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Abstract—The fifth generation mobile communication (5G)
is being commercialized. As two pivotal technologies of 5G,
millimeter-wave (mmWave) and massive multiple-input multiple-
output (MIMO) have attracted widespread attention. Many
measurements and simulations have been conducted in various
indoor scenarios combining these two technologies. Nevertheless,
staircase environments are rarely involved. This paper investi-
gates the channel characteristics with MIMO technology at 60
GHz frequency band in a staircase environment. A simulation
campaign with 8x16 and 1x128 MIMO system is carried out.
In case of 8x16 MIMO system, the change tendency of average
power delay profile (APDP) with the movement of receiver
(Rx) at different transmitter (Tx) heights is studied. The large-
scale parameters (LSPs) such as path loss, shadow fading (SF),
root-mean-square (RMS) delay spread (DS) and angular spread
(AS), Ricean K-factor (KF) are also analyzed. Then the inter-
parameter correlation and decorrelation distance for above LSPs
are extracted. In addition, the spatial correlation coefficient
between antenna elements along 64-element linear array with dis-
parate Tx heights is also demonstrated. The channel parameter
characteristics studied in this paper will provide an insight into
the design of future wireless communication system for staircase
environment.

Index Terms—Ray tracing, mmWave, MIMO, LSPs, spatial
correlation

I. INTRODUCTION

With the development of wireless communications, more
and more wireless devices and applications connect to mobile
networks, giving rise to a rapid increase of data. In order to
meet the needs of users, 5G technology comes into being,
and it will be commercialized around 2020. Compared with
previous generations of mobile communication technologies,
5G towards higher data rate, higher system capacity and
lower network delay. Massive MIMO and mmWave are two
most promising technologies of 5G. With smaller wavelength,
the mmWave frequency is an excellent choice to satisfy the
demands of massive MIMO [1]. Researches on the sixth
generation mobile communication (6G) are being carried out,
it will be in a much higher frequency band. Massive MIMO
technology is likely to provide important technical support for
the 6G. Therefore, research on massive MIMO technology at

mmWave bands still has a great significance to future wireless
communications.

From the existing literatures, massive MIMO technology
and mmWave have been used to conduct numerous researches
in a variety of indoor scenarios recent years. In particular,
since 60 GHz can provide up to 7 GHz unlicensed spectrum,
it has the most potential to develop multigigabit wireless
communication systems [2], and has gained extensive concern.
In [3], the received power and fading characteristics were
studied in L-shaped and T-shaped corridor environments based
on ray tracing method at 60 GHz. Vertically polarized omnidi-
rectional antennas were used in [4] to investigate the channel
characteristics such as RMS DS, path loss and received
power in a living room at 60 GHz band. In [5], simulation
and uniform virtual array (UVA) based channel measurement
were implemented in an office environment, the small-scale
channel properties like power delay profile (PDP) and power
angular spectrum were analyzed. Similarly, the combination
of massive MIMO technology and mmWave has attracted a
lot of attention. Massive MIMO was applied for measurement
and simulation at around 26 GHz in a center hall environment
to investigate the channel characteristics [6]. The influence
of spatial correlation between antenna elements on channel
capacity was studied in an open office environment based on
28 GHz MIMO channel measurement [7]. In the same indoor
office environment, combined with massive MIMO technolo-
gy, experimental channel measurements were conducted at 11,
16, 28, and 38 GHz bands [8].

As a vital part of the floor building, staircase plays an impor-
tant role in our daily life as well as emergency situations [9]. It
is favourable for the future communication system deployment
and design to study the wireless channel characteristics in
staircase environments. In [9], measurements and simulation
at 2.4 GHz with different antenna polarization modes were
carried out to investigate the propagation characteristics in
a staircase. A novel path loss model was proposed under
indoor staircase environment at 2.6 GHz [10], [11]. Both
two papers considered the influence of antenna height. In
addition, [10] premeditated the impact of beams in some stairs,
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which makes it more validly and pragmatic to expound the
channel characteristics in the indoor staircase environments.
A wearable MIMO technology is used to present the channel
characteristics in the stairwell environment at 3 GHz, 4 GHz
and 5 GHz bands [12]. Simulation at 60 GHz with single
antenna was conducted to investigate the channel clustering
and analysis in a staircase environment. However, there is
almost no measurements or simulations combine 60 GHz with
MIMO technology to focus on the channel characteristics in
staircase environments. For this reason, based on [13], MIMO
technology is considered in this paper. What is more different
is that the staircase environment in this paper has one more
floor and the staircase handrails are continuous. In addition,
the channel characteristics we analyzed are not the same.
The remainder of this paper is organized as follows. The
configuration of the simulation environment is described in
Section II. An overview of the channel characteristics such as
APDP, path loss, SF, RMS DS and AS, KF, inter-parameter
correlation and decorrelation distance, spatial correlation, as
well as the analysis of simulation results are presented in
Section III. Finally, we draw the conclusions in Section IV.

II. STAIRCASE SIMULATION
A. Modeling of the Staircase Environment

For the sake of saving time and cost, a 3D ray tracing
simulator called Wireless InSite (WI) is used to execute the
simulation of a staircase wireless network. Based on consistent
diffraction theory (UTD) and geometric diffraction theory
(GTD), the software adopts ray tracing method to establish
the propagation model. It can realize accurate and effective
wireless propagation prediction and channel characteristic
prediction in any complex environments.

In this study, the simulation scenario, shown in Fig. 1, is a
portion of an office building. We assumed that the simulation
is performed in a closed environment with a ceiling and
without other obstacles. The staircase scenario consists of
walls, windows, guardrails, stair steps, stair railings, floor,

TABLE I
PARAMETERS FOR MATERIALS AT 60 GHzZ.

Materials Relative permittivity | Electric conductivity | Thickness
(F/m) (S/m) (m)
Concrete 5.31 0.897 0.300
Dry wall 2.94 0.210 0.013
Glass 6.27 0.567 0.003
Ceiling board 1.50 0.059 0.009
Floorboard 3.66 1.113 0.030
TABLE II
ENVIRONMENTAL CONDITIONS.
Tx index | LOS position index | NLOS position index
1 Rx 1-14 Rx 15-75
2 Rx 14-38 Rx 1-13, Rx 39-75
3 Rx 38-62 Rx 1-37, Rx 63-75
4 Rx 55-75 Rx 1-54

and ceiling. Fig. 1(a) shows an overview of the simulation
environment in WI, the side view of the staircase is illustrated
as Fig. 1(b).

The length of the staircase environment is 7.6 m, the width
is 3.6 m and the height is 21.098 m. Four floors are contained
in the scenario, each floor consists of one platform and two
flights of stairs. There are 16 steps in every flight of stairs.
The length, width and height of each step are 1.62 m, 0.54 m,
0.15 m, respectively. Each floor has a doorway. In addition,
there is a window on the walls of each floor equipped with
a metal guardrail. The stair steps are made of concrete, the
stair railings and guardrails are both made of ideal metal. The
electromagnetic parameters of all materials in the staircase
adopt the specific parameters in the 60 GHz frequency band
provided by the WI material library as shown in Table I.
Moreover, the roughness effect of the materials is also taken
into account, so the lambertian scattering model is added in
the environment to ensure the authenticity and effectiveness of
the simulation environment. Five reflections, one diffraction,
and one transmission are used in this simulation [14], and two
reflections are set under the diffuse scattering.

B. Simulation System

Four Txs are placed in the scenario, as shown in Fig. 1, each
is located on the top of the floor, mounted on the wall without
window. The Rx with 1.5 m tall moves step by step along the
stair steps, total 75 positions are measured. Table II lists the
scenario conditions about line-of-sight (LOS) and none-line-
of-sight (NLOS). MIMO antenna array is utilized to send and
receive signals at Tx and Rx. We use two types of antenna
array at Tx side for simulation. One is a 16-element uniform
planar array with ten wavelength spacing, the other is a cross-
shaped linear array of 128-element with half a wavelength. The
uniform planar array is composed of 4x4 elements, while the
linear array consists of two 64-element uniform linear arrays
that parallel and perpendicular to the ground. The Rx side
accordingly uses a 4x2 planar array with eight wavelength
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Fig. 2. APDPs with the movement of Rx at four different Tx heights. (a)
Tx1. (b) Tx2. (¢) Tx3. (d)Tx4

spacing and a single antenna. All of the antenna elements are
vertical polarization omni-directional antenna. The transmit
power is 30 dBm.

III. CHANNEL CHARACTERIZATION AND ANALYSIS
A. Power Delay Profile

PDP reflects the distribution of the received power at
different time delays. It can be calculated based on the channel
impulse response (CIR) h(7) which is derived by using the
inverse Fourier transform on channel transfer function (CTF)
H. The CTF can be calculated by the following formula.
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where f; denotes the k*" frequency point. 7 and j represent the
it" and j'" transmit and receive antenna elements, respectively.
a, ¢y, and 7; are the amplitude, phase, and delay of the

I*" multipath component (MPC), respectively. h(7) can be
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where Ng. = 1024 is the number of sub-carriers. w denotes
the window function, Kaiser-Basel Window is used here to
suppress side lobes.
The APDP can be obtained by averaging PDPs over all sub-
channels at each pair of Tx and Rx [15].
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Fig. 4. Path loss and shadow fading. (a) Path loss under the NLOS scenario.
(b) CDF of shadow fading for the NLOS scenario.

where Np and Ng are the number of antenna elements at Tx
and Rx, respectively.

Fig. 2 shows the change of APDP with the movement of
Rx at different Tx heights. In order to clearly see the variation
of APDP with the movement of Rx, we first align the PDP
peaks of each pair of antenna elements. It can be seen clearly
that the multipath propagation is very rich in the staircase
scenario. In addition, as can be seen from the figure, there is
always a LOS path with higher power and several reflection
paths with relatively low power in the LOS scenario. While in
the case of NLOS scenario, with the movement of Rx, only
a few diffracted and multi-order reflected rays can reach the
receiver with less power.

B. Path Loss and Shadow Fading
Path loss is an important large-scale parameter (LSP) that
can be used to characterize the propagation loss in channel
propagation, the common logarithmic distance path loss model
can be described as follow [16]
d
PL(d) = PLg + 10nlogy, <d) + X, 4)
0
where PLy is the path loss at the reference distance dy = 1m,
n is the path loss exponent. The d in NLOS scenario is denoted



by the walking distance of Rx moves up or down from the
floor where Tx located [17]. X is generally modeled as a
zero-mean Gaussian process with a standard deviation 0. The
path loss can be determined by the APDP or CTF as follows
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As shown in Fig. 3, in the case of LOS scenario, when
Rx is close to Tx, the path loss almost unchanged. However,
when Rx is far from Tx, the path loss decreases first and
then tends to be stable. Least linear square fitting is performed
on the simulation data to obtain the path loss exponent. Fig.
4(a) shows the scatter plots of the path loss and its linear fit
with logarithmic distance in NLOS scenario. The path loss
exponent n = 9.63 and the standard deviation o, = 12.53. It
is worth noting that the path loss exponent n is higher than
the value of the same type staircase in [18], which is because
of our staircase scenario has more stair steps, and each floor
has a window equipped with a metal guardrail, the staircase
structure is relatively complex. The cumulative distribution
function (CDF) of the SF under the NLOS scenario is shown
in Fig. 4(b), which fits well with the log-normal distribution.

C. RMS Delay Spread and RMS Angle Spread

The RMS DS is most commonly used to quantify the
dispersion of wideband multipath channels in delay domain,
it can be expressed by [16]

Yo P P(Tl)'n)2 (6)
Sy P(m) S P(n)

where P(7;) is the power of the ['* MPC.
The RMS AS reflects the power dispersion in angular
domain, which can be calculated as

Y P(n) v S P(n) -
ZzL:1 P(Tl) 21L=1 P(Tl)

where ); denotes the azimuth or elevation angle of arrival or
departure of the th MPC. Fig. 5(a)-(e) show the CDF plots of
the RMS AS and DS with all Tx heights. Four angular spreads
are contained in RMS AS, such as azimuth angular spread of
departure (ASD), elevation angular spread of departure (ESD),
azimuth angular spread of arrival (ASA), and elevation angular
spread of arrival (ESA). All of them are fitted by a log-normal
distribution. The azimuth and elevation angular spreads are
mainly in the range of 32°-100° and 3°-32°.
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The KF reflects the power difference between LOS and
NLOS components, which is defined as the ratio of the power
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Fig. 5. (a) CDF of ASA. (b) CDF of ESA. (c) CDF of ASD. (d) CDF of
ESD. (e) CDF of DS. (f) CDF of KF.

of direct path to the sum power of other paths. It can be
calculated as
P

LOS )

KF=_-L0S
P — Pros

where Prog is the power of the direct path, P denotes the
sum power of all paths. The CDF plot of KF is shown as Fig.
5(f). It can be observed that the values of KF are less than
1. When the probability gets to 1, the value of KF is only
0.2, which demonstrates that the propagation of the rays are
mainly reflection and diffraction in the LOS scenarios, while
the direct component is relatively small.

E. Inter-parameter Correlation.

The inter-parameter correlation reflects the dependence be-
tween different LSPs including DS, four angular spreads, KF,
and SF. The correlation between any two different LSPs can
be calculated through the Pearson product-moment correlation
coefficient, as follows [18].

E[(X — px)(Y —
pxy = (X =) (Y = py)]. ©)
OxXO0y




TABLE III
CORRELATION COEFFICIENT FOR LSPs

LSPs DS ASA ESA ASD ESD KF SF
DS 100 046 077 059 063 -059 0.06
ASA 047 100 030 -005 0.15 -073 -0.23
ESA 047 033 1.00 040 0.86 -0.51 0.00
ASD 035 0.1 049 100 031 -033 033
ESD 000 0.02 0.79 0.03 1.00 -035 0.02
KF N/A  NA NA NA NA 100 0.13
SF 0.11 028 019 010 033 NA 1.00

LOS condition NLOS condition

TABLE IV
DECORRELATION DISTANCE FOR LSPs

DS ASA ESA ASD ESD KF SF

LOS 373 504 144 210 008 170 033
NLOS 729 004 115 7.14 344 NA 714

where X and Y represent two different LSPs, respectively.
and o are the mean value and the standard deviation of the
LSP.

The correlation coefficients of LSPs are summarized in
Table III. The upper triangle and lower triangle areas in
the table correspond to the values of the LOS scenario and
the NLOS scenario, respectively. The KF has a negative
correlation with DS and AS. Due to the special structure of the
staircase scenario, the propagation of rays is mainly reflection
and diffraction. Therefore, the value of KF is relatively low,
which leads to high values for the DS and AS. In addition, DS
and AS basically have a positive correlation with each other
in both LOS and NLOS scenario. The SF also has a positive
correlation with DS and AS in the NLOS scenario.

FE. Decorrelation Distance

The decorrelation distance d in meter describes the auto-
correlation of LSP when Rx moves a certain distance. It can
be calculated by formula (9), which is expressed as

E[(Xa — px)(Xayaa — px)]

PAd = 2 ’
ox

(10)

dy = argmax(|paq| < T), (11)
Ad>0

where Ad is the distance interval between two Rx positions.

E represents the expectation operation. T is the threshold with

the value e~ ! [19], [20].

The results of decorrelation distance are presented in Table
IV. The values of ESD in the LOS scenario as well as the
values of ASA in the NLOS scenario are very small, which
implies that as the Rx moves, these parameters themselves are
nearly uncorrelated. The values of DS, ASD, and SF in the
NLOS scenario are comparatively high, which means that they
are highly self-correlated.

G. Spatial Correlation

Spatial correlation is a key parameter which should be taken
into account in the MIMO system [21]. It has a great influence
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Fig. 6. Correlation coefficient of cross-shaped linear antenna array.

on the performance of MIMO system. Here, we research the
spatial correlation based on a 1x128 MIMO system. The
correlation coefficient between antenna array elements at each
Rx can be described by the following formula.

A.(As) =E[H*(s)H (s + As)],

N,
1 e

= — E H(s+ As)H*(s),

N, —1 po

(12)

where As represents the antenna element spacing, (-)* is
the complex conjugate. N, denotes the number of antenna
elements. H denotes the channel coefficient between transmit-
ting antenna element and receiving antenna element in delay
domain. Then the normalization for each Rx to get the final
spatial correlation coefficient.

A.(As)

A (As) = ADs=0)

13)



Fig. 6(a) and (b) illustrate the correlation coefficient of
two kinds of 64-element linear antenna arrays that parallel
and perpendicular to the ground at Tx side, respectively. The
variation of correlation coefficient between different antenna
element spacings can be seen, as well as the difference among
various Tx heights. It is clear that with the increasing of
antenna element spacing, the correlation coefficient between
antenna elements shows a trend of decreasing fluctuation. In
addition, it is noted that the correlation coefficient of linear
antenna array which is perpendicular to the ground does not
change significantly between different Tx heights. Whereas
for the linear antenna array parallel to the ground, when the
antenna element spacing is between 2\ and 30\, the corre-
lation coefficients of Tx1 and Tx4 are greater than those of
Tx2 and Tx3. Moreover, the correlation coefficients fluctuate
more distinctly. Therefore, in the design of the antenna array,
the influence of Tx height and the placement of the antenna
element on the spatial correlation should be fully considered.

IV. CONCLUSIONS

This paper presents a simulation research in staircase en-
vironment with MIMO technology at 60 GHz. We mainly
investigate the LSPs channel characteristics. A 8x16 MIMO
system is used to study the change tendency of APDP with
the movement of Rx at different Tx heights, the results show
that there is always a LOS path with higher power and several
reflection paths with lower power in the LOS scenario. The
path loss exponent is also extracted from the simulation data.
Due to the complexity of our staircase environment, the value
of n is higher than that of staircase of the same type. In
addition, the CDF plots of SF, DS, KF, and four angular
spreads are fitted well by log-normal distribution. The inter-
parameter correlation and decorrelation distance about LSPs
are also analyzed, the results show that the KF has a negative
correlation with DS and AS, since the propagation of the
rays are mainly reflection and diffraction which results in a
low value of KF and high values of DS and AS. The DS,
ASD, and SF are highly self-correlated in the NLOS scenario.
Finally, the spatial correlation between antenna elements with
two types 64-element linear array is conducted, the results
indicate that the placement of antenna array elements should
be fully considered for different Tx heights. The results
expound here may give a reference for the design of future
MIMO communication systems.
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