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ABSTRACT
\“"AA wide-band Dicke radicmeter capable of operating‘in the

frequency range 2.6 to 14 KMC is constfucted. The operation of -
the radiometer is explained with special emphasis on the
accoemplishment of such an extremely wide bandwidth. Calibration
of the radiometer is carried out within the 2.6 te 9 KMC frequency
range using three differeﬁt noise sources. As an application of
this wide-band receiver, electron cyclotron resonance intensity

measurenents in a plasma are made. ( )\.,-

T“-\
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CHAPTER T

INTRODUCTION

All ebjects above absolute zero temperature radiate energy as
electromagnetic waves. The intensity of radiatien, when thenﬁo-
dynamic equilibrium prevails, is given by-the Plank's-radiatien
fermula and depends on the temperature of the bedy. If the object
in questien is a "blackbedy", radlated power (P) -per cycle per

secend is related te the temperature (T) as,
== = kT (1)

where “Af dis the freguency-bandwidth considered, and k. is the

Boltzmann's, censtant.

The detection of weak thermal radiatien, eor similar signals s
at the radie and micrewave freguencies is limited by the internal
noise of the receiving equipment. Por this purpose speclal
techhiques like ‘"radicmetry" are required. Radiemetry makes use of
a radiemeter which is a very sensitive power detecting device, that
measures electromagnetic energy considered as thermal radiatien.-

A radiemeter has te be extremely sensitive, since, for example an
ebject at a.temperat_“ure of 1000°K has an eqt.}ivalent radlative power
of about 1.4 x 16720 yatts/cycle/sec. , accofding to equatien (1).

Measurefnents of such a small signal wndoubtedly requires high
1



sensitivity equipment.

Radiemeters can be classified, mai%ly, in two groups:

1. Subtraction type

2. Multiplier type.
In mest of the early werk on weak thermal radiatien studies,
subtractien type.radiemsters have been used. [»17 Figure 1 shews the
mzin parts ef such an instrument. The received signal is amplified
and detected. After the detecter a subtracter, a lew-pass filter,
and' an output meter are placed. A knewn d.c. veltage is fed inte
the subtracter te insure that the eubtput meter reads zere when there
is ne signal at the receiver input. The sensitivities reached with
this type of instrumentatien are adeguate, whengver the fluctuations
and drift within the receiver compenents are negligible. Unfortun-
ately this is not true with the cenventienal- vacuum tube recelvers,
and  the multiplication type radiemeters are preferred for wesk
thermal radiatien measurements because of thelr superioer

sensitivities.

The first multiplier type radiemeter was built in 1946 by
D:'Lc:lce.ll The main cempenents eof the Dicke type radiemeter are.shewn
in Figure 2. In-this-device, the incoming signal is medulated teo
achieve the high sensitivity. The signal is detected after
cenversien to intermediate frequency by heating it against a lecal
escillator within the mixer. Using this type of rediemeter Dicke

was able te detect a temperature change of abeut 0.5°K, and used it
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in measurements of thermal radiatien frem the meen, and the sun.

Since 1946, several peeple werking with weak thermal radiatien-

neasurements have made use of similar circuityry shewn in-Figure 2.

Its use have been largely employed in radic-astroncmy studies.u’ll

This type-of radiometer has also been used in laberatery plasma

neasurenents.1’15’22

After the discevery ef’ traveling wave-tubes, radiometers
5,21

invelving TWT have alse been built. The bleck diagram of a
traveling-wave tube radiemeter is shown in Figure 3. The principle
of eperation  is the same as-the Picke radiemeter, except that
detectien-takes place at the micrewave freguency level.
Sensitivities of TWT radiemeters are much superior te these which-
invelve an 1.f. amplifier since lew neise-figure, and high gain
traveling-wave tubes are available. Temperature changes of 0.01°K

has been detected in this manner, using traveling—waﬂe-tubes.E

The main cencern of this werk has bkeen the censtructien eof a
Dicke type radiemeter which is capable of eperating in a very wide
freqguency bandwidth (2.6 te 14 KMC). Rideed-waveguide cemponents
have been-constructed in order te ebtain such a bread-bandwidth
recelver system. A double-ridged wavegulde balanced mixer,
medulating switch, and directienal ceupler have been built., In
order fe make the maximum use eof the radiemeter, waveguide

transitiens frem the double-ridged.to the cenventienal "S" , and "X"
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band have alse been develeped and censtructed.

For the receiver part of the radiemeter, a lew-noise (neise
figure of 3 db) 39 MC tuned 1.f. amplifier has been designed with

a gain of abeut 90 deb, and 1.5 MC bandwidth.

The calibration of the radiometer is carried out using
Fluerescent and argen noise seurces located inside of an S-band
waveguide. After the calibration precess, as ene Immediate
applicatien of the radiometer, cycletren radiatien intengity
measurements have been ebtained frem an argen discharge tube lecated

inside of a magnet.



CHAFTER II

THEORY QF OPERATION

Radiemeters are used in weak thermal radistion meas1.:1.7:*5;32»r:z:m:s,:3
and therefore sensitivity is a arucial factor. Before coxnputing:’ghe
minimm detectbables signal of a Dicke type radiometer, it will be
helpful te summarize several thresholds which affect the sensitivity

of a raé}iomter. 21

There are mainly four thresholds which influence the
sensitivity:
1. Thresholds due to internal noise of the recelver,
2. Thresholds due to galn fluctuations,
3. Threshelds due to impedance medulatien, and

4, Threshelds dus %o the receiving antenna.

Mzin centributiens to the internal noise cowme from the 1.7
amplifier, balanced mixer, and the local oscillator. The crystals in
the halanced wmixer amms have an intrinsic nolse, which is introduced
to the system through the i.f. amplifier. Any mismatch of the mi}:ez;
crystals will cause local oscillator noise to be amplified. I.F.
amplifier input inpedance and the vacuum tubes in the amplifier are
also sources of nelse consequently a low-neise 1.1 anplifier is
essential to a radiometer. The other contribubions associated with
this threspold can be caused by the debecbors, and the filters used.
Even though the sensitivity of a radiometer is independent of the

8



detector used, the power eutput.is very much dependent on it.20

However, the type of lew-pass filter used can affect the sensitivity
considerably. For example, a critically damped low-pass filter

provides an optimum sensitivity.el :

The i.fi amplifier in a radiemeter eperates with a very high
gain, in the erder of 1@5- 106. Any small variatien in the gain will
caﬁse sévere fluctuations ef the output meter. Possible sources of
varliation -can be due te change in the line -woltage, amblent tempera-
ture drift-ef the tubes, etc.. There are also fluctuations in' the,
ce_nver'sioh gain and the intrinsic neise of the crystals-within the
mixer. In order to reduce gain fluctuatiens the anplitude- modulatien-
of the inceming signal -sheuld be at a frequency higher than the
maX:ernn significant compenent of gain fluctuatiens speotrum; In the
switching-or amplitude medulation process, if the reference seurce
and anbenna temperature differ greatly, there will exist a thréshold
because of .temperature fluctustiens. However, a stable comparison

seurce can reduce this facter.zl

The third-thresheld is attributed te the impedance medulatien.
Amplitude medulation of the signal creates this difficulty. However,
if medulation takes place in-a systematic manner, effects of

impedance modulatien on the sensitivity are negligible.

The last thresheld mentioned abeve is estabplished-by the
characteristics -of the antenna. The sizes of the anterna and the

back lebes created, pose -preblems in mest of the astrenemical


http:factor.21
http:sensitivity.21

10

studies. Pacters invoived in the anterma thresheold will net-have
significant effects in owr measurements, since the radieometer will

be used mestly in cenjunction with highly directive herns.

The threshelds, explained above point out the purpose of .
different parts of a Dicke radiemeter. (Fig. 2): a) In order to
reduce the effective internal noise measured en the eutput meter,

a low-pass filter is placed just before the eutput recorder.

b) Gain fluctuatiens in the receiver are reduced by amplitude
medulatien of the signal. e¢) After the detectien process, signal is
fed through a bandpass filter centered abeut the medulation

frequency, which filters eut fhe white-noise centributed internally.

The expressien for the minimum detectable signal of a radio-
meter, can be calculated using diagram ef Figure 4. In the
derivatiens cerrelation technique is used, and alse the "ergodic"
theerem is assumed. This theerem simply states that; "the
statistical ensemble averages can be replaced by the time averages."
Mathematical derivetions are carried out in Appendix I with the

follewing assumpti@ns:9

1. Signal s(t), -and noise n(t) have independent statienary
Gaussian amplitude distributiens with zero means and average powers

of cg and. cé respectively.

2. Signal and noise have uniferm spectral densities over the

[») o
freguency range fi— 5 to fi+ 5
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3. The modulater has a frequency g , and does not affect the
noise.
4. The band-pass filter has uniform respense from q - % to

B

q+ 5 Cps where B 1is the bandwidth of the filter.

5. The low-pass filter has a uniform response over the range
0 to v cps.
6. The i.f. amplifier is tuned at a frequency f) cps , has a

bandwidth of o cps , an produces linear gain.

As shown in Appendix I, the output signal to neise ratio of this

type of radiemeter is,

6 oy -

2 4 (Y) . (2)
s

For wesk signals cg << cé , and therefore,

0-'+

When the worst possible case of output signal to noise ratio equal

to one, (%)O= 1 , is considered, the expression for the minimum

detectable signal in terms of the input noise pewer reduces to,

o2 = U/7 o2 /g : ()
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The expression in equatien (4) is dependent en the bandwidths ef the
low-pass filter as well as of the i.f. amplifier. The value of ¥y
for the filter can be made as small as possible. However, the
arplifier bandwidth has te be selected for an optimum sensitivity.
When the i.f. bandwidth is made toe large, the amplifier éain will
-dmp because of the censtant gain bandwidth preduct, and the power

at the radiemeter output will be small.

The minimum detectable signal of a radiemster alse depends on
the type of medulatien, and en the reference signal fed inte the -
miltiplier (Figure 4). Derivation of equation (4) is carried out
assuming sinuseidal medulatien > and sinuseidal reference signal.
Ig\Then square-wave medulation,and square-wave reference signal is

23

produced, the power output increases by a factor of 4 te give,

2 o 2 /X
cmd_'/e—dn’/: (5)

Instead eof expressing minimum detectable signal of a radic-
meter, the least detectable temperature change can alse be specified.

When -a critically damped lew-pass filfer 1s 1.15&3«:11,1’1l

AT = KTa F(%)l/ 2

where o and vy are the bandwidths specified before,
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F is the overall receiver neise figure, expressed as
a pewer ratie,

AT, the temperature fluctuations of the output metér,

Ta, the temperature of the comparisen seurce, and

k is a constant.

The constant k 1s called the operater's constant. It will vary

for different radicmeter circuits, depending specifically on the

type of Filters and the switching process used.lt



CHAPTER TIT

DESCRIPTION OF THE APPARATUS

The radiemeter which has been censtructed is the Dicke radio-
meter shown in Fig. 2, which eperates ever the broadband frequency
rangé 2.6 to 14 KMC. Over such a wide frequency bandwidth, it is
ne longer-possible to use standard waveguide cempenents for the:
micreowave Irequency sectien ef the receiver. However censtructien,
of ridged-waveguide instruments with suitable guide dimensions, makes
i1t possible te operate the receiver in the desired frequency

spectrum.

The pictures of the experimental setup for the radiometer are
shown 1n Figures 5 and 6. The antenna, at the input of the recelver;
is a wavepuide hern with a trensitien from the X~ or the S-Band
conventional waveguide to the deuble-ridge guide. Behind the |
antenna a switch is lecated for amplitude medulatien of the ﬁcoMng
signal. This switch is built also frem deuble-ridge waveguide , and
The medulation is accemplished by driving a resistive card in and
out of the guide using a motor. On the upper part of the switching
waveguide a phote conducter is placed to supply the reference signal

synchronized with the medulatien process.

The microwave switch is feollewed by a double-ridge balanced
mixer. ‘The inceming signal is fed inte the "E" plane while the

15
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Figure 5. Photograph of Equipment
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Figure 6. Ph
. t I
otograph of Equipment
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local oscillator is connected to the "H" plane of the mixer - also
referred to as the magic "T" (Figure 7). The magic "T" provides
frequency conversion of the incoming signal from the microwave to
the intermediate frequency by beating of the local oscillator sgainst
the signal. The balanced arms of the mixer are equipped with micro-
wave crystals, and the output from these crystals is applied to an
i.f. amplifier. The i.f. amplifier is tuned at 30 MC, and the input
circuit of the amplifier is designed in such a way as to cancel the

local oscillator output noise.

Following the i.f. amplifier, a square-law detector is connected,
and the output of the detector is applied to a phase lock-in
amplifier system (LIA). The phase lock-in system is composed of a
band-pass filter, a multiplier circuit for demodulation, and an R-C
low-pass filter.

The (LIA) is essentially a phase sensitive detecting instrument.
The signal to be measured is applied to the "INPUI" terminals. A
potentiometer 1s located at the input in order to pick out any
desired fraction of the incoming signal. The signal level control
terminals are followed by an amplifier tunable to the desired |
frequency to be studled. The output of the amplifier is applied to
a phase-sensitive detector. This detector is essentially a mixer
diode, and the demodulation of the signal is accomplished within the
detector by the application of a reference voltage to the diocde.

The reference signal is at the modulation frequency, and at the
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output of the phase detector sum and difference of the input and
the reference frequencies are obtained. The difference of two of
these signal frequencies is zero, and the amplitude of this D-C
voltage is dependent upon the cosine of the relative phases of the
signal and the reference waveforms. The contribution from the sum
of two frequencies is eliminated with a low-pass filter following
the phase detector. The low-pass filter is an R-C circult whose
time constant is adjustable to as high as 10 seconds. The zero
frequency D.C. output of the low-pass filter is further amplified.
The output terminals of the lock-in amplifier are intermally
connected to a galvanometer, and there are provisions for measure-

ments with any type of recorder.

The critical part of this wideband radiometer is the design
and construction of the ridged-wavegulde components. Following the
construction of two prototypes, the dimensions and the shape of the
balanced mixer is determined for optimum operation over the range
2.6 to 14 KMC. Pictures of some ridged-guide instruments are shown
in Fig. 8. In order to obtain adequate information about the
operation of the ridged-wavegulde components, a slotted line is
constructed in addition to the essentlal parts such as the switch,
the balanced mixer, the coaxlial to ridge transitions, a directiocnal
coupler, a ridged-guide termination, and two homs from the X- and
S-Band to the double-ridge.

The dimensions of the double-ridge wavegulde used are shown in



1.
2.

i.
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Figure 8. Ridged-Waveguide Instruments

S-Band to ridge transition.
X-Band to ridge transition.
Double-ridge balanced mixer.
Double-ridge directional coupler.
Slotted-line.

Coaxial to ridge gulde adapter.
Coaxial to ridge guide adapter.
Double-ridge termination.
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Fig. 9. The width and helght of the guide are selected to be
identical to the dimensions of a regular ¥-Band waveguide. The
chosen cross-section provides the extended bandwidth capability.

The cutoff-frequencles of a rectangular X-Band waveguide for the

'IElO and the 'IE20 mode are,

fc,lO 6.67 KIC

£e,20

(7)

e

13.34 KMC

The cutoff frequency for the '.IElc mode is reduced by a factor of

about 2.57 with the ridge gap of 0.040". On the other hand,

fortunately, the cutoff frequency for the 'IE20 mode 1s increased

by a factor of about 1.2. The cutoff frequencies of the double-
ridged wavegulde of Fig. 9 are,

£ . % 2,59 KMC

2,10 (8)

£ 2 16 KMC

¢,20
Therefore, in the EEIO mode it is possible to operate the double-
ridged guide from 2.6 to 14 KMC. Such an extended bandwidth
sacrifices the power handling capacity of the ridged waveguides.
Also, the attenuation is higher and the guide characteristic
impedance 1s diminished by a factor about 6. 228+1213

A picture of the waveguide switch is shown in Fig. 10. In the
center of the gulde, a slot of width 0.090" is cut. Since the width

of the ridge is three times the width of the slot in that region,
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Figure 10. FPhotograph of Waveguide Switch
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the reflectien ceefficient is fairly low and the longitudinal
discentinuity in the guide is not affective on the fiéld 1ines:
Onto the waveguide a metor is mounted with a semicircle resistive i
card fastened te its rotor. The resistive card is driven in and out

of the waveguide threough the center slot.

The switching waveguide is also eguipped with a photo conductor
and a light source. The light seurce is aligned with the photo
conductor which is wired in series with a battery and a resistor.
The rotatien of the absorbing wheel with the motor produces
oscillating veltages across the resistor which are synchronized with
the modulation precess. This voltage is-applied to the reference

channel of the phase lock-in amplifier for phase-sensitive detectien.

In its present status the mixer arms are satisfactorily matched,
but the respense over the operation frequency range is not very
uniform. Hewever, this is not a lack for the eperatien of the radie-
meter since the calibration-ef the instrument determines the respense

of .the radiometer at each frequency.

The i.f. amplifier circult is shown in Fig. 11. The input of
the amplifier is designed with a transformer whose primary is wired
with cells each of an equal number of turns, but opposite-in phase.
The lecal escillater external noise arrives in phase at the balanced
arms of the mixer since it.is sent through the "B" plane. The

pPrimary turns Ni and Né are coiled in oppesite directiens, and
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this phase inversion furmishes cancellation of the local oscillator
noise at the input of the i.f. amplifier. The transformer at the
input stage is useful alse in providing an optimum input j:npedance
for the first stage. The noise figure of the amplifier is very much
dependent upen its input impedance. With the balanced mixer crystals
(IN23WEM) used, there 1s an effective input impedance of 2400 Ohms

to the 1.f, amplifier. In Appendix II this-value of impedance -is

shown to minimize the noise figure of the aanplifier.‘24

The
secondary of the inpubt transformer is tuned with the input

capacitance of the first stage triode to 30 MC.

The initial stages of the i.f. amplifier are constructed using
low neise triede tubes since partition noise'is-absent in triedes in
conparison to pentodes or tetrodes. The first two stages are
cascode cennected where the grounded-cathode is folldwed by a
. grounded-grid, triode. The amplification factor of the first stage
is low, and this provides a stable grownded-cathode circuit. The
transfermer between the triodes is used te tune both stages to 30 MC
by proper design of the coils. In this cascode arrangement; the
neise figure of the grounded-grid stage is-small enough so that the
noise facter of beth triedes is very clese te that of the grounded-

cathode stage alene. 25

The detector used at the output of the i.f. amplifier is also

shown in Fig. 11. A germsnium diode (IN3%) is used in the detector



28

circﬁit, and 1ts characteristic represents a square law. In order
to establish preper matching of the i.f. amplifier to the phase

lock-in amplifier, a tunable ceil is placed-follewing the detector.



CHAPTER IV

MEASUREMENTS AND CALIRRATION

Following the completioen -of -various parts of the radiometer,
thé characteristics of seme \of‘- the conponents had te be determined
before any calibration procedure was attempted. The waveguide switch
attenuation, the fiequency-rgéponse and the neise figure of the i.f.
anplifier, and the over-all noise figure of the receiver were among
some of the measurements-made. Once these parameters were specified,
the .callbration-of “the radiometer was carried out using three
different neise seurces at a-temperature of 11,000°K. After thg
calibration- of the apparatus a set of cyclotron.radiation ;ntensity
measurenents - -weremade "using an argon- discharge tube at a pregéuré
of 30 micrens With a-discharge current-of 400 milliamps urider about

al Kéauss magnetic field.

The switching-waveguide atbtenuation as a fupctien of- frequency
is sketched in ¥Fig.-12. The resistive-card power absorptien varies:

between 10 and, 15 db depending upen thé incident pewer frequency.

The i.f.-amplifier frequency respense curve is obtained using
an intermedlate frequency generator (Fig. 13). The input to the
amplifier is kept at a constant value of 10 micrevolts, and the
frequency of.oeperatien is varied. The i.f: amplifier is tuned to

30 MC with a bandwidth ef 1.5 MC. By making use of a neise figure

29.
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meter, the amplifier noise figure of 3 db is alse measured.

The radiometer temperature sensitivity as given in Eq. (6) is
ene of the-parameters that has to be specified. Therefore, the
everall-neise figure of the recelver needs to be measured. The
circuit bleck dlagram for the receiver noise figure measurements- is
shown in Fig. 14. An X-Band noise-source is applied to the input of
the .radieneter. The output of the i.f. amplifier ié connected to a
noise-figure meter which measures the relative neise figure
automatically. The local escillater frequency is swept over a small
rangé of ¥X-Band frequencies, and an average recelver noise figure of

16.5 db is-measured.

The calibratien of the radiometer.is carried out using two
fluoresecent and one argon noise seurce located inside an 3-Band
waveguide. The S-Band horn is connected. to the input to provide a
sultable transition te the deuble ridged-waveguide. The local
oscillabor is swépt-over-the frequency range of 2.6 te 9 KMC, and a
peint by point plet eof the radiometer oubput veltage is made at 50
MC intervals. Nermalized plots wifh all three noise sources are
shown in.Figures 15, 16, and 17. ‘The fluorescent and argen noise
tube eutputs are very similar at the lower frequencies. However,
abeve 6 KMC the argen tube output is higher. The veltages sketcﬂéd
oen these figures correspond te a temperature of 11,000°K at each
frequency. Therefore, the calibratien-ef the radiemeter is obtained

by a pointwise plet. Fellowing the calibration of the radiemeter,



X—-BAND

ARGON NOISE
SOURCE

TRANSITION{

v
L
= -

——
]

=

POWER TO SOURCE

BALANCED

MIXER

IF.
AMPLIFIER

S0MC.

"LOCAL
OSCILLATOR

Fig. 14 Receiver Noilse~Figure Measurements Block-Diagram

NOISE—
FIGURE METER
HP-342A

133



‘RADIOMETER OUTPUT (MILIVOLTS)

1300

1000

i - q t { ] 1 ] ] 1

25 35 45 55 65 75

FREQUENCY {(KMC)
Fig. 15 Argon-Normalized Radicmeter Output Versus Frequency

e



RADIOMETER DUTPUT (MILIVOLTS)

"1300

1000

1 ) i 1 I I ! L IR L
3002.5 3.5 4.5 6.5 7.5 '

5.5
FREQUENCY {(KMC)
Fig. 16 Fluorescent I Normalized Radiometer Output Versus Frequency

8.5

3



.RADIOMETER OUTPUT (MILIVOLTS)

1300

1000

| 4 ' | | ] ' | I A I I _r
3002.5 3.5 45" 5.5 6.5 7.5 8.5

FREQUENCY (KMC}

I Normalized Radiometer Output Versus Frequency

Fig., 17 Fluorescent

9¢



37

the apparatus-shown in the block diagram of Fig. 18 is prepared to

obtain a set of cyclotron radiation intensity measurements.

Tt is well-knewn that an electron in an externsl magnetic field
radiates electremagnetic energy at the cyelotren frequency and at its

harmonics., The electron cyclotren frequency is given by
= L
Wy = 4 (9)

where Bo 1s the external magnetic field, and e and m, are

charge and mass of an electron, respectively. &n argen discharge
tube that is used as a source.of radiation is lecated inside -an
S-Band wavegulde. This waveguide is surrounded by a magnefic coil
which establishes a magnetic field parallel to the discharge tube
axis and the léngth of the waveguide. The argon discharge tube.
pressure is maintained at 30 micrens, and a D.C. current of LQO
milliamperes 1is-run threligh it. The magnetic field intensity is.
about 1 Kgauss -correspending te a f‘tmdameni:al cyclobron f‘requepcy
below 3 KMG: -The harmenics are .at integer multiples of the
fundamental frequency. By sweeping the -local osclllator from 2.6 to
"9 KMC, the first three harmo@ics of the radiation intensitiés are
meaaured. In Fig..19 the no@ized radiometer output voltages for
the radiation; is plotted as a function of frequency by-selecting
points 50 MC apart.

For all the measurements made with the radiometer, the R-C
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low-pass filter time cpnstant was selected te be Tt = 3 secends.

This is equivalent to a filter bandwidth of v = %cps, Therefore,

the minimm detectable signal of the radiometer can be calculated

frém Eq. (4), since the i.f. amplifier bandwidth is- « = 1.5 MG.

o2, = 2.65x1c>‘3<;r21 (10)

This implies that a signal power which is about 3/1000 ef the input

neise pewer can be detected with the radiometer.

The minimum detectable temperature change. can also be compubed
since the receive neise figure and the cembarison source temperature

are lmown parameters.

Using Eq. (6),
F=16.5db
T, = 300°K
Y = %— CpS
_ 6
o = 1.5x10 ¢cps .
AT = 2,3K °K (11)

Hewever, for the Dicke radiemeter the value of censtant Ku’ll is

1T3/2
~5== 0.69 , and therefore,

AT 2 1,6°K . (12)



CHAPTER V
DISCUSSION OF THE- RESULTS AND.THE CONCLUSIONS

The double-ridged balanced mixer used in the radiometer could
have been operated from 2.6 to 14 KMC; however, the. absence of a
microwave signal generator above 9 KMC made it possible to check the
instrument above this frequency. Within the frequency range 2:6 to
9 KMC, the mixer arms balanced sufficlently well, but the frequency
response was not wniform. The non-uniferm frequency respense was
due .to the magic "T" junction where, at certain frequencies, the
incident pewer was only partly tfansmitted to the mixer crystals.
In the frequency range 4.5 to 5 KMC, there was cemplete réflectien
of the signal sent threugh the "E" plane of the mixer. Except for
the 6.5 KMC- frequency interval between 4.5 and 5 KMC, it was .still
possible te use the mixer in the radibméter provided frequgncy-
characteristics were taken dinte acceunt during.the calibratiog

procedure;

The douvble-ridged directienal- coupler built for the radiometer
was not used at-all because of undesirable variations in the
coupling ceefficient. This difficulbty was faced, mainly because of

the double ridges used.

The microwave switch employed was a resistive card driven at
‘80 cycles per secend with abeut 90% regulting pewer attenuation.

i
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The slet through which the resistive card was driven in and out of
the ridged waveguide did not cause any noticeable discontinuity-te
the field lines, and the reflection ceefficient was.always below
two. In the eriginal.Dicke radiemeter, instead o.f‘ é@ cycles pef
secend, a-30 cycleé per secend switching frequency was used. Even
theugh the switching time-did net appear explicitely in the earlier
sensitivity equations (4) and (6), it was a critical facter teward
achieving impreved sensitivities for the radiemeter. This was due
to the-fact that with high medulatien f‘re;quency a cénsider’able
cancellatien of the. circuit's inherent noise weuld take place since,
durmg the switching interval, the.inherent neise level ;a\;rould not
deviate neticesbly. On the ether hand, with low switching
frequencies if a small quantity eof neise remained in the circuit
during the switching precess, it weuld appear en the output of the
radiemeter as fluctuatiens and- effectively would reduce the

Sensitivitys

The 1.7, -amplifier used was-tuned te 30 MC and had a bandwidth
of-1.5 MC. As shewn in.Equatiens (4) and (6), the sensitivity of
the radiemeter was inversely proportiensl te the square root ef the
i.f. bandwidth. Therefore a larger i.f. bandwidth than the one used
would result -in a better sensitivity fer the radiemeter. Hewever,
there had to be an upper beund for the bandwidth ef-the i.f.
amplifier, and this had te be determined by the experiment in which

the radiemeter was te be used. In-the derivation: of the sensitivity
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expression fer the radiemeter, the inceming signal was assumed. te be.
uniform ever the bandwidth of-the receiver, which was .equivalent to
the i.f. bandwidth. If the signal-received at the input of the
radiometer had a bandwidth smaller than the radieieter bandwidth,
the eriginal.assumptions made in Chapter.II cencerning the signal,
in a computatien of- sensitivity, would be vielated. Therefore,
partly for this reasen, and partly for high gain purpeses.a 1.5 MC
i.f. bandwidth was selected.

The: radiemeter was-calibrated using argen and fluerescent neise
sources. However, because of the nen-uniform balanced mixer
frequency respense, the calibratien curves.shown in Figures 15, 16,
and 17 were accerdingly'normalized. .Agaiﬁ due fe the imperfect
mixer respense, there were ne calibratien peints in the frequency
interval 4.5 te 5.0 KMC. This was a lack for the eperatien of the
radiemeter in this 0.5 KMC frequency interval, but in comparisen te
the receiver total bandwidth, it was ra?her negligible part of the

operatienal range.

All of the neise seurces used-for the calibratien ef the
equipment were at abeut the same temperature (11,000°K), and the
normalized eutputs revealed reasenable agreement even though there
were discrepancies at seme of the frequencies (Figures 15, 16, 17).
Part of the discrepancies could be due to the differences between
the radiated power intensities of the noise seurces in-the 2.6 te

9 KMC frequency range. Alse, part of the problem was encountered



Ly

because of incapable equipment avallable to keep the local
osclllagtor output power at a constant level. The trouble associated
with the local escillator power output variation with frequency
could have been overcome if the double ridge directional coupler had

operated satisfactorily.

The measurements made with the radiometer on cyclotron radiation
inteﬁsities were indicative of just one of the uses of this wide band
radiometer. As it can be cbserved from Figure 19 that the three
peaks measured were most likely the radiated harmenics. The
findamental cyclotron frequency was about 2.95 KMC, and this was
clearly stressed by a very high radiemeter output reading since
cyclotron radiatien intensity was expected to have a maximum value

at the first harmonic.

Radiometers built up to now, as far as it is known from the
literature, have been constant frequency or very limited in their
bandwidths., Undoubtedly, there are numereus difficulties- involved
in the construction of a very wide-band radiometer such as the one
described in this report. The microwave Ireguency section of a
wide-band radiometer coanstitutes tThe bulk of-the problems encountered.
For example, a uniform frequency response for the balanced mixer
and the directional coupler is exbremely hard.to. achieve over the
frequency range 2.6 te 14 KMC. A double-ridged magiec "T" junction
has te be designed in such a way as to accept power equally well

from beth "E" and "H" planes. Mixer crystals in the balanced
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arms have o be matched to the waveguide characteristic impedance
in erder to assure mlnlmum power reflection. Due to the small ridge
gap, which determines the j;\ride—band capability of a deuble-ridged
waveguide, it is alse very difficult te ebtain satisfactor;y pewer
coupling in a ridged directional coupler. Proper operatien of a
ridged directienal coupler can be of great impertance in the
calibration of the radiometer since it enables ene to menitor the
local escillater pewer eutput centinuocusly throughout the cali-

bration.

The sensitivity of this radiemeter can be improved appreclably
if, instead of a resistive card, a standard no‘ise source 1s used in
the microwave switching circuit. The resistive card used can enly
be agsumed te be at roem temperature (300°K), and any temlperature
drift of the card can cause variatiens in the eutput reading.
Through the use of 8 standard comparisen neise seurce, the temperature
of The source can always be menitered teo keep it at a constant level.
When the temperature of the comparison neise seurce used in the
switching circuit is comparable te the temperature of the object to
be studied, the sensitivity of the radiemeter again :J'anroves.gl
Therefore the use of g standard seurce in the microwave switching
section has advantages, but it requires censtruction of a different
type of switching waveguide. In the use of a standard seurce, a
tweo-diede switching circuit might be an ideal cenfiguration to use.

The diedes weuld switch the inceming signal en and the comparisen
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seurce off.simultaneeusly and vice versa. However, in this case
very low forward impedance micrewave crystals have to be empleyed
since the characteristic impedance of the double ridge waveguide is
censiderably low. Of course, operabtien of a diode switching circuit
will alse mean an improvement in the sensitivity by about a facter

of four since square wave medulabien weuld be pessible. (Eg. 5).

Undoubtedly with lecal escillaters covering the.range abeve
9 KMC, higher cycletron harmenics can é.lso be measured with this
radiemeter. Therefore, given a fundamental cycletron freguency of
2.95 KMC established by the magnetic fie]:d, one can measure as high
as the fifth harmenic of radiatien. In this repert enly as an
aspplicatien of the radiemeter, cyclotren resenance intensity
megsurements are made and there remains a great deal te be studied

en this matter.



APPENDIX T

Referring back to the block diagram of Fig. 4, and the assump-

tions made in Chapter II, the output of the amplifier is,

y(b) = [2EE0 210 55) 4 n(h) (13)

since the noise voltage n{t) is not affected by the modulation.

The square law detector cutput is related to its input as,
x(t) = Kly(t)1° (14)

where K is a constant, and therefdre

<(8) = K[ %;n 219642 (24

+ (1 + Sin 2aqt) s(t)n(t) + n2(t)] (15)
At this point, it will be helpful to make use of correlation
technique by computing the autocorrelation function of x(t). If

we express this correlation function as Rl(r), then the spectral

density at the oufput of the detector is,

b7



48

o0

C ) = f Rl('r)eiwt at (16)

-

where f is the frequency, and t is the correlation parameter.

The autocorrelation function of x(t) is given as,

T
Rl(T) = 1im é—T LT x(B)x(t + 1) dt (17

Tow

The product of x(t) with x(t + 1) can be expressed in the following

way,

s2(t)s2(t + 1)
6

x(£)x(t + 1) = K4 [1 + Sin2nqt]°[1 + Sin2rq(t + ©)F°

+ s(t)s(t + T)n(t)n(t + ©)[1 +'S%n2§g§][1 + Sin2mq(t + T)]
P (EnP (6 + 1) + § 8260 (6 + 1) (1 + Stn2aqt)?

+ 3 5%t + nd(6)[1 + Stnzra(t + 013 (18)

by neglecting rest of the terms that involve only cross-correlation

of noise with the signal, which is zero.
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As mentioned in Chapter II (p. 10) the ergodic theorem is as-
sumed to be valid, and the stétistical averages are the same as the'
time averages. It is also known that the statistical average of two
independent signals g(t) and £(t) can be separated as multiple of

the averages,

Elg(t)f(t)] = Elg(t) JELL(t)] (19)

where E indicates the statistical averaging.

Apblying expression of eq. (19) to éq. (18), with the following

identities,

E[s2(6)s%(6 + ©)] 2 s7(6)s2(t + 1)

E[ls(t)s(t + )]

s(t)s(t + 1)

Eln{t)n{t + )] = n{ENn(E + 1) (20}
E[s2(£)] = s2(t)
E[n2(t)] = n?(t)

1

Rl(r) can be written as,
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- PN
Rl('r) = K2{S (t)iﬁ(t *+ 1) [7?- + 2 Cos2ngt + %— Cos 4mgt]
+ =75 1 3 200y <200y
s(t)s(t + t) n{t)n(t + ©) (1 + E-Cos 2rgqr) + n (t) s°(t)
+ n2(e)n2(t + 1)} (21)

From the assumption of the signal and the noise it is true that,

s2(6) = ¢ % = s%(t + 1)

5

n°(t) = ¢ ° = n?(t + 1) (22)

n

Using the identities associated with the statistical averages,

4

s%(6)s%(6 + 1) = o' + 2[E(EISCE F 177 (23)

4

n(t)n(t + ©) = o ' + 2[REIA(E F 112 (24)

where s

g 200821Tf l'rSin21ra-r

moT

s{C)s(C + 1) = (25)
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s_°Cosenf. tSin2nar

L (26)

meT

n(tn(t + 1) =

Substituting equations 22-26 into eg. 21,

o 4
K2{—§— Cos 2nqt + (%Il- Us'b’ + %'cnz 082 + onu

Rl(T) )

+

( S_ % %% ) Sin21rar

T 5— Cos 2ﬁq1}. (27)

(mat)

In order to find the spectral density, .eq. .16 can be used.
When .the integrations are.carried .out .the following terms are ob-

tained,

b

© g . 2
—%—- Cos 27rqre“']2“f1d-r = %... csuﬁ(f -q) (28)

Gy, (£) = K J

_2 [ 9
GlZ(f) =¥ J_m(@f O tT %% T

n
=

Zrol +3a %%+ a E(e) (29)



2 2

oo 2 .
o 2 9 4y  %n % o 4, Sin“mar _-j2ufr
Gl3(f) =K I_i@ﬁ'os + ""ET"‘* n ) E;;;;g—-e dt

I 0 » I >0
b n_'s 4) _{ (30)

gﬁ-(m -f), f<a
o

® g g0 = .
G, = K° J (5 + DSy ST gog ppgre Mg,
— (rat)

[« ) )
B2 {20 ,q<f<a-q (31
a” ) -

T

\ELi;E%f;JZ se—-g<f<a+q

o

Gll(f) is the signal peaked at the band-pass filter center fre-
quency q. However G),(f) is DC that will not be transmitted through

the band-pass filter.

G13 and Glu(f) are mainly the noise spectra densities, and at

the output of the band-pass filtér the noise power is given as,

q+ 8/2
p- |

o/ (G13 + Glu) daf (32)

q._.
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or after carrying out the integration,

P=K2[}lca+—g-c202+20u]

g:
32 s n s n-a (33)

The autocorrelation function of V(t), (output of band-pass

filter) is given as,
Ry(t) = Ry "(1) + R "(1) (34

where R, '(t) is the contribution from the signal, and R "(1) is

the contribution from the noise power P of eq. 33

(x) f“m () (35)
tit) = G,.(f) Cos 2nfT dt 35
Rl q ~ B8/2 11
or
K Y
Ry*(1) = 3~ o, Cos 2mgr (36)

On the other hand Rl"(r) is given as,

' q+8/2,
Hl"(‘r) = ! 12 g Cos 2nfT dr (37)
qg— B
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or

2 .
1 _K- 7 4 3 2 2 4, Cos 2mngtSinBnt
Rl (T) = ‘OI_ [3—-2- GS + 'é-' O's Un + 201’1 ] pon (38)

Therefore eq. (34) can be expressed as,

Ry(1) = V(E)V(E + 1)
2y
=5 O Cos 2mgt
2 .
K~ 17 4.3 2 2 4. Cos 2rgtSinmBt
+§"[32 o ¥ 350959, +2c’n:I KL (39)

The output of the multiplier circuit (w(t)) is given in.terms of
v(t),

w(t) = V(t) Sin énqt (40)

and the autocorrelation function of w(t) is,

w(t)w(t + )

33(1)

i
. 1im %f [ wtw(t + 1) dt (41)
T
T .
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Using egs. (39) and (40),

2 2
R (t) = _E'G uCosz2nq-c + = 2 [32 SM %-cszcnz + 2cnu]4o
00822Wq18inﬂBT
TT
1 1 (T
-1 14m ﬁj V(£)V(t + 7)Cos 2mq(2t + 1)at (42)
~T
TLHao

The low-pass filter located behind the multiplier will eliminate
all of .the terms which.involve frequencies of the order of g since
Y <<.q. Therefore the terms-which will appear at the output of the

low-pass filter are,

K° §

ho .
R3(T = §§- 5 H___ [32 o + 2Un ISingwT {43)

RoJL
Q

The .first term in eqg. .(43) is the signal, .and..the .second term is the

noise=signal combination, but it is noise dominated.

The .spectral .density of the signal .at the.output of the low-

pass filter is,



56

2 . 2
0n4 e—J21TfT dT = _IS__O_SE S(f) (}_I_LI_)

_ [k
Gs‘Jms_e 32

The spectral density corresponding to the second term of eq. 43 is

_ K 17 4 3.2 2 ginBwt =j2nft
s n -_i slpogtso, 0t 20 I = dr  (45)
or
K 17 3 2 2 8
20 132 % T2 % s+2°] £e<3
Osn = (46)
0 > -S-

Therefore the signal, and the noise powers corresponding to the

spectral densities of egs. (44) and (U46) are,

_K b
Ps"'§2—cs
(47)
17 4 , 3 y_
n—2 [32 S+2cr +20]

Then, the ratio of the signal power to the noise power at the

output of the low-pass filter is,

a_|oe =
N

) (48)

< |2

('1%)=17 5.3 5
o) ——-os+-2- cs +20n

)
N
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APPENDIX IT
CALCULATION OF OPTIMUM INPUT IMPEDANCE FOR MINIMUM NOISE FIGURE

A1l sources of noise within first stage of an amplifier can be
represented by a single source of noise in the input impedance. The
noise figure of the first stage is defined as the ratio of total
mean square noise voltage produced across the output terminals of
the tube, to the mean square noise voltage produced by a thermal

noise generator associated with the input seurce conductance GS .

Derivation of the first stage noise figure is confined teo
"single-frequency" appreach, where the available noise powers are

expressed in an infinitesimal frequency df .

There are mainly four sources of first stage noise. The first

one is due’ te the input conductance GS with avallable current iS .

The second seurce is maintalned by the netwerk lesses and the ohmic

losses with effective current i; - The third source is due to

noise across the grid-cathode terminals presented by current ig .

And the last ene come from the noise acress the plate-cathode

terminals determined by current ip . All eof these sources are

assumed to be statistically independent, and the total mean square

voltage across the output terminals of the first tube is,
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2om o a2 L. 2 PETEY. 2y, 12
e df = (17 + 11)|21| ar + 1g|22| ar + 1p]z3| ar (49)

where Zl’ 22, 23 are the corresponding impedances:- However-the

mean square noise voltage produced by an ideal amplifier is,

——

2 25 12
e df = if|Z,|%ar (50)

Therefore the single freguency noise figure of the first stage is,2ll

[AV]

I

no
N

Bo=1+-t4+-B_2 4P _3 (51)
2 2 2
:LS :LS lS

I_J

For effective seurce temperature of T,

2 on
idf = WKT G At
?df = UKToG. af

1 1 (52)
i—zdf = UKTpG df

g T
2 2

1pdf = YKT Req: g daf

where G's are equivalent conductances, Réq is the equivalent

noise resistor of the tube, « and B8 are constants, and &, -is-

the transconductances of the tube. Then Fq. (51) can be written as,
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2
oG 8G gR
F =l+‘—-i+—1]af2+ i eq. |b12 (53)
1 G G G
S s s
where
_5 _ 5
2Tg, o PTm o
1 1

When the tube transconductance satisfies the inequalities,

>> (G
“n T (54)
&y > Gy
and
2 2 2
o] = |¥  + G|
“n 5 T (55)
la] £ 1

where YS = Gs+ Gl+ le s 18 the total input admittances Eg. (53)

becones

a BG

R
- T eq. 2
Fp=14 6, et g+ @ | (56)

The value of Gs that will minimize the noise figure Fl R

can be determined by differentiating Fl with respect to GS and

equating it to zero.

X 13

Ec 2 *Rq. =0 GD
S5
S

2 2
oF aGl+ BGT+ Req.[(G1+ GT) + 7

G
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and

2. ver
o2 ) o+ BG + Req.[(q1+ G )7+ Y] (58)
‘s ,0pt. Req. :

However, the last term in the numerator is much smaller than the
‘first two. Therefore,
G+ G ;

G = [—4

S ,0pt. Req;. (59)

For the vacuum tube usedy the typical values of o, 84 G

24

1’ GT

and Req. are given as,

e

1

5
£ 10 micromhos. (60)

e -

ep]
n

2 12 micromhos

a2
It

= 385 ohms .

=
]

Then the optimum input conductance is,

,_ 4
Gs,ogt. = }§,2 x 10 ‘mhos (61)

or the equivalent input impedance is,

L4"]
Rs,opto = 2400 ohms . (62)
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