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Mitigation of Turbulence-Induced Scintillation
Noise in Free-Space Optical Links Using
Temporal-Domain Detection Technigques

Xiaoming Zhu, Joseph M. Kahifrellow, IEEE and Jin WangStudent Member, IEEE

Abstract—Atmospheric turbulence-induced intensity fluctu- 75 < 79 and time averaging is not a viable means to combat
ations can significantly impair the performance of free-space gcintillation noise.
optical links. Temporal-domain detection techniques can be We have studied detection techniques [4]-[6] to mitigate scin-

applied to mitigate these intensity fluctuations. If the receiver has tillati ise in th . h t . i
knowledge of the joint temporal statistics of intensity fluctuations, 'atlOn NOISE In he regime when aperture averaging or ime

maximum-likelihood sequence detection (MLSD) or pilot-symbol averaging cannot be relied upon to completely alleviate scintil-
assisted detection (PSAD) can be employed. We experimentallylation noise. These detection techniques are applicable to links
demonstrate the effectiveness of these techniques in a 500-memployingon-oFFkeying (OOK) with DD. They are based on
terrestrial link using ON-OFF keying, where MLSD and PSAD ¢ statistical properties of turbulence-induced intensity fluctu-
yield signal-to-noise ratio gains of 2.4 and 1.9 dB, respectively. - . - .
_ o T ations, as functions of both spatial and temporal coordinates.
Index Terms—Optical communication, random media, signal The techniques can be divided into two categories: spatial-do-
detection. main and temporal-domain. In this letter, we briefly summarize
three temporal-domain techniques: maximume-likelihood (ML)
|. INTRODUCTION symbol-by-symbol detection, ML sequence detection (MLSD),
. . . . and pilot-symbol assisted detection (PSAD). We present experi-
REE'SPACE opucal transmission can provide h.'gh'Spe?ﬁjental results that demonstrate their effectiveness in mitigating
links for a variety of applications. However, inhomo-

e scintillation noise.
geneities in the temperature and pressure of the atmosphere

lead to variations of the refractive index along the transmission
path. This atmospheric turbulence can deteriorate the quality of
the image formed at the receiver, and can cause fluctuations inn this letter, we consider IM/DD links using OOK. Following
both the intensity and the phase of the received signal [1]-[8)€ model described in [4], we assume that the receiver does not
These intensity fluctuations, often referred to as scintillatiotse an optical preamplifier, and that the dominant noise sources
noise, can degrade the performance of links using intens@fe ambient light shot noise and/or thermal noise. Hence, we
modulation with direct detection (IM/DD), particularly overmodel the noise as additive, white, Gaussian, and statistically
ranges of several hundred meters or longer. independent of the received signal.

Two useful parameters describing turbulence-induced scintil-We denote the bit duration i, and assume that the receiver
lation aredy, the correlation length of intensity fluctuations andntegrates the received photocurrent for an intefiial < 7T
0, the correlation time of intensity fluctuations. In typical terduring each bitinterval. We further assume that 7. There-
restrial links with wind-driven turbulence, the correlation lengtfore, the light intensity can be viewed as constant during each
do is of the order of 1-10 cm, while the correlation timgis integration interval. At the end of the integration interval, the
of the order of 1-10 ms or longer. When the receiver apertuiesulting electrical signal can be expressed as
D can be made much larger than the correlation ledgtiscin-
tillation noise can be reduced by aperture averaging [3]. Like- re = 0L + 1) + o (1)
wise, when the receiver observation timeduring each bit in-

Il. SYSTEM MODEL

wherel, is the received signal light intensitl, is the ambient

ter.val can be made larger thap the correlatlc_m timescintil- . light intensity, andy is the optical-to-electrical conversion ef-
lation noise can be reduced via time averaging. However, 'tf%iency. The additive white Gaussian noisg has zero mean
not always possible to rely upon aperture averaging to red%ﬁd

scintillation noise to an acceptable level because of receiver si
constraints. Also at the bit rates of interest in most application

varianceV, /2. After subtraction of the ambient light level
ZI%, the electrical signal is = r. — n1,.

‘Ignoring intersymbol interference (ISI), the receiver detects
signal light only when aron-state bit is transmitted. Thiah
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x = FE[X;] and variances?.. The temporal joint proba- each conditional probability’(ﬂ?) in (5) into the product
bility distribution function (pdf) of log-amplitude sequenceof a sequence of branch metric functions [5]. By using per-sur-
T = [Xn, =X, Xn, — X, -+, Xn,, —x] IS assumed to be vivor processing (PSP) [7], we can significantly reduce the com-

jointly Gaussian [4] plexity of MLSD to the order of.?. Two suboptimal, reduced-
B 1 1 o complexity MLSD schemes based on the SMC model and PSP
f(z)= ——z- ()t ] (3) are described in [5].

e — ). 4 § ]
. eomi2icg] T2

where C$® is the log-amplitude covariance matrix of the™: PSAD
ON-state bit sequence, as defined in [5]. In many high-bit-rate free-space links, the bitinterval is much
shorter than the intensity correlation time, i’EE.< 9. Hence,
[ll. TEMPORAL-DOMAIN DETECTION TECHNIQUES the instantaneous state of the intensity fluctuations does not

%hange much for many consecutive bit intervals. In PSAD [6],

In this section, we briefly summarize the temporal-dommw periodically insert aN-state pilot symbol prior to a block
detection techniques described in [4]-[6]. We assume that ¢ fg 1 information bits to form ad/-bit block. The receiver

receiver does not have knowledge of the instantaneous stat %4r/1[ l:ses the received intensity of the pilot symbols preceding
intensity fluctuations. In ML symbol-by-symbol detection, onl . L ) .
y y Y-Sy and following each block to aid in detection of thé — 1 infor-

the marginal pdf of intensity fluctuations is known at the re-" . .
ceiver, while in MLSD and PSAD, the joint temporal pdf ismatlon bits. : . L .
Known. _V_\/e letr; denote the received signal in thtlh information

bit in the frame, wherd < ¢ < M — 1, and letry andr,,
A. ML Symbol-by-Symbol Detection dhenote tr}e receivid si(i]nals in t;[hle PS of ghe cu(rresnt frarr;e[G?nd
the next frame. The pilot-symbol assisted ML (PSA-ML
The ML symbol-by-symbol detector [4] chooses the symbaj, .o ryle maximizes the joint conditional probabilityrof=

s using the rule [ro, 7, 77 cONditioned on théth information bits;

§ = argmax,p(r|s) (4) -
wherep(r|s) is the pdf of the signat givens € {off,on}. The - (7 |si = 0) g

rule (4) is implemented by comparimgo a fixed threshold that
depends ory, o%, and N. Under the pilot-symbol assisted variable threshold (PSA-VT)
decision rule [6], we further simplify (7) by assuming that the

B. MLSD received PS signals are noise-free, and use a time-varying deci-
Given a reception = [ry,79,...,7,] in n consecutive bits, sionT; threshold following:
the MLSD [4] computes the likelihood ratio of each of tbre 0 Iy
possible sequences = [s1, so, . .., s,], wheres; € {off,on}, o (o)™ (rag)™ ®)
and chooses ‘ 2
s :argmaxﬁp(? | ?) where
: "V 0
o | 15 4]
" (ri — nsiloe?™)’] MT ! ir
X exp [_ Z (7” nsjvoe ) ] dz . (5) _ 1 bx ( o do) bx (To do)
i=1 bx (4Ld, ) 1 by [T g,

The MLSD exploits the temporal correlation of intensity fluc-
tuations, and thus outperforms the symbol-by-symbol ML dénd bx (-) is the normalized covariance function of intensity
tector. Intuitively, the MLSD attempts to track the instantaneoiiéictuations, which characterizes their temporal correlation [4].
state of the intensity fluctuations and adjust the threshold to the
optimal value. A drawback of the MLSD is its high computa- IV. EXPERIMENTS

tional complexity, which is proportional to - 2". We have performed transmission experiments to demonstrate

. Irr;plementatiin th the SMLg’D isd fla]f:“it?]ted by usling @he effectiveness of the MLSD and PSAD techniques in miti-
lsmg e—sftgp Ma_r C:C\I/ c a|n_( MC) mo f.e_ or t_e)t(empora Cg"%'ating scintillation noise. Because our proof-of-concept system
latpn 0 ;r};egsﬂy uctuations [5]. DE ning,, = él I_ X, an employs a personal computer (PC) for data acquisition and de-
Ettlng 1" denotefzy,...,#,—1], the SMC mode asSUMES ¢ ding, the bit rate is limited to 3 kb/s. Using appropriate spe-
that cial-purpose hardware, these detection techniques can be imple-

P (xn|x71171) = P(xn|n_1). (6) mented at the bll'[ ratgs of interest in most applications (megabits
per second to gigabits per second).
We have shown in [5] that the SMC model is an accurate ap-Our experimental system is shown in Fig. 1. At the trans-
proximation of the assumed higher-order joint statistics of imnitter, we employ a 675-nm 0.95-mW (Class II) laser diode
tensity fluctuations. Using the SMC model, we can decoupieodule with an output beam divergence of 0.35 mrad. We
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Fig. 1. Experimental 3-kb/s free-space optical link using PSAD or MLSD t = § a h Py E
mitigate turbulence-induced scintillation noise. - = Symbol-by-symbol (expt.) e .
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On-State Bit-Error Probability

modulate the injection current to achieve OOK with nonre
turn-to-zero pulses. The receiver uses a telescope with

entrance aperture diameter Bf= 8 cm. An optical bandpass I MLS[T (°a'°')l . 1 | ‘
fllter_wnh_ 10-nm_ bandwidth(—3 _dB) is use_d to minimize 16 17 18 19 20 21 22 23 24
ambient Ilght noise. A 1.1-m?qp-|-n photodiode is coupled Electrical Signal-to-Noise Ratio (nE[ly,]/o,? (dB)

to a transimpedance preamplifier and a second-order Bessel

lowpass filter having a 2-kHz bandwidtfi—3 dB). The Fig.2. Bit-error probability foon-state bits versus average received electrical
back-to-back receiver sensitivity is69 dBm at a bit-error SNRin a 500-m outdoor transmission experiment.

probability of 10°*. Received electrical signals are sampled

using a PC-interfaced data acquisition card, and the MLSD Miues ofs, and 7y, we have used the theories described in

PSAD algorithms are implemented in LabVIEW software.  141_16] to compute the dashed, dotted-dashed, and solid lines,
Optical signals are transmitted over a 500-m outdoor path hgzpectively. We obtain excellent agreement between experi-
tween Cory Hall and Doe Library on the University of Caliynental and theoretical results with no adjustable parameters.
fornia, Berkeley Campus. Because of the relatively large photgg compared to symbol-by-symbol detection, we observe
diode size, turbulence-induced image degradation has negligi%erimentally that PSAD gives an SNR gain of about 1.9 dB,

impact over the transmission range employed. The intensity CQfrije MLSD yields an SNR gain of about 2.4 dB (both at 0

relation length can be estimatedd@s~ v AL, where) is the 141 probability). Even larger gains are expected for longer

tr_an§m|SS|on wavelength and is the transmlssmn range [3]’propagation paths with larger values of the log-amplitude
_yleldmg dy ~ 1.8cm. AIthou_gh th_e receiver aperture= 8 CM  standard deviation .
is somewhat larger than this estimatelgf aperture averaging
does not completely eliminate scintillation noise, and the ob-
served standard deviation of the log-amplituderjs = 1.6. REFERENCES
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tion noise. We have implemented MLSD using the SMC model [4] x mz(t‘su ﬁgﬁcj{u?f')'ulﬁﬂiﬂ’éiféﬁﬁé?%?é %P;'ncsa' Sommunication through
and the Method 2 described in [5], and have implemented PSAD 1293_F1’300 Aug. 2002. ' veL. =%, PP
using PSA-VT with a frame size d¥/ = 12 bits. [5] ——, “Markov chain model in MLSD for free-space optical com-

Our experimental results are shown in Fig. 2, which gg;‘:;atf?otggogggl_ség‘é’sPhe”C turbulence channeBEE Trans.

. e . un. upli .

shows the blt_-error Pfo'f?ab'“ty fODN'Stat_e bits _Versus the [6] —, “Pilot-symbol assisted modulation for correlated turbulent free-
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