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Abstract The design, implementation and testing of a

wireless medical system (WMS) for continuous monitoring

of biological parameters are presented in this paper. Special

emphasis has been made on the implantable unit prototype.

The proposed system consists of three main sections:

implantable medical device (IMD), base station (BS) and

graphical user interface. The IMD and BS communicate

through an RF link that operates in both the industrial,

scientific and medical (ISM, at 2.4–2.48 GHz) and the

medical implantable communication service (MICS, at

402–405 MHz) bands. The IMD and BS are based on two

commercially-available ultra-low power integrated circuits:

a mixed-signal microcontroller and a medical implantable

radio transceiver. A comprehensive explanation of the main

design issues and implementation challenges is presented.

The details regarding the analog front-end functionality, a

low-power-oriented algorithm, an analysis of power con-

sumption versus lifetime and a customized operating mode

for power optimization are explained. The main consider-

ations for link budget calculations in implantable applica-

tions are discussed. A test bench designed to emulate real

conditions is used to verify the functionality of the WMS

showing successful communication up to 2.1 m range with

a data rate of 200 Kbps. The IMD works from a 3 V power

supply with an average current consumption of 0.572 mA

(including RF transmission) in continuous operation. This

allows a 2 year IMD lifetime in periodic operation (for a

350 mAh battery), delivering 1 h of information per day.

Keywords Implantable device � MICS band �
Low-power � Wireless medical system

1 Introduction

Advances in medical technology have allowed physicians

to improve the patients’ quality of life through the use of

wireless medical systems (WMS) aimed to provide reliable

monitoring and high accuracy diagnostics [1]. A typical

WMS includes an end device (ED) and a base station (BS)

complemented by a graphical user interface (GUI) imple-

mented in a computer [2]. The ED is in charge of collecting

information about a specific physiological or biochemical

parameter while the BS acts as a gateway between the ED

and the GUI. Depending on the application, the ED can be

wearable (non-invasive) or implantable (invasive) and the

WMS can be targeted to complement the patient’s treat-

ment or as part of a research study.

The main issues related with the implementation of such

systems are size, cost and lifetime, especially when the

monitoring unit is an implantable medical device (IMD) [3].

Key solutions to these issues are the selection of the right

hardware (including battery) along with the use of a smart

software control algorithm to optimize the power con-

sumption. In terms of hardware, designers have three main

options to choose from: application specific integrated cir-

cuits (ASICs), programmable systems on chip (PSoCs) and

off-the-shelf components. ASICs offer the highest level of

innovation, small size and the best power performance.

However, their design implies high cost and long devel-

opment periods. Programmable SoCs provide some design
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flexibility, modest cost and relatively fast implementation.

Nevertheless, power optimization is limited to the perfor-

mance of each individual block. Finally, the use of com-

mercial ICs allows fast prototyping while keeping a low

price, but the size and power consumption of the system

become restricted by the characteristics of the chosen

components. Regarding the software, power optimization

can be achieved by using only a microprocessor core in

ASICs and PSoCs instead of a complete microcontroller

(MCU), as in the off-the-shelf case. Taking this into con-

sideration, careful analysis of the application, available

resources and time restrictions should be done in order to

determine the optimum way to implement the WMS.

This work presents a WMS prototype intended for

implantable applications. The implantable unit design takes

advantage of the qualities of the three hardware options

mentioned before while minimizing the cons that come

along with each of them, resulting in a fully programmable

system-on-board. The presented BS allows power optimi-

zation of the IMD radio through the use of two different

radio bands for wake-up and data transmission.

The aim of the system is to monitor the blood pressure

of laboratory animals for drug safety research. However,

the approach employed in this study can be used to

implement an IMD targeted to monitor other physiological

or biochemical parameters such as pH, temperature,

phosphorus-based blood gases, etc. Moreover, the WMS

includes the option of modifying the signal resolution and

frequency of data collection according to the specific needs

of the user. The paper organization is as following: Sect. 2

discusses the WMS design and implementation, Sect. 3

shows the software control algorithm, Sect. 4 presents a

power versus lifetime analysis based on the amount of data

collected by the IMD, Sect. 5 shows experimental results

and Sect. 6 concludes the paper.

2 System design and implementation

A block diagram of the WMS, including simplified ver-

sions of the IMD and the BS, is presented in Fig. 1. Both

units are based on two off-the-shelf integrated circuits

(ICs) intended for ultra-low-power applications: the Texas

Instruments MSP430FG4618 [4], a mixed-signal MCU;

and the Microsemi (formerly Zarlink) ZL70101 [5], a

medical implantable radio transceiver. The MCU enables

the design of a low-power-oriented control algorithm

through its capability of shutting down peripherals that are

not used at know time intervals. This provides PSoC

characteristics to the IMD in the sense of power perfor-

mance. The transceiver is an ASIC that operates at the

medical implant communication service (MICS) band at

402–405 MHz to send/receive biological information/

instruction-commands to/from the BS unit and includes an

on-chip ultra-low power wake-up mechanism operating in

the industrial, scientific and medical (ISM) band at

2.45 GHz to listen for a wake-up signal from the BS unit.

The media access controller (MAC) of the transmitter

allows it to operate as an extra MCU peripheral, enabling

the integration of a system-on-board capable of supporting

a software control algorithm to optimize the overall power

consumption of the IMD.

The basic operation principle of the WMS can be

summarized as follows: the BS transmits a wake-up signal

to the IMD using the ISM band and the IMD replies with

an acknowledge message using the MICS band. Once the

link is established, further communications are handled

using the MICS band. This frequency band is regulated by

the Federal Communications Commission (FCC) for

implantable biotelemetry applications [6] and was allo-

cated at 402–405 MHz due to the signal propagation

characteristics in the human body (at this frequency, the

attenuation of the RF signal is smaller in comparison with

other bands). Moreover, although continuous implantable

communication at 2.45 GHz is possible, this would be

translated into higher power consumption on the trans-

ceiver. After a given number of physiological measure-

ments is stored in the IMD, the collected data is sent to the

BS which in turn, will transmit it to the PC via universal

serial bus (USB) connection. Once in the computer, the

GUI allows the user to view the information in real-time

and stores the samples in text files available for future

analysis. A discussion on the battery selection, along with a

detailed description of the IMD and the BS units are pre-

sented in the next subsections.

2.1 Battery selection

IMD batteries differ from regular batteries because [7]: (1)

they operate in an isothermal environment (constant tem-

perature of 37 �C), (2) they need to be replaced prior total

battery depletion, requiring surgical intervention, (3) their

size and form dominate the IMD’s volume and shape, and

(4) their current capacity dictates the IMD lifetime.Fig. 1 Block diagram of the WMS
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Therefore, the battery constitutes a critical part in the

design of an IMD.

Several options were explored in order to select the

battery for the presented IMD, including different lithium-

based options (Li/I2, Li/SOCl2, LiNiCoAlO2) from pro-

viders such as Greatbatch Inc., Quallion LLC, and Eagle

Picher Medical PowerTM. The nominal voltage, volume in

cubic centimeters (1 cc = 1 cm3), battery capacity in mili

ampere per hour (mAh) and chemistry are shown in

Table 1. Based on the, trade-off between battery size and

power, and taking into account a peak current drain[6 mA

(in RF transmission mode), a Li/SOCl2 battery from Eagle

Picher with a capacity of 350 mAh, prismatic shape, and

total volume of 1.66 cc [8], is chosen to be the reference

battery for the proposed IMD.

2.2 Implantable medical device

The most critical section of the presented system is the

IMD. A detailed block diagram describing its main com-

ponents is presented in Fig. 2, including a MCU, a wireless

transceiver, a dual-band matching network and a few

external components such as bypass capacitors, crystal

oscillators and resistors as part of the analog front-end

(AFE). The IMD is powered by an external battery which is

periodically monitored by the supply voltage supervisor

(SVS) peripheral, included in the MCU.

2.2.1 Signal acquisition and analog to digital conversion

A sensor translates the physiological parameter into an

electrical signal. The signal is injected into instrumentation

amplifier (IA) built using the MCU’s on-chip op amps and

external passive components. The MCU has the ability to

turn the op amps off when they are not being used, in order

to reduce the power consumption of the IMD. A three op

amp IA topology including an antialiasing filter is selected

as the IMD’s AFE and its schematic diagram is presented in

Fig. 3. This IA implementation rejects electromagnetic and

electrostatic interferences with a common-mode rejection

ratio (CMRR) better than 80 dB [9–11]. The first stage of

the IA is composed of two op amps in non-inverting con-

figuration in order to provide high input impedance to the

incoming differential signal. The second stage is configured

as a difference amplifier [12] and includes an antialiasing

filter to remove out of band interferences whose folding

after the analog to digital conversion would corrupt the

signal band [13]. The gain bandwidth product, power con-

sumption and CMRR of the op amps are 500 kHz, 60 lA

70 dB, respectively [4]. The gain and cut-off frequency of

the IA are given by Eqs. (1) and (2). The external passive

components used on the IA are: R1(variable) = 0–250 KX,

R2 = 1 MX, R3 = 200 KX, R4 = 10 MX and C = 1nF.

VOUT ¼ ðVINþ � VIN�Þ 1þ 2 � R2

R1

� �
R4

R3

� �
ð1Þ

f3dB ¼
1

2p � R4 � C ð2Þ

The output of the IA is connected to a 12-bit successive

approximation register analog to digital converter (SAR-

ADC), also included as part of the MCU. This module can

be shut down after a conversion is completed and includes

a buffer where the samples are stored before being sent to

the random access memory (RAM) [4]. Since most phys-

iological signals have similar bandwidths (from DC up to

250 Hz) [14, 15] and because of the low power features of

the SAR-ADC topology [13], it is possible to modify the

ADC’s oversampling ratio (OSR) up to 30 in order to

increase the accuracy of the conversion without compro-

mising the power consumption. Having this relatively high

OSR relaxes the specifications of the anti-aliasing filter and

allows its integration by just adding external capacitors to

the IA’s second stage as showed in Fig. 3. The gains of the

1st and 2nd stages of the IA are 8 and 50 V/V respectively,

resulting in a total gain of 400 V/V with a cut-off fre-

quency of 15 Hz. The cut-off frequency was selected based

on the bandwidth of the signal that will be monitored in this

application, blood pressure of small animals.

2.2.2 Digital communication and RAM organization

Since the MCU has a 16-bit central processing unit (CPU)

and the SAR-ADC has a 12-bit resolution, the 4 most

significant bits of each stored sample are kept as reserved

bits. The MCU’s direct memory access (DMA) module

uses a transfer channel (DMA1) to send the data from the

ADC’s buffer to the 8 KB RAM with no CPU intervention

[4]. The RAM is organized in 18 pages. Each page includes

217 words of 16 bits, and a data packet consists of 9 of

these pages. When a data packet is ready to be transmitted,

a second transfer channel of the DMA module (DMA2)

sends the data to the serial peripheral interface (SPI)

Table 1 Different options available from suppliers of implantable

batteries

Battery Voltage

(V)

Volume

(cc)

Capacity

(mAh)

Chemistry

Quallion

(QL0165)

3.6 30 150 LiNiCoAlO2

Greatbatch

(M9107)

2.8 1.4 400a Li-I2

Eagle Picher

(COTENGO)

3.6 1.66 350 Li/SOCl2

a Maximum peak current drain \100 lA
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module. Again, no CPU intervention is needed to transport

the information from the RAM to the SPI module, thus

allowing reduction of the power consumption. Using the

SPI module, the sampled data and control commands are

transferred from the MCU and to the transceiver. The

transceiver has its own SPI module and receives the 8-bit

words sent by the MCU with a data rate of 2 mega samples

per second using a shared clock provided by the MCU.

Figure 4 shows a timing diagram of the master device

(MCU) while it transmits and receives data. The SPI

module uses three pins to operate, a clock (CLK), the

slave-input master-output (SIMO) and the slave-output

master-input (SOMI). Depending on the clock polarity,

SIMO will start transmitting at the rising or falling edge of

CLK and SOMI will sample the incoming data at the

opposite clock edge [4].

2.2.3 Wireless transceiver and matching network

Once in the transceiver, the data is codified and encrypted

in the MAC. Then, an intermediate frequency (IF) modu-

lator receives the digital data and a clock stream from the

MAC, and converts the data into in-phase and quadrature

(I&Q) signals at IF = 450 kHz [5]. The resulting scheme

is a four-level frequency shift keying (4FSK) modulation

with a maximum effective data rate larger than 200 Kbps

[5]. The modulated signals pass through a pair of balanced

mixers, fed by I&Q pairs of both IF and local oscillator

(LO) signals, for up-conversion to the selected channel in

the MICS band. The outputs of the mixers are added and

result in a single-sideband signal with suppression on the

unwanted opposite sideband. This signal passes through a
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power amplifier (PA) stage which provides a maximum

output signal of -3dBm. Finally, the signal goes into an

external matching network and is radiated by the antenna.

When the IMD receives information using the MICS

band, the signal from the antenna passes through the

matching network and then is injected to the on-chip low

noise amplifier (LNA). Then, the signal passes over a pair

of balanced mixers similar to the ones used in the trans-

mitter. The mixers produce a pair of I&Q signals at

IF = 450 kHz [5]. This is followed by an IF Filter and a

FM detector which translates the frequency deviations to a

time-varying voltage level. The resulting baseband signal is

converted to the digital domain by a 2-bit quantizer [5].

The digitized data is sent to the MAC for correlation and

clock recovery. Finally, the recovered data is transferred to

the MCU using the SPI link described before.

Figure 5 shows the external matching network needed to

operate the transceiver in the ISM and MICS bands while

using a dual-band antenna. The RF signal received by the

antenna goes through a capacitor (CX) for AC coupling and

is followed by an LC tank (CY and LY) that acts as notch to

filter out signals centered at the ISM band. A surface

acoustic wave (SAW) filter is used to limit the incoming

information to content centered at the MICS band. The

SAW filter used in this work is a customized design from

Kyocera with a center frequency of 403.5 MHz and

bandwidth of 3 MHz [16]. A pi-network (CP1, CP2 and LP)

is used to match the impedance of the SAW filter at port 2

(P2) to the impedance of the antenna while a high-pass LC

network (CZ1 and LZ1) performs impedance transformation

between port 1 (P1) and the RX/TX MICS band pin of the

transceiver. When a wake-up signal (ISM band) is received

by the antenna, it is rejected by the notch filter mentioned

above and passes through a low-pass LC network (CZ2 and

LZ2) that conducts impedance transformation between the

wake-up pin of the transceiver and the antenna. The values

of the matching network components are presented in

Table 2.

As mentioned before, the wireless link using the MICS

band can be used for data and commands transmission, and

it can even work to start communication between the IMD

and BS. Nevertheless, using it to periodically listen for the

BS’s wake-up signals would result in excessive power

consumption since the receiver is composed by several

power hungry blocks. In order to provide an ultra-low-

power wake-up mechanism, the ZL70101 includes a

2.45 GHz receiver using an on/off key (OOK) modulation

employing a dedicated frequency band with modest con-

sumption power for the start-up process. By using the OOK

scheme there is no need for a local oscillator while the use

of a predefined frequency (a channel within the ISM band)

for the wireless transmission reduces the complexity of the

receiver [5]. On this way the on-chip ultra-low-power

receiver is be used instead of the MICS receiver in order to

start the IMD operations.

2.3 Base station and GUI

The base station of the ZL70101 application development

kit from Microsemi is employed as BS unit in this work. Its

design is similar to the IMD in the sense that it is based on

the same transceiver and that the employed MCU belongs

to the MSP430 family. A block diagram of the BS is pre-

sented in Fig. 6. The signal from the IMD is received by a

multi-band helical antenna and passes through the match-

ing network and transceiver similarly as explained in the

previous subsection. The transceiver receives the data and

sends it to the MCU through the SPI module. The MCU

then transfers the data to a USB interface chip through a

serial non-synchronous link and the aforementioned IC

handles the communication with the computer. In the

computer, the GUI performs the data processing and stores

the received data. Using the GUI, the user can modify the

link features such as modulation, data rate and frequency of

data collection.

When the GUI receives an instruction from the user, the

instruction is transmitted to the MCU via USB and the

microcontroller sends it to the transceiver using the SPI

bus. To start a transmission, a 2.45 GHz transmitter sends a

wake-up signal using a dedicated ISM band transmitter and

the IMD replies using the MICS band. Both, the BS and the

IMD units, perform a wireless handshaking using the MICS

band and finally, the BS unit transmits the instruction to the

IMD where it is processed.

3 Control algorithm

3.1 Basics

The selected MCU is designed from the outset for low-

power operation. Power optimization is achieved through

the use of a range of low-power modes (LPM) supported by

a versatile clock system [17]. Figure 7 shows the different

MCU operating modes that will be used by the control

algorithm along with their corresponding current con-

sumption values for 3 and 2.2 V supply voltages. When the

MCU operates in active mode (AM), all the internal clocks

and enabled modules are active. On the other hand, while

operating in a specific LPM, a selected number of clocks

are enabled and only the peripherals driven by the active

clocks can be used. For example, during LPM0 the MCU

main clock (MCLK) is disabled while the sub-main clock

(SMCLK) and the auxiliary clock (ACLK) are active. This

allows the operation of high speed peripherals such as SPI

and DMA modules with no CPU intervention. Similarly,
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when the MCU operates in LPM3, only ACLK is active

and the MCU is restricted to use only the peripherals

performing low frequency tasks such as the op amps, the

SAR-ADC and the timer.

3.2 Proposed low-power-oriented control algorithm

The goal of the algorithm is to switch the MCU between

AM, LPM0, and LPM3 using interrupts [18]. Interrupts are

generated by hardware or software to respond to an urgent

event by executing an interrupt service routine (ISR) [17].

The principle of operation is the following: when the MCU

is in a LPM, an interrupt automatically switches the device

to AM where the ISR finds the interrupt source and sets a

flag to inform the main program what task needs to be

performed. The MCU returns to the main program, serves

the ISR and goes back into a LPM. This process is repeated

each time a new interrupt is asserted.

A basic flow chart of the proposed control algorithm is

presented in Fig. 8 where the interrupt sources are the

DMA, the timer and the transceiver chip (TX/RX inter-

rupt). The main program initializes the MCU (routine

INT_MCU) and sends the MCU to LPM3 where it waits

for a wake-up signal to continue. The INIT_MCU routine

consists of the following subroutines: Init_McIO, selects

the ports that will be used as digital/analog inputs/outputs

and enables the external interrupt to be used to assert the

TX/RX interrupt. InitAnalogPeripherals, initializes the

analog peripherals that are used by the IMD: SAR-ADC

and the three op amps that compose the IA. This subroutine

also sets the control registers of the timer that will be in

charge of triggering the ADC and the DMA channels that

will transfer information between the RAM and different

peripherals. SPIInit, initializes the SPI peripheral by setting

the clock frequency/polarity, the port used for the com-

munication and the size of the word that will be transmit-

ted. Finally, MicsInit initializes the transceiver by sending

command to set its control registers.

When the wake-up signal is received by the transceiver,

the TX/RX interrupt is asserted and the TX/RX_ISR

enables the timer and the other interrupts. Then it switches

the MCU to LPM3 and waits for the next interrupt to be

asserted. The next interrupt to be asserted is from the timer

used to start ADC conversions. When this interrupt is

asserted, the TIMER_ISR sets a flag and IM_PROC

enables the ADC. Then MCU goes into LPM0, the ADC

sample is sent to the RAM through the DMA1 and the

Fig. 7 Different operating modes of the MCU(from datasheet) [17]

Fig. 8 Basic flow chart of the implemented algorithm

Table 2 Values of the matching network components

Component Value Component Uplink

CZ1 120 pF CY 1.2 pF

LZ1 19 nH LY 2.7 nH

CP1 5.6 pF CX 30 pF

CP2 5.6 pF LZ2 3.3 nH

LP 18 nH CZ2 0.75 pF

Part of
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MCU returns to LPM3. This continues until one RAM page

(217 samples) has been filled with data and the DMA

interrupt is asserted. Then, the DMA_ISR sets a flag to let

IM_PROC know that one memory page has been written

and the DMA1 channel destination addresses is updated in

order to write the incoming data into the following memory

page.

When a data packet (9 pages) is ready for transmission,

IM_PROC enables the SPI module to communicate the

MCU with the transceiver and the DMA2 channel sends

information from the RAM to the SPI output buffer. When

one RAM page has been transmitted to the SPI output buffer

the DMA interrupt is asserted again but this time due to the

DMA2 channel. The DMA_ISR sets a flag and IM_PROC

updates the source address of the DMA2 channel to start

reading the next memory page. This happens until the

complete data packet is transmitted. Since the RAM can store

up to two data packets, while one is transmitted to the BS

unit, the other is used to store new physiological samples.

This sequence occurs continuously or periodically depend-

ing on the settings defined by the user. More details on this

regard will be provided in the next section.

The remaining TX/RX interrupt sources are the trans-

mit/receive RF buffers, the SPI bus, a link monitoring

register that tracks the communication between the IMD

and the BS unit, and another control register that indicates

when an instruction command has been completed. When

they are asserted, the routine IM_PROC uses the SPI

module to read the interrupt vector of the transceiver. In

order to serve the different interrupts, the MCU sends

instruction commands to the transceiver to perform tasks

such as restart the wireless link, read/write data on the TX/

RX buffers, or clear the required interrupt vector bit.

As a result of the implemented algorithm, the MCU

remains in LPM3 most of the time, waiting for the next

interrupt to be asserted and, hence, the power consumption

of the IMD is optimized.

4 Power analysis

The IMD power consumption varies with time depending on

the task being performed. By knowing the power consump-

tion and the duration of each task, the IMD average current

(IAV) can be computed and its lifetime can be estimated.

4.1 Continuous sampling mode

Figure 9 shows a timing diagram of the tasks performed by

the IMD while sampling a blood pressure signal with a

frequency of 5 Hz. This frequency is used since several

physiological signals fall below this bandwidth [14]. In this

figure, tT is total time needed to collect and transmit a data

packet (nine pages of 217 words), tP is the time needed to

write a data packet inside the RAM, tTX is the time required

for the RF transmitter to submit the data stored in the RAM

to the BS, tAS is the time between adjacent samples, tC is

the ADC conversion time (13 cycles of the 32.758 kHz

clock that drives the ADC [4] ) and tAQ (1/fS) is the

acquisition time given by tAS ? tC. For the transceiver with

a data rate of 200 Kbps and 16-bit resolution for each

sample, the IMD can transmit 12.5 kilo samples per sec-

ond. Having this transmission rate and an ADC’s over-

sampling rate of 20 (fS = 100 Hz), the timing parameters

in Fig. 9 have the following values: tC = 13/32,758 &
0.4 ms, tAS = (1/fS) - tC = 10 - 0.4 ms = 9.6 ms, tP =

9 9 217 9 tAQ = 19.44 s, tTX = 9 9 217/12.5 K = 0.156 s

and the total time is tT = tP ? tTX = 19.596 s. From these

numbers, it is possible to observe that the IMD remains in

RF transmission mode around 0.8 % of the total time to

collect and transmit a data packet. The scenario where the

IMD has the previous timing parameters and sends infor-

mation to the base station without interruption is defined as

continuous sampling mode (CSM). The following equation

is used to calculate the average current consumption (IAVC)

of the IMD in CSM:

IAVC ¼
217� 9ðtC � IC þ tAS � IASÞ þ tTX � ITX

tT

; ð3Þ

where IC is the current consumption during tC, IAS is the

current consumption during tAS and ITX is the current

consumption during tTX with values of 0.65, 0.5 and 6 mA

respectively. The current values are taken from [4] and [5].

Using (3), it is possible to predict an IAVC around

0.549 mA. Moreover, based on the current capacity of the

selected battery (350 mAh [8]), the estimated lifetime of

the IMD in CSM can be obtained using the ratio of the

battery capacity and IAVC, resulting in approximately

26.5 days. This battery was chosen as the power source due

to its small size (6.6 mm 9 16.5 mm 9 15.2 mm =

1.66 cc, 4.6 g) and large current capability. The time and

current values presented in this subsection are summarized

in Table 3.

4.2 Periodic sample mode

Since the average current is inversely proportional to the

lifetime, increasing the lifetime of the IMD can be

achieved by decreasing IAV. In order to extend the lifetime,

the IMD average current consumption can be reduced

using a variation of the CSM where only a fixed number of

data packets is collected in a given period of time. This is

done in the following way: the user defines the number of

packages to be collected using the GUI, the IMD operates

continuously until the last data packed is submitted to the

BS and finally, the MCU switches to sleep mode (LPM4)
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until a new set of data is required. During sleep mode the

microcontroller turns off all the peripherals and waits for a

new wake-up signal. This variation of CSM is defined as

periodic sampling mode (PSM). Figure 10 shows the tim-

ing diagram of the IMD current in PSM, where tAQ, tP and

tT refer to the parameters presented in Fig. 9, tOFF is the

time in which the circuit remains in sleep mode and I is the

current consumption of the IMD depending on the task

being performed. Finally, tDS is defined by tON ? tOFF and

the frequency of data collection (fDS) is the inverse of tDS.

The following equation is used to compute the average

current during PSM:

IACP ¼
tT � IAVC þ tOFF � IOFF

tDS

; ð4Þ

where IOFF = 0.9 lA is the current consumption of the

MCU during tOFF [4]. Figure 11 shows a prediction of the

lifetime in months and the number of data packets trans-

mitted from the IMD to the BS during 1 day. This plot is

based on Eqs. (3) and (4), and the timing parameters and

battery capacity presented before. A linear relationship

between the ratio of tOFF and tT and the lifetime of the

IMD is observed while the amount of collected data

decreases and tends to saturate. For example, in points A

and B the ratios are 1 and 10 resulting on 1.7 and

9.2 months of lifetime with 2,212 and 403 data packets per

day respectively. This plot can be used to choose the tOFF/

tT ratio that would fit better with the designer’s needs.

5 Measurements and results

5.1 IMD prototype implementation

A prototype of the IMD has been implemented in order to

demonstrate the operation of the low-power-oriented con-

trol algorithm and to corroborate the results obtained from

the lifetime estimation presented in the previous section.

Fig. 9 Timming diagram of the

IMD sampling a biological

signal in CSM

Table 3 Summary of the time and current values for different IMD

tasks

Parameter Time (ms) Parameter Current (mA)

tC 0.4 IC 0.65

tAS 9.6 IAS 0.5

tTX 156 ITX 6

tT 19,596 IAVC 0.549

Fig. 10 Timming diagram of

the IMD operating in periodic

sampling mode (PSM)
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The fabricated IMD printed circuit board (PCB) is pre-

sented in Fig. 12. The 2-layer PCB has a total area of

50.7 cm2 (7.12 cm 9 7.12 cm) and was fabricated with a

0.062 FR4 substrate. The dual-band printed loop antenna

(PLA) showed on the left side of the picture was provided

by Microsemi and accounts for body losses allowing the

emulation of real conditions over free air.

5.1.1 Debug and testing for measurements

under controlled conditions

The implemented PCB features different debug and testing

capabilities in order to allow measurements emulating

implantation of the prototype before fabricating the final

IMD unit with actual implantable dimensions. The main

debug resources include a J-TAG receptacle that allows

upgrades on the MCU’s firmware; a variable R1 resistor

used to modify the IA total gain; a set of LEDs used to

monitor the link indicating the MICS transmitter or

receiver operation, the status of the connection between

IMD and BS and if a wake up signal has been received by

the IMD; a BNC connector to emulate different biological

signals using an function/arbitrary waveform generator

(FAWG) and push buttons to reset or start manually the

IMD. For testing capabilities, the IMD includes test points

to monitor different key signals from the IA (gains of the

1st and 2nd stages), MCU (timer output, DAC output,

crystal oscillator XT1, etc.), SPI link (CLK, SIMO, SOMI

and CS) and the TX/RX (programmable outputs, voltage

references, crystal oscillator XT2, etc.). The IMD proto-

type also includes a set of jumpers to manually enable/

disable MCU modules and LEDs in order to measure the

current consumption of the IMD in different nodes and

with the MCU operating in different power modes.

The fabricated prototype also includes bypass capacitors

to filter out high frequency noise and to ensure good load

regulation. Besides this, the MCU and Tx/Rx chips contain

internal LDOs to provide the required voltage for the dif-

ferent sections of the circuits. The capacitors used for the

battery and for the LDOs inside the MCU and Tx/Rx are

external and have low ESR in order to reduce any ripple

originated by the battery voltage during low-to-high cur-

rent transitions such as the change from sleep mode to RF

transmission.

5.1.2 Board optimization

The highlighted areas in Fig. 12 include the aforemen-

tioned MCU and TX/RX along with their external com-

ponents: bypass capacitors, crystals 1 and 2, IA resistors/

capacitors and the matching network elements. The pre-

sented prototype was fabricated for testing purposes.

Nevertheless, the IMD area can be optimized by removing

the variable R1 resistor along with all the debug/testing

hardware (also highlighted). These modifications would

result in an effective board area of 6.5 cm2 (12.8 % of the

original size). Furthermore, if each IC is placed on the top

and bottom sides of a PCB, an IMD effective area of

2.7 cm2 can be achieved.

5.2 Link analysis

This subsection discusses the main factors to be considered

while designing a wireless link for implantable applica-

tions. The following expression [19] is a simple link budget

equation that can be used for typical uplink/downlink

calculations:

PRXjdBm ¼ PTXjdBm þ GTXjdB � LTjdB þ GRXjdB; ð5Þ

where PRX|dBm is the power available at the receiver input

terminals, PTX|dBm is the signal power available from the

transmitter output terminal, GTX|dB is the gain of the

Fig. 11 Lifetime and data packets per day versus tOFF/tT for a

350 mAh battery

Fig. 12 Fabricated implantable medical device prototype board
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transmitter antenna including cable and matching losses,

LT|dB represents the total of losses between the transmitter

output and the receiver input and GRX|dB is the gain of the

receiver antenna including only matching losses. Never-

theless, this is not a typical application and some modifi-

cations should be considered in order to have accurate

results.

First, it is critical to take into account that the propaga-

tion path of the presented link happens through two dif-

ferent media: free air and the subjects’ body. The total loss

between the IMD antenna input and the outside of the

subjects’ body, including matching network and IMD

package losses is between 40 and 45 dB [6]. Also, the MICS

standard requires the antenna gain and the propagation path

loss within the body to be combined together when calcu-

lating the effective radiated power (ERP) of the IMD

transmitter [20]. Therefore, the ERP can be defined as:

PTXðERPÞjdBm ¼ PTXjdBm þ GTXjdB ð6Þ

Moreover, the BS and IMD output power levels are

restricted to a maximum ERP of -16 dBm in a reference

bandwidth of 300 kHz to prevent interference with mete-

orological aids [6]. Using (6) and having a BS antenna gain

of -5 dBi including losses, the maximum power trans-

mitted by the BS unit is -11 dBm. For the IMD, the

transmitter is programmed to have an output power of

-3 dBm and the antenna gain including body and match-

ing losses is -42 dB, resulting in an ERP of -45 dBm.

Therefore, since the in-body losses are much more signif-

icant than any cable or matching loss at the BS unit, the

power transmitted by the IMD is higher than the one

transmitted by the BS unit.

The total loss between the transmitter and the receiver

LT|dB consists of the free-space path loss AFSL|dB and a

‘‘fading margin’’ AFADE|dB of 5 dB is added to allow for

destructive interference. The free-space path loss depends

on the wavelength and the distances as shown in the fol-

lowing equation [19]:

AFSLjdB ¼ 20Log
4pd

l

� �
ð7Þ

Using Eqs. (6) and (7), the original link budget equation

can be defined as:

PRXjdBm ¼ PTXðERPÞjdBm � AFSLjdB � AFADEjdB þ GRXjdB

ð8Þ

The minimum detectable signal (MDS) is defined as the

minimum PRX|dBm level present at the receiver to perform a

successful transmission. This computing MDS using the

following equation [19]:

MDSjdBm ¼ NFjdB þ 10Log kTBð ÞjdB þ 30þ SNRMINjdB;

ð9Þ

where NF|dB is the noise figure of the receiver, k is the

Boltzmann constant, T is the temperature in Kelvin

degrees, B is the bandwidth of interest (B = 300 kHz), 30

is added to convert the integrated noise floor to dBm and

SNRMIN|dB is the minimum signal to noise ratio (SNR)

required for a maximum allowed bit error ratio (BER). The

NF of the IMD and the BS units operating with a data rate

of 200 Kbps using 2FSK modulation in the downlink (BS

to IMD) and 400 Kbps with 2FSK in the uplink (IMD to

BS) are 5 and 9 dB with SNRMIN|dB values of 14 and

17 dB respectively [21]. Using (9) the MDS levels of the

BS and IMD units are found to be -90 and -99 dBm (40.2

and 14 lVrms with an effective resistance of 1,620X),

respectively.

5.3 Measurement setup and experimental results

The implantable WMS measurement setup is shown in

Fig. 13. In this test, a 5 Hz blood pressure signal is emu-

lated using the Agilent 33,220 A FAWG with a peak-to-

peak amplitude of about 1 mV and a DC offset of 0.5 mV.

This signal is injected to the IMD where it is amplified,

converted to the digital domain and transmitted to the BS

unit through the RF channel using the MICS band. The BS

unit receives the wireless data and sends it to a computer

via USB. In the computer, the GUI stores the data and

performs post-processing operations.

In order to verify the operation of the system the IMD

and FAWG were placed at a fixed location while the BS

unit was moved away from the device to perform trans-

mission measurements in the line of sight. Measurements

were taken at each step of 10 cm. The maximum distance

of the wireless communication link achieved in the MICS

band is 2.1 m in the line of sight. This distance includes

Fig. 13 Measurement setup for measurements emulating implanta-

tion of the IMD prototype
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30 cm more than the design specification (1.8 m) in order

to account for extra losses including packaging losses.

Table 4 presents the link measurement results for this

distance with data rate of 200 Kbps and using the channel

located at 403.5 MHz. PRX|dBm and PTX|dBm were taken

from the transceiver’s measurement registers and the other

parameters were calculated using (5)–(8). Notice that

PTX(ERP)|dBm for the uplink is smaller than the value

computed in the previous section (-45 dBm). To under-

stand the reason of this difference, let us use Eq. (6), the

measured ERP (-49 dBm) and PTX|dBm = -3 dBm, to

compute the antenna gain minus losses GTX|dB in the uplink

(GRX|dB for the downlink). This value results in a value of

-46 dB, meaning that there are extra losses in the dual-

band PLA in comparison with the estimated value. This

discrepancy can be due to variations on the matching net-

work components or the length of the PCB traces used to

connect the antenna. Nevertheless, the results are still close

to the values predicted on the link budget calculations and

therefore, the presented method can be used as a start point

for designing a WMS for implantable applications.

Figure 14 shows a comparison between the amplified

signal at the input of the ADC (in the IMD) and the data

received at the BS unit for a distance of 2.1 m. Notice

that the transmission delay (tTX) is not taken into account

since the purpose of this figure is to show the signals in a

direct comparison. The sampling frequency of the ADC

was 300 Hz and the frequency of the input signal was

10 Hz.

Figures 15 and 16 show the measured return loss of the

IMD’s dual-band-PLA and the BS’s multi-band helical

antenna, respectively. Both antennas were provided by

Microsemi and operate in the ISM and MICS bands, as

observed on the figures, allowing the use of the ultra-low-

power wake-up mechanism described in Sect. 2.

Since the purpose of this work is to provide a design

methodology and proof of concept of the proposed low-

power oriented algorithm, a 3 V Li/MnO2 battery (Pana-

sonic CR2354) is used as power supply. Nevertheless, in

order to verify that the results are valid for the proposed

350 mAh reference battery, the IMD current consumption

for using a variable DC power supply with voltages from

4 V down to 1.8 V was measured. The results showed

small variations (*10lA) on the average current con-

sumption. This is explained knowing that the internal

power management systems of the MCU and Tx/Rx deliver
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Fig. 14 Signal at the ADC input versus data received at the BS,

d = 2.1 m

Fig. 15 Measured S11 of the dual-band PLA used in the IMD

Table 4 Link budget parameters with d = 2.1 m

Parameter Downlink Uplink

PTXðERPÞjdBm -16 -49

AFSLjdB 31 31

AFADEjdB 5 5

GRXjdB -46 -5

PRXjdBm -98 -90

Fig. 16 Measured S11 of the multi-band helical antenna used in the

BS
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a fixed current independently of the input voltage as a

result of using dedicated linear voltage regulators. The

found that a 3 V supply voltage is the minimum value to

fulfill the wireless link range spec required for this appli-

cation (1.8 m), with 0.3 m as safe margin, resulting in the

reported total 2.1 m.

Finally, power measurements showed an average current

value of IAVC = 0.572 mA for a 3 V power supply, cor-

responding closely to the calculations performed in Sect. 4.

The average current consumption of the IMD while per-

forming different tasks is shown in Fig. 17. Using this

IAVC, the IMD prototype lifetime is 1.7 months operating

in continuous mode with a projected 2.7 cm2 area. This can

be compared with 1.5 months and approximately 1.9 cm2

offered by the commercial implantable blood pressure

monitor for small animals from [22].

6 Conclusion

This paper has presented the design, implementation and

testing of a WMS prototype for implantable applications

meeting FCC standards. Special attention was placed on

the realization of the implantable unit in order to obtain the

best trade-off between size, cost and power. A thorough

explanation of the signal path, starting as an analog

waveform from the sensor and reaching the PC as digital

information has been presented.

The comprehensive power analysis presented in Sect. 4

and the link budget study from Sect. 5 provided results

close to the measurements performed while emulating the

implantation of the IMD. Therefore, a similar methodology

can be used to predict the lifetime of generic monitory

units (invasive or non-invasive) and to make a realistic link

analysis from the very beginning of the design stage.

The proof-of-concept IMD prototype includes several

testing/debug capabilities and is designed to allow the

integration of different sensors to monitor other biological

parameters with minimal modifications. Moreover, sug-

gestions for the optimization of the presented IMD and the

implementation of the final implantable unit have been

discussed.
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