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Modeling Tree Effects on Path
Loss In a Residential Environment

Sail A. Torrico, Member, IEEE Henry L. Bertoni,Fellow, IEEE and Roger H. Langrellow, IEEE

Abstract—A theoretical model is proposed to compute the by a partially absorbing phase screen [3]. The field at the
path loss in a vegetated residential environment, with particular - aperture of the first absorbing screen depends on the mean
application to mobile radio systems. As in the past, the row of ge|q going through the first tree due to an incident plane wave.
houses or blocks of buildings are viewed as diffracting cylinders Phvsical opti PO) is th dt luate the diffracti
lying on the earth and the canopy of the trees are located ysical optics (PO) is then _use 0 e\(a uate the difracting
adjacent to and above the housesibuildings. In this approach, field at each of the successive absorbing/phase half-screens
a row of houses or buildings is represented by an absorbing configuration up to the mobile receiver by using the multiple
screen and the adjacent canopy of trees by a partially absorbing Kirchhoff-Huygens integration. In order to find the properties
phase screen. The phase-screen properties are found by findingnf 5 artially absorbing phase screen such as the mean field
the mean field in the canopy of the tree. Physical optics (PO) the att i d ph del ¢ ted '
is then used to evaluate the diffracting field at the receiver € altenuation, and phase delay, reeslare repre;en € ajc’ an
level by using a multiple Kirchhoff-Huygens integration for each €nsemble of leaves and branches all having prescribed location
absorbing/phase half-screen combination. and orientation statistics. Leaves are modeled as flat, circular,
lossy-dielectric discs and branches as finitely long, circular,
lossy-dielectric cylinders. The mean field in the canopy is
calculated using the discrete scattering theory of Foldy and Lax

. INTRODUCTION [4]-[6]. By solving the wave equation for the mean scattered

OTIVATED by the development of cellular systemsfield propagating through a tree, it is found that the wave
M personal communications systems (PCS), and wireld¥®pagation constant has both real and imaginary components.
local loop systems (WLL), there is a need to better understahbie integrated effect of the propagation constant over the tree
the propagation channel. This work describes an approachv@dume leads to expressions for the attenuation and phase
predict the propagation loss between a base-station transmiételay of the partially absorbing phase screen. As it has been
and a mobile receiver in a vegetated residential area. SRown in [3], in a residential environment the overall path loss
residential area is defined as an area outside the high-f§ends very much on the real and imaginary parts of the tree
core of a city where the heights of the buildings or housd¥opagation constant. Finally, the shape of the cylinder of tree
are of relatively uniform height. A residential area may als@owns is modeled as an ellipse.
have trees whose canopies are adjacent to and above theollowing this approach, results are presented to charac-
buildings or houses. A PCS or WLL system is expected to hatgfize the effects of trees on the propagation loss in resi-
the base-station transmitters located close to the surroundd@tial environments for different grazing incident angles as
rooftops so that the propagation takes p|ace over the rooftow” as different separation distances between absorbing/phase
Theoretical models allow precise quantitative descriptions 8¢reens.
a residential environment in terms of parameters such as the

Index Terms—Propagation, urban areas, vegetation.

building heights, street widths, and type of trees in contrast to Il. TREE MODELING
the ambiguous nature of more conventional empirical models_ . )
[1. To find the mean field, the attenuation, and the phase delay

A theoretical model is proposed to include the effects (9; a partially absorbing phase screen, trees are modeled_as
trees as well as houses or buildings on the propagation I§4&Ccrete random ensemble of leaves and branches all having
in residential areas. As in past models [2], [3], the rowrescribed orlentat!on and_ I(_)catlon stapstms. Because of the
of houses or blocks of buildings are viewed as diffractingndomness ass:omgted W|th.|n the medium of discrete scatters,
cylinders lying on the earth and the canopy of the tre e wave behavior in atree_: is beFter represented by a mo_dern
are located adjacent to and above the houses/buildings.smChaStIC model [4]-[6]; this prow_des the basis for cqmputlng
this approach, a row of houses or buildings is representSlf mean field and the propagation constant. The integrated

by an absorbing screen and the adjacent canopy of tr&g@ct of the propagation constant over the tree volume leads to
expressions for the attenuation and phase delay of a partially

. . . absorbing screen.
Manuscript received March 25, 1997; revised January 20, 1998.
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Fig. 1. Incident plane wave on slab with thin discs and thin cylinders. x

Fig. 2. Leaf (thin-disc) orientation with respect to the slab.
circular lossy-dielectric discs and the branches as randomly
positioned finitely long lossy-dielectric cylinders. It is assumed

that the thin cylinders and the flat circular disc are distribute Vadic, andV is the volume of the disc. The induced field in

uniformly in azimuthal coordinates. The probability densities the disc can be found when the disc radius much greater

for the azimuthal coordinates and the polar coordinates gje ; . N . .
independent for the leaves as well as for the branches. Hgtgean the thickness of the dig@nd the disc is electrically thin

the azimuthal angle is defined in the plane perpendicular to dizet < 1, Wherekaise = koy/ler|. Here, the induced field

the slab. As shown in Eig. 1. we have three-lavered mediuvr‘ﬁthin the disc may be approximated by the electric field in an
with freé—space forr < Og.an,d z > d having ayfree-space unbounded slab having the same orientation as the disc. Under

- e ; this approximation, the electromagnetic boundary condition
permeability .o and permittivity<o. In the regiond < z < d, equiring the continuity of the tangential field components

we consider identical discs with a constant volume densi'g(/:ross an arbitrary interface can be emploved to show that
pa and identical cylinders with a constant volume denSi%e induced electri)c/: field within the disc ig gK/en by

p. within the slab of widthd. Each disc or cylinder has its

herey, = ¢, — 1 is the susceptibility of the disd, is a unit

volumeV,, and dielectric constant.. A free-space background . PR w ann Lo ol ik x) 3
medium is assumed in the slab. The interface between themd(X> @) = |4 — (- @)+ g_r(q'n)n © 3)
slab and free-space is considered smooth—not introducing any | . . .
reflections. wheren is the unit vector normal to the disc (as shown in

The calculation of the mean field in the canopy is obtainddd- 2)- Finally, the vector scattering amplitude is obtained by
by determining the dyadic scattering amplitudes of an argubstituting (3) into (2) and assuming that there is no-phase

trarily oriented thin disc and of an arbitrarily oriented thiy@riation in the induced field normal to the difkuisct < 1)
cylinder. and that the wavelength is greater than the radius of the disc

(A > a), we find that
A. Scattering Amplitude—Thin Disc

£(6.5,d) = xot [ T2 2(i—aa)
Assume that a plane wave of unit amplitude and polarization LU= Xr 2
q (hatted quantities are unit vectors) is incident upon the disc R Xr o
la— (h-q)n|. (4)

Ei(x, 61) — qeikg(i-x) (1)
. Note that the scalar scattering amplituflg can be obtained
wherei is the direction of propagation arid is the free-space by
propagation constant. The disc is assumed to have cross- I
sectional shape, a radiusa, a thicknesst, and a complex fra =P -1(6,1,9) (5)
relative permittivity ¢, throughout the disc. As is shown in
Fig. 2, the orientation of the disc is defined by the angle
with respect to the: axis and the anglé with respect to the
x axis.
From the radiation condition, the vector scattered amplitude Consider a plane wave as (1) to be incident upon a cylinder
f, as observed in directiob, can be related to the total electricof radiusa, length/, and complex relative permittivity, . As

field E;,q induced within the disc [9] as follows: is shown in Fig. 3, the cylinder axis is inclined by an angle
from the > axis and by an azimuthal angfefrom the z axis.

£(6,1,4) = @(T—é 6)~/ dx Eipq(x', §)e™* @) (2) To find the vector scattering amplitude using (2), we
v need to find the induced electric field within the cylinder. The

wherep is the scattering polarization in directiéh

B. Scattering Amplitude—Thin Cylinder
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dependence. The transition operator is related to the scattering
amplitude as shown in [7]. It should be noted that (8) differs
from the vector Helmholtz equation only because of the added
integral term arising as a result of the scatterers. The first term
of the right side of the equation is due to the source; if we
assume plane wave incidence then this term is equal to zero.
The second term on the right side of (8) is due to the scatterers
and is zero if there are no scatterers in the medium.

Now, consider a plane wave of unit amplitude and polar-
ization q is incident on the slab of scatters in the direction
as in (1). The incident plane wave makes an anglé; afith
respect to ther axis, as shown in Fig. 1. The mean field in
the canopy is obtained by solving the vector wave equation
(8) and can be written as

X <E(.’L’, 23 61)> — qeinw—ikg cos(6;)z (9)

Fig. 3. Branch (thin-cylinder) orientation with respect to the slab. where

. 2 A
induced field within the cylinder is found by using quasi-static ~ # = kosin(6;) + WT(H) > (DA D). (10)
techniques. Under this approximation, the electromagnetic 0 Yot

boundary condition requiring the continuity of the tangentiglere . is the propagation constant in thedirection of polar-

field components across an arbitrary interface can be emploY?thionq. ( (g(tl) (,1)) is the mean forward scattering amplitude

to show that the induced electric field within the cylinder ige; the scatterers orientation and the sum is over scatterer

given by type t. The solution reveals that to a first approximation, the
E ;oA 2 . e =1\ o | D 6 scattering amplitude is obtained in the forward direction, and
na (X', G) = e, + 14 + e+ 1 (q-B)E|e (6) because of the assumed independence of the distribptin

wheret is a unit vector directed along the cylinder axis aon the trqnsverse coordina’Fes, the mean field in t_he canopy
shown in Fig. 3. Finally, the vector scattering amplitude iBehaves like a pla_me wave in the trans_verse coordinates. It is
obtained by s.ub.stituting,(G) into (2). to obtain ﬁnportant to menyon that the propagation coqstant cannqt be

' calculated to a higher accuracy than to the first order, since

e ka\® - . the mean equation in the medium has also been found to
£(6,1,9) = l< 2 ) x-(I-60) this accuracy. The mean forward-scattering amplitude can be
[ 9 Yo @ i @ written as
: q+ q-r)r
Xr+2 Xr+2 <fq(2)(i7i)> — 2i /d&f,ﬁ?(i,i)p(e) (11)
where x,. = ¢, — 1 is the susceptibility of the cylinder and T
I is a unit dyadic. wherep() is the probability density function of the inclination
angle and it is assumed that the probability density of the
C. Mean Field azimuthal angle is uniformly distributed from O ta 2Because

The mean field in the canopy is derived by using th@fthe assumed azimuthal symmetry of the scatterers, the mean
multiple scattering theory of Foldy—Lax [4], [5]. The Foldywave of the vertical and horizontal polarizations do not couple
[4] approximation assumes that the total field incident o that no depolarization effects occur at the level of the mean
a scatterer is equal to the mean field. This approximati$ffVve.
requires that the fractional volume occupied by the scattersn general, the wave propagation constant in the canopy
be small in comparison to the total volunié of the canopy. has a real and imaginary component. This results from the fact

The vector wave equation for the mean field in the canopy #3at the scatterers have loss. The imaginary par gives the
given by [7] specific attenuation in nepers per meter or alternatively in dB

per meter and is given by

L (E(x) = g(x) + / dsp(s)

1

QB/m ~ 8.686 Img(k). (12)

X /dX/@(X —s,x —s)) - (E(X))  (8) The implication of the fact that the scatterers have loss is that
the mean field in the canopy decays in its respective direction

whereL = V x V x I — k31, p(s) is the density of particles of propagation. A measure of this decay is the skin defth
ats, andg(x) is equal toiwpoJ (x) whereJ(x) is the source jn meters defined by

current density and., is the free-space permeability. Also,
(t(x — s,x’ — 8)) is the dyadic transition operator of a particle d, = 1
located ats where the brackets means the average angular Img(r)

: (13)
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Fig. 4. Calculated tree-specific attenuation versus frequency for®airifident plane wave.
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Fig. 5. Calculated tree-specific attenuation versus incident angle for an incident plane wave at 900 MHz.

The importance of the skin depth is that whenever the thickave a radiuss = 5 cm and a thicknesg = 0.5 mm, a
ness of the slab is less than the skin depth we only needdielectric constant ok, = 26 + ¢7 [10], and a density of
consider the mean fields; otherwise, we may need to consiger= 350/m®. The branches are assumed to have a radius
the mean fields as well as the incoherent fields. In this analysis= 1.6 cm and a branch length = 50 cm, a dielectric

it is assumed that the incoherent field is small compared to thenstante, = 20 + 7, and a densityp, = 2/m®. The
mean field, therefore, it has been disregarded. probability density for the leaves and the branches in the
azimuthal coordinate is assumed to be uniformly distributed
from O° to 360C°. The probability density in thé coordinate is

) ] N ) dependent on vegetation type. For the branches and the leaves
The numerical calculation of the specific attenuation angdis considered to be uniformly distributed

the skin depth of a tree is given in this section. The procedure 1

is to specify the disc and cylinder parameters including their pe(6) =
respectively probability density distributions of the inclination b2 — 61
angle# and the azimuthal anglé. The specific attenuation where for the leavesf, = 180° and ¢; = 0° and for the

and the skin deptld, are calculated for different frequenciedranches, = 60° andf; = 0°. Finally, it is important to note

and for different incident angles. The leaves are assumedithat the relative dielectric constants of the leaves and branches

D. Numerical Results

(14)
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Fig. 6. Calculated skin depth versus frequency for & @fcident plane wave.
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Fig. 7. Row of houses and row of trees with its equivalent geometry.
Fig. 8. Geometry for a single elliptical tree/building configuration.

are frequency dependent [10]. In our analysis constant values .
for the permittivities of the leaves and the branches have _ ] )
been assumed, because the permittivities of the leaves anxténding the method of Walfisch and Bertoni [2], a the-
the branches do not change much between 800-2000 MHZLretical approach is introduced to account for trees in the

Fig. 4 shows a plot of tree-specific attenuation versus frBtopagation loss in residential areas. As in the past model
quency for both incident polarizations. It is seen that tH&l, [3]. & row of houses or block of buildings is viewed as
specific attenuation for vertically polarized waves is highek diffracting cylinder lying on the earth, with the canopy of
than for horizontal polarization. The reason lies in the statid-row of trees located adjacent to and above the buildings.
tical distribution of leaves and branches in reference to tig&cause of the small grazing angle between the incident field
angle of incidencd; of the plane wave. In Fig. 5, we plot theand the rooftops of the buildings, the buildings are modeled
specific attenuation of a tree versus the angle the incident pl@seperfect absorbing screens and the trees, which are adjacent
wave makes with the slab interface for both polarizations. 1 and above the buildings, are modeled as partially absorbing
is observed that for incident angles betweefi 8ad 90, the phase screens. The properties of a partially absorbing phase
specific attenuation changes very little. screen were derived in Section II.

Fig. 6 shows a plot of skin depth versus frequency for both PO is used to compute the fields diffracted by a series
polarizations ford; = 90°. The importance of the skin depthof absorbing/phase screens, as shown in Fig. 7. The ab-
is that whenever the thickness of the tree is less than the skrbing/phase screens lie in thez plane, the height of
depth we only need to consider the mean fields; otherwighe absorbing screens above theaxis is h, the separation
we may have to consider the incoherent field as well as tbstance between screens ds the origin coincides with
mean field. the first screen, and the phase screens are located above

M ULTIPLE BUILDINGS AND TREES FORMULATION



TORRICOet al: MODELING TREE EFFECTS ON PATH LOSS IN A RESIDENTIAL ENVIRONMENT 877

[=NoTree
- Elliptical Tree -
- Elliptical Tree a=4m, b=4m|--

10 20 30 40
Receiver Height (m)

Propagation Loss Relative to Free Space Loss (dB)

Fig. 9. Calculated height gain curves for 20 buildings/trees at the mobile receiver, fét m@0@ent plane wave, and 50-m distance separation between
buildings/trees at 900 MHz.

and to the left of the absorbing screens. The method usé@ note from (16), that the mean field! («/, ")) at the

to find the field in successive apertures is based on thperture of the: absorbing/phase screen is composed of two
multiple Kirchhoff-Huygens integrations. The mean field iterms; the first term is the phase change and attenuation due to
the aperture of the first absorbing/phase screen configuratiba tree and the second term is the field incident on the aperture
is assumed to be that of a unit-amplitude time-harmonic The effect of phase change due to propagation through the
exp(—iwt) plane wave with polarizatiog and incident angle trees is like that of a lens where focusing can occur. The
6, as in (1), multiplied by a factor giving the attenuation andmaginary part ofs causes attenuation of the signal.

phase delay of the mean field as a result of going throughln general, the integral of the mean field, 1(z, z))

the first phase screen that is located adjacent to and abovea@@not be carried out in a closed form and we must resort to
first absorbing screen. The mean field incident on the apertiiémerical techniques, keeping in mind the need for reasonable
of any other absorbing/phase screen is found by integratidgcuracy and realistic computational time. In developing a
over the previous aperture the product of the mean figlyimerical approach as in [2], it is necessary to convert the
illuminating the previous aperture, the change in the me&ANtinuous integration into a sum of terms, where each term
field as a result of going through the phase screen, and fR@resents an approximation to the integral over a small
far-field two-dimensional free-space Green’s function. Thigterval. The mean field given in (15) is rewritten as

process is repeated up to the mobile receiver. Thus, the mean Vi 2y g

field (E,11(x, 2)) in the aperture of the + 1 absorbing/phase (Bnt1(z,2)) = /} Ap(a’, )" " de (18)
screen or at the location of the mobile receiver, where '

{1, N} and N is the number of absorbing/phase screens c¥ftere

oo

kx 2 e i% o,
be found from A2y = — a0 2 ¢ (B (', 7)) (19)
k 2 > ethop 2 Vo /P
0 3
(Bnsi(z,2)) = =74 vl /h (B (2'.2)) NG d and
(15) P(a’, ') = —kz0” + kop (20)
where (E’ (z',72')) is the mean field at the aperture of thavith k.o = ko cos 6;. In order to evaluate the mean field (18)
previousn absorbing/phase screen and is given by numerically, we convert the continuous integral into a sum
of terms, where each term represents an approximation to the
(E.(z', 7)) = ko) (B (57 2')). (16) integral over a small interval. First, we divide the integration

aperture intoM intervals of Az’ such that the mean field in
Here, w(z') is the width of a tree at different heights abovéhe(_x’ z) plane on the:+ 1 aperture or at the mobile receiver
the absorbing screen, is the propagation constant in the tredS 9iven by
given by (10), and m=M
(Epgi(z,2)) = Y MEL(,2)) (21)
p=(e—a)?+(z—2)>2 (17) m=0
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Fig. 11. Propagation loss relative to free-space loss at the top of the absorbing screens versus number of screens for a incident plane wate of differen
incident angles and 50-m distance separation between buildings/trees at 900 MHz.

where this problem is to add an absorbing region above the maximum
2 ‘ altitude of interest [11] where the field is attenuated smoothly
A(E (2, 2)) = / Az, 2)e =) gy (22) to zero. In the calculations we have used a Hamming window

in the absorbing region.
and

, , A. Numerical Results
Zy = MAZ + h.

In the previous sections, expressions were derived for the
Then, by using the first two terms of a Taylor series expansifield incident on a mobile receiver or on successive absorbing
for A.(2',2") and for ¢(2’,2') and integrating over the edges. The numerical calculations of the propagation loss
interval mAzZ" < 2/ < (m + 1)AZ" in a closed form, we relative to free-space loss is given in this section. The canopy
find the solution of the mean field,, 1 (x, 2)). of the trees is modeled as having an elliptical shape, with a
In addition, the sum in (21) must be finite, which means thatinor axis equal ta: and a major axis equal ta The minor
the field must be artificially limited in the axis. However, an axis of the ellipse is parallel with the axis and the major
abrupt truncation of the field will result in strong reflectionsixis is parallel to the: axis. The elliptical shapes of the tree
from the nonphysical upper boundary. A practical approach ¢tanopies have their centers at the tops of the buildings and
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Fig. 12. Propagation loss relative to free-space loss at the top of the absorbing screens versus number of screens for a incident plane wate of differen
incident angles and 33-m distance separation between buildings/trees at 900 MHz.

are located: meters to the left of the buildings; the heights ofields continue to decrease wiffi. This behavior is similar to
the trees aré meters above the buildings as shown in Fig. 8hat found previously for buildings alone. After ten rows the
The electrical characteristics of a tree are given in Section Wider trees are seen to give 4-5 dB more path loss than the
The buildings have a height of 8 m, a separation distanbgildings by themselves.
between buildings of 50 m, and a 20 m distance separation
between the last building and the mobile receiver as shown in
Fig. 7. All the results that follow are based on an incident plane A theoretical model has been developed to compute the
wave of unit amplitude at 900 MHz. Throughout the numeric&iath loss in a vegetated residential environment for mobile
calculations, it is assumed that the propagation constant of figplications. The model shows the effects of trees on the
trees does not change with the tree heights. propagation loss and identifies those physical properties of
In Fig. 9, we plot the propagation loss relative to free-spaé'ée trees that are significant in computing their propagation
loss as a function of height at the mobile receiver after ZPnstant. These properties include the probability density
rows of buildings (solid line), after 20 rows of buildings/treeé“”c'“ons of the scattgrers, .the electrical characteristics of the
with tree canopy dimensions = 4 m andb = 4 m (dashed Scatterers, and the dimensions of the scatterers.
line) and after 20 rows of buildings/trees with tree canopy
dimensionse = 2 m andb = 4 m (dotted line). For these
calculations, the plane wave was taken to be propagatingl Y- Okumura, E. Ohmori, T. Kawano, and K. Fukuda, “Field strength
. . and its variability in VHF and UHF land-mobile radio servicdRev.
along thex axis (6, = 90°). The corresponding results for Elect. Commun. Labvol. 16, pp. 825-873, 1968,
an oblique plane wavéd; = 89.5°) are shown in Fig. 10. [2] J. Walfisch and H. L. Bertoni, “A theoretical model of UHF propagation

; : ; in urban environment,1EEE Trans. Antenna Propagatvol. 36, pp.
It is observed that both figures show the interference patterns 1788-1796, Dec. 1988,

for different sizes of trees in the shadow region of the lasfs] s. A. Torrico, H. L. Bertoni, and R. H. Lang, “Theoretical investigation
building/tree configuration. Note, that as we double the width ~ ©f fo"agﬁ eﬁeCﬁS ‘l)”cpatfh '055 f0f8f%5id%fgga' environments, Pioc.
. . . IEEE Veh. Technol. Confpp. 854-858, 1 .
of the trees the interference pattern in the shadow region ge_[tﬁ L. L. Foldy, “The multiple scattering of wavesPhys. Rey.vol. 67,
more severe, because the effects of trees on the propagation no. 3, pp. 107-119, 1945.
loss is like that of a lens where focusing and defocusing effecté! 'r\]"(') ﬁ' ";‘J' Zg";*_'galg Slcg‘sttle””g of waves,Rev. Mod. Phys.vol. 23,
occur. Comparing Figs. 9 and 10, we see that by changing the v. Twersky, “Multiple scattering of electromagnetic waves by arbitrary
incident angle of the incident plane wave, we shift each of the = configurations,'J. Math. Phys.vol. 8, no. 3, pp. 589-610, 1967. =
1 R. H. Lang, “Electromagnetic backscattering from a sparse distribution

curves, but not by the same amount. of lossy dielectric scatterersRadio Sci, vol. 16, no. 1, pp. 15-30, 1981.

Figs. 11 and 12 show the propagation loss relative to freds] N-bS- CTG}uhan,"R- H. Lang, and K. J. Ranson, “Radalr modeling of
space loss at the top of successive buildings with and without ¢,> s j’ﬂf;tlégf'z Trans. Geosci. Remote Sensingl. 29, pp.
trees. The results in Fig. 11 are for the same geometry usgg D. M. LeVine, R. Meneghini, R. H. Lang, and S. S. Seker, “Scattering
to obtain the results in FigS. 9 and 10. whereas the results in from arbitrary oriented dielectric discs in the physical optics regime,”

. . . . J. Opt. Soc. Amervol. 73, pp. 1255-1262, 1983.
Fig. 12 were obtained assuming= 33 m instead of 50 m. [10] C. Matzler, “Microwave (1-100 GHz) dielectric model of leave&€EE

For the oblique plane wav®); = 89.5°), after 10 rows the Trans. Geosci. Remote Sensingl. 32, pp. 947-949, Sept. 1994.

. . 11] S. A. Torrico, “Wave propagation modeling in the troposphere using the
fields at the tops of the buildings vary by less than 1 dB. As [S Fourier split-step method,” Master’s thesis, George Washington Univ.,

to be expected, for incidence along thexis (6, = 90°) the Washington, DC, 1992.

IV. CONCLUSION

REFERENCES



880 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 46, NO. 6, JUNE 1998

Sail A. Torrico (M'93) was born in Cochabamba, Henry L. Bertoni (M'67-SM'79-F'87), for photograph and biography, see
Bolivia. He received the B.S. and M.S. degreeshis issue, p. 863.

in electrical engineering, in 1983 and 1992, re-

spectively, and the Ph.D. degree in electrophysics

in 1998, all from George Washington University,

Washington DC.

Dr. Torrico joined Comsearch, Reston, VA, in
1985, where he is currently Senior Technical Con
sultant. Since 1985 he has been responsible fc

Roger H. Lang (S'66-M'68—-SM’'86—F'89) re-
ceived the B.S. and M.S. degrees in electrical
engineering, in 1962 and 1964, respectively, and

the Ph.D. degree in electrophysics, in 1968, all from
the Polytechnic Institute of Brooklyn, NY.

From 1963 to 1964, he worked at Bell Telephone
Laboratories, Murray Hill, NJ, on satellite antennas.
From 1969 to 1970 he did postdoctoral work
on wave propagation in random media at the

directing Comsearch’s efforts in research and de
velopment in the areas of radio-wave propagatior
system design for applications pertinent to mobile communications, n
crowave communications, and satellite communications systems. Betwi
1990 and 1992 he was selected as a Lead Engineer to develop a worksta
based microwave frequency management software package for a U.K. pers . . -
communication network (PCN) carrier as well as for a Germany cellul $ot|1(reant_ |nst_|tut% (f)f M_at_h_emaélcal Sc\|/(\e/nc§_, New

carrier. Since then, the software package has been considered a standard . York University, betore joining George Washington

in Germany and is used in several European and Latin American countr versity (GWU.)' Wa_lshlngton, DC. Heis nowa Professor in the Department
to design personal communication system design and microwave syste .Iectrlcal Engineering and Cor_nputer Science at GWU. F_rom 1984,“) 1988
Between 1983 to 1985 he designed and implemented AM, FM, TV, antf Served as Department Chairman. He has worked with NASA's Land
cellular systems. He teaches radio-wave propagation modeling and ra [gcesses Group in developing microwave discrete scattering models of

network planning for mobile systems. He has published articles on tHSgetation. . . . .
p 9 y P Dr. Lang is an Associate Editor for the IEEE Geoscience and Remote

topic of outdoor radio-wave propagation. His current research topics inclu . : : . : h
P propag p gféwsmg Society Microwave Scattering and Propagation. He was co-chairman

wave propagation in natural and urban terrain, radiation and scattering, w he Technical P c - for the | ional G - d
propagation in random media, and spectrum management techniques. of the Technical Program Committee for the International Geoscience an
II§em0te Sensing Symposium, College Park, MD, in 1990.

Dr. Torrico is a member of the IEEE Antenna and Propagation Socie
the Vehicular Technology Society, and the Geoscience and Remote Sensing
Society. He is a member of both the American Geophysical Union in Radio
Science and the National Spectrum Management Association.




