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I 1. A newly emerging situation

BDS-2: B1/B2/B3

BDS-3/3S: B1/B3/B1C/B2a/B2b
Galileo: E1/ESA/ESB/E5(A+B)/E6

GPS Block IIF: L1/L2/L5
GLONASS-K/GLONASS-M: G1/G2/G3
QZSS: L1/L2/L5

Benefit: formation of inter-frequency combinations with
good features; increased measurement redundancy
Challenge : satellite clock inconsistency

Montenbruck et al. (2010) identified the presence of time-, signal- and
satellite-dependent line biases in carrier phase observations.




I 2. |GS satellite clocks

Code and carrier-phase observations:
P=p+cdt, —cdt+ 1.y, +T+d,; +d,

@, =p+cdt, —cdt—1-p,+T +N;+b.; +b,; Hb,;

|GS satellite clocks (L1/L2 ionospheric-free (IF) satellite clocks):
CdtlF,lZ =cdt - (ai_z,; ) d; + ai_z,g ) dg) — (ai_z,; ) bv.l + ai_z,g ) bv.ﬂ

L1/L5 IF satellite clocks:

CdtIF 15 — cdt — (815.1 ) dl T s, ds) — (a15.1 ) bv.l T s, bv.5)
=cdt,. ., +IFCB
Kept consistent with Inter-Frequency Clock Bias (IFCB)

Ayp = f12/( f12 - f22) Ay =~ fzz/( f12 - fzz)
Asq = flz/( f12 - f52) A5y = fsz/(flz - f52)




I 3. Mathematical conversion formula among various IFCBs

IF-PPP1: L1/L2 IF+L1/L5 IF
IF-PPP2: L1/L2/L5 IF (infinite number of combs.‘ﬂl

with only two conditions) The current IFCB estimation
UC-PPP: L1 UC+L2 UC+L5UC approach should be modified
from time to time

IFCB(IF-PPP1)  IFCB(IF-PPP2)  IFCB(UC-PPP)

\J/

Relationship?

Satellite clock determination (Guo and Geng 2017): IF-PPP1 & UC-P
Least-squares adjustment (Montenbruck et al. 2012): IF-PPP1
Epoch-differenced (ED) strategy (Li et al. 2016): IF-PPP1




I 3. Mathematical conversion formula among various IFCBs

IFCB (IF-PPP1: L1/L2 IF+L1/L5 IF)
Introduction of IFCB:

CdtIF,lS = CdtlF,lZ + P 15+ O 15

Code-specific IFCB (CIFCB):

,Bu: 15 (a121 d "'3122 ) (a15,1'd1+a15,2'd5) {DCB(Pl’Pz):dl_dz
= —a,,,-DCB(P,,P,) + &;,- DCB(P, P.) DEBRR) =G,

Phase-specific IFCB (PIFCB):
||: 15 (a121 bvl + a12 2 My 2) (315,1 'bv,l + a15,2 'bv,s)




3. Mathematical conversion formula among various IFCBs

IFCB (IF-PPP1: L1/L2 IF+L1/L5 IF)

Triple-frequency GFIF (Geometry-Free and lonospheric-Free)
carrier phase combinations:

GFIF= (312,1 '(Dl T8, 'q)z) - (315,1 'q)l a5, -cI)5)

= (a12,1 'bv,l + a12,2 'bv,z) — (a15,1 ) bv,l + a15,2 'bv,s) + NGFIF + br,GFIF + bc,GFIF

= 5IF,15 + NGFIF + br,GFIF + bC,GFIF

(

GFIF (a121 N + a12 2 N ) (a151 N + a15 2 5)
r GFIF — (a121 br 1 + a12 2, 2) (a15,1 br,l + a15,2 r,5)
c,GFIF — (a121 bc 1 + a12 2 c, 2) — (a15,1 ) bc,l + a15,2 ) bc,5)

N

PIFCB observation equation
5IF,15 — GFIF_ (NGFIF + br,GFIF + bc,GFIF)




3. Mathematical conversion formula among various IFCBs

IFCB (IF-PPP1: L1/L2 IF+L1/L5 IF)

Estimation process of PIFCB:

Eliminating stable terms with

ASS o, (t,t=1) =GFIF(t) - GFIF (t -1) ED processing

n(t,t-1) n(t,t-1)
A5|T:,15(t,t _1) = |: ZAé‘ISF,lS,r (t1t _1) ) Wrs' (t1t _1)i|/|: wa (t,t _1)i|
r=1 r=1

Wt t—1) :{Sin el (t,t-1) el (t,t—1) <40°A weighted average of solutions
r 1 el’(t,t-1)>40°  over the entire network

O 15(t) =05 15(ty) + _ZA&,SHS( j, -1 The PIFCB at each epoch can be
Pt obtained with an accumulation

Lietal. (2016): ED strategy



3. Mathematical conversion formula among various IFCBs

IFCB (UC-PPP: L1 UC+L2 UC+L5 UC)

L1/L2 IF satellite clocks are converted into
uncombined (UC) satellite clocks with
estimated L1, L2 and L5 UC CIFCB and

PIFCB

Cdtuc,l - CdtIF 12T :Buc,l + é‘Uc,l
Ctyc , = CAtye 1, + B, + e
Cdtuc,5 - CdtlF,lZ + :Buc,s + 5uc,5

r et = —8y,, - DCB(R, P, -
f;uc'z:ai ,;'DCB(l(Dl,Pz)) DCB is used to compute the
fes =—a,,-DCB(R, R +DCB(R,R) L1, L2 and L5 UC CIFCB

5uc,1=0
|dc.=0 Both L1 and L2 UC PIFCB equal

to 0, while an extra consideration of
L5 UC PIFCB is necessary

N\




3. Mathematical conversion formula among various IFCBs

IFCB (UC-PPP: L1 UC+L2 UC+L5 UC)

rﬁl = p+Cdtr,E + IE +T +[_(3'12,1 _312,2)'bv,1 - 2'312,2 'bv,z]
P2 = p+Cdtr,E +lg -y, +T +[_2'aiz,1'bv,1 + (312,1 _aiz,z)'bv,z]

Ps =p+cdt e + 175+ T+ 0ycpep HA120 (72 +75) By +a5, - (L—75) b, +cs]

o dt. . — 1. +T+N

1=p+Cat g T+ N -

Bo=pcdt,. — 1,7, +T+N,, The UC triple-frequency

| ®s=p+cdt, e — g7 +T +Nyg + e PPP observation equations
after applying the L1, L2

( Cdtr,E = Cdtr + a12,1 ) dr,1 + alZ,Z ) dr,2 -
o= 1—a,,(d,—d, )+, (b, -b,) and L5 UC satellite clocks

) Oucprr = (=75 Q0 —Qup1) 0,y —8pp, - (1—75)-d,, +d, 4
Nl,E =N, + br,l + bc,l —d; - (312,1 - 312,2) ) dr,l -2 Py, 'dr,z
Noe =N, 4B, +b, —d, —(a,, =7, -@,,) - dy; —3y,, - 1+7,)-d,,
\NS,E =Ng+D0,5+b,5 =05 — (a1 — 75" y5,) 0,1~ A+ 75)-d,




I 3. Mathematical conversion formula among various IFCBs

IFCB (UC-PPP: L1 UC+L2 UC+L5 UC)

Formulating the L5
UC PIFCB

L1/L5 IF PIFCB: O 15 = (a12,1 ‘B, +a,, 'bv,z)_ (a15,1 ‘b, +a,,- bv,s)
= (312,1 - al15,1) ) bv,l T8, bv,2 — Q55 bv,s

Oucs =&z (1_75/72) . bv,l R CTYR (7 -1 bv,2 _bv,s

5UC,5 &5, = (312,1 - a15,1) . bv,l +a,,- bv,z — Q5 bv,s = 5IF,15

The estimated L1/L5 IF
PIFCB can be converted
into L5 UC PIFCB

5uc,5 — IF,15/a15,2

Ay = flz/( f12 — f22) App =— fzz/( 1:12 — f22) Coefficients for L1/L2 and
a., = f2/(f2—f2)  a,,=-f2/(f2-f%) L1/L5IF combinations




3. Mathematical conversion formula among various IFCBs

IFCB (IF-PPP2: L1/L2/L5 IF)

e +e,+6e =1 The combination coefficients
e +e, -y, +6-7,=0 Tfulfill these two conditions

Theoretical

Cdtu:,lzs = cdt - (el : d1 +6€, 'dz + & 'ds) - (el ' bv,l + €, 'bv,z + & bvs) formula

Cdtu:,lzs = Cdtu:,lz + :Bu:,lzs + 5|F,125 Introduction of similar IFCBs

= ( .d, + -d,)—(e-d, +e,-d, +e.-d.)
IF 125 = Q401" 0p 8,5, -0, € -0 2 " Y2 5 Y5 CIFCB
= (ez - a12,2) ) DCB(Pl’ Pz) + & - DCB(Pl’ PS)




3. Mathematical conversion formula among various IFCBs

IFCB (IF-PPP2: L1/L2/L5 IF)

5|F125 (a121 v1+a122 vz) (el'bv,1+ez'bv,2+es'bv,s) FormUIating the

—¢,-b,,+C,-b,,+C-h . L1/L2/L5 IF PIFCB
_ B ( Vs~ 72 - .
(c;:am ee 6 1e, 40 =0 %="-—1'%  Three combination
Cz:aiezf 2 6 4G, 7y 4Gy pe =0 <C _1-y, . coefficients in L1/L2/L5
c7 e IF PIFCB
5IF,125 7/5 /2 Cs'bv,1+1_—7/5'cs'bv,2+C5'bv,5

e V2

_ 1- Various L1/L2/L5 IF PIFCBs
—| 5Ty 2Ts 4 |oc :
y—1 T g e s s are proportionally correlated
with each other

S| Zntep, b b | (e)

7,—1 V>
s _g The estimated L1/L5 IF PIFCB can also be
razs = O s 8/ s converted into L1/L2/L5 IF PIFCB




3. Mathematical conversion formula among various IFCBs

Satellite clocks for various triple-frequency PPP models
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4. Results

PIFCB estimates
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4. Results

Positioning accuracy
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4. Results

Convergence time

East North Up
10 : = o = = : T
r Without PIFCB
Mean: 24.5 min | Mean: 8.1 min |, Mean: 30.1 min |
| Improvement :
T

—WithPIFCB | h- 17%\ 1% . 22%

Mean: 20.3 min Mean: 8.0 min | ‘ Mean: 23.5 min |
dall 1| m I3 L

0 30 60 90 0 30 60 90 0 30 60 90 120
Conwergence Time (min)

Percentages (%)
SO N M O 0O O N b OO

Distribution of convergence time for 24-h UC-PPP solutions




4. Results

Phase observation residual
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4. Results

Extra-Wide-Lane (EWL) UPD estimates
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5. Conclusions

}/ All the new-generation GNSS satellites are designed to
transmit signals on three or more frequencies. The
satellite clock consistency must be ensured.

}/ The mathematical conversion formula among the
PIFCBs of different triple-frequency PPP models is
rigorously derived.

}/ After applying the PIFCB corrections, the positioning
accuracy, convergence time, phase observation residuals,
and EWL UPD estimates are significantly improved.
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