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On‑body non‑invasive glucose 
monitoring sensor based on high 
figure of merit (FoM) surface 
plasmonic microwave resonator
Farzad Soltanian 1, Mehdi Nosrati 2, Saleh Mobayen 3,4*, Chuan‑Chun Li 5*, Telung Pan 6, 
Ming‑Ta Ke 4 & Paweł Skruch 7

High‑figure of merit (FoM) plasmonic microwave resonator is researched as a non‑invasive on‑body 
sensor to monitor the human body’s blood glucose variation rate in adults for biomedical applications, 
e.g., diabetic patients. The resonance frequencies of the proposed sensor are measured to be around 
f
01

= 3.25 GHz and f
01

= 4.67 GHz over the frequency band of DC to 6GHz which are suitable for 
monitoring interstitial fluid (ISF) changing rate. The 40× 40mm

2 sensor is experimentally wrapped 
on the human body arm to monitor the blood glucose changing rate via amplitude and frequency 
variations of the sensor. Amplitude variation and frequency shift are measured to be around 7 dB and 
30 MHz, respectively. The measured results demonstrate the high precision of the proposed approach 
to depict a valid diagram for glucose changing rate due to good impedance matching of the designed 
microwave sensor and human body. The sensor is shown to enhance the sensitivity by a factor of 5 
compared to the conventional ones.

Diabetes is regarded as a chronic disease that affects 422 million people worldwide with swiftly increasing propa-
gation  rates1,2. It is associated with remarkable morbidity as one of the top ten distinguished reasons for death 
worldwide. Indifference to diagnosis and treatment of diabetes developing in a person can cause macrovascular 
and microvascular problems, e.g., stroke and diabetic nephropathy. Regular management of blood glucose to 
manage diabetes is vital and enables patients to discern the relationship between levels of blood glucose with 
meals, activities, and crucial diabetic drugs. In prevalent blood glucose monitoring methods blood samples are 
extracted from the fingers which can be intrusive, sore, and unsightly.  In3, a well-developed electronic device was 
designed to count carbohydrates, measure blood glucose, calculate insulin dose, and show the required insulin 
to self-injections. Their work still suffers from being tensive due to pricking the finger to extract a droplet of 
blood. Nowadays, developing precise pain-free user-friendly non-invasive glucose monitoring devices is highly 
in demand to improve therapy and facilitate the lives of millions of diabetic  people4–6.

The review of the literature reveals that non-invasive glucose monitoring technique can be classified into 
four categories including optical, electrochemical, electromagnetic (EM), and electromechanical techniques. 
The optical technique works based on the optical wavelength of the spectrum, such as  spectroscopy7–17, opti-
cal change  tomography18, temperature-modulated localized  reflection19, polarization  change20, fluorescence 
 method21,  photoplethysmography22, smart  hologram23, and optical  bridge24. The optical technique demonstrates 
many advantages such as light transmission, absorption, and tracing its quality through the human body, at the 
expense of low resolution of the signal. Moreover, electrochemical technique can be classified into different cat-
egories including body fluid  analysis25–27, breath chemical  analysis28, and reverse  iontophoresis29. In body fluid 
analysis, the objective is to find a correlation between the quantity of blood glucose with glucose contained in 
 sweat25,  saliva26,  urine26, and  tears27. In the aforementioned studies, the obtained results confirm that the glucose 
in sweat is much more matched to the blood glucose rather than the glucose in saliva and tear, showing that the 
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approaches suffer from the body’s ever-changing. Furthermore, the ultrasonic technique electromechanically 
works based on deep penetration into skin and  tissue30. This approach demonstrates precise results by counting 
the blood glucose content. Nevertheless, the approach suffers temperature changes of the experiment set-up 
severely influence the precise results.

The initial presentation of non-invasive human glucose monitoring is reported to be based on the concept of 
bioimpedance  spectrograph31. This approach works based on employing electrical current to the human body 
from one side and receiving it from the other side and finding related impedance according to ohm criteria. 
Investigations reveal that the tissues and blood containing liquid and convey ions, i.e., Na+ , K− , and Cl− ; have 
a distinguished role in passing current in the human body. In this approach, the glucose content is correlated 
with a specific resonance frequency which is proportional to the human body’s impedance. The initial results are 
reported to be inspiring; however, the technique enclosed a few obstacles that quickly disturb the glucose-related 
signal, not allowing a satisfactory tracking of glucose swings. Consequently, the technique requires auxiliary sen-
sors to solve the problems, e.g., temperature, sweat, or perfusion changes which promote improvement toward 
real-time monitoring of glucose oscillations in vivo. In an empirical test of the human case, one study positioned 
the projected circular spiral sensor at the test subjects’ thumb and wrist to investigate the correlation between 
the forwarding transfer function of the sensor and increasing blood glucose  levels4. The calibration data: i.e., 
frequencies between 100 MHz and 5 GHz, for predictions of the blood glucose of human volunteers, were origi-
nated by employing a combination of main component analysis and numerous regressions.  In5,6,31, EM-based 
split ring-based resonators were employed for non-invasive glucose monitoring where the resonance frequency 
and bandwidth of a microwave resonant circuit depend on the dielectric properties of the tissues. Although the 
technique is a novel work, no data is reported regard to the measurement resolution.  In32–34, a Whispering Gallery 
Mode sensor was exposed on the arm skin tissue to monitor changes in blood glucose level. The reported meas-
urement resolution  in32–34 was 10 mg/dL of real blood glucose level.  In35, a multi-layered EM-based structure was 
proposed for the human body that contains three layers of skin, fat, and muscle.  In36, a heterogeneous structure 
was proposed to model the human tissues in the near sensor/antenna to consider near filed sensor behavior.

In this study, we found that the human body model described  in36 can be suitable to investigate the blood 
glucose change. Electromagnetic waves are used to monitor the glucose in the fluid between the human skin 
cells or interstitial fluid. Surface plasmonic resonator sensor is designed to resonate in the limited frequency 
band; i.e. 3.25 GHz and 4.67 GHz, which is suitable for monitoring interstitial fluid (ISF) rate change due to 
the fact that the human body can absorb considerable EM energy in the frequency range of 300 MHz to several 
 GHz37,38. To do this, a three-step experiment is designed to check the accuracy of the designed sensor glucose 
monitoring. In the experiment, we ask the volunteer to eat 200 g of honey after his ponderous sport to measure 
the drastically changing rate of glucose in the human body. According to our knowledge, the allowed daily honey 
consumption for a healthy adult man is 50 g. In addition, consuming 4 g of honey per kilogram of body weight 
is allowed for an athlete.

This paper is organized as follows: in “Microwave plasmonic Fano resonance sensor”, a microwave sensor 
is designed and analyzed for glucose monitoring. In “Senor design and characterization”, a model of the body 
is initially proposed, showing that the designed resonator can be used for blood glucose monitoring by finding 
the suitable resonance frequency. Moreover, an experiment is set up to test the efficiency of the proposed sen-
sor, evaluating the performance of the sensor for different cases. Finally, the paper’s conclusion is presented in 
“Conclusions and future works”.

Microwave plasmonic Fano resonance sensor
Microwave resonators not only are used for communication  systems39–44, but they are also used as sensors for 
multiple  applications45–48. Compared to the conventional microwave resonators, Surface plasmonic resonators 
are reported as highly sensitive resonators by which the EM waves can strongly interact with the surrounding 
 medium49–51. Here, this type of microwave resonator is considered for glucose monitoring. Figure 1 shows a 
diagram of a plasmonic Fano-resonance sensor with N stubs. The sensitivity of the sensor is initially analyzed 
using the reflective phase of the structure, compared to the conventional ones and the performance of the sensor 
is experimentally researched.

Similar to the analytical procedure  in52, the sensitivity of a plasmonic Fano resonance (PFR) sensor is com-
puted. To compute the sensitivity, the reflection coefficient ŴF is calculted at point A between the input feeding 
line and the PFR. The input impedance of PFR can be calculated in Eq. (1)

(1)Zn
inF = −j(ZB/n)cot(�B)

Figure 1.  Schematic of plasmonic Fano-resonance sensor with N stubs.
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where ZB stands for the characteristic impedance of each stub in the PFR ZB = ZB1 = ZB2 = ZBn , n → N , and 
normalized to the characteristic impedance of the feedline  Z0. Moreover, �B = θ01 = θ02 = θ0n , n → N.

Similarly, the reflection coefficient of the PFR is calculated as follows:

where the feedline with reference characteristic impedance  Z0 is not  considered52. The phase of the reflection 
coefficient is then computed in Eq. (3).

Finally, the sensitivity of the PFR sensor to the phase of the sensitive region (patch) or θs , defined as SCFθs  , can 
be computed in Eq. (4).

Figure 2 compares the 3D plot of the sensitivity of the conventional SIR  in52 and the PFR sensors in terms of 
the normalized characteristic impedance and electrical length or phase of the sensitive region.

The theoretical results in Fig. 2 show the maximum sensitivity can be enhanced up to a ratio of 5 by the PFR 
sensor.

Senor design and characterization
The PFR is designed and fabricated, and its performance is measured without any MUT. Figure 3a shows the 
simulated and measured performance accompanied by a digital photo of the fabricated of the PFR. The PFR is 
fabricated on a 50-mil Rogers 6010 substrate with a dielectric constant of 10.2. The performance of the structure 
is also simulated for different MUTs. Figure 3b shows the EM results of the PFR structure as a sensor (PFRS) for 
MUT with different dielectric constant. The PFRS is simulated for different dielectric constants of air ( εr0 = 1 ), 
εr1 = 5 , εr2 = 10 , and εr3 = 15 (the thickness of MUTs is chosen to be 1.27 mm with loss tangent of 0.0027)where 
the resonance frequency of the structure is shifted toward the lower frequencies as provided in the caption of 
Fig. 3. There are some important characteristics for a sensor including sensitivity, frequency detection resolution 
(FDR), and quality  factor53–55 where Table 1 compares the performance of PFRS with that of the conventional 
single-port ones. Inspecting the results, the proposed PFRS enhances the performance of such sensors.

A On‑body test results
In this section, the designed resonator in “Microwave plasmonic Fano resonance sensor” is shown to be suit-
able for blood glucose monitoring. An experiment is designed for blood glucose monitoring. Based on an EM 
simulation tool (HFSS-Ansys), the thickness of the heterogeneous multi-layered model of body layers consisting 
of skin, fat, and muscle are taken as 4, 20, and 10 mm,  respectively58. Table 2 provides the electrical properties 
of the three layers in human body phantom  tissues58.

The human skin is composed of three main layers, i.e., epidermis, dermis, and subcutaneous  tissue59. The 
epidermis approximately has 100µm thick and the highly vascularized layer, i.e., the dermis, has a thickness of 
1 up to 3  mm59. An anatomic model of human body skin is represented in Fig. 4 to analyze the changes in the 
frequency and the amplitude of the EM fields on the PFR sensor penetrating the different layers of human skin. 
The epidermis and the dermis layers contain the most percentage of the whole interstitial fluid (ISF) where the 

(2)ŴF =
1+ j(ZB/n)cot(�B)

−1+ j(ZB
n )cot(�B)

(3)θŴF = 2arctan

(

(
ZB

n
)cot(�B)

)

(4)SCFθs =
∂θŴCF

∂θs
= −

(ZB/n)CSC
2(θs)

(

ZB/n
)2
cot2((θs))+ 1

Figure 2.  3D plots of sensitivity of the (a) conventional stepped impedance resonator (SIR) (function of 
normalized characteristic impedance and electrical length of the sensitive region)52 and (b) PFR sensors.



4

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17527  | https://doi.org/10.1038/s41598-023-44435-6

www.nature.com/scientificreports/

simulated results show that the EM fields are mostly concentrated in this area. As shown in Fig. 4, PFR sensor is 
used for monitoring the blood glucose changes in this area.

B Experiment details
In this subsection, an experiment is carried out for monitoring the blood glucose changes in the human body 
case. This experiment is designed based on the PFR sensor which is fixed on the volunteer’s right arm. As shown 
in Fig. 5a, the PFR sensor is placed on the right arm in such a way that the resonator attaches the patient’s arm, 
and the ground of the structure is upward. Next, the PFR sensor is wrapped by a blood pressure cuff as shown 
in Fig. 5b. The designed experiment consists of three steps as follows. First, resonance frequencies related to the 
human body’s blood glucose rate are recorded with no body exercise nor any movement of the volunteer person. 
Next, the shifts in the resonance frequencies are monitored and recorded during the volunteer’s warming up the 
left-hand with, dumbbell for 10 min. Then, in the last part of the experiment, the volunteer gradually eats 200 
g of honey which takes about 10 min. It should be noted that since the volunteer for the designed experiment 
was an adult man who did not have any diabetic disease and his weight is 89 kg, the maximum permitted daily 
honey consumption for him easily can be calculated by multiplying 89 by 4 g.

(b)
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Figure 3.  (a) Simulated and measured performances of ( S11) and a digital photograph and simulated current 
distribution of the PFR. (b) EM performance of the sensor for different materials, εr0 = 1
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Table 1.  Comparison of the proposed sensor with conventional sensors.

f0 (GHz) Sensitivity (%) FDR ( GHz) Q
56 7.720 0.91 0.06 436
57 9.160 1.34 0.805 753

This work 5.770 1.87 0.108 962

Table 2.  Electrical properties of human body phantom  tissues58.

Biological tissue Permittivity ( ε′r) Conductivity (σ, S/m)

Fat tissue 5.560525 0.041934

Skin 45.753101 0.708836

Muscle 58.482101 0.851437
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C The experiment results and discussion
The blood glucose is monitored by tracking the changes in the return loss of electromagnetic waves ( S11) , whose 
changes are proportional to the human blood glucose changes. Figure 6a shows the S11 in the different sampling 
conditions consisting of Air as MUT or no MUT, arm as MUT and no activity, arm as MUT, and after 1 min. 
human activity, arm as MUT, and 3 min after starting to eat honey. One can find absolutely two distinguish 
resonance frequencies with considerable change in different sampling conditions around f01 = 3.25 GHz and 
f02 = 4.67 GHz that be known as the first and the second resonance frequencies from Fig.6b, c, respectively. 
Figure 6b, c are depicted to have a precise analysis of the first and the second resonance frequency variation 
during the related arm MUT sampling change.

Figure 7a shows the measured performance of the PFR sensors for different MUTs over a wide frequency 
band (form DC to 6 GHz). The two resonance frequencies of the return loss of the sensor are reported to behave 
differently for the same MUT. As shown in Fig. 7b, c, the amplitude of S11 is decreased at f01 = 3.25 GHz (from 
− 16.4 to − 19.2 dB) while it is increased at f02 = 4.67 GHz (from − 25.4 to −22.1 dB) under the same MUTs.

In addition to activity, the PFR sensor is evaluated for blood glucose monitoring of the volunteers after eating 
a specific amount of honey due to the fact that honey changes the blood glucose rate. Figure 8a shows the meas-
ured performance of the PFR sensors for a specific amount of honey taken by the volunteers over the different 
amount of time as the different MUTs. The performance of the PFR sensor is measured over a wide frequency 
band (form DC to 6 GHz). Similar to the first case in Fig. 7, the two resonance frequencies of the return loss of 
the sensor are reported to behave differently for the same MUT. As shown in Fig. 8b, c, the amplitude of S11 is 
decreased at f01 = 3.25 GHz (from −16.3 to −20.96 dB) while it is increased at f02 = 4.67 GHz (from −25.93 
to − 18.73 dB) under the same MUTs.

The S11 parameter of the PFR sensor is measured during the various conditions of samplings, i.e., in the rest-
ing, just after the volunteers’ warm-up, during the volunteers’ eating honey over the different time intervals as 
provided in the caption of Fig. 8. Investigation reveals that the amplitude of S11 acording to different sampling 
condition is decraced due to human activity until a few minute after eating honey and increased again after that 
in the first resonance frequence; eating honey help to adjusting S11.

Figure 9 shows the amplitude gain of the first resonance frequency ( f01 ) during three parts of the sampling 
test, i.e., arm as MUT and no activity, arm as MUT after 6 min activity, and arm as MUT 3 min after starting to 

Figure 4.  A representation of the simulated PFR sensor in contact with human skin (anatomic representation 
of human  skin59) and the electromagnetic field concentration on the three layers of the human body (skin, fatty 
tissues, and muscle). Simulated results show that the human skin layer has more influenced by the EM fields of 
the PFR sensor rather than other layers.

(a) (b)

Figure 5.  (a) PFR sensor placement on the patient’s arm. (b) Complete measurement PFR sensor setup .
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eat honey indicated as samples 1, 2 and 3 respectively. Similarly, Fig. 10 shows the related resonance frequencies 
correlated to the samples 1–3. The signal gains and resonance frequencies in different situations for the first 
resonance frequency are classified and exhibited in Figs. 11 and 12; i.e., arm as MUT with no activity, arm as 
MUT after human activity, arm as MUT and eating honey over the different time intervals. In addition, the same 
situations are considered for the second resonance frequency as provided in Figs. 13, 14 and 15.

Inspection of the measured results in Figs. 9, 10, 11, 12, 13, 14 and 15 reveals that similar to the nonlinear 
results  in60 the trace of frequency change in the proposed sensor is not linear and depend on some factors, i.e., 
person with low- or high- fitness and measuring during or after exercise. Experimental results reveal that the 
blood glucose is changed due to the experiment condition changing. This recorded change by the designed sensor 
can be considered as an amplitude shifter in low frequency as well as a frequency shifter in higher frequency too.

It is worthy to mention that the on-body sweat of the patients and the slight movement of the PFR sensor can 
influence the accuracy of the measured results. Several factors potentially can influence the measured results 
of the sensor. Even in cases of volunteers exhibiting normal blood pressure, variables such as the thickness of 
the skin and fat layer, along with the volunteer’s body temperature can influence the accuracy of the measured 
results. To mitigate the influence of external factors like environmental conditions, sweat, and contamination, a 
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Figure 6.  The return loss ( S11 ) per frequency for (a): first ( f01 ) and second ( f02 ) resonance frequencies, (b) first 
resonance frequency ( f01 ), (c) second resonance frequency ( f02 ) (line a: no MUT, line b: arm as MUT with no 
activity, line c: arm as MUT after 1 min activity, line d: arm as MUT 3 min after starting eating honey).
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preliminary step is applied by cleansing the volunteer’s skin with alcohol before placing the sensor on their arm. 
Moreover, it’s noteworthy that the results might also be influenced by the volunteer’s most recent meal which 
was consumed four hours prior to the testing.

Conclusions and future works
In this paper, a non-invasive blood glucose monitoring EM-based sensor was designed and rapped on the 
human body. After that, a three-phase experiment was developed to monitor blood glucose change in the human 
body. The amplitude and frequency shifts are recorded due to blood glucose changes in lower frequency and 
higher frequency, respectively. Finally, the simulation results verify the efficiency of the proposed method. Future 
works can be directed to design a non-connected VNA sensor by developing a modulator circuit to this sensor 
to transmit the lower or higher frequency to be recorded in receiver devices like a smart watch, smart mobile 
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phone, etc. Moreover, the PFR sensor can be used to predict the hypo- and hyperglycemia using machine learn-
ing techniques.
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Figure 12.  The resonance frequency per time at the first resonance frequency ( f01 ), Sample1 (solid green 
rectangle), arm as MUT with no activity, Sample2 (dashed red rectangle), arm as MUT after activity, Sample3 
(dashed yellow rectangle), and arm as MUT after eating honey.
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Figure 13.  The resonance frequency per time at the second resonance frequency ( f02 ) Sample1 (solid green 
rectangle), arm as MUT with no activity, Sample2 (dashed red rectangle), arm as MUT after activity, Sample3 
(dashed yellow rectangle), and arm as MUT after eating honey.
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Figure 14.  The return loss ( S11 ) per time at the second resonance frequency ( f02 ) Sample1 (solid green 
rectangle), arm as MUT with no activity, Sample2 (dashed red rectangle), arm as MUT after activity, Sample3 
(dashed yellow rectangle), and arm as MUT after eating honey.
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confirmed that informed consent was obtained from all subjects and/or their legal guardian(s) for experiments 
involving human participants.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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