Progress In Electromagnetics Research C, Vol. 22, 55–71, 2011

A SIMPLE DOA ESTIMATOR USING ADJACENT
PATTERN POWER RATIO WITH SWITCHED BEAM
ANTENNA
Y. Ozaki 1 , J. Ozawa 1 , E. Taillefer 2 , J. Cheng 1, * , and
Y. Watanabe 1
1 Department

of Intelligent Information Engineering and Sciences,
Doshisha University, Kyoto 610-0321, Japan
2 Okinawa

Institute of Science and Technology, Japan

Abstract—A simple DoA estimator is proposed with a switched beam
antenna. The estimator is implemented with an adjacent pattern
power ratio algorithm. For a single source signal, the received signal
powers are measured while the antenna switches over a set of measured
directive beam patterns. The pattern that exhibits the maximum
received signal power is chosen. Then, the ratio between the pattern
adjacent to the chosen pattern and the chosen pattern, is used to find
the DoA by using a lookup table or by performing a linear regression
approximation. Compared with conventional DoA estimators with
switched beam antenna, the proposed algorithm allows DoA estimation
with low computational cost, without sacrificing much the estimation
precision. Computer simulations and experiments in an anechoic
chamber are carried out to verify the proposed algorithm with a
switched beam antenna: the electronically steerable parasitic array
radiator (ESPAR) antenna.
1. INTRODUCTION
Direction of arrival (DoA) estimation which consists in estimating the
bearing angle of an electromagnetic plane wave, is widely applied in
wireless communication systems, environmental monitoring, channel
sounding, radio astronomy, and so forth, and has received a significant
amount of attention over the last several decades [1, 2].
An antenna array is commonly used for the DoA estimation of
electromagnetic waves. It is well known that nearly all-existing antenna
Received 14 February 2011, Accepted 17 May 2011, Scheduled 10 June 2011
* Corresponding author: Jun Cheng (jcheng@ieee.org).

56

Ozaki, et al.

arrays require one receiver chain per branch of antenna. Mobile
user terminals have stringent limitations on hardware and algorithm
complexity as well as power consumption. A single-port output array
antenna, such as a switched beam antenna [3], is well suited for
application to wireless communication systems, especially to mobile
user terminals, since it requires little hardware.
Recently, conventional DoA estimation algorithms, such as
MUSIC algorithm [4] and ESPRIT algorithm [5, 6], have been modified
to be applied to switched beam antennas for DoA estimation [7–
11]. Although these algorithms provide a high estimation precision,
practical applications are difficult because of the high computational
cost of eigen decomposition used in those algorithms.
For practical purposes, DoA estimation algorithms with low
computational cost is desired for switched beam antennas. For a
single source, several DoA estimation algorithms have be reported.
An earlier direction-finding algorithm has been reported in [3, 12, 13].
The algorithm estimates the single DoA by switching multiple
antenna beam patterns and by estimating the DoA as the direction
corresponding to the maximum beam pattern. The resolution precision
of the estimation depends on the number of beam patterns, and thus
is coarse. A more accurate estimation has been also reported in [13]
where the angle is determined by comparing the difference between
the powers of received signals at each beam pattern with the prestored beam patterns correspond to these differences. However, DoA
estimation based on the power difference could be influenced by the
impinging signal strength.
On the other hand, a power pattern cross-correlation algorithm
has been proposed, for a single source, to estimate DoA with a switched
beam antenna [14]. The algorithm computes the cross-correlation
coefficient between the measured antenna output power and stored
beam patterns for several directions. Then, the direction giving the
highest cross-correlation coefficient is taken as the estimated DoA.
The algorithm give an accurate estimation. However, the cost of the
cross-correlation coefficient computations increases with resolution of
directions.
In this paper, we propose a simple DoA estimator with a switched
beam antenna for a single signal. The estimator is implemented with
an adjacent pattern power ratio (APPR) algorithm. In the algorithm,
we measure the signal powers while the antenna switches over a set of
directive beam patterns, and choose the pattern with the maximum
signal power. Then, we calculate the adjacent pattern power ratio
with respect to the maximum signal power pattern. We find the
DoA by looking up a table (APPR-LT), in which the adjacent pattern
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power ratios at the angle range near the maximum direction of the
maximum signal power pattern are stored. Moreover, for further
reduction of computational cost, instead of using a lookup table, we
model a linear regression approximation (APPR-RA) to predict DoA.
Computer simulations and experiments in an anechoic chamber are
carried out to verify the proposed algorithm with a switched beam
antenna: an electronically steerable parasitic array radiator (ESPAR)
antenna.
The basic idea of the proposed APPR algorithm is similar to that
in [13]. But we use adjacent pattern power ratio, rather than the
power difference as in [13]. This avoids the influence of the strength
of impinging signal on the estimation errors. Furthermore, compared
with power pattern cross-correlation algorithm of [14], the proposed
algorithm, especially APPR-RA, has low computational cost without
much degradation on estimation precision.
This paper is organized as follows. Section 2 describes the adjacent
pattern power ratio algorithm. Sections 3 and 4 give the simulation
and experiment results with ESPAR antenna respectively. Finally in
Section 5, the paper is summarized by conclusion remark.
2. ADJACENT PATTERN POWER RATIO ALGORITHM
In this section, we propose an adjacent pattern power ratio (APPR)
algorithm for DoA estimation with a switched beam antenna. The
algorithm is implemented by looking up a table (APPR-LT) in
Section 2.1 or a regression approximation (APPR-RA) in Section 2.2.
2.1. APPR Algorithm with Lookup Table
For given N directive beam patterns Pn (ψ), (n = 1, 2, . . . , N ), we
propose a simple DoA estimation algorithm. We call it adjacent
pattern power ratio (APPR) algorithm. The N directive beam patterns
can be obtained by a switched beam antenna [15], e.g., ESPAR antenna
with reactance vectors x(n) , (n = 1, 2, . . . , N ).
When considering a single signal impinging on the antenna at the
unknown DoA θ, we estimate the DoA with the adjacent pattern power
ratio algorithm as follows.
First, we measure the powers P̂n (θ), n = 1, 2, . . . , N , of the
received signal as the antenna switches the N directive beam patterns
Pn (ψ). The N measured powers P̂n (θ), n = 1, 2, . . . , N , are used to
estimate the DoA θ below.
Second, we choose the maximum power Pn∗ (θ) among the N
measured powers. Thus the DoA to be estimated is over about the
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range [φn∗ − π/N, φn∗ + π/N ], where
n∗ = arg max |P̂n (θ)|.
n

Recall that in [12] the DoA θ was estimated to be φn∗ . Although
the complexity of the direction-finding algorithm of [12] is very low,
obviously the DoA estimation is coarse. The estimation error depends
on the number N of beam patterns.
Third, we introduce an adjacent pattern power ratio to improve the
DoA estimation, compared with the directing-finding algorithm of [12].
For the maximum power Pn∗ (θ), we define two adjacent pattern power
ratios
Γ̂n∗ l (θ) =
Γ̂n∗ r (θ) =

P̂n∗ (θ)

(1)

P̂n∗ −1 (θ)
P̂n∗ (θ)
P̂n∗ +1 (θ)

.

(2)

Notice that because of circular shift, n∗ + 1 becomes 1 if n∗ = N , and
n∗ − 1 becomes N if n∗ = 1. Then, the estimation DoA (θ̂) is


arg min |Γn∗ l (ψ) − Γ̂n∗ l (θ)|


ψ



4
if P̂n∗ +1 (θ) < P̂n∗ −1 (θ)
∗
(3)
θ̂ = ψ =

arg
min
|Γn∗ r (ψ) − Γ̂n∗ r (θ)|



ψ


if P̂n∗ +1 (θ) ≥ P̂n∗ −1 (θ)
where
Pn (ψ)
Pn−1 (ψ)
Pn (ψ)
Γnr (ψ) =
,
Pn+1 (ψ)

(4)

Γnl (ψ) =

0 ≤ ψ < 2π

(5)

are the ratio of the two adjacent pattern powers, which are prepared
prior to a practical DoA estimation. The upper part of (3) means
that when the DoA falls into the left side of the n∗ -th pattern (i.e.,
P̂n∗ +1 (θ) < P̂n∗ −1 (θ)), for a given Γ̂n∗ l (θ) we estimate the DoA ψ ∗ such
that the values of Γn∗ l (ψ) and Γ̂n∗ l (θ) is the nearest.
In practice, we implement (3) by using a lookup table to reduce
run-time computations. The values of Γnl (ψ) (φn −π/N ≤ ψ < φn ) and
Γnr (ψ) (φn ≤ ψ < φn + π/N ) are prepared and stored as a table. We
look up into the table Γnl (ψ) or Γnr (ψ), depending on if the comparison
is with P̂n∗ −1 (θ) or P̂n∗ +1 (θ).
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2.2. APPR Algorithm with Regression Approximation
Although the complexity of the APPR-LT algorithm is low, the
computational complexity and the amount of memory required for
storing the table of adjacent pattern power ratio, in the third step
of the algorithm, can be further reduced. For this purpose, we propose
an estimation algorithm based on the adjacent pattern power ratio
with regression approximation.
Instead of the lookup table in the adjacent pattern power ratio
algorithm stated in Section 2.1, here we propose a linear regression
equation to estimate the DoA.
For the ratio Γnl (ψ) of the two adjacent pattern powers, we give
a linear regression equation
ψ̂ = anl · Γnl (ψ) + bnl + φn

(6)

to predict the DoA for a given power ratio Γnl . The regression
coefficients anl and bnl are modeled, by the least square function, from
the sample values at different directions φn −π/N ≤ ψ < φn . Similarly,
a linear regression equation
ψ̂ = anr · Γnr (ψ) + bnr + φn

(7)

is used to predict the DoA for a given power ratio Γnr . In the simulation
we assume that anl = al , bnl = bl , anr = ar , bnr = br because of the
symmetry of the antenna.
We are now ready to describe the adjacent pattern power
ratio algorithm with a regression approximation (APPR-RA). The
approximate estimation is obtained from the linear regression
equations. After measuring the N powers and choosing the maximum
power Pn∗ (θ), as we stated in Section 2.1, we estimate the DoA by
using the following linear regression equations

al · Γ̂n∗ l (θ) + bl + φn∗



if P̂n∗ +1 (θ) < P̂n∗ −1 (θ)
θ̂ [◦ ] =

a · Γ̂ ∗ (θ) + br + φn∗

 r nr
if P̂n∗ +1 (θ) ≥ P̂n∗ −1 (θ).
The adjacent pattern power ratio algorithm with regression
approximation (APPR-RA) estimate the DoA by calculating its linear
regression equation, and thus, compared with the PPCC algorithm
in [14], APPR-RA has a low computational complexity. Because PPCC
requires to calculate the correlation coefficient between the measured
powers and the power patterns at all the direction from 0◦ to 360◦ ,
therefore, the computational complexity increases with the increase of
the resolution.
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3. SIMULATIONS
This section describes some simulations of the APPR algorithms with
a switched beam antenna, the ESPAR antenna.
3.1. A Switched-beam Antenna: ESPAR Antenna
The ESPAR antenna, as an example of switched beam antenna,
features a simple hardware structure, which enables the use of
switched beam antenna techniques to user terminals in wireless
applications [16, 18]. An (M +1)-element ESPAR antenna with M = 6
is depicted in Fig. 1. The 0-th element is an active radiator located at
the center of a circular ground plane. It is a 0.25λ-monopole (where λ
is the wavelength) and is excited from the bottom in a coaxial fashion.
The remaining M elements of 0.25λ-monopoles are passive radiators
surrounding the active radiator symmetrically with the radius 0.25λ of
the circle. Each of these elements is terminated by a variable reactance
xm , (m = 1, 2, . . . , M ). In practical applications, the value of reactance
may be constrained in certain ranges, e.g., from −300 Ω to 300 Ω. The
vector denoted by
x = [x1 , x2 , . . . , xM ]T
is called the reactance vector, which is variable, and thus is used to
form an antenna pattern. Here the superscript T is the transpose of
the vector or matrix. We will see in Section 3.3 that a directive pattern
can be formed by a given reactance vector. Note that in a fabricated
ESPAR antenna, the value of reactance xi is adjusted by a bias voltage
on the reactance. Variable antenna pattern occurs by controlling the
bias voltages, and thus the values of reactances.
Az
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Figure 1. (a) Diagram of ESPAR antenna, (b) 7-element ESPAR
antenna.
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3.2. Signal model of ESPAR antenna
Consider the case of a single signal s(t). When s(t) is from the DoA
θ, the output of ESPAR antenna can be expressed [14]
y(t) = wT a(θ)s(t) + n(t)

(8)

where n(t) is an additive white Gaussian noise, and a is a steering
vector
·
¸T
π
π
a(θ) = 1, ej 2 cos(θ−Ψ1 ) , ..., ej 2 cos(θ−ΨM )
(9)
with Ψm =

2π
M (m−1),

(m = 1, ..., M ). Here w is the RF current vector
w = 2Vs (Z + X)−1 u0

(10)

where the diagonal matrix X = diag{z0 , jx1 , ..., jxM } is the reactance
matrix, u0 = [1, 0, 0, 0, 0, 0, 0]T is an (M + 1) components vector and
Vs is a constant. The (M + 1) × (M + 1) constant matrix Z is the
mutual impedance matrix. The values of the components in Z depend
on the physical structure of the antenna, e.g., the radius, the element
spacing and the lengths of the elements, and therefore are constant for
a given fabricated antenna [9]. Note that during the simulations the
power P̂n (θ) is estimated from the output y(t) of the antenna as
L

1X
|y(`)|2 .
P̂n (θ) =
L

(11)

`=1

3.3. Six Directive Beam Patterns
According to the structure of ESPAR antenna (see Fig. 1), the
reactance loaded in each of the parasitic elements electronically adjusts
its element length and makes the monopole element appear as a
director or a reflector, similarly to a Yagi-Uda array antenna [3],
depending on the negative or positive value of the reactance. The
element appears as an effectively ‘shorter’ monopole (director) if a
negative reactance is loaded, while a positive reactance provides an
effectively ‘longer’ element (reflector). This action of the loaded
reactance causes a change in the radiation pattern.
Following the basic principle of Yagi-Uda array antenna above,
to from a directive beam pattern to a given direction, it is obvious
that the elements toward to the direction should be loaded with
negative reactances, and act as director, while the elements at the
opposite direction should be loaded with positive reactances, and act
as reflector. For example, to form a beam to direction 0◦ , the elements
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1, 2 and 6 (see φ1 = 0◦ in Fig. 1) should be loaded with the minimum
reactance, i.e., −300 Ω, while the remaining elements should be loaded
with the maximum reactance 300 Ω. Thus we obtain a directive beam
pattern toward to direction 0◦ (see Fig. 2) from the calculation of (8).
Due to the symmetry of the ESPAR antenna, the directive beam
pattern obtained by rotating the pattern by 60◦ (2π/M in radian) is
the same as that obtained by rotating the reactance values. The six
directive beam patterns are shown in Fig. 2, and their corresponding
reactances are given in Table 1.
For convenience, we denote as Pn (ψ), (0 ≤ ψ < 2π) the n-th
directive beam pattern having a corresponding reactance vector x(n) ,
n = 1, 2, . . . , N . The maximum gain of the pattern is toward the
direction angle φn = 2π(n − 1)/N . Here N is the number of directive
beam patterns. In this paper, as an example, we take N = M = 6.
But, the proposed DoA estimation algorithm is not limited to N = M .
φ1

φ2

φ3

φn*(=4)

1

φ6

P^n

0.9

Normalized Power

φ5

0.8

^
Pn+ 1

0.7
0.6
0.5

^
Pn-1

0.4
0.3
0.2

0

60

120

180

240

300

360

Angle (degree)

Figure 2. Six directive beam patterns.
Table 1. Reactance values for beam patterns of Fig. 2.
directions

x1

x2

x3

x4

x5

x6

0◦

−300
−300
300
300
300
−300

−300
−300
−300
300
300
300

300
−300
−300
−300
300
300

300
300
−300
−300
−300
300

300
300
300
-300
−300
−300

−300
300
300
300
−300
−300

60◦
120◦
180◦
240◦
300◦
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For the APPR-RA algorithm, the regression coefficients in (6)
and (7) in our simulations are al = 45.45, ar = −45.45, bl = −75.45,
and br = 75.22, which are modeled from the samples of Γnl (ψ) in (5)
and Γnr (ψ) in (4) with an angle increment of 1◦ . The regression lines
with the samples of Γnl (ψ) and Γnr (ψ) are shown in Fig. 3 with n = 2.
3.4. Simulation Results

Power ratio

During the simulations, a 7-element (M = 6) ESPAR antenna is
employed as a switched beam antenna with N = 6 directive beam
patterns. The modulation scheme for the signal s(t) in (8) is
binary phase shift keying (BPSK). The binary symbols are uniformly
distributed. The signal-to-noise power is 20 dB. Without a specific
declaration, the data block size for each calculation of the power defined
in (11) is taken to be L = 100. The simulation parameters are given
in Table 2.
1.8
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1.1
1
0.9
0.8
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regression lines

30

35

40

45

50

55 60 65
Angle (degree)

70

75

80

85

90

Figure 3. Regression lines and samples of Γnl (ψ) (30◦ ≤ ψ < 60◦ )
and Γnr (ψ) (60◦ ≤ ψ < 90◦ ) with an angle increment of 1◦ (n = 2)
(Simulation).
Table 2. Simulation parameter.
Number of patterns

N =6

Data modulation
Signal samples
DoA range
Signal to noise power
Increment of DoA

BPSK
N ×L
[0, 60]◦
20 dB
1◦
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When the signal impinges on the antenna at the unknown DoA
θ, we estimate the DoA and calculate the estimation error. Due to
the symmetry of ESPAR antenna, we only consider the DoA from the
range over [0, 60]◦ . DoA estimations are carried out when DoA is
with an angle increment of 1◦ . The estimation error for the by APPRLT method are shown in Fig. 4. The average estimation error for
APPR-LT is 1.5◦ . Fig. 5 shows the estimation error for the APPR-RA
method, where the average estimation error is 1.7◦ . For comparison,
we also give the estimation error for the PPCC method (see Fig. 6),
where the average estimation error is 1.1◦ .
The statistic performance, i.e., the mean and standard deviation
(std), of the estimation error is summarized in Table 3. APPR-RA with
L = 100 has almost the same error mean as APPR-LT. And, compared
with PPCC, APPR-RA does not bring significant estimation precision

Estimation DOA Error (degree)

10

APPR-LT (simulation)

8
6
4
2
0
0

10

20

30

40

50

60

DOA (degree)

Estimation DOA Error (degree)

Figure 4. Estimation errors by APPR-LT (simulation).
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8
6
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Figure 5. Estimation errors by APPR-RA (simulation).
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Figure 6. Estimation errors by PPCC (simulation).
Table 3. Compare to simulation of DoA estimation error between
APPR-LT, -RA, and PPCC (SIMULATION).
APPR-LT
APPR-RA
PPCC

mean
std
mean
std
mean
std

L = 20

L = 50

L = 100

3.6◦

2.1◦

3.4◦
3.4◦
3.4◦
2.4◦
2.5◦

2.6◦
2.3◦
2.6◦
1.5◦
2.5◦

1.5◦
2.4◦
1.7◦
2.4◦
1.1◦
1.4◦

degradation. Notice that, as we stated in Section 2.2, compared with
PPCC, APPR-RA has a low computational cost.
4. EXPERIMENTS
This section reports DoA estimation experiments using the proposed
APPR algorithms with the ESPAR antenna.
4.1. A Prototype of ESPAR Antenna and Its Directive
Beam Patterns
Figure 7 shows a prototype of the 2.484 GHz ESPAR antenna used
for the experiments. Each parasitic element is loaded with a variable
reactance x. A digital voltage ranging between −2048 and 2047 is
converted into an analog bias voltage, which adjusts the value of each
reactance. When the bias voltage varies from 20 to −0.5 V, according
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to the 1SV287 diode specifications, the reactive loading provides a
reactance varying over −45.8 to −3.6 Ω. The reactance loaded in the
parasitic element electronically adjusts the element’s length and makes
the monopole appear as a director or a reflector, depending on the value
of the reactance. Thus, this action of the loaded reactances causes a
change in the radiation pattern.
The six beam patterns, used in
these experiments, are shown in Fig. 8. These pattern was formed by
a single-source power maximum algorithm proposed in [17].
Table 4 gives six sets of the regression coefficients. The n-th set is
modeled from the samples of Γnl (ψ) in (4) and Γnr (ψ) in (5) with an
angle increment of 1◦ for the given antenna patterns shown in Fig. 8.
The regression lines with the samples of Γnl (ψ) and Γnr (ψ) are shown
in Fig. 9 with n = 2.
λ /4

0.23 λ

λ /4
Outer
Element

Center
Element

Ground

RF
output

10k Ω Vm
3pF

1SV287

λ /4

Skirt
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Figure 7. Cross-section of ESPAR antenna circuit.
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^
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Figure 8. Measured directive beam pattern.
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Figure 9. Regression lines and samples of Γnl (ψ) (30◦ ≤ ψ < 60◦ )
and Γnr (ψ) (60◦ ≤ ψ < 90◦ ) with an angle increment of 1◦ (n = 2)
(Experiment).
Table 4. The regression coefficients in experiments.
n=1
n=2
n=3
n=4
n=5
n=6

al

bl

ar

br

90.90
47.61
47.61
83.33
66.66
90.90

−89.36
−46.23
−45.61
−83.58
−65.60
−89.90

−45.45
−50.00
−66.66
−58.82
−66.66
−100.00

73.59
85.25
102.13
82.64
99.46
128.70

4.2. Experiment Results
The experiment took place in an anechoic chamber using the setup
shown in Fig. 10. The transmitter is a Horn antenna, and the
transmitting signal data are modulated and generated from a signal
generator (SG) fed by an M-sequencer. The RF receiver gets a
signal from the ESPAR antenna output and provides demodulated
quadratic and in-phase signals to a digital signal processor (DSP)based controller. This DSP is used to convert the analog signals (with
12-bit resolution) to digital signals and also provides the observed data.
The experiment parameters are given in Table 5. We consider
the DoA from the range over [0, 350]◦ . DoA estimations are carried
out when DoA is with an angle increment of 10◦ against signals in 36
directions of total.
The estimation errors by APPR-LT, -RA and PPCC are shown
in Fig. 11. The average estimation error is 2.1◦ . Fig. 11 shows the
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Figure 10.
setup.

Experimental environment and measurement system

Table 5. Experimental parameters.
RF frequency of impinging signal

2.484 GHz

Number of patterns
Data modulation
Number of received signal samples
DoA range
Estimated noise level
Power of impinging signal
Increment of DoA

N =6
BPSK
N ×L
[0, 350]◦
20 dB
10 dBm
10◦

Table 6. Compare of DoA estimation error between APPR-LT, -RA,
and PPCC (Experiment).
APPR-LT
APPR-RA
PPCC

mean
std
mean
std
mean
std

L = 20

L = 50

L = 100

2.6◦

2.1◦

2.6◦

2.4◦

2.9◦
2.6◦
1.4◦
1.2◦

2.8◦
2.4◦
1.3◦
1.2◦

2.1◦
2.4◦
2.8◦
2.4◦
1.3◦
1.2◦

Estimation DOA Error (degree)
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10
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Figure 11.
(experiment).

Estimation errors by APPR-LT, -RA and PPCC

estimation error by APPR-RA, where the average estimation error is
2.8◦ . For comparison, we also give the estimation error when employing
the PPCC algorithm (see Fig. 11), where the average estimation error
is 1.3◦ .
5. CONCLUSION
We proposed an adjacent pattern power ratio (APPR) algorithm to
estimate DoA with switched beam antenna. For a single source, the
signal powers are measured as the antenna switches over a set of
directive beam patterns. The pattern with the maximum signal power
is chosen. Then the adjacent pattern power ratio with respect to the
maximum signal power pattern is used to find the DoA by looking
up into a table or a linear regression approximation. The proposed
algorithm provides a simple DoA estimator with low computational
cost. Simulations and experiments show that compared to the
conventional DoA estimation for switched beam antenna, the proposed
algorithm can provide accurate DoA estimation without significantly
degrading the estimation precision.
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