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Bistatic Model of Ocean Scattering

Giovanni Picardi, Roberto Seu, Stefano G. Sorge, and Manuel Martin Neira

Abstract—An analytical closed-form model is derived for the the feasibility of a bistatic altimeter and to evaluate the
average power echo received by a bistatic altimeter from an performance of such a system in the estimate of the distance
ocet"’t‘“'f: surface;] at a frfq“;j”c)é high etnough ftcr’{ thBe Kirchhoff 5y 4 reference average surface, of the surface roughness
scattering mechanism to be dominant over the Bragg reso- . - .
nance one. The asymmetric behavior of the sea waves is takenand of the_ sgrface backscattering coefficient. In particular,
into account, mode”ng the surface he|ght as a non-Gaussian the mOdel IS |ntended fOI‘ the assessment Of the performance
distributed random process and an explicit expression of the so- of a constellation of satellites flying at the same altitude
called “electromagnetic bias” is obtained as a function of the (say 800 km) and with an operating geometry such that
skewness coefficient of the distribution. Results obtained applying the incidence and scattering angles are equal. This kind of
such model to a monostatic geometry are shown to be in good : . .
agreement with those reported in literature as well as with those geome”}’ can be_ shown to be the most meapmgful fora b|stgt|c
obtained by numerical simulations. It is also shown that, leting System; in fact, it has been demonstrated in [2] that the point
the “non-Gaussianity” term tend to zero, our model correctly of specular reflection is the center of symmetry of the isorange
reduces to the well-known Brown model for Gaussian surfaces. |ines and it is also the point on the surface with the minimum
This work has been conceived in the frame of the feasibility study bistatic radar path. The model has been worked out applying
of a bistatic remote sensing system, consisting of a constellation of he Kirchhoff . tion t " dulati I
satellites flying at the same altitude with an operating geometry the Kirchhoff approximation to _a ggn y unduiating (qu rm;
such that the incidence and scattering angles are equal. slope) rough surface and considering that the geometric optics

. . mechanism dominates the Bragg scattering mechanism [6].
Index Terms—Sea surface electromagnetic scattering. 99 9 [6]

|. INTRODUCTION Il. SCATTERING FROM AN |IRREGULAR FLAT

ONOSTATIC radar altimeter returns from ocean have SURFACE ILLUMINATED BY A RADAR PULSE

been well studied and models have been developed [1]it is well known that if the transmitting antenna of a
that describe the echo waveform characteristics. What has Agnochromatic continuous wave bistatic radar illuminates
been so well investigated is the operation of a bistatic raddf irregular flat surface, the scattered electric fiéld at
altimeter measuring the ocean surface, which could have soth@ receiver antenna can be evaluated under the Kirchhoff
relevance in future earth remote sensing systems, in particld@Proximation as discussed in [4] (see also Fig. 1)
for sensors operating in th&u-band [2].

A bistatic radar system presents some differences with Fo— — J G(P)- R(P) - i (Ry — Ry)
respect to a monostatic one [3]. The constant range loci s 2\ Js R R3
are ellipsoids whose foci are located at the transmitter and e~ IM(R1tRs) gg (1)

receiver; these ellipsoids intersect the ground, forming ellipses

so that spatial resolution is achieved over elliptical areagherer; = (1/R;)e7*1 is the incident spherical wava,is
Furthermore, these ellipses are, in general, tilted with respecifig wavelength¢z(P) is the antenna gain in the direction of a
the iso-Doppler lines as these depend on the relative directigéheric pointP on the surface, R(P) is the Fresnel reflection
of motion of both transmitter and receiver. Finally, the isocpefficient, R; and Rz are, respectively, the distances from
power lines form the so-called ovals of Cassini, quite differeflgnsmitter to the poinP and from the poinf to the receiver,
from the circles we find in the monostatic case. Ry(3) is the unit vector corresponding to the path from the
As a consequence, the bistatic return waveform from th@nsmitter (receiver) to the poifft, # is the unit vector normal
ocean looks different as compared to the monostatic ORg.the surface in the poinP, and finally k = 2x/X is the
This paper shows these differences by providing an extensigiye number.
of the Brown model to a bistatic geometry and a non- | on the contrary, the radar transmits a pufe), thanks
Gaussian surface. Such bistatic model will be useful to stugly the superimposition principle for linear media, the scattered
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¥ where I'(§) = |R(P)]? is the surface Fresnel reflectivity,

-
Fig. 1. Geometry for the evaluation of the bistatic scattering: Tx is the
transmitter location, Rx is the receiver location.

electric field becomes

Est= [ rw)(-5;) [ewme
A (By — Ra)

. ,—jk(R1+R3) Jwt 2
Rl e dsS et dw (2)

where F(w) is the Fourier transform of the transmitted pulse?? ~ ;
HJI’]CIIOI’] can be expressed as a power series

Without affecting the generality of the results we ca
assume a rectangular antenna pattern within the beam width
G(P) = 1. Moreover, since Kirchhoff surfaces are such that
the local radius of curvature of the surface is larger than the

=1 - (Rlo + Rgo)/c and

.2 cos 0
exp | J = (w121 — woz2)
.2 cos 0
= //P(Zb 2’2) + €Xp <J c (wlzl - wng)>

. le . dZQ (6)

is the joint characteristic function of the random variabies
and z, say ¢(z1, z2) [8], [9], [11], computed atxy = jaw;,

—jaws With @ = (2 cos #)/c. Such characteristic

My 5 ..
Pz, 22) = L,—:: " 21 % (7)

i, T

incidence wavelength, we can confuse the local normal to thging them;, coefficients the moments of the distribution
generic surface element with the vertical asiss 2. Further ., — (»i25). The cumulants of the distributiok;; are

assuming that the local incidence angle slightly varies arouggfined as the coefficients of the analogous expansion of the

the specular reflection angle, we can write (R — R3) =
2 cos 6. The above simplifications hold for a small root mean

square (rms) slope surface and a narrow antenna beam width

(see also [4]).
Finally, under the Fresnel hypothesis, an approximated

function

kir
log ¢(z1, z2) = i

T

I ®)

expression for the distancéy and#; can be used (see Fig. 1)5ng can be computed by the following relation obtained

2 2
Ri ~Rip+xsin 8 — z cos 9—}-31j ty
2Ry
2 2
Rg%Rgo—]}Sille—ZCOSQ—l—x ty 3)
2R3

where the meaning of the symbalg,g, R3g, and @ is clear
from Fig. 1 andz (the surface height) is, by definition, a zer
mean random variable. Summing iy and R, we have

2 2
.Rl—i-.Rg%.Rlo—i-.Rgo—QZCOSQ-’-Qj ty (4)
2R,
where
_ RioR3g
" Rig+ Rao’

The errors due to the above approximations will be checked
on the derived model by comparison with direct numerical
simulations of the integral in (1). Substituting (3) and (4) in
(2) the power associated to the scattered electric field can be

inverting the Mc-Laurin series

ai “+r

k. = .
Oz} 074

log ¢ : (9)

z1=22=0

From the above equation, it is clear that the cumul&ptsill
0be polynomial combination of the moments;,.

k1o =myg
2
koo =Moo — mig
3
k30 =ma0 — 3miomao + 2my,

N 2
ko1 =mao1 — MagMo1 — 2mioma1 + 2miymor

ko1 =mo1

ko2 =mo2 — mg,

kos =mo3 — 3moimoz + 2my;

k1o =myo — moamyg — 2morma1 + 2m31m10

k11 =mi1 — mo1mao-

(10)



PICARDI et al.: BISTATIC MODEL OF OCEAN SCATTERING 1533

p(x1 » X2) p—— p— oz . 22) We can now make the approximation of small fractional
— exp(xz):yz Zy=VmY2 » bandWldth, that |S

wd — w3 = 3w wa(w; — wy) (16)

Fig. 2. Conceptual scheme for the evaluation of the non-Gaussian,
two-dimensional surface—height distribution. obtaining

.2 cos @
exp | j . (w121 — waz2)

It is easy to verify that apart from the first-order cumulants

. 1
k10 andkoy, the expression reported above correspond to the =~ exp <—§ a’oi(w) — w2)2>
central moments of the distributiqm;,. = ((z1 — m10)*(z2 — ,
Y exp (—a2oR[L — p(r"worws)

In order to solve the integral it is necessary to make some
assumptions about the surface roughness. It is now well known
that the ocean surface cannot be Cons_ldered Gaussian, as .[1 _ %p(T/) _ %p2(7,/)])' (17)
suggested by Brown [1], on the evaluation of the average
echo. As a matter of fact, due to the nonlinear interaction &@nsidering a Gaussian model for the wave height correla-
the interface between the water and the air, the wave crestst##@, and assuming a surface rough enough in order for the
more peaked than the wave troughs and this effect can be tadgégmetric optics mechanism to be dominant, the correlation
into account by giving to the surface height probability densi#ynction can be well represented by the only first-order term
function (pdf) a nonsymmetric behavior that is a nonzer®f its series expansion [6] yielding
skewness coefficient [7], [10], [11]. 2

- exp <—é a®03 Aawiwa(wy — wo)

. . . . . N =P A~

This has been done in our analysis applying an exponential p(r') ="/ ]~ 2 (18)
nonlinearity to a bivariate Gaussian distributigiizy, z2) Introducing this expression in (17), we have
(see the scheme in Fig. 2) with mean value equal to zero ) :
standard deviation, and Gaussian correlation functign In <eXp <1 O (w71 — w222)>>
addition, a proper final gaim,, gives reason of the actual c
roughness value: a bivariate lognormal mogl;, z2) arises ~ 1y 20001 — ip)? 29 f
with parameters;,, (the median value)s, (the shape factor) =P\ T @ OrlwL T @) JEXP | T4 Tk Ty W12
and cross-correlation function proportional goln particular, 2 4 s 2
for small values ofs,, that is a condition fully compatible - €xp <—§ a”oj, Aawiwa (w1 — wa) l_2> (19)

with our operating conditions, we can work out the following

relationships [12]: and the average power associated to the scattered electric field

given by (5) can be rewritten as follows:

fi20 = pioz = V3,00 = 0}, (11) (Es(T)E; (T»
2 41(#) cos? 6 Feo pteo
pa v oip(r') = op A (12) = ncRuBo)? wiw2 F(w1 ) F* (w2)
e
pz =z 2 U0, p(r)2+ p(r)] = of A2 (13) j(wr lfz)fo—(l/Q)a 0% (w1 w2>
30 = oz = v3, - 30k = o3 s (14) - ¢ ' Her, wp) dwy dwy (20)
— Ym g [

where

where)\;; are the normalized moments of the bivariate lognorf(w: , wo)

mal distribution and\; ~ 3¢, is the skewness coefficient. In

[10], itis assessed that the maximum value of surface skewness™ / / exp <
obtained experimentally is about 0.3, that is the maximum

wmﬁ+yb—wx£+y90

/2
value of the parameter, is about 0.1 and in this case the - exp <—a20'hw1w2 B )
error due to the approximations (11)—(14) is in the order of ) '
10_4 n the worst Casepggo, [12]) - - exp <_1 “ a30_%)\3w1w2(w1 _ UJQ) 7—2>d51 dSQ (21)

Introducing (11)—(14) in (6), we can write 3 l
The solution of the integral (21) is more easily achieved in
2cos 6 a polar coordinates domain where through several algebraic
<eXP <J (wiz1 — w272)>> manipulations (see Appendix A) we can finally find
272 o0
=~ exp (—% a®oi[wi — 2 wiws + wg]) I(wi, we) = —2¢R, —Wkl / edTaler—ws) g (22)
0

-exp <_é a ah[)\gwl + 3)\12w1w2 where

T
— 3)\21&)%&)2 — )\3(4)%]) . (15) Td = L
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and

k=a*0iwiws + 5 % a®o3 Azwiwa(w) — wa). (23)

Introducing this result in (20), we have
R,I’I'(0) cos? 6 /+°° /+°°
26 RloRgo

(1/2)a” o} (w1 —w2)®

(Es(T)ES (7)) = —

cwiwe F(w) P (wa)e™
1

0

and assuming a Gaussian spectrum for the (compressed) radar

pulse, we obtain

(Es(T)E] (T))
R, I2I°(8) cos® 6

+oo +oo
2a2ffh R10R30 / /

—o (wz wg)

o (wl wg)

1+1

. a_ . e~ (1/2)a? 0 (w1 —wn)?
aopAz(wy —ws) W

. / C](‘r—‘rd)(ﬁu‘l—ﬁu‘z) drg dwy dws. (25)
0

As a further step to find a solution to the above integral, we can

T / AT =02) gy duy dwy (24)
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Performing the integration over the variablgsee Appendix
B) we obtain

/+o<> e~ (/2 (0 +a* o) ci(r—Ta)y
dy

1 +] % CLU}L)\ES’Y

— o0

_ 37 6_(3/2a0“)\3)(7-_7-‘1_7-¢,"')

aop A3

(30)

1 14 Exf —Tq — 2'rd
T
fm
where

, _ 3(0% +d*o3)

Ty = (32)

daop A3

and the integral (29) becomes

3Ry’ (0)0 cos? 6 \/E
2@302)\36(R10R30)2 2

I i )
’ exp | — T—Td — T,
0 P 2aah)\3 4 d

1 2
1+Erf< 7

NN +a2d_>]dm. (32)

(Es(T)ES (7)) =

change the integration variables andw, into the variables Finally, working out the integration over the variabtg, we

T =w —woandy = ws — wo

(Es(m)EZ(T))
R,I’T(0) cos® 0 a
2@20h (R10R30
= (@ +y®)

' [1 +J % CLO'h)\g(aZ — y)]

. / =@ gy da dy.
0

. g

o (1/2)a%0} (2—y)

(26)

;g

(/207

Afterwards, lettingy = = — y, we can write

R,I’T(6) cos? 6§ o
QCLQO'h RloRgo
o207y ()

(B (T)EZ (7)) =

e

1+ 2 ao sy

. / el (T=ma)y drg dy dy
0

(27)

and performing the integration over the variableve obtain

+o0 242
/ e 20" u(y+y) dy = \/E w7/ .
oo 2 o

(28)

Introducing (28) into (27), we have, after a few algebraic

manipulations

R,I’T(6)0? cos? 6 too
E,(rE: =
< (7—) S(T» 27TCL20'hCO' RloRgo 2 /

1/2) (0% +a%0? oo
e—(1/2)( W / = dr dy.

(29)

. [147 2 aonAsy]

obtain the following (see Appendix C):
_ R,d*(8)o 7 1
o 40'}2L(R10R30)2 2 2
-¢ 14 Erf
{ (fﬁﬁ@ﬁ)
—exp < D01 (r — Td)>
T — 271}

sz}

(33)

(Bs(7)E(7))

An approximated solution of the integral (29) is derived
in Appendix D, resulting in the following more explicit
expression of the skewness contribution to the average power
echo time behavior:

_ R,d*(8)c \/E 1
_40']2L(R10R30)2 2 2

.,
A1+ Erf| ———
{ <\/§ 02—1—@20,%)
1

4 aoj A3

3 Vo2 +a’c] V2

o (3 >>} 59

It is easily seen that the mean power echo in the non-
Gaussian case is given by the sum of two contributions: the

(B (T)EZ (7))

first term [given by (34) forA3 = 0] is the average power

echo generated from a Gaussian surface, while the second
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power(normalized to gaussian term)
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— - — gaussian surface ;

normalized power
(e}
(6]
T

—— jognormal surface!

- 0
range normalized to sigmah

range normalized to sigmah .
Fig. 4. Example of mean power echo for the lognormal surface case (SWH

Fig. 3. Envelope of the skewness related termq & 5 m). =20 m, A3 = 0.3).

term takes into account for the presence of a skewness in tR&%2ay cm ‘ , :
surface height distribution. It is worth noting that i = 0 ol < @
and § = 0 (that is we have a monostatic radar observing a o—gjs,, 50« x
Gaussian surface), we find 801 1% e=30° %]
701 o % X N
* (¢} *
(B (1)E (1) S’ ‘
_dPr(0g [r 1 50f x X 1
T 40IR3 V2 2 a0} Sx * ]
x*
30} g * g7 “(b)
T 20+ J
1+ Erf (35) R ©)
2 2 10F b
\/§ ’ 02 + <_ O—h> L y :
c 0 5 10 15 20
SWH
that is fully consistent with the well known Brown model [1].Fig. 5. Range delay versus SWH: (@5 = 0.3. (b) A3 = 0.1. (c)
The envelope of the skewness related term is shown Am = 0.05.
Fig. 3, while the overall power echo is plotted in Fig. 4 in the
case of a high skewness coefficient and high sea rough”ﬁﬁﬁroximated by the following expression:
(the significant wave height is defined as SWH40;,). As
easily seen the main effect of the skewness of the distribution R,cPT(0)s  [r 1
is a small range delay, while the distortion is almost negligible. (Es(T)E (7)) = 2]772 \/j )
. . . 40’h(R10R30) 2 2
The range delay induced by the skewness is given by 9
) T— = Ar
L CoAr 14+Erf| ——5—— 37
Ar=SAt=Z oy cos 6. (36) e raar || G0

In conclusion, it can be stated that the only relevant effec L . -
of the height skewness is the range offset expressed by (é’éts]erem is given by (36), and is plotted versus SWH in Fig. 5

so that the mean power echo derived in (33) and (34) can fl? diﬁgrent values of the incidence anglé) @and skewness
coefficient (\3).

2 i .
folkluli?]rgdzgﬁoe;ﬁ:ggen.the range delay induced by the skewness, we use therpe range offsefhr quoted above is known as electromag-
netic (EM) bias, because it causes a constant error in the range

EI{( t )_ 2 o] g 2 measurement. As clear from (36), such error shows a linear
V2o, V2o =0 V2roe, dependence on the surface roughness and skewness coefficient

Consideri (35) b thatthe sk ated t and is inversely proportional to the incidence angle through the

onsidering now (35), we observe that the skewness-related term causes a ghift . . - .

of a quantityA A on the Gaussian echo, thus leading to a corresponding tin&cBgme depeqdenge. Hence, th? maximum delay 1S obta_uned In
shift expressed b\t = (v/270.,/2)AA where we used the approximation the monostatic altimetry case, i.e., whgr= 0. This behavior

of constant slope near= 0 due to the small values of the expected timecoyld have been predicted based on the physical nature of
shift. The value ofA A can be approximated by the skewness term evaluated L. . .

int = 0; that iSAA = (4/3)(aonAs/0eq)(1//27). From the latter and such error; in fact, usual estimators estimate the range delay

At we immediately obtain (36). of the returned echo, fitting the received echoes to the echo
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range delay (cm) 9=0° tax=1.25=1/4cl sh=l 5g=0.01 kp=2 sup=300 sk=0.032 -, 0.473873, 0.467483, 0.85775, 0.00765425)
100 -L - T T }\3 =03
------ ogn.mode g
90t & 1
x [7]

8ot o [8] e’

Power

0.8}

701 e q 0.6}
60r e
50t s o

a0t e

P o B _
30r ,,,."”"' o . e hy=01

Thy =005 E

range bin

Fig. 7. Example of nonlinear fit between the simulated echo and the analyt-
ical model. The four numbers above the curves on the right are, respectively,
the parameterst, B, C, andxo of the model. The numbers on the left are
he input parameters to the simulator.

20
Significant Wave Height

Fig. 6. Experimental determination of EM bias with regard to analytica{
model.

of the single facet with respect to the radar line of sight have

model obtained by considering only the Gaussian term in (38§€n evaluated according to the height of two adjacent samples
and (34), i.e., assumingsz = 0 [in the monostatic case this&/0ng two orthogonal reference directions. Finally, each facet
echo model is the well known Brown model presented inas been considered like a small antenna reradiating according
[1] and in (35)]. This turns into tracking the median surfacd® the specific geometry [15].

which is certainly different from the mean surface in presence The simulation has been performed in a scaled scenario
of a nonzero skewnesas, thus introducing a bias in the (the altitude of the radar sensor is 2000 m and the size of
measurement. Moreover, it is straightforward to note that tHR¢ observed region is 400 400 nt) in order to reduce the
gap between the median and mean values is directly related@nputational burden due to the very large number of facets
the asymmetry factor (i.e., the skewness coefficient) and to tpeeded to model the surface and in the monostatic case since
sea state (i.e., the rms height). The inverse dependence ondply in this case we have from the literature some experimental
incidence angle can be explained with the fact that the radggults that can be used as a reference to test the simulation

actually senses the rms height projected on the slant radtjggram. . . _
direction, which is actually given by;, cos 6. In order to extract the information on the electromagnetic

Experimental determinations of EM bias have been unddtias, the simulated echo waveform averaged over 150 inde-
taken by using a nadir-looking radar altimeter carried on d¢ndent observations is processed by performing a best fitting
aircraft at 36 GHz [7] and at 10 GHz [8]; the results of thesWith the functionA + B - Exf[C(x — )] and the resulting
determinations are also reported in [4] and can be summariZ&dis assumed as output value of the electromagnetic dias
as follows. As an example the result of a simulation is shown in Fig. 7:

« It has been found that an EM bias of aboul.1% of the averaged output waveform is plotted superimposed to the
SWH has a scatter betweerD. 5 and—2.0% [7]_' above mentioned reference function with the B, C, andxzg

« It has been found that an EM bias of abou8.5% of parameters computed according to a nonlinear fit algorithm.
SWH has a scatter betweer?.0 and—5.0% [8]. Running several simulations valuesAf has been obtained

. . . . for different values of the sea rms height and of the skewness
The behaviors of the corresponding biases against the SWH &fficient. These values are plotted in Fig. 8 as dots, along
plotted in Fig. 6 along with the theoretical values comput '

ith the theoretical behavior found in the previous section (36)
by means of (36). as a function of the surface parametgr [which is roughly
one third of the skewness coefficient as from (14)] and for a
sea surface rms height of 1 or 2 m.

In order to check the effectiveness of the simplifications As it can be seen from the above mentioned figure, there is a
used in the analytic evaluation of the electromagnetic biéairly good agreement between analytic and simulation results,
[(36) and Fig. 5] and to assess the feasibility of the achieved that the developed model can be effectively used in the
model a numeric simulation of the mean power echo scattenqgelformance assessment of a bistatic altimeter operating on a
from an irregular surface has been performed. The scattesd@wed surface. This could have been predicted to some extent
electric field has been computed by directly solving the integraihce the various approximations introduced affect mainly the
(1) as a coherent sum of the contributions arising from angular behavior of the bistatic scattering coefficient, which
very large number of facets that approximate the observadts on the shape of the tail of the average echo waveform. On
surface according to the Kirchhoff theory. In order to ensutbe other hand, the measurement of the range delay and, thus,
a sufficient accuracy in the surface representation, the acttred EM bias extent, strongly relies on the leading edge of such
surface has been sampled so that four samples at leastveageform, which is primarily driven by the behavior of the
taken per surface correlation length. The size and orientatibistatic scattering coefficient at near specular reflection angles.

I1l. SIMULATION
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sh=1 v ¢

0.4fF "
EM bias L
(m)

0.3 - r’

Iy

I 6, X
® >

Fig. 9. Definition of the new variables for the solution of the integral (A.1).

! e o = =3 and non-Gaussian surface, we have found electromagnetic bias
Lognormal shape factor (cc) values very close to those reported by various authors in
sh=2 ‘ literature. Hence, the model presented in the paper can be
(4 considered useful to implement optimum (or suboptimum) es-
‘a") bias timators of the surface parameters, based, in general, on model

0.6 .| fitting techniques. In this regard, first preliminary evaluations
of the theoretical Rao—Cramer bounds for the estimation errors
Ps have confirmed that (as well known) the electromagnetic bias
° cannot be estimated and removed from the received echo with
classical maximum likelihood approach. Moreover, regarding
the height measurement accuracy, for SWH in the range 1-20
m and 1000 integrated pulses, a range delay accuracy below
about 5 cm, practically independent of the incidence angle,
ot 7@ can be accomplished.

o} 0.05 0.1 0.15 6.2

0.8 1

0.4

Lognormal shape factor (a6 )

Fig. 8. Comparison between EM bias analytical model (solid line) and its
evaluation obtained by simulation. APPENDIX A
In order to solve (21), it is convenient to rewrite it in the
V. CONCLUSIONS following form (polar coordinates, see also Fig. 9):

We have derived a model of the average received echo of a o p2% oo p2m
bistatic altimeter for ocean observation. The model has been I(w;, wy) = / / / /
evaluated applying the Kirchhoff approximation to write the o Jo Jo Jo

integral of the scattered electric field and solving this integral - exp <_7~ 1 [wir? — wﬂ,g])
under the hypothesis of non-Gaussian random rough surface " 2ch,
with Gaussian correlation. 7?2
The result is an average echo behaving roughly like an error "OxXp <_k T?)le dry dfy dradfy (A1)
function, but incorporating also a time shift which depends on
the surface roughness and skewness (electromagnetic biaere
An explicit closed-form expression for such EM bias has been
presented and its effectiveness was demonstrated by numerical k = a’ojwiws + j 2a°03 Agwiwa(wy — wa). (A2)

simulations.

Moreover, the power of the scattered field showsst(4) This integral can be simplified by changing the integration
behavior [see (37) and the geometry depicted in Fig. 1], whi¢iriablesr, 6> into ' and ¢’, according to the geometry
is in full agreement with the result obtained by writing thélepicted in Fig. 9.
radar equation for a rough surface. In fact, in this case theThe following Jacobian must be evaluated to perform the
radar cross section is given by’A and it can be easily coordinates transformation

demonstrated that the ardadepends ondps? 6)~1 [16] while dry  Ory
the backscattering coefficient as discussed in [3] and [6] can . EE T
be written ass® = ~ cos # where~ is a constant depending J(r' 0) = 00, 96y | (A-3)
on the surface dielectric characteristics. This result has been EAT

also checked by numerical simulations [5].
As demonstrated in this paper, applying the bistatic modepnsidering that
to the case of nadir-looking altimeter and Gaussian surface, ) )
we obtain a result which is fully consistent with the Brown r'sent =rasen(f; — 6)
model, whereas considering the case of nadir-looking altimeter 79 cos(f1 — 62) =71 + 1’ cos ¢ (A.4)
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we can write

7' sen @’
0y =60, — artg| ——M—
2o g(rl—i—r’ cos 9’)

ro = \/7f + 72 4+ 2771 cos @' (A.5)
dry ' + 7, cos &
o' \/r? 4+ 724277 cos ¢
% _ r'risend’ (A6)
99 Vi1 + 21 cos O

6, 1
ar’ 1 7' sen 6’ 2
+ <7‘1 + 7' cos 9’)

sen @’ 7' sen @ -
r1+ 71’ cos &

cos &'
(r1 + 7/ cos 67)2
1 71 sen &’

>2 (7,1 + 7! cos 9/)2

1+ < 7 sen 6’
r1+ 7 cos &
71 sen 6’
"~ (r1 47 cos )2 + (' sen )2
r1send

— A7
72+ 1'2 4 2r'ry cos 6 (A7)

00 1

a0 7’ sen @’ 2
1 (s
r1+ 7 cos &
7’ cos 6’ n 72 sen?@’
r1+7 cos & (ri 41 cos )2
1 r'ry cos @ + 172

)2 ' (r1 + 7/ cos 0')?

14 7’ sen @’
r1+ 7 cos &
7'y cos 0 + 72

= — . A.8
(r1 4+ cos 6/)% 4+ (r' sen 6')2 A-8)

Then

J(r', 8"
B 7' + 71 cos &
B /72772 4+ 20'r; cos 0
71y cos @ + 172
' <_ (r1 + 7' cos )% + (r' sen 9’)2>

71 senf
72+ 72+ 2r'ry cos ¢

7’7 send’
\/7’% 4+ 72 + 29'7 cos &

(=3 — 17’2 cos 6 — 21’ cos® & — rir'?sen? @)
(r# + 72 4+ 2r'r; cos 6)3/2

7!

- Ve 412+ 2r'rq cos 0
W
__r (A.9)

T2 )
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Then (23) becomes

27
II/ d71 / d91 / 7/
0
27
./0 de’ - exp< 2R (wiri — w271)>

- exp 2 (r'"? +22r'r) cos ') Jexp | —k ~”
2 R 12
oo 2 2
.o dry
— _ 2R —w) -
¢ P”/ eXp( ! 2cR,, (r wQ)) 2¢R,

27
/ / exp < R (r"? 4 2r'r, cos 9’))
- exp < o B ) ~dr' - dy’.

In order to obtain an approximated expression of the inte-
gral (A.10), we can analyze the two exponential terms in
the last double integrafy” [ =i (w2/26Rp) (" 201y cos €)

e RO /P) gy . 46’ and observe that the exponential term
e—"‘(”'z/lz) is the one that dominates the behavior of the
integral. As a matter of fact if we evaluate, in a typical
operating geometry, the two terms of the first exponential,
we can find

(A.10)

wr’? 7’2 _ w-36- 10—+

first term = = -
* T 2R, AR, 8-10°-0.0214

=~ 7.10" "rad

21 - 2r'ry
e second tern =

AR,
£0.06 -
2R\

R)\ 2L

=~ (0.2rad

where we have evaluated = l/\/E = I\/droy, cos ¥ =
A\V2/4mm cos ¥ = 0.06 - m approximatingw; - ws = w?
and giving to the rms surface slope = v/2 - o;,/1 a typical
lower value (0.04), in order to make reference to a worst case.
For the same reason we have fet equal to the radius of
the antenna beam footprint, by considering a typical antenna
diameter of 1 m.

In this worst case we have

(&S} 2r
2 2 / /
_ . ol 7
/0 /0 exp< J2cRp (r"* + 2r'ry cos ))
r’ ’ ’ ’
- exp <—k l—2>7 ~dr’ - df
2r
/ / exp (—7(0.2)) exp < B )7 dr’ d¢’
27 /2
/ / exp< )7 dr’ d¢/

and then we can conclude that this approximation can be rea-
sonably considered valid in conventional operating conditions.
As a consequence the integral (A.8) can be simplified and
rewritten in the form of (22).

(A.11)
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APPENDIX B where the Error function is defined by

We need to solve the following integral in[see (29)]

Ecf{t} = % /t v dy. (B.8)
™ Jo

oo =(1/2) (e +a®ai)y?
I= / — TV (B.1)
—oo 14 JjgaonAsy Substituting the parameters defined in (B.2) into (B.7) we
This expression can be rewritten in a more compact forgbtain
making the following assumptions: 3 3 1
o —ay? I = exp | — t—g,—7Y). 2
I /+ T vt gy aop Az < 2a07, )3 (= d)> 2
oo L+Jjoy o
a=%(0?+d’o7) 1+ Erf Il B.9
3 i { \/— NN (B.9)
t=T—1Tyg
c= %aO’h)\g. (B.2) where
2 2
Letting v = 27 f (A.2) becomes = 3(o? + a%o})
too _2x22ay daop A3
_ ¢ j2m ft df (B.3) .
I=27 1 +j27rfce . that is (30).
which can be thought of as the inverse Fourier transform of
the product of the following two functions: APPENDIX C
F(f) _ 2720 f? Recalling (32) we have to perform the following integration
! 1 in the variablery
F = B.4
2(0) = 1 7an7e (B.4) L ; 1
Applying the convolution theorem to (B.3) we can write ) PN T 2n0n s (r=7a=73) 2
+oo
I=2 Fi(f)F(f)e*™ I d — 27
7r/,C,o D) df 14+Eef| ——72==a Ly (cy
too \/_«/0 + a’o;
2 [ Rt - s (8.5) | |
—o0 Integrating by parts yields

being f1(¢) and f»(t) the inverse Fourier transforms & (f) 1
and F>(f). Taking the inverse Fourier transforms of (B.4) wh = “ exp(—a(r — 74 — 7)) - 3

obtain .
i) = = L Eef (T
2y 2 + \/_O'eq
h()=—e*”®u1@> (B.6) 11
i . _ = _ _ /
and introducing (B.6) in (B.5) yields 5 7\/%%1 / exp(—a(r —7q — 7))
I1=2 +°<> ! e < T2) 1 9132
= 2T — eX —_—— f— _ _
oo  V 271'\/ 20 P da ) c - exp <_(T’;d—2’rd)> de
— 0—6(1
- exp <— (t T)>u_1(t —7)dr
C B 1 , 1
T 1 < t) /t < 7_2 7_) = — a eXp(—Oc(T—Td)) 5
=4/——exp|—= exp| —— + — }dr
o c c) J_wo a0 ¢ N
— 27 1 >
Y 0 P G | R
- ac xp <_E+?> /_OoeXp <—< 2\/5 ) )dT \/_Ueq \/%O'eq 0
_ -2 \2
Vac c c o

1/2V/a(t—(2a/)) 4 (C.2)
. /_ T exp (—v°)2vady
t 9%, where
2 1 o 1 - __ 3
_7exp<—z(t—z>>~§ NG =

(B.7) Oog =1/ 0% + a?01. (C.3)
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Now we change the variable; into 6 = (r — 74 — 27)/ The cutoff frequency of the high-pass filter is

(v20.,), thus having from (C.2) 3
. . 5 Wy = 2@0; )\3 (D3)
I'= — ~lexp(—a(r — 7)) 5 - { 1+ Exf [ 74 hile the bandwidth of the i ignal can b dtob
o 2 V20, while the bandwidth of the input signal can be assumed to be
1 1
2 (7=273)/V20.q o= —————== . (D.4)
_%exp <ﬂﬂ’z+%f’3q) ' / VR A
m ) e For typical values ofAs, we have thatw, > o; and we
Cexp _<9 I Oéffeq> 49 can approximate the transfer function of the high pass filter
V2 with a straight line, meaning that the output signal is a scaled
1 1 o version of the time derivative of the input signal. Under this
== [exp( (r—712) —{1 + Erf{ T4 }} assumption we can rewrite (D.2) in the following form:
\/506(1 +o0
1 Lo, I= / exp (—1(o? + a’o7)y?)
— ﬁ exp | —a7ry + 5 Ocq —oo - .
(r=20) Vo (000 VD) [t g 5eeda] eplitr - ) dy
/ exp(—12) dy =1L+ 1. (D.5)

Resolving first/;, we have

1 e 1 T — 27/ +o0
= - [QXP(_G(T—Td))' 5{1 + Erf< \/Eoeqd> } I = / exp <—%(a + a%i)f) exp(j(T — 74)y) dy

ade o)

2
;@ 1 V2 (1 —714)? )
—exp | —ar, —i——ae)-— = —_—— ). D.6
< atg o)y m‘”‘p( 2(o? + ao}) (>
—2 / 2 .
'{1 N Erf(T i+ a06q> } ' (.4 Resolving forLy wi?ave
\/509,1 . 2 r 1 2 2y, 2
Iy = — sa0n)3 v exp (—5(0 + a0y )y )
Substituting the parameter and recalling the definition of/, . —o0
given in (31), we finally obtain ~exp(J(T — 7a)v) dv
2 d
== o —
I 2a0p A3 [ {1 n Erf< T ) } 3 acp A 32T pr
3|2 V20, 1 < t? )
—exp | — ’ (7 —74) . V2myo? + a%l Ao? +a?a}) t=r—74
2a0p A3 2 ( )2
T —Td
9 =2 aop V2 e ).
.{1 +Erf<T QTd> } (C.5) aa} T (02 + a2 2)3/‘Z P < 2(0? + a%}i))
V20., (D.7)
Substituting (C.5) in (32) leads to the final expression of theybstituting (D.6) and (D.7) in (D.5) we obtain
mean power echo, given by (33). N (r = 74)?
Il=——=exp| ————F—~
Vo?+a%o;, 2(0? + a?03)
APPENDIX D \/%(7' —7g) 2 (1 —74)?
Recalling again (29) we want to find a solution of the + (02 + a202)3/2 3“Uh)‘3 exXp T200? +a2o?) )
following integral in ~ L(D_g)
Foo —(1/2)(?+a’ )y i
_ JG—Ta)y To compute the average power echo given by (29), we need
1= e dry (D.1) C .
oo 143 gaah)\gfy then to solve the following integral imy:
different from the one described in Appendix B. P i o y
As a matter of fact, the integral (D.1) can also be interpreted = o I(r, 7a)dra = Ii(7) + Ip(7). (©-9)

as the output signal from a single-pole low pass filter wheBonsidering only the first contribution, we have
the input signal has a Gaussian behavior. Such a filter can (7 — 7a)?
—d )>d7'd

be expressed also in terms of the corresponding single polg; (r / < 5
high-pass filter. Thus the integral (D.1) can be rewritten as \/ 02 + a2 (0% +a20

2 2

+oo 02
= - |df
I= / exp (—1 (0% + a’07)7?) /02 T+ CLQU;QL /_Oo P < 2(02 + a20}%))

)
—_ | >. D.10
NN } (B.10)

j 2aon A3y , 1
1= PP explitr - ) (02 =2n- 5314
1 +1 3CLO'}L)\3’Y
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