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Abstract – Honey adulteration is one of the major health
concerns among honey consumers, it is essential to
inspect the quality of honey. One of the methods is to
characterize the honey by using the microwave reflection
technique. A Five-Port Reflectometer (FPR) is proposed
in this work. The microstrip Five-Port ring junction cir-
cuit was designed for multiple frequencies of 0.60 GHz,
2.28 GHz, and 3.47 GHz. The fabricated circuit works
with an analogue-digital converter, open-ended coaxial
sensor, diode detectors and computer to form a complete
FPR measurement system. The reflection measurements
were conducted on Honey Gold and Trigona Honey for
multiple frequencies. The performance of the FPR in s-
parameter measurement was verified by Vector Network
Analyzer (VNA). This study shown that the performance

of FPR in term of reflection measurement has promising
accuracy which is comparable with VNA. The FPR can
be used as an alternative instrumentation system for char-
acterizing pure and adulterated honey.

Index Terms – Dielectric, honey, reflectometer, reflec-
tion, sensor.

I. INTRODUCTION
Honey is sweet, viscous and nutrient-rich that pro-

duced by bees from nectar of plants or honeydew [1]. It
can be used for the treatment of burn wounds and ulcers
[2]. However, honey is overprice due to its health giving
properties and market demand. At the same time, honey
adulteration is a major issue in the honey’s industry.
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This is because only pure honey able to provide anti-
inflammatory and antifungal properties that leads to
precious medicinal values [3].

Conventionally, honey quality is measured by
human sensory method via color, viscosity, smell, and
flavor [4]. However, the human sensory method is not
scientific as it is dependent on subjective judgement
that based on experience of an individual. On the other
hand, chemical analyses, e.g. chromatography [5], high
performance liquid chromatography [6] and mass spec-
trometry [7] were used to characterize the honey. The
chemical analyses require high performance of instru-
ments, time-consuming and high skilled procedures that
limit the measurement in laboratory.

In recent years, microwave technique is widely uses
in characterizing material such as food and agricultural
products. The technique is a non-destructive, simple
and fast processing method that based on the reflection
measurement. On the other hand, the measurement
technique can be easily adapted by an enhanced mea-
surement setup that improve the effectiveness of material
characterization measurement [8]. Food properties can
be considered as a major contributing factor to describe
the reflection between microwaves and food products
[9] which depict the storage and dissipation of elec-
tromagnetic energy [10]. There are plants, foods and
agricultural products have been investigated in past
works that are associated with electrical characteriza-
tion, e.g. sea cucumber [11], corn flour [12], peanut
kernels [13], oil palm fruit [14, 15], vegetation [16],
agri-food [17] and etc. Based on the studies, electrical
properties of food are dependent on the moisture,
frequency, temperature, density and the physical state of
a food [18]. The dielectric characterization had achieved
a great success in the food technology and agricultural
industry which can be associated with the behaviour
of food material. Hence, honey characterization by
using the microwave reflection measurement has a great
development potential for instrumentation system.

II. MATERIALS AND METHODS
A. Development of five-port reflectometer (FPR)

The principle of Five Port Reflectometer (FPR) was
introduced by Riblet and Hansson [20] in 1983 based on
the origin of Six-Port which proposed by Engen in 1977
[19]. The FPR is a low cost and portable alternative to
VNA. It simplifies the circuitry by eliminating one of the
ports in Six-Port which used to detect the power of input
signal. The FPR is feasible when the connected signal
source performs stable [21]. In the FPR, three detection
ports are connected to diode detectors, while another two
ports are connected to power source and sensing port,
respectively. In a five-port algorithm [20], it requires
reflection coefficients (in magnitude) agree with |S11|=

|S22|= |S33|= |S44|= |S55| ≈ 0. In addition, the trans-
mission coefficients (in magnitude) need to agree with
|S21|= |S32|= |S43|= |S54|= |S15|= |S12|= |S23|=
|S34|= |S45|= |S51|= |S31|= |S42|= |S53|= |S14|=
|S25|= |S13|= |S24|= |S35|= |S11|= |S52| ≈ 0.5. All
these requirements must be complied for optimum per-
formance of FPR. Apart from that, the phase difference
between each port must be approximately 120◦ or −120◦

(+240◦).
The FPR’s circuit consists of five ports which can be

designed by using a symmetrical Five-Port ring junction
circuit. The computational electromagnetics techniques
play an indispensable role in the realms of electronics
design and optimisation [22]. Some numerical simu-
lation technologies are required as well to guarantee
its features especially in solving large-scale Maxwell’s
equations [23]. In this work, a multiple frequencies Five-
Port ring junction circuit was designed and simulated
using AWR Microwave Office (MWO) in accordance the
Riblet and Hansson theory. The compliance of the circuit
performance was verified by reducing the mismatch error
between the component parts through the simulation in
MWO. The optimum length, radius corner and width for
the components of ring junction were determined for a
compactness of size.

The simulated circuit consists of the components
of single microstrip transmission line, T-junction, bend-
ing and radius corner microstrip line. The dimensions of
the circuit are tabulated in Table 1 where the length1
(L1), length2 (L2), length (L3), radius 1 (R1), radius
2 (R2) and width (W) are in the unit of µm. The lay-
out is as illustrated in Fig. 1 (a) with a special bending
designed to minimise the size of the five-port circuit. The
dielectric substrate used in this design is Rogers RO3003
high frequency laminates (dielectric constant, εr = 3;
thickness of substrate = 1.52 mm; thickness of copper
cladding = 35 µm). It is a ceramic-filled PTFE com-
posites for use in printed circuit boards in commercial
microwave and RF applications. The schematic diagram
of ring junction circuit in MWO is shown in Fig. 1 (b).
This circuit layout is able to meet the requirements of
Riblet and Hansson Theory for frequency up to 3.5 GHz
with multiple frequency features. Operating frequencies

Table 1: Dimension of circuit
Parameters Specification

(µm)
Length 1, L1 8700
Length 2, L2 2070
Length 3, L3 1280
Radius 1, R1 7600
Radius 2, R2 7000
Width, W 4500
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Fig. 1. Design and simulation of five-port ring junction 
circuit. (a) Circuit layout, (b) schematic diagram, and 
(c) fabricated circuit. 
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A Graphical User Interface (GUI) program is 

developed by using the Agilent VEE Pro 6.0. The GUI 
program has three modules, i.e., save calibration (save 
cal), calibration and measurement. Figure 2 shows the 
panel view of the GUI program. The save calibration 
section was used to save the measured data of the 
selected calibration standards in calibration section.The 
calibration procedures are completed when the GUI 
programming is performed the correction of the 
measurement setup via measured calibration standards 
data. This includes the compute of unknown constants 
of Five-Port calibration equations. The computed 
constants are to be used for the computation of complex 
reflection coefficient in the measurement. Calibration 
needs to be conducted prior to reflection measurement 
which it is needed to remove the systematic error.  

The module of measurement can be used after the 
calibration is completely conducted. The measurement 
to determine the complex reflection coefficient, Г of 
material under test (honeys) in magnitude and phase as 
well as in real and imaginary form can be conducted 
and controlled by using the ON/OFF Button on the 
panel of the GUI program. 

Generally, the measurement setup of the FPR 
consists of a computer (with a GUI program), 
microstrip Five-Port ring junction, three Keysight diode 
detectors, Mini Circuit microwave signal generator, 
open-ended coaxial sensor and PICO analogue-digital 
converter (ADC). The input port of microstrip Five-Port 
ring junction is supplied with the microwave signal 
source. The test port is connecting to an open-ended 
coaxial sensor. Meanwhile, the other three ports are 
connected with diode detectors to detect and convert the 
reflected field strength to be in an electrical voltage 
form. The detected analog voltages are then be further 
transform into a digital signal by PICO ADC. The 
developed GUI program is used to acquire data, 
conduct computation of Five-Port algorithm and 
calculation of reflection coefficient. Figure 3 illustrates 

Fig. 1. Design and simulation of five-port ring junction
circuit. (a) Circuit layout, (b) schematic diagram, and (c)
fabricated circuit.

for the designed circuit are 0.60 GHz, 2.28 GHz, and
3.47 GHz. These three frequencies have been selected
based on the minimum error observed in the simulated
result. Other frequency band can be designed by adjust-
ing the dimensions of the components in the circuit. Five-
Port ring junction circuit was fabricated as illustrated in
the Fig. 1 (c). The performance of fabricated circuit was
validated using VNA to ensure it has good agreement
with the requirements that stipulated in Riblet and Hans-
son theory.

The reflection coefficient, Γ and the signal detected
at each detection port, qi can be expressed in complex
form as Γ = u+ jv and qi = xi + jyi respectively. Mean-

while, wi =
√

Pi
/

ki(i = 1, 2, 3) is in the real forms
where ki is calibration constant and pi is emerging power
detected at specific port (i = 1, 2, 3). The reflection coef-
ficient can be determined by solving the eqn (1) using the
power detected from each port, i.e. P1, P2, and P3. Mean-
while, k1,k2,k3,x1,x2,x3,y1,y2,y3 are the values which
determined through the calibration procedure.(
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A Graphical User Interface (GUI) program is devel-
oped by using the Agilent VEE Pro 6.0. The GUI pro-
gram has three modules, i.e., save calibration (save cal),
calibration and measurement. Figure 2 shows the panel
view of the GUI program. The save calibration section
was used to save the measured data of the selected cal-
ibration standards in calibration section. The calibration
procedures are completed when the GUI programming is
performed the correction of the measurement setup via
measured calibration standards data. This includes the
compute of unknown constants of Five-Port calibration
equations. The computed constants are to be used for
the computation of complex reflection coefficient in the
measurement. Calibration needs to be conducted prior to
reflection measurement which it is needed to remove the
systematic error.

The module of measurement can be used after the
calibration is completely conducted. The measurement
to determine the complex reflection coefficient, Γ of
material under test (honeys) in magnitude and phase as
well as in real and imaginary form can be conducted and
controlled by using the ON/OFF Button on the panel of
the GUI program.

Generally, the measurement setup of the FPR con-
sists of a computer (with a GUI program), microstrip
Five-Port ring junction, three Keysight diode detectors,
Mini Circuit microwave signal generator, open-ended
coaxial sensor and PICO analogue-digital converter



785 ACES JOURNAL, Vol. 37, No. 7, July 2022

(ADC). The input port of microstrip Five-Port ring junc-
tion is supplied with the microwave signal source. The
test port is connecting to an open-ended coaxial sen-
sor. Meanwhile, the other three ports are connected with
diode detectors to detect and convert the reflected field
strength to be in an electrical voltage form. The detected
analog voltages are then be further transform into a
digital signal by PICO ADC. The developed GUI pro-
gram is used to acquire data, conduct computation of
Five-Port algorithm and calculation of reflection coef-
ficient. Figure 3 illustrates the complete measurement
setup of FPR. The emerging wave due to interaction
of incident and reflected waves are distributed in each
of power detecting ports in five-port circuit. Variation
in reflection coefficient, Γ at test port which connects
with open-ended coaxial sensor attributed to different
reflected wave at power detectingport due to electrical
discontinuity occur during reflection measurement.the complete measurement setup of FPR. The emerging 

wave due to  
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Fig. 3. The Five-Port Reflectometer (FPR) (a) Measure-
ment Setup, (b) Measurement diagram.

B. Sample preparation
Two types of pure honey are used, i.e., pure Honey

Gold (‘Lebah Asli’) and pure Trigona Honey(‘Kelulut’)
as shown in Fig. 4. Both honeys are obtained commer-
cially from the Harmony Bee Farm, which is located
in Perlis state, Malaysia. The selected honey samples
are based on the market demand and issue of adulter-
ation in the honey’s industry. In this work, these honeys
act as representatives in general to study the behaviour
and characterization of adulterated honey sample. The
initial water content for both honeys, i.e., pure Honey
and pure Trigona Honey is 18% and 35%, respectively.
The water content was measured through standard oven
drying method [24]. In this method, sample of honey
is poured evenly on a petri dish and the weight were
measured using a precision balance. It was heated in
the oven at 40◦C for 1 hour. Afterward, the weight of
sample was measured again. The process is repeatedly
until the difference between successive heated sample
is insignificant in term of weight. The initial water con-
tent of honey is then calculated using wet basic formula
as follows:

Water content in honey =
(Weight before dry−weight after dry)

Weight before dry x 100.
(2)

In this work, water adulterated and sucrose adul-
terated honey were prepared as sample under test. The
major composition in Honey Gold and Trigona Honey
is sucrose, fructose and glucose. However, the fructose
and glucose have higher nutrition value than sucrose.

interaction of incident and reflected waves are 
distributed in each of power detecting ports in five-port 
circuit. Variation in reflection coefficient, Г at test port 
which connects with open-ended coaxial sensor 
attributed to different reflected wave at power 
detectingport due to electrical discontinuity occur 
during reflection measurement.  
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where 
Ma = Mass of 5ml of honey which equivalent to 7g 
Mb = Mass of distilled (deionized) water (1ml of 
distilled water =1g) 
Wi = Initial water content (%) of both pure honey 
samples  

In this work, distilled water with known amount is 
mixed with each honey sample. The weight of distilled 
water and honeys were measured. The water adulterated 
honey samples were prepared at room temperature.  
On the other hand, the sucrose adulteration sample is 
prepared and studied. Each centrifugal tube is filled in 
with a 5ml for different honey samples by using the 
syringe (5ml). The sucrose syrup was prepared with 
various ratio, i.e., at ratio of 1:1 (20g of sucrose 
powder: 20g of distilled water) [26]. The sample with 
100% indicates the pure sucrose syrup which acts as a 
control reference. The ratio of sucrose syrup were 
prepared by using the weight ratio percentage 
concentration by weight. The determination is 
expressed as 
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where mass of solute is sucrose powder while the mass 
of solvent is deionized distilled water. The ratio of 
sucrose syrup is within 10% to 100% and to be mixed 
with pure honey samples (0%). To achieved 
homogeneity and dilution of the honey-sucrose mixture 
samples prior to measurements, the samples were 
soaked in a water bath at 35°C for at least 20 minutes. 
All the measurement and samples were measured at 
room temperature. 
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Fig. 4. Pure honey samples: (a) Honey Gold and (b) Trig-
ona Honey.
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In addition, sucrose is cheap in cost. As a result,
sucrose is being used frequently in honey adulteration.
It is very common in food industry. Sucrose can cause
severe hazard to diabetic patient. Sucrose is out of
the range of acceptable Glycemic Index (GI) where
GI is a measure of impact of blood glucose on an
individual [30].

For preparation of water adulteration sample, a 5 ml
of Honey Gold or Trigona Honey was kept in centrifugal
tube with a constant amount. The water was added for a
variation of sample based in the determination of water
content on the weight ratio percentage (% wt/wt). It is
expressed as [25].

Water content(%) =
Ma × (Wi)+Mb

Ma+Mb
×100, (3)

where

Ma = Mass of 5ml of honey which equivalent to 7g

Mb = Mass of distilled (deionized) water (1ml of distilled
water =1g)

Wi = Initial water content (%) of both pure honey
samples

In this work, distilled water with known amount is
mixed with each honey sample. The weight of distilled
water and honeys were measured. The water adulterated
honey samples were prepared at room temperature.

On the other hand, the sucrose adulteration sample
is prepared and studied. Each centrifugal tube is filled
in with a 5ml for different honey samples by using the
syringe (5ml). The sucrose syrup was prepared with var-
ious ratio, i.e., at ratio of 1:1 (20g of sucrose powder:
20g of distilled water) [26]. The sample with 100% indi-
cates the pure sucrose syrup which acts as a control refer-
ence. The ratio of sucrose syrup were prepared by using
the weight ratio percentage concentration by weight. The
determination is expressed as

Weight ratiopercentage(wt/wt) =
Massofsolute(g)
Massofsolvent(g) ×100, (4)

where mass of solute is sucrose powder while the mass
of solvent is deionized distilled water. The ratio of
sucrose syrup is within 10% to 100% and to be mixed
with pure honey samples (0%). To achieved homo-
geneity and dilution of the honey-sucrose mixture sam-
ples prior to measurements, the samples were soaked
in a water bath at 35◦C for at least 20 minutes All
the measurement and samples were measured at room
temperature.

III. RESULTS and DISCUSSIONS
A. Validation of five-port ring junction circuit

The simulated and measured S-Parameters for Five-
Port ring junction are validated and tabulated in Table 2.

The five ports ring junction circuit has three operating
frequencies, i.e., 0.60 GHz, 2.28 GHz and 3.47 GHz. The
simulated S-parameters at all three frequencies have a
good agreement with theoretical result of less than less
than 0.01 and 1.00◦ in magnitude and phase, respec-
tively. At the same time, all three frequencies exhibit
good agreement as indicated in Table 2. The perfor-
mance of S-parameters of fabricated circuits was verified
using a commercial Network Analyzer, Agilent E8362B
PNA. It compares with simulated S-parameters through
AWR Microwave Office. Absolute error of magnitude
and phase of S-parameters through this comparison is
less than 0.1 and 7◦, respectively.

 

                                                   (a) 

 

                                                    (b) 

Fig. 5. The variation of (a) magnitude (|Γ|), and (b) neg-
ative phase (−ϕ) of reflection coefficient over water con-
tent with various frequencies for Honey Gold.
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Table 2: Comparison between measured and simulated S-parameter (S) in (a) magnitude, |Γ| and (b) phase, ϕ with
various frequency (f)

(a)
f
(GHz)

S
(Mag) Measure Simulate Absolute

Error
0.60 |S11| 0.1007 0.0092 0.0915

|S21| 0.4443 0.4933 0.0503
|S31| 0.5358 0.5066 0.0292
|S41| 0.5339 0.5066 0.0273
|S51| 0.4428 0.4933 0.0505

2.28 |S11| 0.0546 0.0122 0.0668
|S21| 0.4771 0.5074 0.0303
|S31| 0.4744 0.4924 0.0161
|S41| 0.4763 0.4924 0.0274
|S51| 0.4805 0.5074 0.0269

3.47 |S11| 0.0146 0.0031 0.0115
|S21| 0.4504 0.5008 0.0504
|S31| 0.4409 0.4992 0.0583
|S41| 0.5061 0.4992 0.0069
|S51| 0.4876 0.5008 0.0132

(b)

f (GHz) S (Phase) Measure (◦)
|Phase Difference|

(Measured) (◦)
Simulate

(◦)
Phase Difference
(Simulated) (◦)

Absolute Error of
Phase Difference

(◦)
0.60 S21 284 113 284 120 7.00

S31 171 164
S41 170 113 284 120 7.00
S51 284 164

2.28 S21 357 242 353 239 3.00
S31 115 114
S41 114 239 114 239 0.00
S51 353 353

3.47 S21 186 113 191 120 7.00
S31 73 71
S41 77 117 71 120 3.00
S51 194 191

B. Adulterated honey reflection coefficient measure-
ment

From the observation of water adulterated honey
measurements as illustrated in Figures 4 and 5, in
average, the measured reflection coefficient magnitude,
|Γ| of the water adulterated honey sample is lower
when the frequency is higher. This can be described by
the complex reflection coefficient, Γ as express in the
eqn (5),

Γ =
ZL−Z0

ZL +Z0
. (5)

The Z0 is the impedance of the coaxial line and
open-ended coaxial sensor, while the load impedance,
ZL can be defined as mismatch impedance of the honey
sample.

The variation of the water content in adulterated
honey causes the mismatch impedance.

Prior to the measurement, the comparison of |Γ|
and ϕ through measurement of known loads indicate
that absolute error of |Γ| and ϕ is less than 0.07 and
9◦, respectively for all the frequencies of interest [27].
Figure 4 (a) shows that the pure Honey Gold has 18%
of water content and exhibit highest |Γ| for frequency
of 0.6 GHz and 2.28 GHz. The pure Honey Gold has
lowest water content (18%) however leads to significant
reflection. It is different from finding in Fig. 5 (a) where
of water adulterated Trigona Honey exhibit the higher
|Γ| when the water content is increasing. It indicates
that level of mismatch impedance is different for both
water adulterated honeys at variation of water content
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at different frequency band. It can be surmised that at
0.6 GHz, the reflection coefficient is decreases with the
increasing of water content for both the pure Honey Gold
and Trigona Honey. On the other hand, at 2.28 GHz
and 3.47 GHz, the increases of water content leads to
a drop of reflection coefficient and followed by a bounce
back when the water content is increasing. This can be
explained by the pure honey’s molecule forming and
interaction of sample mixture to the microwave signal.
The additional of water molecule in honey might lead to
the dispersion of fructose, sucrose and glucose molecule,
as water is important to reduce viscosity of solution. The
water breaks the behaviour of pure honey and lead to
a higher reflection coefficient when the percentage of
water in increasing. Both honeys has slightly difference
behaviour were due to the properties of mineral in the
honey, e.g., the pure Trigona Honey contenting a very
high percentage of Calcium, Potassium, Sodium, Mag-
nesium, Zinc and etc. [28]. These minerals decline the
magnetic effect of a sample when more water content is
added to diamagnetic substance [29].

Figures 4 (b) and 5 (b) show the variation of neg-
ative phase, −ϕ over frequency for Honey Gold and
Trigona Honey, respectively. The −ϕ increase as water
content increases for all frequency band. The increase of
−ϕ were contributed by the addition of water that has
high complex permittivity. The increases of −ϕ indi-
cated that the significant delayed time of incident field
and reflected field occurred. It also suggests that time
delay is lengthened during polarization when frequency
increases. This delay is due to process of polarization and
friction. The dissipated field energy increases with fre-
quency. Subsequently, time delay increases since the dis-
sipation of energy involves mechanism of collision and
friction. Increment of time delay increase lagging phase
shift is shown by the −ϕ in this work.

Apart from water, sucrose is another additive in
honey adulteration. The sucrose adulterated honeys mea-
surements are as illustrated in Figs. 6 and 7. The
Figs. 6 (a) and 7 (a) shown that when the frequency
increases, the |Γ| decreases for both the Honey Gold
and Trigona Honey samples. On the other hand, |Γ|
decreases when sucrose content increases. It can be
noticed that pure honey exhibits slightly lower |Γ| than
sucrose adulterated samples. It implies that the dis-
crepancy of capacitive impedance of pure honey from
characteristic impedance of coaxial line is due to high
inertia of bound fructose (180 grams/mol), water (18
grams/mol) and sucrose (342 grams/mol) molecules.
It increases difficulty of bound molecules in polariza-
tion. Subsequently, it reduces the energy dissipation
rate. When 10% sucrose content was used to adul-
terate honey, additional sucrose molecules is sufficient
enough to present as free molecules and they can be

more than 10% for adulteration. Worth to mention that 
the |Г| of sucrose adulterated Trigona Honey with only 
10% sucrose addition in adulteration could increase 
drastically to a higher level due to the mineral contents 
as explained previously. In addition, sucrose is a 
diamagnetic substance [31] which is similar to the 
water. It decreases 
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Fig. 6. The variation of (a) magnitude (|Γ|), and (b) neg-
ative phase (−ϕ) of reflection coefficient over water con-
tent with various frequencies for Trigona Honey.

polarized easily. As a result, |Γ| of adulterated honey is
higher than pure honey for sucrose content more than
10% for adulteration. Worth to mention that the |Γ|
of sucrose adulterated Trigona Honey with only 10%
sucrose addition in adulteration could increase dras-
tically to a higher level due to the mineral contents
as explained previously. In addition, sucrose is a dia-
magnetic substance [31] which is similar to the water.
It decreases magnetic effect of minerals in a sample
under test.

Overall, the negative phase, −ϕ of sucrose adulter-
ated Honey Gold in Fig. 6 (b) and Trigona Honey in
Fig. 7 (b) varies insignificantly when sucrose content
increases. The sucrose is heavier than glucose, water and
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diamagnetic substance [31] which is similar to the 
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Fig. 7. The variation of (a) magnitude (|Γ|), and (b) neg-
ative phase (−ϕ) of reflection coefficient over sucrose
content with various frequencies for Honey Gold.

fructose, it has high inertia. This causes great reluctance
in polarization, friction and collision. As a result the vari-
ation of −ϕ is smaller if compared to Figures 4 (b) and
5 (b) for water adulterated samples. Microwave signal
has lower sensitivity towards sucrose content than water
content due to the heaviest molecular weight of sucrose.
It justified that sucrose content bring insignificant effect
to phase measurement.

C. Relationship between reflection coefficient, water
content, and sucrose content

In Table 3, the correlation of water content
and reflection coefficient for each frequency exhibit

Table 3: Mathematical expression for magnitude and
phase in predicting water content (wc) for (a) Honey
Gold and (b) Trigona Honey

(a)

f (GHz) |Γ|
Equation R2

0.60 |Γ| = −1.384wc3 +
2.400wc2−
1.322 wc + 1.060

0.919

2.28 |Γ| = −3.849wc3 +
6.898wc2−
3.677wc + 1.325

0.972

3.47 |Γ| = −1.605wc3 +
3.156wc2−
1.657wc +1.004

0.814

f (GHz) −ϕ (Deg)
Equation R2

0.60 −ϕ = 48.56wc + 154.3 0.975
2.28 −ϕ = 146.1wc + 575.3 0.953
3.47 −ϕ = 168.8wc + 873.2 0.899

(b)

f (GHz) |Γ|
Equation R2

0.60 |Γ| = −1.068wc3 +
2.238wc2 − 1.536wc +

1.170

0.853

2.28 |Γ| = −7.603wc3 +
14.88wc2 − 9.004wc +

2.412

0.977

3.47 |Γ| = −4.159wc3 +
8.260wc2 − 4.928wc +

1.536

0.939

f (GHz) −ϕ (Deg)
Equation R2

0.60 −ϕ = 32.01wc + 166.4 0.931
2.28 −ϕ = 148.9wc + 553.1 0.946
3.47 −ϕ = 172.4wc + 862.2 0.910

considerable high for both honeys as indicated by the fit-
ting coefficient R2. The R2 is a statistical measure that
represents the proportion of the variance for a dependent
variable that’s explained by an independent variable or
variables in a regression model. The |Γ| are fitted with
cubic polynomial model while the −ϕ are expressed in
linear model. The cubic polynomial model was used in
the |Γ| fitting due to multiple reflections that attributed
to inhomogeneity in sample under test. The multiple
reflections may cause distortion on reflected fields due
to constructive and destructive superposition. However,
it affects linearly towards the −ϕ . It is due to the
extremely high of dipole moment of water molecule that
becomes dominant in determining the −ϕ measurement,
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Table 4: Mathematical expression for magnitude and
phase in predicting sucrose content (sc) for (a) Honey
Gold and (b) Trigona Honey

(a)

f (GHz) |Γ|
Equation R2

0.60 |Γ| = 0.652sc3 − 1.152sc2 +
0.573sc + 0.848

0.772

2.28 |Γ| = 0.209sc3 − 0.404sc2 +
0.097sc + 0.777

0.767

3.47 |Γ| = 1.727sc3 − 2.973sc2 +
1.282sc + 0.612

0.871

f (GHz) −ϕ (Deg)
Equation R2

0.60 −ϕ = 227.9sc3 - 407.6sc2 +
205.2sc + 155.5

0.809

2.28 −ϕ = 690.4sc3 − 1203sc2 +
564.9sc + 584.0

0.815

3.47 −ϕ = 843.6sc3 − 1514sc2 +
772.7sc + 873.7

0.778

(b)

f (GHz) |Γ|
Equation R2

0.60 |Γ| = 0.652sc3 − 1.152sc2 +
0.573sc + 0.848

0.772

2.28 |Γ| = 0.209sc3 − 0.404sc2 +
0.097sc + 0.777

0.767

3.47 |Γ| = 1.727sc3 − 2.973sc2 +
1.282sc + 0.612

0.871

f (GHz) −ϕ (Deg)
Equation R2

0.60 −ϕ = 76.60sc3 − 137.1sc2

+ 66.74sc + 175.1
0.621

2.28 −ϕ = 491.3sc3 − 905.7sc2

+ 464.2sc + 588.8
0.738

3.47 −ϕ = 683.2sc3 − 1217sc2 +
616.0sc + 897.4

0.770

instead of the effect from multiple reflection. As a result,
polarization of water molecule in water adulterated
honey cause linear relationship between −ϕ and water
content.

In Table 4, the |Γ| is similar as in Table 3 where it
expressed cubically over sucrose content. However, the
−ϕ fitting of the sucrose content for both honeys is not
linearly expressed in Table 4. It is different when com-
pare with water adulterated honeys. The sucrose adul-
terated honey shows cubic mathematical expression to
express the −ϕ using sucrose content with consider-
able good of R2(= 0.7). It was due to heavier molecular
weight and smaller dipole moment of sucrose molecule
than water molecule. The extreme dielectric behaviour
of water molecule might divert attention from sucrose

content during the −ϕ measurement over adulteration of
sucrose in both honeys as shown in Table 4. The −ϕ

seem more sensitive than |Γ|. It can be justified by the
high gradient of each mathematical model of −ϕ in func-
tion of water and sucrose content.

The −ϕ of sucrose adulterated honeys is more sen-
sitive in responding to variation of sucrose content than
water adulterated honeys in responding to the varia-
tion of water content. In general, sucrose molecule has
heavier molecular weight than water molecule, but sim-
ilar dipole moment with water molecule. Subsequently,
it leads to high impedance mismatch. The molecular
weight of water and sucrose molecule is 18 g/mol and
342 g/mol, respectively. This phenomenon causes high
sensitivity of −ϕ towards variation of sucrose during
adulteration. Meanwhile, the |Γ| is mostly exhibit higher
sensitivity for water adulterated honeys than sucrose
adulterated honeys.

The relationships of actual water content (awc) and
predicted water content (pwc) as tabulated in Table 5.
The prediction of water content of both honeys can be
acquired through simple mathematical approach. How-
ever, the |Γ| is not able to provide unique solution. It can
be solved by implementing the developed cubic poly-
nomial model as listed in Table 3 via inverse matrix
method. Hence, it can be noticed that the relationship
between awc and pwc is solely presented by one equa-

Table 5: Mathematical models of actual water content
(awc) and predicted water content (psc) for (a) Honey
Gold and (b) Trigona Honey

(a)

f (GHz) |Γ|
Equation R2

0.60
awc = pwc 1.0002.28

3.47

f (GHz) −ϕ (Deg)
Equation R2

0.60 awc = 1.020pwc + 0.006 0.999
2.28 awc = 0.960pwc + 0.018 0.954
3.47 awc = 0.901pwc + 0.046 0.900

(b)

f (GHz) |Γ|
Equation R2

0.60
awc = 0.990pwc + 0.002 0.9972.28

3.47

f (GHz) −ϕ (Deg)
Equation R2

0.60 awc = 0.929pwc + 0.038 0.926
2.28 awc = 0.950pwc + 0.028 0.944
3.47 awc = 0.907pwc + 0.052 0.920
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Table 6: Mathematical models of actual sucrose content
(asc) and predicted sucrose content (psc) for (a) Honey
Gold and (b) Trigona Honey

(a)

f(GHz) |Γ|
Equation R2

0.60
asc = psc 1.0002.28

3.47

f(GHz) −ϕ (Deg)
Equation R2

0.60
asc = 0.997psc + 0.004 0.9992.28

3.47
(b)

f(GHz) |Γ|
Equation R2

0.60
asc = psc 1.0002.28

3.47

f(GHz) −ϕ (Deg)
Equation R2

0.60
asc = psc 1.0002.28

3.47

tion for three frequencies. The developed FPR exhibit
R2= 0.9 for both honeys in the |Γ| for predicted real
water content (pwc). Similarly, the |Γ| of sucrose adul-
teration between real and predicted sucrose content
achieve R2= 0.9 for both honeys. Meanwhile, math-
ematical relationships for the −ϕ are well presented
in linear model with R2= 0.8. All linear models pro-
vide unity gradient and null y-intercept. It implies that
the predicted water content (pwc) has good agreement
with actual water content (awc). Likewise, linear mod-
els to relate between actual sucrose content (asc) and
predicted sucrose content (psc) as listed in Table 6 pro-
vide R2= 0.8 with approximate unity gradient and null y
intercept.

To validate the data and ensure the reliability, the
measurements of FPR were compared with the commer-
cial Network Analyzer, Agilent E8362B PNA (vector
network analyzer). The frequency response of measured
|Γ| and ϕ for FPR and PNA are consistent. Absolute
error |Γ| and −ϕ is less than 0.15 and 17◦, respectively
in measurement of water content in honeys. Meanwhile.
the absolute error of |Γ| and −ϕ is less than 0.13 and
14◦, respectively in measurement of sucrose content in
honeys.

In additional to the data used to fit, an additional
experiment has been conducted to verify the correct-
ness of the fitting functions in Tables 3–6. The measure-

ment setup in this work provides an accurate prediction
in terms of water content and sucrose content. |Γ| and
−ϕ are accurate in predicting water content in both hon-
eys with the absolute error < 0.1 and < 25◦. However,
|Γ| has the best agreement where it provides unity gra-
dient and zero y intercept. Withal, |Γ| and −ϕ can also
predict sucrose content accurately for both honeys with
the mean absolute error of 0.04 ± 0.03 and 7.6◦ ± 6.4◦,
respectively. |Γ| and −ϕ exhibit unity gradient and zero
y-intercept. However, −ϕ present the highest sensitivity
towards the variation of sucrose content in honeys [27].
Suffice to say, FPR with developed five ports ring junc-
tion circuit can provide accurate water and sucrose con-
tent prediction for multiple frequencies. The FPR can be
used as an alternative instrumentation system to charac-
terize pure and adulterated honey.

IV. CONCLUSION
The developed ring junction circuit with operating

frequencies of 0.60 GHz, 2.28 GHz and 3.47 GHz. The
simulated S-Parameter at these frequencies comply with
Riblet & Hansson theory. Meanwhile, the measured S-
Parameters through FPR at these frequencies have good
agreement with simulated S-Parameter and has been val-
idated with the VNA measurement. The relationship of
water content (wc) or sucrose content (sc) with |Γ| and
−ϕ were established in mathematical models. The math-
ematical correlation among wc or sc in pure and adulter-
ated honeys with |Γ| and −ϕ were investigated through
coefficient of determination, R2. This work is only based
on a single variable (water or sucrose content). These
two substances are commonly found in the market and
impose a huge impact on the honey industry. Hence, this
work was limited to single variable (either water content
or sucrose content). The multivariable regression analy-
sis is conducted in future work.

In overall, high R2 indicates a good agreement
between the calculation (mathematical model) and mea-
surement in term of reflection coefficient. In addition, wc
and sc can be predicted accurately through |Γ| and −ϕ

using these developed models. The developed FPR can
provides an accurate water and sucrose content predic-
tion for both honeys. The FPR is able to identify pure
and adulterated honey through the investigation of water
and sucrose content. A similar approach can be extended
for other sample of interest which has similar character-
istics to Honey Gold and Trigona Honey.
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