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 Executive Summary 

 

The BuNGee deliverable D2.1 provides a complete decsription of BuNGee channel models. Channel 
modeling has great importance in characterizing the performance of wireless systems. In the context of 
BuNGee, channel models are useful in the framework of WP2, WP3 and WP4 to evaluate the capacity of the 
backhaul network and estimating the achievable throughput. In BuNGee, it has been identified that the 
requirements for the channel models between Hub Base Station (HBS) and Hub Subscriber Stations (HSS) 
is different from those between Access Base Stations (ABS) and associated users, i.e. Mobile Stations (MS). 
Whilst a large amount of viable channel models, e.g. 3GPP, COST and WINNER II, are available, they do 
require some significant modifications to reflect the peculiarities of BuNGee’s architecture. 

 

This deliverable covers both HBS-to-HSS (backhaul) as well as ABS-to-MS (access) links. However, main 
focus is to investigate and model the HBS-to-HSS link of BuNGee architecture. Thus an enhanced ray-
tracing tool developed at UCL is used to simulate the above mentioned channel, while the potential of 
existing channel models such as WINNER II and IEEE 802.16 is simultaneously investigated. The advanced 
features of the ray-tracing tool developed within this project are validated by experimental campaigns in 
urban areas, using a state-of-the-art MIMO channel sounder. 

When simulating BuNGee architecture, a Barcelona-like grid is considered as the test propagation 
environment with BuNGee defined square topology as a deployment scenario. Given the particularity of 
BuNGee HBS beams, an effective pathloss is defined which include the pathloss increase caused by the use 
of narrow beam antennas. Effective pathloss is parameterized as a function of the geometry (distance, block 
size and street width), antenna heights, frequency and beamwidth. Results for effective pathloss are 
extracted and subsequently compared with potentials of WINNER II (two corresponding scenarios B5f and 
C2) and IEEE 802.16 channel models. To provide a fair comparison with WINNER II models, those are 
combined with a Gain Reduction Factor (GRF) model taken from IEEE 802.16 (since WINNER II pathloss 
models do not take into account the reduced antenna beamwidths). However, none of WINNER II models is 
able to adequately represent BuNGee pathloss, although C2 model, used in conjunction with an appropriate 
GRF model, offers a good compromise in the targeted range of distance. Moreover, impact of amplitude 
tapering (reduced side-lobes) of multi-beam HBS antenna is analyzed in detail. Results show that pathloss 
remains almost unchanged due to nearly similar peak gains of three investigated beams, whereas inter-
beam interference decreases. Therefore, reduced side-lobes can be a promising solution to suppress the 
amount of interference inherited by multi-beam antenna. In continuation of pathloss analysis, an optimal 
orientation of HSS antenna is explored in order to achieve the maximum advantage of antenna high gain. 
Results demonstrate that directing HSS in maximum power ray direction is the most appropriate choice, 
though it is very complicated from a deployment perspective. 

Furthermore, the developed models account for the effects of the full antenna pattern at both sides, including 
the beamwidth and polarization information, which is very particular in the foreseen BuNGee scenarios. 
Polarized MIMO aspects of HBS-to-HSS link are characterized and analysed. The analysis includes 
investigation of a number of parameters such as spatial fading, spatial correlation, Cross Polarization 
Discrimination (XPD) and Co-Polar Ratio (CPR). These parameters in general become comparable to those 
of existing models when taking narrow-beamwidths of antennas into account. Additionally, wideband aspects 
of above channel are detailed in terms of RMS delay spread and tapped delay model. Results elaborate the 
dependence of wideband parameters upon BuNGee specific deployment and narrow-beamwidth antennas. 
Moreover, it is proposed to reuse a similar scenario of WINNER II B1 (urban micro-cell) for ABS-to-MS 
access link due to relatively shorter distances and less impact of ABS antenna beamwidth.  

Interference being one of the major challenges for the beyond next generation wireless networks is 
characterized in the last section of this deliverable. First potential interfering links in BuNGee architecture are 
identified and subsequently interference models of such links are evaluated in detail. This deliverable 
provides interference values in multi-HBS scenario, at a number of HSSs; this analysis takes the form of 
attenuation (received powers or alternatively pathloss) values. As a conclusion, dense deployment results 
into strong interference between polarized links in general. Therefore, efficient and robust frequency 
planning schemes are vital for the BuNGee architecture.  
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1. Introduction 

 

Performance evaluation of any wireless system heavily depends on the channel models of choice. This is 
even more the case in BuNGee which relies on aggressive frequency reuse (and thus heavy temporal and 
spectral interference), and unprecedented deployment scenarios (thus unseen spatial signal and 
interference propagation characteristics)  [1]. Channel models are useful to evaluate the capacity of the 
backhaul network and estimate the achievable throughput. Indeed, the high throughput can only be obtained 
in the most favorable propagation conditions, typically when users are relatively close to the base stations. 
When users move far away from base stations to the cell-edge area, the actual achievable throughput 
rapidly decreases. This performance degradation is essentially due to the severe pathloss. It becomes even 
more serious in beyond next generation mobile networks due to exploitation of higher radio frequencies, i.e. 
greater than 2 GHz. However, in BuNGee a technical solution of dense deployment of relay stations such as 
HSS/ABS is proposed to improve the network performance  [1]. Dense deployment of HSS/ABS to improve 
the reliability of network, achieve high throughput, and provide coverage extension require precise pathloss 
models. Reliable propagation channel models are then necessary in order to design such systems. Dense 
deployment of such relays links causes an additional performance degradation factor, i.e. interference. Thus, 
it becomes very important to investigate and model the interfering links in BuNGee architecture.  
 

Whilst a large amount of viable channel models, e.g. 3GPP, COST and WINNER II, are available, they do 
require some significant modifications to reflect the peculiarities of BuNGee architecture. Thus specific 
channel models for BuNGee architecture are investigated and characterized by a ray-tracing tool, while the 
potentials of other existing channel models, e.g. WINNER II and IEEE802.16 channel models are 
simultaneously evaluated and compared. Nevertheless, very few models are really dedicated to relay based 
architecture such as BuNGee, hence essentially based on relatively limited or specific assumptions and 
approximations. Therefore in this deliverable, enhanced ray-tracing tool is described in detail as a primary 
task. This tool is particularly innovative such that it models not only specular contributions (like all ray-based 
tools do), but also dense multipath components (or diffuse scattering). Therefore, it provides a much better 
coverage and interference model than classical tools [2]. It not only includes the theory with the description 
of diffuse scattering model but also details the experimental validation through the measurement campaign 
in an outdoor scenario. Furthermore, the tool allows an accurate characterization of the interference levels, 
which has a direct impact on the deployment guidelines. 

 

This deliverable characterizes both radio links defined in BuNGee architecture, however main focus remains 
on HBS-to-HSS fixed polarimetric link. It is mainly due to innovative multi-beam HBS antenna with extremely 
narrow-beamwidths and densely deployed HSS antennas. Primarily, pathloss models for BuNGee specific 
links are evaluated and analyzed. Along with these models, impact of the transmitter’s beamwidth on the 
pathloss for the fixed relay links has been analyzed  [3]. An empirical equation based on the ray-tracing 
results for narrow-beam antenna effect is derived and subsequently compared with IEEE802.16 channel 
model  [3]. The antenna and building heights are practical deployment issues; hence variation of pathloss due 
to different antenna heights and building heights in the HBS-to-HSS fixed link is also analyzed through ray-
tracing. Moreover, impact of reduced side-lobes (with three different levels) of HBS antenna on the pathloss 

and inter-beam interference has been analyzed. Furthermore, polarized MIMO channels such as 2  2 HBS-
to-HSS fixed relay links are perhaps strongly correlated with narrow-beamwidth antennas. This correlation 
can significantly affect the system performance. Most of the existing work about fixed relay links has been 
carried out for omni-directional antennas. In [4], omni-directional antenna array was used to extract fading 
statistics, while WINNER II models [5] were also parameterized with large omni-directional or circular arrays. 

Nevertheless, results characterizing the polarized MIMO aspects of a BuNGee-like architecture with high 
gain narrow-beamwidth directional antennas at both sides of the link are still largely missing. Therefore, it is 
of great importance to characterize and model these polarized MIMO channels in terms of spatial fading and 
spatial correlation. Thus, this deliverable covers the investigation of such parameters by means of a ray-
tracing tool, in order to accurately capture the antenna impact. Characterization of XPD and CPR for fixed 
links is also included in this analysis. Additionally, wideband characteristics of above mentioned link such as 
Root Mean Square (RMS) delay spread and tapped delay model are also analyzed  [6].  

 

Due to dense deployment of relay stations and frequency reuse, interference is one of the main difficulties 
that beyond next generation wireless networks like BuNGee encounter. Consequently, it becomes an 
important challenging factor for the system envisioned performance. Hence understanding the nature and 
characteristics of the interference is critical in these inherently interference-limited networks. For this reason, 
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potential interference links in BuNGee architecture are identified and subsequently modelled and 
characterized in terms of received powers.  

  

This deliverable is organized as follows: Section 2 briefly describes the enhanced ray-tracing tool and its 
experimental validation in an outdoor scenario. Section 3 starts with BuNGee deployment topology and 
simulation setup. It continues with details of pathloss models of HBS-to-HSS channel while taking impact of 
antenna narrow-beamwidth into account. It is followed by a comparison with the reported parameters of 
existing models in the literature such as WINNER II and IEEE 802.16. Additionally, characterization of 
polarized MIMO aspects including spatial fading and spatial correlation are incorporated. Wideband aspects 
including a tapped delay line model are also evaluated in the same section. Section 4 is dedicated for the 
analysis of ABS-to-MS link by means of WINNER II channel models. Section 5 provides details on BuNGee 
specific interference channels models. Finally, conclusions are drawn in Section 6.  

 

 

2. Enhanced Ray-Tracing Tool – Theory and Experimental 
Validation 

 

This section briefly describes the enhanced ray-tracing tool and its experimental validation in an outdoor 
scenario. It is divided into three parts. The first part presents the diffuse scattering model. The second one 
presents the work of validation of this deterministic propagation tool in an outdoor scenario. In the final part 
the study of polarization characteristics of diffuse scattering generated by building walls is presented. 

2.1 Ray-Tracing 

Ray-tracing is a geometrical optics technique used to evaluate paths followed by rays as they interact with 
the environment. The 3-D Ray-Tracing (RT) tool used in this work is an enhanced version of a previous one 
that was taking into account Line Of Sight (LOS) propagation, specular reflection and diffraction. The new 
version improved the prediction capabilities of the pre-existent tool by implementing diffuse scattering and 
penetration. 

2.2 Diffuse Scattering Model 

The diffuse component of the signal can be defined as the one scattered in directions other than that of the 
specular one as result of interactions with rough surfaces or objects that cannot be described in the input 
database of the software. Considering that RT depicts a virtual scenario made by perpendicular 
parallelepipeds of any orientation, an irregularity can also be an object that diverts from this ideality, e.g. for 
its shape. The model implemented into RT tool has been developed by the propagation group of Università 
di Bologna.  

In RT, the diffuseness can be created by dividing the surfaces affected by scattering into surface elements or 
tiles. A diffuse scattering ray is assumed to originate from the center of each surface element. The size of 
each element is set by the well known far-field condition, 

 

       
   

 
       (2-1) 

 

where, r is the distance between the centre of the element and the terminal and D is the dimension of the 
surface element. Each element is evaluated in the tool by recursively dividing a surface until it meets this far-
field condition. Each rectangular surface is divided into four equal rectangles. For each of them the condition 
is then checked again. It may be possible that the tiles closer to the virtual transmitter do not meet this 
condition but the further ones do, leading to a subdivision of a surface into elements of different sizes. 

A scattering coefficient S and a scattering pattern model are associated with each surface. The reflection 

reduction factor (       ) sets the amount of energy subtracted by the scattering from the specular 
reflection. The pattern models allow to estimate the amplitude of the scattered field. As the scattered wave is 
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assumed incoherent, its phase generated randomly with a uniform distribution. At first diffuse scattering does 
not include any model for depolarization. 

Three possible pattern models are associated with diffuse scattering: 

 a Lambertian model, with the maximum in the direction perpendicular to the surface 

 a directive model, with the maximum in the direction of specular reflection  

 a backscattering model, similar to the directive model, but including a lobe towards the incident 

direction 

In this work only directive model is taken into account. In this case scattering lobe is steered towards the 
direction of the specular reflection. To achieve this it is possible to write the following expression for the 
amplitude of the scattered field from a surface element, 

 

       
     

  
       

 
 
  

     (2-2) 

 

where,    is the angle between the specular reflection direction and the scattering direction and     is a 
parameter that sets the width of the scattering lobe. Higher    corresponds to narrower lobe. The expression 

of the maximum amplitude    
  is, 
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and    is then defined as, 
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where 

                     
 
  

   

 
   

       

   
    (2-6) 

 

2.3 Experimental Validations in an Outdoor Scenario 

The measurement campaign has been performed in a campus scenario in Louvain-la-Neuve, Belgium. The 
antennas used for the measurements were linear arrays of four dual-polarized (+45°/-45° slanted 
polarizations) patch antennas. Figure 2-1 shows the map of the measurement scenario. The transmitter, red 

in the picture, was placed on the fourth floor of a building, facing a pedestrian street. The receiver was 
moved in fifteen different positions along this street. Positions 1, 8, 9, 13, 14, 15 were in non-line of sight 
(NLOS) condition and in particular positions 8 and 9, marked white in the figure, the receiver was under a 
roof that was obstructing the LOS. 
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Figure 2-1: Map of the measurement scenario 

Measurements were recorded with UCL-ULB Elektrobit MIMO Channel Sounder, which is based on a 

pseudo-random noise code technique. Its setup parameters for this campaign are shown in Table 2-1. 

 

 

Table 2-1: Channel sounder setup parameters 

Frequency 3.8 GHz 

Bandwidth 200 MHz 

Transmit Power 23 dBm 

Measurable Excess Delay 10.23 s 

Time Resolution 1.25 ns 

Number of Channels 65 

Cycles per Measurements 100 

 

In this scenario building façades are mainly made of brick while roofs are made of concrete.  Accordingly, 
dielectric parameters of different materials are utilized in the simulations. For this work the presence of trees 
(leafless at the time of the measurement campaign) that can be seen in Figure  2-1 is not taken into account 
in simulations. 

The outcome of the simulator is a discrete impulse response. To obtain a continuous curve, it is convoluted 
with the normalized calibration impulse response that is chosen to represent the filter of the system. In 
addition to that, noise is removed from measurements applying a threshold method. The threshold is set as 
the maximum value of the part of impulse response preceding the LOS, where it can be supposed there is 
only noise. 

A sensitivity test with different values of scattering coefficient and different width of directive pattern model, 
set by parameter   , has been carried out. For this test, a maximum of three reflections has been used as 
well as single bounce scattering. The propagation parameter chosen to determine the best configuration is 
the pathloss. In this work, co-polar channels are the ones where antennas at both terminals have the same 
polarization, whereas cross-polar channels are those with orthogonal polarization at the transmitter and the 
receiver. Pathloss is evaluated taking into account co-polar channels only. Figure  2-2 shows the average 
prediction error for each parameter combination. Considering this outcome in the following results, a 
directive model with       and      has been utilized as it is the one that minimizes the prediction error. 



D2.1- FINAL BUNGEE CHANNEL MODELS BUNGEE 248267 
 01 DECEMBER 2011 

 

Confidential Page 12 of 61  BuNGee Consortium 

 

Figure 2-2: Average pathloss error in dB for each scattering parameter combination 

Figure 2-3 shows the pathloss comparison between measurements and simulations, when scattering is 
implemented or not in the simulator. From the graph it is possible to state that there is improvement in 
general after including diffuse component. As a matter of fact, the average prediction error drops from 10.1 
dB to 4.4 dB. Excluding positions 14 and 15, which are deep NLOS, the improved tool shows good 
agreement with measurements. The error is 2.8 dB, while taking into account only the first thirteen positions. 

 

Figure 2-3: Comparison of simulations with measurements for pathloss 

Cross-polar discrimination (XPD) is defined as, 

 

                 
   

   
     (2-7) 

 

As previously done for pathloss, Figure  2-4 is the comparison between simulated and measured values of 
XPD. In this case the prediction error decreases from 5.5 dB, when scattering is not included, to 2.8 dB. It 
has to be noted that, while the tool without scattering seems to accurately predict the XPD in the two last 
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measurement positions, these results are affected by the lack of accuracy of pathloss prediction. For 
example it will be shown that increasing the number of maximum reflections from three to four leads to a 
complete loss of accuracy in XPD prediction in position 15 if scattering is not included. 

 

Figure 2-4: Comparison of simulations with measurements for XPD 

 

Figure 2-5 shows the ratio between simulated diffuse power and simulated total received power, both for co-
polar and cross-polar channels. It can be noted that, in the cross-polar channels, the power is for the 
greatest part composed by scattering, with an average ratio of 83%. In the co-polar channels the average 
ratio is 55%. 

 

Figure 2-5: Ratio between diffuse power and total received power for simulations 

Some considerations can be made concerning the results presented. For example, taking into account that, 
for co-polar channels, it has been found that normally the percentage of scattering power in outdoor 
scenarios varies from 20% to 80%, the results presented in Figure 2-5 shows that in NLOS conditions this 
percentage is generally exceeded. By contrast, in positions from 10 to 12, the level is lower than the 
expected one. In the same three positions, simulated XPD is higher than the measured one. These two 
results can be seen as a symptom of overestimation of the coherent component of the signal. This might be 
due to the fact that the presence of trees was not taken into account in the simulations. Something can also 
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be said about NLOS positions from 13 to 15, where the XPD prediction underestimates the measurements. 
Considering that in positions 14 and 15 pathloss is also significantly underestimated, it could mean that there 
is some coherent path that is not estimated by the tool. On the other hand, in position 13 pathloss prediction 
is good. So an alternative conclusion could be that there is need of a model of polarization behavior of 
scattering, which is the most significant part of the power received in NLOS conditions. Delay spread is 
defined as, 

 

         
 
     

      
    

    

    
         (2-8) 

 

where,    is the time of arrival and    is the power of the i
th
 contribution. Figure 2-6 shows the comparison 

between simulated, with and without scattering, and measured delay spread. While the results show a slight 
improvement after the implementation of scattering, there is a significant underestimation of the 
measurements. 

The number of maximum reflections that a single ray can experience has been increased from three to four. 
This does not affect the prediction error of the simulations with scattering for pathloss and XPD. On the other 
hand, it affects prediction error in position 15 in the simulations without scattering. It decreases the error for 
pathloss but it increases significantly the one for XPD, confirming the assumption that the good match with 
the measurements was not trustable in that case. The average prediction error, in the simulations without 
scattering, becomes 8.6 dB for pathloss and 6.4 dB for XPD. Figure 2-7 shows that delay spread prediction, 
instead, is improved, even if just in some positions. 

Finally, scattering interaction followed or preceded by a single reflection as been added to simulations. The 
prediction error in pathloss decreases from 4.4dB to 3.5dB, while considering maximum four reflections. This 
is due to a significant improvement in the prediction for the last three positions (deep NLOS). Concerning 
XPD, the prediction error decreases from 2.8dB to 2.6dB. Figure 2-8 shows that in this case delay spread 
prediction is generally improved, but the underestimation is always present. 

 

Figure 2-6: Comparison of simulations with measurements for delay spread 
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Figure 2-7: Comparison of delay spread results for simulations with scattering with different levels of 
maximum possible reflections 

 

Figure 2-8: Delay spread results for simulations with four maximum possible reflections and 
scattering with a reflection before or after 

2.4 Polarization Properties of Diffuse Scattering by Building Walls 

Dense multipath components may represent an important part of wireless transmission channels, yet little is 
known about their physical properties. For this reason, the already presented diffuse scattering model is 
parameterized focusing on the polarimetric properties of diffuse contributions scattered off building walls, 
relying on experimental data. By means of a joint post-processing of the data in conjunction with ray-tracing 
simulations, characteristic parameters of diffuse scattering are extracted from measurements. 
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The parameterization is based on two experimental campaigns focusing on buildings with different 
characteristics: 

 the first campaign was carried out near the city of Gembloux (Belgium) along the façade of a rural 

countryside building (see Figure  2-9), featuring an almost regular brick surface, 

 the second measurement took place in Louvain-la-Neuve (Belgium), in front of an isolated office 

building (see Figure  2-10), characterized by a large glass wall sustained by a metallic frame. 

In both scenarios, grass was present on the ground facing the building, thus attenuating the reflections off 
the ground. Furthermore, the environment was kept static during the sounding. 

 

 

Figure 2-9: Isolated rural building 

      

      

Figure 2-10: Isolated office building 
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Measurements were performed with the UCL-ULB Elektrobit MIMO Channel Sounder, which is based on a 
pseudo-random noise code technique. Its setup parameters are shown in Table 2-2. As in the previous 
section, the antennas used at both transmit (Tx) and receive (Rx) side are linear arrays of dual-polarized 
(45° slanted polarization) patch antennas, in such a configuration that the antennas were facing the wall 
under test. 64 channels, each one corresponding to a couple of Tx/Rx antenna elements with a given 
polarization-state couple, were therefore measured. The Rx terminal was kept in a fixed position, whereas 
the Tx array was moved in 3 and 5 locations for the rural (see Figure 2-11) and office building (see Figure 
2-12) scenarios respectively. 

Table 2-2: Channel sounder setup parameters 

Frequency 3.8 GHz 

Bandwidth 200 MHz 

Transmit Power 23 dBm 

Code Lenght 5.11 s 

Time Resolution 1.25 ns 

Cycles per Measurements 100 

 

 

Figure 2-11: Rural scenario measurements top view 

A parameter       with           is used to establish the amount of power transferred into the orthogonal 

polarization state after a scattering interaction: the higher        the higher the cross-polarization coupling. 

The case             corresponds to an equal partitioning of the power between the two linear polarization 

states after the scattering interaction. 

 

Figure 2-12: Office scenario measurements top view 
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In the present work however, due to the 45° inclination of the antenna elements, the two reference 
polarization states are not vertical and horizontal, but +45° and -45° slanted. Moreover, due to the phase 
difference of 180° between the Transverse Electric (TE) and Transverse Magnetic (TM) wall reflection 
coefficients in the considered cases, co-polarized and cross-polarized components are defined accordingly. 
In detail, concerning diffuse scattering, we assume that the scattered field is composed of 2 different 
contributions, where the first contribution (co-pol) acts in a similar way to the reflection (introducing a phase 
difference of 180° between the TE and TM components and thus preserving the original +45°/-45° 
polarization), while the second one (x-pol) represents the amount of power which is transferred to the 
orthogonal polarization and it is quantified by the       parameter, as explained previously. 

The post-processing method applied to extract the diffuse component from the measurements is composed 
of three parts: 

 time gating, where the contributions not coming from the wall are removed with a time window 

whose length is defined by the geometrical characteristics of the scenario under consideration 

 identification of specular components, where the coherent rays are identified and predicted with Ray-

Tracing and adjusted with the help of SAGE high resolution algorithm 

 estimation of diffuse power delay profile, where the coherent components are subtracted from 

measurements to obtain the diffuse ones 

A first indicator to investigate the diffuse component is the ratio between the diffuse power and the total 
backscattered power. Table 2-3 and Table 2-4 show this ratio for the rural and the office building scenario, 
respectively. From these results, it can be observed that, even in a simple single building scenario, scattering 
represents an important part of the total power backscattered from a wall. As previously hypothesized, its 
relevance increases with the increase of building complexity, i.e. ≈30% for the rural building and ≈50% of the 
total power for the office building, but it also depends on polarization, e.g. in the office building, the diffuse 
power can reach ≈90% of the cross-polar power. 

Table 2-3: Ratio between diffuse power Pd and total backscattered power Ptot retrieved from 
measurements in rural scenario 

Pd/Ptot Co-polar channels XP channels All channels 

Tx 1 0.27 0.44 0.28 

Tx 2 0.30 0.48 0.31 

Tx 3 0.27 0.32 0.28 

All positions 0.28 0.41 0.29 

 

Table 2-4: Ratio between diffuse power Pd and total backscattered power Ptot retrieved from 
measurements in office scenario 

Pd/Ptot Co-polar channels XP channels All channels 

Tx 1 0.47 0.75 0.61 

Tx 2 0.43 0.86 0.50 

Tx 3 0.45 0.47 0.45 

Tx 4 0.36 0.77 0.42 

Tx 5 0.52 0.96 0.60 

All positions 0.45 0.69 0.52 

 

The other metric used in this work to analyze the post-processed data is XPD, already defined in the 
previous section. Table 2-5 shows the results for the rural building and Table 2-6 for the office building 
scenarios. It is important to note that the coherent part of the power generally overestimates the measured 
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XPD, i.e. the diffuse part plays a decisive role also in determining the total XPD. This is particularly evident, 
once again, in the office building case. 

Table 2-5: XPD values for rural building scenario 

XPD [dB] Coherent part Diffuse part Full measurements 

Tx 1 17.7 14.5 15.3 

Tx 2 13.2 9.6 11.7 

Tx 3 5.6 4.6 5.3 

All positions 12.2 9.6 10.8 

 

Table 2-6: XPD values for office building scenario 

XPD [dB] Coherent part Diffuse part Full measurements 

Tx 1 4.6 -1.0 1.1 

Tx 2 13.6 4.2 7.2 

Tx 3 5.1 4.7 5.0 

Tx 4 11.2 3.5 6.8 

Tx 5 17.9 3.9 6.7 

All positions 10.4 3.1 5.4 

 

The diffuse scattering model is then parameterized using the data just reported. The parameters to be 
defined are S and   , which determine the quantitative relevance and the directional characteristics of the 

wall diffuse scattering contribution, and      , which represents its polarimetric behavior. 

For the rural scenario,       and      are chosen as starting values. Since    has a negligible impact on 
the cited indicators in the rural case, its optimization has not been carried out in this first case. Figure 2-13 
presents the comparison of measured and RT-predicted diffuse scattering XPD values in the rural scenario 
for different values of        parameter. Differently from the office building case (see below), it is difficult to 

find an optimal value because the measured and the simulated curves have different shapes. Still, we notice 
that the average value of        required for RT simulation to match measurements at best is very low, 

similarly to what was found in previous works. 
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Figure 2-13: Diffuse scattering XPD in rural scenario for different values of       

As for the ratio 
  

    
  for different values of the scattering parameter, as shown in Figure 2-14, it is possible 

to infer that the optimal value of       . 

 

 

Figure 2-14: Ratio between diffuse power and total backscattered power in rural scenario for different 
S  

 

Also in the office scenario        and      are chosen as starting parameters. Figure 2-15 shows the 

diffuse scattering XPD in office scenario for different values of       parameter. With the exception of 

position 1, where the measured value diverges significantly, simulations with           seem to accurately 

predict the extracted values. 
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Figure 2-15: Diffuse scattering XPD in office scenario for different values of       

On the other hand, the choice of       does not influence significantly the predicted value of diffuse power 

ratio, with maximum differences of 3% with respect to the measurements for different values of       tested. 

Therefore,           can be considered the optimum value and will be adopted in the following simulations. 

Note that this value is much higher than in the rural building case and in the previous work. This is probably 
due to the increase of complexity in the building structure. 

Figure 2-16 shows the ratio between diffuse power and total backscattered power in office scenario for 

different values of S with     . Excluding position 5, where the measured value diverges significantly from 

the other positions,       yields the lower discrepancy. Comparing this figure with what found in the rural 
case, it is confirmed that the more complex building generates a higher overall amount of diffuse scattered 
power. 

 

 

Figure 2-16: Ratio between diffuse power and total backscattered power in office scenario for 
different scattering parameters 

At this stage, keeping fixed the optimal value of S and      , the parameter    can be optimized as illustrated 

in Figure 2-17. It is evident that its influence on XPD is marginal. In a similar way,    does not influence 

significantly 
  

    
 , as differences are less than 2% with respect to the measurements for the considered    

range.  However, since      yields slightly better results, it is chosen as the final value. 
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Figure 2-17: Diffuse scattering XPD in office scenario for different scattering lobe width 

 

 

3. HBS-to-HSS Channel Models 

 

BuNGee channel models for HBS-to-HSS link require modifications due to extremely narrow beamwidths 
and the peculiarities of the deployment scenario (HSS location, etc.) which bring significant deviations in 
existing channel models such as WINNER II or IEEE 802.16. Some preliminary ray-tracing results of HBS-to-
HSS link have been investigated and reported in IR2.1. However, in this deliverable HBS-to-HSS link is 
investigated and characterized in detail. The developed model based on the ray-tracing tool meet the 
following requirements. 

1) Provide coverage and interference values in multi-HBS scenario, at a number of HSSs; this analysis 

take the form of attenuation (received powers or alternatively pathloss) values. The built-up scenario 

consists in a regular street grid, with a constant building height. 

2) Account for the effects of the full antenna pattern at both sides, including the beamwidth and 

polarization information, which is very particular in the foreseen BuNGee scenarios. 

3) Provide delay and angular information at both HBS and HSS sides, including the polarization 

information, in one or several of these forms: power angular/delay profiles, transmit and receive 

wideband spatial correlation matrices (i.e. per tap) for a given array configuration at ABS. 

4) Parameterize (at least the pathloss) as a function of the following parameters: 

 geometry (distance, block size and street width), 

 HBS height above rooftop, 

 HSS height above ground, 

 Frequency, 

 beamwidth.  
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3.1 Deployment Topology and Simulation Setup 

 

3.1.1 Deployment Topology  
 

Two deployment topologies, named “cross” and “square”, were initially proposed for the BuNGee deployment. 
These basic cross and square topologies have been detailed and explained in D1.2. Both deployment topologies 

assume a Manhattan-like grid, having a block raster of 90 m. However, later on only square topology has been 

adopted for the BuNGee channel models. In this topology, HBS is centrally located above roof-top. Figure  3-1 

illustrates the square topology with a frequency planning strategy, having a scope to minimize the inter-HSS/ABS 

interference between adjacent HBS cells  [7]. This deployment topology has some properties of reducing the 
interference between beams arriving from adjacent HBS cells, if spatial separation is used. 

 

 

 

Figure 3-1: BuNGee deployment with square topology [7] 

 

3.1.1 Simulation Setup and Antenna Specifications 

A typical urban (Barcelona-like) grid is considered as the test propagation environment for the HBS-to-HSS 
channel at 3.5 GHz. There are 25 square blocks in total with each of width 75 m and street width is taken as 
15 m. So the HBS square is 450 m in each dimension which makes an approx area 0.20 km

2
. Building height 

is constant and fixed to 20 m. The HBS is placed in the centre of the blocks at a height of 25 m from the 
ground level (i.e. 5 m above the rooftop) and equipped with a multi-beam directional antenna. In Figure  3-2, 
the block diagram explains the details of Barcelona-like grid scenario, where only 12 HBS beams (out of 24 
beams in total) are shown and utilized for the sake of simplicity. Black dots represent HSS locations at the 
intersection of streets. The relative permittivity and conductivity of concrete walls at 3.5 GHz frequency is 
taken as 4.85 and 0.173 [S/m] respectively. The maximum number of reflections used in the ray-tracing tool 
is four.   
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Figure 3-2: Barcelona-like grid scenario with square topology 

 

Hub Base Station (HBS) antennas are deployed in an architecture comprising 490° sectors, each of which 
is capable of providing six separate beams in two slanted ±45° polarizations. The dual-polarization is used to 
optimize the isolation between adjacent antennas in the array. Each beam of dual-polarized transmit antenna 
has 15° azimuth beamwidth. The elevation beamwidth of all of the antenna beams in the array is 
approximately 10° with 2° electrical down-tilt [7]. Azimuthal side-lobes level is approximately -14 dB and the 
approximate peak gain is 19 dBi. Gain and side-lobes level are a function of pointing angle and varies across 
the 90° sector. An example beam pattern of multi-beam HBS antenna is shown in Figure  3-3. On the HSS 
(receive) side, a directional dual-polarized antenna is used with 13 dBi gain at the height of 5 m from the 
ground level. HSS receive antenna also provide two slanted ±45° polarizations. Directional receive antenna 
has 40° beamwidth both in azimuth and elevation [7].  

 

 

 Figure 3-3: An example beam pattern of multi-beam HBS antenna  
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3.2 Pathloss Model 

3.2.1 Effective Pathloss 

While pathloss (PL) is classically defined as the deterministic distance dependence of the received power for 

omnidirectional antennas [8], an effective pathloss (PLe) is introduced which accounts for the pathloss 

increase caused by the use of narrow beam antennas described in the previous section. It can be written as, 

 

                                                 (3-1) 

 

where,     is the increase in pathloss due to HBS narrow beamwidth antenna. 

 

Detailed preliminary simulation results of HBS-to-HSS link were reported in IR2.1. Therefore, only a brief 
conclusion of those results is included here to mention the impact of narrow-beamwidth antennas on 
pathloss and RMS delay spread. The block diagram explaining the details of scenario used for initial 
simulations is shown in Figure  3-4, where HBS is located in the centre. Black dots represent HBS locations 
in the middle of the blocks and hollow dots represent HSS locations at intersection of streets. The solid arrow 
line shows the direction of transmit antenna towards intended HSS, while the dashed arrow lines point to 
interferer HSS links. It is very important to mention here that a simple dipole antenna (rather than dual-
polarized directional antenna) is used on the HSS (receive) side for initial simulations results and subsequent 
analysis. Dipole antenna has 0 dBi gain at the height of 5m from the ground level (below rooftop). 

 

 

 

 

Figure 3-4: Example of Barcelona grid scenario with 25 square blocks 

 

The simulation results are evaluated not only for the intended HBS-to-HSS link (directing the HBS antenna 
towards an intended HSS) but also for the interfering HSS links (all other HSSs in the scenario). Detailed 
pathloss results are presented in IR2.1. However, this deliverable is only limited to the effective pathloss [dB] 
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and RMS delay spread [ns] of intended links. Placing HSSs at street intersections as shown in Figure  3-4, 
the effective pathloss values are detailed in Table 3-1 considering a fixed building height of 20 m. In 
particular, the pathloss for HSS6 is much lower than for HSS1 due to the shorter distance and lower level of 
obstruction from HBS with the same direction of the transmit antenna. RMS delay spread for the intended 
receivers remains around 30-40 ns. Additionally, with randomly chosen building heights, HSS6 still exhibits 
comparatively lesser effective pathloss due to the shorter distance from HBS and low level of building 
obstruction. In general, higher effective pathloss for HBS-to-HSS fixed relay links correspond to larger RMS 
delay spread and vice versa. 

 

Table 3-1: Simulated pathloss values 

 

Beam 
directed 
to HSS1 

Beam 
directed 
to HSS2 

Beam 
directed 
to HSS5 

Beam 
directed 
to HSS6 

PLe [dB] 131.5 133.7 133.7 118.8 

RMS delay 
spread [ns] 

39.5 35.6 35.8 29.5 

 

3.2.2 Gain Reduction Factor (GRF)  

As mentioned, the effective pathloss increases due to directivity. In other words, the effective gain of a 
directive antenna is less than the actual gain. This can be characterized by the quantity    , or equivalently 
by the Gain Reduction Factor (GRF)  [6]. This parameter is a random quantity (Gaussian distributed dB 

value) with a mean (GRF) and standard deviation (GRF) given by the IEEE 802.16 model  [6], 

 

   
   

                   
 

   
                     

 

   
  
 
 
    (3-2) 

                             
 

   
                            (3-3) 

Where,   is the beamwidth in degrees, and I = 1 for winter and I = -1 for summer. 

 

GRF should be considered in the link budget of a specific receiver antenna configuration. Therefore, it can 
be re-estimated from the ray-tracing tool, by comparing narrow-beam antenna results with omnidirectional 

antennas at the HBS. The so-obtained GRF curve is shown in Figure 3-5. GRF (or    ) values decrease 

with larger beamwidths, where higher GRF values correspond to higher pathloss. Note that for 15° 
beamwidth, the ray-tracing GRF is higher than the IEEE802.16 model. The ray-tracing GRF (for the given 
building height and street width) has been fitted by the following relationship:  

 

                                   (3-4) 

 

where   is the beamwidth in degrees. 
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Figure 3-5: GRF [dB] curves from ray-tracing and IEEE 802.16         

3.2.3 Comparison with WINNER II Channel Model 

Pathloss models for the various WINNER II scenarios have been developed based on the measurement 
results as well as results from the open literature. The pathloss model equation given in  [5] is, 

 

                                                         (3-5) 

 

where 

 d [m] is the distance between transmitter and receiver, 

    [GHz] is the system frequency, 

   is the pathloss exponent, 

   is the intercept parameter, 

   models the pathloss frequency dependence, 

   is the optional environment-specific term. 

 

The above model can be applied in the frequency range of 2 to 6 GHz and for different antenna heights  [5]. 
To evaluate the pathloss of fixed HBS-to-HSS link with WINNER II, pathloss model equation in  [5] could 
theoretically be utilized. Among the various scenarios of WINNER II channel models, sub-scenario B5f 
(stationary feeder) nearly corresponds to BuNGee’s fixed HBS-to-HSS link. It consists of relay antennas 
(known as HSSs in BuNGee architecture) some meters above the rooftop or some meters below the rooftop. 
In 5Bf, it is also assumed that the relay station is shadowed due to some obstacles. The parametric values to 
calculate the pathloss for this sub-scenario are given in [5] as, 

 

                         

 

These values are given for the heights      = 25m and      = 15m, so pathloss can be calculated by 
inserting the values of system frequency and distance between HBS and HSS antennas [5]. 

On the other hand, the typical urban macro-cell environment (C2) is also quite similar to our considered 
HBS-to-HSS link except that MSs are assumed at street level (1.5m from ground). It is an NLOS link model, 
since street level is often reached by a single diffraction over the rooftop. The buildings in the urban macro-
cell can form either a Manhattan like grid, or more irregular shapes, while building heights and are mostly 
homogeneous  [5]. 

As shown in Figure 3-6, the pathloss exponent seems to be similar for both approaches, however, generally 
the WINNER II channel model yields lower pathloss compared to the ray-tracing. Although the higher 
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difference of B5f compared to C2 might be due to fact that it is based on a non-grid environment, the main 
effect is the reduction of HBS beamwidth, which has been taken into account in the ray-tracing approach, but 
not in WINNER II. This illustrates that it is actually not correct to compare the effective pathloss derived from 
the ray-tracing with the WINNER II pathloss, as the latter does not consider the effect of the directive HBS 
antenna (reduced antenna beamwidths) on the effective pathloss.  

It can also be observed that the C2 pathloss exponent (i.e. the slope of the curve) is higher than the ray-
tracing based results. This is probably caused by the fact that in ray-tracing, HSSs are located higher than 
C2 mobile terminals. The C2 model is indeed not intended for relay links. 

To tentatively provide a fair comparison with WINNER II models, those values are combined with a GRF 

value. The only available GRF model is provided by IEEE 802.16 model  [6], which determines the     factor 
in the effective pathloss equation (3-1). Including the GRF, the analytic curves of B5f and C2 model come 
closer to the ray-tracing based results, as shown in Figure 3-6. There could be a number of other reasons for 
the discrepancies (assuming that the ray-tracing provides correct values [2]): 

 

 neither WINNER II (B5f) nor IEEE 802.16 models are based on a grid environment; 

 5Bf is based on ABS located at 15m, while in ray-tracing scenario ABS is 5m high and IEEE 802.16 
assumes high HBSs, 

 in IEEE 802.16 GRF empirical formula is formulated with the directional antennas used at HSS side, 
hence value should be adapted to HBS side, 

 lastly, the tested hybrid model has never been validated, and is made of two separate components. 

 

 

Figure 3-6: Comparison of ray-tracing with WINNER II 

 

3.2.4 Impact of Building and Antenna Heights 

To analyze the impact of the antenna (HBS) and building heights for the HBS-to-HSS fixed link, dipole 
antennas are placed at both HBS and HSS positions. The assumed grid size is 90 m, where building size is 
75 m and street width is taken as 15 m. HSSs are placed at the height of 5 m from ground. Whereas, HBSs 
are placed in two ways, 

  

 fixed heights: hHBS = 25m, 

 variable HBS heights (Hb + 5m) where building heights (Hb) are distributed between 10 to 24 m. 
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As shown in Figure 3-7, increasing both antennas (HBS) and building heights generally corresponds to 

increase in the pathloss. It can be observed that fixed HBS heights have less pathloss values compared to 
variable HBS heights, when building heights are smaller. However, they have higher pathloss values at 
larger building heights in comparison to variable HBS heights. 

Additionally, it can also be observed that the pathloss variation is very large over the distance due to 
shadowing effect of the buildings for some HSS positions. At HSS6 location, pathloss values have less 
variation for different heights because of shorter distance and almost no obstruction. However, when the 
propagation distance increases, different level of obstructions also known as shadowing make the pathloss 
values higher as can be seen for HSS1, HSS2 and HSS5 in Figure 3-7. HSS2 and HSS5 are placed at an 
equal distance from HBS antenna, while HSS1 is the farthest placed in the considered scenario. 

 

 

Figure 3-7: Impact of varying antenna (HBS) and building heights 

Further simulations are performed to analyze the impact of different grid sizes, i.e. 75, 90, 110 and 130 m. 
HBS and ABSs are mounted at 25 m and 5 m from ground respectively. From the simulation results, it can 
be observed that pathloss generally increases with increase in the grid size. It is mainly due to the higher 
level of building (i.e. concrete) obstructions. 

3.2.5 Impact of HBS Multi-beam Antenna Tapering Effects 

The increased transmit power, to achieve high throughput capacity in wireless systems, causes interference 
in the environment. With BuNGee novel multi-beam transmit antenna, inter-beam interference causes the 
main impairment which limit the envisioned throughput capacity of the system. Since all or a group of beams 
of HBS antenna may communicate simultaneously at the same frequencies, which can results into an 
interfering environment. Furthermore, relatively higher side-lobes of each beam turn out to be highly 
disturbing factors for other beams. To suppress the amount of interference, a promising way is to use 
antenna beams with low side-lobes [14]. Consequently, suppressing the interference can increase the output 
Signal to Noise Ratio (SNR) and the system capacity. Therefore, simulations have been performed to 
analyze the impact of HBS multi-beam antenna side-lobes. 

 
Received powers of each beam have been evaluated in an interfering environment to demonstrate the 
advantage of reduced side-lobes. Barcelona-like grid with square topology as shown in Figure  3-2 has been 
used to extract ray-tracing results. All results are extracted with -45 transmit polarization and +45 receive 
polarization. Following three beam patterns have been utilized to analyze the impact of HBS multi-beam 
antenna tapering (reduced side-lobes) effect,  
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1. Non-tapered (normal side-lobes) beam pattern as shown in Figure  3-3. 3dB beamwidth of main lobe 

is 13.5° with peak gain 18.8 dBi.  

2. 4 dB tapered side-lobes (4 dB lower than normal) as shown in Figure  3-8. 3dB beamwidth of its main 

lobe is 14.9° with peak gain 17.2 dBi (1.5 dBi lower than non-tapered) 

3. 6 dB tapered side-lobes (6 dB lower side-lobes than normal) as shown in Figure  3-9. 3dB beamwidth 

of its main lobe is 15° with peak gain 16.7 dBi (2 dBi lower than non-tapered)  

 

 

 

Figure 3-8: An example beam pattern of multi-beam HBS antenna with 4 dB side-lobe tapering 

  

  

Figure 3-9: An example beam pattern of multi-beam HBS antenna with 6 dB side-lobe tapering 
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Received powers from non-tapered beam pattern are presented in Table 3-2, where each HSS is given a 

dedicated colour. All the received powers up and equal to -14 dB relative to the maximum received power for 
each HSS are also highlighted with a dedicated colour. Strong inter-HSS interference can be observed from 
different HBS beams. For example, HSS4 receives powers from five beams 4, 5, 6, 7 and 8, within a range 
of -14 dB. Similarly, other HSSs also receive powers (within a marked -14 dB band) from different beams. 

 

Table 3-2: Received powers [dB] with non-tapered side-lobes beam pattern 

 

 

 

Received powers from 4 dB tapered side-lobes beam pattern are presented in  

Table 3-3, where each HSS is given a dedicated colour. All the received powers up and equal to -14 dB 
relative to the maximum received power for each HSS are also highlighted with a dedicated colour. Strong 
inter-HSS interference can be observed from different HBS beams. However, inter-beam interference 
decreases compared with previous case. For example, HSS1 receive lower powers from all undesired 
beams compared with non-tapered results (case 1). Furthermore, it can also be noted that the received 
power at desired HSS location remains almost same.  This fact confirms that the received power or pathloss 
is independent of tapering (side-lobe) effect but largely depends upon antennas narrow-beamwidths and 
other parameters.  
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Table 3-3:  Received powers [dB] with 4 dB tapered side-lobes beam pattern 

 

 

 

Received powers from 6 dB tapered side-lobes beam pattern are presented in Table 3-4, where each HSS is 
given a dedicated colour. All the received powers up and equal to -14 dB relative to the maximum received 
power for each HSS are also highlighted with a dedicated colour. Similar behaviour can be observed with 
this beam pattern as well. Received powers at desired HSS locations remain almost same, except slight 
decrease due to reduction in the peak gain. However, inter-beam interference decreases in a range of few 
dBs at different HSSs.  
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Table 3-4: Received powers [dB] with 6 dB tapered side-lobes beam pattern 

 

 

 

From the above discussion it is evident that reduced side-lobes play a major part in reducing the interference 
and improving the capacity. In next generation networks using highly multi-beam antenna and dense 
deployment, the side-lobe topography can play an important role in controlling interference. The HBS 
antenna beams should be able to reduce interference by pointing the main beam towards the desired HSS 
and by minimizing the side-lobes towards other interferering HSSs or MSs. This further ability of the multi-
beam antenna can lead to increase the system capacity.  

 

As a conclusion, low side-lobes of multi-beam antenna can be a promising way to suppress the amount of 
interference. Results show that interference in terms of received powers to un-desired HSS locations slightly 
decreases. However, received power for intended HSS locations or equivalently pathloss remains nearly 
unchanged due to almost similar peak gain of three simulated beams. Finally, impact of reduced side-lobes 
on link interference can be better numerically evaluated through system throughput simulations in WP4. 

3.2.6 Impact of HSS Orientation and Beamwidths 

Due to narrow-beamwidth of BuNGee antennas, it becomes very important to direct the HSS antennas in 
precise orientation, in order to achieve maximum benefit from antenna gain.  Therefore, a comprehensive 
post-processing work in MATLAB has been performed to confirm the optimum orientation of HSS antennas 
for the deployment. The block diagram explaining the details of the scenario is shown in Figure 3-10, where 
the HBSs are located in the centre of the square and HSS directional antennas are directed in the street as 
indicated by small arrows.  

Three different scenarios of HSS antenna orientation have been defined for the analysis. Black dots 
represent HSS locations in the blocks grid with the BuNGee defined square topology. Furthermore, a 
constant -12 dBi side-lobe level of HSS directional antenna is considered (in simulations) with the peak gain 
at 13 dBi. It makes a difference of 25 dB between constant side-lobe level and peak gain. 
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Figure 3-10: Block diagram for HSS orientation  

 

The simulation results in terms of received power are compiled mainly in two ways,  

1. Received power by directing HSS antenna in largest power ray direction 

2. Received power by directing HSS antenna in street direction  

The reduction (R) in received power due to directionality of the HSS antenna compared with omni-directional 
is defined and can be expressed mathematically as,  

 

                              (3-6) 

where,  

       is the received power with Omni directional (dipole) antenna at HSS, 

      is the received power with directional antenna at HSS and 

      is the gain of HSS antenna (13 dBi). 

Detailed simulation results in terms of received powers (for each HBS beam) at each HSS location are 
presented in tabular form in Appendix 7.1 from Table 7-1 to Table 7-6. However, only a brief analysis of this 
work is presented here.  

 

3.2.6.1   Directing HSS Antenna in Largest Power Ray Direction 

 

From simulation results, it can be observed that generally there is small reduction in received power, when 
HSS antenna is directed towards maximum power ray direction compared with Omni antenna. The reduction 
remains less than 5 dB and largely depends how different multipath components are received at a HSS with 
respect to azimuth and elevation angles. Received powers from HBS1 (12 beams) at 11 HSSs locations (half 
square) are calculated. For central HSS11 antenna, received power is calculated by placing antenna at -90° 
in azimuth.  

Results are presented in Table 3-5 and Table 3-6, where each HSS is given a dedicated colour. All the 
received powers up and equal to -14 dB relative to the maximum received power for each HSS are also 
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highlighted with a dedicated colour. Strong interference can be observed in terms of received power at a 
particular HSS location from different beams of HBS. For example, HSS4 receives powers from six beams 
(Beam 3, 4, 5, 6, 7 and 8) within range of -14 dB mainly due to street canyon effect. Similarly, other HSSs 
also receive interfering powers (within a marked -14 dB band) from different beams. 

 

Table 3-5: Maximum power ray direction for HBS1 (Beams 1 to 6) 

 

 
Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 

R      R      R      R      R      R      

HSS1 1.91 -111.1 1.34 -127.3 1.48 -139.4 2.84 -143.8 3.29 -148.3 2.48 -140.9 

HSS2 2.22 -112.9 1.42 -112.1 3.57 -126.2 2.35 -137.2 4.12 -147.3 2.31 -132.4 

HSS3 0.50 -107.3 0.56 -102.0 0.44 -101.3 1.78 -115.5 3.21 -120.4 0.97 -122.5 

HSS4 1.01 -119.3 4.01 -121.6 2.23 -112.5 2.26 -99.5 1.00 -99.2 0.12 -104.7 

HSS5 0.91 -130.0 0.95 -130.8 1.13 -131.9 1.71 -123.2 1.52 -113.4 0.93 -107.6 

HSS6 1.37 -149.7 1.20 -147.4 1.46 -146.8 3.70 -138.5 5.20 -151.3 2.86 -145.6 

HSS7 0.56 -148.5 2.85 -150.2 1.59 -151.3 4.08 -150.6 1.07 -139.3 1.27 -131.4 

HSS8 4.32 -131.5 3.01 -139.8 4.51 -138.2 3.86 -134.0 1.48 -133.1 3.69 -122.7 

HSS9 4.43 -126.3 2.14 -133.3 3.47 -132.8 0.95 -123.0 0.38 -114.5 0.03 -100.8 

HSS10 1.48 -138.3 1.27 -130.0 2.94 -140.6 2.33 -114.6 1.37 -135.7 1.11 -125.5 

HSS11 1.37 -132.3 1.27 -130.0 2.63 -129.8 1.56 -130.2 1.52 -121.6 3.49 -110.1 

 

Table 3-6: Maximum power ray direction for HBS1 (Beams 7 to 12) 

 
Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

R      R      R      R      R      R      

HSS1 3.87 -134.1 5.19 -145.1 0.99 -143.8 2.69 -145.2 1.52 -148.9 3.24 -158.7 

HSS2 2.64 -137.0 3.17 -147.3 4.74 -148.4 0.24 -135.9 2.52 -131.8 3.09 -151.0 

HSS3 2.41 -128.8 2.57 -138.3 1.41 -133.2 4.76 -147.1 2.99 -126.6 3.94 -144.6 

HSS4 0.07 -101.0 0.09 -111.8 0.69 -123.5 1.24 -120.8 2.38 -132.1 1.38 -123.5 

HSS5 1.06 -119.3 1.03 -127.6 1.42 -137.1 1.64 -137.6 1.94 -145.6 3.35 -129.6 

HSS6 4.13 -139.6 3.59 -142.3 3.70 -140.4 3.70 -138.6 2.93 -133.6 4.28 -116.0 

HSS7 2.13 -130.6 1.31 -128.6 0.75 -130.5 3.41 -129.4 3.34 -110.3 0.84 -106.7 

HSS8 2.74 -120.8 3.56 -120.8 4.34 -115.6 4.44 -120.7 1.19 -101.1 0.28 -109.0 

HSS9 0.24 -109.5 3.86 -106.6 2.20 -101.5 3.05 -106.6 3.06 -117.4 3.35 -120.8 

HSS10 2.22 -112.8 1.43 -112.2 3.34 -126.3 2.33 -114.6 4.90 -147.1 3.42 -141.8 

HSS11 1.76 -106.6 4.05 -126.1 3.24 -135.9 2.28 -141.0 2.96 -138. 0 2.63 -140.0 

 

 

 

3.2.6.2   Directing HSS Antenna in Street Directions 

This scenario is further divided into three sub-scenarios with respect to HSS antenna (azimuth) orientations 
as illustrated in Figure 3-10. 
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 Scenario 1 

In this scenario, HSS antennas are directed in centre of the street (azimuth) and without any upward or 
downward tilt (elevation) as indicated by red arrows in Figure 3-10. 

Detailed received power results are presented in Table 7-1 and Table 7-2 in Appendix 7.1 for scenario 1, 
where each HSS is given a dedicated colour. All the received powers up and equal to -14 dB relative to the 
maximum received power for each HSS are also highlighted with a dedicated colour. From results, it can be 
observed that the received powers decrease significantly with directional HSS antenna at some locations 
and correspondingly reduction factors increase. Received powers decrease up to the side-lobe level (-12 dB) 
of the directional HSS antenna. R values vary from few dBs to 25 dB (i.e. maximum possible difference 
between peak gain and side-lobe level of HSS directional antenna). After detailed analysis of results, it can 
be said that at some HSS locations multipath components of almost same power are received from different 
directions (both in azimuth and elevation) with Omni antenna. However, some significant power multipath 
components might fall outside the directional antenna’s main lobe, which results in decrease of the received 
power and consequently increase of the pathloss.  

 

 Scenario 2:  

It is basically a perpendicular orientation of HSS directional antennas with respect to scenario 1. Black solid 
arrows in Figure 3-10 are indicating directions in the street through which power is received at any HSS 
location azimuthally without any elevation tilt. For example, HSS antenna 1, 2 and 3 are receiving power 
from north to south direction. HSS 4 and 5 are receiving from south to north direction, HSS 6, 7 and 8 
receive from east to west direction and HSS 9, 10, 11 receive power from west to east direction.  

Simulations results are shown in Table 7-3 and Table 7-4 in Appendix 7.1. Each HSS has been represented 
by a dedicated colour. All the received powers up and equal to -14 dB relative to the maximum received 
power for each HSS are also highlighted with a dedicated colour. It can be observed from results that 
received powers decrease (consequently pathloss increase) from 20 to 25 dB at different HSS locations 
compared with scenario 1. However, there is not much improvement in terms of interference compared with 
scenario 1 at a particular HSS location.  

Furthermore, some additional results with varying elevation (e.g. 15°, 30°, 45° and 90°) tilts towards sky 
have been extracted. It can be reported that the results are similar to those of scenario 2 (i.e. without upward 
tilt). The reduction in received power compared to Omni antenna (0 dBi) remains nearly 25 dB at all HSS 
locations. It might be due to the fact that all the power is received through the side-lobes (taken as -12 dB) 
instead of the main lobe (13 dBi peak gain) of HSS antennas. However, variation of elevation angle might be 
effective if HSS antennas are directed towards maximum receiving azimuth direction. 

 

 Scenario 3: 

It is another perpendicular orientation of HSS directional antennas compared to scenario 1 (reversal of 
Scenario 2). No upward or downward tilt has been considered in this scenario as well. Black dashed arrows 
in Figure 3-10  are showing the direction of received power at any HSS location in the street. For example, 
HSS antenna 1, 2 and 3 are receiving power from south to north direction. HSS 4 and 5 are receiving from 
north to south direction, HSS 6, 7 and 8 receive from west to east direction and HSS 9, 10, 11 receive power 
from east to west direction.  

Simulations results are presented in Table 7-5 and Table 7-6 in Appendix 7.1, where maximum received 
powers from each HBS beam against different HSS locations are highlighted. It can be observed from results 
that received powers slightly improve compared to scenario 2 but in general there is no improvement of 
interference at a particular HSS location. 

For a conclusion, directing HSS antennas in a maximum power ray direction becomes optimum choice in 
order to achieve maximum antenna gain. However, it is probably very complex to mount antennas in random 
directions (i.e. varying maximum power ray directions at each HSS with respect to azimuth and elevation) 
from a deployment point of view. 
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3.3 Polarized MIMO Aspects 

Analysis of polarized MIMO aspects including fading characteristics of HBS-to-HSS link is also part of 
investigation. Most of the existing work on fixed relay links has been carried out for omni-directional 
antennas. In [4], omni-directional antenna array was used to extract the polarized MIMO parameters, while 
WINNER II models [5] were also parameterized with large omni-directional or circular arrays. However, 

results characterizing the polarized MIMO aspects of a BuNGee-like architecture with high gain narrow-
beamwidth directional antennas at both sides of the link are still largely missing. Therefore, in this section 
polarized MIMO aspects of HBS-to-HSS fixed link has been investigated by means of a ray-tracing tool [2], in 

order to accurately capture the narrow-beamwidth antenna impact. The main focus of this section is to 
characterize the spatial fading, correlation coefficients, XPD and CPR of BuNGee defined HBS-to-HSS (fixed 
relay polarimetric) link.  

 

In Figure 3-11, the block diagram explains the details of the scenario, where the dotted arrow lines are 
showing the three simulated HBS-to-HSS links, i.e. from HBS-to-HSS4, HSS7 and HSS11. The antenna 
heights of HBS and HSS are fixed, however the distance between them varies depending upon the HSS 
position. HSS4, HSS7 and HSS7 are placed at street crossings and distance of 231, 271 and 321 m 
respectively from the HBS. In order to illustrate the fading and polarization characteristics each HSS position, 

a total of 400 spatially separated simulations are performed over a 20  20 square grid. The spacing 
between these grid points is one wavelength λ (= 8.56 cm). The use of dual-polarized antennas at both ends 

(2  2) makes a total of 1600 simulations for each HBS-to-HSS link. 

 

 

Figure 3-11: Barcelona grid scenario with HBS and HSSs deployment 

 

3.3.1 Spatial Fading 

A spatial K-factor can be defined as the ratio of the coherent (fixed) to non-coherent (fluctuating) powers of 

multipath components over space [6]. It can be expressed as,  

        
  

   
                              (3-6) 
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where,    is the power of coherent multipaths and     is the power of non-coherent multipaths. Spatial K-

factor values (dB) have been estimated by simulating 20  20 grid points (over space) at three HSS 

positions. Spatial K-factor values for a polarized link vary in a range of 9 to 26 dB at three HSS positions, as 

presented in Table 3-7. It can also be observed that the K-factor generally decreases with the propagation 

distance. Reported values seem quite high, yet this is another consequence of the narrow-beamwidths of 

HBS and HSS antennas. As shown in [6], K-factor values decrease when increasing the antennas 

beamwidths, as given in IEEE 802.16 fixed wireless channel models [6] in natural scale, 

                  (3-7) 

 

where     is the beamwidth factor and formulated as,   

 

                                (3-8) 

 

with  , the antenna beamwidth in degrees. It implies that increasing antenna beamwidth from 15° to 90° 
reduces K-factor values by an approximate factor of 3, or equivalently by 4.8 dB [6]. 

 

Table 3-7: Spatial K-factor values 

 

Pol @ 
Tx/Rx 

K-factor (dB) 

HSS4 HSS7 HSS11 

+45/+45 26.37 14.39 10.46 

+45/-45 13.71 14.03 9.33 

-45/+45 23.07 9.75 9.29 

-45/-45 17.8 16.70 13.94 

 

Furthermore, in Figure 3-12, the Cumulative Distribution Functions (CDFs) of the received signal power for 

each polarized link is plotted against three HSS positions. These figures suggest that the received power 
generally exhibit small variations (over the square grid) in the simulated fixed relay links. However, received 
power variations increase with the distance. For example, HSS4’s CDF curves show comparatively less 
variation in received power than HSS11’s curves.  
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Figure 3-12: CDF [dB] curves of received power for fixed polarimetric links at HSS4, HSS7 and HSS11 

 

3.3.2 Spatial Correlation 

Short antenna separations generally increase the spatial correlation, as adjacent antennas will receive 
similar signal components. On the other side, dense multipath propagation decreases the spatial correlation 
by spreading the signal such that multipath components are received from many different spatial directions. 
If the polarized channels are highly correlated, then the potential multi-antenna gains may not always be 
obtainable. Therefore, covariance matrices are evaluated to analyse the impact of the polarimetric links. 

Spatial correlation coefficients are presented in Table  3-8, Table  3-9, and Table  3-10 for four (2  2) 

polarimetric links at HSS4, HSS7 and HSS11 respectively.  
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Table 3-8: Spatial Covariance matrix (absolute values) at HSS4 

Pol @ 
Tx/Rx 

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

+45/ +45 1.00 0.58 0.17 0.52 

+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 3-9: Spatial Covariance matrix (absolute values) at HSS7 

Pol @ 
Tx/Rx 

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

+45/ +45 1.00 0.52 0.30 0.46 

+45/ -45 0.52 1.00 0.09 0.92 

-45/ +45 0.30 0.09 1.00 0.10 

-45/ -45 0.46 0.92 0.10 1.00 

 

 

Table 3-10: Spatial Covariance matrix (absolute values) at HSS11 

Pol @ 
Tx/Rx 

+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 

 

 

Listed correlation coefficients are all below 0.6, except for the covariance between (-45°/-45°) and (+45°/-
45°) links. Such low correlation guarantees a good achievable polarization diversity gain. 

3.3.3 XPD and CPR 

An important parameter to characterize the antenna polarization is the Cross-Polarization-Discrimination 
(XPD).  It is defined as the ratio of the co-polarized average received power to the cross-polarized average 
received power and formulated as [10],  

 

             
    

    
       

          
 

           
                (3-9) 

 where 

      =           
 
 is the co-polar received power from +45° polarized HBS to +45° polarized HSS 

antenna and, 

     =           
 
 is the cross-polar received power from +45° polarized HBS antenna to -45° 

polarized HSS antenna.  
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The XPD quantifies the separation between two transmission channels that use different polarization 
orientations [11]. The larger the XPD, the less energy is coupled between the cross-polarized channels [11].   

Another important parameter is Co-Polar-Ratio (CPR), which characterizes the link quality of one polarization 
compared to the other one  [9]. It is defined as the ratio of the co-polarized received power with one 
orientation to that of the other, it can be expressed as, 

 

             
     

     
       

          
 

           
       (3-10) 

 

where,      and      are the co-polar received powers with +45° and -45° polarized antennas at both sides 
respectively. 

Mean values of XPD and CPR over a square grid for three selected HSS positions are listed in Table  3-11. 

Where XPD (++/+-) represent a ratio of co-polarized (+45° to +45°) links to cross-polarized (+45° to -45°) 
links, etc. 

Table 3-11: Mean XPD and CPR values (in dB) 

 HSS4 HSS7 HSS11 

XPD (++/+-) 0.62 4.16 2.85 

XPD (++/-+) 0.52 1.31 1.55 

XPD (--/+-) 0.70 0.78 0.60 

XPD (--/-+) 1.85 2.06 5.01 

CPR 1.33 3.38 3.45 

 

 

Generally, mean values of XPD are small for all simulated links, except XPD (++/+-) and XPD (--/-+) of HSS7 
and HSS11 respectively. Small XPD values indicate high cross-coupling between channels. This fact has 
already been verified by the high K-factor values. The reason for high cross-coupling could be that the lower 
HSS antennas, surrounded by dense scatters result in greater degree of depolarization [4]. The 
depolarization effect due to the propagation environment (e.g. multiple reflections, diffractions and scattering) 
becomes more obvious in NLOS scenarios [11], which is the case here in all simulated links. Small XPD 
values can cause co-channel interference and consequently reduce the diversity gains. Therefore, such 
important parameters should be taken into account while exploiting the diversity gains of the channels. 
Furthermore, mean CPR values vary from 1.33 to 3.45 dB, which are in agreement with [9]. 

3.4 Wideband Aspects 

In this section, wideband aspects of HBS-to-HSS link have been characterized and analyzed.  

3.4.1 RMS Delay-Spread 

The RMS delay spread is calculated by the following relation [2], [4], 

 

          
 
         

       
    

 
 

     

    
           (3-11) 

 

where    is the time of arrival of the     ray and    is the power of the corresponding ray. 

Regarding delay-spreads, the ray-tracing values are quite small. Again, this is probably caused by the 
narrow beamwidth of the HBS antenna. Indeed, the WINNER II model 5Bf prescribes delay-spread of around 
76 ns for omnidirectional antennas  [5]. At the same time, the IEEE 802.16 model mentions that for 10° 
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antenna beamwidths, the delay-spread is reduced by approximately 2.6  [6]. Hence, our value matches well 
with this ratio. 

 

3.4.2 Tapped Delay Model 

Time domain channel models are helpful to investigate the most suitable transmission schemes in wireless 
systems. Therefore, tapped delay line model for BuNGee HBS-to-HSS links has been developed and 
analyzed.  

Power Delay Profile  

 

Power Delay Profile (PDP) gives the intensity of a signal received through a multipath channel as a function 
of time delay [10]. The PDP of a given channel consists of a number of multipath components or taps. A tap 

is defined by its power (   and relative delay ( ), as well as its K-factor. Usually, the tap phases are 

identically and independently distributed over [0, 2 ]. Averaged PDP can be estimated by taking the spatially 
averaged impulse response of a multipath channel over a square grid area. It can be formulated as, 

 

                              (3-12) 

 

As an example of how the average power of fixed link varies as a function of the delay, an averaged 
(exponential) PDP of HBS-to-HSS4 link is given in Figure 3-13. The number of taps depends on the system 

bandwidth and on the propagation scenario, hence on the specific delay spread of the considered scenario 
(see Figure 3-11). Reduction in RMS delay spread due to narrow-beamwidth antennas as analyzed in [3], 

results in fewer paths. Furthermore, the tap spacing depends inversely on the system bandwidth. Larger 
bandwidth requires smaller tap spacing, hence, a larger number of taps for a given maximum excess delay 
[10]. 

 

 

Figure 3-13: An example averaged PDP for HBS-to-HSS4 link 

 

To develop the tapped delay line model, averaged powers and delays (over square grid) are normalized to 
the power and delay of the first tap respectively, thus only depicting the multipath effect. A 20 MHz system 
bandwidth (i.e. envisaged for BuNGee architecture) is used in this analysis. An example tapped delay line 
model for HBS-to-HSS4 link is shown in Figure 3-14, and it is summarized in Table 3-12 including K-factor 
values for each tap. A threshold level of -30 dB is applied, so that any tap magnitude below this level from 
peak one is excluded, as this 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 Rayleigh-distributed, except for the first tap. First tap is usually Ricean distributed if a 
strong direct contribution, i.e. LOS link exists [9]. First tap in our summarized model is Ricean distributed and 
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its high K-factor is comparable to the reported first tap K-factors in IEEE 802.16 model for 30° beamwidth 
antenna [6]. However, magnitudes of all other taps (multipaths) listed in Table 3-12 are also Ricean 
distributed instead of Rayleigh with high K-factors values, again owing to the narrow-beamwidth antennas 
and reduced delay spread. Furthermore, the results show that the K-factor values become almost constant 
after first three taps. 

   

 

 

Figure 3-14: Tapped delay line model for 20 MHz bandwidth 

 

 

Table 3-12: Tapped delay model for HBS-HSS fixed link 

 

Tap 
Number 

Delay 

[ns] 

Power 

[dB] 

K-factor 

[dB] 

1 0 0 14.9 

2 42.2 -9.06 19.8 

3 95.8 -17.22 17.3 

4 146.6 -21.07 29.8 

5 198.1 -24.95 25.2 

6 248.4 -28.49 26.5 

7 291.4 -29.93 25.7 
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4. ABS-to-MS Channel Models 

 

Within BuNGee architecture, the ABS-to-MS access link relies on a 17dBi gain directional antenna with 

approximately 25°  25° beamwidth at the ABS. This antenna is deployed below roof height at 5 m and is 
expected to be oriented along the street direction. This BuNGee access link can possibly be covered with 
nearly similar scenario of WINNER II B1, due to mainly following reasons, 
  

 GRF decreases roughly exponentially due to increasing beamwidths of utilized antennas as 

described earlier in Section  3.2.2. Figure  3-5 illustrates that the GRF of a 25° beamwidth antenna is 

approximately 2 dB only. Hence, this particular link becomes less crucial than the detailed 

investigated HBS-to-HSS link with regard to impact of antenna narrow-beamwidth. 

 

 Antenna beamwidth effects are mostly significant when the distance (or height) is large. In this 

access link, relatively short distances between ABS and MS reduce the impact of antenna narrow-

beamwidth. While both scenarios (BuNGee and WINNER II B1) concern below rooftop propagation, 

so that the exact ABS height is not a major parameter.  

 

Hence, it is proposed to reuse for this link a similar scenario of WINNER II. Indeed, B1 (urban micro-cell) 
scenario of WINNER II nearly corresponds to BuNGee ABS-to-MS link, except for the precise ABS height 
and relatively narrower beamwidth. In WINNER II urban micro-cell scenario, the height of both the BS (10 m 
high, also known as ABSs in BuNGee architecture) and the MS (1.5 m high) is assumed to be well below the 
tops of surrounding buildings  [5], which is exactly the same situation as BuNGee ABS-to-MS link. Both 
antennas are assumed to be outdoors in an area where streets are laid out in a Manhattan-like grid. The 
streets in the coverage area are classified as “the main street”, where there is the LOS from all locations to 
the BS, with the possible exception in cases where the LOS is temporarily blocked by traffic (e.g. trucks and 
busses) on the street. Streets that intersect the main street are referred to as perpendicular streets, and 
those that run parallel to it are referred to as parallel streets. This scenario is defined for both LOS and 
NLOS cases. Cell shapes are defined by the surrounding buildings, and energy reaches NLOS streets as a 
result of the propagation around corners, through buildings, and between them  [5]. 

 

LOS 

Pathloss for a short applicability range, i.e.             
  

 can be modelled by (4-1) given in  [5], 

                                            (4-1) 

where 

 d [m] is the distance between transmitter and receiver, 

    [GHz] is the system frequency, 

   is the pathloss exponent, 

   is the intercept parameter, 

   models the pathloss frequency dependence, 

   is the optional environment-specific term. 

 

Following parametric values can be used to calculate the LOS pathloss given in [5], 

 

                       

 

LOS pathloss model for a relatively longer applicability range, i.e.                , can be modelled by 
using following equations, 

 

                                         
 
                

 
                       

            (4-2) 

 

and,  
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                                        (4-3) 

 

where,    is the centre frequency in Hz,   is the propagation velocity in free space, and      and       are 
effective antenna heights at the BS and the MS, respectively. The effective antenna heights are computed 
as,                 ,                 , where    S and     are the actual antenna heights, and the 
effective environment height in urban environments is assumed to be equal to 1.0 m. 
 
NLOS 

However, NLOS pathloss can be modelled by using following equation given in  [5],  

 

                                          (4-4) 

where, 

 

                                                                       (4-5) 

and 

                           

      is the pathloss of B1 LOS scenario and             

 

The above NLOS pathloss model is applicable for range,               and             , where 
street width is       . These values are given for the heights     = 10m and     = 1.5m, so pathloss can 
be calculated by inserting the values of system frequency and distance between ABS and MS antennas. 
This model can be applied in the frequency range of 2 to 6 GHz and for different antenna heights  [5]. 
Furthermore, B4 scenario of WINNER II channel model can additionally be used for the outdoor to indoor 
coverage. 

Similar to pathloss models, parameters for fading characteristics of ABS-to-MS link should also be adopted 
from B1 scenario of WINNER II channel model.  

 

 

5. Interference Models 

 

Interference is one of the main difficulties that beyond next generation wireless networks will encounter. 
Therefore, understanding the nature and characteristics of the interference is critical in these inherently 
interference-limited networks. In this section, some possible interference scenarios of BuNGee architecture 
have been identified and subsequently modelled and characterized in terms of received power/pathloss.  

5.1 Multi-HBS Interference (5 HBS Scenario) 

5.1.1 Simulation Setup  

Ray-tracing simulations have been performed to calculate received power at the HSS receiver antennas, for 
multi-HBS interference scenario.  In this interference scenario, 5 HBSs are placed as transmit antennas such 
that they cover a total of 225 building blocks. A total number of 72 beams are utilized in this multi-HBS 
scenario. On the receive side, 60 HSSs are distributed according to square topology mentioned in Section 
3.1. These HSSs are directed towards their respective HBS in the simulations. Details of this multi-HBS 
interference scenario are presented in Figure 5-1, where both HBSs and HSSs are numbered in clock-wise 
fashion according to the needs of subsequent work. However, beams of utilized antennas are numbered in 
anti clock-wise direction. This multi-HBS interference scenario becomes very complex due to large number 
of blocks and dense HSS antennas deployment. Therefore, we have only extracted results for two 
representative base stations, 

  

 HBS5 (corner case) 
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 HBS3 (middle case)  

Corresponding results for all other HBSs can be evaluated through benefiting from the symmetric property of 
the defined scenario. Furthermore, only 12 beams of above mentioned base stations have been utilized for 
the sake of simplicity. Effect of each beam has been evaluated separately in terms of received power at each 
HSS antenna. Furthermore, diffuse scattering has also been taken off in these simulations, due to increased 
complexity. So it should be kept in mind that received powers at each HSS location will perhaps slightly 
increase after including the diffuse scattering components. All simulation results are extracted with +45 
polarized transmit antenna and -45 polarized receive antenna. Corner HSSs (23, 28, 33 and 38) of HBS3 are 
simulated twice for respective antenna directions. 

 

 

 

Figure 5-1: Multi-HBS interference scenario with square topology for HSS deployment 

 

5.1.2 Results and Analysis 

Simulations results for two representative HBSs are presented and analyzed below. 

 

 HBS5 (Corner Case) 

Simulation results are divided into five tables each representing a coverage area from HBS1-to-HBS5. All 
results are compiled in tabular form and presented in Appendix 7.2 (from Table 7-7 to  

Table 7-11). Generally, it can be reported that interference from immediate neighbouring HBS antenna 

beams is high at some HSSs locations. For example, there is significant interference from HBS5 antenna 
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beams at some HSSs in the cell area of neighbouring HBS1, HBS3 and HBS4. Especially it increases 
considerably when HSSs of those cell areas are facing towards HBS5.  

In Table 7-7, received power at HSS8 and HSS9 from Beam7-10 of HBS5 are relatively higher. These 
relatively higher received powers are highlighted in the table and can be termed as interference to HBS1 cell 
area. This is probably due to straight streets towards above mentioned HSS locations. However, coverage 
area of HBS2 seems safe from interference of HBS5 (12 beams) mainly due to larger distance and building 
obstructions. Corresponding simulation results of HBS5 for HBS2 are presented in Table 7-8. 

Simulation results for HBS3 coverage area are given in Table 7-9. It seems to be mostly effected from 
neighbouring HBS5 transmit antenna beams. It can be observed that a number of HSSs receive higher 
powers and highlighted in Table 7-9. It is mainly due to the central HBS5 beams 4-9, which are directed 
towards HBS3 coverage area.  

In Table 7-10, received powers in the coverage area of HBS4 are presented. Similar to HBS1, only HSS51 
and HSS52 have relatively higher received powers due to streets canyon effect and highlighted in Table 
7-10. Finally, in  

Table 7-11, received powers at HSS54-HSS64 for the coverage area of HBS5 are shown, which are actually 
intended received powers. These intended received powers are relatively quite high as expected and can’t 
be termed as interference.  

 

 HBS3 (Middle Case) 

Like HBS5, simulation results of only 12 HBS3 beams (Beam1-to-Beam12) are extracted. Results are 
divided into five tables each corresponds to five respective HBS cell areas like previous case. Again, all 
results are compiled in tabular form in Appendix 7.2. Generally, it can be reported that HBS3 introduces a 
significant interference at some HSSs in the cell area of neighbouring HBS. For example, two HBS3 beams 
(Beam11 and Beam12) interfere with HSS1-HSS6, apparently due to the street canyon effect. Similarly, two 
HBS3 beams (Beam1 and Beam2) affect HSS43-HSS48, and highlighted in blue in all tables. 

Relatively higher received powers at HSS1-HSS6 from two HBS3 beams (Beam11 and Beam12) are 
highlighted in Table 7-12. It is mainly due to the fact that both beams are directed towards HBS1. In  

Table 7-13, interfering beams (Beam5-Beam8) of HBS3 and corresponding HSSs in HBS2 cell area are 
highlighted. Intended received powers at HSS23-HSS33 from HBS3 beams are presented in Table 7-14, 
these are high values as expected. However, simulated 12 beams also affect (in terms of interference) other 
half (cell area) of HBS3.  In Table 7-15, interfered HSSs mainly from two beams of HBS3 (Beam 1 and beam 
2) are highlighted. Lastly, received powers in HBS5 coverage area are presented in Table 7-16, which are 
negligibly low in terms of interference from HBS3 beams.  

 

5.2 ABS-HBS Interference 

ABS transmission to MS may be liable to cause interference to HBS beams serving their respective or 
neighbouring cells. Therefore, it becomes essential to characterize such interfering links in order to allow 
sophisticated interference mitigation schemes such as pre-coder selection. 

5.2.1 Simulation Setup  

Again, a typical urban grid is considered as the propagation environment for the ABS-to-HBS interference 
link at 3.5 GHz. Building heights is fixed to 20 m. On the ABS (transmit) side, a directional dual-polarized 
antenna is used with 17 dBi gain at the height of 5 m from the ground level. Directional receive antenna has 
25° beamwidth both in azimuth and elevation. It is essential to mention here that ABS antenna pattern 
provided by CASMA is originally extracted at 2.3 GHz frequency. However, assuming similar shape of 
antenna pattern in terms of gain and side-lobes at 3.5 GHz, the later is used to characterize the ABS-to-HBS 
interference link at the BuNGee envisioned frequency.  

On the HBS (receive) side, the HBS is placed in the centre of the blocks at a height of 25 m from the ground 
level (i.e. 5 m above the rooftop) and equipped with a multi-beam directional antenna of gain 18.8 dBi. Each 
beam of dual-polarized transmit antenna has 15° beamwidth and 2° down tilt. Both transmit and receive 
antennas have  45° slanted polarization. In Figure 5-2, the block diagram explains the details of the 
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scenario. ABS antennas are placed in two different orientations where red arrows show outward directed 
ABS antennas from a respective HBS square and black arrows show the inward directed ABS antennas. 

 

 

Figure 5-2: Multi-cell ABS-HBS interference scenario with square topology  

 

The antenna heights of HBS and ABS are fixed, however the distance between them varies depending upon 
the ABS position. Ray-tracing simulations have been performed with +45 transmit and -45 receive 
polarization and by placing ABS antennas in two different orientations, 

 

 Outward directed ABSs 

 Inward directed ABSs 

5.2.2 Results and Analysis 

Simulation results are evaluated only for 12 beams of HBS1 for both above mentioned antenna orientations. 

5.2.2.1 Outward Directed ABSs 

Received powers from outward directed ABSs (1-21) to HBS beams (1-12) are plotted in Figure 5-3. These 
results demonstrate that generally received powers from outward directed ABSs are below interference 
threshold, i.e. -140 dB. Figures include received powers from outward directed ABSs (12-21) of neighbouring 
cell HBS2 as well. It can be observed that some ABSs (e.g. ABS12, ABS13, ABS17 and ABS18) located 
close to cell edge of neighbouring cell (HBS2) interfere HBS1 beams significantly. It is indicated with the 
received powers above interference threshold level, i.e. -140 dB. 
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Figure 5-3: Received powers at HBS beams from outward directed ABSs 

 

5.2.2.2   Inward Directed ABSs 

Impact of interference is different when ABS antennas are placed in inward directions, as indicated with 
black arrows in Figure 5-2. Therefore, received powers from inward directed ABSs to HBS1 (12 beams only) 
are plotted separately in Figure 5-4. These results suggest strong interference due to their inward direction of 
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transmission, i.e. in the cell area of HBS1. Figure 5-4 shows that most of the received powers are above the 

interference threshold level, i.e. -140 dB. However, in this inward scenario ABSs of neighbouring cell 
directed towards HBS2 will not interfere HBS1 significantly.  

 

 

 

Figure 5-4: Received powers at HBS beams from inward directed ABSs 
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5.3 HBS-MS Interference  

Another important interference scenario in BuNGee architecture is HBS-to-MS link and vice versa.  
This particular interference scenario can be covered from a similar scenario of WINNER II channel models 
with respect to distance and antenna heights. However, GRF (detailed earlier in Section  3.2.2) needs to be 
accounted along with WINNER II selected scenario in order to capture the HBS narrow-beamwidth effect. 
Since HBS-MS is not the main access link in BuNGee architecture, therefore it hasn’t been further 
investigated through ray-tracing. Indeed, the typical urban macro-cell scenario (C2) described in WINNER II 
channel model  [5] is quite similar to BuNGee defined HBS-to-MS link. In this scenario, mobile stations are 
located outdoors at street level (1.5 m high) and fixed base station (defined as HBS in BuNGee architecture) 
clearly above surrounding building heights (25 m high). It is usually a non- or obstructed line-of-sight 
scenario as propagation conditions, since street level is often reached by a single diffraction over the rooftop. 
The buildings in the urban macro-cell can form either a Manhattan like grid, or more irregular shapes. The 
building heights and density in typical urban macro-cell are mostly homogeneous  [5]. Typical building heights 
in urban environments are over four floors like BuNGee defined architecture. Pathloss models of this urban 
macro-cell scenario are divided for LOS and NLOS. 
 
LOS  

Pathloss for a short applicability range, i.e.             
  

 can be modelled by using (5-1) given in  [5], 

 

                                            (5-1) 

where 

 d [m] is the distance between transmitter and receiver, 

    [GHz] is the system frequency, 

   is the pathloss exponent, 

   is the intercept parameter, 

   models the pathloss frequency dependence, 

   is the optional environment-specific term. 

 

The parametric values to calculate the pathloss are given as  [5], 

 

                     

 

LOS pathloss model for a relatively longer applicability range, i.e.                , can be modelled by 
using following equations, 

 

                                       
 
                

 
                      

            (5-2) 

and,   

                                    (5-3) 

 

where,    is the centre frequency in Hz,   is the propagation velocity in free space, and      and       are 
effective antenna heights at the BS and the MS, respectively. The effective antenna heights are computed 
as,                ,                 , where     and     are the actual antenna heights, and the 
effective height in urban environments is assumed to be equal to 1.0 m. 
 
NLOS 

However, NLOS pathloss can be modelled by using following equation given in  [5],  

 

                                                                            

            (5-4) 
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The above NLOS pathloss model is applicable for range,            . These all equations are given for 

the heights     = 25 m and     = 1.5 m, so pathloss can be calculated by inserting the values of system 
frequency and distance between HBS and MS antennas [5]. In a broad perspective, this model can be 
applied in the frequency range of 2 to 6 GHz and for different antenna heights  [5]. Furthermore, C4 scenario 
can be utilized for the indoor coverage. 

After detailed analysis (in terms of received power) of all interfering links in BuNGee architecture, it can be 
concluded that generally dense deployment results into strong interference. Therefore, an efficient and 
robust frequency planning is vital for BuNGee-like architecture. Moreover, interference remains one of the 
major challenge for the beyond next generation wireless networks generally due to utilization of higher 
frequencies and dense deployment. 
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6. Conclusions 

 

In this deliverable, a complete description of BuNGee channel models is provided covering both HBS-to-HSS 
(backhaul) as well as ABS-to-MS (access) radio links. As a primary task, an enhanced ray-tracing tool has 
been described in detail. The polarized diffuse scattering model has been narrated in depth and 
experimentally validated through measurement campaigns in an outdoor scenario.  

The investigation and characterization of HBS-to-HSS polarimetric relay link has been the main focus of this 
deliverable. Given the particularity of multi-beam HBS and HSS antennas, an effective pathloss is defined 
which includes the pathloss increase caused by the use of narrow beam antennas. Effective pathloss has 
been parameterized as a function of the geometry (distance, block size and street width), antenna heights, 
frequency and beamwidth. Results for effective pathloss are extracted and subsequently compared with 
potentials of WINNER II (two selected scenarios B5f and C2) and IEEE 802.16 channel models. To provide a 
fair comparison with WINNER II models, those are combined with a GRF model taken from IEEE 802.16 
(since WINNER II pathloss models do not take into account the reduced antenna beamwidths). As a 
conclusion, none of WINNER II models is able to adequately represent BuNGee specific channel pathloss, 
although C2 model, used in conjunction with an appropriate GRF model, offers a good compromise in the 
targeted range of distance. Additionally, impact of reduced side-lobes of multi-beam HBS antenna on 
effective pathloss and interference has been analyzed. Results have showed that pathloss remains almost 
unchanged due to nearly similar peak gains of three investigated beams, whereas inter-beam interference 
decreases. As a conclusion, amplitude tapering can be a partial solution to suppress the amount of 
interference inherited by multi-beam HBS antenna. Furthermore, a broad range of results have 
demonstrated that directing HSS in maximum power ray direction is the most appropriate choice, though it is 
very complicated from a deployment perspective. Moreover, polarized MIMO aspects of HBS-to-HSS link 
have been characterized and modelled. This analysis has included investigation of spatial fading, spatial 
correlation, XPD and CPR. To conclude, mentioned parameters in general become comparable to those of 
existing models when taking narrow-beamwidths of antennas into account. Additionally, wideband aspects of 
above channel have been detailed in terms of RMS delay spread and tapped delay model. Results have 
indicated the dependence of mentioned parameters upon BuNGee specific deployment and narrow-
beamwidth antennas. Furthermore, B1 (urban micro-cell) scenario of WINNER II channel model has been 
proposed to reuse for ABS-to-MS access link due to relatively shorter distances between antennas and 
reduced impact of ABS antenna beamwidth.    

Lastly, interference being one of the major challenge for the beyond next generation wireless networks, has 
been evaluated and characterized for different BuNGee links in terms of received power or alternatively 
pathloss. First potential interfering links in BuNGee architecture have been identified and subsequently 
modelled. It can be concluded that generally dense deployment results into strong interference between 
different links. Therefore, an efficient and robust frequency planning scheme is vital for BuNGee-like 
architecture.  
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7. Appendix-1 

7.1 Impact of HSS Orientation 

 

Table 7-1: Scenario 1-received powers of HBS1 (Beam1 - 6) 

 
Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 

R      R      R      R      R      R      

HSS1 23.63 -132.8 18.43 -144.4 8.84 -146.8 8.59 -149.5 15.49 -160.5 7.29 -145.8 

HSS2 15.61 -126.3 19.41 -130.1 16.08 -138.7 8.52 -143.4 15.75 -159.0 2.32 -132.4 

HSS3 0.50 -107.3 11.48 -113.0 15.57 -116.4 13.73 -127.5 14.54 -131.7 8.14 -129.7 

HSS4 1.47 -119.7 4.34 -121.9 2.71 -113.0 2.78 -100.1 1.40 -99.6 0.20 -104.8 

HSS5 24.83 -153.9 24.75 -154.6 24.53 -155.3 24.96 -146.5 24.95 -136.8 24.36 -131.1 

HSS6 15.63 -164.0 19.70 -165.9 12.36 -157.5 15.80 -150.6 20.58 -166.7 11.70 -154.4 

HSS7 19.42 -167.4 15.98 -163.3 11.43 -158.2 17.58 -164.1 17.68 -155.9 7.86 -138.0 

HSS8 4.56 -131.8 4.14 -141.0 4.32 -139.1 3.97 -134.1 2.89 -134.5 2.78 -121.8 

HSS9 4.20 -126.1 1.59 -132.8 2.44 -132.3 0.75 -122.8 0.39 -114.5 0.04 -100.8 

HSS10 23.06 -159.9 24.79 -153.6 21.50 -159.5 24.86 -137.1 19.98 -154.3 21.02 -145.4 

HSS11 24.58 -155.5 24.58 -153.3 24.83 -153.1 23.49 -152.1 24.15 -144.3 24.25 -130.8 

 

Table 7-2: Scenario 1- received powers of HBS1 (Beam7 - 12) 

 
Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

R      R      R      R      R      R      

HSS1 24.14 -154.4 6.26 -146.2 0.98 -143.8 2.72 -145.2 19.27 -166.7 7.22 -162.7 

HSS2 12.15 -146.5 3.18 -147.3 7.21 -150.9 0.25 -135.9 20.20 -149.5 7.88 -155.8 

HSS3 2.42 -128.8 2.60 -138.3 6.57 -138.4 3.66 -146.0 2.61 -126.2 5.12 -145.7 

HSS4 0.09 -101.0 0.11 -111.8 0.68 -123.5 1.18 -120.8 2.34 -132.0 1.44 -123.6 

HSS5 20.86 -139.1 22.34 -148.9 19.17 -154.8 24.68 -160.7 23.38 -167.0 24.81 -151.1 

HSS6 8.35 -143.8 17.90 -156.6 16.77 -153.4 15.80 -150.6 18.29 -149.0 23.79 -135.5 

HSS7 9.83 -138.3 16.27 -143.6 14.03 -143.8 16.27 -142.3 20.40 -127.4 18.7 -124.6 

HSS8 2.74 -120.8 5.57 -122.8 3.35 -114.6 4.55 -120.8 2.79 -102.7 0.28 -109.0 

HSS9 0.30 -109.5 4.59 -107.3 10.78 -110.1 2.91 -106.4 10.33 -124.7 3.11 -120.6 

HSS10 18.50 -129.0 24.59 -135.3 24.98 -148.0 24.86 -137.1 24.16 -166.4 24.84 -163.2 

HSS11 24.36 -129.2 22.06 -144.1 24.52 -157.2 23.94 -162.7 24.36 -159.5 22.08 -159.4 
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Table 7-3: Scenario 2- received powers of HBS1 (Beam1 - 6) 

 
Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 

R      R      R      R      R      R      

HSS1 25.00 -134.2 25.00 -151.0 25.00 -162.9 25.00 -165.9 25.00 -170.0 25.00 -163.5 

HSS2 24.99 -135.7 25.00 -135.7 25.00 -147.6 24.99 -159.9 24.99 -168.2 25.00 -155.1 

HSS3 25.00 -131.8 24.99 -126.5 25.00 -125.8 25.00 -138.7 25.00 -142.2 25.00 -146.5 

HSS4 25.00 -143.3 25.00 -142.6 25.00 -135.3 25.00 -122.3 24.99 -123.2 25.00 -129.6 

HSS5 25.00 -154.1 24.99 -154.8 24.99 -155.7 25.00 -146.5 25.00 -136.9 24.99 -131.7 

HSS6 25.00 -173.4 25.00 -171.2 25.00 -170.2 25.00 -185.1 25.00 -171.1 25.00 -167.7 

HSS7 25.00 -173.0 24.99 -172.4 24.99 -171.8 25.00 -171.5 25.00 -163.2 24.99 -155.1 

HSS8 25.00 -152.2 25.00 -161.8 25.00 -159.7 25.00 -155.1 25.00 -156.6 25.00 -144.0 

HSS9 25.00 -146.9 25.00 -156.2 25.00 -154.9 25.00 -147.1 25.00 -139.2 25.00 -125.8 

HSS10 24.99 -161.8 24.98 -153.7 24.96 -162.9 24.90 -158.8 24.94 -159.3 24.79 -149.2 

HSS11 24.96 -155.9 24.98 -153.7 24.99 -153.3 24.90 -153.5 24.91 -145.0 24.97 -131.6 

 

Table 7-4: Scenario 2 - received powers of HBS1 (Beam7 - 12) 

 
Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

R      R      R      R      R      R      

HSS1 25.00 -155.2 25.00 -164.9 25.00 -167.8 25.00 -167.5 25.00 -172.4 25.00 -180.5 

HSS2 24.99 -159.3 25.00 -169.1 25.00 -168.7 25.00 -160.7 25.00 -154.3 25.00 -172.9 

HSS3 25.00 -151.4 25.00 -160.7 25.00 -156.8 25.00 -167.4 25.00 -148.6 25.00 -165.6 

HSS4 25.00 -125.9 25.00 -136.7 25.00 -147.9 25.00 -144.6 25.00 -154.7 24.98 -147.1 

HSS5 24.90 -143.2 24.99 -151.6 24.99 -160.6 24.99 -161.0 24.98 -168.6 25.00 -151.3 

HSS6 25.00 -160.4 25.00 -163.7 25.00 -161.7 25.00 -159.8 25.00 -155.7 25.00 -136.7 

HSS7 25.00 -153.5 25.00 -152.3 24.99 -154.8 25.00 -151.0 25.00 -132.0 25.00 -130.9 

HSS8 25.00 -143.0 25.00 -142.2 25.00 -136.3 25.00 -141.2 24.99 -124.9 25.00 -133.7 

HSS9 25.00 -134.2 24.98 -127.7 25.00 -124.3 24.98 -128.5 25.00 -139.3 25.00 -142.5 

HSS10 24.99 -135.5 25.00 -135.7 25.00 -148.0 25.00 -137.3 24.99 -167.2 24.99 -163.3 

HSS11 25.00 -129.9 24.99 -147.1 24.99 -157.6 24.94 -163.7 24.99 -160.1 24.79 -162.1 

 

Table 7-5: Scenario 3 - received powers of HBS1 (Beam1 - 6) 

 
Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 

R      R      R      R      R      R      

HSS1 24.46 -133.7 21.66 -147.6 20.69 -158.6 23.46 -164.4 24.41 -169.4 24.69 -163.2 

HSS2 24.32 -135.0 18.28 -129.0 6.77 -129.4 9.55 -144.4 9.86 -153.1 17.63 -147.7 

HSS3 24.80 -131.6 24.94 -126.4 24.54 -125.4 8.72 -122.5 5.87 -123.1 17.11 -138.6 

HSS4 17.71 -136.0 7.33 -124.9 13.08 -123.4 24.88 -122.2 24.95 -123.2 24.87 -129.5 

HSS5 18.80 -147.9 20.58 -150.4 11.46 -142.2 8.07 -129.6 17.75 -129.6 24.85 -131.6 

HSS6 24.80 -173.2 24.65 -170.9 24.75 -169.9 23.42 -183.5 24.37 -170.5 24.79 -167.5 

HSS7 8.26 -156.2 14.44 -161.8 11.55 -158.3 15.10 -161.6 22.08 -160.3 17.09 -147.2 

HSS8 16.01 -143.2 16.22 -153.1 16.12 -150.9 24.31 -154.4 13.26 -144.8 22.53 -141.5 
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HSS9 23.64 -145.5 24.30 -155.5 24.09 -154.0 23.54 -145.6 24.89 -139.0 24.91 -125.7 

HSS10 11.55 -148.3 24.68 -153.4 17.65 -155.6 24.64 -158.4 17.23 -151.6 23.26 -147.7 

HSS11 24.90 -155.8 24.68 -153.4 24.76 -153.1 24.84 -153.5 24.99 -145.1 24.99 -131.6 

 

Table 7-6: Scenario 3 - received powers of HBS1 (Beam7 - 12) 

 
Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

R      R      R      R      R      R      

HSS1 24.89 -155.1 24.49 -164.4 24.86 -167.7 24.98 -167.5 23.85 -171.3 24.92 -180.4 

HSS2 20.33 -154.7 22.96 -167.1 11.03 -154.7 24.63 -160.3 18.98 -148.3 21.10 -169.0 

HSS3 18.13 -144.5 17.90 -153.6 15.91 -147.7 9.99 -152.3 24.57 -148.2 6.35 -147.0 

HSS4 24.97 -125.9 24.97 -136.7 24.66 -147.5 24.93 -144.5 17.92 -147.6 24.97 -147.1 

HSS5 23.96 -142.2 24.36 -150.9 16.98 -152.6 21.30 -157.3 20.11 -163.7 23.04 -149.3 

HSS6 24.59 -160.0 24.76 -163.5 24.80 -161.5 24.94 -159.8 23.94 -154.6 24.29 -136.0 

HSS7 19.29 -147.8 20.87 -148.2 11.48 -141.3 20.05 -146.1 19.13 -126.1 24.85 -130.7 

HSS8 17.10 -135.1 5.76 -123.0 11.64 -122.9 7.24 -123.5 24.94 -124.9 24.84 -133.5 

HSS9 24.85 -134.1 24.91 -127.7 24.69 -124.0 24.87 -128.4 7.96 -122.3 19.52 -137.0 

HSS10 24.32 -134.9 18.28 -129.0 7.45 -130.4 20.64 -132.9 10.50 -152.7 14.05 -152.4 

HSS11 24.36 -129.2 22.06 -144.1 20.46 -153.1 22.75 -161.5 24.36 -159.5 24.61 -162.0 

 

7.2 Multi-HBS Interference (5 HBS Scenario) 

 

Table 7-7: Received powers from HBS5 in the coverage area of HBS1 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS1 -168.4 -172.0 -179.8 -167.6 -162.7 -150.7 -153.1 -156.0 -149.4 -161.8 -168.4 -175.9 

HSS2 -157.1 -168.4 -164.4 -158.1 -161.8 -160.0 -149.7 -142.9 -139.4 -151.0 -158.2 -169.0 

HSS3 -163.3 -172.1 -167.6 -161.6 -156.8 -153.8 -162.1 -145.8 -144.5 -156.9 -163.8 -177.2 

HSS4 -157.2 -168.0 -165.4 -157.9 -160.4 -150.8 -148.6 -142.7 -143.5 -155.8 -162.1 -171.3 

HSS5 -153.1 -166.5 -161.9 -151.6 -153.3 -155.1 -147.8 -135.0 -139.5 -155.9 -160.4 -167.2 

HSS6 -159.4 -182.6 -162.4 -153.7 -153.6 -169.2 -157.9 -136.6 -146.2 -165.0 -166.9 -166.4 

HSS7 -182.9 -184.4 -188.9 -176.5 -176.8 -161.6 -170.0 -172.9 -163.9 -172.0 -182.8 -184.8 

HSS8 -132.7 -150.0 -140.1 -164.6 -155.5 -143.9 -137.3 -135.0 -123.8 -125.8 -140.4 -140.9 

HSS9 -133.8 -150.0 -141.2 -150.3 -151.8 -147.6 -131.4 -135.5 -111.5 -123.7 -152.6 -146.5 

HSS10 -190.9 -198.3 -197.7 -187.3 -189.6 -202.1 -177.0 -179.7 -172.2 -159.5 -161.7 -171.5 

HSS11 -177.1 -177.5 -178.0 -177.5 -172.2 -178.5 -160.9 -161.8 -151.2 -142.1 -134.8 -165.7 

 

Table 7-8: Received powers from HBS5 in the coverage area of HBS2 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS12 -164.3 -166.9 -167.1 -156.4 -150.0 -153.2 -156.1 -163.7 -173.2 -169.4 -179.0 -175.3 
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HSS13 -161.2 -160.7 -163.2 -153.7 -143.6 -146.2 -147.1 -155.2 -166.4 -162.8 -172.3 -168.8 

HSS14 -166.0 -169.3 -169.1 -159.6 -155.3 -146.4 -144.6 -154.0 -163.3 -162.5 -171.6 -168.9 

HSS15 -175.6 -180.8 -174.8 -173.9 -176.1 -151.2 -145.7 -156.8 -166.7 -163.5 -174.3 -169.8 

HSS16 -164.6 -163.3 -161.9 -161.2 -151.0 -145.3 -147.5 -151.3 -161.1 -158.3 -167.5 -164.7 

HSS17 -162.2 -160.6 -160.4 -163.9 -148.8 -140.7 -146.7 -153.1 -164.8 -160.6 -168.4 -166.4 

HSS18 -158.3 -155.9 -156.0 -159.2 -148.5 -140.0 -142.3 -179.9 -164.3 -154.3 -163.7 -160.7 

HSS19 -165.0 -160.8 -161.0 -168.6 -158.7 -156.3 -146.5 -152.8 -159.9 -159.5 -167.9 -165.8 

HSS20 -166.8 -159.4 -160.3 -159.6 -168.0 -167.9 -143.6 -143.7 -151.8 -155.6 -164.8 -161.5 

HSS21 -174.4 -162.7 -164.4 -156.1 -161.4 -150.9 -155.1 -149.5 -149.3 -155.5 -165.3 -161.2 

HSS22 -174.6 -169.8 -172.0 -158.9 -162.1 -153.4 -149.7 -141.5 -153.7 -160.8 -169.9 -165.9 

 

Table 7-9: Received powers from HBS5 in the coverage area of HBS3 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS23 -125.7 -148.8 -126.8 -115.5 -116.7 -134.8 -128.6 -111.2 -118.2 -138.6 -140.3 -140.2 

HSS24 -137.9 -152.7 -162.5 -118.3 -123.8 -128.4 -119.0 -111.6 -130.7 -136.1 -143.1 -136.5 

HSS25 -158.7 -149.0 -151.9 -137.0 -140.3 -132.2 -118.5 -120.1 -133.5 -142.9 -150.3 -146.5 

HSS26 -144.3 -138.9 -139.4 -144.3 -141.1 -141.2 -114.0 -127.0 -130.6 -133.6 -144.4 -139.9 

HSS27 -143.0 -140.5 -140.4 -142.2 -133.7 -122.5 -116.9 -156.6 -144.2 -136.7 -147.4 -143.4 

HSS28 -143.7 -141.9 -140.9 -139.0 -131.5 -119.0 -118.2 -135.8 -146.1 -139.3 -148.6 -146.1 

HSS29 -145.4 -144.4 -142.4 -143.8 -132.0 -114.4 -117.9 -131.1 -140.4 -139.6 -147.8 -145.9 

HSS30 -143.3 -146.4 -146.2 -138.3 -133.9 -110.9 -118.5 -128.8 -137.8 -137.7 -146.3 -144.0 

HSS31 -147.6 -143.3 -152.6 -140.0 -125.5 -120.1 -134.2 -141.5 -153.4 -148.5 -158.1 -154.2 

HSS32 -135.2 -132.3 -141.8 -130.0 -109.4 -115.7 -137.3 -131.4 -114.5 -120.3 -133.5 -138.7 

HSS33 -134.5 -137.1 -125.3 -117.0 -107.5 -134.3 -127.7 -118.5 -114.8 -132.7 -127.0 -124.0 

HSS34 -171.1 -167.8 -160.7 -156.1 -133.4 -149.2 -172.6 -154.0 -148.9 -156.5 -159.2 -156.5 

HSS35 -156.2 -152.5 -163.6 -149.5 -128.3 -135.2 -157.7 -150.3 -145.0 -156.9 -159.3 -157.0 

HSS36 -151.7 -149.0 -154.2 -143.7 -129.8 -131.4 -141.1 -148.1 -159.0 -151.1 -156.4 -154.4 

HSS37 -156.9 -161.5 -159.0 -151.6 -146.6 -124.4 -131.4 -141.7 -151.1 -149.8 -159.4 -155.3 

HSS38 -153.9 -152.7 -151.9 -150.2 -140.0 -124.0 -126.3 -140.2 -151.0 -147.6 -156.9 -153.6 

HSS39 -154.3 -148.7 -149.2 -152.3 -151.1 -148.5 -123.1 -135.3 -141.8 -144.4 -154.1 -150.6 

HSS40 -154.7 -156.9 -160.2 -146.1 -148.9 -140.2 -127.0 -126.8 -138.3 -145.4 -156.4 -150.5 

HSS41 -150.4 -170.4 -159.0 -147.2 -145.8 -144.8 -136.2 -128.0 -149.8 -151.3 -164.4 -154.5 

HSS42 -156.0 -165.1 -182.0 -155.7 -155.9 -157.8 -152.1 -133.5 -150.5 -164.6 -183.2 -161.9 

 

Table 7-10: Received powers from HBS5 in the coverage area of HBS4 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS43 -167.5 -168.3 -161.2 -154.1 -144.8 -164.7  -167.4  -156.1  -154.3  -173.2  -166.6  -159.0 

HSS44 -153.1 -154.7 -145.4 -136.2 -130.4 -152.0  -154.2  -161.0  -154.0  -167.0  -171.1  -177.5 

HSS45 -154.4 -157.0 -148.1 -136.8 -134.7 -150.9  -161.7  -159.9  -159.8  -167.4  -173.9  -182.9 

HSS46 -162.3 -165.6 -156.6 -143.8 -144.5 -158.4  -154.6  -156.9  -171.9  -183.5  -185.6  -184.4 

HSS47 -154.8 -158.4 -149.0 -135.8 -136.8 -152.2  -158.7  -166.3  -163.5  -166.1  -172.1  -184.5 

HSS48 -164.1 -164.5 -158.2 -145.7 -145.6 -147.1  -158.0  -166.5  -170.2  -174.7  -183.1  -186.8 
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HSS49 -143.6 -126.5 -133.7 -149.8 -153.5 -158.4  -193.6  -166.6  -160.2  -153.9  -150.5  -165.7 

HSS50 -171.6 -170.6 -164.2 -172.0 -182.8 -184.8  -201.3  -187.5  -193.2  -179.9  -184.2  -177.0 

HSS51 -139.0 -136.2 -123.0 -125.8 -140.4 -140.9  -178.9  -148.6  -139.7  -125.4  -144.2  -156.0 

HSS52 -130.3 -134.8 -110.0 -123.7 -152.5 -146.5  -177.6  -148.1  -138.6  -127.0  -139.8  -149.1 

HSS53 -177.6 -181.6 -173.5 -159.6 -161.8 -171.5  -190.7  -185.4  -190.0  -185.1  -195.0  -191.3 

 

Table 7-11: Received powers from HBS5 in the coverage area of HBS5 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS54 -155.4 -153.8 -184.8 -132.8 -142.0 -139.4 -132.9 -130.8 -130.5 -130.0 -120.8 -110.7 

HSS55 -144.0 -139.8 -163.9 -121.8 -130.9 -128.7 -123.6 -124.0 -124.7 -116.0 -106.4 -98.8 

HSS56 -120.4 -128.0 -143.7 -114.8 -123.4 -122.5 -114.1 -115.5 -107.9 -95.8 -91.3 -93.2 

HSS57 -116.3 -115.2 -128.9 -107.2 -101.0 -98.5 -92.6 -93.2 -97.8 -111.6 -118.9 -120.1 

HSS58 -128.8 -118.9 -145.5 -122.5 -114.0 -112.7 -102.1 -110.2 -119.1 -123.7 -133.1 -129.9 

HSS59 -139.7 -137.8 -137.5 -136.7 -127.5 -117.2 -114.2 -135.8 -152.3 -137.0 -146.2 -143.4 

HSS60 -126.8 -127.7 -128.5 -120.1 -111.7 -102.0 -108.2 -113.8 -122.7 -125.9 -119.6 -130.1 

HSS61 -115.9 -117.1 -109.4 -98.4 -93.1 -94.6 -96.4 -102.5 -106.0 -111.7 -116.1 -120.1 

HSS62 -91.6 -89.9 -93.2 -106.0 -112.9 -117.7 -114.1 -122.6 -121.6 -114.5 -115.6 -114.4 

HSS63 -100.4 -110.7 -119.7 -121.5 -130.9 -127.6 -121.9 -132.1 -141.3 -141.7 -130.9 -124.6 

HSS64 -109.3 -128.0 -138.3 -132.7 -141.9 -139.1 -126.8 -143.9 -154.7 -153.1 -143.9 -131.3 

 

Table 7-12: Received powers from HBS3 in the coverage area of HBS1 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS1 -163.5 -174.3 -180.6 -162.2 -168.8 -171.5 -165.6 -164.5 -154.3 -145.6 -134.9 -167.2 

HSS2 -171.3 -177.2 -167.8 -156.0 -167.0 -164.2 -166.1 -163.9 -165.8 -156.2 -133.6 -149.2 

HSS3 -165.1 -208.3 -170.6 -151.2 -160.3 -158.5 -154.8 -151.5 -159.8 -149.5 -128.3 -135.2 

HSS4 -172.2 -174.9 -171.2 -150.4 -157.9 -157.3 -152.2 -149.5 -154.6 -143.7 -129.8 -127.3 

HSS5 -172.3 -167.0 -167.3 -149.1 -158.1 -155.7 -158.9 -169.2 -158.9 -151.6 -146.6 -124.4 

HSS6 -173.6 -173.4 -171.1 -153.0 -161.4 -160.0 -153.8 -150.7 -150.5 -151.9 -142.8 -135.2 

HSS7 -175.3 -179.7 -178.0 -149.8 -159.4 -156.7 -156.5 -149.4 -150.2 -152.3 -151.1 -148.4 

HSS8 -167.2 -172.4 -169.9 -152.1 -160.9 -158.9 -153.2 -152.1 -148.9 -145.2 -148.6 -140.1 

HSS9 -169.1 -179.1 -174.7 -157.3 -165.5 -165.8 -150.6 -152.8 -148.6 -146.3 -146.0 -144.8 

HSS10 -173.9 -187.6 -180.2 -164.9 -173.0 -168.8 -158.8 -158.0 -151.9 -153.2 -157.0 -158.2 

HSS11 -181.9 -178.8 -189.2 -168.2 -174.1 -163.1 -151.3 -160.1 -159.0 -152.0 -152.5 -169.4 

 

Table 7-13: Received powers from HBS3 in the coverage area of HBS2 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS12 -162.4 -162.9 -152.8 -145.7 -135.1 -167.2 -159.2 -156.6 -156.9 -166.7 -169.1 -163.9 

HSS13 -171.1 -167.8 -160.7 -156.1 -133.4 -149.2 -172.6 -154.0 -148.9 -156.5 -159.2 -156.5 

HSS14 -156.2 -152.5 -163.6 -149.5 -128.3 -135.2 -157.7 -150.3 -145.0 -156.9 -159.3 -157.0 
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HSS15 -151.7 -149.0 -154.2 -143.7 -129.8 -127.3 -141.1 -148.1 -159.0 -151.1 -156.4 -154.4 

HSS16 -156.9 -161.5 -159.0 -151.6 -146.6 -124.4 -131.4 -141.7 -151.1 -149.8 -159.4 -155.3 

HSS17 -153.7 -150.9 -150.7 -152.0 -142.9 -135.3 -127.4 -156.9 -158.7 -149.2 -158.3 -156.0 

HSS18 -154.3 -148.7 -149.2 -152.3 -151.1 -148.5 -123.1 -135.3 -141.8 -144.4 -154.1 -150.6 

HSS19 -155.5 -151.7 -149.3 -145.2 -148.6 -140.2 -127.0 -126.7 -138.3 -145.5 -156.4 -150.4 

HSS20 -151.3 -152.2 -149.4 -146.3 -146.0 -144.8 -136.2 -128.0 -149.8 -151.3 -164.0 -154.4 

HSS21 -158.9 -156.1 -152.6 -153.2 -157.0 -158.2 -151.9 -133.5 -150.5 -166.6 -174.4 -162.6 

HSS22 -151.4 -161.0 -159.4 -152.0 -152.5 -169.4 -157.4 -135.5 -144.3 -165.9 -166.4 -166.4 

 

Table 7-14: Received powers from HBS3 in the coverage area of HBS3 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS23 -157.1 -157.7 -156.4 -135.3 -144.9 -141.2 -135.2 -133.4 -133.4 -137.0 -123.7 -114.9 

HSS24 -157.8 -142.2 -148.1 -125.4 -133.7 -132.0 -128.3 -127.6 -131.1 -119.5 -108.7 -101.2 

HSS25 -127.2 -134.6 -134.0 -127.0 -134.5 -141.2 -118.4 -118.5 -109.5 -98.3 -96.3 -93.3 

HSS26 -119.2 -123.4 -128.3 -121.0 -110.6 -101.7 -108.6 -99.5 -102.9 -119.6 -127.9 -128.7 

HSS27 -135.4 -124.9 -129.9 -129.7 -138.7 -123.2 -105.6 -112.5 -118.2 -123.9 -133.7 -130.6 

HSS28 -139.2 -137.0 -135.8 -133.4 -124.5 -111.6 -112.7 -128.1 -136.9 -134.2 -142.8 -141.3 

HSS29 -127.2 -126.2 -129.7 -119.6 -108.7 -101.3 -112.3 -120.2 -132.9 -130.2 -122.8 -131.7 

HSS30 -118.4 -117.8 -109.7 -98.3 -96.3 -93.3 -104.6 -110.1 -126.2 -129.7 -131.2 -135.5 

HSS31 -107.4 -99.7 -104.0 -119.9 -128.0 -128.8 -131.2 -132.6 -132.7 -117.5 -121.6 -123.6 

HSS32 -105.3 -114.3 -119.0 -123.9 -133.7 -130.6 -127.7 -135.2 -146.7 -141.0 -131.1 -126.8 

HSS33 -113.3 -127.5 -135.7 -134.2 -142.8 -141.4 -128.2 -145.4 -155.0 -152.4 -146.6 -133.5 

HSS34 -113.7 -121.2 -135.4 -130.2 -123.0 -131.8 -124.9 -133.0 -141.8 -150.3 -164.3 -148.0 

HSS35 -104.1 -112.4 -127.7 -129.8 -131.2 -135.4 -121.5 -115.3 -119.7 -129.3 -128.9 -123.1 

HSS36 -130.6 -132.9 -133.3 -117.5 -121.6 -123.6 -143.2 -143.8 -133.8 -119.5 -116.7 -129.2 

HSS37 -126.5 -134.5 -145.3 -140.9 -131.1 -126.8 -161.3 -150.8 -157.6 -131.5 -137.3 -138.1 

HSS38 -128.1 -147.2 -156.4 -152.3 -146.5 -133.4 -152.5 -151.3 -150.1 -135.6 -143.4 -142.8 

HSS39 -125.7 -131.8 -141.1 -150.3 -164.3 -148.0 -162.0 -142.0 -146.6 -125.2 -133.5 -131.8 

HSS40 -124.4 -114.4 -121.0 -129.3 -128.9 -123.1 -127.4 -134.5 -134.5 -127.2 -134.4 -141.9 

HSS41 -146.2 -145.0 -132.5 -119.4 -116.6 -129.2 -119.5 -124.3 -129.9 -121.0 -110.7 -101.6 

HSS42 -160.4 -151.1 -157.6 -131.9 -137.4 -138.3 -137.3 -124.5 -129.6 -129.8 -138.9 -123.2 

 

Table 7-15: Received powers from HBS3 in the coverage area of HBS4  

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS43 -127.1 -139.8 -150.4 -147.7 -157.0 -153.7 -145.5 -166.8 -182.7 -174.2 -167.0 -161.2 

HSS44 -123.1 -137.9 -143.6 -144.4 -154.1 -150.6 -146.5 -155.6 -165.4 -168.0 -161.3 -148.0 

HSS45 -126.2 -127.6 -138.0 -145.5 -156.3 -150.3 -155.3 -161.1 -174.1 -167.5 -155.0 -155.3 

HSS46 -134.5 -128.3 -146.0 -151.2 -164.0 -154.4 -175.8 -170.8 -170.3 -180.2 -155.3 -166.1 

HSS47 -148.1 -133.5 -155.5 -166.8 -174.1 -162.5 -169.7 -173.8 -169.3 -174.2 -160.2 -181.3 

HSS48 -163.3 -135.1 -146.3 -165.9 -166.4 -166.0 -166.5 -180.6 -168.3 -166.9 -159.7 -177.3 

HSS49 -159.3 -157.9 -159.6 -172.2 -179.7 -178.1 -200.3 -165.0 -179.8 -176.0 -177.2 -187.3 

HSS50 -182.9 -153.9 -150.5 -159.9 -160.1 -161.1 -166.9 -161.1 -176.1 -170.3 -178.3 -181.0 
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HSS51 -162.2 -149.8 -145.9 -157.4 -159.4 -156.9 -158.5 -155.8 -171.3 -164.1 -170.7 -174.8 

HSS52 -142.8 -149.2 -160.4 -151.3 -156.5 -154.4 -151.9 -155.9 -164.9 -172.8 -181.3 -169.6 

HSS53 -132.5 -142.1 -151.7 -149.8 -159.4 -155.3 -145.9 -164.4 -169.3 -180.3 -171.2 -164.9 

 

Table 7-16: Received powers from HBS3 in the coverage area of HBS5 

 Beam1 Beam2 Beam3 Beam4 Beam5 Beam6 Beam7 Beam8 Beam9 Beam10 Beam11 Beam12 

HSS54 -159.8 -164.2 -177.8 -169.6 -178.0 -188.3 -163.9 -175.2 -182.6 -162.2 -168.8 -171.6 

HSS55 -171.1 -161.1 -172.8 -169.8 -178.3 -182.0 -173.8 -177.3 -168.9 -156.1 -167.2 -164.2 

HSS56 -159.7 -155.7 -173.3 -164.1 -170.5 -174.9 -166.3 -193.1 -171.7 -151.1 -160.0 -158.3 

HSS57 -152.7 -155.2 -165.2 -173.0 -181.7 -169.6 -175.1 -173.7 -171.3 -150.3 -157.7 -157.1 

HSS58 -146.2 -161.2 -167.3 -180.3 -171.2 -164.8 -170.9 -166.9 -166.9 -148.9 -157.9 -155.5 

HSS59 -145.7 -158.8 -168.1 -184.6 -170.5 -149.1 -175.7 -176.4 -173.0 -152.7 -161.2 -159.8 

HSS60 -145.7 -155.4 -164.9 -168.0 -161.3 -147.9 -173.7 -176.1 -176.8 -149.6 -159.1 -156.5 

HSS61 -153.7 -160.1 -172.6 -167.5 -155.0 -155.4 -167.8 -173.1 -170.8 -151.9 -160.8 -158.7 

HSS62 -169.7 -170.5 -169.4 -180.3 -155.3 -166.2 -169.5 -180.7 -175.5 -157.1 -165.4 -165.6 

HSS63 -173.1 -173.5 -169.4 -175.3 -160.3 -184.9 -173.8 -186.3 -177.5 -163.4 -180.4 -172.2 

HSS64 -168.0 -181.1 -169.6 -166.0 -159.8 -179.1 -197.4 -190.9 -181.7 -171.4 -180.4 -182.0 
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