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Automatic Correction of Nonanechoic Antenna
Measurements Using Complex Morlet Wavelets

Adrian Bekasiewicz , Senior Member, IEEE, and Vorya Waladi

Abstract—Real-world performance of antennas is normally
tested in anechoic chambers (ACs). Alternatively, experimental
validation can be performed in nonanechoic environments and
refined in the course of postprocessing. Unfortunately, the existing
methods are difficult to setup and prone to failure. In this letter,
a wavelet-based framework for correction of nonanechoic antenna
measurements has been proposed. The method involves automatic
centering and adjusting of the wavelet w.r.t. a fraction of the signal
that corresponds to line-of-sight transmission within the system
under test. The performance of the method has been verified using
two compact antennas and a total of 15 experiments. Benchmarks
against the state-of-the-art approaches have also been performed.

Index Terms—Anechoic chamber, measurements, compact
antennas, nonanechoic tests, radiation pattern, wavelets.

I. INTRODUCTION

M EASUREMENT of real-world performance is an in-
herent step of antenna development. Far-field charac-

teristics are normally extracted from S21 transmission between
the antenna under test (AUT) and the reference antenna (RA)
in strictly controlled propagation conditions that ensure high
quality of the results. In practice, the tests are often conducted
in anechoic chambers (ACs) or compact range sites [1], [2].
Although professional antenna laboratories are capable of en-
suring certification-grade measurement results, they are pro-
hibitively expensive. Consequently, their construction/use for
applications, such as training or low budget research might be
unjustified. For the mentioned scenarios, the main goal is to
ensure that the experimental data resemble simulations [3], [4],
[5], [6], [7], [8].

The measurement cost can be substantially reduced by ne-
glecting the use of specialized facilities in favor of installing
the test equipment in the nonanechoic (NA) sites, e.g., offices,
hallways, or courtyards [9], [10], [11], [12], [13]. Unfortunately,
multipath interferences and a random noise from the external
sources of electromagnetic (EM) radiation make the responses
obtained in such conditions useless for drawing conclusions on
the antenna far-field performance [9]. The problem can be ad-
dressed through appropriate postprocessing. Suitable techniques
are based on, e.g., one-shot multifrequency measurements, or
test site characterization [10], [11], [16], [21]. The first class
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comprises time-domain methods, where the fraction of the RA-
AUT signal that corresponds to the line-of-sight (LoS) transmis-
sion is extracted from noisy responses [12], [13]. Postprocessing
can also be performed using the spectral approaches [22], [23].
Unfortunately, the performance of considered methods is subject
to setup of multiple parameters (derived as a result of manual or
semimanual tuning) [14], [15], [16]. The second class of meth-
ods involves extraction of the test site propagation conditions
based on a series of experiments performed in the predetermined
locations of the RA-AUT system, and/or through filtration of
the environmental noise [10], [11], [13]. However, the need for
multiple measurements makes these techniques difficult to setup
[10]. Moreover, their performance might be affected by temporal
dynamics of the environment [11]. The mentioned difficulties
limit usefulness of the existing methods for day-to-day antenna
measurements.

In this letter, a wavelet-based framework for correction of
NA antenna measurements has been proposed. The method
combines anglewise extraction of the LoS delay profile from the
RA-AUT system with automatic tuning of the Morlet wavelets
around the relevant part of the transmission. Apart from the use
of wavelets, the contributions of the work include: analysis of
time-domain RA-AUT signals in the form of power responses,
automatic extraction of LoS profiles, and their use for optimiza-
tion of wavelet functions. Performance of the presented method
has been demonstrated using two geometrically small antennas.
Benchmark results indicate that the approach offers up to almost
9 dB better correction performance when compared against the
existing techniques.

II. METHODOLOGY

A. Problem Formulation

Let Ru(ω,θ) be the matrix of uncorrected, complex S21
responses measured in the NA test site, where ω = [ω1 …
ωk]T, k = 1, …, K, represents the sweep around the frequency
of interest f0 = (ωK – ω1)/2; θ = [θ1 … θa]T, a = 1, ..., A, is
the angular position of AUT w.r.t. RA, and B = ωK – ω1 is the
bandwidth around f0. The vector Rc(f0, θ) denotes the refined
radiation pattern. The goal of correction is to transform the noisy
data Ru(ω,θ) using complex Morlet wavelets so as to extract
Rc(f0, θ) that approximates the AC measurements.

B. Automatic Extraction of LoS Delay Profile

Let Tu = Tu(t, θa) = F−1(Ru, N) be the complex time-
domain response at θa angle obtained from Ru = Ru(ω, θa)
using inverse Fourier transform [denoted as F−1(·)], where
t = [t1, …, tN]T = �t·M with �t = B–1, M = [–N/2, …,
N/2–2, N/2–1]T, and N = 2�log2(K)�+3, respectively [13], [17].
Then, let P = P (t, θa) = T u◦T u

∗ be the power response in
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Fig. 1. NA measurements: (a) AC-based (– –) versus corrected responses with
variable (black) and constant (gray) LoS-profiles (···), as well as (b) normalized
(optimized) Gaussian pulse (gray), power (–), and amplitude responses (···).
Note that the former two are virtually the same for the LoS peak.

time domain (note that “◦” and “∗” are the componentwise
multiplication and conjugate transpose) [18]. Normally, the
time-domain responses are in the form of Tu or |Tu|, which—due
to ambiguity of signal changes—make them more challenging to
analyze compared with P [12], [13], [14], [15]. Here, P is used
to identify the RA-AUT maxima pertinent to the LoS delay.
Note that—for, e.g., end-fire antennas—the RA-AUT distance
is subject to change as a function of θa. As shown in Fig. 1(a),
despite being subtle (time-wise), the mentioned variations affect
the correction performance. Therefore, fidelity of the refined NA
responses can be further improved by incorporating LoS versus
θ to the postprocessing. The delay profile aids selection of tight
time-domain intervals.

The profile is extracted as follows. First, a vector of delays

dr
(j) = [dr.1

(j) . . . dr.a
(j)]

T
(j = 1) is defined, where

d(j)r.a = argmax
dr.a∈t:dl≤dr.a≤dh

(P (t, θa)) . (1)

Here, dl = 0 and dh = �t·(N/2–1). Due to challenging
propagation conditions in rudimentary NA sites, dr

(1) might
not represent the LoS delay with sufficient precision. This is
because—for certain antennas and/or environments—the am-
plitude of reflected, non-LoS responses might be higher than
for LoS. As an example, consider a directional radiator for
which LoS part of signal at θa is at the radiation null, whereas
its non-LoS component (associated with the main lobe) is
reflected from a metallic surface [13]. Here, the problem of
incorrect LoS estimation is mitigated through re-set (j = 2)
of the profile dr

(2) using (1) with bounds confined around
d0 = min(dr

(1)) such that dl = d0 – α·w0 and dh = d0 + α·w0;
w0 denotes half-prominence (i.e., width at half of the height) of
the power pulse P(t, θ0) [18], where θ0 is the angular location
of AUT that corresponds to d0. Here, the scaling factor is set to
α = 3.

The rationale behind restricting the LoS search around d0 is
that the expected change of the RA-AUT distance (and hence
delay) due to the AUT rotation is small [11], [13]. At the
same time, w0 is a function of the AUT at hand, as well as
the selected B, and it is short enough to mitigate the risk that
dr

(2) will include incorrectly identified interferences as the LoS
signal. Note that dr

(2) only approximates the true delay due to
distortions resulting from random external EM noise, as well as
numerical errors [15]. The latter result not only from aliasing,
but also zero-padding with N > K (cf., Section II-A) [13], [15].

Distortions are reduced by modification of the LoS-profile
using a median filter with smoothing function. First, the elements

of the dr
(3) vector (j = 3) are obtained as

d(3)r.a=

⎧⎪⎪⎨
⎪⎪⎩

1/2

(
d
(2)
r.a−1+d

(2)
r.a+1

)
, if d(2)r.a≤M

(
d(2)
r

)
−2σ

(
d(2)
r

)

1/2

(
d
(2)
r.a−1+d

(2)
r.a+1

)
, if d(2)r.a≥M

(
d(2)
r

)
+2σ

(
d(2)
r

)

d
(2)
r.a, otherwise

(2)

where M(·) and σ(·) represent the median and standard deviation
operations, respectively. The role of (2) is to alter the extracted
LoS-profile at the θa angles for which the delay exceeds two
standard deviations w.r.t. the median of the dr

(2) vector.
The final profile, i.e., dr

∗ = dr
(4)(j = 4) is constructed form

convex combinations of the median-filtered elements

d(j)r.a =
1

2p+ 1

a+p∑
i=a−p

d
(j−1)
r.i (3)

where p represents a range of points around dr.a
(j−1) (here,

p = 2 is set to balance “smoothness” and “dynamics” of pro-
file changes with θa). Assuming availability of the Ru(ω,θ)
obtained for f0, K, B, and N, the discussed algorithm is follows:

1) set j = 1 and extract dr
(j) from P(t, θa) vectors using (1)

with dl = 0, and dh = �t·(N/2–1);
2) find d0, w0, and θ0, set dl = d0 – α·w0, dh = d0 + α·w0,

and j = j + 1, and re-set dr
(j) from P(t, θa), using (1);

3) set j= j+1 and obtaindr
(j) through application of median

filter (2) to components from dr
(j−1);

4) set j = j + 1 and obtain dr
∗ = dr

(j) through alteration of
elements from dr

(j−1) using (3); END.
The automatic LoS-profile extraction enables accurate cor-

rection of measurements in NA regime using Morlet wavelets.

C. Response Correction Using Complex Morlet Wavelets

The motivation behind application of complex wavelets to
postprocessing is shown in Fig. 1(b), which compares the
time-domain amplitude and power responses extracted from the
example RA-AUT measurement against a Gaussian function
(all normalized). Note that the latter highly resembles the LoS
part of the power pulse. The plots show that the analysis of
P(t, θa) is suitable for identification of the interval pertinent to
LoS transmission, which might be difficult when only Tu(t, θa)
is available. Moreover, application of the complex wavelets to
the complex time-domain signal maximizes the amount of data
that can be extracted form one-shot measurement [18].

The wavelet kernel is composed of the complex exponential
function and the Gaussian curve. It takes the following form:

Tw (t, θa) = exp
(
2
(
jQ− (

Qw−1
w

)2))
(4)

where ww is the number of cycles (that affects the wavelet
width) and Q = πf0 (t− d∗r.a). It should be noted that—as
can be implied from (1)—variability of the Tw = Tw(t, θa)
kernel with θa is implicit as the change of AUT angular position
affects the time-delay dr.a

∗ pertinent to direct transmission (cf.,
Section II-B). In other words, the ath element of dr

∗ vector can
be used to center the wavelet around the fraction of the impulse
response Tu(t, θa) that corresponds to the LoS delay extracted
from P(t, θa).
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Appropriate width of the wavelet (from the standpoint of
capturing the relevant part of the Tu response) is determined
by solving the following curve-fitting problem:

w∗
w = argmin (U (ww, f0, θ0)) (5)

where U is a scalar, least-square objective function of the form

U (ww, f0, θ0) =
∑

(P ε (t, θ0)−G (ww, t, θ0, f0))
2 (6)

G (ww, t, θ0, f0) = exp
(
−2

(
(πf0 (t− d0))w

−1
w

)2)
. (7)

Here, Pε = P/max(P) is a normalized power response. Note
that d0 in (7) is implicitly related to θ0, which has been extracted
during LoS-profile identification (see Section II-B). The goal
of (5) is to find ww

∗ that minimizes the discrepancy between
the Gaussian pulse and the fraction of the power response
P(t, θ0) that corresponds to the LoS signal. The obtained value
is then used to setup the wavelet kernel (4). Note that the cost
of (5) is negligible as it is executed only at θ0. The reason for
single-angle tuning is that, contrary to LoS-profile, the width of P
does not vary much with θa. Hence, adjustment of (4) usingww

∗
ensures tight confinement of the RA-AUT response (LoS part
of the signal) while mitigating the challenges related to limited-
reliability of curve-fitting at θa angles with low signal-to-noise
ratios (e.g., the end-fire AUT positioned backwards w.r.t. RA).

Next, the kernel (4), adjusted according to the P(t, θa), is used
to find the frequency response Rc(Ω, θa) = F (Tu(t, θa)◦Tw(t,
θa), N) using a Fourier transform [here, F (·)], whereΩ=�ω·M
– B + f0, and �ω = (tN – t1)–1, respectively. The final, corrected
NA transmission within the RA-AUT system at the frequency
of interest f0 � Ω (note that ω � Ω) and angle θa is of the form
of Rc(f0, θa). In order to extract, Rc(f0, θ) the above-outlined
procedure is executed at all θa angles.

D. Algorithm Summary

The presented wavelet-based framework for correction of NA
measurements can be summarized as follows.

1) Set f0, K, B, and N, and obtain Ru(ω,θ) data.
2) Extractdr

∗, d0, and θ0 using the algorithm of Section II-C.
3) Define (4) based on ww

∗ optimized using (5); set a = 1.
4) Determine Rc(Ω, θa) and extract ath element Rc(f0, θa)

of Rc(f0, θ) vector.
5) If a = A, END; otherwise, set a = a + 1 and go to Step 4.
The vector Rc(f0, θ) is the corrected radiation pattern of the

AUT. It is worth noting that the final postprocessing steps involve
normalization of Rc followed by its conversion to decibels. It
should be reiterated that the presented correction approach is
based on a series of A one-shot measurements. Furthermore, tun-
ing of the wavelet kernels does not require engineering insight.
Consequently, the proposed framework provides a substantial
improvement (setup-wise) compared with the state-of-the-art
correction methods [12], [13], [14], [15].

III. CORRECTION RESULTS AND BENCHMARK

The presented postprocessing framework has been demon-
strated using an antipodal Vivaldi antenna and a spline-based
monopole [13], [19]. The reference responses for both structures
have been obtained in the AC. The NA RA-AUT data have been
acquired in a 5.5 m × 4.5 m × 3.1 m test site of Fig. 2(a).
The room is not dedicated to far-field experiments. Note that the
Vivaldi structure is also used as the RA. The angular resolution

Fig. 2. Benchmark. (a) Schematic view of the NA test size with highlight on
short/tall furniture (light/dark gray), and rotary towers with antenna mounts (red
dots), as well as (b) photographs of the Vivaldi structure (top) and spline-based
monopole (bottom) used for experiments (not in-scale).

Fig. 3. Vivaldi antenna—AC-based patterns (gray) and the NA responses
before (···), and after (–) correction at: (a) 4 GHz (with highlight on LoS delay
profile—black) and (b) 8 GHz frequencies.

TABLE I
VIVALDI: FAR-FIELD CORRECTION PERFORMANCE

of the measurements is set to 5° and the number of frequency
points around f0 is K = 201.

A. Case Study I: Antipodal Vivaldi Antenna

The first case study involves measurements (in yz-plane) of
the Vivaldi antenna, as shown in Fig. 2(b) [13]. The tests have
been performed at f0 � {3, 4, 5, 6, 7, 8, 9, 10, 11} GHz with
rule-of-thumb-based bandwidth B = 1 GHz [13], [14]. Note that
the correction is executed separately at each frequency.

After data acquisition, the LoS delay has been obtained using
the heuristic of Section II-B. The example profiles extracted
at 5 and 4 GHz are shown in Figs. 1(a) and 3(a), respectively.
It should be emphasized that variations of the delay in dr

∗—
pertinent to the LoS transmission—are due to the antenna being
attached perpendicular to the axis of rotation. Consequently, the
RA-AUT distance fluctuate by around 0.2 m (i.e., from 1.96 m
at 0° to 2.17 m at 180°) with θa angle. Next, the wavelet kernel
is tuned using (5). Upon the optimization, the function (4) is
centered (individually w.r.t. each θa angle) according to the
extracteddr

∗ vector. Finally, the Tw(t, θa) kernels are convolved
with the original frequency responses and the refined radiation
patterns Rc(f0, θ) are obtained as explained in Section II-C.

The antenna performance before and after correction—
expressed in terms of the decibel-based root-mean-square error
eR calculated w.r.t. the AC data [15]—is summarized in Table I,
whereas the radiation patterns at the selected frequencies are
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Fig. 4. Spline monopole—AC-based patterns (gray) and the NA responses
before (···), and after (–) correction at: (a) 5 GHz (with highlight on LoS delay
profile—black) and (b) 7 GHz frequencies.

TABLE II
MONOPOLE: FAR-FIELD CORRECTION RESULTS

shown in Fig. 3. The results indicate that the average improve-
ment of the NA responses due to the proposed scheme amounts
to 8.7 dB, i.e., from the average eR of –14.8 dB to –23.6
dB, respectively. Note that the refinement quality can also be
expressed in terms of, e.g., equivalent error signal [24].

B. Case Study II—Spline-Based Monopole

Consider a spline-based monopole of Fig. 2(c) [13]. The struc-
ture far-field performance has been characterized (in yz-plane;
cf., Fig. 2) at f0 � {4, 5, 6, 7, 8, 9} GHz with rule-of-thumb
B = 3 GHz [13], [14]. The example LoS-profile for the antenna
[cf., Fig. 4(a)] is much less nonlinear compared with the Vivaldi
because the radiator is mounted at its axis of rotation.

The antenna correction results are summarized in Table II,
whereas a comparison of the selected patterns before and after
the refinement w.r.t. ac characteristics is shown in Fig. 4. The
quality of the corrected responses at the considered test fre-
quencies is high. Overall, the average eR improved by a total of
12.4 dB, i.e., from –12.4 dB to –24.2 dB, respectively.

C. Discussion and Comparisons

The proposed framework has been compared against the
time-gating and matrix-pencil (MP) methods. The inter-
vals for the former are selected based on the follow-
ing: (i) manual measurements of LoS and non-LoS dis-
tances (rectangular window [17]; obtained non-LoS distance:
4.1 m—delay: 13.7 ns) [14]; (ii) visual inspection of the impulse
response (Hann window [17]; estimated non-LoS delay: 12 and
10 ns for Vivaldi and monopole, respectively) [15]; (iii) iden-
tification of the interval based on analysis of the time-domain
signal at a selected θa angle (composite window function) [11];
(iv) for the MP method, the pencil parameter and the number of
exponentials are set to 0.5 K and 3, respectively [14], [22].

Coefficients f0, K, and B for all of the methods are the same
as in Sections III-A and III-B. As given in Table III—for the
considered settings, antennas, and frequencies—the proposed
approach offers the best correction performance. The average
improvement of the refined patterns w.r.t. the methods (i)–(iv)
varies from 0.7 dB (Vivaldi) to 8.7 dB (monopole).

The proposed framework represents an advancement in terms
of automatic postprocessing setup w.r.t. the environment. Re-
gardless of the introduced routines, the parameters B and K

TABLE III
BENCHMARK OF THE PROPOSED METHOD

TABLE IV
CORRECTION PERFORMANCE VERSUS BANDWIDTH

Fig. 5. Normalized PADP (in dB) of the Vivaldi antenna at f0 = 4 GHz in
the NA test site: (a) before, as well as after correction using (b)–(d) methods
(i)–(iii), and (e) the proposed approach. Note a tight confinement of the power
response in (e) and its curvature that results from the LoS profile.

that affect the correction quality are still selected based on
rules-of-thumb rather than rigorous numerical analysis [13],
[14], [15]. While maintaining K around a few hundred samples
seems to be sufficient for high performance [13], the results
of Table IV indicate that, for monopole, manually defined B
yields suboptimal performance (eR of –24.2 dB for 3 GHz
versus –25.6 dB for 1.5 GHz) [13], [14]. Note that determination
of suitable bandwidth is easy when the reference (i.e., AC)
responses are known. Here, the tests have been performed under
assumption that such a priori information is not available (as
it would contradict the entire concept of postprocessing). The
results show that the problem of selecting suitable B remains
unsolved.

Fig. 5 compares the normalized power–angle–delay profiles
(PADPs) at 4 GHz for the Vivaldi antenna before and after
correction using the algorithms (i)–(iii). The plots show that,
among the compared time-domain algorithms, only the pre-
sented one adjusts delays based on analysis of P while ensuring
tight confinement of the LoS pulse by the Tw kernel.

IV. CONCLUSION

In this letter, a wavelet-based framework for correction of
far-field measurements performed in NA test sites has been
proposed. The method involves automatic adjustment of the
wavelet kernels w.r.t. the part of the impulse response that
corresponds to the LoS transmission within the RA-AUT sys-
tem. The performance of the method has been validated based
on 15 experiments. For the considered test cases, the average
improvement of NA radiation patterns due to the postprocessing
amounts to over 10 dB. Furthermore, the method offers up to
almost 9 dB better correction results compared with existing
algorithms. Future work will focus on benchmark of the routine
against spatial filtering and modal expansion methods.
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