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Abstract

Radio Signal Strength (RSS) based ranging is attractive for mobile device local-

ization due to low cost and easy deployment. In real environments, its accuracy

is severely affected by the multipath effect and external radio interference. The

well-studied fingerprinting approaches overcome these problems but introduce

high overhead in dynamic environments. In this paper, we address the issues

using a completely different approach. We propose a new ranging framework

called Fredi that exploits the frequency diversity to overcome the multi-path

effect solely based on RSS measurements. We design a Discrete Fourier Trans-

formation based algorithm and prove that it has the optimal solution under

ideal cases. We further make the algorithm be adaptive and robust to mea-

surement errors and external radio interference which are inevitable in practice.

We implement Fredi on top of the USRP-2 platform and conduct extensive real

experiments in three different indoor environments. Experimental results show

the superiority performance compared to the traditional methods. The ranging

errors are consistently less than 0.5m within 4m distance and 1m within 6m

distance in dynamic environments, much more accurate than existing solutions

using online RSS measures. Other critical factors to influence the accuracy are

also discussed and experimented such as the antenna polarization and Huygens
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1. Introduction

Ranging is crucial for precise localization of mobile devices. With an ac-

curate ranging technology, localization can be easily obtained by trilateration

[1]. Among various ranging techniques, Radio Signal Strength (RSS) based ap-

proaches are attractive due to low cost and easy deployment. Nodes simply5

measure the pairwise link RSS and then compute the corresponding distance

between the sender and receiver.

In an ideal open-space environment, there is a unique monotonic function

between RSS and the physical distance which can help to accomplish the com-

putation. In real environments, however, the RSS is severely affected by various10

physical phenomenon such as the multipath effect and external interference, re-

sulting complex functions of many free parameters. As RSS measurements are

the only input during the ranging process, accurate RSS-based ranging is very

challenging.

In order to address this issue, a widely studied method is to build a wireless15

fingerprint map, e.g., RADAR [2] [3]. In these approaches, the system first mea-

sures the RSS and constructs an RSS fingerprint for each location. During the

ranging process, users refer the corresponding fingerprint to obtain their loca-

tions. The main drawback of the fingerprint-based approaches is the excessive

overhead. The accuracy of fingerprint-based localization highly depends on fine20

RSS measurement granularity which may require a lot of measurement efforts.

In addition, in mobile networks, environments may change frequently: moving

people result in more radio propagation paths and RSS values will vary dramat-

ically. When environmental dynamics happen, the calibrated fingerprints will

fail and have to be re-constructed.25

Re-visiting the problem, we find that instead of offline calibrations, a more

efficient way is to investigate all the affecting factors in an online manner. We
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can build an RSS model, taking all the dynamic factors into consideration,

and collect enough RSS measurements to figure out the real distance. By this

approach, the ranging process is highly adaptive to environments and robust to30

dynamics.

Towards this end, we need more independent inputs than a single RSS val-

ue. Using frequency diversity, a given pair of nodes may have very different

RSS values at different frequencies, mainly due to the multipath effect. When

there are different paths, waves of different paths will combine constructively35

or destructively depending on their phases. As the phase is a function of the

frequency, the combination of waves will be different at different frequencies, re-

sulting in varied RSS values. By carefully analyzing the differences among these

RSS values, we can obtain the phase information, and accordingly compute the

distance. For ease of presentation, we name the general framework as Fredi.40

By analyzing RSS values, we find that the RSS value model function has a

very special structure of trigonometric components (e.g., sine and cosine func-

tions). For such a structure, Discrete Fourier Transformation (DFT) is a pow-

erful tool which is originally used for signal processing. Based on DFT, we

design algorithms and prove that in the ideal case, the ranging solutions are45

accurate. In real environments, these algorithms do not perform well because

of the measurement errors and other practical reasons. We therefore design a

revised DFT-based algorithm which provides robustness to such errors. The

robust algorithm takes approximation and analysis results give a tight bound

on the ranging errors introduced by the approximation.50

Compared with traditional RSS-based ranging techniques, Fredi mainly ex-

hibits the following advantages. It does not require any special hardware and

no physical layer information is needed other than RSS values. The only input

is RSS values and the only requirement is the fast frequency hopping, which

has been widely used in existing systems. During the ranging process, only the55

transmitter and receiver are involved and no other cooperation is needed. Fredi

is highly adaptive to environments and robust to dynamics. During our exper-

iments people can freely move around. In addition, external radio interference
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at certain number of frequencies can be tolerated.

The main contributions of this paper are as follows:60

First, to the best of our knowledge, we are the first to address the multi-path

effect, measurement errors and radio interference for device ranging solely based

on RSS measurements.

Second, we design a novel DFT-based algorithm and prove that the algorithm

can produce exact solutions in the ideal case. We further design a robust DFT-65

based algorithm to tolerate the measurement noises and provide robustness to

external interference in real environments. Analytic results give a tight bound

on the approximation errors.

Third, we implement the proposed algorithms on top of the USRP2 platform

and conduct comprehensive indoor experiments. Results show that in all three70

indoor environments, the range errors are consistently less than 0.5m within 4m

distance and 1m within 6m distance, much more accurate than existing solutions

using online RSS measures.

Fourth, we also investigate the limitations of Fredi and demonstrate that

antenna polarizations, Huygens effect, and the hardware limitations on the sup-75

ported frequency are the main sources of the ranging errors.

The rest of the paper will be organized as follows. In Sec. 2, we start from

the background of the Fredi ranging including the motivation and the Fredi’s

framework. In Sec. 3, we show how to solve the problem under the ideal case,

and extend the algorithms to more general cases. We give analysis on Fredi in80

Sec. 6 and conduct performance evaluation in Sec. 7. More practical issues will

be discussed in Sec. 8 and in the last section, we draw conclusions and point

out future work directions.

2. Background

In this section, we give some background information including the insight85

of the frequency diversity for RSS-based ranging and Fredi general framework.
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Figure 1: An illustrative example; there are two paths, and the radio waves will combine at
Rx, resulting in different RSS values at different frequencies

2.1. Motivation

Fredi is in-sighted by FARA [4], a rate adaption algorithm that exploits

frequency diversity to improve wireless communication efficiency. Because of

the frequency diversity, a pair of nodes may have very different RSS values90

at nearby frequencies. Frequency diversity is mainly caused by the multi-path

effect in which the radio waves will traverse through different physical paths.

Such RSS difference carries the path information, which can be explored to

figure out all the dynamic information.

Fig. 1 depicts an illustrative example. Suppose there are two radio paths95

a and b between the transmitter and the receiver. Waves from each path are

featured by two variables, the amplitude, and the phase. At each frequency,

because of the different path lengths, there will be a phase difference da−db

λ .

And at different frequencies, this phase difference will also be different, i.e.,
da−db

λ1
and da−db

λ2
, resulting in changed RSS values. By exploring such different100

RSS, we can build equations to figure the path length da out.

In the next subsection, we give a general framework of Fredi that exploits

the frequency diversity for RSS-based ranging.

2.2. Fredi general framework

Fredi ranging has a very simple framework (Fig. 2). Compared with the

standard RSS-based ranging, Fredi simply adds one more operation. After
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each RSS measurement, the transmitter and receiver should switch to another

frequency and collect the new RSS value. As long as all supported frequencies

are measured, we can make the computation. Supposing there are N different

frequencies, we thus can have up to N RSS measurements, denoted as ŝn, n ≤ N .

Our goal is to figure out all the dynamic factors that fit these measurements,

i.e.,

Input : λn, ŝn, n ≤ N

Output : d1

where d1 is the physical distance between the transmitter and receiver. Mathe-105

matically this is a curvature fitting problem that belongs to non-linear optimiza-

tion category. We however find that such problem has no standard methods and

needs a customized solution.

In the next we will present our DFT-based solution. To ease the presentation,

we will start from analyzing the simplest 1-path scenario, i.e., there is only one110

radio path between nodes, and gradually approach the ultimate goal, i.e., the

general scenario where there are an arbitrary, unknown number of paths, and

measurements contain errors and external radio interference. The road map of

the algorithm designs is in Tab. 1.

Tx Rx

Figure 2: General framework of Fredi
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Table 1: Algorithm design road map

Sec. M=1 M=2 M=3 M is
given

M is
unknown

With
noise

3.1
√

x x x x x
3.3

√ √
x x x x

3.4
√ √ √

x x x
3.5

√ √ √ √
x x

4.2
√ √ √ √

x
√

4.3
√ √ √ √ √ √

3. Ideal Scenarios115

In this section, we present the Fredi algorithm to solve the problem. We

start from the simplest 1-path scenario, and extend to two-path, three-path, and

finally to the general M-path scenario. In this section, we all assume the number

of paths is known and there is no measurement error or radio interference. Some

notations used in this paper are listed in Tab. 2120

Table 2: Notations
Description

N The number of support frequencies,
given

M The number of radio paths, unknown
λn The n-th wavelength, n ∈ [1, N ]
dm The length of m-th path, d1 is for

the LoS path
Γm The reflection coefficiency of the

m-th path, Γ1 = 1 is for LoS path
and Γm < 1,m ∈ (1,M ] is for NLoS
path

s(λ) The RSS model function with respect
to the wave length λ

ŝn The measured RSS at the n-th
frequency, n < N

ε The fitting error square between
s(λ) and ŝn

P (k) The DFT transformation sequence of
ŝn , k = 1, ąŋN

Pi i-th largest P (k), P1 = max(P (k))
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3.1. One-path Scenario

In the simplest one-path scenario, the solution is quite straightforward. Ra-

dio wave propagations follow the physical laws which are the foundation of wire-

less communications. During the propagations, radio wave energy field will fade

out. Consider a simple sine radio wave (more complex waves will be discussed

in Sec. 5). When the waves directly propagate to the receiver, a Line-of-sight

(LoS) path is established. The LoS path propagations can be modeled by the

Friss open space model where the energy field strength is

ELoS(t) =
√
GtGrPt√

4πd
sin(2πc

λ
t+ 2π d

λ
) (1)

Here Gt is the gain of the sender, Gr is the receiver gain, Pt is the transmission

power, λ is the radio wavelength, c is the light speed, d is the LoS path length

and t is the time. According to Eq. 1, under the single path scenario, the RSS

at different frequencies ŝn is independent of the frequency(Notice that RSS and

energy field strength are not same thing, RSS can be computed as below). Thus,

the LoS path length d, also the physical distance between the transmitter and

receiver, can be easily obtained by

GtGrPt
8πd2 = ŝn

Here Gt, Gr, Pt are hardware dependent that can be obtained in an offline

manner. Since this is a single-run operation, the overhead is acceptable.

3.2. Two-path Scenario

In this part, we first introduce the physical laws of multipath effect, and then125

derive the system model for the two-path scenario and propose our DFT-based

solution.

3.2.1. Multi-path effect

In practical environments, there can be two or more physical radio prop-

agation paths from the transmitter to the receiver, referred to as multi-path130
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phenomenon. The causes of the multi-path effect are many, such as the atmo-

spheric duct, refraction and reflection. Besides the LoS path, the other physical

paths are called Non-Line-of-Sight (NLoS) path.

NLoS paths change in direction of the signal waves at an interface between

two different media, resulting in the returned wave to the original medium. In

the indoor environments, the reflections typically occur at the surface of the

objects, walls, and the ground. With each reflection, partial energy will be the

transmittance, partial will be reflected, and the left is absorbed by the medium.

An NLoS path will introduce the energy field as

ENLoS(t) = Γ
√
GtGrPt√

4πd
sin(2πc

λ
t+ 2π d

λ
) (2)

where Γ ∈ (0, 1) is a reflection coefficient. Refraction is another source of the

NLoS paths. It has a similar effect and thus can also be modeled by Eq. (2).135

Notice that Eq. (2) can also express LoS path with Γ = 1.

Let d1 be the LoS path and d2 the NLoS one. When waves arrive at the

receiver through the two paths, the electromagnetic field at receiver is addition

of the two fields. Here, the ”field” is a vector that is a function of position and

time. The RSS (Received signal strength indication) is the time averaged power140

of the result of addition.

When waves arrive at the receiver through the two paths, their signals will

be added, and the RSS is the averaged power of the received signal, i.e., The

RSS can be expressed as Eq. (3) at the receiver and the details are at Sec.(10)

with n = 2.

s(λ) = Cλ2
N∑
t=1

(E1(t) + E2(t))2

N

= Cλ2( 1
2d2

1
+ Γ2

2
2d2

2
+ Γ2

d1d2
cos(d1 − d2

λ
)) (3)

where C = PtGtGr

480π2 is a hardware-dependent constant that can be obtained in

an offline manner, E1 is the energy field of the LoS path and E2 is of the NLoS
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Figure 3: A two-path scenario with d1 = 4, d2 = 10, and Γ = 0.5, and its DFT amplitudes;
there are two non-negative values, P (0) and P (d1 − d2)

path. As the convention, s(λ) in Eq. (3) is called model function.

Fig. 3 gives an example of Eq. (3). This is a typical trigonometric function145

that exhibits periodical properties. It has the periodical part cos(d1−d2
λ ) that

determined by the two path length difference d1−d2 and the wave length λ. The

rational in behind is that the radio waves from the two paths will experience

a phase difference ∆θ = 2π(d2−d1
λ −

⌊
d2−d1
λ

⌋
). It is determined by the path

length difference d2 − d1 and the radio wave length λ. The value d2 − d1 will150

not change, while λ is changing as the frequency changes. As a result, the phase

difference d2−d1
λ will change and exhibit certain periodic property.

For example, let d1 = 6m, d2 = 11m and the path difference is d2−d1 = 5m.

At 5.01GHz (λ1 = 0.0599), the phase difference is

∆θ = 2π( 5
λ1
−
⌊

5
λ1

⌋
) = 2π( 5

0.0599 −
⌊ 5

0.0599
⌋
) = π

The two path waves are destructive. At 5.4G, the phase difference becomes

∆θ = 0 which is completely constructive. At 5.85G (λ2 = 0.0513), it is again

∆θ = 2π( 5
0.0513 −

⌊ 5
0.0513

⌋
) = π and destructive. Indeed, as the frequency scans155

from 5.01G to 5.85G, the phase difference has been periodically changed for

( 5
λ1
− 5

λ2
) = 14 periods. In the next, we will show how to compute d1 based on

Eq. 3.
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3.2.2. DFT-based solution

Fourier analysis is a mathematical tool that helps to find periodic properties160

of a function. It decomposes the function into its constituent frequencies, and

the amplitudes at the frequencies will reflect the periodic strength at the cor-

responding frequencies. Notice that this “frequency” is not the same frequency

of radio waves in wireless communications. Fourier analysis has been widely

used in many fields and is particularly useful for functions with trigonometric165

components like Eq. (3).

Discrete Fourier Transformation (DFT) is a discrete method of Fourier anal-

ysis. Given a sequence of N discrete values xn , DFT transforms them into

another sequence of N numbers by the formula [5]:

P (k) =
∑N

n=1
xn · e−i2π

k
N n, k = 1, ..., N (4)

As P (k) is an even function with respect to k, in the remainder of this paper we

consider only the positive part of P (k), i.e., k > 0. The P (0) will be explicitly

identified besides P (k). We call k the P (k)’s index, and P (k) the DFT amplitude

indexed by k.170

Given a sequence of N discrete values xn = ŝn

c·λ2
n

and applying Eq. (4) on

Eq. (3), we have P (0) = 1
2d2

1
+ Γ2

2
2d2

2
and P (d1 − d2) = Γ2

d1d2
. Let Pi be the i-th

largest DFT amplitude among all P (k), i.e., P1 = max(P (k)) and so on, and

arg
k

(P1) be the x-axis index of P1, i.e., P (arg
k

(P1)) = P1. In two-path cases,

there is only one non-zero P (k), and thus P (d1− d2) = P1. As such, we rewrite175

the equations as


1

2d2
1

+ Γ2
2

2d2
2

= P (0)
Γ2
d1·d2

= P1

d2 − d1 = arg
k

(P1)

Here we have three unknowns d1, d2,Γ2 and three simple equations. The

solution is straightforward and omitted.
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Figure 4: A three-path case with d1 = 4, d2 = 10, d3 = 20, and all Γ = 0.5, and its DFT
amplitudes; there are four non-negative values including P (0)

3.3. Three-path case

Three-path cases are more complex than the two-path cases. An example180

of three-path case measurements and the DFT amplitudes are shown in Fig. 4.

When there are three paths, the model function s(λ) is

s(λ) = Cλ2
N∑
t=1

(E1(t) + E2(t) + E3(t))2

N

= Cλ2( 1
2d2

1
+ Γ2

2
2d2

2
+ Γ2

3
2d2

3
+ Γ2

d1d2
cos(d1 − d2

λ
)

+ Γ3

d1d3
cos(d1 − d3

λ
) + Γ2Γ3

d2d3
cos(d2 − d3

λ
)) (5)

Without lose of generality, assume Γ2
d2
≥ Γ3

d3
. Applying the DFT method on

this model function s(λ), we have (indeed, there are more equations but we do

not need them in this part)

P1 = Γ2

d1d2
, P2 = Γ3

d1d3
, P3 = Γ2Γ3

d2d3
(6)

where Pi is the i-th largest P (k). Noticing that

P3

P1 · P2
= Γ2Γ3

d2d3

/
Γ2

d1d2
· Γ3

d1d3
= d2

1 (7)

and thus d1 =
√
P3/P1 · P2. Eq. (7) is a foundation of our rest algorithm
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Figure 5: An M-path case with d1 = 4, d2 = 10, d3 = 13, d4 = 21, d5 = 40, all Γ = 0.5, and its
DFT amplitudes; there are 10 non-negative P (k)

design.

3.4. M-path case185

Suppose there are an arbitrary number of paths between the transmitter and

receiver and this number of paths M is known. In this scenario, we note that

Eq. (7) still holds but Eq. (6) does not work because there are many non-zero

values and we have no idea which three satisfy Eq. (7). The main tasks of this

subsection is then to identify three such DFT amplitudes.190

When there are M different paths, the RSS at the receiver can be expressed

as (details are at section.10)

s(λ) = C · λ2 · (
M∑
m=1

Γm
2d2
m

+
∑
m6=m′

ΓmΓm′

dmdm′
cos(dm − dm

′

λ
)) (8)

where dm and Γm are the m-th path length and reflection coefficient. Applying

the DFT method on s(λ) we get

 P (0) =
∑M
m=1

Γm

2d2
m

P (dm − dm′) = ΓmΓm′
dmdm′

(9)

Fig. 5 gives an example of ŝn and the DFT amplitude P (k) under a 5-path

scenario. According to Eq. (9), at each combination of k = dm−dm′ , there will

be a non-zero value P (dm−dm′) = ΓmΓm′
dmdm′

. In total, there are (M2 ) = M(M−1)/2195
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non-zero P (k). We call P (dm − dm′) the DFT amplitude induced by the dm
and dm′ paths. From this number of non-zero P(k) we need to identify three

P(k) satisfying that, the former two are respectively induced by the LoS path

and a NLoS path, and the last one is induced by the latter two NLoS paths. In

other words, the three should have the form as P (d1 − dm), P (d1 − dm′), and200

P (dm − dm′). For this we have,

Lemma 3.1. ∀m,m′ > 1, P (d1 − dm) > P (dm′ − dm)

Proof. Because of its very nature, the LoS path has the largest reflection co-

efficiency Γ1 = 1 and the shortest path length d1 compared with NLoS paths,

i.e., ∀m > 1, Γ1 = 1 > Γm and d1 < dm. Thus we have 1
d1
> Γm

dm
. Applying205

these two inequations in Eq. (9), we have ∀m,m′ > 1 P (d1 − dm′) = Γm′
d1dm′

>

ΓmΓm′
dmdm′

= P (dm − dm′)

Theorem 3.2. When M ≥ 3, the two largest DFT amplitude P1 and P2 must

be induced by the LoS path and a NLoS path respectively.

Proof. By Lemma 3.1, P1 must be induced by the LoS path and an NLoS path.210

Otherwise, it will be smaller than the amplitude induced by the LoS and NLoS

path and cannot be the largest one. Denote this NLoS path as m1.

We then prove that P2 is also induced by LoS path and another NLoS path

m2. We prove by contradictions. Assume P2 is induced by two NLoS paths

denoted as P (dm − dm′), dm, dm′ 6= d1. By Lemma 3.1, P (d1 − dm′) > P (dm −215

dm′). Recalling that P (d1−dm1) > P (dm−dm′) and P (dm−dm′) is the second

largest one, we have P (d1 − dm′) = P (d1 − dm1), and thus dm1 = dm′ .

By Eq. (9), we have

P (dm − dm′) = P (dm − dm1)

= ΓmΓm1

dmdm1

<
Γm
dmd1

(10)

= P (d1 − dm)
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In other words, P (dm− dm′) is less than both P (d1− dm) and P (d1− dm1),

and P (d1 − dm) 6= P (d1 − dm1). Thus P (dm − dm′) cannot be P2.

With this theorem, the identification of three amplitudes for Equ (7) becomes

straightforward. The two largest one DFT amplitude P1 and P2 will satisfy the

first two, and the third one P (dm − dm′) can be obtained by

dm − dm′ = (d1 − dm′)− (d1 − dm) = arg
k

(P1)− arg
k

(P2)

where arg
k

(Pi) is the index of Pi. Thus, we have

d1 =
√
P (arg

k
(P1)− arg

k
(P2))/(P1P2) (11)

Notice that Eq. (11) is an exact express. It will produce optimal solutions when220

all the input P1, P2, and P (arg
k

(P1)− arg
k

(P2) are accurate.

4. Robustness and Unknown M

The M-path algorithm in Sec. 3.4 is accurate and simple to adopt. It however

may produce large errors when there are measurement errors. The known M is

also an impractical assumption. In this section, we will show how to deal with225

these challenges by proposing a robust M-path algorithm with unknown M .

4.1. Limitations of M-path algorithm

One source of the errors is by the ŝn’s measurement errors. Such errors

may be introduced by hardware variations, system errors, or external interfer-

ence, which is inevitable and will propagate to P1, P2, P (arg
k

(P1) − arg
k

(P2)) ,230

and finally to d1. Notice that Eq. (7) is very sensitive to P (k) values, while

P (arg
k

(P1)− arg
k

(P2)) the M-path algorithm is typically very small and easy to

be impaired by noises.

Another important source of the errors is by the so-called spectral leakage

[6] from DFT method itself. Roughly speaking, DFT processes only discrete235

15



5.0 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9

0.04

0.08

0.12

0.16

0.20

Frequency (GHz)

R
S

S
I m

ea
su

re
m

en
ts

 (
db

m
)

−50 −25 0 25 50
0

0.1

0.2

0.3

0.4

0.5

Index k of P(k)

D
F

T
 A

m
pl

itu
de

Figure 6: Real measurements of RSS and the DFT amplitudes

values, requiring the index k to be integer. This requirement may not (indeed,

often not) be satisfied as k = dm− dm′ is controlled by the path lengths. When

k = dm − dm′ is not an integer, P (dm − dm′) will be “leaked” out of dm − dm′

to some nearby integer-indexed P (k).

Figure 6 gives an example of real measured ŝn and the corresponding P (k).240

4.2. Robust M-path algorithm

To be robust to the input errors, a key observation is that the large am-

plitudes (e.g., P1, P2 in Eq. 7 are robust while small values (e.g., P (arg
k

(P1) −

arg
k

(P2))) are more prone to be impacted. Accordingly, in our robust DFT-based

algorithm, we prefer to use large P (k), e.g., the largest Pi.245

Towards this end, we notice that ∀m

Γ2
m

d2
m

= Γm
d1dm

· Γm
d1dm

/
1
d2

1
= P (dm − d1)2

/
1
d2

1
(12)

As d1 < dm and Γm < 1, in general we will have 1
d2

1
� Γ2

m

d2
m

. Here we take an

approximation by letting

1
d2

1
≈ 1
d2

1
+
∑M

m=2

Γ2
m

d2
m

= 2P (0)
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Robust M-path algorithm (M is known)
Input Ŝn, C, λn
Output d1

1.P(k) =
∑N
n=1

Ŝn

c·λ2
n
· e−i2π

k
N n, k = 1, ...N

2.Find M largest DFT amplitudes
P1,P2, ..., PM

3.d1 = 1/
√
P (0)−

∑M
i=1 P

2
i /2P (0)

Figure 7: Robust M-path algorithm where M is known

By this approximation, we have

Γ2
m/d

2
m ≈ P (dm − d1)2/2P (0)

Substituting it in Eq. (9) obtains

d1 = 1/
√
P (0)−

∑M
m=2

Γ2
m

d2
m

≈ 1/
√
P (0)−

∑M
m=2 P (dm − d1)2/2P (0)

(13)

By Lemma 3.1, we can safely assume that the top M DFT amplitudes P1, ..., PM

are all induced by the LoS and an NLoS path but not two NLoS paths. Under

this assumption, we design a robust M-path algorithm in Fig. 7. In Sec. 5.3,

we will bound the error introduced by this approximation.

4.3. Determination of path number M250

Another critical issue is the determination of the number of paths M . In a

nutshell, for each possible M value we will apply the robust M-path algorithm,

evaluate the corresponding fitting error square

ε =
∑N

n=1
(s(λn)− ŝn)2

and select the one producing the minimal error.

The psudo-code of the whole algorithm with determination of M is given in
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Fredi algorithm (unknown M)
Input Ŝn, C, λn
Output d1
1.For M=1 to a reasonably large number,

say 20
2. Robust M-path algorithm to compute d1
3. For m = 1 to M
4. dm = d1 + arg

k
Pm

5. Γm = Pm · d1 · dm
6. End for
7. For each λn, compute s(λn)
8. Compute ε =

∑N
n=1 (s(λn)− ŝn)2

9.End for
10.M = arg

M
min(ε)

11.Output d1 with the corresponding M

Figure 8: Robust M-path algorithm where M is unknown

Fig. 8. In line 1, we try M from 1 to 20. It is worth noting that though in

theory M can be any, in practice, it should be not too large and a reasonably

large number, say 20, will work. In our experiments, M seldom exceeds five.255

For each M , we apply the robust DFT algorithm to compute d1. When d1 is

available, all the other parameters dm and Γm can be calculated accordingly

(line 4 and 5). With all these parameters, we can reconstruct the RSS model

and compute the fitting error square ε. The M producing the minimal fitting

error will be selected and the corresponding d1 is the final solution.260

5. Analysis and Discussions

In this section, we give some analysis and discussions on Fredi. We first

investigate the impact of signal modulation scheme, and demonstrate that it

has no significant negative effects to our solution. We then show that certain

degree of external radio interference will not severely affect our accuracy either.265

In the last part, we give a bound to the approximation error we introduced.
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5.1. Impact of signal modulation scheme

On all above, we assume the signal modulation is simple sine wave. In real

transmissions, we usually transmit modulated signals. Modulation is typically

done by changing the sine wave frequency, amplitudes, or phase. This section270

will analyze the impact of the modulation scheme.

A first concern of the modulation scheme is that our model takes waves from

all paths into account, while in practice some fraction of the waves may be the

combination of only some paths. We argue that on one hand, this concern is

true. On the other hand, the problematic fraction is negligibly small.275

For example, suppose there are two paths and the path length difference is

4m. Suppose we are using 5.5G and the wavelength is 0.0545m. Thus there

will be 4/0.0545 = 73 periods of latency between waves of different paths. In

other words, except the very beginning 73 periods and the very end 73 periods,

the other parts are valid combinations from the both paths. Suppose the data280

rate is 100Kb, and each data bit is represented by 5.5G/100K=55K periods. For

transmitting each bit, 73/55K=0.14% waves will be affected, which is negligible.

As higher data rate transmission may impair the results, we suggest lower data

rate when ranging.

5.2. Robustness on external interference285

Till present, our methods assume that the input Ŝnmeasures the signal

strength from the transmitter only. In practice, the wireless spectrum, espe-

cially the ISM bands are very crowded and the RSS measurement may take

radio energy of external signals (i.e., from another independent transmitter) in-

to account. As a result, certain values in the sequence of Ŝnmay contain large290

errors. Fig. 11 gives an example of Ŝn and its P(k) with 5.1G being interfered.

In the next, we will give analysis on the impact of such external interference

The external radio interference can be described using a pulse interference

model, i.e.,

g(λ) =

 a, |λ− λ0| < τ

0, |λ− λ0| > τ
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Figure 9: An example of external interference at 5.1G

where λ0 is the central frequency of the interference radio and τ defines the

range of the interference. The received signal at the receiver is the combination

of s(λ) and g(λ). Applying the DFT method, we have

P ′(k) =
∑λN

λ=λ1

s(λ) + g(λ)
c · λ2

n

· e−i2π
k
N n (14)

= P (K) +
∑λN

λ=λ1

g(λ)
c · λ2

n

· e−i2π
k
N n (15)

= P (k) + 2a · τ · sin(k)/k (16)

where P(k) is the DFT amplitude of the original signal, and the latter part

2a · τ · sin(k)/k is introduced by the external interference. Noticing sin(k)/k in

Eq. (16), we can find that by DFT the external interference g(λ) is “diluted”295

to amplitudes near P (0), and therefore its impact is effectively reduced. An

example of Fredi algorithm with single external interference is shown in Fig.

9, and we will make a comprehensive investigation on the impact of external

interference in Sec. 6.6.

5.3. Bounding approximation errors300

In robust M-path algorithm design we take an approximation 2P (0) ≈ 1
d2

1
+∑M

m=2
Γ2

m

d2
m

to approximate 1
d2

1
. In this part, we will give an analysis on the errors

introduced by this approximation. Let d̂1 denote the real LoS path, and d1 be

the value produced by our M-path algorithm. We have the conclusion.
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Theorem 5.1.
1
d̂2

1
− 1
d2

1
=

(
∑M
m=2 Γ2

m/d
2
m)2

1/d2
1 + (

∑M
m=2 Γ2

m/d
2
m)2

We omit the proof due to space limitation. As d1 < dm and Γm < 1, we305

have 1
d2

1
� Γ2

m

d2
m

, and thus 1
d̂2

1
− 1

d2
1
→ 0. We believe this degree of errors is

acceptable and better approximation schemes are left for future work.

6. Performance Evaluations

In this section, we evaluate the performance of Fredi through experiments

based on real implementation. We first introduce the experiment setup, and310

present the experimental results in detail.

6.1. Experiment setup

We implement the complete Fredi method using the GNU USRP2 platform

[7]. We select the USRP2 platform as it provides the full control for physical

layer information, which is extremely helpful to analyze the experimental data.315

The RFX5500 daughter boards are used to support frequency hopping from

5.0G to 5.9G. During ranging process, the transmitter sends out packets that

carry the frequency hopping information. The receiver receives the packets,

decodes to synchronization information, and measure the RSS of the packets in

the meanwhile.320

In our experiments, up to N measurements are record for one ranging pro-

cess, and in later sections we will investigate the impact of N . Each RSS value

is averaged from five runs, and all the data are transmitted back to a PC and

processed in a centralized manner. The hardware-dependent parameters are

obtained in an off-line manner. As this is a single-run operation, the overhead325

is acceptable and in practice, this value can be measured by the manufacturer

during the hardware production. We conduct the experiments in three indoor

environments, though Fredi is general enough that does not need to be indoor.

As illustrated in Fig. 11, 10, 12, the three are typical office, hall, and exhibition

area.330
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Figure 10: Hall Figure 11: Office Figure 12: Exhibition

To investigate the effectiveness of Fredi, we also implement the tradition-

al RSS-based ranging(N=1) in the same test-bed and make comparisons with

Fredi. In our designs, RSS measurements are the only input and no other in-

formation is employed. To make a fair comparison, we do not use any other

information in traditional methods either. Thus, traditional RSS-based algo-335

rithms can do very little. Given the hardware-dependent parameter C as in

Fredi design, we adopt the open space model (Eq. (2)) to compute the theoret-

ical RSS, compare the measured RSS values with the theoretical ones, and map

the RSS values to the corresponding distances.

In our experiments, we evaluate only one metric, ranging accuracy. Given340

the real distance d̂1, we record the measured distance d1, and the error by

comparing them.

6.2. Effectiveness of robust DFT-based algorithm

In the first set of experiments, we investigate the original M-path algorithm

and the robust M-path. Notice that since we are in real environments, we have345

no knowledge about M . The experiments are conducted in the first ”hall” envi-

ronment. For each environments, we conduct experiments at three completely

different positions labeled as ”Position 1”, ”Position 2”, and ”Position 3”.

Fig. 13 plots the ranging measurement errors against the real distance

using the original M-path algorithm. We can find that there is no clear re-350

lation between the measured and real distances. We believe this is because

the idealized method fully depends on the input of the third DFT amplitude
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Figure 13: Ranging results
of original algorithm
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Figure 14: Fredi in hall en-
vironments
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Figure 15: Fredi in exhibi-
tion environments

P (arg
k
P1 − arg

k
P2)/(P1 · P2). In practice, it can be quite small and is largely

deviated from the true value due to the measurement noise and DFT leakage.

Fig. 14 shows the results by the robust M-path algorithm under the same355

environment. The accuracy of the ranging greatly improves compared with the

original one. Within 4m, the accuracy is within 0.5m, and within 6m, the range

error is no more than 1m. Beyond 9 meters, there is a sharp degradation of

the accuracy to 2.2 meters. In later Sec. 7.1, we will explain why there is a

sharp degradation beyond 9m. In short, the core reason is due to the imperfect360

antennas which will introduce the polarization problem. The consequence is

that when the transmitter and receiver are set at a specific distance (9m in this

case), an NLoS path will be counted as a LoS path and thus the accuracy will

be significantly affected. Because of such un-expected behavior due to hardware

constraint, in later we only evaluate the performance within 6m.365

6.3. Impact of the changing environments

We conduct the same experiments in the other two environments and the

results are shown in Fig. 15 and Fig. 16 respectively. For the ”exhibition”

environments, the results are similar. Within 4m, the error is about 0.5m, and

within 6m, the error is about 1m. For the more complex office layout, the370

performance is slightly demoted. In most cases, the performance is similar to

the other environments, while there is one exception. At the position 3, 4m, the

ranging error is 1.3m. We believe these are again due to the imperfect antennas.
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vironments
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Figure 17: Impact of N in
hall environments
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Figure 18: Impact of N in
office environments

6.4. Impact of N

Different transceiver hardware may support different number of frequencies.375

For example, the 802.11 b/g devices support up to 13 channels (central frequen-

cies), and TelosB sensor nodes can switch to 16 frequencies. In this part, we

investigate the impact of the number of measurement N on the ranging accu-

racy and all the three environments are investigated. Notice that when N = 1,

it becomes the traditional method of no frequency diversity being exploited.380

Fig. 17, 18, 19 investigate the impact of N on ranging performance for

different environments. We vary N = 1 to N = 500. For ease of presentation,

we only show some representative results. Fig. 17 is for the ”hall” environment

where the multipath effect is not as severe as the other two. From the results,

we find that when N is less than 16, the ranging error is quite high, and more385

importantly, the measured distance is not a monotonic function of the real

distance. Such performance can hardly be accepted in practice. For scenarios

of N > 16, the performance greatly improves. We further notice that there

is not a great incentive to further increase N . The performance gap between

N = 16 and N = 500 is less than 10 percent. Similar results are observed in390

the other two environments as shown in Fig. 18 and 19.

6.5. Comparisons with traditional methods

In this part, we make comparisons between Fredi and the traditional RSS-

based ranging. We implement the traditional RSS ranging as Sec. 6.1 described.
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Figure 19: Impact of N in
exhibition environments
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Figure 20: Traditional RSS
ranging in hall
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Figure 21: Impact of exter-
nal radio interference

Fig. 20 shows the ranging accuracy of traditional RSS in the same hall environ-395

ment. For each setup, we use an errorbar to depict all the results.

We observe that when the transmitter and receiver are very close to each

other, i.e., d1 = 2, traditional methods can perform pretty well. The ranging

accuracy is within 1m and the results are very stable. This is because in this

close distance, the LoS path waves will exhibit preeminent advantages by its400

shorter length and no reflection lose. In addition, at this distance, there are not

too many, if any, NLoS paths, and thus the impact of multipath effect is little.

Beyond three meters, the advantages of LoS path waves becomes weakened, and

more NLoS paths appear. Consequently, the ranging errors sharply increase and

performance fluctuate dramatically. At three meters, the measured distance er-405

ror ranges from 0.06m to 38.33m. Notice that our experiments are conducted in

the daily office environment (you can see a person passing through our test-bed

in pic. 11), the environment is keep changing and the multi-paths are dynami-

cally generated and disappear, and thus the raw RSS fluctuate dramatically. As

the distance further increases, the performance of traditional methods further410

degrade. We even observe a measured distance error as 96m when the real dis-

tance is only 6m. Besides this exceptional errors, the other results are similar

regardless the read distance.
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Figure 23: Fredi in exhibi-
tion environments
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with Huygens effect

6.6. Impact of the external interference

In Sec. 5.2, we investigate the robustness of our Fredi algorithm against415

the external radio interference. Besides the transmitter and receiver, we setup

other USRP devices to generate external interference and up to 9 frequencies

are interfered. The selection of the interfered spectrum is random with all

results reported. The number of interfered spectrums varies from 1 to 9. The

transmission frequency is from 5.0G to 5.9G. Every interference has 30M band.420

The real distance between the transmitter and receiver is fixed to 6m and results

are shown in Fig. 21 with error bars.

Clearly the external radio interference greatly deteriorates the accuracy of

the RSS-based ranging. We believe more affected channels will further impair

the accuracy and more robust designs are left for future work.425

7. Discussions

In this section, we discuss some more practical issues for RSS-based ranging.

7.1. Antenna polarization

In this section, we explain why the performance becomes un-stable beyond

7m. A critical assumption in our work is that the antenna is omni-directional.430

Under this assumption, since LoS path has the largest amplitude. In practice,

however, this is not always true as antennas are always directional. Waves emit-

ted out of certain directions are stronger than other directions. Consequently a
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NLoS path wave, when it is along the antenna-favored direction, may stronger

than the LoS one.435

Figure 22 shows the antenna gain of two antennas we have use, a big one

with larger gain and a small one with less gain. The x-axis is the direction and

the y-axis is the antenna gain along the direction. We can find that the big

antenna has the largest gain at 20 degree, and the difference between different

directions is up to 12 times. An NLoS path wave omitted through 20 degree440

is very possible to exceed the LoS path wave, and thus is falsely treated as the

LoS path.

Yet we have no solutions for antenna polarization, we adopt a small antenna

in our experiments. It performs much better than the big one, though it is still

not a perfect omni-directional antenna. Ranging results with these two antennas445

are depicted in Fig. 23.

7.2. Huygens Effect

Similar to the light, the electromagnetic wave also has an ability to diffract.

When the sender and receiver are both too near to the ground, the so-called

Huygens effect will appear and the energy model in Eq. (eq1) will fail and we450

can only adopt Eq. (17). Let k =
√

2
rλ , and we have


Q1(ka) =

∫ ka

0
cos πu

2

2 du

Q2(ka) =
∫ ka

0
sin πu

2

2 du

sa = 1
2s{[

1
2 −Q1(ka)]2 + [12 −Q2(ka)]2}

(17)

where s is the Eq. (2) by open space model. Figure 24 shows the antenna

gain at different heights by Hugyens model Eq. (17), and Fig. 25 shows the

ranging results with different heights. As we typically have no knowledge on the

conductivity of the land, the ranging behavior near ground is hard to predict.455

We therefore suggest that in the indoor environment, ranging should be done

for positions above 1m.
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Figure 26: Impact of close paths with
respect to supported frequencies

7.3. Impact of close paths

In practice, we can only measure a limited number of different frequency

RSS. We thus have a limited capability for the DFT. Notice that when two460

paths are very close to each other, by Eq. (7) DFT-method may not be able to

distinguish they two, resulting large errors. This is particularly true for NLoS

paths being close to the LoS one.

To investigate the impact of close paths in practice, we set LoS path as

6m and the NLoS path as 6.5m by placing a metal object nearby. We vary the465

scanned frequency as Fig. 26 x-axis indicates. We can find that increasing range

of the frequency can effectively address the problem. When only 0.1G spectrum

is scanned, the range error is huge, and when more are allowed, say from 5.2 to

5.7, it is with 2.2m. When 5.0-5.9 is allowed, it is with 0.5m. We further vary

the NLoS path from 6m to 8m by setting a metal object near the LoS path.470

The results are shown in Fig. 26. From the figure, we can see expand the range

of the measurement frequency the measurement error will be smaller.

7.4. Changing Environment

Changing environment is one of hard problems in RSS-based localization

method. For example, in fingerprint based methods [2] [8], a radio map should475

be updated by costly human labor works whenever environment is changed. For
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example, moving people, closing a door and moving a cup may cause the indoor

environment changing.

This changing environment can induce dynamic multi-path effect. If Fig.

6(a) is derived from a changing environment to indicate the multi-path effect,480

the measurements would get changed over time. However, the time it takes to

compute RSS (milliseconds), in theory, is much shorter than the time between

the movements of humans. We can consider that at one point, the environment

and multi-path effect are static. Fredi can use multiple frequencies on this one

time point to compute the distance. Therefore, changing environment has no485

effect on Fredi.

7.5. Limitations

Fredi does not support transition or attenuation in the propagation medium

through walls. Therefore, Fredi cannot measure the distance for a target behind

a wall. To address this problem, we can leverage the idea of finger-print-based490

methods to measure the distance through the wall. Second, we discuss the

antenna polarization problem (Section 7.1) but yet have no clear solutions to

deal with it. Third, the close paths problem (Section 7.3) and the Huygens effect

problem (Section 7.2) can only be alleviated by using some practical methods.

For example, the anchor may not be placed on the floor.495

7.6. Scalar Power

There are some others effects of electromagnetic propagation, which are not

possible to capture by received scalar Power values only, such as transmission

time, Angle-of-Arraival, interferometric geolocation, and doppler effects. Some

of them can be used in indoor localization (Discussed in Section 8). However,500

these methods often require special or expensive hardware. For example, Time-

of-Arrival [9] utilizes transmission time to compute the distance. In the indoor

environment, from anchor to target, the distance is short as meters in majority

cases. Therefore, transmission time is too short to be measured by a commonly

used business equipment — customized equipment will be needed.505
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As part of the future work, we may improve Fredi accuracy by using existing

methods, which are not scalar power based (e.g., TODA). The exploration of

new feature of electromagnetic propagation is also a good direction for indoor

localization.

8. related work510

RSS-based ranging has been an active research area for decades of years.

Because of the multi-path and many other practical issues, the RSS cannot be

simply converted to the ranging and various techniques have been proposed.

We classify the existing methods into two categories, namely model-based and

fingerprint-based.515

In the model-based approaches, a radio propagation model is established to

predict the RSS at the different distances. As the simple radio propagation

model performs badly in practice, various new models have been proposed. For

example Lim et al. [10] used the LDPL model, and ARIADNE [11] adopted

a ray-tracking model based on floor maps. In these works, the more inputs520

for building models were obtained a larger deployment of measurement nodes

(e.g., AP). As the model parameters are quite different for differen nodes, these

approaches are limited in dynamic environments. None of them exploited the

frequency diversity yet.

In the fingerprint-based approaches (e.g., RADAR [2] and PinLoc [8]), an525

RF signal map is build in a pre-deployment stage. Users match the measured

RSS with this map to obtain their locations. LANDMARC [12] localizes nodes

by finding some reference nodes who has the similar RSS with the target n-

odes. Besides these deterministic approaches, probabilistic approaches are also

proposed such as [13, 14, 15, 16, 17]. For example, Horus employs a stochas-530

tic model to describe the RSS map and adopt a maximum likelihood based

approach. Ambience information can also be used to build the fingerprint [18].

Fingerprint-based approaches can effectively address the multipath issue but are

limited to static environments where the environment parameters do not change.
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In dynamic environments, e.g., people are moving around causing more radio535

paths, the fingerprint may fail to capture the location features. In that scenario,

the map has to be rebuild, which is often too costly. Coarse grained map [19]

can cut down the pre-deployment overhead, while the efforts are still substantial

and the cost is the ranging accuracy. Zee localization [20] is a fingerprint-based

approach. It uses smartphones and places to match user paths into an indoor540

map. There are some constrains on the map, such as wall and barrier. For

example, people cannot pass through a wall. Based on these constrains, Zee can

achieve more accurate localization. LiFS [21] was developed for wireless indoor

localization using smartphone-based crowdsourcing. LiFS estimates a RSS map

in user traces using inertial sensors. AcMu [22] can automatically update wire-545

less indoor RSS map by exploiting the static behaviors of users’ mobile devices.

These approaches require recording RSS values into a RSS map and maintaining

the map in the presence of environment changes. In contrast, Fredi does not

require human participation for creating the RSS map or additional effort for

maintaining the map.550

In addition to RSS-based ranging, which uses scalar power of electromagnetic

propagation, there are some other indoor ranging techniques using other fea-

tures of electromagnetic propagation, such as Angle-of-Arrival (AoA)[23][24],

Time-of-Arrival[9] [25][26][27], Time-Difference-of-Arrival [28][29], light-based

[30], interferometric geolocation [31], and Doppler effects [32]. These approach-555

es are always based on the assumption of single LoS path and they often requires

special hardware to obtain the required information. Interestingly, some recent

works uses the common-off-the-shelf hardware to realize the above principles.

For example, Borealis [33] is AoA-based but finds the direction of an AP by

rotating the receiver around a signal blocking object. SpinLoc [34] extracts560

the physical layer information provided by hardware driver to get the direction

information. To the contrast, Fredi does not require any special hardware, phys-

ical layer information, or interactions from the users. All operations are done

in a automatic and user-transparent manner.

A very important related work is proposed by Rallapalli et.al [35]. They565
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noticed the frequency diversity of RSS measurement but simply used the average

to represent the RSS. In fact, all the RSS values at the different frequencies are

correct. The difference exists because of the wave phases. Another similar

work is done by Zhang et.al [36] which formulates the problem as a non-linear

optimization problem. They solve the problem with very strict constrains and570

thus can be applied in very limited scenairos. The third important related work

is proposed by Wu et.al [37] which also explore a method to overcome the multi-

path effect. They need more information extracted from physical layer besides

RSS. Special hardwares are needed at the receiver.

9. Conclusion and Future Work575

Frequency diversity provides a powerful tool to address the multipath ef-

fect and the radio interference. By frequency diversity, RSS measurements at

different frequencies will be fundamentally different, which help us to build a

mathematical model to figure out all the dynamic factors. Compared with the

traditional methods to deal with multipath effect and radio interference, Fredi580

is simple and easy to employ. The only input is the RSS measurement, no phys-

ical layer information is needed, and no cooperation between nodes are needed.

The only requirement is to quick measure the RSS at different frequencies so

that the dynamic factors will not likely to change during the measurement. By

current off-the-shelf hardware, this is a reasonable requirement. Experimental585

results show that attractive performance of Fredi. In all three environments,

the ranging error is consistently no more than 0.5m within 4m and no more

than 1m within 6m, compared with the traditional method of up to 100m in

the same environment.

The work can be carried on along the following directions. First, we will590

implement Fredi using hardware platform rather than USRP-2 and build a lo-

calization and tracking system. Second, we discuss the antenna polarization

problem but yet have no clear solutions to deal with it. Third, we will allevi-

ate the negative impact of Huygens effect. Forth, we attempt to address the
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limitations of the hardware when different paths are very close. Fifth, ranging595

without line of path is a problem that needs to be solved in Fredi. The idea of

finger-print-based methods is a potential solution. Finally, some other features

besides the scalar power of electromagnetic propagation may be used to help

improve the accuracy of Fredi.

10. Proof of the Equation(8)600

s(λ) = λ2 ·
N∑
t=1

(E1(t) + E2(t) + E3(t) + ...+ En(t))2

N

= C · λ2 ·
N∑
t=1

( λd1
sin( 2πc

λ t) +
n∑
s=2

λ
d2

Γs sin( 2πc
λ t+ d1−ds

λ · 2π)

N

+ 2
n∑
i=1

n∑
j=1

λ
di

Γi sin( 2πc
λ t+ d1−di

λ · 2π) · λdj
Γj sin( 2πc

λ t+ d1−dj

λ · 2π)
N

∵
1
N

N∑
t=1

λ2

d2 sin2(wt+ ψ) = λ2

2d2 (18)

∵ sin(wt) · sin(wt+ ψ) = cos(ψ)− cos(2wt+ ψ)
2

∵
1
N

N∑
t=1

cos(t) = 0

∴ s(λ) = C · λ2 · (
N∑
t=1

Γn
2d2
m

+
∑
m 6=m,

ΓmΓm,

dmdm,

cos(dm − dm
,

λ
))
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