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Free-Space Optical Communication Impaired by
Angular Fluctuations

Shenjie Huang, Student Member, IEEE, Majid Safari, Member, IEEE

Abstract—In this paper, the impairments of FSO communica-
tion systems caused by angular fluctuations including beam mis-
alignment and angle-of-arrival (AOA) fluctuations are modelled
in the presence of both atmospheric turbulence and transceiver
vibrations. In particular, assuming FSO receivers with a limited
field-of-view (FOV), the fading caused by AOA fluctuations is
studied. The outage probability expressions for both coherent
and direct detections are derived in both shot-noise-limited and
thermal-noise-limited regimes. For direct detection, the optimal
receiver FOV that achieves the minimum outage probability
is considered. Furthermore, the issue of imperfect phasefront
tracking in practical coherent receivers is investigated.

Index Terms—Free-space optical communication, angular fluc-
tuations, transceiver vibrations, pointing error, angle of arrival,
building sways, coherent detection, atmospheric turbulence, out-
age probability.

I. INTRODUCTION

The scarcity in the radio frequency spectrum has now be-
come the primary limitation to the expansion of wireless com-
munication networks. As a potential candidate for long-range
wireless connectivity in future networks, free-space optical
(FSO) communication is attracting more and more attention
by researchers because of high achievable data rates, license-
free spectrum, outstanding security level and low installation
cost [1]. Terrestrial FSO links can be used to extend backhaul
and last mile connectivities in future 5G networks. However,
as a line-of-sight communication technology, the application
of FSO systems are limited by a number of impairments
caused by atmospheric turbulence such as fluctuations in both
intensity and phase, beam spread and angular spread [2].

A number of techniques have been proposed to mitigate
turbulence-induced intensity fluctuations [3]—[9]. Spatial diver-
sity is an attractive approach and substantial performance gain
can be achieved by using direct detection with spatial diversity
at both transmitter and receiver sides [3]. In [4], MIMO FSO
systems are investigated in the presence of correlation among
multiple turbulent fading channels. Distributed MIMO and
relay-assisted systems are also considered in FSO to improve
the performance of long-range FSO links [5], [6]. Besides
employing multiple receivers, a single large aperture can also
be used to reduce the intensity fluctuations due to the aperture
averaging [7]. The effect of link geometry on the diversity and
multiplexing gain of a multi-beam FSO system is investigated
in [8]. Moreover, in [9], an adaptive array receiver is employed
to enlarge the receiver field-of-view (FOV) as well as to reduce
the amount of background noise collected by the receiver.

All of the aforementioned works considered intensity mod-
ulation with direct detection (IM/DD) which is the most

common technique because of its simplicity. However, direct
detection may not be able to provide sufficient receiver sen-
sitivity for adverse channel conditions where the signal is
swamped by shot noise and thermal noise. Because of its
noise rejection capability, coherent detection has been applied
as a method of enhancing the FSO system performance [1].
Lee et al. have addressed the benefits of coherent detection
with spatial diversity over direct detection in a shot-noise
limited regime [10]. However, the performance of coherent
detection can be significantly degraded by turbulence-induced
phase distortion. The impact of atmospheric phase distortion
to the coherent detection has been thoroughly analysed and
some techniques have been proposed to mitigate the induced
degradation such as modal phase compensation [11] and
wavefront predistortion [12]. However, these phase compen-
sation techniques substantially increase the complexity of the
practical FSO communication system. Nevertheless, a practical
coherent FSO receiver can be realised by reducing the diameter
of the receive aperture below the coherence length of the
turbulence thereby only requiring to compensate for the phase
distortions of one spatial mode. In this paper, we compare
the performance of such practical coherent FSO receivers with
more commonly used direct detection receivers in the presence
of angular fluctuations including the effects of both random
beam misalignment and angle-of-arrival (AOA) fluctuations.
AOA fluctuations at the receiver lead to image dancing
(jitter) on the focal plane which can attenuate the received
power for the receivers with limited FOV [2]. However, most
of the works in the literature focusing on terrestrial FSO
communication only consider receivers with very large FOV
thereby neglecting the effects of AOA fluctuations [13], [14].
Larger FOV implies a larger received background radiation
which could significantly degrade the system performance
[15]. Furthermore, practical high-speed FSO systems typically
employ small photodetectors which can provide wide electrical
bandwidth leading to a limited receiver FOV that can also
reduce the effect of ambient light [16]. The statistical char-
acteristics of turbulence induced AOA fluctuations has been
derived in many works [2], [17], [18] and AOA compensation
methods have also been investigated [19], [20]. However, the
effect of fading caused by AOA fluctuations on terrestrial
FSO communication systems has not been comprehensively
investigated in the literature. In our previous work, the impacts
of turbulence-induced AOA fluctuations on the performance
of practical FSO communication systems employing receivers
with limited FOV are investigated [21]. However, the simple
model proposed in [21] cannot describe the system perfor-
mance precisely especially in high transmit power regime.



The alignment between transmitter and receiver are critical
for FSO systems. However, this alignment can be destroyed
by transceiver vibrations caused by effects such as building
sways occur in both transmitter and receiver sides [13]. Beam
misalignment fading due to pointing errors caused by trans-
mitter vibrations has been investigated in a number of studies
[22]-[24]. Under the assumption that the receiver aperture size
is very small compared to the beam size on the receiver plane,
the fading caused by beam misalignment can be modelled as
beta distribution [22], [23]. A more accurate fading model
considering the receiver aperture size is proposed in [24]
which is applicable in all ranges of FSO links. This model has
been applied in many works to investigate the effect of beam
misalignment on different optical communication systems such
as MIMO [25] and coherent [26] FSO systems. More recently
the capacity of FSO links in the presence of generalized
beam misalignment is analysed [27], [28]. Besides beam
misalignment caused by transmitter vibrations, the receiver vi-
brations affect the FSO link performance by aggravating AOA
fluctuations originally induced by atmospheric turbulence [15],
[16]. This effect has been ignored in all of above works by
assuming wide receiver FOV.

In this paper, the impairments of terrestrial FSO systems
caused by angular fluctuations are modelled taking into ac-
count both atmospheric turbulence and transceiver vibrations.
In particular, the fading induced by AOA fluctuations is accu-
rately modelled considering both atmospheric turbulence and
receiver vibrations. The outage performance of both coherent
and direct detection FSO receivers is analyzed in shot-noise
and thermal-noise limited regimes. For FSO systems with
direct detection in the absence of active tracking subsystems,
the optimal size of the receiver FOV which can be achieved
numerically is proposed to mitigate the effect of AOA fluctua-
tions. Furthermore, the issue of imperfect phasefront tracking
in practical coherent receivers is investigated.

The rest of the paper is organized as follows. In Section
II, we describe the channel model that will be used in this
paper. In Section III, the outage performance is investigated.
The effect of angular fluctuations on coherent detection with
imperfect AOA tracking is discussed in Section IV. The
thermal-noise-limited analysis is given in Section V. Finally,
we conclude this paper in Section VI

II. CHANNEL MODEL

In this work, the effects of both turbulence and transceiver
vibrations on FSO systems are considered. Turbulence intro-
duces not only log-amplitude fluctuations but also turbulence-
induced AOA fluctuations which attenuate the amount of
power collected by the photodetector for limited FOV re-
ceivers. Transceiver vibrations result in beam misalignment
fading as investigated in [24] and also make contributions
to AOA fluctuations. A detailed description of these channel
impairments will be shown here.

A. Log-Amplitude Fluctuations

Different distributions can be employed to describe
turbulence-induced amplitude fluctuations, such as log-normal

distribution, K-distribution and gamma-gamma distribution.
For FSO systems work under weak turbulence, the amplitude
fluctuations are commonly modelled as log-normal distribution
[2]. Therefore, the optical signal collected by receive aperture
can be expressed as [21]

a(r) = s, (r)eXt), (1)

where r refers to the position vector on the aperture plane,
s (r) refers to the signal complex envelope across the receiver
aperture which is related to the path loss and beam mis-
alignment, x is the turbulence-induced log-amplitude fading
factor with normal distribution and 6(r) is the random phase
term which results in AOA fluctuations. Note that the time
dependence in (1) is dropped for the sake of simplicity. In
our communication system, the receiver aperture size is set
smaller than the coherence length of the received phasefront
so that turbulence-induced amplitude remains unchanged over
the aperture [29], [30]. The coherence length r( is roughly
a measure of the spatial distance between two points in the
receiver plane when the optical fields in these two points can
be treated as statistically independent. For horizontal links, 7¢
is a function of the index-of-refraction structure constant C'2
and propagation distance L which is expressed as [2]

ro = 3.0(C2LE?*)~3/5, )

where k = 27/) is the optical wave number. Note that
C? can be regarded as a description of the condition of
turbulence. For near ground FSO communication, C? varies
from 10~ m~2/3 for very weak turbulence to 1013 m~2/3
for very strong turbulence [31]. It is noteworthy that in
our far-field communication system, in order to mitigate the
impairment induced by pointing errors, Gaussian-beam waves
with relatively large divergence are employed. For such beams,
spherical wave model which is more analytically tractable
can be effectively applied as an accurate approximation [7],
[32]. Thus when describing the turbulence effects, we will use
spherical wave model for simplicity.

In order to ensure that energy conservation is satisfied, we
hold m, = —o3 where m, and o2 respectively denote the
mean and the variance of the log-amplitude fluctuations, x, in-
troduced in (1). The variance of the log-amplitude fluctuations,
ai, depends on wave number turbulence condition and prop-
agation length. Assuming that the turbulence is homogeneous
and isotropic and the FSO link operates at a weak turbulence

condition, o2 is given by [2], [21]

02 = 0.124K7/°L1/6C2. (3)

The turbulence-induced power fading factor of the received
optical field in (1) is denoted as h, = ¢2X which is log-normal
distributed with PDF given by

1 —(lnha22a)2<)2
e "% . @)

2h, 271'0)2(

fha (ha)

Note that the CDF of h, can then be written as

—Inz — 2cr>2(

G(x) = %erfc <\/§70> , xe€0,+00]. (5
X
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Fig. 1. Angle-of-Arrival fluctuations and diffracted pattern jitter. The red
dash-dotted line refers to the wavefront in the absence of AOA fluctuations
and the red solid line refers to that with AOA fluctuations.

It is worth mentioning that although this work focuses on weak
turbulence regime which has been considered in many works
in the literature [6], [24], the derivations and discussions can be
readily extended to moderate and strong turbulence scenarios
by applying other commonly used scintillation models like
gamma-gamma or exponential distributions.

B. Turbulence-Induced Angle-of-Arrival Fluctuations

The atmospheric turbulence causes random phase variation
on the transmitted optical wavefront. For a receiver aperture
which is small compared to the radius of curvature of the
received wavefront, the wavefront across the aperture is es-
sentially a tilted plane [2], [30]. The angle of the wavefront
tilted from normal is denoted as the angle-of-arrival at the
receiver which results in the jitter of diffraction pattern on the
detector plane as shown Fig. 1. The Turbulence-induced AOA,
v, is commonly defined as [2], [33]

where AS is the total phase shift across the aperture, d refers
to the diameter of the aperture and % is the optical wave
number. The second moment of + can be written as [33]

ER’] = %,

where Dg(d, L) is the phase structure function which is often
assumed equal to wave structure function for most engineering
applications, i.e., Dg(d, L) ~ D(d, L) [33]. Given the spatial
power spectral density, ®,,(x), the wave structure function
D(d, L) takes the form [2]

@)

1 [e%s)
Do) =$7L [ [, ()1 = Jostolands, ®)

where p refers to the distance between two observation points,
k 1s the scalar spatial frequency, and Jy refers to the bessel
function of the first kind and order zero. The spatial power
spectral density of the turbulence, ®,,(x), can be expressed
using the von Kdrmdan spectrum as

0.033C2 exp (—K?/K2,)
‘I)n(/f) = (524—&%)11/6 )

where ko = 2w/ Lo, km = 5.92/lo, and Lo and [, refer to the
outer scale and inner scale. Note that based on the Kolmogorov
theory, L is the largest eddy size before the energy is injected
into a region and [y is the smallest eddy size before energy

©)

is dissipated into heat [34]. After substituting (9) into (8)
and taking some approximations, the wave structure function
simplifies to [21]

Dip, L) 1.09C2k2 LI 2 p2[1 = 0.72(k0l0) /3], p < lo,
P T 1.00C2K2 Lo 311 — 0.72(k0p) 3], p > lo.

(10)
Substituting (10) into (7) yields to
2 = 1.09C2LI5 M [1 — 0.72(kolo) /3] , d < o,
1.09C2Ld= Y31 — 0.72(kod)*3] , d > lo.
(an

If we further assume that d > [y and ignore both inner scale
and outer scale effects [35], [36], i.e., Ly = oo and [y = 0, the
second moment of turbulence-induced AOA fluctuations can
be written as [21]

E[y% =1.09C2Ld~1/3. (12)

Considering that the atmospheric turbulence is statistically
homogeneous and isotropic, both the horizontal and vertical
angular deviations caused by turbulence, i.e., v, and 7,, are
approximately zero mean Gaussian distributed and the total
radial deviation v = /77 +~2 is thus Rayleigh distributed
with PDF given by [17], [18]

2
(1) = Zpexp(5 ). (13)
Y Y

where the parameter 03 refers to the variance of ~; and ~,

and can be described based on the second moment of v in (11)
as 02 = E[y?]/2. Note that when the turbulence is anisotropic
which is out of the scope of this work, the AOA would
be Hoyt-distributed [18]. In the presence of turbulence, the
position of the optical beam might be deviated randomly from
the light-of-sight which is commonly called as beam wander
[37]. Thus turbulence introduces both beam misalignment and
AOA fluctuations. However, it is shown that the effect of
beam wander is negligible especially when divergent beam
is employed [2]. Thus in the following discussion, only AOA
fluctuations caused by turbulence will be taken into account.

C. Transceiver Vibrations

The transceiver vibrations are introduced by phenomena
such as building sways and might significantly limit the
performance of FSO systems where an ideal tracking system
is not in place. Impairments caused by transceiver vibrations
are generally two-folded. Firstly, due to the pointing errors
caused by transmitter vibrations, the received Gaussian beam
footprint deviates from the centre of the receive aperture,
which directly reduces the received signal power. Secondly,
the receiver vibrations introduce additional AOA fluctuations
which degrade the performance of FSO systems with limited
FOV [16]. This effect has been mostly ignored in the literature
on terrestrial FSO communication by assuming FOVs of
receivers to be very large [13], [14], [38].

For the first impairment which will be thereafter referred as
beam misalignment, the fraction of the signal power incident
on the aperture to the total transmit power denoted by hy,
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Fig. 2. The angle of arrival in the presence of receiver vibrations.

is proposed to describe the effect of transmitter vibrations
on irradiance [13], [24]. Considering the expression of op-
tical field collected by aperture (1), h, can be expressed as
J 4 |sr(r)|*dr/P, where P; refers to the transmitted optical
power and A = 7d?/4 is the aperture area. Using the general
model proposed in [24], h,, can be approximated as

282,12
hy(Br) = Ao exp (— ﬂﬁ ) (14)
zeq
and its PDF can be written as
Tz r2—1
fhp(hp) = A hy, ; 0< hy < Ay, (15)
0

where S is the radial angular deviation caused by transmitter
pointing errors, Ay is the fraction of the signal power over the
aperture in the absence of pointing errors, 7 = wWycq /20, is
the ratio between the equivalent beam radius at the receiver
Wyeq and the pointing error displacement standard deviation
0. Note that

R - ) s 5 merf(v)
v = 2\/§wz’ Ay = [erf(v)] » Wyeq = Wy QUeXp(—Ui%é)

where w, refers to the beam waist of the Gaussian beam at
the receiver plane. In (15), the relationship between Jr and
beam displacement at receiver plane sgq (i.e., s¢ = LfB7) is
applied which is justified when S is small [23]. Therefore,
the relationship between the standard deviations of receiver
vibration angle and displacement is given by o5 = Log,..

Now we turn to the second impairment, namely, AOA
fluctuation caused by receiver vibrations. For far-field com-
munication, a divergent Gaussian beam appears to diverge
as a spherical wave which renders the effect of transmitter
vibrations on angle of arrival negligible. However, this is not
the case for the receiver vibrations as shown in Fig. 2. The
phase shift across the receiver aperture is given by AS = kAl
where Al refers to the optical path difference between the
two ends of the receiver aperture (i.e., (z1,71) and (z2,72))
as shown in the figure. Using the spherical wave propagation
to model the received phase front, the optical path difference
Al can be expressed as

Al=\Jz2 +17— [+, (17)

where

d
z1 =L+ isinﬁR, r = icosﬂR, (18)

d
20 =L— isinﬁR, ro = —5 cosfR,

and the receiver vibration angle is denoted as [r. Noting
that using L > d and sin(8gr) =~ Br, (17) can be written
as Al = [grd. Recalling the definition of AOA (6), the
AOA caused by the receiver vibration can be obtained as
AS/(kd) = kAl/(kd) ~ PBgr, ie., equal to the receiver
vibration angle. Thereafter, this AOA will be referred as
vibration-induced AOA. As commonly assumed in literature
[13], [26], [39], we employ the assumption that the angular
deviations in vertical and horizontal direction caused by build-
ing sways, i.e., Br,, and g, respectively, are independent
and identically distributed (iid) zero mean Gaussian random
variables with variance 0[23. Thus SBr is Rayleigh distributed
with the scale parameter og. In addition, considering that
the distance between transmitter and receiver is on the order
of several kilometres, it is reasonable to assume that the
transmitter and receiver vibration angles, i.e., S and (g, are
independent and identically distributed.

D. Fading Caused by AOA Fluctuations

As explained in Section II-B and Section II-C, both atmo-
spheric turbulence and receiver vibrations make contributions
to the radial angular fluctuations. In particular, turbulence-
induced AOA fluctuation is introduced by phase distortions
caused by atmospheric turbulence whereas vibration-induced
AOA fluctuation results from receiver vibrations. Therefore, it
is reasonable to assume that these two effects are independent.
The total vertical and horizontal angular deviations can be
respectively written as

€v = PBRo +Yor  E€h = BrR.1 + Vh, (19)

where g, and Br are iid zero mean Gaussian distributed
as well as ~, and ;. Therefore, the total radial AOA ¢ given
by e = /2 + 5,% remain Rayleigh distributed as

€ —e?

5 exp
o+ 03 2 (0’% + 03)

fe(e) = (20)

In practical FSO systems, in order to collect sufficient
optical power, an aperture much larger than the size of the
photodetector is employed on receiver plane and an optical
lens is applied to focus the incident optical field to the focal
plane where the small photodetector is located. The amount of
received signal power is determined by the overlap between the
focused field pattern and the photodetector area. Any power
outside the photodetector area cannot be detected even though
the aperture has collected the optical field [40]. Under the
Fraunhofer approximation, AOA fluctuations generate shifted
diffracted patterns which attenuate the amount of collected sig-
nal power by reducing the overlap area. Therefore, for practical
FSO receivers with limited FOV, this random attenuation (i.e.,
fading) introduced by AOA fluctuations needs to be taken into
account.



Since the received optical field over the receiver aperture
can be considered a tilt plane as mentioned above, the optical
field collected by receiver aperture (1) can be rewritten as
2(r) = 5,(r)eXTIXT [41], where k is the wave vector passing
through the origin of the receiver aperture in the direction of
the optical propagation with a magnitude equal to the wave
number as defined before. Using the small angle approxima-
tion, the coordinates of k can be expressed as (kep, key),
hence z(r) can be written as [29]

z(r) = s.(r) eXexp [Jk (reen + ryen)] - (1)
For a thin focusing lens, the diffracted pattern on the detector
plane can be described as the Fourier transform of x(r) [42].
Therefore, the intensity of diffracted pattern at the detector
plane can be expressed as the well-known Airy pattern for cir-
cular apertures with a displacement vector qo = (fc€n, feeo)
[41], i.e.,

hahpPLA [2J1 (ndla — qol /M )]
A2 f2 md|q — qol|/ M fe ’

where q = (x,y) represents vector position in the detector
plane, f. refers to the focal length of the lens, Ji(-) is Bessel
function of the first kind and h,h, P is the total power incident
on the receive aperture (i.e., [, |2(r)|*dr = hyhy,P;) in which
the power loss introduced by both log-amplitude fluctuation
and beam misalignment is taken into account. In deriving (22),
the intensity of the received optical field is approximated as
almost constant within the aperture as the aperture is small
compared to the received beam width. In practice, most lenses
are designed with a focal length approximately equal to the the
diameter of aperture [29], i.e., f. = d, thus the signal power
collected by the detector with respect to the displacement
vector qg is

I(q—qo) = (22)

P = / I(q — qo)daq, (23)
Aqg

where A, refers to the detector area. Considering a circular de-

tector, P, only depends on the radial displacement |qo| = de.

Without loss of generality, we assume that the displacement of

Airy pattern is in x-axis of detector plane and by substituting

(22) into (23) the received signal power can be expressed as

2
s _ Je)? 2
 hahpPA [ (€ 2‘]1( de) +y>
p, = telelt2 : dyd,
—a T —de)? +

(24)
where a is the radius of the detector and £ = v/a? — x2. The
receiver FOV solid angle Qroy is defined as Qpov = DSlpr,
where ()py, is the diffraction-limited solid angle and the ratio
D is greater than or equal to 1. Therefore, the relationship
between the receiver FOV angle and diffraction-limited angle
is given by frov = v Dfpy,. Noting that since fp;, = 2)\/d,
the receiver FOV angle is given by froy ~ 2v/DA/d. The
FOV angle can be also expressed in terms of the detector
radius a and the focal length as fpoy ~ 2a/d yielding a =

VDA [29].

Airy Pattern

VDA )‘

Fig. 3. The power collected by the detector when the centre of Airy pattern
is outside the detector area. The detector radius is v/ DA and the Airy pattern
displacement is de.

Denote the fading introduced by AOA fluctuations as the
fraction of power collected by the detector P, to the power
incident on the aperture h,h,P;, i.e,

2
|20 <— x —de)? + y2>

haoa(€) T / / dydz.
~ 24 dg)
(25)
The received optical power can then be expressed as
P = hohphaoo Py (26)

For large A; which is commonly assumed in previous
works, according to (25) one can calculate that h,,, = 1.
Unfortunately (25) cannot be solved analytically. In order to
get an analytical expression for h,.,, some approximations
should be thus applied. The common assumption used in the
literature is that when the AOA of the signal is outside the
receiver FOV, no signal power is detected and the maximum
signal power is collected otherwise [13], [19], [21], i.e.,

Raoa(0) 0<e<VD)d,
haoa(g) ~
0, e >vVDM/d.

Consider a circle with radius ¢ centred at the center of the Airy
pattern. The fraction of the power contained in this circle to
the power incident on the aperture is given by [41]

W) =1-J3 <7T7<> J? (f).

Therefore, in (27) when the signal is within the FOV of the
receiver hq0q(0) = W(v/D)). Note that despite the assump-
tion in the approximation above, significant signal power may
still be collected at high transmit power regime even though
the AOA is outside receiver FOV. This power is collected
because of the existence of side lobes of Airy pattern inside the
detector area. Here, we enhance the above approximation by
determining the detected power when AOA is outside receiver
FOV, i.e., the centre of Airy pattern is outside the detector
area as illustrated in Fig. 3. We first use (28) to calculate the
signal power contained in the ring circumscribing the detector
circle by subtracting the power contained in the its inner circle
(with radius de — v/D)) from that of its outer circle (with
radius de + v/D)). The power collected by the detector is
then approximated as a fraction « of the power contained in
the ring where the fraction o = v/ D\/4de is considered to be

27)

(28)



the ratio of the area of the detector to that of the ring. Thus
haoa () is expressed as

haoa(€) =~ a |W(de + VDX —=W(de— VDN)|,  (29)

for £ > v/D)/d. In summary, the fading introduced by AOA
fluctuations for receiver with limited detector size can be
expressed as

W(V/D)), 0<e<+vD)d,
haoa(e) = { a [W(da + VD) - W(de — VDN, o/w.
(30)

III. OUTAGE PERFORMANCE ANALYSIS

The average number of transmitted signal photons in one
bit period can be expressed as Ny = 7E[FP;]/hpxv where T is
the bit time, v is the frequency of laser and hpy is the Planck’s
constant. Taking the channel fadings introduced in Section II
into account and considering the expression of received optical
power (26), the average number of received signal photons in
a bit period is then given by nhqhpheoaNs, Where 1 refers to
the quantum efficiency of photodetector which is set to unity
thereafter for sake of simplicity. The power attenuation due to
absorption and scattering which is weather-dependent is also
normalized to unity due to the fixed link distance.

In optical communications, the data rates are very high
and thus the channel coherence time of few milliseconds is
very long compared to the bit period which means that a
large number of bits would be affected during poor channel
states. Therefore, outage probability is an appropriate metric
to evaluate the performance of FSO systems in the presence
of atmospheric turbulence and other slow-varying random
impairments [6], [21]. Outage probability is defined as the
probability when the instantaneous bit error probability (BEP)
is bigger than a threshold BEP that is required to guarantee
an essentially error-free transmission when forward error cor-
rection is applied and is given by

Poy =Pr{P. > P}, (31)

A. Direct Detection

Let us first consider the performance of the receiver with
direct detection. Here BPPM is employed as the modulation
scheme. Note that in the two time slots of a bit period, only
one contains the signal pulse, thus all of the signal photons
N are concentrated in only one half bit time. Using the
Poisson detection model for the photodetector, an approximate
expression of the BEP for diffraction-limited receiver is given
by (29) in [10]. However, the derivation in [10] ignores angular
fluctuations caused by turbulence and transceiver vibrations. In
fact, in most of practical systems, the receiver FOV is larger
than the diffraction-limited FOV in order to compensate for
these fluctuations. Here we consider a general scenario where
the receiver FOV is D times bigger than diffraction-limited
FOV as mentioned before. The average count of background
noise photons per bit time is then given by [29]

N — Qrov

n

N, = DN, (32)

Opr

where N, refers to the average background noise photon
counts per symbol per bit period for diffraction-limited re-
ceiver. Using the method proposed in [10] and considering
both turbulence and transceiver vibrations, the BEP for shot-
noise limited receiver with direct detection can be written as

2
DN, [DN,
P, = exp —<\/hahphaoaNs+T—\/ . ) . (33)

Instantaneous h, and hg,, are determined by transmitter
pointing error angle S and angle-of-arrival € respectively as
in (14) and (30). Thus, the BEP (33) is inherently dependent
on both S and e. Substituting (33) into (31) and after some
mathematical manipulation, P, can be expressed as

ch + \Y% 2DNn9th } (34)
Ny ’

Pyut = Pr {hahphaoa <

where 6y, is the exponent of the error probability threshold,
ie, P = e~ Since h,, h, and hgo, are independent
random variables, (34) can be expressed as

—+oo

O + V2D N, 01
P = [ Prihgh
‘ / “"{ S

}fg(s)da, (35)
where f-(¢) is the PDF of AOA given in (20). If we denote

hap = hqhp, its PDF is given by [24]

2 2 2 4_2 ha
T2h£p_1€2r o’x+27‘ oy 1 + hl AT—'

- erfc =1,

247 \/gax

fhap (hap) =

(36)
where 11 = 202 (1 + 2r?) and r is given in (15). After some
algebraic manipulations, its CDF can be written as

X

A + 203/“2 + 203/4)
In-+p

1 —In& — 202
—L0 | 4 —erfe | —2—X ),
\/gax 2 < \/gax
for x € [0, 4+00]. Thus (35) can be simplified as

F(zx) :%exp (r21n 37

x erfc [

+oo
P o / ]__ eth + \Y% 2DNn9th
out Nshaoa(a)

} fe(e)de. (38)

Applying the expression of A, in (30), the integral (38) can
be divided into two terms

VDM/d
Oin + 2DNn9th:|
Pout = F =(e)d 39
' / [ N (VD)) Jele)de (39
+oo
O + V2D N, 01
+ / ]: |: Nshaoa (E) :| fE (E)d67
VDM/d

where the first term (thereafter denoted by Fiyin) refers
to the outage probability when AOA is within the receiver
FOV and the second integral (denoted by Pyt out) refers to
that when AOA is outside the receiver FOV. Considering the



CDF of € which is Rayleigh distributed, P, in can be solved
analytically as
D)2
2d?0?2

B [ ( )] [Oth + V2DN,, 01,
Poutin— 1—6Xp F
’ NW(VDA)

On the other hand, by substituting (20) and (30) into the
second integral in (39), Fout,out can be solved numerically.

In the presence of both beam misalignment and AOA
fluctuations, two trade-offs exist. The first trade-off resulting
from beam misalignment has already been investigated in [24].
Assuming that the received beam radius w, can be adjusted,
we can increase the average overlap area between the receiver
aperture and the beam by enlarging w, thereby reducing the
power loss caused by transmitter pointing errors. However,
increasing w, will in turn reduce the average intensity of
the beam which successively decreases the received signal
power. Thus an optimal w, can be determined to minimize the
overall outage probability. Secondly, narrow FOV is required
for FSO receivers to reduce collected background noise (32)
[10]. However, in the presence of AOA fluctuations, a narrow
FOV also reduces the amount of detected signal power (30).
This trade-off implies that an optimal FOV or optimal D
value that minimizes the outage probability (39) should exist.
In order to find the optimal FOV for direct detection, we
minimize (39) with respect to D numerically in the simulation,
since an analytical solution of this optimization problem is not
available.

B. Coherent Detection

For coherent detection, we employ homodyne detection and
BPSK is used as the modulation scheme. Note that, unlike
direct detection, coherent detection is quite sensitive to the
AOA fluctuations and the employment of an active tracking
system 1is essential in order to establish spatial phase match
between the received optical field and the field generated by
the local laser [29]. We firstly assume that an ideal AOA
tracking system is employed in the receiver so that the received
signal phasefront can be estimated and perfectly compensated,
i.e., O(r) = 0, thus there is no misalignment between received
field and local fields in the focal plane so that an idealized
coherent detection is achieved. In Section IV, we extend our
analysis to more practical coherent receivers with imperfect
phase tracking.

The BEP of coherent detection degraded by log-amplitude
fluctuations is given in [43]. Invoking the power loss intro-
duced by limited detector area h,,, in (30), for coherent
detection with perfect phasefront compensation, i.e., ¢ = 0,
both the received signal and the background noise are degraded
by a power loss factor h,0q(0) = W(v/D). Using the same
strategy employed in [43] and considering effect of beam
misalignment and limited detector size, the BEP can be written
as

P ==
2exp

41
1+ W(VDA)N, @D

- 2hah,,W(\/EA)NS]

For large detector plane, W(\/ﬁ/\) approaches to unity and
the effect of limited detector size is negligible. From (41) one
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Fig. 4. Outage probability vs. transmitted optical power for diffraction-limited
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angle-of-arrival fluctuations). Perfect AOA tracking system is employed for
coherent detection.

can see that for coherent detection, only one background noise
mode will be finally seen by the receiver no matter how large
the size of the receiver FOV is [29]. The corresponding Py
is thus given by

(60n — In2) [1 + W(VDAN,
2W(VDA)N;

Pyut = Pr{ hohy, <

(42)
Recalling the CDF of h,, in (37), this outage probability can
be expressed analytically as

(n — In2) [1 + W(VDA)N,,

P =F
’ 2W(VDM)N,

(43)

C. Results and Discussions

In the following, we will provide simulation results to the
performance of FSO communication systems with limited
FOV. We set the propagation distance L = 1 km, wavelength
A = 1550 nm, error probability threshold Peth =1x10"%, the
refractive index structure constant C? = 5 x 10~ m~2/3 and
the data rate as 1 Gb/s. The average count of background noise
photons per symbol per spatial mode is N,, = 1 [10]. The log-
amplitude variance crf( can be determined by (3) and using
parameters above we can get ai ~ 0.1 which corresponds to
a weak turbulence condition. The receiver aperture diameter
is also assumed as d = 5 cm which is smaller than the
coherence length of turbulence in the underlying FSO channel
described by parameters above. The normalized beam width
and the normalized jitter standard deviation are w,/d = 10
and o,/d = 2, respectively [24].

1) In the absence of transceiver vibrations: If the effect
of transceiver vibrations is negligible, i.e., 0, = og = 0, the
system is impaired by log-amplitude fluctuations as well as
turbulence-induced AOA fluctuations. Fig. 4 presents the per-
formance of diffraction-limited receivers for this scenario. In



the literature on terrestrial FSO communication, the effects of
AOA fluctuations are normally ignored, however, as presented
in Fig. 4 for direct detection the performance is significantly
degraded by AOA fluctuations and with the increase of the
transmitted power, the degradation becomes even stronger. For
example, at Py = 1075, 1.4 dB degradation is introduced.
However, at P, = 1077, it increases to 2.6 dB. As mentioned
in Section II-D, some previous works only take into account
the main lobe of Airy pattern to determine signal detection
at a limited-FOV FSO receiver as described by (27). Under
such simplified assumption, an analytical expression for outage
probability can be easily achieved by substituting (27) into
(38) [21]. However, it can be observed from Fig. 4 that in
this case an unreasonable outage floor will appear in high
transmit power regime. With the increase of P, the outage
performance flattens rather than decreasing exponentially at a
fixed value 0.0015 which is the probability when the AOA is
inside FOV. This issue happens since when transmit power
is large enough, the power contained in the side lobes of
Airy pattern is non-negligible which means that we can still
collect a significant amount of power even though the AOA is
outside the receiver FOV. In terms of coherent detection with
perfect AOA tracking, the degradation of AOA fluctuations is
negligible.

For diffraction-limited receiver the performance improve-
ment of coherent detection over direct detection in the absence
of AOA fluctuations is about 2 dB as presented in Fig. 4, which
corresponds to the conclusion in [10]. However, according to
our simulation results, the advantage of coherent detection are
underestimated. When AOA fluctuations are considered we
can get more improvement by employing coherent detection.
For instance, in order to achieve P, = 1075 —17.8 dBm
transmit power is required for direct detection. However, for
coherent detection, the corresponding transmit power is only
—22.2 dBm. Thus 4.4 dB power gain can be achieved. Note
that with the increase of transmit power, the performance gap
between direct and coherent detection also increases. This is
because coherent detection has higher sensitivity, the power
required for reliable communication is smaller than that of
direct detection. Finally, note that the Monte Carlo simulation,
which is based on precise calculation of the received optical
power using the complete Bessel form of Airy pattern as in
(24), shows that our approximated analytical expressions are
very accurate.

Fig. 5 shows the outage performance with various receiver
FOV. One can see that, for direct detection, by enlarging the
FOV from diffraction-limited (D = 1) to D = 4, the perfor-
mance is degraded in low P, regime. Because in this regime
the negative effect of added background noise is so strong
and smaller FOV which has less received background noise
performs better. However in high P; regime, the performance
of receiver with D = 4 becomes better than diffraction-
limited receiver. The reason is that with the increase of P,
the ratio of the number of background noise photons per bit
to the number of signal photons per bit becomes smaller and
the degradation caused by background noise decreases. Thus
bigger FOV which has higher probability of receiving more
signal power has better performance. If we further increase
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Fig. 5. Outage probability vs. transmitted optical power for receivers with
different FOV in the absence of transceiver vibrations. Perfect AOA tracking
system is employed for coherent detection.

the FOV, i.e., D = 20, the performance is worse than that
of diffraction-limited receiver because of the large amount
of background noise received. Due to the trade-off between
received signal power and background noise, an optimal FOV
and correspondingly an optimal value of D can be calculated
that minimizes the outage probability (39) for each specific
transmit optical power as shown in Fig. 5. Note that the
optimal D value increases with the increase of transmitted
optical power. However, even using optimal receiver FOV,
the performance of direct detection is still outperformed by
coherent detection. Also note that coherent detection always
benefits from larger FOV as shown in Fig. 5 due to higher
signal power reception while the collected background noise
remains fixed.

2) In the presence of transceiver vibrations: In this sec-
tion, the performance of receivers with limited FOV in the
presence of transceiver vibrations is considered. Thus besides
turbulence-induced AOA fluctuations, the effects of beam
misalignment and vibration-induced AOA fluctuations are also
included. Fig. 6 plots the corresponding outage probability.
For direct detection, the outage probability firstly decreases
exponentially. However, with the increase of transmit power,
the slope then decreases. Since with the increase of P, the
outage occurs when AOA is in the FOV turns negligible,
however the power contains in side lobes of Airy pattern is
still not big enough to make contributions to the decrease of
the outage probability. With the continuous increase of P;, the
slope starts to slowly increase again due to the power addition
in side lobes when AOA is out of the receiver FOV. Since the
fraction of power in side lobes is much smaller than that in
main lobe, the decrease of outage probability with respect to
P, in high P, regime is much slower than that in small P;
regime.

By comparing with the case in the absence of beam mis-
alignment and AOA fluctuations, one can see the significant
degradation caused by these adverse effects especially in
high P, regime. When the system is operated to satisfy
P, = 10~%, —17 dBm transmit power is required in the ab-
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Fig. 6. Outage probability vs. transmitted optical power for FSO receiver in
the presence of transceiver vibrations, D = 150 (BM: beam misalignment).
Perfect AOA tracking system is employed for coherent detection.

sence of beam misalignment and AOA fluctuations. However,
considering these effects, the required transmit power increases
to —10 dBm. Thus 7 dB degradation is observed. In terms
of coherent detection, since perfect phasefront compensation
is assumed, the effect of AOA fluctuations is negligible and
the system is only degraded by beam misalignment. For
example, at P,y = 1078, 2.5 dB degradation is introduced.
Furthermore, we can observe the significant improvement of
coherent detection over direct detection in the presence of
transceiver vibrations. For instance, when P.,, = 107%, 14
dB gain can be achieved using coherent detection. Finally, we
should emphasize that the Monte Carlo simulation based on
precise modelling of Airy pattern demonstrates an excellent
match with our analytical results.

In Section III-A, it is mentioned that both optimal beam
width and receiver FOV can be determined in the presence
of transceiver vibrations. Since optimal beam width has been
thoroughly investigated in [24], in this work only optimal
FOV will be considered. In Fig. 7, we plot the performance
of receiver with various FOV ranges from D = 10 to
D = 500 in discrete steps of AD = 50 which are typical
values for high-speed FSO communication systems [16]. We
can still see that when F; is small, receiver with smaller
FOV has better performance and with the increase of P,
higher FOV is preferable. For each specific P, an optimal
FOV can be selected to minimize the outage performance
and its performance is also shown in Fig. 7. For example,
compared to the receiver with D = 500 which corresponds to
a photodetector with a diameter of 70 pm, about 2 dB gain
can be realized to satisfy P, = 1073 using the optimal FOV.

IV. AOA TRACKING FOR COHERENT DETECTION
A. Field Misalignment

The coherent detection receiver discussed so far is an ideal
one based on the assumption that the signal field and local laser
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Fig. 7. Outage probability vs. transmitted optical power for receiver with
various FOV in the presence of transceiver vibrations.

field are perfectly matched. In order to achieve ideal coherent
detection, perfect angle-of-arrival estimation and compensa-
tion are required. Since the receive aperture size is smaller
than coherence length, the received optical phasefront seen by
the aperture is assumed to be a tilted plane where the tilted
angle is random and is defined by AOA fluctuations caused
by turbulence and receiver vibrations. In the absence of AOA
fluctuations, we set that the AOAs of incoming signal and
local laser are the same and normal to the aperture plane so
that perfect phase alignment is achieved. In the presence of
AOA fluctuations, the misalignment of the two Airy patterns
in the focal plane will degrade the receiver performance. It
has been shown that this misalignment between the two Airy
patterns results in a multiplying loss factor on the received
signal amplitude which is given by [29]

1

Ly = | [, oo (@ da].

(44)
where A and A, denote the aperture area and detector area
respectively, q is a position vector in the detector plane and
¢s(q) and ¢r(q) refer to the Airy patterns of the signal
and local laser, respectively. Note that Ly is defined as
the amplitude loss factor, thus the received photon count is
actually multiplied by a loss factor L% [29]. We assume
that the two Airy patterns are identical in shape, phase and
polarization, however, they may not overlap perfectly because
of AOA deviation of the received signal. If circular aperture
is employed, ¢(q) and ¢ (q) are given by [29]

2I'(q).A Ji (md|q — qol /A fe)

e VA e sV AR
_ 20(a)A i (wdql /A fe)
=T el e o

where again qg is the displacement vector and I'(q) is a
phase factor which is given by I'(q) = —jexp (jm|q|?/Afe).



Substituting (45) and (46) into (44), we get

_ 44 / Jv (wdlal/Afe) Ji (wd|la — qo|/Afe) q
N2 f2 )4, mdlal/Afe md|q — qol/Afe (’

47)
where the property I'(q)T*(q) = 1 is applied. Using the
identity [29]

/ Ji (lal) J1(|q—(10|)dq: 271 (|9o0l)
plane

Ly

; (48)
|Q| |q - QO| |QO|

and for a relatively big detector area (47) can be approximated

. 2, (rd|qol /A1)
7Td|q0|//\fc

Substituting d = f. and the mismatch shift in the position of
Airy patterns |qo| = de into (49), Ly turns to

2.7, (mde/N) ’
mde/XN |

Taking phasefront misalignment into account, for coherent
detection the received signal photon count is now given by
hahphaoa(€) L2 (€) Ns. From (50) it is easy to see that L% (¢)
is maximized at 1 in the absence of angular deviation, i.e.,
€ = 0, which means no misalignment between received signal
field and local laser field exists. It is known that the width
of the main lobe of the Airy pattern is given by 2.44\. If the
main lobes of the two Airy patterns are totally non-overlapped
which corresponds to de > 2.44)\, from (50) L%I(s) ~ 0
meaning the performance of coherent detection is strongly
degraded. Thus coherent detection is quite sensitive to AOA
fluctuations and even a small angular deviation will cause
significant degradation.

Now we investigate the performance for coherent detection
without any tracking in the presence of field misalignment
caused by AOA fluctuations. The BEP (41) can then expressed
as

Ly = ’ (49)

Li(e) = ‘ (50)

P. = %exp —Qh‘llhih;\j‘g%ngm} (51)
Thus the corresponding outage probability is given by
Pout = (52)
(0n — In2) [1+W(\/5A)Nn]

Pr< hahphaoo () L2
1 hahphaoa(€) L () < o

The probability (52) can be calculated numerically using
Monte Carlo simulation.

B. AOA Tracking using Quadrant Detector

In order to make sure that the Airy patterns of the signal
the local laser are perfectly aligned, an AOA tracking system
should be employed in the receiver. In a typical tracking
system, beam-steering device and tracking sensor are two
principle elements. Beam-steering device such as tip/tilt mirror
is used to adjust and control the angle-of-arrival of the incom-
ing signal. Tracking sensor on the other hand can estimate
the tilted angle of the received wavefront and generate the
error-control signal for the beam-steering device. The most
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commonly used tracking sensor is quadrant detector [44].
Quadrant detector contains four individual photodetectors and
each photodetector is followed by a finite time integrator to
collect the received signal photons during the integration inter-
val. After focusing the signal field on this sensor, the angular
deviation can be easily estimated by properly comparing the
outputs of the integrators [45]. However, due to the effect
of detector noise, the angular estimation is not perfect. It
is concluded that the residual AOA or tracking error after
the tracking system 1) is Rayleigh distributed [29]. The scale
parameter of this Rayleigh distribution is given by [20]

3w M
9%~ 16 SNR,’

where the voltage signal-to-noise ratio SNR,, is defined as [45]

(53)

ns

SNRy = ——1———
(ns +np)2By,

(54)
where ng and n;, refer to the number of the total received signal
photons and background photons per second, respectively and
By is the bandwidth of the loop filter in the tracking system.
From (54) we know that a smaller B, leads to a bigger voltage
SNR and thus a better angular estimation. However, the loop
bandwidth B has to be set big enough to track the time
variation of the angular fluctuations.

Noting that N; refers to average number of transmitted
signal photons per bit period, we have ny = hohphaoa(€)Ns/T
where 7 is the bit period and similarly we have n, = DN,, /7.
Thus the voltage SNR turns to

hahphaoa(€)Ns
V/(hahphaoa(€)Ns + DN,) 2B T

By substituting (55) into (53), the residual AOA variance after
tilt compensation can be calculated. When tracking system
is used, the field misalignment loss factor can be written
as Ly () = |2J1 (wdy/N) /mdip /| where 1 is Rayleigh
distributed with parameter given in (53). Substituting this new
misalignment loss factor into (52), the outage performance
with tracking system can be calculated.

Fig. 8 shows the outage performance for coherent detection
with AOA tracking system. Comparing the performance with
perfect and without tracking, it is apparent that phasefront
misalignment between incoming signal and local laser can
significantly degrade the performance. The performance of the
system with AOA tracking subsystem with quadrant sensor
is also plotted in Fig. 8. As we can see with the decrease
of the loop filter bandwidth, the performance becomes closer
to that of the case with perfect AOA tracking due to the
decrease of loop noise. Thus it can be concluded that tracking
system can significantly reduce the degradation caused by field
misalignment for coherent detection in the presence of AOA
fluctuations. It is worth mentioning that in our investigation,
a small receiver aperture is considered therefore only tilt
compensation is enough. However, for a large receiver aperture
higher order phase distortions need to be considered and more
complicated adaptive optics technique should be applied in
order to compensate the received phasefront [11]. Furthermore,
phasefront tracking system on the receiver can also be applied

SNR, = (55)
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Fig. 8. Outage probability vs. transmitted optical power for coherent detection
when tracking system is employed, D = 500 and os/d = 0.2.

in direct detection to mitigate the effect of AOA fluctuations.
However, due to the cost and complexity restrictions and
requirements for system reliability, there is usually a lack of
tracking mechanisms in commercial cost-effective FSO links
with direct detection [34], [46].

V. THERMAL-NOISE-LIMITED ANALYSIS

So far all the discussion is restricted to shot-noise-limited
receivers. The main motivation of employing coherent detec-
tion is its strong capability of suppressing thermal noise using
the added local laser. In this section, the performance of both
direct and coherent detections with limited receiver FOV in the
presence of angular fluctuations are investigated in thermal-
noise-limited regime.

A. Direct Detection

For direct detection with BPPM modulation, when bit “1”
is sent which means signal exists only in the first PPM slot,
the outputs of the integrators for the two PPM slots in a bit
duration 7 are given by

U1 = hahphaoaqu +n, (56)

V2 = N2,

respectively, where ¢ is the electron charge and n; and ny are
the integrated thermal noise Gaussian random variables with
zero mean and variance crfl = No.7/2. Note that Ny, denotes
the power spectrum density for thermal noise which is written
as [33]

(57)

where k is Boltzmann’s constant, 2;, is the load resistance
and T° is the receiver temperature in degrees Kelvin. v; can
be modelled as a conditional Gaussian random variable given
fading parameters with mean and variance hohphaoaNsq and
o2, respectively [47]. Meanwhile, the mean and variance of
Gaussian random variable v are 0 and o2, respectively. Thus
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when the probabilities of sending bit “0” and “1” are equal,
the BEP is shown as

P, =Pr {’Ul < 1)2} (58)
_ 1 hahphaoaqu
= 2erfc ( 20, ) .
The corresponding outage probability is then given by
20perfc! (2P1)
Pouw = Pr hahphaoa < (59)

Nsq

Using the same method proposed in Section III-A, the expres-
sion of outage probability for direct detection can be achieved.

B. Coherent Detection

The BEP for coherent detection with BPSK modulation in
the presence of thermal noise is given in [29]. Taking the fad-
ings considered in this work into account, the corresponding
BEP can be written as

1 2hahpyW(V DX)N5
P, = —erfc N
2 1+W(H/DAN,, + 7‘}%(1’;“1’

, (60)

where Pp, refers to the power of the local laser and it is
assume that optical bandwidth is comparable with electrical
bandwidth B,7 = 1 as in [43] . Note that here we still consider
that AOA tracking system is employed so that there is no
field misalignment between incoming signal and local laser
fields. When a strong local laser is chosen, the thermal noise
term in (60) can be removed. If the Chernoff bound for error
function erfc(x) ~ exp(—a?) is further applied as in [10],
the BEP (60) turns to be the same as (41). Thus shot-noise-
limited characteristics are shown for coherent detection when
the local laser is strong enough. In the following simulation,
the power of the local laser is set high enough so that the
outage performance of coherent detection is the same as that
for shot-noise-limited receiver.

Fig. 9 shows the outage performance for both direct and co-
herent detections when the receivers are thermal noise limited.



For direct detection, with the increase of the receiver FOV,
the performance is significantly improved on high transmit
optical power regime, since receiver with larger FOV has a
better capability of reducing the degradation caused by AOA
fluctuations. Note that the background radiation is assumed
to be negligible compared to thermal noise so that receiver
with bigger FOV always outperforms that with smaller FOV.
If background radiation is significant, larger FOV might not
always perform better due to the added background noise as
observed in previous sections. Note that, in commercial FSO
systems, smaller photodetectors and therefore smaller FOV
should be chosen for higher data rate transmission [16], thus
the effect of AOA fluctuations might be significant.

From Fig. 9 it is evident that direct detection is significantly
outperformed by coherent detection even when larger FOV
is used. For instance, when the outage probability 10~7 is
satisfied, 11.3 dBm transmitted optical power is required for
direct detection with D = 500. However, in order to get
the same performance, only about —20 dBm optical power
is needed if coherent detection is applied resulting in 31.3
dB gain. Therefore, it can be concluded that the advantages
of coherent detection become much more obvious for thermal-
noise-limited receivers. It is worth mentioning that in practical
FSO systems, avalanche photodiodes (APD) can be used to
improve the sensitivity of direct detection by up to 10 dB,
and thus reduce the performance gap of these two types of
detection. Moreover, the imperfect tracking system in coherent
detection can further reduce this performance gap.

VI. CONCLUSION

In this paper, the effects of angular fluctuations on FSO
systems are investigated in the presence of both atmospheric
turbulence and transceiver vibrations. The performance degra-
dation caused by AOA fluctuations for FOV-limited FSO
systems is investigated. It is shown that the impairments of
AOA fluctuations are significant especially for smaller FOV
receivers which are preferable in commercial FSO systems for
higher data rate transmission. Direct detection is strongly out-
performed by coherent detection in either shot-noise-limited
or thermal-noise-limited regime in the presence of angular
fluctuations. However, coherent detection is shown to be
more sensitive to AOA fluctuations and in order to achieve
better performance AOA tracking is indispensable. For direct
detection, narrower FOV can be applied to reduce collected
background noise, however, it also reduces the amount of
detected signal power when AOA fluctuations are considered.
It is demonstrated that optimal FOV leads to significant
improvement which can be treated as a novel technique to
enhance the communication quality.
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