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Markov Chain Model in Maximum-Likelihood
Sequence Detection for Free-Space Optical
Communication Through Atmospheric
Turbulence Channels

Xiaoming Zhu and Joseph M. KahRellow, IEEE

Abstract—in free-space optical communication links using in- Atmospheric turbulence can degrade the performance of free-
tensity modulation and direct detection (IM/DD), atmospherictur-  space optical links, particularly over ranges of the order of 1 km
bul?nce-inducgdintensityfluctuatiﬁns can signichantIy:mgairlink or longer. Inhomogeneities in the temperature and pressure of
performance. Communication techniques can be applied to miti- s S
gate turbulence-induced intensity fluctuations (i.e., signal fading) the atmOSp.he.re lead to varlatlpns Of. the refrachvg index along
in the regime in which the receiver aperture Do is smaller than the tran_sm|s_S|on path. Thes_e index inhomogeneities can cause
the fading correlation length do and the observation interval T, ~ fluctuations in both the amplitude and the phase of the received
is smaller than the fading correlation time 7. If the receiver has signal. These effects can lead to an increase in the link error
knowledge of the joint temporal statistics of the fading, maximum-  probability, limiting the performance of the communication sys-
likelihood sequence detection (MLSD) can be employed, but at the tems.
cost of high computational complexity. In this paper, we introduce Atmospheric turbulence has been studied extensively, and

a single-step Markov chain (SMC) model for the fading correla- . . :
tion and use it to derive two low-complexity, suboptimal MLSD al-  V&rious theoretical models have been proposed to describe tur-

gorithms based on per-survivor processing (PSP). Simulations are Pulence-induced image degradation and intensity fluctuations
presented to verify the SMC model and the performance improve- (i.e., signal fading) [5]-[8]. Two useful parameters describing
ment achieved using these suboptimal PSP algorithms. turbulence-induced fading aré,, the correlation length of
Index Terms—Atmospheric turbulence, free-space optical com- intensity fluctuations, ando,.the correlation time of intensity
munication, maximum-likelihood sequence detection (MLSD), fluctuations. When the receiver apertuvg can be made larger
per-survivor processing (PSP), single-step Markov chain. than the correlation lengttd,, then turbulence-induced fading
can be reduced substantially by aperture averaging [9].
Because it is not always possible to satisfy the condition
Dy > dgy, in a previous paper [10], we proposed alternative
REE-SPACE optical communication has attracted cotechniques for mitigating fading in the regime whébg < dj.
siderable attention recently for a variety of applicationAt the bit rates of interest in most free-space optical systems,
[1]-[4]. Highly directed, coherent laser beams can propagdtee receiver observation interva}) during each bit interval is
through the atmosphere with only moderate spreading aswmaller than the turbulence correlation timg Throughout
attenuation. Free-space links using directed beams and imagimg paper, we will assume thal, < do andTp < 7.
receivers can achieve multigigabit-per-second transmissiorin this paper, based on the statistical properties of turbu-
over kilometer ranges [1] or retrieve data simultaneously knce-induced signal intensity fading, we propose an optimal
kilobit-per-second bit rates from a collection of distributednaximum-likelihood sequence detection (MLSD). This MLSD
autonomous sensor nodes [2]-[4] using space-division mokquires complicated multidimensional integration, and its
tiplexing (SDM). Because of the complexity associated witbomputational complexity is exponential in the length of the
phase or frequency modulation, current free-space optitensmitted bit sequence. To simplify MLSD, we propose a
communication systems typically use intensity modulatiosingle-step Markov chain (SMC) model for the fading temporal
with direct detection (IM/DD). correlation, and we use the SMC model to derive an approx-
imate higher order distribution of bit errors, as well as two
reduced-complexity MLSD algorithms based on suboptimal
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error distribution with symbol-by-symbol detection [10] is pretn most free-space optical communication systems with visible

sented. In Section 1V, we derive two sets of suboptimal MLSDr infrared lasers and with propagation distance of a few hun-

schemes that make use of PSP and the SMC model. Thdssd meters to a few kilometers, (7) is valid.

techniques only involve two-dimensional (2-D) integration and Atmosphere turbulence also varies with time and leads to in-

their computation complexity is of the order @f?)/2, where tensity fluctuations that are temporally correlated. Modeling the

n is the length of the transmitted bit sequence. We presanbvement of atmospheric eddies is extremely difficult, and a

simulations showing that these two techniques provide a peimplified “frozen air” model is normally employed, which as-

formance improvement over symbol-by-symbol detection. kumes that a collection of eddies will remain frozen in relation to

Section V, we present our conclusions. one another, while the entire collection is translated along some
direction by the wind. Taylor’s frozen-in hypothesis can be ex-

[I. PROBABILITY DISTRIBUTION FORTURBULENCEINDUCED  pressed as [8]
FADING AND MLSD IN OOK SYSTEMS

In this section, we first review the spatial and temporal coher-
ence of optical signals through atmosphere turbulence and the . o .
probability distribution for turbulence-induced fading. Then wi/"€rén 1S the refractive index of the atmospherés the ve-
introduce the model for OOK free-space optical communicatidfcity of the wind, which has an averagand a fluctuatiorv ;.

n(7,t) = n(F —ut,0) (8)

systems and the MLSD for such systems. If v s is negligible and: is transverse to the direction of light
propagation, then temporal correlation becomes analogous to

A. Spatial and Temporal Coherence of Optical Signals spatial correlation; in particular, the correlation timerjs =

Through Turbulence (do)/u. Assuming a narrow beam propagating over a long dis-

To describe spatial coherence of optical waves, the so-call@gce the refractive index fluctuations along the direction of
mutual coherence function (MCF) is widely used t6] propagation will be well averaged and will be weaker than those
along the direction transverse to propagation. Therefore, we

D(Py,ts; Po,ta) = Eu(Pr,ty) - (P2, t2)] (1) need only consider the component of the wind velocity vector
whereu(P,t) is the complex optical field. Setting = ¢, in  perpendicular to the propagation direction. The turbulence
(1), we obtain the spatial MCF(Py, P,). The Rytov method correlation time is therefore
is frequently used to expand the optical fieldr ), wherer do
denotes the space vector Bfas o= —

u(T) = A(T) - exp [ip(T)] = uo(T) - exp(®1),  (2)
whereu(7) is the field amplitude without air turbulence

9)

ul'

B. Probability Distributions of Turbulence-Induced Intensity
uo(7) = Ao(7) - exp [ido(T)] - (3) Fading

The exponent of the perturbation factor is As discussed previously, when the propagation distance is
A7) L _ ) long, log-amplitude fluctuations can become significant. In this
©1 =log |:A0(F>:| +i[p(r) = do(r)] = X +iS  (4)  gection, we will derive the statistical properties of the log-am-
plitude fluctuations, which we refer to as “intensity fading” or

where X is the log-amplitude fluctuation anél is the phase V. e . R 7 :
fluctuation. We assum& ands to be homogeneous, isotropic simply “fading.” The marginal distribution of fading is derived
’ '{b ection |, while the joint spatial and temporal distribution of

and independent Gaussian random variables. This assump¥ derived in Section Il
is valid for long propagation distances through turbulence. 'ading are derived in ection Il.

In order to characterize turbulence-induced fluctuations of th.el) hMarglngl E)||3§r|byt)t|on of f?d('j'ﬁ‘gi In th|§ selct|or!, we de-
log-amplitudeX, we use the log-amplitude variance function rve t € margina |.str|. ution of fading at a single point in space
at a single instant in time.

Bx(P1; P2) = E[X(P1)X(P)] — E[X(P1)]- E[X(P,)]. For propagation distances less than a few kilometers, varia-

) ) ) ) o tions of the log-amplitude are typically much smaller than vari-
Since the random disturbance is Gaussian-distributed under fagns of the phase. Over longer propagation distances, where
assumption of weak turbulence, we can use the Rytov method|ifylence becomes more severe, the variation of the log-ampli-
derive the normalized log-amplitude variance function for twg,qe can become comparable to that of the phase. Based on the
positions.in a receiving plane perpendicular to the direction Qfmosphere turbulence model adopted here and assuming weak
propagation [9], [10] turbulence, we can obtain the approximate analytic expression

by (dis) = Bx (P, Ps) ©) for the variance of the log-amplitude fluctuatidghof plane and
AT B (P P spherical waves [8]
whered;» is the distance betwedr; and,. We define the cor- oL
relation length of intensity fluctuation§ such thabx (do) = o%| —0.56 <2_7T> / C2(2)(L — o) ¥ da (10)
e~2. When the propagation path lengtrsatisfies the condition  Iplane A Jo "

ol

1o < VAL < Lg, where) is the wavelength aniy and L, are o
inner and outer length scales, respectivelycan be approxi- O§(|sphorica1 =0.56 <7>
mated by [9], [10]

L 5 )
do ~ VAL. (7) ./0 0721(»17) (%) (L—2x)sdx (11)
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10 T ' T ' ' ' ' T From (13) and (14), the average light intensity is

E[I] = E[lyexp (2X — 2E[X])] = Ipexp (20%) . (15)

LILLBLRLLL
IR

an = 10—13 m -2/3

Hence, the marginal distribution of light intensity fading in-
duced by turbulence is log-normal and is given by

fany = L ép{w} a6)

Y (2WU?Y) 80‘%(

2) Joint Temporal Distribution for Turbulence-Induced
Fading: In a free-space optical communication system using

Variance of Log-amplitude Fluctuation sz
3

1072 3 OOK, we assume that an-bit sequence = [s1 s2...5,]

3 is transmitted. We define the index subset of-state

1 symbolsSo, = {n; € {1,2,...,n},s,, = 1},.

10-3 | | ! I ! ! . L We also have the index subset afFrstate symbols

100 200 300 400 500 600 700 800 900 1000 Sog = {l; € {1,2,...,n},s;, = O};Z[". Ignoring in-
Propagation Distance L (m) tersymbol interference (ISI), the receiver would only receive

signal light when th@N-state is transmitted. The joint distribu-

Fig. 1. Variance of the log-amplitude fluctuation versus propagation distantien of the signal intensity obN-state symbols is [10]
for a plane wave.

F(Tny Ty yeoes Ty )= —— o

where C,, is the wavenumber spectrum structure parameter,
which is altitudez-dependent. Hufnagel and Stanley gave a (I )
n | —=

simple model forC,, [7] as y . [1 (Ini) . (Inm)](co,,)fl
expq —g5 |In T .--HT X

p— .In m
C%(z) = Koz_% exp (—Z> (12) In ( To )
Z
) . ° where theith on-state symbol intensity [6], [7]
whereK, is parameter describing the strength of the turbulence

and z, is effective height of the turbulent atmosphere. For at-  In. = loexp (2X,,, — 2E[X]) = loexp(2z,,).  (18)

mospheric ch??[mis/gnear the groupd < 18.5 m)), 703_‘;%‘ Herez,, = X,,, — E[X] can be modeled as a Gaussian random
;/ary frolin 1% | m for strong turbulence to 107m variable with zero mean and variane& . For a string of bits,
orF\_Neal tl;]r u enhce. . f the | litude fi . the variance matrix abN-state bits is given in (19), shown at the
9 Ig. 1 shows the variance of the log-amplitude fluctuatiopi;, ) of the page, wherE is the bit interval. The correlation
o% for a plane wave, computed using (10), as a function of t e is given in (9).
propagation distanck. In Fig. 1, we again assume a wavelengt One can also show that the joint distribution of
of 529 nm and assumé?(z) to be constant. Fig. 1 shows that,- _ [ ;
. . . : 2 = [TnysTnys - - -5 Tn, ] [10]iS
for propagation distances of a kilomete#, varies from 10
to 1 for different values o€2. , 1 1 om-1 T
. Ynto ) [ — —Zx-(C9) 7. . (20
Consider the propagation of light through a large number off @ (21)% Con|é P T ( X ) . (20)
elements of the atmosphere, each causing an independent, iden- X
tically distributed phase delay and scattering. By the Central
Limit Theorem, the marginal distribution of the log-amplitudd-: OOK System Model

is Gaussian In this paper, we consider IM/DD links using OOK. In most
9 practical systems, the receiver signal-to-noise ratio (SNR) is

fx(X) = ;1 exp _w (13) limited by shot noise caused by ambient light which is much
(2m0% )2 20% stronger than the desired signal and/or by thermal noise in

the electronics following the photodetector. In this case, the

The lightintensity/ is related to the log-amplituds by noise can usually be modeled to high accuracy as additive,

I = Tyexp (2X — 2E[X]) (14) White Gaussian noise that is statistically independent of the
desired signal. Assume that the receiver integrates the received
whereFE[X] is the ensemble average of log-amplitukie photocurrent for an intervdly < 7' during each bit interval and
o3 o3-bx [_|”1—T:2|_T do] o okbx [—lm_g’"lT dg
con — | o%b [|”1—”2\Td } o2 2 [|”1—nm|Td }
Q= | oxbx [P do X xbx [P do (19)

27 [lnm=ni|” 2 [ —na|” 2
oxbx |: o do| oxbx 7o do 9x nxn
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that T, < 9. Therefore, the light intensity can be viewed aBefine pr = b, (doT/79). If 27 follows a joint Gaussian distri-
constant during exposure interval. At the end of the integratitmtion, the conditional distribution af,, givenz; is

interval, the resulting electrical signal can be expressed as 1
flzn|zy) = T
re = n(Ls + Ip) + 1y (22) [27r (1 . ﬂ%n—2) o&—] 3

n— 2
where I, is the received signal light intensity ang is the (ln — Pr 1961)
. ; i . e g . X exp |— o o | - (26)
ambient light intensity. The optical-to-electrical conversion 2 (1 - 3 )JX
efficiency is given by ) _ ] ) )
Comparing the variance term in (19) with that in (26) and from
n =T - eA (22) the simulation results presented later in this paper, we see that
he the correlation in the SMC model is stronger than in the exact

wherey is the quantum efficiency of the photodetectois the ~ COrrelation model. _ _ _

electron charge) is the signal wavelengtth, is Plank’s con- ~_ Since the SMC model only takes into consideration the prob-
stant, and: is the speed of light. The additive noisg is white abilistic distribution of the most adjaceat-bits which contain

and Gaussian and has zero mean and covariaiieeindepen- the t_urbulence_ |nf(_)rmat|qn, its appllcablll_ty to model general
dent of whether the received bit is off or on. In most appncas._patlal co.rrelat|on is _restncted to thg special case when the mql-
tions, the ambient light intensity remains constant and can #lé receivers are aligned along a line perpendicular to the di-
easily subtracted from the signal light. Therefore, in this pap&gction of propagation. However, since the number of receivers

we simply define the received signal as is typically small, the computational complexity of ML detec-
tion with diversity reception will typically be reasonable, as we
r=nls + Ny. (23) have shown in [10] and [12].

B. Burst-Error Distribution for Symbol-by-Symbol Detection

D. MLSD of OOK S){stems _ To test the validity of the SMC model, we compute the burst
The MLSD exploits the temporal correlation of turbuerror probability for symbol-by-symbol detection of OOK,
lence-induced fading and is thus expected to outperform tidich also reveals the higher order statistics of the bit-error

symbol-by-symbol ML detector. For a sequencenofrans- distribution. Assume that a sequenceosffbits are transmitted.
mitted bits, the MLSD computes the likelihood ratio of each ofhe probability of havingn consecutive erasures is

the2™ possible bit sequencés—_ [s1 s2...s,] and the received

signal sequence = [r; 75 ...7,] and chooses [11] PGL=Prob{ro > ren; Tmi1 > remeni i < ren, Vi, 1 < S(g%
5= arg max P(T|§) = arg max wherer;, denotes the receiver decision threshold. Using the
s s chain rule, (27) can be written as
n . . 2x;)2
X /f () exp l— Z (r nsjvloe ) de. (24) PG=Pon(ro>ren) Pon(r1 <7Ten|ro >7th) - - -
/. i1 Pou(Tm+41>ren|ro> 1 mi <ren,Vi, 1< i< m), (28)
xr

hich i -
Here, eachs; can take the valuerr or oN. The complexity of which is upper-bounded by

MLSD is proportional ton - 2™, because it requires computing P3;, <Pon(ro > 7th, 71 < 7th) Pon(r2 < renlr < 7). .-

ann-dimensional integral for each af* bit sequences. Pou(Tm+1 > Ten|rm < 7en)

=Pou(ro > rtn, 71 < Ten) [Pon(r2 < ren|ri < ren)]”
POn(Terl > rth|'rm < rth)- (29)

-1
I1l. SMC MODEL FORFADING CORRELATION

In this section, we propose an SMC model for fading correla-
tion. While we consider only temporal correlation, the moddlo simplify the calculation, let us first ignore additive white
can be used to treat spatial correlation, provided that the f@aussian noise (AWGN) and focus on errors caused by turbu-
ceivers are located along a line perpendicular to the directigmce-induced fading. In the absence of AWGN, we have
of propagation. We then validate the SMC model by computing

. . POn(Tl < Tth, Tn < Tth)
the burst-error probability for symbol-by-symbol ML detection. Pon(rn < 7en|r1 < ren) =

Pon(r1 < 7en)

A. SMC Model TR @ [T fenlan)dey, dey
Here, we consider the SMC model describing the correlation f;lo f(z1)dzy
of fading at a sequence of equally spaced times. Itis straightfor- (30)

ward to extend the treatment to spatial correlation provided th

the receivers are equally spaced along a line perpendicula erexy can be calculated by, as

t_he direction of prolpagation. Let, denote the Iog-amplitude at ren = 1o exp(2mey). (31)
timen, and letz7 ™" denotefxy, ..., z,_1]. ASsuming the tur-
bulence-induced fading is an SMC, we have Note that, to compute (29) and (30), we need only perform two-

dimensional (2-D) integration, independent of the number of
P (z]277") = P(2p|zn-1). (25) bits in the sequence.
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m consecutive false alarms (falsely detecting a sequenee of
ON bhits) is simply

P53 = (1 — Pog)*(Pog)™ (35)
where
106 [

Pog = / b P(r|Off)dr. (36)

Tth

-
=
3

Because the correlation of atmosphere turbulence only affects
the detection oDN bits, a burst ofin missedoN bits is much

- pr=0.1, SMC

Probability of m-Bit Error Burst, Pg,™

1070 -0 -Ar=03 gx,’g more likely than a burst of: false alarms.
-ao- £;= 0.7, SMC It is obvious that
- + - pr=0.9, SMC
10‘12 T I 1 1 1 P /’»>T :1_P T<r 37
1 2 3 4 5 6 7 Oll( th) On( th) ( )

POn(Tl < Tth, Tn > 7"th) :POn(rl < Tth)
_POn(Tl <Tthy Tn < 7"th)- (38)

Number of Consecutive Errors, m

Fig. 2. Distribution of consecutive bit errors and its upper bound derived using

the SMC model. For simplicity, AWGN is ignored here. We can modify (29)—(36) to derive the higher order bit-error
probability distribution for a sequence of bits with symbol-by-

In Fig. 2, we present the distribution of consecutive bit eBYMbol detection. Since onlpn-state bits are affected by
rors for several different correlation parameters, comparing tREnospheric turbulence, based on the SMC modebthstate
SMC model to the exact correlation model. Fig. 2 has been coRjt-€rror probability would depend on the joint probability
puted assumingZ[X] = 0, ox = 1 and a decision threshold distribution (_)f the most recent preceding-state bit and the
ren = 1/10-exp(2E[X]) = 0.1. As we would expect, the prob- Current ON-bit.
ability of a burst of lengthn > 1 increases as we increase the
correlation parametes;. We see that the SMC model yields IV. SUBOPTIMAL PSPFORMLSD
a fairly tight upper bound on the exact burst-error probability,

validating its use in modeling turbulence-induced fading Corrgéquence of bits that is i.i.d. and uniform on the set {Off, On}

lation. Note that, as the correlatipgs increases, the probability Detecting a sequence ofbits requires a complexity of order

of a single l.)'t e_rr0|(m ~ 1.) dec_reases. That is because_ Wheﬁ-Q”, because it requires computing ardimensional integral
the correlation increases, implying a larger coherence time, %e

. . . F each of2™ bit sequences. To reduce the complexity, we
fading state will vary more slow_ly. Itthen_ becomes more “ke%onsider PSP, which was proposed by Polydoros to extend the
:23}% Z%;?;Of more than one bit error will occur during Iarg\?iterbi algorithmto uncertain environments [13]. The key ideais

L . . tousethereceived intensity of recently detecistits to reduce
Considering AWGN, (30) is modified to uncertainty about the state of the turbulence-induced fading.
Teh If we consider AWGN and use the SMC model for the fading
Pou(r < 7n) =/ P(r|On)dr (32) temporal correlation, then knowing the correlation between
e oo poo two consecutiveoN bits is sufficient to perform MLSD. Even
Pon(r1 < Tth, Tn < Ttn) = / / / / f(z1) under the SMC assumption, however, the likelihood function
1

The MLSD, as expressed in (26), is optimal for detecting a

in (24) cannot be decoupled into a sum of per-branch metrics,

F(nla1) which is required for a reduced-complexity implementation.
" m/ N1 Ny, We will modify the metric function to allow us to implement
X O(ry, 70,21, T5) a sub-optimal MLSD using PSP. This suboptimal MLSD can
X dx, dzydr, dr, (33) decode am-bit sequence with a complexity of order, as
compared to the optimal MLSD described in Section I1I-D,
where . .
which has a complexity of ordes - 2".
Assume a transmitted-bit sequence[s; ss...s,]. De-
fine the index subset obN-state symbolsSo, = {n; €
(ri — nlge2™)2  (r; — nlpe™i)? {L,2,...,n},s,, = 1}j2; with n; = 1, i.e., assume the
®(ri, 1y, i, w5) = exp[— . - N ]. first bit is ON. We also have the index subset ofFstate

] (34) s.,ym.bolsSoff :'{1]-'6 {1,2,...,n},slj = 0}72)". The exact
likelihood function in (24) is

Note that a four-dimensional (4-D) integration is required to N

compute (33), independent of the length of the sequence. - . n (7“1 —nsiloe ) ~
In the above, we focused on missed detectiorowsfbits. /f(x) R

When a sequence affFF bits is transmitted, the probability of - i=1
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(43), shown at the bottom of the page. From (43), we can define

n—m T2_ R . .
—exp |— ]\;l . / Fwon) the metric function of théth branch(k > 1) as
l; é=510ff i 9?011 BMk(On)
22y \ 2 :ff($ni—17xni)®<Tni—1 Ty Ty s T, ) AT, ATy, (44)
— (an- B ’I]I()e 1 ) d; 39 (’r‘ 77”082«1‘711-71 )2
i—1
X exp 2 N, on (39) ff(g;m_l) exp [— — ATy, _,
l; € Son
2
_ "k
wherero, = {2, nieSon}™ . Based on the SMC model, we ~ BMi(Off) = exp <_ﬁk> (45)
have
wherek = n; andn;_; denotes the position of the most recent
, ON-state bit.
=< — 1, In terms of the branch metrics, the MLSD can be expressed
L(s) = exp |- Z N, | / f(@n) f@ns |2n,)- - as
l.
1=1 B =
l; € Sosr Ton . m n—m
2en \ 2 s = argmazx H BM,,.(On) H BM,, (Off). (46)
m (Tni —nloe ) ~ s i=2 i=1
f@n, |Tn,, _,)exp |— TN dron. (40) n; € Son l; € Sosr
. ‘€=510 " Since the MLSD considers path metrics that are the product of

branch metrics, it can be implemented using the Viterbi algo-
In order to decouple (40), we modify the weighted integratiafithm, with a complexity of the order af?/2. Note that com-

of (40) by putation of each branch metric of the form (44) requires only

a 2-D integration, independent of In (44), we see that com-

(7"1 _ 77[0@2” )2 m—1 puting the branch metric for aon bit requires information ob-

/ flan, exp |—~—— 2 H tained during the most recently transmitted bit, so we can
K N i—1 only choose a survivor path when the previous bit is known to
Zon ni € Son be oN; otherwise, we must keep track of the amplitude of the

J( @ T )PP Ty Ty Ty ) — most recently receivedN bit, and must also keep track of all

dron. (41) : <

( oy )2 " survivor paths whose last bit &FF. An example of the asym-

f(x,,) exp _’N— metric PSP is shown in Fig. 3. The number on each branch is

K the branch metric computed using (44) and (45). The first and
sixth bits correspond to then state. We see that, in this asym-

We modify (41) by decoupling the integration as shown in (42jpetric PSP, we can only eliminate nonsurvivor paths when the

at the bottom of the page, since the first term in the denonmirost recent bit corresponds to thi state. As in this example,

nator is identical in the likelihood function for all codewordsto reduce the complexity of this algorithm, we can addoan

We can write the modified likelihood function efas given in bit at the beginning and ending of eaetbit sequence. We can

(7‘177}[082‘191 )2 m—1
f f(iEn])eXP - N d(IZ',,h 1__[ ff(xn“ill'nj+l)‘P(Tn”’rn“rl7xn77xn7+1)dxn7dxn7+l
iy i=1
Fon 1i € Son
m—1 - . ( 2, )2 (42)
— rn; —nloe "
[T [ fwn)exp [— +] dz,,
=1 i
n; ZG Son
m—1 nem rl?_
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simply employ the startin@N bit of the next sequence as the“—

endingoN bit of the previous sequence. The complexity of suc £ =

an algorithm would be of order? /2, and the integration is only g

2-D. However, we need extra memory to keep track of the st 107

vivor path mfprmauop. Also,.some bit overhead is required fc ~o- Method 2. pr=0.95

implementation of this algorithm. 1 Symbol-by-Symbol
The algorithm described above still requires a large cor ;4 ) ) , ) ,

(b) EIX] = 0, 6x = 0.25
—— Method 1, py=0.15
- — - Method 1, py=0.95
—o— Method 2, py=0.15

T T TTTTIT
L1l

LILLBLILLLLL

putational load to perform the 2-D integration. To reduce th 8 10 12 14 16 18 20
complexity, we can estimate, usingr,,_1, since Electrical Signal-to-Noise Ratio (E [/ )N (dB)
2o\ 2 (b)
— — n (Ti —nsilge ) _ Fig. 4. Bit-error probability of different decoding schemes versus average
§=argmax f(X) €xXp |— N electrical SNR with turbulence-induced fading. The dotted line represents the
s E i=1 o bit-error probability using a symbol-by-symbol decoding scheme. The solid
z lines consider a PSP algorithm based on the SMC model using branch metric
functions (44) and (45), while the dashed lines represent a similar algorithm
= arg max/f a,l 51 1"1,11) using (49) and (50).
xr
n In terms of the branch metrics, the suboptimal MLSD can be
H (zilxi—1)P(si, 1, ;)] d (47) expressed similar to (46) with branch metric functions in (49)
i=2 and (50).
(ri—nsiloe )2 To demonstrate the effectiveness of the suboptimal PSP algo-
Ti 1S 06 48 . . . . . . .
d(siyTi, i) =exp|— N, (48)  rithm, we present the simulation results in Fig. 4. In this simula-
2

tion, we assume there is at most one error between two correctly

decodeddN bits, and we sef/[X] = 0, I, = 1. In Fig. 4(a)

and (b), we assumex = 0.1 andox = 0.25, respectively.

We plot the bit-error probability versus average electrical SNR,
[ ) 51 = 1ry,a1)d ie1 given bySNR.: .(nE[I])Q/N. We consider the two choices

BM;(On ) 4’_ ’ - ’ o (49) of branch metric discussed above; Method 1 uses (44) and (45),
ff zilri-1)d(si = Lrg wi)dws, i>1 while Method 2 uses (49) and (50), both with a sequence length

of 32. The temporal correlation coefficiept is chosen to be

M; (Off) :/f(a:,,;|r,,;_1)¢(s7; = 0,7, z;)dz;. (50) 0.15 and 0.95. In Fig. 4, we see that both Methods 1 and 2 can

g achieve much better bit-error probability performance than the

Replacingf (z;|z;—1) with f(x;|r;—1), we can define the metric
function for branch as
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symbol-by-symbol decoding scheme. Method 2 is subject to a9] L. C. Andrews and R. L. Phillipsi.aser Beam Propagation Through
penalty of a few decibels compared to Method 1, but avoids the  Random Media Bellingham, WA: SPIE Opt. Eng. Press, 1998.

2-D integration required by Method 1.

[10] X. Zhu and J. M. Kahn, “Free-space optical communication through
atmospheric turbulence channellEEE Trans. Communvol. 50, pp.

From the discussions above, we see the SMC model can help  1293-1300, Aug. 2002.
to greatly simplify the implementation of MLSD with the sub- [11] J. G. ProakisPigital Communication3rd ed. New York: McGraw-

optimal PSP algorithm, leading to a significant improvement in[lz]

Hill, 1995.
X. Zhu and J. M. Kahn, “Maximum-likelihood spatial-diversity recep-

bit-error performance. tion on correlated turbulent free-space optical channeldERE Conf.

In free-space optical links through long-range atmospheric

Global Commun.San Francisco, CA, Nov. 27-Dec. 1, 2000.
[13] R. Raheli, A. Polydoros, and C.-K. Tzou, “Per-survivor processing: A
V. CONCLUSION general approach to MLSE in uncertain environment&EE Trans.
Commun,.vol. 43, pp. 354-364, Feb.-Apr. 1995.

turbulence channels, turbulence-induced log-amplitude fluctua-
tions can degrade link performance whep < dy andZj<7p.

If the temporal correlation of fading is known, we can appl
MLSD, leading to a performance improvement over symbol-b
symbol detection. To reduce the computational complexity, v
have proposed a simple, single-step Markov channel for fadir
We have verified its accuracy by considering the higher ord
bit-error probability distribution and we have used this mod:
to derive two algorithms for suboptimal, low-complexity MLS
based on PSP. Simulations have shown that both algorithms
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