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APPLICATIONS
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Abstract. Shear cutting heads are standard devices in th@idoof energy
wood harvesting, that can be easily implementechyuraulic excavators. In
order to increase the operational flexibility ofesle machines, it could be
interesting to be able to separate the lower padtthe upper part of standing
trees. Currently, the use of shear cutting headshisr application is limited,
because it does not exist reliable sensors abieetsure the distance between
the cutting head and the soil. We present in tlaigep the development of a
range sensor based on microwave radar. Due toattsh functioning conditions
in forest environments, the microwave radar teobgwlis an interesting
solution for harvesting applications, and it allowsovercome the limitations of
classical optical sensors. The radar has beenigusit on a tree harvesting
machine, and results obtained in real conditioagaesented.

Keywords: radar; height measurement; tree harvesting

1 Introduction

In recent years, wood has been used more and ma@ga anergy resource to replace
fossil fuel, in France as well as in Europe. Thisletion implies the development of
new agricultural equipment for wood harvesting ndey to be able to use forestry
biomass. Main research activities are related & dbvelopment of new harvester
heads such as shear cutting heads, with the olgeafimechanization of the wood
harvesting task.

For energy wood heads, the shear cutting headsheaan advantageous solution.
They can be implemented on standard hydraulic extoas, which are cheaper and
easier to drive than specialized tree harvestinghinas. In a classical energy wood
harvesting process, a skidder is used for pullogs lor trees out of the forest. The
chipping process can then be realized at road$ideadrying period of about 3 to 6
months. For some forest stands, it could be intieige$o separate the lower part and
the upper part of the tree, because the lowergfdhe tree can be used for industrial
purposes and not only for energy generation. Ihdhse, it is necessary to cut the tree
at a specific height: this operation is not possiith shear cutting heads because
currently no one sensor is available to measurdliftance between the cutting head
and the ground.
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Classical solutions for distance measurements ased on optical (laser) or
ultrasound technologies. But the sensors have &b wih functioning conditions
which are often harsh in a forest environment:tligdriations, dust, turbulences, fog,
presence of intermediate branches or vegetatioh@ground, etc., can lead to false
or completely unavailable distance measurementsthab reason we have developed
a solution based on a microwave radar to measereligiance between the ground
and the cutting head.

The developed sensor is based on the Linear Fregdadulated Continuous Wave
(LFMCW) principle. This technology is more adapthdn the classical pulse radar
technology to measure short distances. With a frighpdency transmitted signal
(24GHz frequency, i.e. 1.25cm wavelength), the ovi@ve radar is not affected by
the harsh conditions of forest environment. And thu¢éhe size of the antenna beam
(typically several degrees), the radar can detaoultaneously different targets
present in its line of sight (for example the grdwand intermediate branches). The
radar-target distances are computed from speciedysis of the radar signal. In order
to deal with nearby targets, this process is baseligh resolution frequency analysis
such as MUSIC algorithm.

In section 2, we present in more detail the archite and the functioning of the
microwave radar, with a focus on the problem ofadise resolution. Results obtained
in real conditions are presented and discussegcitos 3.

2 Distance Measurement with aLFMCW Radar

21 LFMCW Radar Principle

In classical pulse radars, distance measuremeatachieved through time of flight
(TOF) measurements of short radar pulses. For stwrge applications, this
technology is not the best adapted solution becusglies (i) the measurements of
very short time of flightt, and (ii) the generation of very short radar psisEhe
developed radar is based on the Linear Frequencgulted Continuous Wave
technology (Skolnik 1980, Monod 1995, Rouveure 300%e principle of LFMCW
radars consists in transmitting a continuous frequye modulated signal, and
measuring the frequency difference (called beapueacyf,) between the transmitted
and the received signals. With the carrier freqyefic two main parameters
characterize LFMCW radars: the sweep frequekieyand the frequency modulation
Fm (see Figure 1).

The radar antenna beam width cannot be considerectyml, so several targets can
be detected at the same timei thrgets are located at ranggein front of the radar,
the measured beat sigral results from the sum of thereflected signals. Without
radial velocity, the beat sign8} can be written as (Monod 2009):

R:
S, = kz s cos(Z?T (2 AF Fm—L)t + <I>i>
i ‘ (1)
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Fig. 1. Linear modulation principle. Example of receivéghal with one static target located at
range R from the radarfy is the carrier frequencyhAF the sweep frequency, arfe, the
modulation frequency.

V. is the amplitude of emitted sign&t,; and®; respectively the amplitude of received
signal and a phase term depending on targetthe light velocity andk a mixer
coefficient. One can see thatcontains a suriaf,; of frequency components, each of
them corresponding to a particular target

= 2 AFE, N

fbi - m? (2)
The rangeR, to each target may be determined by measuringtieidual frequency
components by the mean of a spectral analysis. ¥ample of simulated radar
spectrum, using the model of signal described in(Eyg is presented in Figure 2.
Two targetsA andB are located at ranges 2m and 3m. The FFT spemtiaisis
allows to separate both frequency components usedommpute the radar-target
distances.

Computed distances:
A—1.99m
B —3.05m

Amplitude

0 1 2 3 4 5 6
Distance (m)

Fig. 2. Simulation of radar spectrum with 2 targets lodas ranges 2m and 3m. Radar
parametersfy = 24.125GHzAF = 250MHz,F,, = 100Hz.
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2.2 Distanceresolution

Different elements such as branches, bushescatthe positioned between the radar
and the soil. So, it may be necessary to dete@rakwbjects in front of the radar.
And as these objects can be close to each othisrngcessary to have an accurate
distance resolution.

With a classical FFT frequency analysis, the fregqyeresolutiondf is determined
solely by the observation tinlg:

8 = 1 /Tops, With Tops =1/ Fpy ©)

Considering a LFMCW radar, the increaselgf (while maintaining the same sweep
frequencyAF) leads to a more accural€ but the distance resolutidn remains the
same because at the same time the maximum rangereased. With LFMCW
radars, the distance resolutidn is solely determined by the sweep frequeAgy
(Skolnik 1980):

dr = ¢/ (2AF) (4)

It means that two targets separated by distancgsrithandr cannot be resolved
when using a FFT spectral analysis. An examplavisngin Figure 3(a), considering
three close targets located at range 2.7m, 3m a2wh. 3With AF = 250MHz, the
theoretical resolutiodr is equal to 0.6m: the FFT analysis is not ablelétect the
three targets.

From Eq. (4), one can see that it is necessargaease the sweep frequently to
obtain a more accurate distance resolut@m But even if this increase is
technologically possible, we have to deal with thiernational Telecommunication
Union (ITU) which is in charge of the allocation global resources such as radio-
frequency spectrum. In France, the use of the flrdijuency spectrum is controlled
by the French Telecomunications Regulatoty Auto(®RCEP). We are using the
Industrial, Scientific and Medical (ISM) radio bamd 24 GHz (K-band) for our
application. This ISM band defines a free bandwaftR50MHz (24.000-24.250GHz)
for industrial, scientific and medical purposes esththan telecommunications,
completed with a limitation in transmitted powerg@nce Nationale des Fréquences
2013). As the current bandwidth of our radar ieadty 250MHz, a second solution
must be found to improve the distance resolutiérthé FFT is the basic tool for
spectrum analysis due to its robustness and nesstance, different methods exist
for high resolution spectrum estimation which oeene the limitations of FFT
approach. For example, parametric methods such BSI® Multiple Sgnal
Classification) or ESPRIT Estimation of Sgnal Parameter via Rotational Invariance
Technique) take advantage of known parameters of the sigmeth as the number of
spectral components (Schmidt 1986; Shahbazpanadii 20801). In Figure 3(b), one
can see that the ESPRIT algorithm is able to déecthree closed targets.
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(A.B.C)
2 Computed distances:
2| A.Band Cnot resolved
)
@) <
0 1 2 3 4 5 6
Distance (m)
A B C
2 Computed distances:
2 A—>2.65m
e| B—>29m
(b) Z| €C—>3.18m
0 1 2 3 -+ 5 6

Distance (m)

Fig. 3. Simulation of radar spectra with three close tirdecated at ranges 2.7m, 3m and
3.2m. Radar parametefg:= 24.125GHzAF = 250MHz,F,,, = 100Hz. (a) FFT radar spectrum:
the targets A, B and C are not resolved. (b) The EBRRjorithm allows to detect the targets

A, B and C.
3 Experiments

3.1 LFMCW Radar

The developed microwave radar is based on a Vol@gerolled Oscillator (VCO).

Lightweight and small sized, it has been integrated radome in order to provide
sufficient protection during the experiments (tlaelame is constructed of material
that minimally attenuates the electromagnetic digremsmitted or received by the

antenna). A general view of the radar is preseintédgure 4.
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lens horn antenna —~

Fig. 4. LFMCW radar integration. Left: the microwave VCO aguipped with a lens horn
antenna. Right: transparent to radar waves, themad® a mechanical protection for the radar.

The radar is equipped with a lens horn antenna.ahbenna beam width is about 14°
(half-power aperture): the surface illuminated bg tadar (radar footprint) can be
represented by a circle with diameter 2.4m considern distance of 10m. This
aperture allows to detect simultaneously severataates in front of the radar. The
radar operates by transmitting a signal with a erefritequencyf, (24.125GHz,
K-band) linearly swept over a bandwidifr of 250MHz during a modulation period
of 10ms. The transmitted power of the radar is aBouV (5dBm).

The linear modulation law is an essential pointhwlit-MCW radars. In order to
obtain a constant beat frequency during the moidulaperiod, the frequency
variation of the transmitted signal must be asdinas possible. The main problem
with VCO is that the relationship between the drnyivoltage and the output
frequency is always nonlinear. A specific modulatioust be applied to the VCO in
order to take into account this non linearity, @aadobtain a linear variation of the
frequency vs time. This modulation law (which isific to the used VCO) has been
integrated in an electronic card. A second eleatraard has been developed for
filtering and amplification of the beat signal.

The acquisition of the beat signal is achieved watiNational Instruments data
acquisition device (DAQ NI USB-6211). The data dsijion device is connected to a
laptop for the control of the process and dataagier

A calibration step has been realized in order temtaine the relationship between the
distanceR and the measured beat frequerficyCanonical targets such as metallic
trihedral corner or Luneburg lens have been used this calibration. The
experimental data points and the computed linegression are presented in Figure 5.
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Fig. 5. Radar calibration. The experimental data poiftsff) highlight a linear relationship
between the radar-target distances and the measeatdrequency.

The experimental data points highlight a lineaatiehship between the radar-target
distanceRR and the measured beat frequeficy his linear regression is of the form:

R =1253. f, — 335,933 5)

3.2 Reaults

A series of test was carried out under field caadd. The radar has been positioned
on a hydraulic excavator used for wood harvestingppses (see Figure 6). The
hydraulic excavator was equipped with a shearmmyitiead from VIGNEAU Society.
The radar was placed at the rear of the sheangutiad, in order to avoid collisions
with trunks or branches. The laptop, equipped with data acquisition device and a
graphical interface, was placed in the cabin ofriyidraulic excavator (see Figure 7).

Fig. 6. General view of the hydraulic excavator used duthre experiments in the forest. The
excavator is equipped with a shear cutting heaa MdGNEAU Society.
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(b)

Fig. 7. Positioning of the equipment. (a) Rear positiorthaf radar, fixed on the shear cutting
head. (b) A graphical interface on the laptop afide/control the process.

Figure 8 shows a typical use of the shear cutteraghThe objective of the radar fixed
on the cutting head is to measure the distancédaostil surface, even if obstacles
such as branches or bushes are present.

Fig. 8. General view of the experiment realized in thee$tr The radar must be able to detect
the ground even if obstacles such as branchesshieblare present.
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Two spectra provided by the radar are presentéidune 9. Figure 9(a) is an example

of measurement without obstacle between the raddrtfae ground. The spectrum

highlights only one spectrum component, which afiaw determine the radar-soil

distance.

In Figure 9(b), one can observe three componentiseimradar spectrum. The farthest
component (reference A) indicates the radar-satadice. Two other components
with higher amplitudes are also detected (referei®@eand C). They correspond to
intermediate branches present between the radathansbil. The amplitudes of the

different components of the spectrum are relatethéosizes and orientations of the
obstacles with regard to the radar. It means thatecho from the ground can be
highly attenuated if a lot of intermediate brancloesbushes are present. Specific
signal processing techniques are studied in omgrdvide a robust and repeatable
measurement of the radar-soil distance considednigus environments.

A
2 Computed distances:
2| A-> 5.81m
)
(@) <
0 2 A 6 8 10 12
Distance (m)
B
2 Computed distances:
2 A—575m
b = B —>238m
(b) E C—1.13m
A
. . VAW : "
0 2 4 6 8 10 12

Distance (m)

Fig. 9. Examples of distance measurements with the LFMG@dar. (a) Without obstacle
between the radar and the ground, the referencwifdtes the radar-ground distance. (b) The
radar spectrum indicates the position of the grogrderence A, the farthest frequency
component in the spectrum), but also the positiohsbstacles between the radar and the
ground (references B and C, intermediate branches).
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4 Conclusion

The cutting height measurement for standing trees to deal with functioning
conditions that are often harsh in forest environthie Microwave radar is an
interesting solution because it is not affected light changes, rain, fog, etc.
Moreover, due to the antenna aperture, severaladest can be detected
simultaneously in the line of sight of the radaheTobjective of the developed radar
range sensor is to measure the distance betwelesaa sutting head and the ground.
The radar is based on LFMCW principles which ardl wdapted for short-range
distance measurements. Simulations and measureinergal conditions have been
achieved to validate the approach. The experimeais pointed out the necessity to
provide an accurate distance resolution in ordefel@ with nearby obstacles such as
branches on the soil.

The current research activities are related toasigrocessing, with the aim to provide
robust and repeatable radar-soil distance measutenihe development of a 10GHz
radar (X-band) is also considered, in order todase the robustness of soil detection.
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