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1 Introduction

The Electronically Steerable Parasitic Array Radiator (ESPAR) antenna[ 1] has been proposed as an adap-
tive circular array for wireless user terminals. It has recently been reported that high resolution DOA (Di-
rection-of-Arrival) estimation such as the MUSIC algorithm[2] can be applied to ESPAR antenna as a
reactance-domain MUSIC algorithm, athough it has only a single-port output. Some simulations show
that an equally sharp MUSIC spectrum can be obtained as that obtained with a conventiona array an-
tenna[3]. An experimental result also presents an actual DOA estimation towards one signa source suc-
cessfully in an anechoic chamber[4]. However, calibration of the antenna lacks sufficiency because the
MUSIC spectrum may not have a sharp peak. In this paper, we propose a caibration method of the ESPAR
antenna by calculating an "equivalent weight matrix", which is a matrix composed of several equivaent
weight vectors forming directiona radiation patterns, and present an experiment result that achieves a
sharp MUSIC spectrum in an anechoic chamber.

2 Reactance-domain MUSIC algorithm

The reactance-domain MUSIC algorithm is a high resolution DOA estimation using reactance-domain
signa processing of the ESPAR antenna. The reactance-domain signal processing creates a correlation
matrix of several signal sequences received by revolving a directional radiation pattern. The MUSIC algo-
rithmis then applied to the obtained correlation matrix. The ESPAR antennais able to form severa direc-
tional patterns by changing the reactance values of varactors circularly as shown in Tab. 1. The "max" and
"min" mean maximum and minimum values of varactorsloaded in parasitic € ements around, respectively.

Tab. 1 Varactor sets [unit:Q ] forming omni and directional patterns
m| pattern Xmi | X2 [ Xm3 | X | X5 | Xie
0 | omni max max max max max max
1| 0° directional min max max max max max
2 | 60° directiona max min max max max max
3 | 120° directional max max min max max max
4 | 180° directional max max max min max max
5 | 240° directional max | max | max | max min max
6 | 300° directional max | max | max | max max | min

When we assume that only awaveis arriving at the ESPAR antenna, the received signal of the mr-th direc-
tiona pattern (m=0,1, , 6)isgivenby

Ylt) = Win' & Jut)+n(®) @

wherea(® o) and u(t) are a steering vector with arrival angle ¢ ,and an arrival signal at the center element,
n(t) is a thermal noise component and T denotes transpose. wi, is an equivalent weight vector of the ES-
PAR antennaand is expressed by

W, =22,(Z +diagZ, Xy [Xms]) U &)

using an impedance matrix Z with mutual coupling among elements. z is an interna impedance of are-
ceiver. Ug is a unit vector expressed by [1,0,0,0,0,0,0].

Here, when we define an equivaent weight matrix "W" as a matrix composed of seven equival ent weight
vectors "W = [wo Wy ... wg]T " and express the received signal sequence "y(t)" as y(t) = [Yo(t) Va(t) ...
ye(D] ", they(t) and the correlation matrix R,y are given by
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and
R, =E(Oy" 0]=27, el . @

respectively, where n(t) is a noise vector and " denotes helmitian transpose. E[ ] stands for an expectation
operation. Let L bethetotal number of varactor setsand L = 7 inthe case of Tab. 1. A and eare an eigen-
value and an eigenvector, respectively. In the reactance-domain MUSIC algorithm, each pattern needs to
receive the same transmitted signal sequence. So the transmitter sends the signal sequence seven times
periodically, as shown in Fig. 1 and Fig. 2.
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Fig. 1 Revolving adirectiona pattern Fig. 2 Periodic transmitted signals

Now, when we express a noise-subspace composed of noise eigenvectors as E N E[e2 S -e,_] , the
MUSIC spectrum is computed by the following equation.

__a"e)w"wagp)
PMUSIC@)_ a”(p)W“ENEEWa(p) (5)

3 Calibration employing signal subspace approach

Each component of the impedance matrix Z in Eq. (2) has unknown parameters. Though the Z can be
caculated by the moment method, and so on, we have not yet found an accurate Z. Therefore, the equiva
lent weight matrix W including Z has to be calibrated in order to obtain a sharp MUSIC spectrum. This
section describes a way to calibrate the ESPAR antenna using a signal eigenvector corresponding to a
signal eigenvalue.

At first, from Eq. (3) and Eq. (4), the following equations can be obtained:

H H 2
R, =PWa($,)a" (¢, )W" +c°I : (6)

R, =1.ee +E\AEN . 7

By the comparison of Eq. (6) and Eqg. (7), we obtain a propotional relationship: Wa(¢ a) xe. ()]

In these equations, P is an expectation of the arrival signal power "P = E[Ju(t)]". ¢ ? and | are athermal
noise power and an identical matrix, respectively. A y means a diagonal matrix with six eigenvalues cor-
responding to the thermal noise power o 2, "A y = diag[d » A 5... A ]". A 1 and e, are an eigenvalue
and an eigenvector forming signal-subspace, respectively.

Next, we calculate the signal-eigenvector e,™ using a received signal sequence from the n-th direction (n
., N) to derive the following equation:

4@ (N)
[el € & ]=W[a(¢1) a((l)z)a((l)N)] . )
Finally, after we replace the two parts of Eq. (9), [e® @ ... &™] and [a(p 1) a(@ ») a(@ )], with the
two matrices Eg and A, respectively, theW can be calculated by W =E A "(AA™)T (10)



Concept of this equation scheme will also befound in [5].

4 Experiment and itsresults

A measurement system in an anechoic chamber isillustrated in Fig. 3. Measurement conditions are shown
in Tab. 2. The transmitter with a horn antenna sends periodic signal sequences seven times, and the ES-
PAR antenna receives the signals by seven directiona patterns. Carrier synchronization and symbol syn-
chronization between the transmitter and the receiver correspond completely due to clock reference
through wired cables. In the anechoic chamber, the distance between the transmitter and the receiver is 18
m and each height is about 5 m high. The received data for angle estimation is different from the data for
caibration.
Tab. 2 Experiment conditions

Horn antenna ESPAR antenna items condition
| 18m R Frequency 2.484GHz
I i Input SNR 20dB
)} Polarization Vertica
Modulation BPSK
Carrier synchronization ~
@ LNA Varactorsin Tab. 1 max 4;(7) g
SG(2.484GHz) _ min -
_____ ) /6’>— Signal sequence P = 1000 symbol
| SG(2.414GHz) | BPF . X N=12
M-Sequence |  (70MH2) Number of DOAs for calibration on every 30deg
Generator(Tx) ! Lo
; SG(ToM H2) DOAsfor calibration . 30, 60; ..., 300, 3‘28
i ESPAR Controller L 0, 20, 50, 80,
i ’ DOAs for angle estimation 110, 140, 170 deg
Symbol synchronization M-Sequence
Gener ator (Rx)

Fig. 3 Measurement system

An experiment result of the MUSIC spectrum with the proposed calibration is shown in Fig. 4 with com-
parison to the case of no calibration. The calibration provides a sharp spectrum and accurate estimation
angle. Each estimation angle and spectrum peak on the seven DOA cases is summarized in Tab. 3. It is
clear that calibration reduces the estimation error to afew degrees at most.

"Without calibration" means that the calculated W is employed in Eq. (5). W is not calibrated in the ex-
periment. In this case, each row vector in the equivalent weight matrix W is calculated by using Eq. (2).
The impedance matrix Z in Eq. (2) is computed by a simulation model using the moment method. There-
fore, the Z may bealittle different from the actual impedance matrix. Thus, in the case of no calibration in
Fig. 4, the MUSIC spectrum becomes quite dull. The calibration method to modify this difference is re-
quired.

For the MUSIC spectrum with calibration in Fig. 4, a lower spectrum peak is observed in the case of
DOA =170 deg. This may be because the varactor setsin Tab. 1 are not so suitable. In order to investigate
how much the sets of varactors influence the calibration of the ESPAR antenna, we attempt to measure the
MUSIC spectrum by using 6 directional patterns except the omni pattern, as shown in Tab. 4, for example.
For comparison, the MUSIC spectrum using 7 patterns and the MUSIC spectrum using 6 patterns are ex-
hibited in Fig. 5. The received data is quite similar in both cases. The equivaent weight matrix Ws are
calibrated independently in each case by Egs. (4), (9) and (10). In the case using 6 patterns, L in Eq. (4) is
equal to 6.

In the case using 6 directiona patterns except the omni pattern, the MUSIC spectrum cannot be formed. In
DOA = 20, 50, and 80 deg, though spectrum peaks are observed near actual DOAS, the pesks are much
lower than those when using 7 patterns. Therefore, it is found that using 7 patterns is more suitable than
using 6 patterns. We conclude that the accuracy of DOA estimation depends on sets of varactors forming



severd directional patterns when the calibration method described in section 3 is applied to the reactance-
domain MUSIC dgorithm of the ESPAR antenna. We need to consider more suitable sets of varactorsin
the future.

5 Conclusion

This paper present a calibration method of the equivalent weight matrix for the reactance-domain MUSIC
algorithm of the ESPAR antenna. This is a way of calibrating an ESPAR antenna by employing a signal
eigenvector corresponding to a signal eigenvalue. We adopt seven directiona patterns including an omni
pattern to obtain a correlation matrix. In experiments, we can find that the proposed calibration method
provides a higher spectrum peak of about 20 dB and an accurate estimation angle. We conclude that accu-
rate DOA estimation depends on sets of varactors forming several directional patterns.
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Fig. 5 MUSIC spectrumsin cases using 7 patterns
and 6 patterns. DOAs =0, 20, 50, 80, 110, 140 and

and 170 deg. 170 deg.
Tab. 3 Estimation angles and spectrum peaks of 7 DOAS.
DOA [deg] 0 20 50 80 110 [ 140 | 170
) angle [deg] 6 10| 247 | 123| 131 72 6
without
calibration
peak [dB] 214 1.96 2.35 2.30 197 1.99 285
angle [deg] -1 -1 0 -4 0 -1 -2
with
calibration pesk[dB] | 187 | 202 | 184 | 216| 229 | 206 | 134

Tab. 4 Varactor sets [unit:Q ] forming directional patterns

m_pattern Xm | Xme [ Xm3 | X | Xms | Xme
1| 0° directional -90 -ATT | -ATT | 47T | -ATT | -ATT
2 | 60° directiona -4.77 | -90 -ATT | -ATT | -ATT | -ATT
3 | 120° directional -ATT | 477 | -90 -AT7 | -ATT | -4TT7
4| 180° directional -AT7 | 477 | 477 | -90 -AT7 | -ATT
5 | 240° directional -ATT7 | -ATT | 477 | -A4T77 | -90 -4.77
6 | 300° directional SATT | -ATT | ATT | -ATT | 477 | -90






