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Abstract: - The Envelope Correlation Coefficient (ECC) is crucial for assessing multiple sensor systems in
wireless communication, sensing, and microwave imaging. ECC measures signal similarity between sensors,
with higher values (close to 1.00) indicating strong correlation. Efficient power transmission, reception, and
multiband path transmission enhance sensor network performance by improving data rates and reliability through
multiple frequency bands. This study uses scattering parameters to calculate ECC for four different sensors in a
single arrangement. Most of the sensors exhibit higher correlation at f2 and {3, while f1 shows a low ECC.
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1 Introduction Appropriate analytical techniques are used to
n MIMO communication systems, the correlation calculate ECC, which can be done using three
between signals received from different sensors is methods. The first method, based on the far-field
measured by the Envelope Correlation Coefficient radlgtlon pattern, 1s time-consuming and %nvolves
(ECC), which significantly impacts system det;uled numerical or experimental analysis [3.-6].
performance parameters, including diversity gain and This method makes it necessary to do appropriate
capacity. Strong correlation is indicated by a high qumerlcal or .experlmental analysis, which makes it a
ECC (near 1.00), whereas signal independence is time-consuming procedure. The second method uses
demonstrated by a low ECC (near 0.00) [1]. The use Clarke's formula and has gamgd p(_)pularlty recently
of ECC in microwave imaging for security screening, [7-9]. The third method, used in this study, employs
non-destructive testing, and medical diagnostics is scattering parameters from the sensor’s elements,
understudied despite its extensive research in MIMO. making it suitable for experimental measurements
High ECC can enhance the redundancy and [10-12]. Ig this study, the ECC of four pairs of
coherence of signals, leading to better resolution and sensors, using scattering parameters, was analyzed.
accuracy in imaging [2]. For sensor networks, The _sensors have dlfferenF resonant frequencies,
especially in situations where direct electrical ranging from dual-band to tri-band.

connections are impractical, efficient power

transmission and reception are important. Consistent 2 Formulation

power is maintained using methods such as radiative The fundamental Equation (1) [3] that calculate the
power transmission, resonant inductive coupling, and ECC requires 3-dimensional radiation pattern
inductive coupling. Moreover, the implementation of consideration.

multiband path transmission further enhances sensor

network performance. By utilizing multiple

frequency bands, multiband transmission improves — — 2
2. . F,(6, F, (0, an

data rate and reliability, reduces interference, and Po = |ff4”[ i ;b) * ¢)] |2

maximizes bandwidth utilization. This capability is I, |Fi6.0)| de [f, |F(6,4)| d2

particularly beneficial in dynamic environments

where sensor networks must adapt to varying

conditions.
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The parameter F{(G, ¢) is the field radiation pattern
of the sensors. This parameter can only be used when
port i is excited, and all other ports are terminated to
a 50 Q load. The symbol of e denotes the Hermitian
product, which is used in linear algebra and quantum
mechanics.

On the other hand, ECC can also be defined using a

closed-form equation that utilizes the scattering
parameters of the sensors. For this study, Equation 2
[3] is suitable as a good approximation due to its
uniform distribution. Scattering parameters for two-
element sensors can be described as follows:

_ |S11 % S12 + Sp1 * Sy
(1 = 181112 = 152119 (A = [S22* = I5121%)

Pe 2)

The radiation pattern in Equation (1) is much more
complicates the calculations compared to the
envelope correlation in Equation (2). The second
equation is straightforward to use and produces
accurate results in all situations, even inside with
high multipath propagation performance.

3 Sensors Configuration

The mathematical formula in Equation 2 requires the
scattering performance from two identical sensors. In
this study, four pairs of sensors with transmitters and
receivers operating at different frequencies have been
used to study the ECC. Fig. 1 shows the printed four
pairs of sensors. These sensor pairs are referred to as
Sensor 1, Sensor 2, Sensor 3, and Sensor 4. The
characteristics of these sensors are summarized in
Table 1. Each transmitter and receiver pair has a
similar resonant frequency. Fig. 2 shows the return
loss of Sensors 1 through 4.

Sensor 1 has a triband operating frequency at 1.67,
2.15, and 2.64 GHz with return losses of 22.07,
24.34, and 20.50 dB, respectively. Sensors 2 through
4 have dual-band operating frequencies. Sensor 2
operates at 1.69 and 2.16 GHz with return losses of
20.31 and 21.47 dB, respectively. Sensor 3 has the
lowest return loss, at 19.40 and 16.88 dB, with
operating frequencies at 1.70 and 2.65 GHz. Lastly,
Sensor 4 has resonant frequencies at 2.16 and 2.57
GHz with return losses of 21.26 and 11.24 dB,
respectively. The vector network analyzer used is a
portable vector network analyzer (NanoVNA V2).

The introduced sensor system has been studied and

investigated in terms of ECC measurement using a
circular arrangement. Pairs of Sensors 1 through 4 are
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connected using individual portable vector network
analyzers, and scattering parameters are recorded, as
shown in Fig. 3. The arrangement was set with
Sensors 1 through 4 arranged in a circle, with a
distance of 20 cm between each transmitter and
receiver. The illustration of this arrangement is
shown in Fig. 4. As depicted, the arrangement starts
with the transmitter of Sensor 2 placed side by side
with the transmitter of Sensor 4 and the receiver of
Sensor 3. The transmitter of Sensor 1 is adjacent to
the transmitters of Sensors 4 and 3. The measurement
of ECC has been repeated 50 times for all
configurations to ensure the data is consistent and
reliable.

(d)

Fig.1 Fabricated Sensor (a) Sensor 1, (b) Sensor 2,
(c) Sensor 3, (d) Sensor 4
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Fig. 2 Sensor’s return loss

Table 1. Sensor’s resonant frequencies

Sensor | Resonant Return Loss (-dB)
Frequency (GHz)
fl 2 3 fl 2 3

1.67 | 2.15 | 2.64 | 22.07 | 24.34 | 20.50

1.69 [ 2.16

1.70 |

(W=
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Fig.3 4x4 MIMO communication system setup
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Fig.4 Sensor’s arrangement

4 Result and Discussion

The arrangement of the sensors has been studied and
investigated in terms of ECC measurements. The
corresponding results have been obtained for each
configuration and each sensor. To wuse the
mathematical formula proposed by Equation (2), the
corresponding S-parameters have been measured
from all the sensors, as shown in Table 2. Table 2
presents the values of S11, S21, S12, and S22 for all
sensors at each resonant frequency. The data is taken
as the range between the maximum and minimum
values of the S-parameters across 50 sets of data. For
example, the highest value of S11 was recorded for
Sensor 3 at f1, which is -23.00 dB. Using the data
from Table 2, the ECC value can be calculated using
the mathematical formula in Equation (2).

Table 2. The result of S-Parameter for all sensors

Co S Fre S11 S21 S12 S22
. e
nfg n q
. Min Max Max Min Max Min Min Max
f1 -15.37 17.09 8.0. -29.72 -28.31 -29.70 15.38 -17.07
1 2 -10.03 10.22 -24.46 -25.00 -24.52 -24.99 10.02 -10.23
f3 3.80 3.89 3034 31.00 3081 3140 382 3.90
A
fl -14.49 14.69 -24.51 -25.46 -24.50 -25.45 14.50 -14.70
2
2 -10.03 1022 2446 -25.00 2452 24.99 -10.02 -10.23
3 fl 2068 -23.00 3178 34.92 31.88 3491 20.72 2293
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3 526 552 40,01 4101 40.10 41.06 526 552

2 -10.78 -1L11 23.50 2374 2348 2374 -10.79 -1L13
4

3 697 277 2072 2231 2085 2135 729 753

Fig. 5 presents the ECC values for Sensors 1 to 4
across frequencies fl to f3. From the figure, it is
evident that fl shows the lowest ECC among all
frequencies for all sensors. Sensor 2 has an ECC
value of 0.61, while Sensor 3 has the lowest ECC
value of 0.15. Meanwhile, at f2 and f3, most sensors
exhibit ECC values closer to 1.00, indicating better
signal correlation. At f1, the lower ECC values
suggest that the propagation environment might be
causing more multipath interference, leading to less
coherent signal reception across the sensors.
Multipath interference occurs when signals take
different paths to reach the sensor, causing them to
arrive at different times and phases. Conversely, the
higher ECC values at f2 and f3 suggest that the
signals travel better and face less interference at these
frequencies. As a result, the signals are more stable
and experience less disruption, leading to stronger
and more consistent readings from the sensors.

[oX:1 e # Sensor 1

X Sensor 2

Correlation
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Fig.5 Value of ECC for Sensor 1 — Sensor 4

5 Conclusion

The analysis of ECC wvalues across different
frequencies has been conducted in this experiment.
The low ECC values at fl indicate a challenging
propagation environment with higher multipath
interference and signal degradation, leading to
weaker correlation between the sensors. Conversely,
the higher ECC values at 2 and f3 suggest a more
favorable propagation environment with reduced
interference and more stable signal paths, enhancing
signal coherence and correlation.
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