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Abstract— The need for calibration in antenna arrays is a
persistent challenge and is one of the impediments to their
widespread integration into communication infrastructures. The
choice of antenna array structure dictates the means by which
calibration can be achieved. The antenna structure used here is a
distributed source array with an interconnected measurement
structure for calibration. This non-radiative approach was taken
to remove the need for external calibration sources, or
computationally expensive modelling. This approach requires a
calibration algorithm to utilise the measurement structure to get
the best results. This paper will present a set of three such
calibration algorithms used on an experimental setup to show the
effectiveness of such calibration.

I. INTRODUCTION

Antenna arrays provide a means of optimizing the radio
links, by providing an increase in capacity, interference
nulling and direction finding of users [1], [2]. These
advantages assume that the elements of the array are
amplitude and phase matched, or the differences to be known.
However in a practical implementation, these amplitude and
phase relationships are altered by finite manufacturing
tolerances, path length mismatch, component aging, thermal
effects, tower effects, element position variations and mutual
coupling [3-16]. These imbalances are in some cases dynamic
and angle of arrival dependent [17]. The dynamic nature of
the array errors means that once off calibration, such as that
done directly after manufacturing, is not sufficient to maintain
performance.

These amplitude and phase imbalances or errors have an
impact on the radiation pattern, which is to alter their beam
pointing direction, sidelobe level, half power beamwidth and
null depth [18]. There is a roughly linear relationship between
amplitude and phase errors and beam pointing direction [19],
the beamwidth [15], sidelobe levels [3], [20] and null depths
of the radiation pattern.

The effect on the radiation patterns due to the imbalances in
the amplitude and phase relationships make it very important
to select an appropriate synchronisation or calibration method.
There have been several different approaches taken in the past,
such as creating fixed paths to each element of the array [5],
[21], using calibration algorithms [11], which can be based

upon array modelling [4], or measurements which is turn can
be internal or external [5].

This paper presents a non-radiative approach to calibration.
This choice was made because it offers a solution which does
not require external sources, machined paths or extensive
modelling of the array. The reasons for avoiding these
approaches are that as the environment changes so will the
performance of the array. Therefore dynamic calibration will
be required. The non-radiative approach uses a distributed
transceiver system which has an interleaved measurement
structure for tower top implementation.

This paper is organised into six sections, the first of which
presents the non-radiative measurement structure. This is
followed by a section presenting the calibration algorithms
that will be implemented on the system. The experimental
structure is presented in the next section. The results are then
presented and discussed.

II. NON-RADIATIVE TOWER TOP STRUCTURE

The non-radiative tower top structure is a distributed
transceiver array, which consists of low power distributed
transceiver elements, interwoven with reference elements, as
is shown in fig 1. The non-radiative calibration is achieved by
means of a measurement path for each array element. These
measurement or calibration paths consist of the transceiver
element, a directional coupler [22], and a
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Figure 1: Distributed Transceiver System, with built in Calibration
Infrastructure.

3389



reference element, where feedback is provided digitally, as
seen in fig 2. The advantage of this non-radiative calibration
infrastructure is that it removes the need to have an external
source or calibration system, so that calibration can be

performed dynamically.
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Figure 2: Calibration Path for an Antenna Element

This system provides a set of interconnecting reference
elements, these reference elements provide at least one
calibration path for each of the elements of the array, and in
some cases, multiple calibration paths are provided. Each of
these calibration paths consists of the transceiver element, the
interconnecting directional coupler path, the reference element
and the digital feed back provided in the baseband. This is
more clearly seen in fig 2. Calibration algorithms utilise this
unique structure to calibrate the array.

Another advantage of using this measurement structure is
that it provides a rigid structure to the antenna array. This has
the effect of removing element position errors from the
calibration problem.

III. CALIBRATION ALGORITHMS

This paper compares three previously presented calibration
algorithms with varying calibration accuracies, so that their
effectiveness can be compared. The three calibration
algorithms are a top left reference calibration algorithm,
middle reference calibration algorithm [23] and a dual path
calibration algorithm [24].

The top left reference calibration algorithm is a comparison
only algorithm. It selects a reference antenna element in the
top left corner of the array. Then performs comparisons with
the elements connected to the reference antenna element. The
calibration progresses through the array using these one to one
comparisons. It has an RMS standard deviation of 0.6361 dB
and 2.1418° for a 5 by 5 planar array, calculated over 10,000
simulated array calibrations.

The middle reference calibration algorithm is a comparison
only algorithm. It selects a reference antenna element in the
middle of the array, and performs the same calibration process
as top left calibration algorithm. It has an RMS standard
deviation of 0.5472 dB and 1.8548° for a 5 by 5 planar array,
calculated over 10,000 simulated array calibrations.

The dual path algorithm is another comparison based
calibration algorithm, but it takes two paths to each element.

The calibration is set up the same way as the middle reference
algorithm. Instead of using only one to one comparisons, the
algorithm takes two paths of identical length to each element
of the array from the reference antenna. These two paths are
averaged to reduce the effect of coupler mismatch errors, to
give overall consistency. It has an RMS standard deviation of
0.4716 dB and 1.6036° for a 5 by 5 planar array, calculated
over 10,000 simulated array calibrations.

IV. EXPERIMENTAL SETUP

The experimental setup presented uses a 2 by 4 array,
which is shown in fig. 3. The experimental setup is a
representative structure as apposed to a full transceiver
implementation. The transceiver elements are represented by
voltage controlled attenuators (Mini-Circuits RVA-3000) and
phase shifters (Mini-Circuits JSPHS-2484) to emulate the
variations between each of the array elements. For the
purposes of measurement, the antenna elements have been
replaced by connections to a high speed scope (Agilent
infiniium 54853A DSO 2.5GHz). The structure is fed by a
signal generator, which supplies a single 2.46GHz signal. This
signal is split into 8 signals. Each of these signals flow into
each elements voltage controlled attenuators and phase
shifters. These attenuators and phase shifters are set so that
each path has a different amplitude and phase variation, which
can be seen in fig. 4.

Figure 3: A photo of the 2 by 4 experimental array, where the antennas are
replaced by a high speed scope.
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Figure 4: High Speed Scope Display of Uncalibrated Output Signals.
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The calibration algorithms are implemented using Labview
(National Instruments) via digital feedback provided by a set
of two National Instruments PCI cards (6723 and 6251) and
three breakout boxes (BNC-2110).

V. EXPERIMENTAL RESULTS

As mentioned above, the top left reference calibration
algorithm, the middle reference calibration algorithm and the
dual path calibration algorithm need to be implemented upon
the non-radiative measurement structure to achieve calibration.
The experimental results from these calibration algorithms are
presented in terms of the simulation predictions for a 2 by 4
array. The simulated probability density function (PDF) of the
algorithm is determined from 1000 non-ideal arrays calibrated
by the calibration algorithm under investigation. The non-
ideal arrays are generated with randomly generated
component variances, which are based upon the mean value (x)
and the standard deviation (o) of the component value from
this mean, these parameters are defined in table 1. The PDF of
the experimental data is presented to highlight the
performance of the array. This PDF has been centred at zero
to by removing common offsets, for a clearer comparison of
results.

TABLEI
COMPONENT IMBALANCES
Component 5 | paja Oij) A Nijo Sijo
Tx S21 50 dB 3dB 10° 5°
Ref S21 60 dB 6 dB 85° 5°
Coupler S21 |20.3295dB| 0.3295dB 90.197° 1.1175°

First we will consider the top left reference calibration
algorithm. The sinusoidal waveforms measured by the high
speed scope are presented in fig. 5, when compared to the
uncalibrated signals shown in fig. 4; it shows the effectiveness
of the calibration. However for a more detailed analysis the
experimental results are compared to the simulated
performance of the calibration algorithm. This comparison of
the simulated probability density of the calibrated errors with
the experimental results is shown in Fig. 6 and 7. The
performance achieves the criterion of less than 1dB. However,
the phase criterion of less than 5” has been achieved for all but
two of the phase values, 5.13” and 5.7°.

Figure 5: High Speed Scope Display of top left reference calibrated Output
Signals.

Secondly, the sinusoidal waveforms measured by the high
speed scope are presented in fig. 8, when compared to the

Simulation vs Experimental Results (Ampiitude)

‘Simulation PDF
~—— Experimental PDF

&l ©_Experimental Resuts

0.8

P(A)
°
=
- —
s =
&

02t H \‘

05 0 05 1 15 2
Amplitude Variation (dB)

Figure 6: The Amplitude Simulation Results vs. Amplitude Experimental
Results for the Top Left Reference Calibration Algorithm for a 2 by 4 array.
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Figure 7: The Phase Simulation Results vs. Phase Experimental Results for
the Top Left Reference Calibration Algorithm for a 2 by 4 array.

uncalibrated signals shown in fig. 4; it shows the effectiveness
of the calibration. As before, a more detailed analysis of the
experimental results is achieved when compared to the
simulated performance of the calibration algorithm, which is
shown in Fig. 9 and 10. The performance achieves the
criterion of less than 1dB. It must be noted that the amplitude
values from the experimental results have a narrower
distribution than the top left reference calibration
experimental results. However, the phase criterion of less than
5 has been achieved for all but one of the phase values 5.7°.

Figure 8: High Speed Scope Display of Middle Reference Calibrated Output
Signals.

Finally, the sinusoidal waveforms measured by the high
speed scope are presented in fig. 11. When compared to the
uncalibrated signals shown in fig. 4; it shows the effectiveness
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Figure 9: The Amplitude Simulation Results vs. Amplitude Experimental
Results for the Middle Reference Calibration Algorithm for a 2 by 4 array.
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Figure 10: The Phase Simulation Results vs. Phase Experimental Results for
the Middle Reference Calibration Algorithm for a 2 by 4 array.

of the «calibration. The comparison of the simulated
performance of the calibration algorithm with that of the
experimental results gives a better comparison and is shown in
Fig. 12 and 13. The performance achieves the criterion of less
than 1dB. It must be noted that the amplitude values from the
experimental results have a narrower distribution then that of
the middle reference calibration experimental results, except
for a single outlier. The phase criterion of less than 5° has
been achieved for all element of the array, which surpasses
either of the previous two algorithms.

Figure 11: High Speed Scope Display of Dual Path Calibrated Output Signals.

VI. DISCUSSION

The experimental results are consistent with the predicted
performance from the calibration algorithms simulations. The

Simulation vs Experimental Results (Ampiitude)
T T T

‘Simulation PDF
xperimental PDF
©_ Experimental Resuts

0.8

02 / N\

0
Amplitude Variation (dB)

Figure 12: The Amplitude Simulation Results vs. Amplitude Experimental
Results for the Dual Path Calibration Algorithm for a 2 by 4 array.
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Figure 13: The Phase Simulation Results vs. Phase Experimental Results for
the Dual Path Calibration Algorithm for a 2 by 4 array.

performance can be seen to gradually improve from the first
calibration algorithm considered, top left reference calibration
algorithm, to the final calibration algorithm that is considered
here, dual path calibration algorithm. The reason for this
gradual performance improvement is based on the fact that
each of these algorithms is comparison based. The reason for
this choice of calibration base technique is due to the fact that
this non-radiative calibration structure is based on the sensor
elements interleaved in the array. These sensor elements are
not ideal and therefore will introduce calibration errors
themselves. The effect of these errors can be reduced by using
comparisons at each sensor elements; this prevents the sensor
element errors propagating through the array.

The performance of the middle reference calibration
algorithm is predicted to be better than the top left reference
calibration algorithm as the reference antenna element is
moved from the top left corner to the middle of the array,
reducing the overall path length. The experimental data agrees
with this prediction, the distribution of the values is wider for
top left reference algorithm, and there are two phase outliers.
There is however not a large improvement in our experimental
setup array (2 by 4) as the reference antenna element in only
moves in by one element due to the small size of the array.

The performance of the dual path calibration algorithm is
predicted to have improved performance over the top left
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reference calibration algorithm and the middle reference
algorithm. The experimental results hold up this prediction,
particularly in the phase results, as the dual path algorithm has
met the less then 5° criterion, when neither of the other two
algorithms have. This improvement is due to the use of two
paths to each element of the array instead of one. These
comparisons are taken along paths of equal length from the
reference antenna element to the calibrated element. The
length criterion is used so that the number of coupler errors
included in the comparisons is the same, so that there is not an
increase in calibration errors from comparing two different
path lengths. The two comparisons taken for each element are
averaged. The reason for this averaging is to reduce the
impact of coupler variations on the calibration performance,
which has not been removed by the comparisons.

VIL

This paper has presented a non-radiative calibration
structure for an antenna array. This structure provides a rigid
measurement structure which eliminates the position errors
from the calibration problem as well as providing multiple
measurement paths for all array elements except for the corner
elements. These measurement paths are utilized by calibration
algorithms. Three such calibration algorithms where
implemented on a representative experimental setup, top left
reference, middle reference and dual path calibration
algorithms. These algorithms are all comparison based
algorithms, to reduce the propagation of errors. The
experimental performances of these algorithms were
compared to Matlab simulations to show the effectiveness of
this non-radiative calibration performance. The algorithms
have shown their progressive performance improvement, so
that the criterion of amplitude variance of less than 1 dB and
phase variance of less that 5°.

CONCLUSIONS
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