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ABSTRACT
This application report helps system designers demonstrate and understand the technique of directly
feeding a MEMS mic output PDM stream into the Inter-IC Sound (I2S) lines of a C5515 EVM. This
document is intended for audiences familiar with Digital Signal Processing, decimation and filtering

techniques.
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1 Overview

A typical application that uses a MicroElectrical-Mechanical System (MEMS) microphone in its design
requires a codec such as the TLV320AIC3204 in order to interface the system processor to the MEMS
microphone. The AIC3204 has an 12S interface that provides the down-sampled audio stream utilizing a
clock source from the codec. Alternatively, digital microphones with an 12S output can be used, but they
tend to consume more power, which requires a larger PCB area and cost.

However, another technique to input a MEMS mic PDM stream into the system processor is to bypass a
codec altogether and directly injecting the PDM stream to the processor’s 12S lines.

This application report provides a significant advantage where the overall system design could eliminate
the cost of a codec, thus, cost savings in the bill of materials (BOM). The power footprint of PDM mics are
lower compared to their inter-IC sound (I12S) counterparts. It also demonstrates the steps on how to take a
MEMS microphone direct PDM mono input via I12S to a C5515 EVM. The decimation of the captured audio
is done in software (see Figure 1).

Note that this document illustrates this technique for evaluation purposes only. It is not intended for a
production system without first understanding and evaluating the effects of clock jitter on the audio quality.

The source code discussed in this document can be downloaded from the following URL:
https://git.ti.com/apps/c55x-digital-mic-decimation.

C5515
| Software |
128 | |
CLK PDM PCM
:DATA Sn DMA‘ Buffer Data) Decimation Filter Dat Buffer ——» Signal Prosseing |
————p12Sn_RX i g "
Digital | |
Mic | |
1L2?:hnen del [C] Hardware |_ ______________ |
[0 Software
Decimation Software
Figure 1. C5515 Audio Decimation System Overview
2 Introduction

Figure 2 shows an overview of the decimation process in the application note’s demonstration. Separate
DMA channels for “left” and “right” transfer into separate 32-bit buffers. The “Bit picking” block pulls correct
bits for the “left” or “right” buffer for input to the Cascaded Integrated Comb (CIC) filter.

16 fractional bits are maintained in the data path to ensure staying below the noise floor of mic.

NOTE: “left” and “right” do not indicate positioning as in stereo microphones. This is a mono setup
with 1 microphone. The terms are used to label the DMA buffers only.

The input PDM stream from the microphone is 1.024 Mbits/sec divided into two channels. The 12S
hardware assembles the input data into 32-bit samples at a rate of 16KHz for each channel. The data is
accumulated in a DMA ping-pong buffers. Every 20 ms a PDM stream snapshot contains 640, 32-bit
words in each channel (total of 1280, 32-bit words every 200 ms). The “bit picking” block interleaves the
data from two channels into 1 stream that is presented to the CIC filter.
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The output from the CIC filter is then put through two finite impulse response (FIR) filters to complete the

decimation process.

DATA 128 ChM m
—> _—>
32 Bit Word at- 32 Bit Word at
okt o8| ot ————
20 msec*1.024 MHZ = o [0 Software
20480 1-Bit Samples Bit Picking
Decimation Software
DATA 128 ChM m
E—
32 Bit Word at 32 Bit Word at
cic 518Q16 FIR1 $18Q16 FIR2 $18Q16 iai $16Q15
S2Q0y | 4th Order p| 15Tap p| 58Tap Digital - 12727y,
116 20480/16 = 12 1280/2 = 12 640/2 = Gain
1280 Samps 640 Samps 320 Samps

« U16Q8 Gain —»
Max. Gain = +48.16 dB
Min. Gain = —48.16 dB

« Symmetric Coefs
* Q15 Coefs
+ HBF

« Symmetric Coefs
* Q15 Coefs

Figure 2. Overview of the Decimation Process

Output sampling rates of the various stages of decimation:
* Output from bit picking = 1 MHz

e Output from CIC = 64 KHz

e Output from FIR1 = 32 KHz

e Output from FIR2 = 16 KHz

Note that the above system supports mono audio single channel is supported since 12S uses single clock
edge (rising or falling) to latch data. The typical oversampling ration is 64. For 16 KHz baseband sampling

rate:
2Sn_CLK = 64 x 16KHZ

=1.024 MHz

The 12Sn_CLK is derived from the system clock, so this poses a limited 12S bit clock divider options. This
can have implications for other peripherals in the system that would take the clock from the system clock.

Example:
e Fs=16 kHz

e 12Sn_CLK = 1.024 MHz (64xFs)
Derived system clock frequencies:

. 2.048 MHz (12)
. 4.096 MHz (/4)
. 8.192 MHz (/8)
. 16.384 MHz (/16)
. 32.768 MHz (/32)
«  65.536 MHz (/64)
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System Clock
(DSP Clock)

128 Bit Clock Divider
(/2,/4,/18,/16,/32,/64,/128,/256)

l

12Sn_CLK

Figure 3. Examples of Various I12S Clock Frequencies Derived From the DSP Clock

2.1 These are the Tasks of the Decimation Block

The output of the “bit-picking” block is the input to the decimation block.

» Decimation: reduce sampling frequency (1.024 Mbps) to baseband Fs (16Kx32 M samples per
seconds).

» Shape the signal and remove quantization noise

Applying anti-aliasing filter; analog anti-aliasing filter rolls off gradually since ADC sampling frequency
much higher than baseband Fs/2. Provide additional necessary aliasing rejection.

3 Stages of Decimation

Figure 4 through Figure 7 depict the sampling spectrum after each stage of the filtering processes.

3.1 Digital Mic Output Magnitude Spectrum

Digital mic output magnitude specirum
T T T

Magnitude {dB)

0 1 2 3 4 5 6
Freguency (Hz) w10°

Figure 4. 1 kHz Tone in Baseband is Difficult to Observe, But Its Present at About -30 dB Magnitude
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3.2 Cascaded Integrated Comb (CIC) Output Magnitude Spectrum

CIC output magnitude spectrum, NS=4
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Figure 5. CIC Output With Significant Noise Spectrum Removed

3.3 Finite Impulse Response (FIR1) Output Magnitude Spectrum

FIR1 output magnitude spectrum
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Figure 6. FIR1 Output Spectrum
15 taps, symmetric coefficients - such as, linear phase - S16Q15 coefficients
3.4 Finite Impulse Response (FIR2) Output Magnitude Spectrum

FIR2 output magnitude spectrum
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Figure 7. FIR2 Output Spectrum
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At this point, a 0dB digital gain can be applied along with a high-pass filter for DC offset removal. 58 taps,
symmetric coefficients - such as, linear phase. S16Q15 coefficients.

4 C5515 EVM Modifications
This application report is based on the use of a C5515EVM Rev B evaluation board. The board
schematics are available at http://support.spectrumdigital.com/boards/evm5515/revb/.
The C5515 EVM hardware modifications to be made are:
e Attach wires to the NO-POP pad of R248 that is for 12S0_CLK
¢ Remove R240 from the EVM and attach a wire to the pad that connects to 12S0_RX (see Figure 8)
¢ R240 -12S0 _RX
¢ R248 —12S0_CLK
NOTE: These pads are shared by the multimedia card/secure data memory card (MMC/SD), so
removing R240 affects the SD card functionality.
Figure 8. Close-Up of the Board Modifications and Attachment of Jumper Wires
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Figure 9 details connecting the SPM1423HM4H-B MEMS microphone directly to the C5515 EVM.

\V Y
—

; 100 Kohms

— O0.1uF

12S0_CLK
12S0_RX

C5515 EVM

MEMS Mic

Figure 9. Connecting the MEMS Microphone to the C5515 EVM

5 Running the Demonstration
1. Download or clone the source code package from https://git.ti.com/apps/c55x-digital-mic-decimation.

2. If not already done, install the C55x Chip Support Library (CSL) from http://software-
dl.ti.com/dsps/dsps_public_sw/dsps_swops_houston/C55X/latest/index_FDS.html. This document
assumes that the CSL is installed at C:\ti\c55_Ip\c55 csl_3.06.

3. Launch Code Composer Studio™ with a new workspace and import the CSL projects C55XXCSL_LP
and atafs_bios_drv_lib.

v+ Import CCS Eclipse Projects CIRRR

~ i _" -
Select CCS Projects to Import r i
Select a directory to search for existing CCS Eclipse projects. / ,.-'.
|
@ Select search-directory:  C:\tie55_lp\c55_csl_3.06 Browse...

() Select archive file: Browse.,,

Discovered projects:

¥ 55 atafs_bios_drv_lib [CANCSS Ip‘adﬁ csl 3[]6‘-.::::5 Wl XA & Salect All

[@] B8 C55MXCSLLP [C:\ile55_lphc55_csl_3.06%ces vbx example 8| ————
WL CSL_DAT_ExampIe_Out 5. csl_3.06\ces_ vBx Deselect All

'_1__1 CSL_DMA IntcExarnple [Tt oS5 -'_..:__“-. x | Reiceh |

[C]T3 CSL_DMA_PingPongExample [Cthe55 g ch5_

Figure 10. CSL Projects to Import Into the CCS Workspace
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NOTE: Ensure that the correct macro for the C5515 device is enabled in
C:\ti\c55_Ip\c55_csl_3.06\inc\csl_general.h prior to compiling the project.

4. Import the target_test project from the software package downloaded in step 1 into the workspace.

v« Import CCS Eclipse Projects =l WJ
Select CCS Projects to Import L
Select a directory to search for existing CCS Eclipse projects. ; ,-"J
-
@ Select search-directory:  :55x-digital-mic-decjrmation I Browse..,

i) Select archive file; Browse

Discovered projects:

[#] L3 target test [C:\Lsers) | Select All |

| Deselect Al
| Refresh

Figure 11. Importing the Main Decimation Project Into the CCS Workspace

5. Right click on the target_test project and build.

[ Project Explorer &3 =R=S
. = atafs_bios_drv_lib

I C55XXCSL_LP

a |\ target_test [Active - Debual

) gff Binaries Mew g
+ [ail Includes

} é Debug Show In g
- |$y BIkFirDecim_f Add Files...

. [§, diggain_fl.asr

- 1 TdleLoop.c Copy Ctrl+C
. [8 pick_bits_cic_{ Paste Ctrl+V
: El-‘: pll_control.c | 3§ Delete Delete
» | g target_test.cr Refactor "
|=| racros.ini_ini Source ,
Move...
Rename... F2
Import 3
By Export...

Show Build Settings...
Build Project

Figure 12. Building the CCS Project
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6. Create a target configuration for the C5515 EVM and launch the session with a GEL file loaded on the
core. For more information on setting up CCS (if not familiar), see the
http://processors.wiki.ti.com/index.php/CCSv6_Getting_Started_Guide.

7&: Debug 32 - =
4 we C5515_evm.coeml [Code Composer Studio - Device Debugging]
X@ Spectrum Digital DSK-EVM-eZdsp onbeard USE Emulator_0/C55%x (Disconnected : Unknowrl

& Connect Target Ctrl+ Alt+C

Figure 13. Connect Target

7. Once the core is connected, load target_test.out onto the core by going to Run — Load — Load
Program then navigating to the .out file.

v+ Select a program uﬂlﬁ

= atafs_bios_drv_lib
5 CS5XNCSLLP
a 5 target_test .
22
a4 [ Debug -
@ target_test.out

 Browse.., | | Browse project...

Ok ] I Cancel

€3 Select a program

Figure 14. Loading the target_test.out File on the C5515 Core
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8. Prior to running the program, create a watch expression for digGainOutFrame in the watch expression
window. digGainOutFrame is the buffer that holds the final output of the decimation stages. The
objective of having this expression in the watch window is to ascertain the memory location to grab
the audio sample output from the test program. As seen in Figure 15, the location in this case is DATA
0x1246A. This location may vary, so ensure that the address is known before running the program.

digﬁainﬂutFr‘anqh 1=
Breakpoint (Code Composer Studic) [

Open Declaration F3
wt circular bud

Cut Ctrl+ X
Copy Ctrl+C

iReadBufLeft[ofd Paste Ctrl+V

Use Spaces for Tab

Declarations 3
References *

Search Text 3

0

Run to Line Ctrl+R

Mowve to Line

¥ Add Watch Expression...

Preferences...

(*)= Variables &< Expressions 27 |1} Registers

Expression Type Value Address
4 [= digGainOutFrame short[320] :01246A@DATA 0:01246A@DATA
(= 1[0...99]
. (= [100..199]
. (= [200 ... 299]
== [300 .. 319]

ob Add new expression

Figure 15. Adding a Watch Expression in CCS to Determine the Location of the Audio Buffers
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9. In order to demonstrate the capture and decimation of the audio, an audio signal of known frequency
needs to be played in front of the microphone. Audacity™ provides a quick way to generate a tone
and is useful in analyzing the audio in later steps. For this demo, a Sine wave of 1KHz is used.

&4 Audacity

File Edit View Transport Tracks Generste Effect Anslyze Help

' 11 = 0| Py —sr-ses1dsds 4o dcickto Stert onorng 13-
1] =3 H ) W) W ® )

J S U Tl pexwmann o] & »lsle

-1.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Waveform: lSEne

Frequency (Hz:: 1000

Armplitude (0-1):  0.25

Duration: 00h10m ﬁ‘?’a‘_rf

[ Monage [[ Predew | |

Figure 16. Audacity Tone Generation Tool

10. Play the audio tone through the speakers in front of the microphone.
11. Hit the Resume button or F8 to run the program while the tone is playing.

S ElRiRri@iaids i~ B B 3

:t;: Debug &2 - | Resume (F8) i

Figure 17. Executing the Program in CCS

12. Let the program run for a few seconds and then halt it.
E_i!e Edit _Ei.ew E_:ﬂ}ect _Iu-:rbs E_:m 5crip_ts ‘_ﬂ'_Induw Heip
rﬁ‘ M L II':.'l. Eﬂ T;g:f‘:——-l: #T: 432:_.' T: E::I'L-‘lm]_l
45 Debug 2 | Suspend (Alt+F8) |

Figure 18. Halting the Program in CCS

13. Open a memory browser window and observe the captured audio data at the memory location
discussed in step 8.
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0 Memory Browser 5%

H-m-e-Ferie

DATA LR 2464

DATA:0x 2462 <Memory Rendering1> 2

[16-Bit Signed Int

)

Bx@1246A
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Bx@l2478
Bx@1247F
Bx@12436
axel248D
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Bx@124B7
Bx@124BE
Bx@124C5
Bxal24CC
Bxal2403
Bx@124DA
Bx@l24E1
Bx@l24E8
Bx@l24EF
Bx@l24F6
BxB124FD
Bxal2564
Bx@l2588

diEGainOu

-15725
-1797a
-9375
-22828@
-6495
-23148
-8638
-1839@
-14575
-12398
-2@9a5
-7655
-24@28
-7585
-2219@
-11975
-16228@
-18315
-9858
-23235
-GE2a
-23615
-9@45

tFrame

-8748 -7835 -6558 -7435 -947a -12435
-19@@s  -2le8@ -2337e  -23825 -23828  -20955
-14625 -1136@8 -B685 -7825 -6548 -7308
-12218  -15555 -18828  -21445 -23188 -23704
-2a8758 -17855 -14688 -1127@ -858@ -6975
-7348 -9355 -12258  -155%@ -1873@ -21435
-2368@ -2276@ -28678  -17B@5  -14458  -11285
-6958 -6555 -7415 -9455 -12378  -15718@
-21625 -23288 -23725 -22825 -2@caa -1791@
-l1368 -8628 -6995 -661@ -7435 -947@
-1569@ -18985 -21698 -23378 -23845 -22985
-17988  -14785  -11445  -BB35 -718a -67448
-96@88 -125448 -1591@ -19165 -21898 -23515
-23198 -21185 -18388 -14998 -1181@ -9175
-7868 -7968 -la@as -1291@  -16225 -195@8
-23878  -24385  -23495 -21455  -18558  -15268
-9328 -7618 -717@ -799@ -18a25 -1291@
-19538 -22145 -23588 -24238 -23328 -21255
-15828 -1179@  -9855 -7485 -7aea -78la
-12818 -16885 -19325 -22815 -23645  -24868
-2117@a -18258 -14938 -11655 -B965 -7215
-7685 -9738 -12665 -15998 -1921@ -21948
-24868 -23215 -21128 -18258 -14958 -1168@
-7338 -6368 -7718 -9725 -12695  -16@835

Figure 19. Memory Browser Window Showing 16-Bit Signed Audio Samples

14. Save the audio samples into a .dat file by right-clicking on the memory browser window as in
Figure 20. Save the data at \c55x-digital-mic-decimation\test_data\output\dig-mic-
decimation_test_output.dat, file type set as Tl Data.

@ Mernory Browser 53
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Figure 20. Saving the Captured Audio Samples to a .dat File
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v+ Save Memory [:E]

Save Memory

Select afile to save the memory data

File: decimation\test_data\outputdig-mic-decimation_test_output.dat | Browse... |
File Type: | TI Data

& |

Mote that Hex and ELF files are not supported by this tool.

o < Bacl [ Mext > Finish | Cancel |

Figure 21. Saving Data From the Memory Browser to a .dat File

15. Save the data in the format as shown in Figure 22 and click Finish.

v+ Save Memory | ] -

Save Memory

Enter the information for the memory block to be saved

Format: |16-Bit Signed Int -

Target
Start Address:  (xl 2464

Mernory Page: IDATA
Length:

@) Specify the number of memory words to read:

320]

(") Specify the data block dimension in number of memory words:

f.'__?,:' < Back Mext > [ Finish ] | Cancel |

Figure 22. Format to Use to Save the Audio Samples in dig-mic-decimation_test_output.dat

16. At this point, the data is ready to be processed by the Matlab® script for .wav file conversion.

17. Open \c55x-digital-mic-decimation\matlab_scripts\dig_mic_decimation_ConvertCCSbuf2wav.m in
Matlab.

18. Hit the Run button and a .wav file will be created: \c55x-digital-mic-
decimation\matlab_scripts\wavoutput_dig-mic-decimation_test.wav.

19. Open wavoutput_dig-mic-decimation_test.wav in Audacity or any other audio software for analysi
observed in Figure 23, an output with a 1KHz Sine wave would be observed.
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NOTE: The sine wave has some DC offset. A high-pass filter (HPF) can be implemented in the
decimation code to remove this offset. Alternatively, the audio can be scrubbed by using a
HPF in Audacity as discussed in step 20.

[ oot i i i e e o . |
File Edit View Transport Tracks Generste Effect Analyze Help - - ) D - - .
: T | 0] A 5 berdo oo et ot 5 5 8[| 95 oo e |y —
"J U .J mJ MJ .J (oo k[ wmaum] ofc] J ,@‘)9"|AO| ‘b‘gg;‘ [ame ~| A Microsoft Sound Map = |2 (Sterea) Rer = | 4) [Speakers / Headphan =
- lhl?l" 0 X 0. . O.OIM 0 . GMM . ﬂA)IOSD . DDOM} X am . 0. wﬁﬁ . 0.4 M?ﬂ . 0.4 oow X 0. m . 0.4 olwo X 6.0‘1 10 . 0.0I1 20 ) 0.q130 X a.quo X l}.q1 50
£ | 10
|| 05
i e
s g Jhﬁ
& | |10

Figure 23. 1KHz Sine Wave Output Captured From the PDM Microphone and Decimated on the C5515
DSP

20. An HPF can be used in Audacity by going to Effect — High Pass Filter and choosing the suitable HPF
parameters as seen in Figure 24.

) wavoutput_dig-mic-decimation_test = _—— - — _:g

(File Edit View Transport Tracks Generate Effect Anshze Help

Frequency (Hz): 900.0

Rolloff (dE peroctave): (12 dB

8 wavotput dig-mic-decimation test T— EeS— P ——

File Edit View Transport Tracks Generate Effect

IPPPPD)

Figure 24. Applying a High-Pass Filter to the Audio Sample in Audacity to Remove the DC Offset
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21. The audio spectrum can be plotted in Audacity to better analyze the signal Analyze — Plot Spectrum.
As seen in Figure 25, the audio spectrum indicates a peak of a signal of approximately 1KHz.

Freqguency Analysis

—_rar

-14dB |
-18dB
-21dB+
-24dB-
-27dB
-20dB-
-33dB+
-36dB-
-39dB-
-42dB
-45dB -
-48dB-

53dB]

63Hz

1000Hz 2000Hz 3000Hz 4000Hz

Cursor; 1038 Hz (C8) = -32 dB

5000Hz 6000Hz T000HZ

Peak: 987 Hz (B5) = -13.4 dB

Algorithm: lSpectrum v| sie [2;5

vH Bport.. | [ Replot.. |

Function: l Rectangular window

v| Axis:[l_inearfrequenq v] [] Grids

Close

7988Hz

| »
®

m

Figure 25. Spectrum Showing a Peak of Approximately 1KHz Signal

22. Further filtering techniques can be implemented as desired to refine the audio quality.
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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