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Abstract—This paper develops a new ground-based synthetic
aperture radar (GB-SAR) concept based on a combination of
linear and rotation GB-SARs, by which a panoramic observed
view is provided, thus named as panoramic SAR. Firstly, the
system geometry and its imaging process based on the back-
projection algorithm (BPA) are presented. The combined move-
ment formulates a two-dimensional synthetic aperture and thus
higher imaging resolutions can be obtained. The corresponding
resolution analysis and the sampling criteria are discussed
accordingly. Then, a novel dynamic piecewise constant (DPC)
algorithm is proposed to reduce the complexity significantly, by
which a recursive imaging process can be achieved. The imaging
implementation and the complexity are also studied respectively.
Finally, a prototype of panoramic SAR is built up based on a
FMCW radar and a moving platform, and the simulation and
experimental results are provided to validate the proposed SAR
principle and the DPC algorithm.

Index Terms—ground-based SAR, panoramic SAR, back-
projection algorithm, dynamic piecewise constant algorithm,
recursive imaging.

I. INTRODUCTION

YNTHETIC aperture radar as an important remote sensing

technique can reconstruct a high-resolution image of the
observed targets [1]. It can work day and night under all
weather conditions by using its own illumination, and has
been widely used in civilian and defense applications [2]—
[4]. Conventional SAR systems are always mounted on the
airplanes or satellites and illuminate the targets using a pulsed
side-looking radar. Such a heavy and high-cost radar system
with an inflexible moving trajectory are not available for the
frequent visits. To achieve the continuous ground monitoring
of a small coverage, the ground-based SAR (GB-SAR) has
been proposed in the last decades as a portable and low-
cost geotechnical instrument which plays an important role in
automotive-terrain imaging [5], [6], deformation monitoring
and disaster prevention [7], [8].

Existing GB-SAR systems can be classified into two cat-
egories, i.e., linear GB-SAR [9], [10] and rotation GB-SAR
[11], [12], in terms of the synthetic aperture trajectory. Con-
ventional linear GB-SARSs are normally based on a continuous-
wave stepped-frequency radar, and the synthetic aperture is
achieved by moving antenna on a rail as shown in Fig. 1a. Due
to the side-looking radar, only the targets located at one side
can be imaged. Recently, the linear GB-SARs working with a
forward-looking radar were well reported [13] and the imaging
capabilities have been significantly improved using low-THz
(150 GHz) radars [14] with frequency modulated continuous
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Fig. 1. Geometry of GB-SARs: (a) linear SAR, (b) rotation SAR, and (c)
panoramic SAR.

wave (FMCW) signalling. However, the improvement of the
angular/azimuth resolution is a great challenge and the angular
width of the observation is still limited.

In rotation GB-SAR, the aperture is always synthesized
using an antenna mounted on the tips of a helicopter rotor
blade as shown in Fig. 1(b). With a fixed beam steering,
radar images at 360 degree can be reconstructed. To simplify
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the deployment, a new version of rotation GB-SAR was
developed named ArcSAR [15]-[17] using FMCW radar fixed
on a rotating arm controlled by a step motor. However, the
angular/azimuth resolution is determined by the radius of the
rotation and the angular width of the antenna. A relatively
short arm leads to a worse resolution than that of the linear
one. Additionally, the beamwidth of the antenna in elevation
limits the observed area.

To tackle the above-mentioned limitations, this article de-
velops a novel panoramic SAR concept as a combination of
linear and rotation SARs. The radar is fixed on a rotating
arm and at the same time moves linearly along y—direction
mounted on a vehicle with a constant speed v as shown in
Fig. 1c, by which a larger panoramic view can be provided.
The combined movement formulates a two-dimensional (2-
D) synthetic aperture larger than that of linear or rotation
SARs, and thus higher imaging resolutions can be obtained.
In panoramic SAR, the nonorthogonality between the rotating
and linear movements leads to two challenges for the imaging
process, i.e., the nonlinear spatial sampling and the spatially
variant synthetic aperture corresponding to the targets located
at different imaging angle shown in Fig. lc. Therefore, the
Fourier-based SAR imaging methods are no longer valid for
the panoramic SAR. The back-projection algorithms (BPAs)
can deal with this problem in time-domain [18], [19], but the
huge computational cost and data storage limit its applications.
Some fast BPAs has been proposed based on aperture factor-
ization and recursive partition of the imaging integral [20],
[21], but they are not valid due to this nonorthogonality of the
panoramic SAR movement.

In this article, we firstly investigate the theory of the
panoramic SAR, including system geometry, BPA imaging
process, analyses of imaging resolutions and sampling criteria.
Then, a novel fast dynamic piecewise compensating (DPC)
algorithm is proposed to tackle the spatially variant 2-D syn-
thetic aperture, by which the difference of the slant range sur-
face between two adjacent imaging targets can be compensated
dynamically based on the imaging angle and thus a recursive
imaging process can be conducted. Finally, the panoramic
SAR is prototyped by using a FMCW radar mounted on a
moving platform. The experimental and simulation results can
validate the panoramic SAR theory and the superior imaging
performance and efficiency of the proposed algorithm.

The remainder of this paper is organized as follows. The the-
ory of panoramic SAR and the corresponding DPC algorithm
are derived in Section II and III respectively. The prototype of
panoramic SAR and the imaging results are shown in Section
IV. Section V concludes the whole work.

II. PANORAMIC SAR PRINCIPLE
In this section, we present the system geometry of
panoramic SAR, derive the corresponding BPA-based imaging
process, and analyze the imaging resolutions and sampling
criteria.

A. System Geometry

The geometry of panoramic SAR is presented in Fig. Ic
with a Cartesian coordinate system. A transceiver antenna is

fixed on the tip of a rotating arm with a radius of r; and
an angular speed of w. The center of the rotation, at x = 0
and h = h,., moves linearly along y—direction with a speed
of v. Assuming that the initial position of the transceiver is
(ra,0, h,), the instantaneous slant range with respect to the
time ¢ between the transceiver and the imaging target located
at the point (z’,y’,0) can be expressed as

r(t;a’,y)
1/2
= ((Tdcos(wt) —2/)? + (rgsin(wt) + vt —y')* + hf)
ey

which is a 1-D function of ¢. To reflect the rotating and
linear movements respectively, (1) can be represented as a 2-D
function with respect to the rotating angle and forward distance
of the transceiver position, ¢ = wt and y = vt. With a fixed
side-looking radar, the beam footprint has the same trajectory
but with a larger radius as that of the antenna as shown in
Fig. 1c. To catch the maximum reflected power, the imaging
targets at the trajectory of the beam center are reconstructed.
Therefore the imaging target locations can be transformed into
(Rgcos(¢'), Rasin(¢’) + ') and (1) can be derived as

r(e,yi ¢, y')

- ((rdcos(go) — Rgcos(¢))? )
+ (rasin(p) — Rasin(¢’) +y —y')> + hf) v

where Ry is the radius of the rotating beam center, ¢’ and 3’
are values of the imaging target location with respect to ¢ and
y respectively.

To achieve a 2-D spatial sampling, a frequency modulated
continuous wave (FMCW) signal is emitted periodically by
the transceiver. Assuming that the stop-and-go approximation
is valid and the propagation attenuation is neglected, after
demodulation, the backscattered echoes can be expressed as

E.(1;0,9) =//U(@’,y’)exp(—j%(fc+Kﬂ)

3)
2r(eyi¢y)
C

oA /
+J7TKT(2T(QP’yC’QP Y ))Q)d(p/dy/
where 7 is the fast time, o(¢’,y’) is the radar cross section
(RCS) of the target at (Rgycos(¢'), Rasin(¢’) +v'), K, is
the chirp rate, and c is the speed of light. After removing the
residual video phase, (3) becomes a function of the spatial
wavenumber k, expressed as

E.(k;o,y) = //U(w’,y’)ewp(—j%(fc+KTT)
. 27ﬂ(90» Y; 90/7 y,) I, 4
— . Ydy'dy 4

=//U(W’,y’)exp(—j%r(%y;@’,y’))dw’dy’

and k = 27(f. + K,7)/c is the spatial wavenumber.
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B. BPA Imaging Process

With the conventional BPA, the range compression is firstly
achieved by the inverse FFT (IFFT) operation with respect to
the wavenumber k as

er(ps0,y)
= /E (k3 y)eap(j2kp)dk

/// a(¢’sy")exp( J/\ (e v ¢',y'))

/ exp(j2k(p" — (o, y;¢',y')))dkdy dy’

// a(¢’,y")ewp( JTT@PZJ@ y))

2rB . ,27B
. sine(

®)

. (0 =1,y €' y))dg' dy'

where A\. = ¢/f. and B are the wavelength of the carrier
frequency and the transmit bandwidth respectively, and the
sinc function is defined as sinc(x) = sin(x)/x. Assuming
that the size of the synthetic aperture along angular and
y—directions are ® and L, respectively, the BPA imaging
process based on the correlation can be conducted as

I(¢',y")
Ly /24 (o=@ )v/w o' +®/2 )
-/ [ atlewe0

—Ly/2+(p—¢ v/w J o' =D /2
A
s,y +y exp(j 77’(% y; ', 0))dpdy

where r(p,y + v';¢",y") = r(v,y;¢,0). Note that the
integration interval with respect to y is affected by ¢ due to the
nonorthogonality between the rotating and forward movement
of radar.

C. Resolution Analysis

The use of the gradient is an effective tool to analyze
the 2-D imaging resolution [22], [23]. In linear and rotation
SAR systems, the transmit bandwidth and the 1-D movement
can contribute two resolution vectors to the 2-D imaging
resolution. With a combined 2-D movement, panoramic SAR
can contribute three resolution vectors. In this subsection,
the resolutions vectors of panoramic SAR are investigated
compared with that of linear and rotation ones. Here, the unit
vector along x—, y— and h—directions are denoted as ; j
and k respectively.

Fig. 2a shows the synthetic aperture of linear SAR. With
a fixed illumination perpendicular to the linear movement,
two orthogonal resolution vectors provided by the transmit
bandwidth and the linear synthetic aperture can be derived as

- C -
0 = 2B - sin(¢n) ! )
and

- AJRIFRZ -
o =2V a3 ®)

2L,

respectively, where R, is the distance from the target
to the center of the aperture in xy—plane and ¢, =
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Fig. 2. Geometry of synthetic aperture in zy—plane: (a) linear SAR, (b)
rotation SAR, and (c) panoramic SAR.

arcsin(Rq/+/R% + h2) is the radar incident angle. Therefore,
the imaging resolutions in z— and y—directions, i.e., d, and
dy, can be derived as |§;| and |6, | respectively, where |.|
denotes the module of the vector.

The synthetic aperture of rotation SAR is an arc with a
radius of ry and angle width of ¢ as shown in Fig. 2b, and
can be equivalent to a linear synthetic aperture with a length
of d perpendicular to the radar range direction, thus providing
two orthogonal resolution vectors as

- c - -

8o(¢") = m - (cos(")i + sin(¢')j) )
and
2
Fa(e) = MV I TR i cos(ef) (0)

2d
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respectively, where d = 2rysin(®/2) and ¢’ is the imag-
ing angle of the radar in xy—plane. We can see that the
0z and 0, can be derived as the minimum values be-
tween |3, (¢')|/|cos(')| and [54(¢)|/|sin(¢')]), and be-
tween [0,(¢")|/|sin(¢")| and [54(¢")|/|cos(¢)]), respec-
tively.

In panoramic SAR, the 2-D synthetic aperture can provide
two nonorthogonal resolution vectors: one is similar to that
provided by linear SAR, denoted as (52, the other one is
similar to that provided by rotation SAR, denoted as_ 4. The
range resolution vector 5 is always orthogonal to 8. Given
an imaging target at ¢, the geometry of the corresponding
2-D synthetic aperture is described in Fig. 2c. Obviously,
the combined movement can formulate two equivalent linear
synthetic apertures, i.e., the lengths of segments AB and CD
corresponding to Y 4 and 51 1, respectively, which is valid due
to Rg > 74 in GB-SAR imaging scenarios. Note that these
equivalent synthetic apertures are spatially variant with respect
to ¢’ and larger than that of linear and rotation ones.

Similar to rotation SAR, the vector 6_,; and 5:1 can be easily
derived as

- c

dp(¢) = 2B - sin(on) (cos(¢)i + sin(¢')])

Y

and

Sa(y') = A/ Ry + b - (sin(@')i —
T @ Lfeos(e))
respectively, where the length of the segment AB is derived
as Lap = d+ Ly|cos(¢’)|. Due to the variant imaging
angle ¢’, the linear synthetic aperture in panoramic SAR
can be considered as a squint-forward-looking SAR imaging
case. Based on the resolution vector provided by [23], d;, in
panoramic SAR can be derived as

5 i) — Aev/R%2 + 12
1) = 50T, + dleos(@)])
1+ cot®(¢n)
NSE() T (cos? (@) + col? (n)?

cos(p')j) (12)

()

(13)

\/0032

where the length of the segment C'D is derived as Lop =
d—+ Ly|cos(¢')|, cot(on) = cos(¢pn)/sin(ép) is the cotangent
of ¢, and @(¢’) is the unit vector of 0y, derived as

(") = wi( )i +ui ()i
—cos(¢’)sin(p’)
\/0052 Nsin?(¢’) + (cos?(¢’) + cot?(¢n))?
\/cos

cos®(¢") + cot®(én) 7
Nsin?(¢") + (cos? (") + cot?(¢n))?"
Similarly, the 6, and J, can be derived as the minimum
values _among |5, (¢)|/lcos(¢)l.  |84(¢)]/Isin(¢)]
and  [01,(¢")|/lui(¢")]), and among [5,(¢")|/]sin(¥")],
[84(")1/lcos(i2')] and 82.(¢")1/lu;(#')]). respectively.

We can see from (11) to (13) that a higher 2-D imaging
resolution of panoramic SAR can be obtained due to more
resolution vectors and larger equivalent synthetic apertures
than that of linear and rotation ones.

S
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Fig. 3. Comparison between panoramic SAR modes: (a) single transceiver
and (b) multiple transceivers.

D. Sampling Criteria

In a practical panoramic SAR, the data sampling must
satisfy the Nyquist criterion, i.e., the phase shift from a
corresponding spatial sample to the next must be less than
m rad, to avoid the aliasing effects. Given the maximum
wavenumber k.. = 27(f. + B/2)/c, the spatial sampling
intervals with respect to ¢ and y from (4) are required by

7T\/7“d + (Rq + Ly/2)? + h?
- 2kmaz(TraRq + Ly/2)

5)

and

m\/(ra+ Ra+ Ly /2)? + h2
2kmaz(ra + Ra + Ly/2)

respectively. Similarly, the sampling interval A7 of transmit
FMCW signal from (3) is required by

Ay < (16)

C
4K, \/’f‘d-i-Rd—‘rLy/Q) +h2

The derivations of (15), (16) and (17) are provided in Ap-
pendix A. From (1) and (2), Ap = wAt and Ay = v-27/w are
determined by the sampling interval with respect to ¢, angular
and forward speeds w and v. Therefore, the selection of these
system parameters are limited by (15) and (16).

If a fast forward speed v is required, multiple transceivers,
fixed on the tips of arms uniformly located around the rotating
center as shown in Fig. 3b, can be adopted to increase the
speed of the spatial sampling. Compared with the single-
transceiver mode shown in Fig. 3a, the spatial sampling over
one cycle can be achieved at the time cost of 27 /(V,.w) where
N, is the number of the transceivers. Therefore, the v can be
increased N, times given the same limited Ay. Note that the
only difference between these two modes is the sampling speed
which does not affect the BPA imaging process from (6).

AT <

a7)

III. DYNAMIC PIECEWISE COMPENSATING ALGORITHM

The Fourier-based SAR imaging algorithms are no longer
valid for panoramic SAR due to the nonlinear spatial sampling
and the spatially variant 2-D synthetic aperture. Therefore, the
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imaging process has to be conducted based on the correlation
methods. However, the huge computational cost of the BPA
from (6) is a great challenge limiting its application. In this
section, we propose a novel fast DPC algorithm suitable for
panoramic SAR imaging.

A. Imaging Principle

The BPA is always considered as the original imaging
algorithm with a fully focusing capability. From (6), the
difference between two arbitrary imaging results is actually
the correlating with different slant range surface (¢, y; ¢, y').
To simplify the imaging process, the differences of the
slant range surface between two adjacent imaging results,
ie, Dy(p,yi¢,y) = r(o,yi¢" + Ap,y' + Ap - v/w) —
r(p,y; ¢ y') and Dy(p,y5¢",y") = r(p,y; ¢y + Ay) —
r(p,y;¢',y'), are investigated and some approximations are
adopted to achieve a fast recursive imaging process from
I(¢',y) to I(¢',y + Ay) for panoramic SAR.

In panoramic SAR, the radius of the rotating beam center
is far larger than that of the radar, i.e., Rq > r4, thus deriving
(2) as

ACRTHNTS)

1/2
~ (R(QjcosQ(w’) + 73+ h2 4 (Rysin(¢)) + 3y — y)2>

_ 1/2
74 (Rdcos (") + (Rasin(¢') + vy’ — y)Q)
12
(RZCOSQ(sO’) + 75+ b+ (Rasin(¢') +y — y)z)

-cos(p — ¢(¢"))

(18)

where ¢(p') = arctan((Rgsin(yp’) + ¢ — y)/(Racos(¢'))).
Therefore, the difference, Dy (p,y; ¢, y’), can be derived as

Dy(y;¢',y')

1/2
~ (Ricos™ (') + 13 + b2 + (Rasin(¢) +y' + By —y)?)

1/2
(Rdcos (@) + 13 + b2 + (Rasin(¢) +y' — y)2)

19)
which is valid due to Rq > L.
To obtain I(¢',y" + Ay) from I(¢’,y’) recursively, the

integration interval from (6) with respect to y can be firstly
divided into P, segments and (6) can be derived as

P,—1
I¢,y) > 1

Py =0

(20)

where
L, (¥, y)

/ypy+1+(9039')v/w/$0'+‘1>/2
Ypy (=" )v/w o' =2/2

4
o™ (@, y;¢',0))dpdy

er(r(e,y;¢',0)50,y + )

eap(j
2n

where y,, = —L,/2+p,-K,Ay, forp, =0,1,2,..., P, — 1,
are the joint points of the segments over [—L, /2, L, /2), K, is

the number of Ay over each segment, and L, = P, - K, - Ay.
Then, the difference D, (y;¢’,0) over p,th segment can be
approximated as a constant, expressed as

Ky—1

1
Dy(py; ¢') = 3 > Dy(yp, + kyAy; ¢, 0)
Y ky=0

(22)

which is the average value of D, (y;¢’) with respect to y over

[Yp, > Yp,+1)- Finally, assuming that e, (r(¢, y;¢",y'), 0, y) ~
er(r(o,y; @',y + Ay), v, y), we have the recursive process

I, (¢, y" + Ay)

~ I, (¢, exp(j~— Dy (py: ')

T >\

/ypy +H—¢)v/w /w '+@/2
Ypy —AY+(p—¢)v/w S’ =2 /2

, Am ,

s,y + Y+ Ay)exp(JTT(w, (2

Ypy+1+H(p—¢ )v/w ' +P/2

- /

Ypy+1 =AY+ (p—p")v/w J o' —P/2

A
o,y +y + Ay)exp(JTT(w, y;¢',0))dedy

er(r(e,y;¢',0)
(23)
0))dpdy

er(r(e, y;¢',0)

by which the difference of the slant range surface is firstly
compensated and then the added and removed integrals are
shifted in and out of the previous integral respectively.

We can see from (23) that added and removed integrals,
defined as

Sp, (¢ ¥ + Ay)
/ypy+(sa—w’)v/w /w’+<1’/2
Ypy —AYy+(p—¢)v/w J o' =P /2

A
s,y + Y+ Ay)exp(j ~ (e, y; ¢,
C

er(r(% Y; 80/7 0) (24)

0))dpdy

must be obtained before calculating I, (¢',y" + Ay). T

simplify the calculation of (24), a similar fast recursive process
is proposed. Due to the impact of ¢ to the integration interval
with respect to y seen in (6), S, (¢' + A,y + Ay + Ap -
v/w) is obtained from S, (¢',y" + Ay) recursively. Firstly,

Sp, (¢',y" + Ay) can be divided into P, segments and (24)
can be derived as
P,—1
Sp, ('Y +Ay) = Y Sy, (¢ + DY) (25)
Pe=0
where
Spopy (@Y 4+ Ay)
/ypy +(p—¢"v/w /<PI+ADW+1
= r(r(e,y; ¢, 0); 0
kool Jeten, (26)
y+y +Ay)€$p(JTT(‘P yi¢',0))dedy
where o, = —®/2+p, - K, Ap, forp, =0,1,2,..., P, —1,
are the joint points of the segments over [-®/2,®/2), K, is

the number of Ay over each segment, and ® = P, - K, - Ap.



JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015

Then, the corresponding D (¢, y; ¢’,0) can be also approxi-

Algorithm 1: DPC Imaging Algorithm

mated as a constant over p,th segment, expressed as

Dy (ps,py; ¢')
1 K,—1

@
= Ki Z D@(QO/ + @pv + k¢A<P7ypy + (90P¢
# ke=0

+ ko Ap) - v/w;¢',0),0 € [0+, @+ pat1)
'Y € [ypy + 901044: : ”U/(AJ, ypy + Sopg:"rl ' U/Ld)
Finally, assuming that e .(r(o,¥;¢",y), 0, 9)
er(r(p, 959" + Ap,y' + Ap - v/w), ¢, y), we can have
Spypo (@ + A0,y + Ay + Ap - v/w)

27)

=5

Py Py

A ~
(¢, y" + Ay)exp(j D P pys ¢))

/v’+A<p+wp¢
S"""‘Ppgp

(@, y; 0" + Ap, 0))dpdy
/v'+A¢+Wp¢+1
P+ Ppyt1
A
o,y + Y + Ay 4+ Ap - v/w)exp(j 77“(% y; ¢+ Ap,0))dedy.

(28)

In summary, the recursive imaging process is achieved by
segmenting the BPA integral and compensating the difference
of the slant range surface dynamically based on the variant ¢,
thus named as dynamic piecewise compensating algorithm.

Ypy Hp—¢'—Ap)v/w )

-/ er(r(,u ¢ + Ap,0)
Ypy —AY+(p—¢'—Ap)v/w

Ar

Joy Y+ Ay + Ap - vjw)erp(j =

ypy-l‘(ip—tp’—Azp)v/w

o
Ypy —AY+(p—¢' —Ap)v/w

B. Imaging Implementation

The implementation of the fast DPC imaging in digital
domain is presented in this subsection. Assuming that the

er(r(e, y; 9" + Ap, 0

Initialization: Set I(p,,m) = 0 and S(p,,p,, m) =0
for providing memory to
L, (mAp,nAy + mAg - v/w) and
Sp,.p. (MAQ, NAY +mAy - v/w) respectively. Set
E, for storing the used compressed data. Given rq
and Ry, set r(py, p,,m) =
r(MmAQY + ©p, 41, Yp, + Ppo+1 - U/Nw; mAp,0)
calculated from (2), Dy (p,, m) = Dy(py; mAyp)
calculated from (22), and
Dy (py, Py, m) = Dy(py, py; mAp) calculated from
(27), respectively, for providing the required D,(.),
D,(.) and r(.) to achieve the recursive processes,
i.e., (29) and (30).
Recursive Imaging:
for scanning time t=At, 2At,...,(n - M + m)ALt,... do
(1) The received echoes
E.(k,mAp,nAy + mAp - v/w) is firstly
compressed by (5), and then storied into E,.,
meanwhile the unwanted compressed signal
received previously is removed out of DATA;
(2) Based on r, D, and the updated E,,
Spypo(MAQ —®/2 nAy — L, /2 + (mAp —
®/2) - v/w) stored in S are updated recursively
from (29).
(3) Based on r, D, and the updated S,
Sp, (MmAp —®/2,nAy — L, /24 (mAp — ®/2) -
v/w) are firstly calculated from (25), and then
substituted into (30) to update I, (mAyp —
®/2,nAy — L,/2 + (mAp — ®/2) - v/w) stored
in L Finally, all of I, are sumed up to obatin the
imaging result at
(MA@ —®/2,nAy—L,/2+(mAp—®/2)-v/w).

)

end

M = 27w /Ay spatial samples are acquired over one rotation,
the coordinate of the radar position (¢,y) = (wt,vt) can be
denoted as (mAp,nAy + mAy - v/w), where m and n are
the indexes describing the sampling time ¢t = (m + nM)AL.
Given that the coordinate of the imaging pixel is equivalent to
that of the radar, the recursive process shown in (28) can be
derived as

Spype (M4 1DAR, (n+ DAy + (m + 1) Ap - v/w)

Ar ~
= Sp, .p. (MAP, (n + 1)Ay + mAyp - v/w)exp(j ~De (P
, Pys MAYP))

—er(r((m + 1)Ap + ¢y, Yp, + ¢p, - v/w; (m+1)Ap, 0);
(m+ 1DAp+ PpyrYp, T Pp, v/w+ (n+1)Ay+ (m+1)
41
Ac

“Ap-v/w) - exp(j
:(m+1)Agp,0))
+er(r((m+1)Ap + @p, 41, Yp, + Pp 41 v/w; (m+1)Ap
;0); (m +1)AQ + ©p 11, Yp, + Ppot1-v/w+ (n+1)Ay

r((m+1)A@+@p,, yp, + p, - v/w

(

A
+ (m+1)Ap - v/w) - exp(j TT((m + 1A+ ©p, 41, Yp,

+ Opot1 - v/wi (m+1)Agp,0))
(29)

and I, (mAgp, (n + 1)Ay +mAyp - v/w) shown in (23) can
be calculated as

I,,(mAp, (n+1)Ay + mAyp -v/w)

A
~ Dy (py; mAp))

= Ip, (mAp,nAy +mAp - v/w) - exp(j 3

- Sp, (mAy, (n+ 1)Ay + mAp - v/w)

+ S, +1(mAp, (n+ 1)Ay + mAp - v/w).

(30)

Finally, the imaging result I(mAy, (n+1)Ay+mAp-v/w))
is the sum of I, (mAyp, (n+1)Ay +mAyp-v/w)) based on

13).

The flow of the above-described process is summarized

in Algorithm 1. Note that the correlation imaging can
be achieved only after all the spatial samples over the 2-
D synthetic aperture are acquired. Therefore, the target at
(mAp — /2, nAy — L,/2 + (mAp — &/2) - v/w) can be
imaged only after the echo at (n - M + m)At is received.
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Fig. 4. Diagram of panoramic SAR prototype.

C. Complexity Analysis

To compare the complexity quantitatively, suppose that
Ny, x N, echoes can be acquired over the 2-D synthetic
aperture and each echo consists of N, samples. For the sake of
comparison, a Ny x N, image is reconstructed using BPA and
DPC imaging algorithms respectively. In this subsection, we
adopts the number of the required complex multiplications to
describe the computational cost since the cost of implementing
a complex addition is much lower than that of implementing
a complex multiplication in practice.

Before the correlation imaging, N,logs N, complex mul-
tiplications are required to process the range compression
based on fast Fourier transform (FFT). After the range com-
pression, the final imaging points are reconstructed indepen-
dently using BPA from (6), by which each pixel imaging
requires N, X N, complex multiplications. By comparison,
the DPC algorithm adopts a recursive imaging process. From
(29) an (30), the update of a new imaging pixel requires
2P,P, + 2P, + 2P, + 1 complex multiplications. Therefore,
the total number of the complex multiplications required by
the BPA and DPC algorithms are N, N, N.logoN, + NN
and NyN,N-logoN. + NyN,(2P,P, + 2P, + 2P, + 1)
respectively. Since the P, and P, are much smaller than
N, and N,, the proposed DPC algorithm can save much
more computational cost than the BPA, which can be further
demonstrated by the following experimental results.

IV. PANORAMIC SAR PROTOTYPE AND IMAGING RESULTS

In this section, a panoramic SAR prototype is firstly built up
based on a 77-GHz FMCW radar and a moving platform, and
then the simulation and the experimental imaging results are
presented respectively to validate the panoramic SAR principle
and the DPC algorithm.

A. Panoramic SAR prototype

The deployment of the prototype based on the geometry of
panoramic SAR is illustrated in Fig. 4. The rotating platform
equipped with a FMCW radar is mounted on a slider, thus
formulating the combined movement shown in Fig. lc. This
movement with simultaneous constant angular and forward
speeds is achieved using two stepper motors with a controller,
and the receiver frontend uses the AWR1843 single-chip 77-
GHz FMCW radar sensor made by Texas Instruments [24].

TABLE I
PARAMETERS OF PANORAMIC SAR PROTOTYPE
Parameters Values
Radius of rotating radar rq = 0.06 m
Radius of beam center Ry;=3m
Height of radar hr =0.5 m
Angular and vertical speeds w = 7/2 rad/s and v = 0.0025 m/s
Time sampling interval of ¢ dt = 4 ms
Time sampling interval of 7 dr = 0.4 pus
Number of samples over a chirp 256
Carrier frequency and bandwidth fe = 78.8 GHz and B=3.6 GHz
Length of synthetic aperture Ly =0.11m
Angle-width of synthetic aperture ® = 47/25 rad
W y
Target 3
0, 4m)
Tagets | T
e Target 2
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Fig. 5. Top view of point-target simulation scene.

For the ease of data capture, a laptop is directly placed on the
center of the rotating platform. The laptop sends the command
strings to the radar via micro universal serial bus (USB) ports,
and the received raw data stream is transfered to the laptop via
an Ethernet cable. Due to the rotating movement, the wireless
connection between the laptop and the controller is adopted
and the laptop is operated based on the wireless monitor,
mouse and keyboard. The imaging processing and display are
conducted by the laptop. Since the data sampling must satisfy
the criteria discussed in Section II.D. the parameters of the
panoramic SAR prototype are given in Table 1.

B. Simulation Results

The point-target imaging performance of the panoramic
SAR is investigated in this subsection. For the sake of com-
parison, the simulated raw data is generated based on the
parameters of the prototype listed in Table I. Fig. 5 shows the
top view of the simulation scene. Suppose that the rotating
center moves along y—axis starting from the origin and the
sixteen targets are located around the radar.
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Fig. 6. Point-target images reconstructed by (a) DPC algorithm with P, = 2 and P, = 10, (b) DPC algorithm with Py = 4 and P, = 10, (c) DPC
algorithm with P, = 6 and P, = 10, (d) DPC algorithm with P, = 6 and P, = 8, (e) DPC algorithm with P, = 6 and P, = 4, and (f) BPA, respectively.

1) Imaging Resolution: Fig. 6f shows the image re-
constructed by the BPA from (6). The imaging results
of the targets from 1 to 16 correspond to I(1,0),
I(1,7/4), I(1,37/2), I(1,7n/4), 1(0.6,0), 1(0.6,7/4),

., 1(0.6,37/2), and I(0.6,77/4), respectively. We can see
that the imaging resolutions are independent of 3’ but vary
with different ’. Therefore, they are analyzed detailedly based
on the different ¢’. When ¢’ = 0 rad, the resolution vector
5_,;(0) is parallel to z—axis, d,(0) and 6,(0) are parallel to
y—axis, and the largest equivalent synthetic apertures, i.e.,
L g and L¢p, can be obtained. From (11) (12) and (13), the
imaging resolutions at the targets 1 and 9 can be calculated
as 0; ~ 0.0422 m and §, ~ 0.0353 m, validated in Fig.
7a. As ¢ is increased, 6 »(¢') is always perpendicular to
54(¢'), but 4, o(¢’) and 6 ., (') become nonorthogonal and the
equivalent synthetic apertures are shortened. Taking ¢’ = 7/4
as an example, the imaging resolution at the target 2 and 10

can be calculated as 6, = 0.0597 m and §, = 0.0597 m,
validated in Fig. 7b. When ¢’ is increased to 7r/ 2, 64(m/2) is
parallel to z—axis, 07, (7/2) and 0, »(7m/2) are parallel to y—axis
respectively, and the equivalent synthetic apertures become the
shortest ones. Correspondingly, the imaging resolutions at the
targets 3 and 11 can be calculated as §, = 0.1025 m and
dy = 0.0422 m respectively, validated in Fig. 7c. Based on
the variant ', similar imaging resolutions can be obtained
when ¢’ = ¢’ + 7, which can be validated in Fig. 6e.

2) DPC imaging performance: The DPC imaging is pro-
posed based on the approximated difference D, (p,;¢’) and

285 29

x-[m]
(a)

Fig. 7. BPA image from Fig. 6f enlarged at (a) Target 1, (b) Target 2, and
(3) Target 3, respectively.

295 3 2

ZNDS(, (pps Dy ") between two adjacent imaging results. From
(22) and (27), larger P, and P, result in the more accurate
approximations, thus obtaining better DPC imaging perfor-
mance. From (29) and (30), Sy, ., (¢',%') and I, (¢',y') are
obtained recursively along rotating and forward directions, and
thus the imaging abilities contributed by the rotating and linear
movements are determined by P, and P, respectively. Figs.
6a-6e show the images reconstructed by the DPC algorithm
with different P, and P, respectively. It is evident that the
DPC algorithm performs better when P, and P, are increased.

For more detailed analysis, the impact of P, and P, to
the imaging at different ¢’ is investigated. When ¢’ = 0,
the imaging in z—axis is only determined by 5;(0) achieved
by the range compression from (5) and thus independent of
P, and P, as seen in Figs. 6a-6f. The imaging in y—axis
is determined by 67,(0) and &, (0). Due to the equivalent
synthetic apertures Lyp = Lcp = d+ L, and L, > d under
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Fig. 8. Imaging scenario of Panoramic SAR prototype.

this prototype, the imaging ability contributed by the linear
movement is more significant. The imaging results show that
a worse imaging performance at ¢’ = 0 can be obtained when
P, is smaller. When ¢’ is increased, 6_;(@’ ) and 6, (¢') become
nonorthogonal and thus the imaging in x— and y—axes are
impacted by P, and P, jointly. Take the imaging at ¢’ = 7 /4
as an example. 0,(m/4) is independent of P, and P,. For
81(m/4) and 8.4(7/4), the corresponding equivalent synthetic
apertures become Lap = d + Ly|cos(m/4)] and Lep =
d|cos(m/4)|+ L, respectively. Due to L, -cos(m/4) > d under
this prototype, a worse imaging performance at ¢’ = 7/4 can
be obtained when P, is smaller as seen in Figs. 6a. When
¢’ is increased to 7/2, 7 (/2) and 6 (/2) are orthogonal,
Lsp =dand Lcp = L,,. Therefore, the imaging performance
at ¢’ = 7/2 in x— and y—directions are determined by P, and
P, respectively which can be validated by the imaging results.
Due to the nonorthogonal vectors d7,(¢') and (57,((,0’ ), the
approximation e, (r(¢,y;¢',v"), 0,y) =~ e (r(o,y; ¢,y +
Ay), ¢, y) from (23) cannot be neglected in a high squint case.
The error of this approximation deteriorates the imaging at
¢’ = m/2 in y—direction as seen in Fig. 6a and 6b. Therefore,
a larger P, is required to decrease the error.

In summary, the DPC imaging is actually determined by
the three resolution vectors. d,(¢’) is only determined by the
range compression, and 47, (¢') and 5:,(g0’ ) correspond to the
equivalent synthetic apertures Lap = d + Ly|cos(¢’)| and
Lep = dlcos(¢')| + Ly respectively. Therefore, the impacts
of P, and P, to the imaging performance of 51 (¢’) and 6:,(@’ )
vary with the .

C. Experimental Results

In this subsection, the experiment based on the prototype
is implemented. Fig. 8 presents the imaging scenario. Since
the similar imaging resolutions can be obtained when imaging
at ¢’ and ¢’ + 7 as seen from Fig. 6f, we place three metal
targets randomly in front of the panoramic SAR prototype,
whose imaging results can validate the proposed panoramic
SAR. After setting up the parameters, the radar scanning based
on the combined movement is triggered when the laptop sends
the command strings to the radar and controller respectively.
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Fig. 9. Real images reconstructed by (a) DPC algorithm with P, = 6 and

P, = 4, (b) DPC algorithm with P, = 2 and P, = 10, (c) DPC algorithm
with Py, = 6 and P, = 10, and (d) BPA, respectively.

After the data acquisition, the proposed imaging process in
digital domain is performed in the laptop with a 2.8-GHz CPU
by using Matlab 2019.
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TABLE 11
TIME COST COMPARISON

Algorithms Time(second)
DPC with Py =2 and P, = 10 6.993
DPC with Py =6 and P, =4 9.169
DPC with Py, =6 and P, = 10 15.058

BPA from (6) 79.618

Fig. 9 shows the image reconstructed by the BPA and
the DPC algorithm with different P, and P, respectively,
in which the three targets with the different radar cross
section (RCS) can be observed clearly. The imaging results
can further validate the analysis of the imaging resolutions and
performance in Section II.C and Section IV.B. We can see that
the imaging resolutions are spatially variant with different o’
and the DPC imaging performs better with increased P, and
P,. When P, =6 and P, = 10, a similar imaging result can
be obtained, compared with that of the BPA.

To demonstrate the efficiency of the DPC algorithm, the
time cost comparison is shown in Table II. It is evident
that time cost of the proposed algorithm is much lower than
that of the BPA. Note that there is a tradeoff between the
imaging performance and the computational cost as larger
P, and P, complicate the implementation of the proposed
imaging process. Therefore, to design a practical panoramic
SAR system, Py, and P, should be selected properly based on
the simulated point-target imaging results.

V. CONCLUSION

We have developed a panoramic SAR which is a combina-
tion of linear and rotation GB-SARs, thus offering many ad-
vantages. A larger panoramic observed scene can be provided
and a 2-D synthetic aperture is formulated to improve the
imaging resolutions. This paper fully investigates the principle
of panoramic SAR, including system geometry, BPA, resolu-
tions analysis, and sampling criteria. A novel DPC algorithm
is further proposed to reduce the complexity significantly. The
prototype of panoramic SAR is built up, and the corresponding
simulation and experimental results are provided to validate
the proposed panoramic SAR principle and the DPC algorithm.

The work presented in this paper establishes a solid theoreti-
cal foundation of panoramic SAR concept. On this basis, more
new GB-SAR applications can be designed to suit different
imaging scenarios.

APPENDIX A
DERIVATION OF SAMPLING CRITERIA

Based on the Nyquist criterion, the upper bounds of the
sampling intervals, Ay, Ay, and AT are derived as

2kmaa (r(@ + Ap, 390 ,1") = (0,439, y")) < 2kmaa

(e +Apy+Ap-v/wiy) — ey y)) <

(€2

2kmax(r(p,y + Ay @' y) —r(p 9" y) <m0 (32)
and

20kr(p,yr; ¢ yy) <. (33)

The difference in wavenumber is Ak = 27 (f. + K, (7 +
AT))/c —2n(f. + K. (7))/c = 2r K, A1 /c. The differences
T(p+Ap,y; 0",y ) —r(p,y; @', y') and r(p, y+Ay; ¢ y') —
r(o,y;¢',y’) can be derived as (¢, y; ¢,y )|, - Ay and
(e, y; 9", y')]y - Ay respectively, where f’(z,y)|, denotes
the first derivative of f(z,y) with respect to x. Therefore, we
can have

mr(e, ;¢ y')

B9 s - e
® kaax‘RdT‘dSZTL(gp — (p/) + (y _ y/)COS((p)|
(o, y; ¢, Y)
Ay < 35
v= 2kmaz|Tasing — Rgsing’ + 1y — /| (35)
and
AT < ¢ 36
~AK (o, y; 0, y') (36)

where A, Ay and A7 must be smaller than the minimum
values of the right side, thus obtaining (15), (16) and (17)
respectively.
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