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Abstract. The process of developing antenna structures typically involves pro-
totype measurements. While accurate validation of far-field performance can be
performed in dedicated facilities like anechoic chambers, high cost of construc-
tion and maintenance might not justify their use for teaching, or low-budget re-
search scenarios. Non-anechoic experiments provide a cost-effective alterna-
tive, however the performance metrics obtained in such conditions require ap-
propriate correction. In this paper, we consider a multitaper approach for post-
processing antenna far-field characteristics measured in challenging, non-
anechoic environments. The discussed algorithm enhances one-shot measure-
ments to enable extraction of line-of-sight responses while attenuating interfer-
ences from multi-path propagation and the noise from external sources of elec-
tromagnetic radiation. The performance of the considered method has been
demonstrated in uncontrolled conditions using a compact spline-based mono-
pole. Furthermore, the approach has been favorably validated against the state-
of-the-art techniques from the literature.

Keywords: Antenna calibration; data post-processing; non-anechoic measure-
ments; radiation pattern, multitaper.

1 Introduction

Antennas are traditionally validated in costly, specialized laboratories where strict
control over the propagation environment is maintained in order to mitigate its effects
on the measured performance of the prototype [1]-[4]. However, for budget-sensitive
applications like training of students, underfunded research, or rapid iterative devel-
opment conducted by start-up companies the use or lease of professional facilities
might be economically impractical. Instead, the tests can be performed in in-door or
outdoor conditions not intended for precise far-field experiments such as offices,
hallways, courtyards, or parks [5]. Despite potential cost savings, the results obtained
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in such uncontrolled propagation conditions are of little to no use for interpretation of
the antenna under test (AUT) real-world performance [5]-[7].

The challenges related to insufficient fidelity of non-anechoic measurements can
be mitigated using appropriate post-processing methods. The latter ones belong to two
main categories that include: (i) decomposition of transmitted signals and (ii) charac-
terization of propagation environments [5]-[18]. Signal decomposition techniques boil
down to extraction of the Line-of-Sight (LoS) transmission between the reference
antenna (RA) and AUT based on time, or frequency domain analyses that employ
suitable windowing kernels, or a truncated composition of basis functions [5]-[14].
The second group of methods focuses on extracting the effects of propagation envi-
ronment on the RA-AUT system performance (e.g., based on comparative measure-
ments conducted within the professional test sites) [15]-[17]. Their practical imple-
mentations include analyzing the AUT in multiple spatially separated locations [17],
determining the noise floor [15], or estimating equivalent currents on a hull enclosing
the radiator [18].

Unfortunately, the existing approaches face challenges that limit their applicability
to measurements in truly uncontrolled environments. Issues include not only cognitive
and problem-specific setup of correction parameters, but also validation using electri-
cally large, high-gain (and hence featuring increased signal-to-noise ratio) antennas
[16], [17]. Finally, the state-of-the-art methods are predominantly demonstrated in
favorable propagation conditions compared to standard office rooms, such as anecho-
ic chambers (ACs), semi-ACs, or even based on electromagnetic (EM) simulation
environments [10]-[14]. From this perspective, the problem concerning reliable meas-
urements of small antennas in non-anechoic conditions remains unsolved.

In this work, a framework for automatic correction of measurements performed in
uncontrolled environments is considered. The method modifies the noise-distorted
responses obtained in non-anechoic conditions using a series of locally optimal dis-
crete prolate spheroidal sequences (DPSS) to enhance the relevant fraction of the RA-
AUT impulse response while suppressing the noise and interferences. The post-
processing is performed as a convex combination of the tapered responses. The per-
formance of the algorithm is demonstrated based on four experiments conducted in a
non-anechoic test site (a standard office room) and oriented towards evaluating far-
field characteristics of a geometrically small spline-based monopole. The discussed
method outperforms other window-function-based correction schemes while eliminat-
ing the need for expert knowledge in the course of algorithm setup. Potential applica-
tions of the considered antenna include in-door localization, or radiology with empha-
sis on microwave imaging devices dedicated to breast cancer detection [19], [20].

2 Methodology

In this section, a multitaper-based post-processing is discussed, starting with a formu-
lation of the problem related to refining non-anechoic measurements. Subsequently,
the correction procedure utilizing DPSS taper functions is outlined, followed by an
explanation of the parametric tuning method applied to the considered framework.
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2.1 Problem Formulation

Assume the set of uncorrected transmission responses (distorted by EM noise and
multi-path interferences) of the RA-AUT system is denoted as Ry(w, #). The parame-
tersw =[w1 ... ok ... ok]"and @ =[6: ... Oa ... Oa]" refer to frequency sweep around
fo = (wk — w1)/2 and angular rotation of AUT w.r.t. RA, respectively. The assumed
bandwidth around fo is B = wk — w1. The multitaper post-processing method entails
spectral analysis of Ru(w, 6) to obtain R = R (fo, ), i.e. the refined response of
AUT at the frequency of interest fo. The vector R;” can be interpreted as an estimate of
the measurements carried out in an anechoic environment [1].

2.2 Multitaper Post-Processing

The post-processing relies on spectral analysis of the signal, incorporating multiple
modifications of the uncorrected signals using a composition of mutually orthogonal
taper functions, i.e. DPSSs. The correction process is as follows [7].

Assuming a specific angle 6. for RA-AUT system, let the time-domain response be
denoted as T, = Tu(t, 8a) = FY(Ry, N) and extracted via an inverse Fourier transform
F-1(-) with N = 29,53 points from Ry = Ru(, 62), where [ -] denotes rounding up to
the nearest integer. Additionally, let t = [ti, ..., tv]™ = 6+M be the sweep in time for ot
= (wk — w1)(K-1)/(N-1) and M = [-N/2, ..., N/2-2, N/2-1]". Efficient noise isola-
tion from the relevant fraction of the RA-AUT transmission can be achieved through
multiple tapering of the segmented T, with partial overlap of its subsequent intervals
(segments) [21]. To segment T, with an overlap, let Ts = Ty(ts, 8a) be the i-th segment
of Ty, such that t; = 0+-Ms, where Ms = Ms(i) = [-N/2+(i-1)s, ..., -N/2+(i-1)-s+n-1]".

The parameter i = 1, 2, ..., L(N-n+s)/s] (where |-] indicates rounding down to the
nearest integer) is determined by segment length n =1, 2, ..., N-1 and step length s =
1, 2, ..., n, both defined in points. To achieve a reasonable T, segmentation with a

desirable overlap of consecutive T, fractions, assume 1 <s<n<N/2.

The multiple tapering of segments from Ty requires the prior formulation of the
specific DPSS functions. These can be obtained by finding all n-point finite energy
sequences (eigenvectors) that maximize the spectral concentration ratio (correspond-
ing eigenvalues) for the selected 2W bandwidth, where W < 0.50¢* [21], [22]. The
procedure of finding all DPSS components T,(ts, w) for the i-th segment of T, can be
depicted as:

S~ Sin(2z(y — p)-W)
p=0 ”(7/_,0)

T (o) W) =4, T (t(), W), @)

where y=0, 1, ..., n—1. Parameter w=0, 1, ..., n-1 is the order of the identified T.(ts,
w) sequence for the spectral concentration ratio Aw. Note that sequences of lower order
have higher concentration ratios. The optimal number of DPSS tapers (with high
enough Aw) can be denoted as Wopt = | 2the] — 1, where tug = n-6+W < n/2 is a time-
half-bandwidth product [22].

The identification of the DPSS functions enables modification of the segments
from T, using the obtained set of tapers, where each segment is modified using Wopt
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functions. Subsequently, the set of n-point Fourier transforms of the individual ta-
pered events are computed, and their convex combination, using 4w weights, is calcu-
lated to extract the frequency-domain response for each segment. Assuming the i-th
segment Ts, this task can be formulated as follows:

Wﬂm—l ﬂ
Rcs (‘(“)s’ ea) = z F(Ts OTK(ts’ W)’ n) w 7lW ! (2)

Sa
w'=0

where © is the component-wise multiplication. The vector Res(2s, 8a) represents the
frequency-domain response for the i-th segment Ts, such that Qs = 6w-Ms and dw = (tn
— t1)%. Upon calculation, the frequency responses for all subsequent segments of T,
can be concatenated (with an applied arithmetic mean for overlapping points) to yield
the overall frequency-domain response R¢(€2, 6.). Here, 2 = dw*M,, and M,, = [-N/2,
.., =N/2+((N-n+s)/s}-1)-s+n-1]". The corrected response of the RA-AUT system in
non-anechoic conditions, i.e. Re(fo, 8a), is obtained at f; € 2 and 6, angle. This proce-
dure is repeated for all 8, angles to determine R(fo, 6).

2.3 Optimization of Multitaper Functions

The discussed multitaper post-processing is optimized using two parameters, i.e., seg-
ment length n and step length s, both crucial for ensuring high correction performance
when using DPSS functions. The optimal values for n and s (for the assumed tyg = 4)
are determined based on evaluations of a scalar objective function [7]:

U(x)=2 (R (x)-aR,(f,.0)). 3)

where R¢(x) is the corrected response Rc(fo, 8) obtained by utilizing the DPSS tapers in
accordance to the vector of setup parameters x = [x1 X2]" = [n s]". R¢ = Ri(fo, 6) is the
reference performance figure (here, the radiation pattern) obtained from simulations of
the AUT EM model. The factor o = (Rf'Rf)*R{"R¢(x) offers an analytical solution for a
curve fitting problem that minimizes the difference between R¢(x) and Rs through ap-
propriate scaling of the latter. The DPSS-based functional landscape resulting from (3)
is highly multimodal which hinders its reliable optimization. Here, an exhaustive search
oriented towards evaluation the objective function (3) for a set of designs X = {Xp}i<p<p,
followed by domination-based ranking of the obtained responses (so as to identify Xop
< X that correspond to local minima) is performed. The final result R;" is obtained as an
average of solutions Re(Xg), =1, 2, ..., and Xz € Xop, representing the o-quantile of all
locally optimal responses, where o = 0.1.

3 Correction Results

The considered correction framework has been validated based on a total of four exper-
iments conducted in a non-anechoic test site, i.e. an office room (5.5 x 4.5 x 3.1 m®)
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that is considered not appropriate for far-field experiments (cf. Fig. 1(a)). The AUT
used in the experiments is a spline-based monopole depicted in Fig. 1(b), whereas the
RA for the two-antenna system is a Vivaldi structure of Fig. 1(c). The test setup is con-
figured with an angular resolution of 5°. The number of frequency points around fo is set
to K = 201 with bandwidth of B = 3 GHz. The AUT responses have been measured in
the yz-plane at the specified frequencies of interest fo € {4, 5, 6, 7} GHz. For all of the
considered experiments, the correction performance between the non-anechoic and
AC-based measurements is quantified using the root-mean-square error, er expressed
in decibels [9].

The multitaper post-processing is independently applied at each fo and optimized ac-
cording to the exhaustive search procedure outlined in Section 2.3. The correction pro-
cess via DPSS taper functions is executed based on the set of test designs X with the
lower- and upper-bounds of I = [101 0.1x1]" and u, = [901 0.9x:]", respectively. The
Rc(X) responses are ranked based on their corresponding U(X) values and the final
solution is determined as the average of R¢(xs) responses with the highest rank among
the corrected measurements. The process involves the use of five designs, correspond-
ing to the s-quantile of the best locally optimal solutions found as a result of exhaus-
tive search of Section 2.3 for ¢ = 0.1, and is repeated at all of the considered f; fre-
guencies.

Figure 2 compares the radiation pattern characteristics of the antenna at the select-
ed frequencies before and after multitaper-based post-processing. The obtained re-
sponses demonstrate a significant improvement of non-anechoic measurements fideli-
ty due to correction. Additionally, the antenna performance characteristics before and
after refinement, for all considered fo frequencies, are summarized in Table 1. The
average improvement of the radiation pattern fidelity—expressed in terms of 4 =
ler(Re"(fo, 0)) — er(Ru(fo, 8))|—is nearly 13 dB. The maximum and minimum 4 chang-
esare 15.4 dB at 4 GHz and 11 dB at 5 GHz, respectively.

2m 45m
| <o

RA AUT w jg-l ﬁir

55m
(a) (b) (c)

Fig. 1. A non-anechoic test site considered for experiments: (a) schematic view highlighting the
location of rotary towers with tall (dark gray) and short (light gray) furniture, as well as photo-
graphs of (b) the spline-based monopole used as the AUT, and (c) the Vivaldi radiator used as
the RA. Note that the considered antenna structures are not in scale.
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Fig. 2. Radiation patterns in yz-plane (cf. Fig. 1) obtained from AC (gray) and the non-
anechoic measurements (black) before (), and after correction (—) at: (a) 4 GHz and (b) 7
GHz frequencies.

4 Discussion and Comparisons

The discussed approach was compared against other state-of-the-art post-processing
algorithms based on time-domain analysis. The selected benchmark methods—
implemented for the same configuration parameters (fo, B, K, N)—utilize: (i) manual
estimation of RA-AUT distance (i.e., based on physical measurements of the dis-
tance) with a rectangular window function, (ii) cognition-based analysis of the im-
pulse response with a Hann function, and (iii) modification of the interval identified
based on relative thresholds using a composite window [8], [9], [15]. The correction
performance, assessed by the averaged er factor, for all considered methods is pre-
sented in Table 2. The considered multitaper approach consistently outperforms other
methods (for the considered antenna and test frequencies), with improvements in the
refined radiation characteristics ranging from 7.2 dB to 10.3 dB, respectively. Addi-
tionally, unlike approaches (i) and (ii), the considered method does not rely on expert
knowledge nor is dependent on predefined thresholds, as is the case in (iii). The ex-
haustive search of the setup parameters enhances flexibility in terms of tuning the
multitaper post-processing, potentially extending support for a wider range of antenna
structures and test sites.

Table 1. Correction performance of the multitaper method in non-anechoic test site.

fo [GHz] 4 5 6 7
er(R.) [dB] -8.8 ~14.1 9.9 ~12.8
er(R:") [dB] 242 -25.1 225 256

A [dB] 15.4 11.0 12.6 12.8

A =er(Re"(fo, 8)) — er(Ru(fo, 8))]
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Table 2. Correction performance of the chosen methods in non-anechoic test site.

Root-mean-square error er, averaged over the frequencies of interest
@@ (ii) (iii) This work

-14.0dB -159dB -17.1dB -243 dB

5 Conclusion

In this paper, we consider a multitaper post-processing framework for correcting an-
tenna measurements performed in non-anechoic conditions. The method improves
RA-AUT transmission obtained from one-shot experiments using mutually orthogo-
nal DPSS taper functions that enable the extraction of the desirable part of the signal
from interferences and noise. Demonstrated based on four measurements of a spline-
based monopole structure in a non-anechoic test site, the method enhances the fidelity
of the non-anechoic responses by an average of nearly 13 dB contrasted to uncorrect-
ed characteristics. It has been favorably compared to other techniques applicable to
time-domain post-processing of far-field responses.

Future work will focus on enhancing the approach to enable automatic calibration
of all relevant setup parameters and development of the ensemble method dedicated
to further augment the information embedded within the one-shot measurements.
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