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13 Abstract: Orbit and clock products are used in real-time GNSS precise point positioning without
14 knowing their quality. This study develops a new approach to detect orbit and clock errors through
15 comparing geometry-free and geometry-based wide-lane ambiguities in PPP model. The
16 reparameterization and estimation procedures of the geometry-free and geometry-based
17 ambiguities are described in detail. The effects of orbit and clock errors on ambiguities are given in
18 analytical expressions. The numerical similarity and differences of geometry-free and geometry-
19 based wide-lane ambiguities are analyzed using different orbit and clock products. Furthermore,
20 two types of typical errors in orbit and clock are simulated and their effects on wide-lane
21 ambiguities are numerically produced and analyzed. The contribution discloses that the geometry-
22 free and geometry-based wide-lane ambiguities are equivalent in terms of their formal errors.
23 Although they are very close in terms of their estimates when the used orbit and clock for geometry-
24 based ambiguities are precise enough, they are not the same, in particular, in the case that the used
25 orbit and clock, as a combination, contain significant errors. It is discovered that the discrepancies
26 of geometry-free and geometry-based wide-lane ambiguities are coincided with the actual time-
27 variant errors in the used orbit and clock at the line-of-sight direction. This provides a quality index
28 for real-time users to detect the errors in real-time orbit and clock products, which potentially
29 improves the accuracy of positioning,.

30 Keywords: Geometry-free; geometry-based; wide-lane ambiguity; orbit and clock residual error
31

32 1. Introduction

33 Precise point positioning (PPP) using global navigation satellite systems measurements (GNSS)
34  was initially proposed in [1] in order to solve the high computation burden of the network approach.
35  The PPP technique employs only a single receiver to determine its position without explicitly using
36  reference stations. To do so, precise orbit and clock are needed to enable absolute positioning of high
37  accuracy [2]. This technique has been intensively developed from static to kinematic positioning [3],
38  from post-processing to real-time service [4-5], from using GPS only to using multi-constellation
39  systems [6], from ambiguity-float to integer ambiguity-fixed solution [7-10], from decimeter to
40  centimeter accuracy [11]. The PPP technique has been started with the ionosphere-free combination
41  approach [1] and then developed with the raw observation approach [11-15]. One of the major
42 differences of these two approaches is that one eliminates the ionosphere delay while the other
43  estimates it. Another main difference is that how to deal with the ambiguity parameter. The
44  ambiguity term estimated with the ionosphere-free approach is actually a combination of narrow-
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45  lane (NL) and wide-lane (WL) ambiguity, while the raw observation approach produces L1 and L2
46  ambiguity parameters simultaneously together with the ionosphere term (let us consider only the
47  case of dual frequencies). The common point for these two approaches is that their ambiguity
48  parameters do not have integer nature, as double-difference cannot be formed using a single receiver.
49  In this case, the satellite hardware delay cannot be separated or eliminated from the ambiguities in
50  the PPP mode. The term takes typically several tens of minutes to converge when the positioning
51  starts or resets after data interruption. The accuracy can be improved, and the convergence time can
52 be shortened if the ambiguities can be fixed correctly to their integers using additional corrections,
53 such as satellite phase biases.

54 A key task for the PPP integer ambiguity resolution is to separate or identify satellite phase
55  Dbiases in the ambiguity term in the reference network and then to apply these biases to their
56  corresponding ambiguities in mobiles to restore integer nature [13-14]. The ionosphere-free approach
57  Dasically uses two parallel processes [7-10]. One process is to compute the geometry-free (GF) Hatch-
58  Melbourne-Wiibbena combinations [16-18] in order to produce WL satellite phase biases and
59  integers. The other process is to carry out the geometry-based (GB) positioning to compute the
60  ionosphere-free ambiguity terms and further separate NL biases with involvement of integers of GF
61 WL ambiguities. The raw observation approach uses only one process that produces L1 and L2
62  ambiguities simultaneously [14], which are then used to form GB WL ambiguities and further
63  produce WL satellite phase biases. A variant of the raw observation approach is to produce WL and
64  L2ambiguities simultaneously in the GB  model [15]. WL ambiguities are the basis of going forwards
65  for these two approaches. The difference is that one produces them with the GF model while the other
66  with the GB model. Then the question raises: are the GF WL ambiguities the same or equivalent with
67  the GB ones from even a single receiver in terms of estimates themselves and their formal precision?
68  The reason for such a question is to clear off the hesitation of mixing use of the corrections. That is to
69  say, if they are not the same or equivalent, one may hesitate to apply the GB WL corrections to the
70 ionosphere-free approach, or apply the GF WL corrections to the raw observation approach in user
71  side. The question has been positively answered in an analytical way in [19] using a between-satellite
72 single-difference functional model of multiple stations. However, there is no numerical analysis
73 based on the real data in literature. It concludes that the GF WL ambiguity precision does not differ
74 too much from its GB counterpart under an assumption of small to regional networks [19]. This
75  assumption does not consider the orbit and clock residual errors (i.e. the remaining error in precise
76 orbits and clocks as they are not perfect). Different questions may then raise. Do the orbit and clock
77  residual errors make differences for the GF and GB ambiguities? This is certainly not the case for the
78  GF ambiguities as the geometry related parameters, such as satellite/receiver positions,
79  satellite/receiver clock as well as troposphere delay, are eliminated. Then how about the GB
80  ambiguities? If so, in what level of orbit and clock quality, one could claim that the GF and GB
81  ambiguities are equivalent?

82 The quality of orbit and clock has been improved in the past years for post-processing products
83  [20] and real-time products [21]. The majority of GNSS community is producing real-time orbit and
84  clock step by step [5-6]. A set of satellite orbit parameters (initial state and solar radiation pressure)
85 s first determined using a network of globally distributed reference stations using the past 24 - 48
86  hours of GNSS measurements. The orbits of at least 3 hours are predicted using the obtained orbit
87  parameters. The predicted orbits are then used as input for clock bias filtering in which real-time
88  observations are used. The accuracy of the predicted orbit is dominated by the solar radiation
89  pressure [6]. In addition, the predicted orbit may not be precise enough in the eclipse and just out of
90  the eclipse seasons, due to the fact that the yaw attitude is not properly modelled. It is obvious that
91  theremaining error of predicted orbits with longer predict arc length could make significant negative
92  impact on the GB NL ambiguity estimation and integer resolutions [6]. Their impact on GB WL
93  ambiguities remains being not analyzed. Although it is possible to reduce the orbit error by
94 shortening the predict length, the variation of errors could be a couple of centimeters to decimeters.
95  There are also exceptional occasions that some satellites, like GPS IIF, could have large errors up to
96  meters in their predicted orbits [22]. These errors could significantly worsen the clock bias estimation
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97  and satellite phase bias estimation as well as PPP integer ambiguity resolution in user side, in

98  particular for real-time users.

99 It is common to evaluate the quality of real-time orbit and clock by comparing them with the

100  post-processing counterpart separately [21]. However, the post-processing products are available
101 only after one day or a couple of hours later, which is not very acceptable for real-time users. In
102 addition, it is well known that the clock products absorb partly the errors of predicted orbits,
103 particularly errors of the line-of-sight (LOS) direction [23-25]. Therefore, it is more reasonable to
104  assess orbit and clock residual error as a whole directly from a user’s perspective. The differences
105  between GF and GB wide-lane ambiguities is a starting point to investigate.
106 This contribution aims at analysis of single-site ambiguities derived from both GF and GB
107  model. We focus on numerical computation and analysis using raw observations without differential
108  and combination operator in the measurement domain. The GB WL ambiguities are derived using
109  different orbit and clock products. To simplify the presentation and discussion, we are focusing on
110 global positioning system (GPS) in this contribution, but this does not affect the generality of our
111  analysis for other constellations. We also investigate the discrepancies between GF and GB WL
112 ambiguities to disclose the orbit and clock quality from a user’s perspective. The contribution is
113 arranged as follows: First, the GF and GB models are respectively presented in detail. Second, the
114 effects of orbit and clock errors on the ambiguities are given in an analytical way. Third, the results
115 of GB and GF ambiguities are numerically analyzed for both post-processing and real-time orbit and
116  clock products. In addition, we simulate two types of errors in orbit and clock and reprocess the data
117  and investigate the impact on WL ambiguities for further understanding. Finally, the study is
118  summarized with some conclusions.

119 2. WL ambiguities derived from the GF model

120 The observation equation for measurements of code p and phase ¢ tracked by a receiver at
121 location r from GPS satellites s (s = 1, 2, ---, n), atfrequency 7 (i = 1, 2)atepochk, canbe
122 expressed in meters as follows [26]:
s _ s s oS s s
Ep} ()} = pS(0)+m T +6t (k) =615 () + .1 () + dpi’r dpi
~d® +A.N?
ST T

)

7

7

E{goi (0} = pj (k) + mj T +61 (k)= 5t% (k) - ,ul.I: (k) + d¢

123 where E{} denotes the expectation operator; p‘(k) is the geometric range between the receiver

124 and satellite; 7, the zenith tropospheric delay with mapping function m;; ¢ (k) and §¢°(k) the
125 receiver and satellite clock bias in meters, respectively; n =22/2>, A, the carrier wavelength of
126 frequencyi; ;°(x) theionospheric delay; d,, and d,, are thereceiver hardware delays (or biases)
127  oncode and phase, respectively; d; and d; are the satellite hardware delays (or biases) on code and
128  phase, respectively; where it is assumed that these satellite hardware delays are relatively stable in
129 time; y;, theinteger carrier ambiguity. All terms with (k) are supposed tobesignificantly changed

130 intime.

131 The so-called GF observation model dispenses with geometric a priori information. The
132 geometry part is obtained by combining all non-dispersive terms, including the geometric range
133 pi(k), satellite §¢°(k) and receiver clock st (k)and tropospheric delay n .7 . Even though, the
134 system is rank deficient. Not all terms are estimable. The hardware delays here are chosen as S-basis,
135  absorbed by other terms [19] . Let us define the geometry part as one common term for all
136  observations from one satellite:

u u
RS (k)= pS (k) +mS -T +6t (k)=615(k)+—2—(d  —-d* y——L @ —d° )
F0= P TS, (-8 s T,y ), )
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137  and the ionosphere term is also combined with part of satellite and receiver hardware biases:

—d, —d, . +d,), 3)

L= 10+——d,,
H—

138 and the ambiguity terms for L1 and L2 frequency are defined as:

1

~ 1 oW+ U , o+ u ,
N;, =N +—d, —d, +——=d,  —d))-—"—2(d,, —d )¢, 4
> > A { Pi> Pi ,U2 _ ‘U] P2 P> ,uz _ ‘U] Prs P

139 Therefore, the functional GF model is written as

E{p;, (k) =R (k) + pI} (k)

- ~ )
E, ()= R (k) - T (k) + AN,

140  where the model is for a single satellite. Similar expressions can be seen in [19,27] with the single-
141  difference operator between satellites. Here, we focus on using raw measurements without any
142 difference and combination operator in observation domain. The epoch-wise solution of the
143 ambiguity term is simply computed as follows:

x, =Hz, (6)

144  where the phase and code measurements can be written in a vector form as

145 z, = [pf L) pi (k) @ .(k) ¢, (k)] "and the parameters that we are interested is ambiguity term

146 X) = [ﬁf . Ni, ] " H is the coefficient matrix derived from Equation (5) only for ambiguity parameters

147 as follows:

148 _i:u2+:u1 L 2:“1 i 0 ,
H — Aty =t Aoy~ A
1 2 Ao+ 0 1
Ay My = py Ay py — Ay

149 The ionosphere and geometry terms are eliminated, which is the origin that the term of GF actually
150  comes from.
151 The stochastic model for the observation is given as follows:

Q. = diaglo(e®);, oe*);, ole*);, ole®);}, %
152 where ¢ is the elevation of the satellite. According to the error propagation law, the variance-covariance
153  of ambiguity terms can be derived as:

Q. =HQ H",
;= HO, ®)

154  where Equations (6) and (8) are used to compute the epoch-wise L1 and L2 ambiguities and their
155  variance-covariance. However, the epoch-wise observational model has no redundancy. The solution
156 s rather noisy as it is purely dominated by noise of code measurements. To increase the accuracy, an

157  averaging filter is implemented using multi-epoch solutions in a recursive way. Let us notate the
158  averaging solution as follows:

A A T
X = [le, N;’J )
159 and the averaging filter starts at epoch 1as%; = x; and Q_ =Q ..
160 Assume that the filtering solution at the epoch k-1 is denoted asx®  with its covariance matrix

k-1
161 Q..
162 k

, the variance-covariance is first updated with the assumed process noise for epoch solution at
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g - Qg Q. (10)

163 where, Q is computed from the assumed process noise multiplying with time interval between

164  epoch k and k-1, and then updated with the epoch-wise variance-covariance

Q. =@Q.; +Q)" (11)

s
Xk k-1

165  with the parameter being also updated with the epoch-wise estimate and its variance-covariance
as a8 -1 N )
X, =%, +Q,, Q. (x, =X (12)

7

166  where elements of X; and ¢ are used to derive the WL ambiguity, i.e.

Ny, =N, = N5, (13)
167  with its formal error being derived
c. =|o: 4062 -2-0. . 14
7 s, T fi A, (14)
168  where 52 52 ,o. . aretakenfrom Q_ .
: %1

Ny, N3, N{,,N3,

169 3. WL ambiguities derived from the GB model

170 To derive the ambiguities from the GB model, we assume that the station coordinates
171 (X,.Y,,Z,), satellite orbit (X*(k),Y*(k),Z"(k)) and clock errors §¢; (k) are precisely known. As we

172 know that the satellite clock errors are calculated from ionosphere-free combination observations [2]:

N N lu2 N lul N
Sti(k) =51 (k)+ d’ - d 15
! R S (15)

173 and the computed range between satellite and the known station coordinates is

174 PI) =X ()= X} + Y () =Y, +{Z° (k)= 2,1

175 Add Equation (15) to Equation (1), insert p*(k) the left side, and define the observed minus

176  computed values as:

Sp;, (k) = p;, (k)= p; (k) +5t;, (k)

, (16)
50, (k)= ., (k)= p; (k) + 5ty (k)

177  resulting in the following;:
EGp;, (k) =mT,+1,(k)+ i1, (k)

- ~ 17
E{80), (k) =mT, +1,()~ u T, (k) + 2, N, 47

178  Where the ionosphere and ambiguity terms are defined as the same as in Equations (3) and (4),
179  respectively, and the receiver clock term is defined as:

tky=o1k)+—2—a ——H g

pr

180 =1 =1

181 The observation equations of all observed satellites in the matrix-vector form can be expressed

182 as:
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Ve =A X+, (18)
183 where  x-[r w0 L N, N with  Lw=['e e - Irw] and
184 N, (k)= [ﬁil,r ﬁiz,r ]’\71»1]7 7Y = [Pl,r P, @, q)z,r]r with Pi,r = [5pzlr 5p12r o 5pzmr ]T and
185 o, = [5¢["r Spl 5¢[""r]r ; A, is the design matrix with its elements being formed with the
186  coefficients in Equation (17) for all visible satellites.
187 The stochastic model is expressed as :
e~ N(0,Q, ), (19)
188 where @ =diaglo(@ 0@ - 0@} @] o) - o@jf
189 It is noticed that the observation equation (18) has redundancy when the number of satellites is

190  larger than three, which is easy to achieve even when only GPS satellites are employed. The state
191  transition equation is given by

X, =BX,_ +w, (20)

192  where B::[l 0 0 e e;]r with e, =[1 1 - 1]’ and w~N(0,Q,) , which links the

193 troposphere and ambiguity parameters with that of previous epochs.
194 Assume that the filtering solution at the epoch k-1 is denoted as X, , with its covariance matrix

195 . , thesolution at the epoch k is computed as:

X, =X K (Y — A (21)
196  with its covariance matrix being computed as

Q; =(I-K,A)Q; . 2)

197  where x,,  =BYX,,, and its covariance matrix as (.

Xk k-1

=BQ. B'+Q, - and the gain matrix is

198  computed as K, = Q’%k_k,,A’f(Aink.HA’f +Q, )"
199 The L1 and L2 ambiguities with their covariance matrix can be used to derive the GB WL

200  ambiguity and its formal error as Equations (13) and (14) for their GF counterparts.

201 4. Impact of orbit and clock residual errors on ambiguity estimation

202 From Equations (5) and (17), there is no difference between the GF and GB ambiguities in terms
203 of parameterization. However, their estimates are different since they go through different estimation
204  procedures. For the GF ambiguities, the geometry related terms, including orbit and clock, are
205  eliminated without effects. However it results in no redundancy for the epoch-wise estimates. The
206  solution’s accuracy is dominated by the noise of code measurements. In this case, the solution with
207  multiple epochs is computed. For the GB ambiguities, the geometry strength is higher (as there are
208  redundancy in each epoch), the ambiguities converge quicker than the GF ones. However, the
209  observed minus computed values are computed from the orbit and clock, which are not always
210  precise enough. The orbit and clock residual error at the LOS remains in the observation as follows:

E{p;,(k)y=mT, +t,(k)+ 1 (k)+oc

~ ~ ’ 23
B9, (k) =mT, +1,06) - I (k) + 24, N, +oc: =

211  where oc)indicates the slowly time-variant or time-invariant residual part of orbit and clock error

212 combination in the LOS direction. As they are not random noise, they could be distributed to every
213 parameters (as well as measurement residuals), but most likely to the ionosphere and ambiguity
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214  terms of the satellite as these parameters are satellite dependent. There are two cases worthy of
215  investigation.

216 4.1. Orbit and clock residual error being time-constant bias

217 It is possible that the orbit and clock contain a constant bias. For example, the code measurement
218  type used in mobile side is not consistent with the code measurements used in the reference side
219 when computing the clock products. It is assumed that the oc¢' is a constant during the whole
220  measurement period and there are no effects between satellites. As phase measurements are assigned
221  much higher weight than code ones (100 times smaller in terms of standard deviation), we assume
222 nosignificant orbit and clock errors are attributed to phase measurement residuals. Furthermore, the
223 ambiguities are common terms between epochs, they likely absorb the constant bias as:

= ~ 3
Ny, =N}, +%'u'2+7'uzocf
H /
o T 24)
N, =N;, +— KT i oc!
Ay 2
224 The remaining error may be distributed to the ionosphere term and the code residuals. From the

225  analytical expression of Equation (24), the effect on the WL ambiguity term is less than one tenth of
226 o in terms of cycle. In other words, the effect of constant bias in orbit and clock looks largely

227  reduced. Bearing in mind that the reality can be more complex when our assumptions do not hold
228  for all cases. In particular, the geometry changing may have influence as well. However, the effects
229  of a constant bias analyzed here might be a minimum (i.e. a bottom line).

230  4.2. Orbit and clock residual error being time-variant error

231 The residual orbit and clock error is rarely a constant bias in an entire tracking period, except for
232 amixture use of code measurements. It is very likely a time variant error that caused by the changes
233 of LOS and the orbit error itself (as will be shown later). In this case, it is not a trivial to make a strict
234  analytical expression, as the estimation procedure is rather complex both in current epoch and
235  correlation between epochs. Assume that the error is directly mapped to the ambiguity terms as

236  follows:

= ~ 1
N}, = N;,+—oc,
A

1r r

- (25)

~ 1
N,, =N, +—oc
Z

ST Sr

237  where the effect on WL ambiguity term will be about 1.165-0¢' cycle. In other words, one meter bias

238  could bring 1.165 cycle error into the WL ambiguity. Even when the error is about 15 cm (often the
239  case for real-time orbit and clock), the effects will be significantly up to 0.18 cycle, which is not
240  acceptable for phase bias calibration for PPP IAR. In reality, the effects might be around (larger or
241  smaller than) this level due to different geometry strength. This contribution will make a real-data
242 numerical analysis in order to further understand the effects.

243 5. Experiment and results analysis

244 In order to analyze the performance of GF and GB WL ambiguities and evaluate the orbit and
245  clock effects on the WL ambiguities, we implemented the GF and GB models using raw observations
246  to compute L1, L2 and WL ambiguities as well as their variance-covariance as described in “WL
247  ambiguities derived from the GF model” and “WL ambiguities derived from the GB model”. GNSS
248  measurements with 1 second interval from selected IGS sites are downloaded from the IGS data base.
249  These sites are deliberately selected and spread over main continents and the middle of the Pacific in
250  terms of groups, see Figure 1. Some of groups have sites located at very nearby in order to have
251  almost the same LOS. Two types of orbit and clock products are used in the experiment. One type is


http://dx.doi.org/10.20944/preprints201805.0157.v2
http://dx.doi.org/10.3390/s18061760

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2018 d0i:10.20944/preprints201805.0157.v2

8 of17

252 the determined orbit and clock products provided by ESA to the IGS, while the other is the real-time
253 orbit and clock estimated as described in [15]. The interval of satellite orbit is 15 min, and the sample
254  rate of satellite clock is 30 s for both types of products. The determined products are obtained by the
255  post-processing mode, and their accuracy is better than that of real-time ones [15]. The standard GB
256  PPP solutions, in parallel with the GF process, are computed using raw L1 and L2 observations. The
257  parameters to be estimated are tropospheric zenith delay, ionosphere, receiver clock bias, and L1, L2
258  and then WL ambiguity terms for the GB process, while the GF process just produces the L1, L2 and
259  then WL ambiguity terms. The positions of sites are fixed to the “ground truth”, which are computed
260  from many days’ data with the static mode. This contribution makes use of the precise coordinates
261  in order to determine precisely the GB-GF ambiguities by avoiding of the effects of unknown
262  coordinates. The orbit and clock are integrated and interpolated for each epoch (1 s of data interval).
263  Strictly speaking, the interpolation for real-time orbit and clock is not realistic in the real-time
264  application as the future correction stream cannot be known in advance for interpolation of current
265  epoch. However, we employ exactly the same process in order to carry out a fair comparison for both
266  types of products by ignoring correction age effects. The elevation-dependent data weighting is used
267  for both processes. The entire process is implemented through a strictly forward computation.
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268
269 Figure 1. Distribution of sites that are used for this study

270  5.1. Analysis of GB and GF ambiguities

271 This section will analyze the GB and GF ambiguities and inspect the similarity and discrepancies
272 of GB and GF WL ambiguities.
273 Figure 2 shows L1, L2 and WL ambiguities and their corresponding formal standard deviations

274  for PRN 09. These ambiguities are respectively produced with the GF and GB models for site CEBR.
275  Arbitrary offsets are removed from these ambiguities. It is obvious that both the variation of L1 and
276 L2 GF ambiguities and their formal errors are larger than the GB counterparts, and especially they
277  converge much slower than that of GB. However, the formal errors of WL ambiguities are very
278 consistent and almost the same, meanwhile their estimates reveal a consistent trend despite of some
279  small fluctuations. This confirms the analytical statement in [19] that the GF WL ambiguity precision
280  does not differ too much from its GB counterpart. The reason is that the GF L1 and L2 ambiguities
281  are highly correlated and even more correlated than that of GB ones. The WL ambiguities are
282  therefore much precise after the differential operator, referring to (13)-(14), compared with the L1 and
283 L2 ones. It is noticed that the GF WL ambiguities are slightly oscillated, compared with the GB ones
284  at the first hour, but they are even stable than the GB ones afterwards. The reason is that the GB WL
285  ambiguities may suffer some errors in orbit and clock. This will be further analyzed in other sections.
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287 Figure 2. GF (blue) and GB (red) L1, L2 and WL ambiguities (left) and their corresponding formal
288 errors (right) of PRN 09 computed from a single receiver (CEBR) observations and ESA final orbit and
289 clock products
290 As can be seen from Figure 3 that the results of PRN 09 computed by another single receiver

291  REDU have similar behavior to that of CEBR, which indicates that the WL ambiguities and their
292  formal errors have commonality for this same satellite obtained by different receivers which are

293  located not very far away.
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295 Figure 3. GF (blue) and GB (red) L1, L2 and WL ambiguities (left) and their corresponding formal
296 errors (right) of PRN 09 computed using a single receiver (REDU) observations and ESA final orbit
297 clock products
298 Figure 4 displays the differences of GB and GF WL ambiguities and their computed standard

299  deviations derived from GB and GF ones using the error propagation law for PRN 09 at the site CEBR
300  and REDU, respectively. The values of GB-GF are stable in between + 0.1 cycles. The variation at the
301 first hour is largely dominated by the GF ambiguities, while it changes due to the variation of GB
302  ambiguities afterwards. The variations of GB-GF values are mostly within three times of the formal
303 errors, which indicates that the formal errors statistically reflect the level of quality.
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305 Figure 4. Differences of GB and GF WL ambiguities (red) and their formal errors (blue) of PRN 09
306 from the receivers CEBR (top) and REDU (bottom).
307 Figure 5 displays the values of GB-GF WL ambiguities computed with ESA final orbit and clock

308  products at site KOKV for all visible GPS satellites. It is seen that these values are stable and close to
309  zero. Again, the typical behavior of these time series is that they are noisy at the beginning of a
310  tracking period, but become smooth and stable afterwards. According to the statistics, the biases are
311  smaller than 0.05 cycle and the standard deviations of these values are smaller than 0.025 cycle. It is
312 practically and commonly believed that the repeatability is good enough if differences of
313 ambiguities are smaller than 0.1 cycle [7]. Therefore, we could state that the GB and GF WL
314  ambiguities are equivalent in this case, though they are not the same.
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Figure 5. Differences of GB and GF WL ambiguities computed with ESA final orbit and clock products
at site KOKV

5.2. Orbit and clock residual error effects

The results demonstrated in previous section are computed with the ESA final orbit and clock
products. To compare with them, this section will show results that are computed with the real-time
orbit and clock products.

Figure 6 displays various differences of PRN 09 WL ambiguities and orbit clock products
computed at the site CEBR and REDU, respectively. In top panels, the GF WL differences are zeros
as the orbit and clock are eliminated and have no impact on the GF ambiguity estimates. The GB WL
differences are computed with final and real-time orbit and clock. In this case, everything is the same
except that the orbit and clock used are different. Therefore, the GB WL differences indicate that the
effects of the different orbit and clock products. To further confirm this, the differences of two types
of orbit and clock are also computed for the locations of the receivers, in which the orbits are mapped
into the LOS direction. The values are converted to cycles by divided with the wavelength of WL
ambiguities (which is 86.2 cm). It is clear that the variations of two sets of orbit and clock differences
are largely coincide with the differences of GB WL ambiguities. In bottom panels, the GB minus GF
WL ambiguities used two types of orbit and clock products are shown together with the orbit and
clock differences themselves. The values of GB-GF computed from the final orbit and clock (OC1:
GB-GF in the figure) are more stable than that of computed from the real-time orbit and clock (OC2:
GB-GF in the figure). The latter one has a clear slope in the time series, which is consistent with the
slope of orbit and clock differences. In this case, it is difficult to say the GF WL ambiguities are
equivalent with the GB ones. However, it is promising for the real-time users that the GB-GF WL
ambiguities can be used to an indicator of the orbit and clock quality from a user’s perspective.
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Figure 6. Various differences of PRN 09 WL ambiguities and orbit clock products computed at the
receiver CEBR (left) and REDU (right): 1) differences of GB ambiguities computed with final and real-
time orbit clock products are indicated in red in top panels; 2) differences of GF ambiguities computed

with final and real-time orbit clock products are indicated in blue in top panels; 3) differences of GB
and GF ambiguities computed with final orbit clock products (OC1) are indicated in blue in bottom
panels; 4) differences of GB and GF ambiguities computed with real-time orbit clock products (OC2)
are indicated in red in bottom panels; 5) differences of orbit clock impacts in LOS directions between

final and real-time orbit clock products in green

Figure 7 displays the values of GB - GF WL ambiguities computed with real-time orbit and clock

products at site KOKYV for all visible GPS satellites. During the period of 2-12 O’clock, the variations
of these time series are larger than the rest of day. In particular, the largest variation is from PRN 09,
which is even larger than 1.0 cycle during 9-10 O’clock. The bias and the standard deviation are -0.569
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352  and 0.305 cycle according to the statistics. In this case, the GB and GF WL ambiguities are not
353  equivalent.
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355 Figure 7. Differences of GB - GF WL ambiguities computed with real-time orbit and clock products
356 at Site KOKV

357 To further investigate the cause of the variation in GB-GF WL ambiguities, we plot the variations
358  of differences between the final and real-time orbit clock (orbit is projected into the LOS) at Site KOKV
359  for all visible GPS satellites in figure 8. It is clearly seen that the pattern of the orbit and clock
360  differences is very similar with that of GB-GF ambiguities, in particular, for the satellite PRN 09. The
361  reason for such an extreme orbit and clock behavior in real-time is likely that the orientation of the
362  satellite (mainly IIF satellites) is estimated or predicted wrongly [22]. This issue has not been solved
363 in real-time case. Therefore, it is valuable that the variation of GB-GF values of a receiver can be taken
364  asa quality index of orbit clock products from users’ perspective.
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366 Figure 8. Variations of final orbit/clock and real-time orbit/clock differences projected into the LOS at
367 Site KOKYV for all visible GPS satellites

368 Figure 9 displays GB-GF WL ambiguities of PRN 09 computed with real-time orbit clock
369  products for all selected sites. It is obvious that these time series are not stable. The figure discloses
370  longer period of oscillations than one single site shown in figure 7. We could also see that the variation
371  patterns are almost the same for some pairs of sites, e.g. KOKB and KOKYV, KIRI and NAUR, MIZU
372 and SANT, MRO1 and PERT. These pairs of sites have different observations, but demonstrate the
373 same GB-GF WL patterns, as they suffer almost the same orbit clock error. It is clear in this case that
374  the GB and GF WL ambiguities are not equivalent.
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376 Figure 9. GB - GF WL ambiguities computed with real-time orbit clock products for GPS PRN 09 at
377 all selected sites
378 6. Simulation study of orbit/clock error effects
379 In order to further investigate the effects of orbit and clock errors on the WL ambiguities, we

380  simulate two types of errors directly in the LOS for one satellite of an entire tracking period at Site
381 KOKYV: 1) a constant bias (e.g. 1.0 m); 2) time-variant errors with 0.15 m amplitude and 2 hours period
382  of sine or cosine changes. The errors are added to only PRN 30 of the ESA final orbit and clock. The
383  GB-GF WL ambiguities are then recomputed and compared with the previous ones. The purpose for
384  such a simulation is to see how effects of precisely “known errors” on the GB-GF ambiguities.

385 Figure 10 displays differences of recomputed GB-GF WL ambiguities with respect to their
386  counterparts without the simulated errors. The differences are purely caused by the simulated errors.
387  Thetop panel displays the GB-GF WL effects of a 1.0 m constant bias is added into the PRN 30 during
388  5:00 h —11:30 h. The effect is about a constant bias of 0.084 cycle. There is no visible effects on other
389  satellites. This indicates that the GB-GF WL ambiguity is not very sensible to a constant bias, which
390  confirms the analysis in “orbit and clock residual error being constant bias”.
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392 Figure 10. Recomputed GB-GF WL ambiguities minus the previous ones in figure 5 with the
393 simulated constant bias (top) and the time-variant errors (bottom) added into orbit clock of PRN 30
394 at Site KOKV
395 The bottom panel demonstrates the GB-GF WL effects after the time-variant errors are added

396  into the PRN 30 during 5:00 h — 11:30 h. Firstly, the effects of PRN 30 show also the sine or cosine
397  behavior. Secondly, there are also similar patterns with smaller magnitude in many other satellites
398  tracked in the same period. These effects are brought by the added errors with only 0.15 m in
399  (absolute) size, which is much smaller than 1.0 m. This indicates that the GB-GF WL ambiguity is
400  very sensible to time-variant errors as analyzed in “orbit and clock residual error being time-variant
401  error”, which provides an opportunity for real-time user to evaluate the quality of real-time orbit and

402 clock.

403 7. Conclusions

404 This contribution derives L1, L2 and WL ambiguities from the GF and GB PPP model. Two types
405  of orbit and clock products, represented different level of quality, are used to compute the WL
406  ambiguities. The differences of GB and GF WL ambiguities are particularly analyzed. The main
407  results and conclusions are summarized in the following,.

408 The GF ambiguities are obtained on individual satellite basis, and there is no redundancy for the
409  epoch-wise estimation. To improve GF estimates, multiple epochs of data are needed. The GB
410  ambiguity estimation makes use of all received satellites, therefore the geometry and the redundancy,
411  besides using multiple epochs of data, play roles on the estimation. From our implementation and
412  experiment, there are significant differences between GB L1/L2 ambiguities and the GF ones in terms
413 of both estimates and their precisions, however, the GB WL ambiguities do not differ much from the
414  GF ones in terms of precision at least.

415 Orbit and clock have no impact on GF WL ambiguities as they are eliminated in the process,
416  while they have effects on GB ones. Whether the GB and GF ambiguities are equivalent depends
417  much on the quality of the used orbit and clock. In general, if GB-GF WL values are stably in between
418 £ 0.1 cycles or within three times of their formal errors, we could state that the GB and GF WL
419  ambiguities are equivalent. This is basically not an issue for the final orbit and clock product used in
420  our experiment, as this type of product is obtained from post-processing.

421 The GB and GF WL ambiguities are not always equivalent if they are computed from the real-
422 time orbit and clock, as the type of product is sometimes not perfect. It is found in this contribution
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423  that the variation of GB-GF WL ambiguities are coincide with the orbit and clock differences between
424  the final and real-time products. Therefore, it is promising for the real-time users that the GB-GF WL
425  ambiguities can be directly used to indicate the orbit and clock quality from a user’s perspective.
426 Two types of orbit and clock errors are simulated and the effects on GB-GF WL ambiguities are
427  analyzed. The constant bias in orbit and clock seems not have significant effects on GB-GF WL values
428  if we look into the pattern of their time-series, though there is still a smaller size of bias presenting.
429  This indicates that the GB-GF WL ambiguity is not very sensible to a constant bias in orbit and clock.
430  However, the GB-GF WL ambiguity varies remarkably if the time- variant errors exist in the orbit
431  and clock. Even the errors are not large, it is sensitively mapped into GB-GF WL ambiguities. As this
432 type of errors is more often showing up than the constant bias in the real-time orbit and clock, the
433  GB-GF WL ambiguity provides an opportunity for real-time users to evaluate the quality of real-time
434 orbit and clock.
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