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ABSTRACT Accurate propagation characteristics are essential for future indoor millimeter-wave (mmWave)
small cell network planning. This paper presents propagation measurements at 26 GHz and 38 GHz
which are important candidate bands for fifth generation mmWave communication. Measurements are
conducted in an indoor corridor, as well as a stairwell whose mmWave channel is seldom investigated
before. In these measurements, an omnidirectional biconical antenna is used as transmitter and a steerable
directional horn antenna is used as receiver. The directional and omnidirectional path loss exponents,
shadow factors, cross-polarization discrimination ratios and root-mean-square delay spreads are analyzed for
both line-of-sight and non-line-of-sight scenarios in both co-polarization and cross-polarization, and these
characteristics are compared for different frequencies and environments. It is found obvious depolarization
phenomenon in non-line-of-sight scenario for higher frequency. Compared to the corridor, the stairwell
has larger path loss exponents and root-mean-square delay spreads, and the depolarization is also more
evident in stairwell. The results in this paper are beneficial to building efficient and robust indoor mmWave
communication systems.

INDEX TERMS Millimeter-wave, indoor propagation, path loss, cross-polarization discrimination ratio,
delay spread.

I. INTRODUCTION
With the advent of fifth generation (5G) mobile commu-
nication era and the popularity of internet of things (IoT)
technology, the wireless data traffic grows exponentially [1].
Particularly, the demand of data rate in indoor environment
is urgent since plenty of wireless communications services
take place indoors. As the spectrum resources below 6 GHz
are almost exhausted, millimeter-wave (mmWave) spectrum
where a large amount of raw bandwidth is available will
be exploited and utilized to alleviate the traffic crunch [2].
According to the regulations of 3GPP and ITU WRC-15,
26 GHz, 28 GHz, 38 GHz, and 60 GHz are some of
the most important bands in mmWave communication [3].
So far, several trials have been executed in some countries to
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demonstrate the mmWave network in real field [4]. However,
mmWave suffers from larger propagation loss than lower
frequency, which confines the coverage area of mmWave
network. Thus, dense small-cell or hotspot deployment for
mmWave network, which is expected in future indoor com-
munication systems, is a promising way to alleviate path loss
and satisfy the huge capacity demand in indoor environment.
Due to the complex building structure and small wavelength,
phenomena such as shadowing, multipath and depolarization
will occur in mmWave indoor propagation, which have a
great impact on system performance [5]. To design a capa-
ble and robust mmWave communication system, propaga-
tion characteristics and models should be studied deeply in
various indoor environments.

Since 1990’s, especially in the last decades, many
researches on mmWave channel measurement and model-
ing have been conducted in Ka band, V band, and E band.
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Two path loss models at 83.5 GHz were presented and com-
pared in four indoor environments in [6], while indoor wide-
band channel characteristics weremeasured in the 59-65 GHz
and 80.5-86.5 GHz band in [7]. In [8], cross-polarization
ratios were measured in indoor 70 GHz channels. 60 GHz is
one of the most promising band which has attracted atten-
tions for a long time. The delay spread and polarization
dependence of indoor propagation at around 60 GHz were
studied in [9] and [10], respectively. In [11] and [12], indoor
mmWave channel at 60 GHz were measured and analyzed
by ray tracing method, and it was found that the dominant
propagating path are line-of-sight (LOS) path, first-order and
second-order reflection paths, however the roles of diffraction
were controversial in these two works. Clustering results for
a double-directional 60 GHz MIMO channel were presented
in [13], and a measurement-based statistical spatiotemporal
radio channelmodel was proposed in [14]. Recently extensive
channel measurements in 3-D space in office at 60 GHz were
conducted, and an extended Saleh–Valenzuela model with
both delay and angular cluster features was presented in [15].
Reference [16] investigated large scale fading characteristics
such as path loss exponent (PLE), cross-polarization discrim-
ination ratio (XPD), and shadowing factor at 45 GHz in three
typical indoor environments. The non-line-of-sight (NLOS)
channels in a confined in-building corridor in 41 GHz band
were measured in [17]. In [18], the multipath dispersion
characteristics of outdoor-to-indoor (O2I) propagation were
presented in the angular and delay domains at 32 GHz. The
most potential 5G mmWave candidates are 28 GHz and
38 GHz bands, and much pioneering researches on their
propagation measurements and channel models have been
done by researchers from New York University. Extensive
indoor measurements at 28 GHz and 73 GHz have been con-
ducted [19]-[22], both co-polarization and cross-polarization
scenarios were measured, and both directional and omni-
directional path loss models were presented, furthermore
seven path loss models were compared and analyzed. In [23],
wideband mmWave outdoor propagation measurements and
channel models at 28, 38, 60, and 73 GHz were first pre-
sented. Propagation characteristics of 28 GHz and 38 GHz
were measured in various environments, including down-
town area, railway station and airport [24], indoor din-
ing room [25], office [26], and indoor corridor [27]–[29].
Small-scale spatiotemporal characteristics such as the delay
spread, the azimuth/elevation angle spread of arrival and
XPD were measured at 25.5, 28, 37.5, and 39.5 GHz for
different polarimetric combinations in [30]. In [31], 28 GHz
measurement campaigns were conducted in both indoor and
outdoor environments in the United Arab Emirates. Massive
path loss and direct gain measurements were carried out at
28 GHz in an indoor environment with corridor in [32]. The
indoor propagation channel around 28 GHz were measured
by massive uniform linear array (ULA) and uniform planar
array (UPA) in [33], and by uniform cylindrical array (UCA)
in [34]. O2I propagation channel at 28 GHz was measured
and analyzed by phased array antennas in [35].

Although stairwells, which are vital for daily use especially
for emergency applications, are essential parts in modern
buildings, studies on the propagation in stair structure are
relatively fewer than those in other indoor environments
where extensive investigations have been conducted. In [36],
propagation measurements in a multi-floor stairwell were
carried out over the frequency range of 1.2 to 1.8 GHz, and
a 3-D ray-polygon tracing propagation model was proposed.
Radio propagationmeasurements in multifloor stairwell were
conducted at 2.4 GHz and 5.8 GHz in [37]-[39], and an
image-based ray tracing analysis revealed that in the stud-
ied case the impact of reflections from stairwell walls were
limited but the transmissions through the stairs contributed
the total received power most. Propagation in four typical
stairwells was investigated and two path loss models were
compared in [40], both vertical and horizontal polarizations
were considered. It was found that the path loss model based
on the so-called ‘‘accumulative distance’’ is more accurate
than the model based on the conventional separation distance
between transmitting and receiving antennas. In [41], path
loss model for stairwell environment was presented based on
the measurements at four different stairwells at 900 MHz and
1800 MHz. A deterministic ray-tracing model was presented
for indoor stairwell channel at 10 GHz in [42], and the effects
of diffraction and multiple diffractions from the edges of
step were calculated using heuristic diffraction coefficients.
Very recently, the propagation characteristics of stairwell in
mmWave band at 26, 28, 32 and 38 GHz for various polar-
ization combinations were measured and different path loss
models were compared in [43], [44], and the channel parame-
ters of stairwell were analyzed and compared at 3.5 GHz and
28 GHz in [45].

Despite the numerous existing studies mentioned above,
more measurements on mmWave propagation taking polar-
ization into account are still required in various indoor
environments. Compared to outdoor propagation, multipath
effects are more obvious in indoor environments such as
corridor and stairwell, and the multiple reflection, diffraction,
refraction and even diffuse scattering will lead to depolar-
ization phenomenon. However, researches on polarization
characteristics of mmWave are limited, particularly investiga-
tions on mmWave channel in stairwell are even rarer. To the
best of our knowledge, the time dispersion characteristics of
mmWave in stairwell have not been reported.

In this work, the channel of indoor corridor and stairwell
at 26 GHz and 38 GHz are extensively measured, and the
directional and omnidirectional PLEs, shadow factors, XPDs
and root-mean-square (RMS) delay spreads are analyzed
for both LOS and NLOS scenarios in both co-polarization
and cross-polarization. The results in this paper are bene-
ficial to building an efficient and reliable mmWave indoor
small cell network. The corridor and stairwell environments,
and the measurement setup and procedure are described
in Section II. The path loss, cross-polarization discrimi-
nation ratio, and RMS delay spread results are presented
in Section III, IV and V, respectively. Comparisons with
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other related work are presented in Section VI. Finally, the
conclusions are given in Section VII.

II. PROPAGATION MEASUREMENT CAMPAIGN
A. MEASUREMENT ENVIRONMENT DESCRIPTION
Measurements were carried out in an indoor corridor and
indoor stairwell at 26 GHz and 38 GHz band, which are the
most typical indoor environments and share similar structures
among most modern buildings.

Fig. 1 shows the photos and layout of the indoor corri-
dor. The corridor is in a ‘‘L’’ shape. Two transmitter (TX)
locations (red dots in Fig. 1) and ten receiver (RX) locations
(blue dots in Fig. 1) were selected and the propagating paths
contained both LOS case and NLOS case. The RXs were
lined up at the center of the corridor and the distance of the
adjacent RXs was 0.6 m. There were LOS paths from TX1 to
RXs, whereas all the paths from TX2 to RXs were NLOS
since TX2was obstructed by the corner. The corridor consists
of concrete wall, tiled floor, plaster ceiling, glass window, and
wooden door. All the doors and windows were closed during
measurements.

FIGURE 1. Corridor measurement layout with TX and RX locations.
(a) Photos of the corridor environment; (b) Scaled layout of the corridor
measurement.

Fig.2 shows the photos and geometries of the indoor
stairwell. The measurements on stairwell were conducted
on the second floor of a laboratory building. There are
two sections of stair steps between the second and third
floor, which are denoted as S1 and S2 in Fig. 2. The first
section has 14 steps and the second section has 12 steps.

FIGURE 2. Stairwell measurement layout with TX and RX locations.
(a) Photos of the stairwell environment; (b) Scaled layout of the stairwell
measurement.

The depth (tread) and height (rise) of each step are 30 cm
and 15 cm, respectively. During the measurements, the TX
with a height of 1.8 m was fixed on the entrance platform
of the second floor. RX with a height of 1.2 m was moved
upward from the second floor to the third floor, and the
adjacent RXs had two steps apart. Therewere LOS paths from
TX to RX in S1 section, whereas all the paths from TX to RX
in S2 section were NLOS. The stairwell is composed of tiled
steps, concrete wall and ceiling, iron railings, and a wooden
door which was kept closed during the measurements.

B. MEASUREMENT EQUIPMENT AND PROCEDURE
The channel sounder system used in the measurements is
shown in Fig. 3. The system mainly consisted of a vector
network analyzer (Keysight N5235B) which can measure
the amplitude and phase of the channel transfer function.
In addition, the vector network analyzer enables frequency
sweep in a wide band which provides a high resolution in the
delay domain. The sweeping frequency range was 24-28 GHz
for 26 GHz band, and 36-40 GHz for 38 GHz band, which
means the resolution in the delay domain was 0.25 ns. The
TX antenna was an omnidirectional biconical antenna with
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FIGURE 3. Channel sounder systems for indoor mmWave propagation
measurement.

a gain of 4.8 dBi at 26 GHz and 6.0 dBi at 38 GHz, while
the RX antenna was a directional horn antenna with a gain
of 13.3 dBi at 26 GHz and 16.1 dBi at 38 GHz. The XPD of
the antenna is 36 dB at 26GHz, and 42 dB at 38GHz, which is
quite high so that its influence on polarization measurement
is negligible. The antennas were fixed on rotatable tripods.
The specifications of the channel sounding system are listed
in Table 1.

TABLE 1. Specifications of the channel sounding system.

In corridor, the heights of both TX and RX antennas
were1.4 m. 10 RX positions were selected along a line with
a spacing of 0.6 m between adjacent RXs. In stairwell,
the heights of TX and RX antennas were 1.8 m and 1.2 m,
respectively. RX antennamoved upward along the stair with a
step of 2 stairs, and a total of 12 RX positions were measured.
To obtain angular characteristics at each position, azimuth
sweeping was performed on RX antenna with a sweeping
step of 36◦ which is approximately equal to the half power
beam width (HPBW) of RX antenna, and multiple local
measurements with a separation of 1 cm were carried out

at each azimuth angle to average the small-scale fading.
To analyze the polarization characteristic of the channels, for
each TX andRX combination two polarization configurations
were measured: co-polarization (vertical-to-vertical, V-V)
and cross-polarization (vertical-to-horizontal, V-H). The TX
antenna was fixed to be vertical polarization, and the polar-
ization state of RX antenna was switched between vertical
and horizontal by rotating the horn antenna by 90◦. For each
TX-RX combination, the propagating path is classified into
LOS and NLOS. For directional model, the path is regarded
as LOS only if the TX and RX are aligned on boresight in
azimuth and elevation planes, and meanwhile the path is not
obstructed, otherwise the path is categorized to NLOS. For
omnidirectional model, the path is LOS provided there is an
unobstructed direct path between TX and RX, and NLOS
means the path between TX and RX is blocked.

III. PATH LOSS RESULTS
Path loss is one of themost important parameters to character-
ize the large-scale fading of the channel. A widely used path
loss model is the close-in free space reference distance (CI)
path loss model which can be written as:

PL(d)[dB] = PL(d0)[dB]+ 10nlog10(
d
d0

)+ χσ (1)

PL(d0) = 10log10(
4πd0
λ

)2 (2)

where PL(d0) is the free space path loss at reference distance
d0, d0 is equal to 1 m, n is the PLE, d is the distance
between TX and RX, χσ is the shadow factor which satisfies
lognormal distribution with a mean of 0 and standard devi-
ation of σ . For each orientation of RX in the measurement,
the directional path loss can be obtained by:

PL(d, ϕ)[dB] = Pt [dBm]+ Gt [dBi]+ Gr [dBi]

−Pr (d, ϕ)[dBm] (3)

where Pt is the transmitting power, Pr is the directional
receiving power, Gt and Gr are the gains of transmitting
and receiving antennas, respectively. The PLEs and shadow
factors of the directional path loss model for co-polarization
and cross-polarization can be obtained from (1) by minimum
mean square error (MMSE) fitting.

To eliminate the influence of antenna pattern, omnidirec-
tional path lossmodel is introduced [19]. The omnidirectional
received power is the summation of the directional received
power at each azimuth pointing angle of RX:

Promni [mW ] =
∑
i

Pr (d, ϕi)[mW ] (4)

Substitute the omnidirectional received power into (3),
the omnidirectional path loss can be obtained. The CI path
loss model shown in (1) is also used to fit the omnidi-
rectional path losses for co-polarization, from which the
PLE n(V−V ) for co-polarization can be obtained. However,
for cross-polarization the close-in reference distance with
XPD (CIX) model is applied to fit the omnidirectional path
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losses, since it yields a simple model with lower standard
deviation [20]. The CIX model can be written as:

PL(d)[dB] = PL(d0)[dB]+ 10n(V−V )log10(
d
d0

)

+XPD[dB]+ χσ (5)

In this equation, instead of solving PLE for cross-
polarization, the PLE n(V−V ) found from co-polarization is
used as a constant, and the XPD is optimized by MMSE
fitting to account the additional loss caused by polarization
mismatch.

A. PATH LOSS IN CORRIDOR
Fig. 4 and 5 show the measured and fitted directional path
losses of corridor in co-polarization and cross-polarization
at 26 GHz and 38 GHz, respectively, and the free space
path losses are also shown in the figures for reference.
Table 2 summarizes the directional PLEs and shadow factors
of LOS and NLOS, V-V and V-H polarization at 26 GHz and
38GHz.At 26GHz, inV-V polarization the PLEs and shadow
factors of LOS and NLOS are 1.61 and 1.51 dB, and 3.80 and
8.38 dB, respectively. The PLE for LOS is smaller than that
of free space (n = 2) which is caused by the waveguide effect

FIGURE 4. Measured and fitted directional path losses at 26 GHz in
corridor. (a) V-V polarization; (b) V-H polarization.

FIGURE 5. Measured and fitted directional path losses at 38 GHz in
corridor. (a) V-V polarization; (b) V-H polarization.

TABLE 2. Directional PLEs and shadow factors of LOS and NLOS, V-V and
V-H polarization at 26 GHz and 38 GHz in corridor.

in indoor corridor. The PLE and shadow factor of NLOS
are much greater than those of LOS, which indicates faster
growth and larger fluctuation of path loss in NLOS case due
to rich reflected components from the wall and glass window,
but lack of LOS component. In V-H polarization the PLEs
and shadow factors of LOS and NLOS are 3.83 and 6.80 dB,
and 4.56 and 9.82 dB, respectively. Due to the polarization
mismatch of the TX and RX antennas, both the PLEs and
shadow factor in V-H polarization are greater than those in
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FIGURE 6. Measured and fitted omnidirectional path losses in corridor at
(a) 26 GHz; (b) 38 GHz.

V-V polarization. At 38 GHz, in co-polarization the fitted
results are very similar with those at 26 GHz, however in
cross-polarization the PLEs and shadow factors are smaller
compared to those at 26 GHz which reveals obvious depolar-
ization phenomenon at 38 GHz.

The measured and fitted omnidirectional path losses in
corridor at 26 GHz and 38 GHz are shown in Fig. 6(a) and (b),
respectively. The CI model in (1) is used to model V-V
polarization, and the CIX model in (5) is used to model
V-H polarization. Table 3 summarizes the omnidirectional
PLEs, XPDs, and shadow factors for each case. At 26 GHz,
the omnidirectional PLEs are 1.37 and 2.22 for LOS and
NLOS, respectively, and these values are 1.44 and 1.71 at
38 GHz. It can be observed that the omnidirectional PLEs
are smaller than their directional counterparts. The XPDs in
corridor will be discussed in Section IV.

B. PATH LOSS IN STAIRWELL
To apply the CI path loss model in stairwell, the definition
of distance d in (1) needs to be clarified, because of the
dog-leg structure of the stairs. It has been pointed out in [35]
that when model the path loss of stairwell, the accumulative
distance or walking distance should be used instead of the

TABLE 3. Omnidirectional PLEs, XPDs, and shadow factors of LOS and
NLOS, V-V and V-H polarization at 26 GHz and 38 GHz in corridor.

conventional separation distance. In this paper, we define
the walking distance as the total tread depth of all the steps
between TX and RX, which is proportional to the number of
steps.

Fig. 7 and 8 show the measured and fitted directional
path losses of stairwell varying with the logarithmic walking
distance in V-V and V-H polarization at 26 GHz and
38 GHz, respectively, as well as the free space path losses

FIGURE 7. Measured and fitted directional path losses at 26 GHz in
stairwellr. (a) V-V polarization; (b) V-H polarization.
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FIGURE 8. Measured and fitted directional path losses at 38 GHz in
stairwell. (a) V-V polarization; (b) V-H polarization.

TABLE 4. Directional PLEs and shadow factors of LOS and NLOS, V-V and
V-H polarization at 26 GHz and 38 GHz in stairwell.

for reference. Table 4 summarizes the directional PLEs and
shadow factors of stairwell in different cases. Compared to
the corridor, the PLEs of stairwell are larger in most cases.
This is attributed to the rich reflection and diffraction intro-
duced by the stairs and railings. Specifically, in S1 section the
received signal mainly comes from the LOS component, and
the reflected components fromwalls and stairs also contribute
to the total received power. In S2 section, the received signal
consists of transmitted component through the railings and

stairs, reflected components from the side wall and front wall,
diffraction components from edges of stair steps, and even
diffuse scattering component. Moreover, it is noted that at
38 GHz, the PLE of NLOS in cross-polarization (n= 4.00) is
almost the same as that in co-polarization (n = 3.97), which
is caused by the significant depolarization effect in NLOS
scenario.

FIGURE 9. Measured and fitted omnidirectional path losses in stairwell at
(a) 26 GHz; (b) 38 GHz.

The measured and fitted omnidirectional path losses in
stairwell at 26GHz and 38GHz are shown in Fig. 9(a) and (b),
respectively, in which the walking distance defined above
is used. Table 5 lists the omnidirectional PLEs, XPDs, and
shadow factors for each case. At 26 GHz, the omnidirectional
PLEs are 1.40 and 2.31 for LOS and NLOS, respectively,
and these values are 1.53 and 1.65 at 38 GHz. Similar to
the directional PLEs, the omnidirectional PLEs of stairwell
are larger than those of corridor in most cases. The XPDs in
stairwell will be discussed in the next section.

IV. CROSS-POLARIZATION DISCRIMINATION
RATIO RESULTS
The polarization state of radio wave can be changed dur-
ing reflection, diffraction, and scattering, therefore the RX
antenna can receive signals even if the polarization of RX
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TABLE 5. Omnidirectional PLEs, XPDs, and shadow factors of LOS and
NLOS, V-V and V-H polarization at 26 GHz and 38 GHz in stairwell.

antennamismatcheswith that of TX antenna. XPD is a critical
parameter to quantify the channel depolarization, which is
defined as:

XPD = Prco − Prcx (6)

where Prco is the received power in co-polarization and Prcx
is the received power in cross-polarization.

In directional path loss model shown in Table 2 and 4,
the difference of the PLEs between V-H polarization and V-V
polarization can be used to characterize the average XPD
per decade. For example, in corridor environment, the XPDs
are 22.2 dB and 7.6 dB per decade for LOS and NLOS at
26 GHz, while they are 14.8 dB and 3.6 dB per decade for
LOS and NLOS at 38 GHz. Similarly, the stairwell has a
XPD of 26.4 dB and 2.8 dB per decade for LOS and NLOS
at 26 GHz, while 8.9 dB and 0.3 dB per decade for LOS
and NLOS at 38 GHz. We observed that XPD for LOS is
larger than that for NLOS, which indicates the polarization
state is preserved in LOS component, and depolarization
occurs in NLOS components such as reflection, diffraction,
and scattering.

In omnidirectional path loss model shown in Table 3 and 5,
the XPD is fitted by CIX model. In corridor, the XPDs
are 13.7 dB and 4.02 dB for LOS and NLOS at 26 GHz,
and 7.22 dB and 2.22 dB for LOS and NLOS at 38 GHz.
In stairwell, the XPDs are 12.02 dB and −0.92 dB for LOS
and NLOS at 26 GHz, while they are 5.47 dB and −1.81 dB
for LOS and NLOS at 38 GHz. In both corridor and stairwell,
the XPD at 38 GHz is smaller than that at 26 GHz, which
implies the depolarization effect is stronger at 38 GHz in
our specific measured environment. At the same frequency,
the XPD in stairwell is smaller than that in corridor, especially
the XPD for NLOS scenario in stairwell is close to zero or
even negative. Compared to the corridor, there exists more
reflection and diffraction surface such as stair steps and iron
railings in stairwell environment, which leads to numerous
multipath propagations in stairwell and produces manifest
depolarization effect. Fig. 10 shows the cumulative distri-
bution functions (CDF) of XPDs obtained from omnidirec-
tional received power in corridor and stairwell at 26 GHz
and 38 GHz, and results of LOS and NLOS scenarios are
combined in Fig. 10.

FIGURE 10. CDF of XPDs obtained from omnidirectional received power
at 26 GHz and 38 GHz in corridor and stairwell.

V. RMS DELAY SPREAD RESULTS
In multipath channel, signals from different path will arrive
at RX with different time delay which causes time dispersion
of the channel. RMS delay spread is used to measure the
time delay extent of the channel which limits the data rate of
communication. RMS delay spread is defined as the standard
deviation of the weighted time delay:

στ =

√
τ 2 − (τ )2 (7)

where

τ 2 =

∑
k P(τk )τ

2
k∑

k P(τk )
(8)

τ =

∑
k P(τk )τk∑
k P(τk )

(9)

where στ is the RMS delay spread, τk is the time delay of the
kth path, and P(τk ) is the received power of the kth path.

The multipath components (MPC) are extracted from
power delay profile (PDP). Some measured PDPs in corridor
and stairwell at 26 GHz are illustrated in Fig. 11 and Fig. 12,
respectively. Strong LOS path components are observed
in Fig. 11(a) and Fig. 12(a), which are consistent with the
LOS scenario where the TX and RX are aligned on boresight;
in contrast, the received powers are much smaller and the
delays are larger in Fig. 11(b) and Fig. 12(b), and no LOS
components are observed, which are consistent with NLOS
scenario where the TX and RX are misaligned. A multipath
component is defined as a distinguishable local maximum in
the PDP. To detect the local maxima, all peaks of the PDP
curve are extracted first with the following condition [46]:

P(τk ) > P(τk +1),P(τk ) > P(τk −1) (10)

where1 is the delay resolution which is 0.25 ns in this paper.
Then the local maxima are detected by comparing with the
noise threshold and detection threshold. The noise threshold
is set to be−90 dBm in this paper, and the detection threshold
is defined as a local sliding window average function [47]:

T (τ ) =
ε

3

∫ τ+3/2

τ−3/2
P(x)dx (11)
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FIGURE 11. Pow delay profiles in V-V polarization at 26 GHz in corridor.
(a) LOS; (b) NLOS.

where 3 is the length of the sliding window over the delay
and ε is an offset of the threshold. To avoid the influences
of noise and artifacts, a peak is considered to be a multi-
path component only if its level is greater than the noise
threshold and detection threshold. As an example, the detec-
tion threshold, noise threshold and detected MPCs are also
shown in Fig. 11 an Fig. 12. Substituting the detected MPCs
into (7)-(9), RMS delay spread can be obtained.

A. RMS DELAY SPREAD IN CORRIDOR
RMS delay spreads are measured for all the azimuth pointing
angles for each TX-RX location combination. The corridor
RMS delay spreads of V-V and V-H polarizations at 26 GHz
and 38 GHz are shown in Fig. 13, and it can be observed the
RMS delay spread shows no clear dependence on distance.
The corresponding CDFs are shown in Fig. 14, which shows
that at both 26 GHz and 38 GHz 90% of the RMS delay
spreads are less than 18 ns for both LOS and NLOS in any
polarization combination.

The average, standard deviation, and maximum of the
measured RMS delay spreads in corridor in various cases

FIGURE 12. Pow delay profiles in V-V polarization at 26 GHz in stairwell.
(a) LOS; (b) NLOS.

TABLE 6. The mean, standard deviation, and maximum values of RMS
delay spreads in various cases in corridor.

are summarized in Table 6. At 26 GHz in V-V polarization,
the mean RMS delay spreads are 9.10 ns and 11.86 ns for
LOS and NLOS, respectively, while in V-H polarization the
mean values are 13.06 ns and 13.01 ns for LOS and NLOS,
respectively. In LOS case, the shortest direct path has the
strongest power, which reduces the RMS delay spread. In
NLOS scenario where the direct path is blocked, the received
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FIGURE 13. Measured RMS delay spreads for V-V and V-H polarizations in
corridor. (a) 26 GHz; (b) 38 GHz.

signals mainly come from reflection, diffraction, and scat-
tering which have larger delay differences and enhance the
RMS delay spread. It is also noted that the mean RMS delay
spread is larger in V-H polarization compared to that in V-V
polarization which is due to the fact that the LOS component
in V-H polarization is weakened by the mismatched TX and
RX antennas, and more NLOS components in which the
polarization reversal occurs can be received. At 38 GHz in
V-V polarization, the mean RMS delay spreads are 10.76 ns
and 14.39 ns for LOS and NLOS, respectively, while in V-H
polarization the mean values are 14.20 ns and 14.36 ns for
LOS and NLOS, respectively. Compared to those at 26 GHz,
larger RMS delay spreads at 38GHz indicatemoremultipaths
exist at 38 GHz in the measured corridor.

B. RMS DELAY SPREAD IN STAIRWELL
Fig. 15 shows the RMS delay spreads for V-V and V-H
polarizations at 26 GHz and 38 GHz in stairwell, and the cor-
responding CDFs are shown in Fig. 16. At both 26 GHz and
38 GHz, 90% of the RMS delay spreads are less than 21 ns for
both LOS and NLOS in any polarization combination, which
are a little larger than those in corridor.

FIGURE 14. CDF of RMS delay spreads for LOS and NLOS in V-V and V-H
polarizations in corridor. (a) 26 GHz; (b) 38 GHz.

TABLE 7. The mean, standard deviation, and maximum values of RMS
delay spreads in various cases in stairwell.

The average, standard deviation, and maximum of the
measured RMS delay spreads in stairwell in various cases
are summarized in Table 7. At 26 GHz in V-V polarization,
the mean RMS delay spreads are 11.72 ns and 13.23 ns for
LOS and NLOS, respectively, while in V-H polarization the
mean values are 14.59 ns and 16.48 ns for LOS and NLOS,
respectively. At 38 GHz in V-V polarization, the mean RMS
delay spreads are 13.95 ns and 15.33 ns for LOS and NLOS,
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FIGURE 15. Measured RMS delay spreads for V-V and V-H polarizations in
stairwell. (a) 26 GHz; (b) 38 GHz.

respectively, while in V-H polarization the mean values are
15.45 ns and 16.49 ns for LOS and NLOS, respectively.
Similar to the corridor, the RMS delay spread is larger
for NLOS than that for LOS in stairwell, also the cross-
polarization configuration has larger RMS delay spread than
co-polarization in stairwell. Although the overall variation
trend of RMS delay spread in stairwell is very similar with
that in corridor, we observed that the mean value of RMS
delay spread in stairwell is somehow larger than that in corri-
dor for the same configuration, which is due to more NLOS
components in stairwell from reflections and scatterings from
multiple steps and periodic railing structures.

VI. COMPARISONS WITH OTHER RELATED WORK
The PLEs, shadow factors, XPDs, and mean values of RMS
delay spread in corridor and stairwell from different works
are listed in Table 8. Although the geometry of environment,
the setup of measurement and the method of post-processing
are variant among different works, these results are generally
consistent and propagation characteristics can be observed
from Table 8.

In corridor, the smallest PLE is reported to be 0.6
at 26 GHz [28], while the largest PLE is 5.1 at 28 GHz in V-H

FIGURE 16. CDF of RMS delay spreads for LOS and NLOS in V-V and V-H
polarizations in stairwell. (a) 26 GHz; (b) 38 GHz.

polarization for NLOS scenario [20]. In our work, the PLE
in corridor ranges from 1.37 to 4.56 at 26 GHz, and 1.44 to
3.90 at 38 GHz in various cases; the shadow factor ranges
from 1.51 dB to 9.82 dB at 26 GHz, and 1.33 dB to 9.49 dB
at 38 GHz. The XPD is reported to be 10.4 dB to 14 dB at
28 GHz in [20], and 3.4 dB at 38 GHz in [27]. In our work,
the XPD is 4.02 dB to 13.7 dB at 26 GHz, and 2.22 dB to
7.22 dB at 38 GHz. The mean value of RMS delay spread in
our work ranges from 9.10 ns to 13.06 ns at 26 GHz, and
10.76 ns to 14.39 ns at 38 GHz, which is lager that those
reported in [27], [28] but little smaller than those in [20] due
to the inherent differences in the geometry and structure of
corridor.

In stairwell, the PLE in our work ranges from 1.40 to
4.46 at 26 GHz, and 1.53 to 4.00 at 38 GHz. These values
are smaller than those reported in [43], [44], which is
may be due to the fact that the measurement distance in
our work is relatively small. The XPD and RMS delay
spread in stairwell environment are barely reported. In our
work, the XPD is from −0.92 dB to 12.02 dB at 26 GHz,
and−1.81 dB to 5.47 dB at 38 GHz; the mean value of RMS
delay spread ranges from 11.72 ns to 16.48 ns at 26 GHz, and
13.95 ns to 16.49 ns at 38 GHz.
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TABLE 8. Comparisons of mmWave indoor propagation characteristics with related works.

VII. CONCLUSION
The propagation characteristics of indoor corridor and stair-
well at 26 GHz and 38 GHz are investigated by measurement
in this paper. Both co-polarization and cross-polarization
configurations are considered. The directional and omni-
directional PLEs, shadow factors, XPDs, and RMS delay
spreads with associated CDFs are presented for various
cases. The results are compared and analyzed with respect to
LOS/NLOS scenarios, polarization combinations, frequen-
cies, and environments. For directional path loss, CI model
is used in both V-V and V-H polarization, and it is found the

directional PLEs in V-H polarization are greater than those in
V-V polarization due to the polarization mismatch of the TX
and RX antennas in V-H configuration. For omnidirectional
path loss, CI model is used in V-V polarization, whereas the
CIX model is used in V-H polarization from which the XPD
can be obtained. It is found that the omnidirectional PLEs
are smaller than directional PLEs, and PLEs for NLOS are
greater than those for LOS. Compared to the corridor, PLEs of
stairwell are larger inmost cases which is attributed to the rich
reflection and diffraction introduced by the stairs and railings.
We observed that XPD for LOS is larger than that for NLOS,
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which indicates the polarization state is preserved in LOS
scenario, and depolarization occurs in NLOS scenario.
Depolarization phenomenon is manifest in NLOS scenario
for higher frequency, and compared to corridor, depolariza-
tion is more obvious in stairwell where more scatters exist.
In corridor, 90% of the RMS delay spreads are less than
18 ns for all cases, while they are less than 21 ns in stairwell
environment. Generally, the RMS delay spread is larger for
NLOS than that for LOS, the cross-polarization configura-
tion has larger RMS delay spread than co-polarization, and
38 GHz shows larger RMS delay spreads than 26 GHz in
our measured environments. The results in this paper are
beneficial to building an efficient and reliable mmWave
indoor small cell network.
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