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Abstract—UItra-wideband (UWB) radio has license-free access I. INTRODUCTION
to a substantial bandwidth of over 500 MHz, which makes it a
promising candidate for integrated sensing and communication  |ntegrated sensing and communication (ISAC) is expected
(ISAC), because the performance of both functionalities relies 14 pe a cornerstone technology for 6G [1]-[4]. Reliable

on the availability of sufficient bandwidth. However, due to its | lization and Internet in diverse indoor and d
regulated power constraint and spectral mask, UWB sensing ocalization a ernet access erse oor andamit

performance is susceptible to blockage, while the UWB data €nvironments offer significant benefits for applicationscts
rate remains low. To enhance both functionalities, we propose as navigation in underground and large buildings, suppgrti
a novel two-tier frequency-domain equalization (FDE) scheme firefighters in search and rescue operations, trackingreter
for UWB ISAC, in which the first FDE removes the user- nf things (10T) devices, and assisting vulnerable indigigu

specific sequence from the received UWB header in support of . o
sensing, while the second FDE equalizes the effect of channeIHowever’ the heavily congested 5G and WiFi bands present

impulse responses (CIRs) for data detection. The data-carrying & Significant bottleneck. For instance, 5G positioning, alhi
amplitude/phase of UWB pulses, which are inherently repeated in relies on positioning and sounding reference signals, céyn o
the UWB header, naturally follow the circular convolution model  achieve an accuracy of about 1 meter indoors and 10 meters
without requiring a cyclic prefix (CP) for the proposed sensing  o,tqoors [5]. Additionally, satellite-based Global Pumsitng

operations. Furthermore, the CIRs estimated by the first FDE Svstem (GPS) signals are prone t vere degradation from
stage of bistatic sensing can be directly utilized by the second FDE ystem ( ) signals are prone to severe degradation fro

stage of data detection. Compared to the conventional matched Multipath propagation in urban street-canyons and expawt
filtering (MF) aided UWB sensing, the proposed FDE approach building-penetration. Given these limitations, ultradefand
improves the peak-to-sidelobe power ratio and facilitates multi- (UWB) radio emerges as a promising candidate for short-

target sensing. Compared to conventional UWB MF template- yange |SAC, thanks to its license-free access to a substanti
based data detection, the proposed approach is capable Ofbandwidth of over 500 MHz

improving synchronization, channel estimation and equalization.
Furthermore, the proposed two-tier FDE approach inspiresanew ~ UWB systems are unlicensed yet regulated, meaning their
pulse repetition tradeoff (PR-T) scheme, which reduces pulse operations must adhere to regulated frequency and power
repetition to achieve an improved data rate. Our simulation ranges [6], [7]. Consequently, despite their similar insgul

results demonstrate that the proposed UWB FDE sensing achieves ._ .. s e . N I
centimeter-level accuracy even at a low Ricean K-factor of -4 dB. radio transmissions, UWB operations [8]-[13] are consider

Additionally, the proposed FDE data detection designed for PR- ably different from pilot-based channel estimation usirigab
T is capable of improving the UWB data rate from the single delta signals [14]-[16]. In pilot-based channel estimatithe
Megabits-per-second (Mbps) range to over 100 Mbps, at the cbs Dirac delta signals experience both a direct propagatidayde
of reduced pulse repetition gain. 70 and multipath channel impulse responses (CIRs}y;, as

Index Terms—Ultra-wideband, UWB, impulse radio, inte- portrayed by Fig. 1a). Synchronization based on the estidnat
grated sensing and communication, ISAC, frequency-domain delay 7o can be achieved through energy detection, after
equalization, FDE, cyclic prefix, CP, index modulation, OFDM, which the estimated CIR tapéh;}v; can be read one-by-
bistatic, two-way ranging. one. In contrast, UWB impulse radio exhibits three distinct

features, as illustrated in Fig. 1b). First, due to theirhhig
bandwidth, UWB typically transmits narrower pulses, mak-

C. Xu, J. Bedwell, R. N. Torah, R. G. Maunder L-L. Yang anding multipath components more resolvable. Second, due to

L. Hanzo are with the School of Electronics and Computer Sci; : :
ence, University of Southampton, Southampton SO17 1BJ, Ukna- Pegulatory constraints, the UWB pulses are weaker in power,

{cx1g08,jb4n21,rt,rm, lly,lh@soton.ac.uk). S. Wang is with VIAVI Mar- Which necessitates repeating the pulses multiple times Th
coni Labs, VIAVI Solutions Inc., Stevenage SG1 2AN, UK (e-mai repetition allows the UWB correlation-based matched filter

stephen.wang@viavisolutions.com). S. Sugiura is with th&titute of In- : -
dustrial Science, University of Tokyo, Meguro-ku, Tokyo318505, Japan (MF) receiver to accumulate multipath powers across all

(e-mail:sugiura@ieee.org). H. Haas is with the DepartmerEmgineering, repeated pulses, resulting in a beneficial pulse repetiaon.
Electrical Engineering Division, Cambridge University,rilaridge CB3 OFA, Third, since UWB pulses may be too weak to bounce back

UK (e-mail:huh21@cam.ac.uk). . . ] . .
The work of S. Sugiura was supported in part by the Japan Sclfl(-)r monostatic sensing, often two-way ranging is used, @her

ence and Technology Agency (JST) ASPIRE under Grant JPM3a®2 the transmitter calculates the round-trip duration basethe

L. Hanzo would like to acknowledge the financial support ok tBn- time-stamp responded by the receiver. This method elirinat

gineering and Physical Sciences Research Council (EPSRgcts un- . P
der grant EP/X01228X/1, EP/Y026721/1, EP/W032635/1, EBnea31, the need for strict clock synchronization [6], [7].

EP/X04047X/1 and EP/W032635/1. Due to their license-free access, UWB systems have be-



DRAFT 2

a) <70 hoh Channel Estimatioh
ho h Synchronization . .

m ’—‘fﬂ“‘zd’ 7 L | products generally rely on the linear convolution model and
— — Er~t Y operate without cyclic prefix (CP), rather than harnessing

OFDM's circular convolution model. An exception is the

<70

b) = 70 >hghy ho Matched Filt : i i i
%I- i,ﬁ,,z’,h,!}efﬁ multi-band (MB) OFDM designed for UWB communication
/\‘ /\ ! NWW\Z [33], [34], where a subset of subcarriers is activated to
— = X i
Template—— NN Detection convey low-power, low-rate UWB signals. However, MB-

OFDM schemes have the disadvantage of high peak-to-average
power ratio (PAPR) and the lack of pulse repetition gain.
come popular for ISAC applications in recent years [17]Recently, the coupling between UWB sensing’s delay de-
[23]. Firstly, a variety of research institutions and comiga tection and pulse position modulation (PPM) data detection
have experimented with UWB ISAC applications, includingvas investigated in [35]-[39]. Specifically, a soft-infation-
low-power/low-cost beamforming schemes for communicatidbased UWB ISAC decoupling solution was conceived in [39],
[17]-[19], multiple signal classification (MUSIC) for sens and a Kalman filter was used for smoothing the trajectory of
ing [20], [21] and Kalman filtering for tracking [22], [23]. user movement. However, in [39], the UWB MF receiver used
Secondly, as early as 2007, the IEEE 802.15.4a amendmgef transmitter’'s pulse template without pulse repetitiaim,
incorporated both low-data-rate wireless communicatiod awhere the FFT/IFFT was applied without accounting for the
high-precision ranging using UWB techniques [6]. To improvextra cost of the CP. The CP duration for ISAC has to cover
the UWB data rate, the IEEE 802.15.4f amendment proposedd@th propagation delay and delay spread [30]-[32], resyilti
pair of UWB modes in 2012, where the high-rate pulse (HRR) a long CP duration that may become equivalent to a symbol
mode transmits more pulses at a lower power, while the lowuration. This further reduces the UWB data rate by half.
rate pulse (LRP) mode transmits less pulses at higher POWERgainst this background, we propose a novel two-tier

[6]. [24]. Recently, the IEEE 802.15.4z standard, releasedqency-domain equalization (FDE) scheme for UWB ISAC.
in 2020, included enhancements such as improved champgh original FDE was designed for removing CIRs for data
coding and preamble designs [24], [25]. Thirdly, regardingetection, but here we extend this concept to removing user-

commercialization efforts, both Apple and Samsung hawgeific time-hopping sequence from UWB header for sensing.

Fig. 1: Impulse radio for a) pilot-aided channel estimationJJbWB ISAC.

deployed UWB schemes for nearby environment awareness ey contributions of this work, highlighted in comparis
and interactions [26], [27]. The Car Connectivity CONSOk, the state-of-the-art in Table I, are detailed as follows:

tium (CCC) is working on UWB-based keyless access and
location-aware features for vehicles [28]. The FiRa Consor .
tium, supported by key UWB players such as Qorvo, NXP
Semiconductors, HID Global and Bosch, provides certificate
for interoperable UWB devices that comply with the IEEE
802.15.4/4z standards [29].

However, due to the power constraints, the UWB sensing
performance is susceptible to blockage, while the UWB data
rate remains low. Generally, there are three types of UWB MF
receivers [8]-[11]. Firstly, the line-of-sight (LoS) bas&/WB
directly utilizes the user-specific time-hopping sequeaeds
MF receiver’s correlation template [8]. Secondly, thertiag-
based UWB relies on the so-called “clean template” of aggre-
gate receive-pulse [9], [10], which must be obtained thioug
training. A sensing peak is detected, when the template is.
synchronized with the multipath components of the received
pulses, as portrayed by Fig. 1b). Thirdly, the blind “dirty
template” method of [11] directly utilizes the data-canyi
received pulses, where sensing peaks are detected badeal on t
Cauchy-Schwarz inequality. Although the training-based a
blind UWB schemes are more robust in multipath scenarios
than the LoS-based scheme, none of the UWB MF sensing
methods achieve orthogonality between the sensing peaks an
sidelobes. The sidelobes are never zero, even in ideal-noise
free conditions, and the peak-to-sidelobe ratio signifigpan
decreases in the face of blockages.

It is widely recognized that orthogonal frequency-divisio
multiplexing (OFDM) radar [30]-[32] based on fast Fourier
transform (FFT) and inverse FFT (IFFT) is capable of sup-
pressing sidelobes and enabling multi-target sensing.adery
the current UWB impulse radio standards and commercial

We propose to exploit the inherent UWB symbol rep-
etition pattern in both training-based and blind sensing
methods, where a subset of UWB symbols naturally
follow the circular convolution model, without requiring a
CP. Based on this, we conceive a single-tap FDE method
for removing the user-specific time-hoping sequence from
the received UWB header, after which Fourier-transform-
based sensing operation is performed. Compared to the
conventional MF aided UWB sensing [8]-[11], OFDM
ISAC [30]-[32] and decoupling-based UWB ISAC [35]-
[39], the proposed UWB FDE sensing stage is capable
of achieving peak-sidelobe orthogonality and multi-téarge
sensing without altering the UWB header format.

To avoid coupling between delay detection and PPM data
detection encountered in [35]-[39], PPM is de-activated
for UWB sensing header operating in the LRP mode, but
it is still activated for the UWB data payload in the HRP
mode. As a result, the UWB header’s delay detection and
data detection are mutually independent, which facilgate
the employment of high-order pulse amplitude modu-
lation (PAM), phase shift keying (PSK), or quadrature
amplitude modulation (QAM) constellations that improve
the data rate of UWB header.

Furthermore, we propose a second single-tap FDE to
equalize the CIRs for detecting the UWB data payload.
Unlike conventional UWB channel estimation schemes
[12], [13] and noncoherent UWB schemes [40]-[42], our
proposed two-tier ISAC scheme enables the second stage
of UWB data detection to directly utilize the estimated
CIRs obtained from the first stage of UWB FDE-based
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TABLE I: Novel contributions of this work in comparison &tate-of-the-art.

UWB Sensing Header UWB Data Payload
Pulse rep-| Peak-sidelobe Multi- Extended to| Pulse rep-| FDE | Channel | Higher through- | Single-
etition de- | orthogonal- t u t? PAM/PSK/ etition de- | ISI- estima- put than UWB | stream
sign? ity? arget: QAM? sign? free? | tion? PPM? detection?
LoS-based UWB Sensing [8] N v vV
Training UWB Sensing [8]-[10] v N N N
Blind UWB Sensing [11] v v vV
UWB Channel Estimation [12], [13] v N N N
Noncoherent UWB Commun. [40]-[42 v v v
UWB MB-OFDM Commun. [33], [34] v v v v
Index modulation Commun. [43]-[45] Vv Vv v v
OFDM ISAC [30[32] 7 i i 7 7 7 Ve
Decoupling UWB ISAC [35]-[39] v/ IV vV
Proposed FDE aided UWB ISAC Vi v IV v v N N N N
sensing. Compared to conventional UWB MF template- NPl .
. . . agy—
based data detection [8]-[13], index modulation [43]-[45] 9% — (Anchor )
. . - = —=—Response
and OFDM-based communication schemes [30]-[34], our Poll B P
proposed approach is capable of better synchronizing, Headerl Pa \ Pall
| - . yload
estimating and equalizing the CIRs. --
« Although no CP is required for the first FDE aided UWB
sensing header, it remains necessary for the second FDE Toound Trepy| | 2YRChrONizEd
aided UWB data payload. However, synchronization can
be performed based on UWB heade'r before proces;ing TTF:# Jmestamp & se
UWB data payload. To ensure a circular convolution Receive Response
model for the UWB payload, we propose to copy the ,r,/
last pulse of each UWB payload symbol and place it at
i i i Synchronize
the fron.t as CP. This results |r3 a low CP percentage while D T
preserving the UWB payload’s duty cycle. Fig. 2: Schematic of UWB ISAC model with two-way ranging.

« Inorder to further improve the data rate of UWB payload, o .
we propose a novel pulse repetition tradeoff (PR-T) bas€8NSing and low-rate communication, while the UWB payload
scheme that resembles the principle of index modulati@perates in HRP mode for high-rate communication. Secondly
[43]-[45] along with FDE, where more PPM indices ar&/POn receiving the.delayed and multl|path—contam|natedj pol
modulated within a UWB symbol, at the cost of a reduce?{9nal. the anchor first performs sensing on the UWB header,
pulse repetition gain. which provides synchronization and CIR estimations foladat

. Our simulation results demonstrate that the proposé§tection in both the UWB header and payload. The anchor
FDE for UWB sensing header is capable of achievin(f'en records its timestamp based on its local clock and sends
centimeter-level sensing accuracy even at a low RiceHsPonse back to the tag. Finally, the tag receives the megpo
K-factor of -4 dB, where conventional UWB MF sensing@nd performs its own sensing and data detec}ion.ghe esti-
methods exhibit excessive errors. Furthermore, for Ration on time-of-flight (ToF) is given byror = —nez—=,
UWB system having a bandwidth d8. = 512MHz, a whereTeply andToung refer to the anchor’s reply time recorded
pulse repetition frequency aBs = 64MHz and a CP in the anchor’s time-stamp and the round-trip time estichate
percentage of /65, the proposed PR-T scheme is capabl@/ the tag, respectively. Therefore, the distance betwken t
of improving the achievable rate of the UWB payload@nchor and the tag can be estimateddby- cTror, wherec
from 2Mbps to 7.875Mbps, 31.5Mbps and 126Mbpd€ePresents the speed of light. .
when the pulse repetition gain is reduced frétp = 64  The two-way ranging depicted by Fig. 2 offers several
to Gr =16, Gr = 4 and Gy = 1, respectively. benefits for UWB ISAC. Firstly, the two bistatic sensing steps

The paper is organized as follows. The UWB ISAC moddnimic monostatic sensing without requiring the signals ¢o b

is presented in Sec. II. The proposed UWB sensing and d5gfected back to the transmitter by the target. Secondlg, du
detection methods are presented in Sec. Ill and Sec. K9, the use of timestamp, clock synchronization between the

respectively. Our simulation results are presented in Sec. 129 and the anchor is no longer necessary. Thirdly, channel
and our conclusions are offered in Sec. VI. estimation for data detection can be directly performedhgy t

receiver in each bistatic sensing step. Without loss of ggne
Il. UWB ISAC SYSTEM MODEL ity, we proceed to investigate one-way UWB transmission and

. . - _reception in a single bistatic step, which applies to both th
In this section, the UWB ISAC system is introduced I%JO” and response phases in Fig. 2.

Sec. IlI-A, while the transmission and reception models are
discussed in Sec. 1I-B and Sec. II-C, respectively.
B. Modulation and Parameters

A. System Description The modulation of UWB impulse radio is based on both
Fig. 2 illustrates the UWB ISAC system model using a twd"AM/PSK/QAM and PPM [8]-{10]:

way ranging protocol. First of all, a poll signal, consigtiof s(t) = Ve _an T p(t — nTs — TG — cgTe — baTeA)
a UWB header and payload, is sent by the tag to the anchor. _ fo:j:;zpn(tg—:?ﬁs — b TuA), '

The UWB header operates in LRP mode to support both 1)
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where the complex-valued,, and real-valued non-negativespeed of light and carrier frequency, respectively. Thasinait
integers b,, are pulse amplitude/phase and pulse positioand receive antenna gains are given By, = 47;# and
modulated by PAM/PSK/QAM and PPM, respectively, whil&r, = 4’;‘2”, respectively, wheredry and Arx are transmit
e andp(-) denote transmit power and pulse function, respeand receive antenna apertures, respectively. The LoS delay

tively. The transmit waveform template is defineday(t) = is given by = %, where d is the distance between the
ﬁzgc‘:ol p(t—9Te—cyTe). The series o{cg}g’:ol represents transmitter and receiver. The NLoS paths are modelled by
a psudp—random usgr—specific time—hoppipg sequence. A pfé; € CN(0, W) 5;1.1, Whgre.CN.(O, ﬁ)
determined delayA is chosen to maximize the separatiomlenotes the complex Gaussian distribution with- zero mean
between PPM indices. and a variance of o= The NLoS delays{r,},

In (1), an UWB symbol contains\/ chips, which are are randomly generated betwegpand7s.
arranged inta groups. Within each group df/¢ = % chips, The discrete-time representation of (3) is given by:
only a single.pulse position i; _activ_ated. The correqumdi_n Yo =S Zf:ol hpSnt m—ty + Vnm
symbol duration, pulse repetition interval (PRI) and chip —3n , gRx

7 H Zn’:n—l An ﬁm—bnA—lO + Un,m,

duration are given byi's = 5-, Tg = 5= and T, = 3-,

. S G c Tp P—1 . . .
respectively, wheré3s, Bo and B. denote symbol rate, pulsewhere{l, = 7 },-; are delay indices, while the-th symbol
repetition frequency (PRF) and chip rate, respectivelyergh Will only receive ISI from the(n — 1)-th symbol for short-
fore, the total number of pulses per symbol is characteriz&nge UWB with small delay spread, i.B:—; << M. The
by G = L3 = Ba  and the total number of chips per PRI igliscrete-time aggregate receive-pulse template is defiyed

e Bg! Rx pP-1 T

B = > p—0 "By, ,» Where we havel,, = [, — lo.

given by Mg = ¢ = 5=. For example, in a classic UWB B

system with a bandwidth oB. = 512MHz and a symbol Moreover, we note that due to the low-power, short-range
rate of Bs = 1MHz, there areM = 512 chips within a nature of UWB radio, the Doppler frequency is not modelled

UWB symbol duration. The symbol duration and chip duratiot? (3) and (4). For instance, at a pedestrian speed of 3.2mph,
are E% = 1us andBi ~ 2ns, respectively, which indicate @ UWB system operating at a carrier frequencyfpt= TGHz
S c

that the maximum sénsing range and sensing resolution §KP€riences a maximum Doppler frequency of 33.13Hz. This

7; = 300m and - ~ 0.6m, respectively. The resolutionVa'(‘;‘f:_,fél\r/‘l|e_|9“%'bl‘?j c%rl;]pz;_red to deFh tshe 1:\|/|gz symbol rate
of 0.6m indicates that the maximum error can be 0.3m. " & Rancwi ISCLSSEA TN SeC. 1.
we consider the sensing error to be uniformly distributed |, U\WB SENSING HEADER: HOW TO ACHIEVE

between 0 and 0.3m, the average sensing error is expected to PEAK-SIDELOBE ORTHOGONALITY?
be 0.15m, which aligns with the UWB general performance |, g section, the received UWB header is modelled in

of centimeter-level sensing accuracy [46]. . Sec. llI-A. The conventional training-based, blind and LoS
The discrete-time representation of (1) is expressed as: based UWB MF sensing methods are presented in Sec. ll-B
sn,m:ﬁanzfgold(m—gMG—cg—bnA):anﬂ,If,bnA, (2 Sec. llI-C and Sec. llI-D, respectively, while their traosf
) ) ) mation from the linear convolution model to the circular
where 4(-) refers to a Dirac delta function, while the subg,nyoiution model is proposed in Sec. Ill-E. The UWB FDE
scripts for s, ,, refer to then-th symbol's m-th chip, and gensing receiver is presented in Sec. IlI-F, and the data
the transmit-pulse template in discrete-time is defined Biaction in the UWB header is portrayed in Sec. IIl-G.

B = Ve gy d(m — gMg — cq).
A. Received Sensing Signal Model
C. Received Signal Model For the UWB header, PPM is de-activated in order to avoid

i i is Qi . coupling between sensing and PPM. Therefore, we have
The UWB received signal model is given by [8]-[10]: 0 inp(2)g and (4). It can %e observed that the first n%n-zero
y(t) =30 25:—01 hps(t — 1) + v(t) 3) pulse associated with index = ¢, transmitted based on (2)
=% anpra(t — nTs — baT-A — 70) + (1), is shifted tom = Iy + co in the received signal model of (4).
nETee More explicitly, the received signal of (4) can be extendsd a
where v(t) refers to the additive white Gaussian noise Go1
(AWGN)(viith zero mean and variance df, while the 9% = Ve Lvpe{i,<m} hé’_zlzgzo o(m—gMe—co—ly)
aggrelggatle receive-pulse template is defined gay(t) = +ﬁan—1va€{lp>m}hng:0 Mm*gMG*Cg*lP*M)*””v(ﬂg)v
Ve po hpprx(t = 7o) and we haver,, = ;p_ 1 0 \where the second term associated with ; introduces inter-
Let us assume that there af CIR taps {h,},-, and ) :
. : P_1 . ) symbol interference (ISI). In order to avoid ISI at the tdrge
their delays are given by, },~,. The first tap associated index m = I + co, it is sufficient to ensure that we have
with p = 0 is the LoS path and the rest associated with (G — )M — co_1 — lyo + M > 0 for the ISI term.

0
: S p =< P —1 are non-LoS (NLoS) pz_iths. The POWEEris sufficient condition can be expresseddy> c¢_1 and
ratio between the LoS and NLoS2 paths is featured by ﬂﬁc > 1,0 + 1. Based on this, the received signal of (5)
Ricean K-factor of K = E {%} More explicitly, associated with) < m < Iy + ¢y has the first term that carries
. e a,, equal to zero, due to the index rangewf-g Mg —c,—1, <
the LoS path is modelled byo = /55 PL, where the path co — cg — gMa — 1,0 < 0. Similarly, for the receivgd :ignal
loss (PL) is given byPL = ,/2-E5% [32]. We note that of (5) associated withy + co < m < M, the second term

A= fi c = 3 x 10® and f. represent the wavelength,that carriesa,_; equals to zero, due to the index range of

(4)
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m—gMg —cg—lp+M >co—cg+M—gMg—1,0 > peaks, i.eJ; = Jnax = maxyi—o,.... m—1 J;. Once the target
co — cg-1 + Mg — 1,0 > 0. In summary, when we havel;, is missed, the correlation metric becomes smaller. This
co > cg—1 and Mg > 1,0 + 1, (5) can be expressed as (6)transition can be expressed ;ﬁi%:Jmax and JA(,)+1 < Jﬁg.
where the target delay index is given Hy= Iy + co.
o _ C. Blind UWB Sensing

B. Training-Based UWB Sensing Upon dispensing with the training overhead, the blind UWB

If the clean aggregate receive-pulse templ{:ﬁ%{l6 M_,  scheme operates based on the Cauchy-Schwarz inequality [11
is perfectly known, the sensing peak can be detected by heMHi1 . 2 N M1 )
MF'’s correlation operatimz%;l_lyn,m(ﬁfn?‘_%)*,Where the ﬁzm:z yn,mynﬂ,m‘ SOt [ S [ e |yn+1,m(|1;3

correlation window spanning fromm = [ to M + [ — 1 shifts . . ;
with the variable indeX. The search range is given lily< where the equality oa[Tltga_?bove equation holdsl a& f

I < M —1 [8]-10]. Specifically, for the range df < [{,, the with ”yﬁ = “;—:1} . for the noise-free version of
correlation metric is given by (7). We note that the chip ideygcejved signal model 0?%6). Therefore, the MF’s correfati
m is not confined within the range d6, M — 1] in (7) for metric can be expressed as:

the convenience of the linear convolution model. Explgitl )

based on the notation definition of= (nM + m)T, in (2) Ji=%n ’Z%Ill_lyn,my:wrl,m‘ . (13)
]?Orld]\y)é,vrxf Sh a]\\ifesj_’rl”__lsﬁglli’z"éa”{n a(r;()jyﬁ:a; gg%gsz%ed Accordingly, the target) is detected as the index of the last

in (7) that the correlation window may contain non-zero 11€ak before sidelobes, ;1'556 :k‘]ma; - I.n?(XW:O""M‘l Ji o
terms associated with, ;. and Jip 1 < Jy. For the sake of quick convergence, the

Secondly, for the case df = [; at the target index, the preamble data are modulated in the form(afa, —a, —a),
correlation metric of (7) can be simplified based on (6) as:je. {ay;_35 = ay_o = —ay_1 = —ag; };~,, o that ISI will
) v i lore |2 s « .. be destructively superimposed at sidelobes.
S (B V= an S [ 02 |+ ot (B3

(8) D. LoS-Based UWB Sensing

which does not contain I1SI and hence a sensing peak is formedy/hen the LoS dominates signal reception, the received
Finally, for the range of > [{,, the correlation metric of (7) signal model of (4) is simplified to:
is given by (9), which contains ISI term associated wit ;. o1
Ideally, the correlation metriczyl‘fjll’1 Ynm f_j;:lé)* is Ynom =2 p—g MpSnm—t, + Vnm R hosnm-1o + Vnm.  (14)
peaked atl = [{. However, the correlation metric of (8) atBased on the LoS model, the transmit-pulse template is suffi-
I = I} may not be the only peak, because the ISI terms @ent for detecting sensing peaks, where the MF’s correiati
(7) may occasionally be zero. In other words, the sufficieAtetric is given by:
condition for the case df= [{, of (8) to be the only peak is that Ji= AN oMty g 2 _ (15)
the ISI term in (7) must be non-zero, i.e. we have the index of " " ’
m—gMeg—cy—l,+M = 0. For the special case of = lo—1, £ o to Transform the UWB Linear Convolution Model to
the condition ofif — 1 — gM¢g — ¢g —lp + M = 0 requires i \yiar Convolution Model?
€0 = €G-1 and Mg = lpo + 1, Wh!Ch I|m|ts_ the choices of p. assic UwB impulse radio technology relies on the
time-hopping sequences and requires a prior knowledgeeof Bh

! i . Ise repetition design and obeys the linear convolutiodetho
delay spread. Without these stringent conditions, the oése here FFT/IFFT cannot be directly applied. These prinsiple
[ = 1j, of (8) will always be the last peak before a series c\ﬁv

. . . Nave been overlooked by many recent UWB ISAC publications
sidelobes, where peaks capture all multipath powers agsoki y y P

. ) i " [35]-[39]. In order to better understand this, we portragneo
Wk']t?t ghléw'r']' ’}fékil}t‘) for a, in (8); V\r/1hen tlhg er]ndOW 'S examples of the UWB MF sensing methods in Fig. 3. Firstly.
shifted to the sidelobe region 6> I, the multipath powers the UWB modulation in Fig. 3 had/ = 6 chips for each

assqciated with{hy , - - ’hl—l_} for an are missed in (_9)’ UWB symbol, where each PAM/PSK/QAM-modulated pulse
leading to a reduced correlation metric value. Therefdris, t{a } is repeatedG — 2 times. Secondly, the transmitted

transition from the peak to sidelobe is targeted for detecti _ .
Moreover, the templatg 37 ,1M_ " has to be estimated pulses are delayed and spread By= 3 paths associated
with delay indices ofly = 2, Iy = 3 andly, = 4, as

m—1) Jm=0
exemplified by Fig. 3. Thirdly, the LoS-based UWB MF

based onN; training symbols [§], [12], [13]:

R =N (10) sensing method utilizes the transmit-pulse template. A pea
m—1lg N1 n=1 ’ ; : o .
. , o . Is detected, when the activated pulse positions in the tepl
wherea, = 1 for training. The first transmission associateh i, the delayed pulses received through LoS paths, as seen
with n = 0 is not used in (10), because it does not captufg rig 3. By contrast, the training-based UWB MF sensing

th?nlihr%?nttgrm’ tihz' ;;‘E,;eézr?gst?jsorﬁgﬁg i‘;"m;‘\l/; 61; method utilizes a clean aggregate receive-pulse template.
Y, 9 y: sensing peak is detected, where there is no ISI within thesMF’

A 2 i i : .
Ji=% 3 foﬂ_lyn,m(ﬁfﬁﬁyﬂ)* ) (11) correlation window. Moreover, the blind UWB MF sensing

method utilizes a “dirty” template that contains data. Alpea
The target index; is detected as the last peak before sidelobeés, detected, when two segments in the received signals are
i.e. i, = max V{l}, where{l} is the set of indices of the synchronized based on the Cauchy-Schwarz inequality.
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Vean— 12Vp€{l >m}h’ Zgo d(m—gMa —cg —lp + M) +vam, if0<m<I ®)
Ynom = \[a"Z\fpe{l <m}h Zgoé(m gMea — cg — lp) + Vnm, iflo<m<M’
_ . 10— - 2
DT ,R;f_l&) = €an_1 Z,?L:ll 5:01 d(m+M — gMg —cg —lp)
2
tean Zrlf:_llf) vae{ngm} hyp chz_ol S(m — gMg — cg — 1) (1)
tean Zf‘fﬂ\f ZVpe{lp>m—M} hep ZQG:_ol 6(m —gMa —cg — ) +ZMH Yo (B:(flé)*-
2
Ent (B )" =ean T r=o dlm=gMa e, =h)
2
ez llzm{l - M}h S0 Sm—gMa—cy 1) ©)
teantr o iy —u} o Zg o 6(m —gMg — lp—M‘ + o o (B )
(Pat’[err(q) =0,¢1=0) :s, = [a,,0,0,a,,0, 0]) MB ‘ .
7 V S0 S1 } So
E ; ‘ ﬂﬂ] TxH\H\HHl\HlH\l\H\HHHH\H---
Tx%\%\%\%\lhl\\1I|HN\NH» Rx
rRx[ | taggE%W:.mn.wny.‘|u|w e = i~ e < e |~ i
I}
<— ¥Yn-1 f | Yn+1 | Var2—=] Blind UWB Ea Ea m] —a m a
LoS-based UWEE [ £ (T e —
[y %ynﬁ%{ (B v L Ayp— [ E \ E \ E \ E \ H[H \ HIH \ \H!I \ HIH \ oo
v BT LI T] = fempa? PeakﬂLlL Rx _+ ====——=—~=— LI e o »
Tainnguws == 7N E [ v g
%e pr— }e v, Tp— Idle 9&« . E *ISI free?i6 E M 9léISI freei‘

"Clean Template"'

(5 ) _ Fig. 4: Examples of circular convolution model formed from timberent

m—ly Sm=0 =2 Shift Window —=peakOnly ¢0ma,mn UWB symbol repetition.
Blind UWB mm the CP for the next training symbol, allowing all the recelive
< Vo —i=— Yn+1%1 P A training symbols naturally follow the circular convolutio
"Dirty Template:? )RR R ARRIARRRRRIN model. Similarly, the blind UWB transmits repeated symbol
St Y <—iyna Yz patterns of (a,a,-a,-a), where the first symbol with “a” acts

——= Shift Window —pgak Only Contain,, , ;

[Pattermcg =2,¢,=0): ] [Patte(mU =0,c1=1): ]

as CP for the next symbol, while the first symbol with “-a

50 = (0,0, ay, a,, 0, 0] S0 = [a. 0,0,0, a,, 0] acts as CP for the next symbol. Therefore, in both training-

e Sy 1—><— s, —> =—Su1—=<— s, —= based and blind UWB sensing methods, a subset of symbols
[ EF A1 mELLE LI e is naturally 1SI-free, as depicted in Fig. 4. Fourier-Trians-
rRel [ || B | IR | B2 = % %ﬁﬂ based sensing can only be applied to these ISI-free symbols,

without requiring additional resources for adding CP.

[CIRs Overlapped (Not IS \Symbols Overlapped (IS )

Fig. 3: Examples of UWB MF sensing methods. . . .
F. UWB FDE Sensing Relying on the Fourier Transform

For the parameters af/ = 6 and G = 2, there are nine  Therefore, the following circular convolution model is
possible patterns for the user signatijeg, ¢;), where{0 < formed for a subset of UWB symbols:
cg < Mg—1}4=01. As discussed in Sec. IlI-B, the conditions
of cg > cg—1 and Mg > [, + 1 have to be satisfied for
ensuring that the target delay indicas+ /o are free of ISI. which is valid for1 < n < N, for training-based UWB and
For the case ofcy = 2,¢; = 0) in Fig. 3, the CIR taps are {n = 22} | for blind UWB, while < - >, denotes the

overlapped for the repeated pulses, which does not impaaedulo operation having the modulusof. For these circular
ISI. Therefore, the UWB MF detection ¢f, = 0,c¢; = 0) is  convolutions, the transmitted UWB symbols can be expressed

applicable to(co = 2, ¢; = 0) in Fig. 3. However, for the case in the frequency domain (FD) as follows:
of (co = 0,1 = 1) in Fig. 3, the CIR taps are overlapped_ o M—1 ,Tx —mmm —Tx
for the pulses from different symbols, which lead to ISI. In"™™ — me =0 Snm@ar"" = g Yoo Omens™" = a"(ﬂlﬁ?)
summary, three user signature pattern§@f= 0,¢; = 1),
(co = 0,c; = 2) and(¢y = 1,¢; = 2) should be eliminated

m=0

for UWB MF-based sensing. (f(l?) the recelved signal in the time domain (TD) of (4)
Fig. 3 demonstrates that there is no orthogonality betwegan be extended by:

the sensing peaks and sidelobes. The sidelobes are newer zer e l

not even in idealistic noise-free scenarios, hence the-feak Yn,m = Z Gy M BT . (18)
sidelobe ratio is highly dependent on the LoS power. Against . . . . . .
this background, we propose to exploit the inherent U\/\?églIg;’)vr;?y?n?'fﬁghlze,:?%i'ym signal in the FD can be obtained
symbol repetition patterns in sensing signals. As exergglifi '

by_F_ig. 4, the training-based UWB transmifg; identical ?n,m:ﬁZf 01yn mWyy *:anﬁgzi’:—o pr A a—
training symbols, where one training symbol naturally ass (19)

yn,rn:y(t)|t:nMTC+'mTC :ZP —0 h Sn,<m— lp>nm +vUn ,my (16)

where the user signature in FD is given b?}LTX =

m

L SIMZ L gTx,—mi With the aid of the FD representation
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where we have: the synchronizei{), this idle symbol can be used for obtaining
., PR the estimated aggregate receive-pulse template for blingBU
21\471 w(rnflp)('m —m) _ { M, if m = m ) (20)
m=0 M 0, otherwise SRx / :{ Yo.ms for llO S m<AM (27)
Therefore, the single-tap FDE harnessed for removing user- ™o Yr.m, for0<m<lIp
specific time-hopping signature is expressed as: Following this, data detection can be performed for the
7 _ S blind UWB header in the same way as (26). For the
Ynm = 2 = an 2o hplar(lp)]m + 25t (21) isi i i
nm " ETx " Lap=0 TP p)im T TR LoS-based UWB header, the decision variable zis =

I{+M—1 T I +M—1 4R T IG+M—1 4R T
(Z”(i:[& Yn,m mf%)(z,fl:% mx46 mx%)*/\z,fl:% milé) m:‘(/J‘Q'

where them-th element in the FD steering vector ®f(l,) €

CM*1is given bylar(l,)]m = wy,"". We note that for UWB
using OFDM radar princip|esi the conditions @f > cq_1 IV. UWB DATA PAYLOAD: HOW TO IMPROVE DATA RATE?

and M¢ > 1, + 1 are no longer required. However, having In this section, the UWB payload model and the con-

user signatures that have low powers in the FD should gentional MF template-based data detection are presented i
avoided, otherwise the noise will be amplified in (21). IPec. IV-A and Sec. IV-B, respectively. The CIR estimation

our simulations, we avoid the user signatures associatttd weased on the first stage of FDE for UWB sensing is conceived

minym |3¥| < i M- *g i in Sec. IV-C, which facilitates the second stage of FDE for
~ Based on (2%[3, the f(ﬂﬁ_)wing Fourier-transform-based ser8R-T data detection in Sec. IV-D. Finally, the achievabtesa
ing property can be obtained: of the UWB payload are evaluated in Sec. IV-D.

_ 1 M-1 —lpm mi _ 1  m(=lp)
IDFT(an(l,)] = 75 XYmoo wau” @il = 7z@ar 2 (22 A UwB Payload Model in HRP Mode

which has a peak of/M at{l =1, 5;01, and zeros at other Since generally a higher PRF is used for the UWB data

- - : - load operating in HRP mode, we denote the PRF and the
delay indices{l # lp}P:O1 that may carry sidelobes, leading P . S A S :
the desired peak-sidelobe orthogonality. Based on thevebe NUMber of chips per PRI byie = BsG and Mg = .
signal model of (4), following (19) and (21), the IDFT isrespectively, whereG: refers to the number of pulses per
invoked as follows: symbol. The notations for the total number of chips per syimbo
G M-l ml_ ey P-1p M1 m(=lp) | M, symbol duratioril’s = Bis, symbol rateBg, chip duration
Und = 57 2amm0 Ynm Wt = a7 2op=0 Mo 2 im0 Wt +1()5*” T. = 4- and bandwidthB, all remain the same. Based on
which has peaks di = lp}Pgol and sidelobes gl lp}5;01_ (2), the payload data transmission is denoted by:
The. targetly ig Ehe LoS deIAayAindex corre:qunding to the S :\/Eznw:manzgtolé(m—gi\lc—cg—bnA) -
teharlles: p?a:jk,ll.elol :d.min nglp 5;5, mh?re{lp}ggoltder;ﬁte TN L (28)
e set of delay indices peaks that are greater than i+ s i SFx
threshold7. Therefore, for training-based UWB, the peak%sNher%_tlhe transmit pulse ten‘1pl.ate 's given by
are calculated based ¥, training symbols: Ved gy 6(m — gMe — c,). Similarly, based on (4), the
received UWB payload symbols are modelled as:

N ~ 2
(L) =argy o1 a1 | o Tni| > T (24) . _ ; .
PIp=0 VL A ‘Nl ! yn,mzx/éZn:maan:olhpZE&m—gMc—Cg—lp—bnA)
For blind UWB, the peaks are calculated based onjheans- + Vnm = Y ooe o Ay, Aty T Vnm,
missions, which do not share the same pulse amplitude/phase (29
) N , where the receive-pulse template is updated &y =
> yP— 5~ _ 5 ..
{lp}p:()l = argy_o,1,.. -1 ¥ 2o 19200l > T (25) ﬁZ;;Ol hp Z?:()l o(m —gMag — cg — lp).

As shown in (24) and (25), multiple targets represented by

P sensing peaks{l}}ff;ol can be detected by the proposed. Conventional MF Template-Based Data Detection
FDE method, whereas the conventional training-baseddblin Similarly to the data detection of Sec. llI-G used for the
and LoS-based UWB MF sensing methods introduced WWB header, the UWB data payload can be detected based

Secs I11.B-D are limited to detecting only the single LoSyestr On the receive-pulse template. In order to update the teepla
represented b%_ with a higher PRF, the CIRs are extracted from the UWB

header receive-pulse templaﬁgj‘_% as follows:
G. Data Detection for UWB Sensing Header ; G-1 4Rx R
For training-based UWB, upon obtaining the synchronized he = Je gm0 Portarreg oty 0SP <P, (30)

i/, data detection used for the UWB sensing header operati - - .
in'the LRP mode can be performed as follc?ws: PEreiWitere we may sef = Jig, when the number of fading ele-

ments is unknown. Following this, the receive-pulse terepla

. i - - -1 5 2 for the payload data can be estimated by:
N M+1 1 * M+1 1
ap=arg Milyg,, Em:f{? yn,m(ﬁfixf%) _anzm:[é) ‘B’,R;;(fl& |2‘ p ﬁy ) R ) y
=arg minva, |2n — an|*, 5 AR, = S0y Vehpd(m — ghlg — ¢y —p),  (31)

where the decision variable is given by, where we havel, = Io + p and iy, — p. We note that
p . b .

Ih+M—1 ARX % Ip+M—1aRx |2
[272:% yn,m(ﬁm,%) ]/( 'L% |'8m716| ) and  we for the special case off = G, where the PRF of the

haveN; +1<n < N; + N.
Similar to the training-based UWB, the first transmission,eader and that of the .payload are ﬁthe sam?éx we can
{yo.m} is left idle because it does not contain the same Igirectly use the same estimated templafg , = 53, .

pattern as the following symbols. Nonetheless, havingiobta Following this, UWB payload data detection of PPM
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(Proposed UWB Payload Eaw Dan
\ <P ‘ ) is given byg = r“C;'R + g,. As a result, the repetition gain
! ZEIEIIIIAIIIY ! is reduced fromG to Gg, but the throughput is increased
f Sn 1 ¢ ¢
[()';R =32 P from log, A + log, B to (log, A + log, B)GQRGL_H, where
— the cost of CP is accounted for by the factgf-, while A
(Conventional UWB Payload e and B refer to the cardinalities of pulse amplitude/phase and
! E‘ ‘,,,,E ‘S‘ E/‘ J/E | ! positions, respectively. The constant delay in (34) is wilg
Special Case: }(: i1 ‘ A= Lcoz;/g—l |. Moreover, the special cases of (34) associated
Gr=0C by = o B2 L
Fig. 5: Examples of the proposed PR-T scheme for UWB payload,reNheWIth _GR = G and _GR =1 cor_respond to the PPM of (28)
M =16, G =14, G =2, M =4 and{c, = 0}571. and index modulation, respectively.

Thanks to the CP in (34), the linear convolution model of

can be performed for both the training-based and blin(é) becomes the following circular convolution model:

A~ 7 . 2 _
UWB schemes ag{(in,b,} = argminya, vb, |25" — @)™y Unm=0(0) im0 s10) 7ot g 4m T =0 m oS, <m— 1> ag - Vnms
where the decision variable is given by’ = (36)

i+M—1 SRX O\ D+M-1 5% |2 which is valid during the UWB payload transmission rof>
Zm:gé Ynmtb,a( m—zg)) / Zm:% | m—l6| ' N7 + N +1 for training-based UWB and > N + 1 for blind
while we haven > N; + N andn > 1+ N for the training UWB. Therefore, the single-tap FDE for data detection can be
and blind UWB schemes, respectively. expressed as:
Snmm =T — [nm m - 37
C. Channel Estimation Based on UWB FDE Sensing Znn = Yo /R, 070 < M =1 S

Alternative to the CIRs estimated based on the receiwghere the FD received signal is obtained by applying the DFT
pulse template of Sec. IV-B, the proposed UWB FDE sensing (36) asy, .. = —— Z%:—Ol Ynmwip™ ™ = TS +

method of Sec. IlI-F can directly provide the estimated CIRs : :
Based on (23) and (24), for the training-based UWB schem%&*m’ while the estimated ch'c}nnel frequency responses (CFRs)

the CIRs estimated by UWB FDE sensing are given by: are obtained byﬁm—n - Zf;ol hywy, 7. The CIR taps
b= TSN 5 (32) {ﬁ,,}f;ol and synchronized delay spreafls o}~ are ob-
v T tained from the UWB sensing header.
for 0 < p < P — 1. Similarly, based on (23) and (25), for Following this, the ML detection of the amplitude/phase and

the blind UWB scheme, the CIRs estimated by UWB FDRosition of ther-th pulse can be performed in the TD as:
sensing are given by: .

(s bn,r) = arg minva,, , v, . d*(an.rbnr), (38)
R N Vb,
hy = 2L S~ 2 (33) . . . .
P ag N Lwis1 D where the decision variable is given by
A . GrMg+GrMg—1
for 0 < p < P —1, where the UWB sensing data symbals d*(an,r; bn.r) = | i M T 2 m
are detected based on Sec. III-G. Following this, the eséicha, Ziﬁ:ﬁl 5 (m—ghlg— < cy+borA>y 2. The

CIR taps{h,}, o and their delay indiceg/,, 5_:701 obtained fy|l-search based ML detection has the complexity order of
by UWB FDE sensing are utilized for performing UWB FDEO(AB). To mitigate this complexity, energy detection can
data detection for the proposed PR-T in the next section. be invoked for pulse position detection first accordlgg to

bn,r = arg maXvy, . ‘vaZQA'YG+<Cg+bn,,TA>1{iG Zn,m| s
D. Pulse Repetition Tradeoff (PR-T) whiclht dle?dﬁs to a tperfor_r(;man%e. Iosls sincgi. th(;eI tepl{(lse
: ; amplitude/phase is not considered in pulse position detec

'TT order to .fOIIOW the cwcular_ convolution model a_n_dAsgremegy, the reduced-complexity FIs/IL de?ection conceived
facilitate FDE, in the absence of inherent symbol repetitictor index modulation in [43] can be invoked to implement
in the UWB payload, concatenating a CP to the UWR38) by the following three steps of (i) demodulation for leac
payload becomes inevitable. However, since the LoS deldgdex, (ii) index detection and (iii) final decision:
lo has already been detected by UWB header sensing, thed
CP length only has to cover the synchronized delay spread . o (39)
{lpo =1, — Lo}, = instead of the full delay§l,})~. Since bn,r = arg maxw,, . d” (@n,r(bn.r),bn.r),
the ISI can be mitigated by FDE, the UWB pulse repetition %nr = n,r (bn,r).-
within each symbol can be further reduced in order to achieve )

a higher throughput, without increasing the duty cycle. Note that the single-stream demodulatidin* (=) can round
Therefore, we propose a new PR-T scheme for the uwhe ampht_ude/phase of the decision yarlabldao the_ nearest
payload, which is exemplified by Fig. 5. Explicitly, the uwaeconstellation [47]. ForA-PSK, the optimal phase mdgx can
data payload symbol is constituted By + N chips, where P€ detected a$s: /z]. For A-PAM, the optimal amplitude

the last PRI is copied and placed at the beginning of dpdex can be detected asax[min([(A - \/nz —1)/2], A —
UWB symbol as CP. During a symbol transmission, a puldg, 0], wherey = 542~ (A—2.+1)2/(A/2) normalizes the
is repeatedG'r times instead of(i times, whereG/Gr PAM symbol power. Ford-QAM, the real and imaginary parts
different pulses are modulated. The rangel is Gr < G. of z are demodulated ag' A-QAM, where the constellation
Therefore, the PR-T scheme proposed for UWB payloawrmalization factor is given by = Zg/Q_l(A — 2L+
modulation is formulated as (34), where the impulse indeiX?/(v/A/4).

-1
nr(bn.r) =M (va:gMch<cg+b,,L,7-A>Mc Znm);
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(t)| Sn,M-+m, 7MG S m S —1
s . —g y } _ ™ . )
n,m t=n(M+Mg)Te.+Mg+mT. \/EZS:/OGR 1 n.r chrRzol 5 (m —gMg— < cg + by A >Mc) , 0<m<M ’
(34)
T, rG@rMg+GRNG-1 —a? @Rflé(m— Mg—<cg+bA> )2
GrMo+GrMag—1 1 ‘ m=r&pg M, Fnm—a" Xy 2o grGT=c Mg
P({Zn,m};zi@:MGR 7 a" V) = 7y XP (‘ . Y4 . (35)
. . . -#&- Training MF | - @- Blind MF - - Training MF | - @- Blind MF
E. Achievable Rates with Estimated CIRs -5 Training FDE | -~ Blind FDE B Training FDE | -©- Blind FDE
Based on the conventional UWB MF template-based pay- . s - h” T o
load data detection in Sec. IV-B, the achievable rate witRsCl ' g T
estimated by UWB MF is given by [14], [47], [48]: £ T Esgie £
i g 1 o 10 e ~33.338
. ABD({Un v a0 0t 9) 5 5 . g
C= 3#E |log, i la®, b s : 18 E
SRS e a0 e ey | w 1 w 78
B 40) @ z 5
where equiprobable symbols are assumed, i.e. we have R 10" SEEERL33 5
{p(a*) = £}74," and {p(t") = £}¥°}, and the conditional ' ozon
probabi“tyisgivenby: 107 bbbl bl g P S I B I P
-90 -80 -70 -60 -50 -40 -90 -80 -70 -60 -50 -40
7 P, (dBm/MHz) P, (dBm/MHz)
IG+M—=1) 4 39\ 1 '
P({Yn,m+b,a} W) = — _ _
{Yn.m }m—l6 J ”(Z:?:?g 1‘35{546‘2)% (a) K =8dB (b) K =4 dB
i +nM—1 2 v eslptM=1 2 -#&- Training MF | - @®- Blind MF -8 - Training MF | - @- Blind MF
X exp ‘213:[6 y“vm“ﬂA(Bg*l(’)) -@ 277(:.:[6 ‘Bf:fl(’) N -8 Training FDE | -©- Blind FDE -8 Training FDE | -©- Blind FDE
- 77 — ~ . T T T T
@iﬁi;z ' B iy 1IN 1 M‘. [ Loswe 5535 e U [ LosME ] 555
“y | X ® g - Je= g
. o1 39 o 1 33.332
Based on the proposed UWB FDE payload data detection - 5
of (38), the achievable rate with CIRs estimated by UWB FDE < 2 s 2
is given by: u I 3 :fag 5
= = = =
C = _BeG G/Gr-t = g ¢« g
T M(G+1) &~r=0 0.33% 10" o) == ]0.33$
ABp({z }T'éRIYIGféRMG*I‘al b7) 0.0781m 0.26 Nk
E |log, T merGpilg |a2 g 2 Lol il 2 Lol
DR Dl P({Zn,m}TG,R‘MGTGRMc_lIa"l ,b3") ’ ’ 0 80 70 60 50 9000 0 80 70 60 S0 9000
V=0 =0 m=r&rMg (42) P, (dBM/MHz) P, (dBM/MH2)
where the CP overhead is normalized while the () K=0dB (d)K =-4dB

" e +1L))’ . Fig. 7: Effect of K on UWB headerRMSE on range for UWB MF and FDE
conditional probability is given by (35). The FDE noise p@wesensing methods, where we have—= 512, G = 16, B. = 512MHz, P = 8
is formulated agV}, = — %0 andd = 20 m, while 2PAM is used.

Pl I

tag on their back, as depicted in Fig. 6c, this creates a LoS
V. PERFORMANCERESULTS blockage to at least one anchor at one time. As a result, some
In this section, we consider an UWB system having a ban@f the UWB measurements suffer from severely degraded
width of B. = 512MHz and a symbol rate oBs = IMHz, Sensing accuracy that can be on the order of several meers, a
where there arel/ = 512 chips within the duration of a demonstrated by Fig. 6b. The degraded measurements guide
UWB symbol. The carrier frequency is set fo = 7GHz. the Kalman filter completely off-track. To address this &su
The number of pulses per symbols is configuredzas: 16 W€ Opt for ignoring measurements that have negative Ricean
and G = 64 for the LPR and HPR modes, respectively. ThE-factors, which can be inferred from the ratio between first
remaining UWB simulation parameters, including the Riced#fith power and the total received signal power in DW3000
K-factor, the number of training symbold/;, the number Measurements [46]. Fig. 6d shows significantly improved
of data-carrying UWB sensing symbol§, the UWB FDE Measurements and tracking results using this approach.
sensing detection threshold, the PAM/PSK/QAM constel- Although a Kalman filter can moderate unreliable measure-
lations and the distance between the transmitter and ceients for moving users, a stationary user — such as a patient,

are investigated individually in the following subsecon ~ @n €lderly person or a loT device may experience a blocked
LoS view to an anchor for a long time, during which no reli-

A. UWB Sensing Experiment Highlighting an Open Problel%ble.measurements V.V'th non-negatlve Rlcgan K-factors ean b
] i o obtained. Therefore, in the remainder of this paper, wegntes
Our demonstration of conventional UWB sensing is presmylation results demonstrating the theoretical impnosets

sented in Fig. 6, using Qorvo's DW3000 module [46]. The,, ywB ISAC transceiver, particularly in NLoS scenarios.
user wears a tag and walks along a rectangular track, with a

Kalman filter employed to smoothen the trajectory of the 'aser . ]

movement. Firstly, when the user places the tag on top of thE Effect of Ricean K-factor on UWB Sensing

head, which creates a strong LoS condition to three anchorsFig. 7 illustrates the UWB MF and FDE sensing perfor-
the UWB measurements achieve centimeter-level accuracynaance in terms of its root mean squared error (RMSE) for
demonstrated by Fig. 6a. However, when the user wears taage estimation. Explicitly, the RMSE of range is given by
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Real-Time Position Tracking 3 Anchors With Tag Worn On User's Back
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scenario, where the user wears the tag on their back; (c)tioocaf the tag in NLoS scenario; (d) Additional NLoS filteginwhere measurements with
negative Ricean K-factors are ignored.

|d — i()c/Bc\, where le refers to the UWB estimated delay.that the sidelobes in UWB MF sensing are never zero, not even
Since the UWB estimated deldy is also used for time-stamp under noise-free conditions, and the peak-to-sidelobeepow
synchronization between the tag and anchor, the synclaronigatio is significantly reduced, as the Ricean K-factor dases.
tion error is calculated al/c — ly/B.|. For a tag-anchor By contrast, Fig. 8b) and Fig. 8d) recorded for trainingduhs
distance ofd = 20 m exemplified by Fig. 7, the UWB sensingand blind UWB FDE schemes show that UWB FDE sensing
lower bound is determined by the residual fractional delachieves orthogonality between the peaks to sidelobes;ewhe
index |d - B./c — |d- B./c]| = 0.133, which corresponds to the sidelobes are zero in noise-free conditions, while non-
0.133¢/B. = 0.0781 m and0.133/B. = 0.26 ns for ranging zero peaks represent CIR taps reflected from multiple target
RMSE and synchronization error, respectively. As shown s the Ricean K-factor decreases from 8 dB to -4 dB, the
Fig. 7a), all UWB sensing methods converge to the lowg@eak amplitudes of UWB FDE sensing are reduced. However,
bound. Additionally, Figs. 7a)-d) demonstrate that the UWBe propagation delay can still be accurately detected as th
MF sensing performance degrades severely as the Riceartike-of-arrival of the first peak without interferences rfro
factor decreases. By contrast, the proposed UWB FDE senssidelobes, as shown in Fig. 8b) and Fig. 8d). As discussed
methods are still capable of converging to the centimetestl in Sec. llI-E, MF-based UWB sensing can only detect the
ranging lower bound and nanosecond-level synchronizatibme-of-arrival of a single target, as shown in Fig. 8a) and
error lower bound, even at a low Ricean K-factor of -4 dB. Fig. 8c), since the UWB MF receiver is required to accumulate
multipath powers across all repeated pulses. By contiast, t
The sensing performance results shown in Fig. 7 are furtheyvB FDE sensing proposed in Sec. Ill-F decouples the
verified by Fig. 8, where the sensing amplitudes are predentgultipath components and thus facilitates multi-targesaey,

in an ideal noise-free scenario. Fig. 8a) and Fig. 8c) reprtes as illustrated in Fig. 8b) and Fig. 8d). Fig. 9 further conirm
ing training-based and blind UWB MF schemes demonstrate
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while 2PAM is used.
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512MHz, P = 8 andd = 20 m, while 2PAM is used.

that the proposed FDE sensing substantially improves tﬂgrform’c_mce _at a high Ricean K-factor .Of 8 dB, wh|_c_h 'S
peak-to-sidelobe ratios of the conventional MF sensing far benefit of Its advantageou; synchronlzanon capability in
both training-based and blind UWB systems Pos scenarios, as presented in Fig. 7a). The LoS-based UWB
' MF sensing utilizes the user-specific time-hopping segeienc
as its correlation template, which has ideal zero-valudd of

peak auto-correlation functions. However, Figs. 10c) ahd d
Fig. 10 portrays the effect of Ricean K-factor on the BER afhow that the LoS-based UWB scheme exhibits degraded BER

UWB detection, where UWB MF and FDE sensing methodserformance at a low Ricean K-factor of -4 dB, due to its
are used for synchronization and CIR estimation. As shownseverely impaired synchronization performance, as degict
Fig. 10, both the training-based and blind UWB FDE sensirig Fig. 7d). Furthermore, as expected, Fig. 10 evidences tha
methods outperform their MF counterparts. Figs. 10a) and the proposed training-based and blind FDE methods achieve
further demonstrate that the LoS-based method achieves gbetter performance than their conventional MF countespart

C. Effect of Ricean K-factor on UWB Data Detection
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Fig. 12: Impact of UWB header parameteRMSE on range for training- 2PAM/4PAM/4PSK/16PSK/16QAM are used.

based UWB MF and FDE sensing methods, where we fdve 512, B, =
512MHz, P = 8 andd = 20 m, while 2PAM is used.

. ) of pulses per UWB symbal- is increased for enhancing the
To elaborate, the improved BERs achieved by FDE fofse repetition gain. Nonetheless, the improvement in FDE
UWB data detection in Fig. 10 result from the enhancegynsing becomes negligible, wheh> 16. Finally, Fig. 12d)
synchronization and CIR estimation provided by_ the_flraget demonstrates thef — N, is the preferred threhold for the
of FDE for UWB sensing, as demonstrated in Fig. 7 anghining hased UWB FDE sensing of (24), where a smaller
Fig. 11, respectively. As shown in Fig. 11, the CIRs estimatgy, oqholq, such a& = 0.5N,, is buried under the noise floor,

by training-based and blind UWB MF sensing exhibit errafhile a largerT > 2N, leads to late convergence.
floors when the Ricean K factor is reduced ko= —4 dB. -

Similarly, Fig. 7 shows that both training-based and bling. Effect of UWB Header Modulation
UWB MF sensing fail to converge to the synchronization lower The data-carrying PAM/PSK/QAM modulations, inherently
bound atK' = —4 dB. By contrast, the proposed UWB FDEepeated in UWB pulses, do not interfere with the proposed
improves synchronization and channel estimation for UNB\wgB FDE sensing operations of Sec. llI-F. Consequently,
data detection, particularly at a low Ricean K-factor of Bl d high-order PAM/PSK/QAM modulation can be employed by
as shown in Fig. 7 and Fig. 11, respectively. the proposed UWB FDE sensing, as confirmed by Fig. 13. By
contrast, the conventional UWB MF sensing methods suffer
D. Impact of UWB Header Parameters from degraded performance under the same conditions. The
Fig. 12 investigates the impact of UWB header paramteksorrelation-based MF sensing methods, including LoSdhase
where training-based UWB MF and FDE sensing methods araining-based and blind methods, perform particularlyseo
invoked. Firstly, Fig. 12a) demonstrates that the perforeea when 4PAM and 16QAM are used to modulate UWB pulse
of both MF and FDE improves, as the number of trainingmplitude/phase, as evidenced by Figs. 13a) and d).
symbolsN; used for estimating the “clean template” in (10)
increases. The improvement in FDE sensing becomes negligi-Effect of Distance Between Transmitter and Receiver
ble, whenN; > 4. Secondly, Fig. 12b) indicates that the MF Figs. 14a)-d) demonstrate that as the distance between the
sensing performance improves, as the number of data-ngrryiransmitter and receiver increases, the performance df bot
UWSB sensing symbol&/ employed for estimating the delay inUWB MF and FDE sensing methods generally degrades.
(11) increases. However, the FDE sensing performancess letowever, the proposed training-based and blind UWB FDE
affected by changes itV. Thirdly, Fig. 12¢) shows that both sensing methods consistently outperform their MF counter-
the MF and FDE sensing performance improves, as the numparts, as evidenced by Figs. 14a)-d), where the transmit
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15: PR-T for UWB PayloadAchievable rates of PR-T for UWB payload,
re the two-tier FDE is deployed for UWB sensing and datadtiein. The
parameters ar@/ = 512, G = 16, G = 64, B, = 512MHz, K = 0dB and
P =8 ford=80m.
payload for data detection. The CP overhead is eliminated
The achievable rates evaluated in Sec. IV-E for UWB ISAC" the UWB header by ex_p_loiting the inherent training/bkind
schemes are portrayed in Fig. 15a). The proposed two-ti&r F ased UWB symk_Jol repetmon pattgrns. In the UWB. payload,
scheme, in which the first FDE removes the user-specific timt © %P vaerh?ad IS dej{/g\;/réed to t?el |r_:_\;]ersely prgp?rtlona:%ov\t/B
hopping sequence for sensing and the second FDE elimin (oer of puises per Symbol. The second stage o
the effect of CIRs for data detection, outperforms converai E data detection directly utilizes the CIRs estimatedrtey t
UWB ME ISAC with the same r,JuIse repetition gain Oi;‘irst stage of UWB FDE sensing. This facilitates a novel PR-T
Cin = 64, as shown in Fig. 15a). Furthermore, the proposeg&heme that allows for flexible trade-offs between throwghp

" ’ : ' ’ d pulse repetition gain. Our simulation results dematestr

PR-T scheme achieves increased data rates of 7.875M at the proposed UWB FDE sensing achieves centimeter-level
31.5Mbps and 126Mbps, at the cost of reduced pulse repetit : T
P P P pe accuracy even at a low Ricean K-factor of -4 dB. Additionally

gains of G = 16, Gr = 4 and Gy = 1, respectively. In . .
these cases, the schemes having lo@grreach their data rate the FDE-aided UWB PR'T. Pay'o"’?d gchleves a doubled data
[ate, when the pulse repetition gain is reduced by half.

upper bound at higheP,. Nonetheless, Fig. 15b) demonstrate
that after normalizing?; with respect to throughput, the PR-
T schemes associated with higher throughput but lo@gr

-60 -55  -50

powersP; required for UWB FDE sensing methods to achieve
centimeter-level accuracy are always below the UWB powé/'ﬁ('a
mask of -40dBm/Hz.
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