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Summary

Future lunar missions supporting the NASA Vision for Space Exploration will rely on a surface
navigation system to determine astronaut position, guide exploration, and return safely to the lunar
habitat. In this report, we investigate one potential architecture for surface navigation, using an extended
Kalman filter to integrate radiometric and inertial measurements. We present a possible infrastructure to
support this technique, and we examine an approach to simulating navigational accuracy based on several
different system configurations. The results show that position error can be reduced to 1 m after 5 min of
processing, given two satellites, one surface communication terminal, and knowledge of the starting
position to within 100 m.

Introduction

The NASA Vision for Space Exploration, announced by President Bush in 2004, calls for the safe
return of astronauts to the Moon by 2020. NASA is investigating new methods of positioning and
navigation that will facilitate exploration of the lunar surface. On Earth, the Global Positioning System
(GPS) allows its users to quickly determine their locations and to plot courses of travel (Ref. 1). However,
the Moon does not have the extensive satellite network required to duplicate terrestrial GPS. Even simple,
compass-based methods are ineffective on the lunar surface because of the lack of a strong, central
magnetic field. Therefore, new techniques for navigation, different from those used in terrestrial practice,
must be developed for lunar surface missions.

The advancement of technology since the Apollo era allows electronics with reduced size, weight,
and power (SWaP) to be integrated into the extravehicular activity (EVA) spacesuit. Previously,
astronauts performing EVA relied on the Lunar Roving Vehicle for navigation because of the large SWaP
requirements of the gyroscopes and computers used to make position determinations (Ref. 2). Now, it is
feasible to install lightweight radio receivers, inertial measurement units (IMUs), and embedded
processors to perform navigation calculations directly in the astronaut’s suit. Besides adding convenience,
suit-based navigation provides an extra measure of safety by allowing astronauts to return to the lunar
lander in the event of Lunar Roving Vehicle failure. This capability is necessary under preliminary
Constellation Program requirements, which define a navigational range of 10 km to walk back to the
lunar habitat (Ref. 3).

The purpose of this study was to evaluate the performance of a lunar surface navigation system that
uses radiometric and inertial techniques (Fig. 1). In the simulation, radiometric measurement capability is
provided by two Lunar Relay Satellites (LRSs) and a surface Lunar Communication Terminal (LCT).
Inertial measurements, used to determine three-dimensional acceleration, are delivered through an on-suit
IMU. An extended Kalman filter (EKF) processes the data collected by both the radiometric and inertial
methods and generates a dynamic position fix that provides navigation capability (Ref. 4). We expect that
this approach, integrating radiometric and inertial measurements, will help overcome problems associated
with each individual system, such as a slow update rate for radiometrics and long-term acceleration bias
drift for IMUs (Ref. 5).
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The EKF-based navigation method that we are applying has been used in similar terrestrial situations.
GPS receivers are subject to periodic outages when satellite signals are obstructed by terrain features,
such as tunnels or tall buildings. An approach taken in Reference 6 utilizes a Kalman filter to integrate an
IMU with a GPS receiver. The IMU is calibrated continuously by radiometrics when available, and then it
is used as a “flywheel” when a GPS outage occurs. Provided the outage is corrected quickly, IMU drift is
minimized and the navigation system operates with relative accuracy. A similar product for vehicle land
navigation is presented in Reference 7, where a 15-state Kalman filter processes GPS, IMU, and odometer
data. A bank of Kalman filters is used in Reference 8 to detect and isolate GPS satellite failures while
preserving prior measurements and position error estimates. The system integrates radiometrics, pressure
altitude readings, and inertial data to allow aircraft to maintain a high level of confidence in airspace
position.

This report presents one approach to a potential architecture for a lunar surface navigation system that
couples radiometrics and inertial measurements. While reviewing the theoretical basis for the code, we
discuss a MATLAB program used to simulate the accuracy of the architecture. Simulation results are
provided for several potential system configurations and situations, and conclusions are drawn based on
the position accuracy. Symbols are defined in the appendix to aid the reader.

Lunar Navigation Architecture

The space communication architecture for lunar surface operations has not yet been defined (Ref. 9).
However, it is likely that one or two satellites will be present to relay voice and data from the lunar
surface to an Earth-orbiting satellite. It is also likely that the initial lunar exploration missions will occur
in the southern polar region because of interest in the South Pole-Aitken basin (Ref. 10). One potential
method of providing high-availability communication to the polar area is to place satellites in highly
elliptical orbits (Ref. 11). The elliptical orbital dynamics cause the satellite to remain at apogee for an
extended period of time, which provides better visibility than a traditional circular orbit (Fig. 2). In this
report, we consider two satellites in a highly elliptical orbital plane over the lunar south pole (Table I).
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TABLE I.—HIGHLY ELLIPTICAL LUNAR
ORBIT PARAMETERS

Constellation .............................. Hybrid elliptical
Satellites ............................................................. 2
Orbital planes 	 ..................................................... 1
Semi-major axis, km ................................. 6541.4
Inclination, deg .............................................. 62.9
Eccentricity ..................................................... 0.6
Radio spectrum .......................................... S-band

Similarly, the surface communication architecture remains undefined at this time. Prior publications
indicate that it is likely that a communication terminal would be among the first surface architecture
elements built on the Moon because of its small cost relative to a satellite (Ref. 9). In addition, it seems
reasonable to assume that exploration missions would need a centralized intrasurface architecture. This
report considers the case of a 10-m-tall LCT constructed near the lunar habitat.

For this simulation, the radiometric elements (i.e., the LRSs and LCT) each contain a transponder that
communicates navigational information using an atomic time and frequency standard. It is necessary that
clocks for all of the elements be synchronized to determine a signal propagation delay for calculating
pseudorange. One method of accomplishing this is to link all the clocks with an Earth-based operations
center through the Tracking and Data Relay Satellite System (TDRSS). This situation could provide a
constant mission clock in addition to a navigation time reference.

Another important consideration for the navigation architecture is the communication and processing
capability of the radiometric elements. Pseudorange and one-way Doppler measurements can be passively
determined from a radio signal. As such, both of these methods are less accurate because of imprecision in
the receiver’s local oscillator. Range and two-way Doppler measurements require active communication
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to provide a more accurate distance from the receiver to the radiofrequency source. However, the cost of
this accuracy is increased power consumption, since the EVA suit transmitter must be used each time
that new position data are requested. In addition, the processing requirements of the LRS and LCT will
increase. In this study, we assume that all radiometric elements are capable of two-way operation, but we
examine the effect of various one- and two-way combinations on navigational accuracy.

The final component of the proposed lunar navigation architecture is an on-suit microelectro-
mechanical systems (MEMS) inertial unit (Fig. 3). Our simulation considers only one source of IMU
data, although that data could be generated from a number of sensors across the EVA suit. The IMU must
be capable of providing three-dimensional acceleration measurements that can be double-integrated to
arrive at a position change. This technique suffers from inaccuracy because of bias drift; over time, the
IMU loses its ability to correctly detect acceleration, such that a randomly varying amount of acceleration
is reported even when the actual velocity remains constant. In our approach, we use an EKF to combine
radiometrics with inertial measurements, which reduces the impact of this type of error.

Simulation Walking Path

Our simulation defines a surface exploration path beginning near the lunar south pole. Figure 4 shows
the starting position of the EVA astronaut and LCT on a two-dimensional projection. The astronaut’s trek
begins at the lunar habitat and continues northward for 2 hr, for a total walk of 10 km. We chose this
distance for consistency with the preliminary Constellation walk-back requirement, and the duration was
chosen to yield a realistic travel speed.

Simulated Support Infrastructure

The LCT is placed 250 m east of the habitat to reduce electromagnetic interference. The two LRSs
are in a highly elliptical orbit, and both are visible for the entire EVA. The distances between the
astronaut and the LRS and LCT are graphed in Figure 5. The sharp dropoff in the LCT range around
4200 sec represents the distance at which the LCT signal is lost.
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EKF Setup and Input Data

The MATLAB simulation uses an EKF to integrate the radiometric and inertial measurements
provided by the navigation architecture. Kalman filters in general tend to apply to situations where there
is inherent process and measurement noise (Ref. 4). In our case, the radiometric pseudorange and range
data are imprecise because of factors such as clock bias and a variable signal-propagation rate. The
inertial data similarly suffer from a dynamic acceleration bias that yields a quadratic position error. The
goal of the Kalman filter is to provide the best possible system output (here, a specific position on the
lunar surface) given a variety of inputs with noncorrelated error. The EKF used in this simulation
accomplishes the same purpose for nonlinear systems by calculating new partial derivatives at each
iteration of the filter.
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State Variable Definition Units

1 xˆ k (1) Latitude rad

2 xˆ k (2) Longitude rad

3 xˆ k (3) Velocity north m/sec

4 xˆ k (4) Velocity east m/sec

5 xˆ k (5) Acceleration north m/sec2

6 xˆ k (6) Acceleration east m/sec2

7 xˆ k (7) Clock bias m

8 xˆ k (8) Frequency bias m/sec

9 xˆ k (9) Acceleration bias north m/sec2

10 xˆ k (10) Acceleration bias east m/sec2

The simulation program tracks 10 filter states for each time step of the EVA (Table II). The first six
states for position, velocity, and acceleration have a straightforward relationship. The position states are
tracked in terms of latitude and longitude, which reduces computational complexity and helps the filter
converge to a position fix by restricting travel to points on a spherical lunar model. The program assumes
an average lunar radius of 1737.4 km. The seventh state, clock bias, tracks the time drift inaccuracy of the
receiver’s clock while processing radiometric navigation signals. In essence, this state is represented by
Equation (1), where tbias represents the delta between the current time as seen by the transmitter and
receiver clocks and c represents the speed of light, used as the signal propagation rate.

The eighth state, frequency bias, is the result of frequency differences between the transmitter and
receiver oscillators that lead to inaccuracy when calculating one-way Doppler shift. Finally, the ninth and
tenth states track error due to the acceleration bias embedded in the inertial measurements.

x̂k (7) ≅ (tbias )k c	 (1)

To determine the accuracy of the simulated system, the program generates a baseline state table for
each of the 10 states. The information in this table represents the true navigation path to which the EKF
should converge over time despite noisy measurements. These states are propagated according to
Equation (2), where Rm is the average constant radius of the Moon, rand is an unbounded random number
according to the MATLAB randn function, and f is the radiometric communication frequency. After the
EKF processing is completed, this table is used to determine the filter navigational accuracy.

4+1 = I
⎢

1	 0
1

Rm
0 0 0 0	 0 0	 0 ⎤

⎥ 	 ⎢
⎡ 	 0	 ⎤

0	 ⎥
1 ⎥

0	 1 0
Rm cos( zk (1))

0 0 0	 0 0	 0 ⎥ 	 ⎢
⎥⎢

0	
⎥

0	 0 1 0 0 0 0	 0 0	 0 ⎥ 	 ⎢ 0	 ⎥
0	 0 0 1 0 0 0	 0 0	 0

⎥ 	 ⎢
⎥⎢

0
⎥

0	 0 0 0 1 0 0	 0 0	 0 ⎥ 4 + ⎢ 0	 ⎥
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⎥ 	 ⎢
⎥⎢

10 rand
⎥

0	 0 0 0 0 0 1	 0 0	 0 ⎥
⎥ 	 ⎢

c
0.01 rand ⎥

⎥
0	 0 0 0 0 0 0	 1 0	 0

⎢
⎥ 	 ⎢ fc	 ⎥

0	 0 0 0 0 0 0	 0 1	 0 ⎥ 	 ⎢
⎥ ⎢

0
⎥

0	 0 0 0 0 0 0	 0 0	 1 ⎥⎦ ⎣ 	 0	 ⎦

(2)
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TABLE III.—NOISE COVARIANCE MULTIPLIERS
Two-way Doppler noise covariance, m2/sec2 .......... 10–8

One-way Doppler noise covariance, m2/sec2 ........... 10–6

Range noise covariance, m2/sec2 ................................. 1
Pseudorange noise covariance, m2/sec2 ................... 100
Clock noise covariance, m2/sec2 .............................. 101
Frequency noise covariance, m2/sec2 .............. 101×10–8

Accelerometer noise covariance, deg2/sec4 ... 105×10–12

The satellite orbital position is well-known because the LRS regularly transmits ephemeris data. A
radiometric receiver uses this information to produce a pseudorange measurement from the satellite to the
current position. The program simulates this process by loading a file containing satellite positions and
velocities for the extent of the EVA. By combining this information with the filter’s current position esti-
mate (i.e., .ˆ k (1) and .ˆ k (2)), one can calculate pseudorange, range, and one-way and two-way Doppler.

Two versions of the measurement data need to be produced to satisfy the EKF equations. In the first
case, the system dynamics are used to predict measurement values. This is simulated by calculating the
radiometric values (range, pseudorange, and one-way and two-way Doppler) without any added error.
However, in a real-world system, the radiometric receiver produces output that includes the true measure-
ment combined with some additional error inherent to the process. This is simulated in the second case,
where a random, normally distributed standard deviation is added to each measurement (Table III).
Figure 6 shows an example of the noise added to a typical pseudorange measurement. On average, the
simulated values include about 15 m of error.

The IMU acceleration measurements undergo similar processing as the radiometric measurements.
The IMU values are easier to simulate because the program models a constant-velocity exploration
profile. Acceleration measurements contained in .ˆ k (5) and .̂k (6) consist of the current EKF acceleration
estimate added to the accelerometer bias in .ˆ k (9) and .ˆ k (10). The calculation based on system
dynamics is given in Equations (3) and (4), whereas the realistic measurement value is simulated by
adding a random normal error to each calculation, where (y_accelN)k and (y_accelE)k are measurements
of acceleration for sample k in the north and east directions, respectively, where k is given in seconds:

(y _accelN)k = .̂k (5) + .̂k (9)	 (3)

(y _ accel E)k = .̂k (6) + .̂k (10)	 (4)

Once the instrument measurements are simulated, the next step is to generate a series of partial
derivatives for each of the measurements in terms of the state variables. Equations (5) to (8) form the
basis for this derivation, representing pseudorange pr, range r, one-way Doppler D1, and two-way
Doppler D2, respectively. In this set of equations, xe, ye, and ze refer to the position of the radiometric
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element, and xr, yr, and zr refer to the position of the receiver. Since the calculations are performed with
Cartesian coordinates, the receiver position must be converted using Equations (9) to (11). The partial
derivatives for acceleration are trivial because the system remains at a constant velocity for the entire
EVA. Therefore, the acceleration states are directly related to the accelerometer biases.

pr = (xe − xr )
2
 + (ye − yr )

2
 + (ze − zr )

2
 + .zk (7)	 (5)

r = (xe − xr )
2
 + (ye − yr )

2
 + (ze − zr )

2
	 (6)

	

D1 = 
((xe − xr )(xe − xr ) + (ye −

(( -^y•^ 
r V e − yr ) + (ze − zr )(ie − zr )) + xk (8)	 (7)

(xe − xr )
2
 + (Ye − yr )

2
 + (ze − zr )2

D2 = ((xe − xr )(xe  

(
− xr ) + 1(.Ye −

y^ 

r V e − yr )+ (ze − zr )(ze − zr ))	 (8)
\xe − xr 1 2 

+ (Ye − yr )
2
 + (ze − zr )2

xr = Rm cos (x̂k (1)) cos (x̂k (2))	 (9)

yr = Rm cos (x̂k (1))sin (x̂k (2))	 (10)

zr = Rm sin (x̂k (1))	 (11)

It is important to note that all prior calculations were done in a purely mathematical sense, without
regard for the physical limitations of the system. Although it is possible to calculate a range to a satellite
on the other side of the Moon, this number has little meaning in the real system because a radiometric
signal cannot propagate through the lunar surface. The decision about which data to preserve is made
based on the visibility of the navigation element and the system configuration.

Navigational Element Visibility

An angle is computed to determine visibility of the LRS. The modified dot product in Equation (12)
is used to calculate the angle to the satellite from the lunar surface, where ele_moon is the angle to the
lunar satellite as taken from the lunar surface at the receiver, Recv is the current EKF position estimate of
the receiver in Cartesian coordinates, SatRecv is a three-dimensional vector pointing from the astronaut’s
receiver to the satellite, and x, y, and z indicate coordinates. We arbitrarily fixed the minimum elevation at
10°; below this point, it becomes difficult to communicate because of interference from the lunar surface.
Also, since the surface is not perfectly flat, this factor allows the simulation to account for diminished
visibility while exploring craters, without explicitly defining crater locations. If the calculation reveals
that an LRS is not visible from the current receiver location, its measurement data and partial derivatives
are discarded and are not passed to the EKF.

⎛ 	 ⎞
^Recv) • ^SatRecv)	 1 80 ⎞

ele _ moon = 90 − cos−1

(	 )J
	 (12)

Rm SatRecv 2 + SatRecv 2 + SatRecvZ 	 π
⎠
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A similar equation is used to determine the point at which radiofrequency visibility is lost for the
LCT. We assume that the transmission power is adequate to span the entire EVA and that LCT visibility
is lost near the horizon. This distance is computed according to Equation (13), where “height” refers to
the altitude of the transmitter above the lunar surface. An LCT height of 10 m was selected in this
simulation; this implies coverage of approximately 5900 m around the beacon. As with the LRS, the LCT
measurements and partial derivatives are discarded once the LCT is no longer visible.

horizon = V(2Rm height) + height 2 	(13)

EKF Processing

Once the visibility of each navigational element has been assessed, the EKF matrices are assembled
using measurement, noise covariance, and partial derivative data for the visible radiometric elements and
IMU. Whereas the radiometric elements may drop in and out of view, data from the IMU are always
available and incorporated in the filter calculations. For the radiometric elements, the system configura-
tion parameters determine whether one-way or two-way communication is permitted, which determines
the correct type of information passed to the EKF. For example, if a particular LRS uses two-way com-
munication, then range, Doppler, clock bias, and frequency bias are known definitively. However, the
one-way elements are restricted to providing only pseudorange and one-way Doppler information to the
EKF, even though the other types of data were calculated earlier. This is done to better reflect the opera-
tional environment; we can determine items such as range mathematically, but this is not possible for a
real system that uses one-way communication.

The propagation of covariances and states between time steps are handled according to the standard
EKF equations (Eqs. (14) to (20)) as discussed in Reference 12. The governing state equation of the
problem is defined as

xk− = fk−1 (xk−1  , uk−1 ,0
	

(14)

where zk is the state table for time step k before filtering is performed, fk– 1 is a discrete function linking
time step k to the previous time step, and uk– 1 is the control variable.

The equation that defines the radiometric and inertial measurements is

	

yk = hk (x̂k ,0)
	

(15)

where yk represents the measurements for the current time step (e.g., range and acceleration) and hk is a
discrete function linking the measurements to state x̂k . It follows that the EKF covariance can be
propagated from state to state according to

∂
Pk = Fk−1Pk−1Fk−1 + Qk−1 Fk−1 = 

fk-1

∂x ˆ+x
k−1

where Pk is the covariance matrix for each state in time step k, Fk– 1 is the partial derivative matrix of f in
terms of the state table x for the previous time step, and Qk– 1 is the covariance values for the normally
distributed process noise associated with the states. The Kalman gain, which determines the influence that
the measurement values have on the change in state values, is calculated as

T(
	 T	 r1	 ∂hk

Kk = Pk Hk HkPk
- 
Hk + Rk / Hk = ∂

x ˆ −

(16)

(17)
xk
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where Kk is the Kalman gain, Hk is the partial derivative matrix of the measurements in terms of the state
table, and Rk is the covariance matrix for the normally distributed measurement noise. It then follows that
the state table is propagated according to

x̂k
+ = x̂k

− + Kk (yk − hk (x̂k
− ,0)
	

(18)

and the covariance matrix is propagated by

Pk = (I − KkHk )Pk (I − KkHk )T + KkRkKk 	 (19)

to complete the EKF iteration, where I is the identity matrix. At the beginning of the next time step for the
same 2-hr EVA period, the filter states are propagated forward according to

xk+1 = 
⎢

10	
1
	 0	 000000 ⎥Rm	 ⎥

0 1	 0	
1
	 0 0 0 0 0 0 ⎥

Rm cos(zk (1))
0 0 1	 0	 0 0 0 0 0 0 ⎥

⎥
0 0 0	 1	 0 0 0 0 0 0 ⎥ 

+
0 0 0	 0	 1 0 0 0 0 0 ⎥ x̂k

⎥
0 0 0	 0	 0 1 0 0 0 0 ⎥

0 0 0	 0	 0 0 1 0 0 0 ⎥
⎥

0 0 0	 0	 0 0 0 1 0 0 ⎥
⎥

0 0 0	 0	 0 0 0 0 1 0 ⎥
0 0 0	 0	 0 0 0 0 0 1 ⎥⎦

(20)

The step in Equation (20) is performed a priori, or without influence from measurements, since the
EKF attempts to develop an internal prediction of the next state based on the governing equations.
After propagating the state table, the program computes new random noise values and loops to the point
where measurement values (e.g., pseudorange, Doppler, and acceleration) are generated.

Once a 2-hr period is complete, several noise runs are performed for the same period. This allows
different random walk characteristics to be observed and helps to provide bounds on the possible naviga-
tion error. After computing several solutions for the same EVA period, the program loads new satellite
position and velocity data for the next period, and all measurements are repeated.

Position Error Results

We determine the performance of the lunar navigational system by comparing the root sum squares of
the EKF and baseline position data for the extent of the EVA. After converting the latitude and longitude
position states to Cartesian coordinates, an error is generated for each time step according to

errk = V (Xbase − XEKF )k + (Ybase − YEKF )k + (Zbase − ZEKF )k	 (21)

where errk is the overall position error in meters, Xbase, Ybase, and Zbase are the baseline position coordinates
for time step k, and XEKF, YEKF, and ZEKF are the coordinates determined by the EKF for the same time
step. This error determination is repeated for each time step in the EVA, and then repeated again for each
random walk of the EVA for the same time period.
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Figures 7 to 14 show the results for several system configurations. The simulations included 30
random walks over the same 2-hr EVA period, with an initial 100-m uncertainty in the starting position.
The source of two-way range and Doppler measurements was varied between figures to demonstrate how
different system configurations affect the navigational accuracy and convergence time. The experimental
configurations are given in Table IV.
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TABLE IV.—EXPERIMENTAL CONFIGURATIONS a

Figure LRS-1a LRS-1b LCT IMU
7 Two-way One-way One-way Present
8 One-way Two-way One-way Present
9 One-way One-way Two-way Present

10 Two-way Two-way One-way Present
11 One-way Two-way Two-way Present
12 Two-way One-way Two-way Present
13 Two-way Two-way Two-way Present
14 One-way One-way One-way Present

aLRS, Lunar Relay Satellite; LCT, Lunar Communication
Terminal; IMU, inertial measurement unit.

Figures 15 to 18 show the effect of changing the initial position state and covariance data for the
EKF. Each graph displays the navigational position error for the corresponding initial position error. For
these figures, the system uses two-way communication with LRS-1a and one-way communication with
LRS-1b and the LCT. The starting position is offset by 10, 50, 200, and 500 m in Figures 15, 16, 17,
and 18, respectively. This represents uncertainty in the initial position, which tends to delay filter
convergence.

NASA/TM—2009-215593	 15



NASA/TM—2009-215593	 16



Figures 19 to 22 show the effect of reducing the number of radiometric elements available. Since
the lunar navigation architecture remains uncertain, these charts demonstrate the type of accuracy
possible given fewer elements than expected. With the assumption that LRS-1b is not present,
Figure 19 shows the navigation accuracy when LRS-1a is used for two-way communication and the
LCT is used for one-way communication. Figure 20 displays one-way communication for LRS-1a
and the LCT. In Figures 21 and 22, no LRS is present and the LCT performs two-way and one-way
communication, respectively.

Figure 23 presents an IMU-only configuration. In this case, no radiometric elements are
considered in the EKF, and only the inertial data are processed.
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Discussion

The system configuration tests in Figures 7 to 14 illustrate the importance of finding a balance
between the number of one-way and two-way radiometric elements. The best and most consistent result
was obtained in Figure 13, where navigational accuracy converged to less than 1 m within 5 min. In this
case, all radiometric elements operated in two-way mode. However, the results obtained in Figures 8
and 10 are similar, with the exception that the navigation path tends to be subject to greater influence
from the random walk effect. The Figure 8 test assumed that LRS-1b was the only radiometric element
performing two-way communication, so this setup would deliver the greatest mix of performance and energy
savings. However, it is notable that the same level of accuracy is not obtainable when LRS-1a is in the same
situation (Fig. 7), so there is likely a correlation between satellite position and accuracy. Taking this into
account, a more consistent result is obtained when both LRSs use two-way communication (Fig. 10).

As one would expect, the initial position tests reveal that performance is somewhat dependent on the
accuracy of the starting position. When comparing Figures 15 and 16, it is not clear that initial accuracy
between 10 and 50 m has a significant performance impact. Even when the error increased 100 m, as in
Figure 7, the filter output was accurate to within 3 m for the entire EVA. As the initial position
uncertainty increased to 200 and 500 m in Figures 17 and 18, accuracy decreased to approximately 20 and
100 m in 5 min, respectively.

The effect of eliminating one or more radiometric elements was a pronounced decrease in the system
accuracy. A comparison of Figures 7 and 19 shows that the system accuracy is reduced from 1 m in
5 min to 10 m in 5 min when LRS-1b is eliminated. Accuracy decreases significantly by a factor of 10
between Figures 19 and 20 when the remaining LRS-1a is changed to one-way communication. When no
LRS was used, the EKF appeared to fail to converge, generating a position error greater than 1 km.
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When all radiometric elements were eliminated and the IMU was the sole source of navigation data,
performance suffered drastically. The filter did not converge, yielding a position error greater than
1 km over the EVA. The simulated navigation profile remained at a constant velocity, so ideally the
IMU had no acceleration to report for the EVA. However, this was not the case because of drift in the
acceleration bias. As the EVA duration increased, errors contributed by the IMU also increased.

Conclusions

This report presented one possible system architecture for lunar surface navigation and analyzed
various configuration options in terms of their navigational error. It appears that the navigation system
will yield its best performance when two-way satellite communication is available between the radio-
metric receiver and the Lunar Relay Satellite. In this case, an accuracy of less than 1-m error within 5 min
is attainable. The system is responsive to uncertainty in the initial starting position of the radiometric
receiver, although significant performance loss was observed only for initial errors greater than 100 m.
The navigational accuracy experienced a 100 times degradation by the loss of one satellite; however, this
impact was mitigated by a factor of 10 if the remaining satellite could perform two-way communication.
The extended Kalman filter (EKF) responded poorly to the situation where a Lunar Communication
Terminal was the only radiometric element and even worse when the IMU was used alone, without
radiometric support.

The combination of radiometrics and inertial measurements using an EKF is viable for applications to
lunar surface navigation. The presented results demonstrate the feasibility of determining a position to
within 1-m accuracy in 5 min.

Future Work

The program has some limitations that may affect its accuracy. Most notably, the use of latitude and
longitude for position data implies a constant lunar radius. The significance of this factor must be ana-
lyzed further to determine the impact of exploring lunar craters or hills. One possible approach is to
convert the program to a Cartesian coordinate system, though this may reduce filter convergence.

The exploration profile discussed in this report only considers a constant velocity walk-back profile.
To better understand the impact of the inertial measurement unit on the navigational system accuracy, a
situation involving a changing velocity needs to be considered. Although the IMU only contributed error
in this simulation, it may prove more valuable in situations where a fine measurement granularity is
needed between radiometric data.
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Appendix—Symbols

c	 speed of light

D 1 	 one-way Doppler

D2 	 two-way Doppler

ele_moon	 elevation of a radiometric element viewed from the lunar surface

errk	overall position error in meters

Fk– 1	 partial derivative matrix of f in terms of the state table x for the previous time step

f	 radiometric communication frequency

fk– 1	 discrete function linking time step k to the previous time step

Hk 	 partial derivative matrix of the measurements in terms of the state table

hk	 discrete function linking the measurements to state xˆk

I identity matrix

Kk Kalman gain

Pk covariance matrix for each state in time step k

pr pseudorange

Qk– 1 covariance values for the normally distributed process noise associated with the states

Rk covariance matrix for the normally distributed measurement noise

Rm average constant radius of the Moon

r range

rand unbounded random number according to the MATLAB randn function

Recv current EKF position estimate of the receiver in Cartesian coordinates

SatRecv vector from the receiver to the satellite

tbias delta between the current time as seen by the transmitter and receiver clocks

uk– 1 control variable

Xbase, Ybase, Zbase baseline position coordinates for time step k

XEKF, YEKF, ZEKF coordinates determined by the EKF for the same time step

xe, ye, ze position coordinates of the radiometric element

x& e , y& e , z& e velocity coordinates of the radiometric element ( x& e = [d(xe)]/dt, etc.)

xr, yr, zr position coordinates of the receiver

x& r , y& r, z& r velocity of the receiver

xˆ k filter state variable
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xˆk 	 state table for time step k before filtering is performed

yk	 measurements for the current time step (e.g., range and acceleration)

(y_accelN)k	measurement of northward acceleration

(y_accelE)k 	measurement of eastward acceleration
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