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Abstract

Future deep space exploration is expected to be dominated by cooperative missions involving multiple
spacecraft, which may include formation flights and rendezvous docking missions. Among these,
missions using a large number of ultra-compact probes can enable exploration of target bodies that
have been difficult to explore in the past. Autonomous relative navigation and guidance technology is
a key technology for realizing missions using multiple ultra-compact probes. Navigation sensors such
as cameras and LiDAR are effective when the relative distance between spacecraft is short. Several
autonomous navigation and guidance methods using these sensors have been actively studied and
demonstrated in orbit. However, there have been few studies conducted on navigation sensors that
can be used at medium distances, ranging from tens to hundreds of kilometers.

Therefore, this thesis proposes an autonomous navigation guidance method that uses only angle
information estimated by direction of arrival (DOA) estimation method using array antennas. An
observer spacecraft receives radio signals emitted by a target spacecraft using an array antenna. The
DOA estimation method is applied to the received signals to determine the direction of the target.
Navigation and guidance is then performed based on the angle information.

The purpose of this thesis is to establish the autonomous relative navigation and guidance method
using the DOA estimation method for middle-range targets. This thesis also demonstrates a solution
to a mission with a large number of ultra-compact probes.

This thesis first compares, organizes, and evaluates the array antennas and the DOA estimation
algorithms proposed so far using numerical simulations.

Additionally, DOA estimation experiments are conducted using an array antenna and a signal
processing system to demonstrate the feasibility of a spacecraft onboard navigation sensor.

Then, the requirements for applying the DOA estimation system to navigation and guidance
are summarized. This thesis proposes three methods to meet the requirements, and verifies their
effectiveness. The methods are: 1) a high-resolution array and low-cost estimation algorithm, 2) an
optimum array design method, and 3) a combined system with a communication system. They are
applicable not only for spacecraft navigation and guidance but also for general purposes.

Next, navigation and guidance are discussed. The DOA estimation only provides information
about the direction of the radio source (the target spacecraft). Therefore, the features of navigation
and guidance using only angle information are presented. Based on the features, an autonomous
navigation and guidance algorithm that can be processed on-board is proposed and verified through
numerical simulations.

The DOA estimation method and the angles-only navigation and guidance are combined to estab-
lish the navigation and guidance using DOA estimation method. First, through covariance analysis,
the relations between array antennas, DOA estimation accuracy, and navigation and guidance accu-
racy are analytically clarified. It is demonstrated that DOA estimation is sufficient for navigation and
guidance. Then, A series of steps in the design of the DOA estimation system and the operation of
navigation and guidance are then presented.

Finally, a mission study is conducted. The numerical simulations demonstrate that the proposed
navigation and guidance method using DOA estimation is feasible for a sample return mission with
ultra-compact probes.
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Chapter 1

Introduction

1.1 Background

1.1.1 Missions Using Multiple Ultra-compact Probes
Cooperative missions using multiple spacecraft will be important for future deep space exploration.
According to the Japan’s International Space Exploration Scenarios, such as sample return missions
and resupply to deep space habitat modules are listed as important items [1]. For instance, JAXA is
currently planning the next generation small body sample return mission (NGSR) [3]. In addition,
missions that require control of relative position and velocity among spacecraft, such as the satellite
interferometer mission using formation flight [4][5], are also attracting attention.

These are the global trends, not only in Japan but also in the United States, Europe, and other
regions[6][7][8][9]. For example, NASA is planning the Mars sample return mission consisting of
multiple vehicles[7].

The advantages of cooperative missions with multiple spacecraft are described below.

• Robust missions can be realized by dividing the spacecraft functions.

• The risk of losing whole spacecraft system can be reduced by assigning high-risk tasks, such as
sample collection, to another small spacecraft.

• Re-supply enables longer mission duration.

• High-resolution and high-precision observations can be made by eliminating physical constraints
on sensors (e.g. interferometers).

Here, JAXA’s NGSR is discussed as a specific mission. This mission is positioned as the successor
to Hayabusa2 [10], which successfully returned samples from the asteroid Ryugu, and Martian Moons
eXploration (MMX) [11], which aims to the sample return from the Martian moon Phobos. A multi-
spacecraft configuration is being considered for this mission. The configuration includes a parent
spacecraft that will make round-trips between Earth and the target asteroid, a child spacecraft that
will touch down on the asteroid and collect samples, and ultra-compact probes mounted on the parent
spacecraft.

Figure 1.1 shows the overview of the sample collection by the ultra-compact probes. The probes
separate from the parent, land on the target body, collect samples, and then depart. The parent then
performs rendezvous with some of the probes and retrieves the samples.

Although NGSR will carry only one probe, a new type of exploration can be created if a large
number of such probes are used. The mission concept involves deploying a significant number of low-
functioning probes to perform various tasks and retrieving them as necessary. The idea is that not
all of the probes need to function, but only some of them should. This makes it possible to tolerate
failures and to explore high-risk celestial bodies and sites that have been difficult to explore in the
past. Although various studies have been conducted [12], all of them are still in the conceptual stage
and have not yet been demonstrated. NGSR aims to demonstrate the technologies for such a mission.

1
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Fig. 1.1: Image of the sample collection by the ultra-compact probes.

To achieve missions with multiple ultra-compact probes, it is important to have low-resource
relative navigation and guidance technology, as well as the ability to simultaneously track multiple
targets.

1.1.2 Relative Navigation and Guidance for Mid-range Targets
Sensors and methodologies used in relative navigation and guidance can be classified according to the
relative distance between spacecraft. Table 1.1 presents the typical navigation sensors, and Fig. 1.2
illustrates the classification of relative navigation sensors according to relative distance.

For long-range targets with a relative distance of several hundred kilometers or more, absolute
navigation using range and range rate (RARR) and delta-differential one-way range (DDOR) with
ground stations are employed instead of relative navigation. Orbit determination (navigation) and
orbit planning (guidance) are typically conducted offline at ground stations. While the accuracy of
RARR and DDOR is high, it is not suitable for short-range navigation and guidance due to the need
for communication with ground stations and offline processing.

Various navigation sensors have been developed for short-range targets with a relative distance
of less than a few kilometers (Table 1.1). Cameras can measure direction, distance, and attitude
depending on the distance. Cameras are relatively inexpensive, small, and simple. However, their
performance is limited by optical conditions, such as inappropriate surface optical properties of the
target or inapplicability when the target is in the shade, etc. Light detection and ranging (LiDAR) is a
one-dimensional distance measurement device, which is used by various missions, including Hayabusa2
[13]. Additionally, Japan and other countries are developing 3D-LiDAR, a sensor capable of estimating
the 3D position of a target [14][15]. Millimeter wave radar (MWR), such as frequency modulated
continuous wave (FMCW) radar used in automobiles, is also effective as a distance measurement
sensor, although its use is limited to the vicinity of several hundred meters or less. Navigation and
guidance is performed online by combining information obtained from the various sensors mentioned
above. In the vicinity of Earth, external reference information such as Global Navigation Satellite
System (GNSS) and the two-line element (TLE) may also be used for the robust navigation. There
were lots of experiments in orbit such as Engineering Test Satellite-VII (ETS-VII) [?][?], Prototype
Research Instruments and Space Mission Technology Advancement (PRISMA) [?][?][?], End-of-Life
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Services by Astroscale - demonstration (ELSA-d) [?] and so on.
For middle-range targets (relative distance: several hundred meters to several hundred kilometers),

the effective navigation sensors are Proximity Communication System (PROX) [16] and cameras.
PROX is installed in the Japanese Experiment Module (JEM) on the International Space Station
(ISS) and transmits GNSS data for navigation to the H-II Transfer Vehicle (HTV). However, PROX
requires transponders for both the target spacecraft and observer spacecraft, which adds complexity
to the system. It is only available in the vicinity of Earth. Thus, the available navigation sensors
are limited to cameras. In NASA’s Mars sample return mission, the Earth return vehicle would
perform several maneuvers to navigate into the vicinity of the orbiting sample (OS) using the onboard
camera [7]. However, as mentioned above, cameras are severely limited by the optical conditions,
and the amount of light captured by the cameras decreases inversely with the square of the distance.
Additionally, a camera can only provide angular information at medium distances, requiring special
navigation and guidance techniques (see Chapter 5 for details). For near-Earth missions (regions
closer than Moon), the combination of the external reference information such as GNSS and TLE is
effective [?][?][?][17][18][?]. However, in deep space beyond Moon, such external reference information
is basically not available. Therefore, it is necessary to develop a navigation sensor and a navigation
and guidance method that can be used for the middle-range target regardless of the optical conditions.

Tab. 1.1: Representative navigation sensors [1].

Navigation sensor Applicable range Range Angle Attitude Accuracy

1D-LiDAR < 10s of km + - - ±10m

PROX < 100s of km + - - < 10m

Camera < 100s of km - + - < 0.1deg. (angle)

Camera < 100s of m + + - 10% (range)

Camera < 10s of m + + + A few deg. (attitude)

3D-LiDAR < A few km + + + A few cm & <0.1 deg.

MWR < 100 m + - - 0.1-0.4m @ 20-160m

1.1.3 Estimation of Direction of Arrivals of Radio Waves

One of the effective methods for the middle-range navigation is to estimate the direction of arrival of
radio waves emitted by the targets. The advantages of using the radio waves are as follows:

• Angle information can be obtained for the middle-range targets where cameras are not available.

• Available in the proximity regardless of the optical conditions ( as a backup of cameras)

• Since the angle information is obtained, it is compatible with the navigation and guidance
method that uses only angle information, which has been studied in the past.

There are various possible methods for estimating the direction of arrival of radio waves. For example,
the following method can be considered: a gimbal is used to mechanically move the antenna to perform
a spatial search, and the direction of maximum received power is considered to be the direction of
arrival. Figure 1.3 shows the middle gain antenna (MGA) onboard Hayabusa2. The antenna is
equipped with a gimbal that has two axes of azimuth and elevation, allowing it to be mechanically
pointed in the specified direction. Although this two-axis gimbal is not be used to estimate the
direction of arrival of radio waves in Hayabusa2, it can be used to estimate the direction of a radio
source. However, this method has the following disadvantages.
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Fig. 1.2: Sensors (methodologies) v.s. relative distance [1].

• A gimbal driving mechanism is required.

• Spatial search is time-consuming.

• Low resolution because the resolution depends on the beam width of the antenna.

Because of the above disadvantages, it is not realistic to use this method.

Fig. 1.3: MGA of Hayabusa2. (C)JAXA

Therefore, this thesis proposes a method that utilizes array antennas. An array antenna consists
of multiple antenna elements arranged on an antenna board as shown in Fig. 1.4. The array antenna
receives radio waves and measures the phase difference between the elements. This phase difference
information is used to estimate the direction of arrival of a radio wave. This method is simply called
”Direction-Of-Arrival (DOA) estimation method”. The following are some of the advantages of DOA
estimation method.

• No driving mechanism is required.
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• No spatial search is required, or it can be done electrically, so the estimation time is short.

• High-resolution and high-precision estimation that exceeds the beam width limit is possible.

• Simultaneous angle measurement is possible.

There have been many studies on DOA estimation methods. However, most of them are simulation-
based studies for the ground applications such as radar and mobile communications. Therefore, there
are various issues to be solved in order to apply DOA estimation method as an angle measurement
method for autonomous relative navigation and guidance in deep space.

Substrate

Antenna element
(Patch antenna)

Fig. 1.4: Array antenna.

1.1.4 Relative Navigation and Guidance via DOA Estimation Method

This thesis proposes a method for relative navigation and guidance using DOA estimation method. A
spacecraft that emits radio waves and that is the target of navigation and guidance is called a ”Target”.
On the other hand, a spacecraft that receives radio waves from a Target and provides navigation and
guidance is referred to as an ”Observer”. An overview of the proposed method is shown in Figure 1.5.
The following outlines the procedures.

• Target emits radio waves using omni-directional antennas.

• Observer receives the radio wave using its own array antenna and estimates the DOAs of the
signals.

• Observer estimates Target’s relative orbit (relative position and velocity) using only the DOA
information (navigation).

• Observer performs maneuvers as necessary (guidance).

The proposed method enables relative navigation and guidance in the medium distances (several
kilometers to several hundred kilometers), regardless of optical conditions. The navigation and guid-
ance in this method (Chapter 5) is also applicable to camera-based navigation and guidance, so the
transition to camera navigation is smooth.
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Target
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Fig. 1.5: Overview of the proposed method.

1.2 Purpose and Contributions

Purpose

The purpose of this thesis is to establish an autonomous relative navigation and guidance method
using the DOA estimation method for middle-range targets with a relative distance of several hundred
meters to several hundred kilometers. This thesis demonstrates a solution to a mission with a large
number of ultra-compact probes.

Contributions

The contributions of this thesis are presented. One is that a solution for a mission with a large number
of ultra-compact probes is presented. A concrete solution to the mission, which was previously only
at the conceptual level, is shown from the perspective of relative navigation and guidance.

In addition, the DOA estimation method, which has been mainly used on the ground, is extended
to the use as a navigation sensor in deep space. A low-resource array antenna and DOA estimation
algorithm are implemented for use in space, as described in Chapter 4. The method is also applicable
to the ground-based applications and has a variety of possible uses.

The navigation and guidance method using only angular information, which has been intended
for cameras, is also extended to array antennas (extension of the academic domain). This allow the
same navigation and guidance law to be applied while switching between different navigation sensors
(cameras and array antennas) from the near to mid-range regions. Chapter 5 presents a navigation
and guidance method with low computational cost and proposes a solution for on-board navigation
and guidance.

1.3 Thesis Overview
Figure 1.6 summarizes the thesis overview. The proposed method for relative navigation and guidance
consists of two parts: direction estimation of the radio source (target) using the DOA estimation
method and relative navigation and guidance using only angle information.

In Chapter 2, the directional estimation of radio sources using the DOA estimation method is
described. The basic principles of the DOA estimation method, estimation algorithms, and array
antennas are summarized, and numerical simulations are used to compare them. The characteristics
of the DOA estimation methods are evaluated.
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In Chapter 3, the DOA estimation experiments conducted by an array antenna and signal process-
ing system are discussed, and clarify the requirements for the installing the DOA estimation system
on a spacecraft.

Chapter 4 summarizes the requirements for installing a DOA estimation system on a spacecraft
based on the discussions in Chapters 2 and 3. Three methods are proposed and verified to meet those
requirements.

Chapter 5 describes relative navigation and guidance using only angle information. When only
angle information is available as an observable quantity, an appropriate maneuver can improve observ-
ability. In this chapter, the maneuvers that maximize observability are examined based on previous
studies. Based on the results, a new relative navigation and guidance method that maximizes observ-
ability while minimizing the amount of fuel consumption with low computational cost is proposed and
evaluated.

In Chapter 6, the relative navigation and guidance using DOA estimation method is established
based on the results of the studies in Chapters 2 to 5.

In Chapter 7, a mission study is conducted to validate the methodology established in Chapter 6.
In conclusion, Chapter 8 discusses the summary and the contributions of this thesis.
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Fig. 1.6: Thesis overview.



Chapter 2

Principles of DOA Estimation

2.1 Problem Formulation

ቐ

𝜉𝑛 = cos 𝜃𝑛 sin𝜙𝑛
𝜂𝑛 = sin 𝜃𝑛 sin𝜙𝑛

𝜁𝑛 = cos𝜙𝑛

𝜃𝑛

𝜙𝑛

Signal source # 𝒏

Array 

Antenna

Antenna #1

Antenna # 𝒎𝑥

𝑦

𝑧

𝒅𝑚 = 𝑥𝑚, 𝑦𝑚, 𝑧𝑚
𝑇

Fig. 2.1: Geometrical relations between the antenna elements and the signal sources.

Suppose that an array antenna withM elements receives signals fromN independent signal sources.
Figure 2.1 shows the geometric relations between the array antenna and the signal sources. The
reference point of the coordinate is fixed at the 1-st antenna element. When the n-th signal source
is located at a distance of r1n and its azimuth and zenith are θn and ϕn, the position vector of the
source r1n can be expressed as follows:

r1n =

r1n cos θn sinϕn
r1n sin θn sinϕn
r1n cosϕn

 (2.1)

If the m-th antenna element is located at the position dm ≡ [xm, ym, zm]T , the position of the n-th
source relative to the m-th element rmn can be expressed as:

8
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rmn = r1n − dm =

r1n cos θn sinϕn − xm
r1n sin θn sinϕn − ym
r1n cosϕn − zm

 (2.2)

Therefore, the difference of the propagation path between the reference point (1-th element) and
the m-th element is calculated:

∆rmn = rmn − r1n (2.3)

When the distance between the antenna and signal source is much larger than the array size, ∆rmn

can be approximated:

∆rmn ≈ xm cos θn sinϕn + ym cos θn sinϕn + zm cosϕn
= dT

mL(θn, ϕn)
(2.4)

where L(θ, ϕ) is the line-of-sight (LOS) vector, defined as:

L(θ, ϕ) =

cos θ sinϕ
sin θ sinϕ

cosϕ

 (2.5)

Here, a transformation is performed as follows:{
ξ = cos θ sinϕ
η = sin θ sinϕ

(2.6)

Equation 2.5 can be expressed using Eq.2.6:

L(θ, ϕ) =

 ξ
η√

1− (ξ2 + η2)

 ≡ L̂(ξ, η) (2.7)

Thus, the phase difference of the received signal between the 1-st element and m-th element is
calculated:

∆ψmn =
2π

λ
∆rmn =

2π

λ
dT
mL(θn, ϕn) = 2πd̂T

mL̂(ξn, ηn) (2.8)

where λ is the wavelength of the signal and d̂m = [um, vm, wm]T is the position vector normalized by
λ. Therefore, Eq. 2.8 is expressed as follows:

∆ψmn =
2π

λ
dT
mL(θn, ϕn) = 2πd̂T

mL̂(ξn, ηn) = 2π
(
umξ0n + vmη0n + wm

√
1− (ξ2 + η2)

)
(2.9)

Now the received signal at the array antenna is considered. Suppose the signal at n-th source is
expressed as:

sn0(t) = bn0 exp [j (2πft+ ψn)] (2.10)

where f is the frequency of the signal, bn0 is the signal amplitude, and ψn is the signal phase. The
signal is propagated and received at the antenna element. The normalized received signal at m-th
element as follows:

xmn(t) = exp
[
j

(
2πft+ ψn +

2π

λ
rmn

)]
(2.11)
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xmn can be rearranged using Eqs. (2.2), (2.4), and (2.8) :

xmn(t) = exp
[
j
(
2πft+Ψn + 2πd̂T

mL̂(ξn, ηn)
)]

(2.12)

= fn(t)amn (2.13)

where

Ψn =
2π

λ
r1n + ψn (2.14)

fn(t) = exp [j (2πft+Ψn)] (2.15)

amn = exp
[
j
(
2πd̂T

mL̂(ξn, ηn)
)]

(2.16)

Therefore, all of the received signals at the m-th antenna element xm(t) can be expressed as:

xm(t) =
N∑

n=1

xmn(t) + nm(t) (2.17)

where nm(t) is the internal noise. The received signal at all of the elements is expressed as follows:

X(t) =


∑N

n=1 x1n(t) + n1(t)
...∑N

n=1 xMn(t) + nM (t)

 = AF (t) +Σ(t) (2.18)

where

X(t) =
[
x1(t), · · · , xM (t)

]T (2.19)

A =
[
a1, · · · , aN

]
(2.20)

an =
[
a1n, · · · , amn

]T (2.21)

F (t) =
[
f1(t), · · · , fN (t)

]T (2.22)

Σ(t) =
[
n1(t), · · · , nM (t)

]T (2.23)

where A is called the direction matrix and F (t) is the signal source vector. The cross-correlation
matrix is then calculated as follows:

Rxx = E[X(t)XH(t)] = ASAH + PnoiseI (2.24)

where E[·] is the expectation (ensemble average), (·)H is the complex conjugate transpose of the
matrix, Pnoise is the power of the internal noise, I is the identity matrix and S is the cross-correlation
matrix of the signals and is expressed as:

S =


E[|f1(t)|2] E[f1(t)f

∗
2 (t)] · · · E[f1(t)f

∗
N (t)]

E[f2(t)f
∗
1 (t)] E[|f2(t)|2] · · · E[f2(t)f

∗
N (t)]

...
... . . . ...

E[fN (t)f∗1 (t)] E[fN (t)f∗2 (t)] · · · E[|fN (t)|2]

 (2.25)
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If the signals are uncorrelated with each other, S is the diagonal matrix:

S = diag
[
P1, · · · , PN

]
(2.26)

where Pn is the n-th signal power. Because the signal can be considered ergodic, Rxx can be approx-
imated by taking multiple snapshots of the received signal and averaging them over time.

Rxx ≈ 1

L

L∑
i=1

X(t)XH(t) (2.27)

where L is the number of snapshots (samples). The direction of the radio source is estimated using
the cross-correlation matrix in the DOA estimation method. The algorithms are introduced in the
next section.

2.2 DOA Estimation Algorithm
DOA estimation method uses the cross-correlation matrix Rxx obtained by the array antennas to
estimate the direction of the signal source. Various algorithms have been proposed and some of the
representative ones are shown in Table. 2.1.

Fast Fourie transformation (FFT) obtains the intensity distribution of radio sources by performing
a two-dimensional Fourier transform on the cross-correlation (visibility).

Beamformer scans the main beam of an array antenna in all directions to find the direction where
the output power of the array is larger [19].

Both FFT and Beamformer have low resolution due to the beam width of the array antennas.
Therefore, a high resolution method using eigenvalue decomposition of cross-correlation has been
proposed. The eigenvalue decomposition of cross-correlation matrix separates the Hermite space in
M dimension into a signal subspace and a noise subspace. Depending on which subspace is focused
on, two main methods are proposed: MUSIC and ESPRIT.

MUSIC (MUltiple SIgnal Classification) [20] performs DOA estimation by focusing on the noise
subspace. The MUSIC spectrum is calculated and its peaks are regarded as the DOAs. Since spectral
search is required, the computational cost is high. It can be applied to any array configurations.

ESPRIT (Estimation of Signal parameters via Rotational Invariance Techniques) [21][22][23] per-
forms DOA estimation by focusing on the signal subspace. The DOAs are calculated without the
spectral search. Since spectral search is not required, the computational cost is low. On the other
hand, the array configuration is limited to uniform or ”hole-free” arrays (explained in 2.3).

Each of the algorithms is explained more in detail in Appendix. D.

Tab. 2.1: Summary of the DOA estimation algorithms.

Algorithm Array antenna Principles Estimation accuracy

FFT Arbitrary Fourier transformation Low

Beamformer Arbitrary Spatial search Low

MUSIC Arbitrary Eigendecomposition, Spatial search High

ESPRIT Hole-free Eigendecomposition High

2.3 Array Antenna for DOA Estimation
An array antenna consists of multiple antenna elements arranged on a flat substrate, as shown in Fig.
1.4. Any type of antenna element can be used, but patch antennas are generally used for compactness.
For more information on how to design antenna patches and the substrate, see [2].
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The accuracy and resolution of DOA estimation methods depend on the arrangement of array
antenna elements as well as on the estimation algorithm. The most basic arrays are uniformly arranged
arrays such as a uniform linear array (ULA) and a uniform rectangle array (URA). The element spacing
is often set to half the wavelength of the center frequency of the received signal (i.e. λ/2). Fig. 2.2
shows an example of URAs.

Fig. 2.2: Example of URA (36 elements).

There are three main considerations when designing array antennas: maximum baseline length,
element spacing and mutual coupling effects.

In general, angular resolution and maximum baseline length (maximum distance among the ele-
ments) have the following relationship:

θres ∼
λ

Dmax
(2.28)

where θres is the angular resolution and Dmax is the maximum baseline length. To achieve high
resolution, a long maximum baseline length is required.

If the element spacing is larger than λ/2, ambiguity appears in addition to the true DOA. Such
ambiguity does not appear when the element spacing is less than λ/2. This principle is explained
more in detail in Appendix A.

On the other hand, as the element spacing decreases, the influence of the mutual coupling effect
increases. The mutual coupling effect is an effect in which the output current of the antennas differ
from the theoretical values when the antennas are close to each other, due to the mutual exchange of
energy by rescatter [24][25][26][27][28][29][30][31][32][2]. It depends on the antenna characteristics and
the antenna spacing, and the closer the antenna spacing, the greater the effect. Various methods have
been proposed to remove mutual coupling effects. One of the methods is described in Appendix B,
which is briefly described as a method based on the actual and theoretical cross-correlations of array
antennas obtained by the least squares method. Another method is to obtain the mutual coupling
matrix by measuring the impedance of the antennas.

URAs and ULAs are the most basic ambiguity-free array antennas, but the elements are densely
spaced at half-wavelength intervals and are very sensitive to the mutual coupling effects. In addition,
it is difficult to increase the maximum baseline length, making it impossible to achieve high resolution
with small number of elements.

Therefore, an array antenna with a sparse element arrangement, called a sparse array, has been
developed. The sparse element array reduces the mutual coupling effects and increases the maximum
baseline length. Various sparse arrays have been considered, the most effective of which is the ”hole-
free” array in which the ”differential coarrays” are equivalent to URAs. The differential coarray is
the virtual array defined by the relative position of the elements. That is, hole-free array means
that when the relative position vectors among the elements are plotted, they are uniformly aligned
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(a) Array configuration. (b) Differential coarray.

Fig. 2.3: Example of hourglass array (22 elements).

at half-wavelength intervals, as in URA. This prevents the creation of ambiguity. Several kinds of
hole-free arrays have been proposed, including open box array (OBA), half open box array (HOBA),
HOBA-2, and hourglass arrays[33][34]. Figure 2.3a shows the example of the hourglass array and Fig.
2.3b shows the differential coarray.

2.4 Numerical Simulation

In 2.1, 2.2, and 2.3, the algorithms of the DOA estimation and the array antennas have been described.
In this section, some of the arrays and algorithms are compared by numerical simulations to understand
their characteristics.

The contents in this chapter is omitted in this version for future publications.

2.5 Summary

The DOA estimation algorithm and the array antenna are described and compared by numerical
simulation. Based on the result, the characteristics of the DOA estimation algorithm and array
antennas can be summarized as follows.

Array antenna

An array antenna is an antenna that consists of multiple antenna elements on a substrate. The design
of array antennas requires the avoidance of ambiguity and mutual coupling effects, as well as an increase
in the maximum baseline length. The most basic array configuration is the URA with λ/2 element
spacing. Although it avoids ambiguity, it is susceptible to mutual coupling effects and it is difficult
to increase the maximum baseline length, making it difficult to achieve high estimation accuracy
and resolution. Hole-free sparse arrays such as HOBA-2 and hourglass array can improve estimation
accuracy and resolution by avoiding ambiguity, reducing mutual coupling effects, and increasing the
maximum baseline length.
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Estimation algorithm
Estimation algorithms are applied to the cross-correlation matrix obtained from the array antennas
to perform DOA estimation. Interferometry performs estimation by performing a two-dimensional
Fourier transform on the cross-correlation, and Beamformer performs estimation by spatially search-
ing the array beam. Both of these methods have low estimation accuracy and resolution since the
resolution is limited by the beamwidth of the array. On the other hand, MUSIC and ESPRIT are meth-
ods that perform eigenvalue decomposition of the cross-correlation matrix. By performing eigenvalue
decomposition, the Hermite space can be decomposed into a signal subspace and a noise subspace.
MUSIC focuses on the noise subspace, calculates the MUSIC spectrum, and performs spatial search for
estimation. While it is computationally expensive, it can be applied to arbitrary array configurations.
ESPRIT focuses on the signal subspace and performs estimation without spatial search. While the
computational cost is low, the arrays are restricted to URA or hole-free arrays.

Table 2.2 shows an example of link budget. If the transmit power is 1 [W], the SNR at 1,000 [km]
is -10 [dB]. In other words, the desired signal power is equal to or lower than the internal noise power.
However, it can be seen that MUSIC and ESPRIT can measure angles with high accuracy.

Tab. 2.2: Example of link budget analysis.

Unit

Center frequency GHz 8.5 8.5 8.5 8.5

Bandwidth kHz 10.0 10.0 10.0 10.0

Equivalent Isotropic Radiation Power(EIRP) dBW -1.0 -1.0 -1.0 -1.0

Free Space Path Loss (FSPL) dB -111.0 -131.0 -151.0 -171.0

Distance km 1 10 100 1,000

Receive power dBW -112.0 -132.0 -152.0 -172.0

Antenna gain (receive) dBi 2.0 2.0 2.0 2.0

Noise Figure (NF) dB 4.0 4.0 4.0 4.0

Noise Spectral Density (NSD) dBHz -203.8 -203.8 -203.8 -203.8

SNR dB 49.8 29.8 9.8 -10.2



Chapter 3

DOA Estimation Experiment

In this chapter, the DOA estimation experiment conducted by fabricating array antennas and signal
processing systems is described. Experiments on DOA estimation using array antennas have been
conducted in the past. On the other hand, experiments using hardware designed to be installed on a
spacecraft have not been conducted until now. In this thesis, as a joint experiment with the JAXA
Exploration Hub, an array antenna and signal processing systems are constructed. This experiment
is conducted to demonstrate that DOA estimation can be performed, and to understand the charac-
teristics of hardware and software for performing DOA estimation in deep space.

Through this experiment, a very compact system that can estimate DOA with an accuracy of
0.005 (in ξ and η) is established.

The contents in this chapter is omitted in this version for future publications.
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Chapter 4

DOA Estimation for Navigation

In Chapter 2, the principle of the DOA estimation method and the basics of array antennas are
explained and compared with each other based on the numerical simulations. In Chapter 3, the
DOA estimation experiment is performed with the DOA estimation system including the compact
16-element HOBA-2 array, and the estimation accuracy are estimated.

In this chapter, the requirements for applying the DOA estimation method to the navigation in
deep space missions, and new methods to meet the requirements are proposed.

The contents in this chapter is omitted in this version for future publications.
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Chapter 5

Angles-only Navigation and Guidance

This chapter and the subsequent chapters discuss how to perform relative navigation and guidance
using the DOA estimation method. Its features include the following:

• Only the angle information of the target obtained by DOA estimation is available.

• Autonomous navigation and guidance is required.

This chapter first summarizes the general characteristics of relative navigation and guidance when
only the angle information is observed. Next, based on the characteristics, a new autonomous relative
navigation and guidance method are proposed and evaluated.

The contents in this chapter is omitted in this version for future publications.

17



Chapter 6

Relative Navigation and Guidance via
DOA Estimation Method

In Chapters 2 through 4, only the DOA estimation is discussed, and in Chapter 5, only the relative
navigation and guidance using angle information is discussed. In this chapter, the previous discussions
are integrated and organized, and a navigation and guidance method using DOA estimation method
is established.

The contents in this chapter is omitted in this version for future publications.

18



Chapter 7

Mission Analysis

In this chapter, the proposed navigation and guidance using the DOA estimation method in Chapter
6 is examined using a specific mission as the subject.

As an example of the mission, a sample return mission by the multiple ultra-compact probes is
defined. Since the rendezvous and docking phase is of particular interest in this thesis, only the part
related to this phase is designed in this chapter.

The contents in this chapter is omitted in this version for future publications.
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Chapter 8

Conclusion

This thesis presents a new method for relative navigation and guidance using DOA estimation method,
which is effective in the mid- to far-field, and has presented a solution for missions with a large number
of ultra-compact probes. In the proposed method, an observer spacecraft receives radio waves emitted
by the targets using an array antenna and estimates the direction of arrival of the waves using the
DOA estimation method. The obtained DOA information is used to estimate the relative orbits of
the targets. The following is a summary of the main results obtained from this thesis.

Chapter 2 presents the fundamental principles of the DOA estimation method, introduces the esti-
mation algorithms and array antennas that have been proposed, and performs numerical simulations
to compare their characteristics.

In Chapter 3, an array antenna and signal processing system are constructed, and the DOA
estimation experiment was conducted. By taking into account the distance between the transmitter
and receiver and the mutual coupling effect, it was found that the DOA could be estimated with an
accuracy of about 0.005 (ξ and η).

Chapter 4 presents the requirements for applying DOA estimation to navigation and guidance,
based on the studies in Chapters 2 and 3. Three methods to satisfy these requirements are proposed:
the distributed arrays and HEMEA, the optimal array design method, and the system combined with
a communication system. The method to realize a low-resource and highly accurate DOA estimation
system was established.

In Chapter 5, the characteristics of navigation when only angle information is available and the
effect of maneuvers on the observability improvement were first presented. Then, the method for
autonomous navigation and guidance using only angle information was proposed and verified.

In Chapter 6, the relation between DOA estimation accuracy and navigation and guidance accuracy
is estimated. A method for relative navigation and guidance using DOA estimation method was
developed and verified.

Chapter 7 presents the results of a mission study that assumed a sample return mission using a
large number of ultra-compact probes. The study verified the effectiveness of the relative navigation
and guidance using the DOA estimation method.

As previously mentioned, the navigation and guidance using DOA estimation proposed in this
thesis can be used in the situations where cameras cannot be used as navigation sensors, and will
greatly contribute to multiple spacecraft missions in deep space. The proposed navigation and guidance
method in Chapter 5 is also applicable to the camera-based navigation, and contributes significantly
to onboard image-based navigation and guidance technology, which has been the focus of attention
for some time. The low-resource and high-accuracy DOA estimation system has also been proposed
based on the DOA estimation method, which has been mainly used in the ground application. This
system is expected to be effective not only in deep space but also in situations where low resources are
required. The author believes that the construction of navigation and guidance using DOA estimation
will enable a new type of mission using a large number of ultra-compact probes.
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Appendix A

Ambiguity

𝜉

Signal source

Antenna #1 Antenna #2

𝑥

𝑧

𝜉

𝑢

ΔΦ

Fig. A.1: Geometric relation of the two-element linear array.

When there is a signal source in the direction
[
ξ, η,

√
1− (ξ2 + η2)

]
, the phase difference between

two antenna elements with element spacing vector d = [u, v, w] can be expressed as:

∆Φ = 2π
(
uξ + vη + w

(√
1− (ξ2 + η2)

))
(A.1)

If the array is linear and the element spacing vector d is expressed as d = [u, 0, 0] (Fig. A.1), the
phase difference is expressed as:

∆Φ = 2πuξ (−1 ≤ ξ ≤ 1) (A.2)

To eliminate ambiguity, it is necessary and sufficient that no ξ′ exists that satisfies

2πuξ = 2πuξ′ + 2πn⇔ ξ = ξ′ +
n

u
(−1 ≤ ξ ≤ 1) (A.3)

where n is a non-zero integer. From Eq. A.3, the following relation can be obtained.

−2u ≤ n ≤ 2u (A.4)
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If 0 < u < 1/2, the relation −1 < n < 1 is obtained and n does not exist. Therefore, there is no
such ξ′, i.e., there is no ambiguities.

If u = 1/2, the relation −1 ≤ n ≤ 1 is obtained and n = ±1 satisfies the relation. When n = ±1,
the relation ξ′ = ξ ∓ 2 is obtained from Eq. A.3. Therefore, the ambiguity occurs when the signal
comes from the direction ξ = ±1. There is no ambiguity except for the directions mentioned above.

When u > 1/2, n exists which satisfies Eq. A.4 since 2u > 1. Therefore, the ambiguities exist and
the ambiguity interval is 1/u from Eq. A.3.

The same is true for linear arrays with element spacing d = [0, v, 0]. When w = 0, u and v (ξ and
η) are independent in Eq. A.1. Therefore, the same is true even for two-dimensional arrays.



Appendix B

Mutual Coupling

The mutual coupling effect is an effect in which the output current of the antennas differs from the
theoretical values when the antennas are close to each other, due to the mutual exchange of energy
by rescattering [24][25][26][27][28][29][30][31][32][2]. It depends on the antenna characteristics and the
antenna spacing, and the closer the antenna spacing, the greater the effect.

Figure B.1a shows the coupling paths between antennas m and n in the transmitting mode, in
which the antenna element n is excited by a source, while antenna element m is not transmitting
(passive). The energy generated at the source travels the complex paths as shown in the figure.
Figure B.1b shows the coupling paths between antennas m and n in the receiving mode, in which the
incident wave comes from free space. The energy of the incident wave travels the complex paths as
well. This thesis focuses only on the receiving mode.

Consider that an arbitrary N -element antenna array receives one incident wave from an arbitrary
direction. The coupled terminal voltage Vn at the element n can be expressed as

Vn = ZLIn = Un +Wn (B.1)

where ZL is the load impedance, In is the current, Un is the theoretical terminal voltage, and Wn is
the voltage due to the mutual coupling efffect. Wn can be written as

Wn = Zn,1
t I1 + · · ·+ Zn,n−1

t In−1 + Zn,n+1
t In+1 + · · ·Zn,N

t IN (B.2)

where Zn,i
t is the receiving mutual impedance between antenna n and i, and Ii is the current induced

at the terminal of the element i. Therefore, the relation between Vn and Un can be expressed as

1 −Z1,2
t
ZL

· · · −Z1,N−1
t
ZL

−Z1,N
t
ZL

−Z2,1
t
ZL

1 · · · −Z2,N−1
t
ZL

−Z2,N
t
ZL...

... . . . ...
...

−ZN−1,1
t
ZL

−ZN−1,2
t
ZL

· · · 1 −ZN−1,N
t
ZL

−ZN,1
t
ZL

−ZN,2
t
ZL

· · · −ZN,N−1
t
ZL

1




V1
V2
...

VN−1

VN

 =


U1

U2
...

UN−1

UN

 (B.3)

It can be expressed simply as the following:

Cv = u (B.4)

where C is the N ×N transformation matrix indicating the mutual coupling effect.
The more simple model for the mutual coupling effect is to represent C as follows [26][34]

cm,n =

{
cdm,n if dm,n ≤ B

0 otherwise
(B.5)

where cm,n is the (m,n) element of the matrix C, dm,n is the spacing between the element m and
n, and c and B are the parameters. The simulations in 2.4 use this model to represent the mutual
coupling effect.
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Fig. B.1: Coupling paths between antennas m and n [2].

By estimating C, the theoretical voltage can be obtained from the coupled voltage. One of the
method of estimating C is to measure the coupled voltages induced by the incident waves from the
distinct directions and to apply the least squares method. If the coupled voltages induced by the
incident waves from L distinct directions are measured, C can be estimated by the applying least
squares method to the following relation

CV = U (B.6)

V =
[
v1 · · ·vL

]
(B.7)

U =
[
u1 · · ·uL

]
(B.8)

where vi and ui is the coupled and theoretical voltage vectors when the incident wave comes from i-th
direction. This thesis uses this method to estimate the transformation matrix in the DOA estimation
experiment (??).



Appendix C

Cramér-Rao Low Boundary

Cramér-Rao low bound (CRLB) [35][36] is defined as the lower bound for the variance of an unbiased
estimator of the unknown population of a given probability distribution. The correlation matrix is
expressed as follows (same as Eq. 2.24):

R = ASAH + PnoiseI (C.1)

The CRLB for DOA estimation [37][38] is given by

CRLBω =
Pnoise

2L
{Re[(AH

ω Π⊥
AAω)⊙ (SAHR−1AS)T ]}−1 (ω = ξ, η) (C.2)

Aω =
[
∂a1
∂ω1

∂a2
∂ω2

· · · ∂aN
∂ωN

]
(C.3)

Π⊥
A = I −A(AHA)−1AH (C.4)

, where L is the number of snapshots and ⊙ is the Hadamard product. CRLB is determined solely
by SNR, the number of snapshots, array arrangement and DOAs. Therefore, the lower bound of the
estimation error variance can be obtained analytically, independent of the estimation algorithm. The
CRLB allows the performance of the array placement to be evaluated.

The relation between CRLB and variance of MUSIC σMUSIC,ωi [39] is expressed as follows:

σ2MUSIC,ωi

CRLBωi

= 1 +
[(AHA)−1]ii
SNRi

(C.5)

, where [ ]ii is the (i, i) element of the matrix. Therefore, the variance of MUSIC is estimated
analytically using the CRLB.
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Appendix D

DOA Estimation Algorithm

DOA estimation method uses the cross-correlation matrix obtained by the array antennas to estimate
the direction of the signal source. Various algorithms have been proposed.

D.1 FFT
Although fast Fourier transfer (FFT) method is not generally classified as a DOA estimation method, it
is the most basic method of knowing the direction of a radio source. By performing a two-dimensional
inverse Fourier transform on the cross-correlation (visibility) V(u, v) obtained for any baseline vector,
the signal intensity distribution I(ξ, η) can be obtained.

I(ξ, η) =

∫ ∫
u,v

V(u, v) exp [2πi(uξ + vη)]dudv (D.1)

In practical use, the intensity distribution I(ξ, η) is obtained by using a 2D inverse FFT on the obtained
visibility. If the visibility V is obtained at the baseline [uj , vk](j = 1, · · · ,m, k = 1, · · · , n), the signal
intensity Î is calculate as follows:

Î(ξ, η) =
1

m

m∑
j=1

1

n

n∑
k=1

V(uj , vk) exp
[
2πi

uj
m
ξ
]

exp
[
2πi

vk
n
η
]

(D.2)

Ideally, visibility should be obtained on all baselines, but it is difficult to achieve it in practice. Because
some of the visibility samples are not obtained, the estimated signal intensity differs from the true
one. In addition, the resolution is limited by the array beamwidth.

D.2 Beamformer
Beamformer is one of the most basic DOA estimation methods [19]. Scan the main beam of the
array antenna in all directions to determine the direction with the highest output power. The scan
is performed by adjusting the phase with weights in the channel of each antenna element. When the
main beam of the array antenna is pointed at (ξ, η), the weight vector is obtained as follows:

w(ξ, η) = [w1, · · · , wM ] (D.3)

wm = exp
[
j
2π

λ
r̂TmL̂(ξ, η)

]
(D.4)

Then the output power of the array is expressed as

Pout(ξ, η) =
1

2
wH(ξ, η)Rxxw(ξ, η) (D.5)
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The angular spectrum can be expressed by normalizing the output power:

PBF (ξ, η) =
wH(ξ, η)Rxxw(ξ, η)

wH(ξ, η)w(ξ, η)
(D.6)

Thus, the DOA can be estimated from the peak of PBF . However, its angular resolution is low,
constrained by the main beam width.

D.3 Algorithms using Eigen-decomposition of Rxx

Some algorithms achieve higher angular resolution than Beamformer by utilizing an eigenvalue decom-
position of the cross-correlation matrix. If there is no noise power (i.e. Pnoise = 0), the cross-correlation
matrix Rxx is eigen-decomposed as follows:

ASAHei = µiei (i = 1, 2, · · · ,M) (D.7)

where µi is the eigenvalue and ei is the eigenvector associated with µi. Each of the eigenvalues has
the following major and minor relationships:

µ1 ≥ µ2 ≥ · · · ≥ µN ≥ µN+1 = · · · = µM = 0 (D.8)

If there is noise power (i.e. Pnoise ̸= 0), the eigen-decomposition of Rxx is expressed as follows:

(ASAH + PnoiseI)ei = ASAHei + Pnoiseei = (µi + Pnoise)ei (D.9)

If λi is defined as λ ≡ µi + Pnoise, it represent the eigen value of Rxx. Their relations are as follows:

λ1 ≥ λ2 ≥ · · · ≥ λN ≥ λN+1 = · · · = λM = Pnoise (D.10)

Comparing Eqs. (D.8) and (D.10), it can be said that:

• λi (i = N + 1, · · · ,M) is equivalent to the noise power.

• λi (i = 1, · · · , N) is related to the signal power.

• ei (i = 1, · · · ,M) is not changed by the noise power.

• Since the eigen vectors are orthogonal to each other, they are the orthonormal basis vector of
the Hermitian space of dimension M . This space is divided into the following two subspaces:

S = span{e1, e2, · · · , eN} (D.11)

N = span{eN+1, eN+2, · · · , eM} (D.12)

S is called as signal subspace and N is called as noise subspace.

D.3.1 MUSIC
MUSIC (MUltiple SIgnal Classification) [20] focuses on the noise subspace of the two subspaces. The
MUSIC spectrum is expressed as follows:

PMU (ξ, η) =
aH(ξ, η)a(ξ, η)

aH(ξ, η)ENEH
Na(ξ, η)

(D.13)

Its peaks are regarded as the DOAs. The estimation error covariance for MUSIC is calculated ana-
lytically using Eq. C.5. Since spectral search is required, the computational cost is relatively high.
Furthermore, the estimation accuracy depends on the fineness of the spectral search. However, it can
be applied to arbitrary array configurations.
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𝑢
𝑣

Subarray #1 Subarray #2

Subarray #3

Fig. D.1: Subarrays for ESPRIT.

D.3.2 ESPRIT
ESPRIT (Estimation of Signal Parameters via Rotational Invariance Techniques) [21] requires the use
of two identical array antennas. They are called subarrays and overlap perfectly when one is displaced
by ∆. To satisfy this condition, the arrays should be uniformly arranged, such as URA. However,
arrays such as hole-free sparse arrays, in which differential coarrays are equivalent to URAs, can be
treated as equivalent to URAs.

As shown in Fig. D.1, there are M × N URAs and three (M − 1) × (N − 1) subarrays are
considered. First, the two subarrays #1 and #2 are considered. The phase difference on l-th signal
can be expressed as

ϕl = 2π∆uξl (D.14)

As shown in Eq. 2.18, the received signal at each subarray can be expressed as follows:

X1(t) = A1F (t) +Σ1(t) (D.15)

X2(t) = A2F (t) +Σ2(t) (D.16)

A2 = A1Φ (D.17)

Φ = diag[ejϕ1 , ejϕ2 , · · · , ejϕN ] (D.18)

J1AΦ = J2A (D.19)

J1 =


1 0 0 · · · 0 0
0 1 0 0
...

...
...

...
...

...
0 · · · · · · 0 1 0

 (D.20)
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J2 =


0 1 0 · · · 0 0
0 0 1 0
...

...
...

...
...

...
0 · · · · · · 0 0 1

 (D.21)

The L-dimensional subspace stretched by the L vectors that make up A is the signal subspace and
coincides with the subspace of {e1, e2, · · · , eL}.

ES = AT (D.22)

, where ES = [e1, e2, · · · , eL] and T is a regular matrix.

J2EST
−1 = J1EST

−1Φ ⇔ J2ES = J1EST
−1ΦT (D.23)

If Ψ is defined as Ψ ≡ T−1ΦT , Φ and T is the eigenvalue matrix and the eigenvector matrix of Ψ.
Equation D.23 becomes as follows:

J2ES = J1ESΨ (D.24)

After obtaining Ψ by the least squares method, its eigenvalues and eigenvectors are obtained. The
eigenvalues are the diagonal component exp jϕl of Φ, and the DOA ξl can be obtained.

Next, the subarrays #1 and #3 are considered. Subarrays #1 and #3 can be considered in the
same way as #1 and #2. The phase difference on l-th signal can be expressed as

ϕl = 2π∆vηl (D.25)

and ηl can be obtained by the eigen-decomposition of Ψ. The direction of the signal source can be
estimated based on the above procedures.

Unitary ESPRIT
Unitary ESPRIT [22][23] performs a real number operation by placing the phase center at the center
of the array, which enhances computational efficiency. This thesis employs Unitary ESPRIT instead
of ESPRIT in the simulations.
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