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I. INTRODUCTION

This paper provides a summary of information related
to the modulation and detection of information on optical
carriers. It is not intended to be a thorough investigation
of either modulation or detection, but rather to supplement
other more detailed works by emphasizing the treatment of
information transfer through an entire system. The summary
looks at the most common configurations; intensity modulation,
amplitude modulation, frequency or phase modulation, and both
direct and coherent detection. In assessing these configur-
ations information capacity and message signal-to-noise ratio
are used as a basis of comparison.

The physical and geometric treatment of optical hetero-
dyne (or coherent) detection is given in some detail, since
this is the principal topic for the lecture. The advantages
of coherent detection in the infrared are evident because the
lack of intrinsic gain in infrared photodetectors makes thermal
noise insurmountable. Now that coherent detection techniques
are available, an enormous improvement in detector sensitivity
is possible. To illustrate this point, two communication
system concepts are compared, one using direct detection and
a photomu]tip]ier detector at 1.06 um, and the other using
coherent detectioﬁ with an infrared photodiode at 10.6 um.
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Il MODULATION OF OPTICAL CARRIERS

Modulation of an optiéa] carrier -differs from modulation
of a radio freqhency carrier primarily because of the chara;ter-
istics and limitations of the| devices used for performing the
optical modulation. At optical frequencies many modulators are
designed to operate directly Upon the carrier intensity (amp]j-'
tude squared of ‘the electric field) rather than the amplitude
of the carrier as is common w%th radio frequency modulators.

It is convenient that in direct (quantum) detection of an _

optical signal, the amplitude of the detector current is pro-
portional to the carrier intensity. For this reason, amplitude
modulation of the carrier is of little interest in direct detection
schemes. Further, its production is achievable only for extremely
smé]]findices and is useful only for special'purposes. However,
phase modulation, frequency modulation and polarization modulation
are easily achieved in the optical spectrum.

Electro-optic modulators obey the relation

P(t) = P sin I‘(t)smzw t

‘where T(t) is the retardat1on 1ntroduced by the modulat1ng
voItage = FO + P s1ncu t
wc‘ is the opt1ca1 carrler frequency

Py is the peak power of the laser carrier before enter1ng

the modulator. (
In order to be able to analyze this modulation by conventional

means, we begin by expanding the modulating term

'_ginz r(t) =% [1 - cos(2l) J'(JTﬂM)] : DC term
! o + sin 2 P J (ZP }sin W, t fundamental
‘ , - cos 2 T J (ZP )cos 2w t 2nd harmonic
- Jtosin 2 Fo J (me)s1n 3wmt 3rd harmonic
o= ' etc.

The electro-optic retardation contains the bias term Ty wnich
is adjusted such that ‘with no modulation, half the power is trans-
mitted through the modulator. The modulating term sin r(t) can

then be approximated by
ll I, sin w {] o



1, - Intensity Modulation
. ;!
In optical §§stems where an electro-optic modulator is

used external to the laser/source the output may be either in
~ the form of loss modulation at a fixed polarization or it may
be polarization modulated. The basic form for loss (intensity)

modulation is i
P(t) = P /2 [1+ mM(t) ] sinfu_t (1)

is the'power of the laser carrier before entering

where ‘Po
the modulator
Po/2 is the average laser carrier power out of the

modulator (biased power without moduiation)
is the modulation index defined as 1.0 for 100%

m

modulation*
M(t) is the message function, balanced, having maximum
cos wmt where W .

values of + 1.0. Example: M(t) =
is the modulating frequency.

%

It is convenient to examine the exponential form of the modu-
lation in order to examine the various sidebands and their rela-
tive intensities. Assuming M(t) is a periodic sinusoidal function,

. : iw t -iw_t
- 4 m m . 2
P(t) =P /2 [1 +*m/2(e te ‘)] sin‘u t.
B
| B sw t
B ™ TeWw 2
/ mEe T ﬂ mPs Lomt
. L § .
< 3
=W - W Corrier +wy, :)

3 5

m is related to the electro-optic peak retardation T
f rm/Z + rmllz.' 6 oo

| * Note:
i m 7 2 sin (ZPO)JI(ZFm);g T

cd
i ! .
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Note that  the power is in the optical carrier and % is in
the message fuﬁction..
{

2. : Subca[Jier Modulation
In sdb#arrier modulation the basic unmodulated carrier

appears as a $ing]e tone wq intensity modulation.
' ) I

P = P,/2 [1 +’m1cos mlt] sin2 wet.

However, the message function is not contained in the above
expression. Instead, the message function is multiplied with

the carrier to form the expression
\

P = PO/Z [} + L(1 + mzlcos wzt) mj cos wlt] s1'n2 mct

where now m, is the modulation index of the message function on
the subcarrier and m; is the modulation index of the subcarrier

on the optical carrier. Assuming a sinusoidal M(t) = cos wots
then equation (2) yields the spectrum.

(2)

b
z
w P -twt
T -
3 : L]
: mfe S
L)t m o, P L)t P . : mom. P (W rw)t
M!"‘LPO." ! M2 2 m, ™ tfa-w, 1Mo
m ™ e ] lsl. oc U‘ -———C——' e
- v \
0 w;"w’_ “/a U, + ld‘ 4

It should be noticed that % the power is in the optical carrier
term, % the power is in the subcarrier term, and % the power is

in the message function modulation (assuming my = my, = 1).

3. "Polarization Modulation
Polarization modulation is described as modulation of
the polarization angle by = 45°. Two receivers channels which




are polarization sensitive are then located at orthogonal
polarizations such thal half of the power enters each channel,.

The modulation functiq% is defined by

_ L 2 |
Py = Po/2[ 1+ mn(e) [ sin® ut

P, = /2] 14’/% mM(t)]/s’:inz w t

P, and P

1 2

each channel as fo11ows§

Channel 1
Channel 2

may ‘be right and Aeft hand circular polarization or

orthogonal linear polarizations. In the detection process,

Channel 2 will be subtracted from Channel 1. -
The spectrum of the modulation is then identified for

[
A
Y m
%e l-whi' 7&
Channel 1
'wm 0 VM :
“tw +
Channel 2 0
- &, +‘uw,,
- fo
2

It will be noticed that the carrier term cahce]s out and the
message terms add such that all the power is used in the trans-

mission of information, -

(3)
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4. ~ Intracavity Frequency Modulation (Optical FM)

/ .
Looking at the classical expression for frequency modu-

lated signal, the field is expressed as

E(t) = Efcos(wt + Bsinw t).

The spectrum terms of this signal for large deviation is g1ven by

the well known Besse] Function of the first kind -

!

E(t) Z 3 (8)cos(u, + nu_)t.

n:..oo

i
i

Of practlca] kons1derat1on is the fact that the average power in
a phase or f#equcncy modulated wave 1is constant, the sum of the

squares of the individual Fourier components of the modulated wave

is equal to unity. .

P~ [E(.t)} Z J (B) =

When intracavity optiga] frequency modulation 1is used,

Nlo )

there are two constraintsAwhtch affect the resulting modulation
spectrum. First, the modu1at1on index is a function of cavity param-
eters and the peak retardat1on, but 1s usually a value less than
unity. The low value of FM modulation index differs from the
usual'rf case where very high values are dsed. This results in

most of the'modu1ateﬂ;ener§y being limited to the first order

sidebands.
Second optical frequency modulation is detected with optical

heterodyne detect1on where a conventional i.f. amplifier is used.
The optimization of the design of the system calls for an i.f.
bandwidth which accommodates only the first order sidebands.

Under these circumstances, it is convenient to have an explicit



approximation to the "effective" modulation characteristic.

For modulation index less than 1.4, the approximate character-
istic is 3.282(1 - 0.558), where B is the conventional FM modu-

lation index Gf/fm.* 'A‘hy%rid expression’may thus be generated

whiéh'permits the use of an equivJU@nt modulation index m

[

3.28%(1 - 0.558). . ’ :
CPm P (1 + mM(t) ) sin? Zm/ )

/
' /
The spectrum is obtained from tthfirst two terms of the Bessel

Series, !

[
1w -wy)t i(werw,, )t
3(B)=% 5(B)x e
we ;wm W, W + Wi

In the optimized band-1imited situation, m has a maximum value
of about 1.5 for g = 1.2. Under these conditions, the signal power
(moduiated) is greater than the original carrier power, a condition

due to the enhancement effect of frequency modulation.

N _ef_ 1 f[c\Im
*NOTE: g = &f = L. ( ) Lm
f fo\2L) @
, ’ m m-

!

velocity of 1ight

where ¢

L length of laser. cavity

peak retardation

—
"

-»
u

highest modulating frequency
I



5. ‘Intracavity Coupling Modulation

i .
Coupling modulation is of great interest for infrared

-1}sers because of the enhanced modulation effect and the nearly
unlimited bandwidth capabilities of the technique. The basic -

modulation equation is similar to that for simple. intensity

moduliation,

P = Pcs1n r(t) . .

where Pc is the circulating power in the laser cavity rather

than the exteJna1,output power of the laser,
l technique is thus equal to the ratio of the cir-

The enhancement

offered by th}

|
cu]at$ng power ‘to t
For the carbon dioxide laser at 10.6 um, this ratio is about 10 to 1.

The coupling parameter P/Pc, or mM(t), can be expanded as

he optimally coupled outbuf power of the laser,.

follows: ‘
mM(t) = P/P, = sin’r(t)
Yy [1 - cos ZP({)]

Let r(t) = To * Tpsinu,t

i

mM(t) = % [1 - cos (213) J, (aTw)] - DC term
+ sin(ZPO)Jl(Zrm)sinwmt ‘ " fundamental
¥ = cos (ZPO)JZ)Zrm)cqs-met~' ' 2nd harmonic
+ sin(2ro)d3(2rﬁ)sin 3up,t ; 3rd harmonic
—e s : etc.

The average power coupled from the laser is proportional to the
first‘tqu}or dc term which is dependent both upon ro, the dc
retardatfgn and T, the peak ac retardation. The first term may

be set to zero which leaves only the even harmonics. This type

&



of modulation is equivalent to double sideband-suppressed-
carrier DSBSC modulation. ‘Injection of a carrier at the
receiver restores the fundamental and odd harmonics. The
spectral terms which contain information are
. [ ,
mM(t) +J1(2 Pm)/s1nwmt |

-JZ(ZI"m) cos Zwmt/,:’;f J3(2I'm) cos 3wmt

n

[
3 5,{» . o :
(rm - Pm/3 + I‘m//l% = s e e .) S]ﬂmmt e v o . ,

M (e)sPy /P = f(2r,) din ot

/
Thus, the modulated sideband prer is
2

P PcmM(t) Si’n ‘wc-t. (‘5—)

m
' l',njed‘ed
/ carrier
o ! P [ w,“'é
(=3
m_i. e
-«)W\ N w
[T 4
~lw, i
m Pe TN
6. Pulse Modulation

Pulse modulation is important for both radar applications
and communications where binary information is transmitted in the
form of pulse "1" and no-pulse "0". In this form of modulation
modulated signal power has no meaning. Since every pulse contains.
information, there is no energy lost in carriers. The criteria
for effective transmission of information over a system of this
sort is the probabi]ity of detection at the receiver. The spectrum
of a single pulse is important only in relation to the information
rate, since pulse overlap will result in a reduction in the proba-
biiity of detection. The parameter of optical energy per pulse has
more significance than optical power. Thus, the primary factor in
pulse modulation is‘the single pung energy Esf |
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111 "DIRECT DETECTION/ AND DEMJLULATION

1. Direct Detection of Carrfiers
i

Direct detection is defined as the direct use of electrons
produced by ionizations of photons incident on the detector. For

example, assume an o?&icaueflﬁx of

P m ._;/ /JST ¢
ézm D e ‘ e“ikJL

S
where P is the optical power and hv is the energy per photon.
A signal current is produced in the detector of
‘ A !
‘ Cs :’Wge hy
. . / . .
where /] is the number of ionizations per photon (quantum efficiency)
' G is the number of electrons per ionization (gain)
@ is the electronic charge
reff is the"effective temperature of the load resistance
'RL is the load resistance.

The gain‘of a photomultiplier may be 105 or higher, where a single
photon can generate thousands of electrons and where individual
photon events are easily detected. An avalanche photodiode may
have a gain of 102‘or more. ,However, most infrared photodiodes
do not have intrinsic gainf | ‘
The optical power P above may be composed of a signal
f fpower Pe and a background power PB. In such a case, the total

current is , ,
. nGel(R+R) ?
- hy/

The power in.the resistor is given by
' )72.61-82(@ *&)&EL
( 2R, = z
L (hy)

The noise power (shot) in the resistor is the shot noise produced

- by thg direct current in the detector,.
B ' o

b R, = 2@e)i BRF

i -



F is the noise factor defined by the increase in noise intro-
duced by the current 3ain process. The value of F varies for

different types of detectors.

1 for photodiodes \
1.3 for photomultipliers-
2 for photoconductors
F > 2 for avalanche photodiodes.

il

F
F
F

1l

The load resistor also has thermal noise so that the total noise

5 -

power in the load resistor is
P = JQ(Ge) i BRF + 4kTB.
n de

Now i,.in the above “equation {s the total dc current in the circuit
and is the sum of that produced by the signal flux, the background
fiux, and dark current. In this discussion, we are assuming

the dark current to be negligible and that the main shot current
is produced by the signal and the background flux

e = M6e(55)

The noise power in the load resistor becomes

_ 2nlee) (B +P)BRF
- P + Y4 kT8 .

1.1 Noise-Equivalent-Power (NEP)T, Thermal Limited

P

The thermal limited case is that usually encountered with
infrared photodiodes and photoconductors used in direct detection
processes. Here the signa]fcurnent generated by the optical signal
flux must be greater than the "equivalent thermal current" in the
circuit., The thermal noise current,»it in the load resistor is
defined in the relation /

/

i4r°="akts. | i
The thermal current is a noise cdﬁrent and not a dc current. We
now ask the question what equivaﬁént optical noise flux ¢t will
produce the same amount/of nois?fcurrent, i, = nGe¢,. Again,
the optical noise flux:is a noise modulated flux as opposed to a
dc flux. Substituting/this expression for i, in the thermal noise
~.equation above gives . / '

2 e _ e 22 42
. 2e= 4Hﬁ = G/;.e @ R,



Solving for the equivalent noise flux

Finally, the noise equivalent power (NEP)T is defined as hv¢t

1.2

- [#ATE8
¢¢T R

/

P

nGe

(NEP)

hyv HkTB
= fbe V %

@)

Noise-Equivalent-Power (NEP)B, Background Limited

For the background limited case, the signal current must

be greater than the shot noise produced by the dc background flux

/.

!

|

For a .background flux of

(B =

the dc current produced in the detector is

=I7C;€ fii

AV

hy

Now we define an equivalent noise (ac) background flux which will

produce the same shot noise as the above dc current

: '76“3 (¢b)<?c, =

4»26 Loe B

where '
CAM?FQB

(¢b hy/

Solving for (NEP)B

/.

(NER), = D J3e i B

(NEF)g ’:.ﬁ/l <%_@)& ;

//Vé P)a /:

!

L)

(7)



v1.3 ‘Noise-Equivalent-Power (NEP)S, Signal Shot Noise Limited

The case where signal strength is great or where background
and thermal noise is negligible, the noise in the system is deter-
mined by signal Ehot noise. The computation of the signal shot
noise is.similar to that for background~$01se where average signal

flux is substituted for background flux. ;The dc current produced
in the detector by the average signal caérent is

| - . .
"'dc:"?ée (._5_;‘,\7—-&) | | )
I |

where now as vi/e have said PS->>Pb

The signal sh%t noise power (NEP)S is thus

(NEP)S,/= V2P Py ] | - | (¢)

1.4 Signa]~to-Noise Ratio of Unmodulated Cékriers.(S/N)dC

In this section we have described the types of noise
encountered in direct detection of optical signals. We now .
define what is meant by the signal-to-noise ratio. We define

‘the (S/N) as that for the detection of unmodulated carriers,

AV \
S = [— .
where P is  the actual optical signal power and NEP is the
hypothetxca] equivalent optical noise power for the three cases
described in 1.1 through 1.3. Accordingly, these are

imite (8) = '76@4 <
Thermal limited N dc"‘—'- JETA .s

A
i

Background limited (%) = A
| de \/a@ Py

Signal Shot limited (__.‘.i_) _ LLZPS R '7 | @
. _ N/ cle F;;S] - /b0

= - (9)
)do 5___»)& W*‘\P (P+P) |

General (

319

4



" The detection of single pulse modulation depends not on
the NEP of the detector, but rather the number of photoelectrons
necessary for a given detection probability., The (S/N)m associated
with this requirement may be expressed as '

g
(S/N), =7 T = Ng

where ' E 15 the signal energy

NS is the number of photoe]ectrons produced per pulse.

Typically, for quantum 11m1ted detect1on and high quantum-efficiencies,

No= 15 ‘for a probab1]1 y of eerreof 107,

2. Demodu]at1on and Information Signal-to-Noise (S/N)

We have shown 1“ SectwoJ 11 that not all the transmitted
optical power conta1nJ 1nforma$1on and that, in fact, for intensity
modulated beams, half’ the op51ca1 power is in the carrier. In
computing the information signal-to-noise, therefore, the signal
power P is that contained-in the information sidebands

P/ sy (
Pp = m 5 end (W)m NEP

‘where P is the power of the laser signal without modulator bias.
In the f0110w1ng list of expressions, PS remains as indicative

of the available Taser signal power available without modulation -
or modulation bias. The information S/N expressed in this way
serves as an excellent Tmeans of comparing the relative merit of
one modulation and detection technique over another. A1l examples
are signal shot limited. |

. & & S ™ m._ s
Intensity Moduldtion (= : = (10)
' .. @ [V-zrgfg] (e |
oy M 2 ) [} '
' ,Subcarrier Modulation (%) = ,7 m*F ()
- # - b hv B
: ﬂ m? P (’3)

Polarization Modulation ( ) ‘?.Qh\).ﬁ



IV . COHERENT DETECTION AND DEMODULATION

Direct detection of optical signals is practical in photo-
emissive devices such as photomultipliers and avalanche photo-
diodes where large intrinsic gain permits the generation of large
numbers of photoelectrons for each photon incident on the photo-

‘surface. Photoemissive devices, however, roll off about 1 Um

because ﬁhe energy of the photoelectrons is inversely proportional
to the wavelength of the light and the work function of the photo-
cathode becomes too great a barrier to permit photoemission. From

about 1.1 um out to the far infrared, the best optical detectors are

semiconductor photodiodes. Direct detection of these photodiodes
is usually thermal limited detection.

Coherent detection is the process of mixing a local oscil-
lator:laser.beam with the incoming signal beam. It has the advan-
tages that a conversion gain is achieved through the photoelectric
mixing making the detection process quahtum limited. In words,
it can be described as a method of mixing two fields to produce
a current proportional to the product. If one of these fields
is the local oscillator field, it can be increased arbitrafi]y
to the point where the shot noise produced°is greater than the
thermal noise in the circuit.

Coherent detection'réqyires careful alignment between the
signal field and the local oscillator field. These geometric
considerations become critical at short wavelengths but are gen-
erally uncritical at the longer infrared wavelengths. In practice,
the 10.6 um/w§velength is ideal for the use of optical heterodyne
detection, first because the’poor performance of direct detection
at this wavelength, and second pecause the longer wavelength makes
alignment® and bﬁase matching feasible.

1

1. Physiéa]/and Geometrical Considerations

The rquirement of phase matching of the wavefronts of the
signal and ‘local oscillator beams wavefronts is sufficiently
important that inclusion of geometrical considerations with the
physiqal descniption is necessary. We therefore describe a typical



signal and local oscillator configuration with the geometric
layout on the left and the electrical equivalent circuit on

the right

fp A

. *

“By Poynting's theorem, the;skgna1'power and the local oscillator

power can be written

6:. /E C)Al ;BJZIE;I?:/CIH | 'f° ;z‘iﬁA

The electric field can be written as the sum of the signal f1e1d

and the local oscillator f1e1d
— — —

’/E:'Es"'éz.o

and the current in the detector can be expressed as

7*’610 7l’JV Z ‘/(-—)2 | Lo +'2'E L.O)C/,q

Both the signal beamm and the local oscillator beam are focussed
~down on the detector surface, Each produces an electrical field
distributfoﬁ on the detector surface which is determined by

i} J\T(/m /) _ R (kr/Fp) |-
() kr /F.S . ,E'S[ )- kr/F‘_f 'tLo

where Kk is the propagation constant
‘r is the distance from the center point of the detector
F. is the F number of the signal beam

is the F number of the local oscillator beam.

Eo (r

FJo
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/ quency 1is

/ :Z'(i—, r) £ "'?;’%—%o L(’()f E_:;(">€Zo(r)olﬁr;dr Coo w, &

m—

The reason for not having equal F numbers for the signal and

1ocaT oscillator beams is evident when observing these fields

displayed graphically. Having a larger F number for the local
oscillator makes alignment over the Airy disc of the signal

much Yess difficult.

AR
Es(r) \
o ', \/A \(‘
Another factor which must be taken into consideration is the tilt
Tilt can

angle between the signal ‘and local oscillator beams.
be generated either'by misalignment of the incoming beams or by

disp]écement of two parallel beams as shown below.
_ % ~: . ‘ - ~153
i \ \\ﬂ .

S DETECTOR
- DETECTOR
S LENS - ‘

The tilt angle of a produces a loss of Signal current of

_ ein Q7 Fodh °
Llx)= °2’7F;<15

1

Now the time varying current in the detector at . the i.f. fre-

Substituting from Poynting's theorem

2 : { N 7 S e
’Esl = QL2 !; IE‘_,,}Z T el e-o Z, /Es//guo/: = YR Fo Zo

: ' / r A
(o) e b a/RR [ AT/ 2Tkefio), .
2(‘61 "'.) = '711;)20 ol spl.o / kr/FJ ’ kv’/ F‘O Qrrde Lé{,‘)cﬂ,‘)’f




o
The i.f.;signa]/power is
2

2, nGd \* 2 “23.(kr/R) 23 (kr o
R = Q(’;’,’J) /Ds e_o L(d) [ "E‘;/E* WZ*— Qﬂrdr‘] R
(o] . O

The shot noise produced by the local oscillator is

%—/LP Fezzeig BRe 20 £LGeR,

o
i 4 .
Finallyl, the carrier-to-noise ratio can be written as

(%c# i f]( P ),_(o() [o T 27, (ke JFs) iﬂﬁfff&&) Zﬂrer?_

hvBif kr/Fs | kr/Fo
|

Lele

-

The geometric terms, L(a)2 and the term containing the integral,
are equal to unity if the con@itions of phase matching and beam
tilt are met. Then the carrier-to-noise ratio in the i.f.

becomes
{C ) _ P o 73)°
(N g (v o (73) ,;
2. Required Local Osciliator Power

_The condition for quantum Timited 6peration of a heterodyne
or homodyne receiver is that the shot noise produced in the detector
at the i.f. frequency is sufficient to override the thermal noise
in the i.7. amplifier. The shot noise produced by the local
oscillator is

‘2ne* GBR ,
Lrlle-’zeidc BR = '7(;;)/ e_o

and the thermal noise in the i.f. amplifier is

Gk TBN = Y4k Tepr B



“and the required LO‘powq? is D

where'Nf is the noise figure of the i.f. amplifier, and T ..
is the noise temperature. Then we Tet

ZQC GER p '>',/"-H<TBNF.
hv / ‘

/
[

2 S (e )

i
jd * . -

3. Heterodyne Convers1on Ga1n

There are two def1n1t1ons of heterodyne conversion gain
and each should be discussed Pr1ef]y The first of these is
defined as the ratio/of i.f. /signal power to optical S1gna1 power,

a hybr1d def1n1t1on/w1thout/ﬁuch meaning
/

_i.f. signal power
(Convers1on Ga]N)l " optical signal power

2(F)"RRR belp ¢
S

The reason the above definition is meaningless is that an

-extraordinary conversion loss is encountered in converting
“optical energy to electrical energy. For example, take any

quantum limited detector and Tet the signal-to-noise ratio

ko »
S/N =N TR hvR ° = | ", : ?

solving for minimum detectable 31gna1 power P
P "7\).8
s % '77—— -

Now define conversion Toss as the ratio of this signal power to
the electrical power out of the detector

2 8 hvs
—_— 1 = N33 a%00
12 R (G reltR ;q G n"e*R

2

equal uhity

Loss =



“version loss is still 107/n.

= the conversion 10ss

Letting B =n, A = 1 ym, R = 100, n = 0.2,

s
* ) 1019
Loss &= Gzn
Now, even for.aiphotomu1tip11er where G may be 10 the con-
is that

What this illustrates

‘another definition is required for conversion gain
The second definitdion. is simply the ratio of i.f. signal
power to the signal power one would have without heterodyne con-

version.
i.f. signdl power

= direct detection signal power (electrical)

2 (ke)p, 3 R
(Q fs Ge) R

(Conversion Gain)2

= 2P . (/5’)

(Conversion Gain)2

_ .
This second definition has a special significance, relating local
oscillator power to signal power. ’
4.'  Demodu]afion

demodu]q&ion of coherent carriers has beeﬁ thoroughly
These

. . . : . . . .
investigated in radio and microwave communications.

/ .
techniques apply directly to optical carriers where coherent
For the present discussion, we will be
The first of these envelope
10.

detection is ujsed.
concerned witd three specific cases.
" detection of é heterodyne signal where C/N is greater than

The second i7 product detection (homodyne) detection where any
C/N app]les The third is for band lTimited FM detection where

only the f1rst sidebands of the modulated signal lie within the
R P passband of the receiver. The C/N regime of the FM system

is arb1trar11y chosen to be C/N > 10.



Enve]dpe Detection .

(Heterodyne) (ii _ 2& -1(£;_> _ nnzfé
C/N> 10 , AN/ T ‘lm N Ji4 " hy B
Product Détection . . 2
(Homodyne) (.é. = 2mi(S) = ,7

Any C/N N>M - (N>L"" h\/B

FM Detection N 3 1-55#5)*7 %
(Heterodyne) (%}m = 38 (’ Ssﬁ)(w)af /5(2}')&/8

C/N > 10

B in the above expressions is information bandwidth.

v COMPARISON OF TWO COMMUNICATION SYSTEM CONCEPTS

This section addresses two important system concepts in an
attempt to compare their relative performance. One 1is the Nd:YAG
1.06 um laser transmitter using intensity modulation, polarization
modulation and subcarrier modulation, and using direct quantum
limited detection. The other system is the carbon dioxide laser
transmitter at 10.6 um using optical frequency modulation, and
coupling modulation. The CO2 system uses coherent detection with
envelope detection, frequency discriminator detection, and phase-
lock, or homodyne detection. ’ _

One watt of transmitter power is assumed for both systems.
The modulation index of 0.5 is assumed for intensity modulation,
polarization modu]at1on and®coupling modulation; and an index of
1.4 for band-limited optical FM modulation.

A quantum,efficiency.bf 0.01 is assumed for the 1.06 um
detector whereas a quantum efficiency of 0.5 is assumed for the
10.6 um heterodyne detector. '

The attached f1guré shows the relative performance of these
system concepts.
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