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Experimental Demonstration of Real-Time Optical
OFDM Transmission at 11.25 Gb/s Over 500-m

MMFs Employing Directly Modulated DFB Lasers
R. P. Giddings, E. Hugues-Salas, Benoit Charbonnier, and J. M. Tang

Abstract—The fastest ever 11.25-Gb/s real-time end-to-end
optical orthogonal frequency-division-multiplexing (OOFDM)
transmission over 500-m multimode fibers (MMFs) with a high
electrical spectral efficiency of 5.625 bit/s/Hz is experimentally
demonstrated, for the first time, in a simple intensity modula-
tion and direct detection (IMDD) system employing a directly
modulated distributed-feedback (DFB) laser. An optical power
budget as high as 12 dB is achieved with a minimum received
optical power of 6.3 dBm for a total channel bit-error rate of
� ��

�. The field programmable gate array (FPGA)-based
OOFDM transceivers also have functionalities including variable
power loading, performance monitoring, and on-line parameter
adjustment.

Index Terms—Optical fiber communication, optical modulation,
orthogonal frequency-division multiplexing (OFDM).

I. INTRODUCTION

R ECENT years have seen an exponentially growing de-
mand for higher transmission bandwidths in local area

networks (LANs). A vast majority of the existing LANs are
based on multimode fibers (MMFs) [1]. The cost of upgrading
the installed MMF-based LANs from today’s typical 1 Gb/s
to Gb s can be drastically reduced if a high-speed
single wavelength transmission technique is realized, which
is compatible with legacy MMFs. It is also greatly advanta-
geous if the technique also has essential features including
cost-effectiveness, low power consumption, compactness and
insusceptibility to the variation in launch conditions. Based
on coarse wavelength division multiplexing (WDM) (receiver
sided electronic dispersion compensation), the 10GBASE-LX4
(10GBASE-LRM) technology has demonstrated the ability
to utilize legacy MMFs for the initial migration to 10 Gb/s
transmission over 300 m (up to 220 m).

To further extend the signal bit rate and/or reach of MMF sys-
tems, there is extensive ongoing research into alternative tech-
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niques such as mode-field matched center launch [2] and spatial
light modulation [3]. These techniques are, however, strongly
system-dependent, and significant technical challenges still re-
main to be solved before they are viable for future mass deploy-
ment.

Owing to its inherent advantages including excellent resis-
tance to a large amount of differential mode delay (DMD), adap-
tive and highly efficient utilization of channel spectral charac-
teristics, as well as potential for cost-effective implementation,
optical OFDM (OOFDM) is a promising “future-proof” solu-
tion that has demonstrated great potential to support Gb s
over 300 m transmission in 99.5% of already installed legacy
MMFs, irrespective of launch conditions and implementation-
related impairments [4]. Equally importantly, very recently we
have made a significant breakthrough in experimentally demon-
strating 11.25 Gb/s end-to-end real-time OOFDM transmission
over 25 km standard single-mode fibers (SMFs) in simple inten-
sity-modulation and direct detection (IMDD) systems involving
directly modulated DFB lasers (DMLs) [5]. A 12.1 Gb/s real-
time OOFDM transmitter [6], a 41.25 Gb/s real-time OOFDM
receiver [7] and a real-time coherent receiver [8] have also been
experimentally achieved in SMF systems.

In this Letter, the real-time OOFDM transceiver reported in
[5] is further improved by including an electrical amplifier in the
transmitter to extend the range of the available DML driving cur-
rent and further optimize the DML operating conditions. As a di-
rect result, compared to [5], for the optical back-to-back case the
minimum optical power required for achieving a total channel
bit error rate (BER) of 1 is reduced by approximately
3 dB. In addition, the feasibility of implementing the improved
DML-based real-time OOFDM transceivers is reported, for the
first time, in simple MMF links. Furthermore, the impacts of
various MMF system impairments are also vigorously examined
on the maximum achievable data rate versus reach performance.

II. REAL-TIME OOFDM TRANSCEIVERS AND EXPERIMENTAL

SYSTEM SETUP

Fig. 1 shows the detailed architectures of the real-time
OOFDM transmitter and receiver, and the DML-based IMDD
link employing a 50/125 m MMF. Full descriptions of the
field programmable gate array (FPGA)-based transceiver archi-
tectures and their functionalities can be found in [5].

In the transmitter, pseudo random data is generated as a
stream of 84-bit parallel words, which are combined with a
fixed 6-bit pilot word used for channel estimation [9]. The
combined 90-bit word is mapped onto 15 parallel 64-quadratic
amplitude modulation (QAM) encoders, each of which has an
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Fig. 1. Real-time FPGA-based OOFDM transceiver architectures and experimental system setup.

independent on-line adjustable gain-factor for variable power
loading [5]. To generate only real-valued samples required
for IMDD transmission, Hermitian symmetry is applied to
the 15 generated complex values (together with a zero-valued
component) and their complex conjugate counterparts, next, a
self-developed 32-pt inverse fast Fourier transform (IFFT) logic
function is applied to transform the 32 frequency-domain sub-
carriers to 32 real-valued time-domain samples. Clipping and
8-bit quantization are then performed, followed by insertion of
an 8 sample cyclic prefix to form a complete 40-sample OFDM
symbol. The real-valued symbol is converted from signed
to unsigned and subsequently rearranged for transfer over a
32-bit high-speed interface to a 4 GS/s 8-bit digital-to-analogue
converter (DAC). The DAC output is amplified and adjusted by
a variable electrical attenuator to produce an optimized driving
signal having an amplitude of mVpp. After combining
the driving signal with an optimized DC bias current of 38 mA,
the combined electrical OFDM signal is employed to directly
modulate a 10 GHz bandwidth, 1550 nm DFB laser. Having
boosted the optical signal power, a variable optical attenuator
is utilized to adjust the optical signal power which has a max-
imum possible launch power of dBm, the optical signal
is launched into the MMF link via a commercially available
mode conditioning patch cord. It should be noted that the DFB
laser linewidth effect is negligible in the IMDD systems for
OOFDM signals encoded using signal modulation formats as
high as 128-QAM [10].

At the receiver, a 12 GHz, dBm, linear PIN detector with
a MMF pigtail directly detects the transmitted optical signal.
Prior to digitization by a 4 GS/s 8-bit analogue-to-digital con-
verter (ADC), the converted and amplified electrical signal level
is optimized by a variable electrical attenuator, which is fol-
lowed by a low-pass anti-aliasing filter. As the full Nyquist
bandwidth is used with no guard band, the nonideal filtering re-
sults in some residual aliasing products being present at the high
frequency subcarriers. The digitized samples are transferred to
the receiver FPGA over an interface similar to that used by the
DAC. Manual symbol synchronization is applied, using the ap-
proach reported in [5], [9], to initialize the receiver process. For
each received symbol the cyclic prefix is removed before a 32-pt
FFT converts the real-valued time-domain symbol into 32 fre-
quency-domain subcarriers from which 15 data-carrying sub-
carriers are selected. Subsequently, pilot-data detection is per-

formed for channel estimation. Based on the estimated channel
transfer function each subcarrier is equalized before data de-
coding is performed to recover the transmitted data.

Key features of the real-time OOFDM receiver design are
on-line monitoring of the total channel BER, the BER of
each individual subcarrier, the system frequency response
and the BER distribution across the subcarriers. Such on-line
monitoring functions are crucial for optimizing not only the
subcarrier power loading profile adopted in the transmitter, but
also the transceiver operating parameters such as the signal
clipping level, the overall radio frequency (RF) signal power
and the DFB operating conditions. In addition, the SignalTap
II embedded logic analyzer also allows the real-time obser-
vation of internal signals in the receiver FPGA such that the
aforementioned BERs and system frequency responses can
be continuously extracted and viewed. It should be pointed
out, in particular, that, when measuring a BER, the errors are
counted over 88,500 symbols (7,965,000 bits in total), and the
measured errors are continuously updated and displayed. To
further improve the accuracy of the BER measurement, for a
specific MMF link, a mean value of different readings recorded
over a period of several minutes is taken.

The DAC/ADC sampling speed of 4 GS/s and a total 90 bits
of data per symbol give rise to a raw data rate of 11.25 Gb/s. The
25% cyclic prefix results in a 9 Gb/s net data rate. If a shorter
cyclic prefix can be tolerated, the net data rate can be increased.
However, a reduction in cyclic prefix decreases the system tol-
erance to DMD. An optimum cyclic prefix could be found by
redesign of the FPGA-based DSP process for control of cyclic
prefix length. The actual data rate offered to an end-user will
be reduced due to the use of forward error correction (FEC). It
should also be noted that the overhead occupied by the pilot-data
is negligible ( ), as the pilot-data does not need to be trans-
mitted continuously [9].

III. EXPERIMENTAL RESULTS

Fig. 2 shows the system frequency response of the 500 m
MMF link, which is measured from the input of the IFFT in the
transmitter to the output of the FFT in the receiver. The response
is normalized to the power of the first subcarrier at 125 MHz.
The observed dB roll-off over the entire signal spectrum
is mainly due to: 1) the on-chip output filtering of the DAC and
its inherent response, 2) the DMD effect. If all the
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Fig. 2. Transmitted and received subcarrier powers and system frequency re-
sponse for the 500-m MMF system.

Fig. 3. (a) BER performance of real-time 11.25-Gb/s 64-QAM-encoded
OOFDM signal transmission over 300- and 500-m MMF and optical
back-to-back link configurations. (b)-(d) Received subcarrier constellations
before channel equalization after 500-m MMF transmission. (a), (b) 1st
Subcarrier. (c) 8th Subcarrier. (d) 15th Subcarrier.

transmitted subcarriers have equal powers in the transmitter, the
received subcarrier power variation of dB is too large to
produce an acceptable total channel BER.

To effectively compensate for the system frequency response
roll-off effect, use is made of the variable power loading tech-
nique reported in [5]. The resulting optimum variable power
loading profile across all the subcarriers prior to the IFFT in
the transmitter is shown in Fig. 2, where the corresponding re-
ceived subcarrier power levels recorded immediately after the
FFT in the receiver are also plotted. The received subcarrier
powers vary within a range as small as 5 dB and lead to an
almost uniform error distribution across all the subcarriers. It
should be noted that the optimum clipping level is also depen-
dent upon variable power loading [5].

Making use of the variable power loading profile illustrated
in Fig. 2, the measured BER performance is shown in Fig. 3(a)
for three different cases: optical back-to-back, a 300 m MMF
and a 500 m MMF. For the 500 m MMF link, a minimum BER
of 4.5 is obtained, and the corresponding received con-
stellations prior to channel estimation are plotted in Fig. 3(b–d)
for the 1st, 8th and 15th subcarriers.

It can be seen in Fig. 3(a) that, for the 500 m MMF link,
the minimum received optical power required for achieving a
BER of 1 is approximately dBm, implying that the
optical power budget can be as high as 12 dB when a typical
6 dBm DFB laser is employed.

Fig. 3(a) also shows that, for the 300 m MMF, the measured
power penalty at a total channel BER of 1 is negligible,
suggesting that the adopted cyclic prefix is sufficiently long to
completely compensate for the DMD effect associated with the
link. However, when the transmission distance is increased to
500 m, a power penalty of approximately 3 dB occurs, which is
mainly attributed to the effects of long transmission distance-in-
duced large DMDs and modal noise. Our experimental investi-
gations suggest that the modal noise effect contributes approx-
imately 1 dB power penalty for the 500 m MMF, whilst for the
300 m MMF the modal noise effect is negligible.

It is also worth mentioning that our initial experimental re-
search indicates that gain control can be used to compensate any
drift in the received electrical signal level, and thus significantly
minimize the modal noise effect.

IV. CONCLUSION

A record-high real-time end-to-end OOFDM transmission at
11.25 Gb/s over 500 m MMFs has been experimentally demon-
strated, for the first time, in simple DML-based IMDD systems.
Real-time experimental investigations are currently being un-
dertaken to explore the potential of the OOFDM technique for
upgrading legacy MMF-based LANs to Gb s.
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