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Abstract—We present a new high-fidelity method of calibrating
a cross-track scanning microwave radiometer using Global Posi-
tioning System (GPS) radio occultation (GPSRO) measurements.
The radiometer and GPSRO receiver periodically observe the
same volume of atmosphere near the Earth’s limb, and these
overlapping measurements are used to calibrate the radiometer.
Performance analyses show that absolute calibration accuracy bet-
ter than 0.25 K is achievable for temperature sounding channels in
the 50–60-GHz band for a total-power radiometer using a weakly
coupled noise diode for frequent calibration and proximal GPSRO
measurements for infrequent (approximately daily) calibration.
The method requires GPSRO penetration depth only down to the
stratosphere, thus permitting the use of a relatively small GPS
antenna. Furthermore, only coarse spacecraft angular knowledge
(approximately one degree rms) is required for the technique, as
more precise angular knowledge can be retrieved directly from
the combined radiometer and GPSRO data, assuming that the
radiometer angular sampling is uniform. These features make
the technique particularly well suited for implementation on a
low-cost CubeSat hosting both radiometer and GPSRO receiver
systems on the same spacecraft. We describe a validation platform
for this calibration method, the Microwave Radiometer Technol-
ogy Acceleration (MiRaTA) CubeSat, currently in development
for the National Aeronautics and Space Administration (NASA)
Earth Science Technology Office. MiRaTA will fly a multiband ra-
diometer and the Compact TEC/Atmosphere GPS Sensor in 2015.

Index Terms—Advanced Microwave Sounding Unit (AMSU),
Advanced Technology Microwave Sounder (ATMS), calibration,
Compact Total Electron Count (TEC)/Atmosphere Global Posi-
tioning System (GPS) Sensor (CTAGS), CubeSat, Global Naviga-
tion Satellite System (GNSS), GPS, GPS radio occultation (RO)
(GPSRO), humidity, Micro-sized Microwave Atmospheric Satel-

Manuscript received May 21, 2013; revised November 8, 2013; accepted
December 18, 2013. Date of publication February 13, 2014; date of current
version May 22, 2014. This work was supported by the Assistant Secretary of
Defense for Research and Engineering under Air Force Contract FA8721-05-
C-0002.

W. J. Blackwell, C. Crail, M. DiLiberto, R. V. Leslie, A. B. Milstein, and
I. A. Osaretin are with the Lincoln Laboratory, Massachusetts Institute of
Technology, Lexington, MA 02420 USA (e-mail: wjb@ll.mit.edu).

R. Bishop is with The Aerospace Corporation, El Segundo, CA 90245 USA.
K. Cahoy, B. Cohen, and P. Dave are with the Department of Aeronautics and

Astronautics, Massachusetts Institute of Technology, Cambridge, MA 02139
USA.

L. Cucurull is with the National Oceanic and Atmospheric Administration
(NOAA) Earth System Research Laboratory, Boulder, CO 80305-3328 USA.

N. Erickson is with the University of Massachusetts, Amherst, MA 01003
USA.

C. Fish is with the Space Dynamics Laboratory, Utah State University,
Logan, UT 84341 USA.

S. Ho is with the University Corporation for Atmospheric Research, Boulder,
CO 80301 USA.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TGRS.2013.2296558

lite (MicroMAS), microwave, Microwave Radiometer Technology
Acceleration (MiRaTA), nanosatellite, precipitation, radiometer,
remote sensing, RO, RO-Cal, temperature.

I. INTRODUCTION

PASSIVE MICROWAVE observations from spaceborne
scanning radiometers have proven profoundly useful in

a variety of atmospheric applications ranging from mesoscale
and synoptic numerical weather prediction to climate study [1].
Temperature sounding channels near 50–60 GHz and water
vapor sounding channels near 183.31 GHz penetrate most
nonprecipitating clouds and thus provide atmospheric profiling
capability in almost all weather conditions. In the climate con-
text, measurements of the atmosphere using microwave radiom-
etry have provided a benchmark climate record of temperature
trends dating back to the Microwave Sounding Unit (MSU),
which began operation in 1979. MSU was followed by the
Advanced Microwave Sounding Unit, which began operation in
1998. The Advanced Technology Microwave Sounder (ATMS)
is the first in a series of new cross-track scanning sounders
developed for the Joint Polar Satellite System. ATMS was
launched on October 28, 2011 on the Suomi National Polar
Partnership satellite.

The absolute calibration of spaceborne microwave scanning
instruments for high-fidelity atmospheric research is immensely
challenging and difficult to fully trace to a reference stan-
dard [2], although recent work has shown promise to es-
tablish brightness temperature standards with uncertainties of
approximately 0.7 K [3]. As a direct result of these calibra-
tion challenges, bias corrections of up to several kelvins are
routinely used [4]. Problems associated with reflector emis-
sivity and internal calibration target (ICT) contamination have
been reported [5]. Previous comparisons of Advanced Mi-
crowave Sounding Unit-A (AMSU-A) observations that were
colocated to Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC)/FORMOSAT-3 Global
Positioning System (GPS) radio occultation (RO) (GPSRO)
observations indicated biases as large as 1.92 K [6].

GPSRO measurements have also been used extensively to
improve weather forecasting and assessments of climate [7],
[8]. Temperature profile accuracies approaching 0.1 K are
achievable in the upper troposphere and lower stratosphere
[9], and recent work has presented techniques for probing
down to the boundary layer [10]. GPSRO measurements are
inherently well calibrated due to their fundamental dependence
on time delays, which can be traced to the National Institute
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of Standards and Technology (NIST) standards [6]. However,
GPSRO measurements have relatively sparse geospatial cov-
erage. When the COSMIC/FORMOSAT-3 constellation was
at peak operational capacity, it provided approximately 2000
occultation profiles per day, compared with over 3 000 000
soundings per day for ATMS.

In this paper, we explore the combined use of passive mi-
crowave sounding and GPSRO observations to leverage the
benefits of both in order to achieve highly accurate calibration
with dense geospatial sampling. Furthermore, we investigate
a new method of two-point calibration, where the traditional
calibration points of cold sky and warm ICT are replaced with
cold sky and a warm noise diode turned on and off against cold
sky. The noise from the diode is sufficiently strong that a weak
coupler can be used to avoid the need for a switch—the noise
diode is always in the signal path but only produces noise when
energized with an appropriate bias current (usually on the order
of 5–10 mA). The noise diode is periodically calibrated with
GPSRO measurements to mitigate any drift [11]. In addition
to offering improved calibration, this method also dispenses
with the need for an ICT, which can be bulky and susceptible
to errors and often drives the design of the radiometer antenna
and scanning system. GPSRO instrumentation, however, is very
compact and places no restrictions on the design of the radiome-
ter. In fact, the “CubeSat” class spacecraft (10× 10× 30 cm;
4.0 kg) can now accommodate radiometers [12] and GPSRO
systems [13] on the same spacecraft, offering a low-cost high-
performance sounding platform.

This paper is organized as follows. First, we provide an
overview of the calibration technique (henceforth “RO-Cal”)
and describe how it could be implemented on a 50–60-GHz
(V-band) radiometer system. We then describe the method in
a detailed step-by-step manner, simulate its performance using
the NOAA88b global profile set, and examine the effect of the
minimum GPSRO sounding altitude (which drives the required
SNR and GPSRO antenna gain requirements) on calibration
performance. We then present an end-to-end RO-Cal radiome-
ter calibration simulation. Finally, we describe the Microwave
Radiometer Technology Acceleration (MiRaTA) CubeSat that
will be used to validate the technique with a launch in 2015.

II. OVERVIEW OF THE RO-CAL METHODOLOGY

The RO-Cal calibration method involves two core opera-
tions to synergistically use GPSRO and microwave radiometer
measurements for the observing geometry shown in Fig. 1.
First, a quadratic relationship between the GPSRO refractivity
profile versus tangent height, N(h), and radiometer brightness
temperatures at a particular observing angle and frequency
band of interest, TB(θ, f), is derived. Second, the radiometer
gain g (kelvin/count, where “count” is the output of a 16-b
A/D converter) is chosen to minimize the residual between
the calibrated and the GPSRO-derived brightness temperature.
Errors due to the quadratic estimation are treated in a weighted
least squares sense. In this paper, we consider two cases, one
where the angular coincidence between the refractivity profile
and the radiometer observations is perfect, for which a closed-
form expression for g can be derived, and one where there is

Fig. 1. Basic geometry of the GPSRO microwave radiometer calibration
problem is shown, including some distortions to emphasize key features, such
as the radiometer scan angle θ, GPSRO tangent points, and radiometer pointing

error in the scan plane θ̂0.

an unknown scalar angular offset θ0 between the refractivity
profile and the radiometer observations, thus requiring a nu-
merical minimization routine to solve for both g and θ0. Note
that, in practice, the error θ0 could arise from a number of
factors, including errors in the spacecraft attitude determination
system, imperfect knowledge of the electrical boresight of the
antenna pattern, and errors in the mechanical mounting of the
radiometer to the spacecraft. A block diagram summarizing
the method components is shown in Fig. 2.

A. Description of the Profile Data and Models Used to
Evaluate the RO-Cal Performance

The performance analyses in this paper are all based on sim-
ulated observations derived using physical models and global
ensembles of atmospheric states. These include the NOAA88b
atmospheric profile data set and surface emissivity values,
a microwave/millimeter wave nonscattering radiative transfer
model, and the use of the NOAA88b temperature profiles to
generate simulated GPSRO refractivity profiles. The selection
of the ensemble of atmospheric states is a critically important
part of any simulation study, and we have taken great care to
ensure that the profiles included in the analysis are sufficiently
representative of a variety of atmospheres that challenge most
atmospheric sounding systems.

1) NOAA88b Atmospheric Profile Data Set: The NOAA88b
radiosonde/rocketsonde data set contains global profiles that
are distributed seasonally and geographically. For this study,
1000 profiles were randomly chosen from the 7547 available
profiles to allow all of the spectral and spatial convolution
operations performed on the data to be executed in several days.
Atmospheric temperature, moisture, and ozone are given at 100
discrete levels from the surface to altitudes exceeding 50 km.
Skin surface temperature is also recorded. Additional details
on the geographic representation of the profiles and the profile
variability can be found in [14].

2) Microwave Surface Emissivity: Surface emissivity val-
ues from the NOAA88b data set were used. These include
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Fig. 2. Block diagram of the GPSRO microwave radiometer calibration procedure. Dashed lines indicate operators that are trained offline using ensemble data
sets (NOAA88b in this case). The inputs to the algorithm are radiometer counts (DNs) and the refractivity profile N(h). Outputs are the estimated radiometer

gain g and the estimated angular error in the radiometer scan plane θ̂0.

land and ocean emissivities and range from 0.5 to 0.6 over
ocean and from 0.7 to 0.98 over land. We note that surface
emissivity is a relatively weak contributor to brightness tem-
perature for the frequencies and viewing angles considered in
this study (a key feature of the method, because interference
due to surface emissivity uncertainty is minimized).

3) Microwave/Millimeter-Wave Nonscattering Radiative
Transfer Models: Simulated brightness temperature observa-
tions for atmospheric profiles in the NOAA88b data set
were calculated using the TBARRAY software package of
Rosenkranz [15], which was modified to introduce spherical
symmetry and accommodate radiative transfer calculations
through the Earth’s limb. TBARRAY is a line-by-line routine
based on the Liebe millimeter-wave propagation model [16],
[17]. Scattering was not modeled because cloud liquid water
content is not recorded in the NOAA88b data set. This is not
a consideration in this work because scattering effects can be
flagged by the calibration algorithm (see Section IV-B). The
spectral passbands were modeled as boxcar functions using
approximately ten discrete frequencies per passband.

4) GPSRO: GPSRO receivers on low Earth orbiting (LEO)
satellites receive radio-frequency signals from higher altitude
GPS satellites. As the LEO satellite and its GPSRO receiver
drop behind the Earth’s limb from the perspective of the GPS
satellite (an ingress occultation), the signal penetrates through
the atmosphere from space down to the surface; rising occul-
tations are also used. The path of the signal is affected as it
passes through the refractivity gradient of the atmosphere and
results in a measurable frequency deviation in the received
signal. The GPS radio-frequency signals are traceable to NIST
standards (the SI second) with a high degree of accuracy using
monitoring and corrections from a series of atomic clocks. The
frequency measurement and knowledge of the geometry, in
addition to assumptions of spherical symmetry, yield a profile
of refractivity as a function of altitude (geometric height) N(h),
from which temperature and pressure can be derived when
water vapor is negligible [6], [9], [18]–[20].

Refractivity (N) is defined in terms of refractive index n as

N = (n− 1) · 106. (1)

In the Earth’s neutral atmosphere, refractivity is approximately
related to the pressure (P ), the temperature (T ), and the partial
pressure of water vapor (PW ) by the following equation [21]:

N = 77.6
P

T
+ 3.73× 105

PW

T 2
. (2)

We note that a more accurate relationship is given in [22],
but the simple relationship above is used here. In this paper,
the NOAA88b temperature and water vapor profiles, defined at
fixed pressure levels, are used with (2) to generate refractivity
as a function of pressure. Note that, at lower altitudes in
moist tropical regions, the estimated GPSRO refractivity may
significantly depend on the moisture distribution. In the upper
troposphere and stratosphere where moisture is negligible, the
refractivity noise in the fractional refractivity can be as small
as 0.2% (see [9, Fig. 13]). Currently, multiyear GPSRO data
can be obtained from six different RO centers (see [20] for
details). By using the differences and standard deviations of the
individual centers relative to the intercenter mean to quantify
the structural uncertainty, it was confirmed that the mean re-
fractivity anomalies among centers agree within 0.01% with a
standard deviation of 0.2% (see [20, Table 2]). In this paper,
we add a random refractivity noise commensurate with that
reported by Kursinski et al. [9] in the calculated refractivity.

III. ESTIMATION OF RADIOMETER BRIGHTNESS

TEMPERATURE FROM GPSRO REFRACTIVITY

The first step of the calibration algorithm involves a quadratic
regression on the GPSRO refractivity profile, N(h), to estimate
the radiometer brightness temperature as a function of the scan
angle through the Earth’s limb, TB(θ, f). It is assumed that the
radiometer is sampled such that there is a uniform 0.1-degree
spacing between the limb observations.
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TABLE I
SPECTRAL CHARACTERISTICS OF THE RADIOMETER

CHANNELS CONSIDERED IN THIS STUDY

Fig. 3. Weighting functions for the channels considered in this study at nadir
incidence over a nonreflective surface. The U.S. 1976 standard atmosphere was
used for the calculations.

A. Radiometer Assumptions

For the simulations in this paper, we consider six channels
in the 50–60-GHz temperature sounding band (also denoted
“V-band”), three channels in the 183.31-GHz water vapor
sounding band, and one channel at 206.4–208.4 for cloud ice
sensing. The latter four channels are also denoted “G-band.”
Channel passbands are given in Table I, and weighting func-
tions for the temperature channels are shown in Fig. 3. These
channels closely approximate similar channels on ATMS, with
the exception of the 207.4-GHz channel, which is added for
consideration in this study. A spacecraft altitude of 400 km
is assumed, corresponding closely to the expected initial orbit
altitude of MiRaTA (see Section V). The antenna beamwidth
is 5.0◦ [full-width at half-maximum (FWHM)] at 50 GHz and
1.25◦ FWHM at 200 GHz. Gaussian beam shapes are assumed
in the spatial convolution operators. A receiver temperature
of 300 K was assumed for the V-band channels; 1000 K was
assumed for the G-band channels. A scan rate of one revolution
per second was assumed. At 0.1-degree angular spacing, the
integration time for each observation is therefore approximately
275 μs. A 20-point triangular filter was used to reduce the
sensor noise in the calibration, as similar filters have been
used operationally with ATMS. With these assumptions, typical
radiometer sensitivity [rms noise-equivalent delta temperature

Fig. 4. Mean brightness temperatures calculated for the NOAA88b data
set are shown for each of the ten channels considered in this study (see
Table I). The V-band (with 5.0-degree FWHM antenna beamwidth) and
G-band channels (with 1.25-degree FWHM antenna beamwidth) are shown.
The G-band brightness temperature curves are characterized by a steeper slope
due to their narrower antenna beamwidth.

(NEDT)] values range from 0.2 K (3 K scene) to 0.3 K (250 K
scene) for the V-band channels and range from 0.35 K (5 K
scene and 2000-MHz bandwidth) to 0.85 K (250 K scene and
500-MHz bandwidth) for the G-band channels, where we note
that the NEDT increases with increasing scene temperature but
decreases with increasing channel bandwidth.

The mean brightness temperatures for the NOAA88b set
plotted as a function of sensor scan angle are shown in Fig. 4
for the viewing geometry assumptions described earlier. The
“limb” portion of the Earth’s atmosphere occurs over a range of
angles centered at approximately 71◦. It should be noted that the
Rayleigh–Jeans approximation cannot be used for temperatures
below approximately 150 K, and spectral radiance intensities
must be evaluated directly using the Planck function.

B. Results

Brightness temperature retrieval performance results for the
V-band temperature channels as a function of scene temperature
are shown in Fig. 5, and results for the G-band channels
are shown in Fig. 6, where the entire brightness temperature
distribution shown in Fig. 4 is included in these figures. The
sensitivity to GPSRO penetration depth is also shown—the less
transparent (more opaque) channels are relatively insensitive
to penetration depth, while the more transparent (less opaque)
channels are highly sensitive to penetration depth. Retrieval
errors of 0.5 K or less are evident for the more opaque V-band
channels and degrade by several degrees for the less opaque
V-band channels. Errors for the G-band channels range from
approximately 1 K to 4 K.

The retrieval error ε(θ, f) = TB(θ, f)− T̂B(θ, f) for each
channel is characterized by an error covariance matrix, Cεε(f),
where each row and column is associated with a single ra-
diometer view angle. This error covariance will be used in
the subsequent minimization routine to estimate the radiometer
gain g.
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Fig. 5. RMS error for the retrieval of V-band brightness temperature from
GPSRO refractivity profiles. Each set of five lines indicates GPSRO penetration
depths of 8, 10, 12, 16, and 20 km, with 8 km yielding the lowest errors and
20 km yielding the highest errors in all cases.

Fig. 6. RMS error for the retrieval of G-band brightness temperature from
GPSRO refractivity profiles. Each set of five lines indicates GPSRO penetration
depths of 8, 10, 12, 16, and 20 km, with 8 km yielding the lowest errors and
20 km yielding the highest errors in all cases.

IV. ESTIMATION OF RADIOMETER GAIN

The second component of the RO-Cal algorithm uses the
retrieved brightness temperatures T̂B(θ, f) as a temperature
reference from which radiometer gain g is derived. If there is
no angular offset between the retrieved and actual brightness
temperatures, a closed-form solution can be derived for g using
weighted least squares. The cost function to be minimized (for
each channel) is

Ψ = (T̂B − T̃B)
′C−1

εε (T̂B − T̃B). (3)

We have used the boldface type to indicate that angular depen-
dence has been captured as elements in vectors or matrices, and
T̃B is the calibrated radiometer brightness temperature defined
as follows:

T̃B = g(DN−DNc) + Tc (4)

Fig. 7. RMS error for calibrated brightness temperature for a 300 K scene
assuming perfect angle knowledge. The G-band channel center frequencies in
the lower panel are 183.31 ± 1, 183.31 ± 3, 183.31 ± 7, and 206.4–208.4 GHz.

where DN is the radiometer count output (digital number) when
viewing the limb, DNc is the radiometer output when viewing
cold sky, and Tc is the cold sky brightness temperature.

For the simulations presented hereinafter, the radiometer gain
(kelvin/count) for each profile was assigned a Gaussian random
value with a mean of 0.02 and a standard deviation of 0.0012,
which is representative of radiometer behavior at the frequen-
cies of interest in this study. For cases with a nonzero angular
offset θ0 between T̂B and T̃B, a Gaussian random value was
assigned to θ0 with a mean of zero and a standard deviation of
one, which is representative of current commercially available
CubeSat attitude and determination systems. Approximately
200 scan angles ranging from 55◦ to 75◦ were used for the
V-band calibrations, and approximately 40 scan angles ranging
from 67◦ to 71◦ were used for the G-band calibrations.

A. Case I: No Angular Offset

If there is no angular offset between T̂B and T̃B, then ĝ can
be expressed in closed form as

ĝ =
(T̂B − Tc)

′C−1
εε (DN−DNc)

(DN−DNc)′C−1
εε (DN−DNc)

. (5)

The rms calibration errors for this case are shown in Fig. 7
when calibrating a 300 K scene. The V-band performance is
excellent (approximately 100 mK) for opaque channels with
GPSRO penetration depths down to 12 km, and performance
degrades with decreasing penetration depth, markedly so for
nonopaque channels. G-band calibration performance is not as
good, with errors of several kelvins.

B. Case II: Constant Angular Offset

We now examine a case with an unknown but constant
angular offset θ0 between T̂B and T̃B. Now, a more sophisti-
cated method is needed to minimize (3) because the radiometer
gain and offset angle must be jointly optimized. We define a
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Fig. 8. Percentage of successful calibrations for each of the ten channels.

“shifted” T̃B, T̃S
B, such that T̃S

B = T̃B(θ − θ0), and a new
cost function is minimized

Ψ =
(
T̂B − T̃S

B

)′
C−1

εε

(
T̂B − T̃S

B

)
. (6)

The Nelder–Mead simplex method [23] was used to numeri-
cally minimize (6), given T̂B and initial guesses for radiometer
gain and offset angle. The parameter mean values were used for
the initial guesses, as frequent noise diode calibrations should
produce ĝ estimates within a fraction of a percent of the true
values [11].

A very useful diagnostic is the value of the cost function (6)
after minimization, as this can be used for the quality control
of the estimated values. We declare a “failure to converge”
condition if the cost function exceeds 200 (the number of angles
used) for the V-band channels and 40 (the number of angles
used) for the G-band channels. The percentage of successful
calibrations is shown in Fig. 8. Opaque channels are almost
always successfully calibrated, although the success rate drops
to approximately 75% for the G-band channels.

The rms calibration errors for this case are shown in
Fig. 9 when calibrating a 300 K scene. V-band performance
is still very good, degrading to approximately 0.25 K for the
opaque channels for GPS penetration depths down to 12 km,
and performance degrades with decreasing penetration depth,
markedly so for nonopaque channels. G-band calibration per-
formance is not as good, with errors exceeding 4 K.

The locations of the rejected calibrations were examined
for evidence of any geographically problematic regions. The
locations of all 1000 profiles and the rejected calibrations for
the 207.4-GHz channel with a 20-km GPSRO penetration depth
(the worst performing case) are shown in Fig. 10. The locations
of rejected cases are uniformly distributed around the globe
with no obvious geographical correlations.

The angular offsets were also retrieved as part of the calibra-
tion process. The angle retrieval rms error is shown in Fig. 11.
The results are quite good, as accuracies better than 0.005◦

(approximately 85 microradians or 18 arcseconds) are achieved
for opaque channels. This level of pointing knowledge (in the

Fig. 9. RMS error for calibrated brightness temperature for a 300 K scene
with angle offset retrieved from observations. The G-band channel center
frequencies in the lower panel are 183.31 ± 1, 183.31 ± 3, 183.31 ± 7, and
206.4–208.4 GHz.

Fig. 10. Locations of all 1000 profiles used in this study are shown in the top
panel, and the locations of the rejected calibrations for the 207.4-GHz channel
with a 20-km GPSRO penetration depth (worst case) are shown in the bottom
panel.

sensor scan plane) is commensurate with that achievable with
star tracking systems.

C. Discussion

These results are very encouraging, considering that the
0.25 K rms calibration error shown in Fig. 9 is one-third of
the desired calibration error of the state-of-the-art ATMS [24]
launched in 2011. The trend of decreasing calibration error with
increasing V-band channel opacity evident in Figs. 7 and 9
suggests that further performance improvements could be
gained by the addition of more opaque channels. For example,
a channel centered near 58.4 GHz with similar bandwidths to
those considered in this study would peak near 25 km. If noise
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Fig. 11. RMS error for angle offsets retrieved from observations using the
RO-Cal algorithm.

diode drift is highly correlated within the frequency passband
of the diode, only a single calibration point using an opaque
channel would be needed, thereby permitting GPSRO penetra-
tion depths down only to the stratosphere. This could be accom-
plished with a relatively small GPSRO antenna compatible with
CubeSat implementation. We note that the G-band channels
are not easily calibrated with this technique due primarily to
water vapor variability to which the GPSRO measurements
are largely blind. Possible enhancements that might improve
performance include more sophisticated estimators for T̂B,
inclusion of additional atmospheric data from radiosondes or
numerical weather prediction fields, inclusion of channels with
more opacity, and treatment of channels simultaneously instead
of individually. We also suggest the consideration of RO with
frequencies capable of measuring water vapor.

V. FUTURE VALIDATION OF THE METHODOLOGY

WITH THE MiRaTA SPACECRAFT

The RO-Cal methodology is particularly appealing for
nanosatellite sounders, which typically have relatively simple
attitude determination systems capable of pointing knowledge
on the order of a degree and are severely volume and mass
constrained, precluding the use of blackbody ICTs. In this
section, we briefly describe how the RO-Cal technique will be
validated as part of the MiRaTA CubeSat mission scheduled
for launch in 2015 into an orbit with a 390-km initial altitude
and a 52-degree inclination. The MiRaTA CubeSat will carry
out the mission objectives over a 90-day mission, including
the on-orbit checkout and validation period. MiRaTA is a 3U
(30 cm × 10 cm × 10 cm) CubeSat comprising V- and G-band
radiometers (52–58 GHz, 175–191 GHz, and 206.4–208.4 GHz)
developed by MIT Lincoln Laboratory and the University of
Massachusetts at Amherst, the Compact TEC/Atmosphere GPS
Sensor (CTAGS) with five-element patch antenna array devel-
oped by The Aerospace Corporation, and CubeSat spacecraft
subsystems for attitude determination and control, communi-
cations, power, and thermal control to be integrated by the
MIT Space Systems Laboratory. Ground segment and mission

operations will be coordinated by the NASA Wallops Flight
Facility and the Space Dynamics Laboratory. The spacecraft
dimensions are 10× 10× 34 cm, the total mass is 4.0 kg, and
the total average power consumption is 6 W.

A. ConOps

The primary MiRaTA mission concept of operations
(ConOps) is summarized in Fig. 12. The MiRaTA spacecraft
will perform a slow pitch up/down maneuver once per orbit
to permit the radiometer and GPSRO observations to sound
overlapping volumes of atmosphere through the Earth’s limb,
where sensitivity, calibration, and dynamic range are optimal.
These observations will be compared to radiosondes, to global
high-resolution analysis fields, to other satellite observations
(for example, ATMS and the Cross-track Infrared Sounder on
the Suomi National Polar Partnership (NPP) satellite), and with
each other (GPSRO and radiometer) using radiative transfer
models.

B. Spacecraft Overview

The MiRaTA spacecraft is shown in Fig. 13. There are
no moving mechanisms, and the only deployable structures
(both with flight heritage) are two solar panels and a simple
tape-spring antenna for UHF communications with the NASA
Wallops Flight Facility 18.3-m ground station. The radiometers
view the Earth through the nadir deck of the spacecraft, and
in this frame, the GPSRO patch antennas have a field of
view in the zenith direction, which is oriented to the limb
during GPSRO sounding via a simple pitch or roll maneuver
(see Fig. 12). A separate GPS antenna is used for precision
orbit determination during the maneuver. The radiometer and
GPSRO fields of view are used to probe the same volume of
atmosphere by using the control authority of the reaction wheel
assembly to rotate the spacecraft about either the pitch or roll
axes approximately once per orbit.

The MiRaTA CubeSat will contain two complete instrument
systems, a triband atmospheric sounder and CTAGS, which
is based on work described in [13]. These two instruments
will be operated in a manner to allow cross-comparison and
cross-calibration. The triband microwave atmospheric sounder
provides colocated observations over three frequency bands,
52–58 GHz, 175–191 GHz, and 206.4–208.4 GHz, and com-
prises two radiometer subsystems: 1) the V-band (52–58 GHz)
front-end receiver with a weakly coupled noise diode, a low-
noise Monolithic Microwave Integrated Circuit (MMIC) am-
plifier, a mixer, an intermediate frequency (IF) preamplifier,
and an ultracompact IF spectrometer with highly scalable Low-
Temperature Co-fired Ceramic (LTCC)/Substrate Integrated
Waveguide (SIW) architecture operating over the 23–29-GHz
IF band to provide six channels with temperature weight-
ing functions approximately uniformly distributed over the
troposphere and lower stratosphere (see Fig. 3) and 2) the
broad-band G-band mixer front end operating from 175.31 to
208.4 GHz with a conventional IF spectrometer with lumped
element filters. Approximately 1000 GPSRO + radiometer
Earth limb scans are expected over the course of the mission.
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Fig. 12. MiRaTA primary mission validation ConOps is shown. A slow pitch maneuver (0.5◦/s) is used to scan the radiometer field of view through the Earth’s
limb and subsequently direct the GPSRO field of view through the same atmosphere to catch a setting occultation. The entire maneuver takes about 20 min.

Fig. 13. View looking down onto the top of the MiRaTA spacecraft is
shown on the left, and a view of the bottom of the spacecraft (with the
bottom body panel removed for illustration) is shown on the right. The five-
element antenna patch array on the zenith deck of the spacecraft is used for
the atmospheric GPSRO measurements. The side patches are integrated onto
deployable solar panels (mounted beneath the substrate) for simplicity and
reliability. The primary spacecraft components are visible in the image on the
right, including the following (from the bottom up): three-axis reaction wheel
assembly, avionics and power stack (batteries visible), GPS receivers (two),
and radiometer components. The side patch antennas fold inward and occupy a
fraction of space along the body panels of the spacecraft prior to deployment.
The holes in the deployed solar panels allow access to spacecraft electronics. A
representative UHF tape-spring antenna is shown for illustration purposes—the
flight version will likely be positioned on the lower deck of the spacecraft to
permit the use of a larger ground plane.

VI. SUMMARY AND FUTURE WORK

We have presented a new radiometer calibration method
that uses frequent observations of noise diodes and infrequent
GPSRO measurements to calibrate any drift in the noise diode
output. This method offers improved accuracy relative to tra-
ditional methods while being easier to accommodate on very
small spacecraft with coarse attitude determination capabilities.
Simulation analyses indicate that absolute accuracies approach-
ing 0.25 K are obtainable for opaque V-band channels. If diode
drift is highly correlated with frequency, this calibration can

be readily transferred to nonopaque channels. The MiRaTA
CubeSat mission is in development to validate the simulation
results presented here, and a launch is expected in 2015.

We suggest a number of items to pursue as future work.
First, no effort has been made here to optimize the channel
sets for best calibration algorithm performance. Channels with
additional opacity should be considered. Second, algorithm
sensitivity analyses could be performed with respect to antenna
beamwidth, pointing accuracy/jitter, sensor noise, radiometer
sample rate (angular spacing), and orbital characteristics. Third,
the radiative transfer simulations can be improved by removing
the constraint of spherical homogeneity. This could be done by
considering multiple profiles along the line of sight, as is done
in [25]. Fourth, the minimization routines could be executed us-
ing all channels instead of each channel individually. This could
be accommodated, for example, by using 1DVAR minimization
with a priori constraints on the gain and offset angle that are
derived from prelaunch characterizations. Finally, we suggest
the analysis of any microwave sounder data collected during
a spacecraft maneuver that might be serendipitously colocated
with operational GPSRO observations.
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