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Project Summary
To develop a 3D perception system for 2D mapping of agricultural
environments, using Frequency Modulated Continuous Wave
(FMCW) processing and Constant False Alarm Rate (CFAR)
detection techniques, and integrating Synthetic Aperture Radar
(SAR), beamforming, and Simultaneous Localization and Map-
ping (SLAM), in order to implement algorithms capable of gener-
ating images that allow the identification of trees in fruit orchards.
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ROS2 Integration

GPS

Wheel Odometry

IMU

LiDAR

State Estimation

Imu.msg

NavSatFix.msg

Odometry.msg LaserScan.msg
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Sturcture of the Radar Message

ROS2 Integration:
RadarData.msg

GitHub
https:

//github.com/

RAL-UC/UC_

SmartFarmRadar
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Overview SLAM

3D Scan Processing
- 2D Slicing -

Scan Matching
- Modified Hausdorff Distance -

Update State
- Extended Kalman Filter -

Update Map
- Loglikelihood Gridmap -

Navigation  Control
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Objectives

1 Apply beamforming and SAR techniques using a pan-tilt unit (PTU)
integrated into the mobile platform to obtain radar images of the
agricultural environment.

2 Implement FMCW signal processing to interpret data and detect both
vegetation and obstacles.

3 Develop algorithms for the identification, recognition, and classification of
vegetation and obstacles, enabling the autonomous platform to effectively
respond to their presence.

4 Implement a SLAM system to provide platform localization and a consistent
map of the agricultural environment.

5 Evaluate the system’s ability to generate useful information for optimizing
and planning routes in an autonomous navigation system.

6 Create an application protocol and best practices to guide future agricultural
research based on phased-array radars, establishing transferable knowledge
for subsequent studies and developments in the field.
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Contributions

1 A ROS 2-based architecture was implemented to enable electronic control of
the radar using beamforming techniques.

2 Data acquisition routines were developed for the implementation of the SAR
technique, providing the radar with two degrees of freedom through the
PTU.

3 The fusion of dual radar-PTU sweeps was implemented into the SAR
processing flow, generating environmental maps of the agricultural
surroundings.

4 A predefined navigation trajectory was programmed for the mobile platform
to acquire different maps oriented toward SLAM applications.

5 A multimodal navigation dataset was created by integrating information
from sensors such as camera, LiDAR, GNSS, IMU, encoders, and radar,
along with the commands sent to the actuators.
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FMCW Radar: Preliminary notions, equations, and signal processing

τ =
2r

c
fm = fc + S τ

fb = fm − fc = S τ

r(fm) =
(fb − fbias) c

2S

S =
B

T

∆r =
c

2B
= 0.3 [m]

rmax tree ≈ 3.6 [m]

Pr = PtGtGrλ2σs
(4π)3r4
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LFM Chirp Modulation and Averaging of Returns
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CFAR detections

Consider a radar measurement sequence:

Sk = {X1, X2, . . . , XN}, i ∈ {Ng+Nr+1, . . . , N−(Ng+Nr)}

where Xi is the intensity value of the i-th cell, while Ng and Nr are the
the number of so-called guard cells and reference cells.
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CFAR detections

The lower, upper and full sets of reference cells are defined as:

Rlow
i

def
= {Xi−(Ng+Nr), . . . , Xi−Ng−1},

Rup
i

def
= {Xi+Ng+1, . . . , Xi+(Ng+Nr)},

Ri
def
= Rlow

i ∪Rup
i ,

CUT
Lower

reference

cells
Guard

cells

Guard

cells

Upper

reference

cells
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CFAR detections

The adaptive threshold at cell i with bias B is given by:

Ti =
1

2Nr

∑
i

Ri + B.

Finally, the selection/rejection mask is obtained as:

D = {Di|Di = 1 (Xi ≥ Ti)}

i.e. selecting all cells whose intensity Xi ≥ Ti.
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Phase Delay and Beam Formation

∆ϕs(θs) =
2π fIF d sin(θs)

c

d

L

ϑ

0° k∆ϕ s

k = 1, …, 8

Mechanical

boresight

Electrical

boresight

Antenna

L = d sin(θs)

∆t =
L

c
=

d sin(θs)

c
→ θs = arcsin

(
∆t c

d

)
∆ϕs =

2πL

λ

∆ϕs(θs) Incremental phase shift between elements.

d Distance between the two antennas.

θs Beam electrical angle.

∆t Incremental time delay between elements.

L Incremental propagation distance between elements

fIF Intermediate operating frequency

2D slice capture
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Navigation Equations

k : measurement sample 1, 2, 3….

t  : time instant

w : world

b  : mobile robot base

p  : pan-tilt unit

s  : sensor radar

Zt,1

yt

xt Robot Pose

yw Wold Reference Frame Radar Measurements Set

xw

Fw=f xw,ywg

Zt,m

Zt,k

Zt,k+1

Zt={Zt,1,Zt,2,…,Zt,k,…,Zt,m}

µ t

qt  = f xt,yt,µt  g     wqt  = f xt,yt,µt  g     w

Radar measurement:

xs = r cos θs, ys = r sin θs

Radar → Pan-Tilt:

αp = θp + θs, ρ = r cosϕp[
xp

yp

]
=

[
ρ cosαp

ρ sinαp

]
zp = r sinϕp → 0

Pan-Tilt → Robot:x
b

yb

zb

 =

x
p

yp

zp

+

ℓxℓy
ℓz


Robot → World:x

w

yw

zw

 =

x
w
b

ywb
zwb

+Rz(θ
b)

x
b

yb

zb



Sensor-to-World Coordinate Transformation: 2D projection map

xw = xwb + ℓx cos θ
b − ℓy sin θ

b + r cosϕp cos
(
θp + θs + θb

)
yw = ywb + ℓx sin θ

b + ℓy cos θ
b + r cosϕp sin

(
θp + θs + θb

)
zw = zwb + ℓz
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Dual-Sweep PTU-Radar Fusion in SAR Processing

θs

f 
Intensity

value

r

Ik(θ
s,r(f))

Angular range and resolution values:

Azimuth: α ∈ [−170◦, 170◦]

Elevation: β ∈ [−20◦, 15◦]

θsn ∈ [−80◦, 80◦], θpq ∈ [−90◦, 90◦]

∆θp = 15◦, ∆θs = 1◦, ∆ϕp = 5◦

Dual-Sweep Angular Fusion: PTU+Radar

α = θpq + θsn, β = ϕp
m

wq(α) = max
{
0, 1− |α−θpq |

FOV/2

}
, FOV = 160◦

Q(α) = {q : |α− θpq | ≤ FOV/2}

C(α, β, r) =

∑
q∈Q(α)

wq(α) Iq,m
(
Θq(α),r

)
∑

q∈Q(α)

wq(α)

ρ = r cos(β)

xp = ρ cos(α), yp = ρ sin(α)

zp = r sin(β) → 0
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Background Noise Suppression

Ibg(θs, f) = 1
N

∑N
j=1 I

bg
j (θs, f)

I(θs, f) = Iraw(θs, f)− Ibg(θs, f)
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2D Map: Tree-facing Measurement

Tree at a distance of 2.4 meters

GitHub
https://github.com/RAL-UC/

UC_SmartFarmRadar
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2D SLAM: Tree-facing Measurements

Map 1 Map 2 Map 3

Object

Unmapped Area

Free Space

Pose X [m] Y [m] Angle [◦]
0 0.0 0.0 0.0
1 0.2412 -0.0200 14.57
2 0.6802 0.0700 14.42
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2D SLAM: Estimated Trajectory

GitHub
https://github.com/RAL-UC/

UC_SmartFarmRadar
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Future Work

Simulation: PTU-radar package in Gazebo and wave
simulator for algorithm validation.

Modeling and compensation: incorporation of element
and array characteristics to improve estimation accuracy.

RCS characterization: estimation of vegetation radar
cross-section under different conditions.

Signal processing: integration of phase information for
more precise estimation and application of MTI
techniques for moving target detection and tracking.

Sensor fusion: combination of radar, lidar an cameras to
refine detection and vegetation pattern recognition.

Artificial intelligence: development of machine
learning-based classifiers to characterize vegetation and
distinguish obstacles in agricultural environments.

Protocol and best practices: Develop a usage protocol
for application of phased-array radars in agricultural
environments.

|s(t)| =
√

I(t)2 + Q(t)2

∠s(t) = arctan
(

Q(t)
I(t)

)
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2D SLAM: Tree-facing Measurements

Tree at a distance of 3.6 m Tree at a distance of 3.0 m Tree at a distance of 2.4 m
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Windowing Effect on Frequency Resolution and Sidelobe Magnitude

Time-domain rect

T

Frecuency-domain sinc

FT

FT-1

FFT with rect window

Magnitude remains similar, but resolution worsens: under identi-
cal conditions, Blackman detects 2.0-2.75 m, while Rectangular
detects 2.4-2.6 m.

FFT with Blackman window
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Appendix: Basic notation - Radar and Power Range

Pr Received power.
Pt Transmitted power.

Gt, Gr Transmit and receive antenna gains.
λ Wavelength.
σs Target radar cross-section.

r(fs) Target range.
fb Beat frequency.

fbias Frequency bias correction.
c Speed of light
S Chirp slope.
B Bandwidth.
T Chirp duration

∆r Range resolution.
rd Detection range for a target.
τ Propagation delay.

fm Measured signal frequency.
fc Carrier frequency.
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Appendix: Basic notation - Linear Frequency Modulation
and Averaging

ϕ(t) Instantaneous phase of the chirp.
f(t) Instantaneous frequency.
sk(t) k-th receive chirp signal.
M Total number of chirps used in the averaging.

s̄(t) Averaged signal over M chirps.
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Appendix: Basic notation - Measurements Fusion

Iq,m(θsn, r(f)) Intensity matrix.
β Elevation angle.

∆θp,∆θs,∆ϕp Angular step sizes for PTU pan-tilt and radar steering.
wq(α) Weight for sweep q based on angular proximity to α.
FOV Radar azimuth field of view.
Θq(α) Relative angle within sweep.
Q(α) Set of sweeps covering azimuth α.

C(α, β, r(f)) Weighted fusion of intensity across sweeps.
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Thank you!

Robotics & Automation Laboratory
School of Engineering

Pontificia Universidad Católica de Chile

Robotics & Automation Laboratory
School of Engineering
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ral.ing.puc.cl
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