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This paper focuses on several design issues of coherent optical wireless systems as a means of providing
high data rate optical links in indoor environments enabling the realization of ultra-broadband wireless
local area networks. We show how the performance specifications can be translated into signal-to-noise
ratio requirements inside the coverage area, taking into account the laser phase noise mitigation scheme.
We then discuss the power budget details using Gaussian beam optics incorporating the transceiver
positioning and the optical systems used at the transmitter and receiver side. We also treat the influence
of ambient light noise. We show that coherent optical wireless systems are characterized by excellent
signal-to-noise performance enabling networking at very high data rates. Our results indicate that 2 Gb/s
and 10 Gb/s data rates can be easily sustained at 3 m distances over a circular coverage area of 1 m radius
using Class-1 lasers for the transmitter and the local oscillator. We also discuss the power gain compared
to intensity modulated/direct detection optical wireless and show that it can be as high as 20 dB,

especially near the edge of the coverage area.

© 2015 Published by Elsevier B.V.

1. Introduction

The distribution of online content through the world-wide web
is expected to dominate video entertainment offering in the years
to come. Various applications such as high-definition video sur-
veillance, tele-presence and peer-to-peer networking put stringent
requirements in the capacity of access and home/office networks.
The advent of 4 K video distribution will not be fully supported
unless multi-gigabit data rates become available at these domains.
Fiber-to-the-home (FTTH) [1,2] is already being considered as a
technology of choice for the realization of broadband access net-
works in many countries around the globe. Passive optical net-
works (PONs) [3] can support unrivaled access data-rates at the
customer premises extending beyond 1 Gb/s, especially if wave-
length division multiplexing (WDM) is applied [4,5]. The question
now becomes how this broadband traffic can be distributed inside
the home/office environment. Optical wireless may hold the key
for overcoming this obstacle combining fiber-like data rates and
the merits of wireless solutions including flexibility, mobility and
cable-free installation in existing dwellings [6,7]. Data center
networking [8] is another potential market for such ultra-high
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speed wireless technologies [9] alleviating the cost associated with
fiber cable deployment and management. Optical wireless systems
mainly rely on intensity modulation/direct detection (IM/DD)
using either the infrared or visible spectrum [10]. Such links are
shown to provide high data rates but can be impaired by ambient
light noise and the multi-path nature of the optical wireless
channel with direct detection.

In this paper, building on the existing know-how of IM/DD
optical wireless, we investigate the potential of coherent optical
wireless systems (COWS) [11-13] for establishing a multi-gigabit
short range optical link and present a detailed system design fra-
mework covering various aspects of the system. The primary
motivation behind our study is the inherent power gain of a co-
herent receiver which may lead to reduced transmission power
requirements. Our results demonstrate the suitability of COWS for
establishing ultra-broadband wireless local area networks in-
tended for data center and local area networking. Compared to
previous studies in the area of indoor COWS, the paper contributes
in the following points: first, we include the effect of laser phase
noise mitigation using digital signal processing and how it impacts
the power budget of the link through the required receiver signal-
to-noise ratio (SNR). Second, we highlight several aspects of the
nature of the coherent optical wireless channel, which unlike
conventional IM/DD is practically immune to multipath inter-
ference. We show that in integrated or fiber-coupled coherent
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receivers, ambient light does not couple well with the input wa-
veguide mode or the local oscillator field and provide equations
for the ambient light coupling efficiency. Using Gaussian optics,
that are arguably more suitable for laser beam propagation than
simpler Lambertian radiation patterns, we provide a detailed fra-
mework for the power budget analysis using ABCD matrix theory.
We pay particular importance to transmitter and receiver optics.
We show that a wide enough area can be covered using a two lens
system at the transmitter and determine the required receiver
optical system parameters. We highlight the relation between the
transmitter power receiver area product PfA, and the overall sys-
tem performance and discuss the influence of residual ambient
light noise. In addition we compare the performance of coherent
and IM/DD optical wireless and show that the former requires
much less power to achieve the same error rate and that the
corresponding gain may be as high as 20 dB depending on the
position inside the coverage area and the data rate. Our results
indicate that 2 Gb/s and 10 Gb/s data rates can be easily sustained
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at 3 m distance over a circular coverage area of 1 m radius using
Class-1 eye safe lasers for the transmitter and the local oscillator.
Such a system therefore fulfills many of the requirements posed by
next generation local area networks. The results of the paper in-
dicate that although IM/DD optical wireless is cost-effective, co-
herent optical wireless requires much less power, no equalization
scheme to mitigate the frequency dependence of the channel
while at the same time provide the well-known spectral efficiency
of coherent detection enabling dense wavelength division multi-
plexing in order to meet data rate requirements imposed in large
server farms [14].

The rest of the paper is organized as follows: in Section 2, we
present the architecture of a coherent optical wireless link, high-
lighting various components that play an important role in the
design procedure including the modulator, transmitter optics, free
space propagation, receiver optics and the achieved SNR at the
coherent receiver. In Section 3, we examine the receiver SNR re-
quirements imposed by phase modulation schemes such as
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Fig. 1. System under consideration: (a) coherent transceivers possibly employing a single laser at each side, (b) an I/Q modulator, (c) a coherent receiver based on a 90°

optical hybrid and (d) transceiver placement.
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quadrature phase shift keying (QPSK) and the impact of laser
linewidth. Based on the two previous sections, we carry out a
detailed system design in Section 4, where we investigate the
performance of the COWS systems in terms of achieved SNR and
coverage. We highlight the tradeoff between transmitter power
and receiver area and discuss the impact of ambient light noise in
more detail. In Section 5, we compare the coherent and IM/DD
systems and calculate the power gain obtained by the former.
Some concluding remarks are given in Section 6.

2. System under consideration

The COWS transceiver under investigation is presented in Fig. 1
(a). In order to limit the number of required optical components,
we may choose to use a single laser source at each link side. As
shown in Fig. 1(a), this laser can be used as a source for trans-
mitting the downlink data and as a local oscillator for the uplink
signal. In this manner, the light beam of the laser source is divided
by a 3 dB splitter into two branches. At the left transceiver, the
upper branch is fed to an I/Q modulator [15], that imprints the
signal to be transmitted in the optical field. The structure of the
modulator is shown in Fig. 1(b). In the case of PSK modulation, a
simpler phase modulator can also be used instead. The field exit-
ing the modulator passes through the transmitter optics consisting
of a number of diverging lenses that are used for widening the
beam and achieving the required coverage at the receiver plane at
the opposing side. In this paper, we assume that the optical sys-
tems of both the transmitter and the receiver comprise of simple
lenses. The use of a diffuser has been suggested in the past [11,12]
in order to provide a more uniform illumination but may degrade
the coherence properties of the wave and therefore limit the
coupling efficiency at the receiver, as we shall discuss in Section
44.

The lower branch acts as the local oscillator of the coherent
receiver for the uplink data. The coherent receiver can be het-
erodyne or homodyne, with the latter providing a 3 dB SNR gain
compared to the former [16]. The optical field at the receiver side
is collected by the receiving lens and is focused on the input port
of the coherent receiver. Various implementation strategies can be
adopted for the coherent receiver. In this paper, we assume an
optical hybrid-based phase-diversity homodyne receiver [17]
widely used in fiber-optic systems that is depicted in Fig. 1(c).
Fig. 1(d) shows the arrangement of a transmitter/receiver pair in a
typical indoor scenario. The coverage area is determined by the
beamwidth at the receiver plane which should be chosen wide
enough to ensure link flexibility and mobility. Depending on the
application scenario one must seek a compromise between
transmitter and local oscillator power, receiver area and system
coverage.

2.1. Transmitter model

The optical field Ey exiting the modulator output can be mod-
eled as a modulated Gaussian beam propagating along the z-axis
[18], i.e.

Eo= 222 + o), O
where p=(x,y), while I and Q are the amplitudes for the in-phase
and the out-of-phase signals respectively and are related to the
corresponding  driving  voltages, I=cos(wvi/V,/2) and
Q=cos(mvq/V,[2) [18], V, is the half-wave switching voltage of the
modulator, while ug(p) is the unmodulated Gaussian beam profile
[19], §16.3,

2Pr qok 2
u = |[=— exp| - ——p°|
o(p) " D( 57 2

In (2), Pris the power of laser beam at the modulator input, wg
is the initial beamwidth of the laser beam, p=Ipl, k=2x/A is the
propagation constant in free space while the parameter q=q(w,R)
is determined by the wavelength A, the width w and the curvature

R of the beam,

1 =
qw, R)

_j A1
T TR 3)

The parameter qo=q(wo,Rp) in (2) is obtained from (3) by re-
placing w=wg and R=Ry where Ry is the initial beam curvature
which is assumed infinite (Rg=+oc) [19], §17.1, implying that
Re{qo}=0. The field in (1) represents the slowly varying field
component and the actual field er is given by er=Erexp(jkz). We
have also assumed that the field is linearly polarized along a
specified direction and hence we need to treat only a single field
component. Finally in (2), we have neglected the z-dependent
phase variation y(z) which plays no role in the subsequent power
budget calculations.

The beam can be shaped by the transmitter optics in order to
determine the system coverage as we will discuss in Section 4. The
transmitter optics consist of a number of lenses N of focal length f,
which are spaced d, apart. The properties of the beam at the re-
ceiving plane can be determined through the 2 x 2 ABCD matrix
M, of the system [20] which is written as the following product:

A B
Mo = = L(do)M(f,)L(dy)-... -M(fy)L(dn).
tot [C D] (do)M(f;)L(d1) (fy)Ldn) @)
In (4), the matrices L and M describe the ABCD matrices of the
free space propagation between the lenses and the lenses re-
spectively and are given by:

L) = [1 d],

01 ®)

1 0

mo=[_y 3} ©

In (4), dy is the distance between the source and the first lens
(u=1), while d, for 1 <u <N—1 is the distance between the yuth
and (u+1)th lenses and dy=L is the propagation distance be-
tween the transmitter and the receiver plane shown in Fig. 1(d).
Given the elements of the ABCD matrix, the parameter g=g; of the
beam at the receiver plane is determined by the following equa-
tion [20],

Aqy + B
Cqy+ D (7)

qr = q(er Rr) =

The beamwidth w, and the beam curvature R, can be calculated
from (7) and (3). We can also estimate the value of the q para-
meter, g=qr, at the output of the optical transmitter system using
the ABCD matrix in (4) omitting the last stage corresponding to
free space propagation, i.e. applying the matrix My=M;oL~'(L).
We can then relate g, with gr by using (7) and replacing the ele-
ments of the ABCD matrix M, with those of free space L(L) in (5)
i.e. setting A=1, B=d, C=0 and D=1 which readily yields
qr=qr+L. According to (3), this implies that 1/R is increased by L.
Since the free space propagation L is much larger than the pro-
pagation distances between the lenses, the curvature of the wave
at the receiver is essentially determined by R,~1/L. This implies
that the incident wave E, at the receiving plane acquires a para-
bolic phase variation ~exp(—jp?/2/L).
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2.2. Receiver optics

The analysis of the receiver optics is somewhat more involved,
since the receiving lens focuses only a part of the incoming beam
and therefore the ABCD formulation cannot be used. The received
field is written as:

E=2® g jo),

2 ®)

where u,(p) is obtained from (2) by replacing w and q with w, and
q, respectively. If the beamwidth w, is much larger than the re-
ceiving lens dimensions, then we can assume that the incident
beam has nearly constant amplitude lu,{p)l=u,o over the receiving
lens. To better understand light focusing on the receiving lens, we
assume that the receiver is placed below the transmitter (point A
in Fig. 1(d)) and that their orientations are aligned, i.e. ny= —n,. In
this case, the field incident on the receiving lens is described as
u(p)=up) for p <a where a is the radius of the receiving lens
and uy{p)=0 for p>a where p=Ipl. Taking into account the
exp(—jp?/2/L) phase variation of the incident beam we can
therefore write,

s 2
ui(p) = {u"’ exp(—jp°[2[L), p<a
"’ = )

The receiving lens adds an additional phase component
exp(jkp?/2/f;) and the image ug{p) formed at distance s is de-
termined by the 2D Fourier transform [21], §5.2,

i +o0 +o0 ﬂ jk 2
Ur(x, ) = lidf_m dx /_m dy, ur(py)e’ 2 e zslo=nl", a0

where p;=(x1,y1). The integral above can be readily evaluated in
the case where s~ !'=f,"'—L~1! in which case the parabolic phase
terms cancel out. Using a change of variables in the polar co-
ordinate system, x;=p;cos ¢ and y,=p;sin ¢ and applying the
properties of Bessel functions [22], §9.1.21, we readily obtain:

- 2 2
U (p) = J2ruroa® J; () exp( _jﬂ]'
u S

s an
where
_ 2map
Toas (12)

The ratio J;(u)/u is typical of the Airy pattern distribution
formed by a circular lens due to diffraction [21], §4.4.2. It essen-
tially determines the spot size of the image. The field can be as-
sumed confined inside a disk with diameter D,~2.44s/(2a). For
large enough L we obtain, s~ '=f,~'— L~ '~f,~! which implies that
Do=2.44(f,[2a)=2.44FA where F=f,/(2a) is the F-number of the
lens. We therefore deduce that the F-number of the receiving lens
determines the spot-size of the focused beam. If the light is to be
focused at the input of a single-mode fiber, then D, should be
smaller than 2wp,oqe Where wpoqe is the width of the mode in
order to minimize coupling loss. This readily yields an expression
for the maximum lens F-number,

< Wmode
= 1222 13)

For example assuming a single mode fiber a;=4 pm radius and
V-number equal to V=2.1, applying Marcuse's formula [23] we
find Wmoge= ar (0.65+1.619V 3242879V %=5um and at
A=1.55 pm we obtain F < 2.62.

2.3. Power budget and symbol estimates

The power P, collected by the receiving lens in the case of
unmodulated light (i.e. in the absence of the modulator), is given
by the integral of the field intensity luj?> on the receiving lens
taking into account the lens inclination. Assuming that the re-
ceiving lens diameter is much smaller than the beamwidth at the
receiving plane, the incident field intensity lu® can be assumed
constant and hence:

2P7A, czos or =207 W

B = |uyolPAr cos 6, =
T |r0| T T W (]4)

where A, is the receiving lens area. The angle 6, is determined by:

n-(rr — 1)

Cos 6, =
" - 15)

The term cos 6, in (14) account for the inclination of the re-
ceiving aperture and typically appears in power budget equations
[17]. The field of the received signal Es and the local oscillator E; o
can be written as:

Es = %/Fr(l +JjQ), (16)
E]_o = ,Mef‘f’, (17)

where the ¥ factor in (16) follows from the same factor in (1) and
Pio is the local oscillator power and ¢ is the phase difference
between the unmodulated received signal and the local oscillator
field which is determined by the phase noise of the laser sources.
The phase difference ¢(t) slowly varies between consecutive
symbols and can be modeled as a random walk process [24]. The
variation of ¢ between the pth and the (p—1)th symbols is given
by:

$®T) - $(@ -~ DT) = A, (18)

where A¢g, are independent, zero mean Gaussian random vari-
ables with variance equal to < AA%Z > =27a(Avr+ Av,)Ts where
T, is the symbol duration, Avy and Av, are the linewidths of the
laser at the transmitter and the receiver respectively.

The receiving symbol estimates can be derived by considering
the structure of the 90° optical hybrid in Fig. 1(c) [17, 25]:

I, = LPLOPT(I cos ¢ — Q sin ¢) + ny,

2 19)
_ RyPwob ;.
Q,= T(l sin ¢ + Q cos ¢) + ng, 20

where R is the detector responsivity, n; and nq are the additive
noise components at the receiver. Note that (19) and (20) are de-
rived by assuming that the polarization state are the same for the
local oscillator and the signal. Several techniques can be used to
relax this requirement, such as polarization tracking [26], scram-
bling [27] and diversity [28]. The power spectral density (PSD) of
the noise components is given by:

Sn = qR(Pamb + P1o) + 35, 1)

where we have assumed that the received power P, is much
smaller than the local oscillator power, i.e. P«Po (this will be
justified in the power budget calculations in Section 4) and can
therefore be ignored in the shot noise calculations. In (21), q is the
electron charge, Pimp is the power of the ambient light noise
coupled at the input of the receiver while Sy, is the PSD of the
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thermal noise. The electrical signal-to-noise ratio in the absence of
the laser phase noise is defined as the ratio of the average signal
power <I?>+ <Q?> to the total noise power ¢,°+aq° The
total noise power contains the contribution of the shot and ther-
mal noise and is given by integrating the PSD in (21) inside the
receiver bandwidth B. We therefore obtain:

1p2
2 D)+ QP aRProf ,
¢ 2qR(P]_o + Pamb)B + SmB (22)

0'12 + O'é

In (22), B is the electrical receiver bandwidth which depends on
the modulation scheme as we shall discuss in Section 3.

3. Performance requirements

The signal-to-noise ratio calculated in (22) can be related to the
performance of the system in terms of the bit-error-rate (BER).
Fig. 2 shows the required minimum value of SNR in order to obtain
a BER equal to 10~ for QPSK modulation as a function of the
linewidth-symbol duration product AvT,. We have assumed that
the transmitter and the receiver lasers have the same linewidth,
Av=Avr=Av,. We numerically calculated the required SNR based
on the symbol estimate equations (19,20). A large number (~107)
of input QPSK symbols I(p)+jQ(p)=exp(jy,) were generated for
various values of SNR and AvT; and the output symbol estimates
were calculated by (19) and (20). The samples of the phase noise
and amplitude noises were numerically generated based on their
statistics, discussed in Section 2.3. We have also implemented the
phase recovery scheme described in [29] which relies on differ-
entially precoding the transmitted symbols and carrier phase es-
timation using digital signal processing at the receiver. In essence,
the phase difference ¢(t) is estimated at the receiver by first
raising the received symbol estimates I,(p)+jQ,(p) to the fourth
power which, in the absence of additive noise, removes the
modulation-induced phase changes y,. Assuming that the phase
difference ¢(t) slowly changes from symbol-to-symbol, its esti-
mate is obtained by averaging the received symbol estimates
raised to the fourth power over n, consecutive bits. In order to
retain the correct phase trajectory, the phase estimates must be
unwrapped as described in [29]. Given the BER obtained for dif-
ferent values of SNR and AvT; we used 2D interpolation to obtain
the SNR values for which the BER is equal to 1073,

Fig. 2 can be used to appreciate the power penalty induced by
the laser phase noise. In the absence of any phase noise (¢=0), the
BER P, for QPSK can be calculated in closed form [30] which yields
P.=10"23 for SNR ~9.8 dB. We therefore deduce that depending on
the value of the product AvT; and the number of consecutive
symbols used in the phase recovery algorithm, the penalty can be

16
15
_ 14 ¢
m
=
o 13+ n=2
% —a—n,=5
12 + —e—nb=I0
11
10 L L L L
0 1 2 3 4 5
AT, x10°

Fig. 2. Required SNR-per-symbol to achieve a bit error rate of P,=10"> as a
function of the linewidth-symbol duration product AvTs for QPSK modulation as-
suming different number n, of symbols used in the phase estimation.

up to 6 dB as shown in Fig. 2. We also see that, although a large n,,
guarantees small penalties at small linewidth-symbol duration
products it can lead to larger penalties as the laser linewidth Av is
increased, since the phase can no longer be considered constant
and the error in the phase estimations increases considerably with
the number of consecutive symbols. The figure shows that for
AVT, <5 x 10~3, the minimum required SNR is < 16 dB provided
the value of n, is chosen optimally. For a QPSK signal with
Rp,=2 Gb/s data rate, one obtains Ts=2/R,=1ns and hence the
laser linewidth Av must be smaller than 5 MHz. For a 10 Gb/s
signal, this limit is relaxed to 25 MHz. Since the laser linewidth of
most semiconductor distributed feedback lasers (DFB) ranges from
100 kHz to 10 MHz [17], §2.1, we readily deduce that such lasers
can be used especially at high data rates. Employing narrower
linewidth lasers can further decrease the power penalty induced
by the phase noise.

4. Design and performance evaluation

Based on the system model outlined in Section 2 and the per-
formance requirements examined in Section 3, we now carry out
the COWS design. We initially ignore the ambient light noise
which we will later incorporate in more detail. We also neglect
multipath-induced distortion. It should be noticed that the nature
multipath components in the optical wireless scenario is different
than that in conventional radio systems. In the former case, the
much larger wavelength leads to significant amount of specular
signal reflections. At infrared frequencies, reflections are mostly
diffuse, because the surface roughness is comparable or larger
than the wavelength, implying that multipath components are
only partly coherent. The IM/DD receiver cannot discriminate be-
tween coherent and incoherent light, which implies that diffuse
components are captured and render the wireless channel fre-
quency-selective [31].

At the coherent receiver, the diffuse multipath signal compo-
nents will not mix with the line-of-sight component. In the case of
a receiver with a bulk 90° hybrid (i.e. with discrete optical com-
ponents such as splitters, etc.) the diffuse components could
propagate inside the hybrid, but they will not match the local
oscillator field. These multipath components will also have very
small bearing in the noise variance in (21) which is dominated by
the shot noise of the local oscillator and the ambient light noise.
Alternatively, if the hybrid is realized using single-mode fiber
components or in integrated form, then the diffuse field will not
couple well with the fundamental waveguide mode at the receiver
input in Fig. 1(c) as we shall show in Section 4D. We therefore
ignore any diffuse light components in our calculations.

4.1. Data rate and coverage area

When evaluating a wireless technology for indoor applications,
the achievable data rate and the coverage area are among the most
important parameters [31]. In the case at hand, the performance
requirements are met by ensuring a sufficiently high signal-to-
noise ratio SNR within the specified coverage area (p, < po) at the
receiver plane as shown in Fig. 1(d). The optimum SNR, is obtained
from (22) in the absence of ambient light noise (P,n»,=0) and as-
suming that the shot noise is much larger than the thermal noise
(Sen=0):

RE

SNR = —°T,
8qB 23)

while the maximum SNR is obtained when the receiver is place
directly below the transmitter, i.e. at point A in Fig. 1(d):
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RPr max 2PT RAr
SNRpax = ——+ = — ,
T 8gB T aw?8qB 24

where Py max is the maximum power at point A directly below the
transmitter setting p,=0 and cos &,=1 in (14). As we move the
receiver away from this position, the received power and hence
the SNR will decrease. The coverage can be specified in terms of
the SNR degradation: at distance p,=p, we specify that the SNR
will not be smaller than K x SNR,., where K is the maximum SNR
degradation factor at the boundaries of the coverage area. Using
(14) and assuming that the receiver is oriented towards the
transmitter (6,=0), Egs. (23) and (24) readily yield,

Imzexp[_zljglzK.
w,

PR, max (25)

In the presence of alignment errors, the cos €, in (14) may in-
troduce additional power losses. However even for 6,= + 7/8,
these additional power losses are leyia=10l0g;o(cos 6,) < 0.4 dB.
Eq. (25) essentially determines the required beamwidth w, at the
receiver plane,

Wy = pov2 (= InK)y-1/2, (26)

Using (24), we can translate this value to a required value for
PrA; i.e. the transmitter power-receiving area product,

2
4qnBp; SNRmaX( = Ky

Pra, = R Q7

4.2. System design for 2 Gb/s data rate

In our design, we assume that the wavelength of operation is
A=1550 nm, widely used in fiber optical systems. There are three
reasons behind a wavelength choice in the wireless domain as
well. First of all, the majority of the required components (narrow
linewidth lasers, I/Q modulators, integrated coherent receivers,
etc.) are already commercially available in integrated form at
A=1550 nm, which may significantly simplify the implementation
of the system. At the time of this writing, such components were
not readily available at other wavelengths, say at A=800 nm which

Table 1
System parameters.

is popular band for IM/DD optical wireless systems. The second
reason is that at the infrared spectrum, ambient light noise from
sunlight [32] or artificial lighting [33] generally decreases with
increasing wavelength, implying that larger wavelengths are
generally more favorable in terms of the SNR. The third reason for
choosing the 1550 nm band is that eye-safety restrictions on laser
power are much less stringent at this portion of the spectrum [35].

Table 1 summarizes the design parameters of a 2 Gb/s and a
10 Gb/s system with a coverage area of radius po=1m. For the
2 Gb/s system, we assume a 1 mW transmission and local oscil-
lator power for the 2 Gb/s which is much lower than the 10 mW
limit for Class-1 eye safe transmitters [35]. Table 1 also quotes
other design parameters and the justification for their values.

The maximum SNR is specified at 30 dB, while the SNR de-
gradation factor K is taken 10 dB so that the SNR inside the cov-
erage area (p, < po) will be >20dB which ensures a BER much
smaller than 10~3 according to Fig. 2. This implies that the COWS
hotspot can be used to connect receiver terminals within a circular
cell with a diameter of 2m. In Section 3, we saw that for
AvT; <5 x 1073 the required SNR is 16 dB, and we therefore
provide an additional 4 dB margin in the power budget in order to
cover for modulator excess losses, misalignment losses, etc. Using
(26), we readily determine that the beamwidth at the receiver
plane is w;0.93 m. According to Table 1, the distance between the
transmitter situated at the ceiling and the receiver placed 0.8 m
above the floor is taken L=3 m which is a typical value for an
average height room. To design the transmitter optics we can use
the ABCD matrix formulation discussed in Section 2.A. We assume
a two lens system (N=2) and that the distance between the lenses
is equal to the distance between the first lens and the source
(do=d,=dr). The lenses are assumed diverging, having a focal
length f=—1 cm. Using (4)-(7), we estimate the value of w, in
Fig. 3 for various values of dy. As shown in the figure, the value
w;=0.93 m is obtained at dy~6 mm which readily determines the
distance between the lenses of the transmitter optics.

The transmitter power-receiving area product is given by (27).
Assuming R=1 A/W in we obtain P;A,/B=17.4 mW x cm? x GHz ™.
For QPSK, the required electrical bandwidth is approximately
B=Rp/2 [30], §7.6.10 which for the 2 Gb/s system translates to
B=1 GHz and hence, P;A, =17.4 mW x cm?. If we therefore choose

Parameter Value

Comments

TX power (Pr) 1 mW (R,=2 Gb]/s)

5 mW (R,=10 Gb/s)
1550 nm

<5MHz (R,=2 Gb/s)
<25 MHz (R,=10 Gb/s)

Wavelength (1)
TX linewidth (Avy)

Initial beamwidth (wg) 5um
Focal distance of TX lenses (fr) —1cm
Transmitted beamwidth (wr) 1.5 mm
Number of TX lenses (N) 2

TX lens distance (dy) 6 mm

TX position (rr)
Local oscillator power (Pro)

[0, 0, 3.8 m]
1 mW (R,=2 Gb/s)
5 mW (R,=10 Gb/s)

RX area (A,) 17.4 cm?
Specified max SNR (SNRax) 30dB
Coverage radius (po) 1m
Beamwidth at RX plane (wg) 0.93 m
Specified min SNR at p=pg (SNRmin) 20dB

RX position (rg) [x, ¥, 0.8 m]
Responsivity (R) 1AW
Optical filter bandwidth (A1) 50 nm

RX lens diameter (2a) 4.7 cm

RX lens focal length (f) <11.2cm

RX linewidth (Avg)

Same as TX linewidth

Pr<10 mW, Class-1 in terms of eye safety at A=1550 nm [35]

Discussed in Section 4.2
Derived from Fig. 2

Corresponds to a 4 um single mode fiber with V=2.2 (Section 2.2)
Chosen in order to minimize the size of the transmitter optics
Calculated using ABCD matrix theory in Section 2.1 using the matrix Mr
We use two divergent lenses in order to widen the coverage area
Calculated in Section 4.2 in order to obtain the desired coverage area
Transmitter is placed on the middle of the ceiling

Pro < 10 mW, Class-1 in terms of eye safety at A=1550 nm [35]

Derived from (27)

Specified high enough to ensure excellent coverage conditions (Section 4.2)
Should suffice in most application scenarios in order to enable mobility
Derived from (26)

Specified from Fig.2 allowing some extra margin

Receiver placed at the height of a typical office furniture

Typical responsivity of commercially available receivers at 2=1550 nm
Large enough to ensure order sufficient receiver field-of-view [33]
Assuming circular aperture, a=(A,/r)'?

Section 4.2

Derived from Fig. 2
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d, [rmm]

Fig. 3. Variation of the beamwidth at the receiver plane as a function of the
transmitter inter-lens distance dr.

Pr=1 mW, we obtain a relatively small area A,=17.4 cm? which
translates to a circular aperture of diameter 2a=4.7 cm. We shall
see that this small aperture area leads to reduced capturing of the
ambient light noise, limiting the associated power penalty. The
required focal distance f; of the receiving lens is determined from
the required F-number of the lens F=f,/(2a) < 2.6, which turns out
to be f,<12.3 cm.

Fig. 4 shows the received power at the receiver plane (x, y,
0.8 m) for the transmitter/receiver arrangement specified in Ta-
ble 1, assuming that —1 m <x,y <1 m. The maximum received
power is obtained as expected at x=y=0, i.e. directly below the
transmitter and is equal to —28.9 dB m. Fig. 5 shows the corre-
sponding SNR obtained at the receiver plane. As expected the
achieved SNR is high, peaking at 30 dB as specified in Table 1. In
Fig. 6(a) and (b), we show the received power and the SNR along
the line y=0. It is deduced that the SNR is always > 20 dB inside
the coverage area, p < pp=1 m. The maximum SNR degradation is
10 dB and occurs at po=1m, i.e. at the boundary of the coverage
area. We therefore conclude that the system can operate with
an acceptable BER, especially given the 4 dB margin adopted
with respect to the minimum required SNRx~16 dB calculated in
Section 3.

4.3. System design for 10 Gb/s data rate

At higher data rates R,, one must take into account the corre-
sponding increased electrical bandwidth B. However, the value of
the required PrA,/B is the same, since B does not otherwise appear
in the power budget calculations. For R,=10 Gb/s we obtain
B=5 GHz and hence this leads to an increased transmitted power-
receiver area product P;A,~87 mW x cm?. In order to keep the
receiver dimensions small, we choose a higher transmitter power
Pr=5mW for this system. Fig. 7 shows the obtained receiver

3
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Fig. 4. Surface plot of the estimated received power P, for the 2 Gb/s system.

. .
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Fig. 5. Surface plot of the estimated signal-to-noise per-symbol ratio for the 2 Gb/s
system.
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Fig. 6. Estimated (a) received power and (b) achieved SNR per-symbol along the x-
axis for the 2 Gb/s system.
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Fig. 7. Surface plot of the estimated received power P, for the 10 Gb/s system.

power at the receiver plane for this design. Fig. 8 shows the re-
ceiver power along the line x=0. The obtained SNR is the same as
that of the 2 Gb/s shown in Figs. 5 and 6(b). The results indicate
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Fig. 8. Estimated required power along the x-axis for the 10 Gb/s system.

that even at 10 Gb/s, coherent detection does not impose sig-
nificant power requirements.

4.4. Influence of ambient light noise

In our calculations up to now, we have neglected the ambient
light noise (Pamp=0). We now discuss its influence in more detail.
The ambient noise power P, is determined by [33]:

Pimb = D, AdAefr, 28)

where p,, is the spectral irradiance of the ambient light, A/ is the
optical bandwidth and A is the effective receiver area perceived
by the ambient light. The optical bandwidth can be limited by an
optical filter AA. In Table 1, we have assumed that the optical filter
bandwidth is 50 nm which is a typical value used in optical
wireless implementations [33] in order not to limit the receiver
field-of-view. The spectral irradiance can be measured or esti-
mated using the model outlined in [34] and was implemented in
[36]. Applying this model, we have estimated that the spectral
irradiance at 1=1550 nm assuming that the room dimensions are
5mx5mx3.8m and a single window covering most of the
northern wall of the room. The window actually acts as a large
secondary transmitter. We assume that the window irradiance is
equal to the irradiance of sunlight, ps,=~0.2W/m?/nm at
A=1550 nm [32]. We have also taken into account the irradiance
produced by 16 halogen lamps placed in a rectangular grid at the
ceiling with 1 m spacing. The irradiance of the lamps is taken
Plamp=0.03 W/m?/nm. Using the formulas in [36] we calculated
the average irradiance inside the room at various points at the
receiver plane (x,y,0.8 m) placed on 2D grid with grid spacing
Ax=Ay=0.1 m. The average light irradiance was approximately
9.6 mW/m?/nm which we take as a typical irradiance p,, value in
our calculations.

To combat the detrimental effect of ambient light-induced shot
noise to the SNR, we can increase the local oscillator power Pig
and the transmitted power Pr. In fact, since the same laser can be
used both for transmitting data and as an oscillator in Fig. 1(a) at a
practical transceiver design, we set P=Pr=P;o and increase both
powers by the same factor. Fig. 9 shows the required optical power
P in order to obtain an SNR equal to 20 dB for various values of the
ambient light irradiance, assuming that Aeg=A;. The power cal-
culations are based on (22) and (14) where we also included a
thermal noise component Sg,=10"2%A%/Hz that however has
negligible impact on the results. Fig. 9 suggests that the penalty
induced by the ambient light noise is about 3 dB for the 2 Gb/s and
1 dB for the 10 Gb/s even for p,=20 mW/m?/nm.

In the calculations of Fig. 9, we have assumed that Aeg=A,.
However, the effective area A for the ambient light noise largely
depends on how the receiver is implemented. In an integrated

10 ,
--- R,=10Gb/s
- T _RbZZGb/s
a ______
T 6f |
g
¥
B 4 |
&
[P
2 2f -
0 5 10 15 56

p, [mW/m*/nm]

Fig. 9. Estimated required local oscillator and transmitter power to achieve an
SNR-per-symbol equal to 20 dB at distance pp=1 m from the transmitter projection
on the receiver plane.

receiver, light is usually focused on a waveguide at the device in-
put. If the waveguide is monomode, then most of the incoherent
background radiation will not couple well with the fundamental
waveguide mode and will therefore not reach the photodiodes.
This is also true, if the incoming light is first focused on a single
mode fiber and then fed to the coherent receiver, in which case
only a small portion of the background radiation will excite the
fundamental mode. A more detailed analysis reveals that the ef-
fective area A is related to the coherence length of the ambient
light. Following the methodology outlined in [37,38] the incident
ambient light field can be de described in terms of its correlation
function W,,, = <E,(r )E, (r2) > by a Gauss—Schell model,

2, 2
_pitrs Ipi- pof

W, (p1, =AA,B, ex
i (P1 P2) mn gl p 40_2 252 (29)

where p; and p, are points on the receiving aperture, y and v refer
to the x or the y component, ¢ determines the uniformity of the
incident wave intensity while § is related to the degree of spatial
correlation. The amplitudes A, and B,, determine the average
field intensity and the level of polarization correlation respectively.
By back-propagating the guided mode of the waveguide one ob-
tains an equivalent aperture mode at the receiving lens plane. This
mode can be described by a Gaussian distribution of width
Wa=M/(AWmode) Where Wioge is the width of the original wave-
guide mode discussed in Section 2.2. The hard receiving aperture
can be replaced by a Gaussian aperture of width W=2a(1/8)"/?
[39]. Retracing the calculation steps in [37,38], we find that if the
average intensity is nearly constant over the aperture (¢ — co) and
W is matched to w, (W=w,), then the coupling efficiency 7 into a
single mode fiber is approximated by:

1

4%

114

n
1 1 1
(ﬁ * W) T 30)
and if we assume that the spatial coherence length § is much
smaller than the aperture radius the efficiency is given by:
478°

~ 452]a% =
nx4s5°a” = A 31)

This result implies that the aperture area is actually Aesr=475°
instead of A,=na® for partially coherent light. The coherence
length of sunlight is of the order of tenths of wavelengths [40].
Taking =504, Eq. (31) suggests that the ambient light coupling
efficiency for the system at hand is n#=—43 dB. Artificial light
sources can have even more small coherence length [41] and
hence even worst coupling efficiency. The above analysis which
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Fig. 10. Estimated coherent detection gain.

applies to diffuse multipath components as well, suggests that the
effect of ambient light noise may be less detrimental than that
illustrated in Fig. 9, because of the associated coupling
inefficiencies.

5. Comparison with direct detection systems

It is useful to compare the performance of a coherent system
with that of an equivalent direct-detection system occupying the
same bandwidth and achieving the same data rate with the same
bit error probability. The latter system relies on intensity mod-
ulation and we consider a single carrier 4-PAM which uses the
same pulse shapes as the Q-PSK system and transmit 2 bits-per-
symbol. Note that we neglect any multipath effects for the IM/DD
system as well. In a practical IM/DD system, compensation
schemes may have to be be incorporated for mitigating the fre-
quency selective nature of the channel [36]. For the 4-PAM system,
assuming that for that the maximum received power is P, then the
non-negative PAM symbols are given by (m—1)RPy/3 1<m<4
and the minimum symbol distance is therefore equal to RP4/3. The
symbol error rate is P4=3Q(y4)/2 where y4=RP4/6/s4 and o4 is the
variance of the additive noise, while the bit error probability is
Pp=3Q(74)/4 [30]. For P,=10"3, we find that y,~3 and hence the
required power is:

Pg _ 36}’5120112 ~ 72q}’dzpambB

Rz - R (32)

where we have assumed that the shot noise is dominant, i.e.

a3 = 2qR (Pamp + P1)B 2 2qRP,mpB. Comparing (32) and (22) we ob-
tain the following relation between the required received power in
the case of IM/DD and coherent systems P, and P, respectively,

p = 32 [ FambProB
d =
Ye \ Pamb + Pro 33)
The above equation is applicable for shot-noise limited re-
ceivers. Assuming that p,~10 mW/m?/nm, AA1=50nm and
Ag=17.4 cm?, we obtain P,,,=0.87 mW. In addition as shown in
Fig. 2, for an error rate of 1073, the required SNR value ycz is about
12 dB (y.=4). Fig. 10 shows the coherent detection gain G=P,/P, for
the system at hand assuming two different LO powers corre-
sponding to the 2 Gb/s and the 10 Gb/s design. We observe that
the gain depends on the received power of the coherent system P,
and varies in the vicinity of 10 to 20 dB. For the 2 Gb/s system the
gain can therefore be >20dB especially near the edge of the
coverage area where according to Fig. 6(a) is P,~—40 dBm. For the
10 Gb/s where P, is larger the gain is somewhat smaller. According

to Fig. 7, at the edge of the coverage area the received power is
equal to ~—32dBm the gain is approximately —18.5dB. We
should also note that while the transmission power for the co-
herent system quoted in Table 1 for the 2 Gb/s and 10 Gb/s are
1 mW and 5 mW which are less than 10 mW [35] and can be
classified as Class-1 in terms of eye-safety, the IM/DD system re-
quires more than 100 mW and 300 mW respectively to obtain the
same error probability at the edge of the coverage area.

6. Conclusions

We have carried out a detailed design for coherent optical
wireless systems intended for indoor applications. We have esti-
mated the required signal-to-noise ratio at the receiver for a given
linewidth-to-symbol duration product. We have also discussed in
detail the transmitter and receiver optics and the trade-off be-
tween receiver area and transmitter power. We have shown that if
the receiver plane is at a distance of 3 m from the transmitter then
a circular coverage area of 1 m can be obtained by properly ad-
justing the transmitter optics while the power requirements that
are well below those of commercially available narrow linewidth
lasers, even at 10 Gb/s data rates. This can open a path towards
establishing ultra-broadband wireless data networks in home/of-
fice settings or even in data centers and server farms. We have also
analyzed the effect of ambient light noise and discussed the am-
bient light coupling efficiency reduction due to the partial co-
herent nature of the ambient light field. Finally we compared the
performance of coherent detection and direct detection and
shown a significant power gain in the former case of the order of
20 dB, near the edge of the coverage area.
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