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Abstract

This paper describes a robot system consisting of plu-
ral small size rovers for an asteroid exploration. The rover
equipped with sensors communicates each other with Zig-
Bee and configures a wireless mesh sensor network on
an asteroid surface. When the rovers communicate each
other, received signal strength indicators (RSSIs) can be
obtained. It is known that the antenna characteristics as
internal factors, distance and terrain undulation among an-
tennas as external factors have some influences on RSSI
values. So, this paper presents a radio wave propagation
model among the rovers and a relative position estimation
method. Our proposed system has the following three ad-
vantages against a conventional exploration system using
one or two rovers: (1) It is possible to explore a wider area
efficiently. (2) The mesh network has redundant commu-
nication paths is more robust over troubles. (3) The es-
timated relative distances among plural rovers is useful
for asteroid analyses. Our proposed estimation method is
evaluated by simulation experiments.

1 Introduction

Planetary, asteroid and lunar explorations are one of
the active research areas in aerospace fields. Hayabusa
(MUSES-C), an unmanned asteroid explorer developed
by the Japan Aerospace Exploration Agency (JAXA), re-
turned samples of the asteroid “Itokawa” to Earth in 2010
[1]. The improved Hayabusa-2 [2] will be launch to the as-
teroid “1999 JU3” in 2014. The National Aeronautics and
Space Administration (NASA) has also proposed that the
OSIRIS-REx [3] will be launched to the asteroid “1999
RQ36” in 2016.

The sample return is the most important task for these
projects. At the same time, Hayabusa-2 has several other
missions too. One of them is to carry the improved
MINERVA-II (the Micro/Nano Experimental Robot Ve-
hicle for Asteroid) [4] to the asteroid. MINERVA-II will
explore autonomously on the asteroid surface under a mi-
crogravity environment.

There are some research topics for a small planetary
exploration rover like MINERVA-II. One is research and
development for a movement mechanism that is suitable

to explore under a microgravity environment. Several
hopping mechanisms have been proposed in these papers
[4][5][6][7]. The other is a self-localization estimation for
a rover. Yan, et al. proposed the self-localization method
using asteroid surface images captured by plural cameras
mounted on the rover [8]. Kanata, et al. proposed the
self-localization method based on round-trip propagation
delays derived when a rover on a asteroid and a mother
spacecraft communicate with radio waves [9].

So, we are studying both a new type of a robot system
consisting of plural small size rovers for an asteroid ex-
ploration and a method for estimating relative distances
among the plural rovers [10]. Our proposed rover can
communicate with the others using radio, and a wireless
mesh network is configured on an asteroid surface. When
a rover communicates another ones, RSSI (Received Sig-
nal Strength Indicator) can be obtained at the same time.
Since the RSSI value changes depending on a distance
between two antennas, the relative distances among the
rovers are estimated based on the RSSI values. Our pro-
posed system has the following three advantages com-
pared with a conventional exploration system using one
or two rovers.

(1) It is possible to explore a wider area efficiently.
(2) Since the mesh network has redundant communica-

tion paths, it has more robustness against troubles.
(3) The relative distance estimation is useful for asteroid

analyses using sensors that the rovers have.

Both our proposed relative distance estimation method
based on using the genetic algorithm (GA) and the mathe-
matical model that expresses the relations among the RSSI
values and the distances worked well. When three rovers
were used, the error rates of the estimated relative dis-
tance were less than 2.3 [%], and when five rovers were
used, the error rates were less than 6.2 [%]. However, we
assumed that a terrain between two rovers (antennas) was
flat, the RSSI value is affected by the terrain actually.

So, we design a new propagation model with taking
into consideration of an undulating terrain between two
rovers (antennas) in this paper. However, since many pa-
rameters are required in order to express a complex un-
dulating terrain, we use a knife-edge diffraction propaga-
tion model to express an undulating terrain between two



rovers for simplicity. Even the propagation model using
one knife-edge can express a convex or concave terrain
depending on the height of the knife-edge. On the other
hand, both the number of unknown parameters to be es-
timated and the search space for GA increase more than
those of the previous paper. Lastly, we evaluate the pro-
posed model and relative distance estimation method with
simulation results.

2 Asteroid exploration system consisting of
plural small size rovers

2.1 Concept
We have proposed the robotic system consisting of

plural small size rovers for an asteroid exploration. Figure
1 shows our proposed exploration system. This system
consists of the plural cubic type rovers whose dimension
is about 30 [mm] on a side in our plan.

Figure 1. Asteroid exploration system
consisting of plural small rovers

(a) : Rover (b)

Figure 2. Dynamic and redundant wire-
less mesh network configured by plu-
ral rovers

The rovers communicate with each other through a
wireless network and establish a mesh-type network on
the asteroid surface as shown in Figure 2. The wireless
mesh network offers multiple redundant communication
paths through the network. If the network link or the rover
as the network node fails for any reason, the network au-
tomatically routes messages through alternate paths. This
means that the exploration mission can have high robust-
ness against several troubles such as failures of a part
of plural rovers or missing them. Moreover, the rovers
can explore a wider area of the asteroid surface efficiently
while changing the network topology as shown in Figure
2 (b). These ideas are useful for an asteroid exploration.

2.2 Rover configuring mesh network using
ZigBee

A rover equipped with a hopping mechanism [4][6]
has a high mobility and it is effective to explore under
a microgravity environment such as an asteroid surface.
However, when this type of rover lands on an asteroid sur-
face after hopping, it is difficult to control the orientation
of the rover. If the antenna for communication is buried in
the ground, or if the level of the antenna from the ground
is too low, the rovers might have some troubles in com-
munication. So we design a rover equipped with twelve
antennas using a diversity scheme as shown in the left of
Figure 3. The rover can always communicate with others
under the good condition by selecting a pair of antennas
shown in the same color on the top side, whenever the
rover is in any orientation.

Antenna a

Antenna b

30 [mm]

 Antenna for ZigBee 

30 [mm]

40 [mm]

55 [mm]

Figure 3. Rover with twelve antennas
and prototype with three antennas

The right of Figure 3 shows prototypes equipped with
three antennas. It is composed of an onboard micro-
computer (AM-205, Air Micro, Inc.), three chip anten-
nas (AH083F245001, Taiyo Yuden Co., Ltd) and a switch
(MASW-008330, M/A-COM Technology Solutions Inc.)
for switching the antenna. This microcomputer is small
and has enough I/O ports. And since its electrical power
consumption is low, it is suitable to control the rover to-
tally. Moreover, it is compliant to 2.4GHz band Zig-
Bee/IEEE802.15.4 MAC protocol stack, and it is easy to
configure a mesh network.

3 Relative distances and terrain
parameters estimation based on RSSIs

3.1 Basic idea and estimated parameters
When the rover as the communication node receives

a packet from another one, RSSI can be obtained at the
same time. Table 1 shows an example of the communica-
tion contents related to RSSIs. rai b j means a RSSI value
from an antenna a mounted on a rover i to an antenna b
mounted on a rover j, and NG means communication fail-
ure. Each rover transmits a beacon periodically to make



Table 1. Communication contents sent from rovers to Earth

Rover ID 1 2 3 4 5 · · ·
Antenna a b a b a b a b a b · · ·

a — — r1a 2a r1a 2b r1a 3a r1a 3b r1a 4a r1a 4b r1a 5a r1a 5b · · ·1
b — — r1b 2a r1b 2b r1b 3a r1b 3b r1b 4a r1b 4b r1b 5a r1b 5b · · ·
a r2a 1a r2a 1b — — r2a 3a r2a 3b r2a 4a r2a 4b r2a 5a r2a 5b · · ·2
b r2b 1a r2b 1b — — r2b 3a r2b 3b r2b 4a r2b 4b r2b 5a r2b 5b · · ·
a r3a 1a r3a 1b r3a 2a r3a 2b — — NG NG r3a 5a r3a 5b · · ·3
b r3b 1a r3b 1b r3b 2a r3b 2b — — NG NG r3b 5a r3b 5b · · ·

...
...

...
...

...
...

...
...

...
...

...
...

. . .

this RSSI table. The RSSI table is transmitted from the
rover to Earth through a mother spacecraft like Hayabusa.

Let the number of the rovers be n. Since two anten-
nas per the rover are used for communication as described
in the previous section, the number of the RSSI values is
4n(n − 1) combinations. Let the data size of RSSI be 1
[byte] and the number of the rovers be n = 10, the data
size of a set of the RSSI values is only 360 [byte]. Of
course, since the rover transmits and receives observation
data collected by onboard several sensors, an actual trans-
mission data size increases.

Since the calculation of the location estimation is
complex, it is not suitable for the low power consump-
tion onboard microcomputer in the rover to calculate it. In
our plan, all the RSSI values obtained from the rovers are
transferred to Earth, complex calculations are executed on
a more powerful computer on Earth.
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Figure 4. Estimated parameters

Figure 4 shows estimated parameters. The coordinate
system Σi is fixed at the center of the rover i (i = 1, ..., n),
and two antenna ia and ib are mounted on it. Σ1 of the
rover 1 is the reference coordinate system for the other
rovers. 1 pi ∈ R3×1 and 1Ri ∈ R3×3 mean the position and
the orientation of the rover i in Σ1 respectively.

Next, there are a knife-edge between two rovers, the
knife-edge divides the line segment defined by two point
1 pi and 1 pj internally in the ratio rk i j : (1 − 1rk i j) (0 <
rk i j < 1). And let the height of the knife-edge be hk i j.
These parameters related to the knife-edge such as rk i j

and hk i j are also estimated. Although the knife-edge ex-

ists in Figure 4, when its height has a negative value, a
concave terrain can be expressed.

The number of the rovers is n. The known parameters
are a set of the obtained RSSI values as shown in Table 1.
Since ria ja has the same value with r ja ia, the number of
this known parameters is 4 nC2 = 2n(n − 1). Since Σ1 of
the rover 1 is the reference coordinate system, the number
of the unknown parameters related to the rover’s position
and orientation is 6(n − 1). The number of the unknown
parameters related to the knife-edge’s height and position
is 2 nC2 = n(n − 1). So then, the total number of the
unknown parameters is (n − 1)(n + 6). Therefore, n ≥ 9
rovers are required to estimate these unknown parameters
based on the known parameters, a set of RSSIs.

3.2 Radio wave propagation model
In this subsection, we describe the calculation of RSSI

based on the geometric relationships between two rovers.
First of all, a received electrical field intensity E f

[V/m] in a free-space is given by

E f =

√
30P f t

d
(1)

where P f t [W] is a transmitted power, d [m] is a distance
between transmitting and receiving antennas and the an-
tennas are loss free.

h1
h2
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Figure 5. Two-ray ground reflection propagation

Next, Figure 5 shows a two-ray ground reflection
propagation. A received power Ptr [dBW] is given by

Ptr = 10 log
(

Etλ
2

480π2

)
(2)



where λ [m] is a wavelength. A received electric field
intensity Et [V/m] and a phase delay Phd are shown by
the following equations respectively.

Et = 2E f

∣∣∣∣∣sin(
Phd

2
)
∣∣∣∣∣ (3)

Phd =
2π(

√
d2 + (h1 + h2) −

√
d2 + (h1 + h2)

λ
(4)
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Figure 6. Knife-edge diffraction propagation

Thirdly, Figure 6 shows a knife-edge diffraction
propagation. The Fresnel-Kirchoff diffraction parameter
v is given

v = hk

√
2
λ

(
1

rkd1
+

1
(1 − rk)d1

)
(5)

where 0 < rk < 1 and hk is a height of a knife-edge as
shown in Figure 6. The knife-edge diffraction gain Gk(v)
as the propagation model is given by the following equa-
tions using Ek(v) and a free-space electrical field intensity
E f .

Gk(v) =
|Ek(v)|2

|E f (v)|2
=

1
2

(C(v) +
1
2

)2

+

(
S (v) +

1
2

)2 (6)

S (v) =
∫ v

0
sin(
πt2

2
)dt, C(v) =

∫ v

0
cos(
πt2

2
)dt (7)

Lkr(v) = −10 log10 Gk(v) (8)

The variations of Gk(v) with v are shown in Figure 7. In
short, this graph says that the propagation loss increases
when v is large (the knife-edge is high) and the propaga-
tion loss is little when the knife-edge height is low.
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Figure 7. Relations between Gk(v) and v

The received power Pur [dBW] is given by the follow-
ing equation under the environment where there are both
a two-ray ground reflection and a knife-edge.

Pur = Ptr − Lkr (9)

Pur depends on the distance between two antenna d1,
the height of the knife-edge hk and the ratio rk in which

the knife-edge divides the distance d1. This propagation
model is not perfect but approximate. However, we be-
lieve that this model is useful as a first step for evaluating
the relative distance estimation method under the condi-
tion where the rovers are on the undulating terrain.

3.3 RSSI values between two rovers
Two antennas fixed on the surface of the rover are

used to communicate another rover as shown in Figure
3, and n rovers are used in this paper. The coordinate sys-
tem Σi is fixed in the center of the rover i, the rover i is
equipped with two antennas aia and aib. When two rovers
communicate each other, four RSSIs, ria ja, ria jb, rib ja

and rib jb, are obtained. Figure 8 shows these geometric
relationships.
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Figure 8. Geometric relations among two
rovers, four antennas and knife-edge

In this subsection, we describe how to calculate these
four RSSIs based on the geometric relationships among
two rovers, four antennas and the knife-edge. As de-
scribed in the previous subsection, the heights of two an-
tennas, the height of the knife-edge, the distance from one
antenna to the knife-edge and the distance from the other
antenna to the knife-edge are used to calculate one RSSI.

The knife-edge plane ple passes through the point e
that divides the line i j internally in the ratio rk : (1 − rk),
and let the line i j be at right angle to the knife-edge plane
ple. The points kia ja and kia jb are intersections of the
lines aiaa ja and aiaa jb and the plane ple respectively.

The plane plb is the reference plane for calculating
the heights of four antennas and the knife-edge, and de-
fined by the following two conditions. First, the height hb

between the point e and the plane plb is a constant value
and determined based on the dimensions of the rover. Sec-
ond,the normal vector of plb is vertical to both the direc-
tional vector of line i j and the vector −−−−−−−−→kia jakia jb.

The points k′ia ja and k′ia jb are the points for defining
the top of the knife-edge, The point k′ia ja is at the distance
hk from the point kia ja in the direction of the vector that
is vertical to both the normal vector of ple and the vector
−−−−−−−−→kia jakia jb. When hk is positive, the knife-edge hides the
pathes among all the antennas. When hk is negative, al-
though the path between two antennas is clear, the knife-



edge have some effects on the Fresnel zone. The point
k′ia jb can be determined using kia jb in the same manner.
As a result, the knife-edge line k′ia jak′ia jb that is parallel
to the line kia jakia jb is determined. Therefore, hk is the
height of the knife-edge related to the both of the commu-
nication between two antennas aia and a ja and the com-
munication between two antennas aia and a jb

Next, the intersections kib ja and kib jb of the lines
aiba ja and aiba jb and the plane ple are calculated respec-
tively. Let the foots of a perpendicular from the points
kib ja and kib jb to the line k′ia jak′ia jb be k′ib ja and k′ib jb
respectively, the height of the knife-edge related to the
communication between two antennas aib and a ja is deter-
mined by the length of the line segment kib jak′ib ja. Like-
wise, the height of the knife-edge related to the communi-
cation between two antennas aib and a jb. is determined by
the length of k′ib jbk′ib jb.

On the other hand, it is simple to determine the dis-
tance from one antenna to the knife-edge and the distance
from the other antenna to the knife-edge. Since the points
kia ja, kia jb, kib ja and kib jb on the knife-edge plane ple
divide the lines aiaa ja, aiaa jb, aiba ja and aiba jb respec-
tively, for example, the distance between two points aia

and kia ja and the distance between a jb and kia jb are used
for calculating the RSSI value between two antennas aia

and a ja.
Finally, the height of each antenna is determined

based on the foot of the perpendicular from each antenna
to the plane pb.

To wrap up, the RSSI value can be calculated by these
parameters and Eq. (9).

Although there are the following arrangement pat-
terns of the antennas and the knife-edge, their explana-
tions are omitted here. For example, all or three antenna
positions are on one line, or the terrain is concave when
hk has a large negative value.

3.4 Actual measured RSSI values
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Figure 9. Actual measurement of RSSI value

The actual RSSI values were measured on the wide
and flat field in order to clarify the relation among the
RSSIs and distances as shown in Figure 9. A pair of AM-
205 ZigBee modules were placed opposite each other,
and the distances and RSSI values were measured while
changing the distance between two ZigBee modules.

The measurement results are shown in Figure 10. It is
known that a relation between a RSSI value and a distance
is nonlinear because of the multipath propagation when
a pair of two antennas have a certain degree of height.
However, when the antenna level is lower than the wave
length (125 [mm] for 2.4 [GHz]), the influence of the mul-
tipath propagation disappears. So, we could get the linear
characteristics of RSSI as shown in Figure 10. On the
other hand, the theoretical received power (RSSI) calcu-
lated based on Eq. (2) is shown in Figure 11. Since this
theoretical RSSI is similar to the actual measured value,
we use the theoretical RSSI based on Eq. (2) in simula-
tion experiments described in the following section.
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Figure 11. Theoretical value of received power
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Figure 12. Antenna Characteristics
Next, we measured antenna characteristics related to

its orientation in the situation where one of the pair of the
AM-205 modules was fixed and the other was rotated. So
we could get the approximate model related to the antenna
orientation as shown in Figure 12. When the RSSI values
are calculated based on Eq. (2), this model also factors in
the calculation.

3.5 Relative distance estimation using genetic
algorithm

As described in the subsection 3.1, the unknown pa-
rameters are the positions and orientations of all the rovers



and the knife-edge parameters between all combinations
of the rovers, the know parameters are the measured RSSI
values. It is necessary to solve the nonlinear simultane-
ous equations that are expressed based on the relations
among these known and unknown parameters in order to
estimate the positions and orientations of all the rovers
and the knife-edge parameters. However, the number of
the simultaneous equations and the unknown parameters
is large, it is impossible to solve analytically. Moreover,
the search space for numerical analysis is large. So, in
this paper, we use the genetic algorithm (GA) to solve this
problem. Let the measured and estimated RSSI values
(i = 1, · · · , n) be ria jb and r̂ia jb respectively. In this pa-
per, the evaluation function f (r) for the GA was designed
as shown in the following equation.

f (r) =

n∑
i=1

n∑
j=i+1

{(ria jb − r̂ia ja)2 + (ria jb − r̂ia jb)2 +

(rib ja − r̂ib ja)2 + (rib jb − r̂ib jb)2} (10)

4 Experimental Results

4.1 Conditions of genetic algorithm

GAlib [11], the C++ library of genetic algorithm
components, was used to implement the GA. The number
of the generation was 10000, the number of the population
was 200, the crossover rate was 0.9, and the mutation rate
was 0.05 in this paper. Each search range for the rover
position (x, y, z) was ±10 [m] respectively, ones for the
rover orientation (roll, pitch, yaw) were ±π/4, ±π/4 and
±π respectively, and ones for the knife-edge height and
ratio were ±0.5 [m] and 0.2 ∼ 0.8 respectively.

Currently, it is not enough to adjust these parameters,
estimated values are always different depending on initial
values. So the estimation is repeated again and again, the
best result that minimizes f (r) is chosen as a final result.
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Figure 13. Positions and orientations of nine rovers

4.2 Estimation results using nine rovers
Nine rovers were placed on the x-y plane as shown

in Figure 13. Table 2 shows the true distances, the esti-
mated distances and the error rate. The distances di j are
estimated at the error rate of 0.7 ∼ 41.7 [%] (the average
error rate 20.2 [%]).

Table 2. Estimated relative distances
True value

[mm]
Estimated
value [mm]

Error
[%]

d12 6000.0 6104.9 1.7
d13 8485.3 6569.7 22.6
d14 6000.0 5107.1 14.9
d15 4242.6 2774.1 34.6
d16 3000.0 3020.4 0.7
d17 6708.2 5662.0 15.6
d18 3000.0 2367.3 21.1
d19 6708.2 5912.0 11.9
d23 6000.0 7229.6 20.5
d24 8485.3 10752.0 26.7
d25 4242.6 5356.8 26.3
d26 3000.0 3369.0 12.3
d27 6708.2 9129.6 36.1
d28 6708.2 8134.0 21.3
d29 3000.0 4013.1 33.8
d34 6000.0 7397.6 23.3
d35 4242.6 3884.2 8.4
d36 6708.2 7070.9 5.4
d37 3000.0 3616.1 20.5
d38 6708.2 6357.9 5.2
d39 3000.0 3345.5 11.5
d45 4242.6 5630.3 32.7
d46 6708.2 8041.5 19.9
d47 3000.0 4237.3 41.2
d48 3000.0 2763.0 7.9
d49 6708.2 8924.5 33.0
d56 3000.0 3639.1 21.3
d57 3000.0 4123.0 37.4
d58 3000.0 3432.8 14.4
d59 3000.0 3522.1 17.4
d67 6000.0 7618.4 27.0
d68 4242.6 5315.3 25.3
d69 4242.6 4921.8 16.0
d78 4242.6 4212.3 0.7
d79 4242.6 6087.7 43.5
d89 6000.0 6912.1 15.2

Average error rate 20.2

4.3 Discussion and future works
When three rovers were used in previous work [12],

the error rates of the estimated relative distance were less
than 2.3 [%] (the average error rate 1.2 [%]). On the other
hand, the estimation result is not good at present. When



a search space for one of the unknown parameters was
confined, accuracy of the estimated results became better.
This means that there is a room for improvement of the
estimation method.

In the next step, we will aim to improve the rela-
tive distance estimation method. At the same time, it is
necessary to make the target value of the estimation clear
through consultation with experts at asteroid analyses. Es-
pecially in recent years, not only a surface exploration of
an asteroid or planet but a underground exploration such
as [13][14][15] are started to attract attention. If the ac-
curacy of the estimated relative distance can be improved,
our technique will be able to be used efficiently for surface
or underground analyses using a surface-wave method.

5 Conclusion

We have proposed a relative distance estimation
method using the genetic algorithm for a robotic asteroid
exploration system consisting of plural small size rovers.
Our proposed method can estimate not only relative dis-
tances among the rovers, but also parameters related to un-
dulations of a terrain. Although the average error rate of
the estimated relative distance is about 20 [%], we are go-
ing to improve the estimation method in the future work.

Our proposed system can be utilized to a sensor net-
work for and analyzing an asteroid, and also explore a
wider range on an asteroid surface efficiently and execute
tasks robustly against troubles.
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