
Pulse to Pulse Encoding in Optical Communications

Item Type text; Proceedings

Authors Prati, G.; Gagliardi, R.

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © International Foundation for Telemetering

Download date 19/05/2023 15:28:05

Link to Item http://hdl.handle.net/10150/609887

http://hdl.handle.net/10150/609887
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ABSTRACT

Optical pulsing of a laser beam provides a convenient manner for transmitting digital
information, and such procedures have led to well-accepted classes of pulse amplitude and
pulse position modulation formats. However the excessive pulse dispersion and
background light bursts that characterize several optical channels severly limit
performance and achievable data rates. One procedure for combating these effects is to
encode data over a multiple of pulse frames, and decode sequences of pulses rather than
each pulse individually. In the paper pulse to pulse encoding and decoding of an optical
beam is examined, considering both photodector gain effects and receiver thermal noise.
Theoretical performance results are presented, and the relation between this type of
decoding and “tree searching” is developed.

INTRODUCTION

Since laser pulse repetition rates are limited, information rates in optical links are often
achieved by resorting to pulse encoding. One popular technique is to use pulse position
modulation (PPM), in which the laser pulse is shifted into one of a set of possible pulse
locations for data transmission. Each possible pulse position corresponds to a different
data word, and PPM therefore corresponds to a block encoding scheme in which each
laser pulse corresponds to a data word. Decoding is achieved at the receiver by detecting
which of the possible PPM signaling intervals contains the laser light pulse. A basic
disadvantage of optical block encoding is that high levels of background radiation, or
bursts of background light due to scintillation or light flashes, will severely degrade the
decoding operation. This means data words sent during the noise burst will most likely be
decoded incorrected and the corresponding information is irretrievably lost. An alternative
approach that may be considered is to encode the data over sequences of laser pulses,
allowing use of subsequent pulse transmissions to possibly correct previous pulse
decisions. In this paper we examine the advantages and disadvantages of this approach,
and generalize the concept by casting the procedure into a framework of “tree searching.”
This renders previous theoretical results directly applicable to the optical communication
channel.



The standard PPM system is shown in Figure 1a. The transmitter encodes each block of
source bits (binary word) into a light pulse placed in one of M pulse positions within a
time frame of T sec, as shown in Figure 1b. The pulses have duration J determined by the
laser pulse width, channel bandwidth, and transmission dispersion. The frame time T is
assumed to be fixed by the laser pulse repetition rate. Hence, the system is constrained to
M = T/J intervals per frame, and an information rate of

(1)

Each properly delayed pulse is sent over the optical channel and we assume that the
intensity of the received field is a replica of the intensity modulating signal. In addition to
the signal power, however, the receiving system also collects background radiation, which
is processed along with the signal and degrades the overall system performance.

The direct detection receiver implements photodetection of the focused optical field.
During photodetection the field intensity is converted to an electron count intensity and we
assume that the detected count intensity of the released electrons is the received field
intensity. In the following 8s and 8b will indicate the electron count intensity at the receiver
due to the signal and the background noise, respectively.

Assuming multimode detection, the number of released electrons over each J length slot is
a Poisson distributed random variable (r. v.) with mean value Kb × 8b J or Ks + Kb × 8s J +
8b J, depending on the absence or the presence of the optical pulse in the slot under
consideration. If we do not consider the delay introduced by the photodetector, the
photodetected output current process is a Poisson impulses process and represents the
physical input of the decoder.

It has been shown [1] that the MAP decoder structure for the M-ary PPM consists in an
integration of the photodected field over each possible pulse position in the T length
interval and a comparison for the largest. In a discrete equivalent counting model, this
corresponds simply to counting the Poisson-distributed electrons over each interval and
compare for the largest.

The word error probability PWE can be derived in exact form and depends on each of the
three parameters Ks, Kb M by

PWE = Pos (Ks, Kb, M) (2)

where Pos (Ks,Kb,M) is the probability that a Poisson random variable with signal count
energy Ks+Kb does not exceed M-1 independent Poisson random variables with count
energy Kb. This computation has been digitally computed and the results previously



reported [1, Ch. 8]. The effect of the circuit noise following photodetection is to add a
Gaussian process to the photodetected current process. In this case a counting model is
still applicable, but the number of the counted electrons must be allowed to be non-integer.
The results can also be extended to include avalanche photodetector statistics as well [2].
In order to introduce the pulse to pulse encoding scheme let us now modify the above
described system by allowing that the transmission of each frame waveform is repeated N
times, where N>1. This signalling scheme is referred to as N-redundant M-ary PPM.

The decoder now operates by summing the N counts corresponding to each pulse position
and comparing for the largest in order to decide in which slot the optical pulse has being
transmitted. Due to the fact that the sum of N independent Poisson distributed random
variables is still a Poisson distributed variable whose parameter is the sum of the N single
parameters, the word error probability is now

PWE = Pos (NKs, NKb, M) (3)

Since the ratio of signal to noise counts remain fixed while the signal count energy
increases, it can be shown that the PWE must decrease. A plot of (3) as a function of N is
shown in Figure 2 for a particular set of system parameters. The improvement in PWE
performance as N is increased is obvious, due to the increasing signal energy being used in
the decoding. However the information rate of the N-redundant PPM system is now

(4)

and the rate is reduced directly with increasing N. Hence the price paid for the
performance improvement is a loss in information rate. By modifying the manner in which
the data is encoded on to N frames however it is possible to reduce the information loss
without sacrificing significant performance. This will be discussed in the next section.

PULSE TO PULSE TREE ENCODING

The N-redundant M-ary PPM described in the previous section is a simple example of a
more general tree-encoding scheme. If we envision the PPM frame in Figure 1b rotated to
a vertical axis, and each of the N frames placed likewise in sequence, we generate the
diagram in Figure 3. Placing an optical pulse in one interval in each frame defines a path
through the N frame “tree”, as shown. The N-redundant PPM scheme uses parallel paths
through the same interval in each frame. Hence only M paths are used over the N frames,
and the information rate is severely degraded as shown. However by extending the
procedure for placing paths in trees, the information rate can sometimes be increased at a
relatively slight penalty in bit error probability.



In terms of the tree diagram, encoding corresponds to converting each data sequence of
Nlog2M bits into a particular path. Decoding corresponds to decoding which of the
possible paths has been received. This receiver decision is made by storing the electron
count (i.e., the integrated photodetected field voltage) over each interval J, and summing
the counts over the intervals of each path. A path is selected by determining which path
has the highest total count after N frames. It is evident that an incorrect path may have a
higher interval count in one frame, but the correct path may still produce the higher total
count. In this case the correct path is decoded, which corrects the error that would have
been made in the incorrect frame if individual frame decisions (i. e., standard PPM) had
been used. Hence pulse to pulse encoding has the inherent capability of correcting burst
errors that would have occurred in the standard PPM system, thereby improving the error
rate. Furthermore this capability is achieved with a relatively simple modification of the
standard PPM receiver. The detected interval counts over a given frame need only be
summed with the previous sum count for each path and stored until the next frame, until N
frames have been processed, at which time a path count comparison is made. The
improvement in performance therefore suggests allowing more paths to be used over a
given number of frames N. This increases the achievable data rate over the N-redundant
scheme. For example, if L paths, L>M, are used in an N frame tree the information rate
increases to

(5)

It is obvious that L should be as large as possible. That is, we should encode as many
paths onto the tree as possible. However it is also obvious from Figure 3 that if L>M paths
are used, overlap must occur (i.e., two paths must pass through the same interval in at least
one frame). Thus in collecting the total path counts, and comparing, the frames over which
a pair of paths use the same interval do not contribute to the eventual count comparison
between the two paths (that is, they add equal count values to each sum). The ability to
distinguish between two paths therefore depends on the number of frames using different
intervals. If we define

d  = maximum number of frames in which any two
paths use different intervals

D(d)  = number of paths with value d (6)

then the word error probability in decoding between L paths (the probability of erring in
decoding log2L data bits) is given approximately by

PE – [D(d) - 1] Pos (dKs, dKb, 2) (7)

Since D(d) decreases with d, it is clear that performance improves as d increases.



That is, as the paths are “separated” more over the N intervals. However d depends in a
rather complicated way on the choice of the number of paths L, the number of frames used
N, and the frame size M. Unfortunately, no simple relation exists among these parameters,
although several bounds are available [3]. In Figure 2 some results are shown, obtained by
using the Gilbert lower bound for linear codes and the Plotkin bound. The first yields a
sufficient condition on d for the constructability of a (N, logML) M-ary linear code, while
the second gives a necessary condition on d for the existence of a code CM(N,L,d). The
lower bounds on PWE have been determined by evaluating the pairwise error probability
between a (supposed transmitted) path and an other (candidate) path having distance d (the
Gilbert bound and the Plotkin bound give in general different values of d). The upper
bound has been evaluated by assuming that the number of paths having distance d+j,
j=0,...,N-1 from the transmitted path is the maximum allowable and by applying them the
union bound. The dashed curve represents the asymptotic performance of the system (i.e.,
when N is large) and has been evaluated as performance of the N-redundant L-ary scheme.
The corresponding reduction in information rate associated with the encoded results of
Figure 2 is shown in Figure 4. For fixed L, d6N as N is increased, and the system
approaches N-redundant L-ary results of the previous section. Similarly, for N = 1, PWE is
the standard L-ary PPM result if L#M, but PWE approaches (L-M)/L-M+1 if L>M. In the
intermediate ranges of N PWE will be slightly higher than the values predicted by
N-redundant analysis.

Present study at USC is devoted to the task of finding optimal procedures for selecting
paths in N frame trees so as to find the most efficient trade-off of performance and
information rate.
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