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Abstract

Due to the progress of the declining birth rate and aging population, it is necessary to
take care of the expanding elderly population by a shrinking number of working class gen-
erations. This situation increases the cost of watching over this aging population and it
makes it necessary that the elderly may have to operate specialized devices and equipment by
themselves.

Health monitoring using wearable devices, which is currently the main monitoring method,
is a burden on the user due to the feeling of wearing and monitoring. With the improvement of
the wireless environment in the house, the improvement of the performance of the computer,
and the development of the machine learning methods, the study on the acquisition of the
biological information such as the respiration rate and heart rate of the resident in the house
by using the change of the transmission state of the radio wave has been conducted. Using
wireless monitoring techniques, biometric information can be acquired with little burden
on the user, which is useful. However, there are barriers in introducing the measurement
environment, namely construction costs and the problem of securing power to the monitoring
devices.

Therefore, the study proposes a method of acquiring biometric information such as res-
piration and heart rate of a resident in the home by using radio waves of Bluetooth Low
Energy (BLE). BLE is a wireless technology that can be used to easily construct a health
monitoring and vitals measurement environment while also consuming low power. First, the
study investigates existing biometric information acquisition technologies such as wearable
devices, passive RFID, dedicated wireless, and Wi-Fi, compares them and identifies issues
with these existing technologies.

This study shows that it is possible to perform high-frequency vitals monitoring with low
power consumption by using the advertisement mechanism of continuously transmitting radio
waves, which is a feature of BLE. The study focuses on the monitoring of respiration and
heart rate.

The proposed method is realized by using the newly developed wireless communication
standard called BLE, which has lower power consumption. Because BLE is a widely used
radio technology, it can reduce the price of the sensing module compared to dedicated radio
solutions such as Doppler radar. Furthermore, for passive RFID tags, the vital detection range
is a few tens of centimeters, whereas BLE can cover the entire living room.

When operating a vital measurement system in a home, it is assumed that devices are



placed in various places throughout the home. In many cases there is no need to worry about
energy requirements of such a system since these needs can be covered by energy harvesting
techniques. Multiple radio devices are usually installed at different locations, making the
presence of radio waves ubiquitous. As a result, the radio signals that can be used for vitals
measurement become abundant and measurements can be performed with higher accuracy.

The Implementation makes use of the software defined radio (SDR) technology. The
hardware is configured using universal software radio peripheral (USRP) manufactured by
Ettus Research, and the software is GNU Radio which is an open source software for SDR.
For transmission, a commercially available Bluetooth dongle is used, and the transmission
setting of BLE advertising packet is set by BlueZ.

The received signal was analyzed in MATLAB in the time domain and in the frequency
domain. Then, the signal is filtered by the Hampel filter and a wavelet transformation is
performed in order to remove noise. The respiratory rate and the heart rate are calculated by
performing a Fast Fourier Transformation (FFT) on this signal.

For comparison purposes, experiments were conducted in four different environments. In
the first environment there is no BLE advertisement. In the second environment there is
BLE advertisement and no obstacle on the transmission path. In the third environment, an
aluminum balloon is attached to the end of the Fresnel zone where the change in wave intensity
appears most strongly. Finally in the forth environment a person stands upright in the end
of the Fresnel zone. For the third environment, the tempo for inflating and deflating the
aluminum balloon is 15 bpm(0.25 Hz) simulating breathing and 70 bpm(1.16 Hz) simulating
heartbeat. Inflating and deflating was conducted according to the rhythm of a metronome. In
the case of humans, the experiment was performed with breathing stopped and with breathing
at 15 bpm.

Experimental results showed the detection of a pattern which matches the artificial respira-
tion when using an aluminum balloon. This pattern was detected by calculating the frequency
spectrum of the incoming BLE signal by obtaining the envelope using wavelet transformation.
For the rest of the cases, challenges remained and the results were inconclusive.

If this system can be realized, residents in the home can manage their health without
any special assistance. By accumulating vitals measurements as big data on the cloud and
performing analysis using Al, it is possible to detect diseases early and decrease medical
cost and achieve a longer, healthier life. For this purpose, heart and respiration rate and

their fluctuation is indispensable information. The ability to measure biological signals using



BLE, which uses a modulation method different from Wi-Fi, can contribute to expanding
the application range of wireless communication. If vitals measuring is implemented at the
software level as an extended function of BLE, it will be possible to measure vitals using
BLE devices owned by residents, thus becoming a technology with strong social influence.
This study establishes a respiration rate and heart rate estimation method that is the basis of
biometric information utilization by BLE, and contributes to the realization of a society where

people can live with peace of mind.
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724, Ny 7 UT1HY EEHET Z 2 0@fERESNE» B AMGZ0ELE Lzwv.
EFEEEL, HEFERRINZAS2db0THS. BHITBRCERLTWS Z 2 HHEE
Th3.

2.1.2 HEAIEEELRIC K SES

FAERIZERDICRKT 220D, 5 OXBEIC KL 2 ERCFY R ARTUIERRE
(Sudden Infant Death Syndrome:SIDS) [21] %, EBEEIRD 7 — 7L 2o THITEET
JTLES ZWREBEL[] Vo ERPRETZ 22D 5. HiERoAETERE
b, HIENREYL R BGHIERY FETETWREZICRoNE. Aol ehrb, #
ARG Dty & 7 RFID % AWM OHEEDSHE I ATV S [11,22]. v ¥ T
BIRFID 1%, 7277 4 7RIRFID L B D RNy TV REDBEREEBH LT, V—FK
B DB X 2 BEIRAHGIC X DEIET 5.

R [11] 2 /% &, MERBUIMEERIE W 720wy & 78 RFID X 7 D515
BEERELTHVTHEST 2. DAY =& 5203 28 COHHIR T v 728X
B, FHl L7208 D7 — X% RFID O 7 — XKML Y —XIWCEET IR T 4L
RoTWS., 2y T TRIRFID & 7 DADGETNIRBOAPEFINDD, HliEaf v
A 2O O RIE O & EA OBl EMmE X 0 — IV DBRETH 5720, D
HEOBIFIZOWTIISEH & TrliE e 35, FIH T 2 BEHEEE, 902 MHz-928 MHz O
RFID A @ Ultra High Frequency (UHF) 7% 1 ¥ 3L %47:H 200 I V# 225 400 2 U



FTOMTEBRZENALTWS. ZHUKEETEEFEZRES (Federal Communications
Commission :FCC) OHNCER L TV, HIEHPIINY FErRoTED, NREFIX
Ny Y TRIRFID & 7 %%ET %5 e o BRINEHEBAEL . Ry Y 7RIRFID 270
Rtk b, V— X DREDINE L 722 7= DR ESFTOMKIDI D D AV EIRIC X 2 811EI2% %
7-OMEBEE NS RKE V. BIEREIOECT 99 % O, FPEET 1087 DI HERET
EHHTEZ2Z2e00, T=X ) Y ZTHEBTE IO BEEIH 2. BRHICBEL TE, MR
DHDTHRTELDULLIR5.

Xy Y 7HIRFID W5 Z e O L LT, @EEEEEIRE & 7% 2 MR\ ORI E
FSEERIC X 2 EFHREIBRRIN, BMREFERE L TWE 2o B8 RN
TRETHD. 2D/, V—FE2HEHIS 0.5m U EHSTHERD D, Fike D%
TR S L E= &) ¥ JHIPARH AN D FEE, UHFEIMKT 5 2 72D RN E L
25,

2.1.3 EHRHEEKICLZEE

Hefh - @R 2RI T 258 TN REHICOT 20BN D 5720, EEICERE
EOKSBHIET 2 ZEDNTEIUITANA RZFICOTF B e B EMESZRIET 2 2
EDTES. 2 I THEMESIIRITHE L 7 5 H o JBEREA 2 v CERE I HE § 5 i 5E
D [12,23], 24GHz D~ A4 7 vz kK Bk FE,, REEBRHIS 2 IEERMD N4 XL
BHIBER £ > b EhTw 5 [24].

ik [12] Ti&, Frequency Modulated Carrier Waves (FMCW) 2R L 2.5 S VR
T 5.64GHz-7.25GHz % A4 — 73 % Z & TR EENIC & 2 18R & X250 R
fLZEHIIL, PR DIRECREHEE LT3, JIIET ) 73— BRI/ 72 i X 724
74 AENDO—ETHY, BEe@ILWHELIHL & 2 ADEMRERET 8m, AB A —
FOR2ERZB L IADEREMT4Am O ZATHEN XN, EHERODERE
B, ZERPDEL DI ENDPREL 22 205, REGINIBRMEGTE 25
FricilfyE s, BIEREICDOWTIE, FERE L DR HICHHRET 99 % OFEETE
PFCETWS., BRIGHAIECRHE L @S0 EREZ JlE Rk L ZR TR % 7
B, FHlREENDE 22 e oEL %5,



2.1.4 REBAEFICKSEE

WHERZ AT 2F R LTI, TTRREINTOWIEMZFIHTE 280 RKE4E
FEXNZZLICE2aR DB RAD S ICH 5. FAEREF A L2 E NGRS
AT LDOFFEE, FIZ Wi-Fi ZRIH L7 GESFEE TV 5 [13,25-29]. Wi-Fi Tl
ANDNBDE=XY) > 7 [30-32] ® RT7ZHAREDODREND T 7 T4 €T 1 DELZ &
525 [33] ZeMEINTED, INSDOEMZEMOREL(LE T 2 HHAZ IS
HALUTERBREHEELEIS 2 LTWA. £/, Wi-Fitry > r 7t Wi-Fi BRI EHEE
F3 I LTI TWV S [34-36].

HR [13] R TA3 2, 802.11 n #fjnd Network Interface Card (NIC) ZFIfH L T
Channel State Information (CSI) %K %> — L [37] & H W TIEIRE S K OaE R #E
FELTWS, #HHLTW2FEBEEEE, 802.11 n T80211a/g ko TWB I h5b
2.4GHz & 5GHz IZXG L TW%. FIFH T 2 HPIXENT—H&IV72 Wi-Fi B3 <
HPNT, AERHIT T ANA R2E % BI2OT 2 56203720, LA Wi-Fi 135 R EIE THE
T 27 DFREHITICHIRAH D, HEENDRKE V. HEREITR/NEERZ 0.15bpm
R, 2HIE S — XA THIERZDY 0.5bpm Riw D RIE T — X 23 80% BE L 72> TW\Wd T
EHHEBEIZMRNE L, BRIGNAHRZAAT 270K % 5.

AR IC1Z 2 Dtz BLE, Zigbee ¥\ o 7= b H 255, T TIKAZEI R TWL
5HDERN. ZD7D, Wi-Fi LA OIERREMICH LTI DFENEHTE 200 %
MDD 2 Z L IXERLD 5.

2.2 Bluetooth Low Energy D ¥

AHFFETIX, —f&17% BLE ORI > —>TH2ENT 24GHz D ISM N> K &2
E3 5. BIE, BLE AW AERKREROIBSEOMILIEZ R WA, BLE L [F U 2.4GHz %
FH T 2 Wi-Fi THFEE N TW3, BENMVER Z1T> TWaA 5 (38,391 5. X
Bk [38] T, 7Y A —FRA Y NeMERAKRDT V7 F 2N TREBEZRKHOMGICHE
L, BLE 227 %37 0.86m THIE L= WS D TH 5. BLE ZHWI=REFHZETIX
MO RZERETE 2 RIAAIZR WD, Wi-Fi THHIATWAHERZICHT 22,
T BLE Z FWAEREIREUS 2T X 2 A[aEMED3H 5. BLE T, Wi-Fi @t OlRE%
BT 272012 2.2 D XS IR v 2T o TED, $iiZ 37Ch,38Ch,39Ch 1
Wi-Fi ¥ G LR WEER» S 2 5 Twab. Wi-Fild 1Ch%472b 22MHz T ), BLE



Wi-Fi ch chl ch6 ch1l

$
A
v

0
1
8
e
1
ERY)

| L
i

2400MHz 2480MHz

X 2.2 Wi-Fi ¥ BLE OH|fHE R

(& 1Ch %7z b 2MHz 2 K< 7o TW31EH, 2 REF SR LT Wi-Fi OERJE S
#|2% & (Orthogonal Frequency Division Multiplexing:OFDM) /730IZ & 2 J&REEIIC &
5% EL21T>TW5%, BLE Tl AFH (Adaptive Frequency Hopping) 773 iZ & % IR
B TOZELBTHORAT WD

ILAERR 1T BLE ofthiz Zlgbee EWV o MMM BFET 205, FELL ER LT
% BEHUT & W 5 b 5 BLE Z ARHIFETONER L 3%, Bluetooth SHIZ-OWT DEF#lllZ
313 fHiCANT S

2.2.1 Bluetooth Low Energy Z AW\ 3 %5
BLE ZFHH WA A|H e LTU IR oNS Z & SAMEHRIUFICHE L TW5.

e FNART7Y—THIETE S M

o BEGT OHIFID D 0

o HEENHEVR

o 7 RRXAD VI DEREELTVWE A
o TTICHRIAL HERLTWVWS R

o ZffiTdH %

Ff1Z, Bluetooth B 7 N4 2 D HFIEEIE 2018 4 BI/ET 37EA TH D, TDOHRDE
SEERER 8% THR T 2 PRI TED 2023 4F 121 548/ X, 2 Bluetooth
TNAZAD 90% 73 BLE #8874 A2k b 5 e HiAFhTnwa. Biff, A~vK, &7
Ly b, J— 1% 3D Bluetooth MEHZRIE 100% TH D, 2023 4F 121 9 Hd R
' — 512 Bluetooth B XN TEBH A~ — P A —HIZRET 3 £ 100 % 753 Bluetooth 5
#Hick b, EEMA Bluetooth FABHTIX 2023 4 IIXFEM A AL 455 127 % & &4,



2023 4 O Bluetooth #E#{ A~ — b Kk — LB 7 N4 2 DERHFEAENE 11 £ 5000 T &
WCHRZeFTRINTWVWS [40]. 2D L S512BLE 3 FEENICIL XT3 22T, $TI
RIENICIFIES % BLE 82 A § 2 2 ¥ THMICIRIBERNTE 2 50BN TH 3.

2.2.2 Bluetooth Low Energy Z AAWL\3 C &I &k B HlI%9

MNLUT, Wi-Fi e 2722 Z e TPRINIHEB LOCMERE LTU TR IT o 5.

o 1ch 2472 D O ERBERT IR PN
¢« D RZEFSF R LT AFH ZHHL TV A R

BLE QRIS ZED LZHIEZITO 120121%, 26 OFIf 2 Rk 2 Fikze et 24
BNHD. 32HTIE, INSDOFHFNCH L TEMTH 2 FEEREET 5.
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E3HF

I ZE 9 5 Bluetooth Low Energy %
W R BHRIREFE

Bluetooth Low Engergy (BLE) % RIAH L7 X IMAOERICER L, EREESHHE
B3 2R e BIRATRE L R 2RI T 2 Z & B X USRI O iR 2 R R Tk
PHET S CMERFELEM T 5 LTHEETH L. AETE, ERERIEDO/DD
s K D ORE ., BLE I X 2 X BRI R R W o e HEBICHE L 72 2 B
ZHN L, R TRET 2 L ERERIUSFECOVWTHAT 5.

3.1 BUiEX05E

AHITRE, REBEFIEOHMITRH S Z L DT ERVEHRRER Z /T 5.

3.1.1 Mg

RIS 20 & (R 2 HIWT 3 2121, MERB Ol e AR R B D AT R TH 2RO X,
DY XL e\Wo 61808 5. MHlZEHIT 2 Z e B TEIUR, BRROIDALED
HET 5 Z &2 T = MEARKFEPEIE R (Sleep Apnea Syndrome:SAS) &\ o 72 (KB
MAEZ[EEES 2 Z e TE 3.

MERGEENZ, MDD R Z2HKPANEHHT 2R, A5z iioHICE D ATTRE
578 % H AREOERE )] ¥ 72 5 [EELE A A TEZ VW, FEREIRA T 1 2RI
12 [8]-20 [B] TRMIMWICZL T 2558 [41] ZFioTWa. ZOESE2 L 5 X 5740
XNRTUIR ST ) YRR, YTy EREPS (B1) R K5Ik

11



HHND.

Fsgr = 2FBR (3.1)
12

=2X — 3.2

X0 (3.2)

= 0.2 [Hz] (3.3)

koT, RIKTH 02Hz TH > 7V ¥ TEIUIFRIEBIGFTE 3.

PERGEBIRTLE, AIREIC & 2 B8 oEH) & MfREIC X 2 IEE0EEH LT 5. MEO
HEENIX 3.1 1T K512, FERERHSIZANEINGE S 2 2 & THERD 2L E D,
W BRI A IR SN S 2 & & TR D ZERMILF 272, BERE2NE»H R 2 Ly
HOENTHRZ 5. BEEOEENIX 3.2 1RT & 512, MEERHSIIAERREAME LS D
ZEIDIAH B T & T LEEBANNEDE o5k S50, FEERAC ISR AR U REHEE D 22/ 235k
F D TEHADIED D 2Rz, Mo R 2 e EEPRIGE L TRA 5. AMEDK
60% FKT TRERINTWE 7280, FGIEROED X > THEXERICAE U 2 BN ZE LR 2
5 Z T zHEETE 5.

3.1.2 1A

DA EIES 2 Z e 3 TEUE, OEZINET 2 Z e ATt Eath it vwo 2
RIED V) R 7 KBS BIRIREEDHEEN T X 5. HAARZ.0EK (ElectroCardioGram:EGC)
E5 %KX 3.312R7 [42]. EGCEEE, R31IWRLEEEREETLTHVED, DIEOR
WD BEFREW T 2IERICIGCTRZ & ZANEDL B2 ZNThOHE DR &
SERBETL. DHEBIERIED 10 TOL D002 ATED, DMEBIERATEB X
Z 55bpm—75 bpm T T 2 A>TV 3. ZOEBRL SR 3711
e ERFAUIRSRNT VT O TTEREBUEY T Y 7EENR S (34) KD X STk
HoHN5.

Fsur = 2FuRr (34)
75

=2 X — 3.5

X5 (3.5)

— 2.5 [Hz] (3.6)

XoT, RIKTH 25Hz TH YTV I TENIDHERIETE 5. 72721, &b/0OH
PHELRPTOVRIBICIVEH LIS T2 QRS BRTICHIET 2 Z LA RETH 3
720, IhEng A U IREBEREE NS, QRS EFEIZE 3.1 X hEZ 0.108 LU

12



LENTWERD, 37 Koksikdohns.

Fsors = 2FgRs (3.7)
1
=2 X —— .
*0.10 (3-8)
— 20 [Hz] 3.9)

XoT, 20Hz ERINZ V> TV TR E 2D, OIS X 207 B iR o B HHE
Y525 TMAROEUGHETE 5.

3.1.3 Bluetooth Low Energy

XHR [5] 12 & % ¥, Bluetooth £iffil% 2.4 GHz D RFFAED ISM (Industry<pE 3> -
Science<®} %> « Medical< B H>) N> FE2E{EREE LTEBY, FEHHICBIT 3
ZTNENOEENE- TS ZARETE % X5, BLE & Bluetooth Basic BR/EDR
(Rate/Enhanced Data Rate) @ 2 D DR UTHIE L TWw5. BLE XMEHEEITHOK

[ 3
;IU\H# ﬁ*&

S\BhREE

RAhREE — P

M 2 B
S HEIRED LN B
&IL,\ N, ﬁ*ﬁ
] e
S\EhREER 15
PRI oy 2 B

HERERD T H

3 DAL - = T
=31 SEIGERIC X B AR O 2L 3.2 WREIC & & BRROZL

13



13]- R« RREA o [—— rawinput -
PPRIFE

[ 3
1QRSHI L5 2 25 3 3.5 4 4.5 5
QTR i (secs)

3.3 HMEIYZ EGC 55

# 3.1 EGC ZED&KIK DA

S i

P % DEFOBIMIZEDAET 2. TEIX0.108 DA, B 0.25mV BT,

Q R B HEATS % B2

R % DEFORIHIC X DT 55K,

S R Bz < B2

T % DEMHOBEIMIZ K DAL 2B, 1EH0.10#-0.25%, ENX 0.5mV
PAF.

U K T B ERD P RO 5402 FEAB D/ X 72K,

PQ ks PIEDIAE D25 QRS DI H £ TORFR.
QRS [ikE  DEMHOBTMIC X DAET 2 HHE. 18I 0.108 DN, EAld 1.0mV £
ETHBH, FEICEIDRESBERS.
ST #%7  QRS RO D 26 TIHOIME D FTOH . DLEMHSBIML TH
DDA E IR IZ W8 0 B DFHEY 72 5.
QT kR QDI ED S TEDKDL Y FTORM. RIS Z 2 0357
PR T O IGHER LR RIS Y 3 5.
PP [HfE P D 5RO P % TORFH.
RR fEifd RIEHD»SRD R EE TORE. AR EEHTE 3.

14



T, TREEY Y 2 —Ya YAFIZRELEATED, 2.4GHz AR CE#EED
EWVIEBEZEBT 5720, 40 DF ¥ 2V TT— X %Z2ik{EF 5 AFH (Adaptive Frequency
Hopping) & WS EELR 7 Fa—F2HHA L TED, 125 Kbps—2 Mbps Di@{EEE, 1 mW-
100mW DOHF L AMICHIET 2EED PHY * 7> a vy, BFEOBROFEIRMES & <L
BRoTW5b., ¥72, ERTZ7L—1DtF a7 447> ardbHEIRTWSIED, R
AV —=KRAVE, TB—FFr A, XvTabWVol@BORy V-2 b RaY
WHMIRLTWS

3.1.4 Bluetooth Low Energy D7 RNZA 45

BLE O e LT7 RANXA DV e MHEIN 2 HRFERZH LT 2LHALD 5.
T, BEMBRPAEMRL Y TBLE D7 RAXA DY 77y P REREHT 3
P—ary%z2RETHIET, E—aryoii @i LA~ — M7+ YR D BLE %13
TNA RN UREZIRRT 2 2N TE LA TH S, X 2.2 T 37Ch,38Ch,39Ch 1%
Wi-Fi & B LRWEFRBOREZINTED, ZD3F vy R2ILDABT RARAL IV 7T
FHATZ BB TH 2. HREHT 2841 BLE 2o TIXOAMHATH D, HFE
W By § 2R ERIC X 2EMERIETIE, 7 RNV 72T 222 TH

BENZBROEETEHEECNENTE L. 7 EANXA D 7 THHTE 232EME T 1,

(3.10) XTHESHVS
T =N %0.625 msec (3.10)

Z 2T, N2k b p#HIZ 16 #HET 0x0020 22 5 0x4000 TT 7 + /L k23 0x0800 & X
TEBD, LEBR->TTOE D S 3&iFIZ 20msec 72*5 10.24msec TF 7 # L M 1.28 %
k5.

315 ZLxILY—

TR, YT, [T, BELE Vo EEREL D D, HYRIEIRIC Z DA
W E R NIZTREEVMD R VIEEEBAANBZAS 2 TE 5. BRI L TV L &,
RIEIRD &35 SN BRI AR O LB e 72 5. JHE _EO&R05%8 LW
EEZON, TNH DR &S X N7 Z D FEIK DR D LD CAEHR DT 72 75 KT
s (M34)., Z0X52, HAHIWED 2 XKiEED» S DERIZ K DHF L WIKEHIES
HWHEHDOERIHE D BFEPEHR LTV, ThEd o v XOYHSEE 7 VRAF ¥~ « KA
ANV RARBRATHRANYZADFEHE WS,

15



EITAR

fresnel zone

35 vy —v

REA

JREB

REC

34 HRANVRADJFH

FANVADOREZRHAT 2 e XEREZEBERYERL T 5 EEE MK ZH <
e TE, MHMBBHOBEL 1 LB e XEABRCZERAEHBALREER, S
/2, 24/2, 32/2--- D /2 Tt OiEEfIcEAE#. RAANENICH 2EME 7 T VR
DOYFEEZE S —F 2 AR « Dv v« FLFNMCHBRATE L 7Ly =220, 2
NLEERE 2,53 JL ALY =T 5. ZHUTED /2 BEEEDR RV 2 IRV R &
N30, FE2 LAY —VPBEE 1 7L ALY =0 B2 7320y — VORI
BATBHELULESTER, B1 7Ly =22 HE 3 7L 20V — Y OICIZTEDE S TEFAH
Hob. ZDD, F1 7LV = FEREMICRKREREELZRITIT [43]. H1 7L
I = R EYDAE L2 AU, R@E L (Line of SighttLOS) 23RWVWE WS . K
LEMRT2IE7LVAINY =V 2R T2 25K 25, K350 X57%EERA
CZEMB, MEVMCHDIGEEEZDE, n KD T LAY —VDFER, & (3.11)

TSN 3.
nﬂdldz
Ry =+/ 11
di + d .11

2T d 3EEH ADPSEEY C ETONERE, &b 1XEEYC25%2(ER B £ TOHEE
TH23. OFD, FJLHIAY = NIHEET L L5 ICEEYEZZLIEE Z B TEUIR
RNCEEBAZLEIRA D N TE S,
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316 Y7 b+ T7ER

YV 7 b7 = 7 R (Software Define Radio:SDR) ¥ 1, f/EREHHAN— R = 7 CTHE X
T 7= AR AL [A] % Field Programmable Gate Array (FPGA) < Digital Signal Processor
(DSP) t\W\Wo7e/ur o< 7NV RESIHAN—FY =72 H0W5 2 & TaWVWERNE 25
BHL7bDTH%. SDR & MERITHERBUDOIERE N— RV = 7R FERZ 21T 5.
3.6 WZ3CHR [44] ZEAT/ERL L7z SDR ¥ N— R Y = 7RO 71 b 2 LA X v 7 DEWN
2R3, TCPIP D4 BET LDy b= A X —Tx—RAFEXDFHELIEETL
72bDT, Fa—F, 740%, 7T 5H1HFRDETIE (Forward Error Correction:FEC)
FTHOHYHE, A5 a—0) 27671 —3 7% TH Medium Access Control (MAC)
HEICHE2D, "—F U 2 7HERE TR ZOYHEE YL MACHIE%Z —Fv = 7 CTEIfEX
TWw3. SDRTIX, Fa—F, 741&, 77, ADEBEOAEN N—FT =7 TTWV,
Z0ED FAEEY 7 b 2 7 THIFIL TV 5.

SDR ORI LT, HEEOFIME, a XA M7 1< RA0EE, HEOBEDIKRE
HEF 5N 5. SDRIFEVEIHEEZ D > TBD, ERIEN—FY 2 7 THEINTVE
W ZY 7 b 27 LO7u 5 A TERTZ IR TE LD OBEMENRS TH
DRI TE 2. SHEHT 284 TH 2 USRP X310 B X O TwinRx2 # % v
ZHERLT 140 THARE L, BAAMERE ST 2 N — Py = 7R L L &fiichd b, M
TORAPBNTELEET2H F—X—FR— FEMHIEZ DDA LN L2 o litgEHTHEAT
»H5. SDRTIE, SFHDON=FRY 72— TEZIEDRRVI DRSS
Va—IVHERBWTHEATH D, MHESUHEA—FY 27 ORI BRNATS Fa s
Z L ETR=ZANY FESUH 2R T 2 DA THEONHZEITE L. KoT, MHHH
BRE 2 EBRGIICICC TREEICEE T 2552 HIVT 2 EBRICIIRET D 5.

3.1.7 USRP X310

Universal Software Radio Peripheral (USRP) [45] I%, Ettus Research 1% d B Z G
7, 1E#ER L A/ID, D/IA ZHREHABDEN—F T =7 TH D, Mk [44] & HI/FK
L7237 1R &9 B e 72 o TWwa. USRP X GNU Radio % LabVIEW,Simulink
(MATLAB) & \Wo Y 7 bv =7 el d 228 TE 5. fIZITEEOUHEDEE, PC
ETY 7MY 27 EOR=ZANY FMESMHZEITL, D/IA Z#E X ORRBE 2 1%
T, HHELLRBARKROEBREEZAENT 2 2N TE, ZEDLG, PC HEET 2 iR

17



V7 b TER Layer N—ED x 7R

Application
TCP/IP Software
Link Management
Framing L=
: >
Software Scheduling @

Forward Error Correction,
Multiplexer
Modem
Digital Tuner
A/D Converter
Tuner / Filters / Amp \ /

Hardware

AHd

Hardware

K36 V7 hUz7HEGEEA—FY27HEEOSO FINZAR Y 7 DEN

BE%ZE LEBEESRB XU A/D Z2 1T PC LICERESEZIM DAL Z e TE
%. USRP TlZ F—&X—HR—FEHWDEZ 2 DAT 0Hz—6 GHz DITED B ERS Z
EMTES. AD, DIAEHEOY T — b F—X—K—FTY 7 b7 ET
RELEY YV Y ZRAERE TR Y Y AT 32 TEEDOY V7Y v VR T
DFEATPTEDR LI WTR>TWVS.

AFFEC USRP X310 B X O TwinRx Z3#E L7-BH L LT, ERABTIC4 KDY VT
FTRETLIHMEPTEINTZ L DIFD, ANV FiE80MHz & BLE THIHZ L3
JAEEETH 3 24GHz—2.48GHz % —EICHIS TE 2 2 &, ~WILF7 V7T FICHREL X
NI X D =AMEZRH T 2BRICHEX LA 7 ey 2 0EBMRBTE2 2 L,
FRNEEEET D RDo B F—X—KR— FORIEDATHIETE % Z & 1%
Fohd, KoT, AN IRELIN F—&X—KR—FTH2 TwinRx & ZFUR G
L7=AR{KTH 2 USRP X310 % 3%EE L7-. USRP X310 D4 %X 3.10 &, USRP X310
DHEARZRY 7 %25 3.312, TwinRx 75 USRP X310 ICEE XN TV AT ZX 3.8 12,
TwinRx DFEARZR Y 7 %R 33 I1TRT. 2 OD TwinRx B L TW3 7 — 7ILITHEK
ATNCHIET B 7= DB 72 FEFYR (local Oscillator:LO) OEEZHE ST 2728
WKHOWSHNE., K397 YT F 4RPERSINLERTTHD, 77 F DRI BLE
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Linux PC
{ Motherboard | E GNU Radio !
—. _ B Flow Graph / Application I
L— 2 i i
(FPGA) ; 5 | SWIG
~ ' @ i
t 200MS/s § @ | 1
ADC /DAC Signal Processing Blocks
| | L (C++)
e~ I """""" Daughterboard | | | | t """"""""""""
: i RF Front end | :'L USRPAD k5 ¥ 2K — FE
\: """"""""""""""""""""""""""" :J - J

3.7 PC & USRP 2##i L1z 7 —F7 7 F %

THROBMENTS XSICBLE THWSEEOHFERETH 2 0.625m & L, EFKIZZ DIk
RETEBRZIT- /-

3.1.8 GNU Radio

GNU Radio [46] I3V 7 bV = 7HIGEHOA —TF > Y —RY 7 v v 27 TH%. USRP
¢ GNURadio #A4 YA =N LEPCZHHT 2 ZD7—F727F *» 2K 3.7 1TR7.
)& 3 % GNU Radio Companion (GRC) W5 Z ¥ T7RH =277 7TR=ANY RF
S ZFERT 2 e BT, bl 7z7a—27 755 Python X7 ) 7 BRI N
Simplified Wrapper and Interface Generator (SWIG) 1Z X D C++ Tilib X Wz E5 U €
Va— W HEEHL TV TR 7 AMERENE. ZHhUC&kD, #Fazx oK
W EENBRIBENTE L. A—TF VY =RV 7 Y27 TH2BI b, AEAONZ
CIEHRZFIANR TV, V—Ra—=FDPRHEINTOWELDUHER T Ty 7Ry 7 X
KR BROVE, 2D PCIZA YA b= L THEENZAEIDRCEADIRHTDH 5.
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USRP X310

39 4AKD7 7 & USRP X310

3.8 USRP X310 N#ERIZ TwinRx2 A2
EEINTVWAHET

3.10 USRP X310 044 &l
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# 3.2 USRP X310 DEAZR Ry 7

Model USRP X310
FPGA Kintex 7 -410T
Logic Cells 406 k
Memory 28.620 Kb
Multipliers 1540
Closk Rate 200 MHz
Streaming Band width per Channel (16bit) 200 MS/s
RF daughterboard slots 2

Dual 10GigE / PCle /
Interface ExpressCard / Dual 1GigE

# 3.3 TwinRx OEARZ <Ry 7

Model TwinRx
Frequuency range 10 MHz — 6 GHz
Bandwidth 80 MHzper channel
Channels 2EATORA Y, 2RX N Fa—=

LO sharing HY

USRP X310 12X i3 % Y 7 b w7 = 712t GNU Radio Dz C++/Python API, Amarisoft
LTE 100, OpenBTS R E¥23%H 27, #Ha R+ DRI REDIEDOHEHRINEDE S X
D GNU Radio #3#E L 7-.

3.1.9 T7—UIZEHICKBZESDEN

RERHN T — R % AR ARD b T LA TRBT 22 EE7 —V 2L (Fast Fourier
Transform:FFT) ZHW5. AJITH 3BT X(j), HI1TH 2 FEEBEBE Y(k),
BREEEN tBL Yy, BE7—V & (3.12) RTRXN3.

N-1
(k)= ) XG)Wn"™ (3.12)
n=0

2T, Wy =exp (—j%) THHEET LS.
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AREERISERED D 2720, FPBARZ + 7 028352 TCESZEETES
ARENED D 5. FABIIARY b 7 2 QEERBERIIHICT 2 ABBORIGE RS Z 2T, £
RIEROPEIGTE 5.

3.1.10 Hampel 7 1 L2 Z AW =ANEDHIBF

Hampel 7 4 V&%, #etOIERTHICH S 7 — X IIMEFHERZE £300 DHNZ 99.7 % 3 A
52W0WH 30— EFRIZLTWS. FIZIEE, =T YR x,x0,...,x, ERZ kDRZ
AT 4T T4 Y RUBREZONTGE, x; OEEEm; ©EEFEZ o 13 (3.13) Ak
(3.14) XTcHEZHN 5.

m; = median(Xi_k, Xi—k+15++ 5 Xj5 + + 5 Xjtk—1> Xi+k) (3 13)

o; = kmedian(|Xj_x — my|,. . ., |Xj+x — mjl|) (3.14)

::szvﬂgﬁz14&6f®é.
efc 5
BT x B GO EWHER, LT (3.15) KoK TE T 5.

|x; —m;| > ngyoy (3.15)

ZDr %, Hampel 7 4 V&I x; ZANUEE LT m; TEEHLZ 5 [47].
FEBRTHWARZEEFIIRRINT - X TH 5720, BECHNIELEHEDT— 205

MIT 22 e TES. HIUEZMIET 2 A, XT 4774 VEDDH20ESEH

FFL S NEREEPHESI NS AJREMED D % 729, Hampel 7 4 V2 ZRHLTW5.

3.1.11 x—7JLv  NEBzAWESORENR

Yr—T Ly MR, vF—Yx—T Ly b LINERBEE R ML 25
BEEEY I MNBIURT =V VI LIen—va v ilEBBEREIT22THD, ¥ —
V=T Ly byl OB x & SL LEERAT, ¢ (55L) SRS T ERT X5
2, at bZPRET 5.

vz—7Ly FEHUT (3.16) NTHRIN S [48].

W) = [ ﬁw(

Daubechies 7 = — 7' L v kX 1988 412 Daubechies 12 Xk > TESNZERXY = — 7
Ly b, BERREZEZEGLOYR—bar X7 v e—T1Ly bThHB. BARK

x—>b
a

)f(x)dx (3.16)
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NZXoTHERMIoNT—E#HDRT —V Y B v & ZHHIET 272 —T7 Ly b
NODBHD, N diTBOLIEKRT 5 [48)].

NET—ZAT 4 INERF 2T 2T T 4N EVSTGMERD 7 4 VX ZRHT 2 & Hiv
V— 2 2RoRMNREINS. 2070, AEREBERICHLTE Yz -7y b7 404
ZRHAT 2 Z e PMEEIN TV S [25].

3.2 REFE

MR E T 2 ERERIIFIE, R BT 2. 2o I3EREHROH T b BRI
IRIERRIRREZ W52 ZEDNAEBBARTIX—XTHY, EBE T 5BICEH LTV
DR Y L7z, BLE THIRER DI ZHEE T 2121, FFR OISR S 2 R D
M7 IREEL R Z 20BN D Z. 22T, ROBREERTHEEDDHZ 7L ALY —
WFHT2EICHENREBEL, BLE 7 FAXRA PV 7 OZEROZEEEDE(
D O R & DB HEE § 2 JTTEZIRR T 5.

BEEIWCWE BLE 7 RAXZXA YV 7%V, 1 BY72DD 7y b OEFEKE
Fpre[lEl /BB, MK EZEIST 255 T Fipr < FsprLe, 'DIABZEISS 25
AT Fsors < FspLe 2723 £ 573 FoprelHz] Z7EDXET 5. ZEIEZ, ot &4
TERY LCEARZY 7 v = 7R (Software Define Radio:SDR) % i\ T SRR D
ATV, EEXIND BLE 7 RARA IV IRy NIRIET 2 F vy 2V e%2(ET 5.

ZELET—REBET—XOFFTIIERERZEL 2 TERVED, ERIEHRE
WY TN EITS. 2 0OFETESOMDHLEZRAS. 1 DHIE, ZERES
% FFT LABRA R b 7 20600 T 2 HBEBEBR T 2 ETH 5. 20HIZ, B85
W7 AV RREWEE L TARY b7 ARBETZHETHS.

2 OHDHETIEE S, Hampel 7 4 VX ZHWT R AL 7D 7 4 X &2 FER LAL
32, R, V2= Ly "ERICEX->TESEDHET 5. KAFETIX, N=4 O
Daubechies (db4) v =—7L v b EFHL, 311 IWRTEXTD dbd v —7 = —
TVl ML TRRKERBY = — 71 v E# (Maximal Overlap Discrete Wavelet
Transform:MODWT) 12 X b 1§54 % dbd MODWT 1741 % Z B GREfT 2 B 5.
ZLT, BLEDHEL TWAE7DAZIWMD T, T LEL L1 OFREO Y —
D> MR R T 5. BRI, OBROBIREARS b T 2B X OO0
DEIPH & 72 2 EFTC KD D 2 R TEPD 5 Z T, BIEOEEEITS Z RN TE 3.

222 HTR L ZHIFNTH LTIX, BLE (AW &2 R AN T2 8 2 A R
BEHWTRY 4 — 73 28RN TIERNZ 225, EEMREMD < URREER
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TOEHETAIETHRLTWS. AFHIZHN L TIE T RAXRALA TV ZTDF v 2D A
PRETZ2F v 320 LTHAL, ZEEENERG T X DBENIC 2720, TUEHR
PEHET 22 TEEROZENMIENLT EDRZ XSICL TV,

db4 Scaling Function
T T

T T T
1 — -
05 8
0 /\_,xg/r__
705 1 1 1 1 1 |
0 1 2 3 4 5 6 7
15 | | Idb4 Wz-n.'eletI |
1t /‘ |
05 ," |
|
/ 4
0F— f‘“ j{ \—\/___
/ /
-05 | f ,/ |
_1 | | | | | |
0 1 2 3 4 3 6 7

X311 dbd ¥¥F—v=z—7L v}
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\ui1
Iy 'H
p

KRETIE, HELEEBBEBEORBICOWVTERNS. BEFIETIE, BLE XE#E v
7+ v = 7SR (Software Defined Radio:SDR) Z{EHR O B X I RE & &

=, MEEE X OB EEIS T 5. X 4.1 ICEBRICH W 2 ARG HRHNE 2 E O 2
Y. EERICIE BLE F ¥ 7L % ##5¢ L 7= Raspberry Pi 3 Model B [49] ZffH L, %%
{E#%!% SDR &2 T& % USRP X310, TwinRx ¥ GNU Radio Z i3 2%. EHDEED
ML ELT B2 7L 30V = TFHT 23X C0RELZEEL, MIRIZ X 2 RORR
INHEI & BB AL HIE T 5. HZEREOEN d = & = $[m], BLE Ol E
A=<= 20— 01249[m] ¥ LCAELZDT, B.1D) RicUTiddze, 4.1 X

F T 2.402x10°
nid\d»
R, = 4.1
n \/dl T 4.1)

ER5.
\/1><0.1249><(075)2

0.5
= 0.125[m] (4.3)

EAEHEM & ZAZHEANC 71 TR S 5.

(4.2)

4.1 BlueZ Z WX ERIE

%15 FIBREE1213 Raspbian Buster %3 A L 7z Raspberry Pi 3 Model B Z{£#H L, AEOD
Bluetooth €Y 2 — UIEEHAIEDIAfEIC O VW e s, Ny 7 7 o —#:#8 Classl Xt
Ji& Bluetooth > 271 [50] % USB Z##i LA L 7. BLE O##{EICd BlueZ Z W\ T
B, hcitool 2> FiZ X D Host Controller Interface (HCI) #FXET 5.
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HRE

D ]
) 2 he = 0.125[m] \|
. A,
T D = 0.5[m] RX 10GigE Ubuntu 18.04
BLE device i S .
(Raspberry Pi 3 ¥§v$:|;(3>1<02’ GNU Radio
Model B) 3.7.13.5

1st Fresnel zone

4.1 EEELE DR

RENAEER 41 1RT. EEMREIEMEAE X, 20msec £ TEBEIGEETRETH %
DD 0.1msec (N=0x0020) & H KERMEICRET D LT 7 4L MECRE SN LR
WD o778 0.1msec £ LTED, HRDODFFNZOWTIFHETETTWVWARL., ZhITE
D, $ 7V IREBE F 3 (44) KickbRkoohs.

1
FspLE = T 4.4)
N
1
- 45
0.1 x 1073 (4.5
— 10 [kHz] (4.6)

L7232 TC, Fspre > Fsors £7227:8, DB KOBRBOMENRTEZ 2RETDH
3. JEREBIEICOWTIE, foMERRTT 2 F W72 e TFSE 25 & D I IE 2 A 5
22 TCEMBEICHETES ZEPMEINTVEY, KK TIEBLE D7 RAXA Y
VI DREERBIET 272012, 7 RAXA PV R EINTVWEF v 2L 1 F v 1L 55
D37F %2, 2MHz & L7z, ¥, BABEBOECEREBICHZ 2729, 7 KNk A4
SUTWHHT AT -2 ET1 L .

42 VI bz T7EFETHAV-ZERE

SDR #5813, Ettus Research #:#d SDR HiFLH N— K = 7 USRP X310 IZ K —&X —
A — K TwinRx % 2 B, L 7-%E Y, SDR i+ —7> Y —2Z2Y 7 +v =7 GNU Radio
WEDHELTWS, SDREEEZN—FRY 272 Y 7 by 2773 CTHAT 5.

26



NI R=R% 1

Tx Power default
Advertising Interval Min 0.1 msec

Advertising Interval Max 0.1 msec

Advertising Type Connectable undirected advertising (ADV_IND)
Advertising Channel Map  Channel 37

—JE AT 2.402 GHz

—JEI B A 2 MHz

Advertising Data Length 31 Octets

Advertising Data £T1

Advertising Enable Enabled

#42 PCORARy Y

oS Ubuntu 18.04.3 LTS
<% —HK—F  ASRock X299M Extreme4
7wt v Intel Core i7-7800X (3.50 GHzx 12)
727 4 w72  GeForce GTX1090 Ti

XEY 15.4GiB
T 4R 476.0 GB
NIC Intel X710-DA2

421 N—FO 7K

N— Rz 712i%, USRP X310 ¥ TwinRx ZH|f3 5. USRP IZ##Hi3 5 PC D ARy
7 %% 421213, PC & USRP X310 1367 7 4 N—% W7z 10GigE TRz h TH
D, TwinRx Z 2 DfB#H L 4RX TOEEL 22 2B 1 F vy 2D D 80MS/sec T
DEIEL 7 %. PC ® Network Interface Card (NIC) % 10GigE ¥fitodb D L, + v b
T — ZHBEDR MLy ZITHR SN K D ITRET L 7=,
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coax (1m)

(I
[

coax (1m)
USR;L210 ATT coax (1m) Splitter |2 a USRE;SIO
- 0
, a9 coax (1Im !
RP N2 30dB ZFRSC4-842-S+ |_ X(IM) | fiin Rex 2
coax (1m)

(I
[

. Ubuntu 18.04

1GigE 10GigE

GNU Radio
3.7.135

42 Fx V)T —3a rERTOBEOER

422 VI DT TIER

ZEESIE TwinRx ZEFATL2E 2 NI 7T F T IERAZIH, Z0F
EFZELRGAMMEORENETL 2. 2D, WEDOH O L CAMHDOHIE R 1T
5F 7ty MERZREL TBLRBENDHZ. MHOF ¥V TL— 3 VI 4.2 DK
TV, HR [51,52] Z2HICF» VL —2avyo-o0MEMEZEH L, HIERICIE
ZEEEEMELZEEEHVS. At 7€y MEREDZ1-HDF ¥ ) T L — 3
V121Z USRP N210 & SBX-40 ZHWTEB D, FRET 2 EEFLEBRBUIERCHH S
BB EF T L F, = 2402MHz OIEZEZHWTWS. (HENEL 2 HK L 7% 5
USRP N210 O3x{E%i2> 5 USRP X310 D& ZEMETDTr — I NVEDELR L TDIT,
LR 2 5 USRP O&ZENHI TN TR URMHEORE 7 —7 v Im 2HHT25. FxV
TL—Ya rHEiDEFEEER 4312, ¥V ITL—a YEOERESEEX 4.4 1R
3. MHZ LAY Channel #0 %2 B ICEEXINTE D, EHe EHO 2 MIcEE I N7,
BEORZIEMELTVWARVWED 1.5 REORBOAEDD 5. FEEITIZK 4.5 ® GRC
-5 72HWTEY, ZEFHFEZRL3ITRT.

4.3 BET—2DINIE

HIE T —&1x MATLAB ZHWTTF — XU E21TS. T —RIUEOFHRNZK 4.6 12K
3. %73, GNURadio T7 7 F 2 DEHDOXZEEFESELEK LN TV 7 7 A LB
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44 FxUTL— 3 L EMBOEBESET
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Channel #0: Real

Channel #0: Imag

Channel #1: Real

Channel #1: Imag

Channel #2: Real

Channel #2: Imag

Channel #3: Real

Channel #3: Imag
v
-
=2
=
a
E
<

Channel #0: Real

Channel #0: Imag

Channel #1: Real

Channel #1: Imag

Channel #2: Real

Channel #2: Imag

Channel #3: Real

Channel #3: Imag
o
°
=2
=
=
13
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Options Variable Variable Variable
ID: top_block ID: ble_base_freq ID: ble_channel | | ID: ble_channel_spacing File Sink
Generate Options: QT GUI Value: 2.4G Value: 0 Value: 2M File: ...Files, “datalr.dat’)
Unbuffered: Of
Variable Append file: Overwrite
In::'::_'; ID: freq_offset
Value: 2M File Sink
File: ...Files, "datali.dat’)
Unbuffered: Off
Variable Variable Append file: Overwrite
1D: freq ID: sample_rate
Value: 2.4G Value: 4M
File Sink
Varlabla File: ...Files, "data2r.dat’)
arial

Unbuffered: Off
Append file: Overwrite

ID: rel_phase...ets_file_name
Value: /home/fu...ets_245.cfg

Complex To Float

File Sink
File: ...Files, "data2i.dat’)
TwinRX USRP Source Unbuffered: Off

Cortar Froa 0 Append file: Overwrite
Center Freq {Hz): 2.402G cont PF':IG:G Czﬂtf?
Gain Value: 60 E . ile_name

File Sink
File: .. Files, "data3r.dat’)
Unbuffered: Off

Append file: Overwrite

Device Address: add...58.40.2

File Sink
File: ...Files, "data3i.dat’)
Unbuffered: Off

Append file: Overwrite

Struct Variable
ID: input_variables
DirectoryConfigFiles: ...arch
RelativePhaseOffsets: ...cfg
DirectoryDataFiles: /...1217/

File Sink
File: ...Files, "datadr.dat”)
Unbuffered: Off
Append file: Overwrite

input_variables:
Contains all the user-defined variables

Complex To Float

QT GUI Time Sink
Number of Points: 1.024k
Sample Rate: 4M

Autoscale: No

File Sink
File: ...Files, “datadi.dat’)
Unbuffered: Off

Append file: Overwrite

X445 ZEFE7T—2%1E#HT25GRC 7vn—r77

K43 ZEFRMF

NI RX—E% i

HUD B REL F., 2402 MHz
R=2ZANY FEEDY TV VTR F, 4MHz
i 60dB

HIAAZ(EIL R OMEREZIT VW 25 WA BRI 25815000 25 BEToUIh L%
ﬁm,?—&M@@ﬁﬁ%ﬁt%@ﬁﬁ@ﬁﬁ%?é.7y%%2®%%®&%%%ﬂ%
ELTVWBADIE, 7Ly =Y OHNGES B ¥ 7 HI X 2B ORI 21T 72
TH5. SHPLEAT2DERENIRET 270D —IY 2 LToTED, Sﬂ
AR WGERZTRTOT =22 BICHWSEE5 L LTHHT 5.
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U L7BEEEEI L 42072 7%EKT 5. 1 DI, KEEICYIHLZERES
DIEZRR LI F77TH5. 220HIF, YIDHLKEED FFT 24 L BRI b
HUREESOEBBARS 7 62RR L7 7TH5. 3 0HIF, dtEEAHIFD
T2 DIfRE 2 THX Y >3 > 7L L Hampel 7 4 VX %Z5EH, dbd V2 —7 Ly b TV x—
Ty VEWLEZ 77 THD. X, 4 DHTHWZEEROFEIRICERRT S, 4
DHIX, 3 OHDES»LUMMREREN LARBARI VI 42K R LT 77 TH 5.

(§1 T—5 %bi&b}

S BB L Y2

Csﬂ‘?&?b‘ 525 ETZYIDH L,) (Q‘Ctﬂ D L,)

<2

FRBR2THE|E

(6,.'5.\5&1%’C“Hampel7‘r )L’;T—ESEFE)

(db4'71—7‘l/'y F?’Z?ﬁ'&)

FFT

(ﬁl’a‘iiﬁ’ﬁ&%ﬁ%’&ﬁﬁ)

(E—ﬁﬁb‘B@%ﬁﬁ%Etﬂ)

TRIREFFT

(}ﬁ 5&%&%?@@%&&%%&)

(ﬁi&i&iﬁ‘&@f&%ﬁ%%ﬁﬁ)

4.6 WET—2DOUHOTN
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ES5HE

KRB EEERBER

KRETIE, FRTEL ZDOEFRRICOVTIAENS.

51 REFE

PIESFNER 5.5 R T &1, WEZY 7252 2mMUABEITTWEREDH %%
BEEZNHT 2. EZE7VTTORPLDEIIE, 7LV = VIZEKRBPHELRN D
ENREOROE S ZERL 1.2m & Lz, EBILITD 6 DORE L i L ZET—X
DIEMT 21T S .

RER 1 XGRS I ZEROAIEXBERELZET 2/ (K5.1)

RER 2 XZEHRIC B B EE TICZ(E T % Single Input Multiple Output (SISO) D
i (X5.2)

RER3 AEBELAET7 A INL—UETLIAY — Y OFICE ZFRE X OIS
2Tl RINE X B 2E T 2/ (K15.3)

REE4 ADT7 LAY —YOBICEN L7IREETZET 2K (K4.1, X 5.4)

TN INL—BEOADN AT 2 HEE 2R & EREEREE ORENI WX S, PC
¥ Raspberry Pi 1 Secure SHell (SSH) 3 X ¢ Virtual Network Computing (VNC) 2 &
DIEMRD SEIET 2 IO WX LEBRENICADP LB ALRVESICT S, T INL—Y
FX 5.6 TRTDBDEMHAL, K41 DADBILoTWEAUELFUAEICELS. 7 IN
= 32T ATV WIRRETER ¢ = 0.43[m] TZEXTTHEATRER V), = 14[L] TH
b, No2fiixi&E 5.5L-6.0L, 1[E#i5&E 050, HKE25L-3.0L2KEBR 5%
D, HonLDRERE ANTEERAWRKE?S 3 70 2 EEFTOEAEZZLEE
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% . WERER O HEHECE 15 bpm, DMEE O HEEZ 7T0bpm ICRREL X ba /) — L DFH
ZEDET VIV — Y DFRIES X OB OFE L 5. 7L I 00— ORI
B2 pump = 0.05[m], EE hpump = 0.28[m] DR Y T TITWZELIRNE BB L R WEE
REET, 1 HDOKRIETO0.55L KD THNE. ZDL X, 7N I NL—rDEEHIER
MTHBERYTOREDLSEEB/ET 2 ehs, BEMEALZ 212X b MEREBUHH
Y3 EN R HEHT 5.

Tx RX

E_I E

B 5.2 [SEER 2] AP b R iE E

v =2
X 5.1 [3EE 1] ZIEDAENEXE 2 Pl ET 5 M

TZILZEN)IL—>
Tx

| Tx Rx

1st fresnel zone

1st fresnel zone

53 [FEE 3] 730 — v BRI ] . o \
Hi S ERZ{E T % K 5.4 [FB 4] ABHE LZIET 5
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52 EREER

BRBROFEFGRE TR Y. 8277 70REESHEEIERCLLETHD, ZOARY
P AbIERLE N EZ b L ICHEHT 5 7= BALER 0.

521 EER1ZXELTULWERVWE TDIRIE

EB 1 ORZEBEOAEEXE 2 TOERBRGREZX 5.7-K 5.10 1Z~3. K 5.7 1 3%EE
BB WVIRETRZEL TWVW3DZEESORIEL AL £0.04 OFHPFAICINE >TED,
CHNDPHERED ) A XFEEL v ez b. K581EK57DFFTTHD, K59 1K
5.7 DIRE 2 TRIF| & % Hampel 7 4 L X I2EE X8 MODWT § % / 4 XERENE % fi
L7EB L ZDEEDEEMR, X510 XX 5.9 ICHRET/R L - EHR%E FFT L 7= &R
AR b LTHD. M59 %2Rz, 8 fhEL 1T R A XBD-TED, /
A ZDFZED 5.10 DFPEHMART b Z LIZHHTWE Z e bbb,

522 KER2XELECTDERIE

FER 2 DIRZERBICMBRELTICZET IMUTOZEETZX 511 ITRT. R
MHL XX £04 o TEHK 57 LHEEL T, ZELNADRELR>TVWS. K512
WX 5.11 ORFBEBARZ 74 THY, K513 1 K 5.11 O/ 4 XRELUEE LES
L ERERR, X514 1RO REBARY I L TH S, /4 XBRERIX BLE OEEFE
SOHENKEN 125 Z 5, FWRERKITOAPBRHEINTNS.

523 EEBRI3ITFIINIL—2EFE-T-EE

FEEEIDTLINNL—V BT LIV =V DRITEE, 7L INL— Y RHREREL -
15bpm CEFH X E TV BRETOZERFRE LM 5.15 1T, RIEL X +0.15 £ ko
TED, K511 HBLTZELNLWNELR>TWS., X516 XX 5.15 ORI
ARZ N LB, 517K 515D 4 ZABREROES AR TH 2. K518 %
H2¥, 025Hz120.01 DIEENH 2 Z & SRR/ L2 7L I NL— 2D 15bpm 12
YT 2EPBHTETNDE b2 5.

i, TIN—2EOHEER L 70bpm TEHBXETWEIRETOZEREE%
K 5.19 1273 . RIEL L, +0.1 £72-oTED, K511 2B L TZELLH/PNE

34



{7 oTHED, M515 L HBT 2L ZEL NIV, K520 13K 5.19 O EHEB A
RZMNFALTHDY, K52113FK 519D/ 4 XBREZRDEBS L OBETHS. K521 %
B2 P WARAZ S EETWE Z b, 522 2/ 2% L EEHBARI M F 4k
TT7AINNL—VOREEHRHT 2 22BN TETVWRNWI LD D 5.

524 EER4 NEFE-T-FE

FERA4 DA 7 LIV — Y DIFICENL L, ADERE1IED THWEIRETORZERFEE%
¥ 523 13RT. X524 13K 5.23 DEFREARZ PSS ATHY, K52513K 525D/ 4
ABREHDES L ZDOEKEER, X526 3RO ART v S L TH 3.

iz, A28 15bpm T2 L TWAIRRETORZERFS%Z 527 1RT. X 528 13X
527 DREABERARZ v 5 THD, K529 1K 527 D/ 4 XREZRDES L Z DA
MR, X530 X EAHRD R ARY T L THB.

N 72ERBRTIX, 55058 MRIHIGT 2E53MH T, ABICHIG
TEHESDIROPLLI-T-.
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55 HEEEREOMKT
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>

| .4." — -
0:;"0:5'['”“2,“‘7‘_,'_,

0.28[m]

56 EHITZTLINL—V
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57 [3EE 1) %ZEES

= e e e
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time[sec]

59 [EE1] 74 XBELEESY
Z D EIEER

x10°

Power
N
-

Frequency [Hz]

5.8 [ZEE 1] ZEEBESDORBHARY b T 4

x10°3

2 3
Frequency [Hz]

510 [SEER 1] R D B ARY b T A
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level
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511 [ 2] ZERES

25

time[sec]

513 [EER2] /4 XBRELIESL
Z D TAEHR

x10°°

7
6 Q
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Q
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4 5
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Frequency [Hz]

512 [EE 2] ZEESDREABIART 7 4

0.35
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0.2r

Power
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5.15 [5EB% 3(15bpm)] Z{EE=

bR
DO R

2L
3

4+

5 . . .
5 10 15 20 25
time[sec]

X 5.17 [5ZB% 3(15bpm)] / 4 RFREL
75 & 2 DR

x10°

3
Frequency [Hz]

5.16 [5Ek 3(15bpm)] ZEEE DK
AR T A

2 3
Frequency [Hz]

5.18 [5ZB% 3(15bpm)] TLA&HR D JE I E A
VAP
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6.1 HERIRIE
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B EERTEFEAHLEY—XO—FE
B.1 USRP X310 Oc&hx o) 7~

USRP X310 &4 —H% % v MIEH T — X 2T 72 ® Maximum Transmission Unit
(MTU) ZHPRINICEE L TE2RTFUIR %W, ZEEFIZ GRC 2HETT 2 L &
Xyt —INFRENG. ZD7=, USRP BEIRICKITRT S 2 VA7) T EEITL
THh 5 GRC 25475 5.

$ ./setupUSRP-X310.sh

sendBLE/blecom.py

#!/bin/sh

sudo sysctl -w net.core.rmem_max=50000000
sudo sysctl -w net.core.wmem_max=50000000

# 10G MTU
sudo ifconfig enp23s0£f0 mtu 9000
# sudo ifconfig enp23s0f1 mtu 9000

© ® N o U A W N =

0 |# 1G MTU
11 | sudo ifconfig enp2s® mtu 1500

13 | uhd_usrp_probe
14 | uhd_find_devices

B.2 USRP N210 Oe&EHX 7 7+

USRP N210 HATEIEX B 211X, 10GigE R ELZL TH X VD TRDAZ Y
T IR B.

sendBLE/blecom.py

#!/bin/sh

1

2

3 [ sudo sysctl -w net.core.wmem max=2500000
4 | sudo sysctl -w net.core.rmem_max=50000000
5

uhd_usrp_probe
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6 | uhd_find_devices

B.3 FEAXAV VI +Z2EHICHEVH T D Python XU ) S+
R : 37 F v RV DABT EANXAL DV THR

$ ./sendBLE/blecom.py run37

sendBLE/blecom.py
1 | #!/usr/bin/env python3

3 | import sys
4 | import subprocess

5 | import shlex

7 | def cmdrun(cmd) :

8 token = shlex.split(cmd)
9 try:
10 res = subprocess.run(token,

— stdout=subprocess.PIPE, stderr=subprocess.STDOUT)

11 sys.stdout.buffer.write(res.stdout)

12 except subprocess.CalledProcessError as e:

13 print(f"returncode: {e.returncode}, output:{e.output}")

15 | # https://users.atmark-techno.com/blog/1913/2500
16 | def run®_cmd():

17 cmd®1 = 'sudo hciconfig hci®'

18 cmd02= 'sudo hciconfig hci® up'

19 # hcitool cmd <ogf> <ocf> [parameters]

20 # <ogf>h' 0x08 |, 7.8LE CoNTROLLER COMMANDS

21 # <oct>h' 0x000a | 7.8.9 LE Set Advertise Enable Command

2 cmdl = 'sudo hcitool -i hci® cmd 0x08 0x000a 00

23 # <oct>h' 0x0006 | 7.8.5 LE Set Advertising Parameters Command
24 # Advertising_ Interval_Min 00 08

25 # Advertising Interval_Max 00 08

26 # Advertising_ Type 03

27 # Own_Address_Type 00

28 # Peer_Address_Type 00

29 # Peer_Address 00 00 00 00 00 00

30 # Advertising_Channel_Map 07

31 # Advertising Filter_Policy 00

32 cmd2 = 'sudo hcitool -i hci® cmd 0x08 0x0006 00 08 00 08 03 00 00 00 00 00 00

— 00 00 07 00'
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def

def

# <oct>h' 0x0008 | 7.8.7 LE Set Advertising Data Command

cmd3 = 'sudo hcitool -i hci® cmd 0x08 0x0008 1E 02 01 1A 1A FF 4C 00 02 15 FB
— OB 57 A2 82 28 44 CD 91 3A 94 Al 22 BA 12 06 00 01 00 02 00 00'
# <ocf>hH' 0x000a | 7.8.9 LE Set Advertise Enable Command

cmd4 = 'sudo hcitool -i hci® cmd 0x08 0x000a 01'

cmdrun (cmd®1)

cmdrun (cmd®2)

cmdrun (cmd1)

cmdrun (cmd2)

cmdrun (cmd3)

cmdrun (cmd4)

run37_cmd():

# 37ch only

cmd0®1 = 'sudo hciconfig hci®'

cmd®2= 'sudo hciconfig hci® up'

cmdl = 'sudo hcitool -i hci® cmd 0x08 0x000a 00

cmd2 = 'sudo hcitool -i hci® cmd 0x08 0x0006 a® 00 a® 00 03 00 00 00 60 00 00
— 00 00 01 00'

#cmd3 = 'sudo hcitool -i hci® cmd 0x08 0x0008 1F 00 00 00 00 600 00 00 00 00 00
— 00 00 00 00 00 00 00 00 00 00 00 00 00 00 600 00 00 600 00 00 00

cmd3 = 'sudo hcitool -i hci® cmd 0x08 0x0008 1F FF FF FF FF FF FF FF FF FF FF
— FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF'

cmd4 = 'sudo hcitool -i hci® cmd 0x08 0x000a 01'

# 7.3.62 20dBm

#cmd99 = 'sudo hcitool -i hci® cmd 0x03 0x0059 14'
cmdrun (cmd®1)

cmdrun (cmd02)

cmdrun (cmd1)

cmdrun (cmd2)

cmdrun (cmd3)

cmdrun (cmd4)

run38_cmd():

# 38ch only

cmd0®1 = 'sudo hciconfig hci®'

cmd®2= 'sudo hciconfig hci® up'

cmdl = 'sudo hcitool -i hci® cmd 0x08 0x000a 00'

cmd2 = 'sudo hcitool -i hci® cmd 0x08 0x0006 a® 00 a® 00 03 00 00 00 00 00 00
— 00 00 01 00'

cmd3 = 'sudo hcitool -i hci® cmd 0x08 0x0008 1F FF FF FF FF FF FF FF FF FF FF
— FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF'

cmd4 = 'sudo hcitool -i hci® cmd 0x08 0x000a 01'

cmdrun (cmd®1)

cmdrun (cmd02)
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def

def

def

def

def

cmdrun (cmd1)
cmdrun (cmd2)
cmdrun (cmd3)
cmdrun (cmd4)

run39_cmd():

# 39ch only

cmd0®1 = 'sudo hciconfig hci®'

cmd®2= 'sudo hciconfig hci® up'

cmdl = 'sudo hcitool -i hci® cmd 0x08 0x000a 00'

cmd2 = 'sudo hcitool -i hci® cmd 0x08 0x0006 a® 00 a® 00 03 00 00 00 00 00
— 00 00 01 00'

cmd3 = 'sudo hcitool -i hci® cmd 0x08 0x0008 1F FF FF FF FF FF FF FF FF FF
— FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF'

cmd4 = 'sudo hcitool -i hci® cmd 0x08 0x000a 01'

cmdrun (cmd®1)

cmdrun (cmd02)

cmdrun (cmd1)

cmdrun (cmd2)

cmdrun (cmd3)

cmdrun (cmd4)

status_cmd() :
cmd = 'hciconfig -a'
cmdrun (cmd)

on_cmd():
cmd = 'sudo hcitool -i hci® cmd 0x08 0x000a O1'
cmdrun (cmd)

off_cmd():
cmd = 'sudo hcitool -i hci® cmd 0x08 0x000a 00'
cmdrun (cmd)

help(Q):
print("fFX33V > FI& status / on / off / run / run37 / run38 / run39 /
— help.")

if __name__ == '__main__":

if 2 <= len(sys.argv):
if sys.argv[l]=="status":
status_cmd()

elif sys.argv[1]=="run":
run®_cmd ()
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116 elif sys.argv[1]=="run37":
117 run37_cmd ()

118

119 elif sys.argv[1]=="run38":
120 run38_cmd ()

121

122 elif sys.argv[1]=="run39":
123 run39_cmd ()

124

125 elif sys.argv[1]=="on":

126 on_cmd ()

127

128 elif sys.argv[1]=="off":
129 off_cmd()

130

131 elif sys.argv[1]=="help":
132 helpQ

133

134 else:

135 print('Argument is not resistered')
136 helpQ

137

138 else:

139 helpO

B4 ZEESEHRTLI S T7ZIERTS MATLAB XV U T+

mtlbSources/singleanlyze.m

1 | clear

2 | close all

3 | disp('Data');

4 | % ZPANAATOTRT

5 | [fname, dpath] = uigetfile({'*.dat','dat 77 JL (*.dat)';

6 VRN VIR TODT A (KR YL

7 ' TTFAILDER);

8 | fullname = fullfile(dpath, fname); % FIVINAB%ZFD
9 | [~,~,~]=fileparts(fullname) ;

10 | fp = fopen(fullname, 'r'); % A EDEATH<

11 | dataRrow = fread(fp,100000000,'single'); % 77N E+HDBARESHET —XEFHAHFAD
o (InflZTNIFKIEET)

12 | fclose('all'); % 771\ ELEEALS
13 | disp(fullname) ; % INZAET7AINA%EIAY —ILICRT
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Fs=4e6; % Sampling Freq
BLEinterval=1/(0.1e-3); %BLEbleacon interval
downrate=2; % Down Sample rate

% time cut
% Ftn 5 EDS 20 WEEDEHT. 258FT)
% 25 WUAT OB EIE L%z
timeStart = 5;
timeEnd = 25;
if length(dataRrow) < Fs*timeEnd
timeStart = 0;
timeEnd = (length(dataRrow)-1)/Fs;
dataCut = dataRrow( (Fs*timeStart)+1 : (Fs*timeEnd)+1 );
else
dataCut = dataRrow( Fs*timeStart : Fs*timeEnd );
end
clear dataRrow dpath fname fullname
gridX = (timeStart : 1/Fs : timeEnd);

% row data show

figure

plot(gridX,dataCut)

xlabel ('time[sec]")

ylabel ('Amplitude")

ylim([-0.5 0.5])

% print(gcf, '-dpdf','-r320','rx.pdf")

% fft calc

Y = fft(dataCut);

L = length(dataCut);

% WAZARY S L P2 ZEHE

P2 = abs(Y/L);

% P2, BBOEERLICEDETRAIRRI LS L Pl Z2BH
P1 = P2(1:L/2+1);

P1(2:end-1) = 2*P1(2:end-1);

f = Fs*(0:(L/2))/L;

%show

figure

stem(£f,P1)

xlabel ('Frequency [Hz]')
ylabel('Power')

x1im([0O 51)

% print(gcf, '-dpdf','-r320','rxFFT.pdf")

% Hampel Filter & db4 Wavelet Filter

72




60 | hampelk = 6;

61 | dataR=modwt Champel (decimate(dataCut,downrate) ,hampelk), 'db4');
62 | figure

63 | plot(decimate(gridX, downrate),dataR(1l,:));

64 |wl =round(Fs / downrate / hampelk); % Si&ig

65 | % DIRIGHEE

66 | [up,lo] = envelope(dataR(1l,:),wl, 'peak');

67 | hold on

68 | plot_param = {'Color',[0.6 0.1 0.2], 'Linewidth',2};

60 | plot(decimate(gridX,downrate),up,plot_param{:})

70 | plot(decimate(gridX,downrate),lo,plot_param{:})

71 | xlabel ('time[sec]")

72 | ylabel('level')

73 | ylim([-0.5 0.5])

74 | hold off

75 | % print(gcf, '-dpdf’,'-r320','wavelet.pdf")

76
7 | % BIEEE FFT

78 | Y fft(up);

79 | L length(up);

so | P2 abs(Y/L);

si | P1 P2(1:L/2+1);

2 |P1(2:end-1) = 2*P1(2:end-1);
83 | £ = Fs/downrate*(0:(L/2))/L;
84 | % show

ss | figure

s6 | stem(£,P1)

87 | x1label('Frequency [Hz]')

ss | ylabel('Power')

g9 | x1im([O® 5])

% |% print(gcf, '-dpdf','-r320','waveletFFT.pdf")

C GNU Radio DEA

GNU Radio ® 4 > & b =L /5%i& GNU Radio @ GitHub R — I IZFEMIE AT W
3. ZITHRNAZTATWS GNU Radio D N— g VEH S 25 4 PyBOMBS (Python
Build Overlay Managed Bundle System) % { 5 /7 EEBEFTH 2. EBRTHE->TW 3
TiwnRx FHHOZEEY 2 —n1E, CHk [51] ® gr-doa TEEMEZRRICKHALZ3DTH

«l https://github.com/gnuradio/pybombs
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H, ZOREEER RS HERCH PyBOMS THENCERE 2 X v > a— F L TEBIFIX source
avw Yy FEIL 2T THLOERNTH .

F 7z, AEBRIRETlX GNU Radio 3.7.13.5 ZFH L TW5 2%, 2019 48 AHIZ 6 .81
DAZ % =7 v 77—t 3800 PFATESL XS ICR-TWVE. HHOEREE 1
DO Y THMT BB HEMNTH S, AWIFETIE38.00%24 A=A LEHDD
gnuradio-companion 7% disable components 72 - 727z L T\ iz,

D BLE RUUIIICKZEERHDE
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