
3180 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 45, NO. 10, OCTOBER 2007

New Instrument Concepts for Ocean Sensing:
Analysis of the PAU-Radiometer

Adriano Camps, Senior Member, IEEE, Xavi Bosch-Lluis, Isaac Ramos-Pérez, Associate Member, IEEE,
Juan Fernando Marchán-Hernández, Student Member, IEEE, Benjamín Izquierdo,

and Nereida Rodríguez-Álvarez, Student Member, IEEE

Abstract—Sea surface salinity can be remotely measured by
means of L-band microwave radiometry. However, the brightness
temperature also depends on the sea surface temperature and
on the sea state, which is probably today one of the driving
factors in the salinity retrieval error budgets of the European
Space Agency’s Soil Moisture and Ocean Salinity (SMOS) mis-
sion and the NASA–Comisión Nacional de Actividades Espaciales
Aquarius/SAC-D mission. This paper describes the Passive Ad-
vanced Unit (PAU) for ocean monitoring. PAU combines in a
single instrument three different sensors: an L-band radiome-
ter with digital beamforming (DBF) (PAU-RAD) to measure the
brightness temperature of the sea at different incidence angles
simultaneously, a global positioning system (GPS) reflectome-
ter [PAU-reflectometer of Global Navigation Satellite Signals
(GNSS-R)] also with DBF to measure the sea state from the
delay-Doppler maps, and two infrared radiometers to provide
sea surface temperature estimates. The key characteristic of this
instrument is that both PAU-RAD and the PAU-GNSS/R share
completely the RF/IF front-end, and analog-to-digital converters.
Since in order to track the GPS-reflected signal, it is not possible to
chop the antenna signal as in a Dicke radiometer, a new radiome-
ter topology has been devised which makes uses of two receiving
chains and a correlator, which has the additional advantage that
both PAU-RAD and PAU-GNSS/R can be operated continuously
and simultaneously to perform the sea-state corrections of the
brightness temperature. This paper presents the main character-
istics of the different PAU subsystems, and analyzes in detail the
PAU-radiometer concept.

Index Terms—Correlator, Global Navigation Satellite Signals
(GNSS), radiometry, reflectometry, sea salinity, sensitivity.

I. INTRODUCTION

I T IS WELL known that sea surface salinity can be re-
motely measured by means of L-band microwave radiom-

etry [1]. Currently, two spaceborne missions are planned to
be launched in the near future with this purpose: the Eu-
ropean Space Agency’s Soil Moisture and Ocean Salinity
(SMOS) mission [2], using a Y-shaped synthetic aperture
radiometer, and NASA–Comisión Nacional de Actividades
Espaciales AQUARIUS/SAC-D mission [3], using a tree-beam
pushbroom radiometer.
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Sea surface salinity can be indirectly measured through the
variations of the brightness temperature due to the change of
the sea water dielectric constant with respect to temperature and
salinity. However, the brightness temperature also depends on
the sea surface roughness, which cannot be simply parameter-
ized in terms of the wind speed, the significant wave height,
or any other currently available parameter. Therefore, despite
the field experiments performed in the past years to improve
our understanding of this effect [4], the sea surface roughness
correction still remains one of the most critical corrections
needed to retrieve the salinity with the required accuracy, and
inaccuracies in the brightness temperature direct model may
induce significant errors (biases) in the retrieved salinity [5].

In the SMOS mission, the multiangle observation capabilities
allow to simultaneously retrieve not only the surface salinity,
but in addition, the surface temperature and an “effective”
wind speed that minimizes the salinity retrieval error, as first
proposed in [6]. In AQUARIUS, an L-band scatterometer will
be used to perform the necessary sea-state corrections.

The potential use of reflectometry of Global Navigation
Satellite Signals (GNSS-R) opportunity signals for altimetry [7]
and sea-state determination in terms of the mean-square slope
has been already tested from ground-based [8]–[11], airborne
[12]–[19], and spaceborne [20], [21] experiments. However,
the underlying science still needs further refinements to ex-
tract meaningful physical quantities that can be successfully
used in the remote sensing and oceanographic communities.
Probably, one of the main advantages of this technique lies in
the capability to obtain simultaneous and collocated sea-state
information, which is not possible with other auxiliary data sets
[5]. A performance study of the capabilities and requirements
of this technique applied to the SMOS case was recently
presented [22].

The Passive Advanced Unit (PAU) is a new instrument
concept that was proposed in 2003 to the European Science
Foundation (ESF) within the frame of the European Young
Investigator (EURYI) Awards program, and was funded in
2004 [23]. It consists of a suite of three instruments operat-
ing in a synergetic way: 1) PAU-RAD: an L-band radiome-
ter to measure the brightness temperature of the sea surface;
2) PAU-GNSS/R: a reflectometer to measure the sea state using
reflected global positioning system (GPS) opportunity signals;
and 3) and PAU-IR: two infrared (IR) radiometers to measure
the sea surface temperature.

The L-band radiometer is an array of 4 × 4 dual-polarization
receivers [24] integrated behind a patch antenna, whose outputs
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Fig. 1. Schematic of the PAU-RAD 4 × 4 array.

are digitized and then properly calibrated and combined to
produce several beams using a digital beamformer (DBF) [25].
The GPS-reflectometer uses the same hardware as the L-band
radiometer, but the DBF synthesizes beams pointing toward
the specular reflection points of the GPS signals [26]. Finally,
the third element is a pair of commercial 8–14-µm thermal IR
radiometers.

Section II describes the PAU instrument concept at system
level. The detailed analysis of PAU-RAD using noise waves
is presented in Section III for the general case, including
imperfect Wilkinson isolation, imperfect matching, etc., and
then simplified to the ideal case. Finally, Section IV presents
the analysis of the predicted performance in terms of angular
resolution and radiometric sensitivity.

II. OVERALL INSTRUMENT DESCRIPTION

A. Receiver Front-End

One of the technological goals of the PAU instrument is to
demonstrate the feasibility of combining in a single receiver
two types of instruments: the radiometer (PAU-RAD) which,
for stability reasons, cannot be a total power radiometer, and
the GPS-reflectometer (PAU-GNSS/R). In order to be able to
use the same receivers for both the radiometer and the GPS-
reflectometer, a new radiometer topology has been devised
(Fig. 1). To understand the concept, the ideal case is dis-
cussed here, leaving to Section III the general analysis using
noise waves.

As compared to a real aperture radiometer, instead of con-
necting the antenna output directly to the radiometer receiver,
each receiving element is connected to the input of a Wilkinson

power splitter1 that divides the signal in two signals that are
in phase. However, the 100-Ω resistor of the Wilkinson power
splitter that connects the two outputs also adds two noise signals
that are 180◦ out of phase. Therefore, the signals at the input
of the two channels of the radiometer are the sum and the
difference of the antenna signal and the noise generated by
the Wilkinson power splitter resistor. Once properly amplified,
down-converted, sampled, and combined with the ones from
other receivers to digitally form the beam(s), they are finally
cross-correlated leading to an output that is proportional to the
difference between the antenna temperature and the physical
temperature of the Wilkinson power splitter resistor. That is, the
system output is the same as the one of the Dicke radiometer,
but the input signal is not chopped, so that it can be used to track
the GPS-reflected signal continuously and simultaneously with
the radiometric measurements (Section III).

Two additional calibration signals are used for internal cali-
bration purposes: uncorrelated noise, generated by a matched
load at each input channel, to compensate for instrumental
biases, and two levels of correlated noise from a common noise
source, to compensate for phase and amplitude mismatches
among receivers (Fig. 2, Section III-A). External calibration
is performed using two external references, the hot/cold load
technique using described for example in [33], with the sky as
cold load.

1In its simplest form, a Wilkinson power splitter consists of two transmission
lines of characteristic impedance equal to

√
2Z0 connected at the input and

connected through a 2Z0 resistor at the outputs. All ports are perfectly
matched, and the outputs are perfectly isolated. Any other three ports having
the same S-parameter matrix will produce the same noise waves at its outputs.
See for example:http://www.microwaves101.com/encyclopedia/Wilkinson_
splitters.cfm#twoport.
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Fig. 2. (a) Concept block diagram of a one-receiver PAU-RAD. ca,p is the noise collected by the antenna (including the one generated by its ohmic losses), and
np is the noise generated by the Wilkinson power splitter resistor. (b) Receiver block diagram of the dual-polarization receivers for PAU-RAD.

Fig. 3. Array of 4 × 4 elements pointing to the ocean. The array boresight
will be 45◦ off nadir.

The beam of the microwave radiometer was required to
have a 20◦ half-power beamwidth with a main beam efficiency
(MBE) larger than 95% for pointing angles up to ±20◦ from
the boresight direction, which will be pointed 45◦ off nadir to
cover the range of incidence angles from 25◦ to 65◦. These
three requirements are satisfied with a 4 × 4 array of elements
spaced 0.63 wavelengths (Fig. 3) at the GPS L1 frequency
(1.57542 GHz), with a “triangular” weighting function [1 2 2 1]
in both dimensions, that is [1 2 2 1] for the first and fourth rows,
and [2 4 4 2] for the second and third rows.

The interelement spacing determines the maximum size of
the receiver to which the antenna is connected. Three receivers
are shown in Fig. 4: the elementary element antennas are

Fig. 4. Elementary element antennas microstrip patch antennas (top) and
RF (left) and IF (center) boards that are interconnected by means of four
semiflexible cables, folded, and integrated in a 3 × 7 × 11 cm box (right).

microstrip patch antennas, which are very convenient at this
frequency (top), and the RF (left) and IF (center) boards, which
are interconnected by means of four semiflexible cables, folded,
and integrated in a 7 × 11 × 3 cm box (right).

The isolation between channels is better than 40 dB, which
is suitable for the measurement of the four Stokes parameters.
The output IF signals are transmitted at a central frequency of
4.3 MHz through a pair of RJ-45 grade five cables and applying
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Fig. 5. Laboratory setup showing the different parts of the one-receiver version of PAU. Each receiver is integrated behind each individual dual-polarization
patch antenna. All receivers are driven by the same 10-MHz reference clock and by a common noise source used for correlated noise injection. Receiver outputs
are sent to the ADC board through a pair of Ethernet cables (∗∗). The four sampled channels (fs = 5.745 MHz) are time-multiplexed (×4) before input to
the master FPGA. Master and slave FPGAs operate synchronously with the same clock and exchange information through a high-speed Mictor cable. The data
processing includes Stokes parameters computation and DDM generation, and in the 4 × 4 array the generation of the different beams for both the radiometer
(PAU-RAD) and the reflectometer (PAU-GNSS/R). Final products are sent to the external world through an Ethernet link (∗).

the bandpass sampling technique are down-converted and the
in-phase and quadrature (I/Q) signals are obtained.2

B. Analog-to-Digital Converters (ADCs)

The eight-bit samplers are formed by an array of 16 ADC
cards whose inputs are the outputs of each receiving unit: four
channels per receiving unit. The throughput of each ADC card
is: 4 channels × 8 bits × 5.745 MHz = 183.84 Mb/s, and the
total input rate at the field programmable gate arrays (FPGAs)
is thus 16 times higher, approximately 3 Gb/s. This amount of
data enters into the two FPGAs by using nearly all available I/O
pins, and by using time multiplexing by a factor 4, that is four
signals sampled at 5.745 MHz are input at 22.98 MHz.

C. DBF Processor

The design is split in two parts and fit in two Altera FPGAs
Stratix EP1S10F780C6E to implement PAU-RAD using the
very high-speed integrated circuit hardware description lan-
guage (VHDL)-93 digital description language. The first one
is called the control unit and manages the system. The control
unit has an external communications module using the TCP/IP
protocol in order to provide a standard interface to remote
control the system. Furthermore, it calculates the corrections
to be applied to the digital I/Q signals for calibration. These
functions have been developed using the Altera VHDL Nios
microprocessor, which makes the design of the control mod-
ule easier and more versatile, since it is programmed using
ANSI-C. The second part of the system is called arithmetic-
logic unit, where the algorithm is implemented. Signals are dig-

2The bandpass sampling technique, or IF or RF sampling, refers to a
technique in which a signal of bandwidth B, centered at f0 is sampled without
loss of information at a frequency fs much smaller than 2 · (f0 + B/2),
which is given by: 2(B + (nB + r)/(N − n + 1)) ≤ fs ≤ 2(B + (nB +
r)/(N − n)) with N < (f0 − B/2)/B < N + 1 < (f0 + B/2)/B, r =
f0 − (B/2) − N · B, and n = 0, . . . , N − 1 (http://en.wikipedia.org/wiki/
Sampling_%28signal_processing%29#IF.2FRF_sampling).

itally processed in this block to obtain the four Stokes parame-
ters with maximum accuracy. The PAU-RAD design includes
other VHDL blocks as well that are not directly related to the
radiometer subsystem but to the PAU-GNSS/R reflectometer.

D. Real-Time Delay-Doppler Map (DDM) Generator

To generate a DDM from a stream of GPS data down-
converted and sampled it is necessary to generate simulta-
neously several different frequencies along with a number
of shifted versions of the corresponding pseudorandom-noise
(PRN) code. To obtain real-time DDM waveforms a DDM
generator has been implemented in an FPGA using VHDL
digital logic description language. To simplify the system, a
commercial GPS receiver is added to the system to provide
some “a priori” information on which satellites are visible
and which are their respective delay and Doppler offsets with
respect to the direct signals. This information is fed into the
DDM generator along with the stream of I/Q samples of the (up
to) four beams that point to the specular reflection points over
the sea surface of the reflected GPS signals with more strength.
Every clock cycle a new pair of I/Q samples are processed:
for each Doppler frequency and delay coordinates a frequency
(fL1 = 1575.42 MHz + fDoppler) and a sample of the PRN
code of the particular reflected GPS signal are obtained. Then,
they are combined with the I/Q samples, and finally they are
sent to their corresponding accumulator block. At the end of
the integration period, related to the PRN chip rate and to the
coherence time of the sea surface, the result is dumped, obtain-
ing a complex DDM point. This GPS-reflectometer computes
all these DDM points at the same time, so after the selected
integration time a whole DDM is available.

The design has been verified and the digital description
has been largely simplified by developing a whole software
emulator (simulating noise samples) using Matlab. Simulation
results have been satisfactorily compared to the theoretical
predictions using only one analog receiver and one antenna.
Fig. 5 shows a laboratory setup of the one-receiver version
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Fig. 6. Testing the system with one PAU receiver at the Barcelona Olympic
Village harbor. The antenna is pointing to the sea surface to collect the reflected
GPS signal and measure the brightness temperature (not in optimal conditions
in this configuration). An auxiliary GPS receiver is used to collect the direct
signal.

of the instrument. It includes the PAU receiver integrated
behind the dual-polarization patch antenna, which is connected
to the ADC board through a pair of Ethernet cables. The four
sampled channels (fs = 5.745 MHz) of each receiver are time-
multiplexed by a factor of 4 before they are input to the master
FPGA. Master and slave FPGAs operate synchronously with
the same clock and exchange information through a high-speed
Mictor cable. The data processing includes Stokes parameters
computation and DDM generation, and in the 4 × 4 array the
generation of the different beams for both the radiometer (PAU-
RAD) and the reflectometer (PAU-GNSS/R). The system is
remotely controlled, and final products are sent to the external
world through an Ethernet link. All receivers are driven by the
same 10-MHz reference clock and by a common noise source
used for correlated noise injection.

Fig. 6 shows a test of the system with one PAU receiver at the
Barcelona Olympic Village harbor in which the PAU antenna is
pointing to the sea surface to collect the reflected GPS signal
and measure the brightness temperature (although these are not
the optimal conditions to measure the brightness temperature)
and an auxiliary GPS receiver is used to collect the direct signal.
Fig. 7 presents a sample DDM obtained with data acquired in a
field experiment test in the Garraf cliffs, about 40 km south of
Barcelona, on April 27, 2005.

E. IR Radiometers

Finally, the IR radiometers are two thermal IR commercial
radiometers covering the spectral range 8–14 µm that are
connected to the serial ports of the control computer. One of
them will be pointed at an incidence angle with respect to
nadir of 30◦ approximately, for which the influence of sea
state is negligible [31]. The second one is used to measure
the downwelling radiation at 60◦–70◦ from zenith (so as to

Fig. 7. Sample DDM obtained applying the VHDL generator. Data acquired
for PRN19, at the Garraf cliffs, South of Barcelona, April 27, 2005.

have better radiometric sensitivity) and, in conjunction with
MODTRAN simulations, is used to correct for atmospheric
effects (mainly clouds and rain) [32].

III. PAU-RADIOMETER ANALYSIS USING NOISE WAVES

In order to understand the operation of the PAU-RAD con-
cept, the analysis of a single element is first performed using
noise waves. Then, results are extended to the general case of
an array of N elements and performing DBF.

A. Analysis of a Single-Element PAU-Radiometer

The analysis of the single-element PAU-RAD using noise
waves3 is described in Fig. 8 and detailed in Appendix I.
The final result is repeated here for convenience. The cross-
correlation matrix of the outgoing noise waves of the power
splitter plus the equivalent noise waves at the amplifiers’ input
is given by

N=
〈
b′b′H〉

= kB ·


Λ·S·


Taη + Tph(1−η) 0 0

0 Tr1 0
0 0 Tr2


 · SH ·ΛH

+


 0 0 0

0 TR1 0
0 0 TR2


 + Λ · Tph(I−S·SH)·ΛH

+ Λ·S·


 0 0 0

0 Tc1 0
0 0 Tc2


+


 0 0 0

0 T ∗
c1 0

0 0 T ∗
c2


·SH ·ΛH


.

(1)

3The analysis is performed assuming constant complex noise waves over a
1-Hz bandwidth. Over the radiometer’s bandwidth, the complex noise waves
can be different, and the final result is obtained by integrating the responses
over the total bandwidth.
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Fig. 8. Noise wave analysis of the PAU-RAD. Wilkinson power splitter input
is labeled as #0, and its outputs are labeled as #1 and #2.

The first term in (1) contains the radiometer’s output correlation
from the input noise (the one collected by the antenna and
generated by the antenna losses). The second term contains
the correlation of the noise that is generated by each receiver
and appears at their outputs. Since these noise waves are
uncorrelated among the different amplifiers, the second matrix
is diagonal. The third term contains the correlation of the noise
generated by the power divider network. Note that this term
would vanish if this network where unitary (I = S · SH), which
is not the case for a Wilkinson power divider since ideally
S12 = S21 = 0. Finally, the fourth and fifth ones contain the
radiometers’ output generated by the outgoing noise that enters
in the power divider and leaks into the other output port due to
the finite isolation.

The radiometer’s output is the cross correlation of the outputs
at ports 1 and 2 (N1,2) passed through the receiving chains
(V 1,2), and it can be computed as

V 1,2 = S1
21 · S2∗

21 · N1,2 (2)

where Si
21 is the S21 parameter of the ith receiving channel of

the element.
In the general case, the expansion of (1) and (2) is quite cum-

bersome, and even though (2) can be developed analytically, the
physical meaning is lost. In order to gain insight in the process,
several particular cases of interest are studied below.

1) Perfect matching of the antenna and receivers’ input ports
Γa = Γ1 = Γ2 = 0:

V 1,2 =S1
21 ·S2∗

21 ·N1,2

=S1
21 ·S2∗

21 ·kB {S10 ·S∗
20 [Taη + Tph(1 − η)]

+ S11 ·S∗
21 ·Tr1 + S12 ·S∗

22 ·Tr2

+ S12 ·Tc2 + S∗
21 ·Tc1 − Tph

× (S10 ·S∗
20 + S11 ·S∗

21 + S12 ·S∗
22)} (3)

where the second and third terms correspond to outputs
originated by reflections of the outgoing noise waves
from the receiving chains in the Wilkinson power divider
output ports. The third and fourth terms correspond to
correlations between the outgoing noise waves from the
receiving chains that leak through the power divider and
enter into the other chain.

2) Perfect matching of the antenna and receivers’ input ports
Γa = Γ1 = Γ2 = 0, and of the Wilkinson power divider
S00 = S11 = S22 = 0:

V 1,2 =S1
21 · S2∗

21 · N1,2

=S1
21 · S2∗

21 · kB [S10 · S∗
20(Ta − Tph)

+ S12 · Tc2 + S∗
21 · Tc1] . (4)

3) Perfect matching of the antenna and receivers’ input ports
Γa = Γ1 = Γ2 = 0, and of the Wilkinson power divider
S00 = S11 = S22 = 0, and perfect isolation of its outputs
S12 = S21 = 0:

V 1,2 =S1
21 · S2∗

21 · N1,2

=S1
21 · S2∗

21 · S10 · S∗
20 · kB(Ta − Tph). (5)

Note the following.

a) The radiometer’s output is proportional to the difference
between the antenna temperature, and the physical tem-
perature of the antenna and Wilkinson power divider, as
in a Dicke radiometer, but without the input switch.

b) If not calibrated, (3)–(5) contain a term which is propor-
tional to Ta − Tph and an offset term that depends on the
receiving chains noise temperatures. This offset can be
canceled by injection of uncorrelated noise (Fig. 2) and
by subtracting the two measured cross correlations when
the input switches are connected to the antenna and to the
matched loads.

c) If not calibrated, (5) can be a complex number due to
imperfect mismatch of the two receiving chains and of
the Wilkinson power divider. This error is corrected by the
injection of correlated noise (Fig. 2) and by compensating
the phase of the measured cross correlation (5) when
the input switch is connected to the antenna, with the
phase of the measured cross correlation (5) when the input
switches are connected to the correlated noise source
(Fig. 2).

d) As compared to the differential microwave radiometer
[33], both receiving chains do not have to be perfectly
matched in amplitude and phase, which significantly re-
laxes the instrument specifications.

B. Analysis of the PAU-Radiometer Formed by an Array of
Elements With DBF

As discussed in Section II, PAU-RAD consists of an array of
4 × 4 dual-polarization receiving elements, with two channels
per polarization each. That is, the total number of channels
is 64, whose signals are sampled at eight bits and calibrated
in phase and amplitude using uncorrelated/correlated noise
injection in a similar way as it is done in SMOS [34]. Then,
at each polarization p, the calibrated signals are added with
appropriate complex weights (βn) so as to form beams in
different directions, avoiding the need to mechanically scan the
antenna.
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Fig. 9. Simulated synthetic beam at (a) the boresight direction and (b) 20◦ off
boresight, including the radiation pattern of the elementary element.

Following the same nomenclature as in Appendix I, the
output signals of the DBF are computed as follows:

Sp+ =
N∑

n=1

βn

(
1√
2

(
cn
a,p + nn

1,p

)
+ c1,n

2,p

)

Sp− =
N∑

m=1

βm

(
1√
2

(
cm
a,p + nm

2,p

)
+ c2,m

2,p

)
(6)

where:

1) Sp+ and Sp− are the complex DBF outputs at p-
polarization (p = ν, h: vertical or horizontal): The +
subscript corresponds to the receiving chain where the
antenna signal and the noise signal generated by the
Wilkinson power splitter resistor are added in phase (by
definition, the upper receiving chain, see Fig. 8), and
the − subscript corresponds to the branch where they

are added 180◦ out of phase (by definition, the lower
receiving chain, see Fig. 8).

2) βi is the complex weight for each array element.
3) cn

a,p is the signal at the output of the p-polarization
antenna of the nth element (Fig. 8).

4) nn
1,p and nn

2,p are the noise signals generated by the
Wilkinson power splitter of the nth element at p-

polarization (nn
1,p = −nn

2,p
∆= nn

p ).
5) c1,n

1,p and c2,n
1,p are the equivalent noise waves at the ampli-

fiers’ input (Fig. 8).

The first and second Stokes parameters are obtained from the
cross correlation of the signals in (6) at ν- and h-polarizations

T1 =�e
〈
Sν+ · S∗

ν−
〉

T2 =�e
〈
Sh+ · S∗

h−
〉

(7)

which after some manipulations (see Appendix II) can be
expressed as

T1 =Ta,ν − Tph

T2 =Ta,h − Tph. (8)

The third and fourth Stokes parameters (T3 and T4, or U and
V) are computed by cross-correlating the signals at different
polarizations Sh+ and Sν− (see Appendix II)

T3 =2 · �e
[〈

Sh+ · S∗
ν−

〉]
=̂ 2 · �e[Ta,hν ]

T4 =2 · �m
[〈

Sh+ · S∗
ν−

〉]
=̂ 2 · �m[Ta,hν ]. (9)

The use of the third and fourth Stokes parameter can be used to
correct for rotations of the antenna reference frame with respect
to the earth’s reference frame and/or to correct Faraday rotation
for a spaceborne instrument as described in [36, eq. (10)]:

λ1,2 =
T1 + T2

2
±

√
(T1 − T2)2 + |T3 + jT4|2

2
(10)

where the estimated T1 and T2 are λ1 and λ2, respectively,
and in deriving (10) from [36, eq. (10)], we have made use of
TVH = (T3 + jT4)/2.

IV. PAU-RADIOMETER PERFORMANCE

A. Angular Resolution

The angular resolution of this type of radiometer is the
same as that of an array of

√
N ×

√
N elements, spaced d

wavelengths in both dimensions and with a given illumination
window.

To analyze the performance of PAU-RAD, a Matlab-based
instrument simulator has been developed. It generates bandpass
noise samples that are then propagated to the different an-
tenna elements, passed through the receiving chains, calibrated,
and finally combined so as to synthesize different antenna
beams. In our case: N = 16 (square array of 4 × 4 elements),
d = 0.63 wavelengths, and the amplitude of the weighting
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function is the product of two triangular ones [1 2 2 1] in both
dimensions:

|β| =
1
10




1 2 2 1
2 4 4 2
2 4 4 2
1 2 2 1


 (11)

normalized so that the sum of the squares of all elements equals
1 (A2.4). A linear phase shift is applied to each row in (10) to
steer the beam out of the boresight direction.

Fig. 9 shows the simulated results when the synthesized
beam is pointed toward the boresight direction [Fig. 9(a)] and
20◦ out-of-boresight [Fig. 9(b)]. The number of points in the
simulated beam is however limited due to the long simulation
times. The elementary radiation pattern of each array element
(a microstrip patch antenna) is included in the simulations,
which explains the decrease in the maximum’s amplitude when
the beam is pointed out-of-boresight. The level of the secondary
lobes is, as expected, about 26 dB, and the MBE larger than
95% even at 20◦ out-of-boresight.

B. Radiometric Sensitivity

Assuming that all receiving elements are at the same physical
temperature (Tph) and that all the receivers noise temperature
(TR) are the same, the radiometric sensitivity of the Stokes
parameters can be readily computed after some lengthy manip-
ulations (see Appendix III) as

∆T1 =
Ta,ν + TR + 2 · Tph√

B · τ
(12)

∆T2 =
Ta,h + TR + 2 · Tph√

B · τ
(13)

and

∆T3,4 =
√

2·
√

(Ta,h + TR + 2 · Tph)·(Ta,ν + TR + 2 · Tph)√
B · τ

(14)

where B is the predetection bandwidth and τ is the integra-
tion time.

It is interesting to note that the radiometric sensitivity of the
first two Stokes parameters corresponds to that of a total power
radiometer in which the system temperature is increased by
2 · Tph due to the noise added by the resistor of the Wilkinson
power splitter.

The result for the radiometric sensitivity of the third and
fourth Stokes parameters is also intuitive, with the replacement
of the system temperatures in both channels by new ones,
including also the term +2 · Tph.

V. CONCLUSION

This paper has summarized the main objectives, and has
presented the topology and the main characteristics of the
PAU instrument. PAU consists of three different instruments:
an L-band radiometer to measure the sea surface brightness
temperature, a GPS-reflectometer to infer the sea state from

the DDMs, and a pair of IR radiometers to measure the sea
surface temperature, being the sea-state information and the sea
surface temperature necessary variables in order to retrieve the
sea surface salinity.

The key characteristic of PAU is that both the radiometer
and the GPS-reflectometer operate simultaneously (there is no
time multiplex) and share completely the RF, IF, and ADC
sections. To achieve this goal, a new receiver topology has
been devised, which consists of two receiving chains and a
cross-correlator. This topology can be applied to both a single
antenna and radiometer receiver, or to an array of antennas
and receiving elements using DBF. The analysis of this new
type of radiometer has been performed using noise waves and
it has been shown that its output is the same as for a Dicke
radiometer: the difference between the antenna temperature
and the physical temperature of the Wilkinson power splitter.
This radiometer topology does not require amplitude and phase
matching between the two receiving chains, since calibration
using correlated/uncorrelated noise injection can correct for
them. It can also be applied to radioastronomy observations as
well if the front-end is cooled to reduce the physical temper-
ature of the Wilkinson power splitter. Finally, the radiometer
performance has been analyzed in terms of the angular resolu-
tion and the radiometric sensitivity.

A ground-based and a UAV-based versions of PAU have
already been developed and the full 4 × 4 array is currently
under integration

APPENDIX I
SINGLE-ELEMENT PAU-RAD ANALYSIS

USING NOISE WAVES

A linear N -port can be represented by its N × N scattering
matrix (S) and by a N × 1 noise vector (n) that accounts for
the noise waves generated internally [25]

b = S · a + n (A1.1)

where a and b are the usual incident and outgoing N × 1
wave vectors defined over a 1-Hz bandwidth. The incident wave
vector can also be written as [26]

a = Γ · b + as (A1.2)

where as is the vector of source waves connected to each of the
N ports. In our case (Fig. 9)

as =


 ca

c1
1

c2
1


 (A1.3)

whose elements are ca, which is the noise collected by the
antenna from the outside, and the one generated internally
because of its ohmic losses, and ci

1 which is the noise generated
by the ith receiving chains toward the input.

On the other hand, Γ is a N × N diagonal matrix whose
elements are the reflection coefficients of each of the ports as
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seen from the network (Fig. 8, the antenna and the two receiving
chains)

Γ =


Γa 0 0

0 Γ1 0
0 0 Γ2


 . (A1.4)

Substituting (A1.2) in (A1.1) and isolating b, the following
expression is readily obtained:

b = (I − S · Γ)−1 · S · as + (I − S · Γ)−1 · n (A1.5)

and defining

Λ=̂(I − S · Γ)−1 (A1.6)

as in [27], (A1.5) can be rewritten in a more compact
notation as

b = Λ · S · as + Λ · n. (A1.7)

Finally, to take into account the equivalent noise waves ci
2

(Fig. 9) at the amplifiers’ input, the b′ vector is defined

b′ = b + c (A1.8)

in which c is defined as

c =


 0

c1
2

c2
2


 . (A1.9)

The radiometer’s output is the cross correlation of the noise
waves at the receivers’ output

V 1,2 = S1
21 · S2∗

21 · 〈b′1 · b′∗2 〉 (A1.10)

where Si
21 is the S21 parameter of the ith receiving chain. In

order to compute (A1.10), we must first compute the correlation
matrix N of vector b′

N = 〈b′ · b′H〉
=

〈
(Λ · S · as + Λ · n + c) · (Λ · S · as + Λ · n + c)H

〉
=Λ · S ·

〈
as · aH

s

〉
· SH · ΛH + Λ · S · 〈as · cH〉

+ Λ · 〈n · nH〉 · ΛH +
〈
c · aH

s

〉
· SH · ΛH + 〈c · cH〉.

(A1.11)

In evaluating (A1.11), we must first compute the correlation
matrices of the different signals involved. The noise matrix of
the incoming noise waves is a diagonal one, since the noise is
coming from the antenna, and the noise waves generated by the
receivers toward the input are uncorrelated

〈
as · aH

s

〉
= kB


Taη + Tph(1 − η) 0 0

0 Tr1 0
0 0 Tr2


 . (A1.12)

And in a similar way we have

〈as ·cH〉 =


ca

c1
1

c2
1


·[0 c1∗

2 c2∗
2 ]=kB


0 0 0

0 Tc1 0
0 0 Tc2


 (A1.13)

〈
c·aH

s

〉
=


 0

c1
2

c2
2


·[c∗a c1∗

1 c2∗
1 ]=kB


0 0 0

0 T ∗
c1 0

0 0 T ∗
c2


 (A1.14)

〈c·cH〉 =


 0

c1
2

c2
2


·[0 c1∗

2 c2∗
2 ]=kB


0 0 0

0 TR1 0
0 0 TR2


 (A1.15)

and [25]

〈n · nH〉 = kB · Tph(I − S · SH). (A1.16)

In the previous equations, kB is the Boltmann’s constant, Ta is
the antenna temperature at a given polarization, η is the antenna
ohmic losses, Tph is the physical temperature of the antenna and
of the Wilkinson power splitter (assumed to be the same), Tri,
Tci, and TRi are the three receiver equivalent noise temperatures
defined in [28], and TRi are the receivers’ noise temperature
with the standard definition for zero reflection coefficient [25].

Substituting (A1.12)–(A1.16) in (A1.11) we have

N=kB ·


Λ·S·


Taη + Tph(1 − η) 0 0

0 Tr1 0
0 0 Tr2


 · SH ·ΛH

+


 0 0 0

0 TR1 0
0 0 TR2


 + Λ · Tph(I−S·SH)·ΛH

+ Λ·S·


 0 0 0

0 Tc1 0
0 0 Tc2


+


 0 0 0

0 T ∗
c1 0

0 0 T ∗
c2


·SH ·ΛH




(A1.17)

from which the radiometer’s output can be computed as

V 1,2 = S1
21 · S2∗

21 · N1,2 (A1.18)

where Si
21 is the S21 parameter of the ith receiver, and N1,2 is

the element in the first row and second column of matrix N,
similarly as in [29], [30].

APPENDIX II
COMPUTATION OF THE STOKES

PARAMETERS IN PAU-RAD

In the following derivations, it is implicitly assumed that the
signals are calibrated so that the radiometer’s output has units of
kelvin, and not watts. That is, the integration over a bandwidth
B is already performed and the results are divided by kB · B.
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Derivation of the first and second Stokes parameters:

T1,2 =�e
(〈

Sp+ · S∗
p−

〉)
=�e

(〈
N∑

n=1

βn

(
1√
2

(
cn
a,p + nn

p

)
+ c1,n

2,p

)

·
N∑

m=1

β∗
m

(
1√
2

(
cm
a,p − nm

p

)
+ c1,m

2,p

)∗
〉)

=�e

(〈
N∑

n=1

N∑
m=1

βn · β∗
m ·

(
1√
2

(
cn
a,p + nn

p

)
+ c1,n

2,p

)

·
(

1√
2

(
cm
a,p − nm

p

)
+ c1,m

2,p

)∗
〉)

. (A2.1)

Taking the following into account.
1) For each element, the signal collected by the antenna, the

noise generated by the Wilkinson power splitter and the
receivers noise are uncorrelated.

2) The noise generated by the Wilkinson power splitter of
each element is uncorrelated to the others.

3) The receiver’s noise of each element is uncorrelated to the
others, (A2.1) can be simplified as

T1,2 =�e
(〈

Sp+ · S∗
p−

〉)
=�e

(
1
2

N∑
n=1

N∑
m=1

βn · β∗
m ·

〈
cn
a,p · cm∗

a,p

〉

−1
2

N∑
n=1

|βn|2 ·
〈∣∣nn

p

∣∣2〉) . (A2.2)

Since the antenna temperature, as measured by the array, is
equal to

Ta,p
∆=

〈
N∑

n=1

1√
2
βn · cn

a,p ·
N∑

m=1

1√
2
β∗

m · cm∗
a,p

〉

≡
N∑

n=1

N∑
m=1

1
2
· βn · β∗

m ·
〈
cn
a,p · cm∗

a,p

〉
(A2.3)

and

N∑
n=1

|βn|2 ∆= 1 (A2.4)

the results for the first two Stokes parameters are, as in a Dicke
radiometer, the difference between the antenna temperature at a
given polarization minus the reference temperature

T1 = Ta,ν − Tph (A2.5)

T2 = Ta,h − Tph. (A2.6)

The derivation of the third and fourth Stokes parameters
is similar

T3 = 2 · �e
[〈

Sh+ · S∗
ν−

〉]
T4 = 2 · �m

[〈
Sh+ · S∗

ν−
〉]

. (A2.7)

Expanding the product within brackets we have

〈
Sh+ · S∗

ν−
〉

=

(〈
N∑

n=1

βn

(
1√
2

(
cn
a,h+nn

h

)
+c1,n

2,h

)

·
N∑

m=1

β∗
m

(
1√
2

(
cm
a,ν−nm

ν

)
+c1,m

2,ν

)∗
〉)

=
N∑

n=1

N∑
m=1

[
βn ·β∗

m ·
(

1√
2

(
cn
a,h+nn

h

)
+c1,n

2,h

)

·
(

1√
2

(
cm
a,ν−nm

ν

)
+c1,m

2,ν

)∗]
(A2.8)

and, taking into account the previous considerations about the
uncorrelation between the antenna signals, the noise generated
by the Wilkinson power splitter and the receivers noise at each
element; and the uncorrelation among the signals generated
by different Wilkinson power splitters; or among the receivers
noise of different elements, then

〈
Sh+ · S∗

ν−
〉
=

1
2

N∑
n=1

N∑
m=1

βn · β∗
m ·

〈
cn
a,h · cm∗

a,ν

〉∆= Ta,hν (A2.9)

and

T3 = 2 · �e[Ta,hν ]

T4 = 2 · �m[Ta,hν ]. (A2.10)

APPENDIX III
PAU-RAD RADIOMETRIC SENSITIVITY

As in Appendix II, the signals are calibrated and the radiome-
ter’s output has units of kelvin. Assuming that all receiving
elements are at the same physical temperature (Tph) and that
all the receivers noise temperature (TR) are the same, the
radiometric sensitivity of the first and second Stokes parameters
can be computed as (p = h, ν) from the standard deviation of
the radiometer’s output

σ2 =
〈(

Sp+ · S∗
p−

)
·
(
Sp+ · S∗

p−
)∗〉− 〈

Sp+ · S∗
p−

〉2

=
〈
Sp+ · S∗

p− · S∗
p+ · Sp−

〉
−

〈
Sp+ · S∗

p−
〉2

. (A3.1)

From the complex Gaussian moment theorem [36]

〈u∗
1 · u∗

2 · u3 · u4〉 = 〈u∗
1 · u3〉 · 〈u∗

2 · u4〉 + 〈u∗
1 · u4〉 · 〈u∗

2 · u3〉
(A3.2)

the fourth-order moment in (A3.1) can be decomposed into
second-order moments〈

Sp+ · S∗
p− · S∗

p+ · Sp−
〉

=
〈
Sp+ · Sp− · S∗

p+ · S∗
p−

〉
=

〈
Sp+ · S∗

p+

〉︸ ︷︷ ︸
1st term

·
〈
Sp− · S∗

p−
〉︸ ︷︷ ︸

2nd term

+
〈
Sp+ · S∗

p−
〉︸ ︷︷ ︸

3rd term

·
〈
Sp− · S∗

p+

〉︸ ︷︷ ︸
4th term

.

(A3.3)



3190 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 45, NO. 10, OCTOBER 2007

The first term in (A3.3) can be computed as

〈
Sp+ · S∗

p+

〉
=

N∑
n=1

N∑
m=1

βn · β∗
m ·

(
1√
2

(
cn
a,p + nn

p

)
+ c1,n

2,p

)

·
(

1√
2

(
cm
a,p + nm

p

)
+ c1,m

2,p

)∗

=
1
2

N∑
n=1

N∑
m=1

βn · β∗
m ·

〈
cn
a,p · cm∗

a,p

〉

+
1
2

N∑
n=1

N∑
m=1

βn · β∗
m ·

〈
nn

p · nm∗
p

〉

+
N∑

n=1

N∑
m=1

βn · β∗
m ·

〈
c1,n
2,p · c1,m∗

2,p

〉

=
1
2

N∑
n=1

N∑
m=1

βn · β∗
m ·

〈
cn
a,p · cm∗

a,p

〉

+
1
2

N∑
n=1

|βn|2 ·
〈
c1,n
2,p · c1,n∗

2,p

〉

+
N∑

n=1

|βn|2 ·
〈
c1,n
2,p · c1,n∗

2,p

〉
=Ta,p + TR + 2 · Tph (A3.4)

where we have taken into account (A2.4), the uncorrela-
tion between the antenna signals, the noise generated by the
Wilkinson power splitter, and the receivers noise at each el-
ement; and the uncorrelation among the signals generated by
different Wilkinson power splitters; or among the receivers
noise of different elements.

In (A3.3), the second term can be computed as

〈
Sp− · S∗

p−
〉

= Ta,p + TR + 2 · Tph (A3.5)

the third term as

〈
Sp+ · S∗

p−
〉

= T1,2 (A3.6)

and the fourth term as

〈
Sp− · S∗

p+

〉
=

(〈
Sp+ · S∗

p−
〉)∗ = (T1,2)∗ = T1,2. (A3.7)

Finally, the second term in (A3.1) is equal to the square
of (A3.6)

〈
Sp+ · S∗

p−
〉2 = T 2

1,2. (A3.8)

Substituting (A3.4) to (A3.8) in (A3.1), the variance of the
output is computed

σ2 =
〈
Sp+ · S∗

p− · S∗
p+ · Sp−

〉
−

〈
Sp+ · S∗

p−
〉2

= (Ta,p + TR + 2 · Tph)2 (A3.9)

from which the radiometric sensitivity for a can be readily
derived for an integration time τ as

∆T1 =
Ta,ν + TR + 2 · Tph√

B · τ
(A3.10)

∆T2 =
Ta,h + TR + 2 · Tph√

B · τ
(A3.11)

where B is the predetection bandwidth (the bandwidth of the in-
put signals, which corresponds to a correlation time τc = 1/B)

and n
∆= τ/τc = B · τ is the number of independent samples

that are averaged [37, ch. 6], and therefore—assuming ran-
dom Gaussian variables—the standard deviation reduces by a
factor

√
n.

Similarly, the variance of the third and fourth Stokes parame-
ters can be computed as

σ2 =
〈(

Sh+ ·S∗
ν−

)
·
(
Sh+ ·S∗

ν−
)∗〉− 〈

Sh+ ·S∗
ν−

〉
·
〈
Sh+ ·S∗

ν−
〉∗

=
〈
Sh+ ·S∗

ν−·S∗
h+ ·Sν−

〉
−

∣∣〈Sh+ ·S∗
ν−

〉∣∣2
=

〈
Sh+ ·S∗

h+

〉
·
〈
Sν−·S∗

ν−
〉

+
〈
Sh+ ·S∗

ν−
〉
·

×
〈
Sν−·S∗

h+

〉
−

〈
Sh+ ·S∗

ν−
〉2

≈
〈
Sh+ ·S∗

h+

〉
·
〈
Sν−·S∗

ν−
〉

(A3.12)

where the first factor in (A3.12) is (A3.4) with p = h, and the
second factor is (A3.5) with p = ν.

〈
Sh+ · S∗

h+

〉
= Ta,h + TR + 2 · Tph (A3.13)〈

Sν− · S∗
ν−

〉
= Ta,ν + TR + 2 · Tph. (A3.14)

In deriving (A3.12), it has been assumed that 〈Sh+ · S∗
ν−〉 is

negligible in front of 〈Sh+ · S∗
h−〉 and 〈Sν+ · S∗

ν−〉, which is a
very good approximation [4, Fig. 2].

Inserting (A3.13) and (A3.14) in (A3.12), (A3.12) becomes

σ2 = (Ta,h + TR + 2 · Tph) · (Ta,ν + TR + 2 · Tph) (A3.15)

from which the radiometric sensitivity for a can be readily
derived for an integration time τ as

∆Ta,hν =

√
(Ta,h + TR + 2 · Tph) · (Ta,ν + TR + 2 · Tph)√

B · τ
(A3.16)

where B and B · τ are previously defined.
Since Ta,hν is a complex random variable, and the variances

of the real and imaginary parts are the same, their standard
deviation is 1/

√
2 times (A3.16). Finally, taking into account

(A2.10), the standard deviation of the third and fourth Stokes
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parameters is twice the standard deviation of the real and
imaginary parts of Ta,hν

∆T3,4 =
√

2·
√

(Ta,h + TR + 2 · Tph)·(Ta,ν + TR + 2 · Tph)√
B · τ

.

(A3.17)
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