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According to a strong demand for high-speed services in
various 5G deployment scenarios, the key performance
requirements for IMT-2020 (5G technical specification) have
included the peak data rate of 20Gbps in downlink and
10Gbps in uplink as well as the user experienced data
rate of 100Mbps in downlink and 50Mbps in uplink, and
then greatly higher target performance can be intuitively
expected for beyond-5G. The main challenges to realize
such high data rate are to fully exploit the radio resources
(e.g., time, frequency, space, power, and polarization), fully
cooperate with other transmitters or receivers, and fully
utilizemicrowave andmillimeter-wave spectrum. In practice,
these challenges may be restricted by the availability of radio
resources and collaborative transmitters or receivers, the
capability of transceiver, the accuracy of available channel
state information, and so on.

For the past decade, attractive wireless technologies have
been presented to fulfill high data rate. The representative
technologies involve digital/analog beamforming, multihop
transmission, coordinated multipoint transmission/recep-
tion, nonorthogonal multiple access, massive multiple-input-
multiple-output (MIMO), cognitive radio, millimeter-wave,
and so on.However, an independent use of these technologies
has induced a limit to improvement in achievable data
rate, which has encouraged many researchers to focus on
combining and optimizing the wireless technologies so as
to extremely enhance the data rate. Although numerous

combined technologies for further performance improve-
ment have been proposed up to the present, more innovative
combination and optimization should be consistently studied
as the target performance for the next-generation communi-
cation becomes continuously improved.

Furthermore, the real wireless communication environ-
ments, in particular, regarding 5G New Radio and beyond-
5G, introduce new practical issues in implementing the com-
bined and optimized wireless technologies as follows: chan-
nel estimation capability with the associated reference sig-
nal design, transmission/reception collaboration capability,
transmitter/receiver complexity, channel state information
feedback, MIMO beamforming codebook design, new wave-
forms, wireless channel characteristics, and so on. Hence, the
practical issues in the implementation of technology need to
be addressed with the research on advanced wireless tech-
nology. In this context, the accepted papers to be published
are focused on combining and/or optimizing the wireless
technologies to enhance the achievable data rate, covering
both theoretical, and implementation aspects.

The first paper “Development and Validation of New
Reverberation Chamber for Wireless Devices” by D.-U. Sim
et al. has proposed a reverberation chamber (RC) structure
with new reflectors and mode stirrers for electromagnetic
compatibility and wireless terminal measurements. Themain
parameters for the reflectors and mode stirrers have been
determined through a logical approach based on standard
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deviation and eigenfrequency shift analysis by 3D simula-
tions. It has been shown that the proposed RC design method
is an effective solution to predict the actual measured results,
satisfying all of the requirements defined. Consequently, it
is expected that the performance of the proposed RC could
be a highly effective solution to measure and evaluate the
performance of commercial wireless terminals.

The second paper “Spatiotemporal Statistical Channel
Model for Indoor Corridor at 14 GHz, 18 GHz, and 22 GHz
Bands” by N. O. Oyie and T. J. O. Afullo has proposed a
measurement-based channel model considering both delay
and angular domains of an indoor corridor channel. For
the cluster identification purpose at different frequency
bands, a nonparametric Gaussian kernel density estimation
(KDE) method is exploited. The authors have proposed a
spatiotemporal model assuming dependence in delay and
spatial domains and have presented the proposed model
under characterization parameters. It has been demonstrated
that both clusters and multipath components can be, respec-
tively, estimated by probability density functions following
Gaussian and Laplacian fits in the spatial domain for indoor
corridor environments.

The third paper “Robust Shrinkage Range Estimation
Algorithms Based on Hampel and Skipped Filters” by C.-
H. Park and J.-H. Chang has investigated robust shrinkage
range estimation algorithms using Hampel filter, skipped
filter, PBM, and BS estimators. The concepts of robustness
for the Hampel filter and skipped filter have been combined
with shrinkage for the positive blind minimax and Bayes
shrinkage estimation. The performance of the proposed
schemes in terms of the mean square error (MSE) is substan-
tially improved beyond that of conventional median-based
shrinkage algorithms. Further, the proposed algorithms can
be represented in a closed-form expression, which guarantee
lower complexity compared to the iteration-based methods.

The fourth paper “Implementation and Field Trials of
OFDM-Based Digital Video Broadcasting System in Com-
mercial Broadcasting Network for Multichannel UHD Ser-
vice” by S.-J. Ra et al. has presented an OFDM-based digital
video broadcasting system test platform for multichannel
ultrahigh definition (UHD) broadcasting services. Measured
by a commercial STB and signal analyzer, the authors have
observed that the implemented OFDM-based digital video
broadcasting transmitter can achieve the 51.6Mbps trans-
mission rate for multichannel UHD broadcasting services.
Furthermore, the authors have presented received signal
spectrum, BER performance, and CNR of 4096QAM related
to the performance and physical network status. These test
results can better guideOFDM-based digital video broadcast-
ing technology in many countries and the development of a
next-generation digital broadcasting system.

The fifth paper “Outage Analysis of User Pairing Algo-
rithm for Full-Duplex Cellular Networks” by H.-H. Choi and
W. Noh has delved into a user pairing problem to minimize
outage probability and formulated it as a nonconvex opti-
mization problem in a full-duplex (FD) cellular network.The
authors have proposed a low-complexity algorithm in a way
that the uplink (UL) user reduces its transmit power to satisfy
the SINR threshold for minimizing the interuser interference

and the downlink (DL) user with a worse signal quality
preferentially selects its UL user who gives less interference
for outage minimization. Using stochastic geometry, the
performance of the user pairing algorithm has been analyzed.
Both simulation and analysis have indicated that the pro-
posed scheme can vastly reduce the interuser interference
and enhance the DL outage performance while satisfying the
requirement of UL signal-to-interference-plus-noise ratio.
Therefore, the results in this paper can be exploited for the
protocol design and implementation of the future FD cellular
network.

The sixth paper “Performance Evaluation of IEEE
802.11ad in Evolving Wi-Fi Networks” by K. Nguyen et al. has
presented an experimental study on IEEE 802.11ad links in a
typical indoor environment with different network and inter-
ference conditions.Themeasured results have shown that off-
the-shelf IEEE 802.11ad hardware can achieve the Gbps-level
throughput of the transmission control protocol (TCP) and
user datagramprotocol (UDP) under the constraints of signal
strength, MCSs, and MTUs. In addition, to mitigate the link
maintenance issue, they have proposed using MPTCP for a
fast switchover between an IEEE 802.11ad to a legacy Wi-Fi
link, which has been evaluated through experiments.
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The IEEE 802.11ad technology, which allows wireless devices to communicate in the unlicensed 60 GHz ISM band, promisingly
provides multi-Gbps data rates for bandwidth-intensive applications. After years of research and development, we are now
observing an increasing number of commodity IEEE 802.11ad radios thatmotivate researchers to exploit the IEEE 801.11ad capability
for applications. This work first conducts an empirical study on the IEEE 802.11ad performance. In particular, we characterize the
performance of IEEE 802.11ad links considering the variation of network parameters and interference. Secondly, we investigate
the possibility of introducing IEEE 802.11ad to an evolving Wi-Fi network. The evaluation results show that our off-the-shelf IEEE
802.11ad hardware can achieve the Gbps level throughput of the transmission control protocol (TCP) and user datagram protocol
(UDP). However, the evolvement is not trivial since the hardware can not well maintain the 60 GHz link. The main reason is
lacking the fast switchover function between an IEEE 802.11ad and a legacy Wi-Fi link. We then seek the potential of multipath
TCP (MPTCP) for the expected switchover. The default MPTCP, which enables data transmissions on both the IEEE 802.11ad and
Wi-Fi links, is harmful to the IEEE 802.11ad throughput. Meanwhile, the backup mode of MPTCP, in which theWi-Fi link acts as a
backup for IEEE 802.11ad one, canmaintain the comparable performance.Therefore, we propose to adoptMPTCPwith the backup
mode in the evolving Wi-Fi networks. The efficiency of MPTCP-based switchover is confirmed by conducting real experiments.

1. Introduction

In recent years, the popularity of wireless devices and the
explosion of wireless traffic require ever-increasing demands
on better network performance [1]. Accordingly, there are
ongoing efforts in realizing the next generation of mobile
wireless networks (i.e., 5G), which is expected to provide
significantly high peak performance indicators (i.e., 1000
times better than the current 4G) [2, 3]. The new network is
also envisioned to support the next generation of bandwidth-
intensive applications such as 4K, 8K video streaming, real-
time gaming, and virtual and augmented reality. It is widely
agreed that leveraging the underutilized radio spectrum of
millimeter wave (mmWave) band (i.e., between 30 GHz and
300 GHz) is one of the most promising approaches to satisfy
the bandwidth demand [4–6]. Within the mmWave band,
there is a vast amount of bandwidth (up to 14 GHz) that
is allocated as the unlicensed 60 GHz band (i.e., 57-71 GHz

spectrum).The 60GHz band communication is supported by
the IEEE 802.11ad standard [7, 8], which aims to bring multi-
Gbps data rates to the next generation Wi-Fi network.

The IEEE 802.11ad physical layer uses 2.16 GHz-width
channels that theoretically provide data rate up to 6.76 Gbps
per single channel. Moreover, the IEEE 802.11ad radio with
directional beams can improve the spatial use. The IEEE
802.11ad signal, however, incurs much higher attenuation
than the one of legacy Wi-Fi. To compensate for the path
loss, the IEEE 802.11ad device uses high gain antenna arrays,
which on the other hand introduces a new challenge of link
maintenance (e.g., when blockage exists).Themaintenance is
expected to be realized by switching to a legacy Wi-Fi link
when the IEEE 802.11ad link is not available. Accordingly,
numerous efforts in research and development have led to
the advent of low-cost, low power, off-the-shelf IEEE 802.11ad
devices [9]. The advent motivates many experimental studies
that aim to exploit the 60 GHz opportunity in evolving
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Wi-Fi networks. The previous works provide not only valu-
able insights of 60 GHz communication and IEEE 802.11ad
features [10, 11] but also new use cases of IEEE 802.11ad
[12, 13]. Although much has been understood, there is a
lack of common understanding about the characterization
of IEEE 802.11ad performance (esp. the feasible multi-Gbps
throughput), as well as, evolvability of IEEE 802.11ad on Wi-
Fi networks.

This work first addresses the issue of performance char-
acterization; we empirically evaluate an off-the-shelf IEEE
802.11ad hardware in a typical office environment towards the
achieved multi-Gbps throughput. The performance metrics
of IEEE 802.11ad links have been extensively investigated
under the variation of different network parameters and
interference. In particular, we consider the existence and
nonexistence of two typical types of IEEE 802.11 interferences
(i.e., cochannel and adjacent channel). Moreover, we also
scrutinize the network parameters such as signal strength,
modulation and coding scheme (MCS), Maximum Trans-
mission Unit (MTU), and traffic types (i.e., TCP and UDP).
Thanks to the support of the IEEE 802.11ad driver and
associated tools, we can find the multi-Gbps throughput (for
both TCP, UDP) following the conditions of modulation and
coding scheme (MCS) set, signal strength, andMTU.We also
quantify the traditional interference effects on the throughput
and lost packet metrics.

Secondly, targeting the evolvability issue, thoroughly
investigate the capacity of link maintenance (i.e., the most
significant challenge of 60 GHz communication). Our eval-
uation shows that the IEEE 802.11ad link itself can neither
bypass the blockage nor handle the change of antenna
direction. That is because there is a lack of the function
of fast switchover between the IEEE 802.11ad and a legacy
Wi-Fi link. We then seek the possibility of multipath TCP
(MPTCP), which is capable of exploiting multiple wireless
links concurrently, for the switchover. Our investigation
points out that the default MPTCP (i.e., full mesh mode) that
simultaneously uses the IEEE 802.11ad and Wi-Fi links for
data transmission is not efficient. The overall throughput is
largely varied and is always smaller than the TCP throughput
of IEEE 802.11ad link. On the other hand, the backup mode
of MPTCP, in which the IEEE 802.11ad and Wi-Fi links
are in an active/standby state, guarantees the comparable
throughput.Therefore, we propose to adoptMPTCPwith the
backup mode for the switchover. The efficiency of MPTCP-
based switchover has been confirmed by conducting the real
experiments.

The remainder of this paper can be outlined as follows.
The following section presents related works. In Section 3, we
introduce the imperial investigation on IEEE 802.11ad. Sec-
tion 4 introduces an evolving Wi-Fi network with MPTCP.
Finally, Section 5 concludes the paper.

2. Related Works

The experimental study is a popular method for under-
standing the performance characterization in IEEE 802.11
(Wi-Fi) networks. The method has shown its usability with
different IEEE 802.11 versions such as IEEE 802.11n [14]

or IEEE 802.11ac [15]. Additionally, the same technique is
also efficient in finding the conditions of significant IEEE
802.11 features (e.g., channel bonding in IEEE 802.11n [16]).
With IEEE 802.11ad, there have been several early works,
which use the experimental study [17–20]. Those works
focus on modeling channel propagation characteristics using
dedicated hardware for 60 GHz communications. In [10], the
authors investigate the performance of 60 GHz links under
conditions of introducing blockage and different antenna
orientations. However, they use the non-802.11ad hardware
and measure the performance of IP-over-wireless-HDMI.
Hence, the results do not adequately reflect the characteristics
of IEEE 802.11ad link.Thework in [11] has profiled the indoor
60 GHz links by using a software-defined radio platform.
Although the work offers many valuable insights (e.g., about
the potential capabilities and limitations of flexible beams),
it may not reflect the behavior of the real IEEE 802.11ad
hardware (because of using a channel width of 245 MHz).

On the other hand, the off-the-shelf IEEE 802.11ad
hardware is gaining popularity after years of efforts in R
& D. That attracts the experimental studies on the IEEE
802.11ad performance. The most related one to ours is [21],
in which the authors experiment IEEE 802.11ad radios in an
indoor environment. Their results indicate the advantages
of IEEE 802.11ad development in overcoming blockage and
establishing suitable communication ranges. However, the
feasibility of multi-Gbps IEEE 802.11ad link has not been
fully confirmed. In fact, the measured throughput values are
all below 1 Gbps. The reason may be the effects of autorate
algorithm, which can not be disabled on the investigated
hardware. Moreover, the authors use TCP traffic; hence
the TCP congestion control may affect the performance.
Additionally, some throughput values are reported indirectly
via the PHY rates, which may not reflect the real ones
correctly. We aim to complement the work [21] in the
context of introducing the multi-Gbps IEEE 802.11ad link
on evolving Wi-Fi networks. The difference in ours which
initiated from the previous work [22] is that we consider
the other influenced factors including interference, packet
size, as well as, both the UDP, TCP traffic. Comparing to
[22], this paper additionally includes more results such as the
performance of interferer links under TCP and UDP.

The link maintenance capability, which is critical for the
evolvement of IEEE 802.11ad, has been investigated in several
related works. In [23, 24], the authors present the implemen-
tation and evaluation of Fast Session Transfer (FST) within
the IEEE 802.11ad standard. The evaluation results have
shown the successful switch of continuousUDPflowbetween
the 60 GHz and 5 GHz bands. However, those works are all
simulation-based (i.e., [23] is with the OPNET environment
while [24] is with ns-3), they may not correctly reflect the
real IEEE 802.11ad hardware. On the other hand, MPTCP
that simultaneously utilizes multiple wireless links for data
transmission is a candidate for the expected switchover. In
fact, the MPTCP-based switchover has been useful in many
use cases such as Wi-Fi/LTE [25], virtual Wi-Fi/virtual Wi-
Fi [26], Wi-Fi/Wi-Fi [27]. This work deeply investigates the
capability of MPTCP in bypassing the problem of 60 GHz
linkmaintenance.The feasibility of switching back-and-forth
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a multi-Gbps transmission between an IEEE 802.11ad and
a legacy Wi-Fi link has been initially presented in [28].
This work provides the detailed comparison with a new
performance metric aiming to affirm the efficacy of MPTCP
further.

3. Empirical Study on
IEEE 802.11ad Performance

In this section, we first describe the overview of IEEE
802.11ad. After that, we present the experiment environment
and the measurement results.

3.1. IEEE 802.11ad Overview. The IEEE 802.11ad standard
supports peer-to-peer and infrastructure connections. In an
IEEE 802.11ad link, each end’s physical layer executes a beam-
forming mechanism to form directional transmit/receive
beams using a phased-array antenna. There are four types of
PHY layers in the standard (i.e., control PHY, OFDM PHY,
Single Carrier (SC) PHY, and Low Power SC PHY), each
of which supports a set of MCSs. In the 2012 version, the
channel list for IEEE 802.11ad operation in the 57-63 GHz
band includes four channels as presented in Table 1. Recently,
the Federal Communication Commission (FCC) of the US
has announced that the 7 GHz band between 64 and 71 GHz
is unlicensed aiming to be used by IEEE 802.11ad [29].

The 60 GHz link has a problem with blockage vulnerabil-
ity.Moreover, the antenna directionmay change in operation.
Therefore, the link maintenance is vital to efficiently evolve
IEEE 802.11ad on Wi-Fi networks. For that purpose, the
IEEE 802.11ad standard defines the Fast Session Transfer
(FST) protocol [7].The protocol is supposedly equipped with
multiband devices that have an IEEE 802.11ad and a legacy
Wi-Fi radio. FST concurrently manages the radios, which
are either in a transparent or nontransparent mode (i.e.,
having the same MAC address or different MAC addresses,
respectively). FST defines a procedure of switching traffic
between two links operating on different bands.The standard
also specifies another mode of FST, in which the data
transmission can concurrently happen over two bands (i.e.,
for link aggregation).

3.2. Experiment Environment. We conduct our investigation
using a testbed deployed in a typical office environment. Each
IEEE 802.11ad link is constructed by a pair of radio modules,
which are produced by Panasonic Inc., Japan. Each module
is connected to an Ubuntu 14.04 LTS machine that includes
the supporting drivers and monitoring utilities. The radio
module can run in the client or personal basic service set
(PBSS) control point (PCP)/access point (AP) modes. The
IEEE 802.11ad defines antenna beams as narrow as 2.86-
degree. However, the investigated IEEE 802.11ad module
uses 50-degree beam width [9]. Therefore, the throughput
measurements in our study are probably the lower bounds of
achievable performance of IEEE 802.11ad link. The module
contains an implementation of single carrier PHY, that
supports nine transmission rates (i.e., MCS indices 1 to 9).
The basic information and theoretical PHY rate of MCSs are

presented in Table 2. In the 60 GHz band, the module can
operate on channel 2 and channel 3 indicated in Table 1. The
maximum value of supported MTU is 7912 bytes. We use the
popular tool iperf3 [30] for generating and collecting TCP
and UDP traffic flows. The iperf3 server, client runs on the
machine associated with IEEE 802.11ad AP/PCP, client mode,
respectively. The traffic flow typically lasts ten seconds. iperf3
supports storing traffic information in the json format that
is easy to parse for further processing and analysis. In order
to conveniently experiment, we wrote custom scripts for
easily controlling the settings of MCS, MTU, and collecting,
extracting, and processing the measurement data such as
Received Signal Strength Indicator (RSSI) provided by the
IEEE 802.11 driver, etc.

3.3. Investigation of IEEE 802.11ad Capability. The investiga-
tion begins with checking the signal quality of IEEE 802.11ad
link (i.e., ranges of RSSI values) in our environment. To
identify the range of RSSI, we record the RSSI values every 0.1
seconds while varying the distance and direction between the
pair of IEEE 802.11ad radios.We found that the IEEE 801.11ad
link can communicate within the signal range of (-41 dBm,
-69 dBm). In the following experiments, we define the strong
signal scenario where the RSSI value is kept within (-41 dBm,
-43 dBm) and the RSSI value in the weak one is within (-65
dBm, -69 dBm).

We then investigate the TCP and UDP throughput of
IEEE 802.11ad link under the combination of all supported
MCSs and the link quality scenarios. We also consider
different sizes of MTU since they largely affect the through-
put. For the high throughput purpose, the link should use
the maximum supported MTU. Besides, there are cases of
communicates to a far destination (e.g., more than one hop
or accessing the Internet). In such cases, the communication
is likely limited by a common MTU on the end-to-end path.
Therefore, we select the value of 1500-byte MTU, which is
typical onWi-Fi networks and the Internet. We then evaluate
the maximum supported MTU (7912 bytes) to observe the
full capability provided by the hardware. The evaluation
results expose distinct patterns in the behavior of throughput
concerning different traffic types, MCSs, and MTUs. We
provide a representative subset of our results that show the
patterns as mentioned earlier in Figures 1, 2, 3, and 4. In each
figure, the average throughput value at each MCS collected
and calculated from ten measurements is shown. Moreover,
the error bar shows the distance between maximum and
minimum values.

The measured throughput of UDP and TCP traffic with
1500-byte MTU in the different signal scenarios are shown in
Figures 1 and 2, respectively. Comparing theUDP throughput
in the two figures, we can draw a common observation; that
is, the UDP throughput is not directly affected by the signal
strength. When the IEEE 802.11ad sends at the same speed
(i.e., the same MCS value), the results are comparable in the
two scenarios. We also have another important observation;
that is, the UDP throughput reaches around 1 Gbps with
MCS8 and MCS9. On the other hand, the weak signal
negatively affects the TCP transmission, especially at the high
transmission rates. That is indicated by the visible error bars
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Table 1: IEEE 802.11ad channel list.

Channel Center Minimum Maximum Bandwidth
(GHz) (GHz) (GHz) (GHz)

1 58.32 57.24 59.4 2.16
2 60.48 59.4 61.56 2.16
3 62.64 61.56 63.72 2.16
4 64.8 63.72 65.88 2.16

Table 2: Supported single carrier PHY modulation and coding scheme.

MCS Modulation Repetitions Coding Rate
Index Rate (Mbps)
1 𝜋/2 BPSK 2 1/2 385.0
2 𝜋/2 BPSK 1 1/2 770.0
3 𝜋/2 BPSK 1 5/8 962.5
4 𝜋/2 BPSK 1 3/4 1155.0
5 𝜋/2 BPSK 1 13/16 1251.0
6 𝜋/2 QPSK 1 1/2 1540.0
7 𝜋/2 QPSK 1 5/8 1925.0
8 𝜋/2 QPSK 1 3/4 2310.0
9 𝜋/2 QPSK 1 13/16 2502.0

on the right side of Figure 2. Moreover, the TCP throughput
values are much smaller than not only the ones of UDP but
also the level of 1 Gbps. The reasons include the limitation
of MTU size and the sequencing transmissions of TCP. It is
obvious that the IEEE 802.11ad link is not able to achieve the
multi-Gbps performance with the 1500-byte MTU.

However, we have a different observation in the case
of 7912-byte MTU as shown in Figures 3 and 4, which
include many multi-Gbps values in both the strong and
weak signal scenarios. In the former situation (Figure 3),
the TCP and UDP throughput monotonically increase along
with the higher transmission rates within each MCS set.
The throughput values of UDP and TCP become higher
than 1Gbps with the rate provided by MCS6 and MCS7,
respectively. In the latter scenario (Figure 4), the increasing
trend of UDP throughput is similar except for the case of the
maximum supported rate (MCS9). In that case, the big MTU
size gets more negative effects than the small MTU. However,
itmay be efficiently fixed by an algorithmof rate selection that
never sends at the maximum speed with the weak signal. On
the other hand, the negative effects of the weak signal on TCP
are more severe than the ones on UDP. The TCP throughput
starts to be significantly degraded fromMCS8.That is caused
by the behavior of TCP congestion control, which reduces the
transmission rate due to lost packets.

From the above observations, we can conclude that
the multi-Gbps throughput of IEEE 802.11ad link has been
achievable with both the TCP and UDP traffic. However,
those high throughput values depend on the signal strength,
PHY rates, and MTU on the system.

3.4. Impact of Adjacent Channel and Cochannel Interfer-
ence. This section investigates the effects of conventional
interference factors (i.e., adjacent channel interference (ACI)
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Figure 1:Throughput in strong signal and 1500-byteMTU scenario.

and cochannel interference (CCI)) on the IEEE 802.11ad
performance. ACI means wireless transmission on a specific
channel suffers interference from channel leakage of its
adjacent channels. Meanwhile, CCI indicates the effect of two
communications that share a channel without being aware
due to the known hidden terminal problem. The hidden
terminal problem occurs when two transmitters are not in
the transmission range of each other but the carrier sensing
range. Due to the beamforming, the nearby position of am
IEEE 802.11ad transmitter is within the carrier sensing range
if it is outside of the directional transmission.

We set up an additional IEEE 802.11ad linkwith the strong
signal as the interferer to evaluate the interference effects.
An iperf3’s UDP flow over the link runs at the maximum



Wireless Communications and Mobile Computing 5

UDP
TCP

2 3 4 5 6 7 8 91
MCS Index

0

0.2

0.4

0.6

0.8

1

1.2

�
ro

ug
hp

ut
 (G

bp
s)

Figure 2: Throughput in weak signal and 1500-byte MTU scenario.
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Figure 3:Throughput in strong signal and 7912-byteMTU scenario.
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Figure 4: Throughput in weak signal and 7912-byte MTU scenario.

speed. The link is therefore supposed to fully occupy the
wireless medium when there is no other transmission. The
interference link is configured to operate on channels 3 and 2
for the investigation of ACI and CCI respectively. We use the
7912-byte MTU aiming to observe the variation of the multi-
Gbps link. Similar to the previous experiments, we run our
custom scripts, which enable the use of all supported MCSs.
With each MCS, the associated experiment is also repeated
ten times. We make the comparison with two metrics: the
normalized throughput and the percentage of lost packets.
The normalized throughput is defined as follows:

𝑇ℎ𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝑇ℎ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑇ℎ𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

(1)

in which 𝑇ℎ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 and 𝑇ℎ𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 are the measurement
throughput and the expected throughput, respectively. At
eachMCS, we choose 𝑇ℎ𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 as the maximum throughput
derived from the previous section. The average, minimum,
and maximum values of normalized throughput and the
percentage of lost packets are plotted in Figures 5 and 6.

In Figure 5, the normalized throughput values are all
less than 1. That means ACI and CCI have negative impacts
on the performance of IEEE 802.11ad link. Moreover, the
average value (i.e., in the box plots) decreases along with
the increase of data rates provided by MCSs; meanwhile, the
values ofmeasured throughput in fact increase.That indicates
the higher transmission rates, the more serious impacts of
interference. In the ACI scenario, the normalized throughput
becomes less than 80% when the MCS index is higher than
5. On the other hand, similar degradation happens at MCS2
in the CCI scenario. CCI obviously has heavier influence
than ACI. More specifically, the measured throughput in
the ACI scenario is approximately 1 Gbps with MCS8 and
MCS9. However, in the CCI scenario, the throughput values
regardless of MCSs are all under the 1Gbps level. Another
observation (in Figure 5) is that the interference effects
cause big fluctuations in the IEEE 802.11ad throughput in
different runs (i.e., in the error bars), especially in the CCI
scenario. In order to avoid the fluctuations, the algorithms of
careful network planning or interference mitigation may be
necessary.

In Figure 6, the percentage of lost packets also shows a
similar trend. When transmitting at low data rates (i.e., up to
MCS5), the percentage values in the ACI and CCI scenarios
are as small as the ones in the no-interference situation.
However, when the data is transmitted at the higher rates,
more lost packets appear in the two interference scenarios.
The maximum percentage of the lost packet in the ACI
scenario is about 1%. In the CCI scenario, the value of
the maximum one is nearly 5%. The values are seemingly
reasonable in comparing to the existing IEEE 802.11 networks
in terms of percentage. The absolute amount of lost traffic,
however, needs to be considered when deploying the multi-
Gbps capability.

We further investigate ACI and CCI with the same setup
of two IEEE 802.11ad links (i.e., strong signal, 7912-byte
MTU); the traffic characteristic over the two links is however
different. In this case, we try to start the traffic flows on the
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Figure 5: Comparison of UDP normalized throughput.
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Figure 7:Throughput comparison in ACI scenario with concurrent
start of two flows.
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Figure 8:Throughput comparison in CCI scenario with concurrent
start of two flows.

two links concurrently with both TCP and UDP traffic. In
each experiment, when the iperf3 process starts on Link1, it
will enable remote access that initiates a similar iperf3 process
on Link2. In the same condition, an experiment is repeated
ten times. We then plot the average, minimum, and maxi-
mum throughput values of UDP and TCP over the two IEEE
802.11ad links in the ACI and CCI scenarios in Figures 7 and
8. We can again observe that ACI and CCI cause significant
degradation of the throughput of Link2. There is seemingly
no fairness between the two links, probably due to a slower
initialization of iperf3 on Link2. In both ACI and CCI, the
lost packets on the Link2 are severe that even makes the TCP
traffic inefficient.TheUDP throughput of Link2 is better than
the TCP one. However, comparing to the noninterference
scenario, the UDP throughput of Link2 equals half and one-
fourth in case of ACI and CCI, respectively. Therefore, an
efficient interference mitigation algorithm is necessary to
guarantee the throughput performance.

4. Evolving IEEE 802.11ad on Wi-Fi Networks
with MPTCP

This section first investigates the capability of link main-
tenance in IEEE 802.11ad. We then present a method of
realizing the link maintenance using MPTCP.

4.1. Link Maintenance Capability and MPTCP Potential.
The link maintenance is critical in IEEE 802.11ad since
the antenna may temporarily change directions or incur
blockage. We hence check the ability of link maintenance
on our hardware. We set up a traffic flow running over the
IEEE 802.11ad link in 60 seconds. During the period, we
observe the variation of traffic under two events: temporary
introducing blockage and turning antenna directions. The
throughput variation is plotted in Figure 9, which shows
a common behavior in both cases. When the events occur
the IEEE 802.11ad link is disabled and the throughput goes
to zero; the link maintenance problem has not yet solved.
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It is necessary to bypass that problem to introduce the
IEEE 802.11ad link in evolving Wi-Fi networks. The standard
approach is getting the assistance from a legacy Wi-Fi link
on the same device since the Wi-Fi link does not insist
the mentioned events. However, the Fast Session Transfer
(FST) function, which cooperates with IEEE 802.11ad and
Wi-Fi links, is not supported by the hardware. Therefore,
a replacement method is expected with the primary goal
of achieving a fast switchover function between an IEEE
802.11ad link and legacy Wi-Fi link. MPTCP, which has
recently standardized by IETF, shows a lot of potential in
providing the switchover.

MPTCP introduces an additional layer between the appli-
cation layer and the transport layer in the networking stack.
MPTCP does not require any modification in the application
or lower layers. MPTCP divides the application data into
several subflows (i.e., similar to TCP connections), each of
which contains data packets following a different path from
a sender to a receiver. The received packets at the receiver
are restructured based on their data sequence number. The
default operation mode of MPTCP (i.e., full mesh) aims to
maximize the usage of all available paths for throughput
improvements. In the other modes, MPTCP can use a subset
of available paths while putting the remaining paths in a
standby condition. With the different modes of operation,
as well as two levels of sequencing (i.e., subflow and data),
MPTCP theoretically supports the automatic switching and
shifting traffic between paths.

MPTCP is however designed for the LTE/Wi-Fi envi-
ronment. Its potentiality and applicability in the evolving
Wi-Fi network (i.e., with IEEE 802.11ad) in practice are not
yet known. Besides, the legacy Wi-Fi and IEEE 802.11ad
link have the significant difference in characteristics, which
may cause unexpected harmful behaviors (e.g., bad packet
reordering, inflated or false retransmission timeout, link
overshoot, etc.) during the switchover. Addressing those, we
investigate two possible operational modes of MPTCP (i.e.,
namely, fullmesh and backup) in the evolvingWi-Fi network.
In the former mode, the Wi-Fi and IEEE 802.11ad links

Multi-band 
Access Point 

Multi-band client

2.4GHz 

60GHz 

IEEE 802.11n 

IEEE 802.11ad 

Figure 10: Evolving Wi-Fi network.

are concurrently used for transmitting data (i.e., supporting
active/active switchover). In the latter, one link is a backup for
the other (i.e., active/standby switchover).

4.2. Evolving Wi-Fi Network with MPTCP. We construct an
evolving Wi-Fi network that includes IEEE 802.11ad, legacy
Wi-Fi link, and MPTCP to investigate the capability of
MPTCP. The network is shown in Figure 10 in which the
multiband (MB) client has an IEEE 802.11n radio (i.e., on
the 2.4 GHz band) and an IEEE 802.11ad radio. The MB
can communicate with the multiband access point (AP) via
both the 2.4 GHz and 60 GHz links. The AP and the MB
client are equipped with theMPTCP kernel version 0.90 [31].
The appropriate routing policy has been configured to route
packets correctly over two wireless links. In each experiment,
we use iperf3 to generate a TCP flow from the MB client to
the AP in 60 seconds.

We initially explored the MPTCP’s two modes in normal
conditions (without link error) in the network. The per-
formance metric under investigation is inherited from the
aggregation benefit function, which has been proposed in the
literature [32].We slightlymodify the function to include this
case, whereMPTCPuses two links IEEE 802.11ad and 802.11n.
If we denote𝐵𝑒𝑛(𝑚𝑜𝑑𝑒) as the aggregation benefit function in
an operation𝑚𝑜𝑑𝑒 of MPTCP, the function is as follows.

𝐵𝑒𝑛 (𝑚𝑜𝑑𝑒) =

{{{{{{
{{{{{{
{

𝑇𝑚𝑜𝑑𝑒 − 𝐿𝑚𝑎𝑥
∑2𝑖=1 𝐿 𝑖 − 𝐿𝑚𝑎𝑥

, if 𝑇𝑚𝑜𝑑𝑒 ≥ 𝐿𝑚𝑎𝑥

𝑇𝑚𝑜𝑑𝑒 − 𝐿𝑚𝑎𝑥
𝐿𝑚𝑎𝑥

, if 𝑇𝑚𝑜𝑑𝑒 < 𝐿𝑚𝑎𝑥

(2)

where 𝐿 𝑖 is the link capacity of the link 𝑖, 𝐿𝑚𝑎𝑥 is the
highest capacity among all links, and 𝑇𝑚𝑜𝑑𝑒 is the measured
throughput value of MPTCP with 𝑚𝑜𝑑𝑒. In the investigated
network, 𝐿𝑚𝑎𝑥 is always the throughput over the IEEE
802.11ad link.We denote 𝐿11𝑎𝑑 and 𝐿11𝑛 as the link capacity of
IEEE 802.11ad and IEEE 802.11n link, respectively. 𝐵𝑒𝑛(𝑚𝑜𝑑𝑒)
in (2) can be transferred to

𝐵𝑒𝑛 (𝑚𝑜𝑑𝑒) =

{{{{{{
{{{{{{
{

𝑇𝑚𝑜𝑑𝑒 − 𝐿11𝑎𝑑
𝐿11𝑛

, if 𝑇𝑚𝑜𝑑𝑒 ≥ 𝐿11𝑎𝑑

𝑇𝑚𝑜𝑑𝑒 − 𝐿11𝑎𝑑
𝐿11𝑎𝑑

, if 𝑇𝑚𝑜𝑑𝑒 < 𝐿11𝑎𝑑

(3)
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Figure 11: Comparison of aggregation benefit.

It is obvious that the values of 𝐵𝑒𝑛(𝑚) are in the range [−1, 1].
If 𝐵𝑒𝑛(𝑚) ≥ 0, MPTCP has a positive benefit and vice versa.

To identify 𝐿11𝑎𝑑 and 𝐿11𝑛 in (3), we run 𝑖𝑝𝑒𝑟𝑓3with TCP
over eachwireless link; each experiment is repeated ten times.
In this case with the maximum supported speed at MCS9
of IEEE 802.11ad, we selected the maximum throughput
among all runs, which is 1.316 Gbps. Similarly, we got the
IEEE 802.11n’s maximum throughput at 46.16 Mbps. In the
MPTCP experiment, either the full mesh or backup mode, a
batch of ten experiments is executed and we collect all the
measured MPTCP throughput. We calculate and show the
average, minimum, and maximum values of 𝐵𝑒𝑛(𝑓𝑢𝑙𝑙𝑚𝑒𝑠ℎ)
and 𝐵𝑒𝑛(𝑏𝑎𝑐𝑘𝑢𝑝) in Figure 11. In the figure, the values
of 𝐵𝑒𝑛(𝑓𝑢𝑙𝑙𝑚𝑒𝑠ℎ) are not only always negative but also
largely varied. On the other hand, the values of 𝐵𝑒𝑛(𝑏𝑎𝑐𝑘𝑢𝑝)
are stable around zero, which means the performance is
comparable to the TCP throughput over the IEEE 802.11ad.
We also calculate the average, minimum, and maximum
throughput of TCP and two different modes of MPTCP in
the investigated cases. The comparative values are shown in
Figure 12. We can see that the throughput values of TCP on
IEEE 802.11ad and the MPTCP backup are almost similar.
That is because the difference between the twos is only the
handshaking period. However, the full mesh mode has a bad
performance compared to the others and the Gbps level.
While the backup mode’s throughput values are always at
the multi-Gbps level, the full mesh’s ones are unstable. The
worst value of the full mesh throughput approximates the
throughput of IEEE 802.11n. In this case, the reason is mainly
due to the different characteristics of two wireless links. The
MTU of IEEE 802.11ad is 7912 bytes, while the IEEE 802.11n’s
MTU is 1500 bytes. The MTU sizes confuse the packet
scheduler of MPTCP full mesh at the high transmission rate,
consequently reducing the overall throughput.

We then explore the effects of MTU size on the through-
put performance of MPTCP. We aim to change the MTU
value on each wireless link and to repeat the previous
iperf3 experiments. We have modified our previous scripts
to include the MTU configuration using the ip utility (e.g.,
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Figure 12:Throughput comparison between MPTCP in two modes
and TCP.

change the MTU of wigig0 to the size 3000 bytes: ip link
set dev wigig0 mtu 3000). Since the maximum supported
MTU for the transmission between the Wi-Fi card and AP
is 1500 bytes, we can not have a bigger value of MTU on
the IEEE 802.11n link. We hence decided to vary the MTU
on the IEEE 802.11ad link for the performance evaluation.
More specifically, we consider the MTU size in the set
of {1500, 3000, 4500, 6000} (bytes). We collect and plot the
throughput values in Figure 13. In the figure, we show the
average throughput of MPTCP backup since the collected
values are quite stable. Meanwhile, we show the maximum
values of the MPTCP full mesh. In both modes, the through-
put increases alongwith theMTUsize. At the 1500- and 3000-
byte MTU, we have a different observation as the previous
comparison. The full mesh performance is better than the
one of backup with the small MTU sizes. That means the
aggregation benefit of MPTCP has been positive due to the
efficient operation of the scheduler. However, the aggregate
throughput is far less than the 1 Gbps level. Additionally,
the wireless resource of both link has been used in the
full mesh mode. Therefore, the usage of such MTU sizes
for applications should take into consideration that trade-
off. On the other hand, when the MTU values are either
4500 or 6000 bytes, it is seen that the MPTCP backup
mode’s performance is better. Therefore, the backup mode is
likely adopted for the sakes of high throughput and resource
efficiency.

We further observe the throughput of MPTCP full
mesh with all the supported MCSs in comparison to the
one of TCP over IEEE 802.11ad link, which is similar to
the MPTCP backup throughput. At each PHY rate, we
collect and calculate the average, minimum, and maximum
values of measured throughput of ten runs. We show the
values in Figure 14. The figure indicates that except MCS1,
with all other PHY rates in our experiment, the MPTCP
full mesh’s average throughput is smaller than the TCP
throughput. In particular, the higher the physical rate is,
the worse the measured throughput becomes. With MCS1,
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Figure 13: Throughput comparison between the full mesh and
backup modes with different MTU sizes.
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Figure 14: Comparison of TCP/MPTCP backup and MPTCP full
mesh.

the MPTCP throughput is slightly better than the TCP
throughput. On the other hand, MPTCP with the full
mesh mode uses more networking resources than TCP
since the two wireless links are both active for data trans-
missions. Therefore, we conclude that MPTCP full mesh
(with the 7912-byte MTU of IEEE 802.11ad link) is not
suitable for the expected switchover in the evolving Wi-Fi
network.

In the following, we investigate the performance of
MPTCP with the backup mode in the context of achieving
the switchover in the evolving Wi-Fi network. The backup
mode lets the IEEE 802.11n link be in a standby state for
MPTCP packets in a normal condition. The IEEE 802.11n
link will be active for MPTCP transmission when the IEEE
802.11ad link is not available. In this investigation, we keep
the traffic condition similar to the previous one in the
MPTCP evaluation. However, we additionally introduce the
events of inactive, reactive links as follows. A period after
starting the experiment, we change the direction of the
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Figure 15: Achieving switchover with MPTCP backup.

IEEE 802.11ad radio on the MB until the IEEE 802.11ad link
becomes inactive (i.e., note that this event is considerably
similar to inserting blockage). After another period, we turn
the radio back to the original direction for reactivating
the IEEE 802.11ad link. During the experiment, we track
the instantaneous throughput values at every 0.1 seconds;
we then show them in Figure 15. The figure shows that
the iperf3 traffic is automatically switched from the IEEE
802.11ad link (i.e., in the 60 GHz band) to the IEEE
802.11n link (i.e., in the 2.4 GHz band) when the IEEE
802.11ad link is unavailable. Furthermore, after the recovery
of IEEE 802.11ad link, the traffic is shifted back to the
IEEE 802.11ad link and the application enjoys the higher
bandwidth. In other words, MPTCP with the backup mode
has efficiently achieved the expected switchover of IEEE
802.11ad.

5. Conclusion

With the advent of new off-the-shelf IEEE 802.11ad wireless
devices, which can provide Gbps “wire like” experience to
Wi-Fi networks, it is necessary to investigate the capacity of
IEEE 802.11ad hardware to introduce the multi-Gbps capa-
bility to evolving Wi-Fi networks efficiently. This work first
provides an in-depth experimental study on IEEE 802.11ad
links in a typical office environment under the variation
of network and interference conditions. We confirm the
multi-Gbps throughput of both the UDP and TCP traffic
with the constraints of signal strength, MCSs, and MTUs.
Secondly, we verified that the link maintenance problem
(e.g., due to blockage or changing antenna directions) still
exists. To solve the problem, we propose to use MPTCP as
a mean that provides a fast switchover between an IEEE
802.11ad to a legacy Wi-Fi link. Our evaluation results show
that the IEEE 802.11ad radios can evolve on an existing
Wi-Fi network. In particular, MPTCP with the backup
mode could efficiently switch the multi-Gbps traffic on IEEE
802.11ad to a legacy Wi-Fi (i.e., IEEE 802.11n) link and vice
versa.
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In a full-duplex (FD) cellular network, a base station transmits data to the downlink (DL) user and receives data from uplink (UL)
users at the same time; thereby the interference from UL users to DL users occurs. One of the possible solutions to reduce this
interuser interference in the FD cellular network is user pairing, which pairs a DL user with a UL user so that they use the same
radio resource at the same time. In this paper, we consider a user pairing problem to minimize outage probability and formulate it
as a nonconvex optimization problem. As a solution, we design a low-complexity user pairing algorithm, which first controls the
UL transmit power to minimize the interuser interference and then allows the DL user having a worse signal quality to choose
first its UL user giving less interference to minimize the outage probability. Then, we perform theoretical outage analysis of the FD
cellular network on the basis of stochastic geometry and analyze the performance of the user pairing algorithm. Results show that
the proposed user pairing significantly decreases the interuser interference and thus improves the DL outage performance while
satisfying the requirement of UL signal-to-interference-plus-noise ratio, compared to the conventional HD mode and a random
pairing. We also reveal that there is a fundamental tradeoff between the DL outage and UL outage according to the user pairing
strategy (e.g., throughput maximization or outage minimization) in the FD cellular network.

1. Introduction

Full-duplex (FD) technologies enable a wireless node to
transmit and receive data on the same radio resource at the
same time so that the system capacity can be increased up
to two times in theory. However, this FD operation causes
co-channel interferences between entities using the same
resource, whereas the conventional half-duplex (HD) mode
does not create such interferences. In FD cellular network,
two types of co-channel interference occur: self-interference
occurs from the transmit (Tx) antenna to the receive (Rx)
antenna at the base station (BS) and interuser interference
occurs from the uplink (UL) user to the downlink (DL) user
[1, 2].

In an FD transceiver, the self-interference signal from its
transmitter is typically 100 dB stronger than the intended
receiving signal. This strong self-interference in the FD
transceiver obviously makes the radio chain at the receiver

saturated and the received data cannot be decoded properly
[3]. However, this self-interference problem has recently
been solved by advanced technologies of analog and digital
signal processing. It is now feasible to achieve up to 110 dB
self-interference cancellation (SIC) capability [4]. Thus, the
self-interference is mostly reduced to the same level as the
signal of interest before going through the decoding chain
at the receiver; thus, data decoding is possible. In practice,
there are many real-time prototypes demonstrated for FD
communications [5–8].

Although a single-link FD transmission has become
technically feasible, it is still expensive to equip SIC func-
tionality with above 100 dB to all user equipment (UE) for
the deployment of FD cellular network. Thus, most of the
UEs may still operate in HD mode and it is more practical
to suppose that only BSs operate in FD mode. As a result,
coexistence of both UL and DL transmission on the same
channel at the same time in the FD cellular network causes
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so-called interuser interference from UL users to DL users.
Therefore, smart interference management techniques are
necessary to manage this interuser interference and several
algorithms including resource management, power control,
user pairing/scheduling, and their optimization have been
investigated to enhance performances in terms of system
throughput, outage probability, and coverage [9–20].

Related to the resource allocation algorithm, a joint
resource allocation was considered to reduce the interuser
interference in FD cellular networks [9]. In [10], a simple
two-user FD network was investigated and a noncooperative
game was presented for resource allocation. In [11], energy
efficient resource allocation was invented to minimize total
transmit power in FD cellular networks. Regarding the
power control, the transmit powers of the UL UE, BS,
and relay were coordinated to mitigate the interference in
an FD relay-enhanced cellular network [12]. In [13], an
effective power control scheme was proposed to suppress
interference between D2D and cellular communications for
FD relay-assisted device-to-device communication. In [14],
a distributed power control algorithm was suggested based
on Fast-Lipschitz optimization to maximize the sum spectral
efficiency in the three-node FD transmission mode.

Furthermore, various user pairing/scheduling algorithms
for an FD network were investigated [15]. In [16], a coopera-
tive FD relays- (FDRs-) based scheduling technique was pro-
posed to achieve additional throughput by using cooperative
FDRs. In [17], a suboptimal heuristic joint user scheduling
and channel allocation algorithm with low complexity were
devised in FD cellular networks. In [18], two kinds of user
pairing schemes were presented tomaximize throughput and
minimize outage in a single-cell FD network. Thereafter, the
throughput performance of the first throughput-maximizing
user pairing algorithm was analyzed [19]. Moreover, a joint
optimization problem was investigated by considering mode
selection, user pairing, subcarrier allocation, and power con-
trol in order to maximize the aggregate network throughput
in FD heterogeneous networks [20].

As an important issue, the user pairing problem has
also been studied in other network scenarios [21–26]. A
cross-layering method was proposed to solve the pairing
problem for collaborative spatial multiplexing in IEEE 802.16
networks [21]. A user pairing scheme was proposed based
on the generalized lattice code to improve the average sum
rate in an amplify-and-forward multiway relay network [22].
User pairing stability was analyzed in device-to-device-relay
networks and a metric to quantize it was proposed [23]. A
distributedmatching algorithmwas proposed to optimize the
user pairing in a downlink nonorthogonal multiple access
(NOMA) network [24]. A low-complexity user pairing algo-
rithm was proposed using a heuristic approach for NOMA-
based cellular network [25]. Impact of user pairing was
analyzed considering imperfect channel state information in
NOMA-based energy harvesting relaying networks [26].

Many studies on user pairing approaches in FD networks
have been conducted, where the throughput performance is
mostly analyzed and optimized but the outage performance is
relatively less studied. Unlike [18], this study considers a new
multicell structure and performs a mathematical analysis on

the basis of stochastic geometry for the outage-minimizing
user pairing algorithmpresented previously. Compared to the
throughput analysis in [19], we here perform a new outage
analysis on existing user pairing algorithms considering
different system configurations, which have not been dealt
with in [18, 19].

In this paper, we propose a user pairing algorithm to
reduce the interuser interference from UL to DL users in FD
cellular networks. We describe a user pairing problem for
minimizing outage probability. To solve this problem, a very
highly complexity is required and we devise a suboptimal
algorithmwith low complexity from a practical point of view.
The basic approach of the proposed user pairing is that it
first reduces the transmit power of UL users to satisfy the
signal-to-interference-plus-noise ratio (SINR) threshold for
minimizing the inter-user interference, and then makes the
DL user having a worse signal quality select first its UL
user who gives less interference for outage minimization.
We perform an outage analysis of the FD network by using
stochastic geometry to identify the influence of the user
pairing algorithms. Results show that the FD systemusing the
proposed pairing algorithm greatly improves outage proba-
bility compared to the conventional user pairing algorithms.

The remainder of this paper is organized as follows. In
Section 2, the system of the considered FD cellular network
is described. In Section 3, the user pairing algorithm for
outage minimization is explained. In Section 4, a stochastic
geometry-based analysis in terms of DL and UL outage
probabilities is provided. In Section 5, simulation and analysis
results are provided. Finally, we present our concluding
remarks in Section 6.

2. System Model

We consider amulticell networkwhere each cell is adjacent to𝑁 neighboring cells, as illustrated in Figure 1.The BS uses FD
mode whereas DL and UL users use HD mode owing to the
limited implementation cost of UE. We assume that there are
total 2𝑀 users in each cell and both the numbers of UL users
and of DL users are 𝑀 evenly. In addition, one transmission
frame has𝑀 resource blocks (RBs) and each user is allocated
only one RB within a frame to transmit or receive data. This
RB allocation is conducted in a way of round-robin in order
to provide some degree of fairness for all users [27].

As shown in Figure 1, each channel coefficient is defined
as follows.

(i) ℎ𝑖0: channel from serving BS0 to DL user 𝑖
(ii) ℎ0𝑗: channel from the UL user 𝑗 to serving BS0
(iii) 𝑔00: channel from Tx to Rx in the serving BS0
(iv) 𝑔0𝑛: channel from neighboring BS 𝑛 to serving BS0
(v) 𝑔𝑖𝑛: channel from neighboring BS 𝑛 to DL user 𝑖
(vi) 𝑓𝑖𝑗: channel from UL user 𝑗 to DL user 𝑖
(vii) 𝑓𝑖𝑛: channel fromUL user in the 𝑛-th neighboring cell

to DL user 𝑖
(viii) 𝑓0𝑛: channel fromULuser in the 𝑛-th neighboring cell

to serving BS0
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Figure 1: System model for full-duplex cellular networks considered.

Here, we assume that all the channel coefficients follow
CN(0, 𝜎2/𝑑𝛼𝑖𝑗) where 𝑑𝑖𝑗 is the physical distance of the
corresponding 𝑖𝑗 link and𝛼 is the path loss exponent. Further,𝑛𝑖 is the additive white Gaussian noise with zeromean and𝑁0
variance.

Since both the DL and UL users send data on the same
frequency at the same time, the DL user suffers from three
different interferences from (1) the UL user who uses the
same RB within the serving cell, (2) the Tx of neighbor BSs,
and (3) the UL users who use the same RB in neighbor cells.
Thus, the received signal of DL user 𝑖 is represented as

𝑦𝑖 = √𝑃0ℎ𝑖0𝑥𝑖 + √𝑃𝑗𝑓𝑖𝑗𝑥𝑗⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
inter−user intf .

+ 𝑁∑
𝑛=1

√𝑃0𝑔𝑖𝑛𝑥𝑛⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
intf . from neighbor BSs

+ 𝑁∑
𝑛=1

√𝑃𝑛𝑓𝑖𝑛�̌�𝑛⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
intf . from neighbor UL users

+ 𝑛𝑖
(1)

where 𝑃0 and 𝑃𝑗 are the transmission power of the serving BS
and UL user 𝑗, respectively. Moreover, 𝑥𝑖, 𝑥𝑗, and 𝑥𝑛 are the
signals transmitted from the serving BS0, the UL user 𝑗 with
the same RB, and the 𝑛-th neighboring cell, respectively.

Furthermore, the Rx of the BS suffers from three different
interferences from (1) the Tx of the serving BS, (2) the Tx of
neighbor BSs, and (3) the UL users who use the same RB in

neighbor cells. Accordingly, the received signal at the serving
BS0 from the UL user 𝑗 is represented as

𝑦𝑗 = √𝑃𝑗ℎ0𝑗𝑥𝑗 + √𝑃0𝑔00𝑥𝑖⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
self−interference

+ 𝑁∑
𝑛=1

√𝑃0𝑔0𝑛𝑥𝑛⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
intf . from neighbor BSs

+ 𝑁∑
𝑛=1

√𝑃𝑛𝑓0𝑛�̌�𝑛⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
intf . from neighbor UL users

+ 𝑛0.
(2)

In the FD network, the BS’s receiver suffers from severe
interferences from the transmitters both the serving and
neighbor BSs. (Relatively, we can regard the interferences
from the Txs of UL users in the neighboring cells as weak
interferences because the transmit power of UE is small
and the UL signal is greatly attenuated by the long distance
[16–20, 28].) However, the FD BS can remove these inter-
ference components through the interference cancellation
and channel estimation techniques [4, 28]. For this channel
estimation, we suppose that the Rx of the BS utilizes pilot
symbols transmitted from the Txs of the serving BS0 and
neighbor BSs. Therefore, the received interference strength
can be decreased to a similar level to the noise floor of receiver
after sequentially applying analog and digital cancellation
schemes [5–8]. In addition, we can estimate the channel
coefficients 𝑔00 and 𝑔0𝑛 by applying an appropriate channel
estimation method [29]. (Details about channel estimation
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technique are out of the scope in this paper and the channel
estimation at the BS is assumed to be perfect.) Based on the
knowledge of the signals received from the serving BS0 and
neighbor BSs via the wired backhaul and the interference
channel estimation, the Rx of the serving BS0 can remove
such interference components from the received signal. After
interference cancellation, the signal of UL user 𝑗 is given by

𝑦𝑗 = √𝑃𝑗ℎ0𝑗𝑥𝑗 + √𝑃0 (𝑔00 − 𝑔0) 𝑥𝑖
+ 𝑁∑
𝑛=1

√𝑃0 (𝑔0𝑛 − 𝑔0𝑛) 𝑥𝑛 + 𝑁∑
𝑛=1

√𝑃𝑛𝑓0𝑛�̌�𝑛 + 𝑛0
(3)

where 𝑔0 and 𝑔0𝑛 correspond to the estimated channel
coefficients.

Using (1) and (3), the SINRs of the received signals 𝑦𝑖 and𝑦𝑗 are, respectively, given by

Γ𝑖 = 𝑃0 ℎ𝑖02
𝑃𝑗 𝑓𝑖𝑗2 + ∑𝑁𝑛=1 𝑃0 𝑔𝑖𝑛2 + ∑𝑁𝑛=1 𝑃𝑛 𝑓𝑖𝑛2 + 𝑁0 , (4)

Γ𝑗
= 𝑃𝑗 ℎ0𝑗2𝑃0 𝑔00 − 𝑔02 + ∑𝑁𝑛=1 𝑃0 𝑔0𝑛 − 𝑔0𝑛2 + ∑𝑁𝑛=1 𝑃𝑛 𝑓0𝑛2 + 𝑁0 .

(5)

In the conventional HDmode that does not generate self-
interference and interuser interference, the SINRs of DL user𝑖 and UL user 𝑗 are, respectively, described as

ΓHD
𝑖 = 𝑃0 ℎ𝑖02∑𝑁𝑛=1 𝑃0 𝑔𝑖𝑛2 + 𝑁0 , (6)

ΓHD
𝑗 = 𝑃𝑗 ℎ0𝑗2∑𝑁𝑛=1 𝑃𝑛 𝑓0𝑛2 + 𝑁0 . (7)

3. Proposed User Pairing Algorithm

On the basis of SINR expressions for DL and UL users
given as (4) and (5), the controllable parameters are explicitly𝑃𝑗 and 𝑓𝑖𝑗. The other parameters are generally fixed or
are determined by the node position. Here, the channel
coefficient𝑓𝑖𝑗 depends on how we pair UL user 𝑗 and DL user𝑖 to use the same RB. Namely, the user pairing determines
the amount of interuser interference and directly influences
the DL SINR Γ𝑖. In this context, we propose an effective user
pairing algorithm to improve the system performance in the
considered FD cellular network.

Our objective is to minimize the outage probability. Since
the outage occurswhen the SINRdoes not satisfy the required
SINR, the outage probabilities of the DL user 𝑖 and the UL
user 𝑗 are, respectively, defined as

𝑃DL
𝑜𝑢𝑡 ≜ P {Γ𝑖 < 𝜃} for 𝑖 ∈ {1, 2, . . . ,𝑀} , (8)

𝑃UL
𝑜𝑢𝑡 ≜ P {Γ𝑗 < 𝜃} for 𝑗 ∈ {1, 2, . . . ,𝑀} (9)

where 𝜃 is the required SINR threshold [30]. For the purpose
of minimizing the outage probability of all users, the opti-
mization problem can be formulated as

𝜋𝑘 = arg max
(𝑖,𝑗)∈𝜋𝑘

min {Γ𝑖, Γ𝑗} for 𝑖, 𝑗 ∈ {1, 2, . . . ,𝑀} . (10)

Here, we denote (𝑖, 𝑗) as a user pair of DL user 𝑖 and UL user 𝑗
using the same RB and defineΠ as the set of all possible user
pairs (𝑖, 𝑗) for 𝑖, 𝑗 ∈ {1, 2, . . . ,𝑀}. Also we denote 𝜋𝑘 as the𝑘-th element ofΠ where 𝑘 = 1, 2, . . . ,𝑀!.

Available user pairs are determined by selecting a number𝑖 in {1, 2, . . . ,𝑀} and a number 𝑗 in {1, 2, . . . ,𝑀} under the
condition that the selected number cannot be chosen again.
Thus, the number of possible configurations for user pairing
becomes 𝑀!. For instance of 𝑀 = 3,Π becomes

Π =
[[[[[[[[[[[
[

𝜋1𝜋2𝜋3𝜋4𝜋5𝜋6

]]]]]]]]]]]
]

=
[[[[[[[[[[[
[

{(1, 1) , (2, 2) , (3, 3)}
{(1, 1) , (2, 3) , (3, 2)}
{(1, 2) , (2, 1) , (3, 3)}
{(1, 2) , (2, 3) , (3, 1)}
{(1, 3) , (2, 1) , (3, 2)}
{(1, 3) , (2, 2) , (3, 1)}

]]]]]]]]]]]
]

(11)

where six configurations exist. To solve this combinatorial
problem, we must search the total 𝑀! configurations. This
complexity is 𝑂(𝑀!) and exponentially increases as the
number of users (𝑀) increases. Hence, we need to design a
suboptimal pairing algorithm with low complexity from the
practical point of view.

We can have an intuition for designing a new user pairing
algorithm from (4) and (5). In (5), the SINR of UL user,Γ𝑗, is not relevant to DL users. If we suppose that both the
interference cancellation and channel estimation are perfect
and the interference from neighbor UL users is negligible, Γ𝑗
is affected by mainly UL channel ℎ0𝑗 and UL transmit power𝑃𝑗. On the other hand, the SINR of DL user, Γ𝑖, is relevant to
the DL channel (ℎ𝑖0), the direct channel from UL user 𝑗 to
DL user 𝑖 (𝑓𝑖𝑗), and the UL transmit power (𝑃𝑗). Namely, the
user pairing affects the SINR of DL user Γ𝑖 only. Therefore,
the first parameter that can be adjusted to reduce the outage
is the UL transmit power, 𝑃𝑗. Since the UL transmission gives
the interference to theDLuser, it is preferable that theULuser𝑗 controls its transmission power 𝑃𝑗 to satisfy Γ𝑗 = 𝜃. This UL
power control is effective to reduce the interference from UL
user to DL user and thus decreases the outage probability of
DL users while satisfying the UL SINR requirement.

In addition, to avoid the outage from the perspective of
DL users, it is reasonable to make the DL user with a worse
signal quality receive less interference [31]. Thus, we make
the DL users with a worse signal quality (i.e., a lower value
of Γ𝐻𝐷𝑖 ) select first the UL user causing a smaller interference
(i.e.,𝑃𝑗‖𝑓𝑖𝑗‖2) as its partner. By the way, if the SINR of DL user𝑖, Γ𝑖, is smaller than 𝜃 although the best UL user is selected
by this strategy, the DL user is convinced of its outage and
does not finally select the corresponding UL user. Thus, we
make this outage DL user yield its option to the next DL user
and choose aULuser later among the remaining unpairedUL



Wireless Communications and Mobile Computing 5

Ensure: 𝜃 = SINR threshold
1: Initialize:

𝑃𝑗 ← 𝜃𝑁0ℎ0𝑗2
, 𝑗 = 1, 2, . . . ,𝑀

𝑈𝑗 ← 0, 𝑗 = 1, 2, . . . ,𝑀 /∗ flag for selected or not ∗/
2: Sort the DL users in order of low Γ𝐻𝐷𝑖 value
3: for i = [sorted DL users] do
4: Unpaired UL users ← find(𝑈𝑗 = 0)
5: Measure the interference from unpaired UL user 𝑗 to DL user 𝑖 (𝑃𝑗‖𝑓𝑖𝑗‖2) where 𝑗 ∈ {1, 2, . . . ,𝑀}
6: Choose the UL user 𝑗 causing the smallest interference 𝑃𝑗‖𝑓𝑖𝑗‖2 among unpaired UL users
7: if Γ𝑖 > 𝜃 when choosing the UL user 𝑗 then
8: 𝑈𝑗 ← 1
9: Complete the user pair (𝑖, 𝑗)
10: else
11: Outage DL users ← 𝑖
12: end if
13: end for
14: for i = [sorted outage DL users] do
15: Unpaired UL users ← find(𝑈𝑗 = 0)
16: Choose the UL user 𝑗 causing the smallest interference 𝑃𝑗‖𝑓𝑖𝑗‖2 among unpaired UL users
17: 𝑈𝑗 ← 1
18: Complete the user pair (𝑖, 𝑗)
19: end for

Algorithm 1: Proposed user pairing algorithm.

users. For the outage DL users, the same policy is used with
the remaining unpaired UL users in a way of maximizing the
minimum SINR. Since this proposed user pairing approach
gives more opportunities to the DL users with a lower signal
quality, the outage probability can be decreased effectively.

The details of the proposed user pairing algorithm are
described as Algorithm 1. Initially, the transmission power of
all UL users is set to the minimum value to satisfy the SINR
threshold (i.e., 𝑃𝑗 = 𝜃𝑁0/‖ℎ0𝑗‖2), in order to minimize the
interuser interference from UL user to DL user. Moreover,
the flag means whether the UL user is selected or not and
is initially set to zero for all 𝑗. Then, the algorithm sorts
the DL users from the lowest to the highest DL SINR value
and runs in the order of these sorted DL users. For DL user𝑖, the pairing algorithm measures the interference from the
unpaired UL user 𝑗 to the DL user 𝑖, 𝑃𝑗‖𝑓𝑖𝑗‖2. Thereafter,
the UL user with the smallest interuser interference 𝑃𝑗‖𝑓𝑖𝑗‖2
among the unpaired UL users is chosen for pairing. If the DL
SINR for this selected pair is greater than the SINR threshold,
the flag of this UL user 𝑗 is set to one. Namely, the DL user𝑖 and selected UL user 𝑗 become a partner with each other.
Otherwise, the DL user 𝑖 belongs to the outage DL user. This
pairing operation is iterated until all DL users are handled. If
there is any outage DL user, there is additional user pairing
between the outage DL users and the unpaired UL users. The
rule is the same as Lines 3-13, but there is no requirement to
satisfy the SINR threshold, as shown. In this way, the user
pairing is completed to minimize the outage of all users.
Notice that the proposed pairing algorithm performs one
iteration and one search in each iteration for𝑀 users; thus, its

computational complexity is𝑂(𝑀2), which is much less than
the complexity of an exhaustive search (i.e., 𝑂(𝑀!)).

For designing the proposed pairing algorithm, we
assumed that the number of DL users and UL users are the
same and the BS knows the necessary channel information.
However, if the number of DL users and UL users is different,
the excess link users will not be able to participate in pairing
for FD and will have to operate in HD mode. This can lead
to performance degradation. In addition, for the operation
of the proposed algorithm, the UL user must report the
amount of interference received from each DL user to the BS.
This results in UL feedback overhead. Therefore, to realize
the proposed pairing algorithm in an actual environment,
we need to consider these practical issues to reduce such
performance degradation and overhead, which are left as a
future study.

4. Outage Analysis

4.1. Notations and Assumptions. For the analysis based on
stochastic geometry, we suppose a homogeneous cellular
network consisting of macrocell BSs and users [19]. The BSs
are arranged in accordance with a Poisson point process
(PPP) of density 𝜆 in the Euclidean plane [32, 33]. We
also suppose that both DL and UL users are distributed
independently with a homogeneous PPP of the same density𝜆. Therefore, the BS allocates one DL user and one UL user
simultaneously during a given RB [33, 34]. And each user is
associated with its nearest BS.

Figure 2 exhibits the system model where an FD BS0
serves its DL user 𝑢0 and UL user 𝑢1 at the same time.
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Figure 2: System model and notations.

𝑢0 experiences interferences from 𝑢1, 𝑢3, and BS1 and 𝑢1
experiences interferences from 𝑢3, BS0, and BS1 while 𝑢0
receives and 𝑢1 transmits a signal from and to a BS0 simul-
taneously. Solid line with (ℎ, ⋅) indicates the signal channel,
dotted line with (𝑔, ⋅) indicates the interference channels
by the neighboring BSs, and dashed line with (𝑓, ⋅) denotes
the interference channels by users. Here, we suppose that
a serving BS and its users experience Rayleigh fading with
unit mean and they use a fixed transmission power of 1/𝜇.
Moreover, the received signal strength at a certain node with
a distance 𝑟 to its BS is set to ℎ𝑟−𝛼 where ℎ follows an
Exponential distribution with mean 1/𝜇 (i.e., ℎ ∼ exp (𝜇)),
which is denoted as (ℎ, 𝜇). Also the path loss exponent of
all BSs and users is denoted as 𝛼, and additive noise power
is set to 𝜎2. All results are limited to the case of a single
transmit/receive antenna.

4.2. Downlink Outage Probability. When a DL user, 𝑢0, has a
distance 𝑟 and fading strength ℎ𝑑 ∼ exp (𝜇𝑑) from its serving
BS, 𝑢0 receives a signal with a strength of ℎ𝑑𝑟−𝛼. Moreover, 𝑢0
receives cumulative interference 𝐼𝑏 and 𝐼𝑢 from its neighbors.
Here, 𝐼𝑏 represents the total sum of the received powers from
all neighboring BSs. When 𝑢0 has a distance 𝑟𝑖 and fading
strength 𝑔𝑖 ∼ exp (𝜑𝑏𝑢) from to the neighboring BS 𝑖, 𝐼𝑏 is
expressed as

𝐼𝑏 = ∑
𝑖∈Φ𝑏

𝑔𝑖𝑟−𝛼𝑖 (12)

where Φ𝑏 denotes the set of all interfering BSs. Moreover, 𝐼𝑢
represents the total sum of the received powers from all other
UL users. When 𝑢0 has a distance 𝑟𝑖 and fading strength 𝑓𝑖 ∼
exp (𝜑𝑢𝑢) from the other UL user 𝑖, 𝐼𝑢 is expressed as

𝐼𝑢 = ∑
𝑖∈Ω𝑢

𝑓𝑖𝑟−𝛼𝑖 (13)

where Ω𝑢 is the set of all interfering users. Then, the SINR of
DL user 𝑢0 is given by

ΓDL = ℎ𝑑𝑟−𝛼𝐼𝑏 + 𝐼𝑢 + 𝜎2 . (14)

The outage probability of DL user is exactly represented
as the cumulative distribution function (CDF) of SINR over
the entire network, as follows.

𝑃DL
𝑜𝑢𝑡 (𝜆, 𝜃) = P [ΓDL < 𝜃] . (15)

Since the probability that the nearest BS has a distance 𝑟 being𝑒−𝜆𝜋𝑟22𝜋𝜆𝑟, the outage probability is formulated as

𝑃DL
𝑜𝑢𝑡 (𝜆, 𝜃) = 1 − ∫

𝑟>0
P [ℎ𝑑 ≥ 𝜃𝑟𝛼 (𝐼𝑏 + 𝐼𝑢 + 𝜎2) | 𝑟]

⋅ 𝑒−𝜆𝜋𝑟22𝜋𝜆𝑟𝑑𝑟 = 1 − ∫
𝑟>0

𝑒−𝜆𝜋𝑟2−𝜇𝑑𝜃𝑟𝛼𝜎2
⋅ L𝐼𝑏 (𝜇𝑑𝜃𝑟𝛼) ⋅ L𝐼𝑢 (𝜇𝑑𝜃𝑟𝛼) ⋅ 2𝜋𝜆𝑟𝑑𝑟.

(16)

Here, the Laplace transform of 𝐼𝑏 is calculated as

L𝐼𝑏 (𝜇𝑑𝜃𝑟𝛼)
= exp(−2𝜋𝜆∫∞

𝑟
(1 − 𝜑𝑏𝑢𝜑𝑏𝑢 + 𝜇𝑑𝜃𝑟𝛼V−𝛼) V𝑑V)

= exp(−2𝜋𝜆∫∞
𝑟

𝛽𝑑,𝑏𝑢𝜃𝛽𝑑,𝑏𝑢𝜃 + (V/𝑟)𝛼 V𝑑V)

= exp(−2𝜋𝜆∫∞
𝑟

1
1 + (𝛽𝑑,𝑏𝑢𝜃)−1 (V/𝑟)𝛼 V𝑑V)

= exp (−𝜋𝑟2𝜆𝜌𝑑𝑏 (𝜃))

(17)

where 𝜌𝑑𝑏(𝜃) = (𝛽𝑑,𝑏𝑢𝜃)2/𝛼 ∫∞(𝛽𝑑,𝑏𝑢𝜃)−2/𝛼 1/(1 + 𝑢𝛼/2)𝑑𝑢 is used
for calculation. In the same way, the Laplace transform of 𝐼𝑢
is obtained as

L𝐼𝑢 (𝜇𝑑𝜃𝑟𝛼) = exp (−𝜋𝑟2𝜆𝜌𝑑𝑢 (𝜃)) (18)

where 𝜌𝑑𝑢(𝜃) = (𝛽𝑑,𝑢𝑢𝜃)2/𝛼 ∫∞0 1/(1 + 𝑢𝛼/2)𝑑𝑢.
Therefore, when a randomly located mobile user experi-

ences Exponential interference, the outage probability for DL
users is characterized as

𝑃DL
𝑜𝑢𝑡 (𝜆, 𝜃) = 1 − ∫

𝑟>0
𝑒−𝜆𝜋𝑟2−𝜇𝑑𝜃𝑟𝛼𝜎2 ⋅ 𝑒−𝜋𝑟2𝜆𝜌𝑑𝑏(𝜃)

⋅ 𝑒−𝜋𝑟2𝜆𝜌𝑑𝑢(𝜃) ⋅ 2𝜋𝜆𝑟𝑑𝑟 = 1
− 𝜋𝜆∫∞

0
𝑒−𝜆𝜋V(1+𝜌𝑑𝑏(𝜃)+𝜌𝑑𝑢(𝜃))−𝜇𝑑𝜃𝜎2V𝛼/2𝑑V.

(19)



Wireless Communications and Mobile Computing 7

4.3. Uplink Outage Probability. When a UL user 𝑢1 has a
distance 𝑟 and fading strength ℎ𝑢 ∼ exp (𝜇𝑢) to its serving
BS, 𝑢1 receives a signal with a strength of ℎ𝑢𝑟−𝛼. In addition,𝑢1 receives cumulative interference 𝐼𝑏, 𝐼𝑢, and 𝐼𝑠. Here, 𝐼𝑏
represents the total sum of the received powers from all
neighboring BSs. When the serving BS of 𝑢1 has a distance𝑟𝑖 and fading strength 𝑔𝑖 ∼ exp (𝜑𝑏𝑏) from the neighboring
BS 𝑖, 𝐼𝑏 is expressed as

𝐼𝑏 = ∑
𝑖∈Φ𝑏

𝑔𝑖𝑟−𝛼𝑖 (20)

where Φ𝑏 is the set of all interfering BSs. Moreover, 𝐼𝑢
represents the total sum of the received powers from all other
UL users. When the serving BS of 𝑢1 has a distance 𝑟𝑖 and
fading strength 𝑓𝑖 ∼ exp (𝜑𝑢𝑏) from the interfering UL user 𝑖,𝐼𝑢 is expressed as

𝐼𝑢 = ∑
𝑖∈Ω𝑢

𝑓𝑖𝑟−𝛼𝑖 (21)

where Ω𝑢 is the set of all interfering users. Also, 𝐼𝑠 indicates
the self-interference in the serving BS of user 𝑢1 and we
simply assume that 𝐼𝑠 becomes 𝜂 times as much as the noise
power (i.e., 𝐼𝑠 = 𝜂𝜎2). Therefore, the SINR of typical UL user𝑢1 is given by

ΓUL = ℎ𝑑𝑟−𝛼𝐼𝑏 + 𝐼𝑢 + 𝐼𝑠 + 𝜎2 . (22)

The outage probability of UL user is exactly represented
as the CDF of SINR over the entire network, as follows.

𝑃UL
𝑜𝑢𝑡 (𝜆, 𝜃) = P [ΓUL < 𝜃] . (23)

Since the probability that the closest BS has a distance 𝑟 being𝑒−𝜆𝜋𝑟22𝜋𝜆𝑟, the outage probability is formulated as

𝑃UL
𝑜𝑢𝑡 (𝜆, 𝜃) = 1
− ∫
𝑟>0

P [ℎ𝑢 ≥ 𝜃𝑟𝛼 (𝜎2 + 𝐼𝑏 + 𝐼𝑢 + 𝐼𝑠) | 𝑟]
⋅ 𝑒−𝜋𝜆𝑟22𝜋𝜆𝑟𝑑𝑟 = 1 − ∫

𝑟>0
𝑒−𝜆𝜋𝑟2−𝜇𝑢𝜃𝑟𝛼(𝜎2+𝜂𝜎2)

⋅ L𝐼𝑏 [𝜇𝑢𝜃𝑟𝛼] ⋅ L𝐼𝑢 [𝜇𝑢𝜃𝑟𝛼] ⋅ 2𝜋𝜆𝑟𝑑𝑟.

(24)

Here, the Laplace transform of 𝐼𝑏 is calculated as

L𝐼𝑏 (𝜇𝑢𝜃𝑟𝛼)
= exp(−2𝜋𝜆∫∞

𝑟
(1 − 𝜑𝑏𝑏𝜑𝑏𝑏 + 𝜇𝑢𝜃𝑟𝛼V−𝛼) V𝑑V) (25)

= exp(−2𝜋𝜆∫∞
𝑟

𝛽𝑢,𝑏𝑏𝜃𝛽𝑢,𝑏𝑏𝜃 + (V/𝑟)𝛼 V𝑑V) (26)

= exp(−2𝜋𝜆∫∞
𝑟

1
1 + (𝛽𝑢,𝑏𝑏𝜃)−1 (V/𝑟)𝛼 V𝑑V) (27)

= exp (−𝜋𝑟2𝜆𝜌𝑢𝑏 (𝜃)) (28)

where 𝜌𝑢𝑏(𝜃) = (𝛽𝑢,𝑏𝑏𝜃)2/𝛼 ∫∞(𝛽𝑢,𝑏𝑏𝜃)−2/𝛼 1/(1 + 𝑢𝛼/2)𝑑𝑢. In the
same way, the Laplace transform of 𝐼𝑢 is calculated as

L𝐼𝑢 (𝜇𝑢𝜃𝑟𝛼) = exp (−𝜋𝑟2𝜆𝜌𝑢𝑢 (𝜃)) (29)

where 𝜌𝑢𝑢(𝜃) = (𝛽𝑢,𝑢𝑏𝜃)2/𝛼 ∫∞(𝛽𝑢,𝑢𝑏𝜃)−2/𝛼 1/(1 + 𝑢𝛼/2)𝑑𝑢.
When a randomly located mobile user experiences expo-

nential interference, the outage probability of UL users is
finally characterized as

𝑃UL
𝑜𝑢𝑡 (𝜆, 𝜃) = 1 − ∫

𝑟>0
𝑒−𝜆𝜋𝑟2−𝜇𝑢𝜃𝑟𝛼(𝜎2+𝜂𝜎2) ⋅ 𝑒−𝜋𝑟2𝜆𝜌𝑢𝑏(𝜃)

⋅ 𝑒−𝜋𝑟2𝜆𝜌𝑢𝑢(𝜃) ⋅ 2𝜋𝜆𝑟𝑑𝑟 = 1
− 𝜋𝜆∫∞

0
𝑒−𝜆𝜋V(1+𝜌𝑢𝑏(𝜃)+𝜌𝑢𝑢(𝜃))−𝜇𝑢𝜃(𝜎2+𝜂𝜎2)V𝛼/2𝑑V.

(30)

5. Results and Discussions

For comparison, we consider (1) the typical HD mode where
the BS does not employ the FD mode and the DL and UL
resources are equally divided [35], (2) the FDwith the random
pairing that pairs a DL user with a UL user randomly, (3)
maximizing throughput (MaxThr) method proposed in [18,
19] that determines the user pairs in a way that the DL user
with better channel quality receives a smaller inter-user inter-
ference for the purpose of maximizing the sum throughput,
and (4) the FD with the optimal pairing that optimally pairs
users by exhaustive search. For a fair comparison, because
the HD mode uses only half of the resource, its SINR, ΓHD

in (6) and (7), is recalculated as ΓHD
new = √1 + ΓHD − 1 from

the relationship of log(1 + ΓHD
new) = (1/2) log(1 + ΓHD), and

its outage probability is redefined as 𝑃HD
𝑜𝑢𝑡 ≜ P{(1/2) log(1 +ΓHD) < log(1 + 𝜃)}.

The parameters used for evaluation are listed in Table 1
[19]. We evaluate the system rate by varying the user density𝜆 from 0.1 to 1. Here, the users with 𝜆 = 1 correspond
to the density of one user in 100 𝑚2 on average [34]. Also
we use the same network configuration in the simulation
as in the analysis [28]. The same number of DL and UL
users is distributed randomly with varying the density 𝜆
in the multicell coverage. We consider the SINR threshold
of 0 dB by default and change its range from -10 to 40
dB to determine the outage performance. Here, the channel
parameter from UL user to serving BS, 𝜇𝑢, and the channel
parameter from UL user to DL user, 𝜑𝑢𝑢, are affected by
user pairing algorithms so that their values are determined
by the simulation after applying each user pairing algorithm.
Moreover, we set the associated channel values (i.e., 𝜑𝑏𝑢, 𝜑𝑢𝑏,
and 𝜑𝑏𝑏) to be large enough to minimize the influence from
neighboring cells.

Figure 3(a) plots the CDF of the interuser interference
when the number of DL/UL users (𝑀) is 10 and the
SINR threshold (𝜃) is 0 dB. The distribution of interuser
interference is important to check whether the user pairing
algorithm operates properly. Here, the interuser interference
level is measured by simulation when each user pairing
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Table 1: Parameter setup.

Parameter Description Value𝜆 User density 0.1∼1 (default=0.5)𝜃 SINR threshold -10∼40 dB (default=0 dB)𝜎2 Noise power 1𝛼 Path loss exponent 2∼4 (default=3)𝜂 Self-interference ratio 0∼10 (default=0)𝜇𝑑 Channel parameter from serving BS to DL user 0.01𝜇𝑢 Channel parameter from UL user to serving BS 0.01∼1 (determined by simulation)𝜑𝑏𝑢 Channel parameter from neighbor BS to DL user 100𝜑𝑢𝑏 Channel parameter from neighbor UL user to serving BS 100𝜑𝑏𝑏 Channel parameter from neighbor BS to serving BS 100𝜑𝑢𝑢 Channel parameter from UL user to DL user 1∼100 (determined by simulation)
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Figure 3: (a) CDF of interuser interference when 𝑀 = 10 and 𝜃 = 0 dB and (b) average inter-user interference versus number of DL/UL
users (𝑀).

algorithm is applied. Compared with the random pairing,
the proposed pairing algorithm significantly decreases the
interuser interference. This is because the proposed pairing
selects the UL user with low interference as much as pos-
sible by considering the amount of interuser interference.
Moreover, the proposed pairing shows even smaller interuser
interference than MaxThr because it uses UL transmit power
control and so reduces the interuser interference to the DL
users effectively. Note that there is a slight difference between
the proposed and the optimal pairing algorithms.

Figure 3(b) exhibits the average inter-user interference
level versus the number of DL/UL users, 𝑀. At 𝜃 = 0 dB,
the proposed pairing is much better than the random pairing
and is slightly better than MaxThr, regardless of the number

of users, as shown in Figure 3(a). Note that the interuser
interference in the random and MaxThr pairing algorithms
are independent of the SINR threshold 𝜃. However, the
SINR threshold affects the transmit power of UL users
in the proposed pairing. That is, the higher is the SINR
threshold, the greater is the UL transmit power. Thus, the
average interuser interference level increases as the SINR
threshold increases in the proposed algorithm. Overall, the
interuser interference decreases slightly when the number
of users initially increases because the user diversity occurs
as the number of users increases and so MaxThr and the
proposed algorithm have more chance to have a user pair
with less interuser interference. On the other hand, in the
case of the random pairing, the interuser interference is
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Figure 4: (a) CDF of DL SINR and (b) CDF of UL SINR when 𝑀 = 10 and 𝜃 = 0 dB.
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Figure 5: (a) DL outage probability and (b) UL outage probability versus SINR threshold (𝜃) when 𝜆 = 0.5.

fluctuated between -8 and -22 dBm because it often generates
uncontrolled stronger interferences between the randomly
selected DL and UL users as the number of users increases.

Figure 4 plots the CDF of the DL SINR and UL SINR
when 𝑀 = 10 and 𝜃 = 0 dB. In the case of DL SINR,
the proposed pairing shows better SINR than MaxThr and
random pairing because it experiences the lower interuser
interference. The HD mode has a significantly lower SINR
and also the proposed scheme is close to optimal. In the case
of UL SINR, the proposed and optimal pairing algorithms
show that all ULusers have the sameULSINR as 0 dB because
their UL transmit power is adjusted to the SINR threshold.

This result clearly shows that the proposed pairing algorithm
significantly improves the DL SINR at the expense of the UL
SINR to minimize the outage probability.

Figure 5 shows the DL and UL outage probabilities
versus the SINR threshold when 𝜆 is fixed to 0.5. These
outage probabilities are obtained from the numerical analysis
in Section 4 and the used channel parameters for this
result are derived from the simulation of the considered
user pairing algorithms. Here, the performance of upper
bound indicates the perfect FD assuming that there is no
interuser interference and the reduction of UL transmit
power. The proposed pairing algorithm improves the DL
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Figure 7: (a) DL outage probability and (b) UL outage probability versus user density (𝜆) when 𝜃 = 0 dB.

outage probability compared to the random pairing. The
randompairing andMaxThrpairing have the sameULoutage
probability because they do not control UL transmit power
equally. Compared to MaxThr, the proposed scheme shows
the tradeoff performance according to the SINR threshold.
When the SINR threshold is small, the DL outage of the
proposed pairing is better than that of MaxThr but the UL
outage is not. On the contrary, when the SINR threshold
is large, the UL outage of the proposed pairing is better
than that of MaxThr but the DL outage is not. As the SINR
threshold increases, the proposed pairing should increase

the UL transmit power to satisfy the UL SINR requirement.
This decreases the UL outage probability, but increases the
interuser interference, thereby increasing the DL outage
probability.

Figure 6 plots the UL outage probability versus the DL
outage probability as the SINR threshold changes from -
10 to 40 dB. This graph clearly shows the tradeoff perfor-
mance between MaxThr and the proposed pairing according
to the SINR threshold. As the SINR threshold decreases,
the proposed pairing decreases the UL transmit power to
satisfy the UL SINR requirement. This eventually decreases
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the interuser interference and so decreases the DL outage
probability. Therefore, the proposed scheme has the smaller
DL outage than theMaxThr schemewhen the SINR threshold
decreases. On the contrary, as the SINR threshold increases,
the proposed pairing increases the UL transmit power, which
increases the interuser interference; thereby increasing the
DL outage probability. Hence, the proposed scheme shows
the smaller UL outage of the MaxThr scheme when the
SINR threshold increases.Therefore, there exists a cross point
between two schemes and there is a fundamental tradeoff
between the DL outage and UL outage performances in
the considered user pairing algorithms in the FD cellular
network.

Figure 7 shows the DL andUL outage probabilities versus
the user density (𝜆) when 𝜃 is fixed to 0 dB according to the
variation of related parameters: path loss exponent (𝛼) and
self-interference ratio (𝜂).Theuser density corresponds to the
number of users and means how many pairing opportunities
are given. Thus, the outage probabilities decrease as the
user density increases. Regarding the path loss exponent𝛼, the DL outage probability in all schemes increases as 𝛼
increases because all SINRs become smaller with the greater𝛼. Regarding the self-interference ratio, 𝜂 greater than zero
means that there remains the self-interference at the BS using
FD. Thus, the UL outage probability increases in all the FD
schemes as 𝜂 increases. This implies that the UL outage
performance depends heavily on the SIC capability at the BS.

6. Conclusion

In this study, we dealt with user pairing problems in FD
cellular networks. We proposed a low-complexity user pair-
ing algorithm to minimize outage probability. The proposed
pairing algorithm was invented in a way that the UL user
reduces its transmit power to satisfy the SINR threshold for
minimizing the interuser interference and the DL user with
a worse signal quality preferentially selects its UL user who
gives less interference for outage minimization. The simula-
tion and analysis results showed that the proposed algorithm
significantly decreased the interuser interference and thus
improves the DL outage performance while satisfying the UL
SINR requirement, compared to the conventional HD mode
and a random user pairing. It is also observed that there is a
tradeoff between the DL outage and UL outage probabilities
according to the user pairing strategy. We expect that the
considered user pairing algorithms and their analysis results
will be applicable for the protocol design and implementation
of the future FD cellular network.
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This paper describes design and implementation of an OFDM-based digital video broadcasting system test platform for
multichannel ultra-high definition (UHD) broadcasting services. The developed digital video broadcasting system test platform
has been installed in commercial broadcasting station, and trial broadcasting service of the system has been performed through the
commercial in-service network. For the performancemeasurement, field test is also executed. To evaluate the practical performance
of the implemented system, a commercial broadcasting set-top box is used. Furthermore, by using measurement receiver, various
system performances have been evaluated such as BER, PER, and CNR. Because high efficiency video coding (HEVC) can
successfully transmit multimedia contents with a raw data rate of 51.6 Mbps, a multichannel UHD service can be serviced in a
single physical 6MHz channel.

1. Introduction

Recently various advanced broadcasting technologies have
been investigated and developed [1–4]. In the terrestrial
broadcasting system, the transmission standards supporting
4K ultra-high definition (UHD) broadcasting service have
been investigated and developed [5, 6]. Besides, for mul-
tichannel UHD broadcasting services, an orthogonal fre-
quency division multiplexing- (OFDM-) based digital video
broadcasting system was designed [7, 8].

In this paper, anOFDM-based digital broadcasting trans-
mission system was designed and implemented to support
multichannel UHD service. First, the threshold of visibil-
ity of the designed system is evaluated in both additive
white Gaussian noise (AWGN) and fading channel. And the
evaluated threshold of visibility (ToV) performance of the
designed system is compared to that of the existing digital
broadcasting systems [9, 10]. After the ToV performance
evaluation, for the implementation, field programmable gate
arrays (FPGAs) were used. Furthermore, to evaluate the

performance of the implemented transmission system, field
trials were performed through the commercial in-service
network [11] in Daejeon, Korea. In the field trials, the distance
between the implemented transmitter and the measurement
receiver was 27.1 km, and in the middle of the test route, an
amplifier stationwas adopted. To check the smooth operation
of the implemented system, a commercial set-top box (STB)
was used.

In addition, to evaluate the performance, a spectrum
analyzer and real-time transport stream analyzer were con-
sidered. The test results showed a smooth operation and
superior performance of the implemented OFDM-based
digital video broadcasting system transmitter.

The rest of this paper is organized as follows. Sec-
tion 2 introduces the system model of the implemented
system. Section 3 describes the hardware implementation and
major system parameters. Section 4 describes the field test
conditions. Test results are provided in Section 5. Finally,
concluding remarks are given in Section 6.
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Figure 1: OFDM-based digital video broadcasting system transmitter structure.

2. Implemented OFDM-Based Digital Video
Broadcasting System Model

The implemented OFDM-based digital video broadcasting
structure is depicted in Figure 1. As shown in Figure 1,
the transmitter is composed of physical layer pipe (PLP)
processing, a frame builder, and an OFDM generation block.
A PLP is used as an independent logical channel. Each PLP
processing block consists of a data input processing block,
forward error-correction code (FEC) and bit interleaving
block, and QAMmapping block.The FEC is composed of the
Bose–Chaudhuri–Hocquenghem (BCH) outer code and low
density parity check (LDPC) inner code. Whereas LDPC is a
very powerful technique for correcting transmission errors,
it produces an error floor condition. BCH can remove the
error floor caused by the LDPC decoder of the receiver.
FEC encoded bits are then mapped to quadrature amplitude
modulation (QAM) symbols and are finally assigned to each
subchannel for the OFDM symbol [7, 12].

Next, a data slicer generates one or more slices of data
PLP. One data slice or a combination of multiple data slices
generates a transmission frame. The transmission frame
is transmitted through the inverse fast Fourier transform
(IFFT) and digital-analog conversion (DAC) in an OFDM
block to produce a radio frequency (RF) signal.

Finally, an L1 signaling block is transmitted into the
preamble part of the frames for transmission information.
This is related to the position of the data slice, which can be
tuned to a data slice to be received at the receiver [7, 12].

A receiver operating within a traditional 6 or 8 MHz
TV tuner bandwidth can extract that part of the broad
transmission signal that contains the desired service. This
part consists of a data slice that never exceeds the traditional
bandwidth of a receiver tuner [7, 12, 13].

3. Hardware Implementation and
Major Parameters of OFDM-Based Digital
Broadcasting System

Figure 2 depicts the implemented OFDM-based digital
broadcasting system with FEC encoder, modulator, and DAC

FEC Encoder Modulator

DAC
Control 
module

Figure 2: Implementation of the OFDM-based digital video broad-
casting system transmitter.

Table 1: Hardware resources of FEC encoder.

Family Stratix IV
Device EP4SE530H40C4
Logic
utilization

Combinational ALUTs 7,957 / 424,960 (2%)
Memory ALUTs 0 / 212,480 (0%)

Dedicated logic registers 8,061 / 424,960 (2%)
Total registers 8208

Total block memory bits 7,198,555 / 21,233,664
(34%)

DSP block 18-bit elements 0 / 1,024 (0%)
Total PLLs 1 / 12 (8%)

converter. For a convenient implementation, each imple-
mented board uses the same FPGA. In implemented board,
operation of the FEC encoder and themodulator is controlled
by control PC. The DAC module converts complex digital
signal to 44MHz IF analog signal. RF upconverter is designed
independently and converts 44MHz IF signal to wanted RF
signal. The control module is designed for the implemented
board control. Tables 1–3 show the use of the implemented
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Table 2: Hardware resources of modulator.

Family Stratix IV
Device EP4SE530H40C4

Logic
utilization

Combinational ALUTs 944 / 424,960 (< 1%)
Memory ALUTs 0 / 212,480 (0%)

Dedicated logic registers 1,049 / 424,960 (< 1%)
Total registers 1136

Total block memory bits 9,309,105 / 21,233,664
(44%)

DSP block 18-bit elements 0 / 1,024 (0%)
Total PLLs 1 / 12 (8%)

Table 3: Hardware resources of digital-to-analog converter.

Family Stratix IV
Device EP4SE530H40C4

Logic
utilization

Combinational ALUTs 24,191 / 424,960 (6%)
Memory ALUTs 1,748 / 212,480 (< 1 %)

Dedicated logic registers 29,311 / 424,960 (7%)
Total registers 29608

Total block memory bits 11,476,625 / 21,233,664
(54%)

DSP block 18-bit elements 840 / 1,024 (82%)
Total PLLs 1 / 12 (8%)

Table 4: Implemented OFDM-based digital broadcasting system
parameters.

Parameters Value
RF frequency 225MHz
(Start frequency) (132.696)
FFT size 4096
Number of OFDM carriers 3408
Bandwidth 6 MHz
Guard interval (GI) 1/64, 1/128
Modulation order 16QAM - 4096 QAM
Code rate (LDPC) 2/3, 3/4, 4/5, 5/6, 9/10
L1 time interleaver (TI) depth 8 OFDM symbols
Data slice TI depth 8 OFDM symbols
Video encoding HEVC

transmitter. For a convenient implementation, we implement
the board using the same FPGA. Table 4 shows the major
system parameters of the implemented digital broadcasting
system for 6MHz bandwidth [7, 14].

Among the parameters of Table 4, to achieve multichan-
nel UHD broadcasting services with 51.6Mbps, 1/64 guard
interval (GI), 4096 QAM, and 9/10 coderate are selected for
our field trial.

The system configuration and equipment setup are shown
in Figure 3. At the transmitting side, anMPEG-2TS generator
is used for generating the HEVC stream and is interfaced

through DVB-ASI. In the broadcasting network, both optical
fiber and coaxial network are used. Optical fiber is used
from transmission station to entrance of the reception build-
ing, and the coaxial network is used for the in-building
broadcasting cable. The broadcasting network is utilized by
a multisystem operator (MSO) in Korea.

At the receiving end, the STB receives the downstream
signals and interfaces with an UHD display, a monitoring
PC, and a stream analyzer. The STB consists of a tuner,
demodulator, and HEVC decoder. The tuner can support
digital reception for digital TV standards.

4. Field Test Condition

To evaluate the performance of the implemented OFDM-
based digital video broadcasting system transmitter, field
trials are performed in a commercial in-service network
environment. Figure 4 shows the field test bed for the imple-
mented OFDM-based digital video broadcasting system. In
the implemented system, a board-type FEC encoder and
modulator are developed, which are controlled by a PC. The
RF up-converter translates the IF frequency signal of 44
MHz into the desired RF channel. In this test, 225MHz is
considered as RF center frequency.

The route used for the field trials is described in Figure 4.
Thehead-end is located at Seonhwa-dong, Jung-Gu,Daejeon,
Korea. From this head-end, the downstream signals were
transmitted to a laboratory in ETRI thoroughYuseong station
which acts as an amplifier for boosting the signals. Figure 5
shows the configuration of the broadcasting network. The
broadcasting network is connected to a head-end through
fiber optics and the laboratory is approximately 27.1 km away
from Seonhwa station. An Optical Network Unit (ONU)
converts the optical signals into RF signals for the final dis-
tribution through a coax network.The network configuration
of the filed trial is depicted in Figure 6.

5. Performance Evaluation

5.1. ToV Performance Evaluation and Comparison. To check
the ToV of the designed system, BER performance is eval-
uated in both AWGN and fading channel environments.
Furthermore, the evaluated performance of the designed
system is compared to that of the existing digital broadcasting
system.

Table 5 shows the system parameter comparison between
the existing transmission schemes [9, 10] and the imple-
mented transmission scheme. The existing transmission
method currently being used is based on a single carrier
and can transmit a maximum of 38.8Mbps, while the imple-
mented transmission method is based on a multicarrier
and transmits a maximum above 51Mbps to provide a
transmission rate that is improved by about 30%. In the
case of [9], 1024-QAM-based system has been designed and
implemented for UHD cable TV. Furthermore, the data rate
of the system of [9] is similar to that of the implemented
systemwith 1024QAM.Therefore, in this subsection, the ToV
performance between the designed scheme of [9] and the
implemented system of this paper is compared.
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Figure 3: System configuration and equipment setup.

Control PC
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DVB-C2 Modulator

ADC
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Figure 4: Implemented OFDM-based digital video broadcasting
system modulator.

Figure 7 shows the BER performance of the designed dig-
ital video broadcasting system according to the modulation
and coderate in AWGN channel. In the case of 1024QAM
with 9/10 coderate, the transmission rate is 48.84Mbps and
the ToV is about 29.35dB. Since the ToV of the system in
[9] is 32.7dB, the performance of the designed system is
about 3dB better than that of the system of [9] in the similar
transmission condition. And the ToV of the 4096QAM with
9/10 coderate is about 35dB. Therefore, in the case of the
designed system with 4096QAM and 9/10 coderate, if the

Table 5: Comparison between existing and implemented system.

Existing Designed
[9] Implemented

Standard ITU-T
J.83-B

ITU-T
J.83-B OFDM-based DVB

Transmission Single
Carrier

Single
Carrier Multi-Carrier

Bandwidth 6 MHz 6 MHz 6 MHz
Modulation 256QAM 1024QAM 1024QAM 4096QAM
Post-FEC
Data Rate
(Mbps)

38.80 48.54 48.84 51.82

SNR of the transmission channel is higher than that of 35dB,
the multichannel UHD service can be successfully served.

Figure 8 describes the BERperformance in echo channel 1
of Table 6 [15]. In this fading channel, the ToVs of 4096QAM
with 9/10 coderate and 1024QAMwith 9/10 coderate are about
36.3dB and 30.7dB, respectively. The ToV performance of
fading channel is about 1.5dB worse than that of AWGN
channel, and because this fading channel model properly
reflects the practical broadcasting network environment,
higher SNR should be guaranteed than 36.3dB to serve
multichannel UHD contents with 4096QAM in in-service
broadcasting network.

5.2. Field Trial Results and Discussions. Asmentioned before,
for accomplishment of a stream bitrate of 51.6 Mbps, the
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Laboratory

Yousung station 

Seonhwa station 

Figure 5: The route used for field trials (Seonhwa station: transmission station, Yousung station: amplification station).
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Figure 6: Broadcasting network configuration.

4096 QAM and 9/10 LDPC code rate are considered. In our
paper, the achieved stream bitrate of 51.6Mbps means data
transmission rate without header and pilot symbols. Figure 9
shows the frequency response of the received broadcasting
signal. The spectrum result describes that the center fre-
quency is 225 MHz, and the measured input power of the
analog-to-digital converter (ADC) is -27.48 dBm within 6
MHz channel bandwidth. Figure 10 shows the constellation of
the received signal after equalization process.The data for the

constellation was dumped and depicted in a monitoring PC
connected to the receiver. As in the figure, the constellation
of the equalized received signal shows clear QAM points.

The received signaling information is checked by com-
mercial received signal analyzer in Figure 3.This commercial
signal analyzer displays L1 signaling part 2 data and the FEC
frame header as described in Figure 11. All parameters are the
same as shown in Table 4. This means that the implemented
FEC encoder and modulator work properly.
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Table 6: Channel profile of echo channel 1.

Power [dB] Delay [ns] Phase [rad]
-11 38 0.95
-14 181 1.67
-17 427 0.26
-23 809 1.20
-32 1633 1.12
-40 3708 0.81

18 20 22 24 26 28 30 32 34 36
SNR [dB]

1E-007

1E-006

1E-005

0.0001

0.001

0.01

0.1

1

BE
R

Coderate
CR = 9/10
CR = 5/6
CR = 3/4

QAM Level
1024QAM
256QAM
4096QAM

256-
QAM

1024-
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Figure 7: BER performance of designed digital video broadcasting
system in AWGN channel.

The results of the field trials were used mainly to evaluate
two aspects: the reception performance and the seamless
stream reception status. To measure the reception perfor-
mance, commercial STB ismodified. From themodified STB,
serial interface output data is gathered by monitoring PC.
Figure 12 shows the measured carrier-to-noise ratio (C/N)
and BER after the BCH decoder in a commercial STB. The
value of the measured C/N is 40.25 dB. This value is superior
to the required ToV (36.3 dB) as shown in Figure 8. That is,
analog parts such as RF upconverter and a digital logic block
were properly developed. In addition, the measured BER was
zero because of the superior C/N at the receiver. The receiver
system configuration is shown in Figure 13. As expected,
the video stream is clearly played on UHDTV. Moreover, a
seamless playback is achieved.

Furthermore to check the accomplishment of 51.6 Mbps
stream bitrate, the bitrate of received signal is monitored by
TS analyzer of Figure 3. Figure 14 describes the results of TS

18 20 22 24 26 28 30 32 34 36
1E-006
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0.001
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0.1
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R

SNR [dB]

Coderate
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QAM Level
1024QAM
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256-
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Figure 8: BER performance of designed digital video broadcasting
system in fading channel (echo channel 1).

Figure 9: Received DVB-C2 signal in the frequency domain.
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Figure 10: 4096-QAM Constellation for the Received DVB-C2 signal.
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Figure 11: L1 signaling part 2 data and FEC frame header information.

C/N

Received TS 
Rate

Figure 12: The measured C/N and BER after BCH in commercial STB.

UHD display
Monitoring 

PC

STB

Figure 13: The receiver system configuration.

analyzer. As in the figure, the receiver can obtain constant
51.6Mbps from the developed system.

6. Conclusions

OFDM-based digital video broadcasting system transmitter
was implemented with FPGAs for multichannel UHD ser-
vices, and the implemented transmitter was tested over a
commercial in-service broadcasting network. In addition, the
performance of the implemented system was measured by a
commercial STB and signal analyzer. The test results show
that the implemented OFDM-based digital video broadcast-
ing transmitter can achieve the 51.6Mbps transmission rate
for multichannel UHD broadcasting services. In addition,
various test results were described such as received signal
spectrum, BER performance, and CNR of 4096QAM related
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51.6 Mbps

Figure 14: Received stream bitrate described in TS analyzer.

to the performance and physical network status. These
test results can provide basic information for OFDM-based
digital video broadcasting technology in many countries and
may lead to the development of a next-generation digital
broadcasting system.
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Herein, we present robust shrinkage range estimation algorithms for which received signal strength measurements are used to
estimate the distance between emitter and sensor. The concepts of robustness for the Hampel filter and skipped filter are combined
with shrinkage for the positive blind minimax and Bayes shrinkage estimation. It is demonstrated that the estimation accuracies of
the proposed methods are higher than those of the existing median-based shrinkage methods through extensive simulations.

1. Introduction

Range estimation is a crucial technique in which the distance
between the emitter and sensor is estimated utilizing time-
of-arrival (TOA) or received signal strength (RSS) measure-
ments. Distance information is important for range-based
source localization utilizing TOA and RSS measurements
because distance is used for source localization. Namely, the
more accurate is the distance measurement; the better is the
localization accuracy. Range estimation problems under line-
of-sight (LOS) environments have been studied in previous
works [1–5]. In [1], the ad hoc closed-form hybrid TOA/RSS
range estimation algorithm is developed. The ad hoc closed-
form range estimator is superior to the iterative maximum
likelihood (ML) method in a certain parameter space. Also,
a fusion algorithm is studied for range-based tracking using
two independent processing chains for RSS and TOA [2].
In addition, the Cramér-Rao lower bound (CRLB) for the
TOA/RSS-based range estimation is derived in [3]. The RSS-
based ranging is famous for its low cost; thus it is more pop-
ular than the TOA-based ranging algorithm. In [4], the best
unbiased and linear minimum mean square range estimates
are studied in the context of RSS-based range estimation.
Also, a range estimation method based on the multiplicative
distance-correction factor (MDCF) is developed to attenuate

the inaccuracy for the estimated range, where grid based
optimization and particle swarm optimization are employed
[5].

The shrinkage estimation approach has received attention
because it outperforms the ML and least squares (LS) in
conditions of small samples or low signal-to-noise ratio
(SNR). Although the shrinkage algorithms based on math-
ematical optimization methods are superior to the blind
minimax estimation, we adopt the positive blind minimax
(PBM) algorithm in this paper because its computational
complexity is much simpler than that of the mathematical
optimization-based methods [6, 7]. Also, the Bayes shrinkage
(BS) estimation is utilized because PBMandBS estimators are
known to outperform the conventional shrinkage estimator
[7, 8].

However, some open problems exist and a crucial task
among range estimation problems is to determine the dis-
tance between the emitter and sensor in LOS/non-line-of-
sight (NLOS) mixed situations. For example, the LOS path
between the source and sensors may be obstructed under
indoor scenarios. Motivated by the above problems, we pro-
pose the algorithm combining the shrinkage and robustness.
To make the shrinkage estimator robust to outliers, we adopt
the Hampel [9–11] and skipped filters [9]. We summarize our
main contributions as follows:
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(i) The variance of the range estimate based on the
Hampel filter is found algebraically.

(ii) The variance of the range estimate based on the
skipped filter is calculated in the analytical form.

(iii) We develop the closed-form robust shrinkage range
estimation methods based on the Hampel filter/PBM
and Hampel filter/BS estimator.

(iv) We propose the closed-form robust shrinkage range
estimation methods based on the skipped filter/PBM
and skipped filter/BS method.

The algorithms that use the Tyler’s estimator for the robust
shrinkage estimation of the covariance matrix have been
studied [12–15]. But, to the best of our knowledge, the
robust shrinkage approaches combined with the Hampel and
skipped filters have not been investigated in the existing
literatures. Also, note that the proposed methods are the
closed-form algorithms. Thus, the complexities of the pro-
posed algorithms are lower than those of the mathematical
optimization or iteration-based algorithms.

This paper is organized as follows. Section 2 deals with
the LOS/NLOS mixed range estimation problem. Section 3
addresses the existing range estimation methods in detail.
Section 4 describes the proposed robust shrinkage distance
estimation algorithms based on the Hampel filter, skipped
filter, PBM, and BS methods. Section 5 evaluates the mean
square error (MSE) performances through simulation results.
Section 6 presents the conclusion.

2. Problem Formulation

The aim of the range estimation method using RSS mea-
surements is to accurately predict the distance between the
emitter and sensor so that the error criterion, e.g., the MSE
or squared error, is minimized. In the context of LOS/NLOS
mixed range estimation, the RSS measurement equation is
determined as [16]

𝑃𝑖 = 𝑃𝑜 − 10𝛾log10 𝑑𝑜𝑑 + 𝑛𝑖, 𝑖 = 1, 2, . . . ,𝑀 (1)

where 𝑃𝑖 is the ith RSS for the sensor in decibel (dB), 𝑃𝑜 is
the signal strength at the reference distance (𝑑𝑜), 𝑑𝑜 is set
to 1m for convenience, 𝑑 is the true range (distance) to be
estimated, 𝛾 is the path loss exponent, 𝑛𝑖 is distributed by
(1 − 𝜖)𝑁(0, 𝜎21) + 𝜖𝑁(𝜇2, 𝜎22) with 𝑀 denoting samples in
the sensor, and 𝑁(𝜇, 𝜎2) is the Gaussian probability density
function (PDF) with mean 𝜇 and variance 𝜎2, respectively
[17]. It is assumed that 𝛾 and 𝑃𝑜 are known a priori from the
calibration campaign [18, 19]. The measurement error 𝑛𝑖 is
the random process that follows a Gaussian distribution with
N(0, 𝜎2) in conventional LOS situations. However, the noise
distribution rarely follows the conventional Gaussian distri-
bution due to multipath effects in indoor and urban regions.
Therefore, the noise distribution should be designed as a two-
mode Gaussian mixture distribution in which the LOS noise
component is distributed as 𝑁(0, 𝜎21) and the NLOS noise
follows𝑁(𝜇2, 𝜎22 ).The LOS noise has a probability of 1−𝜖 and

the NLOS noise has a probability of 𝜖. Like previous research
for the LOS/NLOS mixture localization, while the statistics
of the inlier can be obtained, the mean and variance of the
outlier distribution are unavailable. Here, 𝜖 (0 ≤ 𝜖 ≤ 1) is
a measure of contamination, which is usually lower than 0.1
[20–22].

3. Review of Conventional Robust
Shrinkage Approaches

3.1. ML-Based Shrinkage Range Estimation Algorithm. In
the LOS situations, the shrinkage estimator is obtained by
multiplying theML estimator (𝑑ML = 𝑑𝑜10(𝑃−𝑃𝑜)/10𝛾 = 𝑑⋅10𝑛)
and shrinkage factor (c) [4, 23], where 𝑃 = (∑𝑀𝑖=1 𝑃𝑖)/𝑀,
𝑛 = (∑𝑀𝑖=1 𝑛𝑖)/𝑀.TheMSE for the shrinkage range estimation
is represented as follows:

MSE = 𝐸 [(𝑐 ⋅ 𝑑ML − 𝑑)𝑇 (𝑐 ⋅ 𝑑ML − 𝑑)]
= 𝐸 [(𝑐 (𝑑 + V) − 𝑑)𝑇 (𝑐 (𝑑 + V) − 𝑑)]
= (𝑐 − 1)2 𝑑2 + 𝑐2𝐸 [V2] + 2𝑐 (𝑐 − 1) 𝑑𝐸 [V]
≃ (𝑐 − 1)2 𝑑2 + 𝑐2𝐸 [V2]
≃ (𝑐 − 1)2 𝑑2 + 𝑐2var (𝑑ML)

(2)

where V is the error of the ML estimate (𝑑ML) and 𝐸[V] ≃ 0
bymeans of the delta method [24].Then, the shrinkage factor
for distance estimation is derived by minimizing the MSE as
follows:

𝑐 = 𝑑2
𝑑2 + var (𝑑ML) ≃ (𝑑ML)2

(𝑑ML)2 + var (𝑑ML) . (3)

The shrinkage range estimator is obtained as follows:

𝑏 = (𝑑ML)2
(𝑑ML)2 + var (𝑑ML) ⋅ 𝑑ML. (4)

Although var(𝑑ML) can be calculated analytically, 𝑑ML is
linearized to apply the shrinkage algorithm (see (2)). For this,
theML range estimator is linearized for E[𝑛] using theTaylor-
series as follows:

𝑑ML ≃ 𝑑 ⋅ {10𝐸[𝑛]/10𝛾 + 10𝐸[𝑛]/10𝛾 ln 10
10𝛾 (𝑛 − 𝐸 [𝑛])}

= 𝑑 + ( ln 10
10𝛾 )𝑑 ⋅ 𝑛.

(5)

Then, var{𝑑ML} ≃ 𝑑2((ln 10)/10𝛾)2var{𝑃}. Because 𝑑 is an
unknown true value to be estimated, the variance of 𝑑ML

can be approximated as {𝑑ML}2((ln 10)/10𝛾)2(𝜎2/𝑀), where
𝜎2 is the variance per sample. It should be noticed that
the approximated variance of 𝑑ML is different from the true
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variance of 𝑑ML as can be seen from our simulation results.
Furthermore, the conventional shrinkage estimator can be
improved in two ways: the PBM algorithm and BS method.
Finally, the PBM estimator is represented as follows [7]:

𝑏PBM = 𝛼PBM ⋅ 𝑑ML + (1 − 𝛼PBM) 𝑑∗ (6)

where 𝛼PBM = [(𝑑ML)2 − var(𝑑ML)]+/([(𝑑ML)2 − var(𝑑ML)]+ +
var(𝑑ML)), 𝑑∗ is the prior point guess value to be determined
empirically, and (⋅)+ denotes the max(0, ⋅). Also, the BS
estimator is obtained in the following [8]:

𝑏BS = 𝛼BS ⋅ 𝑑ML + (1 − 𝛼BS) 𝑑∗. (7)

where 𝛼BS = (𝑑ML−𝑑∗)2/((𝑑ML−𝑑∗)2 +var(𝑑ML)). When the
prior value, 𝑑∗, is properly selected, the MSE performance of
the BS method is superior to that of the existing shrinkage
algorithm.

3.2. Median- (Med-) Based Robust Shrinkage Range Estima-
tion Algorithm. TheML-based range estimator is an optimal
estimator in LOS environments; however it becomes much
inaccurate when there are outliers among samples. To cir-
cumvent this problem, the median-based range estimator
can be utilized because it is insensitive to outliers when
the contamination ratio is less than 50%. In this case,
the median-based range estimator can be represented as
𝑑Med = 𝑑𝑜10(�̃�−𝑃𝑜)/10𝛾, where �̃� = median{𝑃1 , . . . , 𝑃𝑀}.
Then, in the same manner as the ML-based range estimator,
the variance of the median-based robust range algorithm
(var[𝑑Med]) can be obtained as 𝑑2((ln 10)/10𝛾)2var{�̃�} ≃
{𝑑Med}2((ln 10)/10𝛾)2(𝜎2/𝑀)(𝜋/2). Note that, in the deriva-
tion of variance of the median-based robust range estimation
method, the constant 𝜋/2 is multiplied because the variance
of the sample median is asymptotically 𝜋/2 times larger than
that of the sample mean in the LOS situation [25]. Also, the
median-based shrinkage range estimator can be categorized
into the median-based PBM (Med/PBM) and median-based
Bayesian shrinkage (Med/BS) estimator. The Med/PBM and
Med/BS estimators are represented as follows:

𝑏Med/PBM = 𝛼Med/PBM ⋅ 𝑑Med + (1 − 𝛼Med/PBM) 𝑑∗
𝑏Med/BS = 𝛼Med/BS ⋅ 𝑑Med + (1 − 𝛼Med/BS) 𝑑∗

(8)

where 𝛼Med/PBM = [(𝑑Med)2 − var(𝑑Med)]+/([(𝑑Med)2 −
var(𝑑Med)]++var(𝑑Med)) and 𝛼Med/BS = (𝑑Med−𝑑∗)2/((𝑑Med−
𝑑∗)2 + var(𝑑Med)).

3.3. Hampel Filter. Theversion considered, herein, represents
a moving-window implementation of the Hampel filter as in
[9–11], an outlier detection procedure based on the median
and median absolute deviation (MAD) scale estimator.
Specifically, this filter’s response is given by

𝑦𝑖 = {
{
{

𝑃𝑖, 𝑃𝑖 − 𝑚 < 𝑡𝐷,
𝑚, 𝑃𝑖 − 𝑚 > 𝑡𝐷 (9)

where 𝑚 is the median value from the moving data window
and𝐷 is theMAD scale estimate of the sensor, defined as𝐷 =
1.4826 × median|𝑃1:𝑀 − 𝑚|. Namely, the sensors are catego-
rized into the LOS sensor set and LOS/NLOS mixture sensor
setwith the use of (9). If the entire elements of the sensormeet
the first condition of (9), it is predicted as an LOS sensor. If
at least one sample satisfies the second condition of (9), the
corresponding sensor is regarded as an LOS/NLOS mixture
sensor. The factor 1.4826 allows the MAD scale to produce
an unbiased estimate of the standard deviation for Gaussian
data. Also, 𝑃1:𝑀 is the RSS from the first to the Mth in the
sensor and the parameter 𝑡 is selected empirically. When 𝑡 =
0, the Hampel filter is reduced to the standard median filter.
TheHampel filter suffers from implosion, which means more
than 50% of data values are identical, i.e., 𝐷 = 0, implying
that 𝑦𝑖 = 𝑚 irrespective of the constant 𝑡.
3.4. Skipped Filter [9]. In the Hampel filter of the previous
section, when the absolute value of the difference between
the sample and median is larger than the threshold, the
sample median is substituted for the corresponding sample.
In contrast, in the skipped filter, when the sample is predicted
as an outlier, the corresponding sample is removed from the
sample set of the sensor. Because the contamination ratio (the
percentage of outliers in the sample set) is usually smaller
than 10% [20–22], the probability that the filtered samples are
depleted is much small.

4. Proposed Robust Shrinkage Range
Estimation Method

Below, we explain in detail the proposed Hampel filter-based,
skipped filter-based shrinkage range estimation algorithms.

4.1. Hampel Filter/PBM and Hampel Filter/BS-Based Range
Estimation Algorithms. In this subsection, the Hampel filter-
based shrinkage range estimation algorithms are described in
detail. The filtered data, 𝑦1:𝑀, are averaged using the sample
mean, i.e., 𝑃ℎ,𝑓 = (∑𝑀𝑖=1 𝑦𝑖)/𝑀. Then, the variance of the
statistic 𝑃ℎ,𝑓 is found as follows:

var [𝑃ℎ,𝑓]

= (var [one inlier (𝑦𝑞)] × number of inliers + var [median for 𝑦𝑖 (𝑖 = 1, . . . ,𝑀)] × number of outliers)
𝑀2

= 𝑆/𝑄 × 𝑄 + 𝜋/2 × 𝑆/𝑄2 × 𝑅
𝑀2 = 𝑆 + 𝜋/2 × 𝑆/𝑄2 × 𝑅

𝑀2

(10)
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where 𝑆 = ∑𝑞(𝑦𝑞−𝑚)2, 𝑞’s are the sample indices determined
as inliers in the LOS/NLOS mixture state, and 𝑄 is the
number of samples predicted as inliers with the use of (9).
Also, 𝑅 is the number of samples determined as outliers
and 𝑀 = (𝑄 + R) is the total number of samples in
the sensor. In the numerator of the second equation of
(10), the constant 𝜋/2 is multiplied by the variance of the
sample mean [25] since the variance of the sample median
is asymptotically 𝜋/2 times larger than that of the sample
mean in the LOS situation. Furthermore, we do not consider
the implosion because it rarely occurs. Then, the variance
of the Hampel filter-based range estimator is obtained as
var{𝑑Ham} ≃ {𝑑Ham}2((ln 10)/10𝛾)2 ⋅ var[𝑃ℎ,𝑓], where 𝑑Ham =
𝑑𝑜10(𝑃ℎ,𝑓−𝑃𝑜)/10𝛾. Additionally, the robust shrinkage range
estimator based on the Hampel filter and PBM estimator is
obtained as follows:

𝑏Ham/PBM = 𝛼Ham/PBM ⋅ 𝑑Ham + (1 − 𝛼Ham/PBM) 𝑑∗ (11)

where 𝛼Ham/PBM = ((𝑑Ham)2 − var(𝑑Ham))+/(((𝑑Ham)2 −
var(𝑑Ham))++var(𝑑Ham)). Furthermore, the robust shrinkage
range estimator based on the Hampel filter and BS method is
found as

𝑏Ham/BS = 𝛼Ham/BS ⋅ 𝑑Ham + (1 − 𝛼Ham/BS) 𝑑∗ (12)

where 𝛼Ham/BS = (𝑑Ham − 𝑑∗)2/((𝑑Ham − 𝑑∗)2 + var(𝑑Ham)).
4.2. Skipped Filter/PBM and Skipped Filter/BS-Based Range
Estimation Methods. In the same manner as the Hampel
filter-based shrinkage range estimation method, the filtered
data, 𝑦𝑞, are averaged using the sample mean, i.e., 𝑃𝑠,𝑓 =
∑𝑞(𝑦𝑞/𝑄). The variance of the statistic 𝑃𝑠,𝑓 is calculated in
the following:

var [𝑃𝑠,𝑓]

= var [one inlier (𝑦𝑞)] × number of inliers
𝑄2

= 𝑆/𝑄 × 𝑄
𝑄2 = 𝑆

𝑄2 .

(13)

Then, the variance of the skipped filter-based range estimator
is obtained as var{𝑑Sk} ≃ {𝑑Sk}2((ln 10)/10𝛾)2 ⋅ var[𝑃𝑠,𝑓],
where 𝑑Sk = 𝑑𝑜10(𝑃𝑠,𝑓−𝑃𝑜)/10𝛾. Additionally, the robust
shrinkage range estimator based on the skipped filter and
PBMmethod is obtained as follows:

𝑏Sk/PBM = 𝛼Sk/PBM ⋅ 𝑑Sk + (1 − 𝛼Sk/PBM) 𝑑∗ (14)

where 𝛼Sk/PBM = ((𝑑Sk)2 − var(𝑑Sk))+/(((𝑑Sk)2 − var(𝑑Sk))+ +
var(𝑑Sk)). Indeed, the robust shrinkage range estimator based
on the skipped filter and BS method is obtained as follows:

𝑏Sk/BS = 𝛼Sk/BS ⋅ 𝑑Sk + (1 − 𝛼Sk/BS) 𝑑∗ (15)

where 𝛼Sk/BS = (𝑑Sk − 𝑑∗)2/((𝑑Sk − 𝑑∗)2 + var(𝑑Sk)).

Table 1: Simulation settings.

Distance (d) 5 m
Parameter (d∗) 10
Parameter (t) 1.5
Number of Monte-Carlo simulation 1000
Number of sensors 1
Path loss exponent (𝛾) 3
𝑃𝑜 5 dB
𝑑𝑜 1 m
Directivity of source omnidirection

Table 2: List of abbreviations.

TOA Time of Arrival
RSS Received Signal Strength
LOS Line of sight
ML Maximum Likelihood
CRLB Cramér-Rao lower bound
MDCF multiplicative distance-correction factor
LS Least Squares
SNR Signal-to-noise ratio
PBM positive blind minimax
BS Bayes shrinkage
NLOS Non-line-of-sight
dB decibel
PDF Probability density function
MSE Mean square error
Med/PBM Median/Positive blind minimax
Ham/BS Hampel filter/Bayes shrinkage
SK/PBM Skipped filter/Positive blind minimax

Furthermore, the distance can be also estimated in the
energy-based acoustic ranging problem [26, 27]. Unlike the
RSS-based ranging algorithm, the reference signal power is
not known in the energy-based ranging method. Therefore,
the distance cannot be estimated directly from the mea-
surement equation. In this case, the range can be estimated
sequentially, i.e., the source location is firstly estimated using
the energy minimization-based localization algorithm [27]
(the robust version of the measurement is used in the
localization algorithm), then the distance is obtained from
the estimated position. The shrinkage factor can be found
using the estimated source coordinates and deltamethod.The
difference between the shrinkage factor in the LOS situation
and that of LOS/NLOS mixture environment lies in that the
position estimate using the robust algorithm is utilized under
the LOS/NLOSmixed situation. The details for the algorithm
and performance evaluation remain as future works.

5. Simulation Results

We compare the performance of the proposed LOS/NLOS
mixed range estimation methods with that of the median-
based shrinkage range estimator in this section. The sim-
ulation setting is provided in Table 1. Table 2 explains the
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Figure 1: MSE averages of the range estimation algorithms as a function of the distance.

abbreviations used in this paper. The MSE average is defined
as follows:

MSE average = ∑1000𝑘=1 (𝑑 (𝑘) − 𝑑)2
1000 (16)

where 𝑑(𝑘) is the estimated range from the point target to the
sensor in the kth range set and 𝑑 denotes the true range to be
estimated.

Figure 1 is the distance versus MSE averages. As the
distance increased, the MSE average increased and the MSE
averages of the proposed methods were lower than those of
the other methods.

Figure 2 is the MSE averages versus the standard devia-
tion of inliers. The MSE averages of the proposed methods
were lower than those of the other existing methods based
on the median in Figure 2. The performances of all robust
methods deteriorated as the standard deviation of LOS error
was increased.

Figure 3 shows theMSE averages as a function of standard
deviation of NLOS noise.TheMSE averages for the proposed
robust shrinkage range estimation methods were lower than
those of the other methods.The localization performances of
the proposed andmedian-based existing algorithms were not
affected by the NLOS noise because the Hampel and skipped
filters are insensitive to the adverse effects of outliers.

Figure 4 shows the MSE averages versus the bias. The
MSE averages of all methods were nearly constant as the bias
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Figure 2: MSE averages of the range estimation algorithms as a
function of variance of LOS noise (bias of NLOS noise (𝜇2): 4m,
contamination ratio: 30%, and standard deviation of NLOS noise
(𝜎2): 100m).



6 Wireless Communications and Mobile Computing

70 80 90 100 110 120 130
Standard Deviation of NLOS Noise (m)

−5.5

−5

−4.5

−4

−3.5

−3

M
SE

 A
ve

ra
ge

 (d
B)

Med
Med/PBM
Ham/BS
Sk/PBM
Med/BS
Ham/PBM
Sk/BS

Figure 3: Comparison of MSE averages of the proposed estimators
with that of the existing methods (contamination ratio (𝜖): 30%, the
bias of NLOS noise (𝜇2): 4m, and standard deviation of LOS noise
(𝜎1):√10m).

varied and the proposed methods outperformed the other
existing algorithms. Namely, the estimation performances of
the proposed range estimation algorithms are not affected by
the bias because the Hampel and skipped filters are robust to
the outliers.

Figure 5 shows the variation of the MSE averages with
respect to the parameter 𝑡 in (9).TheMSE averages of the pro-
posed algorithms, i.e., the Hampel and skipped filter-based
methods, were much affected by the selection of parameter 𝑡,
but those of the median-based methods were nearly constant
and theMSE average of the proposed algorithmswasminimal
at 𝑡 = 1.5. The MSE averages of the proposed methods
are sensitive to the parameter 𝑡 because 𝑃ℎ,𝑓 and 𝑃𝑠,𝑓 are
dependent on the value of 𝑡.

Figure 6 is the sample size versus the MSE averages.
Again, the proposed range estimationmethods outperformed
the other methods, as shown in Figure 6 and the MSE
averages decreased as the sample size increased. Figure 7
shows the variation of the MSE averages with respect to the
contamination ratio (𝜖). When the contamination ratio was
lower than 50%, the MSE averages of all algorithms increased
slightly as the contamination ratio increased. However, when
the contamination ratio became larger than 50%, the MSE
averages of the existing range estimation methods were
significantly increased. Meanwhile, those of the proposed
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Figure 4: MSE averages of the range estimation algorithms as a
function of bias (contamination ratio: 30%, standard deviation of
LOS noise (𝜎1):√10m, and standard deviation of NLOS noise (𝜎2):
100m).

methods were slightly incremented. Figure 8 shows the true
and approximated variances of the ML range estimator. The
true variance and approximated variance using the Taylor-
series were nearly the same when the standard deviation of
LOS noise was √10 m. However, the approximated variance
diverged from the true variance when the standard deviation
of LOS noise increased to 17m because the Taylor-series was
adopted. Thus, the approximated variance should be utilized
to apply the shrinkage estimator effectively.

6. Conclusions

The robust shrinkage range estimation methods were devel-
oped utilizing the Hampel filter, skipped filter, PBM, and
BS estimators. Namely, the concepts of robustness for the
Hampel and skipped filters and shrinkage for the PBM and
BS estimators weremixed.TheMSE performances of the pro-
posed robust shrinkagemethods were superior to those of the
existing median-based shrinkage algorithms in the various
simulation environments.Note that theMSEperformances of
the proposed methods were more robust, even in the regimes
where 𝜖 ≥ 0.5, than those of the median-based shrinkage
algorithms. Also, the proposed algorithms were developed in
closed-form; thus, the computational complexities would be
lower than those of the iteration methods.
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Figure 5: MSE averages of the range estimation algorithms as a
function of parameter (t) (bias of NLOS noise (𝜇2): 4m, contami-
nation ratio: 30%, standard deviation of LOS noise (𝜎1):√10m, and
standard deviation of NLOS noise (𝜎2): 100m).
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Several techniques have been proposed to overcome challenges of meeting demands for higher data rates in wireless
communication. Space-time diversity method is proposed to exploit spatiotemporal nature of the channel; hence, a comprehensive
knowledge of the spatiotemporal properties of a channel is required. In this paper, a measurement-based channel model that
considers both delay and angular domains of an indoor corridor channel for 14 GHz, 18 GHz, and 22 GHz is proposed. A
nonparametric Gaussian kernel density estimation method is applied for cluster identification for the three frequency bands. This
work proposes a spatiotemporal model that conditions the model parameters on the azimuthal spatial domain. The clusters are
modeled on the complete azimuth plane and a Gaussian estimation distribution is fitted onto the empirical data plot. Both clusters
andmultipath components are modeled and results are compared with Saleh-Valenzuelamodel parameter values.The results show
that both clusters andmultipath components can be estimated by probability density functions that follow Gaussian and Laplacian
fits on the spatial domain for indoor corridor environment, respectively.

1. Introduction

The challenges of spectrum shortage can be overcome by
putting in place efficient and reliable wireless communica-
tion channel models. The frequency bands above 6 GHz
promise large bandwidths and are thus desirable for appli-
cation in fifth generation (5G) networks and beyond [1].
For optimum wireless communication systems’ operation,
massive multiple-input-multiple-output (MIMO) techniques
have been introduced with capabilities to exploit both delay
and angular domains to maximize capacity [2]. A successful
design and deployment of indoor environment systems such
as Femto Access Points, relies on an in-depth knowledge
of radio channel propagation in terms of spatiotemporal
channel fading [3].

Many studies have considered both spatial and temporal
correlation properties of a propagation channel [3–5]. The
space-time processing techniques’ performance is dependent
on efficient modeling of the correlation between spatial and
temporal domains of propagation at a particular frequency

band. Based on channel measurements, the Saleh-Valenzuela
(S-V) model is one of the popular and widely used mod-
els that describe the stochastic properties of path time of
arrival (ToA) and amplitudes of the resolvable multipath
components (MPCs) in a wireless communication system.
It assumes the Poisson process in modeling both MPCs’
and clusters’ ToA [6]. This model was used as the basis
for the IEEE 802.15.3a model and is also used to compare
standardization proposals forwireless personal area networks
(PANs) [7].

An extension of S-V model (ES-V) was introduced which
captured both temporal and angular information [8–10] for
low-data speed wireless PANs. It assumes independence of
spatial and temporal domains of each other. In addition,
stochastic radio channel model (SRCM) based on measure-
ment data [11] was conducted at 24 GHz frequency band in
an office environment under line-of-sight (LOS) and non-
line-of-sight (NLOS) scenarios. However, these models did
not address the correlation of spatial and temporal prop-
erties of the channel, which are necessary for exploitation
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of space-time techniques in signal processing. In [12], a
measurement-based double-directional model for 60 GHz
MIMO channel in a conference room was presented. The
authors proposed a spatiotemporal channel model. Two
approacheswere provided formodeling spatiotemporal prop-
erties at 60 GHz band, namely, stochastic and ray-tracing
(semideterministic approach).

More recently, the rotated directional antenna (RDA)
and the uniform virtual array (UVA) approaches were
adopted in investigation of a 60 GHz indoor office wireless
channel in three dimensional (3-D) space [13]. The study
considered the azimuth and the corresponding elevation
domains simultaneously. Generally, the modeling was based
on the ES-V model with specific emphasis on angular
domain. However, these approaches did not incorporate the
spatiotemporal correlation with parameters conditioned on
the spatial domain in indoor corridor environments. Other
studies on millimeter wave channel characterization can be
found in [14–19].

The contribution of this paper is threefold: first, to have an
in-depth study of statistical propagation channel characteri-
zation of the 14 GHz, 18 GHz, and 22 GHz bands in an indoor
environment. In particular, it seeks to study the clustering
of MPCs and spatial and temporal correlation characteristics
of an indoor corridor channel. Second, to propose a spa-
tiotemporal model that incorporates correlation properties
and clustering with parameter conditioning on the spatial
domain. Finally, this paper describes the impact of structural
design, constructionmaterials, and general geometry of radio
wave propagation channel in the indoor environment on the
propagation characteristics at 14 GHz, 18 GHz, and 22 GHz.
The intercluster (cluster distribution) and intracluster (MPC
distribution) channel parameters and correlation properties
are analyzed using two joint probability functions (pdfs).

The rest of this paper is organized as follows: Section 2
presents the channel measurement set up, environment,
and cluster identification. A kernel density estimate (KDE)
approach is described in this section. In Section 3, spatiotem-
poral model that assumes dependence in delay and spatial
domains is described. The proposed model is presented
under characterization of channel parameters in Section 4.
Validation of the proposed channel model and conclusion are
given in Sections 5 and 6, respectively.

2. Channel Measurements and Data Processing

2.1. Measurement Environment. Themeasurement campaign
was performed in an indoor corridor environment of the 5𝑡ℎ
floor of the Discipline of Electrical, Electronic and Computer
Engineering building, University of Kwa-Zulu Natal, South
Africa. The structural and construction materials of the
corridor are made up of concrete and brick walls, tiled floor,
plasterboard ceiling, and wooden doors to offices as depicted
in Figure 1. The corridor is terminated by wooden doors on
both ends and has a volume of 30×1.4×2.7m3.Measurements
were conducted with nomovements of people in the corridor
and doors remained closed.The corridor acted as awaveguide
through which the waves were propagated from the Tx to

the Rx via the direct path and the reflected or guided paths.
Several scatterers (i.e., walls, floor, ceiling, lumps, doors, etc.)
were in the vicinity of the Tx and theRx that generatedMPCs.
The spatiotemporal correlation was analyzed in terms of
the intercluster and intracluster parameters. The correlation
between the spatial and temporal aspects of the propagation
indoor corridor channel was modeled with the parameter
values conditioned on the spatial domain for all the studied
frequency bands.

2.2. Measurement Set Up. Channel measurements were done
using a radio frequency signal generator (Rohde and Schwarz
SMF 100A) and signal analyzer with a frequency range from
20 Hz to 40 GHz and maximum analysis bandwidth of 120
MHz (Rohde and Schwarz FSIQ 40) at the Tx and the Rx
sides, respectively. A trigger signal was used to synchronize
the Tx and the Rx systems during measurements. A pair
of wideband vertically polarized (V-V) directional horn
antennas with dBi gain of 19.5, half power beamwidth of 19.2∘
in elevation, and 18.4∘ in azimuth for 14 GHz were used as
illustrated in Figure 2. At the frequency band of 18 GHz, the
antenna gain, half power beamwidth elevation, and azimuth
were 20.95 dBi, 15.6∘, and 15.4∘, respectively; while at 22 GHz,
the antenna gain was 22.1 dBi and half power beamwidth was
13∘ in elevation and 15∘ in azimuth [20].

The Tx was fixed at one end of the corridor while the Rx
was place at 1 m, 4 m, 8 m, and 12 m separations from the Tx
for all the measurements at each frequency band on a LOS
scenario as illustrated in Figure 1. Both the Tx and the Rx
antennaswere fixed at 1.6mabove the floor formeasurements
in all the frequency bands. The receiving horn antenna was
rotated on the azimuth plane in steps of 30∘ from0∘ (boresight
angle). Consequently, the direct and the reflected rays were
captured both on spatial and temporal domains to describe
the characteristics of the propagation channel. The elevation
angle of both the Tx and the Rx horn antennas was kept at 0∘
for all the measurement points.The highly directional Tx and
Rx antennas and geometry of the measurement environment
realized very low signal levels reflected from the ceiling
and floor in this research. The ceiling and floor distances
were further from transmitting and receiving antennas as
compared to side walls.

2.3. Cluster Identification. Measurements were performed
in the time domain with the Rx antenna rotated on the
azimuthal plane to capture the properties of the spatial
domain of the channel. A cluster is defined in this paper
as MPCs with similar characteristics on the spatial and
temporal domains. Several researchers have reported diverse
definitions of a cluster [21–23]. The MPCs resulted from
reflections from scatterers along the propagation channel,
a phenomenon previously reported in [6]. A number of
parametric clustering techniques have been proposed such
as K-means and Fuzzy C-means clustering methods [13,
24, 25]. However, we used the KDE technique which is
a nonparametric density estimation procedure [26]. This
technique was used in the identification of clusters from the
measurements data. The KDE technique is appealing as it is
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solely based on the sample and hence avoids specification of
the wrong parametric family as much as possible with the
parametric approaches [27].

A joint delay and angular clustering method such as KDE
has been used in [3] to make identification of multipath
clusters more realistic and practical. Recently, authors in [28]
proposed a new algorithm for clustering measurement data
based on KDE. In this paper, a Gaussian KDE is proposed
to estimate the MPCs clusters in an indoor environment.
We conducted measurements using a custom-made channel
sounder and the applied estimation method fairly clustered
the MPCs in both time and angular domains. The data set of
ourmeasurements has two components: spatial and temporal
domains.We applied a two-dimensional (2-D) kernel analysis
directly as it is often easier to visualize densities in 2-D [26].
The KDE for a 2-D data set can be expressed as in (1):

𝑓 (𝑡, Θ) = 1𝑛ℎ𝑡ℎΘ
𝑛∑
𝑖=1

𝐾𝑡 (𝑡 − 𝑡𝑖ℎ𝑡 ) ⋅ 𝐾Θ (
Θ − Θ𝑖ℎΘ ) (1)

where ℎΘ and 𝐾Θ(⋅), and ℎ𝑡 and 𝐾𝑡(⋅) are bandwidths and
kernel functions of spatial and temporal domains, respec-
tively, and 𝑛 is the number of observations of measurement
data for 𝑡, Θ ∈ R. We applied a Gaussian KDE technique
on the 2-D data set because of its robustness, simplicity, and
convenience [3, 29] as expressed in (2) and (3) for time and
angular domains, respectively:

𝐾𝑡 (𝑡 − 𝑡𝑖ℎ𝑡 ) =
1√2𝜋 exp(−(𝑡 − 𝑡𝑖)22ℎ2𝑡 ) (2)

𝐾Θ (Θ − Θ𝑖ℎΘ ) = 1√2𝜋 exp(−(Θ − Θ𝑖)22ℎ2Θ ) (3)

Optimal bandwidth was automatically chosen without a
compromise between under- or oversmoothing [26]. Figures
3, 4, and 5 show the spatiotemporal MPCs contour plots of
the measurement data for the three frequency bands. From
the plots, it is clearly observable that MPC clusters exist in
both space and time domains. For instance, a scatter plot
is shown in Figure 6 for 22 GHz MPCs received in the
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Figure 3: MPCs AoA-ToA contour plot for 14 GHz.
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Figure 5: MPCs AoA-ToA contour plot for 22 GHz.
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Figure 6: Scatter plot of MPCs for 22 GHz.

corridor indicating the location in space and time where the
estimated clusters were positioned. After the 2-D Gaussian
KDE processing, the clusters were singled out by visual
inspection. Other works that employed visual inspection to
identify clusters are [3, 6, 10].

3. Spatiotemporal Statistical Model

As reported in the S-V model, multipath components arrive
at the receiver in clusters with delayed time of arrival and
attenuated amplitudes [6]. The MPCs are reflected rays from
scatterers that act as image sources along the propagation
path. In an indoor corridor environment, these scatterers
are generally the internal side walls, floor, ceiling, staircase,
lamps, doors, and windows. Measurement data has thus
been used to statistically characterize and model the indoor
propagation channel such as S-V model.

The model presents parameters that can be used in
simulation of the channel for in-depth understanding of the
propagation phenomenon of the indoor corridor environ-
ment.The ES-Vmodel is widely used and is based on clusters
to derive channel parameters with the impulse response given
by (4) [12]:

ℎ (𝑡, Θ) = 𝑀∑
𝑚=0

𝑁𝑚∑
𝑛=0

𝛽𝑛,𝑚𝑒𝑗𝜒𝑛,𝑚𝛿 (𝑡 − 𝑇𝑚 − 𝜏𝑛,𝑚)
⋅ ⋅ ⋅ 𝛿 (Θ − Ω𝑚 − 𝜔𝑛,𝑚)

(4)

where ℎ is the channel response and 𝛽𝑛,𝑚 is the complex
amplitude of the 𝑛th MPC in the 𝑚th cluster. 𝑇𝑚 and Ω𝑚
are the ToA and angle of arrival (AoA) of the 𝑚th cluster,
respectively; 𝜏𝑛,𝑚 and 𝜔𝑛,𝑚 are the ToA and AoA of the 𝑛th
ray (i.e., MPC) in the 𝑚th cluster, respectively; 𝜒𝑛,𝑚 is the
phase of each MPC; and 𝛿(⋅) is the Dirac delta function. 𝜒𝑛,𝑚
is assumed to randomly and uniformly vary over [0,2𝜋). The
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mean- squared power of the 𝑛th ray in the𝑚th cluster is given
by (5) and (6) [12] and depicted in Figure 7:

𝛽2𝑛,𝑚 = 𝛽2 (𝑇𝑚, 𝜏𝑛,𝑚) (5)

= 𝛽2 (0, 0)𝑒−𝑇𝑚/Γ𝑒−𝜏𝑛,𝑚/𝛾 (6)

where the cluster and rayToAdecay constants are represented
by Γ and 𝛾, respectively. 𝛽2(0, 0) is the average power of the
first ray of the first cluster [10]. The cluster and ray arrival
times can be described by two Poisson processes if delay and
angular properties are modeled independently. The interar-
rival time of clusters can be characterized by an exponential
probability density function as presented in Figure 8 for the
18 GHz band. In addition, ray interarrival times within each
cluster can be independently described in the same manner
as shown by histogram plot in Figure 9. Consequently, each
cluster’s arrival time is estimated by a distributed random
variable that decays exponentially and is conditioned on the
arrival of the previous cluster.The distributions of cluster and
ray arrival rates, assumed independence, can be expressed as
in (7) and (8), respectively [12]:

𝑝 (𝑇𝑚 | 𝑇𝑚−1) = Λ𝑒−Λ(𝑇𝑚−𝑇𝑚−1), 𝑚 > 0 (7)

𝑝 (𝜏𝑛,𝑚 | 𝜏𝑛−1,𝑚) = 𝜆𝑒−𝜆(𝜏𝑛,𝑚−𝜏𝑛−1,𝑚), 𝑚 > 0 (8)

whereΛ is the cluster interarrival rate and 𝜆 is the ray arrival
rate (see Figure 7).

It is worth noting that the ES-V model assumes that time
and angular parameters can bemodeled independently.How-
ever this work jointly model the delay and spatial domain
characteristics using a conditional angular-delay distribution
function [3, 12].

4. Characterization of the Channel Parameters

In this section, we characterize the propagation channel in
terms of intercluster and intracluster parameters. A statistical
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characterization of the behavior of these parameters may
be carried out by fitting the measurement data against the
proposed theoretical distributions. The estimated intercluster
and intracluster parameters results are presented and com-
pared with S-Vmodel values discussed in Section 3. As stated
earlier, three frequency bands are considered in an indoor
corridor environment (i.e., 14 GHz, 18 GHz, and 22 GHz)
in LOS scenario and the average number of clusters for the
14 GHz band on the angular domain represented by the
histogram plot of Figure 10.

4.1. Intercluster Parameters. The correlation between tem-
poral and angular domains is noted to generate a joint
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distribution of cluster-based model. The joint probability
distribution function (pdf) of clustering 𝑓(𝑇𝑚, Ω𝑚) is given
by (9):

𝑓 (𝑇𝑚, Ω𝑚) = 𝑓 (Ω𝑚 | 𝑇𝑚) ⋅ 𝑓 (𝑇𝑚) (9)

where 𝑓(Ω𝑚 | 𝑇𝑚) is conditional AoA pdf for the cluster and𝑓(𝑇𝑚) is the marginal ToA pdf for the cluster. We considered
all possible AoAs for the received reflections in the indoor
corridor to empirically determine the joint pdf. Different
frequency bands were considered with Tx system placed at
one end of the corridor while the Rx was successively placed
at four different locations from the Tx and all possible AoAs
captured. The received MPCs are modeled by the joint AoA
pdfs for each of the frequency bands. Figures 3, 4, and 5
show the joint pdf, 𝑓(𝑇𝑚, Ω𝑚) for the 14 GHz, 18 GHz, and
22 GHz cases, respectively. Figure 6 shows the scatter plot
of the estimated clustered MPCs for 22 GHz. The clustering
technique shows that there are five clusters of MPCs in the
indoor corridor arriving at the Rx.

The angular axes for all the bands span the range -180∘ and
+180∘ to form the 360∘ full spatial azimuth span. We noted
significant differences in the statistical analysis of the spa-
tiotemporal domains of the channel at varying frequencies.
MPCs that arrive at the Rx with both short and long delays at
14 GHz (Figure 3) have a wider angular range and uniform
amplitude with three distinct clusters. The three clusters
are due to the direct path and the reflected MPCs from
both side walls. The 18 GHz band has paths with restricted
angular range for short delays while having highly attenuated
longer delay paths that have relatively wide angular range.
Four clusters are observed as shown in Figure 4. This could
be attributed to the effects of the corridor geometry and
structural design, resulting in destructive interference. In
addition, surface roughness could have resulted in higher
distortion and attenuation at this particular frequency band.
This phenomenon needs further investigation by considering

varying measurement environments. At 22 GHz band, five
clusters were observed. The cluster with short delay paths has
wider angular range than those with longer delays as seen in
Figure 5. It is also notable that the signals are less attenuated as
compared to 18 GHz although number of clusters increased.
Received MPCs at the Rx over short delays are composed of
the direct LOS path and/or reflections from structures in the
vicinity of the Rx.TheRx placed in the corridor is surrounded
by walls, doors, floor, and ceiling, thus the reflections come
from a large angular range.

In Figure 4, for example, arrival pathswith relatively short
delay range have larger angular ranges and are observed to
be reflected from both walls of the corridor. Arrival paths
with larger delays are largely due to reflections from corridor
end wall or multiple reflections within the corridor as radio
waves are guided by the waveguide-like corridor. These paths
of course suffer higher attenuation than early arrival ones
because of longer paths traveled and multiple reflections.
This characteristic of radio propagation in the channel is
attributed to the general structure of the measurement envi-
ronment (Figure 1). As expected, one observes that different
frequency bands have different propagation characteristics
in the same environment. The probability of path arrivals
is highest at 0∘ and for the shorter delay ranges in all the
frequency bands. In addition, larger delay paths have high
probability at 180∘ due to corridor end wall reflections as
shown in Figures 3, 4, and 5. Paths arriving from side walls
incur least probabilities and aremost attenuated.This is partly
due to the geometry, structural design, and construction
materials of the corridor. The cluster ToA has been modeled
by the Poisson process that assumes independence of arrivals
[6, 10]. However, in a regular structural design, such as indoor
corridors, this independence does not hold [3]. In this paper,
a nonparametric estimation of the pdf is used to model the
arrivals based on measurement data. This is a more general
approach with no 𝑎 𝑝𝑟𝑖𝑜𝑟𝑖 assumption of Poisson process
satisfied by the cluster arrival times.

The empirical cluster AoA histogram density for 14 GHz
is shown in Figure 10. The 14 GHz and 22 GHz frequency
bands have a similar channel clusters behavior. Estimation of
a cluster’smarginal ToApdf𝑓(𝑇𝑚)was done by accumulation
of all the AoAs, {Ω𝑚}𝑚 ∈ 𝑀 for 18 GHz as presented in
Figure 8.The estimated pdf is plotted as the dotted curve and
the 𝑓(𝑇𝑚) is modeled by an exponential pdf expressed as in
(10):

𝑓 (𝑇𝑚) = {{{
1𝜇𝑇 exp(

𝑇𝑚𝜇𝑇 ) , 𝑇𝑚 > 0
0, otherwise

(10)

where 𝜇𝑇 is the mean ToA.
The cluster joint AoA pdfs for 14 GHz, 18 GHz, and 22

GHz are estimated using this new technique. 𝑓(Ω𝑚 | 𝑇𝑚)
is characterized by an empirical distribution that fits the
data. We considered the azimuthal spatial range from -180∘
to 180∘. The cluster joint AoA pdf is further estimated using
a Gaussian pdf as the mean and standard deviation values
are determined. We observed low probability density values
for clusters with arrival paths with longer delays. Figures
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Figure 11: Cluster azimuth AoA pdf for 14 GHz.

11, 12, and 13 show the plots of the empirical distribution
function and the estimatedGaussian pdfs. From the graphs, it
is observed that aGaussian pdf can closely estimate the cluster
AoA in an indoor corridor at 14 GHz, 18 GHz, and 22 GHz
frequency bands. The proposed Gaussian pdf to model the
channel is given by (11):

𝑓 (Ω𝑚, 𝑇𝑚) = 1√2𝜋 ⋅ 𝜎Ω𝑚 exp{−
Ω2𝑚2𝜎2Ω𝑚 } (11)

where 𝜎Ω𝑚 is the standard deviation conditioned upon Ω𝑚.
However, the tails of the empirical distributions for 14 GHz
and 22 GHz have pronounced clusters appearing between
90∘ and 180∘ and -90∘ and -180∘. This may be due to the
presence of strong MPCs received as reflected, scattered, and
diffracted fromback and sidewalls.The approximation errors
at these spatial ranges are within the acceptable margin as
the probability of occurrence in most cases is less than 0.08.
For 18 GHz, the empirical values are approximated better as
weaker and fewer MPCs were received from the back and
side walls. This may be due to the impact of structural design
and construction materials of the corridor at this propagation
wavelength.

4.2. Intracluster Parameters. TheToA of the MPCs have been
modeled by the Poissonprocess. In this approach, each cluster
consists of a number of MPCs. To identify an individual
ray composing a cluster, experimental measurements should
be done in both spatial and temporal domains [30]. An
extension of the proposed nonparametric projection of the
pdf of the arrival time of clusters based on the measured data
is adopted. The MPC marginal ToA pdf 𝑓(𝜏𝑛,𝑚), is estimated
using the accumulated MPCs’ AoAs, {𝜔𝑛}𝑛∈𝑁. Figure 9 shows
the MPC marginal ToA histogram probability density for 22
GHz, with the number of MPCs estimated by an exponential
pdf plotted in dotted curve. The observed results are in
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Figure 13: Cluster azimuth AoA pdf for 22 GHz.

agreement with [3, 31]. The joint MPCs position per cluster𝑓(𝜏𝑛,𝑚, 𝜔𝑛,𝑚) can be expressed as (12):

𝑓 (𝜏𝑛,𝑚, 𝜔𝑛,𝑚) = 𝑓 (𝜔𝑛,𝑚 | 𝜏𝑛,𝑚) ⋅ 𝑓 (𝜏𝑛,𝑚) (12)

where𝑓(𝜔𝑛,𝑚) is theMPC azimuth AoA pdf, expressed as
a zero-mean Laplacian pdf in (13)

𝑓 (𝜔𝑛,𝑚, 𝜏𝑛,𝑚) = 1
√2𝜎𝜔 exp(−√2

𝜔𝑛,𝑚𝜎𝜔 ) (13)

where 𝜎𝜔 is the standard deviation conditioned on the spatial
domain for 𝜏𝑛,𝑚. Figure 14 shows a scatter plot of the MPCs’
AoA with respect to ToA while considering the MPCs’
normalized power.The result shows that there is a correlation
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Figure 14: MPCs scatter plot of marginal AoA for 14 GHz.
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Figure 15: Intracluster azimuth AoA pdf for MPCs for 14 GHz.

between AoA and ToA with respect to power. The paths
with shortest delays arrive at 0∘ with highest power. Paths
with larger delays have much wider spatial range and lower
power at the Rx.The delayedMPCs are attenuated on the side
walls of the corridor as they travel along the corridor. This
implies that the probability density of MPC’s AoA is a joint
distribution of time and angle of arrival, as indicated in (12).

Previous research has reported that the Laplacian dis-
tribution can be adopted to estimate the MPC’s AoA pdf
[3, 10, 11]. However, no justifiable reason is given over this
choice except for it is fittingwell againstmeasured data. In [3],
the effects of local and distant scatterers on the distribution
of MPC’s AoA at the Rx are illustrated. As can be seen in
Figure 15, the scatters at the vicinity of the Rx can cause a
large spatial range, and the Laplacian pdf neatly estimates the

empirical distribution.The corridor, sidewalls, doors, ceiling,
and floor can generate a lot of reflections in a wide spatial
range. These paths are delayed and weak. However, distant
scatterers tend to generate reflections within a narrow spatial
range. The effect of distant scatterers was established to be
at the spatial range of -30∘ to 30∘. On assumption of same
number of local and distant scatterers and each generating
same number of MPCs, there would be a higher density on
one direction and lower on the other.This gives a distribution
similar to the Laplacian distribution with high density at the
center and lower density on the side spatial areas.

5. Validation of the Proposed Channel Model

To validate the proposed pdf estimation of the indoor corri-
dor channel at 14 GHz, 18 GHz, and 22 GHz frequency bands,
the channel parameters are compared with S-V model. The
estimated model and the S-V model channel parameters are
listed in Table 1.The building used in [6] to conductmeasure-
ments is almost similar to our measurement environment.
We extracted the model parameters based on LOS scenarios
for all the frequency bands. The temporal parameters are
estimated using the methods in [6] and are generally larger
than the S-V model parameters. The greatest discrepancy is
in the estimates for the value of Λ because more clusters were
observed (3-5 clusters) in the indoor corridor as compared to
1-2 in [6].This was due to the structural design, construction
materials, and general geometry of the corridor. In addition,
the frequency bands considered were much higher than that
in S-V model. We were able to identify the clusters that
overlap in time but separate in spatial domain. This clearly
separated clusters that would have been identified as a single
group in time domain only. The S-V model has no spatial
parameters values. Both Γ and 𝛾 were observed to be fairly
similar to S-V model for 18 GHz and slightly higher for other
frequency bands.

6. Conclusion

The spatiotemporal characteristics of the channel were cap-
tured and this information was used for MPCs clustering
using a 2-D Gaussian KDE technique. In addition, the inter-
cluster and intracluster parameters were extracted and the
correlation between time and angular domains in clustering
was determined using the proposed channel model. For 14
GHz, three clusters were observed, with the main cluster
being between -30∘ and 30∘. The clusters emerging at the tails
of the distributions were as a result of the corridor end wall
reflections especially for 14 GHz and 22 GHz bands. The 18
GHzband has a smoother tail because of weakMPCs received
from the end and side walls. The clusters’ distributions were
modeled based on the spatial domain irrespective of time of
arrival with variation inmean angle for all themeasurements.
Rays with short delays made up the clusters between -90∘
and 90∘ for all the frequency bands. The MPCs’ distribution
within a cluster was approximated with a Laplacian pdf, with
standard deviation from 3.0∘ to 3.3∘ for the three studied
frequency bands.
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Table 1: Intercluster and intracluster channel parameters for LOS 14 GHz, 18 GHz, and 22 GHz frequency bands.

Parameter Notation Units 14 GHz 18 GHz 22 GHz S-V Model
Cluster rate of arrival Λ [1/ns] 0.05 0.04 0.05 0.003
Ray rate of arrival 𝜆 [1/ns] 0.2 0.5 0.2 0.2
Cluster rate of decay Γ [ns] 90 60 90 60
Ray rate of decay 𝛾 [ns] 38 25 35 20
Cluster AoA mean Ω𝑚 [deg] 0 5 0 -
Cluster st. dev. 𝜎Ω𝑚 [deg] 25 25 22 -
Ray AoA mean 𝜙 [deg] 1.0 1.0 1.0 -
Ray st. dev. 𝜎𝜙 [deg] 3.2 3.3 3.0 -

The application of the presentedmodel in indoor corridor
and enclosed environments with Tx antenna fixed at heightℎ𝑡 and typical Rx antenna at height ℎ𝑟 is described. For any
arbitrary distance between the Tx and the Rx antennas, the
channel can be easily simulated based on the parameters
given in Table 1. The channel can be realized by simulating
the MPCs as a Laplacian distribution, then the clusters of
the MPCs can be determined as a Gaussian distribution.
The simulated channel can be effectively applied in design
and deployment of signal processing techniques, network
protocols, and massive MIMO for indoor and enclosed
environments.

The novelty of this work is the introduction of joint
pdf estimates that describe the stochastic properties of the
channel with channel parameters conditioned on the spatial
domain. Furthermore, it describes the correlation of the
intercluster and intracluster spatiotemporal characteristics
of the channel. The extracted channel parameters enable
reproduction of the channel by computer simulation. The
result of this work is applicable in any indoor corridor
or enclosed environments with a waveguide-like structural
design and concrete and wooden (doors) materials on walls,
e.g., pedestrian underpass, tunnels connecting buildings,
underground passageways, and through-pass corridors in
malls. The corridor can have any cross sectional dimension
and length.
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The data used to support the findings of this study are
available from the corresponding author upon request.
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This paper proposes a reverberation chamber structure consisting of new reflectors and mode stirrers for electromagnetic
compatibility and wireless terminal measurements. The key design considerations for them are determined through a reasonable
approach to analyze the eigenmode for a reverberation chamber and the standard deviation of its working volume based on 3D
simulation.Thefinal designs are expected to improve the standard deviation performance of the initial structure of the reverberation
chamber and provide a better mode stirring environment. The results measured in the fabricated chamber demonstrate that these
predictions are clearly realized. The results satisfy the main requirements of this paper, which are defined in consideration of the
specifications of commercial reverberation chamber products.Therefore, the reverberation chamber of this paper is expected to be
useful for performance measurement and evaluation of commercial wireless terminals. To verify this logical approach to obtain a
good design and its results, the results measured in the actual fabricated reverberation chamber are described along with analytical
and computational results.

1. Introduction

Unlike previous generations, 5G network is characterized by
the provision of innovative services rather than technological
advances [1]. ITU-R proposed the service scenarios for 5G
such as augmented reality (AR), self-driving car, and smart
city cameras, which are defined as a combination of the
following three core scenarios: enhanced mobile broadband
(eMBB), ultra-high reliable and low latency communica-
tions (URLLC), and massive machine type communication
(mMTC) [2]. The innovative services impose very challeng-
ing requirements on 5G network, such as the 1000 times
higher data rate and 100 times reduced latency, which are
impossible tomeet with a single technology.Therefore, a wide
variety of devices equipped with suitable technologies for
each service will comprise the 5G network. For the wide vari-
ety of devices, providing a single measurement instrument
such as an anechoic chamber (AC) or a reverberation cham-
ber (RC) is one of the important issues to reduce capital and
operational expenses (CAPEX/OPEX).

The AC has been considered the only way to measure the
5G devices. However, to overcome drawbacks of AC as well
as considering the real communication environment, recently
the RC attracts a huge attention. The RC is an important
alternative measurement instrument for the measurement
and application of small antennas for wireless and mobile
terminals and for realistic evaluation of SISO to MIMO
devices below the current 4G standard, as is well known
through the IEC 61000-4-21 standard [3–5]. It can be used for
obtaining various metrics between traditional antennas and
devices such as efficiency, correlation, total radiated power
(TRP), and total isotropic sensitivity (TIS)with high accuracy
and short measurement times. Currently, the widespread use
of this RC technology provides a variety of methodologies
to support testing of the key performance indicators for
5G devices. However, achieving this requires the design of
RC that has a more stringent field uniformity performance
than the standard, which is for electromagnetic compatibility
(EMC), not for 5G services.This is because, at higher frequen-
cies in themillimeter wave band that will be a key component
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for enabling a massive increase of the available bandwidth
and high data rates, the measurement uncertainty may have
a profound effect on the actual performance evaluation of 5G
devices. Thus, more stringent user requirements for an RC
must be defined, and a reasonable design approach is required
to achieve them.

The most important consideration for the intended mea-
surement tasks and applications in these fields is to design an
RC appropriately so that it satisfies the user’s requirements.
The standard provides requirements of acceptable RC per-
formance and basic guidelines for RC design to meet these
requirements. Indeed, there are no indicators to objectively
evaluate RC performance beyond the requirements of the
standard in modeling for RC construction. Also, even if an
RC is designedmuchmore stringently than the requirements
proposed in the standard, this does not prove that it can
achieve superior performance in comparison to other RCs.
In other words, comparing the performance of different RCs,
including their physical parameters, can be quite difficult, and
there are no theoretically standardized formats or guidelines
on how to carry out RC modeling to achieve better perfor-
mance.

In this respect, it can be said that the design of an RC
with excellent performance is virtually impossible without an
initial reference structure. Based on an initial structure that
satisfies the basic standard guidelines, the specific design of
an RC should follow a reasonable structure design process
to modify it until the user’s own requirements are satisfied.
The derivation of this initial structure and the logical process
for its improvement are dependent on known rules of thumb
or unknown rules of thumb [6, 7]. It is well known that
a deterministic approach based on the numerical method
is accurate in modeling an RC including mode stirrers for
desired RC performance [8]. Based on this approach and
the rules of thumb, the RC design method based on 3D
electromagnetic wave (EM) simulations provides valuable
insight into the physical working principles of an RC; allows
the design behaviours for the geometrical parameters, such as
mode stirrer size, shape, and position to be determined; and
finally shortens the development time until the RC meets all
the requirements of the user [9]. We can refer to other RC
structures introduced in other papers for purposes different
from this study, which include several types of mode stirrers
[10–12].

This paper proposes a new RC structure for EMC and
wireless device measurements. As mentioned above, the
requirements for an RC have been established and its initial
structure has been determined through the references and the
rules of thumb. Based on the initial structure, a reasonable
approach using field uniformity and eigenmode analysis in
the RC has resulted in the final structure that satisfies the
requirements and shows improved performance compared to
the initial one. Another objective of this paper is to show that
this approach for superior design will improve the previous
results in a way that compares relatively well with the current
theoretical results. To verify the performance of the final
structure, experimental results of the constructed prototype
are presented along with simulation results.

Table 1: Requirements of reverberation chamber to develop.

Items Requirements
Start operating frequency 650MHz
Overall volume 5.05m3

(Internal dimensions) (1.4m × 1.95m × 1.85m)
Working volume 0.76m3

(Rectangular dimensions) (0.835m × 0.951m ×0.954m)
Standard deviation Less than 2.5 dB

2. Reverberation Chamber Requirements

Considering the requirements of the IEC 61000-4-21 stan-
dard, the requirements of RC to be developed in this work
are shown in Table 1. For measurements at mobile communi-
cation frequencies and for EMCmeasurements above 1 GHz,
the start operating frequency of the RC was set to 650MHz
[13, 14]. The RC has inner dimensions of 1.4m × 1.95m ×
1.85m (length L × width W × height H) based on the size
of the Bluetest RTS60 model, having outside dimensions of
1.4m × 1.94m × 2m [15].

The working volume of the RC can be located at a
distance greater than 𝜆/4 from the wall, mode stirrers, and
reflectors within the RC [3], where 𝜆 is the wavelength for
the start operating frequency of the RC. If the distance from
them is selected as 𝜆/4, the working volume will be the
maximum size. If the requirement for field uniformity is
met, the larger the working volume, the better the usability.
However, in the process of designing an RC to meet the
user’s requirements after they are defined by the procedure
introduced in this paper, there can be a risk that the mode
stirrer or reflector structures satisfying the field uniformity
condition may not be derived when the maximum working
volume is defined. Moreover, there is also the drawback that
it can take a long time to find the structures. Therefore,
the working volume should be set appropriately considering
the size of the device under test (DUT) as well as the
position and distance from the mode stirrers and reflec-
tors.

To do this, commercial RCs (whose overall size and
the working volume dimensions are published) were inves-
tigated, and the ratio between them was analyzed. This is
not based on theoretical grounds, but only to figure out
the average level of the ratio from those designed cases. In
the case of Siepel models, EOLE80, EOLE200, EOLE400,
and EOLE1000 models, the ratios were approximately 10%,
17%, 19%, and 16%, respectively [16]. In this case, the field
uniformity specification applied is 3 dB. Considering these
data and the standard deviation requirement of this study, the
ratio was set to approximately 15%, and the corresponding
working volume dimensions were determined as 0.835m ×
0.951m × 0.954m (length 𝑊𝐿 × width 𝑊𝑊 × height 𝑊𝐻),
as shown in Table 1. The general standard deviation, a field
uniformity requirement of the IEC 61000-4-21 standard, is
3 dB, but in this study it was set to a more stringent value of
2.5 dB.
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Figure 1:Theoretical number of modes for a reverberation chamber
of the size considered in this paper.

The number of modes𝑁 computed approximately above
cutoff in an ideal empty cavity is given by

𝑁 =
8𝜋

3
(𝐿 ×𝑊 ×𝐻)

𝑓3

𝑐30
, (1)

where 𝑓 is the frequency in hertz and 𝑐0 is the vacuum speed
of light in meters per second [17]. For the overall size of the
RC in Table 1, the modal numbers present in the cavity with
respect to the frequency are shown in Figure 1.The “60 to 100
modes” rule suggests that the lowest useable frequency (LUF)
exists in the range of approximately 338MHz to 400MHz
[3, 18]. For the purpose of this work, 650MHz, at whichmany
more modes are generated than at the theoretical LUF, is
considered as the start operating frequency of RC, that is, the
actual LUF. Therefore, the RC performance was considered
starting from 650MHz during the development process and
verification.

3. Reverberation Chamber
Design and Simulation

3.1. The Basic Prototype of Reverberation Chamber. The basic
prototype of the RC that reflects the dimension requirements
in Table 1 is shown in Figure 2. It is a rectangular chamber
consisting of two mode stirrers, herein referred to as stirrer
1 and stirrer 2. Stirrer 1 is perpendicular to the bottom of the
chamber and consists of four rectangular planes with a width
(𝑎) of 0.46m and a height (𝑏) of 0.46m, which correspond
to the size of one wavelength for an operating frequency
of 650MHz. For asymmetric placement between all planes,
these planes have been rotated 45∘ around rotation axes with
the directions of (→𝑥 + →𝑦 + →𝑧 ), (→𝑥 − →𝑦 + →𝑧 ), (−→𝑥 − →𝑦 − →𝑧 ),
and (−→𝑥 + →𝑦 + →𝑧 ) at each of their centers in order from the
plane nearest to the bottom.

Stirrer 2 is horizontal to the bottom of the chamber
and consists of four rectangular planes. Taking into account
operation at the higher frequency and the asymmetry of
stirrer 1, each plane has a width (𝑐) of 0.4m and a height (𝑑) of
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Figure 2: Basic prototype of a reverberation chamber proposed in
this paper.

0.4m, which are slightly less than one wavelength. Similarly,
these planes have also been rotated 25∘ around rotation axes
with the same vector directions as in the case of stirrer 1 at
each of their centers in order from the bottom plane in the
top view of Figure 2. The working volume defined in Table 1
is located 0.157m from stirrer 1 and 0.12m from stirrer 2.
These are spaced distances greater than 0.115m, which is a
quarter wavelength for an operating frequency of 650MHz
[3]. Likewise, the separation distances from the RC walls,
denoted by 𝑚, 𝑛, 𝑝, and 𝑞, were determined to be more
than a quarter wavelength and satisfy the working volume
requirement of Table 1. The values of all parameters depicted
in Figure 2 are shown in Table 2.

To investigate the level of field uniformity of the basic pro-
totype as described in Introduction, a commercial software
package FEKO as the simulation kernel, which is based on a
frequency domain method of moment (MOM), is used [19].
Because it provides ease ofmodeling large 3D structures, such
as an RC, as well as its numerical accuracy, it was chosen for
this study. The algorithms and the usability of the software
can be confirmed through several published studies that have
used them in analyzing RCs [8–10], although those studies
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Table 2: Design parameters for the basic prototype of the reverber-
ation chamber.

Parameter Length, m Parameter Length, m
𝐻 1.85 𝑔 0.34
𝐿 1.4 ℎ 0.16
𝑊 1.95 𝑖 0.31
𝑊𝐻 0.954 𝑗 0.3
𝑊𝐿 0.835 𝑘 0.3
𝑊𝑊 0.951 𝑙 0.36
𝑎 0.46 𝑚 0.2
𝑏 0.46 𝑛 0.2
𝑐 0.4 𝑜 0.7
𝑑 0.4 𝑝 0.2
𝑒 0.35 𝑞 0.364
𝑓 0.36 𝑟 0.8

may have had purposes different from that of the present
study.

For the simulation of thematerials in the closed structure,
a free space condition with a relative permittivity of 𝜀𝑟 = 1
and a relative magnetic permeability of 𝜇𝑟 = 1, which were
assumed to be frequency independent, was used. For the zinc
plates of the RC walls and the aluminum plates of mode
stirrers with a thickness of 0.002m, the values of 𝜎 = 1.67 ×
107 S/m and 𝜎 = 3.816 × 107 S/m, respectively, were used.
These values were also assumed to be frequency independent.
The processor and memory used for the simulations were an
Intel(R) Xeon(R) CPU E5-2699 v4 and a memory (RAM) of
256GB, respectively.

The simulations were performed at a total of nine fre-
quencies at 25MHz intervals from 650MHz to 850MHz.The
reason is that for 850MHz and above, themesh size generated
in the RC requires much more resources to compute. A
log-periodic dipole array (LPDA) antenna was used as a
transmitting antenna for the simulations. It consisted of 18
dipole elements, and it was realized by impedance matching
through the transmission line network. At each calculation
frequency, a total of twenty simulations were performed
as the stirrers rotated at 18∘ intervals. Then, the standard
deviation representing the field uniformity of the RC was
computed according to the IEC 61000-4-21 standard after
postprocessing collecting the electric field data from twenty
simulations.

The results are shown in Figure 3. These results show
that the basic prototype of the RC, which reflects the phys-
ical requirements in Table 1, exhibits a standard deviation
characteristic of less than 3 dB at most frequencies. These
simulations were not intended to calculate accurate standard
deviation values, but rather to investigate the tendency of
their change and their approximate level in the frequency
band of interest. In actual measurements, it was expected
that a lower standard deviation could be obtained because
the reverberation effect occurs constantly, while the stirrers
rotate at regular intervals. Based on the basic structure, the
following subsections describe its performance improvement
process and the corresponding results to meet the perfor-
mance requirements of Table 1.
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Figure 3: The simulated E-field standard deviation for working
volume of the basic RC structure.
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Figure 4: RC structure with reflector 1 and 2.

3.2. The Effect of Reflectors in a Reverberation Chamber. The
approach to improve the field uniformity of an RC can be
roughly divided into two main aspects. One of them is to
implement the appropriate reflectors by effectively utilizing
the empty spaces on the RC walls. The other is to design
efficient mode stirrers. This part describes the results for the
former. As shown in Figure 2, due to the mode stirrers and
the working volume, the available wall space is limited to the
space on the walls forming the edges under stirrer 1 in the top
view and the ceiling space between stirrer 1 and stirrer 2 in the
front view.

The reflector structures and their positions applied to
these spaces are shown in Figure 4. The structure of reflector
type 1 is derived from the shape of a pyramidal absorber in
a typical anechoic chamber. Taking into account the space
required to place multiple reflectors and space to place the
transmitting antenna, reflector type 1 has dimensions of
0.324m × 0.36m × 0.324m. In addition, their final positions
were determined through a parametric study analyzing the
field uniformity according to those numbers.

Figure 5 shows the variation of standard deviation
according to the number of type 1 reflectors. These results
were calculated by placing them in order from the bottom of
the left sidewall to the top, in the top of the middle of the
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Figure 5: Standard deviation calculated according to the number of reflector 1 when there is no reflector 2. (a) 2. (b) 4. (c) 6. (d) 8. (e) 10. (f)
11. (g) 13. and(h) 16.
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Table 3: Design parameters related to the reflectors within the
reverberation chamber.

Parameter Length, m Parameter Length, m
𝑃𝐻 0.324 𝑈𝐻 1.75
𝑃𝐿 0.324 𝑈𝐿 0.03
𝑃𝑊 0.36 𝑈𝑊 0.461
𝑃𝑎 0.71 𝑈𝑎 0.05
𝑃𝑏 0.34 𝑈𝑏 0.05
𝑃𝑐 0.538 𝑈𝑐 0.05
𝑃𝑑 0.042 𝑈𝑔 0.22

rear wall, and in the space between stirrers 1 and 2 on the
ceiling in the absence of type 2 reflectors in Figure 4. For the
simulations, various numbers of type 1 reflectors were located
in the RC that is eight, two, and six, respectively, and a total
of sixteen simulation results were obtained. The numbers in
the upper right corner of the graphs in Figure 5 indicate the
number of type 1 reflectors applied.

The results indicates that when six type 1 reflectors are
located on the left wall as shown in Figure 5(c), an acceptable
standard deviation is obtained in the frequency band of
interest. Here, when the number of type 1 reflectors is fixed
to six, the standard deviation is recalculated according to
the numbers of reflectors placed on the rear wall and the
ceiling. The results were found to be similar or worse than
that obtained with six type 1 reflectors. Therefore, it can be
said that the number of type 1 reflectors should be six in
consideration of convenience and cost in the fabrication of
an RC. The final design parameter values for reflector 1 are
shown in Table 3.

Placing reflector 2 shown in Figure 4 on the rear wall of
the RCmakes part of the wall uneven; thus, we can expect the
generation of hybridmodes that can contribute tomaking the
field evenly distributed in the RC. This expectation is based
on the acoustical theory that the acoustical quality of a room
can be improved by using scattering elements [20]. However,
the structure of reflector 2 proposed in this paper, which are
different from the scattering elements, was chosen as a thin
plate attached to the chamber wall with a thin air gap (𝑈𝐿)
between the plate and the wall.

As described above, the standard deviation analysis
method of theworking volume for evaluating field uniformity
is very intuitive, but it does not provide a valuable insight
into the physical principles caused by changes in structures,
including mode stirrers inside an RC. In addition, the
method requires extensive computation time, computational
resources, and complex postprocessing. From this point of
view, eigenmode analysis is very effective for the design
of mode stirrers or reflectors in an RC. According to this
technique, the design with the maximum amount of eigen-
frequency shifts is the optimal choice, which allows designers
to quickly and easily evaluate designs. This was confirmed in
[21], which stated that the effectiveness of a mode stirrer lies
in its ability to shift eigenfrequencies.

It should be noted that it is very difficult to quantitatively
define the correlation between the eigenfrequency shift and

Table 4: Dimensions for width and gap of type 2 reflectors for the
eigenfrequency shifts analysis according to their number.

Number of
Reflector 2 𝑈𝑊, m 𝑈𝑔, m

Other
Parameters

4 0.24 0.24

Same as Table 3

5 0.24 0.12
8 0.12 0.12
9 0.12 0.06
11 0.06 0.12
12 0.12 0.03
21 0.06 0.03

the standard deviation of the field uniformity. Therefore, the
eigenfrequency and standard deviation should be analyzed
together based on the reference structure, for example, as
shown in Figure 2, to obtain the field uniformity satisfying
the user’s requirements. The eigenfrequency shifts (Δ𝑓eigen)
are given by

Δ𝑓eigen =
𝑓eigen.empty − 𝑓eigen.loaded

 , (2)

where 𝑓eigen.empty and 𝑓eigen.loaded are the eigenfrequencies in
an empty cavity and in an RC including each subsequent
design in the cavity, respectively. According to (2), all designs
presented in this section are evaluated under the same
conditions, and the relative performance is compared. The
eigenfrequencies are calculated for the actual total volume
and internal structures of the RC shown in Figures 2 and 4 by
using CST MICROWAVE STUDIO [22]. The material filling
the RC is air (free space), and for a numerical analysis the
boundary conditions selected on all its walls are 𝐸 = 0.

For the calculation of eigenfrequencies according to the
number of type 2 reflectors, their width (𝑈𝑊) and spacing
(𝑈𝑔) were selected as shown in Table 4. Other parameters
were the same as those shown in Tables 2 and 3. This is
to investigate the changes in eigenfrequencies within an
RC depending on the degree of roughness. The calculated
results are shown in Figure 6. No consistent relevance for the
changes in 𝑈𝑔 can be found in three pairs of results obtained
when the number of type 2 reflectors is 4 and 5, 8 and 9,
and 11 and 21. Likewise, the three pairs of results when the
number of type 2 reflectors are 5 and 8, 8 and 11, and 12 and 21
do not show any linear relationship for the variation of 𝑈𝑊.
However, it can be seen that the amount of eigenfrequency
shifts is larger under conditions where the number of type
2 reflectors is small and their width is large. In particular, it
should be noted that the width corresponds to approximately
𝜆/4 of the starting operating frequency. From these results,
the eigenfrequencies were investigated for several dimensions
of𝑈𝑊 and𝑈𝑔 when a smaller number of type 2 reflectors were
applied, that is, when 2 or 3 reflectors were applied. Those
conditions are shown in Table 5.

The numerical results shown in Figures 6(b) and 6(c)
show that the conditions of𝑈𝑊=0.461m and𝑈𝑔 =0.22m can
provide a better environment than other conditions in terms
of themode stirring performance of the RC. In particular, this
condition in which the width corresponds to approximately
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Figure 6: Eigenfrequency shifts calculated to determine the dimensions of reflector 2. (a) Results for the conditions in Table 4. (b) Results
for two reflectors of the conditions in Table 5. (c) Results for three reflectors in Table 5. (d) Comparison of results for type 2 reflectors with
an air gap and with no air gap when 𝑈𝑊 = 0.461m and 𝑈𝑔 = 0.22m.
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Table 5: Dimensions for width and gap of type 2 reflectors for the
eigenfrequency shifts calculations.

Number of
Reflector 2 𝑈𝑊, m 𝑈𝑔, m

Other
Parameters

2
0.7 0.36

Same as Table 30.76 0.24
0.86 0.12

3

0.27 0.5

Same as Table 3
0.34 0.4
0.41 0.3
0.461 0.12
0.461 0.22

one wavelength (𝜆) shows an improved performance over
𝜆/2 and 3𝜆/2 conditions of 𝑈𝑊 = 0.24m and 𝑈𝑊 = 0.7m
in Figure 6(a), respectively. Figure 6(d) shows that type 2
reflectors with an air gap shown in Figure 4 are superior to
type 2 reflectors with no air gap in most modal numbers as
well as lower ones and provides evidence that the shape of
reflector 2 with the dimensions described above can create
a better mode stirring environment than when there is only
reflector 1.

3.3. Mode Stirrer Design and the Final Design Results of RC.
In the RC shown in Figures 2 and 4, it can be inferred that
there is a limit to themode stirrer design to improve themode
stirring performance. First, the method of constructing the
additional mode stirrer is difficult to realize spatially because
of the working volume already defined and the transmitting
antenna. Moreover, it is not efficient in terms of production
cost because a separate motor for rotating the mode stirrer
must be introduced. An alternative is to directly modify the
structures of stirrers 1 and 2. This may have the effect of
increasing the electrical length of the stirrer plates by making
each square plate of the stirrers asymmetrically irregular.
However, the start operating frequency of the RC defined
in this paper is 650MHz, which is much larger than the
theoretical LUF, as described in Section 2, and performance
improvements at frequencies lower than that are beyond the
scope of interest. Even if there is room for improvement
beyond the start operating frequency, the ease and cost of
fabrication should be considered in reality for more complex
structures. It should also be noted that the field uniformity
performance at around 650MHz in the results of number 6 of
Figure 5 shows a level that almost satisfies the requirements.
Therefore, a relatively simple approach has been adopted in
this paper.

Figure 7 shows the final RC structurewith the new stirrers
1 and 2 consisting of dual plates. In the case of stirrer 1, the
newly added plates are located at the top of each pair. Also,
in the case of stirrer 2, the new plates are located closer to
the front, including the door, in each pair. The added plates
have the same size as the original plates, and they are located
at regular intervals denoted by 𝑔𝑠1 and 𝑔𝑠2 in the direction
perpendicular to the plane from the center of the original
ones. The performance of eigenfrequency shifts according

x y

z

Rear wall
Side wall

Ceiling

g

g

Figure 7: Final reverberation chamber structure with dual-plate
type mode stirrers for fabrication.

to the intervals, 𝑔𝑠1 and 𝑔𝑠2, is investigated as shown in
Figure 8. Both graphs consistently show that the smaller the
spacing of the plates that make up each stirrer, 𝑔𝑠1 and 𝑔𝑠2,
the better the eigenfrequency shifts occur. In addition, it has
been confirmed again that the condition of 𝑔𝑠1 = 𝑔𝑠2 = 0.03m,
which is the minimum dimension for easy fabrication, must
be chosen through calculation of the total 16 conditions for
the dimensions of the parameters shown in the legend of both
graphs.

The eigenfrequency shifts for the final design shown in
Figure 7 are shown in Figure 9, along with the results from
the previous step. The clear effect of the new stirrers can be
seen after the tenth mode number. Also, it can be confirmed
that the RC consisting of reflectors and new stirrers can
provide a better environment in terms of mode stirring
performance. In the proposed RC design, many parameters
have not been analyzed. It is almost impossible to find the
optimal condition by analyzing the correlations between all
these variables, and doing sowould have little advantage from
the engineering viewpoint. Therefore, in this paper, a basic
prototype RC has been derived based on rules of thumb, and
methods for improving its performance have been proposed.
In addition, by analyzing the key parameters corresponding
to the methods through a reasonable approach, the final
design that allows the performance of the manufactured RC
to meet the requirements has been proposed.

The standard deviations calculated through 3D simula-
tions and postprocessing to confirm the field uniformity per-
formance of the final design are shown in Figure 10 alongwith
the results for the other two conditions shown in Figure 9.
The standard deviation results ultimately demonstrate the
possibility of improving the mode stirring environment
implied by the eigenfrequency shifts shown in Figure 9. In
Figure 10(b), the results obtained with the addition of reflec-
tor 2 show a standard deviation of less than 3 dB at all analysis
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Figure 8: Calculated eigenfrequency shifts for RC with stirrers 1 and 2 in dual-plate form (a) when 𝑔𝑠2 = 0.03m and (b) when 𝑔𝑠1 = 0.03m.
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Figure 9: Eigenfrequency shifts for the final design compared to
those of two other conditions shown in Figure 6(d).

frequencies compared to those in Figure 10(a). The results
shown in Figure 10(c), which were obtained from the final
design, show that the level of the overall standard deviation is
lower in the band above 725MHz compared to results shown
in (c), and the difference between the components at each
frequency is reduced. They also show slightly larger standard
deviations than 2.5 dB at some frequencies and a maximum

standard deviation of about 2.72 at 725MHz. However,
actualmeasurements in reverberating environments inwhich
mode stirrers rotate at regular intervals are expected to
produce values lower than standard deviations calculated
through simulations in which each rotational step is ideally
uncorrelated and show a standard deviation of less than
2.5 dB which meets the requirements of this paper.

4. Reverberation Chamber Measurements and
Practical Verification

The final design shown in Figure 7 was made according
to the dimensions of Tables 2 and 3 and the new stirrers.
Figure 11 shows photographs of the fabricated RC, depicting
reflector 1, reflector 2, the new stirrers, and the source
antenna orientated in the 𝑥 direction. Each mode stirrer is
rotated by stepper motors controlled by computer software.
The LPDA antenna for use as a transmitting antenna is
located by a support in the position shown in Figures 2
and 11. The LPDA antenna must operate at 650MHz or
higher and be compact because the space in which it is
placed is narrow.However, since the LPDAantenna satisfying
these characteristics was not commercially available, one was
developed independently. Figure 12 shows a photograph of
the developed LPDA antenna. Detailed results for this LPDA
antenna are described in [23]. A Rogers RO4003 substrate
was used to fabricate the LPDA antenna, and its overall
size was 282mm × 194mm × 0.508mm (L × W × H).
The fabricated LPDA antenna was measured with a radome
as shown in Figure 11. Thus, a compact LPDA antenna has
been demonstrated to operate from 0.55 to 9GHz and to
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Figure 10: Calculated standard deviations for the RC (a) with reflector 1, (b) with reflectors 1 and 2, and (c) with the new stirrers and the
reflectors, the final design.

Figure 11: Photographs of the fabricated reverberation chamber.

have a high gain ranging from 2.48 to 7.89 dBi. Compared
to the standard LPDA antenna, the size of the proposed
antenna has decreased by approximately 27% and 20% in
length andwidth, respectively.Nevertheless, theminiaturized
LPDA antenna exhibited broadband characteristics due to
top loading techniques.

To evaluate the field uniformity performance of the pro-
posed RC, the maximum electric field values were measured
at eight corners of the working volume shown in Figure 2
based on the standard. An electric probe was used to record
the field strengths, while the stirrer rotated through 18∘ angle

Figure 12: Photograph of the LPDA antenna developed to evaluate
the performance of the proposed RC.

steps (i.e., 20 positions for one turn of the stirrer). The stan-
dard deviation at each sample frequency was calculated from
the raw data of the measured electric field. All measurements
and calculations were in accordance with the guidelines
proposed in [3].

Figure 13 details the standard deviations measured at the
sampling frequencies specified by [3] for the proposed RC
and shows its simulated standard deviations according to
the design described in Section 3. The tolerance level of field
uniformity defined in this paper, which is 2.5 dB, is also
shown in the figure. The standard deviations in Figure 13(b)



Wireless Communications and Mobile Computing 11

Requirement level

95
0

67
5

72
5

75
0

92
5

80
0

82
5

85
0

87
5

90
0

97
5

65
0

70
0

77
5

10
00

Frequency (MHz)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

St
an

da
rd

 d
ev

ia
tio

n 
(d

B)

Ｒ

Ｓ

Ｔ

xyz

(a)

97
5

75
0

80
0

70
0

77
5

72
5

82
5

85
0

87
5

90
0

92
5

95
0

67
5

65
0

10
00

Frequency (MHz)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

St
an

da
rd

 d
ev

ia
tio

n 
(d

B)

Ｒ

Ｓ

Ｔ

xyz

(b)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

St
an

da
rd

 d
ev

ia
tio

n 
(d

B)

90
0

70
0

85
0

77
5

92
5

97
5

82
5

75
0

87
5

72
5

67
5

95
0

80
0

65
0

10
00

Frequency (MHz)
ＲＳＴ in (a)
ＲＳＴ in (b)

(c)

Figure 13: Measured standard deviations for the RC (a) with the reflectors and the original stirrers and (b) with the reflectors and the new
stirrers, the final design. (c) Comparison between 𝜎xyz components of (a) and (b).

show that the final design consisting of the reflectors and
the new dual-plate type stirrers meets the requirements for
the field uniformity defined in this paper. It can also be seen
that they are lowered at most frequencies compared to the
results in Figure 13(a) obtained from a design composed of
the reflectors and the original stirrers.This demonstrates that
the new stirrer design outperforms the original design. In
particular, remarkable frequency bands range from 680MHz
to 752.5MHz and from 800MHz to 935MHz. The standard
deviations are reduced by around 0.34 dB and 0.22 dB on
average, respectively, and they are improved by up to 1 dB and
0.74 dB, respectively. In addition, the performance of the two
stirrers is comparable at some frequencies. Based on these
results, it can be concluded that the effective approach of this
paper and the proposed final RC design shown in Figure 7
show a standard deviation below 2.5 dB by improving the
performance of the basic prototype structure and satisfying
all the defined requirements.

5. Conclusions

AnRCconsisting of new reflectors andmode stirrers has been
proposed. It has an inner size that is approximately the same
as or smaller than that of a commercial product. The main
parameters for the reflectors and mode stirrers were deter-
mined through a logical approach based on standard devi-
ation and eigenfrequency shift analysis by 3D simulations.
The calculated and measured standard deviations for field

uniformity evaluation of the proposedRChave demonstrated
that they clearly improve the standard deviation performance
of its initial structure. In addition, the reasonable approach
proposed in this paper for the RC design is very effective, and
it has been verified that the design results accurately predict
the main results obtained from the actual measurements.The
measured results for the standard deviation of the proposed
RC were found to satisfy all of the requirements defined in
this paper. Therefore, it is expected that the performance
of the proposed RC could be a very attractive facility for
users who want to measure and evaluate the performance of
commercial wireless terminals.
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