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ABSTRACT This article presents a comprehensive evaluation of the performance of a super-large-coverage
mobile communication system for wireless regional area networks (WRANs) in the very-high-frequency
(VHF) band. The system was standardized as ARIB STD-T103 and IEEE 802.16n. It can transmit data over a
distance of 10 km or more at a transmission rate of several megabits per second (Mbps). It is particularly suit-
able for transmitting sensor and monitoring information, including moving images, over a wide area. First,
we present some use cases and determine the feasibility of implementing WRANs for vehicle-to-everything
(V2X) and the Internet of Things applications. Subsequently, we evaluate the transmission performance
and estimate the transmission distance in the VHF-band radio propagation environment through computer
simulations and experimental evaluations with our WRAN prototype. In the evaluation, we also adopt several
channel estimation methods for a particular pilot pattern in the downlink. Moreover, we demonstrate the
transmission distance that can be achieved with and without a multihop relay based on the evaluation
results. Single-hop transmission reaches up to approximately 10 km while maintaining transmission speeds
of several Mbps on the uplink, when QPSK is used. Conversely, by using multihop transmission, although
the transmission speed is approximately 1/2 to 1/6, the maximum transmission distance is approximately
50 km.

INDEX TERMS Channel estimation, MRC diversity, OFDMA, VHF, WRAN.

I. INTRODUCTION
The implementation of cyber-physical system (CPS) plat-
forms has significantly improved the Internet of Things (IoT)
and vehicle-to-everything (V2X)-based applications in recent
years [2]. CPSs transmit sensor, metering, and monitoring
information from physical space to cyberspace. This informa-
tion is processed in the cyberspace through machine learning,
and the results are then fed back into the physical space to
form value. A wide-area communication system is required to
collect data from a wide area to configure a CPS platform for
the IoT and V2X applications. The communication distance
must be more than 10 km to implement the platform in various

applications, such as intelligent transport systems (ITSs) with
V2X, positioning, marine sensing, and ship-to-ship commu-
nication. Furthermore, a high mobility environment requires
a transmission rate of at least several megabits per second
(Mbps) since the information to be collected includes text and
numerical data along with moving images. Table 1 lists the
wireless communication systems that are currently available
for V2X applications [1], [3], [4], [5], [6], [7].

Fourth-generation (4G) and fifth-generation mobile com-
munication systems (5G), which are public communication
systems standardized by the 3rd Generation Partnership
Project (3GPP), can be considered for V2X communication
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TABLE 1. Comparison Among Candidate Technologies for IoT and V2X Communications

systems. 4G and 5G primarily use the ultra-high-frequency
(UHF) band and super-high-frequency (SHF) band,
respectively, which facilitates a transmission distance of
several kilometers per base station (BS). However, each
BS requires a connection to the core network. Additionally,
the use of public communication systems presents various
problems, such as the huge subscriber fees owing to the
requirement of up-to-date information from all the roads
for nationwide use of V2X, in the cases such as automated
driving. Therefore, a private wireless communication system,
such as a wireless local area network (WLAN) with wide-area
communication and without connection to a core network,
is suitable for collecting information with a small number of
BSs. Moreover, wireless communication must be standardized
by the international standards development organizations.

IEEE 802.11p is a standard based on orthogonal frequency-
division multiplexing (OFDM) for WLAN-based dedicated
short-range communication systems (DSRCs) for vehicular
communication; it is designed to support safety applications
via V2X in 2010 [7]. Multihop communication is required
to achieve long-range multicasting for full-range vehicular
networks owing to the limited communication coverage of the
IEEE 802.11p system [8]. However, its operating frequency is
the 5 GHz band, which requires multiple hops to support an
area of several tens of kilometers.

Several low-power wide-area (LPWA) communication sys-
tems for IoT devices have been analyzed in the sub-1 GHz
band [3]. Additionally, private communications using licensed
or unlicensed bands and 3GPP cellular-based public commu-
nications have also been analyzed. However, the bandwidth,
associated transmission speed, mobility tolerance, and area
range are restricted owing to the low power and wide area.
In summary, no existing standardized system can ensure
a communication distance of 10 km or more between BS
and terminals; collect information from sensors, meters, and
monitors, including moving images; and control them with
transmission speeds above several Mbps in mobile environ-
ments, such as ITS and IoT.

These requirements can be satisfied by implementing the
wireless regional area network (WRAN). WRAN is primarily
employed for regional area communication over several tens

of kilometers between wireless devices. It is mainly used in
the VHF or UHF bands, such as the 200–400 MHz band,
to secure a larger communication area per BS. One of the
standardized WRAN systems is the IEEE 802.22 [9]. It was
standardized in 2011; an initial prototype was developed [10]
and demonstrated in the field [11]. However, IEEE 802.22
uses orthogonal frequency division multiple access (OFDMA)
with a bandwidth of 6 MHz per channel, which is highly resis-
tant to the frequency-selective fading that occurs in wide-area
communications. This system is primarily intended for fixed
communications and does not support mobile communica-
tions. Further research and development must be performed
for commercialization in highly mobile environments [12]
before it can be applied in ITSs.

IEEE 802.16 is a standard for broadband wireless commu-
nication systems based on OFDMA in higher UHF and SHF
bands (recommended for application at 2.5, 3.5, and 5.8 GHz
[13] in 2009). It was launched as Worldwide Interoperability
for Microwave Access (WiMAX) [14]. Extensive research
has been conducted in this field, and various studies have
been conducted on the channel estimation methods [15], [16],
[17]. It has a maximum carrier frequency of 5.8 GHz and a
maximum speed of 100 km/h; the Doppler frequency is 537
Hz, and the cyclic prefix (CP) is set at approximately 10.0
µs [14]. Consequently, the system exhibits high resistance
to movement speed (i.e., time fluctuation of the propagation
channel) but not to the long-delayed waves (i.e., frequency
selectivity).

ARIB STD-T103 was standardized for the WRAN system
by the Association of Radio Industries and Businesses (ARIB)
of Japan in 2011 to meet the formerly mentioned require-
ments [1], [18], [19]. In 2013, this standard was standardized
as IEEE 802.16n (hereafter referred to as ARIB T103/IEEE
802.16n) [20]. This is a broadband mobile communication
system that uses OFDMA in the VHF band for public us-
age. Wireless communication systems using the VHF band
are characterized by less power attenuation over the same
distance as compared to the UHF and higher bands. There-
fore, a WRAN in the VHF band is expected to be used
over a wide area of several tens of kilometers. Addition-
ally, tolerance to the multipath fading that occurs in wide
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communication areas can be expected owing to the usage
of OFDMA. In terms of the size of fast Fourier transforms
(FFTs) per channel, the number of ARIB T103/IEEE 802.16n
(FFT size is 1024) is greater than or equal to that of IEEE
802.16-2009 because ARIB T103/IEEE 802.16n was de-
veloped based on IEEE 802.16-2019. Therefore, since the
subcarrier spacing of ARIB T103/IEEE 802.16n is less than
or equal to that of IEEE 802.16-2009, ARIB T103/IEEE
802.16n exhibits the same or higher resistance to frequency-
selective fading as that exhibited by IEEE 802.16-2009.
Furthermore, ARIB T103/IEEE 802.16n is specialized for the
VHF band. Therefore, it is expected to have a longer transmis-
sion distance than IEEE 802.16-2009, which primarily uses
frequencies above the UHF band. ARIB T103/IEEE 802.16n
also requires a smaller FFT size than IEEE 802.22 (with an
FFT size of 2048), making it relatively easy to build de-
vices. Moreover, ARIB T103/IEEE 802.16n supports mobile
communication with a transmission rate of several Mbps [1],
[18], [20], which is not supported by IEEE 802.22, does not
require a core network like IEEE 802.22, and is easier to in-
stall than 4G and 5G networks. Therefore, ARIB T103/IEEE
802.16n is expected to be an effective communication sys-
tem for V2X to meet the requirement of super-large-coverage
over 10 km and higher transmission rate over several Mbps.
However, all the modulation schemes developed in previous
studies [21], including uplink and downlink, with and without
diversity, for ARIB T103/IEEE 802.16n were not comprehen-
sively analyzed using computer simulations and experimental
evaluations. Additionally, the transmission distance achieved
using the ARIB T103/IEEE 802.16n has not been analyzed.
This analysis of the transmission distance must also include
an expansion of the transmission distance, assuming the relay
between the relay stations (RSs).

In our previous shorter version study [1], we proposed
a channel estimation method for ARIB T103/IEEE 802.16n
downlink in a highly mobile environment to reduce the
memory required for reception. The bit error rate (BER)
performance was evaluated using 64 QAM-OFDM and
maximum-ratio combining (MRC) diversity via computer
simulations. Moreover, a prototype of ARIB T103/IEEE
802.16n was developed, and the transmission performance
of the downlink was evaluated in a radio propagation envi-
ronment in the VHF band [21]. This study is an extended
version of our previous study, wherein we summarize the
use cases and specifications of the ARIB T103/IEEE 802.16n
system and comprehensively evaluate the transmission per-
formance of both downlink and uplink in a VHF-band
radio propagation environment through computer simula-
tions and experimental evaluation using our WRAN proto-
type. In this evaluation, we employed both conventional and
our proposed channel estimation methods. Subsequently, the
transmission distance achieved using the ARIB T103/IEEE
802.16n was calculated based on the evaluation results.
The main contributions of this study are summarized as
follows:

� We formulated the use cases and specifications of the
ARIB T103/IEEE 802.16n for IoT and V2X in the VHF
band.

� In addition to the computer simulation and experimen-
tal evaluation results in [1] and [21], the transmission
performance of ARIB T103/IEEE 802.16n with all the
modulation schemes, uplink and downlink, and with
and without diversity was comprehensively evaluated
through computer simulations and experimental analysis
of the transmission characteristics of the VHF band. The
results of the computer simulation were validated based
on the experimental results obtained from our WRAN
prototype. Subsequently, the signal-to-noise ratio (SNR)
and input power at the receiver required to achieve the
BER of 10−6 were determined.

� The transmission distance between the RSs of ARIB
T103/IEEE 802.16n with and without the multihop relay
was evaluated by using the required input power ob-
tained from the experimental evaluation.

The remainder of this article is organized as follows.
Section II describes the use case and fundamental specifica-
tions of the ARIB T103/IEEE 802.16n standard. Section III
presents a detailed description of the specifications of ARIB
T103/IEEE 802.16n Mode 1. Section IV presents channel
estimation and equalization schemes for DL and UL in ARIB
T103/IEEE 802.16n Mode 1. Moreover, the enhanced scheme
is proposed for DL. Sections V and VI present the com-
puter simulation results and experimental laboratory results of
ARIB T103/IEEE 802.16n Mode 1. Section VII describes the
expected transmission distance based on the results. Lastly,
Section VIII summarizes the conclusions drawn from the
study.

II. USE CASE AND SPECIFICATION OF ARIB T103/IEEE
802.16N
A. USE CASE
Fig. 1 presents an example of the CPS platform using a
WRAN and other wireless communication systems. When not
using WRAN, the public wireless communication systems,
and local-area private communication systems collect various
types of information. For example, a public mobile communi-
cation system standardized by the 3GPP such as 5G is used for
public communication. A wireless smart ubiquitous network
(Wi-SUN) standardized by IEEE 802.15.4g [22] or a WLAN
by IEEE 802.11 is used for local-area private communication.
However, the communication service area is only a public
operator’s service area, which expands through local commu-
nication. In addition, using these services incurs subscriber
fees. These issues increase the difficulty of installing existing
systems. On the contrary, the WRAN system conforming to
ARIB STD-T103 can cover a wide range of 10 km or more
with a transmission rate of several Mbps. Thus, we envision
three use cases for WRAN: 1) IoT communications, 2) mobile
communications, and 3) V2X communications.
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FIGURE 1. Example of public and private wireless communication systems on the CPS platform.

1) IOT COMMUNICATIONS
Various types of information, such as sensor data, are col-
lected from the wide area with a distance of 10 km or more
supported by the WRAN systems. We assume that the com-
munication is performed directly using the sensor data with
WRAN and the data is collected in the local area using an-
other communication system (such as Wi-SUN or WLAN)
and transmitted with WRAN via a management gateway
(MGW). In V2X, communication is categorized as vehicle-to-
infrastructure (V2I). It is expected to be used in various fields,
such as a collection of information from both the environment
and road monitoring sensors [3].

2) MOBILE COMMUNICATIONS
For mobile communications, we assume that communication
is performed with moving user equipment (UE), similar to
general public cellular communication and communication
with vehicles, such as cars. In the vehicle, various control
information required for automatic driving and other actions,
is collected locally via Wi-SUN or WLAN, etc., and this in-
formation is widely collected via WRAN. Conversely, WRAN
can be used to remotely achieve the control required for
automated driving. V2X communication is categorized as
vehicle-to-network (V2N).

3) V2V AND IAB COMMUNICATIONS
When a vehicle is outside the WRAN communication area,
the communication area is extended using multihop com-
munication via vehicle-to-vehicle (V2V) communication [23]
based on the WRAN. Moreover, the communication area can
be expanded as an integrated access and backhaul (IAB) link
by installing a WRAN BS, which functions as an RS in a
vehicle. For example, it can function as a temporary BS in
the event of a disaster. This RS can be connected to terminals

using WRAN and can also transmit information collected by
Wi-SUN and WLAN using the MGW function of RS.

B. SPECIFICATION
The ARIB STD-T103 [18] was standardized for WRAN sys-
tems by the ARIB in Japan in 2011. The ARIB STD-T103
is a broadband mobile communication system which employs
OFDMA in the VHF band for public usage. Wireless com-
munication systems using the VHF band are characterized by
less power attenuation for the same distance as the UHF and
higher bands. Consequently, a WRAN in the VHF band is
expected to be used over a wide area, such as several tens
of kilometers. Table 2 lists the specifications of ARIB STD-
T103. The ARIB STD-T103 operates with a bandwidth of 5
MHz per channel and has two modes: Mode 1 and Mode 2.
Mode 1 has two FFT size options: 512 and 1024-point FFTs.
The modulation schemes, duplex methods, multiple access
schemes, maximum transmission (Tx) power, and medium
access control (MAC) layer protocol of Mode 1 are based
on IEEE 802.16-2009 [16]. In IEEE 802.16-2009, 1024-point
FFTs are not supported for the operation of a 5 MHz band-
width. However, 1024 FFTs can be used even in operation
with a 5 MHz bandwidth to compensate for signal variations
due to severe frequency-selective fading in the VHF band.

The differences between the 512 and 1024-point FFT sys-
tems are in terms of the following: FFT size, frame length,
OFDM symbol length, and CP length. In this study, we fo-
cused only on the 1024-point FFT-applied Mode 1 owing
to its widespread usage in Japan [21]. As the 1024-point
FFT-applied systems achieve a CP of over 20 µs, they can
support delayed paths of greater than 20 µs. In addition to the
above differences, Mode 1 has unique pilot patterns between
the downlink (DL) and uplink (UL) to compensate for signal
variations that are caused by fading and the slot allocation
ratio for the DL and UL in a time-division duplex (TDD)
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TABLE 2. Specification of ARIB STD-T103

FIGURE 2. Structure of transmitter.

TABLE 3. Average Number of Subcarriers

frame [18]. Mode 1, with a 512-point FFT, could support only
35:21 and 26:21, respectively. However, with a 1024-point
FFT, Mode 1 supported a different ratio of 9:38. Mode 2
supported ratios of 37:10, 23:24, and 9:38. Therefore, Mode
1 with the 1024-point FFT, and Mode 2 can provide a higher
ratio of UL and are effective in various cases, such as moni-
toring, metering, and surveillance. The pilot patterns of ARIB
STD-T103 are roughly divided into the cluster and tile types
[1], [18]. In the tile type, pilot subcarriers are placed at the
four corners of each resource unit, whereas in the cluster type,
they are not placed at the four corners. Cluster and tile types
differ in transmission speed owing to the number of pilot
subcarriers, resistance to frequency selectivity, and resistance
to time fluctuations. Table 3 lists the average numbers of null,
pilot, and data subcarriers for each OFDM symbol. The ARIB
STD-T103 in 2011 and IEEE 802.16-2009 were standardized
to IEEE 802.16n in 2013 [20].

III. MODE 1 SPECIFICATIONS OF TRANSCEIVER
A. TRANSMITTER
Fig. 2 depicts the transmitter block diagram of the ARIB
T103/IEEE 802.16n system and the process of each block
is presented in [1]. The transmitter performs channel

FIGURE 3. Pilot patterns of mode 1.

coding, modulation, frequency interleave using partial usage
subchannelization (PUSC), inverse FFT (IFFT), and OFDM
processes, including CP. The frequency interleave and CP
increased the resistance to long delay paths. Mode 1 uses pilot
allocations standardized in IEEE 802.16-2009, as shown in
Fig 3. DL uses cluster-type channel allocation combined with
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FIGURE 4. Structure of proposed receiver with MRC diversity.

a high data symbol ratio, leading to the difficulty of estima-
tion. Conversely, UL uses a tile-type channel allocation set
with a low data symbol ratio, which makes channel estimation
relatively easy.

B. RECEIVER
Fig. 4 shows the proposed receiver block diagram of a ARIB
T103/IEEE 802.16n system [1]. First, each CP is removed
before obtaining the received subcarriers through FFT pro-
cessing. If the CP length is sufficient for removing the effect
of the delay paths, there is no inter-symbol interference (ISI)
or inter-carrier interference (ICI) in the obtained subcarri-
ers. Subsequently, the receiver performs channel estimation,
equalization, demapping using PUSC, demodulation, and
channel decoding. Fig. 4 depicts the receiver block diagram of
the MRC diversity [24]. It was assumed that the MRC diver-
sity could be applied to two receiving antennas. By employing
the received signal (r1) and estimated effective channel (h̃1) of
branch 1, and the received signal (r2) and estimated effective
channel (h̃2) of branch 2, the MRC-processed and equalized
signal, r′, can be obtained as follows:

r′ = r1h̃∗
1 + r2h̃∗

2∣∣h̃1
∣∣2 + ∣∣h̃2

∣∣2 , (1)

where ∗ denotes complex conjugate.

IV. CHANNEL ESTIMATION AND EQUALIZATION
This section presents the basic channel estimation and equal-
ization schemes for DL and UL in ARIB T103/IEEE 802.16n
Mode 1. Moreover, the enhanced scheme is proposed for DL.
The received subcarriers are expressed as follows:

ri, j = hi, j si, j + ni, j, (2)

where si, j ∈ C, ri, j ∈ C, hi, j ∈ C, and ni, j ∈ C represent
the transmitted signal, received signal, effective channel, and
noise signal of the j-th subcarrier in the i-th OFDM symbol,
respectively. The effective channels, ĥp,qp , can be obtained by
employing the transmitted and received signals of the pilot
subcarriers, as follows:

ĥp,qp = rp,qp

sp,qp

= hp,qp + np,qp

sp,qp

, (3)

where qp represents the pilot subcarrier index in the p-th
OFDM symbol. The transmitted signals are known from
both the transmitter and receiver. The effective channel, h̃i, j ,
of the data subcarriers is estimated by using the obtained
effective channels of the pilot subcarriers, ĥp,qp . To equal-
ize the effective channel and obtain the transmitted signals
si,j, the received signals, ri,j, were divided by the estimated
effective channel, h̃i, j . The following subsections present
the schemes used to estimate the channels of data sym-
bols from the estimated channels of pilot symbols per pilot
allocation.

A. CHANNEL ESTIMATION SCHEMES FOR DL (CLUSTER
TYPE)
The three pilot subcarriers were not arranged at the corner
of the cluster type in DL, as shown in Fig. 3. Therefore,
the effective channels of the data subcarriers that were not
allocated between the pilot subcarriers were estimated using
the incomplete scheme using pilots of the adjacent clusters
in the conventional scheme [15], [16], as shown in Fig. 5(a).
However, storing information other than the subcarriers of the
user cluster is necessary to use the pilot subcarriers of the
adjacent clusters, thereby squeezing the hardware memory.
Therefore, a complete scheme for the DL cluster structure was
proposed, as shown in Fig. 5(b), [1]. The conventional and
proposed schemes were applied in the time and frequency-
domain estimation stages.

Let the effective channel in each cluster be defined as h̃x,z
s,t =

ĥi, j, where s = i mod 2 and t = j mod 14 are the symbol and
subcarrier indices, respectively, and x = i/2 and z = j/14 are
the cluster symbol and subcarrier indices.

First, we describe the time-domain estimation stage. In the
conventional scheme, the effective channels of two adjacent
symbols in one cluster are estimated by interpolating those
of both the pilots of the cluster and the adjacent cluster, as
follows:

h̃x,z
1,t = 1

2

{
h̃x,z

0,t + h̃x+1,z
0,t

}
(t = 0, 12) ,

h̃x,z
0,t = 1

2

{
h̃x,z

1,t + h̃x−1,z
1,t

}
(t = 4, 8) . (4)

However, we assumed these effective channels were iden-
tical in the proposed scheme. The adjacent effective channels
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FIGURE 5. Channel estimation schemes for DL (cluster type).

of the pilots in the time domain were estimated by copying the
estimated effective channels of the pilots as follows:

h̃x,z
1,t = h̃x,z

0,t (t = 0, 12) ,

h̃x,z
0,t = h̃x,z

1,t (t = 4, 8) . (5)

Next, we describe the frequency-domain estimation stage.
In both the schemes, all the effective channels of the data
subcarriers, except the 13th subcarrier, were estimated by
interpolating between the pilots of their cluster, as follows:

h̃x,z
s,t = 1

4

{
tmodh̃x,z

s,4(� t
4 �+1) + (4 − tmod) h̃x,z

s,4� t
4 �

}
(t = 13) ,

(6)

where tmod = t mod 4.

In the proposed scheme, the effective channel of the 13th
subcarrier is estimated by extrapolating from the estimated
effective channels of the 8th and 12th subcarriers, as follows:

h̃x,z
s,13 = 1

4

{
5h̃x,z

s,12 − h̃x,z
s,8

}
. (7)

However, in the conventional scheme, the effective channel
of the 13th subcarrier was estimated by interpolating the esti-
mated effective channels of the 12th subcarrier of the cluster
and the 1st subcarrier of the adjacent cluster as follows:

h̃x,z
s,13 = 1

2

{
h̃x,z+1

s,0 − h̃x,z
s,12

}
. (8)

FIGURE 6. Channel estimation scheme for UL (tile type).

B. CHANNEL ESTIMATION SCHEMES FOR UL (TILE TYPE)
There are few channel estimation considerations for the tile
type because the pilot subcarriers are arranged at the four
corners and bracket all the data subcarriers. An estimation
scheme equivalent to the complete scheme was proposed in
IEEE 802.16-2009 [17].

As all the pilot subcarriers are allocated to the corners, the
effective channels of the data subcarriers can be estimated
by interpolating those of the pilot subcarriers, as shown in
Fig. 6. Therefore, the incomplete scheme is not useful for
the tile type, regardless of DL/UL. The number of symbols
per tile is defined as k. The effective channel in each tile is
defined as h̃x,z

s,t = ĥi, j, where s = i mod k and t = j mod 4 are
the symbol and subcarrier indices in each tile, respectively,
and x = i/k and z = j/4 are the tile symbol and subcarrier
indices. All the effective channels of the data subcarriers were
estimated by interpolating between those of the pilot subcar-
riers in the frequency and time domains as follows:

h̃x,z
s,t = 1

3 (k − 1)

{
(k − s − 1) (3 − t ) h̃x,z

0,0 + st h̃x,z
2,3

+ s (3 − t ) h̃x,z
2,0 + (k − s − 1) t h̃x,z

0,3

}
(9)

V. MODE 1 PERFORMANCE ANALYSIS BY COMPUTER
SIMULATION
The transmission performance of Mode 1 in the ARIB
T103/IEEE 802.16n was evaluated through computer simula-
tion in terms of Eb/N0 to BER. The proposed and conventional
channel estimation schemes were compared and evaluated.
The computer simulation codes were developed from scratch
using MATLAB [25], and no communication-specific tool-
box was used. Table 4 lists the simulation parameters. The
additive white Gaussian noise (AWGN) environment, typical
GSM urban model, and IEEE 802.22 Profile A model were
used for the evaluation. Tables 5 and 6 list the models. The
IEEE 802.22 Profile A model is a multipath fading channel
model with a long delay path for a service distance of 10 km,
standardized by the IEEE 802.22 working group. The required
BER was set to 10−6 on ARIB STD-T103 [18].
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TABLE 4. Configurations of Evaluation Parameters

TABLE 5. GSM Typical Urban Model

TABLE 6 IEEE 802.22 Profile A Model

FIGURE 7. Performance evaluation in AWGN environment.

A. PERFORMANCE ANALYSIS IN AWGN ENVIRONMENT
Fig. 7 depicts the BER performance of Mode 1 in an AWGN
environment for each modulation scheme. The DL and UL ex-
hibited nearly identical performances. Table 7 lists the Eb/N0

and SNR of each modulation scheme that achieved the re-
quired BER = 10−6. The difference in the Eb/N0 is up to 6
dB. The performance difference for each mode was caused
by the difference between the number of data subcarriers and
boost of the pilot subcarriers.

B. COMPARISON OF CHANNEL ESTIMATION SCHEMES IN
MULTIPATH FADING ENVIRONMENT
Fig. 8 depicts the BER performance of the receiver using two
channel estimation schemes for DL and a channel estimation
scheme for UL when compared to the ideal case with 64QAM
in a typical GSM urban model. The BER degradation of

FIGURE 8. Performance evaluation of channel estimation schemes with 64
QAM in typical urban model.

FIGURE 9. Performance evaluation of channel estimation schemes with 64
QAM in 802.22 profile A model.

the proposed scheme is up to 3.0 dB when compared to the
ideal case in terms of Eb/N0 at BER = 10−6. Consequently,
the channel estimation error slightly degrades the BER per-
formance of a typical GSM urban model. In addition, the
complete DL scheme exhibited almost no deterioration when
compared to the conventional scheme.

Fig. 9 shows the BER performance of the receiver using
the channel estimation schemes in the IEEE 802.22 Profile A
model. An error floor was observed both the DL estimation
schemes. The proposed scheme showed a slightly higher er-
ror floor than the conventional scheme and was adopted as
the most straightforward scheme in the following discussion.
Similarly, UL showed an error floor. This is because a wider
pilot subcarrier interval induces a more significant channel
estimation error owing to the severe frequency selectivity of
fading caused by a long delay.

C. COMPARISON OF MODULATION SCHEMES IN
MULTIPATH FADING ENVIRONMENT
Fig. 10 depicts the BER performance of Mode 1 in a typical
GSM urban model for each modulation scheme based on the
proposed channel estimation scheme. Similar characteristics
are observed in DL and UL owing to the relatively high
channel estimation accuracy. Table 7 also lists the Eb/N0 and
SNR of each modulation scheme that achieved the required
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TABLE 7. Required Eb/N0 and SNR [dB] to Achieve the Required BER=10-6 in Computer Simulation

FIGURE 10. Performance evaluation in typical urban model.

FIGURE 11. Performance evaluation in 802.22 profile A model.

BER = 10−6 in multipath fading environment. Similar to
the AWGN environment, the difference for each modulation
scheme of the Eb/N0 that achieves the required BER = 10−6

is up to 6 dB.
Fig. 11 depicts the BER performance of the IEEE 802.22

Profile A model obtained through computer simulation for
each modulation scheme. An error floor occurs under all
conditions in 64QAM, as explained earlier. In DL, an error
floor also occurs in 16QAM, and the performance in QPSK
is significantly degraded when compared to UL. Therefore,
the UL affords several advantages in a VHF-band transmis-
sion environment when using a single antenna. Additionally,
16QAM and 64QAM transmissions are difficult in the VHF
transmission environments with long delay paths.

D. COMPARISON OF MRC DIVERSITY IN MULTIPATH
FADING ENVIRONMENT
Fig. 12 depicts the BER performance using the MRC diver-
sity in the IEEE 802.22 Profile A model. The tendency of

FIGURE 12. Performance evaluation in 802.22 profile A model with MRC
diversity.

the error floor appears slightly in 64QAM with DL (cluster
type); however, high-quality transmission can be achieved
with the tile types. These tendencies demonstrate that high-
speed transmission can be achieved using the two branches of
MRC diversity. Table 6 also lists the Eb/N0 and SNR of each
modulation scheme that achieved the required BER = 10−6.

VI. MODE 1 EXPERIMENTAL PERFORMANCE ANALYSIS
BY PROTOTYPE
The transmission performances of the transceivers using
Mode 1 were evaluated through laboratory experiments us-
ing prototypes in terms of the input power to the BER. The
experimental evaluation used parameters shown in Tables 3
and 4 and Fig. 13 shows our developed prototype and the
experimental evaluation setup [21]. In the developed proto-
type, the proposed channel estimation method for downlink is
implemented. The AWGN environment, typical GSM urban
model, and IEEE 802.22 Profile A model were used for the
evaluation.

A. PERFORMANCE ANALYSIS IN AWGN ENVIRONMENT
This subsection presents the evaluation of the prototype in
the AWGN environment. Fig. 14 depicts a diagram of the ex-
perimental evaluation of the prototype. The DL and UL were
evaluated using different diagrams. The device was equipped
with the 1st antenna for transmission and reception and the
2nd antenna for reception.

Fig. 15 displays the BER performance in the AWGN en-
vironment obtained in the experimental evaluation for each
modulation scheme. Both the receiving antennas were evalu-
ated. The BER of the1st antenna was degraded by 1.5–2.0 dB
in terms of SNR at BER = 10−6 compared to the 2nd antenna
because the signal power required to reach the processing unit
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FIGURE 13. Developed prototype and experimental evaluation setup [21].

FIGURE 14. Experimental evaluation in AWGN environment.

is different due to power attenuation by the circulation pro-
cessing of 1st antenna, even if the power input to the antenna
is identical. Only the 2nd antenna was used for the subsequent
evaluation with a single antenna. The BER characteristics
exhibited an almost identical slope for both the experiments
and computer simulations.

Table 8 lists the input power required to achieve the
required BER = 10−6. In the AWGN environment, the per-
formance of DL and UL was nearly identical. The difference
for each MCS in the input power that achieves the required
BER = 10−6 is approximately 5–6 dB and is almost identical

FIGURE 15. Experimental evaluation in AWGN environment.

FIGURE 16. Experimental evaluation in multipath fading environment.

FIGURE 17. Experimental evaluation in typical urban model.

to that of a computer simulation. These results demonstrate
the validity of the computer simulation in this environment.

B. COMPARISON OF MODULATION SCHEMES IN
MULTIPATH FADING ENVIRONMENT
In this subsection, we present an evaluation of the perfor-
mance of the prototype in a multipath fading environment
through laboratory experiments by using a fading emulator
(JRC, NJZ-1600D). Fig. 16 presents a diagram of the exper-
imental evaluation performed using the prototype and fading
emulator. The prototype used in this experiment was installed
using the complete proposed scheme for channel estimation.
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TABLE 8. Required Input Power [dBm] to Achieve the Required BER=10-6 by Experimental Evaluation

FIGURE 18. Experimental evaluation in 802.22 profile A model.

Fig. 17 depicts the BER performance in a typical GSM
urban model obtained through experimental evaluation for
each modulation scheme. Table 8 also lists the input power
required to achieve the required BER = 10−6 in the multipath
fading environment. The difference between each MCS of the
input power, which achieves the required BER = 10−6, is al-
most identical to that of a computer simulation. These results
demonstrate the validity of the computer simulation in this
environment. Similarly, Fig. 18 depicts the BER performance
of the IEEE 802.22 Profile A model through an experimental
evaluation for each modulation scheme. The tendency of the
error floor is observed slightly in all the modulation schemes
with DL (cluster type) and in 16QAM and 64QAM with
UL (tile type). Table 8 also lists the input power required
to achieve the required BER of each modulation scheme’s
required BER = 10−6 in the multipath fading environment.
In the experimental evaluation, the performance was slightly
degraded when compared to the computer simulation. How-
ever, a similar tendency is observed when DL (cluster type)
performs better than UL (tile type). These results verify the
validity of the computer simulation in this environment.

C. COMPARISON OF MRC DIVERSITY IN MULTIPATH
FADING ENVIRONMENT
We evaluated the performance of the prototype in multipath
fading environments based on laboratory experiments using
MRC diversity. Fig. 19 presents a diagram of the experimental
evaluation performed using MRC diversity. Fig. 20 depicts the
BER performance using MRC diversity in the IEEE 802.22
Profile A model through an experimental evaluation. The error
floor disappeared in most modulation schemes and appeared
slightly in 64QAM with DL (cluster-type). Based on these

FIGURE 19. Experimental evaluation with MRC diversity in multipath
fading environment.

FIGURE 20. Experimental evaluation in 802.22 Profile A model with MRC
diversity.

tendencies, it was confirmed that high-speed transmission can
be achieved using two branches of MRC diversity. Table 8
also lists the input power required to achieve the required BER
= 10−6 for each modulation scheme in this evaluation.

VII. TRANSMISSION CAPABILITY OF MODE 1
We evaluated the transmission capacity by evaluating through-
put based on the experimental results presented in Section VI.
We evaluated both the single- and multihop transmissions.

A. DEFINITION OF THROUGHPUT
First, the throughput (T ) of a single-hop transmission is de-
fined as follows:

T = T max (1 − PER) , (10)
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where T max represents the maximum throughput as shown in
Table 2 and PER is defined as PER = 1 − (1 − BER)11200.
The size of the maximum transmission unit that is used for
WiMAX is 11200 [14]. Based on this equation, the input
power versus T is evaluated using the evaluation results in
Section V. Similarly, this clause defines the throughput of
multihop transmission. Ideal regenerative repeaters were as-
sumed, and the input power versus T was evaluated. It is
assumed that the relay is repeated with the required input
power, as shown in Table 8, where there is no degradation
in the throughput and transmission can be achieved between
terminals using T max. When transmitted by n-hop one to one
relay, the transmission speed T n is expressed as follows [26]:

T n = T maxn∑n
k=1 k

= 2T max

n + 1
. (11)

B. EVALUATION OF THROUGHPUT
We evaluated the transmission distance versus throughput
with the assumption of an actual operation. In this evaluation,
the single-hop or multihop communication between RSs illus-
trated in Fig. 1 is considered as a use case. The RS antenna
height, HRS, is set to 3.0 m because the antenna is to be
installed on the roof of a car. Table 4 lists the transmission
powers, and the DL:UL ratio was assumed to be 9:38. This
is because the control and sensor information from the car
is transmitted to the cloud. In the evaluation, we use the
Extended Hata model [27] as a path model. The path loss, Ld,
at a transmission distance (d) of more than 0.1 km and less
than 20 km is expressed as follows:

Ld =
{

Lurban
d , (for TU model)

Lsuburban
d , (for Prof. A model)

,

Lurban
d = 69.6 − 2a (HRS)

+ 26.2 log (200) − 13.82 log (max {30, HRS})

+ [
44.9 − 6.55 log (max {30, HRS})

]
log (d ) ,

a (HRS) = (
1.1 log (200) − 0.7

)
min {10, HRS}

− (
1.56 log (200) − 0.8

) + max

{
0, 20 log

(
HRS

10

)}
,

Lsuburban
d = Lurban

d

− 2

{
log

[
min {max {150, 200} , 2000}

28

]}2

− 40.94.

(12)

The path loss for the urban and suburban environments
is used in the GSM Typical Urban model and IEEE 802.22
Profile A model, respectively. The input power at the receiver
(Pinput

R ) in dBm is expressed as follows:

Pinput
R = PT + GT + GR − Ld , (13)

where PT, GT, and GR represent the transmit power, trans-
mitter antenna gain, and receiver antenna gain, respectively,
and both GT and GR are 10 dB. The single-hop throughput is

FIGURE 21. Transmission distance between RSs to throughput in typical
urban model (DL:UL = 9:38).

FIGURE 22. Transmission distance between RSs to throughput in profile A
model with MRC diversity (DL:UL = 9:38).

calculated by applying (10) and (13) and based on Figs. 17
and 20. Similarly, the multihop throughput is calculated by
applying (11) and (13) and based on Table 8.

Fig. 21 shows the transmission distance versus through-
put in a typical GSM urban model. This result indicates that
single-hop transmission was achieved up to approximately
9.0 km, even when QPSK was used. Conversely, when using
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multihop transmission, although the transmission speed is ap-
proximately 1/2 to 1/6 (almost 1.0 Mbps for UL and 0.1 Mbps
for DL), the maximum transmission distance is approxi-
mately 50 km. Because UL transmission has a throughput of
1.0 Mbps, 10,000 sensors with a throughput of 100 kbps can
be accommodated. More sensors can also be accommodated
by bundling multiple channels or by repeatedly using the same
channel. It is also expected to be used in V2X based on the
application. We set a large UL ratio primarily for collection
purposes. Conversely, it is possible to change the DL:UL ratio
based on the use cases.

Fig. 22 shows the transmission distance versus throughput
with MRC diversity reception in the IEEE 802.22 profile
A model. Under these conditions, the multihop relay is not
evaluated because an error floor occurs in the DL-64QAM,
and the input power required to achieve the required BER
does not exist. In addition, the same tendency as the typical
GSM urban model without MRC diversity was obtained for
the transmission distance. The BS is expected to have higher
antennas, particularly in a suburban environment.

VIII. CONCLUSION
In this article, we summarized the use cases and specifi-
cations of the ARIB T103/IEEE 802.16n system and com-
prehensively evaluated the transmission performance using
the proposed methods in a VHF-band radio propagation en-
vironment through computer simulation and experimental
evaluation by using the prototype. The experimental evalu-
ation results confirmed the validity of computer simulations
in this environment. Single-hop transmission reaches up to
approximately 10 km while maintaining transmission speeds
of several Mbps on the UL, when QPSK is used. Conversely,
by using multihop transmission, although the transmission
speed is approximately 1/2 to 1/6 (almost 1.0 Mbps for UL
and 0.1 Mbps for DL), the maximum transmission distance
is approximately 50 km. These results indicate that the ARIB
T103/IEEE 802.16n is expected to be a WRAN communica-
tion system for IoT and V2X-based applications. In future
studies, we aim to conduct transmission-characteristic ex-
periments in outdoor environments using this prototype and
determine the feasibility of achieving a communication dis-
tance of 10 km or more by using the ARIB T103/IEEE
802.16n-based WRAN.
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