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Abstract—In this article, we use the analytical Kirchhoff solution
(AKS) and numerical Kirchhoff approach to study the bistatic
scattering field (γ) from mountain terrain at P-band frequency. The
study area is Grand Mesa, Colorado, USA, and the properties of
land surface roughness are extracted from airborne lidar surveys.
The bistatic scattering coefficient γ of variance fields, denoted
byγv , for several cases of radar resolutions over a 3.6 km by
3.6 km area are calculated at various scattering azimuth angles.
Based on the lidar measurements, the land surface is decomposed
into f2 + f3, where f3 is 30 m of deterministic planar patches to
approximate the coarse topography and f2 is modeled by random
rough surfaces with correlation functions. Surface roughness statis-
tics derived from the Lidar data give a typical root mean square
height of 0.07 m and a correlation length of 3.6 m for f2. The mean
values of slopes of f3 are 1.3° and 0° with a standard deviation of
1° each, respectively in the x and y directions. Simulations using
AKS show that the values of bistatic scattering coefficients for the
variance of scattered fields can reach above 10 dB over a range of
azimuth angles φs in the vicinity of the specular direction. Even
in mountainous regions, the value of the γv around the forward
scattering direction is much larger than that for radar backscat-
tering, and thus could support the use of a synthetic aperture radar
concept based on signals of opportunity with data acquisition near
the forward direction.

Index Terms—Analytical Kirchhoff solution, lidar data, P-band,
rough surface, signal of opportunities.

I. INTRODUCTION

M ICROWAVE remote sensing at P-band (216–415 MHz)
can be used to retrieve root zone moisture [1], biomass

[2], [3], snow water equivalent [4], and polar subsurface tem-
perature [5]. The BIOMASS mission of the European Space
Agency provides a resolution of 200 m using a P-band synthetic
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aperture radar (SAR) with the potential of measuring biomass
and root zone moisture.

However, the use of space-borne P-band radar for remote
sensing over North America and most of Europe is restricted
due to the fact that the P-band remote sensing radar will in-
evitably interfere with the performance of US Space Objects
Tracking Radar, which has been designated as the primary user
of 435 MHz band.

In recent years, the concept of Signals of Opportunity (SoOp)
has gained popularity because of the lower costs associated with
using transmitters on existing navigation and communication
satellites. Satellites with receivers have been launched to mea-
sure the reflected signals from the earth’s surface. At L-band, the
Global Navigation Satellite System Reflectometry (GNSS-R)
has been extensively used since the launch of Techdemosat-
1(TDS-1) by the U.K. in 2014 [6].

Other GNSS-R missions include the Cyclone Global Naviga-
tion Satellite System (CYGNSS) [7] launched by NASA in 2016,
Bufeng [8] launched by China in 2019, and Hydro-GNSS-R to
be launched by Italy [9]. GNSS-R data have been applied to
the retrieval of ocean wind speed [10], sea ice thickness [11],
and monitoring wetland changes [12], and soil moisture [13],
[14], [15]. Machine learning methods have also been applied to
retrieve geophysical parameters [16]. However, the resolution of
the GNSS-R systems is typically 20 to 30 km due to the limits
of bandwidth in both signal and Doppler shift. In addition, the
L-band signals are strongly attenuated by the vegetation and
forest coverage.

An SAR concept based on SoOp in P-band has been pro-
posed [17] that utilizes the signal from the Mobile User Ob-
jective System (MUOS) [18]. MUOS has four operating satel-
lites at geosynchronous altitudes, broadcasting at two fre-
quencies (360–380 MHz and 240–270 MHz) within P-band.
With a constellation of low earth orbit-based receivers, a high
resolution of 100 m can be achieved [17]. To achieve an
adequate signal to noise ratio (SNR) for the P-band SoOp
SAR, the strength of bistatic scattering coefficients of land
surfaces is crucial. This needs to be studied for retrieval
of snow water equivalent in mountainous terrain where sea-
sonal snow resides. Different from classical GNSS-R systems,
the SAR concept would also need the knowledge of bistatic
scattering off the specular direction, usually, in azimuthal scat-
tering direction.
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In our previous reflectometry studies of land surfaces at
L- band [19], we decompose land surfaces into three spatial
scales. The smallest scale (f1) is random and has a scale with
a typical root mean square (rms) height of under 4 cm and a
correlation length several times the rms height. The largest scale
(f3) is around 30 m. The f3 is deterministic and is planar with
well-defined slopes in both x and y directions. An intermediate
scale (f2) is used to bridge the gap. In this article, we use Lidar
measurements [20] with a typical spatial resolution of meters to
provide a characterization of f2. For the present case of P-band
with a wavelength (81 cm) much larger than f1(h1 < 4 cm) we
ignore f1 in this article.

The rough surface and topography effects on GNSS-R data at
L-band have been studied by the GO method [21], [22], [23], the
Improved GO method [24], and the SAVERS model [25]. We
have also developed two methods 1) NKA (numerical Kirchhoff
approach) [26], and 2) AKS (analytic Kirchhoff solution) [19].
Intercomparison study has also been made on these methods in
[27].

There are major differences in rough surface scattering
between radar (monostatic) backscattering and the forward
(bistatic) scattering used in reflectometry. The former has a large
difference in horizontal k vector between the incident direction
and the return direction which is opposite to the incident di-
rection [19], [21] The contributions of monostatic radar come
primarily from diffuse scattering due to rough surface features
smaller than or comparable to the wavelength. In the case of
reflectometry, the bistatic scattering direction is in the vicinity
of the specular direction. At a 40° incidence angle, the radar cross
section of a rough surface in the vicinity of the specular direction
is expected to be much larger (∼20 dB) than for backscat-
tering in the L-band, which is typically in the range of –10
to –20 dB). As shown in previous L band studies [27], the
radar cross sections in reflectometry are strongly influenced by
topography in addition to random roughness.

In this article, to investigate the characteristics of surface
scattering at P band near the vicinity of specular direction
(φs from 0◦ to 10◦), in the context of mountainous terrain
as represented in Grand Mesa, Colorado, NKA [26] and
AKS [19] are applied. We use Lidar data collected during
NASA SnowEx 2020 project [20] to derive f2 and f3. The
properties of f2 and f3 are used for the input of Kirchhoff
models.

The rest of this article is organized as follows. We summarize
the AKS model and NKA methods in Section II. In Section III,
we describe the method to extract f2 and f3. In Section IV,
we illustrate the basic results of 30 m patches with various
statistical properties of f2 and various tiling slopes of f3. The
AKS and NKA results are shown to be in good agreement.
In Section V, we illustrate the simulated bistatic scattering
coefficients over Grand Mesa over a range of azimuthal angles.
The bistatic scattering is found to be of significance. Finally,
Section VI concludes the article.

II. SURFACE SCATTERING MODELS

Details of the AKS and NKA are documented in [19] and [26],
respectively. The major characteristics of AKS are summarized

Fig. 1. Land surface represented with multiple scales. Black dash line: Coarse
topographyf3, projection on x-–y plane (e.g., 30 m). Yellow line: f2 + f3, where
the "4 m" in the figure is an example of the correlation length of f2. In this article,
the small scale f1 is ignored due to its smallness compared to wave length at P
band (81 cm).

here. We first describe the representation of land surface in this
model.

As shown in Fig. 1, for the P band, the land surface is de-
composed into two scales: f(x, y) = f2 (x, y) + f3(x, y). The
topography is approximated by deterministic planar patches f3.
Each of the f3 planar patches has definite slopes in the horizontal
(x, y) directions. By approximation, it means that the size of the
planar patch in f3 must be small enough to correctly approximate
the topography. For the results in this article, a size of 30 m x
30 m for a single f3 patch is adequate. Thus, we have a total of
14 400 30 m by 30 m f3 patches within the study area of 3.6
km by 3.6 km. The scales f2 are modeled as random profiles,
superimposed on f3.

Since the study is designed to provide results in support of
an SAR concept with a spatial resolution of about 100 m [17],
the bistatic scattering coefficients for several 30 m patches are
of interest. In this article, we use resolutions of 60, 120, and
240 m to assess the impact of spatial resolution limited by SAR
processing as examples.

In AKS and NKA, we have both coherent field contributions
and incoherent field contributions. The coherent and the inco-
herent are the mean and variances of the field, respectively. In
the main text, we will discuss the incoherent field.

The bistatic scattering coefficient of the scattered field for
right-hand circularly polarized incidence and left-hand circu-
larly polarized scattering for the incoherent component of a
single 30 m x 30 m f3n is given by

γn
v =

cos θi
π

∣∣∣∣Rv(θi)−Rh(θi)

2

∣∣∣∣
2

2πk2
∫ ∞

0

dρρJ0

(
ρ

√
(kdxn + kdznpn3)

2 + (kdyn+kdznqn3)
2

{exp[−k2dznh
2
2n(1− C2n(ρ))]− exp(−k2dznh

2
2n)} (1)

where n denotes the index of the 30 m f3 in the total 14 400
f3 patches within the area, Rv(θi) and Rh(θi) are the Fresnel
reflection coefficients, respectively, for vertical and horizontal
polarization with an incident angle at θi andk is the wave number
for the frequency of 370 MHz. The integral accounts for the
effects of f2 and f3. Inside the Bessel function (J0), the incident
direction is defined by θi and the scattering direction is defined
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by θsn and φsn, the wave vector for the incident and scattering
waves are given as follows:

−→
ki = ksinθix̂− kcosθiẑ

−→
ks = ksinθsncosφsnx̂+ ksinθsnsinφsnŷ + kcosθsnẑ.

The difference is thus given as �kdn = �kin − �ksn. The param-
eters pn3 and qn3 are the slopes of this particular f3(x, y) patch,
accounting for the tilting of f3 patches. They are defined as the
derivatives of f3(x, y) in x and y directions. h2n and C2n(ρ)
are the rms height and correlation function obtained from Lidar
data on this particular f3 patch.C2n(ρ) is constructed with Lidar
data Details on obtaining these parameters from Lidar data are
discussed in Section III.

After the bistatic scattering coefficients are computed for each
30 m patch, γNp

v for each resolution is obtained by the following
equation:

γ
Np
v =

1

Np

Np∑
n=1

γn
v (2)

where γ
Np
v represents the bistatic scattering coefficient for Np

30 m x 30 m patches within the resolution. For 60, 120, and
240 m resolution in this article, Np corresponds to 4, 16, and 64,
respectively. Each resolution will include the contribution from
several 30 m × 30 m f3 patches.

The bistatic scattering coefficient is defined as scattering cross
section per unit area, and thus the incoherent γ is independent
of the observation area.

In AKS we take the ensemble average over f2, which is consid-
ered as a random profile. The averaging is taken “Analytically”
for which “A” stands. The average is taken with an rms height
and a correlation function [23], [24], [25], [26], [28], [29].

To validate the AKS solution, NKA is used. As from paper
[26], the equation for NKA is as follows:

−→
E s =

ik exp(ik(Rt +Rr))

4πRtRr

√
ηPtGt

2π
ps

·
∫

dA′ exp(i
−→
kd · −→r ′)

−→
F (α, β) (3)

where exp(i
−→
kd ·

−→
r′ ) = exp(i[kdx + kdzp3]x

′ + [kdy + kdzq3]
y′ + kdzf2(x

′, y′))
In performing NKA, serval points need to be mentioned.
1) NKA performs the averaging of f2 by the Monte Carlo

method. Realizations of f2 are generated based on the
correlation function and scattered wave from each real-
ization needs to be computed by (3). Thus, results from
NKA show speckle effects. In this article, several hundred
realizations of f2 are used.

2) Averaging is taken over the realizations of the scattered
field results. This is unlike AKS where the averaging is
taken analytically using the correlation function of the
profile.

3) On averaging over realizations, the speckle noise is de-
creased.

Fig. 2. Lidar elevation data (in meters) for the selected 3.6 km x 3.6 km area
in Grand Mesa (39.05 N 108.13 W).

4) In numerical averaging, we obtain the coherent field which
is the averaged field over the realizations. The incoherent
field for each realization is obtained by subtraction of
the mean field from the field. The variance of the field
is then obtained using the incoherent field intensities for
each realization.

5) In NKA, the integral in (3) needs to be performed nu-
merically over the profile. The discretization of the profile
needs to be much smaller than a wavelength. In this article,
we use 5 cm. Since the Lidar profile data f(x, y) data is of
3 m resolution, we use a 2-D cubic spline to interpolate
the lidar profile of f(x, y) into 5 cm. In generating the
realizations, the random profiles are also at 5 cm spatial
discretization.

In both AKS and NKA, averaging is not taken for f3 since f3
representing the topography is deterministic. The bistatic scat-
tering coefficients for multiple patches were previously given in
our paper [19] for the GNSS-R application.

III. EXTRACTION OF CORRELATION FUNCTIONS OF f2 AND

SLOPES OF f3 IN X AND Y DIRECTIONS FROM LIDAR DATA

The properties off2 andf3 presented here are derived from the
ASO L4 Lidar Point Cloud 3-meter Digital Terrain model prod-
ucts. The lidar data were collected over Grand Mesa, Colorado,
USA, during snow-free conditions as part of the NASA/JPL
ASO aircraft survey campaigns [20]. The data set provides a
3 m horizontal resolution elevation map with a 1.7 cm vertical
resolution.

We select an area of size 3.6 km x 3.6 km in dimension as
shown in Fig. 2, which is analyzed for the surface roughness
properties examined herein.

The planar patches of f3 are first extracted. Fig. 3 shows
the fitting of planar patches to the topography. Data in blue are
the lidar data with 3 m resolution while the orange lines are the
fitting to the profile using different patch sizes. Fig. 3 shows that
the 30 m f3 represents the topography very well compared to the
other three larger patch sizes. Larger patch sizes such as 60 m,
120 m, and 240 m introduce significant errors in representing
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Fig. 3. Representing the land surface with different patch sizes. 30 m patch size
is representing the land profile well. Other three larger patch sizes are creating
errors.

Fig. 4. Extraction of surface properties from lidar data. (a) 30 m x 30 m patch
size in the x–y plane, and (b) f3 (x,y) for the 30 m x 30 m patch. The planar
surface is obtained by fitting the lidar data to a patch as in (a). (c) Example of
the 1-D (x) profile from data. (d) Correlation function of the 1-D profile fitted.

the topography. Thus in this paper, we use 30m as the size of
each f3 planar patch size.

The Lidar data is treated as a profile of f2(x, y) + f3(x, y). To
obtain the land surface properties, we conducted the following
steps: First, we divided the land surface with a 30 m x 30 m
patch size in the x—y plane. Fig. 4(a) shows an example of a
patch of f3 from lidar data with a size of 30 m x 30 m in the
x—y plane. The patch of Lidar data is then fitted to a plane of the
same size on the x—y plane, as shown in Fig. 4(b). The planar
patch in Fig. 4(b) is the f3(x, y) for this particular 30 m x 30 m
data, where the patch defines a single value of the slopes in the x
and y directions. The planar patch f3 could be anisotropic with
different slopes in x and y.

After subtracting out f3(x, y), what remains is the profile
f2(x, y). To evaluate the rms height and correlation length, we
interpolate the profile into a 5 cm horizontal resolution. 2-D

Fig. 5. Properties of f2 (x,y) using a 30 m patch size. The upper two panels
show the rms height and correlation length for each 30 m x 30 m patch in the
3.6 km x 3.6 km area.

interpolation over the f2(x, y). Thus, over a 30 m by 30 m patch,
there are 600 by 600 = 360 000 points in f2(x,y). Using these
360 000 points, we calculate the correlation function of this patch
as follows. There are 600 1-D profiles in x and 600 1-D profiles
in y.

An example of the 1-D profile is shown in Fig. 4(c). We
directly calculate the rms height of the f2(x, y) surface for this
patch as h2n. For the correlation function, a 1-D profile in the x
direction is taken as f i

2x(x), i is from 1 to 600. The correlation
function is then calculated directly from this 1-D profile as
Ci

2x(x). The correlation function is normalized with respect to
the peak value. The correlation function in the x direction is
thus obtained by C2x (x) = <Ci

2x(x)> over i. The process is
repeated for each of the 600 1-D profiles in y direction to obtain
C2y(y). The correlation function of this particular f3 is then

obtained by C2 (ρ) =
√

1
2 (C

2
2x(x) + C2

2y(y)) . The correlation

length is thus obtained by C2(ρ) when the value is e−1. Rms
height and correlation length of f2 is provided in Fig. 5 as maps
and histograms. We find that f2 is quite isotropic with only
small difference between x and y. As shown in Fig. 6, the ratio
of correlation lengths in the x and y directions are centered in
the range of 0.9 to 1.1. This is unlike f3 which is anisotropic
and has different slopes in x and y as represented by p3n and
q3n.

To illustrate the distribution of h2n and l2n pairs, a density
plot is generated as in Fig. 7. As can be observed, the typical
values of h2 and l2 are 7 cm and 3.55 m, respectively. Notice
that the input to AKS is the correlation function C2(ρ) rather
than the correlation length l. In this article, we use the extracted
correlation function for each patch. For the area 3.6 km by
3.6 km by 3.6 km, there are 120 by 120 = 14 400 planar patches.
We have extracted 14 400 correlation functions using the lidar
data. We use these 14 400 calculated correlation functions, one
for each patch, over the 3.6 km by 3.6 km area. This approach
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Fig. 6. Histogram of correlation length ratio for x and y directions. It is shown
that most of the ratios lie in the range of 0.9 to 1.1. Showing that the land surface
is close to isotropic.

Fig. 7. Density plot of h2 and corl2 for f2(x,y). The typical number would be
h=7 cm, corl=3.55 m (color scale: Percentage).

thus accounts for the surface inhomogeneity in this particular
3.6 km x 3.6 km study area.

In Fig. 8, the distributions of slopes in the x and y directions
for 30 m patches are shown. It can be observed that the slopes
in the x (east-west) and y (north-south) directions are slightly
different. The slope distribution in y is centered near zero, while
there is a positive mean slope in x, consistent with the elevation
map shown in Fig. 2, which shows a decreasing elevation from
east to west.

For 30 m patches, pn3 has a mean value of 1.2◦ and a standard
deviation of 1.33◦. For qn3, the mean value is 0◦ with a standard
deviation of 1.5◦. For each patch, the x and y slopes are usually
quite different showing that topography is generally anisotropic.
On the other hand, the f2 correlation functions are more isotropic
in the x and y directions. The results here will be used for the
bistatic scattering study with AKS.

IV. BISTATIC RESULTS OF SINGLE PATCHES

In this section, we illustrate the results of single patches.
The bistatic scattering coefficients are studied for the cases
with and without f3 and also for varying distances of patches
from the center of the scene. The set up of the geometry is
provided in Fig. 9 The bistatic scattering is illustrated as a

Fig. 8. Slopes of f3 (x,y) patches with 30 m patch sizes.

Fig. 9. Set up for the scattering geometry. Specular point is the origin. θi, θs
are polar angles for incidence and scattering. φs is the scattering azimuthal
angle. (xt, yt, zt),(xr, yr, zr) are the locations for transmitter and receiver.

function of azimuth angle φs. We use the typical number of
h2 = 7 cm and the correlation function that has the typical value
of 3.57 m correlation length. AKS and NKA are both used. The
permittivity is 5.5+2i. For NKA, a profile of f2 is needed as
input for each realization. We take the Fourier transform of the
correlation function to obtain the power spectrum density and
then generate profiles as input to NKA. The generation of the
surface is discussed in Appendix A. 400 profiles of f2 are used
to generate the second moment of scattered waves. To reduce the
effects of the coherent field, when calculating the variance of the
fields, the patch size is enlarged to 60 m to reduce the angular
spreading of the mean-field. For the f2 only case, φs equals to 0°
is not calculated for NKA due to the large peak from the mean
field. The results in Figs. 10 and 11 are for the case when the
patch is at the center with (x,y) = (00) of the scene. Fig. 10 use
the typical number of pn3 and qn3 slopes while in Fig. 11, an
artificial slope pn3 of 3.4° is used to show the effect of large
slope.

For the effects of f3, we add the f2 onto a tilted patch with
pn3 = 2◦ and qn3 = −1◦, which are typical slopes in this area.
The results of AKS and NKA results are shown in Fig. 10.



40 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Fig. 10. AKS and NKA results for a single patch with and without f3. The
planar patch f3 has a tilting effect.

Fig. 11. Incoherent bistatic scattering coefficients with or without the effects
of large f3 slope. With an artificial slope of 3.5° in x direction, a reduction of 5 dB
is observed. This is to show the effects of a large slope to the bistatic scattering
coefficients.

The AKS and NKA results are in good agreement. Thus the
AKS results are validated by NKA. The effects of slopes are
also shown. The f3 slopes reduce the peak value of the bistatic
scattering coefficients. The f3 slopes can also shift the peak value.

NKA and AKS results are also provided for a case where a
large f3 slope is used. The results are shown in Fig. 11, where
a planar patch f3 with an artificial pn3 value of 0.06 (or 3.4°)
is used, which has small fraction of patches in this area. The
goal is to show the effects of large slope effects on the bistatic
scattering coefficients. A large reduction of 5 dB is observed in
the bistatic scattering coefficients in the near specular direction.
This shows that the topographical slopes have strong effects on
the bistatic scattering coefficients near the specular direction.

We next examine the bistatic scattering coefficients when
the patch is placed at the corner of the observation area with
coordinates (x,y) = (1.8 km,1.8 km). The results are shown in
Fig. 12. There are no significant changes from the case where
the patch is at the center of the scene. This is due to the high

Fig. 12. Bistatic scattering coefficients for 30 m patch at and away from
center(x-1800,y-1800). Due to the smallness of the area compared to the height
of the transmitter and receiver, the incident and scattering direction does not
have major changes. The difference is within 0.5 dB.

elevation of the transmitter and receiver compared to the size of
the observation area.

In Appendix B, we illustrate and discuss the bistatic scattering
coefficients of the coherent fields.

V. BISTATIC SCATTERING COEFFICIENTS OF GRAND MESA

In this section, we discuss the bistatic scattering coefficients
computed using AKS for the entire scene of 3.6 km by 3.6 km.
We use the 14 400 calculated correlations functions, the h2s
and also the pn3 and qn3s, one for each patch. The setup of
simulations is shown in Fig. 9. For the soil permittivity, we use
a value of 5.73+0.73i, which corresponds to a volumetric soil
moisture of about 10%. A local scattering coordinate system is
created with the origin at the center of the 3.6 km x 3.6 km area.
The transmitter is set at the position of (xt, 0, zt) on the geosta-
tionary orbit. The receiver is set at the position of (xr, yr, zr) on
the lower earth orbit. The coordinates on the x0-y plane for the
transmitter and receiver are determined by the incidence angle
(θi) and scattering angles (θs), respectively. The coordinates are
provided as the following: zt = ht , xt = − tan(θi)ht, zr =
hr , xr = tan(θi) cos(φs)hr, yr = tan(θi)sin(φs), the anno-
tations are provided in Fig. 9.

We first study the effects of the azimuth angles in the obser-
vation direction. In the simulation, we set θi = θs = 40◦ at
the position of the center of the area of interest. The bistatic
scattering coefficient of each 30 m f3 is calculated with (1)
using the h2n, C2n(ρ), pn3, and qn3 obtained from Section III.
For azimuth angles, φs is set as 0°, 2.5°, 5°, 7°, and 10° to
calculate γv and γm. We look at the resolutions of 60, 120, and
240 m. The results are obtained based on (2). That means each
resolution needs to average over 4, 16, 64, 30 m x 30 m γvs
within that particular resolution.

Results for γv from (2) for the 3.6 km x 3.6 km area with
60 m x 60 m resolution are illustrated in Fig. 13. As shown in
Fig. 13(a) (specular direction), γv can be as large as 20 dB and is
mostly above 10 dB. It can be observed that in the region around
(1000 m, 500 m), a low γv region is shown. This is mainly due
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Fig. 13. γv (in dB) for 60 m x 60 m resolution over the 3.6 km x 3.6 km area using the results from Figs. 5 and 8. From panel (a) through (e), θi = θs = 40◦,
while φs are 0◦ to 2.5°, 5°, 7°, and 10°. γv decreases as the φs increases. The distribution of γv in dB is in panel f. It can be observed that the peak of γv decreases
as φs increases.

Fig. 14. Cumulative distribution of γv for different resolutions. The distributions are consistent.

to the large slopes for the corresponding region (see Fig. 7). The
slopes of pn3 in that region is larger than the other regions,
reducing the scattered power in the receiver direction. This
reduction is not due to the properties of f2 since the rms height
and correlation length do not show many differences compared
to other regions. The spatial patterns of γv at the azimuth angles
of 2°, 5°, 7°, and 10° are similar; however, γv decreases with the
increase of φs as shown in Fig. 13(f). The peak of the histogram
gradually moves to the lower value bins. But as shown in the
case of φs = 10◦ , about 10% of the patches within the region
still have a value γv above 10 dB.

To further compare the effects of different resolutions, the
cumulative distribution of the bistatic scattering coefficients is
presented in Fig. 14. Azimuthal scattering angles of 0°, 5°, and
10° are provided with different resolutions. It is shown that the
3 resolutions are consistent with each other.

For a given radar system, the swath of measurement and the
ability to detect the signal is determined by the gain pattern of
the receiving antenna. High-gain antennas usually have small
beam width, which makes the footprint on land (swath) small,
while antenna with smaller gain will have a larger swath. For
a given SNR, the large value of γv reduces the requirement of
antenna gain, which allows a broader swath on land.

VI. CONCLUSION

In this article, we study the bistatic scattering coefficients
for the mean and variance of the bistatic scattered field near
the specular direction for P-band frequencies. Simulation pa-
rameters are obtained from the Lidar measurements over Grand
Mesa. 30 m planar patches f3 size is an appropriate choice for
approximating land topography in Grand Mesa. Using the lidar
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Fig. 15. Power spectrum density before and after truncating at 2.1, corre-
sponding to 3 m of the lidar resolution.

Fig. 16. Profile from lidar data and Wk generation.

data, we calculate the correlation function of f2 for each 30 m
by 30 m patch for the 3.6 km by 3.6 km scene. AKS results
are calculated for each 30 m by 30 m patch using the 14 400
calculated correlation functions.

Simulation results show that γv is of the highest significance:
the value can be as large as 10 dB over a wide range of azimuth
angles. The value decreases as φs increases but can be still sig-
nificant with a value greater than 0 dB. Results show significant
values of γv within 5° to 10° in azimuth from the specular
direction, which will lead to a generally high SNR for SoOp
reflectometry over a range of cross-track distances (swath),
which is proportional to the feasible range of azimuth angle.
The choice of f3 can be adjusted based on the topography as
f3 are planar patches that approximate the topography. The size
of f3 can be larger when the topography has smaller slope than
Grand Mesa. The size of f3 can be smaller when the topography
has larger slope than Grand Mesa. The same AKS model can
still be applied for such cases.

APPENDIX

A. Generation of Profiles for NKA

We discuss the generation of random profiles f2 based on the
correlation functions. The correlation function obtained from
Lidar data is symmetrical in the x and y directions. We thus
perform a 2-D Fourier transform to obtain the power spectrum
density of the surface. Since the resolution of Lidar data is 3 m,
Wk components that are greater than 2.1 is ignored. With the
Wk, we follow the method in [30] Chp.4 to generate the random
profiles of f2(x, y). Examples of Wk and generated random
profiles compared with Lidar data are shown in Figs. 15 and 16,
respectively.

Fig. 17. Bistiatic scattering coefficient of mean field vs different φs(
◦) patch

sizes.

B. Results of Mean Field

The coherent field gamma is given in (B1).
For the mean field of each f3 patch, the bi-static scattering

coefficient is provided as follows:

γn
m =

cos θi
π

∣∣∣∣Rv(θi)−Rh(θi)

2

∣∣∣∣
2 ∣∣∣∣kL exp

(
−k2dznh

2
2

2
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[(
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)
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2
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2
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2

(B1)

where the term exp(− 1
2k

2
dznh

2
2) account for the decay due to

surface roughness. The sinc functions account for the beam
width and the direction of the mean field.

In the comparison of (1) and (B1), it can be observed that γv
is independent of area, however forγm, it is a function of the
area. γm thus

1) increases with area;
2) becomes exponentially small with the increase of h2;
3) is sharply peaked in the specular direction with decreasing

angular width as observation area increases;
4) decreases sharply when there is a tilting due to f3 because

the receiver is away from the specular direction of patch
f3.

Fig. 17 shows the scattering pattern of the mean field from
AKS and NKA. Only f2 is calculated with the profiles placed in
the center of the observation area. Different patch sizes of 30, 60,
and 120 m are used. The rms height and correlation function used
is the same as in Section IV. As stated previously, the bistatic
scattering coefficients of the mean-field are proportional to the
area in the specular direction. The angular width of the mean field
is also sharpened as the planar patch size increases.. The inclu-
sions of bistatic scattering coefficients of coherent field need to
be considered together with the instrument characteristics of the
receivers of P band reflectometry.
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