
NAIST-IS-MT1651116

LCX-MIMO TLS-ESPRIT

2018 3 5



( )
( )
( )

Duong Quang Thang ( )



LCX-MIMO TLS-ESPRIT
∗

(LCX:Leaky CoaXial cable)
LCX

LCX-MIMO(Multiple-
Input Multiple-Output) 1 2
MUSIC(MUltiple SIgnal Classification)

ESPRIT(Estimation of Signal Parameters via Rotational
Invariance Technique)

MUSIC ESPRIT

,MIMO, LAN,MUSIC ,ESPRIT

∗ , NAIST-IS-MT1651116,
2018 3 5 .

i



An empirical investigation of wireless position
detection using TLS-ESPRIT method in LCX-

MIMO system∗

Takumu Yahagi

Abstract

In recent years, demand for position information of wireless communication
devices has increased. As one method of obtaining position information, there is
one using a leaky coaxial cable (LCX: Leaky Coaxial cable). In this research, we
estimate the terminal position by using the arrival time difference of the signal
transmitted from the wireless terminal by using LCX. In the previous research,
one-dimensional and two-dimensional position estimation was performed us-
ing LCX-MIMO (Multiple-Input Multiple-Output). And, by applying MUSIC
(MUltiple SIgnal Classification) method, estimation accuracy was improved. In
this research, we propose a new position estimation using ESPRIT (Estimation
of Signal Parameters via Rotational Invariance Technique) method. Compari-
son is made as to which one of the MUSIC method and the ESPRIT method
can improve the estimation accuracy by changing the frequency bandwidth to
be used and the additional noise.

Keywords:

LCX, Wireless positioning, MIMO, MUSIC algorithm, Wireless LAN, ESPRIT
algorithm

∗Master’s Thesis, Department of Information Science, Graduate School of Information Science,
Nara Institute of Science and Technology, NAIST-IS-MT1651116, March 5, 2018.

ii



v

1 1
1.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.2 LCX . . . . . . . . . . . . . . . . . . 2

1.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 LCX 4
2.1 LCX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 LCX . . . . . . . . . . . . . . . . . . . 5
2.1.2 LCX-MIMO . . . . . . . . . . . . . . . . . . . . 7

2.2 . . . . . . . . . . . . . . . . . . . . . . 9
2.3 LAN . . . . . . . . . . . . . . . . . . 9
2.4 . . . . . . . . . . . . . . . . . . . 11
2.5 . . . . . . . . . . . . . . . . 12

2.5.1 2 × 2LCX-MIMO . 12
2.5.2 4 × 4LCX-MIMO . 13
2.5.3 . . . . . . . . . . . . . . . . . . . . . . 15
2.5.4 . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 24
3.1 . . . . . . . . . . . . . . . . . . . . . . 24

3.1.1 MUSIC . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.1.2 ESPRIT . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 . . . . . . . . . . . . . . . . . . . . . . . 31
3.2.1 MUSIC . . . . . . . . . . . . . . . . . . . . 31

iii



3.2.2 ESPRIT . . . . . . . . . . . . . . . . . . . . 37
3.3 . . . . . . . . . . . . . . . . . . 39
3.4 SNR . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.5 2 . . . . . . . . . . . . . . . . . . . . . . . . . 43

4 46
4.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

47

48

iv



2.1 LCX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 LCX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 LCX . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 LCX . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.5 LCX-MIMO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.7 5GHz . . . . . . . . . . . . . . . . . . . . . 11
2.8 1 . . . . . . . . . . . . . . . . . . . . . . . 12
2.9 2 . . . . . . . . . . . . . . . . . . . . . . . 14
2.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.11 . . . . . . . . . . . . . . . . . . . . . . . . 16
2.12 2 ( 20MHz) . . . . . . . . . . . . . 18
2.13 x=1.016 . . . . . . . . . . 19
2.14 x=2.0066 . . . . . . . . . 19
2.15 80MHz . . . . . . 21
2.16 80MHz . . . . 21
2.17 80MHz . . . . . . 22
2.18 (LCX1) . . . . . . . . 23
2.19 (LCX2) . . . . . . . . 23
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2.1.1 LCX

E 2.2 I,
δ E

E ∝ I sin δ (2.1.1)

Ez Eφ

Ez = E sin δ ∝ I sin2 δ (2.1.2)

Eφ = E cos δ ∝ I sin δ cos δ =
I

2
sin 2δ (2.1.3)

2.2 LCX
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LCX
2.3 LCX LCX θ

.

θm = sin −1(
1
ν

+
mλ

P
) (m = 0, ±1, ±2, ) (2.1.4)

ν m P λ 2.1.4

∣∣∣∣ 1
ν

+
mλ

P

∣∣∣∣ > 1 (2.1.5)

θm 2.1.4∣∣∣∣ 1
ν

+
mλ

P

∣∣∣∣ ≤ 1 (2.1.6)

ν < 1
m < 0 m

m = −1

2.3 LCX
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2.1.2 LCX-MIMO

LCX 2.4

LCX MIMO
LCX-MIMO (ATR)

2.5 LCX 2.4

[7][15]
TDOA(Time Difference Of Arrival)

TOA(Time Of Arrival)
TDOA

2
TOA 1 1 2 2

TDOA 2 1 4 2
2.5 LCX-MIMO 1 2

TDOA
LCX-MIMO 2×2LCX-MIMO

4 × 4LCX-MIMO
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2.4 LCX

2.5 LCX-MIMO
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2.2

N Hk (k = 0, ..., N − 1)
[14],

Hk =
1
N

N−1∑
n=0

hn exp
(

−j
2π

N
kn

)
. (2.2.1)

hn fBW

Δf Δf = fBW

N

Δt

Δt =
1

fBW
=

1
NΔf

, (2.2.2)

2.3 LAN

LAN IEEE802.11a OFDM
. 802.11a

2.6
2

. 10
OFDM

2 52

Hk
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2.4

IEEE 802.11a 20MHz IEEE 802.11n
20/40MHz IEEE 802.11ac 80/160MHz

2.7 5GHz 802.11n 802.11ac

2.7 2
40MHz 4

80MHz 802.11ac 8 160MHz

20 40 80MHz 3
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2.5

2.5.1 2 × 2LCX-MIMO

2.8 LCX LCX
τ1 τ2

τ1 =
y

c cos θ
+

1
cν

(
L

2
+ x − y tan θ

)
(2.5.1)

τ2 =
y

c cos θ
+

1
cν

(
L

2
− x − y tan θ

)
(2.5.2)

c ν LCX L LCX θ LCX
x, y y (2.5.1)

(2.5.2)

τ1 − τ2 =
2x

cν
(2.5.3)

(2.5.3) x

2.8 1
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2.5.2 4 × 4LCX-MIMO

2.8 LCX 2 2 LCX
τ1 τ2 τ3 τ4

τ1 =
y

c cos θ1
+

1
cν1

(
L

2
+ x − y tan θ1

)
(2.5.4)

τ2 =
y

c cos θ1
+

1
cν1

(
L

2
− x − y tan θ1

)
(2.5.5)

τ3 =
y

c cos θ2
+

1
cν2

(
L

2
+ x − y tan θ2

)
(2.5.6)

τ4 =
y

c cos θ2
+

1
cν2

(
L

2
− x − y tan θ2

)
(2.5.7)

c θ1 θ2 LCX ν1 ν2 LCX
x y (2.5.3)

τ1 − τ2 =
2x

cν1
(2.5.8)

τ3 − τ4 =
2x

cν2
(2.5.9)

(2.5.8) (2.5.9) x

(2.5.4) (2.5.6) (2.5.5) (2.5.7)

y =
c(τ1 − τ3)
g(θ1, θ2, ν)

(2.5.10)

y =
c(τ2 − τ4)
g(θ1, θ2, ν)

(2.5.11)

g(θ1, θ2, ν)

g(θ1, θ2, ν) =
1

cos θ1
− 1

cos θ2
− 1

ν
(tan θ1 + tan θ2) (2.5.12)

y
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2.5.3

LCX 2.10
y 1.0 x 0 6.0198

238 y 2.0
2.11

LCX LCX
S

2
x

S SNR nadd(f)

nadd(f) =

√
|H(f)|2

snr0
(a + ib) (2.5.13)

snr0 = 10
SNR

10 (2.5.14)

SNR SNR a b

2 SNR
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2.5.4

2.10 (x,y) (1.016,1) (2.0066,1)
2.12 2.1 20MHz

SNR 20dB 2.9 port5 port1,2,3,4
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20MHz

50ns h(τ) x
2.13 50ns 2.14 h15 100ns

50ns x x
1.016 0m x 2.0066

6.225 0m m
x Δτ

(2.5.3) x 1 1m Δτ 8ns
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50ns 6m
m
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2.1

65
[GHz] 5.17-5.19
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2.2
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3.1.1 MUSIC

MUSIC
N

i (i = 1, ..., N) d si(f) x(f)

si(f) = u(fi) cos (ω0t + v(fi)) (3.1.1)

xi(f) =
d∑

i=1
a(τi)si(f) + n(f) (3.1.2)

ui(f) vi(f) n(f) a(τi)
,

a(τi) = [exp (−j2πf1τi), exp (−j2πf2τi), ..., exp (−j2πfN τi)]T . (3.1.3)

T s(f) = [s1(f), ..., sd(f)]T A = [a(τ1), ...,a(τd)]
x = [x1(f), ..., xN (f)] (3.1.3)

x(f) = As(f) + n(f) (3.1.4)

Rxx

Rxx = E{x(f)xH(f)} (3.1.5)

E{} H (3.1.4) (3.1.5)
Rxx

Rxx
def= ARSSA

H + σ2
n (3.1.6)

RSS = E{s(f)sH(f)} Rxx Λ Ē

Λ = {λ1, ..., λN },λ1 ≥ ... ≥ λN ,Ē = [e1|...|eN ] Ē 3.1
ES = [e1|...|ed]

EN = [ed+1|...|eN ] EN

25



Noise
space

Signal
space

3.1 MUSIC Ē

eH
ma(τi) = 0 (m = d + 1, ..., m) (3.1.7)

P (τ) =
aH(τ)a(τ)

aH(τ)EN EH
N a(τ)

(3.1.8)

MUSIC

1. Rxx = x(f)x(f)H

2. Rxx Λ Ē

3. EN

4. P (τ) = aH (τ)a(τ)
aH (τ)EN EH

N
a(τ) d τ

26



3.1.2 ESPRIT

ESPRIT
N+1 d

Δf 3.2
x(f) y(f) (3.1.1) x(f)

y(f)

x(f) = As(f) + nx(f), (3.1.9)

y(f) = AΦs(f) + ny(f), (3.1.10)

Φ = diag{exp (−jγ1), ..., exp (−jγd)}, γk = 2πΔfτk (3.1.11)

a(τi) = [exp (−j2πf1τi), exp (−j2πf2τi), ..., exp (−j2πfN τi)]T (3.1.12)

z(f) Ā

z(f) =
[

x(f)
y(f)

]
= ĀΦs(f) + nz(f) (3.1.13)

Ā =
[

A
AΦ

]
, nz(f) =

[
nx(f)
ny(f)

]
(3.1.14)

z(f) Rzz (3.1.5) Rzz

Λ = {λ1, ..., λ2N },λ1 ≥ ... ≥ λm,Ē = [e1|...|e2N ]
ĒS Ē

d T

ĒS = ĀT (3.1.15)

3.3 ES (N, d) EX EY

ĒS =
[

EX

EY

]
=

[
AT

AΦT

]
(3.1.16)
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3.2

Noise
space

Signal
space

3.3 ESPRIT Ē

28



EX EY

EXΨ = EY (3.1.17)

Ψ = T−1ΦT (3.1.18)

(3.1.18) Φ τk T Φ

Ψ Ψ EX EY

Ψ LS(Least-Squares) TLS(Total Least-Squares)
TLS TLS

[16]
TLS EX EY Ψ

EX EY RX RY

[EX + RX ]Ψ = EY + RY (3.1.19)

[(EX + RX)(EY + RY )]
[

Ψ
−Id

]
= 0 (3.1.20)

Id Ψ

EXY = EXEY (2d, 2d) d ET = EH
XY EXY

ET

ET = V UV H (3.1.21)

V U ET (2d, 2d)
ET V V H = I2d U

[17]

U =
[

Ud 012
021 022

]
(3.1.22)

Ud (d, d) 012 021 022 0 (d, d) V

4 (d, d) V12 V22 012 022

29



V =
[

V11 V12
V21 V22

]
(3.1.23)

V12 V22

[(EX + RX)(EY + RY )]
[

V12
V22

]
= 0 (3.1.24)

(3.1.20) (3.1.24) V22 −Id

(3.1.24) −V −1
22

,[
Ψ

−Id

]
=

[ −V12V
−1

22
−V22V

−1
22

]
. (3.1.25)

Ψ

ESPRIT

1. Rzz

2. Rzz Λ Ē

3. Ē

ES EX EY

4. EXY = EXEY ET = EH
XY EXY ET

5. ET V

ET =
[

EH
X

EH
Y

]
[EX |EY ] = V UV H (3.1.26)

6. V V12 V22

V =
[

V11 V12
V21 V22

]
. (3.1.27)

7. Ψ = −V12V
−1

22 Ψ Φ
8. i φi τi

τi = −arg φi

2πΔf
(3.1.28)
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3.2

3.2.1 MUSIC

2.5.4 (x,y) (1.016,1) (2.0066,1) MUSIC
3.1 20MHz SNR

20dB 3.4 3.9 MUSIC
MUSIC 5ns 1ns
0.5ns log10P (τ)

(x,y) (1.016,1) h15 30ns
31ns 31.5ns

3.1

65
[GHz] 5.17-5.19

[MHz] 20
[kHz] 312.5

MUSIC [ns] 5,1,0.5
1

LCX [m] 10
[deg] LCX1:-18,LCX2:-11

ν 0.83
[m/s] 3.0 × 108

SNR[dB] 20
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