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Research on OTA Testing Optimization of 5G IoT Devices

Xiaochen Chen, Xianhui Liu, and Siyang Sun

China Telecommunication Technology Labs
China Academy of Information and Communications Technology, Beijing, 100191, China

sunsiyang@caict.ac.cn

Abstract – Over-the-air (OTA) testing for wireless de-
vices is crucial to guarantee actual network performance.
Current OTA testing requires respectively 266 and 62
grid points for Total Radiated Power (TRP) and Total
Isotropic Sensitivity (TIS) measurement. For 5G Internet
of Things (IoT) devices, especially for low transmit duty-
cycle devices, this number of grid points could lead to an
unacceptably large amount of test time. Therefore, test
time reduction is significant. The objective of this paper
is to determine a suitable measurement grid for OTA test-
ing of 5G IoT devices which balances measurement grid
uncertainty/errors with test time. Two reference patterns
representing a reasonable worst-case scenario of IoT de-
vices are proposed for measurement uncertainty (MU)
analysis of different grid configurations. The effects of
different grid configurations on OTA testing accuracy are
evaluated. The determination of associated MU term is
proposed and determined based on statistical analysis.
Finally, the reduction of grid points from currently re-
quired 62 (30/30 in theta/phi) to 32 (45/36) could save
roughly 50% test time while requiring an uncertainty in-
crease of less than 0.2 dB, which is acceptable for OTA
testing of 5G IoT devices.

Index Terms – 5G IoT, measurement grid, MU analysis,
over-the-air (OTA) testing.

I. INTRODUCTION

The Internet of Things (IoT) has become the main
force driving evolution of mobile communications to-
wards 2020 and beyond, and will penetrate into all indus-
tries and ultimately everyone’s daily life. It is expected
that the connections of IoT devices will exceed 1 million
per square kilometer and 100 billion in total [1–5]. For
applications in which global coverage and mobility are
major concerns, cellular technologies, especially LTE-
M and NB-IoT are preferred technologies. Meanwhile,
the majority of devices use non-cellular technologies in-
cluding Bluetooth, Wi-Fi, ZigBee, EnOcean, SIGFOX,
LoRa and others [6–13]. Wireless connection reliabil-
ity, coverage, response speed and security are factors

which heavily impact quality of experience and system
performance, which in turn depends on agile and high-
performance antennas. Therefore, OTA testing of the
overall communications performance for IoT devices is
of great significance [3–4].

OTA testing has been used as the standard method
for radiated power and receiver performance evaluations
of wireless devices in the 3rd Generation Partnership
Project (3GPP) and Cellular Telecommunication and In-
ternet Association (CTIA) [14–18]. Traditional single-
input single-output (SISO) OTA testing includes Total
Radiated Power (TRP) measurements for radiated power
and Total Isotropic Sensitivity (TIS) measurements for
sensitivity evaluation, requiring measurement grid res-
olutions of 15◦ and 30◦ respectively, for constant step
grid. Typically, it takes around 60 and more than 120
minutes respectively for TRP and TIS measurement for
5G mobile phones. During both TRP and TIS measure-
ments, devices under test (DUTs) are required to operate
at maximum transmit power. However, many low-power
IoT devices, including smart-watches, parking meters,
pet tracking devices, etc., are designed to transmit at full
power for only a short interval every hour, and as a re-
sult, typically have a very small heatsink for the power
amplifier and a relatively low-capacity battery. Addition-
ally, batteries in low-power IoT devices, such as those in
smart water meters, often have to last 10 years or more.
Therefore, attempts to perform OTA testing by current
CTIA and 3GPP specifications for mobile phones will,
in many cases, make the DUTs shut themselves off, and
even become damaged due to excessive heat. Due to the
proliferation of such devices, test time reduction is of
great importance for OTA testing of 5G IoT. Unfortu-
nately, no relevant research has been carried out or pub-
lished.

The objective of this paper is to determine a suit-
able measurement grid for OTA testing of 5G IoT de-
vices which balances measurement grid uncertainty with
test time. This paper compares the effect of different grid
configurations on OTA testing accuracy of IoT devices.
Two reference patterns representing reasonable worst-
case scenarios are proposed to mimic radiation of IoT
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DUTs while a variety of different grid configurations
are compared through simulations to determine how well
they could accurately reconstruct reference patterns. The
related MU terms are analyzed and determined based
on statistical analysis. As a result, the recommended
grid configuration with resolution of 45/36 (theta/phi) for
constant step grid is proposed for OTA testing of IoT de-
vices, especially for low-power IoT devices. Compared
with currently-required TIS grid in 3GPP/CTIA (30/30),
a roughly 50% test time saving can be realized at the ex-
pense of an uncertainty relaxation of less than 0.2 dB.

II. APPROACH FOR MEASUREMENT GRID
UNCERTAINTY ANALYSIS

For a complete sphere measured with N theta inter-
vals and M phi intervals, both with even angular spacing,
TIS can be calculated as follows:

T IS ∼= 2M

∑N
i=0ωi ·∑M−1

j=0

[
1

EISθ (θi,φ j)
+ 1

EISφ (θi,φ j)

] , (1)

where EIS is the radiated effective isotropic sensitivity
measured at each direction and polarization, and ωi is the
weight function. In this research, the Clenshaw-Curtis
weights in [19] are used. Considering that TIS requires
much more test time than that of TRP, test time reduc-
tion for TIS is the first priority. In addition, the research
method and its conclusion for TIS also apply to TRP due
to reciprocity.

Currently, there are several quick TIS approaches
being considered in industry, including the theta-
dependent phi optimization [14]; device-reported receive
signal strength (RSS) [14, 20–21]; grid point reduction;
spiral scan [14]; device rotation during measurement
[14]; single or multi-point offset in anechoic chambers
and continuous-mode stirring in reverberation chambers
[14, 22–25]. Among all of these methods, measurement
grid reduction is a more direct and efficient one. It is ob-
vious from (1) that the accuracy for TIS measurement de-
pends highly on the total number and distribution of mea-
surement grid points. The more points, the higher preci-
sion, and as a result, the longer test time. For time re-
duction, a trade-off must be made between accuracy and
total number of grid points. Therefore, the effects of dif-
ferent measurement grid configurations on TIS measure-
ment accuracy, and the determination of relevant MU are
prerequisite.

In this paper, a variety of grid configurations are
simulated to compare how well they could accurately
reconstruct the reference patterns and determine the re-
lated MUs. Here, reference pattern refers to the worst-
case pattern of IoT devices with a reasonable high direc-
tivity or narrow beamwidth as well as drastic variations.
Two reference patterns are proposed to mimic radiation

of IoT DUTs and the related analysis for different grids
are presented in next section.

For MU analysis, the most realistic method is to ana-
lyze the statistical distribution of the TIS for a large num-
ber of random orientations. Although this can be done
experimentally, it requires a large number of independent
measurements to achieve statistical significance; consid-
ering the total test time needed, it is unrealistic for indus-
try. Therefore, in this research, the related MU analysis is
performed through numerical simulations, during which
the relative orientation between the reference pattern and
the TIS measurement grid is altered randomly and the
standard deviation (STD) between TISs for each grid
configuration can be derived from a set of 10,000 ran-
dom orientations. For any given grid configuration, the
grid-dependent MU term for TIS testing is determined
by the STD of TISs. Considering random rotations of a
reference pattern with respect to grids of arbitrary reso-
lutions, it is therefore proposed that analytical expression
of radiation patterns may be used as a reference.

The random rotation mentioned here could be
achieved by combinations of rotations around x, y, and z
axes, as illustrated in Fig. 1. Due to the non-commutative
nature of rotations, the order of rotations is important
and must be pre-defined when multiple rotations are in-
volved. The following order of rotations has been fol-
lowed for the reference pattern orientations specified in
this research: first, Ψ (rotation around the x axis); sec-
ond, Θ (rotation around the y axis); last, Φ (rotation
around the z axis).

Fig. 1. Rotation angle definitions for random rotation.

III. SIMULATIONS AND ANALYSIS
A. Reference pattern 1

In this scenario, the dipole is adopted as the refer-
ence pattern to mimic the radiation property of 5G IoT
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DUTs. This arrangement is based on considerations that:
(i) for the majority of IoT devices, the radiation proper-
ties of installed antennas are similar to that of dipoles;
(ii) dipole could provide relatively drastic variations in
theta; (iii) the analytical expression of radiation patterns
for dipole is available, which is adopted in this simula-
tion as equation (2) and illustrated in Fig. 2:

AE (θ ,φ) =

[
cos

((
π
/
2
)
cosθ

)
sin(θ)

]
. (2)

Fig. 2. Illustration of reference pattern 1.

Table 1: Statistical analyses of 10k simulations for refer-
ence pattern 1 on different grid configurations
Grids

in

Theta

Step Size in

Theta

Grids

in Phi

Step Size in

Phi

STD [dB] Total

Number

19 Δθ=10◦ 36 Δθ=10◦ 0.1036 614
12 Δθ=16.36◦ 19 Δθ=18.95◦ 0.2325 192
13 Δθ=15◦ 24 Δθ=15◦ 0.1934 266
13 Δθ=15◦ 12 Δθ=30◦ 0.2507 134

7 Δθ=30◦

24 Δθ=15◦ 0.2282 122
12 Δθ=30◦ 0.3396 62
10 Δθ=36◦ 0.3578 52
9 Δθ=40◦ 0.4947 47
8 Δθ=45◦ 0.4044 42
7 Δθ=51.4◦ 0.5930 37
6 Δθ=60◦ 0.5129 32

6 Δθ=36◦

24 Δθ=15◦ 0.2938 98
12 Δθ=30◦ 0.4726 50
10 Δθ=36◦ 0.4152 42
9 Δθ=40◦ 0.6688 38
8 Δθ=45◦ 0.4937 34
7 Δθ=51.4◦ 0.5993 30
6 Δθ=60◦ 0.6453 26

5 Δθ=45◦

24 Δθ=15◦ 0.3639 74
12 Δθ=30◦ 0.4277 38
10 Δθ=36◦ 0.4360 32
9 Δθ=40◦ 0.6751 29
8 Δθ=45◦ 0.6205 26
7 Δθ=51.4◦ 0.7247 23
6 Δθ=60◦ 0.8224 20

4 Δθ=60◦
24 Δθ=15◦ 0.6092 50
12 Δθ=30◦ 0.7202 26
8 Δθ=45◦ 0.8299 18
6 Δθ=60◦ 0.8751 14

Based on the settings above, we have performed
simulations for different grid configurations, respec-

Table 2: Reference pattern 2
Parametric

Description

Equations

Horizontal
radiation
pattern

AE,H(ϕ)

=−min
[
12
(

ϕ
ϕ3dB

)2
,Am

]
dB,

Am = 30 dB
Horizontal
HPBW

260◦

Vertical
radiation
pattern

AE,V (θ)

=−min
[
12
(

θ−90
θ3dB

)2
, SLAv

]
,

SLAv = 30 dB
Vertical HPBW 32.5◦
Antenna
radiation
pattern

AE(ϕ,θ)
= GE,max −min{−[AE,H(ϕ)+

AE,V (θ)], Am}
Gain without
antenna losses

GE,max=6.8 dBi

tively. The simulated STDs are listed in Table 1 for
comparison.

The highlighted grid resolutions of 15/15 (theta/phi)
and 30/30 are currently required grid configurations in
both 3GPP and CTIA for TRP and TIS measurements of
mobile phones, which correspond to STDs of 0.1934 dB
and 0.3396 dB, respectively. Based on the comparisons,
the following observations can be made:

Observation 1: generally, as the grid resolution de-
creases, the total number of grid points decreases while
the calculated STD increases;

Observation 2: as an exception, asymmetric distri-
bution of grid points in both theta and phi could result in
higher STDs, even with more grid points.

B. Reference pattern 2

Fig. 3. Illustration of reference pattern 2.

In this scenario, equations from [18] are utilized
to generate reference pattern for MU analysis of dif-
ferent grid configurations. The pattern with 260/32.5
HPBWs (Horizontal/Vertical) and peak directivity of
around 6.8 dBi is proposed in Table 2 and illustrated
in Fig. 3 for reference. This arrangement is based on
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considerations that it can provide a reasonably larger di-
rectivity (i.e., narrower beamwidth) than that of IoT de-
vices without exaggerating its influence. In addition, this
pattern provides less symmetry compared with reference
pattern 1.

Table 3: Statistical analyses of 10k simulations for refer-
ence pattern 2 on different grid configurations
Grids

in

Theta

Step Size in

Theta

Grids

in Phi

Step Size in

Phi

STD [dB] Total

Number

19 Δθ=10◦ 36 Δφ=10◦ 2.1315e-04 614
12 Δθ=16.36◦ 19 Δφ=18.95◦ 7.6889e-04 192
13 ΔΔΔθ=15◦ 24 ΔΔΔφ=15◦ 5.8576e-04 266

13 Δθ=15◦ 12 Δφ=30◦ 0.0192 134

7 ΔΔΔθ=30◦

24 Δφ=15◦ 0.0295 122
12 ΔΔΔφ=30◦ 0.0333 62

10 Δφ=36◦ 0.0867 52
9 Δφ=40◦ 0.0534 47
8 Δφ=45◦ 0.2487 42
7 Δφ=51.4◦ 0.1344 37
6 Δφ=60◦ 0.7255 32

6 Δθ=36◦

24 Δφ=15◦ 0.0810 98
12 Δφ=30◦ 0.0824 50
10 Δφ=36◦ 0.1187 42
9 Δφ=40◦ 0.0935 38
8 Δφ=45◦ 0.2575 34
7 Δφ=51.4◦ 0.1555 30
6 Δφ=60◦ 0.7432 26

5 Δθ=45◦

24 Δφ=15◦ 0.1828 74
12 Δφ=30◦ 0.1866 38
10 Δφ=36◦ 0.1972 32
9 Δφ=40◦ 0.1904 29
8 Δφ=45◦ 0.3177 26
7 Δφ=51.4◦ 0.2260 23
6 Δφ=60◦ 0.7414 20

4 Δθ=60◦
24 Δφ=15◦ 0.4695 50
12 Δφ=30◦ 0.4884 26
8 Δφ=45◦ 0.5623 18
6 Δφ=60◦ 0.8414 14

The statistical results for different grid configura-
tions with reference pattern 2 are summarized in Table 3.
Based on the comparisons, the following observations
can be made:

Observation 1: for the same grid configuration, the
STDs with reference pattern 2 are much lower than that
with reference pattern 1;

Observation 2: the calculated STD increases as the
grid resolution decreases, with the exception that the
symmetry distribution of grid points in phi could in-
crease the calculated STDs even with more grid points.

In summary, different trends for calculated STDs
can be observed between reference patterns. For refer-
ence pattern 1, asymmetric distribution of grid points in
both theta and phi could result in higher STDs even with
more grid points, which is opposite to that of reference
pattern 2. This phenomenon can be attributed to differ-
ence in symmetry between different patterns. In other
words, symmetric distribution of grid points could per-
form better for symmetric patterns, and vice versa, which
can be used as a guideline for grid configuration selection

when performing TIS testing. Compared with the STDs
of currently-required 30/30 configuration with both ref-
erence patterns, one could also conclude that a proper
relaxation in MU is allowed for grid reduction such
that the STD is still less than 0.5 dB. Finally, accord-
ing to the criteria of minimum grid points with STD no
more than 0.5 dB, the grid resolution of 45/36 (theta/phi)
with a STD of 0.4360 dB is recommended as the refer-
ence grid configuration for OTA testing of 5G IoT de-
vices. Compared with currently adopted grid configura-
tion with 62 points, a roughly 50% grid point reduction
can be achieved.

IV. CONCLUSIONS

This paper proposes a suitable measurement grid
configuration for OTA testing of 5G IoT devices which
balances the measurement grid uncertainty with test
time. During the research, two radiation patterns repre-
senting reasonable worst-case scenarios of IoT devices
are proposed as reference to support the analysis of grid
configurations. The effects of different grid configura-
tions on OTA testing accuracy are compared while the
grid-dependent MU terms for grid configurations are de-
termined based on statistical analysis of the TISs for a
large number of random orientations. Based on the pro-
posed criteria, the grid configuration of 45/36 (theta/phi)
with a roughly 50% grid point reduction is considered to
be optimal for OTA testing of 5G IoT devices.
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Abstract – In a practical compact massive multiple-input
multiple-output (MIMO) transmitter array, each antenna
or subarray is connected to an independent power ampli-
fier (PA) with a modest power capacity in order to avoid
the challenging demand of high-power capacity of a sin-
gle PA for the whole array and to facilitate the power
dissipation of the transmitter array. In this case, there
is simply not enough space for an isolator between the
antenna and the PA. As a result, the array mutual cou-
pling changes the load impedances of the PAs and thus
further increases the MIMO transmitter’s nonlinearity. In
this work, the decoupling effect on the transmitter array’s
linearity is investigated experimentally by using an array
prototype with PAs. The mutual coupling of the array
can be effectively suppressed using a hybrid decoupling
structure. Two continuous-wave (CW) signals at differ-
ent frequencies are injected into the PAs, and the output
signal of each PA is measured via a coupler. The mea-
sured results show that with effective mutual coupling
reduction, the PA interference is greatly suppressed by
up to 16 db and the amplitude of the desired signal is
enhanced by up to 10 db.

Index Terms – mutual coupling, nonlinearity, power
amplifier, transmitter array.

I. INTRODUCTION

The massive multi-input multi-output (MIMO) has
been one of the key enablers for current and future wire-
less communications [1], [2]. Reduction of the power
consumption and improvement of the transmitter linear-
ity in a massive MIMO system has become a research
hotspot. By configuring a large number of channels
and antenna elements, the massive MIMO technique
brings great performance enhancement, yet also intro-
duces many thorny problems. Among them, the prob-
lem of nonlinear distortion of the power amplifiers (PAs)
is particularly prominent [3–6]. The PAs are important

modules in a MIMO transmitter array. In a practical
MIMO transmitter array, each antenna or subarray is
connected with an independent power amplifier (PA)
with a modest power capacity instead of using a single
PA with high-power capacity to feed the whole array. In
this way, the transmitter can be more robust and cost-
effective, and the multi-PA scheme also facilitates the
power dissipation in the transmitter front-end. Moreover,
for a compact massive array, there is not enough space
for an isolator between the antenna and the PA. As a
result, the mutual couplings between the elements in
a MIMO array will change the active port impedance,
resulting in mismatch between the antenna and the PA.
In the presence of mutual coupling, the outputs of the
PAs will interfere with each other, increasing the nonlin-
earity of the PA.

Figure 1 shows a schematic model of a MIMO trans-
mitter array with PAs. Each element in the array is con-
nected with a PA. The incident wave in the i-th PA (a2,i)
is dependent on the mutual couplings between antenna
elements and the reflected wave in j-th PA (b2, j), as math-
ematically described in (1). In other words, the mutual
coupling changes the load impedances of the PAs, result-
ing in deteriorations of the PA efficiency and linearity.

a2,i =
N

∑
j=1

Si, jb2, j, (1)

where the si, j is the S-parameter between i-th and j-th
element.

Various PA behavior models have been proposed to
optimize the linearity [7] where the PA parameters are
characterized by signal-tone or multi-tone excitation in
measurements [8], [9]. A DC behavior was extended
to a PA model [5] to predict the linearization and effi-
ciency of PA in the presence of mutual coupling. A 4×1
array with 4 PAs was designed in [6], and the spectral
results at the PA output were given to show the spec-
tral regrowth with/without mutual coupling. Nonlinear

Submitted On: June 14, 2022
Accepted On: July 22, 2022

https://doi.org/10.13052/2023.ACES.J.380102
1054-4887 © ACES



PENG, YANG, LIU, CHEN: EXPERIMENTAL INVESTIGATION OF DECOUPLING EFFECT ON THE NONLINEARITY OF POWER AMPLIFIERS 8

PA
1

PA
2

PA
3

PA
N

1,1a

1,1b

1,2b
1,2a

1,3a

1,3b

1,Na

1,Nb

2,1a

2,1b

2,2b
2,2a

2,3a

2,3b

2,Na

2,Nb

Array

PA

PA
Model

1a

1b
2a

2b

Pin Pout

Vdc
Idc

(a) (b)

Fig. 1. Schematics of (a) a PA model with incident and
reflected waves, and (b) N-element array with PAs.

distortion in phased-array transmitters was investigated
in [10], simulated results therein showed that the main
beam in-band distortion varies strongly with the steering
angle in the presence of mutual coupling. The studies
mentioned above only presented or predicted the non-
linear effect of mutual coupling on PA in transmitter
arrays, without discussion on how to correct the distor-
tions. A four-branch transmitter prototype was used in
[11] to compare the spectrum distortion. It was reported
that the regular linearization technique was ineffective to
compensate the distortion due to the array mutual cou-
pling. Instead of designing linearization techniques with
high complexity, a cost-effective solution is to decouple
the array from the antenna point of view. However, the
decoupling effect on the linearity of the transmitter array
has not been investigated yet.

In this paper, an antenna array prototype with a
removable decoupling structure is connected with PAs.
The PA output signals with and without array decou-
pling are measured. The experimental results show that
the mutual coupling not only deteriorates the linearity
but also creates strong interference. More importantly, it
is shown that with effective array decoupling, both inter-
ference and spurious signals are greatly suppressed, and
the desired signal is enhanced. To the best knowledge of
the authors, this is the first experimental work demon-
strating the decoupling effect on the linearity of a trans-
mitter array.

II. COUPLING SUPPRESSION IN MIMO
ARRAY

The MIMO array used in the test is a 4×4 base sta-
tion (BS) array with a 57-mm horizontal inter-element
spacing (0.38λ0, where λ0 is the free space wavelength
at center frequency of 2.0 GHz) and a 117-mm vertical

inter-element spacing (0.75λ0). The four dual-polarized
elements in each array column are combined using a
power divider into one subarray with two antenna ports
(for the ±45◦ polarizations), which is a typical BS array
configuration.

The array has an operation band of 1.7-2.2 GHz.
Due to the close horizontal inter-subarray spacing, the
array suffers mutual coupling up to −15 db. Different
decoupling techniques have been reported in previous
works, e.g., decoupling metasurfaces [12–14], decou-
pling resonators [15], defected ground structure [16],
and dielectric decoupling superstrate [17–19]. In order to
increase the decoupling bandwidth, a hybrid decoupling
method has been designed to reduce the mutual cou-
plings down to −30 db at the center frequency. Figure 2
shows the coupling wave and decoupling mechanism
between a two-element array. As shown in Fig. 2 (b),
both the neutralization board and metal baffle are applied
to the array. The neutralization board is suspended above
the antenna to produce a reflective wave that is oppo-
site in phase to the coupling wave, reducing the mutual
coupling between elements. The metal baffle is placed
between the two antennas to suppress the propagation
of the space electromagnetic wave. Detailed description
about the BS array and the decoupling method can be
found in [19].

Fig. 2. Coupling wave between two-element array. (a)
Array without decoupling and (b) with decoupling.

In order to realize the overall isolation enhancement
of the MIMO array, a frequency domain solver based on
finite element method (FEM) in an electromagnetic sim-
ulator CST 2020 [20] is used to design and optimize the
array and decoupling structure. After the optimization of
isolation, the array with removable decoupling structures
are fabricated, as shown in Fig. 3.

This proposed decoupling method applies the com-
bination of a metal baffle and the neutralization dielec-
tric to the MIMO antenna array, which, compensat-
ing the insensitivity of the neutralization method to the
cross-polarization coupling [21], significantly broadens
the decoupling bandwidth of the compact, large-scale
array. Figure 4 shows the simulated and measured S-
parameters before and after decoupling. It can be seen
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Fig. 3. (a) Photograph of fabricated array with metal baf-
fle. (b) Fabricated array with baffle and dielectric board.
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Fig. 4. Simulated and measured S-parameters before and
after decoupling between antennas. (a) Co-polarized (co-
pol) coupling. (b) Cross-polarized (x-pol) coupling.

that both the co-polarization and cross-polarization cou-
pling between adjacent antennas (subarrays) has a sig-

nificant reduction across the whole frequency band. The
mutual couplings between adjacent elements are reduced
to below −20 db within 1.7-2.2 GHz, and the couplings
at the center frequency point are less than −30 db with a
reduction of 15 -dB.

III. MODEL DESCRIPTION OF POWER
AMPLIFIER

Figure 5 shows the configuration of the PA module
used in the experimental test. This PA module contains
two identical PA channels, i.e., channel A and channel B.
Each channel includes a coupled port at the PA output.
The coupled port can be considered as a coupler, whose
power is about 40 db lower than that of the output. The
signal characteristics of the PA’s output can be inferred
by observing the output signal from the coupled port.

Fig. 5. Configuration of the PA module. (a) 3-D view.
(b) Schematic view.

The output load-pull impedance of the PA and the
corresponding waveform are shown in Figs. 6 (a) and
(b), respectively. The parasitic parameters of the transis-
tor are de-embedded during simulation and test, which
means that the results are obtained from the intrinsic cur-
rent source plane (Igen plane). The PA is biased with a
gate voltage (VGS) of −3.2 V, corresponding to a Class-
F condition. The drain voltage (VDS) is 10 V. The fun-
damental impedance of Z(f 0) is kept within nearly 50
Ohms from 2.03 GHz to 2.17 GHz, the correspond-
ing second harmonic impedance Z(2f 0) and the third
harmonic impedance Z(3f 0) are located at short and
open, respectively, as shown in Fig. 6 (a). Under these
impedances matching conditions, the drain voltage is
approximately square wave, and the drain current is
nearly half-wave rectified sinusoidal, which verifies the
operation as Class-F mode [22], as shown in Fig. 6 (b).
The measured results of the PA are shown in Figs. 6 (c)
and (d). From 2.03 GHz to 2.17 GHz, the power added
efficiency (PAE) is higher than 72%. The output power
is larger than 30 dbm with a power gain larger than 11 -
dB. Figure 6 (d) depicts the Pout, PAE and Gain perfor-
mances within 10 -dB input-power range at the center
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frequency of 2.1 GHz. The proposed PA is operating at
the nearly P−3 point when Pin=20 dBm.
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Fig. 6. (a) Output load-pull impedance. (b) Waveform in
the Igen plane. (c) Measurement results of the PA over
frequency. (d) Measurement results of the PA over input
power.

IV. MEASUREMENT SETUP AND RESULTS
A. Measurement setup

The BS array with and without the decoupling struc-
ture [19] is used to illustrate the decoupling effect on the
linearity of the transmitter array. Two adjacent subarray
ports of the same polarization are connected with two
PAs (i.e., PA1 and PA2), while the rest of the subarray
ports are terminated with 50-Ohm loads. Figure 7 shows
the photo and schematic diagram of the measurement
setup. Two continuous-wave (CW) signals with differ-
ent frequencies from two signal generators are fed to the
PAs. The PAs are fed by DC power supply where the DC
voltage is 10 V. The coupled port of the PA is connected
to a spectrum analyzer in order to observe the interfer-
ence and nonlinearity of the PAs when loaded with the
BS array with and without the decoupling.

The array without decoupling corresponds to the
spectrum of high mutual coupling, and the array with
decoupling corresponds to the spectrum of low mutual
coupling.

Denote the two frequencies of the CW waves as f 1
and f 2, respectively. Three signal cases with different fre-
quencies and amplitudes are used to illustrate the decou-
pling effect on the PA output spectrum.

Case 1: The input signal frequencies are set to f 1 =
2.05 GHz (inject to PA1) and f 2 = 2.09 GHz (inject to
PA2) with 20-dBm amplitude.

Case 2: The input signal frequencies are set to f1 =
2.13 GHz (inject to PA1) and f 2 = 2.08 GHz (inject to
PA2) with 15-dBm amplitude.

Case 3: The input signal frequencies are set to f 1 =
2.10 GHz (inject to PA1) and f 2 = 2.13 GHz (inject to
PA2) with 10-dBm amplitude.

Fig. 7. (a) Photo and (b) schematic diagram of the mea-
surement setup.

B. Measured Spectrum of PA

The PA2 output spectra for case 1 with (wi. dec.) and
without decoupling (w.o. dec.), are shown in Fig. 8 (a).
If there were no mutual coupling or PA nonlinearity, the
output spectrum from PA2 should only contain the fre-
quency of f 2 = 2.09 GHz. In the presence of mutual
coupling and PA nonlinearity, however, the output spec-
trum from PA2 contains multiple frequencies, as shown
in Fig. 8 (a). The interference signal at f 1 = 2.05 GHz
with an amplitude of −21.8 dbm is mainly due to the
array mutual coupling. In addition, two spurious signals
at 2.13 GHz and 2.17 GHz are observed due to the PA
nonlinearity in the presence of mutual coupling. After
the decoupling structure [cf. Fig. 3] is applied to the BS
array, the mutual coupling is reduced by 15 db (i.e., from
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Fig. 8. Measured spectrum at the coupled port of PA2 for
(a) case 1, (b) case 2 and (c) case 3.

−15 to −30 db). As a result, the interference signal at
f 1 = 2.05 GHz is suppressed by 16.1 db (i.e., from−21.8

to−37.9 dbm), the two spurious signals at 2.13 GHz and
2.17 GHz are almost eliminated, and the useful signal
at f 2 = 2.09 GHz (i.e., the input frequency) is increased
from −21.0 to −14.2 dbm.

The PA2 output spectrum for case 2 with and with-
out decoupling are depicted in Fig. 8 (b). The results
are consistent with that of case 1. The interference sig-
nal occurring at f 1 = 2.13 GHz is mainly due to the
mutual coupling, while the spurious signal at 2.05 GHz
is attributed to the combination of PA nonlinearity and
mutual coupling. With effective decoupling, the interfer-
ence signal at f 1 = 2.13 GHz is reduced from−32.1 dbm
to −43.7 dbm, while the amplitude of the useful signal
at f 2=2.08 GHz is improved from −24.2 to −20.1 dbm.

Figure 8 (c) depicts the PA2 output spectrum of case
3 with and without decoupling, and the results of case
3 are consistent with that of case 1 and case 2. When
the mutual coupling in array is significantly reduced,
the interference and spurious caused by nonlinearity are
suppressed, such as the interference signal at 2.10 GHz
is reduced from −26.1 dbm to −33.8 dbm, the spu-
rious signal at 2.16 GHz is almost completely elimi-
nated, while the amplitude of the desired signal at f 2 =
2.13 GHz increases from −25.9 dbm to −15.6 dbm.

Table 1 summarizes the comparison of PA2 out-
put spectrum in the array with and without decoupling
in three cases, all of which increase the desired sig-
nal amplitude and suppress interference and spurious
signals.

Table 1: Comparison of PA2 output after decoupling
Case 1 Case 2 Case 3

Improvement of
desired
signal/dB

6.8 4.1 10.3

Suppression of
interference /dB

16.1 11.6 7.7

Table 2: Suppression of PA1 output at different ampli-
tudes

Case 1 Case 2 Case 3
Magnitude of
CW signal
/dBm

20 15 10

Suppression of
interference /dB

7.7 9.6 7.6

The results in Table 1 are for PA2. The output results
of PA1 are similar, as shown in Fig. 9. After the mutual
coupling in the array is reduced, the output spectrum
result of PA1 is that the desired signal is enhanced and
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Fig. 9. Measured spectrum at the coupled port of PA1 for
(a) case 1, (b) case 2 and (c) case 3.

the interfering signal is suppressed. Table 2 shows the
the suppression level of interference signal for different

amplitudes. When the amplitude of the input signal
varies from 20 db to 10 db, the coupling reduction can
bring obvious interference suppression effect.

V. CONCLUSION

A measurement-based characterization of the deco-
upling effect on the PA linearity in a transmitter array has
been conducted in this paper. The experimental results
show that the mutual coupling not only deteriorates
the linearity, but also produces strong interference. For
three cases with different frequencies and amplitudes,
the desired signal could be improved by 4-10 db, and the
spurious and interference signals could be suppressed by
7-16 db. It was demonstrated experimentally that decou-
pling could improve the PA linearity, reduce the interfer-
ence, and enhance the desired signal in the transmitter
array. Sci. China Inf. Sci.
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Abstract – By combining a transmission line system
(TLS) and a reverberation chamber (RC), a hybrid elec-
tromagnetic compatibility (EMC) testing facility is de-
signed and constructed. Generally, the lowest usable fre-
quency (LUF) of an RC is limited by its dimension,
which limits the application of RCs for EMC testing at
low frequencies. Therefore, to improve the field unifor-
mity (FU) of an RC at frequencies lower than the LUF, a
TLS is integrated into the RC. After optimizing the load
resistance, length, and width of the TLS, the resonant fre-
quency and electric field spikes of the hybrid system are
eliminated. The FU of the E-field in the system is greatly
improved in the frequency range of 0-30 MHz. More-
over, using an oscillating wall stirrer in the RC, the FU
satisfies the standard (IEC 61000-4-21) above 80 MHz.
Results show that combining the TLS and the RC test-
ing system could be widely used for EMC testing in the
frequency range of 0-30 MHz and 80 MHz-6 GHz.

Index Terms – electromagnetic compatibility, field
uniformity, reverberation chamber, transmission line
system.

I. INTRODUCTION

Nowadays, nearly all electronic products should
comply with electromagnetic compatibility (EMC) stan-
dards [1–2]. Ideally, products should be tested in a uni-
form and well-described facility in the frequency range
of interest. If the field is not uniform enough in the test-
ing area, the E-field fluctuation could be large and the

accuracy of testing results may not be guaranteed. Thus,
a variety of well-developed techniques have been intro-
duced into the EMC testing industry, such as anechoic
chambers, reverberation chambers (RC) [3], and trans-
mission line systems [4–6].

An RC is an electrically large shielded cavity, which
tunes the boundary conditions to create a statistically
uniform, isotropic, and randomly polarized field [7-10].
Utilizing different kinds of stirring methods, such as
source stirring [11], mechanical stirring [12–13], and fre-
quency stirring [14], RCs have been widely applied to
EMC testing. The lowest usable frequency (LUF) of an
RC is affected by its first resonance frequency limited
by the dimension of an RC [8]. For an RC with dimen-
sions of 12.7 m × 10.8 m × 6.3 m, the LUF is about
80 MHz. How to extend the usable frequency range at
the lower bound has attracted researchers’ attention in
recent years [15–18].

Another important method for EMC testing is the
transmission line technique [19–21]. It can only generate
a transverse electromagnetic (TEM) mode in the testing
frequency range. When the frequency increases, higher
modes exist and the FU is deteriorated. Since an RC has a
LUF while a TLS has a highest usable frequency (HUF),
by combining these two facilities, the working frequency
range could be expanded in one facility.

In this paper, we integrate a TLS and an RC to real-
ize a hybrid EMC testing system in the frequency range
of 0 - 30 MHz and 80 MHz - 6 GHz. The designed
TLS generates testing fields below 30 MHz, and the RC
using a sliding wall generates testing fields at frequen-
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cies above 80 MHz. The paper is organized as follows:
section II presents the design and verification of the pro-
posed TLS. Measurement results of the FU in the RC are
shown in section III. Finally, section IV concludes the
paper.

II. DESIGN AND VERIFICATION OF THE
TLS

A stripline is realized by placing a transmission line
above and parallel to the ground plane. When one end
of the stripline is excited, the other end is connected
with broadband resistances, it transmits TEM waves at
working frequencies. The E-field generated by a stripline
is uniform at low frequencies. The designed stripline
and the geometry of the structure are demonstrated in
Figs. 1 (a) and (b). By optimizing the load resistance and
the cutoff frequency comprehensively, the structure di-
mensions are obtained as follows: L1= 3 m, L2= 5.5 m,
L3= 2.6 m and W1= 3 m. Furthermore, the characteris-
tics of the stripline in the open area test site (OATS) are
verified and good performance is obtained. In the oper-
ating frequency band, the voltage standing wave ratio
(VSWR) is less than 4, and the cutoff frequency is up
to 30 MHz, which satisfies the designed requirements.
Then the simulation model of the RC and the oscillating
wall is built as shown in Fig. 2 (a), the oscillating wall is
composed of four irregular horizontal plates, used as the
mechanical stirrer inside the RC.

Fig. 1. The designed strip line. (a) Geometry structure.
(b) Fabricated sample.

According to the displacement of the oscillating
wall, the scenarios are marked as 0%, 50% and 100%,
respectively. 0% means that the movement of the stirrer
is the smallest. We measure the FU at a 1 m height plane
[1] using

FU= 20log10

(
Emax

Emin

)
, (1)

Fig. 2. (a) The initial hybrid system. (b) The simulation
results of FU in an RC.

where Emax is the maximum value of E-field and Emin
is the minimum value of E-field in the testing area. The
simulation result is demonstrated in Fig. 2 (b), some FU
spikes over the frequency range of 20-30 MHz exist.

Generally, we can perturb the system to shift the res-
onance frequency of an RC and obtain a uniform field
in the usable frequency band. Two methods are given:
(a) change the position of the oscillating wall. The res-
onance frequency varies with the inner structures of the
RC; (b) reduce the Q-factor of the E-field at resonance
frequency until it can be ignored. During the simulation
process, the latter method is selected and the oscillating
wall is fixed at 100% state.

For the optimization of the designed stripline, the
load impedance is first discussed. Considering that high
field strength is applied during the EMC testing process,
distributed resistances are adopted, to avoid exceeding
the power tolerance of the resistances. We use a dis-
tributed loading network which is formed by many re-
sistances in series and in parallel. Ceramic resistors are
selected to ensure temperature and frequency stablity. In
Figs. 3 (a) and (b), the simulation results of E-field for
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1 W input power and the FU using different values of the
load resistances are analyzed. With the increase of the
single load resistance, the FU first tends to be flat and
then deteriorates along with the frequency varies. When
the value is about 110 Ω, the E-field and FU are the best.

Fig. 3. From 0 to 30 MHz, the simulation results chang-
ing with the value of load in an RC, (a) E-field for 1 W
input power and (b) FU.

Then, the E-field distribution of the hybrid system
at frequencies where the field resonances appear is ana-
lyzed. In Figs. 4 (a) and (b), the resonant frequency of
is about 20.6 MHz, resulting in a nonuniform E-field un-
der the stripline. In addition, from Figs. 4 (c) and (d), at
24.2 MHz, the sharp edges enhance the E-field below the
strip line, which affect the field uniformity significantly.
Thus the resonances need to be shifted or reduced at
some frequencies. To achieve this effect, we place three
horizontal metal rods in front of the oscillating wall. By
increasing the coupling between the metal rods and the
oscillating wall (where the E-field are in the same direc-
tion), the resonance can be reduced or shifted. It can be
observed from the simulation results in Fig. 5 (a) that
the FU around 20 MHz is reduced to below 6 dB. How-
ever, the FU deteriorates from 25MHz to 30MHz, which
needs to be further optimized.

To further reduce the resonance effect, some extra
structures are added to the hybrid system in Fig. 6 (a).
After analyzing the E-field again, we put 500 Ω loads at
both ends of the metal rods and added two vertical metal
wires into the system. The two metal wires terminated

Fig. 4. The E-field distribution on the 1 m plane at
20.6 MHz (a) t=0; (b) t=T

4 ; at 24.2 MHz; (c) t=0; (d)
t=T/4.

Fig. 5. The optimizing simulation results of FU in an RC
compared with the tolerance requirements combining (a)
metal rod, and (b) metal rod and metal wire.

with 500 Ω resistors on both sides are placed in front of
the oscillating wall. The resonance is reduced and the FU
is improved. The simulation results from Fig. 5 (b) show
that the FU spikes from 25 MHz to 30 MHz is reduced
to below 6 dB. The spike of E-field at about 20 MHz
could be ignored here, which would be eliminated by
tuning the position of the oscillating wall in the testing
process. Finally, the simulation results satisfied the test-
ing requirements.
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III. MEASUREMENTS OF THE HYBRID
SYSTEM

We test the FU of the hybrid system in two scenar-
ios: one utilizing the proposed TLS in an RC from 0 -
30 MHz, the other using the oscillating wall as a me-
chanical stirrer from 80 MHz to 6 GHz. The measure-
ment results demonstrate that the usable frequency range
of the hybrid system can be extended.

A. Measurement of FU from 0-30 MHz

As shown in Fig. 6 (b), the hybrid system is com-
posed of an RC, a stripline, a field probe, an oscillat-
ing wall, a signal generator, and a power amplifier. In
an ideal simulation process (the metal and the bound-
ary are perfect electrical conductors), the input power is
2500 W and 100 V/m field strength is generated. Dur-
ing the actual measurement,due to the loss of RF cables
and the cavity, a higher input power is used to meet the
requirements.

Fig. 6. Typical FU measurement setup with the TLS: (a)
schematic plot, and (b) measurement scenario in an RC.

In this measurement, the designed TLS is placed
beside the metal wall in the RC. Moreover, the E-field
probes are placed at 8 different positions at the corner

Fig. 7. From 0 MHz to 30 MHz, the simulation and mea-
surement results of FU in the RC combining the TLS
compared with the tolerance requirements, (a) initial re-
sults, and (b) optimized results.

of the working volume under the TLS. We measure the
FU of the hybrid system as shown in Fig. 7 (a), the ini-
tial measurement results have slightly deviated from the
simulation results. In the frequency range of 1 MHz -
18 MHz, the simulated FU is higher than the measured
FU, due to the field probe positions of simulation being
sampled at a higher density than used in the measure-
ments. From 18 MHz to 30 MHz, some spikes of FU
appeared. The maximum FU of the stripline is 14.0 dB,
which does not satisfy the expected results.

The final measurement scenario in an RC with the
TLS is shown in Fig. 6. Additional metal rods are added
in the hybrid system. The optimized simulation and mea-
surement results are shown in Fig. 7 (b). Compared with
the initial results in Fig. 4, the FU is almost less than
6 dB over the whole frequency band. Considering the
frequency dependeny of the resistors, the measurement
result is not as ideal as the simulation result. The reasons
could be due to the difference between the simulation
model and the reality. In the simulation, the structure of
the stirrer inside the RC and is simplified as we do not
have the detailed drawings from the manufacturer. The
position of the stirrer in the simulation and reality may
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not be exactly the same. Since the RC is a high Q cavity,
the difference in the models could lead to very different
results. As we do not expect the same results between
simulation and measurement, as long as our approach
works well in both simulation and measurement, it could
be enough in practice and the measurement data is finally
used in EMC testings.

It is noted that only a few samples of FU exceeded
6 dB in the frequency range of 18 MHz - 23 MHz and
26 MHz - 28 MHz. To avoid the resonance and achieve
a lower FU, we need to tune the position of the oscillat-
ing wall (0%, 50%, and 100%) inside the RC to perform
mechanical stirring in the frequency range of 20 MHz-
30 MHz.

By shifting the resonant frequencies, the final results
shown in Fig. 8 can achieve a lower FU, which satisfied
the testing requirements in the entire working area. We
show that different positions of the oscillating wall could
avoid the spikes of FU and the hybrid system is proved
to be feasible.

Fig. 8. The FU in the RC with different state of the os-
cillating wall compared with the tolerance requirements
from 0 - 30 MHz.

B. Measurement of FU from 80 MHz-6 GHz

In an RC, the FU characterizes the statistical uni-
formity of the E-fields. The statistical FU is defined as
the relative standard deviation of the maximum E-fields
obtained at the eight positions in the testing volume [2].
The standard deviation σ(dB) (i.e. the FU) is defined as

FU(dB) = 10log10
σ (linear)+mean

mean
. (2)

When the FU is lower than the tolerance given in
[2], the field in an RC can be regarded as statistically
uniform. Generally, the LUF occurs at three to six times
the first chamber resonance f1st . The f1st of the RC is
18.23 MHz and the theoretical LUF is about 54.7 MHz-
109.39 MHz. Furthermore, the LUF is about 80 MHz,
corresponding with the theoretical value.

Fig. 9. Typical FU measurement setup using an oscillat-
ing wall.

A typical measurement setup is given in Fig. 9 from
80 MHz to 6 GHz. The measurement system consists of
the RC, a Tx antenna, the oscillating wall, and the E-field
probes. In the testing, the oscillating wall [12] moves
back and forth to perturb inner structures of the RC dur-
ing one measurement period. With the movement of the
oscillating wall in the range of 3 m, the field of the RC
achieves statistical uniformity. A power amplifier is used
to compensate for the cable loss and the cavity loss.

In Fig. 10, the FUs obtained from field probes are
lower than the FU tolerance from 80MHz to 6 GHz. Fur-
thermore, the FUs for different polarizations (Ex, Ey, and
Ez) and the total FU are all less than 4 dB from 80 MHz
to 100 MHz and less than 3 dB from 100 MHz to 6 GHz,
which satifisfies the limit in the IEC 61000-4-21standard.

Fig. 10. The FU in the RC using oscillating wall com-
pared with the tolerance requirements from 80 MHz -
6 GHz.

IV. CONCLUSION

For EMC testing, by combining the TLS and the RC,
the usable frequency band of the hybrid system has been
extended. The stripline is designed in the frequency of
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0-30 MHz which can generate a uniform E-field. More-
over, through optimizations, the stripline is integrated
into the RC. Additional structures are added to tune the
resonant frequencies and improve the uniformity of the
E-field. The results show that the FU is below 6 dB
within 0-30 MHz, and the resonances in the frequency
range of 20-30 MHz can be avoided by tuning the struc-
tures inside the RC.
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Abstract – To increase the speed of the measurement,
a time-efficient multi-probe system in a reverberation
chamber (RC) is validated. The system consists of 4
printed circuit board (PCB) switches integrating with
128 probe antennas. By using solid-state switches, all
antennas can be switched over in sequence in less than
1 second. Typical characteristics of the RC and the total
radiated power (TRP) of the device under test (DUT)
are performed to verify the validity of this configura-
tion. Compared with the RC using mechanical stirrers,
this system shows its superiority in terms of testing
efficiency.

Index Terms –measurement technique, multi-probe sys-
tem, OTA, reverberation chamber.

I. INTRODUCTION

A reverberation chamber (RC) is an electrically
large shielded room with mechanical stirrers used to
change the field in the chamber [1–2]. With rotated stir-
rers, a statistically uniform and isotropic environment in
the chamber can be created.

In past decades, the RC has been widely applied
to both electromagnetic compatibility (EMC) measure-
ments and over-the-air (OTA) testing. It can be used to
evaluate the performance of some antennas and devices
under test (DUTs), such as radiation efficiency [3–4],
radiated emission and immunity tests [5], diversity gain
[6], total radiated power (TRP) [7–10], total isotropic
sensitivity (TIS) [10–11], and various different fields.

In order to achieve a well-stirred RC for accu-
rate measurements, numerous independent samples are
needed. For a typical RC with mechanical stirrers, the
measurement is a time-consuming process because the
stirrers are rotated with steps. Recently, optimized stir-
rers have been designed to improve the stirring perfor-
mance [12]. Meanwhile, the source-stir technique has
been applied to improve testing efficiency [13–21]. The
multi-probe system, one of the stir techniques, is gener-
ally used in the RC [18–21]. By placing several receiving

antennas (source-stirring) on the wall instead of mechan-
ical stirring, both the calibration and other measure-
ments can be performed quickly. In this paper, we design
a time-efficient multi-probe system with 128 antenna
probes integrated on the 4 PCB switches, which can be
used in the RC to perform measurements. The measure-
ment setup is shown in Fig. 1. Instead of using software
switching controlled by a computer, digital sequences
with a hardware control unit is applied which accelerate
the switching process significantly. Important parameters
of the RC have been measured to validate its configura-
tion.

This paper is organized as follows: The configura-
tion and design of the multi-probe system are given in
Section II. Measurement results such as field uniformity
(FU), quality factor (Q factor), and TRP are detailed in
Section III. Section IV gives the conclusion.

II. DESIGN AND ANALYSIS

As shown in Fig. 1, the multi-probe system is com-
posed of 4 PCB switches considering the size of the
RC. Every PCB switch has 8 single-pole four-throw
(SP4T) solid-state switches and 1 single-pole eight-
throw (SP8T) solid-state switch, which are used to
switch 32 radio frequency (RF) paths. The multi-probe
system controller consists of a digital signal generator
used to send logic control signals to solid-state switches
and a 1 SP4T switch intended for receiving RF signals
from the 4 PCB switches. Antenna (Ant) 1 is connected
to Port 1 of the vector network analyzer (VNA), the out-
put port of the system controller is connected to Port 2.
At each position, we measure S-parameters for 60,001
frequency points in the frequency range of 100 MHz -
6 GHz. The front of the multi-probe PCB switch is illus-
trated in Fig. 2 (a). The SMA connectors connected with
receiving antennas are distributed in the four sides of the
PCB. The back of the PCB switch is the control path,
which is shown in Fig. 2 (b). Signals on each path need
to pass through 1 SP8T solid-state switch, 1 SP4T solid-
state switch, and some microstrip lines.
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Fig. 1. Measurement setup: (a) schematic plot. (b) Mea-
surement in multi-probe RC, the inner dimensions of the
RC are 1.2 m × 0.8 m × 1.2 m.

Fig. 2. The structure of the multi-probe PCB switch: (a)
32 probe antennas integrated on the PCB. (b) The RF
paths of the PCB switch.

Generally, an SP4T solid-state switch needs 2 logic
control input signals and an SP8T solid-state switch
needs 3 logic control input signals. Considering the lim-
ited output terminals of the digital signal generator, we
utilize an 8-bit output shift register to extend the num-
ber of the control signals. Figure 3 shows the system net-
work diagram of the PCB switch. As is shown, the digital

Fig. 3. The system network diagram of the PCB switch.

Fig. 4. The schematic diagram of the digital signals to
control the SP4T solid-state switch.

signal generator sends data and clock signals to 3 shift
registers which are used to control 8 SP4T switches and
1SP8T switch. By toggling the switch state, the RF input
signal can arrive at any of the 32 paths. The schematic
diagram of the digital signals to control the SP4T switch
is shown in Fig. 4. Through setting the interval of the
shift clock as 1ms, the data can be output every 2 ms.
Thus, the SP4T solid-state switch can alter 4 times within
8 ms. The control of the SP8T solid-state switch is simi-
lar to this.

III. MEASUREMENT AND RESULTS

In this paper, we demonstrate the validity of the
proposed configuration using a vector network analyzer
(VNA). Two parameters of the RC: quality factor and
field uniformity are investigated to characterize its per-
formance. The TRP of a DUT has also been measured to
show the test efficiency.

Q factor is an important parameter of the RC, which
is defined as the ratio of the stored power U to the dissi-
pated power Pt :

Q =
ωU

Pt
. (1)

It is well known that we can also use the time
domain (TD) method to calculate Q factor using the fol-
lowing equation (2):

Q = ωτRC, (2)
where ω = 2π f is the angular frequency, and τRC is the
chamber decay constant. Thus, although measurements
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are performed in the frequency domain (FD) through the
VNA, we can obtain TD results using the inverse Fourier
transform (IFT) to the FD response. The and Q factor are
demonstrated in Fig. 5.

Fig. 5. Measured τRC and Q factor in the RC.

The FU can characterize the statistical uniformity of
an RC, which is defined as the relative standard devi-
ation of the average values obtained at the nine posi-
tions in RC [2]. We can judge whether the RC has sta-
tistical uniformity according to the tolerance require-
ments given in the IEC Standard [22]. Due to the limit
of the frequency of the solid-state switch, we measure S-
parameters for 6,001 frequency points in the frequency
range of 100 MHz - 6 GHz. 9 test positions of the work-
ing volume are performed resulting in a total of 1152
measurement samples. The FU in the RC compared with
the tolerance requirements is demonstrated in Fig. 6.
As it shows, the FUs captured from the mean received
power are lower than the tolerance requirements in the
frequency range, which proves that the proposed system
has a good stirring efficiency.

Fig. 6. The FU in the RC compared with the tolerance
requirements.

Figure 7 shows the TRP measurement scenario in
the RC. In order to explain the calculation process of the
TRP clearly, the equations are represented below in deci-
bel (dB) unit. The reference antenna acts as a reference
source with known total radiated power (TRPRef). Once

Fig. 7. The TRP measurement scenario in an RC.

averaging the received power from the 128 probe anten-
nas (〈PRxRef〉), the chamber transfer function (TRC) can
be obtained in dB unit [23]:

TRC=〈PRxRef〉−TRPRef, (3)

when the DUT transmits the signals (TRPDUT), a sim-
ilar procedure has been performed. With the average

Fig. 8. The received power sequence from 128 probe
antennas in the RC: (a) Ref source. (b) DUT.
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received power of the DUT (〈PRxDUT〉), the TRC can also
be written in dB units:

TRC=〈PRxDUT〉−TRPDUT, (4)

thus, the TRP of the DUT can be obtained from the equa-
tion (3) and (4) in dB units:

TRPDUT = 〈PRxDUT〉−〈PRxRef〉+TRPRef. (5)

We record 128 power samples at 2.4 GHz and cal-
culate the TRP of the DUT to verify the high efficiency
and accuracy of the proposed configuration. The received
power samples in the switching sequence is illustrated in
Fig. 8. As can be seen, the total measurement time is less
than 1 second.

The cumulative density function (CDF) of the
received power is shown in Fig. 9. The measured sam-
ples are normalized to the mean value. When the ref-
erence antenna is the signal transmitter, it can be con-
sidered as a single frequency source. Thus, the received
power samples (PRxRef) is exponential distribution. The
received power samples (PRxDUT) of the DUT is gamma
distribution because of the wideband radiated spectrum
[23–25]. The TRP of the DUT at 2.4 GHz is also cal-
culated and shown in Fig. 10. With the increasing of the
sample number, the average TRP converges to 4.56 dBm.

Fig. 9. CDFs of the measured normalized power samples
at 2.4GHz.

Fig. 10. The average TRP at 2.4GHz, 4.56 dBm.

IV. CONCLUSION

In this paper, we have proposed a multi-probe RC
system based on a hardware-switching technique. Com-
pared with conventional mechanical stirrers, the hard-
ware cost is increased for small RCs, but the measure-
ment efficiency is improved greatly. The total measure-
ment time from 128 antennas can be shortened to less
than 1 second. Two parameters of the RC and TRP of
the DUT have demonstrated the validity of the proposed
multi-probe system.

To maintain the measurement accuracy in each time
slot, we set the interval of the shift clock to 1 ms. It
should be noted that the test time can be further short-
ened if we decrease the interval of the hardware clock.
However, the total time of 1 second is already short
enough for most measurements and too short a measure-
ment interval could lead to inaccuracy for some measure-
ments (such as received power, throughput, bit error rate,
and error vector magnitude) which require a short time
average.
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Abstract – In this paper, in view of the uncertainty
of geometric parameters of braided-shielded cable and
structural parameters of the shield in practical problems,
polynomial chaos expansions (PCE) is used to explore
the uncertainty quantification of a crosstalk calculation
model of braided-shielded cable. First, the model based
on multi-conductor transmission line theory is expanded
by PCE. Second, the truncation degrees of polynomials
and sample size of PCE are determined by the leave-
one-out method, and the statistical characteristic param-
eters of crosstalk are obtained by combining coefficients
of polynomials. Compared with the calculation results
of the Monte Carlo method, the mean value, standard
deviation and probability density function obtained by
the two methods are basically consistent, but the PCE
method has obvious advantages in calculation efficiency.
Finally, the influence of input variable parameters in the
crosstalk calculation model of braided-shielded cable are
calculated by combining the PCE and the Sobol’s global
sensitivity analysis method, which provides theoretical
guidance for the electromagnetic compatibility design
of electrical and electronic equipment using braided-
shielded cable.

Index Terms – braided-shield cable, crosstalk uncer-
tainty quantification, polynomial chaos expansions,
Sobol’s global sensitivity analysis method.

I. INTRODUCTION

A transmission line is the carrier of electronic sig-
nals that play an important role in equipment connec-
tion. However, with the high integration of electrical
and electronic equipment, the electromagnetic environ-
ment (EME) inside the equipment is becoming more
and more complex, and the possibility of transmission

signal distortion or mis-operation of equipment caused
by electromagnetic interference is also gradually increas-
ing. Under certain conditions, the crosstalk of transmis-
sion lines can be calculated based on the transmission
line theory (MTL) [1, 2]. However, due to objective rea-
sons such as working environment, working state, and
manufacturing process, the relevant parameters of trans-
mission lines show uncertainty, so the uncertainty quan-
tification of transmission lines has become a research
hotspot in recent years [3, 4].

Braided-shielded cable is a transmission line
wrapped by a metal mesh braid layer, which can shield
electromagnetic interference caused by complex EME
[5]. Due to its excellent electromagnetic compatibility
(EMC) performance, braided-shielded cable is widely
used in various fields [6]. As a key parameter affect-
ing the shielding characteristics, transfer impedance
has been studied by a large number of researchers.
Schelkunoff proposed using surface transfer impedance
of shielding cable to describe shielding effectiveness
[7]. Subsequently, a complete calculation model of the
transfer impedance was established by Vance [8], and
the calculation model of the transfer impedance was
improved by Sali, Tyni, and Kley [9–11]. Determin-
istic calculation of crosstalk in braided-shielded cable
by combining MTL with transfer impedance calcula-
tion model [12]. However, in the actual situation, the
geometric parameters of braided-shielded cable and the
structural parameters of the shield will show uncertainty
[13, 14], which will have an effect on the shielding
effectiveness of the shield. Therefore, it is necessary
to study the uncertainty quantification of crosstalk of
braided-shielded cable. In [15], the influence of shielding
material on shielding effectiveness is analyzed based on
plane-wave theory. In [16] compared the analysis results
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of the sensitivity analysis method based on the BEAT-
RICS analytical model with the results based on MTL
repeated analysis and calculation, and concluded that the
magnitude of the average height between the carriers
strongly determines the value of the transfer impedance
at high frequencies. In [17] analyzed the multi-shield
cable model and pointed out that the number of shielding
layers, the thickness of shielding layer, and the structural
parameters of insulating layer were the main parameters
affecting the shielding effectiveness.

The existing research on braided-shielded cable is
mostly about the qualitative analysis of the influence of
shielding layer structure parameters on shielding effec-
tiveness or crosstalk [18], which cannot quantify the
uncertainty of the crosstalk of braided-shielded cable. In
view of the above problems, this paper proposes to use
PCE to quantify the uncertainty of the crosstalk calcula-
tion model of braided-shielded cable, and determine the
sample size and truncation degree of PCE based on the
leave-one-out (LOO) method. This is in view of the suc-
cessful application of Sobol’s global sensitivity analysis
method based on variance decomposition in EMC field
[19, 20]. In this paper, the Sobol’s global sensitivity anal-
ysis method is combined with PCE to calculate the global
sensitivity indices of input variable parameters and quan-
tify their influence. The statistical characteristic param-
eters and global sensitivity index are calculated by the
PCE method and are compared with results calculated
by the Monte Carlo (MC) method to verify the accuracy
and efficiency of the Sobol’s global sensitivity analysis
method based on PCE.

II. TRANSFER IMPEDANCE
CALCULATION OF BRAIDED-SHIELDED

CABLE

Due to its mechanical flexibility, the braided shield-
ing layer will have holes. The external electric field can
penetrate the shielding layer through the holes, result-
ing in crosstalk on the receptor line protected by the
shielding layer [21, 22]. This shielding effectiveness is
described by the transfer impedance of the shielding
layer. The transfer impedance is determined by the five
structural parameters of the shielding layer, which are:
radius rs of the shield, the number of carries C in the
braid, the pitch angle α of the weave, the diameter d of
weaving wires, the number N of wires in each carrier.
This is shown in Figs. 1 and 2:

The external electromagnetic field penetrates the
shielding layer through three mechanisms to generate
coupling on the receptor line:

1. Diffusion of the magnetic currents induced in the
shield.

2. Penetration of the magnetic field through braid layer
diamond-shaped holes.

Fig. 1. Braid pattern developed on a plane.

Fig. 2. One diamond of braid.

3. More complex inductance phenomenon caused by
overlapping of weaving wires.

The above can be described by the following for-
mula:

ZT = Zd + jω (Mh +Mb) . (1)
ZT is the transfer impedance, Zd represents the dif-

fusion impedance calculation formula, which describes
the low frequency characteristics of electromagnetic
radiation to the shielding layer, Mh a formula for cal-
culating the hole inductance, which describes the direct
leakage of the magnetic field through the diamond-
shaped holes in the braid, Mb represents the formula for
calculating braided inductance, which is a description
of inductance phenomenon. According to the theory of
[23], the vortex current of braided carries produces atten-
uation of transfer impedance, which is called the extra
fluctuation effect Me:

Me =− 1.16
CNd

arctan
N
3
sin(

π
2
−2α)

√
μ
σ
√

ωe j π
4 . (2)
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The improved transfer impedance calculation for-
mula is:

ZT = Zd + jω (Mh +Mh)+Me. (3)
According to the transfer impedance calculated by

(3), the outer current of the shielding layer can be con-
nected with the electric field of the inner layer, and the
boundary conditions can be obtained. Combined with
MTL to calculate crosstalk on receptor line.

III. ANALYSIS METHOD OF
UNCERTAINTY QUANTIFICATION

A. Polynomial chaos expansions method

The PCE method has a solid mathematical founda-
tion to describe the randomness of variables with differ-
ent distributions [24]. The PCE method is equivalent to
constructing a surrogate modeling of output variables.
Any uncertain information of output variables can be
obtained through the surrogate modeling, such as mean,
standard deviation and probability density functions. In
the construction of the surrogate modeling, PCE is usu-
ally truncated at degree p due to the consideration of cal-
culation, and the corresponding p-degree PCE model can
be expressed as:

Y ≈
p

∑
i=0

ĉiΦi(ξ ), (4)

where ĉi represents the corresponding coefficients of the
multivariate polynomials orthonormal. The multivariate
polynomials Φi(ξ ) are then assembled as the tensor
product of their univariate counterparts ξ1, · · · ,ξd , d rep-
resents the dimension of the model input.

Φi(ξ ) =
d

∏
k=1

φ i
k (ξk) . (5)

The number of polynomial coefficients Q in p-
degree PCE model can be calculated by the following
formula.

Q =
(d + p)!

d!p!
. (6)

Next, the samples of PCE need to be sampled in
the standard random space. The sampling method used
in this paper is Latin hypercube design (LHD) [25].
After obtaining the samples and the response value cor-
responding to the samples, the PCE coefficients are cal-
culated by the ordinary linear square (OLS) method. As
follows:

b =
(
AAT

)−1
ATG. (7)

A represents the sample matrix, b̂ represents the vec-
tor of the coefficients of the polynomial, and G represents
the vector of the response value. After the polynomial
coefficients of PCE is calculated according to (7), the
uncertainty information of output variable can be calcu-
lated on the surrogate modeling. The mean and variance
of the output variable can be expressed as:

E[Y ] = c0, (8)

V =Var[Y ] = ∑
i∈p,i 	=0

c2i . (9)

In order to ensure accuracy and high efficiency, this
paper uses the LOO method to determine the truncation
degree and sample size of PCE. The process can be sim-
ply summarized as the following three steps:

1. Set the sample size to be verified and determine the
truncation degree interval.

2. Use the LOO method to calculate the minimum
error value of each sample size and the correspond-
ing maximum truncation degree.

3. The error values of the minimum LOO method of
each sample size are analyzed, and the optimal sam-
ple size is selected.

The error calculation formula of the LOO method is
as follows:

′OLOO =
∑N

i=1

(
M

(
x(i)

)
−MPC,i

(
x(i)

))2
∑N

i=1
(
M
(
x(i)

)− μ̂Y
)2 , (10)

where M(x(i)) represents the response value, MPC,i(x(i))
represents the response value calculated by the surro-
gate modeling constructed after removing sample points
numbered i as the training set, μ̂Y is the expectation of the
original model.

B. Global sensitivity analysis

The global sensitivity analysis can obtain the aver-
age sensitivity indexes in the entire distribution of the
input variable parameters, and can also measure the
effect of interaction between different input variable
parameters on the uncertainty of output variables. This
paper adopts Sobol’s global sensitivity analysis method
based on PCE, which is based on variance decomposition
and is suitable for independent input variable parame-
ters. Because the basis functions of PCE are mutually
orthogonal, Sobol’s global sensitivity decomposition can
be used in (4) [26], So the first-order Sobol’s global sen-
sitivity index based on PCE method is:

S j =

∑
j∈d, j 	=0

c2j

V
, (11)

where c j represents the coefficients of polynomials
involving the only jth-dimensional variable. V represents
the variance of the output variable, according to (9).

The formula of total global sensitivity index is as
follows:

ST
j =

∑
j∈d, j 	=0

(
cT

j

)2
V

, (12)

where c j
T represents the coefficients of all polynomials

involving the jth-dimensional variable.
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IV. EXAMPLE APPLICATION

In this section, combined with the PCE method and
Sobol’s global sensitivity analysis method based on PCE,
the uncertainty quantification of the crosstalk model of
braided-shielded cable is shown in Fig. 3.

Fig. 3. Braided-shielded cable model.

There are six fixed parameters in the model shown
in Fig. 3. The number of carries in the braided C is 16,
the number of wires in the carry N is 4, the values of all
impedances are 50Ω, and the excitation source amplitude
on the attack line is set to 1V. According to the actual sit-
uation, the following eight uncertain independent param-
eters are set as input variable parameters of the model:
ls is the length of receptor line wrapped in braided layer,
the distance between the attack line and the receptor line
is S, the height of attack line and receptor line from the
ground is h, the inner radius of the shielding layer is rs,
the line radius of receptor line and attack line are rw1 and
rw respectively. The distributions of input variables are
as follows:

Table 1: The distribution of input variables
Random Input

Variables

Distributed and

Parameters

Unit

ls U(3.45,3.84) m
S U(1.42e−2,1.57e−2) m
hg U(1.42e−2,1.57e−2) m
d N(1.27e−4,(6.35e−6)−2) m
rs U(8.44e−4,9.33e−4) m

rw1 N(3.2e−4,(1.6e−5)−2) m
rw N(3.2e−4,(1.6e−5)−2) m
α U(π/18, π/4) rad

First, its PCE surrogate modeling is constructed
according to the crosstalk calculation model of braided
shield cable. When selecting the sample size of PCE,
usually select the number of samples twice the number of

polynomials, that is, the sample size is 2Q. However, this
method has its limitations in the model with high dimen-
sion and strong nonlinearity. And according to equation
(6), the number of coefficients is related to the trunca-
tion degree. Using inappropriate truncation degree will
not only lead to low computational efficiency, but also
cause insufficient calculation accuracy. So, it is impor-
tant to select the appropriate sample size and truncation
degree for the PCE model. Therefore, this paper adopts
the LOO method to determine the truncation degree and
sample size. Set at frequency point f = 100kHz, the sam-
ple sizes that need to be verified are 100, 200, 300, 400,
and 500. The sample size of each group is analyzed by
the LOOmethod 50 times, and the box plot is as follows:

As can be seen from Fig. 4, when the sample size is
100, 200, 300 using PCE calculation is prone to extreme
outliers, and value of Inter-Quartile Range (IQR) of each
sample size t is 8.5×10−4, 3×10−4, 7.7×10−6 respec-
tively. When the sample size is 400 and 500, the IQR
is 4.08×10−6 and 4.72×10−6 respectively, and there are
no extreme outliers. At this time, the maximum trunca-
tion degree is 3. Considering the computational cost, the
3-degree truncation and the sample size of 400 should be
adopted.

Fig. 4. The box plot of error analysis of the LOO method
with different sample sizes.

Second, the calculation accuracy of PCE needs to
be verified. The comparison frequency band is set as
[102,108] Hz, the calculation times of the MC method
is 103, and the truncation degree and sample size of PCE
are taken as the values verified by the LOO method. The
comparison data are the near-end response voltage of the
braided-shielded cable model.

As shown in Figs. 5 and 6, the standard deviation
and mean value calculated by PCE are basically consis-
tent with those calculated by MC. It can be seen that
the application of the PCE method to calculate statisti-
cal moments in this model has accuracy. Then select two
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Fig. 5. Comparison between the mean value of near-end
response voltage computed MC and PCE.

Fig. 6. Comparison between the standard deviation of
near-end response voltage computed MC and PCE.

frequency points in [102,108] Hz, respectively, using the
MC method and PCE method to calculate the probability
density function at the frequency points.

It can be seen from Figs. 7 and 8 that the probability
density functions of the near-end crosstalk voltage calcu-
lated by the PCE andMCmethods is consistent. Through
the comparison and verification of mean, standard devi-
ation and probability density function, it can be seen that
the statistical characteristic parameters calculated by the
PCE method and MC method are basically the same,
indicating that the accuracy of uncertainty quantifica-
tion of the braided-shield cable crosstalk model by PCE
meets the requirements.

Finally, the efficiency of the PCE method is veri-
fied. For calculation, the MC method requires 3398 sec-
onds on an Intel Core i5 2.4GHz, 8-GB RAM computer,
while the calculation time of the PCE method is 233 sec-
onds, which is only 6.8 % of the time required by the MC
method. This shows that the PCE method is much better
than the MC in computational efficiency.

Fig. 7. Comparison between the probability density func-
tions of near-end response voltage computed by MC and
PCE at 100kHz.

Fig. 8. Comparison between the probability density func-
tions of near-end response voltage computed by MC and
PCE at 700kHz.

Next, the Sobol’s global sensitivity analysis method
based on PCE is used to analyze the global sensitivity
of the eight input variables mentioned above, quantify-
ing the influence of input variables on the model. The
near-end crosstalk voltage is also selected as the compar-
ison data, and 100kHz is set as the calculation frequency
point. The results of global sensitivity analysis based on
the MC method are used as comparison data.

Figures 9 and 10 show that the Sobol’s global sen-
sitivity analysis method based on PCE at 100kHz is pre-
cise, compared with the MC result. It is proved that this
method has accuracy in quantifying the uncertainty of
the braided-shielded cable crosstalk model. In addition,
it can be seen from the information given in the graphs



33 ACES JOURNAL, Vol. 38, No. 1, January 2023

Fig. 9. The global first-order sensitivity index at 100kHz.

Fig. 10. The global total sensitivity index at 100kHz.

that the weaving angle α has the greatest influence at
100kHz, followed by the diameter of the braided wire d.
At high frequency section, the transfer impedance con-
sists of most of the hole inductance and braid inductance
and a small part of the diffusion impedance.

In order to accurately show the influence of each
input variable parameter on the model at different
frequencies. Using Sobol’s global sensitivity analysis
method based on PCE for each input variable in fre-
quency band [102,108] Hz.

As shown in Fig. 11, when the crosstalk calculation
model of braided-shielded cable is in the frequency range
[102,6.3e3] Hz, ls and S and hg have great influence on
the model. Because in the low frequency state, crosstalk
is mainly composed of inductive coupling, ls and S
and hg are the three important parameters determining
inductive coupling. When the frequency is greater than
6.3kHz, α and d become important factors affecting
the output variable, and the growth of α is particularly
obvious. It shows that in the process of increasing fre-
quency, most of the crosstalk is converted from induc-
tive coupling to capacitive coupling. The shielding layer

Fig. 11. Global total sensitivity index of input variables
in [102,108] Hz.

of braided-shielded cable can greatly weaken capacitive
coupling. The change of shielding layer structure param-
eter α , rs and d affects the shielding effectiveness, and
then affects the crosstalk received by the receptor line.
The higher the frequency, the more obvious the effect. In
addition, the effects of rw1 and rw on the model are not
significant.

V. CONCLUSION

In this paper, the uncertainty quantification prob-
lem of the crosstalk calculation model of braided-shield
cable is studied. The model with infinite ground as a
reference conductor is adopted to make the input vari-
able parameters obey different distributions. The uncer-
tainty of the model is quantified by the PCE method,
and the relevant statistical quantities such as the mean,
standard deviation and probability density functions of
the near-end crosstalk voltage of the receptor line, are
obtained. The computed statistical quantities using PCE
were validated by the classical MC method. This proves
that the PCE method can greatly improve the calcu-
lation efficiency while ensuring the calculation accu-
racy by simplifying the model, and realize the uncer-
tainty quantification of the crosstalk calculation model
of braided-shielded cable. Finally, the global total sensi-
tivity index and global first-order sensitivity index of the
relevant input variable parameters in the crosstalk cal-
culation model of braided-shielded cable are calculated
by combining the PCE method and the Sobol’s global
sensitivity analysis method. Thus the influence degree
of the relevant parameters on the braided-shielded cable
crosstalk is obtained. Feasibility is also verified by the
MC method. Therefore, the uncertainty quantification
method and the global sensitivity analysis method pro-
posed in this paper can provide an effective basis for the
EMC design of electrical and electronic equipment with
braided-shielded cables.
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Abstract – With the increase wireless communica-
tions, many wireless devices and equipment have been
invented for special applications, resulting in mutual
interference that might destroy the systems or distort
signal in-transmission. One of the effective methods to
reduce or eliminate interference is to devise a shield-
ing to block the unwanted interference in between the
approaching systems, circuits, devices, etc. Thus, shield-
ing and estimation of its effectiveness are very important
in order to protect the information devices from poten-
tial interference and to improve the performance of infor-
mation equipment. In this survey, we present the recent
developments of the shielding and shielding effective-
ness techniques and methods, and give a design for an
electromagnetic shielding structure.

Index Terms – electromagnetic shielding, shielding
effectiveness, shielding methods, shielding technique.

I. INTRODUCTION

With the increment of electronic devices and infor-
mation equipment, uncertain interference might give a
destroy or reduce the performance of electronic sys-
tems, chips, broads and devices, which can be classified
into electromagnetic pulses, lighting, natural or artifi-
cial strong electromagnetic interference [1-10]. In recent
years, much interference from wireless systems like 4G
and 5G will also affect other electromagnetic devices.
Fortunately, these systems don’t give out strong interfer-
ence, which is easy to filter out. With the development
of high power microwave equipment, strong electromag-
netic pulse or interference poses a huge threat to the gen-
eral operation of electronic equipment [11]. Thus, elec-
tromagnetic protection and electromagnetic shielding are
vital to reduce the loss caused by these threats.

To give protection from the potential interference,
many shielding techniques and shielding methods have

been presented, including metal meshes [11], metal
plates [12], frequency selective surface (FSS) [13], metal
shells [14], and meta-materials [1, 15]. Motivated by
these techniques, the shielding methods moves to low
cost or high performance for protecting the information
devices. Although these techniques or methods are use-
ful for providing desired shielding to protect informa-
tion devices from electromagnetic radiation that causes
harm to hardware systems, components or printed cir-
cuit boards, some of them are not effective for practi-
cal engineering applications. Thus, the shielding effec-
tiveness of these techniques and methods is required for
engineers to select a suitable solution for practical engi-
neering applications.

Recently, more attention has been paid to shield-
ing effectiveness to discuss how to choose a metal
mesh or different shielding structures for realization of
engineering applications [16-18]. Many shielding effec-
tiveness methods are presented, like the impedance cal-
culation using average field theory [18]. However, the
analysis models are not accurate enough for the differ-
ent size of the meshes to analyze the shielding effective-
ness [19-20]. The equivalent transmission line method
[19-20] was used for giving an analysis of the double-
layer metal meshes, but it failed to get a solution for a
wide band of frequency in its engineering to be accu-
rate. In addition, low simulation speed and large compu-
tation consumption made these methods difficult to get
quick results for different structures and sizes of shield-
ing [16]. Many effective computation methods were then
investigated for complex structures with multi-layers and
applications in wide frequency bands.

Additionally, many new structures for shielding
applications were also presented, like the frequency
selective surface (FSS) [13, 21], LC coil [22], diode
grids [23], magnetic shielding techniques [24-25]. Also,
the related analysis methods are given for various appli-
cations to discuss the shielding effectiveness. To get
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the results, many analysis methods are also discussed
by considering the structure parameters using the
finite-difference time-domain method (FDTD) [26-27]
and finite element method [28-29]. Additionally, the
time-frequency domain shielding effectiveness analysis
of the shielding structures and the magnetic shielding
measurement with low frequency are also carried out to
improve the performance of the shielding.

In this review, the recent developments of the shield-
ing methods and shielding effectiveness analysis tech-
niques will be presented and investigated to illustrate the
performance of the shielding.

II. SHIELDING TECHNIQUES AND
METHODS

A. Metal meshes

As we know, shielding is to prevent undesired inter-
ference from the environment, in order to protect the
information devices. Thus, a great number of techniques
and methods have been put forward to provide a safety
measure to guarantee that the devices avoid microwave
radiation attacks [21-25]. Furthermore, an electromag-
netic wave has a different skin effect when it is transmit-
ted from air to substrate. If it incidents into the metal, it
will be blocked and it is difficult to penetrate the met-
als that will provide a good shielding. Thus, metal or
metal shells [14] are used to construct a shielding struc-
ture. However, these structures are heavy and will waste
metal materials, which also increases the cost for the
design of a shielding structure. In order to reduce the cost
and inherent performance of the metal shells in practical
engineering, metal meshes are proposed with different
analysis methods [10], shown in Fig. 1.

Using related techniques and methods, a variety of
metal meshes with single or multi-layers have been pre-
sented and their shielding effectiveness have been inves-
tigated using different methods.

B. Frequency selective surfaces (FSSs)

Recently, another effective shielding has been pro-
posed with a periodic array structure to provide a behav-
ior of spatial filtering, which is known as frequency
selective surface (FSS) [13, 21]. As we all know, FSS can
be designed to have a band-stop characteristic to filter
or block unwanted frequency bands with a stable angle
characteristics. Thus, FSS has been used for shielding
to protect the sensitive electronics components enabling
them avoid electromagnetic interference (EMI) or radio
frequency interference (RFI) in consumer or industrial
electronic systems, as well as military and emergency
systems.

One of the designs of the FSSs is presented in Fig. 2,
where the cell of the FSS and the circuit extraction of
the FSS cell is also given [29]. From the circuit anal-
ysis of the FSS, we can see the filter characteristics

(a) (b)

(c) (d)

Fig. 1. Geometries of metal meshes [10]. (a) Planar
square metal mesh with holes. (b) Double-layered metal
plates. (c) Double-layered metal meshes. (d) Multi-
layered metal meshes.

clearly. Additionally, we found that the FSS can provide
an additional degree of freedom to precisely control the
frequency response. It can easily select the desired fre-
quency band and reject the unwanted band, which can
filter the incident electromagnetic wave via designing the
FSS geometry and arrangement of the FSS cells.

C. Braided shielding structures

As we know, cables are useful for information
devices not only in low frequency but also in high fre-
quency, and they can work in a wide frequency. Many
braided structures have been proposed and investigated
for cables [30–32]. Figure 3 shows a typical braided
structure. By using these braided shielding structures,
most of the low frequency interference can be filtered.

D. Coil shielding structures

The magnetic field can also be cancelled using
shielding coils excited by an auxiliary source, and many
coil shielding techniques are also presented and investi-
gated via optimizing the phase and magnitude of the cur-
rent in the coils to suppress the flux density. In addition,
the coil couplings can be weakened using metal plates.
Figure 4 shows an improved reactive hybrid shielding
with an LC coil structure, where aluminum is designed
as the ring shape and placed to surround the LC coil [22].

In this improved reactive hybrid shielding struc-
ture with an LC coil, an application with the equivalent
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(a)

(b)

Fig. 2. FSS shielding structure [21]. (a) 3-D FSS cell. (b)
Circuit model of the FSS cell. (c) Equivalent circuit of
the FSS structure.

circuit for a WPT system with LC shielding coil is
also given in Fig. 4. The conventional horizontal alu-
minum plate (HALP) is equivalent to a vehicle chassis
to improve the performance using a vertical aluminum
plate (VALP) [22]. In addtition, there are also shield-
ing methods using diode grids, metal plates with slots,
shielding for orbital angular momentum waves, materi-
als, and meta-materials.

III. SHIELDING EFFECTIVENESS
ANALYSIS

With the developments of the shielding tech-
niques and the methods used in the shielding and the
electromagnetic computation methods, various shield-
ing effectiveness analysis methods have been proposed
and investigated for different applications, including the
finite-difference time-domain method (FDTD) [26–27],
the method of moments [28–29], time domain integral
equation method [33], transmission-line model method
[34], and time-frequency methods [35].

A. Model analysis method

To obtain the performance of shielding effective-
ness, a lot of models have been presented and investi-
gated in detail. Recently, a model was used to get a rea-

(a)

(b)

Fig. 3. Braided shielding structure [31]. (a) Geometry
of planar braids with three wires per carrier, without
(W3C0) and with curvatures (W3C1 and W3C2). (b)
Geometry of dense braids with fire wires per carrier and
with curvatures (W5C1 and W5C2).

sonable approximation to evaluate the shielding effec-
tiveness of a rectangular enclosure filled with conductive
plates and the computation results were compared with
the finite element method (FEM) [12, 28–29]. The model
is given in Fig. 5. The computation results obtained from
the model agree well with the FEM simulation, which
also help to verify the effectiveness and correctness of
the model [12].

B. Time-domain analysis of the shielding effectiveness

In this subsection, we introduce an improved half-
space FDTD method to replace the half-space Green’s
function, where generalized transition matrix (GTM)
method combined with Fourier transform is used to
get the reflection coefficient [35]. In the computations,
multi-direction and multi-polarization incident waves
are considered for the total-field/scattered-field (TF/SF)
given in Fig. 6 in the FDTD. Based on the modified
FDTD method, it is applied to a typical half-space com-
posite electromagnetic problem to get the time-domain
shielding effectiveness of the shielding enclosure. The
results show that the modified method without com-
plex half-space Green’s function has low complexity
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Fig. 4. Improved reactive hybrid shielding structure with
an LC coil [22]. (a) Overall view of the improved reactive
hybrid shielding with an LC coil structure. (b)Equivalent
circuit of a reactive shielding system.

(a) (b)

Fig. 5. Model for shielding effectiveness analysis of a
rectangular enclosure filled with conductive plates [12].
(a) Metal rectangular enclosure with metal plates. (b)
Equivalent circuit for getting the shielding effectiveness
via computations.

compared to the traditional half-space algorithms. In
addition, the proposed method can be used for different
models, incident conditions, and complex environments.

C. Time-frequency analysis methods

Time-domain analysis always considers electromag-
netic pulse (EMP) excitation, which has been used in
waveform and spectra [36]. As for shielding against
EMP, enclosures with small apertures are convention-

Fig. 6. Zoning of total-field and scattered-field regions
[35].

Fig. 7. Schematic of excitation of a rectangular enclosure
with an aperture [36].

ally of applicable interest, and the image method lim-
its the application for a large number of dipole images.
Recently, for simply estimating time domain shielding
effectiveness data of metallic enclosures under EMP
excitation and further correlating these data to fre-
quency domain, an analysis between the time and fre-
quency domain for shielding effectiveness is presented
and investigated for analyzing the metal enclosures with
different apertures, where the analytical formulas for
estimating time domain SE data against EMP excitation
is also included and derived to analyze the metal enclo-
sures.

The improved method in Fig. 9 is implemented
based on the analysis of the transient process at the
aperture and an equivalent magnetic current source [36].
Also, only direct emission from the aperture is con-
sidered and the equivalent circuit model for frequency
domain shielding effectiveness data is used to get the
correlation between the time and frequency domain. The
simulations are presented to verify the analysis and the
simulation agrees well with the analysis.

IV. TIME-DOMAIN SHIELDING
EFFECTIVENESS MEASUREMENT

As we know, shielding effectiveness can be mea-
sured when a small shielding enclosure is made using
frequency-domain techniques under the standard of
IEEE 299.1. However, the high level of the shielding
effectiveness under a high power microwave or a
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(a)

(b)

Fig. 8. Popular shielding effectiveness measurement
method with frequency and time domain methods [37].
(a) IEEE 299.1 frequency-domain shielding effective-
ness measurement method. (b) Time-domain shielding
effectiveness measurement method.

directed-energy weapon will reduce the measurement
dynamic range of the equipment for shielding effective-
ness measurement, which is caused by the cable loss in
the signal transmission during the shielding effective-
ness measurement [37]. In this section, a time-domain
shielding effectiveness measurement method is reviewed
in order to achieve high accuracy for a high level shield-
ing effectiveness measurement.

For the frequency-domain shielding effectiveness
measurement method, the shielding effectiveness mea-
surement should use a wide dynamic range to get an
accurate measurement, where the wide dynamic range
is obtained by comparing it to the receiving powers
that are obtained before and after replacing a receiving
antenna inside an enclosure with a load [37]. In this
case, the dynamic range is always reduced by coupling
from the cables. In the presence of the shielding effec-
tiveness measurement, continue wave is used to measure
the revived power, which will also be coupled into the

measurement resulting in dynamic range reduction.

(a)

(b)

(c)

Fig. 9. FSS shielding structure [38]. (a) 3-D FSS cell. (b)
Circuit model of the FSS cell. (c) Equivalent circuit of
the FSS structure.

For the time-domain shielding effectiveness mea-
surement method, a modulated pulse is used as a trans-
miting signal in a nested reverberation chamber rather
than continue wave signal [37]. When the pulse signal is
completely transmitted, the receiving signal is obtained
inside the shielding enclosure in the time domain, which
is defined as the enclosure response that is used to
calculate the shielding effectiveness enclosure. Thus, the
measured enclosure response is not affected by the trans-
mitting signal, and hence, the dynamic range for the
shielding effectiveness measurement will be unchanged.

V. AN EXAMPLE FOR DEVELOPING FSS
SHIELDING STRUCTURE

Since FSS is also useful for shielding effectiveness
and most of the FSS only provide a single frequency
band with planar structure, we designed a 3-D FSS to
mimic the size of the structure [38]. The presented struc-
ture is given in Fig. 9 with equivalent circuit of the FSS
cell. The designed FSS is printed on a two-layered F4B
substrate. To use the FSS cell developed in Fig. 9, a dual-
band FSS is presented and given in Fig. 10 (a). The FSS
is investigated, fabricated and measured in a chamber.
The results shown in Fig. 10 (b) demonstrate that the
FSS has good dual-band band-pass performance and the
rejected band is wide enough to block the interference
from 7GHz to 14GHz. In comparison with the simula-
tions, the band-pass band has been broadened and the
bandwidth for the first band-pass is narrowed. There is
some difference between the measurement and the sim-
ulation, which might be caused by the fabrication and
measurement errors. In addition, the FSS can still cover
a wide −10dB bandwidth when the incident angle is 40◦
[38]. Also, in the future, the shielding could be applied in
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(a)

(b)

Fig. 10. Performance of the FSS. (a) 3-D FSS cell. (b)
Circuit model of the FSS cell. (c) Equivalent circuit of
the FSS structure.

high-power microwave (HPM), electronics warfare, and
system isolation.

VI. CONCLUSION

In this investigation, recent developments of shield-
ing and shielding effectiveness techniques and meth-
ods are reviewed, and analyzed. An example for FSS
shielding structure is given, simulated, measured and dis-
cussed. From the developments of shielding structures,
shielding effectiveness analysis methods, and shield-
ing effectiveness measurements, we think the wide-band
shielding structures and shielding effectiveness analysis
and measurement with a high power pulse will be an
interesting topic for EMP, EMI, and EMC studies. The
proposed shielding structures and analysis method can
also be used in MIMO engineering systems [39-46] to
analyze shielding effectiveness.
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Abstract – An adaptive sampling and optimized extrap-
olation scheme for spherical near-field antenna testing
is proposed. The method relies on the partition clus-
tering classification algorithm and Voronoi classifica-
tion to divide a small amount of initial data into sub-
classes and cells. The sampling density and rates of vari-
ation between adjacent sampling points are used as an
overall metric function to evaluate the sampling dynam-
ics at each location. Appropriate interpolation is per-
formed in the highly dynamic region to increase the
effective data in the near-field samples. The Gerchberg-
Papoulis algorithm extrapolates the unnecessary interpo-
lation region to improve the near-field sampling accu-
racy. This method uses a small amount of initial near-
field sampled data for near-far field conversion to achieve
the same precision as uniform oversampling. The feasi-
bility and stability of the algorithm are proved from the
actual measurement results.

Index Terms – adaptive sampling, cluster classification
algorithm, extrapolation, spherical near-field testing.

I. INTRODUCTION

Compared with plane and cylindrical near-field test-
ing, spherical near field testing (SNFT) scans the entire
3D near-field spherical information of the antenna under

test (AUT) with a uniform sampling interval through
a single probe or multiple probes, and can obtain the
complete information of the AUT in the entire 3D
space. Spherical near-field to far-field (NF-FF) transfor-
mation techniques have been widely used to overcome
the impossibility or impracticality of measuring antenna
radiation patterns in the far field. The core of the SNFT
is to use the characteristic that the spherical wave expan-
sion coefficient remains unchanged in the near field (NF)
and the far field (FF) to perform the spherical near-
far field conversion [1–7]. Recently, the SNFT transfor-
mation technique has been applied to loaded/unloaded
reverberation chambers for antenna pattern reconstruc-
tion [8, 9]. Nevertheless, calculation of spherical wave
expansion coefficients for NF data with incomplete or
large errors will cause large deviations.

There have been different solutions to the problem
of truncation error and to demonstrate the reliability of
the method in small truncation regions [10–16]. The
authors in [10] proposed an iterative extrapolation-based
machine learning algorithm to extend the calculation of
the far field to a more accurate region, which employed
an analysis of variance test to check the overall feasibil-
ity of the regression model. The authors in [11] used the
Gerchberg-Papoulis (GP) iterative algorithm to extrapo-
late the part outside the truncation region. The NF sam-
pling points were extended using a Slepian sequence
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that is specially constructed to be orthogonal over a
given truncated sweep circle, achieving more accurate
results than the classical near-far-field transformation
[12]. [13] adopted the truncation error in the measure-
ment of the planar near-field aperture antenna by the
alternate orthogonal projection method.

The large number of sampling points results in a
long measurement time, which requires more flexibil-
ity in the sampling scheme. Measurements on the coarse
grid were interpolated onto the finer grid using an opti-
mal sampling interpolation (OSI) method to determine
measurements for efficient recovery of non-uniform NF
samples [17–18]. The compressed sensing (CS) method
determines the minimum number of samples for near-
field sparse recovery, which allows reducing the num-
ber of measurements for all antennas while maintaining
accuracy [19–20]. However, the sparse level of NF sam-
pled data and the prior information of the system had
a great impact on the test results and are not suitable
for all antenna tests. Based on measurements with heli-
cal scans, the authors in [21] investigated the applica-
tion of non-uniform fast Fourier transforms in SNFT. A
recently proposed method based on recursive partition-
ing in a multi-level subdomain hierarchy of radiating sur-
faces is applied to arbitrary surface measurements [22].
The authors in [23–25] described the adaptive method
to reduce the measurement burden spherical near-field
measurements. The fast irregular antenna field transfor-
mation algorithm (FIAFTA) was used to post-process
the near field collected on an irregular grid [26] and the
source reconstruction method was used to calculate the
equivalent current on the surface of the ellipsoid contain-
ing the AUT [23]. These techniques require more time
than fast Fourier near-far field transform methods.

In this paper, a spherical near-field sampling opti-
mization method based on partition clustering classifica-
tion and GP joint optimization is proposed. Starting from
a small amount of sampled data, the clustering method
is used to quantify the dynamic changes of the AUT
NF electric field. There is a trade-off between sampling
density and variation between adjacent sampling points
according to different criteria. The new data is interpo-
lated in the high dynamic change area of the field to
improve the accuracy of the near-field sampling data and
the GP iterative algorithm extrapolates the data to the
unnecessary interpolation area to reduce the truncation
error.

The structure of the paper is as follows. Section
II introduces the theory of spherical wave expansion
and the optimization scheme of spherical near-field sam-
pling. Measurement results are presented in section III.
The superiority of the optimized scheme in improving
the test efficiency is proved. Section IV concludes the
paper.

II. BACKGROUND THEORY

This section presents the theory of antenna pattern
reconstruction based on a small number of initial sam-
pling points. Firstly, the theory of spherical wave expan-
sion is described. Then, the clustering method is intro-
duced to divide the initial sampling points into sev-
eral subclasses, and the calculation process of introduc-
ing new sampling data by using the GP optimization
algorithm is given. Finally, the near-field data is recon-
structed to obtain the antenna pattern. The detailed mea-
surement process is as follows.

According to the uniqueness theorem and the equiv-
alence principle, the radiation field in the outer space
of the closed surface can be calculated and determined
through the tangential component of the electromagnetic
field on the closed surface including all the radiation
sources. In the SNFT, an equivalent spherical surface
is used to completely surround the AUT, and a passive
region is established outside the spherical surface, as
shown in Fig. 1.

Fig. 1. Schematic of SNFT.

Outside the minimum sphere of the AUT, the electric
field can expand as a weighted sum of spherical wave
functions expressed as:

E(r,θ ,ϕ) =
2

∑
s=1

N

∑
n=1

n

∑
m=−n

Qsmn�F
(3)
smn(r,θ ,ϕ), (1)

where (r,θ ,ϕ) are the spherical coordinates,Qsmn are the
SWCs of the AUT, �F(3)smn are the spherical wave expan-
sion functions, s = 1 and 2 represent transverse elec-
tric (TE) and transverse magnetic (TM) wave modes,
respectively, and m,n are the number of modes of
AUT. N is a truncation number for the spherical wave
expansion empirically obtained from N = [kr0] + 10,



47 ACES JOURNAL, Vol. 38, No. 1, January 2023

where k is the wave number, r0 is the radius of
the minimum sphere surrounding the antenna and the
square brackets indicate the largest integer smaller than
or equal to kr0. In equation (1), the spherical wave
expansion functions are known, the SWCs Qsmn can
be solved and the field value at any distance can be
obtained.

In order to obtain the dynamic change of the electric
field data in the near field of the antenna,Mintial sampling
data are randomly selected from the uniform spherical
near field sampling dataset S2 as the initial samples set
as S1. The K-means clustering method is used to clus-
ter the Mintial sampled data into k subclasses, and each
subclass randomly selects a sample as the cluster center.
Minkowski distance (p = 2 means Euclidean distance)
is used to measure the deviation of each sample value
from the cluster center and each sample is classified into
the subclass where the cluster center with the closest dis-
tance is located. The cluster center of each subclass is
updated to the average value of all points in the subclass,
and the samples are reclassified until the cluster center
of all subclasses no longer changes or the total clustering
error in all subclasses is the smallest. The current total
clustering error in all subclasses is:

d = (
k

∑
j=1

∑
xi∈Cj ,c j∈Cj

∣∣xi − c j
∣∣p
)
1
p , (2)

where xi is the i-th sample and c j is the cluster center
belonging to the j-th subclassCj.

After obtaining the cluster classification results, the
initial near-field sampling data is sorted according to the
sample sampling density and the rate of variation of adja-
cent samples, and the top ranking represents the area that
needs to be interpolated. In order to calculate the sam-
pling density, the initial sampling points are represented
by a Voronoi diagram according to the nearest neighbor
principle [27]. Each initial sampling point corresponds
to a cell, and the sampling density is determined by the
area of each cell. Each sampling point is associated with
its nearest neighbor cell, and the sample variation rate is
expressed as the gradient of the field between adjacent
sampling points. So the overall evaluation parameter can
be expressed as:

G(xm) = α(1+
S(xm)

∑Minitial
p=1 S(xp)

)+β (1+
V (xm)

∑Minitial
p=1 V (xp)

),

(3)
where S(xm) is the area of the mth cell, V (xm) is the sum
of the absolute values of all gradients around the mth cell
and α,β (satisfying α +β = 1) are the weighting coef-
ficients. α and β are adjusted accordingly according to
the cluster classification results. If the sampling variation
rate in a subclass is too large, in order to better judge
the interpolation requirements of the sampling area, it is
necessary to increase the proportion of sampling density

in the overall evaluation parameters, that is, increase the
value of α .

According to the judgment criteria, part of the data
to be interpolated comes from the dataset S2, and a small
amount of data that is not located in the dataset S2 with
uniform sampling interval. A modified Akima piecewise
cubic Hermite interpolation method is used in this part.

In order to reduce the truncation error caused
by the near-far field conversion after zero-filling the
non-essential interpolation area with smooth dynamic
changes, the GP algorithm is introduced to extrapolate
the sampled values. It is a band-limited extrapolation
algorithm that extrapolates the data outside the inter-
val from the known interval, and it is iteratively imple-
mented by using Fourier transform and inverse Fourier
transform. Plane wave spectra (PWS) of spherical near-
field probe sampled data is obtained from truncated NF
measurements using Fourier transforms:

Fig. 2. Schematic diagram of the proposed method.

G0(θk,ϕk) = f f t[g0(θk,ϕk)], (4)
where g0(θk,ϕk) is the cluster-interpolated accessible
near field data. The filter functions in the spectral and
space domain are:
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HR(θk,ϕk) =

{
1, (θk,ϕk) ∈ Ω0
0, (θk,ϕk) /∈ Ω0

, (5)

and

h(θk,ϕk) =

{
1, (θk,ϕk) ∈ ω0
0, (θk,ϕk) /∈ ω0

, (6)

where ω0 and Ω0 are reliable regions of the space and
spectrum. The electric field on the sampling surface
obtained by extrapolation is given by the following equa-
tion:

gn+1(θk,ϕk) = ĝn(θk,ϕk)+(g0(θk,ϕk)

− ĝn(θk,ϕk))h(θk,ϕk), (7)
where

ĝn+1(θk,ϕk) = i f f t[HR(θk,ϕk)Gn(θk,ϕk)]. (8)
The PWS of the reliable region is:

Gn(θk,ϕk) = f f t[gn(θk,ϕk)], (9)
where fft and ifft means Fourier transform and inverse
Fourier transform, n is the value of iteration times,
(θk,ϕk) is the kth sampling point on the spherical grid
and gn(θk,ϕk) is the optimization extrapolation result for
the nth iteration. The error of the near-field data obtained
from two adjacent iterations is expressed as

Error =
Mtotal

∑
k=1

|gn+1(θk,ϕk)−gn(θk,ϕk)|2, (10)

where Mtotal is the total effective NF data after extrapo-
lation. After several iterations, the error reaches a stable
convergence point and the iteration terminates.

A schematic diagram of the proposed method is
shown in Fig. 2, where a small amount of sampling data
is used to verify the effectiveness of the clustering tech-
nique and the GP extrapolation algorithm to estimate the
electric field in the extended area.

III. MEASUREMENT RESULTS

A commercial antenna operating at 2.6 GHz, which
is invisible internally, was tested in the spherical
near-field multi-probe anechoic chamber of the China
Academy of Information and Communications Tech-
nology (CAICT). The radius of the SNFT system is
1.6 m, and the minimum spherical radius surrounding the
antenna is 0.156 m, as shown in Fig. 3. Figure 4 shows
the antenna pattern obtained by using commercial soft-
ware to calculate the NF data, which is set as the refer-
ence radiation pattern.

In order to obtain the initial small amount of sam-
pling data, the NF sampling interval is set to 15 degrees
and there is a truncation in the range from θ = 165◦ to
θ = 180◦ degrees due to the influence of the south pole.
To improve the test accuracy, triple uniform oversam-
pling (Δθ = Δϕ = 5◦) is necessary. The uniformly sam-
pled dataset and triple oversampled dataset are set as S1
and S0 respectively, and 150 sampling points are selected
from S1 as the initial data set S2.

Fig. 3. The spherical NF measurement environment.

Fig. 4. Reference radiation pattern at 2.6 GHz.

The K-means clustering method divides the sampled
values into k subclasses, and for each k value, the sum of
the squared distances from every sample to the nearest
cluster center is calculated as the total clustering error.
As shown in Fig. 5 (a), the total cluster error converges
to a stable value at k = 6 and Fig. 5 (b) shows the clus-
ter classification results for k = 6. Figure 6 shows the
Voronoi diagram cell classification results for the initial
sampling of the NF. Using equation (3), the area of each
cell and the variation rate of adjacent sampling points are
calculated. The cell groups whose base sites are red rep-
resent highly dynamic areas requiring interpolation, and
blue areas represent unnecessary interpolation region.

We use the interpolation method mentioned in the
previous section to obtain the dataset S3 with trun-
cated regions. Dataset S4 is extrapolated from dataset
S3 by GP algorithm. Figure 7 (a) shows the error of
two adjacent iterations of the co-polarization (CP) and
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cross- polarization (XP) of the antenna. When the
GP algorithm iterates 80 times, the error converges.
Figure 7 (b) shows the nomalized iterative error of the
oversampled electric field and the electric field obtained
by the proposed method.

Figure 8 (a) shows the radiation pattern recon-
structed from the dataset S4. Figure 8 (b) shows the rel-

Fig. 5. K-means clustering method. (a) L-curve. (b) Clus-
tering method, k = 6.

Fig. 6. Voronoi diagram classification for near-field sam-
pling.
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Fig. 7. (a) The nomalized iterative error of CP and XP
components obtained from two adjacent iterations. (b)
Relative error of S4 and S0 in all angles.

ative error of reference and reconstructed radiation pat-
tern. The relative error can be obtained using:

Relative Error = 20log ||E1|− |E2||, (11)
where E1 and E2 are the two electric fields to be com-
pared, respectively. Comparisons of CP and XP com-
ponents in XOY plane and XOZ plane between refer-
ence pattern, the pattern reconstructed by triple oversam-
pling and optimal sampling by the proposed algorithm
are given in Fig. 9. As can be seen, the main lobe of

Fig. 8. (a) Reconstructed radiation pattern. (b) Relative
error of reference and reconstructed radiation pattern in
all angles.
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Fig. 9. Comparisons of CP and XP components in (a)
XOY plane, and (b) XOZ plane between reference pat-
tern, pattern reconstructed by triple oversampling and
optimal sampling by the proposed algorithm.
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the CP component of the pattern is in good agreement,
but the reconstruction result of the XP has a large error
compared with the reference pattern, especially in XOZ
plane.

It is noted that the possible positioning error in the
actual test affects the pattern recovery. Figures 10 and
11 show the interference errors in XOY plane and XOZ
plane introduced when the radial errors are 5 mm, 10 mm
and 15 mm, respectively, and the θ angle errors are
0.01 deg, 0.5 deg and 1 deg, respectively. The radial posi-
tion error in spherical NF scanning mainly affects the
phase error in the near field, which is proportional to the
radial error. The θ angle error between the actual and the
ideal alignment direction of the AUT makes the maxi-
mum gain direction of the probe antenna deviate from
the center of the SNFT system, which changes the test
distance and causes the change of the probe receiving
strength to affect the recovery of the pattern.
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Fig. 10. The relative errors in (a) XOY plane, and (b)
XOZ plane introduced when the radial errors are 5 mm,
10 mm, and 15 mm, respectively.
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Fig. 11. The relative errors in (a) XOY plane, (b) XOZ
plane introduced when the θ angle errors are 0.01 deg,
0.5 deg, and 1 deg, respectively.

IV. CONCLUSION

This paper proposes a method to improve the sam-
pling efficiency of spherical near-field testing. Starting
from a small number of near-field sampling points, the
region with high dynamic variation of the electric field
is located through the clustering classification theory for
appropriate interpolation. The GP algorithm is used to
extrapolate the unnecessary interpolation area to further
improve the sampling accuracy and reduce the trunca-
tion error. The multi-probe spherical near-field anechoic
chamber test was carried out on a commercial antenna
working at 2.6 GHz. The feasibility of this scheme is
demonstrated by comparing the reference radiation pat-
tern with the radiation pattern reconstructed by three
oversampling and optimized samplings. The influence of
the test positioning error on the reconstructed pattern is
further discussed.
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“Application of nonuniform FFT to spherical near-
field antenna measurements,” IEEE Trans. Anten-
nas Propag., vol. 68, no. 11, pp. 7571-7579, Nov.
2020.

[22] F. R. Varela, B. G. Iragüen, and M. Sierra-Castañer,
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Abstract – This article introduces an ultra-compact four-
way quadrature power splitter (4W-QPS) based on a
novel transmission-line compression technique called
double-path zigzag microstrip line (DP-ZML). Detailed
design techniques with modular approach are disclosed
for the state-of-the-art 5G low-band applications. The
theoretical predictions are verified with experimental re-
sults through a fabricated prototype that operates from
696.55 to 876.03 MHz with >15 dB return-losses and
isolations, and 90◦±4◦ quadrature phase between ad-
jacent outputs. The compact size of this 4W-QPS is
achieved at 0.21λ g×0.21λ g at a center frequency of 786
MHz.

Index Terms – 5G low-band, miniaturization, quadrature
power splitter (QPS), Z-shaped microstrip line.

I. INTRODUCTION

According to 3GPP TS38.101-1 V15.3.0 [1], New
Radio Frequency Ranges (NR-FRs) are being rolled
out into fifth generation (5G) mobile communications,
where power dividers/splitters play a vital role in 5G low
frequency bands. The 5G low-band spectrum is classi-
fied as any spectrum that operates below 1 GHz, e.g.,
700∼800 MHz, like n12, n14, n18, and n20 [1]. A four-
way quadrature power splitter (4W-QPS) with constant
phase-shifts is in high demand by circularly-polarized
antennas, multiple-beam antennas and power amplifiers
due to its simplicity and low power loss. On one hand,
conventional power dividers are known to occupy a
large physical size due to restriction of multiple quarter-
wavelength (λ /4) transmission lines. On the other hand,
a large foot-print is required for the QPSs operating

in the 5G low-band NR at frequencies of 800 MHz
or so.

Over the years, many miniaturization techniques of
power splitter circuits and or feeding networks using var-
ious types of transmission lines have been reported in the
literature [2–5]. In [4–5], broadband QPSs using meta-
material lines were proposed for circularly-polarized an-
tenna array, wherein the quadrature (90◦) phase differ-
ence between output ports was realized by space-saving
metamaterial lines. Based on half-wavelength slot-lines
coupling, a compact four-way out-of-phase power split-
ter was proposed in [6]. However, the isolations between
output ports are identified to be insufficient (<15 dB),
which may not be suitable for certain applications that
require high isolations. To address this issue, a new ra-
dial power divider was reported in [7], wherein an iso-
lation network composed of RLC and LC topologies
was used. Very good isolation levels (>20 dB) and its
associated bandwidth were obtained; however, the air
bridges used will increase fabrication cost as its foot-
print is big (80×80 mm2) at 1 GHz. In [8], a four-
way microstrip power splitter using lumped elements
was proposed for dual-band (1 and 2 GHz) applica-
tion. However, its electrical size (0.54λ g × 0.45λ g) is
found to be large. Recently, an interesting chained slot-
ted power divider using half-mode substrate-integrated
waveguide at X-band was presented [9], where compact
size can be achieved at the cost of low isolation levels
of about 12 dB. More recently, a very compact (0.17λ g
× 0.22λ g) quasi-planar four-way power splitter was re-
ported [10], wherein high isolation (20 dB) bandwidth
of 58% was achieved but with equal phases at its output
ports. Similarly, a wideband (60%) equal-phase power
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splitter (EPS) using multi-stage connection lines was re-
ported in [11]. However, both the extra loss and broad
size are found to be large.

In this paper, a highly compact four-way power
splitter with quadrature phases using double-path Z-
shaped microstrip line (DP-ZML) in the form of a dou-
ble layer is presented. The goal of this compact design is
to enable 5G low-band operation at a low cost. The pre-
dicted results are validated by a fabricated prototype pre-
senting an operating bandwidth from 696.55 to 876.03
MHz, where its return losses and isolation are of>15 dB
with phase-difference of 90◦±4◦ between adjacent out-
put ports. The ultra-compact size is achieved at 0.21λ g
× 0.21λ g.

II. GEOMETRY OF POWER SPLITTER
USING DOUBLE-PATH ZIGZAG

MICROSTRIP LINES

The initial geometry of the proposed double-path
zigzag microstrip line in the form of four sections of
ZML is shown in Fig. 1, which mimics a phase delay
of 90◦ as in the single straight ML case (Fig. 1 (a)).
The DP-ZML makes full use of PCB area and a com-
mon ground plane, wherein the ZMLs (zigzag traces)
are positioned anti-symmetrically at the top- and bottom-
side of the dual-layer FR4 substrate and electrically con-
nected through three copper vias as shown in Figs. 1 (b)
and 1 (c). In this way, the required length (phase delay)
can be generated with an extremely small footprint on
the circuit board. Meanwhile, owing to the short lines of

Fig. 1. Geometry of (a) conventional single straight ML,
(b) proposed DP-ZML (substrates not shown), and (c)
sideview of DP-ZMLs.

Fig. 2. Performance of zigzag MLs with 4 section and 12
section forms.

DP-ZML that owns a silent feature in reduction of cou-
pling between microstrip lines printed on the same plane
in comparison with parallel microstrip lines and or me-
ander lines.

Figure 2 shows and compares the simulated per-
formance of a four-section-plus-three-via (4S+3V) ZML
design and a twelve-section-with-eleven-via (12S+11V)
ZML design. The computed results are obtained by using
a High Frequency Structure Simulator (HFSS) [12] in the
frequency range of 0-2000 MHz. As seen, both the input
and output reflection coefficients (S11 and S22) are tuned
below -30dB within the frequency range, whereas the ne-
glectable insertion loss (S21) has been obtained, though
a number of vias and zigzag sections have been used.
These show that the internal impedance matching be-
tween the DP-ZML sections are well matched, whereas
the tight schematic of the ZML shown perfect features
low loss. More importantly, a quadrature phase delay
at 800 MHz was obtained in both cases, and the phase
delays varied linearly with frequency, viz., in the same
manner with the single microstrip line.

III. QPS DESIGN METHODOLOGY AND
LOGIC OPERATION

A stepwise design approach is employed to build the
4W-QPS as illustrated in Fig. 3, wherein four essential
steps are described as follows:

• Step (a): design of 50-Ω and 70.7-Ω lines with dif-
ferent line widths.

• Step (b): design of 90◦ and 180◦ phase-delay (50-Ω)
lines with optimized number of metallic vias.

• Step (c): modular design of 2-wayWilkinson power
splitter (2W-PS).

• Step (d): combination of PD lines with 2W-PSs by
directly appending the PD lines to the outputs of
PSs.
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Fig. 3. Design logic-flow of 4-way QPS at 800 MHz.

After that, overall footprint optimization of 4W-QPS
was undertaken using HFSS simulation, which com-
posed of three building blocks of 2W-PS connected with
three phase shifters, namely, two 90◦- and one 180◦-
phase delays (PDs) in order to fulfill the requirement of
4W-QPS.

The geometry in the front- and back-view of the 2W-
PS center at 800 MHz is shown in Fig. 4 (a), whereas
its simulated performance is shown in Fig. 4 (b). As can

       
(a) 

 
(b) 

Fig. 4. Design of 2-way PS using DP-ZML at 800 MHz:
(a) geometry, and (b) S-parameters performance.

be seen, the overlapped fractional bandwidth (FBW) was
achieved from 580 to 1050 MHz (57.7%), wherein its re-
turn losses (-S11 and -S22) and isolation (-S23) were ob-
tained higher than 15 dB, whereas the in-band insertion
losses (-S21 and -S31) were about 3.4 dB. Viz., an extra
loss of 0.4 dB was produced when 23 ZML sections and
22 vias were used.

IV. EXPERIMENTAL VERIFICATION AND
COMPARISON

In order to verify the performance of the previously
discussed design approach, a prototype of 4W-QPS was
fabricated by employing DP-ZMLs printed on a 0.5mm-
thick FR4 substrate (εr = 4.4, tanδ = 0.02), as shown
in Fig. 5. The photo illustrates the layout of the pro-
posed QPS, including three blocks of 2W-PS, two 90◦-
PD and one 180◦-PD. As shown, the footprint of the 4W-
QPS prototype is compressed into a size of 45 mm ×
45 mm (0.21λ g × 0.21λ g at 786 MHz, measurement)
including the SMA output connectors. Each PS is opti-
mized to operate at a stable bandwidth while maintain-
ing a 3-dB coupling level, whereas the PDs are used to
achieve constant phase difference in specific frequency
bands. Meanwhile, the isolation of the circuit configura-
tion is enhanced by three isolation resistors (IR) of 100-
Ω. Therefore, it can be clearly seen that this 4W-QPS has
a very simple and compact scale to be accommodated in
integrated systems that cannot accommodate the area re-
quired for long transmission lines.

The predicted results were obtained by using HFSS
in the frequency range of 300-1200 MHz whereas the
measurement was undertaken by a network analyzer
Agilent E8363C. Both the simulated and measured re-
sults are displayed and compared in Fig. 6. In general,
there is a good agreement between the simulation and
the measurement. The corresponding scatter-parameter

Fig. 5. Photograph of the fabricated 4-way QPS.
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Table 1: Size and performance comparison of various four-way power splitters
Ref. fc (GHz) 4W-PSdesign εr Board size

(λ g ×λ g)
Max EIL

(dB)

15-dB FBW

(%)

Ison. at

fc (dB)

[4] 7.5 OPS 2.95 0.77 × 1.36 1.2 failed 17
[5] 1.0 EPS 4.5 0.52 × 0.52 2.0 24.4 25
[6] 1 & 2 EPS 3.66 0.54 × 0.45 0.2 42 & 14 24
[7] 9.3 EPS 3.5 2.21 × 0.27 1.5 failed 12
[8] 2.1 EPS 3.5 0.22 × 0.17 0.23 26.1 27
[9] 1.0 EPS 4.5 0.63 × 0.35 3.2 ∼60 32
This
work

0.786 QPS 4.4 0.21 × 0.21 1.7 57.7 30

   
(a) (b) 

 
(c) (d) 

Fig. 6. Simulated and measured performance of the pro-
posed 4W-QPS. (a) Output reflection coefficients (S22,
S33, S44 and S55), (b) input reflection coefficient (S11),
insertion losses (S21, S31), and isolation (|S32|), (c) in-
sertion losses (S41, S51) and isolations (S42, S52), (d)
output phase delays with respect to port-2.

magnitudes were recorded when exciting at the input
(Port 1) with four outputs Port 2 to Port 5 (Fig. 5). An
overlapped fractional bandwidth (FWB) is defined from
696.55 to 876.03 MHz, where the input and output re-
turn losses (viz., -S11, -S22, -S33, -S44, -S55) and iso-
lations between output ports (viz., -S32, -S42, -S52) are
all obtained better than 15 dB, as shown in Figs. 6 (a)
to 6 (c). Moreover, the insertion losses among input and
output less than 7.7 dB (maximum). Meanwhile, Fig.
6 (d) shows that the three output Ports (3, 4, and 5) of
the 4W-QPS accomplish the phase difference of 0, 90◦,
176◦, 268◦ at 800 MHz (corresponding ideal values are
0, 90◦, 180◦, 270◦) with respect to Port 2. These values
imply a maximum phase error of 4◦ and a quadrature
phase difference between adjacent outputs. Owing to the
novel miniaturizing technique of DP-ZML, the footprint
of the 4W-QPS circuit can realize a dramatic size reduc-

tion to 45 mm × 45 mm at a center frequency of 786
MHz from measurement.

Since 4-way quadrature power splitters/combiners
are in high demand in RF/microwave circularly-
polarized antenna arrays, but designs of 4W-QPS are
hardly available from the literature, Table 1 shows the
size and performance of 4-way power splitters with
different output phases. Most of them are equal-phase
power splitters (EPSs) and one is for a 180◦ out of
phase power splitter (OPS). In our design, the phase de-
lays were implemented outside the PSs using DP-ZMLs,
nonetheless, with the smallest electrical size (0.21λ g
× 0.21λ g) in the Table. Meanwhile, two of the listed
designs failed to commit the common 15-dB overlap-
ping fractional bandwidth (FBW) with low levels of port
isolation at center frequencies. Our design committed
57.7% FBW with an isolation of 30 dB. Moreover, the
maximum extra insertion loss (Max EIL) was achieved
at 1.7 dB within the measured FBW, which is an accept-
able level in the comparison.

V. CONCLUSION

An ultra-compact four-way quadrature power split-
ter using novel DP-ZML technique is presented in this
paper. Unlike broadband 4W-QPSs that typically have
no specific application for 5G low-band in the literature,
the design objective here is a small footprint for dedi-
cated applications at 5G low-band NR frequencies. As
considered, the devised power splitter strikes a balance
between remarkable transmission characteristics, phase
deviation and minimum losses. Thanks to novel com-
pression techniques, the overall circuit size is greatly re-
duced (45 mm × 45 mm) compared to conventional pla-
nar microstrip lines for an operating bandwidth of 697
to 876 MHz with a maximum quadrature phase error of
4◦, which is sufficient to cover 5G low-band NR n12,
n14 and n20. This experiment shows that this novel two-
layer Z-shaped microstrip line structure can also be ap-
plied to other passive components for miniaturization at
low cost.
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Abstract – In order to implement wide band frequency
sweeping, the S-parameters can be fitted with an adaptive
rational interpolation based on Loewner matrix. How-
ever, the errors in the sampling data may lead to Frois-
sart doublets, which look like spikes in the curve. In this
paper, a novel technique is proposed to remove these
doublets. At first, the rational expression is converted
into the sum of partial fractions by solving two gener-
alized eigenvalue problems. After that, the partial frac-
tion term with the smallest imaginary part of the pole
and relatively large absolute value is considered to gener-
ate the doublets. Removing this term results in a smooth
rational polynomial, which is validated by the example
of a passive circuit simulated by finite element method
(FEM).

Index Terms – finite element method, Froissart doublets,
rational interpolation, S-parameter.

I. INTRODUCTION

Characterizing a passive electromagnetic structure
can be challenging. A commonly used approach is
obtaining the S-parameters through simulating the struc-
ture by frequency domain computational electromag-
netic (CEM) methods at first. Then, a rational interpo-
lation is utilized to fit the S-parameters over a wide
frequency band, which afterwards is processed by fast
Fourier transform to acquire the time domain response
of the structure.

Interpolation is widely employed in the analyses
of electromagnetic problems [1–7]. Of all the inter-
polation methods, many deal with rational interpola-
tion, such as vector fitting [8], Padé approximant [9,
10], minimal rational interpolation [11], adaptive ratio-
nal interpolation based on Loewner matrix (ARILM)
[12], etc. However, rational interpolation often suffers
from instability. Due to the roundoff error, it could

be difficult to compute rational polynomials in finite
precision arithmetic, especially for higher degree numer-
ators and denominators. On the other hand, the sampling
data at discrete frequencies obtained by CEM often con-
tains numerical errors, and the curve that goes through
these points is not exactly a rational polynomial. Subse-
quently, the interpolated rational polynomial may have
a spike-like spurious resonant point in the plot, which
is termed as Froissart doublets. Theoretically speaking,
Froissart doublets are a pair of points in a rational poly-
nomial, one a pole and the other a zero, which are adja-
cent to each other and cannot be canceled [13]. This
makes it difficult to obtain smooth functions with such
rational polynomials.

Among all the rational interpolation techniques,
ARILM is shown to be the most stable and efficient
one. It is insensitive to roundoff error, for the underlying
Loewner matrix is well-conditioned. However, ARILM
also suffers from the Froissart doublets, since only
approximated S-parameters rather than the precise ones
can be yielded by CEM. As an outgrowth of ARILM,
this paper focuses on how to determine and remove the
doublets in the rational interpolation efficiently.

There are many strategies to handle these doublets.
As a well-known rational interpolation technique, Padé
approximants are very fragile to roundoff errors in the
coefficients of the numerator and denominator poly-
nomials. It can be stabilized by a lower order Padé
approximant based on the SVD of the Toeplitz matrix
[14, 15], which performs hopping across a square block
of the Padé table to find the minimal degree denomina-
tor. However, this technique is inapplicable to ARILM.
Some have proposed to remove the doublets in Padé
approximants by reducing the roundoff errors with the
extended precision arithmetic. Unfortunately, this tech-
nique is much more time-consuming than the commonly
used double precision arithmetic [16–18]. Beckermann
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introduced three different parameters to monitor the
absence of Froissart doublets for a given general rational
function [13]. He further planned to remove the unde-
sirable doublets using the three parameters as penalties,
but such a work has remained unreported as yet. Nakat-
sukasa proposed the AAA algorithm to construct the
barycentric rational polynomial with the S-parameters at
certain sampling points and select the points greedily to
avoid exponential instabilities [19]. It identified spurious
poles by their residues with a very small threshold. Then
these doublets are removed by deleting the nearest sam-
pling points from the set of frequencies. This method is
truly applicable to ARILM, but it is obviously inefficient,
since acquiring a single sampling point by CEM may be
computationally expensive. Besides, removing the Frois-
sart doublets is of great practical significance to filter the
noise in the measured signals [15, 18 20–21]. But only
the numerically simulated signals will be addressed in
this paper.

This paper proposes a novel technique to remove
the doublets arising in the ARILM. At first, the S-
parameters of a passive circuit network are acquired
by finite element method (FEM). Next, the ARILM is
applied to capture the set of frequencies required to
perform wide frequency band sweeping. After that, the
obtained barycentric rational polynomial is converted
into a partial fraction expression. Then, the partial frac-
tion term with the smallest imaginary part of the pole and
relatively large absolute value is considered to generate
the doublets. Removing such a term leads to a smooth
rational polynomial.

II. RATIONAL INTERPOLATION BASED ON
LOEWNER MATRIX

Suppose there are 2p−1 data points obtained by
FEM:

f (si)= f i,(i = 1,2,3, · · · ,2p−1), (1)
where 0=s1< s2< · · ·< s2p−1= 1 are the normalized fre-
quencies, and f (s) is the unknown frequency response
function. All the points are partitioned into two groups:

f (λi)= wi (i = 1,2,3, · · · , p) , (2)

f (μ j)= v j( j = 1,2,3, · · · , p−1). (3)
With equation (2), f (s) can be expressed by the fol-

lowing barycentric rational polynomial:

fL (s) = Σp
i=1

αiwi

s−λi
/Σp

i=1
αi

s−λi
, (4)

where αi (i = 1, · · · , p) are unknown coefficients to be
determined by the following equation:

fL (μ j) = Σp
i=1

αiwi

μ j −λi
/Σp

i=1
αi

μ j −λi
= v j. (5)

Equation (5) leads to the condition:

Σp
i=1

v j−wi

μ j −λi
αi = 0, (6)

which is written in compact matrix form as:⎡
⎢⎢⎢⎣

v1−w1
μ1−λ1

· · · v1−wp
μ1−λp

... v j−wi
μ j−λi

...
vp−1−w1
μp−1−λ1

· · · vp−1−wp
μp−1−λp

⎤
⎥⎥⎥⎦
⎡
⎢⎣

α1
...

αp

⎤
⎥⎦= 0. (7)

The system matrix on the left side is the so-called
Loewner matrix, and the unknown coefficients can be
readily evaluated by the SVD of the Loewner matrix.
And then the rational polynomial (4), termed as the
Loewner interpolation, goes through all the 2p − 1
points. Furthermore, an adaptive procedure is introduced
in [12] to perform the interpolation efficiently.

III. REMOVING FROISSART DOUBLETS IN
RATIONAL INTERPOLATION

A. Observe the Froissart doublets

If the S-parameters of a circuit are acquired by FEM
and interpolated by ARILM, often a smooth rational
polynomial can be obtained. However, sometimes, the
interpolated rational polynomial has a spike in the curve,
given the term Froissart doublets. Froissart doublets are
mainly owing to the numerical errors of the S-parameters
at the sampling frequencies. Let’s explain the cause of
the Froissart doublets with a simple partial fraction as:

f (s) =
1.0+ j2.0

s− (0.5+ j0.001)
,0≤ s ≤ 1, (8)

which has a pole and a residual. Actually, the real part of
the pole represents the normalized resonant frequency,
while the imaginary part indicates the power loss of the
corresponding circuit. If the imaginary part of the pole is
very small, the circuit is close to lossless, and there will
be a resonance, which is characterized by a spike in the
curve as in Fig. 1.
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Fig. 1. A partial fraction with Froissart doublets.
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This partial fraction expression has an advantage
over the barycentric rational polynomial in that it indi-
cates the location of the spike. Therefore, the latter will
be converted into the sum of the former. Then, the resid-
ual and pole of every partial fraction term will be ana-
lyzed to find the connection among the spike, the poles,
and the residuals.

B. Convert the Loewner interpolation into the partial
fraction expression

Loewner interpolation can be rewritten as:

fL (s) = Σp
i=1

αiwi

s−λi
/Σp

i=1
αi

s−λi
� N/D. (9)

The zeros of N are also the zeros of fL (s) , while the
zeros of D are the poles of fL (s). The zeros of D can be
obtained by solving the following equation:

D = Σp
i=1

αi

s−λi
= 0. (10)

This equation is equivalent to a generalized eigen-
value problem:⎡

⎢⎢⎢⎢⎢⎣

0 α1 α2 · · · αp
1 λ1
1 λ2
...

. . .
1 λp

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

x0
x1
x2
...

xp+1

⎤
⎥⎥⎥⎥⎥⎦=

λ

⎡
⎢⎢⎢⎢⎢⎣

0
1
1
. . .
1

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

x0
x1
x2
...

xp+1

⎤
⎥⎥⎥⎥⎥⎦ , (11)

which can be solved readily. Similarly, the zeros of N
can be attained by solving another generalized eigen-
value problem:⎡

⎢⎢⎢⎢⎢⎣

0 α1w1 α2w2 · · · αpwp
1 λ1
1 λ2
...

. . .
1 λp

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

x0
x1
x2
...

xp+1

⎤
⎥⎥⎥⎥⎥⎦=

λ

⎡
⎢⎢⎢⎢⎢⎣

0
1
1
. . .
1

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

x0
x1
x2
...

xp+1

⎤
⎥⎥⎥⎥⎥⎦ . (12)

Once all the poles and residuals are obtained, for-
mula (9) can be converted into the pole-zero expression:

fL (s) = N/D = dΠp−1
i=1 (s− ci)/Πp−1

i=1 (s−bi). (13)
The constant d can be determined by any one of the

sampling points, say (λ1,w1), as:
d = w1Πp−1

i=1 (λ1−bi)/Πp−1
i=1 (λ1−ai). (14)

Then, the pole-zero expression is rewritten as the
sum of partial fractions:

dΠp−1
i=1 (s− ci)/Πp−1

i=1 (s−bi) = Σp−1
i=1

ai

s−bi
+a0, (15)

where both sides have the identical poles and only the
residuals ai remain unknown. Since the partial fraction
expression goes through the sampling points in (2), we
have:⎡
⎢⎢⎢⎢⎢⎢⎣

1 1
λ1−b1

1
λ1−b2

· · · 1
λ1−bp−1

1 1
λ2−b1

1
λ2−b2

· · · 1
λ2−bp−1

...
. . .

1 1
λp−1−b1

1
λp−1−b2

1
λp−1−bp−1

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎣

a0
a1
a2
...

ap−1

⎤
⎥⎥⎥⎥⎥⎦=

⎡
⎢⎢⎢⎢⎢⎣

w1
w2
w3
...

wp

⎤
⎥⎥⎥⎥⎥⎦ .

(16)
Finally, the residuals ai are attained, and the

barycentric rational polynomial (4) is converted into the
partial fraction expression:

fL (s) = Σp
i=1

αiwi

s−λi
/Σp

i=1
αi

s−λi
= Σp−1

i=1
ai

s−bi
+a0.

(17)

C. Find and remove Froissart doublets

As discussed before, the Froissart doublets may be
introduced by a partial fraction term, whose pole has a
very small imaginary part. Therefore, we check every
partial fraction term in (17) to determine which one may
cause the doublets. As for the kth term, we divide (17)
into two parts:

fL (s)=
[

ak

s−bk

]
+

⎡
⎢⎢⎣Σp−1

i= 1
i	=k

ai

s−bi
+a0

⎤
⎥⎥⎦� fk (s)+ fR (s) ,

(18)
where the poles are denoted by bi=bix+ jbiy,
and ε is a threshold to judge the doublets. If
bky=mini=1,···,p−1 (|biy|) and | f k (bkx) |>| f R (bkx)|×ε ,
there are doublets located at bkx.

In order to remove the doublets, we delete the kth

term in the partial fraction expression. In other words,
fL (s) is approximated by fR (s). And then, the original
sampling points are replaced with those computed by
fR (s):

fR (si) = f ∗i , (i = 1,2,3, · · · ,2p−1). (19)
Finally, we construct another Loewner interpolation

with these (2p−1) new sampling points:
f ∗L (s) = Σp

i=1
α∗

i w∗
i

s−λi
/Σp

i=1
α∗

i
s−λi

, (20)

which will be smooth and have no Froissart doublets.

IV. NUMERICAL RESULTS

Figure 2 shows a passive circuit with 26 ports, which
is simulated by FEM to obtain the S-parameters over a
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Fig. 2. The 26-port passive circuit being simulated.

very wide frequency band from 0.1 GHz to 250 GHz.
We use ARILM to accomplish the wide band frequency
sweeping, which starts with 3 sampling points and con-
verges with 21 points. Note that all the S-parameters are
interpolated with the same 21 frequencies. In order to
determine the doublets, we set the threshold ε = 1.0.

The curve of S26,1 is shown in Figs. 3 and
4. The interpolated rational polynomial has a spike
at 157.6 GHz. Table 1 shows that the third par-
tial fraction satisfies b3y = mini=1,··· ,p−1(|biy|) and
| f 3 (b3x) |> | f R (b3x)| × ε , where b3x= 0.6305 corre-
sponds to 157.6 GHz. Therefore, the third partial fraction
causes the spike. Figures 3 and 4 show that the Froissart
doublets are removed by the proposed method and the
resulting curves are still a good approximation to the ref-
erence curves.

The curves of S25,10 are shown in Figs. 5 and
6. The interpolated rational polynomial has a spike at

 Proposed

 Reference

 ARILM

 Samp. points

Fig. 3. Real parts of S26,1.

 Proposed

 Reference

 ARILM

 Samp. points

Fig. 4. Imaginary parts of S26,1.

Table 1: Residuals, poles, and function values of S26,1
No. Residual

ai

Pole
bix+ jbiy

fk (bkx) fR (bkx)

1 -0.000028
-j0.000008

0.952253
-j0.028919

0.000952
+j0.000272

0.000604
-j0.001296

2 -0.000315
+j0.000332

0.836766
+j0.076300

-0.004134
+j0.004345

0.004356
-j0.001552

3 -0.000008

-j0.000002

0.630471

-j0.000103

0.073629

+j0.021013

0.005099

-j0.001753

4 -0.000034
+j0.000076

0.463729
+j0.028439

0.001191
+j0.002662

0.000447
+j0.001365

5 -0.000724
+j0.003600

0.328455
+j0.099524

-0.007271
+j0.036169

0.027796
-j0.013676

6 0.000019
+j0.000014

0.326027
-j0.072588

-0.000260
-j0.000192

-0.008067
-j0.021470

7 0.000529
-j0.003231

-0.202759
+j0.057593

0.009192
-j0.056095

-0.006324
+j0.003122

8 0.003413
-j0.003550

0.157954
+j0.104093

0.032789
-j0.034107

-0.011102
-j0.030392

9 0.000085
+j0.000278

0.168986
+j0.022184

0.003820
+j0.012519

0.036364
-j0.000254

10 0.000197
-j0.000179

0.087280
+j0.053472

0.003678
-j0.003353

0.008093
+j0.009259

33.32 GHz. As is shown in Table 2, this spike is gener-
ated by the ninth partial fraction, in which b9x= 0.1329
corresponds to 33.32 GHz. Figures 5 and 6 show that
after removing the spike, the curves obtained by the pro-
posed method are in good agreement with the reference
curves.

The curves of S26,20 are given in Fig. 7, which
has no spike. Table 3 shows that the fifth par-
tial fraction has the minimum imaginary part, but
| f 5 (b5x) |> | f R (b5x)|× ε is not satisfied. Therefore, the
above three S-parameters validate the efficacy of the
proposed method, which can exactly identify the partial
fraction with Froissart doublets.
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 Proposed

 Reference

 ARILM

 Samp. points

Fig. 5. Real parts of S25,10.

 Proposed

 Reference

 ARILM

 Samp. points

Fig. 6. Imaginary parts of S25,10.

 Real_reference
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 Real_ARILM

 Imag_ARILM
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Fig. 7. Real parts and imaginary parts of S26,20.

Table 2: Residuals, poles, and function values of S25,10
No. Residue Pole fk (bkx) fR (bkx)
1 -0.002966

-j0.001250
1.275554
-j0.013567

0.218629
+j0.092157

0.004306
+j0.009232

2 -0.000735
+j0.001602

0.834878
+j0.125776

-0.005848
+j0.012736

0.010899
+j0.011212

3 -0.000254
-j0.000258

0.609035
+j0.048807

-0.005195
-j0.005294

0.005349
+j0.008287

4 0.000137
+j0.000162

0.476290
+j0.032733

0.004186
+j0.004946

0.000630
+j0.015302

5 0.000615
+j0.000448

0.419796
+j0.033937

0.018121
+j0.013208

-0.013543
-j0.001148

6 -0.005674
+j0.003293

0.285817
+j0.111489

-0.050893
+j0.029541

0.026137
+j0.010261

7 0.000603
+j0.000059

0.172140
+j0.021737

0.027729
+j0.002702

0.034888
-j0.015548

8 0.003731
+j0.000644

0.088112
+j0.103326

0.036113
+j0.006236

0.018777
-j0.024063

9 -0.000004

-j0.000003

0.132949

+j0.000041

-0.086857

-j0.076599

0.020033

+j0.005948

10 0.000183
-j0.000006

-0.051439
-j0.058124

-0.003142
+j0.000098

0.000234
-j0.003244

Table 3: Residuals, poles, and function values of S26,20
No. Residue Pole fk (bkx) fR (bkx)
1 -0.004838

-j0.008596
-1.362713
-j0.246348

0.019640
+j0.034892

0.004869
+j0.007194

2 -0.000198
-j0.000400

0.887203
+j0.102572

-0.001928
-j0.003898

-0.002806
+j0.005414

3 -0.001274
+j0.000307

0.672367
+j0.132489

-0.009615
+j0.002316

0.000149
+j0.011496

4 0.000217
+j0.000564

0.605122
+j0.075424

0.002880
+j0.007479

0.004231
-j0.002434

5 0.000005

+j0.000005

0.534310

+j0.013026

0.000364

+j0.000349

-0.000469

-j0.001958

6 -0.000191
+j 0.000034

0.412166
+j0.025577

-0.007484
+j0.001314

0.003694
+j0.001489

7 0.000023
-j0.000019

0.295191
+j0.029625

0.000788
-j0.000634

0.002878
+j0.004267

8 0.000300
+j0.000497

0.224718
+j0.088547

0.003387
+j0.005611

0.003941
+j0.000424

9 0.000023
-j0.000010

0.166183
+j0.020046

0.001129
-j0.000508

-0.002189
+j0.000268

10 0.000003
-j0.000053

0.091299
+j0.063231

0.000045
-j0.000837

-0.001142
-j0.000366

V. CONCLUSION

This paper proposes a new technique to remove the
Froissart doublets in an adaptive rational interpolation
based on the Loewner matrix. Numerical results indi-
cate the efficacy of the proposed method. Although the
proposed technique is tailored for ARILM, it is also
applicable to other rational interpolations. In addition,
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the threshold ε is manually set according to specific
circuits, and it will be chosen automatically in future.
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putation of Padé approximants,” Journal of Algo-
rithms, vol. 1, pp. 259–295, 1980.
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Abstract – In this paper, a super-broadband (SBB)
rectifier using a wideband resistance compression net-
work (WRCN) and harmonic cycling is proposed, sim-
ulated, fabricated, measured and analyzed in detail for
the harvesting of ambient radio frequency (RF) energy.
Meanwhile, impedance compression and matching are
achieved to implement the SBB using WRCN and
impedance operation networks. Additionally, harmonic
cycling structure and bending technology are employed
to improve the power conversion efficiency (PCE) and
reduce the size, respectively. For demonstration, a proto-
type of the proposed rectifier is fabricated and measured.
The measured results are in good accordance with the
simulated ones, indicating that the rectifier can provide
high efficiency and ultra-broadband rectification charac-
teristics. A PCE over 50% is realized at 3.5GHz with
an input power range of 6–24 dBm, and a PCE of 75%
is obtained at an input power of 18 dBm. The PCE is
greater than 50% at 17 dBm with an input frequency of
2.7-4.6GHz. This work can find significant applications
in the development of RF-harvesting.

Index Terms – bending technique, harmonic cycling,
RF-harvest, super-Broadband rectifier, wide-band resis-
tance compression technique.

I. INTRODUCTION

With the rapid development of communication tech-
nologies, human beings’ living surroundings are full of
electromagnetic waves. If these electromagnetic ener-
gies can be recycled and harvested on the spot, we
can get rid of the limitation that their batteries deter-
mine the lifetime of electronic devices. Consequently,
radio frequency (RF)-harvest is currently attracting much

attention in scientific and industrial fields. Various
RF-harvest devices are currently used in the medical
field, smart homes, electric vehicles, consumer elec-
tronics, and drone charging [1]. Many rectifiers can
now achieve high power conversion efficiency (PCE)
in narrow band ranges. However, with the rise of 5G
and Internet of Things (IoT) technologies and MIMO
radars [2], wider bands are being used for wireless
communications where the electromagnetic energy is
distributed across multiple bands. Therefore, it is becom-
ing increasingly important to design broadband recti-
fiers to maximize the amount of power that can be
harvested [3, 4].

A lot of rectifiers have been reported to address
these mentioned problems. A rectifier consisting of a
two-stage coupler is proposed and discussed in [5],
which allows the reflected power caused by impedance
mismatch to be re-rectified, improving the rectification
efficiency, and a fractional bandwidth of 21.5% and
a PCE over 70% have been achieved from 2.08GHz
to 2.58GHz. The rectifier in [6] uses a non-uniform
transmission line to achieve broadband rectification
characteristics, resulting in a PCE higher than 50%
over a bandwidth of 0.4–1GHz. In [7], a two-stage
impedance matching network was used to achieve a
PCE greater than 50% with a fractional bandwidth
over 37% (1.8–2.72GHz). In [8], by using a taper
impedance matching network, a broadband rectifier is
achieved over 2–3.05GHz with an input power of
10 dBm, and a peak PCE of 75.8% is obtained at
an input power of 14 dBm. There are other methods
to increase the operating bandwidth of rectifiers by
using sub-rectifiers operating in a different band range
[9, 10]. In addition, the PCE can be improved by increas-
ing the matching quality using varactor diodes and
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MOSFETs given in [10, 11]. However, it is still a great
challenge to design rectifiers to cover multiple frequency
bands.

This paper proposes an ultra-broadband recti-
fier with a wideband resistance compression network
(WRCN) and harmonic cycling for RF-harvesting to
address this issue. Two branches are connected using
WRCN to achieve wideband impedance matching. The
PCE of the rectifier is further improved with broad-
band, and a harmonic cycling technique is considered to
achieve a broadband high-efficiency rectifier. The pro-
posed rectifier is designed to get a PCE greater than
50% at an input power of 17 dBm from 2.7 to 4.6GHz,
which has a fractional bandwidth over 65% and provides
a peak PCE up to 75% at 3.5GHz with an input power
of 18 dBm.

II. THEORETICAL ANALYSIS OF THE
RECTIFIER

Figure 1 is the schematic diagram of the designed
super-broadband (SBB) rectifier for RF energy harvest-
ing applications using WRCN and harmonic cycling.
The SBB rectifier circuit consists of two load resis-
tors, a DC-pass filter (part A), two HSMS286C Schottky
diodes, an impedance operating network (part B) and a
wideband WRCN (part C).
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Fig. 1. Schematic of the proposed super-broadband rec-
tifier.

A. Design of the DC-pass filter and harmonic cycling

Since the Schottky diode is a non-linear component,
it would generate fundamental frequency and high har-
monics in the process of converting the RF signal to DC
signal, while the high harmonics are mainly dominated
by the second harmonic, and the rest of the high harmon-
ics carry too little energy that can be negligible. In order
to make the output voltage more stable, DC-pass filters

combine lumped and distributed elements in this design,
which is to smooth the output DC waveform and return
the fundamental and higher harmonics to the Schottky
diode for re-rectification.

The harmonic cycling structure in the proposed
broadband rectifier consists of three linear microstrip
stubs and three fan-shaped microstrip stubs. As depicted
in Fig. 2, a fan-shaped stub has two characteristic param-
eters: the radius r1 and the angle α . The input impedance
of the fan-shaped stub can be calculated from equa-
tions (1), (2), (3) and (4) [12]:

Fig. 2. Characteristic parameters of the fan-shaped stub.
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Fig. 3. The simulated S-parameters of harmonic cycling.

X1 =
h
2πr1

Z0(r1)
360
a
cos(θ1−ϕ2)
sin(ϕ1−ϕ2)

, (1)

tanθ1 =
N0(kr1)
J0(kr1)

, tanϕ1 =
J1(kr1)
N1(kr1)

,(i = 1,2), (2)

Z0(r1) =
120π√

εr

[
J02(kr1)+N02(kr1)

] 1
2[

J12(kr1)+N12(kr1)
] 1
2
, (3)

k =
2π

√
εre

λ0
, (4)

where J0(x), N0(x), J1(x), N1(x) represent the first class
of 0-order Bessel function, the second class of 0-order
Bessel function, the first class of 1-order Bessel function
and the second class of 1-order Bessel function, respec-
tively. λ0 denotes the wavelength in free space, εre is the
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equivalent dielectric constant, and h is the thickness of
the dielectric substrate. In addition, the resonance point
of the input impedance of the fan-shaped stub is less
affected by frequency variations than that of the linear
stub. Thus, the smoother return loss S11 curve of the fan-
shaped stub provides a broader bandwidth, which also
exhibits a wider stop band in the DC-pass filter. Here,
the DC-pass filter mainly consists of fan-shaped stubs
and linear stubs, with the fan-shaped stubs to reduce the
longitudinal size and the linear stubs to avoid the prob-
lem of the excessive transverse size of the fan-shaped
stubs. The S-parameter is presented in Fig. 3, showing
that the designed DC-pass filter can suppress the funda-
mental and higher harmonics of the RF signal and ensure
a smooth DC output.
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Fig. 4. Comparison of the PCE with and without the har-
monic cycling structure.

A comparison of the PCE with and without har-
monic loop structure at an input power of 15 dBm is
shown in Fig. 4, where the DC-pass filter can recover
fundamental and second harmonics over a wide fre-
quency range and improve the PCE. Furthermore, since
the filter will be integrated into the circuit, there will be
inevitable interactions with the other structures. There-
fore, the parameters of the DC-pass filter structure should
be adjusted to be optimal for the entire rectifier circuit
design.

B. Design of an impedance operation network (ION)

In this design, an ION is used to convert the complex
impedance Zin1 into a wide resistance Zin3. The upper
and lower branches in the ION have the same structures,
which both consists of two short-circuit stubs TL1 (TL2),
TL5 (TL6) and a section of microstrip transmission line
TL3 (or TL4). Thus, the upper branch is used as an exam-
ple to discuss the operating principle and parameters in
this section.

Firstly, the upper branch of the ION consists of two
short-circuit stubs TL1, TL5 and a section of microstrip
transmission line TL3, where TL1 is mainly to coun-
teract the capacitive characteristics carried by parallel

branch diodes. Since the diode is mainly capacitive in its
operating range, TL1 is used as a short-circuit inductor to
compensate for the capacitive characteristics of the diode
in the operating band by connecting the inductive and
capacitive in series. The characteristic impedance and
electrical length of TL1 are Z1 and θ1, respectively. The
input impedance of the diode in parallel is denoted as
Zd1=Rd1+ jXd1. Then, the input impedance of the branch
after series connection with TL1 can be described as:

Zin1( f ) = Rd + jXd + jZ1 tanθ1. (5)
In order to better understand the design, we define

the operating band as ( f1, f2), where f1< f2 and f2/ f1=k,
which can be further denoted as θ ( f2)=kθ ( f1)=θ1. Under
ideal circumstances, TL1 should compensate for the
capacitive characteristic of caused by the diodes in par-
allel branch with frequency ranging from f1 to f2, and
hence, the characteristic impedance and electrical length
of TL1 for a specific power can be calculated using:

Im(Zin1( f1)) =−Im(Zin1( f2)). (6)
The TL1 can reduce the input impedance vari-

ation of the two diodes in the operating bandwidth
and provide a basis for further impedance compression.
The diode used in this design is the HSMS286C, and
we integrate two diodes into one package. After opti-
mization in Advanced Design Simulation (ADS) with
Harmonic Balance Simulation (HB), the characteristic
impedance and electrical lengths of TL1(TL2) is calcu-
lated at 3.5GHz to be Z1=81Ω, θ1=41.2 deg. At an input
power of 17 dBm, the input impedance Zin1 is shown in
Fig. 5 after using the series short-circuit stub TL1(TL2),
which is equivalent to an inductor, to cancel the diode
capacitance.
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Fig. 5. Comparison of with and without TL1.

Secondly, the microstrip transmission line TL3 has
the role of adjusting the imaginary part of the recti-
fier’s input impedance Zin2 after TL1. To calculate the
characteristic impedance Z3 and electrical length θ3 of
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the series microstrip transmission line TL3, the recti-
fier initial input impedance at f1 and f2 is expressed as
Zin2( f1)=Rd11+ jXd11 and Zin2( f2)=Rd22+ jXd22. Then, the
rectifier input impedance at f1 and f2 after TL3 can be
obtained and is given by equations (7) and (8):

Zin3( f1) = Z3
Zin2( f1)+ jZ3 tanθ3( f1)

Z3+ j(Zin2( f1)) tanθ3( f1)
, (7)

Zin3( f2) = Z3
Zin2( f2)+ jZ3 tanθ3( f2)

Z3+ j(Zin2( f2)) tanθ3( f2)
. (8)

The characteristic impedance and electrical length
of TL3(TL4) were calculated to be Z4=77Ω, θ3=153 deg
at 3.5GHz. Zin2( f1) and Zin2( f2) in the equations can be
obtained using ADS simulation. Figure 6 shows the input
impedance Zin3 of the rectifier in the 2.5–5.5GHz band.
It is observed that at an input power of 17 dBm, the real
part of Zin3 in the frequency band of interest is approx-
imately 39–50Ω, and the imaginary part nearly oddly
symmetrical about the 3.5GHz frequency. In addition, a
bending technique has been adopted in this design, which
greatly reduces the space occupied by the TL3, saving
space and reducing manufacturing costs.
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Fig. 6. Comparison of before and after TL3.

Thirdly, the input impedance of the rectifier is fur-
ther compressed by TL5, which compresses the complex
impedance into a wide resistance. Calculating the electri-
cal length θ5 and characteristic impedance Z5 of TL5, the
inductance of the rectifier input impedance Zin3 at f1 and
f2 is expressed as Gin3- jBin3, Gin3+ jBin3, respectively.
Then, the inductance at f1 and f2 after TL5 is expressed
as:

Yin4( f1) =
1

jZ5 tanθ5
= jBin3, (9)

Yin4( f2) =
1

jZ5 tanθ5
=− jBin3. (10)

The characteristic impedance and electrical
length of TL5(TL6) were calculated to be Z4=77Ω,
θ3=79.7 deg at 3.5GHz. Combining the two above equa-
tions gives the characteristic impedance and electrical

length of TL5. Further compression is applied to the
input impedance to get oddly symmetric about the resis-
tance axis. Compared to the graph before compression,
the compressed input impedance only varies around the
resistive axis of the Smith chart. It is worth noting that
the proposed ION can also work over a wide range of
input powers since the input impedance of a Schottky
diode rectifier varies with the input power and has a
similar trend in the bandwidth.

C. Design of a WRCN

In this section, a WRCN is used to achieve
impedance matching of the rectifier over broadband. The
precondition for using WRCN is that the rectifier should
have two branches. The principle behind it lies in the
use of two transmission lines with electrical lengths of
90◦+Δθ and 90◦-Δθ , respectively, which can reduce the
fluctuation of the input impedance due to load changes
when it is connected in parallel. Compared to impedance
compression networks, RCN requires additional ION,
and impedance manipulation networks can transform
complex impedances into wide resistances over a wide
frequency range to a more stable achieve impedance
matching over broadband.

The idea of designing the WRCN is presented as
follows. Firstly, the WRCN should provide a resistor
in the broadband, which is obtained from the previ-
ous ION analysis. For a conventional microstrip linear
resistive compression network, it is difficult for the two
branches to maintain complementary electrical lengths
in the broadband, which can be well solved by using a
double coupled line. Let the coupled line TL7 have an
even-mode (odd-mode) characteristic impedance of Ze
(Zo) and an electrical length of θc1 at f1 and θc1 at f2.
Regarding the coupled line as a section of the transmis-
sion line, the characteristic impedance of this transmis-
sion line is Zeq, while the electrical lengths at f1 and f2
are θeq1 and θeq2, respectively. To achieve complemen-
tarity of electrical lengths, θeq1 and θeq2 should satisfy:

θeq1+θeq2 = 180◦. (11)
Then, the ABCD transmission matrix of the coupled

line at f1 is modeled as equations (12), (13) and (14):
Ze −Zotan2θc1

Ze +Zotan2θc1
= cosθeq1, (12)

2ZeZo j tanθc1

Ze +Zotan2θc1
= jZeq sinθeq1, (13)

2 j tanθc1

Ze +Zotan2θc1
= j

sinθeq1

Zeq
. (14)

Similarly, the equivalent ABCD transmission matrix
of the coupling line at f2 can be obtained. The charac-
teristic impedance and electrical lengths for the coupled
line can be calculated using the above four equations,
where the electrical lengths operating at f1 and f2 have a
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relationship of θc2=k×θc1. The characteristic impedance
and electrical length for TL6 can be obtained using the
same analysis, except that the equivalent electrical length
of TL6 at f1 is θeq2 that equals to (180◦-θeq1), and the
equivalent electrical length at f2 is θeq1. In addition, the
parallel impedance of the two branches is 50Ω, which
matches the source impedance.

III. IMPLEMENTATION AND
MEASUREMENT RESULTS

Based on the above principle analysis, the layout of
the proposed rectifier is modelled in ADS and jointly
optimized, which is shown in Fig. 7. The rectifier is
printed on a F4B (εre=2.55, tanδ=0.002) dielectric sub-
strate with thickness of h=0.762mm and a total size of
94×60mm2. Herein, two HSMS2862C are used as recti-
fier diodes, and the capacitors are all Murata’s GRM18
series 100 pf capacitors, and the load resistance is 650Ω.
To facilitate adjustment, two experimental resistor boxes
are used in the test. Alternatively, if it was preferred to
use only one load, the resistance value of the replace-
ment load should be twice the resistance value of the ini-
tial load, and the PCE would remain almost unchanged.
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Fig. 7. Layout of the proposed rectifier.

In the experiment, an Agilent PNA-X vector net-
work analyzer is used as a signal source, two adjustable
resistor boxes are used as load resistors, and a multi-
meter is used to measure the output voltage. The pro-
posed ultra-broadband rectifier is analyzed, fabricated
and tested. Figure 8 gives a comparison of the simulated
S11 of the proposed rectifier with the measured results
at an input power of 17 dBm, showing that the rectifier
has a good broadband characteristic. Herein, the PCE is
calculated using equation (15) [13, 14]:

PCE(%) =
PDC

PRF
=

V 2
out1+V 2

out2
RL ·PRF

. (15)

Figure 9 presents the simulated PCE versus mea-
sured PCE for input powers at 5 dBm, 10 dBm, 17 dBm,
20 dBm, respectively. From the results, we found that
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Fig. 8. (Upper lines) Measured and simulated S11 of the
rectifier. (Lower lines) Measured and simulated PCE ver-
sus input power at 3.5GHz.
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Fig. 9. Measured and simulated PCE variations at dif-
ferent input power levels (a) 5 dBm, (b) 10 dBm, (c)
17 dBm, and (d) 20 dBm.

Table 1: Comparison between the suggested rectifier and
related designs

Ref. Freq.(GHz) FBW. Max-PCE Size(mm2)
[5] 2.08–2.58 20.8% 80.8% 126×68
[8] 2–3.05 41.5% 75.8% —
[15] 0.915 — 74.2% —
[16] 1.7–2.9 50% 76% 56×36

This work 2.7–4.6 52% 75% 94×60

there is a maximum band range of 2.7-5GHz at an input
power of 17 dBm with PCE>50%.
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Figure 8 shows the simulated and measured PCE
variation with input power at a frequency of 3.5GHz.
We can see that the maximum conversion efficiency of
77% is obtained when the input power is 19 dBm, and a
PCE>50% is achieved with an input power of 6-24 dBm.
Table 1 shows a comparison between the proposed rec-
tifier and some previous similar works. The proposed
rectifier has the widest bandwidth and balanced PCE.
The difference between the experimental and simulated
results is mainly caused by soldering errors and insertion
losses of the SMA connectors.

IV. CONCLUSION

A super-broadband rectifier using a WRCN and har-
monic cycling is proposed for RF-harvesting. Impedance
matching over a wide bandwidth is achieved by using
an impedance operation network consisting of three
microstrip lines and aWRCN designed via coupled lines.
The harmonic cycling structure further improves the
PCE of the rectifier, while the bending technique is used
to reduce the size of the rectifier. The proposed rectifier
achieves a PCE over 50% from 2.7-4.6GHz at an input
power of 17 dBm, and the designed rectifier has a frac-
tional bandwidth of over 50%. The techniques described
in this work can also apply to other rectifier circuits.
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