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ABSTRACT 

 

We present in this paper a new microwave sensor developed 

for autonomous vehicle navigation and perception in 

extensive outdoor environments. Radar offers advantages as 

a robotic perception modality, because it is not vulnerable to 

the functioning conditions found in natural outdoor 

environments: dust, rain, fog, snow, light conditions, wind 

turbulences, etc. The developed radar is based on Frequency 

Modulated Continuous Wave (FMCW) technology, that is 

well intended for short and medium-range applications. The 

paper describes the spatial integration that is used in order to 

reduce the speckle effect in radar image. This anti-speckle 

filtering is obtained through a dead reckoning phase, using 

two proprioceptive sensors (odometer and compass 

heading). The radar sensor is used to develop a 

Simultaneous Localization And Mapping (SLAM) 

application. In order to fit the needs of radar image analysis 

complexity, the SLAM process is purely radar based. This 

process makes no landmark assumptions, and avoids the 

data association problem by storing a detailed map instead 

of sparse landmarks. 

 

1. INTRODUCTION 

 

Global Positioning System (GPS) is a well-known satellite 

based localization system, capable of providing a global 

location estimate at any point on the planet. But an exclusive 

use of GPS for outdoor localization is hazardous because off 

different problems: the necessity to have direct line-of-sight 

between the satellites and the GPS receiver; the level of 

precision necessary for autonomous navigation (less than 

one meter) requires simultaneous line-of-sight of at least 

five satellites; reflection of the satellite signal from objects 

in the environment can result in mutipath errors (with 

overestimate of distances). When GPS signal is 

intermittently available or completely unavailable, 

alternative localization methods must be used. In this 

context, Simultaneous Localization And Mapping (SLAM) 

represents the higher level of complexity in autonomous 

mobile robot applications [1] [2] [3] [4]. Ideally, SLAM 

allows to incrementally construct the map of unexplored 

environments and to achieve localization in the map without 

human intervention. 

Localization and mapping in large outdoor environments is 

an application related to the availability of efficient and 

robust perception sensors, especially in regard to the 

problem of range and environmental conditions [5] [6]. 

Laser and video sensors are the more common visual based 

sensors, particularly well suited to indoor environments. But 

these systems are affected by visibility conditions that are 

often poor outdoor: day/night cycles change illumination; 

weather phenomena (fog, rain, etc.); dust clouds; etc. Sonar 

is another common sensor not affected by visibility 

restrictions, but it is mainly affected by propagation media 

(wind) and a poor angular resolution. Faced with these 

limitations, the developed microwave radar provides an 

alternative solution for environmental imaging and 

overcomes the shortcoming of laser, video and sonar 

sensors. 

 

2. A MICROWAVE RADAR SCANNER 

 

2.1. Principle of FMCW Radar 

 

For short-range distance measurements, the “classical” pulse 

radar technology is an expensive solution. A precision in 

distance measurement imposes a great precision in the time 

measurement, therefore high rate electronics. The developed 

radar uses the frequency modulation continuous wave 

(FMCW) principle. This principle is known and used for 

several decades [7] [8] [9]. For mobile robotics application, 

where distances are some hundreds of meters, frequency 

modulation presents two advantages: 

- a low transmission power, which is safer for the user (it is 

the mean power which determines the range), 

- a transposition into the frequency domain of temporal 

variables (a very short delay time ∆t is switched to a broad 
variation of frequency ∆f, easier to measure).  

 

In the FMCW radar, the transmitter frequency is changed as 

a function of time in a known manner. If a target is at a 

distance R, an echo signal will return after a time delay τ. 
The frequency Fb of the beat signal Sb, which appears at the 

receiver, represents the difference between the emitted 

frequency and the frequency received after reflection on the 

target.  

 



Considering a triangular modulation and one target, the beat 

signal Sb can be written as [7] [10] [11]:  
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where 

Ve amplitude of the emitted signal 

Vr amplitude of the received signal 

k constant 

F0 carrier frequency 

∆F frequency excursion 

Fm modulation frequency 

R radar-target distance 

c speed of light. 

 

Considering that the amplitude Ve is constant, then the 

amplitude of the beat signal Sb is proportional to the 

amplitude Vr of the received signal. This expression shows 

that the target is characterized by its own beat frequency Fb, 

and we obtain the well-known FMCW radar expression, 

which associates the radar-target distance R to the beat 

frequency Fb: 

 

2 .b mF F F R c= ∆  (2) 

 

∆F, Fm and c are constant: therefore the beat frequency Fb is 
proportional to the distance R.  

If the target is not stationary, a Doppler frequency shift is 

superimposed on the beat frequency. Using an adapted 

modulation waveform (triangular for example), the radial 

velocity of the target can be calculated or eliminated.  

With the transmitted power Pt, three principal parameters 

characterize a FMCW radar: the carrier frequency F0, the 

frequency excursion ∆F and the modulation frequency Fm. 

The frequency modulation must be matched to the oscillator 

characteristics (sweep time) and to the bandwidth of the beat 

signal. 

 

2.2. Microwave Architecture 

 

The radar is monostatic: a single antenna is used for both 

transmitting and receiving. A circulator separates the 

transmitter and the receiver. The reflected signal is sent via 

the circulator towards the receiver input, which is generally 

a mixer. The mixer converts the RF signal to a lower 

frequency called intermediate frequency (IF). The mixer 

uses a reference signal, which is generated by a local 

oscillator (LO) or derived from a portion of the transmitted 

signal. In that case, the receiver is called homodyne 

receiver. The homodyne receiver is simpler since no IF 

amplifier or LO is required. However, it has a lower 

sensitivity, but this is not too restrictive for short-range 

applications. The homodyne receiver is also called 

superheterodyne receiver with zero IF because it generates 

directly a low frequency beat signal (this solution has been 

selected because it limits the cost of the radar and the cost of 

the data acquisition system). 

 

At the output of the radar, only low-frequency signals are 

present: dc component, intermodulation signals (neglected 

because of their low amplitude) and the beat signal Sb which 

is the useful signal. 

 

2.3. Signal Processing 

 

The first stage of the signal processing phase is a low-noise 

amplifier. The beat signal is then filtered (band-pass filter) 

in order to isolate the frequency range corresponding to the 

minimum and maximum radar-target distances (see Fig. 1). 

 

Processing is performed in a temporal window Tobs, when 

the beat signal is stable (apart from the turn-around region). 

The duration of Tobs is not infinite, its maximum value is 

1 / (2 Fm) for a triangular frequency modulation. This time-

domain truncation leads to a spectrum of the form sin(x) / x 

because of the convolution between the Fourier transforms 

of an infinite beat signal and a rectangular weighting 

function. The side lobes of the sin(x) / x function introduce 

additional frequency-domain components, and can lead to 

an unacceptable approximation to the Fourier transform, i.e. 

frequency, phase and amplitude of the beat signal. The use 

of another weighting function (Hamming, Hanning, etc.) 

allows to reduce these side lobes [12]. These weighting 

functions reduce side lobes, but they also produce a broader 

main lobe. Therefore a particular attention must be applied 

to the fact that this increase reduces the distance resolution 

of the radar.  

 

2.4. Radar Specification 

 

The developed FMCW radar is called K2Pi (for panoramic 

-2pi- in K band). All components of the radar are 

implemented in the same housing: microwave components, 

electronic devices for emission and reception, and the data 

acquisition and signal processing unit. The antenna is 

protected by a radome. A general view of the radar is 

presented in Fig. 2.  

 

The data acquisition and signal processing unit is based on a 

Pentium M-2 GHz. Computed data are transmitted for 

further treatment using an Ethernet link. Main 

characteristics of the radar are described in Table 1.  

 

3. IMAGE CONSTRUCTION 

 

The radar is equipped with a rotating antenna in order to 

achieve a complete 360° monitoring around the vehicle, 

with an angular resolution of 1°, in the range 3-100 m. The 

image construction is based on the classical Plan Position 

Indicator (PPI) representation, i.e. the power spectra with 

polar coordinates. An example of radar image is presented 

in Fig. 3. The white cross in the middle indicates the 

position of the radar. Variations of shading indicate 



variations of amplitude in the power spectra. This image is 

“radar referenced”: the heading indications are related to the 

internal encoder of the radar and not the earth’s magnetic 

field.  

 

3.1. Reduction of Speckle Effect 

 

Considering one radar angular position, the measured radar 

signal is the sum of the N (with N→+∞) elementary 

reflectors (scatterers) present within the radar resolution cell 

(the radar beamwidth in our case). The reflections from 

these N individual scatterers in the range cell may combine 

constructively or destructively to produce an image that is 

mottled and difficult to interpret by eye (see Fig. 3).  

The random amplitude modulation of the measured radar 

signal is called speckle effect. The speckle effect can be 

minimized using different strategies: the transmission of an 

extremely wide chirp; the use of frequency diversity; or a 

spatial integration of images acquired from slightly different 

positions. Because we cannot modify the bandwidth of the 

transmitted signal, we have selected the spatial integration 

strategy. This image integration is best achieved in Cartesian 

space; therefore each image acquisition is transformed from 

polar coordinates to Cartesian coordinates. This integration 

requires the best current estimate of the radar position that is 

calculated over a period of dead reckoning by integrating 

estimates of its motion. Two proprioceptive sensors are used 

during this dead reckoning phase: an odometer and a 

compass heading sensor.  

 

The effect of the spatial integration is clearly shown in 

Fig. 4, where the radar image is produced by the integration 

of a sequence of 10 images, acquired during a displacement 

of 10 meters. This radar image is represented in a north-

oriented reference (the radar image in Fig. 3 corresponds to 

the last unintegrated image of the sequence).  

 

 

4. SIMULTANEOUS LOCALIZATION AND 

MAPPING 

 

4.1. Formulation of SLAM 

 

The Simultaneous Localization and Mapping (SLAM) 

problem asks if it is possible for a mobile robot to be placed 

at an unknown location in an unknown environment and for 

the robot to incrementally build a consistent map of this 

environment while simultaneously determining its location 

within this map. SLAM has been formulated and solved as a 

theoretical problem in a number of different forms [13] [14], 

the most popular form being EKF-SLAM [2].  

 

But substantial issues remain in practically realizing more 

general SLAM solutions and notably in building and using 

perceptually rich maps as part of a SLAM algorithm. 

Indeed, one of the key challenges for SLAM is in larger 

outdoor environment implementations. Using the K2Pi radar 

described here, we address this challenge. 

 

The standard SLAM formulation defines the estimated state 

kx as the vehicle pose 
kv

x  and a list m of observed 

landmarks  
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An alternative formulation of the SLAM problem [15] that 

has gained recent popularity is to estimate the vehicle 

trajectory instead  
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iL
x  is a global landmark frame location and 

vx  the global 

vehicle pose.  

 
Fig. 1  Signal processing block diagram.  
 

 
Fig. 2.  General view of the K2Pi FMCW radar.  
 

 
TABLE I 

CHARACTERISTICS OF THE  K2PI FMCW RADAR 

Carrier frequency F0 24 GHz 

Transmitter power Pt 20 dBm 

Antenna gain G 20 dB 

Angular resolution 1° 

Range  

 min 3 m 

 max 100 m 

Distance precision 

(canonical target at 100 m) 

0.02 m 

Distance resolution 1 m 

Size (length-width-height) 27-24-30 cm 

Weight 10 kg 



These formulations are particularly suited to environments 

where discrete identifiable landmarks are not easily 

discerned and direct alignment of sensed date is simpler or 

more reliable. The map is no longer part of the state to be 

estimated but rather forms an auxiliary data set. In this 

formulation of the SLAM problem there is no explicit map, 

rather each pose estimate has an associated scan of raw 

sensed data, and these are aligned to form a global map. 

 

4.2. Non-Geometric Landmarks 

 

A significant issue with EKF-SLAM [2] is the design of the 

observation model: landmark observations have to be 

modelled as geometric shapes, such as lines or circles. 

Measurements must fit into one the available geometric 

categories in order to be classified as a feature, and no 

conforming data are ignored. Such an approach tends to be 

environment specific.  

Moreover, whatever the sensor used, one of the most 

difficult problem for the SLAM process based on beacon 

localization algorithm is not beacon detection, but beacon 

validation and data association. It means that a major 

problem is: 

- to confirm that the detected beacon is a valid beacon, 

- and to associate it with a known beacon in the computed 

map. 

The data association process is an essential problem in 

SLAM algorithm. For example, it has been addressed by 

looking for stable beacons in the environment, or using a 

combination of sensors (multisensorial approach) in order to 

validate with one sensor the beacons detected with another 

sensor. 

 

4.3. Scan-SLAM 

 

To perform SLAM via radar image analysis, the above 

described traditional techniques are not well suited. In 

complex outdoor environments, landmarks which are 

detected by the radar cannot be model as simple geometric 

primitives, such as circles or lines. Computed radar images 

contain a large amount of information, so detection and 

tracking of particular landmarks are not simple problems. 

An alternative to analytical feature models is a procedure 

called scan correlation, which computes a maximum likely 

alignment between two sets of sensor data. 

Indeed, the developed approach for SLAM process is based 

on an observation: two consecutive radar images (after 

speckle filtering) are always very similar for the “eye” point 

of view. For that reason we have selected a matching 

approach based on cross correlation function. With this 

method, the radar image is considered as an occupancy grid 

 

 

 
(a) 

 

      
(b) 

Fig. 4.  Example of speckle effect  reduction. (a) Radar image with speckle 

reduction. The white cross in the center indicates the radar position. (b) Air-
view image of the test zone.  

 

 
Fig. 3.  Example of radar image (PPI mode). The white cross in the center 
indicates the radar position.  

 



(matrix of cells). Each cell describes a small area of the 

environment, and indicates the occupation of this area 

through the amplitude of the reflected radar signal. This 

approach is purely radar based, and makes no landmark 

assumptions, and we avoid the data association problem by 

storing a detailed map instead of sparse landmarks, thereby 

subsuming association with localization.  

So, Scan-SLAM is identical to conventional EKF-SLAM 

except for the definition of the landmark appearance model 

[15]. A landmark is described by a shape model which has 

an embedded coordinate frame defining the landmark origin.  

The chosen grid representation permits data alignment. 

When the robot observes the landmark, the shape model is 

aligned with the measurement data. Assuming this 

alignment is approximately Gaussian, the vehicle-centric 

estimate the model coordinate frame is an observation 

suitable for an EKF-SLAM update, where the map is 

composed of landmark frame locations as in equation 5. 

 

4.4. First Results 

 

First results obtained with this method are presented in 

Fig. 5. The radar and the proprioceptive sensors are 

implemented on a utility car. The car is driven with a speed 

between 0 and 15 km/h. The experimental runs are 

performed in the park of our institute, an area of 350 by 

300 m, with a complex environment (buildings, cars, trees, 

roads, road signs, etc.). The radar is on the top of the 

vehicle, 3 meters above ground.  

 

The radar image (Fig. 5(a)) is the final image obtained with 

the SLAM process. White crosses indicate the successive 

positions of the radar (1 second interval) estimated with the 

SLAM algorithm. The photograph (Fig. 5(b)) is an air-view 

image of the experimental zone. White crosses indicate the 

trajectory of the vehicle measured simultaneously with a 

GPS of metric precision. For this experiment, all data 

acquisitions have been realized in real time, and the SLAM 

processing has been realized off-line. 

 

5. CONCLUSION 

 

We have presented first results of Simultaneous Localization 

And Mapping (SLAM) based on a new microwave radar 

sensor. 

 

The radar sensor is a Frequency Modulated Continuous 

Wave (FMCW) radar in K band. For mobile robotics 

applications, particularly in extensive outdoor environments, 

microwave radar sensor is an alternative solution for 

environmental imaging because it overcomes the 

shortcoming of classical sensors (optical or ultrasound 

device) in the domain of maximum range and the ability to 

withstand the rigors of outdoor environments.  

Because of the complexity of radar target detection, 

identification, tracking and association, we have selected a 

purely radar based SLAM process, that is based on cross 

correlation function. In that way we avoid target 

assumptions about position and nature of the elements 

which are present in the radar’s environment.  

 

At the moment, we consider a static environment, assuming 

that there are no mobile elements around the radar. In order 

to develop perception solutions for high velocity robotics 

applications, future works will be devoted to: 

- the adaptation of radar’s performances (increase of 

maximum range and antenna rotation; measurement of 

 
(a) 

 

      
(b) 

Fig. 5.  Result of SLAM processing. (a) Computed radar map. White 

crosses indicate the estimates of the successive positions of the radar. 

(b) Air-view image of the test zone. White crosses show the trajectory of 
the vehicle measured with a GPS (metric precision).  

 



Doppler frequency to take into account the relative 

velocity of mobile targets); 

- the development of a new application of SLAM, 

integrating Simultaneous Localization And Mapping with 

Mobile Object Tracking (SLAMMOT) [4]. 
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