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Abstract—The multipath dispersion in a non-directed line-
of-sight (LOS) indoor optical wireless communications (OWC)
channel limits the transmission bandwidth. In this study, we
improve the transmission bandwidth by employing a TEM00

mode laser beam and an alignment-free light shaping diffuser
(LSD). We derive a new expression for the radiation field distri-
bution of the diffused Gaussian beam (DGB) and its multipath
impulse response. The transmission bandwidth is determined
based on the numerical simulation of the root mean square
(RMS) delay spread in a room. Results show that indoor OWC
systems employing DGB offers significantly higher transmission
bandwidth compared to the Lambertian beam (LB) for a wide
divergence angle.

Index Terms—Optical wireless communications, diffused
Gaussian beam, multipath dispersion and RMS delay spread.

I. INTRODUCTION

OPTICAL wireless communications (OWC) for indoor
applications has gone through a rapid period of research

and development in the last decade [1], [2]. Compared with the
traditional radio frequency (RF) technology and millimeter-
wave systems, OWC systems offer a number of unique ad-
vantages including a large unlicensed bandwidth (hundred and
thousand times higher than RF), immunity to electromagnetic
interference, and a excellent security. With the increasing
popularity of high definition television and video over the
internet, the OWC indoor access technology becomes one of
possible and economical solutions to address the bandwidth
congestion currently experiencing in access networks [3].

There are two basic link configuration schemes for indoor
OWC systems: a) the LOS and b) the diffused. The directed
LOS optical link employing a very narrow divergence angle
transmitter and a narrow field of view (FOV) receiver offers
the minimum path loss and higher data rates; however at the
cost of limited mobility and stringent link alignment. On the
other hand, the diffused link provides an excellent mobility but
suffers from the high path loss and multipath dispersion, which
ultimately leads to the transmission bandwidth limitation.
Non-directed LOS links employing wide-angle transmitters
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and receivers are more convenient to use, particularly for
mobile terminals. In previous studies, practical error free
indoor OWC systems up to 12.5 Gb/s have been demonstrated
in a directed LOS link [4], [5]. However, little attention
has been given to the non-directed LOS links with large
coverage area necessary for indoor OWC applications, where
the reflectivity from walls and ceiling cannot be ignored. There
are a number of studies carried out on multipath dispersion
characteristics of indoor OWC channels for diffused systems
[6], [7], [8]. In all studies the Lambertian light source has been
adopted; therefore overlooking the optimization of transmitter
characteristics in terms of the radiation pattern. In this letter,
we propose the DGB profile with a wide optical footprint as an
alternative to Lambertian source and compare the performance
of both systems in terms of the RMS delay spread Drms for
the non-directed LOS configuration. We also derive a new
expression for the radiation field distribution for DGB. With
the availability of cheap and alignment-free LSD [9], DGB
based systems can provide a wide coverage area.

The rest of the paper is organized as follow. In section II,
characteristics of both Gaussian beam and Lambertian beam
are described. In section III, the simulation set up is outlined
followed by results and discussion. Finally, the conclusion is
given in the last section IV.

II. CHANNEL CHARACTERISTICS

A. Gaussian Beam with a LSD

The emitted beam of a single mode laser diode (LD) can
be assumed as a spherical wave given by a point source. The
irradiance distribution of the fundamental Gaussian TEM00

laser beam at distance L is given by [10]:

I(r, L) = I0 exp(− 2r2

ω2(L)
) =

2P

πω2(L)
exp(− 2r2

ω2(L)
), (1)

where I0 is the axial intensity, P is the total optical power of
the beam,r2 = x2 + y2 is the position at the terminal plane,
and function ω(L) describes the evolution of the optical beam
along the propagation direction L given by [10]:

ω(L) = ω0[1 + (
λL

πω2
o

)2]0.5, (2)

where λ is the wavelength of light, ω0 is the spot size radius
(i.e. the radius where the field amplitude value drops to e−1 of
the centre value) at the propagation distance L = 0. From(1)
we can perceive that the irradiance intensity, at a given point,
is dependent only on the beam waist radius ω(L). For a non-
directed link covering a much wider area, the laser beam
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Fig. 1. Gaussian beam propagation through a diffuser.

should be passed through an optical diffuser as shown in Fig.
1. By doing so the beam waist radius will enlarge with a
diffused angle φdiff (L), which is given by [9]:

φdiff (L) ≈
√
φ2
div(L) + φ2

LSD, (3)

where φdiv(L) is the full width at half maximum (FWHM)
divergence angle of the laser diode (LD) and φLSD is the
FWHM angle of LSD. Assuming the divergence angle of the
LD is very small, i.e. φdiv(L) � φLSD, the diffused beam
waist radius based on FWHM angle is given by:

ωFWHM (L) = L tan
1

2
φLSD, (4)

As it is shown in Fig. 1, the beam waist radii based on FWHM
angle and 1

e maximum angle ω 1
e
(L) are different. To calculate

the irradiance distribution of DGB with a diffused FWHM
angle, we need to convert the beam waist radius of FWHM
angle to the one of full width at 1

e maximum angleω 1
e
(L).

From (1), we have:

I(0, L) = 2I[ωFWHM (L), L], (5)

From (1), (4) and (5), ω 1
e
(L)is given by:

ω 1
e
(L) =

√
2

ln(2)
ωFWHM (L), (6)

Therefore, for a diffused FWHM angle φLSD, the extended
irradiance distribution of DGB is given by:

I(r, L) = I0 exp(− ln(2)r2

L2 tan2(12φLSD)
). (7)

B. Lambertian beam

For the basic optical source like LED; the radiation pat-
tern is modeled as Lambertian distribution, and the radiation
distribution via LOS at the horizontal plane is give by [1]:

I(φ) =
m+ 1

2πd2
P cosm(φ) cos(θ), (8)

where m is the Lambertain order of radiation,φ is irradiance
angle, θ is incidence angle, and d is the transmission distance
between source and receiver. For a given half power angle φ 1

2
,

the Lambertian radiant order is m = − ln(2)
ln(cos(φ 1

2
)) .

Fig. 2. Gaussian beam propagation through a diffuser.

C. Multipath characteristics

In a non-directed indoor OWC system, the multipath-
induced dispersion will limit the transmission data rate. A
typical geometry of the link configuration of the non-directed
LOS indoor OWC system is shown in Fig. 2. Depending upon
the divergence angle of transmitter and receiver positions, the
optical power after first reflection cannot be neglected. The
optical power distribution and the multipath dispersion at the
receiver plane can be characterized by the channel impulse
response h(t).

For a LOS channel, the irradiance distribution of a source
using a generalized DGB radiation pattern having a uni-axial
symmetry as in (1) and (7) is given by:

T (x, y, L) =
ln(2)P

πL2tan2(12φLSD)
exp(− ln(2)(x2 + y2)

L2tan2(12φLSD)
),

(9)
The LOS impulse response for a particular source S and a
detector D(x, y, L), is given by [6]:

h0(t;S,D) =
T (x, y, L)

P
AR cos(θ0)rect(

θ0
FOV

)δ(t− d0
c
),

(10)
where AR is the physical surface area of detector,θ0 is the LOS
incidence angle, FOV is the field of view of the detector, d0
is the LOS distance between S and D and c is the speed of
light (see Fig. 2). The rectangular function rect(x) is given
by:

rect(x) =

{
1 if |x| ≤ 1;
0 if |x| > 1.

Assuming that all reflectors (i.e. plaster and acoustic-tiled
walls, unvarnished wood) are approximately Lambertian [1],
the channel impulse response with multiple optical sources
and multiple reflections is given by [7]:

h0(t;S,D) =

Nsource∑
n=1

∞∑
k=0

hk
n(t;S,D). (11)

The channel response for exactly k-bounce with the extension
for DGB pattern is given by [7]:

hk(t;S,D) =

∫
Ψ

[ξ0ξ1...ξkρ
krect(

θk
FOV

)

δ(t− (

∑∞
k=0 dk
c

))]dAref , k ≥ 1 (12)
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Fig. 3. Radiation intensity at horizontal plane: a) total optical power
normalized to 1 W and L=3 m, b) total power normalized to 0.446 mW.

Fig. 4. The normalized total received power from LOS and diffused paths
for LB and DGB sources.

where

ξ0 =
T (x, y, L)

P
dAref cos θ1,

ξ1 =
dAref cosφ2 cos θ2

πd22
, ...,

ξk =
AR cosφk+1 cos θk+1

πd2k+1

.

The integration in (12) is performed with respect to the surface
Ψ of all reflectors, dAref is the small area of the reflecting
element,φk and θk are the angles of irradiance and incidence,
respectively, and dk is the distance from k-bounce to the
detector (see Fig. 2).

the RMS delay spread can be calculated using the impulse
response h(t) given by [6]:

Drms = [

∫
(t− μ)2h2(t)dt∫

h2(t)dt
]
1
2 , (13)

where t is the delay time of propagation and the mean delay
μ is given by:

μ =

∫
th2(t)dt∫
h2(t)dt

(14)

III. RESULTS AND DISCUSSION

The transversal intensity profiles of the DGB and LB against
the angular displacement at L= 3 m for the normalized
optical launch power of 1 W is given in Fig. 3. Both DGB
and LB have a FWHM value of 80o at a spherical plane,
which corresponds to 56o at the horizontal receiver plane
with a vertical distance L of 3 m. The experimental results
in Fig. 3(b) are carried out in a typical room environment

TABLE I
SPECIFICATION FOR INDOOR NON-DIRECTED LOS OWC SYSTEM

Transmitter work wavelength (λ) (500 ∼ 1000nm)

Transmitter location (2.5 m,2.5 m,0 m)

Transmitter beam radius (ω0) (0.1mm)

Transmitter diffused angle (φLSD) 120o

Receiver location (0.5 m,1.0 m,3.0 m)

Half angle FOV of photodiode 60o

Surface area of photodiode photodiode 1cm2

Reflection coefficient of wall, ceiling and floor (0.8, 0.8, 0.3)

Fig. 5. The normalized impulse response of DGB and LB for the LOS link
and first reflection.

using Luminit 800 (spherical FWHM angle) LSD and the
Heliumneon (HeNe) laser with a wavelength of 543.5 nm. The
irradiance distribution for DGB is wavelength independent and
the selection of visible wavelength at 543.5 nm is purely for
easy alignment. Based on the measured total power of LD
is 0.45 mW, the normalized theoretical radiation intensity is
plotted in Fig. 3(b). The intensity profiles of DGB and LED
under the same conditions are also shown for comparison. The
results illustrate that the DGB pattern has a sharper tail than
LB.

In order to carry out a comparative study of DGB and LB
sources, the impulse response and the RMS delay spread are
determined by means of numerical simulation for a typical
room with a dimension of 5×5×3m3 (length, width, height)
with the optical source and receiver located at the ceiling and
the floor level, respectively (see Fig. 2). The total normalized
received optical power in the receiver plane received via the
LOS path PLOS and the diffused path PNon LOS for a range
of FWHM angles is illustrated in Fig. 4. As the FWHM
angle increases the PLOSdecreases for both DGB and LB,
while PNon LOS increases. The comparative study shows that
PNon LOSfrom DGB is less than that of LB for the same
divergence angle condition and the difference increase as the
FWHM angle increases.

The normalized received optical power gives an indication
that for a given FWHM the dispersion is less severe in DGB.
In order to quantify the performance gain achieved from using
DGB, we calculate the RMS delay spread and the transmission
bandwidth of a non-directed LOS link with the parameters
specified in Table I.

Using the approach adopted in [6], we simulate the mul-
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Fig. 6. The normalized magnitude frequency response of DGB and LB up
to second bounce reflection.

Fig. 7. RMS delay spread and maximum achievable data rate for the non-
directed LOS indoor OWC link with LB and DGB sources.

tipath impulse response and the RMS delay spread for DGB
and LB for the same FWHM divergence angle. The reflected
power from the third bounce is very small, which is less than
3% in most configurations [6], [11], [12]. Fig. 5 depicts the
normalized impulse response of the LOS link, and the first
and second reflections. The amplitude of received signal from
the second bounce is very low, which is less than 1% of LOS
power as shown in Fig. 5. Since the received optical power
for higher reflections are significantly low (less than 0.5%),
the higher order reflections (third bounce or more) is not
considered in this study. The amplitude of received power from
the LOS link for DGB is 0.84, which is 17.3% higher than
the LOS received signal from LB. However, the amplitude of
received signal from the first and second reflections is higher
in LB. To highlight the effects of higher-order bounces on
the 3-dB bandwidth, the frequency response of the system is
given in Fig. 6. It can clearly be seen from the figure that
DGB offers higher 3-dB bandwidth in comparisons with the
LB.

In order quantify the multipath dispersion of the proposed
model; the average RMS delay spreads as well as the maxi-
mum achievable data rate for a non-directed LOS channel for
both DGB and LB with different FWHM angles are shown
in Figs. 7(a) and (b). It can clearly be seen that DGB has

the lower mean RMS delay spread compared with the LB.
The maximum bit rate, which can be transmitted through the
indoor channel, is calculated following [13]: Rb≤ 1

10Drms
. The

results in Fig. 7 show that, for a wide divergence angle, the
DGB model has lower non-LOS channel mean RMS delay,
which is around half of the LB model and hence doubling the
maximum transmission bandwidth.

IV. CONCLUSION

A DGB has been proposed in order to improve the trans-
mission rate of non-directed LOS indoor OWC systems. A
new expression for the radiation field distribution of DGB
is derived and the multipath impulse responses were calcu-
lated. Multipath dispersion is estimated by quantifying the
RMS delay spread. Compared with the traditional LB OWC
model, the DGB model with the appropriate divergence angle
significantly improves the indoor transmission bandwidth.
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