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Abstract—The spaceborne aperture radar (SAR) technique
based on a combination of P-band signals of opportunity (SoOp)
reflectometry with a sparse array of receivers at low earth orbits
(LEOs) and transmit signals from the United States Navy’s Mobile
User Objective System operating on a geosynchronous altitude
has been analyzed. The design focuses on the forward-looking
geometry near the specular direction, which allows a high surface
reflectivity, in order to obtain adequate signal-to-noise ratio (SNR)
with amoderate receiving antenna gain. The sparse array is utilized
to sharpen the across-track resolution and reduce the iso-range
ambiguity. The formulation for match filtering and illustrations of
point target response are presented. This work shows that an array
of five to seven receivers is able to achieve an across-track resolution
of about 200 m in the outer portion of swath and about 1 km in the
center part of swath. The along-track resolution can reach 10 m
or better due to the feasibility of a long dwell time for Doppler
filtering. We find that the sparse array allows the reduction of the
iso-range ambiguity to a level of lower than 5% for a major portion
of swath, ~70% or greater depending on the number of receivers
and spacing. We have completed an SNR formulation, which can
consistently account for both coherent and incoherent scattering
regardless the spatial resolution. An analysis of SNR based on the
Kirchhoff approximation for rough surface scattering has been
performed. We find that it is possible to obtain a swath width of
100 km with an SNR of 5 dB or better for a constellation of seven
satellites with a receiving antenna directivity of 15 dBi at a LEO
altitude of 675 km for a wide range of surface roughness. Our study
suggests the promise of the SOOpSAR concept for high-resolution
remote sensing of land surfaces.

Index Terms—Bistatic radar, P-band, signals of opportunity
(SoOp), snow, soil moisture, synthetic aperture radar (SAR).

I. INTRODUCTION

IGH-RESOLUTION (a few hundred meters) remote sens-
H ing of root zone soil moisture (RZSM) and snow water
equivalent (SWE) is critical for modeling of land surface hy-
drological processes and applications to water resource man-
agement, precision farming, and flood monitoring. SWE is the
effective water depth should the snow completely melt away.
Despite their importance, SWE and RZSM are two of the least
measured hydrologic states in the earth system, in part due to
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the challenges of required space technologies with large antenna
apertures and, hence, large satellites for support.

The current technology for high-resolution remote sensing of
RZSM is based on the P-band synthetic aperture radar (SAR)
technology. A radar mission concept using a 30-m-diameter
mesh reflector with phase array feeds was proposed to achieve
a spatial resolution of 1 km [1]. The European Space Agency’s
(ESA’s) BIOMASS mission with a swath width of about 50 km
and a resolution requirement of 200 m based on the P-band
SAR technologies will have potential to provide the RZSM [2],
[3]. SAR technologies have also been considered for a high-
resolution remote sensing of SWE. The satellite mission COId
REgions Hydrology High-resolution Observatory (CoReH20)
was assessed by the Earth Explorer Programme of the ESA for
an extended phase A study from 2007-2012 [4]. The proposed
sensor for CoReH20 was a dual frequency SAR, operating
at Ku-band (17.2 GHz) and X-band (9.6 GHz), VV and VH
polarizations, with a swath width of about 100 km and a spatial
resolution in the range of 100 to 500 m for various scientific
applications. The Airborne Snow Observatory [5], an airborne
imaging spectrometer, and a LIDAR can provide a survey of
snow depth, but is limited to an airborne platform for regional
coverage. Interferometric SAR based on the differential propa-
gation delay of microwave signals through snow has also been
demonstrated for high-resolution imaging of SWE at C-band
frequency [6], L-band [7], and X-/K-band [8]; these frequency
bands are much more affected by vegetation cover than P-band.

However, the United States (US) Department of Defense has
worked with the International Telecommunication Union (ITU)
to designate the US Space Objects Tracking Radar as the primary
user of the 435-MHz band. This change has restricted future
spaceborne P-band earth remote sensing radars, such as the
ESA’s BIOMASS mission [2], [3], from operating over North
America and most of Europe.

Signals of opportunity (SoOp) technologies for land and
ocean remote sensing have been gaining popularity in the past
three decades. The use of global navigation satellite system
reflectometry (GNSS-R) signals at L-band (L1 = 1.57542 GHz)
for surface soil moisture retrieval has been demonstrated by field
campaigns [9]-[13]. Demonstration of spaceborne GNSS reflec-
tivity dependence on surface soil moisture has been performed
based on TechDemoSat-1 data in [14]-[16], in SMAP-R [17],
[18] (at L2 = 1.2276 GHz), and the data from the National Aero-
nautics and Space Administration Cyclone Global Navigation
Satellite System (CYGNSS) mission [19]-[21].
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The spatial resolution of GNSS-R is limited by the bandwidths
of Doppler shift and GNSS transmit signals [22]. The spatial
resolution of CYGNSS or TechDemoSat-1 using onboard pro-
cessing methods for generation of delay-Doppler map (DDM)
can reach a few kilometers if the coherent scattering dominates
[23], but will be limited to 20 to 30 km if the incoherent scattering
by the surfaces has a more significant contribution [22], [24].

In addition, GNSS signals at L-band have limited penetration
into soil and forest canopies. A complementary frequency band
is the signal from the US Navy’s Mobile User Objective System
(MUOS), a communication satellite system operating at P-band
frequencies [25]. There are four operational MUOS satellites at
geosynchronous altitudes, providing global land surface cover-
age. Each satellite broadcasts dual-frequency channels at P-band
(360-380 MHz and 240-270 MHz).

The use of P-band SoOp from MUOS has been receiving
increasing attention for soil moisture sensing and other land
hydrology elements [26]-[36]. Field experiments and theoretical
modeling to test the applicability of P-band SoOp for snow
water storage and soil moisture have also been investigated.
However, P-band reflectometry will have the same spatial res-
olution limitations as the L-band GNSS-R, depending on the
dominant surface scattering mechanisms, coherent or incoherent
[371, [38].

With the objective of achieving a high spatial resolution,
regardless of scattering mechanisms, we have completed a study
to assess the potential of a low earth orbit (LEO) based receiver
constellation concept based on the MUOS transmit signals and
the multistatic SAR concept [39], which is applied in our re-
search to address the iso-range ambiguity in the GNSS-R DDM
[22], a key issue for the forward-looking geometry.

In this article, we describe the P-band SoOp SAR (SoOpSAR)
concept in Section II. The constraints on Doppler bandwidth
and integration time are discussed in Section III. A parametric
performance is presented to illustrate the spatial resolution,
iso-range ambiguity level, and signal-to-noise ratio (SNR) in
Section IV. We analyzed the characteristics of MUOS signals, in
particular to determine the potential effects of range ambiguities
due to a certain temporal repeatability of MUOS coding in
Section V. Two key technology issues related to timing of signal
detection and formation flights are discussed in Section VI. A
summary is given in Section VIL.

II. SOOPSAR CONCEPT

The SoOpSAR, operating near the specular reflection direc-
tion for maximal SNR, can be combined with a sparse array
of receivers to achieve a high spatial resolution, a reduced
ambiguity level, and an improvement in SNR (see Fig. 1). Using
multiple receivers flying in formation offers the possibility for
the differentiation of true target location and its ambiguity.

For simplicity of the concept illustration, we let ¢ = 0° in
Fig. 2. For the receiver moving with a velocity of v along the
x-axis, the ambiguous position of a target located at (x.,y.) is
(x¢,-yc), indicated by the red open circle in Fig. 2. Even after the
receiver has moved by vr along the x-axis, the ambiguity stays
at the same position in y although the dimension of iso-range
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Fig. 1. SoOpSAR concept based on a sparse array of receivers to detect

reflected signals from the MUOS. The flight direction is off the incidence plane
by an angle ¢ in azimuth. (Upper) an illustration of incidence and receiving
geometry; I;:i is the unit vector for incident wave from transmit satellite; l%sm is
the unit vector of reflected signal toward the mth receiver. (Lower) a projection on
the horizontal plane with inclusion of iso-range and Doppler contours. Range
compression and Doppler filtering will lead to a pair of location ambiguities
(blue slices).
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Fig.2. Ambiguities of signals from two receivers appear in different locations.
The case of ¢ = 0°isillustrated here. The iso-range contours are located by solid
lines for receivers at time = 0 s. After time = 7, the receivers with a velocity of v
have moved by v and the dimension of iso-range contours indicated by dashed
lines has changed.

contours has changed (solid red line versus dashed red line). For
the other receiver located at (0,y,,) and also moving in parallel to
the x-axis, the ambiguous position is (x.,-y. + 2y.,), indicated
by the black open circle. As shown, the ambiguities in the signals
received by the two receivers are offset from each other by
2y., along the y-axis. If the relative phase difference between
the reflected signals from the ambiguity (x,, —y.) into two
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Fig. 3. Geometry of SoOp radar.

receivers is close to 180°, then we can use the signals from two
receivers to isolate the target by coherently combining signals
from two receivers to suppress the ambiguity. However, some
target locations cannot be distinguished from their ambiguities
when the relative phase difference is close to 0°, same as the
signal from the target. Introducing an array of receivers will then
allow the reduction of ambiguous signals over a larger portion
of swath in the y-direction.

A. Observation Geometry

The geometry of observation is related to the transmit and
receive positions as well as the related surface specular point
(see Fig. 3). From the local incidence angle (¢) and the altitudes
(H; and H,) of satellites, we can compute the range of satellites
to the center of the imaging area (see Fig. 3). For simplicity, we
assume a spherical earth to illustrate the concept without loss
of generality. The equations linking the ranges and angles for
transmit are

ROtSine = (Ht + RE) sinft (1)
ROtSiH Glt = RE singt. (2)
Then
. Rg :

O =sin! [ ——=—sind ). 3
1t = sin <E+REml) (3

We can compute &; using the following equation:
gr = 0- 0lr~ (4)

Therefore, the range from the transmit satellite to the center
of imaging area is

sin

Ry = (Hy + Rip) 228 )
sinf
Similarly, for the receiving geometry
R

0, = sin ! (HTJrERE sin 9) (©6)
Er = 0- Hl'r’ (7)

siné,.
Rop = (Hy + Rp) 225 ®)

sinf
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For simplicity, we will assume that the transmit satellite is
stationary; this is a reasonable approximation for the MUOS
satellites at the geosynchronous altitude, which move slowly
over time. Hereafter, we will focus on the motion of receiving
satellites for SAR image formation in the rest of this article.

Each SoOpSAR satellite has two antennas with one (earth-
viewing) pointing toward the land surfaces for recording re-
flected signals and the other one toward the MUOS satellite
to record a copy of the transmit signal for subsequent match
filtering processing (see Figs. 1 and 3). The antenna for the
transmit signal from MUOS will be denoted as the “direct”
antenna.

B. Modeling of Reflected Signals

Let us represent the transmit signal by

Er(t) =+/Pra(t)e? /et )

where a(t) is a narrow band signal, f, is the center frequency,
and Pr is the transmit power.

The reflected signal received by the earth-viewing antenna of
the mth satellite receiver can be a straightforward generalization
of the expression indicated in [24]

B (0= [90)70a (-

—ik(rim+r2)
e o
P — L I T
T1m7T2

where the wavenumber is k = 2&

- and A is the wavelength at
the center frequency (f.). v(7) accounts for the bistatic surface
scattering.

For the Kirchhoff approximation (KA) of surface scattering

[37], [38]

Tim + 72
c

(10)

(1)

where 7y is related to the Fresnel reflection coefficient for incident
polarization “«” and scattering polarization “(.” The scattering
coefficient Fjg, is given in Appendix A.

The shape of transmit signal is denoted by a(t) with a unity
power. For a transmit signal with a bandwidth of B, the power
density of a is 1/B. r1,, and ry are the distance from 7 to the
receive and transmit satellites, respectively. Then, g(7) accounts
for the antenna patterns of transmitter and receiver, G and G,

respectively, as well as the transmit power

 PrGr (7) Gg (T)

v :Fﬂa

)= 1 . 12
g (r)=1 p (12)

The distance from the mth receiver to 7 can be expressed as
Tim = ‘fsm - 7:‘ (13)

where 7, is the position of the mth receiver at time ¢ and is
related to the velocity vector of satellite characterized by v,,
and initial position (7s,0)

Tsm = Tsmo + Uml. (14)
Let us further denote the relative position vector at # = 0 by
15)

1m0 = Tsmo — T
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and the relative distance by r1,,0. If 71,0 > v, t, we have the
approximation

T1im = T1mo + flmO : ﬁmt- (16)
Representing the Doppler shift by
1m0 * Um
Jom = —=0— (17
we can approximate the expression of received signals by
_ _ Tim + T2
B (0= J9() (a (1- 22212

—ik(rimo+r

e~ Mrimotrs) ei2m(fetfom)t g7 (18)

T1m0o7T2

For the receiver located in the middle of array (see Fig. 1),

which is on the x—z plane, let us specify its location by
Tso = Ror (—sinfi + cosfz) . (19)

Let the other receivers be displaced from the middle receiver

with the initial position of the receiver indicated by
Tsm0 = T'so + Afnr (20)

The distance from the middle receiver to a point on the
horizontal plane, ¥ = zz + yy, is

T1=|fso—f‘ . 21
Assuming r1 > |A7,,| and ||, we have
Ts0 * AT,
Timo =11+ ————
1
1 Tso - ATy [P| T AT,
+— [(AF,)? — |2 ] - - (22)
27y r1 ™
Let
Foo - ATk Fao - AT |°
G = k=2 L 2 (AF,)R — [ (23)
T1 2’[“1 T1
We obtain
_i¢7n r r Tlm + 7'2
By (f) =" g (r)7(r)a(r- "ot
—ik(r1+r AR
e ) 6i27r(fc+fDm)tezk%df. (24)

rir

The last term in the integral provides a change in phase due
to the offset of the receiver position from the central plane and
will allow a focusing using data from multiple receivers.

For simplicity, if all receivers are positioned on one line, i.e.,
A T, =y, ¥, we obtain the following approximation by a
Taylor series expansion to the second order:

!

T1imo = 11 + ¥y, sinfsing — YpYm
Or
Y2
+ =2 (1 — sin®@sin’¢) (25)
ROT
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Fig. 4. Data divided into time windows of N receiver gates for processing.
Each receiver gate can be considered as a slow time.

where
y, =y (1 —sin’@sin’*¢) + 2'sin®fsingcosg. (26)

Substituting the aforementioned equations into (24), we have

B - B T1m + 72
By (t) = 7% [g(F)y(7)a (t‘ c)
—ik(ri+rz) Y
« 67el271'(fc+fDm)telk%d?7 (27)

rir2

where
2
bm = k |y,,sinfsing + ]z—m (1- sin2981n2¢)} (28)
Or

This equation is a straightforward generalization of the signal
model described in [24] with the addition of a phase term in the
integral resulting from the displacement of the mth receiver off
the incidence plane of the middle receiver. The phase term has
a linear dependence on %/, which will allow for the sparse array
processing to sharpen the spatial resolution in the 3’ direction
and can be used to reduce the level of ambiguities denoted in
Figs. 1 and 2.

The motion of spacecraft introduces a Doppler shift in the
reflected signal. For simplicity, let us assume that all receivers
are moving in parallel with the same velocity vector along '
(see Fig. 1)

Uy, = v (cos&, 2 + sing,.2) . (29)
Under the assumption that Ry, > x and y, we have
fmp = % sinfcosg,.cosg + C](;Sf: 2’ — cosfsiné, 30)
where
' = xcose + ysing. €1))

Note that the Doppler shift does not depend on the cross-track
position (y') near the center of observation geometry. For a target
located far away from the =’ — z’plane, there will be a quadratic
dependence on ¢/, and the iso-Doppler lines will be hyperbolic,
rather than parallel to each other, as depicted in Fig. 1.

C. Match Filter Processing

The reflected signal can be recorded continuously and divided
into short consecutive time segments (to be denoted as receiver
gates) for data processing (see Fig. 4). The steps of receiver gates
represent a slow time; for a short receive gate (7',), the Doppler
frequency change within the receiver gate can be considered
negligible.

Let us perform a match filtering of the data collected during
the nth receiver gate with focus on a point located at 7, = x. & +
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Yely

(n+1)Ty,
Crm = [ a <t

nTy,

1 Time + T2¢
T c

ek (rimoctrac) =27 (fetfom (Tt () dt. (32)

Here, we assume that the transmit waveform can be derived
from the direct signal with negligible noise. The impact of noisy
transmit waveform will be addressed later in Section I'V in terms
of interferometric processing loss (IPL).

Substituting (27) into the aforementioned equation, we obtain

e*ik[(ﬁmo—i-rz)*(ﬁ moctT2c)]

Crm = fdfg (7:)’7 (’F)

T1moT2
Tiw (n:iiT“’a <t — f) a (t - Ji) (2T Dmtgy (33)
where
R =7rim +12 (34)
and
Re = rime + T2c (35)

I'1moc and ro¢ are 1,0 and ro evaluated at 7. =T, respectively.
For the Doppler shift, we have

AfDm = fDm (7:) _fDm (fc)~

If the Doppler shift within one receiver gate (7,,) is negligible,
1> TwA fpm, we can pull the Doppler-related part out of the
time integral with ¢ = nT,, to allow the isolation of range
compression

(36)

e*ik[(rlmo +7r2)—=(r1moc+r2c)]
Crm = [drg () (T)

T1moT2

ezQTrAfDmnTw anp

(37N

where the range compression term is expressed as

(n4+1)T,,
Rymp = L [ alt-— E alt— & dt. (38)
Ty aT, c c

Assuming Ry, > x,y, x., y., we obtain

e tk[(ridra)—(rict+rae)l

Cnm = [dr g ()~ () .

ik(‘ylgypc>y;n 2 A T
e or 2T Afpmn “ Rymp- (39)

The complete match filtering processing includes two addi-
tional summations to account for the Doppler filtering and sparse
array processing

S (QTC, yc) =

(40)

1
YA 3> AnCrm.

M, and N, are the total number of terms for averaging.
The summation over n is for Doppler filtering, whereas the
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summation over m is for the sparse receiver array processing.
The weighting factor A,,, can be adjusted to weight the signal
from each receiver to tradeoff resolution and sidelobe levels

e*ik‘[(rl +r2)—(r1c+7r2e)]

S (@e,ye) = [dr g (7))~ (7) Prr.
(41)
In the aforementioned equation, Pr can be identified as the

point target response

rir2

w 2T AfDm (T,Te)nTw Rump (42)
where the Doppler shift is
veosE, [a —
el @)

1) Range Compression: Expressing the integral using the
frequency spectrum of a(t), we have

R—

1 —jw B=Lic
Rump = 5~ JA (W) e =" dw.

(44)

Let us assume that the transmit signal waveform has a band-
width of B and a flat power spectrum with |A|? = £ ; therefore,
the response function for range compression is

sin(wx)

R—- R,
c .
Here, sinc(z) = ==
For Ry, > x,y, 2., Y., vt, we can obtain the following ap-
proximation:

Rymp = sinc <B 45)

vcos&,nT, Yy = Ype)Ys
R o Rc g _ s w / o ! o P pc m
ROT‘ (x xC) ROT‘
1 (Ror + Ro 2 2 2 2 2
- ——— — 0 — .
+ 2 ( RorRo¢ )[(a: IC) cosiT (y yc)]

(46)

The first term is due to the motion of receivers. The second
term due to the offset of receiver position will introduce a phase
offset off the focus. “y;,.” is “y,” are evaluated at the location
of focusing. The third term will produce a range compression
response with equal value on iso-range contours, depicted as
concentric ellipses in Fig. 1.

2) Near Focus Approximation for Prgr: If (x,y) is near the
focal point (x.,y.), the first two terms can be neglected, and
hence, R,,,,,; does not depend on n and m

Rymp =R, . 47)

Note that the Doppler filtering will focus the energy mostly
near x = z. ; therefore, the neglection of the first term will
nominally introduce relatively small errors after the Doppler
filtering. Should the sparse array be applicable to reduce the
energy near the ambiguity, then the neglection of the second
term can also be justified.

The point target response of the SOOpSAR with an array of
receivers can then be approximated by the product of three terms:
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range compression ([2,,), Doppler filtering (D)), and array factor

(A,) of the sparse array
Prr = R, DyA,. (48)

We can carry out the integration or summation of each term
separately. The Doppler filtering can be expressed as

1
D, =
P oON+1

N
Z 27 om (P)=fom (Fe)InTw (49)
n=-N

We then have
D — 1 sin(r (2N + 1) T,Af)
PTaN 41 sin (mTwAf)
with the total integration time 7= (2N + 1)Ty,.

If T,,Af < 1, the summation can be approximated by an
integral with an integration time of T

(50)

13, 4
D, (x) = T f ei2mfpto=i2nfpet gy
. v cosé, (¢ — )
= T ——r e el 51
sinc { ; o (51)

We can also introduce the normalized array response function

M
1 K y,’m ’ ’
Ay = — At (v =ve) 2
P m;M me' T (52)
M
M= Y An. (53)
m=—M

For a uniform weighting and spacing, i.e., A,, = landy,, =
mA, the array factor will be

sin ((2M + 1) B)

A, = 4
P (2M + 1) sinp (>4)
where
TA
B = " Ro, (W = Uhe) - (55)

For a relatively long integration time, the spatial resolution of
the point target response along track (x) is primarily controlled
by the Doppler filtering based on (51)

)\'ROT
0r &2 ——Fr.
Tvcosé,

The across-track resolution (§y) is determined by a combi-
nation of range compression and focusing of the sparse array
factor. From (45), the slant range resolution due to the range
compression is

(56)

g

B
The associated across-track resolution due to range compres-
sion is then determined by the third term in (46). When the
point of interest is close to the center of swath (i.e., y.~0), the

across-track resolution (dy) due to range compression is

2 2AROT‘ROt
V. Ror + Roi

(57)

oy = (58)

2801

If the point of focus is far away from the central plane, then it
can be derived from the third term in (46) by letting y ~ y. and
0y = Y —Ye

~ ARo-Ro
YT (Ror + Rot)

This indicates that the spatial resolution resulting from the
range compression will improve as the focal point (y.) moves
further off the x-axis.

The focusing effect of the sparse array of receivers is ap-
proximately proportional to the total width of the array, D, =
(2M + 1)A, based on (54)

(59)

~ )\'RO’I'
=D
We find that the across-track resolution is limited either by the

range compression, (58) or (59), or by the antenna array factor,
(60).

oy (60)

III. DOPPLER BANDWIDTH AND INTEGRATION TIME

The maximum coverage area is determined by the width of
receiver gate T),. From the iso-range equation, the width of the
illuminated area across track is

/ R Ror
W, = 24/2cTy ———F7— (61)
. Rot + Ror
and the along-track width is
W,
W, =—%L. (62)
cost

Fig. 5 shows that the width (W,) can reach 500 km for a
receiver gate width of 0.1 ms based on the parameter values
indicated in Table I. It can also be seen that the dimension of
coverage along flight direction (x) can be several hundreds of
kilometers. Given the ground track speed of LEO satellites (V,),
about 7 km/s, the large along-track coverage allows a long dwell
time. The nominal ground track velocity is about 6.7 km/s for a
LEO satellite, and hence, the allowable dwell time, ~W,, divided
by Vg, will be >10 s, for points within the area covered by one
receiver gate.

The Doppler bandwidth of the reflected signal within the
coverage area is

v Wycosp

foB = % R,

Fig. 6 indicates an increase of the Doppler bandwidth versus
receiver gate width, and a decrease of the sampling frequency
(1/T,). To resolve the Doppler shift, a nominal criterion is to
choose the sampling frequency to be at least 2.3 times of the
Doppler bandwidth

cosé,.. (63)

1
— > 2.3/pB-
= > 23fon

w

(64)

From the intercept of black- and red-dashed lines, it can be
determined that the receiver gate width should be 0.1 ms or
shorter in order to meet this criterion.
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Left panel: Area of coverage for the signals detected during each receiver gate. Dashed lines indicated iso-Doppler lines and solid ellipses indicate iso-range
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TABLE I
KEY DESIGN PARAMETERS
Parameters Characteristics
MUOS altitude, H; 35,786 km
MUOS EIRP or (P.G/) 43 dBW
SoOpSAR Receiver altitude, H, | 675 km
Number of receivers 3to 13
Receiver spacing, A 100 m
Center Frequency 360 MHz
Bandwidth (B) 20 MHz
Integration time (7) Up to ~10 seconds
Antenna gain (G,) for the Earth- | 15 dBi
viewing antenna
Half power beamwidth of the 25 degrees
Earth-viewing antenna
Receiver noise temperature (7ys) | 290 K
for reflected signals
Peak antenna gain of the direct 6 dBi
antenna
Half-power beamwidth of the 60 degrees
direct antenna (deg)
Receiver noise temperature for 100 K
direct signal
Interferometric processing loss 3dB

Note: IPL is due to the use of direct signal for range compression.

However, we need to be cautious that the iso-range equation
defined by an ellipse is only accurate if the dimension of ellipse
is much smaller than R,- and R y;; this is the assumption for the
derivation of the quadratic phase term in (46). We can choose a
smaller range gate of 0.01 ms, the width of illuminated area in
y remains quite large, around 200 km indicated by Fig. 5.

IV. PERFORMANCE ANALYSIS

A. Spatial Resolution

The spatial resolution of SOOpSAR is defined by the Doppler
filtering, range compression, and the array of receivers, not

50
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— Doppler Bandwidth
-~ 2.3*Doppler Bandwidth
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Fig.6. Doppler bandwidth of the reflected signals detected within the receiver
gate. Doppler bandwidth (red solid curve); 2.3 times of Doppler bandwidth (red
dashed line); and sampling frequency, 1/T, (black). The curves for sampling
frequency and 2.3 times of Doppler bandwidth cross over at the receive gate
width of about 0.1 ms.

by the radius of Fresnel zones, nor by the surface scattering
processes. The SOOpSAR uses the nominal definition of spatial
resolution for radar remote sensing with the region enclosed by
the 3-dB contour.

Here, we use the parameters outlined in Table I to illustrate the
potential performance of SOOpSAR. The angle of incidence ()
at the center of imaging area is 45°. The receivers are assumed
to be moving on the x—z and parallel planes with a flight velocity
of 6.7 km/s.

The SoOpSAR concept can be visualized by illustrating the
results of each step of data processing. The range compression
(Rymp) with n = 0 and m = 0 of the reflected signal from a
point located at (x.,y.) = (0 km, 15 km) produces an elevated
elliptical ring (left panel of Fig. 7), corresponding to an iso-range
contour (see Fig. 1). Applying the additional Doppler filtering
(D,) reduces the response off the plane defined by x = z.
(middle panel of Fig. 7), resulting in two major ambiguous sharp
peaks. One of the sharp peaks corresponds to the target position,
whereas the other peak is the iso-range ambiguity located at
y = —y.. These two peaks with the same Doppler frequency
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factor along track at y, = 15 km. The integration time is 0.5 s, rather than 2 s,
so that individual sidelobes can be distinguished in the chart.

and delay cannot be separated in delay and Doppler. The right
panel of Fig. 7 indicates that the array factor can reduce the level
of range ambiguity (mirrored with respect to the plane of flight).

The along-track response after range compression and
Doppler filtering is illustrated in Fig. 8. The spatial resolution
achievable from the range compression is about 11 km (3-dB
threshold in the red curve). The Doppler filtering with an inte-
gration time of 7= 2 s allows the sharpening of spatial resolution
to about 50 m in 3 dB from the peak. As discussed earlier, the
dwell time can reach afew to 10 s. Therefore, a longer integration
time of 10 s can be used to improve the along-track resolution
to 10 m.

The across-track response for an array of five receivers is
illustrated for three cases (see Fig. 9). For the target located
in the middle of swath (y, = 0 km), the width of range com-
pression produces a 3-dB width of about 10 km. The resolution
of Prr in this case is determined by the array factor (upper
panel). For a target located at y. = 10 km, the array factor
and range compression have comparable impact on resolution
(middle panel). In this case, the amplitude of range ambiguity at
ve = —10 km reduces to about —20 dB by the array factor. For a
target further off the central plane at y. = 25 km (lower panel),

the resolution of Prg is essentially determined by the range
compression. We find that the combined effects of the array
factor and range compression can improve the spatial resolution
and reduce the ambiguity level.

However, there are locations where the ambiguity level at
y = —y. cannot be reduced. Due to the nature of a sparse array
with the spacing between elements to be much greater than one
wavelength, there are many aliases in the array factor (black
curves in Fig. 9). The spacing between the adjacent aliases in
the sparse array pattern is

)"ROT
A

Given the spacing of A 100 m and the values of other
parameters used for the illustration in Fig. 9, the spacing of
adjacent aliases is about 7.2 km. When the location of range
ambiguity and one of the aliases coincide, the ambiguity level
cannot be reduced by the array factor

da

. (65)

1

—Ye = Ye — mdg (66)

where m is an integer. Therefore, the specific locations are given
by

(67)

Fig. 10 provides an example of the point target response for a
target located at y. = 15 km, which is very close to a multiple
of §,= 3.6 km. In this case, one of the array factor aliases is very
close to the location of the mirrored iso-range ambiguity with
the peaks of black and red curves close together.

Based on the point target response, we can evaluate the level
of the “mirrored” ambiguity level (y = —y.) for a given point
target located at y.. An integration of | Prr | was carried out
over * four times of the spatial resolution at the focal point and
the mirrored location. The ratio was taken and defined as the
ambiguity to signal ratio (ASR). We find that the ASR level for
many ambiguities can still be low. The ASR levels will reduce
with the number of receivers (see Fig. 11). With more than five
receivers, a major portion of the swath can have an ASR value of
lower than 0.05. Table II shows the percentage of swath that can
reach below such a threshold for two different receiver spacings
and two different ASR thresholds.
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Fig. 9. Point target response for an array of five receivers across track at x
= 0 km for a point target located at x, = 0 and y. = 0 km (upper panel), y.
= 10 km (middle panel), and y. = 25 km (lower panel). The spacing between
adjacent receivers is 100 m.

As the number of receivers increases, the portion of swath with
ASR < 0.05 (or 0.1) increases. It is found that a smaller spacing
between receivers is better for a reduced ambiguity level, but the
spatial resolution in the central portion of swath will degrade, as
indicated by (60). An ambiguity ratio level of < 0.05 for about
70% of the swath is achievable with seven receivers and A =
50 m, and the percentage can reach 87% for ASR < 0.1.

The spatial resolution, defined as the half-power width of the
Prr, with respect to the number of receivers is illustrated in
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Fig. 12. The along-track resolution for an integration time of
2 s is about 50 m (orange dashes). A longer integration time of
10 s will reduce it to 10 m. The across-track resolution near the
central portion of swath depends on the number of receivers,
i.e., the total aperture width of receiving antennas (D), and can
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TABLE II
PERCENTAGE OF SWATH WITH AN ASR VALUE OF LOWER THAN 0.05 OR 0.1
# of Percentage of swath Percentage of swath
receivers | for A=50m for A=100m
ASR<0.05 | ASR<0.1 | ASR<0.05 | ASR<0.1
3 26 43 16 36
5 53 78 40 65
7 72 87 55 73
9 75 91 63 78
11 79 94 67 82
Integration Time=2 sec
3000 T T T T T T
2800 I 3 Receivers (Across Track)
o 5 Receivers (Across Track)
2600 N 7 Receivers (Across Track)
2400 —— 9 Receivers (Across Track)
r 11 Receivers (Across Track)
2200 L 13 Receivers (Across Track)
~ 2000 Along Track
E L
£ 1800 / \\
2 L ]
Z 1600 / \ 1
£ 1400 | / A \ 1
E 1200 |- _,,/ N 1
# 1000| i A 1
800 /- > 1
600: . / \ . ]
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Fig. 12.  Spatial resolution of a point target versus cross-track distance. The
spacing of receivers is 100 m and integration time is 2 s. The along-track
resolution is about 50 m (orange dashes).

reach 500 m with 13 receivers and 1 km with 7 receivers. The
across-track resolution improves with an increasing cross-track
distance. At the far swath, itis dictated by the range compression,
reaching about 200 m at 50 km off the center of swath. Based
on (59), the resolution can reach 100 m at 100 km off the center
of swath, not shown in the figure.

B. Signal-to-Noise Ratio

The formulation and expressions of SNR for reflectometry
have been established by Alonso-Arroyo et al. [40] and Martin-
Neira [41]. To evaluate the power level of reflected signals,
it requires knowledge on the amplitude of surface scattering
signals, which consist of two components. The first term corre-
sponds to the coherent reflection from an infinite planar surface,
[40, (21)], whereas the second term corresponds to the diffused
scattering, [40, (22)]. For the coherent term, the propagation loss
can be described by a mirror reflection of a spherical wave with
a quadratic dependence on the total distance

1
(Rot + Ror)*

For the incoherent term, the total propagation loss is the
product of propagation losses of incidence and scattering waves

1
(ROt ROr)2 .
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For SoOpSAR, the second term due to the incoherent (dif-
fused) scattering remains applicable, but the expression of the
coherent contribution will differ because the spatial integration
will be carried out only over the area with a significant value in
PtR, not over an infinite planar surface.

We can derive the coherent and incoherent scattering power
for SOOpSAR based on the matchup filter output (41). The
diffused scattering by rough surfaces will be modeled by the KA
[37], [38]. The surface height is characterized by z = f(x,y).
The position vector of a point on the surface then becomes
7= x&+yy+ f(z,y)2. Applying the Taylor series expansion
to the distances from satellites to the point of scattering, we
obtain the extra phase change of the reflected signal due to the
surface elevation

e — ikBf (@) (68)
where
5 = @ cosb; + @00595. (69)
T2 1

The match filter output including the rough surface effects
can be an extension of (41) and expressed as
—ik[(r14r2)—(r1c+7T2c)] )
¢ PT Re”’[’.
(70)
By assuming a Gaussian probability density with a standard
derivation of o}, for the surface roughness function f, the ex-
pected value of the phase term is

S (xe,ye) = [ dr g ()7 (7)

r1ir2

—1k2p8252

<e¥>= e (71)

Here, the ensemble average is denoted by the angular brackets.
The coherent part of signals scattered by the rough surface is
the expected value of the match filter output

e tk[(ritra)—(rictrae)]

Prg(e™).

(72)

Assuming that the surface reflection coefficient, characteris-

tics of surface roughness, and antenna gain are constant near the

focal point where the value of Prr is significant, we can express
the power of the coherent term as

_ PTGT (770) GR (fc) rygoh
(47)? (Rot Roy)*

(5 (e ye)) = [drg (1)~ (T)

rir2

(Aeff)2|Fw|2
(73)

Ps.= |<S ($07yc)>|2

where the effective area accounts for the shape of Prr

At = [ d7 | Prg? (74)
and F,, accounts for the phase variation over the region of
integration, primarily limited by the value of Prgr

F, = 1 fdfPTRe—ik[(Tl+7"2)—(7"1c+7“2c)].
Aeff
Note that the phase of the second term in the aforementioned
integral will vary over Fresnel zones. If the phase variation over
the region that can be resolved by P is over 2 7, the value of
F’,, will be diminished. The more Fresnel zones that can fit into
the region of integration limited by Prr, the smaller is F,.

(75)
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However, if the spatial resolution or region of integration
is much larger than the size of Fresnel zone, i.e., Prg ~ 1,
F,, is the Fresnel integral and can be integrated out by the
stationary phase method. In this case, the expression of coherent
power corresponds to the coherent reflection by an infinite planar
surface, indicated in [40]

. PrGr (7o) Gr (i) (2e)” 22

47(Rot + Roy)? 47

Sc (76)

For the target location close to the specular point such that
0; ~ 0, and, hence, 5 = 2cosb;, the reflection term can be
expressed as

,730h _ |F[3a‘2 674k2aic05297‘,. (77)

For the incoherent part of scattered signals, the power of
the random component of S(x.,y.) caused by rough surface
scattering is

Psi = (S (wc,yc) — (S (x07y0)>|2> .

We follow the same approach as described in [37] and [38]
to derive the power of the diffused scattering term under the
assumption that the correlation length of surface roughness,
f(z,y), is much smaller than the spatial dimension of footprint,
characterized by Prgr. This leads to the following nominal
expression for the incoherent normalized radar cross section (o)
of rough surfaces and the expression of incoherent power

o PTGT (fc) GR (Fc) g9 )\2Aeff
(477)2(R0tR0r)2 47
This is the radar equation of SAR signals described in [39],
which neglects the coherent signals.

The total power of the match filter output is the sum of the
coherent and incoherent terms described by (73) and (79)

(78)

S (79)

Ps = Ps¢ + Ps;. (80)

For the power of noise after match filtering, the results from
Krieger and Moreira [39] are applicable. The power of noise
after range compression, Doppler filtering, and accounting for
additional coherent averaging effect of the sparse array factor
after some algebraic manipulation can be expressed as

k
Py =2 N ATy (81)

M2N, T,

where kp is the Boltzmann constant and 7., is the noise
temperature of the mth receiver. If A,, = 1 and all receivers
have the same noise temperature 7)., we have

kT,
Py =———7F7+. 82
N = ILN.T. (82)
From these equations, we can compute
Pg
NR, = —
SNR. P (83)

which would be the SNR if the transmit waveform is perfectly
known and used for match filtering.
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C. Leakage Into Antenna Sidelobe

The transmit signal from MUOS can enter the direct antenna,
but also the sidelobe of the earth-viewing antenna. They can be
described as for the direct signal into the mth satellite

Eam (1) = iV T0OT EE%S’YR"’” Ta)y
X <t - Rd) e~k Ra gi2m (fet fam)t (84)
c
and for the sidelobe leakage into the earth-viewing antenna
Egrm (t) = Egm (t) CéRd”” (85)
Rdm

where G pgrm, and G g, are the antenna gains of the direct and
earth-viewing antennas, respectively.

Including Eg,,, as part of the received signal and carrying
out the match filtering process, we can show that the expected
power of the sidelobe leakage can be approximated by

_ PrGr (Tq) Grar (Ta) (B Rot + Ror — Rd)
(47TRd)2 c .
(86)

Note that R,,,,, is the range compression function described
by (45).

The power of the sidelobe leakage into the earth-viewing
antenna can be strong, but the leakage signal arrives much earlier
than the reflected signal and, hence, its power will be reduced
by the range compression function, the last term in (86), which
is the cross-correlation with the transmit waveform. Using the
parameters indicated in Table I for a footprint located at an
incidence angle of 45°, the difference in time delay between
the direct and reflected signals is about 3 ms, leading to a range
compression loss of —105 dB. In addition, the direct signal enters
the sidelobe of the earth-viewing antenna at 88.6° from the
boresight, where the antenna gain is expected to be much lower
than 0 dBi. An evaluation of (86) shows that the power level
of Py, is —247.5 dBW for an antenna sidelobe gain of —10 dBi.
The expected noise power (Py) is —215.4 dB for an integration
time (T =N, T,,) of 2's, M;= 7 and Ty = 290 K based
on (82). Therefore, the leakage power is expected to be about
30 dB below the noise floor and will have a negligible impact
on the SNR of SOOpSAR. In addition, the leakage power can be
calibrated (or subtracted) from the total signal power using the
antenna gain ratio and range compression function based on (86).

Py, A2 R?

D. Interferometric Processing Loss

Note that the transmit waveform of MUOS signal is generally
unknown and has to be measured using the direct antenna. The
IPL is due to the presence of noise in the direct signal for
the estimation of transmit waveform [41]. Following the same
formulation described in [41], we can show that the equation for
the IPL shown in [41] is applicable to the SOOpSAR concept
(see Appendix B). The SNR of the match filter output based on
a noisy estimate of the transmit waveform is

SNR.

SNR = PL

(87)
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and the IPL is expressed as
1+ SNR,
SNR4

where SNR,; is the SNR of the direct signal, whereas SNR,,. is
the SNR of the reflected signal. They can be computed by

IPL = 1+ (88)

Py
NRy= ——
SNRy T B (89)
and
P,

where the receiver noise temperature is T, and 7).y, respec-
tively, for direct and reflected channels. The power of direct
signal can be expressed as

B PrGrGpg A2

p,=—LTT0R 2

1
4TR?  Ar oD

whereas the power of reflected signals is characterized by the
bistatic radar equation with integration over the earth surface

_ - PrGr (’F) Gr (f) (70)&72
P = fd (47T)2(RtR7-)2 A7’

There are many surface scattering models that can be used to
estimate o, including the KA.

There is a special case, useful to indicate as a reference, which
is the isotropic scattering by rough surfaces with o /cosf = 1.
Two additional approximations are made for this special case:
namely the distance to transmitter is much greater than the
distance to receiver and the MUOS transmitter antenna pattern
does not vary over the region of illumination. They lead to the
following expression for the power of scattered signals by the
earth surface:

92)

)\'2
(477)2R(%t .
This takes advantage of the following identity for integration
of the directivity of earth-viewing antenna over all directions:

deG]I; (QT)

(

Piiso = Pr Gr (93)

cost = 4m.

(94)

We have evaluated SNR,. for a range of surface roughness
conditions based on the soil dielectric constant model for the
computation of Fresnel reflection coefficients [42]. Without
loss of generality, we computed the bistatic normalized radar
cross-section derived using a Gaussian spatial correlation func-
tion for the surface roughness with two parameters, correlation
length (I.), and rms height o},. The expressions of the bistatic
normalized radar cross section in [37] are utilized.

SNR, for several cases of rough surfaces are illustrated in
Fig. 13. When the surface is relatively smooth with a small
rms height (o, < 2 cm), SNR,. is =5 dB or lower. For very
rough surfaces, SNR, can be above 0 dB. Note that the integral
for P, is contributed by a very large region, about 2000 km
in dimension defined by the receiver antenna beamwidth. The
enclosed surfaces will be heterogeneous with various roughness

2807

5

& /

S e}

<) S S ot e
~

o e

Z

720 -

g

B i

=4

Z 10 —— SNR_ for Correlation Length =03 m

@ / / —— SNR for Correlation Length =05 m | |

SNR, for Correlation Length = 1.0 m
-15 / —— SNR for Correlation Length = 2.0 m
SNR for isotropic scattering
[ / SNR, 1

o ' 0.02 ‘ 0.04 ' 0.06 ‘ 0.08 ' 0.1
RMS Surface Roughness (m)

Fig. 13.  SNRs of direct and reflected signals for a range of surface roughness
under the KA for four correlation lengths. The SNR for isotropic scattering falls
roughly in the middle of four cases under the KA. The SNR of direct signal is
about 8 dB above the SNR of isotropic scattering.

9
wn

Correlation Length = 0.3 m

—— Conrelation Length = 0.5 m
Correlation Length = 1.0 m
—— Correlation Length = 2.0 m

&)

— — - Isotropic Scattering

Inteferometric Processing Loss (dB)
— &

n

L n
0.06 0.08 0.1

.
0 0.02 0.04
RMS Surface Roughness (m)

Fig. 14.  IPL for the five rough surface cases illustrated in Fig. 13. An antenna
gain of 3 dBi is assumed for the direct signal.

characteristics and the corresponding SNR,,. will be a spatial av-
erage of the SNR, within the region of integration. We nominally
do not observe an rms height of 10 cm within a few meters from
any selected point over land surfaces. We can therefore expect
that SNR,. for [.= 2 m and ;,= 0.1 m is possibly close to the
maximum (worst case). The average of SNR,. over correlation
length and rms height for the four rough surface cases is 0.7 dB,
close to the value for isotropic scattering (-1 dB).

InFig. 13, we also provide the value of SNR 4, which is 6.6 dB.
The direct antenna gain (G r) of 3 dBi is used for the computation
of P;. We assume that the peak gain of the direct antenna is 6 dBi
(see Table I) and the antenna will be slewed so that the MUOS
satellite will remain within 3 dB of the direct antenna boresight.

The IPL for the five cases is illustrated in Fig. 14 . The IPL
is smaller than 3 dB, and the mean value is close to 2 dB. For
comparison, the IPL for isotropic scattering is 0.8 dB. Therefore,
we use a value of IPL = 3 dB (see Table I), which would be in
general a conversative value, for the evaluation of the overall
SNR.

For the SNR computation, the earth-viewing antenna is as-
sumed to have a directivity of 15 dBi, which can be realized by
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Fig. 15.  SNR versus cross-track distance for three cases: o= 0.1 m (upper),
0.05 m (middle), and 0.02 m (lower). The correlation length is the same for all
three cases, [.= 2 m. A soil moisture of 0.2 and clay fraction of 0.3 are used
for simulations. Six curves in each panel are for 3, 5, 7,9, 11, and 13 receivers,
respectively.

a helical antenna with a length of about 4 m and a coil diameter
of 30 cm [43]. A deployable helical antenna of a similar size has
been developed for the German AlSat’s Cubesat, operating down
to 170 MHz. In the stowed configuration, the AISat antenna helix
is compressed to 10 cm in height and 57 cm in diameter!. We

![Online]. Available: https://spaceflight101.com/spacecraft/aisat/
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expect that a similar design can be adapted with frequency tuned
for the SoOpSAR.

We have evaluated the SNR for a range of surface roughness
conditions (see Fig. 15). The bistatic normalized radar cross
section was computed using a Gaussian spatial correlation func-
tion for the surface roughness. We find that the coherent term
(73) can make a significant contribution near the central portion
of swath with an SNR reaching the level of 30 to 60 dB (see
Fig. 15). The oscillation in SNR of the coherent term is due to the
changing value of F), (fringe washing) resulting from the effect
of integration over Fresnel zones. For a point located far enough
from the center of swath, F,, &~ 0 and the dominant contribution
to the match filter output is the incoherent term (Ps;). For y, >
30 km, the spatial resolution is essentially controlled by the range
compression as indicated earlier, not the number of receivers.
Therefore, the SNR will improve with an increasing number
of receivers (M;). Given the number of receivers considered,
the SNR due to incoherent scattering improves rapidly as the
number of receivers increases from 3 to 7, but not as much with
a further increase.

For rough surfaces with an rms height of 5 cm at the incidence
angle of 45°, the SNR can be greater than 10 dB for seven re-
ceivers (see Fig. 15). For smoother surfaces (smaller rms height),
the incoherent bistatic scattering become smaller, leading to a
reduced SNR. The SNR for seven receivers reduces to about
7 dB for an rms height of 2 cm (lower panel of Fig. 15).

Note that the rms height and correlation length considered
for numerical illustrations in Fig. 15 are the characteristics of
rough surfaces within the spatial resolution of SOOpSAR, about
a few hundred meters to 1 km (see Fig. 12). Within the scale
of 1 km, an inspection of nominal terrain surfaces suggests that
the rms height could be mostly within a few centimeters, which
can be supported by the semiempirical analysis based on the
CYGNSS data [44]. For a rms height of 5 cm, the Rayleigh
parameter, 4k%c7, is about 0.6 at the frequency of 360 MHz,
and hence, the coherent power, characterized by (76) and (77),
can be significant. A Rayleigh parameter of smaller than one
leads to a relatively strong coherent reflection and weak diffused
scattering; therefore, a high SNR due to coherent scattering can
be expected near the center of swath (see Fig. 15). For a rougher
surface with an rms height of 10 cm (top panel of Fig. 15),
the Rayleigh parameter increases, leading to an increase in the
diffused scattering; hence, the SNR can reach 13 dB for as few
as three receivers at 50 km off the center of the swath.

E. Ionospheric Impact

The impact of ionosphere on P-band SAR imaging has been
investigated in the past two decades, e.g., [45], [46]. The spa-
tial and temporal variations of phase shift due to ionospheric
turbulence, which is inversely proportional to radio frequency,
can cause performance degradation in resolution, peak power,
and sidelobe levels, resulting from defocusing in both range
and along-track directions. Liu et al. [45] analyzed the SAR
image degradation due to an inhomogeneous ionosphere; they
conducted simulations of SAR image distortions primarily at
500 MHz, but also at 300, 400, 500, 600, 700, and 1000 MHz
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for an average of five TECU and 10% perturbations; they de-
termined that an SAR imaging positional offset of 60 m can
be caused by a horizontal gradient of two TECU/10 km. Their
analyses are not specific to any particular selection of satellite
orbits or local times.

Because of the close proximity of the ESA BIOMASS mis-
sion and MUQOS-based P-band SoOOpSAR concept in frequency,
dwell time, and local time (dawn/dusk orbits), we will leverage
the analyses conducted for the BIOMASS to provide an indica-
tion of the ionospheric effects on the SOOpSAR concept.

A detailed impact assessment of ionospheric irregularities on
the ESA BIOMASS SAR mission has been conducted by Rogers
et al. [46], specifically for its dawn/dusk orbits, which turn out to
be favorable for the coherent processing required by SAR. The
3-dB beamwidth of the BIOMASS antenna is about 22.6 km,
thus allowing a dwell time of about 3 s for synthetic aperture
processing, which is in the range of dwell time considered for
the SOOpSAR concept (see Table I). The operation frequency of
the BIOMASS is 435 MHz, close to the upper MUOS frequency
band of 360 MHz. The frequency ratio is about 1.2, suggesting
that the SOOpSAR will experience a larger phase shift and,
hence, a worsen beam squinting and focusing performance.

Several SAR performance metrics, including the spatial reso-
lution, absolute peak drop (APD), peak sidelobe ratios (PSLRs),
integrated sidelobe ratios (ISLRs), and a beam squinting, have
been assessed by for BIOMASS [46]. They examined the impact
of the ionospheric irregularities by completing a set of sim-
ulations using a climatological ionospheric wide band model
[47] for the BIOMASS system configuration over a range of
ionospheric conditions. Three levels of sunspot numbers, Rz12
= 22, 63, and 106 (quartiles for solar cycles 20-23), and four
days of the year (equinoxes, summer, and winter solstices) were
considered, therefore leading to results for optimistic, average,
and near worst case scenarios. Rogers et al. [46] find that for a
dawn—dusk (6 AM/PM local time) orbit, impacts of ionospheric
scintillation are negligible under nearly all conditions except at
high latitudes (north of 45° N) in the North America under high
sunspot activity. The influence over high latitudes in the Eurasia
is much less over regions to the south of 60° N. The worser
performance over North America than Eurasia is due to the
offset of the geomagnetic poles toward the North America, hence
higher geomagnetic latitudes than Eurasia. For the dawn—dusk
orbits, the degradation in the mean 3-dB resolution of up to 10%
is predicted for BIOMASS, with mean absolute azimuth shifts
of point target response peak of up to 2 m, which increases to 5 m
at high sunspot number. Translating these results to the MUOS
frequency of 360 MHz with an additional 20% relative phase
shift, the beam squinting, which is linearly related to the phase
shift, will remain below 6 m for SOOpSAR, which is negligible
with respect to the spatial resolution requirement of 100 m—1 km
for RZSM and snow remote sensing.

The drop in peak power will have a quadratic dependence
on the phase uncertainties and, hence, we can expect a relative
degradation of 40% at 360 MHz. Based on [46, Table 3], we can
infer that the reduction in peak power at 360 MHz will be less
than 0.3 dB for latitude to 45° N in North America and less than
2 dB at 50° N. As indicated earlier, the expected performance
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Fig. 16.  Relation between APD and ISLR based on the results in [46] for the
BIOMASS mission for a range of sunspot numbers (Rz12), corresponding to
three quartiles for solar cycles 20-23.

over Eurasia will be better. We can therefore expect that the
performance of SOOpSAR at 360 MHz will be degraded by the
ionosphere, but can remain acceptable for up to 45° N or higher
for a range of ionospheric conditions.

It should be noted that the APD, ISLR, and PSLR are related
to each other. The ionospheric irregularities will cause phase
fluctuations and, hence, SAR processing to be defocused, lead-
ing to a drop in APD. The reduction in peak power will lead to
an increase in ISLR because of power conservation. We will use
the results in [46] to demonstrate the relationship between APD
and ISLR.

We can leverage the results published in [46] for BIOMASS
to estimate the expected impact of ionosphere at 360 MHz. The
APD is related to the variance of phase changes (cr?b) caused by
the ionosphere irregularities

APD =e % . (95)

The change of ISLR (AISLR) is the difference between
the ISLR impacted by the ionosphere and the ideal ISLR of
—9.9 dB caused by other factors for BIOMASS. We compute the
difference in real values, not the difference of values in decibel.
Due to power conservation, when the change is small enough,
the delta change in ISLR can be related to the APD by

1—-APD
APD

The denominator is the reduced peak power lever and the
numerator is the increase in sidelobe power. We use the values
of BIOMASS ISLR and APD in [46, Table 3] to compute the
AISLR and AISLRapp for BIOMASS. They are illustrated
versus APD for three levels of sun spots in Fig. 16. It is demon-
strated that the relationship between APD and change in ISLR
can be characterized by (96) for an APD of up to 3 dB.

We can then apply (95) and (96) for the estimate of APD
and ISLR at the frequency of 360 MHz; we compute oz from
the APD of BIOMASS; then the expected phase variance at
360 MHz is amplified by 40% degradation and computed as
1 .405). From (95) and (96), we can compute the APD and AISLR,
at 360 MHz.

A ISLRApp = (96)
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Estimate of delta ISLR at 360 MHz based on the BIOMASS analyses

Figs. 17 and 18 illustrate the APD and IRSL, respectively,
at the 435 MHz (BIOMASS) and 360 MHz (SoOpSAR) versus
latitude at 110° W (North America). We find that there is a
degradation of APD at a lower frequency, but the changes of
APD from 435 to 360 MHz are smaller than 1 dB to the south
of 50° N. The degradation of ISLR is also negligible for south
of 45° N, but the degradation becomes substantial for the top
quartile of sun spots (Rz12 = 106) at high latitudes (north of
50° N).

Our results leveraging the analyses of the BIOMASS study
suggests a promising performance of the SOOpSAR for a range
of latitudes and ionospheric conditions for dawn/dusk orbits. We
will however suggest that this issue deserves a further analysis
for the SOOpSAR using updated ionosphere TEC models in the
future.

We can anticipate that the impact of ionospheric TEC can
possibly be reduced by using the ionospheric TEC model for
SAR data correction or processing. The GNSS-based TEC
products and ionospheric models are expected to improve in
spatial and temporal sampling in the future due to the expansion
in GNSS satellite networks, including 24 satellites in the US
global positioning systems (GPSs), 35 satellites in the Chinese
BeiDou Navigation Satellite System, 24 satellites in the Euro-
pean Union’s Galileo system, 24+ satellites in the Globalnaya
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Navigazionnaya Sputnikovaya Sistema operated by the Russian
Federation, and 7 satelllites in the Indian Regional Navigation
Satellite System. The phase change due to TEC can be computed
from the GNSS TEC data and models and introduced into the
match filtering of SOOpSAR focusing. The dual-frequency data
from MUOS (260 and 360 MHz channels or two 10-MHz
subbands in the 360-MHz channel) can also be explored to
improve estimation of the STEC and, hence, focusing. Further
research should be explored to reduce the impact of ionosphere
and extend useful coverage of SOOpSAR toward high latitudes.

V. MUOS TRANSMIT SIGNALS
A. Autocorrelation

We have analyzed the autocorrelation of MUOS transmit
signals to determine whether there could be embedded signals
that may introduce ambiguities by range compression. MUOS
operates two channels, one from 240 to 270 MHz and the other
one from 360 to 380 MHz. There are four subchannels with
a bandwidth of 5 MHz for each at the 360-MHz band. The
autocorrelation of MUOS signals at 360 MHz for one subchannel
is illustrated in Fig. 19 and three subchannels in Fig. 20. There
are repeatable peaks at 0.01-s intervals, which could be related to
the spectrally adaptive wideband code division multiple access
waveform adapted by MUOS for the 360-MHz band [25]. Using
the data from three subchannels reduces the secondary peak at
0.01 s to about 5 dB below the primary peak. The width of the
primary peak for three subchannels reaches about 0.1 ps (right
panel of Fig. 20).

The secondary peak at 0.01 s will introduce slant range
ambiguities after range compression. This secondary peak cor-
responds to a range delay of 3000 km and will be far from the
center of processing area. For § = 45°, the location on the earth
corresponding to the range delay of 3000 km will be either in
the shadow of the earth (e.g., point B in Fig. 21), not visible by
the receiving LEO satellite, or will have its reflection entering
the back lobe (i.e., 0, greater than 90° from the boresight) of the
receiving antenna (e.g., point A in Fig. 21). The reflected signal
with the 0.01-s delay will either not be able to reach the receive
satellite or will be very small due to low surface scattering at
high incidence and scattering angles () and low antenna gain
for far-side and back lobes. Similar conclusions can be drawn
for other incidence angles (left panel of Fig. 21). For € very
close to 0°, all points related to the 0.01 s excess delay will have
their scattering coming from very low grazing angles (or local
scattering angle near 90°). We can therefore conclude that the
coding of MUOS transmit signals allows the SAR processing
with negligible range ambiguities due to some periodicity in the
transmit signals.

B. Transmit Power Level

The transmit power level of MUOS was found to be relatively
stable based on the data collected from a field campaign at
Fraser, CO, USA [34], [36]. The campaign was carried out to
demonstrate the use of P-band reflectometry for snow and RZSM
remote sensing. The instrumentation has included an antenna
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Left panel: Scattering angle (6s) and receiving direction from the antenna boresight (6,,) for five different incidence angles (6) versus azimuth angle ¢.
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Fig. 22. Transmit power of MUOS recorded during a field experimental conducted at Fraser, CO, USA, from 2016 to early 2019. (Upper panel) the mean power

level in decibel over a 10-min window recorded by the receiver is plotted versus time. Our receiver does not have a built-in radiometric calibration reference to
allow us to verify the MUOS EIRP of 43 dBW. The illustrated value includes the antenna and receiver gains of our instrument. (Lower panel) standard deviation

of the 0.5-s integrated power levels within 10 min.

pointing toward the MUOS satellite to acquire the direct signal.
Fig. 22 illustrates the characteristics of transmit power level for
about three years whenever the ground-based receiver was ON
(the receiver was down sometimes for repair and maintenance.).
We collected 20 s of data over 10 min every 3 h at Fraser. The
data from every 0.5-s interval have been used to compute a
power level; hence, there are 40 0.5-s samples within the 10-min
window for the computation of mean and standard deviation
of transmit power. The mean power level was mostly within
plus and minus 1 dB over three years. The standard deviation
was mostly less than 0.1 dB, but sometimes could reach 1 dB.
The overall mean of the standard deviation is 0.09 dB. The
data suggest that the MUOS transmit source is mostly stable
for SOOpSAR although accounting for the temporal changes is
clearly necessary for radiometric calibration.

VI. KEY TECHNOLOGY CONSIDERATIONS

There are at least two key technology issues for the pro-
posed spaceborne SoOOpSAR concept. One is the formation
flight technology for a fleet of small satellites, and the other
one is the relative timing to enable the coherent processing
of signals from multiple satellites. We will discuss the issues
here, and recommend future technology studies to enable the
implementation of SOOpSAR.

A. Formation Flight of Small Satellites

The spacing between receivers will affect the array factor,
including the locations of major ambiguities and sidelobe levels.
Itis unnecessary to control the spacing to be exactly 100 m apart.
We can compute the locations of ambiguities and sidelobe levels
as long as we know the position of receivers. The state-of-the-art
satellite position accuracy based on GPS technologies is < 5 cm,
which will allow us to compute the array factor accurately at the
P-band frequency. If the spacing is nonuniform, the sibelobe and

ambiguity level will change. Once we determine the location of
ambiguities, the portion of swath with a significant ambiguity
ratio can be identified and flagged.

The state-of-the-art SAR satellite orbit management is being
performed by the needs for repeat pass SAR interferometry. The
European Sentinel-1 SAR mission has shown an orbital control
within a tube of about 50 m (rms) [48], which is comparable
to the baseline spacing of 50 or 100 m used for the SOOpSAR
concept, and hence remains inadequate.

A relevant technology demonstration on precision orbital
control of nanosatellites has been shown by the CanX-4 and
CanX-5 mission that a control accuracy of 1 m is feasible [49].
The mission brought two satellites from a maximum range
of 2300 km to a closest controlled range of 50 m by using
onboard propulsion system, differential GPS technologies for
satellite precision orbit determination (POD), and intersatellite
S-band communication links for autonomous orbit maneuvers.
The results are promising for SOOpSAR. However, the next
step will require a demonstration that the orbit management can
be performed consistently over a long duration (years) with an
acceptable amount of onboard fuel storage required for thruster
control.

A deviation of the receiver positions from a uniform spacing
will cause a change to the sidelobes of the array factor char-
acterized by (52). Suppose that the mth receiver moves off its
nominal position y/,, by a distance of §,,, the resulting change
in phase will be

27 O,
on =T R (1, = Ue) -

o7

For the geometry based on the parameters indicated in Table I,
Ro, =900 km, the phase change will be less than 5° for |9,,| <
I m and [y;, — y,,.| < 10 km, and hence will have a negligible
impact on the array factor A,. We can conclude that if the posi-
tion of receivers can be controlled to within 1 m, as demonstrated
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Fig. 23.
at y. = 10 km; (Right panel) the target is located at y, = 15 km.

by CanX-4/-5, then the point target response of SOOpSAR will
essentially not be affected.

To illustrate the impact of displacement on Py, we computed
the PTR for a few cases with displacement of satellite position
characterized by

(98)

if m is not zero. Without loss of generality, we let dp= 0
because the array factor is determined by the relative position of
receivers. Fig. 23 illustrates the point target response versus the
cross-track distance for an offset of 6 = 1, 5, and 10 m for five
receivers (M = 2). The numerical examples confirm that Prr is
essentially unaffected for § = 1 m. For a larger offset of 5 and
10 m, Py near the focal point remains unaffected; however, the
far sidelobes may increase or decrease. It is interesting to notice
that the sidelobe level near the mirror ambiguity may decrease
to —10 dB from 3 dB for y. = 15 km and 6 = 10 m (right
panel in Fig. 23), whereas the sidelobe level near the mirror
ambiguity may actually increase from —17 to -7 dB for y. =
10 km and § = 10 m (left panel in Fig. 23). Thus, the sidelobe
performance can still be acceptable for a displacement as large as
10 m. However, a precision orbit management of 1 min accuracy
is clearly desirable.

B. Relative Timing

We envision that the timing of each SOOpSAR satellite can
be tied to the GPS clock by including GPS receivers onboard for
POD of the SOOpSAR. The state-of-the-art GPS POD for LEO
satellite is about 4 cm. This corresponds to a timing accuracy
of about 0.1 ns. The resulting phase uncertainty at the center
frequency (360 MHz) of the SoOpSAR will be about 15°. A
random phase will lead to a degradation of the array factor
gain characterized by (52) by only about 0.2 dB based on (90).
However, if the SOOpSAR concept is to be considered for higher
frequency sources, such as Ku- and Ka-band used for satellite
television services, then the clocking error has to be much greatly
improved.
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VII. SUMMARY

We have completed an analysis to indicate the potential
of using P-band MUOS SoOp signals for synthetic aperture
imaging of land surfaces. It is shown that SoOp radar can be
combined with the multistatic sparse array technique to achieve
high spatial resolution and adequate ambiguity performance for
a large portion of swath. The analysis of SNR was completed
based on the KA for surface scattering, indicating the ability
of SoOpSAR concept to achieve an SNR of better than a few
decibels with a moderate antenna directivity of 15 dBi for a
wide range of surface roughness conditions and a potential swath
width of 100 km or larger. The effects of ionosphere are analyzed
by leveraging the results obtained for the BIOMASS mission
and suggest that SOOpSAR can operate over a range of latitudes
and ionospheric conditions for dawn/dusk orbits. Impact of
ionosphere for other local times could be more severe, and
will definitely require a more detailed analysis. Key technology
issues, including formation flights of small satellites and receiver
timing, were discussed and recommended for technology devel-
opment in order to realize the P-band SoOpSAR concept in
space.

APPENDIX A
POLARIMETRIC SCATTERING COEFFICIENTS FOR KA

The scattering coefficients for linear polarizations are given in
[37, pp- 82 and 83]. We can obtain the coefficients for circulation
polarizations from them by

Frn Fre) _ L [1=i] [Fu Fu] [1 1] oy
FrrFr| 2 |1 4 | | Fpy Epp | |0 —i

where

Fp = % (1= Rpy)cosh; — (1 + Ry) cosbts] cos (¢ps — ¢;)
F,, = % [(1 — Ry ) cosfscost; — (1 + Ry)]sin (¢s — ;)
Epy = % [(1+ Ry) — (1 — Ry) cosfscosb;] sin (s — &)
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1

Fyy = = [- (14 Ry)costs + (1 — Ry) cosb;] cos (s — &) .

2

Ry and Ry are Fresnel reflection coefficients for horizontal
and vertical polarizations, respectively, for incidence angle 6.
Fyy, Fri, Fry, and Fyp, in the aforementioned equations are one-
half as they are defined in [37].

APPENDIX B
INTERFEROMETRIC PROCESSING LOSS

The direct signal with noise can be modeled for the mth
satellite receiver by

_ s / Tam\ € Fram 27 fot
Egm (t) = g(Fam)rd' ([t — — ) ——e (B1)
c Tdm
with the contaminated transmit waveform described as
d (t—@):a(t—@)mm(t). (B2)
c c

Here, b,,(t) is due to the thermal noise in the direct receiver.
Its expected power is the inverse of SNR of the direct signal

1 kBTDmBm
(Ibwl”) = =2 (B3)
SNRpm, Ppm
The power of the noise-free direct signal is
P 2?
Pon = ZOT0R T (B4)
T, 4

Using the noisy waveform for the match filtering and follow-
ing the same derivation shown in [41], we can show that the
expected power of match filter output contains two additional
noise-related terms

(IS'1?) = Ps + Py + Ppn + Ppi.

They are the third and fourth terms in the aforementioned
equation and expressed by

(B5)

kB |Am|2Trm
Ppn = B6
PN M2N, T, Emj SNRpm (B0
kB |Am|2ﬂ'm
Pp, = SNR B7
br = M2ZN,T, ; SNRpm R (B7)

where the SNR of reflected signal prior to the match filtering is

PRm
kB TrmBm -

The bandwidth of the mth receiver is denoted by B,,, and the
power of reflected signal is P,.,,,, which can be computed by the
equation of bistatic radar equation (92).

Given the aforementioned expressions, the SNR of the match
filter output using the noisy waveform is

SNR g, = (BS)

SNR.
SNR = PL. (B9)
where the IPL is
Ppy . Ppr
IPL = 1+ —/— . B10
+ Pu + Pu (B10)
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If we assume the same receiver bandwidth, receiver noise
temperature, and antenna gain for receivers on all satellites, the
expression of IPL will reduce that shown in [41].
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