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[1] S. Yasukawa and M. Kim, "Intruder Detection Using Radio Wave Propagation Characteristics," IEEE/IEIE ICCE-Asia 2018, Jun. 2018.
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s BIRNET ST714—A A—2 % (Radio Tomographic Imaging: RTI) i
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RSS: Received Signal Strength
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= Simulation setup Model 6 [m] x 8 [m] x 3 [m]
= Direct path Person H:1.7 m, Radius: 0.3 m
= Reflection Voxel size A, = 0.1 [m]

(up to double-bounce) No. voxels | 4800 (10 cm interval 60 x 80 )
Margin y = 0.016 [m]
o o
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= 4 Anchors, 1 Person (direct path is only considered)

Ray paths 5 o Blocked ray paths o o RTI image R Ideal image
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= 6 Anchors, 1 Person (direct path is only considered)

Ray paths 5 o Blocked ray paths o o RTI image R Ideal image

15 = (g) paths



= 8 Anchors, 1 Person (direct path is only considered)

Ray paths o Blocked ray paths = RTI image Ideal image

28 = (g) paths



= 14 Anchors, 1 Person (direct path is only considered)

Ray paths Blocked ray paths RTI image

Ideal image
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6 Anchors, 1 Persons, LoS only

Blocked ray paths RTI image Ideal image
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6 Anchors, 1 Persons, Multi-paths (2"9 order)
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LoS only
Blocked ray paths
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s 8 Anchors, 3 Persons

Ray paths o Blocked ray paths = Ideal image
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Small number of
intersecting paths for
each target location




= 14 Anchors, 3 Persons

Ideal image
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[*]J. Wilson, N. Patwari, “Radio Tomographic Imaging with Wireless Networks,”
IEEE Trans. Mobile Computing, Vol. 9, No. 5, pp. 621-632, May 2010.



IR EF % :Multipath-RTI

o [ ELRR: WiIGIg@60 GHziEE

» BRZER (RS FEKO RSS ZEIZEHE [1]
» RERERERE/—FELT/—FHOERHE
» BEFOEZEEZZITTHITTERTS

Anchor nodes
(mm-wave radios)

[*] Togo Ikegami, Minseok Kim, Yuto Miyake, Hibiki Tsukada,
“Multipath RTI: Millimeter-Wave Radio Based Device-Free
Localization,” IEEE Access, Vol. 12, pp. 42042-42054, 2024

Image output
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» BEEREHLAN (IEEE802.11ad/ay: WiGig)
= SEKEH: 60 GHzH SE/NMNE S
s [LEIEE: ~7 GHz
» BWVAESEE BERFT7L—IZ&KIE—LIF—30)
o IEEE-EBERRE-AEBETE VS ERE > BREE VT BRI AEIR A EE
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Ultra wide Massive 7%%%, ~5 mm
bandwidth Antenna Arrays @ time _
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Multipath-RTI
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Multipath-RTI

. 1 Person

= 4 Anchors

Blocked ray paths RTI image Ideal image

Ray paths
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Multipath-RTI

. 1 Person
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s LANL—2 0GPy

PEFIE REE RSS-RTI
ER& 2.5 GHz 585 GHz with 14 nodes
/—F#(K) 14 4

IRiE 3[m] x 4 [m] x 3 [m] LAk
AMEETIL BS1.7m, #2203 mOAE

ANEETIL

s RTI
PN ooy Multipath- RTI
feRiA XA with 4 nodes
A2k | 91 78 (2[a] = &%)
CIE37 78 A, = 0.1 [m]

CIE¥5 1200 (10 cmfElfE 30 x 40 )
=y y = 0.016 [m]



Multipath-RTl vs. RSS-RTI

= RSS-RTI
(14 anchors)

= Multipath-RTI
(4 anchors, up to
double-bounce
reflection)

Ray paths
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Multipath-RTI: /—F

Blocked ray paths RTI result Room size:4.5 X 6 [m]

4 Anchors
MSE:12.87 [cm]

localized

* True
X Estimated

6 Anchors
MSE: 12.52 [cm]

Ray paths

8 Anchors
MSE: 11.99 [cm]




Multipath-RTI: BE F - Y JLF2—4 vk

l15310(:ked ray paths
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« EHRTEESREEESNEIZKSZERKS (MPC)DH#iH
s HHELEMPCIZE DS RA) Y Ray TracingZ ;& Fo
s ZERFBREBREESIKRDBZH  (6GIZBULTRTOEEILIZ#E)
» BIETHELONEZISARERZF AL TRIZHETE
« BFREIZERICESZERBROER-EDIT |

= E’B%ﬁf%é@?ﬁ\ Central

i s s Distributed Antenna Network unit
= TL=TUTITREBNME A caanERTES [
[ /_FFEﬁlﬁlﬁﬂﬁg .

£ Central unit

Sub-6 GHzZ AL/ \— KRy 7 i~ Bk

Fronthaul I

[*] Minseok Kim, Gesi Teng, Nishi Keita, Togo Ikegami, Masamune Sato, “Device-Free Localization Using Multi-Link MIMO
Channels in Distributed Antenna Networks,” IEEE J. Sel. Top. Electromagn. Antennas Propag. (JSTEAP) (early access)



Multipath-RTIZ AL /-DFLDE%E

= il 232 I A==
» BEHRIEERORSSEALDAIE o« W e RY*M has no inverse matrix, so
Ay = y(t) — y(t,) = WAx Ax 1s not uniquely determined

e Derivation of the estimated solution

Baseline measurement o e
AX — regularization

s Elastic NetlZ kb M A—FRER

1
Ax = argmin {E lya — Waxlls + APa(Ax)}
X

1—«a 5
P (Ax) = ——I|Ax[l3 + allAx]l,

= A :regularization parameter - Control the intensity of regularization
= « : relative contribution of L, regularization and L, regularization

= Specified in the range of 0 to 1

= The closer to 1, the sparser the vector
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1/\/dy,
1/\/dy,

1/y/dy,
O)

d'zl;,,src T dz,l < du,l T )4
dyitdy, <dy,+vy

dZ,Ku + dZ,des < du,Ku+1 L4
elsewhere

s RETRBAIEMT HITONT, BIEBIEFEDI—TYMIEEDHEBEMETL, 7—
FIO7IMNELDAIREENE TGS
s XR2RRHFTEHHAITDDNZAEERTHS
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s Step 1: Sparse voxel estimation via Elastic Net
s Step 2: Otsu's binarization to detect active voxels
= Step 3: DBSCAN clustering to identify target regions

= ¢ = 0.5 minPts = 3 (typical values)
= Step 4: Centroid of cluster gives final target estimate
= Parameter tuning via Bayesian Optimization for « and y

Binarize Clustering
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= MIMO impulse response model (I-th link)

h, = A('Ql)rl € CMt, MR, DX1

= Response matrix
A(ﬂl) P [a('ﬂl,l)l “.’a(ﬂl,Nl)] = (CMT,IMR,IDXNI

a('ﬂl;nl) = aT(¢T,l,nl)®aR(¢R,l,nl)®at(Tl,nl) € CMTJMRJDXl

= Response vectors

a. (1) =

ar(¢r) =
ag(Pr) =

a, (ty 1), a0t - 1) T
1, p-imsingr ., ’ e—jn(MT,l—l) sin qu]

i T
o e o
1, e-imsin OR ... e jmr(Mg ;—1) sin d)R]

N; : Number of propagation paths
Mt ;, Mg, : Number of MIMO antennas
D : Number of delay time bins

rl s [yl,l'“.'yl,Nl] € (CNlX1

20, = [tiny P10y PrIN,]

sin(nDAfT)

1 .
e Y 7AV
- sin(mA )

ar () = D




B R #Z R DORSSHIH 40

» WAERZERE —LT74+—32% (double-directional spatiotemporal beamforming)
» ZIGIEEIRDRSS £t

E [|a” (2, (0| Ay, = ¥1(t) — Ypase,(t) [dB]
Ay, ], = 10logy,

£ [|aH('Ql,nz)hbase,l(t)|2] Ay = [Ay{, ...,AyZ]T e CcVx1

= a(2): Combined response vector from antenna and signal model
= 02 = [A0A (¢ry), AoD (¢1y), delay time (1) | extracted via Ray tracing

20, = [tiny P10y PrIM,]

s CHNISKY, ZERBRPZS L, SRELCME#EZEIRAI6E




Sub-6 GHz (4.85 GHz) T E%#

s TILFULHIMIMOFvHRILEIE R e ‘\
= 4/—k6U2Y L “ Rb. % @%}

Oscillator

= Master PC 15 &Slave PC 458 % {# A IR N\ =

« Master PCh 5Slave PCAEZERIBA S ZIEIZE(E
s %&Slave PCIZUSRP% i1
s JLEDDLFEIRBZTAVTE2USRPE R

10Gb j Y~ 10Gb
—, [\ ] Ethernetrioocy Jjg T T gzx Tusrpz |Eenet (N o
V= 7T GPIO] %o oY [GPIO L A=

Slave 1

10Gb O—Y Y—o 10Gb
= K\‘ Ethernet USRP 3 O{\; T USRP 4 Ethernet k\‘ =
A= GPIO O—J Lo GPIO A=

Slave 3 Slave 4

Master

TCP - UDP
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= USRP (Universal Software Radio Peripheral)
= Ettus Researchft &Y 7k 7 EiRHE
« ERE-FPGAT A S LMNARAEINI-A—TV—ZADY I+ I T7 TN IT+— L
s F—3—FR—FDELEZ THRARGREIRIF X I
= USRP X310
» 2 FYRIL(ENENTX/RXERX)

« RAREDERAF—TT—R:
USB-PCle-1G/10G bit Ethernet (5 X200 MSps / channel)

« R—4—R—FK:UBX-160
« 10 MHz~6 GHz, 160 MHz BW
- BXEEEN:# 20 dBm .
= BASIBLE . UHD C++ API (v4.4.0)

USRPHAIER



FoRILY T B (2)

s PUOTTFRAVFUT AR
» BBOEZETTFH(SPET) ZRAYFICKYUIVEZ TERA
= RFXAwF:SR-J030-8S (Universal Microwave Components Corp.) ..YLSPST
= X310M15E 2 LAIO(GPIO)Z{E A T. % o USRP
« UHD APITI& 4| FA B AR it :

.O
Z%\y?vﬁ‘%yv‘-fﬁﬂt}%i

Table 1 Specifications of the RF switch.

[tem Specification
Frequency range 0.5-12.4 GHz
Insertion loss 3.0 dB Max

0.5-6 GHz: 60 dB Min

s 6-12.4 GHz: 50 dB Min RebEVLELE
VSWR (on state) 1.8:1 Max e ot
: e pin 03306 ]
Rise/Fall time 40 ns Max GPIOFAPIN _ inyyiaimn S
On/Off time*® 90 ns Max | ‘

** 10-90%RF, 90-10%RF
** 50% TTL-90%RF, 50%TTL-10%RF AAYF I8



FrRI)LY T DR

e AN 4.85001 GHz & 325 35 Pl e 781.25 kHz
YT BIRE 200 MHz URILE 1.28 us
E5HEE 100 MHz B JE B 70 AR RE 10 ns
xizEe =a1— g FFTR# 256
o AT i EEES 15 dBm (typ.)
Bl 3% IR 128 S B R 164 ps (8 X SMIMO)
~ /=23 L USRP®D
= YILFh—21E5 (NewmanfiLt8{+70) . A
N/2-1 ‘ ' | |
1 . : 2r
s() = — > exp(iznat+igl) g REARAAT
k=—N/2 g 1 _
5 1t B = 100 MHz
Ar = B/N: Tone spacing

[e]

k?m ’ 150
b = o Newman phase Tone Index




s PUTTFRAYFY
. ESE2EREBEVEDERE

- . -
vy L
Iy =
o 20)
X 1
o .
= 3
s 1] [ ||
S 2 | — L - || —
3
Rx 4 || || ||
——« Signal period = maximum path excess delay t—»
% ime
total snapshot time duration &

= YURILE:1.28 us (256 samples / 200Msps)
= 8 X 8MIMOF ¥ LEIFEIZHMBEER (MIMORFv TS avk) - 164 us(=1.28 us X 2 X 8 X 8)
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» BREFSEIPPSIE, B DRbG1E - ZDUSRPA G
s FISEMDEENES>MIMOF Y RIVBIENDEZEXEHRTSES

0.9
o Measurement Time
(8 % 8 MIMO) 0.8
+—

—_ 1F —0.7
o 2’
3 =

= il L/ |
= y -';M ALINEE LA AR =

5 LA | 05
A )
= o
o =

| A 04

03}
Sl | /1 64 us
' ' ' ' ' 0.2 ' ' ' ' ' '
0 0.5 1 1.5 2 25 0 0.2 0.4 0.6 0.8 1 1.2
Time [ms] Time offset [ms]
(a) Phase stability of the local oscillator. (b) Average absolute phase difference at each time

offset.



USRPHIDZEZERMZI T RIEAD LA

s JLEDDLRIRSBIOEIEHESHE
= 10 MHzref = LKUSRPOREFZOvH D EHS
= 1PPS > ERE2MIVT DREER

PPSIEEEIZEDIVTH

MoayvozE)Evk : \
— E R TMIMOR Fv 73k
Internal time 0 Trep 2Trep (164us) &iX{5
at Tx/Rx node
koodert o WH H B B N N

Rx1 . .

node ﬁ ﬁ

Rx2 Recepti:bn B Reception

node | Request ﬁ Requést |

Reception Reception FERHICEHET

Request Request EEDRREITRIE



T ILFYHIMIMOEIE = DYLTE

n BE—HTUR Master T Rl
s SEEREIZHITT6UDBIE | RS ;
. Masterl3 &£ ZEGVRTRESICTOLRNBIAENICE
MR T DFETHHE B
s ‘ : .
« REEFOREFELEIT2EY SEREAS

= UDPTMasterlZ&#
= &Slave PCIZIRTF
= EY)UVRERRBIL 4 IEE
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Node 11 Node 3 Node 7

_______ I e e e e e en i e e K e e v

O

target
positions

«©

Node 12

9@

Node 4

“©

Node 8

K

>

-
S

g

6.31m |_

‘N

Number of antenna elements K

Antenna elements
spacing d

RTI voxel size
Signal Bandwidth
Number of delay time beam N

RTI oval parameter y

Regularization parameter A

Regularization parameter o
DBSCAN €
DBSCAN minPts

half-wavelength

0.1 m
100 MHz
128
0.05m

Determined by
5-division
cross-validation
0.75
0.3m

3
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s 4 nodes; 6 links
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