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Prediction of Multipath Delay Profiles in
Mountainous Terrain

Peter F. Driessersenior Member, IEEE

Abstract—Measurements of the complex impulse response of A
900 MHz radio channels in mountainous terrain in British Co- g,
lumbia, Canada, are used to quantify values for the normalized dA;,
scattering cross sectionr® for mountains covered with evergreen P
trees. The bistatic radar equation is then used in a propagation “é#*
model to predict characteristics of the impulse response in similar
terrain from topographical data.Three-dimensional (3-D) propa- 8, &
gation models for mountainous areas are important, because such
areas stress to the limit the multipath handling capabilities of most
air interfaces. o is related to a more fundamental characteristicy G
of the surface via Lambert’s law. The measured value ofy is -21.1 T
+ 2.9 dB, which s similar to some of the very few other values found 7cell
in the literature. Using this value of v, the predicted multipath B
delay profiles correspond well with measurements. The results can .
be used to predict complex impulse responses in mountainous ter-
rain which may be convolved with a simulated data stream to pre-
dict error rate, outage or other aspects of wireless system perfor- 7elev

Thoriz

Slope area.

kth patch of area.

Area of kth patch of ared),.

Angle of incidence relative to normal éth surface
element.

Angle of reflection relative to normal dfth surface
element.

Receive antenna gain.

Transmit antenna gain.

Range cell size.

System bandwidth (20 MHz).

Speed of light.

Horizontal distance of slopd.

Vertical distance of slopd.

mance. 778, base  Distance from transmittef’ to base of slope.
: . . , 2 Distance form transmittef’ to top of slope.
Index Terms—Mountainous terrain, multipath delay profile, 2P . b otsiop
TSR base Distance from base of slope to receiver

multipath prediction, propagation measurements, radio propa-
gation, reflectance, scattering, scattering cross section, wireless”sR, top

Distance from top of slope to receivar.

communications. Ttace Length of slopeA.
T Horizontal width of slopeA.
NOMENCLATURE 0 Bea_rr_1width illuminating slopet.
L° Additional loss due to slope angle.
T Transmitter. v Reflectivity of surface.
R Receiver.
SO Scatterer. I. INTRODUCTION
g gg;g‘;l;ﬁ:dcfgsaétggggozross section. ELITULAR radio signals are subject_ to m_ultipath. propa-
L(0) Propagation loss of dire(':t path. ga‘uop caused by spatterlng from ijects in the vicinity of
L(t) Propagation loss of path delayed by thg transmitter _apd receiver. Ir] mountainous terral.n, the moun-
L(t) Measured propagation loss of path delayed by tains may be visible (line-of-sight) to both transmitter and_ re-
h(t) Channel impulse response. ceiver and act as Iarge_ref_le_ctors. The resulting _multlpath s!gnal
Pr(t) Power transmitted at time cpmponents may be S|gn|f|_cantly delayed relative to the direct
Pa(®) Power received at time signal, gnq .spread. over awide range of delays. The performance
PR; Noise power and reliability of digital cellular systems may be adversely af-
N Signal-to-noiée ratio fected by such delayed signal components.
f’" Distance from transr.nitteT to scatterers The multipath propagation characteristics can be quantified
TTS Distance from scatteref to receiverit ' by measuring the impulse response of the radio channel [1], [2].
TSR Distance from transmitteF to receive.rR The impulse response data (complex and time-varying) can be
QTR Beamwidth of antenna & ' used to predict the performance of a digital cellular radio link.
QT Beamwidth of antenna af. Various parameters such as the profile width, rms delay spread,
eR min Oy, O ' and delay interval [3] can be calculated from the measured im-
9. Angle c;f inc.:idence relative to surface normal. pulse response samples,_and u_sed as an indicator_of potential
</>Z‘ /2 — 6; trouble spo_ts. The three-dm_’nensmnal (3-D) propagation models
’ v . : for mountainous areas are important, because such areas stress
0, Angle of reflection relative to surface normal.
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to the limit the multipath handling capabilities of most air inter-
faces.
The need for costly measurements would be greatly reduced

aloy using a propagation model which can predict the impulse

response or some of its parameters from a topographical map
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of the radio link. Most outdoor propagation models used fan [4], [5], [10]-[12], [17], and [23] based on the bistatic radar
coverage prediction in mountainous terrain are two-dimensioregjuation
(2-D) models, i.e., they consider only the direct (shortest) path

. . 2
between transmitter and receiver (thus assuming that the im- L(¢,) = Pr(t = (rrs +rsr)/c) _ ;‘2" 5 (1)
pulse response is a delta function), and predict the attenuation Pr(t=0) (4m)*r7s75R
(loss) on this path. Other environments do have better modglgere
e.g., [7]- To the author’s knowledge, none of the commercial ) wavelength:
propagation models and software are 3-D models which con-; scattering cross section of the target;
sider indirect or delayed paths in addition to the direct path, andp;. P, transmitted and received powers;
thus cannot predict the impulse response along with the path-,.. rsr. rrr  transmitter/scatterer,  scatterer/receiver,
loss. and transmitter/receiver path lengths.

However, several papers, as cited below, have adoptedrw@thermoret, = ry/c with ry = r7s + rsr — r7r is the
model using the bistatic radar equation and the concept refative delay between direct and delayed pathstard 0 is
normalized scattering cross sectiof of the mountain slopes a time reference. If we transmit a signal with pow@s(t) =
to predict the path losses and relative delays of indirect patRg(¢ = 0)6(¢), then L(t,) is the path loss for the path with
from transmitter via mountain to receiver. This model caabsolute delay = (rrs + 7rs)/c. We also definelgyect =
be used to construct an estimate of the impulse response, b(#;, = 0) = (Pr(t = Rrr/c))/(Pr(t = 0)) as the path
knowledge of the value of is essential to obtain meaningfulloss on the direct path between transmitter and recelye
results. may be determined by existing propagation models, e.g., [6].

If we assume a Lambertian scattering model for the terraifile overall propagation loss can be represented by the channel
then the normalized scattering cross sectidn = ~ cos 6; impulse respons(t)|?, where for this case of one indirect path

where~ is a property of the surface element, #jds the angle )
of incidence relative to the normal vectar which defines (D1 = L(0)6(t—rrr/c)+ L(ta)b(t = (rrs +rsr)/c). (2)

the orientation of the surface. For the Lambertian model, |, practice, thes() are replaced by pulses with a finite time

is a fundamental quantity or parameter which is intrinsic tQyration of the order of the channel bandwidkh,It remains to
the mountain surfaces, wherea8 depends on path'5|°peevaluateL(td).

geometry. Other models with more parameters are reviewed in ine target is a single uniform mountain slope, we may ap-

Section i, . proximates = 0°A in (1), wheres? is the normalized radar
In the first part of this paper, we present the results @foss section of the mountain slope, ands the area of the
an extensive campaign of impulse response measuremefiuntain slope illuminated by the transmitter and visible from

in many sites located near the mountains in Vancouver ajié receiver. For general nonuniform mountain slopes, we de-
Victoria, Canada. The sites were selected to facilitate obtainifie the normalized radar cross sectioh = do/dA [8], and

reliable measurements af’, and then using the angle of(1) may be written

incidence to derive a value of. The experimental values ) o

for ~ obtained from this data were remarkably consistent for L(ts) = A / o"dA 3)
different mountain slopes, all covered with evergreen trees. (4n)3 [ 4 rEgrhs

In the second part, we use this value-ofvith the bistatic Thjs integral can in principle be evaluated as a sum by defining
radar propagation model and Lambertian scattering to predigk elements of are#A and their orientation using a topograph-
multipath delay profiles. ical data base of elevations and an estimatefor each ele-

While the measurements are confined to 900 MHz, it is efentdA. In (3), we select only those elementd in a range
pected that the same propagation model can be applied at gét for whichr,s + rsg is constant to within the distance res-
ferent frequencies, such as 1900 MHz, with only a minor changgition ¢/ B, so thatL(¢,) is the weight of the impulse response

in the value ofy. at time delayt,, relative to the direct path. Thus the integral be-
The paper is organized as follows. The propagation modelgsmes the sum

presented in Section Il, and a literature review in Section lll. The 2 o0dA

measurement program is described in Section IV, and values of L(tq) = Z ; % (4)

9 andv are derived from the experimental results in Section V.  (40)° 115, TSR

Predlct|on§ of mqltlpath d.elay' profllgs from the topp map arv(\a/hererfq is the normalized scattering cross section of the patch

presented in Section VI, with discussion and conclusions in Se?— k=

tion VII. of areaS;, with aread Ay, and the patchesare chosen such that
rrs, +1s.re(ra — ¢/ B, ra + ¢/B).

By performing the integral over different range cells, the

squared magnitude of the channel impulse response is obtained
as

|h(t)]> = L(0)8(t—rrr/c)+ Y L(ta)o(t—ta—rrr/c) (5)

Il. PROPAGATION MODEL

Models of the propagation l0€8c1.y.a = L(%4) Of a delayed
path scattered from mountainous terrain have been presentértre thel(-) are local mean or spatial average values.
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For a mountainous region, &, are modeled as rough sur- TABLE |
face scatterers or diffuse reflectors. We consider the Lamber- LITERATURE DATA FOR NORMALIZED
. . SCATTERING CROSSSECTION AND REFLECTANCE
tian scattering model, but other models such as the general-
ized non-Lambertian model may be used. For the Lambertieffference flf;;l“ency (MHz) o°(dB) 6 0 721(6“3)
model,ag = 7y cos b i _vvh_erefy is a property of the surface, i 900 10 i
and@; ; is the angle of incidence relative to the normal vecto [14] 900 28
nx Which defines the orientation of;,.. For fixed§; ;, the re-  [13] 900/1900 -10/-13
N [17] 900 -21 51 53 (-16.6)
flectance does not change as the observer moves (i.8,,/85 [y 142 13 to -19
the angle of reflection changes). For an alternative model [15[13] 910 -21 to -30
[17], 6 = 7 cos 6; x cos 6, 1, so that the reflectance does [22] L band -17.5 55 (-15.1)
change with the angle of reflection. A more sophisticated mod22 L band 110 3 (-10.1)
g 9 n. P 23] L band 116 30 (-15.4)
[20], [21] assumes that each), with areadA;, is made up of  [24] L band -22 20 to 65 -21.6 to -18.3
many Lambertian facetg: such that\? <« da <« dA with dif-
ferent orientations. In this model, the reflectance of the surface TABLE |l
increases as the observer moves toward the source direction. MEASUREMENT SITES, FILE NAMES

Itisimportantto note that, from measurements of terrain scat-

. . . location name figures Ry, S Ry, S Ry,S2 R, S
tering [23], o} is essentially constant fdf; 1, 6,. » not near ne i '

normal or grazing incidence, but increases rapidly for angles Malahat 1,2 motela-b malpk malpa
near normal (§) and decreases near grazing“90 Cowichan Bay 3,4 cba{)ﬂ}-p cbayd-i chssa-b cbb
For large distributed targets such as mountain slopes (in con- Cowichan Lake - cowb-
Vancouver - brock grouse

trast with point targets such as isolated buildings), it is rea-

sonable to assume that the differencesrthwithin the area _ o o _
of integration are smoothed out [4]. Thus a much coarser gﬁtpmens/m), the reflection coefficient for normal incidence is

of areasiA which include complete major mountain slopes if dB- Since the number of elementary scattesfetss large and

one or two elementd A can be used. With this approach, th&ave random phases, the lasg ) in (3) follows a Rayleigh
range cells are of size.; > ¢/B such that each term in (5) probability density, and _the median value of the loss will be
corresponds to a major mountain slope (or significant portid-6 dB below the maximum calculated value (analogous to
thereof) visible from both transmitter and receiver. The impuldB€ Lambertian model). Thus according to these assumptions,
response is approximated by (5), whdrg,) in each term is 7 = —21 dB. . i

the sum of all components within these large range cells cen-Some measured values fof were found in the literature.
tered atrrs + rsg = 74 + 77, and the delta functions(?) In[17], v was measured to be21 _dB for a target hill densely_
are replaced by broad pulses or clusie( with unit area and _covered with evergreen and demduous_trees_. In [16], as cited
nominal widthr..;; /c. Thus (3) for a particular mountain slopeln [17], 0" = —7 10 —10 dB for steep cliffs with no trees. In

is simplified to [14], o = —28 dB, whereas in [15], the same authors obtain
2 04 oY = —10dB. In[12] using data from [26] at 442 MHz? is in
L(te) = ——5 55— (6) therange-13t0o-19dB.In [13],0° is measured in Vancouver in
(47)% r457%R the—21t0—30 dB range. In [22], p. 148, for vertical-to-vertical

whereA is the area of the mountain slope (width x height) est{/V) polarization at L bandg® = —17.5 dB with standard de-
mated from a topographical map. The estimatela$ not crit-  viation 2.1 dB with ap; = 55° incidence angle; = 35° from

ical, since a 50% error in the estimate_4fyields only a 3-dB normal). (The result for HH polarization is almost the same.) In
error in the value ofL(¢;). The precise steepness of the slopR3], ¢° ~ —15 dB for woods with¢; = 60°. In [24], L band

is also not critical (provided it is not near vertical or horizontal/V scattering from tree trunks is abot22 dB in the range from
[23]), sinces? changes only as the sine of the slope angle [22]’ to 65°. Note that in these latter three results, the trees are on
according to the Lambertian model. The resulting errdi(ity)  a flat horizontal surface and the wave arrives at an angle to the
is acceptable for our purposes. By using large range cells, thee trunks, whereas in our measurements, the surface is sloped,
number of terms in (5) is reduced to one or two for each moubut the wave arrives perpendicular to the tree trunks. These lit-

tain slope considered. erature values fos® or v are summarized in Table I. Brack-
eted values are calculated using either the values of the incident
Ill. LITERATURE REVIEW angle only (Lambertian model) or both incident and reflected

The concept of normalized scattering cross sectibrand angle (alternate model), where these angles are givep.
reflectancey based on the bistatic radar equation has been use hese results [Table I] suggest that bethand y arée N the
to develop models for propagation in mountainous terrain. I_n1 to—30 dB range, an_d the _a_ngular dependen_ce obs n_ot
the earliest reference found [16]s calculated as the productclear. These results are insufficient to be used with confidence,
of a surface roughness factor (which depends on the angle of?ﬁ-d thus the measurement program was undertaken.
cidence, and the variance of the normal distribution for surface
roughness)[8] and the reflection coefficient (which depends
on the dielectric constant and conductivity of the surface). The transmittefl” and receiverR locations for the impulse

Using literature values for poor ground & 15, ¢ = 0.001 response measurements were chosen such thattaottR had

IV. EXPERIMENTAL PROGRAM
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a clear line-of-sight to the mountain slofeThe measurement  The value ofp,, is obtained from the measured impulse re-
of received power is converted to a measurement’ofia the sponse:(t), as shown in the Appendix.
link budget parameters, as shown below in Section V.

TheT” antennais an 18-element vertically polarized yagi [2%. Link Budget
with nominal E and H plane beamwidth of 30 and theR
antenna array is either &/4 monopole, or an array of four
of these yagis spaced horizontally B yielding anH plane
beamwi_dth of 10. To obtain a reliable measuremenp&f, the pm = Pr+ Gy + Gr + L(ts) — Py
mountain slopes were selected to be as flat and uniform as pos-
sible over the area illuminated by tizantenna, i.e., to havea  — Pr+Gr+Gr
uniform slope over the horizontal distance subtended by the 10 + <—42.6 +10 log ¢° + 10 log %) — Py (9)
beamwidth and the vertical distance from bottom to top. TTsTsR

A total of six mountain slopes were found which met the flalysing (4) withr;s, sz, A in meters, andt in meters squared.
ness criteria, and where the surrounding terraindamessible Rearranging and substitutidgy = —98, we express the mea-

locations for bothZ” and R to have a clear Iing of sigh.t 8.  suredo® in terms of the system, geometric and measured pa-
For four of these slopes there were tiolocations available, (gmeters

so measurements could be made with two different values of
6,.. Maps and descriptions are included in the next section (£ log 0°(dB)

From the link budget (8)y.., can be expressed in terms of the
measured® and known parameters as

Table II). A
The propagation analyzer equipment [11] used to gather the™ —Pr—Gr—Gr+426—10log 22 — 9B P
impulse response samples consists of a 910 MHz 10 Mb/s BPSK (10)

transmitter with a 1023 bit PRBS (1.023 mS sequence length)

and a sliding correlator receiver [9] with a 1 KHz data rate offsethe reliability of thes® estimate is increased by obtaining esti-
The resulting correlation time to obtain one complex impulseates from many differentimpulse response samples containing
response samples is 1.023 s (time scaling of 10 Mb/s + 1 Khzlelayed cluster arising from the same mountain slope.

= 10%), and the space resolution is one-half chip equivalent to

15 m. Rubidium clocks were used at both transmitter and 18: Description of Measurement Sites

ceiver to obtain correct andQ components oh(t), sampled

at a 4 KHz rate, yielding one sample every 25 ns. Absolute
delay of the channel can also be measured. Transmitter po
was+33 dBm or 2 W. At the receiver antenna, the noise powg

was Py = —98 dBm, arising from connectors and a 20 MH " R, I Fil ¢ h pai R
bandpass filter with 1.5-dB insertion loss, a 1.4-dB noise figu gea |on§) i PEr SIope. Flle names for eac palr@f, i 10-
ations is given in Table II. The slope flatness criterion, where

preamp with 36-dB gain, and a cable with 9-dB loss to the r(t% imation (4) i ble | t by choosi |
ceiver in the mobile van. e approximation (4) is reasonable, is met by choosing slopes

with parallel contour lines on the maps. The clear line-of-sight

criterion on both7’S and.S R paths is met by choosing slopes

where these paths were over water. Thand R; locations and
The measured impulse response samples consist of ongn@ntain slopes; are marked on the maps.

more distinct clusters at different delays, which can be inter-

preted in terms of the topography. Each cluster was identified analysis details

with the particular mountain slope for which the indirect path )

length rrs + 7sr = 74 + rrx from transmitter via moun- The valugs of A, rrs, rsg in (10) as well asé,, 8, .

tain slope to receiver corresponds with the average delay of & determined from the maps as follows. We obtain

cluster. We wish to compare the valuesgt,) in the propaga- the following parameters directly from the map (F|.g 5):

tion model (4) and (5) with estimatds(#,) obtained from the "heriz; Televs TS, base; TTS, tops TSR, base, TSR, top: We define

measured power in each cluster. This measured power is deter-= "tace’e from Fig. 5 whererpee = v/ Tﬁpriz + Tglev_

mined by summing the values &% (t) over the range of delays @d 7o = 7sr - 2 tan(6/2) and @ is the minimum hori-

of the cluster. The measured propagation loss over this delay@ftal beamwidthé, or 6z). The grazing angle to the face
path is then ¢i = 7/2 — 0; ~ arctan (Tclev/Thoriz). The path lengths
from 7" and R to the base and top of the slope measured from

A total of six mountain slopes on four maps were found which
t both the flatness and clear line-of-sight criteria (maps, delay

Irofiles, Figs. 1-4). For any one map, there was one transmit lo-

ation’, and one or two slopes and one or two views (receive

V. ESTIMATE OF o FROM EXPERIMENTAL RESULTS

(rrs+rrs+reen/2)/c

- 1 the map are used to find the distanegs;, rsg to the center
Lty) = =———— Pr(t)y < 1. (7 . ’ .
() Pr(t=0) = +,2, 12/ w(?) 0 of the slope, as well as the minimum and maximum path
0 - 1R5.‘ et i . diﬁerenceéTmin = TTS, base + TSR,base — TTR, 67)1113)( =
The val_ue pfo- fo.rf:he mo.untam slope can be estimated byTS’ wop + TSR.top — rTR, Used to define the beginning and
comparingL(tq) with L(tq) in (4). , _ ~end of the cluster. Using the Lambertian model, the measured
L(t4) is obtained from the measured signal-to-noise ratio 41 e ofo® = ~ cos §;, thus in dB the loss factak®(6;) =
of the cluster, where, in decibels, 10 log cos 6; = 10 log sin arctan (rejev/7horiz) < 0 @and in

pm=Pr—Py=Pr+Gr+Gr+1L(t)—Py. (8) dBvy=0"—L(6) > o
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Fig. 1. Multipath delay profile—Malahat, near Victoria, BC, Canada. Fig. 2. Multipath delay profile—Malahat, near Victoria, BC, Canada.

mean * standard deviation results afe = —24.7 £ 4.1 dB,

v = —21.1 &£ 2.9 dB. Fig. 6 shows the corresponding his-
The measured values of are shown in Table Il as deter-tograms. Thus using the Lambertian mod€l = ~ cos §; to

mined from (10) for the parameters of each measurement sitampensate for differert; results iny having a significantly

in Table Il. The mean and standard deviationsd®rand~ are lower standard deviation tharf. Thus+ is preferred over?®

computed from the ensemble of multipath delay profiles in thes a fundamental parameter which characterizes the terrain scat-

named files (e.g., motelal-50).is remarkably consistent overtering.

the range of mountain slopes considered, and also consisterthe results presented here provide a “missing link” in a 3-D

with many of the literature values. Maps and measured delpsopagation prediction method that considers multiple paths in

profiles are given in the next section. addition to the direct path, and provides average path loss, delay
An approximate overall estimate for° and~ for the en- profiles and rms delay spreads in mountainous environments.

tire measurement campaignh may be obtained by assuming These environments are very important because they stress

results from each location and angle are Gaussian, and cdam+the limit the multipath handling capabilities of most air

puting the mean and standard deviation for all the data. Theerfaces. At the same time, there seem to be no good tools for

D. Measurement Results fof
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Fig. 3. Multipath delay profile—Cowichan Bay, near Victoria, BC, Canada.Fig. 4. Multipath delay profile—Cowichan Bay, near Victoria, BC, Canada.

propagation prediction in mountain areas, and insufficient mod
eling of mountain-area multipath, in contrast to other environ-
ments, e.g., [7]. The topo-map and radar scattering cross se
tion based approach presented here is very promising, but on
if the scattering cross section can be reliably quantified. This
work achieves that for mountains covered with evergreen tree:
and thus completes the task of mountain-area propagation mo
eling.

top

elev

VI. PREDICTION OF MULTIPATH DELAY PROFILES

|‘— rTs,base

The estimated value of is used along with the Lambertian

scattering model and the topo-map data directly in (4) and (&Y.5. Mountain slope geometry.
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Fig. 6. (a) Histogram of normalized scattering cross sectipn(b) Histogram of reflectance.
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to predict the multipath delay profile. The MATLAB graphicsprofile closely matches the measured one in both amplitude and
package is used to render the topo-map surface using the Latmape. Similar results apply to files malpa for sldhe
bertian diffuse scattering model with specified locations for the
“light sourqe” (transmltter) and “camera” (recgwer). Add|t|on§t_ Cowichan Bay 1 (Files chss&s, R1, Fig. 3
programming is needed to compute the multipath delay profile. _ _ _
The “raw” multipath delay profile is a scatter plot of pointd®: Cowichan Bay 2 (Files cbbfs, Ro, Fig. 4

representing amplitudes(tq) versus delays as per (5), multi-  Both 7 and R, are off the mapR; with 10° beamwidth is
plied by PrGrGr to obtainP.(t) in units of power (dBm). 200 m behindZ’ with 30° beamwidth, hence the patchdd
These points, which are nonuniformly spaced along the del@yere the two beams overlap appear in the center aftheam.
axis, are combined with 4092 uniformly spaced points of cong; sees two slopes», a small one (Separation Point) and the
plex Gaussian noise, scaled so that the total noise p&ver |arge one behind (Mt. Sullivan, Bruce Peak), as can be clearly
corresponds to the expected valt®§ dBm in this case). This seen on the multipath delay profile. The predicted delay profile
aggregate of signal plus noise points is then filtered by addiggrresponds very well to the measured one in both amplitude
all the powers within a time window around each point equal {g,q shape, However, the second (broad) peak is 3-6 dB lower
the reciprocal bandwidth of the wireless system under consig{evel than predicted, probably due to Fresnel zone losses from
eration. The powers may be added, since there is no phaseyiesfirst slope. Both slopes have similar measurégTable I11).
formation in (5), and thus the obtained multipath delay profilgs for Section VI-C aboveT is off the map. FromR,, only a
represents a spatially averaged result, equivalent to averagig data files were obtained due to in-band interference from the
many delay profiles over several wavelengths. The maximygidio towers on the mountain slope. Nonetheless, the predicted
bandwidth should be no more than that equivalent to the spaggj measured delay profiles correspond quite well, except that
resolution of the terrain data base, e.g., 3 MHz for a 100-m daf first measured peak is 10 dB stronger than predicted. The
base. Thisfiltering is equivalent to selecting only those elemerigp|anation is not clear, it may be due to a major reflector (e.g.,
dAin (3) in a range cell for whichrs + 75 is constant to ater tower), or related to the interference.
within the distance resolutioty B. Other sites in Table 11l not reported in detail.

The present radar equation model (4) assumes a line-of-sight gwichan Bay: Looking at slopeS; from both R; and R,
path with free space propagation between source, scatterer giigs chaym-p and chayd-i) the measured resultsfoare very
receiver. and needs to be refined to include diffraction or scafose, again suggesting that the precise valug isfnot critical
tering losses along the path using one of the standard 2-D dirg@fay from grazing or normal incidence [23], consistent with the
path propagation models. A sufficient refinement may be to inambertian model.
clude a term in (4) which represents any Fresnel zone losses foowichan Lake :For files cowb-e,?; has a clear and al-
the kth path if it grazes or comes near to an obstacle. Suchydst perpendicular shot to the uniform slape The measured
refinement could affect the shape of the multipath delay profilgesults foros are very consistent.
The model (4) applies for omni as well as directional antennas.vancouver : For R, (files brock) looking at slopes;, the

Maps and corresponding multipath delay profiles (measurggynal was weak and the measurdtimay not be reliable. For
and predicted) are provided below for several sites selected frggy (files grouse, grous) looking at slopg, the receiver was
TableS Il and 111, along with detailed comments. For each magg close to the mountain that the®3gertical beamwidth did
the antenna pattern (approximated as a fan beam) is shownfgf illuminate the entire slope. Tilting the array up®ffom

T and R, along with the elements of terrain aréd where the horizontal made a=6 dB difference in the measured value of
beams overlap. 9.

A. Malahat 1 (Files motela-b)s;, R:, Fig. 1
] ] VIl. PREDICTION OF COMPLEX IMPULSE RESPONSE
For file motela-b, the receive®; has a clear and almost per-

pendicular view of a very uniform slop&, illuminated byZ". Complex multipath delay profiles (impulse responses) are
The T antenna has a 3beamwidth, thek antenna is omnidi- needed to predict wireless link performance. To evaluate the
rectional. The direct (LOS) path is not visible on the measurgerformance of a particular modulation/coding or equalization
multipath delay profile. The predicted delay profile correspondschnique, the modulated signal is convolved with the position-
very well to the measured one in both amplitude and shape, eéependent complex baseband impulse respbftserr, xr) =
ceptthat there is a second peak in the predicted one. This secb(id 7) and then delivered to the receiver, whete xr are the
peak arises from elements of ardd which are on slopes be- location coordinates &f andR, andr is the equivalent time de-
hind the main slope considered. The measured profile does petidence which is determined by the velocity/obr R. Thus
show these reflections, due to Fresnel zone losses. the predictions in the previous section must be modified to in-
clude phase information and generate a complex delay profile.

The phase cannot be predicted from the topographical map
data withA ~ 0.33 m and the map resolution of 100 m. For a

For files malpk,.R, sees slopé&; at a grazing angle less thanpurely Lambertian surfacg, where the surface roughness is of
5°, where the calculation of from the Lambertian model may the order ofA or greater, the scattering is diffuse, and the phase
not always be accurate [23]. Nonetheless, the predicted defeym eachS, is uniformly distributed orf0, 27). Any specular

B. Malahat 2 (Files malpk)s;, Rs, Fig. 2
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TABLE Il
MEASUREMENTRESULTS P = 30 dB, G+ = 14 dB, 6+ = 30°
files to—ti, Gr 0Or 7rrs rsm A a° std(e?) v
(usec) dB ° km km km? dB dB dB
Malahat
¢ =33.7° L°(¢;) = 2.5 dB
motelal-50 4.75 2 360 1.9 2.3 0.855 -21.3 1.3 -18.8
motelbl-50 4.75 2 360 1.9 2.3 0.855 -19.8 1.2 -17.3
Malahat
¢; =5° L°(¢;) = 10.6 dB
malpal21-140 1525 20 10 25 3.2 1.5 -36.3 1.5 -24.8
malpk420-439 10.75 20 10 2.5 3.2 0.9 =327 2.0 -22.1

Cowichan Lake
é; =40° L°(¢;) = 1.9dB

cowb1-100 4.7 2 360 2194 2319 1.0  -226 0.8 -20.7

cowel-55 4.7 2 360 2194 2319 1.0 -243 1.8 -22.4

cowf1-50 4.7 2 360 2.194 2319 1.0 -23.7 1.6 -21.8

cowcl-78 4.7 2 360 2194 2319 1.0  -202 1.1 -18.3

Cowichan Bay

é; = 34° L°(¢;) = 2.5 dB

cbaym1-100 6.35 2 360 2921 1978 1.0  -245 2.6 -22.0

cbayn1-80 6.5 2 360 2921 1978 1.0  -223 1.7 -19.8

cbaypl1-35 . 6.5 11 15 2921 1978 0.504 -225 15 -20.0

cbayd1-47 13.1 11 15 2921 2921 15  -239 1.1 -21.4

chayel-50 7.5 2 360 2921 2921 15  -33.0 2.0 -30.5

cbayg11-70 135 2 360 2.921 2921 1545 -23.6 1.8 -21.1

Cowichan Bay

¢; = 11° L°(¢;) = 7.1 dB

chssb1-56 6.0 16 10 35 35 068 -314 1.7 -24.3

chssal-56 6.0 16 10 35 35 055 -27.0 1.7 -19.9

Cowichan Bay

¢; =182 L°(¢;) = 5.1dB

cbssal-56 8.82 16 10 6700 7.0 1.61  -28.0 1.7 -22.9

cbssb1-100 8.82 16 15 6700 7.0 161 -323 15 272

cbb39-50 20.0 20 10 85 65 35 -175 13 -12.4

cbb111-119 15.0 20 10 85 65 25  -245 26 -19.6

Vancouver

¢; =30° L°(¢;) =3.0dB Gr =11 dB

grouse20-30 18.7 20 10 9 4 2 =275 06 -24.5

grouse76-90 18.7 20 10 9 4 2 -27.9 0.5 -24.9

grous36-50 18.7 20 10 9 4 2 218 0.7 -18.8

grous71-90 18.7 20 10 9 4 2 2216 0.7 -18.6

Vancouver

é; = 30° L°(¢;) = 3.0 dB Gy = 14 dB

brock20-44 3125 20 10 9 8 2 -26.3 0.5 -23.3

brock112-116 31.25 20 10 9 8 2 -26.7 1.2 -23.7

brock112-116 10.0 20 10 11 115 3 2298 1.2 -26.8

brock164-169 3125 20 10 9 8 2 -26.2 1.6 -23.6
components are reflected in directions away frBri2 This ag- For the purpose of convolving a modulated signal with the

gregate of signal points is then filtered by adding all the compleomplex impulse responsg(t) can be resampled at the sam-
amplitudes within a distance window/ B around each point. pling rate of the simulation to create a digital filte(n). The
For a given point at given delay the envelopeh(t)|> shows effect of motion ofR causing time variation ir(t, 7) is simu-
Rayleigh-like fading when the position @f or R is changed lated by recomputing the tap weiglit&:) at each sample time
(Fig. 7). according to the position @t at timen. For example, an 1S-136
. ) ) o o ~ simulation with symbol rate 24.3 K symbols/s, and four samples
Except in the case of a vertical wa!l, Yvhmh is \{ery rare in typical terrain. per symbol, moving? in 0.45 mm intervals at eachsimulates
2There may be some subpatches witfiinwhich yield a specular component . .
where the phase is found from the path length ffBrmia S, to R. This would a velocity of 100 km/h. One complefer phase rOtat'On O(_:Curs
apply to man-made objects such as buildings or water towers. every 330 mm at 900 MHz, or every 733 samples. Noise is added
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index

delay (meters, 3.3nsec/meter)

Fig. 7. Predicted multipath delay profiles, Malahat.

after the convolution and before the receiver filter to set the d&-in any location on the map, and in turn, can be convolved

sired signal-to-noise ratio. with a simulated data stream to predict error rate, outage or
The first term inh(t) representing the direct path betweewther aspects of wireless system performance.

T and R is in practice not &-function, and may be replaced

by a cluster ofs-functions with weights according to, e.g., the APPENDIX
GSM typical urban (TU) or rural area (RA) profiles [27], and ESTIMATION OF p,, FROM MEASURED IMPULSE RESPONSE
with total average power determined by any one of several stan- SAMPLES

dard propagation models. Thus the predicted impulse respons
is made up of two parts: a cluster corresponding to the dir
path, plus another cluster arising from the terrain scattering.

¥he measured power in a cluster is obtained by processing the
qﬁ]ipulse response samples as follows: The total received power
of animpulse response sample is given by the sum of the powers
(I? +Q?) at each delay (sampled at 25 ns intervals) in the range
VIIl. CONCLUSION 0-102.3us (4092 samples per impulse response, four samples

Mountains act as large reflectors resulting in significar€” PRBS chip). We define the signal-to-noise ratio
(Ps + Py) — Py

echoes at 900 MHz. The strongest long-delayed echoes are Pm = (11)
observed when both transmittérand receivet have a clear , Py o
view of the mountains, and they have the most impact when tH8€re the total received powéts + Py for a cluster in time
direct line-of-sight signal between them is blocked so that tfdnNdowW 1 <t < 2 is .
echoes are comparable in strength to the direct signal.
. . Ps + Py = Pr(t 12
A model of the impulse response was presented using s+En t:z;l R () (12)

the radar equation with normalized radar cross sectigiq the noise power is calculated using a portion of the impulse

" = ~ cos 6;, where~ is a property of the mountain 5|0pe-responseg < t < t4 where there is no signal from

For the mountains near Victoria and Vancouver, Canada ts

(wooded slopes not near vertical or horizontal)was found Py = 4092 Z Pg(t) (13)
to be remarkably consistent in the rangl.1 + 2.9 dB. This ta— 13 —

radar equation model was then used to predict the multipatieret,, ¢ are measured in units of the 25 —ns sampling period.
delay profile in mountainous terrain from topographical datdhe received noise power in the 20-MHz bandwidth is known
and the predictions compared well with measurements. Thiesbe -98 dBm, thus providing a calibration of all computed
these predictions can be repeated with confidence fbramd powers in dBm.
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