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Auto-Correction of Nonanechoic Antenna
Measurements Based on Multitaper Approach

Mariusz Dzwonkowski and Adrian Bekasiewicz , Senior Member, IEEE

Abstract—Measurements of antenna prototypes are normally
performed in dedicated yet costly environments such as anechoic
chambers (ACs). However, the AC construction cost might be
unjustified when the measurements aim to support education or
budget-tight research. Alternatively, experiments can be realized
in a nonanechoic regime and refined using appropriate methods.
In this letter, a framework for the correction of antenna far-field
measurements performed in uncontrolled environments based on
the multitaper concept has been proposed. The method involves
extracting a direct transmission between the measurement system
components, while reducing undesirable factors such as noise and
interferences. The performance of the approach has been demon-
strated based on a total of 16 tests of two small antennas performed
in nonanechoic conditions. The framework has also been compared
against the methods from the literature.

Index Terms—Antenna measurements, compact antennas,
multitaper method, nonanechoic tests, radiation pattern.

I. INTRODUCTION

EXPERIMENTAL validation is of pivotal importance for
antenna development. It normally involves assessing the

electrical- and field-related performance metrics in facilities
such as anechoic chambers (ACs), open-test environments, or
compact-range sites [1], [2]. Despite offering high accuracy, the
cost associated with the construction of such laboratories may
not be justified for applications such as teaching or research with
tight budgets. The cost of antenna validation can be reduced
by neglecting the control over the radiation environment—
maintained at professional facilities—in favor of experiments
in nonanechoic sites such as office cubicles or courtyards [3],
[4], [5], [6]. Unfortunately, due to interferences and noise, the
mentioned conditions are unsuitable for drawing meaningful
conclusions on the far-field performance of the antenna under
test (AUT).
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Nonanechoic measurements accuracy can be improved
through post-processing oriented toward (1) characterization of
the propagation environment or (2) signal decomposition [3],
[4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16],
[17]. The former involves neglecting the effects of the environ-
ment on a line-of-sight (LoS) transmission between the reference
antenna (RA) and AUT based on redundant measurements [4],
[5], [6], [7], [8], [9], [10]. Examples include reconfigurations
of the test site [4], [5], determination of the environmental
noise levels [7], evaluation of correlations between ideal and
more practical test sites [9], [10]. The second group of methods
implements spectral or time-domain analyses to extract LoS
signals [11], [12], [13], [14], [15], [16]. The concept involves
approximation of far-field responses using a composition of
basis functions [13], [14], [15], [16], or truncation of the impulse
response using carefully selected window functions [6], [13],
[14], [15], [16]. Unfortunately, the applicability of the mentioned
approaches to uncontrolled environments is limited due to their
cognition-based (and problem-specific) tuning. Furthermore, the
existing algorithms are predominantly validated in idealized
environments (ACs, semi-ACs) using large, high-gain radiators.
From this perspective, a reliable correction of far-field antenna
responses in uncontrolled conditions remains an open issue.

In this letter, a framework for correction of far-field measure-
ments conducted in nonanechoic test site that exploits multitaper
wavelets has been proposed. The taper kernels are tuned using
numerical optimization to automatically amplify the significant
portion of the signal while suppressing the noise and interfer-
ences. The method has been validated using two geometrically
small antennas dedicated to sensor applications (e.g., a radiolog-
ical system that could be used for breast cancer detection) [19],
[20]. A total of 16 experiments that span across nine unique
frequencies have been performed. The method has been verified
against state-of-the-art techniques.

II. METHODOLOGY

A. Problem Formulation

Let Ru(ω,θ) represent the nonanechoic, far-field responses
of the RA-AUT system. Here, ω = [ω1 … ωk]T, k = 1, …,
K, is a frequency sweep around f0 = B/2, where bandwidth B
= ωK – ω1; θ = [θ1 … θa]T, a = 1, …, A, is the vector of
AUT angles w.r.t. RA. Interferences and electromagnetic (EM)
noise make Ru(ω,θ) inadequate for drawing conclusions on the
AUT performance. Let Rc(f0, θ) be the refined AUT response
at f0 as a function of θ. The correction process involves extrac-
tion of Rc(f0, θ)—that approximates AC measurements—using
multitaper-based wavelet kernels applied to short-time events
extracted from the Ru(ω,θ) data.
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B. Multitaper Method for a Short-Time Event

A multitaper post-processing balances the resolution and
variance of the signal [21], [22], [23]. The method introduces a
set of orthogonal functions, so-called discrete prolate spheroidal
sequences (DPSSs) [24]. DPSS can be used to construct low-
bias, statistically consistent estimators optimized to reduce spec-
tral leakage [21], [22], [23], [24], [25], [26]. The method is
applied to a series of segmented, short-time events extracted
from Ru(ω,θ) as follows. Let Tu = Tu(t, θa) = F-1(Ru, N) be
the complex N-point (N = 2�log

2
K�+3) time-domain response

obtained at θa angle using inverse Fourier transform (denoted
as F-1(·)), where Ru = Ru(ω, θa) [27]. The time span is t = [t1,
…, tN]T = �t·M – Δta, where �t = B–1·(K–1)/(N–1), and M
= [–m, …, m–2, m–1]T, and m = N/2; Δta represents temporal
shift of the LoS power pulse w.r.t. t = 0 at θa angle. The impulse
response Tu can be confined into a series of short-time Tu.k

= Tu(τk, θa) intervals, where τk = [τ1, …, τk, …, τK]T

and τk = tm–�K/2�+k (the symbols �·�, �·� denote round-up,
-down to the nearest integer). Now let Tσ = Tu.k(tσ, θa) be
the σ-th segment of Tu.k, such that tσ = �t·Mσ , where Mσ =
[μσ , …, μσ+n–1]T, μσ = –�K/2�+(σ–1)·s and σ = 1, 2, …,
�(K–n+s)/s�. The parameter n = 1, 2, …, K–1 refers to the
segment length (defined in points) of the short-time event Tu.k.
The parameter s= 1, 2, …, n refers to the step size (points-wise)
for the subsequent segments of Tu.k. Note that n – s measures a
potential overlap between subsequent segments, and therefore,
for s = n, consecutive Tσ do not overlap. Additionally, for n
= 1 (and thus s = 1), there will be K segments of Tu.k, each
being of unit length (i.e., a single discrete time-instance), while
for n = K–1, there will be either one segment for s > 1 or two
segments with K–2 overlapping points (for s = 1). Here, 1 ≤ s ≤
n ≤ K/2 is assumed. Overlapping the segments offers temporal
interpolation of data that could increase the precision of spectral
event identification [21].

The post-processing involves modification (i.e., multiple ta-
pering) of the individual Tσ segments with a series of DPSS-
based wavelet kernels

Rσ(Ωσ, θa) =

q∑
w=0

F (T σ ◦ T κc(tσ, w), n) · λw (1)

where “F(·)” and “◦” are the n-point Fourier transform and
component-wise multiplication. The sweep Ωσ = �ω·Mσ for
�ω = (tN – t1)–1, whereas q is the overall number of kernels; λw

(w = 0, …, q), and Tκc(tσ , w) denotes normalized weighting
factor, and wth DPSS-based wavelet kernel of the form

T κc(tσ, w) = T κ(tσ, w) ◦ ej2πB·tsin . (2)
The vector tsin = [tm–�n/2�, …, tm–�n/2�+n–1]T and the wth

DPSS function Tκ(tσ, w) is identified by solving

ξw · T κ(t
(γ)
σ , w) =

n−1∑
ρ=0

sin(2π(γ − ρ) ·W )

π(γ − ρ)
· T κ(t

(ρ)
σ , w).

(3)
Here, ρ and γ = 0, 1, …, n–1 and ξw is the energy concen-

tration of the wth sequence. The problem (3) involves finding
the n-point-long, finite energy time sequence that maximizes
the ratio of spectral concentration for the given bandwidth 2W
(which defines a resolution of the multitaper method) [21], [26].
Note that the coefficient W= v·(n·�t)–1, where v is the time-half-
bandwidth (THB) and the ratio v/n < 0.5. DPSS functions and
their concentrations can be identified as eigenvectors and their
corresponding eigenvalues of the n-by-n self-adjoint positive
semidefinite operator [28], [29], [30], [31].

Fig. 1. Multitaper-based correction in time-domain representation: (a) real-
part of the normalized DPSS-based wavelet kernels (�t = 1 ns) of order w = 0
(gray), w = 1 (—) for n = 100 and ν = 4, as well as (b) example segment of the
short-time event for the AUT response measured at θa before (black), during
(gray) and after (red) refinement. Note that the correction has been performed
using two DPSS-based wavelet kernels with equal weights; hence, the max
amplitude of both tapered segment responses (gray) is 0.5.

The proposed wavelet variant of DPSSs (2) ensures the com-
plex nature of the kernel functions used for tapering segments.
A time-domain visualization of normalized characteristics ob-
tained for the first two wavelet DPSSs [real part generated ac-
cording to (2)], and the example segment correction are depicted
in Fig. 1.

Upon solving (1) for all Tσ segments, the resulting response
Rc(Ω, θa) is yielded as a concatenation of all subsequent
Rσ(Ωσ , θa) responses with applied arithmetic mean for overlap-
ping indices. Note that Ω = �ω·Mω , where Mω = [–�K/2�, …,
–�K/2�+(�(K–n+s)/s�–1)·s+n–1]T. The corrected nonanechoic
transmission between the components of the RA-AUT system at
f0 � Ω (note that ω � Ω) and the θa angle is extracted as Rc(f0,
θa). Consequently, the determination of the Rc(f0, θ) involves
the execution of the above-outlined procedure for all θ angles.

C. Optimization of Multitaper Parameters

Determination of appropriate Rσ(Ωσ , θa) involves numerical
optimization. Let x = [xI, xF]T, where xI = [n s]T and xF = [v
λ]T be the discrete- and floating-point vectors that control DPSS
parameters, whereas λ = [λ0 … λw … λq]T, w = 0, …, q,
denotes the vector of their weighting factors (cf. Section II-B).
The optimized design is found as a result of the constrained,
mixed-integer minimization process

x∗ = arg min
1 ≤ s ≤ n ≤ nmax, n > 1

0 < v < vu

(U (x)) (4)

where U(x) = –Rc(f0, θinit, x) = –Rc(f0, θinit, [xI, xF]T) is a
scalar objective function, whereas x in Rc is used to express that
the control parameters are devolved to (1)–(3). The angle θinit
represents a position of the AUT w.r.t. RA at which the mini-
mization of (4) has been performed. The weighting coefficients
are bounded to a range of 0.1 ≤ λw ≤ 0.9 and q = max{�vu�,1}.
The algorithm is as follows:

1. Set j = 0, Ubest = 0, and define the initial design xI(j);
2. Generate L perturbations {xI.1 … xI.L} around xI.0 =

xI(j) using star-distribution design of experiment, set l =
0;

3. Set xF.l
(0) = [0.5ql λl]T, where λl.w = 0.5;

4. Find xF.l
∗ by solving (4) using a gradient-based method;

5. If U(xl∗) < Ubest, where xl∗ = [xI.l xF.l
∗], set xbest = xl∗,

Ubest = U(xl∗), xI(j+1) = xl∗, j = j+1 and go to step 2;
otherwise go to step 6;
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Fig. 2. Nonanechoic test site considered for experiments: (a) photograph and
(b) schematic view with a highlight on the location of rotary towers, as well as
tall cabinets (dark gray) and desks (light gray).

6. If l = L, set x∗ = xbest and END; otherwise, set l = l+1
and go to step 3.

The above method can be summarized as a gradient routine
nested in a greedy-type, discrete hill-climbing algorithm. Typ-
ically, only a handful of steps is required to find x∗, and the
numerical cost of optimization is negligible compared to data
acquisition (measurements). Note that L is the dimensionality of
xI vector. The design xI(0) can either be generated randomly or
defined manually by setting small n, s values. The nonequality
constraint in (4) is vu = 0.5(n–1), whereas the upper bound
on n—that affects the number of DPSS tapers used for post-
processing—is set to nmax = 15. Although the assumed upper
limit for nmax is K/2, the experiments indicate that a relatively
low number of tapers is sufficient for correction.

D. Summary of the Framework

The proposed multitaper-based correction framework can be
summarized as follows:

1. Set f0, K, B, N, and measure Ru(ω,θ) data;
2. Find x∗ using the algorithm of Section II-C to extract the

optimal DPSS wavelets using (2) and (3);
3. Calculate (1) for all Tσ segments of the short-time event;
4. Find Rc(Ω, θa) and extract a-th element Rc(f0, θa) of

Rc(f0, θ) vector;
5. If a = A, END; otherwise, set a = a+1 and go to Step 3.
The resulting Rc(f0, θ) vector represents the corrected, far-

field AUT response as a function of θ. Note that the above-
discussed method exploits one-shot measurements, whereas
DPSS parameters are optimized without engineering insight.
Consequently, the approach represents a notable advancement
compared to conventional post-processing that relies on the
manual setup of algorithms [11], [12], [13], [14].

III. CORRECTION RESULTS

The performance of the proposed framework has been vali-
dated using two geometrically small antennas, i.e., an antipodal
Vivaldi and a spline-based monopole [6], [32]. The reference
responses for both structures have been obtained in the AC,
while the nonanechoic measurements have been performed in
a 5.5 × 4.5 × 3.1 m3 test site, presented in Fig. 2. The room
is considered unsuitable for far-field experiments. Note that
the Vivaldi structure serves as the reference antenna (RA) in
the considered test setup. The angular resolution for the AUT
movement is set to 5°, whereas K = 201 and B are both se-
lected based on the rules-of-thumb [6], [11], [14]. For all of

Fig. 3. Photographs (not in scale) of compact antenna structures used for
experiments: (a) antipodal Vivaldi and (b) monopole.

TABLE I
ANTIPODAL VIVALDI: POST-PROCESSING RESULTS

the considered experiments, the correction performance between
nonanechoic and AC-based measurements is expressed in terms
of a root-mean-square error eR (in dB) defined as follows
[6], [12]:

eR (R) =

(
1

A

A∑
a=1

(R0 (f0, θa)−R (f0, θa))
2

)0.5

(5)

where eR(R) = eR(R(f0,θ)). The matrix R0 = R0(f0,θ) repre-
sents the AC data, whereas R denotes the nonanechoic response
of interest (i.e., before or after correction).

A. Case Study: Vivaldi

Consider a spline-based antipodal Vivaldi antenna shown in
Fig. 3(a). The structure far-field radiation response (yz-plane)
has been measured in the nonanechoic test site of Fig. 2 at
the frequencies: f0 � {3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5, 10.5,
11.5} GHz. The bandwidth around f0 is set to B = 1 GHz
[6]. The correction process has been performed according to
the methodology outlined in Section II. First, the optimum
DPSS parameters have been obtained using the algorithm of
Section II-C. To ensure the operation of the algorithm in a
deterministic regime, the initial design xI(0) = [6 6]T has been
set for all of the considered tests instead of using randomly
generated samples. The parameter θinit = 0° corresponds to the
RA-AUT position at the beginning of the measurements, i.e.,
with the antennas facing each other in the (expected) direction
of maximum gain. Upon minimization of (4), the optimized
DPSS-based wavelets have been used to extract the refined Rc(f0,
θ) responses (cf. Section II-B).

Table I comprises the antenna performance characteristics
before and after correction calculated using (5). The obtained
results indicate that, for the considered structure, the improve-
ment of measurement fidelity due to post-processing, expressed
as Δ = |eR(Rc) – eR(Ru)|, varies from 5.8 dB at 8.5 GHz to
12.7 dB at 3.5 GHz. The average and median improvement of
the performance w.r.t. AC responses amount to almost 9.5 dB
(i.e., from –14.8 dB before to –24.2 dB after correction) and
9.3 dB, respectively. A comparison of the antenna responses at
3.5 GHz (x∗ = [13 6 1.02 0.08 0.75 0.08 0.08]T; cf. Section II-C)
and 10.5 GHz (x∗ = [13 12 5.99 0.08 0.08 0.08 0.75]T) frequen-
cies is shown in Fig. 4. The presented results demonstrate that
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Fig. 4. Comparison of AC (gray) and non-AC (black) patterns of the Vivaldi
antenna before (···) and after (—) correction: (a) 3.5 and (b) 10.5 GHz.

TABLE II
SPLINE MONOPOLE: POST-PROCESSING RESULTS

Fig. 5. Comparison of AC (gray) and non-AC (black) patterns of the spline
monopole before (···) and after (—) correction: (a) 3.5 and (b) 8.5 GHz.

improvement of the antenna far-field radiation patterns due to
the proposed correction is notable.

B. Case Study: Spline Monopole

Our second example is a spline-based monopole of Fig. 3(b)
[6]. The antenna non-anechoic measurements (yz-plane) have
been performed at f0 � {3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5} GHz
frequencies (B = 3 GHz) and corrected using the methodology
of Section II with xI(0) = [6 6]T. The post-processing results
are summarized in Table II, whereas Fig. 5 shows a comparison
(w.r.t. AC characteristics) of the radiation patterns—before and
after correction—obtained at 3.5 GHz (x∗ = [9 6 1.15 0.1 0.9]T)
and 8.5 GHz (x∗ = [9 6 1.15 0.1 0.9]T). The refined far-field
responses are characterized by substantially improved fidelity
w.r.t. AC-based data—i.e., from 3.3 dB at 6.5 GHz to 23.3 dB
at 3.5 GHz—compared to the uncorrected measurements. In
summary, the average eR increased by 10.8 dB, transitioning
from –11.4 dB to –22.3 dB (w.r.t. AC measurements). Note that,
a relatively gradual, decline of the correction performance with
frequency might be due to deterioration of the signal-to-noise
ratio resulting from both low antenna gain and increased contri-
bution of S21 uncertainty to the low-amplitude signals (as |S21|
is roughly around –70 dB for f > 7 GHz).

TABLE III
BENCHMARK OF THE PROPOSED FRAMEWORK

IV. DISCUSSION AND COMPARISONS

The presented framework has been compared against the
state-of-the-art correction algorithms. The benchmark includes
three time-domain methods where signal intervals for window
functions are based on (i) manual estimation of direct RA-AUT
distance (2 m) and the reflected path (4.1 m), (ii) experience-
driven analysis of the impulse response (12 ns and 10 ns for
antennas of Fig. 3(a) and (b), respectively), and (iii) the ap-
plication of a generic composite window adjusted according
to thresholds w.r.t. the impulse response [7], [11], [12]. For
unbiased comparison, the Ru datasets and f0, K, B, and N
parameters used for post-processing are consistent across all of
the benchmarks and set in accordance with the discussion of Sec-
tion III. The proposed technique has also been compared against
the matrix-pencil approach (iv), which is dedicated to spectral-
based refinement [10]. The pencil parameter and the number of
exponentials have been set to K/3 and 2, respectively [14]. Note
that, for all benchmark algorithms except (iii), the setup has
been determined manually. The results collected in Table III
(averaged across the frequency points pertinent to the given
antennas) indicate that—for the considered test environment—
the proposed approach offers the best correction performance
(often by a large margin). Improvement of the refined radiation
patterns due to the application of the proposed algorithm is up to
9.1 dB when compared to the benchmark methods. The obtained
results show that the proposed framework is not only capable
of ensuring a high correction performance but also discards the
experience-driven setup of post-processing in favor of automatic
tuning based on rigorous numerical optimization.

V. CONCLUSION

In this letter, a new framework for auto-correction of antenna
far-field measurements performed in challenging, nonanechoic
conditions was proposed. The method exploits optimized sets
of DPSS-based wavelet kernels to augment a series of short-
time responses of the RA-AUT system obtained from one-shot
measurements. The process is oriented towards enhancing the
useful fraction of the signal while suppressing interferences due
to multi-path propagation and external EM noise. The method
performance was thoroughly validated using two geometrically
small antennas measured in nonanechoic site in the form of an
office room (considered unsuitable for such tests). A total of
16 experiments that span over nine unique frequencies were
performed. On average, the application of the proposed post-
processing leads to an improvement of results fidelity by around
10 dB compared to the uncorrected signals. The framework has
been benchmarked against the approaches from the literature.

Future work will focus on optimization for the automatic de-
termination of the bandwidth around the frequency of interest so
as to maximize the correction performance based on a thorough
and systematic analysis of propagation conditions rather than
rule-of-thumb approaches.
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