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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 procedure in mmWave systems, adequate channel estimation and channel models
for different use scenarios are necessary. Conventional pilot-based channel estimation methods are remarkably time-
consuming as the number of users or antennas tends toward large numbers. Channel reconstruction has been identified
as one of the solutions to the above problem. In this work, a ray-tracing study was conducted using a Wireless Insite ray
tracing engine to predict measured statistics for large-scale channel parameters (LSPs). Other LSP such as the shadow
fading (SF) were generated using algorithm 1. Algorithm 2 was used to generate the small-scale channel parameters
(SSP). The LSPs and SSPs were used as input in algorithm 3 to generate the channel coefficients used for the channel
reconstruction in the MATLAB LTE toolbox. The results provided an accurate reconstructed downlink channel state
information (CSI) for FDD-based mmWave massive-MIMO system in both the line-of sight (LOS) and non-line of
sight scenarios. The results provide an opportunity to adapt the transmitted signal to the CSI and thereby optimize the
received signal for spatial multiplexing or to achieve low bit error rates in wireless communication.

Index Terms: 5G, mmWave Channel, Massive MIMO, 3D Channel Modeling, Channel Reconstruction

1. Introduction

The long-term evolution (LTE) infrastructure is under strain due to the explosively growing demand for mobile
traffic brought on by everyone's need for an online presence on sites like Facebook, Twitter, YouTube, and video
streaming [1,2]. LTE has developed into LTE-Advance, yet it is still unable to keep up with the demand for mobile data.
The two aforementioned circumstances have made the 5G network necessary. It has been proposed in the literature that
network densification (ND) is a method to meet the 5G requirements. For instance, the authors in [3] claimed that ND is
a method to increase the capacity of a mobile network by 10 to 100 times. According to the study in [4], ND can
provide 5G ultra-reliable low latency communication (URLLC) as well as 5G massive device connectivity, as claimed
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in [5]. Spatial densification and spectral aggregation are combined to form ND. In order to achieve spatial densification,
small cells (Picocells, Femtocells) are placed over macrocell and massive multiple-input multiple-output (MIMO)
technology is used for backhauling at the base station [6]. Large carrier frequencies are used in spectral aggregation,
which range from 500 MHz to the mmWave (30 GHz-300 GHz) spectrum. Due to issues with space and wind loading,
the antenna elements in massive MIMO are stacked in a planar array structure at the top of the base station (BS) and are
known by the 3GPP as full-dimension MIMO (FD-MIMO) [7]. As seen in Figure 1, where FD-MIMO eNB with its
many antennas allows the creation of different signal beams to be directed to users in the elevation domain while still
having enough antennas to cater for users in the azimuth domain. Thus, FD-MIMO permits signal propagation in the
three-dimensional (3D) domain unlike in the 2D domain offered by the current MIMO system. The use of FD-MIMO, a
novel technique for improving system performance, uncovers brand-new issues that must be handled right away. These
difficulties include creating precise 3D channel models, forecasting performance, doing analysis to account for the
channel component's influence in the elevation domain, finding suitable deployment scenarios, etc. [8]. Other
challenges include the acquisition of channel state information (CSI) at the base station (BS) for frequency division
duplexing (FDD) systems. Knowledge of the channel state information (CSI) at a base station (BS) plays a significant
role in attaining higher throughputs in 5G and beyond 5G cellular networks. For the BS to obtain the downlink CSI, the
users need to feed back their downlink channel matrix which is estimated through downlink pilot training. In previous
cellular networks leading up to the LTE-Advanced, base station antennas are limited to a maximum of eight for LTE-A
with ample amount of network resources (time and frequency) available to form orthogonal pilots while the amount of
feedback is relatively small. However, the combination of mmWave and MIMO system allows massive MIMO in 5G
and future networks the use of hundreds, even thousands of antenna ports which however prevents the design of
completely orthogonal pilot patterns since that induces a huge amount of overhead to the system and ultimately
decreases the effectiveness of CSI utilization [9]

FD-MIMO simultaneously
supports elevation & azimuth
beamforming and > 10 UEs
MU-MIMO

4

Elevation
FD-MIMO beamforming
eNB

" Azimuth
beamforming

Fig. 1. Full Dimension MIMO enabling 3D-Beamforming [10]

The alternative is pilot reuse and the negative consequence of low accuracy of the CSI estimation which degrade
the system [11] Thus, downlink CSI acquisition remains a key problem in FDD mmWave massive-MIMO systems and
researchers have been probing for new solutions to obtain downlink CSI and design corresponding transmission
schemes. Channel reconstruction has been identified as one of the solutions to the above problem. Also, for signal
transmission studies, one needs a channel model that can simulate the spatial variation of mmWave channel impulse
responses (CIRS) in treated operating environments [12] In such situation, suitable channel models are an indispensable
prerequisite for candidate application scenarios. Such scenarios include the channel impulse response reconstruction for
unmanned aerial vehicle (UAV) [13], and wearable [14]. Another area of channel impulse response reconstruction is the
emerging reconfigurable intelligent surfaces [15].There has been much work in the past few years toward mmWave
massive MIMO channel characterization and reconstruction either by measurement [16] or ray-tracing computation [13]
towards providing channel impulse response models for various application scenarios.

The millimeter-wave spectrum, which is between 30 GHz and 300 GHz, is the second main technology for
achieving a higher data throughput and ultra-reliable low latency communication [10,-11]. Numerous mmWave bands
seem promising. These include the E-band at 71-76 GHz, 81-86 GHz, and 92-95 GHz, as well as the local multi-point
distribution service at 28-30 GHz [19]. Multi-Gbps transmission rates are made possible by the vast quantity of
spectrum that is available at mmWave frequencies [20]. However, mmWave frequencies have some drawbacks, such as
the ease with which obstructions can block mmWave signals, limiting direct Line-of-Sight (LOS) communications.
Additionally, the propagation performance is diminished by the deep shadow zones brought on by the higher diffraction
loss at mmWave [21]. The mmWave channel seems to mobile users to be quite variable as a result of the foregoing.
Therefore, a modeling approach that works for the mmWave channel is required. A realistic collection of channel
models, for numerous use case situations, must first be constructed in order to adequately evaluate competing air
interfaces and beam alignment techniques for mmWave communications. These channel models must include
characteristics like pathloss, distant-dependent rms delay spread, and distant-dependent azimuth/elevation angle spreads
of departure and arrival that are identical to the 3D channel model defined in 3GPP [22].
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1.1. 3D Channel Model

In channel modeling and reconstruction, the channel matrix otherwise called the channel impulse response contains
all the channel multipath components of interest that is needed to model the channel, it is therefore important to derive
channel equation with the aim of identifying the contributing parameters necessary for the 2D and 3D model. 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 7. In consideration of figure 2, if the perpendicular axis to the X-Y
plane is taken as the elevation domain. Let the complex envelop of the transmitted single input single output (SISO)
signal (baseband signal) be represented as S(t) while the real part of the transmitted bandpass signal S(t) is:

S(t) = Re[S(t)e/?™et] 1)

where the signal phase is given as j2rf.t. The received noiseless bandpass signal after Doppler effect and delay due to
transmission is given as:

r(t) = Re[Yk, a e/ Vet D) (¢ — 7))] )
Expanding (. + fp,)(t — 7;) in Equation (2) and rearranging, we have

r(t) = Re[l, a ezl fpat=(etfo)nl§(e — 7))e et ©)

Fig. 2. MIMO 3D Generic Channel Model [23]

Where q; is the channel attenuation factor, f; is the carrier frequency, f;,, is the doppler shift for the /** multipath
component (MPC), and 7, is the delay of the [* MPC. Comparing equations (1) and (3), we see that S(¢) in (1) is in (3)
equivalent to:

St =3k, alejzﬂ[fn,zt—(fc+fn,z)rz]g”(t -1) ()

From Equation (4), let the phase of the MPC associated with the [t" path be given as:

0 = 2| fp it — (fe + fo)ul

where @, is distributed between [0, 27r] showing that a slight change in T due to movement within the channel results in
a significant phase shift. Equation (3), the received passband signal thus becomes:

7(t) = Re[Xh, e/ O5(t — 7))es2met] (5)
where the received baseband signal is given as:

(t) = Tiey e’ OS5t — 1) (6)
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Substituting Equation (6) into Equation (5), thus:
r(t) = Re[#(t)el?™/ct] (7

Every transmitted signal through the propagation channel experiences attenuation and delay termed its channel
impulse response. The impulse response for the It* MPC can be extracted from (6) as in [24]:

h(t, 1)) = a,e/2® )
Substituting Equation (8) into Equation (6), we have Equation (6) as:
7(6) = Thoy h(t, 78t — 1) ©)
Using convolution principle, Equation (9) becomes:
7(t) = h(t,7) * S(t) (10)
where the channel impulse response is given as:
h(t,7) = Y h(t,7).6(t — 1) (11)

Equation (11) 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 [25]:

h(t,0) = St h(t, 7). 5(t —1,).5(0 — 6) (12)

where 6 (t — 1;) is the time of arrival impulse, and 6(8 — 8,) is the angle of arrival impulse
From (11), the MIMO CIR matrix of all paths at time t is given as in [26]:

H(t,7) = X1 Hi(£).6 (t — 7)) (13)

H,(t) is the Nggg X Nyps mmWave-MIMO propagation channel matrix of the [“"multipath ray between the
transmit antenna N, zsand the receive antenna Nggg, H; is a narrow band modified block-fading channel model which
embraces the sparse scattering nature of mmWave channels. In the standardized ITU-R M.2135 2D channel model [27],
the channel response of each propagating path in the propagating channel matrix H,(t) depends on a set of parameters.
The parameters include the Doppler shift v, the delay z, the departure/arrival angles ¢, , and ¢, ,,, and the polarization
matrix A7>. If we consider a single path, the CIR for the resulting 2D model from transmit antenna n,,,s to receive
antenna ng,,¢ for path | is given as [26];

Hrzlg,s,nmbs,n (t) = \/ﬁn Z%:l [Frzagnsbs ((prx,l,n)]TA%,Lr)L [thacl?nmbs (¢tx,l,n)] . exp{jznvl,n t} (14)

To extend the 2D model to the 3D model, the ULA antenna array is replaced with a 2D grid UPA antenna array to
obtain the elevation angle required to obtain the correlation of the antenna array in the elevation domain. Thus, the 3D-
MIMO channel model is defined in cylindrical coordinates, the 3D CIR of the nt" cluster from the transmit antenna
Ngps 10 the receive antenna ng,, is expressed as [26]

L
Hrngbs,nmbs,n (t) = ‘/Fn Z [Fr?agnsbs (ll}rx,l,n)]TA?,Lr)l [F?x?nmbs (lptx,l,n)] . exP{jZT[l_l (‘ﬁl,n- CzTx'nsbs)}
=1 o
. exp{j2ﬂl‘1(¢l_n. dtx.nmbs)}' exp{jval,nt} ) (15)

where superscript 3D shows that the transmitted wave propagates in 3D space, and the subscripts [ and n stand for the
number of multipath and cluster, respectively, T3P indicate the full 3D pattern of the receive antenna ng,g, in the V

TX,Ngphs

and H polarization. F&f’nmbs specify the full 3D pattern of the transmit antenna n,,, in the V and H polarization. . ; ,
and Y,y , are the n** cluster and {*" multipath/ray angle of arrival and departure, respectively, in the 3D domain. A72
is the 3D polarization matrix specified by vertical polarization component VV and horizontal polarization component

H. The location vector of the receive antenna element ng,, and transmit antenna element n,,,;; are denoted by &rx,nsbs’

and &tx;nmbs’ respectively. v/P,, is the power of the nt" cluster. Finally, v, , specifies the Doppler shift (which is zero:
fixed small cells) in this work. For 3D fading channel models, both azimuth and elevation angles characterize the
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multipath components, therefore breaking the arrival and departure angles in Equation (15) into the azimuth and
elevation domain, the azimuth angle of departure and arrival is thus represented by ¢,,, and ¢,,. In contrast, the
elevation angle of departure and arrival are represented by 6,,, and ¥, ,, respectively. F,,, v and F..,_, nis the
small cell (sbst") field antenna patterns in 3D for the theta (vertical, V) and phi (horizontal, H) polarizations,
respectively. @77 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 @, ,, and ¢, ,,, respectively. &rx‘nsbs, and &tx‘nmbs are the location vector of receive small
cell antenna element ng,; and transmit antenna element. n,,;,5, respectively with K being the cross-polarization power
ratio in a linear scale and P, is the power of cluster (n). Therefore, from Equation (15), the angles of elevation and

azimuth et ectara earlier defined, we have that

[ e/ohhn /Rl—;ewm] ;

_ _ 3D _ ! R 3D _ rXNgps,V
1prx,l,n - (pl,n'ﬁl,n ' 1ptx,l,n - ¢l,n’ gl,n ’ Al,n - | Whlle Frxnsbs [ e ] and

|l ’R[%ej‘b% eI ¥ln | Frensps
F,
thnmbs = F“"nmbs’v]. Slotting all the parameters into Equation (15) without the Doppler component can thus be
tx,nmps.H

expanded as in [28]:

j® n j® n]
3D rx MNsbs) V((pl ns 19! n) € l kl et th,nmbs,V ((pl,n' gl,n)
Hnsbs Nmbs» n(t) \/— Z
rx MNsphs,H ((pl ns 791 n) f(_ e}¢ln eJchn th,nmbs,H (¢l,n' el,n)
. exp{jznl_l((ﬁl,n- CIrx,nsbs)}- exp{]ZHA (¢ln dtx,nmbs)} (16)

1.2. Literatre Review

For mmWave communications, a number of channel models have been proposed, such as [29], which was
conducted at 32 GHz for an indoor office environment. The authors of [30] created a model for a street canyon
environment in the 70-80 GHz band. However, the work was only done in the azimuth domain; as a result, it was
improved in [31], where a 3D ray tracing technique was used to extend the model to 3D and include elevation spread
for use in system level simulation. By incorporating polarization, angle biases, and non-line-of-sight connectivity, the
work of [22] enhanced the work of [31]. The authors of [32] used the New York University (NYU) Wireless
measurement equipment to develop a mmWave large-scale path loss model for line of sight and non-line of sight at 28
GHz and 73 GHz frequency band, while the authors of [33] presented a set of mmWave radio propagation parameters
based on both measurement and ray-tracing techniques. The 3GPP spatial channel model was used to create the channel
models (SCM). The authors of [34] proposed a 3D mmWave indoor directed and omnidirectional channel model based
on in-depth radio propagation data at 28 and 140 GHz. The authors of [35] used 3D ray-tracing at 28 GHz to examine
path loss, free space path loss with and without antenna pattern, and excess path loss with and without antenna pattern
for a city environment. The authors then used a root mean square error, a close-in (Cl) model, and a floating intercept
(FI) path loss model to build the ideal path loss model for Lagos Island (RMSE). In the work of [36], the authors
provided a mathematical model for unmanned aerial vehicles (UAV) which added the UAV in both military and civilian
deployment.

There are different techniques of channel reconstruction including the use of geometry-aided angles of arrival
estimation [14] where the channel is reconstructed using the estimate of the azimuth and elevation angles of arrival. The
authors of [9] used uplink reciprocity CSI combined with limited feedback in a frequency division duplexing (FDD)
system, where the gains, delay, and angles are estimated during uplink sounding. The BS can then use the information
to reconstruct the downlink channel. In the work of [16] a neural network-based deep learning compressed sensing
channel estimation scheme is used to predict the beamspace channel amplitude. The channel is then reconstructed based
on the obtained indices of dominant beamspace channel entries. The authors of [37] reconstructed full downlink MIMO
CSI at the BS using uplink-sounding reference signals and quantized downlink CSI from practical antenna structures
with reduced downlink CSI-RS overhead. The authors of [38] propose a Path Clustering based Channel Reconstruction
(PCCR) scheme for channel reconstruction to solve the problem of CSI measurement. By leveraging channel
information parameters such as angle of arrival, angle of departure, etc. at a number of geographical locations that are
recorded in the Channel Path Map (CPM) which are used to reconstruct the channel while the authors of [39] propose to
employ the trigonometric interpolation technique to reconstruct the mmWave spatial channel profile (power-angle-delay
profile, composite power angular spectrum delay and angle characteristics).

Since mmWave wireless communication for 5G and beyond is still a growing research area, there is a lack of
information, including accurate elevation statistics, particularly for angle of departure at the base station. In this article,
we propose a mmWave channel model that aims to improve the channel model of [33]. Our work focuses on the
characterization of mmWave propagation models, including both 3D angular-domain channel parameters and delay-
domain channel parameters, to enable bi-directional broadband channel reconstruction for LOS and NLOS in the Street
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Canyon and High-rise scenarios. The contribution of the proposed channel estimation method based on channel
reconstruction using the parameters of the models developed includes its potential to provide more detailed information
about the channel characteristics, such as delay, angular spread, and interference, ensuring data transmission without
errors and interference. Therefore, this method can help to estimate the channel of mmWave massive MIMO systems.

The rest of this work is arranged as follows. Section one is the introduction, section two is the methodology while
section three deals with the result and discussions. We conclude in section four.

2. 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. The outdoor-to-indoor (O21) high-rise and urban
microcell (UMi) street canyon scenarios are taken into consideration. The signal is sent in this instance from the outdoor
base station erected on a 10 m tower to small cells placed on each level of a 30-floor building, with 3.5 m spacing on
floor-by-floor (vertical spacing), giving a total of 105 m building height. This 30-storey structure is located in a densely
populated area. The small cell receivers are arranged along Broad Street with a 2.5 m height and a 1 m spacing in the
UMi street canyon scenario. A length of 600 m is covered by the 600 small cells that have been deployed overall. The
BS employs beamforming with adaptive modulation and maximum ratio transmission (MRT) with 32 MIMO
transmitter antennas. A 4 MIMO receiver antenna and maximum ratio combining (MRC) are both features of each
small cell, in contrast, which is how they detect signals. The digital 3D environment map can be found in Figure 3. The
various simulation settings and their values are displayed in Table 1. For the simulation procedure, a 3D geometric
digital map made up of three files—a city file, an image file, and a terrain file—was loaded onto the Wireless Insite ray
tracing engine to create the propagation environment. Next, a 4 x 4 dual-polarized MIMO transmitter antenna and a 2 x
2 MIMO receiver antenna were built using a narrowband sinusoidal 28 GHz waveform with a bandwidth of 100 MHz
for the simulation to determine MIMO channel characteristics. To study the behavior of the channel parameters using
the characteristics of their probability distribution functions (PDFs), the dataset for each parameter was imported into
MATLAB, 2017b. To create the best fit PDF of the dataset, the distribution fitter application found in the statistics and
machine learning toolbox was employed. Then, the statistics (mean and variance) of each parameter's PDF that
described how that parameter behaved were collected.

Table 1. Parameters for the simulation

Simulation Parameters Values
Number of small cells in street canyon 600
Number of small cells in high rise 30
Carrier Frequency 28 GHz
Bandwidth 100 MHz
Transmit power of BS 30dBm
Height of BS 10m
Small cell height in street 2.5m
Small cell height in high rise various
Antenna BS 4 x4 UPA
Small cell antenna 2x2
Antenna element spacing 1 wavelength
Number of Max reflections 6
Max diffraction 1
Max penetration number 1

Having obtained the large-scale channel parameters of angular spread and delay spread using the Wireless Insite
Ray tracing simulation, other LSPs such as the shadow fading (SF) were generated using algorithm 1. Algorithm 2 was
used to generate the small-scale channel parameters such as the cluster power, azimuth/elevation angles of arrival and
departure for both the LOS and NLOS as well as the polarization power ratio. The LSPs and SSPs were used as input in
algorithm 3 to generate the channel coefficients which are needed for the channel reconstruction.
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Fig. 3. Digital 3D Map of the Virtual Environment of Data Collection

2.1. Data Collection and Analysis Techniques

For data collection and analysis, the following datasets were collected as CSV files for each of the 600 small cells
in the street canyon scenario and 30 small cells in the high-rise scenario; azimuth angle of arrival, azimuth angle of
departure, elevation angle of arrival, elevation angle of departure, azimuth spread of arrival, azimuth spread of departure,
elevation spread of arrival, elevation spread of departure, delay spread etc. These were then preprocessed and cleansed.
Using the statistics and machine learning toolbox in MATLAB, we generated various best-fit models of those datasets.
We extracted the statistics of their probability density functions (pdf) which were used in the various algorithms to
reconstruct the channel state information for the LOS and NLOS of the two scenarios.

2.2. Reconstruction Method for 3D Channel Model

Based on the ray-tracing data and obtained parameter values, a mmWave channel model for the O2I and the UMi
scenarios reconstructed using the procedures outlined in 3GPP TR 36.873 release 12 [40] is proposed. Figure 4 shows
the steps to realizing the 3-D channel model. After the channel parameter acquisition through ray tracing, post
processing and data analysis was performed and the mmWave massive MIMO matrix generation and channel
simulation were performed. Figure 4 shows the steps in achieving the 3D channel parameter acquisition leading to the
3D channel model.

Channel Parameter
Acquisition

v

Post-Processing and
Data Analysis

v

mmWave Massive
MIMO Matrix
Generation and

Channel Simulation

Fig. 4. Steps to Realizing 3-D Channel Model
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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 02l for high-rise, etc.)

2. Select NLOS propagation condition.

3. Calculate Omni-directional path-loss using [41]

Where PL(d,)dB is 296dB,n,, is the path loss exponent (2.309), d is the distance in meters, and gy 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 3 to generate and cross-correlate them. Here, we generate five large-scale parameters
and then correlated them. We limit AOA/AOD spread (ASA/ASD) to 100° and EOA/EOD (ESA/ESD) to 40°.

5. Generate delays that are drawn from the delay distribution defined in table 3 with Lognormal distribution.
Calculate 7,, where r, is the delay scaling factor given as 3. [22], o, is the standard deviation of the distribution,
and X,, is a unit-variance Gaussian RV

T, = —1.o.lnX,

We normalize the delays by subtracting the minimum delay from every other delay value and sort the result in
descending order such that:

1, = sort(t;, — min(z},))
6. Produce the cluster power as:

-1
B, =exp (—Tn

1707

) . 10—0.1Zn

where Z,N (0, 8%), and g is the per cluster shadow fading term in dB given as 5 [22]. Normalize power such that the
sum of all cluster power is one. i.e.

__h

n N l
n:an

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 P, and rms elevation spread of arrival and
departure a,54 and o,gp, respectively, as input (after applying a scaling factor of 1.018 for 8 clusters) [40].

Pn,a04 = 1-96(UA5A/1-4)\/_ln(Pn/max(Pn))
P00 = 1-96(0'ASD/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 P, and rms elevation spread of arrival and
departure azg, and oggp, respectively, as input (after applying a scaling factor of 1.104 for 12 clusters) [40].

P
ﬁn,EOA = —0.9060’E0Aln (W‘?Pﬂ)

P
gn,EOD = _0.9060_EOAln <Wrzf)n))

9. By randomly ordering each set of angles inside a cluster (for example, using MATLAB's randperm (10) within
each group of angles within a cluster), we couple all rays within a cluster, i.e., couple AOD, AOA, EOA, and
EOD angles. Produce the cross-polarization power, XPRs as k; , = 10%/10 where X is Gaussian distributed.

10. Produce the random phase values for all four polarization combination terms, ®f%, /%, @', D).

After the LSPs modeling, we propose an iterative algorithm (Algorithm 1) to generate the LSP needed for 3D
channel reconstruction.
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Algorithm 1: Algorithm for Large Scale Parameter (LSP) Generation
Input: Network layout and antenna/user equipment configuration
Output: Large scale parameters
Initialization:
Assuming K links with K users located at (x;,y,) and each channel link has M large scale

parameters. N = M = K lognormal large scale parameter variables that correlate with each other are
generated.

While simulation scenario active do

Generate correlation matrix (C) = N X N

Generate N LSPs by multiplying the square root of the correlation matrix (\/E) by the column
matrix (N x 1)

Calculate the inter-station correlation for each LSP using the correlation distance

Find the modified shadow fading(SF) as: SF = % M_ sin(D. B + Om)

Get the M LSPs for the k — th User Equipment using linear transformation as:

S(xk: Vi) = Y, Crnxm (0)S (Xk, i)
End

Where

M — number of sinusoids

02 — the target standard deviation

D — the 6D coordination vector of the transmitter and receiver
0,, — uniformly distributed random phase in (0, 2m)

fm —the m — th wave vector

We also propose an iterative algorithm (Algorithm 2) to generate the small scale parameters SSP needed for 3D
channel reconstruction

Algorithm 2: Algorithm for Small Scale Parameter (SSP) Generation
Input: Network layout and antenna/user equipment configuration
Output: Small scale parameters
Initialization:
Keep track of multi-path components.
While simulation scenario active do
1. Estimate the relative delay of multi-path z: 7;, = —1,0, In(X,,). A total of N cluster
delays are generated.
2. Sort delays in ascending order; t,, = sort(t, — min(zy,))
3. For LOS, adjust the delay sorting to 7595 = ;Tn

S
4. Generate cluster power P assuming a single slope exponential power delay profile:

P, 7,2 105"
= — . 10
n exp( " ro, )
. . p __Pn . pros_ _1 _
5. For LOS, adjust the cluster power P to: P, =S P, —KF+1Pn+6(n

KF

1
DPyos =——P,+6(n—1)

KF+1 KF+1'
6. If even cluster has M, rays, then the power of each ray within each cluster n is
P
expressed as M—”

n
7. Generate angle of arrival (AOA) using the inverse Gaussian function:

A ASA P,
AOA'= Pnson = 0.7Cas | In (max(Pn)>
8. For LOS and NALOS clusters:
O ron = {Xn(en,AOA + Yo + (pL(is,AOA ) NLOS
’ Xn®na0a + Yn — X1P1,004 — Y1 + PLos 0045 LOS

9. The AOA for ray n,m:

Pnma0a = Pnaoa + CASA. ap,
10. Generate angle of departure (AOD) using the inverse Gaussian function:

40D = B, 40p = -0 1( h )
T UmAOD T 0 7C s n max(P,)
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11. For LOS and NLOS clusters:
0 _ {Xnen,AOD + Yn + 0105400 >
n,A0OD ~

XnOna0p + Yn — X191,A0D = ¥1 + 610s,40D,
12. The AOD for ray n, m:

14.

Onmaop = Onaop + CASA. ay,
13. Generate Zenith angle of arrival (ZOA) and

R ZSA
Z0A = Ppz0a = T e
ES

For LOS and NLOS clusters:

Pn,zoa = {

Xn®Pn,zoa + Yn + Pzoa
Xn®Pnzoa + Yn — X1Pnzoa — Y1 + Pzoa

15. The ZOA for ray n, m:

17.

End

XnPnzop + Yn + Uoffset.zop T+ OLos,zops
9n,ZOD =

n

P

W(P,J)

(pn,m,ZOA = (pn,ZOA + CZSA. A
16. Generate Zenith angle of departure (ZOD) and
For LOS and NLOS clusters:

X0n0nz0a + Yn — X105,200 — Y1 + 0105200
18. The ZOD for ray n, m:

3
Onm,zop = Onzop + 3 104ZSD. a,,

19. Generate cross polarization power ratio (XPR) of each ray within a cluster as a lognormal
distribution:

Ky = 10%/10

NLOS
LOS

NLOS
LOS

NLOS
LOS

Where

T,, - IS the absolute delay of the nth cluster

7, — the standard deviation of delay distribution o4, OVer delay spread o, : 7, =
Cps, Cys, Cps — scaling factors relating to the number of clusters

CSE, — per-cluster shadow fading
K — F- Ricean K-factor

&(n) — dirac delta function or impulse response
ASA — RMS azimuth angle of spread of arrival

CASA — RMS azimuth angle of spread of arrival of each cluster

CZSA — RMS zenith angle of spread of arrival of each cluster
a,, — offset angles of mth ray

P, - average

¥, — Gaussian random variable with zero mean and a variance of ( . )

power

X,, — channel parameters (setto —1 or + 1)

X~N(u,0?)
U —mean
o? - variance

ASA\?

Odelays
(%4

All parameters are compiled together in Table 2 for simulation of channel coefficient for channel reconstruction.

Table 2. Parameter for Simulation of Channel Reconstruction

28

Parameter(s) Model Statistics Urban Microcell Environment
Street Canyon Urban High-Rise
Scenario Scenario
LOS NLOS LOS NLOS
Delay Spread (s) ] N/A 40.89 N/A 69.04
c N/A 5.76 N/A 20.63
AOD Spread (degrees) U N/A 3.36 N/A 3.77
c N/A 0.52 N/A 0.25
AOA Spread (degrees) 8 N/A 1.99 N/A 35
c N/A 0.96 N/A 0.12
Shadow Fading (dB) 8 36.26 56.24 36.26 56.25
(&)
K-factor (dB) 8] 9 N/A N/A N/A
° 2 N/A N/A N/A
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Cross-Correlation RMS ESD vs. RMS ASD N/A 0.05 N/A 0.34
RMS ESA vs. RMS ASD N/A -0.1 N/A 0.34
RMS ESD vs. RMS ASA N/A 0.17 N/A -0.25
RMS ESA vs. RMS ASA N/A 0.14 N/A -0.47
RMS ASD vs. RMS ASA N/A 0.37 N/A -0.8
RMS ESD vs. RMS ESA N/A 0.96 N/A 0.72
RMS DS vs. RMS ASA N/A 0.46 N/A -0.1
RMS DS vs. RMS ASD N/A 0.58 N/A 0.35
RMS DS vs. RMS ESA N/A -0.15 N/A 0.47
Delay Scaling Parameter 3 N/A 3 N/A
XPR (dB) 15 15 15 15
Number of Clusters 1 2 1 3
Number of rays per cluster 8 12 8 12
Cluster ASD 6 6 6 6
Cluster ASA 5.2 5.2 5.2 5.2
Per Cluster Shadowing Std 5 5 5 5
in (dB)
Correlation Distance (m) DS
ASD
ASA
SF
K 9 N/A N/A N/A

Results of various parameter values as shown in Table 3 which were derived from algorithms 1 and 2 were used in
algorithm three for simulation of channel coefficient for channel reconstruction.

Algorithm 3: Generation of Channel Coefficients

Input: Large scale parameters, small scale parameters
Output: Channel coefficients
Initialization:
Keep track of measured parameters.
While simulation scenario active do
1. Get the four polarization pairs of ray n.m (660, 8¢, 8, pp )
2. Generate channel coefficients for each cluster n and each receive and transmit element
u and s respectively.
3. Plot the channel coefficients of all clusters excluding the two strongest clusters
(N -2)

. .0
B IAN /Kn—rlnemnf’,’n
Hﬁ’é’%s(t T) _ Z [ rxue(ganOA (pnmAOA) g
Txu(p(eanOA (anAOA) |l ’K‘l ejq);’i,‘zn em;’iﬁt
nm

[th,s,e (en,m,ZOD, (pn,m,AOD)

e .,

th,s,(p (Qn,m,ZOD, (pn,m,AOD )

X e (]’27715 t (Trx,n,m (drxu +‘7rtx) +Trx,n,m(‘itx.s+vtgc))> 5 (T — Tpm )

4. Plot the channel coefficients of the two strongest clusters.

KF 9(9 Z0A, §0nmA0A) j%Los 0
HLOS t) = HNLOS t S -1 rxu nm, % e .
wsn (£) KF + 1 wsn ®+6(n ) KF+1 rxu¢(9anOA <pnmAOA) 0 eJfLos

th,s,e (gn,m,ZOD, (pn,m,AOD )]
th,s,(p (Hn,m,ZOD, (pn,m,AOD)
X e (JIZT[}L(;1 (Trx,LOS(&rx,u"'Vrtx)+Trx,LOS(atx.s+Vttx))>

End
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Where:

s - transmitting antenna element

u — receiving antenna element

H, s (t; T) — dynamic sub-channel from transmitting antenna to receiving antenna with channel parameters that
are time-varying.

N - number of clusters between transmitting antenna element and receiving antenna element

M,, — the number of rays in the n — th cluster

Fixs0 3 Fix,s,p — the elevation angle and azimuth radiation field pattern of transmitting antenna element, s.

Frxu6; Frxue —the elevation angle and azimuth radiation field pattern of receiving antenna element, u.

058, (?)fon, (D,‘ffn, (D,‘ff,’;l — the complex gains of the four polarization pairs of the m — th ray in cluster n.

00 — elevation-elevation polarization pairs

0¢ — elevation-azimuth polarization pairs

@6 — azimuth-elevation polarization pairs

@@ — azimuth-azimuth polarization pairs

the angle of arrival (AOA) of ray (n, m) containing elevation angle of arrival (EOA) (Brx,n,m) and azimuth angle
of arrival (A0A) (@rxnm)-

the angle of departure (AOD) of ray (n, m) containing elevation angle of departure (EOD) (8., ) and azimuth
angle of departure (AOD) (@ ¢xnm)

diy.s» Ay — the location vector of transmitting antenna element s and receiving antenna element u

Vnm — Doppler shift of ray n,m

Tn,m — Propagation delay of ray n,m

3. Results and Discussion

In this section, the dataset was used in modeling channel parameters, investigating their characteristics and
reconstructing.

3.1. RMS Delay Spread Distance Dependency Model

RMS DS increases linearly with distance in the RMS DS distance dependency plot for a distance up to 200 m. The
fact that the transmitted signal operates like a waveguide in a street canyon setting makes the aforementioned obvious.
The RMS DS distance dependency model is given by equation (17) RMS DS and path loss have also been found to
have a linear relationship as previously asserted in [42].

RMSDSsrectcanyon = 0.4d + 25.41 (17)

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

As illustrated in Figure 5 for the high-rise scenario, when the RMS delay spread simulation results are plotted
against building height, it can be seen that the RMS DS of some groups of small cells is rather consistent over a range
of height. The RMS DS, for instance, ranges from 60 to 90 nanoseconds for small cells 7 to 15 (7th to 15th floors) and
from 200 to 240 nanoseconds for small cells 16 to 23 (16th to 23rd floors). These are caused by the observation of
numerous clusters arriving at the same small cells at different times, with clusters 2 and 3's MPCs travelling longer
paths and experiencing larger arrival delay times. Reflections from the rooftops of low-rise buildings and high-rise
surroundings are the cause of the numerous arriving clusters. According to the fitted curve, the RMS DS rises as the
building's height does. As a result, equation 18 provides the high-rise RMS DS distance dependence model.

RMSDSyignrise = 0.61n2 — 6.99n + 100 (18)

where n is the building floor number (A floor is 3.5m height)

The authors of [25] among others investigated the RMS DS distance dependency where the generated RMS DS
plot per segmented area has a linear relationship with distance Similar results would have been obtained in this study
had the clusters been treated separately, but a fitted curve was utilized to connect through all clusters to demonstrate
how the delay spread grows with distance for the whole building. [32, 33] and [44]are other authors that have
contributed to the literature on RMS DS and distance relationships.
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Highrise RMS DS Distance dependency
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Fig. 5. RMS DS Distance Dependency Model for High-rise

3.2. RMS Delay Spread Model

A normal pdf distribution was obtained for the street canyon scenario. As seen in the distance dependency model,
the RMS DS for the high-rise has three clusters due to reflections from nearby high-rise and low-rise rooftops [45]
which are represented by three peaks. They are fitted by either a normal or a lognormal distribution. and are
independent of one another. Rather than the carrier frequency, it has been acknowledged that DS features heavily rely
on the signal bandwidth and the environment in which it propagates [46]. Using the distribution statistics, the street
canyon model is displayed in equation (19).

1 —(DS5-40.98)2

f(DS)Street =—e 66.36 (19)

14.44

The high-rise RMS DS distribution is model as follows: the distribution of the first arriving cluster is normal, but
that of the second and third arriving clusters is lognormal. Their models are provided as equations (20), (21) and (22)
using the statistics of the various distribution fits.

_(DSHR1 - 69.05)2

! 851.19 (20)

f(DS)Highrisel = s

where the RMS delay spread for the first incoming cluster is the RMS DS HR; in equation (20).

1 _(log19 DSyRy=539)

f(DS)HighriseZ = o€ 0.02 (21)

0.25DSHR2
where RMS DS HR; in equation (21) is the RMS delay spread for the second arriving cluster.

1 _(log19 DSyR3—5.95)

f(DS)Highrise3 = € 0.0079 (22)

0.16DSHR3

where RMS DS HR3in equation (22) represents the delay spread for the third arriving cluster.
3.3. RMS Angular Spread

Angular spread depicts the spatial distribution of the incident power in addition to the angle of arrival/departure of
the beams. Multipath components that arrive at a receiver from over-the-rooftop and in a high-rise propagation
environment typically have a higher elevation angle spread than MPC from corridor like (wave-guided) street canyons,
according to propagation measurement results [47]. To assist in assessing the possibilities of 3D MIMIO techniques like
3D beamforming and 3D sectorization, WINNER+ and the 3GPP-3D committees have been urged to incorporate
elevation parameters in their models and give precise 3D channel models.
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3.3.1. Street Canyon: Elevation Domain Angular Spread Distance Dependency

Regardless of the receiver's proximity to the BS, the WINNER+ standardized model assumes constant
elevation dispersion for each environment. According to the findings of this work, the elevation spread for both arrival
(ESA) and departure (ESD) rays decreases with distance from the BS for the street canyon scenario. The above is due to
elevation ray reflections on the ground which reduces as the small cells moves away from the BS. The ESA and ESD,
whose values are determined by how these angles interact, become smaller. The relationship between RMS ESA and
ESD distances follows an exponential curve, with models provided by equations (23) and (24).

() rmspsa = 41.35e7015% + 2.56e70-0025% 23)

f () rmsesp = 28.93e70108% 4 0.436¢00022% (24)
3.3.2. Street Canyon: Azimuth Domain Angular Spread Distance Dependency

The RMS ASA and RMS ASD values plotted against distance show a trend that the ground reflection angle theory
cannot account for as both parameters move in a zigzag manner as the distance increases. The above is because ASA
and ASD fluctuate in relation to changes in street structural design and physical outlay. A similar result was obtained by
the authors of [25] and [48].

3.3.3. High-rise: Elevation Domain Angular Spread Distance Dependency

The RMS ESA and RMS ESD values show a linear relationship when plotted against distance, with ESA and ESD
rising with building height. Equation (25) and equation (26) provide the distance dependency model for high-rise RMS
ESA and RMS ESD, respectively. Other authors [39,]40] have conducted measurement-based research in a similar
context where both recorded a linear relationship of ESA and ESD with height, though the author of [49] negative
linearity with distance because the ESA and ESD were plotted against the BS-receiver height disparities

f(d)RMSESA = _0.005d2 + 0.72d - 1.37 (25)

f(d)RMSESD = 1.59d - 4.90 (26)
3.3.4. High-rise: Azimuth Domain Angular Spread Distance Dependency

The RMS ASA and RMS ASD values plotted against distance reveal a negative linear connection, with ASA
declining with distance and ASD rising; the RMS ASA/ASD distance dependence models are provided by equations
(27) and (28).

f(X)rmsasa = —5.46x + 36.76 @7)

f(x)RMSASD = 1076X + 21.44 (28)
3.3.5. Angular Spread Modeling: Distribution of RMS ESA and RMS ESD

The RMS ESA and RMS ESD for the high-rise and Street Canyon scenarios follows a lognormal distribution
respectively. Equation (29) gives the generic model for both cases.

—(ing-w?

202 (29)

1

fo =96\/ﬁe

where 0 represents the elevation domain parameter, the inclusion of the distribution statistics (tgss Ugsp, Ogsa, and
ogsp) for each RMS ESA or RMS ESD in the equation for the respective scenario will make the model specific to it.

3.3.6. Angular Spread Modeling: Distribution of RMS ASA and RMS ASD

The RMS ASA/ASD angular spread in the azimuth domain for the high-rise and street canyon datasets continues
to have a lognormal distribution. In both cases, the generic model is given by equation (30).

- —12
1 (np—w)

fo= o " (30)

where ¢ represents the azimuth domain parameter, including the distribution statistics (Usa, Hasp: Tasa, @Nd g4sp) for
each angular spread in the equation will make the model specific. Tables 3 is the obtained angular spread statistics for
high-rise and street canyon scenarios.
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Table 3. Angular Spread Statistics for High-rise and Street Canyon scenarios

High-rise Street Canyon

AS K o K c
RMS ASA 3.50 0.12 1.40 0.20
RMS ESA 2.45 0.20 0.60 0.16
RMS ASD 3.77 0.25 0.40 0.37
RMS ESD 3.37 0.08 0.40 0.20

3.4. 3D Channel Model of Lagos Island Reconstructed

The magnitude of the channel impulse response is plotted in figure 6 for Street Canyon LOS while other scenarios
are similar with slight differences. The received waveform spectrum is plotted in figure 7 for the Street canyon LON
scenario while other scenarios are similar with slight differences. Equations (31) and (32) represent the 3D model for

the Street Canyon LOS and NLOS scenarios respectively, while equations (33) and (34) represent the 3D model for the
High-rise LOS and NLOS scenarios respectively.
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Fig. 6. Channel characteristics for Street Canyon LOS scenario
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Fig. 7. Received waveform spectrum for Street Canyon LOS scenario
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3.4.1. Street Canyon Line of Sight 3D model
0.513.36

LOS _ NLOS _ _024199T ejQ)LOS 0 -
HEDS ercanyon(t) = 0.3162HYL95 () + 6(n — 1)0.9486 | 3309 6] X170 oo x| Lrn0ty (31)
3.4.2. Street Canyon Non-line of Sight 3D Model
. . B
NLOS oy [PacMn [-0.241.9917[ /% 0.33e/%m| _[—0.513.36
Hihconon D) = (I [ 53096 | g gppmtt,  orots || 123052 )
3.4.3. High-rise Line of Sight 3D Model
L0S _ NLOS B 2.453.501" [efwws 0 ] 3.273.77
HYOS cignise (£) = 0.58HNLOS(£) + 8(n — 1)0.82 0'200.12] S S X[0.220.25 (33)
3.4.4. High-rise Non-line of Sight 3D Model
. . Op
NLOS oy _ [Paymn [2453.501" [ e/%m  0.707¢/%m|  [3.273.77
Horbansignrise (6T) = [37 Zm=a 0.200.12] 0.707¢/%m  eI%m X[0-220-25 9

4. Conclusion

A ray tracing-based mmWave channel investigation has been conducted in a metropolitan city for cellular canyon
and high-rise propagation scenarios. The rms delay spread, rms azimuth spread of arrival, rms elevation spread of
arrival, elevation domain angular spread, azimuth domain angular spread were investigated relative to the canyon and
high rise setting and relevant models were postulated. A consequent 3D channel state information was reconstructed
following an algorithmic outline based on the findings in this work. The results provide an opportunity to adapt the
transmitted signal to the CSI and thereby optimize the received signal for spatial multiplexing or to achieve low bit error
rates in wireless communication.
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