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Abstract

This study investigates the isolated-port response of a four-port parallel coupled-line mi-
crostrip structure as a nondestructive microwave indicator for storage-related changes in 
Nakhon Phanom Lychee (NP.1). Unlike conventional one-port or two-port microwave sen-
sors that mainly rely on reflection, forward transmission, resonant-frequency shift, or quality 
factor, the present approach monitors the nominally isolated port, where the measured 
signal is affected by perturbation of the coupled-line field balance. Ten fruits were stored 
under refrigerated conditions and evaluated at 7-day intervals over three storage periods. 
Each fruit was measured ten times during each period at room temperature using a two-port 
vector network analyzer over 0.3–0.8 GHz. In the adopted connection, the measured VNA 
𝑆21 corresponded to the sensor isolated-port parameter 𝑆31. The mean resonant frequency 
decreased from 487 MHz in Week 1 to 478 MHz in Weeks 2 and 3. The 𝑆31 magnitude at the 
resonant dip became progressively less negative, changing from −59.59 dB to −53.95 dB and 
−48.27 dB, corresponding to a total change of 11.32 dB. Although the resonant frequency did 
not distinguish Weeks 2 and 3, the isolation magnitude remained different between these 
periods. The measured response is consistent with storage-related changes in the effective 
electromagnetic properties of the fruit. These preliminary results support the feasibility of 
using isolated-port magnitude as an additional microwave feature for nondestructive lychee 
monitoring. Further validation using direct physicochemical, dielectric, and metrological 
measurements is required before quantitative quality assessment can be established.
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1. Introduction
Post-harvest quality changes affect the appearance, storage life, and market value of 

fresh fruit. Conventional assessment commonly relies on visual inspection, firmness testing, 
weight-loss measurement, soluble-solids analysis, or chemical testing. Although these 
methods provide useful information, several require sample preparation or destruction and 
are unsuitable for repeated measurements of the same fruit. Nondestructive techniques 
based on optical, acoustic, electromagnetic, dielectric, and gas-sensing principles have 
therefore been investigated for fruit-quality assessment [1].

Lychee is highly susceptible to post-harvest deterioration. Xiong et al. used hyperspec-
tral imaging to detect small surface damage and classify the condition of lychee fruit [2]. 
Yang et al. subsequently applied hyperspectral imaging to evaluate pericarp browning 
associated with moisture content [3] and to estimate anthocyanin content during stor-
age [4]. More recently, Kanwal et al. showed that spectral information obtained from 
intact lychee surfaces could be related to quality parameters such as soluble solids, acid-
ity, and mineral content [5]. Zhao et al. also combined hyperspectral, X-ray, and visi-
ble/near-infrared data for nondestructive detection of litchi stem borers [6]. These studies 
demonstrate the usefulness of nondestructive sensing for lychee. However, optical and multi-
sensor systems generally require controlled illumination, calibration, image processing, and 
multivariate analysis.

Dielectric sensing provides another approach because the interaction between elec-
tromagnetic fields and fruit depends on complex permittivity. For fruits and vegetables, 
dielectric properties are affected by water content, soluble solids, tissue structure, and other 
physicochemical characteristics [7]. Lin et al. used dielectric characteristics to estimate 
quality parameters of golden passion fruit [8]. Bing et al. developed a flexible microwave 
resonator for nondestructive water-content sensing in fruits through changes in resonant 
response [9]. In another food application, Khoshchehre et al. used a microstrip sensor and 
the measured transmission response to detect milk spoilage [10]. These studies indicate 
that microwave structures can detect changes in high-moisture biological materials without 
cutting or chemically treating the sample.

Planar microstrip sensors are attractive because they are compact, inexpensive, and 
readily connected to a vector network analyzer. Most reported microwave sensors for food 
and agricultural applications use one-port or two-port configurations. In these configu-
rations, 𝑆11 is commonly interpreted through impedance mismatch, resonant-frequency 
shift, or return-loss variation, while 𝑆21 is usually interpreted through forward transmission, 
insertion loss, or attenuation through the sensing region. These parameters are useful, 
but they do not directly exploit the isolated-port behavior that is available in a four-port 
coupled-line network.

A four-port parallel coupled-line architecture was selected in this study because it 
provides through, coupled, and isolated responses from the same sensing region. In an 
ideal directional coupled-line network, the isolated port receives only a very small signal 
because of modal balance between the even- and odd-mode fields. When a dielectric object 
is placed near the coupled section, the fringing fields are perturbed and the effective modal 
propagation constants and losses are altered. This perturbation can disturb the cancellation 
condition at the isolated port and produce a measurable change in the isolation magnitude. 
Thus, the four-port structure is more complex than a one-port or two-port resonator, but it 
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offers an additional sensing feature that is not available when only reflection or forward 
transmission is measured.

Morales-Lovera et al. used coupled microstrip resonators to determine complex 
anisotropic permittivity from changes in resonant frequency and quality factor [11]. 
Rahimian Omam et al. showed that the coupled-port and isolated-port responses of a 
high-directivity coupled-line structure varied with the dielectric constant of the material 
under test [12]. Parallel coupled-line structures have also been applied to agricultural and 
food materials. Karasaeng et al. related the transmission response of a parallel-coupled-line 
band-stop structure to fermented fish samples [13], while Phanomupatum et al. used 
coupled microstrip lines for non-invasive rice-moisture measurement [14]. These studies 
support the use of microstrip and coupled-line perturbation for dielectric sensing, but 
the use of the isolated-port response as the primary feature for monitoring lychee storage 
remains limited.

Despite these developments, nondestructive studies of lychee have mainly relied on op-
tical imaging and multi-sensor systems. Microwave coupled-line sensors have been applied 
mostly to other fruits, grains, foods, and reference dielectric materials. Moreover, most 
microwave sensing studies focus on reflection, forward transmission, resonant-frequency 
shift, or quality factor. It remains unclear whether the isolated-port magnitude of a four-port 
parallel coupled-line microstrip structure can distinguish successive storage periods when 
the resonant frequency remains unchanged.

This study investigates a four-port parallel coupled-line microstrip structure for non-
destructive monitoring of Nakhon Phanom Lychee (NP.1) during refrigerated storage. The 
isolation response, represented by 𝑆31, was measured over 0.3–0.8 GHz for ten fruits during 
three storage periods. Each fruit was measured ten times in each period. The analysis 
considered both resonant-frequency shift and isolation magnitude. The main contribu-
tion is the evaluation of the isolated-port magnitude as an additional microwave indicator 
when resonant-frequency shift alone cannot separate successive storage conditions. Since 
moisture content, firmness, soluble solids, and dielectric properties were not measured 
independently, the present work is treated as an initial feasibility study of storage-related 
electromagnetic changes in lychee.

2. Materials and Methods
2.1. Four-Port Parallel Coupled-Line Microstrip Structure

For a four-port network, the relationship between the incident and reflected waves is 
expressed as

[



𝑏1
𝑏2
𝑏3
𝑏4

]



=
[



𝑆11 𝑆12 𝑆13 𝑆14
𝑆21 𝑆22 𝑆23 𝑆24
𝑆31 𝑆32 𝑆33 𝑆34
𝑆41 𝑆42 𝑆43 𝑆44

]



[



𝑎1
𝑎2
𝑎3
𝑎4

]



, (1)

where 𝑎𝑛 and 𝑏𝑛 denote the incident and reflected waves at Port 𝑛, respectively. When 
Port 1 is excited and the remaining ports are terminated with matched 50-Ω loads, the 
isolated-port response is defined as

𝑆31 =
𝑏3
𝑎1

|
𝑎2=𝑎3=𝑎4=0

. (2)

The magnitude of the isolation response in decibels is given by

𝑆31,dB(𝑓 ) = 20 log10|𝑆31(𝑓 )|. (3)
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The sensing structure consisted of two parallel microstrip transmission lines fabricated 
on an FR-4 substrate, as shown in Figure 1. The prototype geometry was adopted from a 
previous coupled-line microwave sensor study [14]; however, the present work uses the 
structure for a different sensing purpose. The structure was selected because its four-port 
configuration permits the isolated-port response to be observed while the remaining ports 
are terminated. This enables the fruit-induced perturbation of the coupled-line field balance 
to be examined through 𝑆31 rather than relying only on conventional 𝑆11 or 𝑆21 responses.

The central parallel-line section formed the sensing region. Port 1 was assigned as the 
input port, Port 2 as the coupled port, Port 3 as the isolated port, and Port 4 as the through 
port. With Port 1 used as the excitation port, the isolated-port response of the sensor was 
represented by 𝑆31.

Figure 1. Fabricated four-port parallel coupled-line microstrip structure and port configuration: Port 1, 
input port; Port 2, coupled port; Port 3, isolated port; and Port 4, through port.

The sensing mechanism is based on perturbation of the coupled-line fringing fields 
by the lychee sample. In a coupled-line network, the isolation response depends on the 
balance between even- and odd-mode propagation. The effective permittivity and dielectric 
loss of a nearby fruit can alter the modal phase velocities and attenuation constants, thereby 
changing the cancellation condition at the isolated port. A change in 𝑆31 therefore indicates a 
change in the electromagnetic interaction between the fruit and the coupled sensing region.

Although the sensing structure was a four-port network, the measurements were 
performed using a two-port vector network analyzer. VNA Port 1 was connected to Sensor 
Port 1, whereas VNA Port 2 was connected to Sensor Port 3. Sensor Ports 2 and 4 were 
terminated with matched 50-Ω loads. Under this connection, the forward transmission 
parameter recorded by the VNA corresponds to the isolated-port response of the sensor:

𝑆VNA
21 = 𝑆sensor

31 . (4)

For consistency, all measured responses are reported as 𝑆31 throughout this paper.

2.2. Lychee Samples and Storage Procedure
Nakhon Phanom Lychee cultivar NP.1 was obtained from local growers in Nakhon 

Phanom Province, Thailand. Ten fruits with comparable size, maturity, and external appear-
ance were selected for the experiment. Fruits with visible cracks, bruises, fungal growth, or 
other surface defects were excluded.

Before microwave measurement, the diameter of each fruit was measured using a 
digital vernier caliper. Figure 2 shows a representative fruit with a measured diameter of 
24.92 mm.

The same ten fruits were used throughout the three-week experiment. Between mea-
surement sessions, the samples were stored in a refrigerator at approximately 5 °C. Measure-
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ments were performed at 7-day intervals. Week 1 represented the initial reference condition, 
followed by Weeks 2 and 3.

Figure 2. Nakhon Phanom Lychee (NP.1) sample and diameter measurement using a digital vernier 
caliper.

For each measurement session, the fruits were removed from refrigerated storage and 
measured under laboratory room-temperature conditions. The samples remained outside 
the refrigerator only during the measurement period and were returned immediately to 
refrigerated storage after all measurements had been completed. No cutting, peeling, punc-
turing, or chemical treatment was applied to the fruits. Before each measurement session, 
the fruit surfaces were inspected and gently cleaned to remove dust or foreign material.

2.3. Measurement Configuration and Metrological Control
The experimental setup is shown in Figure 3. A Keysight E5062A (Keysight Technolo-

gies, Santa Rosa, CA, USA) vector network analyzer was used to measure the scattering 
response over the frequency range from 0.3 to 0.8 GHz.

Figure 3. Experimental setup for measuring the isolated-port response of the parallel coupled-line 
microstrip structure using a Keysight E5062A vector network analyzer.

Before measurement, the vector network analyzer was calibrated at the ends of the 
coaxial cables using a short-open-load-through calibration procedure. Port 1 of the sensor 
was connected to the source port of the vector network analyzer, while Port 3 was connected 
to the receiving port. Ports 2 and 4 were terminated with matched 50-Ω loads.

Each fruit was placed at the center of the coupled sensing region using the same 
positioning procedure. Each of the ten fruits was measured ten times during each storage 
period. The fruit was removed and repositioned before each repeated measurement, and a 
2-min interval was maintained between successive measurements. This repeated removal 
and repositioning was included to check the influence of positioning uncertainty on the 
measured response.
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The ten responses obtained from each fruit were averaged to represent its response 
during that storage period. Thus, 100 measurements were obtained during each period and 
300 measurements were obtained over the three storage periods. The mean response of the 
𝑘th fruit during storage period 𝑖 was calculated as

𝑆31,𝑘,𝑖(𝑓 ) =
1
𝑁

𝑁
∑
𝑛=1

𝑆31,𝑘,𝑖,𝑛(𝑓 ), 𝑁 = 10, (5)

where 𝑆31,𝑘,𝑖,𝑛(𝑓 ) is the 𝑛th repeated response. When raw repeated-measurement data are 
available, the corresponding standard deviation can be calculated as

𝑠31,𝑘,𝑖(𝑓 ) = √ 1
𝑁 − 1

𝑁
∑
𝑛=1

[𝑆31,𝑘,𝑖,𝑛(𝑓 ) − 𝑆31,𝑘,𝑖(𝑓 )]
2
. (6)

The present proceeding reports averaged 𝑆31 responses and discusses repeatability, 
sample repositioning, and temperature as metrological considerations. These aspects of the 
measurement protocol are summarized in Table 1. A more complete future study should 
report the standard deviation of both resonant frequency and resonant-dip magnitude, as 
well as controlled tests on sample position and temperature variation.

Table 1. Metrological considerations included in the experimental workflow. 

Factor Implementation in This Study Purpose

Repeatability Ten repeated measurements per 
fruit per period

Reduces random 
measurement variation

Sample repositioning Fruit removed and repositioned 
before each repeat

Checks sensitivity to 
placement uncertainty

Sample variability Ten fruits measured during 
each period

Includes biological 
variation among fruits

Temperature condition Refrigerated storage and 
room-temperature measurement

Maintains a consistent 
measurement protocol

Port termination Unused sensor ports terminated 
with 50-Ω loads

Reduces unwanted 
reflections and 
coupling error

3. Results
Figure 4 presents the measured 𝑆31 responses of the ten Nakhon Phanom Lychee 

(NP.1) fruits during Weeks 1, 2, and 3. Each curve represents one fruit and was obtained by 
averaging ten repeated measurements. The responses exhibited a similar overall pattern 
over the frequency range from 0.3 to 0.8 GHz, with the main difference appearing near the 
resonant dip around 0.47–0.50 GHz.

The Week 1 responses showed the deepest resonant dip. In Week 2, the dip shifted 
toward a lower frequency and became less negative. In Week 3, the resonant frequency 
remained close to that of Week 2, while the isolation magnitude continued to increase 
in the isolated-port response. These results indicate that the resonant region is the most 
responsive part of the measured response for distinguishing storage conditions.

Figure 5 compares the mean 𝑆31 responses of the three storage periods. The mean 
resonant frequency decreased from 0.487 GHz in Week 1 to 0.478 GHz in Week 2 and 
remained at approximately 0.478 GHz in Week 3. The corresponding 𝑆31 magnitude at the 
resonant dip changed from −59.59 dB in Week 1 to −53.95 dB in Week 2 and −48.27 dB in 
Week 3.
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The extracted resonant frequency and isolated-port magnitude are summarized in 
Table 2. The resonant-frequency shift was effective for distinguishing Week 1 from the 
later storage periods. However, it could not separate Weeks 2 and 3 because both periods 
exhibited nearly the same resonant frequency. In contrast, the 𝑆31 magnitude remained 
different for all three periods. The magnitude change relative to Week 1 was 5.64 dB in 
Week 2 and 11.32 dB in Week 3. The additional difference between Weeks 2 and 3 was 
5.68 dB.

Figure 4. Measured 𝑆31 responses of ten Nakhon Phanom Lychee (NP.1) fruits during Weeks 1, 2, 
and 3. Each curve represents the mean of ten repeated measurements obtained from one fruit.

Figure 5. Comparison of the mean 𝑆31 responses obtained during Weeks 1, 2, and 3.

Table 2. Extracted resonant frequency and isolated-port magnitude during three storage periods.

Storage Period
Resonant 
Frequency 

(MHz)

Frequency 
Shift (MHz)

𝑺31 at 
Resonant Dip 

(dB)

Magnitude 
Change (dB)

Week 1 487 0 −59.59 0
Week 2 478 −9 −53.95 5.64
Week 3 478 −9 −48.27 11.32

These results indicate that the isolated-port magnitude provides additional sensing 
information and can complement frequency-based analysis in monitoring storage-related 
changes in lychee. In particular, 𝑆31 magnitude distinguished Weeks 2 and 3 even though 
the resonant frequency remained unchanged.
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4. Discussion
The results show that the four-port coupled-line response provides two related but 

different indicators: resonant-frequency shift and isolated-port magnitude. The frequency 
shift from 487 to 478 MHz indicates that the electromagnetic loading of the sensing region 
changed between Weeks 1 and 2. However, the absence of an additional frequency shift 
between Weeks 2 and 3 suggests that frequency tracking alone was not sufficient to separate 
the later storage periods under the present experimental conditions.

The isolated-port magnitude provided a clearer temporal distinction in this dataset. The 
measured 𝑆31 value became progressively less negative from Week 1 to Week 3, indicating 
that a stronger signal appeared at the nominally isolated port. From the viewpoint of 
a coupled-line network, this represents a reduction in isolation. From the viewpoint of 
sensing, however, the change is useful because it reflects a perturbation of the modal balance 
in the coupled region.

This behavior is consistent with the expected operation of a coupled-line sensor. The 
presence of the fruit near the coupled section changes the local effective permittivity and di-
electric loss experienced by the fringing fields. During refrigerated storage, lychee fruit may 
undergo moisture redistribution, mass loss, respiration-related changes, tissue softening, 
and changes in soluble constituents. These processes can alter the effective dielectric behav-
ior of the fruit and therefore the interaction between the sample and the sensor. Because no 
independent measurements of moisture content, firmness, soluble solids, or complex per-
mittivity were included in this preliminary experiment, the observed 𝑆31 variation should 
be interpreted as an indicator of combined storage-related electromagnetic change rather 
than a direct measurement of a single quality parameter.

The main advantage of the four-port structure is that it offers an additional response 
channel compared with conventional one-port or two-port resonators. A one-port resonator 
mainly provides reflection and impedance information, whereas a two-port resonator 
mainly provides forward transmission and attenuation information. In contrast, a four-
port coupled-line structure can use the isolated-port signal, which is sensitive to small 
disturbances of coupling balance. This provides a technical justification for using the more 
complex four-port architecture in applications where the resonant-frequency shift alone 
may become unchanged.

The present study also has metrological limitations. Although repeated measurements 
and sample repositioning were included in the workflow, numerical standard deviations, 
controlled positional offsets, and controlled temperature-dependence tests were not yet fully 
reported. Future work should therefore quantify the repeatability of resonant frequency 
and 𝑆31 magnitude, evaluate the effect of fruit position and orientation, and investigate 
the influence of measurement temperature. Direct comparison with 𝑆11 and conventional 
𝑆21 features under the same experimental conditions would also be required to determine 
whether the isolated-port response provides superior sensitivity, robustness, or accuracy.

For practical lychee quality monitoring, the proposed method could be used as a rapid 
nondestructive screening tool during refrigerated storage. The isolated-port magnitude 
may serve as one feature in a multi-parameter microwave assessment system, together 
with resonant frequency, reflection, transmission, and possibly phase information. With 
further calibration against physicochemical quality indicators, the method could support 
storage monitoring, batch screening, and smart post-harvest management of lychee and 
other high-moisture fruits.

5. Conclusions
The isolated-port response of the parallel coupled-line microstrip structure provided 

a practical means of distinguishing storage-related changes in Nakhon Phanom Lychee 
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(NP.1). The main finding was that the 𝑆31 magnitude continued to change even when the 
resonant frequency no longer shifted. Therefore, isolated-port magnitude can complement 
frequency-based analysis and may provide an additional sensing feature for four-port 
microwave structures.

The contribution of this work is not the general use of microwave propagation for 
moisture-sensitive materials, but the evaluation of the nominally isolated port of a coupled-
line structure as a post-harvest monitoring parameter. The proposed method is suitable as 
an initial nondestructive screening approach. However, further validation against measured 
physicochemical quality parameters, dielectric properties, repeatability statistics, positional 
sensitivity, and temperature effects is required before it can be applied to quantitative 
fruit-quality assessment.
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