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EFFECT OF TRAJECTORY SHAPING ON OBSERVABILITY OF
NTW INTERCEPTOR IN-FLIGHT ALIGNMENT ERRORS

Ernest J. Ohlmeyer*
Naval Surface Warfare Center
Dahlgren, VA

ABSTRACT

Navigation system and in-flight alignment requirements
for a Navy Theater Wide (NTW) tactical ballistic missile
interceptor are discussed. The missile navigation system is
externally aided with both GPS and radar data for dynamic
alignment and calibration of the missile’s navigation system
during flight. System alignment errors arise from missile in-
canister initialization, ship navigation errors, and ship radar
face misalignments. Reduction of these errors during flight
is critical so that the rather small field-of-view of the Kinetic
Warhead (KW) seeker can acquire and divert successfully to
the target. The extent to which attitude errors are removed
depends on the accuracy of the measurements, the
kinematic activity in the trajectory, and the degree of
observability associated with the state error dynamics. An
observability metric is developed and used to quantify a
measure of error state observability and evaluate the
potential benefits afforded by intentional trajectory shaping.
Several trajectory shaping techniques including nominal and
aggressive launch azimuth biases, vertical plane shaping,
and sinusoidal lateral plane maneuvers are investigated.
Handover alignment accuracy is determined throughout the
tactical engagement envelope and compared to NTW
system requirements. The study also quantifies the value
added of combining GPS and radar aiding data for in-flight
alignment versus the use of radar alone.

INTRODUCTION

Many offensive and defensive missile systems require
accurate alignment of the onboard inertial navigation system
(INS) in order to achieve a high probability of kill against
their intended targets. For systems in which time is not
critical, this alignment process can be performed prior to
launch by utilizing navigation data from the launch
platform, and calibrating the missile’s INS to this reference.
However, for systems that require rapid reaction time,
significant pre-launch delays for alignment are not tolerable.
In this case, the launch platform can provide only a single
initialization, and the alignment process must be performed
after launch during the missile's flight.

This in-flight alignment utilizes acceleration and angular
rate data from an inertial measurement unit (IMU), together
with data (such as GPS or radar) provided by external
sensors during flight. Differences between the INS state
estimates and the external data are used by a Kalman
navigation filter to generated error corrections that remove,
over time, the effects of initial alignment errors and other
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types of navigation errors. For flights of sufficient duration,
these errors can be brought to tolerable levels before
commencement of the missile’s terminal guidance phase,
where accurate alignment is essential.

The extent to which in-flight alignment can reduce
potentially large initial attitude errors and INS position and
velocity errors will depend on several factors. These include
the accuracy of the measurements processed by the INS
(e.g., IMU, GPS and radar data), as well as the amount of
kinematic activity in the missile's trajectory. Very accurate
in-flight alignment usually requires a sufficient richness in
the accelerations and angular rates experienced by the
missile during flight.

In developing operational scenarios and trajectories that
enhance error state observability, it is highly desirable to
have a measure of effectiveness that quantifies the degree of
observability of certain navigation system errors along
specific trajectories. Recently, a new performance measure
for in-flight observability has been developed and analyzed
to assess its effectiveness. Termed the Attitude Dilution of
Precision (ADOP), this measure was proposed in [1], later
extended to include additional error states and state process
noise in [2], and successfully used to predict the in-flight
alignment performance of a Tactical Ballistic Missile
Defense (TBMD) interceptor missile.

The TBMD example in [3] clearly illustrates how a
missile’s terminal effectiveness can depend critically on
accurate in-flight alignment. The ship-launched interceptor
is a multi-stage missile that incorporates a kinetic kill
vehicle as the final, homing stage. During initialization by
the ship, the missile’s INS inherits a large initial alignment
error in its body-to-earth direction cosine matrix. During
flight, this can give rise to errors in pointing the terminal
seeker for target acquisition, as well as guidance errors
induced by rotating the inertially referenced acceleration
commands into the misaligned body frame.

Since the terminal infrared seeker has a rather narrow
field-of-view, uncompensated alignment errors can have a
devastating effect on seeker acquisition, and may necessitate
a large volume seeker scan, which can delay and even
jeopardize acquisition. These difficulties can be overcome
by implementing in-flight alignment wherein the external
GPS or radar measurements allow the missile’s INS to
correct the alignment error during the midcourse flyout
phase.
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The ADOP metric is developed to include the dominant
system error sources and is then used as a measure of
effectiveness in designing trajectories with enhanced error
state observability. Using the system characteristics of a
conceptual TBMD interceptor, several trajectory shaping
schemes are proposed and analyzed for their in-flight
alignment performance. Finally, conclusions from this
preliminary study are presented.

ATTITUDE DILUTION OF PRECISION

ADOP is based on the navigation error propagation
equations written in the Earth Centered, Earth Fixed
(ECEF) frame [4-5]. Define the 15-element state vector as

x=[avTy"eTa| M

where, 8R*,8V% are the INS position and velocity errors,
and ¢F is the body-to-ECEF attitude error. Superscripts ( )°

and ()R denote the ECEF and radar frames, respectively.

Also included are errors associated with use of the ship’s
tracking radar to provide in-flight updates to the missile’s
INS as shown in Figure 1. The radar measurements are
contaminated by misalignment errors in the phased array
radar faces, and in the ship’s inertial navigator. These errors

are embodied in the radar bias state gR which is

coordinatized in the radar frame. The £” state is defined as
the error in the transformation between the radar face and
ECEF coordinate frames. The components of the € error are
the radar face misalignment (error between radar and ship
deck) and the ship navigator’s attitude error (error between
ship deck and ECEF frame).

MISSILE
NAVIGATION
FRAME

EARTH-FIXED
FRAME

Figure 1. TBMD Coordinate Frames

An additional error introduced by the ship is a position
bias error QQE , which is expressed in the ECEF frame. The

INS calculates the missile position relative to the earth
center. The radar measures the missile position with respect
to the ship. Thus, in forming the measurement residual for
the navigation Kalman filter, an error is introduced
representing the ship navigator’s positional error with
respect to the ECEF frame.

It is also desirable to incorporate state process noise into
the formulation. With the introduction of the new error

2

states and process noise, the INS error dynamics can be
written:

& To 1 o o o]&E] [w
51 £ Ay Ay An 00 QE v,
oF |=| 0 0 Ay 0 0] ¢F |+, @
P 0 0 0 0 0 gf w,
sifl Lo 0o 0 0 ofsF| [ws
Ay =G -QFQF
Ay, = 2QF )
An=at
Ay = —-QF

where G is the gravity gradient matrix, QF is the earth

rate, and @£ is the specific force, the latter two expressed as
skew-symmetric matrices. Then Equation (2) may be
written

X=AX+w (C)]
or, in discrete form, as
X, =0k k-DX, +w,_, 5)

where w, is a white noise sequence with covariance matrix
Q, . The state at time k can be related to the initial state by:

X, =0k0X,+a, ©

where
o, =w,_ +®k,k-Dw,_, +®k,k-2)w, 5+ @)
-+ Pk, 2)w, + Ok,Dw,

The measurement equation is
Z,=h X, +y, ®)

where v, is measurement noise. In the case of GPS aiding,
the observation matrix is:

h_10000 0
“lor o000 ©

For radar aiding, the 2 matrix may be obtained as [3]:

n=[1 0 0 -Rfci -l a0
where R is missile range from the initial ship position, and
R represents a skew-symmetric matrix. The calculation of
h for the radar case also requires Cg as a function of time.
This implies that a ship motion time history must be
specified. Substituting Equation (6) into Equation (8) gives

2, = P(k0) X, +u, 1)

where

u, =h o+, (12)
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is an augmented noise sequence, in which the components
o and v are uncorrelated. Then the terms at each k are

stacked so that

2] [ B®(1,0) ] [ ma,+y,
z h®(2,0) o, +,
Z= *| H= * U= * (13)
- [} ] - ]
[ [ ] [ ]
EA _hNCD(N:O)_ _hN Ly 1ty |
or
Z=HX,+U (14)
Now define the covariance matrices
Vi = Cov(v,)
S, =Cov(et,) (15)
R, = Cov(n,)

Since o and y are uncorrelated, the covariance of u is
given by

R, = kS, b +V, (16)

In computing R, , it is convenient to use the following

recursions for & and S:

a, =w, +Ok+1,k)e,_, an
S, =0, + Dk +1,K)S,_ @k +1,6)7 (18

Then
R=Cov(U) =diag(R|,R,y,+,Ry) 19)

Equations (14)-(19) describe a generalized least squares
(LS) problem [6], where the goal is to estimate the vector
X, given the set of measurements Z, corrupted by the

noise U .
The covariance of the LS estimation error is given by

N 20)
P=[F'+HTRVHT" =B + ) HIR;'H,T"
k=1

where k denotes the K measurement set. The initial body-to-
ECEF attitude error ¢0 can be related to the initial state

vector X, by

o=l 010 ox=cx, @

The vector Y represents the error in the transformation

from the radar frame to the missile body frame. Using the
previous definitions for ¢ (body to ECEF) and for ¢ (radar

to ECEF), the error ¥ may be written:

3

WE=£E_£E=C5§R_QE (22)

The initial value of ¥ can be related to the initial state
vector X, by:

-Vi:=[0 0 -1 CI?O 0]10=Cz£0 @23)
The initial ship position bias state L, may be

normalized by the radius of the earth to create an angular
error 8,. Then 6, expressed in the ECEF frame may be

related to the initial state vector by:

Q(?-:[O 0 00 (I/RE)]—X()=C3£0 @

The covariances associated with these errors may be
determined from

R =Cov(¢ )= c,PCT

P, =Cov(y,)=C,PC] (25)
Py =Cov(f,) = GPCy

To calculate ADOP transformation matrices are found
that diagonalize the P, P,, and P; matrices. Then for each,
the square root of the largest diagonal component is used to
obtain ADOP for that metric. The goal is to find a matrix B
such that

R-bre" 29

is diagonal. To solve for B, one finds the eigenvalues A; of
the matrix P;. Then it can be shown [7]

A4 0 0
P=|0 4, © 27
0 0 A,

Physically, this corresponds to finding a coordinate
transformation which makes the x,y,z attitude error
components uncorrelated. The distribution of errors in the
new system is then an ellipsoid with the largest error
component lying along the principal axis. This largest error
component is equal to the square root of the maximum
eigenvalue of the P, matrix. The three scalar components of

a vector ADOP may then be calculated from

[Aax (RO
ADOP = 3000 [AMAX (Pz)]%
[Rouax (B)VE

(28)

In Equation (28), the square root of the maximum
eigenvalue is multiplied by 1000 to convert from radians to
milliradians, and by 3 to form a 3¢ estimate. In lieu of
eigenvalue decomposition, an approximation for ADOP may
be obtained by taking the square root of the sum of the three
diagonal components of each P; matrix.
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APPLICATIONS TO NAVY THEATER WIDE
MISSILE DEFENSE

Use of the ADOP metric will now be illustrated using a
Theater Missile Defense scenario. In this example, a ship-
launched missile is used to defend against tactical ballistic
missiles (TBMs) targeted for friendly land areas. The
interceptor missile is intended to engage the TBM during the
exoatmospheric portion of its flight prior to re-entry. To
accomplish this, the conceptual interceptor consists of four
stages as shown in Figure 2. These include a first stage
booster, a second stage dual thrust rocket motor, a third
stage dual pulse motor, and a fourth stage Kinetic Warhead
(KW) for hit-to-kill destruction of the TBM.

Employment of the defensive missile is closely tied to
the shipboard weapon control system. The ship’s radar
initially detects the target and develops a fire control
solution. After the missile is launched, the ship uplinks
acceleration commands (during 2" Stage) or missile and
target state data (during 3" Stage) to enable the interceptor
to close the collision triangle. At the end of 3" Stage, the
KW is released, acquires the target and maneuvers to
intercept using divert propulsion. Figure 2 also illustrates the
main events in the engagement sequence.

Essential to the success of the mission is the process of
in-flight alignment performed on the missile. The missile
utilizes in-flight measurements from GPS satellites [8-9] and
from the ship’s track radar [3] to update its INS. In
particular, alignment errors arising from launch canister
initialization, ship navigation errors and radar face
misalignments must be reduced to very small values to
allow the KW’s narrow field of view to acquire the target.

The degree to which large initial alignment errors can be
reduced to satisfactory levels depends strongly on the
quality of the GPS and radar updates, and on the amount of
thrusting the missile performs during its midcourse guidance
phase. Missile accelerations improve the observability of the
INS attitude errors and radar alignment errors compared to
periods of non-thrusting ballistic flight.

STAGE3 STAGE4

STAGE 1 STAGE2 TBM
JAN
1 [ID | z L] 3 Jo=>
\Y 4
w4 INTERCEPT
GE. ,—/’ﬁ’ﬁc
vt
4&“1/&“’“
.Y \“5\'
3rd STAGE SEPARATION
2nd STAGE SEPARATION
2nd STAGE BURNOUT

Ist STAGE SEPARATION

Figure 2. TBMD Missile - System Overview

The ADOP metric can be used to quantify the amount of
attitude error observability as a function of the missile’s
flight profile and acceleration history. The various ADOP
metrics described earlier can be associated with particular

4

attitude errors critical to the missile’s in-flight alignment.
For example, the ¢ error describes how accurately the

KW’s body orientation is known relative to an earth-fixed
coordinate frame, in which celestial objects are specified.
Since the KW must recognize known objects and distinguish
them from the true target, this error must be minimized for
successful target acquisition.

The y error is important when the missile uses only

radar data for in-flight alignment, without GPS. In this case,
the missile guidance is performed in a relative coordinate
frame containing the radar and missile. Since the radar is the
sensing device and the missile’s strapdown INS is body
referenced, the transformation between radar and body must
be accurately known. The error in this transformation is
represented by the attitude error . Any errors in the

projection of missile thrust into the radar sensing frame will
introduce an equivalent heading error into the midcourse
guidance, which will contribute a guidance error at handover
to the KW.

In the following sections, ADOP is used to quantify the
attitude error observability and assess the impact of several
trajectory shaping strategies with the intent of improving
error state observability and hence in-flight alignment
accuracy.

For selected cases, the ADOP alignment predictions
were compared to alignment error calculations from a
detailed INS/GPS/Radar Monte Carlo navigation simulation
illustrated in Figure 3, and described in [10-11]. The
navigation model included detailed modeling of the GPS
satellites and GPS receiver errors, the ship’s track radar and
associated errors, the missile’s IMU errors, and the INS and
Kalman navigation filter processing used to blend the GPS
and radar measurements with the INS navigation solution.
Representative sets of missile and ship system errors were
assumed for selected TBMD engagement scenarios.

A comparative summary of alignment performance
predictions using both ADOP and the detailed Monte Carlo
navigation simulation, for four tactical trajectories spanning
the engagement envelope is shown in Table 1. The results
illustrate that ADOP is a useful and computationally
efficient metric for providing a lower bound on missile
attitude errors during in-flight alignment.

Table 1. Comparison of ADOP Alignment Predictions &
Monte Carlo Simulation Results

Q Alignment Error @ KW Ejection (mrad)
Tactical Radar Only Radar & GPS
Case ADOP | NAVSIM | ADOP ‘| NAVSIM
2 12.9 15.7 2.7 42
3 21.4 22.5 32 3.8
6 19.2 21.8 37 5.8
11 16.3 18.2 3.0 42
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Figure 3. GPS/SPY/INS Integrated System

TRAJECTORY SHAPING ANALYSIS

The ADOP metric may be used to quantify the amount
of attitude error observability as a function of the missile’s
flight profile and acceleration history. The ADOP technique
can also be used to generate observability maps of the error
metrics over a full engagement envelope or battlespace.
The resulting contour plot of ADOP versus ground range
and altitude can be used to compare the effectiveness of
different sensors such as GPS or radar. In addition, the
observability maps graphically illustrate regions in the
engagement envelope where poor observability causes
problems for in-flight alignment. The regions of poor
observability have led to re-evaluation and redesign of
trajectories through modified trajectory shaping methods in
an attempt to improve observability.

In this analysis, a family of guided flight profiles was
generated for intercept points over a complete engagement
envelope using the baseline guidance methodology and
system parameters outlined in reference [12]. The baseline
guidance methodology utilizes limited trajectory shaping in
the vertical plane. For each intercept point in this ground
range-altitude grid, the ADOP metric was computed along
the missile trajectory and recorded at the desired evaluation
time (i.e., at the KW release point). The values of the metric
associated with each intercept point were then used to
generate contour plots or ADOP maps over the battlespace.
Figure 4 displays the resulting contour maps of the ADOP
metric at the KW release point for the baseline trajectories.
The white dots indicate the set of feasible intercept points.
The legend in Figure 4 defines the gray shading scheme for

5

the ADOP contours in all the ADOP maps given throughout
this paper.

These ADOP maps clearly illustrate the improvement in
the attitude error observability resulting from the use of GPS
aiding. The radar plus GPS aiding map indicates that the
ADOP metric satisfies the attitude error requirement of 5
mrad (30) for in-flight alignment over the majority of the
battlespace. Conversely, the radar-only aiding map shows
that the ADOP metric fails to meet the attitude error
requirement over the entire battlespace, with the central
region having the worst observability.

Since the ADOP metric is a function of the flight profile
and the acceleration history, the application of different
trajectory shaping methods could possibly modify the
observability of the attitude error. To improve the attitude
error observability, particularly for the case of radar-only
aiding, the following five trajectory shaping methods were
considered:

O Nominal offset angle of the first stage commanded
bearing angle

O Aggressive offset angle of the first stage
commanded bearing angle

0O Nominal second stage horizontal plane weave

O Aggressive second stage horizontal plane weave

O Increase in the first stage commanded flight path

angle (VLEG) from 70 degrees to 80 degrees
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Figure 4. ADOP Contour Maps for the Baseline
Trajectories

The first four methods add trajectory shaping to the
horizontal plane. The final method modifies the existing
vertical plane trajectory shaping. For each of the trajectory
shaping methods, a family of trajectories to intercept points
covering the entire engagement envelope was generated.
Then the ADOP metric was computed along the trajectories,
and the value at the KW release point for each trajectory
was used to create new observability maps. The ADOP
maps for each trajectory shaping method were compared to
the baseline maps to determine the effects of trajectory
shaping on the attitude error observability.

The first two trajectory shaping methods add a
horizontal offset angle to the commanded launch bearing
angle. The commanded bearing angle is computed at launch
and aligns the interceptor trajectory with the vertical plane
containing the intercept point. The offset angle puts the
interceptor trajectory during first stage guidance along a
bearing angle outside of the vertical intercept plane. The
offset angle is removed during second stage when the
guidance produces horizontal plane trajectory shaping that
realigns the trajectory parallel to the launch vertical intercept
plane.

The magnitude of the offset angle is computed as a
linear function of the cosine of the angle between the launch
line-of-sight to the intercept point and the vector along the
first stage commanded flight path (VLEG). This function
relates the size of the offset angle and the amount of
trajectory shaping to the location of the intercept point

6

within the envelope. Figure 5 shows the relationship of the
nominal offset angle to the ground range and altitude
coordinates of the intercept point. The maximum nominal
offset angle is 25 degrees for intercepts along the vector
defined by a 70 degree angle in the vertical plane. The
offset angle decreases to zero as the vertical plane angle to
the intercept point decreases to zero. To perform the
aggressive offset angle trajectory shaping, the offset angle is
set to twice the nominal offset angle.
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Figure 5. Contours of the Nominal Offset Angle across the
Engagement Envelope

To ensure that the offset trajectory returns to being
parallel to the launch vertical intercept plane, the horizontal
plane guidance gain is made a multiple of two of the vertical
plane guidance gain. The horizontal trajectory shaping
resulting from either the nominal or aggressive offset angles
does not significantly effect the interceptor’s flight profile in
the vertical plane or the intercept velocity. Figure 6
illustrates a sample baseline interceptor trajectory and the
corresponding nominal and aggressive offset angle
trajectories. Figure 7 contains the velocity profiles for these
same trajectories.

e Basaline
...... Nominal Offsat Angle
weeree Aggressive Offsat Angle

H
Altitude (km)

Downrange (km)

Figure 6. Trajectory Comparisons for Bearing Offset
Angles

Velocity

-

Baseling
Nominal Offset Angle
Aggressive Offset Angle

I I I

Time

Figure 7. Velocity Profile Comparisons for Bearing Offset
Angles

The ADOP maps for offset angle shaping were
generated for the cases of radar-only aiding and radar plus

GPS aiding of the in-flight alignment.
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contour maps for the nominal offset angle are given in
Figure 8. The ADOP maps for the aggressive offset angle
are shown in Figure 9.
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Figure 8. ADOP Contour Maps for the Nominal Offset
Angle Trajectories
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Figure 9. ADOP Contour Maps for the Aggressive Offset
Angle Trajectories

Figure 8 indicates that the nominal offset angle
trajectory shaping provides only minimal improvements to
the attitude error observability. For in-flight alignment with
radar-only aiding, the ADOP metric continues to violate the

7

5 mrad (30) attitude error requirement across the entire
battlespace. The shaping causes only minor improvements
in the central region of the battlespace. The radar and GPS
aiding map for the nominal offset angle shaping is also
largely unchanged from the baseline case.

ADOP maps with the aggressive offset angle trajectory
shaping show greater improvement in the observability of
the attitude error. The radar and GPS aiding contour map of
Figure 9 shows an increase in the favorable region of the
battlespace. However, for the radar-only aiding case of
Figure 9, the improvement is marginal, and the radar-only
aiding still fails to achieve the required alignment accuracy.

The next shaping method considered is horizontal plane
weaving. The goal of the nominal and aggressive weave
trajectory shaping is to add maneuvers to the horizontal
plane to improve the attitude error observability. These
methods apply a sinusoidal weave to the commanded
bearing angle during the second stage guidance. The weave
is initiated at the beginning of the second stage with an
amplitude of 10 degrees and a period of 5 seconds. The
weave amplitude decays linearly with altitude to zero
throughout the second stage. As in the offset angle
trajectory shaping methods, the nominal weave uses a
horizontal plane guidance gain that is a multiple of 2 of the
vertical plane guidance gain. The aggressive weave uses a
horizontal plane gain that is a multiple of 6 of the vertical.
As shown in Figure 10, the larger guidance gain for the
aggressive weave results in greater responsiveness to the
commanded bearing angle.
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Figure 10. Bearing Angle Response for the Horizontal
Plane Weave

Both the nominal and aggressive horizontal plane weave
maneuvers have only a minor impact on the vertical plane
flight profile of the interceptor (less than a 5% loss of range
and intercept velocity). Figures 11 and 12 contain trajectory
and velocity comparisons for a sample trajectory.

Basefine
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........... Agaressive Weave | .-t —-J
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Figure 11. Trajectory Comparisons for Horizontal Plane
Weaves
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Figure 12. Velocity Profile Comparisons for Horizontal
Plane Weaves

Using both nominal and aggressive horizontal plane
weave maneuvers, ADOP maps were generated for both
radar-only aiding and simultaneous radar and GPS aiding.
The resulting ADOP contour maps for the nominal weave
are given in Figure 13, and results for the aggressive weave
are shown in Figure 14.

Alitude

i i
7 T
i i

TTTTTTTT T

Ground Range

i
i
adar & GPS

C 3 I N

I

Altitude

TITT T

N

——

CRYE] FYRWE RPN RYRYI CRTEY SURTY NVRUE FUTEY SXRYY FUUTE FUUYY STY
Ground Range

Figure 13. ADOP Contour Maps for the Nominal
Horizontal Plane Weave Trajectories

T ITITTT

The ADOP maps in Figures 13 and 14 indicate no
improvement in attitude error observability over the baseline
trajectories. For both nominal and aggressive weaves, the
radar-only ADOP maps fail to satisfy the in-flight alignment
requirement and show little change over the baseline maps
except at the higher altitudes. In some cases, observability
for the high altitude intercepts is reduced rather than
improved with the horizontal plane weaves. For the nominal
weave, the radar and GPS aiding ADOP map of Figure 13 is
essentially unchanged from the baseline map. The radar and
GPS aiding map of Figure 14 for aggressive weave shows an
increase in the acceptable in-flight alignment region.
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Figure 14. ADOP Contour Maps for the Aggressive
Horizontal Plane Weave Trajectories

The final trajectory shaping method intended to improve
attitude error observability modifies the commanded vertical
flight path angle of the first stage, or VLEG. The baseline
VLEG is specified as 70 degrees. The modified trajectory
shaping increased the VLEG to 80 degrees. While
increasing VLEG provides no trajectory shaping to the
horizontal plane, the trajectory shaping in the vertical plane
is increased for a majority of the intercepts in the
battlespace. By increasing this angle to 80 degrees, a larger
pull down maneuver is required during the second stage to
reach any intercept points below a vertical plane angle of 70
degrees. Intercepts above the 80 degree angle require a
smaller pull up maneuver.

Although increasing VLEG typically increases the
vertical plane acceleration, the trajectory profile and velocity
history are not significantly changed. Figure 15 illustrates
the minor differences between the baseline 70 degree and
the 80 degree VLEG trajectories. The velocity profile for
these two trajectories is given in Figure 16. Note for these
cases that the vertical plane angle of the line to the intercept
point is well below the 80 degree vector.
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Figure 15. 70° and 80° VLEG Trajectory Comparison
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Figure 16. 70° and 80° VLEG Velocity Profile Comparison

With an 80 degree VLEG for the first stage, new ADOP
maps were generated for both radar-only aiding and radar
plus GPS aiding. The resulting maps are given in Figure 17.
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Figure 17. ADOP Contour Maps for the 80° VLEG

Again, the ADOP map for radar-only aiding violates the
in-flight alignment requirement across the entire battlespace.
As anticipated, the ADOP contours for both aiding methods
are shifted towards the larger vertical plane angles. This
shift in the ADOP contours results in improved observability
at the lower angles (i.e. below 70 degrees) and reduced
observability at the higher angles. The shift generally
corresponds to the increased vertical plane maneuvers
required during the second stage for the 80 degree VLEG.

CONCLUSIONS

The Attitude Dilution of Precision (ADOP) metric was
defined and used to evaluate attitude error observability
along typical TBMD interceptor trajectories.  Flyout
trajectories which had displayed poor attitude error
observability in previous studies, were modified with the
inclusion of several candidate trajectory shaping techniques
for the purpose of enhancing error state observability and
thus improving in-flight alignment accuracy. Five
techniques for second stage trajectory shaping were
investigated to improve the in-flight alignment across the
battlespace, particularly for the case of radar-only aiding. In
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comparison to the baseline trajectories for radar-only and for
radar plus GPS aiding, the trajectory shaping methods
showed only marginal improvements in the in-flight
alignment. For all of the trajectory shaping methods, the
radar aided in-flight alignment failed to satisfy attitude error
requirements across the battlespace. For both the baseline
case and the trajectory shaping cases, the radar plus GPS
aiding provided significant improvements in observability
and satisfied attitude error requirements over the vast
majority of the battlespace. Use of GPS thus provides a
significant performance advantage over radar-only aiding
for in-flight alignment of NTW missiles.
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