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Polarimetric Channel Characterization of Foliage
for Performance Assessment of GPS Receivers
Under Tree Canopies

II-Suek Koh Associate Member, IEEEBnd Kamal Sarabandrellow, IEEE

Abstract—The attenuation, depolarization, and fluctuation of global positioning system (GPS) receivers under tree canopies

a microwave signal going through a tree canopy are investigated and a narrow pulse transmission through a tree canopy are
by developing a Monte Carlo based coherent scattering model. In investigated as examples

particular, the model is used to analyze the performance of global -
positioning system (GPS) receivers under tree canopies. Also the The GPS was introduced by the Department of Defense

frequency and time-domain channel characteristics of a forest (DoD) primarily for the U.S. military to provide precise esti-
are investigated when a transmitter is outside and a receiver is mation of position, velocity, and time. Since the early 1980s,
inside a forest. A fractal algorithm (Lindenmayer system) is used the DoD has allowed GPS to be used for civilian applications.

to generate the structure of coniferous or deciduous trees whose Because of the high price of GPS receivers in early years
basic building blocks are arbitrarily oriented finite cylinders, ’

thin dielectric needles, and thin dielectric disks. Attenuation and the_ appllca.tlpn O_f (_SPS for commercial purposes W"’_‘S “m!ted
phase change of the mean field through foliage is accounted for Mmainly to civil aviation. In recent years, however, mainly with

using Foldy’s approximation. Scattering of the mean field from the rapid development of the integrated circuit, the availability
individual tree components and their images in the underlying of low-cost receivers has significantly broadened the applica-

ground plane are computed analytically and added coherently. {j5 domain of the GPS, such as land transportation, surveying
Since tree trunks and some branches are large compared to the ’ '

wavelength and may be in the close proximity of the receiver, a and mapplng, qgrlcultgre, earth S(?lences, etc. [:,L]' Each GPS
closed-form and uniform expression for the scattered near-field Satellite transmits a right hand circularly polarizéeband
from dielectric cylinders is also developed. Monte Carlo simula- signal at two frequency bands known % (1.57542 GHz)
tion of field calculation is applied to a cluster of trees in order andL2 (1.2276 GHz). For a commercial use, th& signal is

to estimate the statistics of the channel parameters, such as the ;
probability density function (pdf) of the polarization state of the modulated by a pseudo random noise (PRN) code called the

transmitted field, path loss, and the incoherent scattered power coar;e/cch|S|t|on (C/P,) COd? which is a 1023 9°|d code with
(the second moment of the scattered field), as a function of the & chip rate of 1023 microchips/s (Mcps) and its null-to-null
observation point above the ground. bandwidth is 2.046 MHz [2]. When this signal reaches the
Index Terms—Channel simulation, propagation, vegetation. earth’s surface, the level is very weak anq thgrefore the receiver
performance may be severely degraded if a line-of-sight (LOS)
transmission is not established.
. INTRODUCTION With the advent of powerful computers, physics-based ap-

ITH the increasing demand for wireless communicadroaches for predicting deterministic or statistical channel char-
Wtions, the need for the efficient use of the spectrum acteristics have attained significant prominence in recent years
felt more than ever. Accurate estimation of system requiremeh#$ These models are more comprehensive and can be used for
such as transmitter power, bandwidth, modulation schen?e',arger class of scenarios with a high accuracy than traditional
etc., all depend on the communication channel characteristig®dels based on measurements or simple diffraction models.
Ground-to-air/satellite communication is a scenario witi#owever, the physics-based models are complex and not easy to
numerous civilian and military applications ranging fron¥S€ because of the difficulty of electromagnetic modeling of an
simple voice and data communications to navigation. In thvironment. In this study, the development of a physics-based
scenario, characterization of the channel is rather straightf§h@nnel model for vegetation canopies is considered. The liter-
ward except for the urban environment or forested areas wh@fdre concerning interaction of electromagnetic waves and veg-
significant scattering and shadowing may take place. In tHf§ation can be categorized into two groups, namely, papers re-
paper, the problem of channel characterization for a forestided to radar remote sensing of vegetation [4]-{8] and papers re-
environment is considered. Using this model, performance f€d to communications [9]-[11]. The thrust of remote sensing

articles is on the modeling of vegetation scattering when both
the transmitter and receiver are in the far field region of the il-
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Fig. 1. The problem geometry where a receiver inside a forest is
communicating with a transmitter above.

canopy, there is a nonvanishing dominant mean-field at frequen-

cies below UHF, which can be attributed to a lateral wave which

propagates along the canopy-air interface and sheds energy at

critical angle. Mathematically this lateral wave results from the |
branch-cut contribution of the spectral representation of a dipole

field in a dielectric slab [9], [10]. Wave propagation over rela- A far.
tively long distances at UHF and higher where both the trans- 4 = 1
mitter and receiver are embedded in a forest canopy is not pos-
sible due to exorbitant propagation path loss. At these frequen-
cies either the transmitter or the receiver must be outside the
canopy. Field calculations for this scenario are complicated be-
cause of the close proximity of the receiver (transmitter) to rel-
atively large scatterers, which can cause significant field atten-
uation and fluctuation.

In what follows, development of an accurate model that de-
scribes the propagation of electromagnetic waves through fo-
liage is considered. In Section 11, the overall structure of the co- Y
herent channel model based on a single scattering theory and
Monte Carlo simulation is presented. Also, an analytical apyg. 2. Global and local coordinate systems for an arbitrarily oriented
proximate scattering formulation for an arbitrarily oriented fieylinder. (a) Before the coordinate transformation. (b) After the coordinate
nite dielectric cylinder above a ground plane, which can reprignsformation.
sent tree trunks and branches, is provided. This new formulation

is a building block for the channel model and provides a uniforr

expression for the scattered field which is valid for observatio

points near and far from the cylinder. Finally in Section Ill, nu- 2

merical simulations are presented showing the effects of folias E° Eln
on the GPS signal. Quantities such as the signal path loss, sta /

tics of the received polarization, and the first-order statistics «
the electric field for both horizontally and vertically polarized
incident waves are calculated. In addition, the effect of the tre
canopy on an ultra-wide-band signal is investigated.

|

Il. FORESTMODEL

From electromagnetic scattering point of view, a tree ca

be considered as a complex structure composed of a group —
randomly oriented scatterers structured in a semideterminis
fashion with electrical characteristics very much dependent « /

their moisture content. At UHF frequencies and higher, dimel
sions of tree trunk, the primary and secondary branches, or even
leaves and twigs can be much Iarger than or comparable to Hife3. Three geometrical optics (GO) components of the scattered field from

. . a &ylinder above the ground plane, along with forward scattered component.
wavelength. Noting that a relatively large cluster of trees aroun
an observation point significantly contribute to the total field at
the receiver, field calculations based on brute-force numeri¢abwever, if the multiple scattering among branches and leaves
techniques are not possible at microwave frequencies or highgrignored, a single scattering model can be constructed. To a
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7|) dz’. (a) Magnitude. (b) Phase.

Fig. 5. Comparison of analytic and MoM results of scattered fi&d) from

; ; ; . inite cylinder whose radius is 5 cm and dielectric constahiig . The length
high degree of accuracy this model can predict the first order s the finite cylinder istA and the observation lineis= L/2 — p/ tan 3. TM

tistics of the total field within a forest. This is because througRave is incident a8 = 60° ande; = 180°. () Magnitude. (b) Phase.
the averaging process the dominant portion of the total field (co-
herent effect) can survive and the multiple interaction is mini-
mized. In modeling the forest, one approach is to distribute the
vegetation particles (leaves and branches) uniformly, howeveuch as frequency, polarization, and incidence angle, as well as
it is found that for frequencies up to about 3 GHz it is imporvegetation attributes such as tree type, density, and height. As
tant to preserve the structural information of tree canopies farentioned earlier, to model the interaction of electromagnetic
accurate prediction of radar backscatter [6]. This effect is ewaves with vegetation accurately, tree structures must be mod-
pected to be even more important when the observation poineled rather accurately. Considering the number of branches and
within the forest. Basically, not only the coherence of the scdeaves on a tree and the variability in their sizes and orientations,
tered fields from the vegetation structure must be preserved, generating a tree structure can be a very difficult task. This can
also the near-field effects of lower branches and tree trunks neardone efficiently by approximating tree structures by fractal
the observation point must be accounted for very accurately.geometries. Here we use a statistical Lindenmayer system [6]
Fig. 1 shows the geometry of the communication problem conjunction with botanical properties pertinent to a specified
where areceiver (or a transmitter) embedded in a foliage is cotree specie. In this model, the geometry of vegetation particles
municating with a transmitter (or a receiver) above the foliagere also approximated by canonical geometries such as dielec-
layer. As the signal passes through the foliage, it experiendgs disks, needles, and layered dielectric cylinders. Each par-
attenuation and scattering which depend on signal parametike in the medium is assumed to be illuminated by the incident
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(b) Fig. 7. Mean of total field at = 1 m under pine trees as a function of
incidence angle. The trees are located randomly with a density, Q. {#)iThe

. . . incident wave id:-polarized. (b) The incident wave ispolarized.
Fig. 6. Comparison of analytic and MoM results of scattered fi&lgl) from

a finite cylinder whose radius is 5 cm and dielectric constahttig. The length
of the finite cylinder istA, and the observation line is= L/2 — p/tan 3.  provide very accurate and general solutions for finite dielectric

TE wave is incident a6 = 60°, andé; = 180°. (a) Magnitude (b) Phase. oy |inders. However, considering the number of dielectric cylin-
ders in a given tree and the fact that the length or the diameter
wave, attenuated by the foliage along the ray between the pgfthese cylinders may be comparable to or much larger than a
ticle and the canopy top. The attenuation through the foliaggwelength, the computation time for the scattering solution be-
is calculated using Foldy’s approximation [12] and single scatomes exorbitant. To circumvent this difficulty, an approximate
tering theory is invoked to compute the field scattered from adhalytical solution for the scattered field from a finite dielectric
vegetation particles and their images in the ground plane in t@inder is formulated. For long cylinders (cylinders with large
vicinity of the observation point. The total field is then obtainegispect ratio), significant scattered field exists only in a forward

by adding all scattered field components coherently. scattering cone [see Fig. 2(b)] [5]. Hence an accurate formula-
) ) ) ) tion for the scattered field in this region is of great interest. The

A A Umform Nea}r-.F|eId_ to Fgr-HeIt_j Expression for formulation presented in this section provides very accurate re-

Scattering From Finite Dielectric Cylinders sults anywhere (from near field to far field) within and in the

A building block for simulated fractal trees are finite dielectriwicinity of the forward scattering region. This approximate so-
cylinders which can be used to represent tree trunks, brancHeson is obtained by assuming that the equivalent surface elec-
and twigs. To compute the scattered field from a fractaiic (J.) and magneti¢J,,) currents are the same as those of an
tree, an analytic or numeric scattering solution is needddfinite cylinder whose radius and dielectric constant are equal
Unfortunately, exact analytical solutions for finite dielectri¢do those of the finite cylinder. It has been shown that approxi-
cylinders do not exist. Numerical methods, of course, canate currents can provide accurate results in the far-field if the
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-5 : : . : : : wherek, is the free-space propagation constant, ¥ne- 1/,
' ' : : : : is the free-space admittance. The ter®s,,, Qzm, Q1m, and
2, are given by

ern = hz']rn(-TO) + BrnHrn(-TO)

Y .
Qam = —m {ko sin Ble.J, (z0) + Am H., (x0)]
0
jmcos 3
u[hz‘]rn(wb) + Bannl($0)]}
ern = eanl($0) + Aannl($0)
~ 1
Qan = _m {k‘o sin /j[h’z‘]r/n(xo) + BT"H;n(‘/EO)]
S0
_ Jmecos J5)

; i ; i a
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Incident angle(Degrees)

[CZJm(-To) + AmHm(xO)]}

wherezy = koasin8, e, = E¢-2, h, = ZoH! - 2, J,,, andH,,
(@) are themth-order Bessel and Hankel function of the first kind,
-5 T . y T . , respectively, and thiendicates the derivative with respect to the
: : : : : entire argument. Other terms, suchds, andB,,, are given in
[4], [5]. Using these currents, the electric field can be written
in terms of electrio(ﬁe), and magnetitﬁﬁm) Hertz potentials
using

E(7) =V X V x I (7) + jkoZoV x I (7)  (3)

where

L 27 L ik (|F—17|—cos,8z’)
- 720 / = / el Y
11, = J. — adz d

47(/60 N ((/)) o |7_”—7‘/| d)

4)

N e 2% R L jk0(|F71‘7|7cos B8z")
; i, = - 0/ Jm(¢/)/ © _add dd.
ko Jo 0 |7 — 77|
©)
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Fig. 8. Standard deviation of total field at = 1 m under pine trees as a In situations where the observation point is not in the far-field
function of incidence angle. The trees are located randomly with a density, : ; e ; ;
0.1/n?. (a) The incident wave isi-polarized. (b) The incident wave is HtégIOQ Offh?, Cylmg,?r’ a d_[ﬁlC_L}lty arises fr_om the evaluatl_on of
v-polarized. Jy (ekalr=rl=cos 8200y /(|77 — 7]} d2’. As will be shown, using

an integral transformation, this integral can be represented by

. . an approximate closed-form formula which retains a high de-
length of the cylinder is large compared to both wavelength anaee of accuracy. Using the identi(yzjk0|F*’7|)/(|F— 7)) =

) i o .. g
cylinder radius . >> A anda), and the angle of incidence with ~. 0o (1) 7.\ oy (z—2") . .
respect to the cylinder axis is relatively lafge> 10°) [4], [5]. ]S‘cj) r/ ri)e{j_tog f?no(rlgg)ejro rate ?grlm[ﬂ], the integral is trans-
Analytic expressions for these currents are given by [4], [5] ppropri

L 6jkg(|1_”—r_;|—cos,ﬁz’)
I:/ dz’
0

=7

je(¢, Z) = je( )e_jkOZCOSﬂ

K L oo ) , o
= . = i/ / Ho(klc)ejal(zfz ) dog - e 9%
= Z (=)™ [Qrm Yo(sin i 2o J o
m=—oc 1 o> H k . i
~ A —ikoz 3 = — MCJOqﬁ dOél
— Cos (/)y) + QanZ]e JR0Z COS, (l) 2 oo (V1 +
j'rn(d)v Z) = jm((/))e_jkozcos,ﬁ _ ijaLl oo HO(IUC) Cjal(Z*L) dovy
e . _ 2 50 1 —|— [0
= Y ()= Qun(sin ¢
m=—oo WherEC = \/(x — .Z‘/)Q + (y _ y/)Q’ anda = kO cos /3, and

— 08 ) + Qamz]e IR0z c0s 8 (2) kI = k2 —a?. Eachintegral in the above equation can be trans-
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formed by following the standard steepest decent method praH (kg sin 3¢ )e ko cos 82 a better approxima-
cedure [13], [14] into tion for I; may be written as
< gk L Jkor; 2 i ) )
I; = ao(i_'_li)daw dory L~ o FT(O)C I%/% 4 jHo(ko sin 5¢)
—00 1 T
~ [_2 —im/a ikors x [erf(j/kors1) + Ale /¥ «=F% . (6)
Tk
ogc Josw » dw Hence the expression for the electric Hertz potential in (4), can
></ Y ehomis (s be written as
oo Sinw + cos 3 ds
5 Z a o 2w ! ] )
wherei can be 1 or 22, = z andz = z» — L. Also I~ ‘éﬂ—z Z (—=7) / ™ [Qrm Yo (sing' &
(dw/ds) = (2=1)/(\/1+ cos(w — 6,)),cos6, = ¥ m=—oo 0 '
(C/ri),ri = (2422, andcos(w — 65) = 1 + js?. — cos¢'f)) + QamA] - [I1 — Lre™ Pl dg! . (7)

Since the resulting integrand has a singularitwat 3 — 7 /2 ) ) _ _
the integrand must be decomposed into two parts: one tigl§ not obvious how to carry out the above integral with re-

contains the singularity and the other one which is regular, tHiect to¢’ analytically, however it + a? > ap is assumed,
i an analytical expression can be obtained using the following ap-

is
proximations:
\/cosw 2v/—J b
G(s) = - : = T -
(s) sinw + cos 3 1+ cos(w — 6,) 3—31+ (s) r=(x—2)2+ (y—v)%+ 22

Vi g a2 Peeos(o — )

wheres; = £4/;[1 — sin(3 — 6,)] andb is the residue of(s) Vr? +a?
at the singularity which is given by VT181 R \/Ta151
1 wherer = /22 + y? + 22, andp = /x2 + y>. Similarl
b= lim (s — 51)G(s) = — T VIR At = vatty y
5—81 Slnﬁ
b ro= (@ — a2 +(y—y)?+(z - L)?
HOr =0, o s = &)
VL /2 2
—jn/4 V2 cos 0, " 1 rpta
=e . N ~ -
Vvsind, +cosfB \/sinBy/1 — sin(B — 0,) V7281 R \/Te281

o wherery, = /22 + 42 + (2 — L)2. Therefore, with the aid of
Here_ the_ * s%n f|s eused for}&s < (_j /2, trf the integral relations given in [4], [5], the two integrals in (7)
— sign is used ford, > [ — x/2, and T(0) = can be evaluated analytically as

(™M) /(Vsin B)[(cos B)/(2sin ) —  /2sinf]  for

8, = /3 — w/2. Noting that iZoa 2w
=7 __ - _a\m jme’ : /4

—kors? _knrs? m=—oco

/—oo §— 51 © ' ds + /—oo T(S)e ' ds — COs d)/g) + Qan,?:']Ij, dd)/
iZoa ) eikorai 2
b k0TS [ (i ST [ o I200 ) mym/a & T(0
= gmbe " 1erf(j/kors1) + Al + T(0) Tor ko |:6 " . (0)
- =~ a im
where x > (-1, <:;> "
L Imls]>0 + jm Ho(ko sin Bpa)[erf(j v/ koraisy) 4+ Ale™* 0372
A=< 0 Im[s$;]=0 oo
-1 TIm[s1] <0 . _1ymE (P n ) eime e}
nl;oo( ) " Tai Sln[ ¢ ( )
the final expressions fak, and/; can be written as
where
jn/a edkori 2

Ii~e [k—ov ET(O) a1 = V2 a2, rap = /12 +a

[ 2 S 5 _ . X

=+ J 7,71’ e]koﬁ' sin(§—6.) | [eI‘f(J k07>i31) + A]:| Cnl(yo) YOanLPIrn(yOA)-/E YOernPan(yO)y
ko sin 3¢ + Q2m Jm(yo)z
.. m

where erf(-) is the error function [13]-[15]. Pim(yo) = jsin¢J;, (o) — Cosd)u_o‘]m(yo)

Noting that for large kosin3¢ the quantity

m
(27)/ (ko sin B¢) e kors sin(8—0,) ~ y

Par(yo) = —j cos ¢, (o) + sin </>—0 Im(yo)-
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Similarly for the scattered field can be formulated. Using the asymptotic
P kot behavior of the error functioryf(z) ~ 1—(e=%")/(,/7 ) [15],
o L L e 7(0) (6) can be reduced to
" 2k ko PTai ,
o / _edkori 2
9 a jm i~ =] p .
X Z_: (=)D, <%) eIme J ri  ko(sinfs + cos3)

. - in 8 SO o A Through the same procedure and approximations, a formulation
+JmHo(kosin fpa)[erf(j v orais1) + Al for the scattered field that is valid outside the forward scattering

w o—Jkocos Bz Z (_1),,@ <ﬁ sin/3> cjm] cone can be written as
m
@

m=—oo @ -» a | efkorar 1 0 '
E~—— (_1)mcgm¢
©) 2 T iné Z
a1 sinf; +cos B =
where 13m(yo) = —QumPim@)d + QimPom(y0)y + ) ) . pa ) B b
Q2mJm(10)z. Finally, the two Hertz vectors can be expressed X | ZoTal X Ta1 X Oy _— +7Pa1 X Dy -~
by cikorez  p—jko cos BL o0 -
— - . -1 rne]rn
f[ ~ 1 (7}‘1 _ 7?26—jk0 cos ,8L> Ta2 Sin 6, + cos /3 mi_oo( )
€ e e —
2
i, ~ 2 (7 — 2 et b oxiox G (PAN 1h < B (P2
Hm ~ 5 (7rrln _ 7rr2ne Jko cos,@L) . X |:Z07a2 X Tgo X Cm <7’a2> + T2 X Dm <7>a2 .
(11)

According to (3), the scattered electric field can be evaluated
by taking the curl of the approximate closed form expressionsit is worth mentioning that (10) and (11) can be reduced to the
of the Hertz potentials. Noting that the observation point is fdrmula derived in [5] for observation points in the near-field
the far field with regard to cylinder diametgs > (8a*/A)) the  region and a formula given in [4] for observation points in the
far-field approximation for thé/ operator is expressed as  far-field region. To apply this formulation to a cylinder with ar-
bitrary orientation, it is needed to transform the components of

Velkorat = kg Eejko”al the incident wave in the global coordinate systek Y, Z), to
77“1 the local cylinder coordinate systgi, i/, =) wherez’-axis is
Veikoraz = kg Eeiko”az parallel to the cylinder axis. After calculating the scattered field
Ta2 components in the local coordinates, they are transformed back

Jko(sinBps — Bz) _ 7. _jkao(sinB8ps— Bz . A ) I
Velkolsidpa=cos52) = ok, eko(Sin2pa—cos 52) to the global coordinate system. This procedure is mathemati-

wherek, = sin [ cos ¢ + sin B sin ¢y — cos 32, After some cally expressed by

algebraic manipulation, the complete expression of the electric i — U L1
§ _ . . L — G
field for a finite cylinder may be written as

Ey = UE3
_, koa CLd 2 = , : . . .
E~—j= |e/™/4 7(0) Y (-1)"¢™®  whereU is the transformation matrix and is given by
4 ko PTal it
a a cosf.cosp. —sing. cosp.cos P,
X [Zof’al X Pa1 X C_”m <p_> 4 Pa1 X 5nl <p_>} U= cosb.sin¢. cos¢p. sin 6, sin ¢,
\Tal Tal —sin@, 0 cos 6,
ko cos 8L —jr/4 ghora 2 ) i . i ) )
—¢ e k—o P 2T 0 for a cylinder with orientation angle&., ¢.), as is seen in
o ¢ Fig. 2.
; . . = pa
—1)MIP | Zofga X Faz X C | £ .
Z (=1) [ 07a2 2 <ra,2> B. Scattering From Leaves and Needles

. = pa . i B, Yok cos 2 The thickness of most broad leaf vegetation~ 0.1 — 0.5
a2 X Do | = || + jmHo(kosin fpa)e mm) is very small compared to the wavelength at frequencies
) up to X band. For these leaves the Rayleigh—Gans approxima-

x Y (=)me™m? {ZOIQS x ks x Gy <@ sin 3 tion [16] is used, which is valid, independent of the leaf surface

m=—00 Pa dimensions relative to the wavelength. That is so long as the

N o (pa . . electric thickness of the leaf is very small, the Rayleigh—-Gans

+ ks X Dn, <p_a Smﬁ)} [exrf(jv/korarsi) approximation provides accurate results. For leaves where sur-
face dimensions are large compared to the wavelength and their
+ Ay —erf(j/korazst) — AQ]} . (10) electric thickness becomes compared to the wavelength, a phys-

ical optic approximation [4] is used. This solution is valid for
Equation (10) is valid for observation points on or near thieequencies aK band and above. A formulation for thin cylin-
forward scattering cone. If the observation point is outside tliers of arbitrary cross section [4] is used to model the scattering
cone (the effect of the pole can be neglected), another equatitom vegetation needles.
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. ; : Fig. 10. pdfof polarization of the received signakat 1 m under pine trees.
?|f£|1§;d?8)(:g;?]g|§éghe trees are located randomly with a density, 0. tén Four results are plotted whose incidence angles ate4®, 60°, and 8C. (a)

PDF of ellipticity angle. (b) PDF of tilt angle.

C. Effect of Ground Plane k, = k; — 2(k; - 2)% which makes an anglé, = cos™!(k, - &)
with the cylinder axis. The reflected field") consists of the

To calculate the scattered field accurately, the effect of tiparallel and perpendicular components of the incident wave, and
ground plane should be included into the final solution. Thare modified by the Fresnel reflection coefﬁcienﬁ @ndry),
underlying soil surface is modeled by a half-space dielectiigspectively, i.e " = EiR)b, + EiR,h, whered, is a unit
medium. However, to account for the exact effect of the hal\f/ector in the p|ane of |nc|dence and perpend|cu|dﬂ’ tandh
space dielectric using the Sommerfeld integral is very compjs perpendicular to the plane of incidence. The expansion shown
cated and not necessary for the required degree of accuragy10), and (11) can be used to filit#* usingE" as the incident
Thus in this paper, only the three dominant GO components gjgve on the cylinder. To include other components, approxi-
incorporated into the final solution. The first component is th@ate image currents in the ground are used. From an asymptotic
scattered field generated by the reflected incident field fropgrmulation of the electric, and magnetic Hertz potentials of an
the ground plane, denoted ", the second term is the scatinfinitesimal dipole above the ground [17], approximate image
tered field reflected from the ground plafiE'¢), and the third cyrrents can be inferred as
component is the scattered field generated by reflected inci-
dent field which is again reflected from the grou@f:lgtg) (see 2 N .
Fig. 3). These terms should be added coherently to the direct Je=Ria, X+ Ria)Y
scattered field. The direction of the reflected incident wave is + (Ryag + cos pRya, + sin pRya;) Z
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Fig. 11. Mean of total field at = 1 m under deciduous trees as a function ofig- 12.  Standard deviation of total field at= 1 m under deciduous trees
incidence angle. The trees are located randomly with a density, ©.afrd the  as a function of incidence angle. The trees are located randomly with a density,
results include the effects of leaves. (a) The incident wavei®larized. (b) 0.1/n?, and the results include the effects of leaves. (a) The incident wave is

The incident wave i-polarized.

h-polarized. (b) The incident wave ispolarized.

E“t9, (10), and (11) can now be used but the teffysand D,,,
must be modified as

6771 = YE)ernRJ_(Plrn-% - Pang) + [ananlRH
+ (COS d)Plrn —sin d)Pan)YOeran]é

-5771 = ernR”(PanQ - Plrn-i') + [QanJrnRJ_
+ (Sin (/)Pan — COS (/)Plnl)eran]é

T, = Rya' X + Rjay'Y
+ (Roal' + cos $Ryaf] + sin pRuay)) Z

where the currents above the ground plane are giveﬁas
atX +aiY +asZ,andd, = o' X +a'Y +a'Z. HereR, =
25in @ cos B(cosf — \/eq — sin? 8) /(g4 cos 6+ /g4 — sin? §),
ande, is the dielectric constant of the ground. The reflection
coefficients,i? | , R, andR; and other quantities such dia ¢, h _
andcos ¢ can be assumed constant because in the far-field %_ere,]m = Jum(w0).
gion, the variation of these quantities is very small. The angle
at which these Fresnel reflection coefficients are calculated is
obtained by using the line connecting the image point to the ob-In this section, the validity of the approximate formulations
servation point, that is, ify denotes the observation point andor the scattered field of a finite cylinder are being examined. A
7 represents the image of the source point this angle is definrmgmber of approximations were used to derive the integral ex-
asf = cos™ (2 (7 — 7) /(|70 — 7). To computeE’?, and  pression given by (6). Fig. 4 shows the comparison between the

I1l. N UMERICAL SIMULATION
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Fig. 13. Total and received power at= 1 m under deciduous trees as arig 14. pdf of polarization of the received signatat 1 m under deciduous

function of incidence angle. The trees are located randomly with a densifdes. Four results are plotted whose incidence angles are4®, 60°, and
0.1/nt. ‘o’ and ‘0¥ are results that include the effects of leaves. (@) gge. (a) pdf of ellipticity angle. (b) pdf of tilt angle.

(b) Path loss.

two results from an exact numerical integration and the analyfiequency is set at 1.575 42 GHz and the polarization is chosen
formulation, (6). In this comparisor, is 4\ and the observa- to be right-hand circular (RHCP). For the following simulations
tion point is atz = L/3 and0.1 < p < 100. As can be seen areceiver is placed 1 m above a ground plane having a soil mois-
the two results are in excellent agreement over the entire regiofe contentr, = 0.18 which consists of 50% sand and 10%
of comparison. The next two (Figs. 5 and 6) show the accuragpay. At this GPS frequency the soil dielectric constant is calcu-
of (10) when a TM, and TE waves are incident od)along lated to be:, = 9.75 4 ;j1.62 [6]. To derive the field statistics
cylinder with dielectric constand,+ j, and a radiusz = 5 cm, and forest channel properties, a Monte Carlo simulation is car-
at = 60°, and¢; = 180°. For the TM wave incidence case ried out using 400 realizations. To account for near-field effects,
only one principal componerttE,.) is plotted for brevity, but 10 trees randomly located around the receiver are included in the
the same accuracy is observed for the other compdignt A simulations. First, a relatively young red pine stand with average
MoM solution [11] is used for exact calculation of the scattereglee height of 9.5 m and the density of 0.1 treesigitonsidered.
field. It is shown that the two results are in good agreementhe mean and standard deviation of the total field (inciderg-
The accuracy of the approximate formulation (10) degradesfascted+ scattered) are shown in Figs. 7, and 8, respectively, for
the ratio (radius/length) is increased. bothh- andv-polarized incident waves as function of incidence
The developed forest channel model is used to demamgle. As the incidence angle increases, the field is more attenu-
strate performance assessment of GPS receivers placed uatknt as expected and small cross-polarized components are ob-
coniferous and deciduous canopies. For these simulations seeved. In Fig. 7(a), the mean-field jumps approximately 10 dB
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0-12 L Y TABLE I
: : : : : STANDARD DEVIATION OF TOTAL FIELD UNDER PINE TREES AT
. THREE DIFFERENT HEIGHTS, 0.1 m, 1 mAND 10 m WHEN A PLANE
01y WAVE |S INCIDENT AT 40°
h-pol. incident v-pol. incident
0.08 Height | E,[dB] | E,[dB] | E,[dB] | E,[dB] | E,[dB] | E,[dB]
10cm -14.2 -6.9 -15.7 -8.6 -14.4 -12.6
5 o.06k Im | -132 | 64 | -147 | -78 | -132 | 9.9
& 10m -21.7 -15.6 -23.0 -17.2 -21.4 -22.6
0.041

o TABLE Il
: : TOTAL AND RECEIVED POWER UNDER PINE TREES AT THREE DIFFERENT
HEIGHTS, 0.1 m, 1 mAND 10 m WHEN A PLANE WAVE IS INCIDENT AT 40°.

: : : : CL : Total power Received power
0 % 20 -0 0 10 20 30 40 50 Height | h-pol.[dB] | v-pol.[dB] | h-pol.[dB] | v-pol.[dB]
iotetly Angle 10cm 2.6 18 3.1 28
(a) 1lm -3.9 -1.4 -4.8 -2.4
a
0.015 — : : 10m 0.9 0.4 0.9 0.2
S : | — 10cm
7 Vi : Si-- 1m
! v =~ 10m -120 T T T T T T T T
0.01 ~1aor
w -140r
e :
& :
0.005 : 3
: k=i : : :
—160F - e § R Lo Lo [P T -
—170F- - .......... .......... .......... .................. 4
_.900 -50 o 50 100 ~180H — Freespace - ................... .
Tiit Angle ~- Noise Floor + 10[dB] | ! ; : 5 1
-~ Under Pine . . . . :
(b) ~19% 10 20 30 40 50 60 70 80 90
Eleveation Angle[Degrees]
Fig. 15. pdf of polarization of the received signatat 1 m under pine trees. (a)
Three results are plotted whose receiver heights are 0.1, 1, and 10 m. (a) PDF

ellipticity angle. (b) PDF of tilt angle. 120 ? ! : ' : : l ‘

-130
TABLE |
MEAN OF TOTAL FIELD UNDER PINE TREES AT THREE DIFFERENTHEIGHTS, -140
0.1 m, 1 mAND 10 m WHEN A PLANE WAVE IS INCIDENT AT 40°
-150
h-pol. incident v-pol. incident g
Height | E,[dB] | E,[dB] | E.[dB] | E,[dB] | E,[dB] | E,[dB] g ool
10cm -39.9 -5.4 -45.5 7.4 -33.6 -6.2 -
1m -46.5 | -10.1 | -41.3 | -10.1 | -39.7 | -5.1
10m | -44.9 0.8 499 | -1.6 | 457 | -43 -170
~180H — Fi‘re‘eSpa:ce ........................................................ 4
atincidence angle 3Que to the interference between the direct - 325:,'3‘;2;;“;35’31 _ v _ _ :
incident wave and the reflected wave from the ground. Note the =19~ 15 20 a0 _4'0 0 e0 70 80 90
E. has more fluctuation thaf,, andE,. This is due to the fact Eleveation Angle[Degrees]
that most scattering fluctuations are caused by the tree trunl
which are big and vertically alligned. Fig. 9 shows the path los¢ (b)

as a function of incidence angle. The path loss is defined as the
16. Plotofthe received signal power under pine and deciduous forest with

ratio of the total power received to that in the free space. In tm%’ensny of 0.1/rh and the received signal in free space. ‘I' is the range of the
example, a short dipole aligned to receive the incident waverégeived power. (a) Under pine trees. (b) Under deciduous trees.
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used as the receiver antenna. Next, we examine the statistics ~ ° ! ' ' T
the polarization of the received signal. Polarization of awave is ¢ : : : ‘
characterized by two parameters, the ellipticity angknd the

tilt angle, ¢ [18]. At the receiver both the vertical and horizontal 2 : ; : 4
components of the electric field in a plane perpendicular to the _ It 1} N L N N A A AN
direction of incidence are calculated and for whjchnd¢ are
evaluated. In this simulation the polarization of incidence wave,‘ﬁ—15 i\
is assumed be right hand circular polarization. A Monte CarICE_20~
simulation is used to estimate the pdfyond¢ for the red pine
stand. It is shown that as the incidence angle is increased tf
polarization of the received signal is modified, however, it re-
mains always righthanded. A similar Monte Carlo simulation is
carried out for deciduous forest stand that consist of red maple _ss
A tree density of 0.1/fhand average height of 17 m and trunk

25

~30

diameter of 20 cm is chosen. This stand has a dry biomass « 12 1.4 16 18 2
107 kg/tree. Simulations for both foliated and defoliated trees Frequency[GHz]

are performed. Figs. 11, and 12 show the mean field and stai

dard deviation for a receiver 1 m above the ground for a foliatec (a)

stand as a function of incidence angle. The same jump phenor~ 4
enon is observed in the mean field due to the same interferen:

as the pine tree case. Similar to the pine forest simulation, th 5
standard deviation is comparable to or larger than the mean fiel
and the level of the cross polarized filed is relatively low. The : :
path loss is also calculated and shown in Fig. 13. As the inci  =8[ {4\ e e o
dence angle increases, thgolarized wave is more attenuated
because the path length increases in the trunk layer where sc i
terers are aligned mostly alorigaxis. Whereas the number of ~-15
leaves (of the order of 12 000 per a typical tree) is higher than th
number of branches and twigs 7000), scattering from leaves
can be ignored as their typical dimension (7 cm) is small com 25
pared to the wavelength. However, leaves can cause conside
able attenuation. Fig. 14 shows the pdf of ellipticity angle anc
tilt angle for a receiver 1 m above ground under the red mapl _g5 : ; ;
stand. It is shown that the incident wave approached a linee 12 1|='?equency[GH1z'? " ?
wave (-polarized).

Next, we examine the effect of receiver height on the field at-

: . o : (b)

tenuation, fluctuation, and depolarization for the red pine stana

at 4@ incidence. Tables | and Il show the three componentso 5 g ! ; g
mean field and its standard deviation for the two principal po- : : : :
larizations. It is shown that the ratio of standard deviation tc
mean field decreases as the receiver heightisincreased. Table -5
shows the copolarized path loss as a function of receiver heigt
The pdf of polarization state as a function of receiver heigh : j S :
for incidence angle 40are shown in Fig. 15. The polarization _ —15p-{"f- Al f A A o/ 4l Ve
atz = 10 m is almost the same as that of the incident wave3
(RHCP).

Now let us consider a GPS receiver at a height of 1 m abov _2s
ground embedded in the red pine. It is assumed that polarizatic : 1 : :
of the antenna is RHCP and has a free space gain of 0 dBi. Tt 5
power received by such receiver in free space 160 dBW on _35 ‘ i o
the earth surface [2]. This signal level is below the thermal nois: g é
power at the receiver if it were not for the processing gain of -9 12 12 15 18 2
about 30 dB for the 1023 chip code length of the GPS receive Frequency[GHz]

[19]. Considering the receiver bandwidthis = 2.046 MHz,
the noise power is calculated from (c)

of

0

-10

Fig. 17. Frequency response of a pine forest over 1-GHz bandwidth (1-2
GHz) when a plane wave is incident4Qrhe receiver is 1 m over the ground

N =KTB=KIy(NF —1)B = —134 dBW. plane. Effect of 20 trees near a receiver. Fa). (b) E,. (c) E..
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perature operating under foliage can be significantly different
(higher) than that without foliage. Fig. 16(a) shows the mean
power received by the GPS receiver under red pine forest. Also
shown in this figure (the vertical bar) is a power range of the sim-
ulation and the received power in the absence of foliage, and the
thermal noise power plus 10 dB (thresh&dl). It is shown that

the mean signal power is above the threshold for incidence an-
gles below 79, however, strong power fluctuations may hamper
receiver signal lock on a given satellite. Fig. 16(b) shows the
performance of the same receiver below the red maple stand.
Here receiver power fluctuation is less since the lower branches
are farther from the receivers. In both cases reliable, operation
cannot be guaranteed. To remedy this problem more transmitter
power (by a factor of 15 dB) is needed.

Last we examine the performance of a wide-band time do-
main communication system. Time-domain modulation using
very narrow pulses is being considered for military applications,
since it minimizes evesdropping and provides antijamming ca-
pability. A signal occupying a bandwidth 1-2 GHz is consid-
ered. Again a receiver is considered to be 1 m above the ground
plane in the red pine stand. An incidence angle df #0as-
sumed. Fig. 17 shows the frequency response of three compo-
nents (for a given realization of tree) for both vertical and hor-
izontal incident wave. Strong spectral field fluctuations are a
result of multipath caused by strong scatterers in the channel.
The Fourier transform of these responses provides the time do-
main response of the channel. Fig. 18 shows the time domain
response for the three received field components assuming the
incident field has a Gaussian envelope for both the vertical and
horizontal incident waves.

IV. CONCLUSION

A physics-based channel estimation model for a forested en-
vironment is developed. This model is appropriate when ei-
ther the transmitter or receiver is within the canopy and the
other is outside. Realistic tree structures are constructed using
a fractal algorithm and scattering from individual tree compo-
nents are calculated and added coherently. An accurate approx-
imate uniform near-field to far-field scattering solution for di-
electric cylinders representing branches and tree trunks is also
developed and incorporated into the tree model. Monte Carlo
simulations are carried out in order to estimate the statistics of
the channel behavior, such as path loss, coherence bandwidth,
field fluctuation, etc. In specifics, performance of GPS receivers
under foliage is evaluated and it is shown that the signal attenu-
ation, depolarization, and field fluctuation hamper proper oper-
ation of a receiver under both coniferous and deciduous stands
with heights as low as 10 m. The same model is used to assess
the performance of wide-band communications.
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