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ABSTRACT To develop an millimeter-waves (mm-waves) channel model for in-room access scenarios,
a double-directional channel measurement campaign conducted in a conference room environment is
presented. In the measurements, a custom-developed channel sounder with a 12◦ angle and 2.5-ns delay
resolutions at 58.5 GHz was used. From the measured data, the multi-path components were extracted using
a high-resolution path parameter estimation algorithm; then, they were clustered based on the actual physical
propagation paths to identify the scattering processes explicitly. The cluster analysis revealed that the
signal paths by line-of-sight, single-bounce, and double-bounce reflections were power-dominant and well
predicted by ray-tracing, but the contribution of random clusters was not significant. In this study, to express
diffuse scattering on the rough surface of an ambient reflector, an intra-cluster model of plasterboard wall
reflection was parameterized. Furthermore, the proposed intra-cluster model was experimentally validated
by analyzing the small-scale fading captured along the wall in the time domain which is caused by the
constructive and destructive interference of the specular reflection and diffuse scattering components.

INDEX TERMS Millimeter wave, indoor channel, intra-cluster, diffuse scattering, radio propagation
measurement, ray-tracing, parameter estimation, direction-of-arrival.

I. INTRODUCTION
The resolution on new spectrum use at millimeter-wave
(mm-wave) bands in the range from 24.25 to 86 GHz
for ultra-high bit rate transmission in fifth-generation (5G)
mobile communications was adopted in the World Radio
Conference (WRC 15) in 2015 [1]. Since then, vari-
ous research and standardization activities have been con-
ducted [2]. Meanwhile, IEEE 802.11ay [3] was launched
in May 2015 for development of a new standard to
enhance the efficiency and performance of the IEEE
802.11ad specification [4]. It provideswireless local-area net-
works (WLANs) connectivity with up to 30-Gbps throughput
at the license-exempt 60-GHzmm-wave frequencies, and it is
now in the final phase of standardization.

At mm-wave frequencies, the free-space propagation loss
is significantly large, and additional attenuation resulting
from diffraction and penetration is also very high. Exten-
sive measurement results [5]–[8] have revealed that the
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propagation processes with diffraction and penetration are
not significant and are not practically viable. Therefore,
the signal propagation pathways, apart from the line-of-sight
(LoS), include only a few multi-paths, mainly generated by
specular reflection. This means that ray-tracing (RT) tools
can accurately predict the mm-wave radio channels, and such
characteristics are quite different from those at conventional
lower-frequency bands. This requires a highly directional
communication through the possible propagation pathways
by beamforming to extend the coverage area [9]. Such a tran-
sition from omni-directional to directional wireless medium
usage can simplify the radio channel description with only
the small-scale fading caused by some multi-paths within the
narrow antenna beamwidth and the diffuse scattering on the
rough surface of reflectors [10], [11].

To date the geometry-based stochastic channel model
(GSCM) has been widely accepted in existing wireless
systems [2], [12]. The recent GSCM channel models are
parameterized based on a cluster that is a group of multi-path
components (MPCs) having similar delay and angle domain
properties. In channel modeling, the MPCs are usually
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extracted from the measured channel by high-resolution path
parameter estimation algorithms based on the assumption that
the received signal should be the superposition of multiple
plane waves; namely, specular components (SCs). Addition-
ally, the diffuse scattering, which can be described by a
continuous spectrum of dispersion over delay and angular
domains, is often modeled by using the residual part after
SC extraction from the measured channel [13]. In particu-
lar, the superposition of a large number of SCs, i.e., dense
multi-path components (DMCs), has been introduced as
another modeling approach for diffuse scattering for easy
extension of theMPC cluster concept in the COST 2100 chan-
nel model [14]. Here, the DMCs are clustered around the SCs
which are already clustered with similar delay and angle.

However, the specular reflection dominant mm-wave prop-
erties should be taken into careful consideration for a more
accurate reproduction of channel responses [15]. To com-
pensate for the weaknesses of stochastic modeling, hybrid
channel models have also been developed with both the
deterministic description for the signal paths associated with
major environmental objects, such as ground and build-
ing walls, and the stochastic description for those asso-
ciated with non-common less significant objects such as
indoor furniture and outdoor random small objects. Then, the
stochastic description of delay-angular dispersion caused by
diffuse scattering is added to each signal path. This is the
quasi-deterministic (Q-D) channel modeling methodology as
shown in Fig.1 [3], [16]. As mentioned previously, in highly
directional mm-wave communications, the delay-angular dis-
persion within the narrow antenna beamwidth can often be
generated by diffuse scattering on the rough surface of a
single reflector.

To characterize the cluster properties of mm-wave
channels, various measurement-based models have been pro-
posed. In [17], 70 − 77-GHz wideband channel charac-
teristics for small office and entrance hall scenarios were
presented. In that work, the MPCs extracted from the mea-
sured multi-dimensional power spectra were grouped into
clusters by using various clustering algorithms, and the
inter-cluster/intra-cluster properties were statistically char-
acterized. Similar measurement and analysis at 60 GHz
were carried out for indoor office environments in other
research [18], [19]. In prior studies [17]–[19], clusters were
treated as a group of MPCs, which are determined by an
information-theoretical criterion, and thus, cannot always
relate the clusters to any physical interacting objects (IOs).
However, clustering should be based on the actual physi-
cal propagation paths to model the clusters in more sophis-
ticated manners for mm-wave communications, because
highly directional communication by beamforming toward
any possible propagation path is considered.

On the other hand, a stochastic map-based model for a
data center at 60 GHz was presented in [20], where the
intra-cluster properties of ambient reflectors were character-
ized by high-resolution MPC extraction with 0.5-ns delay
resolution and 2◦ angle-resolution. In particular, the diffuse

FIGURE 1. Q-D channel model described by deterministic and random
clusters.

scattering effect on the rough surface of reflectors was mod-
eled as the intra-cluster properties obtained from multiple
small-scale channel acquisitions. However, because a further
investigation of a microscopic diffuse scattering phenomenon
by double-directional measurement is difficult because of
limited resolution in the measurements, comprehensive vali-
dation of the intra-cluster effect is still needed.

In this paper, the inter-cluster/intra-cluster characteristics
obtained from conference room mm-wave channel measure-
ment assuming an in-room hot-spot access scenario are pre-
sented based on the Q-D channel model description. In the
measurements, double-directional angular delay power spec-
tra (DDADPSs) were captured using the developed channel
sounder [5], [22], where double-directional angle scanning
was performed using highly directive antennas having a 12◦

half power beamwidth (HPBW). The sounding signal has
a 400-MHz bandwidth (2.5-ns delay resolution) centered at
58.5 GHz. Using the sub-grid CLEAN algorithm developed
in previous work [23], the MPCs were extracted in high reso-
lution. Then, clustering was performed based on the actual
physical propagation paths. Thus, the scattering processes
can be explicitly identified via comparison with the ray-paths
retrieved with the aid of an in-house developed RT simula-
tor [24]. To overcome the problem that channel acquisition
is inevitably limited because of the long measurement time
in directional scanning, the small-scale behavior generated
by diffuse scattering was captured by using the multiple
sets of clusters identified as first-order specular reflection
on the same plasterboard walls. Plasterboard is a widely
used interior wall material. The intra-cluster model was
experimentally validated by analyzing the small-scale fading
fluctuation in the specular component of the plasterboard
wall reflection. The original contributions of this study are
as follows.

1) The scattering processes in the conference room
environment are comprehensively investigated by com-
paring the propagation paths identified by the measure-
ments with those obtained from the RT simulation.

2) The intra-cluster model accounting for diffuse scatter-
ing on the rough surface of the plasterboard walls is
parameterized.

3) The intra-cluster model is validated based on the fading
distribution and angle dispersion obtained from the
measured small-scale fading fluctuation.
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FIGURE 2. Evaluation scenarios.

The remainder of this paper is organized as follows.
In Sect. II, the measurement scenarios and channel sounding
methodology are described. The cluster identification results
with a detailed procedure from MPC extraction to clustering
are presented in Sect. III. Then, the channel model is pre-
sented in Sect. IV. In Sect. V, the validation of the proposed
model by small-scale fading analysis is discussed. Finally,
conclusions are given in Sect. VI.

II. MEASUREMENT CAMPAIGN
A. SCENARIO
The measurements were conducted in a typical conference
room environment, as shown in Fig. 2(a), with dimensions
of 7.8 × 6.0 × 2.8 m. The room contained several confer-
ence tables, chairs, a television, a whiteboard, a podium,
and light-emitting diode (LED) lamps. The surrounding walls
were plasterboard, and two air conditioners and circuit break-
ers were attached on the walls. There were some glass win-
dows and two metal doors in some parts of the walls. The
environment was modeled by a simplified 3-D structure,
as shown in Fig. 2(b), where it includes only relatively large
objects, such as the tables, TV, whiteboard and air condition-
ers ignoring relatively small and complicated-shaped objects,
such as chairs, circuit breakers, and the LED lamps on the
ceiling. As illustrated in Fig. 2, the transmitter (Tx) as an
access point (AP) was installed on top of the television. The
receiver (Rx) was assumed to be a station (STA), e.g., a lap-
top PC. In this measurement campaign, the AP antenna was
mounted at a height of approximately 2.1 m, close to the
wall, referring to the setup of the STA-AP conference room
sub-scenario [4]. The STA antenna was installed at a height
of 0.9 m from the floor (15 cm from the conference table).

B. DIRECTIONAL SCANNING CHANNEL ACQUISITION
In the measurements, a full polarimetric 2 × 2 multiple-
input-multiple-output (MIMO) channel sounder at a center
frequency of 58.5 GHz was used [5], [22]. The channel
transfer functions (CTFs) of 256 sub-carriers with 400 MHz
bandwidth were captured by transmitting an unmodulated
multitone signal. The transmit power was approximately
10 dBm. The transfer characteristics of the RF transceiver
and the broadside response of the antennas were removed
from the measured channel responses by over-the-air (OTA)
calibration at the reference distance of three meters, which

FIGURE 3. Directional scanning measurement setup.

is determined by the minimum propagation distance. The
measurement dynamic range is approximately 40 dB.

For acquisition of full polarimetric double-directional
channel responses, two horn antennas (Pasternack,
PE9881-24) having a 12◦ HPBW (24-dBi gain) were orthog-
onally polarized (θ and φ) and used at both Tx and Rx [23].
Fig. 3(a) shows the channel sounding system [5], [22].
Because the antennas could not be co-located, they were
directed toward the opposite side (180◦) on the same plane,
as shown in Fig. 3(b) [23]. As illustrated in Fig. 3(c), the Tx
was mounted on top of the television, and the channel
responses were measured at the five Rx positions (denoted
by Rx1–Rx5). All Rx positions had the LoS link between
Tx and Rx.

In the measurement, the band-limited angle-resolved CTFs
for the ‘‘pq’’ polarization combination expressed as

Hqp(f̌ , θ̌T, φ̌T, θ̌R, φ̌R) (1)

were obtained, where the subscripts p and q ∈ {θ, φ} denote
Tx and Rx antenna polarization, respectively. The pointing
angles of the co-elevation and azimuth angles at Tx and those
at Rx, respectively, are denoted by

θ̌T ∈
{
nθT1θT |nθT = 0, . . . ,NθT − 1

}
,

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

}
,

θ̌R ∈
{
nθR1θR |nθR = 0, . . . ,NθR − 1

}
,

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

}
,

and the sub-carrier (multitone) frequency is denoted by

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

}
.

Here, n, N , and 1 denote the sample indices, the total
numbers of samples, and the sampling intervals of the
sub-scripted domain, respectively. Then, the angle-resolved
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channel impulse response (CIR) is obtained by discrete
inverse Fourier transform of the CTFs as

hqp(τ̌ , θ̌T, φ̌T, θ̌R, φ̌R)

= F−1{Hqp(f̌ , θ̌T, φ̌T, θ̌R, φ̌R)}. (2)

where the delay taps τ̌ ∈ {nτ1τ |nτ = 0, . . . ,N − 1}. The
DDADPS is defined by

Pqp(τ̌ , θ̌T, φ̌T, θ̌R, φ̌R) , |hqp(τ̌ , θ̌T, φ̌T, θ̌R, φ̌R)|2. (3)

In this measurement, the Tx and Rx antennas were rotated
over 180◦ and 360◦ azimuth angles, respectively, at every
1φT = 1φR = 12◦ as illustrated in Fig. 3(c). Thus, NφT = 16
and NφR = 30 angular samples were obtained. At the same
time, the Tx and Rx antennas were tilted over 60◦ and 48◦

co-elevation angles, respectively, at every1θT = 1θR = 12◦,
as illustrated in Fig. 3(d). Thus,NθT = 4 andNθR = 5 angular
samples were obtained. Consequently, 9, 600 samples in the
angle domain were acquired by directional scanning, which
took approximately 12 hours. In the delay domain, the reso-
lution was1τ = 2.5 ns, and the maximum measurable delay
was 640 ns (N = 256).

III. CLUSTER ANALYSIS
A. MPC EXTRACTION
The noise components were removed by applying a certain
threshold as a pre-processing before the MPC extraction.
The noise threshold was determined based on measuring the
actual noise statistics [23]. From the noise filteredDDADPSs,
a specified number of MPCs were extracted by the sub-grid
CLEAN algorithm in high resolution [23], assuming that the
measured full polarimetric angle-resolved CIR is expressed
by superposition of L MPCs as

hn =


hθθ,n
hθφ,n
hφθ,n
hφφ,n

 = L∑
l=1

diag



A(θ,θ)n (�l)
A(θ,φ)n (�l)
A(φ,θ)n (�l)
A(φ,φ)n (�l)


 · γ l (4)

where the multi-dimensional array indices in vector form,
n , [n, nθT , nφT , nθR , nφR ]

T . The combined response func-
tion is defined by

A(q,p)n (�l) , aτ (τ̌ − τl) · a
(q)
R (θ̌R − θR,l, φ̌R − φR,l)

·a(p)T (θ̌T − θT,l, φ̌T − φT,l) (5)

where aτ (τ̌ ) denotes the auto-correlation function of the
sounding signal which is a periodic Sinc function, and a(p)T
and a(q)R denote the Tx and Rx antenna radiation patterns
having p and q polarizations, respectively. Here, �l =

[τl, θT,l, φT,l, θR,l, φR,l]T where τl denotes the delay time,
and θT,l and φT,l , and θR,l and φR,l indicate the co-elevation
and azimuth angles of departure (AoDs) and arrival (AoAs) of
the lth MPC, respectively. The polarimetric complex ampli-
tude is expressed as γ l =

[
γl,θθ γl,θφ γl,φθ γl,φφ

]T .
Here, 60 MPCs were extracted with the angle and delay

resolutions of 0.1◦ and 0.01 ns, respectively. Figs. 4 and 5

show the angular power spectra (APSs) and azimuth delay
power spectra (ADPSs) seen from Tx and Rx obtained at
Rx1, respectively. The APS and ADPS were synthesized
by summing the DDADPS along all the other dimensions
except for the AoD or AoA and the delay and azimuth AoD
or AoA, respectively. In Figs. 4 and 5, the results for the
measured spectra, the ones reconstructed by the extracted
MPCs, and the ones reconstructed by the RT are compared.
The reconstructed spectra were obtained by embedding the
antenna directivity and the bandwidth effect into the MPCs
extracted by parameter estimation and into the ray paths cal-
culated by RT simulation with three reflections and a single
diffraction, respectively. All those spectra were scaled by the
Tx/Rx antenna gains. The comparison shows that the recon-
structedAPS andADPS, shown in Figs. 4(b) and 5(b), respec-
tively, matched up well with the measured ones, as shown
in Figs. 4(a) and 5(a), respectively. Figs. 4(c) and 5(c) show
the APS and ADPS reconstructed by RT simulation, respec-
tively. It can be observed that the RT predicts the channel
well because the spectra are also very similar to the measured
ones. At the other Rx positions, a similar trend to the results
obtained at Rx1 was confirmed [8].

B. CLUSTERING AND SCATTERING
PROCESS IDENTIFICATION
In this study, the K -powerMeans (KPM) automatic clus-
tering algorithm [25] was applied to the extracted MPCs.
It iteratively minimizes the total sum of the power-weighted
distance of MPCs to a given number of cluster centroids,
thereby minimizing global spreads of the clusters. As usual,
the KPM result is not very robust and often subject to various
conditions, because it treats a cluster as a group of MPCs
from the information-theoretical viewpoints without explicit
relation to any physical IOs. As mentioned above, clustering
should be based on the actual physical propagation paths,
and the clusters should be modeled in a more sophisticated
manner for mm-wave communications. Therefore, in this
study, the number of clusters was manually judged by visual
inspection of the MPC distribution on the APS. After pruning
and merging some clusters manually, the numbers of clusters
were finally determined to be 10, 12, 9, 8, and 10 for Rx1,
Rx2, Rx3, Rx4, and Rx5, respectively. Fig. 6 illustrates the
result of Rx1 as an example.

Comparing the measured clusters with the RT results,
the dominant scattering processes, such as LoS, single-bounce
(SB) reflection, and double-bounce (DB) reflection were
identified, as shown in Fig. 7, where Figs. 7(a) and (b) illus-
trate the measurement and RT results, respectively. The LoS,
SB reflection and DB reflection can be well reproduced by
the RT simulation. In the case of Rx1, the power of the
LoS, SB reflection, DB reflection and unidentified scatter-
ing occupied 38.7%, 36.3%, 8.9% and 16.1% of the total
power, respectively. This result indicates that the LoS and
SB/DB reflection are dominant scattering processes occupy-
ing almost 90% of the total power [26].
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FIGURE 4. Angular power spectra (APSs) obtained at Rx1.

IV. CHANNEL MODEL
In the Q-D channel model, several dominant propagation
paths in a cluster are deterministically expressed by the Tx
and Rx locations and environment geometry. However, weak
high-order reflections and scattering from occasional small
and random objects, are stochastically treated as random
clusters. In IEEE 802.11ay, the random clusters are statisti-
cally generated based on the Saleh-Valenzuela (S-V) model
by inter-cluster parameters, i.e., exponentially distributed in

arrival time, exponentially decaying in power, and uniformly
distributed in angle [3], [16]. Then, for each cluster the
dispersions in delay and angle domains are added by the
intra-cluster stochastic model in the same methodology as
the inter-cluster case.

A. INTER-CLUSTER MODEL
The cluster analysis described in the previous section demon-
strated that the LoS and SB/DB reflection can be well
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FIGURE 5. Azimuth delay power spectra (ADPSs) obtained at Rx1.

reproduced by the RT simulation and those components are
dominant scattering processes constituting almost 90% of the
total power. The contribution of random clusters was not as
significant [26]. Therefore, it is expected that, in the channel
model, it is sufficient to include only the LoS and SB/DB
reflection calculated by RT as deterministic components,
the so-called D-rays.

B. INTRA-CLUSTER MODEL FOR ROUGH
SURFACE OF WALLS
At mm-wave frequencies, the irregularity and roughness on
the reflecting surfaces can create diffuse scattering as well
as specular reflection. Here, the diffuse scattering is mod-
eled by a cluster that is a group of the specular reflection
ray and additional diffuse scattering rays with close delays
and angles. From the viewpoint of geometrical optics, each
segment of the ray has facets that meet the condition of equal
angles of incidence and reflection. The diffuse scattering is
considered to arise out of a multitude of specular reflection
rays from various facets on the rough surface mainly con-
tained within the first Fresnel zone [27], [28]. As described
above, in this study, the MPCs obtained by parameter

estimation were clustered based on the actual physical prop-
agation paths to model the intra-cluster characteristics of the
wall reflection. To overcome the problem that channel acqui-
sition is inevitably limited because of the long measurement
time in directional scanning, the small-scale behavior was
captured by using themultiple sets of the clusters identified as
first-order specular reflection on the same plasterboard walls
from the data obtained at all Rx positions.

The intra-cluster characteristics were statistically mod-
eled in the delay and angle domains by delay time and by
azimuth and co-elevation AoA and AoD. The delay domain
characteristics were modeled by the cursors, i.e., the MPC
with the largest power within a cluster, the pre-cursor and
post-cursor components arriving before and after the cursor,
respectively. They were parameterized by the number of rays
(Npre/post), ray arrival rate (λpre/post), ray power-decay con-
stant (γpre/post), and rayK -factor (Kpre/post). Because the clus-
ter arrival was modeled by a Poisson process, the inter-arrival
times followed an exponential distribution as

fpre/post(τi|τi−1) ∼ λpre/post exp
(
−λpre/post(τi − τi−1)

)
. (6)

The ray power is usually modeled by exponentially decaying
power delay profile as

ppost(τ ) =
pcur
Kpost

exp
(
τ − τcur

γpost

)
, (7)

ppre(τ ) =
pcur
Kpre

exp
(
− (τ − τcur)

γpre

)
(8)

where pcur denote the power of the cursor. The K -factor is
determined by the y-intercept as

Kpre/post =
pcur∑

i∈Spre/post
pi
. (9)

where Spre/post denotes the set of pre-cursor/post-cursor
MPCs. Here, pi denotes the polarization combined power of
the ith MPC, which is obtained by 1

2 (pi,θθ + pi,θφ + pi,φθ +
pi,φφ). The angle domain characteristics are parameterized by
the RMS angle spread of the MPCs within a cluster as

σ9 =

√∑
i (9i − µ9)

2 pi∑
i pi

(10)

for 9 ∈ {θT, φT, θR, φR} where

µ9 =

∑
i9ipi∑
i pi

. (11)

The intra-cluster delay domain characteristics were obtained
using the normalized reflection coefficients of the MPCs
belonging to the clusters generated by the first-order plas-
terboard wall reflection, which are shown in Fig. 8. Table 1
presents the complete intra-cluster parameters, and Table 2
shows the polarimetric properties of the SB plasterboard wall
reflection, such as the reflection loss, co-polarization power
ratio (CPR) and cross-polarization power ratio (XPR) for
downlink.

To verify the proposed model, the channels were gener-
ated by the IEEE 802.11ay channel model framework [29]
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FIGURE 6. Clustering result of Rx1.

FIGURE 7. Comparison between the scattering processes identified by (a) measurement and (b) ray-tracing (RT) simulation.

FIGURE 8. Intra-cluster delay domain characteristics.

by replacing the parameters with those in Table 1 where
the intra-cluster spread effect is added to the D-ray com-
ponents calculated by RT. Fig. 9(a) shows the synthesized
omni-directional power delay profiles (PDPs). The average

TABLE 1. Intra-cluster parameters for the wall reflection.

PDP obtained by applying the intra-cluster characteristics
to the specular components predicted by RT (yellow line in
the figure) matches better with the measurement result (blue
dashed line) than that synthesized by RT only (red line).
Note that the proposed model and RT reconstructions have
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FIGURE 9. Power spectra generated by proposed channel model for Rx1.

TABLE 2. Polarimetric property of the SB wall reflection.

higher power at 0 to 20 ns than the measured values. It is
because the measured CTFs have roll-off characteristics at
high frequency, thus that works a window function to reduce
the sidelobe level in delay domain. Furthermore, Fig. 9(b)
shows an example APS synthesized by a single realization
(Fig.4 shows those obtained by the measurement and RT).
These results show that the power dispersion in delay and
angle domains is described well by the proposed intra-cluster
model.

V. VALIDATION
A. SMALL-SCALE FADING MEASUREMENT
In the previous section, the diffuse scattering effect on
the rough surface of the plasterboard wall reflection was

parameterized based on the intra-cluster model. However,
validation of such a microscopic diffuse scattering phe-
nomenon is still not practically viable because of limited
resolution in double-directional measurement. Therefore,
the intra-cluster model was validated by measuring the tem-
poral fluctuation of the small-scale fading by the multi-path
components reflected by the plasterboard wall. For this mea-
surement, the trolley was configured by tying up the Tx
and Rx of the channel sounder with two metallic poles as
illustrated in Fig. 10. The Tx and Rx antennas with a 12◦

HPBW were orientated toward the same specular reflecting
point on the wall maintaining the incident angle equal to the
reflected angle. The gain of the wall reflected component was
extracted from the measured PDP by taking the maximum
power value as G(t) = maxτ PDP(τ, t), and that is approxi-
mately modeled by

G(t) ≈ Gfs

∣∣∣∣∣rsp +∑
l

rsc,l(t)

∣∣∣∣∣
2

. (12)

where Rsp(t) and Rsc denote the specular reflection and
scattering coefficients, respectively. Gfs denotes the free
space path gain (FSPG), which is a unit-less value. Then,
the combined reflection coefficients were obtained by
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FIGURE 10. Time-domain small-scale fading measurement of the specular reflection along the homogeneous wall.

FIGURE 11. Reflection coefficient, r (t) (incident angle: 25 degrees).

removing Gfs as

r(t) =
√
G(t)/Gfs. (13)

Gfs was measured by the metal plate reflection at the same
condition. The channel sounder acquired 1, 000 channel
impulse responses every 1 mm (the wavelength was approx-
imately 5 mm) while moving the trolley approximately 1
m along the homogeneous wall at a constant speed (v ≈
0.17 ≈ 1 m/6 s) where the incident angles ranged from 25◦

to 60◦ in 5◦ steps. Fig. 11 shows the temporal fluctuation
of the reflection coefficient, r(t) (θ = 25◦, as an exam-
ple), where it can be seen that r(t) largely fluctuates in a
15 dB range, and a similar trend is observed at a different
polarization.

B. FADING DISTRIBUTION
Regarding the surface roughness as a spatially stationary
random process, the small-scale fading can be characterized
through a certain statistical distribution. Fig. 12 shows the
cumulative distribution functions (CDFs) of the normalized
envelope, x(t) =

√
X (t) where X (t) = G(t)/E[G(t)]

denotes the normalized power. In this figure, ‘‘Proposed’’
means the CDF obtained by using the channel responses
realized by applying the proposed intra-cluster model to (4),
and ‘‘Empirical’’ means the CDF obtained by all measure-
ment results with respect to all incident angles and polariza-
tions. The fading distribution of the reconstructed channel

FIGURE 12. Comparison of small-scale fading distributions.

FIGURE 13. Relationship between angle spread, 3 and sector width, 1φ.

matches the measurement result very well; therefore, the
proposed intra-cluster model is statistically valid. The statis-
tical models fit by the measurement results are Nakagami-
m (m = 2.65, ω = 1.14) and Rician (s = 0.96, σ = 0.33)
distributions. In addition, regarding the result obtained by the
IEEE 802.11ad model, the fading effect decreases, because
the multi-paths with a small arrival rate are resolved in
the delay domain. This demonstrates the intra-cluster in the
IEEE 802.11ad model does not exactly express the diffuse
scattering effect.
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FIGURE 14. Small-scale fading fluctuation, X (t) (left) and corresponding fading rates, F (t) (right) in vertical polarization.

C. ANGLE DISPERSION
In the measurements described above, the reflection coeffi-
cient can be simply modeled by the superposition of sev-
eral non-resolvable MPCs within the antenna beamwidth and
delay bin as

r(t) =
M−1∑
m=0

γm exp
(
−j
−→
k m ·
−→v t

)
(14)

where the complex amplitude γm = rm exp(jξm).
−→
k m and

−→v denote the wave vector of the mth MPC (km = 2π
λ
), and

the velocity vector of the trolley, respectively. By moving
the trolley along the wall, the small-scale fading fluctuation
can be observed because of the constructive and destruc-
tive interference of the several MPCs including specular
reflection and diffuse scattering components, which impinge
on the Rx antenna. Because of the unpredictable nature,
the small-scale fading is generally treated as a stochastic
process. The Doppler power spectrum is a useful measure
of second-order statistics of a stochastic process, and that
depends on the AoA distribution of the received MPCs.
In this study, it was assumed that the intra-cluster MPCs
are generated by diffuse scattering on the rough surface of a
wall and the angular dispersion is usually small, as presented
in Table 1. Therefore, the angle dispersion is difficult to
validate by only angle domain analysis because of the limited
measurement resolution.

Fortunately, an analytic measure for second-order statistics
of small-scale fading under nonomnidirectional multi-path
condition has been developed [30]. Here, the distribution of
multi-path power is conveniently described by the function

S(φ), where φ denotes the azimuth angle. In [30], an intuitive
measure was proposed for quantifying the angular dispersion
of multi-path power defined by

3 =

√
1−
|C1|2

|C0|2
(15)

ranging from 0 to 1, where Cn is the nth complex Fourier
coefficient of S(φ) obtained as Cn =

∫ 2π
0 S(φ)ejnφdφ. In par-

ticular, the angle spread 3 is obtained by

3 =

√
1−

(
2
1φ

)2

sin2
(
1φ

2

)
(16)

if a simple uniform distribution model of multi-path power
with the sector width 1φ is applied. Fig. 13 shows the rela-
tionship between the angle spread 3 and the sector width
of the multi-path power, 1φ. In addition, by defining the
fading rate by F(t) = dX (t)

dt where X (t) = |r(t)|2/E
[
|r(t)|2

]
denotes the normalized power, the variance is analytically
approximated by

σ 2
F = Var {F(t)} ≈ k2v232. (17)

Fig. 14 shows the measured and calculated small-scale
fading fluctuations and the corresponding fading rates with
incident angles of 25◦ and 60◦, respectively. In the calcu-
lation, (14) was used with 10 equipower MPCs having uni-
formly distributed random phases [−π, π], of which incident
AoAs were uniformly distributed with 1φ = 8◦. In these
results, the fading fluctuation becomesmilder with increasing
incident angle, because the reflection becomes more specular
for grazing incidence, and the roughness effect vanishes.
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Fig. 14 shows that the small-scale fading can be well approx-
imated by (14), because the measured and calculated fluc-
tuation patterns are quite similar, even though the measured
functions are corrupted by noise.

Furthermore, an attempt was made to verify the
intra-cluster angle parameters using the fading rate variance
in (17). The angle spread, 3, defined in (15) can be obtained
by substituting the fading rate variance into (17) where
v = 0.17 m/s. As a more comprehensive measure, the sec-
tor width, 1φ can be used. Fig. 15 shows the relationship
between the sector width1φ and the incident angle φ, where
1φ is numerically obtained from the measured 3 using the
relation of (16). As expected, the sector width decreases with
increasing incident angle, as is also illustrated in Fig. 15.
From the fact that the sector width ranged between 2.24◦

and 8.78◦, it can be seen that the angle parameters of the
proposed intra-cluster model in Table 1 have reasonable
values, even though Fig. 15 assumes a simple uniformly
distributed multi-path power.

VI. CONCLUSION
The measurement campaigns in a conference room environ-
ment conducted to develop a Q-D channel model for indoor
access scenarios were presented. The MPCs were extracted
from the measurement data in high resolution. Then, they
were clustered based on the actual physical propagation paths
for explicit identification of the scattering processes. The
cluster analysis revealed that the signal paths by LoS, SB, and
DB reflections are power-dominant, occupying almost 90%
of the total power, and accurately predicted by RT. Therefore,
it is expected that, in the channel model, it is sufficient to
include only the LoS, SB and DB reflection calculated by RT
as deterministic components (D-rays).

To express diffuse scattering on the rough surface in
mm-wave channels, the intra-cluster model of the com-
monly used plasterboard wall reflection was parameterized.
The synthesized PDP and APS showed that the power
dispersion in the delay and angle domains is described
well by the proposed intra-cluster model. Finally, the pro-
posed intra-cluster model was experimentally validated by
analyzing the small-scale fading caused by the diffuse
scattering. Regarding the fading distribution, because the
reconstructed channel matched the measurement result well,
the proposed intra-cluster model is statistically valid. In addi-
tion, the measured and simulated small-scale fluctuation
patterns are surprisingly similar, and the intra-cluster angle
parameters were successfully verified by using the fading rate
variance.
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FIGURE 15. Relationship between the sector width and incident angle.
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