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Abstract

Two-way time-of-arrival (TW-ToA) is a ranging protocol that provides distance between two
devices in absence of synchronization, but it suffers from range estimation errors when clock
frequency offset is present. In this work, we provide a timing counter management scheme
for TW-ToA that suppresses ranging errors induced by any clock frequency offset between a
transmitter and receiver pair. The suggested scheme is shown to be superior both theoretically
and empirically to the one that is recommended in the IEEE 802.15.4a standard.
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Abstract—Two-way time-of-arrival (TW-ToA) is a ranging
protocol that provides distance between two devices in absence
of synchronization, but it suffers from range estimation errors
when clock frequency offset is present. In this work, we provide a
timing counter management scheme for TW-ToA that suppresses
ranging errors induced by any clock frequency offset between a
transmitter and receiver pair. The suggested scheme is shown to
be superior both theoretically and empirically to the one that is
recommended in the IEEE 802.15.4a standard.

Index Terms—Two-way time-of-arrival (TW-ToA), ultra-
wideband (UWB), IEEE 802.15.4a, clock frequency offset.

I. INTRODUCTION

VARIOUS real-time location systems (RTLSs) are com-
mercially available for indoor scenarios [1], [2]. They

consist of transmit-only tags and time-synchronized anchors,
since they adopt a time-difference-of-arrival (TDoA) based
positioning scheme. Synchronization of anchors can be han-
dled either via transmitting periodic beacons from a des-
ignated device so-called coordinator, or wiring all anchors
and feeding them with a common clock, which is quite
labor intensive. Alternatively, a two-way time-of-arrival (TW-
ToA) based scheme [3] does not have any stringent time
synchronization requirement. In practice, frequency generated
by a non-ideal oscillator is different from its nominal value.
This unknown frequency offset, quantified in ppm (parts
per million), between transmitter and receiver oscillators is
inevitable, because transmitters and receivers use separate
crystal oscillators in their sampling clocks [4]. In impulse
radio ultra-wideband (IR-UWB) systems [5], this frequency
offset causes received pulses to gradually drift from their
sampling positions that are set at the transmitter. This makes
acquisition difficult at low signal-to-noise ratios (SNR), and
also causes two ranging devices to observe the turn-around
time unequally [6]. For instance, in IEEE 802.15.4a networks,
the preamble itself of a ranging packet can be up to 4 ms long
[5]. Then, the accumulated timing offset could reach 160 ns
under a frequency offset of ±40 ppm. Using a delay-lock-loop
(DLL) or phase-lock-loop (PLL) may compensate for sample
timing errors during acquisition and decoding, but they do not
help mitigate timing errors in estimating the long turn-around
time, because there is no reference signal to track or lock onto
while turning around.

A simple and efficient mechanism is needed to mitigate
frequency offset induced range errors, and thus to make
TW-ToA based scheme commercially viable. Recent attempts
include differential two way ranging protocols [5],[7] that
eliminate the need to transmit a separate time-stamp packet
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Fig. 1. Illustration of the TW-ToA ranging protocol and counter management
in IEEE 802.15.4a.

required in TW-ToA to report the turn-around time. However,
these techniques have a major drawback: It is impractical to
force a physical layer to transmit precisely at a preset time
instant, especially if the required precision is in the order of
nanoseconds or sub-nanoseconds and the clock frequency is
imperfect. Another approach, called double symmetric ranging
protocol [8], aims to minimize the effect of finite clock
frequency imperfection in ranging, but at a cost of an extra
transmission.

In this paper, we address management of timing counters to
mitigate ranging error due to clock frequency offsets. Section
II provides theoretical analysis of a new counter management
scheme. In Section IV, an experimental set-up is explained
and performance results are given. Finally, Section V contains
concluding remarks.

II. TW-TOA RANGING PROTOCOL

In this article, we adopt the terminology used in a recently
published IEEE 802.15.4a standard [9], and refer to a ranging
capable device and the signals used for ranging as RDEV
and RFRAME respectively. The RFRAME consists of a syn-
chronization header (SHR) preamble, a physical layer header
(PHR) and a data field. The SHR preamble is composed of
the (ranging) preamble and the start of frame delimiter (SFD).
The SFD signals the end of the preamble and the beginning of
the PHY header. Therefore, its detection is critical for frame
timing and synchronization.

The range between two RDEVs can be determined simply
via two-way exchanging of RFRAMEs and tracking their
arrival times as illustrated in Fig. 1.

A. ToF Estimation with Ideal Clocks

Assume that RDEV A wants to perform ranging with RDEV
B. A true elapsed time, Tr, between departure of the SFD of an
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outgoing RFRAME from A and arrival of the SFD of a reply
RFRAME from B is given by Tr = 2Tf + TB

ta , where Tf is
the one-way time-of-flight (ToF) of the signal, and TB

ta is the
turn-around time introduced at B. The corresponding counter
management scheme for TW-ToA in the IEEE 802.15.4a is
illustrated in Fig. 1.

It is possible to measure off-line the time instant that the
SFD of an outgoing frame leaves its transmit antenna via a
loop-back test and time calibration for a given communica-
tion hardware design. Therefore transmit time-stamps can be
assumed error-free. Thus, any error in detecting the ToA of
an incoming SFD determines the accuracy of the estimate of
the turn-around time, T̂B

ta . Timing imperfections even in the
order of nanoseconds, multipath fading and NLoS propagation
can easily induce undesirably large positive bias in a range
estimate (30 cm per nanosecond). In [10], the ToA based
range estimation error ni made by device i is modeled as
ni ∼ N (0, σ2

i ), and ToA estimation errors at two different
devices are assumed to be independent.1 Using the same error
model, the round-trip-time T̂r, measured at A, is then given
by

T̂r = 2Tf + TB
ta + nA , (1)

where nA is a measurement error.
In practice, B obtains an estimate of the turn-around time,

T̂B
ta , by calculating the difference between the estimated arrival

time of the incoming SFD and recorded departure time of the
outgoing SFD. Then, B reports T̂B

ta to A in the payload of
the reply packet. During (long) preamble transmission (order
of milliseconds for IEEE IEEE 802.15.4a), payload formation
is possible. Note that the estimation of T̂B

ta at B involves the
ToA estimation of the incoming SFD and the measurement
of the time instant that the outgoing SFD leaves the transmit
antenna. As discussed above, ToA estimation is accompanied
with a zero mean Gaussian error, namely, nB ∼ N (0, σ2

B),
whereas the recorded departure time can be considered as the
true value since it can be accurately determined via loop-back
tests and time calibrations. Therefore, the estimate of the turn-
around time is modeled as T̂B

ta ∼ N (TB
ta , σ2

B).
Finally, A computes the time of flight (ToF) T̂f by subtract-

ing T̂B
ta from T̂r, and dividing the result by 2. Since T̂B

ta ∼
N (TB

ta , σ2
B) and (1) implies that T̂r ∼ N (2Tf +TB

ta , σ2
A), and

the T̂f is distributed as T̂f ∼ N
(
Tf ,

σ2
A+σ2

B

4

)
.

B. ToF Estimation with Clock Frequency Offsets
The instantaneous frequency f(t) of a clock circuit at time

t is referred to as the mean frequency, and is given by [11]
f(t) ≈ fs + D(t) , where fs is the natural frequency of the
crystal (or, LC circuit), and D(t) is the frequency drift caused
by aging, temperature variation, and mechanical stress. D(t)
can be assumed an unknown constant during ranging, because
it models slow changes.

Assume that ei stands for the clock frequency offset of
device i with respect to an ideal clock. Then, (1) is rewritten
as

T̂ o
r = (1 + eA)(2Tf + TB

ta) + nA , (2)

1N (x1, x2) represents a Gaussian random variable with mean x1 and
variance x2.

Fig. 2. Illustration of the TW-ToA ranging protocol with the modified counter
management scheme to reduce range estimation errors due to clock frequency
offsets.

where the superscript ‘o’ is used to indicate the presence
of clock frequency offset. Similarly, the turn-around time
estimated at B, T̂B,o

ta , is given by

T̂B,o
ta = (1 + eB)TB

ta + nB . (3)

Then, the estimate of the one way flight time, T̂ o
f = (T̂ o

r −
T̂B,o

ta )/2, is modeled as

T̂ o
f ∼ N

(
(1 + eA)Tf + ϵ ,

σ2
A + σ2

B

4

)
, (4)

where ϵ
.= TB

ta(eA − eB)/2. It is seen in (4) that due to
imperfect clocks the mean of T̂ o

f becomes a function of the
turn-around time.

III. MINIMIZING CLOCK FREQUENCY INDUCED RANGE
BIAS

By using the timer management scheme illustrated in Fig.
2, the bias ϵ in (4) can be removed. This scheme requires
management of two counters at each ranging device. Assume
that counters A1 and A2 are managed by A, and counters B1

and B2 by B.
Let △ki denote the difference between the stop and start

times of counter i of device k. As illustrated in Fig. 2, counters
△A1 and △B1 measure the round-trip-time and the turn-
around time, respectively, as in the conventional case in Fig.
1. Therefore, the time estimates obtained from counter values
△A1 and △B1 are given by (2) and (3), respectively. On the
other hand, counter △A2 measures the length of the PHR and
PPDU of the frame received from B, and counter △B2 the
length of the PHR and PPDU of the frame received from A.
Assume that Tp denotes the length of the PHR and PPDU
combined together at an ideal clock rate fs, and that Tp is the
same for both frames. Then, △A2 and △B2 are given by

△A2 = fs
Tp

(1 + eB)
(1 + eA) , (5)

△B2 = fs
Tp

(1 + eA)
(1 + eB) . (6)

Consider △A2 , which is the counter value that measures the
length of the PHR and PPDU of the frame received from B.
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TABLE I
MITIGATION OF RANGING ERROR INDUCED BY CLOCK FREQUENCY OFFSET - EXPERIMENT.

Traditional Proposed DSTWR [8]
Device Index ∆A1 ∆B1 ∆A2 ∆B2 r̂(m), ϵr̂(m) r̂(m), ϵr̂(m) r̂(m), ϵr̂(m)
Anchor, R1 214 + 106 14 + 106 294355 294366 27.45, 2.55 30.25, 0.25 30.02, 0.02
Anchor, R2 200 + 106 106 294351 294370 25.35, 4.65 29.85, 0.15 30.02, 0.02
Anchor, R3 314 + 106 113 + 106 294384 294336 42.45, 12.45 30.22, 0.22 30.03, 0.03

According to the ideal clock rate, the length of the PHR and
PPDU is equal to Tp seconds or, Tpfs counter ticks. However,
due to its clock frequency offset, device B generates a frame
that has the length of the PHR and PPDU equal to Tp/(1 +
eB) in seconds after Tpfs counter ticks. When this frame is
received by device A, the length of the PHR and PPDU is
measured in number of clock ticks as fs(1+eA)Tp/(1+eB).
Hence, (5) is obtained. The expression in (6) can be justified
similarly.

It should be noted that (5) and (6) do not involve any ToA
estimation errors for two reasons. First, there is no need to
detect ToA of the direct path for these counter measurements.
Second, the SFD processing gain is much higher than that
of a single preamble symbol. In other words, the signal-to-
noise ratio (SNR) for detecting the SFD peak is sufficiently
high. Therefore, no measurement noise is incorporated in (5)
and (6). Device B should report △B2 and △B1 to A. Now,
define a correction factor αc that is computed by A, which
is given by αc

.=
√

△A2
△B2

= 1+eA

1+eB
. Then, A calculates the

corrected turn-around time as T̂B,oc
ta

.= T̂B,o
ta αc , where the

superscript ’c’ is added to indicate ’after correction’. Finaly,
the ToF estimate in the proposed scheme is obtained as

T̂ oc
f =

T̂ o
r − T̂B,oc

ta

2
= (1 + eA)Tf +

nA

2
− nB

2αc
. (7)

Comparison of (4) and (7) reveals that the proposed tech-
nique can reduce the large errors inherent in the ToF estimate
by removing the ϵ in (4).

IV. EXPERIMENTAL SETUP AND RESULTS

Four 1GHz sinewave saw based ±100ppm clock oscillators
(CCSO-914X-1000) are used in our ranging experiment. Os-
cillator output waveforms are recorded for 1ms on the LeCroy
WaveMaster 8600A Oscilloscope at 10GHz sampling rate and
processed offline using Matlab to determine their frequency
offsets. One of the oscillators is used as a target device,
and the remaining three as anchors. The measured CFOs are
eR1 = 14× 10−6, eR2 = 0, eR3 = 113× 10−6 for the anchor
devices and eT = 31×10−6 for the target device, respectively.
The distance between the target and each anchor is set to 30m.

An IEEE 802.15.4a packet with 64µs long preamble is
emulated. The total length of the SFD, PHR and PPDU parts
of the packet is set to 294.36µs, which is the portion of
the packet to be measured by ∆A2 and ∆B2 . The emulated
ideal turn-around and round-trip times are TB

ta = 1ms and
Tr = 1ms + 200ns, respectively. The ∆A1 and ∆B1 for each
anchor and target pair are measured by the number of clock
cycles of the anchor and target oscillators, respectively.

For an ideal 1GHz clock generates a 294.36µs long packet
in 294, 360 clock cycles, each anchor device and target device

also forms the same packet after 294, 360 cycles via their
local clocks. However, the true duration of the packet (after
the preamble) that each generates is different from 294.36µs,
because their CFO is not zero. The counter values ∆A2

and ∆B2 are determined at the anchors and the target from
the packets generated using 294, 360 local clock cycles by
the target and the corresponding anchor, respectively. The
measured counter values for each anchor and target pair are
given in Table I. The resulting range estimate r̂ and the range
error ϵr̂ are given for conventional, the DSTWR [8] and the
proposed techniques. It is clear that the conventional counter
management scheme is vulnerable to CFO and it results in
large range errors, whereas the proposed scheme mitigates
the CFO induced range error to centimeter levels even with
clocks with very large ppm.The proposed scheme approaches
the performance of DSTWR with one less transmission.

V. CONCLUDING REMARKS

A timing counter management scheme for IEEE 802.15.4a
networks using TW-ToA has been shown to provide accurate
range estimation analytically and via experiments.
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