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Errors Resulting From the Reflectivity
of Calibration Targets
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Abstract—For a microwave total-power radiometer, we consider
the error introduced by neglecting the difference in the antenna re-
flection coefficient between when it views a distant scene and when
it views a nearby calibration target. An approximate expression
is presented for the error, and measurements are described that
enable one to estimate the resulting uncertainty in the measured
brightness temperature. The measurement results are presented
for several combinations of antenna and calibration target. The re-
sulting uncertainty ranges from about 0.1 K to several kelvins for
the representative cases considered.

Index Terms—Calibration, calibration target, microwave ra-
diometry, radiometer, remote sensing, uncertainty analysis.

1. INTRODUCTION

HE ABSOLUTE accuracy of microwave remote sensing

radiometers is an important consideration for many ap-
plications. One method of achieving absolute radiometer cal-
ibration is through the use of blackbody calibration targets to
provide reference brightness temperatures for the radiometer to
view. These targets are widely used with spaceborne, airborne,
and ground-based microwave instruments. While studies have
been published that assess overall instrument calibration per-
formance [1], [2] or calibration methods [3], [4], or identify
error sources relative to specific instruments or groups of instru-
ments [5], [6], few studies exist which investigate the calibration
target-related sources in detail.

In the calibration of microwave remote sensing radiometers,
it is not uncommon for calibration targets to be relatively close
to the sensing antenna, whereas the calibrated radiometer is used
to measure very distant objects. Such a situation can occur, for
example, when using “close-coupled” calibration targets for a
radiometer used in remote sensing of the earth’s surface from
an airplane or satellite. There are two general types of errors
that this arrangement can introduce for a total-power radiometer.
One is that antenna—target interactions can affect the proper-
ties of the antenna such as its pattern and directivity, which
may, therefore, be different when calibrating the radiometer than
when viewing the earth. A second type of error is introduced
by the change of the reflection coefficient at the antenna output
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(i.e., at the reference plane between antenna and receiver) due
to reflections from the calibration target that are not present
when viewing a distant target. This difference in reflection co-
efficients results in different mismatch factors, and it also gives
rise to changes in the system noise figure and available gain if
the radiometer does not have an input isolator. The effects due to
target proximity are distinct from errors arising from imperfec-
tions in the target itself—such as temperature gradients or un-
certainty in the emissivity [6]—[8]. Target characterization and
scattering from the target are of great concern, but they are not
the subject of this paper. Here, we concern ourselves only with
the target-proximity errors.

For an ideal blackbody calibration target, both the target-
proximity effects vanish, and for a very good target they are
“very small.” With modern microwave radiometers striving for
ever smaller uncertainties, however, it becomes important to de-
termine these effects. An uncertainty of 0.1 K or better, which
some radiometers hope to achieve, is about 0.03% of 290 K, and
it is not immediately obvious that target-proximity effects are
negligible at that level. In this paper, we consider the second type
of error, that introduced by the difference in the antenna reflec-
tion coefficient when the antenna is pointed at a nearby calibra-
tion target as opposed to a very distant scene of interest. We first
derive equations for the error introduced by ignoring this dif-
ference. We then describe measurements performed on several
different antenna—target combinations, measuring the difference
in reflection coefficient for near and far targets. The size of the
effect also depends on the noise parameters of the radiometer,
and we measured these for a particular instrument. This allows
us to estimate the magnitude of the error incurred when the ef-
fect is neglected. In all the analysis, we assume a total-power
radiometer.

The remainder of the paper is organized as follows. Section II
derives the equations for the error. Section III describes the mea-
surements and presents the results. Section IV contains the nu-
merical estimates of the resulting errors and a discussion of their
significance, and Section V is devoted to a discussion and sum-
mary of the work.

II. CALCULATION

We use uppercase P to denote available spectral power and
lowercase p to denote delivered spectral power. At a given refer-
ence plane, such as 1, the two are related through the mismatch
factor M, p1 = M; P;. For most purposes in this paper, the only
reference plane of interest is that between the antenna and the
rest of the radiometer, plane 1 in Fig. 1. When the antenna is
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Fig. 1. Antenna viewing calibration target.

pointed at a calibration target, as in Fig. 1, the spectral power
delivered to the radiometer at plane 1 can be written as

ph = MpPr + pen (D

where Mj, is the mismatch factor at plane 1 when the antenna
is viewing the hot calibration target, P, is the available spectral
power at plane 1 from that target, and p. j, is the effective deliv-
ered spectral power at the input plane 1 due to the radiometer’s
intrinsic noise (when the antenna is viewing the hot calibration
target). The quantity p. 5, is related to the effective input noise
temperature 7T, of the receiver by p. ;, = kMyT. 1, where k is
the Boltzmann constant. The mismatch factor is the ratio of de-
livered power to available power at the given reference plane; in
terms of the reflection coefficients at plane 1, it is given by

(1= o) (1 = 117 )

M =
0 |1_FantF7‘|2

where I, is the reflection coefficient from the antenna (at
plane 1), and I, is the reflection coefficient from the radiometer
receiver. P, is related to the noise temperature at the output of
the antenna by Pj, = kT},. Similar equations can be written for
the delivered power when the antenna views the cold calibration
target (¢) and the unknown scene (z). The three equations can
be combined and solved for T, to obtain the radiometer equa-
tion. To simplify matters, we assume that the antenna’s reflec-
tion coefficient is the same when it is viewing the cold calibra-
tion target as when it is viewing the hot target, so that M, = M},
and p. . = pe ;. The radiometer equation then takes the form

_ % (pa: - pc) - (Mm - MC)PC - (pe,z - pe,C)
Mx (ph - pc)
x(Th —T.). (2)

T, -T,

If the reflection coefficient of the antenna at plane 1 is the same
whether the antenna views the hot target, the cold target, or the
unknown, then M, = M, = M}, pe. = De,c, and (2) reduces
to

(pm B pc)

T, —1T,= —=
(ph_p(‘)

(Th — 1¢). (€)

Equation (3) is the form of the (total-power) radiometer equation
that is commonly used in remote sensing radiometry. In order
to consider the errors introduced by using (3) when the antenna

reflection coefficient is different for calibration targets and the
distant scene, we can rewrite (2) in the form

Tz _Tc: (Tzr _Tc)0(1+61)+A2+A3 (4)

where
(pw_pc)
Tz_Tc :7TL_TC
T =)o = G =y T T
My,
61=M;—1
Mh (Mx - MIL)PC
Ay = — - (T, - T.
2 Mz (ph_pc) <h )
Mh(pex_pec)
A3 = — ——————2(T, —T,). 5
3 M. (n—po) (T ) &)

The (T, — T¢), term is the answer that one would obtain using
(3). The 67 term is due to the different mismatch factors, and
A and Aj result from the system’s different available gain
and noise temperature when the antenna reflection coefficient
changes. As can be seen from (4), §; is a fractional error in
(T, — T.), whereas Ay and Aj are additive errors.

Because our purpose is to estimate the magnitudes of the
probable errors rather than to make exact corrections for them,
we can make some simplifying assumptions. We have already
assumed that the antenna’s reflection coefficient is the same
when it is viewing the cold calibration target as when it is
viewing the hot target. We use I to denote the antenna reflec-
tion coefficient when it is viewing either calibration target, [,
for when the antenna is pointed at the distant scene, and I, for
the reflection coefficient of the radiometer at plane 1. We first
assume that the effect is small, and so we keep only the lowest
nonvanishing order in AI' = I, — I',,. We then also assume
that each of the reflection coefficients ., I, and I, is small
and save only terms to the lowest order in the reflection coef-
ficients. With these approximations and some tedious algebra
(sketched in Appendix A), the errors can be written as

81 ~2Re (I} — I'o) Al
Ay ~ 2T, Re (I, — Too) AT = 6,T,

where X; and X, are noise parameters of the radiometer [9].
They are elements of the noise correlation matrix in the wave
representation, but referred to the input port. Thus, they are re-
lated to the noise correlation matrix of Wedge and Rutledge [10]
by kX1 = |e1|?, kX12 = c1¢5/S3,, where k is Boltzmann’s
constant, the ¢’s are wave amplitudes of the radiometer’s in-
trinsic noise, and S5 is the complex conjugate of the 21 element
of the scattering matrix. Some additional detail is provided in
Appendix A.

Equation (6) gives an approximation for the errors introduced
by using the simplified radiometer equation, (3). To estimate
those errors, we need to know or estimate I, I, AI', X1,
and Xi2. I'. can be measured by a vector network analyzer. In
the next section, we describe measurements of I .., A, and the
noise parameters X; and X75. We shall then return to obtaining
actual numerical estimates of the errors in (6).
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Fig. 2. Configuration for measurement of antenna reflection coefficient.

III. MEASUREMENTS

A. Setup, Antennas, and Targets

Measurements were performed in the National Institute of
Standards and Technology (NIST) anechoic chamber, whose di-
mensions between outer walls are 5 m X 5 m X 8 m. A calibrated
vector network analyzer was connected to the waveguide input
of the antenna, and the antenna was mounted so that it pointed
at the center of the target, which was mounted on a movable
cart in the anechoic chamber. The absorber-covered cart runs
on rails, and its position is computer controlled with a precision
of 0.1 mm. The measurement setup is pictured in Fig. 2. The
cart was stepped backward from the antenna, with the reflec-
tion coefficient of the antenna measured as a function of the dis-
tance from antenna to target. For each antenna, a measurement
was also made with the target at the maximum distance allowed
by the size of the anechoic chamber (about 4.5 m), to simulate
viewing a distant scene. For practical reasons, the antennas and
targets were not all measured with the same surrounding struc-
ture they would have in actual use. Although this could affect
our quantitative results, we would expect the effect to be small,
and it would not affect our general conclusions.

Several combinations of antenna and target were measured.
All the targets were at room temperature (296 K) for the
measurements. The first target, which will be referred to as
the National Aeronautics and Space Administration (NASA)
target, is a commercially produced circular disc approximately
33 cm in diameter, faced with an array of quadrahedral pyra-
mids with an aspect ratio of 4:1. The base material of the
target is aluminum, with pyramids formed by electrical dis-
charge machining and coated with ferrous-loaded epoxy with a
thickness of about 1 mm. It is intended for use at frequencies
above about 35 GHz. The antenna used with this target was a
commercially produced WR-19 cylindrical horn antenna with
a dielectric lens and approximately 12.7-cm aperture, intended
for use from 51-56 GHz. At 53 GHz, its 3-dB beamwidth is
3° in the H plane and 2.8° in the E plane. It will be called the
NOAA (National Oceanic and Atmospheric Administration)
antenna. The combination of NOAA antenna and NASA target
was measured from 50-57 GHz in 1-GHz increments, but we
will present only the results for 54 GHz, near the middle of the
antenna’s intended range. The results at 54 GHz are representa-
tive of those at the other measurement frequencies; if anything,

they may exhibit a smaller effect than at frequencies near the
edge of the measurement range. The target was scanned over
10 mm, with measurements taken every 0.5 mm, starting from a
minimum distance of about 2 cm between the antenna lens and
the tips of the target. For comparison purposes, and because it
is of interest to anechoic chamber users, measurements were
also made on a target consisting of a piece of RF absorber like
that used to line the anechoic chamber. It is carbon-impregnated
foam with an array of 0.61-m-tall pyramids on 0.2-m centers.
The target was a square with sides of length approximately
1.5 m. Two sets of measurements were made on the foam
absorber, one with the tip of a pyramid aligned with the center
of the antenna, and the other with the antenna pointed about
half way between a tip and a valley. For the measurements
on the foam absorber, a cart position of 0 corresponded to a
distance of about 1 cm from the antenna aperture to the tips of
the target pyramids.

Another set of measurements, using different antennas and
targets, was performed at 0.5-GHz increments from 35-39 GHz.
We will present only the results at 37 GHz, which is the nom-
inal operating frequency of one of the antennas used. Results
at other measurement frequencies are similar or show a larger
effect. One target used in these measurements was the calibra-
tion target from the Airborne Imaging Microwave Radiometer
(AIMR) [11]. This target is a commercially produced rectan-
gular array of quadrahedral pyramids formed from a ferrous-
loaded epoxy material molded on a bed of nails in an aluminum
base. The array is covered with a polystyrene insulating layer
and a mylar window roughly 0.25 mm thick. The overall trans-
verse dimensions of the target are approximately 25 x 30 cm.
The target was measured both with and without its cover; we
will present the results with the cover in place since this corre-
sponds to the configuration in which it is used. Two different
antennas were used with the AIMR target. One was a stan-
dard-gain horn, and the other was a spare feed horn of the same
design as the one used in AIMR. The standard-gain horn has
a half-power beam width of 9.5° in the E-plane and 10.5° in
the H-plane. Its aperture is 56.5 mm X 69 mm. The AIMR
feed horn consists of a Gaussian optics lens antenna (GOLA),
horn, dichroic plate, and grid polarizers. The half-power beam
width at 37 GHz is 2.8°. The GOLA is mounted at the mouth
of the feed horn and is constructed to reflect all energy below
30 GHz. The dichroic plate separates the beam into two frequen-
cies, nominally 37 and 90 GHz, and the grid polarizers divide
each frequency into orthogonal polarizations, to yield four inde-
pendent channels. In the actual AIMR instrument, the antenna
system consists of the feed horn and an elliptical scan mirror,
but in the present measurements only the conical horn was used.
As was done in the set of measurements at higher frequencies,
measurements were also made with each of these antennas with
a piece of carbon-loaded foam absorber as the target.

B. Measurement Results

Fig. 3 plots the magnitude of the reflection coefficient I, of
the NOAA antenna when it views the calibration target, as a
function of the cart position, at 54 GHz. It also shows the result
for very large distance (4.5 m), I'. Fig. 3 clearly shows the ef-
fect of the target on the reflection coefficient of the antenna. It
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Fig. 3. Measured reflection coefficient of antenna as function of cart position.
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Fig. 4. Magnitude of AI" for NASA target as function of cart position.

is interesting to note that the effect is significantly (about two
times) greater for the calibration target than for the foam ab-
sorber. Since the quantity of interest is actually AI"' = . — [,
we plot its magnitude in Fig. 4. We see that the magnitude of AI'
ranges from about 0.0005 to about 0.0035. The consequences of
this will be considered in Section IV below.

The combination of a standard-gain horn with the AIMR
target (both with and without the target cover) was measured
over two ranges of distance (from antenna aperture to tips of
target pyramids), from 9-10 and 88.5-89.5 cm. The 9-10-cm
scan corresponded to the closest distance possible for the
experimental setup. The 88.5-89.5-cm distance was chosen to
correspond to the distance between the antenna aperture and
the target in the actual AIMR instrument. The relevant distance
was taken to be from the approximate phase center of the AIMR
antenna (rather than from the aperture) to the tips of the target
pyramids. Results for the magnitude of the reflection coefficient
for the 9-10-cm scan are shown in Fig. 5. The flat, solid line
is the result for a distant target. For the 88.5- to 89.5-cm scan,
the results for the magnitude of the reflection coefficient are
qualitatively similar, with the distant-target result again at about
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Fig. 6. |ATI| for horn viewing AIMR target at 9-10 and at 88.5-89.5 cm.

0.042. Fig. 6 plots the magnitude of the difference between the
reflection coefficient for a given target distance and the result
for a distant target, AI' = I, — I, which is needed in com-
puting the error resulting from target reflectivity effects. The
magnitude of Al is significantly larger for the scan at smaller
distance, as would be expected. Because of the large distance,
large beamwidth, and relatively small target, the 88.5-89.5-cm
scan for the standard-gain horn and AIMR target represents
by far the worst case of our measurement configurations for
spillover of the beam from the target. For the 89.5-cm position,
the spot size on the target, computed from the 3-dB beamwidth,
is 14.8 cm X 16.4 cm, and the target size is 25 cm x 30 cm.
Three other measurements were made with the standard-gain
horn: a scan from 76 to 77 cm of a piece of the foam absorber
that is used to line the anechoic chamber, and measurements of
a flat metal plate (the cover of the NASA target) from 10-11
and 116-117 cm. The results for the foam absorber are shown
in Fig. 7. The results from the flat metal plate show much larger
antenna reflection coefficient and variation with distance, as
expected, but we do not show them here.
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Results for the reflection coefficient of the AIMR antenna
viewing the AIMR target (with and without cover) for a scan
from 34-35 cm look much like Fig. 5 and are not shown. The
result for the distant target in this case is approximately 0.075.
The 34-35-cm distance was chosen because it is the approxi-
mate distance between the AIMR antenna aperture and the target
in the actual radiometer. The plot of | AI"| for this scan is given
in Fig. 8. Fig. 9 shows the results for measurements with the
AIMR antenna and the RF absorber.

Several general qualitative features are apparent in the graphs.
The reflection coefficient of the AIMR antenna itself (distant
target) is about 0.075, considerably larger than either that for
the standard-gain horn (0.042) or that for the NOAA antenna at
54 GHz (0.031). Also, | AT"| is considerably larger (~0.12 max-
imum) for the AIMR antenna—target combination, which will in
turn lead to larger errors from its neglect. For all three antennas,
a large target consisting of foam absorber has very little effect
on the antenna reflection coefficient (A|I'| ~ 0.001).
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Distant Target

Reflection Coefficient (Magnitude)
<
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Fig. 9. Reflection coefficient of AIMR antenna viewing foam absorber.

C. Measurement of Noise Parameters

In order to estimate the error using (6), we also need to mea-
sure or estimate the noise parameters X; and Xy of the ra-
diometer. They can be measured using a method similar to that
suggested by Meys [12]. The method as applied here is out-
lined in Appendix B. To obtain realistic values for our estimates,
we measured the noise parameters of the AIMR radiometer at
37 GHz, with the results that X; =~ 223 K and | X;2| = 37.6 K.
The radiometer is designed with the IF mixers mounted directly
on the four feed horn outputs, and consequently its noise param-
eters are set by the IF mixers.

Another convenient case to consider is a total-power ra-
diometer with an isolator on the input. In that case, X; and X
can be calculated; they are given by

Xi~Tr Xp~-T;58] (7

where I refers to the isolator, and we have assumed |S7; |, | S,
and | S, | are all small. Note that in this case I, ~ S{;, and (6)
leads to As + Az = 0, so that the only remaining error is 41,
which is due to the different mismatch factors. Representative
numerical values are given in Section IV.

IV. NUMERICAL ESTIMATES

We can now estimate the magnitude of the error introduced
by using the simple form of the radiometer equation, (3). From
(4) and (6), the total error is given approximately by

Aot = 2T, o Re [(I7 — )AL

where 1,0 = (1 —T4a)y + 1. The value of I will obvi-
ously vary from one radiometer to another, but it will typically
be small. If we set I, = 0, it will have little effect on the nu-
merical results and no effect on the qualitative conclusions. We,
therefore, do so and refer to the resulting error and uncertainty
as A and u(® . With I'. = 0, the total error takes the form

A ~ 2(X) — Ty 0)Re(I'wAL) + 2Re(X1,AL).  (9)
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In evaluating the error and uncertainty for an actual radiometer,
one would proceed as below but use the actual value of (. —
I') rather than [, in the first term of (8) and (9).

We work in terms of the standard uncertainties « [13], [14].
These are estimates of the root mean square (RMS) values of the
errors, where the mean is taken over reasonably probable mea-
surement possibilities, which in this case means over reasonable
values of the unknown parameters. Thus

((28)7)

where the brackets indicate an average over [, and AI’, which
we can evaluate from our measurement results for the configu-
rations we considered. Substituting (9) into (10), we have

0) _

Ugot =

(10)

0 = 2{ (X1 = T0)* ((Re(Ie AD))?)

-

1 2
+§|X12|2<|AF|2>} (11)

where we have averaged over the (unknown) phase between X5
and AT, which introduces the factor of 1/2 in the second term.
The remaining averages are over the distance between antenna
and calibration target. They can be evaluated from our measured
results.

We will treat two specific cases as a demonstration and to ob-
tain representative results. Other cases and general features will
be discussed in Section V. The first case is that of the AIMR
antenna with the AIMR target (cover on) at the approximate op-
erating distance in the radiometer, 34-35 cm. From our mea-
surements, X; = 223 K, | X152 = 37.6 K, (Re([»AL))?) =
3.25 x 1075, and (JAT'|?) = 0.00957 = |AI'|3ys- Conse-
quently, for values of T}, o in the range of 200-300 K

ul®) & V2| X19|| AT |rus ~ 5.2 K. (12)
This is somewhat larger than would be expected from the checks
comparing different calibration methods for this instrument
[15]. Those tests indicated that the different methods yielded
results that agreed to within about 2 K. There are at least three
possible explanations for this apparent discrepancy. One is that
the measurement of the AIMR noise parameters took much
longer than the time over which the instrument is designed to
be stable. Consequently, some drift would have occurred during
the measurement, and the resulting value for | X;2| may be an
overestimate. The second possible explanation is that only the
feed horn (without the reflector) of the AIMR radiometer was
used in these tests, and the effect on the reflection coefficient of
the full antenna may be less. Furthermore, the feed horn used
was a spare, which was not necessarily identical to the feed
horn in the actual radiometer. Finally, it should be borne in mind
that the result for the standard uncertainty in (11) is an RMS
value, with the average taken over a range of antenna-to-target
distances, whereas the actual AIMR instrument corresponds to
just one of those distances, which could well be a relatively for-
tunate one. In particular, the transition from (9) to (11) entailed
an average of [Re(X12AI')]? over the relative phase between
X2 and AT'. If X5 and AT happen to be out of phase for

AIMR, this dominant contribution to the error vanishes, and
the remaining error is less than 1 K. (The distinction between
“error” and ‘“uncertainty” is important here—and elsewhere.
The error is the difference between the value obtained and
the true value. The uncertainty represents an RMS average
expected value of the error).

If the radiometer had an isolator on the front end, then one
would have X; ~ T, X12 =~ -1, S’{l, and the uncertainty can
be substantially reduced provided |S1| of the isolator is small.
If |S11| = 0.025, uggz ~ 1K for [T, o — T,| less than about
50 K.

The second case we consider is the NOAA antenna with
the NASA target at 54 GHz. For this combination of an-
tenna and target, ((Re(I.AI'))?) = 2.2 x 1072 and
|AT)2\s = (JAT'|?) = 5.4 x 107, The first term in (10) is,
therefore, almost always negligible, and uggz ~ 0.0033]|X12].
The value of |X;2| depends on the specific radiometer. Since
| X12| could be of the order of 100 K or more, particularly at
high frequencies, u§22 may well be several tenths of a kelvin.
This is likely to be significant for many radiometers that are to
be deployed in the next decade. If the radiometer has a front
end isolator, uggz ~ 0.95 K x |S{,], and the uncertainty can be
brought under 0.1 K for this combination of antenna and target.

V. CONCLUSION

We have considered the error arising from the difference in
antenna reflection coefficient when viewing a distant scene and
a nearby calibration target and using the common, simple form
for the radiometer equation of a total power radiometer, (3).
An expression was derived for the approximate error, and mea-
surements were performed that enabled us to estimate the re-
sulting standard uncertainty for some representative cases. For
radiometers without front-end isolators, the uncertainty can be
as large as several kelvins, depending on the particular antenna,
target, and receiver. Even in relatively good cases the uncer-
tainty can be a few tenths of a kelvin. Use of a well-matched
isolator reduces the error significantly. The magnitudes of the
antenna and receiver reflection coefficients and the target reflec-
tivity are critical factors in determining the size of the error. For
an unisolated radiometer, the receiver noise parameters are also
important. Because of the variation of the effect with the dis-
tance between antenna and target, the situation in an actual case
could be significantly better or worse than our estimates, which
were RMS results for a range of distances and relative phases.

Our results suggest that for radiometers employing a calibra-
tion target close to the antenna, the effects of A" # 0 need to be
considered if uncertainties are to be of the order of a few kelvins
or less. In that case, AI" and I, should be measured; I, X1,
and X should be measured or estimated; and the uncertainties
should be estimated. In fact, if everything is measured, one can
use the full radiometer equation, (2) or an equivalent form, and
not worry about introducing errors by neglecting 61, As, and
Ags. Our treatment assumed two nearby calibration targets and
a distant scene. We expect an analogous effect when one of the
calibration targets is nearby and the other is distant, such as cold
space.
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APPENDIX A

This appendix fills in a few of the steps leading from (5) to
(6). We first assume that the effect is small, and so we keep only
the lowest nonvanishing order in AI' = I, — I',.. If we first
consider 61, and use I, = AI' + I to eliminate I, we can
write

M.
61—|—l = Mm =

(1= T+ AT?) |1 = I I7|?
(1= [[wP) |1 = [T, — [,ATP
[1-|[x|*— 2Re(I AD)| 1= I |2
S (TP {1 Tl P~ 2Re [, AL(1 1))}
(A.1)

where terms of order | AI'|* have been neglected. To facilitate
approximations, we rewrite this as

M. N[1_2Re(fwﬂ)“

M. _ 2Re [F,,AF(l—FOOFT)]}_l
MhN (1_|F00|2) '

|1 —I 0o L T | 2

(A2)
‘We then also assume that each of the reflection coefficients I,
I, and I is small, make repeated use of the expansion (1 —
)"t~ 1+ 2+ ..., and save only terms to the second order in
the reflection coefficients. We can then write

M. N 2Re(I Al 2Re[[.AI'(1 — I' ., T7)]
Mr - (1_|F<>0|2) |1_F<>0F7‘|2
2Re(IAI')  2Re[[.A'(1 — I',.I})]
- (1_|F00|2) |1_F00Fr|2
~1—2Re(I',.AT') + 2Re[I. AT (A.3)
and therefore
81 =~ 2Re (I, — T',)ATT. (A4)

Equation (A.4) includes only the lowest order terms in AI" and
in the Is. This expression depends on the relative phase of
(I — I'so) and AT, and it can be very small or even vanish,
depending on that phase. In such cases, the higher order terms
become important. To reassure ourselves that this approxima-
tion is adequate for our purposes, we performed Monte Carlo
computations comparing the exact expression, (5) and (A.1),
with the approximation of (A.4), for sets of values of the I’s
encountered in our measurements. The computations indicated
that there are significant differences between the exact and ap-
proximate forms in some cases, especially for small values of
01, as expected. For purposes of estimating uncertainties, how-
ever, where we average over the unknown phases, the difference
between the exact and approximate values was only 3.5 x 10~%
in the worst case (AIMR horn with AIMR target). This is negli-
gible in the uncertainty estimate, and consequently, we are safe
in using (A.4) in our uncertainty estimates.

To simplify the equation for Ao, we use (A.2) for M./M,
as well as the equation that relates delivered spectral power to
noise temperature, pp, — p. = M k(T), — T.). The result is

Ay~ 2TuRe (I, — Too) AT (A5)

For Aj, we need to relate (pe,; — pe,c) to the noise param-
eters of the radiometer’s receiver. The set of noise parameters
that we use [9] are elements of the noise correlation matrix in
the wave formulation [10], referred to the input port and con-
verted to temperatures. To be more specific, let ¢; and ¢y be
the amplitudes of the noise waves emanating from the input (1)
and output (2) ports of an amplifier due to the intrinsic noise of
the amplifier itself. Elements of the noise correlation matrix N

are defined by N;; = cic;., where the bar indicates a time av-
erage. The X parameters we use are defined by kX; = W,
kX1s = c1¢5/S3, kXo = |c2|2. The X s have dimensions of
temperature, and because cs is scaled by 1/551, they represent
effective noise temperatures referred to the input plane (1) of the
amplifier or receiver. In the present case, plane 2 is chosen inside
the radiometer at some point after the component that sets the
radiometer’s noise figure. Thus, for example, if the radiometer
has an amplifier in the input chain, plane two would be chosen
after the amplifier. The noise temperature at plane 2 can then be
related to the input noise temperature (plane 1) by [9]

I [
Ty = G 4T, X X
’ { -yt T a-ne
2 .
+WRC (1= I151) Flez]} (A.6)

where S;; is the 47 element of the scattering matrix between
planes 1 and 2, I is the reflection coefficient of the termination
attached to plane 1 (the antenna in our case), and G is the
available gain, given by

G = S [? (1= |11 ?)
AT - nSuP (- [RP)

(A7)

where I is the reflection coefficient at plane 2, looking toward
the antenna. Since the output noise temperature is related to the
effective input noise temperature T, by 1> = Go1 (11 + T%),
(A.5) allows us to identify

|1 [? 1 - ISuf?
T, = X, + X
{<1—|F1|2> a-mp)
2
+———Re[(1-11511)" 11 X . (A8
A= 0P [( 1511)" [ 12]} (A.8)

The p.’s of (5) in Section II are related to 1, through the mis-
match factor at plane 1, p. = kM; T, enabling us to write

7 2 Il T
pe,x_pe,c—k(1_|Fr| ){<|1_F00Fr|2_|1_rcrr|2 Xl

sore | (o) )
~k[(|lso]?=|1:?) X1—2Re(AI'X21)]  (A9)

where we have applied approximations similar to those used for
81 and A,. If we then use (A.2) for M../M,, and (Ty,—T.)/(pn—
pe) = 1/(M.:k), As can be written as

M(‘ (pﬁ,.r - pﬁ,c)

Mz (ph - pc)

Ay = —

(T, - T)
(10)
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APPENDIX B

Although Meys [12] was interested in measuring the noise
parameters of amplifiers, the method is directly applicable to ra-
diometers. To apply the method to a remote sensing radiometer,
we refer to Fig. 10. Plane 1 is defined as the plane at which the
antenna is connected to the rest of the radiometer. Plane 2 is
chosen at a point within the radiometer such that (A.5) holds,
and such that I is very nearly independent of 7. This point
need not be accessible; it need only exist. If the radiometer
front end has a low-noise amplifier with good reverse isolation
(S12 = 0), then this point could be at the amplifier output. If the
radiometer has no front-end amplifier, plane 2 can be taken to be
after the mixer. We assume that S7; is small, that the reflection
coefficient looking to the left at plane 2 is small, and that the
response R of the radiometer, be it power, voltage, or whatever,
is related to the power delivered at plane 2 by

R = Ry + Apsga. (B.1)
Moderate departures from our approximations on the reflection
coefficients and S7; are not of concern. We are trying to estimate
uncertainties, and such departures would contribute only to the
uncertainty in the uncertainty.

The response of the radiometer for a given termination G at
plane 1 can then be obtained from (B.1) and (A.5) by using
P2.del = M2p2 avait = kpM2T>

R(G) = Ry + A|So|* [(1 = |IL]?) T

+HIMPXy + X + 2Re(I1X12)| (B.2)
where M5 is the mismatch factor at plane 2, and where we have
absorbed inconsequential constants and factors into A. Meys’
method consists of first determining the gain (A|S2;]?) and
noise temperature for a reflectionless source (1.0 = Xs) by
measuring a hot and a cold matched source, T}, and T, with
I = 0. X; and X are then determined by a series of mea-
surements with a sliding short on the input. The equations for
the hot and cold matched loads become

R(h) = Ro + A|So1|*(Th + X5)

R(c) = Ry + A|So1[*(T. + X2) (B.3)
which lead to
Ry, — R,
AlSy P =22 €
| 21| Th - Tc
Ry T, - YT,
X = . B.4
2t S = Y =1 (B.4)

Similarly, when the sliding short is attached to the radiometer
input, the response is given by

R:R0+A|521|2 (Xl +X2+2|X12|COS§/)> (B.5)
where ¢ is the phase angle between X2 the reflection coeffi-
cient of the sliding short. A series of measurements for different
positions of the sliding short, and consequently different values
of cos ¢, should yield a sinusoidal curve from which X; and
| X12| can be determined. The equations for X; and | X;2| are

R Ry
Xy =t x, 4 T
LT AISy P ( 2T A|521|2>

AR

—_— B.
14551 2 (B.6)

| X12| =

where R is the average, and AR is the peak-to-peak difference
of the sinusoidal pattern obtained for the response as one slides
the short. The appearance in (B.4) of the term involving R
means that we cannot determine X5 without some way to de-
termine Ry. Fortunately, we do not need X for our estimate of
the uncertainties. The combination of X, and R, that appears
in (B.6) is just what is determined in (B.4), and consequently
we can determine X;.
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