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Fig.1 (a) The sensor configuration. (b) Photograph of the assembled 
sensor. (c) Setup of human hydration experiment with the sensor placed 
on the forearm and connected to the vector network analyzer.  
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Abstract— In this work, a planar radio-frequency sensor is 
developed to noninvasively monitor the water content 
variations in tissues. The sensor is based on the detection of 
electromagnetic resonance which is dependent on effective 
permittivity. The planar loop resonator tuned with a metal 
pad features improved resonance, compact size, and the 
ability to conform to a surface. Experiments to monitor 
human hydration processes have been demonstrated. Discrete 
and continuous measurements match well with the 
simulations conducted by using documented, generalized 
human skin permittivity properties. The recorded data shows 
distinct trends when a person gets hydrated from a 
dehydrated state. With the advantages of a small and planar 
form factor, it can be integrated into wearable on the human 
forearm. Additionally, the sensor has been used to 
demonstrate its ability to detect water content changes in 
produce such as fruits and meats. These promising results 
show great potential in sensing applications for healthcare, 
agriculture, and food industries. 
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I. INTRODUCTION  
Water plays a vital role in the human and animal bodies, 

such as transporting nutrients and waste across cells as a 
carrier and maintaining a stable body temperature in 
different environments [1]. Significant loss of body water 
causes dehydration and severe health problems. 
Physiologically, dehydration contributes to a higher risk of 
musculoskeletal injury due to impaired anaerobic muscular 
power [2] and decreased cardiac outputs with reduced blood 
volumes [3]. Mentally, dehydration exacerbates cognitive 
performance and mood [4], making it hard to concentrate 
with feelings of fatigue and nervousness [5]–[10]. 
Generally, the urinary system primely balances the 
regulation of hydration. Excess body water is excreted by 
the urinary system, and urine volume is reduced when the 
body gets dehydrated [11]. The thirsty feeling is activated 
to remind the person to take in fluid [12]. However, such 
feedback mechanisms may be impaired for specific 
populations and scenarios, including infants, the elderly, 
soldiers, and athletes [13]–[15]. It is critically essential to 
continuously, noninvasively, and efficiently monitor the 
hydration level of those who may be at risk.  

Microwave sensors have been utilized for water sensing 
owing to the distinctive dielectric properties of water at 
high frequencies for remote sensing applications [16]. 
Three main types of microwave measurement methods are 
used: resonance, transmission, and reflection. Resonance 
cavities can accurately measure the dielectric properties of a 

medium, obtaining frequency characteristics owing to the 
interference in the medium. However, measurement is 
limited for medium with high dielectric losses [17]. The 
physical constructures of resonators have constraints to be 
used on the human body. The transmission measurements 
require both transmitter and receiver antennas, by which 
electric fields pass through and interact with the medium. 
Garrett et al. developed a transmission sensor to monitor 
human hydration levels by evaluating the effective 
permittivity in the forearm with microwave signals passing 
the tissues [18]. Such a system can be bulky, and the high 
electric fields may have safety concerns. Reflection type 
has simpler physical structures and can be potentially 
designed as a wearable for long-term continuous 
monitoring. However, near-field characteristics, sizes, and 
wave scattering for planar antennas face design challenges. 
The radiation powers also affect the interference effects at 
different depths inside tissues.  

In this work, we developed a near-field planar resonant 
loop as a wearable for noninvasive water content 
monitoring. The structure is based on a planar loop [19], 
with a metal pad embedded as a tuning element, as shown 
in Fig. 1(a). The center pad provides distributed reactance 
to match the impedance of the loop at the desired resonant 
frequency. We chose the ISM band around 912 MHz for 
our designs. Similar designs for improving power-transfer 
performance in subcutaneous implants have been 
investigated in our previous work [20], [21]. The results 
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Fig. 2 Simulation results of the sensor with (tuned) and without the center 
pad (untuned). 
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Fig.4 (a) The sensor design and (b) a photograph of the sensor connected 
with an SMA connector. 

 

 
Fig. 5 Simulation (solid line) and measurement (dash line) results of the 
sensor.  
 

indicated that the planar tuned structure can be made in a 
compact size, yet with an excellent performance on 
resonance. Both are great features for wearable devices. 
Experiments and simulations were conducted to investigate 
the feasibility of monitoring human hydration. Additionally, 
general water content measurements for produce, like meat 
or fruit, were conducted to demonstrate wider applications 
of the sensor.  

II. HUMAN HYDRATION EXPERIMENTS 

A. Hydration Monitoring Experiment 
The sensor operates at around 912 MHz. It has a loop 

radius  b = 12 mm and a metal width w = 1.6 mm. The 
spacing between the loop and pad is d = 2.2 mm. The 
sensors are fabricated on a single-layer FR4 substrate with a 
dielectric constant of 4.4 and a thickness of 1.5 mm, as 
shown in Fig. 1(b). Finite-element simulations are 
conducted with and without the metal center pad for 
comparison. The result is shown in Fig. 2. It clearly 
indicates a significant enhancement in resonance with the 
reflection coefficient |s11| improved from −17.5 to −58.7 
dB. The resonant frequency shifts from 882 to 912 MHz, 
which is acceptable. The material permittivities for human 
skins in simulations are obtained from the database in [20]. 
It should be noted that this database is generalized, and 
variations are expected for individuals. In the 
measurements, the sensor is placed on the person’s forearm 
touching the skin. A 50-Ω SMA adaptor connects the 
resonator to a vector network analyzer (Keysight PNA 
N5227B), as shown in Fig. 1(c). Medical-grade tapes are 
used to fix the device in order to avoid movements. The 
participant stops taking in water or liquid after 10 PM on 
the night before the experiment. At 9 AM the next day, the 
participant completes jogging for 45 minutes on a treadmill 
prior to the measurements. After the sweat is wiped dry and 
the body temperature cools down to the one before jogging, 
the participant starts to continuously and slowly sip water. 
Reflection coefficients are recorded every 10 minutes up to 
70 minutes. The final resonant frequency is considered as 
the fully hydrated state and is used as the baseline to 
calculate the frequency shift in percentage for other time 
points. The frequency in the beginning is treated as the 
initial dehydrated level, which depends on body conditions 

and is different on different days, even for the same 
participant who follows the same protocol. A total of seven 
datasets are collected in this study.  

Figure 3 shows the results of monitoring hydration 
progresses. Each dataset has a different initial dehydrated 
level, ranging from 1.4% to 2.4% at the start of the 
experiments, as expected. After the intake of water,  gradual 
and monotonical descending trends are observed. The 
resonant frequencies stop shifting after 60 minutes, 
indicating the persons are fully hydrated.   

 The experiments indicate the feasibility of utilizing a 
planar resonator for water content measurements in tissues. 
However, the connectors and soldering parts make it 
uncomfortable for the person and difficult to make a 
constantly firm contact with the forearm during the entire 
experiment period. Consequently, there are deviations in 
measurements, clearly due to the tension from the coaxial 
cable, which causes gaps to appear between the device and 
skin. To overcome this issue, an improved sensor is built. 

B. Continuous Hydration Sensing Experiment 
The sensor is modified with two extending legs from the 

loop gap in order to mount the SMA connector vertically. 
This configuration alleviates the cable tension. The loop is 
redesigned with a radius of loop b = 13.6 mm, a metal 
width w of 1.6 mm, and a spacing between the metal loop 
and tuning pad d of 3.4 mm. The leg length L is 6 mm. Fig. 
4 shows its dimensions and photo. Simulations are 
conducted using the documented dry and wet skin 
permittivities in [22]. The results, including measurements 
on the forearm, are shown in Fig. 5. In simulations, the 
sensor is tuned for the dry skin data, assuming as the 
dehydrated level at the resonant frequency of 915 MHz 
with |s11| better than −47.8 dB. The resonant frequency 
shifts to 876 MHz for the case using the wet skin data, 
assuming to be the fully hydrated level, which is a 4.26 % 
shift from 915 MHz. There are deviations in measurements 
due to the physiological condition of the person, the exact 

 
Fig. 3 Seven human hydration experiments. Reflection coefficients are 
recorded every 10 minutes. When the intake of water starts, a gradually 
and monotonically descending trend of resonant frequencies appears. The 
shaded area shows the overall ranges of resonant frequency shifts from 
the baseline frequency when achieved fully-hydrated. The red point 
shows average values while the error bars are calculated from the seven 
datasets. 
 



 
Fig. 7 Setup of continuous and long-term water content monitoring of 
produce. 
 

 
Fig.6 Results of the continuous hydration monitoring. The blue curve 
indicates the resonant frequency shift while the red one indicates the 
magnitude of the reflection coefficient. 
sensor location on the forearm, and the initial dehydrated 
levels in different experiments. The results show a 
dehydrated range of 849.7–872.7 MHz and a hydrated 
range of 896–927 MHz. The distinguishable frequency 
ranges indicate a robust performance.  

The sensor is inserted into an adjustable compressing 
foam and then connected to the vector network analyzer. 
The forearm is comfortably confined by a layer of elastic 
foam to ensure a firm contact of the sensor on the skin. The 
data is recorded every 20 seconds to provide more details 
on the hydration process. The reflection coefficient 
magnitudes are recorded as an indicator to monitor sensor 
movements. When its contact with skin changes, the 
reflection coefficient changes abruptly. The data are then 
filtered as body artifacts.  

Figure 6 shows the results from the higher sampling rate 
measurements and improved data processing method. 
Measurements are recorded every 20 seconds after the 
dehydrated person starts to continuously and slowly sip 
water every several minutes. The experiment lasts one hour. 
The baseline used is the resonant frequency at the 
beginning. As the person gets hydrated the frequency shifts 
a lower one, and the shift percentage is calculated. The 
stable magnitudes of reflection coefficients indicate the 
frequency data without significant body artifacts. The 
declining trend in the resonant frequency shifts indicates the 
body is gradually getting hydrated during continuous water 
intake. The results suggest that the sensor can detect the 
hydrating process in the human body continuously with a 
high temporal resolution.  

III. WATER CONTENT MONITORING FOR PRODUCE 
The sensor also lends its features of being planar, 

noninvasive, and sensitive to water content to other 
applications, such as monitoring the water concentrations in 
produces like fruits or meats. Fresh orange and moist 
ground pork are used to demonstrate such an application. 

A slice of fresh orange is covered with a layer of plastic 

wrap. The wrap is open at the top of the slice to allow water 
to evaporate. The sensor is placed underneath the orange 
slice, as shown in Fig. 7. The experiment is designed this 
way because it is challenging to measure time-lapped water 
concentration changes with the skin remaining on the 
orange as it takes a long time for water to evaporate, even 
inside a dehydrator. Reflection coefficients are recorded 
every 3 minutes, and the total recording time is 15 hours. 
The start resonant frequency is served as the baseline to 
calculate the frequency-shift percentage. Fig. 8 (red curve) 
shows increasing frequency shifts as orange loses water. At 
the end of the experiment, there is a 7% frequency shift.  

Similarly, another experiment is conducted using moist 
ground pork with the same setup in Fig. 7. The ground pork 
is also sealed with a layer of plastic wrap with the top open 
for water to evaporate. The sensor is placed underneath the 
patty, and measurements are taken every 3 minutes for 17.5 
hours. A similar trend with the increasing resonant 
frequency is shown in Fig. 8 (blue curve). The increasing 
trend slows down after 6 hours when the exposed surface of 
the tissues becomes tough and prevents water from going 
out. At the end of the experiment, there is a 3.5% frequency 
shift. Both experiments show that the sensor is sensitive to 
water content changes.  

IV. CONCLUSION 
We have demonstrated a radio-frequency planar 

resonant loop for noninvasive water content monitoring. 
The sensor is susceptible to dielectric property changes due 
to water content variations. Human hydration experiments 
have been successfully conducted with discrete and 
continuous monitoring on the hydration processes. Both 
statistical experiments show distinct trends when a person 
gets hydrated from a dehydrated state. And it can be 
potentially made into a wearable with the advantages of 
being planar, compact, and with high sensitivity. Moreover, 
the sensor also has been used to identify water contents in 
produce. The demonstrations show great potential for a 
variety of noninvasive sensing applications in agriculture, 
the food industry, and diagnostic tools.  
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Fig.8 Continuous and long-term water content monitoring experiments 
for orange and ground pork patty. 
 



  
 

REFERENCES 
[1] E. Jequier and F. Constant, "Water as an essential nutrient: the 

physiological basis of hydration," European Journal of Clinical 
Nutrition, vol. 64, pp. 115–123. 

[2] L. Jones, M. Cleary, R. Lopez, R. Zuri and R. Lopez, "Active 
dehydration impairs upper and lower body anaerobic muscular 
power," Journal of Strength and Conditioning Research, vol. 22, 
pp. 455–463, Mar. 2008. 

[3] K. Watanabe, E.J. Stöhr, K. Akiyama, S. Watanabe and J. 
González‐Alonso, "Dehydration reduces stroke volume and 
cardiac output during exercise because of impaired cardiac 
filling and venous return, not left ventricular function," 
Physiological Reports, vol. 8, pp. e14433, Jun. 2020. 

[4] N.A. Masento, M. Golightly, D.T. Field, L.T. Butler and C.M. 
van Reekum, "Effects of hydration status on cognitive 
performance and mood," British Journal of Nutrition, vol. 111, 
pp. 1841–1852, May 28, 2014. 

[5] K.E. D'anci, A. Vibhakar, J.H. Kanter, C.R. Mahoney and H.A. 
Taylor, "Voluntary dehydration and cognitive performance in 
trained college athletes," Percept Mot Skills, vol. 109, pp. 251–
269, Aug. 2009. 

[6] L.E. Armstrong, M.S. Ganio, D.J. Casa, E.C. Lee, B.P. 
McDermott, J.F. Klau, L. Jimenez, L. Le Bellego, E. Chevillotte 
and H.R. Lieberman, "Mild dehydration affects mood in healthy 
young women," The British Journal of Nutrition, vol. 142, pp. 
382–388, Feb. 2012. 

[7] G. Szinnai, H. Schachinger, M.J. Arnaud, L. Linder and U. Keller, 
"Effect of water deprivation on cognitive-motor performance in 
healthy men and women," American Journal of Physiology. 
Regulatory, Integrative and Comparative Physiology, vol. 289, pp. 
275, Jul. 2005. 

[8] M.S. Ganio, L.E. Armstrong, D.J. Casa, B.P. McDermott, E.C. 
Lee, L.M. Yamamoto, S. Marzano, R.M. Lopez, L. Jimenez, L. 
Le Bellego, E. Chevillotte and H.R. Lieberman, "Mild 
dehydration impairs cognitive performance and mood of men," 
The British Journal of Nutrition, vol. 106, pp. 1535–1543, Nov. 
2011. 

[9] S.M. Shirreffs, S.J. Merson, S.M. Fraser and D.T. Archer, "The 
effects of fluid restriction on hydration status and subjective 
feelings in man," The British Journal of Nutrition, vol. 91, pp. 
951–958, Jun. 2004. 

[10] N. Pross, A. Demazières, N. Girard, R. Barnouin, F. Santoro, E. 
Chevillotte, A. Klein and L. Le Bellego, "Influence of 
progressive fluid restriction on mood and physiological markers 

of dehydration in women," The British Journal of Nutrition, vol. 
109, pp. 313–321, Jan 28, 2013. 

[11] W.F. Clark, J.M. Sontrop, J.J. Macnab, R.S. Suri, L. Moist, M. 
Salvadori and A.X. Garg, "Urine volume and change in estimated 
GFR in a community-based cohort study," Clinical Journal of the 
American Society of Nephrology, vol. 6, pp. 2634–2641, Nov 1, 
2011. 

[12] B.M. Popkin, K.E. D'Anci and I.H. Rosenberg, "Water, hydration, 
and health," Nutrition Reviews, vol. 68, pp. 439–458, Aug. 2010. 

[13] K.E. D'Anci, F. Constant and I.H. Rosenberg, "Hydration and 
cognitive function in children," Nutrition Reviews, vol. 64, pp. 
457–464, October 1, 2006. 

[14] M.H. Gorelick, K.N. Shaw and K.O. Murphy, "Validity and 
reliability of clinical signs in the diagnosis of dehydration in 
children," Pediatrics, vol. 99, pp. e6–e6, May 1, 1997. 

[15] P.A. Phillips, B.J. Rolls, J.G.G. Ledingham, M.L. Forsling, J.J. 
Morton, M.J. Crowe and L. Wollner, "Reduced thirst after water 
deprivation in healthy elderly men," New England Journal of 
Medicine, vol. 311, pp. 753–759, September 20, 1984. 

[16] Ebbe Nyfors, "Industrial microwave sensors--a review," Sensing 
and Imaging, vol. 1, pp. 23, Jan 1, 2000. 

[17] G.S. Raghavan and M.S. Venkatesh, "An overview of dielectric 
properties measuring techniques," Canadian Biosystems 
Engineering, vol. 47, pp. 7, Jan 1, 2005. 

[18] D.C. Garrett and E.C. Fear, "Feasibility study of hydration 
monitoring using microwaves-part 1: a model of microwave 
property changes with dehydration," IEEE Journal of 
Electromagnetics, RF and Microwaves in Medicine and Biology, 
vol. 3, pp. 292–299, Dec. 2019. 

[19] A.F. McKinley, T.P. White, I.S. Maksymov and K.R. Catchpole, 
"The analytical basis for the resonances and anti-resonances of 
loop antennas and meta-material ring resonators," Journal of 
Applied Physics, vol. 112, pp. 94911, Nov. 2012. 

[20] S. Bing, K. Chawang and J. Chiao, "A resonant coupler for 
subcutaneous implant," Sensors (Basel, Switzerland), vol. 21, pp. 
8141, Dec 6, 2021. 

[21] S. Bing, K. Chawang and J. Chiao, "Resonant Coupler Designs 
for Subcutaneous Implants," Proc. of IEEE Wireless Power 
Transfer Conference, pp. 1–4, Jun 1, 2021. 

[22] D. Andreuccetti et al. “An Internet Resource for the Calculation 
of the Dielectric Properties of Body Tissues in the Frequency 
Range 10 Hz – 100 GHz,” IFAC-CNR, 1997. 

 


	I. Introduction
	II. Human Hydration Experiments
	A. Hydration Monitoring Experiment
	B. Continuous Hydration Sensing Experiment

	III. Water Content Monitoring for Produce
	IV. Conclusion
	Acknowledgment
	References


