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Abstract 

 

 This thesis focuses on the many variables which needed to be considered before 

adding a wireless capability to an existing custom designed on-body physiological 

monitoring device.  The tradeoffs made in the selection of the link frequency, priority of 

power requirements, and antenna options, mediated by the limitations imposed by 

Federal Communications Commission regulations were considered.  Results from this 

initial study were then used to develop the wireless hardware and combine this with the 

existing on-body device.    
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4 Introduction 

 

 As the population in the U.S. continues to age, due in large part to the retirement 

of the baby boomer generation, stress on an already understaffed health care system 

will continue to rise.  This issue, along with increasing health care costs, will place a 

considerable burden on the individual patient’s ability to receive timely and cost effective 

health care.  A significant portion of this cost can be shown to be linked to 

hospitalizations and emergency room visits. Many of these visits may be avoided, or 

reduced in frequency of occurrence, through some type of in-home remote patient 

monitoring.  On-body medical devices are beginning to emerge for both hospital and in-

home use; however, these devices typically require the patient either to be tied by wires 

to bedside equipment, or require direct patient interaction with the device to check the 

monitoring system’s status and to transfer patient data to the remote monitoring location. 

 

 One potential solution to this problem is the development of a patient-worn 

monitoring system with an automatic alert function and a wireless link to a remote 

monitoring station.  Key components of this system would include the on-body 

monitoring and data storage electronics, and a wireless link to a centrally-located, wall-

powered transceiver which would forward alert messages and data from the on-body 

device to an external monitoring location either for further data analysis or to initiate an 

emergency response.   

 

Such a system would have the potential to afford greater independence and 

some level of physical and emotional relief to the individual monitored, by providing 

continuous care in the comfort of the private home rather than in the relative 

confinement of a traditional hospital setting.  Having the healthcare professional 

remotely located also has the potential of reducing healthcare costs due to economies of 

scale derived from monitoring multiple patients simultaneously. 
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 Work on some of the key components of such a system was already well 

underway at this student’s work place when this thesis project was started.  Specifically, 

the on-body platform electronics and the long haul wireless link, which connects the 

private home to the medical center, were already under development; however, one 

significant gap, the short-haul communications link needed from the on-body monitoring 

device to an in-home gateway, had yet to be started.  The design, fabrication, and 

testing of the hardware components adding the short-haul wireless link capability to the 

existing platform electronics device is the main focus of this thesis. 

 

The project began with a study phase that focused on parameters to be 

considered when developing a reliable wireless link for use in a home environment.  

These parameters included topics such as the available radio frequencies; currently 

available commercial components, including radio frequency integrated circuits (RFIC) 

needed to implement transmit and receive functions; modulation requirements; indoor 

propagation limitations; and, as DC power within the body-worn unit was likely to be one 

of the primary limiting factors due to battery size restrictions, power budget analysis. 

 

Several specific questions were addressed during the study phase such as: 

“What should the data transfer rate be which would allow enough data to be transmitted 

in a reasonable amount of time?”  To answer this question numerous constraints were 

considered such as limited battery power available for transmit and receive functions, 

link budget limitations based on realizable antenna performance, and indoor propagation 

and transmission power limits imposed by FCC regulations.  Fundamental system 

architecture questions also needed to be addressed, such as whether such a system 

could be designed with sufficient reliability to operate with a single gateway, or if some 

type of local wired or wireless network would be required to provide the necessary 

coverage within a typical home.  The results of the study phase were used to determine 

realizable system performance specifications for the hardware implementation phase of 

the project.   

 

 The initial hardware implementation included the design, fabrication, and test of a 

printed circuit board which included multiple test points and manual configuration options 
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so that the various circuit blocks could be individually controlled and evaluated as 

needed.  In addition to the required radio frequency (RF) circuitry, a custom antenna 

development effort was also needed to meet the size and form factor constraints.  These 

designs were then combined to produce a much smaller design which was then attached 

directly to the platform electronics assembly to demonstrate the new wireless capability.  

Finally, a single design which combined the individual designs along with the custom 

antenna was completed to finish the project. 

 

Although the primary focus of the thesis project was the development of the 

short-haul link hardware, a parallel effort to develop a prototype gateway, designed to 

take the short-haul transmissions and forward them on to the next higher level link (wired 

or wireless), was also completed.  The gateway work is mentioned for completeness 

since it was needed to demonstrate the completed short-haul link. 

 

5 Study Phase 

 

 Before the short-haul link design was started, a study phase was completed 

which addressed several details that needed to be considered first.  Some of these 

additional issues included a determination of the link’s data rate requirements, operating 

frequency, RFIC options, regulatory technical requirements, and DC power 

requirements.  Further, options for antennas, as well as the influence from the human 

body on the antenna performance, and propagation considerations for the indoor 

environment also needed to be considered.  Each of these topics was explored in detail 

and are presented in summary below. 

 

5.1 Goals and Initial Requirements 

 

The primary goal of this activity was to design and demonstrate the addition of a 

wireless capability to an existing on-body physiological monitoring device previously 

developed. Specific requirements included minimization of the size increase over the 
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existing on-body platform electronics hardware and maximizing the coverage area within 

an indoor home environment.  Further, the system needed to be conservatively designed 

so that the likelihood of a successful transmission was maximized under a worst-case 

scenario in which the communications path may be partially blocked by the wearer, 

which could occur if an individual were lying on top of the device after a fall event.  

Ideally, the system would need to cover a typical size private home and should be 

expandable to cover larger structures and multiple floors.   

 

The final system was required to operate in three transmission modes including a 

ping mode for system status and periodic functional verification of the wireless link, a 

physiological event triggered alert, and a snapshot of measured physiological data 

preceding the alert event.  Figure 1 shows an example of a system in which these 

transmissions are sent back to a monitoring station located at some remote location 

such as a medical center.  The implementation of the short-haul wireless link from the 

on-body monitoring device to a gateway, shown in the inset of the figure, is the primary 

focus of this document. 
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Figure 1: Complete Radio Frequency Link from On-Body Health Monitoring 

Device to Medical Center Monitoring Station 

 

5.2 Data Rate Requirements 

 

Determination of the data rate needed to be transmitted required an examination 

of the typical sampling rates and resolutions for various biomedical signals that might be 

monitored.  Although there is a considerable range of sampling rates that may be used 

for a given physiological signal that may be monitored, Table 1 gives a summary of 

typical values that might be expected.  This report makes no claims about the clinical 

significance or efficacy of the data rates given in Table 1; these values were simply 

chosen from various sources as a starting point to begin the design process. 
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Table 1: Sampling Requirements for Various Biomedical Signals [1], [2], [3] 

 

 

The existing platform electronics used as the starting point for this design 

included a three-axis accelerometer for the motion sensing function; therefore the data 

rate required to support this function set the minimum requirement.  Additionally, the 

mid-level ECG values for high resolution non-diagnostic applications were also included 

in anticipation that this function would be added to the next-generation devices.  From 

the table, three axes of acceleration data at 0.84 kbps per axis, plus 6 kbps for the non-

diagnostic ECG gives a total data rate requirement of 8.52 kbps.  Adding an additional 

20% to allow for some overhead for data packetization and error correction gives a 

starting target rate of 10.22 kbps.  Although the overhead requirements may vary by a 

large degree depending on multiple design choices, such as fixed versus variable packet 
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size, the level of error correction chosen, and future encryption needs for data security, 

this was more than an order of magnitude less than the capabilities of the RFICs 

identified in the commercial components survey presented later in this section. 

 

5.3 Radio Frequency Selection 

 

Several considerations were evaluated before the selection of the radio 

frequency with which to operate the short-haul communications.   These additional 

considerations included the frequency allocations made available from the Federal 

Communications Commission (FCC), commercially available RFIC hardware, antenna 

design constraints, the influence of the human body on antenna performance, and 

propagation performance in an indoor environment.  Each of these items will be 

presented in detail in the following subsections. 

 

5.3.1 FCC Frequency Allocations and Technical Requirements 
 

 The FCC is the agency within the United States Government which regulates 

radio frequency use and generates technical operating rules for non-government public 

and private radio communications.  Several services, which include a wide range of 

available frequencies, are potential candidates for medical applications.  These options 

include the Wireless Medical Telemetry Service (WMTS), Medical Device 

Radiocommunication Service (MedRadio), Industrial, Scientific, and Medical (ISM) 

bands, and for emergency communications, various Public Safety frequency bands.  

More recently two new services have emerged which could also be considered but were 

not in place during the initial development activities for this project: the TV White Spaces 

and the Medical Body Area Network (MBAN).  Table 2 lists the frequencies available for 

those services that were applicable to this project, without regard to regulatory 

restrictions. 
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Table 2: Wireless Services and Assigned Frequencies 

Service Frequencies Source 

Wireless Medical 

Telemetry Service 

(WMTS) 

608 - 614, 1395 - 1400, and 1427 - 

1429.5 MHz 

CFR 47, Part 95, 

Subpart H 

Medical Device 

Radiocommunication 

Service (MedRadio) 

401 – 406 MHz CFR 47, Part 95, 

Subpart I 

Industrial, Scientific 

and Medical (ISM) 

902 - 928 MHz, and 2.435 - 2.465, 

5.785 - 5.815, 10.500 - 10.550, 

24.075 - 24.175 GHz 

CFR 47, Part 15, 

Subpart C 

Public Safety Multiple frequencies within 30 – 

50, 450 – 470, 470 – 806, 806 – 

896 MHz, and 4.9 GHz bands,  

CFR 47, Part 2, 

Subpart B 

TV White Spaces 54-72, 76-88, 174-216 and 470-

698 MHz,  

CFR 47, Part 15, 

Subpart H 

Medical Body Area 

Network (MBAN) 

2360 – 2390 MHz (in hospital) 

2390 – 2400 MHz (everywhere CB 

is allowed) 

CFR 47, Part 95, 

Subpart E 

  

 

 Within each of these services various regulations exist which rendered most of 

the frequency options unsuitable for this project without modification of the rules as they 

currently exist.  The WMTS service is restricted to hospital-only operation; it is not 

approved for use in the home environment.  The MedRadio service is intended for very 

close communications, primarily with implanted devices, and has very low RF power 

restrictions which would not be suitable for communications across a typical room, let 

alone throughout an entire house.  The public safety bands are routinely used for 

emergency communications, including emergency responses to medical events, but the 

current rules do not specifically address autonomous radio communications from on-

body medical monitoring devices, although they also do not specifically exclude this type 
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of emergency communications.  This leaves the ISM bands, including the ubiquitous 2.4 

GHz band which is used for a wide variety of devices including microwave ovens, WiFi 

home networking, Bluetooth, baby monitors, cordless phones, etc.  Other ISM bands 

cover a wide range of frequencies from the 6.7 MHz band all the way up to the 245 GHz 

band; however, considerations such as indoor propagation, antenna size, component 

availability, etc. ruled out these frequencies. For the services and frequencies that 

remained, the 915 MHz and 2.45 GHz ISM bands offered the best available options. 

 

5.3.2 Technical Limits Imposed by FCC Regulations   
 

 Most consumer electronics devices which use the ISM band frequencies operate 

under part 15 of title 47 of the Code of Federal Regulations, commonly referred to as 

FCC Part 15 rules.  A closer look at the technical requirements listed within these rules 

revealed some limits that drove the upper bounds of the design process.  First, for the 

915 MHz and 2.45 GHz bands, under Part 15 rules there are two maximum power levels 

that are allowed, depending on the characteristics of the transmission.   

 

 In subpart C of the Part 15 rules, titled Intentional Radiators, paragraph 15.249 

gives the lower power option, which limits the field strength of an intentional radiator to 

50 mV/m at a 3 meter distance.  To estimate the RF power allowed by this rule an 

isotropic radiator was assumed as the antenna source, which gives a uniform field 

distribution.  The RF power from such a source is given below, 

	 ∗ 4  

 

where  is the power transmitted in Watts,  is the electric field strength in Volts per 

meter,  is the intrinsic impedance of free space taken as 377 Ω, and r is the distance 

from the isotropic radiator to the observation point.  Plugging in the values above gives 

an equivalent isotropic radiated power (EIRP) of 0.75 mW, which expressed in decibels 

relative to 1 mW, is -1.25 dBm. 
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 A higher power option is also available, which is detailed in paragraph 15.247 of 

this same subsection.  For this case, the maximum power is given as maximum 

conducted power into the antenna, or antennas, as long as the total antenna gain does 

not exceed 6 dBi.  This constraint also requires digital modulation, a 6 dB minimum 

bandwidth of 500 kHz, and a power spectral density maximum of 8 dBm in any 3 kHz 

band.  Additional rules specify maximum levels for out-of-band spurs and harmonics.  

Other rules apply for fixed point-to-point operation, which allow still higher effective 

power levels, achieved through antenna gain; however, that approach did not fit the 

operating modes for this project. 

 

5.4 Commercially Available Radio Circuit Hardware 

 

 A survey of commercial off-the-shelf (COTS) RFICs was conducted to assess the 

DC power needs, data rates, receiver sensitivities, modulation methods, and other 

parameters of interest that were available from current commercial packaged integrated 

circuits.  This review was not intended to be an exhaustive search but rather to provide 

enough guidance to estimate realistic power requirements and link budget parameters 

for the initial circuit design.  Table 3  gives a summary of the survey results. 

 

Table 3: Commercial-Off-The-Shelf Transceiver Survey 

 

 

Manufacturer Model Number Vcc Tx Current Rx Current Sleep Current Tx Power Modulation Sensitivity Frequency Data Rate Max
(V) (mA) (mA) (uA) (dBm) (dBm) (MHz) (kbps)

Nordic 
Semiconductor

nRF24AP2 1.9 - 3.6 15 17 0.5 0 GFSK -85 2450 20

Nordic 
Semiconductor 

nRF8001 1.9 - 3.6 15 0 GFSK 2450 ?

Nordic 
Semiconductor 

nRF24LE1 1.9 - 3.6 11.1 13.3 0.5 0 GFSK -94 (250 kbps) 2450 ?

Nordic 
Semiconductor 

nRF9E5 1.9 - 3.6 11 12.5 2.5 10 GFSK -100 915 50 air?

Nordic 
Semiconductor 

nRF905 1.9 - 3.6 11 12.5 2.5 10 GFSK -100 915 100 air?

RFM TRC103 2.1 - 3.6 30 4 0.1 10 FSK, OOK FHSS -102 to -112 915 200, 32 air?

RFM TRC104 1.9 - 3.6 13 18 0.4 0 GFSK -95 @ 250 kbps 2450

TI CC1101 1.8 - 3.6 33.4 15.6 1 * 12 2-FSK, OOK, ASK, 
4-FSK, MSK

-112 915 500

TI CC2500 21.5 13.3 0.4 1 OOK, 2-FSK, 
GFSK, MSK

-104 @ 2.4 kBaud 2450 500 (kBaud)

Analog Devices ADF7021-N 2.3 - 3.6 32.3 (@ 10dBm) 24.6 0.1 13 FSK to 4FSK -122 @ 1 kbps 915 0.05 to 24

Microchip MRF24J40 23 typ 19 typ 2 0 O-QPSK -95 2450

Silicon Labs Si4421 2.2 - 3.8 28 (pmax) 15 0.3 7? -110 @ 1.2 kbps 915 256
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 Recall that project goals included minimizing the device size, maximizing run 

time, and maximizing coverage for operation during worst-case signal blockage 

conditions.  Given these goals, no single transceiver matched all requirements 

simultaneously.  For example, while the Analog Devices example gave the highest 

receive sensitivity, several of the Nordic semiconductor devices gave lower transmit 

current.  Further, when a range of currents was indicated for the various operating 

states, such as receive, transmit, and sleep mode, the highest values were taken rather 

than typical values so that the identified battery requirements would satisfied the worst-

case operating conditions.  As there was no clear winner for all of the parameters of 

interest, it was decided to stay within the Texas Instruments (TI) family, the same as that 

used for the microprocessor in the platform electronics, in anticipation of moving to a 

fully integrated design in a future design cycle.   

 

5.5 DC Power Requirements and Battery Options 

 

DC power was thought early in the design of the on-body unit to likely be one of 

the primary limiting factors, due to the on-body device size restrictions; therefore an 

exploration of battery options was required to determine the current range limits 

available to support transmit and receive functions.  Battery size and energy density 

were also important, as these parameters determined total capacity and therefore total 

run time. 

 

Batteries are categorized as either non-rechargeable types, which are called 

primary cells, or rechargeable types, otherwise referred to as secondary cells.  Primary 

cells typically have significantly higher energy density per unit volume, and therefore will 

have a longer run time for a given discharge rate, whereas secondary cells typically 

have much higher surge and continuous current drive capability.  The battery used for 

the non-wireless platform version of the on-body electronics package was a lithium-

thionyl chloride (Li-SOCl2) primary cell chosen primarily to maximize the device run time.   
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It was apparent early in the initial design process that the DC current 

requirements for the RF circuitry would very likely exceed the capability of this battery, 

as well as for other primary cell chemistries, so a brief survey of secondary cell options 

was conducted.  Table 4 shows typical values of energy density and current drive 

capability for several standard battery types. 

 

Table 4: Battery Performance Comparison 

(Source: Battery Manufacturer Data Sheets and Handbook of Batteries, McGraw-

Hill) 

Chemistry 

(Size) 

Li-SOCl2 

(TL2450) 

(24.5 x 

6.2 mm) 

Li-MnO2 

(1/2 AA) 

Zn/KOH/MnO2 

(1/2 AA) 

Li-Ion 

Polymer 

(5x20x35mm) 

NiMH 

(AAA) 

Battery Type Primary Primary Primary/ 

Rechargeable 

Secondary Secondary 

Cell Voltage 

(V) 

3.6 3.0 1.5 3.7 1.25 

Current 

Maximum (mA) 

10 100 500 465 3000 

Continuous 

Current (mA) 

5 400 

 

250 62 300 

Capacity 

(mAh) 

550 600 600 310 600 

Specific 

Energy 

(Wh/kg) 

456 175 85 

 

120 to 190 60 to 120 

Energy Density 

(Wh/L) 

1010 585 250 235 to 400 140 to 300 

 

 

 From the table, although the nickel–metal hydride (NiMH) and lithium-ion battery 

(Li-Ion) Polymer batteries have significantly higher surge current capabilities, the Li-Ion 

Polymer has the advantage of a significantly higher nominal cell voltage, which was 
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needed by the high power RF circuitry (as will be shown below).  This battery type was 

also available in a wide variety of prismatic (rectangular block) form factors, which 

allowed more options for trading the area needed for the final design with the overall on-

body device thickness.  To determine the required physical size of the battery, an 

estimate of the total energy requirement was needed, which was determined by starting 

with the desired minimum run time and adding the current and run-time requirements for 

the various operating modes that may be expected for typical daily operation. 

 

Although the specific run time and frequency of occurance of the various 

operating modes likely to be needed in a typical day are unkown at this time, and in 

addition may need to be adjusted based on an individual patient’s needs, a starting point 

was required to estimate the battery requirements.  Note that in addition to the three 

operating modes desribed above, it was also desired to have a high power transmission 

mode which could be activitated when the link could not be closed, such as might be the 

case during a partial blockage of the tranmission path.  Based on the RFIC survey, the 

two transmission current levels selected were a conservative 50 mA and 300 mA for the 

low power and high power operating modes respectively.  To this end, the following 

values for run time and frequency of use for each transmission mode expected to occur 

per day were used to estimate battery energy requirements, and with the high power 

mode assumed to be used only for the alert transmissions with data. 

 

 Ping transmission 

 Frequency of occurance: Once per hour 

 Run time: 2 seconds per event  

 Energy requirements: 50 mA * 2s/3600s * 24 hr/day = 0.67 mAhr/day 

 

 Alert transmission with data 

Frequency of occurance: 2 messages per day 

Run time: 7 seconds per event 

Energy requirements: 300 mA * 7s/event * 2 events/day *1 hr/3600 s = 1.17 

mAh/day 
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 To estimate the total battery requirements, the current required to operate the 

data logging function of the existing on-body monitoring device, which would be added 

later to the short-haul circuitry, also had to be included.   

 

 Background monitoring and data logging current requirement 

Frequency of use: 100 samples per second each for ECG and 3 axis 

accelerometry 

Run time: continuous 

Energy requirements: 2 mA * 24 hr/day = 48 mAh/day 

 

Combining these elements gives a total daily energy requirement of 49.84 mAh 

per day or 348.88 mAh per week of use.  Based on this value the NiMH AAA battery falls 

short of the requirement but the Li-Ion Polymer may have some margin for the size 

chosen in Table 4 above. 

 

5.6 Antenna Design Constraints 

 

 Design constraints for the antenna connected to the on-body device included a 

low height profile and small size to minimize the final design overall thickness and area.  

It also needed to be rugged, ideally to have a uniform radiation, i.e. non-directional  

pattern, and ideally to be insensitive to influence from proximity to the local environment, 

specifically the human body.  Typically the influence of the body will result in a lower 

antenna gain, impedance variations with increasing proximity to the body, and with some 

level of RF radiation absorbed into the body tissue.  

 

 Based on FCC regulations, component availability, and indoor propagation 

considerations (as described below) the frequency bands listed in Table 2 most likely to 

be selected for the design cover the frequency range of 400 MHz to 2.5 GHz, where the 

lower 400 MHz limit is driven largely by indoor propagation properties.  Assuming that 

the on-body device is limited to 1.5” in maximum dimension, the resulting electrical size 

for an antenna over this frequency range is 0.05 λ to 0.32 λ.  Given the device size 
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constraints, antenna size was considered to be an area of concern.  The definition of an 

electrically small antenna is not rigorous, but is generally accepted to be one in which 

the largest physical dimension of the antenna structure is < 0.1 λ.  These types of 

antennas typically have performance issues which must be carefully considered, such as  

reduced bandwidth over which the antenna can perform with an acceptable impedance 

match, and reduced efficiency (the ratio of radiated to input power) as the size becomes 

<< 0.1 λ.  Such impedance changes are typically strongly influenced by changes in the 

environment local to the antenna as well as manufacturing tolerances of the antenna 

structure.  Clearly the lower frequency range falls well within the electrically small 

antenna criterion, and if the frequency selection were based on antenna performance 

alone the higher frequency range would have been the best option. 

 

5.6.1 Human Body Influence on Antenna Performance 
 

 The local environment of the antenna can have a strong effect on its radiation 

characteristics and operating parameters.  For this application, the ideal case would be 

an antenna which radiates uniformly in all directions to minimize the effect of orientation 

of the individual wearing the on-body medical device relative to the gateway to which the 

transmissions are sent.  An antenna which exhibits this behavior in free space may 

exhibit a very different radiation characteristic when located within close proximity to the 

body due to fields which couple into and are absorbed by the body tissues.  The portion 

of the field that interacts with the body will either be transmitted though the body, 

absorbed in part by the tissue and thus representing a loss, or travel along the body 

surface.  The propagation constant (γ) of a plane wave into a dielectric is given as: 

 

	  

 

where  is the attenuation constant of the wave as it travels through the material and is 

given by: 
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2
	 1 1  

 

and   is the phase constant given by: 

 

	 	
2
	 1 1  

 

where (μ) is the magnetic permeability, (ε) is the electric permittivity, and (σ) is the 

conductance of the dielectric material the wave is traveling within. 

 

 Skin depth  in a conductor with finite conductance, or in a lossy dielectric 

medium, is defined as the depth at which the magnitude of the electric field is diminished 

by a factor of 1/e, resulting in a reduction of the original signal strength to approximately 

37% of its original value.  Further, at five skin depths, the original field has fallen by more 

than 99% of its original value.    Skin depth is the inverse of the attenuation constant and 

is most often quoted for good conductors, such as copper with a conductivity of 5.8 X 

107 S/m, which is approximately equal to: 

 

	
1

	
1

 

 

 However, for propagation into the body, which to a first order approximation has 

an averaged conductivity of approximately 1 S/m, the more general case taken from the 

propagation constant definition is used, giving the skin depth, also called the penetration 

depth, as:  
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 A plot of this equation over the frequency range of interest is shown in Figure 2, 

in which the average dielectric constant of the body is taken as that of water, which is 

approximately equal to 80. 

 

 

Figure 2: Skin Depth versus Frequency for a Dielectric Material with a 

Relative Dielectric Constant of 80 and a Conductivity of σ = 1 

 

 As indicated in the figure, the skin depth over the frequency range of 400 MHz to 

2.5 GHz is fairly constant at approximately 2 inches.  Thus a 12 inch diameter torso 

would represent approximately 6 skin depths.  Six skin depth results in a final signal 

level of (1/e)6 = 0.248 % which is equivalent to a 52 dB loss over the original strength of 

the radiated field.  At this attenuation level it is highly unlikely that radiation through the 

body will be very effective. 

 

 To estimate the effect of the electromagnetic radiation around the body, the 

theoretical pattern from an antenna located close to a perfectly conducting cylinder is 
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chosen as a starting point, where the cylinder represents the torso.  A dipole antenna is 

used for this example, which is aligned parallel to the cylinder axis and set some 

distance from but not on the cylinder surface, as shown in Figure 3.   

 

 

Figure 3: Vertical Dipole Near a Perfectly Conducting Cylinder 

 

 

 To approximate the fields produced by this configuration, Jordan and Balmain [4] 

provided a closed-form solution to this problem, as given below. 

 

, ∅ sin	 ∑ 	 sin cos	 ∅   

 

where 	 1									 0
2									 0

		 , 	 	 	 , Jn is the Bessel function of the first 

kind, and Hn is the Hankel function of the second kind. 

 

 Using this expression, the radiation patterns were calculated over a frequency 

range from 300 MHz to 2.4 GHz, with a = 0.25 m (9.8”), and b = 0.2525 m (10”), where b 
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is measured from the central axis of the cylinder, which places the antenna 

approximately 0.2” from the cylinder surface.  The resulting radiation patterns are plotted 

in Figure 4.  From the figure, the phi = 0 degree point represents radiation from the front 

of the body (assuming the on-body device is located on the front of the torso) and the 

	180	°  values represent the radiation from the back.  Note the pattern falloff to the 

sides and around the back, which increases as a function of frequency.  Over the 

frequency range modeled, at 90 degrees from bore sight, the pattern level drop off 

increases by 5.8 dB from the lowest to the highest frequency, and at 180 degrees the fall 

off increases by 30 dB over the frequency range.  Based on this analysis, the lowest 

frequency considered would be the best option if no other considerations are taken into 

account.  Although not shown, a similar analysis of a horizontally oriented antenna yields 

a similar result.  

 

 

Figure 4: Radiation Pattern versus Frequency from a Vertical Dipole Near 

a Perfectly Conducting Cylinder; (a = 0.25m, b = 0.2525m, Θ = 90º) 
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5.6.2 Antenna Efficiency, Q, and Bandwidth 
 

 Another antenna performance parameter which is impacted by the frequency 

selection and physical area available for the antenna is the antenna efficiency.  Antenna 

efficiency (  is defined as the ratio of the power radiated by the antenna to the total 

power input to the antenna, and can be expressed as the ratio of the antenna radiation 

resistance Rr to the antennas total resistance Ra.  For a wire antenna, the total 

resistance of the antenna includes the radiation resistance and ohmic (conductor) 

losses.  For a short dipole, the radiation resistance can be expressed as given below: 

 

20   ; where ∆z is the dipole length. 

 

 To find the ohmic resistance ROhmic, a circular cross section of wire is assumed 

with radius a and surface resistance Rs.  Then ROhmic is found by the following 

expression. 

 

	
2

	
3

	
2

	
2
3

 

 

Combining these gives the short dipole antenna efficiency as: 

 

	 	
	

	
20

20 	 2 	
2
3

 

 

 Assuming that the antenna is made of copper, for which the conductivity is σ = 

5.7 X 107 (S/m), it is limited to a maximum length of 1.5” due to the package size 

limitations, and has a diameter equal to the thickness of 1 oz. copper platting on a 
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printed circuit board 	 0.018	 , the efficiency over the frequency range of interest 

is shown in Figure 5. 

 

Figure 5: Antenna Efficiency for Copper Wire Short Dipole 1.5" Long and 

0.007” Radius   

 

 

 Note from the figure that the antenna efficiency from 300 MHz to 2450 MHz 

spans a wide range from 36% to 93% and is approximately 75 % at 915 MHz.   

 

 Similarly, the antenna quality factor (Q), and related bandwidth over which the 

antenna is usable, are also functions of the electrical size relative to the wavelength.  
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The Q can be defined as the total energy stored by the antenna divided by the power 

dissipated per cycle, which can be expressed as the reactive component of the antenna 

impedance (XA) divided by the sum of the radiation resistance and the ohmic loss, which 

latter is defined as RA.  The inverse of Q is approximately equal to the usable bandwidth.  

XA for a short dipole can be found using the expression below, and RA is found using the 

expression given above for efficiency. 

 

	
120

	
2

1 	,  

 

where  is the length of the dipole and a is the radius of the wire. 

 

 Using the same values for  and a as given above, the estimated Q and 

approximate usable bandwidth were found using these short dipole expressions and 

appear graphically below in Figure 6.  For the lowest frequency considered (300 MHz) 

and the two ISM band frequencies (915 MHz, and 2450 MHz) the estimated bandwidth 

is 73 kHz, 3.0 MHz, and 126 MHz respectively. Note that these values ignore the 

presence of the body but do illustrate the general trends for an antenna of this size over 

the frequency range considered. 
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Figure 6: Short Dipole Antenna Q and Bandwidth for 1.5" Length 

 

 

 If the high power option was to be preserved, which requires a minimum 500 kHz 

6 dB bandwidth, as well as a data rate sufficient to transmit the data snapshot in a timely 

manner, then the 35 kHz BW available at 300 MHz was clearly too low.  This 

observation establishes a lower frequency limit of 550 MHz for a device limited to the 

desired 1.5” in maximum extent; however, in an actual PCB implementation this limit 

may be extended to lower frequencies due to the equivalent wire radius as a function of 

PCB trace width.  As an example, using the same 1 oz. copper thickness and trace 

widths from 0.005” to 0.020” (0.125 mm to 0.500 mm) gives an effective wire radius of 

0.00175” to 0.0052 (0.044 mm to 0.132 mm) [5], thereby decreasing the effective wire 

diameter-to-length ratio, which in turn has the net effect of decreasing the antenna Q 

and increasing the usable bandwidth [6]; however, the frequency-dependent trend is still 

valid.  As the frequency is decreased for a fixed antenna length the efficiency and usable 

bandwidth are also both decreased. 
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5.7 Considerations for Indoor Propagation 

 

 RF energy leaving the antenna exists as an electromagnetic field, which is 

divided into three field components.  The first field component is the non-radiating near 

field which is considered bound to the antenna structure, stores energy in the 

environment local to the antenna, and is non-radiating.  The far field becomes dominant 

at a distance from the antenna which is determined as a function of wavelength, physical 

size of the antenna structure, and antenna type.  This field component carries 

electromagnetic power away from the antenna in the form of a propagating wave.  

Between these lies the radiative near field region, which is the transition region between 

the non-radiating near field and the far field.  Although the boundary between the 

radiative near field and the far field is not rigorously defined, a common rule of thumb 

delineates the start of the far field at a distance of  2  from the antenna for antennas 

in which D >> ,  where D is the largest dimension of the antenna and  is the 

wavelength of the electromagnetic wave.  For the frequency range considered above 

(300 MHz to 2.4 GHz), and assuming 1.5” as the maximum dimension D of the antenna 

(based on the existing platform electronics size), D covers a range of 0.038  to 0.30 , 

which clearly does not meet the criterion of D >> .  An alternative definition for 

antennas in which D is not >>  places the start of the far field at a distance 3  from the 

antenna structure [7], which in this case translates to a distance of 118” to 14.7” over the 

frequency range considered.  Using this expression, at the higher frequency range 

considered, this distance is likely to be small enough that interactions from floors, walls, 

furniture, and other items in a typical room will likely interact at a far field distance from 

the antenna, whereas for the lower frequencies, these interactions may be of greater 

significance since they may interact in the near field and have an impact on antenna 

performance parameters.  Another definition which applies to electrically small dipole 

and loop antennas gives the distances to the start of the far field region as 	 2 , 

which for the same frequency range gives a distance of 6.3” to 2.4”.  Based on this 

expression, only objects that are very close to the antenna would be considered 

candidates for near field interactions.  Since both of these estimates are only 
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approximations, the distance to the far field boundary may lie somewhere between these 

values.  Further, as the far field boundary is merely the location where the far field 

components begin to dominate, some near field interaction is still likely to occur.  

 

 Propagation describes the behavior of the transmitted electromagnetic wave as it 

moves through space and interacts with materials.  Properties of this behavior include 

dissipation through free space, losses and refraction through materials, as well as 

reflection and diffraction from surfaces and edges of objects within the environment.  All 

of these interactions need to be taken into consideration to completely describe the 

power distribution throughout the intended coverage area.  Unfortunately to analyze this 

behavior even in a simple environment, such as a single room with one person and a 

chair present, is a non-trivial task and requires a significant amount of effort to model 

accurately.  Adding multiple pieces of furniture, appliances, walls separating adjacent 

rooms, and multiple levels, let alone accounting for a changing environment due to the 

movement of objects and persons within the room, greatly complicates the problem to 

such a degree that modeling each situation becomes impractical.  To address this 

problem, empirical models are used which are based on physical measurements and are 

generalized for a “typical” environment. 

 

 These empirical models are based in part on the free space propagation model 

derived from the Friis equation, valid only for the far field region, given below [8]. 

 

	
4

 

 

 where  is the power received,  is the power transmitted,  is the transmit 

antenna gain,  is the receive antenna gain, λ is the free space wavelength,  is the 

separation between transmit and receive antennas, and L is the sum of the losses due to 

a variety of sources such as multipath and attenuation, as well as non-propagation 

dependent system losses. 
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 Assuming that the only contribution to loss is due to spreading of the 

electromagnetic wave as a function of distance, the equation above can be rearranged 

to give path loss in dB as: 

 

	 10
4

 

 

 Note that path loss is often mistakenly stated as being frequency-dependent due 

to the appearance of λ in the equations above.  The actual path loss is only due to the 

 term and λ is a consequence of the antenna gain terms, which if held constant 

over frequency, require scaling by λ due to the wavelength dependency of the effective 

aperture of the antennas.  By setting the gain terms equal to 1, which a reasonable 

approximation for this application assuming that omnidirectional coverage is desired, the 

path loss expression can be simplified to: 

 

20
4

10  

  

where n is now the path loss exponent [9] , which is equal to 2 for free space, and has 

been found to cover a range of values of approximately 1.8 to 4.8 [9], [10], [11] for 

various building types and constructions.  Figure 7 shows the path loss over the 

distances that are expected for a typical residential size structure, where an average of 

3.3 was used for the loss exponent.  Note that additional losses for interior walls and 

between floors are not included since these contributors are generally not significantly 

frequency dependent over the frequency range considered.  From the figure, for a large 

room, such as a living room 8 m (26 ft.) in length, the loss for the frequencies evaluated, 

300 MHz, 915 MHz, and 2450 MHz, are 52 dB, 61 dB, and 70 dB respectively.  Thus 

there is an 18 dB difference over the entire frequency range, or 9 dB over the two ISM 

bands considered.  Alternatively, the loss at an 8 m distance for 2450 MHz is not 

realized until nearly a 15 m separation at 915 MHz, which according to this simplified 

analysis, results in almost twice the coverage distance, assuming a constant antenna 

gain. 
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Figure 7: Indoor Path Loss (propagation loss exponent = 3.3) 

 

5.8 Coverage Estimates 

 

 The coverage range that the short-haul transmission system and gateway will be 

able to achieve in an indoor environment is determined by a variety of factors.  Some of 

these considerations include the path loss, transmission power, and antenna gains, 

which have already been explored above, as well as other factors such as the 

modulation type, the minimum signal level required by the receiver, and the total noise in 

the receive channel.  These parameters are typically combined in a link budget which is 

used to aggregate the various signal and noise powers over the communications path 

from the transmitter to the receiver.  As the system being described also required a 

reverse link, to acknowledge success or failure of a transmission and to enable 
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automatic adjustment of the channel through the use of optional low noise amplifier 

(LNA) and power amplifier (PA) blocks present at both ends of the link, two 

communication paths exist.  These paths are often described as the downlink path in 

which the gateway transmits ‘down’ to the on-body device, and the uplink path which 

reverses these roles.  Given the limited battery power for the on-body device, the 

following analysis focused on the uplink, since the gateway is ‘wall plug’ powered and 

therefore does not have the same DC power restrictions and is therefore able to add 

additional circuit blocks, such as an LNA, without affecting the system run time limit. 

 

5.8.1 Signal to Noise Minimum 
 

 All of the radio systems considered for this project use some form of digital 

modulation.  To compute the maximum communications range for a given system, the 

minimum signal-to-noise ratio (SNR) necessary to successfully receive and detect the 

transmitted data had to be determined.  A successful reception is characterized by the 

number of bit errors that can be tolerated, described as the bit error rate (BER), while 

still correctly recovering the data transmitted.  The BER for a given modulation is related 

to a ratio of the amount of energy-per-bit to the noise, normalized to a one Hertz 

bandwidth, (Eb/No) present within the same bit period.  Figure 8 presents an example of 

this relationship for some of the modulation methods used for the various RFICs 

identified in Table 3. 
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Figure 8: Eb/No versus Bit Error Rate for Various Modulation Methods 

 

 

 The minimum BER required depends on several factors, including the probability 

of successfully receiving the transmitted data, the amount of error correction used, the 

receiver’s tolerance to interfering signals in close proximity to the transmission frequency 

(adjacent channel interference) as well as to interferers on the same frequency (co-

channel interference), etc.  As an example, the common wireless standard Bluetooth 

(IEEE 802.15) requires better than 0.1% (BER = 10-3) for a receiver sensitivity level of -

70 dBm or better [12], and the WiFI standard (IEEE 802.11b) requires a minimum BER 

of 10-5 for a receiver sensitivity of -76 dBm [13] without adjacent channel inference.  

Since one of the intended uses of the on-body monitoring device is to send medical 

alerts, a more conservative BER of 10-6 was chosen for this analysis. 
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 The relationship between SNR and Eb/No is a function of the bit rate (R) and 

bandwidth (B) of the transmitted signal as shown below.   

 

	 	  

 

For the simpler digital modulation methods used in this example, the R/B ratio is typically 

very close to one; therefore,  can be read directly from the figure as Eb/No.  This 

approximation yields a required  of 10.5 dB to 15 dB for the modulation methods 

shown in the figure, assuming a BER requirement of 10-6. 

 

5.8.2 Maximum Allowable Path Loss 
 

 In section 4.7 the path loss for indoor propagation in a residential environment 

was considered for various frequencies.  Although this analysis was useful for describing 

the tradeoffs for the short-haul link frequency options, it did not produce a specific path 

loss value to use in a given design.  The maximum allowable path loss (MAPL) 

estimates the total loss that can be accepted while still maintaining .  Similar to 

the path loss calculation in section 4.7, this loss is dependent on the relative gains of the 

transmit (Gt) and receive (Gr) antennas, as well as the power transmitted (Pt), the total 

noise contained within the receiver bandwidth (B), as well as the noise contributed by 

the receiver which is characterized as its noise factor (F).  Combining these terms yields 

the expression for the maximum loss (Lmax) given below: 

 

	  

 

where k is Boltzmann’s constant, T is the system temperature in degrees Kelvin, and B 

is the receiver bandwidth in Hz.  As omnidirectional coverage is desired for this 

application, Gt and Gr are set equal to unity. 
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 The calculation for  requires knowledge of the receiver’s noise performance, 

which is expressed as noise factor in the equation above.  Unfortunately, the data sheets 

for the various RFICs explored in section 4.4 do not provide this information, but it can 

be estimated based on several other factors including the stated sensitivity for a given 

error rate and modulation scheme.  Based on these estimates the noise figure (which is 

equal to 10 Log F) is approximately 10-14 dB.  Although this result may seem relatively 

high, it should be noted that the packet error rate for the stated sensitivity for these types 

of low power single chip RFICs is typically 1%, which for a packet size of 20 bytes, 

translates to a BER of 0.00625.  In addition, any loss which appears in front of the 

receiver input will add directly to the noise figure, which for this design, will come from, in 

part, the switches needed to route the signal around the optional RF front end circuit 

described below in the design section.  Taking the conservative upper limit for noise 

figure and adding an additional 1 dB loss for the RF switch and the short circuit board 

trace between the antenna and the RFIC yields a total noise figure estimate of 15 dB, 

which is equal to a noise factor F of 31.6. 

 

 Similar to the path loss calculation in Section 4.7, antenna gains are again 

assumed to be unity since the ultimate design goal is for omni-directional coverage, 

which implies unity antenna gain.  The power used for the calculation is set to the 

maximum allowed by the part of the FCC regulations which apply to the low power 

mode. From Section 4.3.1, this value is 0.75 mW, which equates to -1.25 dBm.  Finally, 

the minimum bandwidth required to send real-time data was determined in Section 4.2 to 

be 10.22 kbps.  Note that although data snapshots from the previous several seconds 

preceding an alert may be sent at a significantly higher data rate, for this calculation, the 

real-time data rate is used and is set to 20 kbps.  This assumed value is approximately 

twice the desired data rate to assure that the signal is not attenuated by the receiver 

pass band edges.  In addition, in high power mode the maximum power for the on-body 

device increases from -1.25 dBm to +30 dBm, while the minimum bandwidth required to 

satisfy the power spectral density increases to 500 kHz, resulting in a noise floor 

increase of ~14 dB, yielding a net improvement in the link budget of 17.25 dB.  This 

increase will add a significant improvement to the link range therefore the low power 
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mode is used as the conservative estimate for the range estimates that follow.  Using 

these values, the maximum path loss is found to be  102.7	 . 

 

5.8.3 Total Path Loss Estimate 
 

 The path loss estimate from Section 4.7 included modifying the path loss 

exponent to account for the multipath-rich environment found in indoor environments, 

but did not include several additional factors such as the effects of attenuation through 

walls and floors as well as shadowing.   

 

 Wall and floor losses are accounted for using a variant of the COST 231 

propagation model given by Saunders and Aragón-Zavala [14] in which the total loss LT 

is found by the equation below. 

	 	 	 	  

 

where 	  represents the indoor path loss determined in Section 4.7,  is the loss 

for wall type i,  is the number of walls of type i,  is the loss per floor, nf is the 

number of floors in the path, and b is an empirically derived factor which accounts for the 

observed non-linear function of the number of floors [15]. 

 

 By assuming a two level house for this analysis, the last term in the total loss 

equation reduces simply to Lf for propagation paths crossing a single floor; then, 

substituting the indoor path loss model from Section 4.7 and expressing the final result in 

decibels gives: 

 

	20
4

10 	 	  
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where wall and floor losses are expressed in decibels and Lf = 0 for propagation paths 

contained on a single level, i.e., not crossing a floor boundary. 

 

 Saunders and Aragón-Zavala [14] present a value for Lw of 1.9 dB at 900 MHz 

but not at 2450 MHz, whereas Dobkin [16] has published values of 2 dB and 3 dB for 

900 MHz and 2400 MHz respectively.  As the 900 MHz value is very close but slightly 

higher, these values will be used for the path loss estimates which follow.  For the floor 

attenuation value, Saunders and Aragón-Zavala [14] give a value of Lf = 4nf (dB) over 

the frequency range of 1800 GHz to 2000 MHz.  No other values from a single source 

were found for the specific frequencies of interest, so this value will be taken as an 

average and used for both calculations.  Figure 9 shows the total path loss calculated for 

915 MHz and 2450 MHz for multiple cases, as indicated in the figure key.  Note that the 

total path loss for the 915 MHz case, which includes one floor and three wall losses, is 

within 2 dB of the no-wall and no-floor case at 2450 MHz.  Additionally, all cases show 

less than the 102.7 dB MAPL calculated in the previous section.  However, these results 

do not include the effects of shadowing, which will be discussed in the next section, and 

the 2450 MHz cases which include three walls and one floor of attenuation, leaving very 

little operating margin. 
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Figure 9: Total Path Loss Including Wall and Floor Attenuation Examples 

 

5.8.4 Coverage Estimate 
 

 Each room contains multiple objects, some fixed such as furniture and 

appliances, while others may be in motion such as people, pets, an oscillating fan, etc.  

As a result of this complex and sometimes dynamic environment, there will be a 

variation of the propagation path lengths for the various multipath components, which 

can vary significantly over short distances as well as over time.  Ideally each 

environment would be individually characterized to optimize the communications link 

but doing so is often not possible or practical.  The variation in signal strength due to 

this effect can be described by various statistical distributions and is quantified by the 

location variable σL where Saunders and Zavala [14] give one estimate of 8 dB for the 

value of σL in an indoor environment for the 1.7- 2.0 GHz frequency range.  As no data 

is given for the 915 MHz and 2450 MHz bands, which fall on either side of the given 

range, the value presented between these bands will be used as an estimate of the 

average. 
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 The probability that the signal will exceed some threshold value LT for a given 

distance d can be found using the complementary cumulative normal distribution 

function Q(t) [17]  given below. 

 

	
1

2 √2
 

 

where 	
	

, assuming LT < Lmax, and all values on the right hand side of 

this expression are expressed in dB. 

 

 This result, as a percentage of the probability of coverage for a given distance 

then becomes: 

 

% 100 1
1

2 √2
 

 

Therefore using the LT value calculated above for the worst case scenario, which 

included three walls and one floor, gives the final coverage probability shown below in 

Figure 10.  Ideally 100% probability of coverage is desired for any communications 

system, let alone one in which emergency medical alerts may be transmitted.  Note 

from the figure that, at the maximum distance one might encounter across the length 

of a house, the probability of coverage for the 2450 MHz case has dropped by nearly 

20 % over the 915 MHz case.  
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Figure 10: Probability of Coverage for Low Power Short-Haul Operating 

Mode in an Indoor Environment Including Losses from 3 Walls and 1 

Floor 

 

5.9 Study Phase Summary 

 

 The study phase portion of this project sought to explore several important topics 

before the actual design activities could take place.  Specific issues that needed to be 

addressed included: selection of the RF frequency with which to operate the short-haul 

link; identification of available commercial RFICs; FCC regulatory restrictions and 

technical operating parameters; data rate requirements; and battery size requirements.  

An analysis of the antenna options and body-induced effects on antenna performance, 

as well as propagation considerations for an indoor environment, also needed to be 

considered, since these were expected to have a strong influence on the coverage that 

the final system would be able to achieve.  The results of the study phase were then 

used to determine system performance specifications for the hardware implementation 

phase of the project.  Most of these issues were driven by two requirements, that is, the 
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minimization of the size increase over the existing on-body platform electronics 

hardware, and maximizing the coverage area within an indoor home environment.  

Throughout the analysis a conservative approach was taken as each part of the system 

was evaluated to maximize the probability of closing the wireless link. 

 

 To begin with, the minimum data rate required to transmit real-time data from the 

existing accelerometer-based platform electronics, plus the additional requirements for 

an ECG measurement feature targeted for a future version of the on-body monitoring 

system, was found to be 10.22 kbps.  Next, selection of the Radio Frequency with which 

to operate the short-haul link began with an exploration of frequency options available 

based on FCC regulations, and the related technical limitations imposed by these 

regulations.  Lower frequency options, which were initially identified as candidate 

frequencies, were eliminated due to technical regulatory restrictions such as data rate 

limitations and ineligibility to use some of these frequencies in the private home.  The RF 

frequency options which remained included the two ISM bands which are commonly 

used for consumer electronics applications, specifically, the 915 MHz and 2.45 GHz 

bands.  Both of these bands include an FCC-permitted low power and high power 

operating modes, with some caveats imposed by the technical requirements such as 

minimum bandwidth and power spectral density for the higher power option. 

 

 A survey of commercially available RFIC options identified several candidates; 

however, with no single component satisfying all of the parameters of interest 

simultaneously, the TI family of RFICs was chosen to be compatible with the existing 

component selections on the platform device and to provide a future integration path.  

From the RFIC survey DC power requirements could be estimated and an additional 

survey of battery technologies led to the selection of prismatic Li-Ion Polymer batteries, 

which were selected due to the significantly higher nominal cell voltages, flexibility in 

form factor, and high continuous and surge current capabilities.  In addition, based on 

the RFIC current needs, an estimate of the operating duration for a proposed use 

scenario was calculated, which in turn led to a capacity requirement of 350 mAh for one 

week of continuous use.   
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 A review of antenna theory, as it applies to electrically small antennas, further 

reinforced the need to select an operating frequency towards at least the middle 

frequency range considered if not towards the higher end.  In contrast to that conclusion, 

the cylindrical torso model showed that the fall off in the antenna radiation pattern to the 

sides and back was as much as 30 dB lower over the frequency range considered, with 

higher frequencies performing worse.  A final antenna performance issue explored was 

the quality factor, which leads to bandwidth estimates underscoring the finding that the 

lowest frequency range provided insufficient bandwidth.  

 

 Finally, an estimate of the coverage for the short-haul link operating in low power 

mode was conducted.  For this analysis many of the parameters determined from the 

previous topics were combined to determine the probability of closing the link for a given 

distance, which included transmitting through a floor and several walls in the home.  An 

estimate of the required minimum SNR was developed that, when combined with the 

MAPL and total path loss, allowed the determination of the probability of coverage for a 

given distance using the two remaining candidate frequencies of 915 MHz and 2450 

MHz. 

 

 Based on these results it was concluded that the initial short-haul design would 

be based on a 915 MHz RFIC, would include both a low power and high power operating 

mode, and employ a custom antenna, with the combined design powered by a Li-Ion 

polymer prismatic battery. 
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6 Design 

 

 With the study phase of the project complete, the next step was to implement the 

study results into a hardware design.  The design process comprised three incremental 

steps which included: 1) a breadboard design, focused on the initial development of the 

radio frequency circuitry; 2) a reduced-size daughter board design, incorporating lessons 

learned from the breadboard design and allowing direct attachment to the existing 

platform electronics hardware; and 3), a final prototype design combining these circuit 

functions into a single design.  Two parallel efforts addressed the design and testing of a 

custom antenna, which ultimately had to fit inside and work within the prototype 

package, and design, fabrication; and a test of the gateway which was used to receive 

the on-body device transmissions and forward the pings, alerts, and data over another 

communications path to a monitoring station.  The following subsections describe these 

steps, concluding with a summary of the test results. 

 

6.1 Prototype Development Board/Breadboard Design 

 

 For the initial circuit design, a breadboard approach was used in which additional 

connections and test points were brought out; in addition, the printed circuit board was 

made much larger than the final design goals to aid early test, characterization, and if 

needed, debug of the circuit. 

 

 Based on the study results, the 902-928 MHz ISM band was selected, and the 

primary transmit and receive functions were realized using a commercial integrated 

transceiver.  That component was followed by a combined balun and filter circuit, after 

which the signals were then routed to one of two possible paths using a pair of gallium 

arsenide (GaAs) RF switches.  One path included an RF “front-end” circuit which 

provided a power amplifier, for increased transmit power, and a low noise amplifier, for 

increased receive sensitivity, while the other path routed transmit and receive signals 

around this circuit for low power operation.  The second switch was followed by an 

impedance matching network which was designed to allow a variety of component 
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combinations so that the network could be custom tailored depending on the impedance 

matching requirements of the antenna or test equipment to be attached.  For this stage 

of development, an integrated antenna was not included, so an SMA coaxial connector 

was added to allow direct connection to test equipment or to an external antenna.  Other 

features added to the breadboard included numerous jumpers which allowed routing of 

the various control signals to a header, located elsewhere on the board, for connection 

to an external controller, or which could be set to various static conditions to allow test 

and characterization of the circuit prior to  software development activities.  Finally, a 

single on-board voltage regulator was incorporated to allow connection to a variety of 

power sources.  A top view of the fully assembled development board is pictured in 

Figure 11. 

 

 
 

Figure 11: Short-Haul Prototype Development Board 

 

As no firmware had yet been developed to operate this circuit from the existing 

platform hardware, a commercial development board and companion software suite was 
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used to configure the transceiver registers at power-up.  This same hardware/software 

setup was then used to pass data to and from the RF circuit board to exercise various 

test conditions.  Figure 12 shows the test bench configuration for the initial test and 

characterization of the development board, which also included the companion gateway 

board developed in parallel with short-haul board design. 

 

 

Figure 12: Laboratory Test Setup of Short-Haul Prototype 

 

6.2 Antenna Design 

 

 A custom antenna was ultimately needed for the final system design, which had 

to be housed within the same case and directly attached to the printed circuit board 

containing the short-haul circuit and platform electronics.  The antenna also had to 

operate in close proximity to the body and be tuned in such a way to compensate for any 

influence by its enclosing case.  As discussed in the study section above, the maximum 

size available for the antenna was largely predetermined; therefore, given the selection 

of the operating frequency, the antenna would be an electrically small design.  A 

meandered monopole concept was selected because it offered several tuning 
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mechanisms including the number of meanders, the spacing between the meanders, 

conductor width, and supporting substrate thickness. The standoff distance between the 

antenna and the printed circuit board, which functioned as the reference ground plane 

for the antenna, was also an adjustable parameter. 

 

6.2.1 Meandered Monopole Design 
 

 The initial meandered monopole design was completed using a numerical 

electromagnetics code (NEC2) simulation tool, in which the antenna was subdivided into 

short wire segments.  The method of moments was used to solve for the field 

components.  The simulation tool determined both the far field radiation pattern and the 

impedance properties of the simulated structure.  Once the initial design was completed, 

a full 3D analysis was conducted using the CST Microwave Studio simulation tool, which 

allowed planer structures such as printed wires to be quickly simulated over a wide 

range of variables, including but not limited to variations in the number of meanders, line 

widths, and line spacings.   Figure 13 shows the initial meandered monopole wire mesh 

design completed using the antenna design program 4nec2. 

 

 

Figure 13: Meandered Monopole Initial Design using NEC Simulation Tool 

 

 An example of the resulting impedance calculated from a variation on this 

structure is shown below in Figure 14.  Although this example is not tuned to the center 
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of the 902-928 MHz ISM band, it does pass through a resonance point close to the 

desired frequency, as indicated by the marker.  Also, the design traverses through 50 

Ohms just above 970 MHz, which is close enough to the desired frequency for this initial 

verification, although the design does exhibit a strong reactive component, as indicated 

by the phase response.  The requirement to match to 50 Ohms for this design was 

driven by the impedance of the RF switches. 

 

 

Figure 14: Meandered Monopole Simulated Impedance 

 

 Figure 15 also depicts the simulated impedance, but this time in rectangular 

coordinates.  Although this antenna is not a classical monopole structure, the low 

approximate 3.5 Ohm real part of the impedance characteristic was consistent with an 

electrically small antenna of this type.  The most important result from the initial 

simulation was the indication that the antenna design was likely able to be impedance 

matched to the desired target impedance.  However, the reactive component indicated a 

limit to the frequency range over which an acceptable match could be maintained. 
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Figure 15: Meandered Monopole Impedance Simulation Result 

 

 From a similar simulation, Figure 16 shows the radiation pattern for the 

meandered monopole indicating an omnidirectional pattern for the plane shown.  

Although this simulation is for the antenna located in free space, the physical 

arrangement of this structure places the antenna’s reference ground plane parallel to the 

body surface.  While some significant interaction with the body was still anticipated, this 

arrangement was expected to reduce that effect over alternative designs in which the 

antenna is embedded directly into the printed circuit board in a region in which the 

board’s internal planes have been removed.  Such an arrangement is common for small 

communications devices; however, coupling to the body was expected to be higher than 

the meandered monopole approach chosen. 
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Figure 16: Simulated Radiation Pattern of the Meandered Monopole 

Antenna 

 

 Finally, Figure 17 depicts a set of meandered monopole antennas fabricated on 

printed circuit board material.  The parameters varied in this design included the number 

of meanders, line widths, and numerous locations for a shorting pin based on the 

number of meanders removed in tuning.  This design approach was chosen to give a 

variety options, since the final form factor of the combined short-haul circuitry and 

platform electronics had not been determined at that time, let alone the anticipated 

interaction with the yet-to-be-designed plastic housing. 
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Figure 17: Meander Monopole Antennas Printed on 6 mil Thick Printed 

Circuit Board Dielectric Material with 5, 10, 15, and 20 mil Wide Meander 

Traces and 11 to 33 Meanders 

 

6.2.2 Meandered Monopole Test 
 

 The meander monopole antenna was used initially with the daughter board 

version of the short-haul circuit and platform electronics assembly. However these 

components were not yet available at the time that the first meander design was ready 

for evaluation.  To simulate a reference ground plane for the antenna, a cutout of the 

combined daughter board and platform design was made using single-sided copper-clad 

blank printed circuit board material, as illustrated in Figure 18.  The test signals are 

applied through the SMA connector on the back side of the assembly, and the standoffs 
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suspended the antenna above the substrate with the separation distance  that was 

planned for the final design.  Although somewhat difficult to visualize from the front view 

in the bottom pane of the figure, the vias used to support the antenna are located just 

outside the antenna outline and are electrically isolated from the antenna meander lines.  

The shorting post in the upper right hand corner of this via also serves as a support post 

but is isolated for this test with kapton tape placed between the support post and the 

bottom of the antenna. 

 

 

Figure 18: Top and Side View of Meander Monopole Antenna Test 

Configuration 
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 Using the test configuration shown in Figure 18, the return loss of the meandered 

monopole antenna was measured in a free space environment.  Several measurements 

were made using the various combinations of line widths and the number of meanders, 

with and without the shorting pin at the end of the antenna, and after removing several 

meander lines.  Figure 19 illustrates one such antenna optimized for free space 

operation such as might be used for laboratory testing of the complete communications 

link.  For this example, a standoff distance of 2.5 mm was established between the 

antenna substrate and PCB, and the antenna was not encased in a plastic case.  This 

specific example also employed a line width of 0.005”, a line spacing of 0.020”, and 13.5 

meanders remaining after removing two meander lines.  This version was self-

impedance matched in that no additional matching components were used, which 

resulted in a 15 MHz 10 dB return loss centered at 915 MHz. 

 

 

Figure 19: Measured Meandered Monopole Antenna Return Loss 
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 The next step in the antenna characterization involved moving the assembly into 

an RF anechoic chamber where potential reflections from metallic benches and other 

objects in the test lab were removed.  Two test configurations were conducted in this 

environment.  The first test was the antenna under test by itself, mounted on a non-

reflective mast.  The antenna was positioned with its longer dimension in a vertical 

orientation, since this configuration was the expected orientation to be used in the final 

design.  The antenna was then rotated through 360º as the radiation pattern was 

recorded.   

 

 To simulate the influence of the antenna next to a body, a second test was 

conducted with the antenna attached to a five gallon plastic pail containing a human 

tissue phantom material, which mimicked the electrical properties of the human body at 

the test frequency.  The recipe used for the phantom material was from the FCC 

document “Evaluating Compliance with FCC Guidelines for Human Exposure to Radio 

Frequency Electromagnetic Fields, Supplement C to OET Bulletin 65.”  The dielectric 

properties for this test were εr = 57, and σ = 1.07 S/m.  The recipe contained a mixture of 

65% H2O, 41.76% sugar, 1.21% hydroxyethyl cellulose, and 0.76% NaCl by weight.  

Figure 20 and Figure 21 show the test setup in the anechoic chamber with the test 

antenna from Figure 18.  The plastic pail is positioned on the turntable using wooden 

stools at the same height as the receive antenna (not pictured) at the other end of the 

chamber. 
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Figure 20: Meandered Monopole Antenna Test in Anechoic Chamber with 

Pail Containing Phantom Material 

 

 

Figure 21: Close-up View of Meandered Monopole Antenna Test in 

Anechoic Test Chamber with Pail Containing Phantom Material 

 

 Figure 22 presents the measurement results for the antenna under test in free 

space and against the plastic pail containing the phantom material.  Note that, as 
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expected from previous simulations, the antenna exhibits a nearly omnidirectional 

radiation pattern for the free space configuration; however, the result against the pail 

containing the phantom material does not match the conducting cylinder calculation from 

section 5.6.1.  Factors that may have influenced this result include surface currents 

along the pail adding constructively at the back side, or an interaction between the 

antenna itself and the pail.  

 

 

Figure 22: Comparison of Radiated Signals versus Angle for Meandered 

Monopole Antenna in Free Space and Against Plastic Pail Containing 

Phantom Material 

 

 

 An updated version of the antenna along with a bare printed circuit board, from 

the final form factor design, is shown in Figure 23.  For this test configuration the 

antenna had been moved closer to the printed circuit board to reduce the total thickness 

of the final assembly.  This change reduced the standoff distance by approximately half 

of that pictured in the initial design above.  The PCB used for this test contains six metal 

layers, including internal ground and power planes, which provides a much closer match 

to the final design configuration.  The semi-rigid coax is soldered directly to a test point 
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on the PCB, which also contains locations for matching components should they be 

needed to match the final antenna impedance. 

 

Figure 23: Meander Monopole Antenna Test Assembly with Semi-Rigid 

Coax Test Cable 

 

6.3 Daughter Board and Prototype Designs 

 

With testing complete on the breadboard version of the short-haul circuit, the 

next step was to incorporate lessons learned, and shrink the design to a size more 

commensurate with the final design goal.   Overall, the initial circuit performed as 

expected, with the exception of the voltage regulator which needed to be changed to one 

with a shutdown feature to allow power control when the RF circuit was not needed in 

the final version of the design.  A second regulator was also incorporated so that the 

higher power feature from the front-end chip could be completely removed from the 

power budget when not needed.  Finally, the additional test points and numerous 

manual jumpers which had been added to the control signals were removed, since there 

was no space available for these jumpers in the final design. 

 

As the platform electronics assembly had already been designed and fabricated, 

the short-haul daughter board design needed to interface to the existing hardware.  

Several test points which included unused or shared connections to the microprocessor 

had been wired out to a row of contacts along an outer edge of the platform board to 

allow the addition of future features such as a wireless communications capability.  

Rather than wiring jumpers between boards, a connection scheme was devised in which 
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a row of castellations was added to the daughter board.  Castellations are semicircles 

formed by creating vias in the PCB along an edge of the circuit board, which were then 

be sawn through during PCB fabrication.  The remaining portion of the via on the board 

then formed an edge solder connection point.  Two power and ground through-hole vias 

on the platform PCB were also located close to these connection points, which were 

used as anchor points by adding adjoining through-hole vias on the daughter board and 

connecting these vias with a small piece of wire soldered to both boards.  These vias 

were unconnected and otherwise unused on the daughter board; they were not needed 

for electrical purposes since the daughter board contains its own battery to supply the 

higher current requirements of the short-haul circuitry.  Before releasing the design for 

fabrication, a model of the assembly was manufactured by combining the two PCB 

designs in a CAD tool and then “printed” on a 3D printer, as depicted in Figure 24.   

 

 

Figure 24: Front and Back Views of 3D Printed Model of Short-Haul 

Daughter Board Attached to Platform Electronics Assembly 

 

Inspection of the 3D prototype led to the realization that the meander antenna 

could be shifted down to cover part of the platform electronics, allowing the daughter 
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board design to be further reduced in size, resulting in an even smaller final assembly, 

as shown in Figure 25. 

 

Figure 25: Font and Rear Views of Final Short-Haul Daughter Board 

Design Attached to the Platform Electronics Assembly 

 

The prototype design combined the short-haul circuitry with the platform 

electronics onto a single PCB.  Changes made to the design included eliminating the 

primary battery and modifying the circuit to operate from a single rechargeable battery.  

A second-pass design of the meander antenna was completed to optimize the shape 

and performance for the final design physical size.  A polycarbonate case was designed 

to house the complete assembly.  Circuit-level electrostatic discharge (ESD) protection 

circuitry was added to mitigate ESD charge that might have accumulated on the case.  

Figure 26 illustrates the front and rear views of the completed assembly with the internal 

antenna. 
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Figure 26: Front and Rear Views of Final Form Factor Combined Short-

Haul and Platform Electronics 

 

7 Test Results 

 

 Two critical tests for the short-haul circuit included RF transmission 

measurements to ensure that FCC Part 15 rules were met, and operating time tests to 

verify and confirm adequate battery sizing.  Finally, experimental verification of the area 

coverage of the system was completed using the gateway and combined short-haul and 

platform electronics assemblies.  Both of these tests are described below. 
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7.1 RF Transmission Tests 

 

 Verification of transmission parameters was accomplished by direct connection 

of a power meter and spectrum analyzer to the output of the transceiver at a test point 

located on the output side of the matching network.  As the final meander antenna 

design was self-matching at 50 Ohms, results obtained from these measurements could 

easily be translated to the final device results by including the antenna performance 

parameters, which were measured separately.   

 

 Transmitter power measurements were made at the band edges and band center 

frequency for four power level settings using an HP E4419B power meter, HP 8485A 

power sensor, 1 ft. long Sucoflex 104 cable with 3.5 mm connectors and a coaxial DC 

block.  Losses through the test cable and DC block were measured using an HP 8722ES 

network analyzer.  Table 5 presents the measurement results.  Adding -10 dBi for the 

meander antenna performance resulted in a transmit power level below the maximum 

allowed by FCC regulations, as desired. 

 

Table 5: Short-Haul Circuit Transmission Power Characterization for Low 

Power Configuration 

Test 
Frequency 

(MHz) 

Power 
Setting 
(dBm) 

Measured 
Power 
(dBm) 

Corrected 
Power 
(dBm) 

Measured 
Current 

(mA) 

902 -10 -10.3 -10.2 29.3 
902 0 0.2 0.3 32.0 
902 7 6.2 6.3 41.8 
902 11 10.4 10.5 50.4 
915 -10 -10.2 -10.1 29.5 
915 0 0.2 0.3 32.2 
915 7 6.1 6.2 41.8 
915 11 10.2 10.3 50.3 
928 -10 -10.1 -10.0 29.6 
928 0 0.3 0.4 32.2 
928 7 6.0 6.1 41.7 
928 11 10.1 10.2 50.1 
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 Several spectrum measurements were completed using an Agilent N9350B 

spectrum analyzer with the device under test connected using a three-foot test cable and 

a DC block.  An example of the power spectrum from the transmitter appears in Figure 

27, for which the spectrum analyzer was configured with a wide resolution bandwidth of 

1 MHz and swept over a 3 MHz frequency range centered at 915 MHz.  Note that the 

transmitter power setting was at a lower value than that used for power meter 

measurements; in addition a longer test cable was used to connect to the test 

equipment. 

 

 

 

Figure 27: Short-Haul Transmitter Power Test 

 

 For high power mode, Part 15 rules also require that the power spectral density 

not exceed +8 dBm for any 3 kHz bandwidth.  Figure 28 shows the test results with the 

spectrum analyzer configured with a resolution bandwidth of 3 kHz and a resulting 

maximum power below the maximum allowed at the marker position shown. 
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Figure 28: Short-Haul Circuit Power Spectral Density Measurement 

 

 Bandwidth measurements were made using this same test configuration.  Part 15 

rules require a minimum 500 kHz 6 dB bandwidth when operating in the higher power 

mode, and also requires digital modulation.  For this test the short-haul circuit was 

configured for a center frequency of 915 MHz, continuous transmission of test data 

packets using minimum shift keying (MSK) modulation at a data rate of 500 kBaud.  

Transmit power was set to 0 dBm into the RF front end and the output was attenuated to 

protect the spectrum analyzer input.  First a marker was set to “peak detect” so that the 

highest power level of the spectral plot was identified.  From this value the nearest points 

are found that are 6 dB less than the peak value, and the resulting bandwidth was 

determined.  An example of such a measurement appears in Figure 29.  Note that the 

markers captured in the figure have been placed at the 6 dB points and the measured 

bandwidth is more than the required 500 kHz. 



 

 59 

 

 

Figure 29: Short-Haul Circuit Bandwidth Measurement 

 

7.2 Battery Runtime Test 

 

 Starting with a fully charged battery, the combined short-haul and platform 

electronics assembly was configured to run test pings only.  For this test the short-haul 

circuit was configured to operate at maximum power for the low power configuration, 

which when combined with the internal meander antenna is still several dB below the 

maximum power allowed by the FCC regulations.  After four hours of continuous 

operation in this mode the total energy required to recharge the battery was recorded 

and found to be 12 mAh.   The ping transmissions were sent every six seconds during 

the test period.  Based on this test the estimated run time for only the short-haul portion 

of the combined circuit was determined to be 2.5 days using the 180 mAh battery.  For a 
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normal operating mode in which verification of system ready status is conducted every 

minute using an automated ping transmission, the total run time in this mode extends to 

25 days.  From this result and the known current requirements for the platform 

electronics, estimated operating duration can be calculated for various operating 

configurations.  Similarly, operating duration estimates for transmission of alerts and 

data snapshots can also be scaled based on these results, since they use the same 

transmission mode but for longer transmission times. 

 

7.3 Coverage Test 

 

 A coverage test was conducted in a private residence using the combined short-

haul and platform electronics circuit, along with the home gateway as the reception 

device.  For this test the transmitter was set to 910 MHz, 76 kbaud, Gaussian frequency 

shift keying (GFSK) modulation.  The transmitter was set to 0 dBm which resulted in an 

EIRP of approximately -11 dBm after factoring in the meander line antenna and RF 

switch losses.  The low noise amplifier and power amplifier circuits were not enabled in 

either the gateway or short-haul circuit for this test. 

 

 The test included three configurations, as indicated in Figure 30.  Each test 

consisted of verifying that the home gateway successfully received a ping transmission 

from the short-haul circuit by illuminating a “transmission received” acknowledgement 

indicator on the home gateway.  The three test configurations included one in which the 

device was held at waist level, and one in which the device was placed on the floor and 

covered with a body to simulate a fall. For tests conducted in rooms with a door, a third 

test was conducted in which the device was again held at waist level and the entry door 

to the room was closed.  Solid green dots indicate the successful reception of the test 

transmission, and the orange circles with a line indicate that no transmission was 

received.  Note that for this test the transmitted power was more than 10 dB below the 

power level allowed by FCC part 15 rules for the low power configuration of the circuit.  

This test confirmed that for this case, with the gateway located approximately one third 

of the distance across the length of the house, some gaps in coverage were present for 
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this house size and floor plan.  Although centrally locating the gateway may improve the 

coverage, other home construction types and square footage may still result in gaps in 

coverage; for these instances multiple gateways will likely be needed. 

 

 

Figure 30: Coverage Test Results using Short-Haul Circuit and Home 

Gateway 

8 Conclusions and Future Opportunities 

 

 Several areas from the study merit further investigation for future versions of this 

type of design.  First, the frequency selected which maximizes antenna performance 

while taking into consideration indoor propagation was selected based on existing 

frequencies and RFICs available.  One parameter not included in the analysis was the 

potential interference environment from competing wireless services.  For example, the 

2.4 GHz ISM band has become very crowded with a wide variety of consumer 

electronics devices, and will likely become more crowded as the internet-of-things 

continues to emerge.  Although some of this traffic is migrating to higher frequencies, 
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such as the 5.7 GHz ISM band, there is likely to be little relief in the already crowded 2.4 

GHz band.  The 915 MHz band was once considered overly crowded, which led to many 

of these now common devices moving to the 2.4 GHz band.  Very little information was 

found in which the home environment was characterized over both of these bands for a 

given location.  Further work needs to be conducted to assess the interference potential 

in the home environment as it exists today.  Ideally, a dedicated frequency below the 

915 MHz band with less interference potential should be considered, but an assessment 

of that type will require significant collaboration with the FCC and with competing 

wireless services.  Although the robustness of the wireless protocol, including error 

detection and correction, will mitigate some of the interference issues, there will always 

be a finite level of interference/noise.  In addition, data encryption requirements were not 

included as part of this project but must be added to future generations of the device. 

 

 Additional modeling incorporating a numerical phantom should also be 

conducted to verify measurement results and to assess sensitivities such as small 

changes in location of the on-body device relative to the body.  It is unlikely that a single 

design will be able to cover all candidate locations on the body and still achieve 

omnidirectional coverage.  A more detailed study which includes multiple locations and 

antenna designs should be conducted to further assess this issue. 

 

 The coverage estimates and experimental results both underscored that 

coverage in an average size home is still not assured even though the lower frequency 

915 MHz band was chosen.  One could argue that there are significant gains to be had 

by operating at a higher power level and/or improving antenna efficiency, but these gains 

come at a cost.  Increasing the power level will have a direct impact on the power drain 

of the battery and therefore total run time will be reduced; while changes to the antenna 

will likely influence other antenna parameters in a negative way.  Basic physics will limit 

the degree to which antenna performance can be improved for a given parameter.  For 

example, improving the efficiency for this or other small antennas will increase the 

quality factor and therefore reduce the bandwidth.   Ultimately, even if these problems 

were fully solved for the house used in this example, another larger house with 

additional floors or more lossy construction materials will again limit performance.  A 
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multi-gateway system will be needed which is scalable and will require another level of 

communications, since alerts received from any given gateway must ultimately be 

retransmitted to whichever device is performing the external link function. 
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