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1. INTRODUCTION

The subjeét of the proposed research was the study of optimum methods

of optical cormnﬁnication accounting for the effects of the turbulent atmosphere
“and quantum mechanics, b'o;ch by the semi-classical method (''structured
approach') and the full-fledged quantum theoretical model ("unstructured
approach'). The proposed research was a continuation and éxtension of
research acpomplished and in prbgress with the support of National Aeronautics
and S’pacé Administration Grant NGR-21-002-0237,

The Ilproposed work continued a con’certed effort to apply the techniques
of communication theory to the novel problems of optical communication by a
careful study of realistic models and their statistical descriptions, the finding
of appropriate optimum structures and the calculation of their performance and,
insofar as possible, comparing them to conventional and other suboptimal
systemé. In this unified way the bounds on performance and the structure of
optimum communication systems for transmission of iAnformation, imaging,
tracking, and estimation can be determined for opfical channels.

The three principal areas of proposed investigation were (1) a
continuation of the earlier work on communication through the turbulent
étmosphere (prOCevssing of images seque;nces—obtained in nonturbulent

channels initially; structure and error performance of optimum demodu-
lators of énalog modulated Waveform; transmitted through the lognormal
turbulent channel), (2) performance with more complicated detector models

using the semiclassical method of quantum mechanics (inclusion of effects

of thermal noise, random channel and filtering), and (3) quantum communication



theory ‘quantum estimation theory: maximum likelihood estimation, sufficient
estimators; quantum detection theory: quantum S-games; perturbation solution

of optimum detection operator equation).

II WORK ACCOMPLISHED AND-IN PROGRESS UNDER GRANT

The Grant has céhtral_ly contributed. to establishing a large and active
research group that comprises a majoi' effort of the Department in research
at the doctéré.l level. A seminar in optical communications has been heldl
several semesters, as many as a dozen enrolled. A special topics-course
in optical communication is to be offered next year.

Work accomplished (i) The problem of selecting optimum binary

signals for commﬁnication over a Poisson cﬁannel was studied under the
minimum probability' of error critériqn. Such results have divrc;,ct_ application
to optical commgnication systems. In order to study this problem for rel-
atively general signal sets, a Gaussian approximation for the distribution
of a certain test statistic was made and its rangé of validity checked. The
problem was then solved for symmetric intensity sets with direct detection
- and the resqlting performance calculated and comp ared‘with that for other
signal sets that would be reasonable choices.
The technique was applied to coherent heterodyne 'detection: the re-
sulting signal design problem was shown to be the same as that fox; the
| "classical white, Gaussian noise channel,"
Direct detection and <':ohe1'ent heterodyne detection were compared
with rather intere;ting results thaf déterrhined when one was préferable

to the other,



All these results are of direct significance to optical communication
practice. The results were presented at the annual (1971) Princéton
Confereﬁce on Inforrnafion Sciences and Systems.

(ii) The optimum processing (likelihood functidnal)» was found for a
set of M i-rnages {Zm = sm +. Y + Nm-} , each the sum of a member Sm of a
signal éequepce {Sm} , dué to an o.bject to be detected and its pararﬂeters
es-timated, a sample fun_ction Nm of g noise field { Nm} , and a sample
function Y of a common backgrqund field { Y}. The noise fields { {Nm} }
were indepegdent, Zero mean; white Gaussian fields and all indepeﬁdent of
the background field { Y} ; the latter was assumed to be either ('1.) completély
unl;nOWn or of known mean and covariance functions with (ii) é. ceri_:ain
_ Vﬂuctuation property or (iii) Gaussian., Three equivalent forms of the

optimum proce'ssing were found: (i) a summeation of generalized matched
filterings of the images; (ii) a summation of matched filtering of c'e,rtain
generalized differénces of the images; (iii) a.v summeation of Yestimator-
correlator" type filterings. The detectidn performance and optimum
4 signai/image selection under the Neyman-Pearson criterion was given and
the singularity of the ({ { Nm = 011} a1_1d M>1) case noted. It was shown
that optimurﬁ processor and signél design can complefely eliminéte any
effect of the background oh detectaﬁility (M > 1). ’fhe Cramer-Rao lower -
" bound for the signal parameter estimaté' S mean-square error was given
alqng with an example; optimum signal/image selection in the single
parameter case was discussed. These results Were published,

(ii1) Some work on the complex representation of functions and-:



‘processes, whose interest is not vconfined to optical communication, was
completed -and. submitted for publication,

(iv) The initial results on quantum S-games was presen'tved in a lecture
‘at the Center for Naval Analysis [42].

(v) Three doctoral theses have been _completed with or (in oﬁe case)
in conjunction with Grant suppdrted work: |
Michaei Tacey, “Opti;num Photon Counting Receivers using Quantum

1"

Mechanical Models .
Shiraz Bhénji, "Binary Communication with a Fil’cered'Po'i.sson Process

in White Gaussian Noise, " |
Koji Kurimoto, "Optimum Filtering and Detection for a Doubly Stochastic

Shot Noise‘.process in White Gaussion Noise."

(1) .The study of optimum phase demodulation and.its peformance for
a field received through a turbulent channel, began under. the initial Grant
has been continued.

(ii) The solution of the M-ary quantum detection problem in tractable

special cases and the study of quantum estimation is the subject of a doctoral

thesis (M. Kim).

Rélated work - (i) The results on the opti.mum re’cepti;)n of réndom'
fields ha.s suggested a new way to study the problem of phase errors in
received signals, Ti’lis problem arises fundamentaily; of course: the
model we are studying appli.es at miér’dWave frequencies but may be useful
at optical frequencies. This study is the subject of a doctoral thesis

(R. Glock).



(ii) The Principal Investigator organized a Workshop in Optical
Communication Systems jointly sponsored by the>University, of Maryland
and the Nétional Science Foundation held in January 1972 which brought
' togehter_ about forty experts in the field to ,a.sses.s the current state in
certain areas, 'as>ce.rtain the.outstandi;lg prob;ems and their p-riorities,

attempt to determine how universities might best contribute to this new

area, and assist the National Science Foundation in initiating a program

in the optical communication systems area. The Workshop report, ‘edited

-

by the Principal Investigator, was distributed to more than 175 universities.



III ABSTRACTS OF WORK ACCOMPLISHED

UNDER GRANT

A. Papers published

1. !"On optimum binary signals for Poisson channels, ' 1971 Princeton
Conference on Information Sciences and Systems (abstract in
Proceedings).

2. "Optimum Processing of a Signal Sequence in anImage Set with
‘Additive Noise and Common Background, ' IEEE Transactions
on Aerospace and Electronic Systems, March, 1972.

3. "The formulation and examples of quantum S-games, " presented
at the Center for Naval Analysis in lecture series an detection
theory and its applications, October, 1971. ‘

B. Paper submitted for publication

4. "On the mapping associated with the complex representation of
signals and processes, " submitted to IEEE Trans. AES,
October, 1971.

C. Doctoral theses completed

5.. "Optimum photon counting receivers using quantum mechamcal
models,” M. P. Tracey, May, 1971.

6. '"Optimum filtering and detection of a doubly stochastic shot noise
process in white Gaussian noise, ' K. Kurimoto, May, 1972,

7. '"Binary communication with a filtered Poisson process in white
Gaussian noise, " S. A, Bhanji, May, 1972,

D. Work in progress

8. "Optimum demodulation of phase modulated wave-forms transmitted
over a turbulent channel, " being prepared for publication in 1972,

9. "On solutions of the optimum detection operator equation in certain
cases and approximations, ' doctoral thesis topic, M. Kim, 1972,



ON bPTIMUM BINARY SIGNALS
FOR POISSON CHANNELS*

R. O. Harger and K. Kurimoto
Department of Electrical Engineering
University of Maryland
College Park, Maryland 20742

ABSTRACT

We consider the problem of optimum binary signalling under the minimum probability of error
(Pe) criterion for an optical communication channel described by time-varying Poisson processes.
Previous work established the optimum receiver and determined the optimum signals under several
criteria and generally in special cases. In order to discuss signal optimization over a larger class of
signals, the relevant test statistics are assumed Gaussian: the range of validity of the approximation
is established. ) ’

For direct detection, symmetric intensity sets are defined: a member of such a pair is a reflec-
tion about an arbitrary point of a certain periodic extension of the other. We show that for symmetric
. intensity sets the mipimum Pe is achieved in the limit by a sequence of disjoint, constant signals of
support tending to zero. In the high background noise situation we show that the signal design problem
under the minimum Pe criterion is the same as that under the maximum SNR criterion of Reiffen and
Sherman,

For coherent heterodyne detection, we show that for equally-likely, equal energy signals, the
signal design problem is the same as that for known signals in the white Gaussian channel,

. Assuming equal energy (E) signals and an average signal count much greater than unity, we show
that direct detection using the optimum symmetric intensity set is inferior to coherent heterodyne detec-
tion using antipodal signals. However, direct detection with "ON-OFF" signal set (the '""ON'" signal
of energy 2E) can be superior to coherent heterodyne detection using equal energy (E) antipodal signals,
provided the ratio of average signal count to noise count is sufficiently large.

*Research supported by NASA Grant NGR 21-002-237 and NSF Grant GK-14920,



OPTIMUM PROCESSING OF A SIGNAL SEQUENCE IN AN IMAGE

SET WITH ADDITIVE NOISE AND COMMON BACKGROUND

; Abstract
- The optimum procassing {likelihood functionzl) is found for a set of
o K images {Zn =8, + Y+ Nyl eoch the sur of 2 mamber S, of 2
signal sequance {S,)}, due to azn object to be detected and its .
paramzturs estimated, @ sample function My, of 2 noise fictd {N,)],
angd a samplz function Y of 2 common background fizld {Y} The
. moisa fizlds {{#V,,,}]} are independaent, zero mean, white Gaussian ..
ields, and all indespendant of the background fi 1 the fattar s
fislds, and all independant of the buckground field {¥§; the lattar
assumed to be either 1) com ely unknown or of knewn maon zadl
covariance functions with 2) a cartain fivctuation pronarty or 3}
aussian. Threz equivatent forms of the m procassing are
Gaussian. Tt eq tent forms of the optimu )
found: 1) a suimmation of generalized matched fiiterings of the
images, 2) a summation of matchad filtering of certain ganeralized B

fre

differancas of the images, 3} a summation of Ema’tor-correhtor"
type fiiterings. The detection performance and optimum sig-
nalfimane szlection undler the MNeyrnan-Peerson criterion is ¢iven and
the singularity of the {{iv,,, = Clland M >1) case noted. Tt is shown .
that omm:'m processor and signal design can complaiely climinate
any cffect of the background on detectability (M > 1). The
Cramzr-8ao fowar bound for the signal pzramater estimates moan-
"g ' squared crrér is given along with an exampla; optimum signal/imag2

sclection in the single paramatar casa is discussacl.

Research supported by NASA Grant NGR 21-002-237 and NSF Grant
GR-~14920.



The Formulation and Examples of

Quanturn S-games

Abstract
The extension of S-games té inélude quantum mechanical measurements
is formulated and some illustra;tivcf, examples given. The insight obtainable by
the S—gam.e geometryAis used to find minimax and Bayes s.olutions to quantum
S-games. The optimum deci-sion rule for minirnum probability of. error

quantum detection is given for simple exampleé of commutative and unitarily

related density operators in the binary case.



'QN THE MAPPING ASSCCIATED WITH THE
COMPLEX REPRESENTATIOHN OF FUNCTIONS

AND PROCESSES

ABSTRACT

The mapp‘inig between function spaces that is impiied be the
r‘epresentat'i'o'n of a feal A"bandpabss” function by a complex '"lowpass"
funcfion is explicitly emphasized. The discussion is exténded(to
the representation of random processes where the mapping is between

-

~spaces of random processes.

Rescarch Supported by NASA Grant NGR 21-002-237
and NS¥ Grant.GK-14920
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Thesis directed by: Dr. Robert 0. Harger AQSOC1cI“ Professor
‘ ' of Blectrical B

For M-ary signal detection at optical frequencies, the structure
P ! ) )

_l

=

ion and pe 'f rigance in terms of average probability o

-

-1mplem\n

error of’*‘c Optimum Photon Counting Receiver (OPCR) using quantum-

=

mechanical field wmodels are invesbtigated. Attention is restriched to
;

1ict

-

four modulation schemes thalt glve rise to received signal fields v

N

-
o

.can be represented in representziion having dis-

joint mode index sets for different signals and, tnerefore, give rise

to commuting dcﬂS’by operators. Three chennel models are used: the clear
space channel and the atmospheric turbulence channel with either Goussian

itive back

[o]]

or log-normzl turbulence; ad

o

ground noise is assumed present
ith each. ‘ D =

Previous work in this area has been directed towerds the investi-

Q¥R) and optimm receivers

gation of Opﬁiﬁum Quantumfﬁechanic:
obt ined ‘using classi ical models for the received fieiés. These recelivers
are coﬁpared'where'épplicable with the OPCR iescr;oed here. When ihé den-
sity operators arc diagbnal iﬁ the number reppesenfatiom, theFOQ%R is the

the OPCR. An ezsily implemented Suboptimum Photon Counting Receiver

rsted in the clear

_\D

whon countls per mod

is fournd uO be the same as the OPCR.



T It is S"'Y"" tnet in Tl

12 clear space channsl with no OWVJOrOun“'

? ent signals in tLe- eussian turvulence éhannel is showa to have a Torm

é. simiiar to that of & coherent Tield g‘ns an incoherent Tield in the

i ' - ‘

: clear. space channel. In_ordcf to obtein pDrzov nce results for bot
:coherént and incohe;ent signals in the log-rnormal tufbuleL ' & channel,

; statistica lly Lﬂdcp ant moﬁc céeizlcvenqs are assuned. 'It is shown

é - tha{ commnication with coneréna end incoherent light in the atmos- -

§ o pheric turbulence chénnels can approach that of coherenﬁ light in the

! Lo : '

E clear space chanmnel dependlno on the background nolse, signal'energy

% | and the aveilablility oﬁ statlstjcally independent cavity modes.

i
H
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ABSTRACT

Title of Thesis: Optimum Filteri‘ng-and Detection for a Doubly Stochastic

shot noise process in white Gaussian noise.

‘For the problem of optimum filtering and binary detection of signals
. :

at optical fre_quencives, the structure, i-mpleme.ntation' and performance in
terms of average probability of error of the optimum and/or suboptimum
receiver in which the obs—er%fed data is the supe rposition of shot noise process
and white Gaussian thermal noise are investigated. .At'tention is restricted
to the direct detection of a single path optical communication channel where
the received field is assumed to be the signal field degvraded by atmospheric
turbulence with additive baékground noise.

"Assuming the semiclassical methéds of quantum mechanics and using
the theory ;)f point process as it is asserted that., with .small background
radiation, the shotj noise process can be considered to be generated by an
inhomogeneous conditional Poisson inpulse process, with a rate pérameter
of which is a function of a set of parameters describin‘g the.'state of turbulence.

Using the Ito representa;cion for observed data, shot noise i)roces s and
for the state of turbulence which is assumed to be a Gauss Markov procéss, the
basic gquation whi‘ch described the time evoluation of the_l-)osterio;'i statistics
of shot I.mise process as well as those of the sfat‘e of ‘mrbulence are derived
in terms of a stochastic differential form of the conditional joint characteristic

function. With this equation, the quasi optimum receive structure is specified

in its most general form.



In order tervalué.te the quality of a.specified receiver a subo:ptimgm
receiver for a frozen atrr.105phere, log normal fading channel is obﬁail1ed
- with justification., Under the condition of small co:r_elat_ion time roughly the
inversé bahdw_idth of photodetector of the receiver and large sampliﬁg interval
of the obéerved process and large detection time, the approximate probability
of error for this receiver is ob'cainéd in terms of the solution éf a simple
Fokher Plank equation and also plotted, which shows that the effect of thermal
noise is significant. |

Previous work in this area has been mqstly directed toward the investi-
gation of optimum photoelectron counting reéeiver_, the probability of which.
is also plotted assuming the' sam‘e signals. Though it expected that the prob-
_ ability of error performance of the suboptimum receiver could approaéh to
that of the photon counting receiver, t};lis cannot be observed because of an

assumed approximation.



ABSTRACT I o

. Title of Thesis: Binery Communication with a Filtered Paisson

Process in white Gaussian Noise.

Shiraz G, Bhaﬁji,(Doctor of Philosophy, 1972.

Thesis directed by: Dr. Robert 0. Harger, Associate Professor

of Blectrical Enginesring.

For detection of a filtered Poisson process in zero-

i
.-

- mean -white Gaussian noise, optipum receiver structures,

optimum signal design, and receiver performance in terms of

the probability of error are investigéted. The problem-has a

~direct application to signal detection at optical frequencies.

The output of a direct detection receiver can be represented

as a sum of a conditional filtered Poisson process, whose

L

"rate parameter is proportiondl to the intensity of the signal,

and zero—meanzwhite Gaussian thermal noise. Considerable

“work has been done in this area but most of it has been

directed towards the two limiting cases of the above i.e.

representing the output of the direct detection receiver

either as.

The iikclihood fuﬁétional.for the general optimum

3]

Poisson process or as a Gaussian process.

receiver is obtained by varicus methods and found to consist

of an infinite sum. From the general likelihood ratio the

closed form expressions are obtained in the two special

cases of i) a threshold receiver and i1i) a low intensity

A
receiver.



The optimum threshold receiver derived by the state-

variable approach for a single-state equation is compared

with that derived by a.straight-forward Taylor series

expa nolon of the conditional likelihood functional and found

to be identical. The optimum threshold receiver is also

"compared with other known receiver structures and to a first

approximation the log—likelihood funb-longl of the thrcahold

receiver is found to be 1dgntlc 1 to Lhat for a Gaussian

-

signal in zero—maan white Gaussian noise._Assuming the test

-»sta’J tic to be GdUSSJ an the performance .in terms of the

probability bfiefror is évaidated fbf thé'threshold'case.

For an infinite‘and'a.sp ific finite bdndwldih detector
and a given signal energy)min;ﬁum proaab;llty of error in the
threshkold case is achieyéd~by a sequence of conétqnt/iﬁtedsity
pulses Qhose éupportlfends to zéfQ,

Assuming thP test st tistic for the low intéhsity
receiver to be GdUOSLan, the performéhce of i1he receiver is
Oleuat d in terms of the probab:llty of error. fFor the law
intensity case, thh the assumptlon,of "smooth" intensity

. ) [ . . .
modulation (smooth with respect to the impulse response of
b4

thv dct ctor) and symmetric signals of constant energy,

maximum divergence is achieved by & sequence of disjoint

'pulsed intensities of support tending to zero. Under-similar

“Ssumpblon as above minimum probability of error is reached

K

by disjoint pulsed signals of intensity proportional to the

noxise and detector pu:amLtoru.'



Except in the threshold- and low intensity cases, closed
form expression for the optimum receiver is difficult .to

obtain as shown by three different approaches (i.e. Taylor

Serleé expénsion, sfété—Qériabla épproach, énd claésical
method) . Also the‘ﬁore_promi;ing state-variable apﬁroaéh is
shown to reduce fq the Straightu%ofward Taylbr1seriés
_egpanéidn of th; conditional likelihood ratio when the
Conditidnal estiﬁates_are actué‘iy solvéd for;

Sincevthis whé;a effort‘dealé only with the préblem of
signélldetection, a natgral extension of the work is suggesff
ed in signal estimation. including parameter_eétimaiion and
.maxihﬁm likelihood estiﬁation Qf'analog modulated Sighal

intensity.



- Optimum Demodulation of Phase-modulatéd Waveforms
Transmitted over a Turbulent Channel °
Abstract

The likelihood functional and likelihood equation necessary fér the
.vmaximum likelihood esthﬂ‘nafé of a phase modulé.tion received over a noisy,
spatiallly turbulent chénnel is derived and sho§vn to be closely related for -
unknown, Gaussian, and 1ilﬁiting cases of the log>norrna1 channels. The
likelihood equation is the same as that for known turbulence except that
the maximum likelihood estimate of the turbulence-pertur bed received

P

signal field is used, The linearized likelihood equation is studied: the

"improvement of

conditions for linearization noted along with 'diversity '
the optimum receiver, the natural relation to certain linear estimation

problems noted, and the resulting mean-square error of estimation.



~ On Solutions for the>Optin1urn- Quantum Detection Operatéi‘
In Certain Cases and Approximations .
Abstract (Partial)

A perturbation solutior; for the optimum (minimum probé.bility of
e-:rror‘) quaht.um detection. operator in the binary case is calculat\ed. Th-e
results are applied to the detection of a. weak, coherent signal in thermal
noise and the probability of error and optimum observable found. The
realization of the optimum observable is studied: it appears to be only
approximately realizable by a combination of photon counting and

-

heterodyning.



