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Calibration Method for Fully Polarimetric
Microwave Radiometers Using the Correlated
Noise Calibration Standard
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Abstract—In this paper, a new and improved L-band version
of the correlated noise calibration standard (CNCS) has been
developed to aid in the characterization of polarimetric microwave
radiometers. The CNCS generates a series of known polarimetric
test signals using a two-channel commercial arbitrary waveform
generator (AWG) and a pair of frequency-upconversion modules.
When it is inserted in place of the antenna used by a radiometer-
under-test (RUT), it can fully characterize the polarimetric re-
sponse of the receiver portion of the RUT. Both hardware and
software improvements have been made over a previous version
of the CNCS. The frequency upconverters now include integral
warm and cold calibration-reference targets to automatically com-
pensate for small drifts in AWG output-signal strength. The proce-
dure used to calibrate the RUT has been generalized to correct for
nonideal characteristics of the CNCS itself. Moreover, the effects
on the derived polarimetric gain matrix of impedance mismatches
between the RUT, and either the CNCS or the antenna have been
determined. Details of the CNCS improvements are presented. The
results of an experimental demonstration of its use and of a series
of validation tests of its performance are also presented.

Index Terms—Calibration, microwave radiometry, noise gener-
ators, polarimetry.

I. INTRODUCTION

POLARIMETRIC radiometer measures the strength and
polarization state of thermally radiated electric fields, as
described under the Rayleigh—Jeans approximation by the mod-
ified Stokes parameters in brightness temperature [1]-[3]. Mea-
surements can be made either coherently, by directly correlating
orthogonal components of the electric field, or incoherently,
by considering differences between slant linear and circularly
polarized brightness temperatures [4]-[7].
Calibration of a polarimetric radiometer is possible using
a signal generator that can create controllable and repeatable
partial correlation between vertically and horizontally polarized
(v- and h-pol) signals. Several such calibrators have been devel-
oped. A system capable of coupling three predetermined test
signals into the antenna feed of a millimeter-wave radiometer
has been developed [8]. A polarized blackbody load has been
developed to produce partial in-phase correlated calibration
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signals by varying the relative alignment between the load and
the radiometer’s antenna [9]. This technique has been expanded
to include the generation of partial quadrature-phase correlation
using a phase-retardation plate [10]. A third method, the corre-
lated noise calibration standard (CNCS), uses a programmable
digital noise source to generate partially correlated signals at
power levels similar to those delivered by an actual radiometer
antenna [11]. The CNCS is typically installed in place of the
antenna and, so, can be used to characterize and calibrate a
radiometer’s receiver. However, it would not provide a complete
end-to-end calibration of the radiometer including its antenna.
The CNCS is capable of producing a wide range of test signals
that can be used to characterize the receiver. Signals can be
generated with independently controlled levels of first, second,
third, and fourth Stokes brightness temperatures.

An X-band version of the CNCS has been used previously to
characterize the correlating receivers in the NASA/U-Michigan
airborne Lightweight Rainfall Radiometer [12]. A new and im-
proved L-band version has recently been completed. It is being
used to evaluate the performance of the polarimetric radiometer
on Aquarius (a low Earth-orbiting ocean-salinity mission) [13],
[14]. The third Stokes channel in the Aquarius radiometer is
used to estimate the degree of ionospheric Faraday rotation
[3]. Since there is no fourth Stokes channel, it is important to
measure the phase imbalance between v- and h-pol channels
in order to characterize the radiometer’s susceptibility to the
fourth Stokes parameter, which may be significant and may
vary as a function of surface wind speed [15]. In addition, the
stability of the Aquarius radiometer calibration on time scales
of days is particularly relevant [13].

In order to calibrate a radiometer-under-test (RUT) using
the CNCS, the CNCS itself also needs to be characterized.
A parameterized forward model has been developed which
describes its characteristics, including nonideal properties, and
an associated inversion algorithm has been developed that
simultaneously characterizes the CNCS and calibrates the RUT.

In this paper, the CNCS and a benchtop correlating po-
larimetric radiometer are described in Section II. Section III
presents the calibration algorithm, which consists of parame-
terized CNCS and RUT forward models. Detailed descriptions
of the test procedures followed to generate the measurements
needed to perform an inversion of the forward models and of the
data analysis used to solve for the unknown parameters of the
models are given in a series of Appendices. Section IV presents
the results of the calibration and also describes a number of tests
that were conducted to verify the validity of the results.
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Fig. 1. (a) Functional block diagram and (b) photo of the L-band CNCS.

II. HARDWARE DESCRIPTION
A. CNCS—A Programmable Digital Noise Source

A functional block diagram of the CNCS and a photo are
shown in Fig. 1. The system consists of a commercial arbitrary
waveform generator (AWG), a pair of frequency-upconversion
modulators with integral calibration-reference sources (referred
to as the “RF Heads”), and a local oscillator (LO) which
provides coherent LO signals for the two channels through a
power divider.

The AWG is an Agilent model N6030A with fixed 1.25-GS/s
internal sample clock. It has two independent output channels
with maximum analog bandwidths of 500 MHz. The correlation
between the pair of signals is determined by the values loaded
into the lookup tables of the AWG [11]. The values are con-
verted into analog signals by a pair of 15-bit digital-to-analog
converters (DACs) that are synchronously triggered by the
internal sample clock. The strength of the analog signals exiting
the DACs are adjusted by amplifiers with 3.3 dB of gain control.
AWG output signals can also be commanded on and off.

The AWG signals are upconverted by RF Heads to the oper-
ating frequency of the RUT. The RF Heads include an ambient
blackbody load and an active cold load to correct for varia-
tions in AWG output power. They are housed in a thermally
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Wilkinson

Power Divider

Fig. 2. System block diagram of the L-band polarimetric RUT. The in-phase,
but not the quadrature-phase, part of the correlation between v- and h-pol
signals is computed, resulting in a measurement capability for 7%, T}, and T3
but not Ty.

controlled environment with a typical temperature stability of
0.05 °C rms over time scales of tens of minutes. The tempera-
tures of the ambient and cold loads are continuously monitored
to allow for temperature-dependent corrections to their bright-
ness temperatures. The active cold load, which is a backward-
installed low noise amplifier (LNA), provides an uncorrelated
noise background for the output signal of each channel. To
increase the electrical isolation between parts, isolators and
attenuators are inserted in several places, as shown in Fig. 1. A
bandpass filter is also used in each RF Head to reduce unwanted
RF and IF signal leakage between channels. This eliminates
any significant crosstalk between the v- and h-pol channels and
ensures that the degree of partial correlation between channels
is due solely to the AWG programming.

B. L-band Correlating Polarimetric Radiometer

A benchtop L-band radiometer, built by the Space Physics
Research Laboratory of the University of Michigan, was used
to demonstrate and validate the calibration methodology of the
CNCS. Its system block diagram is shown in Fig. 2. Input v- and
h-pol signals are filtered and amplified, then coherently down-
converted to an IF band. The IF signals are then processed by
the Agile Digital Detector (ADD) [16]. ADD digitizes the input
signals and implements digital-signal-processing operations to
measure the Stokes parameters. The first and second Stokes
parameters are measured by the self-correlation of the two in-
dividual input signals, while the third Stokes parameter is mea-
sured by their cross-product. Matched loads connected to the
input switches, together with a noise diode, are used for inter-
mittent calibration, with the radiometer operated, otherwise,
in total power mode. The noise-diode signal is divided by a
Wilkinson power divider and coupled into the two radiometer
channels.

III. HARDWARE FORWARD MODEL TO BE CALIBRATED
A. CNCS Forward Model

A parameterized forward model for radiative transfer through
the CNCS is used to represent the relationship between its user-
controlled settings and the signals that it injects into the RUT.
The strength of the signal generated by the AWG is controlled
in two ways. The relative signal level over time is determined
by the numerical values that are loaded into its software lookup
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table. The lookup table defines a normalized version of the
signal. The absolute signal strength is determined by an AWG
voltage gain setting G. The gain setting can be varied in
software from 0.17 to 0.25. This amounts to a variation in the
AWG output power of 3.3 dB. Variations in the AWG output
power have been verified, using a high-precision power meter,
to be linearly related to G? to better than 99.986%.

Signals generated by the CNCS contain one component
generated by the AWG and a second component originating
from either an ambient matched load or an active cold load.
The brightness temperature of the AWG signal, referenced to
the output of the RF Head, can be expressed as

Taweg = k(G*T), + Oayg) (1)

where k is a scale factor used to represent gain imbalance
between the two CNCS channels, 7;, = 4480 K is the nominal
brightness temperature generated by the AWG as defined by
the lookup table, and O, is a possible offset brightness
temperature.

The total brightness temperature of each individual CNCS
channel is the sum of the AWG component plus that of either
the ambient load or active cold load. If the two CNCS channels
are used as inputs to the vertical and horizontal polarization
channels of a fully polarimetric radiometer, then the quadrature
components of correlation between them will represent the third
and fourth Stokes parameters. Decorrelation between the two
CNCS channels due to differences in the phase of the transfer
functions is assumed to be negligible when used to calibrate the
L-band RUTS considered in this paper, because the radiometers’
RF bandwidths are considerably narrower than that of the signal
path through the RF Heads of the CNCS. It should be noted
that this simplifying assumption might not be the case when
calibrating a radiometer with a much wider bandwidth.

The complete CNCS forward model is given by

Tv = kv (GzTn + Oawg,v) + Ty,v
Th = kh (G}QzTn + Oa.wg,h) + Ty,h

T3 =2 \/ku(G%Tn + Oawg,v) : kh(G}zLTn + Oawg,h)
-pcos(f + A)

T4 =2- \/ku(G%Tn + Oawg,v) ' kh(G}%Tn + Oawg,h)
- psin(0 + A) (2)

where k, and kj, may differ in accounting for possible gain
imbalances between the vertical and horizontal channels, G,
and G, are the voltage gains of the respective AWG channels,
Oawg,v and O,y 1, are the offsets of the AWG channels, p and
0 are the magnitude and phase of the correlation coefficient
between the two channels, A is the electrical-path-length im-
balance between the two CNCS channels (resulting in a phase
offset in the correlation, where a positive value for A means
that the electrical path length of the h-pol channel is longer than
that of the v-pol channel), and y = ambient or cold designates
the background reference load selected in the RF Head. User-
determined parameters of the CNCS forward model include the
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AWG gain settings (G, G}), and the complex correlation co-
efficient (p, ). The nonideal parameters of the forward model,
which need to be determined as part of the calibration proce-
dure, are the gain imbalances (k,, k1), the AWG channel off-
sets (Oawg,v; Oawg,h), and the interchannel phase imbalance A.

B. Polarimetric-Radiometer Forward Model

Calibration of a radiometer consists of determining each
parameter in its forward model. What forward model to use
depends on the particular radiometer type. Examples of forward
models appropriate for several coherent- and incoherent-
detection radiometer architectures are considered here for il-
lustrative purposes.

For a fully polarimetric radiometer that uses incoherent
detection, the forward model is given by

Cv va Guh G’U3 Gv4 Ov
Ch Gho Grn Grs Gha T, Op,
Co [_| G G Gow Gu | [T0 ), | O
Cm va Gmh GmS Gm4 T3 Om
Ci Gw G Gz Gu Ty O
Cr Grv Grh GT‘3 Gr4 OT
3)

where C, for x = v, h,p, m,l, and r are the raw radiometer
measurement “counts” for each of its six polarimetric channels,
T, for y = v, h, 3, and 4 are the input Stokes parameters, G,
are the gain matrix elements that relate input signals to output
measurements, and O, are offsets in the measurements that are
not related to the input signals. The 30 unknown parameters
that need to be determined in this forward model are the G,
and O,. For the Aquarius radiometer, since there are no left-
and right-hand circular polarization channels, the appropriate
forward model is a simplified version of (3) that omits C,
Oy, and Gy for x =l and 7 and y = v, h,p,m, [, and r. In
this case, there would only be 20 unknown parameters to be
determined. Note that the input signal 7 cannot be omitted,
since it can still influence the measurements if there is any
polarization leakage present.

The forward model for a fully polarimetric radiometer that
uses coherent detection is given by [20]

CU GU’U GU h G’U3 G’U4 TU OU
Ch | _ | Ghw Gun Gns Gha | [ Th | [ On
Cs G3v Gan Gzz Gy T3 O3
Cy G Guan Gyz Gy Ty O4

“)

There are 20 unknown parameters (G5, and O,) to be deter-
mined in this case. If the radiometer uses coherent detection
without a fourth Stokes channel (i.e., measures only the in-
phase component of the correlation between v- and h-pol
signals), then the forward model will be a simplified version
of (4) in which C4, G4y, and Oy for y = v, h,3, and 4 are
omitted. In this case, there would be 16 unknown parameters to
be determined. This last case applies to the benchtop radiometer
that has been used to experimentally validate the performance
of the new L-band CNCS, the results of which are presented in
Section IV as follows.
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TABLE 1
CNCS-CALIBRATION TEST SET
Test P O | G| G AWG | v-and h-pol
Vector signal | Background

TB

f 0 0 10.17] 0.17 On Cold

153 0 0 10.17]0.17 Off Cold

5] 0 0 10.17]0.17 Off Ambient

ta 0 0 1025]0.17 On cold

15 0 0 1025]0.17 Off cold

ts 0 0 1025]0.17 Off ambient

t7 0 0 10.17]0.25 On cold

Iy 0 0 10.17]0.25 Off cold

fo 0 0 10.17] 025 Off ambient

o 1 0 1025]0.25 On cold

i 1 0 1025]0.25 Off cold

to 1 0 1025] 025 Off ambient

13 1 45210251 0.25 On cold

t4 1 45° 10251 0.25 Off cold

fs 1 45° 1 0.25] 0.25 Off ambient

C. Inversion of the Instrument Forward Model

The forward models for both the CNCS and radiometer
can be combined together into a single composite forward
model, which relates the desired brightness temperatures that
are programmed into the CNCS to the output digital counts that
are measured by the RUT. In order to simultaneously retrieve
both the gain matrix and offsets of the radiometer together
with the CNCS forward-model parameters, a suitable set of
test data is required. The test data are generated by varying
CNCS software settings [p, 0, G, and G}, in (2)] and hardware
switch positions (AWG signal either on or off; background TB
source either ambient or cold load). The complete combination
of CNCS settings that was used for the results presented here
is listed in Table I. There is some redundancy of information
provided by this set of test vectors. However, the precision
and reliability of the retrieved forward-model parameters is
improved by over constraining the system of equations from
which they are derived; therefore, the redundancy is retained.

All elements of the radiometer gain matrix and measurement
offset, and all parameters of the CNCS forward model except
for its channel phase imbalance A, can be satisfactorily esti-
mated from the measurements using an over constrained non-
linear iterative minimization method. The dependence of the
channel phase imbalance on the test settings is not sufficiently
unique, relative to the other parameters, to be retrievable by in-
version of the complete forward model, given a calibration data
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set that can be generated automatically (many of the characteri-
zation tests that are enabled by the CNCS become extremely la-
borious if the calibration test set is not automatically generated).
The CNCS channel phase imbalance must be estimated by
manually cross-swapping the interconnecting cables between
the CNCS and the RUT. This is the one step in the calibration
procedure that is not fully automated. Fortunately, the channel
phase imbalance has, in practice, been found to be extremely
stable over time and, so, not in need of frequent recalibration.

The complete set of unknown parameters in the composite
forward model for both the CNCS and RUT can be combined
together into a single unknown vector X, given by

X = {kva kha Oawg,va Oawg,h7 Av Gmna and Om} (5)

where m =v,h,p,m,l, and r for a fully polarimetric
incoherent-detection radiometer, m = v, h, 3, and 4 for a fully
polarimetric coherent-detection radiometer, and n = v, h, 3,
and 4 in either case. The individual elements of X are defined
in (2), (3), and (4). All of the radiometer measurements made
during the calibration test can be similarly combined into a
measurements vector C, given by

C=f(X) (6)

where each element of C' is the measurement count for one of
the six polarimetric-radiometer channels at one of the 15 CNCS
settings listed in Table I and f represents the composite forward
model.

The estimation of X given C is performed by inverting (6)
using the iterative Newton—Raphson method. Specifically, a

first guess at X is made, denoted by X . The Jacobian matrix .J
of partial derivatives of f with respect to elements of X,

evaluated at X, is next computed numerically. An updated

estimate of X is then made according to

X =X+ T gL T (é—f(i)). @

This process is iterated until changes in X become vanishingly
small, and X has converged to that value which minimizes the

norm-squared difference between C' and f(X). Determining
the parameters of the RUT forward model is equivalent to
calibrating it.

One other correction to the RUT forward model is necessary
if the impedance match between it and the CNCS differs from
the match with the antenna that would be connected in place
of the CNCS during normal data taking. The impedance mis-
match between the CNCS and RUT receiver has two potential
effects—it can change the apparent brightness temperature of
the CNCS active cold load and it can alter a number of the
elements of the RUT’s polarimetric gain matrix and offset
vector, relative to what they would be when connected to an
antenna with a different impedance match. Corrections for both
of these effects are considered here. The impact of impedance
mismatches between a radiometer receiver and its antenna on
the digital counts measured by the radiometer has been ad-
dressed previously by Corbella et al. [17], [18]. Their approach
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is adopted here, generalizing the input-impedance mismatch to
include that with the CNCS as well as the antenna. In summary,
the apparent brightness temperature of the CNCS active cold
loads increases by 2.1 and 2.3 K for the v- and h-pol channels,
respectively, due to the reflection of a small fraction of the
RUT receiver noise temperature at the mismatched cold-load
interface. As a result of the high (~75 dB) isolation between
v- and h-pol channels of the CNCS, elements of the RUT gain
matrix require only insignificantly small corrections. However,
the offset brightness temperatures, O, and Oy, in (3) and (4), do
require small but significant corrections. A detailed derivation
of the corrections to the forward-model parameters due to
impedance mismatches is provided in the Appendix.

IV. DATA-TAKING PROCEDURES AND RESULTS OF
CALIBRATION WITH THE CNCS

The test procedures that were followed to calibrate the bench-
top RUT with the CNCS, together with the resulting estimates
of the parameters of the CNCS and RUT forward models and
of their accuracy and precision, are described in this section.

A. Radiometer Stability

The calibration test set consists of 15 variations of the
input signals generated by the CNCS (see Table I). During
the time over which the test set is generated, both the CNCS
and radiometer forward models should not vary appreciably.
The stability of the radiometer is determined from a long time
series of measurements made while continuously observing
the CNCS reference load (i.e., calibration test signal t3 in
Table I) in its “total power” mode—without any calibration of
radiometer-gain variations or any correction for the very small
variations in the physical temperature of the reference load. The
Allan variance of the measurements is used to characterize the
stability of the radiometer [19]. Fig. 3 shows the derived Allan
standard deviation of the radiometer measurements versus inte-
gration time for both the v- and h-pol channels. The minimum
standard deviation occurs at an integration time of 30 and 32 s

10" 10
7 (s)

Allan standard deviation versus integration time of free-running radiometer characterizes the inherent stability of the radiometer receiver.

for the v- and h-pol channels, respectively. Based on these
results, a complete calibration data set should be completed
in no more than 30 s. The results presented here are based on
measurements made with a dwell time of 2 s on each of the
15 calibration-test settings.

B. CNCS Stability

CNCS stability is characterized by using a similar Allan-
variance analysis but with the radiometer observing a CNCS
signal composed of an active-cold-load background to which
an AWG signal is added that raises the brightness temperature
to that of the ambient load. This choice is made under the
assumption that the dominant source of drifting in the CNCS
signal will be the stability of the AWG output-signal strength.
In order to remove the effects of drifts in radiometer gain,
data are taken in a repeated cycle of the CNCS ambient load,
cold load alone, and AWG + cold load (i.e., calibration test
signals t1, t9, and ¢3 in Table I). Dwell time on each of these
signals is 5 s. Adjacent ambient and cold-load measurements
are used to calibrate the radiometer for each AWG + cold-
load measurement in order to remove the effects of radiometer
drift. Fig. 4 shows the resulting Allan standard deviation of the
calibrated AWG + cold-load time series versus elapsed time.
The available integration time for the AWG + cold load is one
third of the elapsed time because of the 33% dwell time on each
of the three signals. The minimum standard deviations for both
v- and h-pol channels occur at elapsed times of approximately
200 s. Because this is significantly longer than the ~30-s
minimum shown in Fig. 3, radiometer, not CNCS, instability
was the limiting factor in the earlier case. In the event that some
other RUT was more stable than the CNCS, 200 s would be
the upper bound on the time interval during which a complete
calibration test set should be measured.

C. CNCS Active-Cold-Load Calibration

The brightness temperature of the CNCS active cold loads
was determined by using ambient and LNy coaxial reference
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Fig. 4. Allan standard deviation versus integration time of frequently re-
calibrated radiometer measurements while viewing the CNCS AWG signal
characterizes the inherent stability of the CNCS signal source.

loads. The LN, load- and temperature-regulated coaxial cable
is a precision Maury Microwave MT7118 system with £0.5-K
uncertainty. Measurement of the LNy and ambient loads pro-
vides an absolute calibration of the RUT. Subsequent measure-
ment of the active load allows the calibration to be transferred to
the active cold load. The brightness temperatures of the active
cold loads are found in this way to be 87.6 and 92.3 K for
the v- and h-pol channels, respectively, without correction for
impedance mismatches and 85.5 and 90.0 K with the correc-
tions applied. This procedure has been repeated numerous times
over periods of weeks and months and found to be repeatable at
approximately the 1-K level. It should be noted that the bright-
ness temperature of the active cold load should be recalibrated
if a different RUT is used or if the passband characteristics
of a RUT change significantly. This is because the brightness
temperature of the reverse LNA at the heart of the active
cold load is more frequency-dependent than is a traditional
LNs load, and so, the effective brightness temperature of the
active cold load will be more dependent on the specific pass-
band frequency response of a radiometer.

D. CNCS Cable Cross-Swapping for Channel
Phase Imbalance

The CNCS channel phase imbalance A is determined by
manually cross-swapping the interconnecting cables between
the CNCS and the RUT. When cross-swapped, CNCS output
port V is connected to radiometer input channel H, and CNCS
output port H is connected to radiometer input channel V.
Cross-swapping changes the sign, but not the magnitude, of A
in the CNCS forward model. In both the standard and cross-
swapped positions, the radiometer parameters that are retrieved
should be the same, since the radiometer itself has not changed.
Some of the parameters (e.g., G, and Gpp) are not sensitive
to either the radiometer or the CNCS channel phase imbalance.
Other parameters (e.g., Gs3) are sensitive to the CNCS channel
phase imbalance and, so, will vary depending on what value is
assumed for A.
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Normalized G33 vs. CNCS Phase Imbalance
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Fig. 5. CNCS channel phase imbalance A is retrieved by swapping v- and
h-pol interconnecting cables between the CNCS and RUT. Only one unam-
biguous value of A produces the same estimate of the radiometer gain matrix
element G'33 for both swapped positions.

E. Retrieving the CNCS Forward-Model Parameters

The Newton—Raphson method is not able to estimate the
CNCS channel phase imbalance A. It can, however, estimate all
other of the CNCS and RUT forward-model parameters if A is
known. In order to solve for A, its assumed value is varied over
all possible angles from 0° to 360°, and for each value, all other
CNCS and RUT parameters are estimated. This is repeated
with both the standard and cross-swapped cable positions. The
retrieved values of the RUT parameters should not be affected
by the cable arrangement if the correct value for A is assumed.
If, on the other hand, the wrong value for A is used, the retrieval
of any phase-sensitive parameters will be affected, and their
estimated values will not be the same for both the standard and
cross-swapped cable positions. An example of this situation is
shown in Fig. 5. The retrieved value of the RUT forward-model
parameter GGs3 is shown as a function of the assumed value of A
in both the standard and cross-swapped cable positions (in the
figure, G'33 has been normalized by (G, G1)" to reduce the
effects of radiometer gain fluctuations that may have occurred
during the test). There are only two values of A for which the
same value of (G35 is retrieved. One of the two values is the
correct one, and the other is an ambiguity. The two values differ
enough that the ambiguity can be easily resolved by comparing
them to an approximate estimate of A based on network-
analyzer measurements. The correct solutionis A = —21.581°.
The negative value indicates that the electrical length of the
v-pol channel is greater than that of the h-pol channel.

Because normalized versions of (G33 or (i34 are used to
derive the CNCS phase imbalance, cables do not need to be
swapped within the time that G's3 or G54 themselves are stable.
This is confirmed by the fact that the channel phase imbalance
has, in practice, been found to be extremely stable over time.

All other parameters of the CNCS forward model, besides
the channel phase imbalance, are retrieved simultaneously with
the parameters of the radiometer forward model during the
Newton—Raphson process. Those parameters retrieved while
the correct value for the CNCS channel phase imbalance is
assumed are the correct ones. All parameters of the CNCS
forward model are listed in Table II. Monte Carlo simulation
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TABLE 1I
RETRIEVED CNCS-CALIBRATION PARAMETERS
k v kh Oawg, v Oawg, h A
(unitless) | (unitless) (K) (K) (°)
1.0825 0.9798 8.3200 6.8432 -21.581

shows that the precision (i.e., rms uncertainty) of the CNCS
output is 0.18 and 0.13 K for the v- and h-pol channels, re-
spectively. The precision of the CNCS channel phase imbalance
is assumed to be the same as that of the radiometer phase
imbalance, namely, 0.02°.

F. Retrieving the RUT Forward-Model Parameters

The retrieved polarimetric gain matrix and offsets of the RUT
[as defined by (4)] are listed in Table III. The rms errors in
each parameter, as determined by a Monte Carlo simulation of
the retrieval process, are also listed in the table. Once the gain
matrix is known, the radiometer channel phase imbalance can
be obtained from G335 and G34 by

sin~! (G“) , if G33>0
AG— G2, +C2, [ Gaz >
1800 — sin71 <\/%> ) Zf G33 <0.

®)

The channel phase imbalance using (8) is 21.39°, with a
positive imbalance indicating that the v-pol channel has a
longer electrical length. This result was corroborated by a direct
measurement of the relative phaselength of the analog portions
of the v- and h-pol branches of the radiometer. A sinusoidal test
signal was split and fed into the v- and h-pol input ports of the
radiometer. The phase difference between them at the output
ports of the demodulator was measured as 18.14°. The small
discrepancy between this value and that determined using (8)
is likely due to the phase imbalance of the 3-dB splitter used
to generate the test signal and to the phase imbalances in the
digital back end of the radiometer, which were not included in
the test using the sinusoidal signal.

V. VALIDATION OF THE RETRIEVED
CALIBRATION PARAMETERS

The calibration algorithm estimates both CNCS and RUT
forward-model parameters simultaneously. Because both for-
ward models account for nonideal characteristics, several test
were performed to ensure that nonidealities in the CNCS did not
influence the parameters retrieved for the RUT, and vice versa.
The tests involved introducing certain changes into either the
CNCS or RUT hardware and, then, verifying that the changes
in the retrieved parameters responded accordingly.

A. CNCS Channel Gain Imbalance

A coaxial attenuator was inserted between the AWG and the
RF head of the CNCS, first, along the v-pol and, then, along the
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Fig. 6. Locations where an additional adapter was inserted to verify the proper
retrieval of phase imbalances between v- and h-pol channels. The circled letters
indicate the placement of the adapter.

h-pol signal paths. The attenuation was measured to be 1.91 dB
by a network analyzer. The retrieved CNCS channel-gain-
imbalance parameters [k, and kj, in (2)] were altered as a result.
Using the new retrieved values for k, and kj, the maximum
possible brightness temperature that the CNCS could generate
decreased by 1.84 and 1.89 dB for the v- and h-pol channels,
respectively. The differences from the 1.91-dB change pre-
dicted by the network-analyzer measurement likely result from
a combination of CNCS parameter-estimation errors, network-
analyzer measurement errors, and the differences in impedance
matching for each of the three cases.

B. CNCS and Radiometer Channel Phase Imbalances

A subminiature version A (SMA) male/female adapter was
inserted at various places along the CNCS coaxial signal path
or between the CNCS and the RUT. The adapter introduces
an additional phase imbalance into the system. The locations
where the adapter was added are shown in Fig. 6. For each
position of the adapter, the complete calibration procedure was
followed in order to retrieve all forward-model parameters—in
particular, both the CNCS and the radiometer channel phase
imbalances. One or the other of the phase imbalances (but
not both) should change, depending on where the adapter was
placed. The retrieved change should be close to the electrical
length of the SMA adapter itself, as determined independently
by a network analyzer. Small differences are possible due
impedance mismatches between the adapter and the circuit at
its point of insertion. Results of these tests are summarized
in Table IV. In the table, the letter given in column 1 (SMA
location) matches the spot shown in Fig. 6 where the SMA
adapter was inserted. Column 2 (Afcnes) gives the change
in the CNCS phase imbalance A due to the insertion of the
adapter. Column 3 (Afrap) gives the change in the radiometer
phase imbalance, as defined by (8), due to the insertion of
the adapter. Column 4 (predicted phase shift) gives the change
predicted based on network-analyzer measurements, which
varies with each adapter location, because the frequency of the
signal changes. Column 5 (retrieval error) gives the difference
between the predicted and retrieved change in phase imbal-
ance for the retrieved imbalance that was supposed to change.
The change in the other imbalance should, in all cases, have
been zero.
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TABLE III
RETRIEVED RADIOMETER POLARIMETRIC GAIN MATRIX AND OFFSET VECTOR
Gy Input
(Counts/K) v-pol h-pol 3% Stokes | 4" Stokes | Offset
(Counts/K) | (Counts/K) | (Counts/K) | (Counts/K) | (Counts)
and Oy
(Counts)

v-pol 12.950 -0.003 0.0094 0.0003 | 3515.19

+ 0.01 + 0.01

+ 0.004 + 0.004 + 05

h-pol | -0.0011 11.7785

Qutput

+ 0.008 + 0.008

0.0040 -0.0260 | 3925.08

+ 0.003 + 0.003 + 04

3rd 0.0068 0.0096

Stokes | + 0.003 + 0.003

5.7920 2.2690 -31.81

+ 0.003 + 0.002 + 03

The sign of the changes in phase imbalance listed in Table IV
follows sign conventions for the imbalance in the v-pol channel
relative to the h-pol channel. In each case, the phase shift due to
the adapter has the predicted sign. The rms error in magnitude
of the retrieved phase shift over all six cases, relative to the
value predicted by the network-analyzer measurements of the
adapter, is 0.8°. Any change in the retrieved phase imbalance
for the portion of the system that was not affected by the
insertion of the adapter represents an error. These are the shaded
entries in Table IV. The rms value of these errors, over all six
cases, is 0.3°.

VI. CONCLUSION

Test procedures and data-analysis algorithms have been
presented to calibrate a fully polarimetric-radiometer receiver
using the CNCS. The CNCS is a digital microwave-signal
generator capable of producing pairs of simulated thermal noise
signals which have independent programmable brightness tem-
peratures and partial correlation. In order to accurately calibrate
the radiometer, it is necessary to identify and quantify the
nonideal characteristics of the CNCS. In other words, the cali-
bration source must also be calibrated. It is possible to calibrate
both the radiometer and CNCS simultaneously, provided that a
sufficient number and variety of test signals and conditions are
generated.

Simultaneous calibration is approached by developing para-
meterized forward models for both the CNCS and radiometer.
The CNCS forward model describes the relationship between
the digitally programmable settings of the signal generator
and the actual brightness temperatures that are generated. The
radiometer forward model, in turn, describes the relationship
between the brightness temperatures entering its input ports
and the detector counts recorded on its data system. Com-
posed together, the complete forward model relates program-
mable CNCS settings to radiometer counts. The simultaneous
calibration algorithm estimates the parameters of the complete
forward model from the counts that are measured, while the
CNCS settings are varied over a suitable range.

TABLE 1V
VERIFICATION OF CHANNEL PHASE IMBALANCE RETRIEVAL
SMA : . .
dant ABcnes™ | ABrap™* | Predicted Phase Shift| Retrieval Error
adapter
Tiocation (deg) (deg) (deg) (deg)
A -7.005 0.141 -7.20 0.195
B 8.018 0.258 7.20 0.818
C -23.554 -0.008 -24.33 0.776
D 24.677 0.204 24.33 0.347
E 0.205 -32.581 -31.55 -1.031
F 0.620 32.833 31.55 1.283

*ABcncs is the CNCS phase imbalance shift due to the SMA adapter

**AOrap is the radiometer phase imbalance shift due to the SMA adapter

The calibration method has been demonstrated using L-band
versions of the CNCS and a correlating polarimetric radiometer.
All elements of the polarimetric gain matrix of the radiometer
are solved for, including the off-diagonal elements that account
for gain and phase imbalances between polarimetric channels.
All necessary gain and phase imbalance parameters of the
CNCS are also retrieved. The validity of the solutions is tested
by intentionally modifying the amplitude and phase imbalances
of both the CNCS and the radiometer in known ways and, then,
verifying that the calibration procedure correctly identifies the
changes. In all cases, the tests were successful. In particular,
the calibration procedure was correctly able to identify whether
a change was made to the CNCS or the radiometer and whether
the change altered the amplitude or the phase imbalance be-
tween v- and h-pol channels.

The CNCS has both advantages and limitations relative to
other methods for calibrating a polarimetric radiometer. The
most important limitation is the fact that, because it is installed
in place of a radiometer’s antenna, the CNCS cannot calibrate
the effects of the antenna itself on measurement of the Stokes
parameters in brightness temperature. Cross-pol leakage in the
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antenna, for example, would not be accounted for by the off-
diagonal terms of the polarimetric gain matrix estimated by the
CNCS. Those terms would only characterize the behavior of the
receiver, orthomode transducer, and other components and sub-
systems present during CNCS testing. Antenna effects would
still need to be accounted for by some other means—typically
with antenna-range measurements and/or on-orbit intercom-
parisons with groundtruth-based radiative-transfer model pre-
dictions. Other, relatively minor, limitations with a CNCS
calibration include the available bandwidth of its simulated
noise (currently limited to 500 MHz by the clock rate of the
commercial AWG being used) and the fact that the effective
brightness temperature generated by the CNCS needs to be
recalibrated whenever changes are made to the radiometer
passband response (because the CNCS active cold load has a
frequency-dependent brightness temperature).

The primary advantages of CNCS calibration are its simplic-
ity and automation and its flexibility. The ready availability
of a variable brightness-temperature source during receiver
development, integration, and testing, without the need for LN,
cooling, can be extremely convenient and time saving. The
ability to generate known third and fourth Stokes parameters
in brightness temperature, to vary them in a known way, and
to be able to precisely and accurately reproduce them later can
greatly simplify the characterization and trouble shooting of a
polarimetric receiver during its development phase. Moreover,
the fact that variations in both signal strength and polarization
coherence are programmable makes fully automated testing
straightforward. The precision, or repeatability, of estimates
of the polarimetric gain matrix and offset vector was shown
to be approximately 0.2 K for the gain elements and 0.05 K
for the offsets. The accuracy of the retrieved CNCS-calibration
parameters can be estimated by comparisons with network-
analyzer measurements of the radiometer components. The
phase imbalance between v- and h-pol channels, introduced by
adding an SMA adapter (see Section [V-B), was estimated with
0.8° accuracy. Changes in amplitude of the CNCS channels
are more difficult to validate due to the inherent inaccuracies
associated with the network-analyzer measurements of absolute
component losses. CNCS amplitudes have been validated with
an accuracy of, at best, several kelvins.

Absolute end-to-end calibration of any radiometer is best
done with the complete system, including its antenna, assem-
bled while viewing external calibration targets. The greatest
value of the CNCS is as a tool during radiometer development.
It can generate precise and repeatable variations in the full
Stokes parameters in brightness temperature. This permits a
determination of the relative response of the radiometer to
known changes in its input.

APPENDIX
CORRECTION FOR IMPEDANCE MISMATCHES
AT THE RADIOMETER INPUT PORT

A model for impedance mismatches between a radiometer
receiver and its antenna has been developed by Corbella et al.
[17], [18]. Their approach is adopted in this paper. The bright-
ness temperature of the CNCS active cold load is determined by
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a two-point calibration using an ambient-temperature coaxial
termination and one immersed in LN,. The digital counts
measured by the RUT while connected to each of the LNy
reference load, ambient reference load, and CNCS active cold
load are, respectively, given by

Crnz =g {|ALn2|*Tine + [Aune[* [Tz * T,

+ 2Re[ALnol'inoTe] + TR} (A1)
Crer =g {|Acnes[*Tret + [Acnes|*Tones|* T,
+ 2Re[AcncsTenesTe] + Tr} (A2)

Ccola =g {|Acnes|*Teoa + [Acncs*Tenes|* T,

+ 2Re[AcnesTencsTe] + Tr} (A3)

where g is the radiometer gain, T1,n2, Tyef, and Tolq are the
brightness temperatures of the LN, reference load, ambient
reference load, and CNCS active cold load, respectively, that
would be measured by a radiometer with a perfect impedance
match, I't,n2 and I'cncg are the voltage reflection coefficients
when viewing the LNy reference load and the CNCS active
cold load, and A, = (1 — S11aa I'y)™' (for y = LNy and
CNCS), where S11 raq is the input reflection coefficient of the
radiometer receiver. In (A1)—(A3), T, is the noise temperature
exiting the receiver toward the antenna, T’y is the traditional
receiver noise temperature, and 7, is the component of T
and Ty that is correlated. For cases of high isolation at the
radiometer input port, T, is given by [17]

S12,FES3 FE (Ad)
S51FE

T, = — phy <S11,FE +

where T},1,y is the physical temperature of the radiometer front-
end components preceding the first gain stage and S, rg
for z,y = 1,2 are the S parameters for the radiometer front
end (see [17] and [18] for detailed definitions of these noise
temperatures). Port 1 for these S parameters is the input to the
radiometer, and port 2 is the output from the first gain stage
of the receiver (i.e., the point after which internally generated
noise ceases to have a significant effect on the overall receiver
noise temperature). The fact that the radiometer includes an
isolator at its input port with a good (~25 dB) level of isolation
insures that 7. is approximately equal to Ty, .

All of the reflection coefficients and other S parameters in
(A1)-(A3) can be measured directly using a network analyzer.
The warm- and cold-reference brightness temperatures, Tief
and Tine, are also known. The remaining three unknown
variables (g, Tr, and To1q) can be solved algebraically from
the three simultaneous equations [(A1)—(A3)]. The value for
Tcola determined in this way is the brightness temperature that
would be presented by the CNCS active cold load to a radiome-
ter with a perfect impedance match. For the L-band CNCS,
Tcola 1s found to be approximately 2 K lower than its value
would have been had the effects of impedance mismatches
been ignored. The actual Tjq that would be measured by a
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particular radiometer will depend on the impedance match of
its input port.

The effect on the measured Stokes parameters in brightness
temperature of impedance mismatches between a radiome-
ter’s antenna and its receiver, and of crosstalk between the
orthogonal polarimetric channels of a radiometer’s antenna,
has also been considered previously by Corbella et al. [17].
Their approach is again adopted here, replacing the antenna
by the CNCS and using the impedance mismatch and isolation
characteristics of the CNCS. The modified Stokes parameters
are related to the true values by (AS5), shown at the bottom of the
page, where Tg; are the modified brightness temperatures and T,
are the values that would have been measured if the impedance
match was perfect and there was no polarization crosstalk
(y =wv,h,3, and 4), Sy (z,y =v,h) are the S parameters
of the CNCS, Si1 rad,z (z = v, h) is the reflection coefficient
at the input ports of the RUT, and the subscripts v and h
denote the v- and h-pol channels of the CNCS and RUT. The
offset brightness temperatures, Ty, (y = v, h,3, and 4) are
defined by

Tewso =Sl * o+ [Sonl* T + 2Re{S00 Tt } (A6.1)
Towto = |Sun*Trn + |Sho 2Ty o+ 2R S To } (A6.2)
Tew3 =2Re{Sv0Sh, Tro+ SonSinTrn+ ShyTiy+ SonTen}
(A6.3)
Tewa =2Im{ S5, Tr.o+ SonSinTrn+ ShyTir+ SonTen}
(AG.4)

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 46, NO. 10, OCTOBER 2008

(see [17] for detailed descriptions of these correction
algorithms).

The corrections to the Stokes parameters given by (AS) and
(A6) can be incorporated directly into the elements of the
polarimetric gain matrix and offset vectors. Define G and O as
the gain matrix and offset vector of the RUT prior to correction,
and G’ and O’ as the same after correction. Using (A5), they
are related by (A7), shown at the top of the page. Solving for
the corrected values, G’ and O, gives (A8), shown at the top of
the page.

Equation (AS8) is the general expression for corrections to the
gain matrix and offset vector. A simplified special case applies
for the CNCS, because the isolation between its v- and h-pol
channels is extremely high (~75 dB). In this case, Sy, and Sy,
can be assumed equal to zero. The corrections given in (AS8)
then simplify to

[G'|0] = [G|O]
1 0 0 0 —[Sw|*Thy—2Re{Sy,T..}
01 0 0 *|Shh‘2Tr,h — 2Re{Shthyh}
0 0 1 0 0 (A9)
0 0 0 1 0
00 0O 1

Equation (A9) demonstrates that the RUT polarimetric gain
matrix is unaffected by impedance mismatches, provided that
isolation between the v- and h-pol channels is high. Only the
offset vector is affected. Note that the gain matrix and offset

T 1 0 0 0 Tepp T,
Ty 0 1 0 0 Tepp T,
7| = | 2Re {81 Sttraan ) 2Re{SurSiiraant 1 0 Tus || D (A5)
/ B Ty
Ty 210 {8}, 51 rad0 ) 20 {SunSiiraan} 0 1 Tewa | |1
1 0 0 0 Tepp
0 1 0 0 Tepp
[G|O]:[G/‘O/] 2Re{SZvSI1,rad,v} 2Re{5vh511,rad,h} 1 0 Teps (A7)
2Im {S;U‘Sfl,radyv} 2IIn{Svh,Sl1,rad,h} 0 1 Te:c,4
0 0 0 0 1
1 0 0 0 Toppl
0 1 0 0 Tez,h
[G'|0'] = [G|O] - 2Re{S;{wSIl,rad,v} 2Re{SurS11,0aa,nt 1 0 Tepgs (A8)
2Im {S}tusflvrad,v} 2Irn{SvhSll,rad,h} 01 Tew,4
0 0 0 0 1
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vector would need to be corrected again using the impedance
and crosstalk characteristics of the antenna when it is attached
to the RUT instead.
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