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Abstract—This paper is about an interesting application of the
Frequency Modulated Continuous Wave (FMCW) radar system
for the traffic surveillance. By introducing a novel monitoring
mode, it is designed to provide synchronously the velocity
measurements of all the vehicles within the radar footprint. To
achieve a precise estimation of the real speeds of the moving
vehicles, a Joint Maximum Contrast and Map Drift (JMCMD)

algorithm using the autofocus technique is proposed in this paper.

Those autofocus techniques originated from synthetic aperture
radar data processing are analyzed and coupled here to form a
two-step algorithm. Firstly, the maximum contrast method is

used for a coarse estimation to get the rough velocity of the target.

Then, the more accurate velocity of the target is obtained by
using the map drift algorithm. The simulation results illustrate
the errors of the measurement accuracy are less than 1km/h,
which satisfy the practical requirements.

Index Terms—Frequency Modulated Continuous Wave
(FMCW), Synthetic Aperture Radar (SAR), Parameter
Estimation, Maximum Contrast, Map Drift.

I. INTRODUCTION

The automatic measurement of the velocities and lengths of
the vehicles using radar techniques could help to realize the
intelligent traffic control and improve the safety on the
highways [1]. However, the conventional traffic surveillance
radar systems suffer from both the high cost of its hardware
and the corresponding large computation load due to the
limitation of the individual measurement for a vehicle [2]. An
interesting application of Frequency Modulated Continuous
Wave (FMCW) radar systems for the traffic surveillance has
been discussed in literatures [3]. The proposed FMCW radar
system (see in Fig.1 (b)) has some properties that are distinctly
different from the conventional one (see in Fig.1 (a)). It is
obvious that the vehicles within the footprint of the radar beam
can be illuminated simultaneously in this novel monitoring
mode [4][5].

Most of the traffic microwave radars measure the speed by
making use of the well-known Doppler effect [6]. In the
conventional working geometry, it is essentially based on the
measurement of radial velocities. However, in the proposed
working mode, the radial component of the actual speed is
insignificant because the moving direction of a vehicle is
approximately perpendicular to the radar line-of-sight. In fact,
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(b) Proposed FMCW radar
Fig.1. Two popular working geometry of traffic surveillance radar

we present in this paper a robust method, i.e., a Joint
Maximum Contrast and Map Drift (JMCMD) algorithm for
estimating the tangential component of the moving vehicles.

I1. SIGNAL MODEL AND ANALYSIS OF SIGNAL
CHARACTERISTICS
The signal from the FMCW radar is [7]
S (z)=w, (r)exp(j2zf,r + jzK,7*) (1)
where 7 is the time of the distance, w, (7) is the window
function of the distance, f, is the carrier frequency and K, is

the chirp rate.
The echo signal of the target B is



S, (z7,t) = Aw. (r —2R(t) / c)exp{j2x f,(r - 2R(t) / €) )
+j7K, (r—2R(t)/c)’}
After the dechirp, the difference frequency signal is
s, (z,t) = AW, (z —2R(t) / c)exp{-j4z f,R(t) / c} 3
exp{—j4zK, (r 2R, /C)(R(t)— R, )/ C}

where t is the time of the azimuth, c is the speed of the light ,
R(t) is the distance between the target B and the APC radar,
A, is the amplitude, and R is the reference distance. The

R(t) can be approximate as

R(t) = R V5 (=1,
VB2 (t B tc )2
ZRIeme—i
where t, is the time of the target B pass through the aperture
center, R, ; is the distance of the target B and the APC radar

when the target B pass through the aperture center.
We define a oblique angle 8. shown in Fig.1

(4)

~ .
lane—i

6, =arctan (—M] (5)
lane—i
Then the Doppler center frequency of the echo signal f,, is
2R (-t
de = 5 -
ﬂ“ dt |t:tc ARI'ixne—i |t:tc (6)
Vg sing, | 2V, sind,,
=+ =
A A

where A is the wavelength, 6,, =6, |l:tc is the oblique angle

when the target B pass through the aperture center. It is
obvious that 6. is approximately zero, so f, is also
approximately zero, and f, almost doesn’t relate to the
velocity. Thus, we can’t get the velocity by estimating the
Doppler center frequency.

Because the tangential velocity becomes higher when the
radial velocity becomes lower, we can get another important
Doppler parameter. We define f,, as the chirp rate of the echo

signal

_2d°R(t)| _ 2V’ cos® 6,
A d? | AR |
- (")
Vg cos’ 6,
ﬁ’RIane—i
In the equation (7), 6., =0, and cosé,, =1, Thus
fdr = 2\/BZ /ﬂ’Rlane—i (8)

From equation (8), we can clearly see that the chirp rate
only depends on the velocity. In another word, we can get the
velocity by estimating the chirp rate. Then we will research the
method to get an accurate chirp rate.
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Fig.2. the flow chart of the proposed IMCMD method

I111. PROPOSED JMCMD METHOD

Here we propose a Joint Maximum Contrast and Map
Drift (JMCMD) algorithm to get an accurate velocity. The
algorithm can be summarized as two steps. Firstly, the
maximum contrast method is used for a coarse estimation to
get the rough velocity of the target. Then, the more accurate
velocity of the target is obtained by using the map drift
algorithm. The flow chart of the method is shown in Fig.2.

We define @ M x N radar images {s, ,}, where m is the
azimuth number, and n is the distance number. We also define

M M
||Sn||:zismm2 1S, = (Z‘Ism'n)2 , then we can get the
m=. m=:

contrast of the radar images
Con=|s,||/IS,| 9)

From the equation (9) and the meaning of the radar images,
we can get that the contrast becomes bigger when the Doppler
chirp rate is more accurate and the images focus better. Thus,
when the contrast of the images is the maximum, the
corresponding chirp rate is the real Doppler chirp rate. The
maximum contrast method is summarized as follows:

(1) Compress the distance member of the echo signal

(2) Extract the sub-echo signal of each target by using the
window function

(3) Choose a proper search interval according the priori

information and use the search value to compress the

azimuth member of the echo signal



(4) Get the contrast of each sub-echo signal X (n), which is

compressed in the azimuth.
(5) Find the maximum of the contrast, and get the

corresponding Doppler chirp rate and the coarse velocity.

The error of the azimuth chirp rate can cause the
misplacement of the two compressed azimuth member. We can
get the misplacement by measuring the processed data. This
method called Map Drift uses the misplacement to get the
Doppler parameter. The relationship between the misplacement
time Az and the error of the azimuth chirp rate Af,, is

1 1

Afa(fd . )

where f, is the real chirp rate, f,. . is the coarse chirp rate

estimated by the maximum contrast method, Af, is the

frequency interval of the center of the two data part, where data
1 represents the low part of the spectrum, and data 2 represents
the high part of the spectrum.

From the equation (10), we can get that

An

(10)

r drmf

Afdr - fdrmf (fdrmf _Afdr) A
Af,
) (1)
~ —_dmf
Af,
Then we can get f,
fdr = fdrmf _Afdr (12)

The algorithm of the JMMCD can be summarized as
follows
(1) Get the coarse chirp rate f, . by the maximum contrast
method, and divide the distance compressed echo signal
data into two part.;
Compress the two part data in the azimuth by using the
coarse chirp rate f and get the time misplacement Az ;

)

@)

Get the error of the chirp rate Af, according to the
equation (11), and get the real chirp rate f, according to

the equation (12), and get the velocity according to the
equation (8). Because of the rounding error and the
inaccurate reading image, we shall do the algorithm
Iteratively to get the more accurate velocity.

IV. SIMULATIONS RESULTS

The parameters of the proposed FMCW radar system in the
simulation are listed in Table 1. Two targets are shown in Fig.1
(b). Target B represents a slow-moving bus and target C is a
high-speed car. They have opposite running directions
according to the vehicle position in different lanes. It should be
underlined that in Fig.3 we show four different velocity search
intervals using the same maximum contrast algorithm in the
range Doppler signal domain. As depicted in Fig.3, the optimal
interval for measuring the target's coarse speed is 10 km/h.
Fig.4 shows the two echo signal image compressed in the
distance. And Fig.5 shows the results of coarse velocity by the
maximum contrast method. After the coarse search processing,
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the target’s accurate velocities could be calculated using the
map drift algorithm (see in Fig.6). The simulation results are
shown in table 2. Following the proposed scheme of signal
processing, we achieve a precise estimation which error is
smaller than 1km/h. The error is acceptable to maintain a
relatively high accuracy and meet the requirement of the traffic
surveillance system.
TABLE 1. simulation Parameters

Center Frequency 2GHz
Radar Height 15m
Signal Bandwidth 80 MHz
Sampling Frequency 4 MHz
Scene Extent 15mx15m
Squint Angle Broadside
Azimuth Integration Angle 10°
Velocity Accuracy 1km/h

TABLE 2. Velocity Estimation Results of Target B and C with the

JMCMD Algorithm
velocity(km/h) Running Time (Sec)
Target Exhaustive The
Actual (\:/?LS: A@Zlfazte search JMCMD
Value algorithm | algorithm
B 180 | 200 18.3 L&75 0265
B "o | 400 | 418
C 62.0 60.0 62.9
c 1.719 0.234
(Can) ["78.0 | 80.0 | 79.2

x 10°Maximum Contrast rough search velocity interval
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Fig.3. Demonstration of choosing different search interval in the coarse
velocity estimation procedure
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Fig.4. The two echo signal image compressed in the distance
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(b) Maximum contrast curve of target C
Fig.5. Results of coarse velocity by the maximum contrast method
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(a) map drift estimation of target B
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(b) map drift estimation of target C
Fig.6. velocity estimation results of two targets with the IMCMD algorithm

V. CONCLUSION

Compared with the conventional Doppler radar system, the
proposed FMCW radar system can provide real-time velocity
values of the wvehicles in multiple lanes of the traffic
environment which is of great value for traffic surveillance
applications. Through the introduction of the autofocus
technique in SAR processing, the targets’ velocity could be
accurately estimated without heavy computation burden. The
simulation results also illustrate the effectiveness of the
proposed approach.
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