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Abstract—The Ultra-wideband (UWB) system is a wireless
technology that offers flexible data rate with better energy
efficiency and is used for short-range communications. The
Code-shifted-reference (CSR) UWB radio uses the Walsh
codes technique to distinguish between the data pulse and
reference pulse sequences. The Code-shifted-reference (CSR)
UWSB transceiver is designed at different code lengths in this
manuscript. The CSR-UWB Transmitter is designed using
shifting and reference codes, data frame, and pulse
generation units. The CSR-UWB receiver is designed using
an autocorrelator, data detection, and decoder unit. The data
detection unit performs detection and synchronization
mechanisms to improve the chip area. The CSR-UWB
transceiver is designed and implemented on Artix-7 FPGA on
Xilinx environment using Verilog HDL. The CSR-UWB
transceiver utilizes the < 1% chip area (Slices) and operates
at 267.236 MHz by consuming the total power of 103 mW on
Artix-7 FPGA. The CSR-UWB transceiver achieves a
throughput of 27.4 Mbps, 356.98 Mbps, and 713.95 Mbps at
code lengths 2, 4, and 8, respectively. The hardware efficiency
of 0.61 Mbps/Slice, 6.99 Mbps/Slice and 12.1 Mbps/Slice is
obtained at code lengths 2, 4, and 8, respectively using
proposed Transceiver. The performance metrics like chip
area, frequency, power, and throughput of the proposed
CSR-UWB transceiver are improved compared to those of
existing CSR-UWB transceivers and other PHY transceiver
designs.
Keywords—code-shift-reference, ultra-WideBand, FPGA,
transceiver, pulse generation

. INTRODUCTION

Short-distance communication is one significant
domain in advanced wireless technology due to higher
demand in the Internet of Things (loT) field and mobile
communications. The Narrowband (NB) and Ultra-wide-
band (UWB) are two Radio frequency (RF) based wireless
standards. The current narrowband wireless standards like
Zigbee, Bluetooth, and Wi-Fi devices are failed to meet the
demands of the next-generation communication system.
The devices like Zigbee and Bluetooth offers low data rate
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within 2 Mbps and drastically degrades the system
performance by utilizing more power. In contrast, the Wi-
Fi system offers a better data rate of up to Gigabits per
second (Gbps). It has a complex architecture, which
increases the power consumption and latency of the system.
The UWB wireless technology offers better data rates,
high range accuracy, and good energy efficiency than NB
standards [1]. The signal bandwidth of the UWB is greater
than 500 MHz. The power spectral density (PSD) of the
UWB system is —41.3 dBm/ MHz for inherent noise. The
UWB acts as an interface mechanism for low-data rate
transmission in wireless applications under IEEE
802.15.4a standards. The impulse Radio (IR)-UWB and
frequency modulation (FM)-UWB is two UWB data
transmission approaches [2].

The IR-UWB architecture is simple and offers low
power with better system performance due to high-channel
capacity. The UWB can avoid the multipath effects and
spatial diversity to improve the system’s accuracy. The
UWB is used in most wireless applications as a
communication interface, including Wireless Body area
networks (WBANS) and Wireless Personal Area Networks
(WPANSs). The UWB technology is used in medical
sensing and transmission system, including capsule
endoscopy and medical radar [3]. The IR-UWB receivers
are classified into two types based on channel capacity:
one is coherent, and the other is non-coherent type. The
non-coherent IR-UWB receivers are divided into
traditional autocorrelation, modified autocorrelation,
special non-coherent type, and energy detector receivers [4,
5]. The Transmitter-reference (TR) based UWB receiver
provides low-complexity features and the ability to detect
the data symbols at a lower data rate without using channel
estimation coefficients. The TR-UWB receiver uses the
synchronization algorithm to improve the Bit error rate
(BER) at different channel conditions [6].

The Code-shifted-reference  (CSR) UWB radio
separates the data pulse and reference pulse sequences
with coding mechanisms like Walsh codes. The shifting
and detection coding mechanism is introduced to remove
the UWB delay element and group of analog carriers in
TR-based UWB and frequency-shifted reference (FSR)
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based UWB systems, respectively. The CSR-UWB
transceiver offers a low-complexity design with better
BER performance than TR and FSR-UWB-based
transceiver architectures [7-9]. The differential CSR
(DCSR)-UWB transceiver is introduced to reduce the
transmitted power of the reference pulse sequences. The
CSR and DCSR offer good performance with lesser
system complexity [10, 11]. Internally coded time hopping
approach is introduced in the CSR-UWB system to realize
the performance metrics with BER improvement than
uncoded CSR-UWB system [12]. The UWB Technology
is used for low-data rate applications like WBANS,
WPANSs, and medical sensing-transmission systems.
UWB Technology supports home network applications
like digital video, audio, and internet with suitable data
rates.

The efficient CSR-UWB Transceiver architecture is
designed in this manuscript. The contribution of the work
is as follows: The proposed CSR-UWB transceiver offers
low-latency and high throughput architecture and is used
in most UWB applications. The transceiver is designed at
different code lengths and offers better hardware
efficiency. The proposed design provides better
performance metrics than the other CSR-UWB TR and
existing PHY TRs. Most of the existing UWB systems use
a barker identifier as a decoding mechanism with a
synchronizer to decode the final output, which affects the
chip area and efficiency of the UWB system. The
proposed CSR-UWB system uses a simple decoding
mechanism, which identifies and compares the auto
correctors output with data detection codes to improve the
performance metrics.

The manuscript’s organization is as follows: Section Il
discusses the existing works of the UWB transceiver
architectures and their performance metrics. The proposed
CSR-UWB transceiver architecture is explained in Section
I11. The results and discussion of the proposed work with
performance comparison are analyzed in Section IV. The
overall work is concluded in Section V with the futuristic
suggestion.

Strackx et al. [13] presented the electromagnetic (EM)
subtraction-based flexible UWB pulse transmitter on a
Field Programmable Gate array (FPGA) platform. The EM
subtraction approach provides highly flexible doublets,
monocycles, and gaussian based pulses in a single chip of
FPGA. The work analyses the pulses concerning the time,
voltage, and frequency. The EM-based approach is a better
alternative to the digital clock manager (DCM) on the
FPGA platform, with easy implementation and flexibility
features. Olonbayar et al. [14] describe the impulse Radio
(IR)-UWB baseband Transceiver implementation on both
Application-specific Integrated Circuit (ASIC) and FPGA
platforms for IEEE 802.15.4a applications. The
synchronization mechanism performs better even in large
distortion conditions in the architecture. The packet
reception performance is analyzed under uncoded and
coded conditions. The baseband architecture supports up
to 27.24 Mbps by consuming 74 mW power on the ASIC
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platform. Shimizu et al. [15] explained the IR-UWB
receiver architecture to realize the performance of in-body-
Out-of-body communication. The receiver architecture
contains memory, synchronization, and detection units.
The IR-UWB transceiver is connected to the Liquid
Photom to realize the performance metrics with real-time
setup. The work offers a data rate of 2 Mbps with a BER
of 10-3 and covers a distance of up to 70 mm.

Jin et al. [16] presented the Transmitted reference (TR)
based UWB Transceiver with non-ideal delay lines (DL).
The group delay ripple (GDR) of DL produces the
distortions. This work improves the distortions using a
non-ideal DL-based approach in the receiver unit. The
work evaluates the BER under different signal-to-noise
ratio (SNR) and GNR ratio conditions and compares it
with the conventional approach. Shah et al. [17] explained
the IR UWB receiver and its performance comparison. The
different IR-UWB receivers like CSR, Multi-differential
Frequency shift reference (MD-FSR), and Transmitted
reference (TR) were considered pulse-transmitting
approaches in the UWB communication system. The work
analyses the Bit error rate (BER) against signal-to-noise
ratio (SNR) by concerning the number of frames (Nf) and
several shift codes (M) for all three IR-UWB receivers.
The CSR-based approach provides better BER than the
other two approaches, TR and MD-FSR approaches.
Shanthi et al. [18] described the Frequency synthesizer
module for multiband-Orthogonal frequency division
multiplexing (MB-OFDM) based UWB transceivers. The
delay-locked loop (DLL) based frequency synthesizer
reduces the design complexity rather than the phase-locked
loop (PLL) based approach. The work analyses the energy,
delay, data rate, and static power at different traffic levels.

Jayaprakash et al. [19] presented the differential-CSR
(DCSR) encoder and decoder mechanism for UWB
transceivers. The DCSR method utilizes less power than
CSR and transmits the reference codes free differential
encoded data to the receiver unit. This work analyses CSR
and DCSR-based approaches on FPGA and realizes the
chip area and throughput at different data widths. Qiu et al.
[20] explained the adaptive beam approach for UWB
impulse transceivers. The transceiver includes a driver
amplifier, pulse generator, PLL, DLL voltage-controlled
oscillator, switch, charge pump, and buffer units. The work
analyses the transmitted, detected, recovered, and PLL-
tuned pulses. The TX and RX consume total power of 67
mW and 151 mW, respectively, using 180 nhm CMOS
technology. Schmidt et al. [21] described the wireless
connectivity issues and enabling the UWB in the aerospace
industry. There are many challenges like network
performance targets, security, ambiance energy operation,
and coexistence with other systems. The latency and
throughput trade-off, the impact of deployment position,
and lifetime and sustainability features are improved by
enabling the UWB technology.

Jaglan et al. [22] presented the Circular monopole UWB
antenna design with triple band notches using the
Electromagnetic band gaps (EBG) framework. The work
discusses the Voltage standing wave ratio (VSWR) against
frequency and its effects using different EBG frameworks.
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With the continuation, the Dual band EBG framework-
based UWB multi-input-Multi-Output (MIMO) antenna is
designed with wide band electromagnetic coupling effects
reduction [23]. The UWB MIMO antenna with triple band
notches is realized to enhance the wideband isolation using
Uniplanar and mushroom EBG framework [24].
Dharmarajan et al. [25] discussed the Human face-shaped
(HFS) based dual-polarized MIMO UWB antenna with
high resolution and gain features. The MIMO antenna
bandwidth (2.8-16.1 GHz) covers the UWB system by
removing the Wireless Local area network (WLAN)
signals ranging from 5 to 6.4 GHz.

Hennessy et al. [26] presented the digital CSR UWB
transmitter (TX) and receiver (RX) architecture with
security features on both FPGA and ASIC platforms. The
security key is added with reference codes in the
transmitter unit for key rotation. The receiver architecture
introduces the autocorrelator, detector, synchronizer, and
decoder units. The work considers floating-point and
fixed-point representations to implement the TX and RX
on FPGA. The design module operates at 82 MHz,
consuming a total power of 0.63 mW on 32-nm CMOS
Technology.

I11. DiGITAL CSR BASED UWB TRANSCEIVER

The orthogonal shifting codes are used to separate the
data signals from the reference signal on both transmitter
(TX) and receiver (RX) sides during communication. The
TX and RX modules mutually agreed to use shifting and
reference codes during communication establishment. It
will be easy to detect and decode the original input data
signal. These shifting and reference codes have
constructed a series of either positive or negative ones. The
Code-shifted-reference (CSR) approach has used these
codes to shift data orthogonally to detect the original input

data by satisfying the below three Egs. (1-3) as follows [7]:

Ne—1
Y. cp=0 vp €{012,.., M} (1)
Np-1 0, if p=# D),
Zl‘zfo Tio Cip Sit {Nf! lf (p — l), Vp:l € {0;1;2 ;;M}
)
N¢e—-1
Y sucipsin=0, Vp,Ln €{0,12,..,M} (3)

where cjp is the detection code, rio is the reference code,
and s; and si, are possible shifting codes. Nf denotes the
number of frames, and the number of bits grouped with
reference codes is denoted by M. The creation of multiple
detection codes produces better outcomes by continuously
changing reference and shifting codes using the above
equations. Shifting the data bits from the reference codes
in the CSR approach is compulsory to detect the original
data using detection codes. The reference codes are
multiplied with waveform samples to generate the
reference sample and are orthogonal. The data and
reference signals are added in the time domain and are
separated in the CSR coding approach. The shifting and
reference codes use a set of orthogonal codes called Walsh
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codes. The selection of shifting and detection codes under
different code lengths in the CSR approach is tabulated in
Table 1. The code length varies from 2 to 8 based on the
selection of shifting and reference codes in CSR-UWB TX
and RX. The detection codes are used in RX to recover the
original input data. The reference code at code length eight
for CSR-UWB Transceiver is represented in Eqg. (4) as
follows [9]:

To 1 1 1 1 1 1 1 1
51 1 1 -1 -1 -1 -1 1 1 (4)
T2 -1 -1 -1 -1 -1 -1 1 1
T3 1 1 -1 -1 1 1 -1 -1

The CSR-based UWB transceiver (TR) architecture is
illustrated in Fig. 1. The CSR-UWB TX has shifting codes,
reference codes, a data framing unit (DFU), a pulse
generator, adders, and multipliers. The CSB-UWB RX has
detection codes, a data detection unit (DDU), an
autocorrelator unit, a decoder unit, and a data register. In
this work, three different CSR-UWB TX and RX modules
are designed based on code lengths (Ns) like 2, 4, and 8.
The CSR-UWB TX and RX modules use the
corresponding shifting, reference, and detection codes
based on code lengths. The CSR-UWB TR module is
designed for different data widths like 1, 2, and 4 using
code lengths 2, 4, and 8, respectively.

Data in CSR Transmitter
Shifting Data framing Pulse
codes Unit generation

Reference
codes

M

A,
Autocorrelator

Data register Decoder

Unit
Data out Data Detection | Detection
Unit codes
CSR Receiver

Figure 1. The architecture of the CSR-based UWB transceiver.
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Figure 2. Hardware architecture of the CSR based UWB transmitter.

The hardware architecture of the CSR-based UWB
Transmitter at code length eight is illustrated in Fig. 2. The
transmitter receives four 1-bit input data values, and are
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multiplied individually with shifting codes (So, S1, Sz, and
s3). These 1-bit input data values are either positive or
negative ones. The multiplied results are stored
individually in the data framing unit (DFU).

The reference code (r1) is selected from Eq. (4) of the
2" row and is multiplied with the initial value one. The
results are again multiplied with the square root of the ‘M’
value. The ‘M’ value is fixed to 1, 2, and 4 for the
corresponding code lengths 2, 4, and 8 in the CSR-based
UWB transceiver. The DFU receives all the multiplied
values individually and processes the data framing
according to the input values. The DFU process in the
CSR-UWB transmitter is tabulated in Table Il. The fo, fi,

f,, and f; are the shifted data outputs generated using data
inputs and shifting codes. The DFU selects the
corresponding framed output (df) based on the input data
values. The framed output is added with reference output
to generate the single frame output. The digital frequency
synthesizer (DFS) generates the pulses at a 10 MHz
frequency. The frame output is multiplied with pulses to
generate the CSR-UWB transmitter output (TXou) in a
sequence. The CSR-UWB Transmitter is constructed
using Eq. (5) as follows [9]:

TXput = ((rl.\/M) + df) .pulses (5)

TABLE I. SELECTION OF SHIFTING AND DETECTION CODES UNDER DIFFERENT CODE LENGTHS

Code Length (Nr) Shifting Codes

Detection Codes

2 so=[1 —1]
A so=[1 -1 -1 1]
s;=[1 -1 1 —1]
ss=[1-1-1 1 1 -1
g s=[1 -1 1 -1 1 -1
s,=[1 -1 -1 1 -1 1
ss=[1 -1 1 -1 -1 1

=1[1 —-1]
=1 -1 1 -1]
ag=[1 -1 -1 1]

1] =1 -1 1 -1 -1 1 -1 1]
—1] =01 -1-1 1 -1 1 1 -1]
-1] G=[1-1 1 -1 1 -1 1 —-1]

1] =01 -1-1 1 1 -1 -1 1]

TABLE Il. DFU PROCESS IN CSR-UWB TRANSMITTER

Data inputs Framed Data inputs Framed
[ds, d2, d1, do] outputs (dr) [ds, d2, d1, do] outputs (dr)
[[1-1-1-1] fa+f,+fi+1 [1-1-1-1] f+f+1
[-1-1-11] fo+f+ [1-1-11] fotfi
[(1-11-1] fa+f+1 [1-11-1] f,+ 1

[[1-111] fi+ 1, [1-111] f,

[(11-1-1] fa+f + 1 [11-1-1] fi+f
[(11-11] fa+f, [11-11] f1
[[111-1] fa+ 1 [111-1] fo
[[1111] fs [1111] -1
Autocorrelator Unit RXin (Input)
Pulse generation .
using DFS »  Divider
r1
A,
JM @—» Subtractor
CcC C-¢€
Co
L1y .
Detection Data De?ectlon J} Decoder
codes Unit
Data out «—— Data register

Figure 3. Hardware architecture of the CSR based UWB receiver.

The hardware architecture of the CSR based UWB
Receiver is illustrated in Fig. 3. The CSR-UWB receiver
has mainly three units: autocorrelator, data detection, and
decoder units. The autocorrelator receives the transmitter

output (TXout) and divides with pulses. The reference
output is subtracted from the divider output to generate the
autocorrelator output (ac). The autocorrelator output (ac)
generates the outcome simultaneously due to the received
transmitted output being obtained based on shifting and
reference codes. The detection codes (Co, C1, C2, and C3)
detect the original input data. The data detection unit
(DDU) receives the detection codes in a framed format, as
mentioned in Table Il generates the 16 possible framed
outcomes (dg).

TABLE I1l. DATA DETECTION UNIT (DDU) PROCESS FOR DECODER

De(txe)c(;jt;on DDU((?dl)JtpUt Detection code Out?) Btu( do)

-1 ddo C3 dds

Co dd, C3+Co ddg

Ct dd, C3+Cp ddio
C3+C dds C3+C1+Co ddy;

[ dds; C3+C; dd;,
C,+Co dds C3+C+Co ddis
Co+Cy dds Cg+Crt+Cy ddy4

Co+C1+C dd; C3+Cr+Ci+Cy ddys

The DDU integrates the detection codes to find the
frame boundaries. The decoder receives autocorrelator
output (a;) and DDU outcomes (dq) for the decoding
mechanism. The decoder identifies the correct outcomes
by comparing the autocorrelator output (a;) and DDU
outcomes (dq). If the autocorrelator output (ac) is equal to
the first possible outcome (ddo) of the DDU, then the
decoder identifies the original output as [-1 -1 -1 -1].
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Similarly, If the autocorrelator output (ac) is equal to eight
possible outcomes (ddg) of the DDU, then the decoder
identifies the original output as [1 -1 —1 —1]. The decoder
identifies the corresponding outcomes until the user stops
sending the input data. Lastly, the data register stores the
decoder output and is considered CSR-UWB RX output.
The RX output values must match with TX original input
data values to verify the complete CSR-UWB TR is
working correctly.

IV. RESULTS AND DISCUSSION

The digital CSR-UWB transceiver module results are
discussed in this section. The CSR-UWB transceiver and
sub-modules are synthesized and implemented on Artix-7
(XC7TA100-T (CSG324) FPGA. The CSR-UwWB
transceiver module is designed using Verilog-HDL on the
Xilinx environment. The performance results of CSR-
UWB Transmitter, Receiver, and Transceiver modules at
different code lengths are analyzed. The chip area (Slices,
Lookup Tables (LUTSs), LUT-Flip-flops (FFs)), maximum
operating frequency, total power, latency, throughput, and
hardware efficiency are considered for performance
realization. Lastly, the proposed designs are compared
with existing approaches with better improvements in
performance metrics.

The resource utilization of Digital CSR-UWB
Transceiver (TR) at different code lengths (Nf) on Artix-7
FPGA istabulated in Table IV. The CSR-UWB TR utilizes
slices of 45 and LUTSs of 530 and operates at a frequency
of 41. 085 MHz at code length two. Similarly, The CSR-
UWB TR utilizes the slices of 51, LUTs of 588, and
operates at a frequency of 267.73 MHz at code length four.
The CSR-UWB TR utilizes the slices of 59, LUTSs of 929,
and operates at a frequency of 267.73 MHz at code length
eight. The combinational logic is used in most parts for
designing the internal architecture of the CSR-UWB-RX
with code length two than the sequential circuits, which
lowers the frequency and consumes more power. So, the
Overall CSR-UWB TR using code length two works at a
lower frequency than the other two designs.

The CSR-UWB TR consumes the total power of 98 mWw,
99 mW, and 103 mW at code lengths of two, four, and
eight, respectively. The CSR-UWB TR uses only 1.5 clock
cycles as latency to execute the design at code lengths. The
throughput of the design is calculated using data input
width, latency, and operating frequency parameters. The
CSR-UWB TR obtains the throughput of 27.4 Mbps,
356.98 Mbps, and 713.95 Mbps at code lengths of two,
four, and eight, respectively. The hardware efficiency is
determined based on throughput per slice; its unit is
Mbps/slice. The 12.1 Mbps/slice efficiency is obtained for
CSR-UWB TR at code length eight on Artix-7 FPGA.

The resource utilization of the digital CSR-UWB
transmitter (TX) and receiver (RX) modules on Artix-7
FPGA is tabulated in Table V. The CSR-UWB TX module
utilizes < 1 % chip area (Slices and LUTSs) and operates at
267.236 MHz at different code lengths. The CSR-UWB
TX module utilizes < 1 % slices and 1 % LUTs at different
code lengths on Artix-7 FPGA. The graphical
representation of resource utilization for Digital CSR-

UWB’s TX and RX Modules is illustrated in Fig. 4. Due
to the autocorrelation and detection mechanisms, the CSR-
UWB RX module utilizes more chip area than the TX
module.

TABLE IV. RESOURCE UTILIZATION OF DIGITAL CSR-UWB
TRANSCEIVER AT DIFFERENT CODE LENGTHS ON ARTIX-7 FPGA

Resources Ne=2 Ne=4 Ni=8
Chip area and Frequency
Slices 45 51 59
LUTs 530 588 929
LUT-FFs 44 49 58
Max. frequency (MHz) 41.085 267.73 267.73
Power
Dynamic power (mW) 16 17 21
Total power (mMW) 98 99 103
Performance
Latency (CC) 15 15 15
Throughput (Mbps) 27.4 356.98 713.95
Efficiency (Mbps/Slices) 0.61 6.99 12.1

Nf=8 ;
z Nf=4 ;
g Nf=2 _
=)
3
é Nf= 8 r m Max. frequency (MHz)
'g; B LUT-FFs
K Nf=4 : mLUTs
Slices
Nf=2 :

o

200 400 600 800 1000
Resource Utilization

Figure 4. Graphical representation of resource utilization for Digital
CSR-UWB’s TX and RX Modules.

TABLE V. DIGITAL CSR-UWB TRANSMITTER AND RECEIVER
UTILIZATION ON ARTIX-7 FPGA

Lgr?;is Slices | LUTs | LUT-FFs Fr(i‘jllﬁzn)cy
™
Ne=2 33 o1 33 267.236
Ny =4 36 92 35 267.236
N;= 8 3 98 2 267.236
RX
N =2 50 524 35 45.837
Ny =4 36 538 35 267.236
N;= 8 38 862 37 267.236

The total power consumption representation of the
Digital CSR-UWB TR and its sub-modules are illustrated
in Fig. 5. The power consumption of all the design
modules is realized using the Xilinx Xpower analyzer at a
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clock frequency of 100 MHz. The CSR-UWB TX
consumes the total power from 87 to 89 mW at different
code lengths. Similarly, the CSR-UWB RX consumes the
total power from 93 to 99 mW at different code lengths on
Artix-7 FPGA. The CSR-UWB TR consumes the total
power from 98 to 103 mW at different code lengths on
Artix-7 FPGA.

105
103 L.
101
S 9 »’ A
é 97 ..'. —"-’—
3] K o 7
z % o s 7
a f ”
= 93 o° P 4 "
S o s
= 91 RSN >
89 . / - Nf=2
:’I = g== Nf=4
87 soopee Nf= 8
85
™ RX TR

Design Modules

Figure 5. Total power consumption representation of the digital CSR-
UWB TR and its modules.

The performance comparison of the proposed Digital
CSR-UWB TX and RX with the existing approach [26] is
tabulated in Table VI. The existing CSR-UWB TX and RX
modules are designed with fixed-point representation and
implemented on Spartan-6 FPGA. The CSR-UWB RX
module is constructed with an auto-correlator,
synchronizer, detector, and decoder units. The proposed
CSR-UWB TX provides less resource utilization overhead
by concerning 75.84 % of slices, 75.12 % of LUTs,
operating at a high frequency of 36.41 %, and high
throughput of 36.19 % than the existing CSR-UWB TX
module [26]. Similarly, the proposed CSR-UWB RX
provides less area overhead concerning 92.85 % of slices,
and 17.48 % of LUTSs, operating at a high frequency of
55.43 % and high throughput of 55.21 % than the existing
CSR-UWB RX module [22]. Overall, the proposed CSR-
UWB TX and RX modules provide better performance
metrics than the existing CSR-UWB TX and RX modules

[26].
The performance comparison of the proposed work with
existing  different  physical layer (PHY) TR

implementations [27-32] is tabulated in Table VII. The
type of FPGA, design approach, type of physical layer

used, chip area, frequency, and power parameters are
considered for performance comparison. The Narrowband
(NB) PHY-baseband TR is designed using BCH codes for
IEEE 802.15.6 Wireless Body area network (WBAN)
applications on Virtex-6 FPGA. The proposed CSR-UWB
TR offers less area overhead in terms of 28.15 % LUTSs,
operating at a high frequency of 77.52 %, and consumes
less power of 36.41 % than the existing NB- PHY TR
module [27]. The Impulse radio (IR) based UWB TR is
designed using Discrete Wavelet Packet Transform
(DWPT) approach for bio-sensor applications on Virtex-7
FPGA. The proposed CSR-UWB TR offers less area
overhead in LUTs of 72.65 %, operating at a high
frequency of 62.92 %, and consumes less power of 9.65 %
than the existing IR-UWB TR module [28].

The digital capsule endoscopy-based Human body
communication (HBC) TR is designed using the
Frequency selective digital transmission (FSDT) method
as per IEEE 802.15.6 standards for Health monitoring
applications on Artix-7 FPGA. The proposed CSR-UWB
TR offers less area overhead in LUTs of 82.24 %,
operating at a high frequency of 88 %, and consumes less
power of 9.65 % than the existing HBC-PHY TR module
[29]. The IEEE 802.15.4-based PHY TR is designed using
offset-Quadrature  phase shift keying (O-QPSK)
modulation approach for wireless personal area network
(WPAN) applications on Artix-7 FPGA. The proposed
CSR-UWB TR offers less area overhead in LUTs of
34.94 % and consumes less power, 39.76 %, than the
existing PHY-TR module [30].

The PHY-based digital TR (DTR) is designed using
IEEE 802.3 standard for body coupled communication
(BCC) applications on Artix -7 FPGA. The proposed CSR-
UWB TR offers less area overhead in LUTs of 63.09 %,
operates at a high frequency of 13.1 %, and consumes less
power of 8.84 % than the existing PHY-DTR module [31].
The HBC-PHY TR is designed using the FSDT approach
as per IEEE 802.15.6 standards for WBAN applications on
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The CSR-UWB Transceiver offers low-latency and
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542




Journal of Communications, vol. 18, no. 9, September 2023

TABLE VI1I. PERFORMANCE COMPARISON OF PROPOSED WORK WITH EXISTING PHY TR IMPLEMENTATIONS [27-32]

Designs PHY-TR FPGA Techniques Slices LUTs Frequency (MHz) Power (mw)
Mohandes et al. [27] NB-PHY Virtex-6 BCH 846 1293 60 162
Kizil et al. [28] IR-UWB Virtex-7 DWPT 557 3397 99 114
Jeong et al. [29] HBC-PHY Artix-7 FSDT 521 5231 32 114
Guruprasad and .
Chandrasekar [30] PHY-TR Artix-7 O-QPSK 224 1428 270 171
Sujaya and : o
Bhanuprakash [31] PHY-DTR Artix-7 BCC 1646 2517 232 113
Sujaya and .
Bhanuprakash [32] HBC-PHY Artix-7 FSDT 196 1137 256 101
Proposed work CSR-UWB Artix-7 CSR 59 929 267.73 103
[3] D. Coppens, E. De Poorter, A. Shahid, S. Lemey, and C. Marshall.
“An overview of Ultra-WideBand (UWB) Standards (IEEE 802.15.
V. CONCLUSION AND FUTURE WORK 4, FiRa, Apple): Interoperability Aspects and Future Research
The CSR-UWB transceiver and its performance Directions,” arXiv preprint arXiv:2202.02190, 2022.

- . . . . [4] R. Hazra, and A. Tyagi, “A survey on various coherent and non-
realization are d'SC'-_JSSEd_ "! this manuscript. Th_e complete coherent IR-UWB receivers,” Wireless Personal Communications,
CSR-UWB transceiver is implemented on Artix-7 FPGA vol. 79, no. 3, pp. 2339-2369, 2014.
on the Xilinx environment at different code lengths. The ~ [5] M. Ko and D. L. Goeckel, “Wireless physical-layer security
CSR-UWB transmitter uses the shifting and reference performance of UWB systems,” in Proc. Military Commun. Conf.,

. - Oct. 2010, pp. 2143-2148.
codes to frame t_he transmitted data. In_contrast, detection [6] H. V. Nguyen and M. H. Tran, “Synchronization algorithm and
codes are used in the CSR-UWB receiver to recover the FPGA implementation for Transmit-Reference UWB receiver,”
original input data information. An efficient autocorrelator IEEE, 2012. _ )
and data detection unit are used at the receiver end to detect ~ [7]  H.Nieand Z. Chen, “Code-Shifted reference ultra-wideband (UWB)
L. . o L radio,” in Proc IEEE Communication Networks and Services
the original data without an additional synchronization Research Conf.. 2008,
mechanism. The CSR-UWB transceiver and itS [8] H. Nie and Z. Chen, “Code-shifted reference transceiver for
submodules are synthesized and realize the resource impulse radio ultra-wideband systems,” Phys. Commun., vol. 2, no.
ilization after place and r ration. The CSR-UWB 4, pp. 274-284, Dec. 2009.
ut at.o aﬂe.l.p acea ](_j o(/JUteI.Ope at?j 1 O/e CI:_S TU d [91 H. Nie and Z. Chen, “Performance analysis of code-shifted
transceiver utilizes < 0 slicés an 0 i UTs an reference UWB radio,” in Proc. IEEE Radio Wireless Symp., pp.
operates at a frequency of 267.236 MHz on Artix-7 FPGA. 396-399, Jan. 2009.
The CSR-UWB transceiver achieves a throughput of [10] H._Nie and Z. Chen,“Perfqrmance evaluations f_ordifferential code-
713. M t length eight. The or R- shifted referen_ce ultra-wideband (UWB) ra_dlo,” in Proc. 2009
3.95 bps_a C9de ength € g. e p oposed CS IEEE International Conference on Ultra-Wideband, Vancouver,
UWB transceiver is compared with existing CSR-UWB BC, Canada, 2009, pp. 274278,
transceivers and different PHY transceiver designs with  [11] H. Nie and Z. Chen, “Differential code-shifted reference ultra-
better improvement in performance metrics. The proposed wideband (UWB) radio,” in Proc. IEEE 68th Vehicular Technology
CSR-UWB transceiver will be incorporated as a Conference, IEEE, 2008. _
.. . £ hani . IEEE 802.15.4 [12] M.A. Sedaghat, M. Nasiri Kenari, Member IEEE, “Code-shifted
communication '_nter ace mec amgm _m et a reference for internally coded time hopping UWB communication
standards for wireless PAN applications to realize the system,” in  Proc. 2008 International Symposium on
performance constraint. The UWB transceiver is Telecommunications, 2008. .
incorpor with MIM m VOi h [13] M. Strackx, B. Faes, E. D’Agostino, P. Leroux and P. Reynaert,
co _pO ated t O b.ased .SySte to a _0 d the “FPGA based flexible UWB pulse transmitter using EM
multlpath effects and spatlal dlverS'ty and also to improve subtraction,” in Proc. Electronics Letters, vol. 49, no. 1, pp. 1243—
the system accuracy. 1244, 12th September 2013.
[14] S. Olonbayar, D. Kreiser and R. Kraemer, “FPGA and ASIC
implementation and testing of IR-UWB baseband transceiver for
COFLICT OF INTEREST IEEE802.15.4a,” in Proc. 2014 IEEE International Conference on
The authors declare no conflict of interest. Ultra-WideBand (ICUWB), Paris, France, pp. 456-461, 2014, doi:
10.1109/ICUWB.2014.6959025.
[15] Y. Shimizu, D. Anzai and J. Wang, “FPGA implemention of UWB-
AUTHOR CONTRIBUTIONS IR receiver for in-body to out-of-body communication performance
. . . . evaluation,” in Proc. 2014 XXXIth URSI General Assembly and
Conceptualization and Writing—review and editing: Scientific Symposium (URSI GASS), Beijing, China, 2014, pp. 1-3.
Santhosh Kumar R; Supervision: Rajashree N and  [16] Y. Jin, T. Cui and K. S. Kwak, “A new design of transmitted
Devaraju R; all authors had approved the final version. reference UWB transceiver with non-ldea_l delay lines,” in Pr_oc.
nternational Conference on Information and Communication
2015 International Conf Inf t dC t
R Technology Convergence (ICTC), Jeju, Korea (South), 2015, pp.
EFERENCES 686-688.
« . [17] P.M. A. Shah, L. Jan, and M. Wagqas, “Performance comparison of
e e e Ik R Ulsawighnd Tessvers” in Proc’ 201
Tsinghua Science and Technology, vol. 27, no. 3, pp. 481-494, June Lnt;griagtlonal Conference on Emerging Technologies (ICET), pp. 1-
2022. [18] T. Shanthi and V. Krishnamurthi, “FPGA based frequency

[2] R. Chavez-Santiago, 1. Balasingham, and J. Bergsland.
“Ultrawideband technology in medicine: A survey,” Journal of

Electrical and Computer Engineering, pp. 1-9, 2012.

543

synthesizer for 14-band MB-OFDM UWB transceivers,” in Proc.
2016 International Conference on Emerging Trends in Engineering,



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Journal of Communications, vol. 18, no. 9, September 2023

Technology and Science (ICETETS), Pudukkottai, India, pp. 1-4,
2016.

A. Jayaprakash and P. Samundiswary, “Design and analysis of
differential code shifted reference encoder and decoder for UWB
transceiver,” in Proc. 2018 International Conference on Control,
Power, Communication and Computing Technologies (ICCPCCT),
Kannur, India, pp. 13-17, 2018.

L. Qiu, S. Liu, Z. Fang and Y. Zheng, “An adaptive beamforming
technique for UWB impulse transceiver,” IEEE Transactions on
Circuits and Systems I1: Express Briefs, vol. 66, no. 3, pp. 417-421,
March 2019.

J. F. Schmidt, D. Neuhold, C. Bettstetter, J. Klaue and D. Schupke,
“Wireless connectivity in airplanes: Challenges and the case for
UWB,” IEEE Access, vol. 9, pp. 52913-52925, 2021.

N. Jaglan, B. Kanaujia, S. D. Gupta, and S. Srivastava, “Triple band
notched UWB antenna design using electromagnetic band gap
structures,” Progress in Electromagnetics Research C, vol. 66, pp.
139-147, 2016, doi: 10.2528/PIERC16052304.

N. Jaglan, B. K. Kanaujia, S. D. Gupta, and S. Srivastava, “Dual
band notched EBG structure based UWB MIMO/Diversity antenna
with reduced Wide Band electromagnetic coupling,” Frequenz, vol.
71, no. 11-12, pp. 1-11, 2017, doi: 10.1515/freq-2016-0325.

N. Jaglan, S. D. Gupta, E. Thakur, D. Kumar, B. K. Kanaujia, and
S. Srivastava, “Triple band notched mushroom and uniplanar EBG
structures based UWB MIMO/Diversity antenna with enhanced
wide band isolation,” Int. J. Electron. Commun., vol. 90, pp. 3644,
2018, doi: 10.1016/j.aeue.2018.04.009.

A. Dharmarajan, P. Kumar, and T. J. O. Afullo, “A high gain UWB
human face shaped MIMO microstrip printed antenna with high
isolation,” Multimed Tools Appl, vol. 81, pp. 34849-34862, 2022,
doi: 10.1007/s11042-021-11827-7.

A. Hennessy and A. Alimohammad, “Design and implementation
of a digital secure code-shifted reference UWB transmitter and

544

[27]

(28]

[29]

[30]

[31]

(32]

receiver,” IEEE Trans. Circuits Syst. | Regul. Pap., vol. 64, no. 7,
pp. 1927-1936, 2017.

E. Mohandes, M. Awny, A. Shalaby, and M. S. Sayed, “Robust low
power NB PHY baseband transceiver for IEEE 802.15. 6 WBAN,”
in Proc. 2015 27th International Conference on Microelectronics
(ICM), IEEE, 2015, pp. 91-94.

C. H. Kizil, C. Diou, C. Tanougast, and D. Singer, “Hardware
implementation of UWB-IR transceiver and receiver based on
wavelet packet transform for networked bio-sensors,” in Proc. 2016
International Conference on Bio-engineering for Smart
Technologies (BioSMART), IEEE, 2016, pp. 1-4.

M. Jeong, T. Kang, I. G. Lim et al., “Low-power, high data-rate
digital capsule endoscopy using human body communication,”
Applied Sciences, vol. 8, no. 9, p. 1414, 2018.

S. P. Guruprasad and B. S. Chandrasekar, “Design and
implementation of 802.15.4 transceiver for wireless personal area
networks (WPANSs) on FPGA,” International Journal of Innovative
Technology and Exploring Engineering (1JITEE), vol. 9, no. 3, pp.
2085-2089, January 2020.

B. L. Sujaya and S. B. Bhanuprakash, “PHY-DTR: An efficient
PHY based digital transceiver for body coupled communication
using IEEE 802.3 on FPGA platform,” Int. J. Adv. Comput. Sci.
App., vol. 12, no. 2, pp. 282-288, 2021.

B. L. Sujaya and S. B. Bhanuprakash, “Design and performance
analysis of human body communication (HBC) digital transceiver
for WBAN applications on FPGA platform,” Int J Elec & Comp
Eng, vol. 12, no. 3, pp. 2206-2213, June 2022.

Copyright © 2023 by the authors. This is an open access article
distributed under the Creative Commons Attribution License (CC BY-
NC-ND 4.0), which permits use, distribution and reproduction in any
medium, provided that the article is properly cited, the use is non-
commercial and no modifications or adaptations are made.


http://dx.doi.org/10.2528/PIERC16052304
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/



