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Abstract A stepped-FM CW radar w aveform gpplied for mm-w ave automotive collision warning radar systeansw as
proposed, w hich is easy to be generated digitally and its signal processing reduced the requireament of computational
geed compared to conventional hgih-resolution radars A n error goproach algorithm w as suggested for multiple ve-

hicle target detection and its usefulness in elminating the false target by computer smulation w as confirmed
Key words stepped-FM CW , automotive radar, false alam rate, target detection

Introduction

From a relative viev point, road traffic isone
of the dangerousmeansof trangortation Statistic
of accidents show s that more than half of all colli-
sions are rear-end oollisions™. So it is believed by
people that a systen capable of alerting a driver in
a timely fashion to the existing of an mpending
collision would have the potentiality of drastically
reducing accident seriousness asw ell as frequency.
W ith those systems the car driver's stressw ill be
reduced and car driving will be more relaxing and
comfortable High reslution radars operating on
millmeterwave band are the ideal sensors for
these systens '**

In history radar systems in car gpplications
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were developed, which were named“ Fomward
L ooking A utomotive Collision W arning Radar
(FLAR)". M odern developments are focused on
the -called® A utonomous Intelligent Cruise Con-
trol Systems (A ICC)”'*®,which means in addition
to the oollision warning systems the car’s brake
and accelerations are controlled automatically by
the radar system including a traffic analyzing com-
puter. The collisionsw ill be avoided totally by the
A ICC-computer.

A Ithough many radar prototypes have been

[1,4 7]

produced , and relative results or papers have
been published, to date, however, no truly effec-
tive system has been developed and marketed Ex-
cept the consideration of the cost, the principal

reaon is the unacceptably high false alam rates
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The low false alam rate puts tough demands on
radar senr, o for whether FLAR or A ICC sys
tens, the predominant task is to design a radar
systen with gsnall false-to-real hazard detection
ratio. People have realized, to get low false alam
rates, radar systan must be able to measure the
three paraneters of the target simultaneously,
they are range, velocity and azimuth angle Each
of these parameters can be obtained by many dif-
ferent means based upon the transnit wavefom
and antenna selected

In thispaper, a complex waveform gpplied for
FLAR or A ICC, with its signal processing algo-
rithm for target detection isproposed Thewave
form can offer high resolution and the target detec-
tion algorithm provides good capability in elmina-
ting the false target

1 Waveform and Signal Processing

1 1 Waveform def inition

Radar detection basically depends on the
transnission signal waveform. In Fig 1 a new
waveform (stepped-AM CW ) applied for FLAR or
A ICC is shown
can be divided into six segnents, A- F, inonecy-
cle SegmentsA, C and E corregpond to the classic

It includes three slope pairs and

upchirp, and B, D, F, downchirp, where f ¢ is the
carrier frequency. How ever, the frequency is not
tuned continuously. Every segment comprises N
stepsof short burstsand the duration of each burst
is Tp, each of than having a constant frequency.
In addition, the frequency gacing AF for each
slope pair (A E;? (C,D), and (E, F) isdifferent

f/Hz
T

fe

t/s

Fig 1W aveform design of the trangnission
signal in one cycle
1

Figure 2 show s the waveform of the bursts that
comprised segnent A and segment B, where A,
represents the amplitude of bursts The advan-
tages of this stepw ise coded frequencies strategy
are firstly,
modulation signal and secondly the reflected sig-
nals coming in are mixed with the constant fre-
quency of the actually transnitted burst At the
end of each burst, when possible VCO or mixer
transients are settled, them ixer output signals are
sampled (Fig 3). Thirdly, using thisw avefom,

the simple digital generation of the

w e can easily calculate the range and velocity of ev-
ery vehicle target in the front of the radar sensor.
Furthemore, the step-by-step operation makes it
easier to digitally calibrate the systam.
1 2 Signal processing

W hen the signal of segment A is transnitted,
the received signal from a target is homodynely de-
tected into a train of base-band pulses and then 1Q
sampled at a rate of Pulse-Repetition Interval
(PRI) Te Then the sample at the i-th (i= 0, 1,
2,...,N - 1) frequency step is given by

Segment A Segment B
. S+ (N-DAR
. Jfe  J.+AF [, +28F, AR [ 2 o f+(N-3) &F ... /e
=<
1 2 3 N N+1 N+2 -} N+3 2N
> T, |e
t/s i

Fig 2 Thewaveform of bursts comprising segnent A and segnent B

2 A

B
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A Sample

Transmit signal Sample

f/Hz

Sample Receive signal

—

— Tp —

v

t/s

Fig 3 Definition of the sanple point
of the received signal
3

R(i) = Aexp[- j2m(f.+ iAF)T()], (1)

Cc

where A i is the anplitude of the i-th pulse, f.+
iAF1 is the transnitted RF frequency, T(i), the
range delay for the target, v, the relative velocity
of the target, and d, an initial range at i= Q

A coording to Refs [8,9], for all samples,
R (i) is then applied to the DFT in order to obtain
an N -elanent synthetic radar profile as follow s

s@ = [Sree 2]
=[Sl g ®
w here
b= df o+ i(AFid + fcTpv- ;\I@) + VT pAF,

(4)
In fact, the third tem of Eq (4), which is
called the Doppler and step frequency coupling,
can be designed to be snall as compared to other
tems For example, for atransnitted radarw ave-
fom of fc= 77GHz, AF= MHz and T,= 10us,
the effect of the coupling isvery snall
Then Eq (4) can be approximated by:

<¢

b= df.+ i(AFid + foTpv- -~ (5)

Suppose there is apoint target at the range of
d, then, a correlation peak, corregponding to the
target position, appears at the follow ing position:

_(_.‘Ld_r_n_)_
CBZZ\IAF +fTV+k(N (6)
C

where ko {0, * 1,+ 2,...}, which isowing to
the holding caused by the DFT.

You can see that it is a difficult task to esti-
mated and v from Eq (6).
the d and v, we need another equation

In segnentB, smilar to segnent A, the cor-
relation peak appears at the follow ing position:

In order to detem ine

%: 2\' (' AFlg"' fCTDV) + Ed\l (7)
w here ko {0,+1,+2...}
It isclear that from Eq (6) and Eq (7), thed
and v of amoving target can be detem ined easily,
w hich is given by:

BB clke- ko)
d= AN AF: ANF (8)
Lo c@r B clos ki) ©)
TN f T, 4f Tp

w here the second tem of Eq (8) and Eq (9) is
mainly detemined by the radar parameters such as
AF and T, A ssume a transnitted radar w aveform
of N = 128, AF= M Hz Tp= 10us and a moving
vehicle target ahead of the host vehicle, for exan-
ple, ko- Eo: Ow hen ®= ?faand ko- Eo: - 1when

B< B

Smilar to the first slope pair w hich comprises
segnentsA andB, it iseasy to understand that the
other two slope pairs can al detem ine the d and
v of amoving target

Figure 4 show s the radar profile for various
values of AF gpplied to segnent A, where d =
70m, v= 29%km/h, N = 128, T, = 10um, fc=
77GHz, and 128 pointsare used in the DFT calcu-
lation, and AF isQ 29M Hz, @ M Hz and M Hz,
regpectively.
malized anplitude It is seen that the range reslu-

In the figure, A represents the nor-

tion along the radar profile is inversely proportion-
al to the total bandw idth (N AF) of the transnitted
RF pulsesw ithin each segnent

Please note that because in each slope pair
(A,B), (C,D) and (E,F), the applied frequency
gacing AF isdifferent, thed and v of a target de-
tected by each slope pair will be different corre-
gondingly, thatw ill have bad effect on the multi-
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T T
- - AF=0 25 MHz

- -— AF=0 5 MH.
—_— AF=| MH.

Fig 4 The radar profile of a target
(128 points DFT)
4
(128 DFT)

ple target detection capability of the radar sensor.
In fact, we can do multiple points DFT to theob-
tained R (i) in each segment in order to make every
Bor aBobtained from the DFT more approximate
to the real position of the correlation peaks In this
way, the error values of the detected d and v of a
target betw een each slope pair will be reduced to
an acceptable degree Figure 5 show s the radar
profile of a moving target obtained through 1024
points DFT, the target and all other paraneters
are the same as in Fig 4 Obviously, the detection
precision has been mproved

2 M ultiple Target D etection A lgor ithm

In true environrment, the FLAR orA ICC sys
ten smust be able to detect the d and v of every
target present in the front of the host vehicle si-
multaneously, and then combine them w ith the az-
imuth angle information gained by antenna, to
delete the false target and contain the truth A't
last, by comparing every target’'s range d w ith the
safety range as, once the interval range betw een
the target and host vehicle advanced as, then there
should be an alam to the driver.

The safety range can be calculated by the fol-
low ing equation’®**":

d ., 1

2
2b2V2 - 2b1V1 + V2Tr, (10)

as =

1.0 T T

- == AF=02SMHz
- &—  AF=USMH7
——  AF*IMH.

Fig 5 The radar profile of a target
(1024 points DFT)
5

(1024 DFT)

w here Tr is thedriver’s reaction tine, viand vz are
the velocity of the target and the host vehicle, re-
gectively, b and bz are the acceleration velocity of
the target and the host vehicle, regectively.

If multiple targets are present, a trial and er-
ror gpproach algorithm can be taken to detect the d
and v of every target A coording to the signal pro-
cessing analyzed above, each target would con-
tribute a ® and aaB in the result of DFT in every
slope pair.
and n correlation peaks in each frequency modula-
tion slope For exanple, if there are three targets,
then to the first slope pair, segnent A and seg-
ment B are comprised, three B and threeaSWiII be
produced in segament A and segment B, regec
tively, each @ is combined w ith each %o and nine
possible targets are produced each with ad and v.
So all the three slope pairs produce tw enty-seven
possible targets

In fact, the three real targetswill appear in
each slope pair, 0 when all possible targets are
listed, we can do comparioon within then. At

For n targets, there are 2n variables,

first, compare each possible target in the first
slope pair with each possible target in the second

slope pair to find data pairings that match over
four slopes and have the samed, v and return pow -

er, these targets are stored as sugects and the un-
desirable data pairings then can be eliminated In
the next step, the ramaining data pairings are com-
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pared to the possible target in the third slope pair.
the data
pairing that matches all the slopes is stored as the

W hen all comparisons are completed,

real target, and safety range is calculated for each
one Once the actual distance d is less than the
safety range as, an alam signal is produced

The algorithm presented above can be under-
stood in another way. In fact, the Eq (6) can be
w ritten as

v=- g4 q (12)
w here
_ _ (c%- Kk
P=1ToQ= "% T,

The Eq (11) representsdiagonal lineLA in a
diagram of relative gpeed versus range Similarly,
LB to L F which correpponds to segment B to seg-
ment F can be dravn, and isillustrated in Fig G

Obviously, the slope of each diagonal line is
detemined by the frequency spacing AF, and Q
detem ined by different @ which is caused by dif-
ferent target So, when all the ®'sin segnentsA
to F are calculated, the algorithm is used to test
w hether occurs the situation that all six lines have
a common intersection, and if this is the case, the
resulting target range and gpeed valuesmust have
the reasonable values, othemw ise the intersection is
rejected

A sfar as the requiranent of real timeprocess
ing is concerned, since the DFT operation of each
segment is conducted based on a rate of the PRI,

4
LA L8
! 2 LC LD
~ | L LF
° «— Intersection
= Target
d/m

Fig 6 Intersection finder
6

the computational eed is relaxed drastically rela-
tive to conventional high-resolution radars W ith
the high-geed digital procesor today, the timefor
multiple target detection can be controlled in the
order of millisecond, that's sufficient for the real
time processing

Figure 6 show s a single target situation A sit
can be seen, lineLA and lineLB would be already
aufficient to calculate the range and geed of a tar-
get However, the condition that all six linesmust
intersect at a reawnable position decreases the
probability of false intersections (called false tar-
gets), and is particularly helpful in those multi-
target situations

Figure 7 show s the smulation result of the
above algorithm, where six targets are presumed
Their ranges are 40m, 100m, 100m, 140m, 60m
and 120m, regectively, and velocities are 2n/s,
2n/s, 16m/s, 20n/s, 30n/s and 10m/s, repec-
tively. Other parameters are f.= 77/GHz, T,=
10us, N = 128, and 1024 points of FFT algorithm
are used in the DFT calculation W hen do smula-
tions, range error is settled by Im and velocity er-
ror, Q 2m/s, thatmeans, when wo data pairings
are compared w ith each other, if their range error
iswithin Im and velocity error within Q 2m/s,
then treat them asa same target Finally, treat the
average value of the three d values detected by the
three slope pairs as the distance of a target, the v
treated just like thed. Obviously, the six real tar-
getsw ere detected and no false target produced by
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Fig 7 Smulation result of themulti-target detection
7
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the signal processing appeared
3 Conclusion

In this paper, a stepped-AM CW radar w ave-
form applied for mm-wave automotive collision
warning radar systemsisproposed It iseasy to be
generated digitally and its signal processing re-
duced the requiranent of computational gpeed com-
pared to conventional high-reslution radars W e
alo suggested an error gpproach algorithm for
multiple vehicle target detection and confirmed its
usefulness in eliminating false targets by computer
simulation

A nyway, transnitwaveform designs are criti-
cal to the viability of microw ave radars, and high
false alam rate is a problen that must be over-
com e before the automotive collision w arning radar
systan s can bemarketed as a comm ercial product
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