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ABSTRACT Wide-area communication systems using TV white space (TVWS) are promising technologies
capable of full-coverage and cost-effective vehicular and transportation communications owing to their
excellent propagation characteristics. IEEE 802.22 was developed as a TVWS-based fixed communication
standard to support a wide coverage area of 10–30 km. To cope with the various applications in mobile
communication, the transmission performance needs to be enhanced and evaluated. Thus, it becomes
necessary to develop an experimental platform to enable the flexible implementation of transmitter
and receiver algorithms. In this regard, we propose a software-defined radio (SDR)-based evaluation
platform enabling the bench testing of physical layer (PHY) performance for highly mobile IEEE 802.22
communication systems. Using this platform, radio frequency signals can be transmitted and received
using reconfigurable hardware and software, with the received baseband signals being recorded and stored
by the SDR device. The stored data were post-processed using a MATLAB-based program to evaluate
the transmission performance. The performance achieved by SDR-based evaluation system is similar to
computer simulations, thereby demonstrating the feasibility of highly mobile IEEE 802.22 communication
systems. Moreover, the proposed evaluation platform is available for future field experiments to encourage
the development and evaluation of novel PHY algorithms.

INDEX TERMS IEEE 802.22, prototype, software-defined radio, vehicular network, wireless regional area
network.

I. INTRODUCTION
In the current Internet-of-Things (IoT) era, various smart
devices are being connected to the Internet. For instance,
with the advances in intelligence, vehicular networks with
full-range wireless connections between vehicles and the sur-
rounding infrastructure serve as the most promising technol-
ogy that enables the management of traveling vehicles and
mitigates social traffic problems in an environment-friendly
manner [2]. In current vehicular networks, several wireless
communication systems such as the IEEE 802.11p [3], ARIB
STD-T109 [4], and LTE-based systems [5] have already been
installed, and also the potential for cutting-edge applications

will be demonstrated with 5G new radio (NR)-based commu-
nication systems in near-future vehicular networks [6].

The IEEE 802.11p-based dedicated short-range commu-
nication system is a wireless technology for vehicular
communication designed to support safety applications via
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I)
communications [3]. Because of the limited communication
coverage of the IEEE 802.11p system, multi-hop communica-
tion is necessary to achieve long-range multicasting for a full-
range vehicular network. To support multi-hop communica-
tion, onboard units (OBUs) and roadside units (RSUs) in con-
formity with the IEEE 802.11p standard need to be installed
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in vehicles and infrastructure, respectively, to enable inter-
connection [7]. The LTE-based vehicle-to-everything (V2X)
standard was released by 3GPP within its Release 14 guide-
lines, also known as LTE-V2X [5]. With the evolution of
cellular-based V2X systems, the 5G NR-based V2X standard
was released within Release 16 and known as NR-V2X [6].
However, the coverage of LTE-V2X and NR-V2X systems
is limited to approximately 300 m in a non-line-of-sight en-
vironment with relatively low latency requirements [8]. To
achieve a full-range vehicular network in rural areas, many
RSUs are necessary for IEEE 802.11p, LTE-V2X, and NR-
V2X networks; however, they lead to frequent handovers from
one RSU to the next owing to the limited coverage and high
vehicle velocities. The ARIB STD-T109 standard was further
developed based on IEEE 802.11p in Japan, and it is operated
at 760 MHz with an allocated bandwidth of 10 MHz. The
ARIB STD-T109 has a relatively wide supporting range of up
to 900 m, while the bandwidth is insufficient to support annu-
ally increasing capacity demands. Consequently, a wideband
vehicular communication system is required to cover wide
areas, particularly in rural districts.

Nowadays, since the availability of radio spectrum is drying
up, the utilization of VHF and UHF bands below 700 MHz is
expected as a viable solution to spectrum scarcity. Although
the frequency bands are currently used by TV broadcasting
operators as primary users, other users and operators of fixed
and/or mobile communications—that is, secondary users—
use the bands via dynamic spectrum-sharing technologies [9]
in which primary and secondary users register their technical
specifications in a spectrum database, which then calculates
the protection area of primary users based on the registered in-
formation and notifies secondary users of available spectrum.
These bands are known as TV white spaces (TVWSs).

TVWSs have the potential to provide wide-coverage, large-
capacity, and cost-effective connectivity for vehicular net-
works owing to their superior propagation properties and high
spectrum availability, which could lead to advanced heteroge-
neous vehicular networks [9]–[11]. The IEEE 802.22 network
was the world’s first standardized communication system for
a fixed point-to-multipoint wireless regional area network
(WRAN) system in TVWSs [12]. Moreover, the IEEE 802.22-
based WRAN is capable of a wide communication range of
10–30 km, allowing up to 512 customer premise equipment
(CPE) devices to access the same base station (BS) using or-
thogonal frequency division multiple access (OFDMA) tech-
niques. Therefore, the application of the IEEE 802.22 system
to mobile communication is one of the most cost-effective
measures for offering long-distance and large-scale vehicu-
lar networks. If the IEEE 802.22-based WRAN is adapted
for highly mobile communication scenarios, vehicles sparsely
and widely distributed in rural areas could get the ability
to connect to the network directly and individually without
RSUs. Consequently, the physical number of RSUs could be
reduced as well as the overhead caused by frequent handovers,
leading to more efficient communication systems in terms of
deployment cost and performance. However, the IEEE 802.22

system was standardized as a fixed communication system,
and the highly mobile and long-delay multipath fading prop-
agation environment degrades its transmission performance.
Thus, it is necessary to develop robust physical layer (PHY)
receiving schemes to enhance its mobility, particularly in a
long-delay multipath fading environment.

Recently, several studies have investigated reliable receiv-
ing schemes and performance evaluation for IEEE 802.22-
based highly mobile communication systems [13], [14]. These
studies have focused on PHY performance evaluations based
on computer simulations. In addition, several studies have
reported their experimental evaluations of IEEE 802.22 pro-
totypes [15], [16], focusing on the evaluation of conventional
IEEE 802.22 systems with fixed CPE devices. However, there
are no prototypes or devices that include receiving schemes to
realize highly mobile communication systems.

For algorithm debugging and evaluation during the devel-
opment of receiving schemes in highly mobile environments,
an experimental platform that enables simple and flexible im-
plementation of various receiving schemes is crucial. More-
over, from the radio propagation point of view, some signal
deterioration factors such as imperfect frequency filtering, the
phase noise of oscillators, and the nonlinearity of amplifiers
are barely considered. Therefore, an experimental measure-
ment and evaluation platform is required for the receiver
design of a near-future IEEE 802.22-based highly mobile
communication system. To the best of our knowledge, no
appropriate experimental evaluation platform is available for
the flexible design of such systems.

In this study, a software-defined radio (SDR)-based experi-
mental platform is developed for the experimental measure-
ment and evaluation of the receiving scheme of the IEEE
802.22 PHY. The developed platform comprises an IEEE
802.22 radio frequency (RF) signal transmitter, IEEE 802.22
RF signal receiver, and digital baseband signal processor. As
the RF signal transmitter, a signal generator (SG) or a compact
IEEE 802.22-based prototype is applied to generate the IEEE
802.22 signal in conformity with the standardized frame struc-
ture, and an SDR-based device is used as the IEEE 802.22
RF signal receiver. The SDR-based receiver allows offline
processing of digital baseband signals and performance eval-
uation even using a low-end laptop. The developed evaluation
platform is available for both laboratory and field experiments,
enabling easy receiving algorithm evaluation and validation
during the development of IEEE 802.22-based highly mobile
communication systems. To validate the developed experi-
mental platform and evaluate existing receiving schemes for
IEEE 802.22-based highly mobile communication systems, a
laboratory experiment is conducted.

The main contributions of this study are summarized as
follows:
� The developed framework includes the IEEE 802.22

transmitter utilizing an SG or compact prototype. The
SG-based transmitter is fully software-controlled, and
the prototype-based transmitter can be implemented us-
ing programmable hardware.
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TABLE 1 System Parameters of IEEE 802.22 [12]

� The developed framework includes an SDR-based RF
signal receiver and offline digital baseband signal pro-
cessor that allows simple signal processing, even on a
low-end laptop.

� In the digital signal processor of the experimental plat-
form, a timing synchronization scheme is proposed and
implemented to synchronize the received IEEE 802.22
signal—even in a highly mobile environment—and an
estimation and compensation scheme for the carrier fre-
quency offset (CFO) between the BS and the CPE is also
implemented.

� Laboratory experiments were conducted on the IEEE
802.22-based system to measure the bit error rates
(BERs) in a harsh multipath fading environment with
a relatively high Doppler frequency by using the devel-
oped platform and a fading emulator (FE). As a result, a
required BER of 2 × 10–4 was achieved, even in a highly
mobile environment.

The remainder of this paper is organized as follows. In Sec-
tion II, the general specifications of the IEEE 802.22 standard
and the highly mobile IEEE 802.22 system are described. In
Section III, the proposed evaluation platform and its corre-
sponding configuration are explained. The experimental labo-
ratory results are described in Section IV. Finally, Section V
concludes the paper.

II. IEEE 802.22 SYSTEM
A. OVERVIEW
IEEE 802.22 [12] was standardized as the first fixed point-to-
multipoint WRAN system to support unlicensed operations
in the TV broadcast band using cognitive radio technologies.
Table 1 lists the PHY configuration parameters for the IEEE
802.22 system. The PHY parameters are designed to enable a
transmission range of up to 30 km, where the coverage can
be expanded to 100 km with appropriate scheduling at the
BS. To support such wide coverage, the minimum receiver
sensitivity required to achieve a BER of less than 2×10–4 at
the BS and CPE are –94.5 dBm and –91.3 dBm, respectively,
for quadrature phase shift keying (QPSK) with a code rate of
1/2 in the case of a 6 MHz channel bandwidth.

In the normal mode, one superframe includes 16 frames
with a frame length of 10 ms. The first frame in each
superframe includes a superframe preamble, frame preamble,

superframe control header (SCH), frame control header
(FCH), and data payload. For the remaining 15 frames, the
frame preamble, frame header, and data payload are included.

The superframe preamble used for signal detection and
coarse frequency synchronization has a duration of one
OFDM symbol consisting of a cyclic prefix (CP) of 1/4 of
the OFDM symbol duration and four repetitions of a short
training sequence (STS) in the time domain. Here, the CP is
the same as that of the STS. The frame preamble used for fine
frequency synchronization and channel estimation has a CP of
1/4 of the OFDM symbol duration and two repetitions of the
long training sequence (LTS) in the time domain. Similarly,
the CP is the second half of the LTS.

Each frame comprises 26–41 OFDM symbols based on
the CP length and channel bandwidth. One frame is divided
into downstream (DS) and upstream (US) subframes. A trans-
mit/receive transition gap is allocated between the DS and US
subframes to secure the transition time from DS to US at the
CPE.

B. HIGHLY MOBILE IEEE 802.22 SYSTEM
Owing to the excellent propagation properties and large CPE
capacity of each BS, the application of IEEE 802.22 to a
highly mobile communication system is one of the most
promising approaches to cope with vehicular communication
in rural areas, where vehicles are sparsely distributed and
move at a high velocity [13], [14].

However, IEEE 802.22 was originally standardized as a
fixed communication system, and the propagation channel
was considered invariant in the time domain or with a rela-
tively small Doppler shift. By contrast, the high velocity of
CPEs induces a considerable Doppler shift, which increases
the complexity of the receiver design—including frame de-
tection, frequency synchronization, and channel estimation.
To improve system performance and meet communication
requirements, several technologies have been developed for
highly mobile IEEE 802.22 communication systems. In [13]
and [14], a novel channel estimation scheme and frequency
synchronization scheme adhering to the PHY design in the
IEEE 802.22 standard have been proposed to enhance mo-
bility. With ideal timing synchronization, the feasibility of
the novel channel estimation and frequency synchronization
schemes were confirmed using computer simulation in a harsh
propagation environment with vehicle velocities of up to 80
km/h.

III. PROPOSED EXPERIMENTAL MEASUREMENT
PLATFORM
A. TRANSMITTER
Fig. 1 shows the configuration of the RF signal transmit-
ter in the experimental platform for IEEE 802.22. In this
study, because only the PHY performance was expected to
be evaluated, the SCH and FCH—including medium access
control (MAC) information—were not used. In other words,
the OFDM symbols originally allocated to the SCH and FCH
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FIGURE 1. Configuration of IEEE 802.22 RF signal transmitter and digital
signal generator (upper left: photograph of the SG, upper right:
configuration of the SG-based transmitter, middle left: photograph of the
compact prototype, lower left: inside photograph of the compact
prototype, and lower right: configuration of the compact prototype-based
transmitter).

FIGURE 2. Transmitter block diagram of baseband signal in waveform
generation PC.

were inserted with the payload data. After generating the
baseband signal, the RF board converts the baseband signal
to an RF analog signal. An off-the-shelf SG or IEEE 802.22
compact prototype developed in [15] was utilized for the RF
signal generation.

To validate the developed receiver, the experimental
platform needs to generate a precise transmission signal for
the IEEE 802.22 system. As shown in Fig. 1(a), the SG
is applied as a signal transmitter because the transmission
digital baseband signal used in the computer simulation can
be directly emulated and upconverted to the RF analog signal
using a SG. The experimental results obtained by using the
SG-based transmitter can be used as a reference to validate the
analysis using the prototype-based transmitter. The baseband
digital signal for the SG can be generated using any data
processing software (e.g., MATLAB and LabVIEW) installed
on an external waveform generating personal computer (PC)
and transferred to the SG through its Ethernet interface. Fig. 2
shows a transmitter block diagram of the baseband signal of
the IEEE 802.22 system. The SG can convert the discrete
signal into an analog signal using a 14-bit digital-to-analog
converter (DAC). Subsequently, the baseband analog signal
can be upconverted into an RF analog signal. The generated
RF analog signal is transmitted through an SMA-type
connector for further processing. Although the SG enables
flexible transmission-signal modification, it has some
limitations. In general, the external waveform generating PC
is necessary to support or arrange baseband signal parameters,

FIGURE 3. Configuration of IEEE 802.22 RF signal receiver and digital
signal processor.

and an external power amplifier (Amp) with relatively large
power sources is required to amplify the transmission
signals, which can be inconvenient, especially during field
experiments. Moreover, a band-pass filter (BPF) was not
implemented to suppress the out-of-band emission (OOBE)
of the transmitted RF analog signal, which could potentially
induce interference in the adjacent channel during field
experiments. In addition, only a 14-bit DAC was supported in
the utilized SG, and a transmitter with a better-resolution DAC
would be preferred to reduce undesirable quantum noise.

To cope with the limitations of SGs, a compact IEEE 802.22
prototype was utilized for more realistic PHY evaluation in
the laboratory and future field experiments. The IEEE 802.22
prototype developed in [15] could be divided into two parts,
that is, the RF and digital signal processing boards, as shown
in Fig. 1(b). The PHY parameter was configured, and the
baseband signal was generated in the digital signal processing
board, comprising a field-programmable gate array (FPGA),
digital signal processor (DSP), and central processing unit
(CPU). This board generates a standardized IEEE 802.22
PHY signal.

In this study, the same payload data of the repetitions of
“0xaa” are used for each frame. Some of the PHY param-
eters can be simply adapted through an external PC con-
nected to the prototype via the Ethernet interface. For further
adaption, an external DSP-based universal asynchronous re-
ceiver/transmitter (DSP-UART) board was connected to the
prototype and applied to the system parameter configuration.
In the RF board, a 16-bit high-resolution DAC was imple-
mented to enhance the dynamic range on the transmitter side
[15]. Moreover, the low-pass filter (LPF) and BPF were in-
serted to reduce the harmonics and OOBE, respectively.

B. SDR-BASED RECEIVER
Fig. 3 shows the configuration of the IEEE 802.22 RF signal
receiver in the IEEE 802.22 experimental platform. An SDR
device (NI 5644R VST, Vector Signal Transceiver) is used as
the RF signal receiver. The SDR device facilitates relatively
high flexible signal processing compared with the compact
prototype and is suitable for performance evaluation during
the receiver algorithm development. The NI VST supports a
wide frequency range from 65 MHz to 6 GHz and a bandwidth
of up to 80 MHz, sufficient for experimentation with the IEEE
802.22-based system. In addition, four-drive storage is em-
bedded, facilitating post-processing of the received baseband
digital signals. After the RF signal is received in the SDR
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FIGURE 4. Receiver block diagram of baseband signal in digital baseband
signal processor of RF signal receiver.

FIGURE 5. Block diagram of the autocorrelation-based synchronization
scheme.

device, a BPF is used to eliminate unwanted signals and noise
outside of the supported frequency range. The RF signal is
then down-converted to a baseband analog signal and sampled
into a baseband digital signal using a 16-bit high-resolution
analog-to-digital converter. The digital signal is transmitted
to the FPGA and embedded four-drive storage for offline
post-processing.

C. DIGITAL BASEBAND SIGNAL PROCESSOR
The digital baseband signal processor performs OFDM to
recover the transmitted signal using a digitized received base-
band signal stored in the SDR-based receiver. Fig. 4 shows a
block diagram of the baseband signal receiver in the digital
baseband signal processor of the RF signal receiver for the
IEEE 802.22 DS signal. First, a timing synchronization algo-
rithm is applied to synchronize the received signal with an
STS. In this paper, an autocorrelation-based synchronization
scheme and a cross-correlation-based synchronization scheme
are provided and analyzed, with reference to [17]. A block
diagram of the autocorrelation-based synchronization scheme
is shown in Fig. 5. First, the autocorrelation of the received
signal is calculated as follows:

RA [n] = r [n] r∗ [n + M] , (1)

where r[n] is the nth digital sample of the received signal, and
M is the length of the STS repetition—that is, M = 512 in the
IEEE 802.22 system. Then, the moving average of RA with a

window length of M can be calculated as follows:

RM [n] =
∑M

m=1 |RA [n + m]|2
M

. (2)

This step is implemented to generate a mountain-
shaped peak over the autocorrelation results, which supports
synchronization-point seeking. A sliding differentiator with a
step of L can be applied after calculating the moving average
as follows:

RD [n] = RM [n + L] − RM [n] . (3)

Note that L = 16 is applied based on [17]. This step is
implemented to solve the peak-searching error caused by the
plateau of autocorrelation with multiple STSs. Subsequently,
a moving average with a window length of L′ = 32 can be
applied to the sliding differentiator as follows:

RS [n] =
∑L′

l=1 RD [n + l]

L′ . (4)

This step is applied to eliminate the effects of the addi-
tive white Gaussian noise (AWGN) and Doppler spectrum.
Finally, the synchronization point can be determined as the
first sample p, which satisfies the following conditions:

RM
[
p
]

> A (5)

RS
[
p
]

< RM
[
p
] · B (6)

where A and B are threshold factors. However, the perfor-
mance of the autocorrelation synchronization scheme is sensi-
tive to the Doppler spread in a highly mobile communication
environment.

Owing to the limitations of the autocorrelation synchro-
nization algorithm, a cross-correlation-based synchronization
scheme is proposed. First, the cross-correlation (sC) between
the two repetitions of the STS (sSTS) and the received digital
baseband signal (r) can be calculated as follows:

sC [n] =
2M−1∑
m=0

sSTS [m] r∗ [m + n] (7)

where m and n are the baseband signal sample indices and (·)∗
indicates the complex conjugate. Subsequently, the moving
average of the cross-correlation can be calculated as follows:

sA [n] = 1

K

K∑
k=1

|sC [n + k]| (8)

where K = 32 is the moving-average window size. The syn-
chronization sample index (p) can be determined as the first
sample that satisfies the following conditions:

|sC
[
p
] | > α1sA

[
p + K

]
(9)

|sC
[
p
] |> α2| sC

[
p − M

] | (10)

α3
∣∣sC

[
p + 2M

]∣∣ > |sC
[
p + M

] | > α4|sC
[
p + 2M

] | (11)

where α1, α2, α3, and α4 are the threshold factors.
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FIGURE 6. Experiment setup of SG-SDR evaluation platform.

In the IEEE 802.22 standard, a carrier frequency accuracy
of within ±2 ppm is required at the BS, and the CPE should
be synchronized with the BS transmission signal with an ac-
curacy of less than 2% of the subcarrier spacing. After timing
synchronization, an autocorrelation algorithm is applied at the
CPE to estimate and compensate for the CFO between the BS
and CPE [18]. The CFO can be estimated as follows:

f̂CFO = 1

2πMts
arg

⎧⎨
⎩

Q∑
q=1

M∑
m=1

r∗
S

[
m+qM

]
rS

[
m + (q + 1) M

]
⎫⎬
⎭

(12)
where rS[n] = r[n+p] denotes the synchronized baseband sig-
nal. Q = 4 is the number of STSs in the superframe preamble,
except for the CP, and q is the STS index. In addition, tS is
the sampling interval of the baseband signal. After the CFO
estimation, the received signal can be compensated for as
follows:

r̂S [n] = rS [n] e−j2π f̂CFOntS . (13)

After removing the CP prefixed to each OFDM symbol,
the timing- and frequency-synchronized signals are converted
from serial data in the time domain to parallel data in the
frequency domain by applying an FFT. To compensate for
the time-variant multipath fading propagation channel, a pilot-
assisted polar linear interpolation and extrapolation-based
channel estimation scheme [14] can be applied to reduce the
error bits in the extrapolation range and improve the receiver
performance. The compensated data are then mapped onto the
corresponding subcarrier, and a soft-decision demodulation
algorithm is executed in combination with the soft-decision
Viterbi algorithm to decode it. Finally, the decoded data are
unscrambled.

IV. EXPERIMENTAL SETUP AND EVALUATION RESULTS
A. SG-SDR EVALUATION PLATFORM
The structure of the SG-SDR evaluation platform is shown
in Fig. 6, and the devices used for this platform are listed in
Table 2. The baseband signal of the IEEE 802.22 DS signal is
first generated following the sequence shown in Fig. 2 using

TABLE 2 Equipment Information

TABLE 3 System Parameters Applied to Experiment

MATLAB. Subsequently, the baseband signal is transformed
to ∗.WVI and ∗.WVD files using the software provided by
Anritsu, before being transmitted to the first SG (SG1) via
a 1000BASE-T Ethernet cable. The system parameters are
listed in Table 3. In regard to the receiver dynamic range, the
IEEE 802.22 DS signal was transmitted to the SDR device
without additional fading and noise, and the BER performance
was measured by adjusting the receive (Rx) power from –95
dBm to –20 dBm. According to the measured dynamic range
shown in Fig. 7, a BER of not greater than 10–8 was achieved
when the Rx power was between –90 and –20 dBm. There-
fore, the dynamic range of the SG-SDR platform is estimated
to be greater than 70 dB. Generally, a maximum attenuation
level of 40 dB in multipath fading and a signal-to-noise radio
(SNR) of 30 dB are taken into consideration for the PHY
performance evaluation. Hereafter, a transmit (Tx) power of
−40 dBm was applied in this study. In parallel, several control
signals, including the sampling rate, center frequency, and Tx
power, are also transmitted to SG1 through the Ethernet cable.
Afterward, SG1 generates the corresponding IEEE 802.22 RF
analog signal, and the RF analog signal is input to a multipath
FE. The RF analog signal fed through the FE is then combined
with the AWGN signal generated by the second SG (SG2).
The combined RF signal is then received by the SDR. An ex-
ternal clock—a 10 MHz reference pulse signal generated from
SG1—is required for the SDR reduce the CFO and sampling
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FIGURE 7. Dynamic range of SDR-based receiver.

FIGURE 8. Experiment setup of prototype-SDR evaluation platform.

frequency offset. Here, a signal recording program executed
by LabVIEW on the embedded control PC in the SDR device
must be prepared to record and sample the baseband signal.
Because automatic gain control is not supported on the SDR
device, an appropriate reference power level must be set on the
recording program to avoid signal saturation during dramatic
signal fluctuations caused by the relatively high Doppler fre-
quency. Finally, the recorded digital baseband signal is saved
in a ∗.CSV format file and processed using MATLAB on the
control PC operating as a DSP.

B. PROTOTYPE SDR EVALUATION PLATFORM
The structure of the prototype SDR evaluation platform is
shown in Fig. 8, and the equipment used for this platform
are listed in Table 2. The RF signal of the IEEE 802.22 DS
signal is generated from the prototype. A DSP-UART is con-
nected to the prototype using a flexible cable and connected
to a control PC using a USB cable to modify the system

TABLE 4 WRAN Profile A [19]

configuration. The configurations of the PHY parameters are
listed in Table 3. The corresponding parameters can be mod-
ified using TeraTerm (installed on the control PC), sent to
the DSP-UART as a control signal, and written to the DSP
board of the prototype. The interface between the PHY and
upper layers can be shut down by the DSP-UART because
only the PHY performance needs to be evaluated in this study.
Consequently, header symbols that include MAC information
are not considered, and the same data as the payload are
embedded by applying the test mode of the prototype, leading
to easier analysis at the receiver. In addition, to allow a flexible
frame size, the allocation start time of the frame should be
changed by modifying the electrically erasable programmable
read-only memory (EEPROM) via the DSP-UART. To ensure
a safe Rx power level during the measurements, an RF signal
of 30 dBm generated from the prototype is first transmitted
through a fixed attenuator with a 30 dB attenuation before
being attenuated by a variable attenuator with a 40 dB atten-
uation to obtain the same Tx power as the SG-SDR platform.
Subsequently, the attenuated RF signal is transmitted through
the FE and is then combined with the AWGN generated by
SG2 through a signal combiner. The combined RF signal is
received and sampled into digital data using the SDR. Finally,
the digital data are processed using MATLAB following the
flow shown in Fig. 4.

C. PROPAGATION CHANNEL
In this study, an FE (NJZ-1600D) was used to simulate the
propagation channel. The NJZ-1600D can simulate the fading
channel for an RF band signal with a bandwidth of up to 20
MHz. A delay profile with up to 12 paths is supported, and
both Rayleigh distribution-based fading and Rice distribution-
based fading are supported and can be individually set for
each path. In this study, a delay profile of the WRAN Profile
A with six paths [19] was applied as the multipath channel
to imitate the propagation environment in rural areas. The
parameters of the WRAN Profile A are listed in Table 4.
Rayleigh distribution-based fading was applied for each path.

D. FRAME STRUCTURE CONFIGURATION
To separately analyze the performance of the receiving
schemes of the proposed highly mobile IEEE 802.22 com-
munication system—that is, the timing synchronization, fre-
quency synchronization, and channel estimation schemes—
several frame structure configuration modes were applied.

1) MODE 1
To analyze the performance of the time-synchronization
schemes—for example, the time-synchronization error—, an

VOLUME 3, 2022 173



OUYANG ET AL.: SOFTWARE-DEFINED RADIO-BASED EVALUATION PLATFORM

FIGURE 9. Modified superframe preamble of frame structure
configuration Mode 1.

TABLE 5 Number of OFDM Symbols in Each DS Subframes

ideal synchronization point in the received digital baseband
data is required. However, it can be difficult to obtain ideal
synchronization points in experimental measurements. To
solve this problem, a modified prefix for the superframe
preamble was applied, as shown in Fig. 9. In Mode 1, an
extra repetition of the STS amplified by 3 dB is prefixed to
the superframe preamble, and a cross-correlation algorithm is
conducted to assist the synchronization-point searching. The
cross-correlation (s′

c) between an STS (sSTS) and the received
digital baseband signal (r) can be calculated as follows:

s′
c [n] =

M−1∑
m=0

sSTS [m] r∗ [m + n] . (14)

Because the measured channel is always active, the peak of
s′

c within a superframe can be determined as the pseudo-ideal
synchronization point with an amplified STS. After deter-
mining the pseudo-ideal synchronization point, the prefixed
amplified STSs are removed. The rest of the signal is pro-
cessed using the digital baseband signal processor described
in subsection III.C.

2) MODE 2
To evaluate the system performance based on IEEE 802.22,
the frame configuration complied with the frame structure
described in Section II.

With a 6 MHz bandwidth and a 1/4 CP length, the number
of OFDM symbols per frame was 26 in each frame. Based
on the standard, the number of OFDM symbols allocated to
the US subframe must be greater than seven. The number of
OFDM symbols in each DS subframe supports various asym-
metric throughput requirements between the DS and the US.
In this study, to validate the robustness and feasibility of the
receiver with a flexible DS subframe size, several subframe
allocation schemes were applied, as listed in Table 5.

FIGURE 10. Residual CFO by applying the frequency synchronization
scheme. (a) AWGN channel. (b) WRAN Profile A channel.

E. EVALUATION RESULTS
First, the performance of the frequency synchronization
scheme was evaluated by applying the frame structure con-
figuration Mode 1 and DS subframe size Case 4 with the
SG-SDR platform. Pseudo-ideal timing synchronization was
applied. The system parameters used for the measurements
are listed in Table 3. In addition, a CFO of 1892 Hz was
manually added to the system by configuring a +2 and –2
ppm frequency offset at the SG and SDR devices, respectively.
Fig. 10(a) and (b) show histogram plots of the residual CFO
after applying the frequency synchronization scheme with an
SNR of 30 dB at rest (0 km/h) and in a multipath fading en-
vironment at a velocity of 80 km/h. Here, the bin width of the
histogram is 1 Hz. As shown in Fig. 10(a), the residual CFO is
trivial within ±7 Hz in the AWGN channel (without multipath
fading). Meanwhile, the high velocity and multipath fading
degrade the accuracy of the estimated CFO, the residual CFO
occasionally exceeding ±67 Hz, as shown in Fig. 10(b). The
standard deviation of the residual CFO is approximately 17.8
Hz, and more than 99.7% of the snapshots are within ±67 Hz
based on the 3-sigma rule that meets the requirement of 2% of
the subcarrier spacing.

The performance of the channel estimation scheme can
then be evaluated by applying the Mode 1 frame structure
configuration with the flexible DS subframe size as listed in
Table 5. The measurement can be performed using the PHY
parameters listed in Table 3 with the SG-SDR and proto-
type SDR experimental platforms, as shown in Figs. 6 and
8, respectively. Here, a pseudo-ideal timing synchronization
has been applied. Fig. 11 shows the BER performance in
a long-delay multipath fading environment, assuming a rel-
atively high velocity of 80 km/h. The measurement results
with the developed SG-SDR platform exhibited are similar to
the computer simulations. Compared with the measurement
results of the SG-SDR platform, the results of the prototype
SDR platform were slightly degraded by approximately 1
dB owing to the CFO. Moreover, the difference in the BER
characteristics between various frame sizes was also within 1
dB. With an SNR of approximately 21 dB, the required BER
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FIGURE 11. SNR vs. BER characteristics by computer simulation and the
proposed evaluation platform with frame structure configuration Mode 1.

FIGURE 12. Mean synchronization error with various threshold factor
values.

of 2×10–4 was achieved, demonstrating the robustness of the
channel estimation scheme.

Thereafter, the proposed time-synchronization schemes
were evaluated by applying the Mode 1 frame structure
configuration with the DS subframe size Case 4 using the
SG-SDR experimental platform shown in Fig. 6. The system
parameters used for the measurements are listed in Table 3.
The mean synchronization error with various values, as shown
in Fig. 12, can be used to determine the threshold factors
A and B of the autocorrelation-based time-synchronization
scheme. As a result, A = 0.7 and B = 0.03, were used.

To determine the threshold factors α1, α2, α3, and α4 of the
cross-correlation-based time synchronization scheme, the cu-
mulative distribution functions (CDFs) of sC[p0]

sA[p0+K] , sC[p0+M]
sC[p0] ,

and sC[p0+2M]
sC[p0+M] with an SNR of 24 dB are shown in Fig. 13(a)–

(c), respectively, where p0 is the pseudo-ideal synchronization
point after removing the prefixed amplified STSs. As the re-
sult, α1 = 5, α2 = 1.5, α3 = 1.2, and α4 = 0.8 were used.

The root mean square error (RMSE) and mean error of
the frame synchronization with the proposed autocorrelation-
based and cross-correlation-based timing synchronization
schemes are shown in Fig. 14. The RMSE of the synchro-
nization error decreases with the increase in the SNR. In
addition, the cross-correlation-based scheme achieves better
performance than the autocorrelation-based scheme using the
SG-SDR experimental platform.

FIGURE 13. CDF of sC[p0]
sA[p0+K] ,

sC [p0+M]
sC [p0] , and sC [p0+2M]

sC[p0+M] when SNR = 24 dB.

FIGURE 14. Synchronization error of the autocorrelation- and
cross-correlation-based timing synchronization scheme.

FIGURE 15. SNR vs. BER characteristics by the proposed evaluation
platform with frame structure configuration Mode 2.

Ultimately, the performance of the digital baseband sig-
nal processor was comprehensively evaluated by applying
the Mode 2 frame structure configuration and DS subframe
size Case 4. Fig. 15 shows the BER characteristics of both
the SG-SDR and prototype SDR experimental platforms, The
difference between the two platforms is within 1 dB of the
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cross-correlation-based timing synchronization scheme, simi-
lar to the results obtained with perfect timing synchronization.
With the autocorrelation-based synchronization scheme, the
required BER of 2×10–4 could not be achieved even at a high
SNR of 30 dB. Using the cross-correlation-based synchro-
nization scheme, the required BER could be achieved when
the SNR was approximately 20 dB. Thus, we demonstrated
the feasibility of the proposed experimental platform and digi-
tal baseband signal processor for a highly mobile IEEE 802.22
system.

V. CONCLUSION
In this study, an SDR-based platform was developed to eval-
uate the PHY performance of a highly mobile IEEE 802.22
communication system. The framework of the baseband SG
and processor was implemented completely using software
and programmable hardware, enabling simple utilization, al-
gorithm modification, and debugging. To enable the plat-
form, we established a LabVIEW-based program to record
and store the baseband signal received by the SDR device,
and a MATLAB-based program for offline post-processing of
the recorded IEEE 802.22 baseband signal. As a result, the
proposed prototype SDR platform exhibited performance was
similar to that of computer simulations and the SG-SDR plat-
form. Consequently, the proposed platform can be expected
to be used for PHY performance evaluation in the devel-
opment of receiver algorithms and future field experiments.
Based on the laboratory experiment results, by applying the
developed SDR-based receiver and the proposed receiving
schemes, the transmitted signal IEEE 802.22 DS from the SG
was successfully received with a required BER of 2×10–4 at
a high velocity of 80 km/h in a long-delay 6-path propagation
environment. Consequently, the feasibility of highly mobile
IEEE 802.22 communication was demonstrated. Moreover,
our proposed platform is expected to be implemented in the
field experiment as future works.
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