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Urban Radiowave Propagation:
A 3-D Path-Integral Wave Analysis

Costas C. Constantinoember, IEEE and Ling Chuen Ong

_Abstract— A discussion concerning the need for three- [9] that propagation modeling over short distances (and for
dimensional (3-D) urban radiowave propagation models is antennas situated within the environmental clutter) needs to
presented and followed by a review of previously published o 3.p |t is also frequently asserted [9] that propagation

work on this topic using the asymptotic path-integral technique. latively | dist tvoicall ft
The limitations and advantages of this technique are explained over relatively long distances typically ocCurs over roorops,

and it is applied to study diffraction by a small number of SO it is predominantly 2-D great circle path energy transport.
canonical geometries. The validity of this technique is verified by As the distances of the significant co-channel interferers in
comparison with controlled laboratory measurements taken at g microcellular scenario are likely to fall between the above
millimetric wave frequencies. Finally, its ability to classify field 5 extreme cases. the need arises for fully 3-D propagation

components according to their distribution in space is employed - . L
in order to analyze the observed field strength distributions in models that do not makepriori assumptions about significant

the model environments. energy transport paths.
In this paper, we present a full-wave analysis tool for

studying 3-D diffraction problems in urban areas. The tool is
not intended to be a fully fledged propagation prediction tool;
|. INTRODUCTION instead, we use it in order to classify the relative magnitudes

LARGE number of radiowave propagation models ar_%f fie_lds that inte_ract with various geometrical features of
Atwo-dimensional (2-D) great circle path models [1], [2]|_de<'_s1l|sed 3-D _obJects. _The work pres_ented here represents
Such models mainly predict median field strength as a functigfl ImpPortant first step in the systematic development of 3-D
of radial distance from the base station. Both empirical afjoPagation models. o _
deterministic propagation models specific to urban cellular 1€ Paper is conceptually divided into three parts.
mobile radio are undergoing an evolution from being 2-ections Il and Il summarize the asymptotic path integral
[1]-[3] to simulating propagation in three dimensions [4]_[6]t_echn|que and its gpphcatlons and spell out its limitations and

The gradual decrease in cell dimensions geared towdtdvantages. Sections IV, V, and VI present the theory and
accommodating higher mobile telephony user densities I.%@ulatllons, brlefly describe t.he experiments, and d|scus's the
lead to the proposal of employing microcells with base stati¢gsults in detal'l. Finally, Section VIl presents the conclusions
antennas located well within the local environment [7]. Thdrawn from this work.
location of the base station antenna below the local building
rooftops implies that the field strength dependence can no
longer be adequately described in terms of a single radial
distance variable since the streets have a fairly strong guid-
ing effect. The models predominately used in microcellular The technique we choose to adopt to model 3-D radiowave
propagation are based on ray-optical techniques [4]-[6]. Theg@pagation is the asymptotic path-integral technique [10],
models tend not to be fully three-dimensional (3-D) as théyhich is known to be equivalent to the scalar Fres-
either neglect propagation over rooftops [6] or additionallfel-Kirchhoff diffraction theory [11]. Details of the asymptotic
consider great circle path propagation over rooftops [4] bpath-integral formalism are given in Eliades [10] and Ong and
neglect off-great circle path propagation. Constantinou [12] and will not be repeated here for the sake of

Microcellular mobile radio system designers will in futurddrevity. The computational aspects of the use of the asymptotic
require accurate estimates of carrier to co-channel interferer@éh-integral technique are dealt with in a separate paper [13].
ratios in order to design interference-limited high-capacity e summarize here some important results and conclusions
mobile radio systems. The impact of prediction uncertaingfiginally presented at the fifth IEEE International Symposium
in both the carrier and co-channel interferer field strengg Personal, Indoor, and Mobile Radio Communications by the
has been recently quantified by Kosdtial. [8]. It is known authors [14] in order to demonstrate the large discrepancies

that can arise in modeling 3-D diffracting obstacles by equiv-
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attenuation function provided each knife edge is of théividual spatial domains renders this method an excellent

same height and is placed at the center of each plateesearch tool which can, in principle, be used to determine
2) Modeling finite-width cascaded plateaux by finite-widtlthe validity of 2-D [2] or limited 3-D [4], [6] propagation

knife edges can give rise to significant errors in thmodels.

calculation of the attenuation function, provided the field

strength that diffracts over the top of each obstacle is

within two orders of magnitude of the field strength V. SIMULATIONS

that diffracts around its sides. The equivalent knife-edge the attenuation function for generic multiple piecewise-
modeling errors were found to be as high as 20 dB Banar 3-D obstacles described by + 1) segments along

the cases examined. _ _ the direction of propagation (here chosen to beuttaxis) can
3) In environments where the transmitter—receiver sepda \yritten as [21]

rations are typically small or at least comparable to

obstacle widths, propagation models need to be 3-D M(N + 1;0)

order to produce reliable predictions. 1N
%2_] i

(yN41—Y0)2+ (e n41—20)2
2(eN41—%0)

(Ent1 = @) ik

. . J
As a consequence, it can be seen that the cascaded knife-edg
diffraction models of the macrocellular urban environment [2],

[15] must be used with care as any approximately radial road ! ! N ! ! N-1,_
X Z Z pzn:Omn Z Z pIEnzlmn
=0

N (@i — )

gaps in the skyline close to the great circle path are likely
to be ignored in the modeling process and lead to significant
prediction errors. The modeling errors are likely to be even

) . . . ) X dyn dzn ... dyy dz
more severe in the microcellular scenario, but this remains to S 5,

be proven. GYN Wng 1 +Meyn)® = ama fnl G g1 +My ) =4l gl
IRy —0 2(%pt1—%n)

my=0 mo=0 m,’lz()

1
I1l. L IMITATIONS AND ADVANTAGES OF THE (1)

ASYMPTOTIC PATH-INTEGRAL TECHNIQUE where the surface of integratiofi, is carried out over the
The asymptotic path-integral technique used in this wodeea not blocked by the presence of the obstacles. In the
possesses a number of limitations and advantages that shalildve equationy,, is they coordinate of a possible vertical
be borne in mind when examining the results we discuss dilscontinuity in thenth aperture plane of the piecewise-planar
this paper. Therefore, a short outline of these is presented hemefile, v, is similarly the horizontal discontinuity, and
The path-integral technique was originally developed by
Feynman [16] as an alternative interpretation of nonrela- M,
tivistic quantum mechanics, but has since found widespread f,, = Wy, 11 Yn + Wi Yn 1 — Wy W11 (2)
applications in many other areas of physics [17], including
electromagnetics [18], [19]. However, its domain of validity is
restricted by the paraxial approximation [20], and in taking int6he reflection coefficient at the vertical faces (depends on
account the polarization dependence of reflection coefficiemtsosen polarization) is denoted pywhile the corresponding
as well as real material boundaries heuristic extensions neetlection coefficient for horizontal faces is denoted fy
to be made to its formulation [10], [21]. The separable nature of the integrals in (1) implies that
The asymptotic version of the technique [10], [21] is knowprovided the limits of integration are chosen appropriately,
to suffer from the same formal inconsistencies and limitatiortise integrations over the sets of variablgs and z, can be
as Fresnel-Kirchhoff diffraction theory [22], but its predictiongvaluated separately, each as a single one-dimensional integral
were found to produce very good agreement in comparisondescribed in detail by Ong [21].
detailed laboratory measurements at microwave frequencies$electing each integral in the multiple summation above
[21]. Finally, the asymptotic path-integral technique has onbgorresponds to selecting the field component interacting with
been applied to piecewise planar 3-D obstacle diffraction attie appropriate combination of boundaries, as becomes evident
the aperture field integrations the technique requires needbtothep andp’ factors multiplying the above integral (see for
be performed along planes which are coincident with the facesample [12]). On the other hand, segmenting the apertures
of the objects. This final requirement renders the method vef¥; } into smaller apertures yields field components that prop-
difficult to automate. agate in specific spatial regions (e.g., over the top of obstacles
The advantages of the asymptotic path-integral technigae around the sides).
are also considerable. The ability to count both ray-optical Four distinct 3-D scattering geometries have been simulated
paths as well as apertures provides a more natural framewuaiikh a fixed transmitter and a mobile receiver. The geometries
(albeit not unique to this technique) in which to describand receiver trajectory are shown in Figs. 1 and 2. The field
guantitatively field interactions with individual segments ofomponents are defined such that the “top” field component
the object surfaces and energy transfer over individual apes-the one propagating in the infinitely wide apertures above
ture segments, examples of which will be presented belothe obstacle heights, while the “side” field component is the
The ability to readily describe energy propagation over irene propagating in the infinitely high apertures above the

=2m, —1;, M, =2m/, —1;, my=mly =0

n = Un,+1 Zn + Un,zn,+1 - vnvn—H .
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Fig. 1. Path geometry for the nonline-of-sight model (boldface lines indicate single obstacle scenario).
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Fig. 2. Path geometry for the line-of-sight model (boldface lines indicate scenario with single row of obstacles).

ground and to the left or right of each finite-width obstacléransmitter and the first aperture, reflected energy off a (side)

The quadrant-shaped aperture which exits to the side amlindary between the two apertures and direct transport of

above the obstacles is common to both definitions and @gergy between the second aperture and the receiver.

not counted twice when the total field is computed. It is

precisely this component that is ignored in some limited 3-D V. EXPERIMENTS

diffraction models [4] and can potentially give rise to errors. _ _ - : :
e . . . The experiments are carried out at millimetric frequencies

The further classification in terms of interactions is such that T .

In the laboratory using idealized obstacles. The obstacles and

direct (denoted by “d” in subsequent figures) refers to the field .
. , o . ground plane are constructed from aluminum sheets and the
component that is independent pfand ¢/, while interacting

o } Féopagation range is surrounded with microwave absorbing
or reflected (denoted by “r" in subsequent figures) refers [Q.terial (Eccosorb VHP 8-NRL) to suppress unwanted energy

the field component that depends prand/ory’. scattering from the outside environment. A 30-GHz continuous
Thus, a caption term in Figs. 3-6 such as sl(d, r, d) Jgave signal is transmitted through+el8.2 dBi A-band horn

a shorthand notation for the field component correspondiagitenna. The receiving antenna is an open-ended single-mode

energy transport on side 1 of the obstacle (the left-hamectangular waveguide having a boreside gaint+@&:.2 dBi.

side) where there is direct transport of energy between thhe measurement accuracyid dB throughout, and both the
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one box 25 wavelengths wide.
a0=185 wavelengths, al=15 wavelengths, a2=96 wavelengths.
transmitter height=11.5 wavelengths, receiver height=5 wavelengths.
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Fig. 3. Attenuation function for one box of 26width for transmitter height of 11.5 with the receiver moving in the transverse direction (nonline-of-sight),
(t: top; sl: left side; s2: right side; d: direct, r: reflected fields).

two boxes 25 wavelengths wide.
a0=155 wavelengths, al=a2=a3=15 wavelengths, a4=96 wavelengths.
transmitter height=11.5 wavelengths, receiver height=5 wavelengths.
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Fig. 4. Attenuation function for two boxes of 25width for transmitter height of 11.5 with the receiver moving in the transverse direction (nonline-of-sight),
(t: top; s1: left side; s2: right side; d: direct, r: reflected fields).

measurements and simulations are normalized with respecttmstant at 11.5\ throughout. Since the height of all the

free-space field strength. obstacles used is 20, the experimental setup corresponds
Vertical polarization is adopted in the experiments for whicto the microcellular environment in which the transmitters are

p = 1l andp = —1. The height of the transmitter is keptlocated below the rooftop level of the surrounding buildings.
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two boxes 25 wavelengths wide.
a0=185 wavelengths, al=15 wavelengths, a2=96 wavelengths.
transmitter height=11.5 wavelengths, receiver height=5 wavelengths.
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Fig. 5. Attenuation function for two boxes of 26width for transmitter height of 11.5 with the receiver moving in the transverse direction (line-of-sight)

(ns1: near/inner side of left box; fs1: far/outer side of left box; ns2: near/inner side of right box; fs2: far/outer side of right box; d: direettedriédlds).

four boxes 25 wavelengths wide.
a0=155 wavelengths, al=a2=a3=15 wavelengths, a4=96 wavelengths.
transmitter height=11.5 wavelengths, receiver height=5 wavelengths.
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Fig. 6. Attenuation function for four boxes of 26width for transmitter height of 11.5 with the receiver moving in the transverse direction (line-of-sight)
(ns1: near/inner side of left box; fs1: far/outer side of left box; ns2: near/inner side of right box; fs2: far/outer side of right box; d: direettedridlds).

The receiver height is 5 above the ground plane and its VI. DISCUSSION OFRESULTS

trajectory is shown in Figs. 1 and 2; it extends fretB0A 0 The transverse movement of the receiver both in the
50 A along the perpendicular to the line of symmetry, locatéthe-of-sight and nonline-of-sight scenarios depicted in
at a distance of 298 from the transmitter. Figs.1 and 2 will be examined in this section. The
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geometric arrangement details were described in the lasersection. The attenuation function for two 25wvide and
section. 15-A-long plateaux positioned symmetrically on either side of

The attenuation function normalized with respect to freg¢he central propagation path is shown in Fig. 5. The dominant
space for a box of 25 width and 15X length positioned field components in the lit region are the direct and ground-
symmetrically about the central propagation path is showaeflected ones. As the receiver moves out of the shadow region
in Fig. 3. In this arrangement, the leading face of this boxand into the lit region, the contributions arise mainly from the
shaped obstacle is 186from the transmitter. The agreementnterference of all the side-diffracted path components.
between theory and measurement is excellent (rms error ofThe agreement between theory and measurement is good.
1 dB). The field strengths relative to the free-space fielthe receiver is still in the shadow region up to receiver
strength are also plotted in the figure for the main top paffositions at+51.8 A for the 25-A-wide plateau arrangement.
components. This class of path components must be includadthis region, the depths of the ripples are small and the
in the calculations of the attenuation functions for the plateguedictions agree well with the measurements (rms error of
models as in certain locations (e.g., shadow region) they && dB).
well within a few decibels of the side-diffracted signals. The The single row of plateaux is now extended to two rows. The
side path components propagating directly across and refledighsmitter is now 155 away from its nearest plateau. The
off the sides are also plotted in the graphs. The total attenuatiwess-diffracted components between rows of plateaux were
function is characterized by small ripples in the shadow regimeglected because of their significantly weaker field strengths
due to interference between the various field componerfly at least 30 dB compared to all other components). The
and the side-diffracted field components possess the familitenuation function for the two rows of 26wide plateaux
Fresnel function form as the receiver moves into the lit regiois. plotted in Fig. 6. The total field strength in the shadow
In the latter location, the contributions arise principally froniegions is observed to be much higher than that for the single
the side-diffracted path components from the plateau edgesw of plateaux arrangements. The receiver now has to travel
nearer to the receiver. At receiver positions 620 X for a longer distance before it enters into the lit regions. For
the 25A-wide plateau, the vertical side faces of the boxedistances betweet66.8 A for the 25A plateau arrangement,
are in the first Fresnel zone. At these receiver positions, ti receiver can be seen to still be in the shadow regions. The
path components arising from the vertical face of the plateagreement between the predictions and measurements remains
furthest from the receiver can be ignored as these are ma@epd (rms error of 3.3 dB).
orders of magnitude weaker (by at least 25 dB) than the
components diffracting from the nearer plateau face.

In similar simulations for a knife edge (not presented VII. SUMMARY AND CONCLUSIONS

here for brevity) there exists only one dominant side-field The asymptotic path-integral technique has been applied
component in the lit regions (there is no interacting sidgccessfully to the study of diffraction from 3-D idealized
component). The top ground-reflected field components &gstacles and its prediction accuracy has been verified ex-
found to be significantly weaker than the equivalent t0Perimentally.
interacting field components in the case of the plateau. Thisp prief review of diffraction by cascaded 3-D obstacles
results explain the inconsistencies in modeling plateaux Byd their representation in terms of equivalent knife edges (of
knife edges reported in [14]. both infinite and finite width) has lead to the conclusion that
The single plateau problem is now extended to that gf accurately modeling radiowave propagation in the urban
two rows of 20A-high plateaux by adding a second identicaényironment, 3-D diffraction processes need to be considered
plateau between the first one and the transmitter. The dista@g@ncmy_
from the transmitter to its nearest plateau illuminated face isThe ability of the asymptotic path-integral technique to
now 155\. The top path components that interact with thgimultaneously distinguish between field-component spatial
top of the second plateau and those that are ground-refleciigglributions as well as interactions has also been demon-
between the plateaux are not shown in Fig. 4, as their fiedgtated. Therefore, the potential value of this technique as a
strengths are significantly lower than those of the main tgBsearch tool to be used in identifying dominant propagation
path components. Likewise, the side path components tigkhs in the urban environment and thus enhancing our under-
interact with the side of the second plateau and those that gfgnding of propagation mechanisms now becomes evident.
cross diffracted between the plateaux are also neglected for igh insights into propagation mechanisms can potentially
same reason. Once again, the contributions are primarily dugdgd to the development of efficient and accurate 3-D urban
the side-diffracted path components arising from the platepatiiowave propagation models, which will be essential for the

face nearest to the receiver as it moves into the lit regiolanning of high-density mobile telephony services. Research
The disagreement between predictions and measurementg,ithis area is ongoing at Birmingham University, U.K.

the region of deep nulls results in relatively high-error sta-
tistics (rms error of 3 dB). This is due to the fact that we
have neglected the weak components described above in our
simulations. Otherwise, the agreement is very good elsewhereThe authors would like to thank the Radiocommunications

The line-of-sight scenario depicted in Fig. 2 is examinefigency and Defense Research Agency for the long-term loan
next. This layout is a simplified representation of a streef equipment.
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