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Desrgn of Global Positioning System Receivers for :
- Integrated Inertial Nav1gat10n Systems *

* Abstract

There is much interest in integrated navigation using
the Global Positioning System' and Inertial Measurement
Units (accelerometers and gyroscopes). The results re-
ported in this paper quantify integrated navigation per-
formance as a fanction of GPS receiver design parameters.
The specific apphcatxon considered is missile navigation.

I Introduchon -

Most IMUs have relatxvely good short term accuracy —
that is, they have very little high frequency error. On the
other hand, GPS:has relatively good long term accuracy
— that is, it has very little low frequency error. This com-
bination makes Kalman filter-based integrated GPS/IMU
navigation a natural appllcatlon of GPS, gnrmg a user ‘the
best of both worlds [3, 5]. :

Navrgatron performance can be quantlﬁed by ‘Position
and Velocity Spherical Error Probable (PSEP and VSEP).
SEP is defined as the 50th percentile probability radius of
the navigation solution. That is, there is a 50%_proba-
bility that the vehicle position (velocity) is mthm PSEP
(VSEP) of the navigation solution. ‘

Integrated GPS/IMU navigation systems tend to use
GPS receivers  which are either underdesigned or overde-
signed. That is, the receivers provide either much better
or much worse performance than required. This paper
presents results showmg the effect of various GPS user seg-
ment parameters on, mtegrated navigation performance.
The, results in this. paper can be used to determine which
receiver design is well-suited to a user’s particular needs.
A more complete treatment of this topic can be found
in [7]... : :

GPS Errors

A GPS receiver measures position by tracking a pseudo-
.random (PR) binary code transmitted by the GPS satel-
lxtes This is typically done with a 50 Hz delay lock loop
(DLL) [8] A GPS receiver measures velocity by tracking
the carrier which is modulated by the PR code. This is
done with a phase-locked loop (PLL) [6]. The phase mea-
surements are called doppler rang\s and the difference
between two successive doppler ranges is called a delta
range. The PLL is rate-aided by the IMU so that phase
lock is maintained during high vehicle dynamics.
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Error Deviation

Satellite Position 13 feet
Satellite Velocity 0.00 e
Clock Phase 10 n-:’ef;eet/seg/
Clock Frequency . 10~® ppm
DLL Tracking 2 — 10 feet :
PLL Tracking . 005 ~ .02 feet |
Ionospheric Range 8 ~ 25 feet 5
Tonospheric Doppler Range 0.02 ~ 1.6 foet | |
Tropospheric Correction Scale Factor | 0.3 - i
Antenna Phase Center 0.1 feet

| Antenna Phase Response 20 - 8o°
GPS/IMU clock offset 1 msec

- center errors have three components each. The DLL and
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- :Table I: GPS Errors .

A fairly ‘complet'e list of GPS errors is given in Table L, :
The satellite position and velocity and the antenna phase

PLL tracking errors vary depending on such things as an- -
tenna design, vehicle dynamics, and atmospheric noise,"
The ionospheric errors vary depending on whether the "
GPS receiver tracks one or two frequencies. The antenns
phase response error depends on the fidelity of the char-
acterization of the antenna phase response. See [7] fora
more detailed discussion of the GPS errors. The variances
of the GPS errors were derived from the literature [4] and
flight test experience [1]. - :

1I. kSimnlation Study

The simulation study is based on a representative mis-
sile test trajectory. The missile’s strapdown IMU consists. .
of three accelerometers and three gyros, and contains 76
error terms — 10 initial condition errors, 33 accelerometer -
errors, and 33 gyro errors [2]. The missile’s GPS. receivet
tracks six satellites and the flight computer derives anin- -
tegrated GPS/IMU navigation solution once per second.

A full order Kalman filter contains 164 states — 76 IMU
error states, 4 global GPS errors (GPS/IMU. clock offset
and three components of antenna phase center error), and
6 x 14 satellite-specific errors. It may not be feasible torun
such a large filter in real time, so two reduced order filters
were designed. The medium order filter contained 31 IMU
error states and 22 GPS error states, and the lowest order ﬁ" ‘
filter contained 16 IMU error states and 19 GPS error




tional delta range measurement noise to

‘2 Monte Carlo analysis of 100 samples. Since
yload deployment determines weapon delivery

persont) was used as a scalar measure of mtegrated nav-
9""‘ rformance :
1 shows the GPS-only VSEP It is seen that fot
s single ﬁequency receiver, a four-fold improvement in
mutmm’ phase response results in only a marginal im-
yement of VSEP. This is because the antenna error is
mated by. the ionospheric error. It is also seen that
the use ofe dual frequency receiver buys only a smail ad-
mbse overa smgle frequency. receiver at low altitudes,
pat |t ‘buys & large advantage at high altitudes (later in the
., This is because of the dominance of tropospheric
1S ut low e.ltltudes For a dual frequency receiver at
hshalhtudes, a}l improvement in the antenna can make
s major improvement in GPS velocity performance.

Teble I shows the integrated GPS/IMU SEP. We see
that filter order has a large influence on VSEP. Figure 2
stowsintegrated GPS/IMU VSEP at payload deployment
s & function of antenna phase error for a dual frequency
muverﬁaCompanng Table II with Figure 2; we see that
quency performance is much worse than dual fre-
qucy performance. But also note thata smgle frequency
recexvexf vwx!h a full order filter can provide a better VSEP
lhn dual ftequency receiver with a low order filter.

.

'Filtet Order || . Single Freq. | Dual Freq.
Lowest 26.9 feet 22.7 feet
jum - {264 - f201°
|| 263, 119.6
2| .0.1323 feet/sec
0.0818 - Figure 2
0.0751 '

MC'II Integrated GPS/IMU Spherical Error Probable
ot P, ayload( Deployment

s

L Gondusion

Integrated GPS/IMU niavigatioxi performance has been
Presented as a function of antenna phase error, single/dual
I"'l'lenéy, and filter order. The results presented indicate
‘hat the most unporta.nt dec:smn to be made about a GPS
‘m‘?lver is whether to use a single or a dual frequency re-
rer. Filter order is also seen to be a critical parameter.

odelled errors were compensated for by .
priori variance of the modelled errors,

f:‘“, SEP at 184 seconds following launch (Stage 3~

GPS-only VSEP (Ieet/aec) -

"dvual freduency receiver is used, the quality of the an- .
becomes important. The approach taken in this -
per a.llows thc user to specify a GPS receiver design !
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Figure 1: GPS—only Velocxty Spherical Error’ Probable
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Figure 2: Integrated GPS/IMU Velocity Spherical Error
Probable (Dual Frequency) ;

which provides enough accdtacy, but which is not overly
accurate and expensive. Full details can be found in [7).
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