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Abstract: Beam tracking-and-steering is crucial for the operation of high-speed, narrow beam,
optical wireless communication (OWC) systems. Using a system based on two sets of low-
cost cameras for continuous beam tracking and a set of mirrors for steering, we demonstrate
here a high-capacity (>1Tbit/s) ten-channel wavelength-division multiplexed (WDM) OWC
system based on discrete multitone transmission. The results, which are achieved over a 3.5-m
perpendicular distance and across a lateral coverage up to 1.8 m, constitute to the best of our
knowledge, the highest aggregate OWC capacity at this coverage.
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distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

The ever growing use of multimedia devices supporting bandwidth-hungry applications has
contributed to an exponential increase in the wireless data traffic in recent years [1–3]. However,
conventional radio-frequency (RF) wireless communications is facing a looming spectrum crunch,
hence both industry and academia are seeking supplementary techniques for the implementation of
future high-speed wireless communications. Optical wireless communications (OWC), featuring
the benefits of an unregulated wide bandwidth, immunity to electromagnetic interference and
much higher achievable data rates than RF, is a promising candidate for both indoor and outdoor
high-speed wireless access [1–3]. In broad terms, OWC systems can be divided into two
categories: visible light communications (VLC) and infrared OWC. By directly modulating
visible lighting sources, VLC can enable simultaneous illumination and data transmission, and has
been investigated in different indoor/outdoor/underwater applications [4–7]. Despite numerous
efforts to improve the performance of VLC systems, their transmission capability is relatively
limited (to the order of gigabit/s), which is mainly due to the low bandwidth of the transceivers in
the visible wavelength band [8–10]. In contrast, narrow-beam infrared OWC can offer a much
higher achievable capacity by using fiber-optic devices in the fiber telecom-band. However, this
is generally achieved at the expense of a significantly reduced coverage, since the field-of-view
of such optical links is much narrower compared to that of VLC [11,12]. Furthermore, eye
safety regulations restrict the maximum permissible emitted power at the transmitter (e.g. below
10 dBm for 1550 nm), according to the International Electrotechnical Commission Standard
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[13]. For these reasons, sensitive beam tracking and steering systems are of great importance in
infrared OWC systems.

In the literature, various active and passive techniques have been demonstrated to realize
effective beam tracking, including micro-electromechanical system (MEMS) mirrors [14,15],
spatial light modulators (SLMs) [16,17], optical phased arrays [18], Bragg gratings [19], arrayed
waveguide grating routers (AWGRs) [20] and silicon photonic integrated circuits (PICs) [21].
While the point-to-point wavelength division multiplexed (WDM) OWC transmission can be
realized by using the MEMS mirrors or SLMs for beam steering [15,17], issues like polarization
sensitivity and implementation cost/complexity may compromise their uses in practical OWC
systems. On the other hand, for the schemes that employ the PIC-integrated/grating-based
phase arrays, Bragg gratings, or AWGRs, they do not easily lend themselves to point-to-point
ultrahigh-speed WDM operation, since different wavelengths are steered to different locations
(i.e., point-to-multipoint). To support point-to-point WDM transmission and thereby boost the
capacity of OWC systems, wavelength-transparent beam steering is more desirable. In addition,
beam tracking is also crucial for OWC systems to facilitate the support of user mobility. The user’s
localization can be identified by means of a wavelength-to-position mapping in AWGR-based
OWC systems [20], provided that a pre-known lookup table is available. Furthermore, solutions
like RF-assisted localization [22] or image sensor-based positioning [16,23–25] can also be used
to track the user’s location and then steer optical beams accordingly. By adopting a LED-tag
system at the receiver (Rx), the camera-equipped transmitter (Tx) can localize the Rx within
milliseconds at an accuracy of 0.018° [24]. Furthermore, upstream signalling can be enabled by
modulating the LED tag at the Rx and detecting the signal with the help of the camera at the Tx,
facilitating the simultaneous localization of a large number of OWC users [23,24]. In [25], a
millimeter-scale positioning accuracy has been achieved using the LiDAR, and calibration-free
OWC transmission at 17 Gb/s over a 3-m distance has been demonstrated. Using low-cost
mirrors and cameras, we have previously demonstrated simultaneous beam tracking and steering,
enabling high-speed WDM transmission based on 4-ary pulse amplitude modulation [26].

In this paper, we report the delivery of >1-Tb/s adaptively-loaded discrete multitone (DMT)
transmission to a single optical wireless receiver over a distance of 3.5 m with a lateral coverage
of up to 1.8 m. Thanks to the wavelength-transparent property of the mirror-based steering
system, similar transmission performance was achieved for all ten WDM channels. Compared
to the work presented in [26], more than 16% capacity enhancement and around 50% coverage
improvement were simultaneously realized. This was achieved by using the DMT with adaptive
bit and power loading, which exhibits the intrinsic capability of capacity maximization as well as
superior bit error rate (BER) performance at low received optical power (ROP), when compared
to our previously used 4-ary pulse amplitude modulation. Furthermore, the adoption of bit-rate
adaptable DMT has allowed us to carry out a detailed investigation of the trade-off between
transmission capacity and lateral coverage, thus providing a better understanding of the operation
of the demonstrated beam tracking-and-steering system when used for high-speed transmission.

2. Experimental setup

2.1. Principle of the beam tracking-and-steering

The beam tracking-and-steering system has been described in detail elsewhere [26], hence is
briefly outlined here for completeness.

A block diagram of the system is shown in Fig. 1(a). The optical signal at the Tx passes
through an optical fiber collimator (Col1, Thorlabs TC06APC-1550), followed by a beam splitter,
which is composed of a dichroic filter (DF) and a bandpass filter (BF). The diameter and full
divergence of the resulting beam are around 1 mm and 0.101 degree, respectively. The direction
of the emitted beam is controlled by a steering mirror (M1). Note that the mirror is gold-coated
and exhibits >95% reflectivity over a broad bandwidth (800 nm to 6 µm). Considering that the
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narrow-beam property of the signal beam makes it challenging to realize a wide-range localization
and tracking capability, in this work, a ring of 800-nm LEDs is arranged around the mirror and
is used as a beacon (BCN1) for tracking. An identical setup is implemented at the Rx, except
that the beacon (BCN2) comprises 890-nm LEDs. To realize bidirectional tracking, two wide
field-of-view (FOV) cameras (CAM1 and CAM3) and two narrow FOV cameras (CAM2 and
CAM4) are adopted. We note that using a separate tracking system at ∼800 to 900 nm enables
the use of low-cost LEDs and tracking cameras, and the tracking functionality can be undertaken
independently of any communications signal being present over a wide range. Different LED
wavelengths at the Tx and Rx are used to avoid any interference in the tracking process and BFs
are used on each tracking camera to ensure that only light from the beacons on the opposite
terminal is detected. The wide FOV cameras find the rough positions of the opposite terminal by
detecting the rings of LEDs, and provide an initial pointing estimate. The fine tracking cameras
are placed in the optical path of the system, using the DFs to combine the communications and
tracking paths. This centers their field of view on the steered axis of the optical system, allowing
precise alignment of the terminals. The latency induced by the whole beam tracking-and-steering
process is ∼200 ms, of which the coarse and fine tracking account for ∼50 ms and ∼150 ms,
respectively. A detailed characterization of the tracking-and-steering performance, including the
positioning error and the induced latency, has been presented in our prior work [26]. Figure 1(b)
shows the fully-assembled unit (@Tx) within a metallic housing of approximately 15×14×13 cm.
It is worth noting that the use of broadband optics ensured wavelength-transparent operation,
thereby allowing WDM transmission for ultrahigh-speed OWC, as will be demonstrated in the
rest of this paper.

Fig. 1. (a) Diagram of the beam tracking-and-steering system, (b) the fully-assembled Tx,
and (c) illustration of the relative placement of the Tx and Rx.

2.2. Transmission setup

For the transmission tests, the location of the Tx was fixed whilst laterally moving the Rx (see
Fig. 1(c)). The vertical distance between Tx and Rx was 3.5 m. Due to the limited space available
for the demonstration, the Rx was displaced laterally with respect to the Tx, but only on one
direction (up to a distance of 0.9 m). However, considering that the properties of the steering
mirrors and tracking cameras are symmetric [23], a full lateral coverage of 1.8 m can safely be
assumed.

Figure 2 shows the block diagram of the WDM transmission setup and the corresponding
digital signal processing (DSP) blocks of the direct-detection optical orthogonal frequency
division multiplexing (DDO-OFDM) scheme that was used. Ten 100-GHz-spaced optical carriers
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ranging from 1546.12 nm to 1553.33 nm were generated by ten continuous-wave lasers (ID
Photonics CoBrite DX4) and then used for intensity modulation in a Mach-Zehnder modulator
(MZM). The electrical signal generated from a 70-GSa/s arbitrary waveform generator (AWG)
was first amplified before been used to drive the MZM. The output of the MZM was fed into
a programmable filter (Finisar Waveshaper) to demultiplex the odd and even channels, which
allowed for channel decorrelation by passing through different lengths of fibers. Subsequently, the
decorrelated WDM channels were combined together and further amplified by an erbium-doped
fiber amplifier (EDFA). The input power of the EDFA was around −6.6 dBm and its output power
was fixed at 18 dBm. A variable optical attenuator was used after the EDFA to ensure that the
emitted optical power at the Tx was fixed at 9 dBm (below the eye safety limit). At the receiver,
another EDFA was used to pre-amplify the received optical signal, and its output power was
also fixed at 18 dBm. After the pre-amp EDFA, an optical bandpass filter (OBPF) was used to
select each WDM channel in succession for performance evaluation. Another variable optical
attenuator was used to adjust the ROP at the photodetector (PD), which was monitored through a
99:1 optical coupler. The detected signal at the PD was then recorded by an 80-GSa/s digital
storage oscilloscope (DSO) for further offline DSP. It is worth noting that similar to some prior
works [16,17,20,22–24], optical amplification has been adopted in this work. Although the use
of two EDFAs introduces extra cost and power consumption, it facilitates the loss compensation
of the OWC link and ensures high-speed transmission over ten WDM channels. As will be
demonstrated later, with the help of the optical amplification, beyond Tbit/s OWC transmission
over a wide coverage is achieved, which is also comparable to that demonstrated in amplified
optical fiber communications. Nevertheless, we anticipate that such amplified OWC systems are
more favourable in capacity-hungry applications that target at ultrahigh capacities.

Fig. 2. Experimental setup of the WDM OWC transmission and the corresponding DSP
blocks. Inset: comparison of the optical spectra of the ten WDM channels at the Tx and Rx.

As mentioned above, DDO-OFDM was considered in this work. At the transmitter in the
offline DSP, Hermitian symmetry operation was applied to the quadrature amplitude modulation
(QAM) mapped signal to ensure real-valued outputs after the inverse Fast Fourier transform
(IFFT). The block size of the IFFT was 512, out of which 240 subcarriers were used to carry on
data information, resulting in an overall signal bandwidth of 32.8125 GHz. After the IFFT, a
cyclic prefix (CP) with a length of 1/8 of the DDO-OFDM symbol was inserted, and the resulting
waveform was then clipped with a clipping ratio of 12 dB. At the receiver, the recorded data
were first synchronized and low-pass filtered (LPF). After CP removal, FFT was performed to
transform the time-domain signal into the frequency domain. Then, frequency-domain channel
estimation (one-tap equalization) was conducted. The recovered QAM signals carried on the data
subcarriers were subtracted accordingly and de-mapped to obtain the BER via error counting.
For the adaptively-loaded DMT transmission, i.e., DDO-OFDM with adaptive loading [27], pilot
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transmission based on DDO-OFDM was conducted first to estimate the channel state information,
which was then used at the transmitter for adaptive bit and power loading.

3. Experimental results

We first evaluated the WDM OWC system using the 8QAM DDO-OFDM (98.4375 Gb/s per
channel) when the Tx and Rx were vertically aligned, i.e., the lateral distance shown in Fig. 1(c)
was 0 m. The link alignment was optimized to ensure minimum loss (10.5 dB) in the optical
wireless link, and therefore optimal transmission performance. A comparison of the optical
spectra of the ten WDM channels at the Tx and Rx is shown in the inset of Fig. 2. Figure 3 shows
the corresponding transmission performance, including BERs and the average signal-to-noise
ratio (SNR) versus ROP. Here, the average SNR refers to the mean value of the SNRs on all
data subcarriers. As seen in the figure, similar performance was achieved for all ten WDM
channels thanks to the wavelength-transparent property of the beam tracking-and-steering system.
However, due to the limited bandwidth of the transceivers, the BERs were still higher than the
7% forward error correction (FEC) limit (3.8×10−3) even at a ROP as high as −7 dBm when the
uniformly-loaded DDO-OFDM signals were used.

Fig. 3. Transmission performance versus ROP of the WDM OWC system using 8QAM
DDO-OFDM at a lateral distance of 0 m: (a) BER and (b) average SNR.

To improve the BER performance as well as maximize the transmission capacity, we im-
plemented adaptive bit-and-power loading, i.e., adaptively-loaded DMT, for each value of the
ROP. Here, the objective of the adaptive loading was to maximize the capacity while keeping
the corresponding BER lower than the 7% FEC limit [27,28]. Figure 4(a) shows the results of
the adaptively-loaded DMT transmission for all channels under different ROP. It is clear that
all channels shared comparable capacity performance. With a ROP higher than −11 dBm, a
rate beyond 100 Gb/s could be achieved for all channels. At the maximum ROP (−7 dBm), the
transmission capacity was around 116 Gb/s/channel whilst the corresponding BERs were all
below the 7% FEC limit, as shown in Fig. 4(b).

We next laterally moved the Rx (as indicated in Fig. 1(c)) to evaluate the beam tracking-and-
steering capability of the system. Figure 5 shows the BER and average SNR results of the 8QAM
DDO-OFDM WDM OWC transmission at lateral movements of 0.3 m and 0.9 m. The ROP was
kept at −7 dBm at both locations. Here, manual optimization, namely two-dimensional scanning
of all possible angles of the steering mirrors to achieve the minimum link loss, was included as a
benchmark for performance comparison. At a lateral distance of 0.3 m, the link loss when using
either tracking only or manual optimization was 13.7 dB and 10.7 dB, respectively, whereas the
corresponding values at the lateral distance of 0.9 m were 17 dB and 10.9 dB. Therefore, when
increasing the lateral displacement, while the penalty introduced in the link loss was marginal by
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Fig. 4. (a) Maximum capacity versus ROP of the WDM OWC system using adaptively-
loaded DMT at a lateral distance of 0 m, and (b) Capacity of all ten WDM channels at a
ROP of −7 dBm and the corresponding BERs.

using manual optimization (0.2 dB), this value became significant when automatic tracking was
employed (3.3 dB). This could result from the axial misalignment between the steering mirrors
and cross-coupling between the mirror rotation axes [26].

Fig. 5. BER and average SNR performance of the ten channels with a lateral movement
of (a-b) 0.3 m, and (c-d) 0.9 m. The modulation format and ROP were ∼100-Gb/s 8QAM
DDO-OFDM and −7 dBm, respectively.

It is seen in Figs. 5(a-b) that for a lateral displacement of 0.3 m, the BER difference between
using the automated tracking and manual optimization was relatively minor. Accordingly, only
around 0.5-dB average SNR advantage was observed when manual optimization is performed. In
contrast, when the lateral distance was further increased to 0.9 m (Fig. 5(c-d)), the transmission
performance remained roughly the same regardless of the lateral movement when manual
optimization was performed. However, its average SNR advantage over the automated tracking
further increased to ∼ 1 dB and the corresponding BER difference also became more significant,
due to the higher link loss. Nevertheless, the BERs of all channels were still below the 20% FEC
limit (2×10−2) under the 0.9-m lateral coverage when the automated tracking was adopted.

Figure 6 shows the results of the corresponding adaptively-loaded DMT transmission at
the previous two lateral displacements at the same ROP of −7 dBm. As expected, around
115-Gbit/s/channel capacity could be achieved in both cases when the manual optimization was
used. In comparison, around 110-Gb/s/channel could be realized at a lateral distance of 0.3 m
by using the tracking (Fig. 6(a)), whereas this value decreased to ∼101 Gb/s/channel when the
lateral displacement was 0.9 m, as can be seen in Fig. 6(b).
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Fig. 6. Maximum achievable capacity of the ten channels using the adaptively-loaded DMT
with a lateral movement of (a) 0.3 m, and (b) 0.9 m. The ROP was −7 dBm and the used
BER threshold was the 7% FEC limit.

To illustrate the impact of the increased link loss on the transmission performance at large
lateral distances, Fig. 7 further presents the results of bit- and power-loading as well as the
corresponding SNR profiles of the 1553.33-nm channel for the case of 0.9-m lateral displacement.
Due to the increased link loss in the case of tracking, and thus a lower optical SNR at the receiver,
fewer bits were loaded to the data subcarriers, resulting in a lower capacity compared to that in the
manual optimization case. In both cases, a saw-tooth behavior was observed in the power loading
result, which helped maintain a similar BER and SNR performance for subcarriers loaded with
the same order of QAM constellations, as shown in Figs. 7(b-c). For reference, the capacities in
the tracking and manual optimization cases were around 101.72 Gb/s and 114.43 Gb/s whilst the
corresponding BERs were 3.43×10−3 and 3.60×10−3, respectively.

Fig. 7. Comparison of the adaptively-loaded DMT transmission results of the 1553.33-nm
channel using tracking or manual optimization at a lateral distance of 0.9 m and a ROP of −7
dBm: (a) allocated bit, (b) allocated subcarrier and (c) SNR profiles over data subcarriers.

A summary of the OWC system performance with increasing displacement is outlined in
the graphs of Fig. 8. The graphs evaluate both the tracking and manual optimization schemes.
Here, the total capacity was obtained using the adaptively-loaded DMT at the BER threshold
of the 7% FEC limit. In the manual optimization case, the link loss increase was minor when
compared to the minimum loss of 10.5 dB obtained at the position of no lateral displacement (as
indicated in the dashed line shown in Fig. 8(a)). In comparison, in the tracking case, the link loss
increased from 13.7 dB to 15 dB and 17 dB when the lateral distance was increased from 0.3 m
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to 0.6 m and 0.9 m, respectively. Accordingly, around 1.15-Tb/s capacity was enabled across the
0.9-m coverage (single-side) in the manual optimization case, which represents a minor capacity
reduction with regard to the maximum capacity of 1.16-Tb/s at the no-lateral-displacement
position. In contrast, this total capacity reduced from ∼1.10 Tb/s to ∼1.07 Tb/s when the lateral
distance was increased from 0.3 m to 0.6 m. Nevertheless, >1-Tb/s capacity was still achievable
after a lateral movement up to 0.9 m (∼1.01 Tb/s). As mentioned above, considering the inherent
symmetrical property of the tracking and steering system, beyond 1-Tb/s transmission was
enabled for a full lateral coverage of 1.8 m (double-side) whilst keeping the corresponding BER
below the 7% FEC limit.

Fig. 8. Comparison of (a) link loss and (b) achievable capacity versus lateral distance using
tracking or manual optimization at a ROP of −7 dBm.

4. Conclusions

In this paper, we demonstrated an ultrahigh-speed OWC transmission with simultaneous beam
tracking-and-steering capability. The beam tracking-and-steering system was built with low-cost
cameras and mirrors, and offered a low connection latency of 200 ms and wavelength-transparent
operation. Based on a ten-channel WDM IM/DD system, we achieved >1-Tb/s capacity at
a perpendicular distance of 3.5 m with a lateral coverage up to 1.8 m. It was also further
demonstrated that, by using a more complex manual optimization, around 1.15-Tb/s capacity
was achieved across the same coverage. The demonstrated beam trackable and steerable OWC
system provides a viable route to achieving ultrahigh-speed connections in future indoor access
networks.
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