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Abstract 

 

Design and Implementation of a  

Low-Power Implantable Cardiac Monitoring Device  

 

 

 

 

Lev Michael Shuhatovich, M.S.E. 

The University of Texas at Austin, 2010 

 

Supervisor:  Jonathan W.  Valvano 

 

The conductance catheter technique is commonly used in research to assess cardiac 

hemodynamics through measurement of ventricular pressure and volume.  In order to 

perform chronic cardiac studies in murine rodents, a small low-power device capable of 

performing these measurements is necessary.  This thesis presents the design, 

implementation, and test of such a device, coupled with a radio that allows for the 

telemetry to be transmitted to a base station.  Multiple low-power design techniques were 

employed in this device, which is surgically embedded in the animal.  The total mass of 

the device with battery is 4 grams, and the device volume is 10cm
3
.  Results show that it 

is capable of periodic monitoring of pressure volume loops for up to 60 days on a single 

charge.
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Chapter 1: Introduction 

1.1 MOTIVATION 

In order to assess hemodynamics in vivo, the conductance catheter is used in 

conjunction with a pressure sensor.  An invasive surgical technique introduces a catheter 

into the left ventricle (LV) of the heart.  The instrument records the pressure and volume 

over a few cardiac cycles.  This information can be used to assess the health of the heart, 

as well as the effects of drugs used for cardiac therapy.   

a  

Figure 1– PV Catheter in the LV with four impedance electrodes and a pressure sensor 
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Figure 1illustrates the PV catheter placed in the left ventricle for the described 

measurement.  There are four impedance electrodes and a pressure transducer.  The 

catheter must be thin enough not to occlude the aortic arch.  The impedance electrode 

spacing is designed such that all four electrodes lie entirely in the left ventricle.   

1.2 REQUIREMENTS 

The goal of this thesis is to design, implement, and evaluate a device capable of 

assessing hemodynamics in small animals and rodents.  Implantable devices have been 

introduced into the marketplace that perform measure pressure wirelessly (Millar 

Instruments [1]).  However in order to fully assess cardiac health, pressure and volume 

are necessary.  Drug therapy is commonly tested in mice because genetically altered mice 

are available with a myriad of preexisting conditions[2].   

Since mice are extremely small, implantable devices would need to be less than 5 

cm
3
.  A pill-sized device would have to be highly integrated at the chip level, include a 

radio, a source of energy, and a catheter.  An approach like this is highly complex and not 

feasible at this time.  Instead, as a stepping stone, the device presented in this thesis 

performs these measurements in rats.  The TRM53P is an example rat telemetric device 

manufactured by Millar Instruments [Houston, TX]measures pressure, includes a 2.4GHz 

radio and occupies 7cm
3
[1]. 

From previous work done by Raghavan[3]and Uemura [4]it was evident that the 

size and weight of the device is critical to the success of the experiment.  The Raghavan 
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device weighed 27g and the Uemura device weighted 26g.  The average weight of the 

rats used in Raghavan’s experiments was 254g.  Consequently, the instrumentation 

constituted more than 10% of the rat’s weight.  Furthermore, the size and attachment 

mechanisms proved to be restraining, preventing the rat from eating and drinking once 

the anesthesia wore off.  In order to improve upon this, the target size and weight of the 

device presented in this thesis was constrained to be as small as possible.  The design 

goal for runtime is 24 hours on a single charge.   

1.3 PREVIOUS WORK 

The technique by which this measurement is made possible was originally 

pioneered by Baan et al.[5].  Baan shows thatin vivoLV volume is proportional to the 

conductance through the blood by applying a constant current to the outermost electrodes 

(shown as 1 and 4 in Figure 1) and measuring the conductance of blood across a multi-

segment catheter (shown as 2 and 3 in Figure 1) over time to estimate volume.   

Chia-Ling Wei et aldeveloped a more accurate model to relate heart volume to the 

complex impedance of the measurement[6].  Her equations allow a real and imaginary 

part of admittance to be used to calculate LV volume.  The complex admittance allows 

for constant errors in measurement to be removed from the signal so that it represents LV 

volume with greater accuracy.   

For any electric field spatial distribution, E, in a homogeneous medium: 
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where I is the current (A), V is the potential (V), σ is the electrical conductivity (S/m), Q 

is the charge (C), ε is the electric permittivity (F/m), and F is the electric field form 

factor, or “cell constant”, common to both relations (m).  The symmetry in the 

relationships of the above two equations leads to the familiar “conductance-capacitance” 

analogy.  The symmetry is also the feature that allows identification and elimination of 

the cardiac muscle from the combined admittance signal: if Cm is measured, then gm can 

be calculated by a simple ratio, 

gm = Cmσm/εm 

where the σ/ε ratio is a property constant of the myocardial tissue (Raghavan [7] and 

Porterfield[8]). 

probemeasmeasm CYC −= ωθ /)sin(       

mmeasmeasb gYg −= )cos(θ   

 

Wei’s equation implies that in order to measure volume, |YMEAS| and φ should be 

sampled over time and can be converted to volume using the following equation: 

b
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where γ is a calibration constant (S) that compensates for the non-linearity of the electric 

field between electrodes 2 and 3, ρ is the resistivity of blood (Ω/m), and L is the distance 
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(m) between electrodes 2 and 3 on the catheter.  The γ calibration is done during 

operation in vivo with stroke volume and end diastolic volume measured by other means. 

In order to convert the signal to volume, several measurements are required.  A 

stroke volume measurement, SVm, with a flow probe is required, but these can be 

estimated from cardiac echo. 

A measurement of peak conductance during end-systole and end-diastole is 

required, ����� and ����� and can be picked from acquired data.  A solution for γin 

quadratic form can be found as a function of conductance and stroke volume, with the 

assumed constants blood conductance,  � and 	, the separation gap between the catheter 

leads. 


 � � � √� � 4��
2�  

� � ��� � �	������� � ������ 
 � ���� � ������ � ������ 
� � ��� � ����� � ����� 

 

In a device that measures volume using the catheter technique, a tetra-polar 

admittance measurement is necessary. In this device, this measurement is performed 

using a 4-lead catheter by stimulating the blood with a constant sinusoidal current source 

on the electrodes 1 and 4 (see Figure 1).  The conductance of the blood and muscle 

among the electrodes form an admittance divider (see Figure 2) across which a sinusoidal 

voltage can be measured between electrodes 2 and 3 (see Figure 1).   
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Figure 2 - Electrical Model of the Heart 

 

In order to extract time-varying volume, amplitude and phase is measured then 

converted into the real and imaginary part of admittance, Y.  The real and imaginary part 

of admittance can be converted into volume using Wei’s equation.  The device presented 

in this thesis makes a direct measurement of the real and imaginary part of admittance.  It 

is intended for the volume computation to be implemented on the PC host in this design. 
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Chapter 2: System Design 

Table 1 – Design Requirements 

1 The device must be small enough to be implanted in a rat. 

2 The device must weigh no more than 20 grams. 

3 The device must not occupy more than 10 cm
3
 

4 The device must operate for at least 24 hours without a charge. 

5 The device must be reusable/rechargeable 

6 The device must communicate the pressure and volume data wirelessly. 

7 The device must provide a robust means of interfacing to the fragile catheter. 

8 The device must be able to sample PV data at least 133Hz. 

2.1 APPROACH 

The Murine Myocardium Monitor (M3) system is described in this chapter.  A 

host and slave system was envisioned to solve the problem statement.  Figure 3 shows a 

block diagram of the embodiment.  In this implementation, the LabView host issues 

command through the access point (AP) wirelessly to the implant and the implanted 

device responds to the commands and performs tasks. 

 

 

Figure 3 – M3 System Block Diagram 
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2.1.1 Processor Selection  

The Texas Instruments [Dallas, TX]CC430 [9]mixed-signal ASIC features a low 

power RISC core with an integrated sub-1GHz RF core, which can operate in the 

Industrial, Scientific and Medical (ISM) unlicensed band.  In order to minimize size and 

power, the CC430 was a clear choice in a single-chip implementation.  The only 

competition at the time of this writing, Nordic Semiconductor [Nordheim, 

Norway],manufactures a chip which has a built in 2.4GHz (commercial unlicensed band) 

RF core as well, based on the popular Intel 8051 processor core, with many peripheral 

similarities.  However, the nRF905 processor is advertised at 2.5uA in sleep mode, and 

this quiescent “sleep” current dominates battery life.   

The CC430 is advertised at 1uA; this low current is enabled by an on-demand 

clock tree, which disables clocking to peripherals that are not in use.  Four distinct low 

power modes manage various states of peripheral clocking requests, three clock 

distribution networks allow for flexibility in clocking peripherals, and a wake-on-radio 

feature all serve to reduce power.  A good development tool support chain, lots of 

examples, and a low cost development platform made the MSP430-based CC430 a clear 

choice for this design. 
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2.1.2 System Bandwidth 

Murine hearts typically peak at 800bpm[2], or 13.3 Hz.  In order to accurately 

resolve the PV loop, the entire cardiac cycle must contain at least than 100 data points.  

This resolves to a minimum analog sampling rate of no less than 1.33 kHz.   

The ADC convergence time is given [9]by the equation: 

���� � �!� � 1.8%Ω� ' ln�2* � 1� ' 25,- � 800*/  
where * � *0123 45 67/ 

!� � 83696*� /403�2 32/6/7�*�2 

This equation implies that the sample and hold stage features a 25pF capacitance, 

and a base convergence time of 800nS.  In order for the A/D converter to converge to 

10b, with an estimated 50 ohm output impedance from the driving amplifier (LPF2 or 

LPF3), conversion time will take approximately 910ns.  This implies a maximum 

sampling rate of more than 1MHz. 

In this design, the stimulus current is applied at 22kHz.  The limitation on 

sampling rate is compounded by post-processing, which completes in 8.7µs at 26MHz.  

Therefore the fastest sampling rate that can be supported is greater than 5kHz, well above 

the bandwidth required for the measurement, 1.33kHz.   

The radio and the serial port can support symbol rates up to 115Kib/s.  The radio 

symbol rate is fixed at 38.4Kib/s, and the serial symbol rate at 115Kib/s.  This prevents 

the need for large receive buffers and added RAM requirements.  Instead, free RAM in 

the implant will be used to store PV data prior to upload.  If a faster rate were selected, 

the radio receive buffers and serial port transmit buffers would need to be increased to 
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handle the load.  However, it was discovered that LabView data processing speed is a 

bottleneck.  Large buffers are required on the LabView side to keep up with the stream of 

incoming data.  As a result, the host processing would need optimization before the other 

communications are sped up. 

2.2 IMPLANTABLE DEVICE 

Interpreted requirement: The device must be able to perform the pressure and 

volume measurements at a fixed rate and relay this information back to the base station 

wirelessly.   

 

Figure 4 – Implant Block Diagram 
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The implanted device contains a battery, a processor board, and a catheter 

interface board.  Figure 4shows the block diagram and Figure 5shows the components of 

the implant subsystem. 

 

Figure 5– Implant Components (Scale 2:1) 

In operation, the CPU receives run-time settings from the access point, and begins 

measurements.  It periodically wakes from deep low power sleep, powers on the analog 

circuits, drives the current source, and performs ADC conversions, which are buffered in 

RAM.  When the acquisition is complete, the CPU broadcasts the acquired dataset to the 

AP, and then goes back to sleep until the next scheduled acquisition cycle.  The 

resolution of the sample timer is approximately 1 second.  The sample timer count is 
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stored as a 16-bit integer, so the maximum practical inter-sample delay is 65535 seconds, 

or 18.2 hours.  The run-time settings are configurable, and in typical operation, PV loops 

will be recorded hourly. 

2.3 ACCESS POINT AND HOST 

In operation, the user issues commands from the GUI to the implant via the AP.  

The AP broadcasts commands to the implant, receives data, and relays it back to the 

user’s host computer.  Figure 6 shows the arrangement. 

 

Figure 6– AP and Host PC 
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2.3.1 Access Point 

The AP serves as a wireless-to-serial bridge between the host and implant.  It does 

not directly relay serial packets to the implant.  Instead, it first parses the packet, and 

confirms the command in the debug log.  Subsequently, the AP waits until the implant 

radio is ready to receive, and then bursts the command packets in a continuous loop until 

the implant confirms it received and understood the command packet.  If the implant does 

not understand the packet, it responds with a failure code.  In this manner, 

communication between the host and implant is established.  In-depth details of the 

interface are discussed in Chapter 4.   

The current implementation of the AP uses a TI Evaluation board for the CC430 

with an added serial port interface.  The transceiver (labeled XCVR) in Figure 6 

translates TTL signals to RS232 levels compatible with a standard PC serial port. 

2.3.2 LabView GUI 

The Host PC runs LabView, which implements the serial communications 

protocol with the AP.  A GUI allows the user to set runtime variables in the implant, 

review data at runtime, and collect it to a log file.   
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Figure 7–LabView Control and Acquisition GUI 

 

The Host PC runs LabView that implements the serial communications protocol 

with the AP.  A GUI interface (shown in Figure 7) allows the user to set runtime 

variables in the implant, review data at runtime, and collect it to a log file.   
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Chapter 3: Hardware Implementation 

3.1 SPLIT-MODULE DESIGN 

In order to facilitate the prototyping phase, the design was split into two printed 

circuit boards (PCBs), each measuring approximately the size of the battery, rounded up 

to the nearest ¼”: 0.5” x 0.75” (SeeFigure 8).  The upper PCB contains the CPU, power, 

and RF section of the design.  The bottom (application) board contains the analog 

interface circuitry.  This modular design decouples the CPU and RF design from the 

analog circuitry, and also lends itself to future work with similar wireless applications.   

The idea for a board stack is attributed to an unrelated system designed by 

Chulsung et al[10].  A third supplementary breakout board was designed to facilitate 

programming and debug, which brings these signals to a 0.100” x 0.300” header in order 

to plug into a proto-board. 

 

 

Figure 8 – Breakout Board for Debug and Programming 
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3.2 INTERFACES 

This section describes the interfaces and their pinouts. 

3.2.1 Catheter 

In previous work by Raghavan [3], it was discovered that connecting to the 

catheter proved challenging; and a robust catheter interconnect solution is paramount to 

success because the catheter wires are very fragile.  A hermaphroditic connector, PZN-

08-AA [11] from Omnetics Corporation [Minneapolis, MN] was chosen as the catheter 

interface, shown in Figure 9.  A method for assembling the catheter connector is 

discussed later in this thesis.  Table 2 describes the pinout for reference.   

Table 2– Catheter Connector Pinout 

Pin Net Net Pin 

1 STIM- BRDG+ 8 

2 SENSE+ OUT 7 

3 SENSE- BRDG- 6 

4 STIM+ N/C 5 

 

 

Figure 9 – Omnetics Nano Connector[11] 
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3.2.2 CPU I/O 

A Molex SlimStack[12] 0.5mm pitch connector with 20 pins was chosen to 

connect the two PCBs.  This was one of the few connectors on the market that provided a 

small footprint and 2mm mated height, which works well with the Omnetics catheter 

connector at the opposite corner of the board.  This constraint was derived in an attempt 

to minimize overall thickness while allowing for up to 1mm tall components to be 

mounted between the boards without interference. 

 

Figure 10– Molex SlimStack Connector [12] 

Since many of the CPU peripheral hardware blocks can be mapped to any I/O pin, 

this allows for design flexibility, however, the ADC cannot be remapped from Port 2.  A 

full parallel byte, Port 1, and Port 2 processor pins were brought out to the stack 

connector, in addition to two programming pins, and power.  The extra pins 11, 12 and 16 

are not used on the processor board, but are reserved for debugging the application board.  

The pin-out in Table 2 was determined by routing constraints on a dense PCB.  The 

remainder of the processor I/O pins are not pinned out and set to output driving ground in 

order to reduce unnecessary transitions on unused input pins, and extra leakage current. 
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Table 3– Processor Board Interface Pin-out 

Pin Net Net Pin 

1 TEST P1.5 2 

3 RESET P1.4 4 

5 P2.5 P1.3 6 

7 P2.4 P1.2 8 

9 P2.3 P1.1 10 

11 APP1 APP2 12 

13 P2.1 P1.0 14 

15 P2.0 APP3 16 

17 P1.7 GND 18 

19 P1.6 PP_3V0 20 

A note on PCB assembly: The pins molded into the connector body extend inward 

past the recommended footprint.  As these boards are dense and routing/process 

constraints are very strict, it was necessary to have exposed copper (vias) underneath the 

connector.  This can result in undesired shorts once the connector is soldered on.  It is 

therefore necessary to apply extra solder mask to these vias or a layer of Kapton tape to 

prevent such shorts.  Figure 11 contains the PCB layout with a highlighted section which 

shows the problem area.  MG Chemicals 4190-GP [Surrey, B.C.] was used as solder 

masking paint to cover the vias. 

 

 

Figure 11 - Connector Layout Details 
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3.2.3 Battery 

It is intended that the battery be soldered to a third connector at the corner of the 

board.  This 0.050” pitch connector serves a third point for stabilizing the board stack. 

3.3 IMPLANT POWER SUBSYSTEM DESIGN 

Initial estimates of battery consumption were done with an assumed runtime 

profile of 1 second measuring at 5mA analog power current, 1 second transmitting at 

30mA RF power current, and the remaining time spent sleeping with all devices turned 

off except the timer inside the CPU for the next wakeup cycle.  For this calculation, the 

measurement is done hourly.  Based on these estimates, the required battery mA-h is 

given by: 

 

 !2:06328 ;�,��67< � 24 = �  >?@ABCDE7@ABCDE � ?FG7FG � ?H7H=403 I 

3.3.1 Battery Selection 

Quiescent current dominates the power budget.  As a result, the effect of lower 

power during longer sleep diminishes.  Acquiring once every eight hours would still 

require a 12.0 mA-h battery.  A small battery was chosen with a 4x safety margin for a 

total of 45mA-h, as precise current estimateswere not available at the time of this 

decision.  The Guangzhou-Markyn [Guangzhou, P.R.C.] GM041215 45mAh Li-Ion 

battery (supplier: PowerStream [West Orem, UT]) would last long enough for the 

experiment and the footprint was relatively small 12mm x 15mm.   
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3.3.2 Voltage Regulator 

The CC430 can operate from a single cell Lithium battery directly [9].  Battery 

cell voltage ranges from 3.0-4.1V.  For the analog circuits, however, a linear voltage 

regulator is necessary to provide a regulated voltage rail for the amplifiers and D/A.  The 

CC430 has a built-in 2.5V reference for its’ internal ADC.  The Texas Instruments 

TPS78230 [13] was chosen to regulate to the 3.0V due to its low leakage current 

(500nA).  This provides sufficient headroom for the analog signals, which are to be 

centered on a reference 1.25V.  Although the amplifiers can drive rail-to-rail, all circuit 

simulations were done at 3.0V. 

3.3.3 Runtime Current Consumption Profile  

A sample acquisition current was measured on the evaluation board. Current is 

plotted on a logarithmic scale inFigure 12. Each 100 µA spike (on green background) 

represents a 1s interrupt timer when the processor is awake, counting until the next 

acquisition cycle. Most of the time, the processor is asleep, drawing an average 60µA. 

When the timer elapses, the Admittance circuit is enabled, and the PV loop acquisition 

takes place. Afterwards, the data is transmitted wirelessly, and the radio is kept in receive 

mode in case there are any pending commands the AP has queued up. 
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Figure 12 – Runtime Current Profile 

 Quiescent current is minimized by using a variety of power saving techniques, 

including running the timer at 10kHz – the implant currently draws less than 100µA in 

sleep. With a 45mAh battery, acquiring and transmitting 384 data points (about 3 loops at 

the fastest heart rate), the implant is projected to last 1500 hours, or 62 days on a single 

charge. 

  



 

3.4 CPU MODULE 

 This section describes the design of the processor board. 

PCB assembly. 

 

Figure 

3.4.1 RF Design Considerations

The CC430 radio is capable of operating at a wide range of frequencies

design, it is configured to operate in the US unlicensed Industrial, Sci

(ISM) band, 902-928MHz, with the center frequency at 915MHz

hardcoded in firmware to run at 915MHz, however, if there is interference, channel 

bandwidths of 200kHz have 

change to a less noisy channel.

Good RF PCB design is a necessity in a low

matching creates reflections 

consumption to achieve the same RF performance goals

and component count was considered more important than wireless range

nature of the application.  In general, t

can be less than 20 cm from the transmitter
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This section describes the design of the processor board. Figure 13 illustrates the

 

Figure 13 – CPU Module (Scale 2:1) 

Considerations 

The CC430 radio is capable of operating at a wide range of frequencies

design, it is configured to operate in the US unlicensed Industrial, Scientific, and Medical 

928MHz, with the center frequency at 915MHz.  The carrier is currently 

hardcoded in firmware to run at 915MHz, however, if there is interference, channel 

widths of 200kHz have beenallocated, and a single radio register can be used to 

change to a less noisy channel. 

Good RF PCB design is a necessity in a low-power application.  Poor impedance 

matching creates reflections that reduce transmitted power and increase overall 

consumption to achieve the same RF performance goals.  In this design, minimizing area 

and component count was considered more important than wireless range

In general, the rat will be in a fixed location, where the receiver 

less than 20 cm from the transmitter. 

illustrates the 

The CC430 radio is capable of operating at a wide range of frequencies.  In this 

entific, and Medical 

The carrier is currently 

hardcoded in firmware to run at 915MHz, however, if there is interference, channel 

ter can be used to 

Poor impedance 

reduce transmitted power and increase overall 

inimizing area 

and component count was considered more important than wireless range due to the 

he rat will be in a fixed location, where the receiver 



 23 

 

Figure 14 – TI EM430F6137 915MHz Reference Design RF Section[14] 

Figure 14shows the reference design RF front end.  The section in the signal path 

between the differential input on the left and C412 is a discrete component balun 

designed to have complex input impedance match the output impedance of the power 

amplifier (PA) which is integrated in the CC430.  The output on the evaluation board 

feeds X1, an SMA connector for an antenna or a spectrum analyzer. 

In this design, a unit matched balun from Johansen Technology [Camarillo, CA] 

[15]was used to convert the differential I/O of the radio to a single-ended folded-dipole 

chip antenna, AntennaFactor [Merlin, OR] ANT-915-CHP[16].  The T filter has been 

omitted as meeting commercial regulations is not a requirement for this design.  As a 

consequence, the spectrum emitted by this device is likely to leak into adjacent channels, 

possibly interfering with other devices operating in this part of the ISM band. 

This design contains only three components instead of fourteen,as in the reference 

design[14]:the balun, a DC blocking capacitor, and the antenna.  Although the antenna is 
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passive, it is possible to accumulate a dc component in the antennarelative to PCB 

ground, so a series 15pF capacitor remains part of the RF network, while the rest of the 

reference design is optimized away for size and component count. 

 

Figure 15 – PCB Layout Top and Bottom 

Controlled gap differential traces are used to connect the radio to the balun to 

ensure the differential impedance and coupling capacitance remains constant and there is 

no phase offset between the two traces.  The differential pair is shown in Figure 15 in 

dark gray. The gap is set to 6 mils, the minimum feature size in the manufacturing 

process.  The output of the balun provides a single-ended 50Ωoutput, which feeds the 

antennathrough a 50Ωmicrostrip.  The trace width is designed to accommodate the 

predetermined manufacturing stackup as shown in Figure 16; a 17.6mil trace is used to 

achieve characteristic impedance (Z0) of 50Ωto feed the antenna circuit.  The 50Ω 

feedline is shown in light gray in Figure 15.  A ground plane is distributed inside the PCB 

to allow the mirror return currents for the high-speed transmission line.  The ground 

plane is omitted underneath the antenna in order to avoid RF attenuation in the Z- 
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direction.  Mentor Graphics’ HyperLynx was used to simulate the board stackup and 

perform Z0 planning. 

 

Figure 16 – Z0 Planning Spreadsheet 

This design provided a 3-component RF interface that simplified the front end.  A 

copper and trace keep-out area was enforced underneath the antenna during the PCB 

design phase to avoid further degrading RF performance.  The radio output spectrum 

emits harmonics that may exceed FCC regulation for the unlicensed ISM band.  

Additional filtering stages would be needed to suppress the noise in order to meet 

commercial regulations. 

In addition, in order to minimize power, the firmware must ensure the radio time 

is minimized, and this includes keeping the radio off during analog acquisition.  This, 

however, does not prevent the antenna circuit from receiving in-band transmissions.  Due 
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to the split-module design, the RF circuits are physically separate from the analog board, 

preventing PCB substrate-based coupling of RF noise into the analog circuitry. 

3.4.2 RF Feasibility Testing 

In an effort to predict the radio behavior in vitro, a radio test was performed.  Skin 

conductivity in vitro as measured by Gabriel [17] approaches 1S/m at 1GHz.  A Ziploc 

bag was filled with NaCl dissolved in water with a conductivity of 0.98 S/m and placed 

over the PCB.  The thickness of the filled bag was approximately 1cm, and the receiver 

placed 30cm from the transmitter, in the same horizontal plane.  The signal strength as 

seen by the receiver, RSSI decreased approximately 20dBm, as measured by the AP.  

InFigure 17, the saline bag obstruction is removed during a packet transmit, and a clear 

improvement in signal strength is visible.  It is likely that antenna orientation plays a role 

in RF performance.  Although the signal was attenuated, there were no packets that failed 

cyclic redundancy check (CRC), as a count of this metric is kept in the RF Stats in the 

GUI.  All packets were received and displayed. 
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Figure 17 – Effect of ConductiveBarrier on RSSI 

 

A second method of confirming these results were performed.  A spectrum 

analyzer with a 900MHz antenna at its input located approximately 1m from the 

transmitter measured only a 2dBm decrease with a salt water barrier.  This vast difference 

in RF performance is likely attributed to poor antenna matching and increased VSWR.  It 

is likely that there will be signal attenuation, but the amount of attenuation once the 

device is implanted is likely to vary.  Using a better-matched antenna on the receivermay 

allow the transmitter power to be reduced.  The GUI displays RSSI as seen by the AP and 

as seen by the implant(delayed with the last received packet) and can help diagnose 

signal strength problems during implantation. 
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3.5 CATHETER INTERFACE BOARD 

 

Figure 18 – Catheter Interface Board Block Diagram 

The admittance board interfaces the processor board and the catheter, and enables 

the measurement.  Regulated power to the analog board is provided through a FET, 

which is controlled by the processor.  The block diagram in Figure 18shows the catheter 

interface board.  I/O is depicted with non-filled arrows.  The board features two analog 

output channels, one for measuring admittance, and the other for pressure. 
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Figure 19 – Catheter Interface Board 

3.5.1 Volume Channel 

The catheter interface boardproduces a 22kHzsinusoidal current that is AC-

coupled to the pins 1 and 4 of the catheter, creating a time-varying electric field in the 

blood.  As the volume of blood in the heart decreases, the impedance increases, 

increasing the output voltage at terminals 2 and 3.  The differential voltage is amplified 

(A2), filtered (LPF2), and output to the microcontroller. 

Since amplitude and phase noise are major sources of error in the volume 

calculation, much simulation was devoted to ensuring the chosen amplifiers were 

operating in a region that induced little less than 1° of phase error and less than 1dB of 

amplitude errorover the range of the measurement. 

3.5.2 Simulations 

The circuit was simulated using MultiSim, using manufacturer SPICE models of 

each amplifier.  In simulation, test loads of 200Ω - 10kΩ, representing real admittance of   

5000µS - 100µS, applied to terminals 1-2 and 3-4, which were shorted together to 



 

simulate a bipolar measurement.  The resistance values chosen were taken from 

Raghavan’s dissertation in accordance with estimates of bloo

Figure 

The simulations were done in order to ensure the system response does not cause 

an amplitude-depended phase offset.  

 

3.5.2.1 Current Source 

It is important that the gain and phase 

22kHz±130Hz.  Figure 21shows the current source frequency response

changes less than 0.1dB in the band of intere

of the measurement.  The phase varies less than 0.2

the measurement.  The worst case error in the measurement as induced by the current 

source depends on the stroke volume,
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simulate a bipolar measurement.  The resistance values chosen were taken from 

Raghavan’s dissertation in accordance with estimates of blood conductance. 

 

Figure 20 - Volume Transient Simulation 

The simulations were done in order to ensure the system response does not cause 

depended phase offset.   

It is important that the gain and phase do not change much in the band of interest, 

shows the current source frequency response

in the band of interest, and varies less than 0.5 dB over the range 

The phase varies less than 0.2° and less than 0.1°over the range of 

The worst case error in the measurement as induced by the current 

source depends on the stroke volume, which depends on the size of the heart.

simulate a bipolar measurement.  The resistance values chosen were taken from 

 

The simulations were done in order to ensure the system response does not cause 

do not change much in the band of interest, 

shows the current source frequency response.  The gain 

varies less than 0.5 dB over the range 

over the range of 

The worst case error in the measurement as induced by the current 

which depends on the size of the heart. 



 

Figure 

3.5.2.2 Instrumentation Amplifier

The AD623[18]instrumentation amplifier 

operation and comes in a small 

component to be coupled into the measurement

the high CMRR of the instrumentation amplifie

signal (15).  During his experiments, Raghavan saw a peak conductance of 1022

This gain was empirically determined with a catheter in 

S/m to provide the largest signal

required for this measurement, as the power supply is a battery and does not contain time

varying noise components. 

3.5.2.3 Anti-Aliasing Low-Pass 

This filter is requires to prevent out

channel.  If the ADC is sampled at 1MHz, then the Nyquist rate is 500 kHz, meaning that 
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Figure 21 – Current Source Response 

Amplifier 

instrumentation amplifier (A2 inFigure 18) supports low voltage 

small MSOP-8 package.  Tissue conductivity enables 

component to be coupled into the measurement.  This common mode signal is rejected by 

the high CMRR of the instrumentation amplifier.  A relatively low gain is applied to the 

During his experiments, Raghavan saw a peak conductance of 1022

determined with a catheter in saline with a conductivity of 

S/m to provide the largest signal.  While this amplifier features high PSRR, it is not 

required for this measurement, as the power supply is a battery and does not contain time

Pass Filter 

This filter is requires to prevent out-of-band signals from corrupting the volume 

If the ADC is sampled at 1MHz, then the Nyquist rate is 500 kHz, meaning that 

 

supports low voltage 

issue conductivity enables a 60Hz 

This common mode signal is rejected by 

A relatively low gain is applied to the 

During his experiments, Raghavan saw a peak conductance of 1022µS [3].  

a conductivity of 0.2 

While this amplifier features high PSRR, it is not 

required for this measurement, as the power supply is a battery and does not contain time-

band signals from corrupting the volume 

If the ADC is sampled at 1MHz, then the Nyquist rate is 500 kHz, meaning that 



 

any noise present at specifically at 

appear to be present (alias) in the fundamental bin of the spectrum

pass filter (LPF2) is applied to the signal output from the first 

Butterworth filter, implemented as a Sallen

For a low-pass filter, Z3 and Z4 are capacitors, Z1 and Z2 are resistors.

 

Figure 

It is tempting to set the cutoff frequency equal to the 

the signal to achieve maximum attenuation in the stopband for an anti

second-order LPF rolls off at 40db/de

in the signal magnitude.  In order to avoid this error,

gain and phase changes in-band

only affected by pass-band ripple

The amplitude modulated signal 

carrier in the frequency domain, and if the cutoff were set too 
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specifically at 1MHz + and - 22kHz, and any multiple thereof

in the fundamental bin of the spectrum.  An anti-

is applied to the signal output from the first stage.  It is a second

implemented as a Sallen-Key topology (Figure 22) with unity gain

pass filter, Z3 and Z4 are capacitors, Z1 and Z2 are resistors. 

 

Figure 22 – Sallen Key Topology 

It is tempting to set the cutoff frequency equal to the fundamental frequency of 

the signal to achieve maximum attenuation in the stopband for an anti-aliasing filter

order LPF rolls off at 40db/decade, and this would mean a possible 0.2dB of error 

In order to avoid this error, the cutoff is set at 50kHz to pr

band, which is 22kHz±133Hz.  This way, in-band signals are 

d ripple.  Butterworth filters are maximally flat in the passband.

The amplitude modulated signal (heart volume) forms sidebands around the 

frequency domain, and if the cutoff were set too low, the lower frequency 

, and any multiple thereof will 

-aliasing low-

It is a second-order 

with unity gain.  

fundamental frequency of 

aliasing filter.  A 

cade, and this would mean a possible 0.2dB of error 

he cutoff is set at 50kHz to prevent 

band signals are 

Butterworth filters are maximally flat in the passband. 

sidebands around the 

, the lower frequency 



 

sideband would have higher amplitude than the higher frequency one, 

signal.  Figure 23and Figure 

and LabView.  Figure 23shows 

3dB point at 50kHz as designed.

Figure 23

 In accordance with Wei’s equations

large errors in volume.  As a result, careful attention to each 

The amplitude modulated heart volume signal has a bandwidth of 2x the fastest heartbeat 

modulated around the carrier at 22kHz

90°/decade.  The amplitude modulated signal, 
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would have higher amplitude than the higher frequency one, distorting the 

Figure 24were acquired using a programmable function generator 

shows low passbandripple typical of a Butterworth filter

as designed. 

23 – LPF2 Anti-Aliasing Filter Response 

Wei’s equations, small errors in phase and amplitude 

As a result, careful attention to each analog stage is necessary

The amplitude modulated heart volume signal has a bandwidth of 2x the fastest heartbeat 

modulated around the carrier at 22kHz.  A 2-pole LPF phase has a peak slope of 

The amplitude modulated signal, in 0.005 decade yields about 0.5

distorting the 

acquired using a programmable function generator 

typical of a Butterworth filter and a -

 

small errors in phase and amplitude can yield 

stage is necessary.  

The amplitude modulated heart volume signal has a bandwidth of 2x the fastest heartbeat 

has a peak slope of -

about 0.5° of worst-
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case phase error.  The measured in-band signal error induced by the low-pass filter is 

shown in Figure 24.   

 

Figure 24 – In-Band Error 

3.5.2.4 Volume Channel Linearity 

In order to assess the performance of the system, test loads were applied in a 

bipolar arrangement.  To test conductance linearity, resistances from 500 Ω to 2 kΩ were 

measured.  A simple gain and offset calibration was applied to the raw values to convert 

the result to µS and the results are very linear (R
2
=0.999989).  Figure 25 shows the 

experimental results. 



 

Figure 

Susceptance linearity was measured as well, and the results are shown in 

26.  In this case, the conductance was fixed at 1000 

from 1nF to 10nF.  The results are again, very linear

 

Figure 
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Figure 25 - Measured Conductance Linearity 

Susceptance linearity was measured as well, and the results are shown in 

the conductance was fixed at 1000 µS (1kΩ) and capacitance was swept 

from 1nF to 10nF.  The results are again, very linear (R
2
=0.99987). 

Figure 26–Measured Susceptance Linearity 

 

Susceptance linearity was measured as well, and the results are shown in Figure 

) and capacitance was swept 

 



 

3.5.2.5 Noise 

Figure 

The noise spectral density 

22kHz carrier, but the amplitude is on the order of 

during radio operation, but this is separate from acquisition time, and ignored

acquisition, the total noise is 1.24mV

meter.  This is below the quantization nois

Although the CC430 contains a 12

more than 10 bits because the noise in the analog circuitry will dominate the lower bits if 

12-bit conversions are used (600

3.5.3 Pressure Channel 

The pressure transducer in the catheter is

whose resistance changes as a function of pressure

around 2kΩ, with 1kΩ in each half of the bridge
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Figure 27 - Volume Noise Spectral Density 

spectral density in the volume channel shown in Figure 27

, but the amplitude is on the order of µV.  There is significantly more noise 

during radio operation, but this is separate from acquisition time, and ignored

acquisition, the total noise is 1.24mVRMS, as measured by a Fluke 189 True RMS multi

This is below the quantization noise of the ADC.   

Although the CC430 contains a 12-bit converter, it doesn’t make sense to use 

more than 10 bits because the noise in the analog circuitry will dominate the lower bits if 

bit conversions are used (600µV/value). 

e transducer in the catheter is an output from a transducer bridge 

whose resistance changes as a function of pressure.  The typical bridge resistance is 

in each half of the bridge.  A reference voltage is applied to the 

 

27 shows the 

There is significantly more noise 

during radio operation, but this is separate from acquisition time, and ignored.  During an 

, as measured by a Fluke 189 True RMS multi-

bit converter, it doesn’t make sense to use 

more than 10 bits because the noise in the analog circuitry will dominate the lower bits if 

an output from a transducer bridge 

The typical bridge resistance is 

A reference voltage is applied to the 
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bridge to power it.  A bridge interface circuit is constructed of an instrumentation 

amplifier (A3) and a low pass filter (LPF3) as shown in Figure 18.  The bridge output is 

compared to an offset voltage, which is derived from a precision reference.  As the 

pressure transducer flexes under strain due to a pressure differential, this generates a 

varying resistance, and a changing voltage that generates a signal to be amplified by A3 

and acquired.  Bridge offset is calibrated with a 7-bit digital potentiometer, the 

MicroChip [Chandler, AZ] MCP40D17 [19], which is controlled by an I
2
C serial bus. 

3.5.3.1 INA333 

The Texas Instruments INA333 Instrumentation Amplifier <ref> is used to 

amplify the pressure channel.  A gain of 1001 is applied to the signal.  The channel is 

calibrated against a known reference as described in section 3.5.3.4.  The maximum ADC 

input is 2.5V, so a span of 250mmHg can be measured, beyond the range of any 

pressures see in murine experiments.  With a 10-bit converter, operating in a noise free 

environment, 0.244 mmHg resolution is theoretically possible.   

3.5.3.2 Offset Calibration Circuit 

The offset calibration circuit is implemented as a simple resistor divider.  The 

MicroChip MCP40D17 is implemented as a rheostat, with access only to a variable 

resistance.   

 

Figure 28 - MCP40D17 Digital Potentiometer[19] 



 

The range is limited with addit

in Figure 28.  The bridge offset can be from 0.61V to 0.76V, with 128 steps (1.15mV)

This allows the catheter pres

A3 in Figure 18. 

3.5.3.3 Pressure Anti-Aliasing Filter (

The maximum sampling rate for the pressure channel 

volume channel, 1 kHz.  The pressure data is acquired at the end of the volume channel 

processing.  This implies the Nyquist frequency to be 500Hz, so anti

should be less than 500Hz.  

not exceed 130Hz (the 10
th

 harmonic)

increase attenuation at the Nyquist frequency, 500Hz
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The range is limited with additional resistors at the W and B terminals, as shown 

bridge offset can be from 0.61V to 0.76V, with 128 steps (1.15mV)

This allows the catheter pressure channel to be brought into the input range of amplifier 

Aliasing Filter (LPF3) 

The maximum sampling rate for the pressure channel is the same as for the 

The pressure data is acquired at the end of the volume channel 

This implies the Nyquist frequency to be 500Hz, so anti-aliasing cutoff 

.  At 800bpm (13Hz), the fastest pressure components should 

harmonic).  The pressure filter cutoff is lowered to 180Hz to 

increase attenuation at the Nyquist frequency, 500Hz.   

Figure 29 – LPF3 Response 

ional resistors at the W and B terminals, as shown 

bridge offset can be from 0.61V to 0.76V, with 128 steps (1.15mV).  

sure channel to be brought into the input range of amplifier 

is the same as for the 

The pressure data is acquired at the end of the volume channel 

aliasing cutoff 

ssure components should 

The pressure filter cutoff is lowered to 180Hz to 

 



 

3.5.3.4 Linearity and Calibration

The pressure channel was calibrated against a known good catheter in a pressure 

chamber stimulated by syringe

column as a scientifically sound reference channel, a SciSense catheter coupled with their 

recommended single-channel amplifier 

channel and the implementation presented in this thesis is compared in 

Calibration gain and offset were ap

0mmHg at ambient pressure.

 

Figure 30
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and Calibration 

pressure channel was calibrated against a known good catheter in a pressure 

chamber stimulated by syringe.  A more accurate calibration should be done with a water 

column as a scientifically sound reference channel, a SciSense catheter coupled with their 

channel amplifier [20].  Linearity data from both the reference 

channel and the implementation presented in this thesis is compared in 

Calibration gain and offset were applied in post-processing to ensure the channel output 

0mmHg at ambient pressure. 

30–Measured Pressure Channel Linearity 

pressure channel was calibrated against a known good catheter in a pressure 

A more accurate calibration should be done with a water 

column as a scientifically sound reference channel, a SciSense catheter coupled with their 

ata from both the reference 

channel and the implementation presented in this thesis is compared in Figure 30.  

ensure the channel output 
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3.5.3.5 Noise 

With the inputs to the bridge amplifier A3 in Figure 18 shorted together during an 

acquisition cycle, the output noise can be seen in Figure 31.  In comparison with LPF3 

frequency response in Figure 29, it’s clear that noise is band-limited by the low-pass filter 

at frequencies below 5kHz.  At frequencies above 5kHz, the amplifier cannot attenuate 

the noise and passes the noise components in.  The 22kHz spike can be seen as the 

highest peak in the stopband and may affect the signal. 

 

 

Figure 31 - Pressure Channel Noise Spectral Density 

The peak noise amplitudes in Figure 31 are in nV/√Hz, while the signal gained 

signal will be as high as 2.5V, implying a signal-to-noise ratio of ~180 dB@ 100Hz.  
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This is well beyond the ideal quantization noise of the 10-bit converter.  Furthermore, the 

output as measured by a Fluke 189 True RMS multi-meter measured only 4mVRMS.  This 

noise is quantizable by the ADC and will contribute an error of 0.4 mmHg as calibrated.  

Therefore the pressure channel will be accurate to no less than 0.4mmHg. 
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Chapter 4: Firmware 

4.1 SHARED DRIVER LIBRARY 

The firmware for the AP and implant share many low-level drivers.  The project 

is set up for three different targets, each with different build settings depending on the 

application.  Various preprocessor definitions enable/disable parts of the code relevant to 

the build, and some drivers are not built at all (e.g., there is no serial port on the implant). 

In this manner, a sizable codebase was built and debugged for the purposes of this 

project, and used from both perspectives.  As a result, data structures are identical, and 

easy to maintain, and while not all features are currently implemented, the code base is 

very maintainable and can be easily expanded. 

4.1.1 Preprocessor Definitions 

The following preprocessor definitions are included in the various builds of the 

project.  The following table describes the changes each definition performs in the code. 

Table 4 – Preprocessor Definitions 

Definition Action 

EVB Maps GPIOs to output for the EVB 

VERBOSE Bloats the code with printf, sprintf, and const strings for 

debugging in the LabView event log.  The compiler should be set 

to a minimal libc when this option is removed to reduce size. 

MHZ_915 Creates configuration table for 915MHz, 38.4kbps radio operation 

MHZ_868 Creates configuration table for 868MHz, 38.4kbps radio operation 

RECEIVER This distinguishes the two mains.  GPIO Assignment and port 

mapping is dependent on this definition. 

__CC430F6137__ maps “msp430.h” to the correct processor I/O definitions 

__CC430F5137__ maps “msp430.h” to the correct processor I/O definitions 
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4.1.2 Interrupts:Events.h 

Each interrupt driven process can generate user events that are used to interface 

the interrupts to main.  In this way, most polling loops are removed from main, and 

instead event flags are the interface between main and interrupts.  The interrupt control 

data structure uses bitfield flags that are used in main to examine state of various 

interrupts.  This is a very efficient coding technique that allows for two-instruction if-then 

statements.  Macro accesses to specific containers have been defined, e.g., 

EventFlag_Set, _Clr, and _Get.  These macros streamline the code and more importantly 

reduce the chance of introducing syntax related bugs.  Event code is currently 

implemented in two separate files for AP and Implant. 

4.1.3 Communications 

4.1.3.1 Serial: AS1.c 

AS1 implements an interrupt-driven serial port.  On each receive interrupt, a 

character is put into the RxFIFO.  When a transmit character is put into the FIFO, the 

transmit interrupt is enabled until the TxFIFO is empty.  Events are generated on a 

received character and an empty TxFIFO.  This code is not compiled in the implant, as it 

does not use a serial port. 

4.1.3.2 Debug Interface: DBI.c, DBI_def.h 

DBI implements the higher-level communications protocol.  It was derived from a 

debug interface from previous projects.   It implements both the serial and the radio side 

of the protocol, and serves as the gateway to lower level drivers for main.  There are no 
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direct calls to the radio and serial drivers from main as a result of this abstraction, with 

the exception of Radio_PowerOff(), which is managed by main. 

The DBI implements the listening loop and command parser on the serial side.  A 

checksum is used at the end of each DBI packet before the parser to ensure data integrity.   

Table 5 – DBI Frame Format 

SOF DBI_ID_H DBI_ID_L1 LENGTH DATA CHECKSUM 

The start-of-frame (SOF) is used as a synchronization window in the receiver 

DBI_ReceiveMsg() method.  Bytes are discarded on both ends (AP and LabView Host) 

until a SOF character is received.  Then LENGTH bytes are accumulated in a buffer and 

an accumulated checksum is kept.  When all of the bytes have been received, and the 

checksum verified, the internal ProcessCommand() method is called which implements a 

case for each packet ID, as defined in DBI_def.h. 

DBI includes functions that can send byte, word, and long variables with a 

VAR_ID as defined in DBI_def.h.  VAR_ID is passed to LabView as DBI_ID_L.  These 

variables are used to update GUI variables such as RSSI, received packet counters, etc.  

DBI_SendBlock sends PV data to the GUI.   

Received radio frames are currently processed in main for simplicity.  This is 

incorrect in terms of abstraction, but DBI_def.h led to this confusion early in the project.  

Radio abstraction should be done separately. 

                                                 
1 Optional, used for extending VAR_ID 
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DBI currently implements the methods DBI_RFSendBlock, DBI_RFSendControl, 

and DBI_RFSendSettings.  These methods are used to interface to the Radio, and provide 

a similar level of abstraction as before in the serial port.  DBI_RFSendBlock appends a 

sequence ID, so that missing data packets can be easily identified. 

4.1.3.3 Wireless: Radio.c, RF1A.c 

Radio.c implements the higher-level interrupt handler, transmit and receive 

commands, and initialization routines.  RF1A performs lower-level tasks. 

RF1A.c implements the low-level radio drivers that perform register writes into 

the core.  The interface is a register-pointer structure whereby commands and data are 

issued into a set of registers.  There are many more registers inside the core and RF1A 

abstracts those registers.  This module also issues radio command strobes such as STX or 

SIDLE to force the radio into transmit mode or idle mode, respectively.  It performs a 

block settings write during an initialization as defined by the MHZ_xxx preprocessor 

definition in RfRegSetttings.c.  New radio settings structures can easily be generated by 

TI SmartRF Studio, and should be added to RfRegSettings.c with a preprocessor 

definition in similar style. 

The radio packets are encompassed similarly to the serial packets in described in 

Table 5 but do not include the SOF or the checksum because these bytes are handled in 

hardware, as discussed in the radio driver.  Data structures (containers) for each packet 

type are created and maintained in DBI_def.h.  The radio frame itself is polymorphic (it 
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can contain many types of packets) and these containers and access macros make it easy 

to use them, while enhancing code readability.   

Table 6 – Radio Packet Format 

PREAMBLE SYNC  LENGTH PACKET CHECKSUM LQI RSSI 

The radio packet is outlined inTable 6.  The transmitter hardware transmits a 

preamble and sync word of programmable length, then the data packet, and checksum.  

The preamble allows the receiver PLL to lock to the carrier without being in the same 

clocking domain.  Once the receiver is locked, the hardware FIFO receives LENGTH 

bytes, and appends a Link Quality Indicator (LQI), and Received Signal Strength 

Indicator (RSSI).  Once a packet is received, an interrupt is generated.   

On a successful frame receive (CRC OK), Radio_FIFO.c dynamically allocates a 

frame buffer, and stores the received frame to prevent overruns.  An OnRxPacketevent is 

generated at this time as well.  Up to 5 radio packets can be stored at a time, due to their 

large size (they are allocated as the largest possible packet) and limited heap space (100 

bytes currently, this is a compiler setting).   

There is no transmit FIFO at this time, as the only indication of a successful 

transmit would have to be acknowledgedby the receiver, implying a fail/retransmit 

protocol, whichwould waste implant power.  Power is a priority, and minimizing radio 

time is important. 
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4.1.3.4 Event timers: Timer.c 

The timer implements a timeout counter which is used to create various hardware 

delays.  It uses the 33kHz DCO during operation, and is tuned with a global definition 

TIMER_1SEC which is used as a parameter to set the timer period.  The timer is used in 

a compare mode, and interrupts are generated and fixed increments.  Events are generated 

at each increment, and if a counter is expired (multiple increments, like a 5 second delay 

is 5 1-second interrupts).  In order to reduce power, a timing accuracytradeoff is made 

and the precision 32.768kHz crystal is substituted for a 10kHz built in DCO (VLOCLK).  

The reduced transitions in the timer make the interrupts less frequent and save power.  

This clock is used for the main event timer, and is calibrated with a definition in the 

header file.  The actual frequency is measured by mapping clock to a port pin and 

measuring its’ frequency.  It is important to mention that this calibration value may need 

to be adjusted as DCO output is sensitive to temperature.  It is currently a defined 

constant and may result in timing errors of up to 5% e.g., the sample may trigger at 63 

seconds instead of 60 seconds as scheduled.  The data is time-stamped with an accurate 

clock in the LabView Host so this is really not an issue. 

4.1.3.5 Initialization rituals and sleeping: System.c 

System.c implements System_Init, a public method which calls initialization 

routines for all the low-level drivers.  I/O mapping takes place depending on EVB and 

RECEIVER preprocessor definitions.  Unused I/O is set to output driving ground to 

prevent noise and extra leakage current.  This routine does not initialize event flags or 

global variables which are relevant to the high-level operation.   
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System_LPSleep(time) shuts down clocks for a time increment in seconds and 

puts the CPU to sleep.  All peripherals are shut down except the timers. 

System_HPSleep(time) is an unimplemented macro which is intended to shut 

down the CPU for a shorter amount of time.  It is currently not used in the code. 

There are more initialization rituals implemented in each respective main. 

4.1.3.6 Hardware Abstraction: HAL_ucs and HAL_pmm.c 

This hardware abstraction was inherited originally from an example radio project 

provided by TI.  HAL_ucs was modified for the various clock modes for power saving.  

HAL_pmm was modified to disable the SVSh and SVSm sensing resistors to save power.  

These are voltage monitoring resistors and by defaultleak current from power to ground, 

and are currently disabled.  The radio uses HAL_pmm to interface to the internal 

regulator and bring VCore up to 1.8V for radio operation.  HAL_ucs is inherited by 

System.c.  Not all hardware abstraction drivers are named HAL_, only the inherited ones.  

4.1.3.7 Analog-to-Digital Converter: ADC12.c 

The peripheral ADC is configured to run 10-bit conversions, unsigned, right 

justified.  An ideal 10-bit ADC allows for a 60dB signal to noise ratio due to inherent 

quantization error.  10-bit conversions are sufficient to achieve the desired SNR in this 

design. 

In this design, the processor does not sleep during conversions, but rather blind 

waits for the ADC busy bit to be cleared.  This signifies the end of a conversion, and the 

result is read from ADC memory.  The conversion time is fixed as discussed in Section 

2.1.2. 
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 More efficient ways of utilizing the ADC are available, and using the DMA 

controller to perform memory transfers could be utilized to save processing power in the 

future.  This code is not compiled in the AP because no ADC conversions take place in 

the AP, thus saving space.  Removing unused modules makes the code less convoluted, 

and reduces the chance of mistakes. 

4.1.3.8 Runtime Control: Settings.h 

The Settings.h file creates several structure templates thatare used to set up the 

timers for each state, and runtime counters.  It enumerates the states for the main state 

machine.   

The runtime setting for sampling rate has units of ms; the fastest supported 

sampling rate is 1kHz.  Although the ADC and firmware can support a faster sampling 

rate, this limitation is imposed to prevent increased sampling drift that plagues low power 

DCO implementations not utilizing a low-jitter crystal oscillator for its’ reference.   

Up to 384 PV samples can be taken in a single acquisition in the CC430F6137 

and ‘F5137.  This limitation is imposed as a result of limited buffer space in the implant.  

In the ‘F5135, RAM constraints allow only 128 samples to be stored.  At the fastest 

sampling rate (1kHz), 128 samples will resolve approximately 1 PV loop with the worst 

case fastest heart rate.   

The bigger processors will store up to 3 consecutive PV loops.  If more loops are 

necessary, the schedule should be set accordingly.  The drawback is the loops may not be 

consecutive.  Slower heart rates will yield more loops per sample. 
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4.2 IMPLANT 

The implant implements a state machine as shown in the Figure 32.  A reset event 

calls an initialization routine that sets up the GPIO and initializes most drivers.  Event 

flags and global variables are reset at this time.   

 

Figure 32 – Implant State Machine 

Sleep (1 µA) 

Radio On (30mA worst case) 

Admittance On (5mA) 

RESET 

IDLE 

ENTRYPOIN

ONESHOT ADMIT 

RFUPLOAD 

RFLISTEN 

ProcessRFPacket 

RunAdmittance 

System_LPSleep 
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4.2.1 Main.c 

The state machine depicted inFigure 32is designed to sleep for the majority of the 

time and minimize active mode current.  When the device is initialized, by default, it 

enters a sleep loop.  It periodically wakes up and rechecks the data structure for a new 

command, which can be either ONESHOT or ADMIT.  If there is no command it sends a 

clear-to-send (RFACK) frame, and passes through an RFLISTEN loop (during which it 

sleeps) waiting for a new command.  If there is a new command at the end of the listen 

cycle, it is processed and the receive buffer flushed.  If the command is processed 

successfully, a Radio RFACK is issued to the AP, or a RFNACK in the failing case.   

It is important to settle the circuit before taking measurements because the 

reference voltages take time to come up and amplifiers take a few cycles time to get to 

steady state.  Figure 33shows the power up transient, in a worst-case scenario.  It takes 

approximately 30ms after power is applied for the circuit to reach full output swing.  It is 

also important to resettle the circuit between samples.  Settling time imposes sampling 

rate limitations, and a minimum of 5 settling cycles are recommended for increased 

accuracy.   The number of inter-sample settling cycles is an adjustable parameter in the 

GUI.  The 30ms is a fixed time applied to all acquisition cycles and is defined in main. 
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Figure 33 – Catheter Interface Board Settling Time 

If an ONESHOT command is received into the new Settings structure on the last 

iteration, then the settings structure is updated to go back to the idle state on the next run, 

and runs a single admittance loop.   

The ADMIT loop turns on power to the admittance board by driving an output 

high, performs a few settling cycles, and samples the ADC converter.  When the loop 

finishes acquisition, data is put into a RAM buffer and transmitted out to the host.  There 

is no handshaking protocol implemented; the AP radio is assumed to be listening.  After 

the data is transmitted, the machine goes back to IDLE and sleeps. 



 53 

In this manner, radio airtime and high-frequency operation time are minimized, 

while maintaining accuracy.  As a result, the system becomes extremely low power, 

drawing only µA during sleep. 

4.2.2 Interrupts: Events.c 

There are only three interrupt events that are implemented in the implant.  On an 

end of receive packet interrupt, the received RSSI is saved in order to append it to the 

next outgoing packet.  This also sets an event flag is generated to inform main that there 

is a packet waiting to be processed.  The end of transmit packet interrupt sets a flag that is 

used to shut down the radio in main.   

If a countdown timer is enabled during operation, when the timer elapses, an 

event flag is set for main to process when the timer expires.  In this manner, main does 

not waste cycles busy-waiting for an event, but rather processes them as they come in.  

For example, if a 5-second timer in channel 0 is started and elapses, flag CCR0Expired is 

set in the eIRQFlagsEventFlags bitfield.  Main can then check the flag and perform an 

action, or continue with operations.  In this manner, blind waits are eliminated from the 

code.  Longer waiting periods use the System_LPSleep in conjunction with the timer to 

reduce power. 

4.3 ACCESS POINT 

The access point provides an interface layer between the host and the implant.   

4.3.1 Main: AP_main.c 

On reset, or implant reset all global structures and flags are initialized, and 

refreshesmost variables to clear the LabView GUI. 
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4.3.1.1 Main Loop 

The main loop spins waiting for interrupt events to occur.  DBI_ReceiveMsg is 

called, along with ProcessRFFlags and ProcessRFPacket.  All flags checks are 

implemented as if statements, and there is no blocking in the main loop, with the 

exception of serial port transmissions.  If the Serial TX FIFO is full, main currently stalls, 

however the number of stalls is relatively small as a result of the serial baud rate being 

much higher than the radio baud rate. 

4.3.1.2 ReceiveMsg 

This inline function parses commands from LabView, and sets RF transmit flags 

for the main process, which are not cleared until an acknowledge RFControlis received 

from the implant. 

4.3.1.3 ProcessRFFlags 

This inline function performs radio transmit on a successful CTS handshake.  It 

runs the timers to perform the necessary wait while the radio is switching from TX to 

RX.  Once the channel is open, CTSHandler creates a packet containing the interpreted 

host commands and transmits them.   

4.3.1.4 ProcessRFPacket 

This inline function performs the flag clearing functions, and packetizes received 

data into the serial transmit buffer using DBI_SendBlock.  ProcessRFPacket and many 

serial frames that contain information such as received frame count, RSSI, and other 

helpful debugging variables. 
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4.3.2 Interrupts: AP_Events.c 

Similarly to the implant, the IRQ flags are managed in this module.  In addition, 

this events module also sends debugging messages to the LabView panel when it receives 

and transmits RF packets.  These are also written as blocking statements.   

4.3.3 Note on Style of C code 

The code follows the following style conventions. 

 

1. Public methods begin with MODULENAME_MethodName 

2. Type definitions begin with lowercase t 

3. Enum definitions begin with lowercase e 

4. Global variables are Capitalized 

5. Macro #defines are in ALLCAPS 

Exception: Functions that intentionally look like methods but are implemented 

in a 1-2 lines of C code such as EventFlag_Get(bitmask) and 

Timer_Start(void) 

6. Local variables begin with lower case, they are sometimes capitalized 

lowercase 

7. Private methods and variables are declared static with no header prototype  

e.g., static inline void ProcessCommand(void); 

8. Some processes are declared inline to keep functions like main short and a 

promote high-level understanding of code. 

  



 56 

Chapter 5: Prep for In Vivo 

5.1 CONFORMAL COATING 

In order to protect the boards from moisture, after assembly and test they are 

coated with a spray-on silicone resin, MG Chemicals422A.  The interface connectors are 

plugged with old connectors to prevent silicon from seeping in and preventing good 

contact.  The dielectric constant of this coating is 2.7, which will affect the characteristic 

impedance of RFcircuits, and may degrade performance.  Therefore this coating is 

omitted from the top of the CPU module, as the RF traces are confined to this side of the 

board. 

5.2 SEALING/POTTING PROCEDURE 

In an effort to make the implant better sealed against moisture and rough edges 

removed for implantation, the final product is dipped in flowable silicon (Dow Corning 

734 [Midland, MI]) and cured in the oven at 150°F for 1 hour, while attached to a dummy 

connector.   This step is necessary so that the implant can survive sterilization techniques.   

It is important to avoid applying thick layers of silicone.  Silicone that is too thick 

will not cure completely, as it needs to degas.  As a result, only the outer layer will cure, 

leaving wet silicone underneath.  In order to avoid this, the assembly is suspended 

vertically using the dummy wires.  This will allow excess silicone to drip away and cure 

more thoroughly.  The process is repeated several times until the desired thickness is 

achieved.   

Excess silicone around the connector should be cut away and the connector 

unplugged.  The catheter is now a replaceable item.  This is necessary as catheters are 

often damaged during experiments. 
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5.3 CATHETER CONNECTOR ASSEMBLY PROCEDURE  

In order to ameliorate the catheter interface problems experienced in Raghavan’s 

design, the catheter is interfaced to the board using a mating connector to the PCB-

mounted one inFigure 9.  The procedure for creating a robust connection with necessary 

strain relief is outlined below. 

 

 

Figure 34 – Catheter Connector[11] 

 

1. Under the microscope, tape down a connector “harness” to the table with the 

mating connector as shown in Figure 35 (“mate”).  Tape down the catheter 1cm 

from the mate.   

2. Expose the outer shell of the catheter using a razor blade in a soft scraping 

fashion.  Remove 5mm of outer sheath and first layer of Kapton (transparent 

yellow) from the end.  There will be two wires exposed.  These are the distal 

connections to the catheter (rings 3 and 4in Figure 35).  Some catheters do not 

have the dual sheath construction.  In this case, expose all wires with the same 

length. 

3. Tin 2-3 mm of the connections using a soldering iron at 600deg F.  The tip of a 

fine needle iron is necessary and the high temperature is required as a fine tip 



 

loses heat faster to ambient

coating from the wire

4. Expose the inner shell of the catheter using a razor blade in a soft scraping fashion 

as before.  Remove 5

from the end.  There will be 5 wires exposed

to the catheter (1 and 2) and the pressure transducer bridge

Figure 

5. The red wire is the only distinct wire and is part of the bridge circuit

must be tinned and checked for 

recommended to tin and tape down the wires to the table

to work with.  Use the tip of a razor blade to manipulate the wires into position as 

necessary.  Tweezers are too big and kink the wires
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loses heat faster to ambient.  It is also necessary to remove the outer protective 

coating from the wire.  Do not use a flame, the wires will simply melt.

Expose the inner shell of the catheter using a razor blade in a soft scraping fashion 

5mm of outer sheath and second layer of Kapton

There will be 5 wires exposed.  These are the proximal connections 

to the catheter (1 and 2) and the pressure transducer bridge.  Figure 35

 

Figure 35 – Catheter Connections Magnified 

The red wire is the only distinct wire and is part of the bridge circuit

must be tinned and checked for connectivity to the catheter tip

recommended to tin and tape down the wires to the table to make the wires easy 

Use the tip of a razor blade to manipulate the wires into position as 

Tweezers are too big and kink the wires easily.   

It is also necessary to remove the outer protective 

Do not use a flame, the wires will simply melt. 

Expose the inner shell of the catheter using a razor blade in a soft scraping fashion 

Kapton (yellow) 

These are the proximal connections 

35 for details. 

 

The red wire is the only distinct wire and is part of the bridge circuit.  All wires 

connectivity to the catheter tip.  It is 

to make the wires easy 

Use the tip of a razor blade to manipulate the wires into position as 
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6. Two of the inner wires will make direct connections to rings 1 and 2.  The other 3 

wires are the pressure bridge circuit, and there will be approximately 1kΩ 

resistance to the middle terminal of the bridge, and approximately 2kΩ to the end 

of the bridge, seeFigure 36.  Please note, + and – terminals are interleaved.  This 

is due to PCB routing constraints. 

7. Ensure there is enough slack in the wires to let the plastic sheath touch the base of 

the connector (solid black tubing in Figure 37) and solder the wires to the tinned 

connector.   

 

 

Figure 36 – Catheter Connections 
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8. After the connections are complete, slip a piece of 3/32” heat shrink tubing over 

the wires and using the hot air gun, shrink the base so the tubing is holding the 

connector.   

9. Mix two-part epoxy resin on a plate and scoop it into a syringe tip. 

10. Using the syringe tip as a funnel, apply compressed air to force the epoxy through 

the tip and into the heat shrink tube.  This is best done vertically.  Carefully align 

the catheter so the base of the tube is touching the base of the connector.   

11. Keeping the tube vertical, use the hot air gunset to 150°C to shrink the tubing 

from the top down to the base of the catheter creating a taper.  Keep the gun at 

least 3” from the tubing as it shrinks quickly and the heat will boil the resin.  The 

extra resin will squeeze out the top, wipe it off. 

12. While the heat shrink is still hot, squeeze the tip together to fuse the end.  Take 

care not to burn yourself.   

13. Cure in the oven at 150°F for 1 hour.  Once the catheter cools, the connector and 

strain relief should be hardened. 

14. Carefully separate the catheter mate from the harness.  Carefully use a razor blade 

to remove excess epoxy.  Some of the heat shrink can be trimmed as well. 



 

 

Figure 37shows a finished catheter

epoxy, and the catheter sheath is bonded to the connector

applied to the catheter is transferred to the catheter connector

connector will experience strain and must be secured to the PCB to prevent damage

tack of adhesive underneath the connector prior to reflow is a must.
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Figure 37 – Finished Catheter 

shows a finished catheter.  The fragile wires are now suspended in 

epoxy, and the catheter sheath is bonded to the connector.  Therefore, strain and stress 

plied to the catheter is transferred to the catheter connector.  This implies that the board 

connector will experience strain and must be secured to the PCB to prevent damage

underneath the connector prior to reflow is a must. 

 

 

The fragile wires are now suspended in 

Therefore, strain and stress 

This implies that the board 

connector will experience strain and must be secured to the PCB to prevent damage.  A 
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Appendix 

FUTURE SUGGESTIONS 

1. Firmware/LabView 

a. Implement Wake-on-radio functionality to save configuration power 

b. Implement battery monitoring and update the GUI 

2. Hardware 

a. Minor changes 

i. Fix the missing Cguard connection to RF_AVDD 

ii. Remove the voltage regulator from the CPU board and run the CPU 

unregulated.  Add a protection circuitry: diode and/or fuse/crowbar 

circuit to prevent overvoltage and backwards battery voltage 

conditions that may damage the processor.   

iii. The voltage divider on the CPU can be removed as input voltage can 

be monitored in the PMM block of the processor. 

iv. Replace the FET on the admittance board with the voltage regulator.  

Connect the enable pin to the old control pin (P1.5), set default state to 

off (pull resistor). 

b. Major possible changes / ideas:  

i. Resize the PCB to act as battery spine board.  Remove connectors 

condense PCB into 1. Add battery protection circuitry, and state of 

charge monitoring.  Use a SMBus (I
2
C) battery coulomb counter to 

accurately gauge state of charge.   

ii. Integrate the analog circuitry into a single chip solution and integrate 

the two boards into 1 

KNOWN BUGS 

1. I
2
C driver needs Rx IRQ implemented.  Higher level firmware should verify write 

took place before replying CAL_OK, retry, timeout.  If admittance board is missing, 

this step should fail, gracefully. 

2. Implement volume conversion in LV GUI. 

3. The timer driver may have a bug in it where it counts an extra interval. Verify. 
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