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Abstract—This article performs extensive channel mea-
surements and characteristics analysis to investigate large-
scale fading (LSF) and small-scale fading (SSF) of wireless
local area network (WLAN) channels in large indoor office
environments. Multifrequency single-input-single-output (SISO)
channel measurements are conducted at 3, 5.5, and 6.5 GHz
under the same conditions to explore the frequency dependence of
LSF, delay spread (DS), and K-factor (KF). Then, SISO channel
measurements with different half-power beamwidths (HPBWs)
of antennas are performed at 5.5 GHz in access point (AP) to
user equipment (UE) and AP-to-AP scenarios. The effects of
antenna HPBW on LSF, DS, and KF are investigated, thereby
inspiring the AP deployment in high-density (HD) scenarios.
Finally, 32 x 64 multiple-input-multiple-output (MIMQO) channel
measurements at 5.5 GHz are conducted to study the SSF of
the time nonstationarity and multilink correlation. The time
nonstationarity, including the parameters’ drifting and cluster
evolution caused by the movement of the UE, is verified by the
measurement results. Multilink correlations are illustrated from
the perspectives of the angular power spectral density (APSD)
and correlation matrix collinearity (CMC). The results show that
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the distance between users and separation angle can affect the
multilink correlation.

Index Terms— Antenna beamwidth, large indoor office
environments, multifrequency wireless channel measurements,
multilink correlations, time nonstationarity.

I. INTRODUCTION

IRELESS local area network (WLAN) and cellular

mobile communication are two major wireless commu-
nication technologies that complement each other in realizing
the intelligent Internet of Things (IoT) [1], [2], [3], [4].
Multifrequency cooperation and multiuser multiple-input—
multiple-output (MU MIMO) technologies are introduced by
the next-generation IEEE 802.11be standard to improve the
spectrum efficiency and network throughput [5], [6], [7].
Currently, wireless fidelity (Wi-Fi) networks are working at
2.4 GHz and 5 GHz. However, the limited spectrum resources
cannot meet the requirements of rapidly growing wireless
devices. Fortunately, the 6-GHz band will be open for Wi-Fi,
and the devices are enabled to simultaneously work at 2.4, 5,
and 6 GHz [8]. The three frequency bands can cooperate to
fulfill the high speed, large capacity, and low latency demands.
In addition, the MU MIMO technology uses spatial diversity
of channels to provide more spatial streams for multiple
users with the same bandwidth, which greatly improves the
throughput. The time nonstationarity and multilink correlation
are two important channel characteristics for the MU
MIMO technology, and they will affect system performance
evaluation. Besides the two physical layer technologies, the
antenna beamwidth also influences the network capacity.
In high-density (HD) scenarios, there is a relatively high
concentration of wireless terminals [10], resulting in worse
communication quality. Using narrow beamwidth antennas,
more high-gain access points (APs) can be deployed to serve
more user equipment (UE) with less interference between APs.
In conclusion, exploring the multifrequency and MU MIMO
channel properties and investigating the impacts of antenna
beamwidth are important for efficient communication systems’
design, deployment, and optimization [9].

The existing multifrequency channel measurements are
mainly concentrated on comparisons between millimeter-wave
(mmWave) bands and sub-6-GHz bands. Channel measure-
ments were performed at 6.75, 30, and 60 GHz in a street
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canyon scenario [11], a large indoor corridor scenario [12],
and a corner environment [13]. Directional scanning channel
measurements from 2.4 to 61 GHz were carried out in a
semi-open office and a closed office [14]. Multifrequency
characteristics for classroom and hall scenarios at 2-4-,
9-11-, and 27-29-GHz bands were analyzed in [15].
In addition, some multifrequency measurements investigated
the frequency dependence of statistical properties for ultraw-
ideband (UWB) channels. In [16], channel measurements were
conducted at 5-6.6 GHz in six different office environments.
The frequency dependence of polarized UWB channel
parameters at 2-5 GHz was explored in [17]. In [18], the
frequency dependence of fading statistics was investigated for
UWB systems at 3.1-10.6 GHz. Zhou et al. [19] performed
channel measurements at 2.4, 5, and 6 GHz in the corridor
scenario. However, few works studied multifrequency channel
measurements at the three Wi-Fi frequency bands in a large
office environment.

High-gain directional antennas instead of low-gain omni-
directional antennas are preferred at mmWave bands to
compensate for the severe path loss (PL). Therefore, most
of the existing channel measurements [20], [21], [22],
[23], [24] focused on the effects of antenna beamwidth
at mmWave bands. However, there are few studies of
beamwidth effects at sub-6-GHz bands. Investigating the
antenna beamwidth at sub-6 GHz is useful to determine and
deploy AP antennas in HD scenarios.

Time nonstationarity is an important channel property and
it is reflected by time-variant parameters and the cluster
birth—death process [25], [26], [27]. The time variance of
a wireless channel is caused by the relative movement
between the transceiver and the scatterers. Consequently,
the small-scale parameters (SSPs), i.e., delay and angle,
are drifting smoothly. The multilink analysis based on
channel measurements includes the correlation of large-scale
parameters (LSPs) [28], [29], [30], [31], [32], [33] and
correlation matrix [34], [35]. The early studies [28], [29],
[30], [31] mainly focused on the multilink correlation of
shadowing fading (SF) and delay spread (DS). Except
for the SF and DS, correlation characteristics of K-factor
(KF) were also investigated in high-speed railway scenarios
[32], [33]. Oestges and Czink [34] measured the channel
matrix of 16 links and analyzed the correlation matrix distance
at the transmitting side. In [35] and [36], the correlation matrix
collinearity (CMC) of multilink channels was calculated.
The SSPs are important parts of channel models, and the
correlation of SSPs also has significant impacts on the system
performance. However, the channel measurements mentioned
above did not evaluate the similarity of SSPs of different links.

In the existing works, there have been some relevant
multifrequency channel measurements for UWB channels
and comparisons between sub-6-GHz bands and mmWave
bands, and multilink correlation analysis of LSPs and
correlation matrix. However, channel measurements and
analysis comparing the fading characteristics at three Wi-
Fi bands under the same conditions, exploring the effects
of antenna beamwidth in HD scenarios, and evaluating the
multilink correlation of SSPs are still missing. Understanding
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channel characteristics and accurate channel modeling are
the basis of wireless system design. Hence, investigating
the corresponding WLAN channel properties is of vital
importance to establish accurate large-scale fading (LSF)
and small-scale fading (SSF) channel models, and to further
optimize WLAN system performance. To fill the above
gaps, extensive channel measurements in a large indoor
office environment are conducted. The main contributions and
novelties of this article are summarized as follows.

1) Multifrequency single-input—single-output (SISO) chan-
nel measurements are conducted at 3, 5.5, and 6.5 GHz
under the same measurement conditions. Based on the
channel measurements, the channel characteristics of
LSF, DS, and KF are investigated at these three Wi-Fi
bands.

2) SISO channel measurements with different half-power
beamwidths (HPBWSs) of antennas are performed at
5.5 GHz. Furthermore, the effects of antenna HPBW
on LSF, DS, and KF are studied and compared in the
AP-UE and AP-AP scenarios.

3) The 32 x 64 multiple-input—multiple-output (MIMO)
channel measurements are conducted at 5.5 GHz to
explore the SSF of the time nonstationarity and multilink
correlation. The time nonstationarity is demonstrated
by the delay power spectral density (DPSD) and angle
drifting. The multilink correlations are investigated by
the angular power spectral density (APSD) and CMC.

The rest of this article is organized as follows. Section II

describes the channel measurement equipment, environment,
and configuration. In Section III, a brief description of
measurement data processing procedure is introduced. Channel
measurement results and analysis are presented in Section IV.
Finally, conclusions are drawn in Section V.

II. CHANNEL MEASUREMENTS
A. Channel Sounding System

The Keysight time-domain channel sounder is used
to conduct channel measurements. It mainly includes a
transmitter (Tx) side and a receiver (Rx) side, as shown in
Fig. 1. The Tx side is composed of an arbitrary waveform
generator M8190A, a power amplifier, and a radio frequency
(RF) switch supporting 32 channels’ measurements in serial.
The Rx side consists of a wideband digitizer M9703B,
an analog signal generator N5173B, eight down converters,
eight intermediate frequency (IF) amplifiers, and eight RF
switches to support 64 channels’ measurements. A pair of
high-precision rubidium clocks and GPS antennas are used
to provide 1 pulse/s (1 PPS) and 10-MHz reference clock for
the synchronization of the Tx and Rx.

The pseudonoise (PN) sequence is used as the sounding
signal and downloaded to M8190A. Then, the output RF
signal is amplified by the power amplifier and transmitted
through antenna arrays for MIMO channel measurements.
Each antenna element is switched by high-speed RF switches
with a switch time of 1 us. The IF signal is obtained by
the mixture of the received RF signal and the local oscillator
signal. To improve the signal-to-noise ratio (SNR), the IF
signal is amplified by the IF amplifier first, and then sampled
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Fig. 1. Diagram of the channel measurement system.

by M9703B with a sampling rate of 1.6 GSa/s. Finally, the
downconverting operation is completed by the Keysight VSA
89 600 software, and the baseband IQ data are stored on the
server. For SISO channel measurements, the RF switch is
not necessary, and other steps are similar to MIMO channel
measurements.

B. Measurement Environment and Setup

The measurement campaign was carried out in a
typical large indoor office environment with a size of
50 x 17 x 3.3 m?, and the environment is illustrated in
Fig. 2. The office is equipped with nearly 100 working seats.
Each seat is at 0.75-m height at the desktop level and with
an additional vertical clapboard having about 0.45-m height.
There are one or two monitors and other small objects on
desks. The office is surrounded by glass windows, metal walls,
and metal ceiling. Besides, there are 12 metal pillars. This
office is similar to the indoor hotspot scenario defined in [37],
and there exist large number of connected devices.

Three channel measurement cases with different configu-
rations are conducted in the office environment in line-of-
sight (LOS) and non-LOS (NLOS) scenarios. Multifrequency
SISO channel measurements in Case 1 are used to investigate
the channel characteristics of LSF, DS, and KF at two
existing Wi-Fi bands and the newly introduced 6-GHz band.
SISO channel measurements in Case 2 are performed at
5.5 GHz to study the effects of antenna HPBW on LSF, DS,
and KF in the AP-UE and AP-AP scenarios. In Case 3,
32 x 64 MIMO channel measurements are conducted at
5.5 GHz. Then, the time nonstationarity and multilink
correlation are analyzed.

1) Case 1: The bandwidths of all the cases are 320 MHz,
and the center frequencies of Case 1 are 3, 5.5, and 6.5 GHz.
The results in [19] show that there is strong interference
at 2.4 GHz, and therefore 3 GHz is chosen instead in this
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Fig. 2. Photograph of the large indoor office environment.

article. To ensure the same measurement conditions, 2—8-GHz
omnidirectional antennas (abbreviated as omni in the following
figures and tables) are used at Tx and Rx sides. The channel
measurements at three frequency bands are conducted at
different time instants. During channel measurements, there
are no walking person and moving objects. Therefore, the
measurement environment can be considered as quasi-static,
and channel measurements at different time instants do not
affect the channel characteristics. The Tx antenna is mounted
upside down from the ceiling with a height of 3.3 m. The
heights of the Rx antenna are 1.5 m in the aisle (referred
to as RxH) and 0.75 m in the working seat (referred to as
RxL). Fig. 3 gives a detailed description of the office layout
and measurement positions. The metal pillars are numbered
by “P1-1” to “P6-1” and “P1-2” to “P6-2.”

2) Case 2: In the AP-UE scenario (Case 2-1), the height
of the Tx antenna is 3.3 m and the height of the Rx
antenna is 1.5 or 0.75 m. Three different antennas are used
as the Tx antenna, i.e., directional antenna, elevation HPBW
(EHPBW) < 90° omnidirectional antenna, and EHPBW >
120° omnidirectional antenna. The measurement positions are
the same as Case 1. In the AP-AP scenario (Case 2-2),
antennas of both the sides are the same type and they
are mounted upside down from the ceiling. The antennas
are EHPBW = 90° omnidirectional antenna, EHPBW =
120° omnidirectional antenna, and 2-8 GHz omnidirectional
antenna whose EHPBW is larger than 120°. There are three
Tx positions, and 45 Rx positions for each Tx position.

3) Case 3: The Tx antenna is 32-element uniform planar
array (UPA) with four dual-polarized antenna elements
uniformly placed on each row and each column. The Rx
antenna is 64-element uniform circular array (UCA) with four
rings and eight dual-polarized antenna elements uniformly
placed on each ring. The measurement positions and local
coordinate systems (LCSs) of the Tx and Rx antennas are
illustrated in Fig. 4. Totally, 88 positions (referred to as
RxH) are measured, and there are two long routes where Rx
positions are spaced by 0.5 m. Among all the measurement
positions, RxH70-75 and RxHS87 are obstructed by the
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Fig. 4. Measurement positions of Case 3.

metal pillar “P3-2.” Therefore, these positions are NLOS
positions and the others are LOS positions. The measurement
configuration and parameters for all the cases are summarized
in Table L.

4) Calibration: Calibration operation is needed to remove
the measurement system response. For SISO channel
measurements, back-to-back calibration is completed by
connecting the output of the power amplifier and the input
of the downconverter with a 60-dB attenuator. To obtain the
calibration data of 32 x 64 MIMO channels, the first step is
to measure the frequency responses of RF switches at Tx and

Ek- e j poulin el e CONFIGURATIONS AND PARAMETERS OF CHANNEL MEASUREMENTS
wall3 1.55m
=
[ | | Ao .| Frequency Antenna | Measurement
ﬂ ﬁ o fosm Cases | GHy) Antenna Type Height (m) | Positions
x - -
[12.9 m— ] I | | Tx: 3.3 Tx: 1
B j F j F j FMW F j F 1 [3,55,65| Tx,Rx:2-8 GHzomni | RxH: 1.5 | RxH: 56
walll [ RxL: 075 | RxL: 52
N J LJ LJ h J L J L Tx: directional, Tx: 3.3 Tx: 1
- ‘ N | | | | | 21 5.5 ggggg?%oomni, RxH: 15 | RxH: 56
o usm . : s 1. :
" B, rowel  17m R, 2.8 Gity ol | RXL: 075 | RxL: 52
I } | I | Tx, Rx: EHPBW=90° omni, | . T 3
F ﬁ 53] Fﬂ Faﬁ F 2-2 55 EHPBW=120° omni, e -
I 1T ] 1T 1T \%\ 1 ] 2-8 GHz omni Rx: 3.3 Rx: 45
| j f j ﬁ ﬂ ﬁ ﬂ f j frﬂ f j ﬁ ; s Tx: 32 clements UPA | Tx: 29 | Tx T
: Rx: 64 elements UCA Rx: 1.5 Rx: 88
JL Jlm (= L& JU L L
=L ][ ] 0 ][ ][ [ ] 0 ]
1 2 3 4 5 6 7 8 9 .[\) 10 ll 12 13 14
- . .
N wall2 ; Rx sides and a power splitter by the vector network analyzer.
[ —— Then, the transmitted signal from one channel of the RF switch

at the Tx side is connected to eight parallel channels at the
Rx side by the power splitter. To ensure that the received
power is not saturated, a 40-dB attenuator is used. Finally,
the calibration data of other 56 channels can be reconstructed
by their frequency responses and the eight channels’ back-to-
back calibration data.

III. MEASUREMENT DATA PROCESSING
A. Calculation of Channel Impulse Response (CIR)

Let s(¢) denote the transmitted signal. The system response
of the channel sounder can be obtained in the back-to-back
calibration process and it is represented by kg (¢). Hence, the
calibrated signal can be expressed by Y (1) = s(2) * hgys (1),
where * represents the convolution operation. The wireless
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CIR is denoted by h(¢) and the wireless received signal can
be calculated as y(t) = s(t) * hgy(¢) * h(t). Therefore, the
wireless CIR is obtained by the operation of inverse fast
Fourier transform (IFFT) [38] as

Y(f) FFT(y(®))

= IFFT{ ————_ 1
Ysys(f) ] [FFT(ySYS(t)) ] ( )

where Yys(f) and Y(f) are the frequency responses of ysys(t)
and y(z), respectively.

h(t) = IFFTI

B. Outlier Snapshots Elimination

For each measurement data, it is observed that a few
snapshots have significant difference compared with the rest.
To improve the accuracy of the data, outlier snapshots are
deleted to ensure that all the remaining snapshots are perfectly
correlated. The calculation of snapshot correlation can be
referred to [39]. Let H; (f) and H,,(f) be the channel
transfer functions of s;th and s,th snapshots between a given
Tx—Rx antenna pair, respectively. The symmetric correlation
matrix is calculated as Q = [|Hsl(f)HH52(f)|]gxs, where
() means the Hermitian operation and S is the number
of snapshots. The 1 x S vector of column summation of
matrix Q is represented by g. We keep the snapshots when
the corresponding entries of the vector g are only 1% different
from the median of g. The effective snapshots are averaged
to calculate the DPSD.

C. Parameters’ Estimation

The peak search algorithm [40] is used to extract multipath
components (MPCs) from the DPSD. MPCs and noise are
commonly distinguished by applying a threshold, which lies
6 dB above the noise floor [41]. If the SNR is high enough, the
threshold can be determined by the larger value of 10 dB above
the noise floor and 20 dB below the maximum power [40]. The
SNR values of all the measurement positions are above 35 dB.
The received power P; is estimated by summing the power of
all MPCs’ path gains

L
P, = Z P, (2)
=1

where P; represents the power of the /th path, and L represents
the total number of MPCs.

The estimated dual-polarized MIMO propagation channel
can be characterized by

L 2 2
h(t;0)) = Zexp(jva,t) Z Z U, py.ps€2,p: (R21)
=1

pi=1pr=1
xerp (1) 8t —w).  (3)

In (3), the parameters’ set of the /th MPC is denoted by
0, = [y, R, 1, v;, 0 p, p,], Which includes propagation
delay 17, the direction of departure 2, ;, the direction of arrival
2, ;, four complex amplitudes «; p, p,, p1/p2 = {1, 2}, and
Doppler frequency v;. The directions are described as unit
vectors in spherical coordinates, corresponding to £;; =
[$in(6),Eon) SIn(@y,a0D), SIN(6)EoD) COS(Pr,A0D), COS(B)EoD)]”
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TABLE II
PARAMETERS OF CI AND FI MODELS IN LOS AND NLOS SCENARIOS

Cases Conditions Para- LOS scenario NLOS scenario
o ; meters | CI model | FI model | CI model | FI model

n 16 1.36 2.11 2.15

3 GHz o 1.96 1.81 3.19 3.19

B 4194 | 4477 41.94 4138

n 2.26 2.09 2.61 2.57

1 5.5 GHz o 1.85 1.76 3.13 3.13

B 4721 49.31 4721 47.71

n 2.06 1.98 2.41 2.45

6.5 GHz o 231 2.29 2.95 2.95

B 48.66 49.66 48.66 48.19

o n 2.15 1.97 2.52 2.66

EHP}?X;UO o 235 207 2.65 2.63

B 4721 49.52 4721 45.26

T n 255 2.86 2.95 313

2-1 EHPEX}T% o 237 2.16 2.7 2.68

B 4721 43.66 4721 44.87

n 1.9 1.71 2.36 2.96

directional o 2.49 2.41 3.6 3.36

B 47.21 49.52 47.21 39.16

o n 3.16 2.49 323 244

EHPEO‘IVXIHUO o 2.09 136 171 1.05

B 47.21 56.2 47.21 58.07

ono n 3.36 2.59 3.4 2.62

2 | BHPBW=90° 1 1.94 121 1.85 126

omnt B 4721 57.63 | 47.21 57.97

n 27 249 274 2.69

2-8 GHz omni | o 143 1.36 1.26 1.26

B 4721 50.07 4721 47.94
and R;; = [sin(6)Eoa) Sin(Pr,a0a), SIN(0; Eoa) COS(Pr,A0A),

cos(f.e0a)]”. The angles ¢ aoamop and 6} aoasaon  are
the azimuth angle of arrival or departure (AAoA/AAoD)
and elevation angle of arrival or departure (EAoA/EAoD),
respectively. Besides, ¢;(f2;) and ¢,(2;) are the antenna
pattern of two kinds of polarization in the direction £; and 2.
The transpose operation is denoted by (-)7. The detailed
parameters’ estimation process of dual-polarized space-
alternating generalized expectation—maximization (SAGE)
algorithm can be referred to [42].

IV. RESULTS AND ANALYSIS
A. LSF, DS, and KF of SISO Measurements

1) LSF: The LSF models include the modeling of the PL
and SF. The commonly used close-in (CI) PL model and
floating intercept (FI) PL model [43], [44] are fit with the
measurement data. The intercept of the CI PL model is a
function of center frequency f. and the PL exponent (PLE) n
is a variable. The CI PL model is shown as

PL =32.4420log,,( f.) + 10nlog,,(d) + X, 4)

where d is the distance between Tx and Rx, and X, is the SF,
which can be modeled by a normal distribution variable with
zero mean and standard variance of o.

The intercept B in dB and the PLE of FI PL model are
variables. The FI PL model is given by

PL = 10nlog,,(d) + B + X,. 5)

The fitting parameters of the CI model and FI model are
summarized in Table II. To keep consistency, we consider the
value of 32.4 4 20log,,(f;) as the intercept of the CI model.
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Fig. 5. Case 1: the PL of measurement results, the CI model, and FI model

at 3, 5.5, and 6.5 GHz. (a) LOS scenarios. (b) NLOS scenarios.

Fig. 5 illustrates the PL of the measurement results, the CI
model, and FI model at 3, 5.5, and 6.5 GHz. It is obvious
that the PL at 3 GHz is much lower than that of 5.5 and
6.5 GHz in both the LOS and NLOS scenarios. However,
there is no significant difference in the PL between 5.5 and
6.5 GHz. Observing from Table II, the PLE, SF, and intercept
of the FI model and CI model have minor difference in
the LOS scenarios and are almost the same in the NLOS
scenarios. The PLE of 3 GHz is much smaller than those of
the other two frequencies. The PLE and SF do not show a
linear relationship with frequency. According to the results
in [14] and [16], the frequency dependence of the PLE and
SF strongly depends on the environment. Compared with the
parameters in 3GPP TR 38.901 [45], we can find that the PLE
of 3GPP TR 38.901 channel model at 3 GHz is higher, and
the results at 5.5 and 6.5 GHz are lower than the measurement
results in the LOS scenarios. In the NLOS scenarios, the
PLE is larger than the measurement results of three frequency
bands.
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Fig. 6. Case 2-1: the PL of measurement results, the CI model, and FI model
in the AP-UE scenario. (a) LOS scenarios. (b) NLOS scenarios.

Fig. 6 shows comparison of the measurement and fitting
results of a directional antenna and two omnidirectional
antennas in the AP—UE scenario. The EHPBW < 90° antenna
shows the highest PL in both the LOS and NLOS scenarios.
Owing to its narrower EHPBW, the LOS coverage area is
limited. As a result, the PL difference among the three
antennas is more apparent in the LOS scenarios with the
increasing distance. The PLE of omnidirectional antennas has
the tendency to increase with the increasing EHPBW, but
the SF is independent of EHPBW. The PLE and intercept of
EHPBW > 120° antenna are similar to that of the 2-8-GHz
omnidirection antenna in Case 1, which indicates the close
performance of these two antennas. The directional antenna
has the minimum PL and the maximum SF on account of
its high gain and directionality. In conclusion, directional
antennas are suitable for long-distance and narrow direction
scenarios. According to the fitting results, the omnidirectional
antennas with narrower EHPBW can also provide appropriate
gains for users when AP and UE are close to each other.
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Fig. 7. Case 2-2: the PL of the measurement results, the CI model, and FI

model in the AP—AP scenario. (a) LOS scenarios. (b) NLOS scenarios.

Fig. 7 shows comparison of the PL of three pairs of
omnidirectional antennas in the AP-AP scenario. We can find
that the PL increases with the decreasing EHPBW in both
the LOS and NLOS scenarios, indicating that there may be
a linear relationship between the PL and antenna beamwidth.
The FI model parameters and CI model parameters of the
EHPBW = 90° antenna and the EHPBW = 120° antenna are
different from each other. For the CI model, the PLE has the
negative relationship with EHPBW in the LOS and NLOS
scenarios. For the FI model, the PLE and SF are almost the
same among the three pairs of antennas. Furthermore, it can
be concluded that omnidirectional antennas with narrower
EHPBW have less power interference for adjacent APs.

2) DS: DS describes the channel time dispersion and it is
calculated by delays and powers of all the MPCs

> P
Zlel P,

ZIL=1 Pt} .

DS = 7
Zl:l ]

(6)
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Fig. 8. Linear-distance and log-distance models of DS (the left two figures
are the results in the LOS scenarios and the right two are the results in the
NLOS scenarios).

The DS is found to increase with the increasing distance
between Tx and Rx, and the relationship can be modeled by
the linear-distance DS model [46] and the log-distance DS
model [47]. The two models can be expressed by

DS(ns)=A-d+ B+ DS, @)
and
log,o(DS(ns)) = A - logy(d) + B + DS, ®)

where A is the slope, B is the intercept, and DS, is the
standard deviation. It can be deduced from Fig. 8 that DS
increases with the increasing distance. As Rx is getting far
away from Tx, the propagation environment is much more
complicated, contributing to more MPCs and larger DS. The
linear-distance model shows better fitting results in the NLOS
scenarios than in the LOS scenarios. The log-distance model
performs well in both the scenarios. In short, the log-distance
model is easy to be adopted, because its fitting parameters have
no frequency dependence. The fitting parameters of the log-
distance model are A = 0.6, B = 0.8, and DS, = 0.2 and
A =05, B =1, and DS, = 0.1 in the LOS and NLOS
scenarios, respectively.

Log-normal distribution is used to fit the measurement
results of DS, and the distribution parameters are given in
Table III. The mean value is denoted as piigps(s), and the
standard deviation is represented by oigps(s)), Where 1g(-) is
the abbreviation of log.

Fig. 9 is the measurement and fitting results of DS at 3,
5.5, and 6.5 GHz. There is almost no frequency difference in
DS and the DS is larger in the NLOS scenarios. There are
7.6-ns mean value difference in the LOS scenarios and 2.2-ns
mean value difference in the NLOS scenarios among the three
frequencies. In 3GPP TR 38.901 channel model [45], the mean
value and standard deviation of DS are modeled as frequency-
independent variables at sub-6 GHz. The measurement results
are consistent with the 3GPP TR 38.901 channel model.

In the AP-UE scenario, the mean values of two
omnidirectional antennas are the same in the LOS and NLOS
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TABLE III
PARAMETERS OF DS IN LOS AND NLOS SCENARIOS

.. LOS scenario NLOS scenario
Cases Conditions

H1g(DS(s)) | P1g(DS(s)) | Mg(DS(s)) | P1g(DS(s))

3 GHz -7.58 0.29 -7.31 0.14

1 5.5 GHz -7.58 0.29 -7.33 0.16

6.5 GHz -7.47 0.25 -7.31 0.14

EHPBW>120° omni | -7.65 0.3 -7.35 0.19

2-1 | EHPBW<90° omni -7.63 0.42 -7.35 0.2

directional -7.83 0.43 -7.44 0.2

EHPBW=120° omni -7.29 0.14 -7.23 0.08

2-2 | EHPBW=90° omni -7.28 0.13 -7.25 0.14

2-8 GHz omni -7.3 0.14 -7.26 0.12

scenarios. The standard deviations are different in the LOS
scenarios but similar in the NLOS scenarios. It is shown
that the EHPBW < 90° antenna performs equally well in
receiving reflected paths but worse in receiving LOS path
compared with the EHPBW > 120° antenna. The power of
LOS path decreases when the Rx is out of the beam range in
the LOS scenarios, resulting in larger standard deviation. The
directional antenna exhibits the smallest DS because of its
directionality. In the AP-AP scenario, the DS is independent
of scenarios and antenna EHPBW. Since the Tx and Rx
antennas are mounted upside down from the ceiling, most of
the received paths are reflected paths, and the number of MPCs
is more than that in the AP-UE scenario.

3) KF: The frequency-domain moment estimation method
of wideband channel was proposed in [48]. It is suitable for KF
estimation in static and wideband conditions. The estimated
KF is calculated by

| %
G, = W gJH(f)F 9)
1 My
Gv=371 ZJH(f)r‘ - MG (10)
KF = VGi— G (an

G, — /G2 -G,

where H(f) € C'"Ms is the channel transfer function of a
given Tx—Rx antenna pair, | - | is the absolute value, and M
is the number of frequency points. G, and G, are the second-
order and fourth-order moments of H( f), respectively.

The normal distribution parameters of KF in dB are given in
Table IV. The mean value and standard deviation are denoted
as gkr) and oigkp), respectively. The KF decreases with
the increasing frequency in the LOS scenarios and shows no
frequency dependence in the NLOS scenarios. The mean value
is smaller than that in [45], because the results rely on the
measurement environment. Some Rx positions are far from
the Tx with more MPCs, but they are in the LOS scenarios.
In the AP-UE scenario, the KF of the directional antenna
is the largest and that of the EHPBW < 90° antenna is the
smallest because of the increasing MPCs and decreasing LOS
path power. Besides, there is no obvious antenna beamwidth
dependence in the AP—AP scenario. The negative mean values
in Table IV are due to the high power of reflected paths.
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Fig. 9. Case I: the DS of measurement and fitting results at 3, 5.5, and
6.5 GHz.
TABLE IV
PARAMETERS OF KF IN LOS AND NLOS SCENARIOS
Cases Conditions LOS scenario | NLOS scenario
Hig(KF) | P1g(KF) | Mg(KF) | 91g(KF)
3 GHz 2.12 54 -2.15 3.16
1 5.5 GHz 0.57 4.77 -2.12 3.78
6.5 GHz 0.08 4.21 -2.69 3.16
EHPBW>120° omni | 2.65 5.51 -2.82 4.39
2-1 | EHPBW<90° omni 1.2 6.64 -2.76 3.95
directional 4.24 6.28 -0.51 5.4
EHPBW=120° omni | -2.52 3.44 -4.11 3.35
2-2 | EHPBW=90° omni | -2.97 3.1 -3.74 4.19
2-8 GHz omni -3.07 2.97 -3.79 3.37
45
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Fig. 10. Measured DPSD along route 1.

B. SSF of MIMO Measurements at 5.5 GHz

1) Time Nonstationarity: Here, time nonstationarity, includ-
ing parameters drifting and cluster evolution, is caused by the
movement of the Rx. Fig. 10 is an illustration of the measured
DPSD along route 1 where there are 45 Rx positions. These
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Fig. 11.  Angle drifting and cluster evolution along route 1 and route 2.
(a) AAoD. (b) AAoA.

positions are LOS positions. The delay indices of LOS path
are all shifted to 30. It can be seen that there is a slight
variation in LOS power, and the reflection paths exhibit cluster
birth—death process. The obvious delay trajectories of MPCs
are owing to the relative movement between the Rx and the
scatterers.

Fig. 11 demonstrates the drifting processes of the AAoA
and AAoD along the two routes. The AAoA and AAoD
are estimated and calculated in their own LCSs, respectively.
RxH45 is the end of route 1 and RxH46 is the start of
route 2. Hence, there is a break point between them. The
power and delay of each path are denoted by the size and
color of circles, respectively. The LOS path directions of
measurement positions are calculated by Tx and Rx positions
and shown by the color of manganese violet and the marker
in “*” The estimated LOS angles match well with the
calculated angles. In two routes, the Rx is approaching Tx
first and then going away from Tx. As a result, the AAoA
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Fig. 12. Multilink correlation of APSD. (a) AoD. (b) AoA.

of the LOS path has the tendency to increase first and then
decrease, and the AAoD of the LOS path decreases first
and then increases. For LOS positions, the LOS path has
the maximum power. For NLOS positions, the LOS path is
obstructed and its power is lower than those of some reflection
paths. These NLOS positions are distinguished in Fig. 11.
It can be found that they have paths with similar directions,
because they are close to each other and the maximum distance
among them is 2.5 m. Compared with LOS positions, NLOS
positions have more reflection paths with longer transmission
distances.

Besides, we can note that the value of delay indices
roughly can be classified into seven levels, i.e., D1: 31-34,
D2: 35-38, D3: 39-41, D4: 42-46, D5: 46-50, D6: 50-60,
and D7: 60-77. The level D1 is around the delay index of LOS
path and the angles are scattered, so the clusters are mainly
the metal surface near the Tx or Rx. The paths in levels D2
and D3 come from the pillars “P2-1" and “P3-1" as well as

Authorized licensed use limited to: Southeast University. Downloaded on January 22,2024 at 01:35:52 UTC from IEEE Xplore. Restrictions apply.



5230
g 1 T T T
g . *  RxH7
° 2 o
Eosl  oBbag oo ki RxH24| |
S *&'O %@o © x ¥ ***%@‘
*
(2 O opo M&W i
< 0 L L L I L L L
0 20 40 60 80 100 120 140
Separation angle, Hsep )
(a)
= 1 O
S G ¥ S o
g Sob s P, 0 0 * RxH7
st o S®o & %
2 *04 * O RxH24
505 %o, #:°0& & 1
5 © * 5830 W06 00 %ﬁ%****"
2 Oo%*oOOé@%eog)%@@@%%&****
< 0 | | |
0 5 10 15
Distance between two Rxs, dg, (m)
(b)
Fig. 13 Multilink APSD correlation of departure angle with 6sp and

drx at RxH7 and RxH24. (a) Separation angle. (b) Distance between
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the metal wall (wall 3) between them. Since the pillars and the
Tx are static, the AAoD keeps near 36° and 120° for “P2-1”
and “P3-1,” respectively. The delay index changes along with
Rx positions. The angles of Rx positions in levels D4 and
D6 are close to each other, because they come from the pillar
“P1-1” and the metal wall on the left side of the Tx (wall 1
in Fig. 4). Level D5 is due to the metal wall (wall 2) in the
south of Rx. The AAoA and AAoD are around 270°. Level
D7 has the largest delay index, and the corresponding paths
are multireflection paths. We briefly mark the corresponding
clusters in Fig. 11, and the MPCs show the obvious cluster
birth—death process.

2) Multilink Correlation: Here, two indicators are given to
measure how two links are correlated with each other, and
the influencing factors of multilink correlations are presented.
Bartlett spectrum [49] is one of the spectral-based methods
used to perform angle estimation. Having known the array
responses ¢(£2) of Tx and Rx antennas, the APSD can be
given by

Py(R) = tr(‘fz(t)c(Sl)H(c(ﬂ)c(ﬂ)H)_lc(ﬂ)ﬁ(t)H‘) (12)
and

APSD = Pg(82)/||Ps(2)llr 13)

where tr(-) and (-)~' mean the trace and inverse of a matrix,
respectively. || - ||r is the Frobenius norm. The correlation is
calculated by vectorizing the APSD of any two links and then
performing inner product computation. The multilink APSD
correlation results of departure angle and arrival angle are
shown in Fig. 12. The “1-88” at the x-axis or y-axis means the
measurement positions index with the order marked in Fig. 4.
The correlation coefficient is denoted by the color. The high
correlation coefficients of diagonal positions in Fig. 12 indicate
that there exists correlation between the APSD of different
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links. The correlated positions at the Tx side are more than that
at the Rx side, because the propagation environment around
Rx changes with Rx positions. Moreover, the high values
of subdiagonal positions in Fig. 12 are mainly due to those
spatially closed Rx positions. The correlation at the principle
diagonal positions is high as well. We find that these positions
are in close departure directions seen from the Tx, defined as
the separation angle. This parameter is also investigated for
LSPs’ correlation in [28] and [29]. The results validate that if
a Rx travels along a trajectory or if multiple Rxs are closely
spaced, the angles and powers are correlated.

Fig. 13 is the APSD correlation of departure angle of RxH7
and RxH24 with other positions, which explains the effects of
the distance between users dgx and separation angle yp. The
correlation of RxH7 decreases with the increase in separation
angle and distance but the correlation of RxH24 only decreases
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Fig. 15. Multilink CMC. (a) Tx side. (b) Rx side.

with the increasing separation angle. Because the Rx position
sets {1-13, 80} are correlated with RxH7 with correlation
coefficient above 0.7, and these positions have both smaller
distance and smaller separation angle with RxH7. The Rx
position sets {22-25, 27-28, 66-72, 87-88} are correlated
with RxH24 with APSD correlation coefficient above 0.7.
The positions’ RxH66—72 and 87-88 have smaller separation
angle but larger distance with RxH24. Hence, we attribute
the high correlation at partial subdiagonal positions in Fig. 12
to the small separation angle. The positions RxH7 and
RxH24 are LOS positions. However, their APSDs show
similarity with those of some NLOS positions. The APSDs
of other LOS positions also have correlations with those
of some NLOS positions. For NLOS positions RxH70-75
and RxH87, multilink APSD correlation also exists when
two Rxs have small separation angle and/or distance. For
example, the Rx position sets {22-26, 28, 32-33, 63-73,
87-88} are correlated with RxH70, and their APSD correlation
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coefficients are above 0.7. In summary, the multilink APSD
correlation is mainly influenced by the distance and separation
angle between users and is independent of the LOS and NLOS
status.

Fig. 14 is the box plot of multilink APSD correlation at the
Tx side. It consists of five numerical points: minimum, 25th
percentile, median, 75th percentile, and maximum. We can find
that the median decreases with the increase in the separation
angle and distance. The distance between the minimum and
maximum, and the interquartile range of Fig. 14(b) are larger
than those of Fig. 14(a). It turns out that the separation angle
is a better factor to describe the multilink APSD correlation
of departure angle. The multilink APSD correlation of arrival
angle has the same conclusions.

The CMC of different links can be used to evaluate the
multilink correlation effectively. The CMC is expressed as [35]

_ |uf{RiRYY|

CMC =
IR IF IR [

(14)
where R; is the correlation matrix of the ith link. The closer
CMC is to 1, the higher the correlation between the two
links is. Fig. 15 is the illustration of CMC results at the Tx
side and Rx side. The CMC results show similar behaviors
as the APSD correlation in Fig. 12, because the correlation
matrix and APSD correlation are intrinsically correlated.
The values of CMC are much lower than the correlation
coefficient of APSD. The reason is that the CMC includes
the influence of the antenna pattern, which may decrease the
correlation.

V. CONCLUSION

In this article, we have presented extensive WLAN channel
measurements and characteristics analysis in an indoor office
environment. Channel parameters of PL, SF, DS, and KF
have been analyzed for SISO channel measurements. The
time nonstationarity and multilink correlation have been
investigated for MIMO channel measurements.

The multifrequency SISO channel measurements have been
conducted at three Wi-Fi bands under the same measurement
conditions. The PL statistics at 5.5 and 6.5 GHz are similar,
while the PL at 3 GHz is much smaller than those at
5.5 and 6.5 GHz. It has been shown that the SF and DS
have no frequency dependence. The KF decreases with the
increasing frequency in the LOS scenarios but exhibits no
frequency dependence in the NLOS scenarios. In addition, the
DS increases with the increasing distance between the Tx and
the Rx in both the LOS and NLOS scenarios, and therefore can
be modeled by a frequency-independent log-distance model.
These results are helpful for the multifrequency cooperation
technology in the next-generation Wi-Fi 7 communication
systems.

SISO channel measurements with different HPBWs of
antennas have been performed at 5.5 GHz in the AP-UE
and AP-AP scenarios. For omnidirectional antennas, the PLE
increases with the increase in the EHPBW, and the SF is
independent of the EHPBW in the AP-UE scenario. Besides,
the PL increases with the narrower EHPBW of omnidirectional
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antennas. Directional antennas have smaller PL and larger SF
because of their high gains and directionality. The comparisons
of different antenna HPBWs are instructive for AP antenna
selection and deployment in HD scenarios.

Multilink correlation from a new perspective of APSD
has been investigated based on MIMO channel measurements
at 5.5 GHz. Compared with the multilink correlation of
APSD, the CMC may underestimate the correlation because
of the effect of antenna patterns. The results have shown
that the multilink correlation decreases with the increasing
distance between users and separation angle. Moreover, the
DPSD and angle drifting results have validated the time
nonstationarity. Therefore, the smooth time evolution and
the multilink correlations of SSPs need to be considered to
guarantee the accuracy of channel simulations.
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