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Abstract: The paper investigates the performance of a blind symbol 
synchronisation technique for optical OFDM systems based on virtual 
subcarriers. The test-bed includes a real-time 16-QAM OFDM transmitter 
operating at a net data rate of 30.65 Gb/s using a single OFDM band with a 
single FPGA-DAC subsystem and demonstrates transmission over 23.3 km 
SSMF with direct detection at a BER of 10−3. By comparing the 
performance of the proposed synchronisation scheme with that of the 
Schmidl and Cox algorithm, it was found that the two approaches achieve 
similar performance for large numbers of averaging symbols, but the 
performance of the proposed scheme degrades as the number of averaging 
symbols is reduced. The proposed technique has lower complexity and 
bandwidth overhead as it does not rely on training sequences. 
Consequently, it is suitable for implementation in high speed optical OFDM 
transceivers. 
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1. Introduction 

Direct-detection optical orthogonal frequency division multiplexing (DD-OFDM) has been 
suggested as a potentially attractive technology for future passive optical networks (PON), 
data centres, and back-haul links [1,2]. In addition to its spectral efficiency and efficient 
dispersion compensation, OFDM and orthogonal frequency division multiple access 
(OFDMA) offer flexible and efficient frequency-domain allocation of bandwidth resources by 
allowing multiple users to share the bandwidth with fine granularity [1]. 

Symbol synchronisation, which is the process of aligning the receiver fast Fourier 
transform (FFT) with the transmitter inverse FFT (IFFT), is one of the major components in 
the OFDM transceiver design. The signal detected at the receiver is a series of symbols with 
no distinctive boundaries between them. The receiver must identify these symbol boundaries 
correctly before processing them, otherwise the FFT would process samples from adjacent 
symbols causing inter-symbol interference and bit error ratio (BER) degradation. Amongst the 
several methods that have been proposed for symbol synchronisation in wireless systems is 
the well-known Schmidl and Cox (S&C) algorithm [3]. However, direct implementation of 
this method in high speed optical communications is computationally expensive because of 
the high sampling frequency required in such systems (multiple Giga samples per second). In 
addition, S&C and most other OFDM synchronisation methods require training symbols 
which lead to a reduction in the data throughput. Non-data aided algorithms that work blindly 
without sacrificing system capacity would be very useful in achieving high spectral 
efficiency. 

A number of synchronisation techniques specifically targeting multi-gigabit per second 
optical OFDM have been developed in recent years [4–9]. Giddings et al. [4] proposed 
superimposing a pattern of DC offset levels on OFDM symbols. The DC levels vary from 
symbol to symbol in a pattern known to the receiver. The received signal is then correlated 
with the known pattern, averaged over multiple symbol periods and the correlation output 
gives peaks indicating the correct symbol boundaries. Bouziane et al. presented a method 
using training symbols and frequency-domain cross-correlation in [6] and another technique 
based on the standard deviation of the FFT output symbols in [7]. The principle of operation 
was that in the case of a synchronised system the symbols should be closely clustered and 
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consequently their standard deviation should be at a minimum. Most recently, we proposed 
[8] and assessed [9] the performance of a non-data-aided algorithm with low complexity in an 
optical back-to-back configuration by using the already-existing virtual subcarriers (VSC). 
VSC are subcarriers that carry no data and usually constitute a small fraction of the FFT 
output. Similar techniques making use of VSC have been suggested in the past in the context 
of wireless communications for carrier frequency offset (CFO) estimation [10–13]. These 
techniques develop a cost function based on VSC and suggest algorithms to optimise it and 
estimate CFO using e.g. a MUSIC-like algorithm [10] or an ESPRIT-like algorithm [11]. 

The proposed method in this paper investigates the symbol timing offset in optical OFDM 
and uses the power of VSC (Pvsc) as an indicator for the offset. Assuming the system is noise-
free, Pvsc should be zero if symbol synchronisation is maintained; otherwise, energy from 
adjacent subcarriers will leak to VSC. Noise in the system will increase Pvsc but its value 
should reach a minimum when synchronisation is achieved. Based on this observation, one 
can detect the timing offset by monitoring Pvsc and determining its minimum. 

The algorithm first calculates Pvsc for all N possible offset values (where N is the FFT size) 
and then selects the one that gives minimum Pvsc [8]. Here, the correct symbol offset is 
assumed to be a positive integer between 0 and N-1. This process can be accelerated if a 
search algorithm like the least-mean-squares is used. The accuracy of the estimation can be 
improved if Pvsc is averaged over multiple symbols. The resulting reduction in digital signal 
processing (DSP) complexity and bandwidth overhead makes this technique a practical 
approach in optical OFDM systems. In this paper, we extend the work presented in [9] by 
experimentally assessing the performance of the method using real-time-generated signals and 
comparing its performance with that of S&C in optical transmission over 23.3 km of standard 
single mode fibre (SSMF). The real-time transmitter operates at a bit rate of 30.65 Gb/s, 
which makes it one of the highest-throughput real-time DD-OFDM systems reported to date. 

Several publications have reported real-time implementations of DD-OFDM for next 
generation PON based on field programmable gate arrays (FPGAs) and digital-to-analogue 
and analogue-to-digital converters (DAC/ADC) [14–17]. The latest published results include 
the work of Hugues-Salas et al. in which a real-time end-to-end OFDM system with intensity 
modulation and direct detection (IM/DD) operating at 11.25 Gb/s has been reported [14]. In 
2013, the same group demonstrated a dual-band real-time OFDM system with data rates of  
20 Gb/s using two independent FPGA-DAC subsystems [15]. The receiver side, which 
contained one ADC-FPGA pair, received one band at a time. Meanwhile, Cho et al. reported a 
real-time DD-OFDM transceiver operating at 11.52 Gb/s for IM/DD OFDMA-PON systems 
[16]. More recently, Giddings et al. demonstrated a triple sub-band OFDM transceiver with a 
bitrate of 30 Gb/s [18] and Li et al. showed transmission and reception of DD-OFDM signals 
at 50 Gb/s [19]. This however was achieved with high BER (10−2) and soft decision forward 
error correction (SD-FEC) was suggested to correct for this. The experiments described in this 
paper report the real-time generation and transmission of DD 16-level quadrature amplitude 
modulation (16-QAM) OFDM signals with a bit rate of 30.65 Gb/s using a single FPGA-
DAC and transmission over 23.3 km of SSMF with BER less than 10−3. The use of a single 
band avoids the need for analogue mixers, and multiple DAC/ADCs. The rest of the paper is 
organized as follows: Section 2 describes the system configuration and experimental setup. 
Section 3 presents the characterization of the real-time transmitter and transmission results, 
and section 4 describes a performance comparison between the proposed synchronisation 
scheme and the Schmidl and Cox algorithm. 

2. Experimental setup 

A block diagram of the OFDM transmitter DSP is shown in Fig. 1. At each clock cycle, a 
sequence of 200 bits from a 215 DeBruijn pattern was sent to 16-QAM encoders generating 50 
complex symbols. These symbols and their complex conjugates were fed to a 128-point IFFT 
using the Hermitian symmetry so that the output of the IFFT was real, thus following the 
discrete multi-tone (DMT) configuration. Both the symbol mapping and the IFFT had 12 bits 
of resolution. To design the IFFT block, we utilised Spiral, a tool that can automatically 
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generate hardware and software cores for DSP transforms [20]. Subcarriers located at high 
frequencies (26 of them) were used as VSC (i.e. they were set to zero and transmitted no data) 
because they had low signal-to-noise ratio (SNR) due to the roll-off in the system frequency 
response. These were later used for the proposed VSC synchronisation scheme. The output of 
the IFFT was then clipped and scaled in order to reduce the peak-to-average power ratio of 
the signal and match the resolution of the DAC (6 bits). These DSP blocks were implemented 
on a Xilinx Virtex-5 FPGA board (XC5VFX200T) running at a clock frequency of  
156.25 MHz. The transmitter employed 50 data subcarriers all encoded with 16-QAM 
resulting in a raw data rate of 31.25 Gb/s. An overhead of 1.9% was allocated for channel 
estimation training symbols; therefore, the net data rate was 30.65 Gb/s (giving a 28.64 Gb/s 
payload data rate assuming a 7% FEC overhead). 

 

Fig. 1. Block diagram of the transmitter DSP. 

FPGA DAC

modulatorLaser VOA VOA Rx

EDFA

 

Fig. 2. Experimental system setup. VOA: variable optical attenuator, EDFA: erbium-doped 
fibre amplifier, Rx: receiver. 

As shown in Fig. 2, the output of the FPGA was passed to a DAC (Micram VEGA DAC 
II) with a sampling frequency of 20 GS/s and a nominal resolution of 6 bits (effective number 
of bits, ENOB, of 4 at 8 GHz). The output of the DAC was used to drive a Mach-Zehnder 
modulator to generate the intensity-modulated signal waveform. An external cavity laser 
(ECL) operating at 1550nm was used as the transmitter optical source, although a source with 
a wider linewidth would perform equally well since the signals are modulated onto the 
intensity of the optical field and directly detected with a photodiode. In the optical back-to-
back configuration, the output of the modulator was amplified using an erbium-doped fibre 
amplifier (EDFA) which was operated in saturation with an output power of 18.5 dBm and a 
noise figure of 4.5 dB. In the transmission experiment, an optical attenuator followed by a 
span of 23.3 km of SSMF (with 4.5 dB loss) were used between the modulator and the EDFA. 
The launch power into the fibre was set to 0 dBm. The signal was then attenuated before 
being received by a Discovery photo-detector (DSC10) followed by an SHF amplifier 
(SHF806P). A Tektronix digital sampling scope with 50 GS/s sampling frequency and a 
nominal resolution of 8 bits was used to capture the waveforms. The waveforms were then 
processed offline using Matlab. The receiver offline DSP included the following blocks: 
resampling, symbol synchronisation, FFT, channel equalisation, symbol de-mapping, and 
BER calculation using 1.024 x 105 bits. Resampling was done by down-sampling the received 
signals and adjusting the phases of the samples until best performance was obtained. The 
channel frequency response estimation was performed using 10 training symbols in every 512 
OFDM symbols, therefore the training symbols overhead was approximately 1.9%. 
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3. Performance measurements of the real-time transmitter 

The received power was varied from −11 dBm to + 3 dBm and BER was calculated by error 
counting in each case. First, the Schmidl and Cox algorithm was used for symbol 
synchronisation. Figure 3(a) shows the BER of the system as a function of the received 
power. The hard decision (HD) FEC limit was assumed to be 3.8x10−3 [21] and is indicated in 
the figure as well. BER is below the FEC limit for received powers greater than or equal to  
−1 dBm in the back-to-back configuration and + 1 dBm after transmission. There is a penalty 
of approximately 2 dB caused partly by dispersion, since the OFDM symbols didn’t include 
cyclic prefix in order to save resources and reduce overhead, and partly by additional 
amplified spontaneous emission (ASE) noise from the optical amplifier. Figures 3(b)–3(e) 
show example constellation diagrams of the received signals at 2 dBm received power in both 
cases: back-to-back and 23.3 km SSMF transmission. All subcarriers are plotted together  
in Figs. 3(b) and 3(c) and only one subcarrier (subcarrier number 10) is plotted in  
Figs. 3(d) and 3(e). 

(a) (b) (c)

(e)(d)

 

Fig. 3. (a) BER versus received optical power in the optical back-to-back configuration, and 
after transmission over 23.3 km SSMF. The HD-FEC limit of 3.8x10−3 is shown as a straight 
line. Example constellation diagrams of the received signal at 2 dBm received power, (b) all 
subcarriers, back-to-back (c) all subcarriers, after 23.3 km transmission, (d) 10th subcarrier 
only, back-to-back and (e) 10th subcarrier only, 23.3 km transmission. 

4. Performance comparison between S&C and the proposed synchronisation method 

The Schmidl and Cox (S&C) synchronisation algorithm is a data-aided method that uses 
training symbols and cross-correlation in the time-domain to detect the timing offset. In [9], 
we proposed a simpler method which does not rely on training symbols nor on the cyclic 
prefix, but uses the power of virtual subcarriers instead to perform symbol synchronisation. 
Here, we assess the performance of the method using the real-time-generated data and 
compare its performance with that of S&C. 

Figure 4(a) illustrates how the power of virtual subcarriers changes as the symbol offset is 
swept from 0 to 127. This was obtained for the transmission case with 2 dBm received power 
and 100 averaging symbols (symbols over which the power calculation was averaged). The 
power profile reaches a minimum at a symbol offset of 110 which is the correct offset. If the 
number of averaging symbols is decreased as shown in Fig. 4(b), the shape of the power 
profile becomes noisier but the correct offset is still determined for all cases. 
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Fig. 4. Power of virtual subcarriers versus symbol offset in the transmission case with  
2 dBm received optical power and (a) 100 averaging symbols, (b) different numbers of 
averaging symbols. 

Figures 5 and 6 compare the performance of the proposed method using different numbers 
of averaging symbols in the optical back-to-back configuration (Fig. 5) and after transmission 
(Fig. 6). Using 100 symbols, the performance of the proposed method is similar to that of 
S&C. However, reducing the number of symbols degrades the performance at low received 
powers. This performance degradation is more pronounced in the transmission case because 
of the effects of dispersion and additional ASE noise from the optical amplifier. With 10 
symbols, the performance of the two methods is the same down to a received power of  
−7 dBm in the back-to-back-case. This increases to −4 dBm after transmission. 

Figure 5(b) shows the minimum received power at which the performance of the proposed 
method matches that of S&C as a function of the number of symbols over which the metric is 
averaged. For best performance, 100 symbols need to be used; otherwise, increasing the SNR 
would improve the robustness of the method at low numbers of symbols. It is worth noting 
that although the synchronisation speed (the rate at which synchronisation is achieved) 
reduces in the case of 100 symbols (10 times lower than that of 10 symbols), the circuit 
complexity remains the same. Figures 5(b) and 6(b) show the trade-off between robustness 
and synchronisation rate. 

In terms of complexity, the proposed method operates at the output of the FFT and 
calculates the power of virtual subcarriers only requiring 26 complex multipliers and 25 real 
adders. This represents a small number of operations relative to the rest of the processing in 
the transceiver. For example, our optimised FFT algorithm requires 166 complex multipliers 
and 896 complex adders. If S&C is implemented in parallel over S = 128 channels, it would 
require S = 128 complex multipliers and S2 = 16384 real adders, although simpler 
implementations have been suggested e.g [22], but with other limitations as explained in that 
reference. It is worth noting that the S&C algorithm provides information on CFO as well as 
symbol synchronisation, unlike the proposed algorithm which has not been tested in the 
presence of CFO because CFO does not arise in DD systems. If a coherent system was 
considered, then CFO would lead to subcarrier crosstalk and consequently may affect the 
performance of the proposed synchronisation scheme. In addition, the number of VSCs is a 
parameter that can be optimised because it gives a trade-off between performance on one side 
and complexity and bandwidth overhead on the other side (a large number of VSCs improves 
the synchronisation accuracy but increases the computational complexity and bandwidth 
overhead). These studies will be subject to future research. 
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(a) (b)

 

Fig. 5. (a) Performance comparison between Schmidl and Cox algorithm (S&C) and the 
proposed non-data aided synchronisation method using different numbers of averaging 
symbols in the optical back-to-back configuration. (b) Minimum received power to match the 
performance of S&C vs. number of averaging symbols. 

(a) (b)

 

Fig. 6. (a) Performance comparison between Schmidl and Cox algorithm (S&C) and the 
proposed non-data aided synchronisation method using different numbers of averaging 
symbols after transmission over 23.3 km SSMF. (b) Minimum received power to match the 
performance of S&C versus number of averaging symbols. 

5. Conclusion 

The paper assessed and quantified the performance of a non-data-aided OFDM symbol 
synchronisation scheme based on virtual subcarriers and compared its performance with that 
of the Schmidl and Cox algorithm. The experimental setup included an FPGA-based real-time 
optical OFDM transmitter operating at a bit rate of 30.65 Gb/s in a direct-detection 
configuration and transmitted over 23.3 km of SSMF achieving BER less than 3.8x10−3 for  
1 dBm received power. There is a trade-off between the accuracy of the proposed symbol 
synchronisation technique and its synchronisation rate. Moreover, it exhibits low complexity 
and bandwidth overhead, which make it suitable for implementation in high speed optical 
OFDM transceivers. The results presented in the paper show a step forward towards realising 
low-cost, spectrally-efficient signalling for PON systems, data centres, and back-hauling with 
40 Gb/s and 100 Gb/s per wavelength. 
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