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ABSTRACT

Precise time synchronization is crucial for modern infrastructure but objectively evaluating the intrinsic performance of
technologies such as Global Positioning System (GPS) Precise Point Positioning (PPP), Integer Precise Point Positioning (IPPP),
P3, and Two-Way Satellite Time and Frequency Transfer (TWSTFT) is challenging due to the influence of local time source

stability. This paper proposes a Double Difference-based Three-Cornered Hat (TCH) method to overcome this limitation.
By applying this technique to analyze TWSTFT and GPS links between Korea Research Institute of Standards and Science
(KRISS) and Physikalisch-Technische Bundesanstalt (PTB), we confirmed a stability of mid 10" for averaging times over 2x10°

seconds, consistent with similar research by the National Institute of Standards and Technology (NIST). Our findings provide

an important standard for evaluating high-precision links and offers a practical foundation for technology selection and

system design in fields such as national time standards and defense.
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olZgt TAIE siAsl7] S5l & AtollAs o5 XHE(double
difference, DD) 7|9t Three-Cornered Hat (TCH) 7]%¥-& -85}
o} o] B2 A 7 o] EHA Al Hl AL Aikg Xested]
Al Zkd ] ks AASIL, ZF A1Z Bl 7]E IR Aee &
g]5lod A ek} sk 4= Q) ) (Parker et al. 2022).

H =Ro i Wz 27| 4] GPS PPP, GPS IPPP, GPS P3,
TWSTFTS] )¢t /g-& AHYsla, 3l o5 Xt TCH
715 e 5He Yejet A4 HaLE Tlatith 4golAe AR &
A dlolEl g o] &slo] 7t 71 S Hlal £AT AT AlA]
Sk, mpx|eRo 2 5Etol A= A B A ZE- b AlAIgT

2. TWSTFT ¥ GPS 7|9t A[ZHH|w 7HE

LA fAIE F A AlzE FEsHA HlaLstr] Hs)
ChgRE Zlgol ANEE A o, 5 S AlZH] AL 7] a2 f1/del
HAE AA B2 SA7IE WAAE sto] Ao F AlA 3k
AIZE 2tolE S sk Aot & AollAE =2
TWSTFT 4}3} GPS 7|9k A1 2485l 7] 5of| thish
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Cheng et al. 2022).
2.2 GNSS 7|8t A|ZHH| 2

GNSS 7]k AlZhul s FAEZEA(UTC) &, B2t 24
£ 9 A YxA](International Atomic Time, TAD) 24 5o
22571 9tk (BIPM 2020). GNSS 7|1} A|zH| = &
P3 Z.E Z3HH, PPP, 18] 1 integer ambiguity resolution2-
SFIPPP 7% o] @t} (Jiang et al. 2005). P3 A|ZHH] 2 7|$H-& GPS
e F F8 Fabg (L, L2)o|lA 4= = PLE P23 E
A S AY 23slel Azl JSES Hofshe TH 2 o
} 2492 A= 23S 534 0 2 A7 (ionospheric free)s}
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Generic GNSS Time and Frequency (CGGTTS) 2. 2 el o]
=7} 2b A7 A T 2 ge] &85 5 gt (Defraigne &
Petit 2015). T3}, <4 =353 < (Bureau International des Poids
et Mesures, BIPM)-& 20094 9YEE] TAI A4S 93l GNSS
£ 2851 PPP 7|2 H-85ta 9ttt (Petit & Jiang 2008). PPP
= International GNSS Service (IGS) S-of|A] A|Esl= 74 Y £
A A W A 2 ARE BEsle] GNSS B5 mdle] 23
2 2E o3} 2918 AuH o2 AU BYsl AAG
o} 417 9IR], £417] AA] o2F dF-5 A, shsat 94 1]
A& 4 5L v A 4=(unknown parameter) 2 A 5}11, ZF HE]
(Kalman filter)e} 2+ 34 7I"& 53l siE olch gvkde
2 vkl 9JAF n] 2] 4=(carrier phase ambiguity)S A1 4>(real
number)2 £435}m], o] 'PPP &F(Float) 3ff'g}tx F-Ec} o
714 FAE '$417] AA 22} o] HEE GNSS 7| A7 off
H| A7) AAS] Hdeh @ 2A Zho] Hrt A|ZHH] 74 =
GNSS $=4l7|utc}t 552 0 2 AFE3SE PPP S| 25 E] 151 ‘41
7] AA Q=AY 2ol g Fol A TF AT AlZHH| A} o] Fof
u d

Lx

51, 95k A 24X AL 9] g A1 %
89 TE S AHGO2 Foh4 QPP RS WS ZHech PPP
71l DA 71 4 AIZHE FEsln HHRES P41 9]
shubgoR 42 24eiH v S nIXA 42 Belo) gt
91 44 (integer) 2 SA3H= IPPP 7o glck. mlx|4 4 Aol
A3 he W T P 1S AL 4 9lo], Uk ofs) 4
#9] X|Zp| 7} b5 shek.

3. O|= XH2 TCH ! A|ZHH|= H|o|E]| FX{2]
3.1 Qukxol TCH 74

TCHZ AlA| 7+ 35 Hlal E o] & &85 7
1 gaejgo|nt. 379 53
Y EE THR]= A2 THE Al o] 28 7 3
A2 OE 3709 A1 4] x,(0), x,(8), x (DA 7%, ZF A1zt
A 21O AZF 2F ZH A x,(0-x,0), x,(0-x.0), x(O)-x,) T+ BAE
Eq. (D3} Zro] 23T 4= Qlrh
xq(®) = xp(t) = —[xc(£) — x4 ()] — [x(£) — x(8)]
xp(8) — x.(8) = —[xa () — 25 ()] — [xc(t) — x4(8)]
xc() — % () = =[x, () — x.(O)] — [x, (&) =%, (O] (1)
Eq. )¢ #AE Z8slo], 2+ At e] SHHEE g, g, 0.2
Aolstar, 7y Al A 73] Al 2F S A x,(0-x,(8), x,(0-x.(0),
x(O-x,l W SHHEE o, 0,,, 0,ZFL TTHA, 2702] A2k
AL 2F A QP T 2 A1zl o] QP & o] A= Eq.
)} 22 A Ze=th
02, =02+ 0}
ok, = of +
cl, = a% + 2)

Eq. QE5E /N8 2129 (=S Eq. Q) o] =5

=2 71 =] - T
£ sk a3l
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Fig. 1. Basic principle of the three-cornered hat method.
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\]E ab + 0, — Gg,c)
1
\}E ab + o-bc o-cz,a)
Oc = \]5 (024 + 05— 02)) ®3)

@ Eqgs. (2, 3)2F 22 TAE 2E7] Sl
7holl ko] glofok afni, 7 A7kl 71
2, TCH 7|4k QP = 87} A3} &4 22
o] ofE & FAE zt=rh TCH ggjFe
It AJA TF A=
al. 2021).

TCH ATHMH & AlA] 71 455 H7lshr] flsl 28E =
29 el Foluk, Thret ik Hobskodl 8% 4 gle.
o, th7]12H dlolE|, AATA} HlolE], £24d H o g 7] Zof ]
olg]5 7he] &4 9l A= mrlol 253 ¢Jc} (He et al. 2020,
Sjoberg et al. 2021, Fang & Ma 2025).
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3.2 AjZHH| @ AlA

Heol IS A ol F

3E0lA A7KEE TCH 241 WP & Fgstod, 27H] A A
21908 o= FEE o] g AZh|a ALY ZH S BAE
P

=

42 it} u]=k 27|31 National Institute of Standards

and Technology (NIST)of|A4] 2019 1L E] 2021 5¥Y7FA] 4=

A3t glolEl S &gsto] 27H9] TWSTFT 7]¥k AJZH| L A|AE
I} GPS 7|9k AlZbu] . Al A8 0] AlZH| A A5 H7HE 43S

H} Qloh NISTO] AtellA= ml=ie] YxIet & 71 Alzhed
@1 UTC(NIST)2} UTC(USNO) 7F =% TWSTFT Direct Two-
Way (DTW), TWSTFT Indirect Two-Way (ITW), GPS ¥k}

715} IPPP A ZHe) . 2E BASIGIT) B2 QT Abel A
TWSTFT DTW aii FEg(code rate) 1 Mchip/se] Ku th&
X5 & ges9iony TWSTFT ITW 332 EU-USA 7+ 24
A)ZH) 1 2E & =< 9] Physikalisch-Technische Bundesanstalt
(PTB)E ®j7§& UTC(NIST)-UTC(PTB), UTC(PTB)-
UTC(USNO) 7t A7+ 2} S 2| & 2HEslo] 28519111, 3l =
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XyTc(kRIS) — XUTC(PTB)

DTW
TWSTFT KRIS-PTB

IPPP
Clock Grsippp Diris—prp Clock

UTC(PTB)UTC(KRIS)
UTC(PTH XUTC(KRIY
Grspep DERls_pra

P3
Diris—prs

GPS P3

Fig. 2. Time transfer links between UTC(KRIS) and UTC(PTB).

= I 5§ 2.5 Mchip/s€] Ku the] 4157} AMEEQITh. E3F A]

H|Z & GPS ¢¢7]§¢t Novatel GPS 4:417]& &-835]9ith.
NIST—J Fabe P& oL Aah 3 H A9 Zfol= glon,
A ZF 200] sl 1x107¢ 4232] Modified Allan Deviation
(MDEV)T} & 24727} 8520 thallA] mid 1077 22¢] MDEVL
S &35)99t} (Parker et al. 2022).

# =follAl= UTC(KRIS)2F UTC(PTB) 7+ AJZHH] L 3
S tjAro @ UTC(KRIS)SF UTC(PTB) 7F AJZHi]a &30
Aol s o]F XHE TCH 247" & 2-gslo] Hrtslgich.
TWSTFTS] 7%, #JA]ole] Express-80 YAl S &8slo] T &
€ 2.5 Mchip/s Ku t|&] Ale 2 28511 9= EU-Asia 3 =
UTC(KRIS)$} UTC(PTB) 7& AlZH| A 2iE-e shasloith GPS
AlZHH| L B Ae] e, SR Eetl T dt PTBof|A] 2zt
UTC AJAdef 71ofskaL 91‘: =4 A|ZHH| & GNSS 41718 &
235} 01, GPS IPPP, PPP, P3 7|4} A|zH| 3 32 A% w7}
thire = 4 sieict.

A785F UTC(KRIS)SF UTC(PTB) 7+e] A|zHi]m &3 E0]
A= Fig, 29} 74}, Fig. 20141 UTC(PTB)2} UTC(KRIS) 2] £JAto]
]—7—]— xUTC(PTE)‘Q} xUTC(KRJs)o]j—, 7—1— /\]7 ]'H] a7 ]%*— no = 9—]
&, A4 A PAE FE T ALY AlZREE ST 4

v 2745 AlZPHs Eq. ()9} Zo] £ 4 9lk.
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n
Dgris—prs = Xurc(kris) — Xurc(prB) + €KRIS-PTB (4)

oq 7]/\1 enKRls PIEE A]ﬂ-ﬂl ol ]—
AAE-E A Q5 FAfo|H, Eq. (4)01]/&1 N2 o2 Az 7] n
T} mof] T3l $HH o] XE-E 4351 Eq. (5)2} Zro] T 4
At

714 nol A A|ZHe] A7} 3

nm — nn _pm
DDKRIS—PTB - DKRIS—PTB DKRIS—PTB (5)

Eq. (5)°fl Eq. (4)¢] TAE A-§-5te] UTC(PTB)2} UTC(KRIS)
o] $IARAE HiAISRL Azt 714e) 3 7ke] BAE A o)
3 4 glow, o]z Eq (6)7} 2ol % 7Hsaith

DD;;;;ls PTB — [xUTC(KRIS) — Xyrcere) T eRRis— PTB]

- [XUTC(KRIS) — Xyrc(prp) T eKRIS—PTB]
— €KRis-PTB (6)

Eq. (6)3} o] o] XHE5 AkE Z-gste], 318 oflA] 474
TCHE 38T 4 o™, A& T DDy pr 1+ TCH 232
slo] Al 2 7 A5 EINE U 4 ik 2 o]
= TWSTFT(TW), GPS IPPP, PPP, P3 A|ZHH| 1l 7]&-S thAre

s

j— n
= €KRIS-PTB

b 2 ofm Sk

http://www.ipnt.or.kr



224  JPNT 14(3), 221-229 (2025)

Fig. 3. Time transfer links and double difference measurements between
UTC(KRIS) and UTC(PTB).

0% A= TCH A 58715 £33 ot n Y mo] A7) A&3t
4712 Az 716 S, BE 73$-9] 4ol sl Eq. (D3 2
o] T 7Fs3itt 0] AR S} AlZlaL 71% 2he] WA

<+ Fig. 33}

TW,IPPP A
[DDTW:

KRIS—PTB 1 1
TW,PPP -

D Dzl(;e;i PT [1 -1 ] [DkRis—prs]

DDypis”prp _I 1 -1 I DgHi5—pra )
TW,P3 =

DDgris pr |1 1 thKRIs PTB
IPPP,P3

DDypistpre| | 1 _1J Dickis—prs

| ppPPP.P3
KRIS-PTB]

B ()l T 717 013 2 2978 Bgsto]
785l st TCHZ %
9oL}, GPS IPPP, PPP, P3 A|7¥
< Zow, BE 97t GPS 1 H|3 7]& 71991 749, Time
Deviation (TDEV) ¥ Modified Allan Deviation (MDEV) o] TF&
FAARE 7kl tiste] S48 H7hE o] AJ5H7 B9 4
A A 2J5t3iT

olo]| wel TWSTFT 23 W7} A] 3742] <, GPS IPPP, PPP,
P3 W7} A] Z}Z} 27}1A] 7 9-2] 5 A& 4= Itk TWSTET, GPS
IPPP, PPP % 3}o] tal| Case 1, TWSTFT, GPS IPPP, P3 Z3to]| tf
3l Case 2, TWSTFT, GPS PPP, P3 Z3}o] thsfl Case 308 4 9|
Sha1, A2 R 714 noll sl 7} CaseS k2 G elstod, Alzhl
Y39 QPYEE 0,2 AZMIT 714 n D mol] T o F AR
S HHEE 0,,0F FHMHH, Eq. 3)9] TAREH o]
T A TCHE Boll 9& 4 Q= Be B7F 235 Eq. @) 2

2
OTw(1)
U7Z‘W(2) 1 1 -1 ) 1
o2 1 1 -1 OTw,1PPP
TW(3) 2
T 1 1 =1|| otwpep
O1pppP(1) 1 -1 1 2
2 1 Oppp,IPPP
Tierp()| = 5|1 m— o2 (8)
P -1 1 1 TW.F3
PPP(1
) @ 1 -1 1 O_IZPPP,PS
0
Ippr(3) -1 11 [ 0Bppp3 |
O-P3(2) -1 1 1
‘7133(3)
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4. 0|3 X2 TCHE &8st TDEV % MDEV

=
ds 24

32780l A&7t o]F X2 TCH 7]4t AJZHH]

3 e B4 Ql5H, BIPM AH ] A A2 2 57
%] dlo]ElE 28319l om, AlZHH| A S %] 7F FATE YAk o]
7} 9= vl 2 HAE R £9F L7HS A A ke g
ARSI A gjake 2 AR 7S UTC 20214 124 01
A (Modified Julian Date, MID 59549)0j|4] UTC 2022 6 7%
(MID 59737)2 188 o|ti, TDEV & MDEV H7} A] HFA|7F ok
3x10°27kA] Ao 7HsstEE FA5IeITh TDEVS: AlZh 92}
o] HAIE AJA] &2 AU A AARS] ©Y] 9 B MY ES
B7Ke 4 9o, B4 IS YA DB AlAl 24171 dut
U 3A HEskeAE L}EHHL Z]*LOIE} MDEV-2 Fpa oHY
EE Yrlehs g 2AQl H] 0 2 MDEVE &-§3lo] 15
AlZbe] g Fotg P EE ERISH 4 9] U% CheFeh e
AET Tk drift JEE HoHE olAe TDEV«L
MDEVE &-83}0q, ZF A|ZHH| a7 5.9] *174 { Zpo} Faba 91
T & EA5IT

M2 THE Alzhl L A ARE Tluke 2 3 2 S Bee]

0.1
lm et

o[el9] o] HT §l thF dxof FEH MIDE 7= 4]
offsetg thS Yz Hlo|EE 7|20 8 BRI, o]& X} ]
olE{7} S} time tagE IR 5= FAI5IY] S5 Ad oz
raw do]e] ZRZ7]7} 71 TWSTFT AJZH| i glo]El & 7|50
2, GPS IPPP, PPP, P3 tj|o]E]2 H7t5l0] £ time tagE ZHe=
dlo|ElAlS T&sl9ich £ &8 o)A WlsHs & 422] 9]
outlinerE A|Aslo], OF & BA 3P of|A] Fo syFA]7ko] o
& HhyEt 4= 9l spuriousE BRSOt B =Hofa] &85
27 IS AR P38 UTCKRIS)SF UTC(PTB) 7F Al ZHH]
2l 2 2| = Fig, 49} 2t}

Fig. 40]4 2RI 4= 9150l AlZu]al P 3o wah M2 o
D714 A7 eaf S ZEol), FT1AQl s =
ol FARHS ERIE 4 Qltt. o]i= UTC(KRIS)2F UTC(PTB) 7F
WS AlZE A 2 S 2F sl QIS o', AlZF 9 TF 9

215 wiAIs] $18) Eq. 7t 2] gl o xHEsled Fig. 5o} 2

Fig. 5e} ZFo] z} A1zt J 3 2ke] S/30] 2lsl], Xk A]
E R 7;2111, GPS P37} 33 o] F 22 A 9] 4
ol o5l oF 4 ns =
,1 Hx}r} AHEE % ge1st 4~ 9Jch. TWSTFTS} GPS IPPP, PPP
ol of 1ns &, 7Hg fAlRE @2F 544§ 2= GPS IPPP9}
PPP Zhofli= ¢F 0.5 ns 2] AP/} AFEE T} Eq. 8& Zﬂ%ﬁ

o]F 2t 5429 AlZh Hol & £ 91l TDEVE AFE
a19lom, k& ATHe Fig. 63} 2t

Fig. 63} ZFo], ¢k 4x10°z 9] A 0 & t7](short-term)
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Fig. 4. BIPMTWSTFT, GPS IPPP, PPP, P3 time comparison measurements from *p3aa5, *t3ia5, * ttti5 files between UTC(KRIS) and UTC(PTB).

Fig. 5. Double difference time comparison measurements among TWSTFT, GPS IPPP, PPP and P3 of UTC(KRIS)-UTC(PTB) after pre-processing.
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Fig. 6. Time deviation (TDEV) of UTC(KRIS)-UTC(PTB) according to double
difference time comparison data.

@)

Fig. 7. DD-TCH TDEV of UTC(KRIS)-UTC(PTB) according to time transfer
methods.

(b)

Fig. 8. DD-TCH Modified Allan Deviation (MDEV) of UTC(KRIS)-UTC(PTB) according to time transfer methods. (@) DD-TCH MDEV of UTC(KRIS)-UTC(PTB) as time
transfer methods and TCH cases (b) MDEV of UTC(KRIS)-UTC(PTB) as time transfer methods using *ttti5 and *p3aa5 data.

7} o] 42 Aol g By oL}, 1x10°2.0] Alth 0.2 7] (ong-
term) TDEV- 3.8x10"0f|A] LIx10™° A}o] 02 AMfjHog
FAE AL BRI ol A7 U7k A7) ek A7
H| 3 23 %| 9] B4 A], Flicker Frequency Modulation (FFM)o]|
of5] ¥k o & 1x10°% o] Fofl HHFAIZE ol thall 7 712715

)
< A dizHH, °olg
=

Kol 3 A7l A olF 2E
oM, A2 S T A2 A Ro] 2ARY S-S
51 Xe)

4.2 °Iz’§- XH2 TCH7|4H A|ZHH|: 2 32| TDEV 3 MDEV

=R o] A TCHE Fol A7 o] ne
5 B 2sI om, o2 Bl A2l Y2 7F TDEV o
MDEV 4%-& ulmsieich. 418004 43k ol 5 Ah 2412
Faslo] Eq, 82 4 4519100, TDEV AH: Aok Fig. 73 2
Fig. 7& E3] TWSTFT, GPS IPPP, PPP, P32] A|ZHH|xw H3
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ol thgt TDEV 55 21T 4= ¢l.om, TCH Case ¥ H7} At
o] My} ZAeke slelslich TWSTFT, GPS P3¢] 7 TCH
Case 7F @7} ZA3}o] xjo]7} Az o2 wro1} GPS IPPPo}
GPS PPP2] 7J-¢ TCH Case 7F =& Hx}= Hic} TCH Case
W3} 38 0] A9 GPS P37} ZalE|o] glof, o] z]~r TCH At
E A diH o °ﬂ9JH TDEV 3-8 ZH= o7y A3 101, ©7]
TDEVo] A& 0 2 2251 GPS IPPPS} PPPO] J47}o1] 25]o],
ok 1x10™ 30 MZ(bump)7}t EEH Ao g FHHC o]
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(d)

Fig. 9. DD-TCH MDEV of UTC(KRIS)-UTC(PTB) according to time transfer methods (compare with Non DD-TCH Results). All results are compared with and
without DD-TCH: (@) TWSTFT MDEYV, (b) GPS PPP MDEV, (c) GPS IPPP MDEYV, and (d) GPS P3 MDEV.
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