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heart rate monitors 

images: www.garmin.com, www.polar.com, 
www.amazon.com 



electrocardiography 

source: wikipedia 

three-electrode ECG normal sinus rythm two-electrode ECG 
used in this application 

principles 



electrocardiography 
signal processing 

1 J. Pan, W. J. Tompkins, IEEE Trans. Biomed. Eng., BME-32 (3) 1985 p. 203-6 

Noisy ECG signal with R-waves located 1 

Pan and Tompkins algorithm 1 

• noise removal 

• R-wave detection 



aims of this project 

1) implement ECG signal acquisition in GA144 

2) apply the Pan & Tompkins algorigthm for R-wave 
detection 

3) determine energy consumed by the application 

  



HARDWARE 



setup 
GA eval board 

ECG electrodes colorForth application 

analog module 



analog module 

based on J. H. Yap et al., Int. J. of Smart Home, 6 (4) 2012, p. 1-13 

low pass 
fc = 160 Hz 

high pass 
fc = 0.5 Hz 

900 mV 
virtual 
GND 

total gain 
21 dB 

1.8 V 
power 
supply 



FLOORPLAN 



floorplan 
target chip – 25 nodes 



floorplan 
application 



floorplan 
oscillator 



floorplan 
sampler 



floorplan 
signal processing 



floorplan 
ECG waveform path 



floorplan 
ECG waveform to PC 



floorplan 
acoustic signal 



IMPLEMENTATION 



32 kHz clock 

oscillator 

32.768 kHz quartz crystal 

pin 17 shared with 617 

based on GreenArrays AN012 

880 list  
32 khz xtal oscillator 
517 +node 517 /ram up /a io /b 13 /p 
 
reclaim 517 node 0 org 
...  
clang 14 12850 400 for dup 5000 -osc while 
  drop 1 . + next dup or ! go ; then drop ! 
... 



sampler 

VCO from 5.6 GHz (VSS) to 3.6 GHz (VDD) 

linear between 750 and 1300 mV 

900 mV 
virtual GND 

DB001 F18A Technology Reference thephysiologist.org 

32 kHz clock 



sampler 

write to LEFT to stop VCO 

• suspended according to WD level 

read first count form LEFT 

• VCO starts running 

wait – voltage sampling interval 

write to LDATA to stop VCO 

• F18 not suspended 

read second count from LDATA 

count difference proportional to voltage 



sampler 

32 kHz clock 

rising and falling clock edge 

65,536 clock edges / second 

256 samples / second 

617 +node 617 /ram up /a io /b 1D go /p 
  15555 15D55 15555 15D55 15555 15D55 
  15555 15D55 15555 15D55 10 /stack 
 
reclaim 617 node 0 org 
1+ 1 . + ; 
dif ab-d - . + -if - ; then 1+ ; 
send n right b! !b io b! ; 
adc –n 4000 or !b ldata a!  
  dup ! @ 499 for unext dup ! @ dif ; 
smpl left a! 254 for !b dup ! next 
     !b ! adc send smpl ; 
go 1D @ if drop smpl ; then drop go ;    



sampler 

32 kHz clock 

rising and falling clock edge 

65,536 clock edges / second 

256 samples / second 

617 +node 617 /ram up /a io /b 1D go /p 
  15555 15D55 15555 15D55 15555 15D55 
  15555 15D55 15555 15D55 10 /stack 
 
reclaim 617 node 0 org 
1+ 1 . + ; 
dif ab-d - . + -if - ; then 1+ ; 
send n right b! !b io b! ; 
adc –n 4000 or !b ldata a!  
  dup ! @ 499 for unext dup ! @ dif ; 
smpl left a! 254 for !b dup ! next 
     !b ! adc send smpl ; 
go 1D @ if drop smpl ; then drop go ;    

toggle WD 
VCO off 

1300 ns 

VCO on 

256 Hz 



sampler 

strong 50 Hz noise 

zero line offset 

sampler output 



signal processing 
Pan & Tompkins algorithm 1 

band pass filter (5 – 15 Hz) 

derivative 

squaring 

moving window integration 

maximal slope detection 

dynamic thresholds (not implemented) 

1 J. Pan, W. J. Tompkins, IEEE Trans. Biomed. Eng., BME-32 (3) 1985 p. 203-6 



signal processing 
GA144 implementation 



signal processing 

passband 0 – 15 Hz 2.6 dB ripple 

stopband 48 – 128 Hz -44 dB attn. 

notch 50 Hz -70 dB attn. 

designed with TFilter, t-filter.engineerjs.com 

low pass filter 

implemented as FIR 



signal processing 
low pass filter 

11 taps FIR filter 

616 +node 616 /ram right /b 30 go /p 
 
reclaim 616 node 0 org 
lpf 10 taps  
1333 , 0 , 5450 , 0 , 11377 , 0 ,  
18824 , 0 , 24701 , 0 , 27096 , 0 ,  
24701 , 0 , 18824 , 0 , 11377 , 0 ,  
5450 , 0 , 1333 , 0 ,  
 
30 org 
go 30 dup or @b lpf drop 165 --lu a! ! go ; 



signal processing 
low pass filter 

11 taps FIR filter 

616 +node 616 /ram right /b 30 go /p 
 
reclaim 616 node 0 org 
lpf 10 taps  
1333 , 0 , 5450 , 0 , 11377 , 0 ,  
18824 , 0 , 24701 , 0 , 27096 , 0 ,  
24701 , 0 , 18824 , 0 , 11377 , 0 ,  
5450 , 0 , 1333 , 0 ,  
 
30 org 
go 30 dup or @b lpf drop 165 --lu a! ! go ; 

GA144 
ROM 



signal processing 
low pass filter 

filter output 



signal processing 
differentiator 

5-point stencil 

xn-2  xn-1  xn  xn+1  xn+2 

615 +node 615 /ram left /b 38 go /p 
 
reclaim 615 node 0 org 
d/dt 4 taps  
-32768 , 0 , -65536 , 0 , 0 , 0 ,  
65536 , 0 , 32768 , 0 ,  
 
38 org 
go 38 dup or @b d/dt drop   right a! ! go ;    xn  

Pan & 
Tompkins 



signal processing 

derivative output 

differentiator 



signal processing 

www.colorforth.com 

squaring function 

614 +node 614 /ram right /b 0 x2 /p 
 
reclaim 614 node 0 org 
x2 00 @b -if - 1 . + then 
  dup 2* 2* 2* 2* 2* 2* 2* 2* over 
  a! 0 7 for +* unext 
  left a! ! x2 ; 8-bit signed number 



signal processing 

squaring function output 

squaring function 



signal processing 
moving window integration 

32-point window 

613 +node 613 /ram 0 /a 1F5 r-l- /b  
  0 1 /stack  20 sum /p 
 
reclaim 613 node 0 org  
0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,  
0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,  
0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,  
0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 ,  
 
20 org 
sum s-s' 20 - @ . + - 
  @b dup !+ . + 
  a 1F and a! 
  dup 2/ 2/ 2/ 2/ !b sum ; 



signal processing 

numerical integration output 

moving window integration 



signal processing 
R-wave detection 

false flag on each point 

true on rising edge only 

612 +node 612 /ram right /a 135 -dl- /b 
  0 0 2 /stack 15 go /p 
 
reclaim 612 node 0 org 
false dup dup or !b ; 
step nx-n'd drop @ over - over . + ; 
rise nx-n'x begin step 7 . + -  
  -if false swap end then ; 
fall nx-n'x begin step -7 . +  
   -if false swap end then ; 
true -1 !b ; 
go 15 rise true fall false go ; 



fiducial marker 

trim ECG signal 

send fiducial marker 

and data to PC 

608 +node 608 /ram 105 -d-u /a  
  right /b A go /p 
 
reclaim 608 node 0 org 
min - over . + - -if + ; then drop ; 
max - over . + - -if drop ; then + ; 
go 0A @ 300 min -100 max @b ! ! go ;   

www.colorforth.com 



fiducial marker 

fiducial marker output 



acoustic signal 

715 +node 715 /ram right /a 12 go /p 
 
reclaim 715 node 0 org 
wait 00 22542 for . . . unext ; 
click 04 30000 !b wait 20000 !b wait ; 
beep 09 100 for click next  
  1000 for wait next ; 
go 12 @ if beep then go ; 15        

piezo buzzer 

beep on true flag 



acoustic signal 

beeper output 



ENERGY ASPECTS 



current measurement 
GA recommended 1,2 

on-board or external 

power source 

6.5-digit meter 

 low valued shunt resistor 

 sufficient resolution 

external shunt resistor 

1 GreenArrays AB003 Measuring Currents used on the EVB001 Evaluation Board 
2 GreenArrays AN012 Controlling the TI® SensorTag with the GA144 



current measurement 
methodology 1 

J14-2,3 on EVB (Vcc core) 

2.2 Ohm resistor 

scope probe on pinhead 2 

scope trace from LT3480 datasheet 



current measurement 
methodology 2 

J14-1,2 on EVB (Vcc core) 

2.2 Ohm resistor 

3V battery + 1.8V LDO (TLV70218) 

scope probe on pinhead 2 

scope trace 



current measurement 
methodology 2 

J14-1,2 on EVB (Vcc core) 

2.2 Ohm resistor 

3V battery + 1.8V LDO (TLV70218) 

scope probe on pinhead 2 

from TLV70218 datasheet scope trace 



current measurement 
methodology 2 

J14-1,2 on EVB (Vcc core) 

2.2 Ohm resistor 

3V battery + 1.8V LDO (TLV70218) 

differential measurement     

between pinheads 1 and 2 

scope trace 



heart rate monitor 
current vs time 

no ECG waveform path 

no data to PC 

beeper node as scope trigger 

 

scope trace 



heart rate monitor 
current vs time 



heart rate monitor 

1.3 µs 

1.7 µs  0.8 µs  0.2 µs  

current vs time 

11x 
taps 

5x 
taps 

500x 
begin unext 



heart rate monitor 
current vs time 

1.8 mA 

4.0 mA 

0.6 mA VCO 

1.2 mA unext 

single node 

3.25 – 4.25 mA 



heart rate monitor 
energy and power 

Q =  I dt = 16.1 nC 

E = Q x V = 29.0 nJ 

P = E x f = 7.4   W 

Iavg = P / V = 4.1   A 



heart rate monitor 
battery lifetime 

CR2032: 235 mAh (@ 190  A, to 2.0V) 1 

GA144 fully suspended: 7  A 2 

HRM application: 4  A 

1 Energizer CR2032 datasheet 
2 GreenArrays DB002 G144A12 

2.4 years 
HRM running continuously: 



CONCLUSION 



suggested extensions 

• capacitive ECG electrodes 

• wireless communication 
– ANT, Bluetooth LE 
– smart phone application 

• energy harvester 
– vibrations 
– body heat 
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