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Abstract. The results of GNSS differential measurements code-phase smoothing/filtering modified algorithm
development and validation have been presented for the mobile objects kinematic positioning. It is shown that the
updated algorithm allows considerable increasing of the positioning accuracy and obtaining a glide coordinate

solution in comparison with the analogs.
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1. Introduction

For the positioning accuracy improvement in global
navigation satellite systems (GNSS), such as GPS,
GLONASS etc., during the measured parameters
processing (in post-processing or real time mode)
the smoothing (or filtering if in real time mode) of
code measurements is carried out using high
precision phase measurements [1-3]. This allows not
only the effective decreasing of code observations
errors caused by noise and multipath, but also
forming rather precision initial solutions for the
reliable carrier-phase ambiguity resolution (CPAR)
[4]. The procedures of smoothing/filtering are based
on proximity of slowly changing error of code and
carrier-phase  observations (or their linear
combinations) with uncertainty of the initial carrier-
phase ambiguity. In case of absence of carrier-phase
cycle slips the task is obtaining the optimum
estimation of carrier-phase observations level
relatively the code ones. After that it is performed
the «replacement» of code observations by carrier-
phase observations corrected to this value [1-3].
Smoothing/filtering accuracy is determined by the
accuracy of carrier-phase level estimation relatively
code pseudoranges and considerably depends on the
level of code multipath, and also on the volume of
the sample of observations (interval of averaging)
[1, 2]. In paper [3] it was proposed and researched
the original «leveling»—algorithm of smoothing the
differential code observations (carrier-smoothed
code algorithm) which in contrast to the well-known

analogs takes into account the influence of variations
of the ionosphere delays (in dual-frequency case)
and so-called «wind-up»—effect [1]. This effect is
inherent only to carrier-phase measurements and
caused by the receiving antenna rotation during the
evolution of currently controlled object.

The results of single-frequency code measurements
smoothing/filtering modified algorithm development
and validation have been presented. The algorithm is
notable for the additional observations use, namely
the increments of the mobile object current
coordinates  estimations obtained from the
continuous phase measurements increments. The
given two-stage approach using at the first stage the
results of processing by algorithm [3], as it is shown
in the given paper, allows significant increasing of
smoothing/filtering accuracy and obtaining of
smooth (glide) coordinate solution — significant
decrease of coordinate variations and eliminates
jumps caused by change of the working constellation
of satellites and the appropriate changes of the
geometric dilution of precision (GDOP) [1].

2. Initial «levelling»-algorithm of single-frequency
code-carrier smoothing

Further it will be given a brief succession of actions
when smoothing code GNSS observations by use of
«leveling»n—algorithm described in paper [3]. The
given algorithm assumes that in code and carrier-
phase observations the anomalies are excluded, and
carrier-phase cycle slips are excluded and continuity
of observations is recovered [2].
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The initial system of observation equations may
be given as:

ASI(1,) = ARI(t)) + Mg + ATF (8, +

+AL (8,) + OAS/(¢,) ’ (1)
AL/ (t,)= AR/ (t) +m, + ATr/ (4,) +

+AL (8,) — AN -\ +w(t,) + OAL/ ()

where AS/ (#)s AL (t,) — single differences of code

and carrier phase observations accordingly;

AR’(t,) - single difference of ranges; mg,m, —

variables involving time scales divergences between
the receivers and the difference of delays in the

channels of receivers; AT rj(tk) — difference of
tropospheric delays; AI’(¢,) - difference of

ionospheric delays; AN’ — single differences of
carrier-phase ambiguities; w(¢,) — error due to

«wind-up» effect («wind-up» effects due to
repeating rotations of GNSS satellites antennas are
excluded in the differential observations);

OAS/(t,), SAL/(t,) — multipath and noise error

components of the suitable observations.

During the processing of observations
following corrections are taken into account:

— calculated ranges «satellites—receiver of the
reference stationy; it is assumed that the coordinates
of the phase center of the receiving antenna are
known with centimeter/millimeter accuracy;

— corrections to signal delays in the troposphere
and ionosphere calculated by use of the well-known
models.

After observation equations linearization and
correction for the troposphere and ionosphere effects
the measurements single differences processing for
the chosen reference satellite is performed as a
following:

the

'(5,)=AS' (1)~ AL,). 2

For the obtained difference ®'(z,) it is done the

estimation of the average value ®' and is formed
the result of code-carrier smoothing for the reference
satellite:

AS'(t,)=AL'(t,)-D . 3)

Then the dual code-carrier differences are formed
for all the satellites of the current working

constellation relatively the reference one where the
«wind-up» effect is absent (excluded) due to
probable rotation of the receiving antenna:

@/'(t,)=VAS’'(t,)-VAL'(t,). 4)

For every linear combination @' (t,) it is

estimated its average value. The obtained

estimations @ allow forming the result (5) of
code-carrier smoothing of dual differences of
observations:

VAS/'(t,)= VAL (t,)+® . 5)

After obtaining of sets of data AS 't,) @) wm
VAS ! (t,) (5) we will return (by means of linear

transformations) to the equations of single
differences of observations:
AS!(t,) =k (1)) AX () + Tig, (1) +
+3f! () + SAL ()
Ajz(tk) = ||a§}(tk)||A)?(Zk) + Mg () +
+812(t,) + SAIA(t,) : (6)
Ajm(tk) = | a;(tk)”AX/(tk) + Mg () +
+8"(1,) +BAL" (4,)
where AX (t,) — vector of currently estimated

corrections to a priori set values of the unknown
coordinates; T (¢,) — divergence of the receiver and
the reference station time scales;
Sfi (t,) — slowly varying residual error
(j=Lm)

components; OAL (t,) — errors of carrier-phase

(Jj=Lm)
pseudo ranges caused by multipath effects and by
noise.
The estimation of parameters AX (t,) and

N (¢,) is carried out by the least-squares method.

3. Updating (modification) of the algorithm of
GNSS observations smoothing/filtering

The modified «leveling»—algorithm of smoothing of
single-frequency code GNSS observations described
below is based on using the additional information —
estimations of increments of the mobile object
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current coordinates. The estimations are obtained by
the increments of continuous carrier-phase
observations in time. The combination of
estimations of the smoothed solution of the first
stage of processing by algorithm [3] and the given
additional information allowed achieving a new
more effective solution of the assigned task.

The illustrating block-diagram of processing the
GNSS observations according to the modified
algorithm is given in Fig. 1. The proposed algorithm
of processing uses the following equations of
observations as the initial ones:

ALi(t,) = ARV (t)) +m, + ATri(t) -
—AI/(t)— AN/ -\ +w(t,) + AL/ (t,),
X()=X (1) +8X (1)

(7

where AL/ (z,) — single differences of carrier-phase

X)) -
estimations of the mobile object coordinates; the
estimations are obtained by use of «levelingy—

algorithm; X t,) -

coordinates; 8X (t,) — errors vector of the coordinate

observations; vector of the current

vector of the unknown

estimations obtained by use of the «levelingy—
algorithm.

During the processing we form the increments of
carrier-phase observations in time:

dAlA‘ﬁ,_k—l) = Aﬁj(tk) - Aij(tk—l)a
k=2.n

®)
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Fig. 1. Block-diagram of GNSS observations
processing

After that we will carry out the estimation of
(dA)?(tk,k_l)) using the

increments of carrier-phase pseudo ranges in time. It
is important to emphasize that using carrier-phase
increments does not require the solution of the
difficult and sophisticated task — carrier-phase
ambiguity resolution. Fig. 2 illustrates, as an
example, the estimated increments of coordinates in
time (equivalent of velocity changes at 1 Hz sample
rate).
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Fig. 2. Examples of estimation of the object current coordinate «x» increments

a — static object; b — kinematic object (helicopter flight)
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This information may be also wuseful for
determination of stops and motion passes, for
example, during the realization of the algorithms
«stop&go» [1].

The important positive factor of high precision
increment coordinate solution using carrier-phase
observations is the possibility of the reliable
detection (and next following estimation and
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exclusion) of phase slips from the analysis of the
solution residuals. For identification of slips (to
which satellite they refer) and estimation of its value
it requires a separate procedure, in particular, the
procedure described in [5]. Fig. 3 shows the
examples illustrating this possibility. The figure
displays the solution residuals (differences between
the measured and estimated values).
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Fig. 3. Coordinate solution residuals: a — in the absence of carrier-phase slips; b — in the occurrence of carrier-phase

slips at three epochs
After determination of coordinate increments it is
carried out their integrating:

Sy m=k ol
AX () = Ez dAX(t). )
This action allows obtaining the coordinate

changes in time (AX"(z,) ) with centimetric accuracy
which, however, do not contain the unknown initial
values of coordinates at the first epoch. The
systematic (slowly varying) errors of the coordinate
changes in this case (the differential mode of
measuring) are relatively small and the fluctuating
errors of the adjacent phase coordinate increments
are excluded and not accumulated. Therefore the
errors of the integrated increments will be practically
equivalent to the errors of glide carrier-phase
unambiguous (i.e. the ambiguities are resolved)
coordinate solution. This gives the ability of

Integrated function
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a

avoiding the outliers of coordinates when changing
the satellite configuration. These outliers are
characteristic for the smoothed (leveling) code
solution obtained at the first stage of smoothing.
Fig. 4 shows the examples illustrating the obtained
coordinate increment solutions for Fig. 2 examples

The obtained integral functions repeat the carrier-
phase coordinate solution, but along with that the
initial values of the first epoch stay unknown. Now
these initial values may be determined with the
involvement of the smoothed code-carrier «leveling»
solution. For this purpose from code-carrier solution
there will be eliminated the changes of coordinates
in time by use of the integrated increments (9), and
the result will be averaged:

X, (1) = <f((zk) - A)?*(tk)> . (10)

10! Intogratod function

Inegrated functior, =
/

Fig. 4. Examples of the integrated coordinate increment solutions («x» coordinate):

a — static object; b — kinematic object (helicopter flight)
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For the purpose of achieving the maximum
accuracy the averaging shall be done with
eliminating of the influence of probable abnormal
values by means of their excluding from the sample
or use to such values the suitable small weights.

Final estimations of smoothed coordinates

()?_ () are calculated as a sum of integrated

increments of coordinates and its average values (10):

X () =AX" (1) + X, (t) (1)

Finally, the accuracy of the modified smoothed
solution (in comparison with the complete carrier-
phase solution) is restricted by the errors of

estimation of average values X .(z,) .

4. Results of verification of the proposed method
by use of real measurements

As an example of testing and verification of the
proposed modification of the «leveling»—algorithm
there are presented the results of processing the
GNSS measurements obtained during the flight
experiment on the airdrome «Borodyanka» (Kiev
region, June 2013). The result of the experiment is
obtaining the measurements onboard the unmanned
aerial vehicle (UAV). In the period of the
experiment it was installed on the airdrome a dual-
frequency ground base station (BS) with a symbolic
notation PILB.

The processing of observations was carried out in
the following succession:

¢ coordinate tying of PILB station relatively
GLSYV reference station (IGS/EPN station, Kiev) by
dual-frequency single-base carrier-phase method
(baseline ~52,5 xm);

¢ determination of the reference trajectory of
UAV relatively PILB by use of dual-frequency
single-base carrier-phase processing;

¢ comparison of UAV motion trajectories
obtained by use of 1) standard DGPS algorithm
(code solution), 2) initial «leveling»—algorithm and
3) modified «leveling»—algorithm with the reference
trajectory obtained by dual frequency method;

¢ analysis of the processing results.

The determination of UAV reference trajectory
relatively PILB station was carried out by use of
dual-frequency observations. Below, in Fig. 5 and 6
it is given a graphical display of UAV motion
trajectory.
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Fig. 5. Displaying of UAV motion trajectory in the
map (plane coordinates)
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Fig. 6. UAV height variation during the experiment

Fig. 7-9 presents the discrepancies of three
solutions from the reference trajectory pointed
above, and tables 1-3 give error statistical
characteristics of these solutions. In the process of
the experiment there were also obtained similar
results for the case when the parameters of UAV
motion trajectory were determined by the
differential method directly relative to the remote
(~52,5 km) station GLSV without using the
intermediate base station.

The given comparative analysis of the obtained
results shows that the maximum (p=95%) errors of
the smoothed modified solution relatively PILB
station made up ~10 cm for all the three components
of coordinates. While carrying out of kinematic
positioning relatively GLSV station the errors
(p=95%) made up ~5 cm for plane coordinates and
~20 cm vertically.



V.M. Kondratyuk et al. Modified algorithm of smoothing/filtering the differential gnss observations in the kinematic positioning mode

61

2 v v T ! '
—t+— Xsm
—®—Ysm
15 = 7sm
1 ]
0s P A
£ - 9
g Ay *
L By A i
o J T i, /
o A
2 .
(s} &
050
-1
15
2 i | i i i
13:10 13:14 13:18 13:22 13:26 13:30 13:34

Local time, (h:m)

a

2 T T T
—+—Bsm
& Lsm
] | - Hsm |

Discrepancy, m
(=]
T

I i L
1322 13:26 13:30

Local time, (h:m)

b

I I
1314 13:18

Fig. 7. Discrepancies of standard DGPS solution and reference coordinates: a — for coordinates XYZ;
b — for plane coordinates and height

+—Xsm
08+ —&—Ysm ||
—=—Zsm
06+ -
04
E 02+ hil 4
= i i gid | Ry
] \ —
A | R o< et AN B £ . 1
@ Hi%"{;:} A
2 A ,er\r»« i
o 02- S I N WAl 4
0.4- 4
06- 4
0.8~ 1
. i i
1310 13:14 1318 13:22 13:28 13:30 13:34

Local time, (h:m)

Discrepancy, m
=)
7

—+— Xsm
08 | —®—Ysm
- Zsm

04r .

02r -
0.4- 4
06 4

08- 4

1318 13:22
Local time, (h:m)

b

-1 L
1310 13:14 13:26 13:30

1334

13:34

Fig. 8. Discrepancies of «leveling»—algorithm solution (a), modified algorithm solution (b) and reference geocentric

a
coordinates X,Y,Z
1 T T T

H —+—Bsm

0al —e—Lsm

—m—Hsm
06} .
0.4} .

Discrepancy, m

5 6 [

S U - B )
T T T T

s
D

0.8}

10 214

i
13:18

13:22
Local time, (h:m)

a

L
13:26

H
13:30 13:34

Discrepancy, m

—+— Bsm
o —e—Lsm ||
—&— Hsm
06
04
02
s S B e T e WA
m% feni P
Qg g A o
A,_,M._,«awy.“q Wﬁ/w.wv IR A A
0.2
0.4
-0.6
-0.8
P i L H i |
13:10 13:14 13:18 13:22 13:26 13:30 13:34

Local time, (h:m)

b

Fig. 9. Discrepancies of «leveling»—algorithm solution (a), modified algorithm solution (b) and reference
coordinates in local system of coordinates (plane coordinates B, L and height H)



62 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2014. N 4(61): 56—64

Table 1
Error statistical characteristics of UAV trajectory determinationby use of DGPS-algorithm (code solution)
CO::f;;‘:te Average value P =68 % (RMS) P=95% P=99.7%
X, m -0,03 0,26 0,50 0,80
oY, m -0,07 0,16 0,45 0,70
0Z, m 0,06 0,46 0,90 1,18
6B, m 0,09 0,16 0,30 0,37
oL, m -0,05 0,15 0,27 0,48
6H, m 0,02 0,54 1,07 1,50
Table 2

Error statistical characteristics of UAV trajectory determination by use of initial «leveling»—algorithm

Coordinate errors Average value P=68% (RMS) P=95% P=99.7%
86X, m 0,05 0,12 0,17 0,30
Y, m 0,09 0,14 0,21 0,23
8Z, m 0,04 0,13 0,22 0,34
0B, m 0,10 0,10 0,14 0,15
3L, m 20,05 0,06 0,11 0,12
8H, m 20,03 0,17 0,26 0,49
Table 3
Error statistical characteristics of UAV trajectory determination by use of modified «leveling»—algorithm
Coordinate errors Average value P=68% (RMS) P=95% P=99.7%
X, m -0,05 0,08 0,10 0,12
3Y, m -0,09 0,10 0,12 0,14
8Z, m 0,04 0,07 0,11 0,14
5B, m 0,10 0,11 0,12 0,14
oL, m 0,05 0,07 0,08 0,08
8H, m 0,02 0,06 0,10 0,12
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The obtained results show that the proposed
modified solution allows considerable increasing of
smoothing/filtering accuracy and obtaining glide
coordinate solution — significant decrease of
coordinate variations and eliminate jumps caused by
change of the working constellation of satellites and
the appropriate changes of the geometric dilution of
precision. Use the modified smoothing algorithm
allows to reduce twice the positioning errors
relatively the analog («leveling»—algorithm) and 3-4
times reducing relatively code DGPS solution on
baselines up to 50 km.

5. Conclusions

The given paper presents the results of the
development and verification of the modified
«leveling»—algorithm of smoothing/filtering of code
observations by use of continuous carrier-phase
observations in the kinematic survey mode. The
updated algorithm is characterized by using the
additional information — estimations of the increments
of the mobile object current coordinates. These
estimations are obtained by use of the increments of
continuous carrier-phase observations in time.

The proposed solution allows considerable
increasing of positioning accuracy and obtaining of
glide coordinate solution. In particular, the results of
the experiments show that on baselines ~50 km it is
possible to increase several times the positioning
accuracy in comparison with the analogs and
standard code differential solution.

The results given in this paper were obtained
during full-scale experimental measurements carried
out by the group of scientific-training center
“Aerospace center” of NAU in summer 2013 within
Research Work Ne 871-I1b13 (state registration
number 0113U000090).

'B. M. Konppariok, 0. 0. KeaaHos,

*L. B. InubKuii,
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sraaxxyBannsy/inbTpanii tuddepenuiansnux THCC cniocrepeskeHb B peskuMi KIHEMATHYHOTO TO3ULIOHY BAHHS

HamionanpHuit aBianiiauiil yaiBepcutet, M. KuiB,
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Y crarti npejacTaBieHi pe3yibTatd po3poOku 1 Bepudikaiuii MOIU(IKOBAHOTO aITrOPUTMY KOJOBO-(ha30BOr0O
srraxyBaHHs/Qinprpanii  audepenmiansanx HCC cnoctepeskeHp B 3amadaX KiHEMAaTHYHOTO ITO3WI[IOHYBAaHHS
pyxoMux 00’€KTiB. 3ampoMOHOBaHUN MiAXix 0a3yeThcs Ha 3aCTOCYBaHHI 3TIIaJPKyBaHHS/(PiIbTpalii B peabHOMY Yaci
KOJIOBHX CIIOCTEPEKEHb 3 BUKOPUCTAHHSAM BUCOKOTOYHUX (Pa30BHX CIIOCTEPEKEHbD, SIKi BIAPI3HIIOTHCSI BAKOPUCTAHHAM
JIOZIATKOBUX CHOCTEPEXEHb — OLIHOK MPHUPOCTY MOTOYHHUX KOOPIMHAT PYyXOMOTO 00’€KTY, OTPHUMAaHHMX 3 IPHUPOCTY
HeMepepBHUX (Pa30BHX CIOCTEPEKEHb 3a 4acoM. Takuil MigXiJ peai3oBaHO 3 3aCTOCYBaHHAM MOAU(IKOBAHOIO
«leveling»—anroput™my 3riaxyBaHHs/(GuIbTpalii KOJZOBHX CIOCTEPEKEHb 3 BUKOPHCTAHHSIM HENEpPepBHUX (azoBHX
CIIOCTEPEKEHb B PEKUMI KiHEMAaTUYHOI 3HOMKH, IO JO3BOJISE€ 3HAYHO ITJBHITUTH TOYHICTh Ta JIO3BOJIIE OTPUMATH
rJIaJIKe KOOpAWHATHE PILICHHs SKe 3MEHIIye Bapialii i CKayKy KOOPJMHAT, BUKJIMKAHUX 3MIHOK pO00YOro Cysip’s
CYITyTHHUKIB 1 BiATIOBiTHUMH 3MiHaMU TreoMeTpuaHOTO (pakropy (GDOP).

3anponoHOBaHe PIMICHHS J03BOJISIE 3HAYHO MiJABHUIINTH TOYHICTh ITO3UI[IOHYBAHHS Ta OTPUMATH TJIagKe KOOPIUHATHE
pimeHHs. Pe3ynbraty eKcriepuMeHTIB MoKa3aiy, mo Ha 0a30BUX BifcTaHAX ~50 KM MOXJIIMBE ITiJABHIIEHHS TOYHOCTI
MO3MIIOHYBaHHS B JIEKUIbKA pa3 B MOPIBHSAHHI 3 aHAJIOTaMH 1 CTAaHAAPTHUM KOJIOBUM JH(epeHIianbHIM PillIeHHSIM.
Krouogi cioBa: riobanbai HaBirauiiiai cynytHukoBi cucremu (I'HCC); GPS; nudepeHuilinuii pexxum; KiHeMaTHUHHNA
PEXUM MO3UIIOHYBaHHS; 3TJ1aPKyBaHHs/(DLIBTpPALisl CIOCTEPEKEHb; OLIHKA TOYHOCTI.
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B cratee mpencTaBieHBI pE3YNBTATHI paspabomxu U eepuguxayuu MoOUBUUUPOBAHHO2O ANOPUMMA KOOOB0-(ha306020
cenadicusanus/unempayuu  ouggepenyuanvrvix THCC nabmooeHutl 8 3a0auax KUHeMAmuyecko2o HO3ULUOHUPOBAHUs
dsuicyuyuxcst 06wvexmos. Ilpeonosicernolil N0OX00 6A3UPYemcst HA NPUMEHEHUU CNANCUBAHUS/PUlbmpayuy B PEaTbHOM
BPEMEHH KOJOBBIX HAOMIOACHHWI C WCIIONB30BAaHUEM BBICOKOTOUHBIX (Da30BBIX HAOMIOAECHWH, KOTOPBIE OTIMYAIOTCS
HCTIONIF30BAHMEM JOTIOTHUTEIBHBIX HAOMIOAEHWH — OLEHOK MPHPOCTAa TEKYIIMX KOOPAWHAT MOABMIKHOTO OOBEKTa,
HOJTy4eHHBIE C IPUPOCTA HeNPEPhIBHBIX (pa30BbIX HAOI0IEHN BO BpeMeHH. Takol Moaxo/| pean30BaHo ¢ UCHIONIb30BaHUEM
MoudunmpoBanHoro «levelingy—anroputma  cerasicusanus/purbmpayuy KONOBBIX HAONIONEHUH € UCHOJIb30BaHUEM
HETIPEephIBHBIX (ha30BBIX HAOMIOAEHMI B PEKUME KMHEMATHYECKOH CHEMKH, YTO IO3BOJISIET CYLIECTBEHHO YJIYUILHTh U
MOJIY4YUTh TNAJKOE KOOPAUHATHOE PELIEHUE, KOTOPOe YMEHbIIAET BapUallu U CKaYKH KOOPAMHAT, BbI3BAHHBIE U3MEHEHUEM
pabouero co3Be3/ius CIIyTHUKOB M COOTBETCTBEHHO reomerpuueckoro dakropa (GDOP).
[IpemnokeHHOE pELICHHE IMO3BOJSET CYIIECTBEHHO MOBBICHTH TOYHOCTH IMTO3UIIMOHUPOBAHUS W TMOJIYYHTH TIIAIKOE
KOOpAMHATHOE pelIeHne. Pe3ylbTaThl SKCIEPUMEHTOB ITOKA3alld, YTO Ha 0a30BBIX PAcCTOSHHUSAX ~50 KM BO3MOXKHOE
MTOBBIIICEHHE TOYHOCTH MO3WIMOHUPOBAHMS B HECKOJIBKO pa3 IO CPaBHEHHWIO C aHAIOTaMH i CTaHAAPTHBIM KOJOBBIM
muddepeHITMaTbHBIM PEIICHUEM.
KiroueBbie cioBa: riobanbHbie HaBUranuoHHsle ciryTHHKOBBIE cucteMbl (ITHCC); GPS; muddepennmanpHbIl pexxnM;
KHHEMaTHYECKUI PeXKUM MO3UIIMOHUPOBAHUSI; CrilaXKuBaHue/QUIIbTpanus HaOJII0ICHNH; OLIEHKa TOYHOCTH.
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