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Abstract

There is much interest in integrated navigation us-
ing the Global Positioning System and Inertial Mea-
surement Units (accelerometers and gyroscopes). The
results reported in this paper quantify integrated nav-
igation performance as a function of GPS receiver de-
sign parameters. The specific application considered
is missile navigation.

1 Introduction

To the authors’ knowledge, no work has been pub-
lished on the derivation of GPS receiver design con-
straints based on integrated navigation requirements.
This may be due to the fact that the characteriza-
tion of GPS/IMU performance is a complex, multi-
dimensional problem which does not lend itself to
straightforward analysis. It is much easier to use
heuristic calculations than it is to perform rigorous
analyses and simulations. These heuristic methods
often prove to be adequate for GPS receiver tequire-
ment specifications, but sometimes give misleading re-
sults. As a result, integrated navigation systems wmay
use GPS receivers which are either underdesigned or
overdesigned. That is, the receivers may provide ei-
ther much better or much worse performance than
required. There is therefore a need for improved
system-level GPS receiver design methods, so that
integrated navigation can be performed more intel-
ligently and cost-effectively.

This paper presents results showing the eflect of
various GPS user segment parameters on integrated
navigation performance. These parameters include
the accuracy of the antenna phase response, single
versus dual frequency processing, and filter order.
The particular application considered is missile navi-
gation. GPS performance can be improved if receiver
complexity is increased. So the results in this pa-
per can be used to determine which receiver design is
well-suited to a user’s particular needs.




Section 2 provides a brief introduction to integrated
GPS/IMU navigation, and Section 3 discusses GPS
error sources. Seclion 4 presents some sinmulation re-
sults, and Seclion 5 contains coucluding remarks.

2 Integrated Navigation

Most IMUs have relatively good short term accu-
racy — 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 combination makes Kalman
filter-based integrated GPS/IMU navigation a natu-
ral application of GPS, giving a user the best of both
worlds |5, 10, 8, 18].

Several fundamental choices must be made when
designing an integrated navigation system. First of
all, a choice must be made between centralized or de-
centralized filtering [21]. The use of a single Kalman
filter is denoted “centralized filtering,” and the use
of multiple Kalman filters is denoted “decentralized
filtering.”

If a user chooses centralized filtering, a choice must
be made between embedded (also called integrated or
tightly coupled) filtering or nonembedded (also called
federated or loosely coupled) filtering. Nonembed-
ded filtering is accomplished by combining the posi-
tion and velocity solution of a GPS receiver with that
of an IMU [19]. However, more accurate and robust
solutions are obtained with embedded filtering [11].
With embedded filtering, the Kalman filtering is per-
formed further upstream — that is, the IMU solution is
combined with GPS-indicated range and delta range
information without the GPS receiver directly com-
puting a solution for position and velocity [6].

In this paper, centralized and embedded filtering is
assumed. Due to throughput constraints on the flight
computer, the filter may be reduced order. A full or-
der filter would contain over 150 states (IMU and GPS
error lerms), which may be too cumbersome for real
time implementation. In a reduced order filter, only
the most significant IMU and GPS errors are used as
states in the Kalman filter. This issue is discussed
further in Section 4.

Performance can be quantified by Position and Ve-
locity Spherical Error Probable (PSEP and VSEP).
SEP is defined as the 50th percentile probability ra-
dius of the navigation solution. That is, there is a
50% probability that the vehicle position (velocity) is
within PSEP (VSEP) of the navigation solution.

SEP ™ 2
/ / f(z,y,2)r?singdfdgpdr = 0.5 (1)
0 0 Jo

where (2, y, z) are Cartesian coordinates, (r, ¢, 6) are

polar coordinates, and f(e, ¥, z) is the probability dis-
tribution function of the error of the navigation po-

sition {velocity} solution. Since the pdl fiw, v, 2) is
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obtain the navigation solution, then the covariance
of the Kalman filter can be propagated into position
and velocity space to obtain a position and velocity
covariance matrix [3]. It could then be reasonably as-
sumed that f(z,y, z) is Gaussian, and hence f(z,y, z)
would be known. This would allow the determination
of SEP without resorting to Monte Carlo simulations.
However, if a reduced order filter is used, the covari-
ance indicated by the Kalman filter is not the true co-
variance, and Monte Carlo simulations must be used
to obtain SEP.

3 GPS Errors

GPS errors can be categorized as either space seg-
ment errors or user segment errors. The space seg-
ment errors are quantities over which the user has
little or no control, while the user segment errors are
directly affected by the design of the receiver. Some of
the errors are constant biases, some of the errors are
Gauss-Markov processes [4] with an associated lime
constant 7, and other errors are modelled as white
Gaussian noise. The following subsections discuss the
errors in more detail. The variances of the GPS er-
rors are subject to some debate. The values used in
this study were derived from the literature [9, 14] and
flight test experience [2].

3.1 Space Segment Errors

The space segment errors, summarized in Table I,
are those over which the user has little or no control.

The GPS satellite ephemerides (position and ve-
locity) are obtained by the receiver from the naviga-
tion message which is modulated onto the carrier and
transmitted by the satellites. The accuracy of these
ephemerides can be expressed in Height, Long-track,
and Cros§-track (HLC) coordinates. The H axis is
parallel to the line segment connecting the earth cen-
ter with the satellite, the C axis is parallel to the
satellite’s angular velocity vector, and the L axis com-
pletes the orthogonal frame.




[ Standard
Error Deviation Type
Satellite Position | 11, 40, 24 feet | Bias
(HLC frame)
Satellite Velocity | 0.005 feet/sec | Bias
(HLC frame) 0.003
0.003
Clock Phase 10 nsec Bias
Clock Frequency | 10~® ppm Bias

Table I: Residual GPS Space Segment Errors

Although the GPS satellite clocks are atomic, they
are still subject to errors. These clock errors are con-
tinually checked by the control segment, and at least
once per day, a correction signal is uplinked to each
satellite for subsequent transmission to the user. So
most (but not all) of the clock errors are corrected by
the user’s receiver before the GPS data is processed.

Note that each of these space segment errors are
satellite-specific. So if the GPS receiver is tracking n
satellites, there are a total of 8n space segment errors.

3.2 User Segment Errors

The user segment errors are those which are di-
rectly affected by the design of the GPS receiver.
These errors are summarized in Table II.

A GPS receiver measures position by tracking a
pseudorandom (PR) binary code transmitted by the
satellites. This is typically done with a delay-lock
loop (DLL) {16], which operates at a rate of 50 Hs.
The GPS satellites transmit two PR codes ~ a 1.023
Mbit/sec code (CA code) and a 10.23 Mbit/sec code
(P code). Due to the shorter bit length (in feet) of the
P code, a receiver which tracks the P code can gen-
erally achieve a better range measurement accuracy
than a receiver which tracks the CA code. However,
by using narrow correlator spacing in the DLL, a CA
code DLL can attain tracking performance compa-
rable with a P code DLL [20]. The tracking error
depends on such things as the vehicle dynamics, the
design of the loop filter, and the signal-to-noise ratio
(SNR). The DLL tracking error is implemented in the
integrated GPS/IMU Kalman filter as measurement
noise. The receiver simulation employed in this pa-
per utilizes a 2nd order DLL with a bandwidth of 20
rad/sec and a phase margin of 45°.

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) [13]. The re
ceiver tracks the phase during the measurement in-
terval, and the delta range can then be determined
by taking the phase at the end of the measurement
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interval and subtracting the phase at the beginning
of the interval. The phase measurement is called the
doppler range measurement, and the difference be-
tween two successive doppler range measurements is
called a delta range measurement. Usually the higher
frequency L, (1.575 GHz) carrier is used to obtain
vehicle velocity. The tracking error depends on such
things as the vehicle dynamics, the design of the loop
filter, and the signal-to-noise ratio (SNR). The re-
ceiver simulation employed in this study uses a 50
Hz 3rd order Costas loop [12] with a bandwidth of 2
rad/sec and a phase margin of 45°. The PLL is rate-
aided by the IMU so that phase lock is maintained
during high vehicle dynamics.

SNR has a strong influence on DLL and PLL track-
ing errors. SNR is determined in part by antenna gain
and receiver noise, so the user does have some influ-
ence on SNR. Typical SNRs for GPS receivers are in
the range of 30 — 40 dB-Hz [7]. The effect of SNR on
DLL and PLL tracking errors for those designs dis-
cussed in the above paragraphs was determined by
Monte Carlo analyses for the missile trajectory used
in this paper (see Section 4). The eflect of SNR on
the tracking errors is given in Table III.

Atmospheric errors [17] are largest for low elevation
angles. These errors, which include ionospheric and
tropospheric refraction, can at least partly be con-
trolled by the user segment design. Receivers can be
designed to track the L, (1.575 GHz) carrier, the L,
(1.228 GHz) carrier, or both. Tracking both frequen-
cies allows for better correction of ionospheric refrac-
tion since ionospheric refraction is proportional to the
square of the wavelength. The residual ionospheric re-
fraction which remains uncorrected resultsin both PR
code-derived range errors and carrier phase-derived
doppler range errors [15]. In the single frequency case,
ionospheric modelling helps reduce the ionospheric re-
fraction error by 50 - 75%. But ionospheric modelling
cannot be used to predict the change in the iono-
spheric refraction very accurately; so modelling does
not reduce the delta range error due to ionospheric
refraction. Tropospheric refraction, due to water va-
por and other constituents in the atmosphere, is a
maximum of about 20 feet. This error can largely be
removed with tropospheric modelling. The residual
atmospheric errors are functions of the direction be-
tween the missile and each satellite. So each satellite
has its own atmospheric errors.

Inaccuracies in the measurement of the antenna
phase center relative to the IMU navigation reference
point introduces errors when integrated navigation is
performed. This error is independent of the satellites,
so there is only one antenna phase center error.

The antenna phase response induces errors in the
measurement of the carrier phase through three mech-




Standard
Error Deviation Type
DLL Tracking 2 - 10 feet White Noise
PLL Tracking .005 — .02 ft White Noise
lonospheric Range 8 feet (dual frequency) Bias

25 feet (single frequency)
0.02 feet (dual freuquency) | Markov (7 = 200 sec)
1.6 feet (single frequency)
Tropospheric Correction Scale Factor | 0.3 Markov (7 = 2000 sec)
Antenna Phase Center 0.1 feet Bias

Antenna Phase Response 20 - 80° Markov (7 = 30 sec)
GPS/IMU clock offset 1 msec Bias

Tonospheric Doppler Range

able II: Residual GPS User Segment Errors

SNR RMS PLL Noise | RMS DLL Noise
30 db-Hz | 0.00776 feet (4.5°) | 8.67 feet
32 0.00712 (4.1°) 6.92
34 0.00669 (3.9°) 5.40
36 0.00633 (3.7°) 4.35
38 0.00609 (3.5°) 3.49
40 0.00596 (3.5°) 2.74

Table III: PLL and DLL Tracking Errors

anisms: error in the phase calibration, vehicle atti-
tude error coupled with the slope of the antenna phase
response, and ionospheric refraction correction error.
If we assume that

E(e?) = E(el) = o2 (degrees?) (2)
E(e1e3) = 0.502 (degrees?)

we obtain

2 _ J (0.005600,)? (dual frequency)
B(2gra) = { (0.001740,)? (single frequency) (3)

Of course, in the single frequency case, even though
the antenna phase contribution to the doppler range
error decreases, the total ionospheric refraction er-
ror increases substantially (see Section 3.3). As with
the atmospheric errors, the antenna phase response
is a function of the direction between the missile and
each satellite. So each satellite has a separate an-
tenna phase response error associated with it. Note
that the antenna phase error induces a delta range
measurement error, but not a range error.

Finally, the difference between GPS and IMU time
results in navigation errors. This is because the GPS
ephemerides (which are functions of time) must be
known to obtain the GPS-derived range and delta

range solution. GPS time is the same for each satel-
lite, so there is only one GPS/IMU clock offset error.

3.3 Relative Contributions of GPS
Errors

For the missile trajectory considered in this paper
(see Section 4}, the relative contributions of the GPS
errors were obtained using 100 Monte Carlo simula-
tions. An SNR of 30 d B-Hz was used to drive the PLL
and DLL errors (see Table 111). Antenna phase error
varied from 20° to 80°. Tables IV and V show the
relative contributions of the GPS errors to range and
range rate errors (based on a one-second delta range
time interval). These tables show which GPS errors
are really significant. For instance, the antenna lever
arm contributes less than 1% of the total range and
range rate errors; so it would not be wise to spend alot
of effort reducing this error. Also note that the PLL
tracking error is insignificant; therefore, a PLL design
should concentrate on simply maintaing carrier lock,
rather than trying to reduce the tracking error. We
also note that if a single frequency receiver is used,
the antenna phase error is a minor part of the total
range rate error, so it would not be desirable to spend
alot of money on a highly accurate antenna. But if a
dual frequency receiver is used, the antenna phase er-
ror can contribute a major portion of the total range
rate error, and so it may be desirable to spend some
extra money on a more accurate antenna. The reader
may be able to draw other conclusions by examining
the numbers in Tables IV and V.

Note: The numbers in Tables IV and V may be mis-
leading, because they represent an attempt to portray
GPS performance over the course of an entire flight
as one set of numbers. In particular, the tropospheric
error is maximum at sea level, and drops to zero af-
ter about 100 seconds of flight (when the missile rises




RMS Range Error and Percent of Total

GPS Error Term Single Frequency Dual Freugency
Satellite Position 12.7feet 16 % | 12.7feet 36 %
Satellite Velocity 0.6 <1 0.6 <1
Clock Phase " 9.8 9 9.8 22
Clock Frequency 0.1 <1 0.1 <1
Troposphere 2.2 <1 2.2 1
Tonosphere 25.0 61 8.0 14
DLL Tracking (SNR = 30 dB-Hz) | 8.7 7 8.7 16
Antenna Lever Arm 0.1 <1 0.1 <1
GPS/IMU Clock Offset 7.2 7 7.2 11
Totals 31.9 100 21.3 100

Table IV: Relative Contributions of GPS Errors to User-Equivalent Range Errors

RMS Range Rate Error and Percent of Total

GPS Error Term Single Frequency Dual Frequency
Satellite Position 0.00426 feet/sec < 1% | 0.00426 feet/sec <1%
Satellite Velocity 0.00491 <1 0.00491 <1
Clock Frequency 0.00100 <1 0.00100 <1
Troposphere 0.08617 18 — 19 | 0.08617 28 - 52
Ionosphere 0.16000 63 — 65 | 0.00200 <1
PLL Tracking (SNR = 30 dB-Hz) | 0.00776 <1 0.00776 <1
Antenna Lever Arm 0.00350 <1 0.00350 <1
GPS/IMU Clock Offset 0.07736 15 0.07736 23 - 42
Antenna Phase (20° - 80°) 0.00868 — 0.03472 0-3 0.02831 - 0.11324 6 —48
Totals 0.198 - 0.201 100 0.120 - 0.163 100

Table V: Relative Contributions of GPS Errors to User-Equivalent Range Rate Errors

above the troposphere). So if a user was interested in
navigation accuracy only during Stage 3, tables simi-
lar to Tables [V and V could be obtained which reflect
GPS performance above the troposphere.

4 Simulation Study

The simulation study is based on a representative
missile test trajectory starting from Vandenberg Air
Force Base in California, and aimed for the South
Pacific. The missile has three solid rocket motors,
each of which burn for approximately 60 seconds. The
missile has a generic IMU which consists of three ac-
celerometers and three gyros, and contains 76 error
terms — 10 initial condition errors, 33 accelerometer
errors, and 33 gyro errors [3]. The IMU error model is
shown in Table V1. The missile’s GPS receiver tracks
six satellites and has a PDOP which varies between
1.92 and 1.95. The flight computer derives an inte-
grated GPS/IMU navigation solution once per sec-
ond.
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4.1 Reduced Order Filtering

A full order Kalman filter would contain 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 to run such a large filter in real
time, so two reduced order filters were designed (a
lowest order filter, and a medium order filter). The
most significant IMU and GPS errors were used as fil-
ter states. The variances of the IMU and GPS errors
which were used as filter states were increased propor-
tionately to compensate for the fact that most of the
IMU and GPS errors were neglected in the Kalman
filter. See Table VII for a list of the errors used in the
reduced order filters.

The unmodelled errors can be compensated for not
only by increasing the a priori variance of the mod-
elled errors, but also by adding additional delta range
measurement noise to the filter. Numerical results
(not published in this paper) indicated that the mea-
surement noise covariance matrix of the filter should




Number
Error of Terms
IMU Initial Conditions 10
Position (feet) 3
Velocity (feet/sec) 3
Azimuth (arcsec) 1
Level (arcsec) 2
Clock Frequency (ppm) 1
Accelerometers 33
Bias (s1g) 3
Scale Factor (ppm) 3
g? Errors (ppm/g) 6
Float Cocking (rad/rad) 6
Float Coning (arcsec) 6
Bearing Wobble (arcsec) 6
Nonorthogonality (arcsec) 3
Gyroscopes 33
Bias (deg/hr) 3
Scale Factor (ppm) 3
g Errors (deg/hr/g) 9
g? Errors (deg/hr/g?) 18
Fl‘otal Number of Errors ] 76 I

Table VI: IMU Error Model

be increased by 0.04 feet in the delta range measure-
ment to optimally compensate for the unmodelled er-
IOIS. :

4.2 Simulation Results

Each SEP data point in this study was determined
by conducting a Monte Carlo analysis of 100 samples.
For each Monte Carlo sample, each IMU and GPS
error was generated by a Gaussian random number
generator. Then the missile flight described earlier
in this section was simulated, along with GPS mea-
surements of range and delta range, and IMU mea-
surements of position and velocity. The GPS-only
navigation solution had an error (a function of time)
for each Monte Carlo sample. These 100 navigation
error time functions were used to statistically com-
pute the GPS-only SEP. Also, during each simulated
missile flight, a Kalman filter estimated the GPS and
IMU errors, and generated an estimated position and
velocity based on the IMU error estimates. The po-
sition and velocity errors for the 100 Monte Carlo
samples were then used to statistically compute the
integrated GPS/IMU navigation SEP as a function of
time. Since SEP at payload deployment determines
weapon delivery accuracy, SEP at 184 seconds fol-
lowing launch (Stage 3 burnout) was used as a scalar
measure of integrated navigation performance.
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Each of the GPS errors discussed in Section 3 affect
SEP, but antenna phase error is of particular interest.
It 1s important for the user to have a good idea of
the required antenna phase accuracy, because highly
accuraie anlennas are very expensive.

It has been shown [1] that weapon delivery accu-
racy depends more on velocity accuracy than position
accuracy. So VSEP is of greater interest than PSEP
in missile applications.

One of the basic choices which a user needs to make
about a GPS receiver is whether to use a single [re-
guency or a dual frequency receiver. Figure 1 shows
the GPS-only PSEP as a function of time for a single
frequency and a dual frequency receiver. It is seen
that the use of a dual frequency receiver resulls in an
improvement of about 15 feet over a single frequency
receiver. It is interesting to note that PSEP increases
during the last half of the flight. The cause of this
phenomenon is currently under investigation.

Figures 2 and 3 show the GPS-only VSEP as a
function of time for a single frequency and a dual
frequency receiver. 1t is seen that for a single-
frequency receiver, a four-fold improvement in the an-
tenna phase response results in only a marginal im-
provement of VSEP. This is because the antenna er-
ror is dominated by the ionospheric error. Comparing
Figures 2 and 3, it is seen that the use of a dual fre-
quency receiver buys only a small advantage (relative
to VSEP) over a single frequency receiver at low alti-
tudes, but it buys a large advantage at high altitudes
(later in the flight). This is because of the dominance
of tropospheric errors at low altitudes. For a dual
frequency receiver at high altitudes, an improvement
the antenna can make a major improvement in GPS
velocity performance.

Table VIII shows the integrated GPS/IMU PSEP
for single and dual frequency, and for the three differ-
ent filter sizes. It is seen that for a single frequency
receiver, filter order does not play a large part in de-
termining PSEP. For a dual frequency receiver, filter
order has a larger influence on PSEP.

Figure 4 shows integrated GPS/IMU VSEP at pay-
load deployment as a function of antenna phase error
for a dual frequency receiver. Note from the figure
that both antenna phase error and filter order have a
significant influence on VSEP.

Table IX shows integrated GPS/IMU VSEP at pay-
load deployment for a single frequency receiver. (Re-
call that antenna phase error has a negligible effect on
single frequency receiver performance — see Table V.)
We see that filter order has a large influence on VSEP.
Comparing Table IX with Figure 4, we see thai, as
expected, single frequency performance is much worse
than dual frequency performance. But also note that
a single frequency receiver with a full order filter can

PR



Number of Terms
Error Medium Order Filter ] Lowest Order Filter
IMU Initial Conditions 10 7
Position (feet) 3 3
Velocity (feet/sec) 7 3 -
Azimuth (arcsec) N 1 1
Level (arcsec) 2 2
IMU Clock Frequency (ppm) 1 1
Accelerometers 6 K]
Bias (ug) 3 -
Scale Factor (ppm) 3 3
Gyroscopes 15 6
Bias (deg/hr) 3 -
Scale Factor (ppm) 3 3
g Errors (deg/hr/g) 9 3
GPS Errors (Single Frequency) 22 19
Ionospheric Range (feet) 6 6
Tropospheric Correction Scale Factor {nd) 6 6
Ionospheric Doppler Range (feet) 6 6
GPS/IMU Clock Offset (msec) 1 1
Lever Arm (feet) 3 -
GPS Errors (Dual Frequency) 22 19
Clock Phase (nsec) 6 6
Tropospheric Correction Scale Factor (nd) 6 6
Antenna Phase Error (degrees) 6 6
GPS/IMU Clock Offset (msec) 1 1
Lever Arm (feet) 3 -
[ Total Number of Error States | 53 I 35 ]
Table VII: Reduced Order Filter Error States
provide a better VSEP than a dual frequency receiver
with a low order filter. Filter Order VSEP
Lowest Order | 0.1323 feet/sec
Medium Order | 0.0818
Frequency Full Order 0.0751
Filter Order Single Dual
Low?st Order 26.9 feet 22‘7 feet Table IX: Integrated GPS/IMU Velocity Spherical Er-
Medium Order || 26.4 20.1 ror Probable at Payload Deployment with a Single
Full Order 26.3 19.6 Frequency Receiver

Table V1II: Integrated GPS/IMU Position Spherical
Error Probable at Payload Deployment

5 Conclusion

The performance measure which is of interest for
integrated GPS/IMU navigation is Position and Ve-
locity Spherical Error Probable. Monte Carlo sim-
ulation studies were conducted to investigate the ef-
fects of GPS user segment design on PSEP and VSEP.

The specific application considered was missile navi-
gation. A Kalman filter combined the GPS and IMU
measurements to form a real-time trajectory estimate.
The filter rate was 1 Hz, and six GPS satellites were
tracked during the flight. Two reduced order filters
were compared with the full order filter.

Results have been presented comparing integrated
GPS/IMU performance as a function of antenna
phase error, single/dual frequency, and filter order.
The results presented in this paper indicate that the
most important decision to be made about a GPS re-




ceiver is whether to use a single or a dual frequency
receiver. Filter order is also seen to be a critical pa-
rameter. 1f a dual frequency receiver is used, the qual-
ity of the antenna becomes important. Some of the
parameters which are seen to be unimportant include
the antenna lever arm error and the signal-to-noise
ratio (as long as the PLL and DLL maintain lock).

The approach taken in this paper can also be used
to determine suitable GPS receiver designs for appli-
cations other than missile navigation. This approach
allows the user Lo specify a GPS receiver design which
provides enough accuracy, but which is not overly ac-
curate and expensive.
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Figure 2: GPS-only Velocity Spherical Error Probable
(Single Frequency)
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Figure 3: GPS-only Velocity Spherical Exror Probable
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Figure 4: Integrated GPS/IMU Velocity Spherical Er-

ror Probable (Dual Frequency)




