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Design and Verification of Noninvasive Wearable Continuous Blood
Glucose Monitoring System for Smartwatches

Pratik J. Mhatre1, * and Manjusha Joshi2

Abstract—In this paper, we propose a noninvasive blood glucose monitoring system that can be easily
integrated into smartwatches. This system makes use of dielectric properties of blood-flow in human
blood vessels as well as frequency dependency of blood glucose. To prove the proposed design principle,
authors have verified the system working with vector network analyser and a directional coupler. The
entire system design is explained in this paper. At the time of final system integration, the vector
network analyser and directional coupler can be replaced with other on-chip sensors. Authors have also
compared the obtained results with finger pricking based blood-glucose measurement. The results agree
and have been tabulated. Clarke error grid was also used to evaluate the proposed system accuracy.

1. INTRODUCTION

Globally, 422 million people have diabetes, and the majority of them live in low- and middle-income
nations. Diabetes is directly responsible for 1.5 million fatalities annually. Over the past few decades,
there has been a consistent rise in both the number of cases and prevalence of diabetes [1].

The most common device for checking blood glucose levels (GLs) is glucometer, which is invasive.
It is uncomfortable and painful to use this technique. Over the last ten years, researchers have looked
into a variety of different methods for measuring blood glucose levels. They can be divided into two
groups: minimally invasive and noninvasive [2]. The glucose-oxidase based electrochemical sensors are
one example of a minimally invasive technique that is painful and uncomfortable, have delay artefacts,
and place a significant socioeconomic load on the patient [3].

Some noninvasive techniques, like those that require samples of saliva [4], urine [5], tears [6], and
breath [7], are not appropriate for continuous monitoring. In addition, researchers looked at other
methods such reverse iontophoresis [8, 9], bio-impedance spectroscopy [10], infrared spectroscopy [11],
and ultrasound [12]. But as of now, the alternatives to the glucometer have not been successful because
they either lack the required accuracy and stability or have a significant time lag [13].

Electromagnetism (EM) is currently being studied as a key technique for noninvasive and continuous
glucose monitoring (CGM) [14, 15]. In order to ascertain the GLs, the characteristics of the transmitted
waves and reflected waves in terms of scattering parameters or S parameters are examined.

The World Economic Forum’s most recent study on the top ten emerging technologies also confirms
that the future of continuous glucose monitoring is confidently moving toward noninvasive wearable
solutions that are painless and needle-free [16].

The focus of all current research and development must be on offering patients CGM options
that do not require blood draw from the finger but rather use painless wireless techniques to monitor
glucose fluctuations. In fact, research demonstrates that the community of diabetes people does not
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adhere to routine glucose monitoring because of traditional blood glucose monitoring methods that are
uncomfortable, such as finger pricking [17, 18].

Through this paper, the authors propose a new system that can be integrated into smartwatches,
and the user does not have to carry additional device. The paper has been arranged in a flow where
system design goal and initial proposed concept are explained first. Authors then explain the necessity
of specific human body model for this design and its design process. Next, the required antenna design
is explained in detail, and its test results are discussed. Finally, lab testing of the proposed concept and
its validation against existing methods are discussed. Finally, authors present the conclusion from this
work.

2. SYSTEM DESIGN GOAL AND PROTOTYPE DESIGN APPROACH

Authors have started their research work with the goal of designing the truly noninvasive continuous
blood glucose monitoring system. As discussed in the introduction section, most of the blood glucose
measurement or monitoring systems are additional devices need to be carried by the user, whether
diabetic or non-diabetic. Integrating these systems into smartwatches is difficult. Authors aimed to
solve this problem through their proposed design. The proposed measurement principle is shown in
Figure 1.

Figure 1. Initially proposed measurement principle. Conceptually, the narrow-band antenna and
microcontroller circuit can be part of the smartwatch assembly.

To make this design work, authors had to establish the fact that changing concentration of blood
glucose inside human body can change its dielectric properties. This change in dielectric properties can
be used to detect the blood glucose value. The entire design flow and approach is shown in Figure 2.

Figure 2. Complete system design flow followed for the system design and explained throughout this
paper.

As already mentioned, authors wanted to integrate the proposed solution as part of the smartwatch,
and the system requirements can be briefly specified as:

1. Final solution should be able to monitor blood glucose continuously. Hence, wearing and removing
the system should be easy, and the user should be able to perform daily/routine tasks without
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interference. Existing published systems need the user’s finger, earlobe, or eye to be interfaced
with the system, and in such cases, the user cannot do his/her routine tasks without getting
distracted.

2. Antenna should work on 2.4GHz band since most of the smartwatches have 2.4GHz built-in
antennas for other sensing and communication applications.

3. The system should accurately measure the blood-glucose using antenna, and these measurements
should be comparable with other existing methods, for example, finger pricking.

4. Final solution should be easily integrated into a smartwatch.

2.1. Step 1: Human Body Model Derivation and Evaluation

As the first design step, authors conducted a survey of existing human body models so that they
could simulate the system. Authors have found that there is no published human body model that
can simulate the human blood flow inside arteries and veins so that its dielectric properties can be
studied [19]. Hence, authors have developed their own human body model for this purpose, and the
details can be found in [19]. This body model derivation steps are shown in Figure 3. The body model
itself is shown in Figure 4. Both Figures 3 and 4 are reproduced from [19]. This human body model is
used for further design and analysis.

Figure 3. Human body model derivation steps. Figure reproduced from [19]. These steps ensure that
any change of blood glucose concentration inside human body changes dielectric properties and can be
estimated with an antenna.

Through this human body model, the authors successfully established the fact that changes in blood
glucose concentrations change the dielectric properties of human blood. This in turn can affect antenna
performance. This performance can be measured and translated into corresponding blood glucose value.

2.2. Step 2: Antenna Design that Suits the Design Requirements

The major challenge in designing the antenna was that the antenna performance varied based on
the user’s body type, age, and other physical parameters. If these factors and initial blood glucose
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Figure 4. Derived human body model and mounted antenna position. Antenna has been mounted
approximately near Cephalic vein for better detection. Antenna radiation direction kept towards the
wrist.

Figure 5. Fabricated antenna and size comparison. More details about this design can be found in [20].

concentration were not considered, then it can produce error in the measurement. The antenna was
designed at 2.4GHz and tested with a vector network analyser. The design flow and process are
explained in [20]. The fabricated antenna is shown in Figure 5. Its test results are also shown in
Figure 6.

3. MEASUREMENT SETUP EXPLAINED

Though the final system integration can include microcontroller and memory unit, we have used a vector
network analyser and direction coupler to evaluate the designed prototype. For any resonant frequency,
we can measure the changes in antenna return loss (S11) due to blood glucose variation using this setup.
The measurement setup requires continuous wave (CW) signal source, directional coupler, and vector
network analyzer (VNA). Figure 7 shows the basic measurement setup for this connection. At the time
of final integration with smartwatch, surface mounted or chip-based directional coupler can be used.

Directional coupler plays an important role in the measurement, and hence, it will also be used
in the final system integration. Directional coupler working is explained in Figure 8 for the intended
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Figure 6. Plotted return loss variations for varying range of glucose values for the aqueous solutio;
measured using the fabricated antenna [20]. The linear line shows the trend of glucose concentrations
with respect to the glucose level of an average healthy person with no diabetes.

Figure 7. Basic measurement setup for the lab.

Figure 8. Directional coupler basic working and connection diagram. Actual use and calculations
given in subsequent sections.
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Figure 9. Sample calculation about how return loss variation translates into blood glucose value.

measurement. Authors have used a 10 dB directional coupler with directivity 25 dB and insertion loss
of 0.45 dB.

Antenna S11 variation due to blood glucose change will not be significant, and the power variation
could be in mW or micro-W, but it depends on power being fed into antenna ports. For measurement
purposes, authors have fed 3 dBm input power through directional coupler to antenna inputs to obtain
detected voltage change in mV range. Figure 9 shows example calculation at mW calculation changes.
Using directional coupler improves the system accuracy. Using the setup in Figures 7 and 9, authors
have calculated blood glucose values from aqueous solution as well volunteers. This measurement was
carried out initially, and the obtained values are listed in Table 1 [20]. Details about preparation of
aqueous solution and measurement are also explained in [20].

Table 1. Blood glucose values measured from aqueous solution.

Sr. no.
Aqueous solution

concentration (mg/dL)

Estimated concentration

with setup of Figure 9 (mg/dL)

1 72 78

2 86 94

3 99 108

4 137 141

5 257 262

It is observed from Table 1 that results are fairly accurate; however, authors wanted to verify the
results with finger pricking method. For this purpose, authors collaborated with a diagnostic lab and
conducted a blood glucose measurement drive at the lab. Authors collected blood glucose samples from
seventeen volunteers using conventional finger pricking measurement and using measurement setup
explained in Figures 7 and 9, simultaneously. The results of measurement are listed in Table 2. A
measurement photograph is shown in Figure 10, and the fabricated prototype is shown in Figure 11.

It can be observed from Table 2 that at the lower end of blood glucose concentration, estimation
is fairly accurate with the difference of 2–5mg/dL. However, at the higher end of blood glucose
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Table 2. Proposed system measurement results vs finger pricking measurement.

Volunteer

number
Gender

Age

(years)

Finger

pricking based

blood-glucose

(mg/dL)

Proposed

system-based

blood-glucose

(mg/dL)

Return

Loss

in dB

Equivalent

DC Voltage

(in mV)

1 Female 38 73.28 71 −19.45 318

2 Male 66 80.5 76 −19.12 318

3 Female 40 84.54 81 −18.75 356

4 Female 65 84.54 82 −18.61 356

5 Male 17 87.86 85 −18.47 356

6 Female 49 91.46 88 −18.26 356

7 Female 30 96.48 92 −17.89 400

8 Male 57 97.96 93 −17.83 400

9 Male 66 102.9 97 −17.15 400

10 Female 74 104.02 110 −16.68 450

11 Male 30 112.06 119 −16.44 45

12 Male 66 119.34 124 −16.25 450

13 Female 50 121.39 127 −16.21 450

14 Male 56 126.09 130 −16.08 450

15 Female 63 156.24 162 −15.78 510

16 Male 65 156.98 163 −15.64 510

17 Male 67 289.3 295 −15.06 560

Figure 10. A representative measurement photograph corresponding to Table 2.

concentration the difference between finger pricking based detection and proposed system-based
detection is high ranging between 7 and 15mg/dL. Authors have also plotted Clarke error grid to
evaluate the proposed system performance, as shown in Figure 12.
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Figure 11. Antenna fabricated prototype; figure
reproduced from [20].

Figure 12. Blood glucose concentrations
tabulated in Table 2 are plotted on Clarke error
grid.

Figure 13. Absolute difference and A vs B comparison of traditional method vs proposed system for
blood glucose measurement.

It can be seen from Clarke error grid model that the proposed system can accurately estimate the
real-time blood glucose value. The absolute difference points between traditional and proposed system
methods of real time blood glucose measurements are also seen in Figure 13. This gives a fair idea
of accuracy of the system proposed in this paper. Further enhancements can be done by coupling the
proposed system with the relevant algorithm commented as part of future scope in the next section.
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4. CONCLUSION AND FUTURE SCOPE

Authors started the work with an aim of designing a truly noninvasive continuous blood glucose
monitoring technique. Authors have successfully established the fact that the change in blood glucose
concentrations changes dielectric properties of blood. This change can be estimated with an antenna.
Authors have also made measurement on antenna return loss for varying glucose concentrations. These
measurements were initially done with aqueous solution and later with volunteers. It was found that
glucose concentrations estimated with antennas agreed with simulation results as well as the finger
pricking based results. It was also noted that on lower values of blood glucose (below 80mg/dL),
the proposed system has tolerance of 2–5mg/dL irrespective of gender. However, for higher values of
blood glucose (above 100mg/dL) the proposed system has tolerance of 7–15mg/dL. As a future scope,
the estimation can be greatly improved if the microcontroller circuit with adaptive algorithms are used.
Hence, authors have successfully developed ready-to-integrate into smartwatch prototype of noninvasive
continuous blood glucose measurement method.
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6. Yao, H., A. J. Shum, M. Cowan, I. Lähdesmäki, and B. A. Parviz, “A contact lens with embedded
sensor for monitoring tear glucose level,” Biosensors Bioelectronics, Vol. 26, No. 7, 3290–3296,
Mar. 2011.

7. Todd, C., P. Salvetti, K. Naylor, and M. Albatat, “Towards non-invasive extraction and
determination of blood glucose levels,” Bioengineering, Vol. 4, No. 4, 82–92, Sep. 2017.

8. Siegel, A., R. H. Guy, and M. B. Delgado-Charro, “Noninvasive glucose monitoring by reverse
iontophoresis in vivo: Application of the internal standard concept,” Clin. Chemistry, Vol. 50,
No. 8, 1383–1390, Aug. 2004.

9. Lipani, L., B. G. R. Dupont, F. Doungmene, et al., “Non-invasive, transdermal, path-selective and
specific glucose monitoring via a graphene-based platform,” Nature Nanotechnol., Vol. 13, No. 6,
504–511, Apr. 2018.

10. Caduff, A., M. S. Talary, M. Mueller, et al., “Non-invasive glucose monitoring in patients with
Type 1 diabetes: A multisensor system combining sensors for dielectric and optical characterisation
of skin,” Biosensors Bioelectronics, Vol. 24, No. 9, 2778–2784, May 2009.

11. Kasahara, R., S. Kino, S. Soyama, and Y. Matsuura, “Noninvasive glucose monitoring using mid-
infrared absorption spectroscopy based on a few wavenumbers,” Biomed. Opt. Express, Vol. 9,
No. 1, 289–302, Jan. 2018.

12. Kost, J., M. Pishko, R. A. Gabbay, R. Langer, and S. Mitragotri, “Transdermal monitoring of
glucose and other analytes using ultrasound,” Nature Med., Vol. 6, No. 3, 347–350, Mar. 2000.

13. Vashist, S. K., “Non-invasive glucose monitoring technology in diabetes management: A review,”
Analytica Chimica Acta, Vol. 750, 16–27, Oct. 2012.



164 Mhatre and Joshi

14. Saha, S., H. Cano-Garcia, I. Sotiriou, O. Lipscombe, I. Gouzouasis, M. Koutsoupidou, G. Palikaras,
R. Mackenzie, T. Reeve, P. Kosmas, and E. Kallos, “A glucose sensing system based on transmission
measurements at millimetre waves using micro strip patch antennas,” Sci. Rep., Vol. 7, 6855, 2017.

15. Choi, H., S. Luzio, J. Beutler, and A. Porch, “Microwave noninvasive blood glucose monitoring
sensor: Human clinical trial results,” Proceedings of the 2017 IEEE MTT-S International
Microwave Symposium, IEEE, 2017.

16. DiChristina, M. and B. S. Meyerson, “Top 10 emerging technologies of 2017,” Sci. Am., Vol. 317,
28–39, 2017.

17. Overland, J., J. Abousleiman, A. Chronopoulos, et al., “Improving self-monitoring of blood glucose
among adults with Type 1 diabetes: Results of the mobileTM study,” Diabetes Ther., Vol. 5, 557–
565, 2014.

18. Wagner, J., C. Malchoff, and G. Abbott, “Invasiveness as a barrier to self-monitoring of blood
glucose in diabetes,” Diabetes Technol. Ther., Vol. 7, 612–619, 2005.

19. Mhatre, P. J. and M. Joshi, “Human body model with blood flow properties for non-invasive blood
glucose measurement,” Biomedical Signal Processing and Control, Elsevier, 2022.

20. Mhatre, P. J. and M. Joshi, “Electrically small wearable tunable antenna that fits into smartwatch
dial,” 8th International Conference for Convergence in Technology (I2CT), Scopus Indexed IEEE
Conference (H Indexing 8), IEEE, Pune, India, 2023.

21. Hanna, J., M. Bteich, and Y. Tawk, “Noninvasive, wearable, and tunable electromagnetic
multisensing system for continuous glucose monitoring, mimicking vasculature anatomy,” Science
Advances, Vol. 6, No. 24, 2020.

22. Stuart, T., J. Hanna, and P. Gutruf, “Wearable devices for continuous monitoring of biosignals:
Challenges and opportunities,” APL Bioengineering, Vol. 6, No. 2, 021502, 2022.

23. Hanna, J. and J. Constantine, “A slot antenna for non-invasive detection of blood constituents
concentrations,” International Symposium on Antennas and Propagation and USNC-URSI Radio
Science Meeting, 2019.

24. Choi, H., S. Luzio, J. Beutler, and A. Porch, “Microwave noninvasive blood glucose monitoring
sensor: Human clinical trial results,” IEEE MTT-S International Microwave Symposium (IMS),
2017.

25. Choi, H., S. Luzio, J. Beutler, and A. Porch, “Design and in vitro interference test of microwave
noninvasive blood glucose monitoring sensor,” IEEE Transactions on Microwave Theory and
Techniques, Vol. 63, No. 10, 3016–3025, Oct. 2015.


