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Abstract: In order to reduce the influence of multi-path effects on the measurement results of
wideband antennas, this paper proposes a method for suppressing interference in wideband antenna
measurements based on modal filtering technology. This paper introduces the theory and operation
process of modal filtering, establishes the relationship between the distribution of modal coefficient
terms and the location of the antenna and external interference sources, and clearly reveals the
principle of filtering interference through modal filtering. It is pointed out that each location of
interference sources corresponds to different pattern items. Filtering out the power of the pattern
term generated by the interference source is equivalent to filtering out the interference caused
by the interference source. The sources filtered by this technology are external sources that are
spatially separated from the antenna, including external sources, environmental reflections, and
device reflections, among others. This feature makes it possible to be used for testing in a non-
absorbent environment. Its ability to operate at almost any frequency makes it ideal for suppressing
interference effects in wideband antenna measurement. This paper demonstrates a recent advance
wherein modal filtering techniques are used in interference suppression for wideband antenna non-
absorbent measurement. In the full bandwidth range of the wideband antenna, we verify the method
through numerical simulation analysis and practical measurement. In the numerical simulation, we
obtain that 15 dB interference can be filtered out at the —25 dB level and 5 dB interference can be
filtered out at the —35 dB level. In the experiments, within the broadband antenna bandwidth, we
found that 2.5 dB can be filtered at the —10 dB level at 4 GHz, 3 dB is filtered at the —10 dB level at
6 GHz, and 5 dB is filtered at the —10 dB level at 7.5 GHz. All of the above results prove that the
proposed method can effectively suppress the multi-path interference in wideband non-absorbent
antenna measurement and improve the measurement results.

Keywords: modal filtering; antenna measurement; spherical wave expansion; reflection suppression

1. Introduction

Wideband antenna is a common antenna, widely used in all aspects of production
and life. In wideband antenna measurement, the error source mainly comes from the
interference of external radiation sources and a non-ideal test environment [1], such as
reflection from walls, floors, ceilings, and field equipment. The existence of multi-path
effects in the measurement mainly affects the measurement accuracy of the low sidelobe of
the wideband antenna [2].

Usually, absorbing materials are used to shield the site and equipment to simulate free
space without reflection. However, there are inevitably some parts in the measurement site
that cannot be laid with absorbing materials, such as antenna brackets and probe scanning
frames, among others. At the same time, the size and shape of the absorbing material
determine that the absorbing performance of the absorbing material is only optimal in some
specific frequency bands, but not optimal in other frequency bands, and its absorbing effect
will deteriorate over time. Therefore, it is of great significance to reduce the multi-path
interference by applying modal filtering in the non-absorbent measurement environment.
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For the above problems, a modal filtering technique [3-5] based on spherical wave
expansion theory is proposed, which can effectively suppress external source interference
and the multi-path effect interference in measurement [6]. In order to reduce the influence
of the multi-path effect, in addition to the modal filtering method, time gating technology
and background subtraction can also play a role. I have presented the Table 1 comparing
the three methods for reflection suppression in wideband antenna measurements. Time
gating technology uses the difference in the arrival time of the radiation signal and the
interference signal at the receiver; the radiation signal is intercepted through the time gate,
so as to shield the interference signal. It requires large bandwidths of the measurement
setup and the antenna under test (AUT) for a sufficient temporal resolution, especially for
reflections that occur close to the AUT. Large signal bandwidth is required to obtain a high
resolution in the time domain, and multi-path elimination is difficult to achieve at a low
frequency (P and L band). As for the background subtraction, the dual-channel receiver is
used to obtain the environment level signal and the measurement level signal at the same
time, and the background noise interference caused by the environment signal is filtered
out by the algorithm. Background subtraction requires additional measurements and data
acquisition. It is suitable for an insufficient frequency band, generally less than 18 GHz.

Table 1. Comparison of different methods. N is the quantity of frequencies required.

Modal Filtering Method Time Gating Technology Background Subtraction

Number of

measurements required

1 N N

Frequency range

Low frequency (P and L band)

o limit to f . . L han 18 GH
of application No limit to frequency is not applicable ess than 18 GHz
Efficiency Test all frequencies in the band Test one frequency in one test ~ Test one frequency in one test
Testing environment Non-absorbent environment or Absorbent environment Absorbent environment

absorbent environment

Modal filtering is a post-processing technique that involves analysis of the measured
data and a special modal filtering process to suppress the undesirable scattered signals.
At present, this method has been used in an anechoic chamber with a pyramidal absorber
and absorber baffles that cover all of the floors and walls. It is shown that modal filtering
is applicable in spherical [7,8], cylindrical [9,10], and planar [11,12] near-field antenna
measurement systems, as well as in the measurement of some feeding integrated antennas
working at high frequencies [13,14], which effectively reduces the interference from the
environment. It only needs the amplitude and phase data of the radiated field strength
of the AUT and the maximum radial extent (MRE) surrounding the AUT. In this case,
the MRE is defined as the radius of a conceptual sphere centred about the origin of the
measurement coordinate system, and that is sufficiently large to encompass the majority
of the current sources. Only a single measurement is needed to obtain the accurate field
distribution after interference suppression from the results of interference with multi-path
effects after processing by modal filtering. The modal filtering technique has no limit to the
working frequency in theory and is suitable for the measurement of a wideband antenna
environment, such as Vivaldi antenna measurement [15,16]. In the following, we introduce
the typical improvements to modal filtering in a non-absorbent environment from the
aspects of numerical simulation and experimental verification.

2. Theoretical Basis of Modal Filtering

The far-field pattern of the antenna is different in different coordinate systems, so it is
necessary to perform coordinate translation first. The origin of the coordinate system is
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translated to the center of the antenna mouth according to the actual measurement position.
Different coordinate systems only affect the phase pattern, not the amplitude [17]:

E(6,9) = Em(6, @)e/"'? 1)

where k is the wave number, #’ is the vector of the origin of the original coordinate system
pointing to the center of the radiating element to be calculated, and 7 is the unit vector.

The electric field E radiated from a source of finite range can be expressed as a
superposition of spherical waves [18]:

(7’ 0, 4’ 72 Z Z QsmnFsmn 1,0, QD) (2)

s 1n=1m=-—n

The field is fully characterised by the modal coefficients Qs to the spherical wave
functions Fsp, (7,6, ). The order m is limited by |m| < n and the degree n is limited by the
extent of the sources. The index s takes on the value 1 for TM fields and 2 for TE fields.

The field of the antenna contains infinite terms. Let the minimum spherical radius
surrounding the antenna under test be ry. Generally, only the term N = k X rg contributes
greatly to the far field of the antenna. From a practical point of view, the number of
truncated modes of the spherical wave function [19] can be expressed as

N:[er0]+n (3)

Among them, [k x rg] represents the nearest integer of k x r(. The size of n is adjusted
according to the coordinate position and precision, usually selecting n = 10. After modal
filtering, the multi-path interference in the environment can be filtered out.

The spherical wave functions are power-normalized such that the power of the radi-
ated field [20] given by Equation (2) is

Prag = Z | Qsmn | (4)

smn

We define P, as the power spectrum in n [20]
1 2
= §Z| Qsmn‘ 5)
sm

For a truncation of the modes at ¢t < N, the sum of the power spectrum from 1 to N is
the truncation power P

t
Pt:ZPn (6)
n=1

Therefore, by measuring the far-field amplitude and phase of the antenna, the power of
the spherical wave modes of each order n can be obtained. By filtering the power spectrum
according to the minimum sphere radius surrounding the antenna, the antenna pattern
after filtering out multi-path interference can be obtained.

3. Simulation Experiment

In order to reveal the principle of the modal filtering technique more clearly, we start
with the spherical wave expansion of the antenna radiated electric field. With the help of
the commercial simulation software FEKO, the distribution law of the spherical mode term
coefficients (SMCs) of the standard gain horn (SGH) model working in the S-band was
analyzed, and a metal plate was placed as an interfering object to simulate the multi-path
effect interference during the measurement process.

The schematic diagram of the simulation model is shown in Figure 1 below, using
Cartesian coordinates. The phase center(O1) of the standard gain horn is located at the
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origin(O) of the coordinate system of the measurement system. The XOY plane of the
coordinate axis is parallel to the antenna aperture plane and the maximum radiation
direction is along the Z axis. The metal plate has a size of 200 mm x 200 mm; its four sides
are parallel to the coordinate axis; the surface is parallel to the antenna aperture surface;
and its center (O2) is located at (0, 625 mm, 625 mm), which simulates the interference
objects that cause multi-path effects in the measurement field.

The maximum
. radial extent(MRE)
Z surrounding the

Top View «—
Y

Figure 1. Antenna model with the metal plate.

The two models of the absence and presence of the metal plate in Figure 1 are ana-
lyzed respectively. Taking the phase center of the horn as the origin and the minimum
spherical radius surrounding the horn antenna as r1 = 198 mm (1.587A1), A1 = 125 mm,
only N1 = [k X r1] = 10 mode items are needed to characterize the radiation characteristics
of the entire horn. The SGH radiation field data at the frequency of 2.4 GHz are used.
According to the aforementioned spherical wave expansion method of the electric field, the
SMC of each mode item is used to calculate the power contained in the mode item. The
resulting power spectrum distribution is shown in Figures 2 and 3 below.

10

—— Pn-SGH
with plate
—e— Pn-SGH

04

~104
204

o] NI=10 N2=48

Power (dB)

-80 T T T T T T
0 10 20 30 40 50 60 70 80
Mode Number N

Figure 2. Comparison of the power spectrum distribution of the model with the presence of the plate
and the model without the presence of the plate.
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Figure 3. Distribution of the first N sums of the power spectrum of a single horn antenna.
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The power spectrum distribution curve of the single horn antenna model in Figure 2
shows that the radiated power of SGH is mainly distributed on the low-order mode
terms, and the radiated power decreases rapidly with the increase in the number of mode
terms until it can be ignored. Figure 3 shows that only the first 10 terms are required to
include 99.99% of the SGH radiated power. This is consistent with the selection of the first
N1 = [k x r1] = 10 terms in the spherical wave mode term number truncation principle.
For the SGH with the same operating frequency (2.4 GHz) and the same size, only the first
10 items of its radiation field SMCs are needed to fully express its radiation characteristics.
For the power spectrum distribution of the horn antenna in the presence of the metal plate
in Figure 2, the power distribution also appears in several items near the 48th item of the
spherical wave mode item, and the maximum power distribution item N2 = 48 is consistent
with the position of the metal plate N2 = [k x r2] = 48, where the power represents
the interference of the metal plate as an interference source to the radiation field of the
horn antenna. The modal filtering technology determines the number of corresponding
mode items according to the spatial distribution of different field sources, and extracts the
mode items corresponding to the AUT to filter out the mode items corresponding to the
interference sources. That is, the influence of the interference source is filtered out from the
radiation field of the AUT containing external interference, and the radiation characteristics
of the AUT in which the external interference source is suppressed are obtained. The
interference from the environment is effectively reduced and accurate measurement of the
AUT is realized.

In the simulation of the model shown in Figure 1, the SGH radiation field data
at a frequency of 2.4 GHz are also used, and the metal plate can simulate the external
interference objects during measurement. The electromagnetic wave radiated by the SGH
enters the measurement receiving a probe through the reflection of the metal plate, which
has a significant impact on the measurement results of the antenna radiation field, resulting
in obvious changes in some radiation directions, as shown in Figure 4. In this coordinate,
the E-plane of the horn refers to the YOZ plane and the H-plane of the horn refers to the
XOZ plane. They represent a cross section of the horn antenna radiation field, where the
theta coordinate component ranges from —180° to 180°. E1 represents the horn radiation
pattern when SGH exists independently, E2 represents the radiation pattern when SGH and
the metal plate coexist, and E3 represents the radiation pattern after modal filtering when
SGH and the metal plate coexist. In Figure 4, the black dotted curves E1 for the E-plane and
E1 for the H-plane represent the cross-section radiation field intensity of radiation field E1
on the E-plane or H-plane, the red dashed curves E2 for the E-plane and E2 for the H-plane
represent the cross-section radiation field intensity of radiation field E2 on the E-plane or
H-plane, and the blue solid curves E3 for the E-plane and E3 for the H-plane represent the
cross-section radiation field intensity of radiation field E3 on the E-plane or H-plane.

“104

35 ---- El for the E-plane 404 ---- El for the H-plane
1 = —= - E2 for the E-plane ] - — - E2 for the H-plane
40 1 —— E3 for the E-plane \ —— E3 for the H-plane

P S S S S S S S 50 P S S S ST S S S R
180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180 -180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180
Theta (degree) Theta (degree)

(a) (b)

Figure 4. Pattern of the H-plane of the antenna. (a) E-plane; (b) H-plane.
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Comparing the black curve and the red curve, owing to the existence of the interference
metal plate, as well as the superposition of the interference signal and antenna radiation
signal, the red curve of the received measurement result has a large error as a whole. In
the main lobe of the pattern, the interference causes the main lobe to shrink and split. On
the side lobes, the interference caused is more pronounced; particularly, when the probe
is at theta = 40°, the receiving probe, the center of the metal plate, and the center of the
aperture surface of the horn antenna are on a line. The existence of the metal plate blocks
the received signal, resulting in a significant reduction in the amplitude of the received
signal and the formation of a depression. On the E-plane radiation pattern of the SGH
shown in Figure 4a, the presence of the metal plate causes burrs in the side lobes of the
antenna pattern. Especially, when the receiving probe is at theta = 140°, the electromagnetic
wave emitted by the antenna is reflected by the metal plate mirror and directly enters the
receiving probe. At this time, the reflection interference is strong, resulting in a serious
bulge in the pattern of the SGH. Similarly, on the H-plane radiation pattern of the SGH
shown in Figure 4b, the presence of the metal plate has almost no effect on the main lobe of
the pattern, but in the area outside the main lobe, especially the side lobe position, there
are obvious fluctuations and burring, resulting in measurement errors.

It can be seen from Figure 4 that the presence of the metal plate significantly affects the
radiation characteristics of the measured SGH. After being processed by the modal filtering
technology, the superimposed interference and occlusion interference are eliminated, and
the influence of external interfering objects is suppressed. Comparing the black curve and
the blue curve in Figure 4a,b, the pattern filtering technique eliminates the contraction and
splitting of the main lobe, so that the corrected main lobe of the orientation pattern exactly
matches the main lobe when there is no interference. On the sidelobes, the burrs and jitter
caused by the interference are eliminated. In the other directions, there is a significant
reduction in the variation of the orientation pattern owing to the interference. In Figure 5
below, we quantitatively calculate the degree of interference suppression using the pattern
filtering technique by calculating the difference value between the pattern before and after
filtering correction and the pattern without interference.

0 -20
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(@) (b)

Figure 5. Comparison of the pattern. (a) E-plane; (b) H-plane.

In Figure 5, the blue dotted curve D1 for the E-plane represents the difference value
D1 in the measured AUT radiation field with and without the metal plate. The red solid
curve shows the difference value D2 between the field after modal filtering the field in the
presence of a metal plate interferer and the radiated field from the AUT alone. At all angles,
the modal filtering technology reduces the influence of the interference source on the AUT.
On the E-plane of the SGH, the maximum 15 dB interference is filtered out at the —25 dB
level, so that the difference between the two curves is reduced from the maximum —17 dB
to —50 dB. On the H-plane of the SGH, the maximum 5 dB interference is filtered out at the
—35 dB level, so that the difference between the two curves is reduced from the maximum
—30 dB to —58 dB.
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The above numerical simulation analysis shows that the modal filtering technology
has a strong suppression effect on the external interference in the wideband antenna
measurement, and can significantly improve the test accuracy of the AUT.

4. Experimental Verification

Figure 6 shows the measurement setup used to verify the above methods. In the test
field, the walls and ground are partially wrapped by absorbing material and the ceiling and
equipment cables are exposed, which are the main sources of multi-path interference. This
measurement environment, similar to a non-absorbent environment, has strong reflection
interference from itself and artificially placed interference objects.

—————

Figure 6. Testing environment with the Vivaldi antenna alone.

The antenna under test is a Vivaldi antenna, a wideband antenna with a size of
100 mm x 85 mm (1.6A0 x 1.4A0), A0 = 60 mm, where the antenna center frequency is
5 GHz. The minimum radius of the sphere surrounding the antenna is r0 = 52.2 mm and
the antenna is placed in the center of the turntable to test its far-field pattern. The receiving
probe is the same Vivaldi antenna, fixed on the platform, 6000 mm (100A0) away from
the center of the antenna under test, and in the same horizontal plane as the antenna
under test. The antenna to be tested is in the transmitting state. Using the antenna far-
field measurement system composed of a signal source and vector network analyzer, the
turntable is rotated 360° and sampled at 1° intervals to obtain the far-field pattern of the
azimuth plane of the antenna under test. Then, on the same plane as the antenna, objects
are placed that can strongly reflect electromagnetic waves around the antenna to simulate
the interference of multi-path effects, such as the metal plate and metal ball used in this
experiment, and analyze its influence on the AUT pattern. The modal filtering technology is
used to verify its suppression effect on the interference in this non-absorbent environment.

The placement position of the interfering object is shown in Figure 7. Position 1 is
located on the left side of the antenna, r2 = 300 mm away from the antenna; position 2 is
located 45° in front of the antenna to the right, and the distance from the antenna is
rl = 300 mm. In this experiment, the interfering objects are a metal plate with a diameter of
110 mm x 30 mm and a metal ball with a radius of 140 mm.

Two experiments were designed to verify our conclusions from different frequencies
and different interference locations.

1. Experiment I

AUT works at F1 = 4 GHz. The interfering object is a 110 mm x 30 mm (1.5A1 x 0.4A1)
metal plate, A1 = 75 mm, which is placed on interference position 1 shown in Figure 7, as
shown in Figure 8 below. The distance between the probe and the antenna under test is
6000 mm (80A1) and the probe is in the far-field radiation region of the antenna under test.
The antenna under test, the probe, and the interfering object are all in the same horizontal
plane. Applying the far-field measurement system, the antenna under test rotates with the
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turntable, starting from 0° and ending at 360°. Samples are taken at an interval of 1° to test
the cross-section radiation field pattern of the azimuth plane of the antenna under test.

v A Position 2

.

r2=300mm .~

Position 1 r1=300mm v

%
s
s

>
|

Figure 8. Experiment I test scene.

From the two different test environments of Figures 6 and 8, the pattern E1 of the
AUT without interference and the pattern E2 of the metal plate interference are obtained.
For the electric field E2 with a multi-path effect, the modal filtering technology is ap-
plied to suppress the influence of the metal plate on the AUT test results. If the antenna
size and operating frequency are known, the corresponding number of mode items is
N1 = [kl x r0] = 5, k1 = 2rt/AL. Taking the first five items of the spherical wave expansion
mode items of the electric field E2, the influence of the metal plate can be suppressed

and the accurate antenna measurement pattern E3 after filtering can be obtained. The
measurement results are shown in Figure 9 below.

Gain (dB)

- EL:AUT without interference it
- — - E2:AUT with interference t
—— E3:AUT with modal filtering| '

40 T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360

Phi (degree)

Figure 9. Comparison of the antenna pattern before filtering and after filtering.
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It can be seen from Figure 9 that, for the antenna pattern including the reflection
interference from the metal plate, the modal filtering technology eliminates the disturbance
of the main lobe and the back lobe; 2.5 dB interference is filtered out at the —10 dB level,
which greatly improves the measurement accuracy of the antenna.

2. Experiment II

The AUT works at 6 GHz and the interference object is a metal ball with a radius of
140 mm (2.8A2), A2 = 50 mm, which is placed on interference position 2 shown in Figure 6,
as shown in Figure 10 below. The distance between the probe and the antenna under test is
6000 mm (120A2) and the probe is in the far-field radiation region of the antenna under test.
The experimental equipment and procedure are the same as in Experiment I.

Figure 10. Experiment II test scene.

The processing steps of modal filtering are the same as those of experiment L. In
this experiment, the wideband antenna to be tested is at a different operating frequency
of 6 GHz, so the number of mode terms corresponding to the smallest spherical wave
surrounding the antenna has changed compared with before, N2 = [k2 x r0] =7, k2 = 2rt/A2.
Taking the first seven items in the spherical wave expansion mode items of the interference
electric field E4 with the presence of metal balls, the interference can be suppressed and the
filtered antenna pattern E5 can be obtained. The analysis and comparison of the antenna
pattern E1 without interference, the antenna pattern E4 with metal balls, and the field E5
after modal filtering of the electric field E4 are shown in Figure 11 below.

Gain(dB)

‘ = = = E1:AUT without interference
30 F — = E4:AUT with interference
—— E5:AUT with modal filtering

-35 T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Phi (degree)

Figure 11. Comparison of the antenna pattern before filtering and after filtering.

It can be seen from Figure 11 that the existence of the metal ball has a great influence
on the antenna test, resulting in the distortion of the main lobe, and the overall pattern
also has a large error. The modal filtering technology eliminates the interference of the
main lobe well, reduces the error in other directions, and filters out 3 dB interference at the
—10 dB level, which greatly improves the measurement accuracy of the antenna.
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3. Experiment III

The AUT works at 7.5 GHz and the interference object is a dihedral angle struc-
ture with two metal plates perpendicular to each other. The size of the metal plate is
200 mm x 200 mm (5A3 x 5A3), A3 = 40 mm, which is placed on interference position 2
shown in Figure 6. As shown in Figure 12 below, the distance between the probe and the
antenna under test is 6000 mm (150A3) and the probe is in the far-field radiation region
of the antenna under test. The experimental equipment and procedure are the same as in
Experiment L.

Figure 12. Experiment III test scene.

The processing procedure of modal filtering is the same as in experiment L. In order to
verify the broadband characteristics of the method, the operating frequency of the antenna
under test is set as 7.5 GHz and the wavelength is A3 = 40 mm in this experiment. At
this time, the radius of the minimum sphere surrounding the antenna remains the same,
r0 = 52.2 mm. Owing to the change in the working frequency, the corresponding number of
mode terms has changed, N3 = [k3 x 10] = 8, k3 = 27t/A3. Taking the first eight items in the
spherical wave expansion mode items of the interference electric field E6 with the presence
of the metal dihedral angle structure, the interference can be suppressed and the filtered
antenna pattern E7 can be obtained. The analysis and comparison of the antenna pattern
E1 without interference, the antenna pattern E6 with the metal dihedral angle structure,
and the field E7 after modal filtering of the electric field E6 are shown in Figure 13 below.

-20

Gain (dB)

925 I

-30

=35 - El AUT without interference
— — - E6 AUT with interference
— E7 AUT with modal filtering
ST T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360

Phi (degree)

—— - — =

Figure 13. Comparison of the antenna pattern before filtering and after filtering.
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As can be seen from Figure 13, owing to the strong reflection characteristic of the
metal dihedral angle structure, the interference caused by its large surface area brings huge
interference level superposition in the antenna measurement results, leading to complete
deformation of the main lobe and a maximum error of 5 dB on the side lobe. This kind
of huge error is completely caused by the artificial introduction of the external strong
interference source. In actual measurement, this kind of strong interference source should
be avoided first. The mode filtering method can eliminate the interference of the main
lobe, recover the shape of the main lobe, and correct the errors in other directions. In the
main lobe range, at the 0 dB level, it filters out 3 dB interference. In the side lobe range,
5 dB interference is filtered at the —10 dB level, which greatly improves the measurement
accuracy of the antenna.

The above three experiments with different operating frequencies (4 GHz, 6 GHz, and
7.5 GHz) show that pattern filtering technology is not sensitive to frequency. When operat-
ing at different frequencies, the corresponding operating wavelength changes, resulting
in a change in the number of mode items required by the minimum ball surrounding the
antenna. At different frequencies, this method can be used to suppress reflection inter-
ference by selecting a different number of mode items, without additional operation and
calculation. It is very suitable and applied to broadband antenna measurement to suppress
interference in the non-absorbent measurement of wideband antennas and to obtain more
accurate measurement results independent of site.

5. Conclusions

In wideband antenna non-absorbent measurement, it is a simple and effective method
to apply modal filtering technology to reduce the interference of multi-path effects and
improve the measurement accuracy. The modal filtering technology has no limit to the
operating frequency in theory. It is suitable for the measurement of wideband and even
ultra-wideband antennas. No additional testing steps are required during the measurement.
Only the dimensional data of the antenna are required, which are known in most cases.
The numerical simulation and actual test results show that modal filtering technology has
an obvious suppression effect on multi-path interference, and the test can even be carried
out in a non-absorbent environment, which greatly improves the measurement accuracy
and reduces the equipment requirements.
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