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Abstract—Precise Point Positioning (PPP) enables an absolute at timet,, is modeled according to [3] as:

positioning with centimeter-level accuracy without the ned of
raw measurements from a reference station. However, todas’
GPS L1/ L2-based PPP solutions typically need more thai30
minutes to converge.

In this paper, we present a PPP solution with a much faster
convergence using the proposed next-generation GNSS Keple
We exploit the high accuracy of the satellite position, cldc offset
and bias estimates enabled by highly accurate optical inter
satellite range measurements. We additionally exploit thdow
noise level of the E1, E5 and E6 pseudorange measurements
based on wideband signals as provided already by Galileo. Qu
PPP solution determines the receiver position and clock ofkt,
tropospheric and ionospheric zenith delays, and pseudorage by
multipath errors without the need of any prior information. We v

k
show that the PPP convergence time can be reduced from more fuum
than 30 minutes to less than5 minutes with Kepler. Lu
Index Terms—Precise Point Positioning, Satellite Navigation, AZgT
Kalman filter, Next-Generation GNSS, Kepler. j*k
At,
|. INTRODUCTION Ak
C
PPP was first described in [1]. It requires precise satellite 5T

position, clock offset and bias estimates. These estimates 57
are derived today in global network solutions with typigall A s &
more than100 ground stations. The next generation GNSS
Kepler proposed by [2] uses highly accurate optical inter- ok
satellite links, which enables a very accurate estimatibn o Ty
satellite position, clock offset and biases without thechefean
extensive ground infrastructure. The L-band signals ofl&ep
are equal to those of Galileo, i.e. the wideband signals on E5 Nk
and E6 provide pseudoranges with centimetre accuracy. o
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k
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Il. MEASUREMENT MODEL A¢ECO’”
PPCV,u
This section begins with a brief description of the traditib Bu,m

model for absolute carrier phase and pseudorange measure-3r,
ments for Precise Point Positioning (PPP). Subsequendy, w Apirp u,m
adapt our model to the proposed next generation GNSS - f—:ﬁ,m
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= || Zu(tn) + AZrT — 7 (

n) — 07F(t
+ mT(GZ(tn» Tyu(tn) —
+ A‘F’l]gw,u( n) + A‘F’llg’co ut A‘»‘9PCV,u (tn)
+ Buym —

with the following notations:

+ (07 (t

— At,) — AZF(t,)||
n — Aty ) - AéTk(tn))

m + ASDMP u, m( n) + gﬁ,m(tn)v (1)

wavelength

carrier phase measurement in unit of cycles
receiver position

Earth tide correction

est. sat. position based on broadcast orbits
propagation time from sat. to receiver

error of satellite position estimate

speed of light in vacuum

clock offset of the receiver

est. sat. clock offset based on broadcast clock:
error of sat. clock offset estimate
tropospheric mapping function

satellite elevation angle at receiver
tropospheric zenith delay at receiver
squared ratio between frequencigsand f,,
ionospheric slant delay ofy

carrier phase integer ambiguity

phase wind-up

phase center offsets of rec. and sat. ant.
phase center variat. of rec. and sat. ant.
receiver phase bias

satellite phase bias

carrier phase multipath error

phase noise

Kepler, i.e. we exploit the benefits achieved through obtica The pseudorange measurement as pro\/ided by the De|ay

inter-satellite links.

k
A. Sandard measurement model Puum (tn)

The absolute carrier phase measurement tracked byuuser
from satellitek = {1,..., K} on frequencyn = {1,..., M}

= Hf ( n)"‘AJJET_m (
+ (07 (tn) —

Locked Loop (DLL) is modeled similarly as:

— At,) — AZE ()|

67F (t, — Aty) — ASTF(t,))

+ mT(@S(tn» “Tyu(tn) + q%’rn‘[’l]f,l(tn>
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with the following additional parameters: The unknowns on the right side are stacked in a state vector.
It is given at epoc by

bu,m receiver code bias

b satellite code bias Tu(tn)

Aptip.., Pseudorange multipath error 07y (tn)

Mt m / pseudorange hoise @, = ?u(tn) : (5)
B. Adaptions for Kepler ”]’i,(j”)

Kepler has been proposed by [2] as next-generation GNSS. Apyip o (tn)
It uses optical inter-satellite range measurements, that a '
several orders of magnitude more accurate than currenhb- pavith
measurements and that are not affected by atmospheriserror Lo = (ILy.... ,[51)T
Therefore, the satellite orbits and clocks can be detemine ’ ’ T
with sub-centimeter level accuracy in real-time. The reaid N, = (NL, . .,NaM)
satellite position erroAZ * and satellite clock errafd7* can T
be neglected in Eqg. (1) and (2) for PPP with Kepler. This also Num = (N u,m> me)
implies that the satglllte phase biase and pseudorange Apyip = (Apipans--. APMPuM)T
biasesh”, can be estimated very accurately. T
ApMP,u,m, = (APMP,u,m’ AR ApMP,u,'rn) . (6)
[1l. CORRECTION AND REPARAMETRIZATION
OF MEASUREMENTS B. Parameter mapping to overcome rank-defect

In this section, the absolute phase and pseudorange medrhe system of Eq. (3) - (6) is under-determined, i.e. it
surements are corrected for the broadcast orbits and clocksiot possible to separate the receiver clock offset from al
and other parameters known through accurate models. Sabbiguities and pseudorange multipath errors. Therefoee,
sequently, we re-parameterize the corrected measurententshoose one satellite as reference satellite (being irEdichy
obtain a full-rank system of equations, which allows thefoi the upper index®’) and map the respective ambiguity:©! i
estimation of the absolute receiver position and clocketffs to the receiver clock offset. The receiver phase bias is also
tropospheric zenith delay, ionospheric slant delays,iearrmapped to the receiver clock, and the receiver code bias is
phase ambiguities and pseudorange multipath errors. mapped to the pseudorange multipath errors. The obtained

A Pre-correction of ; ts parameter mapping is given by:

The absolute carrier phase measurement of Eq. (1) is pre- cdTum = 07Ty + Bum + Ameffn

corrected for the known Earth tides, satellite position elodk A N[f = fo . forfn

estimates, phase-wind up, phase center offset and varjatio A N A\ N B

and satellite phase biases, i.e. pMwa '* pMPrumz wm T Oum = Bum.

Sk (7)
ok - I The number of multipath parameters is kept equal by this

N (6“ (t”)) (A‘T/ET =& (tn - At”>) mapping, but the total number of clock offset and ambiguity
+ 7% (t, — Aty,) — A¢§W7u(t7b) parameters is reduced froit4- M K to M K.

The pre-corrected phase measurements of Eq. (3) are ex-
pressed in terms of the reduced parameter set of Eq. (7):
A'rrb@ﬁym(ffn) :(gf(t ))Tfu( n) + Cé%u.m(ff )
+mr(Ou(tn)) - Tou(tn) — fhmfff (tn)
+ A ANE ek (), (8)

— ApB 0, — Abkoy ultn) + B,
:(étzf(tn))Tfu( tn) + 67y (tn)

+mr(0u(tn)) - Toultn) — g Il 1 (tn)

+ A N+ Buim + €6 (tn), (3)

with the normalized direction vectet® = (z, — 7*)/||%, —
#¥|| pointing from satellitek to receiveru. The pseudorange Similarly, the pre-corrected pseudorange measuremettig.of

measurements are corrected similarly as: (4) are re-parameterized as:
P (tn) =Pl g (tn) P (tn) =@ ()T Tu(tn) + C8Tum (tn)
—(EFta )" (AfET - %k(tn - Atn)) + mr(0u(tn))  Toultn) + Q1m15,1(tn)
+ 57k (tn — Aty,) + [A)fn + Aﬁllf/IP,u,m + ﬂ:’i,m (tn). 9)
=(@F () 2y (tn) + coTu(tn) The reduced state vector includes the receiver positios, th
1 (0u(tn)) - Tou(tn) + @2 1% 1 (t) combined receiver clock/ reference ambiguity, the tropesic

f X zenith delay, the slant ionospheric delays, the diffeegnti
+ AP ugm (tn) + bum +um () (4) integer ambiguities and the combined pseudorange muifipat



reference ambiguity parameters. It can be obtained from the

full state vector of Eqg. (5) by a linear transformation: Pui(t) 2
) g Zu(tr)
Zu(tn) o 57 (1)
6T (tn) min P (t1) —H | T,.(t)
I )\ ~ + Z,U 9
Tred,n i= ?’”Eing =Tz, (10) Zu(th) l(p”.’l( ) I,:(t1)
u,1\n C(STu(f,l) . ANu
AN Tru(tr) An P (t1)
Apyip y(tn) I,:(t1) 7
: N , . . AN,
with the implicitly defined transformation matriX’ and the (13)
following sub-state vectors: with
~ ~ ~ T
cOT, = (C(S’TN'u’l, . ,05%u7M>T pu,m(t1> - (pt,7rz(t1)7 s 7p57n(t1>)
~ ~ T
AN, = (ANED ) vANEM) )‘m‘Pu,m(tl) - ()\mcp,t,m (t1>a s )‘mcp'zlf,m (t1>) (14)
L PN The pseudorange multipath states of Eq. (5) are initialized
ANuym = (ANgp, - ANG,) with zeros, and its order of magnitude is considered in the
Abypu = (DAPrpats---s Abg/IP,u,M)T state covariance matri_x. After this initial.ization of thlfstate
~ o K T vector, we apply the linear transformati@haccording to Eq.
Apvipum = (DPupams - APpum) - (11) (10) to obtain an estimate of the reduced state parametees. T

covariance matrix of;.q,, follows from3 =T3;, T".

IV. PPPwWITH KALMAN FILTER e
V. SIMULATION RESULTS

The PPP solution is determined with a standard linearIn this section, we analyze the performance of PPP with
Kalman filter. In this section, we briefly describe the statéepler. The first subsection describes the simulation patem

space model and the initialization of the state parameters. Subsequently, we show the achievable accuracy and conver-
gence behaviour for the absolute receiver position andkcloc

offset, tropospheric zenith and ionospheric slant delegsijer
A. State space model phase ambiguities and pseudorange multipath errors.

The dynamics of the reduced state vector are described AyDescription of simulation parameters

a linear model: In this section, we describe our simulation scenario. Tab. |

includes our receiver/ satellite geometry, and Tab. Il aad. T

Tredn = PnTredn—1 1 Mo,y 5 (12) 11 show the assumed measurement and process noise etatisti
with the state transition matri®,,, the reduced state vector TABLE |
Zred,n—1 Of the previous epoch and the process n@jggw. RECEIVER/ SATELLITE GEOMETRY
The state transition matrix is an identity matdxfor a static . eiver location A = 48.084836°, 11.277638°, h = 580m
PPP solution, i.e®, = I"**" with n, =5+ K + 2MK. DLR, Oberpfaffenhofen, Germany (static)
For a kinematic PPP solution, the state vector typically als satellite constellation  24/3/1 Walker constellation
includes the velocity and in case of high dynamics even the TABLE Il
acceleration as state parameters. In this case, the siat@-tr MEASUREMENT NOISE STATISTICS STANDARD DEVIATIONS
tion matrix also includes off-diagonal elements to consttie i .
. . . . L Frequency code noise phase noise
integration of velocity/ acceleration states. However, linvgt E1 30 cm 3 mm
our simulation results to a static PPP solution in this papeEs 2cm 3mm
and, thus, do not estimate velocity and acceleration assstat 56 2cm 3 mm
TABLE Il

e . . PROCESS NOISE STATISTICS STANDARD DEVIATIONS
B. Initialization

Position 0Om
We initialize the state vector by least-squares estimatiomeceiver clock offset 10 m/s
using the pre-corrected pseudorange and carrier phase me%réQpOSph‘?”c zenith delay 2 mm/ min
. . onospheric zenith delays 10 mm/ min
surements of a single epoch. The pseudorange multipattserrobseydorange multipath errors 1cmls

can not be estimated with single-epoch measurements. Thus,

we determined the full-state vector of Eq. (5) except of The pseudorange multipath errors of the first epoch were
pseudorange multipath parameters by minimizing the sum fifmulated as random values (statistically independemidxsi
squared measurement residuals: satellites) from a Gaussian distribution with= 1m.



B. Description of simulation results

B .. 0.1 T T
Fig. 1 shows the error and standard deviation of the | Wopo. zenith delay est.
estimated X, Y and Z-components of the absolute receive = *®|| | " *std.dev.of ropo zenith delay est. |}
. _ . — - std. dev. of tropo zenith delay est.
position. A strong, unbiased convergence is observed. Tk & oosf | 1
errors of the absolute position drop bel@® cm within less 2 o004l
than5 minutes. This is much faster than today's GPS-base § .|
L1/L2 PPP solutions, which typically need more thaf 2
minutes to convergence. % 0
g -0.02
x-comp. of rec. pos. est. 7 -0.04 [
0.5 y-comp. of rec. pos. est. ua—)
z-comp. of rec. pos. est. S -0.06 [
0.4 — — —+ std. of x-comp. of rec. pos. est. | g /
— — —+std. of y-comp. of rec. pos. est. w -0.08 H / 4
E 0.3 + std. of z-comp. of rec. pos. est. ’/
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g 0.2 N ‘ —-——-std. of y-comp. of rec. pos. est. H 0 100 200 300 400 500 600
é o N S - std. of z-comp. of rec. pos. est. Time [s]
LY P AREAs s | o |
T 0 'WMWM efeeiay s Fig. 3. Accuracy of tropospheric zenith delay estimates
o ) 7/.4;~:i::7——'::::"' -
7 01 L S A 1
S 02 P . . .
S 7 delay for each satellite and the much larger process noise
w03 | / 1 compared to the tropospheric zenith delay result in a slower
-0.4 , ' 1 convergence and higher errors of the ionospheric zenitiydel
05 «I ‘ ‘ ‘ ‘ ‘ estimation. However, these errors do not affect the absolut
0 100 200 300 400 500 600 R H™H h h H H h |
receiver position, which is determined much more accwate

Time [s]

Fig. 1. Accuracy of absolute receiver position estimate

Fig. 2 shows the convergence behaviour of the receive
clock offset estimation. The convergence is much slowen tha
for the receiver position due to the significantly largerqass
noise. The clock offset estimates are slightly biased dukdo
weak separability of some states, i.e. errors of other stte
mapped into the clock offset.

rec. clock + ref. amb. est. on E1
rec. clock + ref. amb. est. on E5
rec. clock + ref. amb. est. on E6
— — —+ std. of rec. clock + ref. amb. est. on E1 [
‘\ + std. of rec. clock + ref. amb. est. on ES

\ — — —+std. of rec. clock + ref. amb. est. on E6

N e - std. of rec. clock + ref. amb. est. on E1
~ - std. of rec. clock + ref. amb. est. on E5
— ——-std. of rec. clock + ref. amb. est. on E6 -

,,,,,,,,,,,,,, Time [s]

8 ><‘10'9

Error of est. ionospheric zenith delays [m]

Fig. 4. Accuracy of ionospheric zenith delay estimates on Edch color
refers to a different Galileo satellite.

Error of est. receiver clock offset [s]

Fig. 5 shows the accuracy of the float ambiguity estimates.

The errors of different satellites and frequencies areifign
icantly correlated, which could be exploited by an integer
o 100 200 200 200 200 500 decorrelation and a subsequent ambiguity fixing [4].

Time [s] Fig. 6 shows the simulated pseudorange multipath errors
and Fig. 7 provides the accuracy of their estimates. Thesrro
are again significantly correlated.

Fig. 3 shows the accuracy of the tropospheric zenith delayFig. 8 and 9 show the residuals of the phase and pseu-
estimation. The standard deviation drops belbwm within dorange measurements of all satellites and frequencids. Al
3 minutes and the estimates are unbiased. residuals are unbiased and the magnitude is in the order of

The convergence of the ionospheric zenith delay estimatitire measurement noise, which confirms the consistency of our
is shown in Fig. 4. The estimation of an individual zenitlstate estimation and measurement models.

Fig. 2. Accuracy of receiver clock offset estimates
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Fig. 8. Phase measurement residuals of all satellites augiéncies.
Fig. 6. Simulated pseudorange multipath errors for a statieiver. Different
curves refer to different satellites and frequencies.
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V1. CONCLUSION

The broad use of PPP requires a faster convergence th
today’s L1/ L2-based GPS solutions. This paper has provide
a PPP solution that exploits the highly accurate posititotkc
and bias estimates of next-generation GNSS Kepler and tt
low noise level of the wideband signals on E1, E5 and E6
Thereby, the convergence time was reduced fBinminutes
to less tharb minutes without any prior information.
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