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The morphology of vegetation greatly impacts propagation of polarized electromagnetic wave. In order to validate this
phenomenon, the mathematical relation between the differential propagation constant of forest vegetation and of its polarized
echo is quantitatively derived by using backscattering power profile. The fluctuation of differential propagation constant with
frequency is analyzed by combining the morphological characteristics of vegetation. The accurate copolarized data of 3–10GHz
frequency-domain of small trees are obtained by indoor wideband polarimetric measurement system. The results show that
morphological characteristics of vegetation at different frequencies can be obtained by the differential propagation constant of
polarized electromagnetic wave. At low frequencies, the plants with structural features presented oriented distribution. However,
the plants show random distribution of the echoes at higher frequencies, which is mainly from the canopy. The research provides
important information to choose the coherence models employed in the parameters retrieval of vegetations.

1. Introduction

As polarimetric radar contains more information of object
spectrum characteristics, it has shown great potential in
target detection and classification in remote sensing [1–
4]. Moreover, polarimetric synthetic aperture radar (SAR)
and polarimetric SAR interferometry (POLINSAR) will gain
more attention and become a development trend in the
future [5, 6]. In order to use these techniques, the relation
between observations and vegetation parameters (such as
topography, height, and extinction coefficient) needs to be
developed. Up to now, the inversion models on extracting
physical parameters from radar data can be divided into three
models: (1) empirical models [7], (2) electromagnetic scatter-
ing models [8, 9], and (3) coherence models [10, 11],which are
well suited for POLINSAR [12–14]. However, the applications
of the models are greatly influenced by such conditions
when attenuation of plant is related to polarization [15]. For
example, many crops, like maize, are a kind of oriented
vegetation with a vertical stem; when electromagnetic wave
propagates through these crops, the vertically polarized field
will attenuate more rapidly than horizontally polarized one

[16]; then the orientation volumemodels should be employed
to retrieval algorithm.

Therefore, the investigation of differential propagation
constant determined by plant morphology is of great signif-
icance. In the next part, a quantitative expression between
copolarized (HH and VV) backscattering power profiles and
differential propagation constant is derived. Then, a wide-
band polarimetric measurement system is constructed in a
laboratory, and some small fir trees with horizontal branches
and leaves are measured. In the third part, the propagation
inside the vegetation is analyzed by high-resolution time-
domain response, and the differential propagation constants
are compared at many frequencies. The results show that the
differential propagation constant of copolarization not only
depends on plant morphology, but also relates to frequency.

2. Quantitative Estimation of
Differential Propagation Constant

The propagation of wave is shown in Figure 1. After passing
through space, the wave penetrates into plant from the
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Figure 1: Propagation of waves in vegetation.

canopy. Due to the absorption and scattering of vegetation,
themagnitude of thewave decreases. It can be expressed by an
exponential factor exp(−𝑘𝑅), where 𝑘 is complex propagation
constant and 𝑅 denotes the position along the propagation
direction. If the transmitting power is 𝑃

0
, then the receiving

power 𝑃 after attenuation yields

𝑃 = 𝑃
0
⋅ 𝑒
−𝑘𝑅

. (1)

If a wideband signal is transmitted and inverse Fourier
transform is applied to the echo, the time-domain response
of scene is obtained as shown in Figure 1(b). It shows the
mutual coupling between transmit and receive antennas,
the scattering of the signal by plants, and the reflection by
the ground. Thus the attenuation of plants with different
polarization can be analyzed by the time-domain response
[17, 18].

Let us analyze the region of vegetation samples which can
be regarded as a cube shown in Figure 1(c). The upper-left
corner of the cube near the antennas is defined as the origin of
coordinate; that is, 𝑥

1
= 0, and the energy of electromagnetic

waves at different locations can be analyzed quantitatively. If
the plant morphology appears at certain oriented directions,
the time-domain response for different polarization channel
will be different as was given in Figure 1(d).

Assume the vegetation exhibits some kinds of horizontal
characteristics. When the electromagnetic waves propagate
into the canopy of plants (from 𝑥

1
to 𝑥
2
), the response of

copolarization is almost the same.The influence of horizontal
branches is much more obvious, so the HH polarization
signals are weaker than the VV polarization. From the
position 𝑥

3
to 𝑥
4
, the HH polarization signals continue to be

weak, and the ground begins to reflect energy. At the corner
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Figure 2: Measurement system.

far away from the antennas, the echoes of copolarization are
approximately equal.

Considering the differential propagation constant of
copolarization, the attenuation of vertical and horizontal
polarizations is defined as 𝑘V and 𝑘

ℎ
, respectively, expressed

in Np/m; the difference between them is 𝑘diff = 𝑘
ℎ
− 𝑘V.

Assuming the transmitting power of horizontal polarization
is 𝑃
𝑡ℎ
and the gain of the antenna is 𝐺, the power density 𝑠

𝑡ℎ

at position 𝑥 in the vegetation is given by

𝑠
𝑡ℎ

= 𝑃
𝑡ℎ

⋅ 𝐺 ⋅
𝑒−𝑘ℎ𝑥

4𝜋𝑅2
. (2)

Let the radar cross section (RCS) at this position be
equivalent to a projection area 𝜎

ℎℎ
; then the intercepted

power 𝑃
𝑖ℎ
can be expressed as

𝑃
𝑖ℎ

= 𝑠
𝑡ℎ

⋅ 𝜎
ℎℎ

= 𝑃
𝑡ℎ

⋅ 𝐺 ⋅ 𝜎
ℎℎ

⋅
𝑒−𝑘ℎ𝑥

4𝜋𝑅2
. (3)

Since the intercepted power radiates isotropically, the
returned power density 𝑠

𝑟ℎ
at received antenna (assuming

horizontal polarization) yields

𝑠
𝑟ℎ

= 𝑃
𝑖ℎ

⋅
𝑒−𝑘ℎ𝑥

4𝜋𝑅2
= 𝑃
𝑡ℎ

⋅ 𝐺 ⋅ 𝜎
ℎℎ

⋅
𝑒−2𝑘ℎ𝑥

(4𝜋)
2
𝑅4

. (4)

The received power 𝑃
𝑟ℎ

is obtained by multiplying
returned power density and antenna effective aperture 𝐴.
According to the antenna theory, the relation between 𝐺 and
𝐴 is as follows:

𝐴 = 𝐺 ⋅
𝜆
2

4𝜋
, (5)

where 𝜆 is the wavelength; then the received power can be
written as

𝑃
𝑟ℎ

= 𝑃
𝑡ℎ

⋅ 𝐺
2
⋅ 𝜆
2
⋅ 𝜎
ℎℎ

⋅
𝑒−2𝑘ℎ𝑥

(4𝜋)
3
𝑅4

; (6)

then the ratio of received and transmitted power (expressed
in dB) for horizontal polarization is

HH (dB) = 10 log
10

(
𝑃
𝑟ℎ

𝑃
𝑡ℎ

)

= 10 log
10

(𝐺
2
⋅

𝜆2

(4𝜋)
3
𝑅4

) + 10 log
10

(𝜎
ℎℎ
)

− 20𝑘
ℎ
𝑥 ⋅ log

10
𝑒;

(7)

similarly, the power ratio of vertical polarization is

VV (dB) = 10 log
10

(
𝑃
𝑟V

𝑃
𝑡V
)

= 10 log
10

(𝐺
2
⋅

𝜆2

(4𝜋)
3
𝑅4

) + 10 log
10

(𝜎VV)

− 20𝑘V𝑥 ⋅ log
10
𝑒;

(8)

therefore, the difference between copolarized power ratios
can be expressed as

VV (dB) −HH (dB)

= 10 log
10

(
𝜎VV

𝜎
ℎℎ

) + (20 log
10
𝑒) ⋅ (𝑘

ℎ
− 𝑘V) 𝑥.

(9)

The theory and experiments prove that copolarized RCS
of trees are almost equivalent [19], so the ratio of copolarized
RCS can be regarded as a constant approximately, and then
the differential propagation constant (expressed in dB/m) is

𝑘diff (dB/m) =
(VV (dB) −HH (dB))

𝑥
. (10)

Note that the derivation is also appropriated to the other
two polarizations.

3. Measurement System

The system was constructed in the anechoic chamber of
the National Key Laboratory of Science and Technology on
UAV (shown in Figure 2). A vector network analyzer and
four wideband horn antennas constitute a radar system that
can transmit and receive vertical or horizontal signals. The
antennas are aligned at an incident angle of 45∘ with respect
to ground.The distance from antennas to the center of sample
is 7m.

The vegetation sample consists of a stand of 3 × 3 small
fir trees, uniformly planted in a square container with side
length 1.5m. The small fir tree is shown in Figure 3. It has a
vertical stemwith a diameter of about 2.5 cm.The stemcarries
5-6 horizontally oriented branches at certain distances, whose
diameter is about 1 cm. A number of needle-like leaves grown
on the branches are horizontally distributed as well. The soil
with 20 cm thickness filled in the bottom of trees.

Stepped-frequency signal [20] is generated by a vector
network analyzer. The span of frequency is 2GHz to 12GHz,
and the interval is 10MHz. The sample rotated by 360∘ in
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Figure 3: The small fir trees.

azimuth during themeasurement, acquiring the polarimetric
radar backscattering at 120 angles with a step of 3∘.The echoes
include many clutters, such as the mutual coupling between
two antennas and residual reflections from the walls and
floor as well as ceiling of the anechoic chamber. In order to
remove the unwanted reflections, some pretreatments must
be employed to obtain the accuratemeasurement data. Firstly,
the plural frequency-domain data of anechoic chamber with-
out target are subtracted from original measurement data at
the same angles. Therefore, the frequency-domain response
at all frequencies can be obtained as follows:

𝑦 (𝑖) = exp [−𝑗2𝜋 (𝑓
0
+ 𝑖Δ𝑓) 𝑡] , (11)

where 𝑓
0
is the start frequency, Δ𝑓 is the step of frequency,

and 𝑖 = 0, 1, . . . , 𝑁 − 1. The phase of 𝑦(𝑖) is a linear sequence,
so time-domain response can be obtained by inverse Fourier
transform (IFFT) [21]:

𝐻
𝑙
=

1

𝑁

𝑁−1

∑
𝑖=0

exp [−𝑗2𝜋 (𝑓
0
+ 𝑖Δ𝑓) ×

2𝑅

𝑐
] × exp(𝑗

2𝜋

𝑁
𝑙𝑖) ,

(12)

where 𝑅 is the distance and 𝑐 is the velocity of light. The
amplitude of response is gained by a modular arithmetic
equation of the form shown in (13).The location of target and
the other interferer resources, especially the mutual coupling
between two antennas, can be seen from the high-resolution
time-domain response. Consider

󵄨󵄨󵄨󵄨𝐻𝑙
󵄨󵄨󵄨󵄨 =

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

sin𝜋 (𝑙 − 𝑁Δ𝑓 ⋅ 2𝑅/𝑐)

𝑁 sin𝜋 (𝑙/𝑁 − Δ𝑓 ⋅ 2𝑅/𝑐)

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
, (13)

where 𝑙 = 0, 1, . . . , 𝑁 − 1. The area of target can be chosen
by an appropriate time-domain gating as (14); therefore, the
clutters of background are eliminated effectively. Consider

󵄨󵄨󵄨󵄨𝐻𝑙
󵄨󵄨󵄨󵄨
󸀠
= {

󵄨󵄨󵄨󵄨𝐻𝑙
󵄨󵄨󵄨󵄨 , 𝑙 ∈ area of target,

0, other area.
(14)

The time-domain gating removes most of the unwanted
signals; meanwhile, the spectrum information of original
echoes is lost. If a suitable window function [22] is added
to the spectrum of returning echoes, the impact caused by

cutting off time-domain data will be reduced. The Hamming
window is taken here as the following expression:

𝑠 (𝑛) = 0.5 − 0.5 cos(2𝜋𝑛

𝑁
) , (15)

where 𝑛 = 0, 1, . . . , 𝑁 − 1. Finally, a Fourier transform is
applied to the time-domain response of selected region to
obtain accurate frequency-domain data.

4. Experimental Results

The data are processed by using 1 GHz bandwidths cen-
tered at S-band (2–4GHz), C-band (4–8GHz), and X-
band (8–12GHz). After averaging each angle, the frequency-
domain data on different polarization are transformed into
time-domain response as shown in Figure 4. The 𝑥-axis
started in the position when waves propagate into vegetation.

From the backscattering power profiles, some obvious
phenomena can be seen and the explanations are given as
follows.

(1) The copolarized responses are nearly close at the
beginning of propagation, and the cross polarized
response is slightly lower, which can be explained by
the random distribution of canopy.

(2) As the depth of penetrability increases, the echoes
of HH polarization are decreased gradually, and the
differential propagation constants begin to appear
between HH polarization and VV polarization. The
reason for this is that the horizontal branches and
leaves are more andmore dominated. Meanwhile, the
ground begins to contribute backscattering, so the
attenuation of horizontal polarizationwaves is greater
than vertical polarization ones.

(3) At the end of penetrability, the response of vegetation
tends to disappear, and the backscattering is mainly
caused by ground, so each polarized echo increases
gradually.

(4) All of the three bands show such phenomena and the
trend is clearer at lower frequency. It indicates that
the variation of differential propagation constant is
related to frequency.

The phenomenon is greatly related to the morphology
of vegetation. According to (10), the region of vegetation
with differential polarimetric attenuation characteristic is
analyzed, and the distance near the upper-left corner of cube
along the propagation direction is selected at 0.5m, 1.2m,
and 1.5m, respectively.The differential propagation constants
are drawn as a function of frequency given by Figure 5.
The differential propagation constants at 0.5m remain sub-
stantially unchanged, indicating that the canopy has a ran-
dom distribution characteristic. When the incident distance
increases, the differential propagation constants at 1.2m and
1.5m monotonically decreased with increasing frequency,
which quantitatively explains the frequency characteristics of
electromagnetic wave propagation in horizontally oriented
vegetation. The results explained that the propagation of
polarimetric wave greatly depends on plant morphology.



International Journal of Antennas and Propagation 5

0 0.5 1 1.5 2 2.5 3

HH
VV
HV

−50

−55

−60

−65

−70

−75

−80

−85

(d
B)

(m)

(a) S-band

HH
VV
HV

0 0.5 1 1.5 2 2.5 3
(m)

(d
B)

−60

−65

−70

−75

−80

−85

−90

(b) C-band

HH
VV
HV

(d
B)

0 0.5 1 1.5 2 2.5 3

−65

−70

−75

−80

−85

−90

−95

−100

(m)

(c) X-band

Figure 4: Backscattering power profiles for different polarization.

5. Conclusion

In this paper, a sample of fir trees has been measured with a
wideband polarimetric measurement system in an anechoic
chamber. Backscattering power profiles reveal an expected
behavior of differential propagation constants due to the hor-
izontal orientation of vegetation. The attenuation difference
is strongly determined by frequency. At low frequency, the
copolarized difference is large. However, it reduces with the
increases in frequency. It has been observed that the main
scattering sources come from canopy at high frequency, and
the impact of inner morphology can be ignored.

All of these conclusions are useful for the application of
coherence models based on POLINSAR. At the same time,
the qualitative scattering mechanism of oriented vegetation
is investigated at different frequencies. In future research,
electromagnetic wave propagation characteristics in more
different morphology of vegetation will be investigated, and
the effect of surface environment will be considered.
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