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ABSTRACT

Accurate estimation of the attitude of unmanned aerial vehicles (UAVs) is crucial for their control and displacement.

Errors in the attitude estimate may misuse the limited battery energy of UAVs or even cause an accident. For

attitude estimation, proprioceptive sensors such as inertial measurement units (IMUs) are widely applied, but they

are susceptible to inertial guidance error. With antenna arrays currently being installed in UAVs for communication

with ground base stations, we can take advantage of the arraystructure in order to improve the estimates of IMUsvia

data fusion.In this paper, we therefore propose an attitude estimation system based on a hexagon-shaped 7-element

electronically steerable parasitic antenna radiator (ESPAR) array. The ESPAR array is well-suited for installment

in the UAVs with broad wings and short bodies. Our proposed solution returns an estimation for the pitch and

roll based on the inter-element phase delay estimates of theline-of-sight path of the impinging signal over the

antenna array. By exploiting the parallel and centrosymmetric structure in the hexagon-shaped ESPAR array, the

3-dimensional Unitary ESPRIT algorithm is applied for phase delay estimation to achieve high accuracy as well

as computational efficiency. We devise an attitude estimation algorithm by exploiting the geometrical relationship

between the UAV attitude and the estimated phase delays. An analytical closed-form expression of the attitude

estimates are obtained by solving the established simultaneous nonlinear equations. Simulations results show the

feasibility of our proposed solution for different signal-to-noise ratio levels as well as multipath scenarios.

The work described in this paper was supported by a grant fromthe Research Grants Council of the Hong Kong Special Administrative

Region, China (Project No. CityU 120911) and by the MCT/FINEP through the public announcement CT-AERO - VANT 01/2009.
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Fig. 1. Darkstar UAV1 (top) and ScanEagle UAV2 (bottom).
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I. INTRODUCTION

Accurate attitude estimation for unmanned aerial vehicles(UAVs) is vital to ensure their correct displacement

and control. The attitude indication of UAVs is usually conducted by inertial measurement units (IMUs) consisting

of proprioceptive sensors such as gyroscopes, magnetometers and accelerometers. However, IMUs are subject to the

inertial guidance error, which arises from the accelerometer measurement error and the gyroscope drift error [1],

[2].

In our previous papers [1], [3], a 4-element cross-shaped antenna array has been used for UAV attitude estimation,

which can be used to improve the estimates of IMUs, e.g., via data fusion. In the cross array, two pairs of antennas

is located at both ends of the body and wing. This layout is applicable to UAVs which have relatively long body.

However, in cases the UAVs have short bodies [4] (see Figure 1), which is typical for most UAVs, attitude estimation

based on cross-shaped antennas suffers a degradation in estimation accuracy.

Recently, the hexagon-shaped 7-element electronically steerable parasitic antenna radiator (ESPAR) array has

attracted considerable attention [5]–[7]. With only a single-port output, the ESPAR array has low power consumption,

small physical size as well as low manufacturing cost which renders it very attractive for practical use in battery

operated devices such as UAVs. From the geometry point of view, the 7-antenna ESPAR array is well-suited for

installation in UAVs with broad wings and short bodies. In this paper, we use the ESPAR array as an alternative to the

cross-shaped array for UAV attitude estimation. Due to the fast development of ESPAR arrays, they have promising

application prospects in UAVs for different purposes, e.g., for radar and communication systems [8] [9] [4].

Therefore, our attitude determination solution may not be subject to the endowment of additional equipment.

Note that in the literature [10], [11], other attitude estimation solutions based on GPS receivers and satellite

1http://www.dreamlandresort.com/blackprojects/darkstar.html
2http://www.naval-technology.com/projects/scaneagle-uav/scaneagle-uav1.html
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communication links are also proposed. However, such solutions require an additional installation of a GPS antenna

array in UAVs, which increases their costs and weights.

The first crucial step in the attitude estimation algorithm is to determine the phase delay, whose accuracy directly

affects the former performance. By exploiting the paralleland centrosymmetric structure of the hexagon-shaped

ESPAR array, we apply the 3-dimensional (3-D) Unitary ESPRIT algorithm [7], [12] for phase delay estimation.

The 3-D Unitary ESPRIT enjoys the advantages of a high estimation accuracy and a low computational complexity

due to the use of the forward-backward averaging (FBA) technique and a real-valued transformation (RVT).

The remainder of this paper is organized as follows. In Section II we explain the system model for the UAV

equipped with the hexagon-shaped 7-element ESPAR antenna array. Our proposed attitude estimation scheme

consists of two stages, namely, phase delay estimation and calculation of the pitch and roll, which are presented

in Sections III and IV, respectively. In Section V, simulation results are provided to evaluate the performance of

the proposed algorithm, and finally, conclusions are drawn in Section VI.

II. SYSTEM MODEL

In this section, we present the model of our considered system, which consists of the scenario description, the

definition of the attitude angles and data model.

A. Scenario Description

We define a 3-D coordinate system [1], [3] according to Figure2 with the base station placed at the origin.

A UAV is endowed with an ESPAR array withsevenantennas in a flattened hexagonal shape. For the sake of

simplicity, we assume that all antennas lie in the same planeand that the wings lie on a straight line perpendicular

to the longitudinal axis.S4 is situated at the symmetric center of the hexagon (which coincides with the intersection

point of the body and wing axes), and the remaining six antennas are symmetrically distributed on the wing:S1 and

S7 are located at the midpoints of the pair of short opposite sides, andS2, S3, S5 andS6 symmetrically located at

the quartile points of the pair of long opposite sides.A GPS sensor is placed at the symmetric center of the UAV

array to provide the GPS coordinates of the UAV. Moreover, weassume that the GPS coordinates of the base station

are known. From the GPS coordinates of the UAV, the UAV coordinates in the base station coordinate system can

be obtained by a coordinate transformation.The length of the long side of the wing, namely, the distance from one

wingtip to the other wingtip, is referred to as the wingspan,denoted asdwing, while the length of its short side is

referred to as the wing breadth, denoted asbwing. The length of the body is denoted asdbody.

B. Definitions

In Figure 3, the definitions of the attitude angles for pitch,roll and yaw are shown by establishing the 3-D

coordinate system with origin located in the symmetric center of the UAV array and coordinate axes parallel to

those of the GPS coordinate systems.The pitchϕ ∈ [−π/2, π/2] is defined by the elevation angle between the
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Fig. 2. System arrangement depicting communication link between base station and UAV endowed with an 7-element ESPAR array.

x-y plane and the longitudinal (body) axis of the UAV. Theroll θ ∈ (−π, π] is given by the rotation angle of the

wings about the body axis. In caseϕ = 0, the roll θ is the angle between thex-y plane and the lateral (wing)

axis. The azimuth angle, namely, the rotational angle aboutthe z axis, is referred to as yaw. In this paper, the yaw

ψ ∈ [0, 2π) is assumed to be knowna priori since it is determined in a different way from the pitch and roll [13].

body axis

(longitudinal axis)

wing axis

(lateral axis)

pitch φ

roll θ

yaw ψ 

Fig. 3. Definitions of pitchϕ, roll θ and yawψ in 3-D coordinate system.
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C. Data Model

Assume that a source is radiating narrowband signals from the far field of the array, i.e., its wavefronts can be

considered to be planar at the receiver. In multipath environment, the received signal is a mixture of a line-of-sight

(LOS) path and(K − 1) non-line-of-sight (NLOS) multipath components.Here we assume that a strong LOS is

always present.In ESPAR arrays, there is only one output which is connected to the center antenna, namely,S4,

while each of the remaining six antennas is loaded with an adjustable reactance through a connected varactor diode.

The scalar output is a weighted combination of the outputs ofall the elements and the weights can be controlled

by appropriate steering of the varactor diodes. To obtain the output of them-th, m = 1, 2, . . . ,M , antenna, we

need to apply at leastM different sets of reactances where each provides us with a different linear combination

of the actual array outputs [6], [7]. Since we know the weights of these linear combinations, we can recover the

signal at the passive elements by inverting the weighting.

The base band output of the corresponding decoupled 7-output array can therefore be written as

X = AS +Z, (1)

whereX ∈ C7×N is the measurement matrix,A ∈ C7×K denotes the array steering matrix which consists ofK

array steering vectorsa1, . . . ,aK , S ∈ CK×N contains theN symbols from allK multipaths, with an average

signal power ofσ2i in the i-th multipath, andZ ∈ C7×N is the noise matrix collecting the additive noise samples

which are assumed to be mutually uncorrelated3and Gaussian distributed with zero mean and variance ofσ2z .

Our goal in this paper is to estimate the pitchϕ and the rollθ using the hexagon-shaped ESPAR antenna array.

Our proposed attitude estimation scheme consists of two stages. First in Section III, the inter-element differences

in phase delays (IDPhDs) of the LOS path between the antenna pair along the three symmetry axes in the ESPAR

array are estimated using 3-D Unitary ESPRIT parameter estimation algorithm. Second, in Section IV, based on

the geometrical relationship between the UAV attitude and IDPhDs, a set of nonlinear equations is established and

solved to estimate the attitude pitch and roll.

III. 3-D U NITARY ESPRITFOR PHASE DELAY ESTIMATION

To begin with, let us first investigate the IDPhD associated to a single planar wavefront. The IDPhDs along the

three symmetry axes of the hexagon are defined as

µ , φ4 − φ1 , (2)

ν , φ4 − φ3 , (3)

ω , φ4 − φ2 , (4)

whereφi, i = 1, . . . , 4 is the phase delay of the antennaSi.

In this section, we discuss the estimation ofµ, ν, andω of the LOS path via 3-D Unitary ESPRIT [7].

3If the noise is correlated (which may be the case for ESPAR arrays due to the decoupling), prewhitening will be applied as apreprocessing

step.
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A. Shift invariance

Since antennasSi, i = 1, 2, 3, 4 form a parallelogram, we have

µ+ ω = ν. (5)

We can express the array steering vectora in terms of the spatial frequencies as

a (µ, ν, ω) =
[

e−jµ, ejω, e−jν , 1, ejν , e−jω, ejµ
]T
. (6)

1 7

3 6

52

1 7

3 6

52

1 7

3 6

52

Fig. 4. The ESPAR array and its invariances.

Note from (5)-(6) and Figure 4 that the array is shift invariant along all three axes we have defined. In each

case,m = 4 out ofM = 7 elements belong to one subarray, and the center elementS4 is the only one common to

all of them. In order to apply ESPRIT methods, we have to defineselection matrices that select four out of seven

elements belonging to the desired subarrays. Let us consider theµ-direction first. In this case,S1 is mapped toS4,

S2 to S5 and so on. Therefore, the selection matrices inµ-direction are defined as [7]

Jµ,1 =

















1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

















(7)

Jµ,2 =

















0 0 0 1 0 0 0

0 0 0 0 1 0 0

0 0 0 0 0 1 0

0 0 0 0 0 0 1

















. (8)
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Likewise, applying the shift invariant conditions to the other two directions yielding the following results [7]

Jν,1 =

















1 0 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 0 1 0

















(9)

Jν,2 =

















0 1 0 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

0 0 0 0 0 0 1

















(10)

Jω,1 =

















0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 0 1 0

0 0 0 0 0 0 1

















(11)

Jω,2 =

















1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

















. (12)

B. 3-D Unitary ESPRIT

In order to estimate the spatial frequencies along three directions jointly, we use the 3-D Unitary ESPRIT

algorithm [7]. The ESPRIT-type algorithms use the signal subspace to estimate the spatial frequencies. Therefore,

the first step is to compute the eigenvalue decomposition of the sample covariance matrix (SCM)

R̂xx =
1

N
XXH ∈ C

M×M , (13)

where H represents the Hermitian transpose of a matrix. In principle, theK eigenvectors associated to theK

eigenvalues with the greatest power are assumed to form the signal subspaceU s, and the(M −K) eigenvectors

related to the(M −K) eigenvalues with smallest power are assumed to be the noise subspace.Here, we assume

that the line-of-sight (LOS) path is always present and it has higher power than all non-line-of-sight (NLOS) paths,

which is valid in nominal conditions. That is to say, the NLOSpaths are treated as interference. In doing so, we

only chooseK = 1.

The spatial frequencies are computed as

η = arg
(

(Jη,1us)
H
Jη,2us

)

, η ∈ {µ, ν, ω}, (14)

whereus is the dominant eigenvector of the SCMthat corresponds to the largest eigenvalue.
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This solution is the standard ESPRIT algorithm. In order to improve the estimation accuracy and the computational

efficiency, we use 3-D Unitary ESPRIT [7], [14]. By applying FBA on the measurement data, we obtain a centro-

Hermitian matrix which is then mapped to a real-valued matrix by [15]

T (X) = QH
M [X, ΠMX∗

ΠN ]Q2N , (15)

where∗ denotes the complex conjugation,Πp is thep× p exchange matrix with ones on its antidiagonal and zeros

elsewhere, andQp ∈ Cp×p is a unitary left-Π-real matrix which satisfiesΠpQ
∗

p = Qp.

We get the following modified shift invariance equations

Kµ,1esλµ ≈ Kµ,2es (16)

Kν,1esλν ≈ Kν,2es (17)

Kω,1esλω ≈ Kω,2es, (18)

wherees ∈ RM×1 is the dominant eigenvector obtained from the transformed real-valued data matrix in (15), and

the new selection matricesKη,i, η ∈ {µ, ν, ω}, i = 1, 2, are obtained fromJη,i by

Kη,1 = 2 · Re{QH
mJη,2QM} (19)

Kη,2 = 2 · Im{QH
mJη,2QM}, (20)

whereRe{·} andIm{·} represents the real and imaginary part of a complex matrix, respectively.

Finally, the spatial frequencies are obtained as

µ̂ = 2 · tan−1(λµ),

ν̂ = 2 · tan−1(λν),

ω̂ = 2 · tan−1(λω).

(21)

IV. ATTITUDE DETERMINATION ALGORITHM

We assume there is a pair of dummy antennasS8 andS9 along the body axes which lie on the extension of the

wing antennas, as shown in Figure 5. These dummy antennas andother antennas form the parallelogram which is

centered aroundS4.

The estimated phase delay differences of the LOS path between the wing antennas(S1, S4) and body antennas

(S4, S8) are obtained as

µ̂wing = µ̂(LOS) , (22)

µ̂body = ν̂(LOS) + ω̂(LOS) . (23)

The main idea of the algorithm is to determine the coordinates for the left wing antennaS1 and dummy nose

antennaS8 as a function of the unknown pitch and roll, and establish a system of simultaneous nonlinear equations

based on the array geometry and estimated phase delaysµ̂wing and µ̂body [1], [3].
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: Real Antenna

: Dummy Antenna

Fig. 5. Positions of the pair of dummy antennas(S8, S9) in the ESPAR array.
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Fig. 6. Illustration of antenna positions inx-y-z system [1], [3]: a) basic configuration(0, 0, 0); b) configuration with added roll(0, θ, 0);

c) configuration with added pitch(ϕ, θ, 0); d) configuration with added yaw movement(ϕ, θ, ψ).

Figure 6 describes how a specified attitude(ϕ, θ, ψ) of a UAV is formed [1], [3]. Initially, the body of the UAV

is identical to thex axis, and the wing coincides with they axis (Figure 6a). When evoking a roll movement, the

wing antennasS1 andS7 rotate about thex axis in they − z plane, as depicted in Figure 6b. It is followed by

successive pitch and yaw movements which correspond to the rotations of all antennas about they and z axis,

respectively, as described in Figures 6c and 6d. Note that asa consequence of the chosen rotation order (roll - pitch
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- yaw), all the rotations are about the axes.

The coordinates for the dummy nose antennaS8 are

p′

8(ϕ,ψ) = bwingRz(ψ)











0

cosϕ

sinϕ











(24)

where a yaw motionψ is taken into account by the counter-clockwise rotation matrix

Rz(ψ) =











cosψ − sinψ 0

sinψ cosψ 0

0 0 1











. (25)

Next, we take into account the roll movement. The left wing antennaS1 lies on a circle in thex−z plane which

experiences two subsequent rotations about thex axis andz axis (Figure 6c-d). The coordinates of the left wing

antenna are therefore given by

p′

1(ϕ, θ, ψ) =
1

2
dwingRz(ψ)Rx(ϕ)











cos θ

0

sin θ











(26)

whereRx(ϕ) represents the rotation about thex axis by an angle of pitchϕ

Rx(ϕ) =











1 0 0

0 cosϕ − sinϕ

0 sinϕ cosϕ











. (27)

Finally, the antenna positions relative to the base stationpi, i = 1, 8, are obtained by adding the UAV coordinates

pb to the local antenna coordinatesp′

i

p1(ϕ, θ, ψ) = p′

1(ϕ, θ, ψ) + pb (28)

p8(ϕ,ψ) = p′

8(ϕ,ψ) + pb. (29)

Using the phase difference between the body antennasω̂body calculated in Section III by 3-D Unitary ESPRIT,

we set up the following equation

‖p8(ϕ,ψ)‖ − ‖pb‖ = −
λ

2π
µ̂body (30)

whereλµ̂body/(2π) is the estimated propagation distance difference of the antenna pair(S1, S8).

Solving (30) yields (see Appendix A)

ϕ̂ = sin−1





−λ/π · µ̂body‖pb‖+ λ2/(4π2) · µ̂2body − b2wing

2bwing

√

(xb cosψ − yb sinψ)2 + z2b



− α, (31)

Once an estimate for the pitcĥϕ is obtained, we compute the rollθ using µ̂wing in a similar way

‖p1(ϕ̂, θ, ψ)‖ − ‖pb‖ =
λ

2π
µ̂wing. (32)
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A pair of supplementary solutions are obtained from solving(32) (see Appendix A)

θ̂1 = sin−1

(

λ/π · µ̂wing‖pb‖+ λ2/(4π2) · µ̂2wing − d2wing/4

dwing

√

(xb cosψ + yb sinψ)2 + (xb sinψ sin ϕ̂− yb cosψ sin ϕ̂+ zb cos ϕ̂)2

)

− β, (33)

and

θ̂2 = π − sin−1

(

λ/π · µ̂wing‖pb‖+ λ2/(4π2) · µ̂2wing − d2wing/4

dwing

√

(xb cosψ + yb sinψ)2 + (xb sinψ sin ϕ̂− yb cosψ sin ϕ̂+ zb cos ϕ̂)2

)

− β, (34)

where

β = tan−1

(

xb cosψ + yb sinψ

xb sinψ sin ϕ̂− yb cosψ sin ϕ̂+ zb cos ϕ̂

)

. (35)

We cannot decide which one of this pair of supplementary angles is correct from the algorithm itself. This is the

inherent uncertainty of the proposed algorithm. In order tohave a unique solution, we assume that a UAV cannot

be flying upside down, which is valid in nominal conditions, implying thatθ ∈ [−π/2, π/2]. Thereby, only the first

solution, namely, (33) is chosen.

V. SIMULATION RESULTS

We evaluate our proposed algorithm by means of Monte Carlo simulations. The data is generated based on (1),

where the signal samples are complex sinusoidal with unit amplitude and frequency of 30 MHz. The UAV is located

sufficiently far from the base station (1000 m here) such thatthe assumption on planar waves approximately holds.

We consider a scenario where the UAV has a wingspan ofdwing = 1.2 m and a wing breadth ofbwing = 0.39 m.

1000 independent Monte Carlo runs are conducted. In each run, the pitchϕ and roll θ are uniformly generated in

the interval[−π/2, π/2], the yaw is uniformly generated in[0, 2π)) and is assumed to be known. The closed-form

solutions of (31) and (33)(34) are used as the pitch and roll estimates. The root mean square error (RMSE) of the

estimated pitch and roll defined as

RMSE(ϕ̂) =

√

√

√

√

1

2L

L
∑

l=1

(ϕ̂l − ϕ)2, (36)

RMSE(θ̂) =

√

√

√

√

1

2L

L
∑

l=1

(θ̂l − θ)2, (37)

whereL is the number of independent Monte Carlo runs, is used as the performance measure. For comparison, the

cross-shaped array combined with 2-D ESPRIT proposed in [3]is used as the benchmark.

A. Performance Comparison: Hexagon-Shaped Array versus Cross-Shaped Array [1], [3]

Denote the body-length-to-wing-breadth ratio asr = dbody/bwing. We compare the attitude estimation perfor-

mance of our proposed hexagon-shaped array combined with 3-D Unitary ESPRIT and the cross-shaped array

combined with 2-D ESPRIT under variousr. Here the body length varies to get differentr.
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First, we consider the scenario where only the LOS path is present (K = 1). The signal-to-noise ratio (SNR) in

dB is defined as

SNR = 10 log10

(

σ21
σ2z

)

. (38)

The noise samples are modeled as complex-valued i.i.d. zeromean white Gaussian processes, whose power is

scaled to produce different SNRs.

In Figures 7 and 8, we respectively plot the RMSEs of pitch androll estimates, measured in degrees, versus SNR

for two attitude estimation schemes.Note that when the UAV has a short body and a broad wing such that r is small

(r < 2), the hexagon-shaped array in conjunction with 3-D UnitaryESPRIT outperforms the cross-shaped array

combined with 2-D ESPRIT in both pitch and roll estimation. And the improvement is more significant with the

dicrease ofr. And for r = 2, they have almost the same performance. On the other hand,when the UAV has a long

body and a narrow wing such thatr is large (r > 2), the hexagon-shaped array combined with 3-D Unitary ESPRIT

is outperformed by the cross-shaped array combined with 2-DESPRIT in terms of pitch estimation. Nevertheless,

it is slightly superior to the latter in terms of roll estimation for r ≤ 4. This shows that the hexagon-shaped array

combined with 3-D Unitary ESPRIT has more advantages in rollestimation. Note also that the pitch estimation

accuracy is more affected by the variation of the body length.

An intuitive explanation behind such an observation is an aperture argument. For smallr < 2, the cross-shaped

antenna is confined to the body length whereas the hexagon-shaped array extends beyond it via the dummy antennas

S8 andS9 and hence has a larger aperture. On the other hand, for larger > 2, the cross-shaped antenna simply

spans a larger area and hence has a larger aperture that is whyit yields more accurate estimates. Forr = 2, the

cross-shaped antenna and the hexagon-shaped array have equal aperture which results in the same performance.

In Figures 10 and 11, the effect of multipath components is considered in the presence of noise. The LOS-to-

NLOS power ratio, commonly known as the signal-to-interference power ratio (SIR), is given by

SIR = 10 log10

(

σ21
∑K

i=2 σ
2
i

)

, (39)

where we assume thatσ21 corresponds to the signal power of the LOS path, andσ2i , i = 2, . . . ,K is the power of

the i-th multipath component.K = 8 paths are considered, namely, 1 LOS and 7 NLOS components. For a fixed

SIR, the power ratios of different NLOS paths are generated from the squared Gaussian distribution, namely, the

chi-squared distribution with one degree of freedom, whiletheir impinging wavefronts have array steering vectors

as in (6), with the relative phase delay at the reference antenna randomly generated from a uniform distribution

in [0, 2π). Again, in pitch estimation the hexagon-shaped array with 3-D Unitary ESPRIT is superior to the cross-

shaped array with 2-D ESPRIT whenr < 2, inferior to the latter whenr > 2, and has comparable performance for

r = 2. While for roll estimation, the hexagon-shaped array with 3-D Unitary ESPRIT outperforms the cross-shaped

array with 2-D ESPRIT in a wider range of body-length-to-wing-breadth ratios up tor = 4. The same phenomenon

is observed for other number of multipaths.
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Fig. 7. Comparison of pitch RMSE versus SNR for two attitude estimation schemes: cross-shaped array with 2-D ESPRIT and hexagon-

shaped array with 3-D Unitary ESPRIT at different body-length-to-wing-breadth ratios.

B. Estimation Performance Dependency on true Pitch and Rolland Range of Inaccuracy

In Figure 12, we plot the RMSE of the attitude estimates as a function of pitch and roll. We see that when the

pitchϕ approaches the boundary of±π/2, the pitch estimation suffers a sharp performance degradation. And when

bothϕ andθ are close to the boundaries, namely,ϕ→ ±π/2 andθ → ±π/2, the roll estimation also deteriorates

drastically. Therefore, to safely use the proposed algorithm, such an inaccurate region should be avoided.

VI. CONCLUSIONS

In this paper, we have proposed an attitude estimation algorithm for unmanned aerial vehicles (UAVs) based on

a hexagon-shaped 7-element electronically steerable parasitic antenna radiator (ESPAR) array. The ESPAR array

is well-suited for installment in the UAVs with broad wings but short bodies, which is the typical case for most
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Fig. 8. Comparison of roll RMSE versus SNR for two attitude estimation schemes: cross-shaped array with 2-D ESPRIT and hexagon-shaped

array with 3-D Unitary ESPRIT at different body-length-to-wing-breadth ratios.

UAVs. Our proposed solution returns an estimation for the pitch and roll based on the estimates of the phase

delays of the line-of-sight path. By exploiting the parallel and centrosymmetric structure of the hexagon-shaped

ESPAR array, we apply the 3-dimensional Unitary ESPRIT algorithm for phase delay estimation, which is known

for its high estimation accuracy as well as computational efficiency. Then an explicit closed-form formula for the

attitude estimates is obtained by solving a system of simultaneous nonlinear equations built based on the geometrical

relationship between the UAV attitude and the estimated phase delays.

One limitation of our work is that the attitude estimates depend on the GPS positions which are erroneous.

Especially the height is hard to determine and fluctuates largely in practice. It would therefore be interesting to

study the sensitivity of the attitude estimates with respect to the GPS positioning errors. As a future work, we

intend to use an antenna array being installed at the base station to estimate the UAV position relative to the base
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: Real Antenna

: Dummy Antenna

(a) ESPAR array (b) Cross-shaped array

Fig. 9. Array aperture of two kinds of configurations forr < 2.

station instead of the GPS. In this way, the additional installation of a GPS receiver in UAVs is not required which

can further save their costs and weights.Moreover, another future work is to evaluate the proposed scheme using

actual flight data.
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Fig. 10. Comparison of pitch RMSE versus SIR for two attitude estimation schemes: cross-shaped array with 2-D ESPRIT and hexagon-

shaped array with 3-D Unitary ESPRIT at different body-length-to-wing-breadth ratios.
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Fig. 11. Comparison of roll RMSE versus SIR for two attitude estimation schemes: cross-shaped array with 2-D ESPRIT and hexagon-shaped

array with 3-D Unitary ESPRIT at different body-length-to-wing-breadth ratios.
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Fig. 12. Attitude estimation RMSE as a function of pitch and roll at SNR=20 dB.
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APPENDIX A

SOLVING (30) AND (32)

Solution: Substituting (24) in (29), we obtain

‖p8‖
2 = (p′

8 + pb)
T(p′

8 + pb) = ‖p′

8‖
2 + 2pT

bp
′

8 + ‖pb‖
2

= b2wing + 2
[

xb yb zb

]

bwing











− sinψ cosϕ

cosψ cosϕ

sinϕ











+ ‖pb‖
2

= 2bwing[(xb cosψ − yb sinψ) cosϕ+ zb sinϕ] + b2wing + ‖pb‖
2

= 2bwing

√

(xb cosψ − yb sinψ)2 + z2b sin(ϕ+ α) + b2wing + ‖pb‖
2. (40)

where

α = tan−1

(

xb cosψ − yb sinψ

zb

)

. (41)

According to (30), it holds that

‖p8‖
2 = (‖pb‖+

λ

2π
µ̂body)

2 (42)

Substituting (40) in (42) yields

2bwing sin(ϕ+ α)
√

(xb cosψ − yb sinψ)2 + z2b =
λ

π
µ̂body‖pb‖+

λ2

4π2
µ̂2body − b2wing. (43)

Solving (43) and taking into account thatϕ ∈ [−π/2, π/2], we obtain the unique solution provided in (31).

Once the pitch estimatêϕ is obtained, we compute the rollθ by (32) in a similar way. Following (29) and (26),

we have

‖p1‖
2 = (p′

1 + pb)
T(p′

1 + pb) = ‖p′

1‖
2 + 2pT

bp
′

1 + ‖pb‖
2

=
1

4
d2wing + 2

[

xb yb zb

] 1

2
dwing











cos ϕ̂ − sinψ cos ϕ̂ sinψ sin ϕ̂

sin ϕ̂ − cosψ cos ϕ̂ − cosψ sin ϕ̂

0 sin ϕ̂ cos ϕ̂





















cos θ

0

sin θ











= dwing[(xb cosψ + yb sinψ) cos θ + (xb sinψ sin ϕ̂− yb cosψ sin ϕ̂+ zb cos ϕ̂) sin θ]+

1

4
d2wing + ‖pb‖

2

= dwing sin(θ + β)
√

(xb cosψ + yb sinψ)2 + (xb sinψ sin ϕ̂− yb cosψ sin ϕ̂+ zb cos ϕ̂)2+

1

4
d2wing + ‖pb‖

2. (44)

where

β = tan−1

(

xb cosψ + yb sinψ

xb sinψ sin ϕ̂− yb cosψ sin ϕ̂+ zb cos ϕ̂

)

. (45)

From (32), it follows that

‖p1‖
2 = (‖pb‖+

λ

2π
µ̂wing)

2 (46)
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Substituting (44) in (46), we obtain

dwing sin(θ + β)
√

(xb cosψ + yb sinψ)2 + (xb sinψ sin ϕ̂− yb cosψ sin ϕ̂+ zb cos ϕ̂)2

=
λ

π
µ̂wing‖pb‖+

λ2

4π2
µ̂2wing −

1

4
d2wing. (47)

Solving (47) yields (33) and (34).
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