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Abstract: This paper presents a real-time, coherent optical OFDM
transmitter based on a field programmable gate array implementation. The
transmitter uses 16QAM mapping and runs at 28 GSa/s achieving a data
rate of 85.4 Gb/s on a single polarization. A cyclic prefix of 25% of the
symbol duration is added enabling dispersion-tolerant transmission over up
to 400 km of SSMF. This is the first transmission experiment performed
with a real-time OFDM transmitter running at data rates higher than 40
Gb/s. A key aspect of the paper is the introduction of a novel method for
OFDM symbol synchronization without relying on training symbols. Unlike
conventional preamble-based synchronization methods which perform
cross-correlations at regular time intervals and let the system run freely in
between, the proposed method performs synchronization in a continuous
manner ensuring correct symbol alignment at all times.
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1. Introduction

Orthogonal frequency division multiplexing (OFDM) [1] has attracted much interest within
the field of optical communications. Due to its high spectral efficiency and resilience towards
fiber dispersion, it has been proposed for a broad range of applications including access and
core networks, as well as short links and data centers [1—4]. While first OFDM experiments
were based on offline processing, practical applications call for real-time, highly optimized
signal processing. Recently, such OFDM transmitters (Tx) [5—7] and receivers (Rx) [8] were
demonstrated by employing state-of-the-art field programmable gate arrays (FPGA) along
with high speed data converters.

The latest real-time implementations of high speed optical OFDM transmitters include the
work published in [6] and [7] where line rates of 101.5 Gb/s and 93.8 Gb/s were reported,
respectively. The work presented in [6] used coherent optical OFDM (CO-OFDM) with 16-
state quadrature amplitude modulation (16QAM) subcarrier mapping on a single polarization.
On the other hand, the results of [7] were achieved with polarization multiplexed CO-OFDM
and 4QAM mapping. Both papers considered back-to-back systems without transmission.

This paper describes both the real-time generation and transmission of CO-OFDM signals
over 400 km of standard single mode fiber (SSMF) providing more details on a study we
previously published in [9]. The real-time transmitter used two FPGAs that encode 85.4 Gb/s
of data on 122 subcarriers and a very high speed 128-point inverse fast Fourier transform
(IFFT) based on the Spiral Generator [10, 11]. A cyclic prefix (CP) with a length of 25% of
the symbol duration is added without the need for additional processing efforts like e. g.
multiplexers or first-in first-out buffers (FIFO) enabling dispersion-tolerant transmission over
up to 400 km of SSMF. Four pilot tones help to perform frequency offset compensation and
carrier phase recovery at the receiver, where data are processed offline. At the receiver, a
novel synchronization method is introduced for finding the optimum FFT window position
without relying on training symbols. Unlike conventional preamble-based synchronization
methods which perform cross-correlations at regular time intervals and let the system run
freely in between, the proposed method performs synchronization in a continuous manner
ensuring correct symbol alignment at all times.

2. Experimental setup

The experimental setup comprised a real-time software-defined Tx [12] here operated with
OFDM, a recirculating fiber loop, and an Agilent N4391A optical modulation analyzer
(OMA) as shown in Fig. 1. Two Xilinx Virtex-5 FPGAs (XC5VFX200T) were used to
generate the real-time OFDM signal which was then converted into an analog waveform using
two 6-bit digital-to-analog converters (DAC) from Micram (operated at 28 GSa/s). The DACs
were clocked by an external clock source and used internal programmable clock dividers to
provide clocks to the FPGAs. An optical I/Q-modulator encoded the OFDM waveform onto
the output of an external cavity laser (ECL) with a center wavelength of 1550 nm and a
linewidth of approximately 100 kHz. The resultant signal was amplified using an erbium-
doped fiber amplifier (EDFA) and fed to the recirculating loop, which comprised two
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amplified spans of 50 km SSMF but no dispersion management. The signal was transmitted
along with a holding beam provided by a distributed feedback laser (DFB) for maintaining the
EDFA at constant operating point. After a pre-determined number of recirculations, the signal
was received by the OMA. The OMA is a coherent receiver comprising two 90° optical
hybrids (one for each polarization), balanced photo-detectors and real-time oscilloscopes (80
GSa/s, 32 GHz electrical bandwidth). A second ECL served as local oscillator for the Rx.
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Fig. 1. Experimental setup: an FPGA based real-time Tx with optical 1/Q-modulator and
external cavity laser (ECL). The amplified signal was sent through a recirculating loop
comprising two 50 km spans of SSMF with an EDFA. A DFB laser was used as a holding
beam in the loop. A trigger source defined the number of roundtrips by controlling optical
switches and the optical modulation analyzer (OMA) used to receive the signal. A second ECL
served as a local oscillator. Data were processed on an external PC.

The real-time digital signal processing blocks implemented on the FPGA are shown in
Fig. 2. A 2" — 1 pseudo-random bit sequence generation block (PRBS) generated the data and
fed them to a QAM mapper, which mapped each 4 bits into a 16QAM symbol. The PRBS
generators on the two FPGAs were synchronized. The IFFT block, which was created using
the Spiral Generator framework [11], processed 128 complex inputs to produce the time
domain OFDM signal with 10 bits of arithmetic precision. The input to the IFFT included 122
data subcarriers and 4 evenly-spaced pilot tones. The pilot tones were used to perform
frequency offset compensation and carrier phase recovery at the receiver. The DC and
Nyquist subcarriers (with indices 0 and 64, respectively) were left blank and thus carried no
data. The output of the IFFT was clipped to reduce the peak-to-average power ratio (PAPR)
of the signal and, hence, reduce the quantization noise in the DAC. This was then followed by
a CP insertion stage. The data are passed from the FPGA to the DAC through 24 multi-gigabit
transceivers (GTX) operating in parallel which corresponds to four 6-bit samples. The GTXs
act as on-chip multiplexers where parallel registers are serialized [13]. The width of these
registers was set to 32 bits in previous works, e.g [6]. In this work, the registers were set to be
40 bits wide. In this way, 4 x 40 = 160 samples (rather than 4 x 32 = 128 samples) were
processed within each clock cycle. This corresponds to the 128 point IFFT output plus an
additional 32 samples (25%) of cyclic prefix. To enable this operation, the clock divider on
the DAC was re-configured to match the new register widths. With this technique, no
additional resources on the FPGA needed to be utilized for CP insertion.

The receiver signal processing was carried out offline using Matlab and a block diagram
of the main components is shown in Fig. 2. Standard OFDM processing blocks including
finite impulse response (FIR) filtering to compensate for the roll-off in the system frequency
response, frequency offset compensation, CP removal, FFT, and equalization for channel
estimation and dispersion compensation were used. The symbol synchronization however,
was achieved using a novel method without relying on a preamble (training symbols). The
next section will explain this in more detail.
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Fig. 2. (a) Real-time FPGA processing blocks of transmitter comprising PRBS generation,
16QAM mapping, an IFFT, clipping and scaling, and cyclic prefix insertion. (b) The receiver
offline processing blocks comprise resampling, FIR filtering, frequency offset compensation,
cyclic prefix removal, an FFT, window synchronization, equalization (Equ.), and decoding of
the data. The signal quality is evaluated through EVM measurements [15].

3. FFT window synchronization

Common synchronization techniques for finding the correct temporal position of the FFT
window at the Rx rely mostly on a preamble where training symbols are transmitted regularly
and the cross-correlation is performed to determine the correct OFDM symbol position [8]. In
this paper, an alternative algorithm is described. It offers enhanced robustness because it
performs synchronization as a continuous process along with the reception. In contrast,
preamble-based methods let the system run free between synchronization events; therefore, it
is prone to errors introduced by drifts in the FFT symbol.

Within one OFDM symbol there are L samples (including CP). Essentially, there are L
different starting points for the FFT window, only one of which (after transmission) leads to a
correct FFT window position. In order to find the correct position, the received OFDM stream
is windowed at different positions ¢; where the phase ¢ marks the position of the first sample
of the window (called a phase because of the periodicity in the FFT window positions). The
CP is then removed from each window before an FFT is applied to extract the modulation
coefficients C; as can be seen in Fig. 3(a). In the next step, coefficients C, obtained from
different window positions ¢; are vertically arranged and the standard deviations o(|Cy|) are
computed, see Fig. 3(b). Finally the standard deviations o(|Cy|) are averaged over several
OFDM symbols leading to {(a(|Cy|)), and the minimum of this determines the correct window.

This method is based on the observation that only for a synchronized FFT window the
resulting constellation diagram exhibits some regularity (Fig. 3(c) right inset), while otherwise
just an unstructured cloud of constellation points is observed (Fig. 3(c) left inset). For back-
to-back operation, Fig. 3(c) also shows the resulting averaged (o(|Cy|))r as a function of the
synchronization phase between Tx-IFFT and Rx-FFT window. The optimum phase is found
in the region of the flat “trough” which is due to the positioning tolerance introduced by the
CP.

As only the modulus of the modulation coefficients is required, no information about the
phase of the signals is needed. Hence, the window synchronization is independent of the
carrier phase estimation. As we regard the regularity of the non-equalized constellation
diagrams, the average power (which may differ for different subcarriers due to e. g. a Tx
induced spectral roll-off) does not influence the outcome of the algorithm. Therefore, it can be
applied independently of other processing blocks. In a polarization division multiplexing
system, the proposed method would be applied after the polarization de-multiplexing stage
and is expected to perform equally well.
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Fig. 3. Schematic design of the FFT window synchronization module and experimental results.
(a) The OFDM stream is windowed at different starting positions ¢, An FFT extracts the
modulation coefficients Cy for each window. (b) Coefficients obtained from each window are
vertically aligned and the standard deviation o(|Cy|) is computed. The optimum window
position is found for the minimum mean value (o(|Cy|))x of the standard deviation o(|Cy|) of
subsequently received random modulation coefficients Ci in subcarrier k, averaged over all
subcarriers. (¢) Output of the window synchronization module in a back-to-back measurement.
The flat bottom of the “trough” is due to the phase tolerance introduced by the cyclic prefix.

This technique can be implemented in real-time by performing one FFT per OFDM
symbol using an initial windowing position ¢;, then calculating (o(|C|)); and using it to
determine the next position ¢,1. The aim is to minimize (o(|C;|)); by changing ¢, and the
convergence rate can be improved by introducing some intelligence to the search algorithm
using the least-mean-squares (LMS) method for example [14]. The optimization variable
(o(|Ci))x will continue to be calculated for every symbol to detect and correct any drift. To
simplify the algorithm for real time implementation, the variance (rather than the standard
deviation) could be used, requiring N + 1 complex multiplications and 2N-1 additions if the
direct formula is used (N is the number of subcarriers).

4. Transmission experiment and results

The system was tested in the optical back-to-back configuration whereby the recirculating
loop (shown in Fig. 1) was bypassed and the output of the transmitter was fed to the receiver
directly. The ensemble-averaged 28 GHz spectrum of the OFDM signal is shown in Fig. 4(a).
Four pilot tones broadened by the CP can be seen. The roll-off stems from the frequency
response of the system and is equalized in the Rx. The signal quality was assessed using error
vector magnitude (EVM) [15] and the EVM performance for each subcarrier & is depicted in
Fig. 4(b). Most subcarriers had an EVM equal to or better than 10%. Subcarriers close to k =
61 suffered higher EVM than the rest because they are significantly affected by the optical
carrier noise which is located close to these subcarriers. Subcarriers close to £ =0 and £ = 121
suffer from the system roll-off, as they are located at high frequencies. A clear back-to-back
received constellation diagram for subcarrier k£ =5 is shown in Fig. 4(c).

Next, the transmission experiment was carried out over several transmission distances and
the average EVM over all 122 data subcarriers was measured in each case. Figure 4(d)
presents the average EVM as a function of the transmission distance up to 400 km. The figure
also indicates the values of EVM corresponding to bit error ratios (BER) of 10~ and 107 As
can be seen from the figure, the system achieved acceptable EVM for all distances (up to 400
km).

The output of the FFT window synchronization module can be seen in Fig. 5 for both the
back-to-back configuration and after 400 km transmission distance. In the back-to-back
measurements, suitable windows can be found within the range of the CP of 25% of the
symbol length, i. e., within 1 — (1 / 1.25) = 20% (1.26 rad) of the maximum phase difference
2n. This is the trough width in Fig. 5(a). After transmission over 400 km of fiber without
dispersion management, the full length of the CP is needed for dispersion compensation.
Therefore, only a fixed FFT window position at the minimum (o(|Cy)), offers best
performance (cf. Fig. 5(b)).
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Fig. 4. Experimental results. (a) Measured and ensemble-averaged spectrum. Four pilot tones
broadened by the CP are seen. (b) Signal quality, expressed by EVM [15] for different
subcarrier positions £ in a back-to-back measurement. (c) Constellation diagram of subcarrier &
=5 and back-to-back configuration. (d) Average EVM for all subcarriers after the transmission
distance. Values of EVM corresponding to BER of 10~ and 107 are indicated.
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Fig. 5. Output of the synchronization module (a) in the back-to-back configuration and (b) after
400 km transmission.

5. Conclusions

This paper presented the generation and transmission of real-time 16QAM coherent optical
OFDM signals. The FPGA-based transmitter ran at 28 GSa/s and achieved a data rate of 85.4
Gb/s. A 25% cyclic prefix was added without the need for additional FPGA processing
resources and enabled dispersion-tolerant transmission over up to 400 km of SSMF. A key
aspect of the work was the development and demonstration of a novel method for OFDM
symbol synchronization without relying on training symbols. Unlike conventional preamble-
based synchronization methods which perform cross-correlation at regular time intervals and
let the system run freely in between, the proposed method performs synchronization in a
continuous manner ensuring correct symbols are used all the time.
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