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ABSTRACT IEEE 802.15.4 smart utility network (SUN) frequency-shift keying (FSK) has attracted con-
siderable attention as a wireless communication standard designed for use in essential applications required
by Internet of Things (IoT) systems. However, longer transmission distances in highly mobile environments
are required to support various applications in next-generation IoT systems, such as vehicle-to-everything,
automated driving, and drone control systems. Although research on wide-area, highly mobile communica-
tions has been conducted via computer simulations, an experimental evaluation platform for further research
has not been developed. In this study, we developed an experimental evaluation platform for SUN FSK in
very high frequency bands. The developed platform comprises a signal generator-based transmitter and a
software-defined radio-based receiver. It was proven to be capable of transmitting a power of >5 W through
a power amplifier and was suitable for laboratory and field experiments. In addition, we developed received
signal processing methods, including a packet detection method and a channel estimation method, which
were designed to achieve wide-area, highly mobile communication. In laboratory experiments, the packet
error rate characteristics required by IEEE 802.15.4 were achieved even at a transmission distance of >10

km at vehicular speeds of several tens of km/h.

INDEX TERMS 802.15.4, IoT, mobile, software-defined radio, Wi-SUN, FSK, VHF.

I. INTRODUCTION

In recent years, the range of wireless communication appli-
cations in various aspects of society has expanded rapidly.
The necessity of gathering and transmitting data in diverse
scenarios for next-generation communication systems has
heightened the significance of the wireless Internet of Things
(IoT), which connects all types of objects to the Internet and
allows communication between them [1].

The wireless smart utility network (Wi-SUN) has attracted
considerable attention as a wireless communication standard
designed for use in essential applications required by the
next-generation wireless IoT system, including sensor array
networks and smart metering systems [2], [3]. It utilizes the
physical (PHY) layer and medium access control (MAC) layer

standardized by IEEE 802.15.4-20135, is called the smart util-
ity network (SUN), and has multiple technical specifications
that are suitable for various applications [4]. In Japan, a rep-
resentative Wi-SUN system application is a smart metering
system [2], which primarily employs the SUN frequency-shift
keying (FSK) and sub-1 GHz band. SUN FSK is suitable for
the transmission of numerical and image data with a bitrate
range of up to several hundred kbps and a coverage radius of
approximately 2 km per base station. It offers several advan-
tages in the context of IoT systems, including simple signal
processing, low power consumption, and a narrow bandwidth
of several hundred kilohertz per channel. Fundamental eval-
uation and field experiments with integrated circuits (ICs)
were conducted with a transmission power of 20 mW, and
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SUN FSK achieved a transmission distance of several hundred
meters in the ultrahigh-frequency (UHF) band [5].

However, longer transmission distances in highly mobile
environments are required to support various applications of
next-generation IoT systems, such as vehicle-to-everything
(V2X), automated driving, and drone control systems. For ex-
ample, the introduction of a low-power wide area (LPWA) is
being considered in next-generation V2X, and a transmission
distance of >10 km at a data rate of several hundred bps to
several hundred kbps is expected [6]. Furthermore, the Wi-
SUN system is expected to achieve a vehicular speed of 40-80
km/h as a wide-area mobile communication, with a data rate
of several hundred kbps or more, to collect sensor data, trans-
mit videos and images from vehicles, and control vehicles [1].
Consequently, a novel IoT system that can transmit videos and
images at a higher data rate than the LPWA while satisfying
a transmission distance of 10 km and vehicular speed of 80
km/h is required.

To achieve wide-area, highly mobile communications, a
novel SUN FSK system was proposed [7] that incorporates
the following modifications: utilization of the very high fre-
quency (VHF) band, stronger forward error correction (FEC)
encoding, an increased interleaving size, two-branch spatial
diversity reception, and soft-decision demodulation based on
cross-correlation. The utilization of the VHF band permits a
longer transmission distance and a reduction in the Doppler
frequency, which mitigates the impact of fading in mobile
communications. The introduction of a convolutional code
with a constraint length of 7, which is utilized in SUN or-
thogonal frequency-division multiplexing (OFDM), and the
larger interleaving size provide a more robust FEC than the
traditional SUN FSK system. Additionally, two-branch spa-
tial diversity reception and soft-decision demodulation allow
wireless mobile communication in multipath fading environ-
ments in urban areas, as well as in fading models in rural areas,
where long-delay (>20 pis) waves are present.

A comparison between the proposed SUN FSK system and
the existing SUN FSK system is also presented in [7], demon-
strating the effectiveness of the proposed SUN FSK system.
However, the proposed receiver signal processing has only
been evaluated using computer simulations, and to the best of
our knowledge, there is no experimental evaluation platform
for SUN FSK in the VHF band. Thus, for further research
on SUN FSK, including laboratory and field experiments, the
development of an experimental evaluation platform based on
software-defined radio (SDR) receivers that permit flexible
modification of the functions and parameters of the transmitter
and receiver is required. This is analogous to the approach
adopted by IEEE 802.22 [8], a 5th generation (5G) mobile
communication new radio [9], and SUN OFDM [10].

To meet the aforementioned requirements, this study ex-
tends the work reported in [7]. On the basis of the platform
developed in [10], we developed a platform for experimental
evaluation that allows transmission experiments of PHY-layer
packets compliant with IEEE 802.15.4 SUN FSK at various
power levels, which change during high-speed (e.g., 80 km/h)

1638

travel. The experimental evaluation platform consists of a
signal generator (SG)-based transmitter and an SDR-based re-
ceiver. The SG-based transmitter can transmit arbitrary signals
through the MATLAB-controlled SG. The power amplifier
can provide a high output power that is suitable for both
laboratory and field experiments. An SDR-based receiver can
perform flexible software-defined signal processing of a digi-
tal baseband (BB) signal.

For signal processing, we included FEC coding, which is
more powerful than the current IEEE 802.15.4 SUN-FEC,
cross-correlation-based soft-decision decoding, and interleav-
ing size expansion [7], in the experimental evaluation plat-
form. Furthermore, to conduct asynchronous experiments at
the transmitter and receiver, it is necessary to implement a
synchronization method for the received signal on an SDR-
based experimental platform. In contrast to IEEE 802.22 and
the new 5G mobile communication radio, SUN FSK is a
packet-based communication system. Thus, a packet detection
method that allows synchronization—even in a highly mobile
multipath fading environment with long-delay waves—should
be implemented on the evaluation platform. In this study,
a packet detection method for SUN FSK was proposed,
evaluated via computer simulations, and implemented in an
SDR-based receiver. Carrier-frequency offset (CFO) compen-
sation is also essential for achieving high-quality reception
performance. In this study, the CFO compensation method
proposed in [11] was used as the basis for the experimental
platform.

In the Wi-SUN system, the introduction of spatial diversity
reception and maximum ratio combining (MRC) has been
considered to cope with multipath fading in highly mobile
environments [10], [12]. In SUN OFDM, a channel estimation
method using pilot symbols was proposed to implement MRC.
However, the SUN FSK does not include pilot symbols for
channel estimation. Thus, a channel estimation method that
does not require pilot symbols is required. In this paper, we
propose a channel estimation method based on the eigenvalue
decomposition (EVD) of the correlation matrix of the received
FSK signals. The proposed channel estimation method is de-
signed to be applied to a correlation matrix of arbitrary FSK
signals; thus, it does not require pilot symbols.

Finally, we constructed an evaluation setup for laboratory
experiments utilizing the developed platform and conducted
an experimental evaluation of SUN FSK in the VHF bands as
an example of the usage of the developed platform.

The communication method for mobile nodes utilizing
IEEE 802.15.4 was studied in [13], [14]; however, it was
designed to support low-speed mobile nodes by modifying
the MAC layer protocol. Additionally, high-rate communica-
tion utilizing IEEE 802.15.4 ultra-wideband PHY-layer was
studied in [15]; however, wide-area mobile communication
was not covered. In vehicle-to-vehicle, mobile communica-
tion utilizing IEEE 802.15.4 was studied [16]; however, it
also did not cover PHY-layer research for wide-area commu-
nication. Furthermore, SUN FSK was not utilized in all of
the aforementioned studies. For SUN, the construction of a
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"large-scale IoT network" with Wi-SUN field area network
has been discussed [17]. It demonstrates that the proposed
SUN FSK system can be extended to a large-scale IoT net-
work or a heavy network traffic condition.

To the best of our knowledge, no previous study has de-
veloped a receiver scheme for a wide-area highly mobile
communication system by modifying the PHY-layer receiver
function and implementing it in an experimental evaluation
platform.

The key contributions of this study are summarized as
follows:

® We developed an experimental evaluation platform for

SUN FSK in the VHF band based on the platform de-
veloped in [10]. The developed platform comprises an
SG-based transmitter and an SDR-based receiver. It was
proven to be capable of transmitting a power of > 5 W
through a power amplifier and was suitable for labora-
tory and field experiments.

® We propose a packet detection method that can detect

SUN FSK packets even in a multipath fading environ-
ment with long-delay waves at a vehicular speed of 80
km/h. This method was evaluated using computer sim-
ulations and introduced into the reception processing of
the developed SDR-based receiver. The proposed packet
detection method enables the transmission of SUN FSK
packets despite the transmitter and receiver being in a
blind state.

® We propose a channel estimation method based on the

EVD of the correlation matrix of the received FSK
signals. This method was designed to be applied to a
correlation matrix of arbitrary FSK signals and does not
require pilot symbols. It was introduced into the recep-
tion processing of the developed SDR-based receiver.
This study clarifies the estimation of radio propagation
characteristics and the diversity reception to allow pack-
ets defined in IEEE 802.15.4 SUN to be transmitted by
real radio equipment.

® We constructed an evaluation setup using the developed

platform and evaluated the transmission characteristics
of SUN FSK with the following modifications: utiliza-
tion of VHF bands, stronger FEC encoding, increased
interleaving size, two-branch spatial diversity recep-
tion, and soft-decision demodulation based on cross-
correlation.

The evaluation of the transmission characteristics demon-
strated that SUN FSK achieved the PER required by the
standard, even in highly mobile communication in a multipath
fading environment with long-delay waves. Furthermore, we
evaluated the maximum transmission distance for achieving
the required PER.

The remainder of this paper is organized as follows. Sec-
tion II describes the PHY-layer configuration of SUN FSK.
Section III describes the configuration of the SUN FSK exper-
imental evaluation platform. In Section IV, a packet detection
method for received BB signal processing is proposed and
evaluated via computer simulations. Section V presents the
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FIGURE 2. Transmitter configuration of SUN FSK.

evaluation of the PER characteristics and transmission dis-
tance using the experimental evaluation platform. Finally,
Section VI concludes the paper.

Il. 1EEE 802.15.4 SUN FSK

A. OVERVIEW

This section presents the framework of the IEEE 802.15.4
SUN FSK PHY layer. The PHY-layer convergence protocol
data unit (PPDU) of the IEEE 802.15.4 SUN FSK comprises
a synchronization header (SHR), PHY payload, and PHY
header (PHR). Fig. 1 shows the PHY-frame format of IEEE
802.15.4 SUN FSK [1].

SHR comprises a preamble and a start-frame delimiter
(SFD) sequence. The preamble sequence comprises a repeat-
ing sequence of 4 to 1000 binary octets alternating between 0
and 1, such as “010101,” which is used for packet detection
and CFO compensation. The SFD is a two-octet sequence
used for the identification of FEC information and frame syn-
chronization. The receiver is aware of the SHR.

The PHR is a two-octet sequence that contains the control
information of the frame and the PHY payload. This indicates
whether the entire packet is transmitted at a single data rate
using a single modulation scheme, the length of the PHY-layer
convergence protocol service data unit (PSDU), the frame
check sequence (FCS) field, and data whitening included in
the PHY payload.

The PHY payload comprises the PSDU and tail bit for
Viterbi decoding.

B. TRANSMITTER AND RECEIVER CONFIGURATIONS

The transmitter configuration of SUN FSK is shown in Fig. 2.
First, convolutional coding and interleaving are applied to the
PHR and PHY payloads. In this study, we utilized convolu-
tional code with a constraint length of 7 and code rate of
1/2, which is employed in SUN OFDM [4]. An interleaving

1639



LIM ET AL.: SOFTWARE-DEFINED RADIO-BASED IEEE 802.15.4 SUN FSK EVALUATION PLATFORM FOR HIGHLY MOBILE ENVIRONMENTS

Power
comparison

Packet detection

~—>{ Discriminator }—D{Cross-conc]ation}—w

¥

. CFO Symbol
Receiver filter compensation synch)r]onization

I
[ 17 17

Correlation-matrix
calculation }_’{ EVD }——}

Channel estimation

MRC ]

[

lCruss-correlatiun}—){ IDR calculation }——b{ synck];;g;l?gation }—

Soft decision demodulation

L»{ Deinterleaving

FIGURE 3. Receiver configuration of SUN FSK.

Soft Viterbi
decoding

}—»PHR, PHY payload

size equal to the lengths of the PHR and PHY payloads is
employed to reduce the burst errors caused by multipath fad-
ing. The entire packet is oversampled and modulated using
2-Gaussian frequency-shift keying (GFSK).

The receiver configuration of SUN FSK is shown in Fig. 3.
First, the receiver compares the powers of the two digital
BB signals received from each antenna. Subsequently, the
received digital BB signal from the antenna with the higher
received power is subjected to packet detection to delimitate
where the frame begins. In packet detection, the discrimina-
tor computes the phase shift of each symbol, whereas the
correlator performs a cross-correlation between the phase
shift of the received signal and that of the ideal SHR se-
quence. After packet detection, the received signal is filtered
using a Gaussian filter. In this study, a Gaussian filter with
a bandwidth—time product (BT) of 0.5 was utilized, which
is equivalent to that of UHF-band Wi-SUN in Japan [4].
Following Gaussian filtering, a preamble sequence is utilized
for CFO compensation and symbol synchronization [11],
[18]. Subsequently, channel estimation is performed on the
CFO-compensated signal [7]. The channel characteristics are
estimated using the EVD of the correlation matrix of the
received signal, given that the PHY-layer packet of SUN
FSK does not contain a pilot symbol for channel estima-
tion. To combine the signals from different antennas, MRC
is performed using an estimated channel. Subsequently, the
combined signal is subjected to soft-decision demodulation
based on cross-correlation [7], [19]. After frame synchroniza-
tion has been performed on the demodulated data, the PHR
and PHY payloads are subjected to deinterleaving and soft
Viterbi decoding.

IIl. SUN FSK EXPERIMENTAL EVALUATION PLATFORM
This section presents the SUN FSK experimental evaluation
platform, which employs a development approach analogous
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FIGURE 4. SG-based transmitter configuration of the developed platform.

TABLE 1. Equipment of SG-based Transmitter

Equipment
SG1
RF power amplifier

Product model

MS2830A, Anritsu

A101K251-5050R, R&K

Probook 450 G3, HP

(Intel Core i7-6500U CPU, 8192 MB RAM)

Control PC

to those described in [8], [9], [10]. The developed plat-
form comprises an SG-based transmitter and an SDR-based
receiver.

A. SG-BASED TRANSMITTER CONFIGURATION

The configuration of the SG-based transmitter is illustrated in
Fig. 4. The equipment used for the transmitter is presented
in Table 1. The transmitter comprises an SG1 (MS-2830A,
Anritsu), a radiofrequency (RF) power amplifier (A101K251-
5050R, R&K), and a control PC (Probook 450 G3, HP).

A digital BB signal is generated using MATLAB on a
control PC, as described in Section II-B. Subsequently, the
BB signal is transmitted to the SG via a LAN cable. The SG
covers a frequency range of 250 kHz to 6 GHz and RF vector
modulation bandwidths of up to 120 MHz. In the SG, the BB
signals are converted into RF signals using a digital-to-analog
converter (DAC). The SG supports IQ data waveform resolu-
tions of 14, 15, and 16 bits [20]. The output signal of the SG
is connected to a power amplifier via an RF coaxial cable.

B. SDR-BASED RECEIVER CONFIGURATION
The configuration of the SDR-based receiver is shown in
Fig. 5. The equipment used in the SDR-based receiver is
presented in Table 2. The SDR-based receiver comprises two
RF modules (5791, National Instruments (NI)), two field-
programmable gate array (FPGA) modules (PXIe-7975R, NI),
a data-storage module (HDD-8261, NI), a synchronization
module (PXIe-6674T, NI), and a chassis (PXIe-1082, NI).
The 10-MHz oven-controlled crystal oscillator (OCXO) clock
signal with an accuracy of £80 ppb from the synchronization
module is shared with all modules over the local bus of the
chassis [21].

The RF modules receive an RF signal and downconvert
it into a digital BB signal using a 14-bit analog-to-digital
converter (ADC) [22]. The 14-bit signal is converted into a
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FIGURE 5. SDR-based receiver configuration of the developed platform.

TABLE 2. Equipment of SDR-Based Receiver

Equipment Product model
Chassis PXIe-1082, NI
Embedded controller PXIe-8861, NI
RF modulel 5791, NI
RF module2 5791, NI

Synchronization module
FPGA modulel

FPGA module2

Storage module

BB signal processor

PXIe-6674T, NI
PXIe-7975R, NI
PXIe-7975R, NI

HDD-8261, NI

MATLAB 2024a, Mathworks

16-bit signal by the FPGA modules and stored as a technical
data management streaming (TDMS) file [23]. Additionally,
the time index and vertical range of the received signal are
stored as a comma-separated value (CSV) file.

The reception processing of the received digital BB signals,
which was outlined in Section II-B, is conducted using MAT-
LAB. When a TDMS file is read in MATLAB, the vertical
range of the received BB signal is compensated by referencing
the corresponding CSV file. All the reception processes are
software-based, allowing flexible modification of reception
processing.

IV. PROPOSED RECEPTION PROCESSING METHOD

This section explains the reception processing employed in
the SDR: packet detection, symbol synchronization, frame
synchronization, CFO compensation, channel estimation,
MRC, and soft-decision demodulation.

A. PACKET DETECTION

The SDR implements a packet detection scheme that utilizes
the SHR of the received BB signal. In calculating the cross-
correlation of the IQ waveform between the ideal SHR and
received signal, it was observed that a constant floor error
occurred in the multipath fading channel, even in the high-
signal-to-noise ratio (SNR) region. This is because amplitude
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fluctuations resulting from fading affect the cross-correlation
of the IQ waveforms. Herein, we propose a packet detection
method based on the cross-correlation between the phase shift
of the ideal SHR and the phase shift of the received signal. The
cross-correlation between the phase shift of the ideal SHR and
that of the received signal is expressed as follows:

NsHr
Rep [kl =) Afsur [n] Al [n+k—11, (1)

n=1

where k and n are the sample indices of the BB signal,
A6fsur[n] represents the phase shift between the n-th and
(n + 1)-th digital samples of the SHR, Af[k] represents the
phase shift between the k-th and (k 4 1)-th digital samples of
the received signal, and Nsyr represents the sample length of
the SHR. The packet detection point kpp can be calculated as
follows:

kpp = arg max (Rpp [k]) — Nspr + 1. (2
k

B. SYMBOL AND FRAME SYNCHRONIZATION

The symbol synchronization point, which represents the
boundary between the symbols of oversampled signals, can
be identified by detecting the extremum phase shift of the
preamble sequence [18]. Let the preamble of the received
BB signal be rP™[k], and let the oversample factor be m.
Because the preamble is a periodic pattern of 0 s and 1 s, by
dividing the preamble into intervals of 2 m samples and cal-
culating the arithmetic average between each interval, it is
possible to obtain a preamble in which the influence of ad-
ditive white Gaussian noise (AWGN) is reduced. For the
in-phase components, the following equation is derived:

Ny
1 ¢
riy e = - D 2m (1= 1)+ 4. 3)

n=1

N; determines the number of intervals used to calculate
the average value. The quadrature components are eligible
for the same signal processing. The averaged preamble of
the quadrature components is denoted as "SZE[kl The phase
shift is calculated from the arithmetic average of the signals.
For symbol synchronization, the sample point with the maxi-
mum phase value is used as the symbol synchronization point

ksymbol .

I%

e [k]
Kksympol = arg max tan~ ! | —= . @
Symbo g X rﬂ:\f [k]

The preamble sequence utilized for actual symbol synchro-
nization is 1 or 2 bytes in length.

Subsequently, frame synchronization was conducted to as-
certain the indices of the PHR and PSDU. In this study,
a frame synchronization method was employed by utilizing
the cross-correlation between the demodulated signal and the
ideal SFD [3]. The frame synchronization point kf;ame can be
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calculated as follows:

Ny

Rizame [K] =) raln+k — 1]1SFD[n], ©)
n=1

kframe = {k|Rframe (k] > a}, (6)

where ry represents the demodulated signal; SFD represents
the ideal SFD sequence; N, represents the bit length of the
SFD, which corresponds to 16 bits in the case of 2-FSK; and
« represents the threshold value.

C. CFO COMPENSATION

In actual Wi-SUN modules, low-cost and low-precision lo-
cal oscillators are integrated to achieve the objectives of
miniaturization, high power efficiency, and cost reduction.
Consequently, a CFO of approximately 20 ppm is produced
relative to the carrier frequency in the UHF band [24].

To estimate and compensate for the CFO, a CFO com-
pensation method utilizing a moving-average low-pass filter
(LPF) was developed [11]. As outlined in Section II-A, the
preamble sequence of SUN FSK comprises an alternating
pattern of Os and 1s; thus, it is possible to approximate the
. pre pre .
in-phase component r; ;" and quadrature component Tach with
sinusoidal waves as follows:

oy (1) = AYC cos Rt (7)

1ch
P (1) = AP cos 2 Rt — Byen, (8)

qch qch

where A1 oh and Agch represent the amplitudes of the compo-
nents, B, is a positive constant, R represents the symbol rate,
and fcro represents the CFO. Given that the occurrence of
CFO is equal to the product of the rotation matrix of fcpo, the
in-phase component with CFO ~1Dre(t) can be expressed as

POy (t) = iy (1) cos 27 fepot — qch °(t)sin 27 fepot.  (9)

If the approximations of r h ¢ and rq Ch are substituted, fol-
lowing equation is obtained:

AP R
~1]1r§ ) = “ich {cos 2 (E +fcpo)t

R
+ cos 2w (5 — fCFo> t}

pre

— %h {sin27 (R + foro)t

+ sin 27w (R — fcro)t} + Bsin 2w fcpot.  (10)

Thus, when the sampling rate is sufficiently large relative to
the CFO, the CFO can be estimated using the LPF.

The CFO detection method employed in this study utilizes
a moving-average filter as an LPF. The frequency response of
the moving-average filter is determined as follows:

o Save )
sin T
—j Savg—l wTyp 1 ( 2 Sp

Save sin (%a)Tgp)

H () =e : (11)
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where S,y represents the number of sample points used
to calculate the moving average, T, represents the sam-
ple time, and o represents the angular frequency of an
input signal. Increasing Sy results in a narrower dynamic
range of the moving-average filter, while increasing the fre-
quency resolution. Furthermore, using a longer time range
for the moving-average operation enhances the cancellation
of AWGN components. With the appropriate setting of Sye, it
is possible to cope with a wide range of CFO values.

D. CHANNEL ESTIMATION

In general, channel estimation is needed to manage multipath
fading. However, the SUN FSK system does not include pilot
symbols for channel estimation. Channel estimation without
pilot symbols is necessary to ensure compatibility with con-
ventional SUN FSK transceivers.

We propose a channel estimation method based on the EVD
of the correlation matrix of the received FSK signals that does
not require pilot symbols. The fundamental principle of the
method is that the eigenvectors corresponding to the largest
eigenvalues of the correlation matrix of the channel charac-
teristics are identical to the channel characteristics themselves
[25]. In the case of SUN FSK, because the amplitude of the
symbol is constant, the transmitted signal can be separated
into constant terms when the correlation matrix of the received
signal is calculated. Consequently, the channel characteristics
can be calculated using the correlation matrix of the received
signal.

The diversity reception specified in the SUN FSK standard
is a two-branch single-input multiple-output (SIMO) system.
The transmission signal, the received signal from each an-
tenna, and the received signal from discrete time index 1
to K are denoted as s[k], x[k] = [x1[k], xz[k]]T, and X =
[x[1], x[2], - -, x[K]], respectively, where K represents the
estimated frame length, and ()T denotes the transpose. The
correlation matrix of the received signal is expressed as
follows:

K . . K . .
TR DTSR LR U I SR L1 =S 1]
XX _[Zf_m[i]x’f[i] Zfilxz[ilx;m] (1

where (-)* denotes the complex conjugate, and (1) de-
notes the Hermitian transpose. Assuming that the channel
characteristics remain consistent throughout the estimated
frame duration and that the propagation channel characteris-
tics of both antennas are represented by k = [hy, hy1T, the
received signal is expressed as x[k] = [hs[k], hzs[k]]T. Be-
cause s[k]s*[k] = 1 in the case of FSK, the correlation matrix

of the received signal can be obtained as
XxH" = knnt. (14)

From (10), it is feasible to derive the radio propagation
channel characteristics by assessing the largest eigenvalue
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and the corresponding eigenvectors of the correlation matrix
generated from the received signal.

Therefore, let the maximum eigenvalue of the correlation
matrix of the received signal be A, and let the corresponding
eigen vector be v. Then, the estimated channel characteristics

h= [izl, izz]T are estimated as follows:

h =V 15)

E. MRC
In this study, two RF modules were utilized as separate an-
tennas to implement two-branch spatial diversity reception.
MRC involves combining the received signals from multiple
independent antennas after multiplying them by appropriate
weight vectors. The SNR of the combined signal is equal to
the sum of the SNRs of the antennas, and the weight vector is
the complex conjugate of the channel characteristics [26].
Using the estimated channel, the combined signal y is ob-
tained as follows:

y = M (16)
[+ [z

F. SOFT-DECISION DEMODULATION

In this study, we utilized the soft-decision demodulation
method for FSK signals, employing cross-correlation with
quantized sinusoidal waves, as proposed in [7].

The frequency spectrum of each FSK symbol exhibits a
frequency deviation of mpyR, where my, represents the modu-
lation index. Once the received signal has been separated into
individual symbols using the symbol synchronization point, a
soft decision can be made by calculating the internal division
ratio (IDR) or log-power ratio (LPR) of the power at each
frequency deviation via a fast Fourier transform (FFT) [19].

Nevertheless, with regard to circuit size and power con-
sumption, it is not optimal to utilize the FFT for soft decisions
in the case of SUN FSK, compared with hard decisions.
Moreover, increasing the FFT size to enhance the frequency
resolution increases the computational and circuit complexity.

Because only the power of each frequency deviation is used
for the calculation of the IDR, only a few rows of FFT (e.g.,
in the case of MFSK, M rows) are utilized. Consequently, it
is unnecessary to calculate the entire FFT matrix; only the
row corresponding to each frequency deviation must be calcu-
lated, which implies that a cross-correlation calculation with
a sinusoidal wave is required. The proposed soft-decision de-
modulation method entails identifying a row in the FFT matrix
that corresponds to the frequency deviation of each symbol
and then performing only the requisite calculations for these
rows. Below, we present an example of a soft demodulation
method design in the case of 2-GFSK modulation, which is
the most prevalent form of SUN FSK.

1) Given that the frequency deviation is myR, the center

frequency of the frequency spectrum of each symbol
becomes +m,R/2. Substitution of the sample time
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Typ and the oversample factor m yields £myuR/2 =
£y /2mTp.

2) The power at the frequency deviation of each sym-
bol can be determined by calculating discrete cross-
correlation between the received signal and a discrete
sinusoidal matrix with a sampling rate of 1/7, and
frequency of dmy, /2mTyp.

3) In the proposed method, the soft-decision value of the
2-GFSK signal obtained using cross-correlation can be
derived as follows:

N3 =327 fTpli=1)/N3 po 1 1 :
Pk, f) = ‘Z:le . rid , (17)
P (k, 2231})) -P (k, —zl’ﬁ?‘sp)
rior [k] = ” 1Y
P (k, Zmr;sp) +P (k, —zm%‘sp)

where r[k] represents the k-th sample of the zero-
padded received symbol, and N3 represents the window
size of cross-correlation.

In contrast to the general 2-bit quantization approach, the
partitions {—0.5, 0.5} are utilized in this method, with the
codebook set to {—1, 0, 1}. The correlation calculation with
the array quantized as {—1, 0, 1} is equivalent to the addi-
tion and subtraction between each element. This methodology
allows the calculation of cross-correlations without a multi-
plication. The quantized sinusoidal waves are calculated as
follows:

R Y
Srli]l = {cos N + ZJ
| 2 fTp=1) 1
+] \‘— sSin T + EJ . (19)

Accordingly, the soft-decision value is calculated using
quantized sinusoidal waves, as follows:

Pk, ) = ‘ZN=+3[’W‘] ) (20)
Fuow ] = P(k 2t5) _iﬁ(k’ =),
F (k’ 2:”;1513) P (k’ _Z’IZ%E)

The calculated IDR value is employed in the soft Viterbi
decoding process.

V. EVALUATION OF TRANSMISSION CHARACTERISTICS
Laboratory experiments and computer simulations were con-
ducted to evaluate the proposed packet detection method,
receiver sensitivity of the SDR-based receiver, SNR-PER
characteristics, and transmission distance.

A. OVERVIEW
An evaluation setup utilizing the developed platform was
constructed for the laboratory experiments, as illustrated in
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FIGURE 6. Evaluation setup for the laboratory experiments.

TABLE 3. Equipment of Evaluation Setup

Equipment Product model
SG1 MS2830A, Anritsu
SG2 MS2830A, Anritsu

S0FHGR-150N, JFW
BW-N30W20+, Mini Circuits
8494B, Keysight

Fixed coaxial attenuator

Variable attenuator .
8496B, Keysight
RF power amplifier A101K251-5050R, R&K
RF shielded chamber MD-203190, MICRONIX
FE NJZ-1600D, JRC
Dividerl PD030-0S, R&K
Divider2 PD030-0S, R&K
Chassis: PXIe-1082, NI
Embedded controller: PXIe-8861, NI
RF modulel: 5791, NI
SDR RF module2: 5791, NI

Synchronization module: PXIe-6674T, NI
FPGA modulel: PXIe-7975R, NI

FPGA module2: PXIe-7975R, NI

Storage module: HDD-8261, NI
MATLAB 2024a, Mathworks

Probook 450 G3, HP

(Intel core 17-6500U CPU, 8192 MB RAM)

BB signal processor

Control PC

Fig. 6. The setup comprised an SG-based transmitter, an SDR-
based receiver, an RF-shielded chamber (MD-203190, MI-
CRONIX), a fading emulator (FE) (NJZ-1600D, JRC), SG2
(MS-2830A, Anritsu), fixed coaxial attenuators (SOFHGR-
150N, JFW and BW-N30W20+, Mini Circuits), variable
attenuators (8494B and 8496B, Keysight), and two dividers
(PD030-0S, R&K). The equipment used in the evaluation
setup is presented in Table 3.
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TABLE 4. Parameters Used for Simulations and Experiments

Parameters Values
Modulation 2-GFSK

Carrier frequency 173 MHz
Bandwidth 400 kHz/channel
Bitrate 100 kbps
Sampling rate 800 ksamples/s
Modulation index 1

Gaussian filter, BT Tx: 0.5, Rx: 0.5
Encoding RSC FEC

Convolution code

Decoding

Packet size

Diversity reception

Save
N
a

Estimated frame length

Interleaving size
Number of packets

Coding rate: 1/2

Constraint length: 7

Generator polynomial: 133, 171
Soft-decision Viterbi algorithm
Preamble: 15 octets

SFD: 2 octets

PHR: 2 octets

PSDU: 250 octets

AWGN channel: None
Multipath fading channel: 2-branch MRC
16

1

14

200

4064

10000

The SG1 and RF power amplifiers were configured within
the RF-shielded chamber to prevent the direct propagation of
electromagnetic waves from the transmitter to the RF module.
Fixed coaxial and variable attenuators were used for flexible
power adjustment. To implement the two-branch diversity
reception, the RF signal was split into two channels using
a divider. Each RF signal was input into two independent
channels of the FE via an RF coaxial cable. The FE model can
emulate up to 12 paths by simulating two independent six-path
channels. It supports frequency ranges of 70 to 340 MHz and
460 MHz to 3 GHz, a bandwidth of up to 20 MHz, and a
maximum Doppler frequency of 2 kHz. The output of SG2
was divided into two channels using a divider and supplied as
a clock signal for each channel of the FE. The FE output was
input to each RF module of the SDR-based receiver. As de-
scribed in Section III-B, the SDR-based receiver receives and
downconverts the RF signal into a digital BB signal, which
is then stored as TDMS and CSV files in the storage module.
The digital BB signal stored in the storage module is demod-
ulated through signal processing, as described in Section IV.
A digital BB signal processor was developed using MATLAB
[27]. To evaluate the SNR—PER characteristics, AWGN was
added to the recorded received signals using MATLAB.

The software utilized for the computer simulations was de-
veloped in MATLAB [26]. It was based on that utilized in [7]
and has been validated. As in the laboratory experiments, each
packet was demodulated using the signal processing method
described in Section IV.

Table 4 presents the parameters used in the computer
simulations and laboratory experiments. In this study, the
COST207 GSM typical urban (TU) model was utilized for TU
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TABLE 5. COST207 GSM Typical Urban Model

Parameter Path1 Path2 Path3 Path4 Path5 Path6

Delay (us) -0.2 0 0.3 1.4 2.1 4.8

Relative

power (dB) -3 0 -2 -6 -8 -10
TABLE 6. IEEE 802.22 Profile A Model

Parameter Pathl Path2 Path3 Path4 Path5 Path6

Delay (us) 0 3.0 8.0 11 13 21

Relative

power (dB) -7 —15 -22 -24 -19

multipath fading, and the IEEE 802.22 profile A model was
utilized as a multipath fading model with long-delay (>20 ps)
waves [28], [29]. The evaluation method through COST207
GSM TU and IEEE 802.22 profile A model in the VHF band
has been validated through a study on V2X [6] and field
experiments [30]. In [6], the transmission characteristics of
a wireless communication system for V2X in the VHF band
have been evaluated by computer simulation using the GSM
TU and IEEE 802.22 Profile A model, as in this study. Its
field experiments [30] also show that its system can achieve a
transmission distance of more than 10 km in a real outdoor
environment. The delay times and relative powers for the
different fading models are presented in Tables 5 and 6. As
for the maximum Doppler frequency, simulations and experi-
ments were conducted at the following three vehicular speeds:
4 km/h as a walking speed and 40 and 80 km/h as vehicular
speeds [3]. The PER was evaluated for the PHR and PSDU.
As the required PER of SUN FSK defined by IEEE 802.15.4
SUN, PER = 107! was utilized when the PSDU length was
250 octets [4].

B. EVALUATION OF PROPOSED PACKET DETECTION
METHOD THROUGH COMPUTER SIMULATIONS

The packet detection method proposed in Section IV-A was
evaluated using computer simulations. First, we evaluated the
PER characteristics due to synchronization errors in packet
detection in an AWGN channel. For the assessment of the
AWGN environment, only one receiver branch was used.
Thus, a reception process that excluded channel estimation
and MRC was applied.

The SNR-PER characteristics in the AWGN environment
when a synchronization error occurs in the packet detection
step are presented in Fig. 7. The SNR-PER characteristics did
not deteriorate in synchronization errors below 896 samples.
This is because the receiver of SUN FSK performed frame
synchronization on the demodulated signal; thus, the syn-
chronization error occurring in the packet detection step does
not affect the PER characteristics, even if a few samples of
synchronization errors occur, as long as the preamble required
for symbol synchronization is fully secured. In other words,
the PER characteristics are affected by the total length of the
preamble and the length of the preamble employed for symbol

VOLUME 5, 2024

PER

— — Ideal sync.
| [—e— 256 sample

512 sample
—a— 895 sample
—+— 896 sample
—o— 897 sample
—+— 927 sample
—— 940 sample
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FIGURE 7. SNR-PER characteristics with synchronization errors.

synchronization rather than by the number of samples of the
synchronization error.

To implement symbol synchronization, the SUN FSK re-
ceiver employs the kpp-th to (kpp + N; — 1)-th samples of
the received BB signal as a preamble sequence. Given that
the length of the entire preamble is 960 samples and that the
length of the preamble required for symbol synchronization is
64 samples, it is impossible to obtain the complete preamble
required for symbol synchronization from the synchronization
errors of the 897 samples. For synchronization errors of up
to 896 samples, the 64 preamble samples required to imple-
ment symbol synchronization were fully secured, indicating
PER characteristics equivalent to those for ideal synchro-
nization. As in the cases of 927 and 940 samples, the PER
characteristics gradually deteriorated after the synchroniza-
tion error of sample 897. In this study, a synchronization error
of <897 samples was allowed for packet detection, whereby
the preamble required for symbol synchronization was fully
secured.

Subsequently, the SNR—synchronization error rate (SER)
characteristics of multipath fading channels were evaluated.
The SNR-SER characteristics of the COST207 GSM TU
model and IEEE 802.22 profile A model for vehicular speeds
of 4, 40, and 80 km/h are shown in Fig. 8. The required SNR
to achieve SER = 107! was approximately 7.3 and 8.7 dB
at a vehicular speed of 4 km/h in the COST207 GSM TU
model and the TEEE 802.22 profile A model, respectively.
At 40 and 80 km/h, a PER deterioration of approximately
5 dB was observed. These results indicate that the proposed
packet detection method is effective, even in highly mobile
communication environments.

C. RECEIVER SENSITIVITY OF SDR-BASED RECEIVER
To evaluate the receiver sensitivity of the SDR-based receiver,
the received (Rx) power—PER characteristics were evaluated
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FIGURE 8. SNR-SER characteristics with synchronization errors.
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FIGURE 9. Sensitivity of the SDR-based receiver.

using an experimental evaluation platform without FE, as
shown in Fig. 6. The fixed coaxial attenuator was set to
60 dB, and the variable attenuator was set in the range of
0-100 dB. The input power was measured using an external
spectrum analyzer (N9938B, Keysight).

Fig. 9 shows the Rx power—PER characteristics of SUN
FSK. The Rx power required to achieve a PER of <10~ was
—107 dBm. Thus, the receiver sensitivity of the SDR-based
receiver was —107 dBm. The SUN FSK receiver sensitivity
shall be better than S, where S, for binary modulation, is
defined as follows:

Ry
S =150 + 10log IR
b0

where Sp is =97 dBm with FEC, Ry is 50 kbps, and R}, is
the bit rate of the SUN FSK receiver [4]. From (22), required

(22)
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FIGURE 10. SNR-PER characteristics of the experimental evaluation
platform (COST207 GSM TU model).
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FIGURE 11. SNR-PER characteristics of the experimental evaluation
platform (IEEE 802.22 profile A model).

receiver sensitivity is —90 dBm, thus the proposed SDR-based
receiver meets the required receiver sensitivity. In compar-
ison to the evaluation with ICs [5], the receiver sensitivity
of the proposed SDR is improved by approximately 2 dB.
This demonstrates that the proposed SDR achieves sufficient
receiver sensitivity when the versatility of proposed SDR is
taken into account.

D. EVALUATION IN MULTIPATH FADING ENVIRONMENT
THROUGH EXPERIMENTAL EVALUATION PLATFORM

The SNR-PER characteristics of the COST207 GSM TU and
IEEE 802.22 profile A models are shown in Figs. 10 and 11,
respectively. For comparison, the SNR—PER characteristics
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TABLE 7. Required SNR to Achieve PER = 10~

TABLE 8. Parameters Used for Computation of Transmission Distance

. . —10-1
Vehicular speed [km/h] Required SNR to achieve PER = 10! [dB]

COST207 GSM TU IEEE 802.22 profile A
4 9 10
40 14 17
80 15 18

obtained via computer simulations are also shown. The Tx
power of the SG-based transmitter was set to 37 dBm, which
was the Tx power assumed in the SUN FSK field experiment
in the VHF band. To minimize the quantization error, the Rx
power of the FE set to —50 dBm and the reference level of the
RF module was set to =30 dBm.

For the COST207 GSM TU model, the SNR-PER char-
acteristics exhibited performance equivalent to that of the
computer simulation at all vehicular speeds, satisfying the re-
quired PER of 10~!. A deterioration of <0.5 dB was observed
when the SNR met the required PER = 107! at vehicular
speeds of 4 and 40 km/h. At a vehicular speed of 80 km/h,
a PER deterioration of <1.0 dB was observed.

For the IEEE 802.22 profile A model, the required PER was
achieved at all vehicular speeds, and the error floor (approxi-
mately 2 x 1072) was increased compared with the computer
simulation. A PER deterioration of <1.0 dB was observed
when the SNR satisfied the required PER at a vehicular speed
of 4 km/h. At vehicular speeds of 40 and 80 km/h, a PER
deterioration of <2.0 dB was observed.

The SNR values required to achieve the PER are presented
in Table 7. The results indicated deteriorations of <1 dB in
the COST207 GSMTU environment and <2 dB in the IEEE
802.22 profile A environment relative to the computer simu-
lations. Even in laboratory experiments, the required PER of
107! was achieved in a wide-area highly mobile environment
at the data rate of 100 kbps demanded by the next-generation
IoT system.

Notably, the PER deterioration between vehicular speeds
of 40 and 80 km/h was significantly smaller than that between
speeds of 4 and 40 km/h. At a speed of 40 km/h, the floor error
reached a saturation point owing to the time-variant delay
wave. Even at 80 km/h, the PER was relatively stable.

E. TRANSMISSION DISTANCE EVALUATION

To assess the transmission distance with consideration of the
carrier frequency, the Okumura-Hata model was employed
[3], [31]. Table 8 presents the parameters used to compute the
transmission distance, which are based on those used in an
evaluation of 5G in the VHF band [31]. The transmit power,
transmitter antenna gain, receiver antenna gain, Boltzmann
factor, temperature, bandwidth, and noise index are denoted
as Pr, G, Gr, kg, T, B, and F, respectively. The SNR at the

receiver (dB) is expressed as follows:
SNR = Pr + Gt + Gr — L(d) — ksTBF, 23)

where L(d) denotes the path loss defined in [32], which is
a function of the transmission distance d. For the COST207
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Parameter Value
Carrier frequency 173 MHz
Bandwidth 400 kHz/channel
Height 60 m
Transmitter Tx power 37 dBm
Tx antenna gain 3 dB
Height 4m
Noise figure 4 dB

Receiver .
Rx antenna gain 0 dB

Temperature 300 K
Propagation model Okumura-Hata model
Fading margin 5dB

TABLE 9. Transmission Distance to Achieve PER = 10~' (COST207 GSM TU)

:;eel:gl;:?l; /] Environment Transmission distance [km]
4 Metropolitan 16.06
Small city 16.02
40 Metropolitan 11.36
Small city 11.33
%0 Metropolitan 10.60
Small city 10.58

TABLE 10. Transmission Distance to Achieve PER = 10~ (IEEE 802.22
Profile A)

:;eel:glﬁ(a;'l /h] Environment Transmission distance [km]
4 Suburban 23.70
Rural 78.01
40 Suburban 14.59
Rural 48.05
20 Suburban 13.62
Rural 44.83

GSM TU model, the environments defined in [31] as
metropolitan and small cities were employed. In contrast, for
the IEEE 802.22 profile A model, suburban and rural areas
were utilized. The Okumura-Hata model was used as a path-
loss model, and the transmission distances in relation to the
SNR for each fading channel were determined, as shown in
Tables 9 and 10.

For the COST207 GSM TU model, transmission distances
of 10.60 km in a metropolitan environment and 10.58 km
in a small-city environment were achieved even when the
vehicular speed was 80 km/h. In contrast, for the IEEE 802.22
profile A model, transmission distances of 13.62 km in a
suburban environment and 44.83 km in a rural environment
were achieved when the vehicular speed was 80 km/h.

The results suggest that wide-area highly mobile commu-
nication satisfying a transmission distance of >10 km at a
movement speed of 80 km/h, which is required for next-
generation [oT systems, is feasible in both urban and rural
areas.
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VI. CONCLUSION

We developed an experimental evaluation platform for SUN
FSK that allows high-speed mobile communication in the
VHF band. Furthermore, the platform was employed to assess
the SNR-PER characteristics in a multipath fading environ-
ment. It comprises an SG-based transmitter and an SDR-based
receiver. The developed platform was suitable for both field
and laboratory experiments. The SG-based transmitter al-
lows the transmission of SUN FSK signals with varying
parameters, and the SDR-based receiver facilitates flexible
modification of received signal processing.

Furthermore, we developed a packet detection method for
asynchronous experiments between the transmitters and re-
ceivers. The SER of the proposed packet detection method
was evaluated through computer simulations.

The transmission characteristics of SUN FSK in the VHF
band under multipath fading channels were evaluated via
computer simulations and laboratory experiments. It was
found that even in a multipath fading environment with long-
delay (=20 ps) waves in the VHF band, a transmission
distance of >10 km can be achieved when the terminal is
moving at a speed of 80 km/h.

In the future, we plan to conduct field experiments in
diverse scenarios for next-generation [oT communication sys-
tems using the developed platform.
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