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ABSTRACT

The Soil Moisture Active Passive (SMAP) satellite has provided soil moisture estimates in the

top 5 cm of the soil surface by measuring the brightness temperature at L-band (f=1.41 GHz,

λ=21 cm) emitted from the earth at a spatial resolution of 33 km. The SMAP products have been

assessed by comparing them with ground-based in situ soil moisture observations. It was found that

cropland such as the South Fork located in Iowa is problematic, not satisfying the SMAP accuracy

goal. This is due to the vegetation scattering effect which the SMAP algorithm (τ − ω model)

inherently ignores. Thus, we hypothesize that vegetation scattering effect can not be negligible

because of the electrical size of plants comparable to the observation wavelength.

In order to address our hypothesis, we model the vegetation canopy consisting of an infinite

number of finite-length cylinders using the Floquet port and periodic boundary condition in the

HFSS (high-frequency structure simulator). S-parameters are utilized to derive the reflection and

transmission coefficients. The accuracy of this method is validated by comparing it with analytical

solutions and the literature.

Three cases are studied: (a) reflection and transmission coefficients for the 2-layer (soil and

air) case, (b) vegetation scattering effect for 3-layer (soil, vegetation canopy, and air) case, and (c)

transmissivity for the vegetation canopy itself. The results of case (c) show that vegetation optical

depth from our HFSS model is about 6.9 times lower than that from the VRT (vector radiative

transfer model). Also, the result of the periodically distributed case from our HFSS model falls

within the range of results of the sparsely distributed case from the NMM3D (Numerical Maxwell

Model in 3D simulations). It is because our HFSS model and the NMM3D take into account the

scattered fields and coherent wave interactions by solving Maxwell equation directly. Through these

cases, we show that the vegetation scattering effect becomes larger as plants grow taller, and the

proposed approach can provide the vegetation optical depth for grass canopy.
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CHAPTER 1. OVERVIEW

This chapter includes a short introduction to NASA’s Soil Moisture Active Passive (SMAP)

mission. SMAP’s performance and measurement accuracy limitation in the context of the U.S.

Corn Belt are discussed. Electromagnetic modeling of vegetation canopy as part of efforts to

reduce SMAP product’s seasonal bias in the cropland is introduced. Finally, the thesis format is

included.

1.1 Introduction to SMAP

The SMAP mission is an earth observation satellite that estimates the amount of water in the

soil surface as a response to the National Research Council’s (NRC) decadal survey report released

in 2007. The advantage of knowing soil moisture is that it can help improve flood and drought

monitoring, weather and climate forecasts, and agricultural productivity. The SMAP was launched

in January 2015, but only a radiometer has performed as intended due to the radar becoming

unavailable in April 2015 because of irrecoverable damage [6].

As shown in Figure 1.1, an antenna subsystem consisting of a feed horn antenna and a reflector

antenna is mounted on the SMAP. It provides a conical scanning beam in order to have a wide

swath up to 1,000 km at a constant surface incidence angle near 40◦. This novel technique makes it

possible for the SMAP to have a near-global coverage and 3-day revisit time due to its wide swath.

The radiometer electronic subsystem measures the polarized brightness temperature at L-band

(f=1.41 GHz, λ=21 cm) emitted from the earth at a spatial resolution of 33 km. By incorporating

the brightness temperature and ancillary data sets into SMAP’s retrieval algorithm, the SMAP

finally estimates soil moisture [3].

In 2018, the SMAP performance assessment was conducted as compared with the ground-based

in situ soil moisture observations between April 2015 and October 2016. It was found that the



www.manaraa.com

2

SMAP offered high-quality soil moisture estimates over the period above, and a SCA-V (single

channel algorithm using TBv) implemented in the SMAP provided the overall best performance

for most CVSs (core validation sites) [11]. However, it did not produce the reliable soil moisture

estimates for the cropland validation site, such as the South Fork located in Iowa, showing the

ubRMSE (unbiased root-mean-square error) 0.054 m3 ·m-3 greater than 0.04 m3 ·m-3 of the SMAP

accuracy goal.

Figure 1.1 Configuration of SMAP observation showing the conical scanning beam and

antenna’s footprint [3].

1.2 Research Motivation and Objective

1.2.1 SMAP Performance in the U.S. Corn Belt

In order to improve the SMAP performance in croplands, it is essential to look into soil char-

acteristics of the South Fork core validation site. About 85% of this site is dominated by cropland

consisting of corn (67%) and soybean (33%). The soil is classified by loam and silty clay loam and

retains water for a large portion of the year, as shown in Figure 1.2 [12].
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Figure 1.2 (a) The South Fork core validation site in the Corn Belt state of Iowa showing in

situ stations(•) and the 33 km radiometric resolution(�) of the nearest SMAP

footprint (b) View of seasonal changes in crop field indicating soil roughness

and crop growth [1].
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The SMAP performance in the South Fork CVS was validated again in 2019, as shown in

Table 1.1, where the dry bias indicates that the SMAP estimates a lesser amount of soil moisture

than in situ observations, and the ubRMSE describes the accuracy of the SMAP product. The

large dry bias occurred in early-spring and late-fall when tillage takes place before planting and

after harvest. Also, the relatively small dry bias still presented during July-October when crops

start to cover the soil surface and grow up to maturity, as shown in Figure 1.2. In addition to this,

the large ubRMSE emerged in May-June when the stem of crops proliferates.

Table 1.1 Bias and ubRMSE between SMAP Level 2 Soil Moisture (L2SM) and South

Fork weighted average soil moisture(WASM) [1]

Single Channel Algorithm Applied to v-pol TB (SCA-V)

2018 Year Mar Apr May Jun Jul Aug Sep Oct Nov All

Bias, m3m-3 -0.035 -0.078 -0.020 0.044 -0.029 -0.026 -0.020 -0.021 -0.088 -0.027

ubRMSE, m3m-3 0.060 0.021 0.042 0.051 0.032 0.027 0.035 0.038 0.042 0.051

This seasonal bias can be accounted for by soil surface roughness and the vegetation scattering

effect. First, even though tillage roughens the soil surface, SMAP’s retrieval algorithm assumes

that soil surface is not modified over time and hence incorrectly interprets rougher soil surface

as an increase in the vegetation optical depth (VOD). Since the VOD is defined as the degree to

which microwave radiation is attenuated by vegetation, the increase in the VOD does not physically

make sense when plants do not grow in the context of tillage [13]. Second, a zeroth-order radiative

transfer model (τ−ω model), which SMAP’s algorithm uses, inherently treats vegetation scattering

as almost zero, which is not consistent with the physical phenomenon that happens on the cropland.

When the electrical size of plants becomes comparable to the wavelength (λ=21 cm), some amount

of total emission along the way to the SMAP satellite scatters in another direction, which causes

the observed brightness temperature to lower (called scatter darkening). Thus, the vegetation

scattering can not be negligible, and τ − ω model is suggested to be applied to a lower scattering

situation [14]. Third, as the crops begin to cover the soil surface with its stem, leaves, and ear
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during the growing season, the SMAP satellite rarely sees the soil surface and the sensitivity to soil

moisture degrades. Therefore, these causes result in the inaccuracy of the SMAP performance.

1.2.2 Modeling for Vegetation Canopy

It is necessary to explain what precisely the vegetation scattering means before introducing

our proposed approach. When an electromagnetic wave excites the molecules in a plant (e.g., corn,

grass, and soybean) so that they rotate, vibrate, and collide with each other in a certain way, electric

charges are accelerated. Thus, the scattered radiation from plant is generated, some of which travel

into the SMAP antenna. Furthermore, since crops are generally planted in periodically-spaced rows,

and its stem is of vertical structure, the scattered radiation generated from all of the plants can

retain the coherency as well as polarization [15].

Researchers have attempted to make SMAP’s algorithm suitable in croplands and have sug-

gested modifying the τ − ω model in order to take into account the vegetation scattering properly.

This is because the effect of vegetation scattering on the brightness temperature observed by SMAP

gets significant as a result of increasing biomass in cropland, or the size of plants being comparably

larger than the wavelength [16, 17].

We hypothesize that modeling the vegetation canopy using the HFSS (high-frequency structure

simulator) can make it possible for us to show that the vegetation scattering effect can not be

negligible as plants grow taller. Also, the vegetation optical depth depending on different types

of cropland can be computed in our proposed method where the scattered fields from plants and

coherent wave interactions are considered by solving Maxwell equation directly.

In our proposed method, the vegetation canopy consisting of an infinite number of a cylinder that

represents plant’s stem in cropland is modeled by using the PBC (periodic boundary condition), and

a plane wave is generated by the Floquet port [18]. The HFSS solution using the unit cell analysis

provides scattering parameters. In this manner, we determine the reflectivity and transmissivity of

the vegetation canopy via S-parameters. Therefore, we are able to prove our hypothesis because the

transmissivity is directly related to the VOD. We also model plant’s stem with different heights and
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soil surface together to observe the vegetation scattering effect. In order to validate our proposed

approach, the simulation results are compared with analytical solutions and literature.

1.3 Thesis Format

The following Chapter 2 describes how SMAP algorithm estimates the soil moisture along

with the explanation of the relationship between the received power by an antenna and brightness

temperature, emissivity, the τ − ω model, effective temperature, and soil surface roughness. The

understanding of the soil moisture retrieval algorithm helps to develop our electromagnetic modeling

of vegetation canopy and analyze the simulation results.

Chapter 3 explains how the vegetation canopy and soil are modeled and how the plane wave is

generated with the oblique incidence angle. Also, the basic concepts of the Floquet modes and the

unit cell analysis are included.

Chapter 4 presents our simulation results for various cases: (a) reflection and transmission

coefficients for the 2-layer (soil and air) case, (b) vegetation scattering effect for 3-layer (soil,

vegetation canopy, and air) case, and (c) transmissivity for the vegetation canopy itself. The

accuracy of our HFSS model is validated by comparing it with an analytical solution and the

literature.

Finally, the conclusion is in Chapter 5.
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CHAPTER 2. SOIL MOISTURE RETRIEVAL MODEL REVIEW

This chapter illustrates how the radiometer calculates the brightness temperature based on

the received power measured by the antenna. Also, the definition of emissivity is introduced.

Reviewing the zeroth-order radiative transfer model and the inverse algorithm makes it easier to

understand the causes of the problem of the SMAP performance in cropland mentioned in Chapter

1. Additionally, the need to take into account the first-order vegetation scattering is discussed.

2.1 Relations between the Brightness Temperature, Emissivity, and Soil

Moisture

A field of spectral brightness generated from the region corresponding to the antenna’s footprint

is incident upon the SMAP antenna as shown in Figure 2.1. The brightness temperature can

be obtained from the resulting power measured by the radiometer, and hence we can derive the

emissivity. This section includes formulations from which the relation between the received power

and brightness temperature is established [19] and describes the soil moisture corresponding to the

brightness temperature.

Figure 2.1 A field of spectral brightness Bf incident upon the antenna and antenna tem-

perature TA.
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The received power Prec measured by the antenna can be expressed as

Prec =
1

2
Aeff

∫
4π

∫ f0+∆f/2

f0−∆f/2
Bf (f, θ, φ)Fn(θ, φ) dΩ df (2.1)

where 1/2 means that only half of the incident radiation can be measured due to all antennas being

polarized, Aeff is an effective area of antenna aperture (m2), 4π means that the integration includes

all directions, f0 is a center frequency (Hz), ∆f is a bandwidth, Bf (f, θ, φ) is spectral brightness

(W m-2 sr-1 Hz-1), and Fn(θ, φ) is a normalized antenna pattern acting as a weighting function.

Applying a blackbody cavity assumption and then a Rayleigh-Jeans approximation in the mi-

crowave region, Bf (f, θ, φ) can be approximated as

Bf (f, θ, φ) = Bb
f (f, TA) =

2hf3

c2

(
1

ehf/(kTA) − 1

)
≈ 2k

λ2
TA (2.2)

where h is Plank’s constant (6.626× 10−34 J·s), c is speed of light in a vacuum (2.998× 108 m·s-1),

k is Boltzmann’s constant (1.381× 10−23 J·K-1), λ is a wavelength (m) corresponding to frequency

f , TA is the antenna temperature (K), and also referred to as the temperature of an equivalent

blackbody cavity that produces the same power as the actual incident field of spectral brightness.

For the SMAP antenna properties, the bandwidth ∆f of about 20 MHz is much less than the

center frequency f0 of 1.41 GHz such that Bf in (2.2) is approximately constant over ∆f (i.e.,

∆f � f0). Thus, (2.1) simplifies to

Prec =
1

2
Aeff ∆f

2k

λ2
TA

∫
4π
Fn(θ, φ) dΩ (2.3)

The integral and Aeff in (2.3) are related to the pattern solid angle ΩP which is defined as∫
4π
Fn(θ, φ) dΩ = ΩP , Aeff =

λ2

ΩP
(2.4)

Substituting (2.4) into (2.3), Prec is finally simplified to

Prec = k TA ∆f (2.5)

It is noted that the power measured by a microwave radiometer is directly proportional to the

antenna temperature. The average brightness temperature TB of the antenna footprint is obtained
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by applying correction factors such as radiation efficiency, beam efficiency, and noise temperature

of the antenna itself to the antenna temperature TA.

The microwave emissivity, e, of soil surface is defined as the ratio as brightness temperature TB

of land surface to the physical temperature. This yields,

e =
TB
T
, TB = e T (2.6)

In the context of the SMAP performance, the physical temperature T is ancillary data and

estimated independently. Thus, the emissivity can be determined by measuring the brightness

temperature. Also, under conditions of thermodynamic equilibrium of the Kirchhoff’s law, the

specular emissivity for each polarization is given by

es,smooth
h (θ) =

TBh(θ)

T
= 1− Γs,smooth

h (θ) = 1−

∣∣∣∣∣cos θ −
√
εr − sin2 θ

cos θ +
√
εr − sin2 θ

∣∣∣∣∣
2

(2.7)

es,smooth
v =

TBv(θ)

T
= 1− Γs,smooth

v (θ) = 1−

∣∣∣∣∣εr cos θ −
√
εr − sin2 θ

εr cos θ +
√
εr − sin2 θ

∣∣∣∣∣
2

(2.8)

where a subscript h or v denotes a horizontal or vertical polarization, θ is a viewing or incidence

angle of the SMAP antenna, Γs,smooth is Fresnel power reflectivity of a smooth soil surface, εr is a

dielectric constant of soil, and the term inside an absolute function in (2.7), and (2.8) represents

the Fresnel reflection coefficient for each polarization [5].

The basic components of soil are soil particles, water, and air, where the dielectric constant of

water is around 80, and dry soil is around εr ∼ 5 at L-band. Thanks to the huge difference between

water and dry soil dielectric constants, we can have good sensitivity to soil moisture. For example,

as the soil moisture decreases, the soil dielectric constant εr decreases. This results in a decrease in

reflectivity and an increase in soil emissivity. From (2.6), the increase in soil emissivity also leads

to an increase in brightness temperature for a given physical soil surface temperature. In short,

the decrease in the soil moisture results in an increase in brightness temperature.

In conclusion, these relationships between brightness temperature, emissivity, soil dielectric

constant, and soil moisture form the physical basis of the SMAP algorithm.
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2.2 Radiative Transfer Modeling of Vegetation

2.2.1 Advantages of L-Band Frequencies

Knowing advantages of 1.4 GHz at L-band provides insight into the radiative transfer model.

The advantages are as follows:

• The Rayleigh-Jeans approximation to Plank’s law in (2.2) can be used such that we can

express the equation of the received power in terms of the brightness temperature.

• A large difference between water dielectric constant εr ∼ 80 and dry soil dielectric constant

εr ∼ 5 at the microwave region gives sensitivity to change in the soil moisture.

• The wavelength of L-band frequencies (f=1 to 2 GHz, λ=15 to 30 cm) is typically larger

than the soil surface irregularity such that the effect of the roughness of soil surface on the

soil moisture sensitivity is small.

• The size of atmospheric particles (range in size from a few nanometers to tens of micrometers

in diameter) is considerably smaller than the L-band wavelength. Thus, the atmosphere is

almost transparent, and hence, the radiation does not get attenuated when traveling into the

atmosphere. The SMAP can provide soil moisture products regardless of weather conditions.

• Transmissivity of vegetation canopy at L-band (1.4 GHz) is higher than at C-band (6 GHz)

or X-band (10 GHz), as shown in Figure 2.2, such that soil emission does not vanish after

traveling through the vegetation canopy [4].

• The wet soil emitting depth at 1.4 GHz is around 4.8 cm, as shown in Figure 2.2. This

indicates that only 1/e (about 37 %) of the radiation emitted at around soil depth of 4.8 cm

reaches the soil surface and contributes to the observed brightness temperature. Also, using

higher frequencies decreases the emitting depth and causes less useful information regarding

soil moisture. Thus, using the L-band frequencies make it possible for the SMAP to produce

average soil moisture in a few centimeters below the soil surface.
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Figure 2.2 (a) Vegetation transmissivity to soil emission over the frequencies (b) Soil emit-

ting depth over the frequencies where wet soil dielectric constant εr = 18− j3
[4].

2.2.2 Zeroth-order Radiative Transfer Model

In the presence of vegetation canopy, the soil and vegetation emission have primary contribution

to the observed brightness temperature in microwave region. In order to account for the vegetation

canopy effects on the antenna footprint, the SMAP uses a zeroth-order radiative transfer model.

Since this model consists of vegetation optical depth τ and single-scattering albedo ω, its another

name is the τ − ω model. In this model, the vegetation canopy is treated as a homogeneous and

isothermal layer over the soil surface, and the scattering within the vegetation canopy is almost

zero at the L-band. Therefore, in order for (2.9) to make sense physically, ω must be small and less

than 0.1 [20], [21].

The equation of the τ − ω model is as follows:

TBp = Teff (1− Γs,rough
p ) e−τ/ cos θ + (1− ω)Teff (1− e−τ/ cos θ)

+ (1− ω)Teff (1− e−τ/ cos θ) Γs,rough
p e−τ/ cos θ

(2.9)

where TBp is the brightness temperature measured by the SMAP radiometer, subscript p refers to

the vertical or horizontal polarization, Teff is an effective temperature of the soil and vegetation,
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which is typically assumed to be the same at the SMAP overpass time of 6 am, Γs,rough
p is a

reflectivity of rough soil surface, and an emissivity of the rough soil surface es,rough
p is 1− Γs,rough

p .

In (2.9), the first term represents the upwelling soil emission that gets attenuated by the veg-

etation canopy, the second term is the upwelling vegetation emission, and the third term is the

downwelling vegetation emission that is reflected by the rough soil surface and gets attenuated as

it passes through the vegetation canopy. Thus, three kinds of emission have contribution to the

observed brightness temperature by the SMAP as shown in Figure 2.3.

Figure 2.3 Soil and vegetation emission captured by the SMAP antenna [5].

2.2.2.1 Single Scattering Albedo

The single scattering albedo ω is defined as the ratio of the scattering coefficient to the total

extinction coefficient; in other words, ω accounts for scattering in the vegetation canopy. For

example, when ω=0, then there is no scattering within the vegetation. If we input some value of

ω into (2.9), the emission along the way to the SMAP satellite scatters out in another direction,

which causes a decrease in the observed brightness temperature (called scatter darkening).

Also, ω depends on the vegetation type, such as the plant’s structure and electrical properties.

Values of ω are calibrated to best fit the brightness temperature in τ − ω model compared with
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experimental data [22]. As a result, the single scattering albedo is given in the SMAP ancillary

data sets, where all ω values are less than 0.1, as shown in Figure 2.4.

Figure 2.4 (a) Example of the SMAP ancillary data sets [6] (b) Flowchart illustrating the

basic concept of the soil moisture retrieval process [7].

2.2.2.2 Vegetation Optical Depth

The vegetation optical depth τ is a key parameter to represent the attenuation within the

vegetation canopy. The radiative transfer model [20] is used to match the observed brightness tem-

perature over the vegetation canopy by adjusting τ . Besides, researcher found that the vegetation

optical depth τ is directly proportional to the water column density Mw [23]. This yields

τ = bMw (2.10)

where b is the slope of the regression line and depends on the wavelength (frequency), the vegetation

type, and polarization. Mw is defined as the ratio of the mass of water within vegetation tissue

to ground area and can be estimated from the Normalized Difference Vegetation Index (NDVI)

which is obtained from another satellite. Briefly, during the SMAP performance, Mw is extracted

from the another platform (NDVI), and then given the ancillary data b for the vegetation type, the

SMAP algorithm calculates the vegetation optical depth τ .
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Also, τ can be calculated numerically by

τ = κe d, κe = n0(σa + σs) (2.11)

where d is the height of vegetation canopy (m), and κe is the extinction coefficient (Np·m-1) known

as a power attenuation coefficient. Under the Foldy’s approximation, κe depends on three factors;

n0 is the number of identical scatterers per m3, σa is the absorption cross section of a single cylinder,

and σs is the scattering cross section of a single cylinder [2]

In addition, the transmissivity γ is computed by using (2.12) and defined as the ratio of the

transmitted power to incident power. Also, transmissivity depends on the vegetation optical depth

τ and the incident angle θ as follows:

γ = exp(−τ sec θ) (2.12)

2.2.2.3 Soil Surface Roughness

A typical soil surface is not a flat smooth surface but has irregularity caused by the soil texture,

aggregate size, rock fragment, and human activity such as tillage on the cropland. The effect of

soil surface roughness on the brightness temperature measured by the radiometer has been studied

by modifying the Fresnel reflectivity [24]. The SMAP uses the following equation:

Γs,rough = Γs,smooth exp(−h cos2 θ) (2.13)

The parameter h is related to the soil surface height variations and depends on the irregularity of

soil surface, polarization, and wavelength. It is observed from (2.13) that if the soil roughens, h

increases, and then Γs,rough decreases. As a result, the emissivity increases.

In conclusion, the parameters of ω, b, and h are ancillary datasets and will be provided in the

inverse soil moisture algorithm.

2.2.3 Inverse Passive Soil Moisture Algorithm

The overall soil moisture retrieval process shown in Figure 2.4 illustrates how the soil moisture

is estimated. The brightness temperature TB is measured by the SMAP radiometer. Incorporating
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the ancillary data sets into τ−ω model, the emissivity of the rough soil surface es,rough
p is calculated.

The formulations below follow [5].

By dividing the Teff on the both sides in (2.9) and substituting (2.6) and (2.12) into (2.9), the

total emissivity etotal
p is given by

etotal
p = (1− ω)(1− γ)[1 + (1− es,rough

p γ)] + es,rough
p γ (2.14)

and then rearranging (2.14) yields

es,rough
p =

etotal
p − 1 + γ2 + ω − ωγ2

γ2 + ωγ − ωγ2
(2.15)

where etotal
p is the measured value, and γ and ω are the ancillary data sets.

The Fresnel reflectivity Γs,smooth
p is obtained by using an ancillary data h and the [24] model.

This yields

es,smooth
p = 1− (1− es,rough

p ) exp(h cos2 θ) (2.16)

Γs,smooth
p = 1− es,smooth

p (2.17)

Through the Fresnel equation (2.7) and (2.8), the soil dielectric constant εr is calculated. Finally,

the soil moisture is estimated by using the dielectric mixing model [25] with an ancillary data of

the soil texture.

2.3 Vegetation Scattering Effect

The primary assumption of the τ − ω model is that the effect of vegetation scattering on the

brightness temperature is weak at L-band. However, this assumption is not valid at cropland where

the size of plants gets significant over the season compared with the wavelength at L-band (f=1.41

GHz, λ=21 cm). Thus, it is essential to take into account the vegetation scattering effect in order to

improve the SMAP performance accuracy [14]. In the context of our modeling, we account for the

vegetation scattering effect as shown in Figure 2.5. As mentioned in Chapter 1, the scattered fields

are generated when the soil thermal radiation is incident upon plants. In addition, the scattered

fields have not only the polarization but also the coherency since crops are typically planted in

regularly-spaced rows and vertical structures.
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Figure 2.5 Vegetation scattered fields that have contribution to the overall brightness tem-

perature.
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CHAPTER 3. MODELING OF SCATTERING PARAMETER BY

VEGETATION CANOPY USING HFSS

As mentioned in Chapter 2, we described the causes of SMAP’s inaccuracy in croplands and

briefly introduced our proposed approach. This chapter includes an explanation of how we model

the vegetation canopy in order to account for the vegetation scattering. In addition, the basic

concept of Floquet modes and unit cell analysis are included, which can help an interpretation of

the S-parameters derived by simulation and develop our model.

3.1 Modeling of Vegetation Canopy

3.1.1 Vegetation Canopy Description in Remote Sensing Point of View

It is essential to mention the definition of coherency and polarization before introducing the

vegetation canopy model. Coherency indicates that a phase difference between waves is constant,

and hence the sum of these waves exhibits an interference pattern. Also, in the remote sensing

area, we assume that radiation is a plane wave. There are two kinds of polarization: horizontal

polarization (h-pol) is the radiation whose electric field is perpendicular to the plane of incidence,

and vertical polarization (v-pol) is the radiation whose electric field is parallel to the plane of inci-

dence. When the h-pol and v-pol components are equal, the radiation is referred to as unpolarized

radiation. On the contrary, when one component is greater than the other, the radiation is called

polarized radiation [19].

As far as croplands are concerned, there are three characteristics related to our approach. First,

the soil thermal emission right below the soil surface is initially unpolarized because there are many

sources randomly oriented and then can be polarized due to the rough soil surface and vegetation

canopy where the crops are planted in periodically-spaced rows. It is noted that since we focus on

the vegetation scattering effect, the soil surface is treated as the flat surface. Second, the vegetation
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scattering generated from plants can also be coherent and polarized radiation in cropland. Third,

the resolution of SMAP is 33 km, which indicates there are very large number of plants (scatterers)

on the SMAP antenna’s footprint.

3.1.2 Periodic Boundary Condition and Floquet Port

In order to account for a given incident plane wave with a polarization and the effects of

scattering and coherency from the very large number of plants, we model the vegetation canopy

consisting of infinite cylinders as shown in Figure 3.1. The unit cell is comprised of the PBC

(periodic boundary condition) and two Floquet ports. The PBC enforces a periodicity in the fields

that would exist from this infinitely periodic structure. The Floquet port makes it possible to

analyze the infinite periodic structure by confining a computational domain in the unit cell and

generates plane waves consisting of TE (traverse electric, h-pol) and TM (traverse magnetic, v-pol)

Floquet modes. The S-parameters can be derived by decomposing the fields on the Floquet port

into Floquet modes. Thus, we can get S11, S22 (reflection coefficients) and S12, S21 (transmission

coefficients) for each polarization.

Figure 3.1 HFSS modeling of a vegetation canopy (a) Unit cell with periodic boundary

condition and two Floquet ports (b) Planar array with periodicity in x and

y-directions.
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3.1.3 Plane Wave with Oblique Incidence

We can excite a plane wave with oblique incidence from the Floquet port by using the scan

angle technique. The pair of the PBC on the unit cell’s vertical walls are consisting of the Master

and Slave boundary conditions, and the phase delay can be defined through the slave boundary.

Thus, we can enforce the progressive phase delay across the PBC so that a plane wave propagates

in the intended scan angle as shown in Figure 3.2.

Figure 3.2 (a) A pair of master and slave boundary (b) variation of two scan angles (θ

and φ) in HFSS [8].

This scan angle technique was explained in detail in [8]. The propagation vector of the radiated

wave is given by

~kscan = k0 [cosφscan sin θscan, sinφscan sin θscan, cos θscan] (3.1)

In the AB plane, the radiated fields at the master boundary (point A) and at the slave boundary

(point B) are expressed relatively as

EM = E0 exp(jωt− jkscanr0) (3.2)

ES = E0 exp [jωt− jkscan(r0 + ∆r)] = E0 exp [jωt− jkscanr0 − jk0∆r]

= EM exp(−jk0∆r)

(3.3)

where k0 is the free-space wave number (= ω
√
µ0ε0), ω is the angular frequency, and ε0 and µ0 are

the permittivity and permeability of free space, respectively.
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From the triangle ABC, the phase shift is be obtained by (3.4) and we re-express (3.3) as (3.5).

∆r = d sin θscan (3.4)

ES = EM exp(−jk0d sin θscan) (3.5)

The phase shift (∆Φ) in degree between master/slave boundaries can be set in relation to the

wavelength by

∆Φ =
360◦ d sin θscan

λ
(3.6)

In addition, the function (Ψ) relating ES to EM is described in the HFSS technical notes

(“Calculating the E-Field on the Slave Boundary”) as (3.7).

Ψ = k0(~r0 · ~ν) = −k0d sin θscan (3.7)

ES = EM exp(−jΨ) (3.8)

where ~r0 is the unit vector in the scan direction, ~ν is the vector from the slave boundary to the

master boundary. Then, (3.5) and (3.8) coincide with each other. Furthermore, the option of

entering the scan angle, θ and φ, is given in the HFSS to relate ES to EM .

3.2 Floquet Modes in Infinite Periodic Sources

The scattered fields generated by induced currents on an infinite periodic structure can be

expressed alternatively as series of Floquet modal functions on the port. The benefit of using

the Floquet modal function is to be able to derive the electromagnetic fields in terms of Floquet

modes when solving Maxwell’s equations. This section illustrates a procedure of how the electric

field can be derived from an infinite array of sources in terms of Floquet modes. Additionally, the

relationship between a propagating Floquet mode and a unit-cell size is introduced. Formulations

in this section follow [10].
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3.2.1 Two-Dimensional Floquet Series

An infinite array of sources whose magnitudes are progressive phase shift can be represented in

terms of a Floquet series. Suppose a complex function g(x, y) defined as

g(x, y) =

∞∑
m=−∞

∞∑
n=−∞

f(x− xmn, y − ymn) exp(−jkx0xmn − jky0ymn) (3.9)

where discrete grid points (xmn, ymn) are placed at intervals of a and b relatively on the xy-plane

as shown in Figure 3.3. For the rectangular grids, xmn = ma and ymn = nb, where m and n are

integers varying from −∞ to +∞. kx0 and ky0 are two constants that determine the progressive

phase shift between the nearby cells. In addition, a and b are analogous to the unit cell size in x

and y-directions in our modeling.

Figure 3.3 Rectangular grid of planar periodic sources.

We use the Fourier transform of g(x, y) to derive the Floquet series expansion of g(x, y). This

yields

g̃(kx, ky) =
1

4π2

∫ +∞

−∞

∫ +∞

−∞
g(x, y) exp(jkxx+ jkyy)dxdy (3.10)

Using its Fourier transform (3.10), the periodic function g(x, y) can be re-expressed in an

alternative format by

g(x, y) =

∫ +∞

−∞

∫ +∞

−∞
g̃(kx, ky) exp(−jkxx− jkyy)dkxdky (3.11)
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Substituting g(x, y) from (3.9) into (3.10), we derive

g̃(kx, ky) =
1

4π2

∞∑
m=−∞

∞∑
n=−∞

[exp(−jkx0xmn − jky0ymn)∫ +∞

−∞

∫ +∞

−∞
f(x− xmn, y − ymn) exp(jkxx+ jkyy)dxdy] (3.12)

Substituting x′ = x− xmn and y′ = y − ymn, we have

g̃(kx, ky) = f̃(kx, ky)
∞∑

m=−∞

∞∑
n=−∞

exp [jxmn(kx − kx0) + jymn(ky − ky0)] (3.13)

where f̃(kx, ky) is the Fourier transform of f(x, y)

f̃(kx, ky) =
1

4π2

∫ +∞

−∞

∫ +∞

−∞
f(x′, y′) exp(jkxx

′ + jkyy
′)dx′dy′

We focus on a double summation term in (3.13). Using the expressions xmn = ma and ymn = nb,

we can re-express the double-summation term as

S =

∞∑
m=−∞

∞∑
n=−∞

exp [jxmn(kx − kx0) + jymn(ky − ky0)]

=
∞∑

m=−∞
exp [jma(kx − kx0)]

∞∑
n=−∞

exp [jnb(ky − ky0)]

(3.14)

The infinite series in (3.14) can be also represented by the following infinite series of Dirac delta

functions (3.15). The details for derivation are given in Appendix A.

S =
2π

a

∞∑
m=−∞

δ(kx − kx0 −
2mπ

a
)
∞∑

n=−∞
δ(ky − ky0 −

2nπ

b
) (3.15)

Substituting (3.15) into the summation part in (3.13), we finally get the Fourier transform for

g(x, y) as

g̃(kx, ky) =
4π2

ab
f̃(kx, ky)

∞∑
m=−∞

∞∑
n=−∞

δ(kx − kx0 −
2mπ

a
)δ(ky − ky0 −

2nπ

b
) (3.16)

Due to the Dirac delta function in (3.16), g̃(kx, ky), the Fourier spectrum for g(x, y), become

zero everywhere except at discrete points as

kx = kxmn = kx0 +
2mπ

a
ky = kymn = ky0 +

2nπ

b
(3.17)
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Substituting g̃(kx, ky) from (3.16) into (3.11), we finally obtain g(x, y) in terms of a series of

complex exponential function as

g(x, y) =
4π2

ab

∞∑
m=−∞

∞∑
n=−∞

f̃(kxmn, kymn) exp(−jkxmnx− jkymny) (3.18)

The right-hand side of (3.18) is the Floquet series expansion of g(x, y) where kxmn and kymn are

defined in (3.17), and a× b is the unit cell size.

3.2.2 Two-Dimensional Floquet Excitation

As presented in the previous subsection, we obtained Floquet series expansions of a periodic

function (3.9) for two-dimensional case with rectangular grid structure. We will derive the electro-

magnetic fields generated by planar periodic sources expressed by (3.18), and the electromagnetic

field will be expressed in terms of Floquet modal functions.

The surface current excitation function located on the xy-plane can be expressed as

~I(x, y) = ŷ
∞∑

m=−∞

∞∑
n=−∞

f(x− xmn, y − ymn) exp(−jkx0xmn − jky0ymn) (3.19)

where xmn = ma and ymn = nb.

The surface current above will generate the TMy field, which is referred to as the transverse

magnetic field to y-axis. Also, the TMy fields can be derived by solving a scalar Helmholtz equation

in free space (3.20) where the magnetic vector potential ( ~A) holds ~H = ∇× ~A.

∇2Ay + k2
0Ay = −Jy (3.20)

The y-component of the volume current density Jy in (3.20) can be obtained by introducing a

Dirac delta function to the surface current density in (3.19) as follows:

∇2Ay + k2
0Ay = −δ(z)

∞∑
m=−∞

∞∑
n=−∞

f(x− xmn, y − ymn) exp(−jkx0xmn − jky0ymn) (3.21)

We can re-express the right-hand side in (3.21) in terms of Floquet series by following the same

procedure used in subsection 3.2.1 such that we can find a solution for Ay conveniently. This yields

∇2Ay + k2
0Ay = −δ(z)4π2

ab

∞∑
m=−∞

∞∑
n=−∞

f̃(kxmn, kymn) exp(−jkxmnx− jkymny) (3.22)
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Inspecting the right-hand side of (3.22) makes us to assume a solution of Ay as follows:

Ay =

∞∑
m=−∞

∞∑
n=−∞

Fmn(z) exp(−jkxmnx− jkymny) (3.23)

We can find the unknown function Fmn(z) by substituting Ay in (3.23) into (3.22) and then

comparing each term. This yields

∂2Fmn(z)

∂z2
+ k2

zmnFmn(z) = −δ(z)4π2

ab
f̃(kxmn, kymn) (3.24)

k2
zmn = k2

0 − k2
xmn − k2

ymn (3.25)

General solution to (3.24) when z 6= 0 is

Fmn(z) = Amn exp(−jkzmn|z|) (3.26)

In order to find the unknown coefficient Amn, we can use a property of the Dirac delta function

by integrating both sides in (3.24) over a interval −ε/2 < z < ε/2 where ε is near-zero value. This

yields

Amn =
2π2

jabkzmn
f̃(kxmn, kymn) (3.27)

Substituting Amn in (3.27) into (3.26), Fmn(z) in the z > 0 region can be re-expressed by

Fmn(z) =
2π2

jabkzmn
f̃(kxmn, kymn) exp(−jkzmnz) (3.28)

Finally we can derive Ay in (3.23) as

Ay =
∞∑

m=−∞

∞∑
n=−∞

2π2

jabkzmn
f̃(kxmn, kymn) exp(−jkzmnz − jkxmnx− jkymny) (3.29)

The electromagnetic fields can be derived by solving the following Maxwell’s equations:

~H = ∇× (ŷAy), ~E =
1

jωε0
∇× ~H (3.30)

From (3.30), we derive the electric fields for the z > 0 region as

Ex =
2π2

abωε0

∞∑
m=−∞

∞∑
n=−∞

kxmnkymn
kzmn

f̃(kxmn, kymn) exp[−j(kxmnx+ kymny + kzmnz)] (3.31a)

Ey = − 2π2

abωε0

∞∑
m=−∞

∞∑
n=−∞

k2
0 − k2

ymn

kzmn
f̃(kxmn, kymn) exp[(−j(kxmnx+ jkymny + jkzmnz)] (3.31b)

Ez =
2π2

abωε0

∞∑
m=−∞

∞∑
n=−∞

kymnf̃(kxmn, kymn) exp[−j(kxmnx+ jkymny + jkzmnz)] (3.31c)
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Thus, the electric fields generated by planar periodic sources in (3.19) are represented in terms

of an infinite series. Also, the exponential term inside the double summation is referred to as a

Floquet modal function or a Floquet mode. Furthermore, it is shown that the the propagation

direction of TMymn Floquet mode is parallel to the vector ~kmn as follows:

~kmn = x̂kxmn + ŷkymn + ẑkzmn (3.32)

The radiation angle (θmn, φmn) corresponding to the vector ~kmn in the spherical coordinate is

kxmn = k0 sin θmn cosφmn (3.33a)

kymn = k0 sin θmn sinφmn (3.33b)

kzmn = k0 cos θmn (3.33c)

It is noted that from (3.17), (3.32) and (3.33) the direction of propagation is related to the

(m, n) Floquet mode as shown in Figure 3.4. For example, the zeroth order Floquet mode TM00,

called the dominant mode, propagates along our scan angle (θ0, φ0), and the plane wave with the

scan angle (θ0, φ0) can be obtained from (3.17) and (3.33) by setting m = n = 0. This yields

kx0 = k0 sin θ0 cosφ0 (3.34a)

ky0 = k0 sin θ0 sinφ0 (3.34b)

Figure 3.4 Plane wave associated with the (m, n) Floquet mode.
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If kzmn in (3.25) is real, the associated Floquet mode, called the propagation mode, propagates

unattenuated in the unit cell. In contrast, if kzmn is imaginary, such a Floquet mode, called the

evanescent mode, decays along the z-direction.

Additionally, since kzmn is a function of a and b, we can take control of the number of the

propagation modes and evanescent modes by adjusting the unit-cell size. For example, if the

condition is follows:

a ≤ 1

2
λ0 b ≤ 1

2
λ0 (3.35)

only the dominant modes propagate in the intended direction, and the rest become evanescent

modes as shown in Figure 3.5. The details for the derivation are given in Appendix B.

Figure 3.5 Plane wave propagating in a given direction in the unit cell (a) Field overlays

of the dominant mode with scan angle (θ0, φ0)=(40◦, 90◦) (b) Floquet port

modes setup.

In the context of our modeling, the unit-cell size is fixed depending on the cropland because a

and b can represent the spacing between plants. There is a chance that non zeroth Floquet mode,

which propagates in the unintended direction, can be the propagation mode. Thus, it is necessary

to include all the propagation modes and exclude the non-zero attenuation modes in the HFSS

Floquet port modes setup in order to increase simulation efficiency and ease interpretation of the

S-parameters of interests.
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3.3 Unit Cell Analysis of Infinite Array

The analysis of infinite structure is accomplished by solving a unit cell. Because the computa-

tional domain is restricted to the unit cell, we can take advantage of developing a fast and efficient

approach to calculate S-parameters. Also, the unit cell analysis accounts for the array factor de-

termined by the array’s lattice and progressive phase shift. This section illustrates how the array

factor will be derived and interprets S-parameters.

3.3.1 Array Factor

The benefit of accounting for array factor in the unit cell analysis makes it possible for us to

account for the coherency of vegetation scattering. The formulations of the array factor in this

subsection follow [10].

The far field of the infinite periodic sources along our intended direction, ~E∞(r, θ, φ), is derived

by multiplying the array factor by the element pattern. This yields,

~E∞(r, θ, φ) = AF0(θ, φ) ~Ea(θ, φ)
exp(−jk0r)

r
(3.36)

where ~Ea(θ, φ)exp(−jk0r)/r is the active element far-field pattern, and the elements are arrayed

as shown in Figure 3.3. Here, we focus on the array factor AF0.

Assuming the field associated with the Floquet dominant mode radiates in the (θ0, φ0)-direction,

the phase gradients kx0 and ky0 are expressed as (3.34). Also, using the expressions xmn = ma and

ymn = nb, we can express the array factor for uniform excitation as

AF(θ, φ) =
∞∑

m=−∞

∞∑
n=−∞

exp [jxmn(kx − kx0) + jymn(ky − ky0)]

=
∞∑

m=−∞
exp [jma(kx − kx0)]

∞∑
n=−∞

exp [jnb(ky − ky0)]

(3.37)

where

kx = k0 sin θ cosφ ky = k0 sin θ sinφ (3.38)

Using the identity described in the Appendix A, The array factor can be re-expressed by

AF(θ, φ) =
4π2

ab

∞∑
m=−∞

∞∑
n=−∞

δ

(
kx − kx0 −

2mπ

a

)
δ

(
ky − ky0 −

2nπ

b

)
(3.39)
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Due to the Dirac delta functions in (3.39), the array factor only exhibits at discrete angles.

Also, since the radiation field associated with the dominant mode propagates along our intended

direction (θ0, φ0), the array factor in our intended direction can be expressed by

AF0(θ, φ) =
4π2

ab
δ(kx − kx0)δ(ky − ky0) (3.40)

Again, in the context of our modeling, the array factor can represent the mutual coupling

between the scattered field of the infinite cylinder. In addition, it contributes to not only the far

field intensity in (3.36) but also S-parameters.

3.3.2 Interpretation of S-parameters

3.3.2.1 Basic Concept of Decomposing the Scattered Field

The S-parameters are obtained by decomposing the fields on the Floquet port into Floquet

modes [26]. Let us assume that the scattered field, Esz , in the top surface of the unit cell, z = z0,

can be represented in terms of infinite series of Floquet modes as

Esz =
∞∑

m=−∞

∞∑
n=−∞

emn exp(−jkxmnx− jkymny − jkzmnz0) (3.41)

where emn is an amplitude of each Floquet mode, kxmn = kx + 2mπ/a, and kymn = ky + 2nπ/b.

The reflection coefficient of the scattered field (3.41) can be obtained by multiplying both sides

by exp(jkxm′n′x + jkym′n′y) and then integrating in a full period of the unit-cell size a × b. Since

the Floquet modes are orthogonal to each other over the period along the x- and y-directions, we

can obtain the simplified equation as∫ a

x=0

∫ b

y=0
Esz(x, y, z0) exp(jkxm′n′x+ jkym′n′y)dxdy = em′n′ a b exp(−jkzm′n′z0) (3.42)

From (3.42), one obtains

emn =
exp(jkzmnz0)

ab

∫ a

x=0

∫ b

y=0
Esz(x, y, z0) exp(jkxmnx+ jkymny)dxdy (3.43)

Thus, the magnitude of reflection coefficient of the zeroth Floquet mode (the dominant mode)

can be expressed as

R0 = e00/E0 (3.44)
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It is noted that R0 can represent the Fresnel reflection coefficient for the case of air and soil

in the context of our modeling if there exists only the zeroth order Floquet mode in the unit cell.

Furthermore, this method can allow us to observe the reflection and transmission coefficients for

the multilayered case.

3.3.2.2 Generalized Scattering Matrix

The HFSS solution provides us the scattering parameters regarding to the infinite array struc-

ture by applying a Floquet modal decomposition technique. The S-parameters are cast in the

form of a Generalized Scattering Matrix (GSM) interrelating the Floquet modes. The conceptual

illustration of the GSM is described here.

The GSM is derived as the relation between incident and reflected voltages associated with the

Floquet mode, as shown in Figure 3.6, where amn and bmn are the incident voltage vectors at the

two Floquet ports and cmn and dmn are the reflected voltage vectors corresponding to amn and bmn.

The S-matrix is a 4 × 4 matrix and interrelates the TEz (h-pol) and TMz (v-pol) Floquet modes

where S11 and S22 are the reflection coefficients, S12 and S21 are the transmission coefficients. Also,

the coupling effect with two different polarizations is given in the GSM [10].

The HFSS solution in Figure 3.6 is also given as an example of the S-matrix to help the

interpretation. First, the Floquetport 1:1 refers to the TE00 mode and the Floquetport 1:2 refers

to the TM00 mode from the Floquet port 1. Second, the forth entry of the second column indicates

that 0.7528 is the magnitude of the TM00 transmission coefficient of the unit cell from the port 1

to the port 2. Third, the first entry of the fourth column shows that the coupling between TE00

mode and TM00 mode, 0.0004, is small enough to be negligible.

In the conclusion, we can obtain different S-parameters depending on the soil and cylinder

electric properties (permittivity, permeability, and conductivity), the unit-cell size a × b, and the

dimension of cylinder. It is noted that the unit-cell size describes the regularly spacing between

rows of plants in the cropland, and the dimension of cylinder represents a plant. By utilizing

S-parameters, we can observe not only the reflection and transmission coefficients but also trans-
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Figure 3.6 (a) Configuration of the unit cell showing Floquet Port (FP) and the incident

and reflected voltage vectors (b) Generalized scattering matrix (4 × 4) [9] (c)

HFSS solution.

missivity of the vegetation canopy as a function of the frequency and observed angles, which will

be discussed in Chapter 4.
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CHAPTER 4. SIMULATION RESULTS

This chapter includes simulation results based on our proposed approach introduced in the

Chapter 3. We first simulated for the simple case of a 2-layer case (soil and air) in order to observe

the reflection and transmission coefficients. Also, by adding the vegetation canopy on top of the soil

layer, we were able to observe the vegetation scattering effect. In addition, the vegetation canopy

case consisting of an infinite number of finite-length cylinder without soil was simulated in order

to get the transmissivity that is directly related to the vegetation optical depth.

4.1 Reflection and Transmission for 2-layer Composite: Soil and Air

The Fresnel reflectivity |S11|2 and transmissivity |S21|2 are computed by using two approaches;

HFSS and analytical solution, and we compare each other to validate our model. Two cases are

considered; one is for the wave propagating downward from air to soil, and the other is for the

wave propagating upward from soil to air. In this way, we observe how much power is reflected and

transmitted through the boundary as well as the Brewster angle and critical angle.

4.1.1 Soil Property

As mentioned in Chapter 1, the soil in the South Fork located in Iowa is classified by loam and

silty clay loam. Thus, we assume that the soil relative complex permittivity is ε̃r,soil = 18 − j3

at 1.41 GHz when the volumetric moisture mv is 0.3% [27]. For the lossless soil case, the soil

permittivity is treated as εr,soil = 18 without the imaginary part. In addition, it is noted that

relative complex permittivity ε̃r(= ε′r − jε′′r) is defined as

ε′r = εr ε′′r =
σ

ωε0
(4.1)

where εr is the dielectric constant, σ is the conductivity, and ε(= ε0ε̃r) is the complex permittivity.
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Also, the soil propagation constant γsoil and intrinsic impedance ηsoil are defined as

γsoil = αsoil + jβsoil ηsoil =

√
jωµ0

jωεsoil + σsoil
(4.2)

with

αsoil = ω
√
µ0εsoil

√√√√√1

2

√1 +

(
σsoil

ωεsoil

)2

− 1

 (4.3)

βsoil = ω
√
µ0εsoil

√√√√√1

2

√1 +

(
σsoil

ωεsoil

)2

+ 1

 (4.4)

where αsoil is the attenuation constant (Np/m), and βsoil is the phase constant (rad/m).

4.1.2 Mathematical Formula for Each Polarization

The Fresnel reflection coefficient R and transmission coefficient T can be expressed in terms of

the propagation constant γ, the impedance η, and admittance y toward the z direction such that

we can reduce the error regarding to the root of negative numbers in the context of coding in the

MATLAB.

When the polarized uniform wave propagating in medium 1 is incident at an oblique angle on

the boundary of two media with distinct electrical properties, the wave is scattered. Some wave is

reflected back into medium 1; the rest of the wave is transmitted through medium 2. The general

expressions for this case are as follows:

For the horizontal polarization (h-pol),

ηiz =
jωµi
γiz

=
ηi

cos θi
(4.5)

Rh12 =
η2 cos θ1 − η1 cos θ2

η2 cos θ1 + η1 cos θ2
=
η2z − η1z

η2z + η1z
=
µ2γ1z − µ1γ2z

µ2γ1z + µ1γ2z
(4.6)

T h21 =
2η2 cos θ1

η2 cos θ1 + η1 cos θ2
=

η2z

η2z + η1z
=

2µ2γ1z

µ2γ1z + µ1γ2z
(4.7)
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For the vertical polarization (v-pol),

ηiz =
γiz
jωεi

= ηi cos θi, yiz =
jωεi
γiz

=
1

ηiz
(4.8)

Rv12 =
η1 cos θ1 − η2 cos θ2

η1 cos θ1 + η2 cos θ2
=
y2z − y1z

y2z + y1z
=
ε2γ1z − ε1γ2z

ε2γ1z + ε1γ2z
(4.9)

T v21 =
2η1 cos θ1

η1 cos θ1 + η2 cos θ2
=

2y2z

y2z + y1z
=

2ε2γ1z

ε2γ1z + ε1γ2z
(4.10)

For the phase matching,

(α1 + jβ1) sin θ1 = γ1 sin θ1 = γ2 sin θ2 = (α2 + jβ2) sin θ2 (Snell’s law) (4.11)

For the Brewster angle θB and critical angle θc,

θB = tan−1(
√
ε2/ε1) only for v-pol (4.12)

θc = sin−1(
√
ε2/ε1) for h-pol and v-pol (4.13)

where Brewster angle θB is defined as the incident angle which reduces the reflection coefficient for

v-pol to zero. The critical angle θc is the incident angle, which allows total reflection for h-pol and

v-pol and exists if the wave propagates from a denser medium to a less dense medium.

In order to compare the S-parameters in HFSS, we need to derive the analytical solution for the

incident power Pinc and the transmitted power Ptrm for each polarization. The general expressions

are as follows:

For the horizontal polarization (h-pol) and non-magnetic materials,

Pinc =
1

2
Re
[
Ei1yH

i∗
1x

]
=

1

2
Re

[
1

η∗1z
|E0|2

]
=

1

2
Re

[
1

η1z

]
|E0|2 =

Re[η1z]

2|η1z|2
|E0|2 (4.14)

Ptrm =
1

2
Re [E2yH

∗
2x] =

Re[η2z]

2|η2z|2
|T h21E0|2 (4.15)

|S21|2 =
Ptrm

Pinc
=

Re[1/η2z]

Re[1/η1z]
|T h21|2 = |T h21|2 Re

[
cos θ2

η2

]/
Re

[
cos θ1

η1

]
=

Im[γ2z]

Im[γ1z]
|T h21|2 (4.16)

|S11|2 =
Pref

Pinc
= |Rh12|2 (4.17)
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For the vertical polarization (v-pol) and non-magnetic materials,

Pinc =
1

2
Re
[
Ei1xH

i∗
1y

]
=

1

2
Re[η1z]|H0|2 (4.18)

Ptrm =
1

2
Re
[
E2xH

∗
2y

]
=

1

2
Re[η2z]|T v21H0|2 (4.19)

|S21|2 =
Ptrm

Pinc
=

Re[η2z]

Re[η1z]
|T v21|2 =

Im [γ2z/ε2]

Im [γ1z/ε1]
|T v21|2 (4.20)

|S11|2 =
Pref

Pinc
= |Rv12|2 (4.21)

4.1.3 Wave Propagating Downward from Air to Soil

Figure 4.1 shows that a wave propagates downward from medium (air) to medium (soil) for

each polarization with an incidence angle θ1. We observe how much power is reflected into air and

transmitted into soil.

Figure 4.1 Polarized plane wave incident at an oblique incidence angle on a surface where

medium 1 is air, and medium 2 is soil.

4.1.3.1 Lossless Soil and Air

The 2-layer case (lossless soil and air) is modeled as shown in Figure 4.2 where the operation

frequency is 1.41 GHz, the unit-cell size is 10 cm × 10 cm, the depth of soil is 9.6 cm, the same as

skin depth (δ = 1/αsoil), the height of air is 42 cm (2λ0).
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Figure 4.2 The unit cell consisting of air and soil. Radiation propagates from port 1 to

port 2.

Figure 4.3 shows that the results of the two approaches are in good agreement. Also, at the

Brewster angle (76.7◦), the v-pol is totally transmitted into the soil, and only the h-pol is reflected

by the surface.

Figure 4.3 Reflection coefficient |R| and transmission coefficient |S21| of the 0th-order Flo-

quet mode for the case of lossless soil when the wave propagates downward.

Figure 4.4 shows that the law of energy conservation is satisfied because there is no energy loss

inside the lossless soil. Also, it is noted that |S21| at the boundary is the same as |S21| at port 2.
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Figure 4.4 Energy conservation as a function of an incidence angle for each polarization.

4.1.3.2 Lossy Soil and Air

Modeling a 2-layer case (lossy soil and air) is the same as the 2-layer case (lossless soil and air),

except the soil permittivity is ε̃r2 = 18 − j3. The imaginary part of ε̃r2 causes energy loss in soil.

Thus, deembedding formula for the analytical solution is required in order to compare with the S21

at the port 2.

Figure 4.5 Nonuniform plane wave inside the lossy soil where blue and green dash lines

indicate constant phase planes and amplitude planes, respectively.
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As shown in Figure 4.5, the wave propagating downward in the lossy soil is a nonuniform plane

wave with constant phase planes perpendicular to ~nψ, and constant amplitude planes are parallel

to the interface. Also, the wave travels along ~nψ, whereas its magnitude is attenuated along the

z-direction.

The transmitted wave in Figure 4.5 is expressed as

~Et = ~E2 e
α2ez exp[−jβ2e(x sinψ2 − z cosψ2)]

= ~E2 e
α2ez exp[−jβ2e(~nψ · ~r)]

(4.22)

with

cos θ2 =

[
1−

(
jβ1

α2 + jβ2
sin θ1

)2
]1/2

(4.23)

α2e = α2 Re[cos θ2]− β2 Im[cos θ2], q = α2 Im[cos θ2] + β2 Re[cos θ2] (4.24)

β2e =
√

(β1 sin θ1)2 + q2, ψ2 = tan−1(β1 sin θ1/q) (4.25)

where α2e is the effective attenuation constant, β2e is the effective phase constant, and ψ2 is the

real angle [28]. Therefore, the deembedding formula is established as follows:

S21,port2 = e−α2ed S21,boundary (4.26)

Finally, the analytical solutions for the |S21|2 at the port 2 and |S11|2 at the port 1 are computed

as

|S11|2 =
P r

P i
= |R12|2 for v-pol and h-pol (4.27)

|S21|2 = e−2α2ed Im[γ2z]

Im[γ1z]
|T h21|2 for h-pol

= e−2α2ed Im [γ2z/ε2]

Im [γ1z/ε1]
|T v21|2 for v-pol

(4.28)

Figure 4.6 shows that the results of the two approaches are in good agreement. Also, it is

observed that due to the imaginary part of the soil permittivity, the v-pol is not totally transmitted

into the soil at the Brewster angle (76◦), and the |S21| for the lossy soil case is less than that of the

lossless soil case.



www.manaraa.com

38

Figure 4.6 Reflection coefficient |R| and transmission coefficient |S21| of the 0th-order Flo-

quet mode for the case of lossy soil when the wave propagates downward.

4.1.4 Wave Propagating Upward from Soil to Air

Figure 4.7 shows that the wave propagates upward from a denser medium 1 (soil) to a less

dense medium 2 (air) for each polarization. We observe how much power is reflected into soil and

transmitted into air. It is noted that θ1 is different from θ1 used in subsection 4.1.3.

Figure 4.7 Polarized plane wave incident at an oblique incident angle on a surface where

medium 1 is soil, and medium 2 is air.
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4.1.4.1 Lossless Soil and Air

The 2-layer case (lossless soil and air) is modeled as shown in Figure 4.8. In the context of

modeling, it is necessary to first edit the global material environment in HFSS from vacuum to soil

(ε1r = 18) so that the wave propagates from inside the soil. The wavelength inside soil is 5 cm

(λ0/
√
ε1r). Also, differences from the model of Figure 4.2 are the unit-cell size and Floquet port

location. The unit-cell size is 2.5 cm × 2.5 cm in order to make only the dominant mode become

the propagation mode as mentioned in Chapter 3. The Floquet port location is switched just for

the consistency such that medium 1 (soil) has port 1, medium 2 (air) has port 2.

Figure 4.8 The unit cell consisting of air and soil. Radiation propagates from port 1 to

port 2.

Unlike the case of the wave propagating downward, the critical angle exists. When an incidence

angle is above the critical angle (θ1 > θc), an evanescent wave appears, as shown in Figure 4.9, and

is expressed as

~Et|θ1>θc = ŷ T bE0 exp(−jβ2x sin θ2) exp(−jβ2z cos θ2)

= ŷ T bE0 exp(−jβ2x sin θ2) exp

[
−β2z

(√
µ1ε1
µ2ε2

sin2 θ1 − 1

)]
= ŷ T bE0 e

−α2eze−jβ2ex

(4.29)

with

α2e = β2

√
µ1ε1
µ2ε2

sin2 θ1 − 1, β2e = β1 sin θ1 (4.30)
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Figure 4.9 Evanescent wave propagating toward port 2 where blue and green dash lines

indicate constant phase planes and amplitude planes, respectively.

where α2e and β2e are the effective attenuation constant and phase constant in medium 1 (air),

respectively [28].

The wave associated with (4.29) propagates parallel to the boundary with constant phase planes

that are parallel to the z-axis. Also, the wave decays very rapidly in the z-direction with the effective

attenuation constant α2e. Since the SMAP satellite is far away from the earth surface, the SMAP

antenna does not consider the evanescent wave. Likewise, in the context of our modeling, we

simulate the S21 as a function of the height of air to find the distance where the evanescent wave

becomes negligible.

The analytical solutions for the |S21|2 at port 2 and |S11|2 at port 1 are computed as

|S11|2 =
P r

P i
= |R12|2 for v-pol and h-pol (4.31)

|S21|2 = e−2α2eh Im[γ2z]

Im[γ1z]
|T h21|2 for h-pol

= e−2α2eh Im [γ2z/ε2]

Im [γ1z/ε1]
|T v21|2 for v-pol

(4.32)

Figure 4.10 shows that as the height of air increases, the |S21| at the critical angle (13.6◦)

decreases, and in two wavelengths, the |S21| becomes negligible. Thus, we set up the height of air
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Figure 4.10 |S21| at port2 as a function of the air of height h in the unit cell.

in the unit cell as at least greater than two wavelengths such that port 2 does not calculate the

evanescent wave.

Figure 4.11 shows that results of the two approaches are in good agreement. The Brewster

angle 13.3◦ for the v-pol and the critical angle 13.6◦ for h-pol and v-pol are observed. Also, |S21|

of v-pol is greater than that of h-pol up to the Brewster angle, and no real power is transmitted

into air when the incidence angle is above the critical angle.

Figure 4.11 Reflection coefficient |R| and transmission coefficient |S21| of the 0th-order

Floquet mode for the case of lossless soil when the wave propagates upward.
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4.1.4.2 Lossy Soil and Air

In the case of lossy soil, an deembedding formula for the analytical solution is required since

the wave is attenuated with effective attenuation constants α1e and α2e along the z-direction as

shown in Figure 4.12.

Figure 4.12 Nonuniform plane wave propagating upward from port 1 to port 2.

The reciprocity theorem is used to derive α1e by assuming that the wave inside the lossy soil

is a nonuniform plane wave with the constant amplitude planes parallel to the interface. The

expressions of the effective attenuation constant for each medium are as follows:

For α1e in medium 1 (lossy soil)

α1e = Re[γ1z] = Re

[√
γ2

1 − γ2
1x

]
= Re

[√
γ2

1 + β2
0ε1r sin2 θ1

]
(4.33)

where it is noted that α1e is a function of the incidence angle θ1.

For α2e in medium 2 (air)

α2e = 0 for θ1 < θc

= β2 Re

√(α1 + jβ1

jβ2

)2

sin2 θ1 − 1

 for θ1 ≥ θc
(4.34)
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The analytical solutions for the |S21|2 at port 2 and |S11|2 at port 1 are computed as

|S11|2 =
P r

P i
= |R12|2 e−4α1ed for v-pol and h-pol (4.35)

|S21|2 =
Im[γ2z]

Im[γ1z]
|T h21|2 e−2α1ed e−2α2eh for h-pol

=
Im [γ2z/ε2]

Im [γ1z/ε1]
|T v21|2 e−2α1ed e−2α2eh for v-pol

(4.36)

The |S11| and |S21| are computed as shown in Figure 4.13. It is observed that the results of the

two approaches are in good agreement. Below the critical angle (13.6◦), the |S21| is less than that

of the lossless soil case because the loss in wet soil occurs before the wave reaches the boundary.

Also, there is no real power transmitted into air above the critical angle.

Figure 4.13 |S11| at port 1, and |S21| at port 2 of the 0th-order Floquet mode as a function

of an incidence angle for the case of lossy soil.

4.2 Reflection and Transmission for 3-Layer Composite: Soil, Vegetation, and

Air

As discussed in Chapter 2, the vegetation scattering effect on the brightness temperature gets

significant when the plant’s electrical size becomes comparable with the wavelength. In order to

observe this vegetation scattering effect, we model the vegetation canopy in two different ways over

the soil layer in the unit cell as shown in Figure 4.14: One model treats the vegetation canopy
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as a homogeneous layer with an effective permittivity εeff over a soil surface. Another treats the

vegetation canopy as an infinite number of finite-length cylinders that represents the plant’s stem.

In addition, parameters used in these two cases are shown in Table 4.1.

Figure 4.14 HFSS model: (left) vegetation canopy having effective permittivity (right)

vegetation canopy consisting of infinite number of finite-length cylinders.

Table 4.1 Parameters used in 3-layer case where the operation frequency is 1.41 GHz

(L-band) and the unit cell size is 10 cm×10 cm

Soil Vegetation homogeneous layer Vegetation stem

Depth: 9.6 cm Height: 30 cm Height: 30 cm, radius: 1.5 cm

εsoil = 18− j3 εeff = 1.98− j0.35 εstem = 15− j5

In the vegetation homogeneous layer case, th effective permittivity εeff is obtained by a simple

dielectric mixing model where it is assumed that an equivalent dielectric constant of a heterogeneous

mixture consisting of two substances (air and plant’s stem) is related to the dielectric constants of

the individual substances and their volume fraction. In the context of our modeling, as shown in

Figure 4.14, the volume fraction of cylinder (stem) is 7.1% (Vtotal = 3 × 10−3 m3, Vair = 2.788 ×

10−3 m3 and Vstem = 2.12 × 10−4 m3), and the cylinder’s relative permittivity is εstem = 15 − j5.

Thus, the effective permittivity εeff computed by (4.37) is 1.989− j0.353.

εeff =
Vair

Vtotal
εair +

Vstem

Vtotal
εstem (4.37)

In the vegetation stem case, the incident wave from port 1 induces currents on cylinders, as

shown in Figure 4.15, which generate the scattered radiation. As mentioned in Chapter 3, the
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periodic boundary condition enforces a periodicity in the fields. Thus, |S11| of the vegetation stem

case accounts for vegetation scattering effects such as the scattered radiation generated from the

infinite number of finite-length cylinders and its coherency.

Figure 4.15 Configuration of induced current on cylinder.

4.2.1 Wave Propagating Downward from Air to Soil through Vegetation Canopy

The case where wave propagates downward from port 1 (air) to port 2 (soil) is simulated, and

we observe how much power is reflected into air for different two cases. In order to validate our

model with an analytical solution, the total reflection coefficient by 3-layers medium with known

constitutive parameters is computed. The details for the derivation are given in Appendix C.

Rtotal =
R12 +R23 e

−2γ2zh

1 +R12R23 e−2γ2zh
(4.38)

where Rtotal is equal to the sum of all of wave propagating upward in medium 1 (air); R12 and

R23 are the reflection coefficients at each boundary, like from an interface between two half spaces,

which can be obtained by the same method of (4.6) and (4.9); h is the vegetation canopy’s height

as shown in Figure 4.16.

Figure 4.17 shows that first, the results of the two approaches (analytical solution and ho-

mogeneous layer case) are in good agreement, and the reflection of the incident wave from the

multilayered medium can be derived using the HFSS unit cell technique. Second, replacing vegeta-

tion canopy with the homogeneous layer using effective permittivity based on the volume fraction
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Figure 4.16 Multiple reflections in a 3-layer composite.

of air to stem is not adequate. It is because that this approach does not account for the vegetation

scattered radiation and its coherency. Also, the cylinder’s electrical size compared to the wave-

length (21 cm) is not small enough, such that multiple scattering from the cylinders can not be

negligible. Third, the |S11| of the stem case is greater than that of the homogeneous layer case for

most angles. More results as a function of the vegetation canopy’s height are shown in Figure 4.18

and Figure 4.19.

Figure 4.17 |S11| of three different approaches; analytical solution, HFSS model with the

vegetation homogeneous layer and HFSS model with the vegetation stem when

the vegetation canopy’s height is 30 cm.



www.manaraa.com

47

Figure 4.18 |S11| when the vegetation canopy’s height is 15 cm.

Figure 4.19 |S11| when the vegetation canopy’s height is 5 cm.
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4.2.2 Wave Propagating Upward from Soil to Air through Vegetation Canopy

The case where wave propagates upward from port 1 (soil) to port 2 (air) is simulated, and then

transmission coefficient S21 is derived as a function of different vegetation heights; 1 cm, 20 cm, 30

cm. The S21 indicates how much power of v- or h-polarized radiation is transmitted into air.

We first validate the accuracy of S21 of the homogeneous layer case by comparing it with an

analytical solution. The derivation of total transmission coefficient is illustrated in [28].

T total =
T32T21

1−R21R23 e−2γ2zh
(4.39)

where T total is overall transmission coefficient in medium 3 (air); T32, T21, R21, and R23 are the

reflection and transmission coefficients at each boundary, like from an interface between two half

spaces, which can be obtained by the same method of (4.6), (4.7), (4.9), and (4.10); h is the

vegetation canopy’s height; d is the soil depth; α1e and α2e are the effective attenuation constants

as shown in Figure 4.20.

Figure 4.20 Multiple transmission in a 3-layer composite.

The analytical solution for the |S21|2 at port 2 of the vegetation homogeneous layer case are

computed as

|S21|2 =
Im[γ3z]

Im[γ1z]
|T total
h |2 e−2α1ed e−2α2eh for h-pol

=
Im [γ3z/ε3]

Im [γ1z/ε1]
|T total
v |2 e−2α1ed e−2α2eh for v-pol

(4.40)

Figure 4.21 shows that the results of the two approaches (analytical solution and homogeneous

layer case) are in good agreement.
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Figure 4.21 Comparison an analytical solution with a homogeneous layer with an effective

permittivity case as a function of different heights of the vegetation canopy.

Figure 4.22 shows that first, the effect of vegetation canopy with 1 cm height on the observed

brightness temperature is small because the results of vegetation canopy with 1 cm height are

almost the same as that of a 2-layer case. It does physically make sense because 1 cm is much

smaller compared to the observation’s wavelength of 21 cm. In other words, the SMAP satellite

can see the soil surface clearly when the vegetation canopy’s height is 1 cm. Second, |S21| of v-pol

is greater than that of h-pol up to Brewster angle around 15◦, but when the vegetation canopy

gets thicker, both |S21| of h-pol and v-pol decreases continuously as the incidence angle increases.

Third, |S21| gets smaller as the vegetation canopy gets thicker because more loss occurs when the

traveling path within the vegetation canopy gets longer. Fourth, |S21| of the stem case is greater

than that of the homogeneous layer case, and the difference between the two cases become larger

when the vegetation canopy’s height increases. Thus, it is concluded that the vegetation scattering

effect cannot be negligible as plants grow taller.

4.3 Transmissivity and Frequency-Selective Response of Vegetation Canopy

The vegetation canopy itself without the soil layer is simulated to derive the transmissivity that

is directly related to the vegetation optical depth. Furthermore, the accuracy of our method is

validated by comparing with the literature [2].
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Figure 4.22 |S21| at port 2 as a function of different vegetation heights for three different

approaches; HFSS model with 2-layer case, HFSS model with the effective

permittivity, and HFSS model with the stem.

In Figure 4.23, the sparsely distributed case is for the literature, and the periodically distributed

case is for our model. Parameters used in these two cases are as follows: the cylinder has the radius

of 1 mm, length of 30 cm, and relative complex permittivity of 30.7− j5.5; the operation frequency

is 5.4 GHz (C-band), and the wavelength is 5.5 cm; the density is 2122 number of cylinders per

m2; the incident angle is 40◦. Those parameters represent the water column density 1 kg·m-2 of

the grass canopy.

In addition, the same density of grass canopy must be used in the context of modeling the grass

canopy in order to compare with the literature. As shown in Figure 4.24, cylinders are distributed

with the same spacing, and the spacing is derived by following procedure. Each row in the square

of 1 m2 has n-cylinders. This yields

n2 = 2122, (n− 1)s+ 2r = 1 (4.41)

where s is the spacing between cylinders, and r is the radius of cylinder. The (4.41) results in

the spacing 2.17 cm with which the periodically distributed case of the grass canopy is modeled as

shown in Figure 4.25.
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Figure 4.23 One layer consisting of long and thin cylinders (a) sparsely distributed [2] (b)

periodically distributed with the spacing between cylinders of 2.17 cm.

The transmissivity γ is computed using S-parameters as follow:

γ =
P t

P i
=
|S(1,h)(2,h)|2 + |S(1,h)(2,v)|2 + |S(1,v)(2,h)|2 + |S(1,v)(2,v)|2

2
(4.42)

where P t and P i are the transmitted and incident powers, respectively, the subscripts 1 and 2

denote each port, the subscripts h and v indicate the polarization, and denominator 2 is the total

excitation power from port 2. In detail, we assign the same power of 1 W to each TE00 and TM00

Floquet mode, as shown in Figure 4.26, in order to excite the unpolarized radiation from port 2.

Again, the unpolarized radiation is the radiation when the magnitudes of h-pol and v-pol are the

same.

Transmissivity in Table 4.2 is computed by (4.42). It is observed that as the incident angle

increases, transmissivity decreases. It physically makes sense that the energy loss becomes larger

as the path on which the wave travels through the vegetation canopy gets longer. 0.7768 at 40◦ is

noticeable because 40◦ is the incidence angle of the literature and the SMAP satellite.

Table 4.2 Transmissivity as a function of an incident angle

Incident angle [deg] 0 20 30 40 50 60 70 90

Transmissivity 0.9890 0.9339 0.8659 0.7768 0.6802 0.5956 0.5363 0
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Figure 4.24 Top view of the periodically distributed case with the density of 2122 number

of cylinders per m2 where s denotes the spacing between cylinders.

Figure 4.25 HFSS modeling for the grass canopy with the dimension of unit cell and

cylinder (a) front view (b) top view.

It is necessary to illustrate the concept of two methods introduced in [2] before comparing with

our results. The VRT (vector radiative transfer) [29] is a radar scattering model for the vegetation

canopy which is treated as a homogeneous layer with an effective permittivity like the τ −ω model.

In this method, the extinction coefficient κe is numerically calculated by (2.11). Using (2.12),

the transmissivity can be calculated based on κe. The NMM3D (numerical Maxwell model in 3D

simulations) [2] is the full wave approach for solving the Maxwell equation directly such that the

calculation of κe is not needed, and the scattered radiation and its coherency are considered.
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Figure 4.26 Assigning the power on source in HFSS where FloquetPort 2:1 and Floquet-

Port 2:2 are TE00 and TM00 Floquet mode respectively at port 2.

Table 4.3 Transmissivity at an incident angle 40◦, showing difference between the proposed ap-
proach using the HFSS and the literature results for the clustered case using NMM3D
and VRT [2]. e−τ/ cos θ = γ ⇒ τ = − cos θ ln γ

Grass Canopy (Vegetation Water Content 1 kg·m−2)

Methodology / Distribution HFSS / Periodically NMM3D / Sparsely VRT / Sparsely

Transmissivity (γ) 0.7768 0.7044 0.1722

VOD (τ) 0.6449 0.8948 4.4918

Table 4.3 shows the comparison between our result and the literature for the case of Figure 4.23.

First, values of transmissivity derived by two methods (NMM3D and VRT) are compared each other

in [2]. Then, it is concluded that VRT overestimates an attenuation through the vegetation canopy

since transmissivity of 0.7044 in NMM3D is much greater than that of 0.1722 in VRT. Second, it

is observed that the transmissivity of 0.7768 in our proposed approach (HFSS model) is slightly

greater than that of 0.7044 in NMM3D. It can be assumed that more coherent wave interactions

take place among the vegetation scatters in the periodically distributed case than in the sparsely

distributed case. Third, since 0.7044 of the NMM3D is an average value of transmissivity with

having the standard deviation 0.201, the transmissivity 0.7768 of HFSS model is in the range of

the NMM3D with the sparsely distributed case. Fourth, the transmissivity values of our proposed

approach and the NMM3D are much greater than that of VRT. In other words, the VOD of the

HFSS and NMM3D is much lower than that of VRT. It is because the HFSS model and NMM3D

account for the scattered radiation and its coherency by solving Maxwell equation directly.
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Besides, we can derive the transmissivity as a function of frequency as shown in Figure 4.27. It

shows that as frequency increases, the transmissivity decreases. In other words, grass vegetation

canopy is getting opaque as the wavelength becomes shorter. Also, Table 4.4 shows that the

vertically polarized loss is greater than the horizontally polarized loss since the vegetation canopy

consists of vertically oriented stems.

Figure 4.27 Grass canopy transmissivity for each polarization as a function of frequency

(f : 1 - 8 GHz, λ: 7.5 cm - 3.75 cm).

Table 4.4 Grass canopy transmissivity for each polarization

Transmissivity

Frequency 1.41 GHz (L-band) 5.4 GHz (C-band)

Unpolarized 0.9443 0.7768

H-pol 0.9978 0.9870

V-pol 0.8907 0.5657
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CHAPTER 5. CONCLUSIONS

In this thesis, the vegetation scattering effect is studied as a part of an effort to reduce the

SMAP product’s seasonal bias in cropland. In the context of the SMAP performance using L-

band, the τ − ω model treats the vegetation scattering as almost zero. However, our simulation

results show that when the electrical size of plants becomes larger enough to be comparable with

the observation wavelength, the vegetation scattering effect can not be negligible.

Our proposed approach uses the Floquet port and periodic boundary condition in HFSS. In this

manner, we model the vegetation canopy consisting of an infinite number of finite-length cylinders

and excited the unpolarized plane wave (v-pol and h-pol) with oblique incidence from the port.

S-parameters of the zeroth-order Floquet mode (TE00 mode and TM00 mode) were utilized in order

to get the reflection and transmission coefficients and transmissivity of the vegetation canopy.

For the two-layer case (soil and air), we derive the reflection and transmission coefficients at the

boundary between bare soil and air both and validate our model by comparing with the analytical

solution. For the three-layer case (soil, vegetation canopy, and air), it shows that treating the

vegetation canopy as the homogeneous layer with effective permittivity based on only the volume

fraction is found not to be adequate in the way of representing the vegetation canopy. Also, we

observe that the vegetation scattering effect becomes larger as plants grow taller. For the vegetation

canopy itself without soil layer, the transmissivity of grass canopy that is directly related to the

vegetation optical depth is calculated as a function of the incident angle as well as the frequency.

Our proposed approach is validated by comparing with the literature.

In conclusion, we show the vegetation scattering effect and derive the vegetation optical depth

for grass canopy through our proposed approach where the scattered fields and coherent wave

interactions are considered by solving the Maxwell equation directly. In the later study, the corn

canopy will be modeled by adjusting the unit-cell size and using the realistic 3D model of corn, and
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the simulation results will be compared with the literature where the transmissivity of a vegetation

canopy is measured experimentally.
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APPENDIX A. PROOF OF IDENTIFYING THE INFINITE SERIES OF

EXPONENTIAL FUNCTIONS TO INFINITE SERIES OF DIRAC DELTA

FUNCTIONS

Formulations for the proof follow [10]. A periodic function h(x) of periodicity b can be expressed

in terms of a Fourier series as

h(x) =
+∞∑

m=−∞
Am exp(

j2mxπ

b
) (A.1)

The unknown coefficient Am can be derived multiplying both sides by exp(−j2nxπ/b) and then

integrating in a full period of h(x). This yields

Am =
1

b

∫ b/2

−b/2
h(x) exp(

−j2mxπ
b

)dx m = 0,±1,±2, · · · (A.2)

For infinite series of Dirac delta functions, h(x) =
∑∞

m=−∞ δ(x−ma). Thus for −b/2 < x < b/2,

h(x) = δ(x). Using this in (A.2), we obtain

Am =
1

b

∫ b/2

−b/2
δ(x) exp(

−j2mxπ
b

)dx =
1

b
(A.3)

Substituting Am of (A.3) into (A.1), we have

∞∑
m=−∞

δ(x−mb) =
1

b

∞∑
m=−∞

exp(
j2mxπ

b
) (A.4)

The alternative form is obtained by replacing x by kx − k0 and b by 2π/a in (A.4). This yields

2π

a

∞∑
m=−∞

δ(kx − k0 −
2mπ

a
) =

∞∑
m=−∞

exp{jma(kx − k0)} (A.5)
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APPENDIX B. RELATIONSHIP BETWEEN PROPAGATING FLOQUET

MODES AND UNIT-CELL SIZE

The formulations in this section follow [10]. For a rectangular grid as discussed in Chapter 3,

we derive the Floquet modes as follows:

kxmn = kx0 +
2mπ

a
kymn = ky0 +

2nπ

b
(B.1)

Also, the dominant Floquet mode is expressed as

kx0 = k0 sin θ0 cosφ0 (B.2a)

ky0 = k0 sin θ0 sinφ0 (B.2b)

Combining (B.1) and (B.2) we derive for the (m, n) Floquet mode(
kxmn −

2mπ

a

)2

+

(
kymn −

2nπ

b

)2

= k2
0 sin2 θ0 ≤ k2

0 (B.3)

(B.3) represents sets of circular regions of radius k0 as shown in Figure B.1.

Figure B.1 Circle diagram for rectangular grid [10].

Each circle with the radius k0 represents a Floquet Mode, and the circle located at the origin

indicates the dominant Floquet mode with m = n = 0. It is observed that if k0 follows a condition
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(B.4), all the mode circles except the dominant mode circle do not intersect the shaded region.

Also, the Floquet modes associated with such circles become the evanescent modes because all the

points inside such circles do not satisfy (B.3).

k0 <
π

a
, k0 <

π

b
(B.4)

Substituting k0 = 2π/λ0 into (B.4), this yields

a <
λ0

2
, b <

λ0

2
(B.5)

Thus, if the unit-cell sizes a and b do not exceed λ0/2, there is only the dominant mode

propagating in the unit cell, and other modes experience attenuation and decay in z-direction.
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APPENDIX C. TOTAL REFLECTION COEFFICIENT FOR 3-LAYER

COMPOSITE

The formulations in this section follow [19]. our model has three-layer composite; medium 1

(air), medium 2 (vegetation canopy layer of thickness d), and medium 3 (soil). These three media

are characterized by constitutive parameters as follows:

for medium 1 air: ε0, µ0, and σ1 = 0

α1 = 0, γ1 = jk1 η1 = η0 (C.1)

for medium 2 vegetation canopy layer: ε2 = ε′2 − jε′′2 and µ0

γ2 = α2 + jβ2 = k0

√
−ε2 η2 =

η0√
ε2

(C.2)

for medium 3 soil: ε3 = ε′3 − jε′′3 and µ0

γ3 = α3 + jβ3 = k0

√
−ε3 η3 =

η0√
ε3

(C.3)

Under the Snell’s law phase-matching condition

γ1 sin θ1 = γ2 sin θ2 = γ3 sin θ3 (C.4a)

cos θ2 =

√
1−

(
γ1

γ2
sin θ1

)2

(C.4b)

cos θ3 =

√
1−

(
γ1

γ3
sin θ1

)2

(C.4c)

As shown in Figure 4.16, we assume that the incident electric field is expressed as

E−1 = ŷA1e
−jk1(x sin θ1−z cos θ1) (C.5)

where A1 is the amplitude of E−1 at x = 0 and z = 0, E−1 denotes that electric field in medium 1

propagates downward. Similarly, the electric field propagating upward in medium 1 is expressed as

E+
1 = ŷB1e

−jk1(x sin θ1+z cos θ1) (C.6)
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where B1 is the amplitude of the sum of the electric fields that are multiple-reflected back into

medium 1, E+
1 denotes that electric field in medium 1 propagates upward. Thus, total electric field

in medium 1 is

E1 = E−1 + E+
1 = ŷ(A1e

jk1z cos θ1 +B1e
−jk1z cos θ1)e−jk1x sin θ1 (C.7)

Similarly, total magnetic field in medium 1 is

H1 = x̂H1x + ẑH1z (C.8)

with

H1x =
cos θ1

η1
(A1e

jk1z cos θ1 −B1e
−jk1z cos θ1)e−jk1x sin θ1 (C.9a)

H1z =
sin θ1

η1
(A1e

jk1z cos θ1 +B1e
−jk1z cos θ1)e−jk1x sin θ1 (C.9b)

The x component of the phase in all of expressions for fields in different medium are identical

by Snell’s law. Then the phase matching condition are given by

e−jk1x sin θ1 = e−γ2x sin θ2 = e−γ3x sin θ3 (C.10)

In order to extend the formulation to medium 2, we replace A1 and B1 with A2 and B2,

respectively, jk1 with γ2, and η1 with ηc2. Also the phase matching condition (C.10) is used. This

yields,

E2 = E−2 + E+
2 = ŷ(A2e

γ2z cos θ2 +B2e
−γ2z cos θ2)e−jk1x sin θ1 (C.11)

H2 = x̂H2x + ẑH2z (C.12)

with

H2x =
cos θ2

η2
(A2e

γ2z cos θ2 −B2e
−γ2z cos θ2)e−jk1x sin θ1 (C.13a)

H2z =
sin θ2

η2
(A2e

γ2z cos θ2 +B2e
−γ2z cos θ2)e−jk1x sin θ1 (C.13b)
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Medium 3 include only a wave propagating downward. This yields,

E3 = ŷ(A3e
γ3z cos θ3)e−jk1x sin θ1 (C.14)

H3 = x̂H3x + ẑH3z (C.15)

with

H3x =

(
cos θ3

η3
A3e

γ3z cos θ3

)
e−jk1x sin θ1 (C.16a)

H3z =

(
sin θ3

η3
A3e

γ3z cos θ3

)
e−jk1x sin θ1 (C.16b)

Applying the boundary condition, the tangential components of E and H must be continuous

at z = 0. This yields,

E1y|z=0 = E2y|z=0 and H1x|z=0 = H2x|z=0 (C.17)

which leads to

A1 +B1 = A2 +B2 (C.18)

cos θ1

η1
(A1 −B1) =

cos θ2

η2
(A2 −B2) (C.19)

Similarly, we can apply the boundary condition at z = −d. This yields,

E2y|z=−d = E3y|z=−d and H2x|z=−d = H3x|z=−d (C.20)

which leads to

(A2e
−γ2d cos θ2 +B2e

γ2d cos θ2) = A3e
−γ3d cos θ3 (C.21)

cos θ2

η2
(A2e

−γ2d cos θ2 −B2e
γ2d cos θ2) =

A3 cos θ3

η3
e−γ3d cos θ3 (C.22)

Total reflection coefficient Rtotal is defined as

Rtotal =
B1

A1
(C.23)

Thus, solutions of (C.18) through (C.22) yields

Rtotal =
R12 +R23 e

−2γ2d cos θ2

1 +R12R23 e−2γ2d cos θ2
(C.24)
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where R12 is the reflection coefficient of half space between medium 1 and medium 2, R23 is the

reflection coefficient of half space between medium 2 and medium 3, and d is the depth of medium

2.
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