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Using an Offline Offset Calibration in an LOS Environment
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ABSTRACT

This paper analyzes the performance and limits of Decawave PDOA1000, which is a UWB (ultra-wideband)
localization kit equipped with a two-element array antenna, through experiments in a LOS (line-of-sight)
environment. PDOA1000 employs a localization method based on TWR (two-way ranging) and PDOA (phase
difference of arrival) measurements, which contain relative distance and angle information between two nodes.
Due to the offset from the array antenna, PDOA1000 requires an offset calibration for achieving a
centimeter-level localization accuracy and Decawave recommends an offline offset calibration, which estimates
the offset in TWR and PDOA measurements with perfect knowledge on locations and face-to-face antenna
orientation for a pair of UWB nodes in the offline phase and removes the offset estimates from the

measurements in the online phase. In this paper, we analyzes the performance, error characteristics, and limits
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of PDOA1000 using the offline calibration to show its validity. Through LOS experiments, we showed that

offset residuals, which are remaining errors in the calibrated measurements, can cause localization errors of

around 0.26m.

[.M 2

AERS, APdTE, $AFA, 2vEE s 5
3} o] wAY SIHARE 7o R = AW ¢
714kA 8] 2] A& 7]<(enabling technology) 4] Al
Elule] Aol UWB(ultra-wideband) 7|8} =2]
71%o] o ol B3} d Autel s, 2w
SHsto s qld] UWB 7|t 59 7]&2 o AE
Akl ool nt sghe|o] Ehgwle] giri T 2
AP 2}, Qualcomm, Bosch, Decawave(3i Qorvo)
o2 4% FiRa ZAAE 272 A= ARIA
= UWB AeiA FAl walE 7lstar glewl,
UWB 7155 ®AgE 2vtEr]7]e] #A45 Be
UWB 88} Aleie] AJ2hg o5l oejgh s}
o iz} UWB 7|8k 59| 7|s2¢] &-8-ofke 33 o
HE 917kAAke 2 Sl gluk

53], AT - W E T4 2 E UWB 7[HE 59
71e] &8Vt FEER Y Fold, o=
A3 Ao =2 it 71E E £54 RS 5
gk AT 2 AAE AlRRe] SolAd Al wE A
olt}. WA ¢l 7|EZE Decawavejit-2] EVK1000©]
oAee. EVK10002- 3 42| UWB whie] u]g7|A]
A2 Wbl 4% AZE & RTT(round-trip
time)S AbEsle] T =t b ARE A=
TWR(two-way tanging) ¥l 7]9ke- 7w, B 7))
o] 7GR A) e Ae 4§ ASES
gz AR} FEe] X E FHI) 10em
2 AiAE SAE S8 AlEvEE 391 AE
5 2T 5 o, ARl 7t St ok
2} i3l S5 o] Frbshe vlEv1A wAA] gk
o] o R Qlated®! FA] o] 8- 75t AMEALY]
7} Akl

olgfgt SHAIE F5317] $13l Decawavejit= 24
ZHtwo-elements) B|ESFe|LHarray antenna)E ®A|
g PDOA1000 7]EE 7fsisicl®. PDOA1000--
7] TWR wHAe] Ae] SA3} Aol 7 whd 7 4
2= ARE Egshs wldgket 2t 7k 91}
¢l PDOA (phase difference of arrival) & S43o2
A shte] ZlEdERie R e 59171 7hsshelll o)
= s b AR ool thre) )k

168

AR - 80 Alofe] =2 7MY, B T2l el
A= AREAE 59) 7HAE SR wlatel] Rt
Zyle #8-5 7UE = ol

il PDOA1000S |53 uidskel} 7]uk Al
He R oz gk} A& mutual coupling)
a3} g 9jx| o), A= o] & slege] o]z gl
ato] AlskE 22l (offset) o2 213l Aed3tE 4
Sl 2 =Z Aol Wk AsdstE WRE] Sls &
ZA WAL F5Hlo]m, Decawavejitol| A= AA|
27} (online)ol] WA Z2}Rl(offline) IS =
L ZAE FAE, 3913 e] SAA|elA 224l
HAXE Ao ZH QZAE B exelal
ZA vA whE Aasa glopl

oF47}2] PDOA1000-> AA(A8) EA]l A1 W
Ao R SAE] AR P S glem,
o]o]l &zll+= PDOA1000 435 37} 5419 QA7) %13
Zo]cf 34 Castel-Antat= NLOS (non-line-of-sight)
SgollA] F o] A=lE 3m o|UE Ak,
o 7 A AR =S s 59 HEEE F
7istl o, A8lS Fal o 2k Aldi7hE +60% o]
el 0.40m Wie] AT FAdo] 7sghe Rrh
31 Diagne et al.-> LOS (line-of-sight) 2 NLOS 2
AeA] F e 7k 78] S 3mE 543 A, vl
v 22} 7F 9akkel PDOAS B3 4% what 7k
AE SA 0 AFes Bl sl 7k
Az ErE £70% oWl wf, LOS el = )
105 9] 227} WAlsta, NLOS FHelMe=
LOS 330l vlsl] L2t B4 5% 7k & 155 W
9]o] a7} HAIRhS Rtk o] 91X Zw|QlelA
0.52m (LOS #+73), 0.79m (NLOS #H3) 2] 24}
7} AghE o]k

Al Aol s ARS Fa ezeiel o=l B
Aol w2 PDOA1002] AEAIRHE AAFE ¥, 23}
9 dlel e A =9, 24 PA o
AR e ebEke] ez Ale Azt 7F HIHE
Wste qlaf A= ahE 2azAlo]
ot e e ejel Al wAle wE gk
3 eazAle] Fodslrhs 7S AAR gk 1%
o) e xelel oAl BA o]Feo] =

7 Aled 24l 2 AKresidual) 7t £ 5= 9

S

"

o

L)
)
2

www.dbpia.co.kr



324 ¥A | 2 Decawave PDOAI000 A5 2 ghA] #4

Node Discovery Phase Tag
. Sending blinks

______ periodically, and

- Blink . .
Listening for Tags’ blinks 4= =~ ~ listening for a response
_ _Blink-=-~""]
- - -
Blink— |
le—

Sending Ranging Init.

as response for pairing|  ——

Ranging I’"t~\_> Pairil'ng upon receiving
Ranging Init.
Ranging Phase

/_Pall-//

'Response.

E—

Final— |

Measuring TWR, PDOA f&—
(optionally) reporting N
back to the Tag [ ™" Oprional Response -

T2 1. PDOA10002] TWR/PDOA =4 A3}
Fig. 1. Procedure  for measuring TWR/PDOA  of
Decawave PDOA1000

o), o] Q18] 934 1A o] PDOAL0D A5
o] Al 4 glek

R "E'-‘r‘)ﬂ

o] 1S Bt} 7]el 2Ape9le] o33
31317 918l LOS el Alge XJ‘B% e}, w14
Sazeiel A FE A ]

w PDOA10002] TWR/PDOA 3 z] 2l Eq’—] |
5 W, #48el B4 ©]5- TWR 2 PDOA 3
Ao et B4 A3 wiekd e =Ml FA | 7k 2}
o] WlmE Fall exA AW} $FE Heldje, ol &

B2 weE TWR/PDOA 544 4 =9 zJiLCQ}
T Eo] 29| 7184 TAox] o=l oA wvA]
o] gAE #ARI)

=] 74 vheet 2k 242 PDOA1000
©] 7433} TWR/PDOA =4 A2 Aws}y, 342
04‘3]"’] iﬂt’ﬂ EE]»* © A X}z} Seze w) ogso s B

i o m{m

[

x{h LOS il-7§ /:_;iﬁ < =3} PDOA1000-4 /ﬁ,—‘g— a9
Z}— ——-/\‘] JE]J_ [<] _LE].O] [e] _L/H] _H;_)(J_,] b‘]—y;ﬂg _—l]
g} Ao 5AelA] B o] ZES deth

II. Decawave PDOA1000 IR

2.1 PDOA1000 74 % TWR/PDOA
=8 mx}
PDOA1000- 7|2A 02 y o) ¥aa FA%c)
s e QPGS et 24A) v dskeluE |

Aspe, ek odwle] MiAAE wEkghems
TWR 2 PDOAS AT} == 2507 wj st
e ARl wlatel] g o ok 71 5
W) ZHazimuth)oll 213+ PDOA 53] 713, &
7k °PE1M o] Hjo] 2 <l PDOA Sy} o}
HE} R SAA] ol 227}F Halid 5= 9lek & =
-3— Sazelel el mAe] gl Al ol
el w}ak sl ok vl 2k gkl o]
A= arEfEhA| et

TWR/PDOA 34 d2b= 27 13} 3be] 24| &
Y el 24 vl e gy el E S04
B 5ol A B} o= 2 Ae]E ] S’k
lolr, 24 wAl= sle]®el e=s} ezt w4
] 2% B3] TWR ¥ PDOAE ZA4stw, volr}
;'q% -l?sh;} om]-xti /\]/\al q-/ﬂ x] LR=t=2

D) ke o, Bt )

AQ

>

N, o

2o

N

o] A& sl A5 FAIAD. 2 Al
gl A, 8 AlvEle —°ﬂ ‘ﬂr‘j/]' 1 d3le] vl 5
otk B EieliE Blas 29) dike st

A = gt A1) EAE gl Al
o8] thAkS- eRls)7] 93] Blink HAA| S £418}
= e Azkgt gl Blink WAAS meo}
& =]7] 74 dAgE F7| 2 F4l8H, Blink
AAE AlEE mEss ool tiE S5 2 Ranging
Init. WAAE 3 °ﬂ7ﬂ thA] Al "ot
Ranging Init. P|XA| S $Al8baA 7 wbad 71 5o

A2l

) 24 A el
Sl ol F sofge]

A R e ajeled

B kRE, o wHA
=4 DW]” % g wHuk
2lgs pco} EH:I-‘E
TWR % PDOAE A3}

=4 A= iﬂ‘ﬂ‘?}% < "8} = 7 o]9]H]
v, e8] Poll WAJ#], :==2] Response HA|A], €l
71°] Final "IAAE 2422 w335l TWR 2
PDOAE =A3It} 2423 TWR ¥ PDOA =4
2 Poll¥} Response ™|A]A] witnto g v 7l15ah},
F7P L% Final WX A S Aoz 29 27E
(clock dl‘lft)i o] °H tﬂ-xﬂg},__ _,_x}« Zo] > o]r/]hﬁ]
#FA SR Final wAAE 418 =7} e e}l
TWR ¥ PDOAE —7‘46}131] H = x5 2119
A2 24 9 349 Tk Bhasl A%
=1 Optional Response "A|X]E %3] TWR 2
PDOA SAX|E €zl AEd 4 9lrh

r;’L -IIN'

VN&

22 TWR % PDOA &% =
=] 2] n A Poll/Response/Final ™ A]A] 3L

769

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences "21-04 Vol.46 No.04

3 F7]e] 53+ TWRI PDOA A& 7H7t
rinl, glnlolet & o), 2+ 2420 4] ()3} o] A

ofg % 9l

&

dolzlo] 507 olaf] HHAISh= &2 4 i(offset)e \/]—F/]—
Witk 2 =iellxs ezl o=l BAS Es)
v, exejel ezl WAL b vl 7k A=)t
&, 7Tl AN %Zéf‘f}% 7V A= Jck
wEbd] Al (DellA 359219 2= AL A (constant)
2 1R 2elx v 0] B3] 031 el A
(random noise)< HHERATE

Decawavejitel|4] AT sl o xalel oA 1w
A e o o) A, ezEll e=Al A
2 =27 (online)ell A L Z2}l(offline) A2

ol Z4A0 EFE oS TR o
o1 9S4 i, 2512 B ol ot

~ 1 -
6= 3 22 (rln]=rln])
Cn=1 2)
o e (
a0y Engl(QS[n] = ¢[nl)
DecawavejitollA= 2Zzlql o4 vzl sh7o
2 xeol g2 7k 2] rln] = 3m, >} el
] ekt A2 v st Bl 2 A
2 0%, ¢[n] = Orad)e sk Qe
o), 2ol AHEAE 14 9L 909 9
Egb 2R ez FAAE Aol ez

wAst, 22 BAe] wE 242 r[n]3 gln)
=4 )% F3 Baltk & n> Noolth

3

o] A 5 olep

2ln] = 7[n] - %Z”L])\)%n? g
~7T " ~ 7 @
ﬁ[n]zi(?[n]—d’ﬁA) 1_(%)

o714, A= A1Z9] I (wavelength)S 2]7]5}H,
4 =2 el ) 2 Eel o1 Aol o
gt} PDOA1000°] AT 6.4896GHzE
A =0.0462m 19", d = 0.0208m o=}

S3zlel oA BA o]F PDOA10002] TWR
2, PDOA £ 9] 924 27 e, [n], e, [nl,

9
3.

Jln] = E1kd, A (5)9} ol AefRieh 3 A
Hog AA QA FAX| 7t 2oal LA AF
A5t 212 A v, [n]7F 2P, 212 Be e B
o] ooz FAEA S F3l T 5 ook
& =ellAs SAEA S kel it (mean), T

zhmedian), AHES] WIS HE S, TSHEL ),
F N7k Max.), HA2ZHMin)S A FZ ARE3I}

eq;[n] = ¢[n] — ¢[n] ©)

a2l 2. Los A3 3
Fig. 2. An environment for LOS experiments

www.dbpia.co.kr



= /L0S FHFolA 2Zelql 2 Z A BAof ulE Decawave PDOAL000 45 2L HAl 4
1 0 . g | S€ |
0 15 Availability, (%) = % 100 (6)
| 10 N
¥

—_
o
=Y

10710+ 1

10751 ‘

dr
; 4o
0 100 200 300 400 500 600 700 800 900 1000
Number of measurements for calibration (N,)

T3 3. 2AA Mgl e ezl A st
Fig. 3. Changes of offset estimates with respect to the
number of measurements

—
[=}
|
9
S

Difference of subsequent estimated offsets

a[n]sh yln] 2 o] Al $12)E 2w ff&‘:}
9] H4& TWRPDOA 24712] €224

9 AellA Np > N AA 12454 N
Hhlle, 5 AT EsHe i e A3
o= A ()3 k.

S. {n \ ep[n] <en> NC} %)

aela || & Agke] 94 /9 (cardinality) S b
= Xz s ovlgic)

HooE=Re omulyl oAl BAH wE
PDOA1000°] A5 ¥ o} A& ¥43ka, S==}
o) S22 e] Wl 3] 104 LoS 47
A8 4=33lt}. Decawavel] 2Zelel 224 w3
& F=5A9171 S8l =2717F 4.0m(Ee])x2.5m

(2)x2.0m(E0])3 AT} FRAALA S 53

wE PDOA1000 &% A5 ¥ 3HIE #4135 }"E Re slglom, Adsgd-e 18 264 ®elch zZhed A
% oI 519 TWRPDOA 97191 A5 & 5 e loh sk ol 2 sk sl
Ao ] g7l AR olel wel, B kEel  +00xrlx] S Sk 10Hz 7] 24 9
e ZF E2AH] eRe] Z7)ol gk BA| 442 v 3o, A N, = 300071 A ]E ol-&
1o 2] 42 E3 A3 s} - N
i}z] 1; o), g 45 a4 o ARE A e slo] Q%S Bl MER N, = 200709 =
o
L AAE olgale] eme s a8 38 34
o] Slollm Alz=8) Hlelae] A% HrHE <8 = .
o ST o] FLeAlS Aolek) S A s A A e 232 A 8] el gl A
S 7 713k} E 2~”H] -
e s I : oD% sl Ak, 2007 o1l S ol o,
= AR|z=e] 9] 7RIS £Ahs eolzt o Al = 3 w oo 3
) . L xA FAA] 2] Wz} 10701812 R A
u, =] 74 Availability, = 4] (6)= 7] A Qe 2 9};}_
olat 4+ 3k
0.2 1 6
0.15 . i o 55y
0.1 2 di
3 3 4.5+t
. 0.05 l;| s 2
E g = 4
£ a3 Co|
5 5 -2 Z 35
g -0.05 g 5 3
-2 < 3 ERE
= 01 3 AN ST
& 015 E 2, I7 g
2 1.5}
-0.2 3
51 :CQ 1t
-0.25 0.5t
-0.3 * - -6 . 0 ] =
Uncal. Cal. Uncal. Cal. Uncal. Cal.
3 4. 3A {5l u2 TWR, PDOA, =3 &4} v|x
Fig. 4. Comparisons of TWR, PDOA, and localization errors without and with the offset calibration
T

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences "21-04 Vol.46 No.04

IvV. 2TAl XX} A&k gl t}. 24 o]z PDOA &4*| 23= 0.77rad -
QL0 QTAl HAO| 5H| BM 3} -5.50rad o= FEskE AFE Holok o=
PDOA®] fa8l(¢[n]|E [ 7, 7)) 5 ot 34
& AellA] LOS 3 AFS g3l 53 SAAE 2ol dlaf A edikmodulo) 3-8 S8 fam
o]g3le] exzelel oAl WAL AIE FAEH, 9z AHolshz IHgelA] vehs Ak el wE
234 ®wA o]f PDOA10002] Z4 =]l £3hd < Aot 4 vkl oR Qs el e = <kEHu &
A A3} g odekal @ welel e mAl M| gt o] vk Aoz A= A s, o2 9l 5"41‘41
Ag wrg 29] 2A7} e} vl 7k Al A2)e] 2u) Sl
a3 4 ezell x4 A 7o w2 TWR ol & itk ARt B4 OlTOHf PDOA®] ﬂéw‘f
= PDOA 2747 93} 24] 9x12 nelck 1o 237k -0.08rad 7 FHasR L, 1 Az BE
A B oafe] $EE ehie, hEde Mg 591 9K 018m s e
5 AEe 93 ghe ovdkth s ApRe 7% 59} 6 2324 WA o] F2] TWR/PDOA &
ARe] WSlGnterquartile range)® Ui, W Ae] 239 exhe] #aE T histogram)F} A
AL E71hs, kA rlololR e HiS- viehd “(empirical) A 22 3(CDF; cumulative
o} 7t EAXE T 1S S E Balt) distribution function), 12|32 ZHlE-S 53k o] 24
TWR 23] ;—q% A 124 2 AA| Aol Bla) (theoretical) “FAEEFFE Hlrh 2 ==
A 0.16m A= FA SA= o, ez RS LOS V3= 7P dtel we} SAA] expe] ¥ A
3 =4 A _?_z}7} 0.04m FF7HA] 725l (8)°] 71-*19KGaussian) 22 7} 5= 9le?l
E 1. ¥4 %] ok2 TWR, PDOA, 59| 23} 5714
Table 1. Statistics of TWR, PDOA, and localization errors without and with the offset calibration
Statisti TWR Error (m) PDOA Error (rad) Absolute localization Error (m)
tatistics
Uncalibrated Calibrated Uncalibrated Calibrated Uncalibrated Calibrated
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