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Abstract—A Multistandard and low cost radio transceiver
architecture more suited to the new radio and exploiting the
possibilities of software defined radio is proposed in this article.
The proposed platform integrates a general purpose processor
board which can be the Raspberry pi 3B + development board
and radio modules like Adalm Pluto and RTL-SDR. The
architecture validation is performed on a multipath fading
channel model and on real waveforms of three selected radio
standards. We generate a baseband waveform that is either a
WLAN Modulation and Coding Scheme (MCS), an LTE
Reference Measurement Channel (RMC) or a 5G Fixed
Reference Channel (FRC) synthesized in MATLAB using the
appropriate toolkits, and upload it to a PlutoSDR module for live
transmission. Another PlutoSDR or RTL-SDR according to the
standard (signal bandwidth) is then used to capture the signal,
which is synchronized, decoded and analyzed. For each of the
three standards, the transmitter and receiver systems are defined
in compliance at the physical layer level with the specifications of
the latest 3GPP standards. The performance analysis and
evaluation use various diagrams and signal quality measures such
as Error Vector Magnitude (EVM), Modulation Error Rate
(MER), Adjacent Channel Leakage Ratio (ACLR) as well as
timing and frequency offsets.

Keywords—Software-defined radio, multistandard terminal,
EVM, ACLR, MER, multipath, fading channel, WLAN, LTE, 5G
NR.

I.INTRODUCTION
Software-defined radio (SDR) makes it possible to design
flexible transceivers architectures, both in frequency and in
modulation format, capable of generating waveforms of all
standards while respecting the output power level for each and
ensuring a good performance. Digital mobile communications
systems tend to integrate more and more applications (GSM,
radio, TV, GPS, etc.) while operating on multiple standards.
This constant and rapid evolution of wireless and
communication technologies implies online reconfigurability
of receivers using software programming justifying the term
software radio with a requirement for increasingly higher data
rates and frequency bands. Terminals must then adapt their
hardware to suit wireless networks such as GSM, EDGE,
UMTS, IEEE 802.11a/b /g, LTE and the booming 5G. This
process must be dynamic and requires the receiver to be
flexible that is, adaptable and reconfigurable, more or less in
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real time without the need to physically modify the hardware
[1]. Software reconfigurability involves digitizing signals as
close as possible to the antenna [2], because high speeds
require large bandwidth.

In conventional transceivers, digital baseband processing is
typically performed by dedicated hardware circuits, mostly
rigid but power efficient ASICs. Many smartphones and
similar devices currently have up to about 8 different radios
optimized to receive various signals of different frequency
bands and standards. Soon they might even include radios to
also receive UHF loT and TV White Space signals [3]. All this
explains the growing interest in low cost multimode terminals
based on software radio technigues.

SDR is a radio communication system, which gives the
possibility of software control of modulation method, coding
scheme, filtering, wideband or narrowband operations, spread
spectrum techniques, bandwidth, channel access techniques
and waveform requirements [4]. Almost all of the functionality
associated with the physical layer (PHY) is implemented in
software using digital signal processing (DSP) algorithms.

The concept of software-defined radio was introduced by J.
Mitola in the early 1990s [5]. The architecture of SDR systems
defines the hardware abstraction layer. When designing an
SDR terminal, it is necessary to choose a computing platform
for the digital part, a radio front end, and to make a
compromise between the sampling frequency, the complexity
of the terminal and the energy consumption. The cost functions
of the computing platform are programmability, flexibility,
power consumption and computing power [6].

ASICs offer the best possible performance at the lowest cost
of silicon, but they suffer from a lack of flexibility and a high
one-time engineering cost. DSP processors are based on the
Harvard architecture, an extension of the Von-Neumann
architecture, and are unable to meet SDR speed requirements
despite a set of arithmetic and control instructions optimized
for signal processing algorithms. Systems on a Chip (SOC)
have limited flexibility. FPGAs are dynamically
reconfigurable, and these high-performance, programmable
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hardware can efficiently perform highly parallel, compute-
intensive signal processing functions [7].

For these reasons, most of the existing SDR hardware
platforms are built around FPGAs like the USRP2 from Ettus
Reseach LLC, the Rice Wireless Open-Access (WARP)
research platform, the Berkeley 3 emulation engine. (BEE3),
the University of Kansas Agile Radio (KUAR). , Small Form
Factor Software Defined Radio (SSF-SDR) and Intelligent
Transportation System (ITS) from NICT.

For software platforms, next to Desktop PC software such as
Garx, SDR #, HDSDR, PowerSDR, QtRadio, GNU Radio,
Matlab-Simulink, OSSIE and WARPnet etc, there are also
Android mobile versions like SDR Touch and gISDR as well
as a few that provide a web interface like WebSDR and
ShinySDR, which can be used for simple remote access to the
receiver.

Designing true global SDR receivers for analog and digital
communication systems based on advanced DSP and digital
communications theory has so far been difficult given the high
cost of solutions based on basic FPGAs and SOCs. However,
this is now possible with the advent of low-cost hardware such
as RTL-SDR or, easy-to-use and programmable Adalm Pluto
module, as they can be integrated into technical programming
environments such as MATLAB-Simulink the VHDL and
other open source solutions. For a multistandard terminal, the
ultimate solution would be to use this SDR hardware to digitize
and capture all baseband signals at 2.5 or even 3GHz, and to
implement all of these receivers in software code [3].

RTL-SDR equipment was released in early 2013 and was
sourced from consumer grade DVB-T receivers. It was not
originally designed for use as generic programmable SDRs and
the switch to the current application is due to the number of
independent engineers and developers in the SDR community
allowing the device to match over the 25 MHz to 2.3 GHz
range, producing 8-bit raw 1Q data samples at a programmable
baseband sample rate. Shortly after this discovery, the name
RTL-SDR was adopted, which referred to the fact that RTL-
based (Realtek) DVB receivers could be used as SDR.

Several authors have made various contributions in the field of
software-defined radio, some focusing on modular or holistic
aspects both at the hardware and software level such as
reconfigurability and reusability [8]-[10] and broadband
digitization [11][12] as close as possible to the antenna [13],
the performance-consumption tradeoff [14][15], the
architecture of the receiver [16], the prototyping options
[13][11][17], signal processing and quality of service [18]-
[21], data security and cryptography [22], as well as the co-
design and partitioning techniques [23]. The possibility of
designing a universal multistandard mobile phone (GSM,
CDMA, TDMA, AMP etc.) capable of self-reconfiguration to
adapt to the identified protocol and based on flexible FPGA
technology has already been the subject of several works prior
to the present work [24]-[26]. Beyond the reconfigurable
software radio, some authors are already considering the
transition from a management architecture for the
configuration of multi-standard software radio systems to a

management architecture for cognitive or intelligent radio
[27].

Finally, among the most recent concerns is the development of
mono standard or multistandard software radio systems [28] at
a lower cost with the advent of processing platforms
(Raspberry Pi [29], Panda etc.) and software radio
components. (RTL-SDR, Adalm Pluto etc) at low cost by
sometimes exploiting the model-based design method [30]

It is in this context that works such as the design of FM
[30][31] or AM [30][32] radio receivers intervene or the
prototyping of a reconfigurable IEEE 802.11 and ZigBee
receiver with a single RF front end operating in the license-
free 2.4 GHz ISM band [28], built around FPGAs. The authors
of [33] have also worked on a low cost angle of arrival (AoA)
estimation unit that can be used as an Internet of Things (10T)
receiver and provides AoA estimates of signals received. The
unit uses a series of RTL-SDR dongles. The authors of [34]
show how Raspberry Pi boards can be used, together with
Simulink, to easily implement an OFDM transceiver.

Software-defined radio systems are a solution to the problem
of scalability and reconfigurability of transceivers which can
be software modified to adapt to new technologies without
compromising the hardware. Nevertheless, the literature shows
that the proposed architectures are based on costly and / or
complex solutions or else are restricted to limited applications.

Il. METHODOLOGY

A. Choice of software-defined radio solution

ASICs are about the only option that can achieve high
throughput with reasonable power consumption but offer a
limited level of programmability. FPGAs should be considered
for high throughput applications which can tolerate slightly
higher power consumption but still cost a lot. GPPs can now
process low to medium bit rate signals in real time. They offer
unmatched flexibility and ease of development. DSPs are
based on microprocessor architectures and are programmable
in high level languages such as C / C ++ to gain great
flexibility. On the other hand, they do not offer a sufficiently
high flow or a lower power than that of the alternative options.
SPUs should be considered on a case-by-case basis. The two
main concerns when considering SPU are the longevity of the
device and the ease of development.

Three major signal processing architectures can be defined:
All-software using a GPP, a GPP with hardware acceleration
using an FPGA or an SPU, or an FPGA. GPP is undoubtedly
the best maintainability platform because it allows the
reusability of codes (C ++ or Java code). On the other hand, a
good compromise is a combination of these architectures to
achieve optimal energy efficiency while preserving the system
requirements for performance and to build a fully
reconfigurable system that has the ability to adapt to new
hardware elements of the front end architecture and to the
analog-to-digital (A/D) and/or digital-to-analog (D/A)
conversion of an SDR [12].

Considering all of the above, we are proposing a development
with possibilities for a high performance SDR in terms of cost
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and power consumption, comprising an available and
affordable system of SOC system-on-chip with ARM
(Advanced RISC Machine) architecture embedded in a
Raspberry Pi 3B + nanocomputer. The proposed SDR platform
therefore uses the Raspberry pi 3B + development kit and radio
modules: two Adalm Pluto modules or one Adalm Pluto
module on the transmitter side and an RTL-SDR on the
receiver side. The digital signal processing is initially
performed using Matlab / Simulink.

B. Realization of the multistandard software radio terminal
architecture

For a multistandard SDR transceiver application, we generate
a baseband waveform that is either a WLAN modulation and
coding scheme (MCS), an LTE reference measurement
channel (RMC), or a 5G fixed reference signal (FRC)
synthesized in MATLAB, and upload it to a PlutoSDR module
for live transmission. Another PlutoSDR or RTL-SDR
according to the standard (signal bandwidth) is then used to
capture the signal, which is synchronized, decoded and
analyzed in MATLAB. For each of the three standards, the
transmitter and receiver of LTE, WLAN and 5G wireless
systems are defined in compliance at the physical layer level
with the specifications of the latest 3GPP standards.

First, each of the above units is connected to a host computer
using the USB 2.0 interface and the complex 1/Q samples are
transmitted to the host via Ethernet via USB. The host
computers of the transmitter and receiver units are running 64-
bit Windows 8 operating systems while the PlutoSDR units are
running embedded Linux.

In addition, for operation as a stand-alone terminal, the
processing algorithms can be integrated into general purpose
processors (GPP) based on Raspberry Pi 3B + modules. To
achieve this, these algorithms must be compiled in C/ C ++
format and downloaded into the Raspberry Pi with a python
script in a software graphical interface for a SISO scenario
allowing to switch between the three standards. From this
graphical interface the user can choose some of the algorithms
implemented to see the performance of the transceiver and the
data link.
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F1G. 2: SDR RECEIVER ARCHITECTURE IS BASED AROUND A GPP LIKE THE RASPBERRY P1 3B +. RF FRONT-END IS PROVIDED BY A) AN RTL-SDR FOR RX
ONLY AND B) BY AN ADALM PLUTO MODULE FOR TX/RX.

C. Taking into account the specifications of the MCS, RMC
and FRC normative references

A key requirement for the design and verification of radio

systems is the ability to work with live signals or even real

D. Optimization of the multistandard software radio terminal
architecture

1) Transmitter optimization by signal filtering to

waveforms. Various standards then define a set of uplink and
downlink test pattern waveforms (Modulation and Coding
Schemes (MCS) for WLAN [35], RMC Reference Channels
for LTE [36], and (FRC) for 5G NR [37][38]) which will
therefore be used here for the tests and validation of our
receiver. On the other hand, since PlutoSDR and RTL-SDR are
SISO devices, no spatial diversity, no beamforming algorithm
is needed and therefore no channel and layer mapping. The
references retained and used will therefore be limited to the
SISO context.

improve ACLR

The transmitted signal is assumed to occupy a given
bandwidth, called a channel. All transmission outside of this
channel is called out-of-band emission. These should be
limited as they create interference on adjacent channels. The
maximum level of out-of-band emissions is therefore fixed by
the standards of wireless communication systems, in relative
value compared to the power emitted on the channel band. The
reduction in out-of-band spectral emissions and interference
from adjacent channels will therefore be achieved by
additional filtering of the signal on emission.
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FIG. 3: PRINCIPLE OF THE TRANSMITTER HIGHLIGHTING THE ACLR
MEASUREMENT

The ACLR! is used as a measure of the amount of power
leaking into adjacent channels and is defined as the ratio of the
average filtered power centered on the assigned channel
frequency to the average filtered power centered on an adjacent
channel frequency

S(w) _ S(w)
i 40 s S

a

ACLR = (1)

fﬂﬂ’z

S (w) is the power spectral density of the transmitted signal.
For most communication standards, the most crucial ACLR is
that of the first adjacent channel (F1) and incidentally that of
the second F».

F, = ACLR, = (ﬁ—‘;)z 2)
F, = ACLR, = (%’)2 3)

The minimum ACLR compliance requirements are given for
E-UTRA (LTE) and UTRA (W-CDMA) carriers [38]. This is
equal to 45dB in most cases.

Filter design

We will use here the Parks-McClellan method which allows to
design a constrained optimal order FIR filter with uniform
ripple. The filter design parameters for a signal of bandwidth
BW and sampling frequency f are:

TABLE 1: Filter Design Parameters

Value

FIR Lowpass (Parks-McClellan Method)
fs_same as for reference signal

80dB > 60dB (3GPP requirement) [39]

Parameter

Type of filter
Sampling frequency
Minimum stop band
attenuation

Pass band ripple

0.1dB < maximum requirement of 0.2dB

Start of stop band | BW/2
frequency
Cut off frequency 90% of stop band start frequency (10% of the

Nyquist frequency)

Magnitude Response (dB) and Phase Response
T T T T T

0 7 -0.227

0 1 -11.708

20 1 -23.188

=30 4 -34.668

IS
=

1 46148

&
=

1 -57.629

Magnitude (dB)
Phase (radians)

&
=

1 69.109

4
=)

1 -80.589

&
=3

Filter #1: Magnitude 0 ) g -92.0869

Filter #1: Phase
-103.549
L L I L

1 2 3 4 5 8§ 7
Frequency (MHz)

FIG. 4: AMPLITUDE AND PHASE RESPONSE OF THE FILTER
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2) Receiver Optimization Vector

Magnitude Analysis

Using Error

The magnitude of the error vector represents the Euclidean
distance between the ideal coordinate of the reference symbol
(giving the reference vector R) and the real recorded complex
transmitted symbol (giving the measured vector V). The
quality of the modulation is specified at the receiver in terms
of the magnitude of the error vector for the allocated resource
blocks (RB) and the flatness of the spectrum derived from the
equalization coefficients generated by the process of EVM
measurement

Q A
(Quadrature)

Ideal

Point EV
Actual
Point

&4

-
I (in Phase)

FIG. 5: ILLUSTRATION OF ERROR VECTOR (EV) IN 1Q SPACE

_ER v R
EvM _\/ SRR (4)

Ti=1(er)

1

EVMgys(%) = 100 [A=—=—— (5)

Pavg

EVMpgys is the root mean square value of EVM across all
resource blocks in the LTE signal. The parameter e, in fact

represents the square of the amplitude of the modulation error
vector and is given by:

e =8I+ 8Q° = (I — )% + (Qk - ék)z (6)
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61, and 6Qy, are the real part (in phase) and the imaginary
part (quadrature) of each modulation error vector.

TABLE 2: EVM requirements according to 3GPP specifications

EVM (%)
3) Receiver optimization using modulation error rate Standard Pi/2 QPSK 16- 64- 256-
. . BPSK QAM | QAM | QAM
The MER is the ratio between the power of the target symbol
and the power of error. The MER is a measure of the SNR in a GSM/ 30 9 [8-PSK] N/A N/A N/A
modulated signal and is a way to quantify the noise of the EDGE
nstellation. The MER in decibels for the Ky, symbol will
constellatio e decibels for the K symbo be OVTS 30 75 75 VA A
1¢N 2 2
v Zk=1(Ie+Qk) LTE 30 175 125 |8 35
— N . . .
MER,, = 10-log,, (T (7)
5G NR 30 175 125 8 35
The WLAN, LTE, 5G NR transceiver for SISO [20][39][41][42]
communication, are produced using Matlab with the
possibility of modifying parameters such as MCS, RMC or
FRC which implies a sampling frequency, a modulation Reference Signal Generation v
(Type and order) etc, as well as the carrier frequency.
Resource grid OFDM SDR Front
generation Modulation End
FIG. 6: SYNTHETIC PROCESSING CHAIN OF A TRANSMITTER
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FIG. 7: SYNTHETIC PROCESSING CHAIN OF THE WLAN RECEIVER
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FIG. 9: SYNTHETIC PROCESSING CHAIN OF THE 5G-NR RECEIVER

E. System performance evaluation and validation

The evaluation of the performance of the system which leads
to its validation is based on the analysis of various parameters
such as the magnitude of the error vector, the adjacent channel
leakage ratio or the rate of modulation error (MER). This will
also include RF degradation like phase noise as well as timing
and frequency offsets on the receiver side. Coarse and fine
frequency compensation can then be designed to estimate and
compensate for the frequency offset of the received signal. This

assessment is also performed using a multipath fading channel
model adapted to the urban environment.

This test compares the over-the-air (OTA) performance of the
proposed active wireless device to the performance obtained
using the proposed channel model. The principle being firstly
to simulate the transmission through the proposed channel
model [43]. Secondly, we operate the device in a normal mode
by air transmission with real waveforms, to determine the RF

IJERTV 10l S060381

www.ijert.org

922

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org
www.ijert.org

Published by :
http://lwww.ijert.org

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
Vol. 10 I ssue 06, June-2021

performance of the device under normal use. The comparative
analysis focused on the case of the 5G NR receiver because this
technology is more demanding in terms of objectives and
performance compared to the other two standards (WLAN and
LTE).

The paths delays of the channel TDL model are scaled to reach
the desired nominal delay spread of 100ns, according to the
procedure described in paragraph 7.7.3 of [44]

TABLE 3: CHANNEL MODEL AND SIMULATION PARAMETERS

Parameter Description
Frequency bands FR1
Direction of transmission | Downlink

DL-FRC-FR1-QPSK
DL-FRC-FR1-64QAM
DL-FRC-FR1-256QAM

2.140 GHz (n, band)

5G NR reference signals

Carrier frequency

Bandwidth 10MHz
Subcarrier spacing 15kHz
Duplex mode FDD

TDL with Suzuki distribution
for path gains

Nominal value of 100ns for 24
taps [44]

Generated using the channel

Channel model

Delay spread

Path gains model presented in [43][45]
Equalization MMSE
Mobile speed 50Km/h

Fig. 10 shows the different setup for testing.

II.RESULTS

The screenshots show the power measurement of the channel
and the ACLR combined with a display of the constellation and
measurements of the vector signal quality of the M-PSK or M-
QAM signals. The curves associated with the primary
synchronization signal (PSS) as well as the secondary
synchronization signal (SSS) allow a correction of the
frequency and time shifts of the signal while providing the
values of these time and frequency errors. They also allow to
calculate the cell identifier in the LTE and 5G NR cases.

In all cases, modulation is automatically detected using blind
detection for the packets and is displayed as a constellation.
The data synthesis then indicates the values of the EVM, the
MER, as well as a measure of the signal strength.

b)

c)

FIG. 10: RECEIVER TEST: A) GENERIC PC AND RF FRONT-ENDS SUPPLIED BY
THE RTL-SDR MODULE AND ADALM PLUTO, B) RASPBERRY PI 3B + AND RF
FRONT-ENDS SUPPLIED BY ADALM PLUTO AND RTL-SDR MODULES AND C)
TEST OF TWO INDEPENDENT SYSTEMS

A.  WLAN transceiver

The spectrum of the Non-HT WLAN signal generated and
transmitted is shown in Fig. 11 below. The case of the
modulation and coding scheme MCS = 4 is given here as an
indication. As can be seen, we are dealing with a 20MHz
bandwidth signal. The signal is centered on the 2.432MHz
carrier frequency which corresponds to WLAN channel 5. The
main results are shown in Table 4 as well as in various figures
(Fig. 11 to Fig. 13)

IJERTV 10l S060381

www.ijert.org

923

(Thiswork islicensed under a Creative Commons Attribution 4.0 International License.)


www.ijert.org
www.ijert.org
www.ijert.org

Published by : International Journal of Engineering Research & Technology (IJERT)

http://lwww.ijert.org I SSN: 2278-0181
Vol. 10 I ssue 06, June-2021

Baseband WLAN signal spectrum
T T

various curves (from Fig. 14 to Fig. 18) make it possible to
better appreciate these results and therefore to better interpret
them.

sty (dBm J Hzh

TABLE 5: LTE SIGNAL QUALITY RESULTS BASED ON RMC CHANNEL

E Timing Frequency

LT RMC RSI\S"EQ o '\("OE)R Offset Offset

< ° ° (Samples) (kH2)
o R.2 2.77 27.57 8365.00 4528
1 24‘25 243 24‘?:5 . Z‘M 24'&5 245 R.3 2.92 27.07 64007.00 5-127
FIG. 11: SPECTRA OF THE TRANSMITTED (BLUE) AND RECEIVED (RED) WLAN R4 6.52 2031 13334.00 5.148

SIGNAL
R.5 7.00 22.83 20129.00 4516
WLAN Symbols
R.6 2.14 29.73 20358.00 4.415
1 R.9 4.19 23.87 67148.00 4.395
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LTE signal spectrum (RMC=R.9)
T T
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F
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FIG. 14: TRANSMITTED (BLUE) AND RECEIVED (RED) LTE SIGNAL SPECTRA

" FOR RMC=R.9
2 Extract from the equalized LTE resource grid for a subframe (RMC = R.9)
3 =
| —
60
0.8
06 50
04 % 40
Sub-carrier index o 5 % OFDM symbol index % 2
FI1G. 13: ESTIMATION OF THE FREQUENCY RESPONSE OF THE CHANNEL @
TABLE 4: WLAN SIGNAL QUALITY RESULTS BASED ON MCS w
Tlmlng ’ 0 2 B 8 10 12
MCS EVM MER Offset Frequency OFDM symbol index
RMS (%0) (%) (samples) Offset (kHz)
FIG. 15: RECEIVED LTE SIGNAL GRID FOR A SUBFRAME (RMC = R.9)
2 791 | 18.32 124030 4.155
3 6.91| 19.58 76813 4.136
4 7.13| 19.13 64425 4.030
5 9.18 | 16.95 38097 4.243
6 7.97| 18.04 33243 4.626
7 6.29 | 20.29 26358 4.619

B. LTE transceiver
Table 5 below summarizes the signal quality results for the
considered LTE reference measurement channels. In addition,
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Equalized PDSCH Symbols (RMC=R.3)

U ¥ - » A measurement of the leakage rate in the adjacent E-UTRA and
UTRA channels for the different reference channels and
” i o - * therefore different rates and modulation schemes, with ambient

noise compensation, is carried out in order to evaluate the
spectral efficiency of the transmitter. The results are available
.+ + 3 in Table 7.

Quadrature Amplitude
=

» PR C. 5G NR transceiver
) The results for the 5G NR transceiver can be seen below. (From
Fig. 19 to Fig. 23 as well as Table 6).

-1 -0.5 o 0.5 1

a) In-phase Amplitude

TABLE 6: 5G NR SIGNAL QUALITY RESULTS BASED ON FRC CHANNEL

of the frequency of the amplitude of the channel

“ EVM MER Timing Frequency
%0 FRC RMS (%) Offset Offset (kHz)
2 (%) (Samples)
DL-FRC-FR1-
2 OPSK 0.87 1.39 1212722 6.548
24
DL-FRC-FR1-
2 640AM 0.87 1.18 1186453 7.073
20 DL-FRC-FR1-
. 2560AM 0.85 1.18 2273388 -5.348
16
14
b) Sub-carrier indice 200 0 o OFDM symbol indice * 5G NR i signal
FIG. 16: A) RECEIVED PDSCH CONSTELLATION AND B) CHANNEL AMPLITUDE
FREQUENCY RESPONSE FOR RMC =R.3
w0 LTE signal ACLR (E-UTRA) LTE signal ACLR (UTRA)
Minimum required threshold 120 Minimum required threshold
& [fo.22] [79 28]
70 100
gw g
= ~ 80 . PR N
'-E 50 % . 2 10 12 ‘\4
%40 % @ 6875 6877 0t
S 2w FIG. 19: TRANSMITTED 5G NR BASEBAND SIGNAL
20
20
10
0 -2 -1 0 1 2 0 -2 -1 o 1 2
Adjacent channel Adjacent channel 40 Roceived SGNR L {PRG=DL-FRC-FR1-840AM)
FIG. 17: ACLR AT TRANSMITTER LEVEL - il g m IR I
gw 1 W
S ol &
>
& 2 } = \/ —
2% e e o 2% s ien
FIG. 20: TRANSMITTED (BLUE) AND RECEIVED (RED) 5G NR SIGNAL SPECTRA
Sub carrier o
OFDM Symbols
FIG. 18: EVM AGAINST VARIOUS PARAMETERS FOR RMC = R.3
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TABLE 7: LTE QUALITY RESULTS (ACLR) BASED ON RMC CHANNEL

ACLR ACLR ACLR ACLR ACLR ACLR ACLR ACLR ACLR ACLR
RMC | EUTRA-2 | EUTRA-1| EUTRA-0 EUTRA+1 EUTRA+2 UTRA-2 UTRA-1 | UTRA-0 | UTRA+1 UTRA+2
R.2 78.77 53.4 0 62.85 79.04 67.34 53.02 0 59.53 68.71
R.3 78.74 53.71 0 63.15 79.04 68.66 53.58 0 63.47 68.79
R.4 87.94 62.15 0 62.05 68.24 82.48 70.32 0 69.84 81.59
R.5 84.85 70.42 0 70.49 84.85 88.64 70.28 0 70.28 88.65
R.6 78.88 63.73 0 63.7 78.92 69.52 60.16 0 59.36 69.23
R.9 78.48 59.58 0 60.8 79.15 68.16 58.71 0 61.17 70.51
BWP 1 (SCS=15kHz). PDSCH, PDCCH and CORESET Channel amplitude frequency response estimate

I 25
30
25 -
! - 20
20 -
.
10
5 10
R ]
2
1.5 5

400
300

PDCCH
PDSCH
CORESET 0.5
SS Burst Sub carrier 0 o OFDM symbols

w10t 1

200

100

59’”“’0'5 FIG. 23: CHANNEL AMPLITUDE FREQUENCY RESPONSE FOR DL-FRC-FR1-
64QAM
FIG. 21: RECEIVED 5G NR RESOURCE GRID

EVM as a function of the number of OFDM symbnls

5t —-—rmsEVM ‘ I 1 fe— ——— |F'
Equalized symbols constellation 4F : _ peak EVM: S w0
1.5 & T i
. . E 3T ." B N
- : . : H wmet
LR b e by I e
.'.. '._'i. ':, ...‘. -f;..__-i. f‘.-.-..§ 0 | | | | ! L
. LT ., 0 20 40 60 80 100 120
057 *i bk e Y - '! i Number of symbols
- - - : . . '_ EVM as a function of the number of slots
o 1- '* &It i. * . o[ . - . T T T
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os| W B CeSE g & W =l
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FI1G. 22: PDSCH CONSTELLATION AFTER EQUALIZATION FOR DL-FRC-FR1- ;
64QAM it
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MNumber of sub-carriers
FIG. 24: EVM AGAINST VARIOUS PARAMETERS FOR FRC= ‘DL-FRC-FR1-
QPSK”
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V. DISCUSSIONS AND ANALYSIS

A. Resource Grid Analysis
One can clearly see the periodic switching of the PDSCH
resource allocation over time as well as the PDCCH allocation
and other timing signals. For the two LTE and 5G NR
standards, we observe a good reconstitution of the grids at the
receiver (Fig. 15 and Fig. 21).

B. Spectra and spectral densities analysis
The results show that the signal transmitted has a spectrum with
a limited amplitude response, [-110dB, -40dB] for WLAN
(Fig. 11), [-180dB, -50dB] for LTE (Fig. 14) and [-100dB, -
45dB] for 5G NR (Fig. 20) with a perfect shape, good band
limitation as well as a very narrow and noise-free transition
band.

LTE and 5G NR technologies present a better spectrum due to
the introduction of an FIR filter to improve amplifier response
and limit leakage in adjacent channels. In contrast, the spectra
of the received signal reflect the effects of the channel's
multipath fading response with lower band limitation, wider
transition band, more noise and more peaks.

C. Constellation diagrams analysis

Fig. 11 (WLAN), Fig. 15.a (LTE) and Fig. 21 (5G NR)
illustrate the constellation diagrams at the receiver for the
considered standards. Good symbol recovery can be observed
in all three cases as well as the effect of the multipath channel
on the signal. Some phase noise can be observed on the 5G NR
signal (Fig. 21) but it is clear that the signal processing is
correct. The demodulated constellation points exhibit excellent
amplitude and phase symmetry for all M-PSK / M-QAM
modulation schemes considered.

D. Error Vector Magnitude and Modulation Error Rate
analysis

The variation of EVM from local oscillator power levels for
different modulation schemes (QPSK, 8PSK, 16PSK, 16QAM
and 64QAM) is shown in Fig. 30 to Fig. 32 for the three
standards. As observed, the results obtained show acceptable
EVM values of less than 10%, for all modulation schemes, in
all cases. The EVM s far better because the values are even
lower (in the order of 1%) for the case of the 5G NR receiver
(Table 6 and Fig. 24). These values of the EVM, clearly prove
a low power consumption capacity of the demodulator of the
proposed terminal. This makes it possible to reduce the cost of
multistandard receivers.

The measured overall EVM values always comply with the
requirements of TS 38.104. This proves the capacity of the
proposed terminal to discriminate between amplitude and
phase. The diagrams also demonstrate that the SISO OFDM
transceiver compensates well for the multipath fading effect.
Through simulations, we have also carried out another
qualitative evaluation with MER performance measurements.
This parameter presents acceptable values (MER <21% for the
WLAN, MER <30% for the LTE and MER <2% for the 5G
NR). The best performances can be observed for the 5G NR
case (MER <2%) (Fig. 25 to Fig. 27)

E. Adjacent channel leakage ratio analysis
The minimum ACLR values are obtained for LTE R.2 channels
(53.02dB for UTRA and 53.4dB for E-UTRA). On the other
hand, the highest values are obtained for channels R.4 and R.5
attesting for better spectral efficiency of the terminal in these
latter channels (Fig. 28 and

Fig. 29)

In addition, the impact of the filter has been highlighted in Fig.
30. The ACLR is measured before and after introduction of the
FIR filter. We were particularly interested in the first adjacent
channels. Before filtering, the minimum ACLR is around 45dB
(which is limited compared to the requirements of the
standard). After introducing the filter, this value is significantly
improved and is around 53dB.

According to TS 38.104, the minimum ACLR required for the
measurements conducted is 45 dB and the maximum EVM
required when the constellation is 256-QAM is 3.5dB (most
critical case) for a 5G NR terminal. The ACLR values for the
LTE and 5G NR standards are all greater than 53 dB for both
UTRA and E-UTRA channels. This is clearly higher than the
45dB required by the standard. The two measurements
therefore comply with the normative requirements.

MER as a function of MCS

24r

MER (%)
2

MCS
FIG. 25: MODULATION ERROR RATE BASED ON MCS (WLAN)

MER as a function of RMC

35T

30

R.2 R.3 R.4 R.5 R.6 R.9
RMC
Fig. 26: Modulation error rate based on RMC (LTE)
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MER as a function of FRC
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FIG. 27: MODULATION ERROR RATE BASED 5G NR REFERENCE CHANNELS
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Fig. 29: Leakage ratio in E-UTRA adjacent channels according to the RMC

of the LTE terminal
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EVM RMS as a function of MCS
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FiG. 31: EVM DEPENDING ON MCS (WLAN)
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Fig. 32: EVM depending on RMC (LTE)
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EVM RMS as a function of FRC

DL-FRC-FR1-64QAM DL-FRC-FR1-256QAM

FRC

DL-FRC-FR1-QPSK

FIG. 33: EVM DEPENDING ON FRC (5G NR)

F. Validation on the proposed channel model
The comparative analysis with the OTA testing mainly focused
on the case of the 5G NR receiver because this technology is
more demanding in terms of objectives and performance
compared to the other two WLAN and LTE standards.

Fig. 34 below shows an illustration of the path gains of our
fading channel model.

The results are available in the following table (Table 8):

TABLE 8: 5G NR SIGNAL QUALITY RESULTS OBTAINED THROUGH THE
PROPOSED CHANNEL TDL MODEL

ERC EVM MER | Timing Offset | Frequency
RMS (%) | (%) (Samples) Offset (kHz)
gtéFKRC'FRl' 2.97 032 |1103 62.737
?E'R?‘FRL 285 022 | 65092 96.857
ZDS'%’giﬁﬂ'FRl' 2.18 050 | 24694 43.62

MIMO fading channel path gains

D -
5~
@ -10
=
[
3 -15
a
<E,: 20
-25 4
15
30 - 10
0 5 - 5 104
15 o0 "
Path 25 Samples (time)

Fig. 34: Path gains of the proposed fading channel model

EVM RMS as a function of FRC
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L L
DL-FRC-FR1-640QAM DL-FRC-FR1-2560AM
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I
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FIG. 35: PERFORMANCE COMPARISON (EVM) BETWEEN OTA TRANSMISSION
AND PROPOSED CHANNEL MODEL.

MER as a function of FRC

—#— OTA Transmision

4r —#— Proposed channel model | |
3t
o

-1

£ —_

o o

w

=

DL-FRCFR1-64QAM DL-FRC-FR1-256QAM

FRC

DL-FRC-FR1-QPSK

FIG. 36: PERFORMANCE COMPARISON (MER) BETWEEN OTA TRANSMISSION
AND PROPOSED CHANNEL MODEL.

The difference for the EVM is of the order of 1% to 2% (Fig.
35) while it is of the order of 0.5% to 1% for the modulation
error rate (Fig. 36). The maximum difference in both cases is
observed for the DL-FRC-FR1-QPSK reference channel while
the minimum difference is observed for the DL-FRC-FR1-
256QAM channel. These very satisfactory results attest to the
consistency of the channel model as well as the architecture of
the software radio terminal proposed.

V. CONCLUSION

A new multistandard receiver architecture was proposed, more
suited to the new radio as it exploits the possibilities of
software-defined radio. Then followed the validation by
performance analysis. The proposed transceiver model
integrates LTE, WLAN and 5G wireless systems which are
defined in compliance at the physical layer level with the
specifications of the latest 3GPP standards. It is built around a
GPP such as the Raspberry Pi 3B +for standalone operation,
ADALM PLUTO modules and an RTL-SDR. The architecture
validation was performed on the proposed channel model and
on real waveforms of the three selected standards.

To assess the quality of demodulation and the performance
limits of this structure, two studies were carried out. In the first,
various demodulation results of M-PSK and M-QAM signals
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of WLAN, 4G-LTE and 5G NR standards are presented while,

in the second, various diagrams and

signal quality

measurements such as error vector magnitude, modulation
error rate, adjacent channel leakage ratio as well as timing and
frequency offsets were evaluated and analyzed. Very good
demodulation performances were obtained for all the M-PSK
and M-QAM signals considered, again confirming the high
potential of the proposed architecture for present and future
short-range and high-speed wireless communication systems,
including the promising 5G technology.
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