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ABSTRACT Multi-carrier phase difference (MCPD) ranging is promising for low-cost proximity and
localization systems, but its performance degrades when devices use inexpensive crystal oscillators.
In practice, carrier frequency offset (CFO) can change linearly with carrier frequency, and the difference
between the slopes of CFO as a function of carrier frequency, referred to as the carrier frequency offset
slope difference (CFOSD), introduces a systematic distance bias. We model MCPD using the standard
timing diagram (TD) and derive a closed-form expression for the distance error that reveals a dominant
term proportional to both CFOSD and the sampling time offset difference between devices. Two TD design
approaches are proposed and validated by simulations with CFOSD sweep and additive noise. The temporal
differential correction approach suppresses the effect of CFOSD on distance estimation over a wide CFOSD
range and achieves almost zero bias, but at the cost of longer measurement duration, greater sensitivity to
timing asynchronization, and a higher required signal-to-noise ratio (SNR). The role switching approach
reverses the roles of initiator and reflector across carrier frequencies according to a role pattern, preserves
the measurement duration of the standard TD, and reduces CFOSD sensitivity within a method-dependent
CFOSD operating range. Experimental results for the standard and role-switching TD designs confirm
the signal model, show good agreement between measured and simulated channel impulse responses, and
demonstrate that the proposed TD designs substantially reduce distance bias caused by CFOSD while
remaining compatible with low-cost implementations.

INDEX TERMS Asynchronization, carrier frequency offset (CFO), channel frequency response (CFR),
channel impulse response (CIR), clock drift, crystal oscillator, Internet of Things (IoT), multi-carrier phase
difference (MCPD), phase-based ranging (PBR), timing diagram.

I. INTRODUCTION
Integrated sensing and communication (ISAC) aims to
unify communication and sensing functionalities within
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a common hardware platform, allowing each function to
benefit from information provided by the other. In bistatic
configurations, communication nodes can exploit sensing
information extracted from the spatial, spectral, and temporal
diversity present in the exchanged signals [1]. Short-range
proximity and location information play a central role
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in many everyday applications, including public transport
ticketing, parking, electronic tolling, payment and identi-
fication systems, personnel tracking, and physical access
control [2]. These applications motivate the development of
accurate, low-cost ranging techniques that can be integrated
directly into commodity wireless devices. A major challenge
in such systems is the lack of synchronization between
devices, which can introduce ranging ambiguities and prevent
coherent processing of discontinuous measurements [3].

Phase-based ranging (PBR) has gained popularity because
it enables decimeter-level accuracy in indoor scenarios [4].
Multi-carrier phase difference (MCPD) extends PBR by
acquiring phase measurements across several carrier fre-
quencies using two ranging devices: the initiator (INIT)
and the reflector (REF) [5]. This technique provides a
larger unambiguous range, reduced multipath sensitivity, and
cancellation of random phase-locked loop (PLL)-induced
phase offsets across discontinuous transmissions on different
frequencies. With low hardware complexity and low energy
consumption, MCPD is particularly attractive for low-cost
wireless systems.

The imperfections of low-cost crystal oscillators used
for both radio frequency (RF) synthesis and timing affect
MCPD performance by introducing carrier frequency offset
(CFO) and clock drift, which can bias distance estimation.
Crystal oscillators are characterized by frequency tolerance
and frequency stability, which depend on environmental
conditions such as temperature, supply voltage, load capac-
itance, humidity, pressure, aging, etc. As these conditions
vary, the instantaneous frequencies of the crystal oscillators
in the two devices involved in ranging can drift differently
over time. Although initial calibration between devices
can compensate for static biases, environmental changes
make such calibration invalid and degrade ranging accuracy.
Using higher-grade clock sources would reduce environment-
dependent effects on distance estimation but would increase
costs. A single highly accurate reference clock, such as
one provided by the global navigation satellite system
(GNSS), can be distributed wirelessly or via a wired link,
but this approach adds complexity, is meaningful only
for static anchors in the case of wired clock distribution,
and is impractical when only a small number of devices
need to be synchronized [3]. These limitations motivate
the development of MCPD ranging procedures that are
inherently less sensitive to variations in crystal oscillator
performance. In particular, we study how to mitigate distance
estimation errors in MCPD ranging caused by CFO with a
linear dependence on the carrier frequency, which occurs in
PLL-based carrier frequency synthesis, where the reference
frequency error is multiplied by a carrier-dependent factor,
scaling the error proportionally across the carriers. The
difference between the slopes of CFO as a function of carrier
frequency for the two devices, referred to as the carrier
frequency offset slope difference (CFOSD), then produces a
systematic distance bias.
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Clock and frequency synchronization has been studied
extensively in wireless communications [6], [7], ultra-
wideband (UWB) ranging [8], and ISAC systems [3].
However, dynamic synchronization aspects in MCPD have
received little attention. Previous works address interference
mitigation [9], algorithmic improvements [4], [10], [11],
or comparisons of localization techniques [12], [13], but
do not explicitly model time and frequency misalignment
between devices. Asynchronization between devices is
typically ignored, mitigated by initial calibration at known
distances, or suppressed by assuming high-quality crystal
oscillators [14].

The impact of asynchronization on MCPD ranging has
been addressed in the following literature. The authors
in [15] jointly analyzed timing asynchronization and CFO,
proposing to measure the CFO, map it to the underlying
crystal offset difference, and correct the phase measurements
accordingly. Group-ranging scenarios were examined in [16]
and [17], showing that asynchronization has an even stronger
impact in multi-device setups. In [17], a technique was
proposed in which the INIT shifts the timeslots of REFs
in consecutive measurements to estimate crystal offsets.
Estimating CFO from multiple phase samples acquired at a
single carrier frequency and then correcting the measured
phase samples to remove CFO-induced phase shifts was
proposed in [18]. While CFO can be estimated during
the measurement and compensated for, accurate estimation
requires a large number of additional samples [19]. This
remains feasible under the assumption that the CFO is
constant across the measurement band, since the estimation
can be performed at only one frequency. However, when the
CFO varies with carrier frequency, this approach becomes
impractical, as CFO would have to be estimated separately
at each carrier, substantially increasing the measurement
duration. Even under the assumption that CFO varies linearly,
estimation would need to be performed at least at two carrier
frequencies, followed by interpolation or extrapolation.

An approach involving four transmissions per carrier
frequency, in which an INIT—REF exchange is followed
by a REF—INIT exchange to suppress the impact of a
constant CFO in MCPD ranging, was proposed in [20].
We build on this idea and consider timing diagram (TD)
optimization with the objective of structurally reducing the
effect of CFOSD without requiring explicit CFO estimation at
each carrier frequency. While TD optimization for MCPD has
received limited attention beyond [20], it has been extensively
explored in related time-based ranging systems, particularly
in the UWB domain. UWB ranging typically resolves timing
offset using the single-sided two-way ranging (SS-TWR) pro-
cedure and further suppresses clock drift through the double-
sided two-way ranging (DS-TWR) technique [21]. Numerous
works have proposed TD refinements to reduce clock-drift-
induced bias, often balancing the trade-off between the
number of transmissions and estimation accuracy [8], [22],
[23], [24], [25], [26]. Additional transmissions have also
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been used to obtain extra phase samples that compensate for
phase drift due to CFO in UWB system that combine PBR
principles, as shown in [22]. In [27], TD parameters have been
optimized using Cramer-Rao lower bound (CRLB) analysis,
which shows that longer second-response delays reduce
estimator variance but simultaneously lower the number
of measurements per unit time, thus increasing the overall
variance of combined estimates. Sequential time difference
of arrival (TDoA) approaches [28] can also avoid explicit
timing synchronization between the tag and anchors, but
they require at least three anchors with known geometry and
remain more sensitive to clock drift than two-way ranging
(TWR) procedures.

Among the contributions of this work is a dynamic
role-switching scheme within the MCPD procedure to
decouple the phase shifts introduced by CFOSD from those
caused by signal propagation, thereby reducing the resulting
bias in the estimated distance. A conceptually related
switching approach was presented in our earlier work [19],
where the order of carrier frequencies used in the MCPD
procedure was optimized to decouple phase shifts caused
by clock-drift differences from those due to propagation,
assuming a frequency-independent CFO across the carrier
set. This work extends that research by addressing CFOSD,
which introduces an additional bias term that frequency
order optimization alone cannot remove. Similar switching-
related strategies have been explored in adjacent domains
such as frequency-modulated continuous wave (FMCW)
radar [29], [30], [31], [32], channel sounding [33], [34],
[35], [36], [37], and direction-of-arrival (DoA) estimation
[38], [39].

The objective of this work is to mitigate the effect of
CFOSD on MCPD distance estimation without requiring
explicit CFO estimation. We achieve this by modifying the
MCPD TD to either structurally cancel CFOSD-induced
phase shifts or decouple them from the propagation-induced
phase shifts, thereby reducing the resulting bias without
extending the measurement duration. The contributions of
this paper are:

« Identification and modeling of CFOSD as a previously
unaddressed source of systematic bias in MCPD,
supported by analytical derivations and measurements.

o Design of TDs that suppress the effect of CFOSD
on distance estimation by using temporal-differential
correction and dynamic role-switching approaches.

« Evaluation of the effectiveness of the proposed TDs in
simulations under noise-free and noisy conditions.

o Experimental validation of TDs based on the dynamic
role-switching approach.

The remainder of the paper is organized as follows.
Section II presents the signal model and analyzes the CFOSD
impact on MCPD distance estimation. The proposed TD
optimization approaches are described in Section III. Sim-
ulation and experimental evaluations follow in Sections IV
and V, respectively. The paper concludes with Section VI.
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TABLE 1. List of key acronyms and symbols.

Acronym /

Symbol Description
M Number of carrier frequencies
i Carrier frequency index, i € {0,...,M — 1}
Pli] Yector deﬁni'ng the Aorder in which the carrier frequen-
cies are applied during the MCPD procedure
v Carrier spacing
f‘c(i) Nominal carrier frequency of the i-th carrier
fl(i) fR(i) Actual carrier frequencies of the i-th carrier generated
’ by INIT and REF
AfD, A || CROs of INIT and REF of the i-th carrier
A f(i) Effe(;tive CF8 betw.e(ei? devices of the i-th carrier,
AFD = AR — Afy
Afos, Mog || Initial CFO values at £°) for INIT and REF
Ao Difference between initial CFO values, Afo = Afo 1 —

Afo r

kcro, 1, kcro,r

Linear slopes of CFO as a function of carrier frequency
for INIT and REF

Carrier frequency offset slope difference, kcro,; —

CFOSD
kcro,r
fir Intermediate frequency
AT Nominal time difference between the start of two con-
N secutive carrier measurements
T T Nominal time sampling offsets at REF and INIT after
ok Lol the start of the measurement on each carrier
AT, Time sampling offset difference, AT, = T, g — To,1
o e Relative frequency errors of the timing oscillators at
I> R INIT and REF
O] 0] Local oscillator initial phase offsets of the i-th carrier at
LO,;> YLO,R || INIT and REF

Role pattern, RP[i] = 1 for standard roles and RP[i] =

RP() —1 for reversed roles

To improve readability, Table 1 summarizes the key acronyms
and symbols used in this paper.

Il. SIGNAL MODEL AND PROBLEM FORMULATION

Most existing research on MCPD assumes that the CFO of
each device is constant across the measurement band. In prac-
tice, CFO can be frequency dependent as PLL-based carrier
frequency generation is achieved by multiplying the crystal
oscillator reference frequency frr by the carrier-dependent
factor kK to synthesize the desired carrier frequency fc(i) =
fref - k@, where i € {0,...,M — 1} is the carrier index
and M is the number of carriers used in MCPD. A deviation
in the reference oscillator frequency from its nominal value
by a multiplicative error e causes the actual reference to be
Jrop = fres (1 + €). With uniform carrier spacing v, the carrier
frequency at index i can be expressed in terms of the nominal

carrier frequency fc(o) ati=0as
D = O L ofO 4 (14 e)iv, (1)

which shows that the frequency error increases linearly
with the carrier index and that the slope of this increase is
proportional to the oscillator error e. To examine this effect in
practice, we measured the CFO across carrier frequencies for
four devices equipped with AT86RF215 radio modules [40].
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FIGURE 1. Measured CFOs as a function of carrier frequency for four
devices equipped with AT86RF215 radio modules, showing a clear linear
CFO trend with distinct initial CFO offsets.

TABLE 2. CFO slope values obtained from the measurements in Fig. 1,
expressed as the change in CFO per MHz to make the numerical values
more interpretable.

| Device A Device B
kero L) |54

Device C  Device D

-13.49 -12.90 -10.79

As shown in Fig. 1, all devices exhibit a clear linear CFO
trend with frequency. Table 2 lists the corresponding slopes
computed using simple linear regression. The differences
between slopes confirm the presence of CFOSD and motivate
deriving the signal model to quantify its impact on distance
estimation.

We derive a signal model for the standard TD configuration
used in MCPD ranging, as shown in Fig. 2(a), which also
serves as the basis for the TD optimization in the next
section. In the standard TD configuration, REF samples the
received signal at a time offset 7, g and INIT at a time
offset T, s after the start of the measurement on each carrier.
The time difference between the start of two consecutive
carrier measurements is denoted by ATj. The actual sampling
instants deviate from the ideally defined times due to the
clock drift of each device. Non-ideal sampling times are
denoted by a prime superscript and are obtained by scaling the
ideal times by the reciprocal of the oscillator frequency error,
that is, (1 4 ¢;)~! for INIT and (1 + eg)~! for REF, where ¢;
and ep are the dimensionless relative frequency errors of the
INIT and REEF crystal oscillators, typically specified in parts
per million (ppm). The signal model uses separate crystal
oscillators for timing and RF carrier generation at INIT and
REF, which allows the contributions of clock drift and CFO
to the measured phases to be observed independently. The
frequency deviations of the crystal oscillators are assumed
constant during a single MCPD measurement sequence, and
propagation is modeled as free space with REF transmitting
and receiving at carrier frequencies that are offset by the
intermediate frequency fir, analogous to the formulation
in [19].
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The nominal carrier frequency of the i-th carrier is
O =p0 +iv

The actual carrier frequencies generated by INIT and REF,
affected by crystal-oscillator inaccuracies, are denoted by
fl(l) and flgl), respectively. Their corresponding CFO values
relative to the nominal carrier,

AFD = O _ 50, AFD = g O _ o
represent the individual CFOs of the devices. The effective
CFO between INIT and REF on the i-th carrier is defined as

The signal model describing the phase samples acquired at
INIT and REF for MCPD with the standard TD configuration,
including arbitrary ordering of carrier frequency, was derived
in [19]. Considering that one phase sample is acquired per
carrier frequency (n = 0), the sampled phase at REF for the
i-th carrier is

Sk = 27 (fir + AFO) (PLil - AT, g + T, )
C

) )
+050s = Olog @

where c is the speed of light, d is the distance between the
devices, ATS’ 18 the non-ideal measurement of the interval

ATy at REF due to its own clock drift, @%y ; and @2%’ R
denote the local oscillator initial phase offsets of the i-th
carrier at INIT and REF, and P[i] is the vector that defines
the order in which the carrier frequencies are applied during
the MCPD procedure [19]. The indices of P[i] correspond
to the ordered carrier frequencies from the lowest (i = 0)
to the highest i = M — 1) used in MCPD, and each
value P; specifies when in the sequence the particular carrier
frequency with index i is used in the MCPD procedure, with
the first position corresponding to value 0. We assume that
each carrier frequency is used exactly once in the sequence.

The corresponding phase sampled at INIT for the i-th
carrier is

o0 = 2 (fir + AFO) (Pl - AT, + T, )
, ~od
+27 (1 — fir + Afg") —

@) @)
+ 0101 — OLor 3)

where ATY’ ; is the non-ideal measurement of interval AT at
INIT due to its own clock drift.

To cancel the unknown initial phase offsets of the local
oscillators, the final phase for the i-th carrier is obtained
by subtracting the phase samples acquired at INIT (3) from
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FIGURE 2. TDs for MCPD ranging. (a) Standard TD: INIT and REF sample at fixed offsets on every carrier. (b) SSTDM: INIT acquires additional
samples relative to its standard sampling time to suppress the CFOSD-induced phase component. (c) DSTDM: both INIT and REF acquire additional
samples, enabling full cancellation of the CFOSD contribution. (d) RSA: a role-switching approach in which INIT and REF alternate roles according to
a predefined RP vector. (e) PFRSA: on each carrier the measurement is first performed according to the standard TD approach and then repeated

with the reversed roles.
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REF (2)
0 =y — ¢ =27 fir + AF)-
|:P[i] AT, R
14+e +eg+eer

# (Tl o) = Tsli4e) ) |

i CING d
=21 (2 + & + A = fir) )
The phase ¢ contains two bracketed phase terms scaled by
AfD that are therefore affected by CFOSD. The first phase
term captures timing asynchronization caused by clock drift
over the measurement procedure and is proportional to the
vector P[i] and the relative frequency mismatch between the
timing oscillators of INIT and REF, (e; — egr). Assuming the
CFO is constant across the measured band, this timing asyn-
chronization effect on distance estimation can be efficiently
mitigated using the technique in [19], where the frequency
switching pattern (FSP), and therefore P[i], is optimized
to suppress bias from clock drift differences. Even with
frequency-dependent CFO and nonzero CFOSD, the first
term contributes negligibly to the CFOSD-induced distance
bias. The CFOSD-induced bias is instead dominated by the
second phase term in brackets, which depends approximately
on the sampling time offset difference between INIT and
REF.

To isolate the effect of CFOSD on MCPD distance
estimation, we first neglect timing asynchronization by
setting e; = eg = 0. Furthermore, the CFO is modeled as
a linear function of the carrier index, and for the i-th carrier it
is expressed as

AP = Afo.r + keror i v,
A = Afor + kcror i v, )

where Afp ; and Afp r denote the initial CFO values at INIT
and REF at the beginning of the measured frequency band,
and kcro,7 and kcpo g are their respective CFO slopes with
respect to carrier frequency. The CFOSD is equal to kcro.r —
kcro,R- . , _

Expanding the terms Af®, fc(l), Afl(l), and Af,gl) and
substituting the CFO model from (5) into (4), the phase
difference for the i-th carrier becomes

o0 = 27 (fir + Af) - AT,
+ 27 (kcro,r — kcro,r) -1+ v - AT,

d
— 27 (2f0 — fir + Afos + Aog) p
d
—2m -i- (24 kcro,1 + kcro,r) - v . (6)

where AT, = T,r — T, is the sampling time offset
difference between devices, and Afy = Afo. 1 — Afo r denotes
the difference between the initial CFO values at the beginning
of the measured frequency band of INIT and REF.
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The last term in (6) includes the expected linear phase
change with carrier index i due to signal propagation.
However, the second term, which depends on CFOSD, also
exhibits a linear dependence on i. As a result, the CFOSD-
induced phase shifts as a function of carrier index i are
coupled with the propagation-induced phase shifts, producing
a systematic bias in the distance estimate. In MCPD, the
distance estimate is obtained from the slope of the measured
phase with respect to carrier frequency [2], i.e.,

R c ¢(i+l) _ ¢(i)

4 v @

By inserting (6) into (7) and comparing the resulting

slope with the ideal CFOSD-free case, the distance bias E
introduced by CFOSD is

C
E= 2 - (kcro,1 — kcro,r) - AT,

1
— 5 (kcro.r + kcro.r) - d. (®)

The bias expression has two components. The first term
depends linearly on the CFOSD and the sampling time offset
difference between INIT and REF, AT,. The second term
depends on the sum of the CFO slopes and the true distance
d. We quantify their relative contributions using example
parameters: kcpo; = 10 %, kcror = 0,d = 10 m,
and AT, = 120 ws, which is the approximate sampling
time offset difference in our experimental setup. The first
term contributes approximately 18 cm of bias, while the
second term contributes only about 50 pum, indicating that the
second term is negligible, even though it scales with distance.
Minimizing CFOSD-induced bias requires the sampling time
offset difference AT, to be as small as possible, but in
practice, AT, is constrained by hardware capabilities and
cannot be made arbitrarily small.

Although the distance estimate can be obtained directly
from (7), in practice, a larger set of carrier frequencies is
used, and the complex samples acquired at those carriers
together form the channel frequency response (CFR). The
channel impulse response (CIR) is then obtained by applying
the inverse fast Fourier transform (IFFT) to the CFR, and the
distance is estimated from the position of the dominant peak
in the CIR.

Ill. TIMING DIAGRAM OPTIMIZATION

This section describes two TD modification approaches
that reduce the impact of CFOSD on distance estimation
without requiring explicit CFO estimation. The first approach
augments standard TD by acquiring additional samples at
INIT or at both devices at specific time instants relative
to the standard sampling times. These additional samples
are combined with those obtained under standard TD using
a temporal differential correction approach (TDCA), which
suppresses the CFOSD-induced contribution to the overall
sampled phase. The second approach dynamically switches
the roles of INIT and REF during the MCPD procedure,
effectively alternating which device transmits first and which
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listens, to decouple CFOSD-induced phase shifts from
those caused by propagation. For completeness, a third TD
modification proposed in [20] is discussed at the end of this
section.

A. TEMPORAL DIFFERENTIAL CORRECTION APPROACH
Two TD optimization methods based on TDCA are proposed.
The first is called the single-sided temporal differential
method (SSTDM) and is 1llustrated in F1g 2(b). For the i-
th carrier, the phase samples ¢R o and ¢>1 o are acquired at
REF and INIT at the same time instants as in the standard
TD, thatis, at T’ ».g and T ,.1- respectively. Then, two additional
samples are acqulred at INIT: the first at 7" ot T T, & and the
second at 2 - T” ; after the start of the measurement on each
carrier. Here, TD, g denotes the nominal REF sampling offset
T,.r as measured on INIT and is therefore affected by INIT’s
clock drift rather than REF’s. In contrast to Section II, where
timing asynchronization from clock drift differences was
neglected to isolate the CFOSD effect, it is now reintroduced
to quantify how the proposed TD designs also affect the
timing asynchronization contribution to the distance bias. The
phase sample taken at time T(;, ;+ To, RS

o\ =27 (fir + AFO) (PLiT - AT’, + T, + Tog)
+21 (£ — fir + Af,gf)) -
+ ®(Li)0,l - ®(Li)0,R' 9
Similarly, the phase sample taken at time 2 - T(;‘ ;18
84"y = 2 (fie + AFO) (PLi1- AT, +2T} )
2w i + 81 &
+ 00,1 — OLor- (10)

The final phase sample for the i-th carrier is obtained by
combining the four samples according to

¢(1) ¢(l) ¢(l) + (¢(1) ¢(l) ) — (¢(1) ¢(l) )
= 27 (fir + AF?Y)-
é] — €éR
14+e +egr+erer

Ty er — er ]

|:P[l] ATy

1+e +egr+erer
d
— 27 (219 + A + AR - fir) - (11)

Compared to the standard TD approach, in which the second
phase term in the brackets of (4) introduces the dominant
CFOSD-induced distance bias and depends approximately
on the sampling time offset difference between INIT and
REF, SSTDM reduces this term to a component that depends
only on the REF sampling offset T}, , scaled by the relative
frequency mismatch between the crystal oscillators used for
timing at INIT and REF. This phase component remains
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because INIT and REF measure the nominal offset 7, g
differently due to their respective clock drifts.

The second TDCA-based method, called the dual-sided
temporal differential method (DSTDM) and shown in
Fig. 2(c), builds on SSTDM by eliminating the remaining
timing-asynchronization term proportional to 7, r. Two
additional samples are acquired compared to the standard TD:
Pr 1 () at REF at time 27" , gand ¢;’1 atINIT at time 2.7, ; after
the start of the measurement on each carrier. The expressions
for the additional phase samples are derived analogously to
the SSTDM case. The final phase sample for the i-th carrier
is

. 61 — €R
= 27 (fir + AFP)PLi] AT,
(fIF f ) L1 A1—|—€1-|—€R—|-€1€R
d
—2m (210 + A + AR — fir) = (12)
c

Although SSTDM and DSTDM effectively suppress the
effect of CFOSD on distance estimation, they do so at the
cost of a longer measurement interval, as both operate with a
larger AT than the standard TD, with DSTDM requiring the
longest duration. A longer measurement procedure increases
the risk of interference, raises energy consumption, reduces
the refresh rate of distance measurements, and amplifies
the effect of timing asynchronization on distance estimation,
as the phase shift associated with the first phase term of (11)
and (12) increases with AT [19]. An increased measurement
time can also exceed the channel coherence time 7., which
can be approximated as T, &~ 1/(2f;), where f; is the Doppler
frequency shift. For example, in typical indoor environments
that involve human motion, Doppler shifts in the 2.4 GHz
band are usually below 12 Hz, corresponding to a coherence
time of approximately 40 ms [41]. Another drawback of
TDCA arises when the required sampling instants are
implemented in software, making it difficult to achieve true
timing symmetry due to nondeterministic delays such as
operating system scheduling, interrupt handling during the
measurement procedure, and other software-induced timing
variations.

B. ROLE-SWITCHING APPROACH (RSA)

The RSA approach improves on the previously discussed
TDCA methods by preserving the same measurement
duration as the standard TD approach while reducing the
bias caused by CFOSD through dynamic switching of the
roles of INIT and REF during the MCPD procedure. In the
standard configuration, INIT first transmits the unmodulated
continuous wave (CW) and REF samples the phase, after
which REF transmits and INIT samples. When the roles are
reversed, REF transmits first and INIT performs the initial
sampling, followed by INIT transmitting and REF sampling.
We define a role pattern vector RP of length M, where each
entry corresponds to one of the M ordered carrier frequencies.
An entry RP[i] = —1 indicates that the roles are reversed for
the i-th carrier, while RP[i] = 1 indicates that the roles follow
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the standard configuration. The general principle of the RSA
approach is illustrated in Fig. 2(d).

The effect of reversing roles on the sampled phase is most
apparent when timing asynchronization is neglected (i.e.,
er = eg = 0) and only the CFO contribution is considered.
Under this assumption, the phase terms in (6) that depend
on AT,, change sign when the roles are reversed. Applying
the role pattern RP to the MCPD procedure is therefore
equivalent to multiplying the AT,-dependent terms by the
corresponding entry in RP, which gives

o, = 27 (fir + Afo) - AT, - RP[i]
+ 27 (kcro,; — kcro,R) - i-v - AT, - RP[i]. (13)

The design objective for RSA is to determine RP such that
6 . . .

¢rp> as a function of the carrier index i, has zero phase

slope across carrier frequencies and therefore does not bias

the distance estimate. The slope of ‘1’1(3’ with respect to i

is obtained by simple linear regression and is proportional

to

i=——F5—

M-1
2
+ o> i RP),
M—1
2

(14)

where the carrier index i has been redefined to be centered
around zero, o = 27 (f,F + Afo) -AT,,and B = 27 (kcro,1 —
kcro.r)-v- AT,. Setting the slope to zero yields the following
two conditions for the RP:

M—1 M—1
2 2
Z i-RP[i] = 0, Z 2. RP[i]=0. (15)
M—1 M—1
=T ==

RPs that satisfy both conditions are good candidates, but
they do not guarantee unbiased distance estimation when the
distance is obtained from the position of the dominant peak in
the CIR after applying the IFFT to the CFR. Using an RP with
entries that are not all equal introduces phase discontinuities
across carriers at each role change, which generate artificial
paths in the CIR that can interfere with the line-of-sight
(LOS) peak and affect its position. An exhaustive search for
an optimal RP is computationally infeasible, as there are 2
possible patterns. This motivates the use of structured RP
designs. In the following, three different methods based on
different RP designs are introduced to illustrate how different
realizations of RP affect the resulting phase samples and the
corresponding CIR, and are analyzed further throughout the
paper. All three patterns satisfy the first condition in (15) and
have a second sum that is close to zero. Additionally, the
artificial peaks they generate have minimal influence on the
LOS peak.

All patterns are designed for M = 76 carriers spanning
the 2405-2480 MHz band, yielding a carrier spacing of
v = 1 MHz. This matches the 1 MHz channel indexing
used by the Bluetooth Low Energy (BLE) Channel Sounding
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feature based on MCPD, reflecting a practically relevant
configuration. This configuration is used throughout the
paper.

The first RSA method, called alternating roles every
frequency (AR1), reverses roles every second carrier, corre-
sponding to RP = [1,—1,1, —1,...], with one additional
adjustment: the alternating sequence is interrupted at one
carrier index above the midpoint of the band and restarted
with the negative value of the first element. This break is
necessary to ensure that the slope of (14) is close to zero.

The RP of the second method, called alternating roles
every two frequencies (AR2), consists of repeating blocks
of [1,—1,—1,1]. Since a single block satisfies the first
condition in (15), the entire RP also satisfies this condition.
The switching rate of the role changes is half that of ARI,
so phase discontinuities across the frequency band are less
frequent, which shifts the positions of the artificial peaks in
the computed CIR compared to AR1.

The third method, called the progressively less-frequent
role-switching method (PLFRSM), is designed to distribute
the artificial path components in the CIR over a wider
delay range and reduce their peak amplitudes compared
to ARI and AR2. To achieve this, RP uses progressively
longer segments of identical values before switching to a
different value, resulting in less frequent role changes as the
carrier index increases. The pattern starts with the block,
which is also used by AR2: [1, —1, —1, 1]. The next block
doubles the length of the previous block, so the k-th block
consists of a run of k consecutive +1 elements, followed by
2 - k consecutive —1 elements, and then another run of &
consecutive +1 elements. All blocks satisfy the first condition
in (15). Because the total number of carrier frequencies is
fixed, the final block may not fit entirely within the available
band. In that case, the sequence is truncated at the end of the
last block, and the remaining elements of RP are filled using
the AR1 pattern.

Examples of simulated phase samples for the proposed
methods and standard TD approach, for a fixed CFOSD
values of 0 and 10 1\}1{1-?2 and different values of Afy, are
shown in Fig. 3. The distance is set to zero, and timing
asynchronization is neglected (e; = eg = 0) to clearly isolate
the biasing effect of CFOSD. The remaining simulation
parameters are T, g = 105 us, T,y = 225 us, ATy =
279.5 us, and fjr = 1 MHz, which closely match the
values used in the experimental validation with the available
hardware. Fig. 4 shows the corresponding computed CIR
magnitudes for a fixed CFOSD of 10 %

The blue curve in all plots in Fig. 3 shows the phase
samples for the ideal case when CFOSD = 0 and Afy = 0.
Since the distance is zero, the phase shifts due to propagation
are equal for all carriers, resulting in a zero phase slope. In the
standard TD approach, a nonzero CFOSD produces a linear
phase trend across carriers, which is proportional to the bias
in the estimated distance. The greater the absolute value of
CFOSD, the larger the phase slope and the resulting distance
bias.
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FIGURE 3. Simulated phase samples for the standard TD and the three
proposed RSA-based methods. The red and yellow curves for the
standard TD overlap.

The AR1 method for Afy = 0 and CFOSD # 0 (red curve)
produces phase samples for carriers with standard roles that
follow the same phase trend as in the standard TD approach,
while samples for carriers with reversed roles follow the same
trend but with the opposite sign. As a result, the overall
phase slope across carriers is close to zero. A consequence
of the alternating roles is the presence of phase jumps at
each role switch, as the second phase term in (13) changes
sign. For Afy # 0, the phase jumps at each role switch
become more pronounced, since the first phase term in (13)
also changes sign when the roles are reversed, as shown by
the yellow curve. This increases the magnitude of each phase
jump by twice the contribution of this phase term, which is
independent of i and therefore the same for all carriers when a
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FIGURE 4. Computed CIR magnitudes for the three proposed RSA-based
methods for a fixed CFOSD and various values of Afj.

role switch occurs. The parameters AT, and fjr can be chosen
so that their contribution to the overall phase jump is an
integer multiple of 27, ensuring that they do not introduce an
additional phase jump, as done in the simulations. In contrast,
Afp is not known in advance.

The corresponding CIRs in Fig. 4 show that Afy can have
a strong impact on the estimated CIR. Due to the way ARI
defines the RP, which determines the carrier indices with
role switches and associated phase jumps, the AR1 method
generates two closely spaced artificial peaks that appear
approximately halfway across the distance domain relative
to the LOS peak. The magnitudes of these artificial peaks,
as well as the magnitude of the LOS peak, depend on Afy. For
certain values of Afp, the LOS peak becomes smaller than the
artificial peaks, which requires a more advanced algorithm
for reliable LOS detection and distance estimation.

Similar observations can be made for the AR2 and
PLFRSM methods, with phase jumps occurring at positions
determined by their respective RP patterns. For AR2, the
computed CIRs also contain two artificial peaks, but due to
the lower role-switching rate, they are located farther apart
than in ARI1. In the case of PLFRSM, the artificial path
components are spread across the entire distance domain.
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With a design similar to PLFRSM, the artifacts introduced by
the phase jumps can be shaped so that the resulting CIR more
closely resembles a noise-like spectrum rather than having a
small number of dominant peaks.

To understand the effect of a particular RP on the estimated
CIR, we examine the complex samples derived from (6).
We approximate 2 4 kcpo,; + kcro,r ~ 2 and omit the
phase shift of the third phase term, which does not depend
on the carrier index and contributes only to a global phase
rotation, and therefore does not influence the CIR magnitude.
The complex sample for the i-th carrier can then be written as

¢ = A-exp(j2r (fir + Afo) AT, - RPi)
- exp(j 27 (kcro,1 — kcro,r) i v AT, - RPYi])
-exp(—j47rivd/c), (16)

where A is the received signal amplitude. For clarity,
we define the three phase components as

dap, = 27 (fir + Afo) AT, - RP[],
¢crospli]l = 2w (kcro,1 — kcro,r) iv AT, - RP[i],

Qalil = —4miv %l a7

The CIR can be obtained using the Fourier transform property
that multiplication in the frequency domain corresponds to
circular convolution in the time domain (F{s[t] ® h[t]} =
Sl - H[i]):

h[t] = IFFT{A - exp(j - palil)}
® IFFT{exp(j - ¢crosplil) }
® IFFT{exp(j - paplil)} . (18)

Equation (18) shows that the ideal CIR, represented by
IFFT{A - exp(j - ¢alil)}, is circularly convolved with two
additional impulse responses: IFFT{exp(j . ¢CFOSD[1'])} and
IFFT{exp(/' . ¢Aﬁ))}. The first impulse response depends on
CFOSD and RP, while the second depends on Afy and RP.
An appropriate choice of RP shapes these impulse responses,
and their circular convolution with the ideal CIR determines
the structure and amplitudes of the artificial peaks introduced
by the RSA approach.

1) IMPROVED RSA

The main limitation of the RSA is that distance estimation
becomes invalid when the distance is determined from
the position of the largest peak in the CIR and when an
artificial peak exceeds the LOS peak. This occurs for certain
combinations of CFOSD and Afy, as shown in Fig. 5, which
presents the calculated absolute error (AE) of the estimated
distance over CFOSD and Afy sweeps. Yellow regions
indicate parameter combinations for which the estimation
error is large due to incorrect peak selection.

To address this problem, we introduce improved versions
of the RSA-based methods in which the TDs remain
unchanged, but the peak search algorithm is enhanced by
performing an additional cross-correlation of the acquired
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CIR with a template CIR. The distance is then estimated
from the position of the dominant peak in the resulting cross-
correlation function. For each RSA method, a CIR template
is generated by simulation for d = 0, CFOSD = 0, and a
suitably chosen value of Afy. The template value of Afy is
selected by searching over candidates in the range 0-4 kHz
with a step of 100 Hz. For each candidate Afy, a template
CIR is generated. This template is then cross-correlated with
a set of CIRs obtained with simulation parameters d = 0,
Afp swept over the same range as the candidate Afp, and
CFOSD swept from -10 to 10 N?éz with a step of 0.2 I\?éz
For each cross-correlation, the resulting AE is recorded. The
optimal template value of Afj is the one that minimizes the
accumulated AE over all combinations of Afy and CFOSD.
The search range of Afy is limited to 4 kHz because, for the
sampling time offset difference AT, considered, the phase
shift term 2w Afo AT, - 2 wraps around approximately outside
this interval, and the pattern then repeats.

The improved versions of ARI1, AR2, and PLFRSM
are denoted as ARI1-XC, AR2-XC, and PLFRSM-XC,
respectively. Fig. 5 shows that the peak-search enhancement
substantially reduces the occurrence of large AEs compared
to basic RSA-based methods, although large AEs still occur
for a limited number of parameter combinations in the
AR2-XC case. Under such conditions, the maximum search
range for the estimated distance can be restricted to values
below the first artificial peak, or more advanced LOS
detection strategies can be applied. The proposed peak-search
improvement is effective because artificial peaks generated
by RSA appear at predictable positions relative to the LOS
peak. Even when the LOS peak is not the largest in the
original CIR, cross-correlation with the template CIR exploits
the entire CIR structure, including artificial peaks, and the
correlation output is maximized at the delay corresponding
to the LOS component.

The main drawback of the improved approach is the addi-
tional cross-correlation step, which increases computational
load and memory requirements on hardware-constrained
devices. However, the cross-correlation can be computed
efficiently in the frequency domain as (b x g)[t] =
IFFT{H [k] G*[k]}, where h[¢] is the measured CIR, g[t] is the
template CIR, H[k] and G[k] are their discrete Fourier trans-
forms, and (-)* denotes complex conjugation. The spectrum
H k] is already available from the phase measurements across
carrier frequencies, and G*[k] can be precomputed and stored
in memory. The incremental computational cost is therefore
limited to a single element-wise complex multiplication
of H[k] and G*[k]. Potential downsides include peak
broadening and the appearance of weaker secondary artifacts
introduced by the correlation operation.

C. 4-WAY RANGING WITH STANDARD AND REVERSED
ROLES

The last TD design approach considered is closely related
to the four-way measurement proposed in [20]. On each
i-th carrier, INIT and REF first perform the standard
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FIGURE 5. AE as a function of CFOSD and Af;, for the basic RSA-based methods (left) and the improved versions (right). AE is in logarithmic scale to

accommodate the large variation in error magnitude.

two-way exchange, acquiring phase sample ¢I(é?0 at REF
and ¢% at INIT. The exchange is then repeated on the
same carrier with reversed roles, acquiring ¢1(Q”)1 and ¢§f)1 at
REF and INIT, respectively. We refer to this approach as
the per-frequency role-switching approach (PFRSA) and is
illustrated in Fig. 2(e). For ease of interpretation, we assume
that the second exchange starts AT after the start of the first
exchange, and that the measurement on carrier i + 1 begins
2- AT, after the start of the measurement on carrier i. The final
phase for carrier i is obtained by combining the four samples
as: o) = 1(;?0 - ¢§f)0 + ¢1(;f = ¢§f)1 which evaluates to

[(4-13[;'] +1)- AT, L R

14+ e +ep+erer

+(rr+T T er
oR o 14+ e+ er+erer

. . : d
—4n 2f0 + AP + AR — fir) -

19)

Compared to the standard TD phase in (4), the second
bracketed term in PFRSA is reduced to a phase component
that depends on the sum of the sampling offsets T, g + 751
and is scaled by a small factor determined by the clock-drift
mismatch between INIT and REF. With synchronized timing,
CFOSD does not affect the measured phases and the
distance estimate. The main drawback of PFRSA is its long
measurement procedure, which is the longest among the
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approaches considered and increases the effect of timing
asynchronization on distance estimation.

IV. SIMULATIONS

Numerical simulations in Matlab are used to quantify the
impact of CFOSD and additive noise on MCPD distance
estimation for the TD designs introduced in Section III,
compared to the baseline standard TD approach. The
simulation setup is defined as follows. The distance is fixed to
10 m and the received complex samples have unit magnitude
on all carriers. The CIR is obtained by applying an IFFT
with zero padding to 262144 points, which provides a range
resolution of approximately 0.572 mm. Other simulation
parameters are either specific to each simulation scenario
or follow the configuration used in Sections II and III-B:
AT, = 120 us, ATy = 279.5 pus, fir = 1 MHz, M = 76,
) _ 2405 MHz and v = 1 MHz.

A. EFFECT OF VARYING CFOSD ON DISTANCE ESTIMATION
The first set of simulations evaluates the effect of CFOSD on
the distance estimation error for the considered TD designs
without additive noise. CFOSD is varied over £80 % in
steps of 0.02 I\,I[{éZ

The simulation Scenario #1 is configured to isolate the
impact of CFOSD by neglecting timing asynchronization
(e = egr = 0), setting Afy = 0 kHz, and applying
the sequential switching (SS) FSP, where carrier frequencies
during the MCPD procedure are applied in ascending order
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TABLE 3. CFOSD limits for RSA-based TD designs, defined as the CFOSD value beyond which the AE exceeds 0.1 m, and the corresponding mean AE
within the +CFOSD limits, for the simulation parameters of Scenario #1 (e; = 0, eg = 0, Afy = 0 kHz, SS FSP) and Scenario #2 (e; = 10 ppm, eg =0,

Afy =3 kHz, CycleReset(3) FSP).

Scenario #1 Scenario #2
TD lower / upper limit [l\?éz] mean [cm] | lower / upper limit [I\}I{éz] mean [cm]
ARI1 -33.7/33.7 1.63 -1.5/444 2.14
AR2 -33.4/33.4 0.067 -0.4/514 0.16
PLFRSM -34.4/34.4 1.04 -10.5/51.8 1.36
ARI1-XC -52.4/52.4 0.53 -49.6/41.4 1.89
AR2-XC -46.0/46.0 0.51 -51.77144.7 0.93
PLFRSM-XC -44.6 /39.2 0.87 -36.6/41.1 4.70

with P[i] = i [19]. The computed AEs are shown in Fig. 6(a).
The standard TD approach exhibits a linear increase in AE
with increasing absolute CFOSD and has the largest errors
among the considered approaches for CFOSD values away
from zero. The SSTDM, DSTDM, and PFRSA TD designs
maintain zero AE over the entire CFOSD sweep, confirming
the wideband behavior of these designs in mitigating the
effect of CFOSD on the distance estimate. The RSA-based
methods exhibit nonzero AEs and a sharp increase in AE
outside a certain CFOSD operating interval specific to
each method. We define the CFOSD limits for RSA-based
methods as the CFOSD values at which the AE exceeds
0.1 m. Table 3 summarizes the corresponding negative and
positive limits, along with the mean AE within those limits.
Only AR1 and PLFRSM have mean AEs above 1 cm, while
the remaining RSA-based methods remain below 1 cm, with
AR?2 below 1 mm. Within their respective CFOSD limits, all
proposed methods provide substantially improved robustness
to CFOSD compared to standard TD. The cross-correlation
enhanced variants extend the CFOSD operating interval
in which the methods perform efficiently. The limits are
symmetric for AR1, AR1-XC, AR2, and PLFRSM, while
PLFRSM-XC exhibits asymmetric limits. Overall, RSA-
based designs are effective and provide low bias only when
the system operates within the CFOSD limits specific to each
method.

The simulation Scenario #2 jointly considers CFOSD
and timing asynchronization by setting ¢; = 10 ppm
and eg = 0, along with a nonzero Afy = 3 kHz.
Carrier frequencies during the MCPD procedure are applied
according to the CycleReset(3) FSP, which defines P[i] and
mitigates the impact of timing asynchronization on distance
estimation [19]. The resulting AEs are shown in Fig. 6(b).
In this scenario, the standard TD is biased by CFOSD.
SSTDM and DSTDM again achieve the lowest AE over the
entire CFOSD range, as the TD designs suppress the CFOSD
contribution to overall phase while CycleReset(3) reduces the
timing asynchronization bias. The PFRSA curve is not visible
in Fig. 6(b) because its AEs exceed the plotted range. Large
errors occur due to pronounced timing asynchronization
effect in PFRSA, which generates large artificial peaks in
the CIR specific to the CycleReset(3) FSP. The ability of
the CycleReset(3) FSP to suppress timing asynchronization
effects is exceeded when artificial peaks of CycleReset(3)
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induced by timing asynchronization become higher than
the LOS peak, resulting in incorrect distance estimation,
as observed for PFRSA. For basic RSA-based methods,
the CFOSD limits are asymmetric, and the corresponding
CFOSD operating interval is shifted due to the nonzero
Afp. The lower CFOSD limits are particularly restrictive for
AR1 and AR2. In contrast, AR1-XC and AR2-XC largely
mitigate this effect and retain a wide CFOSD operating
interval. In practice, expected CFOSD values are likely well
within these limits. Although the mean AEs within the limits
increase relative to Scenario #1, they remain below 1 cm
for AR2 and AR2-XC. Overall, Scenario #2 highlights the
coupled impact of timing asynchronization and CFOSD on
distance estimation and illustrates how a more complex FSP,
such as CycleReset(3), interacts with the considered TD
designs.

B. NOISE SENSITIVITY

The noise robustness of the proposed TD designs is evaluated
using Monte Carlo simulations with additive white Gaussian
noise (AWGN). Complex AWGN is added independently to
each received IQ sample at INIT and REF. The CFOSD is
fixed at 10 %, and Afyp is set to 3 kHz. The signal-to-
noise ratio (SNR) is varied from —10 dB to 60 dB in steps
of 0.1 dB. For each SNR value, 500 Monte Carlo trials are
performed, and the root mean square error (RMSE) of the
estimated distance is calculated. Timing asynchronization is
included by setting e; = 10 ppm and eg = 0.

Fig. 7(a) shows the RMSE as a function of SNR for
the considered TD designs when SS FSP is used. The SS
FSP is biased under timing asynchronization, and since
the proposed TD designs target CFOSD mitigation rather
than timing asynchronization suppression, all approaches
exhibit a nonzero bias at high SNR. Consequently, the
RMSE curves do not converge to zero. The standard TD
achieves the lowest RMSE at high SNR because, for the
chosen parameters, the bias contributions from CFOSD and
timing asynchronization have opposite signs and partially
cancel each other. For the RSA-based methods, the RMSE
at high SNR is dominated by timing asynchronization, as the
CFOSD-induced bias is effectively suppressed, as shown in
Section IV-A. The TDCA-based methods have the largest
RMSE values, reflecting their greater sensitivity to timing
asynchronization and its associated bias. As the SNR
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FIGURE 6. AE as a function of CFOSD for the proposed TD designs compared to the standard TD approach in two simulation scenarios:
(a) Scenario #1 (e; = egp = 0, Afy = 0, and SS FSP) and (b) Scenario #2 (e; = 10 ppm, ep = 0, Afy = 3 kHz, and CycleReset(3) FSP).

decreases, all TD designs maintain an approximately constant
RMSE down to a method-dependent SNR threshold, below
which the RMSE increases sharply as the measurements
become dominated by noise and peak selection becomes
unreliable. The standard TD has the lowest threshold at
approximately -1 dB. The RSA-based methods have higher
thresholds, approximately between 1 dB and 4 dB. The
highest threshold is observed for DSTDM at just below 7 dB,
while SSTDM and PFRSA have thresholds of approximately
3 dB.

The second noise simulation scenario uses the CycleRe-
set(3) FSP. The corresponding RMSE results are shown
in Fig. 7(b). For all TD designs except the standard TD
and PFRSA, the RMSE approaches zero at high SNR,
since CycleReset(3) mitigates timing asynchronization and
the proposed TD designs suppress the remaining CFOSD-
induced bias. The standard TD has a nonzero RMSE since
it does not suppress the CFOSD-induced bias. PFRSA
has the largest RMSE at high SNR due to its strong
sensitivity to timing asynchronization, which exceeds the
mitigation capability of CycleReset(3) FSP and leads to the
selection of an artificial peak instead of the LOS peak for
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distance estimation, as discussed in Section IV-A. Using
CycleReset(3) FSP results in higher SNR thresholds for all
TD designs compared to the SS case, consistent with the
greater noise sensitivity of CycleReset(3) reported in [19].
Moreover, under CycleReset(3), the RMSE of the RSA-based
methods increases more rapidly as SNR decreases. This
behavior suggests that the increased noise sensitivity is
primarily introduced by the FSP selection, whereas the
RSA-based TD modification alone remains comparatively
less sensitive to noise, as indicated by the flatter RMSE curves
obtained with SS' FSP.

V. EXPERIMENTAL VALIDATION

Experimental validation is performed for standard TD and
TD designs based on RSA to confirm the analytical and
simulation results on practical hardware. RSA-based TD
design methods show strong resilience to CFOSD variations
and noise robustness in simulations and, among the proposed
approaches, have the shortest measurement duration, making
them the most suitable for practical, accurate, robust, and
low-power MCPD ranging.
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FIGURE 7. RMSE of the estimated distances as a function of SNR for the
considered TD designs with fixed CFOSD, fixed Afy, and timing
asynchronization included, using either the SS FSP (a) or the
CycleReset(3) FSP (b).

The measurements are designed to assess how variations
in CFOSD affect changes in the estimated distance. Absolute
distance errors are not reported because the estimated propa-
gation delay includes hardware-dependent offsets and other
systematic contributions that are not directly observable.
Characterizing and compensating for these offsets to achieve
absolute accuracy would introduce measurement uncertainty
comparable to the targeted resolution and increase sensitivity
to environmental changes. Therefore, the analysis focuses on
relative changes in the estimated distance as the considered
parameters are varied.

Different CFOSD values are achieved by varying the CFO
at REF as a function of carrier frequency in software. The
smallest available CFO increment with the hardware used is
396.728 Hz, which is too coarse to generate a linear CFO
ramp across the carrier frequencies corresponding to the
CFOSD range of interest. Instead, a stepped approximation is
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FIGURE 8. Example of CFOSD generation using stepped approximations
in the experimental setup, obtained with the minimum CFO step of
396.728 Hz. The blue line shows the intended linear slope, the red line
the corresponding stepped approximation, and the yellow line the actual
slope estimated by simple linear regression.

used, as illustrated in Fig. 8. A set of target slopes covering the
CFOSD sweep from -80 % to 80 l\?éz is first specified, and
for each target slope, a stepped CFO profile is constructed to
approximate the linear ramp using the available 396.728 Hz
step. Linear regression is used to estimate the actual slope
of the resulting profile. The difference between the initial
CFO values at the beginning of the measured frequency band,
Afop, is not controlled in software and remains at its default
hardware-determined value unless stated otherwise. For each

CFOSD configuration, 40 measurements are collected.

A. MEASUREMENT SETUP

INIT and REF are implemented using microcontroller boards
equipped with AT86RF215 radio modules compliant with
IEEE 802.15.4 [42]. The AT86RF215 integrates a phase
measurement unit that provides access to complex IQ samples
via register readout over the serial peripheral interface (SPI)
bus. Measurements are conducted in a controlled manner by
connecting INIT and REF with an RF coaxial cable to isolate
the effect of CFOSD on distance estimation, using the same
measurement setup as in [19]. Each measurement is initiated
by INIT, and a wired triggering signal is provided to REF to
ensure a synchronous start of the measurement procedure at
both devices.

B. MEASUREMENT RESULTS

First, the CIRs obtained with the experimental setup for the
RSA-based TD design methods, without cross-correlation
enhancement, are compared with the simulated CIRs in
Matlab to evaluate the agreement in peak shapes and
locations. Simulated CIRs are generated by setting the
distance d so that the LOS peaks align with the measured
results and by setting Afy = 5.7 kHz as an approximate
value of the hardware-dependent CFO over the considered
frequency band, based on previous measurements with the
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FIGURE 9. Measured and simulated CIRs for the standard TD and the
three RSA-based TD designs, without cross-correlation enhancement and
with CFOSD in software set to zero.

same devices. Fig. 9 presents the estimated CIRs when no
CFOSD is induced in software. The CIR obtained with
the standard TD is included for reference and shows a
single dominant peak whose position corresponds to the
measured distance. The remaining plots show the CIRs for the
RSA-based methods, where the blue curves represent the
measured CIRs and the red curves represent the simulated
CIRs. A close agreement in peak structure and peak locations
between the measured and simulated CIRs is observed for all
three RSA-based methods, which supports the adopted signal
model and simulation framework with the experimental
observations.

To evaluate robustness to CFOSD variations, all distance
estimates are reported across the induced CFOSD sweep for
the standard TD and improved RSA-based methods, selected
for their more robust performance. Results are shown in
Fig. 10. The estimated distance for the standard TD approach
shows a linear dependence on CFOSD, consistent with the
distance estimate being proportional to CFOSD. In contrast,
the RSA-based methods maintain an approximately constant
distance estimate within their CFOSD limits, confirming
a strong reduction of CFOSD-induced bias. Beyond the
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FIGURE 10. Measured distance estimates as a function of CFOSD for the
standard TD and selected RSA-based TD designs, showing all
40 measurements for each CFOSD value.

TABLE 4. Slopes of the medians of estimated distances as a function of
CFOSD and the standard deviations (Std dev) of the medians within the
bounded CFOSD region (+30 Hz

MHz
TD \ Slope [m-MHz/Hz]  Std dev [m]
Standard -18.01e-3 0.3425
ARI1-XC 170.68¢e-6 0.0094
AR2-XC 422.99¢-6 0.0100
PLFRSM-XC -1.34e-3 0.0351

CFOSD limits, the dominant LOS peak in the CIR splits
into two peaks of comparable magnitude, whose separation
increases with the absolute value of CFOSD, explaining the
increased spread of the measured values.

The medians and standard deviations of the distance
estimates computed for each CFOSD value are shown in
Fig. 11. In the median plots, the red line represents a
linear regression fitted to the medians within a bounded

CFOSD interval of 430 h}féz, selected to lie within the
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TABLE 5. Qualitative comparison across TD designs. RSA-XC refers to the RSA-based method with cross-correlation-based peak selection. *In basic RSA,

estimating distance from the largest peak in the CIR is sensitive to Afy, which

can cause performance to vary under different operating conditions.

TD CFOSD bias  Duration  Clock-drift sensitivity Computation cost Noise sensitivity ~ Unambiguous range
and memory footprint
Standard high short baseline low lowest c/(2v)
SSTDM very low medium high low medium c/(2v)
DSTDM very low long higher low medium c/(2v)
RSA variable® short baseline low low c/(2v)
RSA-XC low short baseline medium low c/(2v)
PFRSA very low medium highest low medium c/(4v)

CFOSD limits of the RSA-based methods. The resulting
slopes of the fitted lines, reported in Table 4, show that all
RSA-based methods outperform standard TD, with AR1-XC
achieving the smallest slope, followed by AR2-XC and
PLFRSM-XC. A pronounced performance gap is observed
between PLFRSM-XC and the other two RSA-based meth-
ods. The slope obtained for the standard TD matches the
prediction of (8), which also evaluates to —18- 1073 % for
AT, = 120 pus. Table 4 further reports the standard deviation
of the computed median distances within the bounded
CFOSD interval, quantifying the spread of the median
estimate under CFOSD variation. The values obtained are
approximately 1 cm for AR1-XC and AR2-XC and 3.5 cm
for PLFRSM-XC, which remains roughly one order of
magnitude lower than for the standard TD.
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The computed standard deviations for each CFOSD
value show that, for small absolute values of CFOSD, the
RSA-based methods have a spread of distance estimates
comparable to the standard TD, indicating no increased
sensitivity to measurement noise. As the CFOSD limits
are approached, the standard deviation increases because
the LOS peak begins to split into two peaks of similar
magnitude, and for repeated measurements, the distance
estimate alternates between the corresponding delays.

To evaluate the robustness of the selected TD designs
to variations in Afp and to quantify the benefit of
cross-correlation enhancement for LOS detection in RSA-
based methods, additional measurements were performed
in which Afy was swept from 0 to 3967 Hz in steps
of 396.728 Hz alongside CFOSD. For each CFOSD and
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FIGURE 12. Median estimated distance as a function of CFOSD and Af for the three considered RSA-based TD designs without (left) and
with (right) cross-correlation enhancement. The estimated distance is shown on a logarithmic color scale to accommodate the large variation

in magnitude.

Afp pair, 10 measurements were collected, and the median
distance was computed, as shown in Fig. 12. The left-hand
plots correspond to the basic RSA-based methods without
cross-correlation enhancement. For certain combinations of
CFOSD and Afy, large errors occur because an artificial
peak is selected instead of the LOS peak, a behavior
observed for all three methods. The right-hand plots show the
corresponding cross-correlation enhanced variants. Within
approximately £50 %, the uniform color indicates that
the estimated distance remains constant and LOS detec-
tion is reliable. The measured results are consistent with
the simulation results in Section III-B, with a horizon-
tal shift attributed to the additional CFO contributed by
the hardware, which is added to the software-controlled
CFO.

VI. DISCUSSION AND CONCLUSION

This paper demonstrates that CFOSD is pronounced in
devices equipped with low-cost crystal oscillators with
loose tolerances and stability, and that CFOSD introduces
a systematic bias in MCPD distance estimation using the
standard TD. Based on a signal model for the standard TD,
a closed-form expression for the distance error is derived,
revealing a dominant bias term determined by CFOSD and
the sampling time offset difference AT,.
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To mitigate CFOSD-induced bias, two TD design
approaches are proposed. Simulation results with CFOSD
sweep and additive noise show that TDCA-based methods
suppress CFOSD-induced terms over a wide CFOSD
range and achieve nearly zero bias, at the cost of longer
measurement duration, increased sensitivity to timing
asynchronization, and higher SNR requirements. In contrast,
RSA-based methods reverse the roles of INIT and REF across
carrier frequencies according to a role pattern RP, preserve
the measurement duration of the standard TD, reduce CFOSD
sensitivity within a CFOSD operating range, and require only
a modest increase in SNR requirements compared to the
standard TD. A cross-correlation peak-search enhancement
further improves LOS selection for RSA-based methods and
extends the effective CFOSD operating range.

Experimental validation is performed with standard TD
and RSA-based TD design methods. Different CFOSD values
are generated by applying frequency-varying CFO at REF in
software. The measured CIRs closely match the simulated
results in both peak structure and peak locations. Results
from the CFOSD sweep confirm the linear dependence of
the estimated distance on CFOSD for standard TD, while
the proposed methods, particularly AR1-XC, AR2-XC, and
PLFRSM-XC, maintain an approximately constant distance
estimate within their optimal operating ranges.
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Table 5 provides a qualitative comparison of the TD
designs considered, based on analytical and simulation
results. A longer measurement duration increases energy
consumption and the probability of interference, reduces the
refresh rate of distance updates and the data throughput avail-
able for transmission, and imposes a stricter coherence time
requirement, which can limit performance under mobility or
fast channel variation.

Although the signal model and validation consider a
single-path channel, the expected behavior in a multipath
channel follows directly from the given signal model. The
asynchronization-induced phase term is common to all
path components at a given carrier because it is generated
by the transceiver oscillators rather than by propagation.
Consequently, (16) can be extended to a multipath channel
scenario by replacing the single exponential describing
the propagation phase shift with a sum of complex path
contributions over all path components at that carrier,
while the asynchronization-induced terms remain unchanged.
From the CFR-to-CIR relationship (18), it follows that the
asynchronization-induced artificial peaks in the CIR are
present for each path component. A detailed analysis is left
for future work.

The choice of an optimal RP for RSA depends on
the application. The RPs proposed in this paper primarily
illustrate how different designs affect the CIR and how
distance estimation is influenced by CFOSD. Future work
will investigate RP designs that are more robust to CFOSD
and Afy variations, and will study the joint optimization of
RP and FSP to improve robustness to both CFOSD and timing
asynchronization.
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