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 Network densification (ND) in 5G has been suggested as a solution to 

improve network capacity. ND has small cell backhaul as its bottleneck in 

the ensuing ultra-dense network (UDN). Due to the new deployment 

scenarios of small cells, it becomes necessary to thoroughly investigate the 

radio-propagation characteristics of the new transmission path between the 

base station and the small cells. The problem of the impact of small cell 

height on the backhaul large-scale parameters under typical outdoor-to-

indoor (high-rise) and outdoor-to-outdoor (street canyon) scenarios was first 
investigated. Next, the probability distribution functions of the various 

parameters were investigated and modeled. Novel use of 5G NR air interface 

using a deterministic ray-tracing engine to characterize the backhaul at  

28 GHz center frequency and 100 MHz bandwidth using 4x4 cross-polarized 
uniform planar array (UPA) at the base station and 2x2 multiple input, 

multiple output (MIMO) antennas at the small cells was proposed. New sets 

of models for root mean square (RMS) delay spread and RMS angular 

spread suitable for predicting network deployment in the two scenarios and 
similar environments were presented. 
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1. INTRODUCTION  

The explosive ever increasing demand for mobile traffic as a result of everyone's desire for online 

presence such as Facebook, Twitter, YouTube and video streaming [1] among others has placed the long 

term evolution (LTE) system under pressure [2], leading to the need for the proposed 5G network [3]. It has 

been suggested in [4] that network densification is a method to achieve the requirement of 5G. This will lead 

to enhanced capacity of the network, improvement in terms of coverage as well as energy efficiency 

improvement. Meanwhile, urban networks are not flat since we have various heights of buildings and 

structures dotting the landscape. Therefore, the current stochastic geometry way of considering all base 

stations and user equipment (UE) as existing only on a 2D plane according to [4] is erroneous. In the 

forthcoming 5G deployment, it is expected that small cells (SC) such as picocells and femtocells will be 

placed indoor for the internet of things (IoT) traffic evacuation, as well as other indoor data traffic as 80% of 

data traffic, are used indoor [5]. The consequences of the above on the communication environment will be 

intense as many more SCs and UEs will be used in complex 3D topological urban environments for which 

most of the current multiple input, multiple output (MIMO) channel models cannot handle since they do not 

consider 3D channel parameters such as the elevation angles and the 3D angular spread. The above ability to 

communicate with UE in 3D topological urban environments will be made possible with the use of a full 
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dimension MIMO communication system employing 3D beamforming (3DBF) in 5G [6]. 3DBF novel 

method of improving system performance unearth completely new challenges requiring pressing attention 

such as developing precise 3D channel models, performance prediction, and analysis to account for the 

impact of the channel parameters in the elevation domain. The classical sub-6 GHz channel models are 

geometry-based stochastic channel models (GSCMs) [7] and are based on a base station to user equipment 

(BS-UE) link type. However, current mmWave channel models have not only included the inherent 

characteristics of the mmWave channels but have also added channel properties for 5G communication 

technologies, such as massive MIMO, spatial consistency, and beamforming [8] which unfortunately the 

GSCMs models cannot do due to their lack of channel measurement campaigns for various 5G link types [9].  

Map-based mmWave channel models that exploit ray-tracing (RT) have come of age. They serve as 

a way to model the irregular layouts of small cells and to support new applications’ link types, including 

device-to-device (D2D), and vehicle-to-everything (V2X) [10]. RT is typically used to evaluate hardware 

testbeds [11] and also to authenticate the theoretical performance of vital 5G technologies [12]. Many 

mmWave channel models have also adopted RT techniques or map-based models, those include, New York 

University simulation (NYUSIM) model developed by the NYU wireless group where hardware channel 

measurements were complemented with RT [13]. Also, the METIS group model has a map-based channel 

model that supports the various 5G modeling requirements [14]. The use of RT, map-based modeling for 5G 

mmWave communication systems was introduced to overcome the shortcomings of the classical GSCM 

models [8]. This is the motivation for this present study where we use REMCOM wireless insite RT, a map-

based simulation engine to characterized the backhaul links of small cells in UDN and extract the channel 

large scale parameters to produce new sets of models for a street canyon and high-rise scenarios suitable for 

network deployment. To support multiple stream point-to-multipoint backhaul link where mmWave MIMO 

takes advantage of beamforming and spatial multiplexing techniques to concurrently support multiple SC 

BSs, Gao et al. [15] and Xia et al. [16] has carried out work to investigate the characteristics of mmWave 

MIMO channel parameters and how they impact on various capabilities of the wireless channel including the 

channel capacity. According to Gao et al. [15], the authors suggested the use of mmWave MIMO for 

enhanced link reliability. The paper did not deal with mmWave MIMO channel characterization but laid the 

foundation for the use in SC BS backhaul. Xia et al. [16] used generative neural networks to train obtained 

data and model the millimeter-wave channel parameter in line of sight (LOS) and non-line of sight (NLOS) 

situations. In the work of Almesaeed et al. [17] where the need for user-specific elevation beamforming and 

full-dimensional MIMO is emphasized for increased network capacity, it was stated that the characterization 

of the channel elevation angles and other elevation related statistics such as elevation spread and distribution 

as well as the power elevation spectrum should be characterized for FD-MIMO and 3D elevation 

beamforming performance analysis. This paper then reviewed the use of these channel parameters in the 

design of 3D channel models. However, those parameters were not modeled. Yang et al. [18] investigated the 

impact of vehicle obstructions on the angular distributions of multipath components. Alsharif et al. [19] 

evaluated the effect of 5G small cell systems on the energy efficiency (EE) in a 5G cellular system using the 

large-scale parameters of pathloss and shadowing both of which affect the small cells received signal 

strength. They concluded that massive MIMO in the mmWave system improves the EE of small cells in 

UDN while reducing interference. Zheng et al. [20] researched the impact of receiver antenna height rather 

than the impact of microcell BS antenna height and also, the authors use channel measurements and the 

space-alternating generalized expectation-maximization (SAGE) algorithm to extract the channel parameters.  

In the above review, to the best of our knowledge, no single paper considered or performed an 

extensive study and compared the two scenarios under consideration here. While studies were carried out in 

various locations, no paper to the best of our knowledge is written to consider such studies in an urban 

propagation environment of Lagos Nigeria. Due to the new deployment scenarios of small cells, it becomes 

necessary to thoroughly investigate the radio-propagation characteristics of the new transmission path 

between the base station and the small cells. In this research work, we first investigate the problem of the 

impact of small cell height on the channel large-scale parameters of RMS delay spread and the RMS angular 

spread under typical outdoor-to-indoor (high-rise) and outdoor-to-outdoor (street canyon) scenarios. The 

distribution of the various parameters under the new deployment was investigated and their probability 

distribution functions modeled. We propose a novel use of 5G new radio (5G NR) air interface using 

deterministic wireless insite ray tracing engine and 3D map of urban areas of Lagos Island, Lagos State, 

Nigeria to characterize and extract the large-scale parameter dataset of the backhaul link. We model the RMS 

delay spread and the RMS angular spread for the new deployment scenarios. The summary of the 

contributions of this paper is the development of a new series of models suitable for predicting network 

deployment in an urban microcell (UMi) street canyon and high-rise scenarios in Lagos Island, Nigeria, and a 

similar environment. The rest of the paper is arranged as shown in; Section 2 considered the research method 

and simulation setup while section 3 present the result and discussions. We conclude in section 4. 
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2. RESEARCH METHOD AND SIMULATION SETUP 

In this work, we propose the use of a 5G new radio (5G NR) air interface where we employ closed-

loop diversity in the form of maximum ratio transmission-maximum ratio combining (MRT-MRC) to 

provide optimal performance reference against wireless fading. We use adaptive modulation to improve the 

spectral efficiency and to provides guaranteed capacity and service availability by increasing or decreasing 

the modulation rate. Using the REMCOM Wireless Insite ray tracing engine and a digital map of Lagos 

Island, we simulated a UDN backhaul link with small cells in a street canyon and high-rise environment. The 

small cells in the high-rise scenario are located 1 per floor on the 30 floors of a 30-story building in Lagos 

Island, Nigeria with a 3.5 m spacing on floor-by-floor (vertical spacing) giving a total of 105 m building 

height. This gives us a total of 30 receivers for this scenario. For the street canyon scenario, the small cell 

receivers are located along a route on Broad Street Lagos at a height of 2.5m and 1m spacing along the street 

(for spatial consistency). The street is about 14-meter width with low to high-rise buildings on both sides. 

The street also has narrow and wider feeder streets on both sides. The total number of the small cell is 596 

thus covering a length of 596 m. Table 1 shows the simulation parameters and their values. 
 

 

Table 1. Table of simulation parameters 
Simulation Parameters Values 

Number of street small cells 596 

Number of high-rise small cells 30 

Carrier Frequency 28 GHz 

Bandwidth  100 MHz 

BS Transmit power 30 dBm 

BS height 10m 

Street Small cell height 2.5m 

High-rise Small cell height various 

Distance of High-rise Building from BS 238m 

BS Antenna 4 x 4 UPA 

Small cell antenna 2 x 2 

Antenna element spacing 1 wavelength 

 

 

3. RESULTS AND DISCUSSION 

After the completion of the simulations for the various scenarios and the extraction of the various 

dataset. The dataset is then exported into MATLAB 2017b for post-processing and modeling. To have a 

statistical distribution that best describes the dataset of our variables (channel parameters), we estimated the 

unknown parameters of the many distributions using the maximum likelihood estimation (MLE) where the 

best relationships are then selected using the Akaike information criterion (AIC). 

 

3.1.  RMS delay spread  

The rms delay spread relationship with distance was first determined and modeled. The pdf 

distribution was then determined and the mean and standard variation extracted for both scenarios. The 

distance dependency model is shown in section 3.1.1 while the pdf distribution is shown in section 3.1.2. 

 

3.1.1. RMS delay spread distance dependency 

Modeling the root mean square (RMS) DS distance dependency (DD) for a distance up to 200 m in 

the street canyon scenario, we see a linear relationship as depicted by the fitted polynomial of the first-degree 

curve in Figure 1 where RMS DS increases linearly as distance increases. This is evidence in the fact that we 

are considering a street canyon environment that behaves like a waveguide to the transmitted signal. The 

effect of this is that all the arriving multipath components are from the same cluster or scatterers thus 

ensuring that the distances traveled by various multipath components (MPC)s are directly proportional to the 

time of their arrival and by extension their RMS DS at each small cells thus creating a linear distance 

dependency. The RMS DS distance dependency model is represented by (1): 
 

𝑅𝑀𝑆 𝐷𝑆𝑆𝑡𝑟𝑒𝑒𝑡 𝐶𝑎𝑛𝑦𝑜𝑛 =  0.4𝑑 + 25.41 (1) 

 

where 𝑑 (meters) is the distance between BS-SC 

In the case of the high-rise scenario, when we plot the simulation results of the RMS delay spread 

against the building height as shown in Figure 2, we noticed that the RMS DS of some set of small cells is 

relatively constant along with a range of height. For example, the RMS DS for small cells 7 to 15 (7th to 15th 

floors) lies between 60 ns – 90 ns while that for small cells 16 to 23 (16th to 23rd floors) lies between 200 ns – 

240 ns. These can be explained by the observance of multiple arriving clusters where the MPCs of different 
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clusters arrived at a different set of small cells, with the MPCs of clusters 2 and 3 taking the longer route and 

thus longer delay time of arrival than MPCs of cluster 1. The multiple arriving clusters are due to the high-

rise environment with reflections from low-rise and building rooftops. When we plot a fitting curve for the 

RMS DS distance dependency, we see a fairly strong positive association of the second-order polynomial. In 

our selection, we compared the second-order polynomial with the exponential where the R-square and the 

RMSE goodness of fit for the second-order polynomial were better than that of the exponential. The RMS DS 

increases with the height of the building as depicted by the fitted curve. The RMS DS distance dependency 

model for the high-rise is thus given by (2): 
 

𝑅𝑀𝑆 𝐷𝑆𝐻𝑖𝑔ℎ𝑟𝑖𝑠𝑒 =  0.61𝑥2 − 6.99𝑥 + 100 (2) 
 

where 𝑥 is the building floor number. Other authors have investigated the RMS DS distance dependency 

including the author of [21] where measurement based on a 4 x 4 FD-MIMO antenna system was performed 

and the RMS DS curve run in zigzag with the increase in distance as the fluctuation matches the changes of 

the street layouts in the LOS street canyon scenario.  

This is because every point of the RMS DS was connected rather than a fitted curve. In our work, 

we would have obtained the same observation except that we used a fitted curve. Yu et al. [22] investigated 

the RMS DS distance dependency for small cells in indoor stair and corridor scenario where no linear 

relationship exist between the two quantities because the reflection and scattering of the NLOS environment 

level the relationship between distance and RMS DS. Other authors who worked on RMS DS and distance 

relationships include [23]. 
 

 

  
  

Figure 1. RMS DS DD model for street canyon Figure 2. RMS DS DD model for high-rise 
 

 

3.1.2. RMS delay spread modelling 

Figure 3 shows the RMS DS distribution for the street canyon where we noticed a normal 

distribution with a mean of 40.89 and a standard deviation of 5.76. The arriving multipath components 

(MPCs) are from a single cluster. The distribution of RMS DS of the street canyon scenario follows a normal 

distribution and using the statistics of the distribution we obtain the model as shown in (3) [21]. 
 

𝑓(𝐷𝑆)𝑆𝑡𝑒𝑒𝑡 =  
1

𝜎𝐷𝑆√2𝜋
℮

−
(𝐷𝑆 − µ𝐷𝑆)

2

2𝜎𝐷𝑆
2

  (3) 

 

In the case of the high-rise, however, we noticed a different observation where Figure 4 shows the 

RMS DS pdf distribution with significantly different characteristics from the street canyon scenario. The 

RMS DS has three peaks from three clusters, all of which are independent and well fitted by two different 

distributions. The first arriving cluster is modeled as a normal distribution with a mean of 69.05 and standard 

deviation of 20.63 and the second and third clusters are modeled as lognormal distribution with a mean and 

standard deviation of 5.387 and 0.099, 5.949, and 0.063 respectively. The distribution of the RMS DS for the 

first arriving cluster for the high-rise (normal distribution) can be modeled as shown in (3) using the statistics 

of the high-rise first arriving cluster. The second and third arriving clusters which are lognormal distribution 

can be modeled as shown in (4) where the statistics of the second arriving cluster can be replaced with the 

statistics of the third arriving cluster to obtain its model as shown in (4) [21]. 
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𝑓(𝐷𝑆)𝐻𝑖𝑔ℎ𝑟𝑖𝑠𝑒2 =  
1

√2𝜋.𝜎𝐷𝑆 𝐻𝑅2𝐷𝑆𝐻𝑅2
𝑒

−
(log10 𝐷𝑆𝐻𝑅2− 𝜇𝐷𝑆 𝐻𝑅2)

2𝜎𝐷𝑆 𝐻𝑅2
2

 (4) 

 

Where HR2 represents the second arriving cluster. It has been established that DS characteristics depend 

more on the propagation environment and the signal bandwidth than the carrier frequency [24]. The 

difference in our results for both scenarios is therefore as a result of the different environmental 

characteristics. Explaining the differences in the RMS DS result obtained, based on the different propagation 

environments, we noticed that broad street with a width of about 14 m having buildings of between 5 stories 

to 20 stories lining the sides create a waveguide for the transmitted signal causing a single clustered rays to 

reach all receivers. In the high-rise scenario, there is a disappearance of LOS rays and the arriving rays are 

predominantly from multiple reflections of surrounding high-rise buildings and low-rise buildings’ rooftops. 

Rays or MPCs coming from such scatterers have entirely different propagation paths and thus arriving as 

independent rays. This is consistent with a dense high-rise environment [25]. It is seen that the values of the 

RMS delay spread for the high-rise scenario are much higher than the values for the street canyon scenario as 

shown in Table 1. This is as a result of the fact that the rays to the street small cells have LOS or near LOS 

propagation. On the contrary, the rays to the high-rise small cells follow predominantly NLOS directions 

which took a longer time to arrive as a result of the many reflectors or scatterers. It is thus expected that the 

symbol rate for the high-rise scenario may be higher than for the street scenario to mitigate intersymbol 

interference (ISI). According to WINNER+ [26], RMS delay spread of signals with small measurement 

bandwidth tends to be large and vice versa, it is thus understandable why our result with 100MHz bandwidth 

shows values smaller than what is obtained by WINNER+ with 10 MHz bandwidth as shown in Table 2. 

 

 

Table 2. Comparison of RMS DS for street canyon and high-rise 
 Street (ns) W+ (ns) High-rise (ns) O2I W+ (ns) O2I 

Min RMS DS 8.19 ≈ 8 40.38 N/A 

Max RMS DS 207.82 > 600 408.80 N/A 

Mu (µ) 40.89 123.0 69.04, 5.39, 5.95 70.28 

Sigma (σ) 5.76 73.2  20.63, 0.1, 0.06 43.51 

pdf Normal Normal Normal, Lognormal, Lognormal Normal 

W+ : is WINNER+ 

 

 

If we take the cumulative distribution function (CDF) of the RMS delay spread for the street canyon 

and high-rise as shown in Figures 5 and 6 respectively and then draw out the statistics as shown in Table 3, 

we see that most of the high valued RMS DS are from weak MPCs that do not contribute considerable energy 

to the received signal as the 90% CDF figure shows. For example for the street canyon scenario, 90% 

percentile gives 48 ns while the maximum figure is 207.82 ns (from Table 2). These results are useful for 

designing receivers with appropriate filters to cut off such MPCs with high RMS DS values. 

 

 

 
 

Figure 3. Distribution of RMS DS for street canyon 

 

Figure 4. Distribution of RMS DS for high-rise 
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Figure 5. CDF for street canyon Figure 6. CDF for high-rise 

 

 

Table 3. RMS delay spread statistics 
 High-rise Street WINNER

+ 

10% percentile 25ns, 190ns, 355ns 32.5ns 21.80ns 

50% percentile 70ns, 215ns, 380ns 40ns 59.05ns 

90% percentile 95ns, 250ns, 406ns 48ns 138.37ns 

 

 

3.2.  RMS angular spread 

Wireless World Initiative New Radio WINNER+ Final Model D5.3_v1.0 [27] and the third 

generation partnership project (3GPP 3D) has been encouraged to include elevation parameters in their 

models and also provide accurate 3D channel models which are greatly helping to evaluate the potential of 

3D MIMO techniques such as 3D beamforming and 3D sectorization. These 3D channel models are also 

helping researchers in providing answers to questions of particular interest such as the effect of distance on 

elevation spread, what is the impact of receiver height on elevation spread, what is the best modeling of 

elevation statistical distributions, and what impact does elevation spread has on channel capacity. These are 

part of the questions we make efforts to answer in this section. 

 

3.2.1. RMS ESA/ESD distance dependency for street canyon 

According to WINNER+, fixed elevation spread is assumed per environment irrespective of the 

distance of the receiver from the BS. However, based on an obtained dataset from our simulation, we observe 

that the elevation spread for both departure (ESD) and arrival (ESA) rays decreases as a function of distance 

from the BS for the street canyon scenario. When we plot the spread against distance in the elevation domain 

at the arrival, it becomes clear that there is a correlation pattern between the elevation spread and the BS-SC 

distance where the spread constantly decreases with distance as seen in Figure 7.  

The same behavior is observed in the elevation domain at the departure in Figure 8. We may explain 

this observation as a result of the ground reflections of the elevation rays in LOS or near LOS situation where 

the movement of the UE/SC away from the BS causes a constant reduction in the angle between the 

reflection direction and the LOS/near LOS direction. Thus, the ESA and ESD which are based on the 

interplay of these angles are expected to decrease with the increase of the distances between the BS and small 

cells.  

Modeling the RMS ESA distance dependency, we see an exponential relationship as depicted by the 

fitted exponential curve in Figure 8. The model is represented by (5). 

 

𝑓(𝑥)𝑅𝑀𝑆 𝐸𝑆𝐴 =  41.35𝑒−0.15𝑥 + 2.56 𝑒−0.0025𝑥 (5) 

 

Modeling the RMS ESD distance dependency, we see an exponential relationship as depicted by the fitted 

exponential curve in Figure 9. The model is represented by (6): 

 

𝑓(𝑥)𝑅𝑀𝑆 𝐸𝑆𝐷 =  28.93𝑒−0.108𝑥 + 0.436 𝑒−0.0022𝑥 (6) 
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Figure 7. RMS ESA DD model for street canyon Figure 8. RMS ESD DD Model for street canyon 

 

 

3.2.2. RMS ASA/ASD distance dependency for street canyon 

Looking at the values of RMS ASA and RMS ASD corresponding to the incremental values of the 

distances from the BS to the small cells, it is difficult to observe any trend between the distance and 

ASA/ASD. A scatter plot for the two parameters with distance reveals a trend that cannot be explained via 

the ground reflection angles as seen in Figures 9 and 10. In trying to explain this observation in the azimuth 

domain, we first try to understand that AS does not pay much attention to the amount of incident power like 

the angular power spectrum but to the angular distribution. The values obtained for angular spread are a 

function of the arriving power via the most important MPC such as the LOS path divided by the power of the 

other MPCs arriving at the small cell in a much wider angular range. 

If the power of the most significant MPC is much higher than the power of the scattered MPCs then 

the angular spreads would be small. However, if the scattered MPCs make a substantial input in the power 

spectra, the angular spreads will be large. Both figures show the zig-zag behavior of the RMS ASA/ASD as 

the distance increases. We explain this as follows. The small cells are spaced 1m apart along the street for 

high distance resolution observation and channel spatial consistency [28]. In the cases where the small cells 

along the street are within a closed corridor (without open feeder streets), the MPCs reflected from the walls 

have large power contributions in the incident power at the BS than the power contributed by the LOS MPC 

giving rise to a large angular spread. In the cases where the small cells along the street are within open spaces 

like feeder streets or open car parks, the MPCs scattered from the building walls will be weak and the 

contributed reflected power may be lower than the MPC power of the LOS component leading to smaller 

angular spread values. This explains the variations and fluctuations of ASA and ASD which matches the 

changes in the street structural construction and physical outlay. 

 

 

  
  

Figure 9. RMS ASA DD model for street canyon Figure 10. RMS ASD DD model for street canyon 
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3.2.3. RMS ESA/ESD distance dependency for high-rise 

A close observation of the dataset reveals no trend for the low-rise up to the 3rd floor in both arrival 

and departure elevation spread, as the behavior is erratic. However, as we move through the medium-rise to 

high-rise floors (4th to the 30th floor), we noticed that rather than decrease, the elevation spread increases with 

height in both the arrival and departure. Modeling the RMS ESA distance dependency, we see a linear 

relationship as depicted by the fitted polynomial curve of the second order in Figure 11, where there is an 

increase of the elevation spread of arrival with the height of the building. This can be explained by the fact 

that ESA value is a ratio, an increasing value of ESA with the height of the building shows that the LOS 

MPCs in the first arriving cluster is much larger than the scattered NLOS MPCs. However, as the height 

increases the portion of the ratio contributed by the scattered NLOS becomes increasingly much larger than 

the portion contributed by the LOS component. This is obvious since the later arriving clusters traveled 

longer distances due to reflections from low-rise and medium-rise rooftops and other buildings leading to 

much scattered NLOS MPCs. The behavior of elevation spread of departure distance dependency follows the 

same situation as that of the spread of arrival as seen in Figure 12 where there is an increase in the RMS ESD 

as the height of the building increases due to the same line of argument. Increase in RMS ESD from each 

arriving cluster due to the increasing contribution of the non-line of sight component to the ratio of the value 

of ESD. The models for RMS ESA and RMS ESD in high-rise scenarios are represented by (7) and (8) 

respectively. 

 

𝑓(𝑥)𝑅𝑀𝑆 𝐸𝑆𝐴 =  −0.005𝑥2 + 0.72𝑥 − 1.37 (7) 

 

𝑓(𝑥)𝑅𝑀𝑆 𝐸𝑆𝐷 = 1.59𝑥 − 4.90  (8) 

 

Hong et al. [29] and Zhang et al. [30] have carried out research based on measurement in a similar 

scenario. Hong et al. [29] measured ESA and ESD where the BS was installed at the top of a three-story 

building (10.8 m antenna height). The receivers are located on the first to eight floors in another building 

21.5 m away. Zhang et al. [30] has their antenna height at 20.46 m and receivers located 47.5 m away on five 

different floors. In both cases, the ESA and ESD were plotted against the BS–receiver height difference and 

the result shows a negative correlation as ESA and ESD decrease with the reduction of the BS-receiver 

height difference. Our result shows a positive correlation with height. This is because while they use a 

decreasing BS-receiver height difference, we plotted ESA and ESD with increasing receiver height. 

 

 

  
  

Figure 11. RMS ESA DD model for high-rise Figure 12. RMS ESD DD model for high-rise 

 

 

3.2.4. RMS ASA/ASD distance dependency for high-rise 

The RMS ASA distance dependency model shows a linear relationship as depicted by the fitted 

polynomial curve of the first order in Figure 13 where ASA decreases with distance unlike other parameters 

in the high-rise scenario that increases with height. This can be explained if we consider a decreasing value 

of ASA with the height of the building to mean that the LOS MPCs in the first arriving cluster are much 

smaller than the scattered NLOS MPCs since the lower part of the building is surrounded by dense low-rise 

building making LOS almost impossible.  
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However, as the height increases in the second and third arriving clusters, the portion of the ratio 

contributed by the scattered NLOS becomes increasingly smaller (as the major part of the building becomes 

visible) while the portion contributed by the LOS component becomes bigger. This is obvious since part of 

the transmitted beam is blocked by various close-by buildings in the first arriving cluster (this is evident in 

the small cells at the lower floors of the building being in an outage). Though later arriving clusters travel 

through longer distances with much scattered NLOS MPCs but their LOS MPCs at the arrival are much 

greater than their NLOS MPCs leading to a decreasing ASA as height increases. The RMS ASA model is 

given by (9). 

 

𝑓(𝑥)𝑅𝑀𝑆 𝐴𝑆𝐴 =  −5.46𝑥 + 36.76 (9) 

 

The model of RMS ASD on the other hand increases with distance and is fitted by a polynomial curve of the 

first order as shown in Figure 14. The model is given by (10). 

 

𝑓(𝑥)𝑅𝑀𝑆 𝐴𝑆𝐷 =  1.076𝑥 + 21.44 (10) 

 

 

 
 

  

Figure 13. RMS ASA DD model for high-rise Figure 14. RMS ASD DD model for high-rise 

 

 

3.2.5. Distribution of ESA and ESD 

We collected 596 samples of ASA, ESA, ASD, and ESD for the street scenario and 30 samples for 

the high-rise scenario. These samples formed the sample sets for our curve fittings. The distributions of RMS 

ESA in the street canyon and high-rise scenarios are shown in Figures 15 and 16 respectively. 

The RMS spread of arrival in the elevation domain for the street canyon and high-rise scenarios 

follows the lognormal distribution. With a lognormal distribution for RMS ESA in both scenarios. The mean 

and standard deviation of the two scenarios is given as street canyon (-0.24, 1.33) and high-rise (2.45, 0.20). 

The model for ESA for high-rise is shown in (11) while the model for the street canyon is given by (12) [21]. 

 

𝑓𝐸𝑆𝐴𝐻𝑖𝑔ℎ𝑟𝑖𝑠𝑒
(𝜃) =  

1

𝜃𝜎𝐸𝑆𝐴_ℎ𝑖𝑔ℎ𝑟𝑖𝑠𝑒√2𝜋
𝑒

−
(ln 𝜃− 𝜇𝐸𝑆𝐴_ℎ𝑖𝑔ℎ𝑟𝑖𝑠𝑒)

2

2𝜎𝐸𝑆𝐴_ℎ𝑖𝑔ℎ𝑟𝑖𝑠𝑒
2  

 (11) 

 

𝑓𝐸𝑆𝐴𝑠𝑡𝑟𝑒𝑒𝑡
(𝜃) =  

1

𝜃𝜎𝐸𝑆𝐴_𝑠𝑡𝑟𝑒𝑒𝑡√2𝜋
𝑒

−
(ln 𝜃− 𝜇𝐸𝑆𝐴_𝑠𝑡𝑟𝑒𝑒𝑡)

2

2𝜎𝐸𝑆𝐴_𝑠𝑡𝑟𝑒𝑒𝑡
2  

 (12) 

 

Where θ represents the elevation domain parameter, µ is the mean of the distribution and σ is the standard 

deviation.  

The RMS spread of departure in the elevation domain for the street canyon and high-rise scenarios 

also followed the lognormal distribution. The model for the two scenarios is given by replacing the values of 

µ and σ for ESA high-rise and ESA street with ESD high-rise and ESD street values of µ and σ respectively 

in (11) and (12) where the mean and standard deviation of the two scenarios is given as street canyon (-0.51, 
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1.23) and high-rise (3.37, 0.08). Our observation in both scenarios follows the recommendation in 

WINNER+ where the RMS ESA spread is expected to be larger than the spread in ESD. For the street 

canyon scenario, ESA spread at 70 is larger than the spread in ESD at 50. In the high-rise scenario, ESA 

spread at 150 is larger than ESD spread at 140. This according to WINNER+ is because the UE moves at the 

street level which allows more scattering and reflection that lead to the increase in the angular spread.  

 

 

 
 

Figure 15. RMS ESA distribution for street canyon 

 

 

 
 

Figure 16. RMS ESA distribution for high-rise 

 

 

3.2.6. Distribution of ASA and ASD 

The distribution of RMS ASA in the street canyon and high-rise are shown in Figures 17 and 18 

respectively. The RMS spread of arrival in the azimuth domain for both scenarios follows the lognormal 

distribution as recommended in WINNER+ with the mean and standard distribution of street canyon been 

1.99 and 0.96 and that of high-rise been 3.50 and 0.12. The model for ASA for the high-rise can be 

represented by (13) while the model for the street canyon is given by (14) [21]. 

 

𝑓𝐴𝑆𝐴𝐻𝑖𝑔ℎ𝑟𝑖𝑠𝑒
(φ) =  

1

φ𝜎𝐴𝑆𝐴_ℎ𝑖𝑔ℎ𝑟𝑖𝑠𝑒√2𝜋
𝑒

−
(ln φ− 𝜇𝐴𝑆𝐴_ℎ𝑖𝑔ℎ𝑟𝑖𝑠𝑒)

2

2𝜎𝐴𝑆𝐴_ℎ𝑖𝑔ℎ𝑟𝑖𝑠𝑒
2  

 (13) 
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𝑓𝐴𝑆𝐴𝑠𝑡𝑟𝑒𝑒𝑡
(φ) =  

1

φ𝜎𝐴𝑆𝐴_𝑠𝑡𝑟𝑒𝑒𝑡√2𝜋
𝑒

−
(ln φ− 𝜇𝐴𝑆𝐴_𝑠𝑡𝑟𝑒𝑒𝑡)

2

2𝜎𝐴𝑆𝐴_𝑠𝑡𝑟𝑒𝑒𝑡
2  

 (14) 

 

Where φ represents the azimuth domain parameter.  

The model for ASD for street canyon and high-rise is given by replacing the values of µ and σ for 

ASA high-rise and ASA street with ASD high-rise and ASD street values of µ and σ respectively in (13) and 

(14). The prediction by WINNER+ that the departure angular spread for the street scenario i.e., RMS ASD is 

smaller compared with the arrival angular spread i.e., RMS ASA is not observed. We noticed that the arrival 

spread at ≈ 450 is smaller compared to the departure spread which is ≈ 900 degrees. Similarly, the arrival 

spread for the high-rise at 240 is smaller than the departure spread at 500. The reason for the above lies in the 

particular location of our BS which is located in an open space with a lot of high-rise buildings surrounding it 

in a concentric circle format. The BS is also below the surrounding buildings thus providing a rich scattering 

environment better than that at the arrival, leading to a high angular spread of departure as compared to the 

angular spread of arrival both at the street and high-rise scenarios. Unlike in the elevation domain where the 

departing rays met with little scatters allowing ESA to be greater than ESD, in the azimuth domain, the 

departing rays met with a lot of scatters leading to the situation where ASA is smaller than ASD. 

 

 

 
 

Figure 17. RMS ASA distribution for street canyon 

 

 

 
 

Figure 18. RMS ASA distribution for high-rise 
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3.3.  Cross-correlation and statistics of large-scale parameters 

Understanding the behavior of the parameters and their distribution functions is important, but the 

knowledge of the cross-correlation between them is also of pronounced interest and we can leverage this 

knowledge for more realistic channel simulations. In this contribution, the cross-correlation characteristics of 

the large-scale parameters in the spatial domain are investigated. The cross-correlation coefficient is key for 

analyzing the joint behavior of the parameters. To estimate the cross-correlation coefficients, all LSPs are 

usually distributed with certain values of the mean and the standard deviation from where the variance and 

covariance are derived. The cross-correlation coefficient between two different LSPs such as the ESD and 

ASD is then calculated as in (15) [21].  

 

𝜌 =  
𝑐𝑜𝑣(𝑋𝐷𝑆,𝑋𝐸𝑆𝐴)

√𝑣𝑎𝑟 (𝑋𝐷𝑆)𝑣𝑎𝑟(𝑋𝐸𝑆𝐴)
 (15) 

 

Where 𝑐𝑜𝑣(. ) and 𝑣𝑎𝑟(. ) are the covariance and variance of the given sequence(s) respectively. Table 4 is 

the result of our derived models and their correlation coefficients. 

 

 

Table 4. Summary of the model’s statistics for high-rise and street canyon scenarios 
Parameter Model statistics Urban microcell environment  

 Street Canyon scenario Urban high-density high-rise scenario 

𝑅𝑀𝑆 𝐷𝑆 [𝑛𝑠] µ 40.89 69.04 

σ 5.76 20.63 

𝑅𝑀𝑆 𝐸𝑆𝐷[°] 
 

µ -0.51 3.27 

σ 1.23 0.22 

𝑅𝑀𝑆 𝐴𝑆𝐷[°] µ 3.36 3.77 

σ 0.52 0.25 

𝑅𝑀𝑆 𝐸𝑆𝐴[°] µ -0.24 2.45 

σ 1.33 0.20 

𝑅𝑀𝑆 𝐴𝑆𝐴[°] µ 1.99 3.50 

σ 0.96 0.12 

CORRELATION    

RMS ESD vs RMS ASD  0.05 0.34 

RMS ESA vs RMS ASD  -0.10 0.34 

RMS ESD vs RMS ASA  0.17 -0.25 

RMS ESA vs RMS ASA  0.14 -0.47 

RMS ASD vs. RMS ASA  0.37 -0.80 

RMS ESD vs RMS ESA  0.96 0.72 

    

RMS DS vs RMS ASA  0.46 -0.10 

RMS DS vs RMS ASD  0.58 0.35 
RMS DS vs RMS ESA  -0.15 0.47 

RMS DS vs RMS ESD  -0.10 0.77 

 

 

4. CONCLUSION 

This paper presented an insight into the behavior of large-scale parameters of the small cell 

backhaul link in UDN thereby solving the problem of the impact of small cell height on the new deployment 

scenario backhaul link. It was shown that the parameters increase with the height of the building except for 

RMS ASA that decreases, while RMS ESA/ESD for the street canyon decreases with distance, and the RMS 

ASA/ASD follows the structural construction of the environment. We also see the arrival of multiple clusters 

for the high-rise scenario. New sets of channel models for the backhaul link were presented. We conclude 

that site-specific models, that can factor in the impact of different propagation environments and terrains, 

offer a wide range of advantages when designing an efficient LTE cellular network. We intend to perform 

future simulations for city-wide coverage for better prediction.  
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