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ABSTRACT This paper presents a multipath component (MPC) parameter estimator that uses a
double-directional (D-D) channel sounding system in WiGig millimeter-wave bands. It employs low-cost
commercial-off-the-shelf (COTS) RF transceivers capable of beam steering within an azimuth angle range
of±45◦; the transmit power is approximately 31 dBm, equivalent isotropic radiated power (EIRP), including
a total antenna gain of approximately 19 dBi. The half-power beamwidths in the azimuth and elevation planes
are 6◦ and 45◦, respectively. A fast D-D channel acquisition in 360◦ full azimuth range can be achieved by
developing a 4× 4 multiple-input-multiple-output (MIMO) time division-multiplexing (TDM) scheme that
enables simultaneous use of four antenna arrays at both sides of the transmitter and receiver. The beam
switching for all combinations (48 × 48 = 2304) with 12 beams at each array requires less than 200
ms, excluding optional procedure related to data storage. A high-resolution MPC extraction method was
developed from theD-D angular delay power spectra obtained using the sub-grid CLEAN algorithm,which is
applicable when phase coherence among multiple snapshots obtained via the beam-switching measurement
cannot be guaranteed. Furthermore, the operation of the developed system was validated via a measurement
at 58.32 GHz in an office floor of a university laboratory. From the data analysis, the cluster properties and
the corresponding scattering processes were identified.

INDEX TERMS Parameter estimation, channel sounding, beamforming, phased array, beamformer,
millimeter-wave, MIMO.

I. INTRODUCTION
Recently, to use new spectrum at the 28 GHz band in fifth-
generation (5G) mobile communications, various research
and standardization activities have been conducted [1].
Moreover, the IEEE 802.11ay has been developed for
wireless local area network (WLAN) connectivity with
a throughput of 30 Gbps at the license-exempt 60-GHz
millimeter-wave (mm-wave) frequencies [2], [3]. Because the
high-frequency directional multi-gigabit wireless communi-
cations have attracted significant attention, the demand for
design and evaluation ofmm-wave communication systems is
increasing. For amore sophisticated design and accurate eval-
uation of massive multiple-input-multiple-output (MIMO)
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antenna arrays and beamforming-based mm-wave transmis-
sion techniques, the site-specific nature of mm-wave chan-
nels should be considered.

To achieve a more accurate channel model by reflecting
site-specific variety, various machine learning (ML)-based
channel modeling approaches have been used [4], [5]. Evi-
dently, a large amount of measurement data in various scenar-
ios should be collected for the ML-based channel modeling
[6]. In particular, directional channel characteristics at both
the transmitter (Tx) and receiver (Rx) are essential informa-
tion; however, it is difficult to determine these because direc-
tional channelmeasurements are time- and cost-intensive. For
instance, direction-scanning [7]–[12] with highly directive
antennas which is the most popular method for obtaining
angle-resolved power spectra, requires a very long measure-
ment time to conduct a full angle sweep at Tx and Rx
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jointly. Thus, only a small number of measurement points
can be obtained.

As described above, direction scanning requires a long
measurement time (several hours per single channel acqui-
sition) which is determined by the angular sampling inter-
val (ASI) in a given scanning angle range of interest and the
antenna’s half-power beamwidth (HPBW) [13]. Moreover,
a virtual synthetic array with low-gain antennas can be used
[14]–[18] to capture the channel in an element space by
physically moving a single antenna element along multiple
positions to form a full array. However, this requires strict
phase coherence to obtain the angle-resolved power spectrum
by beamforming, as well as a very long measurement time.
Evidently, these systems cannot be used in mobile scenarios
for characterizing small-scale fading and Doppler spread.
In addition, we established a full-antenna array-based channel
sounder. In [19], the channel sounder was configured as a
4 × 4 MIMO scheme; thus, the angle resolution was sig-
nificantly limited. In the scheme, the cost for development
and maintenance is very high because the phase coherence
should be strictly maintained, and the complex calibration of
the MIMO network is necessary.

Beam-switching schemes have been widely accepted for
fast and cost-effective measurements. In [20], a 16×8MIMO
system with multiple directive horn antennas provided
super-resolution channel acquisition in three-dimensional
(3-D) angles of departure (AoD) and arrival (AoA) within
a sweep period of 262 µs. However, it is only an
antenna-switching scheme; therefore, the development cost
is still very high and the flexibility is inevitably low.

Additionally, various studies on electronic beam switching
schemes using phased array antennas have been conducted.
These schemes create a plane wave beam that can be elec-
tronically steered to point in any specific direction by phasing
individual antenna elements; thus, these schemes offer high
flexibility in terms of the ASI and HPBW compared with the
antenna-switching scheme. [21] presented a real-time D-D
channel sounder for the 28 GHz band that could perform
horizontal and vertical beam steeringwith 8×2 phased arrays.
D-Dmeasurements can be performed in 1.44ms by switching
the beams rapidly. However, the range of the steerable angle
is limited to ±45◦.

In [22], a 60-GHz channel sounder with two 8 × 32
phased-array antennas to form 5.6◦ electronically steerable
beams over the azimuth angle range of±45◦. Multiple arrays
were integrated to extend the steerable angle range of a single
array to the full azimuthal angle range. Similar to that in
[20], the channel sweep period was 262 µs. This is because it
was extended from the antenna-switching scheme of the same
authors. In [23], it was established that a 2-D channel sounder
can perform AoA measurements at 360◦ in azimuth and 60◦

in elevation in 6.25 ms. However, it was developed only for
single-directional measurements.

As described above, previous studies based on beam-
switching schemes, in particular, phased array anten-
nas, demonstrate that high-resolution directional channel

measurements can be accomplished rapidly. However, they
require high cost and more time to develop a custom
phased array antenna. Therefore, in this study, a low-cost
mm-wave channel sounding system leveraging commer-
cial off-the-shelf (COTS) beamforming RF transceivers [24]
is developed, which enables acquisition of a fast D-D
channel using electronic beam steering in the 360◦ full
azimuth angle range using phased array antennas. More-
over, the multi-dimensional sub-grid CLEAN algorithm [8]
is applied to extract the multipath component (MPC) parame-
ters from the multi-dimensional power spectra obtained in the
developed system. This study presents cluster analysis results
obtained from measurement campaigns for validating the
system. The original contributions of this study are as follows.

1) A low-cost mm-wave D-D channel sounding system
leveraging COTS beamforming RF transceivers was
developed. The beam switching for all combinations
(48× 48 = 2304) with 12 beams at each array is com-
pleted within 200 ms, excluding an optional procedure
for data storage. Using this system, we could collect a
large amount of measurement data within a few hours.

2) The equi-spaced angular delay power spectra (ADPS)
are obtained by using the same beam pattern
regardless of the antenna pointing direction in the
directional-scanning scheme, but those cannot be
obtained in the phased array antenna scheme because
the beam patterns generated by the individual phased
array antenna are different. Therefore, this study for-
mulates the developed system and applies the sub-grid
CLEAN algorithm which has been developed origi-
nally for the direction-scanning scheme to the devel-
oped system.

3) The results of the channel measurement conducted in
an office environment of the university laboratory at
58.32 GHz are presented. By clustering the extracted
MPCs, the multipath clusters and corresponding scat-
tering processes are identified.

The remainder of this paper is organized as follows.
In Section II, the developed channel sounding system,
including the hardware architecture, MIMO beam-switching
scheme, beam pattern model, and calibration methodology,
is described. The estimation method for MPC parameter is
described in Section III. The cluster analysis results, with
a detailed procedure from MPC extraction to clustering,
for system validation are presented in Section IV. Finally,
the conclusions are presented in Section V.

II. DEVELOPED SYSTEM
A. HARDWARE ARCHITECTURE
The developed system consists of custom baseband pro-
cessing units [26], [27] and COTS-phased array antenna
beamforming transceivers (EVK06002, Sivers IMA) [24],
as shown in Fig. 1. An image is shown in Fig. 2. The base-
band processing units for Tx and Rx consist of four-channel
ADCs/DACs for complex baseband I/Q signals. The DACs

VOLUME 9, 2021 80289



M. Kim et al.: Fast D-D Full Azimuth Sweep Channel Sounder

FIGURE 1. Hardware architecture.

FIGURE 2. Photographs (left: overall system, right: RF transceiver).

and ADCs sample the signals at 800MS/s with 14- and 12-bit
resolution in each channel (I and Q), respectively. We used
a beamforming transceiver incorporating a SiGe RFIC and
phased array antenna (Fig. 2), which is a platform developed
for validating the RF portion of a WiGig link. A direct con-
version scheme is adopted in both Tx and Rx modes, and
autonomous direct current (DC) offset compensation, local
oscillator (LO) leakage adjustment, and I/Q calibration are
equipped.

At the Tx section, the I/Q signal in the form of analog
baseband capable of up to 1 GHz modulation bandwidth is
up-converted to 60 GHz and amplified. Then, that is fed into
16 identical 2- or 4-patch array antenna sections which are
individually controlled in phase and amplitude to perform
beamforming and beam steering. Fig. 2 shows the photograph
of the phased array antenna. The Tx gain can be adjusted at
both RF and at baseband frequencies. The Rx section consists
of 16 identical signal paths which are individually controlled
in phase and amplitude to perform beamforming and beam
steering before down-converted. After down-conversion to
zero IF, I/Q signals, the baseband amplifiers amplify the
received signal to the target I/Q signal level. The transceiver
is equipped with a LO generation system including a fixed-N

synthesizer running at a third of the RF frequency. It generates
the LO signal at 19 ∼ 23.6 GHz from the reference clock
signal at 45 MHz, which is multiplied by three to generate
the signal at 57 ∼ 71 GHz [24].
In this system, Tx and Rx are configured using four

transceivers. A narrow beam in the azimuth plane is syn-
thesized using a 16-element uniform linear array (ULA) at
both Tx and Rx [25]. The input power to each antenna ele-
ment at Tx is adjusted to 0 dBm; hence, the transmit power
is approximately 31 dBm in terms of equivalent isotropic
radiated power (EIRP), which means a total antenna gain
is 19 dBi because the beamforming gain is 12 dB. The LO
of the transceivers generates a carrier signal of 58.32 GHz
(WiGig CH1). The HPBW of the boresight beam patterns is
approximately 6◦ in the azimuth plane, and 18◦ for Rx and
45◦ for Tx in the elevation plane.

An unmodulated Newman phase multi-tone (NPM) with
256 subcarriers (tones) with a bandwidth of 400 MHz is used
as a sounding signal [26]. The delay resolution and maximum
excess delay are 2.5 and 640 ns, respectively. The phase
noise of the local oscillator phase lock loop (PLL) causes
a common phase error (CPE) owing to the average phase
rotation within the sounding packet duration and inter-carrier
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FIGURE 3. Double-directional 360-degree full azimuth angle sweep by MIMO beam-switching scheme.

interference (ICI) because of the spread of the LO’s
power spectrum to distort the multi-tone signals. Therefore,
we made the tone separation sufficiently large at 1.563 MHz
to reduce the ICI effect. In addition, the channel sounder
experiences I/Q imbalance, namely, gain difference and
phase skew in the quadrature LO branches and DC offsets
in the I/Q branches [27]. These can be sufficiently com-
pensated for by the transceiver’s autonomous calibration
function; thus, we achieved an image rejection ratio (IRR)
larger than 50 dB.

As shown in Fig. 1, the master PC remotely controls the
baseband units and beam-switching controllers of Tx and Rx
via LAN/Wi-Fi. The 10-MHz Rubidium clock reference at
each side of Tx and Rx are used for timing synchronization
and 45-MHz reference clock signal generation. The transmis-
sion and reception of the measurement block of snapshots
are executed based on the internally generated trigger pulses,
and those of Tx and Rx are synchronized in the calibration
procedure via cable connection before they will be physi-
cally separated [26]. Note that this work does not require
strict phase coherence amongmultiple snapshots obtained via
the beam-switching measurement because the angle-resolved
power spectra are used in the post processing as described in
the subsequent section.

B. MIMO BEAM-SWITCHING SCHEME
The beam-forming transceiver can synthesize a specific num-
ber of beam patterns (beambook size: 64) via ULA beam-
forming, and a beam-steering function ranging from −45◦

to 45◦ is provided with an interval of 1.4◦. Here, a scanning
range of 90◦ can be achieved by selecting 12 beam patterns at
intervals of 6◦. Then, by using the four phased array antennas
directing toward−135◦,−45◦, 45◦ and 135◦, that is extended
to the 360◦ full azimuth angle sweep. For instance, the full
azimuth angle range was covered by 48 beams. It employs
a 4× 4 MIMO time division multiplexing (TDM) scheme to
measure 16 channels in one scoop for rapid acquisition of full
azimuth angle range, as shown in Fig. 3(a) [27].

In the developed system, the beam-switching function
was realized using a TCP/IP socket. Once the measurement
started, the same sounding packet was sent repeatedly. The
master PC (MATLAB App.) requests a transceiver control
PC (Python app.) to set the Tx and Rx angles arbitrarily.
Subsequently, packet reception and storage were performed
in the Rx baseband unit (C++ App.). Fig. 3(b) shows the
measurement flow. The time for the single MIMO measure-
ment block is approximately 2.2 s, which includes 70 ms for
the Tx/Rx angle set, 73 µs for sounding packet reception,
and approximately 2.1 s for the buffering and HDD writing.
The complete measurement requires 144 MIMO measure-
ment blocks for angle scanning with 12 beams, which takes
approximately 5 min. Notably, buffering and storage occupy
majority of the measurement time. We should modify the
baseband unit to improve the measurement time further.

C. MEASURED AND MODELED BEAM PATTERNS
Fig. 4 shows the measured beam patterns of the 48 Rx
beams on the horizontal plane at Rx. Notably, Tx beam
patterns are omitted because they are similar to those of
Rx. Here, the gains are normalized to the maximum. It can
be observed that these beam patterns have different shapes
with different gains. For MPC parameter extraction, a smooth
and continuous representation of each beam pattern is nec-
essary. The beam patterns of the phased array antennas
(BFM06005/06010, Sivers IMA [25], [28]) were modeled
using the manifold separation technique (MST) [29].

The beam pattern of an arbitrary azimuth angle is obtained
by

an(φ) ≈ gn · d(φ) (1)

where gn ∈ CM denotes the sampling vector of the nth beam.
The Vandermonde vector

d(φ) =
1
√
M

[
ej

M−1
2 φ, . . . , 1, . . . , e−j

M−1
2 φ

]T
where M denotes the number of truncated modes in the
azimuth angle domain. The sampling vector can be calculated
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FIGURE 4. Beam steering patterns on azimuth plane (depicted Rx only).

using the least squares method:

gn ≈ ân · (DHD)−1DH (2)

where the nth beam pattern vector is measured over
φ ∈ [−180◦, 179◦] at every 1◦ denoted as ân =

[ân(−180◦), · · · , ân(179◦)], and the Vandermonde matrix
D = [d(−180◦), · · · , d(179◦)]. Fig. 4 shows the modeled
beam patterns. The models were synthesized based on (2)
with M = 40.

D. OVER-THE-AIR (OTA) CALIBRATION
The measured data include the combined characteristics of
Tx and Rx, as well as the propagation channel character-
istics. This results in some errors during estimation of the
channel. The combined characteristics of the components
are removed by the measured responses in a direct cable
connection between the antenna ports of Tx and Rx; this
process is called back-to-back calibration. However, in this
study, only the output signal radiated from the phased array
antenna is available; thus, over-the-air (OTA) calibration is
employed to remove the combined characteristics of the Tx
and Rx, including those of the phased array antenna.

Here, the received signal obtained by the ith Tx and jth Rx
arrays is approximately expressed as

Y j,i(f ) ≈ ajR(φR)G
j
R(f )H

j,i(f )aiT(φT)G
i
T(f )S(f ) (3)

where GiT(f ) and G
j
R(f ), and a

i
T(φT) and a

j
R(φR) denote the

combined characteristics of the ith Tx and jth Rx front-ends,
and the beam patterns of the ith Tx and jth Rx arrays, respec-
tively (i, j = 1, . . . , 4). H (f ) and S(f ) denote the channel
transfer function (CTF) and transmit signal. The received sig-
nal obtained in the OTAmeasurement at a reference distance,
d , is approximately expressed as

Ycal(f ) ≈ ajR,ctrG
j
R(f )H0(f )aiT,ctrG

i
T(f )S(f ) (4)

where aiT,ctr and a
j
R,ctr denote the center beam patterns along

the line-of-sight (LoS) direction at ith Tx and jth Rx arrays,

respectively. Namely, the calibration data of (4) are measured
by aligning the center beams of each Tx and Rx array (#5,
#17, #29, and #41). H0(f ) denotes the free-space CTF at
the reference distance. Because the OTA measurement can
include some scattered paths, some radio absorbers were
attached to the floor and surrounding walls. Dividing (3) by
(4), the transfer function of the calibrated channel is obtained
as follows:

H (f ) =
Y j,i(f )

Y j,ical(f )/H0(f )
. (5)

From the above, the power of the CTF and the delay time
of the channel impulse response are transformed to values
relative to those in the free-space condition at the reference
distance.

In this system, the actual dynamic range without using
automatic gain control (AGC) is determined by the SNR in
the OTA calibration, which ranges between the OTA refer-
ence level and the noise level as

DR = SNROTA + Gproc < 51 dB (6)

where Gproc = 10 log10 N = 24, which indicates that the
processing gain of discrete Fourier transform (DFT) and the
number of tones is N = 256. SNROTA denotes the SNR
in the OTA calibration which is approximately 27 dB. The
maximum measurable path loss is

PLmax = DR− PGOTA ≈ 129 dB (7)

where PGOTA denotes the path gain at the OTA calibration.

III. MULTIPATH PARAMETER ESTIMATION
A. DOUBLE-DIRECTIONAL CHANNEL ACQUISITION
Fig. 5 shows the directional channel acquisition performed
via beam steering (switching the beam patterns) in the
azimuth angle domain at Rx. Here, NR angular samples are
acquired over a given angle range by electronically steer-
ing the highly directive beam pattern where 1nR denotes a
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FIGURE 5. Directional channel acquisition by beam-switching at Rx.

certain (unequal) interval between the nRth and (nR − 1)th
Rx beams, and φ3dB,R,nR denotes the HPBW of the nRth
Rx beam.

Here, the channel impulse response (CIR) is obtained via
discrete inverse Fourier transform of the measured CTF. The
CIR in terms of the multiple domains of the azimuth angles
at Tx (φT) and Rx (φR), and the time delay (τ ), namely,
multi-dimensional channel impulse responses (MDCIRs) are
obtained through beam-steering at both Tx and Rx, and the
model is expressed as

hn =
L∑
l=1

γlaτ (τ̌ − τl)aR,nR (φR,l)aT,nT (φT,l) (8)

where τl denotes the delay time of arrival (DToA), φT,l ,
and φR,l denote the azimuth AoDs and AoAs of the lth
MPC, respectively. aT,nT and aR,nR denote the nTth and nRth
beam patterns of Tx and Rx, respectively, and φ̌T,nT and
φ̌R,nR are the pointing angles (nT, nR ∈ {0, . . . , 47}). The
multi-dimensional array indices in the vector form, n ,
[n, nT, nR]T . aτ (τ̌ ) denotes the auto-correlation function of
the sounding signal, which is a sinc function for a signal with
a rectangular -shaped power spectrum (e.g., multi-tones). The
delay tap is denoted by τ̌ ∈ {n1τ | n = 0, . . . ,N − 1}where
1τ = 1/1f . Herein, N = 256 and 1f = 400 MHz.
Let the measured MDCIR, hn modeled as

hn = ψnh0,n(�, γ )+ wn (9)

where wn denotes a noise that follows the independent iden-
tical complex-valued circularly symmetric white Gaussian
process with zero mean and variance σ 2

w. Notably, the change
of the carrier phase owing to the beam-switching, ψn could
be considered as any random process along angle sweep. The
channel model is expressed as

h0,n(�, γ ) =
L∑
l=1

γlAn(�l) (10)

where �l = [τl, φT,l, φR,l]T , � = [�T
1 , . . . ,�

T
L ]
T , and γ =

[γ1, . . . , γL]T . The system response function for each path is
defined by

An(�l) , aτ (τ̌ − τl) · aR,nR (φR,l) · aT,nT (φT,l). (11)

Using the vector notation expanded into the total sample
space, (10) was rewritten using the channel response vector,
s ∈ CNtot×1 (Ntot = NφTNφRN ), as

s(�, γ ) =
L∑
l=1

γlA(�l) (12)

where the multi-dimensional response function (MDRF) is
denoted as

A(�l) , aτ (τl)⊗ vec
(
aR(φR,l)

)
⊗ vec

(
aT(φT,l)

)
∈ CNtot×1 (13)

defining the matrices of
[
aT(φT,l)

]
nT

, aT,nT (φT,l),[
aR(φR,l)

]
nR

, aR,nR (φR,l), [aτ (τl)]n , aτ (τ̌ − τl) where ⊗
denotes the Kronecker product. The operator vec(·) denotes
the vectorization of the matrix. Then, (9) can be expressed as

x = vec (ψ) ◦ s(�, γ )+ vec (w) ∈ CNtot×1 (14)

where [ψ]n , ψn, and [w]n , wn, respectively. ◦ denotes
the Hadamard product (element-wise product).

B. MPC EXTRACTION
The MPC parameters can be obtained via maximum-
likelihood estimation (MLE), which requires 3L-dimensional
optimization with knowledge of ψ because the complex
amplitude γ can be obtained using the other parame-
ters. To reduce the computational complexity of the MLE,
the space alternating generalized EM (SAGE) algorithm [30]
has been widely accepted. However, that is not applica-
ble when 9 is unknown. To solve this problem, this study
employs a multi-dimensional CLEAN algorithm that can
extract MPCs from the multi-dimensional power spectra [8].
In this method, the parameters of the L MPCs were sequen-
tially estimated in the order of power.

To estimate the parameters of the lth wave, an estimate
of the interference caused by the previously estimated waves
was calculated and subtracted from the observed data as

xl = x−
l−1∑
l′=1

γl′A(�l′ ). (15)

This is the expectation step (E-step) for the lth MPC.
However, the estimation of the complete data as in (15) needs
to eliminate the influence of ψ perfectly. Therefore, (15)
cannot be used in its original form.

Here, the power value of (14), called D-D angular delay
power spectra (DDADPS) (a dirty map in the sense of the
CLEAN algorithm), can be approximately expressed as

y = x̄ ◦ x ≈
L∑
l=1

pl
(
Ā(�l) ◦ A(�l)

)
+ ε (16)

where ·̄ denotes the element-wise conjugate operator, and
pl = |γl |2. The high signal-to-noise-power ratio (SNR)
condition is used. The approximation of (16) is obtained
when the statistical value of the cross interference
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FIGURE 6. Measurement setup.

ε =
∑L

l′=1
∑L

l=1,l 6=l′
((
Ā(�l′ ) ◦ A(�l)

) (
γ̄ l′ ◦ γ l

))
becomes

sufficiently small. This assumption, however, may not strictly
hold in cases where only a single snapshot is available in
the measurements. The MDRFs, {A(�1), . . . ,A(�L)}, in the
multi-dimensional parameter space could be sparse. As a
result, there are only a few common non-zero values in
the same element locations, namely, Ā(�l′ ) ◦ A(�l) ≈
0 (l 6= l ′) if any parameter of the MPCs is bound to be
sufficiently away from one another. Moreover, (16) becomes
a phase-information-free relationship. In some sense, (16) is
an optimistic assumption; however, the reconstructed power
spectra from the extracted MPCs is consistent with the
measurement [8].

Using (16), (15) is modified using the recursive relation:

yl = yl−1 − pl−1B(�l−1) (17)

for l = 2, . . . ,L, where y1 = y = x̄ ◦ x and B(�l) = Ā(�l) ◦
A(�l). Thereafter, the parameters are obtained using themax-
imization step (M-step) for the complete data obtained in the
E-step of (17) as

�̂l = arg min
�l

‖yl − plB(�l)‖2F . (18)

Using the least-squares solution

pl =
(
BT (�̂l)B(�̂l)

)−1
BT (�̂l)yl . (19)

Notably, the parameter estimation can be calculated in
terms of real numbers, which can relax the requirement of
an accurate phase acquisition and significantly reduce the
complexity.

To increase the estimation resolution, we used the sub-grid
CLEAN algorithm. It is based on a global coarse search for
the maximum MPC finding. Thereafter, the second search
was performed on a finer sub-grid to achieve (18) and (19)
using the continuous functions of beam patterns and signal
auto-correlation [8].

IV. VALIDATION VIA CHANNEL MEASUREMENTS
AND ANALYSIS
The operation of the developed system was validated
via a measurement campaign and analysis. The cluster

properties and identified corresponding scattering processes
are presented.

A. MEASUREMENT SETUP
Channel measurements were conducted on an office floor of
the university laboratory. Here, the data at 41 points were cap-
tured in four scenarios: in room (InR), room-to-room (RtR),
room-to-corridor (RtC), and in-corridor (InC). However,
this study presents the results obtained at three selected points
in each scenario of InR (‘Tx1-Rx3’), RtR (‘Tx2-Rx2’), and
RtC (‘Tx1-Rx10’), only focusing on the validation of the
developed system. The floor plan is shown in Fig. 6, and
its dimensions are approximately 16 m ×10 m ×2.8 m. The
office rooms contained several office desks, chairs, white-
boards, and LED lamps.

In this environment, there are two types of walls. One was
a concrete wall whose surface is covered with plasterboard
and separated from the surface by an air gap. This is a typical
structure of a wall between a room and the outside of the room
(between room and corridor). The other was a hollow plas-
terboard wall typically used as an inner wall separating two
rooms (between room and room). Notably, there were some
glass windows and metallic doors in some parts of the walls.
The heights of the Tx and Rx antennas were 1.4 m and the
radial distances between Tx and Rx were 3.4, 5.1, and 7.17 m
in InR, RtR, and RtC, respectively. In these measurements,
the DDADPS of azimuth angles, φT and φR, were recorded.
Moreover, a 2 × 4 MIMO measurement configuration was
used to achieve the 180◦ and 360◦ azimuth angle sweeps at
Tx and Rx, respectively.

B. MPC EXTRACTION AND CLUSTERING
Generally, the measured DDADPS was affected by noise.
Therefore, noise thresholding is applied to the measured
DDADPS to separate the MPCs from the noise. Here,
the noise threshold is determined such that values lower than
the noise threshold occupy 99.99% of the noise power data set
based on the actual noise statistics. As a preprocessing step,
the values in the DDADPS smaller than the noise threshold
were removed [8].
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FIGURE 7. Synthesized omni-directional PDPs and clustered MPCs.

Thereafter, the sub-grid CLEAN algorithm was applied to
the noise-filtered version. Here,MPCswere extracted with an
angle and delay resolutions of 0.1◦ and 0.01 ns, respectively.
The algorithm stops when the residual power ratio

ρresidual [%] =
‖y− ŷ‖2

‖y‖2
· 100 (20)

reaches a predefined value, where ŷ =
∑L

l=1 p̂lB(�̂l).
The omnidirectional power delay profile (PDP) synthe-

sized by summing the noise-filtered DDADPS along the
angle dimensions is shown in Fig. 7. In addition, the Tx
and Rx ADPS synthesized by summing the DDADPS along
the delay and angle dimensions are shown in Fig. 8. In the
figures, the extracted MPCs are indicated using a marker
with a size proportional to the MPC gain, and the marker
is in different styles for each cluster. The character size of
cluster ID is proportional to the cluster gain. The initial value
of the number of paths to be extracted was set to 1, 000.
However, 158, 141 and 173 paths were finally extracted for
InR, RtR, and RtC, respectively, because the MPCs with
the same parameters were merged. From Figss. 7 and 8,
it can be observed that the dominant MPCs were successfully
extracted. Here, the residual power is sufficiently small, that
is, 11, 13 and 53 % for InR, RtR, and RtC, respectively.
Notably, the residual power in RtC is relatively high. This is
because it is in a non-line-of-sight (NLoS) condition; thus,
the signal-to-noise power ratio (SNR) is significantly low.

Clustering was applied to the extracted MPC. Clustering is
widely utilized for developing a more physically meaningful
stochastic channel model. According to stochastic model-
ing, a cluster is a group of MPCs, which is often obtained
using automatic clustering algorithms. The K -powerMeans
(KPM) clustering algorithm [31] is a popular method that
iteratively minimizes the total sum of the power-weighted
distance between the MPCs and a given number of cluster
centroids, thereby minimizing the global spread of the clus-
ters. However, for more sophisticated modeling, a cluster
should be associated with a group of physical scatterers that
generate MPCs with similar delays and angles. In this study,

KPM-based manual clustering was adopted to identify physi-
cally interacting objects (IOs) because the automatic KPM is
not very robust but depends entirely on the number of clusters.
The number of clusters was chosen via visual inspection
of the KPM results over the environment photograph by
varying the number of clusters between 2 and 20 instead of
applying information via theoretical criteria. After pruning
some MPCs, 14, 15, and 5 clusters were determined for InR,
RtR, and RtC, respectively.

C. SCATTERING PROCESSES AND CLUSTER PROPERTIES
As described above, clusters were obtained by classifying
similar MPCs into groups. This section identifies the detailed
scattering processes and presents some crucial cluster prop-
erties. Fig. 8 shows the MPCs marked on the panoramic
photograph using a marker with a size proportional to the
MPC gain. Here, the MPCs in the same cluster are denoted
by the same color, and the cluster IDs are indicated. Manual
ray-tracing using the identified IOs was performed to visu-
alize the scattering process corresponding to each pathway,
as shown in Fig. 9. Notably, the identified pathways were
validated by comparing with the results calculated using the
raytracing simulation tool. Table 1 lists the cluster proper-
ties including the cluster location and spreads, the powers
including the path gain (PG) and interaction loss (IL), and the
scattering processes including the number of bounces and IOs
with the interaction. Here, the PG and IL are calculated based
on the cluster power, namely the power sum of the MPCs
within the same cluster. The ILs are relative values based on
the free-space path loss (FSPL) calculated using the cluster
delay as

IL [dB] = PL− FSPL at the cluster delay. (21)

Table 1 shows that a few clusters are observed within the
system dynamic range and that the ILs are distributed from
8.7 to 22.9. Based on the cluster spreads, the delay spreads
are significantly small, ranging between 28 and 1, 070 ps, and
the angle spreads are distributed from 0.1 to 9.0◦. The blank
indicates a cluster with only a single MPC.
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FIGURE 8. Synthesized ADPS and clustered MPCs at Tx and Rx.

Fig. 9 shows that the identified dominant scattering
processes can be classified into simple specular reflec-
tions, such as single-bounce (SB), double-bounce (DB)
and triple-bounce (TB), and complex multiple-bounce (MB)
mechanisms accompanying diffraction and penetration.

Fig. 9(a) shows the identified pathways in theInR scenario
(LoS condition), where the LoS component is denoted by
#1, and the simple SB, DB, and TB specular reflections by
the environment-specific large objects such as the sidewalls
are well observed as the pathways denoted by #2, #10, and

#11 for SB, and #7 and #9 for DB, and #8 for TB, respectively.
Moreover, some pathways with more complex mechanisms
denoted by #12 and #13 are observed, but they have a less
significant power contribution to the total power (approxi-
mately 20 dB lower than the LoS component). The pathways
of clusters #3 to #6 and #13 are not clearly identified; thus,
they can be scattering effects from small objects or artifacts
generated in the path extraction procedure.

Fig. 9(b) shows the identified pathways in theRtR scenario
(NLoS condition). Interestingly, the penetrated component
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FIGURE 9. Path estimation results and elaborate scattering process identification.

TABLE 1. Cluster properties.

denoted by #1 had relatively large power, and several other
pathways denoted by #3, #4, #7, #9, and #15, accompanying
penetration were observed. This is because the wall is mainly
made of hollow plasterboards with a very small penetration
loss [32]. The penetrated pathways are further classified into
#3, #4, and #10, as well as #7 and #15 for multiple-bounce
before and after penetration, respectively. The pathways

corresponding to the other clusters are not clearly identi-
fied, but they can be scattered paths around the metallic
bookshelves.

Finally, Fig. 9(c) shows the identified pathways in the RtR
scenario (NLoS condition). This scenario is the most severe
communication condition because the loss by the concrete
wall in the 60-GHz band is large [33]. First, the simple DB

VOLUME 9, 2021 80297



M. Kim et al.: Fast D-D Full Azimuth Sweep Channel Sounder

specular reflections from environment-specific large objects,
such as the sidewalls in the room and corridor and themetallic
door denoted by #1 and #4, are clearly observed. Further-
more, the pathway denoted by #2 accompanying penetra-
tion through the plasterboard, which is a part of the wall,
is observed. From these results, it is difficult to create a
communication link in the RtC scenario. The pathways for
the other clusters are not clearly identified, but they can be
noise artifacts because the SNR is very low.

V. CONCLUSION
This study presented a novel MPC parameter estimator using
a D-D channel sounding system employing low-cost COTS
RF transceivers in WiGig millimeter-wave bands. By con-
figuring the 4 × 4 MIMO scheme, a fast full D-D azimuth
sweep can be realized within 200 ms, except for the optional
procedure for buffering and storage. To collect a large mea-
surement dataset, the developed system was significantly
advantageous compared to the conventional mechanical
directional scanning systems. Moreover, this study developed
a high-resolutionMPC extractionmethod for beam-switching
measurement using the sub-grid CLEAN algorithm. The per-
formance of the developed systemwas demonstrated from the
measurement campaign in three typical indoor scenarios such
as InR, RtR and RtC. From the cluster analysis results, sev-
eral valid clusters were observed in InR and RtR; however,
it was difficult to create a communication link in the RtC.
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