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Abstract. Accurate positioning of data collected by a can be deployed in various (more or less difficult) geograph-
weather radar is of primary importance for their appropri- ical and climatic contexts. The precise leveling of the radar
ate georeferencing, which in turn makes it possible to com-system may not be easy and can also degrade in time (due
bine those with additional sources of information (topogra-for instance to repetitive freeze/thaw or ground instability).
phy, land cover maps, meteorological simulations from nu-In addition, there can be misalignment between the different
merical weather models to list a few). This issue is especiallycomponents of the radar system like the antenna, the arms
acute for mobile radar systems, for which accurate and staand the pedestal.

ble IeVe”ng mlght be difficult to ensure. The sun is a source Being a source of radio waves and its position being ac-
of microwave radiation, which can be detected by weathercyrately known and predicted, the sun can be used to es-
radars and used for accurate positioning of radar data. Thigmate the positioning biases affecting a radar system (see
paper presents a technique based on the similarity betweeRyuskonen and Hollemag007, and the references herein).
theodolites and radar systems as well as on the sun echoes fgevious studies have proposed different approaches to do
quantify and hence correct the instrumental errors which carso: for exampledrnott et al.(2003 used the sun to estimate
affect the pointing accuracy of radar antenna. The proposeghe azimuth correction to apply to the data collected by their
method is applied to data collected in the Swiss Alps us-mopbile radar system (mounted on a trudRprlington et al.

ing @ mobile X-band radar system. The obtained instrumen{2003 investigated the potential of sun signature in the UK
tal bias values are evaluated by comparing the locations Opperational radar data, for which the elevation is limited to
the ground echoes predicted using these bias estimates withgeg. More recentlyHuuskonen and Hollema{2007) and

the observed ground echo locations. The very good agreesolleman et al(2010) further developed this approach for
ment between the two confirms the accuracy of the proposeghe positioning and the monitoring of operational radar sys-
method. tems by taking into account the effects of the refraction and
of the attenuation of the sun signal through the atmosphere.

Another possible approach is to take advantage of strong

1 Introduction ground echoes if present in the radar data, either natural
(from topography) or man-made (from buildings, towers, an-

Georeferencing data collected by a weather radar is crucialennas, for example). The azimuthal error can then be es-
for the accurate positioning of the processes of interest andmated by minimizing the discrepancy between calculated
for meaningful combination with other sources of data (e.g.a@nd observed ground echoes (&g.0-Ramirez et a|2009.
topography, land cover, model simulations). Errors in the In terms of radar data positioning, previous studies have
assumed values of the parameters defining the pointing of ao far focused on the estimation of the error in azimuth and
radar have a strong influence on the final uncertainty in theelevation. In the present paper, the similarities between the
actual location of the collected data. In the case of mobilepointing of a radar system and of a theodolite is emphasized.
radar systems, it is of particular importance because radar$heodolites have been (and are still) intensively used for land
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surveying since the beginning of the twentieth century, a”dTabIe 1. Radar positioning errors (in degree).
instrumental errors affecting the positioning of their records

have been extensively investigated (&\dyte, 1969 Allan,
2007. The main objective of this work is to transfer exist-

Symbol  Description

ing knowledge and techniques developed for theodolites to Ao Error in azimuth with respect to the reference North
weather radar systems. In particular, this means that addi- g, Error in elevation with respect to the horizontal
tlona_l sources pf error to azimuth and eIevat|on_ errors will be Ao Deviation between the vertical axis of the pedestal
ggl)n&dzred to improve dtk;]e accu:]acy of thfe pointing ?fh(mo—l and the vertical

ile) radar ms an n referencin -

€) radar systems a ence the georeferencing of the co o Orientation of the inclination of the pedestal with

lected data.

The paper is organized as follows: Sect. 2 is devoted to the
description of the different sources of error in the pointing of Cao
a radar system and the similarities to a theodolite. Section 3
details the proposed sun-tracking method, and the results of
its application to radar data collected in the Swiss Alps are CEo
presented in Sect. 4. Conclusions and perspectives are given
in Sect. 5.

respect to the reference North

Azimuthal collimation error (due to a horizontal
misalignment between the electrical axis and the
arms)

Elevation collimation error (due to a vertical
misalignment between the electrical axis and the
arms)

opposite effect with respect to the measurement position (e.g.
azimuthal collimation, the azimuthal component of the an-
21 Similarities to the theodolite gle between the effective electrical axis and the geometrical
pointing direction of the antenna).

In order to determine the position of the data in a given refer- ificit f rad
ence coordinate system, the pointing orientation of the elec?-2 SPecificities of radar systems

trical axis of the radar antenna has to be known as aCCU'The orientation of the electrical axis can be significantly dif-

rately as possible. It is relevant to emphasize the Slmllar'ferent from the axis of the arms which is the reference for the

ity between the way a radar system (“Si.”.g a mechanically gular measurement. This is often due to a mechanical im-
fgze\:vzbIeaat%tsggg)it;eggfss iihenp:gleaer dpotil)ttlﬁ n gg??nii?u?g- erfection at the interface between the antenna and the arm

y o N po problem possibly induced by the mounting/unmounting of
ment systems are very similar, recording an azimuthal ang| he antenna). As a result, it is necessary to adapt the mod-
A and an elevation anglE (the terms horizontal and vertical ling proposéd for the théodolite TaHldlists the differ-

angles are more frequently used in geodesy). An |mportangm pointing errors potentially affecting radar positioning that

step is the necessity to orientate the measured azimuthal allsi be considered in addition tekg in the present work, It

gles with respect to the cartographic or geographic North (de-

pending on the system chosen for positioning the data) TquSt be noted that all the azimuthal angles are taken rela-
i X "~ ivel he ref North in th i-tri i .
this purpose, the angléo between the 0 deg azimuth from ively to the reference North in the anti-trigonometric sense

the radar and the considered North direction is used. TheFlgurel illustrates these errors. The possible azimuthal and

. . . . elevation eccentricity of the electric axis will be supposed
theodolite and its operating details have been well knownnegligible y PP

for a long tlmg by geodes.ls.ts and land surveyors. For ex- Their effects on angular measurements can be derived us-
ampleBaeschlin(1949, Ollivier (1959 and Whyte (1969 ing spherical trigonometry (see for instar&iéan, 2007) and

describe the theodolite, in particular its instrumental system-are given in Tabl2. The index errorEo, coming from a

atic biases and their effects on azimuthal and elevation angle ; -
that are measured. Most of these biases can be modeled aggssmle misalignment between the antenna and the pedestal,
) s to be distinguished from the vertical collimation error

taken |n.to accountin the georeferencing process. Similar to aCE that describes the difference for the vertical orientation

theodolite, a weather radar system can usually observe ata[)'etoween the axis of the arms and the electrical axis,

?heet g}et\\;\g:igr;ﬁ;eﬁg ?S:Itlon? of tgi aq‘gegga (as_f_zm:fgtthafstands for the azimuthal collimation. The inclination of the
- on angt ges trom 510 €g). The firs PO principal axis, which should ideally be perfectly vertical, is

sition (Position 1 in the following) corresponds to elevation odeled by two anglegi, represents the deviation between

gng:]lesf slrwal_ler)than 90 de%. The Iseco.nd posiltionl (Positisn g:is axis and the vertical, anop the orientation of the incli-

in the following) corresponds to elevation angles larger than__.. ' .

90 deg, i.e. it refers to the opposite side of the horizontal cir-natlon referred to the cartographic North.

cle and the complementary value from 180 deg on the verti-

cal circle with respect to Position 1. This possibility enables

the user to detect several instrumental errors which have an

2 Positioning errors in radar systems
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Pos. 1
E<90°

Pos. 2
E >90°

— - — Pedestal axis v IndexE=O Ll Electrical axis
Vertical 0 - Arm axis

Fig. 1. Main instrumental errors: inclination of the principal axt{wg), collimation errors € 4, andC,) and the index default affecting
the elevation angleHp). The antenna drawing has been kindly provided by Prosensing Inc.

Table 2. Modeling of non-negligible instrumental errors.

Bias Effect on the azimuth Effect on the elevation Removal
Incl. of principal axis  Bgtan(E)Sin(A+Ag—wg)  BoCOSA+ Ag—wp) -

L Cag
Az. collimation im - 2 pos
El. collimation - +CEg, 2 pos
Index err. (vert. circle) - Eg -

2.3 Atmospheric refraction

The elevation angle measured by a radar must be corrected
for the possible effects of atmospheric refractiDaington

et al, 2003 Huuskonen and Hollemar2007). The model
proposed byDoviak and Zrn¢ (1993 gives acceptable cor-
rections in the troposphere depending on the atmospheric
conditions Gao et al.2008. Nevertheless, another approach
has to be considered in the case of solar measurements dug
to the fact that the sun signal crosses the entire terrestrial at-
mosphere.

The refraction phenomenon can reach 1 deg for low ele- o2t .. . . . e e e ]
vation angles at X band (see Fig.. Considering that the 0 10Apparente|e52tion angle [ dgg% 40
desired accuracy for angular measurements of a radar sys-
tem is about 0.1 deg (e.gluuskonen and Hollema2007),
the influence of refraction must be taken into account. To
do so, the atmosphere is supposed to be homogeneous a
stratified. For a standard atmosphere "Mid-Latitude Winter”
or "Mid- Latitude Summer”, se&neizys et al. 1999, the  has been used to correct the collected sun echoes for atmo-
refraction index is computed for 1000-m thick layers using spheric refraction. In addition, it shows that the atmospheric

the model MPM93 [(iebe et al, 1993. Finally, the Snell-  yefraction becomes negligible at high elevations.
Descartes law is applied and the calculation is repeated for

the whole range of elevation angles needed. The resulting
angular deviation due to refraction is plotted in Fyand

R&fraction angle [deg]

L B B

Fig. 2. Refraction model. In black: Mid-Latitude Winter, in red:
M’kd-Latitude Summer.
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3 The proposed sun-tracking method 80

3.1 Principle

Because of the microwave emission of the sun, its signature
can be detected in radar data. Knowing the position of the _
sun and its corresponding record in the polar radar data, thegj 0
corresponding deviation in azimuthg) and elevation xp) [
can be computed. So during one day, the sun is tracked with
successive scanning windows (15 def§ deg, see FigB) al- 20
ternatively in both positions of the antenna. For each scan-
ning window, the local deviations are computed using the
model proposed byHuuskonen and Hollema(2007). A (1)00 1§o 2(‘)0 2éo 3(‘)0 3éo 200
model is then fitted to the these deviations, and its fitted pa- Hz (deg)

rameter values provide estimates of the instrumental errors.

The scanning windows are defined so that the local deviariy 3 syccessive sun-tracking windows for Position 1, collected
tions are monitored for a range of positions on the azimuthal, 14 July 2010.

and elevation axes as large as possible in order to have more

reliable instrumental error estimates.

i Egs. @)—(6), once the the parameteks (a2, b1, b2, ¢) have
3.2 Processing been estimated. The detailed derivation of these equations is
. . esented in Appendik.
Once the radial containing the sun echo has been detecté)JThe second step consists in fitting the model that takes into
and stored,. the ".‘Ode' proposed nyuskgnen and.Holle- account the effects of the most significant instrumental errors
man(ZOO?) is applied to e?‘Ch scanning window. Th'_s model listed in Tablel). This model is composed of 2 error equa-
is based on the assumption that both the_ sun emission ar‘t%jlons relating the azimuthal and elevation deviations to the
the antenna energy pattern have a Gaussian (_jlstr|but|on. B(?ﬁstrumental errors for the 2 antenna positions (listed in Ta-
cause of t.he conversion of power into dBm, this model takesoIe 2, see alsa\llan, 2007:
a quadratic form:
p(x,y) =arx®+azy? +bix +boy +c (1) ea =ﬂotan(E)Sin(A+Ao—wo)—Ao+(—1)i‘1%—xo )
p(x,y)is the power measureql by the_ra_dar (ir_w dBmandy €. = PoCOS(A+ Ag— wp) — Eo+ (_1)1.71CE0 ~ o o)
are the azimuthal and elevation deviations (in deg) between
the observed antenna position and the center of the sun, anshere A and E are the considered azimuth and elevation,
ai, az, b1, bo andc are the parameters of the model. Thesewhile i (1 or 2) indicates the considered antenna position.
parameters can be estimated by a general least-square techhese equations are based on the assumption that the error
nique (Gauss-Helmert for instance, s8eafarend 2009. termsfo, Ca,, Ck, are small. The "Gauss-Helmert” method
From Eq. (), the azimuthal widthA 4, the elevation width  is used to estimate the parametées o, wo, Ca,, Ck, and
Apg, the azimuthal deviationg, the elevation deviatiog Ep from the observed, ; andeg ; values, as well as the
and the maximum solar powe can be computed analyti- associated uncertainties.

cally (Huuskonen and Hollemag007): If the radar does not have the ability to observe in both
by antenna positions, we see from E@) that Ao, Bo, wo and
X0 = " 21 2) Ca, can still be estimated, while Eg8)(shows that only
by (—Eo+ (—1)’—1CE0) can .b_e gstimated (which is still very
yo = “ o 3) useful for radar data positioning), but not any maigand
22 ) CE, separately.
o= by b5 @ It is assumed in Eqs.7f and @) that the possible non-
4a,  4dap linearities in the azimuth and elevation angle measurements
\/Togz (from the radar pedestal) are negligible. Significant non-
A= (5) linearities would affect the estimates of the instrumental er-
a1 rors and their uncertainties, obtained from E@3.4nd ).
\/Togz In order to rigorously take into account such non-linearities,
Ap=,/— (6) the termsAg and Eg should be considered as functions of the
a2 azimuthA and the elevatiot rather than constant.

where log denotes the logarithm to base 10. The values of
(x0, yo, po, Aa, Ag) can be obtained analytically using
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Table 3. Principal technical parameters of the MXPol radar.

Parameter MXPol

Frequency 9.41GHz

Polarization Sim.Hand V

3-dB beam width  1.45 deg

Range resolution  15-150m ]
Manufacturer ProSensing, USA

3.3 Accuracy of the parameters

In order to properly quantify the instrumental errors, it is nec-
essary that the accuracy of the local deviation estimates it
significantly smaller than the considered errors. The first stef.
in checking this concerns the quality of the sun ephemeris.
The algorithm proposed b@rena(2008 provides an accu-

racy for the sun position in azimuth and elevation with a max- <
imum error of about 0.003 deg from 2003 to 2023, which is
far high enough. In order to reach this accuracy, the geo

ter of rotation of the antenna has to be known with an er-
ror smaller than 0.001 deg (i.e. about 110 m, reachable withis
a standard GPS beacon). It must be noted that the vertice
deflection can be non-negligible, especially in mountainous
regions, and in that case must be taken into account. This
angle represents the difference at the same position betwee:.
the true zenith, which is the reference for the astronomical
measurements, and the normal to the reference ellipsoid corl=9- 4- Radar deployment in Davos (Switzerland). Swisstopo has
sidered for the ephemeriB¢mford 1980. Overall, the ac-  Provided the map of Switzerland in the upper panel.

curacy of the inputs is sufficient to estimate the instrumental

errors with the desired accuracy (0.1 deg). parameters of the radar system are provided in TablEhe

radar is mounted on a trailer, which was leveled at the in-
stallation. But because of the difficult conditions (repetitive

During data acquisition, it is more convenient to use radar inf€€zing/thaw of the terrain, variable load due to the amount
receiving mode only. If this configuration is not available, it Of Snow), the inclination of the principal axis of the trailer can

is still possible to adapt the acquisition configuration in orderhave changed in time. This issue motivated the development
to reduce the unwanted effect of the ground and meteorolog®f the proposed technique. In addition, the mountainous con-
ical echoes, by extending the acquisition period and by short!€xt results in a lot of ground echoes in the radar data, which
ening the pulse length. Collecting the sun’s signature duringVill bé used to evaluate the correction derived from the pro-
dry weather is the easiest way to avoid such adverse effectB0Sed sun-tracking technique. To illustrate the capabilities of
if the radar cannot work in receiving mode only. Finally, the the proposed technique, radar data (sun's signature) collected
scanning procedure has to be accurately synchronized in tim@uring 2 dry days in July 2010 have been analyzed.

(about 1 s) to avoid additional uncertainty.

3.4 Data acquisition

4.2 Results

4 Application to radar data collected in the swiss Alps ~ Figures5 and6 present the evolution of the azimuthab)
and elevationxp) deviations between the theoretical position

4.1 Field campaign of the sun and the polar radar record as functions of the az-
imuthal angle, for the two antenna positions. The instrumen-
Between September 2009 and July 2011, an X-band Doppletal errors are estimated by fitting (in the least-square sense)
dual-polarization weather radar (named MXPol in the fol- the models given in Eqs7)—(8) to the observed azimuthal
lowing) was deployed near Davos, Switzerland, at aboutand elevation deviations. The obtained values are listed in
2130m of altitude (see Figd). The principal technical Table4. Given these values and the associated uncertainties

www.atmos-meas-tech.net/5/547/2012/ Atmos. Meas. Tech., 5, I855-2012
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Fig. 5'. Evolution of the local aziml_JthaI deviatipns with respect to Fig. 6. Evolution of the local elevation deviations with respect to
the azimuthal angle. The upper points (black diamonds) correspon%e azimuthal angle. The upper points (diamonds) correspond to

to Position 1 of the antenna, the lower points (red diamonds) ©position 1 of the antenna, the lower points (triangle) to Position 2.

Position 2. The error bars figure the 99 % confidence interval. TheThe error bars figure the 99 % confidence interval. The solid lines
solid lines indicate the fitted models from E@).( indicate the fitted models from EcB)(

Table 4. Estimated values of the instrumental errors affecting MX- . . ) .
Pol during the campaign in the Swiss Alps. the detected ground echoes are projected in the Swiss plani-

metric (MNO3) and altimetric (NFO2) coordinate systems.

Error Estimate Uncertainty Hence, the aItimeFric deviation With the Digital _Elevation

(deg) (deg) Model (DEM) provided by the Swiss Federal Office of To-
pography (Swisstopo) can be computed. Knowing the accu-
racy and the resolution of the DEM, the analysis of these dif-

Ap 300.94  +0.012

Eo 0.38 +0.011 ferences makes possible the evaluation of the quality of the
Bo 0.23 +0.008 . . .

» 89 126 obtained instrumental error estimates. It must be noted that
CZ 0.207 i0:006 the possibility to get such a large number of ground echoes at
CEE 0.57 +0.009 various elevations is specific to this deployment in a moun-

tainous context and is not frequent.

5.2 Data acquisition
(quantified as the standard deviations of the respective pa- a

rameter estimates), the instrumental errors appear to be sigrhe data acquisition is performed for both positions of the
nificant, and in particular the azimuthal and elevation col- gntenna and is composed of a set of horizontal scans. In order
limation terms €4, and Cg,) which cannot be estimated o make the result as sensitive as possible to any systematic
using sun-tracking methods previously published in the lit- hias (especiallyC 4, because its influence directly depends
erature. The uncertainty associated wiifiis larger with  on the elevation), ground echoes must be collected over a
respect to the others. This is explained by the geometricakignificant range of elevations. The acquisition lasted several
function of this parameter which has a secondary impact orhours in both positions. In the case of the Davos campaign,
the result compared t8y. Sowo has a smaller influence on  grounds echoes were visible and significant frefnto 8 deg

the final correction added to the raw measurements. It cafj elevation and over a range larger than 180 deg in azimuth.
be noted that the accuracy of the obtained error estimates is

much lower (except fowg but this has limited effect) than 5.3 Creation of a DEM

0.1 deg, showing the potential of the proposed method.
The purpose of the post processing is to build a DEM from

the ground echoes in these radar data. This DEM can then
5 Evaluation using ground echoes be compared with a reference one. Here, in the Swiss con-
text of Davos, the 25-m resolution DEM produced by Swis-
stopo is taken as reference. The accuracy of this product has

Because of the surrounding mountains, there were man)l?een tested by Swisstopo and the uncertainty does not exceed

ground echoes in the area covered by MXPol (see Hig. +5m in the region around DavoS\isstop2004.
Considering the pointing parameters previously estimated,

5.1 Principle

Atmos. Meas. Tech., 5, 54755, 2012 www.atmos-meas-tech.net/5/547/2012/
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Fig. 7. Projected ground echoes, superimposed on the DEM pro-

vided by Swisstopo (Swiss projection system MNO03). The radar
location is indicated by the triangle.

f occ.

First, the recorded profiles which have hit the ground are °
detected by using a threshold which takes the decrease o
. . . . = O
radar power density with distance into account. The angle
of incidence of the radar beam and the type of illuminated
surface mainly contribute to the estimation of this threshold
(e.g.Ulaby et al, 1986 Rees and Steg2001). The polarco-  °%5; — % o
ordinates of those echoes are then transformed into the Swiss Deviation (m)
projection system which is also used for the reference DEM.F_ 8. Hist f the altimetric deviations bet th acted
During this step, it is possible to correct the position of the '9. ©. Histogram ot the alimetric deviations between gprolec.e
. . round echoes and the reference DEM provided by Swisstopo: be-
ground echoes for the instrumental errors estimated by th?

. . ) LT ‘ore pointing correction (top) and after (bottom). The red histogram
proposed sun-tracking technique. Finally, a grid similar 0 ¢4 responds to Position 1, the blue one to Position 2. The vertical
the Swisstopo one (cell size and positions) can be generatedgshed lines indicate the mean values.

A null value is affected to the cells which are not covered by

any recorded ground echoes.

s b b

[N]
o
=)

correction for Position 1 of the antenna (the results are sim-
5.4 Results ilar for Position 2). There is a significant decrease in the
variogram values and in its slope after correction, indicating
As both DEMs have the same characteristics, they can b@ much lower variability of the difference in altitude between
compared and it is possible to analyze the altimetric discrepthe created and the reference DEM. By showing that the er-
ancies between them in order to evaluate the quality of thgor is lower and is much less spatially correlated, the analysis
estimates of the positioning parameters. Fidipeesentsthe  of the variogram of the discrepancies between the 2 DEMs
distribution of these deviations before and after correction ofconfirms the analysis of their distributions and the large im-
the positioning errors, for the 2 antenna positions. Figlre provement when using the corrected positioning parameters.
clearly shows that there is a large improvement when cor-
recting the positioning errors, as indicated by the decrease
in the mean difference of the altitudes between the 2 DEMss  Conclusions
(from about 90 down to 5m), as well as by the closeness of
this mean difference (after correction) for the 2 antenna po\Weather radar monitors precipitation at long ranges. The
sitions. There is, in addition, a clear decrease in the widthaccurate positioning of its measurements is hence of pri-
of the distributions after correction (the standard deviationmary importance, in particular for the combination with other
decreases about 50 % for Position 1 and about 30 % for Posources of information. Various sources of error can bias the
sition 2). positioning of the radar, and a new method to correct these
To complement the analysis of the distribution of the dif- sources of error is proposed in the present article, taking ad-
ference between the 2 DEMSs, the spatial correlation of thisvantage of the similarities between radar systems and theodo-
difference is also investigated by estimating its variogramlites (commonly used for a long time in land surveying), as
(e.g. Chiles and Delfiner1999 Goovaerts 2000. Fig- well as of the fact that the sun is a source of microwaves.
ure 9 shows the experimental variograms before and aftedn addition to the errors in azimuth and elevation, which are

www.atmos-meas-tech.net/5/547/2012/ Atmos. Meas. Tech., 5, I855-2012
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Injecting Egs. Al) and A2) in Eq. (1) gives:

(A3)

The azimuthal widthA A is defined as the width of the
power distribution when the power is half the peak popgr
in the azimuth. This can be written
P (xwi, y0) = po— 10log2) (A4)
wherei = 1,2 (there are 2 values at which the power is half

the peak power), and log stands for log in base NA is
then quantified as

Fig. 9. Variogram of the deviation with respect to the reference AA = w2 = Xunl (AS)
DEM: before pointing correction (diamonds) and after (triangles), . .
for Position 1 of the antenna. xw1 andx, are derived as follows:
P(Xwis Y0) = a1x2; +b1xy; +azyo+bayo+c (A6)
usually identified in previously proposed methods, the differ- . .
ent positioning errors due to the possible misalignment of thdnjecting Eq. A2) in Eq. (A4) results in
electrical axis with the geometrical axis of the antenna can be X
automatically quantified. The proposed method is tested on bi _
data collected in the Swiss Alps using a mobile X-band radar®*wi +hrxui+ 4aq +10log2)=0 (A7)

The mountainous context enables the creation of a radar dig-
ital elevation model, which can be compared to a reference>0lving this simple 2-order polynomial equation leads to
one in order to evaluate the quality of the positioning cor-
rection. The large improvement in the agreement between
the 2 DEMs shows the reliability of the proposed correction

2
, bl—\/b1—4a1<f711+10|og(2)>
1

method. Xul = 5 o (A8)
This method is simple and can be applied to fixed or mo- ! !
. S T 5

bile radar systems. The main limitation is the need to follow byt by —4day :71 +10log2)

the sun over a large range of elevation angles to obtain reli- by 1

able estimates of the different error parameters. Xw2 = 201 21 (A9)

Finally, we obtain Eq.5) by injecting Egs. A8) and @A9) in

Appendix A Eq. (A5):

Derivation of Egs. (2)—(6) AA = Xpp— X1

| —40log2)
=y

Equation 6) giving the value of the elevation widthh E
is obtained in a similar way by solving(xg, ywi) = po—

This appendix presents the detailed derivation of EZJs- (
(6). xo and yg correspond to the polar coordinates of the
maximum powerpg. The partial derivatives of the power
(given by Eq.1) with respect tor andy are:

(A10)

8—p =aix+b1 10log(2).
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