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Signal degradation suffered by the vehicle is a combination brownout and blackout during Mars atmospheric entry. The
communications brownout means that signal fades and blackout means that the signal is lost completely. The communications
brownout and blackout periods are analyzed and predicted with an altitude and velocity profiles. In the brownout period, the
range measurements between the vehicle and the orbiters are modeled as intermittent measurements with the radio signal
arrival probabilities, which are distributed as a Rayleigh distribution of the electron number density around the entry vehicle. A
new integrated navigation strategy during the Mars atmospheric entry phase is proposed to consider the probabilities of the
radio measurements in the communications brownout and blackout periods under the IMU/beacon scenario based on the
information filter with intermittent measurements. Numerical navigation simulations are designed to show the performance of

the proposed navigation strategy under the integrated navigation scenario.

1. Introduction

On 5 August 2012, the Mars Science Laboratory’s (MSL)
Curiosity rover successfully landed on Mars after suffering
the Seven Minutes of Terror, in which the MSL entry,
descent, and landing (EDL) system brings the velocity of
the vehicle from about 5.9km/s to 0.75m/s. Especially,
during Mars entry phase, the vehicle experienced the most
rugged aerodynamic environment, which includes high
temperature and pressure, peak heating (peak temperatures
of up to 2090°C), and peak deceleration (out at 15g), and
the signal between the vehicle and the orbiters can fade or
suffer from total loss to make the ultrahigh frequency
(UHF) relay links from the MSL to the orbiters suffer a
period of about 70s of degradation [1, 2]. The Mercury,
Gemini, and Apollo spacecraft entering the Earth’s atmo-
sphere and the Mars Pathfinder entering Mars’ atmosphere
all endured communications blackouts, and the lasting time
is from 30 seconds to several minutes [3]. During communi-
cations blackout period, it is difficult to perform real-time
communication between the vehicle and the orbiter to

provide the range measurements in time for the navigation
system. So, it is necessary to predict trends or likelihood of
the signal degradation and design appropriate navigation
technology and strategy.

The communications blackout is caused by reflecting or
absorbing the electromagnetic at some frequencies by the
sheath of ionized atmospheric gases around the spacecraft
when the spacecraft enters into a planetary atmosphere with
a hypersonic velocity. Whether or not the communications
blackout occurs depends on the electron number density
(END), the critical electron number density (CEND) at the
link frequency, such as UHF. If the electron number density
exceeds the corresponding critical electron number density,
the communications blackout may happen under some fre-
quencies. In order to analyze and forecast any possible black-
out problem, two aerothermodynamic analysis programs,
which include the Jet Propulsion Laboratory (JPL) Normal
Shock and Chemical Equilibrium Program (also called the
Horton program) [4] and the Langley Aerothermodynamic
Upwind Relaxation Algorithm (LAURA) program [5], have
been used in Mars entry vehicles as they fly through Mars
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atmospheric environment [6]. The JPL Horton program was
developed in the 1960s [4] and then used to predict any pos-
sible communications blackout problem [2, 6]. These tools
output the velocity of the shock layer and the electron num-
ber density at the stagnation point by using the composition,
pressure, temperature, and density of the Mars atmosphere
[6]. Morabito analyses the communications blackout
problem of the Mars Pathfinder at X-band based on the
wake-region electron density estimates produced by the JPL
Horton program and the LAURA program and compares
the predicted results of the two programs [6]. Morabito and
Edquist predicted the communications blackout at UHF for
different MSL entry cases by using the above two tools [3].
After the MSL successfully landed on Mars, Morabito and
Edquist analyzed the UHF communications brownout and
blackout experienced by the MSL during Mars atmospheric
entry, which coincided with the predicted signal degradation
from preflight analyses in literature [3]. Schratz et al. dis-
cussed the performance of the MSL telecommunications for
UHF during the EDL phase and analyzed the signal strength
and the plasma blackout during Mars entry [7].

Future Mars explorations need the capability of pinpoint
landing on the preselected high scientifically valuable regions
to meet the scientists’ requirements. It is difficult to achieve
this target if the only available measurement sensor is the
on-board default inertial measurement unit (IMU) to pro-
vide measurement information for the navigation, guidance,
and control system during Mars atmospheric entry phase
[8, 9]. An innovative integrated navigation scheme during
Mars atmospheric entry was proposed, which is adding the
range measurements between the vehicle and the surface
beacons or orbiters by using the UHF radio communication
[10, 11]. The key technology of the above navigation scheme
is that the UHF radio communication is not blocked by the
plasma sheath around the vehicle. National Aeronautics
and Space Administration (NASA) develops an advanced
Mars Network’s Electra UHF transceiver, which is a proto-
type, embedded, real-time navigation system and can provide
radio communication information between the vehicle and
an orbiter or a surface beacon [10, 12]. Levesque and de
Lafontaine researched four integrated navigation scenarios
and their observability based on radio ranging by using the
unscented Kalman filter during the Mars atmospheric entry
[11]. Li et al. did a lot of works based on a six-dimension
dynamic model by using radio communication under the
IMU/beacon integrated navigation schemes [9, 13, 14]. Yu
et al. primarily analyzed the optimization of the Mars entry
navigation beacon configuration based on the system observ-
ability by using radiometric measurements [15, 16]. Lou et al.
considered the uncertain model parameters and the mea-
surement biases by using consider Kalman filter (also called
Schmidt-Kalman filter) [17-19] and analyzed the sensitivity
of the parameter uncertainties based on the robust desensi-
tized extended Kalman filter [20] under the radio beacon
navigation schemes during Mars atmospheric entry.

Morabito et al. [2] pointed that the UHF radio signals
fade or break off in the communications brownout and
blackout periods for the MSL during Mars atmospheric
entry. This signal degradation makes the two-way range
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measurements for the navigation system cannot reach (or
at a certain probability) the MSL. Li and Peng primarily
analyzed the effect of the communications blackout under
the radio beacons/IMU integrated navigation and pointed
that as the communications blackout occurs, the naviga-
tion errors will gradually increase [9]. Wang and Xia com-
pared the performance of the unscented Kalman filter
under the surface beacons/IMU integrated navigation and
the orbiters/IMU integrated navigation when the communi-
cations blackout happens [21]. The above researches consid-
ered that the vehicle does not receive any radio signal in the
communications brownout period during Mars atmospheric
entry and the probabilities of the arrival of the range mea-
surements are not analyzed [2]. Adding the potential range
measurements, which arrives at a certain probability, into
the navigation system undoubtedly improves the navigation
accuracy in the communications brownout period.

Recently, the intermittent measurements, which are also
called missing measurements and modeled by a Bernoulli
distributed sequence [22-24], were introduced into a series
of filtering algorithms to deal with these intermittent data
phenomena, such as the Kalman filtering [24, 25], unscented
Kalman filter [25, 26], and robust filtering [23, 27]. These fil-
ters are committed to obtain the optimal estimates when the
arrival of the measurement is not in time; in other words, the
measurement is lost at a certain probability. This filtering
problem with intermittent measurements has motivated
researcher’s interest, because these missing measurement
phenomena are more popular in practical applications, such
as the navigation of a moving vehicle [28], and networked
control systems [29]. Subsequently, the intermittent mea-
surement problem with different loss probabilities, which
means that the measurement loss might be partial, has been
investigated, and some solutions are proposed [30, 31].

The aim of this paper is to develop an integrated
navigation scenario with the probabilities of the radio
measurements in the communications brownout and black-
out periods during the Mars atmospheric entry phase by
using the information filter with intermittent measurements
(IFIM). The communications brownout and blackout
periods are analyzed and predicted with an altitude and
velocity profiles during Mars atmospheric entry. The signal
arrival probabilities of the UHF radio signals are modeled
as the Rayleigh distribution of the electron number density
around the entry vehicle. The range measurements between
the vehicle and the orbiters are described as a Bernoulli dis-
tributed sequence with different probabilities in the commu-
nications brownout period. Then, the IFIM algorithm is
derived and designed for the navigation filter. The numerical
navigation simulations are designed to show the performance
of the proposed navigation strategy.

This paper is organized as follows: firstly, the Mars entry
dynamic model and measurement model based on the IMU
and three orbiters are introduced; secondly, the communica-
tions brownout and blackout phenomena are predicted by an
aerodynamical tool during Mars atmospheric entry; thirdly,
the information filter with intermittent measurements is
derived; and lastly, the results of the navigation simulation
are discussed.
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FiGure 1: Diagram of three orbiter navigation scenarios, stagnation point, and wake region.

2. Dynamics of the Navigation System

2.1. Dynamic Equations for Mars Entry. During Mars atmo-
spheric entry, the dynamic model of the vehicle is modeled
as six state equations of a six-dimensional state, which
includes the altitude r (radial distance from the center of
the vehicle mass to the Mars center), radial velocity v, flight
path angle (FPA) v, longitude 6, latitude A, and azimuth
angle v (a clockwise rotation angle starting at due north),
in the Mars-centered Mars-fixed coordinate system. Some
assumptions are that the planet is nonrotating, its atmo-
sphere is stationary and quiet, and winds in the atmosphere
and the centripetal and Coriolis effects are neglected [17, 32].
Then, the six entry dynamic equations of the vehicle are
described by [11, 17, 19, 32]

7r=vsiny,
v=-D-gsiny,
L[ /v
v I ’
Y v[(r g)cosy+ cos¢]
9=VCOS)/SII’II// (1)
rcos A
izvcosycosw,
r

1
= [— sin ¥ cos’y tan A + L sin 4 ,
veosy | r

where ¢ is the bank angle, g = u/r* is the simplified gravita-
tional acceleration, and y is the Mars gravitational constant
(4=42,828.29 x 10°m>/s*). D and L are, respectively, the
aerodynamic drag and lift accelerations given as follows:

1
D= _PVZE,

% CmS )
p=1,208

ZPV m

where Cp, and C; are, respectively, the vehicle drag coefficient
and lift coeflicient, S is the reference surface area of vehicle, m

is the mass of the vehicle. p represents the Mars atmospheric
density with an exponential model is given by [18, 33]

o —71
p=PoeXp{ o } (3)

S

where p, is the nominal reference density on the Mars
surface, r, denotes the nominal reference radial position
(rp =3,437.2km), and h, denotes the constant scale height
(h,=7.5km). For convenience’s sake in this work, the lift-
to-drag ratio is defined by L/D = C;/Cp, and the ballistic
coefficient is defined as B = C,S/m.

2.2. Measurement Models. To improve the navigation accu-
racy based on the IMU information, a potential integrated
navigation scenario with both IMU and UHF radio commu-
nication is proposed to support pinpoint landing accuracy
for future Mars missions. The IMU provides three compo-
nents of acceleration for the navigation system. The UHF
radio provides communication between the entry vehicle
and the orbiting satellites or surface beacons (e.g., a preset
fixed beacon or a previous Mars lander) and measures the
distance between the vehicle and an orbiter or a surface
beacon for the navigation system [12, 18, 19, 34]. At pres-
ent, there are only three available Mars orbiters to provide
radio communications, which are Mars Reconnaissance
Orbiter (MRO), Mars Odyssey (MO), and Mars Express
(MEX), and no surface radio beacons are preset on Mars.
In this work, three orbiting radio satellites are considered
to provide the two-way range measurements by using the
UHF radio communications. The diagram of the three
orbiter navigation scenarios and the position of the UHF
antenna, the stagnation point and the wake-region, which
need to estimate the electron number density, is shown
in Figure 1.

2.2.1. IMU Measurements. The IMU is used to measure the
specific force components along three orthogonal axes and
the angular rates about the axes by using the accelerometers



and gyroscopes. Three components of acceleration a are
given by

a=a+b,+1n, (4)

where a is the true linear acceleration along body axes, b, is
the drift-rate biases of the accelerometer, and #, is assumed
as zero-mean white Gaussian noise. In this work, the acceler-
ometer measurement model is defined by

a=[-D —-Lsin¢ Leos ¢ (5)

2.2.2. Range Measurements. The UHF radio communications
provide the two-way range measurements between the vehi-
cle and the orbiters within sight. The two-way range mea-
surement R in the Mars-centered inertial coordinate system
is reconstructed by

R=\/(r=1,) (x=1,) + & (6)

where r is the position vector of the entry vehicle, which is
calculated by

r; = r[cos Acos 0, cos Asin 6, sin A]”, (7)

r, is the position vector of the orbiter, and & is the range
measurement noise. In this work, three orbiters within sight
are utilized to provide the range measurements for the navi-
gation system, and the corresponding parameters of the three
orbiters are listed in the following section.

3. Communications Blackout Estimations and
Signal Loss Probabilities during Mars Entry

The UHF radio communications between the vehicle and an
orbiter or a surface beacon during Mars entry can become
disrupted, when the electron number density of the ionized
particles around the hypersonic vehicle increases sufficiently
highly. The intervening charged particles can reflect or
absorb the radio signal energy to degrade the quality of the
communications, such as brownout or blackout. The com-
munications brownout/blackout problem can decrease the
sources of the navigation measurement and make the mea-
surement model with range information mismatch [6, 22].
The navigation accuracy during Mars entry will greatly
degrade or even make unexpected results. So, it is necessary
to analyze the degree of the signal degradation and the effect
of the different signal attenuations for the communication.

3.1. Effects of Charged Particles on Communications with
UHF. The communication signal between the entry vehicle
and the preselected radio beacons will be attenuated, because
the surrounding plasma on the vehicle during Mars atmo-
spheric entry will absorb and reflect the signal if the plasma
density is sufficiently great. Spencer points that the main
matters to reflect waves in a plasma gas are electrons, and
the principle factors to determine the signal propagation
condition are the transmission frequency and the plasma
frequency of the charged particle sheath [35, 36].
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FIGURE 2: Attenuation per unit length versus electron number
density for UHF.

During Mars atmospheric entry, the heating of atmo-
spheric gases or an ablating heat shield generates great
charged particles, and when the density of the charged parti-
cles surpasses the plasma density at the frequency, the plasma
sheath will black out the communication signal [6]. The
plasma frequency f, is defined as

L [qn,
= — E— 8
Fy 21\ ggm, (8)

where g is the electron charge (g=1.6x 10" coulombs),
n, is the electron number density per cubic meter (particles/
m’), m, is the electron mass (m, = 9.1 x 103! kg), and ¢, is
the permittivity (e, = 8.85 x 107'2 F/m?). So, when the UHF
communication frequency, f ;=401 MHz, is greater than
the plasma frequency f,, the signal attenuation usually is

negligible; otherwise, the signal attenuation should be con-
sidered. The signal attenuation is described by the amount
attenuation per unit length, which is defined by [6]:

dB _546 |fy—fimr

2
ZP A fUHF

) 9)

where dB is the total attenuation, z, is the thickness of the

plasma sheath, and A is the wavelength of the signal.
Figure 2 shows the attenuation amount per unit length for
UHEF versus the electron number density. It can be seen that
the signal strength decreases rapidly when the real electron
number density reaches and exceeds the critical electron
number density of UHF.

3.2. Communications Blackout Estimations. In this paper, the
JPL Horton program numerically simulates the chemical
equilibrium process. We assume that the Martian atmo-
sphere model with a surface pressure of about 6.1 mb and
an argon-free simplification proportion, in which the pro-
portion of CO, is 96.5% and N, is 3.5% in the JPL Horton
program, and other assumptions are used as in the literatures
[4, 6, 21]. To predict the communications blackout during
Mars entry, the atmospheric relative velocity and altitude
are shown in Figure 3, and the atmospheric density is shown
in Figure 4, because the combination of the atmospheric
relative velocity and atmospheric density during Mars entry
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FIGURE 3: Atmospheric relative velocity and altitude of the entry vehicle.
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FIGURE 4: Atmospheric density during Mars entry.

is the main factor to affect the received signal degradation  density (brownout CEND) for the 401 MHz UHEFE. The
due to charged particles. Figure 3 shows the wake-region  blackout CEND for UHF is calculated by [6]

electron number density, the stagnation point electron num- )

ber density, the blackout critical electron number density " L Sonr (10)
(blackout CEND), and the brownout critical electron number blackoutierit ™ gy 64 % 106~
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The value of the blackout CEND for UHF is #y, g out.crit =
1.9941 x 10? particles/m>. The brownout CEND for UHF is
estimated as M gumoutcric = 3-08 X 10° particles/cm?®, which
comes from Figure 5 in the literature [2], and is just less than
an order of magnitude compared with the blackout CEND.

From Figure 6, it can be seen that the peak predicted
stagnation point electron number density at 64 s past entry
is about 3.69 x 10'? particles/cm?, and the peak predicted
wake-region electron number density at this time is about
3.70 x 10" particles/cm®. The likely worst case vehicle
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degradation period at UHF spans from 6 s to 98 s for the stag-
nation and from 30s to 87 s for the wake region. The signal
fades between 6s~15s and 91s~98s for the stagnation and
between 30s~41s and 81s~87s for the wake region, and
the signal is lost completely between 15s~91 s for the stagna-
tion and between 41 s ~ 81 s for the wake region, similarly to
the signal link data the period around plasma degradation
in literature [2].

3.3. Signal Arrival Probabilities. When the real electron num-
ber density reaches and exceeds the critical electron number
density of UHF, the signal strength will decrease rapidly, and
then the communication quality between the entry vehicle
and the preselected radio beacons will seriously fade or even
black out. Morabito et al. pointed that the UHF relay links
from MSL to the MRO and to the MEX suffered degradation,
which is a combination of brownout and blackout [2], and
the communication outage is approximately 70s during
Mars atmospheric entry. The received carrier-to-noise ratio
(CNR) is recorded and processed by using the signal data
from a bandwidth of +30 Hz, which its undisturbed level is
about 42 dB, and its outage threshold level is 10dB, during
Mars atmospheric entry. For the MSL-to-MRO signal link
in the degradation period, the calculated CNR shows that
the brownout period is between roughly 30s and 40s, where
the CNR decreases from about 42dB to below 10dB and
825~100s, where the CNR increases from below 10dB to
42 dB, and the blackout period is between 40 s and 80 s, where
the CNR drops below 10dB as expected for a small period
about 70s [2].

For the brownout period, the electron number density
is above this brownout CEND and below the blackout
CEND for UHF, and at the same time, the CNR is also
above its outage threshold level and below its undisturbed
level, but possibly, communications blackout is deemed
uncertain. So, the uncertain received navigation signals
between the vehicle and the radio beacons with UHF will
make the navigation data cannot arrive to its destination
in time to be used for navigation data process. Here, the
uncertain navigation measurement information is described
as an intermittent measurement, in which the arrival of mea-
surement is a Bernoulli process with parameter 0 < $< 1 [2].
Next, we will define the probability of the arrival of navi-
gation measurement information by using the electron
number density.

The communication signal energy can be absorbed,
reflected, refracted, and diffracted by the sheath of the
charged particles around the hypersonic vehicle during
Mars atmospheric entry. The magnitude of the signal will
fade in otroposheric and ionospheric signal propagation,
and it is approximately modeled as Rayleigh fading, which
distributes to the Rayleigh distribution, and its probability
density function and cumulative distribution function are
given by [37].

flx)= ize’xzmz, x>0,

T
F(x)=1-¢ "

(11)

where 7 is the scale parameter of the distribution. Here,
we assume that the signal strength in the brownout
period during Mars atmospheric entry obeys the Rayleigh
distribution, in which random variable is the electron
number density. So, the probability of the arrival of naviga-
tion measurement information is calculated by the above
Rayleigh distribution.

4. Information Filter with Intermittent
Measurement Design

In this section, the intermittent measurement problem with
multiple arrival probabilities is introduced into the tradi-
tional information filter (IF) [38, 39]. When the arrival prob-
abilities of the measurements coming from navigation
sensors are different, the information filter has a great advan-
tage to deal with these intermittent measurement problems
compared with the Kalman filter.

4.1. Problem Formulation. Consider the linear discrete-
time process and measurement models with intermittent
measurements:

X = Q1 Xy + Wi (12)
7, = O H;x; +v,, (13)
where x; € R" is a state vector and @, ;_; is the state transi-
tion matrix. z, =[(z})", (22)", ..., (ZQ’)T]T €R" is a mea-

surement vector, and H, is the state measurement matrix.
For every sensor, the measurement equation is

i = Ay HpXp + Vi (14)

0, is defined as © =diag[A,;, Ay, ..., Ay s in which
random variable A;; € R is a Bernoulli distributed sequence
taking on values of 0 and 1 with

PrOb{Ai,k = 1} = Bi,k’ (15)
Prob{A;; =0} =1-B,, (16)

where f3; is a known time-varying positive scalar satisfying
0< B <Ll If t#s, Ay is independent of Ay, and A;; is
assumed to be independent of x,, wy, and v;;. w, € R" is
independent zero-mean Gaussian noise processes with
covariance Q. The measurement noise v, € R™ is defined as

N(O.R,y),
p (Vi»k|/\i,k) = N(O, 021)’

where 071 is the variance of the measurement at time k. If A
is 0 for 071, and A, is 1 for R; ;. When the real measurement
does not arrive, the given variance of the measurement is
taken as the limiting case of o; — co [22].

Here, the aforementioned measurement (13) repre-
sents intermittent measurements, missing measurements,
or uncertain observations, in which the arrival of a measure-
ment is the above Bernoulli distribution [23, 40, 41].

Ai,k = 1,

17
A0, (17)



4.2. Traditional Information Filter. The information filter is
the information form of the Kalman filter. The information
matrix, P71, is defined as the inverse of the covariance matrix
P in the Kalman filter. In the information filter, some propa-
gation equations must be rederived by using the Sherman-
Morrison-Woodbury matrix inversion lemma [39]

(A+BCD)' =A"' - AT'B(DAT'B+C ) 'DATI. (18)

Here, the probability §;, of the random variable A;; in
(15) for all i and k is assumed as f3;; = 1, and this implies that
the measurement arrives to its destination in time to be used
for filtering. So, the measurement equation of the informa-
tion filter is given by

Zk:Hka +Vk' (19)

Based on the process and measurement models in (12)
and (19), the information is concluded as follows [22, 39].
The time update equations are

X1 = Prje1 X1

- _1 -1 (20)
Pk/lk—l =A A (Ak—l + lel) Ay
and the measurement update equations are
N
P! =Py + ) HRHy, (21)
i=1
- T -1
K =P H R (22)
N
X =Xy + Z Kix(ze = HigpXpr ) (23)

i=1
—®! ploT
where A | =@, P, D, .

4.3. Information Filter with Intermittent Measurement
Algorithm. As the Kalman filter with intermittent measure-
ments in [22], the variance of the measurement can be
reconstructed as

R = AR+ (1= Ay o7 L (24)
Substituting R;; in (21) and (22) by R}; gives
N
PEI = Pl;/lkq + ZIHZk{Ai,kRi,k +(1- Ai,k)afl}_lHi,k’ (25)
=
K, = PRH AR+ (1= 40071} (26)
When A;; =0, 0; is taken as the limit of 0; — co. Then

(25) and (26) become

N
-1 T p-1 _
Pl + Z AigHy R H g A =1,

Pil = i=1
-1
Pk/k—l’ Ai,k =0, (27)
K' < { PH R, A;=1,
ik =
Oa Ai,k = 0
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TaBLE 1: Information filter with intermittent measurements.

State propagation K-t = L1 Xp

Covariance propagation Py | =A, ; — A (A + Q];_ll)_lAk_1

N
-1 _ p-1 T p-1
P =Py, + Z A H R H
i=1

Covariance update
. _ T -1
Gain K = P H R,

N
X = Xpgp—1 T Z AirKix (zi = HigXiggr)
i=1

State update

Comparing with (21), (22), and (23) in the traditional
information filter, some formulas of the information filter
with intermittent measurements (IFIM) are reconstructed
as follows:

N
-1 —1 T p-1
P =Py + ZAi,kHi,k i Higo (28)
i=1

N
X =Xy + Z XKk (2 = Hy X)) (29)
i=1

Note that the gain K in (28) and (29) has the same gain
compared with the classical information filter. The IFIM
algorithm is summarized in Table 1.

5. Navigation Results

Numerical simulations are carried out to analyze the per-
formance of the proposed IFIM navigation algorithm dur-
ing Mars atmospheric entry, when the arrivals of partial
measurements between the orbiters and the vehicle by
using UHF signal in the brownout period is described by a
Bernoulli distributed sequence with a continuous probability.
The state variables of the vehicle during Mars atmospheric

entry are defined as x=[r 6 A v y w]T, and the
measurement information includes the acceleration a and
three ranges R, R, and R;.

In this work, the Mars entry initial conditions and
parameters are listed in Table 2. Some state variable errors
are considered, which include an altitude error of 1km, a
velocity error of 20 m/s, a longitude and latitude angle error
of 0.02deg, and azimuth and FPA errors of 1deg. Further-
more, the reference atmospheric density, the ballistic coeffi-
cient, and the L/D ratio are set as an arbitrary 10% model
parameter error. The bank angle ¢ is assumed to be zero.
The IMU accelerometer bias b, used in the simulation is
set as b, =1[0.003,0.003,0.003] m/s>. We assumed that
three orbiting beacons are available for the UHF signal
communication during Mars atmospheric entry. The initial
positions and velocities of three orbiters in the Mars-
centered Mars-fixed coordinate system are given in Table 3
[13, 19]. The numerical simulation is terminated after
approximately 250s.
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TaBLE 2: Initial conditions and parameters during Mars entry.

Initial parameters Values Standard deviation
Altitude r 3522.20 km 1km
Velocity v 5900 m/s 20m/s

FPA y —-16 deg 0.5 deg
Longitude 6 0.00 deg 0.02 deg
Latitude A 0.00 deg 0.02 deg
Azimuth y 5.156 deg 0.5 deg
Reference density p, 2.0 x 10" *kg/m’ 2x 10 kg/m’
L/D ratio 0.156 0.016
Ballistic coefficient B 0.016m*/kg 0.0016m*/kg

TABLE 3: Positions and velocities of orbiters.

Beacon Initial positions (km) Initial velocities (m/s)
Orbiting /01 44 13276.13,126720)  (=317.7, =50, 1697.2)
beacon 1
Orbiting 2107 70, 3659.20, 215.11)  (~605.1, 97, 3232.8)
beacon 2
Orbiting

(3927.85, —230.90, 374.91)  (93.6, 3120.8, —584.1)
beacon 3

In this simulation, the communications blackout prob-
lem between the entry vehicle and the orbiters is considered
as two parts, which are the brownout period and blackout
period. Since the antennas used for UHF communication
are preinstalled on the back shell of the entry vehicle as
in Figure 1, the communication quality is affected by the
electron number density in the wake-region. In Section
3.3, the probabilities of the arrival of navigation measure-
ments are introduced by using the Rayleigh distribution
with the electron number density for the wake region in
the brownout period. The scale parameter 7 of the Ray-
leigh distribution is set as 7=2.5 in the simulation to
characterize the received signal probabilities of the entry
vehicle, and the probabilities of the received signal in
brownout period during Mars atmospheric entry are shown
in Figure 5. In addition, the probabilities of the received
signal in blackout period are set as 107®, which is a very
small probability to receive signals in the blackout period
as in literature [2].

Considering the communications brownout and black-
out problem during Mars atmospheric entry, the numerical
simulations are run for three navigation schemes. One is
the default navigation scenario based on IMU measurement
alone, because the IMU is the only available conventional
sensor and other sensors are impaired by the vehicle heat
shield during Mars atmospheric entry. Another one is the
information filter integrated navigation scenario based on
the IMU and range measurements without considering the
loss of the range measurements when the communications
suffered signal degradation during Mars atmospheric entry.

For this navigation scenario, the loss of the range measure-
ment with a big order of magnitudes makes the measurement
model seriously unmatch to generate large navigation errors
or even diverge. For this reason, the navigation errors may be
diverge in the numerical simulation for this second naviga-
tion scenario, when first communication signal cannot be
received by the UHF antenna mounted on the vehicle back
shell. So, the navigation results of the second scenario
are not shown in this paper. The last one is the IFIM inte-
grated navigation scenario based on the IMU and range
measurements with arrival probabilities. When the range
measurements between the vehicle and the orbiters cannot
arrive to navigation compute center in time, the range
measurement noise is set as infinity, which implies that
the range measurement is not adopted and only information
provided by the IMU is used.

Figure 7 shows the state estimate errors and its 30 bounds
of the information filter for the default IMU navigation
scenario. Figure 8 shows the state estimate errors and the
30 bounds of the IFIM for the IMU/orbiter integrated navi-
gation scenario. It is shown that the state errors of the
altitude, velocity, FPA and latitude of the information filter
are not captured by their 30 covariance bounds. Figure 8
shows that the 30 covariance bounds of all the states can
almost capture the corresponding errors. When the com-
munication signals between the vehicle and the orbiters
begin to degrade, and the range measurements from the
UHF communications cannot arrive in time, the state esti-
mation error covariance continues to increase, because
only used IMU information is used. The covariance of
the IFIM navigation algorithm reconverges again and stays
small for the reminder of the numerical simulation some
time after reacquisition of the range measurements when
the communications blackout disappears.

The state estimate root mean square error (RMSE) with
logarithmic scales in 1000 time simulations is introduced to
compare the performance of both the traditional information
filter for default IMU navigation scenario and the IFIM for
IMU/orbiter integrated navigation scenario. The RMSEs of
both navigations are plotted in Figure 9. The all state RMSEs
of the IFIM for IMU/orbiter integrated navigation scenario
are obviously smaller than those of the traditional informa-
tion filter for the default IMU navigation scenario; the state
RMSEs of altitude and velocity using the traditional informa-
tion filter are too large to meet the requirements of the future
Mars pinpoint landing. For IMU/orbiter integrated naviga-
tion scenario with the intermittent range measurements in
Mars communications brownout and blackout periods, the
IFIM algorithm deals with the measurement partial loss
problem very well, and the final navigation accuracy can
meet future Mars missions.

6. Conclusions

An integrated navigation scenario with the probabilities of
the radio range measurements in the communications
brownout period during the Mars atmospheric entry by
using the proposed IFIM is designed. The UHF signal
attenuation per unit length versus electron number density
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is analyzed. The vehicle will suffer about 17s brownout  deal with the potential missing range measurements and
period and about 40s blackout period with an altitude  the IMU information, the information filter with multiple
and velocity profiles. In the brownout period, the intermit-  intermittent measurements is derived. In fact, the measure-
tent range measurements are modeled by a Bernoulli dis-  ments are partial intermittent in simulation, because the
tributed sequence with different arrival probabilities, ~ IMU measurements always arrive in time and only the
which distributed to Rayleigh distribution of the electron  range measurements are lost at a certain probability. The
number density around the entry vehicle for the UHF. To  numerical simulations under the integrated navigation
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scheme based on IMU and three orbiters are carried out.
The results show that the IFIM navigation filtering has a
good performance to deal with partial intermittent range
measurements in the communications brownout period.
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