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PPP - Models, Algorithms and Implementation

1. 2019-10-04 PPP models
geometric range, ionosphere, troposphere, antenna PCV,
earth tides, wind-up, relativity, biases, coordinates
2. 2019-10-18 PPP algorithms
SPP, LSQ, GN, EKF, noise-model, RAIM/QC, LAPACK/BLAS
3. 2019-11-01 PPP data handling
LC, interpolation, slip detection, RINEX, SP3, ANTEX, RTCM,
CSSR
4. 2019-11-22 PPP-AR
UPD/FCB, EWL/WL/NL, ILS, LAMBDA, TCAR, PAR, validation
5. 2019-12-06 INS integration
INS sensors, Inertial navigation, INS integration
6. 2019-12-20 POD of satellites

orbit element, orbit model, reduced-dynamic,
ECI-ECEF transformation, precession/nutation, EOP

(1.5 h / session)




Inertial Navigation



Coordinate Frames

i-frame

e e-frame
(ECI Frame) e > (ECEF Frame)
|
« y' x°
y
U /Fv C(R) earth . U \ x"(N)
ch n-frame
i b - n n,b
. bdfrla:me ) 0 e — b (Local Navigation/
(Body Frame IS A ch Geographic Frame)
b > E n
5 o| . y(P) Dl ] y"(E)
z°(Y) z'(D)

Frame Transformations

C? =R, (et —to)),CQ = Ry(—n/Z— Len)RzO‘en)’CE = Rx(¢nb)Ry(enb)Rz(\|’nb)a
cl=cPch, cP=cbct, cl =c8T, ¢t =T, cp =cPT,cg =cPT, ¢l =cPT

Cg : Transformation from B-frame to a-frame

0"® : i- and e-frame origin (earth mass center)
0™ n- and b-frame origin

oje : Earth rotation rate (rad/s) ®nb : Roll angle of b- wrt n-frame (rad)
Len @ Latitude of n- and b-frame origin (rad) O : Pitch angle of b- wrt n-frame (rad)
Xen : Longitude of n- and b-frame origin (rad) wny: Yaw angle of b- wrt n-frame (rad)
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Attitudes and Rotations

(1) Euler Angles/Attitude ——— (2) DCM/CTM
T Ci1 C2 C3
Vo = (¢Ba'e[3a’\lj[3a) Cg =|Cxn Cp Cp3
Op O Way Roll, Pitch and Yaw angles of C3; C3p C33
ParPor¥Ba o frame wrt B-frame (1) to (2) Cf : Transformation from B-frame to a-frame

B (2)to (1) ATANZ_(C231C33)
(2)to(1): wp, =| —arcsin(cy3)

WBU. Q XB

B & - ATAN2(C15,Cy1)
yP ] '$° = Mpe = arccos(l/2(Cyg +Cpp + Caz3 —1))
2P vt N 5 (2to@): Co3 —C3
a - epr =————| C31—C13
(1) to (2): CB = Rx(d)ﬁa)Ry(eBa)Rz(WBq) B ™ 2gin Hpa
C12=Cx1
(3) Rotation Vector Toa (4) Quaternion
pa/B:“ ea/ﬁ ( )tO( ) o T
Ba = Hpo*pa dg =(0g.01.92.93)
MBa : Rotation angle of a-frame wrt B-frame Y,
ega : Unit vector of rotation axis (qo +01 +92+0a3 =1)
B ulp (3)to (4) : (4)to (2):

e
, @ 2 Note:
> N Hpa o _ COS(HB“/ ) The egéﬁ is one of

o A=l the eipenvectors  Cp =| 292~ 6s00) 65— 4203 2(dzds +40)
\J' ) e Sin(1pa /2) | of the c 2(qd3+dz00) 2005~ o) 95— —43 +03
y

X X, » x of a-frame wrt B-frame expressed in y-frame axes

1 0 0 cos® 0 -—sin@ cos® sin® 0 0 -0, oy :Skew-symmetric
R,(0)=|0 cos6 sin® ,Ry(e) = 0 1 0 ||R,(0)=|-sin® cos® 0| Q=(wx)=| o, 0 -oy | matrix of angular rate
0 -sin® cosoO sin@ 0 cosO 0 0 1

—oy oy 0 | vector ®=(wy,0,,0,)"

g5+0af —05-05  2(oy0p +0dsdp)  2(dyd3 —Gp)




Inertial Navigation

Strapdown Inertial Navigation

(a-frame)

X* &~ Tay*r T y
L IMU L b i igati e F
: L o Attitude Gravity Inertial Navigation | |nitialization i :
i i Update Model i i
| Gyroscopes ! " oo SF, 8V, 8y 5,56 | INS/GNSS !
: i ref p.8 a e : . i
1 (refp.9,10) i 'Cb "G /g™ (refp.8) r i Integration |
i i b o o o~ X F o~ ' i
] . f N Frame f . Velocity Voo Position rv.CGfo 1 (refpi3) ]
| Accelerometersi "| Transformation Update Update g i

i 1A i
i :E(Cb(t)+Cb(t+r))(fb—8f)

Vi(t+ 1) = vi(D) +(f‘ +Gi(ri(t)))1:

Ft+1)=ri() + %(vi(t) Vi (t+ ‘c))‘c

— Attitude, velocity and position update in i-frame —
Ci (t+1) =Cl (1 exp(((mFb - 80))><)r) (ref p.7)

(acceleration)

r® : Position in a-frame(m) £P
“ :Velocity in a-frame (m/s)
b : Transformation from b- to a-frame &f

o, : Angular rate measurement (rad/s) so

— Attitude, velocity and position update in e-frame —
Ch(t+7) = Ch (O exp( (0 80 - C5O wf,))r)

(earth rotation)

e 1 e e
fe - E(cb(t) +C8(t+ r))(fb — 5f)

VE(t+ 7) = VO () + (F + 0 (r¥ (D) — 20f x V¥ (1))«
(Coriolis force)
re(t+ 1) = ré(t) + %(ve(t) Ve (t+ r))r

: Specific force measurement (m/s?) G : Gravitational acceleration (m/s?)
f* : Specific force in a-frame (m/s?) g*
: Accelerometer bias (m/s2)
: Gyro bias (rad/s)

: Acceleration due to gravity (m/s?)
of, : Earth rotation vector (rad/s)
7 : Update interval (s)



Attitude Update

Update DCM by Angular Rate

o o t+1 b
CE(t+1)~CE (t)exp[ ) (wab(t)xmuj

~ CE (D exp( (@5 (07

= Cjy (t)exp(o5p%)

sinc

(Gab )

=C§(t)[l H%(sﬂbx)zj
(e}
X Cg(t)(l +a.1(63b><) + az(cng)Z)

® : Angular rate (rad/s)
6 : Angle increments (rad)

(o=1o])
Note: Attitude updates should be performed at the IMU

sampling rate to minimize integration errors

Drift Error in Computed Attitude by Approximation 1]
Attitude Drift Error (deg/h)

Order Algorithm o —5.73° o = 2.86°
1 a,=la,=0 6870 1720
2 a;=la,=1/2 3430 860
3 a,=1-0%/6,a, =1/2 7 0.4
4 a,=1-0%/6,a, =1/2—c%/24 1.7 0.1

(GX)3 =—o? (0'><),(6><)4 =—c° (()'><)2

2 2

(c? =ocx toy +cs§)

— Derivative of DCM
X
() = lim MJ 8 (¥
5t—0 ot
3y |< 30
= lim g(t)CEEL&) g(t) L+> & Yb
_St—>0 St Zy
0 -3y 86
= lim b (O(1+3¥)-CH(®) SW=| sy 0 -8
3t—0 ot -6 3¢ 0
=y Jim (6“’) 0 -0, o
3t o<l o, 0 -o
= CE (O(0an (1)) = Cf ()2 (1) oy oy 0
— Skew-Symmetric Matrix Exponential
2 3 4
exp(ox) = z (GX.) =1+ (ox)+ (G;!) i (63X!) (0':!)

2 4 2
c° © 1 o o
:.+[1__+__...J<ox)+[___ __...](cx)z
31 5! 21 41 6!
sinc 1-cosc
=1+ (ox)+ 3 (6%)?
(&) (e}
2
0 -0, oy ~Oy~0z  OxOy Ox07
©9)=| o, 0 -0, |(69°=| o0, -ci-02 o0,
oy ox 0 0405 Cy0; fcifci

[1] D. H. Titterton and J. L. Weston, Strapdown Inertial Navigation Technology, Second Edition, AIAA and The Institution of

Engineering and Technology, 2004




Gravity Model

Acceleration by Gravity

Ge(l’e)—VU(re)—V{%[l-r

2
I
—swl-:
=
@
+
N |
<
N
I
Ne———

I,3

Gi(l’i) ~-H ri+%J2[%j

0% (r®) =G°(r®) - Q.05 r°

=GO (r®) + w2 (x°,y°,0)7

nmax a n n _ _ _
> (—] D" (Com COSMA + Sy sinm ) Py (sin L)
n=2 r m=0

ré = (Xe’ye’ze)T

I’i =(Xi,yi,Zi)T
+
— WGS84 Constants [1 —

a=6378137.0m
f =1/298.257223563

1 = 3.986004418 x 10 m® /52
o =7.292115x10°rad /s

e 2 e
(-5@ /r)z)x (approx. error
@-5(z°/n?)y° =~ 10 m/s?

(3-5(°/n?)z¢ =~10ug) e

@-5(2'/n?)x’
@-5('/n?y'
3-5(z'/n?)?

(centrifugal accel =~ 0.03 m/s?)

Partial Derivatives wrt Position

a_Glz_i(l _iririT

or' r3 rl

G*(r*) : Gravitational acceleration (m/s?) ¢°(r®)

J, =1.08262982 x10°

e
a9 . —ﬂ(l —irereTj— Q08

or® r3 rl

: Acceleration due to Gravity (m/s?)

U : Earth gravitational potential L : Geodetic latitude (rad)

1 : Earth gravitational constant (m3/s?) L' : Geocentric latitude (rad)

a :Semi-major axis of ellipsoid (m) L : Longitude (rad)

P.m : Associated Legendre function oje : Earth rotation rate (rad/s)
Com:Som : Gravitational coefficients of, : Earth rotation vector (rad/s)

Earth Gravitational Potential

-’ Q° r®
1e=~ie
(centrifugal

accel)

(’)iee = (O,O,(Die)T, Qfe = (‘D?ex)

[1] NGA.STND.0036_1.0.0_WGS84, World Geodetic System 1984 - Its definition and relationships with local geodetic
systems, version 1.0.0, 2014



IMU (Inertial Measurement Unit)

Gyroscopes

Mechanical: RIG (rate integrating gyro), DTG (dynamically tuned gyro), ...
Vibratory: HRG (hemispherical resonator gyro), Wine grass resonator, ...
Optical: RLG (ring laser gyro), FOG (fiber optic gyro), ...

Accelerometers

Mechanical: Force-feedback pendulous accelerometer, Vibrating beam, ... Apollo IMU 2]

Solid-state: Silicon sensors, Optical accelerometers, ...

IMU Vendors (1] Gyro Bias Stability - IMU Grades (!
NORTHROP GRUMMAN .
> emcore et —— KIVIH 2 I ——
0 KE’K’ .J_AE f_l_] "c'elo @ b 1001 Industrial
FOG Northrop G oneywe 2
OLELUE ™ ey \ D,
teds” | . L
~
Polyus R&D Institute
RLG o il Kearfott P °g .
& Honeywell (= nonioc Tactical
THALES oneywe @
DTG & Others S saFRaN - eTTEmesmes i Ssarran 0.5 e
Mechanical KE&ié &5 uTC Rerospace Systems Anschitz Kearfou )| i e
ANALOG i <\ tor Technologies Navigation
Si / Quartz & sensonor CISNSS  tronics/ll ZSTSIRN BenE 5,,5,'},3% w:’?‘::.«rﬂ:
N& : 0.05%h \_
— SERSING, @epsontovocom | Honeywell (G @ o amspacesysems MEGGITT N\
High-end
mor anvveres ONERA 0.01%h £
HRG 8 Emecging NORTHROP GAL ~ e [‘If;fér;rgr:“(;:‘umman ;“S"t‘g“‘“(){‘
g 5 rategic
technology B garmar i ' :

[1] Yole Development, High-end gyroscopes, accelerometers and IMUs for defense, aefospace & industrial, 2015
[2] https://en.wikipedia.org/wiki/Inertial_measurement_unit 9



MEMS IMU

ADI ADIS16475-11] o s

< Q
o l O GND
Triaxial Gyro: +- 125 deg/s
Triaxi.al Accelerometer: +-8 g IRIAXIAL [ ] R;;;,'@;’E;s ': :_;K
Size: 11x15x11 mm TRIAXIAL CoNTROLLER | |CALIBRATION '
. . . FILTERS USER O DIN
Factory Calibrated Bias, Alignment CONTROL '
REGISTERS O DOUT
Sample Price: $499.87 (Digi-key)
ADIS16475 g
e g
— Specifications 12! e . )
P Gyro/Accelerometer Bias Stability 2!
Gyroscopes 1000 £ E=: TXAXIS 1000
Misalignment Error  : +-0.1° ~_[ Gyroscopes —7as "1, Accelerometers
Nonlinearity : 0.2%FS L _
In-Run Bias Stability : 2 °/hr g 2
8 <
Angular Random Walk : 0.15 °/+/hr z g
c 10 = 10
Accelerometers < z - -
Misalignment Error  : +-0.05° 2 /T -3
S 1
Nonlinearity (+-2g) : 0.25%FS d/
In-Run Bias Stability : 3.619  |Fricker i fill IIIIIIIHIIIIIIIIIIIIIIIIHIIIIIIIHIIIII\II il
VeIocity Random Walk: 0.0lZm/s/JW Noisenoo1 o001 01 1 10 100 1000 10000, 100000 0.001 0.01 0.1 100 1000 10000 \uouou g
INTEGRATION PERIOD (Seconds) Ra ndom NOiSE INTEGRATION PERIOD (Seconds) 2
— Expected Position Error due to IMU Noise (t =60 s, v = 60 km/h)
Cross-Track: (2xn/180/3600x60/2) x (60 %10° / 3600 x 60) =0.291 (m) Along-Track: (3.6 x 1075 x 9.8) x 602 /2 =0.064 (m)
gyro stability (rad/s) time (s) distance (m) accelerometer stability (m/s?) time (s)

[1] https://www.analog.com/en/products/adis16475.html
[2] Analog Devices, Precision, Miniature MEMs IMU ADIS16475 Data Sheet, Rev.C, 2019
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INS/GNSS
Integration
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Integration Architectures

Loosely
Coupled
Integration

Tightly
Coupled
Integration

Deeply
(Ultra-Tightly)
Coupled
Integration

GNSS P*,D°(,0°%) GNSS Fnss:Vanss
Receiver " Navigation Position/velocity g A
solutions INS/GNSS r,v,C -
W ) f,\?,é(,f,&)) Integration I‘njcegrated .
IMU ) Inertial > EKE position/velocity
Navigation 8?,8\7,8\?1,61:',86) and attitude
GNSS P°,D°(.®°)
Receiver Raw observation data g A
INS/GNSS rve
oM A Integration g
o° P Inertial V.CLf,0) >
IMU Navigation 2 EKF
g SF, 59,5, 5f, 56
S S S
GNSS P.D(®) >
Receiver Aids for signal acquisition/tracking  F,7,C INS/GNSS i vC
e 2L o~ Integration >
o° P Inertial rv.cfo) |
MU Navigation [ EKF
g SF, 50,50, 5, 56

<------ : Closed-loop INS/GNSS integration



GNSS Velocity Solution

Parameters and Measurements
x=(v, ,cdi,)",y = (-AD!,-AD?,-AD?,...,-AD™)T

Non-linear LSE

y=h(x)+g
ot +cdt, —cdTH(t) -l 1
p? +cdt, —cdT?(t?) -7 1
h(x)=| p?+cdi, —cdT3@®) || H=| ¥ 1
] pM +cdt, —cdT™ (™) "1

pr =€ (Vi) —v,) +3p

£ =T P fo—dT(e), vi(r) ~ T AAt)t— ()

S S, S S
Wie (vyxr+ YV = Vi Yy —X Vy,r)

8=
L C

0= O
X =% +(HH)TH (Y -h))  Qy=och(H'H)?

x=limk = (9,7, cdt,)T

|—00

>

ré(t)

VE()
dTs(t%)
d7s(t%)
e
t
ts
Pr
3p
Sp

<>
O
<

: Receiver position by SPP (ECEF) (m)
: Receiver velocity (ECEF) (m/s)

: Receiver clock drift (s/s)

: Pseudorange (m)

: Doppler frequency (Hz)

: Carrier wavelength (m/cyc)

: Satellite position (ECEF) (m)

: Satellite velocity (ECEF) (m/s)

: Satellite clock bias (s)

: Satellite clock drift (s/s)

: LOS (line-of-sight) vector

: Signal reception time by receiver clock (s)
: Signal transmission time (s)
: Range rate (m/s)

: Sagnac effect correction for range rate (m/s)
: Std-dev of doppler noise (m/s)

T T
r = (eryrvzr) Ve = (vx,rlvy,r'vz,r)

rS(tS) — (XS,yS,ZS)T, VS(tS) — (Vi’vilvi)T

: GNSS velocity solution (ECEF) (m/s)

and VC-matrix
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INS/GNSS Integration (1/3)

State Vector and their Propagation in e-frame

Xins = (5rT ) svT ) 5\|IT , SFT , SmT)T

0 [ 0 0 0
og°/or® —20f, (~(Cif°)x) C§ 0
Xins = 0 0 -Q5 0 C; | Xins T ins

0 0 0 0 O
0 0 0 0 O

CE = (I - (5yx))C§

State Transition and Process Noise Matrix

| It 0 0 0

agf/or’t 1-20%t (~(CiP))r Cir 0
(1st-order

Djys ~ 0 0 -5t 0 Cit approx.)
0 0 0 I 0
0 0 0 0 I

* To minimize the integration error in high-dynamic environment
with fast attitude change, high-order approximation or finer step

integration is desirable to generate a precise state transition matrix.

[«

<
@ o oc® o

= = &2
o

0O <
(]

b

INS/GNSS
Integrated

Pe(t+1)
Navigation dw(t+1)

VE(t+1)

Fag © D

INS Navigation

: INS position error in e-frame (m)

: INS velocity error in e-frame (m/s)

: INS attitude error in e-frame (rad)

: Accelerometer bias (m/s?)

: Gyro bias (rad/s)

: INS position in e-frame (m)

: INS velocity in e-frame (m/s)

: INS attitude in e-frame

: INS angular rate measurement (rad/s)
: INS specific force measurement (m/s2)
: Corrected position in e-frame (m)

: Corrected velocity in e-frame (m/s)

: Corrected attitude in e-frame

: Corrected angular rate (rad/s)

: Corrected specific force (m/s?)

: Std-dev of accelerometer noise (m/s2)
: Std-dev of gyro noise (rad/s)

: Std-dev of accelerometer bias (m/s2)

: Std-dev of gyro bias (rad/s)

: Update interval of EKF (s)
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INS/GNSS Integration (2/3)

Loosely Coupled Integration in e-frame

v —(srT syl suT 86T s Ty\T
X = Xjps = (Or ", 0v ", 0y ,6f ", 00 ) Lever Arm e

/ Fant
50
)
GNSS Antenna
(b-frame)

(e-frame) L-I,MU b

Time Update of EKF P _sr O

o . - T
X = O X{_1, P = O P 1@y +Qp (P = P, Qy = Qins)

Measurement Update of EKF
Ky = PcHg (HPcHE +Ry)™
e . e
- KO PO P =1 e et o,
Ct :INS attitude in e-frame
Fanss Q, @2 :INS angular rate measurement (rad/s)
Yk = Ric= Q 2 : INS specific force measurement (m/s?)
Y dr : INS position error in e-frame (m)
r:nt -1 0 @©@ryex) O 0 8V : INS velocity error in e-frame (m/s)
h(x) = e Hy = By INS attitude error in e-frame (rad)

e b
Vant 0 I @Vanex) 0 Cp(l7) 3f . Accelerometer bias (m/s?)
. Ccé=(1- (5\Il><))ég 3o : Gyro bias (rad/s)
b I° : Lever-arm vector in b-frame (m)
Srant = Cpl Iy - Antenna position in e-frame (m)
Vgt Cg (((I’Fb —5) x |b) Vi : Antenna velocity in e-frame (m/s)
] e Tgnss : GNSS position solution (ECEF) (m)
Fant =F —OF + 8y Vgnss : GNSS velocity solution (ECEF) (m/s)

Qr : VC-matrix of GNSS position solution
Qv : VC-matrix of GNSS velocity solution

e _~e
Vant = V7 =0V + 0Vt
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INS/GNSS Integration (3/3)

Tightly Coupled Integration in e-frame

X = (Xins ' cdt,,cdt )T = (BT, 8vT, oy 81,80, cdt,,cdi, )T

Time Update of EKF
T (Dins Qins
R = Oy X1, P = OP 1Py +Qp | P = Lo Q= o
1 o0
Measurement Update of EKF
-uT T -1
Ky =PcHk (H P Hy +Ry)
K =% + Ky (v = (X)), P = (1= K H P
Yy = (PLP?,...,PM D!, -ADZ,..,-AD")T
Ry =diag(G%,G%,...,G%,GZD,GZD,...,GZD)
pt+cdt, —cdTH(th) + 1L+ T2 T 0 T Gr,)
p? +cdt, —cdT2(t?) + 12 + T2 —e2T 0 —e2T (81 %)
h(x) = p™ +cdt, —cdT™ (™) + 1M + T H. = "0 —eM (GBI )
pr +cdt, —cdTH(th) k 0 - —elT(Gvyyx)
p? +cdt, —cdT2(t?) 0 2T —e?T(v,x)
pM + cdi, —cdT™(t™) 0 —eM —eM (v, x)
. T .
pr = () — Fant| +3p, Py =€ (V3 (1) = Vany) +8p

rS (tS), VS (tS)
dTS(t%),dT3(t%)

- O O

- O O o

o

: GNSS receiver clock bias (m)
: GNSS receiver clock drift (m/s)
: GNSS pseudorange (m)
: GNSS Doppler frequency (Hz)
A : GNSS carrier wavelength (m/cyc)
op : Std-dev of pseudorange noise (m)
: Std-dev of Doppler noise (m/s)
: Geometric range (m)
: Range rate (m/s)
: GNSS satellite position/velocity (m, m/s)
: GNSS satellite clock bias/drift (s, s/s)
I} :lonosphere model (m)
T7 : Troposphere model (m)
e} : LOS (line-of-sight) vector
3p,8p : Sagnac effect corrections (m, m/s)

op
s
Pr
.S
Pr

0 10
0 10

0 10
€' CH(17)

—e2TcE (1Px)

- o o
N

—eMTCE (1Px)

o
=

Note: GNSS carrier phase for RTK or PPP can be involved to obtain precise GNSS receiver positions. In this case, additional

parameters like phase biases and troposphere terms should be estimated as the EKF states.
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Integrated INS/GNSS Performance

Applanix POS LV 11! INERTIAL MEASUREMENT UNIT (IMU)
Type Operational Models Used In Maximum Dimensions
Temperature Data Rate (LxWxH)mm
°C
IIMU-7 -54 to +71 POSLV 420 200 Hz 158 x 158 x 124 25
IMU-17* -40 to +60 POSLV 2107220 100 Hz 158 x 158 x 124 25
IMU-21! -40 to +60 POSLV 610/620 200 Hz 213x172x172 438
> IMU-422 -20 to +55 POSLV 210/220 200 Hz 158 x 158 x 124 26
PCS (pos computer system) + MU + IMU-80? -20 to +55 POSLV 510/520 200 Hz 161 x 120 x 126 19
DMI (Dlsta nce measurement instru ment) + IMU-572 -20 to +55 POSLV 610/620 200 Hz 179 x 126 x 127 26
GNSS (Trlmble BD960 and Zephyr 1 antenna) IMU-642 -20 to +55 POSLV 420 200 Hz 158 x 158 x 124 26
Price range: $1OO 000 ~ 5200 000 IMU-82% | -40to +65 POSLV 210/220 200 Hz 158 x 158 x 124 23
. ’ ’?

PERFORMANCE SPECIFICATIONS - GNSS OUTAGE, 60 SECONDS* 1

POSLV 220 220 220 420 420 420 510/520  510/520 510/520 610/620 610/620 610/620

PP IARTK DGPS PP IARTK DGPS PP IARTK DGPS Ee IARTK DGPS

X.Y Position (m) 0.240 0.690 0.880 0.120 0.340 0450 0.100 0.300 0420 0.100 0.280 0410
Z Position (m) 0130 0.350 0610 0.100 0.270 0.560 0070 0.100 0.530 0.070 0.100 0.510
Roll & Pitch (deg) 0.060 0.060 0.060 0.020 0.020 0.020 0.005 0.008 0.008 0.005 0.005 0.005
True Heading (deg) | 0.030 0.070 0.070 0.020 0.030 0.030 0.015 0.020 0.020 0.015 0.020 0.020

* All accuracy values given as RMS. Assumes typical road vehicle dynamics for initialization.

[1] https://www.applanix.com/products/poslv.htm
[2] Applanix, POS LV - designed for integration, built for performance - Data Sheet, 2017 17
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