
Received 20000124, revised 20000327 稿件收到日期 20000124, 修改稿收到日期 20000327

STEPPED -FM CW W AVEFO RM APPL IED
FO R MM -W AVE AUTOMO T IVE COLL ISIO N

W ARN ING RADAR

ZHAN G J ianH u i　L IU GuoSu i　GU Hong　SU W eiM in
(RCEET of N anjing U niversity of Science and T echno logy, N anjing, J iangsu 210094, Ch ina)

Abstract　A steppedFM CW radar w avefo rm app lied fo r mm w ave au tomo tive co llision w arn ing radar system s w as

p ropo sed, w h ich is easy to be generated digita lly and its signal p rocessing reduced the requ irem ent of computational

speed compared to conven tional hgihreso lu tion radars. A n erro r app roach algo rithm w as suggested fo r m ult ip le ve

h icle target detection and its usefu lness in elim inating the false target by computer sim ulation w as confirm ed.

Key words　steppedFM CW , au tomo tive radar, fa lse alarm rate, target detection.

步进调频连续波信号应用于毫米波汽车防撞雷达

张建辉　刘国岁　顾　红　苏卫民
(南京理工大学电子工程技术研究中心, 江苏, 南京, 210094)

摘要　概述了工作在毫米波段的汽车防撞雷达的有关情况, 针对虚警问题, 提出了一种新的雷达发射信号体制, 即
变斜率步进调频三角形连续波信号, 分析了该波形的特性, 给出了其相应的信号处理, 并提出了一种用于多目标环
境中的目标检测算法. 分析和仿真结果表明, 新的信号体制具有良好的距离和相对速度分辨率, 且易于产生和处理,

同时其相应的多目标检测算法能够有效地去除虚警.
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In troduction

F rom a rela t ive view po in t, road traff ic is one

of the dangerou s m ean s of t ran spo rta t ion. Sta t ist ic

of acciden ts show s that mo re than half of a ll co lli

sion s are rearend co llision s[1 ]. So it is believed by

peop le that a system capab le of a lert ing a driver in

a t im ely fash ion to the ex ist ing of an impending

co llision w ou ld have the po ten t ia lity of drast ica lly

reducing acciden t seriou sness as w ell as frequency.

W ith tho se system s the car driver’s st ress w ill be

reduced and car driving w ill be mo re relax ing and

com fo rtab le. H igh reso lu t ion radars opera t ing on

m illim eterw ave band are the ideal sen so rs fo r

these system s. [2, 3 ]

In h isto ry radar system s in car app lica t ion s

w ere developed, w h ich w ere nam ed “ Fo rw ard

L ook ing A u tomo tive Co llision W arn ing R adar

( FLA R )”. M odern developm en ts are focu sed on

the socalled“A u tonomou s In telligen t C ru ise Con

t ro l System s (A ICC)”[4, 5 ] ,w h ich m ean s in addit ion

to the co llision w arn ing system s the car’s b rake

and accelera t ion s are con tro lled au tom at ica lly by

the radar system including a traff ic analyzing com 

pu ter. T he co llision s w ill be avo ided to ta lly by the

A ICCcompu ter.

A lthough m any radar p ro to types have been

p roduced [1, 4～ 7 ], and rela t ive resu lts o r papers have

been pub lished, to date, how ever, no tru ly effec

t ive system has been developed and m arketed. Ex

cep t the con sidera t ion of the co st, the p rincipal

reason is the unaccep tab ly h igh fa lse a larm rates.
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F ig. 2 T he w avefo rm of bursts comp rising segm ent A and segm ent B
图 2　A 段和B 段脉冲串示意图

T he low false a larm rate pu ts tough dem ands on

radar sen so r, so fo r w hether FLA R o r A ICC sys

tem s, the p redom inan t task is to design a radar

system w ith sm all fa lsetorea l hazard detect ion

ra t io. Peop le have realized, to get low false a larm

rates, radar system m u st be ab le to m easu re the

th ree param eters of the target sim u ltaneou sly,

they are range, velocity and azim u th angle. Each

of these param eters can be ob ta ined by m any dif

feren t m ean s based upon the tran sm it w avefo rm

and an tenna selected.

In th is paper, a comp lex w avefo rm app lied fo r

FLA R o r A ICC, w ith its signal p rocessing algo

rithm fo r target detect ion is p ropo sed. T he w ave

fo rm can offer h igh reso lu t ion and the target detec

t ion algo rithm p rovides good capab ility in elim ina

t ing the fa lse target.

1　W aveform and Signa l Processing

1. 1　W aveform def in it ion

R adar detect ion basica lly depends on the

tran sm ission signal w avefo rm. In F ig. 1 a new

w avefo rm ( steppedFM CW ) app lied fo r FLA R o r

A ICC is show n. It includes th ree slope pairs and

can be divided in to six segm en ts, A - F, in one cy

cle. Segm en ts A , C and E co rrespond to the classic

upch irp , and B , D , F , dow nch irp , w here f c is the

carrier frequency. How ever, the frequency is no t

tuned con t inuou sly. Every segm en t comp rises N

step s of sho rt bu rsts and the du ra t ion of each bu rst

is T p , each of them having a con stan t frequency.

In addit ion, the frequency spacing F fo r each

slope pair (A ,B ) , (C,D ) , and (E, F) is d ifferen t.

F ig. 1 W avefo rm design of the transm ission

signal in one cycle
图 1　发射波形一个周期的示意图

F igu re 2 show s the w avefo rm of the bu rsts tha t

comp rised segm en t A and segm en t B , w here A p

rep resen ts the amp litude of bu rsts. T he advan

tages of th is stepw ise coded frequencies st ra tegy

are first ly, the simp le dig ita l genera t ion of the

modu la t ion signal and secondly the reflected sig

nals com ing in are m ixed w ith the con stan t fre

quency of the actually t ran sm it ted bu rst. A t the

end of each bu rst, w hen po ssib le V CO o r m ixer

t ran sien ts are set t led, the m ixer ou tpu t signals are

samp led (F ig. 3). T h ird ly, u sing th is w avefo rm ,

w e can easily calcu la te the range and velocity of ev

ery veh icle target in the fron t of the radar sen so r.

Fu rthermo re, the stepbystep opera t ion m akes it

easier to d ig ita lly calib ra te the system.

1. 2　Signa l processing

W hen the signal of segm en t A is t ran sm it ted,

the received signal from a target is homodynely de

tected in to a tra in of baseband pu lses and then IQ

samp led at a ra te of Pu lseR epet it ion In terval

(PR I) T p. T hen the samp le at the ith ( i= 0, 1,

2,. . . , N - 1) frequency step is g iven by
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F ig. 3 D efin it ion of the samp le po in t

of the received signal
图 3　回波信号采样时刻示意图

R ( i) = A iexp [ - j 2(f c + iF 1) ( i) ], (1)

( i) =
2 (d + ivT p )

c
, (2)

w here A i is the amp litude of the ith pu lse, f c +

iF 1 is the tran sm it ted R F frequency,  ( i) , the

range delay fo r the target, v , the rela t ive velocity

of the target, and d , an in it ia l range at i= 0.

A cco rd ing to R efs. [ 8, 9 ], fo r a ll samp les,

R ( i) is then app lied to the ID FT in o rder to ob ta in

an N elem en t syn thet ic radar p rofile as fo llow s:

S () = 
N - 1

i= 0
R ( i) exp ( j 2i

N
)

= 
N - 1

i= 0
exp (-

j 4i
c

) (3)

w here

= d f c + i (F 1d + f cT p v -
c
2N

) + i2vT pF 1.

(4)

　　 In fact, the th ird term of Eq. (4) , w h ich is

ca lled the Dopp ler and step frequency coup ling,

can be designed to be sm all as compared to o ther

term s. Fo r examp le, fo r a t ran sm it ted radar w ave

fo rm of f c = 77GH z, F = 1M H z and T p = 10s,

the effect of the coup ling is very sm all.

T hen Eq. (4) can be app rox im ated by:

= d f c + i (F 1d + f cT p v -
c

2N
) (5)

　　Suppo se there is a po in t target a t the range of

d , then, a co rrela t ion peak, co rresponding to the

target po sit ion, appears a t the fo llow ing po sit ion:

0 =
2N (F 1d + f cT p v )

c
+ k 0N (6)

w here k 0∈{0, ±1, ±2,. . . }, w h ich is ow ing to

the ho ld ing cau sed by the ID FT.

You can see that it is a d iff icu lt task to est i

m ate d and v from Eq. (6). In o rder to determ ine

the d and v , w e need ano ther equat ion.

In segm en t B , sim ilar to segm en t A , the co r

rela t ion peak appears a t the fo llow ing po sit ion:

0 =
2N (- F 1d + f cT p v )

c
+ k 0N (7)

w here k 0∈{0, ±1, ±2,. . . }.

It is clear tha t from Eq. (6) and Eq. (7) , the d

and v of a moving target can be determ ined easily,

w h ich is g iven by:

d =
c (0 - 0)

4N F 1
-

c (k 0 - k 0)
4F

, (8)

v =
c (0 + 0)

4N f cT p
-

c (k 0 + k 0)
4f cT p

(9)

w here the second term of Eq. (8) and Eq. (9) is

m ain ly determ ined by the radar param eters such as

F and T p. A ssum e a tran sm it ted radar w avefo rm

of N = 128, F = 1M H z, T p = 10s and a moving

veh icle target ahead of the ho st veh icle, fo r exam 

p le, k 0- k 0= 0 w hen 0≥0 and k 0- k 0= - 1 w hen

0< 0.

Sim ilar to the first slope pair w h ich comp rises

segm en ts A and B , it is easy to understand that the

o ther tw o slope pairs can also determ ine the d and

v of a moving target.

F igu re 4 show s the radar p rofile fo r variou s

values of F app lied to segm en t A , w here d =

70m , v = 29kmh, N = 128, T p = 10m , f c =

77GH z, and 128 po in ts are u sed in the ID FT calcu

la t ion, and F is 0. 25M H z, 0. 5M H z and 1M H z,

respect ively. In the figu re, A rep resen ts the no r

m alized amp litude. It is seen that the range reso lu

t ion along the radar p rofile is inversely p ropo rt ion

al to the to ta l bandw idth (N F ) of the tran sm it ted

R F pu lses w ith in each segm en t.

P lease no te that becau se in each slope pair

(A , B ) , (C, D ) and (E, F ) , the app lied frequency

spacing F is d ifferen t, the d and v of a target de

tected by each slope pair w ill be differen t co rre

spondingly, tha t w ill have bad effect on the m u lt i
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F ig. 4 T he radar p rofile of a target
(128 po in ts ID FT )

图 4　一个目标的雷达复合距离像
(128 点 ID FT )

p le target detect ion capab ility of the radar sen so r.

In fact, w e can do m u lt ip le po in ts ID FT to the ob

ta ined R ( i) in each segm en t in o rder to m ake every

0 o r 0 ob ta ined from the ID FT mo re app rox im ate

to the real po sit ion of the co rrela t ion peak s. In th is

w ay, the erro r values of the detected d and v of a

target betw een each slope pair w ill be reduced to

an accep tab le degree. F igu re 5 show s the radar

p rofile of a moving target ob ta ined th rough 1024

po in ts ID FT , the target and all o ther param eters

are the sam e as in F ig. 4. O bviou sly, the detect ion

p recision has been imp roved.

2　M ultiple Target D etection A lgor ithm

In true environm en t, the FLA R o r A ICC sys

tem s m u st be ab le to detect the d and v of every

target p resen t in the fron t of the ho st veh icle si

m u ltaneou sly, and then com b ine them w ith the az

im u th angle info rm at ion gained by an tenna, to

delete the fa lse target and con ta in the tru th. A t

last, by comparing every target’s range d w ith the

safety range a s, once the in terval range betw een

the target and ho st veh icle advanced as, then there

shou ld be an alarm to the driver.

T he safety range can be calcu la ted by the fo l

low ing equat ion [9, 10 ]:

as =
1

2b2
v 2

2 -
1

2b1
v 2

1 + v 2T R , (10)

F ig. 5 T he radar p rofile of a target
(1024 po in ts ID FT )

图 5　一个目标的雷达复合距离像
(1024 点 ID FT )

w here T R is the driver’s react ion t im e, v 1 and v 2 are

the velocity of the target and the ho st veh icle, re

spect ively, b1 and b2 are the accelera t ion velocity of

the target and the ho st veh icle, respect ively.

If m u lt ip le targets are p resen t, a t ria l and er

ro r app roach algo rithm can be taken to detect the d

and v of every target. A cco rd ing to the signal p ro

cessing analyzed above, each target w ou ld con

t ribu te a 0 and a 0 in the resu lt of ID FT in every

slope pair. Fo r n ta rgets, there are 2n variab les,

and n co rrela t ion peak s in each frequency modu la

t ion slope. Fo r examp le, if there are th ree targets,

then to the first slope pair, segm en t A and seg

m en t B are comp rised, th ree 0 and th ree 0 w ill be

p roduced in segem en t A and segm en t B , respec

t ively, each 0 is com b ined w ith each P 0 and n ine

po ssib le targets are p roduced each w ith a d and v.

So all the th ree slope pairs p roduce tw en tyseven

po ssib le targets.

In fact, the th ree rea l targets w ill appear in

each slope pair, so w hen all po ssib le targets are

listed, w e can do comparison w ith in them. A t

first, compare each po ssib le target in the first

slope pair w ith each po ssib le target in the second

slope pair to find data pairings that m atch over
fou r slopes and have the sam e d , v and retu rn pow 

er, these targets are sto red as su spects and the un

desirab le data pairings then can be elim inated. In

the nex t step , the rem ain ing data pairings are com 
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pared to the po ssib le target in the th ird slope pair.

W hen all comparison s are comp leted, the data

pairing that m atches all the slopes is sto red as the

real target, and safety range is ca lcu la ted fo r each

one. O nce the actual d istance d is less than the

safety range a s, an alarm signal is p roduced.

F ig. 6 In tersection finder
图 6　交叉寻找示意图

T he algo rithm p resen ted above can be under

stood in ano ther w ay. In fact, the Eq. (6) can be

w rit ten as:

v = -
F 1

P
d + Q (11)

w here

P = f cT p ,Q =
(c0 - k 0N )

2N f cT p

　　T he Eq. (11) rep resen ts d iagonal line LA in a

diagram of rela t ive speed versu s range. Sim ilarly,

LB to L F w h ich co rresponds to segm en t B to seg

m en t F can be draw n, and is illu st ra ted in F ig. 6.

O bviou sly, the slope of each diagonal line is

determ ined by the frequency spacing F , and Q

determ ined by differen t 0 w h ich is cau sed by dif

feren t target. So , w hen all the 0’s in segm en ts A

to F are calcu la ted, the algo rithm is u sed to test

w hether occu rs the situa t ion that a ll six lines have

a common in tersect ion, and if th is is the case, the

resu lt ing target range and speed values m u st have

the reasonab le values, o therw ise the in tersect ion is

rejected.

A s far as the requ irem en t of rea l t im e p rocess

ing is concerned, since the ID FT opera t ion of each

segm en t is conducted based on a ra te of the PR I,

F ig. 7 Sim ulation resu lt of the m ult itarget detection
图 7　多目标检测仿真结果示意图

the compu ta t ional speed is relaxed drast ica lly rela

t ive to conven t ional h ighreso lu t ion radars. W ith

the h ighspeed dig ita l p rocesso r today, the t im e fo r

m u lt ip le target detect ion can be con tro lled in the

o rder of m illisecond, tha t’s suff icien t fo r the rea l

t im e p rocessing.

F igu re 6 show s a single target situa t ion. A s it

can be seen, line LA and line LB w ou ld be already

suff icien t to calcu la te the range and speed of a tar

get. How ever, the condit ion that a ll six lines m u st

in tersect a t a reasonab le po sit ion decreases the

p robab ility of fa lse in tersect ion s (ca lled fa lse tar

gets) , and is part icu larly help fu l in tho se m u lt i

ta rget situa t ion s.

F igu re 7 show s the sim u la t ion resu lt of the

above algo rithm , w here six targets are p resum ed.

T heir ranges are 40m , 100m , 100m , 140m , 60m

and 120m , respect ively, and velocit ies are 2ms,

2ms, 16ms, 20ms, 30ms and 10ms, respec

t ively. O ther param eters are f c = 77GH z, T p =

10s, N = 128, and 1024 po in ts of FFT algo rithm

are u sed in the ID FT calcu la t ion. W hen do sim u la

t ion s, range erro r is set t led by 1m and velocity er

ro r, 0. 2ms, tha t m ean s, w hen tw o data pairings

are compared w ith each o ther, if their range erro r

is w ith in 1m and velocity erro r w ith in 0. 2ms,

then trea t them as a sam e target. F inally, t rea t the

average value of the th ree d values detected by the

th ree slope pairs as the distance of a target, the v

t rea ted ju st like the d. O bviou sly, the six rea l tar

gets w ere detected and no false target p roduced by

7146 期 　　　　张建辉等: 步进调频连续波信号应用于毫米波汽车防撞雷达



the signal p rocessing appeared.

3　Conclusion

In th is paper, a steppedFM CW radar w ave

fo rm app lied fo r mm w ave au tomo tive co llision

w arn ing radar system s is p ropo sed. It is easy to be

genera ted dig ita lly and its signal p rocessing re

duced the requ irem en t of compu ta t ional speed com 

pared to conven t ional h ighreso lu t ion radars. W e

also suggested an erro r app roach algo rithm fo r

m u lt ip le veh icle target detect ion and confirm ed its

u sefu lness in elim inat ing fa lse targets by compu ter

sim u la t ion.

A nyw ay, t ran sm it w avefo rm design s are crit i

cal to the viab ility of m icrow ave radars, and h igh

fa lse a larm rate is a p rob lem that m u st be over

com e befo re the au tomo tive co llision w arn ing radar

system s can be m arketed as a comm ercia l p roduct.
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