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Summary—The correlation radiometer is a system in which two
antenna-receiver systems are employed, the outputs of the two
systems being correlated electronically. This paper studies the two
basic types of correlation radiometers, the intermediate-frequency

correlation (IF) type and the video-frequency correlation (ENV) type.
The SNR’S, the minimum detectable temperature sensitivities, the

effects of receiver gain and phase fluctuations and the uses of the

two types are studied. A comparison of the various characteristics of

the two types of correlation radiometers with the same charac-
teristics of the Dicke-type radiometer is made.

INTRODUCTION TO THE CORRELATION

RADIOMETER

T

HE MOST IMPORTANT problem in radiometer

studies is to establish the lowest detectable source

temperature. The minimum detectable tempera-

ture is usually determined by the noise fluctuations ap-

pearing in the receiver output. Since the source tem-

perature is measured in the form of thermal radiation

from the source, special techniques must be employed

to reduce the spurious fluctuations in the output pro-

duced by the receiver circuits and to differentiate these

from the real signal. The conventional method for re-

ducing the spurious spectrum and noise effects of the

receiver is to employ an optimum modulation of signal

so that the spurious spectrum and noise are cancelled

out, as in the well-known Dicke type of system [1].

Many radiometer types have been investigated pre-

viously, and theoretical as well as practical studies

have been performed for both microwave and milli-

meter-wave applications of radiometers [1]–[18 ]. How-

ever, the most commonly used one is still the Dicke-

type radiometer and its various modified versions. Cor-

relation technique [19 ]–[21 ], [23] and its application

to radiometers also have been discussed in several previ-

ous works [3], [11], [22].

It is the purpose of this paper to unify the theory

which, to a large extent, already has been developed in

these references, and to present it in such a form that a

systematic comparison between the correlation-type

and Dicke-type radiometers can be made.

The correlation radiometer consists of two receiver

systems with separate antennas, as shown in Fig. 1.

Both antennas are looking at the same signal source;

thus the two signals S1 and S2 will be correlated in time,

and upon multiplication they will provide an output
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proportional to the source signal strength s. The noise

nl and n? introduced by each receiver will necessarily

have a low degree of correlation because of the random

nature of nl and nl; thus the total correlated output will

represent the signal s plus some low level of correlation

between nl and ng. In other words, by the use of correla-

tion techniques, the sensitivity of the radiometer maybe

greatly increased as a consequence of the low degree of

correlation of nl and ng. Although the two signals are

considered to be coherent in both phase and amplitude

to the first approximation, in practice one cannot ex-

pect perfect coherence since one or the other of the sig-

nals may be perturbed by the medium through which

the signals are passing on their way from. the source to

the radiometer. In some cases the pham coherence is

almost totally destroyed and only the amplitudes of the

two signals retain any degree of correlation. In order

to use correlation techniques in this case, one must em-

ploy square-law envelope detection before the correla-

tion process, as is shown in Fig. 2. We distinguish be-

tween the two types of radiometers by calling the first

type (where the signals themselves are correlated) the

IF type, and the second type (where only the ampli-

tudes are correlated) the ENVELOPE type.
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Fig. l—Simple block diagram for the IF type of
correlation radiometer.
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Fig. 2—Simple block fliagram for the ENV type
of correlation radiometer.

The correlation radiometer has the same order of

sensitivity as the Dicke type. Some of the advantages

and disadvantages of the correlation type of radiometer

have been discussed by other authors [3], [11], [22]

and are tabulated below.
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Disadvantages of Correlation Radiometer

1) Because of the need for two identical receivers, the

correlation radiometer systems are necessarily more

complex.

2) Fluctuations in the gain or phase characteristics

of the receivers in the correlation radiometer will cause

greater output fluctuations than in the case of the Dicke

radiometer, where the temperature of the matched load

may be made almost the same as the apparent source

temperature to reduce the effects of gain fluctuations.

Also, phase shifts in the Dicke radiometer receiver have

little or no effect upon the output while, in the case of

the IF type of correlation radiometer, spurious phase

shifts in either one of the two receivers will seriously

degrade the performance of the radiometer,

.4 dvantages of Correlation Radiometer

1) The correlation radiometer requires no switching

scheme, as does the Dicke type. This is especially im-

portant at the shorter wavelengths where a microwave

or optical switch would be more complex and Iossy

than a similar switch at the longer microwave wave-

lengths,

2) The IF type of correlation radiometer is easily

adapted for use in an interferometer system. Using this

type of system, the steering of the antenna beam can

often be accomplished by means of phase-shift tech-

niques without the need for the mechanical movement

of the radiometer antenna.

3) The correlation radiometer (especially the ENV

type) can be used for the simultaneous observation of

two signals and the determination of the correlation

existing between them. For example, one can use the

ENV correlation technique in the anal>-sis of the scat-

tering or reflection characteristics of the moon (Fig. 3).

In this application one antenna would observe the sun

(antenna 1) and the second would observe the moon

(antenna 2). At certain wavelengths the reflected solar

signal from the moon might be quite weak as compared

with the background radiation of the moon, due to its

own temperature. If the Dicke type of system is em-

ployed, both the reflected and the background radiation

are chopped, and hence it would be quite difficult to

distinguish between the two types of radiation. How-

ever, in the correlation radiometer the reflected radia-

tion would be highly correlated (in amplitude) with the

direct radiation from the sun, while the background

radiation from the moon would not. Thus, the amount of

total radiation from the moon which is due to reflection

may be determined. It might be necessary, however, to

introduce a time delay in one of the receiver channels to

account for the path-length difference between the

direct path from the sun to the earth as compared to the

path from the sun to the earth via the moon,

March

Fig. 3—A proposed experiment to study the bistatic reflection from
the moon using a correlation radiometer.

In this paper, expressions for the SNR and the mini-

mum detectable temperature will be determined for

both the IF and ENV types of correlation radiometers

and these will be compared with similar equations for

the Dicke radiometer.

ANALYSIS OF THE CORRELATION RADIOMETER

The Receiver Signals

In order to evaluate the minimum detectable signal

in terms of the equivalent minimum detectable tempera-

ture increment (AT) or the minimum detectable tempera-

ture T~iD, one must evaluate the SN R at the output of

the radiometer system in terms of the SINR at the in-

put to the radiometer receivers. We first assume the

following:

1)

2)

3)

4)

Both the signal and noise possess Gaussian dis-

tributions with zero mean values.

Both functions are independent of other variables,

and they have the property of ergodicity and are

wide-sense stationary.

The signals at the receiver inputs are coherent and

each has a mean-square value JJ.j.

The noise signals at the receiver inputs are un-

correlated and each has a mean-square value i~j.

(The subscripts j= 1, 2 denote the channel or re-

ceiver.)

Basic Relations Pertaining to the Comelation of Two Sig-

nals

Referring to Fig. 1, the inputs at the correlator are

represented by 171(t)and tlz(t + 0), where O is the time

delay of channel 1 as compared to channel 2. The cor-

relator circuit consists of a multiplier followed by an

integrator circuit. The output of the multiplier has the

correlation function

4%(7,6’)= w(o) “ JJ’(t+T,#), (1)

where

W(i,e) = Ul(t) $Uz(t+d). (2)

(The overhead bar denotes a time average.)
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The portion of +~[r ,e) which is independent of T (i.e.,

fbm’(e)]dc) represents the desired signal power output and

the portion which is dependent upon T but has no dc

component represents the noise power output of the

multiplier circuit. The action of the integrator part of

the correlation serves to reduce this latter portion in the

correlator output, and in general, the longer the irrtegra-

tion time, the lower will be the r-dependent portion of

the correlator output as compared to the dc portion.

The output of the integrator can be found by convolving

the integrator input with its impulse response function.

Taking the ratio of the dc to the T-dependent portions

of the correlator output then gives the output power

SNR, which for O= O isl

:(7=0,6=0)

antennas is small, q ~ 1. We assume that the autocor-

relation function of both signal and noise after passing

through high-Q bandpass-type amplifier has the form

[24]

($, = +,6–-s{”1 COSCOOT, (6a)

where WO is the center frequency of the amplifier and

w and W. are the effective half-bandwidth of signal and

noise, respectively. The dc component of (1) is found

to be

If we assume that the transfer function clf the integrator

circuit is

where If(u) is the transfer function of the integrator cir-
where @L is the angular cut off frequency of the integra-

cuit. The sensitivity in terms of the minimum detecta- tor, then the output noise can be shown to have the

ble equivalent temperature is defined as that which
following correlation function at ~ = O:

would give a unity SNR at the output. An expression

for (AT) or Tmin will be derived later on,

The above has considered the IF type of correlation “0(0’) ‘;[’’”2{++(:.::-+ +;)

radiometer. Completely similar relations can be derived

for the ENV type if UI and Uz are replaced by YI and . C–2W’RCos 2UO0

YZ as shown in Fig. 2. }

Signal-to-Noise Ratio

IF type of corr~lator: Referring to Fig. 1, the input

signal to the correlator (i.e., the receiver output signal)

for each channel is given by

where Si(i) is the input signal voltage and n,(t) is the

equivalent receiver input noise voltage. A ~(~) is the gain

of receiver, which in the initial analysis will be taken as

constant (i.e., A,(,l = A o,). The following relations be-

tween the two input signals to the receiver are assumed:

S1(*) = s(t), (5a)

Sz(t) = ?&r(t+e), (5b)

where q is the amplitude factor and 0 is the relative

time delay of the channel 1 signal as compared to the

channel 2 signal. When the two antennas are looking at

the same source and the separation between the two

I Eq. (3) and many other equations presented in this paper are
derived in K. Fujimoto, “on the Correlation Radiometer Technique,
I I,” Antenna Lab., The Ohio State University, Columbus, Rept. No.
1093-I6; 1963,

(9

where terms above the second order have been omitted.

Thus the output power SN R can be written as (for

0=0)

()ACOIF
272+82 —

s

1

OJL
— —— —— —. (10)
N r %12!Js2+ 72+s$),1 + 4s4.2 -t +.1+,,2

where co, =wnl =AwIF/2 has been assumed (the I sub-

script refers to IF-type correlation, E will be used for

ENV type). From (4) and (5) we can find the SNR at

the correlator input to be

-fi-&
4.1

(11)
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for channel 1, and

s

1 1-
n2ds(7)s2(t)~2(t+T)

= Rin,2 =

~ in,2 (j-g o) ?22,,,?2’2(,+7, r-o 1h(r) 7-0
—. =GZRZ (12)

$.2

for channel 2. Using the above, it can be shown that the

SNR at the correlator output for the IF case then be-

comes

s

1=RI
%1

2Ri~,1, Ri~,z
——

(Ri~,l)(Ri~,z) + (1 + -Rin,l)(l + Ri~,2)
a (13a)

or

2?\2RlR2
R[ =

(n2R1R2) + (1+ RI)(1 + T2Rz) “a’

(131))

when expressed as a function of the input SIN R, where

CY=ACOIF/CLIL.

EN V type of correlator: The output power SNR for

this type of radiometer can be found by the use of the

above-developed equations where instead of Ri.ll and

Ri.,z we make use of two new quantities

+s2 (Rin,~)2 Rl~
R’i.,l = . – (14)

2$,$.1 + $nl~ (2Rin,~ + 1) = (2RI + 1)

and

74+.2 (R,n,2)’
R’in,2 = —

27?2+,+.2 + 4.22 (zKi.,2 + 1)

qdRz2
.

(2q2R, + 1)
(15)

to define the SNR at the correlator input in the ENV

type of system.z This leads to the following expression

for the SNR at the output of the correlator:

s

1 =R~
YE

2(Rin,l)2(~in,2)2
—

.8, (16a)
(~in,J2(Rin,J2 + (1 + Rin,l)’(1 + Rin.J2

or

2q4(RJ’(RJ’
RE = — ~,8, (16b)

q4RlzR’z + (1 + R1)2(1 + ~zRJ2

where ~ = AoJ,[/oJL (Aced is the bandwidth immediately

preceding the correlator). From the preceding, one can

see that R’in,j k always smaller than R,~,j and at most

R’ in,j = ~Rin,j(~ < 1). In other words, from the stand-

Z Eqs. (14) ancl (15) are the results obtained by the use of the
lkniting values of the autocorrelation functions p (T)max= 1 for signal
and noise voltages (envelope).

point of the SIN R, placing square-law detectors before

the multiplier causes a loss in the radiometer sensitivity,

especially in the case where the receiver input SNR is

much less than unity. Thus, the use of the ENV type

of correlation radiometer should be avoided except in

those cases where the IF type is not practical (i.e., where

there is no phase coherence between the incoming sig-

nals to the two receivers). The relatlon between R’i~ ,j

and Rj is shown in Fig. 4, and plots of Rr and RE vs RI

for various values of ?( < 1) are shown in Figs. 5 and 6,

respectively. These plots assume the condition that

$%1 =1/J~2, or RI= Rz. The solid lines in Figs. 4-6 show

the unity locus where the input and the output SNR’S

are equal. In the EN1r type of system the degradation

of the output SNR occurs more rapidly than it does in

the IF type of system, as the input SNR becomes

smaller. However, in either case, since a and P are usu-

ally much greater than unity, we find that one can ob-

tain a much greater output SNR than input SNR.

The Minimum Detectable Temperature Increment

The effect of the input sinal strength: If the output SAT R

is near unity (as, for example, when one or both of the

input SiVR’s are small), then it can be shown that the
. .

mmlmum detectable temperature T~in (which can be

detected by the system) is proportional to 4,, which is

the mean-square value of the receiver input signal.

If now it is assumed that the output SNR is large,

then (AT) represents the minimum incremental varia-

tion in the temperature of the source which can be de-

tected and replaces T~i. as the measure of sensitivity.

We define (AT) as the change in the apparent source

temperature which produces a change in the correlator

output equal to the rms fluctuations in the output noise

level. If we let .S be the output signal power of the

radiometer, then, in general,

S = c[T,T, (1F type), (17)

or

S = c~T1’Tz2 (ENV type), (18)

where CI and CE are constants. Differentiating (1 7) and

(18) and assuming that AT, = q2AT, and T,= ~2Tl, gives

AS/S = 2( ATl)/TI (1F type) (19)

or

AS/S = 4( ATl)/Tl (ENV type). (20)

But in view of our definition of (A T), the fluctuations

AS in the output must be equal to the noise power iV, so

that

A T1 = T1(AS)/& = TIN/$S, (21)

where ~ = 2 or 4 according to whether the IF type or the

EiW type of system is being considered. Here A T1 is

understood to be equal to (AT).
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Fig, 4—The correlator input SNR as a function of the
receiver input ShTR (for j = 1, qz = 1).
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Fig. S—The output SNR for the IF type of correlation radiometer as
a function of the receiver input SNR (a= 109.

Tables I and II show the minimum detectable tem-

perature or temperature increment for various cases of

large and small input SNR’S. Table I applies to the IF

system and Table I I to the ENV type of system.

The Effects of the Variation OJ Receiver Parameters lLpon

the Radiometer Sensitivity

Thus far only the ideal case has been considered where

the gain and phase characteristics of the receiver have

been assumed to remain constant. However, since any

change in the receiver characteristics will cause a subse-

quent variation in the output signal which cannot be dis-

tinguished from the variations caused by the input sig-

nal, such changes must be taken into account when cal-

culating the over-all sensitivity of the radiometer.

Gain jZtLctuations: Let the gain of the receiver be given

by

207

R, db

Fig. 6—The output SNR for the ENV type of correlation radiometer
as a function of the receiver input SNFi (P= 103).

A3(~) = AOj + A-~j(t), (22)

where A.4 ~(t) is the small variation in the receiver gain,

Then in the IF system the input to the correlator be-

comes

~,(~) = .~oj(l + AAj(t)/Aoj)(sJ (t) ‘+ ftj(t]). (23)

Carrying through the development as before, we find

that the power SIN R at the input to the correlator is

now

where *81 =$., @,z = q2$., aJ ‘~Aj/A 0j2, AA = O, r = O, and

+A, is the mean-squared value of the gain fluctuations.

The subscript f indicates that the gain fluctuation effects

are included. Using (24) we find the expression for the

ouptut SNR in the case of the IF type of system to be
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TABLE I

IF TYPE*

T m ,11 or AT RemarksSNR,.P.,

RI >>1

7ZR2 >>1

s
1XI >>11

2
—a
3

2

F,To s-1<1
NI

s
1%1

>>1

s
1

<1
%1

s
151

>>1

Zrx

2r7zRm

3

T“

2C+

RI <<1

7ZR* <<1
4

* (a) T.,= Tnz= T. and F,, = F,,= F. have been assumed, unless otherwise indicated. (b) Tfii = F., To.

TABLE II

ENV TYPE*

Tm m or AT
1

RemarksSNR.u,.ut

_.—

1

2

TI s
G -1

>>1
NE

s
-1

<1
NE

----__ --,----
Tn, s
8(374 -1NE

>>1

3

42. F<,

db
.—————____________

s
1

— <1
N X–

----___ -,---

4

* (a) T., = T., = T. and F.,= Fe, = F, have been assumed, unless otherwise indicated. (b) T“j = F,, T,.
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s
—1K f,r

2( Rin,J(~in,J
——

—., (25)

(Rin,l)(~in,~) + (~in,I + l)(~,n,~ + 1)(1+ rI)

where 171+ al +a~ +alaz. For the case where the T1nin is

limited by [S/N] I = 1, and both R,n,l and Rin,2 are

much less than unity, we find that

where T. is defined in Tables I and 11.

For the case on the EAT17 type of system, the SN R

at the correlator input is given by

nal itself will not introduce any errors in the output,

since all of this phase information is lost in the square-

law detector anyhow. However, any shift in the phase

of the signal envelope will cause output errors.

Consider that a phase or time fluctuation, Xo, is intro-

duced into channel 2 just prior to the correlator. Then

UI = u,(t), (30)

L’, = U,(!t + 0,+ w), (31)

where 0, is the mean value of the channel 2 phase shift

and w is the variation in the phase shift. If it can be

assumed that w has a Gaussian distribution, then the

output autocorrelation function of the cm-relator is ex-

pressed as

(Rin,j)2
—— (27b)

2(Rin,j) + 1 + bJ(Rin,j + 1)’ ‘

where b] = 8$.kj/.4 0,2, when r = O. We then find that the

output SNR, taking gain variations into account, is

given by

s 1I f,lj

2( Rin,1)’(Rin,,)2

—/3, (28)
‘(Ri.,J’(~iD,2) 2+(Rin,~+l)2(Rin, z+l)2(l+r~)

where TJ3 + bl+bz+blbz. For the case when the ~’miu is

limited by [s/N]~ = 1,

From the above it may be seen that if the same re-

ceivers are used in the IF and ENIT systems, then the

ENV system would have somewhat larger apparent

variations in T~in due to gain variations than would the

IF type of system. This occurs since rE+ 8rI and

(~~)-i > (2a)-~. In the case of the unity output SNR,

the above sho~vs that gain fluctuations are not very

important. In the case of a large signal input, a variation

in the output which is proportional to the input signal is

observed. Thus, in this case the gain fluctuations be-

come very important in the correlation radiometer,

since unlike the Dicke radiometer there is no matched

load which may be adjusted in temperature to minimize

the effects of the receiver gain variations.

The effects of y~ceivev phase shiJt variations: In the IF
type of system, phase fluctuations in the receivers would

introduce errors into the output signal, since any varia-

tions in the phase characteristics of either one or the

other of the receivers would cause at least some inco-

herence between the two receiver outputs. This degrada-

tion of the coherence may be treated as a noise source.

In the ENV system, the phase shift of the received sig-

where ( ) denotes the ensemble average over .Kd, and

P(x~) is the probability distribution of x% which is ex-

pressed by

where u~~ = the variance of x8. Usually .x6 is assumed to

have the properties of stationarity and ergodicity.

the above, one can obtain (see .Appendix I)

~1 = q’lJ*~(l – ua%o~)
—..——

Using

(34)

for the output SNR. Here F($,, ~~,) stands for the de-

nominator of the expression in (10).

From the above it can be seen that ‘if U8 is large, con-

siderable degradation of the SNR will result from the

increase in the noise level and the simultaneous decrease

in the signal level. If a6%.002approaches unity, the SNR

would fall to a very small value. Thus, for a good SNTR,

Ug should be much less than li’uo.

COMPARISON WITH THE DICKE R.ADtUMETER

The special characteristics of the correlation radiom-

eter, both favorable and unfavorable in comparison with

the Dicke radiometer, have been discussed qualitatively

in the Introduction. Some of the characteristics of the

correlation-type radiometer will now be compared with

those of the Dicke radiometer on a quantitative basis.

In the case where the input signals to both channels

of the correlation radiometer are small as compared to

the noise signals in each channel, the minimum de-

tectable temperature of the IF type of correlation radi-
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ometer can be shown to be (when the gain fluctuations

are included)

[( 1 2 #Aj
T1.in]~I = KI 2

da
1+—~— 1) (35)

2 j=~ AOj2 ‘

where KI is a constant. In the following, D will denote

the Dicke radiometer, 1 the IF type radiometer, and E

the ENV type radiometer. The sensitivity of the Dicke

radiometer is given by

T1nin]~D = KD

[ 1~+; (ATA+T,), (36)

where KD is another constant, T,, is the equivalent sys-

tem noise temperature, AG/GO is the gain fluctuation

factor, GO is the mean value of the gain, A TA is the tem-

perature difference between the source and the load

temperatures and T. is the noise temperature of the

source. It can be seen that the first terms in (35) and

(36) can be regarded as being similar terms. The second

terms are also comparable, since the term

may correspond to AG/GO, and the terms TJd~ and

(AT~ + T,) can be considered to be more or less equiva-

lent. As was shown in the preceding sections, the ENV

type of radiometer had a poorer sensitivity y than the IF

type of radiometer. It can be shown that the ENTV type

of system is poorer than the IF type of system by a fac-

tor of (2)-*(a)-*(~) ~.

In the case where one or the other of the signal inputs

is no longer small, e.g., R1>>I>>~zRz, it can be shown

that the minimum detectable temperatures for the case

where the output SNR>>l is

T.
ATI = — (IF type) (Tn = F,To), (37)

k?p

j7~2

ATE = — (ENV type) (Tn = F,To), (38)
8B74

which shows that the sensitivity depends upon T. and q.

If we compare the sensitivity of the above systems

with a Dicke system looking at the larger source, we

find that for the Dicke system

T1
ATD=KD— J (39)

a!

where F. is the equivalent noise figure of the receivers

in all cases, and TO is the standard temperature (com-

monly taken to be 290”K). The latter relation can be

derived from the equation for the output SNR in Gold-

stein’s paper [3]. Comparing the above, it is seen that

the correlation radiometer would have a lower sensitiv-

ity than the Dicke radiometer because (q2T1/Tfi) <1.

For the case where the output SNR is close to unity,

T~i. is given by

F,To
Tmin][ = _ (IF type),

2a
(40)

F6T0
Tmin]B = ~ (ENV type).

@
(41)

Since the sensitivity in the Dicke case is expressed by

F,TO
Tmin]D = K~ _

4; ‘
(42)

we see that the I F type of radiometer would be more

sensitive than the Dicke radiometer, in this case, by a

factor of ~~, while the EIW type of radiometer would

have a sensitivity on the same order of magnitude as the

Dicke radiometer except for factor of order unity due to

the constant term.

CONCLUSIONS

The two basic types of correlation radiometer, the IF

type and the envelope-detection type (ENV type), have

been discussed and compared. The SNR at the output

and the minimum detectable temperature increments

have been expressed in terms of the SNR’S at the in-

puts. These results have shown that the IF type of

radiometer is superior to the ENV type of system in

terms of the sensitivity, and should be used except where

the phase information of the two input signals is uncor-

related. The effects of gain fluctuations upon the mini-

mum detectable temperature have been compared for

the IF, the ENV and the Dicke types of systems in the

weak-signal case. It was found that the IF and the

Dicke systems gave comparable results, but the effect

of gain fluctuations in the EIW type of system was

worse than in the IF type of system. It was also shown

that phase fluctuations in the receivers could result in

large degradations in the system sensitivity.

The most useful applications of the correlation-type

radiometers would be in the millimeter or submillimeter

wavelength regions, where the elimination of the micro-

wave switch which is used in the Dicke system is the

main advantage which the correlation radiometer can

claim; in interferometer systems (IF type) ; and for the

studying of the correlation (ENV type of system) be-

tween the signals received from two different sources,

such as the sun and the moon.

APPENDIX I

EVALLTATION OF THE EFFECTS OF THE RECEIVER

PHASE FLLTCTUATIONS

Starting with the expressions for the inputs to the cor-

relator

u,(t) = s(t) + n,(t), (43)

u?(t) = qs(t + $ + a%) + ?@ + o + X6), (44)
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the correlation function of the correlator output is

found to be

f{4%= [T’ 4s2(0 + w) + 4s2(7)

+ @.s(@+ ~ + ~o)+,(o + ZO – r)} + I$6(T)I#Jn2(T)

+ J?c#s(T)hI(T) + 4n1(7)4n2(7)j~($8)~~00 (45)

Expanding the above in a Taylor Series about O= 0,, the

following relations are obtained for the ~-independent

terms and the r-dependent terms, respectively:

@j.zc-AoI~~ [cosz C@ — @20J(IzCOS 2@00] , (46)

“[AOJIF

1—(1–e-2wLd)+1E-A”1170COS 2wof3. (47)
tiz

For the case of O = O this leads to the following relation

for the output SNR:

s

1
?~$,z(l – UF(A02)

—_ —.— — . (48)
71 wLA(JI~

F*. >+.,) ~F + IS02~2#S2 ~

(In the above calculations it has been assumed that

w,, =anl =mn2 =AurF/2<<uo, and the terms above the

second order have been omitted.)

.4 PP13NDIX II

GLOSSARY OF SYMBOLS

SJ= input signal voltage

n, = input noise voltage

*., = mean-square value of input signal voltage

*., = mean-square value of input noise voltage

U,= voltage input to the cm-relator (1F system)

t=time

O= time delay

WC,) = output voltage of multiplier (IF system)

r, ~’ = autocorrelation and convolution time factor

~,,, (T, 0) = autocorrelation function of W~,J

+o(~, 0)= autocorrelation function of IV(,) after being

put through a low-pass filter

~(.) = transfer function of the low-pass filter

co= angular frequency

S/lV = power SN R at correlator output

(AT) = minimum detectable source temperature

change

T~in = minimum detectable source temperature

Yj = input voltage to correlator (EINV system)

.4 j(f) = voltage gain of microwave receiver

A Oj= mean voltage gain of microwave receiver

A.4 j[~l = variation in the voltage gain of microwave

receiver

*AI = mean-squared value of receiver gain fluctua-

tions

q = amplitude ratio between Sk and Sz

co,, u,, = effective $ bandwidth of signal and noise,

respectively

u~ = cutoff frequency of low-pass filter (inte-

grator)

Aw~ = bandwidth immediately preceding correla-

tor (ENV system)

CJO= IF amplifier center frequency

AtiI~ = IF amplifier bandwidth

Rin,j = power SNR at correlator input (IF system)

Ri = effective power SNR at receiver input

R1,B = power SNR at output

~ = AWI ~/~ ~

p = &Jd/u.

R’ in, $ = power SN R at correlator input (ENV sys-

tem)

cl, CB = arbitrary constants

S= squared value of correlator dc output

~ = 2 (IF systems)

=4 (ENV systems)

~I%~l+a2+al~2 where a, ‘iAJ/(.~oj)’

rE % bl+bj+blbj where bj = 8~A,/(.Zl o,)’

0,= mean value of O

xd = variation in b’

P(w) = probability distribution of w

utJ = standard deviation of xo abcfu t 8,

K1, KD = constants taking into account recorder noise,

reading error, etc.

T.= effective receiver noise temperature

A TA = difference between source and load tenl-

peratures (Dicke system)

T,, = source temperature (Dicke system)

AG = gain variation (Dicke system)

Go= mean gain (Dicke system)

F,= equivalent receiver noise figure

Subscripts:

j = refers to channel (1 or 2)

1 = refers to 1F system

E = refers to ENV system

D = refers to Dicke system

in = refers to correlator input

f= means that amplifier fluctuation factor is in-

cluded
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Some Aspects of Beam Waveguides for Long Distance

Transmission at Optical Frequencies

G. GOUBAU, FELLOW, IEEE, AND J. R. CHRISTIAN,

Summary—Two types of beam waveguides are discussed in this

paper, the iris-type and the lens-type. Both appear applicable to

guided long distance transmission of light with theoretical losses of

less than 1 db/km. However, there are problems concerning their

practicability which require experimental investigation. Such prob-

lems are the alignment of the irises or the lenses, the effects of

turbulence and stratification of air along the light path, and the re-

quired tolerance in the construction of the lenses. Since the lens-

type guide offers a simple possibility for compensating misalign-

ments, an experimental waveguide of this type has been constructed,

having a length of approximately 1 km and comprising 10 iterations.

The light path is enclosed by a 4 inch aluminum pipe which is sup-

ported within a 6 inch aluminum pipe. The first series of experiments
which is reported in this paper indicated that there are no serious
alignment problems. However, it was found that the effects of

turbulence and air stratification are usually very severe and it ap-

pears necessary to provide an evacuated light path to obtain constant

transmission conditions. It was also found that the available lenses

add considerably higher iteration loss than expected. This increased

loss was primarily caused by inadequate surface coating. A theoret-

ical study of beam propagation in a misaligned lens-type guide is

included in the Appendix.
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INTRODUCTION

w

ITH THE RECEiVT development of the opti-

\, cal maser (laser), an extremely large frequency

range has been made available to communica-

tions. Unfortunately, the utilization of this frequency

range is seriously hampered by the vulnerability of light

propagation through the atmosphere not only by fog,

rain or snow, but also by turbulence. An obvious way

to overcome this difficulty is to provide a protected light

path. Efficient long-distance transmission would, how-

ever, not result if the light beam were simply passed

through an ordinary pipe. Although it is possible to

produce coherent optical beams of extremely small di-

vergence, it would be quite expensive to provide pipe-

lines which were so straight that the beam would not

hit the wall within a distance of a few hundred meters.

Reflections on the wall of the pipe would not only cause

substantial transmission loss, but also severe delay dis-

tortions. Eaglesfield [1] discusses the possibility of

transmitting light through a pipe of precision bore

whose inner surface has a mirror finish. In this case,

light is propagated by multiple internal reflections. Al-

though the theoretical loss is quite small, there are in-


