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ABSTRACT In this study, we developed a 5th generation mobile communication (5G) physical layer (PHY)
experimental platform based on software-defined radio (SDR), which makes it easy to customize the trans-
mission and reception process. The developed platform consists of an SDR-based transmitter and a receiver.
Digital baseband processing is performed using internal software-based programs. Therefore, it can be used
to evaluate the wireless communication performance of 5G (or user-defined modified/customized 5G) not
only in a laboratory but also in any field. In addition, as an example of the use of this platform, we proposed
signal processing that can receive signals at speeds of 500 km/h or higher and performed an experimental
evaluation by running it on the developed platform. Through laboratory experiments in a multipath fading
environment using a fading emulator, performance of the developed platform was validated. Moreover, it was
confirmed that this platform can satisfy the required block error rate of 0.1 even in a multipath environment
at a velocity of approximately 630 km/h, which exceeds the requirements of 5G. Therefore, it has sufficient
resilience to be used in high-moving-speed environments. This platform is expected to enable simple testing
and evaluation of various new PHY technologies.

INDEX TERMS Highly mobile, software-defined radio, vehicular network, V2X, 5G.

I. INTRODUCTION
In recent years, mobility has been rapidly evolving. Intelligent
transportation systems (ITS) and semi-automated car systems
are becoming increasingly popular vehicular systems [1], [2],
[3], and the era of fully autonomous driving will soon be upon
us. In railway systems, ultra-high speeds are also being real-
ized, with superconducting maglev in Japan achieving speeds
of 603 km/h in 2015 [4]. Demonstrations of manned drone
cab services are also underway [5]. Thus, we are approaching
an era in which mobility with higher degrees of freedom
and speeds will be realized. Wireless communications play
an important role in this mobility revolution. For example,
connected car systems require two types of wireless com-
munication: short/middle-range communication for ITS and
long-range and large-capacity communication for telematics
services. ITS wireless communication consists of vehicle-

to-everything (V2X) communications, such as vehicle-to-
vehicle (V2V), vehicle-to-infrastructure (V2I), vehicle-to-
pedestrian (V2P), and vehicle-to-network (V2N) communica-
tions [6]. For V2X, several wireless communication standards
have been developed, such as IEEE 802.11p [7], ARIB STD-
T109 [8], and long-term evolution (LTE)-based V2X [9].

IEEE 802.11p was developed as a wireless access tech-
nology for V2V and V2I communications based on 802.11
standards operating in the 5.9 GHz band. This standard was
developed mainly for the U.S. and Europe. The supporting
data rate is 3–27 Mbps and the supporting communication
distance is approximately 250 m [10], [11]. ARIB STD-T109
is another V2V and V2I communication system developed
as a standard operating in the 760 MHz band. Originally,
ARIB STD-T109 was a Japanese domestic standard and was
agreed upon as one of the international standards at the World
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Radiocommunication Conference (WRC) in 2019. Because
the operating frequency of the ARIB STD-T109 is lower than
that of IEEE 802.11p, a wider coverage (i.e., approximately 1
km) can be realized [11].

As a further wide-range V2X communication system, a
study on the application of IEEE 802.22 (a wireless re-
gional area network (WRAN) using television (TV) white
spaces (TVWS) in very-high-frequency (VHF) and ultra-
high-frequency (UHF)-bands) to mobility environments has
been reported [12]. The coverage of IEEE 802.22 is 10–30
km, and the base station (BS) can connect up to 512 terminals.

The third-generation partnership project (3GPP) has also
developed a wireless communication standard for V2X. 3GPP
released LTE-based V2X, which is called LTE-V2X, within
its Release-14 in 2016. LTE-V2X has a better power effi-
ciency and introduces stronger channel coding than IEEE
802.11p [13]. In addition, resilience in a multipath envi-
ronment is stronger owing to the longer symbol duration.
Currently, to further improve end-to-end latency and capacity,
the development of the 5th generation mobile communica-
tion (5G) new radio (NR)-based V2X (i.e., 5G NR-V2X)
is underway [14]. It has been demonstrated that 5G NR-
V2X is superior to other standards in terms of reliability,
range, latency, and data rate [13]. Field experiments, such
as the evaluation of V2V communication in the sub-6 GHz
band for platooning in a highway environment, have been
conducted [15].

However, 3GPP-based cellular systems will be increas-
ingly used for telematics services that require long-range and
large-capacity communications. In particular, the 5G NR op-
erated in sub-6 GHz and millimeter wave bands allows for
a flexible signal configuration because several numerologies
are supported. Because three scenarios, namely enhanced
mobile broadband (eMBB), ultra-reliable and low-latency
communications (URLLC), and massive machine-type com-
munications (mMTC), can be used adaptively according to the
use cases in the 5G NR, it is expected to enable the develop-
ment of various applications in the future [16]. In addition, 5G
is required to support high-speed deployment scenarios of up
to 500 km/h [17].

To support the ever-evolving means of mobility in various
fields of land, sea, and air, various new physical layer (PHY)
technologies need to be developed for 6G, including the de-
velopment of transmission and reception methods that enable
communication at speeds exceeding 500 km/h, new communi-
cation methods to enable many users to conduct high-capacity
communication, and methods to achieve lower latency and
more reliable communication (e.g., non-orthogonal multi-
ple access (NOMA) [18], [19], [20], in-band full-duplex
(IBFD) [21], [22], [23], and new waveforms [24], [25], [26],
[27], [28]). However, many studies have been limited to
numerical and simulation evaluations based on theoretical
formulas or computer simulations, and there are significant
barriers to actual device demonstrations. For example, in
[29], a software-defined radio (SDR)-based prototype of user

equipment (UE) supporting 4×4 multiple-input multiple-
output (MIMO) in the sub-6 GHz band using five FPGAs
was proposed. In [30], a platform for evaluating the commu-
nication performance in the sub-6 GHz band using SDR and
a system-on-chip (SoC) was reported, which can transmit or
receive LTE-based waveforms. However, these platforms are
not generalized but application-specific evaluation platforms.
For many researchers and engineers to easily experiment
and evaluate new technologies, a general-purpose measure-
ment platform that can be easily modified to transmit and
receive signal processing of 5G PHY-based signals is needed.
Moreover, considering that the transmission characteristics
such as block error rate (BLER) are to be analyzed later,
the platform should be able to acquire channel state in-
formation (CSI) as well as the transmission characteristics
simultaneously.

In this study, we developed a 5G PHY experimental plat-
form based on SDR that can easily customize the transmission
and reception processes. The developed platform consists of
an SDR-based transmitter and receiver. Digital baseband pro-
cessing is performed using internal software-based programs.
Therefore, it can be used to evaluate the wireless communica-
tion performance of 5G (or user-defined modified/customized
5G) not only in a laboratory but also in any field. The de-
veloped platform can acquire CSI and measure the associated
BLER at that time. Therefore, it can contribute to the devel-
opment of new access technologies and applications for 5G
using CSI. Finally, as an example of the use of this platform,
we proposed signal processing that can receive signals at
speeds of 500 km/h or higher and performed an experimental
evaluation by running it on the developed platform.

The main contributions of this study are summarized as
follows:
� We developed a 5G transmitter/receiver PHY experi-

mental platform using SDR. Because they are controlled
and processed by software, the signal configuration and
baseband signal processing can be easily changed.

� We propose a timing synchronization scheme using 5G
synchronization signals that can be synchronized even
at speeds of 500 km/h or higher. We also implement a
carrier frequency offset (CFO) estimation and compen-
sation scheme using a cyclic prefix (CP).

� The BLER performance of the proposed platform was
measured through laboratory experiments using a fading
emulator (FE). As a result, it is equivalent to that of a
computer simulation, and a required BLER of 0.1 can be
achieved even in a high-speed environment of 620 km/h.

The remainder of this paper is organized as follows: Sec-
tion II explains the physical layer of the 5G system; Section III
proposes 5G evaluation platforms; Section IV proposes recep-
tion processing of 5G digital baseband signals for high-speed
mobility, including timing synchronization and CFO com-
pensation schemes; Section V evaluates the performances of
the proposed setups in the laboratory; and finally, Section VI
concludes this paper.
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FIGURE 1. Examples of resource allocation in 5G system.

II. 5G PHYSICAL LAYER
A. OVERVIEW
We provide a brief explanation of 5G PHY. In the time
domain, one frame has a fixed duration of 10 ms and is
divided into ten equally-sized subframes of 1 ms duration
[31]. The concept of the frame is the same as that of
LTE, but that of the slot is different. 5G defines one slot
as 14 orthogonal frequency-division multiplexing (OFDM)
symbols. The subcarrier spacing is defined as � f = 2μ ·
15 [kHz] (μ = 0, . . . , 4). Therefore, the duration of one slot
is dependent on the applied numerology, namely 1 / 2μ [ms].
Time-domain format of 5G is changeable for the capacity and
latency requirement and the propagation environment.

5G defines consecutive subcarriers as a resource block
(RB), which is the minimum unit for resource allocation to
users in the frequency domain. One subcarrier, which RB
consists of, is called a resource element (RE). Each RE can
be assigned to a physical downlink shared channel (PDSCH),
which is used for user-plane data transmission, and demodu-
lation reference signals (DMRSs), which are used for channel
estimation and equalization. Fig. 1 shows examples of DMRS
allocation in 5G networks. The DMRS arrangement styles
can be flexibly changed depending on the assumed environ-
ment, such as the moving speed of the terminal. One slot can
contain 1–4 OFDM symbols with DMRSs [31]. Therefore,
Fig. 1(b), which contains four DMRS symbols (called Mode-2
in this paper), is more tolerant of a fast-moving environment
than Fig. 1(a), which contains two DMRS symbols (called
Mode-1).

B. SYNCHRONIZATION SIGNALS
For the initial access of terminals, cell identification (ID)
detection, and timing synchronization point detection, two
synchronization signals (SSs)—primary SS (PSS) and sec-
ondary SS (SSS)—are transmitted periodically from a base
station (BS) [31], [32]. These signals are treated with the
physical broadcast channel (PBCH) used to obtain basic in-
formation, such as the downlink (DL) system bandwidth and
frame number and the DMRS for PBCH and SS/PBCH (SSB).

FIGURE 2. Configuration of SSB.

TABLE 1. Resource Allocation of SSB

The configuration of the SSB in the time and frequency do-
mains is shown in Fig. 2 and Table 1, where ν = N ID

cell mod 4.
The SSB consists of 240 subcarriers and four OFDM symbols
(i.e., 20 × 4 = 80 RBs). The PSS and SSS sequences are de-
fined according to the physical cell ID (PCI), N ID

cell, calculated
as follows:

N ID
cell = 3N (1)

ID + N (2)
ID , (1)

where N (1)
ID ∈ {0, 1, . . . , 355} and N (2)

ID ∈ {0, 1, 2}. The PSS is
generated by modulating 128 bits of the M-sequence corre-
sponding to N (2)

ID with BPSK modulation. Meanwhile, the SSS
consists of BPSK symbols arising from a 128 bits gold se-
quence corresponding to N (1)

ID . Therefore, terminals calculate
PCI from a combination of three M-sequences and 356 gold
sequences using SSB.

One or more SSBs are transmitted periodically by the
BS within the half-frame (i.e., an SS burst). The peri-
odicity of the SS burst, TSS, was determined from TSS ∈
{5, 10, 20, 40, 80, 160} ms in the upper layer [33]. The
maximum number of SSBs contained in one SS burst, Lmax

SSB,
was defined according to the frequency bands, fc. When fc ≤
3 GHz, 3 GHz < fc ≤ 6 GHz, and 6 GHz < fc ≤ 52.6 GHz,
Lmax

SSB was 4, 8, and 64, respectively. The position of the first
symbol of the SSB in the time domain is determined according
to the frequency bands and subcarrier spacing, as listed in
Table 2 [32]. Because each SSB is mapped to each beam, the
detection of the SSB index, which is defined for each SSB in
ascending order from zero, is also used for beam management.

In this study, to develop a prototype for evaluating wireless
communication performance, we assume that PSS and SSS
sequences, PCI, periodicity of SS burst, number of SSBs in
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TABLE 2. SSB Position in the Time Domain

FIGURE 3. Configuration of SDR-based 5G transmitter and receiver.

one SS burst, and position of SSB are fixed and already known
to UEs. In addition, all the SSBs are assumed to be transmitted
from the same antenna.

III. PROPOSED EXPERIMENTAL MEASUREMENT
PLATFORM
In this section, we propose a flexible experimental measure-
ment platform for 5G PHY using SDR. This prototype is
assumed to be a BS, which transmits a DL signal, and a
UE, which receives a DL signal, and can evaluate the DL
communication performance of 5G.

A. SOFTWARE-DEFINED RADIO-BASED TRANSMITTER
Fig. 3 shows the configuration of the developed SDR-based
5G transmitter. The RF module (5791, National Instruments
(NI)) connected to an FPGA module (PXIe-7975R, NI), syn-
chronization module (PXIe-6674T, NI), data storage module
(HDD-8261, NI), and embedded controller (PXIe-8861, NI)
were installed in a chassis with a high-speed local bus (PXIe-
1082, NI). The RF module supports a frequency range from
200 MHz to 4.4 GHz and a bandwidth of up to 100 MHz.
Therefore, this SDR-based transmitter is suitable for evaluat-
ing the 5G PHY performance in the sub-6 GHz. The accuracy
of the 10 MHz reference clock of the chassis is ±25 ppm
[34]. However, it does not meet the frequency error minimum
requirement of BS, ±0.05 ppm for the wide area BS and ±0.1
ppm for the medium range and the local area BS [35]. Thus,
a reference clock generated by the synchronization module,

FIGURE 4. Block diagram of 5G baseband signal generation.

FIGURE 5. Configuration of SG-based 5G transmitter.

whose initial accuracy of OCXO is ±0.08 ppm, is used [36].
This clock is shared by all the modules via the high-speed
local bus of the chassis.

Fig. 4 shows a block diagram of the 5G digital base-
band signal generation. Because all these processes, such as
low-density parity-check (LDPC) coding and modulation, are
performed by signal processing software (LabVIEW, NI and
MATLAB, Mathworks) in the embedded controller, we can
flexibly customize the parameters of 5G transmitting signals,
such as subcarrier spacing, bandwidth, modulation and coding
scheme (MCS), and DMRS configuration. The RF module
converts the digital in-phase and quadrature (I/Q) digital sig-
nal into an analog signal using a 16-bit digital-to-analog
converter (DAC), upconverts it to the RF analog signal, and
continuously transmits the signal through a subminiature type
A (SMA) connector. Field experiments can be conducted eas-
ily by connecting the antenna to the RF module.

B. SIGNAL GENERATOR-BASED TRANSMITTER
To validate the developed SDR-based transmitter, a signal
generator (SG)-based 5G transmitter was set up. Fig. 5 shows
the configuration of the SG-based 5G transmitter. The SG
(MS2830A, Anritsu) can transmit an arbitrary 5G signal,
which is imported from an external control PC processing
the 5G signal generation, as shown in Fig. 4, via an Ethernet
interface or stored internally. The SG supports a frequency
range of 250 kHz–6 GHz and a bandwidth of up to 120 MHz.
In addition, 14-, 15-, and 16-bits waveform resolutions are
supported. The SG upconverts the baseband signal to an RF
signal and outputs it via an SMA connector. However, this
SG-based transmitter is not suitable for field experiments for
two reasons. First, it needs an external control PC to flexibly
change the baseband signal waveforms. Second, because the
accuracy of the reference clock is unclassified, a CFO may
occur if the reference clock of the transmitter is not shared
with the receiver.
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FIGURE 6. Block diagram of the proposed 5G baseband signal reception
processor.

C. SOFTWARE-DEFINED RADIO-BASED RECEIVER
The configuration of the SDR-based receiver was the same
as that of the SDR-based transmitter, as shown in Fig. 3.
The RF module down-converts the received RF signal to a
baseband signal, and converts it to an I/Q digital signal using
a 14-bit analog-to-digital converter (ADC). The quantization
bit of the converted digital signal is changed to 16-bit by
signal processing implemented on the FPGA module and then
stored as technical data management streaming (TDMS) files.
Afterward, the embedded controller converts the TDMS files
to comma-separated value (CSV) files using signal processing
software (LabVIEW), and performs reception processing, as
shown in Fig. 6, using signal processing software (MATLAB).
As with the SDR-based transmitter, this receiver uses the
reference clock generated by not the chassis but the syn-
chronization module because the frequency error minimum
requirement of UE is defined as ±0.1 ppm [37].

The default RF/FPGA module was not equipped with an
automatic gain control (AGC) function. Therefore, we im-
plemented a quasi-real-time AGC that works through the
coordination of software-based signal processing and an
RF/FPGA module. In this development platform, a quasi-real-
time AGC function is achieved by increasing or decreasing
the reference level (dBm) for the reception of the RF module
(i.e., input level to the ADC) in 1 dB steps. This is performed
according to the maximum amplitude calculated from the I/Q
16-bit signed integer extracted from 1000 samples every 10
ms. Here, this amplitude takes a value from 0 to 46341. The
threshold values for the decrement and increment were set
to 13044 and 26027, respectively. All judgement results are
stored in CSV files with time stamps to allow reference to the
true received power.

IV. PROPOSED RECEPTION PROCESSING OF 5G DIGITAL
BASEBAND SIGNAL FOR HIGH-SPEED MOBILITY
As an example of the use of this platform explained in Sec-
tion III, we propose signal processing that can receive signals
at speeds of 500 km/h or higher and perform an experimental
evaluation by running it on the developed platform. Specifi-
cally, we propose a signal-synchronization method and a CFO

estimation method. Fig. 6 shows a block diagram of the pro-
posed reception process for high-speed mobility.

A. TIMING SYNCHRONIZATION
Firstly, the receiver must perform timing synchronization
to start reception processing. In this study, a timing syn-
chronization algorithm based on cross-correlation [38] using
SSB was introduced into the SDR-based receiver. First,
a standby signal, xsb, was generated. The BPSK symbols
generated by known PSS and SSS sequences are mapped
into the frequency domain to the RBs where PSS and SSS
are allocated. Zero is mapped to the RBs where they are
not allocated. Then, the time-domain signals, xPSS[n′] and
xSSS[n′] (n′ = 0, . . . , NFFT + L − 1), are obtained through
inverse fast Fourier transform (IFFT) and CP insertion pro-
cesses, where NF is the IFFT size and L is the CP length.
Because there is one OFDM symbol between the PSS and SSS
in the time domain, we obtain xsb[n′′] as follows:

xsb
[
n′′] = (

xPSS 01×(NF+L) xSSS
)
,

(
n′′ = 0, . . . , 3 (NF + L) − 1

)
, (2)

where 0A ×B denotes an A × B size zero matrix.
Second, the cross-correlation between the received digital

signal r[n], and the standby signal is calculated as

x1 [n] =
∣∣∣∣∣∣
3(NF+L)−1∑

m=0

r [n + m] x∗
sb [m]

∣∣∣∣∣∣
, (3)

where (·)∗ denotes the complex conjugate. To suppress the
variation in the x1[n] owing to the channel time variation, the
moving averaging of x1[n], xAve

1 , and the ratio of x1 to xAve
1 ,

x2, are calculated as follows:

xAve
1 [n] = 1

2M1 + 1

M1∑
m=−M1

x1 [n + m] , (4)

x2 [n] = x1 [n]

xAve
1 [n]

, (5)

where M1 = 2L is the moving averaging window size. As
mentioned above, because there are nSSB (1 ≤ nSSB ≤ Lmax

SSB)
SSBs exist in the SS burst, the peaks in x2[n] appear nSSB
times. In addition, the spacing of the peaks can be determined
from the positions of the OFDM symbols containing SSBs.
Therefore, to improve the detection ratio of the first SSB, x2[n]
is added so that the peaks overlap, as follows:

x3 [n] =
nSSB∑
i=1

x2 [n + (Si − S1) (NF + L)] , (6)

where Si (≥ 0) is the first OFDM symbol index of the ith
(i = 1, . . . , nSSB) SSB during the SS burst.

Finally, the synchronization point p, which is the first time-
sample index of the slot containing the first SSB, is calculated
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as follows:

p = argmax
m∈[n−M2,n+M2]

(x3 [m]) − S1 (NF + L) , (7)

s.t. x3 [n] ≥ αxAve
3 [n] (8)

where

xAve
3 [n] = 1

2M1 + 1

M1∑
m=−M1

x3 [n + m] , (9)

where α is the threshold value for peak detection and M2 =
nslot

SSB(NF + L)N slot
symb is the window length for the determina-

tion of the maximum peak. nslot
SSB and N slot

symb (= 14) denote the
number of slots containing SSB in the SS burst and OFDM
symbols in a slot, respectively. α should be set appropriately
because (8) is essential for detecting the peak and not for
detecting the data slot.

B. CARRIER FREQUENCY OFFSET ESTIMATION
As mentioned above, in 5G, both BS and UE must have high-
frequency accuracy of ±0.1 ppm, but CFO may be high in
a high-speed environment owing to the Doppler shift, which
deteriorates the communication quality. Therefore, to estimate
and compensate the CFO in a very high mobility environment
(i.e., more than 500 km/h), an autocorrelation-based CFO
compensation algorithm [39] was applied to the SDR-based
receiver. The estimated CFO value, f̂CFO, was calculated as

f̂CFO = 1

2πNFts
arg

⎧⎨
⎩

Q−1∑
q=0

L−1∑
l=0

x
[
p + q (NF + L) + l

]

·x∗ [
p + q (NF + L) + l + NF

]
⎫⎬
⎭ , (10)

where ts is the sampling interval of the baseband signal and
Q = (

nslot
SSB + nslot

Data

)
N slot

symb is the number of OFDM symbols

considered in the CFO estimation. nslot
Data denotes the number of

slots that do not contain the SSB. After the CFO calculation,
the CFO is removed from the received signal as:

x̂ [nr] = x [nr] ej2π f̂CFOnrts , (11)

where nr = n − p is the relative time-sample index from the
synchronization point of the received baseband signal. This
scheme can compensate for the CFO by up to half of the
subcarrier spacing.

After CFO compensation, the reception processes, such as
channel estimation and equalization using the DMRS, lin-
ear interpolation/extrapolation, and LDPC decoding using the
log-domain sum-product algorithm, are executed.

V. EXPERIMENTAL SETUP AND EVALUATION RESULTS
In this section, we describe the experimental setup in a lab-
oratory and demonstrate the effectiveness of the proposed
SDR-based transmitter and receiver in a high-speed mobility
environment using an FE.

FIGURE 7. Configuration of the SG-SDR platform.

TABLE 3. Equipment List

A. EVALUATION SETUP FOR PLATFORM WITH SG-BASED
TRANSMITTER AND SDR-BASED RECEIVER
The first setup of the platform consists of an SG-based trans-
mitter and an SDR-based receiver. This setup is hereafter
referred to as the SG-SDR platform. Fig. 7 shows the structure
of the SG-SDR platform. The used equipment is presented in
Table 3. The baseband 5G signal generated by MATLAB in
the control PC was converted to WVI and WVD files using
the software provided by Anritsu and transported to the first
SG (SG1) via a 1000BASE-T Ethernet cable. In addition,
parameter sets, such as the carrier frequency and sampling
rate, were sent to SG1. SG1 then transmits the RF signal,
which is the upconverted signal of the generated 5G signal.

The transmitted RF signal was fed into the FE (JRC,
NJZ-1600D) via an RF coaxial cable. The faded signal was
attenuated by variable attenuators (VATTs) and combined
with additive white Gaussian noise (AWGN) generated by the
second SG (SG2). The contaminated RF signal is then fed into
the SDR-based receiver.

The SDR-based receiver records the baseband signal as a
TDMS file using LabVIEW-based signal recording program
software in the embedded PC. The recorded signal was con-
verted to CSV files and processed as mentioned in Section III
using MATLAB-based demodulation software.

To utilize this SG-SDR platform for evaluation without the
impact of the CFO, the 10 MHz reference clock generated

VOLUME 4, 2023 235



MORI ET AL.: SOFTWARE-DEFINED RADIO-BASED 5G PHYSICAL LAYER EXPERIMENTAL PLATFORM FOR HIGHLY MOBILE ENVIRONMENTS

FIGURE 8. Configuration of SDR-SDR evaluation setup.

TABLE 4. The Delay Profile of Modified EVA Model

in SG1 is fed into the SDR-based receiver to synchronize
the clock. Therefore, the CFO compensation scheme is not
executed during the reception process.

B. EVALUATION SETUP FOR PLATFORM WITH SDR-BASED
TRANSCEIVER
The second setup of the platform consists of an SDR-based
transmitter and receiver. This setup is hereafter referred to
as the SDR-SDR platform. Fig. 8 shows the structure of the
SDR-SDR platform. The used equipment is also listed in
Table 3, which is almost the same as that of the SG-SDR
platform.

The SDR-based transmitter generates a baseband 5G sig-
nal using MATLAB and transmits an RF signal. The other
operations of the SDR-SDR platform were the same as those
of the SG-SDR platform. In this setup, because the 10 MHz
reference clock is not shared between the SDR-based trans-
mitter and receiver, the CFO compensation scheme described
in Section IV is executed.

C. PROPAGATION CHANNEL
In this study, NJZ-1600D, JRC, was used as the FE to eval-
uate communication performance in a multi-path high-speed
fading environment. This FE can emulate two 6-path channels
(i.e., up to 12 paths) and supports frequency ranges from 70
MHz to 340 MHz, 460 MHz to 3 GHz, and a maximum
bandwidth of 20 MHz. The maximum Doppler frequency was
set to 2 kHz. Because of the limited number of paths that can
be configured for the FE used in this study, we use a channel
model in which the number of taps in the 9-tap EVA (extended
vehicular A (EVA) channel model provided by 3GPP [40] is
reduced to the six taps shown in Table 4 (referred to as the
modified EVA model in this paper). Each path was faded by
Rayleigh fading.

D. PARAMETERS AND FRAME STRUCTURE
Parameters of the 5G baseband signal and evaluation setup
are listed in Table 5. The frequency range and channel band-
width are set to 2.15 GHz and 20 MHz, respectively. In this

TABLE 5. Evaluation Parameters

FIGURE 9. Frame configuration.

study, QPSK (MCS7) and 16QAM (MCS13) modulations
were used to evaluate communication quality. As shown in
Fig. 1, two DMRS configurations were evaluated: Mode-1
with two OFDM symbols containing DMRS and Mode-2 with
four OFDM symbols containing DMRS in one slot. However,
unless specifically mentioned, Mode-1 was used in this study.
The frame configuration is shown in Fig. 9. Assuming TSS =
10 ms, one frame consisting of 10 slots is repeatedly sent. The
first two slots contain two SSBs (i.e., nslot

SSB = 2 and nSSB = 4),
and the rest are data slots (i.e., nslot

Data = 8). In this study, only
the data slots were considered for evaluating communication
quality.

E. COEFFICIENT DECISION BY COMPUTER SIMULATION
Prior to evaluation using the actual developed platforms, the
coefficient α in (8), which is crucial for precise timing syn-
chronization, must be determined by computer simulations.
In contrast to actual platforms, we can determine the ap-
proximate synchronization point in a computer simulation.
Therefore, the cross-correlation between xsb and the first half
of the first slot (i.e., slot 0 shown in Fig. 9) was calculated, and
a pseudo-synchronization point, Ppsp, was obtained as follows:

Ppsp = argmax
m∈[0,7(NF+L)]

∣∣∣∣∣∣
3(NF+L)−1∑

m=0

x [n + m] x∗
SB [m]

∣∣∣∣∣∣
. (12)

Then, the cumulative distribution functions (CDFs) of
x3[Ppsp]/xAve

3 [Ppsp] are shown in Fig. 10 in the case of signal-
to-noise power ratio (SNR) of 5 dB. We also show the CDF of
x3/xAve

3 in data slot 4, so that the data slot cannot satisfy (8).
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FIGURE 10. CDF of x3/xAve
3 in the case of SNR = 5 dB.

FIGURE 11. Dynamic range of the SDR-based receiver.

The impact of CFO was not considered in this simulation. As a
result, when α = 4, the data slots cannot satisfy (8), resulting
in a 99% pseudo-ideal point. Therefore, in this study, α = 4 is
used in subsequent evaluations.

F. DYNAMIC RANGE OF THE SDR-BASED RECEIVER
To evaluate the dynamic range of the SDR-based receiver,
BLER characteristics were evaluated using the SG-SDR plat-
form without fading and noise. The transmit (Tx) power of the
SG-based transmitter was set to –5 dBm and VATT was set
from 0 dB to 90 dB. Fig. 11 shows the BLER characteristics
with QPSK modulation (MCS7) as a function of a receive
(Rx) power from –101.0 dBm to –11.0 dBm. The BLER is
less than 10−2 between –89.0 dBm and –11.0 dBm. Therefore,
the dynamic range of the SDR-based receiver is greater than
78 dB. Because the Tx power is generally attenuated up to 40
dB in a multipath fading environment, the Tx powers of the

FIGURE 12. Residual CFO.

SG-based transmitter and the SDR-based transmitter are set
to −30 dBm and −20 dBm, respectively.

G. CFO COMPENSATION PERFORMANCE EVALUATION
The implemented CFO compensation scheme is evaluated
using the SG-SDR platform. To fix the value of CFO gen-
erated by the frequency error between the transmitter and
receiver, frequency offsets of +0.1 ppm and –0.1 ppm are
given to the SG-based transmitter and SDR-based receiver,
respectively. Thus, the value of the CFO is 430 Hz. Fig. 12
shows the histogram with a bin width of 1 Hz of the residual
CFO value calculated by subtracting f̂CFO from 430 Hz for
SNR = 15 dB. Fig. 12(a) and (b) illustrate the results under
the AWGN environment without using FE and the multipath
fading environment at a velocity of 80 km/h. In an AWGN
environment, the CFO is sufficiently reduced, its standard de-
viation is 3.4 Hz and 99.7% of the residual CFO is less than 10
Hz. On the other hand, in a multipath fading environment, the
performance of the CFO compensation scheme deteriorates
owing to channel time variation. However, because the stan-
dard deviation is 31.4 Hz and 99.7% of the residual CFO is
less than 87 Hz, the implemented CFO compensation scheme
is sufficiently effective.

H. BLER PERFORMANCE EVALUATION AS A FUNCTION OF
SNR
Fig. 13 shows the BLER performances of the SG-SDR and
SDR-SDR platforms as a function of the SNR in the multipath
fading environment. In addition, the BLER performance of the
computer simulation with perfect timing synchronization and
without CFO is shown for comparison. In this evaluation, both
the QPSK (MCS7) and 16QAM (MCS13) were used. As a
result, the performances of the actual platforms are equivalent
to that of the simulation regardless of the MCS, although
degradations within approximately 0.8 dB are present. It is
considered that these degradations are caused by imperfec-
tions such as phase noise and the nonlinearity of the power
amplifier. Therefore, we can see that the proposed timing-
synchronization scheme works well. Moreover, because the
results of the SDR-SDR platform are similar to those of
the SG-SDR platform, the implemented CFO compensation
scheme is sufficiently effective.
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FIGURE 13. BLER characteristics of the SG-SDR and SDR-SDR platforms as
a function of SNR.

FIGURE 14. BLER characteristics of the SDR-SDR evaluation setups as a
function of the moving speed.

I. BLER PERFORMANCE EVALUATION AS A FUNCTION OF
TERMINAL MOVING SPEED
To evaluate the resilience to the moving speed of the UE,
Fig. 14 shows the BLER performance as a function of the
terminal moving speed using the SDR-SDR platform. QPSK
(MCS7) and 16QAM (MCS13) modulation schemes with
both Mode-1 and Mode-2, are used in the case of SNR =
9.5 dB and 14.5 dB. In this evaluation, we assumed that the
required BLER was 10−1. Broadly speaking, as the moving
speed increases, the BLER performance deteriorates owing
to an increase in the channel estimation error. Regarding
the QPSK modulation, the required BLER is achieved up to
approximately 270 km/h when Mode-1 is applied. However,
using Mode-2, it was achieved up to approximately 630 km/h.
Therefore, the DMRS configuration should change depending

on the moving speed and required BLER. Here, using QPSK
modulation with Mode-2, the BLER decreased as the moving
speed increased from 50 km/h to 350 km/h. When the moving
speed is slow, the Rx power level may degrade throughout
the slot. By contrast, in a high-moving speed environment,
the channel estimation error becomes high, but the Rx power
level fluctuates in the slot. Therefore, only when simple mod-
ulation schemes of low MCS are used, LDPC coding can
correct the error caused by the low-power symbol using the
high-power symbol. Therefore, a trade-off between the chan-
nel estimation error and the advantage of power fluctuation
is considered, as shown in Fig. 14. For the 16QAM mod-
ulation with Mode-1 and Mode-2, the required BLER was
achieved up to approximately 230 and 380 km/h, respectively.
The resilience to moving speed is weaker than that of QPSK
modulation, but 16QAM modulation can be sufficiently uti-
lized in high-moving environments such as V2X or telematics
communications.

The above results show that the wireless communica-
tion performance can be evaluated by changing the DMRS
configuration and MCS, even in a high-moving speed en-
vironment up to approximately 630 km/h. Thus, the pro-
posed SDR-SDR platform can easily perform flexible evalu-
ations, such as robustness evaluation for high-speed mobility
environments.

VI. CONCLUSION
In this study, we developed a 5G PHY experimental platform
based on SDR that can easily customize the transmission
and reception processes. The developed platform consists
of an SDR-based transmitter and receiver. Digital baseband
processing is performed using internal software-based pro-
grams. Therefore, it can be used to evaluate the wireless
communication performance of 5G (or user-defined modi-
fied/customized 5G) not only in a laboratory but also in
any field. In addition, as an application of this platform,
we proposed signal processing that can receive signals at
speeds of 500 km/h or higher (i.e., timing synchronization
and CFO estimation and compensation) and performed an
experimental evaluation by running it on the developed plat-
form. Through laboratory experiments in a multipath fading
environment using FE, the BLER performance of the devel-
oped SDR-based platform was proved to be equivalent to
that of the computer simulation. Moreover, it was confirmed
that this platform can satisfy the required BLER of 0.1 even
in a multipath environment at a velocity of approximately
630 km/h, which exceeds the requirements of 5G. Thus, it
has sufficient resilience to be used in a high-moving speed
environment. Field experiments can be simply conducted us-
ing the developed platform because it is portable and can
adjust/change parameters, such as the DMRS configuration,
MCS, and subcarrier spacing. This platform is expected to
enable simple testing and evaluation of various new PHY
technologies.
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