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Abstract—To design a reliable communication system utilizing
millimeter-wave (mm-wave) technology, which is gaining popu-
larity due to its ability to deliver multi-gigabit-per-second data
rate, it’s essential to consider the site-specific nature of the mm-
wave propagation. Conventional site-general stochastic channel
models are often unsatisfactory for accurately reproducing the
channel responses under specific usage scenarios or environ-
ments. For high-precision channel simulation that reflects site-
specific characteristics, this paper proposes a channel model
framework leveraging a widely accepted 3GPP map-based hybrid
channel modeling approach, and it provides a detailed recipe
to apply it to an actual scenario using some examples. First,
an extensive measurement campaign was conducted in typical
urban macro and micro cellular environments using an in-
house dual-band (24/60 GHz) double-directional channel sounder.
Subsequently, the mm-wave channel behavior was characterized,
focusing on the difference between the two frequencies. Then, the
site-specific large-scale and small-scale channel properties were
parameterized. As an essential component for improving predic-
tion accuracy, this paper proposes an exponential decay model
for power delay characteristics of non-line-of-sight clusters, of
which deterministic prediction tools significantly overestimate
powers. Finally, using the in-house channel model simulator (CP-
SQDSIM) developed for grid-wise channel data (PathGridData)
generation, a significant improvement in prediction accuracy
compared with the existing 3GPP map-based channel model was
demonstrated.

Index Terms—millimeter wave (mm-wave), 5G mobile commu-
nication, hybrid channel model, outdoor urban radio channels,
channel model simulator, wireless emulator

I. INTRODUCTION

W ITH a projected 50 billion devices worldwide by 2030,

communication between them is more prevalent than

ever. This surge in traffic volume leads to spectral efficiency

degradation and frequency spectrum congestion, and mutual

interference is predicted to become even more severe. There-

fore, to address these challenges and meet the ever-increasing

demand for improving data rates as well as personalized

experiences concerning quality-of-services (QoS), utilizing the

millimeter-wave (mm-wave) band is indispensable. The new

radio access technology (RAT) using mm-wave bands (24—

71 GHz has been identified for IMT frequencies in WRC-
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19) can provide enormous bandwidth, low latency, and ultra-

high data rate in the range of Gbps, which makes mm-wave

technology suitable for a variety of advanced services and

future applications. However, while mm-wave bands offer var-

ious advantages mentioned above, the current fifth-generation

(5G) technology is still struggling to utilize them entirely

due to their unique propagation characteristics, which differ

significantly from those of low-frequency bands [1].

The development of accurate channel models reflecting

diverse effects of specific usage scenarios or environments

requires the collection of a large amount of measurement

data in various scenarios and frequencies. To date, numerous

research groups and organizations worldwide have undertaken

campaigns to measure radio characteristics across a wide range

of mm-wave bands and in different scenarios. For example, ex-

tensive propagation measurements in both outdoor and indoor

urban environments at various frequencies, including 28 GHz,

38 GHz, 60 GHz, and 73 GHz, were conducted [1]–[3], and

mm-wave propagation channel characteristics in urban scenar-

ios at 28 GHz were investigated [4], [5]. Many other groups

[6]–[8] are similarly involved in measurement campaigns

investigating mm-wave propagation channel characteristics in

various scenarios and channel parameters for new wireless

communication technologies such as beamforming, massive

MIMO, etc.; these efforts contribute to developing a suitable

channel model for 5G or beyond wireless communication

systems [9]–[13]. However, further study, such as site-specific

behavior and frequency-dependent characteristics, should be

explored to make full use of the mm-wave bands.

Again, the utilization of mm-wave bands can realize a

significantly higher data rate owing to its abundant unexploited

bandwidth. However, the coverage area of these bands is

usually limited due to the extremely large propagation loss

[14], [15]. Furthermore, the propagation characteristics in mm-

wave bands are highly dependent on the environment, and the

communication link easily gets blocked by small obstacles,

such as trees, cars, signboards, etc, in the street. In addition,

the mm-wave signal gets diffused through scattering by a

very tiny object or rough surfaces of a large object [14]–

[16]. Consequently, existing channel models designed for low-

frequency bands cannot satisfactorily predict the propagation

channel’s behavior with high precision for the mm-wave

bands. Therefore, it is crucial to develop a more suitable

channel model for mm-wave new RATs [17], considering

a balanced approach between the computational complexity
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and the prediction accuracy. Additionally, a simulation tool is

necessary for system verification and evaluation.

In recent years, various organizations and research com-

munities have developed different approaches for designing

and simulating channel models for cellular networks and local

area networks (LANs). Some widely accepted channel models

are 3GPP [18], [19], WINNER [20], COST2100 [21], METIS

[22], QuaDRiGa [23], NYUSIM [12], and MiWEBA [24],

[25]. Although these channel modeling approaches have their

own standards that emphasize their priorities and unique-

ness, they sometimes coincide with other methods. How-

ever, the channel models can broadly be categorized into

stochastic, deterministic, and hybrid channel models. The

stochastic channel model approach, the so-called geometry-

based stochastic channel model (GSCM), such as WINNER,

3GPP, COST2100, and so forth, has been widely accepted for

conventional wireless communication systems due to its ease

of implementation. However, it cannot provide high-precision

reproducibility capturing the effects of specific usage scenarios

or environments in mm-wave new RATs [3]. Meanwhile,

the deterministic channel model approach, such as a ray

tracing (RT) based modeling, utilizes a delicate or simplified

3D geometric description of the propagation environment to

produce channel responses in a specific environment [26]–

[29]. Although these approaches are promising for accurate

site-specific predictions, they are not always convenient due

to their computational complexity and limited accuracy when

obtaining complex microscopic interactions for a large-scale

propagation area [11], [30]–[32].

To compensate for the weaknesses of stochastic and deter-

ministic channel models, a combination of both descriptions,

so-called hybrid channel models, have also been developed to

simplify the modeling of complex scattered multipaths while

preserving accuracy in environment-specific paths by specular

reflections. This allows for incorporating deterministic com-

ponents induced by significantly large environmental objects

such as ground, trees, and building walls, as well as non-

deterministic components originating from random, uncom-

mon, and small indoor or outdoor objects whose positions are

difficult to predict. Some well-known hybrid channel models

are QuaDRiGa [33], 3GPP map-based model [19], and Q-

D channel model [34], [35]. In these models, obtaining the

deterministic components using the ray tracing method is

straightforward, but incorporating the attenuation caused by

diffuse scattering in mm-wave propagation into the channel

model is challenging. To address this issue, the ray tracing

calibration method is proposed to incorporate various types

of diffuse scattering models in ray tracing calculation [36].

However, this kind of approach can not be very practical

due to the difficulty of the complicated setup of the model.

In [36], ray tracing results are compensated with object-

specific diffuse scattering models against individual rays by

distinguishing surface materials of the 3D model and setting

scattering parameters for each material. However, it is not

practical due to the difficulty of the complicated setup in the

model of a macro environment. Therefore, this paper suggests

a calibration method using an exponential decay model for

power delay characteristics of non-line-of-sight (NLoS) clus-

ters, which is a novel and feasible idea to incorporate the non-

negligible effects of diffuse scattering into the deterministic

components to improve the accuracy.

Before implementing a new wireless communication sys-

tem, it is essential to thoroughly analyze the site-specific

propagation behaviors and assess its link-level and system-

level performances. However, conducting large-scale system

verification with advanced radio equipment and wireless tech-

nology by deploying hundreds of wireless devices in the

target area can be time-consuming and expensive. Further-

more, this approach may not ensure reproducibility due to

possible changes in environment and condition, rendering it

impractical. Thus, it is crucial to develop a high-precision

radio wave simulator/emulator that can accurately estimate and

verify new radio propagation behaviors, which significantly

reduces the time and costs associated with the process while

allowing for variations in scenarios, network layouts, and other

required specifications [37]. Therefore, this study considers a

hybrid channel model with site-specific channel representation

(SSCR) exploiting geometric information of specific environ-

ments, such as 2D maps and 3D CAD data for high-precision

channel simulation.

A. Contributions

As described above, this paper proposes a Q-D channel

model framework for high-precision channel simulation re-

flecting site-specific characteristics, leveraging a widely ac-

cepted 3GPP map-based hybrid channel modeling approach.

Specifically, to improve prediction accuracy, a calibration

method of deterministic components is proposed. It also pro-

vides a detailed recipe for applying it to an actual scenario.

The paper’s primary contributions are described as follows:

• An extensive double-directional (D-D) channel measure-

ment campaign in typical urban cellular environments

(urban macrocell (UMa) and microcell (UMi)) at two

different carrier frequencies (24 and 60 GHz) using an

in-house channel sounder was conducted. Most of the

existing multi-frequency measurements were sequentially

conducted at a single frequency, and dual-frequency

simultaneous measurements are scarce. Joint clustering

with composite datasets of 24 and 60 GHz, which can

extract common clusters existing at both frequencies, en-

ables the characterization of the cluster-level frequency-

dependent behavior. From the measurement data, the

site-specific channel parameters, such as large-scale pa-

rameters (LSPs) and small-scale parameters (SSPs), are

extracted.

• A measurement-based exponential decay model for the

power delay characteristics of non-line-of-sight (NLoS)

clusters is proposed, which is essential for improving

prediction accuracy. In ray tracing simulation, the powers

of the NLoS clusters are significantly overestimated due

to a lack of consideration of actually existing addi-

tional interaction losses caused by shadowing by small

objects or diffuse scattering, which is impractical to

handle deterministically. However, the proposed model

can provide an efficient calibration tool for the ray-tracing
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Fig. 1. Quasi-Deterministic (Q-D) channel model concept.

results, which is incorporated into the channel model to

reproduce site-specific mm-wave channel characteristics

more accurately.

• A high-precision site-specific channel model frameworkis

developed. In this framework, deterministic paths gen-

erated by ray tracing results calibrated by using the

above-mentioned proposed method and random paths

generated by measured site-specific statistical parameters

of LSPs and SSPs are combined to produce accurate

channel responses. The spatial consistency procedure in

the 3GPP model is also applied using the measured site-

specific correlation distances [38]. Furthermore, an in-

house channel model simulator, called CPSQDSIM, was

developed for grid-wise channel data (so-called Path-

GridData) generation. It can efficiently and accurately

produce radio wave behaviors for any specific targeted

environment.

• The proposed channel model was validated using the

measured data in two different environments at carrier

frequencies of 24 and 60 GHz. A comparison of the

statistical characteristics of the proposed channel model

with the existing 3GPP map-based channel model demon-

strates a substantial improvement of the proposed model

in accuracy.

B. Organisation

The subsequent parts of this paper are organized as fol-

lows: Section II provides a comprehensive description of

the site-specific channel modeling concept and the method-

ology involved. Additionally, this section describes the chan-

nel sounder utilized during the measurement campaigns, its

specifications, and the other system parameters. Section III

covers the post-processing and channel characterization re-

sults. Section IV focuses on extracting channel parameters

and introduces the recipe parameters to reflect site-specific

characteristics, followed by Section V to describe the exten-

sion of the 3GPP map-based model. Section VI presents the

channel model simulator, CPSQDSIM, and the implementation

of the spatial consistency procedure. Additionally, this section

presents some simulation results that intuitively demonstrate

the performance of the proposed model. Finally, Section VII

concludes the paper.

Area2 (UMi)

Area1 (UMa)

Physical space Cyber space

Fig. 2. Evaluation models: Area1 (UMa) and Area2 (UMi).

(a) Area1 (UMa) (b) Area2 (UMi)

Fig. 3. Measurement setup of each evaluation area.

II. METHODOLOGY

A. Site-Specific Channel Modeling Concept

This paper considers a Q-D channel model for the SSCR

as illustrated in Fig. 1. Here, dominant paths are generated

deterministically by simplified ray tracing in the first step.

Then, the second step creates the centroids of the random

clusters stochastically for the resulting channel responses to

have the measured site-specific inter-cluster properties (LSPs).

In the third step, the complete shape of the clusters is de-

termined by applying the power spread stochastically, where

some multipath components (MPCs) are added around each

path or cluster centroid in delay and angle domains to have

the measured site-specific intra-cluster properties (SSPs).

In this approach, the site-specific propagation properties in a

specific environment can be well represented. Advantageously,

the deterministic clusters obtained by ray tracing are inherently

spatially consistent because the evolution of angles and delays

are calculated based on the geometry of the environment.

Further, the channel model also generates spatially consistent

random clusters following the 3GPP spatial consistency pro-

cedure with measured site-specific correlation distance [38].
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(a) Transmitter circuit (b) Receiver circuit

Fig. 4. Mm-wave dual-band (24/60 GHz) double-directional channel sounder configuration.

B. Evaluation Model Environments and Measurement Cam-

paign

We aim to develop a radio channel simulation technique

for a cyber-physical system (CPS) wireless emulator that

reproduces a communication environment in a virtual space

and simulates the site-specific radio propagation channels with

high precision, significantly reducing the need for extensive

field testing of wireless devices in real physical space [37]. In

this study, the channel models are developed for two evaluation

model environments in typical urban areas of Yokohama,

Kanagawa, Japan: a UMa scenario around a railway station,

JR Kannai (Area1), and a UMi scenario near a shopping

mall, Yokohama World Porters (Area2) as shown in Fig. 2.

The channel measurement campaigns were conducted in the

same environments. Aerial maps of these areas, indicating the

measurement points, are shown in Fig. 3.

Area1 (UMa) involved taking measurements at 49 different

points on the sidewalk as marked in Fig. 3(a) [16], [39]. The

transmitter (Tx) as a base station (BS) was installed on an

eight-story building roof (BS antenna height: 31.0 m), and

the receiver (Rx) as a mobile station (MS) was placed at

each marked point (MS antenna height: 1.5 m). The distance

between the BS and MS antennas varied from 40 to 350 m. In

Area2 (UMi), measurements were taken at 25 different points

on the sidewalk, as shown in Fig. 3(b) [39]. The BS antenna

was mounted at 3.0 meters from the ground on the sidewalk,

and the MS at each marked point had an antenna height of

1.5 meters. In Fig. 3(b), the measurement points from WP9 to

WP23 are closely located for spatial consistency measurement

[38]. The distances between the BS and MS antennas ranged

from 27 to 105 m. Note that the measurement data may be

subject to some influence from nearby vehicles and pedestrians

at the MS locations.

C. Channel Sounding

Fig. 4 shows the in-house 24/60 GHz dual-band D-D chan-

nel sounder used in this study [39], [40]. The measurement

system comprises dual-band radio frequency (RF) heads and

baseband (BB) processing units. Here, the dual-band RF

heads include commercial off-the-shelf (COTS)-phased array

TABLE I
SYSTEM PARAMETERS.

Parameters 24 GHz band 60 GHz band

Carrier frequency 24.15 GHz 58.32 GHz

Signal bandwidth 200 MHz 400 MHz

Sounding signal
Multitone Multitone

(N = 512) (N = 1, 024)

FFT points, Nf 2, 048 2, 048

Sampling rates 800 Msps 800 Msps

Delay resolution 5.0 ns 2.5 ns

Delay span 2.56 µs 2.56 µs

EIRP 32 dBm 41 dBm

HPBW
Az : 15◦

El: 45◦

Az: 6◦

El @ Tx: 45◦

El @ Rx: 18◦

Polarization Vertical Vertical

antenna beamforming transceivers (EVK02001 for 24 GHz

and EVK06002 for 60 GHz, SIVERS IMA [41]). An RF

head consists of four phased array antennas with 90◦ azimuth

coverage directing toward −135◦, −45◦, +45◦, and +135◦ for

a full azimuth angle sweep. Stacking the 24 GHz RF heads on

the 60 GHz RF heads and employing a dual 4×4 MIMO time

division multiplexing (TDM) scheme realizes the simultaneous

measurement of 32 channels (16 for 60 GHz and 16 for 24

GHz, respectively) [39], [40].

The 60 GHz transceiver circuit consists of a 16-element

uniform linear array (ULA), whereas the 24 GHz transceiver

circuit consists of a 2-by-8-element uniform planar array

(UPA). Both transceivers synthesize narrow beam patterns,

approximately 6◦ and 15◦ in the range of ±45◦ in the azimuth

plane. Considering the beam’s half-power beamwidth (HPBW)

and beam patterns, a 90◦ azimuth angle sweep was achieved by

using five beams for each Tx and Rx array at 24 GHz, whereas

11 beams for each Tx array and 12 beams for each Rx array

at 60 GHz. Using four antenna arrays can achieve a 360◦ full

azimuth angle sweep. The Tx power is approximately 32 and

41 dBm in terms of equivalent isotropic radiated power (EIRP)

for 24 and 60 GHz, respectively. The system parameters in

each frequency band are presented in TABLE I. The channel-
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sounding system is elaborated in the authors’ previous works

[39], [40].

III. MM-WAVE DUAL-BAND CHANNEL

CHARACTERIZATION

This section presents the mm-wave channel characteristics

at two different frequencies obtained in the measurement

campaigns conducted in the evaluation model environments

[16], [38], [39] described above.

A. Post-Processing

1) Multipath component (MPC) and cluster extraction: In

the measurements, band-limited, D-D angle resolved chan-

nel transfer functions (DDCTF) denoted by Hk,nT,nR
were

obtained. The D-D angle resolved channel impulse response

(DDCIR) can be obtained by applying the Inverse Fourier

Transform of the DDCTF as follows:

h(τ̌ , φ̌T, φ̌R) = F−1{H(f̌ , φ̌T, φ̌R)}, (1)

where the delay tap is represented by τ̌ ∈ {n∆τ |n =
0, ..., N − 1}, where ∆τ = 1/W , with N and W being the

number of frequency tones and the bandwidth of the sounding

signal (multitone), respectively. The frequency bin (tone or

sub-carrier) is denoted by f̌ ∈ {k∆f |k = 0, ..., N − 1},

where ∆f = W/N . The transmitting and receiving pointing

angles are represented by φ̌T ∈ {nT∆φT
|nT = 0, ..., NT−1}

and φ̌R ∈ {nR∆φR
|nR = 0, ..., NR − 1}, respectively. Here,

∆φT
and ∆φR

indicate the scanning intervals of the Tx and

Rx beams. Then, the D-D angular delay power spectrum

(DDADPS) is obtained as

P (τ̌ , φ̌T, φ̌R) = E
{

|h(τ̌ , φ̌T, φ̌R)|2
}

, (2)

where E represents the expectation operator. After noise-

filtering the DDADPS, the omnidirectional power delay profile

(PDP), and the angular power spectrum (APS) are synthesized

to get a visual representation of the power distribution of the

delay and angular domains as

PDP(τ̌) =
∑

φ̌T,φ̌R

P (τ̌ , φ̌T, φ̌R), (3)

APS(φ̌x) =
∑

τ̌ ,φ̌y

P (τ̌ , φ̌T, φ̌R), (4)

where x ∈ {T,R} and y ∈ {T,R}\x.

In addition, the MPCs were extracted using the in-house

Sub-grid CLEAN algorithm [16], [40], [42], which is a

successive interference cancellation (SIC) method to obtain

multipath parameters by sequentially subtracting an image

of an MPC from the DDADPS in the order of the power

magnitude. The replica is created from the continuous function

of the beam pattern and the signal autocorrelation function

[43]. In this study, the angular and delay resolutions of the

Sub-grid CLEAN algorithm were set by 0.1◦ and 0.01 ns,

respectively. Then, clustering was applied to the extracted

MPCs to divide them into several groups with similar angle

and delay parameters. Grouping MPCs based on similar angle

and delay parameters, namely clustering, helps to identify sets

Scale factor

20 log10
58.34

24.15
= 7.7 dB

Fig. 5. Extraction of common and uncommon clusters at 24 and 60 GHz.

of scattered waves that likely originate from the same physical

objects or interactions in the environment. This approach

provides a more realistic and physically meaningful model of

the wireless channel. The clustering was performed on the

composite datasets of the MPCs obtained at each frequency

shown in Fig. 5. Here, to adjust for the increased propagation

loss caused by the frequency difference, the power of each

60 GHz MPC was up-scaled by 20 log10(58.32/24.15) =
7.66 [dB]. Once clustering was completed, the clustered MPCs

were separated back into their respective frequency datasets,

and the power of each 60 GHz MPC was down-scaled back to

its original value. This approach allowed for the identification

of common clusters at both frequencies as well as uncommon

(unique) clusters at either frequency. Here, we utilized the

K-PowerMeans algorithm for clustering, with the number of

clusters, K, manually determined by visual inspection to

preserve the physical meaning of the results.

B. Observation of Frequency Dependence in Scattering Pro-

cesses

As described above, the common clusters obtained by

using two different datasets simultaneously measured at two

different carrier frequencies (24 and 60 GHz) enabled some in-

teresting observations on the cluster-level frequency-dependent

behavior. Fig. 6 shows the omnidirectional PDPs obtained at

NW7 of Area1 and WP17 of Area2 in as examples. Here, the

cutoff level for noise-filtering for the 60 GHz band was set by

the value of 7.66 dB (as much as the additional propagation

loss) lower than that for the 24 GHz band to maintain the same

detection range. The results of NW7 show 13 and 5 clusters

in the 24 and 60 GHz bands, respectively, with five common

clusters, and those of WP17 show 27 and 21 clusters in the

24 and 60 GHz bands, respectively, with 18 common clusters.

Note that all the clusters in the 60 GHz band also exist in the

24 GHz band in NW7, but this is not always the case like in

WP17. It is seen in NW7 that several clusters with long delays

exist in the 24 GHz band, whereas in the 60 GHz band, most

of the clusters have short delays. That is because the clusters
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Total: 13 clusters

Common: 5

Uncommon: 8

(a) NW7@24 GHz (Area1).

Total: 5 clusters

Common: 5

Uncommon: 0

(b) NW7@60 GHz (Area1).

Total: 27 clusters

Common: 18 

Uncommon: 9

(c) WP17@24 GHz (Area2).

Total: 21 clusters

Common: 18 

Uncommon: 3

(d) WP17@60 GHz (Area2).

Fig. 6. Comparison of PDPs obtained at two different frequencies in two different environments. FSPG denotes free space path gain.

TABLE II
CHARACTERISTICS OF COMMON CLUSTERS (UNIT: DB).

CL# Interaction 24 GHz 60 GHz Diff. Excess loss

N
W
7

#1, #4 LoS −108.7 −124.3 15.7 8.0

#2 wall (SB) −115.5 −135.9 20.4 12.7

#3 signboard −126.2 −134.3 8.1 0.4

#7 walls (DB) −131.1 −145.1 14.0 6.3

W
P
1
7

#1 LoS −92.7 −103.0 10.3 2.6

#3 traffic light −107.2 −131.3 24.1 16.4

#4 wall (SB) −111.4 −131.5 20.1 12.4

#6 signboard −112.9 −132.3 19.4 11.7

#7 wall (SB) −112.9 −124.2 11.3 3.6

with long propagation distances are not observed in the 60

GHz band due to significant propagation loss. As can be seen

from Fig. 6(b), there is only one cluster of #7 in the 60 GHz

band with a longer delay than #3 due to significant attenuation,

which is a significant difference from the 24 GHz band shown

in Fig. 6(a). In WP17, two PDPs in Fig. 6(c) and 6(d) show

similar delay distribution, but the powers of the NLoS clusters

at 60 GHz significantly decreased due to additional interaction

loss as in NW7.

We further investigated scattering processes from the clus-

tering results to understand the frequency dependence of the

two frequency bands. TABLE II lists some selected common

clusters with the path gains, the power difference between

the two frequencies, and the excess loss. The excess loss is

obtained by subtracting 7.66 [dB] from the power difference.

Regarding NW7, the power differences are greater than the

additional propagation loss of 7.66 dB except #3. From the

results, the interaction loss in the 60 GHz band is significantly

greater than in the 24 GHz band. A similar trend is observed

in WP17. It was also seen that the powers of NLoS clusters are

significantly attenuated due to significant interaction loss by

various shapes of small objects and various surface conditions

of large scatterers.

C. Channel Characterization

This section provides some statistical analysis to explore

more overall trends behind the measurement data.

1) Cluster Power: Fig. 7(a) depicts the cumulative distribu-

tion function (CDF) of the total cluster power, excluding the

LoS power at each Rx point. Here, the values of Area1 (UMa)

were adjusted by the beam pattern in the vertical plane relative

to the Rx position. The average value of each frequency in the

UMa scenario is −124.34 dB at 24 GHz and −115.06 dB at
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60 GHz. This results in a power difference of 9.28 dB, which

is 1.62 dB higher than the additional free space propagation

loss (FSPL) of 7.66 dB, on average. In contrast, Area2 (UMi)

exhibits an average values of −87.18 dB and −99.27 dB at 24

and 60 GHz, respectively. This results in a power difference of

12.09 dB, which is 4.43 dB greater than the additional FSPL.

This might be because of the more significant interaction loss

and oxygen absorption loss in the 60 GHz band.

2) Cluster Power Difference: The CDF of the power differ-

ence between two frequencies for each common cluster across

all Rx points is presented in Fig. 7(b). The results indicate that

the power difference of the LoS cluster roughly equals the

additional FSPL (indicated by the dashed line). However, the

power of the LoS cluster is subject to fluctuations due to fading

due to interference from ground reflection and possible local

scattering. In Area2 (UMi), specific points, particularly near

the intersection, may partially block the first Fresnel zone by

pedestrians or traffic signs and lights. The power difference

distribution of the NLoS clusters is widely spread, ranging

from negative to large positive values. These negative values

indicate that the power is more significant in the 60 GHz

band, possibly due to some interacting objects, such as curved

walls and small objects around the MS. However, further

investigation is needed to understand the underlying reasons.

One observation for the power difference in common clusters

is that it varies significantly depending on the geometry of the

scatterer and the position of Tx and Rx.

3) Cluster Relative Delay: Fig. 7(c) represents the relative

delay of the clusters with respect to the LoS delay. In Area1

(UMa), the common clusters exhibit a mean relative delay of

around 66 ns, implying shorter delays. The uncommon clusters

at 24 GHz exhibit similar delays to those at 60 GHz in a short

delay regime of about 370 ns, with the probability increasing

as the delay increases. This is due to the attenuation in the 24

GHz band being less than that in the 60 GHz band, leading

to having long propagation paths through multiple bounce

reflections by several buildings far from the Rx. The trend

in the distribution of common and uncommon clusters is also

similar in Area2 (UMi). Moreover, Area2 had more arrival

paths from scatterers far from Rx, leading to a more significant

relative delay than in Area1 (UMa), which is only surrounded

by scatterers nearby Rx.

4) Cluster Number: Fig. 8 presents the number of clusters

at each Rx point as a function of the Tx-Rx separation

distance, along with a linear regression model obtained by

the least squares method for each frequency. Both Fig. 8(a)

and Fig. 8(b) indicate that the number of clusters is higher

in the 24 GHz band compared to the 60 GHz band. Again,

this is because the 60 GHz band experiences significantly

higher interaction losses. The slope of the regression line is

negative for all environments and frequencies, indicating that

the number of clusters decreases as distance increases.

IV. SITE-SPECIFIC MODEL PARAMETER EXTRACTION

In this section, we describe the calculation method for

extracting channel parameters and the results. In the site-

specific channel model developed in this study, the channel

parameters consist of LSPs and SSPs. The LSPs represent

the spatiotemporal power spread of clusters, while the SSPs

represent the spatiotemporal power spread of MPCs within

a cluster. In the 3GPP map-based model, these parameters

are defined as site-general parameters for typical categorized

scenarios, such as urban and suburban areas, which are in-

sufficient for accurately reproducing the channel responses

under specific usage scenarios or environments. Therefore,

this study replaces several important parameters among those

defined as LSPs and SSPs in the 3GPP map-based model with

the measured values, thereby deriving site-specific channel

parameters. Furthermore, this section also introduces a specific

set of parameters called Recipe Parameters (RPs), which are

proposed to enhance the accuracy of the proposed model.

A. Large-Scale Parameters (LSPs)

According to the calculation method defined in the 3GPP

model [19], the delay spread (DS) is calculated as

DS =

√

∑

τ̌ (τ̌ − µτ )PDP(τ̌)
∑

τ̌ PDP(τ̌)
(5)

where PDP(τ̌) denotes the omnidirectional PDP obtained in

(3), and the delay mean µτ is calculated as

µτ =

∑

τ̌ τ̌PDP(τ̌)
∑

τ̌ PDP(τ̌)
. (6)

Next, the azimuth spread of departure (ASD) is calculated as

ASD =

√

√

√

√−2 ln

(∣

∣

∣

∣

∣

∑

φ̌T
exp (jφ̌T)APST(φ̌T)
∑

φ̌T
APST(φ̌T)

∣

∣

∣

∣

∣

)

(7)

where APST denotes the azimuth power spectrum (APS) at

Tx, and is obtained in (4). The azimuth spread of arrival (ASA)

can be calculated in the same way. The K-factor (K) is derived

from the power ratio between the LoS path and the NLoS

clusters. It is calculated as

K [dB] = PLoS − 10 log10





NNLoS

∑

j=1

10(P
NLoS

j /10)



 (8)

where PLoS and PNLoS
j denote the path gains of the LoS

path and NLoS clusters in dB. Additionally, j is the index of

scattering clusters, taking values from 1 to NNLoS. The delay

scaling factor, rτ , is a parameter that characterizes the power

decay amount with respect to cluster delay employed in the

3GPP model. It is defined as the ratio of the average delay of

NLoS clusters to DS as

rτ =
τ

DS
(9)

where τ is the relative delay mean of NLoS clusters obtained

as

τ =
1

NNLoS

NNLoS

∑

j=1

(τj −min (τj)) , (10)

and τj denotes the absolute delay of the jth NLoS cluster.

Fig. 9 shows the CDFs of the LSPs obtained from the

measured data in Area1 (UMa) and Area2 (UMi) scenarios,
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Fig. 8. Cluster numbers vs. distance.

where Figs. 9(a)–9(c) are the CDFs for the 24 GHz band,

and Figs. 9(d)–9(f) are those for the 60 GHz band. Each

figure in Fig. 9 also included those of the 3GPP model for

UMa and UMi scenarios as references. The distributions for

DS in UMi and ASD in UMa, as shown in Fig. 9(d) and

Fig. 9(e), respectively, are close to the reference distribution,

while other parameters are significantly different from each

other. This discrepancy is due to the significant impact of the

surrounding environment on the propagation characteristics.

From the above, it’s essential to use site-specific parameters

to make the channel model more adaptable to the specific

environment.

Table III presents the extracted LSPs. As per the table, it

is evident that although the 3GPP model suggests identical

mean values of the Rician K factor for all scenarios and

frequencies, the measured Rician K factor values may vary

significantly for different scenarios and frequencies. Notably,

the mean values of the Rician K factor at 60 GHz are higher

in both environments, indicating more significant attenuation

of the NLoS clusters.

B. Small-Scale Parameters (SSPs)

The intra-cluster DS (cDS) and intra-cluster ASD/ASA

(cASD/ASA) are calculated as small-scale parameters, which

were derived from the individual MPCs within each cluster as

cDS =

√

√

√

√

∑Mn

m=1
(τm − µτ )2Pm
∑Mn

m=1
Pm

, (11)

cASD/ASA =

√

√

√

√−2 ln

(

∑Mn

m=1
exp (jφm)Pm

∑Mn

m=1
Pm

)

, (12)

where τm, φm, and Pm represent the delay time, depar-

ture/arrival angle (AoD or AoA), and path gain of the mth

MPC, respectively, while Mn indicates the total number of

MPCs belonging to the nth cluster.

The calculated SSPs are also presented in Table III. It is

noteworthy that the 60 GHz band yields smaller SSP values

compared to the 24 GHz band due to increased attenuation and

decreased power dispersion at higher frequencies. Addition-

ally, the measured data for cASD and cASA in both scenarios

and frequencies exhibit larger values than those proposed in

the 3GPP model, implying that some environmental factors

may have contributed to the increased variation.

C. Recipe Parameters

In the 3GPP map-based model, deterministic clusters are

generated by ray tracing. For simulation in urban environments

that extend from hundreds of meters to several kilometers,

a 3D model—predominantly consisting of homogeneous ma-

terials such as concrete and glass, with a simplified struc-

ture—is used. Section IV-A highlighted a significant point,

namely, that the surrounding environment heavily influences

the characteristics of NLoS clusters observed in the mm-

wave bands. The deterministic clusters in the channel model,

which are calculated on the simplified 3D model, often

lead to significant differences from the measured channel

responses. For a more realistic and accurate representation of
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Fig. 9. Comparison between the CDFs of the LSPs obtained from the 3GPP model and the actual measured data, where ‘Meas UMa’ and ‘Meas UMi’ in
the legend denote the results obtained in Area1 and Area2, respectively, and the models obtained by the measurement data are also plotted in the dotted
lines.

deterministic clusters, detailed information on the orientation,

dimension, and dielectric properties of every building object

within the evaluation area is essential. Yet, this is usually

unrealistic in complex urban cellular environments with a

significant separation distance between Tx and Rx. To address

the mentioned challenges, this study proposes an exponential

decay model for cluster power delay characteristics for the

calibration of deterministic clusters as a recipe to refine the

3GPP map-based model. This model approximates the power

attenuation with respect to the cluster arrival as in [44].

The exponential decay model for the power delay charac-

teristics of NLoS clusters is expressed as

P (τ) [dB] = Pm(τ) + ζ (13)

for 0 < τ < τc, where

Pm(τ) = P0 + 10 log10

[

exp

(

− τ

β0

)]

(14)

where P0 and β0 denote the initial path gain in dB and power

decay coefficient, respectively. ζ ∼ N (0, σ2
SF

) is a log-normal

random variable where σSF denotes a standard deviation of

cluster shadow fading. The following procedure calculates the

model parameters. First, for each scenario and frequency, all

datasets of NLoS clusters observed at every measurement point

are merged. In practice, the system’s noise floor usually limits

the measurement’s dynamic range, significantly truncating

some clusters. This leads to a biased estimation of the decay

model parameters. The model used only the clusters in which

the delay is less than the delay threshold τc = 1.5 µs for

both frequencies. Here, the threshold indicates the value from

which the probability that the cluster power becomes equal to

or less than the noise level increases.

In the model parameter estimation procedure, the likelihood

function is used to obtain the probability of the lth cluster

being above the noise level, denoted by pl, which is crucial

because only a subset of clusters are observable in measure-

ments. The likelihood function is formulated as follows:

LF =

L
∏

l=1

1

plσSF

√
2π

exp

(

− (Pl − Pm(τl))
2

2σ2
SF

)

(15)

where τl and Pl denote the lth cluster’s delay and power, re-

spectively. Here, the noise path gains, Pn, are set by −140 dB

at 24 GHz and −147.66 dB at 60 GHz. To determine the

probability pl of the lth cluster being above the noise level,

the complementary error function erfc(·) is utilized as

pl =
1

2
erfc

(

Pn − Pl√
2σSF

)

. (16)

Using (15), the corresponding log-likelihood function

LLF =

L
∑

l=1

(

ln (plσSF) +
(Pl − Pm(τl))

2

2σ2
SF

)

, (17)

and the parameters are determined by minimizing LLF using

the maximum likelihood estimation method as

(P ∗

0 , β
∗

0 , σ
∗

SF) = arg min
P0,β0,σSF

LLF (18)

Fig. 10 presents the parameter estimation results for each

scenario and frequency. The grey markers indicate the path

gains of the NLoS clusters, while the red line shows the

power decay line drawn by using the estimated parameters.
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(a) Area1 (UMa) @ 24 GHz (b) Area1 (UMa) @ 60 GHz

(c) Area2 (UMi) @ 24 GHz (d) Area2 (UMi) @ 60 GHz

Fig. 10. Power delay characteristics of clusters and the exponential decay models.

The fitting results obtained without using a truncated normal

distribution are also displayed in the black line for comparison.

Upon comparing the results across frequencies, it is observed

that β0 at 60 GHz is smaller by 12 ns and 29 ns for

UMa and UMi, respectively, compared to that at 24 GHz,

indicating more significant attenuation. Furthermore, σSF is

about 1.5 dB larger in both scenarios, suggesting that the

propagation at the 60 GHz band is more influenced by diffused

scattering by walls or small objects, and oxygen absorption

than in the 24 GHz band. The dissimilarity in β0 between

scenarios also suggests that this parameter reflects specific

environmental characteristics in modeling, such as the building

density causing propagation interactions and variations in wall

materials. Therefore, applying the exponential decay model to

the calibration of the deterministic components obtained by ray

tracing can efficiently represent the effects of diffuse scattering

and cluster fading in the deterministic components.

V. EXTENSION OF 3GPP MAP-BASED MODEL

As described above, stochastic site-general channel models

based on extensive field measurement results are usually used

for medium to long-range radio propagation. However, using

the site-general stochastic models limits the prediction accu-

racy because the channel characteristics are strongly affected

by the features of the individual environment, as shown in

Section IV and that has also been discussed in [43]. There-

fore, a hybrid channel model that combines deterministic and

stochastic descriptions, as mentioned above, emerges as an

effective solution.

The 3GPP model has evolved to enable performance evalu-

ation of new techniques through the three-dimensional (3D)

extension, frequency extension above 6 GHz, and spatial

consistency procedures. Further, a hybrid channel modeling

framework, the 3GPP map-based model [19], is also sup-

ported. Since the 3GPP model is currently the most widely

accepted standard channel model to evaluate 5G RATs, com-

patibility with the 3GPP in developing a channel model is

important. The subsequent subsections overview the existing

3GPP map-based model and describe the proposed extension.

A. Existing framework of 3GPP Map-based model

The 3GPP map-based model is a hybrid channel model that

supports frequencies from 0.5 to 100 GHz and covers eight

typical scenarios, including UMi and UMa. The channel model

methodology is detailed step by step in Chapter 8 of [19],

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2024.3492719

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. X, XXXX 2022 11

TABLE III
MODEL PARAMETERS OBTAINED FROM MEASUREMENTS (LOS)

Area1 (UMa) 3GPP (UMa) Area2 (UMi) 3GPP (UMi)

24.15 GHz 58.32 GHz 24 GHz 60 GHz 24.15 GHz 58.32 GHz 24 GHz 60 GHz

Delay spread (DS)

log10(DS/1s)

µ −6.9687 −7.4543 −7.0882 −7.1250 −7.1839 −7.3825 −7.4761 −7.5656

σ 0.31 0.49 0.66 0.16 0.20 0.38

AOD spread (ASD)

log10(ASD/1◦)

µ 1.4597 1.2670 1.2141 1.2567 1.5286 1.4875 1.14 1.1213

σ 0.12 0.17 0.28 0.09 0.07 0.41

AOA spread (ASA)

log10(ASA/1◦)

µ 1.6154 1.4760 1.81 1.4614 1.3722 1.6180 1.588

σ 0.1751 0.2230 0.20 0.1195 0.1320 0.2996 0.3048

K-factor (K) [dB]
µ 5.17 8.36 9 9.45 10.16 9

σ 4.63 4.60 3.5 3.38 4.37 5

Delay scaling
µ 4.29 5.47

2.5
6.93 7.51

3
σ 2.23 2.81 2.72 2.77

Cluster DS (cDS) [ns] 1.87 1.03 1.85 0.54 2.57 2.26 5

Cluster ASD (cASD) [deg.] 10.76 5.81 5 25.01 19.76 3

Cluster ASA (cASA) [deg.] 18.26 9.13 11 26.71 22.27 17

Initial path loss P0 [dB] −106.21 −110.69 − −100.73 −108.16 −

Power decay factor β0 [ns] 116.51 104.82 − 89.33 60.37 −

Cluster shadow fading σSF [dB] 9.27 10.75 − 6.61 8.18 −

comprising 13 steps in total. Step 1) and 2) discuss the setting

of the environment and network layout. Step 3) explains the

ray tracing method for generating deterministic clusters and

the information required for output. Step 4) to 12) describe

the method for generating random clusters from channel model

parameters. Step 13) discusses the calculation of the channel

transfer function from both deterministic and random clusters.

While the developed model mainly follows the aforementioned

steps for compatibility, it modifies several points. The 3GPP

map-based model eventually generates channel coefficients,

but the developed model aims to generate a clustered MPC

dataset (PathGridData) for further processing in the CPS

wireless channel emulator [37].

B. Recipe for Reflecting Site-Specific Characteristics

1) Deterministic Cluster Calibration: In Section IV-C, we

described the methodology for utilizing the power delay decay

model of NLoS clusters as recipe parameters. This subsection

elaborates on the integration of the power delay decay model

into the 3GPP map-based model, which is vital to reflect

the properties of the measurement environment. It discusses

a method to statistically calibrate the power of deterministic

clusters obtained by ray tracing on the simplified 3D model.

The following step is added to Step 3) of the 3GPP map-based

model.

Step 3+) Power compensation for NLoS deterministic

clusters: The NLoS deterministic cluster power is obtained

by the developed decay model as (14) for each BS-MS link.

The compensation is made by using the z-score of the power

deviation from the model obtained by the standardization as

zlRT
=

ǫlRT
− µǫ

σǫ
(19)

for lRT = 2, . . . , LRT (NLoS clusters). The power difference

ǫlRT
= PlRT

− Pm(τl) (20)

where PlRT
and Pm(τl) denote the lRT-th deterministic clus-

ter’s power and the value obtained from (14), respectively.

µǫ and σǫ denote the mean and standard deviation of a

random variable of (20), respectively. Finally, the compensated

cluster’s power is obtained by

P ′

lRT
[dB] = P0 + 10 log10

[

exp

(

−τlRT

β

)]

+ zlRT
ζ. (21)

2) Site-Specific Random Cluster Generation: Using site-

specific LSPs and SSPs obtained by measurement, random

clusters are generated following the procedures as described

in [19].

VI. DEVELOPMENT AND VALIDATION OF CHANNEL

MODEL GENERATOR

A. CPSQDSIM

The channel model simulator, CPSQDSIM, has been devel-

oped based on our proposed channel modeling framework,

which generates a grid-wise clustered MPC dataset called

PathGridData. As shown in Fig. 11, taking in deterministic

cluster centroids obtained by ray tracing and site-specific

statistical parameters such as LSPs and SSPs to generate

random clusters, it generates the PathGridData following our

proposed channel model recipe as described in Section V. The

CPSQDSIM accepts any site-specific measured LSPs/SSPs

dataset as user input to reproduce radio wave propagation

characteristics for the targeted environment accurately.

B. Spatial Consistency

A common problem with previous drop-based stochastic

channel models of microwave and mm-wave channels is that

they do not allow for the temporally or spatially consistent

simulation that is required in beamforming evaluation. The

3GPP model has developed a spatial consistency procedure

that updates each cluster’s angles and delays as the user
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Fig. 11. Block diagram of CPSQDSIM.

(a) PDPs (b) Deterministic cluster generation
by RT

Fig. 12. PDP characteristics with varying Rx position from WP1 to WP25, where the PDPs generated by the models were synthesized from the angle-resolved
channel impulse responses reconstructed by using the measurement system’s characteristics.

Fig. 13. PDP characteristics when Rx position is at WP3, where the
PDPs generated by the models were synthesized from the angle-resolved
channel impulse responses reconstructed by using the measurement system’s
characteristics.

moves along the path, using a linear approximation process.

The spatial consistency has been implemented in CPSQDSIM

using the delay and angle generation procedure described in

3GPP Spatial Consistency Procedure A, following Step 5)

and Step 7), respectively [19]. At t0 = 0, when the MS/BS

is initially dropped into the network, the power, delay, and

angle of a spatially consistent cluster are generated. In the

subsequent time step, designated as tk = tk−1+∆t, the power,

delay, and angle of the clusters are recalculated, considering

the MS’s position in the previous time step at tk−1, as well

as those of the cluster at tk, in conjunction with the MS’s

velocity and moving direction.

The spatial consistency procedure is applied to the random

clusters by updating their delay and angle according to the

direction of the Rx’s movement. The birth/death for each

random cluster is determined by a cluster visible region, which

is generated by an exponentially distributed random variable

derived from the measurements. Each cluster is updated in

angle and delay domains using the 3GPP Spatial Consistency

Procedure A up to the determined cluster visible region. At the

death of a random cluster, a new random cluster is generated

at runtime. This procedure is repeated for all grid points

traversed by the RX to generate spatially consistent channel

responses. As described in Section II, the spatial consistency

was measured using the setup with stationary Tx and moving

Rx at approximately 1 m intervals along the direction of the

arrow. Our previous investigation exhibits that for Area2, the

average birth/death distance is 5.41 m and 4.16 m in the 24

and 60 GHz bands, respectively, and the analysis for Area1

can also be found in [38].
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Fig. 14. Comparison of LSP (CDFs) for the 3GPP model, proposed model, and measured data at different scenarios and frequencies.

C. Validation

To verify the developed channel model, the PDP realization

along the measurement route is compared. Then, the statistical

properties of DS, ASD, and ASA obtained by the proposed

model and the 3GPP map-based model are evaluated in

terms of the measurement results. The Wireless InSite [45]

was used for ray tracing calculation on the simplified 3D

models of Area1 (UMa) and Area2 (UMi) to obtain the

deterministic clusters. Here, the allowed number of reflections

and diffractions was set to one. The channel parameters for

random clusters are obtained from Table III. Furthermore, the

RPs were applied only for the developed model.

Fig. 12 visualizes the transitions of the PDP realized along

the Rx route in Area2 obtained by the existing 3GPP map-

based model (leftmost), the proposed model (center), and the

measured data (rightmost), respectively, in Fig. 12(a), where

a snapshot of the ray tracing simulation used for deterministic

cluster generation is also provided in Fig. 12(b) for intuitive

understanding of the environment. It is noted that the PDPs

generated by the models were synthesized from the angle-

resolved channel impulse responses reconstructed by using

the measurement system’s characteristics. Fig. 12(a) reveals

that the existing 3GPP model exhibits extraordinarily high

powers in the NLoS deterministic clusters marked in the white

circles. In contrast, the proposed model describes the trend

of the measurement data more closely. To be more specific,

Fig. 13 displays a single PDP realized at WP3, of which

location is indicated in Fig. 3(b). This result shows that the

3GPP map-based model significantly overestimates the NLoS

cluster power, whereas the proposed model agrees well with

the measurement owing to the calibration of the NLoS cluster’s

power. Therefore, it is seen that the proposed model ensures

that the characteristics of both the deterministic cluster and

random clusters agree well with the measurement.

Fig. 14 presents the CDFs of DS, ASA, and ASD obtained

from Area1 (UMa) and Area2 (UMi) at two different

frequencies of 24 and 60 GHz. Upon examining Fig. 14(a)

and Fig. 14(b), it is apparent that both the DS and ASD/ASA

of the proposed model at both frequencies align more closely

with the measured data than the existing 3GPP model in the

UMa scenario. On the other hand, regarding the UMi scenario,

both the DS and ASD/ASA of the proposed model at both

frequencies are closer to the measured value than the 3GPP

model, as shown in Fig. 14(c) and Fig. 14(d), respectively.

Since the proposed model is not a fully deterministic model

but a Q-D model, it produces channel responses that are

statistically similar to real-world measurements rather than

exact replicas. However, even so, there is a noticeable gap

between the proposed and measured distribution in the ASD

of the UMi scenario at both frequencies. This is primarily

attributed to the fact that the simplified 3D model could not

perfectly include all dominant scattering objects that were

present during the measurement. However, our future research

will address this issue to improve outcomes.

VII. CONCLUSION

For high-precision channel simulation reflecting site-specific

characteristics, this paper proposed a Q-D channel model

framework. Then, a detailed recipe to apply that to two actual

scenarios of Area1 (UMa) and Area2 (UMi) at two different

mm-wave frequencies was presented. For channel modeling,
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an extensive measurement campaign was conducted, and the

mm-wave channel behavior was characterized, focusing on

the difference between the two frequencies. The measurement

results revealed that the powers of the NLoS clusters sig-

nificantly decreased. This trend was more significant in the

60 GHz band than in the 24 GHz band. From the results, a

measurement-based exponential decay model for power delay

characteristics of NLoS clusters was proposed as an essential

component for improving prediction accuracy.

In the developed channel simulation framework, determin-

istic paths obtained through ray tracing with calibration by

the developed exponential decay model and measured site-

specific statistical parameters of LSPs and SSPs are combined

to generate accurate channel responses. The spatial consistency

procedure in the 3GPP model was also incorporated using

the measured site-specific correlation distances [38]. Further-

more, an in-house channel model simulator, CPSQDSIM, was

developed for the generation of a grid-wise channel dataset,

PathGridData. It can efficiently and accurately produce radio

wave behaviors for any specific targeted environment.

The proposed channel model was validated using the mea-

sured data in two different environments at two different

carrier frequencies of 24 and 60 GHz. The statistical validation

of the proposed model compared with the existing 3GPP map-

based channel model indicated a substantial improvement in

accuracy.
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“A Statistical Spatio-Temporal Radio Channel Model for Large Indoor
Environments at 60 and 70 GHz,” IEEE Trans. on Antennas and Propag.,
vol. 63, no. 6, pp. 2694–2704, 2015.

[45] “Wireless EM Propagation Software: Wireless InSite® Remcom,” (Date
last accessed 4-Feb-2024). [Online]. Available: https://www.remcom.
com/wireless-insite-em-propagation-software

Hibiki Tsukada received the B.E. and M.E. degrees
in electrical and electronic engineering from Niigata
University, Japan, in 2021 and 2023. He is currently
working with NTT Access Network Service Systems
Laboratories.

His research interests include millimeter-wave ra-
dio channel sounding and modeling. He is a member
of the IEICE.

Naoya Suzuki received the B.E. degree in electrical
and electronic engineering from Niigata Univer-
sity, Japan, in 2022, where he is currently pursu-
ing the M.E. degree. His research interests include
millimeter-wave radio channel sounding and model-
ing. He is a Student Member of the IEICE.

Banibrata Bag has received his BE in Computer
Science & Engineering from Dr. B.C. Roy Engineer-
ing College, Durgapur, India, in 2004 and M.Tech
in Electronics and Communication Engineering from
Techno Main Salt Lake, Kolkata, India, in 2009. He
joined as an assistant professor in the department of
Electronics and Communication Engineering, Haldia
Institute of Technology, Haldia, India, in 2010. He
obtained his PhD degree from Jadavpur University,
Kolkata, India, in 2022. Currently, he is working
as a Specially Appointed Assistant Professor at the

Graduate School of Science and Technology, Niigata University, Japan.
His current research interests include millimeter-wave and terahertz radio
propagation channel modeling and optical wireless communications.

Riku Takahashi received his B.E. degree in Elec-
trical and Electronic Engineering from Niigata Uni-
versity, Japan, in 2022, where he is currently pursu-
ing his M.E. degree. His research interests include
millimeter-wave and terahertz radio channel sound-
ing and modeling. He is a Student Member of the
IEICE.

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2024.3492719

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. X, XXXX 2022 16

Minseok Kim (S’02–M’05-SM’18) was born in
Seoul, Korea. He received the B.S. degree in Elec-
trical Engineering from Hanyang University, Seoul,
Korea, the M.E. and D.E. degrees in Division of
Electrical and Computer Engineering, Yokohama
National University (YNU), Japan in 1999, 2002,
and 2005, respectively. In 2007, he was an Assistant
Professor with the Tokyo Institute of Technology,
Tokyo, Japan and a Visiting Scholar with the Geor-

gia Institute of Technology, Atlanta, GA, USA, in
2010. In 2014, he joined the Graduate School of

Engineering, Niigata University, Niigata, Japan, as an Associate Professor.
His current research interests include radio propagation channel mea-

surement and modeling, millimeter-wave radar, radio tomographic imaging
techniques, and MIMO/antenna array signal processing. He is a Senior
Member of the IEICE. He is also serving as an Associate Editor for IEEE

Access and IEEE Antennas Wirel. Propag. Lett..

This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TVT.2024.3492719

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


