A reprint from

hgineering

ISSN 0036-1860
THE JOURNAL OF THE SOCIETY OF PHOTO-OPTICAL INSTRUMENTATION ENGINEERS

© 1978 by the Society of Photo-Optical Instrumentation Engineers
Box 10, Bellingham, Washington 98225 USA. Telephone 206/676-3290

HETERODYNE CORRELATION RADIOMETRY

Malvin Carl Teich

Columbia Radiation Laboratory
Columbia University
New York, New York 10027



Heterodyne Correlation Radiometry

Malvin Carl Teich

Columbia Radiation Laboratory
Columbia University
New York, New York 10027

Abstract

A heterodyne correlation radiometer is considered for the sensi-
tive detection of radiating species whose Doppler shift is known,
but whose presence we wish to affirm. Such radiation (which
may be actively induced) can arise, for example, from remote
molecular emitters, impurities and pollutants, trace minerals,
chemical agents, or a general multiline source. A radiating sam-
ple of the species to be detected is physically made a part of the
laboratory receiver, and serves as a kind of frequency-domain
template with which the remote radiation is correlated, after
heterodyne detection. The system is expected to be especially
useful for the detection of sources whose radiated energy is
distributed over a large number of lines, with frequencies that
are not necessarily known. Requirements for local oscillator
stability and tunability are less stringent than in the conven-
tional heterodyne system and the use of a multiline local oscilla-
tor may be advantageous. It is shown that the minimum detec-
table power is expressible in a form similar to that for conven-
tional heterodyning (for both quantum-noise-limited and John-
son-noise-limited detectors). The notable distinction is that the
performance of the proposed system improves with increasing
density of detected remotely radiating signal lines and increasing
radiation power from the local sample. Performance degradation
due to undesired impurity radiation is considered and shown to
be tolerable in most cases. The technique should be applicable
over a broad frequency range from the microwave to the opti-
cal, with its most likely use in the infrared.

I. Introduction

In a recent series of papers, three-frequency nonlinear hetero-
dyne detection has been shown to be a useful technique for the
acquisition of weak communications and radar signals in the
presence of substantial Doppler shift.! ** The same concept has
also been considered in the context of a multiple-frequency
passive configuration, for the selective heterodyne detection of
radiation from known remote species moving with unknown vel-
ocities.® S Basically, the system uses a nonlinear element to pro-
vide an output signal near a predetermined difference frequency
f., which is independent of the Doppler shift of the received
signals. The quantity f, may be the frequency difference be-
tween two transmitter modes,! ™6 or the rest difference fre-
quency between two waves emitted from a remotely radiating
molecule.* * The signal-to-noise ratio (SNR) obtainable with the
nonlinear heterodyne system can be substantially higher than
that obtainable with a conventional heterodyne system by vir-
tue of the (often considerable) decrease in receiver bandwidth
that is possible and the relatively small amount of receiver noise
introduced by the nonlinear element.
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In this paper, we consider the use of the same principle in an
altered configuration,’ to sensitively detect the signature of a
(molecular) species whose Doppler feature is known, but whose
presence we wish to affirm. A radiating sample of the species to
be detected is physically made a part of the laboratory receiver,
and serves as a kind of frequency-domain template with which
the remote radiation is correlated, after heterodyne detection.
The system will be especially useful for the detection of mole-
cules whose radiated energy is distributed over a large number
of lines, with frequencies that are not necessarily known. Ex-
amples include the radiation from complex molecules at submil-
limeter wavelengths and molecular radiation in the infrared and
optical. We observe that remote conventional heterodyne radi-
ometry and spectroscopy have recently begun to find use at
these higher frequencies.s “12 Detailed studies of the sensitivity
limits of a real infrared heterodyne spectrometer for astrophys-
ical use have been carried out by Abbas et al.'? and by de
Graauw.!® De Graauw also provides an interesting comparison
between heterodyne spectrometry and other available methods.
Indeed, attention has recently been drawn to a number of multi-
plexing or correlation techniques useful for increasing the detec-
tability of a weak signal, including Fourier-transform spectrom-
etry,'? gas-cell correlation spectrometry,!® and Fabry-Perot in-
terferometry for periodic rotational Raman spectra.16 The sys-
tem described here provides the advantages of heterodyning in
conjunction with correlation.

I1. System Configuration

A block diagram of the remote-detection version of the pro-
posed system is illustrated in Figure 1. The remotely radiating
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Figure 1. Block diagram for the heterodyne correlation radiometer.
Dotted tines represent radiation signals, solid lines with arrows represent
electrical signals, and dashed lines enclose one version of a Dicke radiom-
eter that can be added to the system if required.
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source emits electromagnetic radiation at a series J of rest signal
frequencies f; (j integer). Also present in the same source are
other undesired species (impurities), emitting radiation at the
series K of rest frequencies f) (k integer). The f; radiation, as
well as the f) radiation, will in general be Doppler shifted due to
the mass motion (Doppler feature) of the source, and will arrive
at the receiving station with frequencies fi and f}, respectively.
These series are referred to as J' and K’. Assuming that the vel-
ocity of the cloud is much smaller than the speed of light c,
the nonrelativistic Doppler formula provides

fJf=fj(1 ty)/c) (la)
and
fie = fil(L £ v/e) (Ib)

where vy is the radial component of the over-all velocity vector
V' (see Figure 1). Individual lines will also be broadened, in gen-
eral, due to the constituent particle velocity spectrum.

The received remote radiation is then combined with the
radiation from a local sample of the species to be detected,
which is at rest in the laboratory frame and therefore emits at
frequencies f;. The three series of frequencies (f f;, and fk) are
mixed in a heterodyne detector with a strong, coherent and
polarized local oscillator (LO) signal at frequency fy to produce
three series of strong electrical beat signals at If; - fl, g -
f.!, and lfk f1 1, along with a dc component that is blockéd.
This is shown schematically in‘Figure 2. Signals at Ifi - le
lfj - fi !, and If; - fi !, arising without benefit of the LO, are
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Figure 2. Schematic representation of frequency mixing in the hetero-
dyne correlation radiometer. The cross-hatched areas represent individual
line contributions (from line pairs j) to the over-all detected signal power.
The technique is most useful for detecting species whose radiated energy
is distributed over a large number of lines. Note that the frequencies f;
and f| need not be known whereas the Doppler shift frequency [ f; f Iis
assumed to be known a priori. The local oscillator may be muI{Imode,
non-stabilized, and non-tunable.

weak and may be neglected. In the infrared and optical, opti-
mum mixing requires coincident, plane, parallel, and polarized
waves normally incident on the photodetector;!” thus spatial
first-order coherence is required over the detector aperture.'® ~
As shown in Figure 1, the ac output of the heterodyne mixer
must then be coupled, through a filter of bandwidth Af, to a
nonlinear (memoryless) device. Provided that the bandwidth Af
encompasses several lines produced by the species to be de-
tected, its value is not critical as we shall see shortly. The non-
linear device, which is assumed to have a response over Af, then
generates a component of power at the Doppler shift frequency

lfj' -fjl = (/o) (2)

for each j when both [fj -f1 ! and! fj - f1 | pass through Af. Con-

tributions from individual values of j are shown as the cross-
hatched areas in Figure 2. The greater the number n of these
line pairs that pass through the filter, the greater the power gen-
erated at the Doppler shift frequency. It is also evident from
Figure 2 that a multimode LO (indicated by 3 LO lines in our
schematic) may increase the frequency range over which mixing
occurs thereby increasing the likelihood that several lines are
detected from the desired species.

Prevrous embodrments of the nonlinear heterodyne detection
technique!’ 2 assumed that the Doppler shift (represented by v”)
was unknown within broad limits, but that the difference fre-
quency f. was known a priori to high accuracy. In the present
circumstance, we assume that the radiated line frequencies are
unknown but that the Doppler shift (v|}) is known a priori, at
least to good approximation (see Figure 2). As previously,' ™
the nonlinear device output is independent of LO frequency and
amplitude fluctuations, within broad limits. (A careful choice
of the LO frequency will often be useful, however.) A narrow-
band filter centered at [f] - f I and of bandwrdth B, placed after
the nonlinear device, achreves a low noise bandwrdth (see Figure
1). Only the heterodyne mixer and the nonlinear device need
have high-frequency response in many instances. Thus, ampli-
fiers and other detection apparatus following the nonlinear
device, though omitted in the block diagram for simplicity, pro-
cess electrical signals at (usually) moderate frequencies, which
provides ease of matching as well as good receiver noise figure.
This, in turn, decreases the LO power necessary for optimum
coherent detection.!? 2! The effects of accidental contributions
at Ifi - f:1 arising from the K' series can generally be neglected,
as will be seen later.

If warranted, the output of the narrow band{;ass filter may
be fed into a standard Dicke radiometer®? 2% ° 713 (dashed box
in Figure 1) consisting of a (third) detector, a phase-sensitive
(synchronous) detector, and an integrator with time constant
7. Although we specify that the third detector is square-law in
Figure 1, its characteristic is not critical and, in fact, a linear
detector will often provide the cleanest signal. The modulation
may be obtained from a chopper as indicated in Figure 1,
though in some circumstances it might be advantageous to
switch the frequency of the narrow bandpass filter instead of
the remote radiation (for baseline elimination). The use of a
Dicke radiometer will generally provide improvement in the
SNR and has been coupled with conventional infrared hetero-
dyne systems in a number of instances.® *® It may also be ad-
vantageous to use a balanced mixer in this configuration.®

II1. Calculation of the Ideal SNR

The SNR at the output (o) of the heterodyne correlation ra-
diometer (SNR), is given by [see Egs. (45) and (77) of Ref. 2,

Part 1, and Eq. (4) of Ref. 5}
(SNR),, = pk(SNR)? /[1+2(SNR);] (3)

assuming the use of a coherent LO that produces no excess
noise, a bandpass filter close to low-pass (Af~f};), and a square-
law nonlinear device (for which it is easy to carry out the calcu-
lation). Here (SNR); represents the SNR at the input (i) to the
square-law device (see Figure 1) and will often be << 1. For the
particular cases examined previously, 5 the constant p is
bounded by 1 < p < 2 for LO frequencies such that f] < f f or
fr, > fi,f:, which is the usual situation. Only in certain specral
cases does p exceed 2.3

For the multiple- fre(}uency nonlinear heterodyne configura-
tions considered earlier,’ = the quantity x was shown to depend
on the magnitude and on the statistical and spectral nature of
the received radiation, as well as on the widths of the two band-
pass filters. Calculations for k have been carried out for the het-
erodyne correlation radiometer considered here (see Appendix
A of Ref. 7), and the results turn out to be similar to those ob-
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tained previously [see Eq. (5) of Ref. 5]. A number of specific
cases are of interest: sinusoidal signals (s), independent Gaussian
signals with Gaussian spectra (g), and independent Gaussian
signals with Lorentzian spectra (£). The Gaussian case is particu-
larly important since radiation from astronomical sources is
generally Gaussian.”® For these cases, K is given by (see Appen-
dix A of Ref. 7)

n
3 Ajf2 Aj2
~ fu =1 (42)
T B n m ’
{z [A? +AF]1+ T A2
=1 k=1
n r
¢ z (vPj) (vBy)
u j=1
ng n m
ey | ¢ [YP{+ 7Pl + I yPi)?
=1 k=1
V& )
o | 28B/VEy)-1 (4b)
(B/V8 )
and
n
T D!D:
~ fy j=1 1
ke 2 n m
{=z [Dj+Djl + X Di}?
=1 k=1
“1,. -1 L (R2/4T237 -1
o [ 7 tan{2B/D) [4- (B2 /412 ) o

B/2I'

Here, Aj (Af,Ai() represents the amplitude of the fjth (fjth,
fith) line in" the sinusoidal case, P; (Pj,P}) represents the peak
value of the Gaussian spectral distribu%ion, and v is its standard
deviation, whereas Dj (Dj,Di() and I' represent the height and
width of the Lorenfzian spectrum, respectively. The index j
ranges from 1 through n, representing the n line pairs permitted
through the bandpass filter Af = fy, after mixing with the LO.
Similarly, k ranges from 1 through m. The quantity ® is the
error function. It has been assumed for simplicity that all spec-
tral widths are identical, i.e., 7j =vj= 7j+1 =7j+1 =Yk =7 and
Fj = Fj = Fj+1 =T = I = T} similar but more complex
expressions are obtained when this is not the case.

For quantum-noise-limited detectors such as photoemitters
and reverse-biased photodiodes operating in the infrared and
optical, assuming that the incident radiation and the coherent
LO are plane parallel waves with the same axis of polarization,
the ideal input SNR to the nonlinear device is 18 2126

(SNR); = NP /hvf, hv >> kT. (5)
Here 7 is the detector quantum efficiency, hv is the photon
energy, kT is the thermal excitation energy (k is Boltzmann’s

constant and T is the detector temperature), and P, is defined
as the total received signal radiation power, i.e.,

n , m 4 ,
Py = j_El (Poj +Pgjl + =, Poxe (6)

The symbol POj represents the power in the jth line; thus for the
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sinusoidal case POj =1 A? for the Gaussian/Gaussian case Py; =
or YP;, and for the Gaussian/Lorentzian case POj = 7D.. F]or
photovoltaic detectors (e.g., HgCdTe or PbSnTe) and photocon-
ductive detectors (e.g., Ge:Cu or Ge:Au), the input SNR is gen-
erally one-half that given in Eq. (59) as a result of additional gen-
eration-recombination (g-r) noise.!® ~

Heterodyne detectors in the microwave and millimeter-wave
regions (hv << kT) include square-law mixers such as the crystal
diode detector,”” the InSb photoconductive detector,?® =30 the
Golay cell,”® the pyroelectric detector,?” the metal-oxide-metal
diode, and the bolometer.? The latter three types of detectors
have also been used successfully in the middle infrared (at 10.6
;1m).31 -3 of particular interest in the millimeter and far-infra-
red regions are the low-noise fast Schottky-barrier diodes re-
cently used in a number of experiments for astronomical ob-
servations.>® 3536 For this type of detector Johnson noise gen-
erally predominates, and the input SNR is given by

(SNR); = P /KTFf,
=P /kTef, . (7

For simplicity, we have lumped a number of detector param-
eters and operating conditions in the receiver noise figure Fr
and in the receiver effective temperature Teft-

Thus, the output SNR is obtained by choosing a value of 0
and combining Egs. (3)7). A number of further simplifying
assumptions are possible, however, and we consider these in the
next section.

IV. Further Approximations for the SNR and the MDP

We now consider the plausible case where each and every locally
produced line fj, and its corresponding detected signal line fJ
maintain a constant power ratio defined as ¢. Thus,

S =AFIAP =A% AR (82)

$(&) = VP /yP = Py /7P, (8b)
and

{(9) =Dy/Dj = Di+1/Dj+p (8c)

so that the expressions in large square brackets in Eq. (4) become
r n
' 2
¢ Z P
=1

n

{a+ =

m }2
Phi+ = Plk
j 0j k=1 0

1
s,gf L

I . 1 [f_}
{1+ Py + mPy )2 noL )

_ 2
72 "
Py 1 mPy

1+ ——— =
P_bz (1+5) nPg

x

)

Here, P(y and sz represent the mean and mean-squared signal
line power detected, respectively, and Pb represents the mean
impurity line power detected. For a single signal line (n=1) and
no impurity radiation (m=0), Eq. (9) reduces to {(1+¢) 2 which,
for {=1, is equal to 1/4. This result is the same as that provided
by Eq. (9) of Ref. 5 as it should be.

Inasmuch as the quantities in large round parentheses in Eqgs.
(4b) and (4c) are of order unity for B S v(I), it is the larger of
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B and y(I") which limits ¥ and therefore the SNR in the Gaus-
sian signal case. For instance, inspection of Eq. (4b) shows that
for very large v the numerator of the fraction in large round
parentheses becomes small whereas very large B yields a large
denominator. Either effect clearly reduces k. As an example for
the Gaussian spectrum case with B = V8 v, [2®(1)-1] = 0.68
whereas for the Lorentzian spectrum case with B = 4(JV2 - ==
1.66T", o tan™! 1 = 1/4. Thus the SNRs for the Gaussian and
Lorentzian cases are reduced below that for the sinewave case
(delta-function spectrum) for the same bandwidth B. This is
understood to arise from the fact that some signal is being ex-
cluded in the Gaussian and Lorentzian cases in comparison with
the delta-function case, but the noise is approximately the same.
For fixed y(I"), the best SNR for the Gaussian and Lorentzian
cases is obtained as B = 0, since the noise decreases faster than
the signal, as B decreases, assuming that all of the center fre-
quencies Ifj-fjl precisely coincide. In actuality, however, the
¢ bt P
center frequeéncies are spread over the range (v“/c)lfn-fll,\,
(v[{/c)f , and it is therefore not generally helpful to decrease B
below this value. Small B does, however, provide a minor advan-
tage in minimizing false signals from the K series, as we will see
later.

For B >> Y(I), essentially all of the signal is included, and
the results reduce to those obtained in the sinewave case. All
other things being equal, then, these considerations dictate
choosing lines for which the (Doppler) widths and, less impor-
tantly, the bandpass fy are minimized. Nevertheless, f;; should
be sufficiently large to insure that several line pairs will be
passed through the bandpass filter so that W and Pb will in-
deed benefit from the indicated averaging. Large f,, further-
more, provides small (SNR); and a simple expression for (SNR),,,
as discussed in Section V. As we will see shortly, system perfor-
mance in fact depends on the quantity f,;/n rather than on fy
directly, so that the value chosen for f, is reasonably arbitrary
for a relatively dense population of lines.

The total received radiation power expressed in Eq. (6) may
also be rewritten in terms of the ratio { to provide

mPj
0 (10)
nPb

= A 1
P, = (1+{)nP (1+» 15

For clarity, we now provide an explicit expression for (SNR),
in the case of a Gaussian/Gaussian signal with the conditions
and approximations expressed above. We conservatively choose
p = 1 and consider a quantum-noise-limited detector. Using
Egs. (3), (4b), (5), (8b),(9), and (10), we obtain

n? §’n§b_2 V&Yt h?v?
(SNR)o > M(1+5)nPy . mPy
I+ | —— | {1+ ==
hof, (1% npp
JBy) -
X(}ﬂw) , an
(B/V8Y)

Further simplification occurs for the usual case when B <y,
whereupon the quantity in large round parentheses. above is
about 4/5. Finally, we make the assumption that (SNR); << 1,
implying that signal-by-noise (s X n) terms are small in compari-
son with noise-by-noise (n X n) terms. This is a reasonable
assumption for weak signals and for calculations of the mini-
mum detectable power (MDP), and has the effect of making
the denominator of Eq. (3) equal to unity. Incorporating these
additional approximations in Eq. (11) provides the much simpli-
fied expression

I ¢nPy?

SNR), =
(SNRJo 5yf,h?v?

(12)

The minimum detectable rms line power (MDP),,, at the out-
put of the system, is obtained by setting (SNR), = 1 in Eq. (1 2)
and solving for [P 172. This yields

h 5’)’f %
o, 22 (2 )

for quantum-noise-limited detection. Similarly, using Eq. (7
for Johnson-noise-limited detection in place of Eq. (5), we obtain

5yf, \ %
(MDP)o > KTegy \—— ~ o : (13b)

The substantive difference between Egs. (13a) and (13b) here
and Eqgs. (13a) and (13b) of Ref. 5 lies in the presence of the
factor ¢{n;system detectability is seen to improve with increasing
¢ and increasing n in the bandpass f,;. Of course, lines are
counted only if both the remote and local samples contribute
at a particular frequency. Defining f = f;/n as the mean fre-
quency interval between signal lines in the species whose pres-
ence we wish to affirm, and ¥ as the average linewidth, Eq. (13)
may be rewritten as

(MDP), = 2 hTV yilc (14a)

for quantum-noise-limited detection, and as

(MDP), = 2kTegp | Y/C (14b)

for Johnson-noise-limited detection. For simplicity, we have
taken (5/V2)"2 = 1.8803 = 2 in Eq. (14). This expression repre-
sents the minimum average line radiation power required to be
received for definitive detection. It indicates that small ¥ and
f, and large ¢ are desired, and that f rather than f, is the impor-
tant parameter, as indicated earlier. Thus, it will be easiest to
detect a substance whose spectrum consists of a dense series of
narrow lines that can also be made to radiate high power locally.
For B >> 7, 2772 must be replaced by B% in Eq. (14). We recall
that it is not generally helpful to decrease B below (v”/c)fu,
which is the center frequency spread. In a real system, further-
more, the sensitivity will be degraded below the ideal limits
set forth above.!?

V. Correction Factors for Impurity Species

The deleterious effect of the impurity frequency series K on
the SNR and MDP arises from both the s X s (signal-by-signal)
and the s X n contributions to the output power spectral den-
sity. The calculation for the latter is straightforward and has
been included in Eq. (3), through the factor [1+2(SNR);] in
the denominator. For small values of (SNR);, it is intuitively
clear that the n X n contributions outweigh the s X n contri-
butions, and the approximation following Eq. (11) suffices. The
s X s contribution, on the other hand, arises from two distinct
effects. The first represents the accidental occurrence of an fi(
line in a band of width B about an f; or an fjf line thereby mixing
with this companion signal line to provide a false s X s compon-
ent (see Figure 2).

If we assume that both the fj and the fi( lines are Poisson
distributed in frequency, with rate parameters a and b respec-
tively, an order-of-magnitude estimate for the average power
in the s X_s component due to this effect is proportional to
4(1+§)anPbe (see Appendix B of Ref. 7). Comparison with
the true signal s X s contribution whose output power is propor-
tional to QFOT as given in Eq. (9), demonstrates that, at least
for Py ~ Py, the correction factor may be ignored in the usual
situation when bB << 1 and_ﬁ’,z 1. If these conditions are not
fulfilled, and/or if Pb >> Pb, the correction must be applied,
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in which case this signal must be considered as a noise pedestal
due to accidental coincidences and therefore subtracted from
the measured signal. There are, however, accidental true signal
contributions that reduce this deleterious effect (see Appendix
B of Ref. 7).

The second impurity effect contributing to the s X s term
arises from frequency differences of lines in the K series that
accidentally fall at Ifi-f;|. Again making use of the Poisson
assumption for the frequency distribution of the fyc lines, it
follows that the inter-frequency spacing distribution p(f) is
gamma distributed in general, and for adjacent lines is exponen-
tially distributed as bexp(-bf) for f > 0. An estimate for the
number of lines detected at such an accidental frequency separa-
tion, within B Hz of Ifi-f:1, is < mbB (see Appendix B of Ref.
7). The correction factor for the power, using the same propor-
tionality constant as above, in this case is < mbBPb which can
be of the same order of magnitude as the correction factor due
to accidental coincidences. In many cases of practical interest,
therefore, the previously presented results may be used without
correction for impurity species.

V1. Discussion

A heterodyne correlation radiometer has been described for the
sensitive detection of local and remote species such as pollu-
tants, interstellar molecules, and trace minerals. It can also be
used to distinguish between isotopes. The system operates on
the basis of the fixed difference frequencies between the emis-
sion lines of a weak remote species and a locally radiating sam-
ple of that species. It introduces little loss over the conventional
heterodyne radiometer and can often provide a decreased noise
bandwidth as well as a number of other specific advantages. The
technique generally requires knowledge only of the Doppler
shift of the remotely radiating source and not of its emission
frequencies, which are sometimes unknown or difficult to deter-
mine.?” It does not require a stabilized LO, though tunability
can be useful in maximizing the remote power detected. High-
frequency response is demanded only of the heterodyne mixer
and the nonlinear device; subsequent electrical signals are gener-
ated at (usually) moderate frequencies providing ease of match-
ing, good receiver noise figure, and modest requirements for LO
power. The technique is expected to be especially useful for the
detection of remote or local species whose radiated energy is
distributed over a large number of lines.

The ideal SNR and MDP at the output of the system have
been obtained for a number of cases of interest, including sinu-
soidal signals and Gaussian signals with both Gaussian and Lor-
entzian spectra. Small linewidths and closely spaced lines are
seen to enhance detectability, as does a strongly radiating local
sample. Of course, the remote source should be as strong as
possible for definitive detection. Correction factors for impurity
species have been accounted for and are not expected to serious-
ly impair operation of the system. For certain choices of param-
eters, the SNR at the output of the heterodyne correlation ra-
diometer will provide a sufficient confidence level for detection.
For situations in which this is not the case, further improvement
can be obtained by using a classical radiometer, a balanced mix-
er, and/or a multichannel receiver. If the Doppler shift is un-
known, for example, a multichannel receiver using a bank of
narrow bandwidth filters can replace the single narrow bandpass
filter (B), thereby substantially compressing the number of
channels below that required in the conventional system. For
the detection of multiline radiation from astronomical sources,
the real SNR will be reduced by a variety of deleterious effects
in analogy with the conventional system.!?

The technique should operate over a broad frequency range
from the microwave to the optical. For the detection of astro-
nomical radiation, a possible candidate is the infrared emission
from CO which exists in relatively high densities and with a very
broad range of velocities in interstellar regions, as determined
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by its millimeter-wave emission.’® % Clearly, the same consid-
erations apply to the detection of multiple-line maser radiation
from astronomical sources,*® ™3 and to the detection of remote
pollutants.*»*% The technique can only be used for sufficiently
nonreactive substances that emit in the terrestrial laboratory as
well as remotely, thus excluding, for example, CN* and C,H.Y
Again we note that spectroscopic information about a molecule
is not provided.

For the submillimeter region, it may be possible to use a
combination Schottky-barrier-diode/harmonic-mixer that would
provide an output at low frequencies as long as the high-fre-
quency beat signals are generated and mixed within the detec-
tor. LO harmonics are also readily generated in these devices®
so that harmonic-mixing heterodyne correlation radiometry
could be performed.*® Josephson junctions, which can some-
times be made to produce their own LO power,30 and metal-
oxide-metal diodes could also be used. An IMPATT solid-state
oscillator could conveniently be considered as an LO in these
regions since frequencgl stabilization, which is difficult to
achieve in these devices,™ is not required. At higher frequencies,
tunable diode lasers and Schottky-barrier detectors may be use-
ful components.
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