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ABSTRACT Pedestrian-to-vehicle communication helps to prevent pedestrian accidents by disseminating
position information of a pedestrian to nearby vehicles. This is especially useful when a pedestrian is in the
blind spot of vehicles. In urban canyons, roadside buildings obstruct satellite signals, which may cause an
outage in pedestrian positioning. Using vehicles and roadside units as positioning anchors helps to solve this
problem. But the performance of distance estimation, based on the attenuation property of wireless signals,
is degraded by multipath propagation. To address this issue, this paper exploits phase information of V2X
signals, instead of signal strength, for distance estimation. The signal transmitted by a pedestrian device is
simultaneously received by several anchors, and the phase difference of arrival (PDoA) is used to compute the
distance difference. Using the OFDM structure, phase information of multiple subcarriers can be computed
efficiently. Potential problems like inter-symbol interference, synchronization error and phase ambiguity are
addressed and the accuracy of distance estimation is further improved by combining phase information of
multiple subcarriers before fixing the phase ambiguity. The effectiveness of the proposed method is verified
by simulation evaluations, using 3D map and ray-tracing.

INDEX TERMS Pedestrian positioning, V2X, vehicle-to-everything, OFDM, PDoA, phase difference of
arrival.

I. INTRODUCTION These days, many vehicles use some onboard sensors,

Vehicles have greatly changed our life ever since their
invention, with both pros and cons. On the one hand, our
mobility becomes very convenient. On the other hand, many
traffic accidents occur every year, not to mention the cost
of traffic congestion in the rush hours. According to the
yearly report on traffic safety by Cabinet Office of Japan,
traffic fatalities are divided into five types, and the percentage
of pedestrian fatalities is the highest, nearly one third in
Japan [1]. In this sense, pedestrians are vulnerable road users,
and may be seriously injured or even die once involved in an
accident.
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e.g., camera, Radar and LiDAR, to help detect nearby
pedestrians in case the driver misses them. But these sensors
do not work well when pedestrians happen to stay in the
blind spot of vehicles. In such cases, pedestrian-to-vehicle
communication [2], disseminating pedestrian position to
nearby vehicles, helps vehicles to better sense the presence
of pedestrians, and the performance can be further improved
by the prediction of pedestrian behaviour [3].

GNSS (Global Navigation Satellite System) is the typical
method for pedestrian positioning, and there is a trend of
integrating multiple satellite systems, e.g., GPS, Galileo,
Beidou, so as to increase the number of satellites. Phase
information of satellite signals, usually exploited to realize
RTK(Real Time Kinematic)-GNSS in high-end positioning
devices, now is also explored for more accurate positioning
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in mobile devices such as smartphones [4]. But in urban
canyons, due to the obstruction of roadside buildings, most
directly visible satellites are located overhead and seriously
biased, where a small error in distance estimation may lead
to a large error in position.

Fortunately, the new V2X (vehicle-to-everything) commu-
nication techniques have paved a new way for pedestrian
positioning, where vehicles and roadside units (RSUs) can be
used as positioning anchors [5], [6]. Both IEEE 802.11bd as
a successor of 802.11p [7] and Cellular V2X [8] defined as a
part of 5G (The Fifth Generation of Mobile Telephony) spec-
ification by 3GPP (3rd Generation Partnership Project) will
support the communication between vehicles and pedestri-
ans. Compared with pedestrian devices, a vehicle will achieve
much higher positioning accuracy, by integrating onboard
sensors with high-accuracy RTK-GNSS positioning [9].
Meanwhile, it is expected that many RSUs will be installed
to provide network access to vehicles, which can be used as
positioning anchors as well. In addition, vehicles and RSUs
are located at the same height as pedestrians, and placed in a
more balanced way, compared with satellites. Therefore, they
can be good anchors for pedestrian positioning.

Generally, pedestrian positioning can be performed in
two modes. In the user-based mode, a pedestrian device
computes the position by itself, and needs to receive signals
from anchors continuously, which leads to much power
consumption. The other is network-based mode, in which a
pedestrian device transmits packets periodically and nearby
anchors receive the signal and help compute pedestrian
position. Interested readers may refer to the review paper [10]
for more details on network-based positioning in the 5G and
6G networks.

In outdoor scenarios, because the environment keeps
changing, pedestrian positioning usually exploits the tri-
lateration method, and wireless signal is used to estimate
pedestrian-anchor distances. Previous work has exploited
signal strength-based (simple but with low accuracy) [5],
[11], [12], time-based (high accuracy but susceptible to
synchronization error) [13], [14], and phased based methods
(high accuracy but with low efficiency) [15], [16], [17] for
distance estimation. But it is difficult to achieve high accuracy
and efficiency at the same time.

In this work, we study network-based positioning, and
leverage phase information of V2X signals, instead of signal
strength, for distance estimation. The main advantage of
using phase information is that it is less susceptible to mul-
tipath and noise compared with signal strength. The signal
transmitted by a pedestrian device is simultaneously received
by several anchors (e.g., RSUs), and the phase difference of
arrival (PDoA) is used to compute the distance difference.
Using the OFDM (Orthogonal Frequency-Division Multi-
plexing) structure, phase information of multiple subcarriers
is computed efficiently, simultaneously at multiple anchors.
Potential problems like inter-symbol interference (ISI),
synchronization error and phase ambiguity are addressed and
the accuracy of distance estimation is improved by combining
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phase information of multiple subcarriers before fixing the
phase ambiguity. Simulation evaluations, based on 3D map
and ray-tracing, confirm the effectiveness of the proposed
method.

The contribution of this paper is four-fold, as follows.

o Dealing with ISI. Computing PDoA requires to sample
OFDM signals simultaneously at different anchors,
which may lead to the ISI problem. A simple method
is proposed to adjust the sampling time at different
anchors, which does not affect the estimation of distance
difference.

o Dealing with synchronization error. Synchronization
error, which often occurs in real systems, is converted
to the less severe ISI error. In this way, PDoA is less
susceptible to synchronization error compared with the
TDoA (Time Difference of Arrival) method.

o Dealing with multipath and noise. Frequency pairs
are divided into groups, each group having the same
frequency difference. We fuse distance differences
computed from different groups, which helps to resist
multipath and noise.

o Solving phase ambiguity. In each group of frequency
pairs, we fuse the distance difference, which helps to
reduce the noise and fix the phase ambiguity.

Part of this work, mainly the first point, has been reported
in a conference paper [18]. In this paper, the second and
the fourth points are newly added and the third point is
enhanced. In the evaluation, 3D map and ray-tracing are
used to emulate multipath propagation. The communication
process of OFDM signals is simulated. From the attenuated
and noisy signal, time synchronization is performed, phase
is computed, and distance difference is estimated. Evaluation
results confirm the effectiveness of the proposed method in
suppressing noise and multipath waves, and its superiority
over TDoA in multipath-rich urban environments.

The rest of this paper is organized as follows: Sec. II
reviews related work. Sec. III presents the system model and
points out error factors. Then, Sec. IV proposes methods
to deal with these error factors respectively. Sec. V shows
the evaluation setting and results in the multipath-rich
environment. Finally, Sec. VI concludes this paper.

Il. RELATED WORK

In the outdoor environment, the trilateration method usually
is used to compute pedestrian position. It relies on the
estimation of pedestrian-anchor distances. Previous work in
this field can be classified into 3 categories, as follows:

(1) Signal-strength-based methods. It is well known that
path loss in the wireless environment increases with the
distance, which is often used to predict the propagation
distance. Path loss is computed from the difference between
transmission power and RSSI (Received Signal Strength
Indicator). Because RSSI is greatly affected by multipath
propagation, the corresponding distance error is large.

When transmitting a signal in a wideband system, the direct
wave and its reflected replicas arrive at a receiver at different
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timing. As a result, it is possible to get the signal strength of
the direct wave from CSI (channel state information) and use
it to predict the distance [5], [11], [12], which is more accurate
than using RSSI. But when the time resolution is not high
enough, a reflected wave may overlap the direct one, which
degrades the performance.

(ii) Time-based methods. Because the propagation speed of
a wireless signal is almost constant in the air, it is possible to
compute the distance from the time-of-flight (ToF). When a
transmitter and a receiver is synchronized in time, ToF is the
difference between the time-of-arrival (ToA) at the receiver
and the time-of-departure (ToD) at the transmitter. In order
to relax the synchronization requirement, IEEE 802.11mc
has defined FTM (fine time measurement), a procedure
for estimating ToF between the transmitter and receiver by
exchanging a sequence of messages with ToA and ToD. But
this not only causes much overhead but also leads to a large
delay in position computation [19]. The measurements of
ToA and ToD depend on specific RF chains. As a result,
FTM tends to have a poor accuracy [20], and it requires
a calibration for each pair of transmitter and receiver to
achieve a high accuracy [21]. In an ultra-wideband system,
the ToF can be measured more accurately by using a larger
bandwidth, and its combination with inertial measurement
unit is studied in [14], which helps mitigate the outage
probability.

Strict synchronization between a transmitter and a receiver
is non-trivial. An alternative method is to compute the TDoA
as the difference of ToAs at two receivers synchronized in
time [22]. In [13], an IEEE 802.11g signal from a transmitter
is received simultaneously by two synchronized receivers,
and ToA is estimated based on the long training symbols.
Then, TDoA is used to compute the distance difference to two
receivers. But it is susceptible to the synchronization error.

(iii) Phase-based methods. It is known that the phase of
a wireless signal changes with the propagation distance,
linearly if the phase is not wrapped to the range of [0, 2r).
This property is exploited for the distance estimation in
the RFID field [15], [16]. Usually, PDoA achieves higher
accuracy than TDoA in distance estimation [17]. But the
phase wrapping does occur, which leads to phase ambiguity:
the number of 27 periods is unknown and needs to be fixed
before using the phase to compute the distance. Many works
assume that PDoA is already measured and focus on the
position computation, using PDoA alone, or jointly exploiting
TDoA and PDoA [17]. In the few works that discuss phase
measurement [15], [16], usually the phase of each frequency
is estimated successively, which is time consuming.

In this paper, aiming to improve system -efficiency,
we leverage OFDM signals to simultaneously measure
the phases of multiple frequencies, and discuss potential
problems and solutions.

Ill. SYSTEM MODEL
It is assumed that a pedestrian device periodically broadcasts
a V2X OFDM signal, announcing its presence to nearby
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FIGURE 1. System model for measuring distance difference from a
transmitter (pedestrian) to two receivers (anchors) based on phase
difference of arrival.
vehicles. This signal is received by several nearby anchors
(RSUs or vehicles). These anchors are synchronized in time
and connected to a common server, where the distance
difference is estimated. Figure 1 shows an example with two
receivers. The distances from the transmitter to a receiver

= [, m is d,. The OFDM signal contains N orthogonal
frequencies with an equal space Af. N samples, with an
interval Ty = 1/(N - Af) in time, are acquired per receiver,
starting from the same time ¢. The phases of arrival of N
frequencies at receiver r and time ¢, Gf(t), k=20,1---,
N — 1, are computed by fast Fourier transform. Then, the
distance difference, d; — d,,, is computed from the phase
information.

A. PHASE COMPUTATION BY OFDM

In the V2X OFDM signal, N subcarriers (frequencies),
orthogonal to each other, are used at the same time. Adjacent
subcarriers have the same frequency interval Af, and in the
time domain the sampling timing, with an interval Ty, is set
as follows:

fk_f():k.Af9k=0’19"'9N_19
t =0Ty Ty =1/(N-Af)n=0,1,--- ,N—1. (I)

f(t), as a pulse shaping signal, is used to ensure that the
spectrum of the OFDM signal will not leak outside the
allocated bandwidth. Usually f(r) # 0 at r # nT and
f() =0att = nTs, n # 0. Therefore, a sampling time offset
will lead to the ISI problem.

Consider the processing of the k-th subcarrier at receiver
r. Its phase at time ¢ is Qf (t). Then, N consecutive samples
from time ¢, obtained at an equal interval Ty, are

k-i
X = D o XP o+ BEON Ty — T3,

n=0,1,---,N—1, 2

where o, ; represents the amplitude of the k-th subcarrier,
while Gf(t) includes the phase information caused by modu-
lation data and channel propagation. f (-) disappears when the
sampling time is synchronized, and x, = o, x exp(j(2m ]‘W” +
Qf (#))) by assuming ¢+ = 0. By applying fast Fourier
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FIGURE 2. Phase variation of an OFDM signal with respect to the
propagation distance. Phase wrapping leads to the ambiguity in the 2x
periods.

transform (FFT) to the N samples, the coefficient of the
k-th subcarrier is

F} = Nay  exp(j6) (1), 3)
from which Qf (t) is computed as
0% (t) = LFF. )

B. RELATION BETWEEN DISTANCE AND PHASE

Because the subcarriers are orthogonal, in the following we
focus on a single subcarrier fy,k = 0,1,...,N — 1 and
a receiver r,r = [, m in Figure 2(a). At the transmitter,
subcarrier fi, modulated by user data & = a; exp(j¢,), is

a; exp(igy) - exp(i27fict). 5)

Using a carrier signal exp(j(2mf.t + ¢.)), this signal is shifted
to the RF band, as follows:

sk(t) = o - exp(2r(fe + fi)t + ¢y + ). (6)

The complex channel gain, between the transmitter and
receiver r (r = [,m) with a distance d, away,
is ay , exp(ig; ;) - exp(—=27(fe + fi)dr/c). @, ; represents
the channel attenuation, which varies with the distance and
is greatly affected by multipath fading. qj;’ ¢ 1S an extra phase
variation caused by potential reflection or diffraction, and is
0 for a line-of-sight (LoS) wave. The phase variation related
to propagation distance d, and light speed ¢ will be leveraged
for the distance estimation.

At receiver r, the signal is shifted back to the baseband,
using a carrier signal exp(—j(2nf;t + ¢,)). And the phase of
the LoS part corresponding to subcarrier fi is

d 1
(fc +fk _fr)t - (fc +fk)_ + _(¢k + ¢c — ¢r)
c 2
=nk(r) + ief(z), r=1,m. (7)
2w

It consists of two parts. Of(t) € [0,2m) is the directly
measured phase (wrapped phase) while nlj (t) is an integer
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denoting the phase ambiguity of 27w periods, as shown in
Figure 2(b). n’,‘(t) needs to be fixed before computing d,-.

To remove the impact of carrier frequency, we consider the
phase difference of two subcarriers f, and f; at receiver r.
By replacing k with p and ¢ in (7), and taking the subtraction,
the phase difference, 67°(t) = 67(t) — 6/(¢), is computed as

Uy — ot = Gy — 1) + =6 — 9)
P q 14 q c 27 44 q
1
= M9 + 5 679(0), ®)
where 1) Y(t) = nf(t) — nl(t). It is clear that 67"/(¢) linearly
increases with time .

To remove the impact of time ¢ and modulation data (¢,
4){’1), replacing r by [ and m in (8), we further compute the

double phase difference, 6;7(t) = 6/(t) — 65,9(1), as
follows:
dy —d, 1
— =9+ —0" 9
o o)+ 7 1o (D) )

where n}" (1) = n"U(t) — nl (1) and N, = c/(fy — [y
is an equivalent wave length corresponding to the difference
between f, and f,. If n’; (1) is somehow estimated, the
distance difference d; — d,,, can be computed from the phase
information.

C. ERROR SOURCES
Several error sources may affect the system performance,
as follows:

o ISI in OFDM signals. This may occur even under
perfect time synchronization because of the constraint
“sampling signals at different receivers at the same
time”, but it can be solved by adjusting the sampling
time.

« Signal synchronization. The late analysis shows that this
can be changed to ISI, and a small frequency difference
leads to a small error.

o Multipath propagation and noise. The late analysis
shows that a large frequency difference leads to a small
error.

o Phase ambiguity. This must be fixed before computing
distance difference by (9).

IV. DEALING WITH ERROR SOURCES

A. DEALING WITH ISI

In the system model, it is assumed that both receivers /
and m compute their phases at the same time. In this way,
however, it is not always possible for both receivers to avoid
ISI, because the difference of ToA at two receivers is not
necessarily the multiple of 7. Figure 3 shows an example.
Receiver [ acquires samples at the times nT without ISI. But
IST occurs if receiver m acquires samples at the same time.
To avoid the ISI, we let receiver m delay its sampling time
by a small offset At (0 < At < Ty), and compensate for the
phase variation.
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FIGURE 3. Sampling time adjustment for avoiding ISl and potential
synchronization error at two receivers.

According to (8), at the time ¢t + At, the phase difference
atm, 004t + Ar), is

dn
Up —flt + A0 = = + —(¢,, %)
P—q
— nf;{q(t + At) + %Hﬁl’q(t + Ar). (10)

Then, the double phase difference, 6 (¢, t+ At) = 6,9(1)—
0h 4t + At) is computed from (8) and (10) as

dl _dm

Pq

_(fp_fq).At_

=n{;’;(z,r+m)+ 9,”(: t+ Ab), (11)
where 7} % (¢, t + At) = ) (t) — n};(t + Ar). This indicates
that although two receivers sample phases at different timing,
the distance difference can be computed from 6 I, m(t, t+ At)
if the time offset At is known.

Here, ¢ at receiver [ and ¢ + At at receiver m are determined
by signal synchronization. In the ideal case, each receiver
achieves perfect synchronization and independently decides
its own sampling time. And the time offset Atz can be
computed accordingly.

B. DEALING WITH SYNCHRONIZATION ERROR
In a real system, synchronization errors do occur in the
receiving stage. Assume the synchronization error is A#; at
receiver [ and At, at receiver m, as shown in Figure 3.
In TDoA, the synchronization errors directly affect the time
difference, which is |Af, — Atf;| and in the worst case,
|At| + A

Under synchronization errors, the timing for measuring the
phase is t + At at receiver [ and t + At + At, at receiver
m, respectively. From (10), we can see that a time offset At
leads to an increase of (f, — f;)At in the phase difference of
two frequencies, irrelevant of the receiver. Then, for PDoA,
the double phase difference can be represented as

d —d
—(f, —f) - (At + Aty — Aty) — X m
P—q
. 1 A
= W+ 50 (12)
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where 6% is computed as

o8 = 07Ut + Aty — 009t + At + Aty,)
~ (07U + 2 (f, — fp) - A1)
— (02:9(t + A1) + 27 (fy — f) - Ati)

=000, 1+ A1) = 21 (fy, — f) - (At — Ary),  (13)
where ~ indicates that 9;’ “U(t + An) is not exactly equal to
07 t) + 2n(f, — f,) - At; under IS, but the error is small
considering that Az is small. The same applies to 65 7(t +
At+ Aty,). Under this approximation, in (12), both sides have
—(fp — fy) - (Aty, — Aty). Removing this item, (12) will have
a similar form as (11). In this way, the synchronization error
will be removed, but ISI remains a problem.

C. DEALING WITH MULTIPATH/NOISE BY AVERAGING
In (11), if p is changed from 1 to N — 1, and ¢ is fixed at 0,
N — 1 equations are obtained, as follows.

d —d, =—c- At

— Mgkt 1 + A1) + ie

(t,t+At)).
(14)
Here nﬁ’fl(t,t + At),p = 1,2,---,N — 1,q = 0 are

unknowns, and the approximate solution can be computed by
substituting the distance estimated from CSI into (14). This
is usually called float solution because the estimated 7, is a
float number. The accurate solution where np is f1xed as an
integer will be discussed late. o

These N — 1 equations lead to N — 1 distance differences
with different error properties With the same channel noise,
np Tt + A+ 5 QIP 9, t + At) in (14) have almost the
same variance. Then the error in d; — d,, decreases with \,_.
This means a larger frequency difference will lead to a smaller
error in the distance difference.

To suppress the impact of multipath and noise, we’d like
to smooth phase difference by computing their average from
multiple frequency pairs. Notice that when frequency pairs
have the same difference, i.e., A\, is the same, n’7 "1 is the
same, and 6], should be the same although affected by
noise and multlpath propagation. Then, frequency pairs are
divided into I groups so that in the i-th group, each pair
has the same frequency difference, D; - Af, where D; is the
difference between subcarrier indices. The phase differences
of frequency pairs in the i-th group form a set Sli,m =

{GD g = 0,1,--- ,N — 1 — D;}, and their average is
computed as
N—1-D;
52,,,, > epmn (15)
|SI m n=0

and the average of distance difference computed from the i-th
group of frequency pairs is

| -
—0 , 16
+ e Lm) (16)

where n} ., Tepresents the common integer ambiguity.

p[’,m =—c-At—Ap, - (n},m
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In the presence of noise and multipath propagation, 6, Ditn.n

of each frequency pair may differ slightly. This causes a
problem when computing the average of phase difference.
91?"“’” is in the range [0, 277) which is centered at 7r. A value
near 2w actually is close to O in terms of the 27 period,
although the arithmetic difference is nearly 27. To avoid

this problem S 1. 1s mapped to a new set St 1> in the range
[9, m = T, 91,m + ). Specifically, if a value in SLm is less
than &, Im

than gé,m + m, it is subtracted by 27. Then, the average of

— m, it is added by 27; otherwise, if it is greater

. =i . . &i
phase difference ¢, ,, is computed again over S;

D. SOLVING 2 AMBIGUITY IN PHASE

Solving the 27 ambiguity in phase requires a rough
estimation of d; — d,, as Ell — am. Although this can be
computed by using RSSI or CSI, it has a relatively large error.
Instead, we use TDoA [22] to get a more accurate estimation
of d; — d,,. Then, together with average phase difference
5;’,", nim is estimated from d; — d,, as a float solution ﬁ;"m
according to (16).

With I groups of frequency pairs, we have [ float solutions.
From integer tuples (n}’m, nlzym, e, n{’m) where nf’m €
[ﬁ}'!m — oy, fz?m + 0] (o; specifies the search range of nf,m),
we need to find the optimal integer values (fixed solution) that
best satisfy (16).

A metric is needed to evaluate the suitability of each
candidate tuple (nllﬁm, nlzm e, nf,m). From each group i, we
can get an estimation of distance difference pl’"m =d —dy,
by (16), which should be the same for all groups. Then,
a simple method is to check the consistency of all distance
differences. Specifically, we compute the average value
(0;.m) of distance differences, and use the residual between
each ,ol’" . and p; ,, as the suitability metric, as follows:

1 2
res(nl’m, Ay s *

nzm)—Z|le le|

_ 1 ;
Pim = szll,m‘ )

The integer tuple that leads to the least residual in (17)
is regarded as the optimal solution. To reduce the false
probability, a ratio between the second least residual and
the least residual is computed. A large ratio indicates a high
likelihood of the optimal solution, and usually only when
the ratio is above a pre-determined threshold (e.g., 10), will
the fixing process be regarded as successful [23], and a
fusion, g(pll’m, cee, ,o{’m), is regarded as the final result of
distance difference. Currently, this fusion is simple average
(©07.m)» and more advanced fusion will be studied in the
future.

The whole algorithm for computing distance difference
from phase information is summarized in Algorithm 1. The
computation cost of finding the optimal integer tuple (line 7)
is O((207)!), which grows exponentially with 7. Using TDoA
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Algorithm 1 Compute Distance Difference by Phase Info

: procedure Compute-distance-difference(@lk, 9,’;)
Compute double phase difference 6,

Divide phases into groups S 1‘ s and convert to S l’ m

1
2
3
4: Compute o, 1.m from each group S’

5: Get an estimation of distance dlfference by TDoA

6 Compute a float estimation of 277 ambiguity by (16)
7 Find integer values of 2w ambiguity by (17)

8: Compute p; ,, as distance difference

9: end procedure

instead of RSSI to estimate the distance difference enables
to use a small o;, which helps to reduce the computation
cost.

V. SIMULATION EVALUATION

In the simulation, it is assumed that a pedestrian transmits
an OFDM signal with a bandwidth of 20MHz. Accordingly,
the sampling interval of an OFDM signal is Ty = 50 ns.
The duration of each OFDM symbol is 4 us, corresponding
to 80 samples, with 64 data samples and 16 samples as
cyclic prefix. For simplicity, we use a training OFDM symbol
for symbol synchronization and the phase information
measurement. The OFDM signal passes a multipath channel
with additive white Gaussian noise. At the anchors, the signal
is processed at 1GHz clock, to ensure a high time resolution.
The V2X frequency band, 700MHz in Japan, is used. The
pulse shaping signal adopts raised cosine with a rolloff of 0.5.
o; = 1 is used in finding the 27r ambiguity.

A. RESULT IN THE SIMPLE SCENARIO

First we consider a simple scenario composed of one
transmitter and two receivers (anchors) in Figure 1. It is
assumed that the 2w ambiguity, nf > is known and that
perfect synchronization is achieved.

1) SUPPRESSING ISI

Here, we investigate the effect of adjusting sampling time
on suppressing ISI. To simplify the analysis, it is assumed
that there is only LoS path, without multipath signals and
noise at both receivers. The propagation delay to receiver [ is
fixed to 100 ns, and that to receiver m is adjusted from 50 ns
to 100 ns.

Figure 4 and Figure 5 show the error variation of
distance difference, without/with adjusting sampling time,
respectively. In both figures, 5 combination of p and g are
investigated, and their difference is set to 5, 10, 15, 20, 25,
respectively. In Figure 4 without adjusting sampling time,
at fixed p and g, the error in distance difference varies like a
sine wave when the delay to receiver m increases. This error
is caused by ISI at receiver m, and the error pattern depends
on the pulse shaping function f(¢) in (2). In the left part of
Figure 4, the error is positive, which means d; — d,, is greater
than its true value. As d; is fixed in this evaluation, it infers
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FIGURE 5. Error in distance difference with respect to the delay to
receiver m (after adjusting sampling time).

that d,, is less than its true value, which can be explained
as follows: In the left part, the ISI at receiver m adds to its
phase. Then, as the distance to receiver m increases, the phase
decrease in (7) is less than expected. In the right part, the ISI
at receiver m decreases its phase and leads to the opposite
result. As for the impact of p and ¢, the general trend is that
a larger difference between p and g leads to a larger error in
the distance difference.

In comparison, after adjusting the sampling time at receiver
m, the error in the distance difference is almost 0, as shown
in Figure 5. This confirms that adjusting the sampling time
helps to avoid ISI.

2) SUPPRESSING MULTIPATH SIGNAL

Next, the impact of frequency difference on suppressing
multipath signal is investigated. The delays of the direct wave
from the transmitter to receivers / and m are set to 50 ns and
100 ns, respectively. For simplicity, here, we only consider
one reflected wave to receiver m. Its amplitude is set to 0.3162
(in power, -10 dB) of the direct wave, and its extra delay
with respect to the direct wave is set to 2, 10, 20, 50, 100 ns,
respectively. There is no reflected wave to receiver /, and no
noise at both receivers.

With ¢ = 1 fixed and p increased from 2 to 63, Figure 6
shows the error variation in the distance difference. Generally,
a large p tends to lead to a small error. Then, to effectively
suppress multipath signals, it is preferred to use a large
frequency difference to estimate distance difference.
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3) INSUSCEPTIBLE TO DISTANCE CHANGE/NOISE

Here, the impact of noise is investigated. The distance to
receiver [ is fixed to 15 m, and the distance to receiver m is
increased from 20 to 100 m. Besides the direct wave, there is
a reflected wave to both [ and m, with a random extra delay
in the range (0, 50) ns, and a random amplitude in (0, 0.3162)
of that of the direct wave. At each receiver, there is additive
white Gaussian noise, whose power is fixed.

The result of distance error by the RSSI and that of
distance difference error by PDoA are shown in Figure 7.
It is clear that the error in distance (RSSI(rcv-m)) increases
with the distance when RSSI is used. This is because
noise power is fixed while the signal strength decreases.
In comparison, the error in distance difference by PDoA
almost remains unchanged. This is because PDoA exploits
phase information (which is less susceptible to noise) instead
of signal amplitude, and computes average over multiple
frequency pairs to further resist noise.

B. RESULT IN MULTIPATH-RICH ENVIRONMENT

Next, we will evaluate the performance of PDoA in a
multipath-rich environment. The area we choose is Ginza,
Tokyo, with many high buildings. The 3D building map
(Figure 8) is input into the 3D ray-tracing tool, RapLab,'
which computes all possible propagation paths. To control
the computation cost, the maximum number of reflec-
tions/diffractions is set to 1. Although RapLab supports

1 https://network2.kke.co.jp/wireless-products/raplab/
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FIGURE 9. Average of absolute distance difference error per group, and
the probability of being optimal.

fine time resolution, in the processing, the time resolution
is set to 1 ns, i.e., when the difference of arrival time
of two waves is less than 1 ns, their signals will overlap
together, and be merged as one. Both the transmission
power and noise level are fixed. Then, the received power is
decided by the pedestrian-anchor distance. Besides multipath
propagation, synchronization is also performed using the
training symbol in the preamble of the received signal, with
potential synchronization errors.

In a real system not all subcarriers are usable. Here, we use
the subcarriers specified in IEEE 802.11a, in which 52 out of
64 subcarriers are used for data and pilot transmission.

At first, frequency pairs are dividing into I = 6 groups,
with D; = 20, 25, 30, 35, 40, 45, respectively. We investigate
the average error of distance difference estimated from each
group. The results are shown in Figure 9. It is clear that with
the increase of D;, the average error first decreases and after
reaching the minimum, increases again. It should be noted
that for a specific instance, the group leading to the optimal
result may change, and the probability of being optimal is
large when D; = 25, 30.

Because computation cost grows exponentially with [/
while I/ > 2 is desired for fixing the ambiguity, in the
following, we select I = 3, and D; = 25,30,35. As a
comparison method, the estimation of distance difference by
TDoA is computed. To see the lower bound of the proposed
PDoA method, the method that always selects the distance
difference with the minimal error from I groups is also
simulated, which is denoted as PDoA-Opt.

In the evaluation, multiple vehicles on the roads are used
as anchors, and the anchor with the minimal distance to the
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FIGURE 10. Cumulative distribution function of error in distance
difference in the multipath-rich urban canyon environment
(Pedestrian-anchor distance < 40 m).

pedestrian is regarded as a reference. Other anchors form
pairs with the reference anchor to compute the distance
difference.

First, we only select anchors with a pedestrian-anchor
distance less than 40 m. Figure 10 shows the cumulative
distribution function (CDF) of errors in distance difference.
Obviously, PDoA reduces large errors compared with TDoA.
An investigation shows that these large errors in TDoA
are caused by synchronization error, which are converted
to smaller ISI errors in PDoA. The root mean squared
error (RMSE) is 0.370, 0.454 and 1.106 m in PDoA-Opt,
PDoA, and TDoA, respectively. There is a small gap between
PDoA and PDoA-Opt, because the latter always selects the
value with the minimal error, which, however, is difficult in
practical systems. In PDoA, the probability that the error is
less than 1.0 m is 0.967, which is very promising.

If we allow the pedestrian-anchor distance increase up
to 70 m to use more anchors, the RMSE will change to
0.626, 0.779, and 1.446 in PDoA-Opt, PDoA, and TDoA,
respectively. In PDoA, the probability that the error is less
than 1.0 m is 0.869, which is still very high.

In summary, the proposed PDoA method helps to resist
ISI of OFDM signals and synchronization error, and suppress
the impact of multipath error and noise by combining
multiple subcarriers. In addition, using TDoA helps to reduce
the search range (computation cost) in fixing the phase
ambiguity, and the result of the PDoA method is close to the
optimum.

VI. CONCLUSION

Different from previous methods that use signal strength
to estimate distance, this paper has tried to use the phase
information, which is more resistant to multipath propagation
and noise. In the model, a pedestrian transmits a V2X OFDM
signal, and the phase information of multiple frequencies is
measured efficiently and simultaneously at several anchors,
based on which PDoA is estimated and the distance difference
is computed. The analysis shows that (i) error factors such as
OFDM modulation data and carrier frequency variations can
be mitigated, (ii) ISI can be avoided by adjusting the sampling
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time, (iii) PDoA is less susceptible to synchronization error
compared with TDoA, (iv) Using multiple frequency pairs
helps to suppress multipath and fix phase ambiguity. The
result in the multipath-rich environment is promising.

As a first step, for simplicity, we did not consider
pedestrian speed. In the evaluation, it is assumed that a
pedestrian stays at a fixed position without movement. In the
future, we will evaluate the impact of the Doppler effect due
to pedestrian speed, further investigate how to better fuse the
results computed from multiple frequency differences, and
study the positioning method.
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