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Abstract

The uncertainty of the UTC generation is based on accurate metrological calibration of the time transfer facilities. At present, the primary time transfer techniques are GPS and TW (TWSTFT). The traditional calibrations of the two techniques are performed separately. The calibration uncertainty for TW is uB = 1 ns and for GPS is uB = 5 ns. The uB of time transfer dominates the uB of the UTC-UTC(k) [3] and the latter dominates the total uncertainty budget of UTC-UTC(k). This is true especially for the UTC(k) linked with GPS: 97% of its total uncertainty comes from the calibration of the GPS time transfer.
The Report TM151 [6] proposes a method to transfer the calibration from the UTC TW links to the non UTC TW links. This report proposes a method to transfer the calibration from TW to GPS so that the whole, at least the majority, of the time link calibrations for UTC generation is uniformed. Meanwhile, the concerned GPS calibration uncertainty and in consequence the final uncertainty of UTC-UTC(k) are greatly reduced, from the order of 5 ns to 2 ns. The same is for any time link of two UTC laboratories: UTC(k)-UTC(j).
The uniformed calibration results have been applied in the link comparisons between TW and GPS PPP. The results have been published on the BIPM ftp site: ftp://tai.bipm.org/TimeLink/LkC/0804/. Perfect agreement reaches. Because GPS and TW are two completely independent systems, this comparison is the starting point for monitoring the long-term evolution in the calibration of the international time scale producing. 

Introduction
Four motivations

Organising and maintaining the calibration of the time transfer facilities in laboratories contributing to UTC is among the responsibilities of the BIPM. The final goal to estimate the time transfer uncertainty, including the GPS PPP, is to determine the total uncertainty of the UTC-UTC(k), as published in the section 1 of the BIPM Circular T [2,5]. Evaluation of the uncertainty of the BIPM UTC product is the first motivation of this study.
Under the pilot study of the GPS PPP [1], organized by BIPM and participated at present by the 20 GPS PPP receiver owner laboratories (Table 2.2), the BIPM computes and publishes the PPP time transfer solutions and the comparisons between GPS PPP and TW. These results are important for the uncertainty studies of both the uA (measurement uncertainty) and the uB (calibration uncertainty) for these two techniques, especially for their long-term calibration variations. To do this, the GPS PPP receivers should be calibrated. Evaluation of the long-term evolution in the GPS and TW is the second motivation of this study.
However the traditional GPS receiver hardware calibration is man-labour, time and money costing. We first absolutely calibrate a BIPM receiver. The uncertainty of the calibration is about 5 ns. We then make the calibration tours by sending the calibrated BIPM receiver to the UTC laboratories to perform a side by side differential calibration with the local receiver [2]. The uncertainty of the calibration is uB=5ns as published in the section 6 of the BIPM Circular T [3]. The calibration tours are often limited by the availability of the staff and equipment during the calibration campaigns. This is especially difficult for the calibrations in the Asia-Pacific areas.
On the other side, the uB of time transfer dominates the uB of UTC-UTC(k) and therefore the total uncertainty u in the final UTC product. From [3], we have in Table 1 the ratios of the uB of time link calibration and the total uncertainty of UTC-UTC(K):
Table 1 Percentage of the time link calibration uncertainty over 
the total uncertainty of UTC-UTC(K)

	Lab (k)

(1)
	Time link

(2)
	uB of

Link

(3)
	uB of

UTC-UTC(k)

(4)
	Total u of

UTC-UTC(k)

(5)
	% of uB
Column (3) over (5)
(6)

	PTB
	TW
	1.0
	1.1
	1.1
	91%

	USNO
	TW
	1.1
	1.3
	1.3
	85%

	ORB
	P3
	5.0
	5.1
	5.1
	98%

	CAO
	MC
	7.0
	7.1
	7.2
	97%


The percentage of the uB of the time links over the total uncertainty of UTC-UTC(k) is at least 85% for TW links and 97% for GPS links. The key point to improve the uncertainty of the final UTC product is to improve the uB of time links.
We propose therefore the following method to relatively calibrate the GPS PPP receivers through TW. The principle idea is to transfer the hardware TW time link calibration to GPS PPP receiver calibration. We point out beforehand that here the definition of the GPS PPP receiver calibration is different from the traditional absolute receiver calibration. In fact, for the purpose of UTC-UTC(k) generation or for time transfer between any UTC laboratories UTC(k) and UTC(j), what is important is not the total absolute delay in the clock-receiver-antenna system at Lab(k) but the relative delay of the clock-receiver-antenna systems at Lab(k) and PTB or Lab(j). PTB is the pivot of the TAI/UTC time transfer network. If all the GPS PPP receivers are calibrated by the method proposed, the GPS PPP time link between any lab(k) and lab(j) is calibrated and can be compared directly to the related the TW link. The later has been already calibrated [6]. Note that the GPS PPP receivers at Lab(k) and Lab(j) are calibrated separately through the TW links of Lab(k)-PTB and Lab(j)-PTB but not the TW link Lab(k)-Lab(j), which is an independent TW measurement.
The uncertainty of the proposed method is estimated to be within 1.5 ns. Improving the uncertainty of the GPS calibration is the third motivation of this study.

Finally, the Report TM151 [6] proposes a method to transfer the calibration from the UTC TW links to the non UTC links. This report proposes the method to transfer the calibration from TW to GPS. One of the advantages of TW is that the uB of TW is only 1ns much better than that of GPS’s 5ns. However its disadvantage is fatal. As happened several times in the past years, the commercial communication satellites or their frequencies used for TW change from time to time. In consequence, the TW links lost all their calibrations. The last change happened in February 2008. Fortunately, all the TW labs are backed up by the GPS PPP receivers and the latter are calibrated by TW.  We can then transfer back the TW calibration from GPS PPP to TW. Because both TW and GPS PPP are of high precision techniques, the calibration measurement uncertainty uA is of an order of 0.02ns. The certainty of the transfer-back is guarantied.  Such the whole time link calibration is uniformed. To uniform the calibration and guaranty its security for TAI/UTC generation is the forth motivation of this study.

Discussion
Obviously, the same principle can be used to transfer other calibrated UTC time links to GPS PPP. The final uncertainty of such a calibration depends on the uncertainty of the calibrated UTC link used. 
Of course, the traditional GPS receiver calibrations can be always organised when and where necessary. In this case, the calibration result proposed in Table 2.2 of this report will be considered as a check. In fact, the absolute GPS P3 receiver calibrations already carried out can be used also as a check of the proposed method.
The results of the study (Table 2.2) have been used for the TW-GPS PPP time link comparison (TAI 0804, MJD 54554-54586) which is a part of the BIPM GPS PPP project. The first results have been published on the BIPM ftp site: ftp://tai.bipm.org/TimeLink/LkC/0804/ . Because only the UTC time links were used for the calibrations, the disagreements over the non UTC links give the evaluation of the accuracy of the method.  In the last section, we demonstrate the perfect agreement of the calibrations. These calibrations will be used continually to monitor the calibration variations between GPS and TW: the two primary techniques for TAI/UTC generation and to back up each other in the senses of both: time transfer and calibration guaranty.
2. The principle idea
2.1 Setting up of the calibrations
Fig. 1.1 is the setting up of the traditional GPS receiver calibration. 
[image: image1.wmf]
Fig. 1.1 Setting up of the traditional side by side GPS receiver calibration using common ground clock. Here the BIPM receiver is absolutely calibrated. The uncertainty is uB=5ns.
Here a common clock is used and it is cancelled by differentiating two receivers’ observations. The difference of the total delay of the antenna-receiver-clock systems is the differential calibration result. The total uncertainty for P3 receiver is uB=5ns, as published in the section 6 of the BIPM Circular T [3]. 
[image: image2.wmf]
Fig. 1.2 Setting up of a side by side GPS receiver calibration using two ground clocks that are linked by an internal cable. Here the BIPM receiver is absolutely calibrated

Now let us consider another setting up displayed in Fig. 1.2. Here two clocks are used to drive separately the two receivers. The two clocks are linked each other by an internal cable and the clock differences are precisely measured. If we ignore the error in linking the two clocks, we will obtain exactly the same calibration result as the setting up of Fig. 1.1
[image: image3.wmf]
Fig. 1.3 Setting up of the GPS PPP receiver calibration using two remote ground clocks that are linked by UTC TW time link between PTB and USNO
Further let us consider in Fig. 1.2, the case that one of the two clocks is at PTB and the other is at a remote UTC laboratory, saying USNO, as shown in Fig. 1.3. The two remote clocks are linked by a calibrated UTC TW link of which the uncertainty is uA²+uB²≈1.2ns. Note that the role of the TW link is as same as that of the cable between the two clocks in Fig. 2. Here the meaning of the calibration of the TW link is identical to measure the length of the cable in Fig. 1.2. The difference of the two setting up if that the two clocks are linked by a cable in Fig. 2 and by a TW link in Fig. 3. If we ignore the error in the TW link, the calibration setting up in Fig. 1, 2 and 3 are identical. This is the principle idea of this report. 
Obviously, if the GPS PPP receiver at PTB is calibrated, the remote USNO receiver can be calibrated such a way. Therefore, we do not need to make travel a receiver to calibrate it. The prix is a slight increase in the total uncertainty budget. For most cases, the increased quantity in uB is √(5²+1²)-5=0.12ns. 
Till now, we are talking about the link calibration. Following, we will see how to transfer the link calibration to GPS PPP receiver calibration. As pointed out already above, here the definition of receiver calibration is different from the traditional absolute calibration. We investigate in the part that influences the UTC-UTC(k) or an arbitrary time link UTC(k)-UTC(j). We call the result the receiver calibration correction or simply the calibration because the calibration correction is to be added to the RefGps value as the traditional total internal and external delays is. Here RefGps is the raw receiver reading in the CCTF CGGTTS GPS data files.
Suppose the traditional absolute delay of the GPS PPP receivers is Xo for PTB and Xu for USNO; Linkg is the non calibrated GPS PPP link between USNO-PTB; LinkG and LinkT are the calibrated GPS PPP and TW links. We can compute the calibration value of the USNO GPS PPP receiver as follows:
 LinkT = LinkG
= [RefGps(USNO)+Xu] – [RefGps(PTB)+Xo] 



(1)
Introducing Cu=Xu-Xo in above equation, we have:

LinkG = [RefGps(USNO) + Cu + Xo] – [RefGps(PTB) + Xo]


(2)

= RefGps(USNO) – RefGps(PTB) + Cu


= Linkg + Cu

= LinkT

Above we used the definition of non calibration GPS link: 
Linkg = RefGps(USNO) – RefGps(PTB)
Therefore 

Cu = Xu – Xo = LinkT – Linkg






(3) 

or 

LinkG=Linkg + Cu = [RefGps(USNO) + Cu] – RefGps(PTB)


(4)
Here Cu is namely the calibration correction for the USNO GPS receiver. As for the receiver of PTB, it is calibrated or not becomes meaningless for obtaining the calibrated linkG.  For general cases, we replace the USNO by Lab(k) and Lab(j) and obtain the GPS receiver calibrations at Lab(k) and Lab(j):

Ck = Xk – Xo = LinkT(Labk – PTB) – Linkg(Labk – PTB)


(5)
and


Cj = Xj – Xo = LinkT(Labj – PTB) – Linkg(Labj – PTB)



(6)
Equation (5) minus equation (6), we have:

Ck – Cj = Xk – Xj = LinkT(Labk – Labj) – Linkg(Labk – Labj)


(7) 

Or 

LinkT(Labk – Labj) = Linkg(Labk-Labj) + Ck – Cj




(8)
By the equation (1), the calibrated GPS PPP link equals:

LinkG(Labk – Labj)= [RefGps(Labk) + Ck] – [RefGps(Labj) + Cj] 

(9)
In above equation (9), Ck and Cj are the GPS receiver calibrations. Introducing equations (6) and (7) into (9), we have the GPS link with the traditional absolute calibrations Xk and Xj:

LinkG(Labk – Labj)= [RefGps(Labk) + Xk] – [RefGps(Labj) + Xj] + Xo – Xo
(10)
Here Xo is the absolute calibration value for PTB GPS PPP receiver and is cancelled in any arbitrary links. Equations (9) and (10) give the same link result (within their uncertainties) but with completely different calibration setting up. Equation (9) is meaningful; the GPS calibrations obtained through TW links are transferred as the receiver calibrations and they differ from their absolute delays by a common constant: Xo, the absolute delay of the PTB GPS receiver. However, the Xo can be determined at any lab(k). As mentioned in the introduction, the disadvantage of equation (10) is not only that it is man-labour, time and money costing but also its uB=5 ns [3]. Equation (9) is free of change and has a well reduced uB value (Table 1.2).
Further discussion: we see from relation (2) that in linkG the absolute delay of the PPP receiver at PTB Xo is cancelled and that to determine Cu the two remote clocks are cancelled. For the time transfer, the correction Cu makes the real role of the calibration. One by one, we can determine this way all the calibration for all the 20 GPS PPP receivers, cf. Table 2.2. The total absolute delay at USNO is Xu=Xo+Cu. If the USNO GPS receiver is absolutely calibrated, we can determine the PTB absolute delay at USNO by equation (3): Xo=Xu-Cu. This implies, it is enough to absolutely calibrate one of the 20 GPS PPP receivers at a Labk, we can then determine the PTB absolute delay Xo. Such for a third Labj, its absolute calibration can be obtained by Xj=Cj+Xo. If there are more than one receivers absolutely calibrated, the redundant calibrations will improve the calibration uncertainty. Due to the TW network adjustment [4], we can furthermore improve the uA of the TW links by a factor of 30% - 50%, the TW measurement errors are negligible in the total uncertainty budget of the calibration. 
1.2 The uncertainty of the calibration

Suppose the PTB receiver is absolutely calibrated, the uncertainty of the absolute calibration for the GPS PPP receiver of Labk is: 
U² = uB[TW(Labk-PTB)]²+uA(Ck)²+uB(Xo)²




(11) 
As discussed above, the constant Xo is cancelled for all the links. In the sense of the UTC-UTC(k) and UTC(k)-UTC(j), the influence of the term uB(Xo) is null. Therefore the total uncertainty of the calibration is: 
u² = uB[TW(Labk-PTB)]²+uA(Ck)²






(12) 

From [3], the first term is 1ns and from Table 2.2, the second term is 0.8²/N in maximum, taking N=225, we have: 
u(TW) = √{ uB[TW(Labk-PTB)]²+uA(Ck)²} =  √{ 1²+0.8²/225} = 1.003 < 1.5ns.(13)
Till now, we discuss the GPS PPP calibration through UTC TW links. In fact, the same principle can be used through any UTC time links. Only that the uB depends on the UTC links used. If the UTC links are P3 or C/A codes, we estimate the related uncertainties:

u(P3,C/A) = √{ uB[P3(Labk-PTB)]²+uA(Ck)²} = √{ 5²+1²/225} = 5.0004 ≈ 5 ns.
(14)
Table 1.2 is a resume of the uncertainty estimation for the 20 labs involved. uB are the uncertainty for the receivers calibrated through different link type. For the uncertainty uB of a link, its value depends on the link type(s) used. For example, CH-IT of which the receivers are both calibrated through TW, its uB is 1.5ns. ROA-NICT has uB 5ns. For a mixed link, for example CH-NICT, the uB takes the worst case: 5 ns. Similar, uB for CH-NIM is 20ns, that is, not calibrated at all.
Table 1.2 Uncertainty of the calibration uB
	Lab (k)
	uB/ns
	Calibration by 
	uB/ns in CirT 

	CH IT OP SP USNO VSL PTB
	1.5
	TW
	1

	ROA NICT NIST DLR IFAG KRIS NMIJ NRL TCC TP TL
	5
	GPS P3
	5

	NIM NIMB
	20
	GPS C/A
	20*


* NIM,NIMB: UTC links are not calibrated

2. The calibration result
The data set used is TAI 0804 (Mjd 54554-54586). 20 GPS PPP laboratories are involved. Among them, 10 labs have been calibrated through TW (TW of ROA and AOS calibrated through GPS P3); 8 have calibrated through P3; 2 through GPS C/A receivers no calibrated, as shown in Table 1. Detailed information for the PPP data sets can be found: ftp://tai.bipm.org/TimeLink/TAIPPP/0804/TAIPPP_0804.sum
 and  ftp://tai.bipm.org/TimeLink/TAIPPP/TAIPPP_liste.xls
Table 2.1 is the list of the links with data not completed. Table 2.2 is the calibration result.
Table 2.1 Links with data not completed
[image: image4.wmf]
Table 2.2 Calibration values to PPP RefGPS
[image: image5.wmf]
Table 2.2 is the main result of this report. The column ‘Lab’ is the GPS PPP laboratory name; The values in column of ‘Calib.ToRefGPS’ are the calibration corrections to be added to the RefGPS values and the values after (+/-) are the standard deviations of the calibration; The column Numb. lists the number of the common epochs used for the calibration; the column before the last gives the type of link used for the calibration and the last the acronym of laboratory. The values in Table 2.2 are the calibration corrections of GPS PPP receivers. The total absolute delay for a receiver equals the value in the table plus the constant Xo (the absolute delay of PTB receiver, equations 3 or 5 or 6). For example, if Xo=0, the values in Table 2.2 become the absolute delays of the receivers. Whatever is the value Xo, it will not change the total uncertainty of UTC-UTC(k) or UTC(k)-UTC(j). A general estimation of the uncertainty was given in Tab. 1.2.
For the comparison of 0804 TW and GPS PPP links, the calibration values listed in Table 2.2 have been applied to GPS PPP receivers; the link comparison results are published on the BIPM ftp site: ftp://tai.bipm.org/TimeLink/LkC/0804/. Example of the perfect agreement of the traditional calibration for the non UTC TW and GPS PPP links is SP-NIST, for which the mean value of the differences between the two techniques is 0.013 ns with the standard deviation 0.127ns; results are available at ftp://tai.bipm.org/TimeLink/LkC/0804/SPNIST/Dlk/SPNIST.TGT35.Gif . Table 2.3 gives more examples of the agreements of the calibrations between TW (or P3) and GPS PPP. The column Mean lists the mean values of the differences over N points. They approximate to zero.

Table 2.3 Calibration values to PPP RefGPS


Finally, as a remark: On MJD 54571, there is a GPS PPP link jump of about 2 ns due to probably the GPS receiver PTBB. Because we don’t know the exact cause, its influence on the calibration is not clear
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  GPS PPP-TW         N       Min       Max      Mean       RMS     Std


  CHPTB.TGT34   :   344    -1.252     1.410    -0.028     0.515   0.515


  NISTPTB.TGT34 :   381    -1.117     1.405     0.012     0.488   0.488


  NICTPTB.TGT34 :   696    -1.638     2.578     0.027     0.730   0.730


  OPPTB.TGT34   :   355    -1.318     1.521    -0.040     0.553   0.551


  ROAPTB.TGT34  :   305    -3.271     1.577     0.020     0.826   0.826


  USNOPTB.TGT34 :   339    -1.571     1.486    -0.011     0.619   0.618


  VSLPTB.TGT34  :   217    -1.910     1.508     0.024     0.576   0.576


  AOSPTB.TGTA4  :   337    -2.425     3.196     0.015     1.016   1.016


  DLRPTB.GGP34  :  2846    -2.774     3.257     0.042     0.882   0.881


  IFAGPTB.GGP34 :  2881    -3.048     2.531    -0.008     0.763   0.763


  KRISPTB.GGP34 :  2906    -3.027     3.343     0.030     0.971   0.970


  NMIJPTB.GGP34 :  2866    -2.585     3.673     0.061     0.922   0.920


  NRLPTB.GGP34  :  2853    -3.261     3.030     0.039     0.878   0.877


  TLPTB.GGP34   :  2825    -3.282     3.405    -0.035     0.994   0.993


  ITPTB.TGT34   :   223    -2.476     1.705     0.020     0.781   0.781


  SPPTB.TGT34   :   247    -2.072     1.057    -0.023     0.690   0.689


  NIMPTB.GGA34  :  1687    -9.873     6.528    -0.037     2.328   2.327


  NIMBPTB.GGA34 :   547    -5.733     7.122     0.002     2.003   2.003


  TCCPTB.GGP34  :  2169    -3.157     2.598     0.032     0.969   0.968


  TPPTB.GGP34   :  1943    -3.230     3.277     0.032     1.036   1.036
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      Link           N      Nim       Max      Mean    Std      Remak


  ITPTB.TGT34   :   356   462.124   472.177   466.363 2.580    All Mjd


  ITPTB.TGT34   :   223   462.124   466.305   464.620 0.781    AF 54567





  SPPTB.TGT34   :   360   469.159   477.557   475.694 1.647    All Mjd


  SPPTB.TGT34   :   247   474.428   477.557   476.477 0.689    BF 54576





  NIMPTB.GGA34  :  2127  -470.521   441.528   298.746 8.408    All Mjd


  NIMPTB.GGA34  :  1687   425.127   441.528   434.963 2.327    AF 54558





  NIMBPTB.GGA34 :   973   485.296   530.722   516.405 1.525    All Mjd


  NIMBPTB.GGA34 :   547   517.867   530.722   523.602 2.003    BF 54580





  TCCPTB.GGP34  :  2724   380.849   420.953   408.841 7.257    All Mjd


  TCCPTB.GGP34  :  2169   408.043   413.798   411.232 0.968    AF 54558





  TPPTB.GGP34   :  2512   517.170   526.383   520.873 1.509    All Mjd


  TPPTB.GGP34   :  1943   517.170   523.677   520.432 1.036    AF 54558





�





Lab   Calib.ToRefGPS  Numb. CalibLinkType





CH3   137.7 +/- 0.52   344    TW CH


IT3   464.6 +/- 0.78   223    TW IT


NI3   418.5 +/- 0.48   381    MC NIST


OP3   146.3 +/- 0.55   355    TW OP


RO3   523.4 +/- 0.84   305    TW ROA


SP3   476.5 +/- 0.69   247    TW SP


US3   517.1 +/- 0.62   339    TW USNO


VS3   449.3 +/- 0.58   217    TW VSL


NC3   511.7 +/- 0.73   696    TW NICT


DL3   285.9 +/- 0.88   2846   P3 DLR


IF3   699.8 +/- 0.76   2881   P3 IFAG


IM3   435.0 +/- 2.33   1687   MC NIM


KR3   261.4 +/- 0.97   2906   P3 KRIS


NM3    50.6 +/- 0.92   2866   P3 NMIJ


MB3   523.6 +/- 2.03    547   SC NIMB


RL3   134.0 +/- 0.88   2853   P3 NRL


TC3   411.2 +/- 0.97   2169   P3 TCC


TP3   520.4 +/- 1.04   1943   P3 TP


TL3   168.5 +/- 0.99   2825   P3 TL


END – X:\TaN\CLB_GPS.Y3: 0804 calibration


PT3     0.0 +/- 0.00 = X0 N= 0
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