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Abstract. The demand for wireless bandwidth is increasing rapidly; however, the throughput of short-range
radio frequency (RF) solutions, such as WiFi, are quickly reaching limits due to limited bandwidth in the RF
spectrum. This problem can be overcome by utilizing unregulated infrared wavelengths in the optical spectrum.
On the other hand, free-space optical (FSO) communication presents a challenge for mobility due to the line-of-
sight nature of optics. We present a dual-channel optical link for short-range FSO communication, which consists
of a 100 Mb∕s, large diameter (60 cm at 3 m distance) optical femtocell with a 1.5 Gb∕s, small diameter (1 cm at
3 m distance) optical attocell embedded within the femtocell. This hybrid femtocell–attocell optical link addresses
the needs of various users by providing a high mobility femtocell link combined with an enhanced bandwidth
attocell hotspot. A prototype hybrid system was assembled and evaluated in terms of bandwidth, range, and
bit error rate (BER). In addition, the relationship between the incident angle of the transmitted beam relative to
the receiver and the BER of the received data was evaluated. At a communication distance of 3 m, the BER is
<10−4 when the incident angle is smaller than 30 deg for the optical femtocell, while the incident angle must be
smaller than 10 deg for the optical attocell to achieve the same level of BER. In addition, we experimentally
demonstrated simultaneous, error-free recovery of the data from both the femtocell and the attocell when
these two cells are overlapped, which proves the feasibility of the dual-channel optical link for FSO communi-
cation. © 2019 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.58.8.086112]

Keywords: optical communication networks; free-space optical communications; wireless communications; electro-optic modulation;
lasers.

Paper 190634 received May 11, 2019; accepted for publication Aug. 1, 2019; published online Aug. 27, 2019.

1 Introduction
Wireless data traffic is currently increasing at an exponential
rate worldwide with no sign of slowing down. If this trend
continues, current radio frequency (RF) technologies will
struggle to keep up with demand. The RF spectrum that is
currently available for commercial use is limited to narrow-
bands centered around 2.4 and 5 GHz, which places an inher-
ent limitation on the total achievable bandwidth of existing
systems. In addition, RF signals have specific characteristics
that limit how densely wireless access points (APs) can be
grouped together, such as their ability to broadcast over large
areas and penetrate through walls.

Recently, free-space optical (FSO) links have been
suggested as an alternative to RF technologies.1–10 Unlike
RF signals, FSO channels are line-of-sight (LOS) links that
do not penetrate through walls and can be packed into high-
density femtocells or even ultrahigh-density attocells.11–14

Utilizing FSO links to reduce the size of the wireless cell
dramatically increases the bandwidth available to each end
user by reducing the number of users on a single link.
FSO links also create a physical layer of protection by
necessitating that each user be placed directly under the
transmitting light source.15 One unresolved challenge in
implementing an effective FSO system is the establishment
of the uplink. To resolve this issue, hybrid femtocell net-
works involving both FSO and RF technologies have been
suggested.16–25 In these systems, the downlink that supports
the bulk of data transfer would be established through an

FSO channel, and the uplink, which mainly requests infor-
mation, would be established via a pre-existing RF channel.
The RF link would also create an effective feedback mecha-
nism, which can enable dynamic load balancing and seam-
less hand-offs between FSO transmitters.26–30 In addition
to the work that has been completed for short-range hybrid
links, recent analysis has shown that receiver diversity can
improve the signal-to-noise ratio (SNR) of signals that have
been degraded by atmospheric turbulence and pointing
errors.31–34 Two hop-relay-assisted systems that utilize opti-
cal links as a backhaul mechanism and RF links as a short-
range link to the end user have also been proposed.35

Regardless of the arrangement or orientation, the key
constraint when designing an effective optical communica-
tion system is the size of the optical cell. If the optical cells
are too small, a large working area would require an unrea-
sonable number of optical cells and would reduce the
mobility within each cell. In addition, there is a trade-off
between power density and bandwidth. Therefore, the size of
the optical cells in FSO systems must be carefully designed
to balance the requirement of bandwidth, mobility, and user
coverage.

We propose a dual-channel FSO transmitter, in which a
high-speed optical attocell is placed within a medium-speed
optical femtocell. This architecture provides a solution to
the bandwidth versus mobility problem by implementing
two overlapping links, which have each been optimized for
a specific purpose. The femtocell link provides mobility and
moderate bandwidth, while the attocell link provides an LOS
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hotspot with superior bandwidth. The parallel link approach
presented in this paper offers a practical and effective means
of overcoming a fundamental and persistent problem in the
field of FSO communications. The remainder of this paper is
organized as follows. In Sec. 2, we present our hybrid fem-
tocell–attocell optical link and discuss its components in
detail. In Sec. 3, the hybrid femtocell–attocell optical link
is evaluated in terms of bandwidth, range, and bit error rate
(BER). Section 4 concludes this paper.

2 Hybrid Femtocell–Attocell Optical Links
When designing an FSO communication link, one of the fun-
damental questions that must be addressed is how to deter-
mine the divergent angle of the transmitting light source
since there is a trade-off between the coverage area and the
power density at the receiver. The second trade-off that must
be considered is between power and bandwidth. Increasing
the power output of an FSO transmitter is clearly advanta-
geous for improving the SNR in the link; however, doing
so also tends to reduce the bandwidth of the transmitter pro-
portionally. This issue is apparent in visual light communi-
cation (VLC) systems, which tend to broadcast optical
signals over a large area. VLC systems offer improved
mobility but must rely on sophisticated modulation methods
to compete with the bandwidth capabilities of radially avail-
able WiFi routers. When considered together, four parame-
ters (received power density, mobility, power output, and
bandwidth) define the constraints in the design of an
FSO link.

Optimization of the four parameters listed above depends
heavily on the requirement of the end user. The commercial
success of any indoor FSO link will depend heavily on its
ability to compete with the already well-established WiFi
links. If the solid angle of the transmitted light cone can
be set to a reasonably large value, limited mobility can be
achieved under each passive transmitter. Mobility in the
greater FSO network can be expanded by packing multiple
transmitters into a workspace, as shown in Fig. 1(a), and
through the implementation of a simple hand-off mechanism.

In Fig. 1(a), the Gaussian-shape femtocell optical profile
is shown is red while the much smaller attocell profile is rep-
resented as a black dot. The distance d between the optical
femtocells is determined by the power density within the

femtocell and the sensitivity of the receiver. The honeycomb
packing pattern, as shown in Fig. 1(a), allows for optimal
transmitter density. In the design of our hybrid femtocell–
attocell FSO system, we will balance the needs of all users
by implementing a system in which two overlapping FSO
channels are available in each optical cell. The first channel
will serve as a medium-speed 100 Mb∕s link operating at
980 nm and will offer moderate mobility to the end user,
while the second channel operating at 850 nm serves as a
purely LOS high-speed 1.5 Gb∕s link. These two channels
will be referred to as femtocells and attocells, respectively.
The respective wavelengths for each cell are selected in the
near-infrared to match the peak sensitivity of off-the-shelf
silicon photodiodes. The separation between the two wave-
lengths is designed to ensure that both channels can be oper-
ated simultaneously while overlapping. On the receiving
end, a narrowband optical filter will be used for the high-
speed channel so that the lower power 1.5 Gb∕s signal can
be distinguished from the higher power 100 Mb∕s signal.
Figure 1(b) shows a side-view profile of the dual-channel
system described above. In Fig. 1(b), θ is the divergent angle
of the transmitted beam, h is the vertical distance between
a given FSO transmitter and the receiver pair, and d is the
lateral distance between FSO transmitters. Typical values
of θ are 6 deg for the optical femtocell and 0.2 deg for the
attocell. The distance h has a maximum value of 3 m and
the distance d is roughly 60 cm.

2.1 Femtocell Design

In our FSO system, the 980-nm wavelength femtocell serves
as the primary data link between the AP and the end user.
The design of this optical cell will allow the users to stream
data at speeds of up to 100 Mb∕swithout having to carefully
align their receivers with the transmitted beam. A 200-mW
side-emitting Fabry–Pérot (FP) laser diode was chosen as
the transmitting light source for this link. An analog driver
utilizing a passive RF-matching network and an enhanced-
mode pseudomorphic high-electron-mobility transistor
(E-pHEMT) was designed to drive the FP laser diode.
E-pHEMT transistors have previously been used in RF wire-
less transmitter applications because of their capacity for
substantial drain currents and large bandwidths. An adjust-
able aspheric collimating lens was paired with the FP laser

Fig. 1 Overlapping FSO femtocell and attocell profiles: (a) top view with honeycomb AP packing and
(b) side view with design constraints.
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diode so that the divergent angle of the transmitter could be
adjusted to a desired value. The schematic of the FP laser
driver design is shown in Fig. 2. The same general driver
design is also used to drive the vertical-cavity surface-emit-
ting laser (VCSEL) diode in the FSO attocell; however,
several of the component values were modified in that design
to better suit the low-power VCSEL. The component values
used in the femtocell design are shown below in Table 1.

To balance the trade-off between power density and
mobility, the divergent angle of the optical femtocell was set
to 6 deg. In a standard office environment, the distance
between the ceiling and the surface of a desk is 3 m; there-
fore, the diameter of the femtocell light cone at the receiver is
roughly 60 cm. A working spot size diameter of 60 cm is
large enough that a given user can place their computer
anywhere on a normal size desk and still receive a strong
signal, while also small enough to ensure that the user does
not have to share that connection with an adjacent user.

2.2 Attocell Design

The 850-nm wavelength attocell in our FSO system has been
designed to optimize bandwidth for applications that demand
higher data throughputs. The attocell link will give users
access to data rates of up to 1.5 Gb∕s; however, that increase
in bandwidth comes at the cost of mobility. For the attocell
link, a 2-mW VCSEL diode was selected as the transmitting

light source due to its high quantum efficiency and large
bandwidth. VCSELs have also been widely adopted in
the telecom industry because they are highly reliable and
can be purchased at low cost. These traits also make them
very attractive for FSO communication; however, the power
output of these devices is very limited. Subsequently, the
divergent angle of an FSO transmitter utilizing a VCSEL
diode needs to be reduced to achieve enough power density.
The resulting beam is highly collimated and LOS by nature.
To gain access to the attocell link, a user would have to place
their receiver directly under the attocell transmitter hotspot
and would not be free to move the receiver until they
no longer require the high-speed link. However, when the
receiver is placed within the attocell hotspot, the user would
have access to a link more than 10× faster than that of the
optical femtocell.

A different E-pHEMT was chosen to better match the
current and bandwidth requirements of the VCSEL diode.
In addition, the component values used in the RF-matching
network were redesigned to provide a better match at higher
frequencies. An aspheric lens was also attached to the atto-
cell transmitter to collimate the transmitted beam. The goal
of this lens is to maximize the power density at the receiver
by reducing the solid angle of the transmitted beam as much
as possible. Figure 3 shows the schematic representation
of the attocell transmitter with the component values listed
below in Table 2.

Fig. 2 Laser driver schematic representation used for both the fem-
tocell and the attocell transmitters.

Table 1 Femtocell transmitter components.

Schematic
symbol

Description of FSO
transmitter components Part number/value

C1 Matching capacitor 4 pF

L1 Matching inductor 8.2 nH

R1 Matching resistor 50 Ω

L2 RF choke 7 μH

D1 FP laser diode L980P200

HEMT Driving transistor ATF11P8

Fig. 3 FSO transmitter PCBs showing the femtocell and attocell
transmitters mounted to a 3-m optical rail.

Table 2 Attocell transmitter components.

Schematic
symbol

Description of FSO
transmitter components Part number/value

C1 Matching capacitor 2.4 pF

L1 Matching inductor 4 nH

R1 Matching resistor 50 Ω

L2 RF choke 7 μH

D1 VCSEL diode HFE4093-342

HEMT Driving transistor ATF531P8
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In our experimental setup, both the femtocell and the atto-
cell transmitter printed circuit boards (PCBs) were mounted
on a horizontal optical rail with the attocell transmitter placed
under the femtocell to avoid blocking the optical path. Both
transmitter boards look identical with the exception of an
additional lens placed in front of the attocell transmitter.
This lens is used to further focus the attocell beam on the
receiver board. A picture of both transmitter PCBs is shown
in Fig. 3.

2.3 Optical Receiver Design

The FSO receiver in our system must be capable of receiving
signals from both the femtocell and the attocell transmitters
simultaneously. To achieve this, two different photodiodes
will be incorporated into the final receiver design. The size
of each photodiode was chosen to satisfy the specific design
constraints of each link. For the femtocell link, a large area
p-type, intrinsic, n-type diode (PIN) diode with an encapsu-
lated plastic lens was selected to maximize received optical
power. The femtocell link transmitter has a relatively
high-power output and limited bandwidth, which makes
an inexpensive PIN diode a natural choice. However, the
bandwidth and sensitivity requirements for the attocell link
are much higher. Even after collimation, the power density in
the attocell beam is smaller than that of the femtocell beam
and the bandwidth is much higher. Therefore, the active area
of the receiving photodiode must be smaller. To overcome
these challenges, a small, low capacitance photodiode was
chosen for the attocell design. Another issue to consider
is the overlap between the femtocell and the attocell links.
This problem is solved by placing a 40-nm full width at half
maximum (FWHM) optical filter with a center wavelength of
850 nm in front of the attocell PIN. The optical filter paired
with the attocell’s PIN diode will reduce the interference
from the 980-nm input light in the femtocell link substan-
tially. For the femtocell link, the frequency of the signal

emitted from the attocell transmitter is well above the cutoff
frequency of the large area PIN diode and will simply be
filtered out if a user accessing the femtocell link walks
directly under the attocell beam. This arrangement will allow
both links to work simultaneously even when the transmitted
beams of each link overlap.

The analog front end for the high-speed and low-speed
photodiodes will be almost identical; however, the band-
width of the amplifiers used in each data path will be
adjusted to match the bandwidth of each photodiode. In this
system, a simple non-return-to-zero on-off-keying modula-
tion scheme was selected to minimize the complexity and
maximize the SNR. As a result, the analog front end will
maximize sensitivity by saturating the received signal. First,
the received optical signal will be converted into a voltage
through a transimpedance amplifier (TIA). The recovered
signal will be amplified by a linear amplifier and then
saturated by a limiting amplifier (LA). The saturated signal
will then be sent to a clock-data recovery (CDR) circuit.
In an effort to keep the prototype design of the receiver
as modular as possible, the femtocell and attocell compo-
nents were placed on two separate PCBs. In a later version
of the project, the two receiving components will be placed
on a single PCB. Figure 4(a) shows a schematic representa-
tion detailing the receiver components for both the low-speed
and high-speed links, while Fig. 4(b) shows pictures of the
femtocell and attocell receivers mounted to the same secon-
dary optical rail. This small 0.5-m optical rail is mounted
perpendicularly to the larger 3-m optical rail and will be used
to vary the lateral position of the femtocell and attocell
receivers. For continuity, locations on the larger 3-m optical
rail will be referred to as vertical positions and locations
on the smaller 0.5-m perpendicular rail will be referred
to as lateral positions. Tables 3 and 4 detail the specific
components used in the femtocell and attocell receivers,
respectively.

Fig. 4 Dual-channel FSO receiver: (a) schematic representation of both the femtocell and attocell
receivers, (b) femtocell and attocell receivers mounted to the 0.5-m lateral optical rail.
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3 Hybrid Femtocell–Attocell Link Evaluation
The evaluation of our dual-channel FSO communication
system requires the evaluation of the femtocell and attocell
links individually and the evaluation of both links operating
simultaneously. The success of our system requires that
each link performs adequately as a stand-alone connection
and that both links also perform well simultaneously while
overlapping. To demonstrate this experimentally, the femto-
cell and attocell links will first be tested without the presence
of the other link. After those tests are complete, both links
will be switched on at the same time. The results from each
set of tests will then be reviewed to determine the effective-
ness of our dual-channel configuration. In each of these tests,
the parameters of interest will include the vertical distance

between the transmitter and the receiver, the lateral distance
between the receiver and the optical axis, and relative inci-
dent angle between the receiver and the optical axis. The
metric that we will use to evaluate the performance of our
system is the BER. Figure 5(a) shows a diagram outlining
the test parameters described above.

The BER tests performed during the evaluation of this
FSO communication system will all follow the same general
procedure. First, a bit error rate testing (BERT) scope
will generate a pseudorandom bit sequence (PRBS). That
sequence will serve as an input for a given transmitter under
test, which will then transmit the PRBS signal across the
optical channel. The receiver that corresponds to the trans-
mitter under test will then recover the transmitted signal and
send it back to the BERT scope. Lastly, the BERT scope will
compare the transmitted and recovered signals and calculate
a BER. A block diagram detailing the main components of
this test setup is shown in Fig. 5(b) and a photo of the test
setup is shown in Fig. 5(c). In the case of the final test in
which both the femtocell and the attocell are active at the
same time, two different PRBS signals will be used simulta-
neously. The BERT scope is only capable of outputting one
unique signal at a time, so an arbitrary waveform generator
(AWG) will be used to produce the second signal. The eye
diagrams for both signals can then be captured simultane-
ously on an oscilloscope.

3.1 Femtocell Performance Evaluation

In our FSO communication system, an optical femtocell will
provide the main channel over which data are transferred.
The goal in the design of this link is to cover as large an area
as possible while still maintaining a sufficiently low BER.
In this evaluation, a BER of 10−4 will be used as a benchmark
value. When the BER in a communication system drops
below 10−4, simple forward error correction (FEC) codes can
be applied to further reduce the BER by 2 to 3 orders of mag-
nitude using well-established Reed–Solomon codes. However,
when the input BER rises above 10−4, FEC codes have little or
no effect on the output BER. Unless otherwise stated, the bit
rate for all femtocell evaluations is set to 100 Mb∕s.

Using the aspheric lens mounted to the femtocell trans-
mitter PCB, the divergent angle of the femtocell beam was

Table 3 Femtocell receiver components.

Schematic
symbol

Description of FSO
receiver components Part number

D1 Photodiode S6968-01

TIA Transimpedance amplifier OPA857

Linear Linear amplifier THS4541

LA Limiting amplifier ADN2890

CDR Clock-data recovery circuit ADN2915

Table 4 Attocell receiver components.

Schematic
symbol

Description of FSO
receiver components Part number

D1 Photodiode S5971

TIA Transimpedance amplifier HMC799

Linear Linear amplifier LTC6401

LA Limiting amplifier HMC914

CDR Clock-data recovery circuit ADN2813

Fig. 5 FSO dual-channel test configuration: (a) diagram of relevant test parameters, (b) block diagram
detailing the main components of the test setup, and (c) experimental test setup with 3-m vertical optical
rail and 0.5-m lateral optical rail.
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set to 6 deg. At a distance of 3 m, the resulting beam casts a
light spot with a 60-cm diameter allowing for limited mobil-
ity within each optical cell. The relationship between vertical
distance, lateral distance, and BER within a single optical
femtocell is plotted in Fig. 6(a). When the femtocell receiver
is placed within 10 cm of the optical axis, a BER rate of 10−4

is achieved for all vertical distances of 300 cm or less.
However, when the lateral distance is increased to 20 cm,
the BER exceeds 10−4 at a vertical distance of 270 cm and,
at a lateral distance of 30 cm, the 10−4 cross point is 220 cm.

In addition to vertical and lateral distances, the relation-
ship between BER and the incident angle was also evaluated.
In a dynamic user environment, it is important to understand
how varying the incident angle of the receiver will affect the
BER. The results of this evaluation are plotted in Fig. 6(b).
It is important to note that the viewing angle of the femtocell
receiver is 30 deg, and for this evaluation, the femtocell
receiver was placed directly on the optical axis. For vertical
distances of <260 cm, angles up to 30 deg can be well tol-
erated. However, the BER increases above 10−4 for angles in
the range of 10 deg to 30 deg at distances between 260 and
270 cm. The close grouping of the BER traces in Fig. 6(b)
indicates that the relative change in BER is small for angular
variations <30 deg.

The final stand-alone assessment that was completed for
the femtocell link evaluates the effect of the link’s bit rate on
BER. The results of this evaluation are plotted in Fig. 6(c).
At vertical distances of <250 cm, error-free transmission can
be achieved for data rates of up to 120 Mb∕s. The 10−4 cross
point for data rates of 120 and 110 Mb∕s are located at ver-
tical distances of 240 and 250 cm, respectively. At a vertical
distance of 300 cm, the BER for a data rate of 100 Mb∕s
does exceed 10−4 by a small margin. However, during pre-
vious tests, the BER was recorded as <10−4 at 100 Mb∕s.
This discrepancy can be attributed to small variations in the
testing setup between tests. For data rates below 100 Mb∕s,
the BER is <10−4 for all distances <300 cm.

3.2 Attocell Performance Evaluation

The purpose of the optical attocell in our FSO communica-
tions system is to provide a high-speed link alternative to the
optical femtocell for applications that demand high band-
width connections. This link will utilize a much weaker

2-mW VCSEL diode which can be modulated at gigabit-
per-second speeds. In addition, the wavelength of the attocell
transmitter is blueshifted to 850 nm, which will allow for
the addition of a bandpass optical filter on the receiving end.
In this evaluation, a Thorlabs FBH850-40 bandpass optical
filter with a center frequency of 850 nm and FWHM of
40 nm was used to filter out the 980-nm light transmitted
from the femtocell link. Owing to the reduction in transmit-
ted power, the solid angle of the attocell link must be dras-
tically smaller than that of the femtocell link. At a distance of
300 cm, the diameter of the light spot cast by the attocell link
is just 1 cm. This LOS link does not achieve significant
mobility; however, it does provide a high bandwidth hotspot
under which users can access gigabit-per-second data rates.
In the following evaluations, the transmission date rate will
be 1 Gb∕s, unless otherwise stated.

To preserve power density within the attocell link, the
transmitted beam is well collimated and therefore highly
directional. Unlike the femtocell link, the attocell link does
not experience a rapid loss of power density over distance.
It is therefore not necessary to evaluate the BER of the link as
a function of vertical and lateral distance. Owing to the colli-
mated nature of the beam, the attocell link is very capable of
transmitting over distances well in excess of 300 cm but
cannot transmit to multiple lateral locations simultaneously.
As a result, the first evaluation that will be considered is
a relationship between the incident angle and BER. For this
evaluation, the attocell receiver is placed on the optical axis
relative to the attocell transmitter at a distance of 300 cm and
is then rotated. The results of this evaluation are plotted in
Fig. 7(a). Again, the benchmark for these evaluations will be
10−4. From the plot in Fig. 7(a), it is clear that the attocell
receiver can tolerate an angular variation of 10 deg. The
limitation in angular tolerance can be attributed to the ball
lens that is integrated in the transistor outline package of the
high-speed PIN diode used in the attocell receiver design.
This ball lens provides an important gain factor of about
4 but limits the viewing angle of the diode. Owing to the
LOS nature of the attocell link, a viewing angle of 10 deg
is more than sufficient for this design.

The second evaluation that was completed for the attocell
link demonstrates the bandwidth potential of the link. For
this evaluation, the attocell receiver was again placed at a

Fig. 6 Optical femtocell evaluation: (a) BER evaluation at various vertical and lateral distances,
100 Mb∕s; (b) BER evaluation at various vertical distances and incident angles, 100 Mb∕s; and
(c) BER evaluation at various vertical distances and bit rates.
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distance of 3 m and the relationship between the transmitted
data rate and the BER was recorded. The results of that
evaluation are plotted in Fig. 7(b). Error-free transmission
was recorded for all data rates <1.4 Gb∕s, and a maximum
rate of 1.6 Gb∕s was demonstrated while still maintaining a
BER of <10−4. These results show more than a 10× improve-
ment over transmission speeds provided by the femtocell
link. However, it is important to note again that this link
is strictly LOS, with the attocell receiver placed directly
in the path of the collimated attocell beam.

3.3 Dual-Channel System Evaluation

The final evaluation of our FSO communication system
involves simultaneous recovery of both the femtocell and the
attocell links. To ensure that this test reflects a realistic trans-
mission scenario, the beam profiles of each link will overlap
one another as much as possible. The signal integrity of the
200-mW 980-nm femtocell link is ensured via frequency

filtering. Even if the attocell beam is incident on the femto-
cell receiver, the much higher-frequency components of that
signal will be filtered out. The signal integrity of the 2-mW
850-nm attocell link will be ensured using the FBH850-40
bandpass filter mentioned previously. This arrangement
allows both links to operate in the same area without signal
interference.

The test setup for this evaluation is very similar to pre-
vious evaluations with the femtocell and attocell links placed
300-cm away from their respective receivers. The BERT
scope used for previous evaluations was used to generate
a 1-Gb∕s attocell signal, while an AWGwas used to generate
a 100-Mb∕s femtocell signal. On the receiving end, the out-
puts from both receivers were connected to an oscilloscope
and the eye diagrams for each signal were captured. The
results of this evaluation are shown in Fig. 8.

It is clear from Fig. 8 that the simultaneous recovery of
both the femtocell and the attocell links is possible even
when the profiles of both beams overlap. The strategies for

Fig. 7 Optical attocell evaluation: (a) BER evaluation at various incident angles and at a vertical distance
of 300 cm, 1 Gb∕s and (b) BER evaluation at various bit rates and at a vertical distance of 300 cm.

Fig. 8 Recovered eye diagrams for the femtocell (blue) and attocell (teal) links at data rates of 100 Mb∕s
and 1 Gb∕s, respectively, over a distance of 300 cm.
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mitigating intercell interference, which were described
previously, were highly effective. Both eye diagrams exhibit
open eye profiles and a peak-to-peak amplitude of∼1 V. The
evaluation of the dual-channel optical communications sys-
tem described in this paper was successful. In addition, the
optical filters that are included in the design of the femtocell
and attocell receivers make the system very robust against
interface from ambient light sources. Any light incident
on the femtocell receiver that is outside a 300-nm band
centered on 850 nm is filtered out. The attocell receiver
only receives light within a 40-nm band also centered around
850 nm.

4 Conclusion
In this paper, we have presented a hybrid femtocell–attocell
FSO communication system. In this system, a dual-channel
optical link architecture was designed, assembled, and evalu-
ated based on range, angular tolerance, and BER perfor-
mance. This system consists of a 60-cm diameter optical
femtocell based on a 200-mW 980-nm FP laser diode, which
is paired with a receiver achieving a 30 deg viewing angle
and a 1-cm diameter optical attocell based on a 2-mW
VCSEL diode, which is paired with a receiver achieving
a 10 deg viewing angle. In this design, the optical attocell
is located within the lager femtocell. Both cell diameters
are measured at a distance of 300 cm. The femtocell link
provides a 100-Mb∕s link with moderate mobility, while
the attocell link provides a 1.5-Gb∕s LOS connection.
Interference in the femtocell link was mitigated using fre-
quency filtering, while interference in the attocell link was
mitigated using optical filtering. In addition to demonstrating
the potential of each link individually, we have also demon-
strated the simultaneous recovery of both signals. Our exper-
imental results have shown that this dual-channel, hybrid
FSO system is an effective solution for providing users with
both mobility-enabled medium-speed optical links and LOS
high-speed optical links.
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