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A study on the development for remote frequency

calibration techniques at GNSS stations
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Abstract

This study aims to maintain the quality of basic control points by referencing
international development trends and devising GNSS remote frequency calibration
techniques utilizing GPS common-view method. The time offset and frequency
stability of the receiver are computed using undifferenced GPS phase data. Scholarly
literature indicates that international GNSS remote frequency calibration techniques
employing Precise Point Positioning (PPP) time transfer can achieve nanosecond
precision. Among the calibration approaches, the common-view method proves to be
the most feasible for GNSS observation stations. This study undertakes the calculation
of time offset for 14 GNSS observation stations using both the phase method and the
code method. The accuracy is validated through assessments of frequency stability and
frequency offset. The resulting accuracy aligns with that of GPS satellite specifications,
affirming the applicability of GPS remote frequency calibration techniques to stations
in Taiwan. Notably, the time offset, frequency stability, and frequency offset of the
GNSS observation stations located at CIME and WARO exhibit considerable
discrepancies compared to satellite specifications, thereby implying abnormalities
within their internal quartz oscillators. The impact of frequency stability and frequency
offset on PPP positioning accuracy is greater than that on double-difference (DD)
positioning accuracy. Since DD eliminates the clock error by means of differential
positioning, the DD positioning accuracy of WARO and CIME with the worst
frequency stability and frequency offset is still good. From the perspective of the
impact of solution time on positioning accuracy, the accuracy of PPP is significantly
improved when the time period of data is more than 4 hours, while the accuracy of DD

is greatly improved when the time period of data is more than 2 hours.

Keywords: Remote frequency calibration, phase offset, frequency stability,

frequency offset, GPS positioning accuracy
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-1E-07
-1.5E-07
-2E-07
-2.5E-07
-3E-07
-3.5E-07

-4E-07
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——PPP-FREE  ——PPP-TWTF-1 === PPP-TWTF-2 Code

/\\// \
K 4
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CIME CKSVDAWWMNMLSBO MAJANTPU SHJU TC32 TNMLVRO1 VRO2WAROYMSM

2.5E-13
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5E-14
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CIMEZ2 WARO =hr#b > & xhié % = fhdpi= i o735 g FAE TR % -

AP ERES AHAFBIE-12): S RBE S G o p 2B TR

% 3° Bt R §5 [ > @ rdp 22 PPP-FREE:: & chif # £ 1 T 7572 - X o
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24-2F SRR RS BA R

2 R | HEFR IR (Frequency stability)
A
R 3l #E & ik # £ (Frequency offset)
5
o #* = | Trimble
NTPU
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7 y 3E-08
% S
NTPU | ## | 2seo0s
& 2E-08
1.5E-08
1E-08
5E-09
0
1 2 3 4 5 6
WPPP-FREE M PPP-TWTF-1 mPPP-TWTF-2 m Code
NTPU
0
1 2 3 4 5 6
-5E-11
-1E-10
-1.56-10
-2E-10
-2.5E-10
-3E-10
—@— PPP-FREE PPP-TWTF-1 PPP-TWTF-2 Code
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#* 2 ik | EFR TR (Frequency stability)

Re® 3| g % 4 4 £ (Frequency offset)

B
I L | Trimble
YMSM
Alloy
YMSM 8.00E-12

7.00E-12
6.00E-12

5.00E-12
4.00E-12
3.00E-12
2.00E-12
1.00E-12
0.00E+00
1 2 3 4 5 6 7

W PPP-FREE WPPP-TWTF-1 mPPP-TWTF-2 m Code
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2.50E-13

2.00E-13
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0.00E+00
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¥ ¥ th# £ (Frequency offset)

Trimble
Alloy

7.00E-12

6.00E-12

5.00E-12

4.00E-12

3.00E-12

2.00E-12

1.00E-12

0.00E+00
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2.00E-13

1.50E-13

1.00E-13

5.00E-14

0.00E+00
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1 2 3 4 5 6 7
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&
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5.00E-12
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3.00E-12
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1.50E-12
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1.60E-11
1.40E-11
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2.00E-12
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3.00E-13
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L2 ik | EFR TR (Frequency stability)
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M PPP-FREE ®1.14329E-22 m PPP-TWTF-2 Code

VRO1

4.00E-13
3.50E-13
3.00E-13
2.50E-13
2.00E-13
1.50E-13
1.00E-13
5.00E-14

0.00E+00
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Summary—We use a virtual enzemble GPS receiver [1]
which CGGTTS outputz are the weighted average of all
calibrated physical receivers in enzemble to momitor the GPS
CLPLPL total delays® (TOTDLY) [I] variation of each physical
receiver. Since the wirtual emsemble receiver iz the collective
reprezentation of all receivers in ensemble and the outliers and
divergent measurements from the physical receivers in enzemble
would be filtered out by weighting procedure, the equivalent
TOTDLY of the virtual enzemble receiver would be more
stationary and qualified as a reference. A co-location 6-vear long-
term common clock difference (CCD) was ealeulated to examine
the trend: and variation ranges of the GPS CLPLP2 TOTDLY
of physical receivers. We found, even the co-location CCD
procedure camcelled out the most known commen noizes, the
CCD results showed the $-vears PLPI TOTDLY variation
ranges of all receivers were about -0.% ~ 0.5 n: with different
trends. Since the GPS P3 we used for GPS Time Tramsfer
(GPSTT) iz the fonosphere free combination of P1 and P2, there
would cause about 1.5 n: time instability for GPSTT. We also
found each receiver’s CL/P1 trends were similar, it may imply
the TOTDLY variation iz related to the carrier frequency of GPS
sigmal.

Keywords—GNSS calibrasion; Total delay; CGGITS; Virneal
GPS Ensemble Receiver

I INTRODUCTION

The Global Positioning Systems time transfer {(GPSTT) is
one of the major inter-continental tume and fecuency
comparison technology. about 85% UTC (Coordinated
Universal Time) laboratories nse GPSTT as their UTC time
links [3]. The typical GPSTT uses two single-receiver stations
(including antenna. cables, time and frequency reference
signals and a GPS receiver) at both sites. If the GPS satellite
mstrument  delavs,  relativistic  effects.  Sagpac  effect.
ionosphere delay, tropo-sphere delay, etc. are perfectly
modeled and compensated; therefore, the two realized GPS
time both stations observed are identical. When the total delay
(TOTDLY. the total electronic delay between the phase center
of the antenna and the time reference point of the GPS station.
including REFDLY, CABDLY. and INTDLY) [2] of the two
GPS stations are finely calibrated; the GPS system time could
be the common reference and get the accurate time difference
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between the reference time of two stations. But i practice.
except it’s difficult to perfectly model and compensate the
noises from GPS satellite clock and atmosphere effects; in
recent vears. some studies [4-10] showed the TOTDLY of
GPS station i3 not stationary but misht be affected by
environmental conditions or some unkmown factors up to 1-3
ns per vear. Consecuently, the TOTDLY variations of a GPS
station would be introduced into its GPSTT results. and
besides, if the GPSTT/ TWSTFT (Two Way Satellite Time and
Frequency Transfer) stations are calibrated by the traveling
GPS calibrators. the TOTDLY variation of the traveling GPS
calibrators would also be introduced into the calibration
results, further affect the time comparison of the calibrated
GPSTT/.TWSTFT stations.

The BIPM (Bweau intemational des poids et mesures)
gave the mininmm GPS link uwncertainty (including the
calibration uncertainty and measurement uncertainty) of UTC
time links to be 1.8 ns. and the calibration uncertainty. uCal.
contribute most of the link uncertainty (BIPM Circular T [3].
Section 3) The time instability of the TOTDLY of GPS station
is one of the key factors affect the GPSTT results.

To investigate the long term TOTDLY variation of the
GPS recetvers. we use the virtmal ensemble GPS receiver of
TL. named to be TLEL. as the reference receiver to measure
the TOTDLY fluctvation of the GPS C1PLP2 code of 4
phvsical receivers in ensemible. The CLPLP2 CGGITS
outputs of TLEL i1z the weighting results of the C1/P1/P2
CGGTTS [11] outputs of all the physical recefvers in TLEL.
The TLE1 of all recervers in ensemble. the CCD resnlts of
physical recervers versus TLEL can be treated as the CCD
results of physical receiver with respect to their collective
average representation. and relatively reflect their C1/PLP2
TOTDLY variations.

The brief description of the virmal ensemible receiver
maodel and the CCD test were illustrated in section IT. A very
long-term CCD test of 4 GPS receivers versus TLE]1 from
2016 to 2022 were investigated. the results would be discussed
in section [T



II. VRTUAL ENSEMELE RECEIVER. MODEL AvD CCD TesT
The virtual ensemble receiver. which we named as TLEL
is the weighted result of the physical receivers in ensemble. At
initial, we first compensated the TOTDLY of each receiver in
TLE! according to the result of 2016 BIFM Gl calibration
campaizn (calibration ID 1001 2016) [12]. then generated the

CGGTTS files of each receiver using the r2cggtts software [13].

Due to the time and frequency reference sources of all
TOTDLY aligned receivers in TLEl are all the same
(UTC(TL). see Table ) and the antennae are located in a small
area (2.3 m * 6 m Fig 1) that the noises from satellite clocks.
atmosphere effects. and local time and frequency references are
almwost the same. the P3 (ionosphere combination of P1 and P2)
REFGPS wvalves of each receiver’'s OGGTTS output at each
epoch of each GPS satellite should be the same. The standard
deviation of thewr P32 REFGPS can be used to pick vp and
remove the outliers. We set the weighting finction of each
C1/P1/P2 code of each recerver k at each epoch t of each GPS
satellite -

wi, i, [ = LANit, i),
if | REFGPSkps (1, i) - uREFGPSpsit, )| =1 5
Wi ft, 11 =0,

i

REFGPSips(t, i) - uREFGPSpa(t, 1) = 1 & (1)

where j = C1/PL/P2, uREFGPESpsit, i) is the average of P3
REFGPS at epoch ¢ of GPS zatellite 7. ¢ iz the standard
deviation of REFGFPS, eyt 7). Nit, i) iz the total number of
receivers which wy 7, i} 0.

Here we used a harsh conditions because the expected
REFGFSips(t, 1) with respect to uREFGFSpst, 1) is always 0
and the weight equation (1) is just wsed for removing the
outliers.

The REFGPSyie, ft, 1)is the weight average of all physical
receiver in ensemble:

REFGPSpg i, i) =Ya wy (LIl REFGPS, t, 1) (2)

The P3 REFGPS of TLE1 at each epoch r of each GPS
satellite 7 are ionosphere free combination of P1 and P2:

REFGPSrieipilt, 1)

= @ REFGPSrigspait, i) — B*REFGPStie pat, i) (3
Where o=2545 and f=1.545 are the ionosphere free
combination coefficients.

From 2016 to 2022, the TLE1 was composed of 4-6 aligned
receivers, except some traveling GPS calibrators had been
temporarily jomed and retreated. TLE] had 4 main physical
receivers (Table I).

TABLEL THE 4 MATY EECEVER 14 TLE1

) Components
Station Antenna 42::;'" R{;:;;r Rgference
qryy | Fpchoke BIES | pop ooy A;‘f_f_h 3'3131?22
ILT? FEIl-504 TTS4 5&%{;
ILT3 FSIl-504 | GTR-50 1'3131?22
ILT# FSTI-504 p”gpo““" 1'31;3;12

The recerver TLT2 was under fixing from April to June
2019 and March to April 2021, failed and retreated from
TLE1 at Jan 2022; the TLT3 was under fixing at April 2018
and re-joined TLEI at September 2018; the TLT4 retreated
from TLE!] in October 2020. The receiver TLTI is kept in
TLE1 in whole period.

Once a new or fixed physical receiver joined TLEL. its
CL/P1LP2 TOTDLY would be aligned and compensated with
respect to TLE], therefore we can make sure the TOTDLY
varigtion of the new added receiver would be smoothly
wtroduced dnto the TLE1. Since the outliers and imesular
jumps of each physical receiver could be averaged out by the
weighting processes, the C1/P1/P2 REFGPS of TLE1 can be
freated as the average presentation of the physical receivers in
ensemble and would be more stationary than any physical
receiver in ensemble.

Fiz 1 The antennae of phyzical receivers in ensemble are loacted ina 2.5
m ~ § marea

The CGGTTS outputs of TLE1 were used as the reference
to imvestigate the TOTDLY variations of the receiver TLTI.
TLT2. TLT3. and TLT4. Since the TOTDLY of each physical
receiver was aligned with respect to TLEL, we calculate their
CCD with TLE] using their C1/PLP2 CGGTTS outputs and
observed their CCD residues. The results will be shown and
dizscussed in section ITL

II. RESULT AND CONCLUSIONS

The G-vears GPS C1PLP2 CCD of TLTL. TLT2. TLT3.
and TLT4 versus TLE] were shown in Fig 2. As we expected.
all recervers’ TOTDLY variations were not stationary. All
variation ranges were about -0.5-+03 ns. Furthermore. the
P1/P2 CCD variation trends were all different. That may inply
the receiver hardware delay variations mav not be directly
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Fiz 2 The f-vesrs long term GPS C1PLPI CCD of 4 physical
receivers with respect to TLEL

affected by the commen environment effects such as
indoor/outdoor hmnudity and temperature or the external 1
PPS/10 MHz instability. We also noted there 1s no obvious
periodical or seazonal pattern in the § vears cbservation, that
also implies the temperature is not the immediate cause of the
TOTDLY variations.

We also noted. relative to GPS P2, the GPS C1/P1
TOTDLY variations seem to have the similar trends (Fig. 3 of
TLT1 a: example). that the TOTDLY variation probably
correlate with the wavelength of camier frequency (L112).

finn oo

i .%‘q.%umw_g i i

Wy,

[munmers o)

o NI b it

Fiz 3 The C1 and P1 CCD of TLT1 with respect to TLE1

Ome possibility is the impedance mismatch of antenma cable
connectors induce reflection in antenna cable and canse group
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delay vanation (which is wavelength dependent). It could be
verified when we finish the long-term GPS C2/P2 CCD test.

Since the GPS P3 which we actually nsed for GPSTT is the
ionosphere free combination of P1 and P2, the * 0.5 ns P1P2
TOTDLY variation would canse = 15 ns GPSTT time
instability. it ronghly fit the mininmm calibration wncertainty
BIPM assigned [14] and might be the current limitation of long
term GPSTT.

The TLE!1 is the collective representation of all physical
receivers in ensemble. we reasonably believe it's more stable
than any physical recefver in ensemble. Unlike the physical
recerver mav fail. the tune transfer using the virtual ensemble
recerver could be continmously operated even if any recerver in
ensemble retreats or disordered. That we could constder using
the virtnal ensenible receiver to be the reference receiver for
time transfer or calibration to avoid the time scale jump cansed
by the change of physical reference receiver.
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I F TR AR A
GNSS =
Ap 02 TG Ap i TG

CIME 1.13E-06 7.33E-08 -3.60E-07 -3.40E-11
CKSV 4.32E-12 5.21E-12 1.66E-14 6.70E-15
DAWU 3.61E-12 3.22E-12 1.07E-13 1.11E-13
KMNM 3.77E-12 3.54E-12 4.16E-14 4.75E-14
LSBO 3.09E-12 2.14E-12 1.13E-13 1.14E-13
MAJA 1.08E-11 3.91E-12 1.87E-13 2.00E-13
NTPU - 2.18E-08 - -2.40E-10
SHJU 3.27E-12 2.95E-12 1.22E-13 1.29E-13
TC32 4.63E-12 2.78E-12 4.90E-14 3.23E-14
TNML 4.65E-12 2.81E-12 1.15E-13 1.10E-13
TWTF 1.52E-22 1.28E-12 -3.80E-16 3.26E-15
VRO1 1.09E-11 3.53E-12 1.67E-13 1.74E-13
VRO02 3.97E-12 4.15E-12 1.21E-13 1.33E-13
WARO 3.04E-07 1.23E-07 -3.40E-08 -1.10E-09
YMSM 5.98E-12 4.20E-12 4.21E-14 4.35E-14
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