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Abstract. Spatiotemporal channel modeling is fundamental to the design and imple-
mentation of future high-speed wireless communication systems. This paper investigates
a two-dimensional-three-dimensional (2-D/3-D) hybrid ray-tracing method for outdoor
microcellular and picocellular urban environments. It also explores the spatiotemporal
channel model derived from this ray-tracing method. This 2-D/3-D ray-tracing method
launches rays in a horizontal plane and establishes ray paths in three-dimensional (3-D)
space. Partition vector incorporates other acceleration techniques to produce a method that
reduces tracing time. The conventional verification of path loss and delay profiles predicted
by ray tracing was extended to include the verification of angle of arrival (AOA). The
results prove the necessity of extension and verify that path loss and delay profiles cannot
fully confirm the accuracy of ray tracing in a spatial domain. A good level of accuracy
was observed in the comparison of three key areas: (1) path loss, (2) delay profile, and
(3) AOA. Degradation of prediction accuracy caused by incorrectly predicted phases in ray
tracing was investigated, and improvements were made by incorporating a “random-phase”
approach. It was found that measured path loss and delay profiles are almost fully confined
within the 90% confidence interval, proving that the approach can account for the degra-
dation effects caused by inaccurate antenna positions. The applicability of limited-band
and limited beam width channel parameters transformed from ray-tracing results is also
examined in the sense of an azimuth delay profile. The confirmation of the accuracy of the
profile with measurement prepares ground for the use of ray-tracing approaches to analyze
system performance in real environments.

1. Introduction ing characteristics: (1) multimedia communication
to accommodate voice, data, and video services, (2)
higher data transmission rates (e.g., 2-10 Mbits/s
and beyond), and (3) higher frequency bands (e.g.,
2-8 GHz).

The multipath propagation nature of wireless trans-
mission channels can cause a number of problems

The recent growth in demand for multimedia ser-
vices and higher data transmission speeds is dictat-
ing the nature of wireless communication systems. In
the future such systems are likely to have the follow-

Copyright 2001 by the American Geophysical Union. for high-speed and microwave band wireless systems.

These problems include (1) serious intersymbol in-
Paper number 1999RS002202. terference (ISI) due to higher date rates, (2) serious
0048-6604/01/1999RS002202811.00 propagation loss due to higher-frequency bands, and
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(3) cochannel interference due to the reduction of the
cell size.

The first of these problems is caused by a time
domain impact of the channel. The others are due
to space domain issues. The following techniques are
proposed to address these effects: (1) adaptive equal-
izer, (2) interference cancellation, (3) smart (adap-
tive) antenna, and (4) spread spectrum (SS) and
orthogonal frequency-division multiplexing (OFDM)
modulation schemes. The prerequisite for the proper
design and analysis of these techniques is an accu-
rate radio channel model that incorporates the spa-
tial and temporal characteristics of wireless chan-
nels [Fleury and Leuthold, 1996; Ertel et al., 1998].

By incorporating site-specific information, ray-tra-
cing methods predict detailed channel parameters
such as complex channel impulse response charac-
teristics. Nevertheless, current ray-tracing methods
mainly focus on predicting path loss and calculat-
ing cell coverage [Erceg et al., 1997; Imai and Fuji-
1, 1997, Athanasiadou et al., 1997, 1998; Papadakis
et al., 1998]. Furthermore, angle of arrival (AOA)
information is difficult to extract from conventional
measurement methods, and it is therefore difficult
to verify ray-tracing results. In addition, a num-
ber of disadvantages inherent in existing ray-tracing
methods frustrate people who use them. For exam-
ple, although three-dimensional (3-D) ray-launching
methods [Seidel and Rappaport, 1994] launch rays
from an icosahedron, they are launched with unequal
separating angles that can deteriorate the accuracy
of a calculation. Although the capture circle [Hon-
charenko et al., 1992] works perfectly in two dimen-
sions, in three dimensions it has double-counting er-
ror problems that can result in a 3 dB error [Durgin
et al., 1997], caused by the incoherent accumulation
of additional power. Alternatively, image methods
[Kanatas et al., 1997; Rizk et al., 1997] normally re-
quire a substantial amount of memory to establish
various order image sources. To reduce the compu-
tational complexity and improve accuracy, a 2-D/3-D
hybrid ray-tracing method is proposed for the pur-
pose of building a spatiotemporal channel model.

In this paper we use the proposed ray-tracing
method to build and verify a spatiotemporal channel
model that is expressed as a linear filter with a com-
plex baseband impulse response that combines spa-
tial information and polarization. Two-dimensional
ray-tracing methods are described by FErceg et al.
[1997]) and Liang and Berton: [1998]. However, the
transformation from 2-D rays to 3-D ray paths has
not been clearly defined. In the proposed ray-tracing
method the authors try to accelerate the speed of

ray tracing (section 3.1.2) and improve ray-tracing
accuracy (sections 3.2.2 and 3.2.3). In addition, the
authors attempt to verify the prediction accuracy of
the ray-tracing method with respect to angles. These
activities provide the confidence to extend the appli-
cation of ray-tracing approaches to spatiotemporal
channel modeling.

The organization of this paper is as follows: Sec-
tion 2 provides the proposed spatiotemporal channel
model formulation. The ray-tracing method and the
detailed algorithm are presented in section 3. Section
4 describes the measurement and comparison of ray-
tracing results with measurement data in three key
areas: (1) path loss, (2) delay profile, and (3) AOA.
Finally, section 5 draws conclusions on the verifica-
tion of this ray-tracing method.

2. Spatiotemporal Channel Model

In this paper the spatiotemporal channel-modeling
scheme is extended from Turin et al’s [1972] statis-
tical channel model. By incorporating spatial infor-
mation (AOA) and polarization this model takes the
form of a dyadic baseband complex impulse response
as

H(t,7,6",¢",6",¢7)
e, 2 [AP A [er
i=0 (3 (] ]
5(6" — 67)0(¢" — ¢7)o(6" — 67)8(¢" — 47)
8(7 — m)elVie KV, (1)

where all the parameters are shown as follows:

A% A% AP A?®  path gain;
7; delay time;
(-)Aﬁ, 41;2 transmitting angle vector;
(-j;‘, <I;lr receiving angle vector;

¥; phase;
Doppler shift.

Doppler shift and polarization are not included in
the verification because they are difficult to deter-
mine. In real applications, when the vector antenna
pattern is given, a detailed channel response is ob-
tained by integrating the product of the vector an-
tenna pattern with (1). As for the uniform linear ar-
ray antennas, the detailed response of each element
is obtained in a similar way except that each ray is
added with an offset phase relative to the reference
element.
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Input:

1. Building database

2. Tx (transmitter), Rx (receiver) position

3. Antenna directivity (expansion coefficient file)
4. Electric parameters of objects

5. Carrier frequency

6. Volume-bounding parameters

7. Roughness of objects

8. Max. orders of reflection and diffraction

L

Ray Tracer

6

Theoretical calculation:
1. Line of sight

2. Reflection

3. Diffraction

‘

Output:

1. path loss

2. delay profile

3. spatiotemporal channel parameters

Figure 1. Block diagram of our ray-tracing tool.

3. Hybrid Ray-Tracing Method

The purpose of the proposed ray-tracing tool is
the prediction of spatiotemporal channel parameters
in microcellular and picocellular environments. The
following assumptions are made: (1) Transmitting
antenna heights are below the rooftops of surround-
ing buildings. (2) The ground is smooth and flat. (3)
Walls of buildings are perpendicular to the ground.

The main body of the proposed 2-D/3-D hybrid
ray-tracing method can be divided into two parts:
(1) ray tracing and (2) electromagnetic wave calcu-
lation (Figure 1). Ray tracing traces rays from trans-
mitter to receiver as efficiently as possible to find de-
tailed ray paths. Electromagnetic wave calculation
uses electromagnetic wave theory (such as the uni-
form theory of diffraction (UTD)) to calculate theo-
retical values in a realistic environment.

3.1. Ray-Tracing Formulation

The 2-D/3-D hybrid ray-tracing method is based
on the ray-launching idea proposed by Seidel and

Rappaport [1994], which regards the transmitter as
being a point source that launches rays in every direc-
tion. In the proposed approach, rays are launched in
a two-dimensional horizontal plane with equal angle
separation. The location of the reflection and diff-
raction points and the formulation of reflected and
diffracted rays are carried out based on geometrical
optics (GO), Snell’s law of reflection, and Keller’s
law of diffraction [Keller, 1962].

3.1.1. Determination of the ray path. When
vertical walls are only considered, 2-D tracing gives
correct 3-D results. The locations of reflection points
are determined by simple line and line intersection
in a two-dimensional coordinate system. Since the
incident angle should be equal to the reflection an-
gle (the law of reflection), the reflected ray vector
is determined by the following simple vector calcula-
tion [Glassner, 1989):

k, = kAi -2 (ﬁ lE’L) ﬁ’ (2)

where k; is the unit vector of the incident ray, n is
the unit vector of the surface normal, and l€, is the
unit vector of the reflected ray.

Building corners are checked by setting up capture
circles to determine diffraction points [Honcharenko
et al., 1992]. As the incident angle (the angle be-
tween the incident ray and the edge of a building
wall) is equal to the diffraction angle (the angle be-
tween the diffracted ray and the edge of a building
wall), if we virtually unfold the incident plane and di-
ffraction plane into one plane (as shown in Figure 2),
the incident ray and the diffracted ray are actually
in a straight line. After determining the intersection
points (see Figure 2) the ray paths are established
by geometrically calculating the heights of intersec-
tion points. The height hj of the kth reflection or
diffraction point is obtained as

incidence

Figure 2. Illustration of Keller’s law of diffraction.



56 ZHU ET AL.: HYBRID RAY TRACING FOR CHANNEL MODELING

_ Ltkhr + ht(Ltr - Ltk) (3)
Lt'r ’

where Ly is a 2-D ray path length from the trans-
mitter to the intersection point, L, is a 2D ray path
length from the transmitter to the receiver, h; is the
height of the transmitter and h, is the height of the
receiver.

As each ray path generates a pair of rays (one with
ground reflection and one without), ground-reflected
rays are formed by searching the ground reflection
point in the previous ray path. The ray path length
from the transmitter to the ground reflection point
Lig is calculated by

hi

_ htLtr
tg — ht ¥ hr' (4)

The ground reflection point is formed along the ray
path, and the heights of other intersection points are
adjusted by (3). Finally, the heights of intersection
points are compared with the heights of the build-
ings. If one of the intersection points is higher than
the building, the ray path does not exist.

The capture circle [Honcharenko et al., 1992] is set
up to determine whether the ray reaches each build-
ing corner and receiving point or not. The circle
radius is defined as 0.5aL, where « is the angle sep-
aration and L is the whole length of the ray path
between the source and the capture circle. Although
calculation accuracy is improved when launching an-
gle separation is smaller, computational time increas-
es. There is a trade-off between accuracy and compu-
tational time with regard to launching angle separa-
tion. In the authors’ experiences a 0.1°—1° launch-
ing angle separation is sufficient for picocells (0.1°—
0.5° for 60 x 60 m?) and microcells (0.5°— 1° for
600 x 600 m?). In addition to the ray reaching the
receiving point, ray tracing is terminated if one of the
following three conditions is met: (1) the signal level
of the ray is below the threshold value, (2) the in-
tersection order of the ray exceeds the user-specified
maximum reflection and diffraction order, or (3) the
ray leaves the whole area.

In order to save computational time the order of re-
flections is limited up to 20, and the maximum order
of diffractions is limited up to 2 (referring to other
ray-tracing tools [Athanasiadou et al., 1998].

3.1.2. Application of ray acceleration tech-
niques. To decrease computational time, a series
of ray acceleration techniques [Foley et al., 1997] is
used in the proposed ray-tracing tool.

3.1.2.1. Back-face culling: This technique
can be seen in Figure 3. Since most computation-

visible face —"

//\/‘ 5\/,//\*
W/
surface normal

/

ray vector

Figure 3. Illustration of the back-face culling idea.

al time is spent on intersection checks, the authors’
main intention is to reduce intersection check times.
The dot product of the normal vector of a surface
(building wall) and the launching ray vector is used
to determine if the wall is invisible to the launching
ray (back face). If the dot product is greater than
zero, the building face is invisible to the launching
ray and it does not need to be checked for an inter-
section.

3.1.2.2. Volume bounding: This technique is
used to reduce the number of buildings required for
an intersection check [Cdtedra et al., 1998]. An area
is divided into several rectangular subareas (bound-
ing volume), and users specify the size of the bound-
ing volume. When the bounding volume intersected
by the ray is determined, the buildings in that vol-
ume are checked for an intersection. Without this
technique every building in the area would have to
be checked. Thus computational time would be dra-
matically increased.

3.1.2.3. Partition vector: The authors pro-
pose partition vector (PV) as a simple but effective
technique for ray acceleration. The ray vector is
bound with two partition vectors: unit vectors that
start from the endpoint of the current ray vector and
can have positive/negative z- or y-axis direction. A
bounding area formed by using two partition vec-
tors in one bounding volume is shown in Figure 4.
If the coordinates of one of the buildings’ corners
are confined in the bounding area, this building then
qualifies for an intersection check.

3.2. Theoretical Calculation

The proposed ray-tracing tool allows the user to
specify the positions of the transmitter and the re-
ceiver, the electrical parameters (conductivity and
permittivity) of every building and ground plane,
and carrier frequency and the vector field directivi-
ty of antennas. Since, in real environments, building
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walls may not be smooth, the roughness of reflecting
surfaces can be specified by the standard deviation
of the surface height with respect to the mean sur-
face height. The randomness of the surface height is
assumed to be modeled by a Gaussian distribution.

3.2.1. Field calculation. The rotation of the
polarization vector is considered for each reflection
and diffraction event. The dyadic reflection and di-
firaction coefficients [Balanis, 1989] are used for the
field calculation. At reflection and diffraction points
the electric field components in the global coordi-
nate system E; , , are first resolved into parallel and
perpendicular components (with respect to the inci-
dence plane) and multiplied by corresponding reflec-
tion/diffraction coefficients. After the calculation the
polarization components are resolved again to Eg y ;
in the global Cartesian coordinate system. The av-
erage rough surface reflection coefficient [Landron et
al., 1996] and the heuristic dielectric wedge diffrac-
tion coefficient [Luebbers, 1984] from UTD are used
for the calculation of reflection and diffraction loss.

The received electric field at the receiving antenna
is therefore calculated by the following formulas:
Direct ray

Ey, _.
Epos = _d_oe Ik, ()
Reflected rays
E) — i
ER = —dq‘Rroughe ]kd, (6)

s’ s /
. /;(_3’4———3—).6 gh(s+s) (7)

Twice-diffracted rays [Erceg et al., 1997

Eq — — —
Epp = S_,O'Rrough‘Dl‘DZ

s’ —jk(s+s'+s")

ss"(s' + s+ s”)e (8
where Eg is the emitted electric field observed at
the unit distance, d is a propagation path length,
s’ is the path length from the source to the first di-
ffracting wedge, s is the path length from the first
diffracting wedge to the receiver (for once-diffracted
rays) or to the second diffracting wedge (for twice-

i
i
i
i
i
i
i

bounding area

the bounding volume

Figure 4. Application of partition vectors in one bound-
ing volume.

diffracted rays), s” is the path length from the second
diffracting wedge to the receiver, Rrough is a dyadic
reflection coefficient of the rough surface, and D is a
dyadic diffraction coefficient of the dielectric wedge.

The total field strength at any receiving point is
contributed by reflected, diffracted, and multiple-
reflected /multiple-diffracted signals due to the multi-
path phenomena. This is calculated by the determin-
istic linear superposition of all single contributions.
Incorporating the antenna directivities (described in
section. 3.2.2), it is expressed as follows:

k
Etotal = Z A'L’ej¢i- (9)
=1

While assuming an infinitesimally small dipole an-
tenna along 1 at the receiving point, Eistq; is simply
expressed as

R k
Et!otal = (Z Aie]¢iéi)°l7

=1

(10)

where A; is the amplitude of the ith arrival ray (| E;),
¢; is the phase of the ith arrival ray, 1is a unit vector
of direction, €; is a unit vector of polarization of the
ith arrival ray.

Here ¢; is given as follows:

i = Vs — kd;, (11)

where 1; is the phase shift caused by interaction with
obstacles and d; is the propagation path length of the
ith arrival ray.

In fact, normal ray-tracing methods cannot pre-
dict phase ¢; correctly because of inaccurate anten-
na positions and building databases. In the proposed
approach, ¢; is assumed to be random. A statistical
superposition of single contributions to calculate the
total field strength is therefore adopted (as described
in section 3.2.3).
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3.2.2. Calculation of the vector antenna
pattern. Normally, the antenna radiation pattern
used in ray tracing is approximated by the E and
H plane pattern [Hammoudeh et al., 1999] or ap-
plied by a 3-D radiation pattern stored in the com-
puter [Athanasiadou et al. 1997]. The former may
not be particularly accurate since the antenna emi-
ts rays in 3-D. The latter wastes computer memory.
In the proposed approach, far-field pattern functions
Kmn (8, ¢) and the expansion coefficient Qsmn [Han-
sen, 1988] express the field directivity pattern of the
antenna. The index s distinguishes the two modes:
The s = 1 denotes transverse electric (TE) mode,
and s = 2 denotes transverse magnetic (TM) mode.
The indices m and n indicate the mode numbers of
the wave functions in the ¢ and 8 directions, respec-
tively.

Since the radiating power of the antenna is given
by

P= I/QEsmlesmnlz, (12)

the transmitting power can be normalized to a 0 dB
gain, and the vector directivity function is obtained

as
Zsmn Qsmn smn(‘9 ¢) .
Zsmn |Qsmnl2

Therefore, if the field pattern of any antenna is
given, the expansion coefficient is obtained by the
following equation:

Qsmn = }{ E-K?,,.dQ.

D(6,¢) = (13)

(14)

The expansion coefficient is stored as a lookup ta-
ble in the computer. Finally, the emitted field is
calculated according to (13) and resolved into Ey y ,
components from spherical coordinates in the global
coordinate system. The use of the far-field pattern
function has some advantages. First, it strictly satis-
fies Maxwell’s equations and is therefore widely used
in spherical near-field antenna measurements [Han-
sen, 1988]. Second, the mode number of the function,
sufficient to the expansion, is limited and proportion-
al to the antenna size. This can reduce the need for
computer memory to store antenna patterns.

3.2.3. Application of the random phase
approach. The conventional power-summing ap-
proach [Erceg et al., 1994] sums up the power of each
individual ray to obtain the total signal level by as-
suming that the incoming rays are incoherent. How-
ever, this approach cannot indicate the fluctuation
range of the signal level or demonstrate the fading
phenomena. Alternatively, the phase-summing ap-

proach [Erceg et al., 1994] calculates the total signal
level from the sum of individual complex rays. Fast
variation (multipath fading) of the signal can be ob-
served in the total signal level. However, the calcula-
tion is quite possibly corrupted by the phase errors of
some rays. This approach also requires a sufficiently
large averaging window to obtain the spatial average
of the signal [Erceg et al., 1994]. This large averaging
window is not appropriate to microcell and picocell
environments. In the proposed approach, the idea of
random phase ray tracing [ Takahashi et al., 1998] is
adopted to model the level of fluctuation due to the
coherent interaction among different rays.

Since the building database and the positions of
the antennas may not be accurate on the order of
wavelength, a phase error is introduced into each ray.
This may dramatically deteriorate the accuracy of
the ray-tracing results. As the total field at the re-
ceiving point is expressed in (9), phase ¢; is therefore
assumed to be random. The cumulative probability
of the total field strength (fading statistics) at the
receiving point can be derived by the characteristic
function method [Takahashi et al., 1998] and is given
as [Barakat, 1974]

2|E| $

n=1 ’Y’I’l']l (771

P(E] - 2on/R) 5, (L) (15

R

where 7, is the nth root of zeroth-order Bessel func-
tion Jo( ), Ji( ) is the first-order Bessel function,

and
®(z) = exp (———) HJO (Aiz)

where o2

(15b)

is the receiver noise power, A; is the am-

10m

HER

Fence .

Figure 5. A picocell measurement environment at TIT.
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Figure 6. A picocell measurement environment in YRP.

plitude of the ith ray, and R is an upper limit pa-
rameter, as sufficiently large as possible and chosen
as [Jao and Elbaum, 1978]

k
R=) Ai+50.

i=1

(15¢)

The total field strength corresponding to the cumula-
tive probability from 5 to 95% is selected as the con-
fidence interval. If the measured data are confined
within the confidence interval, it implies that the ray-
tracing tool gives the correct predictions. The predic-
tion error of ray-tracing approaches, caused by incor-
rect phases, can also be improved by using the local
mean calculated by the random phase approach. By

Table 1. Electrical Parameters Used in

Rayv Tracing
€r o, S/m
Building wall 5.5 0.023
Ground plane 15.0 0.005
Metal - Ie)
Hill 3.5 0.01

incorporating the random phase approach into the
ray-tracing method it provides an insight into the
fading mechanism and also a specific range within
which the signal level will fluctuate.

4. Field Measurement and
Comparison

In this section, we describe three field measure-
ments. The first was carried out inside the campus of
the Tokyo Institute of Technology (TIT), the second
was carried out in Yokosuka Research Park (YRP),
and the third was carried out in Yokosuka Highland.
The first two measuring environments are shown in
Figures 5 and 6. Both measurement sites are typical
picocell cases with areas under 60 x 60 m2. Since
it is very difficult to verify the calculation accura-
cy of ray tracing in AOA, a good starting point is
to compare ray-tracing results with measurement in
picocell environments. The TIT measurement envi-
ronment is rather simple, and the YRP measurement
environment is quite complex, with mixed heights of
buildings and a nearby hill. A metal pillar and doors
are indicated by a wide solid rectangle and thin solid
rectangles, respectively. The heights of a car, build-
ings, and antennas are also shown in Figure 6. Fur-

Table 2. Simulation Parameters Used in Ray Tracing

TIT YRP Yokosuka
Carrier frequency, Hz 1.28 G 8.45 G 3.35 G
Transmitter height, m 1.45 2.7 4.0
Receiver height, m 1.45 1.65 2.7
Reflection order 4 6 4
Diffraction order 1 1 2
Antenna vertically polarized half-wave dipole
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Figure 7. Path loss variation indicating short-term fad-
ing effect.

thermore, to confirm the accuracy of the proposed
ray-tracing tool in microcell environments, the au-
thors also compared the path loss result with pub-
lished measurement data in a microcell environment
of Yokosuka Highland. The electrical parameters [In-
ternational Radio Consultative Committee (CCIR),
1991] used for the calculation of ray tracing in all
environments are listed in Table 1. The other simu-
lation parameters are listed in Table 2. By increasing
the order of reflections and diffractions in these en-
vironments the results did not change considerably.
The measurements of path loss, delay profile, and
AOA were carried out and compared with the ray-
tracing results.

4.1. Path Loss

As to path loss, measurement in both a microcell
and a picocell are compared with ray-tracing results.
4.1.1. TIT measurement. During the TIT
measurement (picocell) the transmitter moved from

Path loss [dB]

Measurement result —

Ray-tracing result -

0 250 500 750
Moving Distance [cm]

Figure 8. Path loss variation after averaging.

®
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Figure 9. Measurement result compared with random
phase ray-tracing result.

the line-of-sight (LOS) area to the non-LOS (NLOS)
area while the receiver was put in a fixed position.
The transmitter antenna was connected to a signal
generator, and 1.28 GHz CW of 10 dBm was trans-
mitted. A spectrum analyzer measured the received
signal level. The whole moving range was 7.5 m, and
the transmitter moved at a step of 10 cm, which was
nearly equal to 0.5\ of the CW.

Figure 7 shows the measured path loss togeth-
er with the ray-tracing result by phase summing.
Figure 8 shows a local mean calculated over 1 m
range with the moving-average method for compar-
ison. Even though agreement can be observed be-
tween the measurement and the ray-tracing result, a
difference is observed in the NLOS region. Howev-
er, using the random phase ray-tracing method de-
scribed in section 3.2.3, a 90% confidence interval of
the path loss is calculated (see Figure 9). Almost all
of the measurement data fell into the 90% confidence
interval.

This result implies that the averaging effect of
the moving-average method applied in processing the

LOS route:

300m

Figure 10. A microcell measurement environment in
Yokosuka city.
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Figure 11. YRP measurement result of a LOS route
compared with ray-tracing result.

ray-tracing result may not be enough to obtain the
correct local mean as measurement. This is due to
the limited averaging length. The accuracy of the
local mean depends on the averaging length, which
should be sufficiently large to include all combina-
tions of the signal level fluctuation due to the phase
rotation of arrival rays [ Takahashi et al., 1998]. How-
ever, in many cases this huge averaging length may
not be practically possible. Moreover, even if the av-
eraging length is large enough, the arrival rays will
become different when the position of the receiving
point changes. Thus the averaged mean may not
be correct. This result shows that when compared
with the random phase method, the moving-average
approach may not give statistically correct channel
parameters.

4.1.2. Yokosuka Highland measurement.
A microcell measurement [Shimizu et al., 1999] was
done in a suburban part (600 x 600 m?) of Yoko-
suka Highland (shown in Figure 10). The environ-
ment consists of buildings with an average height of
8 m. Several measuring routes were chosen during
the measurement [Shimizu et al., 1999]. As seen in
Figure 10, a LOS measuring route (~ 300 m long)
and a NLOS measuring route (~ 50 m long) are se-
lected in this paper for comparison.

Seen from Figures 11 and 12, although there is
some deviation observed at around 250 m in the LOS
route, the good agreement between ray-tracing re-
sults and measurement can be seen in these graphs.
The deviation of path loss between measurement and
ray-tracing results is summarized in Table 3.

4.2. Delay Profile

4.2.1. TIT measurement. In TIT measure-
ment the delay profile at a receiving point is mea-

sured by using a network analyzer [Okada et al.,
1998] which measures the transfer function at dis-
crete frequency points. The inverse discrete Fouri-
er transform (IDFT) is employed to get the band-
limited impulse response, i.e., the delay profile. The
sampled data are multiplied by a Hanning window
function before using the IDFT. The measuring route
and the moving step are the same as in section 4.1.1.
The measuring frequency is centered at 1.28 GHz
with a 200 MHz bandwidth. In this bandwidth the
sampling frequency is separated by 1 MHz. At each
receiving point we took 100 snapshots. The signal-
to-noise ratio (SNR) is 25 dB in the LOS area and
15 dB in the NLOS area.

Since the delay profile from ray tracing is band-
unlimited, the impulse response obtained by ray trac-
ing was first transformed into the frequency domain
and then limited by the bandwidth used in the mea-
surement. Finally, the data were transformed into
the time domain by the inverse Fourier transform.
The random phase concept was also used to get the
90% confidence interval of the continuous-time delay
profile.

The delay profile at the receiving point shown in
Figure 5 is presented in Figure 13. The ray-tracing
result was processed by adding each arrival ray with
a random phase and then band-limited by 200 MHz
to get the continuous-time plot form. The measured
delay profile was found to be within the 90% confi-
dence interval.

4.2.2. YRP measurement. A delay profile
measurement system utilizing pseudonoise (PN) code
[Masui et al., 1999] is used here. A 8.45 GHz spread
spectrum signal with 50 megachips/s data rate was
transmitted. The whole dynamic range is above 60

Path loss [dB]
3

\\\\\\
=)

Ray-tracing result

0 5 10 15 20 25 3 3 40 45
Distance [m]

B3 C3

Figure 12. YRP measurement result of a NLOS route
compared with ray-tracing result.



62 ZHU ET AL.: HYBRID RAY TRACING FOR CHANNEL MODELING

Table 3. Deviation of Path Loss Between Measurement and Ray-Tracing

Results
Mean, dB Root-Mean-Square (RMS), dB
TIT (picocell) 1.43 1.57
Yokosuka. (microcell) 0.99 4.76

dB (2047 chips of PN length), and the whole band-
width of this system is 100 MHz [Masui et al., 1999).
The receiving antenna is moved at 8 x 8 grid points
with a 0.4\ separation distance between grids. Since
the scattering effects of a small hill near the receiv-
ing point cannot be neglected, it is modeled as a tall
rectangular obstacle. The effects of metal doors and
pillars are also considered in the ray-tracing process.

The delay profiles corresponding to 5, 50 and 95%
cumulative probabilities from all 64 delay profiles
are extracted and plotted in Figure 14. Alterna-
tively, the delay profiles corresponding to 5, 50 and
95% cumulative probabilities derived from the ran-
dom phase approach are then compared with mea-
surement results. Figure 15 shows the high level
of agreement between the median delay profiles of
ray tracing and measurement. Especially, there is
an almost 100% overlap of the peaks of direct wave,
second arrival waves, and third arrival waves in the
graph. The overestimation of ray tracing is observed
at around 260 ns. This may be caused by inaccurate
approximation of electrical parameters or inaccurate
phase summing. Figure 16 shows that the measured
delay profiles with 5, 50, and 95% cumulative prob-
abilities are almost totally confined within the 90%
confidence interval calculated by the random phase
approach. It proves that the random phase approach

T T
Random phase-95% —
50 Random phase-5% ~~~ 4
IDFT result -
o
D,
2 60 .
[
o
-70 ‘. \ N\ §
\ \ e\
N A

Delay time [ns]
Figure 13. A delay profile by IDFT and ray tracing.

can provide an accurate varied range of delay profiles
caused by inaccurate antenna positions (4 in this
case). This may provide confidence in predicting de-
lay profiles with ray tracing.

4.3. Angle of Arrival

4.3.1. TIT measurement. In TIT measure-
ment the AOA testing was implemented by moving
a receiving antenna at 7 x 7 grid points with a 0.5\
separation distance. The measurement data were ag-
ain obtained by the network analyzer and processed
by 2-D Unitary ESPRIT algorithm to get both az-
imuth and elevation angles [Zoltowski et al., 1996;
Sakaguchi et al., 1998]. The forward and backward
smoothing was done 18 times by using a 5 x 5 subar-
ray. The primary signal-to-noise ratio after ESPRIT
processing was around 30 dB, and the 200 snapsho-
ts were taken. The heights of the transmitter and
the receiver were set at 1.485 m. As seen in Fig-
ures 17 and 18, the AOAs of the direct wave, diffrac-
tion waves from two corners, and a reflection wave
from the wall of the measurement data are in good
agreement with the ray-tracing result.

4.3.2. YRP measurement. The AOA mea-
surement in YRP is quite similar to that at TIT. The
measuring system and the transmitter and receiver
settings are the same as those used in the measure-

-65
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Figure 14. Measured delay profiles in YRP measurement.
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Figure 15. Comparison of median delay profiles in YRP
measurement.

ment of the delay profile. The receiving antenna is
moved at 8 x 8 grid points with a 0.4\ separation dis-
tance of grids. A 8 x 8 two-dimensional array anten-
na system is therefore simulated. An azimuth delay
power profile (beam-forming pattern) of this anten-
na system is calculated and compared with the cor-
responding ray-tracing result. The ray-tracing result
is first transformed into the band-limited response in
delay domain and then multiplied with a weight vec-
tor (rotate in azimuth degrees) of this array antenna
to generate the beam-forming pattern.

These azimuth delay beam-forming patterns are
projected into the azimuth plane. Figure 19 shows
the projection of the ray-tracing result. Figure 20
plots the projection of measurement data and the ar-
rival rays calculated by ray tracing. From these com-
parisons, good agreement can be observed at the di-
rect wave (at around 200°) and some scattered waves

A, Measurement 95% value

\‘ Measurement 50% value

& s Measurement 5% value

D, -80 1
g " Random phase 0% confidence interval
2 -85[

3

o

0 50 100 150 200 250 300
Delay time [ns]

Figure 16. Illustration of measured delay profiles con-
fined within the 90% confidence interval calculated from
the random phase approach in YRP measurement.

N

Tx e

g
i

-50

-80 [dB]
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Figure 17. Spatial channel parameters predicted by ray
tracing.

fence

(at 80°, 240°, and 350°). However, the arrival waves
between 40° and 80° are not predicted by ray trac-
ing. Actually, there is a metal lamppost and a metal
sewage pipe almost at these directions (as seen in
Figure 6). This could be the reason for these arrival
waves because the lamppost and the sewage pipe are
not modeled in the ray tracing. Therefore it may be
necessary to model some obstacles such as lampposts
in ray tracing, especially for high-frequency systems
(8.45 GHz) in picocell environments. This implica-
tion may not be evident if using the conventional
comparison in path loss and delay profile.

Figures 21 and 22 show the azimuth delay power
profiles of measurement and ray tracing, respectively.
The observation of these graphs also proves the good
calculation accuracy of the proposed ray-tracing tool.
It is noted that there is a small angular difference if
the results are carefully compared (as seen in Fig-
ure 20). For example, although the peak of direct

-50

-80 [dB]

is
0[m]

Figure 18. Spatial channel parameters measured and
processed by ESPRIT.

fence
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Figure 19. Projection of an azimuth delay profile from
ray tracing into the azimuth plane.

wave is almost perfectly predicted, the peaks of re-
flected waves at 350° show a ~ 5° difference which is
probably caused by a small coordinate error of anten-
na positions. Overall, the proposed ray-tracing tool
showed a good level of accuracy and was fully veri-
fied with regard to the path loss, the delay profiles,
and the angle of arrival.

4.4. Spatiotemporal Channel Modeling

In a conventional ray-tracing process the received
rays have unlimited frequency bandwidth and in-
finitely narrow beam width. The calculated spa-
tiotemporal power profile is therefore a spatiotempo-
ral channel impulse response without normalization.
For example, the spatial and temporal channel pa-
rameters of the receiving point in Figure 17 can be
graphically represented in Figure 23. Figure 23 in-
dicates that the ray-tracing method may be quite
suitable for the formulation of the spatiotemporal
channel model. However, because of the site-specific
nature of ray-tracing processes, such modeling los-
es generality and abstractness of mobile channels.

60
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Azimuth [deg]

0 40 80

Figure 20. Comparison of AOA in the azimuth plane.
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Figure 21. An azimuth delay profile obtained from mea-
surement.

It is therefore not very appropriate for evaluation
of channel transmission characteristics, which is nor-
mally based on a general (statistical) channel model.
The exaction of a general channel model from ray-
tracing processes may be an interesting area and will
be continued in the future. Alternatively, the appli-
cation of ray-tracing methods into direct assessment
of system performance in a real environment is quite
possible. In this assessment the results of a conven-
tional ray-tracing process are required to have band-
limited and finite-narrow beam width characteristics.
In this sense, the proposed ray-tracing tool demon-
strates the applicability and accuracy of this trans-
formation in the comparison of Figures 21 and 22.
This provides confidence in applying ray-tracing ap-
proaches to analyze system performance in both spa-
tial and temporal areas.

5. Conclusion

This paper described a 2-D/3-D hybrid ray-tracing
method for spatiotemporal channel modeling. A spa-
tiotemporal channel model is proposed as a complex
baseband impulse response by incorporating the spa-
tial information and polarization. The efforts of this
research were put on the acceleration of a ray-tracing
process and the improvement of calculation accura-
cy. Partition vector is proposed as an effective ray-

-60
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-10% 3 i i 8 50
40 80 120160200240 2803005500~ Delay time [ns]

Azimuth [deg]

Figure 22. An azimuth delay profile obtained from ray
tracing.
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Figure 23. Spatiotemporal channel parameters.

tracing acceleration technique. The random phase
approach is applied in ray tracing to give statistical-
ly correct results in the calculation of path loss and
delay profiles. In addition, we also attempt to veri-
fy the prediction accuracy of the ray-tracing method
with respect to angles.

Ray-tracing results have been compared with sev-
eral measurements in picocell and microcell environ-
ments. The accuracy of the proposed ray-tracing tool
was verified by the measurement data in three key
areas: path loss, delay profile, and AOA. The com-
parison of path loss results suggests that it is more
applicable to remove the fast-fading effects in ray-
tracing results by using the random phase approach.
It is also found that the random phase approach
provides an effective approach to model the effects
caused by inaccurate antenna positions. The good
prediction accuracy of AOA by ray tracing in pic-
ocell environments is also proved by measurement.
It is found that the effects of scattering obstacles
such as lampposts cannot be neglected in ray tracing
in picocell environments. The applicability of trans-
formation from unlimited-band and infinitely narrow
beam width ray-tracing results to limited-band and
limited beam width channel parameters is also in-
vestigated and proved to be effective. This provides
the confidence of applying ray-tracing approaches in
analysis of the performance of specific systems in real
environments.
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