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Overview	  
•  Examine	  two	  applica,on	  areas:	  
–  LIDAR	  al,metry	  measurements	  
–  Airborne	  Gravity	  

•  Data	  cleaning	  and	  ambiguity	  resolu,on.	  	  Low	  mul,path	  
base	  sta,ons	  and	  antenna	  calibra,on	  cri,cal.	  

•  Approaches	  to	  Atmospheric	  delay	  modeling	  
•  Gravity	  surveys:	  Reducing	  short	  period	  noise	  using	  
smoothed	  line-‐of-‐sight	  ionospheric	  delays	  and	  L1+L2	  
data.	  

•  GPS	  receiver	  tracking	  loops	  and	  effects	  on	  kinema,c	  
posi,oning.	  
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Cycle slip detection"
•  Multiple techniques are used to detect cycle slips:"

–  Ln phase - Ln range (n=1,2).  Removes geometry but affected by 
ionospheric  delay (opposite sign on phase and range) and noise 
in range measurements"

–  L1 phase - L2 phase.  Some times called a wide-lane. Affected 
by ion-delay but is a common detector if gaps are small."

–  Double difference phase residuals: On short baselines, removes 
ionosphere and if good apriori positions are known, should be a 
smooth function of time.  Often used to estimate number of 
cycles in sip and resolve to integer value.  Limited use for aircraft 
and fast moving vehicles."

–  Melbourne-Wubena wide lane (ML-WL) (see over) "
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MW Wide lane"
•  From the equations for range and phase with the 

phase offsets for cycle offsets you can derive:"

•  The MW-WL should be constant if there are no cycle 
slips.  When the phase and range values are double 
differences, N2-N1 should be integer."

•  The factor for range is ~0.1 and so range noise is 
reduced."

•  Average values of the MW-WL are used to estimate 
L1/L2 phase difference independent of ion-delay and 
geometry changes."

MW −WL = N1 − N2 = φL2 −φL1 + (P1 +P2 )
fL1 − fL2
fL1 + fL2
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Ambiguity resolution"
•  The MW-WL is often used to get N1-N2 and then N1 is estimated, 

as non-integer value,  from the least-squares fit to the phase data. "
•  If the sigma of the N1 estimate is small, and the estimate is close to 

an integer then it can be resolved to an integer values. There are 
various methods for deciding if an N1 estimate or a group of N1 
estimates can be fixed to integers (e.g., LAMBDA method)"

•  Fixing ambiguities, improves the sigma of the east position estimate 
by typically a factor of two and makes it similar to the North sigma.  "

•  With a forward backwards smoothing filter, non-resolved ambiguities 
are fixed non-integer values although resolving to integers does 
seem to improve results."

•  Often incorrectly resolved or non-resolved ambiguities introduce 
slopes into time series.  Easy to see with stationary sites but difficult 
to assess for moving vehicles."
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Magnitudes of effects of 
ambiguities"

•  Basic changes in phase with ambiguities: LC ion-free 
combination; LG proportional to ion delay"

•  Notice that N1=N2=1 (not detectable in the MW Widelane) cause a 
change of 0.56 cycles in LC and only 0.22 cycles in LG (variations in 
LG can be several cycles)"

•  Combinations such as N1=3, N2=4 and N1=4 and N2=5 can cause 
small effects in LC (ie., geodetic fit looks good but ionospheric delay 
in error: if small can be detected but when large can be difficult)."

€ 

ΔLC =
1

1− ( f2 / f1)
2 N1 −

f2 / f1
1− ( f2 / f1)

2 N2 = 2.54N1 −1.98N2

ΔLG = −( f2 / f1)N1 + N2 = −0.78N1 + N2



Atmospheric	  delay	  es,mates	  

•  Mul,ple	  approaches	  are	  possible.	  
•  In	  track,	  the	  op,ons	  are:	  
– Standard	  random	  walk	  (RW)	  process.	  Default	  RW	  
10	  cm/sqrt(day).	  	  Se[ng	  the	  apriori	  sigma	  and/or	  
RW	  process	  noise	  allows	  constant	  offset	  or	  no	  
es,mate	  (good	  for	  sta,c	  short	  baselines).	  

– Scale	  height	  es,mates:	  Delay	  is	  propor,onal	  to	  
height	  difference	  between	  aircra&	  and	  primary	  
base	  sta,on.	  	  Process	  noise	  model	  depends	  on	  
rate	  of	  change	  of	  height.	  
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Effects	  of	  
atmospheric	  

delay	  es,mates	  
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RMS	  sca(ers	  of	  sta.onary	  
periods	  
!
Soln    Start     End (mm)!
Std R     25.5    20.5 mm!
Constant  15.7    23.1 mm!
No Est     9.4     9.1 mm!
Scale Hgt 10.1    11.8 mm!
SH stoc    9.7    12.9 mm!
!
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Treatment	  of	  atmospheric	  
delay	  has	  large	  effect	  on	  
height	  sigmas.	  



Impact	  on	  
height	  es,mates	  
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Soln            RMS (mm)!
Std RW         163.6 mm!
constant       504.1 mm!
No Est         484.4 mm!
SH stochastic  182.0 mm!
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Assessment	  of	  
kinema,c	  

posi,oning	  quality	  
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Figure 4.20
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Figure 4.19
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Details	  of	  
landing	  

(mul,ple	  years)	  

143

Figure 4.21
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Lake	  Crowley	  over	  
flight	  with	  laser	  

al,meter	  

156

Figure 5.2
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Figure 5.7
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LC	  versus	  smoothed	  
ionospheric	  delay	  model	  

100-second Moving Position Residual RMS for P742
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Figure 2-11: The 100-second moving RMS with respect to a smoothed position history

for both the LC and L1L2 position time histories, for the P742 station. In the all

three components the surface wave arrivals at P742 can be seen prior to 100 seconds,
and in the east and north components, the slight increase in the RMS at 220 seconds

represents the surface wave arrivals at the base station.
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Figure 2-7: Integrated seismometer accelerations from the BZN station compared with
GPS positions estimated from the P742 station. The black line represents positions
computed from integrated accelerometer measurements. The blue line shows the GPS
position time history with the ionospheric delay computed using Eqn. 2.9. The red
line shows the GPS position time history with the ionospheric delay smoothed.

to-satellite estimate of the ionospheric delay. In this way the ionospheric applied to the

phase observations of each receiver could be informed by that of its neighbors. This

could aid in the estimation of GPS phase ambiguities, which could in turn improve

positioning uncertainties. It would also provide an image of actual local ionospheric

dynamics.

The analysis of this network also shows the utility in using high-rate GPS data for

seismological observations. The wave form stack of station positions can be used to

estimate surface wave speeds, and GPS position time histories can capture much of

the horizontal motion observed by co-located accelerometers. Improvements are still

needed to refine GPS height observations to observe vertical motions. Accurately

modeling the ionospheric delay will be essential in this objective, especially as we
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Figure 2-1: Power spectral density of the double-differenced LI and L2 phase obser-
vations, the L1-L2 combination and the TEC, in units of m 2 /Hz. The solid vertical
lines mark the frequencies at 0.29 Hz, and 0.005 Hz. At 0.005 Hz, white noise begins
to dominate the LC signal, and at 0.29 Hz, the smoothing of the filter applied to the
ionosphere begins to diminish the LC signal power.

2.3.1 Data Description

The M,7.2 El Mayor-Cucapah event took place at 22:40:42 UTC on 4 April 2010.

The epicenter was located at 31.13N and 115.30W on the Sierra El Mayor fault, and

subsequent shocks occurred along the Laguna Salada, Indiviso, Sierra Cucapah and

Elsinore faults (see e.g., [35], [36] and [37]). These faults are largely parallel, and lie

on the boundary between the Pacific plate and the North American plate, southeast

of the San Andreas Fault. A right lateral slip of up to 2 m was detected along the

Sierra Cucapah fault, and centimeter-level dynamic motion was recorded up to 200

km from the epicenter (see, e.g., [35] and [20]).

The Plate Boundary Observatory (PBO) GPS station P725 was selected as the
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Evalua,ng	  using	  smoothed	  
ionospheric	  delay	  applied	  to	  L1+L2	  
to	  reduce	  short	  period	  noise.	  
Example	  here	  is	  for	  seismic	  wave	  
arrivals.	  
Frank	  Cen,nello	  Ph	  D.	  thesis	  MIT,	  
2015	  



Gravity	  
processing	  
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Figure 3-11: The power spectra of the unfiltered and filtered full field gravity profiles
shown in Fig. 3-8. The black spectrum shows the highest power as it was computed
from the unfiltered FFG. The red spectrum was computed from the full field gravity
after a 120 second Hanning window was applied three times.

Next performance was mapped over a span of ionosphere Kalman filter process

noise values and the Newton software's Hanning filter length values. Figure 3-23 is a

contour plot of the RMS difference between the LC and L1L2 solutions between the

RMS values of the four gravity profiles with their respective mean. In this representa-

tion, it can be seen that a local minimum occurs at approximately 1 x 10 3 TECU 2 /s

and a Hanning filter length of 120 seconds, and is marked by a white dot in Fig. 3-23.

In this region the gravity profiles computed with L1L2 solution with the ionospheric

model applied has a lower total RMS than the gravity profiles computed with the

LC solution. It can also be seen that a trough exists for Hanning filter lengths from

90-300 seconds between approximately 1 x 10- TECU 2 /s and 1 TECU2 /s. Although

the trough extends through very long Hanning filter lengths (up to 300 seconds), the
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Mean of West-East Tracks
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Figure 3-17: Mean of FAD profiles for various GPS processing techniques.

Latitude Corrected Gravity Profiles
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Figure 3-18: Latitude-corrected FAD profiles. The single EGM08 profile here is the
mean of the EGM08 profiles in Fig. 3-16. The profiles for the various other processing
techniques were corrected to this latitude.

solution. In Fig. 3-25, it can be that the Track L1L2 solution has a lower RMS than

the NGS GPS-only for a much larger span of Hanning window lengths and ionosphere

filter process noise values. A similar trough to that shown in Fig. 3-23 appears.
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Figure 3-8: Steps in the process of calculating the filtered FFG. Axis (b) shows an
example of raw gravimeter data corrected for spring constant and cross correlation
biases in the upper axis. Axis (b) shows the offievel correction which accounts for the
misalignment of the gravimeter with the local vertical, calculated with Eq. 3.3. The
offievel correction is on the order of ~' 3 orders of magnitude smaller than the other
accelerations shown here, and a magnification is shown in Fig. 3-10. Axis (c) shows
this Edtvds correction. The unfiltered full field gravity is plotted on axis (d); this
quantity is the raw gravity with the Ebtv6s and offievel corrections applied. The 120
second-filtered full field gravity is plotted on axis (e), with the mean of 9.78663x1i05
mGal removed.
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Smoothed	  ionospheric	  delay	  applied	  
to	  L1+L2	  data	  for	  airborne	  gravity.	  
Frank	  Cen,nello	  Ph	  D.	  thesis	  MIT,	  
2015	  



Instrument	  response	  
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7.2 Empirical Results from the Shake Table Measurements
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Figure 7.7: 100 sps GPS measurements of a 1Hz (top left) and a 10 Hz (top right) sine oscillation
generated by the shake table. The blue coordinates are derived from CA/L1 measurements with a
3rd order PLL and a BL of 10Hz compared to a BL of 50Hz (red) and the ground-truth (black).
For the 1Hz signal, amplitude and phase match well, though there is a degradation for the 10 Hz
BL. In the case of the 10 Hz signal, neither BL matches phase or amplitude. At the bottom we
show amplitude spectra for these motions showing that the actual frequency is tracked in all cases.

motion amplitude.

From the stacking process the standard deviation for each sample over the stacking interval
can be calculated. The stacking interval corresponds to the plotted two cycles in Fig. 7.7.
The standard devitations over this stacking interval are given in Fig. 7.8. On top the
1 Hz sine oscillations measured with a BL of 10 Hz (blue) and 50 Hz (red), respectively,
are shown. According to the noise analysis in Sec. 5 the narrow bandwidth shows a
lower carrier phase jitter than the wide bandwidt during accelerated motions, the double-
difference jitter for the CA/L1 signal of 0.75 mm for the 10 Hz BL and of about 1.1 mm for
a BL of 50 Hz corresponds to the expected range shown in Fig. 5.2. The levels are slightly
higher than the standard deviations estimated from the CA/L1 zero-baseline coordinates
with a wider bandwidth of 25 Hz in Fig. 5.25, listed in Tab. 5.4. This difference is mainly
caused by a slightly larger frequency spectrum involved. Even though the mean offset per
stacking window is reduced, some long periodic signals are still existing and might increase
the jitter above the level, where thermal noise is the only error source. Comparing the jitter
before and after the motion, no significant difference to the period during the motion can be
observed. For the jitter level measuring the 1 Hz signal in Fig. 7.8 no dynamic dependent
variations are visible. The standard deviation of the motion with the higher frequeny of
10 Hz oscillates over the two cycles. However, especially the peaks do not represent the
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7.1 Simulation of the GNSS Receiver Response
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Figure 7.2: A 1 cm step in the displacements derived from 100 sps GPS data (blue) measured
by a Javad Sigma-G3TAJ based on a 2nd order CA/L1 PLL (top) and a 3rd order CA/L1 PLL
(bottom), both with a BL of 10 Hz. Compared to the inductive transducers (black) the influence
of the receiver transfer function can be seen by a delay and an overshooting. The simulated GPS
(black diamonds) computed with Eq. (7.9) and the 100 sps CA/L1 GPS measurements (blue), both
with the same PLL parameters, match well Y (z) ⇡ ˜Y (z), see also Fig. 7.4.

Both PLLs generate the typical overshoot and phase shift, and settling characteristics.
The 3rd order loop based on the Javad parameters shows an almost identical behavior due
to the close analogy to the 2nd order parameters, the overshoot is slightly larger with a
more significant settling characteristic after 1.2 s. In both cases the modeled response Y (z)
(black diamonds) match very well with the measured 100 sps GPS signal ˜Y (z) (blue). The
plots of the difference ˜Y (z)� Y (z) are visible in Fig. 7.4. The higher remaining noise for
the step measured with a 3rd order PLL is caused by a significantly shorter measurement
time period and accordingly less stacking intervals. The transient response of the wide BL
of 50 Hz in Fig. 7.3 for 2nd order (top) and 3rd order loops (bottom) is extremely small
compared to the narrow bandwidth and at the resolution limit due to a sampling of 100 sps.
The corresponding differences are presented in Fig. 7.5. However, also in this configuration
the main displacement is well captured by the high-rate GPS observations, even during
high dynamics between 0.9–1 s. A closer look over the whole frequency spectrum with
different dynamics will follow in the next section.

The simple model of a DPLL corresponds well to the real measurements in general. The
integrators of the model using a relatively long integration interval of 0.01 s are not a
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Step	  response	  
dependent	  on	  tracking	  
loop	  parameters.	  	  	  If	  
tracking	  loop	  is	  known	  
(rare),	  blue	  shows	  
expected	  response,	  
diamonds	  are	  data,	  
black	  is	  actual	  

Similar	  but	  now	  
for	  periodic.	  	  At	  1	  
Hz	  OK,	  but	  at	  10	  
Hz	  can	  be	  over	  or	  
under	  es,mated.	  
Black	  is	  truth)	  

From:	  Simon	  Haberling	  Ph.	  D.,	  ,	  ETH	  Zurich	  “Theore,cal	  and	  Prac,cal	  Aspects	  of	  High-‐Rate	  
GNSS	  Geode,c	  Observa,ons	  “	  
	  



Conclusions	  
•  Treatment	  of	  atmospheric	  delay	  have	  a	  major	  
impact	  of	  kinema,c	  aircra&	  posi,on.	  

•  Assessment	  of	  in-‐flight	  accuracy	  is	  difficult.	  
•  Poten,al	  reduc,on	  of	  short	  period	  noise	  using	  
smoothed	  line-‐of-‐sight	  ionospheric	  delay.	  	  Not	  
really	  useful	  for	  airborne	  gravity	  because	  of	  
heavy	  filters	  that	  are	  needed.	  

•  GPS	  instrument	  response	  may	  not	  be	  small.	  
•  Aircra&	  antenna	  calibra,on	  should	  ideally	  be	  
performed.	  	  Use	  two	  different	  orienta,ons	  to	  fill	  
the	  hole	  around	  the	  pole.	  
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