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Project Title:
Optics II – Error Correction Coding for Free-Space Optics

PI : Tiffany Jing Li
ARL Partner            :  Jennifer Ricklin
Graduate Assistant :   Meng Yu

Project Description:
Exploring the advanced forward error correcting (FEC) coding and related signal 

processing technologies to ensure effic ient and reliab le transmission of digital data in 
high-data-rate free-space optical (FSO) communications

• Theory: Ultimate Shannon Limit – channel capacity

• Practice: Achievable information rate with state-of-the-art coding technologies

• Single-Laser Single-Detector (SLSD) systems 

• Multiple-Laser Multiple-Detector (MLMD) systems
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Fiber Optics

Turbo Coding

• The State-of-the-art codes
• Concatenated structure and iterative decoding
• Match the decoder to the channel! 

– Computation of the forward and backward metr ics
– Computation of the branch metr ic 

a

� � � ��

� � � ��

P

s

p1

p2

� � 	 
 � � ���

� � 	 
 � � ���

PP 
�

s p1

s p2
�



PADCED Program Review :  11 November 2003

Free-Space Optical Communications

Free-Space Optics aka Optical Wireless
• Why FSO?

– Very high data-rate – a few Giga bps or higher 
– Highly secure, LPI/LPD
– Easy to set-up and tear-down, easy to re-configure
– Unregulated bandwidth, cost-effective

• What Applications?
– Solution to “last mile” problem
– Disaster recovery, Search-and-Rescue
– Communication in remote areas, backup for fiber optical channels
– Military applications ! 
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Free-Space Optical Channel

What is FSO Communications?

Channel Impairments:
* free space loss * clear air absorption * scattering * refraction 
* thermal noise * circuitry noise 
* atmospheric turbulence

- caused by variation in refractive index due to  inhomogeneities in
temperature and pressure fluctuation

- scintillation !

Laser in the air !

Optical Transmitter Optical Receiver
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The Problem

The problem
• Noisy Channel 
• Reliable Communication
• How to reliably and efficiently transmit information 

through an inherently unreliable channel?

Shannon Limit (1948)
– It is possible to achieve reliable communication through an 

unreliable channel as long as the information is transmitted at a 
rate less than a quantity called channel capacity. 

Error Correction Coding
– In practice, such reliable communication is achieved by efficiently 

encoding information and decoding the received signal 
� error correction coding
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Challenges &Technical Goals

Technical Goals
– Understand and simulate FSO channel 
– Examine capacity of channel

• Ergodic channel capacity (Shannon Limit)
• Outage capacity of the channel

– Devise error correction coding schemes
• turbo codes
• Reed-Solomn Codes

– SLSD: Single-laser single-detector systems
– MLMD: Multiple-laser multiple-detector systems

– Turbulence & scintillation � strong error resilience capability
– Very high data rate � fast implementation, low overhead
– Intensity detection � binary modulation (On-off keying, asymmetric)
– Extremely low error rate � no error floor!  

Challenges
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The Research Progress

First Phase New Progress On-going

Weak turbulence:
Temporal correlation 

Channel  Capacit y: 
• Shannon limit

• outage probabi lit y

FEC wit h OOK:
• fixed-rate turbo coding
• adaptive t urbo coding

Weak turbulence:
log-normal model

Strong t urbulence:
gamma-gamma, I-K, exponential

Diversity technology
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FEC wit h OOK:
• OOK-mod  RS coding

• inter-block interleaved 
RS coding

Capacity (parallel channel):
• Shannon limit

• outage rate
• Cross-channel RS coding 

Performance analysis
• Pair-wise error probablit y
•Transfer function bounds

Transition
between the two models

• PPM-mod RS Coding
FEC wit h PPM

Modulation Schemes:
•Comparison and evaluation

• impact on FEC

Space-time technology:
• feasibilit y of STC

• strategy

Transmit/Receive Diversity
• Performance scaling laws

• analytical BER
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SLSD Free-Space Optical Channel

Turbulence-induced Out-door FSO:
• Log-Normal fading with Gaussian noise 
• Stationary Ergodic channel 
• Side information available
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SLSD Systems

• The ultimate limit
• Treating the channel as an ergodic & stationary stochastic process

• infinite block sizes
• adaptive transmission

Ergodic Capacity (Shannon Limit) of the SLSD Channels
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SLSD Free-Space Optics

Outage Probability:
• Definition -- the probability of failing to reach a specific channel quality 

sufficient for satisfactory reception.
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Free-Space Optics

Fixed-rate Turbo Coding
•16-state: high-performance 4-state: relatively simple
• Different turbulence strengths
• Different code rates
• Different lengths: interleaving gain
• Different iterations: trade-off between complexity, delay and performance
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SLSD Systems

Rate-Compatible (RC) Adaptive Turbo Coding
• A single pair of encoder and decoder 
• Capable of supporting different rates/overhead, different error protection power

Design Criteria:
• Rate-compatibility
• Equal bandwidth

• Large min distance
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RS Coding

Motivation for using RS codes:
• Very simple and fast
• Very high code rates - very little 
overhead
• No error floors 
• Widely used: DVD, fiber optical …
• The most likely solution for current 
systems

�
�
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SNR

Reed-Solomon Coding

Properties of RS codes:
• Berlekamp-Massey hard decoding

- linear circuits (shift register implementation)
- does not require CSI 

• Work on symbol levels 
• Fixed error correction capability (distance decoding)
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SLSD Systems

	 Towards the practical systems: simple and fast

 Bit-by-bit threshold detection
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SLSD Systems
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Performance Analysis for On-Off Keying (OOK) modulation

Channel State Information (CSI)
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Diversity Technology

	 To break up channel correlation and error bursts
	 To introduce a higher diversity order to the data block


 Bit-by-bit interleaving

 Symbol-by-symbol interleaving

 Inter-block and inter-channel interleaving: q-way interleaving

� � � � � � � � � � "

� � � � 
 � � �. � � � � " �� � � �

� � � � � � � � 	 
 � � 
 � � � � � � � � 
 � �
� � � � � 
 � � 
 	 � � � � � � 
� � � � � � � � � 	 � � � � 	 � � � 
 � �

Interleaving Technology: 
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Performance of Practical Coding Schemes

RS coding on fast-fading log-normal channels
• (255,239) RS code
• Different turbulence strengths
• Diversity: single-block interleaving and inter-block/inter-channel interleaving

s=0.1

s=0.15

1.0=a
fading correlation factor

� � � �
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7-9 dB gain



PADCED Program Review :  11 November 2003

RS coding on slow-fading log-normal channels
• (255,239) RS code
• Different turbulence strengths
• Diversity: single-block interleaving and inter-block/inter-channel interleaving

0001.0=as=0.1

s=0.15

fading correlation factor

Lower bounds
(assuming full diversity order)

8-9 dB

1.5-2 dB

0.5-0.8 dB

Performance of Practical Coding Schemes
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MLMD Systems

MLMD:  M parallel, spatially  independent channels

Ergodic Shannon Capacity
• C=max I(X;Y), average performance
• Parallel channel capacity: sum-rate of individual channels
• Power allocation? Water-filling theorem

Capacity of  Water-filling Between 2 Parallel FSOC Channels 
(SNR=3dB)
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MLMD Systems

Outage probability of the MLMD parallel Channels:
MLMD reduces the dynamics of the channel !

MLMD
SLSD
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SNR=0 dB per channel
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MLMD Systems

MLMD systems with cross-over channels:

• akin to MIMO systems in RF wireless

• Performance Scaling laws and Error Rate Expressions:
• What is the impact of multiple transmitters and/or receivers?
• How fast does the error rate drop with the increase of the 

number of transmitters/receivers?
• What is the error rate expression?

Visit Our Posters!

Thank you!


