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 Abstract—A wearable health monitoring sensor integrated 

with a body-area network is presented for the diagnosis of 

pulmonary edema. This sensor is composed of 17 electrodes with 

16 ports in-between and is intended to be placed on the human 

chest to detect lung irregularities by measuring the lung’s 

average dielectric permittivity in a non-invasive way. Specifically, 

the sensor’s active port is fed by a 40 MHz RF signal and its 

passive ports measure the corresponding amplitudes of the 

scattering parameters (S-parameters). The dielectric constant of 

the lung is then post-processed and expressed as a weighted sum 

of the S-parameters measured from each port. An important 

aspect of the sensor is the use of multiple electrodes which 

mitigates the effect of the outer layers (skin, fat and muscle) on 

the lung’s permittivity. This allows for the characterization of 

deeper tissue layers. To validate the sensor, tissue-emulating gels 

were employed to mimic in-vivo tissues. Measurements of the 

lung’s permittivity in both healthy and pulmonary edema states 

are carried out to validate the sensor’s efficacy. Using the 

proposed post processing technique, the calculated permittivity of 

the lung from the measured S-parameters demonstrated error 

less than 11% compared to the direct measured value. 

Concurrently, a medical sensing body-area network (MS-BAN) is 

also employed to provide for remote data transfer. Measured 

results via the MS-BAN are well matched to those obtained by 

direct measurement. Thus, the MS-BAN enables the proposed 

sensor with continuous and robust remote sensing capability. 

 
Index terms - Biomedical sensor, tissue dielectric properties, 

wearable sensor, medical sensing, body-area network, remote 

health monitoring. 

I. INTRODUCTION 

ORTABLE and wearable medical sensors require 

continuous, unattended and uninterrupted monitoring of 

individual’s health [1-6]. To meet this requirement, several 

sensors have been reported to provide accurate evaluation of 

the vital signals of the body. Already, a variety of commercial 

wearable sensors have been considered. Examples include: the 
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VivoResponder [3], the WEALTHY wearable system [4] and 

others [5, 6]. Concurrently, diagnosis of severe diseases such 

as pulmonary edema requires deep tissue detection and 

monitoring. However, the aforementioned sensors lack this 

capability as they are limited to monitoring breathing, heart 

rate and skin temperature. 

 To address this issue, we present a wearable and non-

invasive sensor for health monitoring. The proposed sensor is 

composed of 17 electrodes enabling monitoring of internal 

organs up to 10 cm deep into the torso [7]. We remark that the 

sensor works by gauging the fringing fields passing through 

the deep tissues and measuring the amplitude of the scattering 

parameters (S-parameters) at each port. These S-parameters 

are subsequently post processed to determine the tissue’s 

permittivity. Importantly, the simplicity of the sensor design 

promotes real-time monitoring of internal organs in a care-free 

manner. This is advantageous for patients requiring supervised 

recovery from an acute event or surgical procedure. Such 

sensor is also beneficial for patients-at-risk and those with 

time sensitive diseases such as congestive heart failure or 

pulmonary edema. 

 In this paper, we first focus on the design and 

characterization of the proposed RF sensor towards the 

detection of early stages of pulmonary edema. Experimental 

validation of this RF sensor is then carried out on a human 

phantom integrated with a porcine lung to demonstrate its 

accuracy and feasibility in detecting irregularities of the lung. 

Concurrently, a body-area network for medical sensing (MS-

BAN) is also developed and integrated with the sensor for 

continuous remote monitoring. Measurements of the RF 

sensor with MS-BAN are presented to demonstrate the 

robustness of the proposed remote medical sensing. 

II. SENSOR STRUCTURE AND DEVELOPMENT 

The proposed sensor is composed of a finite set of 

electrodes as shown in Fig. 1(a). Port #1 is the active port and 

is excited by a monotonic RF signal at 40 MHz. The rest 15 

passive ports are used for receiving the radiated fringing fields 

that propagated and dissipated through the tissues [7]. To 

characterize the underlying tissues, the amplitudes of the S-

parameters between the sensor ports are measured. As shown 

in Fig. 1(b), these parameters are denoted as    , where i = 2, 
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3, …, 16. We note that 50 Ω loads are placed across the 

unused ports to minimize undesirable reflections. 

The unique features of the proposed sensor are the large 

penetration depth of the fields and the detection of small 

dielectric changes. These capabilities are owed to the sensor’s 

large surface area and multiple signal probes across its 

surface. Concurrently, the sensor also provides suppression of 

unfavorable interference due to the outer human tissues (skin, 

fat, and muscle). That is, as shown in Fig. 1(b), the signals at 

the furthest (leftmost) electrodes are more dependent on the 

deep layer properties and vice versa. By exploiting this 

characteristic, we can suppress the interference of the outer 

human layers via post processing. This would provide for a 

more accurate determination of deep tissue permittivity (  
 ). 

 

 
(a) 

 

 

 
 

 

 
 

(b) 

Fig. 1. (a) Fabricated sensor details, (b) side view of the fringing field 

penetration through the tissues where exploitation via post-processing allows 

for   
  extraction for the inner layer. 

I. DIELECTRIC CONSTANT EXTRACTION FROM SCATTERING 

PARAMETERS 

 Our main goal is to extract the average electrical properties 

of the tissue below the skin-fat-muscle layers. Thus, a multi-

probe sensor of 16 cm in width and 10 cm in length will be 

utilized. The average permittivity is calculated for the inner 

layer volume where the fringing field of the electrode set is 

strongest. As mentioned in [7], that volume is estimated to be 

confined to the following dimensions: 16 cm in width x 10 cm 

in length x depth up to 10 cm (approximately 8 cm below the 

outer layers). To extract the dielectric constant, we propose to 

represent   
  at this depth using a weighted sum of the 

measured amplitudes of the S-parameters (   ). Specifically, 

given that port #1 is active,   
  can be expressed as 

  
   ∑       

  

   

                                 

 In this,     represent the assigned weights (to be 
calculated) with i as the port number, and    refer to the 
transmission coefficients measured across the passive ports. 
Weights      need to be carefully calculated in order to 
highlight    

   changes in the  deep inner layers while 

minimizing interference  due to   
  variations in the outer 

layers [7]. That is, (1) calibrates out the top layers. This is 
done by enforcing (1) while the deep tissue    

  is kept constant 
and the outer layers (skin, fat, and muscle) in accordance to 
typical values of the human tissues [8, 9]. Variations in the 
outer layers were done by lumping the outer layers into one 
layer with average conductivity, permittivity and loss tangent. 
Then the properties of this layer are varied by a certain 
percentage [7]. For each variation, scattering parameters, Si1, i 
= 2,.., N, were collected. Then this process was repeated for 
different inner tissue dielectrics and the Si1 data were collected 
again. The resulting equations (with Si1 and   

  known and wi-1 
as the unknowns) are then solved via the least square method 
to find the weights wi-1. Simulations were done for phantoms 
using the human tissue emulating properties from [8, 9]. 

Following the above procedure, the trained equation (1) for 
extracting   

 
  deep into the tissue depth was found to be:  

  
                                       

                                               
                                            
                                (2) 

 

 We remark that in the case of non-uniform tissues, the 

sensor is expected to extract the average permittivity value of 

tissue that lies underneath the sensor. For example, in the 

presence of a lung tumor (                       [10]), the 

average permittivity calculated by the sensor is expected to be 

larger than that of normal lung tissues. The case of a 

pulmonary edema will have a similar effect. This will be 

demonstrated in the study presented next.  

II. SAMPLE STUDY FOR EDEMA AND EMPHYSEMA SYMPTOMS 

 In order to test the robustness of the sensor along with the 

post processing technique, a simulation study of lung disease 

stages was carried out. Here we utilize the known volumetric 

percentages of tissue, air and blood to make a simulation 

representation of the lung in normal, edema and emphysema 

condition [11, 12]. Next the average   
  of the lung is 

calculated for each condition as shown in Table I. Similarly, 

the average conductivity and loss tangent were calculated for 

the lung in each case. These values are assigned to the 

simulated inner layer (see Fig. 2) in three separate cases, with 

the outer layers (skin, fat and muscle) remaining the same. 

The     data are collected at the passive ports and plugged into 

equation (2) to determine the permittivity. 

 

  
Fig. 2. Ansys® HFSS simulation model of the lung sensor with human tissue 

emulating layers. 

TABLE I: SIMULATION RESULTS AND % ERROR 

 Normal Edema Emphysema 

Exact value of   
  34.20 51.20 16.90 

Calculated   
  using (2) 37.50 48.80 15.40 

% Error 9.80 4.70 9.00 
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 The calculated   
  is shown in Table I along with the error 

rate compared to the exact values [8, 9]. As noted, the error 

remains below 10% for all cases.  

 With this simulation study, the sensor efficacy has been 

validated with low error rate. Next we proceed to experimental 

validation of the proposed sensor. Previous measurements 

were demonstrated in [7] using biological and non-biological 

material. However, we note that the electrical properties of the 

employed in-vitro biological material (e.g. ground beef and 

steak) depend on the temperature and freshness. Thus, they are 

not suitable to represent the real human body. In this paper we 

use tissue-emulating gels to better emulate human tissues. 

Details of the fabrication and RF characterization of these gels 

are demonstrated in the next section. 

III. TISSUE EMULATION TECHNIQUE 

 Various methods have been used in creating tissue 

emulating substances [13-16]. Particularly, solid phantoms 

[17-19] were used to measure the specific absorption rate 

(SAR). However, these tissue-emulating phantoms employed 

averaging of the electrical properties and thus did not 

represent the actual layered human tissue. To address this 

problem, we considered a multilayered phantom with each 

layer assigned individual tissue properties obtained from [20-

24]. As shown in Fig. 3, a semi-solid gel based phantom was 

chosen because of its ease of fabrication and low cost. 

As demonstrated in [25], the skin and muscle gels were 

created with a formula consisting of: Gelatin A, polyethylene 

glycol mono phenyl ether (Triton X-100), sodium chloride, 

de-ionizing water, vegetable oil, Ultra Ivory hand soap and 

food coloring. We note that the vegetable oil maintains the 

lowest electrical properties of the ingredients, whereas de-

ionizing water has the highest. Concurrently, salt was added to 

increase conductivity and decrease the relative permittivity. 

By altering the mixture percentages, the properties of the 

tissue at 40 MHz can be emulated. 
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(c)             (d) 
Fig. 3. (a) Cross-sectional view showing gel layers and thickness, (b) view of 

the mannequin with skin and muscle gel patches that mimic upper abdominal 

and chest, (c) default probe and the larger custom-made probe and (d) 
comparison of the performance of the probes in measuring distilled water.  

 

 

   

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

(a)             (b) 
Fig. 4. Comparison between the exact electrical properties of human tissues 

[8] and the properties of fabricated gels for (a) skin, (b) muscle.  

 

After the gel is cured completely, it is then placed at the 

mannequin’s upper abdominal and chest region as seen in Fig. 

3(b). To measure the RF characteristics of the gels, the 

Agilent® E8362B PNA Network Analyzer and Agilent® 

85070E Dielectric Probe Kit were used. Because the default 

Agilent probe operates from 200 MHz to 20 GHz, a larger 

custom-made in-house open-ended coaxial probe is used for 

measurements below 200 MHz. The probe was designed using 

the open-ended coaxial technique [26] to extend the operation 

down in frequency (see Fig. 3 (c)). The custom-made probe 

works for dispersive material, such as distilled water, as 

shown in Fig. 3 (d). 

As depicted in Fig. 4, measured results are demonstrated 

and compared to reference data from [8]. We remark that the 

measured properties of the tissue-emulating gels agreed well 

with the reference data, making it an appropriate 

representation of the phantom outer layers. 

IV. MEASUREMENTS USING A HUMAN PHANTOM 

 We proceed to evaluate the sensor on a human phantom 

covered by the aforementioned tissue-emulating gels. 

Concurrently, a fresh porcine lung is also included inside the 

phantom (see Fig. 5(a)). We remark that the use of fresh 

porcine lung helps evaluate the sensor in a more realistic 

scenario, with unpredictable inhomogeneous characteristics 

introduced in the lung. The lung is secured in place using 

foam blocks and the lung sensor was placed on top of the 

multilayer gels as shown in Fig. 5(e). The phantom was then 

laid in the prone position and remains as such throughout the 

measurement to ensure that no air gaps existed between the 

lung and the phantom. We proceed to activate port #1 with a 

40 MHz RF signal, and measure     at the passive ports 

sequentially, with the rest unused ports terminated by 50 Ω. 

To ensure measurement accuracy, the data collection process 

was repeated twice, namely trial 1 and 2.  

 As shown in Fig. 5 (b), good match is found between the 

two trials of measurements. Concurrently, the exact   
  of the 

porcine lung tissue was measured. 
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     (e)           (f)           (g)             (h) 

Fig. 5. (a) Porcine lung placement inside the mannequin torso, Transmission coefficients (   ) measured using the sensor (b) with porcine lung alone and(c) with 
6 water balls inserted into the porcine lung, (d) Exact value vs. calculated value (using (2)) of the permittivity for different setups and different trials within each 

setup, (e) Gel layers and antenna placement on the outside of the mannequin torso, Transmission coefficients (   ) measured using the sensor (f) with 12 water 
balls inserted into the porcine lung and (g) with 18 water balls inserted into the porcine lung (h) Error rate for different setups and different trials within each 

setup. 

 

TABLE II: CALCULATED VS. EXACT   
 
 AND % ERROR 

 

 For reliability, the measurements were carried out multiple 

times and at different locations in the lung. The multiple 

measurements were then averaged to yield    
  = 106.8 for the 

lung. Note that the lung tissue has a high   
  in comparison to 

the values given in section IV due to being deflated and 

including embedded blood vessels.  

 As shown in Table II, differences between the calculated   
  

values using the sensor and the exact   
  measured by dielectric 

probe are within 10%. These results are promising and 

demonstrate the feasibility of the RF sensor in detecting the 

dielectric permittivity of the lung.  

 Next, to simulate pulmonary edema stages, we proceeded to 

insert hollow plastic balls (diameter = 2 cm) filled with 

distilled water, inside the porcine lung. We started with 6 

water balls placed randomly in the area where the sensor’s 

fringing field is strongest. Following the previous 

measurement procedure, we obtained the     data twice (see 

Fig. 5 (c)).  

 As shown in Table II, these results are compared to the 

exact   
  which is calculated to be the volumetric proportion 

between lung tissue and distilled water, all within the area 

where the fringing field is strongest (16cm (L)×10cm 

(W)×8.5cm (H) below the gels). From Table II, we remark 

that error is maintained below 11%.  

 Note that at low frequencies [8, 9], the   
  of lung tissue is 

higher than that of distilled water, thus the average   
  of the 

lung + water is less than that of lung alone. Therefore, the 

dielectric constant of a water-filled lung may be lower than 

that of the deflated lung itself.  

 We proceed to increase the water balls incrementally by six. 

Measured results are shown in Fig. 5 (f, g) and in Table II. We 

found the errors between the calculated   
  and the exact values 

are well below 11% (see Fig. 5(h)). We remark that, given the 

inhomogeneous characteristics of the lung tissue, low error 

rate is still achieved using the proposed RF sensor. This 

demonstrated the feasibility and robustness of the RF sensor. 

Additionally, we found all the calculate values of   
  are 

smaller than the exact values measured by the dielectric probe 

at all times (see Fig. 5 (d, h)). To address this issue, a pre-

measurement calibration is a likely option. Overall, the 

proposed RF sensor effectively determined the   
  of the deep 

tissues, making it promising in detecting dielectric changes in 

the lung and monitoring the emergence of edema. 

 

V. DESIGN OF THE BODY-AREA NETWORK FOR MEDICAL 

SENSING (MS-BAN)  

A. Architecture of the Body-Area Network 

To enable continuous remote sensing and data transfer, we 

proceed to develop a wireless body-area network [27] for 

medical sensing (MS-BAN). As shown in Fig. 6, we proposed 

a MS-BAN for the lung sensor. It was composed of the lung 

sensor and a compact body-area wireless communication 

system. To note, such wireless communication system was 

built by a wireless communication node and a Bluetooth 

bridge. To connect the RF sensor with the wireless 

communication system, a RF-to-DC converting circuit was 

also designed. As demonstrated in Fig. 6, the RF signal at the 

sensor output was first converted to DC signal and transferred 

 Exact   
  

value 
Calculated   

  
using (2) 

% error 

Lung Only Trial 1 106.80 96.4 9.74 

Lung Only Trial 2 106.80 99.92 6.44 

Six Water Balls Trial 1 97.67 87.47 10.44 

Six Water Balls Trial 2 97.67 94.06 3.70 

Twelve Water Balls Trial 1 95.30 89.37 6.22 

Twelve Water Balls Trial 2 95.30 88.39 7.82 
Eighteen Water Balls Trial 1 92.94 85.74 7.75 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TAP.2014.2309132

U.S. Government work not protected by U.S. copyright.



AP1309-1289.R1 

 

5 

to the communication node. Then, it was transferred to the 

data collecting mobile devices via the Bluetooth bridge. We 

remarked that the collected data can be processed for in-situ 

display in a mobile application, and/or transferred to a cloud 

database for remote monitoring application. 

Concurrently, reliable power supply was also critical in MS-

BAN. In this study, we used battery for the proof of concept. 

A more sustainable solution is to employ energy harvesting 

aperture [28] on the body using wearable textile antennas [29, 

30]. 

 

 
Fig. 6. Prototype lung monitoring sensor with integrated wireless 

communication system for MS-BAN. 

 

1) Wireless communication system  

As described in [27], the wireless communication system 

was composed of four basic functional boards: namely, a node 

board, an analog-to-digital conversion (ADC) board, a 

Bluetooth (BT) transmitter, and a rechargeable Li-Polymer 

battery board (see Fig. 7). The node board is compact in size 

(see Fig. 6), with a built-in microcontroller (TI MSP430) and a 

2.4GHz IEEE 802.15.4 compliant RF transceiver (Chipcon 

CC2420). An embedded operating system (TinyOS [31]) was 

also included in the microcontroller for the wireless sensor 

network. 

As demonstrated in [27], the input analog signal was first 

processed on the communication node and then transferred to 

the BT bridge via the RF transceiver, and eventually to the 

mobile device via a Bluetooth transmission. We noted that the 

communication range for the RF transceiver was ~5m, enough 

for the body-area network. Therefore, this compact wireless 

communication system provided a wireless data link for the 

development of MS-BAN. 

 

 
(a)            (b) 

Fig. 7. (a) Layout of the node board and (b) architectures of the 

communication node and Bluetooth bridge.  
 

2) RF-to-DC converting circuit 

The aforementioned wireless communication system 

required a DC input signal. Thus, a RF-to-DC signal 

conversion was critical to integrate the RF sensor with the 

wireless communication system. As shown in Fig 7 (a), a RF-

to-DC converting circuit was designed and fabricated. It 

provided a broadband conversion of RF input signal from 100 

kHz to 1GHz. We note that the key component of the 

converting circuit is the RF power detector chip (LTC5507 

[32]). As described in [32], the RF input signal was peak 

detected by the Schottky diode peak detector inside the chip 

and supplied to the output pin. Multiple capacitors and 

resistors were also included for the proper function of the chip 

(see Fig. 8 (a)). Importantly, C1 and C2 were chosen based on 

the frequency range of the input RF signal [32]. That is, C1 = 

C2 = 0.1 μF for input signal ranged from 100 kHz to 30 MHz 

and C1 = C2 = 1000 pF for those from 30 MHz to 1GHz. 

Concurrently, C3 = 100 pF and C4 = 0.1 μF were used for 

power supply filters and R1 = 400 Ω and R2 = 12 Ω for input 

impedance matching.  

As demonstrated in Fig. 8 (b), the output voltage of the 

converting circuit was measured. Two measurement methods 

were used, namely via a multimeter directly and via the 

wireless communication system. Notably, both measured 

results matched well, with error less than 7%. We remarked 

that this converting circuit provided a connection between the 

RF sensor and the wireless communication system with 

accuracy. Concurrently, as seen in Fig. 8 (b), we note that it 

was more accurate to detect Vout when RFin > -17 dBm (steep 

region in the figure).  

 

 
(a) 

 
(b) 

Fig. 8. (a) Fabricated RF-to-DC converting circuit and (b) measured DC 
output voltage with different RF input power at 40MHz. 
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B. Experimental Validation of MS-BAN Wireless Link using 

Lung Sensor 

We then proceeded to integrate the aforementioned wireless 

communication system with the body-worn lung sensor to 

validate the MS-BAN wireless link. As shown in Fig. 9 (a), 

the lung sensor with the wireless system was mounted on the 

chest of the human phantom. Similar to the previous test, the 

chest was covered with skin and muscle layers made by tissue 

emulating gels and a fresh porcine lung was also placed inside 

the phantom. In this experiment, the wireless system was 

individually connected to each output port of the sensor with 

the rest terminated by 50 Ω loads. Then, the sensor input (port 

#1) was activated with 40 MHz RF signal. To ensure RF-to-

DC converting accuracy, 15 dBm RF power was used at the 

sensor input. We note that the transmission coefficients     

were measured and transferred to a laptop via MS-BAN. As 

shown in Fig. 9 (b), the measured transmission coefficients of 

port #2 - 6 via MS-BAN was demonstrated. Notably, they are 

well matched with the measured result in the previous section 

(see Fig. 5 (b)). We remarked that MS-BAN wireless link 

enabled highly accurate data transmission in body-worn sensor 

application. This characteristic was very beneficial to remote 

medical monitoring. 

 

 
(a) 

 
(b) 

Fig. 9. (a) Experimental validation of MS-BAN wireless link using lung 

monitoring sensor and (b) comparison of measured transmission coefficient 

Sx1 by VNA and via MS-BAN. 

   

 We note that the output power beyond port #6 of the sensor 

was too low to ensure RF-to-DC conversion accuracy. Better 

sensitivity is needed in the RF-to-DC converting circuit in 

order to improve the converting accuracy, i.e. better detection 

of input signals with low RF power. Thus, the use of a more 

sensitive RF power detector chip is required. The RF-to-DC 

circuit in [28] can detect an input power level as low as -40 

dBm. By adapting this design, the sensitivity of the MS-BAN 

would increase, resulting in a more accurate wireless data 

transmission for all 16 ports. Concurrently, if only data from 6 

ports were to be collected, the inner layer’s permittivity could 

be measured to a depth of up to 4 cm because fringing field 

depth is proportional to the size of the sensor and the number 

of probes. In order to penetrate as deep as 10 cm, it is 

necessary to obtain data from all 16 ports. Further 

improvements and testing to the sensitivity of the RF-to-DC 

converting circuit will be done in the future.   

VI. CONCLUDING REMARKS 

The widespread advances in sensing and body-area 

networking technologies have led to a new paradigm for 

health care in the form of electronic heath monitoring systems. 

In this new paradigm, continuous time monitoring of the 

patient and data sensing and transfer are constantly demanded. 

In this paper, we provide a sensor that diagnoses the 

abnormalities of the deep tissues (especially the lung) through 

the identification of the average permittivity of the tissue. 

Moreover, we develop a body-area network (MS-BAN) to 

wirelessly transfer the data collected by the sensor for 

continuous health monitoring. We note that, given the 

inhomogeneity of the porcine lung tissue, the measured   
  

demonstrated error <11% at all time. The proposed sensor was 

also able to differentiate between stages of pulmonary edema. 

We note that error rate is expected to decrease significantly by 

employing calibration techniques (current under 

development). Further, testing of the MS-BAN technology 

was carried out with the sensor. Measured S-parameters using 

MS-BAN were in good agreement with the previous measured 

results. The experimental results validated the proposed body-

area network for medical sensing and demonstrated its 

feasibility in the application of remote health monitoring. 
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