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Abstract: Channel characteristics from microcell measurement and simulation are compared. In microcell
environment, the dominant propagation mechanisms are not only from reflections and diffractions from
buildings but can also come from non-specular scatterings. Propagation prediction tools such as ray-tracing
algorithms which calculate only reflections and diffractions are hence not enough to completely predict the
channel. To address this issue, an implementation called polygon meshed physical optics (polygon meshed PO)
is used. Polygon meshed PO approximates the traditional PO by dividing the scatterer surface into triangular
meshes to reduce the surface integral (for calculating the scattering field) into summation of mesh areas. This
makes it flexible even for irregularly shaped objects. As PO utilises the whole illuminated scatterer surface to
calculate the scattering field, it is not limited to specular directions and can be used to compute the
contribution of non-specular scattering. To know the actual propagation channel, wideband measurement was
performed inside a university campus. With antenna arrays on both the transmit and receive sides, wideband
double-directional channel characteristics such as azimuth-delay power spectrum can be obtained after
applying the conventional beamforming. Comparison of measurement and simulation results reveals that
small metallic objects cause non-specular scattering and affect the propagation channel. These objects can be
predicted by the proposed polygon meshed PO in cooperation with ray tracing.

1 Introduction models [3, 4] are required instead of the conventional

channel models which consider only delay characteristics.
In mobile communication systems, multiple input multiple-

output (MIMO) systems with antenna arrays both at the
mobile station (MS) and base station (BS) have recently
emerged as a key technology to increase the capacity and
reliability of the systems [1, 2]. The performance of
MIMO systems depends much on the directional and delay
characteristics of the channel, and models of wireless
propagation channel should include the directions of arrival
(DoA), directions of departure (DoD) and time delay of
the multipath components. Therefore to reflect the
wideband double-directional structure of the radio channel
in a considered propagation environment, realistic channel

On the other hand, ray-tracing algorithms are popular
approaches for propagation prediction and modelling since
the directional and delay characteristics of the channel are
implied in each ray. It is a common knowledge that ray-
tracing algorithms can predict elementary propagation
mechanisms due to specular reflections from wall surfaces
and diffraction from building edges [5, 6]. Since the
dominant propagation mechanisms in macrocells are from
wall reflections, building corner and roof-edge diffractions
[7, 8], this might be applicable. But in smaller cells or

microcells, the non-specular scattering from some small
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Figure 1 Outline of this approach taken to investigate non-
specular scattering

objects other than buildings can have significant contribution
comparable to the dominant propagation mechanisms such
as specular reflection and diffraction. However, this existing
non-specular scattering [9, 10] is not yet included in ray-
tracing algorithms.

To study the impact of those scattering objects, geometrical
optics (GO) and geometrical theory of diffraction which are
currently used to simulate the propagation channel for mobile
communications cannot be applicable since all elementary
waves of an incident plane wave are assumed reflected at the
same ideally smooth planar boundary. Instead, we are going
to use physical optics (PO) to simulate the scattering from
small objects relative to the first Fresnel zone of the scattering
paths. As PO [11] utilises the whole illuminated scatterer
surface to calculate the scattering field, it is not limited to

specular directions and can be used to compute the
contribution of non-specular scattering. To simplify the Centre 4.5 GHz
calculation of the induced current and the scattering field, an frequency
implementation called polygon meshed PO is used. Polygon bandwidth 120 MHz
meshed PO approximates the traditional PO by dividing the :
scatterer surface into triangular meshes to reduce the surface delay resolution 8.3ns
integral (for calculating the scattering field) into summation excess delay 3.2 ps
of mesh areas. This makes it flexible even for irregularly
shaped objects. frequency step 312.5 kHz
frequency 385
Therefore this paper proposes an alternative approach to samples
predict the non-specular scattering from small shaped
objects in cooperation with ray-tracing simulation in order Tx power 40 dBm
to obtain a more accurate propagation prediction model for Tx antenna rectangular array, 2 x 4 dual polarised
microcell scenarios. The outline of this approach is patch antenna
summarised as shown in Fig. 1.
Tx antenna 1.79m
height
2 Measurement scenario and Rx antenna cylindrical array, 2 x 24 dual polarised
equipment patch antenna
. . . Rx antenna 1.65m
The microcell measurement was carried out in O-okayama height
campus of Tokyo Institute of Technology [12]. In the &

X, m

Figure 2 Measurement scenario

following sections, we will describe the measurement
scenario and employed equipment.

2.1 Scenario

In this measurement, the Tx antenna corresponds to the BS,
whereas the Rx antenna corresponds to the MS. The BS
antenna was fixed and mounted on a tripod with a height
of 1.79 m from the ground, whereas the MS antenna with
line-of-sight (LOS) to the BS was mounted on a cart with
a height of 1.65 m. The 0° of the MS array antenna is
pointing in the samedirection as the x-axis as illustrated in
Fig. 2. The distance between BS and MS was 60 m.

Table 1 Specifications of measurement
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Table 2 Typical measured characteristics of patch antenna elements

For BS antenna (HP port/VP port)

For MS antenna (HP port/VP port)

3 dB BW (horizontal plane)

89°/101°

86°/122°

3 dB BW (vertical plane)

94°/86°

89°/61°

antenna gain (main beam)

better than 5 dBi

better than 4 dBi

XPD (in both 3 dB BWs)

better than 11 dB

better than 10 dB

2.2 Channel sounding

The Medav RUSK Fujitsu channel sounder [13] was
employed to accomplish the measurements and the related
parameters can be found in Table 1.

The BSantennaisa2 x 4uniform rectangular antenna array
of dual-polarised patch antenna elements, whereas the IMS
antenna array is a 2 x 24 stacked uniform circular antenna
array with dual-polarised patches constituting 96 elements in
total. The patch antenna elements on both BS and MS
antenna array were characterised and summarised in Table 2.
All values are based on measured antenna patterns when all
patch antenna elements were attached. A periodic multicarrier
frequency signal was utilised as the test signal at the centre
frequency of 4.5 GHz allowing real time measurements of the
channel response with a 120 MHz bandwidth resulting in a
propagation delay resolution of 8.3 ns. To avoid delay
ambiguities, the maximum measurable excess delay can be set
according to the scenario. In our case, it was set to 3.2 s
(corresponding to a maximum measurable path length of
32 ps x3 x 10°m/s = 960 m) which is sufficient for the
given scenario. This corresponds to a frequency separation of
(1/3.2 ps) 312.5 kHz. Reference clocks at both BS and MS
ensure timing and switching frame synchronisation for the
whole measurement durations. Fast switches were used in
both Tx and Rx antenna arrays to switch the antenna ports to
sample the received signal in the spatial domain. Accordingly,
the total number of channels is 1536 including all
combination of vertical polarisation (VP) and horizontal

polarisation (HP).

3  Propagation prediction
algorithms

The propagation prediction algorithms are separated based
on specular and non-specular scattering. For specular
scattering, the ray-tracing simulator is utilised, and the

polygon meshed PO is utilised for the other case.

3.1 Ray-tracing simulator

The ray-tracing simulator called ‘Raplab’ [14] is used to predict
detailed path parameters, that is, complex path gain, DoD and
DoA in azimuth and elevation, and delay. This ray-tracing

BS and MS. Buildings are generated according to their
position and size similar to the measurement scenario
(Fig. 2). Each building is modelled as a rectangular box
by assuming the material parameters of concrete

(e, =6.765, u, = 1, 0 = 0.0023 s/m, thickness = 0.1 m).

A ray-optical wave propagation tool is used to calculate
the channel between BS and MS, and distinguishes
between different multipath components. Each path may
consecutively experience different propagation phenomena.
The propagation phenomena taken into account in the
channel reflections,
combinations of multiple reflections and diffractions. The
maximum reflection and diffraction used in this study are
set to be 2 and 1, respectively. In order to trace rays from
BS to MS, the method of image transmitters (image
theory) [15] is implemented to find the ray paths and the
angle is based on Snell’s law of reflection. The formulation
of reflected and diffracted rays is carried out based on GO
and the uniform theory of diffraction (UTD) [16],
respectively. The Fresnel reflection coefficients are used to
model the reflections, whereas the coefficients for wedge
diffraction are used for diffraction.

model  are diffractions and

Ideal isotropic antennas are implemented to simulate the
antenna independent channel. By tilting the BS and MS
antenna, both VP and HP can be obtained. The output of
Raplab generates a list of all propagation paths and its path

parameters in each position.

3.2 PO approximation

PO is a type of high-frequency approximation method which
is applicable to surfaces whose dimensions are large compared
with the incident wavelength. In PO approximation [17], the
induced electric current is approximated by applying the
image theory at the scatterer which is assumed as a perfect
electric conductor (PEC). This results in the tangential
component of the magnetic field being double, while the
normal component is cancelled. Then, the equivalent
electric current I is approximated as 27 x H' on the
illuminated part of the surface, whereas the equivalent
magnetic current M is always 0, as the tangential electric
field vanishes on the PEC surface [17]

simulator consists of two major parts: a realistic three I'° =23 x H for illuminated part

dimensional (3D) model of propagation environment and a PO

model to calculate the multipath wave propagation between M =0 1)
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where 7 is the normal vector from the surface. The electric
vector potential (4) and magnetic vector potential (B) can
be calculated from those induced current on the surfaces as

1 PO e—jkr
A=—| I'"—dS§
4 )¢ r

1 poe
B=—| M©% _ds=0 @)
s

:477 r

Therefore the scattering field at an observation point
expressed in terms of the electric vector potential (4) and
the magnetic vector potential (B) is simplified as

performance of this approach as described in [20]. The
verification was performed by comparing with the PO
analytical model and the numerically accurate method of
moments in the 2D geometrical case. The analytical
solution of the perfectly conducting sphere was used in
the 3D geometrical case. The parametric studies [21]
showed that the normalised polygon area below 0.1 was
sufficient for the scattering field to achieve convergence
and made the performance of polygon meshed PO
method similar to PO analytical one. Therefore the
normalised polygon area below 0.1 was utilised in this
simulation.

4 Channel reconstruction and

s . . VV.A .
B =—joped —j= =~V xB data processing
) V.4 From path parameters of ray-tracing results, the ray-based
= —joped — ] wey 3) directional channel response can be modelled as [5]

where w = 27f and r is the distance between the integration
point and the observer. &, and w, denote the permittivity and
permeability of the free space, respectively, whereas % is the
propagation constant in free space. Furthermore, the VP
and HP of the incident field can also be considered in PO

calculation.

(1) Polygon meshed PO: Polygon meshed PO is
constructed by applying polygon meshes represented by
several triangles. Since the scatterer is modelled by polygon
meshes, the complex calculation of A4 can also be
represented in the summation form of each polygon mesh
instead of the surface integral in the case that each polygon
mesh has a suitable size

A —ij o g5, iZm: o 4)

4w 7 4= y m
where m is the number of polygon meshes and As, | is an area
of each polygon mesh. To study about the convergence, a
parameter called normalised polygon area is defined to
determine the appropriate size of the polygon mesh as the
following relationship

Z;’;l ASm
mA?

Normalised polygon area = (5)

The triangulation of a polygon is utilised since curved
surfaces being subdivided into triangles can be handled
efficiently. This algorithm is provided as an intrinsic
function of MATLAB and utilises the constructive solid
geometry model paradigm [18] to model the basic 2D
geometrical objects and designs the meshed generation
based on Delaunay triangulation [19]. For 3D geometrical
objects, the height is mapped to the meshed 2D objects.

Furthermore, the parametric study and the analytical
solutions were introduced in order to evaluate the

5 L . ~MS
H(f,QBS,nMS>=Z[o?sdrfs][yw’f vaM?, }
/=1

MS
YvH, Yoo, &b,

x S(QBS . Q}SS) . S(QMS _ Qi\/IS) . e(—jZﬂ'fT[)
(6)

where L is the m}l}mbelrv[ of paths, b?s, b?ds the unit directional
vectors of VP, (Al), , (2)[ the unit directional vectors of HP, y
the polarimetric complex path weights where the first and
second  subscripts correspond to MS and BS,
respectively (yyy,, Yup,: co-polarisation components of
VP and HP, and gy, yypy,: those of cross-polarisation

BS S 4BS MS S +MS S S
components), Q)° = (67°,¢7°), 00" = (6)"°,¢)"°),67°,6)"
the coelevation angles, BS M the azimuth angles and 7,

the delay time.

The definitions of § and ¢ components for BS and MS are
illustrated in Fig. 3.

This model, however, does not include the effects of
antenna structures. Note that the channel response from
measurement results includes the complex vector directivity
patterns of the antenna arrays. Therefore to reconstruct the
channel response, Hpr(f), the directional channel
response from ray-tracing results should also include the

z

Figure 3 Coordinate system at BS and MS, respectively
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array response as constructed by

o= ][] i

- Bpg(QB5)dOMSdOPS (7)
where s¢ = [ f, QB M), bMS(QMS) and bBS(QB ) are the
MS and BS antenna array responses at the specified direction,
respectwely hps(QP%) denotes the hermetian transpose of
/-’BS(Q %). Note that ray tracing is conducted only at the
centre frequency. To account for the frequency dependence
of the phase delay in the exponential term of (6), the
channel response is represented in vector form for all
frequency samples as

_ T
vec(HRT f(];f D)

vec(Hr ()

www.ietdl.org

where s = [, QBS, QMS] and w'' denotes the hermetian
transpose of w. Ap(7) is an impulse response.

Beamforming is applied in every 6° for the whole azimuth
range (from 0° to 360°), and from 30° to 150° for the

co-elevation due to antenna limitations.

5 Directional channel
characteristics

Before proceeding, the authors would like to note that
although the ray-tracing results can be compared directly
with estimated ray parameters from the measurements
results using a maximum likelihood estimator (RIMAX)
[21], this comparison is not effective due to the different
resolution limits for these two approaches. The angular and
delay resolution of the former can be infinitesimally small,
but that of the latter is physically limited by the bandwidth

and size of the array antennas. Therefore the authors

bpr = (8) consider the limitation of the latter, and the beamforming/
: matched filtering output of the channel sounder and ray-
: tracing simulation are used for the comparison.
( (ﬁNfD))
vec| H RT 5

where NV is the number of frequency samples. Since the
measured and simulated channel responses are available, the
beamforming in the angular domain and matched filtering
in the delay domain are conducted by using the weight
vector w(s) as

5.1 Azimuth-delay power spectrum

The measurement and the ray-tracing simulation results of
the azimuth-delay power spectrum defined in (11) are
shown in Fig. 4

Nyms Ngas N,ps
» Yoty Dgrsey Xgis_y (Prus(s) + Pyns(s)) an
MS BS =
w(s) = bMS(Q )® bBS(Q ) ® bF(T) ) ADS NoMs . NGBS . N¢BS
and the resultant spectrum P(s) is given as where Nyss = 61, Nyss = Nyus = 21, Pps and Pyps are
H ) the resultant spectrum of vertical and horizontal
P(s) = |[w (s)brr (10) transmissions, respectively. From Fig. 4, the ray-tracing
wH(s)w(s) simulation can be seen to predict the arrival of strong
900 -80 900
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Figure 4 Azimuth-delay spectrum:

a Measurement
b Raplab
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Figure 5 Azimuth spectrum

signals around 180°. A strong delayed path near 0° is also
predicted corresponding to the building in front of MS.

(1) Azimuth spectrum: Azimuth spectrum can be obtained by
summing up the power of azimuth-delay power spectrum
with respect to the delay time. From Fig. 5, the arrival waves
within the range from 138° to 216° are in agreement with
respect to the shape of the spectrum. At 0°, some power is
simulated by the ray-tracing algorithm corresponding to the
building in front of MS. The remaining angles which do not
match correspond to the right and left sides of the MS.

(2) Delay spectrum: Delay spectrum can be obtained by
summing up the azimuth-delay power spectrum with
respect to the azimuth angle. From Fig. 6, the ray-tracing
simulation can predict accurately the two major peaks
around 200 and 600 ns in the delay spectrum. For the
200 ns peak, it is composed of the LOS path and other
paths close to it like reflections from the building walls in
between BS and MS. The 600 ns peak corresponds to the
previously mentioned building in front of MS.

Figure 7 Cluster in azimuth-delay power spectrum as seen
from MS position

5.2 Investigation of non-specular
scattering

By aligning the pictures taken with fish-eye lens to the
position of the receiver as shown in Fig. 7, the cluster
within the second major peak of the azimuth spectrum
given in Fig. 5 can be identified and it corresponds to
the facilities constructed outside the building. As a
supporting approach, the extracted paths estimated by
RIMAX are manually inspected within the second major
peak of the azimuth spectrum. Those extracted paths
are in the azimuth range from 220° to 280° and delay
from 201 to 205ns as shown in Fig. 8 and are
designated as a ‘cluster’.

For the analysis, since the previous research [10] mentioned
that the scattering from metallic objects such as lampposts and
traffic lights can be comparable to the specular wall reflections
and building edge diffractions therefore only metallic objects
are analysed within this identified cluster and are shown in

-70 30 - - - 75
Measurement
= = =Raplab
e 60 Extracted ] -80
8 paths
o Y from
S 90 3 ,
o g RIMAX
£ g 9 within =4
E -100 | 3 201- 205
= S [ns]
120 -90)
-110
-120 : : 150" i : j i : s
0 300 600 900 1200 1500 0 60 120 180 240 300 360 Path Gain,
Delay, ns Azimuth, degree dB

Figure 6 Delay spectrum

Figure 8 Extracted paths from RIMAX
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Figure 9 Identified scatters within the cluster

a Air conditioner at ¢™* ~ 222°
b Switch box at ¢™* ~ 239°

¢ 2 Metallic pipes at $™° ~ 239°
d Metallic pipe at ¢™° ~ 263°

Fig. 9. From these identified metallic objects, the polygon
meshed PO is then utilised to model these objects and the
scattering field at the receiver as well as the channel
parameters such as delay, DoD and DoA are calculated. After
incorporating the results of polygonmeshed PO with ray-
tracing, the azimuth-delay power spectrum and azimuth
spectrum are shown in Fig. 10.

900

-100
-110

-120

; 130
300 360 Path gain,
dB

180 240

120
Azimuth, degree
a

0 60

Figure 10 Azimuth-delay spectrum:

a Raplab + polygon meshed PO
b Raplab

From Fig. 10q4, it is quite difficult to distinguish the
difference from the azimuth-delay power spectrum of the
previous ray-tracing simulation results in Fig. 104. For
Fig. 11, the second major peak can now be observed in the
azimuth spectrum, although the result of this proposed
approach still cannot match with the measurement result
which may correspond to other scattering objects in the
channel. However, this implies that those metallic objects
do have effects in the propagation channel and can be
predicted by polygon meshed PO.

Fig. 11 also shows the result of Raplab (designated as
ObjectRaplab) by including the metallic objects into the
environment model. Since Raplab still has some difficulties
to handle curve surfaces in which the specular reflection
always exists, even if those identified objects were included
in the environment, the effect of those objects especially
for the curve surfaces (pipes) cannot be observed in the
azimuth spectrum. In general, the computation time for
polygon meshed PO depends on the size of the objects
since it will affect the number of polygons used. Moreover,
the polygon meshed PO is not limited to metallic objects.
It can also be used to handle tree trunks when it is
modelled as a curve surface since Raplab handles curve
surfaces with piecewise plane approximations. Although in
this measurement, the location of the trees is not in the
direction of the significant peaks, so we did not include it
in the polygon meshed PO calculation. In other scenarios,
tree trunks might have significant effect.

Finally, as the size of the microcell increases, the number of
significant scatterers might also increase. For non-specular
scattering, its effect maybe significant when the size of the
object is smaller than the Fresnel zone, so that the GO
formulation in Raplab is not applicable [22]. Therefore in
this implementation, the size of the scatterer which is a bit
smaller than the first Fresnel zone is the major target to be
considered.

9007 -80
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0 60 120 180 240 300 360 Path gam,
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6 Conclusion

In this paper, a ray-tracing simulator was used to predict the
path parameters of an LOS microcellular environment inside
a university campus, and the results were applied to
reconstruct the channel response. For data processing,
the conventional beamforming is utilised to extract the
wideband directional channel properties. These are then
compared with channel properties from the measured
results. The results show that the wideband directional
channel properties from the ray-tracing result can predict
the major peak appearing also in the measurement which
corresponds to specular reflection and diffraction. To gain
insight on the significant propagation mechanisms, the
metallic scattering objects in the second major peak were
identified by manual inspection with the aid of a camera

with fish-eye lens.

The proposed approach called ‘polygon meshed PO’ is
then utilised to model these scattering objects and to
calculate the scattering field at the receiver as well as the
channel parameters such as delay, DoD and DoA. After
incorporating the results of polygon meshed PO with ray-
tracing, the second major peak other than the LOS
component can be observed which implied that those
metallic objects have effect in the propagation channel in
terms of non-specular scattering and can be predicted by
polygon meshed PO. However, the procedure to consider
the significant scattering objects would need to be
developed in the future based on the results of this paper.
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