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ABSTRACT Prototype measurements are the key step in the development of antenna structures. Typically,
their far-field characteristics are validated in expensive, dedicated facilities such as open range sites,
or anechoic chambers. Despite being necessary for obtaining high-precision data (e.g., for device quali-
fication), the use of costly infrastructure might not be fully justified when the main goal of measurements
includes demonstration of the methodology behind determination of the performance figures of interest
(e.g., for the purpose of teaching), or rough validation of the EM simulation model correctness. From
this perspective, systems for far-field measurements in non-anechoic environments represent an interesting
alternative to the utilization of the state-of-the-art equipment and facilities. Despite their proven usefulness,
the mentioned systems are normally constructed around the expensive, laboratory-grade equipment, which
contradicts the whole concept of low-cost measurements. This paper discusses a cost-efficient, mobile
system for experimental validation of antennas. Its main components include the in-house developed rotary
heads, an open-hardware-based vector network analyzer, and the measurements post-processing software.
The cost of the system amounts to only around 3630 USD. The capabilities of the device have been
demonstrated through measurements of two antenna structures. The considered performance figures include
radiation pattern and single-direction gain vs. frequency. Comparisons against the measurements performed
in benchmark conditions (anechoic chamber), as well as using professional network analyzer have also
been provided. Furthermore, the documentation that facilitates the construction of the system components
is shared in an online repository.

INDEX TERMS Antenna measurements, compact radiators, gain, internet things, non-anechoic measure-
ments, time-gating method, radiation patterns.

I. INTRODUCTION
Measurement of the fabricated prototype is one of the key
steps in the development of microwave/antenna components.
The main goal of the process is to ensure that the electromag-
netic (EM) simulation models utilized in the course of struc-
ture design satisfy the prescribed performance requirements.
For the considered classes of components, the electrical prop-
erties are normally expressed in the form of a scattering
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matrix which can be obtained using a vector network analyzer
(VNA). Microwave circuits such as filters or couplers, are
normally characterized using performance figures such as
insertion/return loss, or transmission, which are contained
in the S-parameter matrix. Nevertheless, the performance of
antenna structures is represented using both electrical (i.e.,
return loss) and field-related (i.e., radiation patterns, gain,
and/or axial ratio) characteristics [1], [2]. The latter ones are
obtained indirectly through the post-processing of multiple
S-parameter matrices. A typical setup for far-field measure-
ments includes the antenna under test (AUT), the reference
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antenna (RA)—both mounted on the dedicated rotary heads
that determine angular positions between the radiators—and
the VNA. From the VNA perspective, the RA-AUT system
is a two-port device where S-matrix-based transmission is
realized through a wireless medium. Hence, the far-field
properties of the AUT can be extracted based on the analysis
of transmission changes as a function of e.g., its angular
position.

As already mentioned, the RA-AUT transmission is real-
ized through a wireless medium, the conditions of which
substantially affect the measurement performance. This, so-
called, dynamics of the propagation environment is under-
stood as variations of its physical properties as a function
of time. The latter ones are affected (among others) by fac-
tors such as air humidity, or temperature (as well as their
gradients), but also by EM noise that stems from interfer-
ences due to multi-path transmission of RA-AUT signals,
but also from the presence of the external EM sources (e.g.,
microwave systems that operate in the vicinity of the test
setup) [3], [4], [5]. To minimize the effects of environ-
ment on the quality of measurements, antenna prototypes
are normally characterized at dedicated test sites that main-
tain strict control of the propagation conditions. Appropriate
conditions can be obtained in anechoic chambers, which
provide enclosure for the measurement system (a Faraday
cage) in order to isolate of the test site from the external
EM signal sources. Furthermore, the chambers are lined
with materials that ensure absorption of RA-AUT signals
that would normally contribute to multi-path interferences
(e.g., due to reflections from walls) [5], [6], [7], [8], [9].
Alternatively, antenna performance can be characterized at
outdoor test sites located in remote, unpopulated, and flat
areas. Such environments are free from artificial EM radi-
ation sources and mitigate multi-path fading due to lack of
objects from which the RA-AUT signals could be reflected
[5], [7], [8], [9], [10], [11]. Despite their usefulness for
accurate characterization of antenna performance, the strict
requirements and conditions offered by the mentioned test
sites make their construction an overly expensive enterprise.
Regardless of maintaining a desirable radiation environment,
the discussed facilities require laboratory-grademeasurement
equipment in the form of signal sources, detectors, amplifiers
and the necessary connectivity gear that further contributes to
the cost of their development [3], [4], [5].

The use of professional test sites and equipment may not
be justified for applications such as education, where expla-
nation of the procedures behind measurement of antenna
properties is more important than obtaining high fidelity of
the results. Furthermore, avoiding the use of expensive equip-
ment and the need for dedicated test sites would substantially
reduce the cost of the system. With that in mind, any pos-
sible damage to the equipment resulting from misuse (e.g.,
by students, or insufficiently trained personnel) would not
be associated with overwhelmingly high repair costs. From
this perspective, the availability of cheap, yet reliable systems

for the characterization of antenna far-field properties seems
to be of interest for applications characterized by a highly
constrained budget, and/or moderate requirements in terms
of measurement precision.

Non-anechoic test sites represent a cost-efficient alter-
native to the validation of antenna performance in strictly
controlled environments [7], [8], [12]. Their construction is
limited to the installation of positioning towers along with the
signal source and detector (typically in the form of a VNA)
while neglecting either all, or selected (i.e., the most expen-
sive) components of the test site that are dedicated to main-
taining control over the propagation environment [12], [13].
In other words, non-anechoic measurements can be per-
formed in locations that are not tailored (in terms of prop-
agation conditions) to far-field experiments such as office
rooms, hallways, or courtyards. Alternatively, the tests can
be realized in partially controlled environments in the form
of e.g., reverberation chambers which isolate the external
EM interferences [4]. Unfortunately, the measurements per-
formed in the discussed conditions are subject to substantial
EM interferences. Consequently, they are useless for draw-
ing conclusions about the AUT’s performance unless addi-
tional post-processing of the obtained data is performed. It is
worth noting that, although not mandatory, after-treatment of
RA-AUT transmission measured in dedicated test-sites can
also improve the responses fidelity [9], [10], [11], [12], [13].

The refinement methods for non-anechoic, far-field
antenna measurements fall into two main categories:
(i) extraction of the AUT performance based on its measure-
ments over a selected bandwidth around the frequency of
interest [7], [8], [9], [12], [13], [14], [15], [16], [17], [18]
and (ii) characterization of the propagation environ-
ment based on comparative analysis of the AUT perfor-
mance [16], [17], [18]. In essence, both groups of tech-
niques focus on the determination of the AUT responses for
line-of-sight (LoS) propagation while removing the interfer-
ences resulting from non-LoS transmission and other EM
noise. In [19], a time-domain representation of the RA-
AUT response is modified using the gating window centered
around the fraction of the impulse response corresponding
to LoS transmission. The resulting signal is converted back
to the frequency spectrum. The post-processing is performed
for each angular position of the RA-AUT system in order
to extract the radiation characteristics of the antenna. The
discussed time-gating method (TGM) proved to be useful
for correcting the measurements in a variety of environments
including open-test sites, as well as anechoic and reverber-
ation chambers [7], [12], [14]. The Matrix-pencil method
is another multi-frequency correction technique [18]. It is
oriented towards approximation of transmission between the
measured antennas using a series of functions that correspond
to the LoS and reflected signals [19], [20]. Their coefficients
are then used in order to reconstruct the LoS transmission
while neglecting interferences [18], [19], [20]. An alterna-
tive approach involves the representation of transmission

39166 VOLUME 11, 2023

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


J. Olencki et al.: Low-Cost System for Far-Field Non-Anechoic Measurements of Antenna Performance Figures

responses using Chebyshev polynomials [16]. The second
class of post-processing techniques include an approach that
involves reconstruction of the AUT response based on a
set of measurements performed in different locations of the
non-anechoic test site [21]. The structure characteristics are
then extracted based on a set of weighted averages of the
performed measurements. Although the method is easy to
implement, it is also characterized by relatively highmeasure-
ment errors compared to other solutions in the literature [22].
In [22], a characterization of the non-anechoic environment
is proposed. The approach involves measurement of the ref-
erence antenna (RA) which was previously determined in an
anechoic environment, followed by extraction of the impulse
response of the non-ideal test-site. The obtained data is then
used for correction of the AUT measurements performed
in the characterized non-ideal conditions. Unfortunately, the
method of [22] has only been demonstrated based on EM
simulations. It should be noted that the main assumption
behind the approach is the static nature of the propagation
environment which does not hold due to interferences from
the external EM sources.

Regardless of the demonstrated usefulness, the cost-related
benefits of post-processing approaches when applied to non-
anechoic measurements seem to remain unnoticed in the
available literature [22], [23]. For instance, in [24], [25], and
[26], the measurements are performed in anechoic cham-
bers which are not only expensive but also provide envi-
ronments that do not pose much of a challenge for the
correction methods. On the other hand, while validation of
antenna performance at non-anechoic test sites has been
explored [4], [12], [14], [15], the tests have been performed
using expensive, laboratory-grade equipment (i.e., VNAs,
radio-frequency cables, professional positioning heads, etc.).
One might argue that the mentioned high-performance gear is
not necessary for non-ideal measurements as the precision is
counterbalanced by the low-quality of the noisy propagation
environment. Having that in mind, the problem concerning
low-cost characterization of far-field responses with reason-
able accuracy remains open.

In this paper, an affordable system for measurements of
antenna far-field performance figures in non-anechoic envi-
ronments is considered. The setup comprises two, in-house
developed, rotary heads that enable precise two-degree-of-
freedom control of the RA-AUT angular position, a low-
cost open-hardware VNA that can operate in a frequency
range from 100 kHz to 6 GHz [27], as well as software for
data acquisition and post-processing. Apart from the sub-
stitution of the laboratory-grade VNA with open-hardware-
based solutions, the new aspects of the work include the
introduction of the time-domain-based correction method for
post-processed gain and the exploitation of multiple measure-
ments for extraction of far-field responses. The performance
of the system has been demonstrated using two antenna
structures for which radiation patterns, and single-direction
gain over frequency have been obtained. The results have
been compared against the responses obtained in anechoic

FIGURE 1. Open-hardware measurement system – a block diagram.

chamber. Additionally, the low-cost VNA has been validated
against the laboratory grade device in terms of its accu-
racy. The average difference between the results obtained in
the discussed setup compared to the controlled environment
amounts to only –26 dB. With an overall construction cost
of around 3630 USD, the considered system is two orders
of magnitude cheaper than the laboratory-grade VNA. The
details of the system are available in an online repository [38].

II. MEASUREMENT SYSTEM
Figure 1 shows a block diagram of the considered measure-
ment system and its components, i.e., (i) an open-hardware
VNA, (ii) in-house-fabricated rotary heads, and (iii) radio-
frequency (RF) adapters and cables. The software that main-
tains the angular position of the heads, realizes the acquisition
and post-processing of data is also an integral part of the
setup. The heads have been designed in Autodesk Inventor,
and machined from steel. Each head consists of rotary cores
mounted on the base through a set of bearings. High angular
resolution of rotation is ensured by a gear with 1:3.6 ratio
driven by a 200-step motor. Heads are also equipped with a
set of dedicated pins that enable their mating with a standard
geodesy tribrach. The latter ones offer precise three-axis
leveling capability and play the role of interfaces between
heads and geodesy tripods. High-performance RF connec-
tivity between the core and base of each head is realized
using the SR1803 rotary joint from FairviewMicrowave [28].
The angular position is controlled using a customized driver
circuit based on an STM8 microcontroller. It is worth noting
that the control electronics implement electrostatic discharge
protection, as well as a communication interface based on
a RS-485 standard [29], [30]. Both heads are enclosed in
the in-house developed cases fabricated using the additive
technology. Connection of the devices with a personal com-
puter (PC) is maintained using a standard USB-to-RS-485
interface. Figure 2 shows a photograph of the manufactured
head.

The measurements are carried out using Libre VNA,
an affordable, USB-based, two-port vector network analyzer
developed as an open-hardware project [27]. The device
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FIGURE 2. Head of the positioning system without enclosure.

realizes the functionality of an RF frontend capable of per-
forming S-parameter measurements simultaneously in two
ports over a frequency range of 100 kHz to 6 GHz. The
rudimentary digital post-processing of the RF signals is real-
ized using a field programmable gate array (FPGA), whereas
further manipulation and post-processing of the signals is
handled by the PC application. The latter supports, among
others, the acquisition of up to 65,000 frequency points (in
interval-based sweeps), time-domain functionality, four-port
measurements in the scalar network analyzer configuration
(through the realization of measurements using two units),
as well as a variety of calibration methods along with support
for automatic calibration. It is worth emphasizing that, on the
functional level, the discussed VNA exceeds the capabili-
ties of many professional devices. On the other hand, due
to low-cost of the components used for the construction of
the RF frontend it offers a noticeably lower dynamic range
compared to many laboratory-grade devices. However, the
parameter is maintained above the level of 60 dB over the
(relatively narrow) frequency range which is considered suf-
ficient for the experiments considered in this work.

RF interconnection of the VNA with the rotary heads is
realized using the low-loss Sucoflex 126 coaxial cables with
3.5 mm connectors [31]. Direct mating between rotary joints
and antennas is realized using the Minibend-16 assemblies
which offer a short bending radius, high phase stability, and
relatively low loss [31]. A standard PC is used to run software
for the rotation of the heads, gathering (Python), and post-
processing (MATLAB) of the data. The PC-to-VNA com-
munication during the measurement process is realized over
USB using the SCPI (standard commands for programmable
instruments) interface [32].

III. MEASUREMENTS CORRECTION
The RA-AUT transmission obtained in non-anechoic condi-
tions is corrected using a time-gating algorithm calibrated
to the propagation conditions at the test site. The calibration
process is automatic and involves optimization using a greedy
heuristic algorithm. In this section, a concise discussion of
TGM and site-calibration routine is provided. The considera-
tions are followed by the description of the procedure oriented

towards exploiting multiple measurements for the extraction
of far-field characteristics, as well as the introduction of the
gain-correction factor based on time-domain analysis of the
impulse responses. More comprehensive explanations of the
TGM-based concepts can be found in [4], [12], and [20].

A. TIME-GATING METHOD
The goal of the TGM algorithm is to perform the following
a correction: R → Rc, where R = R(ω, Φ) represents a
K× P matrix of the RA-AUT transmission coefficients (i.e.,
S21) where ω = [ω1 . . . ωK ]T denotes the sweep around the
frequency of interest f0 = 0.5· (ωK+ω1) andΦ = [φ1 . . .φP]T

is the vector of angular AUT positions w.r.t. RA. Note that
f0 denotes the frequency at which the far-field response of
the antenna (e.g., radiation pattern) is to be obtained; Rc =

Rc(f0, Φ) is a vector that represents the corrected response of
the AUT obtained at f0 in a function of Φ angles. It should
be emphasized that Rc correction can also be used to extract
single-direction antenna gain vs.M -point frequency sweep as
Rcg(f, φ) = [Rc(f1, φp) . . .Rc(fM , φp)]T , where f= [f1 . . . fM ]T

and φp is the selected angular position of the RA-AUT sys-
tem. In other words, the acquisition of data at multiple center
frequencies involves a set of measurements with a constant
angular position, yet as a function of f.

For the given φp, the TGM is performed in the following
steps [4], [12]:

1) Attenuate the frequency-domain response R(ω, φp) at
the edges of the sweep ω;

2) Convert the resulting frequency sweep to the N -point
time-domain representation T(t, φp);

3) Apply a window function around the part of the
time-domain signal that corresponds to LoS transmis-
sion;

4) Reset the impulse response to the frequency-domain
and select the first K -points of the resulting N -element
vector as the corrected response.

It should be noted that, although Step 1 is not manda-
tory, it improves the causality of the impulse response
obtained from the measurement data [4], [12], [20]. The
TGM correction is repeated for all desired angular loca-
tions of the RA-AUT system. Note that the correction algo-
rithm performance highly depends on coefficients such as
the frequency resolution ∂ω = ω2 – ω1 (associated with
the number of points K at which the frequency data has
been obtained), but also the number of time-domain sam-
ples N , bandwidth around the center frequency of interest
B = ωK +ω1 (which affects the resolution of the signal in the
time-domain as ∂t = B−1), as well as interval, location, and
type of the utilized time-gating window [4], [12], [20]. Here,
K = 201, N = 2log2(⌈K⌉)+3, and B ≥ c·(3·D)−1, where D
is the antenna size and c is the speed of light, are derived
from the recommendations of [4]. The parameters of the
time-gating window (here, the Hann function) are identi-
fied using the calibration method outlined in the following
section.
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FIGURE 3. TGM: (a) discrepancy between the measurements performed
in anechoic and non-anechoic conditions as a function of TGM intervals,
as well as (b) impulse response of the antenna before (black) and after
(red) correction using the TGM window applied for the selected interval
(blue). Note that the difference in amplitudes of the reference and
modified signals due to windowing is noticeable.

B. TEST SITE CALIBRATION ALGORITHM
The site calibration involves automatic tuning of the gating
window interval in order to maximize the performance of the
TGM. The algorithm is executed on the data acquired for
a so-called calibration antenna (CA), i.e., the structure for
which accurate measurements (i.e., obtained in the anechoic
chamber, open-test site, or high-fidelity EM simulations) are
available.

The goal of the calibration algorithm is to identify a possi-
bly tight interval of the time-gating window around the part
of the impulse response that corresponds to the LoS trans-
mission within the RA-AUT system in order to reduce the
contribution of EM noise to the measured AUT performance.
The effects of adjusting the gating window on the perfor-
mance of TGM correction, as well as the visualization of
the impulse response before and after the filtering of interfer-
ences are illustrated in Fig. 3. It should be noted that the func-
tional landscape that represents the discrepancy between CA
measurements from non-anechoic and laboratory conditions
represents a narrow valley with steep slopes. Consequently,
appropriate adjustment of the window function is essential
for high-quality post-processing of the far-field performance
figures [4], [12].

The calibration process involves measurement of the CA in
the non-anechoic test site, followed by optimization of inter-
vals at a set of frequencies of interest f0 = {f0.j}j = 1 . . .J .
Note that the intervals can be determined for J = 1. However,
increasing the number of frequency points may mitigate the
risk of setting an overly tight window adjustment resulting
in the truncation of a fraction of the impulse response cor-
responding to LoS transmission [4]. At each frequency f0.j,
the initial interval bounds are determined as t (0)j.1 = min(tpos.j)

and t (0)j.2 = min([max(tpos.j), tmax.j]). Here, the components of
tpos.j = [t1 . . . tP]T are calculated from [4]:

tp = argmax
tp∈t

(
|T

(
t, φp

)
|
)

(1)

Note that tmax.j = 2· M (tpos.j) – min(tpos.j)—with M (·) being
themedian operation—is used tomitigate the risk ofmisinter-

preting the EM interference as LoS for the angular positions
of the AUT that correspond to, e.g., side-lobe radiation [4].
Clearly the latter is pertinent to directional antennas.

Upon identification of the initial interval, a greedy heuristic
method is used to evaluate the quality of TGM correction at
the set of perturbed designs tpert generated around the tj.1, tj.2
bounds. In each step i of the process, the correction perfor-
mance associated with the interval from tpert is determined as
follows [4]:

[t(i+1)
j.1 t(i+1)

j.2 ] = arg min
tj.1,tj.2∈t

(i)
pert

U
(
t(i)pert

)
(2)

where U is a scalar objective function of the form [4]:

U =
∥∥Rc.i (f0.j, Φ)

− Rr
(
f0.j, Φ

)∥∥
2 (3)

Here, Rc.i is the refined, response of the CA obtained in
non-anechoic conditions for tj.1, tj.2 ∈ t(i)pert, at the f0.j fre-
quency and Rr denotes the reference response (e.g., obtained
in the anechoic chamber, or from EM simulations). The
parameters t (i+1)

j.1 , t (i+1)
j.2 are used as the bounds for genera-

tion of the t(i+1)
pert set. The optimization is terminated when

the correction performance is the same for two consecutive
iterations. Otherwise, i = i+ 1 and the tuning process (2) is
repeated. The optimized intervals are t∗j.1 = t (i)j.1 and t

∗

j.2 = t (i)j.2,
respectively.

Upon execution of the algorithm at all frequency points,
the final interval is determined as t∗1 = ⌊E({t∗j.1}j=1...J )⌋
and t∗2 = ⌈E({t∗j.2}j=1...J )⌉. Here, ⌊·⌋, ⌈·⌉, represent func-
tions that round down, up to the nearest multiple of ∂t (cf.
Section III. A), whereas E(·) is the averaging operator [4].
Once the calibration is performed, the obtained interval
bounds are considered valid for the antennas characterized by
comparable dimensions that are to be measured at the given
non-anechoic test site. For a more comprehensive discussion
on the discussed correction procedure see [4].

C. EXTERNAL EM NOISE REDUCTION
Due to the lack of test site shielding, the refined AUT
responses are contaminated by the EM noise from external
sources (blended with the impulse-response of the measured
system, especially its part corresponding to LoS transmis-
sion) [4]. Here, effects of external EM signals on the
responses are mitigated through re-construction of the far-
field response using a set of measurements.

Let R(s)
c , s = 1, . . . , S, be the sth far-field response of the

AUT corrected using the TGM algorithm in the calibrated
test site. The refined response can be extracted as a convex
combination of the individual measurements:

R∗
c (f0, Φ) =

S∑
s=1

αsR(s)
c (f0, Φ) (4)

where the coefficients αs are obtained from the time-domain-
based auto-/cross-correlation of the uncorrected far-field
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measurements R(s)
= R(s)(f0, Φ) obtained around the cali-

bration frequencies:

αs =
cs∑ ([

c1 · · · cS
]−1

) (5)

where

cs = max
(
cor

(
F−1

(
R(1)

)
,F−1

(
R(s)

)))
(6)

Here, cor(·) andF−1(·) denote the auto-/cross-correlation and
the inverse fast Fourier transform, respectively. Note that the
contribution of individual Rc(s) responses in (4) is determined
based on the correlations of uncorrected measurements. The
rationale behind the analysis of correlations is that increased
contributions of far-field signals characterized by ‘‘distinct’’
impulse responses would allow to remove uncorrelated noise.
It is worth noting that increasing S improves correction per-
formance, yet at the expense of increased measurement time.
Here, S = 5 to maintain an acceptable data gathering cost.

D. TGM-BASED GAIN REFINEMENT
The TGM implementation considered here attenuates the
noise through the application of the Hann window centered
around the fraction of the impulse response corresponding to
the LoS of the RA-AUT system. Due to the bell-like shape of
the window function, its application might lead to a reduction
in the LoS amplitude compared to the one obtained without
the post-processing. The problem has been conceptually illus-
trated in Fig. 3(b). Having in mind that the distance between
the antennas affects attenuation of the S21 between them, the
reduced amplitude of its corresponding impulse response has
to be accounted for in gain estimation.

Let, Gc(f, φp) = (Pl(f) + Rcg(f, φp))/2 be the gain
of the AUT over frequency sweep f obtained using the
two-antenna method for the angular position φp [33], where
Pl(f) and Rcg(f, φp) represent the power loss over the fre-
quency sweep resulting from the Friss transmission model
and the S21 over frequency sweep corrected using the algo-
rithm of Section III. A (both expressed in dB) [34]. Here, the
refined gain that accounts for the increased attenuation being
a byproduct of TGM is given as:

G∗
c

(
f , φp

)
= Gc

(
f , φp

)
+ γ (a) (7)

where γ (a) = (σ (a) +E(a))/2 is the correction factor with
σ (·) being a standard deviation and a = [a1, . . . , aM ]T repre-
sents a vector of transmission amplitude change in the time
domain. The coefficients of a are extracted as:

am = max
{∣∣Tm (

t j, φp
)∣∣} − max

{∣∣Tm (
t j, φp

)
◦W

(
t j
)∣∣}
(8)

Here, Tm(tj, φp) = F−1(R( ωm, φp)) represents the impulse
response obtained for the frequency sweep centered around
mth frequency of interest (cf. Section III.A), whereas tj and
W(tj) denote the fraction of the impulse response determined
by t∗1 and t∗2 instances and the Hann window defined in the

FIGURE 4. Photographs of the antennas considered for experiments (not
in scale): (a) Vivaldi [35], and (b) monopole [36].

mentioned interval; ‘‘◦’’ is the component-wise multiplica-
tion. The gain correction factor of (7) is calculated over all
f frequency points of interest. It should be noted that the
contribution of (8) to the corrected gain depends on the type
ofwindow function used for TGM, aswell as its locationw.r.t.
the fraction of the impulse response that corresponds to LoS
between RA and AUT.

IV. RESULTS
In this section, the presented non-anechoic measurement sys-
tem is demonstrated using an antipodal Vivaldi and a compact
monopole antennas. Photographs of the radiators are shown
in Fig. 4. The considered experiments include measurements
of the radiation patterns (with 5◦ angular resolution) in the
azimuth plane, as well as single-direction gain over fre-
quency. The RA-AUT data have been obtained at a 5.5 ×

4.5 × 3.1 m3 test site. Besides the installation of the towers
(cf. Section II), the room is not tailored to measurements
of antenna far-field performance. Note that the line-of-sight
RA-AUT distance is around 1.6 m, whereas the separation
of AUT from the nearest perpendicular wall is 2.2 m. The
VNA is calibrated and its output power is set to 0 dBm [27].
As already mentioned, the transmission between the antennas
is recorded as S21 (which offers improved dynamic range
w.r.t. S12 measurement for the considered device) [27]. Fur-
thermore, the test site is packed with equipment that causes
multi-path propagation of signals. The schematic view and
photograph of the test site are shown in Fig. 5.

A. VIVALDI ANTENNA
The first case study considers measurements of the Vivaldi
antenna of Fig. 4(a) which is used as both the RA and
AUT [35]. The antenna size is roughly 10 cm, which corre-
sponds to B = 1 GHz (see Section III-A.) [4].
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FIGURE 5. Test site for non-anechoic measurements: (a) schematic view
and (b) photograph.

Measurements of the structure’s performance are preceded
with calibration of the TGM intervals using the method of
Section III. B. Here, the process has been performed for
the center frequency of 5 GHz. The reference data for cal-
ibration are the high-fidelity EM simulations of the radi-
ator. The extracted bounds for the time-domain window
are t∗1 = 6 ns, and t∗2 = 8 ns, respectively. In the next
step, the transmission characteristics of the RA-AUT sys-
tem (as a function of the angular location of the measured
antenna) have been obtained around the 2.5 GHz, 4 GHz,
and 5.5 GHz frequencies. For each f0, the measurements have
been repeated five times in order to execute the EM noise
reduction of Section III. C. A comparison of the radiation
patterns before and after TGM correction with the responses
obtained in the anechoic chamber is shown in Fig. 6. The
discrepancy between the patterns obtained before and after
TGM-based correction—in terms of a root-mean square error
(RMSE) averaged over all frequencies of interest—is only
–23.8 dB. Consequently, the responses obtained as a result
of the considered post-processing method are improved by
almost 12 dB compared to uncorrected radiation patterns
(average RMSE of –11.93 dB). It is worth noting that
the RMSE-based discrepancy between the sequentially per-
formed TGM-correctedmeasurements (variation from 0.1 dB
to 0.2 dB) has been mitigated using the procedure of Sec-
tion III. C.

The second experiment involves measurement of antenna
gain in the yz-direction (see Fig. 4(a)) over the frequency span
from 1.5 GHz to 5.5 GHz. It should be noted that, due to the
acquisition of the RA-AUT transmission within the 1 GHz
bandwidth around the frequency of interest, the maximum
range for which gain can be obtained (without exceeding
the operational bandwidth of the open-hardware VNA) is
5.5 GHz. The figure has been measured using the method of
Section III. D. Note that, similarly as for the radiation pat-
terns, the RA-AUT transmission has been acquired five times
so as to combine the results (see Section III.C). A comparison
of the responses obtained in the non-anechoic conditions
before and after the correction is shown in Fig. 7. The results
indicate that the presented approach substantially improves
the accuracy of the gain compared to uncorrected measure-

FIGURE 6. Vivaldi antenna – comparison of the radiation patterns before
(blue) and after correction (red) with the EM-simulations (gray) and the
anechoic chamber measurements at: (a) 5 GHz (calibration), (b) 2.5 GHz,
(c) 4 GHz, and (d) 5.5 GHz frequency.

FIGURE 7. Vivaldi antenna – the reference (gray) vs. measured (black)
gain (co-pol) obtained without correction (. . . ), after TGM (– –), and as a
result of TGM with amplitude correction (—-).

ments. At the same time, the correction factor (7) accounts
for the amplitude attenuation due to the time-domain window.
Overall, the discrepancy between the reference and the mea-
sured responses (averaged over the frequencies of interest) is
only 0.12 dB, compared to 1.42 dB and 2.07 dB for uncor-
rected measurements and the responses obtained using TGM
yet with no amplitude correction.

B. COMPACT MONOPOLE ANTENNA
The second case study concerns measurements of the spline
monopole of Fig. 4(b) [36]. Here, the Vivaldi antenna of
Section IV-A is used as the reference structure. It should
be noted that the monopole size is around 3 cm, which
would necessitate setting the measurement to 3 GHz (cf.
Section III. A). However, its lower frequency of operation is
3.1 GHz, which would limit the range of usable frequencies
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FIGURE 8. Compact monopole – comparison of the radiation patterns
before (blue) and after correction (red) with the anechoic chamber
responses at: (a) 5 GHz (calibration), (b) 3 GHz, (c) 4.5 GHz, and
(d) 5.5 GHz frequency.

FIGURE 9. Monopole antenna – the reference (gray) vs. measured (black)
gain (co-pol) obtained without correction (. . . ), after TGM (– –), and as a
result of TGM with amplitude correction (—-).

to only around 1.5 GHz (from ∼3 GHz to 4.5 GHz, respec-
tively). Consequently, the bandwidth has been set to B =

2 GHz as a trade-off between the VNA capabilities and the
performance of the post-processing [4].

The test site calibration has been performed at 5 GHz
frequency w.r.t. the anechoic chamber-based responses of the
spline monopole (cf. Section III). The extracted time-gating
interval bounds are t∗1 = 5 ns, and t∗2 = 6.5 ns, respectively.
Upon calibration the antenna responses have been measured
around 3 GHz, 4.5 GHz, and 5.5 GHz. Note that the band-
width for the last frequency exceeds the capabilities of the
VNA (cf. Section II). Here, the problem is mitigated by
representing the transmission from 6 GHz to 6.5 GHz as the
average of the responses acquired from 4.5 GHz to 6 GHz.
The corrected radiation patterns shown in Fig. 8 indicate that
the resemblance between the measurements from the test site

FIGURE 10. Comparison of far-field radiation patterns obtained in the
considered test-site at 5.5 GHz frequency using Anritsu (grey) and
LibreVNA (black) network analyzers for: (a) Vivaldi and (b) monopole
antenna.

and the anechoic chamber is acceptable. Due to the small size
of the considered monopole, as well as its relatively low gain
accurate extraction of its far-field properties is more challeng-
ing compared to the Vivaldi structure. Overall, the average
RMSE discrepancy between the reference and TGM-based
results amounts to around –27.4 dB which represents around
a 15 dB improvement compared to the uncorrected responses.
Note that the RMSE-based discrepancy between the sequence
of TGM-corrected measurements changes from 2.6 dB to
4.21 dB. Application of the procedure of Section III.C allows
to mitigate the changes of the post-processed responses. Note
that increased RMSE-based variation might result from both
narrower bandwidth around f0 (compared to the recommen-
dation), but also small gain of the antenna.

The gain characteristics of the antenna measured over a
frequency span of 2.5 GHz to 5.5 GHz in an yz-direction
(see Fig. 4(b)) are shown in Fig. 9. The average discrep-
ancy between the reference and corrected responses over the
frequency band amounts to 0.78 dB, which is considered
acceptable given the environmental conditions at the test site
and the limited bandwidth around f0. Note that neglecting
the correction coefficient results in notable attenuation of the
measured gain w.r.t. the reference responses (cf. Fig. 9).

V. COMPARISONS AND DISCUSSION
In this section, the quality of the measurements performed
using the open-hardware VNA is compared against the results
obtained using a laboratory-grade equipment manufactured
by Anritsu [37]. A detailed cost-breakdown of the device and
discussion of its features w.r.t. the existing far-field measure-
ment systems are also provided.

A. PERFORMANCE
The test system has been compared in terms of the accuracy
(w.r.t. the results obtained in the anechoic chamber) in config-
urations with: (i) the open-hardware VNA of Section II and
(ii) the laboratory-grade network analyzer [37]. It should be
emphasized that the measurement conditions for both con-
sidered test cases remain exactly the same (except for tempo-
ral changes of propagation conditions which remain beyond
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TABLE 1. Non-anechoic test site: measurement performance using
laboratory and open-hardware VNAs vs. anechoic chamber.

TABLE 2. Non-anechoic measurement system: cost breakdown.

control). The results gathered in Table 1 indicate that, for the
considered test cases and frequencies of interest, the average
discrepancy between the measured performance (expressed
in the form of the RMSE errors eR) is below 0.5 dB. The
discrepancies mostly result from the temporal dynamics of
themeasurement environment and the sequential nature of the
data acquisition process [12]. A comparison of the radiation
patterns obtained using both VNAs at 5.5 GHz frequency
is shown in Fig. 10. As already indicated, the discrepancies
between the characteristics obtained in the chamber and non-
anechoic test-site can be considered acceptable for applica-
tions such as teaching, and/or low-budget research. However,
the relatively low operational bandwidth of the open VNA
limits the potential application scenarios of the antennas to
be validated. For instance, the device is suitable only for
experiments concerning the verification of the hardware ded-
icated to sub-6 GHz 5G communication, or related Internet
of Things devices. On the other hand, the setup is suitable
for structures compatible withWiFi systems characterized by
broad practical applications.

B. COST AND COMPARISONS
A cost-breakdown of the discussed open-hardware system
is provided in Table 2. It is worth noting that the compo-
nents dedicated to maintaining RA-AUT position (i.e., heads,
bases, and control electronics) correspond to only 21% of the
overall cost, whereas the open-hardware VNA and connectiv-
ity gear amount to 20% and 59%, respectively. The high price
of the RF cables is due to their low-loss and broad frequency
range that exceed the requirements imposed by the VNA.

TABLE 3. Comparison of the presented system against existing solutions.

Having that in mind, the connectivity-related expenses could
be further reduced (at least) by a factor of ten. Nonetheless,
with the overall cost of around 3630 USD, the presented
system is two orders of magnitude lower when compared just
to the laboratory-grade VNA used for benchmark. It should
be emphasized, however, that the latter offers substantially
broader operational bandwidth (of up to 20 GHz). From the
perspective of construction cost, the discussed system can be
considered as an affordable solution with a range of appli-
cations where achieving the laboratory grade measurement
precision is not of primary concern.

A comparison of the considered system with (i) ane-
choic chamber, (ii) open-test site, and (iii) commercial
non-anechoic measurements setup (Geozondas, Lithuana) in
terms of the metrics such as (a) cost, (b) frequency ranges,
(c) mobility, (d) accuracy, (e) control over propagation con-
ditions, or (f) the number of performance figures that can
be measured ad-hoc is presented in Table 3. The results
demonstrate that, owing to the use of open-source gear and
lightweight positioning towers/heads, the considered device
offers the lowest cost and highest mobility among considered
solutions. At the same time, its operational bandwidth is lim-
ited, whereas accuracy of the extracted performance figures
heavily relies on the quality (and setup) of the post-processing
steps (cf. Section III).

VI. CONCLUSION
In this work, a low-cost system for characterization of antenna
far-field performance in non-anechoic conditions has been
discussed. The main components of the device are in-house
developed positioning heads, a low-cost open-hardware VNA
which operates in a range of up to 6 GHz, and the post-
processing software that facilitates the extraction of the LoS
signal from the non-anechoic measurements. The system
capabilities w.r.t. the anechoic chamber have been demon-
strated through measurements of two antenna structures. Fur-
thermore, the performance of the utilized low-cost VNA has
been compared against the laboratory-grade device. For the
considered experiments the average discrepancy (expressed
in terms of RMSA) between the results obtained using the
open-hardware and professional equipment amounts to only
–26 dB. Having in mind its low construction cost of only
3630 USD, the discussed system is suitable for budget con-
strained applications such as teaching, and low-frequency
research. The details concerning the construction of the sys-
tem are available through on-line repository.
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Future work will focus on substitution of the machined
rotary heads with the ones that can be fabricated using fused
deposition modeling or stereolithography. It is expected that
utilization of the additive manufacturing technologies will
not only enable further reduction of the system cost but also
increase its availability to institutions that lack advanced fab-
rication gear such as milling machines and/or lathes. Special
care will be also dedicated to substitute the rotary joints with
flexible cables, as well as the use of off-the-shelf compo-
nents instead of the dedicated electronics. It is expected that
the mentioned changes and advancements will contribute to
further reduction of the system cost by at least a factor of
two. As it comes to performance and applicability of the
system, further improvement of post-processing will also be
considered.
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