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A Novel Approach to Array Manifold Calibration Using Single-Direction
Information for Accurate Direction-of-Arrival Estimation

Gangil Byun and Hosung Choo

Abstract— A method of array manifold calibration using one steering
vector measured in a single direction is proposed. The phase information
of the measured steering vector is used to derive a novel calibration
matrix that is proposed to compensate for the relative phase distor-
tion (RPD) at each antenna port. We also present a metric function
defined as a standard deviation of the RPD to determine the optimum
calibration angle, which provides intuition for the cause of the accuracy
degradation in the direction-of-arrival estimation. To verify the feasibility,
a seven-element circular array with identical microstrip patch antennas is
fabricated for calibrating its array manifold using a single steering vector
measured in a full anechoic chamber. The calibrated array manifold
is then used to estimate the direction of arrival, and its accuracy is
compared to the calibrated result obtained from the traditional least-
squares method. The results demonstrate that the estimation error can
be improved by 54.9° compared to the traditional least-squares method,
when the number of measured steering vectors is extremely limited.

Index Terms— Adaptive antenna array, antenna array, array manifold
calibration, direction finding array.

I. INTRODUCTION

Array manifold calibration is essential for accurate direction-of-
arrival (DoA) estimation since the existence of mutual coupling
between array elements often distorts the phase information of a
received signal [1]-[13]. Traditionally, this phase distortion has been
compensated by adopting a least-squares calibration method that
calculates a calibration matrix using the measured steering vectors
obtained from different angles [14]-[21]. However, its accuracy is not
guaranteed when the number of measured steering vectors is insuffi-
cient, which is a major concern for arrays mounted on huge platforms
due to the inconvenience of the measurement process [22]-[25].
In addition, the number of measured steering vectors available is not
generally more than one for electronic devices in mass production
due to the extremely limited production time window. Thus, there has
been a growing demand for a more practical approach to reducing the
calibration complexity of the array manifold in case of the insufficient
measurement data.

In this communication, we propose a novel approach to array
manifold calibration for improved estimation accuracy using one
steering vector measured in a single direction. The proposed process
uses the measured phase information of a single steering vector and
derives its calibration matrix using the Hadamard product between
the measured steering vector and the complex conjugate of the
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Fig. 1. Example of phase distortions for array antennas due to the mutual
coupling effect.

theoretical steering vector [26]. The components of the calibration
matrix represent the degree of relative phase distortion (RPD) at each
antenna port, and the calibration matrix compensates for the distorted
phase of theoretical steering vectors in the entire array manifold.
Since the reliability of the proposed method depends on the direction
of the measured steering vector, we also present a metric function
defined as a standard deviation of RPD to determine the optimum
calibration angle. The standard deviation of RPD also provides
clear explanations of the reasons for the accuracy degradation in
the DoA estimation, which allows more effective calibration without
increasing the complexity.

To verify the feasibility of the proposed method, we fabricate
a seven-element circular array with an inter-element spacing of a
half wavelength, and its array manifold is calibrated using one
measured steering vector obtained in a full anechoic chamber. The
calibrated array manifold is applied to improve the root-mean-square
error (RMSE) of the DoA estimation, and this calibration process
is repeated by changing the direction of a measured steering vector
as an enumerative investigation. In addition, the calibration accuracy
of the proposed method is compared to that of the traditional least-
squares method by varying the number of measured steering vectors.
The result indicates that the proposed method is more efficient in
improving the accuracy of DoA estimation when the measurement is
limited to a few directions.

II. PROPOSED CALIBRATION METHOD

An array manifold is composed of steering vectors for different
azimuth and elevation angles and provides a unique signature of phase
information according to antenna positions and the direction of the
incident wave [27]. Fig. 1 shows the example of phase variations of a
seven-element uniform circular array at & = 0°(0° < ¢ < 360°). The
dashed line indicates theoretical phase information with a uniform
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Fig. 3. Geometry of the fabricated circular array with seven off-the-

shelf microstrip patch antennas. (a) Array elements with the circular ground.
(b) PCB with 50-Q coplanar waveguides and coaxial cables.

interval of 51.4°, and the solid line contains the information of
phase distortions caused by the mutual coupling, which results in
nonuniform phase intervals [28]. As can be seen, each antenna
port experiences a different phase distortion, and the traditional
least-squares method, presented in [14]-[21], compensates for this
difference using the calibration matrix Cyg as written by

C_'LS = (AMeas. : A[’éeal) : (AIdeal : A{éeal)_l (D
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Fig. 4. Comparison of amplitude distributions obtained from E-fields of
Ant. 1. (a) Simulated amplitudes. (b) Measured amplitudes.

AMeas. has a dimension of N x K and indicates a measured array
manifold, where N is the number of antennas, and K is the number
of measured steering vectors at different angles. Ajgea has the same
matrix size of N x K and contains theoretical steering vectors that
neglect the mutual coupling and platform effects. The calibration
matrix Cpg has a dimension of N x N and is adopted to obtain
a calibrated array manifold Acy).

Acal. = CLs - Ardeal. 2

Since the least-squares method contains an inverse operator, an insuf-
ficient number of measured steering vectors lowers the determinant
value of the autocorrelation matrix of Aqgea, which results in an
inaccurately scaled matrix Crs.

In most of the practical applications, the available number of
measured steering vectors does not exceed one, thus, we propose a
novel calibration matrix Crpp that is calculated using one measured
steering vector. To prevent the inaccurate scaling, the proposed
calibration matrix Crpp is defined using the complex conjugate and
the Hadamard product without inverse matrix operation, as shown
in (3), and the entire array manifold is calibrated in accordance with
the proposed process specified in Fig. 2

CRPD = @Meas. © G = LAY Ay -~ Ayi - Apy 1T (3)

Crpp has a dimension of N x 1, and @peas, and djgeal are the
vector components of Apfeas. and Ajdeal, respectively. Each element
of Crpp represents the RPD, denoted as Ay, Ay, ... Ay, and
the RPD is calculated as

Ay; = VMeas.,i — Vldeal,i 4)
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Fig. 5. Comparison of phase distributions obtained from E-fields of Ant. 1.
(a) Simulated phases. (b) Measured phases.

where i is an element index, and the minus operator comes from the
complex conjugate in (3). Aldeal is calibrated through the Hadamard
product using the matrix with K columns of CrpD, and the resulting
calibrated array manifold is denoted by Acy.

Acal. = [Crpp -+ CrPD 10A1deal ©)
—_—
K columns

Acal. is then applied for the DoA estimation using a conventional
MUSIC algorithm [29] shown in (6), and the MUSIC spectrum
Pyvusic is scanned in both elevation 8 and azimuth ¢

P a a 0’ H._ 3.0’
Auusic(©. ¢) = — €097 - aca.©0.9)

A (6)
acal. (0, 9)H - Uy - Ul - aca. (0, ¢)

dcal. is the vector component of Ay, and (-)H refers to the
Hermitian transpose, which is a conjugate transpose. U, indicates the
noise subspace and is obtained from an eigenvalue decomposition of
a covariance matrix R that is defined by

R=x il (7

where X is the time-domain signal received by array antennas. The
peak direction of the MUSIC spectrum is written as ¢gg. and Ogg;.
for azimuth and elevation, respectively, and is used to compute an
RMSE as

RMSE() = / (¢1re — )2 + Orrue — Ost)> (9

for a true signal direction of ¢rre and Orpye.
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Fig. 6. Phase variations of Ant. 1, Ant. 4, and Ant. 6 at @ = 0° before and
after the array manifold calibration.
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Fig. 7. Comparison of MUSIC spectrums showing the effectiveness of the
calibration when a source is placed at ¢rre = 90°.

III. MEASUREMENT AND ANALYSIS
A. Antenna Characteristics of the Seven-Element Array

Fig. 3(a) shows a photograph of a fabricated array with
seven microstrip patch antennas, and their inter-element spacing is
approximately a half wavelength. Each antenna has a square patch
with an edge length of 12.8 mm, and the patch is fed by a coaxial
probe at 1.1 mm off the center [30]. The size is reduced by
printing the patch on a high-dielectric ceramic substrate (g, = 40,
tano = 0.0035) with a thickness of 4 mm, and its two corners are
truncated by 1.3 mm for circular polarization. Fig. 3(b) is a bottom
view of the array and shows a printed circuit board (PCB) integrating
50-Q coplanar waveguides as transmission lines.

An array manifold of the fabricated array is obtained from the
amplitude and phase of far-zone fields measured in a full anechoic
chamber. Fig. 4 illustrates a comparison of simulated and measured
amplitudes at Ant. 1. The peak amplitude is slightly steered toward a
lower elevation angle of @ = 50° and ¢ = 210° for both results due
to antenna placement on a finite ground platform. Fig. 5 shows that
the phase is more sensitive to mutual coupling and platform effects;
for instance, the maximum RPD of 179.7° is observed at ¢ = 155°
and 6 = 115°.

Fig. 6 presents the phase variations as a function of ¢ at the bore-
sight direction (9 = 0) for Ant. 1, Ant. 4, and Ant. 6. A solid line
indicates a measured phase variation, while a dotted line represents
a theoretical variation. The theoretical result has an equivalent phase
interval of about 102.9°; on the other hand, the measured phase
intervals are nonuniform due to the effect of mutual coupling and
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Fig. 8. Probability distributions of the proposed metric values calculated
from steering vectors measured with an angular interval of 5°.
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Fig. 9. Complete enumeration investigation of ogrpp and the RMSE in
both azimuth and elevation. (a) Angular distributions of orpp. (b) Angular
distributions of the estimation error.

platforms. This distorted phase interval of each antenna can be com-
pensated using the proposed calibration matrix Crpp, and the result
is specified by a dashed line. Note that nonlinear phase distributions at
around ¢ = 60°, ¢ = 270°, ¢ = 180° for Ant. 1, Ant. 4, and Ant. 6,
respectively, are caused because the actual direction of measurement
is slightly off the phase center.

Fig. 7 shows the effectiveness of this calibrated phase variation
in terms of the MUSIC spectrum. The peak values of the solid and
dashed lines are observed at ¢gg;. = 92° and ¢gg;. = 99° with values
of 11.9 and 12.1 dB, respectively, when the true direction ¢pye is 90°.
This result implies that the proposed method can improve the RMSE

4955

TABLE I

RANGE OF RMSE FOR CLUSTERING orpp VALUES
AS THE ENUMERATIVE INVESTIGATION

Classification Range
RMSE #1 0° <RMSE < 8°
RMSE #2 8° <RMSE < 10°
RMSE #3 10° < RMSE < 20°
RMSE #4 20° < RMSE < 40°
RMSE #5 40° < RMSE
7 T T T T T T T
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Fig. 10. Probability distributions of ogpp divided into groups. (a) Probability
distributions with bars. (b) Fit log-normal distributions.

by compensating for the RPD using one steering vector measured in
a single direction.

B. Optimum Calibration Angle and Analysis

To better understand the optimum angle of calibration, a standard
deviation of RPD is defined as a metric function and is denoted as

N

1
~—7 2 |Avn —urepl? )

orpD = std{RPD} = N

n=1

where urpp represents the mean RPD of Crpp that is calculated by

N
N z Ayy.
n=1

As an enumerative investigation, orpp is computed for all steering
vectors measured at an angular interval of 5°, which produces
2664 values. Fig. 8 presents a probability distribution of the entire

URPD = (10)
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Fig. 11. Comparison of MUSIC spectrums after calibrating the array

manifold using measured steering vectors with different ogrpp values.
(a) Calibration result using the maximum ogpp value of 110°. (b) Calibration
result using the minimum ogpp value of 5°.

orpp Values, and the RMSE that corresponds to each orpp is
calculated to analyze an interaction. It is assumed that the noise level
is —90 dBm and the signal-to-noise ratio is about 30 dB. We calculate
the RMSE for DoAs from ¢rpe = 0° to Prge = 350° at an
interval of 10° and obtain more reliable average values by iterating
this process 100 times. Fig. 9(a) and (b) shows the distributions of
orpp and the RMSE according to the angle of the measured steering
vector. The values of orpp tend to increase at low elevation angles,
and a similar trend can also be observed in the distribution of the
RMSE. For a more intuitive analysis, the RMSE is divided into five
subranges, as listed in Table I, and orpp values are classified by
their RMS values. Note that the specific values of the five subranges
are empirically determined, and the five groups contain 620, 162,
327, 769, and 786 data. Fig. 10(a) shows the probability distributions
of the classified groups that are specified by different colors, and
each distribution is also fit to a log-normal distribution, as shown
in Fig. 10(b). The peak positions of the log-normal distributions are
observed at 8.9°, 16.3°, 26.6°, 37.7°, and 54.1° and tend to shift
toward larger orpp Vvalues as the group includes larger RMSE values.
Thus, accurate DoA estimation can be achieved when orpp values
are included within a range between 5° and 12.8°, in other words,
the individual elements of an array should experience a similar phase
distortion for optimum calibration.

Fig. 11 shows the example of MUSIC spectrums, when a signal
is located at ¢rre = 90° and bppe = 75°. Fig. 11(a) is obtained
from Acy. that is calibrated using the measured steering vector
with a orpp value of 109.3° in the direction of ¢cgy. = 195° and
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Fig. 12. Comparison of the RMSE between the proposed method and the
traditional least-squares calibration method. (a) Variation of the RMSE of
the traditional least-squares calibration method according to the number of
measured steering vectors. (b) Variation of the RMSE of the proposed method
according to orpp.-

Ocal. = 125°. The peak value of the spectrum appears at ¢pgg;. = 339°
and Ogg. = 151°, and its RMSE is 184.1°. Another spectrum,
presented in Fig. 11(b), is calculated using a calibration vector
measured at ¢ca). = 105° and Oy = 5°, and the orpp value of the
measured steering vector is reduced to 5°. As can be seen, the RMSE
is drastically improved by 178.4°, and this error improvement can be
anticipated by observing the reduced value of oRrpp.

The suitability of the proposed method is further investigated
by comparing the variation of the average RMSE with the tradi-
tional least-squares method, and a different number of measured
steering vectors is employed to calibrate the array manifold of
the seven-element array, as presented in Fig. 12(a). The traditional
method maintains the RMSE to be less than 5° when the number
of measured steering vectors is greater than 24; however, it is
significantly increased to 62.5° in the case of fewer measurements.
Although enough number of measured steering vectors enables
the traditional least-squares method to have better performances,
the inverse operator used in the computation of Cpg causes irreg-
ular amplitude scaling for a fewer number of measured steer-
ing vectors. For example, the scaling factor significantly increases
from 2.4 x 1071 to 2.3 x 10° when the number decreases
from 180 to 12. On the other hand, the proposed method maintains
the average RMSE of 7.6°, which becomes lower than that of the
traditional method when the number of measured steering vectors
is less than 24. We further observed variations of the RMSE for
different orpp, as shown in Fig. 12(b), and detailed information
on the measured steering vectors used in this approach is listed
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TABLE II

DETAILED INFORMATION OF THE MEASURED STEERING
VECTORS USED IN THE PROPOSED METHOD

Index Ocal Pear OkPD
1 180° 105° 5°
2 170° 275° 10°
3 130° 300° 20°
4 85° 100° 30°
5 75° 40° 40°
6 80° 320° 50°
7 60° 330° 60°
8 40° 50° 70.1°
9 60° 55¢ 80°
10 45° 160° 90°
11 55° 95° 100°
12 60° 195° 109.3°

in Table II. The directions of these measured steering vectors, denoted
as Oca. and ¢@Pcyl., are determined by searching corresponding
orpp Vvalues from 5° to 109.3°. These results are then compared
to the RMSE of the least-squares method calculated using twelve
measured steering vectors, which is the first data point in Fig. 12(a).
As can be seen, the proposed method is feasible to maintain lower
RMSE compared to the least-squares method, when ogrpp is smaller
than 40°.

IV. CONCLUSION

We investigated the method of array manifold calibration using
one steering vector measured in a single direction for improved
estimation accuracy. To avoid the inaccurate-scaling issue of the
traditional least-squares calibration method, we defined the calibra-
tion matrix using only the complex conjugate and the Hadamard
product without the inverse operator. We also presented the metric
function, defined as a standard deviation of RPD, to determine the
optimum calibration angle with low complexity and to better explain
the reason of the increased RMSE in the proposed calibration process.
The suitability was then verified using the fabricated seven-element
array by observing its average RMSE after calibration, and the result
was compared to the traditional method by varying the number of
measured steering vectors for calibration. As a result, the RMSE
was significantly improved from 62.5° to 7.6°, when the number of
measured steering vectors is restricted to less than 24.
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