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1 The circuit
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Theschematicof theADC consistmainly of aPIC16F84microcontrolleranda RC network. Themicrocontroller
generatesanRS232-compatibleoutput(9600baud,8 bit, no parity) thanksto thelevel-convertercircuit thatis shown
on theright of theschematic.ThePIC16F84mustbeclockedat4 MHz.

TheratiobetweenR1andR2 definestheinput rangeof theconverter:

∆Vin
� R2

R1
Vdd

The resistorR3 is usedto adjustthe input offset. The center-of-scalecodeis obtainedfor the following input
voltage:

Vin0
� Vth

�
1 � R1

R2
� R1

R3 ��� Vdd

2
R1
R2

wereVth is thethresholdvoltageof theinput pin (RA3). In our caseVdd is 5 volts andVth is about1.4volts (from
PIC16F84datasheet).Alternatively, if wewantour input rangecenteredaroundVdd � 2, theR3 valuemustbe:
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R3 ��� R1 	 R2
 Vth

Vdd � 2 � Vth

Theresistorvaluesin thisdesigngiveaninput rangeof 5 volts centeredaround2.5volts.
The∆Σ conversionworksgeneratingatrainof pulsesonthepin RA2 whoseaveragevaluecancelstheinputsignal

at thecapacitornode.This forcesavoltageatpin RA3 verycloseto thepin threshold.Theprogramrunningin thePIC
microcontrollergeneratestheoutputpulsesby just inverting the logic level of pin RA3 every 104µs andcopying it
into theRA2 output.Thesepulsesarerecordedandthey areusedto reconstructtheequivalentinput voltageby doing
a digital filtering.

A good,regulated,powersupplyis required.Decouplingcapacitorsmustbecloseto microcontrollerpower pins.
In addition,we mustavoid loadingothermicrocontroller’spins. e.g. It would bea badideato drive a LED directly
from a microcontrollerpin. If otherpins areusedasoutputsthey mustbe isolatedusinga buffer poweredfrom a
differentvoltagesourcein orderto maintainthemicrocontrollerpowersupplyclean.

2 The digital filter

The filtering of the ∆Σ modulatorstreamis doneby program. The filter usedis a second-ordercombfilter, whose
structureis:
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−1
Z

−1
Z
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256
1 aoutRA2

comb0 comb1 comb2 comb3

−1−1

decimation

This filter is composedof two integrators,runningat 9600Hz, followedby sampledecimationandtwo differen-
tiatorsrunningat 37.56Hz. Thefilter input is only onebit, but each“comb” variableis 16 bits long andso it is the
output. It mustbenotedthat,even if theoutputsamplesare16-bit long, the less-significantbits arealmostrandom.
TheexpectedAD resolutionis only 10 bits. Thedataprocessingis donein an interruptroutineusing16-bit integer
arithmetic(A painin theneckfor a CPUwithoutADD-with-carry instructions).

3 Simulation results

Thefollowing resultswereobtainedusingthe“f84” simulatorconvenientlymodifiedto simulatetheanalogsectionon
theprototypeandits serialoutput.
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3.1 Transfer function & error
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A linearvoltagerampis appliedto the input. This rampstartsat 0 volts andit endsat 5 volts. Thetime interval
is 40 seclong or 1502samples.Thesimulatedtransferfunction is an almostperfectstraightline, but thereis still a
small offseterror (The codefor 0 volts is not zero). Anotherinterestingpropertyis that a positive overflow givesa
zerocodeinsteadof 65535(in factit is a truncated65536).Theerrorgraphon theright is thedifferencebetweenthe
actualADC outputandthebeststraight-linefit. Here,a smallnonlinearityis observed. Theerroramplitudeis about
30 LSBs,or 2000timessmallerthantheoutputrange.This error is biggerfor input voltagesaround2.5 V dueto a
remainingtonalbehavior (The∆Σ outputis a perfectsquarewave for thatinput).

3.2 Spectra& SNR
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In this simulationtheinput signalis a sinusoidcenteredaround2.5volts. Thefirst graphshows thespectraof the
pulsetrain at RA2 (redline) andtheADC output(blueline). Thesamplingfrequency is 9615Hz for thepulseoutput
and37.65Hz (9615/256)for the ADC output. Herewe canseethat the digital filter doesa goodjob removing the
high-frequency noiseandloweringthesampleratewithout allowing too muchnoiseto fold backin top of thesignal
band.TheFFT lengthwas65536samplesfor RA2 outputand256samplesfor ADC output.

The signal-to-noiseratio (SNR) was estimatedat 65dB from this graph. This meansthat the effective ADC
resolutionis about10.5bits ( ENOB ��� SNR � 1 � 76
 � 6 � 02)

Thesecondgraphshows only theADC output. In this casewe wantto seehow high is thedistortionof theinput
signal.We canseethat thethird harmonicof theinput signalis attenuatedmorethan70 dB with respectto theinput
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tone. This meansthat thesignaldistortionis lessthantheADC noise,and,therefore,we canstatethat this is a very
linearconverter. TheFFT lengthwas2028samples.

4 The program

Themicrocontrollerprogramis written in native assemblylanguage.It requires166wordsof flashmemoryfor the
programitself and31 bytesof RAM for variables.Interruptsarecalledevery104clock cycles.A typical interruption
takes39 cyclesto execute,but every 256interruptswe have a longerinterruptionthat takes67 clock cycles.TheAD
conversionaccountsfor a 37%of thetotalCPUtime.

5 Program listing

;---------------------------------------------------
; This program is distributed under GNU GPL license
;---------------------------------------------------

processor p16f84
__config 0x3ff2
radix dec

w equ 0
f equ 1

c equ 0
dc equ 1
z equ 2

indf equ 0x0
tmr0 equ 0x1
pcl equ 0x2
status equ 0x3
fsr equ 0x4
porta equ 0x5
portb equ 0x6
eedata equ 0x8
eeadr equ 0x9
pclatch equ 0xa
intcon equ 0xb

optionr equ 0x81
trisa equ 0x85
trisb equ 0x86
eecon1 equ 0x88
eecon2 equ 0x89

;----------------------------------------------
; Variable defs.
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;----------------------------------------------
cblock 0xc

tmp_w
tmp_st
nirq
nsamples
sampleix
comb0
comb0h
comb1
comb1h
comb2
comb2h
comb3
comb3h
aout
aouth
adata
adata_h
nchar
resto
cntbit
obyte
uart
uarth
uartdel
tmp
buf

endc

;------ RESET ----------------------------
; Configuration:
; ---------------
; RA3 A/D input
; RA2 A/D output
; RB7 UART output
;

org 0

movlw 0xfb ;RA2 out
tris porta
goto ini

;------ INTERRUPT (9615/sec)-----------------

org 0x4

5



movwf tmp_w ;save CPU status
swapf status,w
movwf tmp_st

bcf intcon,2 ;clear interrupt

;Interrupt latency equalization (to add 1-cycle delay if needed)
; - can give 3 dB improvement (1/2 bit)
; Some experimentation is still needed because
; PIC16F84 interrupt details are not well known
;We can try:
; - No equalization
; - btfsc tmr0,0
; - btfss tmr0,0
btfsc tmr0,0
goto deleq

deleq movlw 259-104 ;adjust timer for a new
addwf tmr0,f ;interrupt

;------ A/D -----
rrf porta,w ;A/D feedback loop
xorlw 4 ;~RA3 -> RA2
movwf porta

;---- UART ---- ;16-bit shift reg.
bsf status,c
rrf uarth,f
rrf uart,f
btfsc status,c
bsf portb,7
btfss status,c
bcf portb,7
movf uartdel,f ;dec. uartdel if not 0
btfss status,z
decf uartdel

;---- Comb Filter: integrators ----
btfsc porta,2
goto isr1
incfsz comb0,f
goto isr1
incf comb0h,f

isr1 movf comb0,w
addwf comb1,f
btfsc status,c
incf comb1h,f
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movf comb0h,w
addwf comb1h,f

;----- DECIMATION: The differentiator code is called
;----- every 256 interrupts

incfsz nirq,f
goto isrf

;----- Comb Filter: differentiators -----
; aout =comb1-comb2-comb3
; comb3=comb1-comb2
; comb2=comb1

movf comb1,w
movwf aout
movf comb1h,w
movwf aouth

movf comb2,w
subwf aout,f
btfss status,c
decf aouth,f
movf comb2h,w
subwf aouth,f

movf aout,w
movwf comb2
movf aouth,w
movwf comb2h

movf comb3,w
subwf aout
btfss status,c
decf aouth,f
movf comb3h,w
subwf aouth,f

movf comb2,w
movwf comb3
movf comb2h,w
movwf comb3h
movf comb1,w
movwf comb2
movf comb1h,w
movwf comb2h

incf nsamples,f
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;---- End of Interrupt ----
isrf swapf tmp_st,w ;restore cpu status

movwf status
swapf tmp_w,f
swapf tmp_w,w
retfie

;-------------------------------------------
;------ MAIN -------------------------------
;-------------------------------------------

ini movlw 0x7e ;RB7, RB0 out
tris portb

movlw 0x88 ;No Pull-UPs, no prescaler
option

clrf nirq ;Clearing variables
clrf nsamples
clrf sampleix
clrf comb0
clrf comb0h
clrf comb1
clrf comb1h
clrf comb2
clrf comb2h
clrf comb3
clrf comb3h
movlw 0xff
movwf uart
movwf uarth

bsf portb,7 ; Default state of UART’s line

movlw 0xa0 ; Interrupt on timer overflow
movwf intcon

buc call getad ; get AD sample
call prtn ; And print it in decimal
goto buc

;-------- UART EMULATOR (9600 bps) ---------
; Sends the byte: "obyte"
;-------------------------------------------

putbyte movf nirq,w
movwf tmp
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pbbuc1 movf tmp,w ;wait until next interrupt
subwf nirq,w
btfsc status,z
goto pbbuc1

pbbuc2 movf uartdel,f
btfss status,z
goto pbbuc2

movlw 0xff ; Filling the UART shift reg.
movwf uarth
movf obyte,w
movwf uart
bcf status,c
rlf uart
rlf uarth

movlw 10 ; Wait until 10 interrupts
movwf uartdel

return

;------------------ BIN to ASCII -----------------
; divide by 10: adata(16 bits)/10 -> adata,resto
;-------------------------------------------------

div10 movlw 16
movwf cntbit
clrf resto
movlw 10

bdiv1 bcf status,0
rlf adata,f
rlf adata_h,f
rlf resto,f
subwf resto,f
btfsc status,c
incf adata
btfss status,c
addwf resto,f
decfsz cntbit,f
goto bdiv1
retlw 0

;------------------------------------------------
;-- prtn: prints adata (16 bits) in ascii
;------------------------------------------------
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prtn movlw buf
movwf fsr
clrf nchar

bprtn1 call div10
incf nchar
movf resto,w
addlw 48
movwf indf
incf fsr
movf adata,w
iorwf adata_h,w
btfss status,z
goto bprtn1

bprtn2 decf fsr,f
movf indf,w
movwf obyte
call putbyte
decfsz nchar,f
goto bprtn2
movlw 10
movwf obyte
call putbyte
retlw 0

;-----------------------------------------------
; A/D read: new sample -> adata
;-----------------------------------------------

getad movf nsamples,w
subwf sampleix,w
btfsc status,z
goto getad
movf nsamples,w
movwf sampleix
movf aout,w
movwf adata
movf aouth,w
movwf adata_h
bsf portb,0 ; Pulse on PB0 for timming debug
bcf portb,0
return

6 Experimental results

TheproposedADC wasbuilt andtested.First,in orderto testthebasicoperationof theconverter, anexponentialramp
wasappliedto the input from a big capacitorthatwaschargedfrom groundto +5V througha resistor. Therecorded
transientis shown in Fig 1.
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Figure1: TransientsignalrecordedusingtheproposedADC.

Then,by croppingthe exponentialpart of the transientandby doing a nonlinearcurve fitting we obtainedthe
averageerrorof theconverter(Fig 2). This plot shows a differentbehavior thanpredictedfrom simulations,with an
averageerror about1 10-bit LSB andwith higherpeakvalues. The peaksin this plot aredue to idle tonesin the
converter, a well known problemof first-orderdelta-sigmamodulators.

Finally, a 4.7 Hz sinusoidwasappliedto the input andtherecordeddatastreamwasprocessedin the frequency
domainusinga Fourier transform. The obtainedspectrumis shown in Fig 3. The measuredSNR was64 dB (10.3
effectivebits)andthetotalharmonicdistortionwas-61dB.
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Figure2: Nonlinearityplot of theADC.
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Figure3: Spectrumof a digitizedsinusoid.(4096-sampleFFT)

12


