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Abstract

In free-space optical links using intensity modulation and direct detection, atmospheric turbulence can cause signa fading.
Pilot-symbol (PS) assisted modulation (PSAM) can help to mitigate this fading, improving system performance. We periodi-
cally insert an On-state PS in front of M-1 information bits and form a M-bit frame. We derive the PS assisted maximum-like-
lihood (PSA-ML) decision rule under the assumption that the temporal coherence of fading is known, but the instantaneous
fading state is not known. We also propose a simpler PS assisted detection scheme with variable threshold (PSA-VT).
Although these two techniques will introduce some delay to the detection system, they can help to mitigate the atmospheric
turbulence induced fading. We have performed numerical simulations to show this improvement. We also describe how to
choose the frame size M to optimize the performance of PSAM systems.
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1. Introduction

Free-space optical communication can provide high-speed line-of-sight communication links in many applications [1]-
[4]. However, atmospheric turbulence will greatly deteriorate the received signal, limiting the performance of the communica-
tion system [5]-[7]. The temporal and spatial atmospheric turbulence-induced channel fading has been studied to help the
detection of free-space optical communication system through correlated turbulence [5]. Pilot-symbol assisted modulation
(PSAM) has been employed in applications at radio and microwave frequencies to mitigate the effects of channel fading in sit-
uations where channel side information (S), i.e., the instantaneous fading state, is not known to the receiver [8][9]. In PSAM,
the transmitter periodically inserts known symbols, which contains reference for receiver to derive the correlated channel fad-
ing. PSAM can aso be incorporated with maximum likelihood sequence detection (MLSD) to truncate the survivor path of
information bit string [10].

In this paper we first introduce the system model of IM/DD free-space optical communication links through atmospheric
turbulence. Then we will propose the pilot-symbol assisted maximum likelihood (PSA-ML) detection as well as another sim-
pler PS assisted detection scheme with variable threshold (PSA-VT). We present the numerical simulations for these detection
techniques and compare them with the normal ML symbol-by-symbol detection.

2. System Model

Because of the complexity associated with phase or frequency modulation, current free-space optical communication sys-
tems typically use intensity modulation with direct detection (IM/DD). In this paper, we consider IM/DD links using On-Off
Keying (OOK). In most practical systems, the receiver signal-to-noise ratio (SNR) is limited by shot noise caused by ambient
light which is much stronger than the desired signal and/or by thermal noise in the electronics following the photodetector. In
this case, the noise can usually be modeled to high accuracy as additive, white Gaussian noise that is statistically independent
of the desired signal. Assume that the receiver integrates the received photocurrent for an interval T, < T during each bit inter-
va and T, « T, where 1y denotes the coherence time for atmospheric turbulence. Therefore the light intensity can be viewed
constant during each exposure interval. At the end of the integration interval, the resulting electrical signal can be expressed
as:

re = n(ls+1p) +n, D
where | isthe received signal light intensity and I, is the ambient light intensity. The optical-to-electrical conversion effi-

ciency is given by
A
n = yTo e, @



where y isthe quantum efficiency of the photodetector, e is the electron charge, A is the signal wavelength, his Plank’s con-
stant, and c is the speed of light. The additive noise n is white and Gaussian, and has zero mean and covariance N/2, indepen-
dent of whether the received bit is Off or On.

Ignoring intersymbol interference (1S1), the receiver would only receive signal light through turbulence when On-state is
transmitted. The i th On-state symbol intensity can be expressed as:
I = loexp(2X—-2X), ©)

where X; is so-called log-amplitude of the optical signal and can be modeled as a Gaussian random variable with a mean of
X = E[X]] and covariance ci. The temporal joint probability distribution function (PDF) of log-amplitude sequence
X = [Xp =X, X, =X, .-, X —X] isjointly Gaussian [5]:
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where T isthe bit interval. The coherencetimeis

0 = do/ Uy, (6)
where d; isthe coherence diameter of turbulence-induced fading and uy is the wind velocity perpendicular to the light prop-
agation direction. Here we assume u to be constant and ignore its fluctuations.

Thejoint distribution of the signal intensity of m On-state symbols is therefore joint log-normal [5]:
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3. Pilot-Symbol Assisted Maximum-Likelihood Detection

In this section, the normal ML symbol-by-symbol detection scheme isintroduced first. The PSA-ML and PSA-V T detec-
tion techniques are proposed afterwards by periodically inserting On-state symbols to the transmitted information OOK bit-
sequence.

A. Maximum-likelihood symbol-by-symbol detection
The optimum maximum a posteriori (MAP) receiver decodes the symbol s as:

-~ argmax
5= T pir19P(9), ®
where p(r|s) isthe density of the reception when symbol sis transmitted, and P(s) is the prior probability of symbol s. If the
prior probabilities of all possible symbols are equal or are not known, MAP detection reduces to ML, which decodes the sym-
bol s as:

S =

arg;”axpu s). ©)



In what follows, we assume the modulation is OOK, sothat s0{0, 1} .

B. Pilot-symbol assisted maximum-likelihood detection

For PSAM, we periodically insert On-state symbols to the information bit string. The composite symbols are transmitted
in the usual way over the channel. The resulting frame structureis shown in Fig. 1. At the receiver, we can decode the informa-
tion bit by considering the joint distribution of the turbulence induced fading at the information bit and the adjacent pilot sym-
bols. Although PSAM will cause delay in the receiver for storing the whole frame before decoding, the pilot-symbols (PS)
provide receiver with explicit atmospheric turbulence induced fading reference for detection and can help to mitigate the
effects of fading.
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Fig. 1. Pilot-symbol assisted modulation frame structure.

InFig. 1, the composite frame is of length M, the first symbol of each frame is the On-state PS followed by M-1 informa-
tion symbols. When we try to detect the information bits in one frame, we could refer to the PS of current frame and the PS of
the next frame. Assume r; isthe received photo-current signal of ith information bit intheframe, ry and r,, arethereceived
signal of the PS of the current frame and the next frame. The joint probability distribution of t = [rg, r;, ] conditioned on
theith (1<i<M-1) information bit s; are:
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Where the PDF of log-amplitude f(X,, Xy,) and f(X,, X;, X,) are shown asin (4)-(5).
Thelikelihood ratio is:
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The ML detector employs the decision rule A(t) 2 1. We emphasize that this decision rule has been derived under the
0

assumption that the receiver knows the fading correlation but not the instantaneous fading state.

The bit-error probability of ith information bit in M-bit frame is given by:



P, = P(s; = 0) CP(Bit Error|s, = 0) + P(s; = 1) [P(Bit Error|s; = 1), (13)

where P(Bit Error|s, = 0) and P(Bit Error|s; = 1) denote the bit-error probabilities when the transmitted ith information bit
is 0 and 1, respectively. Without considering intersymbol interference, which can be ignored when the bit rate is not high and
multipath effects are not pronounced, we have:

P(Bit Error|s, = 0) = I p(t|s = 0)dr (14)
AH)>1
and
P(Bit Error|s, = 1) = I p(t|s = 1)dr . (15)
A <1

The average bit-error probability of one frameis:

M-1

Po= = TP (16)
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C. Pilot-symbol assisted symbol-by-symbol detection with variable threshold

PSA-ML detection described above employs the joint PDF of turbulence induced fading however it needs very lengthy
computations to do multiple-dimensional integration. Here we propose a simpler PS assisted detection scheme with variable
threshold set by received pilot-symbols (PSA-VT).

Since [X, X;, Xyl isof joint Gaussian distribution, E[X;|Xo, Xy] isan affine function of the log-amplitude at two adja-
cent PS positions: X, and Xy, :

E[Xi|[Xo Xu] = & Xo +af" Xy, 17
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We simply assume the received PS signals are noise free. Therefore we can set the variable threshold for ith (1<i<M-1)
information bit in the frame to be:
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Using PSA-VT, the bit-error probability of the ith information bit in a M-bit frameis given by:

P, = P(s = 0) [P(Bit Error|s; = 0) + P(s; = 1) [(P(Bit Error|s, = 1), (20)
P(Bit Error|s, = 0) = I p(t|s = O)d, (1)
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P(Bit Error|s, = 1) = I p(t|s = 1)dr . 22)
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The expression for the average bit-error probability is the same as (16).

4. Numerical Simulation

In this section, we present numerical simulations of the detection schemes we proposed in Section 3. Assume the turbu-
lence induced log-amplitude fluctuation has zero mean, covariance oy = 0.1 and T/t, = 0.001. If the receiver has knowl-
edge only of the marginal distribution of fades but not the instantaneous fading at the receiver, the bit-error probability of ML
symbol-by-symbol detection versus the average electrical signal-to-noiseratio SNR = (n IO)Z/N is shown in Fig. 2 with dot
line. If the SI of instantaneous channel fading isknown to the receiver, the symbol-by-symbol ML detection could achieve bet-



ter bit-error performance and the corresponding simulation result is plotted in Fig. 2 with dash-dot line. However such Sl of
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Fig. 2. Bit-error probability of ith symbol in a M-bit frame versus (a) average electrical SNR of each channel
bit and (b) average electrical SNR of each information bit using PSA-ML and PSA variable threshold (VT). We
choose different values of frame size M (10, 100 and 1000 respectively). Here i = M/2. The covariance of log-
amplitude due to turbulence-induced fading is oy = 0.1. The ratio of bit-interval T versus fading coherence
time 1q is T/tg = 0.001. The BER of ML symboffby-symbol detection with or without instantaneous channel
fading side-information (SI) are also shown in the figure for comparison.
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Fig. 3. Average bit-error probability of a M-bit frame versus (a) average electrical SNR of each channel bit
and (b) average electrical SNR of each information bit using PSA-VT detection. We choose the frame size M to
be 10, 100 and 1000, respectively. The covariance of log-amplitude fluctuation due to turbulence-induced
fading is oy, = 0.1. Here i = M/2. The covariance of log-amplitude due to turbulence-induced fading is
oy = 0.1. *he ratio of bit-interval T versus fading coherence time tg is T/tg = 0.001. The BER of ML
symbol-by-symbol detection with or without instantaneous channel fading side-information (Sl) are aso
shown in the figure for comparison.

channel fading state is often not known to the receivers. If we assume the receiver has full knowledge of the joint probability
distribution for temporal correlated turbulence-induced fading, PS assisted detection schemes discussed in Section 3-B and C



could be applied. In our simulation, we use the PSAM frame structure shown in Fig. 1. In Fig. 2, we plot the bit-error probabil-
ity of theith (i = M/2) symbol in aM-bit frame with PSA-ML detection and PS assisted variable threshold (PSA-VT) detec-
tion respectively. In Fig. 2-(a), we plot the BER versusthe average electrical SNR of each channel bit and in Fig. 2-(b), we plot
the BER versus the average electrical SNR of each information bit. We assume the frame size M to be 10, 100 and 1000
respectively. In Fig. 3-(a) and (b), we plot the average bit-error probability of a M-bit frame with PSA-VT detection versusthe
average electrical SNR of each channel bit and of each information bit respectively, varying the frame size M to be 10, 100 and
1000.

From Fig. 2 and Fig. 3, we observe that when the receiver knows the temporal coherence of channel fading however not
the Sl of instantaneous channel fading, PS assisted detection techniques can give better bit-error performance than ML sym-
bol-by-symbol detection. However with larger frame size, the coherence between the PS and information symbols will become
weaker. Thiswill make the PS assisted detection less effective. In our simulation, we observe that to ensure PS assisted detec-
tion achieve again of at least 0.5 dB over ML symbol-by-symbol detection, we need M <1,/ T. In peak power limited sys-
tems, assume the channel bit-rate is the same, smaller M will help the BER performance as shown in Fig. 2-(a) and Fig. 3-(a).
Another benefit of choosing smaller M isthat it will cause less delay during detection. However to transmit additiona PS, we
will waste some bandwidth.

On the other hand, for average power limited systems, inserted PS will also consume additional power and decrease the
SNR of each channel-bit. As we can see in Fig. 2-(b) and Fig. 3-(b), the BER performance versus the average SNR per infor-
mation bit for M =10 and M = 100 is very close. If we choose M even smaller, the penalty due to the additional power to trans-
mit PSwill surpass the PSAM gain. Therefore in average power limited systems, we can not choose M to be too small.

In Fig. 2, we also note PSA-ML can achieve better bit-error performance than PSA-VT. However PSA-VT does not need
multi-dimensional integration and is much faster and simpler to implement than PSA-ML detection rule.

5. Conclusions

We have studied the problem of IM/DD free-space optical communication in the presence of turbulence-induced fading.
Pilot-symbol assisted modulation (PSAM) can mitigate this fading, improving system performance. We propose the PSA-ML
and PSA-VT detection schemes under the assumption that the fading correlation properties are known, but the instantaneous
fading state is not known. We have performed numerical simulations for both techniques. Our results show that both PS
assisted detection can provide better bit-error performance than the ML symbol-by-symbol detection to mitigate correlated
channel fading.
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