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Abstract: An innovative free-space optical (FSO) link using laser light propagation to
achieve transmission rate of 40 Gb/s at a wavelength of 1550 nm is proposed and exper-
imentally demonstrated. Over a 20-m free-space link, brilliant bit-error-rate performance
and clear eye diagram are obtained in the proposed 1550-nm distributed feedback
(DFB) laser diode (LD)-based FSO links. As far as we know, it is the first time that a
1550-nm externally modulated laser transmitter cascaded with an erbium-doped fiber
amplifier and a pair of fiber collimators to successfully set up a 20-m/40-Gb/s FSO link
has been employed. Compared with the 680-nm vertical-cavity surface-emitting laser-
based FSO link, this proposed 1550-nm DFB LD-based FSO link is attractive not only
because it has longer free-space transmission distance but because it supplies higher
bandwidth operation as well. Such a 1550-nm DFB LD-based FSO link provides the ben-
efits of optical wireless communications for longer transmission distance and higher
transmission rate, which is thoroughly helpful for optical wireless network applications.

Index Terms: Fiber collimator, free-space optical link, optical wireless communications.

1. Introduction
The main characteristics of free-space optical (FSO) links are high directivity, which provides
high power efficiency and isolation from other interferences, unlicensed bandwidth, easy instal-
lation, and the promise of multi-gigabit mobile applications by using flexibility through free-space
links [1]–[6]. An FSO link, by which using laser light propagation in free-space to deliver high
quality signal and high-speed data rate, is therefore developed with high expectation to conquer
the wireless connection issues. The FSO link has attracted a lot of attention as a potential can-
didate for optical wireless communications because it has several advantages over the tradi-
tional radio frequency (RF)-based wireless communications. For a real and practical
implementation of FSO link, long free-space transmission distance and high free-space trans-
mission rate are the major concerns of system engineers and designers. A 10 m/25, Gb/s two-
stage, injection-locked 680-nm vertical-cavity surface-emitting laser (VCSEL)-based light-based
WiFi (LiFi) transmission system was demonstrated previously [7], [8]. However, sophisticated
two-stage injection locking technique is required, and it will increase the complexity of LiFi
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transmission systems. Moreover, it is difficult to obtain good free-space transmission perfor-
mance due to modal noise induced from the multi-mode VCSEL. The free-space transmission
distance and transmission rate can be further improved by 1550-nm distributed feedback (DFB)
laser diode (LD)-based FSO links. To compare with the two-stage injection-locked 680-nm
VCSEL-based FSO link, the 1550-nm DFB LD-based FSO link is attractive not only to have
higher optical power launched into the free-space, but also to provide larger bandwidth opera-
tion to FSO links. In this paper, a 20 m/40 Gb/s 1550-nm DFB LD-based FSO link is proposed.
We successfully demonstrate that a 40-Gb/s data stream can be transmitted to a 20-m free-
space link. To the best of our knowledge, it is the first one that employs a 1550-nm externally
modulated laser transmitter cascaded with an erbium-doped fiber amplifier (EDFA) and a pair of
fiber collimators to establish a 20 m/40 Gb/s FSO link successfully. Over a 20-m free-space link,
good bit error rate (BER) performance and a clear eye diagram are achieved in the proposed
1550-nm DFB LD-based FSO links with a transmission rate of 40 Gb/s.

2. Experimental Setup
Fig. 1 depicts the experimental configuration of the proposed 20 m/40 Gb/s FSO links which em-
ploy a 1550-nm externally modulated laser transmitter cascaded with an EDFA and a pair of fiber
collimators. The DFB LD with a central wavelength of 1549.15 nm provides an optical carrier to a
Mach–Zehnder modulator (MZM) with a 3-dB bandwidth of 40 GHz. The MZM is modulated by a
40-Gb/s pseudorandom binary sequence (PRBS) of 215 � 1 generated by a PRBS generator, and
the modulation scheme is on-off keying directly from PRBS sequence. For achieving modulation in
intensity, the MZM is operated at the quadrature point. The output power and noise figure of EDFA
are 17 dBm and 4.5 dB at an input power of 0 dBm, respectively. A variable optical attenuator
(VOA) is positioned at the start of the EDFA so that the optical power launched into the free-space
can be optimized to obtain the best transmission performance. Since 1550 nm light suffers from
less free-space attenuation than 680/785/830 nm light [9], [10], the wavelength of 1550 nm is se-
lected in a FSO link. Furthermore, EDFA can only amplify optical signals in the 1550 nm region,
and thereby a FSO link can be enhanced by the introduction of 1550 nm technology. A pair of fiber
collimators is used to collimate light from a fiber to form a collimated optical beam and to couple
light from free-space into an optical fiber. The fiber collimators connected to single-mode fibers
(SMFs) play an important role in forming an optical beam for delivering optical signal through the
free-space between the two sides. The fiber collimator has an operating wavelength range of
1050–1620 nm, a fiber-to-lens distance of 7.5 mm, a divergence of 0.079°, and a focal length of
7.5 mm. The light emitted from the first-stage fiber collimator is fed into the first-stage convex
lens, transmitted in the free-space, inputted into the second-stage convex lens, and concentrated
on the second-stage fiber collimator. Over a 20-m free-space link, the optical signal is detected by
a 40-GHz photodiode (PD) with a responsivity of 0.55 mA/mW (at 1550 nm) and amplified by a
40-GHz low noise amplifier (LNA) with a 3-dB bandwidth of 40 GHz and a small signal gain of

Fig. 1. Experimental configuration of the proposed 20 m/40 Gb/s FSO links which employ a
1550-nm externally modulated laser transmitter cascaded with an EDFA and a pair of fiber
collimators.
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20 dB (measured at 40 GHz). It is necessary for an LNA to amplify the data stream while adding
as little noise and distortion as possible. After LNA amplification, the data stream is recovered by
a 40-Gb/s data recovery scheme, and fed into a bit error rate tester (BERT) for BER perfor-
mance evaluation. The function of the data recovery is to recover and regenerate the data
stream from the distorted data stream due to a 20-m free-space link.

3. Experimental Results and Discussion
The modulation bandwidth of the two-stage injection-locked 680-nm VCSEL-based LiFi transmis-
sion systems is 26.2 GHz [7]. As to the modulation bandwidth of the 1550-nm DFB LD-based
FSO links, it is crucially determined by the modulation bandwidth of MZM employed in FSO links.
In this work, the modulation bandwidth of the 1550-nm DFB LD-based FSO links can be in-
creased to 40 GHz due to the use of 40 GHz MZM. This finding shows that the 1550-nm exter-
nally modulated laser transmitter is powerful enough for 40 Gb/s transmission. However, the
transmission rate can be further enhanced by employing a MZM with a 3-dB bandwidth larger
than 40 GHz. Moreover, multi-mode VCSEL often introduces modal noise in systems and results
in the deterioration of transmission performance. It can be improved by replacing the multi-mode
VCSEL-based LiFi transmission systems with single-mode DFB LD-based FSO links to remove
the modal noise. Furthermore, the free-space transmission distance of the two-stage injection-
locked 680-nm VCSEL-based LiFi transmission systems is 10 m [7]. As to the free-space trans-
mission distance of the 1550-nm DFB LD-based FSO links, it is mainly determined by the output
optical power of EDFA employed in FSO links. In this work, the transmission distance of the
1550-nm DFB LD-based FSO links is extended to 20 m due to the use of 17 dBm EDFA. How-
ever, the transmission distance can be further increased by employing an EDFA with an optical
power higher than 17 dBm.

A functional block diagram of the data recovery is illustrated in Fig. 2, by which including am-
plitude and phase comparators. The distorted data signal goes into the data recovery and sepa-
rates into two distinct paths. One passes through the amplitude comparison path while the other
passes through the phase comparison path. These two distinct paths are employed to imple-
ment a successful data recovery in a long-distance and high-speed FSO link. If a data signal
dðnÞ without distortion is available at the transmitting site, then a distorted data signal derðnÞ due
to a 20-m free-space link is received at the receiving site. Here, n is the nth number, dðnÞ is the
nth data signal of the data stream, and dðnÞ can be bit 1 or bit 0. The data signal dðnÞ has an
amplitude aðnÞ and a phase �ðnÞ

dðnÞ ¼ aðnÞej�ðnÞ: (1)

Fig. 2. Functional block diagram of the data recovery.
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Over a 20-m free-space link, the received distorted data signal derðnÞ has a distorted amplitude
aerðnÞ and a distorted phase �erðnÞ

derðnÞ ¼ aerðnÞej�erðnÞ: (2)

The function of the data recovery is to recover dðnÞ from derðnÞ. For amplitude comparison, the
output of the amplitude comparator is compared with the stored copy of aðnÞ, the amplitude
comparator has to obtain aðnÞ from aerðnÞ. For phase comparison, the output of the phase com-
parator is compared with the stored copy of �ðnÞ, the phase comparator has to obtain �ðnÞ from
�erðnÞ. And thereby, the data signal dðnÞ is recovered from the distorted data signal derðnÞ. Fast
feedback updates the amplitude and phase errors so that the errors are deleted to recover the
data signal dðnÞ.

The measured BER curves of the 1550-nm DFB LD-based FSO links at a data stream of
40 Gb/s are shown in Fig. 3(a). At a free-space transmission distance of 20 m, as LNA and data
recovery are not employed, the BER is around 10�5. However, as LNA and data recovery are
employed concurrently, the BER reaches about 10�9. A great BER performance improvement
ð10�5 ! 10�9Þ is achieved. Brilliant BER performance is obtained to demonstrate the feasibility
of building up a 20 m/40 Gb/s FSO link. To have a more association with LNA, data recovery,
and BER performance, we remove one of the BER performance improvement schemes. It is ob-
vious that as only one BER performance improvement scheme is employed, the BER perfor-
mance improvement is limited ð10�5 ! 10�7Þ. Both of the LNA and data recovery play important
roles for error corrections. They can ameliorate the signal-to-noise ratio (SNR) value of FSO
links, by which leading to BER performance improvement. In addition, the measured BER
curves of the 1550-nm DFB LD-based FSO links at a data stream of 40 Gb/s over 18.5 m/20
m/23 m/26 m free-space link scenarios, as LNA and data recovery are employed simulta-
neously, are shown in Fig. 3(b). It is obvious that as the free-space transmission distance in-
creases the BER value increases as well. Longer free-space transmission distance leads to
lower received optical power level and results in the degradation of BER performance. For an
FSO link, there is a trade-off between the transmission distance and the transmission rate. Error-
free operation can be achieved under different transmission distance with different transmission
rate. Therefore, different transmission distance and transmission rate can be achieved in accor-
dance with the requirement of FSO links. Moreover, in Fig. 3(b), we illustrate the BER perfor-
mance with respect to received optical power. The received optical power means the optical
power received at the PD. It can be seen that when the received optical power for each curve is
the same as others, the BER performance is different. This is because the received optical power

Fig. 3. Measured BER curves of the 1550-nm DFB LD-based FSO links at a data stream of 40 Gb/s
(a) without/with LNA/data recovery and (b) over 18.5 m/20 m/23 m/26 m free-space link scenarios
(with LNA and data recovery).
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also includes other distortion light. As the free-space transmission distance increases, the re-
ceived optical SNR decreases and results in worse BER performance.

The eye diagrams of the 40 Gb/s data stream over a 20-m free-space link without/with em-
ploying LNA and data recovery are displayed in Fig. 4(a) and (b), respectively. Amplitude and
phase variations obviously occur (see Fig. 4(a)) as LNA and data recovery are not employed.
However, as LNA and data recovery are employed concurrently, a clear eye diagram (see
Fig. 4(b)) is observed due to the suppression of amplitude and phase variations.

The FSO link is to realize the free-space transmission using a pair of fiber collimators with
SMFs. Propagating a laser beam through the free-space between the fiber collimators enacts the
FSO links to work as if the fibers were connected seamlessly. Laser beam alignment and beam
radius size between two fiber collimators are critical for the transmission performance of an FSO
link [11], [12]. An FSO link with laser beam misalignment and divergent beam radius will degrade
the transmission performance. To measure the BER values of a 20 m/40 Gb/s FSO link with LNA
and data recovery under different laser beam misalignments, the results are given in Fig. 5. It is
clear that as the misalignment increases the BER value increases as well. An error-free opera-
tion of 10�9 can be achieved when the laser beam misalignment is smaller than 0.1 mm. In addi-
tion, the BER values of a 20 m/40 Gb/s FSO link with LNA and data recovery under different
beam radii is present in Fig. 6. It is obvious that as the beam radius increases the BER value in-
creases as well. An error-free operation of 10�9 can be obtained as the beam radius is smaller
than 0.3 mm.

By employing a 1 � N optical splitter at the receiving site (as shown in Fig. 7), we can apply
the collimated laser communication for supporting the broadcasting nature of optical wireless
access. Such a 20 m/40 Gb/s 1550-nm DFB LD-based FSO link provides the advantages of
long-distance and high-speed LiFi transmission. A 20 m/40 Gb/s LiFi transmission system is
highly useful for optical wireless communications.

Fig. 4. Eye diagrams of the 40 Gb/s data stream over a 20-m free-space link (a) without employing
LNA and data recovery and (b) with employing LNA and data recovery concurrently.

Fig. 5. BER values of a 20 m/40 Gb/s FSO link with LNA and data recovery under different laser
beam misalignments.
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4. Conclusion
A 20 m/40 Gb/s FSO link based on a 1550-nm externally modulated laser transmitter cascaded
with an EDFA and a pair of fiber collimators is proposed and experimentally demonstrated.
Through a thorough investigation, good BER operation and clear eye diagram are achieved in
the proposed 20 m/40 Gb/s 1550-nm DFB LD-based FSO link. Such an innovative FSO link is
attractive not only to demonstrate its enhancement in the optical wireless communications, but
also to provide the advantages of a communication link for longer free-space transmission dis-
tance and higher free-space transmission rate.
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