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Abstract. This paper presents two radar simulation platforms thae limen developed and evalu-
ated. One is based on the Advanced Design System (ADS) amathibe on Matlab. Both platforms
are modeled using homodyne front-efid GHz radar, based on commercially available monolithic
microwave integrated circuits (MMIC). Known linear modtiten formats such as the frequency mod-
ulation continuous wave (FMCW) and three-segment FMCW lheen studied, and a new variant, the
dual FMCW, is proposed for easier association between begtiéncies, while maintaining an excel-
lent distance estimation of the targets. In the signal msiog domain, new algorithms are proposed for
the three-segment FMCW and for the dual FMCW. While both e$§¢halgorithms present the choice of
either using complex or real data, the former allows fastgrad processing, whereas the latter enables
a simplified front-end architecture. The estimation perfance of the modulation formats has been
evaluated using the Cramer-Rao and Barankin bounds. Ituisdfdhat the dual FMCW modulation
format is slightly better than the other two formats testethis work. A threshold effect is found at a
signal-to-noise ratio (SNR) df2 dB which means that, to be able to detect a target, the SNRdsheu

above this value. In real hardware, the SNR detection lihougd be set to about at lealst dB.

1 Introduction accidents by the year of 2010 as compared to the rate
in 1998 [1]. Despite safety efforts, rates only decreased

. by 27%. Nowadays, most accidents are partly caused
In 2001 the European Union member states set up thg i’ y party

. by human error or too long reaction time on the part
goal to halve the number of fatalities caused by roaal g P
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of the driver [2], thus calling for perception assistance. Other simulation platforms have previously been de-
In this area, ACC (Adaptive Cruise Control) radars argcribed in the literature, e.g. [5] where an all-Matlab

expected to play an important role. simulator is proposed. This simulator deals with hard-

In 2005, the European Telecommunications Stakare design, algorithm testing and performance analy-
dards Institute (ETSI) did temporarily open théGHz sis. Another elaborated simulation platform using ADS
band for Short-Range automotive Radars (SRR) [3]. HEwRresented in [6] in order to simulate a phase-coded

ever, since th@4 GHz band is also used for other sysCW radar sensor. In our work, the ADS-based platform

tems, e.g. radio astronomy and weather forecasting, tR{°Ws the co-simulation using an envelope simulator
band will only be allowed for car radars ungD13, for the 77 GHz radar front-end and a Data Flow sim-

when it is presumed that the hardware technology ulator which controls the digital signal processing at

(MMICs, antennas, etc.) will be mature enough to easeband. It also facilitates a correct and detailed mod-
able the developmentand production of automotive ra§iing of the included components and signal analysis
modules at th&6-81 GHz band. Afte2013, two bands functions, such as spectrum analysers. The simulation
are permanently allocated in Europe: on&&&7 GHz results obtained from the ADS-based platform is com-
for LRRs and another at7 — 81 GHz for ultra wide Pared to results obtained from the Matlab-based plat-
band (UWB) short-range radars [4]. form, to ensure that correct and feasible results are ob-
tained. Furthermore, the Matlab platform allows us to

There are several advantages in moving frofito

. . establish statistical studies as well as the implementa-
76 — 81 GHz: smaller size and weight of the radar front- P

end, RF chip set integration on a single chip, resulting H}Oﬂ and thorough testing of the algorithms to be used to

. .. _detect and identify the targets.
reduced losses and assembly costs, improved distance y 9

resolution due to wider available bandwidth; and nar- gqrthe presented radar application, the Cramer-Rao

rower antenna beam which results in a better anguig{yer bound [7] and the Barankin bound [8] are used to
resolution. calculate lower bounds of the mean square error for the
In this paper, we describe efforts to improve the fundistance and relative velocity estimation of the detected
tionality of the ACC system by simultaneously developargets. Then, the parameters estimated from data ob-
ing the modulation format, detection and estimation alained after Fourier transformation is compared to the
gorithms, radar simulation tools and radar architectudgounds. The interest of these bounds is twofold. First,
This is primarily done by the development of two simthey supply a limit to best achievable results for a given
ulation platforms using ADS by Agilent Technologiesvaveform in terms not only of variance of the estima-

and Matlab by Mathworks. tors, but also of detection capability. Second, they can
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tell us how far a certain processing algorithm is frorfrom the instant of transmission to the instant of recep-
the bound, and whether it is worth looking for a bettetion of the pulse.

one or not. For Frequency Shift Keying (FSK) radar, two (or

This paper is arranged as follows: In section Il Wenore) continuous signals shifted in frequency are trans-
present system requirements and discuss the advantaggged [9]. The signal returned after reflection by the tar-
and drawbacks of different frequency modulation foget is mixed with the transmitted signal, and thereby we
mats. Further on, we introduce the Cramer-Rao and B&jil| obtain the Doppler frequency which allows the cal-
ankin bounds to estimate the performance of the chos@flation of the relative velocity of the target. The phase
modulation formats, and finally we present a compardifference among the different FSK levels determines
son between the theoretically calculated bounds and @ target distance. The main disadvantage of FSK radar
practical results. Section Il lays on a first simulatiofs that it can not discriminate fixed targets along the
platform developed using the ADS co-simulation feaoad, since they imperatively have the same relative ve-
tures, and a second platform using Matlab, together wifgity with respect to the radar. Moreover, targets with
a description of the general architecture of the radar sygrelative velocity of zero (that is the same relative ve-
tem used throughout this work. The results from thgcity as the vehicle that carries the radar) will return a

two simulation platforms are compared and discussembppler frequency of zero, which means that they are

in Section IV. In Section V, we show the results fromyot detected.

extensive simulations to compare the efficiency of two .
P y The Frequency Modulated Continuous Wave (FMCW)

proposed FMCW waveforms. Finally, in section VI,we . . . . . . .
principle is to send a continuous signal with a linear

give a conclusion about the results presented in the Qrae-quency modulation [9]. The down-converted signal

er. . . .
P is referred to as the beat frequency. By varying the lin-
ear frequency modulation (up slopes, down slopes, flats
etc.), on distinct time intervals, several beat frequesicie

2 FMCW waveforms for multitarget
are obtained, and the distance and relative velocity data

detection of the targets can readily be resolved. One advantage of
FMCW over FSK radar is that, thanks to the modula-
For the detection and parameter estimation of targeti®n format, fixed targets with different distances return
the radar modulation format is the most important comlifferent beat frequencies, even if their relative veloc-

sideration. In pulse doppler radars, the distance to thy is the same; hence they can be detected separately.

target is given by the measure of time that has elaps€de same goes for the targets that have a null relative



4 Ali Bazzi et al.: Estimation Techniques and Simulationtfelans for ACC Radars

velocity: since their distances are not the same, theiented for each target on the up and down frequency
beat frequencies will be different, and thus the targestopes, respectively. The beat frequencies arise from the
can be distinguished according to their distance. Whésllowing scheme: at a given transmission time, say
it comes to signal processing, FMCW radar does not atlte instantaneous frequency of the transmitted signal
any difficulties as compared to the FSK radar, but rathisr f, + f,,(¢). When this signal hits the target, it is
the challenge lies in keeping the modulation linear ishifted by the target's Doppler frequendy, Once re-
order to correctly estimate the beat frequencies. turned to the radar, the time= % has elapsed, that is,
Another waveform is the digital FMCW, obtainedthe time it took for it to travel to the target and back.
by the combination of LFMCW and FSK ModulationThus the signal returning from the target into the re-
[10]. It has many advantages, such as the high distaremsver at timet’ = ¢ + 7 is fo + fin(t) + f4. This sig-
and relative velocity resolutions, but its main problem igal is mixed with the transmitted signal at that instant,
the complexity of its generation. thatis fo + fm(t + 7). Written in another way, at time
Given the drawbacks of the FSK modulation format = ¢ + 7, the transmitted signal with the frequency
as discussed above, this work is based on FMCW mofl-+ fn(t') is mixed with the received signal with fre-
ulation formats. quencyfo + fm(t' — 7) + fq4. Thisis illustrated in Fig.
1. Equation (1) gives the beat frequencies as a function

2.1 FMCW of the target’s relative velocity and distance [12] :

fup _ 2vfo _ 4Bd

AS c Tc
Transmitted signal : e (1)
fo+ fm(t) 7
Jot B\ \$ Ja
N\ N Received signal : fdo _ 2vfo + 4Bd
R4 : \ fot fmt=7)+ fa - ¢ Tec >
7
. \ . - .
e ; AN wherec is the speed of light an# the chirp band-
0
: : AY
g | N width.
/ : : .
s t Once the beat frequencies have been detected, the
0 >
distanced to the target can be calculated using (2) and

Sl

its relative velocity, according to (3):
Fig. 1. Emitted FMCW waveform (solid line) and received

waveform with delay and doppler offset (dashed line). Te g
dz—g—B(fUp—fo) 2)

When using an FMCW modulation format, the tar-
¢ d
get detection is obtained from the beat frequencies pre- v= m(fUp +7%), ®)
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It is important to notice that in some cases beat fre
guencies can be negative, that is, the complex sign

phase decreases with time. Thus, it is a must to fir
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get's data. Fig. 2 shows the beat frequencies for the
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relative velocity for approaching vehicles is defined a

positive. Here we have sé@ = 600M Hz. The hori-
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considering Fig. 2, one realizes that in-phase demod
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lation, i.e. using only the real component of the signa

o
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should be enough in the majority of situations. Indeec
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Fig. 2 shows that in most situations we hgi#® < 0

andf9° > 0. Based on these assumptions, errors woul

occur for short distance and positive relative velocity (b) Down ramp

up . . .
(where f*7 > 0) or negative relative velocity (WhereFig. 2. Beat frequencies as a function of distance and rela-

fé < 0). For relative velocities considered here, Weve velocity. The beat frequency on the up ramp (a) is "nega-
have error-free situations wheftt? (d, v) > [f**(0, vmaz ) kize" in most cases, while the down ramp (b) beat frequency is
W% = ftw andfd"(d, v) > fdo(oa |Vmin|) = 2fo‘#rlno*stly "positive”. The signs have to be taken into account in
4o When f“» and f° are outside—f;"", ;'] and eq. (2) and (3).

[—fie, f°] respectively, inphase demodulation is un-

ambiguous. Wherf“? ¢
ever, it also suffers from drawbacks in a multi-target

[—f7, f7] and fd° € [—ff°, fi°], ambiguity occurs. .
scenario. Indeed, every target presents a beat frequency

However, note that sign ambiguities mainly occur at short
on each ramp, and the association between the frequen-

distances, implying potentially dangerous situations.
cies on the up ramp and the down ramp can be compli-
The FMCW format has some advantages over tlvated, due to the fact that beat frequencies of targets can

FSK modulation, as discussed in the introduction. Hovbe ordered in a different way on up and down ramps.
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Consequently, more complex modulation formats sué¢brms with slightly different slopes on the first trian-

as the ones proposed in [10], [14] and [16] must be cogle as compared to the second triangle. The order of

sidered for multiple target detection. For these formathe beat frequencies of the targets is thus maintained

simple distance criteria or more sophisticated ones [13&tween both up ramps as well as between both down

can be considered for the association of beat frequeamps. Thus, the association of the beat frequencies is

cies. kept simple and the distance-velocity ambiguity is alle-
viated, while the variance of relative velocity estimation

2.2 Dual FMCW waveform is kept small, thanks to the limited slope difference be-
tween the triangle ramps.

2.2.1 Presentation The structure of the dual FMCW waveform is sum-

_ _ o marized in Fig. (3). It is described by means of four pa-

Reference [14] considers a waveform involving in two

(or more) successive down ramps with slightly diI"ferenr'E’71 meters:

slopes. The author shows that, for such a waveform, the The carrier frequencyy()

order in which targets’ beat frequencies are arranged on The modulation bandwidthR)

the first ramp is identical to their order on the second- The total duration of the modulatioff’}

ramp. Thus, the association between the beat frequen- The duration of the first triangle)

cies from different ramps is facilitated and the ambi-

guity of the simple FMCW is considerably alleviated. i

o - Jo+B
Unfortunately, this simple method of association has‘a
problem, namely that it provides a bad estimate of rela-

tive velocity [14].

~

fo

Nevertheless, the simplified association between beat 0 9 0

"ﬂ
o
<
~

frequencies is a great advantage of this waveform and
Fig. 3. Dual FMCW waveform.

was kept in mind in the design of a more advanced mod-
ulation format. Inspired by simple FMCW (which gives
a good estimate of relative velocity) and the double down

2.2.2 Parameter estimation for the dual FMCW
chirp modulation formats (with its beneficial beat fre-
waveform
guency association), we propose a modulation format,
which we call the "dual FMCW waveform". This mod-For this dual FMCW waveform, we propose an algo-

ulation format involves two successive FMCW waverithm where only the real part of the reflected signal
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is needed'. Thus, a simplified radar front-end archi<alculate an estimate for the first triangle (up and down
tecture is also possible, compared to receivers with irmmps) and for the second triangle (up and down ramps):
phase and quadrature demodulation. Beat frequencies of

. . . d= (fdol _ fupl)ﬁ
targets are obtained by thresholding the periodograms 8B

6
[15] of the demodulated signals of each ranfify’* de- ©
_ upl doly A
notes thei’” detected frequency on thé" (k = 1,2) v= ("3
First triangle estimations
up ramp. The parameter estimation is described here-
after. In the first step, since the order of targets is en-
d = (f902 — Pzt
sured only between both up ramps and between both @)

down ramps, we calculate the distance and relative ve-
v = (fupZJr deZ)%

locity using only up and down ramps respectively: Second triangle esimations

dUP — (fUP2_ puply 43;)((;_29(3) The final estimate is given by the mean of the es-

(4) timates supplied by both triangles in (6) and (7). This

up o (T—=6)f"—g ™ algorithm, which provides us with the relative velocity
Vit = 95 T—20
Up ramp estimations at the targets, is summarized in Fig. 4.
4 A
( Calculate N
o(T—0 up up2 uply c6(T—6)
dd0 = (fdoz . pdol 7433((29_%) di = (fi" = Fi") i5(7—20)
up_ L (T—0)fPP o
(5) Vi = 25, T—20
) _p) fdoz_ g pdol do __ ( pdo2 doly cO(T—0)
of = 55 4 = (F% = f* ) 3pte—1
do_ _c (T—0)f{P—0s
Down ramp estimations 2 T-20 )
Then, based on the I’OUgh eStImatIOI'I Supp“ed by (4) Search matuches between positive
d i R ddo) and
. . correspending speeds
and (5), we search matches between the positive dis- 1 P
tance and relative velocity estimates on the up ramps 4 Final estimtes for froc i h
1nal estimates ror arge 1:
. ‘g di = = |0(f3r — fiPh
and those on the down ramps, This way, we can distin- i = 8B i i
(T = 0)(f2— 11%)]
guish which of all beat frequencies are associated with
o _ ¢ upl dol
vi = g5 [£P
each target. So, for a given target, we now know its +1P7 4 f?"z]
S )
beat frequencies on each of the four ramps. Then we \ /

T .
Note that for a spectrum based on real signals, we haygy 4 ajgorithm for calculating distance and relative velocity

to test twice as many beat frequencies on each ramp, as cqQg-4,a1 EMCW waveform

pared to a spectrum based on complex signals.
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2.3 Three—segment FMCW waveform f
fo+B

Another variant of the FMCW waveform was presented

in [14], [16] and [17]. This modulation format has one

part where the transmitted waveform is kept at a fix fre-

guency. The rest of the waveform is composed of an

Jfo

up ramp and a down ramp. The echoes returned during

the fixed part contain the Doppler frequencies, which : 1 1 ;

provides us with the information on the targets’ relative 0 9 92 T

velocities. Moreover, the Doppler frequencies allow us
Fig. 5. Three-segment FMCW waveform.

to correctly associate the beat frequencies on the up and

down ramps.
_ pure _ p 0_9
An example of the threesegment FMCW wave- d;” = (fi k )23 (8)
form is presented in Fig. 5, wheyg, B andT are kept Up ramp distance estimation
equal to those of the double FMCW waveforfns set
r
equal tos. ddo _ fdo fls/ure)_ )

Down ramp distance estimation

2.3.1 Parameter estimation .
Then, we seek the best possible match between the
distances estimated on the up ramp and those estimated

As for the case of the double FMCW, for the Three- .
on the down ramp by m|n|m|2|n§:Z 1(d; P dgczl)y

segment FMCW waveform our algorithm allows the choi-
over all the permutations(.) of the setl, ..., I, where

ce between the use of real or complex data processing
1 1s the number of targets. The association thus made,

(see footnote 1). Estimation is based on the fact that
the relative velocity and distance estimates of the targets

Doppler frequencies are given on the fixed frequency
can be performed using the associated beat frequencies

part of the modulation (hereafter call¢gd <), thus pro- . ) ,
inside the following equations:

viding the relative velocities of targets. Then, from the

Doppler frequency information it is easy to find all pos- d=(f%— fUp)%
sible corresponding Doppler-distance pairs on the up (10)
and down ramps. The distance estimation is given by v=(fPr+ de)#

(8) and (9). A summary of this algorithm is shown in Fig. 6.
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s A square error of any estimate, is used. The estimate is cal-
Calculate

culated as a function of SNR. In this WOTk, the Cramer-
up pure upy 6
di - (fJ Tk )ﬁ

Rao lower bound, [7], and the Barankin bound, [8], [18]

do _ (pdo _ ppurey cf and [19], are considered.
di’ = (fj/

k' /2B
\ / The Cramer-Rao lower bound expresses a bound on
l the variance of estimators of a deterministic parameter.
Search matches betvz’een positive | The bound states that the variance of any unbiased esti-
d" and 4%

mator is at least as high as the inverse of the Fisher infor-

l mation matrix [7]. Any lower bound represents a Mean

Square Error (MSE) that is below the MSE of any pos-

calculate for every target 1

d, = (f9° — puPyct sible estimator. Thus, the higher the lower bound, the
l (fl l )43

o = (f;"+ fld")ﬁ better it characterizes the performance of a system.

The bound proposed by Barankin is higher than the

. , o _ _ Cramer-Rao lower bound for low SNR values. For high
Fig. 6. Algorithm of calculating distance and relative velocity

SNR values, it approaches the Cramer-Rao bound. In
for Three-segment FMCW waveform.

fact, the Cramer-Rao bound can be seen as a particular
2.4 Performance Analysis case of the Barankin bound, where the test points used
are the only true parameters. The Barankin bound con-

In order to further decide which modulation format i$4ins more information: it takes into consideration the

best, a performance analysis is carried out. This kind Qécondary lobes of the ambiguity function [9], whereas

analysis helps in determining the standard deviation gfa cramer-Rao bound only considers the information

the distance and the relative velocity as a function of ﬂlﬁven by the main lobe. By accounting for possible false

signal to noise ratio (SNR). detections around sidelobe maxima at low SNR, the Bar-

The searched parameters (distance, relative velegkin bound supplies information not only on estima-
ity, etc.) are calculated from the returned down conion variance, but also on detection capability: as the
verted baseband signal. This signal is always embeddSi{R decreases, a non detection will occur more fre-
in noise and thus the parameters can not be determirggéntly, thus possibly resulting in a break of the shape
exactly, but have to be estimated. of the variance bound curve. On another hand, if an

To evaluate the performance of this estimate, a stanbiased estimator of a parameteexists, then there

tistical bound, which is a minimal bound on the meaaxists an unbiased estimator that reaches the Barankin



10 Ali Bazzi et al.: Estimation Techniques and Simulatioatfélrms for ACC Radars

bound. Thus, the Barankin bound is the best lower bound

ndin ition, iti hievable. For an unbi ima-
and in addition, it is achievable. For an unbiased est a03:var(—alf“"1+alfd°1—a2f“pz+a2fd°2)

tion w, the Barankin bound yields [19]:

oy = var(BfPt+ O+ BfP2 4 B fU02),
cov(o;) >L(2-17)L7, (11) (15)

where var(.) stands for the variance and
wherel = [1,...,1]T is a vector with length\/,

andL is aM x M matrix defined by:

168~
L= W) —Wwy —W...WHNn —W (T—0) (16)
@2 = 365
T —T T —T ...TN — T (12)
= )
Vy —VVy—V...VUpny—V ¢
B=355-

where(w;);=1,... a is any set of test points and is

.....

Developing the right hand terms, we get
the M x M Barankin matrix. The entries ¢? are given

by:

2 2 2 2 2 2 2
0q = al(”fum =+ deru) + aj (UfUpZ + deOZ)
Q1 = E[L(y,w,wr) Ly, w,w)] (13) 17)
0—12; = /82 (J?'upl + O—?dol + O—?upz + O—‘?doz);

where

because of the independence of the estimations from

(y)t"’)u‘k) (y| )

O a9

For the three-segment FMCW waveform we repeat

andp(y|w) is the likelihood of observatiop, given the the same steps performed for the previous waveform.

parameter vectap. Here (10) yields :

To achieve the Barankin bound, we must maximize

2 _ 2
the right side of the inequality. (). So, our aim is to find Td = O(—y -ty foo)
: . . 18
a way to obtain the maximum bound and to compare it (18)
2 _ 2
with the Cramer-Rao bound. Ty = O (¢ fop¢ fio)
with:
2.4.1 Approximations
__ b
T=1p
For the dual FMCW waveform, we can derive from (6) (19)

and (7) that the varianee’ of d ando? of v are: B=15
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and lead to the relations 2.4.2 Numerical lllustrations

2 2 2 2 2
05 =Y 0%wp + V0% . . . L
d =7 0w Ty In Fig. 7 and Fig. 8 we display the standard deviation
(20)
curves of both waveforms, for the distance and relative
02 = (262, + 202,
v =g TG r velocity error respectively, versus SNR. The standard

Then, the corresponding Cramer-Rao boundsifor = | )
deviation curves plotted here are those of periodogram-

andv can be derived easily from (17) for the dual FMCW . _
based estimations and Barankin and Cramer-Rao bounds.

as follows: ) .
We can see that for low SNRs, the Barankin bound is far

above the Cramer-Rao bound, and it is more in accor-

— 2 upl dol
CRB(d) = a1(CRB(f™) + CRB(f®)+ dance with simulation results. When the SNR is high,

2 up2 do2
a2 (CRB(/™) + CRB(S™) (21) the Barankinbound reaches the Cramer-Rao bound, and

— A2 upl dol
CRB(v) = 5°(CRB(f*) + CRB(f*)+ both bounds are close to the periodogram performance.

up2 do2
CRB(f**) + CRB(f™)), In practice, there is a strong threshold effect aroud

where CRR.) is the Cramer-Rao bound, and CRE dB both for distance and relative velocity estimations.

Is given by [15]: Below the threshold, performance is very poor. This ex-

) presses the fact that at low SNRs, false detection often
g

N—1,0s(n ’
Zn:O (#)2

where(s(n))n=o, ... N1 iS the sampled signal with bounds, but at lower SNRs (arouidB). This shows

CRB(/) = (22)

occurs. The threshold effect also appears on Barankin

frequencyf ando? is the variance of the noise. that periodogram-based estimators are quite far from
For the three-segment FMCW, (20) leads to: optimal.
For both distance and relative velocity estimation,
CRB(d) = y2CRB(f) + ~2CRB(f%) the performance of the dual FMCW waveform s slightly
(23) better than that of the three-segment FMCW waveform.
CRB(v) = ¢?CRB(f') + ¢(2CRB( f%) For the final calculation of the relative velocity from
As far as Barankin bounds are concerned, the arthe three-segment waveform, we do not use the pure fre-
lytical formulas for fixed test points have been obtainegluency. An optimisation based on the mean square er-
by using Mathematica software. Since they are very caor shows that the best results are obtained when tak-
plicated, their expression is omitted here. ing into consideration the up and down beat frequen-
Thus, from (17) and (20), we can calculate the stagies only. Also, in Fig. 9, we can see that the absolute
dard deviation (std) of the distance and relative velocityalue of the beat frequency of the pure sinusoid part of

errors from the standard deviations of beat frequencighe waveform is much lower in general than those of
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= Barankin (Dual FMCW)
----- Cramer-Rao (Dual FMCW)
—— Periodogram (Dual FMCW)

T T
= = = Barankin
Cramer—-Rao
—&— Periodogram

—©— Barankin (Three-segment FMCW))
+ =« = Cramer-Rao (Three-segment FMCW))
= Periodogram (Three-segment FMCW))

fupf do

SINUSOID STANDARD DEVIATION o (Hz)

RANGE STANDARD DEVIATION Oy (m)

e~ Maaa> y -10 -5 0 5 10 15
pS SNR (dB)

-10 -5 0 5 10 15 20 25 30 35 40
SNR (dB) . — . —
Fig. 9. Frequency estimation variance and bounds. Estimation

Fig. 7. Dual FMCW and Three-segment FMCW distance pdierformance for beat frequencies for a e 50 m, v = 80

formance { = 50 m, v = 80 km/h). km/h).

3 ADS & Matlab platforms

10* 3.1 Radar Architecture

== Barankin (Dual FMCW)
----- Cramer-Rao (Dual FMCW)
=—— Periodogram (Dual FMCW)
=—©— Barankin (Three-segment FMCW))
=+ = Cramer-Rao (Three-segment FMCW))
= Periodogram (Three-segment FMCW))

v

To promote system simplicity and keep down the unit

price, the radar architecture is homodyne. The general

architecture of the radar front-end is presented in Fig.

~~~~~~~~~~~~~~~ 10, and Table | shows the values of the main parameters

"""" Bt casass used to model the RF platform that contains the radar

VELOCITY STANDARD DEVIATION o_ (km/h)

front-end. Ther6.5 GHz signal is generated byl&.75

-10 -5 0 5 10 15 20 25 30 35 40
SNR (dB)

GHz Voltage-Controlled Oscillator MMIC (VCO), which

Fig. 8. Dual FMCW and Three-segment FMCW relative Verg oy 1ated according to the chosen modulation for-

locity performanced = 50 m, v = 80 km/h). mat. The VCO is followed by an MMIC including a
multiplier by six, combined with a medium-power am-
plifier (X6MPA). At the output of the X6MPA, the chirp-
up and down ramps, resulting in a lower SNR (due tmodulatedr6.5 GHz signal is injected into a power di-
higher mixer noise at low frequencies), and thus in sigider, which passes one part of the signal through a cou-
nificantly higher variance of the estimator. Moreovepler to the antenna where it is to be transmitted, and the
since the SNR off,ure is lower, it risks being closer to other part to the MMIC mixer to serve as the LO sig-

the threshold, and it is safer not to use it. nal. Once the transmitted signal has passed through the
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propagation channel, it is reflected on the target (pedesid expresses the fact that at short distances the target
trian, motorcycle, car, truck, etc.) and propagated bagknot completely illuminated by the antenna beam.

to the antenna. After passing through the coupler, it is

amplified in a low noise amplifier (LNA), and then di- 10l0g10(d) + 5
vided into its quadrature components (I and Q) inasec-  RCS.,,(dB) = min (24)
ond coupler. These I and Q components are finally down- 20

converted in the MMIC mixers to generate the baseband

beat frequencies. 20log10(d) + 5
RC'Strycr(dB) = min (25)

3.2 Modeling considerations 45

_ whered is the distance.
The antenna and propagation channel are modelled ac-

cording to the radar equation. The delay of the propaga-
3.3 Noise modelling

tion to the target and back is also included in the propa-
gation channel. Initially, only the line-of-sight propagaOne parameter which is decisive for the choice of radar
tion path is taken into account, and if multiple targets a@chitecture is the SNR. Experiences from an earlier
present, they are considered as transparent. Thus egeheration of ACC radar show that an SNR greater than
target is reached by a signal propagating along the linE5 dB is necessary in order to guarantee target detection.
of-sight path. This was also emphasised by the performance analy-

Four types of targets are considered in this studgis of the distance and relative velocity estimation of
pedestrian, motorcycle, car and truck. The model ptie waveforms presented in section Il D. The threshold
rameters are the radar cross section (RCS) and the Ddippiled in simulations is abou® dB, which makes thé5
frequency shift associated to each target’s relative véB requirement for practical operation of the radar rea-
locity. Different publications of RCS measurements aonable. Thus, to obtain accurate SNRs from radar sim-
76—77GHz, e.g.[20], [21], [22] and [23], show that theulations, the noise of the concerned components must
RCS of different targets must be evaluated more thdvre modelled properly. In the front-end, the following
oughly. However, in this study we chose to use a fixatbise sources are considered: the phase noise (PN) of
RCS value of-10 dBsm andr dBsm for the pedestrian the VCO, the noise deterioration in the X6 which fol-
and the motorcycle, respectively. For the two larger talews the formula20log,o(N) (where N is the multi-
gets, an expression obtained experimentally is used. Ipikcation factor), the noise figure (NF) of the MPA, the

given by (24) and (25) for cars and trucks respectivelgguivalent noise temperature at the antenna, the NF of
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f=76.5 GHz+ 6fm(t) f=76.5 GHz+ 6fm(t)

COUPLER 3
”‘Lﬁ'jﬂcz@
L\l_[ | E—

LNA

f=12.75GHz+fm(t)

ViraViea

f=76.5 GHz+ 6fm(t)+fa

Fig. 10.The general architecture of the radar front-end, includingnna, propagation channel and target.

the LNA and finally the NF and/ f noise of the MMIC antenna propagation channel and targets (as presented
mixer. in Fig.11) are included in the Analog/RF sub-system,
Table 1 shows the values of the main parameteferred to here as the "RF Platform”. The | and Q base-
used to model the RF platform. band signals (i.e. the signal containing the beat frequen-
cies) are collected for further signal processing, as de-
3.4 ADS Implementation scribed in section Il. In the ADS-based platform, built-
in spectrum analyzers are used to capture the frequency
To obtain a usable simulation platform, the Advanceghectrum on each ramp. Unfortunately, once the spectra
Design System (ADS) from Agilent Technologies wagye available, the ADS data display offers limited possi-
employed. ADS allows co-simulation between its builthjjities for detecting, sorting and associating the peaks
in envelope and DSP simulators. Hence, the comple§geach spectrum. Hence, the peak-detection-association
radar front-end, including the antenna, the propagatigid target-identification algorithm is almost impossible
channeland the targets, is modelled using the ADS builrimplement. The acquired signalsy ;(t)andV;p o(t)

in elements of the analog/RF schematic. Care is takerdg: therefor exported to Matlab for further processing.

represent all included components as correctly as pGsre radar front-end is described in more details in [24].
sible, according to their specifications. These RF parts

are simulated using the built-in envelope simulator. Th3e.5 Matlab Implementation
envelope simulation is launched from a baseband data

flow (DF) controller that controls the flow of all mixedTo verify that the baseband signals generated by the
numeric and timed signals for all digital signal proces#DS platform are correct, a Matlab-based platform has
ing (DSP) simulations. The DF controller also managd®en developed. This platform also serves as a means
the control voltage of the VCO where the modulatioto implement and test the proposed algorithms, as well

waveform is applied. The DSP level of the ADS simas to detect and identify the targets. It also allows sta-

ulation platform is presented in Fig.11. The front-entistical studies. Since the baseband signal bandwidth is
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Table 1. Data of the radar front-end components.

Component Parameter Value
Frequency 12.75 GHz + f,,
Output power 5dBm
VCO(MMIC) at10 kHz —75 dBc/Hz
Phase Noise at100 kHz —100 dBc/Hz
atl MHz —123 dBc/Hz
Multiplication factor 6
Multiplier-amplifier(MMIC) Output power 14.5 dBm
Noise figure 8 dB
Gain 15 dB
LNA Noise Figure 4.5 dB
Conversion loss 7.5dB
atl kHz 34dB
Mixer(MMIC) at10 kHz 28 dB
Noise figure
at100 kHz 21dB
atl MHz 17 dB
Losses 3.2dB
Couplers(durod)
Isolation 40 dB
Transition (antenna) Losses 0.25 dB
Maximal gain (G) 27 dBi
Antenna Effective area (RX) 6.06 x 10~ *m?
Noise temperature 290 K

Propagation path

Losses (per unit area)

10log10(4md?) dBsm

Delay T=d/c(S)
Doppler frequency 2vfo/c (Hz)
Pedestrian —10 dBsm
Targets Motorcycle 7 dBsm
RCS ¢)
Car see equation (24)
Truck see equation (25)

15
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Acquisition of IF_| signal

TimedSink Eiand_S;k_‘

FMCW ramp : Control Voltage

|I;\eid_Ex7;'ei;oﬂ AN
/ | RF Platform =
R
BN IF_I
| S
\ ~X 1 l »| Vosc o

_—
[ Timed Expression LAde

| Timedsink

Acquisition of IF_Q signal

Fig. 11.General simulation platform, where the Data Flow simulatmol controls the Envelope simulation of the RF platform.

very wide (B = 600 MHz), we directly generate signalstion threshold for beat frequencies at SNR 15 dB.

at the output of the mixer to avoid huge vector manipiBeat frequencies are obtained from the local maxima of
lation. We calculate the radar equation (26) formulatete periodogram situated above the detection threshold.
here for non-fluctuating targets, to determine the sign@hce the beat frequencies are obtained, the estimation
level for each target, taking into account all parameteatgorithms of detection are applied using (6), (7) and
in Table 1. (10) for dual FMCW and three-segment FMCW wave-

G*No forms, respectively.
P.= Ptm (26) » Fesp Yy

In eq (26), P, and P, are the transmitted and re-
ceived powers respectivel,is the gain of the radar an-4 Simulation results
tenna,\ the mean wavelength of the signalthe RCS _

4.1 Comparison of ADS and Matlab

andd the distance to the target. The values of parame-
ters), G ando are those given in Table 1. To compare the results of both simulation platforms (ADS

The received signal power depends on the distanaed Matlab), a three-target example is set up contain-
and the RCS of the targets. The mixer and VCO phasw a pedestrianip m, +-80 km/h] 2, a motorcycle 50
noises are calculated as in the ADS implementation, amd —10 km/h] and a truck 15 m, +10 km/h], where

interpolated for all frequencies. They are added in thelocities are relative velocities between the radar and

Fourier domain of the signal: at each frequency a gauke targets. The dual FMCW and three-segment FMCW

sian noise with suitable variance is added. According to* 80 km/h is a relative speed, which means that the car is

the study of estimation performance, we set the deteapproaching the slowly moving pedestrian at about 80 km/h.
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modulation formats are considered with a total duraticat the output of the mixer related to the beat frequency

T =5.12ms. closest to the null frequency. This is done because ADS

The first up ramp spectra based on ADS and Ma@nhly accounts for a constant (worst case) noise level in
lab simulations are shown in Fig. 12 and Fig. 13 red multitarget configuration. This is not a problem with
spectively. Complex datd+ jQ data were used in or- Matlab, as shown in Fig. 14, where correlation of mixer
der to enhance the visibility in the spectra. A Hammingoise is fully taken into account. Similar results are ob-
window is used for periodogram smoothing [25]. Sinc&ined with other ramps of both FMCW formats.

complex data are used, the beat frequencies are all foind

at the correct side of zero in the spectrum. Using on o oremei])

the real part would lead to twice as many beat freque

Power (dBm)

-1001~

cies at both positive and negative frequencies. Accor

-120f

ing to the theory, the three beat frequencies should

-1401-

L L
200 400 600

—33.2 kHz, 446.7 kHz and—43.1 kHz for the pedes- o 200 200

o
Freq. (kHz)

trian, motorcycle and truck, respectively. Table 2 shows
Fig. 12. ADS Spectrum for first ramp of dual FMCW wave-

the detected beat frequencies from ADS and Matlab sim-
form.

ulations. The frequency resolution depends on the in-

verse of the ramp duration, leading to a precision of

about0.8 kHz for the beat frequencies. This shows the i ‘ ‘ ‘ ‘
the results in Table 2 agree perfectly with the theoretic

values.

Power (dBm)
\ \

Table 2. Beat frequency comparison for the first up ramp 1601

= L L L L
15&00 -400 -200 200 400 600

0
Pedestrian| Motorcycle Truck Frea- ()

Theory | —33.2kHz | —446.7kHz | —43.1kHz Fig. 13.Matlab Spectrum for first ramp of dual FMCW wave-

ADS —33.4kHz | —446.8 kHz | —43.0 kHz form.

Matlab | —33.0 kHz | —446.5 kHz | —42.7 kHz

4.2 Target detection
Fig. 12 and Fig. 13 yield similar results for ADS and

Matlab. Here the noise level has been set equal for &hce all spectra are calculated, the target detection al-

frequencies. It has been chosen equal to the noise legetithm is implemented and the target parameters are
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is excellent, but it seems that the real case returns bet-
ter values for relative velocity. More generally we have

tested both approaches with several examples. In some
examples we obtain better results for the complex case,
while the real case gives better results in other exam-

ples. Yet, it proves that the proposed algorithm works

Fig. 14.Matlab Spectrum of the first ramp using dual FMCWfor both cases.

All noises are taken into account.

If the same simulation example is used for the Three

estimated. For the dual FMCW using complex data, rgggment FMCW we will realise, that for this particu-

sults are shown in Table 3.

Table 3. Results using complex data

DistancéRelative velocit

RCS|SNR

Type |Detectio

149.4

14.9

14.9

—9.2

13.0

82.0

7.3 |33.9|Motorcycle Yes

28.2 195.8

—10.4{56.8

Truck Yes

Pedestrian Yes

lar example, we have another problem, namely that the
motorcycle and the truck have the same magnitude of
relative velocity 10 km/h and+10 km/h). Thus, for
these two targets we should find the Doppler frequen-
cies—1.4 kHz and+1.4 kHz. If using the real signal,
each Doppler (and beat) frequency will turn up on both
sides of zero in the spectrum. As the returned power
of the truck is about-37 dBm, while that of the mo-

torcycle is about-100 dBm, the former will be com-

The results obtained when using only the real part

of the signal are presented in Table 4.

Table 4. Results using real part of data

Distancg

iRelative velocit

yRCS|SNR

Type DetectiorL

149.5

14.9

-9.7

11.0

14.9

80.0

6.5 |31.2

27.3 192.8

—11.4/53.8

Motorcycle Yes

Truck Yes

Pedestrian Yes

pletely hidden by the latter. Thus, we will obtain fewer
detected targets from pure Doppler frequencies. How-
ever, this will not have any effect on the final detection
of targets and their distance and relative velocity esti-
mation. Indeed, the pure Doppler frequency of the truck
will enter into the algorithm as the pure frequency of
the motorcycle, and it will be used together with the
up and down ramp beat frequencies of the motorcycle

for the calculation ofl"P andd“"" respectively. Finally

When comparing Table 3 with Table 4, it is seethe motorcycle is detected too, and its parameters are

that, for both the real and the complex case, all targetsrrectly estimated. Here both targets have SNRs above

are detected. For both cases, the estimation of distarice detection threshold § dB). More generally, if the



Ali Bazzi et al.: Estimation Techniques and Simulation flahs for ACC Radars 19

contributions of two targets interfere on one ramp, i

T T
= = =mean std
—— max std
—o—minstd | |

is still possible to recover both of them, provided tha

each has a power level above the threshold on the pe

......

odograms. Note that this does not significantly degrac

estimation performance, since target contributionsin tr

RANGE STANDARD DEVIATION gy (m)

periodogram are narrow and the error remains small

than the Fourier transform resolution. In fact, it can b et YR T E R

calculated that the resulting error on distance is less than (a) distance

1 m and the error on relative velocity less thekm/h. ,

T T
= = =mean std
! L max std

12 TOO000000000000¢ Lo minsd U

v

5 Further experiments

In order to show that the conclusions hold for variou:

VELOCITY STANDARD DEVIATION ¢ (km/h)

. . . . . 10°
situations, we have considered the estimation perfo e e

mance bounds. We have plotted the maximum and min- ) )
(b) Relative velocity

imum performance curves together with the mean pqgi—g 15 Min. max and mean std for distance

I — =4
formance curves for alld; v) couples withd = 1, 50, and relative velocity for dual FMCW for all 35

100, 150, 200 m andv = —180, —90, 0, 90, 180, 270, pairs (d,v) with d = 1,50,100,150,200 m and
360 km/h. Fig. 15 and 16 clearly show thatld dB ,, — _1g309 _90, 0,90, 180, 270, 360 km/h.
threshold above the noise level (SNR minimum) is valid

for all scenarios. In addition, for SNRs larger th&h

dB, the standard deviation is always much lower than

<1 u
. . . = —e oZdu.
m for distance and km/h for relative velocity. /S o2° “ 27)
_u ] _ S
= |—e o2 = e o2
Each frequency of the periodogram follows an ex- [ ]g
_10‘Sdl741706(ﬂl

ponential distribution [26] [27]. Let us fix the detec-

tion threshold equal t6, and denote the variance of the S0, for all theV points of the periodogram, the total
noise bys2 and the periodogram output at a certain fréalse alarm probabilty i$ — (1 — Py, )".

quency byX. In the absence of a target, the probability In Fig. 17 we have plotted the false alarm rate versus

of false alarm at this frequency i%,: the threshold-to-noise ratio. We have seen before that
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10 T T 10
= = =mean std
max std

—0— min std

false alarm rate

RANGE STANDARD DEVIATION g, (m)

10° i i i i i i i i i i i
-10 -5 0 5 10 15 20 25 30 35 40 5 6 7 8 9 10 11 12 13 14 15

SNR (dB) Threshold to noise ratio

(a) distance Fig. 17.False alarm rate as a function of the threshold-to-noise

- 10 —— ratio. From left to right: 1, 2 and 4 ramps with 4096 samples

E < max std

S e —é=minstd_|] per ramp.

4

s}

E

; 10°

8 . N : .

2 .l to its low RCS, its wide relative velocity range and long

é 107 SeTT TS T s T

Z . . . ..

s M distance detection requirement. The standard deviations
J

=T 4

8 »  are calculated for the estimates obtained when the target
w

>

0 5 0 5 10 SNé‘s(dB) 2 25 3 B 40 is detected. For eachi(v) pair, 100 experiments have

been carried out. The results are presented in tables 5 to
(b) Relative velocity

8. The dual FMCW outperforms the three-segment ap-
Fig. 16. Min, max and mean std for distance and

) . proach in most cases, but they both achieve good detec-
relative velocity for three-segment FMCW for all 35

ion and low estimation variance. As ex mplex
pairs (d,v) withd = 1,50,100,150,200 and v = tion and low estimation variance. As expected, comple

180, —90, 0,90, 180, 270, 360. data processing achieves better detection due3tdBR

processing loss with inphase-only processing. This re-
a 15 dB threshold above the noise level is enough faults in a detection loss, as shown by the crosses (X) in
a good estimation of beat frequencies. Now, from Fighe tables.

17 we see that with this choice, the false alarm rate is In these tables, the first column represents situations

negligeable. that would lead to ambiguty when processing only in-

In order to determine if 1/Q complex data or thehase data with the classical FMCW (single triangle
inphase-only processing is to be preferred, we have comaveform). Unlike the classical FMCW waveform that
pared the estimation standard deviation for a motorcydows ambiguity at short distance and hight relative speed
and the35 (d, v) pairs given above. The motorcycle hagsee section 2.1), we see that, as expected, dual and

been chosen since it is a target of particular interest dieee-segment FMCW waveforms do not suffer from
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any ambiguity in the whole distance and velocity rangeable 6. Distance and relative velocity Standard Deviation for
Performance levels similar to those in tabfet® 8 are a motorcycle when using real data for the dual FMCW (X

obtained with the ADS simulation platform. This is bewhen detection is not feasible on all ramps)

oq(m dist (m)
cause the same SNRs are observed for beat frequency atm ikl
oy (km/h) 1 50 100 150|204
spectra on both platforms. 3.2¢ — 5[1.9¢ — 52.6¢ — 2/1.9¢ — 2| X
—180
= 4.9e — 4[4.2e — 1]|5.5e — 1|4.1le — 1| X
E
Table 5. Distance and relative velocity Standard Deviation for OO e e o I
; 4.4e — 4[6.9e — 1{7.0e — 1 X X
a motorcycle when using complex data for the dual FMCW E
< 3.2e — 5[2.5e — 5[2.1e — 5 X X
= 9
ogq(m) distance (m) 7.8e — 4[3.0e — 4]|9.0e — 4 X X
oy (km/h) 1 50 100 150 200 2.3¢ — 5[3.2¢ — 2|3.5e — 2| X b'e
90
3.3e — 5[2.9e — 5|2.6e — 2(3.4e — 5| 1.6e — 4 9.2e — 4(7.5e¢ — 1(6.7e — 1 X X
—180
=3 5.2e — 4[3.6e — 4]|5.5e¢ — 1|6.4e — 4| 3.4e — 4 4.5e — 5[1.9e — 2(1.9e — 2 X X
E 180
§ 2.2e — 5[1.9e — 2|1.9e¢ — 2(1.9e — 2| 2.5e — 2 6.9¢ — 4[4.1e — 1{4.2e — 1 X X
S —90
; 7.le — 4|4.5e — 1|4.6e — 1|4.1e — 1| 5.9e — 1 3.4e — 5[2.4e — 5[|2.6e — 5|3.3e — 2| X
2 270
% 4.9e — 5[1.9e — 5|3.3e — 5[3.0e — 5| 3.1e — 4 7.7Te — 4|5.2e — 4|7.0e — 4|7.6e — 1| X
= 9
7.5¢ — 4|4.7Te — 4|1.1e — 3|7.3e — 4| 6.5e — 4 3.7e — 5[2.6e — 5[3.3e — 5|1.9e — 2| X
360
4.1e — 5[1.9e — 2|2.9e¢ — 5[3.0e — 2| 3.0e — 2 8.4e — 4[4.5e — 4]4.1e — 4|4.5e — 1| X
90
7.9e — 4|4.5e — 1|5.3e — 4|6.3e — 1/ 6.3e — 1
4.3e — 5[3.9e — 5[1.9e — 2(2.7e — 5|16.4e — 4
e O MO PEP M BN Table 7. Distance and relative velocity Standard Deviation for
e — 45.9¢ — ala.1e — 15.2¢ — 4 3.8¢ —
0 3:2e — 52.6e — 52.2¢ — 513.0e — 2| 2.6e — 2 a motorcycle when using complex data for the three-segment
7.7Te — 4|6.5e — 4|5.7e — 4/6.9¢ — 1[ 6.1e — 1
FMCW
3.6e — 5[3.9e — 5|3.2e — 5[1.9e — 2| 4.9e — 2
360
8.3¢ — 4/9.0e — 4|3.0e — 4{4.6e — 1| 1.1 ogq(m) distance (m)
oy (km/h) 1 50 100 150 200
4.6e — 5[1.8e — 5|3.9e — 2[4.8e¢ — 5/6.0e — 2
—180
= 7.3e — 4|3.7e — 4]6.4e — 1|{1.3e — 3| 0.99
i ; B
To ensure good detection of the targets, we must find c 4 80 — 515 30 — 55 80 — 5500 — 53 9 o
5] —90
2 s 6o _ ala _
the minimum transmited powe?, that guarantees tar- H Toe T Apte m AfTRe - HO-0c - Aol -
% 5.2e — 5|4.4e — 5[4.7e — 5|1.0e — 1|3.9e — 2
. . . . = 0
gets detection. The results are summarized in Fig. 18. Lie — al7.60 — 3ls.5e — do.7e — 1]6.5¢ — 1
. . . 8.3e — 5[6.3e — 5[2.3e — 5/5.3e — 2|6.7e — 5|
We can see tha®, < 21 dBm in all configurations. For 90
1.0e — 3|1.0e — 3|6.5e — 4|8.6e — 1(9.0e — 4
fixed P, the corresponding power density at distatice 7.2¢ — 5[3.7¢ — 5[6.0¢ — 2[6.6¢ — 5[6.4e — 2
180
) 1.2e — 3|1.0e — 3|9.9e — 1|1.1e — 3 1.1
from the radar antenna is
6.4e — 5/5.4e — 5|5.5e — 5|3.3e — 5|3.4e — 2
270
1.0e — 3|1.0e — 3|9.7e — 4|8.6e — 4/6.4e — 1
2.5e — 5[7.3e — 5[6.5e — 5/2.9e — 5|5.1e — 5|
T 360
POWGI‘ DenSItF 47Td2 (28) 5.8 — 4|7.9e — 4[1.4e — 3|5.4e — 4(6.1e — 4

whered is the antenna gain. Fdf, = 21 dBm, we
get the power density as a functiondyfplotted in Fig. is at more than 40 cm from the radar, the power density

19. From this figure we can see that when a pedestriagrbelow the recommended limi#f. 17/ cm?) for waves
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with frequencies betweeh5 and100 GHz, according

to the recommendation provided by the American Ni

Ali Bazzi et al.: Estimation Techniques and Simulatioatfeirms for ACC Radars

tional Standards Intitute (ANSI) in table 1 in [28].

So, the radar complies with this norm in any situ
ation whence there is nobody closer thencm from
it. Switching off the radar when the car is stopped or at

very low speed would bring further guarantee in terms

of safety.

T T T
Power Density
Recommended limit

10 q

sH 4

6 4

;‘L

0 .
0 2 4 6 8 10 12 14 16 18 20
Distance (m)

Power Density (mW /cm 2 )

Fig. 19. Received power density at distané¢éor transmitted

power P, = 21 dBm.

Table 8. Distance and relative velocity Standard Deviatio§ Conclusion

for a motorcycle when using real data for the three-segment

FMCW (X when detection is not feasible on all ramps)

|

oq(m)

o (km/h)

|

distance (m)

50

100

150

200

—180

8.7e — 5|

1.1e — 3

4.4e — 5

1.6e — 3

3.9e — 2

6.5e — 1

2.7e — 5

4.2e — 4

—90

3.6e — 5|

4.8e — 4

4.6e — 5

5.6e — 4

3.9e — 5

l.le — 3|

relative velocity (km/h)

8.2e — 5

1.1e — 3

3.1le — 5

4.8 — 4

5.2e — 5

8.4e — 4

8.8e — 2

6.5e — 1

90

2.2e — 5

3.3e — 4

3.4e — 5

6.2e — 4

4.0e — 5|

7.9e — 4

5.3e — 2

8.7e — 1

180

9.le — 5

1.2e — 3

6.5¢ — 5

9.5e — 4

3.9e — 2

6.5e — 1

270

4.5e — 5|

9.0e — 4

5.0e — 5

7.5e — 4

5.4e — 5

9.5e — 4

9.7e — 5|

8.9e — 4

4.00e — 2|

6.5e — 1

4.2e — 5|

7.9e — 4

3.2e — 5

5.5e — 4
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211

20

19-

P (dBm)

Pedestrian
Motorcycle | |

80

100

120

Distance (m)

140

160

We have developed and validated two simulation plat-
forms for a linear frequency modulation, one based on
ADS and the other based on Matlab. Three modulation
formats have been tested and new algorithms for dis-
tance and relative velocity estimation have been pro-
posed. The Cramer-Rao and Barankin bounds have been
used to evaluate the performance of the estimated pa-
rameters, relative velocity and distance. This validated
the use of a5 dB SNR threshold for target detection.

It was found that the proposed dual FMCW modulation
format offers slightly higher performance and low com-
plexity in beat frequency associations compared to other
strategies. The algorithms proposed allow the choice be-
tween using real or complex data; whichever is used,
the targets are detected. Thus, we see that it is possible

to design low complexity7 GHz ACC radar. This will

Fig. 18.Necessary transmited power to ensure good detectibepefully lead to a more widespread use of ACC radars

at distancel.

and help reduce car accident rates.
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