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ABSTRACT

Multiple MSP ultra-low-power microcontrollers offer analog-to-digital converters (ADCs) to convert physical
guantities into digital numbers, a function that is widely used across numerous applications. There are
times, however, when a customer design demands a higher resolution than the ADC of the selected MSP
can offer. This application report, which is based on the previously-published Oversampling the ADC12 for
Higher Resolution (SLAA323), therefore describes how an oversampling method can be incorporated to
increase ADC resolution past the currently available number of bits. Code example projects (available for
download from http://www.ti.com/lit/zip/slaa694) and detailed instructions are provided for the
MSP430FR4133 and MSP432P401R microcontrollers but can be modified so that oversampling is
supported for a myriad of MSP MCU derivatives, sampling frequencies, and extra bits of resolution.
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Introduction

Most often an MSP microcontroller from the device portfolio can be selected that meets all of the
application requirements, including footprint size, memory capacity, peripherals included, and cost. But
then it can sometimes be disclosed that the analog-to-digital converter (ADC) resolution is lower than
desired, a requirement which may be critical enough to make the user consider other options that do not
fit their design needs as adequately. An alternative to this outcome would be incorporating a software-
based oversampling method to obtain extra bits of ADC resolution. The following sections of this
application report examine the theory behind oversampling and discuss in detail how software algorithms
are employed to achieve the extra resolution desired. An example project that has been designed for
operation across various ultra low-power MSP MCU modules, sample frequencies, and desired extra bits
of resolution is also provided to instruct and advise the user regarding how their current application can be
modified to integrate the ADC oversampling solution with ease.

Oversampling Process

This section describes the fundamentals of ADC operation and discusses the equation involved in
calculating the signal-to-noise ratio (SNR) given the number of bits (N) available from the ADC. This
section also describes the relationship between this data and the signal-to-noise and distortion ratio
(SINAD) as well as the effective number of bits (ENOB). Implementation of the oversampling method to
improve ADC resolution is then detailed. All information provided is sourced from Oversampling the
ADC12 for Higher Resolution (SLAA323).

ADC Operation

N-bit ADCs have 2" number of steps that can be used across a large input range to measure small
changes in a parameter. The input range itself depends on the minimum and maximum references
selected, Vg. and Vg,, which are determined by the MSP ADC registers. The expected resolution, ADCpges,
can therefore be calculated as shown in Equation 1:

ADCrgs = (Vry —VR-) + 2N (1)

For analog waveforms that are being reconstructed from the digital samples taken using such a
conversion, the SNR is the ratio in dB of the full-scale analog input root mean squared (RMS) value to the
RMS quantization error. Increasing the resolution increases the SNR and vice versa, where the theoretical
limit of the ADC SNR comes from quantization error inherent to the conversion process. The SNR for an
ideal ADC driven with a sine wave whose dynamic range eclipses the full range of V. to Vg, is found using
Equation 2:

SNRy = (6.02xN)+1.76 @

In this equation, SNRDB increases by 20 x log,,(2) = 6.02 with every step increase in N, and 1.76 is a
constant caused by the characteristics of a sine wave. Due to the presence of quantization, thermal, or
reference noise and clock jitter, an N-bit ADC can be expected to have an ENOB less than N. The ENOB
can be characterized by sampling a pure sinusoidal input and performing an FFT on the collected data.
This can then be applied to Equation 2 by replacing N to calculate the effective SINAD in place of the
SNR.

Improving ADC Resolution

Oversampling is a widely popular method for improving ADC resolution. The ADC converts continuous
time input signals to a discrete time output. To avoid aliasing and maintain signal fidelity, the ADC
sampling rate, Fs, needs to be at least twice the maximum frequency information present in the input Fy,
also referred to as the Nyquist theorem. Using any sampling rate above this frequency is considered to be
oversampling, and its ratio to Fsyyq is called the oversampling ratio (k), shown in Equation 3:

Fs
Fsnvo 3)

k:

The effect of oversampling on the noise can be seen clearly in the frequency domain (see Figure 1).
When the input is sampled, the entire continuous domain information is translated to and contained within
a frequency band of £F¢/2. The total noise power from contributors of white noise, such as thermal and
guantization sources, thereby reduces the power spectral density or noise floor in the ADC output's FFT.
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Figure 1. Noise Floor Comparison of ADCOUT With Sampling Rate of 128 and 1024 kHz

By using a digital filter, it is possible to reduce the quantization noise, and the resulting SNR is improved
because the signal at the frequency band of interest is not affected by the filter. For every octave increase
in sampling frequency the noise floor can be seen to go down by ~3 dB. Hence if only the noise of the
signal band of interest is considered, SNR can be improved as such:

FromEquation 3 and Equation 4, the required sampling rate for a desired increase of 3 in ENOB is:
Fs = 4P Fsnvo (5)

Figure 2 shows the signal flow diagram for the oversampling method. Quantization noise is modeled as
white noise added to the input signal while sampling, oversampling in turn provides approximately 3 dB (or
a half bit of resolution gain) for each doubling of k. The value of k required is therefore determined by
taking four to the power of the extra bits of resolution desired.

|nput AtoD . . AtoD
Signal Conversion ’ LPF P Decimation ’ Output
Quantization
Noise
Figure 2. Signal-Flow Diagram for Oversampling Method
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Table 1 describes the relationship between k, SNR, and the achievable extra bits of resolution.

Table 1. Relationship Between Oversampling Factor,
SNR, and Extra Bits of Resolution

Oversampling Factor | SNR Improvement Extra Bits of

(K) (dB) Resolution
2 3 0.5
4 6 1
8 9 15
16 12 2
32 16 25
64 18 3
128 21 35
256 24 4
512 27 4.5
1024 30 5
2048 33 5.5
4096 36 6

3 Hardware Description
This application report comes with an example project that tests the oversampling process with two
different ADC peripherals from distinctive MSP devices: a 10-bit ADC on the MSP430FR4133 and 14-bit
ADC on the MSP432P401R. Meaningful analog input data is provided by connecting to and
communicating with a DAC8560EVM board, whose description and features are summarized in
Section 3.1. The appropriate connections between the DAC8560 and each LaunchPad™ development kit,
the MSP-EXP430FR4133 and MSP-EXP432P401R, are also described in this section.
3.1 DAC8560EVM
The DAC8560EVM is an evaluation module designed to easily evaluate the functionality and performance
of the single-channel serial input DAC with up to 16-bits of resolution. The device has a 2.5 V internal
reference that is enabled by default and can be output to a MSP ADC external reference pin. The EVM
has a serial interface to allow for communication with a host Microprocessor, including any of the
numerous LaunchPad development kits supplied by Tl, and can furthermore be solely supplied by the
MSP V. rail. Table 2 lists the proper DAC8560EVM jumper orientations needed to run the example as
intended. More information about the DAC can be found in the DAC8560EVM User's Guide (SLAU211).
Table 2. DAC8560EVM Jumper Orientation
Jumper Orientation
w1 AVDD to +3 VA
W2 lto2
w3 Open
w4 Open
W5 2t03
W6 lto2
w7 Open
w8 Open
w15 Open
J6 5t06
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3.2 MSP-EXP430FR4133 and MSP-EXP432P401R Connections
The example MSP430FR4133 firmware utilizes A3 as the ADC input to be oversampled, a 2.5-V Veref+
sourced from the DAC8560, UCBO SPI for controlling DAC output values, and UCAO UART to update the
host PC with steps and ADC readings for further analysis. The MSP-EXP432P401R likewise uses A5,
Veref+, UCAL SPI, and UCAO UART for the same purposes. More information on firmware specifics is
provided in Section 4. Further details regarding each LaunchPad development kit can be found in their
respective user's guides, the MSP430FR4133 LaunchPad Development Kit (MSP-EXP430FR4133) User's
Guide (SLAU595) and the MSP432P401R LaunchPad Development Kit (MSP-EXP432P401R) User's
Guide (SLAU597). Table 3 lists all essential connections between the MSP-EXP430FR4133 or MSP-
EXP432P401R and DACB8560EVM for operating the demo.
Table 3. LaunchPad Development Kit Hardware Connections
DACB8560EVM MSP-EXP430FR4133 MSP-EXP432P401R
J6 1 (VCC) 3v3 3v3
J2 11 (SDI) 5.2 (UCBOSIMO) 2.6 (PM_UCA1SIMO)
J2 3 (SCLK) 5.1 (UCBOCLK) 2.5 (PM_UCAICLK)
J21(CS) 5.0 (UCBOSTE) 2.4 (PM_UACLSTE)
W4 2 (VREF) 1.1 (Veref+) Veref+
J4 2 (VOUT) 1.3 (A3) 5.0 (A5)
J2 18 (GND) GND GND
J6 8 (+3.3VA) 3v3 3v3
4 Firmware Overview

Demonstration code comes with this application report in the associated zip file. The code is designed to
function as follows: after push button S1 is pressed to start the program, a SPI command is sent from the
MSP to the DAC8560 to set the DAC output level sourcing the ADC channel of the MSP microcontroller.
After employing the oversampling method on a given number of input readings, the MSP then sends the
ASCII character representations of both the expected DAC output step and the resultant ADC
oversampling value to a host PC terminal (such as Tera Term) through UART communication. The DAC
output level is then incremented according to the extra bits of resolution desired and the process repeats
until the full range of the ADC reference (from 0 to 2.5 V) is covered. When this process is finished, this
data can then be extracted from the terminal program and imported into a humerical computing
environment program, such as Microsoft Excel or MATLAB, for further analysis. Figure 3 shows a software
flow diagram of this procedure.
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Figure 3. ADC Oversampling Demonstration Software Flow Diagram

Setting Constants

The firmware has been designed so that the user can easily change the value of a few constants to adjust
the amount of test data taken and speed at which the data is produced. To alter the needed extra bits of
resolution, modify the extrabits (8) constant along with the size of AVGBuffer, whose value should reflect
four to the power of extrabits. The period constant determines the oversampling frequency and hence the
sampling speed. This value follows the ADC trigger timer sourced from ACLK, depends on extrabits and
the chosen sampling frequency f;,,, and can be calculated by Equation 6.

period = ACLK + (2 x 48Xrabits fsamp) (6)

Depending on the value of extrabits, the expected sampling frequency may not be achievable. To increase
famp: €ither extrabits can be decreased or the ADC trigger timer can be sourced by a faster clock source.
This may come in the form of selecting a different ACLK source, using an external crystal with a higher
frequency, or sourcing the timer with a clock faster than ACLK.
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4.2

4.3

5.1

Running the Demonstration

To view the example code performing as intended, first program the LaunchPad development kit using the
corresponding CCS project. Then, after ensuring that power is not supplied to the LaunchPad
development kit, make the necessary connections to the DAC8560EVM (see Table 2 and Table 3). When
finished, connect the LaunchPad development kit to the host PC through the micro-USB connector. Open
the selected terminal program and select the Serial COM Port that corresponds to the LaunchPad
development kit Application/User UART. After setting the communication speed to 9600 baud, 8 bit data,
and 1 bit stop with no parity, press the S1 push button on the LaunchPad development kit and watch the
terminal log steps from 0x0000 to OXFFFF (see Figure 4). When complete, the information can be saved
to a text file or other format and used in a separate software program for interpretation.

L COMB5:9600baud - Tera Term VT ey x|

File Edit Setup Contrel Window Help

=1

Figure 4. Using a Terminal Program to Actively Log ADC Oversampling Results

Oversampling Method Extraction

Although useful for demonstrating the capabilities of the ADC oversampling method, it is understood that
many applications do not need the extra functionality of the demonstration or would like to use a different
analog front end. For these instances, the process of extracting the oversampling technique from the
example CCS projects is straightforward. All initialization, subfunction, and main code commands related
to USCI peripherals can be removed. This leaves the crystal and clock initialization, ADC setup, ADC
trigger timer configuration, and ADC interrupt intact, all of which are all required for oversampling. The
analog input channel and ADC reference can be changed to fit the end application but require changes to
the respective registers.

Results

MSP-EXP430FR4133 and DAC8560 Oversampling

Figure 5 through Figure 7 show results from the example code, in which the oversampling method is
implemented on the MSP430FR4133 10-bit ADC to produce 12-bit and 15-bit resolutions. 10-bit results
have also been supplied as a control. Although the test was run from 0 to 2.5 V, the graphs are limited
between the equivalents of 2.2 V to 2.3 V to show the variation in precision. These results are similar to
those found in Oversampling the ADC12 for Higher Resolution (SLAA323). Results for the MSP432P401R
were also similar and therefore are not included.
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Figure 5. 10-Bit Resolution by Oversampling the MSP430FR4133 ADC
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Figure 6. 12-Bit Resolution by Oversampling the MSP430FR4133 ADC
8 General Oversampling of MSP ADCs for Higher Resolution SLAAG694A—February 2016 —Revised April 2016

Submit Documentation Feedback
Copyright © 2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLAA694A

13 TEXAS
INSTRUMENTS

www.ti.com Results

15-bit Resolution Detailed

13

128

v
N
o

——Voitage (V)
—Ideal (V)

Voltage (V)

v
9
=

12
31550 31806 32062 32318 32574 32830 33086 33342 33598 33854 34110

Step (dec)

Figure 7. 15-Bit Resolution by Oversampling the MSP430FR4133 ADC

Figure 6 shows the full spectrum of results for one of the oversampling example runs, in which two extra
bits of resolution are produced to create a 12-bit ADC for the MSP430FR4133. A noticeable gap between
the ideal and recorded voltages can be seen, and this gap is due to offset generated by the DAC8560. To
compensate for the offset, add a constant value to the ADC results as shown in Figure 9 (the full spectrum
of 12-bit resolution is shown in Figure 8). Offset separation varies depending on the end application and
the analog device that is used.

12-bit Resolution

25

[
n

—— Voitage (V)

Voltage (V)

— Ideal (V)

05

0 8192 16384 24576 32768 40960 49152 57344 65535
Step (dec)

Figure 8. Full Spectrum of 12-Bit Oversampling Results on the MSP430FR4133 ADC

SLAAG694A—February 2016 —Revised April 2016 General Oversampling of MSP ADCs for Higher Resolution 9

Submit Documentation Feedback
Copyright © 2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLAA694A

13 TEXAS
INSTRUMENTS

Results www.ti.com

12-bit Compensated Resolution Detailed

128

=
9
o

~—— Comp Voltage (V)

Voltage (V)

— |deal (V)

=
9
®

12 L
31536 31792 32048 32304 32560 32816 33072 33328 33584 33840 34096
Step (dec)

Figure 9. Compensated 12-Bit Oversampling Results on the MSP430FR4133 ADC

5.2 Silicon Results of Oversampling and Decimation on MSP432P401R

A simple rolling average filter was implemented as an interrupt subroutine in an MSP432P401R device to
characterize the improvement in ENOB. Figure 10 and Figure 11 show the ADC performance is plotted
across different F, Fg, and k values. With higher OSRs and larger averaging window size, the ADC
performance keeps improving. The data only discontinues this trend when the implemented 3-dB
bandwidth of the decimation filter becomes lower than the signal frequency itself. It can also be seen that
2.5- and 1.5-dB improvement in ENOB can be achieved at 2- and 20-kHz F,, respectively. The ADC
ENOB was pushed to as high as 15.8 bits by using an OSR of 64 at 1-MSPs sampling rate while
maintaining the throughput of data at 1 MHz.

ENOB vs Sampling rate @ OSR =16

155
—Fin =2KHz

15
£, | —Fin=20KHz e -
O 1 .
o /
-E 135 /
3
2 13
g /
— 125
-B F_—7
]
= 12
i /

115 7
1 : : : . :
0.00E+00 2.00E+0Z2 4.00E+02 6.00E+02 8.00E+02 1.00E+03
Sampling Frequency (in KHz)
Figure 10. ADC14 Performance Using Oversampling at Different Sampling Frequencies
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Figure 11. ADC14 Performance with Different Oversampling Ratios

6 Conclusion

This application report, which adds to Oversampling the ADC12 for Higher Resolution (SLAA323),
provides base knowledge of ADC operation and shows how to achieve higher resolution from ADC
modules through use of the oversampling method. This technique is popularly used in analog applications
to digitally implement the filtering and decimation process to lower the constraints of the analog anti-
aliasing filter and therefore accomplish extra bits of resolution. A demonstration is included and describes
the necessary hardware connections between the DAC8560EVM and either MSP-EXP430FR4133 and
MSP-EXP432P401R LaunchPad development kits. Firmware variations in the form of CCSv6 projects are
provided in an associated zip file for both MSP variations with detailed instructions concerning how the
code can be changed to adjust the extra bits of resolution or sampling frequency. Which parts of the
example code are solely used for the oversampling method has been described, so that they can be easily
extracted from the demo firmware and adapted for the end application. The results presented furthermore
prove that the oversampling technique is an efficient means of increasing the resolution of MSP ADCs. It
should be mentioned that results may vary between devices due to the quantization noise of each ADC.
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