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Automotive Squint-Forward-Looking SAR: High
Resolution and Early Warning

Ruizhi Hu
Ahmed Murtada

Abstract—Forward-looking automotive radars can sense long-
distant targets to enable early warning, but the lateral resolution is
limited. Synthetic aperture radar (SAR) techniques can achieve
very high azimuth resolution but cannot resolve targets in the
forward direction. As a trade-off, squint-forward-looking SAR
(SFL-SAR) can perform 2D imaging on a distant area squint to
the moving direction, providing both high resolution and early
warning. In this paper, we analyzed and derived the constraints
of automotive SFL-SAR to satisfy both the required resolution
and braking distance. Simulations and imaging results verified the
analysis.

Index Terms—Automotive radar imaging, modified back-
projection (BP), squint-forward-looking, synthetic aperture radar
(SAR).

I. INTRODUCTION

ECAUSE of its unique all-weather all-day sensing abil-
B ity, radar is an indispensable component for autonomous
driving under harsh weather or light conditions [1]-[3]. In par-
ticular, millimeter-wave frequency-modulated continuous-wave
(FMCW) radar systems have been widely adopted in automotive
sensing research and industry for the advantages of low cost, low
power, small size, and easy signal pre-processings.

When considering the automobile’s movement, it is natural to
leverage the synthetic aperture radar (SAR) technique to obtain a
high azimuth resolution. However, most automotive SAR works
fall into the category of side-looking SAR, where the radar beam
direction is near normal to the automotive motion. Although
side-looking SAR can obtain high-resolution images, itis unable
to detect the front-lying targets in advance. Consequently, its
applications are limited to parking spot detection [4], [5], road
boundary localization [6], infrastructure monitoring [7], and
ground field sensing from elevated road [8].

Forward-looking is the most critical direction for safety con-
cerns. Unfortunately, mono-static SAR fails in forward-looking
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imaging because of its low lateral resolution and the left-right
ambiguity problem [9]. As a result, the high and distance-
invariant azimuth resolution of SAR can not be directly exploited
in forward-looking radar imaging unless advanced configura-
tions like bi-static SAR are utilized [10]-[12]. Since bi-static
SAR can change the spatial distribution of iso-range and iso-
Doppler contours, particularly for the targets situated in the front,
their range resolution and Doppler resolution vectors are no
longer colinear so that 2D resolution can be obtained. However,
an automobile’s physical size cannot satisfy the requirement of
a valid bi-static SAR configuration by itself, while using a signal
from an airplane or satellite is too complicated and costly.

Hence for automotive radar imaging, real aperture radar array
and multiple input multiple output (MIMO) radar arrays are
extensively utilized to enhance lateral resolution in the forward
direction [3], [13]. Unfortunately, the resulting resolution is still
defined by angle and bounded by the array’s physical constraints;
hence the lateral resolution may be quite limited when targets
are far from the radar. Consequently, the radar array cannot
obtain azimuth resolution comparable to SAR. Although super-
resolution beamforming techniques can be applied [14], [15], it
will increase the computational overhead and only provide point
cloud products [16]. Recently, some interesting techniques on
enhancing the lateral resolution of forward-looking combining
mechanical scanning with the SAR technique are proposed [17],
[18], but the complexity of the imaging system increases.

As a compromise between forward-looking radar and side-
looking SAR, squint-forward-looking SAR (SFL-SAR) could be
an excellent complement to existing radar imaging techniques.
Due to the combined high lateral resolution and long forward
sensing distance of SFL-SAR, it can provide reliable early warn-
ing for dangers originated from outside of the road or affecting all
lanes. Some examples include fallen trees/buildings, landslides,
tumbled rocks, a sunken road, a collapsed bridge, to name a few.
The feasibility of automotive SFL-SAR has been demonstrated
in [19], [20]. However, imaging performance and efficiency
using frequency-domain algorithms at an extremely high squint
angle and curved trajectory remain challenging [21], [22]. Re-
garding adapting BP to FMCW-SAR imaging, an additional im-
age shift caused by radar’s intra-pulse movement should be con-
sidered [23]. Under certain conditions such as large squint angle
or high speed [24], modified BP should be utilized [7], [25].

In this paper, the constraints of SFL-SAR to satisfy both
required 2D image resolution and safe distance for braking are
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derived, which can provide a reference for imaging area design.
A longer synthetic aperture can enhance lateral resolution, but it
will also leave a shorter distance for braking, causing a trade-off.
Under certain constraints derived in this article, high lateral
resolution and sufficient braking distance can be satisfied simul-
taneously for SFL-SAR. Finally, the resolution and localization
accuracy of SFL-SAR imaging under an extremely high squint
angle is verified via the modified BP algorithm. Specifically, the
original contributions of our paper include:

1) System modelling of SFL-SAR for high resolution 2D

imaging in the squint-forward direction;

2) Resolution analysis of SFL-SAR based on automotive

parameters;

3) The novel concept of imaging area analysis to satisfy high

resolution and sufficient braking distance simultaneously;

4) Corroboration the analysis via simulation results.

The remainder of this paper is organized as follows. In Section
I1, the signal model of FMCW-SAR is given. Section III presents
the derivation of range and Doppler resolution vectors and the 2D
resolution analysis in detail. In Section IV, constraints on 2D res-
olution and sufficient braking distance are derived for SFL-SAR,
and imaging area design examples are shown. In Section V, the
modified BP algorithm is introduced, and simulation imaging
results are given. Finally, Section VII concludes the paper.

II. AUTOMOTIVE FMCW-SAR SIGNAL MODEL

Let the FMCW radar system mounted on an automobile
constantly transmit long pulses of the form,

si(t) =exp [—j (2nfot + TKt?)],  |t| <T,/2, (D)

where T}, is the sweep time, fy is the carrier frequency, K =
B/T, is the chirp rate, and B is the bandwidth of the transmitted
signal.

Based on the first-order Born approximation and the assump-
tion of isotropic scattering [25], the received signal can be
written as

sr(m,t) = /Qo(s)st (t — 7 [s,r(m,t)])ds ()

where m € N is the index of pulses, {2 is the radar beam
footprint, o(s) is the reflectivity at ground location s, r(m, t) is
the radar position at fast time ¢ during the m-th pulse, 7(s, m, t)
is the two-way delay from the radar to the target at s and then
back to the radar.

For pulsed radar systems where the stop-go assumption is
usually adopted, r, and corresponding 7, are assumed to vary
with m but not ¢ because of the short pulse duration. For an
FMCW radar system, the stop-go assumption may fail, and the
radar’s intra-pulse movement with ¢ should be considered.

Let r. denote the reference range and 7. = 2#; denote the
delay of the reference signal, where c is the speed of light. After
dechirp and range deskew [25], [26], the dechirped signal can
be written as

sa(m,t) = /Qa(s) exp j [p(s;m, t)] ds 3)

Ak /

Radar Trajectory

4

Radar Footprint

Fig. 1.

Geometry of automotive FMCW-SAR.

where ¢(s;m,t) is the phase that represents the ideal response
of an isotropic scatter at s, given by

¢(S; mvt) = 27T(f0 + Kt — KTC) [T(Svmvt) - Tc} 4

Let R(s,m,t) denote the instantaneous slant range from the
target to the radar when transmitting and R(s, m,t + 7) denote
the instantaneous slant range when receiving. With regards
to the automotive imaging scenario, the slant range is a few
hundreds of meters at the most; hence the correponding 7 is
limited to a few microseconds. In comparison, 7}, for automotive
FMCW radar is hundreds of microseconds, i.e., 7 < T}, so the
difference between R(s, m, t) and R(s, m,t + 7) canbe ignored
in automotive radar imaging scenario, then the slant range can
be assumed to vary with only ¢ and m, consequently,

R(s,m,t) + R(s,m,t + 1)

C

T=1(s,m,t) =

. 2R(s,;m,t) _ 2|[s —r(m,t)]|
- C - Cc

(&)

III. RESOLUTION ANALYSIS

At the outset, we specialize the resolution properties of the
automotive SAR imaging exploiting the peculiarities therein.
For 2D-SAR imaging, the range resolution is provided by the
wide bandwidth of the transmitted signal and is almost spatially-
invariant except for the slant range to ground range projection.
The cross-range resolution is achieved by the Doppler shift
produced by the movement of the platform relative to the target.
It is spatially-variant and is influenced by the velocity of the
platform v. In the following, inspired by [10] and based on
the ground gradients of time delay and Doppler shift, the range
resolution and Doppler resolution vectors for automotive SAR
are derived. Building upon the two vectors, the 2D resolution
can then be determined by their magnitudes and angle.

A. Range Resolution Vector

To simplify analysis without loss of generality, the coordinates
are defined with respect to the instantaneous radar location r and
velocity v, as shown in Fig. 1. The forward direction is along that
of v and is denoted by the ground Y axis. The lateral direction
is denoted by X axis and the vertical direction is denoted by Z
axis. Let z, denote the height of the radar; then the coordinate
of r is (0,0, 2,.). Further, let an arbitrary ground target s have
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coordinates (x,y,0). Let i j, and k denote the corresponding
unit vectors of X, Y, and Z. Let #,.s denote the unit vector from r
to s, ys 4 denotes the unit vector along the ground projection of
Ups, and @5 denotes the instantaneous angle between s and
—E, from Fig. 1, we have

. 1 - = - zi + yf— ZTE
Urs:7($2+yj—zrk) :ﬁ
[r — s Va4 y? + 22
_ 1 ( 7y ~.) i +yj
Upgg = ——— | @i = —
0T e—slsinges ) T B2
. / 2_|_ 2
Sin Yrs = VY (6)

/1'2 + y2 + Z,%
Based on the delay in (5), a change in s will result in a change
in 7 via

dr =ds-V,r (7

where V7 is the ground gradient of 7 that represents the
direction of maximum change of the delay on the ground, and
is given by

37’—,» 87’—_»
Vor =[5+ o)

Since only a delay larger than 1/B can be measured by
the radar system, according to (7) and (8), the ground range
resolution vector 9,.(s) can be calculated using the unit norm
property of Uys g

= 1 c

57“ (S) Hrs (9)

T BV, ™ T 2Bsingys T

Different from air-borne SAR or space-borne SAR, the height
of an automotive radar z, can be much smaller than the sensing
distance. In (6), because of a small z,., we have sin (. — 1. Fur-
ther in (9), ||6,.(s)|| — 55 1s approximately spatially-invariant.
However, the direction of gr(s) is spatially-variant and is deter-
mined by Uy 4.

B. Doppler Resolution Vector

The Doppler shift of the signal from s at radar position r is
given by

_ 2V - Ups _ 2 ||v] cos brs v

A A
2y o
A x? + y? + 22

do

where A = ¢/ fj is the carrier wavelength and 6, v is the angle
between v and .
The ground gradient of d,, can be calculated via

_[0do~ 0d,-| 2]
Vgdo = [ o ) By ] = Vg (cosbrs )
2|v| =

- . [fxyﬂ (2% + zf)]} (11)
AERTE

where V (cos Grs,v) is the ground gradient of cos fs  and the
modulus of V,d, is

2]Jv]l
IVgdoll = —— Vg (cos brs,v)l

N

2| [x2y2 + (22 + zz)z]
= 3 (12)
Ma? 42+ 22)

Similar to the range resolution derivation, since the radar
system can only measure a frequency difference larger than
the reciprocal of synthetic aperture time 7j,,, the Doppler
resolution vector can be calculated by

- 1
04, (8) = ———=——1q,
) T I e

A
2Ty V][IV (cos brs v )|

|ﬁdo,g (13)

where g, , denotes the unit vector of the ground Doppler
gradient, given by

—xyf+ (m2 + 23) ;

lid,.g = (14)
Va2y? 4 (@2 4 22)°
From (12) and (13), we have
zlrlglo Hado (S)H
3
) )»(3;‘2+y2+23)2
= hmO T
Zr—r 2
Moy V] [2292 + (22 + 22)°]
X (22 + 92
(2 + ") (15)

2Ty |Vl 2]

From (14) and (15), for a small z,., ||64,(s)|| is spatially-variant,

s is its unit vector g, g.

C. 2D Resolution

For a SAR system, the 2D resolution depends not only on the
magnitudes of range and Doppler resolution vectors, but also
their vectorial angle. In [10], a useful metric to measure the
spatially-variant 2D resolution of SAR is given by the pixel size
p(s), defined as

b(s)]| || 6. 9)]

sin 6,.4(s)

p(s) = (16)

where 6,4(s) € [0, 7] denotes the vector angle between . (s)
and 44, (s), from (6) and (14),

RORNG
5.(9)|| [, 9|

2

Yl + 24 22 02 a)

cos 0,.4(s) = = Urs,g * Ud, g
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5
De

Fig. 2. Spatial variation of 6,.4(s). (a) Entire lateral and forward range. (b)
Focus on lateral range.

TABLE I
SIMULATION PARAMETERS AND VALUES
fo B PO Zr vl Lsyn
77GHz | 1.5GHz | 0.01m? | 1.5m | 32km/h | 30 m

Naturally, smaller p(s) implies higher resolution. Specifi-
yzi .
. — 41, which
/=

4y2

cally, when 2 — 0, lim,_,q cos 0,.4(s) =

means sin 0,.4(s) — 0. Further from (16), we have p(s) — oc.
Hence, for a target directly in the front or rear of the vehicle,
5,(s) and 04, (s) are colinear and 2D resolution is not feasible,
which explains why SAR is not an option for forward direction
detection. On the contrary, for side-looking where y — 0, we
have lim,, o cos f,.4(s) = 0, which means §,.(s) and J,, (s) are
orthogonal, thus SAR can provide the finest 2D resolution.

Due to the small z, in automotive radar, based on (17),
when |z| or |y| is large enough, it also has cos 6,.4(s) — 0. For
example, when z, = 1.5m, the value of 6,.4(s) for a lateral range
of © € [-40m,40m] and a forward range of y € [Om, 300m]
is shown in Fig. 2(a), with Fig. 2(b) depicting the horizontal
zoom-in image. Because of the particular small z, in automo-
tive SAR, in Fig. 2, for most of the surrounding area that is
deviated from the forward direction, 6,.4(s) &~ 90° is satisfied as
predicted. For these areas, since both ||6,.(s)|| and sin 6,4(s) in
(16) are approximately spatially-invariant, the spatially-variant
part of p(s) for automotive SAR is predominantly governed by
[16a, (s)]l-

Let po denote a desired standard 2D resolution and p(s) =
poN,(s), where N,(s) is the corresponding spatial variation
normalized to py. A larger N, (s) indicates a lower 2D resolution
because a point target located there will have a larger main-lobe
area. Based on the parameters listed in Table I, the contours of
N, (s) over the same area of Fig. 2 is shown in Fig. 3. According
to the contours, 2D resolution gets lower with an increasing y
or decreasing |xz|. This is undesirable since we want to cover a
large imaging area that could be distant and close to the front at
the same time, so a trade-off should be made between y and |x|.

300

250

200F

stance/ Y (m)

-40 -30 20 -10 0 10 20 30 40
Lateral Distance/ X (m)

Fig. 3.
provided.

Contours of the 2D resolution as a function of lateral and forward range

Besides the resolution failure in the forward direction, mono-
static forward-looking SAR also has the left-right ambiguity
because two targets that are symmetric about Y axis have the
same range and Doppler history. Consequently, if we want to
image both sides, two radars separately illuminating each side
are needed. Because the 2D resolution is symmetric about Y axis
shown in Fig. 3, in the remainder of this paper, we only consider
the case of right side SFL-SAR for simplicity. The results for
the left side are similar.

IV. IMAGING AREA ANALYSIS FOR SFL-SAR

In the last section, we have derived the 2D resolution for
mono-static automotive SAR under linear trajectory with con-
stant velocity, and we also have analyzed the reason for its failure
on forward-looking imaging. On that basis, in this section, we
will further discuss the constraints of SFL-SAR on the imaging
areato achieve both the desired resolution and sufficient stopping
distance in case of detected obstacle.

Combining (9), (13), and (16), for an arbitrary target s, we
have

A A
X =
BV Toyn  BLsyn

p(s) (18)
where Ly, = ||v||Tsyn is the synthetic aperture length given a
linear constant velocity.

As for millimeter-wave automotive radar, A is relatively small
and B is relatively large, both providing advantages in obtaining
high resolution. Additionally, for different values of || v ||, a stable
resolution can be obtained by setting a fixed L, by adapting
T'syn- This invariance will be beneficial for the target detection
via both human eyes and machine algorithms.

Fig. 4 shows the top view of the scenario of Fig. 1, where
So = (g, yo) denotes the center of an rectangular imaging area,
and L, and L, are the extents along lateral and forward direction,
respectively. Because of the 2D resolution variation pattern
shown in Fig. 3, the poorest 2D resolution within the imaging
area will occur on the left edge and at its farthest distance from
the radar. Let § = (Z,9) = (2o — Lz/2,y0 + Ly/2) denote the
upper left corner of the area. As illustrated in Fig. 4, to achieve
the required 2D resolution for the whole imaging area, the radar
should travel in a linear trajectory with a length of L, + L.
Let s = (&, §) be the location on the left edge that corresponds
to the worst resolution, where y denote the possible farthest
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A y ""l-:.. I:I Imaging Area
}?"" - : Radar Trajectory
Ly, /2 1T s=(p °
‘-‘kso =(x0>25) ? Beam Footprint
L} H 4 Center Trajectory
- [e]
Ly, /2
L
! Yo
Y min
L.\‘Wi /2
v x
L,/2
Fig. 4. Top view of automotive SFL-SAR imaging.

TABLE II
STOPPING DISTANCES UNDER DIFFERENT VELOCITY

[[v]| (km/h) | 32 [ 48 | 64 | 80 [ 96 | 112
Lipinkg (m) | 6 9 12 1 15 | 18 21
Lyrake (m) | 6 14 | 24 | 38 | 55 75
Lstop (m) 12 23 36 53 73 96

distance from any target within the imaging area to the radar
along Y axis. When the center of the radar trajectory is defined
as the origin of the coordinates, we have

—Ly) /2 =yo+ Lsyn/2

Depending on the relative size of Ly, and L,, § could be
larger or smaller than . Finally, the constraint on resolution can
be defined as

g = 1,7 + (Lsyn (19)

p(8) =p(Z,9) < po (20)

As illustrated in Fig. 4, Ly, and L, are limited when ||v||
is large, or the distance between the radar and the scene may
be too close to stop the vehicle. According to the U.K. highway
code [27], the stopping distance Ly, is the sum of the thinking
distance Ly, and the braking distance Ly, and the typical
values are listed in Table II.

In terms of autonomous driving, Ly, of a human driver can
be possibly replaced by L, a much shorter time for learning
and processing algorithms. Then, L, can be set as

Lstop - (]- + ’Y)Lbrake (21)

where v > 0 is a factor considering L, and certain marginal
safe distance.

Let Ly, denote the minimum distance between the radar
and the closest target in the imaging area at the end of radar
trajectory along Y axis, as illustrated in Fig. 4, we have

Ls’qn/2 = g - Lsyn - Ly

Let Lgofe = Lgiop, then the constraint on safety distance for
the imaging area is given by

Lsafe =Y — Ly - (22)

Ly S :'j - Lsyn - (23)

Lstop

TABLE III
IMAGING AREA CONSTRAINTS

IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 15, NO. 4, JUNE 2021

Lsyn & ”V” Y Ly Lstop i Ymin
15m, 32km/h 106.4m | 84.8m 6.6m 1413m | 56.5m
15m, 112km/h | 106.4m / 105.6m / /
30m, 32km/h 1512m | 114.6m 6.6m 193.5m | 78.9m
30m, 112km/h | 151.2m 15.6m 105.6m 144m 128.4m
——P0 —Ymin — Y
200 71 200 7 200 A 200
F 150 14 150 150
>~
% 1 1
% 100 i1 100 i1 100
Q ' '
E%
E - - .
£ 50/ 1 iy 80 500 i i 50
ol——d ol ol ol
0 20 40 0 20 40 0 20 40 0 20 40
(a) (b) (c) (d)
Lateral Distance X (m)
Fig. 5. [Illustration of the imaging area constraints with shaded region

depicting feasible regions. (a) Lsyn = 15 m, [|v|| = 32 km/h. (b) Ley, =
15m, ||v] = 112 km/h. (¢) Lsyn, =30m, ||v|] = 32km/h. (d) Lsyn =
30m, ||v|| = 112 km/h.

With L,, determined, the minimum y coordinate of the imaging
area is

ymin:g_Ly:g_Lsyn/2_Ly/2

Letz =15 m, L, = 20 m, v = 0.1. Further, for the parame-
ters in Table I, imaging area constraints for SFL-SAR imaging
are derived in Table III and shown in Fig. 5 for different values of
IV ||, Lsyn and the corresponding Ly, 4. from Table IL. In Fig. 5,
the red lines denote the contours of pg calculated by (16). Then
7y is determined by the intersection points of the red and dotted
lines of & = 15 m, and subsequently L, can be determined by
(23). After that, g (blue lines) can be determined according to
(19) and Y, (black lines) can be determined according to (24).
It is shown that the contours of p( are determined by L, rather
than ||v||. The area satisfying both the resolution constraint and
the safety distance constraint is shaded by grey in Fig. 5, and the
corresponding values of ¥, Ly, Lytop, 9, and ¥y are listed in
Table III. Specifically, in Fig. 5(b), the two constraints can not
be satisfied simultaneously because that will lead to L, < 0.

(24)

V. MODIFIED BACK-PROJECTION IMAGING

To cover an effective imaging area for safety, a large y and
a small x are desired, which means the squint angle can be
extremely large for SFL-SAR. For example in Fig. 5(d), the
squint angle between §(,7) and the radar at the trajectory
center is 654(8) = arctan(43') = 84.05°. Current frequency-
domain imaging algorithms fail in air-borne and space-borne
SAR scenarios for such a large squint angle because of the severe

coupling between range and Doppler gradients. Fortunately, as
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shown in Fig. 2, because of the small z,. of automotive SAR, the
range and Doppler resolution vectors stay orthogonal for most
of the imaging area. This may lead to effective processing in the
frequency domain, which is beyond the scope of this paper.

In this paper, we utilize the modified BP algorithm of FMCW-
SAR [25] to verify the feasibility of high-squint imaging and
the correctness of our resolution analysis. Exploiting the stop-
go assumption, conventional BP is equivalent to a zero-order
approximation of 7 (s, m, t) in (5) given by 7o,

_2fs—r(m.t =0)]
o C

When the intra-pulse movement of FMCW-SAR [25], [26]
can not be ignored, a better approximation of 7 (s, m, t) is to use
the first-order approximation as,

(25)

0om

7(s,m,1) & Tom + Timt (26)
where Ty, 1S given by
Ot (s, m,1) v (s—r(m,t =0))
T |y Is—x(mt=0)]
=V - Ups = ||V]| cOS brs v
= ||v|| sin B4 sin psr = || V|| sin s (27)

Therefore, 7,, may not be ignored for high squint angle sce-
nario because it is approximately proportional to sin 6,,. Then,
¢(s;m, t) in (4) can be rearranged as

fo+ Kt — Kt.)1. — for(s,m,t) +---
otsim 1) = 2r | K1 / 7o) (s, " ) )

28)

As fo > |K(t — 7.)|, we can use first-order approximation

of 7(s,m,t) for the second term in (28) and the zero-order

approximation for the third term [25], to approximate ¢(s; m, t)

as

o(s;m,t)
_ o | o+ Kt = K7e)7e = fo (Tom + Timt) + -+
=K (t —7c)Tom
=27 (At + Bp) 29
where A,,, and B,, are defined as
Am = K7e = K7om — foTim
B, = (fo — K1) (Te — Tom) (30)

Through the approximation, the modified BP image is thus
obtained by an approximated 2D matched-filtering of s4(m, t)
via

G(s) = Z/sd(m,t) exp [—jq@(s;m,t)] dt
= Z exp (—j27 B,y,) / sa(m,t) exp [—j2m Apt] dt

= exp(—j2rBp) S(An) @31

CBP (32 km/h) CBP (112 km/h)

o Actual location

stance Y (m)

Forward Distance Y (m)

15 20 25 30 35 15 20 25 30 35
Lateral Distance X (m) Lateral Distance X (m)

(a) (b)

MBP (32 km/h) MBP (112 km/h)

xxxxxxx

o Actual location|

15 20 25 30 35 15 20 25 30 35
Lateral Distance X (m) Lateral Distance X (m)

(©) (d)

Fig. 6. (a) Conventional BP (||v|| = 32 km/h); (b) Conventional BP (||v|| =
112 km/h); (c) Modified BP (||v] = 32 km/h); (d) Modified BP (|v|| =
112 knv/h).

180 pp O § * Setl O Set2 A §

Forward Distance Y (m)

4 6 8 10 12 14 16 18
Lateral Distance X (m)

Fig. 7.  Simulation setup for resolution comparison.

where S is the Fourier transform with respect to ¢, A,, is the
energy curve of target s with respect to m after range compres-
sion.

Compared with conventional BP, the extra term of fy7y,, in
A, will cause an extra shift AR,,, along range direction in the
range-compressed curve, which is

cfoTp ||| cos Ors v
2B

CfOTlm
AR, = =
R 2K

_cfoTy (| V]| sin Os4
2B

(32)

For automotive FMCW-SAR, fy and T}, are relatively large.
Additionally, for large squint angles and large velocities, AR,,
may be too large to ignore, thereby motivating the use of modi-
fied BP instead of conventional BP.
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Fig. 9. Imaging results at (a) §; (b) 8.

VI. RESULTS AND DISCUSSION

For the imaging area given in Fig. 5(d), we set T, = 3005
and PRI = 350us, and use two different velocities ||v|| =
32 km/hand ||v|| = 112 km/h with other parameters in Table I in
the simulations. The imaging results are shown in Fig. 6, where
the actual location of targets are denoted by the red circles.
In each figure, all targets are well focused, with only slightly
different resolution and side-lobe direction because of the spatial
variation of resolution vectors. In Fig. 6(a) and (b), targets’
reconstructed location are deviated from their actual location,
and the offset in Fig. 6(b) is larger than Fig. 6(a) because of the
larger velocity. As a comparison, in Fig. 6(c) and (d), all targets
are focused on their actual location.

To better verify our analysis on the spatial resolution variation,
we further present zoomed images around several point targets
using the modified BP algorithm [25]. Here, we set Ly, =
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Imaging results at the two sets. (a-d) Set 1; (e-f) Set 2.

30 m, ||v| = 112 km/h. The distribution of the targets is shown
in Fig. 7, the circle represents S, the triangle represents §, the
red line represents the contour of pg, the blue asterisks (Set 1)
represent a set of targets with the same forward distance as s but
with different lateral locations, the red squares (Set 2) represent
the corresponding targets with the same lateral locations as Set
1 along the contour of py.

Fig. 9 depicts the results at s and §. The -3 dB contours
demonstrated that the resolution constraint of (p(8) < 0.01m?)
are satisfied both for § and §. The lateral resolution at § is slightly
better than at S because of a slightly smaller forward distance.
The range and Doppler side-lobe directions in both figures are
orthogonal as predicted and their reconstructed locations are
very accurate.

Fig. 8 are the results for targets at the two sets of targets
in Fig. 7 with their location given in the title of each figure.
As predicted by our analysis, the first row shows the lateral
resolution deteriorates with an decrease in the lateral distance.
Whereas in the second row, targets located on the same resolu-
tion contour demonstrate the equivalent resolution after imaging.
Furthermore, by comparing each vertical pair of images in Fig. 8,
it also validated that the lateral resolution worsens with an
increase in the forward distance.

VII. CONCLUSION

While forward SAR techniques are known to offer little ad-
vantages in automotive, this paper explores the SAR application
in the squint forward direction to enhance imaging resolution.
In this paper, an analysis of the 2D resolution of automotive
SAR is undertaken. The resulting expressions show that the key
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spatially-variant component of 2D resolution for automotive
SAR is determined by the Doppler resolution vector. Based
on the analysis, the constraints for SFL-SAR to satisfy both
2D resolution requirement and safety requirement are derived.
Besides, the effectiveness of SFL-SAR under extremely high
squint angle is verified by simulation via modified BP imag-
ing algorithm, which demonstrated that SFL-SAR is a viable
technique in automotive radar for early obstacle detection in
the squint forward direction. The next steps include efficient
imaging algorithm and motion compensation research, real data
collection and processing.
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