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  Subj: ADC Count Divisor: 2n or (2n - 1)
[These MTM's are mainly written for the HVAC trade.  But every now and then I venture into other stuff 
of interest to me.]

Excerpt From ATmega328P Datasheet:
24.7 ADC Conversion Result
"...
For single ended conversion, the result is:

ADC = Vin x 1024/Vref

where Vin is the voltage on the selected input 
pin and Vref the selected voltage reference 
..."  (End Quote)

Note:  For example, using Vref as 5 Volts and 
rearranging the above equation:

Vin = ADC x 5/1024

where, ADC is the count returned, e.g. analogRead().

Excerpt From 
Arduino Reference analogRead():
"On an Arduino UNO, for example, this yields 
a resolution between readings of:

5 volts / 1024 units
or, 0.0049 Volts (4.9 mV) per unit." (End Quote)

Having no background in electronics at all, 
tinkering with Arduino as a hobby takes me all 
over the internet searching for information.
Lately I was searching for information on using 
Arduino’s 10-bit SAR type ADC.  What amazed 
me is that more websites and YouTube videos 
are using 1023 instead of 1024 as the divisor for 
resolution.  Hopefully this mini tech memo can 
clarify some misunderstandings.
Look at the official ATmega328P datasheet 
excerpt shown in Figure-1 on the right.  This 
clearly shows 1024 or 2n as the divisor.  Now 
look at the Arduino Reference section for the 
function analogRead() shown in Figure-2.  Again, 
the divisor is 1024 or 2n.
And yet, if you do a casual survey of websites, 
you will  find more people dividing by 1023 or 
(2n - 1) than by 1024.  (I  will  point out a few 
misunderstandings why they may do this on the 
next page.)
First, let me clarify one thing: For a 10-bit ADC it 
does not matter if you use 1023 or 1024. 
The difference is several orders of magnitude 
less than the inherent inaccuracy of even the 
ideal 10-bit ADC. 
For example, using a 5 Volt Vref:
5V/1023 = 0.004887 volts/ADC-count
and
5V/1024 = 0.004882 volts/ADC-count
(The difference is 0.000005 Volts/ADC-count.) 
Both numbers rounded to 4 sig. figs. equal  
0.0049 volts per ADC-count.  (Or 4.9 mV per 
ADC-count.)  And that is what Arduino Reference 
suggests using.
So, the matter is of no consequence from a 
practical point of view – but it stil l  bugs me.  

Contd. on Page-2

Analog Devices
Analog-Digital Conversion Handbook –  
3rd Edition Page 175:
(Discussing a 3-bit A/D Converter)

"...  shows a graph for an ideal 3-bit A/D 
converter. Since all values of the analog input 
are presumed to exist, they must be quantized 
by partitioning the continuum into 8 discrete 
ranges.  All analog values within a given 
range are represented by the same digital 
code, which generally corresponds to the 
nominal mid-range value." (End Quote)

Note: For a 3-bit A/D,  2n = 8



Binary
Bin

Name

Decimal 
Bin

Name

Min.
Value

Max.
Value

11 3 > 3.75 5.00
(> 3.75)

10 2 > 2.50 3.75

01 1 > 1.25 2.50

00 0 0.00 1.25

Binary
Bin

Name

Decimal 
Bin

Name

Min.
Value

Max.
Value

11 3 > 5.00 >  5.00

10 2 > 3.33 5.00

01 1 > 1.67 3.33

00 0 0.00 1.67

What cleared up the confusion for me was to 
follow the workings of a 2-bit SAR ADC and 
observe what happens.  (For me, 1-bit was more 
confusing than help. )  Hopefully, this can also 
help others.
Please follow the following steps:
Assume Vref = 5 Volts.
In a 2-bit ADC should we divide by 
2n = 4 or (2n - 1) = 3?
Let us use the correct number 4 first. 
Look at Table-1 on the right.
The 2-bit DAC/SAR will  split the Vref into 4 bins.  
(This is just how 2-bit binary sets up - you 
cannot change this.)
These are, 00, 01, 10, 11.  Don’t think of 
these as numbers – just bin names.  The key 
observation is that there are 4 bins (2n).
5 Volts/4 bins = 1.25 Volts per bin.
(The 10-bit Arduino ADC will  have 210 = 1024 bins.)

You can then use the formula shown below 
Table-1 to calculate any unknown voltage Vx 
applied to the ADC channel.

NOTES for the 1023 crowd:
1. The top bin 11, will  take all values above 3.75 

Volts.
2. It doesn’t make any sense saying 5 Volts is 

not represented by bin 11.  It is represented 
just as well as 3.8 Volts is – they both fall  in 
that bin.

3. For the engineering types, you can't map 
an analog 0-5 range into a digital 0-3 range.  
(This is where a lot of people go wrong and come 
up with a straight l ine having a slope of 5/3.)

What if we divide by (2n - 1) or 3?
As mentioned above, it is digitally not possible 
to have only 3 bins.  However, just to learn by 
getting an absurd outcome, let us imagine that 
we can do this, and proceed as follows:
5 Volts/3 bins = 1.67 Volts/bin
Now look at Table-2.  Note that bin 11 is wasted.  
Nothing gets in it ti l l  Vref is exceeded.  5 Volts is 
in bin 10.  But again, remember it is not possible 
to divide like that.  Table-2 is just a visual to 
bring out the fact that something is screwed up. Table-2

Table-1

Let,
n = ADC bits
Vx = unknown voltage, input to ADC
ADCcount = return value of analogRead()
Then the following proportion sets up and is 
always true, regardless of "n" value:

Vx = ADCcount
Vref 2n


