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Abstract—The use of millimeter-wave (mmWave) and full-

dimensional multiple-input multiple-output (FD-MIMO) antenna 

systems for 3D wireless communication is being exploited for 

enhanced network capacity improvement in the ongoing fifth-

generation (5G) deployment. For adequate assessment of 

competing air interface, random access channelization, and beam 

alignment procedures in mmWave systems, channel models for 

different use scenarios are necessary. A ray-tracing study was 

conducted with the use of a Wireless Insite ray tracing algorithm 

to characterize the mmWave channel in urban areas, using Lagos 

Island, Nigeria databases to predict measured statistics. These 

statistics include path loss, rms delay spread, angular spread of 

arrival, and departure in the azimuth and elevation domain. A 

3GPP-style 3D mmWave channel is modeled and reconstructed, 

emphasizing the use of a ray tracer to determine elevation model 

parameters. Line of sight (LOS) and non-line of sight (NLOS) 3D 

models were developed for street canyon and high-rise scenarios  

Keywords—5G, mmWave Massive MIMO, Channel 

Reconstruction, Wireless Insite 

I. INTRODUCTION (HEADING 1) 

The volatile constantly-increasing appetite for mobile traffic 
as everyone's desire for online presence, such as Facebook, 
Twitter, and video streaming [1], has led to the evolution of the 
Long Term Evolution (LTE) into the LTE-Advance without 
being able to meet the ever-growing demand for mobile data. 
The above condition necessitates the introduction of the 5G 
network. Network Densification (ND) has been suggested as a 
method to meet the data rate requirement of the 5G [2] [3]. ND 
is the unification of spatial densification and spectral 
aggregation. Spatial densification is the deployment of small 
cells (Picocells, Femtocells) as an overlay in macrocells and the 
use of massive multiple-input and multiple-output (MIMO) at 
the base station [4]. Spectral aggregation uses large carrier 
frequencies spanning 500 MHz to the mmWave (30 GHz – 300 
GHz) band.  

 

The second major technology for obtaining a higher data rate 
and ultra-reliable low-latency communication is the millimeter-
wave band [5]. However, mmWave signals are easily blocked 

by obstacles preventing direct Line-of-Sight (LOS) 
communications. Also, the increased diffraction loss at 
mmWave results in deep shadow regions, degrading the 
propagation performance [6]. The above makes the mmWave 
channel seem very volatile to mobile users. It is, therefore, 
necessary to find a modeling strategy suitable for the mmWave 
channel. In order to sufficiently evaluate contending air 
interfaces and beam alignment protocols for mmWave 
communications, various case scenarios exist for which a 
realistic assemblage of channel models must be produced. These 
channel models are required with features similar to the 3D 
channel model developed in the 3rd Generation Partnership 
Project (3GPP) [7] including pathloss, distant-dependent rms 
delay spread, and distant-dependent azimuth/elevation angle 
spreads of departure and arrival. 

In channel modeling and reconstruction, the channel matrix 
otherwise called the channel impulse response contains all the 
channel multipath components of interest that are needed to 
model the channel. Assuming N clusters of multipath rays from 
scatterers exist between the base station and the receiver where 
each cluster is made up of one resolvable propagation path and 
delay 𝜏. Let the complex envelope of the transmitted single input 
single output (SISO) signal (baseband signal) be represented as 

𝑆̃(𝑡) while the real part of the transmitted bandpass signal 𝑆(𝑡) 
is: 

𝑆(𝑡) = 𝑅𝑒[𝑆̃(𝑡)𝑒𝑗2𝜋𝑓𝑐𝑡]                       (1) 

where the signal phase is given as 𝑗2𝜋𝑓𝑐𝑡 . The received 
passband signal thus becomes:  

𝑟(𝑡) = 𝑅𝑒 [∑ 𝛼𝑙𝑒
𝑗∅𝑙(𝑡)𝑆̃(𝑡 − 𝜏𝑙)𝑒

𝑗2𝜋𝑓𝑐𝑡

𝐿

𝑙=1

]          (2) 

where the received baseband signal is given as: 

𝑟̃(𝑡) = ∑𝛼𝑙𝑒
𝑗∅𝑙(𝑡)𝑆̃(𝑡 − 𝜏𝑙)

𝐿

𝑙=1

                                (3) 

Substituting Equation (3) into Equation (2), thus: 
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𝑟(𝑡) = 𝑅𝑒[𝑟̃(𝑡)𝑒𝑗2𝜋𝑓𝑐𝑡]                                          (4) 

Every transmitted signal through the propagation channel 
experiences attenuation and delay termed its channel impulse 

response. The impulse response for the 𝑙𝑡ℎ  MPC can be 
extracted from (3) as in [8]: 

ℎ(𝑡, 𝜏𝑙) = 𝛼𝑙𝑒
𝑗∅𝑙(𝑡)                                              (5) 

Substituting Equation (5) into Equation (3), we have 
Equation (6) as: 

𝑟̃(𝑡) = ∑ℎ(𝑡, 𝜏𝑙)𝑆̃(𝑡 − 𝜏𝑙)                           (6)

𝐿

𝑙=1

 

Using the convolution principle, Equation (6) becomes: 

𝑟̃(𝑡) = ℎ(𝑡, 𝜏) ∗ 𝑆̃(𝑡)                                        (7) 

where the channel impulse response is given as: 

ℎ(𝑡, 𝜏) = ∑ℎ(𝑡, 𝜏𝑙). 𝛿(𝑡 − 𝜏𝑙)                     (8)

𝐿

𝑙=1

 

Equation (8) is a 2D channel model and can be extended to 
a 3D model by including the elevation angles at the arrival and 
departure. A general CIR time-domain model can then be 
written as in [9]: 

ℎ(𝜏, 𝜃) = ∑ ℎ(𝑡, 𝜏𝑙). 𝛿(𝑡 − 𝜏𝑙). 𝛿(𝜃 − 𝜃𝑙)     (9)

𝐿

𝑙=1

 

where 𝛿(𝑡 − 𝜏𝑙) is the time of arrival impulse, and 𝛿(𝜃 −
𝜃𝑙)  is the angle of arrival impulse from where channel 
parameters such as delay spread, angular spread, etc. can be 
calculated. Equation (9) can be expanded into equation (10) as 
in [10]: 

𝑯𝑛𝑠𝑏𝑠,𝑛𝑚𝑏𝑠,𝑛
3𝐷 (𝑡)

= √𝑃𝑛 ∑[
𝐹𝑟𝑥,𝑛𝑠𝑏𝑠,𝑉

(𝜑𝑙,𝑛, 𝜗𝑙,𝑛)

𝐹𝑟𝑥,𝑛𝑠𝑏𝑠,𝐻 (𝜑𝑙,𝑛, 𝜗𝑙,𝑛)
]

𝑇

.

[
 
 
 𝑒𝑗Φ𝑙,𝑛

𝑣𝑣

√ƙ𝑙,𝑛
−1𝑒𝑗Φ𝑙,𝑛

𝑣ℎ

√ƙ𝑙,𝑛
−1𝑒𝑗Φ𝑙,𝑛

ℎ𝑣
𝑒𝑗Φ𝑙,𝑛

ℎℎ

]
 
 
 𝐿

𝑙=1

. 

[
𝐹𝑡𝑥,𝑛𝑚𝑏𝑠,𝑉

(𝜙𝑙,𝑛 , 𝜃𝑙,𝑛)

𝐹𝑡𝑥,𝑛𝑚𝑏𝑠,𝐻 (𝜙𝑙,𝑛, 𝜃𝑙,𝑛)
] 

. 𝑒𝑥𝑝{𝑗2𝜋𝜆−1(𝜑̅𝑙,𝑛 . 𝒅̅𝑟𝑥,𝑛𝑠𝑏𝑠
)}. 

𝑒𝑥𝑝{𝑗2𝜋𝜆−1(𝜙̅𝑙,𝑛. 𝒅̅𝑡𝑥,𝑛𝑚𝑏𝑠
)}            (10) 

Where the azimuth angle of departure and arrival is 
represented by 𝜙𝑙,𝑛, and 𝜑𝑙,𝑛. In contrast, the elevation angle of 

departure and arrival are represented by 𝜃𝑙,𝑛 , and 𝜗𝑙,𝑛 , 

respectively. 𝐹𝑟𝑥,𝑛𝑠𝑏𝑠,𝑉
 and 𝐹𝑟𝑥,𝑛𝑠𝑏𝑠,𝐻 is the small cell (𝑠𝑏𝑠𝑡ℎ ) 

field antenna patterns in 3D for the theta (vertical, V) and phi 
(horizontal, H) polarizations, respectively.  Φ𝑙,𝑛

𝑣𝑣  is the phase 

value for the 𝑣𝑣 (vertical-vertical) polarization, while the other 
three are for 𝑣ℎ, ℎ𝑣,  and ℎℎ  polarization combinations. The 
spherical unit vector in the direction of azimuth and elevation 

angles of departure and arrival are represented by 𝜑̅𝑙,𝑛, and 𝜙̅𝑙,𝑛, 

respectively. 𝒅̅𝑟𝑥,𝑛𝑠𝑏𝑠
, and 𝒅̅𝑡𝑥,𝑛𝑚𝑏𝑠

 are the location vector of 

received small cell antenna element 𝑛𝑠𝑏𝑠 and transmit antenna 
element. 𝑛𝑚𝑏𝑠, respectively with ƙ being the cross-polarization 
power ratio in a linear scale and 𝑃𝑛 is the power of cluster (𝑛). 

II. LITERATURE REVIEW 

Various channel models and channel reconstruction were 
proposed for mmWave communications, including [11] which 
was carried out at 32 GHz for the indoor office environment. In 
a much earlier model, the authors of [12] developed a model for 
a street canyon environment at 70 – 80 GHz band, since the work 
was limited to the Azimuth domain, it was improved upon in the 
[13] where a 3D ray tracing technique was used to extend it to 
3D by including elevation spread for use in system level 
simulation. The work of [7] improved the work of [13] by 
extending its application to non-line-of-sight links, polarization, 
and angle biases. The authors of [14] presented a set of 
mmWave radio propagation parameters based on both 
measurement and ray-tracing techniques. The author of [15] 
used limited received signal strength (RSS) measurement to 
reconstruct the BS-to-ground channel. The authors of [16] used 
a compressive sensing technique for data recovery in an 
embedded system. In the 6G domain where Intelligent 
Reflecting Surfaces (IRSs) are used for improved data rates in 
mmWave and terahertz systems, the author of [17] combines 
low-rank matrix with subspace side information that exploits 
sparsity for channel reconstruction.  

Given the emerging field of mmWave wireless 
communication, there currently is a gap in measurements, 
including the lack of extensive and detailed elevation statistics 
especially for angle of departure at the base station. In this paper, 
we advocate a mmWave channel model that attempts to improve 
on the channel model in [14] by concentrating on characterizing 
mmWave propagation models including both 3D angular and 
delay domain channel parameters to develop a double-
directional wideband channel model in the 28 GHz band for both 
the street canyon and high-rise scenarios of Lagos island, 
Nigeria. Using the 3D LTE toolbox in MATLAB, we 
reconstructed bi-directional channel models in the context of 
urban canyons and high rise in the 28 GHz mmWave band as 
our key finding. The research objective of this work is therefore 
to develop and reconstruct 3GPP-similar LOS/NLOS channel 
models for the street canyon scenario and the high-rise scenario 
in Lagos Island Nigeria. 

III. METHODOLOGY 

The research method used in this work is to achieve the 
purpose of channel parameter extraction needed to model and 
reconstruct the channels. The Wireless Insite ray tracing 
simulation algorithm was used. The simulations were conducted 
in a virtual environment, using the digital map of Lagos Island, 
Nigeria, with dimensions 500m x 500m. The transmitter is 
located a bit offset from the middle of the coverage area. Two 
typical scenarios are considered: outdoor-to-indoor (O2I) high-
rise and urban microcell (UMi) street canyon scenarios. In the 
UMi Street Canyon scenario, the receivers are positioned along 
Broad Street at 2.5 m elevation from the ground  with 1 m space 
etween each receiver along the street. The total number of 
receivers deployed is 600. The BS is equipped with a 32 MIMO 
transmitter antenna and uses maximum ratio transmission 
(MRT) beamforming with adaptive modulation. In contrast, 
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each small cell is equipped with a 4 MIMO receiver antenna and 
uses maximum ratio combining (MRC) for signal detection. 
Figure 1 is the digital 3D map of the virtual environment and 
Table 1 shows the simulation parameters 

 

 

Figure 1: Digital 3D Map of the Virtual Environment of 
Data Collection 

TABLE I.   SIMULATION PARAMETERS  

Simulation Parameters Values 

Street Canyon small cells number 600 

High-rise small cells number 30 

Operating Frequency 28 GHz 

Signal Bandwidth 100 MHz 

Base Station Transmit power 30 dBm 

Base Station height 10m 

Small cell height: Street 2.5m 

Small cell height: High-rise various 

Base Station Antenna 4 x 4 UPA 

Small cell antenna 2 x 2 

Antenna element spacing 1 
wavelength Max reflection number 6 

Max diffraction number 1 

Max penetration number 1 

 

In creating the propagation environment, a 3D geometric 
digital map is loaded onto the Wireless Insite ray tracing engine 
for the simulation to obtain MIMO channel parameters. The 
dataset of each parameter is imported to MATLAB, 2017b. The 
statistics of the PDF of each parameter that modeled their 
behavior are then used in the 3D LTE toolbox to reconstruct the 
models 

IV. RESULT AND DISCUSSIONS 

A. RMS Delay Spread Distance Dependency Model 

When the RMS DS values were plotted against distance, it 
was shown that the RMS DS increases linearly as distance 
increases up to 200 m.. The above is evident since a street 
canyon location behaves like a waveguide to the signal being 
transmitted. Equation (11) represents the RMS DS distance 

dependency model. A linear relationship has also been 
established between RMS DS and path loss [18]. 

 𝑅𝑀𝑆𝐷𝑆𝑆𝑡𝑟𝑒𝑒𝑡𝐶𝑎𝑛𝑦𝑜𝑛 = 0.4𝑑 + 25.41                 (11) 

where (meters) is the distance between the base station and 
the receivers. 

When the RMS delay spread was simulated and the results 
were plotted against the building height, for the high-rise 
scenario, we observed multiple arriving cluster where the 
different MPCs of different clusters arrived at different set of 
small cells. It was noticed that the MPCs of clusters 2 and 3 take 
longer routes thus having longer delay time of arrival. The RMS 
DS distance dependency model for the high-rise is thus given by 
equation (12). 

𝑅𝑀𝑆𝐷𝑆𝐻𝑖𝑔ℎ𝑟𝑖𝑠𝑒 = 0.61𝑛2 − 6.99𝑛 + 100          (12) 

Where is the building floor number (A floor is 3.5m high) 

 

B. RMS Delay Spread Model 

The RMS DS of the street canyon has a normal PDF 
distribution. The arriving MPCs are from a single cluster. The 
MPCs are from three different clusters for the high-rise, 
resulting in three peaks for the RMS DS. They are free of each 
other and fitted by either normal or lognormal distribution. It has 
been recognized that DS features depend significantly on the 
signal bandwidth and the environment where it propagates 
rather than the carrier frequency [19]. The model of RMS DS 
for the street canyon scenario is shown as equation (13) using 
the distribution statistics. 

𝑓(𝐷𝑆)𝑆𝑡𝑟𝑒𝑒𝑡 =
1

14.44
℮

−(𝐷𝑆−40.98)2

66.36                (13) 

MPCs reaching the high-rise are mostly from NLOS 
directions due to blocking structures, with little or no LOS rays. 
Therefore, the rays arriving at the small cells mainly come from 
several reflections of neighboring high-rise structures and low-
rise rooftops. The above is an expected outcome for a dense 
high-rise environment [20]. The distribution of the RMS DS for 
the high-rise is thus modeled as follows. The first arriving 
cluster has a normal distribution, while the second and third 
arriving clusters have a lognormal distribution. Using the 
statistics of the various distribution fits, their models are given 
as equations (14), (15), and (16). 

𝑓(𝐷𝑆)𝐻𝑖𝑔ℎ𝑟𝑖𝑠𝑒1 = 
1

51.71
℮−

(𝐷𝑆𝐻𝑅1 − 69.05)
2

851.19                          (14) 

where RMS DS HR1 in equation (20) represents the RMS 
delay spread for the first arriving cluster. The second arriving 
cluster has a Lognormal distribution. 

𝑓(𝐷𝑆)𝐻𝑖𝑔ℎ𝑟𝑖𝑠𝑒2 = 
1

0.25𝐷𝑆𝐻𝑅2
𝑒−

(log10 𝐷𝑆𝐻𝑅2− 5.39)

0.02        (15) 

where RMS DS HR2 in equation (21) represents the RMS 
delay spread for the second arriving cluster. The third arriving 
cluster has a Lognormal distribution. 

𝑓(𝐷𝑆)𝐻𝑖𝑔ℎ𝑟𝑖𝑠𝑒3 = 
1

0.16𝐷𝑆𝐻𝑅3
𝑒−

(log10 𝐷𝑆𝐻𝑅3−5.95)

0.0079      (16) 
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where RMS DS HR3 in equation (16) represents the delay 
spread for the third arriving cluster. 

 

C. RMS Angular Spread Distance Dependency Modeling 

According to Almesaeed et al. (2017) [21], propagation 
measurement has shown that multipath components arriving at 
a receiver from over-the-rooftop and in a high-rise propagation 
environment tend to have a higher elevation angle spread 
compared to MPC from corridor-like (wave-guided) street 
canyons.  

It is observed that the ground reflections of the elevation rays 
in the near LOS situation led to the decrease of elevation spread 
for both arrival (ESA) and departure (ESD) rays as distance 
increases from the BS for the street canyon scenario. Here, the 
SC's distance from the BS increases, causing a decrease in the 
angle between the reflection direction and the near LOS 
direction. Thus, the ESA and ESD, whose values depend on 
these angles' interplay, decrease with the distance between the 
BS and small cells. The RMS ESA/ESD distance dependency 
relationship shows an exponential curve with the models 
represented by equation (17) and (18) 

 

𝑓(𝑥)𝑅𝑀𝑆𝐸𝑆𝐴 = 41.35𝑒−0.15𝑥 + 2.56𝑒−0.0025𝑥         (17) 

 

𝑓(𝑥)𝑅𝑀𝑆𝐸𝑆𝐷 = 28.93𝑒−0.108𝑥 + 0.436𝑒−0.0022𝑥       (18) 

A scatter plot of RMS ASA and RMS ASD values against 
distance reveals a zigzag behavior of the RMS ASA/ASD as the 
distance increases as their values match the street structural 
construction and physical outlay changes. 

Plotting the RMS ESA and RMS ESD values against 
distance reveals a linear relationship as ESA and ESD increase 
with the height of the building. The distance dependency model 
for high-rise RMS ESA is thus represented by equation (19) and 
RMS ESD by equation (20) 

𝑓(𝑑)𝑅𝑀𝑆𝐸𝑆𝐴 = −0.005𝑑2 + 0.72𝑑 − 1.37                 (19) 

 

𝑓(𝑑)𝑅𝑀𝑆𝐸𝑆𝐷 = 1.59𝑑 − 4.90                                         (20) 

 

The RMS ASA and RMS ASD values plotted against 
distance show a negative linear relationship, where ASA 
decreases with distance while ASD increases with distance and 
the RMS ASA/ASD distance dependency models are given by 
equations (21) and (22) 

𝑓(𝑥)𝑅𝑀𝑆𝐴𝑆𝐴 = −5.46𝑥 + 36.76                                      (21) 

 

𝑓(𝑥)𝑅𝑀𝑆𝐴𝑆𝐷 = 1.076𝑥 + 21.44                                      (22) 

 

D. Angular Spread Modeling 

This section uses the same dataset used for distance 

dependency modeling to model the parameters' pdf. Five 

hundred and ninety-six samples of ASA, ESA, ASD, and ESD 

are used for the street scenario, and 30 samples for the high-rise 

scenario. RMS ESA and ESD distributions in the high-rise and 

Street canyon scenarios show lognormal distribution. The 

general model for the angular spread in the elevation domain 

for both scenarios is given by equation (23). 

 

𝑓𝜃 =
1

𝜃𝜎√2𝜋
𝑒

−(𝑙𝑛𝜃−𝜇)2

2𝜎2              (23) 

 

Where the elevation domain parameter is represented by θ, the 

inclusion of the distribution statistics (𝜇𝐸𝑆𝐴,𝜇𝐸𝑆𝐷 ,𝜎𝐸𝑆𝐴 , and 

𝜎𝐸𝑆𝐷) for each RMS ESA or RMS ESD in the equation for the 

respective scenario will make the model specific to it. RMS 

ASA/ASD in both scenarios also follows the lognormal 

distribution. the general model for the angular spread in the 

azimuth domain for both scenarios is given by equation (24) 

 

𝑓𝜑 =
1

𝜑𝜎√2𝜋
𝑒

−(𝑙𝑛𝜑−𝜇)2

2𝜎2                (24) 

 

Where the azimuth domain parameter is represented by φ, 

including the distribution statistics (𝜇𝐴𝑆𝐴,𝜇𝐴𝑆𝐷,𝜎𝐴𝑆𝐴, and 𝜎𝐴𝑆𝐷) 

for each angular spread in the equation will make the model 

specific. 

 

E. Reconstruction Method for 3D Channel Model 

Based on the ray-tracing data and obtained parameter 

values, we propose a mmWave channel model for the street 

canyon and the high-rise scenarios reconstructed using the 

procedures outlined in 3GPP TR 36.873 release 12 [22]. The 

steps are detailed below: 

 

1. Set up simulation environment using the 3D digital 

map of Lagos Island in Wireless Insite ray-tracing 

engine (determine SBS and MBS location, antenna 

array configuration, select 3D-UMi NLOS for street 

canyon and 3D-UMi O2I for high-rise) 

2. Select the NLOS propagation condition. 

3. Calculate Omni-directional path-loss using [23] 

𝑃𝐿[𝑑𝐵](𝑑) = 𝑃𝐿(𝑑0)𝑑𝐵 + 10𝑛𝑝𝑙𝑙𝑜𝑔10(𝑑) + 𝜎𝑆𝐹 

Where 𝑃𝐿(𝑑0)𝑑𝐵  is 296dB,𝑛𝑝𝑙  is the path loss exponent 

(2.309), 𝑑 is the distance in meters, and 𝜎𝑆𝐹 is the shadow 

fading std (56.24) for NLOS. 

4. Produce the large-scale parameters of rms delay 

spread, rms azimuth spread of arrival, rms elevation 

spread of arrival, etc., using table 4.23 to generate and 

cross-correlate them. Here, we generate five large-

scale parameters and then correlate them. We limit 

AOA/AOD spread (𝐴𝑆𝐴 𝐴𝑆𝐷⁄ )  to 1000 and 

EOA/EOD (𝐸𝑆𝐴 𝐸𝑆𝐷⁄ ) to 400. 
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5. Generate delays that are drawn from the delay 

distribution defined in Table 4.23 with Lognormal 

distribution. Calculate 𝜏𝑛
′  where 𝑟𝜏 is the delay scaling 

factor given as 3. [7], 𝜎𝜏 is the standard deviation of 

the distribution, and 𝑋𝑛  is a unit-variance Gaussian 

RV  

 𝜏𝑛
′ = −𝑟𝜏𝜎𝜏𝑙𝑛𝑋𝑛 

We normalize the delays by subtracting the minimum delay 

from every other delay value and sort the result in 

descending order such that: 

𝜏𝑛 = 𝑠𝑜𝑟𝑡(𝜏𝑛
′ − 𝑚𝑖𝑛(𝜏𝑛

′ )) 

6. Produce the cluster power as: 

𝑃𝑛
′ = 𝑒𝑥𝑝 (−𝜏𝑛

𝑟𝜏 − 1

𝑟𝜏𝜎𝜏

) . 10−0.1𝑍𝑛 

Where 𝑍𝑛𝑁(0, 𝛽2), and 𝛽 are the per cluster shadow fading 

term in dB given as 5 [7]. Normalize power such that the 

sum of all cluster power is one. i.e.  

𝑃𝑛 =
𝑃𝑛

′

∑ 𝑃𝑛
′𝑁

𝑛=1

 

7. Produce the azimuth angles of arrival and departure as 

shown below. The AOAs and AODs are governed by 

applying the inverse Gaussian function below with 

cluster power 𝑃𝑛  and rms elevation spread of arrival 

and departure 𝜎𝐴𝑆𝐴  and 𝜎𝐴𝑆𝐷 , respectively, as input 

(after applying a scaling factor of 1.018 for 8 clusters). 

[22]. 

 𝜑𝑛,𝐴𝑂𝐴 = 1.96(𝜎𝐴𝑆𝐴 1.4⁄ )√−𝑙𝑛(𝑃𝑛 𝑚𝑎𝑥(𝑃𝑛)⁄ ) 

𝜙𝑛,𝐴𝑂𝐷 = 1.96(𝜎𝐴𝑆𝐷 1.4⁄ )√−𝑙𝑛(𝑃𝑛 𝑚𝑎𝑥(𝑃𝑛)⁄ ) 

8. Produce the elevation angles of arrival and departure 

as shown below. The EOAs and EODs are governed 

by applying the inverse Gaussian function below with 

cluster power 𝑃𝑛  and rms elevation spread of arrival 

and departure 𝜎𝐸𝑆𝐴  and 𝜎𝐸𝑆𝐷 , respectively, as input 

(after applying a scaling factor of 1.104 for 12 

clusters). [22]. 

𝜗𝑛,𝐸𝑂𝐴 = −0.906𝜎𝐸𝑂𝐴𝑙𝑛 (
𝑃𝑛

𝑚𝑎𝑥(𝑃𝑛)
) 

𝜃𝑛,𝐸𝑂𝐷 = −0.906𝜎𝐸𝑂𝐴𝑙𝑛 (
𝑃𝑛

𝑚𝑎𝑥(𝑃𝑛)
) 

9. Within a cluster, we couple all rays randomly, i.e., 

couple AOD, AOA, EOA, and EOD angles by 

randomizing the order of each group of angles within 

a cluster (e.g., using MATLAB's randperm (10) within 

each group of angles within a cluster). 

10. Produce the cross-polarization power, XPRs as 𝜅𝑙,𝑛 =

10𝑋 10⁄  where X is Gaussian distributed. 

11. Produce the random phase values for all four 

polarization combination terms, 𝛷𝑙,𝑛
𝑣𝑣 , 𝛷𝑙,𝑛

𝑣ℎ, 𝛷𝑙,𝑛
ℎ𝑣, 𝛷𝑙,𝑛

ℎℎ. 

improves All parameters are compiled together in 

Table 3 for the simulation of channel reconstruction. 

 

F. Reconstruction of 3D Channel Model of Lagos Island 

 

In this section using the results of equation (11) – (24) and 

following the procedure in section E in the LTE tool in 

MATLAB, the 3D channel models presented in equation (25) 

to (28) below are reconstructed. 

 

 Street Canyon Line of Sight 3D model 

  

𝐻𝑆𝑡𝑟𝑒𝑒𝑡𝐶𝑎𝑛𝑦𝑜𝑛
𝐿𝑂𝑆 (𝑡) = 0.3162𝐻𝑢,𝑠,𝑛

𝑁𝐿𝑂𝑆(𝑡)

+ 𝛿(𝑛 − 1)0.9486 [
−0.241.99
1.330.96

]
𝑇

× [𝑒
𝑗∅𝐿𝑂𝑆 0
0 𝑒𝑗∅𝐿𝑂𝑆

] × [
−0.513.36
1.230.52

]    (25) 

 

Street Canyon Non-line of Sight 3D Model 

 

 𝐻𝑆𝑡𝑟𝑒𝑒𝑡𝐶𝑎𝑛𝑦𝑜𝑛
𝑁𝐿𝑂𝑆 (𝑡; 𝜏) =

√
𝑃𝑛

𝑀
∑ [

−0.241.99
1.330.96

]
𝑇

𝑀𝑛
𝑚=1 [ 𝑒𝑗∅𝑛,𝑚

𝜃𝜃
0.33𝑒𝑗∅𝑛,𝑚

𝜃𝜑

0.33𝑒𝑗∅𝑛,𝑚
𝜑𝜃

𝑒𝑗∅𝑛,𝑚
𝜑𝜑

] ×

[
−0.513.36
1.230.52

]     (26) 

 

High-rise Line of Sight 3D Model 

 

 𝐻𝑈𝑟𝑏𝑎𝑛𝐻𝑖𝑔ℎ𝑅𝑖𝑠𝑒
𝐿𝑂𝑆 (𝑡) = 0.58𝐻𝑢,𝑠,𝑛

𝑁𝐿𝑂𝑆(𝑡) + 𝛿(𝑛 −

1)0.82 [
2.453.50
0.200.12

]
𝑇

× [𝑒
𝑗∅𝐿𝑂𝑆 0
0 𝑒𝑗∅𝐿𝑂𝑆

] × [
3.273.77
0.220.25

]   (27) 

 

High-rise Non-line of Sight 3D Model 

 

 𝐻𝑈𝑟𝑏𝑎𝑛𝐻𝑖𝑔ℎ𝑅𝑖𝑠𝑒
𝑁𝐿𝑂𝑆 (𝑡; 𝜏) =

√
𝑃𝑛

𝑀
∑ [

2.453.50
0.200.12

]
𝑇

𝑀𝑛
𝑚=1 [ 𝑒𝑗∅𝑛,𝑚

𝜃𝜃
0.707𝑒𝑗∅𝑛,𝑚

𝜃𝜑

0.707𝑒𝑗∅𝑛,𝑚
𝜑𝜃

𝑒𝑗∅𝑛,𝑚
𝜑𝜑

] ×

[
3.273.77
0.220.25

]             (28) 

 

V. SUMMARY AND CONCLUSION 

Using the 3D LTE toolbox in MATLAB, we reconstructed bi-

directional channel impulse response models otherwise called 

channel state information for LOS/NLOS of urban canyons and 

high rise in the 28 GHz mmWave band for Lagos Island 

Nigeria. These models are used to adequately assess competing 

air interface, random access channelization, and beam 

alignment procedures in mmWave systems. Future work will 

consider channel reconstruction in reconfigurable intelligent 

surfaces for cellular systems.   
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