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Abstract— The BUNGee project (Beyond Next Generation Maobile
Broadband) aims to improve the overall infrastructure capacity
density provided by cellular networks to an ambitious goal of
1Gbpskm? Its innovative architecture relies on a Hub Base
Station (HBS) connected to the operator back-haul on one side
and to a large number of distributed Access Base Stations (ABSs)
or fixed relays on the other side (self-backhaul links), the HBS-
ABS links being implemented by means of narrow-beamwidth
dual-polarized antennas. ABSs are then connected to Mobile
Subscribers (M Ss), forming access links. I n this contribution, the
small-scale statistics of the HBSABS relay links are
characterized by means of an advanced ray-tracing tool to reflect
the peculiarities of such architecture. In particular, the
dependency of small-scale statistics upon the antenna beamwidth
is critically investigated. Results are simultaneously compared
with the reported parameters of existing modelsin the literature,
e.g. WINNER Il and |EEE 802.16 channel models. We focus on
the spatial K-factor, spatial correlation coefficients, Cross
Polarization and Co-Polar Ratios (XPR, CPR), in a dense urban
deployment scenario. Furthermore, a tapped delay line model for
fixed relay links with 20 MHz bandwidth is developed and
analyzed.
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. INTRODUCTION

omnidirectional antennas. In [3], an omnidirectional antenna
array was used to extract the small scale statistidsle
WINNER Il models [4] were also parameterized with large
omnidirectional or circular arrays. High-gain directibroa
dual-polarized antennas were used in Fixed Wireless Access
(FWA) systems but largely with Line of Sight (LOS)
conditions [5]. However, results characterizing the siedle
statistics of the fixed relay polarimetric links (suchthsse
envisaged by BuNGee) with high gain narrow-beamwidth
directional antennas at both sides of the link are stitidly
missing. While the impact of directive patterns could be
predicted using WINNER Il models, the polarization aspects
are yet to be added (as WINNER Il model is essentialty t
dimensional). To combine polarization and narrow beamwidth
aspects in a 3-D propagation environment, the small-scale
characteristics of fixed relay polarimetric links are
investigated by means of an advanced ray-tracing to8l.[7-
This tool is particularly innovative since it models not only
specular contributions (analogous to all ray-based tools), but
also dense multipath (or diffuse scattering) componentseThes
allow to account for macroscopic roughness effects, sach a
windows, balconies, irregular bricks and surface roughness,
etc, which also arise in non-specular directions. Tloegefit
rovides much better coverage and interference predictions, i

dgeg;?jr;ngr?ctzﬁeEY?LT:;EZhgrmnzwnov:;;?l?rshs's Zysgeg; 111:;?(\3/” articular when polarization is involved. The accuracy
P wi - IS 1S eV II?(]dvantage was experimentally validated through a

case In beyond 3G networks such as BuNGee [1], which re asurement campaign in an outdoor scenario with linear
on aggressive frequency reuse (and heretofore heavy tempog?iays of four dual-polarizedH{45° slanted polarizations)

and spectral interference), and unprecedented deployme&ﬁtennas 8]
scenarios (heretofore unseen spatial signal and interéerenc '
propagation characteristics). Whilst a large amount ofiredsa The paper is organized as follows: Section Il describes the
models, e.g. IEEE 802.16, WINNER Il and COST 2100 arsimulation setup. Section Ill presents the small-scatestita
available, they require some significant modificatioms t Of fixed links in detail, including comparisons with dig
reflect the peculiarities of such architecture. Thereféhe, ~Models in the literature. A tapped-delay line model is
specifics of BUNGee channels in terms of large-sdalisics ~ developed and characterized in  Section IV. Finally,
such as pathloss, Root Mean Square (RMS) delay spread h&Riclusions are drawn in Section V.

already been investigated through a ray-tracing tool inl{2]. 1.
was concluded that neither WINNER |l nor IEEE 802.16

. . . A typical urban grid is considered as test environment for
models provide a suitable pathloss model for HBS-ABS fixed
relay links, unless the reduction of the HBS beamwidth i%he HBS-ABS channel at 3.5 GHz. The deployment square

accounted for [2]. However, small-scale statistics orOIOOIOgy [1] has block raster of 90 m, with each blagk

equivalently fast-fading characteristics were not pdrthat width 75 m and street width taken as 15 m. Block height is

imi . tigation. Most of th isti K on smal fixed to 20 m. The HBS is placed in the centre of the @tk
prefiminary investigation. VIost ot the existing work on smal height of 25 m from the ground level (i.e. 5 m above the
scale statistics for fixed relay links has been carriedfor

SIMULATION SETUP



rooftop) and equipped with a multi-beam directional antenna. [ll.  SWALL SCALE STATISTICS
The HBS antenrja_ com_pnses<4)0 sectors; _each sector bemgs% Spatial K-factor
capable of providing six separate beams in two slanted +4
polarizations [10]. Each beam has 18.8 dBi gain with A spatial K-factor can be defined as the ratio of the
approximately 15° beamwidth in azimuth and 10° in elevatiorsoherent (fixed) to non-coherent (spatially fluctuating) power
with 2° electrical down-tilt [1]. On the ABS (receiveide, a of multipath components, in order to characterize the ggver
directional antenna is used with 13 dBi gain at the height oof spatial fading. This parameter is importantiied links, as
5 m from the ground level. The directional receive antdérasa it highlights how the channel gain may vary as a function of
40° beamwidth both in azimuth and elevation, and #+6°  small displacements of the ABS antenna [5]. It can be
slanted polarizations. The above described antennas asgpressed as,
envisaged and designed for BuNGee project [1]. 5

In Fig. 1, the block diagram explains the scenario, where K = 21% Q)
only two sectors of a centrally located HBS (12 out 4f 2 . .
beams) are shown. HBS beams are not intended for speciferem* is the power of coherent components aaﬁ is the
ABS locations, thus providing the choice to select the beftower of non-coherent components. The spatial K-factor
available link in the defined architecture. HBS-ABSABS;  Vvalues (dB) have been estimated by simulating<2ZZD grid
and -ABS; links are simulated with three beams (respectivelypoints (over space) at three ABS locations. The spétial
4, 7 and 12, shown in red). Black dots represent ABSitota  factor values for polarized link range from 9 to 26 dBhaee
at the street intersections, while small arrows datti the ABS locations, as presented in Table 1. K-factors at AB8
direction of ABS antennas along the streets. The distanexceptionally higher compared with other locations probably
between antennas varies depending upon the ABS locatiodue to high street-canyon effect. Moreover, the high galue
ABS,, ABSs and ABS, are placed at a distance of 230, 318naturally result from the use of narrow-beamwidth HBS and
and 262 m, respectively, from the HBS. In the ray-tradng  ABS antennas. This implies that the channel gain is not
relative permittivity and conductivity of concrete wadis3.5  extremely sensitive to the exact location of the ABScaln

GHz are taken as 4.85 and 0.173 S/m respectively. Th@so be observed that the K-factor generally decreaiseshe
maximum number of reflections is set to 3. propagation distance.

TABLE 1
SPATIAL K-FACTORVALUES

Pol @ K-factor (dB)
TXIRx ABS; ABS; ABSy
e Y +45/+45 26.37 10.46 14.39
+45/-45 15.10 9.33 10.05
............... 45/+45 23.07 9.29 1038
e nuss -45-45 17.8 13.94 1113

Beam12 Beam?7

K-factor values decrease when increasing the antennas
gebeeenenens . beamwidths, as given in IEEE 802.16 fixed wireless channel
: models [5] in natural scale,

K « F, (2)

Beanj4

whereF, is the beamwidth factor and formulated as,

.............. F, = (b/17) 062 3)
a— = <—0A351 with b, the antenna beamwidth in degrees. It implies that

sm increasing antenna beamwidth from 15° to 90° reduces K-
< 450m >

factor values by an approximate factor of 3, or equivbldnt
Fig. 1 Urban grid scenario with HBS and ABSs deplent 4.8 dB [5], which is verified by further simulations, not simow
here for the sake of brevity.
] o Furthermore, in Fig. 2, the Cumulative Distribution
In the next section, small-scale statistics of HBS-AB8d  Functions (CDFs) of the received powers for each peldriz
relay polarimetric links (narrowband channels) areaitlsd. In - jink is plotted against three ABS locations. These figure
order to characterize statistics at each ABS locatidotal of  confirm that received powers generally exhibit small
400 spatially separated simulations are performed oversa 20variations (over the square grid) in the simulated fixedyrel
20 square grid. The spacing between these grid points is Ofigks, and that received power variations increase wlith
wavelengthh (= 8.56 cm). The use of dual-polarized antennagjistance. For example, CDF curves for ABShow
at both ends (& 2) makes a total of 1600 simulations for eachcomparatively larger variations than ABSIn addition,
HBS-ABS link. differences in polarized links at three ABS locations are



caused by the geometry and different orientations of ABSpatial directions.

antennas.

----- +45/+45
+45/-45
-45/+45
----- -45/-45

96 -95 94 -93 9‘2 -91 90 Pol @ +45/+45 +45/-45 -45/ +45 -45/-45
Received Power [dBm] Tx/Rx

+45/ +45 1.00 0.58 0.17 0.52
ABS6 +45/ -45 0.58 1.00 0.02 0.80
-45/ +45 0.17 0.02 1.00 0.10
-45/ -45 0.52 0.80 0.10 1.00

TABLE 3

SPATIAL COVARIANCE MATRIX (ABSOLUTE VALUES) AT ABSs
o

° szpg +45/ +45 | +45/-45 | -45/+45 | -45/-45
+45/ +45 1.00 0.14 0.57 0.45
+45/ -45 0.14 1.00 0.27 0.89
-45/ +45 0.57 0.27 1.00 0.14
-45/ -45 0.45 0.89 0.14 1.00

TABLE 4

If the polarized channels are highly
correlated, then the potential multi-antenna gains may not
always be obtainable. Therefore, covariance matricasvof
polarized complex received signal8(t) and Y(t) are
evaluated through the following expression,

p= E{X-E{XD(Y-E{YD"}

= 4
VE{(IX-E{X}I2} VE{lY-E{Y}|?} ()

Spatial correlation coefficients are presented in Tables£ t
for four (2 x 2) polarimetric links at each of three ABS

locations.

SPATIAL COVARIANCE MATRIX (ABSOLUTE VALUES) AT ABS,

TABLE 2

SPATIAL COVARIANCE MATRIX (ABSOLUTE VALUES) AT ABSio

_ ,i R 52}5 +45/+45 | +45/-45 | -45/+45 | -45/-45
I +45/ +45 1.00 0.37 0.23 0.44
I +45/ -45 0.37 1.00 0.15 0.91
T -45/ +45 0.23 0.15 1.00 0.27
a4 -45/ -45 0.44 0.91 0.27 1.00
|
|

Listed correlation coefficients are all below 0.6, except fo
- the covariance between (-45°/-45°) and (+45°/-45°) liikés
behavior will be explored and confirmed by further
simulations. Such low correlation guarantees a good
achievable polarization diversity gain.

+45/-45
-a5/+45 |

-104 -103 -102 -101 -100 -99 -98 -97 -96
Received Power [dBm]

C. XPR and CPR

An important parameter to characterize the channel
(propagation environment) polarization is the Cross-
Polarization-Ratio (XPR). It is defined as the ratib the
expected co-polarized average received power to the texbec

B. Spatial Correlation arirod e
Short antenna separations generally increase the spatFarPSS'po arized average received power [11],

correlation, as adjacent antennas will receive sinslgnal

components. On the other side, dense multipath propagation
decreases the spatial correlation by spreading the sigrtal suc
that multipath components are received from many different

Fig. 2 CDF [dB] curves of received powers for fixgalarimetric links at
ABS,, ABS; and ABS,

E{|h+4s/+45|2}
E{|h+45/—45|2}

XPR = 2 =

Pxp

©)



where the expectation is taken over the previously definesnportant parameters shoulde taken into account while
spatial grid, and exploiting the diversity gains of the channeurthermore,

e Py =E {|h+45/+45|2} is the co-polar received power Méan CPR values vary from 1.33 to 3.45 dB.

from +45° polarized HBS to +4% polarized ABS

antenna and, IV. TAPPED DELAY LINE MODEL
2 . .
* Pxp = E{|h+45/—45| } is the cross-polar received A. Power Delay Profile
power from +48 polarized HBS antenna to -45 The Power Delay Profile (PDP) gives the intensity of a
polarized ABS antenna. signal received through a multipath channel as a function of

The XPR quantifies the separation between tWOtlme delay [11]. The PDP of a given channel consists of a

- . ... number of multipath components or taps. A tap is defined by
transmission channels that use different polarization power @) and relative delayz], as well as its K-factor.

orientations [12]. The larger the XPR, the less energy i - : .
coupled between the cross-polarized channels [12]. Anothérveraged PDP can be estimated by taking the spatially

important parameter is Co-Polar-Ratio (CPR), which veraged impulse response of a multipath channel over a

characterizes the link quality of one polarization coragao square grid area. It can be formulated as,

the other one. It is defined as,

P(m) = E{|h(D)I*} (7)

CPR = FPeor _ E{|h+45/+45|2}

Pog_ E{|h_45/_45|2} (6)  As an example of how the average power of fixed linfesa

as a function of the delay, an averaged (exponential) PDP of
. . HBS-ABS, link is given in Fig. 3. The number of taps depends
Wheore,Pm ar:dP,_.o__are the co-polar received powers with o {he system bandwidth and on the propagation scenario,
+45° and -45° polarized antennas at both sides respgctivel  pence on the specific delay-spread of the scenario. Reduction
Mean values of XPR and CPR over a square grid for threl® RMS delay spread due to narrow-beamwidth antennas as
selected ABS locations are listed in Table 5, where xPRnalyzed in [2], results in fewer paths. Furthermore, ape t
(++/+-) represent a ratio of co-polarized (+45° to +45%din SPpacing depends inversely dhe system bandwidth. Larger
to cross-polarized (+45° to -45°) links, etc. bandwidth requires smaller tap spacing, which results into a
larger number of taps for a given maximum excess déthly [

Generally, mean values of XPR are small for all sated
links, except XPR (++/+-) and XPR (--/-+) of ABSand
ABS; respectively. XPR values are maximum within beams’
main direction (beam-pattern in azimuth and elevation) and

TABLE5 O--—7-=-"—-"~"~-"F~-"~"T-—"~—"—"~— "~~~ T-—°3- -~
MEAN XPR AND CPRVALUES (in dB) ! ! !
ABS, ABS; ABSp 1 L
XPR (++/+-) 0.62 2.85 3.35 | ! !
XPR (++/-4) 0.52 1.55 1.46 I I I
XPR (-/+-) 0.70 0.60 0.81 g | | !
XPR (--/-4) 1.85 4.80 1.06 % : : :
CPR 1.33 3.45 2.53 [ | I I
-
5 | |
| |
| |
| |

il
lill

decrease when moving apart from the main direction. This fact e * ey 10

can be a possible reason for small XPR values because HBS

beams are not directed to any specific ABS location. Smal Fig. 3 An example averaged PDP for HBS-to-ABSK

XPR values indicate high cross-coupling between channels.

The possible reason for high cross-coupling could betftfeat To develop the tapped delay line model, averaged powers

lower ABS antennas, surrounded by dense scatterers iresultand delays (over square grid) are normalized to the pamd

a larger depolarization [3]. The depolarization effect duth¢  delay of the first tap respectively, thus only depicting the
propagation environment (e.g. multiple reflections,multipath effect. In this paper, a 20 MHz system bantiwid
diffractions and scattering) becomes more obvious in non lin@as envisaged for BUNGee) is used. An example tapped-delay
of sight (NLOS) scenarios [12], which is the case herellin  |ine model for HBS-AB$ link is shown in Fig. 4, and it is
simulated links. Moreover, denominated diffuse scatteringummarized in Table 6 including K-factor values for eaph ta
components help for the depolarization at all locations. Small threshold level of -30 dB is applied, so that any tdpse

XPR values can cause co-channel interference anghagnitude relative to the maximum falls below this legel i
consequently reduce the diversity gains. Therefore, sucxcluded (30 dB would correspond to a typical system



dynamic range). Tap magnitudes are roughly exponentially
decaying. In most tapped-delay line models present in the
literature, the tap amplitudes are considered as Rayleig
distributed, except for the first tap. First tap is &Ric
distributed if a strong direct contribution, i.e. LOBklexists.

The first tap in our model is Ricean distributed andhiigdh K-
factor is comparable to the reported first tap Kdexin IEEE
802.16 model for 30° beamwidth antenna [5]. However,
magnitudes of all other taps (multipaths) listed in Tableet a
also Ricean distributed instead of Rayleigh, with high K-
factors values, again owing to the narrow-beamwidth
antennas. In other words, the number of paths falling within
the main beamwidth becomes very small at large deldys. T

is in contrast to what happens when using antennas witlr large
beamwidths (in this case, the number of effective paths
increase with delay). Furthermore, the results showthigak-
factor values become almost constant after first thige ta

TABLE 6
TAPPED DELAY LINE MODEL FORHBS-ABS,; FIXED RELAY LINK
Tap Delay Power K -factor
Number [ng] [dB] [dB] ¥A|
1 0 0 14.9
2 50 -9.06 19.8
3 100 -17.22 17.3 2]
4 150 -21.07 27.8
5 200 -24.95 25.2
6 250 -28.49 26.5
7 300 -29.93 25.7 [3]
V. CONCLUSIONS "

In this paper, small-scale statistics of HBS-ABS dixe
relay polarimetric links (defined for BuNGee deployment(s]
scenario) have been investigated in terms of spatialckof,
correlations coefficients, XPR and CPR. Results hav
illustrated discrepancies mainly due to narrow-beamwidth
antennas and densely deployed scenario. However, sralal sc
statistics seem to agree with the existing modelg. (e. o
WINNER 1l and IEEE 802.16), when the peculiarities
(specifically, narrow-beamwidth antennas) of the BuNGee
innovative architecture are taken into account. Spatialckofa [8]
values come closer to the reported K-factors in thegdlitire
when a beamwidth factor from IEEE 802.16 is included. it ca 9]
be concluded from the analysis of the correlation caeffis
and mean values of XPR and CPR that the fixed rela?/
polarimetric links are correlated due to higher cromspling 10]
and greater degree of depolarization in NLOS links. However
generally statistics are in agreement with those intiagis
models. Furthermore, a tapped delay line model developed féil]
20 MHz bandwidth also shows a strong dependence upon the
antenna narrow beamwidths. [12]
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