SensorL008, 8, 4392-4412; DOI: 10.3390/s8074392

SENS0r'S

| SSN 1424-8220
www.mdpi.org/sensors
Article

PAU/RAD: Design and Preliminary Calibration Results of a
New L-Band Pseudo-Correlation Radiometer Concept

Xavier Bosch-Lluis*, Adriano Camps, | saac Ramos-Per ez, Juan Fernando M ar chan-Her nandez,
Nereida Rodriguez-Alvarez and EnricValencia

Remote Sensing Lab, Dept. Teoria del Senyal i Cacagio, Campus Nord D3, Universitat
Politecnica de Catalunya, 08034 Barcelona, Spain

* Author to whom correspondence should be addregsddail: xavier.bosch@tsc.upc.edu

Received: 3 June 2008; in revised form: 14 July&08ccepted: 25 July 2008 /
Published: 28 July 2008

Abstract: The Passive Advanced Unit (PAU) for ocean monigpria a new type of
instrument that combines in a single receiver aitdout time multiplexing, a polarimetric
pseudo-correlation microwave radiometer at L-bd@®{-RAD) and a GPS reflectometer
(PAU-GNSS/R). These instruments in conjunction veithinfra-red radiometer (PAU-IR)
will respectively provide the sea surface tempeeaand the sea state information needed
to accurately retrieve the sea surface salinitynftbe radiometric measurements. PAU will
consist of an array of 4x4 receivers performingitdigbeamforming and polarization
synthesis both for PAU-RAD and PAU-GNSS/R. A coricdpmonstrator of the PAU
instrument with only one receiver has been implae@(PAU-One Receiver or PAU-OR).
PAU-OR has been used to test and tune the cabbralgorithms that will be applied to
PAU. This work describes in detail PAU-OR’s radidaerecalibration algorithms and their
performance.

Keywords. radiometer, reflectometer, pseudo-correlationpcation, field-programmable
gate array (FPGA).

1. Introduction

Sea surface salinity can be indirectly measureautyit the variations of the brightness temperature
due to the change of the sea water dielectric aahstith respect to temperature and salinity [1].
However, the brightness temperature also dependhersea surface roughness. Despite the field
experiments performed in the past years to impmwueunderstanding of this effect [2,3,4], the sea
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surface roughness correction still remains onehefrhost critical corrections needed to retrieve the
salinity with the required accuracy since it canbetsimply parameterized in terms of the wind speed
and/or the significant wave height. Inaccuraciethabrightness temperature direct model may induce
significant errors (biases) in the retrieved sa/ifb].

The Passive Advanced Unit (PAU) (Fig. 1) is a newaept instrument originally proposed in 2003
[6]. PAU consists of a suite of three instrumerngsrating synergistically:

« PAU-RAD: a new type of pseudo-correlation L-bandioaneter to measure the brightness
temperature of the sea surface,

* PAU-GNSS-R: a GPS-reflectometer to measure thstséa and

* PAU-IR: an IR radiometer to measure the sea sutioperature.

Figure 1. PAU overview.

abatable handle

PAU-RAD is a full polarimetric radiometer, so thtte delivered results are the four Stokes
parameters (eqn. 1). The Stokes parameters fulrackerize the polarization state of partially
polarized thermal radiation. This polarized thermaaliation is related to different phenomena sukh a
the angle incidence, the sea surface salinity (Sth8)sea surface temperature (SST), the sea surfac
roughness (SSR), wind direction, foam...
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where:

* [,Q,UandV are the four Stokes parameters, and
* E,andEare the electric fields at vertical and horizoqmalarizations.
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The first and the second parameters @) are the sum and the difference of the brightness
temperatures at vertical and horizontal polarizetidt is known that the sea surface salinity can b
retrieved froml and Q [1]. The third and the fourth parametels$, V) characterize the correlation
between these two orthogonal polarizations. Wimdadion information can be retrieved fraghandV
[7].

The GPS-reflectometer uses the same RF-IF fronasrile L-band radiometer, although the digital
beamformer synthesizes beams pointing towardspibeusar reflection points of the GPS signals [8,9].

The relationship of the standard deviation of tB&R%nd the brightness temperature is obtaiF%eTélI

JSSR
[10] from this instrument. Finally, the third elemiés a commercial 8-1dm thermal IR radiometer
[11], from which the SST is obtained. PAU [12] widltrieve the SSS from radiometer outputs (Stokes

parameters) and correcting the sea state effengusformation from the reflectometerﬂi) and

JSSR
from the IR-radiometer (SST).

PAU-RAD consists of an array ok4l dual polarization receivers integrated behind&lp antenna
[13], whose outputs are digitized, and then prgpealibrated and combined to produce several beams
using a digital beamformer [14]. In this implemdita the PAU-RAD operates at the GPS L1
frequency, sharing the RF-IF front-end with the REGNMSS/R. PAU-RAD’s digital design has been
splitin two Field Programmable Gate Array (FPGAW]. one is called Control Unit (CU) and
manages the system and the another one is calidthtic-Logic Unit (ALU) and implements the
radiometer algorithms.

Section 2 presents the receiver design and opera&iection 3 describes the calibration algorithms
implemented, which includes the injection of caated noise at two different levels, and a Kalman
filter [15] to better track the phase drifts. Cadition results are presented at the end of thisosec
Finally, section 4 presents the main conclusiomsfature research lines.

2. PAU-RAD design overview

Each element in the array has a dual-polarizatiotersna (horizontal and vertical) and each
polarization is thereafter divided in two using a@Rivison power splitter. The PAU radiometer idea is
that the output voltage signals are proportional todghtenna signal plus or minus the noise added by
the resistor of the Wilkinson power splitter. A ait#d noise wave analysis of this novel topology is
described in [12]. The receiver topology is desalibin detail in [13]: The input signals are
demodulated at an intermediate frequency (IF) 809.MHz and have a 2.2 MHz bandwidth. The
analog signals are then digitalized at 8 bits sdrapling frequency of 5.745 MHz.

To avoid the mechanical scan of the antenna, aatligeamformer with thex4 element array has
been designed so that the beam can be steeredt@p%dérom the array boresight (45° incidence angle
in 5° steps (incidence angle from 25° to 65°). PAdJ-RAD basic requirements are summarizes
below:
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e 1/Q demodulation of 64 input signals (16 elemen®® polarization/element 2 receiving
chains/polarization),

«  maximum amplitude unbalance within +1 dB. Residaaiplitude unbalance better than
+0.1 dB. Limited by the number of bits,

* phase calibration between receiving chains bdtan 2° rms (random initial error within 0°
and 360°),

e computation the four Stokes parameters using @iioal techniques,

» system re-configurability, so that the integratiand calibration times, and the inter-
calibration period may be optimized as a functibthe scenario and application, and

e simultaneous generation of two simultaneous beawith the computing resources
available.

As it has been said in the introduction, the refleceter and the radiometer share the same RF-IF
front-end, a commercial GPS down-converter. Assalteboth, radiometer and reflectometer, operate
at 1575.42 MHz. However, it is known that for thesbperformance, radiometer should operate at the
1400-1427 MHz band and reflectometer at 1575.42 MHzs non-optimal scenario is assumed
because the aim of this prototype is to demonstretd®AU concept and the scenario allows reducing
the hardware resources required. On the other hemdhave to deal with some handicaps. The fist is
the radiometer uses the 2.2 MHz GPS bandwidtheaasbf the about 20 MHz available in L-band.
Obviously, it has an impact on the radiometric geity that can be compensated by increasing the
integration time. The second handicap is the comamon that GPS signal can introduce in the
radiometric measurements, which has to be quantifespite of the spread spectrum modulation GPS
signal is lower than the noise level. Total GPS @odensity received over the Earth’s surface isiabo
-153 dBW/n?. The power received after a reflection over theiEa surface depends on the receiver’s
height and on the antenna’s effective area. Inntbest case, where the specular reflection poirtt is
the antenna’s boresight and considering a surifbection coefficient of'=0.7, a height of h=100 m
and an antenna’s effective area aofs#0.16 nf the radiometric measurement contributionAiE=
P/kgB=2.3 K (~ 4.6 psu salinity error in warm water)owkver, if the reflection comes through the
array pattern with an attenuation at least of 15 th® radiometric measurement contribution is just
AT=0.03 K (~ 0.06 psu salinity error in warm watdsglow the 0.1 psu requirement of GODAE for
open ocean [16]. Taking into account that the nadi®r beam can be electronically steered, the
chances of having a significant interference lewelnegligible.

PAU-RAD is a proof of concept of the PAU-SEOSAT/INSIO [17] instrument that has been
selected for the B phase of SEOSAT/INGENIO (stafafs Spanish Earth Observation Satellite,
Spanish contribution to GMES). satellite. In thi&UPversion the radiometer will operate in the 1404-
1423 MHz band (bandwidth of 19 MHz) and the refbectter at the L1 GPS frequency, using
common RF chains and two separated IF chains.
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2. 1. PAU-RAD analog receiver overview

Each receive(Fig. 2) has two linear polarization antennas and two chpar polarization (four chains per

receiver).

Figure 2a. PAU’'s RF part of the Figure2b. PAU'’s IF part of the
elemental receiver with box. elemental receiver with box.

A switch follows the antenna ambmmutes between the antenna signal (SA) and thelat®d noise
(SCN) (Fig. 3) from a controlled noise source (CN&ed for calibration purposes. A CNS has been
designed to provide three temperature points (400, and 500 K), so as to perform two types of
calibration: internal hardware calibration and dboradiometric calibration.

Figure 3. Analog receiver configuration for hardware calimatby noise injection.
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After the switch, the Wilkinson power splitter dies the signal in two, one for each receiver chée RF
stage amplifies the signal by 33 dB. At thewnconverter output the signals are centered # ah4.309
MHz with a bandwidth of 2.2 MHZThe last stage is formed by the adjustable gaiaov@mplifiers and an
impedance matching networkrom here the signals are sampled using 8 bitgsdhidital converters
(ADC). The fine amplitude adjustment is then performedthia digital part, using advanced processing

algorithms as described in section 3.
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2.2. Analog Acquisition

The number of bits used is a trade-off betweenréldgometric sensitivity of the full array, which
depends on the clipping effect [18] and on theatife number of bits, and FPGA resources. The
analysis developed on [19] shows that the bestopaegnce is given when the ADC’s conversion
window and the standard deviation of the signalpp/osicnar = 9.09where \pp, means the window's
voltage peak to peak. The same work analyzes tlierpgance as a function of the number of bits, the
result is that 8 bits is enough to neglect thetidigiion error and to ensure a main beam efficiency
larger than 96 % of the digital beamformer.

Considering these results, the analog signals argled at 8 bits and 5.745 MHz. The sampling
frequency is higher than the IF which allows a kaidband-pass sampling” [20] downconverting the
input signals at 0.25 times the digital frequentyl86 MHz). Digitization of the 4 receiver chairs (
per element) is performed with 2 dual-channel 8AIXCs, which share the output bus. An internal
multiplexer determines which digitalized channepissent at the ADC outputs. It is controlled by an
11.49 MHz signal, so in half-period of CLK each AXCable to put its channels in the output bus. The
control signals are all supplied by the FPGA tokeke synchronism with the internal digital
processes.

Moreover, according to the relationshig,¥ 9.09-0sienaL the signals amplitude have been adjusted
to 110 mVinsto clip less than 0.1% samples when the ADC dynaamge is set to 1 V. The digital
output values go from 0 (-0.5V) to 255 (+ 0.5V),as®28 offset value is present at the output daéd,
will have to be subtracted afterwards.

The signals from each element enter into the FPGiplexed in time by a factor of 4 (4 times
faster). Since there are 16 elements, the progeasiit must process 367.68 Mbytes of data per
second. To process this data rate properly theAmedmust operate, at least, at 4 times the sagiplin
frequency (22.98 MHz).

2.3. PAU-RAD digital overview

The digital part of PAU-RAD has been split in a @ohUnit (CU) that manages the system and
another block called Arithmetic-Logic Unit (ALU),hvere the radiometer algorithms are implemented.

2.3.1. PAU-RAD Arithmetic Logic Unit (ALU)

The PAU-RAD ALU processes the acquired data anallfircomputes the four Stokes parameters
[21]. The digital implementation to compute thestitwo elements has been performed as follows:

! =71.f SO-S(dt- 1=2((1-1)+ {Q1)) and 2

Q=2]s(rs(hd- &2(( 4+ Q). (2b)
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where:

* S andSare the signals from the vertical antenna withWhikinson noise (Wilkinson noise
is defined as the noise generated in the Wilkinsad) and the receiver noisé& ¢ signals
are deeply analyzed on 3.4),

* S and S are the signals from the horizontal antenna with Wiilkinson noise and the
receiver noise, 4 signals are deeply analyzed on 3.4),

* l1234andQ; 23 4are the in-phase and quadrature signalSifeg ssignals, respectively, and
* 7, is the integration time.

And the digital implementation to compute the setdwo elements has been performed as
follows:

=Lisp-g(pat. u=2(( 1 20)
C[SO-sodt- u==((1) and
15 2

V==lS( 80 dte v==(( @ ), (2d)

where:

* S andSare the signals from the vertical antenna withWikkinson noise and the receiver
noise,

* S and S are the signals from the horizontal antenna with Wiilkinson noise and the
receiver noise,

* |13andQ zare the in-phase and quadrature signal§ifesignals, respectively, and
* 7, isthe integration time.

In order to save FPGA resources and maximize i, signal time-multiplexing and hardware
reuse techniques have been intensively used. mbisdses the synchronism complexity because it is
necessary to relate the ADC output to a synchrosmmal to know which signals are being processed
at each clock cycle. Furthermore, to improve theximam operating frequency two techniques are
used:

» parallelization, that involves the use of sequériecuits (changes a multiple cycle serial
operation to a multiple stage parallel operatiany
* pipelining, that involves the use of combinationatcuits (changes a high delay
combinational circuit to multiple low delay circsitwvith registers).
In these conditions the digital design operatinggfrency must be the same as the sampling
frequency. Actually, data is processed at twice sampling frequency in order to obtain a second
steered beam.
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The data path is schematically shown in Fig. 4.ofrection must be first applied to the input
signals to adjust their level before being process$ais is related to the output of the ADC thategi a
binary quantification of the analog signal betw8eand 255. It is therefore necessary to subtra@ttd?2
all the signals while, at the same time, convémssignals into 2's complement.

Figure 4. PAU-ALU-RAD diagram.
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In order to perform the beamforming and the pseratoelation, all channels must have a zero
relative phase and the same amplitude. Phase emensargely related to the fact that the 64 analog
receivers do not share the same LO. A 10 MHz cled&rence is distributed to all receivers’ PLLs,
which lock with a random phase what is uniformlgtdbuted within O to2z radians. Amplitude
errors are introduced by gain variations (aging drifis) from each receiver’s chain, and are a@jdst
within +1 dB.

As discussed in section 2.2, the incoming signedscantered at 0.25 times the digital frequency.
Then, it is possible to simultaneously down-convapply the beam steering phase, and perform the
phase and amplitude calibration of the signals aiingle multiplication between the signal and the
digital local oscillator signal:

So(nN =aexpE j(w,n-6,.,,))withn=1,2,3,... (3)

where:

* wy,=0.25 times the digital frequency,

e g:complex calibration coefficient (amplitude andaph) and
* g, beam steering phase.
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To synthesize this in the digital domain, a Mukixg¢d Digital Down-Converter (MDDC) block has
been developed (Fig. 5) which is also fully adaptis create new beams or dynamically compensate
the phase/amplitude error correction. The MDDC missof a phase and amplitude variable Local
Oscillator (LO), whose values are determined byRA&J-RAD control unit (CU) as a function of the
beam steering, and the estimated phase and angpktudrs. The LO is updated when a new beam is
synthesized or the instrument recalibrated. No& there are 16 MDDCs and 64 LOs, one for each
receiver.

Figure 5. MDDC sketch.
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After the MDDC the digital beamformer signal isroed by adding the 16 signals that came from
the receivers using a weighted adder. The next isteép low-pass filter the I/Q composed beams
signals, to do this an IIR filter has been choseteiad of FIR one, due to the smaller order redque
obtain the same attenuation. Once the signalslteeedl, they are input to the pseudo-correlatockl
that multiplies them by pairs (Eqgn. 2), the resals accumulated in the integrator block.

PAU-RAD CU switches the input analog receiver signam antenna signal to a correlated noise
signal to estimate the phase and amplitude erfidrs. correlated noise is needed to determine the
relative amplitude and phase errors between chamamel calibrate them.

2.3.2. PAU-RAD Control Unit (CU)

PAU-RAD CU is built on an embedded processor wigcimplemented in the FPGA. It is a 32 bit
processor with 16 bit instructions specially depeld to be programmed in C language. PAU-RAD CU
has three main functions:

» it is both, the interface with the PAU-RAD ALU amdth the external interface of PAU-
RAD; controlling the system operation mode anddnaitting to PAU-RAD ALU the state,

» computes the corrections to be applied at thealig{D to calibrate the signals, and

» attends the remote control based on a TCP/IP ctionec
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PAU-RAD CU has been designed as a finite state mackhich is always working in one of the
different states according to the radiometer’s afi@n mode at each time instamhe block diagram in
Fig. 6 shows the different states BAU-RAD CU and the transitions between them. There is aatim
function to implement this State Diagram, and arsutine to each state, therefore the descriptidngh®
different states are an explanation of the corredjpy subroutine feature§here are two types of states: the
extended ones that perform test functionalitiesABH SWEEP (PS), CLOSE LOOP (CL) and OPEN
LOOP (OL)), and the fundamental ones that perfolme tore of the radiometer functions
(INITIALIZATION (INIT), CALIBRATION (CAL), CORRELAT ED INTERNAL REFERENCE
(CIR), UNCORRELATED INTERNAL REFERENCE (UIR) and ANENNA MEASUREMENT
(AM)).

Figure 6. PAU-RAD CU extended datagram.
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The different states are described below:

e INIT: initialization state. It has two main functis:
a. sets the default parameters of the system whettiresand
b. it listens the remote commands coming from theregleinterface. In a resgirocess the
PAU-RAD CU transmits to the PAU-RAD ALU the systeimer.

« CAL: hardware calibration state. It switches thpunsignal to the correlated noise source
(CNS) and starts the phase and amplitude erramastin. The LO is modified using the
correction values once the error is achieved.

* CIR: internal radiometric calibration state. It sshies the input signal to two well known
temperature points of the CNS. The signals areetadad and sent to the external interface
through the TCP/IP connection. These results aed ts set a unique relationship between
the detected power and the brightness temperadthesaim of this state is to reduce the time
between external hot-cold calibrations.
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* UIR: offset estimation state. It switches the inpiginal of each chain to a matched load and
correlates the signals. The result is the offsetection to be applied at the radiometric
measures.

 AM: Computes the Stokes parameters. It switchesnet signal to the antennas. It is the
state in which the system spends most of the time.

e OL: temporal phase and amplitude drift analysidestanly used for test purposes. It
switches the input signal to a CNS’ predefined pdi®s are set to the same amplitude and
phase, them the power and the phase of each cheamiputed.

 CL: phase and amplitude calibration performanceéestased only for test purposes. It
switches the input signal to a CNS’ predefined poline system is always estimating and
correcting the phase and amplitude errors.

* PS: LO phase sweep analysis state, only useddopteposes. It switches the input signal to
a CNS’ predefined temperature point. The systenm@gés constantly the LO’s phase and
computes the correlation between channels.

The standard sequence (CAL-CIR-UIR-AM) is only nimdi if a remote command has been
received. In this case, the system moves to INdfestThe time spent in each state depends on the
hardware stability. The variable v_timecal is adinthat can be configured depending on the scenario
and determines the inter-calibration period. Ithe time that the system spends in the AM. Each
fundamental cycles, except AM, are executed somebeu of times before the next state.

Finally, the CU has a remote reset watchdog (tsetrsignal comes from TCP/IP connection) to
periodically check the status of the connectiow, @set the CU if necessary.

3. Calibration algorithmsimplementation and tests

In order to test and improve the calibration altjonis for PAU a one-receiver version has been
developed (PAU-OR) [22]. It includes PAU-RAD and BANSS/R, but not PAU-IR.

Figure 7. PAU-OR general view.
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PAU-OR (Fig. 7) has a full polarization seven-pactay antenna with 25° beamwidth and 17.5 dBi
directivity. Analog circuitry is located inside hermal isolated and regulated box using Peltids cel
(achieving a thermal stability, standard deviatdrthe internal temperature, lower than 0.3°C)ef |
hand circularly polarized signal is composed and isent to PAU-GNSS/R. A 15 dB ENR noise
source is used for the CNS to perform the hardwaliération and for internal reference radiometric
calibration.

In PAU-OR, and by extension in PAU-RAD, there am® ttypes of calibration. The first one is
related to the internal relative calibration betweke analog receivers that have different gaird an
phases. Needed to perform the beamforming and t@sees a pseudo-correlation radiometer. The
second one is the radiometric calibration to sehmue relationship between the cross-correlation
outputs and the Stokes elements.

The CNS has been designed to achieve these twe tfpealibration, allowing the generation of
three different temperature points.

3.1. Internal relative phase and amplitude calilioat

The analog receiver (Fig. 3) has two possible isporhe from the antenna (MA mode) and the other
from the CNS, for calibration purposes (CIR modi).commuting the input switch to the correlated
noise input the same signal is applied at the iopech chain, which allows estimating the amgktu
and phase differences among them. The equatiomsnedtfrom PAU are extensively developed in
[12] where all non-ideal terms such as the Wilkmgmwer splitter unbalance or the imperfect
matching and isolation are taken into account. Nudt in this paper the system is assumed to lz ide
to simplify the mathematics and to clarify the bedition algorithm. If the system imperfections are
accounted for, additional terms appear, but camaein the differential algorithm described below.

When the input of the analog receivers is commtdeitie CNS path, the four ideal output signals
are given by:

S=5[ s s 8 s (4a)

s =a( (LS )-8+ sl (4b)
S =4 [ Slsa8)+ 8 8o and (40)
S=r| (9= 8+ 8. (ac)

where signals are defined as effective voltage wave

* Scn: is the noise signal from the CNS (same for the fithannels),
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» S, is the thermal noise signal generated at thé Wfgkinson power splitter that divides
the noise from the CNS in two, one for the uppembh (chains 1 and 2, Fig. 3) and the
other for the lower branch (chains 3 and 4, Fig. 3)

« Sw and S are the thermal noise signals from the second taimd Wilkinson power
splitter, at the upper branch and at the lower divarspectively. Note that these signals are
uncorrelated among them,

* Srecy Skecz SRecs and Recs are the thermal noise signals introduced by freach
receiver. Note that these signals are also unedeelkmong them, and

* a, B, y: are the complex coefficients that contain thatre¢ phase and amplitude error

with respect to the first channel.

To estimate the complex coefficieatss, y, the following correlations are obtained using the
signals defined in Eqn. 4:

<S-§ >=W+T_\/2vz+ keat (5a)
So=gftentTw _ Twe (5b)
<S-§> a[ 2 ) j
T —T
<§-§>= ﬁ(%j and (5¢)
Ten =T
< % S >= V[Tj , (5d)

where:

* Tcn: noise temperature from the CNS, sirIQ@D<|SCN|2> (Note that the equivalence to
brightness temperature has been normalizegy k
» Tuwi noise temperature introduced by first Wilkinsawer splitter, note that,, 0T, 0T,

that are the receivers physical temperature and
 Twe: noise temperature introduced by the upper branglkinson power splitter, note
thatt,, 0T, 0 T, that are the receivers physical temperature.

ph2

In order to compare Egns. 5a and 5b with 5c ancth&dtTW% and T..,, terms that must be

cancelled. To eliminate these terms a different@ibration approach is used, by injecting two
different noise temperaturesddi and Tenz), and subtracting the results for each channel:

. T~ T,
< % $ >TCN1 -< $ .§>TCN2: - 4 o (6a)
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€S 93, < § iy, mo T o) ©D
<S:§>,, -< 5,24 o2 ) and (60)
<S:§>,, - § iy, =y e, (60)

The complex coefficients, p andy are them obtained without the “a priori” knowledgkethe
receiver’'s noise temperature. The digital LO isnthmodified and, as a result, the channels are
calibrated.

Note that:

e Equation 5 and Eqn. 6 the kerms have been deliberately omitted so that “psiware
directly expressed as temperatures (Kelvin). Thiglysis can be directly extended to the
case of non-ideal power splitters and receivedetaled in [12], and

* As is said, the previous analysis has assumedhbatVilkinson power splitters were ideal,
and that all inputs were perfectly matched. A dethanalysis was performed in [12] which
shows that when the differential technique is ugkd,non-ideal terms are cancelled out,
thus reducing to Eqgn. 6.

3.2. Test of the internal relative phase and aragktcalibration algorithms

A set of test has been performed in order to etaltl®e algorithms performance. All these tests
have been done in CL mode, the system is alwagsting two noise levels to estimate and correct the
phase and amplitude errors on a snap-shot bagig @&3 s. (integration time). Figure 8 shows & t
set-up. Note that the receiver is outside the thérsolated box to show the whole test set-up.

Figure 8. PAU-OR general view, set up for test purposes.
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Figure 9 shows the different output power ( in dsuarbitrary measurement units, AMU), during
the warm up transient, for the four receiving ctelsnAfter a warm-up transient of 50 min., the
amplitude values stabilize, and the calibratioratm can then be applied.

Figure 9. One receiver amplitude temporal drifts, withouy aorrection.
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After applying the calibration algorithm at each asgrement. The means and the standard
deviations for each channel arg 48 = 58.63 dBAMU, within the goal of +0.1 dB residuahplitude
calibration error, and;= 0.017,6,= 0.03205= 0.016 and,= 0.015 dBAMU, respectively. (Fig. 10b)

Figure 10a. One receiver amplitude Figure 10b. One receiver amplitude after the

temporal drifts, without any correction. differential amplitude calibration algorithm.
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Note that in Fig. 10a the powers are expressedbitray measurement units (AMU, 1 AMU =1
count). Before calibration the mean and the stahdawiation for each channel arg=nb8.63, m=
58.53, m= 58.64 and n¥ 58.15 dBAMU ands;= 0.015,6,= 0.01603= 0.003 ands,= 0.003 dBAMU,
respectively.

Figure 11 shows the phase drift of the four chapedt after turning on the receiver. Again, atier
warm-up transient of 50 min., the phase valueslgtapband the calibration algorithm can be applied
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Figure 11. Phase temporal drifts of the four channels, witlamy correction.
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Figure 12 shows the residual phase error as thit i@sthe application of the described algorithm
applied. After the transient period, the residuahge error standard deviations ares 0.069°,6,=
1.343°03=1.116° an@,= 1.302°.

Figure 12a. Residual phase error, after Figure 12b. Residual phase error histogram
the phase calibration. after the phase calibration.
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In order to reduce even further the residual pless®r a closed-loop Kalman filter [15] has been
implemented (Fig. 13). A Kalman filter is an ef@at recursive filter that estimates the state of a
dynamic system from a series of incomplete andynmisasurements, in this case the filter’'s input is
the estimated phase error that contains measuremesd. The filter's output is the estimated phase
error with smaller noise level.
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Figure 13. Digital hardware calibration for phase error estiorausing a Kalman filter.
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There are two main parameters in a Kalman filtebeéatuned: the standard deviation of the noisy
signal and the gain coefficient. The first one, theasurement of the standard deviation of the noisy
signal, was experimentally determined through ssviegrations. The second one, the filter gaima is
trade-off between the convergence speed and tliuaterror and the best results have been obtained
with a 0.95 gain.

Figure 14a shows the temporal evolution of thedresi phase error using a closed-loop Kalman
filter. After a transient of about 100 s., whenréhis some ringing, the residual phase error stasilto
smaller values.

Figure 14b shows the phase error histograms afesidual phase error using a closed-loop Kalman
filter. The standard deviations of the phase ohedmnnel ares;= 0.012°c,= 0.227°63= 0.278° and
o4,= 0.189°, while the means of each of the four ckEnis zero. These residual standard deviation
values are very low and allow performing the psecoloelation radiometer and the digital beam-
forming accurately.

Figure 14a. Residual phase error, using a Figure 14b. Phase error residual histogram,

closed-loop Kalman filter. using a closed-loop Kalman filter.
teasured Residual Phase With Kalman Filter Probability Distribution Function Channel 1 Probability Distribution Function Channel 2
2 3
57] g 15 % 50
|
510 540
4 B
£ 5 g 20
\ : :
g | \ ‘}(\ /ﬁ\ Uﬂ 0 01 02 03 04 0—5 -4 -2 0 2 4
Eopf I ] Degrees Deg
g ‘ (/ \Q{// \\{/ \ & 4 Probability Distribution Function Channel 3 Probability Distribution Function Channel 4
g \ 120 00
. » : 100
| o
‘

Number Of Samples




Sensors008, 8 4409

Note that the histograms (Fig. 14b) look like tho$e sinusoidal histogram due to the sinusoidal
oscillations of the Kalman transient ringing.

3.3. PAU hardware calibration global algorithm

This algorithm is implemented in the PAU-RAD-UC etlalgorithm has six steps that can be
summarized as follows:

» Switching the input to the CNS input, using thehagt temperature point available, and
acquisition of one set of data from the PAU-RAD-ALU

» Data acquisition from the PAU-RAD-ALU in order tgtemate the relative phase error. For
each channel compute and set the new error phases\far the LO.

» Data acquisition from the PAU-RAD-ALU in order tstenate the amplitude error, first
acquisition.

* Modification of the CNS to obtain the medium notsenperature point and acquire data
from the PAU-RAD-ALU in order to estimate the antptie error, second acquisition.

» Compute and set the final values for the LO, takinig account phase and amplitude errors,
and steering phase.

3.4. Radiometric absolute calibration using intdrreferences

The classical method to calibrate a radiometer ist®f using (at least) an externalof (eg.
microwave absorber) and an externab.b, (eg. the clear sky). Using these well-known refiee
points, an unique relationship between the antéemgerature and the measured power is obtained.
This method requires a mechanical movement of thenaa. To avoid this inconvenience, a
radiometric calibration based on internal tempeeteferences has been implemented. The CNS
system generates a third well-known temperaturetpati the input of the receiver chain. The input
noise is the same as that of a microwave absoibeeg in front of the antenna, both at the same
physical temperature than the matched load. Wiglsdhresults and using a previous measurement of
Tsky (which obviously includes the antenna Ohmic lossgs, the correction coefficients can be
obtained.

4. Conclusions and futurework

The calibration algorithm of PAU-RAD has been preésd on a one-receiver demonstrator: PAU-
OR. The instrument has been implemented, the adiilor algorithms tested and the result presented
and discussed. On one hand, to take advantagengf e same band for both reflectometer and the
radiometer, its beam must be steered to a direvtttare the GNSS-reflected signal is attenuated by a
least 15 dB AT= 0.03 K). On the other hand, the reflectometembenust be pointed to the specular
reflection.

The digital design can be easily modified to geteetavo simultaneous beams in real-time. The
whole design, analog and digital parts, has begsfaetorily tested. Moreover, the PAU-RAD CU has
been designed in C language over a microprocesemggt versatility. The state diagram has been
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developed to obtain the best performance in any kifh scenario and allows changing the main
radiometer’'s parameters.

The main results are summarized below:

» Differential amplitude and phase calibration algoris have been developed in order to
mitigate the offset introduced by the subsystemsidealities and to give robustness to the
error estimation.

* The results obtained with de differential amplitugdibration algorithm are better than the
required 0.1dB&;= 0.017,6,= 0.03203= 0.016 andy,= 0.015 dBAMU.

* The results obtained with the differential phaskbcation algorithm are smaller than 1.5°:
01= 0.069%°6,= 1.343°03= 1.116° and,= 1.302°, and

* the improvement over the standard phase calibralgarithm filtering using a Kalman
filter improves the results obtained, with standdediations smaller than 0.5%;= 0.012°,
0,=0.227°063= 0.278° and,= 0.189°.

Future work will focus on exporting the know-howdathe techniques developed in PAU-OR to the

16 element PAU.
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