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Introduction

In our work in the region from 100 to 3C0 kMc
we are continually searching for more sensitive
receiving systems and have recently been investi-
gating superheterodyne detection in this region.

At lower microwave frequencies a superhetero-
dyne receiver is usually about 100,000 times more
sensitive than a crystal video receiver. At 100
or 1~0 kMc it appears that approxbnately the same
increase in sensitivity canbe obtained if suffi-
cient local oscillator power were available. How-
evsr, to obtain enough local-oscillator power is
our big problem. The only available sources of
power in this region are harmonic generatore that
furnish about 10 or 20 rri.crowatts at 100 kMc. ,
This amcnint is about two orders of magnitude below
the usual optimum Iccal-oscillator level, and,
hence, the conversion loss in the mixer is exces-
sively high. With our best obtainable L-O power
we obtained a conversion lossof h~ db in mixing
two 100 kMc. signal~ and the superheteraiyne
system was only slightly more sensitive than the
crystal video system.

In order to reduce this prohfbitivs conver-
sion loss due to insufficient L-O power we resorted
to a harmonic mixing process and achieved a tremen-
dous improvement over fund~nental mixing. Instead
of a 1+~ db conversion loss we obtained values aa
low as 11 db. Harmonic mixing has been used at
lower frequencies before, but in the usual super-
hetercd~e receiver it is a mixing action one tries
to suppress.

Measurements

Figure 1 S<OWS a block diagram of our 100 kMo
system. The transmitter tube is operating at say
25,0c0 MC and drives a harmonic generator which
converts a small amount of the input power to the
fourth harmonic at 100 kMc. The lower frequencies
are filtared out by beyond cut-off waveguide, and
the 100 kMc signal is transmitted throu& the loss
path to the receiving horn and mixer. The local
oscillator is operating at 25,015 Mc,and its energy
feeds directly into the other arm of the mixer.
The two signals conbine in the crystal rectifier
element to produce among other combinations an
output at 60 ?!c which is anplified and detected by
the receiver.

That a 60 KC intermediate frequency is pro-
duced by this mixing process canbe s~en at least
qualltativelyby expressing the output crystal
current, i, as a power series of the impressed
voltage, e. If

e“~coSWTJt+~COS ~Lt (1)

where ~ and ~ ~re the peak amplitudes of the

received and L-O signals, respectively, and @R
and w their angular frequencies, then it can

keasily e sho~m that output terms of the form

<F = a ~ ~n COS( OR - nuL)t (2)

are produced along with the usual ter~+ in
COS(@R -@L)t and cOs(@R +@ )t. Thus for the

$case we are considering Eq. (2 would become

i~ = a~~h cos 2K(1OO,OCQ - b “ 25,015)t (3)

which is the desired 60 NC IF term. All the
microwave frequency terms (ioe. coS(w R,-@L)t,etC.)
are by-passed at the mixer.

In order to verify that the IF output is a
linear function of the received signal voltage,
the 100 kMc energy was transmitted through space
for various path lengths. We found that$ to the
accuracywe could measure, the detector system was
operating linearly even up to our maximum obtain-
able harmonic signals of 25 microwatt. This
result is, of course, not surprising since the
L+ power was at least several milliwatts, which
is many times greater than the received signal.

The transmitter and local-oscillator tubes
were reflex klystrons (Types,2K33 and QK29@ with
an available power output of 30 to 60 milliwatts.
The fundamental output of these tubes was
measured with a commercial bolometer. However,
at present we do not have bolometers that will
measure power in the 100 to ISO kMc region, and,
therefore, absolute power measurements could not
be made on the harmonics generated by the crystal
multiplier. Thus, in these tests the only means
of esthnating the amount of harmonic power is by
comparing the modulation output from a crystal
detector operating at 100 or 1~0 kMc. with the
output of a crystal detector operating at 25 kMc
In the results given subsequently it has been
assumed that the detection efficiency at the

harmonic frequencies is the same as at the
fundamental frequency. NO doubt some correction
ehould be made, but it is somewhat dubious at the
moment as to just how much.

The IF output of the mixer was measured by
comparison with the output of a calibrated VHF
generator. From measurements of this IF power,
t,he power of the fundamental oscillator, the lose
in generating the harmonic energy and the trans-
mission path loss, if any, the conversion 10SS in
the nd.xer was readily determined.

Figure 2 shows a photograph of the tier, and

Figure 3 gives a cross-sectional view of the device.
It is anunbalsmced type with the m.ixing.element
located at the intersection of the crossed
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waveguides. The L-O signal at 25 kMc enters
t,hrough the large-size waveguide and the received
signal at 100 ldtc enters through the small-size
guide. Each arm contains a tuning plunger.

The silicon wafer is flush witbthe inside of
the wavegtide and the whisker, a 1.5 mil tungsten
wire with an extremely sharp point$ is directly
across the small guide. With no L-O power, this
niier unit is only about 1 or 2 db worse as a
video detector than our regular detector units,
indicating that we are not losing a great amount
of our received signal into the L-O channel.

Figure 1! is a photograph of the complete test
system showing the klystron oscillators, harmonic
generator~ mixerj and accessory devices.

FOF these measurements the transmitter
oscillator was swept through several megacycles
and the Iccal oscillator was operated CW. In this
manner the beat frequency outputs at several
hzrmonics could be observed simultaneously on an
oscilloscope as shown in Figure ~. The beats
occur at different places along the trace because
to produce beats at a fixed IF$ the frequency
separation of the fundamental oscillators is, of
course$ different for successive harmonics. With
the adjustable shorting plungers~ any particular
harmonic canbe maximized at the expense of
deimning sane of the others.

In Figure S the large response on the end of
the group is due to a fourth harmonic transmitted
signal at ?6 kMc. All lower harmonics are filtered
out of the transmitted signal by the small-size
waveguide on th? output of the harmonic generator.
The next three beats shown are due to the fifth,
sixth and seventh harmonics at 120~ 1~ and 168
W!c . However, beyond this point the IF outputs
are no longer due solely to -terms of the form of
Eq. (2). Other possibilities arise such as the
second and third harmonics of the beat frequencies
themselves, i.e.,

ilF “b%mELncc@@@@L)t (b)

giving responses that fall at the same place on
the trace as the beats due to the higher rf
components. By ineerting smaller-size filter
sections in the output of the multiplier to remove
the fourth and fifth harmonics we also removed
these spurious responses masking the beats due to
higher rf frequencies. In this manner we were
zble to detect ener~ up to 2b0 kllc , the tenth
harmonic of 2& WC.

Results

Quantitative data were taken on the third,
fourtb, and fifth harmonics of 31 kMc and the.
fourth, fifth, and sixth harmonics of 24 ktlc,
Figures 6, 7 and 8 are some of the typical plote
of conversion loss and noise figure ss a function
of mixer crystal current at.intermediate frequen-
cies of 65 and 210 Mc.

Since the mixer was unbalanced and no other
means was used to reduc~ L-O noise~ the total
crystal noise factorj t , is ~de UP of the
regular crystal noise temperature plus a term
due to L-O noise.2

The overall. noise figure of the receiver
?@ in decibels is givenby

NF = L + 10 loglo(F:F + tt -1)

where L is the conversion 10SS in the mixer in
decibels and F;

f
is the effective noise figure

of the IF ampll %er.
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The curves show that the conversion loss
decreases quite rapidly in the region from .05’ mS

up to about 1.0 ma of rectified mixer curren% and
then-decreases slowly over quite a range usually
up to the maximum obtainable current. The crystal
noise increases, of courses for increased L-O
drive and thus the curve for overall noise figure
decreases quite rapidly up to about 1 ma of

current and then decreases very slowly for higher
drives.

The crystal noise temperature even allowing
for the L-O noise seems extremely high and it is
probably due to the very sharp pointed cat-
whiskers. We hope to achieve some improvement in
noise figure by using a different shaped point.
An external bias current and decreased L-O drive
on the mixer gave very little improvement in noise
figure.

Table I gives a comparison of video and
superhetercdyne detection for several frequencies.
All of the data at a particular fundamental
frequency were taken during the same run with the
tuning plungers optimized at each harmonic. For
video detection the mixer was replaced with a
detector mount tuned for the particular harmonic
to be measured.

With the bandwidths given in Table I the
superheterodyne system ustig third harmonic
mix-ing is 29 db more sensitive than the video
system at 93 ldfc. If, as mentioned above~ it is
assumed that the detection efficiency is the
same at 93 kMc as at 31 kMc then the absolute
sensitivity for the crystal video eystem 1s
-57 dbm and for the superheterodyne system -86dbm.
As the harmonic nu~ber is increased the gain in
sensitivity of superhetercdyne over video detect-
ion decreases so that harmonic mixing appears to
have very little advantage above the fifth or
sixth harmonic.

Applications

With an absorption cell inserted between the
multiplier and the mixer the sweep system using
harmonic mixing forms an interesting microwave
spectrometer. Shoe the IF bandwidth is L Mc and
the width of the absorption line is about 0.5 MC
at t~e pressures usually used, the line will
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aPPear as a sharp pip in the beat frequency
response when the transmitted signal is swept
through the absorption frequency. Figure 9 shows
the absorption pip in the sixth harmonic IF
response d e to -&he J = 11- 12 rotational transi-

%tion of 01 ~2S3k at 145.95 k!tc. The scale along
the scope trace is expanded much more than In
Figure 5.

Frequency measurements can be made with a
wavemeter and frequency standard in the same
manner as with a simple video system. Since very
small-size waveguide filter sections are usually <
somewhat 10SSY a% these high frequencies~ it has
become the practice to permit energy at all
harmonics abova say the third or fourth to prop-
agate simultaneously through the absorption cell.
With video detection. we do not know when we have
attained maximum ener&y at the particular harmonic
frequency we desire until we can observe a known
absorption line at this frequency. With the supe&-
hetercdyne s~tem we can peak up on any harmonic
directly. Also, by this method the particular
harmonic at which an unknm absorption line
occurs is unambiguously determined. The absorption
frequencies of most linear and smetric bop mole-
cules can usually be calculated much closer than
the frequenoy difference between harmonics but
this is no% true in the case of many asynunetric
top molecules.

Since a molecule such as O&3 has nraltlple
absorption frequencies whioh are almost but not
quite harmonics of the lowest frequency absorbed,
it furnishes a convenient means of testing whe%her
our harmonic beats displayed on the oscilloscope
are due to terms of the form of Eq. (2) or due to
spurious berms like those of Eq. (4). If the
higher absorption frequencies were exact harmonice
of the lowest frequency~ all the pips would occur
at the same spot on the oscilloscope trace. Ihw-
ever9 the case is that each higher absorption is
displaced slightly more than the preceding one
toward the lower frequency side of the trace. (See
following paper byW. C. King) Hence, by manually
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Fig. 1

tuning the local oscillator the absorption pip
shown in Figure 9 could be made to appear In any
of the harmonic beats but always displaced slightly
more toward lower frequency for each higher bar-
inonic. When this displacement failed to Qccurs or
occurs at two different places$we know the beat
term is not purely Eq. (2). This condition
occurred for what we at first thought was tkie
beat due to the eighth harmonic of 24.3 kklc. T!Ais
beatj however, gave a pip where that due to fourth
harmonic energy should have cccurred. It was only
after inser%ing a filter that removed the fourth
harmonic energy from the transmitted signal that
we co~d get an unambiguous pip at the eighth
harmonic. A similar condition existed for the
higher harmonics.

With the klystron oscillators frequency
stabilized and the transmitter amplitude modulated
so that. a narrow-band audio amplifier can be used
after the second det.ectmr$-it shotid not be
difficult to obtakn senaitlvities of -320 dbrn or
a dynamic range of 300 db at lCO kMc. A systen!

of this type should be useful in making radiation
scattering measurwwnerks from models and perhaps
also as a radiometer for detecting atmospheric
.absorptione.
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Fig. 2 - Photograph of mixer unit.
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Fig. 3 - Cross-sectional view of mixer unit.

Fig. 4 - Photograph of test system used for the harmonic
mixi,ng experiments.

--
Fig. 5 - oscilloscope picture of harmonic

responses obtained by mitig the
output from a frequency-euept trans-
mitter with a C-W local oscillator.
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fig. 9 - Oscilloscope picture of the absorption line
line due to the J = 11-+12 rotational
transition of OCS as detected by harmonic
mixing. The frequency of the absorption
is ~5.95’ kMc.

TABLE I

COMPARISON OF CRYSTAL VIDEO DETX$YTION WITH SUPliRHETERODYNE DETECTION

USING HARMONIC MIXING ~

Fundamental Harmonic Multiplication Dynamic Range Conversion Loss

Oscillators Loss Video Detection= for Minimum %

(db) (db) (db)

QK 290 3 31$ ho 12

54 ~ 4 37 37 19

at 31 kMc 5 51 23 22

2K 33 L 38 36 21

35 m 5 U 33 25

at 24 kMc 6 52 22 26

* Video detection -200 kc barxhridth amplifier

Dynamic Range of

**
Superhetercdyne Detection

(db)

69

5’9

M

55’

u

33

** Superhetercd~e detaction -210 MC IF amplifier with ~Mc bandwidth followed by an audio

amplifier of 20tl kc bandwidth

l_ Local-oscillator sigml entering mixer atapproximately the fundamental frequency
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