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= Yang Gao - Bias catalog, effect and calibration....
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Position Yourself Ahead of the Crowd

= Catalog of GNSS Biases

= Effect of Biases on IGS Products

= Bias Calibration

= Bias Issue in PPP

= GNSS Biases

= Recommendations/Actions for Discussions

www.geomatics.ucalgary.ca IGS Workshop 2008, 2-6 June 2008 Geomarics

ENGINEERING




Department of Geomatics Engineering

Cat al O g Of G N S S B I aS eS Schulich Schaol of Engineering

University of Calgary

ead of the Crowd

Hardware Bias
v’ Satellite related bias

v' Receiver related bias

Firmware Bias
v’ Satellite related bias

v Receiver related bias

Bias in Code Measurements
v’ Satellite related bias

v' Receiver related bias

Bias in Phase measurements
v Satellite related bias

v Receiver related bias
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Position Yourself Ahead of the Crowd
GPS Biases in Observation Equations

C,=p+c(dT —dt)+d_, +d

r

trop + dion/Ll + C( c1 bcsll + g(Cl)

Pl — 10+ C(dT _dt) + dorb + dtrop + dion/Ll + (blgl B blil) g(Pl)
P,=p+c(dT —dt)+d_, +d
&, = p+c(dT —dt)+d,,, +d
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@, = p+c(dT —dt) +d,,, +do —digy o +C(0g, — by,
C,=p+c(dT —dt)+d,, +d,
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Position Yourself Ahead of the Crowd

Biases are not estimable in absolute sense

Relative Inter-System Biases
(fix a reference such as a ground receiver) (multi-constellations)

" Inter-Frequency Bias (IFB) = Inter-system Time System Offset

v’ Satellite IFB v GPS/GLONASS
v Receiver IFB v GPS/GALILEO
= Differential Code Bias (DCB) v GPS/COMPASS
v Satellite DCB = Inter-system Coordinate System
v Receiver DCB Offset
v' GPS/GLONASS
= Differential Phase Bias (DPB) v GPS/GALILEO
v’ Satellite DPB v' GPS/COMPASS

v' Receiver DPB

&;; ’ SCHULICH
School of Engineering u(..”:'.‘::.,. iy
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Absolute receiver bias calibration Position Yourself Ahead of the Crowd

v BIPM (see Petit’s slides)
v JPL (see below from Larry Young)

JPL had 4 generations of receiver calibration used since 1980.
1. SERIES (pretty much the same as for #4 below)

2. SERIES-X: codeless dual frequency

This was calibrated by generating PN codes at 1.023 MHz and 10.23 MHz, and modulating both onto a L1 carrier,
and the 10,23 MHz code onto the L2 carrier, and coupling them into the receiver data stream. An interesting feature
Is they were swept across the signal doppler range to measure phase shifts across each filter.

3. ROGUE

This receiver used the CA, P1, and P2 codes, and was designed for ionospheric measurements, and so needed
accurate L1-L.2 delay calibrations. There was a ‘clever trick™ which proved very accurate. The receiver was designed
with very symmetric paths for P1 and P2. For calibration, the operator used the L1 LO frequency to drive both L1
andL2 mixers, so the receiver tracked the P1 signal on both channels. This provided TEC calibrations to about 100
ps, which translates to a TEC error of about 0.3E-16 e-/m2.

4 Turborogue: Codeless or semicodeless tracking CA, P(Y)1, and P(Y)2

The calibrator generated a GLONASS code at 10.23 MHz, and mixed that with the sum of L1 and L2 LOs in a
single mixer. The modulated L1 and L2 carriers were cupled into the receiver signal path near the antenna. This
provided ~200 ps to 300 ps L1 - L2 calibration accuracy when it worked, but there were problems with some of the
directional couplers which added differential delay to the calibration signal.

Lesson: It is not easy to get better than 1 ns calibration! @

SCHULICH &3
School of Engineering c';«?'ﬁ‘fm
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IGS Product Convention and Bias Effect on IGS products

f12'|:)1_f22'|:)2 s
Pr = fz_ f2 = p+c(dT _dt)+dorb+dtr0p +C(bIFP Diep) + & (Pe)
f2 f2
D = = p+c(dT —dt) +d,, + iy +C(D1p —Birg) + AN + & (D)

ff 2

f2
f2.@ r s
D = fz—fz _p"‘c(dT"'blF(p +dorb+dtrop +& (D)
2 g2
P, = f, fP;_l;zz P, :p+c+d0rb+dtrop+g(P,F)
f*-@o -1/ @
¢IF f 2 . f 2 — ,0+ dT + bIrFP @ + dorb +dtrop
1

+C[(bjey —biep) + (Bjry, —biep )1+ AN & (D)

@ SCHULICH %
School of Engineering u(..?;;ﬁ.,.
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Position Yourself Ahead of the Crowd

GPS Observation Equations using IGS Products
C, = p+CdT +dyg, +dig s +c bl +£(C,)
P.=p+cdT +d,, +dig 14 + cby, +&(P)
P, = p+¢dT + o, + dign/1 +c cbl, + & (P,)
C, = p+ 6T + 0, + iy + ATy YOCB ) €T, + £ (C)

@, =p+cdl +d ~dign s F¢(bp +bgy = by )+ AN, + & (D))

trop

@, =p+cdT +d, —dig1 He(bjep +105, =05, ) LN, + £ (D)

I:)2 =P + CdT + dtrop + dion/L2 + C@ C DCB P1/C1 bIr>2 + ‘9(P2)
Aion/iz + B0 +D0gp =05 ) AN, +& (sz)

@, =p+cdT +d_, +d

trop

@ SCHULICH '
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Position Yourself Ahead of the Crowd

v DCB (P1, P2) and Tgd

-

1
bIFP DCBPl/PZ bIFP d , .
1 7/ = Satellite code DCB, May 04, 2008, provided by CODE
< E= T T T T T T
1 @ R e e e
= by — 1_ ——DCBgyjp, =biep - P
2L S 214 S 2 %
s f1 bpl_ fz bPZ yZ(Lj @
IFP — 2 2 T
fl - f2 f2 &
T . = S2 _bFs>1 _ DCBPl/PZ E
o 1-y 1-y §
DCBg,/p, = (1—7/)ng =
v DCB (C1, P1) S
DCB¢,p, = bs, . . o
cupL ct IGS bias estimates (see Schaer’s slides)
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Position Yourself Ahead of the Crowd
Relationship between Tgd and P1/P2 DCB

: -
0 S 10 15 20 25 30 3b
(»-1JTgd ~ DCB;, 5, =1.70 %0
2 | ! i E i E
i Wi pr s i R e i L Y T
= : : :

i I ) SEEEEEEEE Fommmmeees e EEEEPEEEE s St L e
o B B 511' @ i g D
=17 @SR fed L BB GBI G e L a0
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L : . .

—16HF--------- Al o demeddeeeeeeen [ e e LT [N —
1_5 | : | 1 i 1 1
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PRM

CODE DCB(P1, P2) and broadcast Tgd

@ , SCHULICH 55 Y
School of Engineering u(..?;;ﬁ.,.
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Position Yourself Ahead of the Crowd

P2-C2 of PRN 12
P2-C2 of PRN 31
1.2
0.8 - hd Py s 4 I L2 e
~ 0.4
E
g o
&
-0.4
-1.2 -0.8
131280 149280 229560 309780 300150 408150 488370
GPS Tine (s) -1.2
92580 146580 183540 237090 274290 327810 364890 418410 490920
GPS Tine (s)
PRN Mean (cm)| STD (cm)
P2-C2 of PRN 17
12 -2.9 21.9
17 19.3 24.9
E
31 -8.6 25.4 S
8.
-0.8 |
-1.2
92040 129840 183630 221310 275070 312810 386340 440100 477780
v DCB (C2, P2
GPS Tine (s)
DCB,, ., = (b5, — b, ) — (b2, —bS,)
Cl/P1 P1 C1 P1 C1
@ SCHULICH g5
School of Engineering e
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Position Yourself Ahead of the Crowd

Traditional model (Zumberge et al., 1997)
lonospheric-Free code and phase combinations

f?-P—f7 P
P. =2 f; sz 2=p++dtrop+5(P|F)
12

Receiver clock term in the estimates

fe.@ —17-@
@IF: 1 f;-_fZZ 2=,0++dtrop
1 2
CECl(Ofp ~blre) + (O =D )] + Nt & ()

Ambiguity term in the estimates

@; , SCHULICH
School of Engineering u(..”:'.‘::.,. e
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Position Yourself Ahead of the Crowd

Traditional model (Zumberge et al., 1997)

lonospheric-Free code and phase combinations v based on C1 and P2
C,=p+cdT +dq, +digy/ 11 +Cbjp +C(bg, —02;) + £ (Cy )
= p+¢(dT +byecp) + oy +digys + €O —Bjecp) +—— - (DCBCl o —DCB p,) +&(C))
P, = p+cdT +d, + i, +Chyp +C(bp, —0g,) +&(P,)
= p+C(AT +blrcp) + dyop + ignyis + C(05p —biico) + 1ny (DCBY, », ~ DCBZ, ;) + 2 (P)
Pecp = fy ]E:zl: :22 i Receiver clock term in the estimates
1 2

must be calibrated

s /
=p+ C+ dtrop — C& DCBCl,Pl + g(PIFCP)

f2-@ —f7-
deF 2 2 _p+)+dtrop . . . .
f - f; Ambiguity term in the estimates
(bico —birce) + (Do — |@E’ +& (D)

)
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UofC model (Gao and Shen, 2002)
Average of code and phase + IF phase combination

P+®
Porao1 = - 5 -

= p+cdT +d,, +cbip +0.5[c(op, +b5, ) clbl, + b5, )+ AN, 1+ & (Poy )

trop

P,+®
PP2,¢>2: 22 :

= p+cdT +d,q, + by +0.5[c(o5, + 05, )—clbg, + b5, )+ LN, T+ (Poy )

trop

1:12 [C(béil B béil) B C(bFr>l B bFs’l) + /11N1]

f?— £}

@IF =p+ C(dT + dIrFP) + dtrop +

_ 1:22 [C(bg;z — b¢S>2) _ C(blgz — bliz) + /12 Nz]

f2—f;

+& (D)

O
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Position Yourself Ahead of the Crowd

UofC model (Gao and Shen, 2002)
Average of code and phase + IF phase combination

Pe1o1 = ,0+C dirop +0. 5@ +b§31 —2¢(bjep —Cbyip ) + ANJ + & (Poyo)
Po2w2 = p+C Girop +O@C b +bqsbz —20(biep —biep) + N3]+ & (Poy )

N T YA CORTRE TS -20(b}, ~b) + 7]
_ fz C(b@z_béz)_c(b b;2) 2C(b|Fpmg (@IF)

;2_4:2
1 )

IF

v L1 ambiguity term in the estimates

clbg, + b5, )-clbs, + b3, )~ 2c(bley —cbize) + AN,
v' L2 ambiguity term in the estimates

r r S S S
C(bpz "‘b@z)_ C(bpz "‘bq)z) 2¢(bjgp —bygp ) + 4N, | e
st 3 B
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Receiver fractional phase bias

v' Zero-baseline approach
v" Receiver fractional phase bias is not stable
v" The bias value changes after each power-cycle of receiver

D, — D, = (—digy 11 + b5y =05 + AN;) = (=i 5 +Bgo =05, +4,N,)
AP, - @,) = (4b,,, — 4b,,,) + (ﬂlANl - ﬂ'ZANZ)
Ab;n - Abéaz = A(¢1 - @2) - (/11AN1 - 124“\'2)

MovAtel pair JAWAD pair
0.05 T T 0.05 T I
H H —+— 22 June Mornin I H H —+— 22 June Marning
0.04 p--oremmemmmees [ T —+— 22 June Midnight | D04 pomsmmmenernees .’ """"""""" .’ """" —+— 22 June Midnight |
H H —+— 23 June | | —
=] P e e : ] ] P broerceoeee SR 23 dune
£z | e : et £ pmfheeeeeeeeeees b b berrerreene 4

58 ; , ! 58 : : '

B D01 P P e 1 E5 0.01pmemms [ —— (ES——— ]

o= W ' ' i oW 1 1 '

] i i : B i i i

S5 gl ] T W SO N AR

£2 : : | = 5 i

L S . o E T ey

Tz E E 3 22 ; :

T8 0w s o S———— T \__ ................ e S
1L M SR S S 1 T4 EN S S .
) e 1 7 St O ,
005 i i i ! i i i

a 2 4 g B DDSD 2 4 B g

Time (hour, from start of test) Time (hour, from start of test)
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_ . ] Position Yourself Ahead of the Crowd
Satellite fractional phase bias

Wide-lane phase bias value is stable

Narrow-lane bias value is very hard to determine (noise std is 30
cycle and NL wavelength is only 10 cm)

v
v

o550 WL satellite initial phase bias (cycle) - PRN 17
T T T T T T T ! ! ! ! :
o U-Bit::::j"i";:::i::::::;:;::::::i::'""i"""'i'"""i""'"i """ y , , , ‘
z A = IR st SN MO, Secont N S o Memzadmeee f .o Sui=3029merele | in
e e i i e et R EERR LR AU ORE DUCREE . ‘; ; : i ;‘ : }
0E L L L L 1 1 1 1 : ' ; ' ' ‘ ‘
1 2 3 4 5 5 7 8 9 10
n [ RS A B B A
L e e e s T e U
Z Ahohehe ke ke b ek
0T N e S S J e S S
i i i i i i i i =
0.4 i i i i i i i i %
1 2 3 4 5 5 7 8 9 10
h2 [ RS A B B A |
oy} Di “"""i'"":: :=:::::'::="“4I:'“'=::':"""'i"""'i"""'i """ 3 i
Y * & i AT T T |
L S ST S S S RS S SN, S - :
o . . . . : : : : ;
P S T N B N A R |
1 2 3 4 5 5 7 8 9 10 i i i | ; i i
Day (start from Day 170 of 2006) -19lg 1000 2000 3000 4000 5000 BO00 7000
Epoch (Day 170 of 2006)
@ SCHULICH &
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. . ] ] _ Position Yourself Ahead of the Crowd
Challenges for integer ambiguity resolution in PPP

v" Ambiguity term in PPP is affected by many residual errors and
biases including those due to satellite orbit/clock products

v Float ambiguity solutions usually not converge to a constant

float armbiguity (rm)

8.3 5.32 5.34 5.36 5.38 5.4 5.42 5.44

5
Time (Interval = 1s) ¥ 10
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GNSS Biases
PRN Bias (cm) STD (cm) Epochs
38 —-62. 06 16. 91 95866
41 -62. 18 9.65 103658
43 -52. 15 9.93 64476
45 —67. 21 14. 14 72705
46 —-53. 43 7.21 91423
47 -50. 39 8.3 109083
48 -53. 02 8. 17 81015
50 -53. b6 8.23 72067
51 —45. 56 10 93959
52 -54. 83 9.3 96608
54 —-53. 72 10. 38 70726
56 -48. 83 9. 14 85059
57 -50. 45 11.45 90261
60 -50. 74 11.6 96119
61 -50. 4 9.63 88684

www.geomatics.ucalgary.ca

IGS Workshop 2008, 2-6 June 2008 by

Position Yourself Ahead of the Crowd

GLONASS DCB (G1, G2)
(zero-baseline)

ADCB(l.;:l/GZ

O
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Position Yourself Ahead of the Crowd

PRN Bias (cm) STD (cm) Epochs
38 32. 31 16. 87 95899
41 32. 57 9. 64 103721
43 19. 99 9. 69 64506
45 37. 69 14. 14 72759
46 16. 07 7.22 91543 GLONASS G1-GPS C1
47 21. 14 8. 17 109141 (zero-baseline)
48 19. 12 7.98 81063 i
50 15. 65 8. 29 72098 ADCBey 61
51 16. 07 10. 02 93980
52 20. 51 9.31 96631
54 18. 43 10. 41 70737
56 18. 68 9. 06 85079
57 19. 16 11. 57 90287
60 20. 89 11.53 96185
61 20. 17 9.54 88708
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Position Yourself Ahead of the Crowd

v Timing System Difference

748

746 | 1

744

742

system time difference (ns)

740 ' : : :
0:00 2:00 4:00  6:00 g:00 10:00
Lacal Time (hour)

System time difference between GPS and GLONASS

@ SCHULICH '
School of Engincering s
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v 1GS Convention and user guideline development Position Yourself Ahead of the Crowd

» Convention on observation combinations (modernized GPS signals, Galileo) and products
(orbit/clock, ionof/trop....)

» Convention on bias estimates (products)

» User community need to understand the convention and proper use of IGS products
* Increased user community participation should be considered

» Stable or able to monitor reference should be established for bias estimates

v" Absolute receiver bias calibration is becoming increasingly important as the increase of
GNSS signals along with biases

» Current effort should be continued and increased to develop standard and convention

* In-receiver bias calibration should be investigated, long-term stability is more important if
removal is difficult

* Firmware bias should be given special attention

v" Multi-constellation bias determination
* GLONASS products (some confusion....)
* Bias estimates for GLONASS
* Inter-system bias/offset estimates

v" Actions should be taken to further improve IGS products to support demanding applications
» These applications don'’t tolerate current small systematic biases in IGS products

» Basic research efforts are needed to understand better GNSS biases and develop new
modeling methodologies

* Phase bias determination and real-time products should be investigated to support real-time
OTF PPP

SCHULICH & ¥

School of Engineering  pere, A0
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Position Yourself Ahead of the Crowd
Modeling issue for iono-free P1/P2

2 2
Pr = fy fP; 1;22 P, :p+C+d0rb +dyo, +6(Pe)
1 "2

— f12'¢1_ fzz‘djz
f2—f2

+c[(bje, —biep) + (b1,

¢IF

+ dorb + dtrop

b))+ ANy & (D)

Decoupling clock model (Collins, 2008)

2 b2
P, = f, fP; 1;22 P, :p+c+d0rb + dyop + € (Pe)
1 2
fo@ -1 @ . .
Dy =— f; fzz 2= p+C[(dT +bje,) (dt+bi, )]+ dy, +dyg,
2-

+C[(bjey —bigp) + (B, —biep)1+ AN e H & (D)
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Discussions

Schulich School of Engineering
University of Calgary

Position Yourself Ahead of the Crowd
Modeling issue for C1-P1 bias determination

Ci(i)-R! (i) N
= dhucs O+ Ges )G () 2CHD ~R(D) | £ o M e
= dsiat/c1—F>1 +d e (1) + 5(C1i (J)- Pli (1)) B e i S
-5161600 581600 601600 621600 641600
GPS time (s)

Modeling the effect of common signal (Gao et al., 2001)

Ci(J) =P/ (J) = diy/c1 — Aiae/p1 + Areys 1 (B) = drew 1 (B) + Sci — Spy + £(CL() — P (1))
= dlsat/Cl—Pl +d,oy/c1op1(J) +Scipr + 8(Cl1(j) - Pll (D)

[CL(0) =P (DI-[C ()~ B (D] = 4dE oy oy — AdE ey oy +2CI(D) - B (D]-ICK (D - PE (D]

@ , SCHULICH L
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