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Abstract

We measure the emissivity of two aluminum-coated composites designed
for use as the MAP satellite reflector. It is desired that the emissivity be in-
distinguishable from that of bulk aluminum at room temperature and 90GHz.
We measure the emissivity difference between the reflector surface and 6061-
T6 aluminum alloy and compare the results with a theoretical value for the
emissivity of aluminum. We also measure the emissivity of a sample of the
proposed Greenbank telescope reflector.

We investigate a number of systematic effects including beam spill, un-
certainty in the system calibration, signal variations due to variations in the
sample flatness, the effect of the relative height of the sample on the sample

emissivity, and the emission from the polyester tape used to hold samples in

place.
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[. Introduction

The Cosmic Microwave Background (CMB) is our most direct link to the
early universe. It is what remains of the oldest photons we can observe—
those freed to stream outward when the universe first became transparent at
decoupling, roughly 200,000 years after the Big Bang. Prior to the recombina-
tion of atomic hydrogen, matter and radiation are in constant communication.
Photons frequently Thompson scatter off of free electrons. Fluctuations in
the matter are accompanied by fluctuations in the radiation. When the uni-
verse has expanded and cooled sufficiently for hydrogen to recombine, photons
can travel essentially unimpeded across the universe, carrying with them the
signature of primordial density fluctuations in the photon-baryon fluid.

These fluctuations, now seen as anisotropies in the CMB a part in 10%, were
first detected by NASA’s Cosmic Background Explorer (COBE), launched in
1992. COBE’s angular resolution was, however, limited to 7°. The Microwave
Anisotropy Probe (MAP) satellite is designed to improve this, to achieve a
resolution of approximately 0.3° over the entire sky. This is enough spatial
resolution to compare sections of the CMB which were causally connected
at decoupling. Planned for launch in the fall of 2000, the MAP satellite is
expected to provide answers to cosmology’s biggest questions. The data will
help us to understand structure formation in the universe if the current popular
models are correct. It will strongly constrain the values of the cosmological
parameters such as Q,, Q, A, and H,. [t will describe the ionization history

after decoupling.
For MAP to be effective in measuring the CMB to such unprecedented pre-

cision, systematic effects will have to be strictly controlled. In this experiment,

we test the emissivity of the satellite reflectors.
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The map reflectors are lightweight and sturdy composites coated with
vapor-deposited aluminum (VDA) produced by Surface Optics Corporation.
They are designed to withstand the extreme temperature variations associated
with space flight while retaining excellent optical properties. The composites
should be highly reﬂecti.\fe at radio frequencies, the surface emitting very little
radiation itself. The optical specifications require the composites to be no more
than 0.1% emissive at 90GHz, essentially indistinguishable from the emisssivity
of bulk aluminum. We received two 12 by 12 inch sample sections for testing.
We measure their emissivities at room temperature and 90GHz to determine
whether or not they meet specifications. Our results (Table 1) suggest that
they do.
We also report measurements made of a section of the proposed Greenbank

telescope’s reflector (Table 1).

[a. Experimental Overview

We measure the emissivity differences at 90GHz between aluminum (6061-
T6) and four other materials— AISI 304 stainless steel, oxygen-free (OF) cop-
per, MAP VDA composites, a section of the Greenbank telescope’s reflector.
The samples are mounted on aluminum disks. The disks are at 45° relative
to the ground and are rotated at about 1Hz as shown in Figure 1. Below the
disk, there is a nitrogen cold load.

The nitrogen bath is lined with microwave absorber (Appendix p. A2)
(e ~ 1), and thus has an effective temperature approximately equal to the
boiling point of nitrogen (77K). The quantity e is the emissivity, a measure of
the radiative efficiency of a body, as explained in the next section. The area
around the bath is also lined with microwave absorber to prevent reflected
signals from reaching the sample.

A W-band radiometer centered at 90GHz receives the radiation emitted
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Figure 1. The experimental setup. We measure the emissivities at an incidence angle of
45°. The signal received by the horn is the sum of the radiation emitted by the disk and
the radiation emitted by the bath and reflected by the disk. Our convention for treating
the two polarizations is also displayed. Here, the emissivity is labeled e.
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and reflected by the sample. The signal it receives is the sum of the radiation
emitted by the sample at room temperature (293K) and the radiation emitted
by the microwave absorber at 77K reflected by the disk. For a surface that
is opaque and transmits nothing, the fraction of incident radiation absorbed,
the absorptivity, is equal to one minus the fraction reflected, the reflectivity.
Kirchoff’s law then tells us that the absorptance is equal to the emissivity. It

follows that the total signal is:
Ty = eTpisk + (1 - e)j-lﬁath- (1)

For a typical measurement, the sample is mounted, with a flush surface,
to an aluminum disk. Denote the sample’s emissivity by e, and the emissivity
of the disk by eq. As the disk rotates, we will see two signals of the form in

equation (1). The difference between these two is

ATS = (33 - EAI)(TDisk - TBarh)- (2)
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To find the emissivity difference, we take the voltage output of the radiometer,
which is directly proportional to AT, and divide by Tpisk—Tgan = 216K. Typical
values for the emissivity difference will be on the order of 10=%. To measure
AT,’s that are this many orders of magnitude smaller than the body’s physical
temperatures, the a,ppa.mtus needs to be very stable. The only part of the

system that we allow to change 1s the sample we are measuring.

The main source of (instantaneous) noise is Gaussian white noise (con-
stant over all frequencies) from the radiometer. There is also noise from the
110V lines in the walls (at 60Hz), from mechanical vibrations, etc. These are
reduced by chopping the radiometer output signal at 1Hz (the disk rotation
frequency) and averaging the signal over many periods. This removes sig-
nals occurring at frequencies other than 1Hz and leaves only the variations we
wish to measure. Figure 2 shows some typical data taken with our apparatus.
We discuss systematic error when determining the final emissivities in later

sectlons.

Our results are displayed in Table 1. We treat the two polarization of
the electromagnetic field as one component parallel to the plane of reflection
and one component perpendicular to the plane of reflection. Our convention
is displayed in Figure 1. In addition to radiation incident at 45°, we present

estimated values for the emissivity at normal incidence.

We have three strong reasons, as discussed in Section VI, for believing
that our results are significant. First, our measurements of the emissivity
of oxygen-free copper are self-consistent and consistent with emission at an
incidence angle of 45°. (Section VI) Also, our results for copper are consistent
with the theoretical value. (Section VI) Second, our measurements of the
emissivity of AISI 304 stainless steel are self-consistent and strongly suggest

an incidence angle of 45°. (Section Vf4) Further, our results for stainless steel
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Figure 2. A typical sample. Samples are held in place by polyester tape. The MAP VDA
samples are, in addition, fized to the bulk aluminum by flathead screws epoxied to the
sample underside as explained below. The outlined ellipse on the sample shows the
location and size of the beam. Imagine this ellipse moving around the disk as the disk
rotates.

' 53.9cm !

Figure 3. Typical disk surface data taken in this experiment. This s MAP VDA #1,
measured 10/31/97. The temperature scale is inverted; so more emissive corresponds to
lower temperatures. We fit a straight line to the data over each section of the disk. The
x2/v’s describe the accuracy of these fits. To find emissivity, divide y-azis temperatures
by 216K. The signal dips are due to the tape.
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are consistent with the theoretical value. (Section VI) Thirdly, our results from
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Table 1: Absolute Emisstvities for all materials measured and calculated, at room tempera-
ture and 90GHz and 0. = 45°. Calculated values are from the model in Section Ila
and corresponding material names are in italics. E) denotes the parallel polarization
and F| denotes the perpendicular polarization.

Ejj, Oine = 45° Ey, Oin. = 45° Normal Incidence
Pure Al 1.46 +£0.001 x 1073 7.28+0.01 x 10~* 1.03 £0.001 x 10—2
6061-T6 Al 1.826+0.044 x 1073 9.14+0.22x 10~%  1.29+0.031 x 10~2
MAP VDA #1 1.594£0.30x 1073 4.6+2.7x 1074 81453 %1074
MAP VDA #2 2.134+027x107* 674 2.6 x 1074 1.14 £0.56 x 1073
Greenbank 4.07+£050% 1073 1.454035%x 103  2.39+0.84 x 1073
AISI 304 8314089 %x107%  4114057x107%  5.76+0.75 x 1073
AIST 304 7T584+0.02%x 1072  3.80+0.01x%10"%  5.367+0.016 x 1073
OF Cu 1.31+029% 1072 7514+3.0x1074 1.06 +0.43 x 1073
OF Cu 1.16 £0.01 x 10723 5.82+0.03x 10~%  8.22+0.05 x 10~*

a test in which we rotate the field polarizations by 45° (Section Vf3) indicate
both that the geometry of the setup is correct and that our radiometer is
extemely self-consistent.

We will now list and briefly describe the different samples that we analyze

during this experiment.
[b. Sample Descriptions

Bulk Al Disk: 6061-T6 aluminum disks are central to this experiment. Surfaces
are smooth and sanded to eliminate grooves in any particular direction. One
aluminum disk is used exclusively as the system baseline. The other primary
function of the plain aluminum disks is to serve as a substrate for systematic

effect tests. We have four plain aluminum disks.

MAP VDA samples: The primary goal of this experiment is to constrain
the emissivities of two 12 by 12 inch samples of the MAP satellite reflector.
We received the first in mid October and the second in early January. The
samples are aluminum coated composites, 245um (0.017) thick, inset into a
6061-T6 aluminum disk. The samples have an rms roughness of 0.5um. The

construction is three layer: composite XN70 cloth, a VDA (vapor-deposited
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aluminum) coating 3pm thick, and a protective layer of SiO, (slow-fire silicon
oxide) 2.5um thick. SiO,, which emits very strongly at 10um, is employed to
radiate away solar energy. It keeps the reflector surface cool in space. For
MAP VDA #1, the sample is higher than the disk around it by approximately
120m. For MAP VDA .#?,j the height is closer to 25um. Information for the

reflector and coating is in Appendix A. (p.A3)

Cu-Al-SS: This is a tri-metal sample. One third is OF copper. One third is
6061-T6 aluminum alloy. One third is AISI 304 stainless steel. The primary
function of this sample is to employ the large aluminum-stainless emissivity
difference in gauging the system calibration. We also check that the copper-

aluminum emissivity difference measured agrees with the theoretical value.

Raised Al: This sample consists of a bulk aluminum (6061-T6) disk with a
section of 490um thick 6061-T6 sheet aluminum. Unlike the test samples, this
aluminum is 490um above the disk surface. It is used to test the effect of a

raised surface on the sample emissivity.

Raised SS: Like the previous sample, this is used to gauge the effects of a
raised surface. It consists of a 490um sheet of AISI 304 stainless steel mounted
to 6061-T6 aluminum plate. Unlike the test samples, this surface is 490um
above the disk surface. This sample is also used to gauge error in the system

calibration.

Lowered Al: A wedge of this 6061-T6 aluminum plate has been milled out to
a depth of 245um. This disk is the same as those containing the MAP VDA
samples, with the sample removed. It is used to test the effect of a lowered

surface on the sample emissivity.

Greenbank: This is a sample from the Greenbank telescope’s reflector. We
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began testing the 12 by 12 inch sample of the proposed reflector for the Green-
bank telescope in late February of 1998. The reflector consists of a 93.1 pm
(0.00387) layer of GBT Goldstone Paint on an aluminum plate. The rms
roughness of the surface is 3.43pm (0.00014”). The total sample thickness is
2.205mm (0.09”). It is inset in an aluminum disk. We wish to measure the
emissivity as for the MAP VDA samples. Information for the reflector and

coating is in Appendix A. (p.A4-A6)

Note: The mounting of all samples is done by first milling out a section from
a bulk aluminum disk so that the sample will be flush with disk surface. Next
holes are drilled into the back of the disk where the sample will be attached.
We epoxy bolts to the undersides of the samples and use these holes to fasten
the bolts to the disk. Finally, we use polyester film tape (1.23cm (0.5”) wide,
46.6m (0.00197) thick) along the edges. This tape is between the sample and
the aluminum disk on the face of the disk which is measured and hides the
gap at the edges (Figure 2). The systematic effect related to having this tape

in the beam path is discussed below.



II. Theory

Any body at non-zero temperature emits electromagnetic radiation. The
radiated power W is characterized in terms of the energy that an ideal black-
body would emit per unit time Wgp at that temperature. The ratio is defined

as the body’s emissivity e:
W
e = . (3)
Wgp

The emissivity ranges from 1 for a perfect absorber of radiation (a blackbody)
to 0 for a perfect reflector of radiation. The emissivity can be a function of
[requency, angle, and temperature.

In the sections that follow, we discuss first the predicted functional form for
the emissivity from Maxwell’s equations. We plug in numbers and calculate the
expected emissivities for our copper, aluminum, and stainless steel samples.
Next we discuss the role of emissivity in allowing us to define an effective
temperature for a radiating body. We discuss the useful convention of treating

all noise powers, signal and system, in terms of effective temperatures.

[Ta. Emissivity for Oblique Incidence

The emissivity of a metallic surface can be calculated from first principles
as a function of the frequency of radiation emitted, the angle at which the
emission occurs, and the conductivity of the metal. If the metal’s surface is
relatively smooth, the emittance is specular and is described by the Fresnel
equations. The requirement of a surface for specular rather that diffuse emit-
tance is o/A <0.05, where ¢ is the rms roughness in one dimension and X is the
wavelength of radiation. (Touloukian p. 16a) At 90GHz, we need ¢ <170um,
which is satisfied by the materials in this experiment. For the MAP VDA
samples, the reported ¢ is 0.5um. In the discussion that follows, we outline

the derivation of the Fresnel equations, derive the complex index of refraction
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for a metal, combine the two, and solve for the emissivity.
Consider the oblique incidence of an electromagnetic wave as in Figure
(4). We are interested in the case when 6, =45°. The incident E field vector

can be written as

Eo — E’gef(Eo-F—wt) (4)
where ¢ is the amplitude. From Maxwell’s equations, the H field is:

H, = nk, x E, (5)
where n is the index of refraction, approximately equal to unity in air. A
portion of the wave will be reflected and another transmitted. Denote the

reflected fields as

By = Ef iR 7—wt)

o (6)
Hrl = ko > El
where n has been set equal to 1. Denote the transmitted fields
By = Egef{EQ-F—wt)
(7)

Hy = npky x Es
where n,, is the complex index of refraction of the metal.
The functional form of the complex index of refraction can be found by
comparing the Ampere-Maxwell equation written for a metal to the equation
written for a non-conducting material. In its most general and macroscopic

form, the equation is

- - 18D Ar -
Vxhg--=2=1
* c Jt ch (8)

where J; is the current due to free charge carriers. For a linear medium, it is
true that D = ¢E, where ¢ is the medium’s dialectric constant, and J; = oZ,
where ¢ is the conductivity of the medium. We will assume that the field is

periodic in time as e~



11

Figure 4. Electromagnetic radiation incident on the boundary of two medium. Picture taken
from Heald & Marion (1995).

Medinm 1 . Medium 2

Ky

For a non-conducting material, there is no free current. Equation (8)

reduces to
t“?xf}-g(_m)ﬁ:o (9)
For a conducting medium, it becomes
V x H— (e z%—a)l(—iw)g =0 (10)
W [

Thus, the situations are mathematically identical if we define the quantity in
brackets in equation (10) as a complez dialectric constant. The index of refraction
for a non-magnetic medium is just the square root of the dialectric constant.

Hence, the complex index of refraction is defined as
Nm =1/e+1—— (11)

For the case of high conductivity (when the conductive current is much larger
than the displacement current) it will be an excellent approximation at low
frequency to write 4r¢ >> ew. For aluminum at room temperature, with
v =90GHz, 47c/ew ~ 10°. Also, the conductivity ¢ in equation (11) is essen-
tially the DC conductivity opc of the metal. At 90GHz, as explained below,
the wave period is so much longer than the relaxation time of a conduction
band electron that the electrons remain effectively undisturbed.

For electrons in good conductors, the relaxation time is set by the mean free

time between electron collisions. The characteristic relaxation time, describing
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Table 2: Physical data (resistivity p, conduction band electron density N, skin depth ¢,
Fermi velocity vy, conduction band electron mean free time T and mean free path 1)
for OF copper, pure aluminum, aluminum (6061-T6), and stainless steel (AISI 304) at
room temperature (293K ) and 90GHz. We suppress the uncertainties on all quantities
excepl the resistivities.

OF Cu Pure Al Al 6061-T6  AISI 304
p (nQ-m) 16.9+0.1% 26.48+0.027  41.741.7% 722+ 2%
N (10%2cm~3)  8.45 18.06 18.06 15.55
§ (10=%cm) 2.20 2.73 3.43 14.25
vy (10%cm/s)  1.57 2.02 2.02 1.93
7 (1071%s) 243.60 74.15 47.13 3.17
[ (1078cm) 382.84 150.10 95.42 6.10

T Taken from: Reed, R., P., Clark, A., F. Materials at Low Temperature. American Society
for Metals. Metals Park, Ohio: 1983, p. 194.

* Extrapolated from data wn: Reed, R., P., Clark, A., F. Materials at Low Temperature.
American Society for Metals. Metals Park, Ohio: 1983. p. 196-7.

the way charge spreads out in time, that comes from the charge continuity

equation (r = ¢/4mopc) is much shorter. We can calculate an approximate

mean free time using the Drude model:

maopc
"= Ne (12)

where m and e are the electron mass and charge respectively and N is the
conduction band electron density. Values for these quantities can be found
in Table 2. In this experiment, the largest mean free time that we will come

across (for copper) is 450 times smaller than the wave period. With these

ny, = 1 [iamIDC. (13)
[

This form for n,, will be sufficient for this experiment.

approximations:

There are two corrections which are important at higher frequencies. First,

if the skin depth 4, given by

c

§ = ,
Vemow (14)
is smaller than the conduction band electron mean free path I, given by
I =vpr with vy = %(3?.—21’\?)”3 (Fermi Velocity), (15)
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Figure 5. Radiation with E field parallel to the plane of reflection. Picture taken from Heald
& Marion (1995).
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Figure 6. Radiation with E field perpendicular to the plane of reflection. Picture taken from
Heald & Marion (1995).

Medivm | Medinm 2

/ 11,
¢
Ej ky
{in)
Gy 4 n
0,4 % H,
E, in} /
E;
{in} ks

Ky H,y

then the “anomalous skin effect” becomes important. From Table 2, it is
apparent that it is not important here. Second, there is the relaxation ef-
fect which becomes important when the wave period becomes larger than the
collisional time. This, as discussed above, is also not important here.

To simplify the discussion of our electromagnetic field obliquely incident
off of a metallic surface, we consider two different possibilities. First, the E
field polarization could be perpendicular to the plane of reflection as in Figure
5. Second, the E field polarization could be parallel to the plane of reflection
as in Figure 6. Any other case can be constructed as a linear combination of
these two.

For both polarizations we will use the field boundary conditions to relate

incident, reflected, and transmitted field amplitudes. For the E and H fields,
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the boundary conditions require the tangential field components to be contin-
uous across the boundary of the two mediums. That is, if we call the vector

normal to the metal’s surface 7,

= -

(By 4+ ) x it = By x 7, (16)

and likewise for H. In the parallel polarization, for example, the E fields are

already tangential to the boundary. Thus
E; + E} = E3. (17)

Applying the boundary conditions to the rest of the field components isn’t
so attractive. Nonetheless, after a deluge of algebra, one finds relationships
between each field amplitude, the Fresnel equations. We are interested in the
two I'resnel equations describing the relative amplitudes of the incident and

reflected signals. They are

Ny cos 0y — cos Oy

ECJE® =
1/ ¢ Ny COSGO + cos 82, (18)
for the parallel polarization, and
B o - o Hm b IO<
o = 20300 = tim cos "

cos B, + 1y cos Oy
for the perpendicular polarization.

The fraction of the incident wave that gets reflected is R = |E?|2/|E?|2. The
fraction 7 that gets transmitted is then 1 - R. By detailed balance, this is also
the emissivity. We use Snell’s law, which follows from the boundary conditions

(equation (16)), to get rid of 0, in equations (18) and (19):
sinfy, = ny, sin by (20)

gives

(21)
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Table 3: Calculated emissivities at 45° for OF copper, pure aluminum, aluminum (6061-T6),
and stainless steel (AISI 304) at room temperature (293K) and 90GHz.

OF Cu Pure Al Al 6061 (T6) AISI 304
ey (1074) 11.63 £ 0.07 14.55 +0.01 18.26 + 0.44 75.76 4 0.21
ey (107%) 5.82 4 0.03 7.28 +0.01 9.14 £ 0.22 37.95+0.11

Finally, we plug in ¢, = 45° and equation (13) for the complex index of refrac-

tion, to find

) 2
! nZ —/2n2 —1 9 w (22)
e = _ ~
! nZ ++/2n2, —1 TOpC
and
2
1—/2n2 —1 [ w (23)
e] = —_— ~ .
* 14 /2n2, — 1 TIpe

For the last step in each equation above, the form (13) for the complex in-
dex of refraction is inserted and the high conductivity condition is used to
approximate. The error in this approximation is on the order of +0.1% for the
materials in this experiment. Calculated values for the relevant materials are
displayed in Table 3.

As all of the emissivities we measure are relative to the emissivity of Al
6061-T6, our value for the resistivity of Al 6061-T6 is very important The
reported values in metallurgical handbooks and from vendors range from 40-
42n0-m. (e.g. Metals Handbook p.1.66) The best experimental data we could
locate, from Reed & Clark (1983), only extends to 273K. Nonetheless, this
data appears to be very linear at temperatures above 77K. We, therefore,
extrapolate from their measured curve and find p =41.740.1nQ-m. To allow
for all of the reported values, we increase the uncertainty to +1.7. Similarly,
for AISI 304, we use the data in Reed & Clark to find p=7224+2n0-m. And

likewise for OF Cu, 16.9£0.1nQ-m. These values are reported in Table 2.

[Ib. Blackbody Radiation and Effective Temperatures

The spectral emission power of a blackbody (per unit area, per unit solid
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angle) is given by the Planck radiation law:

_ 2hP 1
B, = 2 ehw /KT _ 1"

(24)
For this experiment, for radiation at » =90GHz emitted from a body at liquid
nitrogen and room temperatures, it is true that hv << k7. Thus, the correction

between thermodynamic and brightness temperature can be ignored. We then

expand the exponential in B, to get the Rayleigh-Jeans result:
B, = 2kt (25)

The total power Wgp incident upon a surface A from a source for which B, is

constant over a small bandwidth Av and spatial extent Q is then

202 -
C

For the case of noiseless antenna, the total received power per unit fre-
quency range is:
W, = %Ae//By(ﬁ,é)Rl(f},@')dQ. (27)
(Krauss p. 3-40) The factor of one half takes into account the fact that an
antenna can only receive one of the two field polarizations. The effective area of
the antenna, or the ratio of the total power the antenna receives to the incident
flux of energy, is A.. The normalized angular function P,(¢,¢) describes the
antenna pattern. (See Appendix pp.A8, A9 for the pattern of our feed.)
For a source isotropic in space or simply constant while P,(6,¢) is non-
negligible, B, can be taken out of the integral. We can define Q4 = [ [ PndQ

and plug in equation (25) for B, to get
]'/2
W = 2 kTAQ4Av. (28)
c

FFurther, as one would expect, the wavelengths at which an antenna can radiate

are constrained by its dimensions. Krauss (p. 6-5) demonstrates that

A= AQa. (29)
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With this result, we see that the antenna power is directly proportional to the

temperature of the blackbody:
W =Av- kT. (30)

We also see from (30) that it is possible to define an effective temperature 7,

for a radiating body such that

T, =T (31)

where T, is always less that the physical temperature T.

Similarly, any circuit element can be treated as having an effective noise
temperature. IFrom Planck’s law in the Rayleigh Jeans limit (equation (25)),
Nyquist showed that the rms voltage v,.,s due to the random motion of elec-

trons 1s a resistor is

voms = VARTADR. (32)

(Pozar p.584) Here R is the resistance. The power is then

2
Vrms _ ;

This result leads to an important simplification in discussions of radiometric
noise measurements. Just as with electronic circuits we can describe an arbi-
trary circuit or circuit element by its Thevenin equivalent (i. e., by a matched
resistor), we can describe an arbitrary noise source by an effective noise tem-
perature Tyy. Therefore for a source delivering power W to a load resistor R,
we write

TN = == (34)
where G is whatever gain the element may have. The effective noise temper-

ature defined in this manner generally bears no resemblance to the physical

temperature of the object. It is typically a few orders of magnitude larger.
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Nonetheless, it is a definition that makes the physics more transparent and
greatly simplifies calculations.

As the proportionality constant for the power in the case of the antenna
and in the case of the resistor is just the bandwidth Av, and as the bandwidth
is set in the radiometer I(in our case by the first [F amplifier), it factors out of
the calculations. The total power of the system is then just a linear combina-
tion of the source power plus the noise powers of each component, with each

component’s effective temperature weighted by the gain that it receives.

Two effective temperatures will be important here—the temperature of
the source T, detected via the antenna and the total effective temperature of
the radiometric system T,,. The total noise power at the radiometer output

is

Wiotar = k(Tsys + T5)AvG. (35)

We will use this expression for the system power in Section IVa when we
discuss the system sensitivity. For this experiment, 7, is approximately 77K.
For our radiometer, we measure T,,, =15800+£2000K. (Section [Va) As T,,, is

much larger, it is a good approximation to write

Wiotat = kTyys AVG. (36)
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Figure 7. The experimental setup. Samples are mounted on 53.9cm (22") diameter alu-
minum disks tilted 45° relative to the floor. A 24V motor rotates the disk at about 1Hz.
The noise signal in thermal radiation is measured using a W-band radiometer centered
at 90GHz. Every rotation, the noise signal is co-added to uncover variations in the
sample noise from the receiver noise.

ITI. The Apparatus

[ITa. The Sample Setup

Samples to be measured are mounted on 53.9cm (22”) diameter 1.23cm
(0.5”) thick aluminum plates. The support structure for the apparatus is
a Tlem (29”) by 76cm (317) by 90.7cm (37”) aluminum cage constructed by
Michael Kesden and me from June to August of 1997. The drivetrain, including
the wheel axle and the motor, are mounted to a 1.23cm (0.5”) aluminum
plate which is bolted across the front (slanted) face of the cage. The axle
contains two sets of pressure-loaded SKF ball bearings, tightly shimmed to
ensure sample stability.

There is one £15V power supply (SOLA SLD-15-3030-15) mounted to the
bottom front of the cage. This provides the base voltages for the operational
amplifier circuitry in the radiometer. There is also a 0-40V, 5A variable power

supply (HP 6266B) mounted to the underside of the top of the cage which is
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Figure 8. Schematic for the radiometer voltage requlation. This circuit is attached to the
radiometer’s aluminum base.
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used to control the power to the motor. The rest of the system power comes
from an external 28V power supply (Systron & Donner 0-160V, 0-15A). This

is regulated down to 15V and 5V (Figure 8).

The cage was designed both to support the rotating sample and to protect
and house the radiometer. The feed horn available to us was, however, much
longer than the original cage design took into account. We used a specially
elongated feed (designed for the MAP satellite) that forced the radiometer to
rest behind and on the outside of the cage. We fixed the radiometer in position
with a steel infrastructure, extended from inside the cage. We also support the
radiometer from the ground with a cardboard and Styrofoam base, designed

to minimize vibrations sympathetic with the rotating sample.

The cage rests on an array of four cinder blocks and wooden boards that
lift it above a nitrogen cold load. The load, or bath as it will occasionally be
referred, consists of a 25.7cm (10.5”) by 58.8cm (24”) by 73.5 (30”) piece of
Styrofoam. The center is hollowed out to a depth of 19.6cm (8”). This is then
lined with mylar to prevent leakage. The lining is necessary as the Styrofoam
is not strong enough to withstand the temperature differential when it is filled
with liquid nitrogen; it cracks and becomes porous. The final layer in the bath
is a double coating of 2.45c¢m (1”) microwave absorber.

We use an optical gate (HOA1885-12) to trigger on the rotating disk (Fig-

ure 9). A small aluminum finger is attached to and extends from the underside
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Figure 9. Optical gate used for triggering on the rolating sample.
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of the sample disk and passes through the gate once per rotation. When the
gate is unblocked, a light-emitting diode forward biases the base-collection
junction of a pnp transistor. Only a small portion of the +5V supply then
reaches the circuit output terminal. When the gate is blocked, the base is at a
higher voltage than the collector, no current flows through the transistor, and
the output voltage increases to near 5V. We choose an input voltage of 5V so
that the optical gate can be used as a digital trigger for TTL circuitry in the

computer. (Section Illc)

ITIb. The Radiometer

The following section describes the operation of each radiometer element
in detail. A brief summary will provide a useful orientation. Consider Figure
10.

The feed-horn collects the thermal radiation from the sample like an an-
tenna receives a radio signal. The horn is connected to the radiometer by an
orthomode transducer and a mechanical switch. The OMT separates the two
possible radiation polarization’s onto two waveguide transmission lines, and
the switch selects which then enters the next stage of the radiometer. Here
the signal is multiplied by a reference signal from the local oscillator (LO) by

the mixer. The mixer yields two signal components, one with a frequency that
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Figure 10. Digital photograph and diagram of the radiometer.
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is the difference of the inputs and one that is the sum. The sum component
cannot propagate through the coaxial line to the next stage. The circulator
makes sure that nothing leaks back into the mixer. Continuing, the difference
component gets amplified in an IF (intermediate frequency) gain stage. Next,
the signal is demodulated in the diode detector. This converts the amplitude
modulation of the signal to an easily analyzed DC voltage that is proportional

to the input power. Finally, there are two post detection amplification stages.
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The first provides a gain of 40dB. The second adds a DC voltage to cancel the
DC portion of the post-detection signal and then amplifies it 26dB.

FEach section of the radiometer is characterized by its action in the fre-
quency domain on an input signal. Each also has a characteristic loss (reflect-
ing its inefficiency) or gain measured in dB. There are two important types of
loss that will be important. First is insertion loss IL. This is just an expression
of the relative degree to which different parts of a circuit (i.e., the input and
the output) vary in their ability to transmit a signal. Second is the return loss
RL. This 1s a measure of how mismatched the load on the output is. If it is
matched then all the available power is transferred. Otherwise, a portion of
the signal gets reflected instead of transmitted. The return loss can also be

expressed in terms of the voltage standing wave ratio VSWR. The conversion

between VSWR and RL is:

VSWR-1

RL = 20log 2 L= 1
“VSWR+1

(37)

Values for the losses of each radiometer element are available from the data
sheets in Appendix A.

An important question involving the loss of each circuit element is: given
a particular input power, what is the output power? We can calculate this if
given the RL and IL of the element. This in turn gives the total loss of the
element. Consider, for example, a broadband signal centered around 90GHz
with power 1W at the input of the OMT. We look at propagation straight
through the OMT (i.e. the perpendicular polarization).

First, the isolation is given on the data sheet in the appendix (p.A10) as
26.26dB. This means that only one part in 423 of the incident signal power goes
in the wrong direction, toward the side channel (i.e. the parallel polarization).

Thus, we can ignore it.
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Table 4. The gains and upper limit losses corresponding to each element of the pre-detection
radiometer. There is approximately 26cm of waveguide attenuating at 1.3dB/m corre-
sponding to data taken for the parallel polarization Ey and 8.75cm for the perpendicular
polarization Iy . Data taken from tables in the appendiz.

Radiometer Element Gain/Loss E; Gain/Loss E
oMT - —0.9dB —-1.73dB
Waveguide —0.51dB

Switch —0.87dB —0.87dB
Mixer —8dB —8dB
Circulator —0.81dB —0.81dB
Miteq Amp +36dB +36dB
Minicircuits Amp +25dB +25dB

Total 49.91dB 48.06dB

Continuing, we see that the RL is -16.83dB. Thus, P x 108L/10 =20mW of
the signal gets reflected, and the power available to go through the OMT is
0.98W. This now suffers an insertion loss of -0.81dB. The final power is then
0.81W. Finally we see that the overall loss is 10l0g(0.81/1) = —0.9dB.

Table 4 contains values, calculated in this manner, for the losses of each

radiometer element.

IITb1. Feed Horn

We are using a feed designed by YRS associates for the MAP project.
(Appendix A p.A7-A9) It operates over the W band (specifically, 82-106 GHz)
and is centered around 90GHz. Briefly summarizing the microwave properties
of the feed, the forward gain at 90GHz is modeled to be 26.40dB. Measure-
ments of the beam pattern (Appendix A p.A8, A9) show the peak power in the
sidelobes 1s a factor of 10* down from the main lobe. Moreover, the main lobe
is quite tight; the FWHM is 8.4°. This removes, to a large extent, problems
arising from beam spill that previous feeds suffered from.

Briefly summarizing the feed’s mechanical properties, the aperture diam-
eter of the feed is 4.316cm. The length is 60.329cm. The length of the feed

is necessitated by MAP satellite specifications and is made possible by corru-
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Figure 11. Beam path for the Map corrugated feed horn. The geometric picture of what
radiation is received by the radiomeler suggests little beam spill-over into unwanted

regions.
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gating the interior of the feed. The corrugation also makes it possible to have
a highly symmetric beam with small sidelobes and little loss.

Although the distance between the sample and the feed is only 5.21cm,
much shorter than the 1.4 meters below which the far field description is no
longer applicable, the FWHM beam angle gives us a useful picture of where
the beam is roughly expected to be. Figure 11 shows a sketch of the beam
path. Notice that the majority of the beam (in the far field limit) illuminates
a small portion of the sample, neither straying toward the disk center or edge
nor reflecting back onto the feed itself.

When the beam angle is approximately equal to 20°, the beam begins both

to reflect back onto the feed itself and to see the edges of the bath below. From
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20° to 180° the beam is then seeing 293K instead of 77K.

In Appendix A (p.A8, A9), there are two plots of the beam pattern. The
first is a theoretical curve, the second contains both a theoretical curve and
data points. The first shows the normalized gain (in dB) as a function of beam
angle out to 180°. The second shows the gain relative to the gain of a spherical
beam pattern. Both plots are in the far field limit.

Using the first of the two plots, we can get an estimate on how much of
the beam power comes from room temperature radiation. At 20°, the feed
gain is down 36dB. Therefore, the first time we see 293K, the gain is down by
a factor of almost 4000. This makes 293K look like 70mK at the center of the
beam. As signal variations this size correspond to (divide by 216K) emissivity
differences on the order of 10=%, they are just big enough to begin causing us
problems.

These problems were quite evident early in the experiment, when we were
using a small rectangular Millitech high gain feed horn with a larger FWHM
beam angle (~20°). Figure 12 shows a typical data set from that period.
Here the effects of beam spill over onto the bolts holding the disk to the
axle are clearly illustrated. The bolts, which are about 1lem left of beam
center, would have come into the beam at an angle near 50°. There are four
steel bolts and four corresponding dips, or emissivity increases, in the signal
from the perpendicular polarization. The bolts appear in the perpendicular
polarization rather than the parallel polarization due to the shape of feed-
horn’s beam pattern. The horn is rectangular, and the beam is wider in the
direction corresponding to the polarization it is receiving.

To make certain that the signal from the disk near the axle was constant,
an aluminum sleeve was machined to fit over the bolts in order to present a

symmetrical and unchanging surface.



27

Figure 12. Data taken for the bulk aluminum disk in early October. Beam spill-over into un-
wanted regions is clearly indicated as the bolts holding the disk to the arle are present in
the data. The sample here rotates flatly to within 2/5pm (0.017). There were n =27000
iteration periods. The data was unfiltered and sampled at 1kHz. The calibration for both
the parallel and perpendicular polarization is 16.9 £ 0.2mV/K.
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To keep variations in the disk edge, which for most samples is irregular
and roughly milled, from contributing a synchronous signal, a shield of mi-
crowave absorber was mounted to the cage in front of the disk. This extends
approximately one inch over the sample, remaining fixed to the cage as the
disk rotates behind.

Late in October, we switched from the small Millitech feed to the longer
corrugated standard gain feed discussed above. Even with the narrower beam,
we have to be cautious. In the near field, a beam pattern becomes broader. We
do not know exactly what the pattern will look like. Sidelobes will begin to play
a larger role. To be safe, we retain the shield of microwave absorber around
the disk and line the interior of the cage, around the bath, with microwave
absorber to prevent signal reflection.

III12 OMT (Millitech CDC-10-01836)

The orthomode transducer takes the signal from the feed running through
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a circular transmission line and separates it into two channels. Radiation po-
larized parallel to the plane of reflection is passed directly through the OMT
onto rectangular waveguide. The perpendicular polarization is passed through
the side of the waveguide. The utility of the OMT comes from the fact that
it makes it possible to look at both polarizations through the same feed with-
out disconnecting and rotating it. It allows the switch to select between the
separate polarizations at its input ports.

The design of the OMT requires much more waveguide to attach its side
port than to attach its front port. Thus one of the polarization suffered an
added loss in signal to noise due to transmission line loss. As we saw in the
theory section, the signal in the parallel polarization is expected roughly to be
twice as hot as that in the perpendicular polarization. Therefore, we run the
parallel polarization out the lossier of the two lines. An effect of this is that
the system calibration differs between the two polarizations. The data sheet
and statistics for the OMT are in Appendix A. (p.A10)

II1b3 W-Band Waveguide

The OMT is connected to the switch by WR-10 rectangular copper waveg-
uide with dimensions a =0.254cm by b =0.127cm. The switch is also connected
to the mixer by this waveguide. The dominant propagation mode, the TE,

mode, will thus have a cutoff frequency f., of
C
feo = 5 = 59.01GHz. (38)

(Pozar p.145) This is the mode with the F field pointing in perpendicular to
the side of the waveguide with length b and parallel to the side of length a.
From Appendix A, (p. All) we see that the waveguide attenuation is 1.3

dB/m. Attenuation At is defined such that

=Atin dB

WOUT = W,r_.\!(]. — 10 10 ) (39)
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From this, one can show that the loss in dB over a section of waveguide of

length L, measured in meters, is:
Loss = —10Llog(1 — 10713/10), (40)

We use this to calculate the losses reported in Table 4.
IITh4 Switch (Millitech MWS-10-0BP3W)

Of all the radiometer elements, the switch is the simplest to describe. It
just rotates a waveguide flange between different input ports. It assembles
waveguide like you would do if you had to disconnect and reconnect the feed
horn every time you wanted to look at the other polarization. This is, however,
very precise work. If waveguide is not lined up well, some of the signal gets
reflected instead of transmitted.

The switch can either be operated manually or with an electronic driver.
The driver runs at +28V and requires a large current, about 1A. The driver
accepts logic levels in two channels to decide between the four switch positions.
IIIb5 Mixer (Millitech MXP-10-RSSXL) and LO (MWOC)

The fundamental circuit element at work in a mixer is the diode. As we
will also need to discuss diodes when we get to the diode detector, a little
background is necessary. The V — I curve for a diode can be expressed in the

general functional form:

I(V) =LV —1). (41)

(Pozar p.595) Here o = ¢/nkT', with ¢ as the electron charge. The factor n is
called the idealty factor and varies from 1.2 to 2 depending upon the structure
of the diode. For the case of a small AC voltage v riding atop of a large DC

offset V,, equation (41) can be expanded to get

2
I(V)=Io+z':fo+de+%G’d+m (42)
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where the G’s are constants describing the impedance of the diode. Thus, we
see that the diode response will be nonlinear in v.

There are two RF signals that enter the mixer. First is the broadband
input signal from the feed-horn through the switch. Second is a 90GHz sine

wave produced in the local oscillator (LO). Its form is
VLo cos(wLot). (43}

Let’s imagine a component of the input signal at 92GHz. It would have the
form
vs cos(wst). (44)

Plugging vio + v, into equation (42) yields three current terms. The first is

just a DC offset. The second is linear in v. The third term is:

i
1= ?d(vs coswst +vro coswLot)z. (45)

After some trigonometric manipulation, this becomes

Gy,
i= ?d[vf +vio 4 v+ v? cos 2wyt + vi o cos 2wio
(46)

+ 2usvp0 sin(ws —wro)t + 2vsvpo sin(ws +wro)t].

We see that the mixer outputs DC terms and sinusoids at double the input
frequencies, the sum of the input frequencies, and the difference of the input
frequencies.

The transmission line out of the mixer is a coaxial line which rejects the
high frequency components in equation (46). As a result, only the term with
the intermediate frequency wrr = wy — wro makes it through. For the input
signal we have chosen to look at, wyp/2r =2GHz. The mixer accepts all such
input signal components between 92 and 94GHz. It also accepts a band this
wide on the other side of the LO frequency. This is referred to as the image
band. The result is a post mixer signal with an effective bandwidth of 4GHz.

But this is not the whole story.
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The mixer in our radiometer is a two port mixer, designed to receive two
inputs as well as the LO. One of the ports, however, dead-ends into a waveguide
termination. The return loss of this component is small (Appendix A p.A13);
so it does not contribute an appreciable loss. But the mixer only gets half
of the power that it expects. Therefore, although the non-rejection of the
image band doubles the noise power, this effect cuts it in half, brings it back
to normal. The attenuation is then just that given in Table 4. As the gain of
the feed-horn is symmetric with respect to frequency around the LO frequency
(Appendix A p.Al4, A15), and as the mixer treats those bands similarly, there
is no deleterious effect in not rejecting the image band.

The loss reported in Table 4 is referred to as conversion loss. It describes
the ratio of available RF power that does not make it to IF frequencies. The
conversion loss is a function of how well the impedance at the mixer ports has
been matched. It depends strongly on the amount of power coming from the
LO. Specifications for the mixer are in Appendix A. (p.A13) There is an 8dB
loss as it converts RF signal to IF signals.

I1Ib6 Local Oscillator (LO)

We use an LO designed and matched to our mixer by Millimeter-Wave
Oscillator Company. The power supply is regulated to ensure a stable out-
put. The power at 90GHz is 36mW and falls of steeply at higher and lower
frequencies. Data sheets are in Appendix A. (p.Al4, A15)

IIIb7 Circulator/Isolator (RYT 300037)

A circulator is a device with three ports between which the signal can pass
only in certain directions. By capping one of the ports, the circulator functions
as an isolator, allowing the signal to travel only in the forward direction. Thus,
it allows no reflected portions from the IF amplifier to pass back into the mixer.

IIIb8 IF Amplifier 1 (Miteq AFD3-020040-15)
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The next two stages of the radiometer are IF gain stages. The first is
the Miteq amplifier with a gain of 36dB over 2-4GHz. The gain falls off
sharply (Appendix A p.A18) at higher and lower frequencies. At 7.5GHz it
is all the way down to 0.5dB. This sets the IF bandwidth for the system at
approximately 2GHz.

IITh9 IF Amplifier 2 (Minicircuits 2HL-10420)

This is another II' gain stage. The gain is 25dB. Thus the total IF gain of
the IF system is 61 dB.

IIIb10 Diode Detector (HP 8472B, Low-Barrier Schottky Diode Detector)

At this point, we have an AC signal at the IF frequency (between 2 and
4GHz) which has a modulated amplitude. The power is proportional to the
initial RF signal power. The modulation comes from two sources. A very
slow and small modulation, the one we are looking for, is due to the change
in emitted power from the sample over the course of one disk rotation. The
much larger modulation is due to the overall sample and system noise. It
comes from the fact that we have reduced the system bandwidth. The noise is
still evenly distributed in the frequency domain (white noise), but it now has

an amplitude with voltage v obeying a Rayleigh distribution

Y -viavy, (47)

P(v) = Vi

(Krauss p.7-5) with the effective voltage V.;; given by the rms noise voltage.
To see the effect the detector has on an IF signal modulated at a frequency

wm, we can write the IF signal voltage as
v(t) = vo (1 + meos(wmt)) coswrpt (48)

(Pozar p.598) where m is the normalized modulation amplitude. Plugging

this form for v into equation (42) for the diode response yields, after a little
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trigonometry, three frequency components proportional to v, and eight com-
ponents proportional to v2. As we are interested in signal modulations much
slower than the IF frequency, the components proportional to v, are all rel-
atively high frequency (wip = wir + wm ~ wip —w, ~ 27(2GHz)). There are
both high and low freqﬁency terms proportional to v2 (0,wm, 2wm, 2wip, 2wrp +
Wi, and 2(wrp+ws,)). Aslong as we are operating over the section of the diode
V — 1 curve in which the v? term in equation (42) dominates , we don’t have
to worry about the high frequency terms proportional to v.

The resulting post-detection voltage vpp across a load resistor R will have

the form:

'L-‘z m2 m2 .
vpp = R G (1+ =) + 2mcos(wmt) + —— cos 2wyt + - - - high frequency terms |.

2 2
(49)
The output voltage is proportional to the square of the input voltage. This is
referred to as “square law” behavior. When it is obeyed, the voltage at the
output of the radiometer is directly proportional to the input power (and in
turn, to the temperature).

From Appendix A, (p.A19) we see that our diode has certainly been op-
erating over its square law range. From the "‘Sensifivity” specification on the
data sheet, we see that as long as the output signal is less than 100mV, the
output voltage is proportional to the input power. For even the hottest sig-
nal in this experiment, a room temperature load, the post-detection signal is
typically only 20mV (with a 20xV rms).

The term in equation (49) that is the most important to us is the DC term
which will change corresponding to variations in the sample emissivity with
characteristic frequency wprsx ~1Hz. To get to this component, we employ
the detection scheme discussed in Section IVb.

ITTb11 Post-detection Amplification
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The amount of gain needed in the II' amplifiers is dictated by two dueling
factors. First, we need an overall system gain that will provide a large enough
peak to peak voltage output to resolve the tiny temperature differences that
we wish to measure at the radiometer input. Second, this gain cannot be so
much that the diode detector saturates. We need it to be in its square law
region so that antenna temperature variations manifest themselves as easily

measured and calibrated voltage differences.

As an exercise, we can trace the evolution of a small input power as the
signal goes through the radiometer. We will consider the signals in the per-

pendicular polarization and, for simplicity, will ignore the loss in the horn.

[t is essential that we be able to measure emissivity differences to a few
parts in 10*. For a room temperature source, this implies 7, ~30mK. This
signal will be riding on top of the 77K reflected by the metal disks from the LN,
bath. The power available from the sample is, from equation (30), AvypkTisr =
—83.7dBm, where Av;p =4GHz. From Table 4, we see that the resulting pre-
detection power in the perpendicular polarization is -33.8dBm. For a typical
diode detector, this falls within the square law region and corresponds to an
output voltage of about 10xV. (Pozar p. 599) This is a small voltage and will
require at least another 40dB of amplification.

We make up the rest of the system gain, 67.1dB, in two stages of post de-
tection amplification. (Figure 12) After the diode detector, there is a shielded
op amp circuit providing 40.2dB of gain. This stage also amplifies the DC off-
set coming from the diode detector which, as we make relative measurements,
is unimportant. Moreover, its size can complicate the next and final stages
in the setup, the analysis portion of the experiment. It can be too large for
the low pass filter (see below), and it can be beyond the computer’s input

range. Therefore, the next amplification stage involves a summing amplifier.



35

Figure 12. Schematics for the post-detection amplification stages, labeled above in Figure 10
“PD Stage 17 and “PD Stage 2.7 All operational amplifiers are OPT7EZ.
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Controlled by a potentiometer, it adds a fraction of a 5V DC supply to bring
the DC level (which is negative) toward zero. With the summing amp, there
is an inverting amplifier necessitated by the inverting effect of the summing

amplifier. Also, there is another gain amplifier, at 26.9dB.

[IIc. The Data System

After the radiometer, the signal goes to a Stanford low-noise preamp where
it is low pass filtered. The importance of this stage is discussed in detail below.
The effect is both to increase the signal to noise and to facilitate accurate signal
sampling. The Stanford preamp overloads if the input signal is too large. The

reduction in DC offset is provided in the summing amplifier discussed above.

| Vout



36

The final stage in the experimental setup is a Dell Optiplex GXi Pentium
computer running Lab View version 4.1. with a DAQ AT-MIO-16X data
acquisition card. The computer and data acquisition software sample the
signal out of the low pass filter. A running average of the co-added signal is
kept. The computer interacts with the radiometer during data acquisition,
telling the switch when to change positions. It keeps track of the number
of data sweeps (disk rotations) and terminates after a preset number, saving
the averaged data to file. The data are saved in millivolts. These are easily
translated to Kelvin using the system calibration described in Section V4.

The program performing all of the data operations is titled mapscope.vi.
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IV. Noise, Sampling, and Synchronous Detection

As mentioned in Section IIb, the system temperature 7y, is far larger than
the load temperature that we want to measure. We need a way of digging
through the system noise to uncover the load variations. In the sections that
follow, we first derive the form for the system sensitivity. This describes the
amount of load variation we could measure if we looked just at the output of
the detector. It turns out that this is 100 times larger than the temperature
variations we wish to measure. Section IVb then describes the way in which we
further trim down the system noise using synchronous detection. Finally, we

address subtleties pertaining to and our application of synchronous detection.

[Va. System Temperature and Sensitivity

We saw in the last section that the detector outputs a DC voltage pro-
portional to the input power. This signal will have several components. With
the sample rotating once a second, there will be a voltage Av varying at a
frequency of 1Hz and harmonics. There will be unwanted signals coming into
the horn from the sidelobes (spill). There will be a DC offset accounting for
most of the system noise power. These signals can be characterized, as we saw

in Section IIb, by effective temperatures. The total temperature T will be
T= Tsys + Taisk + Tsp;'!! + - (50)

The total DC voltage vpc at the output of the detector, which is proportional

to the input power, will be
Vpe = ﬂGkTAVIF (51)

where we have used g for the proportionality constant. The pre-detection

system gain is G.
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We can now write an expression for the power output at the diode detector.
We will use this in finding the system sensitivity. The DC signal power Wy,

proportional to the square of the voltage, will take the form
Wpe = Ir\'.'(&?},AU[F)g (52)

where K is a constant with units of action per temperature squared.

This will not, however, be the only power. There will be a power contri-
bution from the AC components coming through the diode (equation (49)).
These are due to high frequency noise components around the IF frequency
beating with one another in the detector. (Krauss p.7-7) This produces low
frequency noise components vy p with a triangular shaped power spectrum.
Figure 13 shows a measurement of the power spectrum.

Writing the power density at the lowest frequency as W,, the total LF
noise power is

1
I’VLF = EI’VUAVIF- (53)

According to Evans (p.17), it can be shown that the total power in this LF
component i1s equal to the total power in the DC component. The DC com-
ponent is dominated by system noise, hence by the Ty, term in equation (50).
Thus

W, = 2KT2 Avyp. (54)

sys

Now let’s consider the effects of the post detection circuitry in the radiome-
ter and also the low pass filter following. There are two more gain stages after
the detector. Denote the post detection gain Gps. There is also a summing
amplifier which adds the DC component mentioned above. Next, the low pass
filter truncates the IF bandwidth to a much smaller bandwidth Av,,. There
1s, in our case, a post-detection low pass filter with Av = 2x/RC =300Hz. This

is a two pole RC filter; the bandwidth Av,s is then 1.22A,=366Hz. (Krauss
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p. 7-10) Over this small range, W, is approximately constant. The total LF
noise power is then

Wir = QKG'pdeySAV;p/_\I/Pd, (55)

We can now ask the question: what is the minimum detectable noise
power in the total rms noise output that we could measure? We find the
answer, termed the sensitivity ATy min by equating the noise and signal powers

(equation (55) and equation (52) multiplied by G,4):

2Av d
AT min — T, z .
L min = Toya | o (56)

To use this equation, we first need to know the effective system noise temper-

ature.

One way to measure Ty, is to determine the system output with a load at
0K. This is, of course, thermodynamically impossible to do directly. However,
we can take advantage of the linear response of the system by measuring the
power output at two known load temperatures. We can then draw a line
connecting them and extrapolate down to 0K. This is termed the Y-factor
method for reasons that will soon become apparent.

The loads we will look at are microwave absorber at room temperature
(71 ~293K) and microwave absorber immersed in liquid nitrogen (75 ~77K).
Calibrating the radiometer between these loads we found that approximately
a 733mV voltage output difference corresponded to the 216K input difference.
Denote this ratio, the system calibration, ¢. We will describe in detail how it
i1s measured and the uncertainty involved in Section Vf4. We calculate here
C =3.40+£0.41mV /K.

Now if we define Y to be the ratio of the powers, we can solve for To