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Abstract—This paper summarizes recent work on the use of
optical wireless links as a robust outdoor backhaul solution for
small radio cells, such as WiFi, LTE and 5G, over distances be-
tween 20 and 200 m. Results of a 5-month outdoor field trial in
Berlin, Germany, indicate that the visibility range was never below
180 m, with more than 1 km in 99% of all times during this pe-
riod. Rate-adaptive transmission proved to improve the availability
remarkably in the occasional presence of fog or sunlight. A mathe-
matical model of the backhaul link including these impairments is
presented and implemented to obtain an optimized link design. A
prototype was realized, accordingly, using low-cost optoelectronic
components and a 1 Gb/s baseband chipset. Gross data rates of
800, 500, and 225 Mb/s have been achieved in real-time operation
over 20, 100, and 215 m outdoor link distance, respectively, with
2 ms latency at 95% load. Finally, we discuss further evolution
towards 5G mobile networks.

Index Terms—Backhaul, Fronthaul, 5G, LED, LTE, optical
wireless communications, small cells.

I. INTRODUCTION

H IGH-SPEED optical wireless communication (OWC) has
many potential applications [1] as shown in Fig. 1. Radio

is more often used, because it bridges longer distances more
easily. OWC offers several terahertz of additional, unlicensed
bandwidth, as a possible relief for radio spectrum, which is
already overcrowded due to the increasing demand for new
data-hungry mobile services. The idea of offloading a fraction
of the wireless traffic into the unregulated and nearly unlimited
optical spectrum becomes increasingly popular, leading to so-
called convergent networks in which optical and wireless links
are used in a complementary manner [2].

In a mobile network, base coverage is provided in a first
phase by means of a homogeneous deployment of macro-cells.
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Fig. 1. Application scenario as a short-range point-to-point backhaul link.

In a second phase, a higher capacity is reached through network
densification. Small mobile radio cells are added to the network
at locations where the traffic density is high. With modern in-
terference management schemes, radio spectrum can be fully
reused. Each small cell offers new capacity so that more users
can be served in parallel to the users already covered by the
macro-cell in the same area [3]. Small cells need new links to
the fixed network infrastructure. In principle, these links can be
provided by a variety of technologies, either via fixed copper
or fiber-optical links or wireless technologies such as micro-,
mm-wave and OWC. Wireless links play a crucial role during
the initial deployment of a new mobile infrastructure. They are
used until the fixed link becomes available, and sometimes as a
permanent solution, if, e.g., digging the fiber is too expensive.

Note the distinction between back- and fronthaul in mobile
networks. While backhaul denotes the link between a base sta-
tion and the core network, fronthaul is the link between the
baseband unit and the remote radio head (RRH). Today, back-
haul is realized using Ethernet, while fronthaul is often realized
using the common public radio interface (CPRI) where sam-
ples of the baseband signal are quantized and transported over
a serial link. Modern deployment concepts for mobile networks
tend to centralize the baseband processing which can be located
several ten kilometers away from the RRHs in the fixed network
behind the radio link. In this case, fronthaul has to be transported
via the fixed access infrastructure where, however, Ethernet is
widely used being incompatible with CPRI.

Modern mobile technologies use more antennas and higher
bandwidth, e.g., by aggregating multiple frequency bands. For
this reason, fronthaul data rates tend to explode, when using cur-
rent transport technologies like CPRI. Accordingly, new fron-
thaul technologies are currently discussed where Ethernet is
used as a transport protocol and part of the baseband processing
is shifted to the RRH, which is also denoted as the modified
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functional split. Data and some control information are then
transported over Ethernet, at least in the downlink, rather than
digitized waveforms, and the data rate can be reduced signifi-
cantly [4], [5]. In the fourth generation (4G) of mobile networks,
based on the 3GPP Long Term Evolution (LTE), small cells are
usually connected via backhaul. In 5G, interference coordina-
tion becomes tighter which suggests that small cells are con-
nected via the fronthaul. Using Ethernet and the modified func-
tional split, fronthaul can then be realized also by using wireless
technologies. This paper demonstrates that optical wireless links
can be used as a low-cost backhaul solution for small cells in
4G. Moreover, the potential use as a fronthaul technology for
5G is discussed, assuming that the modified functional split is
applied.

Optical wireless has a long history, starting with Graham
Bell’s photophone in 1880 installed over a link length of 200 m
[6]. Nowadays, OWC links commonly use infrared lasers with
high bandwidth operated in a transparent mode, i.e., without
coding/decoding the data at the transmitter/receiver side. Even-
tually, a limiting amplifier followed by a clock-data recovery is
used to regenerate the data signal. The advantage is that these
systems are very simple and can support various protocols at
ultra-low latency limited only by time-of-flight through the at-
mosphere. On the other hand, links can only handle impairment
effects, such as sunlight, fog (> 150 m), atmospheric turbulence
(> 500 m) [7], and clouds in satellite-to-ground links (several
km), by providing a considerable link margin. If this margin
proves to be insufficient under specific weather conditions, the
link is interrupted.

Enhanced robustness in variable weather conditions is con-
sidered as a first important objective. In urban areas, inter-site
distance between typical macro-cells is around 500 m, i.e., losses
through fog and sunlight are essential. Mobile operators devel-
oped a common understanding that link availability is insuffi-
cient for telecom requirements over more than 500 m distances,
so that FSO links were more and more replaced by fiber and
microwave links. Because small cells are located between the
macro-cells, distances are shorter and, in this use case, the avail-
ability of optical links becomes higher. Enhanced availability is
required in general for tighter interference coordination, despite
the fact that availability requirements in the access link of small
cells can be smaller, as the mobile terminal is covered by the
macro-cell in parallel.

Robustness against alignment errors is regarded as a second
main objective. Laser light has a collimated Gaussian beam
shape, i.e., solid mounting of FSO equipment at the transmitter
and receiver end is mandatory. Base stations at lamp or tele-
graph masts are commonly used in some areas and considered
outdoors also for small cells. Obviously, rectangular instead of
Gaussian beam shape is an appropriate solution. In [8], laser
light is first coupled into a multimode fiber (MMF). After prop-
agation through the MMF, the light develops a homogeneous
beam profile with a random Speckle pattern. An image of the
MMF output is formed at the receiver, where a lens then fo-
cuses the received light onto a photodiode. Multiple overlapping
beams are used in [8] to average out the fading. However, the
complexity is higher.

Lowering the cost is considered as a third main objective.
A wireless link should cost less than digging the fiber. Typical
digging costs represent almost 50% of the total costs for a fibre-
to-the-home deployment [9]. The use of light-emitting diodes
(LEDs) is promising to reduce cost. The 10 Mb/s RONJA link
[10] used an LED from a car brake light and a 13 cm lens to
create a 4 m spot diameter at 1 km distance, which makes align-
ment easy. Materials costs are low, details are publicly available
while manufacturing of the link is time-consuming. The 1 Gb/s
KORUZA link [11] follows classical FSO design paradigms.
To reduce costs, a bidirectional small-form pluggable (SFP)
single-mode fiber transceiver is used. Manufacturing details are
publicly available and mechanical parts can be obtained using a
3D printer. At 100 m distance, however, the spot has 1 cm di-
ameter only and it has to be manually tracked to hit the receiver
lens. Stepper motors are used next to align the SFP module
inside the device to track the narrow laser beam automatically
and to reduce residual alignment error. Almost the entire link
margin of the SFP module is available in this way to overcome
impairments, as the spot falls fully inside the receiver lens. Ob-
viously the initial alignment to hit the lens with a narrow beam
is a challenge.

Altogether, the objectives of the present paper are to develop a
robust, easy-to-align and low-cost optical wireless link capable
to address the needs of outdoor deployment of modern small-cell
mobile radio technologies, like IEEE 802.11 (WiFi) and LTE,
and to realize both, high data rate (200 Mb/s over around 200 m)
and low latency (few ms). Our new approach is based on pre-
vious work on high-speed visible light communications (VLC)
[1], [11]. In order to address the need for low cost, a high-power
infrared LED (55 mW) and a large-area photodiode (1 cm2)
are used at the transmitter and receiver, respectively. The band-
width of both components was increased to more than 150 MHz
using sophisticated driver and transimpedance amplifier (TIA)
circuits. Similar like in the RONJA link, alignment is very easy.
But the wide beam implies a significant path loss so that no link
margin is available. Robustness against bad weather conditions
is therefore added using rate-adaptive transmission, as suggested
in [13]. It has been realized using a commercial discrete multi-
tone (DMT) chipset adapting the data rate in real-time, based
on feedback information provided over the reverse link.

Major achievements are a first experimental setup with which
initial outdoor field trials were conducted, a mathematical model
of the link including the major impairment effects due to the
fog and the sunlight, an optimized link design, the setup of
an optimized prototype using latest DMT technology and the
proof-of-concept that the targeted data rates can be achieved at
low latency despite the inherent delay caused by introducing
real-time rate-adaptive digital signal processing.

The paper is organized as follows. In Section II, a mathe-
matical model of the optical wireless link including the main
impairments is presented. In Section III, the experimental pro-
totype and the field trial setup are described. In Section IV,
field trial results, the optimized link design and initial proof-
of-concept results with the optimized prototype are reported.
In Section V, the potential of OWC towards the deployment of
future 5G mobile networks is discussed.
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II. MATHEMATICAL MODEL OF THE OPTICAL WIRELESS

SYSTEM WITH IMPAIRMENTS

A system model for the optical wireless link is described in
this chapter, to include the role of the transmitter, the receiver,
as well as the impact of weather impairments onto the channel.

On the transmitter side, the LED and the lens are modeled
yielding the optical beam characteristics. Next, the optical chan-
nel is included with path losses due to the propagation and the
fog. Finally, the lens and the receiver noise are modeled in-
cluding the effect of sunlight. From the model, an electrical
signal-to-noise ratio (SNR) can be obtained. Together with the
bandwidth and an implementation penalty, the achievable data
rate is estimated using Shannon’s formula.

A. Transmitter

The transmitter is described by the size of the used infrared
LED and the collimating lens resulting in the divergence half
angle Θ/2

Θ/2 = arctan (0.5 · (dLED − dBeam ,ft
)/ft) , (1)

where dLED is the LED diameter and ft the focal length of the
transmitter lens. By knowing ft and dLED and assuming that
the beam diameter dBeam , f t in the focal point is zero, Θ/2 can
be calculated. Note that the LED beam characteristics and the
transmitter lens diameter dt have to be matched so that most
of the emitted optical power can be captured and collimated
towards the receiver. Our calculations include a loss of 20% of
the optical power due to inaccuracy and component tolerances.
Based on Θ/2 and dt , the spot diameter dS at the receiver can
be calculated as

dS (L) = dt + 2 · L · tan (Θ/2) , (2)

where L is the transmission distance. The spot diameter is needed
in the following subsection for calculating the geometrical loss.

B. Optical Channel

The optical channel is described by the power loss of the
light while traveling through the atmosphere and being received
by the photodiode. Although anti-reflection-coated, the lenses
used to collimate the LED light and to focus it on the PD have
less than 100% transmittance. Therefore, transmittance of 0.9
corresponding to a loss of roughly 1 dB is assumed in the model.
Using a waterproof housing with an acrylic glass front yields
an additional 1.5 dB path loss. Thus the resulting optical losses
amount to

Gopt = 2.5 dB. (3)

Due to the enlarged optical spot caused by the transmitter
divergence and the limited area of the receiving lens, only a
fraction of the transmitted optical power is focused onto the PD.
The corresponding geometrical loss Ggeom

Ggeom = 10 log (dr/ds (L))2 (4)

depends on the receiving lens diameter dr , and the enlarged spot
size dS at the receiver, see (2).

While travelling from the transmitter to the receiver, part of
the light is attenuated due to aerosol and molecular absorption
or scattering in the atmosphere. The corresponding attenuation
is the atmospheric loss described using the Beer-Lambert law

τ (λ, L) = P (λ, L) /P (λ, 0) = e−γ (λ)L , (5)

where λ is the wavelength of the light, γ(λ) is the total extinction
coefficient per unit length, L the distance from the transmitter,
while P(λ,L) and P(λ,0) are the transmitted and received powers.
The visibility range V is an important parameter for calculating
the attenuation due to atmospheric loss. It is defined as the
distance at which a contrast value of 0.02 is attained, which is
the smallest contrast perceivable for the human eye at 550 nm.
Assuming the maximum visibility is limited due to this contrast,
the extinction coefficient γ(λ) is

e−γ ·V = 0.02 → γ = 3.91/V. (6)

The wavelength-dependent total extinction coefficient is in-
cluded in the model of Kruse in the following form

γ (λ) = 3.91/V [λ/550]−q , (7)

where factor q describes the size distribution of scattering par-
ticles. The values for q can be obtained from Kim’s model [14]

q =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

1.6 for V > 50 km

1.3 for 6 km < V < 50 km

0.16 V + 0.34 for 1 km < V < 6 km

V − 0.5 for 0.5 km < V < 1 km

0 for V < 0.5 km.

(8)

This model was validated against empirical data and it sug-
gests that there is no wavelength-dependence of visibility below
500 m. Thus, the atmospheric loss is given by

Gatm = 10 log
(
e−

3 . 9 1
V [ λ

5 5 0 ]−q ·L
)

. (9)

While scintillation is the most important turbulence effect
for FSO systems, due to the locally varying refractive index
in the atmosphere after interaction with solar energy, it can be
neglected for short-range optical wireless links (< 500 m) [7].

Considering the above mentioned losses and knowing the
transmitted power, the received power can be obtained as

PR = PT − Gopt − Ggeom − Gatm . (10)

C. Receiver

Similar to the divergence of the light at the transmitter, the
receiver shows a limited field of view (FOV) αFOV

αFOV = 2arctan (0.5 · dPD/fr ) . (11)

The FOV depends on the diameter of the photodiode (PD)
dPD and the focal length fr of the receiving lens which enlarges
the effective detector area of the PD. The FOV is not limiting
the received optical power. In our experimental setup, it has no
impact onto the alignment as it is larger than the divergence at
the transmitter.
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D. Noise Sources

Beside the losses occurring while the light is transmitted
through the atmosphere, there are also impairments caused by
noise at the receiver. There are two main noise sources. The first
one is shot noise related to the discrete nature of carriers (i.e.,
electrons and holes) in the p-n junction of the photodiode result-
ing in current fluctuations. Shot noise has a quantum nature. Its
mean-square noise current (variance) over a spectral range Δλ,
which is the system bandwidth, is given by

i2shot = 2eIΔλ ⇒ U 2
shot = 2eIΔλRL, (12)

where e is the elementary charge, I the photocurrent and RL the
transimpedance of the amplifier. Shot noise can be approximated
by a Gaussian distribution in case of high light intensity, with a
variance equal to the mean square noise current stated above. In
addition to the photocurrent, due to received modulated light,
the background radiation has to be considered. The sum of all
sources yields the total shot noise at the receiver. Under normal
conditions, the background radiation is induced by sunlight, and
it has only a negligible influence on the system performance. But
in case of a large FOV at the receiver, it can be significant, due
to strong sunlight, as observed in Section IV. By using an optical
band-pass filter, distortion sue to the sunlight can be reduced. For
the following calculations, a maximum background radiation of
2 Wm−2·sr−1·nm−1 [16] is assumed.

Next to the shot noise, there is the thermal noise of the PD,
the noise induced by the PD amplifier and the thermal noise
due to the feedback resistor of the amplifier. Depending on what
amplifier design is chosen, one of the above noise sources is
dominant. For the transmission at high data rates, a high re-
ceiver bandwidth is needed, which can be further improved by
introducing a peaking in the gain of the amplifier at the cut-off
frequency. Next to the so realized cut-off frequency enhance-
ment, the noise in the amplifier becomes dominant compared to
the PD noise, which is then negligible [15]. The amplifier noise
is given by

U 2
n, amp = (Unif/fn, peak)

2 ·
(
f 3

n, peak − f 3
z /3

)
, (13)

where Unif is the voltage amplifier input noise, fz and fn, peak
are the start and stop frequencies of the rising edge of the in-
troduced noise peaking. The amplifier noise induced by an in-
creased voltage and current noise starts to be dominating all
other noise sources at

fn, peak =
(
1/2πU 2

n, ampCPD
)
·
√

2eI + i2n, amp + 4kB T/Rf ,

(14)
where CPD is the capacitance of the PD, i2n, amp the amplifier
current noise, kB the Boltzmann constant, T the temperature and
Rf the feedback resistor of the amplifier. In addition, the thermal
noise of the PD and the thermal noise due to the feedback resistor
of the amplifier have to be considered

U 2
term , PD = Idark · RL,U 2

term , Rf = 4kB T/Rf , (15)

with Idark being the dark current of the PD. The total noise
voltage can be calculated as follows:

U 2
noise = U 2

n, amp + U 2
term , Rf + U 2

shot, back + U 2
term , PD ,

(16)
where U2

shot,back is the shot noise induced by the background
radiation. As a metrics for the link quality, the electrical SNR is
used, which is calculated as the ratio of the square of the signal
voltage and the square of the total noise voltage [16]

SNR = U 2
signal/U 2

noise . (17)

With the calculated SNR at the receiver and at a given band-
width B, the maximum achievable throughput can be calculated
according to Shannon’s theorem. However, this needs to be done
carefully.

First, the intensity-modulation direct-detection (IM/DD)
channel requires a real-valued, non-negative waveform. If a bias
current is added to the modulation signal and the modulation
current is small compared to the bias current, the IM/DD chan-
nel can be modeled as a real-valued Gaussian channel having
the throughput:

DIM/DD = B/2 log2 (1 + SNR/β) . (18)

It should be noted that the throughput has to be divided by
two in comparison to the classical form of Shannon’s formula
because of the real valued channel. A fixed empirical factor β
is introduced, yielding an effective electrical SNR, in order to
include implementation-related penalty due to the reduced mod-
ulation current, the imperfect frequency-selective link adaption
together with non-ideal channel coding [17] or minor impair-
ment effects not included in the model, yielding altogether a
practical formula (18) for the achievable throughput. Note that
(18) is no longer the capacity but the achievable throughput
over the link. By including β, the throughput predicted by the
link model can be matched to the data rate achieved over the
experimental link, see Section IV.

III. EXPERIMENTAL SETUP

A. Initial OW Link Setup

A real-time optical wireless (OW) system with 500 Mb/s
peak gross data rate was implemented and used for initial out-
door tests. This initial link was derived from a previous setup
described in [1], [12] by using different lenses to allow transmis-
sion over longer distances. A low-cost infrared LED SFH 4783
with a semiconductor area of 1× 1 mm2 was used as a light
source. With an optical concentrator on top of the LED, the ef-
fective area is increased to 7× 7 mm2, yielding 25° divergence
at full-width at half-maximum (FWHM) of the power. The trans-
mitter was further equipped with a lens having 100 mm focal
length and 3 inch diameter to reduce the beam-width down to 4°
FWHM. At 100 m distance, the lens creates a 1000× increased
image of the effective LED area, which enables a homogenous
illumination representing a striking benefit for LED-based links.
Due to the rectangular beam profile, alignment is simpler than
in conventional FSO links using a Gaussian beam profile. On
the other hand, the 7× 7 m2 spot at 100 m distance implies a
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Fig. 2. Top left: Optical wireless transceiver prepared for outdoor trials, top
right: optimized optical wireless system. Bottom: Campus map of TUB where
the link is installed for long-term measurements (source Google Earth/Berlin
3D).

relatively large geometrical loss. At the receiver, a lens with f
= 85 mm and 3 inch diameter was used in combination with
a silicon photodiode S6968 from Hamamatsu having a 14 mm
diameter. The receiver FOV is 9° and thereby larger than the
beam divergence at the transmitter.

The 500 Mb/s OW link was deployed in an outdoor sce-
nario, in order to conduct long-term measurements. Distance
was 100 m and there was a difference of 25 m in height, like in
a realistic macro-to-small-cell link scenario, revealing typical
effects described in Section IV. Optical frontends were encap-
sulated in a weather-proof housing (see Fig. 2, top left).

Next to the outdoor link, a visibility sensor and weather station
(Vaisala PWD12) was used to obtain statistical results concern-
ing the impact of variable weather conditions onto the data rate.
The visibility range (up to a maximum of 2000 m) and all types
of precipitation were recorded every 2 minutes. Both systems,
the initial and the optimized link described in the next subsec-
tion, were equipped with an add-on telescope in order to simplify
the alignment. The telescope can be removed after the link is
installed in order to save costs. In our measurements, an OFDM
waveform with 70 MHz signal bandwidth was used. A known
preamble is transmitted over the atmosphere and analyzed at
the receiver to estimate the channel frequency response. After
equalization at the receiver, the SNR per subcarrier is obtained.
This information is sent back to the transmitter where the bit
loading is adapted according to such feedback information. The
overall possible gross data rate is than calculated by multiplying
the bits per carrier with the respective bandwidth of the carrier
and then adding all actual carrier data rates. When the channel
conditions change, e.g., due to bad weather conditions like rain,

fog or sunlight, the SNR per subcarrier is reduced and the bit
loading at the transmitter yields a reduced data rate, while a
pre-defined target for the bit error rate is maintained ensuring
a robust link. Note that it is state of the art to use Ethernet in
the mobile backhaul. I.e. the user data is obtained via Ether-
net from the mobile network, converted to the adaptive DMT
waveform, transmitted over the optical channel, received and de-
coded from the DMT signal so that the original Ethernet packets
are retrieved and delivered to the small-cell base station.

B. Optimized OW Link Setup

After optimizing the link according to the model described
in Section II, measurements were also conducted using an opti-
mized OW link prototype. A new baseband chip with 100 MHz
bandwidth, 1 Gb/s peak gross rate and a modified optical design
were implemented in the new OW link. A much smaller LED
SFH 4451 with a 0.3× 0.3 mm2 semiconductor area was cho-
sen, additionally equipped with a parabolic reflector to enlarge
the effective LED area to 1.8 mm2 and to reduce the FWHM to
17°. Using 4 inch lenses with 166 mm focal lengths both at the
transmitter and the receiver, a divergence of 0.26° and a FOV of
2.4° were realized, respectively. In this way, the emitted optical
power has been reduced by a factor of 8 while the received op-
tical power was simultaneously increased, as compared to the
initial OW link.

IV. RESULTS

A. Long-Term Measurement

To validate the link model and to get statistical results for
the visibility range and the data rate in a realistic scenario,
a long-term measurement was performed with the initial OW
link during the winter term (end of November 2014 to end of
April 2015) where challenging weather effects occurred like fog,
rain and snowfall. Moreover the influence of direct or scattered
sunlight was observed and described in this section.

In Fig. 3, the empirical cumulative distribution functions
(CDF) of both, the visibility (top) and the data rate (bottom)
of the OW link are shown. The CDF shows how often a quantity
is smaller than the value plotted as the abscissa. For example, a
visibility of 1 km with a CDF value of around 0.0085 indicates
that the visibility was more than 1 km in 99.15% of all val-
ues measured during the whole 5-month period over the winter
term. It should also be noticed that the visibility was never below
180 m. Moreover, it was higher than 2 km in 97.6% of all cases,
indicating that the weather conditions were convenient most of
the time during the measurement period. Our results in Fig. 3
(bottom) show in addition that the data rate was higher than
100, 39, 22 and 6 Mb/s in 72, 99, 99.9 and 100% of all cases.
Obviously there was no link outage during the whole period,
despite the challenging weather conditions.

Theoretically, a clear sky and the sun outside the FOV re-
sult in a negligible background noise at the receiver. Our model
presented in Section II takes the sunlight into account only by
assuming a background radiation of 2 Wm−2sr−1nm−1, which
corresponds to bright sunlight. However, on some days in the
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Fig. 3. Cumulative distribution function (CDF) of the visibility (top) and
the measured data rate with the basic OW link (bottom) during the whole
measurement period.

recorded statistics, the angle of incidence of the sun was very
small. While the downward link pointed towards the south, a
direct focus of the sunlight on the PD and the corresponding
distortion were not observed. On the other hand, it was ob-
served that a partly cloudy sky, back-illuminated by the sun, is
likely to impair the link temporarily, as it generates noticeable
background radiation at the receiver due to the scattered sun-
light collected in the FOV. A corresponding exemplarily event,
recorded between 1:00 a.m. and 5:00 a.m. on February 18, 2015,
is shown in Fig. 4, where a reduction of the data rate is observed
due to the reduced visibility range. Despite consistently high
visibility after 7:00 a.m., data rate degrades gradually in partic-
ular between noon and 3:00 p.m.. The reduced link performance
coincides with the sunrise at 7:15 a.m., in combination with a
cloudy sky, resulting in certain intensity of the scattered sun-
light. Only after the sunset at 5:24 p.m., the data rate returns to
its maximum value.

While the steep rise of the data rate in the measured CDF in
Fig. 3 can be explained by the visibility statistics, the tail towards
lower data rates indicates that scattered sunlight disturbs the
link. Note also that the distortion was observed simultaneously
in both link directions. This observation can be explained by the
urban environment, where, e.g., nearby the buildings, reflected
or scattered sunlight falls inside the FOV at the receiver. The
effect of diffusely reflected sunlight suggests the use of a reduced
FOV at the receiver, as well as spectral filtering in the optimized
OW link.

Fig. 4. Despite high visibility (red curve, top) reduced data rates for the OW
link (blue curve, below) are observed for several hours due to sunlight scattered
by clouds.

Fig. 5. Model-based CDF of the data rate for the basic and the optimized OW
link over a distance of 100 m with and without sunlight and various system
parameters, compared to measurement results.

Despite the variable weather conditions, the dynamic, closed-
loop rate adaptation enabled an uninterrupted service for more
than 5 months. Accordingly, our long-term measurements proof
that a very high availability can be achieved over short optical
wireless transmission distances of around 100 m.

B. Model Validation

In order to optimize the link design, the system model de-
veloped in Section II was used to modify the link parameters
aiming at data rates of 1 Gb/s at 100 m. In Fig. 5, measured and
calculated CDF results are compared.

Therefore, the data rate was first modeled by inserting the vis-
ibility range that was measured in each time interval into the link
model. By calculating the atmospheric losses with the measured
visibility range, the received optical power is predicted by the
model. The received optical power and the model, considering
also the implementation penalty using factor β, are than fed into
the formula (18) to predict the SNR at the receiver and to ob-
tain the achievable throughput. Note that a factor of β = 15 dB
is used in (18). The largest contribution comes here from the
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TABLE I
MODEL PARAMETERS OF THE INITIAL AND OPTIMIZED/IMPLEMENTED SYSTEM

Parameter Initial
Value

Optimized/
Impl. Value

Link Distance 100 m 100 m
Wavelength 850 nm 850 nm
Transmitter Lens Diameter 75 mm 100 mm

Transmitter Focal Length Transmitter 100 mm 175/166 mm
LED effective Diameter 7 mm 1.5 mm
LED Half Angle 12° 15°/17°
Radiant Flux 430 mW 50/55 mW
Focal Length Receiver 85 mm 200/166 mm
Receiver Lens Diameter 75 mm 100 mm

Receiver Photodiode effective Diameter 14 mm 14 mm
Dark Current 500 pA 500 pA
Bandwidth 70 MHz 70/100 MHz
Capacitance 50 pF 50 pF

T.I.A. Feedback resistor 10 kΩ 1 kΩ
Optical Lens Transmittance 0.92 0.92
Loss

Housing Transmittance 0.8 0.8
Ambient Spectral Background 2 Wm−2sr−1nm−1 2 Wm−2sr−1nm−1

Light Radiance

modulating current, whose amplitude was much smaller than the
bias current so that the effects of clipping and non-linear LED
characteristics were minimized and error-free DMT transmis-
sion was achieved. Moreover, there is an implementation loss
due to the non-ideal frequency-selective link adaptation and the
channel coding, which amounts to around 4 dB in a similar
signal processing chain using LTE [17]. Background radiation
caused by the scattered sunlight is included using minimal and
maximal expected values.

In Fig. 5, the calculated CDF for the initial OW link is shown
with no sunlight (green curve). Note that only the beginning
of the CDF up to around 3% can be modeled and compared to
the measurement because the visibility statistics ends at 2 km,
due to limitations of the sensor used in experimental setup.
Even if the factor β is included, there is no match between the
calculated CDF without sunlight and the measured CDF. Only if
the maximal distortion due to the sunlight is included (see Fig. 5,
black curve), a significantly better match is achieved between
measurement and model. This observation is consistent with
the above statement that the tail in the measured CDF towards
low data rates in Fig. 4 can be attributed to the sunlight. After
matching the model to the initial OW link, the model is next used
to modify the link parameters in the setup in order to optimize
the performance, aiming at a data rate of 1 Gb/s over 100 m.

C. Link Optimization

In a first phase, the optimization aimed at increasing the data
rate by varying optical parameters such as the effective diameter
of the LED, the focal length at the transmitter and receiver and
the lens diameters. Practical limits were thereby taken into ac-
count, since implementation was targeted as a final step. Table I
shows the values used for the initial OW link and reasonable
results for these optimized parameters.

As suggested by the model, reducing the radiating area of
the LED from 7× 7 mm2 to 1.5× 1.5 mm2 and increasing the

focal length of the transmitter lens from 100 to 175 mm result
in a significantly reduced geometrical loss. Moreover, receiving
lens area is almost doubled. In this way, despite having signif-
icantly less transmitted power, a higher received optical power
is realized. The FOV is reduced simultaneously by increasing
the focal length at the receiver. As an overall impact of these
improvements for the optical design, and as a first result for the
optimization, the electrical SNR has been increased by 26 dB.
The calculated throughput of the optimized system is shown in
Fig. 5 (brown curve). However, although the electrical SNR has
been improved by a factor of 400, the data rate is only doubled,
approximately. This is easily understood from formula (18). Be-
cause SNR is quite high, further increasing it is not adequate
to achieve a significantly increased data rate because Shannon’s
capacity grows only with the logarithm of the SNR.

In a second phase, accordingly, the most relevant parame-
ter in (18) has been increased, which is the bandwidth of the
OW system, as it increases the data rate linearly. By using a
hypothetic baseband signal processing exploiting the more than
150 MHz optical bandwidth offered by our LED driver [1] and a
smaller PD, the model predicts that 1 Gb/s can be achieved over
100 m including the measured visibility statistics, and excluding
the impact of sunlight, see Fig. 5 (orange curve). In practice,
the influence of the sunlight can be reduced significantly, by
adding an optical bandpass filter and a sunshade at the receiver.
Moreover, the FOV can be further reduced by using a pinhole
and eventually, also a longer focal length at the receiver lens.
We believe that the impact of background radiation becomes
negligible in this way.

D. Data Rate and Latency Measurements

While the optimization in the previous paragraphs indicated
possible directions for a significantly higher data rate, practical
limits of commercially available components have been taken
into account for the realization of a new OW link. Table I sum-
marizes the most significant system parameters both for the
initial, as well as the optimized OW link. Note that the size of
the PD was left unchanged because it would imply significant
changes in the receiver electronics. Besides an optics redesign to
achieve higher SNR, the key step was the introduction of a new
baseband signal processor. The chip is a commercially available
DMT baseband processor normally used for wired communi-
cation. It offers a baseband bandwidth of 100 MHz and a peak
gross data rate of nearly 1 Gb/s in an electrical back-to-back con-
figuration. This is achieved with a very effective bit and power
loading in combination with high spectral efficiency modulation
formats up to 12 bit/s/Hz. However, the frequency response of
the analog optical frontends was carefully optimized so that a
large fraction of the throughput was also achieved in the optical
back-to-back configuration, see [18].

In Fig. 6, top, the measured data rate of the initial and the
optimized OW systems are shown for different transmission
distances to quantify the overall effect of the new link param-
eters. In the measurements, both links were mounted on mov-
able platforms equipped with portable power supplies, enabling
measurements with more than 200 m distance. By using the
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Fig. 6. Data rate as a function of transmission distance for the basic and
optimized system (top), latency as a function of frame size (bottom).

monitoring tool of the used baseband chip, the maximum gross
data rate at the physical layer of the baseband chip was mea-
sured after establishing a stable link between two OW modules
by aligning them with the add-on telescopes. At 20 m distance,
both the initial and the new experimental systems reach their
practical maximum data rate of 465 and 800 Mb/s, respectively.
At 100 m distance, the basic and optimized system achieved
a gross data rate of 120 and 500 Mb/s, respectively. With the
new link, the data rate is enhanced by more than a factor of
4x compared to the initial OW link. Even at 215 m distance,
the optimized system still achieved 225 Mb/s. Assuming that a
4G LTE small-cell base station with 2× 2 MIMO and 20 MHz
bandwidth achieves a peak data rate if 150 Mb/s, if operated
in a scenario free from inter-cell interference, e.g., by using a
separate carrier frequency and a sufficient distance from other
small cells using the same carrier frequency, with the new OW
backhaul link, data rates are sufficient.

Furthermore, the fast link adaptation and handover in LTE
require that low latency is also realized over the backhaul link,
despite the rate-adaptive digital signal processing which has
been introduced here in order to improve the robustness in vari-
able weather conditions [18], [19]. Therefore, the average cut-
through latency (i.e., end-to-end one-way) was measured using
the standard RFC 2544 test. Results are shown in Fig. 6, bot-
tom, as a function of the frame size at 95% traffic load. Besides
offering a significantly higher data rate, the new baseband chip

offers a significantly reduced latency of around 2 ms, which is
also independent of the frame size.

A major reason for the reduced latency is that the new base-
band chip supports instantaneous selective retransmission of lost
data units already inside the physical layer. While the values
achieved here are more than sufficient for LTE, fast retransmis-
sions appear essential to achieve the latency requirements in
future 5G networks. Altogether, while our results on the opti-
mized link are only preliminary, they illustrate the potential of
OW links in current and future mobile radio systems.

V. DISCUSSION

The data rates achieved in the present paper indicate that low-
cost optical wireless links, based on high-power infrared LED
and large-area photodiodes, in combination with rate-adaptive
transmission concepts, can satisfy already today essential re-
quirements of high availability, sufficient data rates as well as
low latency [18]–[22] for the use as an economic wireless back-
haul technology for small cells that are needed to boost the
performance in the current 4G mobile networks.

Towards the use in 5G networks, it is certainly essential to
increase the data rates, however, small cells will most likely be
connected via fronthaul, rather than backhaul technologies in
order to enable tighter interference coordination controlled by
the nearest macro cell. In order to facilitate rapid deployment,
fronthaul may be implemented frequently using wireless tech-
nologies. In that case, it becomes obvious that new fronthaul
technologies, based on Ethernet and the modified functional
split, as explained in the Introduction, play a crucial role in
order to minimize the required data rates. Nevertheless, con-
necting a small cell in 5G may need data rates in excess of
10 Gb/s.

The model of the optical wireless link developed in the present
paper clearly shows into what direction the technology has to
be developed in the near future. Data rate can best be increased
by increasing the bandwidth of the optical wireless link, rather
than the SNR, while maintaining the benefits of adaptive trans-
mission in variable weather conditions. Over the short distances
considered for small cells, we assume that an optical bandwidth
of 1–2 GHz will be sufficient, which can only be reached by
using lasers today. Note that low-cost high-power laser diodes
which can be modulated at high speed are commercially avail-
able from DVD writers. What should also be maintained from
the work presented here is the rectangular beam profile to sim-
plify the deployments.

Note that a main reason for the reduced latency in Section IV
is that the new chip supports a selective retransmission of lost
data packets in the physical layer, i.e., nearly instantaneously.
While the latency achieved here is more than sufficient for LTE,
fast retransmissions over wireless feeder links may be an es-
sential enabler to reach the latency requirements below 1 ms in
future 5G networks.

VI. CONCLUSION AND OUTLOOK

In this paper, the new concept of a low-cost optical wire-
less links for the back- and fronthaul of small radio cells in
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4G and 5G mobile network was introduced. The technology is
based on LEDs as transmitters and photodiodes as receivers,
in combination with rate-adaptive digital signal processing. By
modification of an existing prototype, a first 5-month outdoor
field trial has been conducted revealing the impact of variable
weather conditions. It was found that the visibility range was
never below 180 m, with 1 km in more than 99% of all times
during the whole observation period. The use of rate-adaptive
transmission improved the availability remarkably in the occa-
sional presence of fog and sunlight.

A mathematical model of the backhaul link including these
impairment effects has been presented and used to obtain an op-
timized link design. A prototype was implemented, accordingly,
using optimized optics and a new 1 Gb/s baseband chip. With the
much higher data rates of 800 to 225 Mb/s over distances of 20
and 215 m, respectively, and latency below 2 ms at 95% traffic
load, it was demonstrated that, optical wireless communications
can be used as a low-cost solution for the wireless backhaul of
small mobile radio cells already today, e.g., for WiFi and LTE.
Further development of the new concept proposed in this paper
will be needed for the use also in future 5G mobile networks.
While small cells may be connected via new fronthaul tech-
nologies in 5G, by using Ethernet and a modified functional
split, higher data rates and reduced latency will both be needed.
These targets can be achieved over a similar range of distances
by increasing the bandwidth, e.g., using low-cost laser diodes,
instead of LEDs, and further accelerating the digital baseband
processing that is necessary for rate-adaptive transmission.
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