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Radio Positioning Based on Small-Loop

Antenna Array∗

Shinichi Watanabe

Abstract

Location-aware systems attract much attention in the fields of wireless tech-

nologies and mobile computing. There are several applications which only require

the region identification of an object and not the precise position of the object.

Battery capacity and digital circuit of a mobile device are limited, simple location

detection technique is required.

Required detection size and accuracy are different by services. Since, high

accuracy techniques needs high calculation cost and large hardware, we need

to decide a detection technique according to required accuracy. Conventional

techniques can detect coordinates in 2 or 3 dimensional space they are not always

suited for any services. The simplest location detection is region determination.

We determine the mobile device is in a certain region or not. This paper propose

a technique that we set a transmitter on the border, a receiver determines relative

position of the transmitter.

To determinate a tag’s region, we use a signal modulated by Direct-Sequence

Spread Spectrum; DS/SS and loop antenna array combination. The transmitter’s

small-loop antennas array makes different direction magnetic fields by 2 regions,

we can detected the directions and determinate our region by simple signal pro-

cessing. It is calculating a inner product of DS/SS signals.

∗Doctoral Dissertation, Department of Information Systems, Graduate School of Information

Science, Nara Institute of Science and Technology, NAIST-IS-DD1061025, June 15, 2016.
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We derive a mathematical model of the proposed receiver from signal processing

at receiver’s demodulator, we theoretically analysis the model using characteristic

function, and evaluate a difference between theoretically analysis and simulator.

The theoretical analysis agrees with the simulation result. The difference is at

most 1.3 dB at error rate of 10 5. We can see in the figure that the inner product

is positive with high probability in the upper half circular region. Meanwhile, we

can see in the figure that the inner product is negative with high probability

in the lower half circular region. Numerical example shows that the proposed

technique can identify the region of 2 by 3 meters at the region determination

error rate of less than 10−2. We find region determination is difficult in the region

distant from the transmitter and around border far from the transmitter. In the

other area, we can determinate receiver’s existing region. When two antennas are

close to each other, some of the energy in one antenna is coupled to the other,

which is referred to as mutual coupling. Numerical example shows that mutual

coupling doesn’t have much influence on detection accuracy and detection area.

Region determination error rates of the proposed technique are 0.2 and 0.4 times

as conventional technique based on RSS (Received Signal Strength). Amount of

calculation in proposed technique is about 1% less than conventional technique

based on least square. We evaluate hardware size, the proposed technique can be

configured by 3-bit ADC (Analog-to-Digital Converter) and 5-bit Integrate and

Dump filter.

Keywords:

Small-loop antenna arrays, Region determination, Magnetic fields, Extended M-

sequence, Correlation
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1

T c(t) c(t) τ

c(t− τ) R(t) c(t)
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∫ T
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c(t)c(t− τ)dt

(3.1)
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1 0 0 0
01234

clock

3.5

M 3.5

LFSR: Linear Feedback Shift Register

N N = 2k − 1 k 2

M

R(τ) =

{
1− N+1

N
|τ |
Tc
; mT − Tc ≤ τ ≤ mT + Tc

− 1
N
; otherwise

(3.2)

m

(3.2) PN 0

1 0 1 1 -1

M

M N = 2k − 1 M

1 N = 2k M

0 2k−1 − 1 1 2k−1 M

M 0 1 0 1
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R2p(k) R2p(k) ≥ R2p(k + 1)

k = 3, 4, 5

R2p(k) = 1
2k−2 for k = 3, 4, 5 (3.3)
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N−1∑
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N−1∑
n=0
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u(t) =
∞∑

k=−∞
ckf(t− kTc) (3.5)

s0(t) = Re [exp (j2πfct) u(t)] (3.6)

Tc Re[z] z

f(t) =
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0; otherwise
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a θ La Lb
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Bx1 =
3μ0I2l

2xy
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5
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3μ0I1l
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) 5
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− 3μ0I3l
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4
(
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(3.10)
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μ0I1l
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3.6.3

3.10

La Lb Va

Vb

Va = k1 〈B1, a〉+ k2 〈B2, a〉 (3.12)

Vb = k1 〈B1,b〉+ k2 〈B2,b〉 (3.13)

a = (− sin θ, cos θ) b = (cos θ, sin θ) a b

B1 = (Bx1, By1) B2 = (Bx2, By2) L2

L1 L3 〈B1, a〉 B1

a k1 k2

3.6.4

ra(t) ra(t− τTc) za

(3.12) DS/SS na

ra(t)

ra(t) = k1 〈B1, a〉 u(t) + k2 〈B2, a〉 u(t− τTc) + na(t)

(3.14)

za

za =
1

T

∫ T

0

ra(t)ra(t− τTc)dt

=
1

T

∫ T
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(
(〈B1, a〉 k1)2 u(t)u(t− τTc) + 〈B1, a〉 〈B2, a〉 k1k2u(t)u(t− 2τTc)

+ 〈B1, a〉 〈B2, a〉 k1k2u2(t− τTc) + (〈B2, a〉 k2)2 u(t− τTc)u(t− 2τTc)

+na(t) (〈B1, a〉 k1u(t− τTc) + 〈B2, a〉 k2u (t− 2τTc))

+na(t− τTc)
(〈B1, a〉 k1u(t) + 〈B2, a〉 k2u(t− τTc)

)
+ na(t)na(t− τTc)

)
dt

(3.15)
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τ = N
2

u(t− 2τTc) = u(t) u(t) M

R(τ) =
1

T

∫ T

0

u(t)u(t− τTc)dt

=

{
1; τ = mN

0; otherwise
(3.16)

m 2 u(t) u(t− τTc)

(3.16)

za = 2 〈B1, a〉 〈B2, a〉 k1k2 + 1

N
Na3Na4

− 1

N
(Na1 +Na2)

( 〈B1, a〉 k1 + 〈B2, a〉 k2
)

(3.17)

Nan (n = 1, 2, 3, 4) Nbn
N0T
2

zb

zb = 2 〈B1,b〉 〈B2,b〉 k1k2 + 1

N
Nb3Nb4

− 1

N
(Nb1 +Nb2)

( 〈B1,b〉 k1 + 〈B2,b〉 k2
)

(3.18)

zd = za + zb (3.17) (3.18) y ≥ 0

L1 L3

L2

zd ≥ 0 y ≤ 0

L1 L3 L2

zd ≤ 0 zd

y ≥ 0 y ≤ 0
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V1

V2

V3
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⎡
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⎥⎥⎦
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I ′2
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⎥⎥⎦ (3.19)
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V1 = jωLI1 (3.20)
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V3 = jωLI3 (3.22)

I3 = −I1 M12 = L
(
l
d

)2
M13 =
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Δ
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1

8
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− 2

(
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d

)4
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1

Δ

(
1

8

(
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d
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−
(
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d
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I2 (3.23)
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I ′2 =
1

Δ

(
1− 1

64

(
l

d

)4
)
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Δ =
1
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(
l

d
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(
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4.2.

r(t) = h0u(t) + h1u(t− τTc) + z(t) (4.1)

hi(i = 0, 1)

z(t) AWGN: Additive

White Gaussian Noise

rk = h0ck + h1ck+τ + zk (4.2)

ck = c(kTb), rk = r(kTb), τ = N
2

ci(i = k, k+ t−τ)

M zk = z(kTc) AWGN

uk = Re
[
rkr

∗
k+τ

]
(4.3)

uk N

y =
N−1∑
k=0

uk (4.4)

y

4.3.

k

rk = [rk, rτ+k, rN+k]
T (4.5)
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rk = h0

⎛
⎜⎜⎝

ck

cτ+k

cN+k

⎞
⎟⎟⎠+ h1

⎛
⎜⎜⎝

cτ+k

c2τ+k

cN+τ+k

⎞
⎟⎟⎠+ z

= h0

⎛
⎜⎜⎝

ck

cτ+k

ck

⎞
⎟⎟⎠+ h1

⎛
⎜⎜⎝

cτ+k

ck

cτ+k

⎞
⎟⎟⎠+ z (4.6)

c2τ+k = cN+k = ck ck N

z = [zk, zτ+k, zN+k]
T (4.7)

R =
1

2
E
[
r∗kr

T
k

]
= [ρik]i,k=0,1,2 (4.8)

i k

ρik =

{
σ2 (i = k)

0 (i �= k)
(4.9)

uk = rHk Frk, (4.10)

F =

⎛
⎜⎜⎝

0 1 0

1 0 1

0 1 0

⎞
⎟⎟⎠ (4.11)

.

X = y p(X)

G(ξ) =

∫ ∞

−∞
p(X)ejξXdX

=
exp

{
− 〈r〉T∗

2
(R∗)

[
I− (I− 2jξR∗F)−1] 〈r〉}

det(I− 2jξR∗F)
(4.12)
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[51] β = 2jξσ2

det(I− 2jξR∗F) = det(I− βF)

=

∣∣∣∣∣∣∣∣
1 −β 0

−β 1 −β

0 −β 1

∣∣∣∣∣∣∣∣
= 1− 2β2

= 1 + 8ξ2σ4 (4.13)

I− (I− 2jξR∗F)−1 = I− 1

1− 2β2

⎛
⎜⎜⎝

1− β2 −β −β2

−β 1 −β

β2 −β 1− β2

⎞
⎟⎟⎠

=
−β

1− 2β2

⎛
⎜⎜⎝

β 1 β

1 2β 1

β 1 β

⎞
⎟⎟⎠ (4.14)

〈r〉T∗

⎛
⎜⎜⎝

β 1 β

1 2β 1

β 1 β

⎞
⎟⎟⎠ 〈r〉 = 6β |r0|2 + 4Re [r0

∗rτ ] (4.15)

(4.12) (4.13) (4.14) (4.15)

G(ξ) =
exp

[
−12ξ2σ2|r0|2+4jξRe[r0∗rτ ]

1+8ξ2σ4

]
1 + 8ξ2σ4

(4.16)

X r r

E [Xr] = (−i)r
drG(ξ)

dξr

∣∣∣∣
ξ=0

(4.17)

(4.16) (4.17) y 4Re [r0
∗rτ ]

24σ2 |r0|2 + 16σ4

y =
N−1∑
k=0

uk (4.18)
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uk

y

m =
N−1∑
k=0

4Re [rk
∗rτ+k]

= 4Nh0h1 (4.19)

v2 =
N−1∑
k=0

(
24σ2 |rk|2 + 16σ4

)
= N

{
12σ2

(
h2
0 + h2

1

)
+ 8σ4

}
(4.20)

Q

.

P = Q
(m
v

)
. (4.21)

Q(x)

Q(x) =
1√
π

∫ ∞

x√
2

e−t2dt (4.22)

2

P = Q

(
m+m′√
v2 + v′2

)
(4.23)

m′ v′2

(4.19) (4.20) (4.23)

P = Q

(
2
√
N (h0h1 + h′

0h
′
1)

σ
√

3 (h2
0 + h2

1 + h′2
0 + h′2

1 ) + 4σ2

)
(4.24)

(4.24) h0, h1, h
′
0, h

′
1
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4.1

Channel model AWGN

Spread spectrum DS/SS

Modulation BPSK

Spreading code Extended M-sequence

Chip length N 16

Carrier frequency 144kHz

Transmission rate 1.2kbps

Distance between transmitter antennas d 0.025m

Antenna’s radiuses l 0.01m

4.4.

4.1

4.1 L2 (x, y) = (0, 0)

2 (x, y) = (0,±0.025)

2 cm 5 cm

1m (x, y) = (0, 1)

x θ π
6

h2
1 + h′2

1 : h2
0 + h′2

0 1 : 1 1 : 9 1 : 25 1 : 49 4

2

1bit h2
0 + h′2

0 + h2
1 + h′2

1 : 2σ2 0dB

25dB 4.2

1: 1
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4.5.1

RSS

RSS

4m× 4m (x, y) = (0, 1) B

y > 0 y > 0

1

- [52]

2

(x, y) = (0, 0) 30dB -

4.1 (x, y) = (0, 0)

(x, y) = (0, 1) P 30dB x = 0

4.1 x y 10cm y < 0

y > 0 y < 0

y > 0 FPR False Positive Rate y > 0

y < 0 FNR False Negative Rate

4.5 (RSS)

(proposal) FPR FNR 4.5

RSS

2

zd 0 4.5

1 4.5 RSS FPR FNR 0.4

Equal Error Rate: EER

FPR FNR 0.16 0.4

0.16 4.3 zd

x < −1 1 < x 0.1 0.5
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0.2 0.4

4.5.2

RSS

[10] RSS

LS LS

LS Lk

dk

dk = 10
Lk
20 (4.25)

k (xk, yk)

(X, Y ) k Dk (4.26)

Dk =

√
(X − xk)

2 + (Y − yk)
2 (4.26)

(4.25) (4.26) Dk dk 2

(4.27) F (X, Y ) (X, Y )

F (X, Y ) =
n∑

k=1

(Dk − dk)
2 (4.27)

4m×4m 2
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0.1m 1609

2
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4.2

LS (5n− 1)h 3hn hn hn hn

(2N − 1)n 2Nn 0 0 0

4.3

F (X, Y ) h 1609

n 4

N 16

4.6.

ADC Integrate and Dump

30

ADC Integrate and Dump

4.11 ADC

4.5 ADC

576kHz 4.12 ADC Eb/N0

4.12 Ideal 3-bit 2-bit 1-bit

ADC 64-bit 3-bit 2-bit 1-bit Eb/N0

ADC 10−5

64bit 1-bit 2-bit 3-bit 1.2dB 0.4dB 0.25dB
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4.4

LS 3.1×104 1.9×104 6.4×103 6.4×103 6.4×103

124 128 0 0 0

τ

LPF

ADC

NADC 2×NADC NADC

2×NADC

reg

Nreg

4.11
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4.13 ADC 3-bit 1000 Integrate and

Dump 4.6

4.13 6-bit

Eb/N0 0dB 7-bit

6 Integrate and Dump

4.14 ADC 3-bit Integrate

and Dump ADC Integrate and
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4.5

N 16

144kHz

1.2kbps
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-7 ∼ -4, 5 ∼ 8 4

-15 ∼ -8, 9 ∼ 16 5

-31 ∼ -16, 17 ∼ 32 6

-63 ∼ -32, 33 ∼ 64 7

-127 ∼ -64, 65 ∼ 128 8
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6-bit 5-bit

ADC 3-bit Integrate

and Dump 5-bit
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A.

A.1

e(t)

e(t) = x(t) cosωct+ y(t) sinωct

= r(t) cos(ωct+ θ) (A.1)

x(t) =
n∑

j=1

ej cos(ωjt+ φj) (A.2)

y(t) =
n∑

j=1

ej sin(ωjt+ φj) (A.3)

ωc :

ej :

ωj :

φj :

n

x(t) y(t)
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r(t)
√
(x(t)2 + y(t)2) θ

x(t) y(t) (

) r(t)

f(x) =
1√
2πσ

exp

(
− x2

2σ2

)
(A.4)

f(y) =
1√
2πσ

exp

(
− y2

2σ2

)
(A.5)

x = x(t), y = y(t), r = r(t), σ2 = x, y

x y θ

f(r, θ)drdθ = f(x) · f(y) · |J |−1 dxdy (A.6)

x = r · cos θ (A.7)

y = r · sin θ (A.8)

|J |−1 = r (A.9)

θ r f(r)

f(r) =
r

σ2
exp

(
− r2

2σ2

)
(A.10)

1∼99%

A.2 –
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3 1 +

c (A.10)

x = c+ r · cos θ (A.11)

y = r · sin θ (A.12)

(A.11) (A.12) (A.4) (A.5)

f(r) =

∫ 2π

0

p(r, θ)dθ

=
r

σ2
exp

(
−c2 + r2

2σ2

)∫ 2π

0

exp
( cr
σ2

cos θ
)
dθ

=
r

σ2
exp

(
−c2 + r2

2σ2

)
I0

( cr
σ2

)
(A.13)

I0 0

– –

(c = 0) [53]
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