
Received May 14, 2022, accepted May 29, 2022, date of publication June 8, 2022, date of current version June 13, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3180780

Millimeter-Wave Channel Model Parameters
for Various Office Environments
HIBIKI TSUKADA , KEIICHIRO KUMAKURA, SHUAIQIN TANG,
AND MINSEOK KIM , (Senior Member, IEEE)
Graduate School of Science and Technology, Niigata University, Niigata 950-2181, Japan

Corresponding author: Minseok Kim (mskim@ieee.org)

This work was supported by the Ministry of Internal Affairs and Communications of Japan under Contract ‘‘Research and Development for
the Realization of High-Precision Radio Wave Emulator in Cyberspace (JPJ000254).’’

ABSTRACT This paper developed a 60-GHz millimeter-wave cluster channel model for various
office environments and investigated the impact of cluster characteristics on wireless data transmission.
We conducted double-directional channel measurement campaigns in a university laboratory office envi-
ronment to develop the channel model using a custom-developed channel sounder with an angular res-
olution of 6◦ and a delay resolution of 2.5 ns at 58.32GHz for the measurements. The super-resolution
multipath parameter estimation algorithm extracts multipath components from the measured data with a
delay resolution of 0.1 ns and an azimuth resolution of 0.1◦, and the K -PowerMeans algorithm identified
multipath clusters. Based on the conventional 3rd Generation Partnership Project (3GPP) model, a scenario-
categorized site-general model, we attempted to develop a highly accurate cluster model that can more
accurately reproduce small-scale fading fluctuations in site-specific environments. The large- and small-scale
parameters obtained from the measured data were extracted and compared with the 3GPP map-based hybrid
channel model, a quasi-deterministic channel model. The results revealed strong site dependency in the
inter-cluster and intra-cluster properties. Moreover, we assessed the impact of different channel parameters
on system evaluation using single-user and multi-user multiple-input- multiple-output channel capacities.

INDEX TERMS Millimeter-wave, channel sounding, channel model, cluster channel model.

I. INTRODUCTION
In recent years, fifth-generation (5G) mobile communica-
tion systems have attracted much interest and have been
launched already in many countries around the world. The 5G
mobile communication systems have been developed under
the recommendation ITU-RM.2083, formulated by the Inter-
national Telecommunication Union Radio Communication
Sector (ITU-R) in 2015. The requirements for 5G include
enhanced mobile broadband (eMBB), massive machine-type
communication (mMTC), and ultra-reliable and low-latency
communications (uRLLC) [1]. In particular, it is necessary
to secure a wide bandwidth of several hundred megahertz
or greater to achieve eMBB. However, low-frequency bands,
such as 700MHz to 2.6GHz are already occupied by various
existing systems, and it is not easy to use the bandwidth
necessary to achieve eMBB [2]. Therefore, the World Radio
Conference (WRC-15) in 2015 approved the use of the
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previously unused 24.25–86 GHz millimeter-wave
(mm-wave) bands for 5G, and the frequencies were specified
atWRC-19 in 2019 [3], [4]. In addition to 5G, IEEE802.11ay,
a wireless local-area network standard with a throughput
of more than 20 Gbps at license-exempt 60-GHz mm-wave
frequency bands, was standardized in February 2021 and is
attracting significant attention [5]. As described above, the
demand for the design and evaluation of mm-wave commu-
nication systems is increasing because of the active use of
mm-wave bands in the new wireless standards.

A radio propagation channel model that describes the
radio propagation characteristics is needed to design and
evaluate wireless systems. The geometry-based stochastic
channel model (GSCM) has been widely used for vari-
ous wireless systems in lower-frequency bands, such as
fourth-generation (4G) mobile communication systems. The
superposition of multiple plane waves called ‘‘multipath
components (MPCs)’’ can represent radio propagation chan-
nels. In GSCM, the channels are generated based on a
cluster that is a group of MPCs with similar delays and
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angular characteristics. The characteristics of clusters and
MPCs within a cluster are parameterized from statistical
analysis using multiple propagation channel measurements.

Themm-wave radios are quasi-optical, and the characteris-
tics are very different from those in the low-frequency bands.
Therefore, it is insufficient for evaluating new mm-wave
radio systems, although the GSCM is a widely accepted chan-
nel model for conventional wireless systems. In particular,
many studies [6]–[8] have shown that most of the transmitted
power is conveyed to the receiver through line-of-sight (LoS)
and up to double-bounce reflection paths because the propa-
gation mechanisms such as diffraction and transmission are
not significant. That is the most crucial difference in the low-
frequency band. This means that deterministic methods, such
as ray tracing, can be a useful tool for obtaining the dominant
propagation paths in the channel.

However, because of the extremely short wavelength of the
mm-wave, diffuse scattering by small objects in the propaga-
tion environment and the surface roughness of large objects
cannot be ignored [7], [9]. From the viewpoint of compu-
tational complexity, it is not practical to obtain such micro-
scopic interactions by ray tracing. Further, [8] revealed from
high-resolution channel sounding at 60 GHz in an indoor
environment that the diffuse scattering cannot be ignored in
the design of millimeter-wave systems because it occupied
almost 26 % of the total power.

To address this problem, hybrid channel models
such as the quasi-deterministic radio channel generator
(QuaDRiGa) [10], map-based hybrid model [11], quasi-
deterministic channel model (Q-D model) [12], [14], and so
forth have been developed by various organizations. To com-
pensate for the weaknesses of the GSCM, hybrid channel
models describe the signal paths associated with major envi-
ronmental objects, such as ground and building walls in a
deterministic manner (deterministic components), and the
signal paths associated with less common and less important
objects, such as indoor furniture and random small outdoor
objects, in a stochastic manner (random components).

As described above, the accuracy improvement in the
hybrid channel model is compelling; however, it still uses
stochastic channel model parameters extracted from the mea-
surements in some typical scenarios to describe the random
components [11]. Stochastic channel model parameters have
been reported in several studies. For example, the parameters
at 60 GHz in a lecture room environment were presented
in [15]. In [16], high-resolution MPC extraction results at
60 GHz in a conference room environment were presented.
Here, it was shown that the parameters largely depend on
room geometry and the surrounding environment compared
with the parameters of the IEEE 802.15.3c model. However,
in the existing works, the impact of the parameters on system
performance has not sufficiently been investigated. There-
fore, this study scrutinized the impact of stochastic channel
model parameters on prediction accuracy.

The original contributions of this study are summarized as
follows.

1) The stochastic channel model parameters, including
large-scale parameters (LSPs) and small-scale parame-
ters (SSPs), for four different indoor scenarios obtained
from the extensive double-directional (D-D) channel
sounding measurement campaign in a university office
environment, are presented. Moreover, we investigated
the site-specific nature of the channelmodel parameters
by comparing the measured parameters with those of
existing 3GPP models.

2) We evaluated the impact of the differences between
the measured and 3GPP parameters on the channel
capacities in single-user (SU) multiple-input–multiple-
output (MIMO), and multi-user (MU) MIMO.

The remainder of this paper is organized as follows.
In Section II, the D-D channel sounder and measurement
campaign are detailed. In Section III, the postprocessing
procedures, such as MPC extraction and clustering, are
described. Details of the hybrid channel model implemen-
tation are provided in Section IV, and the effects of differ-
ent channel parameters on the MIMO channel capacity are
described in Section V. Finally, Section VI concludes this
paper.

II. MEASUREMENT CAMPAIGN
A. D-D CHANNEL SOUNDER
The D-D channel sounder consisted of a baseband processing
unit and phased-array beamforming transceiver circuits
(EVK06002, Sivers IMA) [17]. Each transceiver circuit
used a 16-element uniform linear array (ULA) to synthe-
size a narrow beam pattern in the azimuth plane [18].
The transmit power was approximately 31 dBm in equiv-
alent isotropic radiated power (EIRP). The local oscillator
of the transmitter and receiver circuits generated a car-
rier signal at 58.32GHz (WiGig CH1). The half-power
beamwidth (HPBW) of the boresight beam pattern was
approximately 6◦ in the azimuth plane. A 90◦ azimuth
scanning of the beamforming transceiver was achieved by
selecting 12 beam patterns at 6◦ intervals. In addition, four
phased-array antennas pointed at −135◦, −45◦, +45◦ and
+135◦ were combined to achieve azimuth angular scanning
of 180◦ at the transmitter and 360◦ at the receiver. Simul-
taneous measurement of eight channels was achieved using
the time-division multiplexing (TDM) method for 2 × 4
MIMOmultiplexing. That enabled the angular characteristics
of the entire azimuth range to be measured in approximately
5 minutes [19].

An unmodulated Newman phase multitone with 256 sub-
carriers (tones) with a bandwidth of 400MHz was used as
the sounding signal [20]. The delay resolution was 2.5 ns, and
the maximum excess delay was 640 ns. The dynamic range in
the channel impulse responses (CIRs) was 51 dB, which was
determined by the signal-to-noise ratio (SNR) in the over-
the-air (OTA) calibration. The maximum measurable path
loss was−129 dB. More detailed information on the channel
sounder can be found elsewhere [19]–[21].
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FIGURE 1. Floor plan.

FIGURE 2. Photos of measurement setup.

B. MEASUREMENT SCENARIOS
The measurement campaign was conducted on the office
floor of a university building, as shown in Fig. 1. The red
and yellow markers indicate the locations of the transmit-
ter (Tx) and receiver (Rx), respectively. The D-D angle-
resolved channel transfer functions (CTFs) at 41 points were
measured, and the table in Fig. 1 shows four scenarios: in-
room (InR), room-to-room (R2R), in-corridor (InC), and
room-to-corridor (R2C). As shown in Fig. 2, the room was
equipped with multiple office desks, PC monitors, chairs,
bookshelves, and whiteboards.

The concrete walls were covered with plasterboard and
separated from the surface by an air gap, which is a typical
structure of a wall between a room and the outside of the room
(for example, between a room and a corridor). In addition,
there were several hollow plasterboard walls, which are typ-
ically used as inner walls separating two rooms (between a
room and another room). Glass windows and metallic doors

were present in some parts of the walls. The heights of the Tx
and Rx antennas were 1.4 m in all scenarios.

III. CHANNEL MODEL PARAMETER EXTRACTION
A. POSTPROCESSING
The band-limited D-D CTFs obtained in the measurement are
expressed as

H (f̌ , φ̌T, φ̌R). (1)

The azimuth pointing angles for Tx and Rx are shown as

φ̌T ∈
{
nφT1φT | nφT = 0, . . . ,NφT − 1

}
, (2)

φ̌R ∈
{
nφR1φR | nφR = 0, . . . ,NφR − 1

}
, (3)

and the subcarrier (tone) frequency is

f̌ ∈
{
fc + (n− N/2)1f | n = 0, . . . ,N − 1

}
. (4)

In this system, nφT and nφR are the indices of the transmitting
and receiving pointing angles, respectively, and1φT and1φR
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FIGURE 3. Synthesized ADPS and clustered MPCs at Tx and Rx.

denote the angular scanning intervals, respectively (actually
nonuniform). Furthermore, 1f = 400 MHz, and N = 256.
Then, the CIR for each combination of Tx and Rx pointing
angles can be obtained using the inverse discrete Fourier
transform of the CTF as

h
(
τ̌ , φ̌T, φ̌R

)
= F−1

{
H
(
f̌ , φ̌T, φ̌R

)}
(5)

where the delay taps τ̌ ∈ {nτ1τ | nτ = 0, . . . ,N − 1}. The
double-directional angular delay power spectra (DDADPSs)

P(τ̌ , φ̌T, φ̌R) ,
∣∣∣h (τ̌ , φ̌T, φ̌R)∣∣∣2 (6)

are obtained. After the DDADPS are denoised, the MPCs
are extracted using the sub-grid CLEAN algorithm [22]
which is a successive interference cancellation (SIC) method.
It obtains multipath parameters (clean maps) by repeatedly
subtracting an image (replica) of an MPC from the dirty map
in the order of the power magnitude using the DDADPS
as a multidimensional image. Here, the replica is created
from the continuous function of the beam pattern and signal
autocorrelation function. The extraction resolution was set by
0.1◦ for angular resolution and 0.1 ns for delay resolution.

Clustering was applied to the extracted MPCs to classify
them using similar angle and delay parameters. Because the

physical meaning of a cluster is a group of scattered waves
associated with a group of interacting objects, clustering
has been widely accepted as a tool for more physically
meaningful stochastic channel modeling. In this study, the
K -PowerMeans algorithm was used for clustering [23]. The
number of clusters, K , was determined manually rather than
automatically so that clustering could be performed without
loss of physical meaning [19].

The azimuth delay power spectra (ADPS) of InR and InC
are shown in Fig. 3 as an example of MPC extraction and
clustering results. The horizontal axis represents the azimuth
angles of Tx and Rx, and the vertical axis represents the prop-
agation delay. The extracted MPCs are indicated by markers
whose size is proportional to theMPC power, and themarkers
are colored differently for each cluster. The font size of the
cluster number is proportional to the cluster gain. See [19]
for more detail on the validation and propagation mechanism
analysis.

B. CHANNEL MODEL PARAMETERS
The azimuth spread of departure (ASD), azimuth spread of
arrival (ASA) and delay spread (DS), which represent the
spread between clusters (inter-cluster), are LSPs, whereas
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FIGURE 4. Large scale parameters.

TABLE 1. Channel model parameters.

the cluster delay spread (cDS), cluster azimuth spread of
departure (cASD) and cluster azimuth spread of arrival (cASA),
which represent the spread within clusters (intra-cluster),
are SSPs. These parameters are generally expressed as root-
mean-square spreads, which are the standard deviations of
power-weighted delays and angles. The DS and azimuth
spread (AS) are calculated as

σDS =

√∫
(τ − µτ )

2 P(τ )dτ∫
P(τ )dτ

(7)

µτ =

∫
P(τ )τdτ∫
P(τ )dτ

(8)

σAS =

√
−2 ln

(∣∣∣∣
∫
exp(jφ)P(φ)dφ∫

P(φ)dφ

∣∣∣∣) (9)

where P(τ ) denotes the delay profile, µτ denotes the delay
mean, and P(φ) denotes the angle profile [11]. Table 1 lists
the channel parameters obtained in this study for each sce-
nario and the parameter values provided by the 3GPP model
for the indoor office scenario as reference values [13]. The
parameters for LSPs and SSPs were extracted for the four
measurement scenarios. The parameters were also presented
by classifying the scenarios into LoS and NLoS and merging
them. Even if the number of measurement data points was

still small, the mean and standard deviation based on a log-
normal distribution model in each scenario were obtained.
In addition, each cumulative distribution function (CDF) clas-
sified and merged into LoS and NLoS is shown in Fig. 4. The
extracted LSPs and SSPs are described in detail below.

1) LSPs
Comparing the merged LoS and NLoS DSs in Table 1 and
Fig. 4(a) with the DSs in the 3GPPmodel, one can see that the
3GPP parameters are approximately 10 ns larger in the LoS
scenario and about 17 ns larger in the NLoS scenario. That
is because the InR environment defined in the 3GPP model
differs significantly from the environment in which the mea-
surements were conducted. Specifically, in this measurement,
the Tx and Rx were placed within the same room (InR) of a
maximum of 8.0× 14.3 m and the same corridor (InC) of a
maximum 20.0×2.3 m for LoS, and between multiple rooms
on the same floor of a maximum Tx–Rx distance of 17m for
the NLoS environment. However, the 3GPP reference model
was developed in a large open office of 120 × 50 m. Note
that the Tx and Rx were located in physically separated areas
for the NLoS condition, while those were located in the same
open office in the 3GPP model. The DS is greatly affected by
the room size difference as well as the difference between the
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LoS and NLoS. As can be expected, the larger the room, the
larger the propagation delay of the reflected wave. Therefore,
the DS of the 3GPP reference model was larger.

On the other hand, the CDF of the ASD in Fig. 4(b) shows
that the values of the measured parameters are smaller than
those of the 3GPP reference model for both LoS and NLoS,
and the variance is also smaller. That is because the azimuth
angle scanning range of the Tx array used in the measurement
is 180◦ towards the Rx direction, and thus the multipath
components from the opposite side did not arrive. The CDF
of the ASA in Fig. 4(c) shows that the variance is smaller in
the measured data, but the average is larger in the measured
data. As mentioned in the discussion on the DS, this may
be due to the room size in the LoS case and the difference
in the definition of NLoS in the NLoS case. Specifically,
in the LoS case, a wider environment is assumed in 3GPP
than this measurement environment; thus, the attenuation of
the scattered wave is larger with a longer path length, and the
LoS component becomes more prominent.

2) SSPs
Although the cluster DS is not considered in the 3GPP ref-
erence model (0 ns), it is also seen that the measured value
is also very small (less than 1 ns) and can be considered
negligible, as in the 3GPP reference model. In contrast, the
measured cluster ASA and ASD are smaller than 3GPP by
a few degrees. It is difficult to conclude the reason for the
difference in cluster AS because it is affected by various
factors, such as the roughness of the wall surface and small
objects in the environment. As described above, evidently,
the parameters used in the mm-wave channel model vary
significantly depending on the specific conditions of the envi-
ronment.

The following section discusses the impact on the channel
characteristics of the difference of parameters between the
reference model and measurement.

IV. IMPACT OF CHANNEL MODEL
PARAMETER DIFFERENCE
In this section, based on the 3GPP map-based hybrid channel
model, the impact of channel parameter difference on system
evaluation is demonstrated using SU-MIMO andMU-MIMO
channel capacities.

A. CHANNEL MATRIX GENERATION USING
HYBRID CHANNEL MODEL
The map-based hybrid channel model is a Q-D model devel-
oped in 3GPP [11]. It generates the channel coefficients in
three steps: 1) deterministic cluster allocation, 2) random
cluster allocation, and 3) intra-cluster spread addition. Here,
‘‘cluster allocation’’ refers to determining the power and
spatiotemporal center of the clusters. In other words, the
power of each MPC generated by ray tracing is treated as
the cluster power, and the delay and angle of the MPC are
taken as the spatiotemporal center of the cluster when consid-
ering the placement of clusters by ray tracing as an example.

FIGURE 5. (Left) Laplace distribution with an azimuth spread of 1◦,
(right) representation by equal power MPCs and non-uniform offset
angles.

This subsection explains each procedure in detail in 1) – 3)
and the method of calculating the channel matrix in 4).

1) DETERMINISTIC CLUSTER ALLOCATION
Deterministic clusters are placed based on simplified ray
tracing results. Because ray tracing always generates deter-
ministic rays (MPCs) in the environment, it is unnecessary
to include random small objects in the 3D model and suffi-
cient to consider only simplified ones. The 3GPP document
does not explicitly describe how to generate the deterministic
clusters, but this study utilized up to triple bounce reflections,
including LoS as the center of the deterministic clusters
considering the quasi-optical nature of the 60-GHz band.

2) RANDOM CLUSTER ALLOCATION
First, the delay times of random clusters are determined as an
exponential random variable that satisfies the DS. The next
step is to determine the power of each cluster. The clus-
ter power is determined as an exponential function of the
delay. Finally, the azimuth-of-departure (AoD) and azimuth-
of-arrival (AoA) are determined for each cluster. The AoD
and AoA are determined from the power calculated earlier
based on the wrapped Gaussian distribution with the AS as a
standard deviation.

3) INTRA-CLUSTER SPREAD ADDITION
The intra-cluster spread is applied by decomposing the deter-
ministic and random clusters generated in the above proce-
dure into M MPCs. The power Pn,m of the m-th MPC of the
n-th cluster can be obtained by simple division as Pn,m =
Pn/M , where Pn is the n-th cluster power. The departure
angle φn,m of the m-th MPC of the n-th cluster is calculated
using the departure angle φn of the n-th cluster and the cASD,
as follows.

φn,m = φn + cASD · αm (10)

where αm denotes the offset angle when the cASD is 1◦.
By multiplying αm by the cASD, the angle of MPCs with the
desired AS can be generated. This offset angle is given in the
3GPPmodel, which is designed to obtain a Laplacian angular
power distribution by assigning a nonuniform offset angle to
an equal-power elementary wave, as shown in Fig. 5 [24].
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FIGURE 6. Evaluation scenarios.

The arrival angles ϕn,m within the cluster are determined in
the same manner.

4) MIMO CHANNEL MATRIX CALCULATION
When the transmit and receive antennas are linear arrays, each
element of the propagation channel matrix H(f , t) between
the s-th transmit antenna element and u-th receive antenna is
calculated as

Hu,s(f , t)

=

N∑
n=1

M∑
m=1

√
Pn,m

·ej(2π(vn,mt−f τn)+k0(ds sinφn,m+du sinϕn,m)+8n,m) (11)

where N andM denote the numbers of clusters and MPCs in
the cluster, respectively. Pn and τn denote the cluster power
and delay, respectively. 8n,m ∼ Uniform(−π, π), φn,m
and ϕn,m denote the initial phase, departure/arrival angles of
MPCs, respectively. λ0 is the wavelength of the carrier signal,
and ds and du are the distances from the reference point to
the transmitter antenna element s and the receiver antenna
element u, respectively. In addition, vn,m represents the phase
rotation accompanying the movement of the mobile station,
which is given by

vn,m =
‖v‖ cos

(
ϕn,m − θv

)
λ0

(12)

where v and θv denote the velocity vector and direction of the
mobile station, respectively.

B. MIMO CAPACITY EVALUATION
Simulations evaluated the MIMO performance in the office
room where Tx1 was installed in the measurement. Fig. 6
shows the 3D model simplified by excluding furniture, such
as PC monitors and office desks. First, deterministic clus-
ters obtained by ray tracing in this 3D model were allo-
cated. Then, the random components were obtained from the

FIGURE 7. Variation of average MIMO channel capacity with respect to
the number of arrays.

measurement parameters (LoS, InR & InC) and 3GPP
parameters (LoS) in Table 1, and the results were compared.
Here, generating random clusters and intra-cluster rays fol-
lows the 3GPP model described in subsection IV. The 3GPP
model parameters were used for the other parameters that this
work did not derive. In addition, the cluster DS was neglected
as in the 3GPP model because it was significantly small. The
detailed evaluation procedure and results are described below.

1) SU-MIMO
In SU-MIMO scenarios, random clusters were not included
to scrutinize the impact of the cluster AS on the channel
characteristics. The channels were generated by only the
deterministic components generated by ray tracing, which
means that the total number of clusters equals the number
of rays generated by ray tracing. The intra-cluster property
was expressed by 20 MPCs generated using the cluster AS.
The SU-MIMO was evaluated by assuming the wireless link
shown in Fig. 6(b). The red and blue markers in the fig-
ures represent the centers of the transmit and receive arrays,
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respectively, and the ray tracing is performed at these points.
The simulation parameters are as follows. The carrier fre-
quency was set to 58.32 GHz, the bandwidth to 400MHz, and
the number of subcarriers to 64. The MIMO configuration
was 4 × 4, 8 × 8, and 16 × 16 MIMO with a ULA for
transmitting and receiving antennas.

The channel coefficients shown in Eq. (11) were calculated
from the simulation parameters, ray tracing results, and the
cluster spread, as shown in Table 1. Ray tracing was per-
formed in the SISO (single-input-single-output) configura-
tion at the center of each array, assuming that the plane wave
approximation holds for both the transmitter and receiver, i.e.,
the ray amplitude and angle of departure/arrival are the same
for all antenna elements. The number of clusters is seven.
From the channel matrixH(t, f ), the Ergodic capacityCMIMO
is obtained by averaging the channel capacity over t and f as

CMIMO = E
[
log2

(
det

(
INR +

ρ

NT
HH (t, f )H(t, f )

))]
,

(13)

where ρ is the SISO SNR, and NT and NR denote the
number of elements in the transmit and receive antennas,
respectively [25]. CMIMO was calculated with ρ = 30 dB
because low SNR values do not provide adequate identi-
fication results. In addition, H(t, f ) is the channel matrix
normalized to

E
[
‖H(t, f )‖2F

]
= NRNT. (14)

Fig. 7 shows the channel capacity when the number of
antenna elements was changed to four, eight, and sixteen in
the InR environment. The blue and orange lines indicate the
channel capacities calculated using the cAS of the 3GPP ref-
erence model and the measurement, respectively. That shows
that the impact of the difference in cluster AS is negligible
for small MIMO configurations, such as 4 × 4 MIMO, but
increases with an increasing number of antennas. However,
comparing only the values of the cluster AS, the difference is
only a few degrees, but this difference results in a difference
of approximately 5 bits/s/Hz for a 16 × 16 MIMO channel
capacity. In other words, one can conclude that a more precise
model of the cluster AS, a parameter that differs depending
on the environment, is required for amore accurate evaluation
of the mm-wave MIMO systems.

2) MU-MIMO
The evaluation of SU-MIMO revealed that, when the MIMO
configuration is relatively large, such as 16× 16 MIMO, the
cluster AS leads to a significant difference in the channel
capacity. However, using 16 × 16 SU-MIMO systems in
small office room environments is not feasible. Therefore,
the impact of the LSP and SSP on the channel capacity in
MU-MIMO systems was evaluated to investigate the impact
more practically.

Fig. 6(c) plots the location of one Tx (base station),
indicated by the red marker, and the location of 21 Rx

FIGURE 8. Average sum rate capacity for the number of users.

FIGURE 9. Average sum rate capacity for the number of users when only
SSP is considered.

(user terminals) spaced 1m apart. The Tx andRx are assumed
to have a 16-element linear array for the Tx and a two-element
linear array for the Rx around their respective markers. The
channel generation was performed in the SISO configuration
at the center of each array, assuming that the plane wave
approximation holds for both the transmitter and receiver
sides. Using the 3GPP model described in section IV, the
2×16 MIMO propagation channel matrixH(f , t) was calcu-
lated for all 21 Tx–Rx links. Following the 3GPP model, the
number of clusters was set to less than 15, and the number
of rays within a cluster was set to 20. In addition, for all
Rx, the average values of LSP and SSP (µ in Table 1) were
used for channel generation. The time t and frequency f in
H(f , t) have discrete values of T and F , respectively. Here,
the number of subcarriers to F = 100. The receiver moved at
a speed of 3.6 km/h (1 m/s) and was sampled every 2.57mm
(half wavelength). The number of samples was T = 111.
The array shape for the transmitter and receiver was a ULA,
the array spacing was set by the half wavelength, and each
element was omnidirectional.
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In MU-MIMO systems, a base station provides services
to multiple user terminals by using the same time and fre-
quency resources [26]. In this study, user scheduling was
not performed to select user terminals for simplicity. Instead,
NU terminals were randomly selected from 21 Rx termi-
nals. First, the Rx subset S of NU terminals was extracted.
The propagation channel matrix HS (f , t) of subset S was a
2 · NU × 16 matrix consisting of the propagation channel
matrices calculated for each link stacked in the row direction.

Next, the block diagonalization (BD) method, a well-
knownMU-MIMO directivity control technique, was applied
at the transmitter side to obtain the total channel capac-
ity from the obtained propagation channel matrix. The BD
method is a linear control technique that is used to perform
MU-MIMO transmission without interfering with other users
by determining the weights that create nulls for each user
[27]. When the BD method is applied, the Ergodic channel
capacity of the entire user is expressed as

CBD = E

[ NU∑
k=1

NR∑
i=1

log2

(
1+

ρλ̄
(k)
i (t, f )

NT

)]
, (15)

where λ̄(k)i is the i-th eigenvalue for the k-th user. The SNR
was set to ρ = 30 dB as in SU-MIMO. In addition, HS (f , t)
is the channel matrix normalized to

1
T · F · NT · NR · NU

∑
t

∑
f

‖H(t, f )‖2F = 1. (16)

Fig. 8 shows the average sum-rate capacity. The average
sum-rate capacity is shown in three ways: using the reference
model parameters, the measured parameters, and only the
rays obtained from ray tracing. The total channel capacity
is larger when both parameters are used than when only the
ray tracing result is used, and the difference in the channel
capacity is especially noticeable around NU = 7, where
the total channel capacity is the largest. It is seen that the
channel capacity calculated using the parameters of the 3GPP
reference model is larger than that calculated by the parame-
ters obtained from the measurements. The ASD in the 3GPP
model at the transmitter with a larger number of antenna
elements is larger than that of the measurement. Hence, the
array inter-element correlation becomes smaller.

As mentioned above, the results in Fig. 8 are strongly
influenced by LSPs (especially the ASD). Therefore, to con-
firm the effect of SSPs, the channel capacity was calculated
with respect to the number of users without generating ran-
dom clusters (namely, removing the influence of LSPs). The
results are shown in Fig. 9, where the results in both cases are
smaller than those in Fig. 8. This is because the array inter-
element correlation increased due to the absence of random
clusters.

Compared with Fig. 8, the channel capacity obtained by
themeasurements is muchmore degraded than that calculated
using the 3GPP parameters. Notably, the RT results are almost
identical, especially with decreasing users, even if the intra-
cluster spread addition was applied using SSPs. On the other

hand, regarding the channel capacity calculated using the
3GPP parameters, the values in Fig. 9 are smaller than those in
Fig. 8. However, it is a smaller decrease than that obtained by
the measurements. Since both LSPs and SSPs strongly affect
the channel capacity, a more sophisticated parameterization
should be necessary to obtain more accurate channels in a
specific environment or application (site-specific uses), espe-
cially for MIMO with large antenna array configurations.

V. CONCLUSION
The development of new mm-wave radio systems requires a
channel model that accurately represents the unique propa-
gation characteristics of mm-waves. This study considered
a high accuracy hybrid channel model that can simulate
radio propagation in specific environments. In particular,
the 3GPP map-based hybrid channel model was described
step by step in the channel coefficient generation proce-
dure. The measurement campaign was conducted in vari-
ous office environments using the mm-wave D-D channel
sounder developed in a previous study to obtain the channel
model parameters for the 3GPP model framework. Compar-
ing the parameters provided by the 3GPP model with the
measured parameters revealed significant differences in all
parameters except the cDS, indicating the high environmental
dependence. The impact of the parameter difference on the
SU-MIMO andMU-MIMO channel capacities was also eval-
uated. The results show that both SU-MIMO andMU-MIMO
are strongly affected by the channel model parameters, espe-
cially in large-scale MIMO configurations.
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