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Flight Evaluation of Differential
GPS for Terminal Area Operations

Toshiaki TSuil, Masaaki MURATA, Takatsugu ONO,
and Kazutoshi ISHIKAWA

ABSTRACT

Flight experiments of the differential GPS (DGPS) navigation system were conducted by
the NAL (National Aerospace Laboratory) at the Sendai airport. The system was used to evaluate
the performance of the DGPS for airplane terminal area operations. The Dornier-228-200 (Do-
228), an experimental research airplane, was used for the experiments. A C/A-code, 1 channel
GPS receiver (Rockwell/Collins Navcore-1) was equipped in the Do-228. The idential receiver
was placed at a known (surveyed) location in the airport as a ground-reference.

In a post flight analysis, navigation solutions were estimated by a DGPS navigation filter
which had been developed by NAL. The filter consists of a ground reference differential correction
filter (DCF) and an airborne navigation filter (ANF). Differential corrections to pseudorange and
deltarange were computed and filtered by the DCF. Measurement data obtained by the airborne
receiver were first differentially corrected, and then airplane position and velocity were estimated
by the ANF. The airplane was tracked by a laser tracker, and the data was used to provide a
reference profile of the airplane.

This paper discribes the DGPS navigation system, the algorithm of the DGPS navigation
filter, and the results of the post-flight analysis. Although GPS positioning error was previously
about 95 m, it was reduced to about 25 m using the DGPS system. As GPS was under SA
(Selective Availability) during flight experiments, the effectiveness of DGPS was demonstrated.

Key Words: differential GPS, terminal area operation, flight experiment, differential correc-
tion filter, Selective Availability
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(BEER) SERAOHRICEBEDOZEMERE L 1.

SRR OR TS, FIETIMBS L DGPSHiET 4 v 9 2BV, TRITERMITICE - TiT - 2o DGPS §iE7
AWFRF4T 7L/ absyase 7408 (DCRYE, B EREET 4 % (ANF) THEREI N3,
4, i GPSHEBROBAIT— 555 DCF itk - TRUES, oLy Iidd sBEREZHEL,
WICHE L TD GPSBIMl 7 — % £FIE L7, ADFiICL > TRZHEONE, RELHTT 5, MEKETED
BICIE, MZEBAL Y- 7 v ABRLTEONARITERAEEL L,

AHRX T3, DGPSORE, FiEEHED7 3 X4, FBEREEFHOZERIC OV THR~X S, GPSHE T
#495m THh - - hIEEED, DGPSHETIIH 25m IKHES N/, HEIDIL SA (Selective Availability)
B TIcH D, SA T TO DGPS fi OB DA ST 15 5 foo

. LB

GPS 3AEEBG#EH (DoD) HRARTOLREK, 2R,

3T, ENMBEMERGRE VR T LTH S, 1993F 1 8
KB, 2MBORBENSEHAIRET, ERARRE (1993FF1F
TE) TRUFE (2177747, 329 V34 ) HEE
xhb, GPS#HEI, L1(1575.42 MHz) & L2 (1227.60
MHz) D 2 DOWAEAHXE L, MEHIC/A2 - FRU
Po—F&EMENREBUS v & o188, RUBEOHIE
WENEGTNILHES v - I TERBINTED, b
DESEERT I LI > TIREEZITHICENBTE S,
B, LIKIEC/AI—F, Pa—F, fikAy&—9YT
RSN, L2BiRPa—F, fikA v - VTEHIN
T3, GPSRINERIL, —RIKBREI N T 5 Standard
Positioning Service (SPS) &, HRFRERURFIFII N
7 BRI A 23F)H T & % Precise Positioning Service (PPS)
iKXHlanb, SPSFIAZIRC/Aa—-F, Po— FRUM
FEBICT 7 & A TZ A5 SA (Selective Availability,

ERFIME ) 0RBA 20, SA 4 ¥ ORETORIR
B3R AHETH100m (95%), FEFE TH 150m (95%)
TdHbH, SA L3, DoD MEIFZELARE L, HEICSPSH
HEOMEREALILITHIETHY, TTREREIN
Twb, —4, PPSFIMIHZIISA BELKRET EHES
AobbEEN, C/A 3 - FEZEKTH20~40m, P2 -
FEZEBTHS~15m OBENE LN, £/, BEOK
ICEPo—-FAMEDOY - FIREZT, SPSHAHDP
- FNDT 27 e 2AEHBT L LEERITINTNS, C
i3 A-S(Anti-Spoofing, %< EHE)HY &Fizn, Yo

- M PPSHIAZBDAT 7 A TE 5,

EHABRREAIC, i, BHEORERAZERITIT TK
ERHHINhTH5, T/, IZEBBEOHFLOBE VX T L
ELTCOBERGRITIN TV S, —RiICERfZEHTHE,
B = viw— FDIFE VOR/DME (VHF Omni-Directio-
nal Radio Range/Distance Measuring Equipment) & O
R REEAGAT AEBHESFIA I NG, T,
THh OO FREA AT X LOE EHITTIINS (Inertial
Navigation System) 2 {#H 3 5 Humssflflsn s,
GPS B T3 VOR/DME O & S il FREHAETH O,
HEEEEMOT, 2ERCR—OHEMELET 5, It
7, INS ZEEIOER E & SICBENSEKRT BREND,
18 H72 0 1~1.5nm (1nm = 1.852km) DB EA4 U
505, GPSORERERIOLBITIIEBEIRTH, KES
EEBRICRV, 2OLIKK, §—3F01 ) TUADE
FiTIE GPS B+ HiEEE T 5. S oic, EMiEs
IFH b DB,

—7, MO ASEI GPS 2 5HT 2B Rk
TIERICITON T 5, GPS BIMRHIC L BEATIE A 7
TN 1"OREREBONLE VDS, FaT LY vrn
GPS (DGPS) & 58 A Ao, SEBESKIIRICH
tL, C/A3 -~ F2ERTELF ) — T ORBESES
<2 3%, DGPS T, MBObH -5 HMAICE S 1
D GPS ZEREZHKET 5, M L ZEWT GPSHEDE N
TEAIT S S, BEHREIE, 3 REEE, SA ZiCL AR
IRELHETETIOTC, FhAMEBIEETHITE L
TRER T~ 2HEL, BEORVHIENSTIREE LS,
DGPS 175 b it B 75 2B, ILS (Instrument

«RREEHII BT S EABREL, T0OLXCBONIBEREERRUBROSEIGECTH T T —1, I, IA 0B, IC:%
RENT0b, #7750 — | OFHFR, BHEHS0m LU LOBEICRLEEOMmE TAYTESLETHB, ICAO (Internati-
onal Civil Aviation Organization) TESH S/ ILS Do —AS5A ¥RV T 54 PR OBRERR A b & T, 8000 ft (2438m)
DEEBIEAR 3 TEHATAHERLBLEIHERELHET S L, KEAETIT.1m (95%), EEHET4.1m (95%) & 75
b, AT TN - 1T, HEERA00m LIETCHRLEEIOM I THEYCTELLEMBUETKEAM48m, EHEAML.TmOBES
B95Y, EEHAY 27 4 & LT}, B ILS (Instrument Landing System) B{ERINTH 305, BEATHF T -1
ILS i LHERA BT 2ORHEREEEHEDCAL T, 2OMDILSBEINXTHFIN - [ TH 5B,

H®EHFIN)-1@ATTY)— AV I =<4 (REH00mM, ROUBEHOM) FHL, EASGRUBTEROREMNTES,
VOR 2 L > TEAHRIOFRBOA TG IBEEEAICH N, Bt dBEEM 2 ) 75 v 2, RUBBRBICBVTELVWYA

nEH B,
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Landing System) MU ZDOEKEE & X2 MLS (Micro-
wave Landing System) it b X5 L E 2 EENL Y X T
LTHD,

Po—-FRZEBICLEDGPS T, #7T) — | OKE
HERTE 5V 2, REFMECHKSNTOAC/A7 -
FOZEHICL S DGPS 3#E 4 7 7)) — | D EHBR
TH5Y, LhLuss, DGPS & INS R UBRSE: 4
BT A2EAMEYZATLTRAT T — 1 O AN AIKE
KHBECOIBENS S, Z0DXS5 U DGPS A EM & L
TEEFHE AT LR, FOH FEAHSBEADILS i L
TRBDIER,PD/NIETHD, BAEILS 2EML T
OO —ANERITBICEBOTLHESREATRELT 3,

P bs~tc kHic, DGPS Bihs 743 2 o &b
27 L3, EROS— I ) TTOEFITOELD .
HOPEFFHIERICH T 2 RBOBEEHE Y 257 L &
LTBHTHELZEA SN, BANARESEREN ICBRY
TEINIKITOOTW3, £2 T, DGPSOB& 115
DGPSHIEEOBH AR W 28~ DHEFEE4L, BIT
ERICL - TBONEF— S IREBMITERITICLE - T
BREY L fce FRATEBRIIYATO ER AMZH Do-228 & C/A
23— F, 1F+ Y2558 Navcore-1 ( kE Rockwell
International #1% ) % M > T4T - 7z, Navcore-1 {2 GPS
F1013 DGPS i & & biIcHEDBRT — 5 2 FEICH
NT 2, RAROHEHIL, COEDEBMT— 5y DAFEHL
T, DGPSHEBOEL AR, RUZOMEREDEE
ERANLICETHD, APIFRICELD, DGPS 258 & 4
5 HOPE S %2 DA KRST I KA ER T — 5 28T
E1,

2. T477L>2 ¢ LGPSDEE

SUER GPS ZERORAERD, BAIEONEBEOHERE
5 Z 28RS (Pseudorange) &, BEDIEHRAEL 52 557
g LY (Deltarange) Th 5, RAIT BB OEEA
2 TH5,

PR(T)=p"+b—dsy—08sv +dsagtdiontdiropt+depn+dsa
(1)
b 70y INATR(ZERBEEETDOGPS 5 1 4
T g 5474y b))
dsy BHEDI oy 44 TZDHILEEA Y - %
HOTEHEAREL S
Osv HEDIZ O I NATRADHIBEEA vy —T%
B CEHEARTREI BB 5

dssg : Sagnac BRI L ZBRORBREDEN

dion : BREFEBILE

dirop : XTTREELE

depn : BUBERDEZE

dsa :SARCLBEBEE

T ZEET T FONEPIESHEEL /B
® GPS % 4 4

B RI3IGPS 4 4 &, BEERII WGS84% (World Geodetic
Syst':em 1984) TH b0 MlEA v - JVHEINZHED
HERAHOCTHELLHRRET v 7+ OAEDLOAL
Brrs (Tsy), ZEBT V7 FONHEDLOME~ 2 b
WEF(T) £35&, BB L ZEHEDAE & Z{EHR
DT FHIERE 0" 13X

.0*=ir(T)"";v(TsvH {2)
THED, LCTTwid, BEOXET v 7+ DAMEEL
2ESHHBAREBOGPS 1 4 LT 5, BLERODBRZED:
B, PP REEEZEROEDOEMIFENER S TR,
SAITIE, MESNBEE T A — 5 DBRIFLEHEETD
FaHF) Y ITREBBIFO_EHBH, 2OME dss & L,
depn RU sy iTiE, SA BEREFHVCIELET B, —F
FNILV IRy 7T ABERE—ERE (dT)EELE
BARSOBATERLALGOT, BUBRROE(RE—F
BEES LB ESMHTH 2, T, 7Ly IVOE
AR DR(T) XX THZ SN 3,

DR(T)=PR(T)- PR(T-dT) (3)
MATRLALHRBRARICEBIFIEIREBENES TN
TWahs, fMEREL LTS nicid, ThoixTxB3
BROBET HLENS B0 (VR duy, dsy RERICEH
Bex) RETRECH Do —F dion, dirop SBFEE 7
Tk - THEAIREY) Th Bh5, TFVREEMS, F1-
depr, dsa@ETNALTETS, 2<KBRETENRL, 747
7YY e GPS THRAG %2 B 2155 ZERE (FIHER
DZEH ) O, £5—2BOZER (Y 77 L v 24
DEZER) TRLAHAEZHAT S, OB 2 DOZEKD
BAl7—sich@oBENsNE, BRI —90EL LS
CEIE>TENSEETE Bo dopr, dsa, b5y BTH
DEERICIIEBATH 50 T dion, direp  IZERB O
EREEAS 100~200km LI 53, EEOERRBHIEHED
CIHWOTHBELLB LTI, LEDM-T, THHLDR
EAETFNETHETHCENLBBRET L ENTES,
fetZl, V77 LY ARIDZEBRDAE (BE) b -
TWALEWEHEENRE, Tibb, NENEMNOZEE
THAT ALtk - THRARDODEENHETEX, 204
ZHAENOZERTOBRAMBT — s mh o5 T &tk
TF47 7Ly v VRBESTE 25 R 1ic, s
B & R & hrc R IBEEE & ORI AR T, bicdk~g
EAERTBELUTOL STt 3, 12720, DGPS icid
T T THRNBHROMIC b~ 15 HR b 5%,

V77 L RRTO, BHUBERE ORISR & B

PRyoy=07er+ bres—dsy— sy tdsag +dion +direp

+depn +dsa (4)

TEz2o005, ERLOHELAGEDORET V70
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K1 F477LvyyGPSOER

AARULELE 15y EERT v 7 F OALAEDLOERE o).
i3, ZERT V7 DOAENY b r, PERELOTRR
THETE 5,

Pres=ITrer— 15| (5)
78y JNA T R b, 1 D0HECEBAIT— 5 5Et
BTx5 (3EHTHER), 22T, BUBHOLOHER
APR 0y ZRD E HICEHET 50

APR4 = PRy rer— (Ores+brey—dsy +dsag) (6)
C T T PRy, roy BBRUBEB OB 7 — 5 T, WXOBME
{CEEN , 4 ZHMd > T B, (4}, B)RE D JPRgy 13 5
> BEOBITSH %,

APR 5= dion +dirop +depr +dsa— sy + noise (1)
FTHbhL, ZRFNOBEOB LB ET S L],
TDRMEBBIENTE S, dPRwiCd /4 XBEF
NTWB0T, FlR{LL4PR E B <, LIk, FEBLL
FIEEA BICHIE R & 1T85,

COMEBARMAERICEET S &, FIAHERTEEM
PPEHERR 7 — ¥ PR, O APR %2510, MIEI O/ 8
e 7 — % PR, %18%,

PR = PR,,—4PR = 0" +b—dsy +dssg+noise (8
TFTNE LY OEDORIER ADR, . 13,

4DRyow =DRy,rer— [(0rer +brep—dsy +dsag)r

—(Orer +brer—dsy +dsag)r-ar) (9)
L1535, 3), (9REKD

4DRysw =[PRros— (Ores + brey—dsy +dsag) I
~[PRyes— (Ores+brey—dsy +dsag) 1r-ar
+ noise 6
ERBDOT, FMILYIOBTERBRBUERSTIRED
dT ODEOZENETH B, F{b LI HIEB%E4DRETS
&, FHAEBENTIE
DR’ =DR,,~ 4DR )
LT, BESWIFAI VY Y F—% DR, %2185,
HE, CCTEBLALUACERARBIERETH LT
EETH 5 (FHEEBR),

3. DGPSRUESHEOTAIN X4

ARITER T -2 O THO I DGPSHESHEDO 7 v
TN X LDV TRNDB, B 2itRd L Hic, DGPS #isk
TANFERRMLTZDOD7 4 V9 THEEINS, Tib
L, EBTOBAT - HOoRIERBEHEST ST 47 7
LYy wweal va v 7 4% (DCF, Differential
Correction Filter) &, ZOHIEREFZTH ETOBM 7
— 5 I ORI AHEE T 2R LA 7 « v 9 (ANF, Air-
borne Navigation Filter) T® 5,

3.1 F477L>L el a3 7409

DCF i3, 2BHO 7 4+ vy THERIN S, GEOBA
F— oM FEDOZERD I 0y AT AAMTETE 7
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, r >
Pseudorange PRm Airborne
—— R N - . v
gmerer‘\.hal Navigation Filter — >
orrection
Deltarange Model DR'm 8 State Extended —L
— ——— Kalman Filter
4»
1 ADR, ADR
APR, APR
Pseudorange - : APRraw
- g:)ffrer::'t‘itc'ﬂ ——| Pseudorange
Deftarange Correction Filter
€ Generator

? brat ? dre!

I Deltarange

ADR Correction Filter

1 Clock Bias
Estimation Filter

Ground Reference
Differential Correction
Filter

X2 DGPSHiZE74nvyDT oy K

4 W% (Clock Bias Estimation Filter) &, §ohtcs o
v I NA T REEHEORI T~ A THERBLHE
43 7 4% (Pseudorange Correction Filter, Deltaran-
ge Correction Filter) Tdh 5,

70y P NATAMET 4 VI TR, 2909 I/54T R
b RUZOBMEMAETH B 7097 FU T b dpefldR
DEF MR > TEBT 5 LRET 5

i),ef= drer+tip

. 1
drej: - dref+ud
Td

Uy : 7O INATRADYRAT L) A X
(FEE0, N e OV 2AEHBEE)
14 : FFEK
Ug: 7097 FYVT7MDYRT L/ AKX
(FHE0, Mg DAY 2HEME )
BZEHII GPS 94 6 TH B, TOEFICHEOELER
LTI LY VDOEAIT -5 0, 2ROHNVT VT 4
WIKE T brey, Qref XBRHEET B0 AVT VT 4L
S EBOB LM A XDEEL, 799 F) 7 bEE
BRICHSTETE B, HEOH AN H B, BRM~<s by
T5&, BRAFERI

y(1) PRref>
= = 'm 3
y (ﬂm) DR,oy) 7 t

L1 Be Y(1)=PRomrer, (2= DRprer TH 5o Um SEHI
JAZRg FT, HOZABEEELRET 5.

wIL, TOT 48 DT T XLAERT B, £7,
REEN T M v X = by drey)TEHEERZE]GEBITY POY]
A 20, Py 2RBANCE R 2, DT TR () 3 FHRlE,

) RHEEEELRT. 4, k-1(k=1,2, ...) BEOHAIT
DOHEME Xe-y, RUESEITH P, KB SNTNEET
5, R ZEBoBHAMITONLE, ZOBAKOGPSS 4
L(Ty) 2 KDBBENS B, AT=T—Tesy EBL &, 12
Fa ]
4T
Bres (Th)=brer (Ter )+ drer (Tem )ra { 1— exp ( ”?ﬂ}
14
THb, —HNXEELE c HEBREHTOBRAKZIL ¢, &
T3,
brer (T) = c(tr— Tp) _ 19
THE, 50, 19REL0,

c(te—Tk) =bref (Teoy )+ dref(To ) 1a
4T
-{l—exp(;-;i-)} e

EHY, ZRAK LY T, 25 BT 2,
wic, REBOBRETOTRME LK THET 5,
k=0 (Te, Ther ) Xk ' an
CCTO(Te, Toy) 3EBTHTH D,

AT
1 14 {1—-exp(—r—d>}
O (T, Tem) = . 8
0 1- exp(—?)

E15 B, 1o, HOBITHIOTHIE R
Py=0,Pe O +Q(Ty, Trer) 19

O(Th, Tos )=fT:7*_l O (Tr, s) QO7(Th, s)ds OO
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LB, QRYRT L/ A XDKBEITHNTS 5,

é_ (qb 0 )
0 gy w
QI HTHI T,
- /@ ébd)
Q=" 7
(de Qaa v

EBE, BRGRRATEA LN B,

~ 1 4
Qos=(qp+q473 )AT*E%Q? {3-4exp( -T—T)
d

24T
+exp(- 2 )}
~ 1 4T
de=qur§ {1—2 exp(——;)+exp(——2-§: }
édd:%qdfd { 1- eXP(—%A—T }

I i=1& LTUTOHEEITY $FH ATV H 4
YK EET B,

Ke=Pe He ()7/[Hy (i) Py He (i)T + R (i)] D2
RIZEH / 4 ZDHIEITHITH B,

R(1) 0 Tpp 0
r=( - ) 7
0 R 0 e
Ff, HIBRRETIT, ®RATEZ2 505,
OPRyey OPRyy

H_(Hm)__ Obres  Oddres _<1 0)
_ _ _
H2) 9DR,e; DRyes 0 dT

abref adnz] x=Xi

2
H@G) 3 1x2175Th 5, KEBRTHER L 723258 Navcore-
1 T3, dT=0.1sec TH 5,
HEREZOHLSHTING

Pk:}_)k*Kka(i) ﬁk Qﬁ)
R AW

RE~X7 b LOHEBIREBRA y()EHORKXTKRD 5,

i'k:fk +Kk [yk(l)_(Perf)xziJ n

BT i=2 &, B=%, P=P £LTH, B0
BAITL, y@QEAOTHEBAKRD 5,

Xe=Xp+ Kp (72 12— (DRref)x=3,] o8
KOG T — 5 ypo 21878 Te=xx, Pe=Pr & | 70t
DToiBETe, REREZFRETT 5. L, #HLO
Wl — 7 2B EICEROFIATHEMBERD 5,

KIC, BERERETBE T ALIDT LT Y XLILDH
Tik~3, FIAEQNTEBAT — % 28BIET 570K, B
REZITO/EBLEILENH B, LTAN—KIC, F)
AEZOBAEZ & DCF THE L o MEROBZII—HL
i\, % T TAPR, ADRWMA T, % DBRAZA(LR 4PR,

4DR b2 L, FIAEM TR 1AM X - THREEZ)
TORMIER%3HET 5, DCFCIIEBLES, Lo vy
ZNTNIL T, 2&KITANT Y 7 4 09 ABAT 2,
BUBRRIRE 7 « v 913, APRRUAPRAHEL, 71
5 VY IRIET 4 V93 ADRRU 4DR %583 %,
RUBBMEET « vy TR, KREXYZ i x=(x,, )
=(4PR, 4PR)" £ #{o /D 4 s NATZHEET 4 VI T
HELIZ7 09 77 4 T2EHOT, ORLOHE L1
PIBERE DA DRIER APR, oy 527 4 V57 QBRI F — 5 y &
L, BEAERE

y=x +t¢ 09
ET 3, 2T o AERE,
551:x2
) 80
X2=u

Et B, uldVRTF LA, ¢ BEEl 4 X T, FHE
VDAY ZANBRETHS (At ThEhge, rEd3),
ANT /7 40IDT AT XLBRIRERETHZOT,
0, H, Q DARERT 5,

q)—(l AT)
“\o 81

H=(01 0 32
q 3 q 2
3 g(AT) g(AT)
Q= 83
g{ATV q4T
T HEEMEI
xe=Xp+ K (ya— Hxz) ¢4
TH5Z6h5,

Fo LY i LT x=(4DR, dDRY L ¥ %, (9)
REVDHBELETFNI VLY SOEDHIER IDR, o %y &
LTREBEDY 4 VB A SIS, LEDL S LTHE
B S #17 APR, 4DR, 4PR, 4DR %R CHIBEZIEH
TOEBNT— 5 ZMIEL, BEMET 4 VoK - THE
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