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Estimation of Canopy Height Using an Airborne
Ku-Band Frequency-Modulated Continuous

Waveform Profiling Radar
Hui Zhou, Yuwei Chen , Juha Hyyppä, Ziyi Feng, Fashuai Li , Teemu Hakala, Xinmin Xu, and Xiaolei Zhu

Abstract—An airborne Ku-band frequency-modulated contin-
uous waveform (FMCW) profiling radar terms as Tomoradar
provides a distance-resolved measure of microwave radiation
backscattered from the canopy surface and the underlying ground.
The Tomoradar waveform data are acquired in the southern Boreal
Forest Zone with Scots pine, Norway spruce, and birch as major
species in Finland. A weighted filtering algorithm based on statisti-
cal properties of noise is designed to process the original waveform.
In addition, another algorithm of estimating canopy height for the
processed waveform is developed by extracting the canopy top and
ground position. A higher-precision reference data from a Velodyne
VLP-16 laser scanner and a digital terrain model are introduced to
validate the accuracy of extracted canopy height. According to the
processed results from 127 765 copolarization measurements in 32
stripes of Tomoradar field test, the mean error of canopy height
varies from −0.04 to 1.53 m, and the root-mean-square error ap-
proximates 1 m. Moreover, the estimated canopy heights highly
correlate with the reference data in view of that the correlation
coefficients maintain from 0.86 to 0.99 with an average value of
0.96. All these results demonstrate that Tomoradar presents an
important approach in estimating the canopy height with several
meters footprint and is feasible of being a validation instrument
for satellite LiDAR with large footprint in the forest inventory.

Index Terms—Canopy height, Ku band profile radar, waveform,
weighted filtering.

Manuscript received November 24, 2017; revised July 6, 2018; accepted July
27, 2018. Date of publication September 12, 2018; date of current version Oc-
tober 15, 2018. This work was supported in part by the Academy of Finland
project Interaction of Lidar/Radar Beams with Forests Using Mini-UAV and
Mobile Forest Tomography and Centre of Excellence in Laser Scanning Re-
search (CoE-LaSR) (272195), in part by the European Community’s Seventh
Framework Programmer (FP7/2007–2013) under Grant 606971, in part by the
Chinese Academy of Science (181811KYSB20160113), in part by the Chi-
nese Ministry of Science and Technology (2015DFA70930), and in part by the
Shanghai Science and Technology Foundations (18590712600). (Correspond-
ing author: Yuwei Chen.)

H. Zhou is with the Electronic Information School, Wuhan University, Wuhan
430072, China, and also with the Department of Remote Sensing and Pho-
togrammetry, Finnish Geospatial Research Institute, Masala 02430, Finland
(e-mail:,zhouhui@whu.edu.cn).
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I. INTRODUCTION

FORESTS are the dominant terrestrial ecosystem of Earth.
It covers 30 percent of global land area, and distributes

across the globe from the tropics or subtropics to the temperate
zones and the coniferous boreal forests. Significant ecological
processes, particularly the carbon cycle, are expressed in and
are affected by the vertical structure of forest canopies. Thus, as
a common used forest inventory parameter, canopy height plays
a crucial role in the assessment of ecological variations among
tree species, forest productivity, and standing growth rate. With
the development of modern technologies, many remote sensing
instruments including optical sensors, synthetic aperture radars
(SAR), light detection and radar (LiDARs), microwave radars
are employed to measure canopy height [1]–[5].

The electromagnetic wavelength and energy employed in the
remote sensing apparatus physically determine the penetration
property and the strength of received signal backscattering from
the surface of vegetation. Passive airborne or spaceborne optical
cameras mainly receive the reflected sunlight from the exterior
canopy surface and have difficulties in acquiring the informa-
tion under the canopy surface due to topographical occlusion,
the limitation of employed spectral range, and bad weather con-
dition. Therefore, they can hardly capture vertical forest struc-
ture directly and exclusively obtain the forest attributes such as
tree crown and leaf area index [6]–[8]. Active LiDAR collects
the reflected laser pulse signal mainly from the canopy sur-
face, while a small part of which come from the ground surface
[9]. However, LiDAR sensors normally utilize laser sources
whose spectrum ranges from visible to infrared, thus it con-
fronts a low penetration problem for vegetation with denser tree
leaves. Therefore, the fusion approach of optical images and
LiDAR data has been adopted in the retrieval of forest attributes
[10], [11].

Compared with LiDAR sensors, active microwave sensors
can collect data with longer wavelengths. Thereby they begin to
play an increasingly important role in remote sensing of earth
surfaces. It provides novel ways to understand environmental
and earth system dynamics at local and global scales. Various
spaceborne imaging radars, scatterometers, microwave altime-
ters, and SARs have been well developed in the past decades
worldwide and operate on a wide frequency ranging from P-
band to Ka-band, even VHF band [12]. They can capture infor-
mation of ground properties due to their ability of detecting the
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dielectric properties remotely. All these sensors have a unique
feature that they can be operated for observation in a ubiq-
uitously manner: the measurement is independent of illustra-
tion and usually is not sensitive to weather condition or cloud
cover, which are major restrictions of optical sensors. Thus,
they are particularly be suitable to monitor dynamic phenom-
ena on the earth and repetitive observation is required irrele-
vant of “optical visibility” circumstance [13]. For this reason,
SAR images derived from interferometric, polarimetric, or to-
mographic acquisitions have been widely employed to extract
the forest parameters including canopy height [14]–[16], stem
volume [17], and above-ground biomass [18]–[21] by given
digital elevation models. In spite of that, they are still un-
able to measure the vertical structure under the canopy surface.
An airborne profiling radar system named as HUTSCAT with
X-band and C-band was designed to resolve such penetration
problems, and detected a reflected signal from the ground sur-
face and above-ground vegetation structures in 1990s [22], [23].
A more light-weighted Ku-band frequency-modulated continu-
ous waveform (FMCW) profiling radar, called Tomoradar, was
designed by the Finnish Geospatial Research Institute to collect
the full polarization backscattered signals from forest in Finland
on an airborne platform [24]–[26]. In this paper, the estima-
tion of canopy height is investigated on the basis of Tomoradar
waveform data.

In this work, an algorithm to estimate canopy height in a
half-managed boreal forest from the Tomoradar waveform data
are developed by, first, filtering noise with a weighted filtering
method based on statistical properties of noise and, second,
extracting location of the canopy top and ground based on a
threshold of three times standard deviation of noise and last
local maximum point. Meantime, the higher-precision reference
data from the point cloud collected by a Velodyne VLP-16
laser scanner and the existing digital terrain model (DTM) are
introduced to validate the accuracy of extracted canopy height.
In this paper, we intend to investigate the feasibility of using
profile radar as single sensor to derive canopy height with the
proposed processing algorithm and evaluate its accuracy for
potential applications in forestry.

The rest of this paper is organized as follows. Section II
describes the Tomoradar system, its collected waveforms and
reference data from LiDAR and DTM. Section III illustrates
the algorithm of waveform processing and referenced canopy
height resolving. Section IV expounds the results of canopy
heights including mean error, root-mean-square error (RMSE),
and correlation coefficient. Finally, the conclusions are given in
Section V.

II. DATASET

The Tomoradar system collected data using a Bell 206 he-
licopter as the platform, which flew at 60–100 meters alti-
tude with a flight velocity of 10–20 m/s. The Tomoradar was
mounted on an extended arm of the helicopter and observed the
nadir direction with an aluminum frame. Meanwhile, a Novatel
tightly coupled GNSS-IMU system attached on the frame of-

Fig. 1. Map of test site and its location in Finland. The purple box overlay on
the site map indicates the west part where the waveform was collected, and the
upper-right subfigure presents the Tomoradar in the field test.

fered high-precision trajectory information of the helicopter
with centimeter-level accuracy. The field test was carried out
on 21st September, 2016 in an area located in southern Finland
(61°19′N, 25°11′E) which was a part of the southern Boreal
Forest Zone and consisted of predominantly of Scots pine, Nor-
way spruce, and birch. The test site was divided into three parts:
East, West, and South part, and the experimental data in this
paper were collected in the West part, which is shown in Fig. 1.

Tomoradar transmits a Ku-band modulated (center frequency
14 GHz with 1 GHz sweep frequency) microwave radiation with
a divergence of 6° (3 dB) into forest and receives the backscat-
tered signals reflected from the surface of forest canopy and
the ground. The received signals are converted into waveforms
and recorded by a digitizer with 2.5 M/s sampling rate, all of
which are processed in a postprocessing way. The Tomoradar re-
ceiver is capable of receiving signals in four polarization modes
(VV, VH, HV, and HH) with 163 Hz modulation frequency.
The 32 stripes of HH-polarization mode radar data (each con-
tains 10 002 measurements) are utilized to explore the method
of estimating the canopy height. The raw profile description
of one stripe is shown in Fig. 2(a). The signal strength of the
backscatter is illustrated by the right color bar of the figure,
and the amplitude of the backscatter is proportional to the re-
flection cross section (RCS) observed from canopy top to the
ground. A single backscatter profile measurement at the orange
line marked location in this stripe is illustrated in Fig. 2(b).

Through Fig. 2, the single waveform can be regarded as a
distance-resolved measure of microwave radiation backscat-
tered from the canopy surface to the underlying ground.

Apart from the data mentioned above, dense airborne LiDAR
point cloud data collected by a Velodyne VLP-16 laser scanner
installed on the same platform of the helicopter and the DTM
data of the test region generated by other means are also avail-
able, which are directly utilized as reference data to evaluate
the experiment results. The precision of these data approaches
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Fig. 2. (a) Raw Tomoradar waveform profiles in one stripe of HH mode.
(b) Single waveform profile of one measurement at the orange marked location.

Fig. 3. Illustration of Tomoradar waveform and the derived canopy height.

approximately to several centimeter level. Thus, it is accurate
enough to be selected as a reference to validate our algorithm.

III. METHODOLOGY

The Tomoradar waveforms are the records of the amplitude
of backscattered microwave energy reflected from the target’s
surface as a function of distance. The concept of waveform is
illustrated in Fig. 3, which gives an interpretation for measur-
ing the vertical distribution of vegetation within the Tomoradar
footprint. Based on the principle of FMCW radar, the starting
point above the threshold is treated as the location of the canopy
top and the last local maximum point is used to determine the
range to the ground, and the subtraction of the canopy top and
the ground should be the estimated canopy height.

The accuracy of estimating canopy height would descend with
the reduction of the signal-to-noise ratio. To tackle this prob-
lem, we develop an algorithm similar to LiDAR full-waveform

Fig. 4. Flowchart of deriving canopy height from Tomoradar waveform.

processing method, in order to mitigate noise with a weighted
filter based on statistical properties of noise and identify ground
point and canopy top to extract canopy height. The processing
steps of the canopy height extraction from Tomoradar waveform
is briefly shown in Fig. 4.

Considering that the length of the recorded Tomoradar wave-
form is usually longer than the maximum target range, the mean
value and standard deviation of noise can be calculated on the
basis of the latter part of the waveform, for example, from 100
to 150 m in Fig. 3. We regard the mean value of the noise as a dc
component and subtract it from the raw waveform to obtain the
refined waveform. Thus, the refined waveform can be expressed

Ps (d) = Pr (d) − Mn (1)

where Pr (d) and Ps(d) are the raw waveform and the converted
waveform, respectively, and Mn is the mean value of the noise.

Then, the noise level of the backscattered signals can be sub-
stantially decreased by adopting a weighted averaging method.
According to the character of the waveform, we select a nor-
malized Gaussian function as a filter and describe it by [27]

f (d) =
1√
2πω

exp
(
− d2

2ω2

)
. (2)

Here, ω is the root mean square width of the Gaussian func-
tion, the value of which is determined by the width of the re-
ceived waveform from the flat ground, the same way the LiDAR
waveform is processed [28].

The Gaussian smoothing is applied to filter noise by convolv-
ing the refined waveform with the Gaussian weight. To greatly
reduce the noise effects and obtain superior fitted waveform, the
convolution window is set to contain 30 signals in this paper.

Next, we employ a local maximum based on the zero-crossing
algorithm [29] to extract the local maximum points (LMP) of
the fitted waveform. Only the amplitudes of the fitted waveform
at the extracted LMPs that are larger than a certain threshold
(three times standard derivation of the noise) are preserved to
determine the canopy top and ground. These are called effective
LMPs.
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Fig. 5. Illustration of Tomoradar waveform processing. (a) Gaussian smooth-
ing and extracted LMPs. (b) Effective LMPs and identified canopy top and
ground.

The canopy top is identified as the first location dc prior to
the first effective LMP within the fitted waveform above the
threshold [30], [31]. We then acquire the center of the ground
return (approximately the centroid of Tomoradar footprint on
the ground) dg by searching for the last one of the effective
LMPs of the fitted waveform. Fig. 5 demonstrates an example
of determining LMPs, the canopy top and ground.

As shown in Fig. 5, Gaussian smoothing is dramatically bene-
ficial to diminish the influence of noise on Tomoradar waveform.
The LMPs and effective LMPs can be recognized from the fitted
waveform based on zero-crossing algorithm and the threshold.
Then, we directly extract canopy top and ground level according
to their identification ways.

Consequently, the canopy height can be calculated by the two
locations as

h = dg − dc . (3)

To reasonably verify the accuracy of canopy height, we only
use the LiDAR cloud point and DTM data when pitch and roll
angle of the helicopter are approximately close to zero. Due
to the zigzag flight trajectory, approximately 40% original data
are selected to be investigated. The principle of determining the
canopy height based on the reference data are shown in Fig. 6.

Fig. 6. Estimation of canopy height using reference data.

The reference data merely restricted inside the cone, which
is generated by the Tomoradar microwave radiation with diver-
gence angle of six degrees, are valid to calculate the referenced
canopy height. Among these valid data, the peak point derived
from LiDAR point cloud data which are closest to the helicopter
can be considered as the canopy top, and the distance of center of
ground to the helicopter is expressed roughly by the difference
between the height of helicopter the mean height of DTM data
within Tomoradar footprint. Finally, we obtain reference value
of canopy height by calculating the range from the peak point
of LiDAR point cloud to the central point of the Tomoradar
footprint on the ground.

IV. RESULT AND DISCUSSION

We first apply the proposed algorithm to the previously men-
tioned Tomoradar waveforms dataset. The processed results of
two waveforms originated from the fourth stripe with different
penetration into vegetation are shown in Fig. 7, which demon-
strates that the algorithm can effectively distinguish the actual
signal and noise.

The proposed algorithm can provide accurate position of
canopy top and ground for most Tomoradar waveforms, ex-
cept for a few waveforms with only single-peak signal when
microwave radiation is incident directly on the ground surface.
Therefore, we just employ the waveforms composed of both
vegetation returns and ground returns, and abandon other inap-
propriate waveforms in this paper.

To quantitatively validate the accuracy of the waveform pro-
cessing algorithm, we compare the canopy top and the ground
extracted from the waveforms with the coincident results calcu-
lated from reference data, which can be considered as the ground
truth. Hence, we describe the error distributions of canopy top
and ground versus measurement numbers of fourth stripe in
Fig. 8, only 2336 measurements of which remain when the
conditions of the nadir observation of Tomoradar and multiple
targets contained in the backscatter waveform conform to the
rules in this paper.
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Fig. 7. Processed waveforms from two typical targets. (a) Mixture of vegeta-
tion and ground. (b) Only ground. The mean of noise is adjusted to be zero for
all processed waveforms.

The error of canopy top is obviously greater than that of
ground in Fig. 8, and the reason is that the configuration of veg-
etation is much more complicated than morphology of ground.
Many factors related to vegetation structure, including the com-
position, geometry, roughness, and density of canopy compo-
nents within the Tomoradar footprint, have a strong effect on
determining the distance of canopy top. The results show that
the RMSE is 1.07 m for the canopy top and 0.27 m for the
ground, and mean error is −1.01 m for the canopy top estima-
tion and 0.1 m for the ground estimation. It can be observed that
the canopy top measurement of Tomoradar is generally a little
bit lower than that from LiDAR. The explanation is straightfor-
ward, that the minimum RCS of Tomoradar is larger than that
of LiDAR. It does not imply that Tomoradar is less sensitive,

Fig. 8. Error distributions of canopy top and ground resolved from the To-
moradar waveforms.

Fig. 9. Comparison of canopy height within footprint between HH mode
Tomoradar and reference data from the 5th stripes measurements.

but just explain the physical phenomenon that only when the
backscattered energy reflected by the canopy top in 6° diver-
gence of Tomoradar is higher than the background noise, the
waveform of canopy top can be observed in microwave radar
measurement. However, the divergence of LiDAR is normally
in milliradian level; for boreal coniferous forest, it is common
that LiDAR can detect the top of coniferous tree, such as pine
and spruce, within its much smaller footprint (normally several
centimeters diameter), while microwave radar cannot observe
such small flat facet within its several meters diameter footprint.
Thus, Tomoradar needs larger RCS; due to the cone shape of
the tree canopy of coniferous tree and nadir observation con-
dition, the detected canopy top should be lower than LiDAR
measurement. From Fig. 8, we can also observe that there are
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Fig. 10. Extracted canopy height results analysis for different stripe numbers.
(a) Comparison between Tomoradar and reference data sequenced by the stripe
order of left-to-right and up-to down. (b) Mean error and RMSE. (c) Correlation
coefficient.

some Tomoradar canopy top measurements higher than that of
LiDAR, and the reason is the side lobes of the antenna pattern.
The antenna pattern is usually strongly peaked along the beam
axis, and the spatial resolution is defined by the angular region
over which the antenna power pattern is less than 3 dB down

from its value at beam center. However, all antennas have side
lobes and some of the received energy comes from the outside
of the main 3 dB area. Thus, this can lead to some ambiguities
due to radiation collected via the side lobes and misinterpreted
as radiation in the main lobe [8].

Using the exported results of the canopy top and ground
from the waveforms with the proposed processing method,
we compute the distributions of the canopy height and com-
pare them to the actual canopy height determined by reference
data. We present a scatterplot of canopy height from Tomoradar
data versus canopy height from reference data in Fig. 9 with
linear fit.

When comparing canopy height obtained from Tomoradar
waveforms and reference data for 2336 measurements, the de-
rived Tomoradar canopy heights correlate well to those from
reference data with a higher correlation coefficient (R2 = 0.99)
and a mean error of 1.11 m and RMSE of 1.12 m. The fitting
coefficient and bias are 0.94 and 2.26 m, respectively. The linear
regression model produces an excellent goodness of fit with the
coefficient of determination of 96%.

As an ultimate validation of the approach of canopy height
using Tomoradar waveforms, the estimated results were com-
pared with those of reference data for a total of 32 stripes. The
fitting coefficients, biases, mean errors, RMSE, and correlation
coefficients of the canopy height for different stripes are shown
in Fig. 10, in which all useful data volume approaches to 127
765 measurements.

In total, 127 765 copolarization measurements from 32 stripes
of the Tomoradar field test were processed by the proposed
fitting algorithm to mitigate the measurement noise, and the
canopy height results were compared with those from reference
data. The mean error of canopy height changed from −0.04 to
1.53 m, and the RMSE approached to 1 m. Since the RMSE
of the ground maintains at several decimeters level (0.3 m), the
RMSE of canopy height is majorly contributed by the estimation
uncertainty of canopy top measurement. Through Fig. 9, the
canopy height from one stripe of Tomoradar data versus that
from reference data converge around the straight line of Y = X
(fitting coefficients vary from 0.82 to 1.08 for all 32 stripes), and
the corresponding biases have a wide range from 0.08 to 4.52
m. The linear regression models also produce great goodness
of fit with the coefficient of determination ranging from 75%
to 99%. Meanwhile, the correlation coefficients of the selected
data varying from 0.86 to 0.99 demonstrate that the extracted
canopy height correlates highly with the referenced results, and
the average value of the correlation coefficients for the selected
data are close to 0.96.

V. CONCLUSION

In this work, an algorithm has been proposed to estimate
canopy height from Tomoradar copolarization waveforms. After
filtering waveforms based on the statistical properties of noise,
the position of canopy top and ground can be obtained accord-
ing to the threshold and noise level. The canopy height can
be subsequently calculated by the difference between canopy
top and ground position. To validate the accuracy of extracted
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canopy height, we utilize centimeter-level reference data includ-
ing DTM data and LiDAR point cloud from Velodyne VLP-16.

The results of this paper indicate that Tomoradar can be ap-
plied in the accurate measurement of canopy height with ap-
proximately 1 m accuracy and its correlation to the references
data are above 0.9. It has been demonstrated that Tomoradar
provides a new pattern in estimation of canopy height using
a larger footprint, and is capable of becoming a validation in-
strument for satellite LiDAR in the forest inventory. Our future
work is to improve the RMSE of estimation results by using a
more appropriate set of thresholds such as the vegetation type
and growth age. Other types of forest will also be investigated
to verify its generic applicability.
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