8 (p) = N4 (p) ∪ {(x ± 1, y + 1) , (x ± 1, y − 1)} (3)

III. SIMULATION SETUP

In this section, we perform numerical simulations to inves-
tigate the three key parameters, mentioned above. Fig. 3



BO et al.: MODULATION FORMAT RECOGNITION FOR OPTICAL SIGNALS USING CONNECTED COMPONENT ANALYSIS 13

Fig. 3. Simulation setup. LD: laser diode; DP-IQ: dual-polarization
in-phase/quadrature modulator; PS: polarization scrambler; Coh.: coherent;
rec.: recovery; Pol.: polarization.

TABLE I

SIMULATION PARAMETERS

shows a simplified block diagram of the system configuration.
32-Gbaud optical PM-QPSK, PM-8-PSK, PM-8-QAM and
PM-16-QAM signals were generated, via a general In-phase
and Quadrature (IQ) modulator. Only chromatic dispersion
(D = 16 ps/nm/km) and power loss (0.2 dB/km) were taken
into consideration in the fiber transmission (1000 km) model.
The Erbium-doped fiber amplifiers (EDFA) module was used
to adjust the signal OSNR value (normalized into 0.1nm),
under the assumption of additive Gaussian white noise model.
The polarization of the optical signal varied randomly to
emulate polarization walk-off in the fiber. The linewidths of
both the laser at the transmitter and the local oscillator were set
to be 100 kHz. The carrier frequency offset between the local
oscillator and the transmitter side was set to be 10 MHz. After
coherent detection and digitization, the signal was converted
into the Stokes space, via Eq. (1), after chromatic dispersion
compensation and timing recovery. After that, our proposed
CCA-based MFR method was applied.

In the simulation, 500 independent simulations for each case
under investigation were tested. The success rate of format
recognition was calculated so as to evaluate the effects of the
individual key parameters. We have investigated the successful
recognition rate with respect to the threshold of DF, the size
of AF, and the number of symbols for successful recogni-
tion. In each case, a reasonable range of the OSNR values
for each modulation format was considered. The forward
error correction (FEC) thresholds are 12.62 dB, 17.72 dB,
17.96 dB and 19.33 dB for 32-Gbaud QPSK, 8PSK, 8QAM
and 16QAM, respectively [5]. Table I lists the parameters used
in the simulations.

IV. RESULTS

Fig. 4 shows the successful recognition rates of the four
tested modulation formats with the threshold of DF, ranging
from 0 to 1. The AF size was set to be 7 in each case.
In principle, the signal at lower OSNR values required a
higher DF threshold for successful recognition, as shown in
Fig. 4. For each modulation format, there was a valid range

Fig. 4. Successful recognition rates w.r.t different thresholds of the density
filter (DF), for (a) QPSK, (b) 8-QAM, (c) 8-PSK and (d) 16-QAM.

of DF thresholds at each OSNR value. Such valid range of
DF thresholds became larger, as the OSNR increased. In
general, Fig. 4 shows that there was a clear common set
of DF values supporting successful recognition rates larger
than 95%. Meanwhile, as seen in Fig. 5, the AF dependency
of these modulation formats exhibited a similar trend. The
DF threshold was set to be 0.65. The successful recognition
rate at small AF size (smaller than 4 in Fig. 5) was quite
low until an AF with enough size was applied. However,
when the AF size was larger than a certain threshold, the
CCA-based MFR method gave smaller output, as some of
the subsets overlapped. This AF thresholds increased with the
OSNR values, due to clearer and smaller sizes of the subsets
in the binary images at higher OSNR values. These common
value sets for every modulation format could be useful for
practical implementation. Fig. 6 shows the required number of
symbols at different OSNR values. For successful recognition
rates larger than 95%, only the case of 16-QAM required more
than 10000 data symbols while 3000 symbols were enough for
the rest of the three modulation formats. Figs. 4-6 also show
that QPSK and 8QAM could be successfully recognized as
long as their OSNRs were higher than their FEC thresholds,
while about 4-dB and 3-dB OSNR penalties were observed for
8PSK and 16QAM signal, respectively, due to the relatively
short distances among their constellation points in the binary
image. An improved OSNR sensitivity for the recognition is
expected by using higher resolution of the binary image as
well as advanced image processing techniques.

V. COMPLEXITY ANALYSIS

We have briefly compared the computation complexity
of the proposed CCA-based MFR method with that of the
K-means based algorithm. As shown in [5], K-means has
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Fig. 5. Successful recognition rates w.r.t different sizes of the averaging
filter(AF), for (a) QPSK, (b) 8-QAM, (c) 8-PSK and (d) 16-QAM.

Fig. 6. Successful recognition rates under different number of symbols, for
(a) QPSK, (b) 8-QAM, (c) 8-PSK and (d) 16-QAM.

smaller computation complexity than that of the expectation
maximization (EM) based algorithm [4] and has comparable
complexity with other machine learning algorithms. Besides,
the complexity of the K-means algorithm is easy to evalu-
ate, as the operations in each iteration mainly comprise the
calculation of the Euclidean distance. In each iteration, the
distance between each point to the current cluster centroid
that it belongs to, is calculated, followed by updating the new
centroid for each cluster at the end of the iteration. Assume

the number of data symbols is N , the number of clusters is
K , and I iterations are required to converge, in total. Then,
about I×O(N K + K ) primitive operations are needed.

In our proposed CCA-based MFR method, the most com-
putation extensive process is the Voronoi diagram generation,
while the complexity of the image processing part is relatively
moderate. In the well-known Fortune’s algorithm [10] for
Voronoi diagram calculation, there are two kinds of operations,
namely site event and circle event. The number of site events
is N , and that of the circle events is at most (2N−5). Each
event can be executed in O(log N) time with the same
number of primitive operations, in the worst case. Therefore,
the total complexity is O(N × logN). The area calculation
is implemented in O(N) time. It is worth noting that the
K-means algorithm is performed in 3-D space, while our
proposed method employs 2-D points. Besides, the K-means
algorithm needs to test every possible K value, thus the total
K is 4+8+16+60=88 if only QPSK, 8-PSK, 8-QAM, and 16-
QAM are considered. Considering the number of iterations, I ,
our non-iterative approach outperforms the K-means algorithm
in the computation complexity.

VI. SUMMARY

We have characterized the performance of our proposed
CCA-based MFR method, via numerical simulations. Various
key parameters, including the threshold of density filter, the
size of averaging filter and the number of data samples
required for successful recognition, are extensively investi-
gated for various signal modulation formats. It is practical and
simple for general coherent optical receivers.
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