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ABSTRACT Intensity modulation/direct detection (IM/DD) orthogonal frequency division multiplexing
(OFDM) is very suitable for high-speed cost-sensitive passive optical network (PON) applications. However,
real-time OFDM systems are sensitive to synchronization bias, and thus symbol timing synchronization
(STS) becomes a critical issue. We proposed a proportional-sign cross-correlation (PS-CC) STS algorithm
with the advantages of distance-independence and low resource utilization. In the proposed PS-CC STS
algorithm, the sign operation is applied instead of the multiplication operation with high computational
complexity to decrease the resource utilization and the characteristic of low resource utilization will drive
its application in real-time systems. Meanwhile, we use field programmable gate array (FPGA) to design
a baseband IM/DD OFDM receiver with pipeline structure and built a universal loop test system, which is
applied to implement the proposed PS-CC STS algorithm and evaluate its performance. In the experiment
of a 16-QAM OFDM-PON system, a 30-km fiber transmission only results in 1.98% ripple on the peak
amplitude of correlation, which verifies the distance-independence of the proposed method.

INDEX TERMS Orthogonal frequency division multiplexing, symbol timing synchronization, field pro-
grammable gate array.

I. INTRODUCTION
To meet the rapid growth in bandwidth demand, passive
optical network (PON) based on orthogonal frequency divi-
sion multiplexing (OFDM) technology has attracted much
attention. The OFDM-PONs have the advantages of high
spectral efficiency, anti-dispersion and flexible resource
allocation [1]. In the intensity modulation/direct detection
(IM/DD)-OFDM systems, only one set of real signals is
required for transmission, and the OFDM receiver does not
need to recover the carrier. Therefore, only a few low-cost
devices are needed in IM/DD-OFDM communication, which
is very suitable for cost-sensitive PON applications with
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many optical network unit (ONU) nodes [2], [3]. However,
the OFDM system is sensitive to the synchronization offset.
Such a synchronization offset will lead to inter symbol inter-
ference (ISI) and inter carrier interference (ICI), which causes
the serious deterioration in bit-error-ratio (BER) performance
of signals [4]. Synchronization offset includes sampling clock
offset (SCO) and symbol timing synchronization (STS) in
IM/DD-OFDM. The digital method of SCO compensation in
frequency domain has been developed [5].

The STS algorithms are mainly based on correlation oper-
ation [6]–[10]. It is convenient to utilize the auto-correlation
STS algorithms to realize carrier synchronization, which is
not required in IM/DD-OFDM system. Meanwhile, the struc-
ture and the calculation of training sequences are com-
plex, and the influence of noise is doubled when only
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real signals are transmitted [6], [7]. In comparison with
the auto-correlation STS algorithms, the cross-correlation
(CC) STS algorithms are more suitable for IM/DD-OFDM
PON [8]. However, two issues are still unsolved. First,
the amplitude of correlation operation highly depends on the
received power. Thus, widespread distributed ONU nodes
will cause large variations of the amplitude. Second, amounts
of multiplication operations increase the computation over-
head. For the field programmable gate array (FPGA)-based
real-time OFDM-PON systems, the STS algorithms with
low resource utilization are significant for the low-cost
architectures [8]–[10].

In order to reduce the computational complexity, the oper-
ations of symbols’ XNOR or addition/subtraction have been
used instead of multiplication operation [11]. Neverthe-
less, amplitude information of received data is neglected
in the operations of bit XNOR or signed bit extracting,
which reduces the sharpness of the amplitude peak because
of the lost amplitude information. Furthermore, amplitude
detection of received symbols avoids the correlation opera-
tion with computational complex multipliers but the ampli-
tude threshold must be selected strictly [10]. Therefore, a
cross-correlation-based STSmethod with the lower resource-
utilization and power-independence will be important in
IM/DD-OFDM PON. We proposed a simple proportional-
sign cross-correlation (PS-CC) STS algorithm with lower
power-independence and verified its feasibility in the conven-
tional OFDM-PON system [12].

In this work, we designed a baseband FPGA IM/DD
OFDM receiver to implement the proposed PS-CC STS algo-
rithm. Based on the developed FPGA platform, we measured
the correlation values of the peak PS-CC, mean PS-CC, peak
CC and mean CC STS algorithms with the increasing fiber
length from 0 km to 30 km. The measured results show that
the proposed PS-CC STS algorithm has low power depen-
dence and only 1.98% variation of peak amplitude is induced
by the 30-km fiber transmission. Meanwhile, we measured
the constellation diagrams of the transmitted 16 quadrature
amplitude modulation (QAM) signal in the cases of back-
to-back (BTB) and 30-km fiber transmission to verify the
effectiveness of the FPGA hardware architecture. Finally,
BER curves were measured to analyze influences of system
parameters.

The rest of the paper is organized as follows. Section II
describes the STS principles of the conventional correla-
tion and the proposed proportional-sign cross-correlation.
Section III illustrates the experimental setup, the FPGA veri-
fication platform and the involved FPGA blocks. Section IV
shows the results of FPGA implementation. Finally, the con-
clusions are drawn in Section V.

II. THEORY OF SYMBOL TIMING SYNCHRONIZATION
In this section, we introduce the conventional auto-correlation
and cross-correlationmethods of symbol timing synchroniza-
tion and analyze their pros and cons. In order to deal with the
issues of computation complexity and power-independence,

we propose the proportional-sign cross-correlation method.
In the proposed method, we utilize sign operation instead
of multiplication operation to decrease the resource utiliza-
tion. Meanwhile, the cross-correlations between local sym-
bols and received symbols are normalized to mitigate the
influence of unbalanced powers caused by various fiber paths
in OFDM-PON systems.

A. CONVENTIONAL SYMBOL TIMING SYNCHRONIZATION
The conventional methods of symbol timing synchronization
mainly are based on autocorrelations of received signals. The
received sequence consists of the cyclic prefix, the training
sequence for synchronization and the OFDM symbols. The
autocorrelation profile of the received signal is obtained by
multiplying it with its time-shifted copy, written as [6],

M (d) = |P(d)|2
/

(R(d))2 (1)

where

P (d) =

N/2−1∑
k=0

r∗(d + k)r(d − k) (2)

R (d) =

N/2−1∑
k=0

|r(d + k)|2 (3)

where r(d) is the received d-th symbols, k is integer and N
is the length of the training sequence for synchronization.
The synchronization is implemented by searching the maxi-
mum value of the received signal’s autocorrelation amplitude
as the location of the training sequence for synchroniza-
tion. By designing the training sequence for synchronization,
the autocorrelation profile can be optimized to achieve more
accurate timing synchronization [6]. However, the fourth-
power operation of the received symbols requires more com-
putational cost and the computational complexity will scale
significantly with the increase of symbols.

Meanwhile, the timing synchronization can also be real-
ized by cross correlations of received signals, given by

M (d) =

N−1∑
k=0

r(d + k)s(d) (4)

where s(d) and r(d) are the local and received d-th sym-
bols, respectively. However, the cross-correlation method in
Eq. (4) still requires many multiplication operations between
local symbols and received symbols. Moreover, ONU nodes
in OFDM-PON system are always distributed widely and
therefore different fiber paths will cause various power losses.
Thus, the powers’ unbalance of receiver signals will have
an important influence on the amplitude of the correlation
operation in Eq. (4).

B. PROPOSED PROPORTIONAL-SIGN
CROSS-CORRELATION SYMBOL TIMING
SYNCHRONIZATION
Figure 1 shows the OFDM frame structure of the proposed
PS-CC STS scheme. The frame is composed of the cascaded
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FIGURE 1. OFDM frame structure of the proposed PS-CC STS scheme.

cyclic prefix (CP), training sequence for synchronization
and OFDM symbols. The CP is normally used as the guard
band between successive symbols to mitigate ISI. The train-
ing sequence for synchronization consists of N/2 bipolar no
return-to-zero (BNRZ) with amplitude of A and N/2 zeros,
where N/2 zeros are utilized to speed up the convergence of
the proposed PS-CC STS method and N is the number of
the carriers. In comparison with other short repetitive training
sequences, the frame structure in Fig.1 is quite simple.

In order to avoid the usage of multiplication operation with
high computational complexity, we use the sign operation in
the proposed PS-CC STS scheme. The cross-correlation is
written as,

C (d) =

∣∣∣∣∣∣
N /2−1∑
k=0

sign
[
s
(
N
/
2− 1− k

)]
· r (d − k)

∣∣∣∣∣∣ (5)

where s(k) and r(k) are the local and received k-th symbols,
respectively.

In most OFDM-PON systems, the users are generally
widely distributed and therefore the powers of the receivers
vary with fiber distances between the users and the optical
line terminal (OLT). In order to mitigate the influence of
powers’ variation, C in Eq. (5) is normalized, given by

R (d) =
C (d)(

N−1∑
m=0

C (d − 1− m)

)/
N

(6)

where N is an integer power of 2 and the shift operation in
hardware is utilized to avoid additional division of the average
operation.

An approximate constant amplitude peak can be achieved
from Eq. (6) for widely distributed users with various
received powers from various fiber transmission distances.
On the contrary, the conventional CC STS algorithm must
search the maximum value in the data window larger than
the length of an OFDM frame to mitigate the influence of the
receiving power inconsistency [13]. Larger processing delay
will be induced when the algorithm searches the maximum
value. Meanwhile, more carriers will consume more storage
resources in the real-time hardware system.

Finally, according to Eq. (7), when R(d) is larger than the
decision threshold, the current data is the first sampled point
of the frame head, i.e., the training sequence for synchroniza-
tion, and the initial position of m-th OFDM symbol can be
found by removing the training sequence and the CP before

FIGURE 2. Experimental setup and FPGA platform.

each OFDM symbol.

ds (m) = argd {R (d) > Th} + Ns · m (7)

where ds(m) is the first sampled data of m-th OFDM symbol.
Argd{} is the argument of R(d), where the values of R(d)
larger than Th are included. Th is the predetermined decision
threshold, and Ns and m denote the symbol length and serial
number of each OFDM symbol, respectively.

III. EXPERIMENTAL SETUP AND FPGA IMPLEMENTATION
In this section, we illustrate the experimental setup of the pro-
posed symbol timing synchronization in the 16-QAM IM/DD
OFDM-PON system and explain its FPGA implementation.

A. EXPERIMENTAL SETUP
Figure 2 shows the experimental setup and FPGA platform.
The transmitted OFDM digital signal is generated offline
throughMATLAB and loaded into a 50-GSamples/s arbitrary
waveform generator (AWG) with 10-bit digital-to-analog
converter (DAC). The signal is modulated to the optical car-
rier of the external cavity laser (ECL) by the Mach-Zehnder
modulator (MZM). The launched power into the standard
single mode fiber (SSMF) is adjusted to 0 dBm by a variable
optical attenuator (VOA). We use 7-km, 24-km and 30-km
SSMFs to emulate the scenarios, where various users have
different distances from the OLT. The fiber attenuation, fiber
dispersion at 1550 nm, fiber nonlinear coefficient and fiber
polarization mode dispersion are 0.2 dB/km, 18 ps/nm·km,
1.2 W−1km−1 and 0.2 ps/

√
km. At the receiver end, the

optical signal is converted into the electrical signal by a
photodetector (PD). After that, the digital signal is acquired
by the analog-to-digital converter (ADC) in 50-GSamples/s
real-time digital storage oscilloscope (DSO).

Multiple identical data frames sent by the AWG and
acquired by the DSO, are stored in personal computer (PC).
The data interaction is implemented between the PC and the
FPGA platform in the form of transmission control protocol/
internet protocol (TCP/IP) network packets.

The functions of FPGA-based digital signal process-
ing (DSP) include the symbol timing synchronization,
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TABLE 1. Parameters of the OFDM receiver.

the removal of CP, the subcarrier demultiplexing through
fast Fourier transform (FFT), the data extraction, the channel
estimation based on least squares, the QAM de-mapping and
the decoding, as shown in Fig. 2.

B. FPGA VERIFICATION PLATFORM
In this work, ZYNQ is used as the core processor of the FPGA
platform, which is divided into two parts, i.e., processing
system (PS) and programming logic (PL).

The PS completes the data-interaction function of the sys-
tem, and all operations are realized by controlling hardware
resources with embedded software. First, the PC transmits
multiple data frames to the network interface of PS side. In the
process of receiving data, the PS transfers the received data to
double data rate synchronous dynamic random-access mem-
ory (DDR-SDRAM). After the cache is completed, advanced
extensible interface (AXI) direct memory access (DMA) con-
tinuously transfers data to the PL side, simulating the real-
time data acquired by the ADC. After processed by the PL,
the data is transmitted to the PC to complete the hardware
loop verification.

The PL part of ZYNQ is the hardware implementation
of related algorithms in the receiver. This part adopts the
pipeline parallel architecture to meet the demand of real-time
processing. The specific parameters of the OFDM receiver
are shown in Table 1.

C. THE PROPOSE PS-CC BLOCK
In order to reduce the processing delay and the hardware
resources, the calculation method in the receiver is the fixed-
point operation. It is feasible for a fixed-point number to
achieve the tradeoff between higher computational accuracy
and lower hardware resource.

The STS part was implemented in the system generator
(SG) environment by using the model-based design method.
The operations with the requirement of high flexibility were
designed by Verilog hardware description language (HDL)
and imported into the environment in the form of black box.

Figure 3 shows the top-level hardware model of the STS.
From left to right, it consists of four parts: calculation of the
absolute correlation peak C(d) of Eq. (5), calculation of the
relative correlation peak R(d) of Eq. (6), threshold detection
and data extraction by removing the training sequence for

FIGURE 3. Top-level hardware architecture of STS.

FIGURE 4. Hardware architecture of C(d ) calculation.

FIGURE 5. Hardware architecture of R(d ) calculation.

synchronization. Figure 4 and Figure 5 show the hardware
architectures of the first two modules in Fig. 3.

The module of C(d) calculation has the similar struc-
ture as that of the cascaded integrator-comb (CIC) filter,
as shown in Fig. 4. First, multiple data in parallel are yielded
in the module of sampling window. After that, in correlation
module, the symbolic operation is performed on the data
at the corresponding position of the local sequence. Then,
in the module of accumulator, sum operation is implemented.
Finally, in the absolute module, the absolute values of the sum
results are taken.

The first half of R(d) calculation module is similar as
that of C(d) calculation module, both of which are summed
in a module of sampling window, as shown in Fig. 5. The
difference is that the sum results in Fig. 5 are shifted to the
right by 7 bits to average the sum results with low hardware
resources, as required in Eq. (6). To calculate the proportional
values, a divider intellectual property (IP) core is called to
yield the results.

In the proposed STS block, the modules of the sampling
window, the accumulator and the correlation are the black
boxes designed with HDL and other functions are built from
the available modules.

D. OTHER BLOCKS
In addition to the STS module, the designed OFDM receiver
in this work also includes other DSP operations, such as
removal of CP, FFT, data extraction and channel estimation,
QAM de-mapping and decoding.

In order to simplify the design, only simple least squares
channel estimation is used to obtain the channel frequency
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FIGURE 6. Waveform of the transmitted 16-QAM OFDM signal.

FIGURE 7. Simulation results of MATLAB and FPGA.

response. We use 10% OFDM symbols as the training
sequence for channel estimation.

IV. IMPLEMENTAL RESULTS
Figure 6 is the waveform of the transmitted 16-QAM OFDM
signal. The gap between OFDM frames in Fig.6 is caused by
the training sequence for synchronization with N/2 zeros.

Figure 7 shows the compared results between the data in
MATLAB and FPGA. In Fig. 7, the first row is the waveform
of the system clock, as shown in yellow. The second row is the
extracted data (dout) after the STS algorithm by MATLAB.
The third row is the waveform of the enable signal (dout_vld)
and its high-level indicates that the data of the corresponding
clock cycle is valid in FPGA. The data (DataTx) in the table of
Fig. 7 is the extracted data after the STS algorithm by FPGA.
As shown in the Fig. 7, the MATLAB data dout (−0.005,
0.0073, 0.0039, −0.009, 0.0053, −0.000, −0.011, 0.0053)
are consistent with the FPGA data DataTx (−0.0060, 0.0072,
0.0040, −0.0100, 0.0056, −8.0000e-04, −0.0116, 0.0052),
and the trivial difference is caused by the quantitative errors.

Figure 8 shows the calculated results of internal correlation
calculation of FPGA using integrated logic analyzer (ILA).
The results are displayed in analog form and there is an
obvious correlation peak, as shown in Fig. 8.

Figure 9 shows the peak and average values of correlation
operationwith the increasing fiber length from 0 km to 30 km.
The peak PS-CC values denote themaximum amplitude value
of correlation in Eq. (6) and the mean PS-CC values are their
average values, as shown by the red circle-marked solid curve

FIGURE 8. Synchronization results captured by ILA.

FIGURE 9. Measured correlation amplitudes vs. fiber length (km).

and the red circle-marked dashed curve in Fig. 9, respectively.
The peak CC and themean CC values represent themaximum
amplitude values of correlation in Eq. (4) and their average
values, as shown by the blue diamond-marked solid curve and
the blue diamond-marked dashed curve in Fig. 9, respectively.

It can be seen in Fig. 9, the difference between the peak
and average values of the correlation operation is larger. The
variation of peak values is smaller in the PS-CC STS scheme
than that in the conventional CC STS scheme. Compared
with the BTB case, 30-km fiber transmission only introduces
1.98% variation of peak amplitude when the PS-CC STS
is used. Therefore, the detection threshold Th in Eq. (7) of
the proposed PS-CC STS method can be set to a constant
over a wide range, which is more suitable for the IM/DD
OFDM-PON system. The detection threshold depends on the
measured results in Fig. 9 and can be any constant between
the peak value and the average value, as shown by the circle-
marked solid curve and the circle-marked dashed curve in
Fig. 9.

The constellation diagrams of 16-QAM signals after chan-
nel equalization in the cases of BTB and 30-km fiber trans-
mission are shown in Fig. 10, where the proposed PS-CC
STS is used. The constellation diagram becomes worse with
the increase of the fiber length because of the accumulated
fiber dispersion and the decreased signal power. From these
constellation diagrams, it is obvious that the proposed PS-CC
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FIGURE 10. Constellation diagrams of BTB and 30-km fiber transmission.

FIGURE 11. Measured BER vs. received optical power (dBm) curves in the
cases of BTB and 30-km fiber transmission at 1540.003 nm, 1550.036 nm
and 1560.038 nm with 32, 48 and 64 data subcarriers.

STS method correctly finds the starting position of each
OFDM symbol and the subsequent DSP operations are suc-
cessfully completed.

Moreover, we investigate influences of OFDM system’s
parameters such as the data rate, the fiber transmission
and the wavelength of optical carrier on BER performances
based on the experimental setup in [12]. The noise level of
the signal is controlled by cascaded variable optical atten-
uator and erbium-doped fiber amplifier for BER measure-
ment. Figure 11 shows the measured BER curves versus the
received optical power. The data rate is changed by varying
the number of data subcarriers. In Fig.11, 32, 48 and 64 data
subcarriers are used and the number of total subcarriers
is 128. In the 12.5-Gbaud 16-QAMexperiment, the 1/16 sym-
bol redundancy is used as the cyclic prefix and 1/10 symbols
are used as the training sequence for channel estimation.
If there are 32 data subcarriers, the effective net data rate
is 10.55 Gb/s (12.5Gbaud×4 × 32/128 × 15/16×9/10).
By increasing the data subcarriers, the effective net data rate
can be increased.

From Fig.11, it can be seen that all signals have simi-
lar BER behaviors. Signals with less data subcarriers suffer
less interference and therefore have better BER perfor-
mance with steeper curves, as shown by circle-marked curves
and triangle-marked curves. The 30-km fiber transmission
causes trivial power penalty, as shown by solid curves and
dashed curves in Fig.11. The signal at 1550.036 nm with
32 data subcarriers has better BER performance than that at
1540.003 nm and 1560.038 nm, as shown by the BER curves
in Fig.11(a), (b) and (c).

TABLE 2. Utilization of hardware resource.

Table 2 shows the amount of the used hardware resource
after logic synthesis in the Vivado tool. Only 21 DSP48E1 are
used for logical and arithmetic operations and most of them
are applied to implement the FFT operation. Therefore, less
hardware resource is arranged for the proposed symbol timing
synchronization.

V. CONCLUSION
The PS-CC algorithm utilizes the normalized cross-
correlation operation between the received symbols and the
sign values of the local symbols and searches constant ampli-
tude peaks for symbol timing synchronization. We designed
the FPGA-based OFDM receiver to implement the proposed
PS-CC scheme. The performance of power independence in
the PS-CC scheme has been evaluated bymeasuring variation
of peak amplitude in the cases of various fiber transmission
and only 1.98% variation of peak amplitude over 30-km fiber
transmission is observed. Meanwhile, the effectiveness of
the developed FPGA hardware architecture has been verified
by measuring the constellation diagrams of the transmit-
ted 16-QAM signal. The characteristics of power indepen-
dence and low resource utilization give the proposed PS-CC
STS scheme more opportunities for real-time FPGA-based
OFDM-PON application.
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