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Research Title: Very Low Bitrate Voice Decoder IC Design for Internet of Things Applications
Researcher: Dr.Sumek Wisayataksin

Faculty: Engineering Department: Electronics Engineering

ABSTRACT

Nowadays, the internet of thing (IeT) plays an important role by connecting a lot of electronic devices
together into a big communication network: The importantfactors for those devices are the high performance,
low power consumption, but it must be. low cost. Usually, the transmitted data in.IoT network is a simple
signal from a sensor. There is a limitation- for:sophisticated signals such as.human voice to be processed in
this kind of network, since“the complicated signal processing. are required which leads very high power
consumption. In this research, the high performance integrated circuit for decoding very low bitrate human
voice in Codec2 scheme was introduced inorder to reduce the load of main CPU. We proposed the techniques
of parallel computation in pipeline fashion to reduce the bottleneck of data processing. Moreover, the floating
point arithmetic was optimized to fixed point computation, which-can reduce the complexity of ALU and
circuit size a lot.” The fast fourier transform, frigonometry, exponential -and logarithm function can be
computed efficiently by the proposed architecture. The experimental results revealed that 1200 bps voice
signal can be decoded by using-only 4 MHz clock signal or20 times/lower than a‘conventional Cortex-M4
CPU. In addition, the circuit implementation on FPGA Xilinex Artux-7.XC7A100T showed that it consumed

0.093 milliwatt or less. than the microprocessor around-89 times.

Keywords : Digital Integrated Circuits, Voice-Decoder Circuit, Internet of Things

I



PafAnssulszma

a a adg a @ { o o ]
YDVDUAUNINIFIAINTTUBIANNTOUNA 3A.A5.q590UF 100 InyaddmTuanusromaslugiug

v Y
v A

Wanihnalivaziinideiiiaes veueuna Dr.David Rown gAAAUMISIsHadyg1andeuyy
Codec2 @ uvonugiilunslsznanadygrondoinu vovounu As.A3gAUT ATYNIATNA
dmfuanuTemasdiuend1sITeuazdu mﬁ{i’aﬂg’qﬁ"lﬁ’%unuﬁﬁ’uﬁuumﬁ{famﬂﬁmﬁu
maTuTagnszrounduaunmsaIaniz iy 1L amn Ut un e uItean1uma TuTagnszron

AU NMITAIANTZ1 Uz ailudseunm w.e. 2561 [avnYi KREF186103

o

1790 @3 qus Ireintu

HI



31y

9

Wi

UNARSONEY NG I

UNARGO IO Y Il

AT TN TP 11

L EER 11 I\%

ARV R e e S 4

CREALIL L Y« -\ N\ 1777 . VII

A .

UM 1 UNU_ I =, I T NN 1
I o w

L1 anwdhneezanudieentyny. | oL 0 W 1

1.2 Sagflifasdvapaap - Mo/ B8 \2eX Ys s, N\ 1

1.3 VAN c N e\~ /& \ /006008 ALY 0

W o it T —— N PR ACA A — MR r-1 | T 2
1.5 1 Taminpanmmetmsmy © V) 00 W/ el y oo 4 2
~ = Ao A 4 Y
VNN 2 TR ITAIRAR e DRENQIE" L /NOAWACAGANA el 9NsT CC NN 3
a aa A £
2.1 RO HA PSR DY ) NI T DT I A ¢ L2y = N . 3
a o d' d‘ 9
2.2 NTRepa UL IL I A ooy € WG7Z AQMJI®e (@ 4y 19
d' as o = a W
UNN 3 ITAUUUNITIVY 21

31NN . I m\Gd/ . D) L/ NS A

3.2 UHUMSAMIMNUNRE, T NN e S 2a
33 qUnsaldillumeise TS v A 2
3.4 nizuaumseenuuuamlRensILIaZ 19T 00AIHATYRIELTY Codec2 23
UMM 4 HAMTIY 39
4.1 wamsnadeumsmauvensmsudasguenduanlnasy 39
4.2 wamsnagoumsauvessulawisofuazmamlasiFosindu 39
43 wamsna@eumsmauvenwsawenlageesluda 41
4.4 paminageumImanuvenwsduanzilavesdynn 41
4.5 #AMINAAOUMIMINUVONIIATOIGYD 42

IV



1310ty (519)

Wi

4.6 #AMINATOUMINUVOIMTVINMVUFOUR Y43

4.7 wamsmﬁe‘umsv'imummawi?'ramsauﬂimmuaz@ﬂﬂsﬁﬁ _________________________________________ 43

4.8 Nami“l/lﬂﬁ@ﬂmiﬁN1WUE’J\‘1N°’U§§‘?Jﬁﬁ@HﬂiML‘U‘UQQIﬂiﬁﬁ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 44

4.9 wamswseufoulseansnmyesmsaeasia Codec2 . 44
4.10 HANIFUATIZHIRIHATMBINUVOIDT_ e e 45
4.11 HANIASNWOIAUUVVVUIBSA EPGA |/ /7 N 46
unit 5 agUnamadseliasdormuenus ) N 48
51 aqngliite. D —U -2 [| SWer W~ NN 48

5.2 VAUBIUE 48

unil 6 aflgonannie A7\~ /8B \ £/ 300N o\ 49

6.1 TgvelaysIvaz BoaRaRannIaTeRaale (L et T T L 49
RHLAEGT DT M onoaonn Al /e s S Q\TEd connnan b LS | I
MANUIT R TS U e MU R AOAYAYAY A b 9N C BN 32

NANUAN PAB DA 1A UL ONANAM T T L Ll el o LA = 52

manton vagladtenisauinlasengine o Loloe @ L 59
15291398 62



GRESITRERN

A 9

A3 19N AT
=1 a d‘ Y S v W =y 1

2.1 ulisumeudnsnidesmsvesmsbudaduyanandouuuan s 5

2.2 maafssunsuguauiandiAyved LoRA ag Zigbee ] 15

3.1 UHUIUIVY 21

waansiifuenansianulidmsunmsldnuiion ey ldeygraldihlulduss Tomisunsm

ludnsdllagnsau Snvivhudilvidawdasilon uavdesgedadadivedenarsnasaninisiiluly



GRESYITERT

=
DNN

[ = I a I Y @
2.1 mﬂﬁmlﬁﬂﬂm@ﬂﬂgyEJ‘VIQﬂ’JLﬂﬁZ‘Wﬂ’JEJﬁ’L‘]JﬂG]ﬁJ

o Jd o @
22 midunsEddynadesdions I9easnsosdyim

Y] [

2.3 L!WHﬂWWLlﬁﬂQﬂWiﬂﬁ)@iﬁﬁﬁﬂlﬂﬂmL%ﬂ\iﬁjﬁﬂa% LPC

DR et e R bbb bbbttt bbb

2.4 UNUATNNZUIUMIDOASHAAT N IMT0IA8 Codec2
@ S o d < o °

2.5 unuRIMsulaaiso s (FED) Usddaaasiuim 1690

2.6 Mmiswmasigesdyn I tPC TNy A dvesdagner Pich

2.7 Tlsunswadelavesdniaremsgauningyd msuiied Unvoiced
Y J % < 1% o

2.8 uHUAIN I a ey asmnANL DG 3 (IFFT) ve9aaighad1iiu 16 99

@ 4 1 I~ 1 o
2.9 aYUIULDINNN 51290010 ifft %3ﬂﬂlL'U\‘]@@ﬂlﬂuﬁﬂﬂ%ﬂﬂﬁﬁ!mgﬁ}'lﬂ

N~ A ERT P 7 e N ——— TR, ENERREUEE N EE——

o U

a 4 { ) @ @
2.10 ’J“L!Tﬂ')’ﬁ1llﬂ’fafJiJﬁWﬂiUﬂi@\‘iﬁiUﬂl'lﬂ‘lﬂfJUﬂ'li‘U’Jﬂ!l‘U‘UC]?@uVI‘U

Lan ke o BENA'A'A IR stV M IS i B . cuth S

2.11 3Uuun Tnssadng IoT vavs ¥ IBM,

a A Y = 5%
2.12 Llﬁﬂ\‘lﬂﬂliﬂﬂﬁxﬂmlﬁEJU!TIEJ“]Jﬂ“]Ji%EJ%‘V’IN

@ d A A a 1 £y —~
2.13 Tuga LoRANIDDIATNYBHAGAN ) LAz LUgalne)

o A = ' A s 3N Y
2.14 lla@ﬂ‘lﬂﬂzllﬂiﬂuﬁﬂﬂﬂ'lﬁﬁﬂﬁWiLHJU LoRA G]f\iﬁ'm"liﬂﬁf’)ﬂiflﬂiﬂﬂ'luw"mm@ﬁﬂl’lﬂ

2.15 AFZUIUNIT DAL VINTIINATABA

o ' S o s
2.16 fregaronia nlFlumTaeUNINIFFUAIISHIINT UBEAI 13 Prototype UM FPGA 11

v [ < o a nd da
3.1 2vsulasguoaduailnaiy liludulseanswernsaliadu
a 4
3.2 myamszinawesteyalumsudagLse 11 LpC
o o o =4 I
3.3 M3IMUIULVY Butterfly d5un15malasyizesiuinsa(FET)

o

v Y |
3.4 SWUMIMIUIN Butterfly HIATIAI0NT 19993 UINUAZ 19T YUAOIN YA
Fd
3.5 YuABUMIIN Butterfly 938M133590MI811Lazlounien 1w
3.6 2MIsEAUToyariies UM luntteaNusdmSuUMIAuIN FFT

[ . ) ) 4 <3
3.7 a1 Twiddle Factor ﬁ1ﬁ5ﬂﬂ1u’3ﬂ!ﬂ1ﬁllﬂaquﬁﬂillﬂutﬁj

3)

1 a Y Aq v o G a
3.8 mMytszananwuuFadunlslumsauiunas Inad

o o @ J ]
3.9 ﬂ15ﬂ1u’3mﬁ1wa\‘]\ﬂum@\1ﬁﬂ]umu']ﬂ!ﬂ']ﬂwaﬂWﬁllﬂa\iﬁﬁﬂillﬂlﬂﬁﬂ

VI



AN
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
4.1
4.2
43
4.4
4.5
4.6
4.7
4.8
4.9

4.10

A3tiyn N (s19)

= Y
f ni
9ano3 NUMIMUINMIMITUUD Goldschmidt 31
[ a o Jd o <3 .
gano3numsmurniensuon hwuSeauny Goldsechmide 32
v a ) d o a
ganosnuMImuIalensuasn s ANULY Goldschmidt 33
Tlsunsudnadyanaguduuuunnnend 34
g)J o [ 1 ~ 9 ~ (% a
Tupoumsmadyaugilugdn 20 lsnauned 2dygwanwm 34
mIgudyanaudoud i udnganisquiasdanauduwn s 34
v
Y ) a 3 v o
TUADUMINIOITY O IUAWAU TastLIasIas I INFouiUdyanoy, ] 35
Tuga LoRa $X1278 Nlalumsheaay, — | . 0-< N NN 35
TilsTasnoa SPI NlFlumsAndo Tuga LORASXI278. . fooe.  WW 36
A 1w a o 9
MaspuaeiunoNNI@es leums 1515 lanen UART . e o 3]
aodaenssu IaesuyeaseTaensia daaandeun Codee2 "y v . L 37
HansNadeuNIs NIl asguendualonsy /0 oo a0 1L 39

o = <
HansnadelMIOWIRTlaFesuuDGY oo L e W L e L 40

pamsnagoumITnl s lasBesiunsy . Ol e o0 40
HaNINATOIM I IYeIIRI asonlayan i lumn L e e L L4l
wamamaeumﬁﬁmu&umaﬂfﬂiﬁ'ﬂmwﬁw]ﬁmmﬁmﬂgm ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 42
NANINATRUNTINNUVBNWINTBITYANY. o L e L S A
pamsnadeuMIHveImsUnetDFoun e o L 43
wansnATe UM MY NI o sounIuuezFelnsid 44
wansnATeUMITNTBNIIsden s ounsunuuFdasete a4

HANTE319299500AT AT Codec2 AUNTTAITUDS A FPGA 46

VI



1.1 anudsnuazanudnyvesify
v a 4 1 A o o 4 1 Ja < a J
Tagtiuduaesiuauvsassnds lduntiunumdaaglumsiFeudeglnsaiodnnsetinduuia

< g‘/ Y A @ Y [ a 4 Ao o A o [ g‘/ o a3 9
Laﬂm‘ﬁmfﬂﬁﬁmTmﬁ’e)miﬂuul@muiﬂﬂﬂnﬂ@umeﬂu@ ‘]jﬂJUWWVI?ﬂﬂﬂJuﬂ@QﬂﬂiTMLWﬁWHH%'IL‘]JUGI@Q

=) ~ Aa a 1 ~ v 9 a [ o A Y o ~
NN, Nﬂigﬁ‘ﬂ‘ﬁﬂW‘WgQ, LWlGluﬂ]mglﬂﬂ']ﬂugl@\iﬂuwaQ\ﬂuﬁ1!,1!?JQﬁ]Wﬂi“HWﬁ\N”IUi]”IﬂLLU@W]@ﬁ 114

o 9 A1 ' 1 dy o W (Y ~ = v Y 9 9 [
9 umayjammwmimwwmam ﬂﬂﬁ]?ﬂﬂlﬂl&ﬂ?ﬁﬂl‘i}j"lﬂ!ﬂhl‘JJiJﬂ']"liJ"If']J“lf@uuﬁ%ﬂl@iJﬂﬁu@Elll"lﬂL“]f‘L!

U

e

VAo < 4 1 9 { 9 = /7, ' 9 a 9 o w
ﬂ1ﬁ?ﬂﬂ1ﬂm§um§@iu'ﬂﬂﬁ1\1 Q| Glli’]?;ljﬁﬁﬂ@ﬂﬂ'ﬁllﬂ“?ﬂﬁqxi A L%uﬂl@ﬁﬁﬂ’lwuagL%ﬂﬂ@ﬂﬂl@%?ﬂﬂﬁnﬂ
|l dy ' v A
Iﬂi\i"lﬂﬂullUu@gﬁ93ﬂ55ﬂ1§ﬁﬁﬂﬂ@
1 Yr o A a o 1 A Y (2
1. Tﬂi\i"’lﬂﬂgﬂi’)@ﬂLL'LIUNWiWﬁQﬁiymeﬂUﬂliﬂﬁ]ﬂ"lﬂ S ABU 10 kbps LW?J]J?J%‘HUWW@\N"IU

{ o ] () o 4 o &
2. mistszunananFudewduT N ans oo aasvia denal (Multimedia) 3113 udoald

WY TUIANA NS IALNGLAL N UWA 1IN

=

v I - 3 . .
96191308 1INAINITADNLUUINT S LRI (Application Specific_Integrated Circuits) N
Ao g Y 199 o a ~ g’/ I A o v Lo A A °
aunsnilsguranangugoilan lnasauedy dnnadl s souiinisoee s adyanuningme
Y o YY o v A ' 1A 2 1 2 3 B
110 9 19 i W vetinayamsae s s Al lasaigdume s waur s suasanad wuilse Tewiluag
9 A Al A A 9 AL 4 9 1
nanazdmnsemvlsgansnmauesnisfeas luouinald oaneduduasaausindupalszmslu
A A { I a Y Aa a L
MIPONLUYNITIAVNONITTDM T IsaAsoRe0N L FUA TIW I luntngadMnTTy  aa

= | 9 J 9
MINan g i ladnas oo niutias a3 199335 nanetlszme 1@

[y} d ae
1.2 IngUszanueanising
1. 99AUUUINITTINBUDRNIE (Application Specific [ntegrated-Cireuits) fmTuneaIvid
o ~ A o ] Ay Y Ao Y ™
dyaaudsauviingndimn ifdaywinasslemiislsenianangdugounay Tundinuga
19U CPU
9 Y A Yy A ' T\ a P ' A Ao < @
2. A5 NITVUAULUUNITADEITAT SN IATIVEDUABTLUAUKATTINAINVVUAEN e vda
WEINUAY FPGA
3. Fsumeuilszaninimi 1d19ssaunesnuuumeudunsld cPu lumsidszuiana

4. MUWHBIAAIN NIIAIUNITOBNIUUINNTTINATADA



1.3 VO LIUAURINSITY
o =2 9 v oA a 9 A = =
1 MMSANYIMIITNIHAFEWVY Codec2 ARAUTNITNBNTTUNINIDINANITOHANALING
Uszurananuuyaaedi sonuuunilelszuanaldamisoneasWadyanadssdions
9 )
Murmnuadiamansuuuaas uiiuelsendanasa
2. 9ONUUVINDTTINAIBNIY Verilog HINTNIUABVINNT (Logic Verification) 1HOATIIADUAIL
QNADIVDIDS
@ o @ 1 o 4
3. dUAT121H2995 (Logic Synthesis) #11n1330U11A097995HIUNT719995 U1 FPGA a5 191030
A A 1 Y] % 1 v o w A 9 = 1% 9
ieAnaeny TugasydwtiuEoRa tazamasnuilsSsumiiounumsiszurananis CPU

4. agdmamInaasg

1.4 A NHUM IV
a 4 4 @ [

1. AnEIANTIZYiaz soPHL UM TAINTSUMBNsA0AT A ad AT oY Codec?
2. 9OALLILINNITALATHT Verilog 313015 NIUT 011993 (Verification)

v o o 4 a o
3. 9@NM Prototype U FPGA 1RSANINSNATOL T IR Lora Module

@ J A Y
4. TURT12¥2995 Ussmmmeanasns s

v o o ~ 9 < (% a ~ o 9 A
5. Jpmaseiunlsnaganuiiveddyanarnwn e e urunIg 15-CRU tunilnd
6. ajwamanaassalnviing 3amsudl@onagifieay

7. WA UeNaIUIFINTHI UM I 1521

=

d v
1.5 azTawinaanaz 165y
4 { [ ) [} @ % a
UsgTewin Idsufe Inssa s wannlnons suresaans sadmsuminoasiddyanaudoauuin
S A A Aa A ’q Y o d‘dﬁl o 9 [ ] a 4
ndnnnilszansnuge, a1wiselszgnd 192U NN T INANNAIUNAINUIBUTZVUDUINDS
A ~Aq Y - & [ (= g)./ Y [ I
WNUeIATINAY (IoT) N1dwdsanmnuuamesiludiuluar Danissamnsonosonson liiiluiees
swdmiulszmadyanuaineanvainvaig uotna FeeInaanszuedanilolszutananaiy

Tavenaidsz@nsnm



UNN 2

U

a a Aav Aa Y
HHINA NEYHHUAZINIHIVWNNYIVB

=

a d' d' %
2.1 4HINA NYHHNINIVDI

[ [

9 o a < & = 9 o A aa ~

ﬂi%iJ'J‘L!ﬂ'liL"lﬂi‘ViﬁﬁﬂJﬂ{JﬂmLf’fENiJL}HEllﬂuﬂﬁﬂ33EJﬂ@]ﬂﬁ‘]JiJ’E]WUEHJMa"U’ENﬁiUUﬂJU'ImLﬁﬂﬁﬂﬂ@]ﬂa‘ﬂ
I 9 o 4 9 v W = g 9 ) ~ Jd ~ A
Lﬂumagamwumamuyﬂ ﬂWiHl"li”I’iﬁﬁil{J,iUqu!ﬁfNLll!ﬁ]gcl“]fﬂmﬁﬂﬂGI‘WLP(HGU?JQL?(ENIIHHEJL‘HULﬁENVIN
& . A Ay A < . A o oA T W @ v
N15aU (Voiced Sound) uazsﬁam"lmmsau Unvoiced Sound) lumsduoanuanaiany T@]EJ“V]’JLl‘]JLLa’J

] o ana { < 9
sransonlaslvegluslvesdamnuadaoanivuamn laun

v

a o J 1 1 ad ad $ 1 { o 1
Taolnadyaoudosdowybdsinndod a3 400485y 09 3500 1859 FaNFINMNN

' P
o A A [

= A 1 = A = A ad =3 ad [ =
AUUIULTYIDU ) LFULTYIINIATOIAUAT NNHANUDBIN 20 1T D 20000 1F3%Y AIUUTYUIULTYS

g g

o & Y A 9 v _Aa 1w = a A Y A w9 Y '
suiluazdealinsgurumsknsia e idygnasdeddng - meldaausaiudadoya lduinna

@ 1 o < 1 @
Tagna I eansoutsnsdisaaesdeseon Augednguianae

Y o ] (~{ [l
1. Msensagldamnes (Waveform coders) €u1sanugo o2 uyudosio
- Tl veinunan w1 PCVEH59 ADPCM
- Tugihinveauntinamd W ATRAC
9 v A ] 3 [l A
2. M aidedlaommiz. (Vocoder) a5 onaoomilu2 witidosns
@ d a

- P3N I ALY INOTINT L FUAY (Linear Predictive Coding)

- PINsHaA A NN T W4 (Formant Coding)

Y e ¥ &g Aa o A o a ¢
mi!flni“ViﬁLL‘]JiJ‘W81ﬂiml"lﬂl,’c’fuumﬂuﬂu&n\lmﬂuﬂ%i}uu Lu@\iﬂ]ﬂﬁ1m15ﬂ%1a@\1lﬁﬂqwﬂﬂul§ﬂfl

Y 1 o ~ o Jd A o Y A a A q Y9y Y
Tioglugdvownuinetidnas ndun Ty idewaun Iaed i lsedninmgua l4doyatioo

% d a
2.1.1 M IHAUVUNENNTOUTUTY (Linear Predictive Coding)
Y o a9 A g = <Y Y
MIANTHALUUWOINIAUTUTY  GUANINMTUT 2T e90INYHIRIIMTA3 NIT8IU090DA

1 ] Y 1 [l 1
(Buzzer) Nilansupans Faidondeaiuindeaniimsdu (Voiced Sound) adv lifumsmiuadesvotay

Y
IS @

nANMINeaINUMUUTaesiilidnvaindofudesuoauyyd



o @ < a 1w { g @
Tagm ludamahsdeuuunennssimaduszdidaanaiunsovvesannasuveudes Tag
13 o a £ @ o an 4 1 a f o {
wauiluduilszansvesdinsosdaanauuaiaeaiie linuaemsaaiiounndayarasuniui

a 2
INAUVY

glottal periodic OR Wus
source
spectrum -
1 2 f/kHz 1 2 f/kHz

vocal 3~

tract

gam

—
\ 1 2 f/ikHz
-

radiation
impc(lilncc /

—
1 2. FkHz

output OR
sound /\/\
speetrum

] 3 L fkHz 1 2 fkHz

/

———

o = ¢ a ¢ Y o
2 4= ﬂluiy'lﬂllﬁﬂﬂéllﬂQNHHﬂﬂgﬂﬂlﬂ§1$ﬂﬂ’Jﬂﬁ!ﬂﬂﬂ'ﬁ»l

=h.

31/

) d Aa g’.z 1 o 2
nmﬁgmmmmmTwwmmuwmﬂimmLﬁ’uuuﬁagwmmmuﬁaﬂﬂu LIUTINUINTYIU LPC-
= @ a dyd 1< £ Yo o Aa =R [

10 “]Nf)’é]ﬂllfﬂ‘ﬂiﬂﬂﬂi$ﬂiﬂﬁﬂﬁ11ﬁhﬂlﬂﬁﬁﬁi§ﬂm5ﬂ1 mmgmuamﬂumugmuﬂlﬁﬂmaﬂammn 9
“luﬂmqﬁu A108199%1 Code=excited linear prediction (CELP) 130 Mixed“excitation linear Prediction

g‘/ Y] v @ 1 o d Aa I
(MELP) Iﬂﬂ CELP uu”lﬁ}wwmmiﬁuaﬂﬁmumumﬁ'aﬂmmmuuumamwmmmwuﬁuaamﬂu 2 LUy

Y Y v
ADIUUVIZOZE1MDTZOZAY DNNWGIAI N AT NTHAVDIAINTZAU (Excitation codebook) HIA M5

Y o o Y Y A a o q ¥ { ] 3|

asndavvesnszqu ldedaliszd@nsnm 3o ldunasgu  MPEG-4 1denflazd  CELP iilu

NIZUIUMT TUMsTUsad YT

o E

S o ax A o Y2 9 o Y
@11ﬂ3ﬁﬂ1ﬁﬂﬂﬂﬂ11’?ﬂfN"‘IJ‘Llﬂ38ﬂ151%ﬂ15ﬂﬁuﬂ]ﬂﬂﬁ?ﬂ5$ﬁ]u

Y a9
UonNIN  CELP L) NEYINH

2 J . .. . .. =2 9wy Y = ! )
13801 Mixed-excitation linear Prediction (MELP) cm"lmmﬂigwwmmmmmuw dl uasotlu

v o

9
AU iusadaanadssvesitiisnununmssurihuesamu 1a



v AA = v o

Ay v ' vy as = = Y o
HaNIN 2 mmgmw%nanmum gy 1 ’J‘ﬁﬂﬁcluﬂﬁ‘U‘UE)ﬂﬁﬂlﬂﬂml’c’fENG]NVlﬂW@luﬂﬂﬁl

09

Y =

a a A a 4 1 Y Y3 ax A Y9 = 1 =
WINTVIVOAATIAYFD 1IN 157 Tﬂﬂuqmuﬁlmﬂmﬁmmﬁlwamu@wﬁﬂ 138071 Codec2 %9

U q

a A

= v @ = 9}3’1 1 A 1A = = a 1A AR 3 amxas
ﬁ’HJﬁﬂU‘Uﬂﬂﬁ’i}l}ﬂﬁﬂ‘lm’ﬂ\ﬂﬂﬁ\‘llm 3200 Uﬂﬁ@’JUWI'l“]J%uﬂ\‘l 450 UNADIUN FUIWITNNYs2aNTN N

o w Y 1

[ A Aa 9 [ ~ Y I [ =S
HASIHUIZNUNITEDAITNAAVUDITINAAIYFOIAYYIUNLADNN ) "lmﬂuamm

w

= a 4!' k% = % = \
MIN 2.1 !‘IJ%EI‘]J!‘VISJ‘U‘]J‘Vl!i‘VWIﬂf)\‘iﬂ1islli’)\‘lﬂ1§‘1J‘1J§)ﬂﬁ€U€U1ﬁ!!ﬁfN!!‘]J‘Uﬂ1Q 9

o o

¥HaveIN s DUdAT ey IaNTHS Snnudnsniideams
Advanced Multiband Excitation (AMBE) 2000 bps
Mixed-excitation linear-prediction (MELP) 1200 bps
Codec?2 450 bps

A =1 9 Ay a A 1 o A < P2
ATTINN 2.1 Llﬁﬂ\‘iﬂ15llﬁ8u&‘ﬂﬂum@ﬂua%@'ﬂﬂﬂ13‘lu L AYMNADD T AIGY YUY ﬁ]glﬁul’lﬂfﬂ

[

£
AMIuuY Codec2 a5 ndludaT Al lduNndd 450 Dnaeatninminiu

2.1.2 M3 Haa eI aMaes vl Codec?
v Y g a o 9 @ v a (] ~ gﬁ 9
TuwivetoznINIIgrin s HedRyaeiasly Codec2 9819021089 18 Codec2 1U 14
A ° o = 9 9 oA ) a o C4 = 4 .
ATNITVIDDIT Y Y IDAIIN 1Y mil,m"mimﬁamaﬂaﬂmuﬂmmﬁmmm%u (Harmonic sinusoidal speech
coding) BaWaI Iae MIT 14Tl 1980 Iasnanmsidastaunspnassdyanandedviodlugluundie

HaUINVOIT RN I aaaunTh 2.1
Y_oOL
sin]. =% -1 A[m] cos(womn +@[ml) 2.1)
A <3 1w = A [ I A g o 1
NNAuMI 2.1 wmundynsldsferasiivssagna lsinanudidusiuiumves
A v & 1 o a d o = Jy o
anudyagIu wo s lusaazlsuvesdyanausiawnsn iz idyanandesoon lameails

v A
qIUNIND

Wy, Alm] uaz @[m] 2.2)



A

Tagi W AvANUDYAgIUNI BN (pitch) voudess A[m] Aeusulagavesnimnei 9

v
= a

o v " v o [ a o ad
uay @[m] Aewlavesdayana Tassnudena L Ifuhdudyanaiinedsuuuuingi 4 Aladsy

g
=

o { o o ] Jd a <
Taseadnveauuiiaodsn sy Codec2 Wuihumnmssianensaldudu Fadigiuuy

G

193109 2.2

\ 4

X(z) Hz) —— S(2)

A o 7y = Y} 9 1y
gﬂ‘ﬂ 2.2 : MITUAITISH igiy)']ﬂuﬁﬂﬂﬂ’flﬂﬂﬁi%?\‘lﬁ]iﬂi@iﬁﬂljﬂlu"lm

:
= 1

A A ] s o o A
1n3202.2 51eunsanaisenli Bz) 1 uades nseedyananeglu Tawun z tag X(z) Ao
& . . { [ 2 @ J I
aunszdU (Excitation Source) Mo ulkna1n9 s psosd el v ladynaneninm s°(z) iu
1% = A o o’dgl o & o o = = 1 9 o Y
yaandgangndunIz IH A lunis aesdyyand e IsuRssNDI o YaveId I N TZAY
wa Jd o 1 b <3 9 o = v A
nazauaNtnyoIlanyunIelew (Trarsfer Function) 04 H(z) Ngase aSNdyaiaideinanauu
Yo A an A o o a ly Yy o sa g
18 o105 N15v0 N TDUBAT YN 1MIAIIAENITI1T AN NTAIF AN
9IN1167% 15 Wz A W RM auME i louwes Hz)- 180 1n250insdiny -All-pole  1daslu

AuMIn 2.3

G AT ¢
1—2‘,2:1 arz= k7 A(z)

H(z) = (2.3)

9
v

y 1 [ a £ da L)) -
Taed {a} 92lia1 k=/1,2,....p 182 p AOENVOIT LT ZANT WS AT UdU NITAUA MY

= A o ] d? Vo ~ o Y o =1 AN Y &Y 2 dy
Lﬁﬂ\‘]'ﬂﬂwa@\illﬂﬁ]geuuagﬂllﬂ"lm@\i p Iﬂfﬂ’ﬂﬂ p jJﬂ']l”ﬂﬂgvnslﬁﬁiUuiy']mLaﬂ\‘]‘ﬂulﬂllﬂfﬂllﬂllslfﬂ SEINF O

o

Y 9 = 2 A Y A1y Y o = = v o J

HanNUINGUDYA a, NUINVYU UIINNAIIVIN p wumumfﬂz‘ﬂﬂwammmmammmmmm 1354
o 9 4
awnsoiseridatoya a, 19

ax 9 Y] [ = 9 A 1 d‘ d‘ 1
’J‘ﬁﬂ'liﬁluﬂ']'ilﬁll'liﬁﬁﬁmuﬂl']mLZTENWJEJ Codec2 ADNITHIAIAIN a, nmmnzauluuaazisy

9

v
%3 o =

[ @ {a o a e 1
YD U1 mmﬂixﬂ’a‘uﬂ‘ummauamummamm}mﬁmmww'lﬁ’uaz%ummtﬁﬂﬂmwiuuu N

g9 L) 9

=S

I o . "o . o I
Lﬂuaﬂq!lﬂﬂﬁu (Voiced Sound) ﬁ%@lﬁﬂ\‘]llﬂﬂquﬁu (Unvoiced Sound) IﬂﬂﬁWNWiﬂ%’]a@ﬁlﬂul!WUﬂ']Whlﬁ

A3 2.3



Pitch Y0 U8

{a,}
GIGIRGY
9y
NIZAU 1 l

1/Alz]  p—> (U\f\ﬂ/\j\f\,v\/\

GILTRGY a p
, BINGNREREAY
qu

G

517 2.3 : uwuMINIMERIN SRRASH AT YR TANTEIA I35 LPC

W

2.1.3 M390As HAN I ALIVUUNIG NN INAIIT Codec?

[

' Y
Tunsooasadanaaudoiangtln 2.3 9 frvesdaanaudoingoounninasiuud1d

9 9

o ! Y d’@’

4 @ g’/ [
aa ot Tunanfeanudyamduazgnas vy Nauudyn

9 O 9 q LT}

G

anandes Tyl idwiluGeea (Voiced) 3010411 &W (Unvoiced)
9

v
)

o Y o

Tumsadndygnunsequnilud
9

Nid09IZnNiaen Iagioyaiinga)

0

v
o @ [

3 < I !
Taemnidwadsidusedygranssgud uuiazgniaon winthudes luaudyanuduazgniaen

g9

v 9

Y 0 v
NN gARaRIn g G uazd lihimaneuTigruluaees nyesdamna i

u

9 A Y o =3 A Y] ¢ o A
“VnEI“I/]?;:fﬂL‘i1%31@’&’{”@1]0ﬂJ'ImtﬁfN‘VlQﬂﬁﬁLﬂi']%ﬁﬂa’ﬂﬂulﬂ

@ A J a { S
Eﬂ?ﬂﬂﬁ%‘ﬂ’Juﬂ'liﬂ?]ﬂ‘iﬁﬁ‘ll@\‘]'J?iﬂTﬁWﬂWﬂim!LﬂUl%nguﬁiﬂ‘ﬁ 3UU ﬁuJ']ﬁﬂﬁ%HﬂﬂﬁZ‘U'Juﬂ'ﬁ

G

%

o a Yy Yo d‘ \ o Vg
aamwaﬁmmmmmmﬂmmgm Codec2 Vlﬂﬂﬂiugﬂ‘ﬂ 4 Tﬂﬂmmammqmzmummemwa”lmﬂu

g o

v

1 dg‘
7 @IUAI
1 %) I o a 4 ¢ A
1. msuasguedidue nasuhdludul s dns woarsaldadu ISP to LPC)
4 <3
2. msuasBesuuuia
a 4 a
3. Msadaeuilagass luiln
4. mdaanzilavesdyana
a Jd o <3
5. mandagyiFosnauuuuis,
6. 1993nT0IT YY1

7. mavanuuugeuivesdyana luudazwlsy



Energy
LSP Recover
—) ——) FFT |—=) Harmonic
Line To LPC Amplitudes
Spectral
Pairs J"L
— Phase — ‘ Post
Voicing | Synthesis IFFT Filter
Overlap
g Add

Speech Output b

JUN 247 IHUATNAIZUIUN TROA TV T Y E WUITE 3738 Codec2

! Y (9 - . 3 | AL @ a £ Jd a
AR UFUAN) DRI (Line Speetral Pairs - LSP) 1l waglumsitapaanilsgananeinsalid
¥ & Aa 7 A R Ala X Y,
i@ (LPC) hutm el Tagmannuiiosnnamsaniae daignasumuninavuainms e 1a
J % a £ d a o o 1 o
anms lgduilsednsnensalfudulasnss Tagia lia21z3msuUeA(z) ¥9379950509d Yy Ia

Uy All-pole ponuilug 9 aumsn 2.4

k

-~ apz~

Nk

k=1

Plz}=Alz] ¥z~ ATZ71] (2.4)

Qlz] = Alz] — z=®*VA[Z7]

' A

A IS 1 o 1 o v &
Tasamnsauen Alz] oonlililug q Ao Plz] waz Qlz] neumsasdnana asiulums

U

£y o

9 v
poAsHAveIdya I Tuasuusnidewhnedeviimsulasmguonduannasy Plzl ez Qlzl

navnIdeglugives Alzl neumuaunsi 2.5



Alz] = 0.5[P(2) + Q(2)] (2.5)

A JY

mﬂuuﬁmmm AlZ] VIﬂﬂLLﬂﬂx‘]ﬂﬂ‘UﬂJ'ﬁ] @@Qﬂﬂllﬂﬁﬁﬂliﬂiﬂ?ﬂﬂlﬂ']ﬂ 512399 ’Jﬁﬂ'li‘ﬂl‘]fﬂ@

nmsudasiFesuuuEisiuau o %umugﬂw 2.5

(0) > X(0)
R W A W A <R
x(2) \\ /f \\//l ><>1< Wie > X(4)
x(3) \W//. KT /\ < me X(12)
== seaumy
x(5) % M 5 X(10)
x(7) A= O T 0N Y N\, x(14)
x(8) > X(1)
(9) T e N T N ><W > X()
o [T ST N R e
x(11) 3 /\T‘ (o >§ A | T
(12) P > X(3)
:(13) ! e /XX\ \/ ><1  — §{311]
x(14) /[/ \§: ?/\%‘ Vl°6></\>< : >/ X(7)
X(15) K 2o 1S WlT ><1 < 14 yqs)

3‘1.' 2.5 !!NHNQﬂTﬁ!!ﬂﬂQV‘I!ﬁﬂ‘i!!‘U‘U!S? (FET) 6lli’)\‘iETE'I.IE’U"Itl!"ﬂ]‘in!?l‘tl 16 9N

ZJJ ' 1 a J a @ @ {
dunouae 1Hhiunsasiwouagnes lulingems indsudosdyona LPC 71 ldan

S d a’i VoA Y = o w o
ﬂWi!LﬂﬁQY\I‘llﬁﬂiﬁluﬂlu@ﬂﬂllﬁﬂ TaedauniinN1smIMasnUINaNNIsh 2.6

1
Pli] = . . (2.6)
XRe [l]z + Xim [l]z

g’/ =2 o o w 1 A @ YA o a T A
NNUUITIIMITINMaIUYeaazaud luanasulvies lutiaminuanudves

o ~ . o w A Y ~
YYIUNY (Pitch) #agMANNUNVBY A [m] ﬁ’lll’lﬁﬂﬂ’l]lﬂ@']ilgﬂﬂ 2.6



m=4
\

IR U g g . O

| i
? !
: i
A 4]

511 26 #Mm3swMaINUVe ITwaNY LPC I¥mnunnudvesaayane Pitch

Y

AN
>
=

v

' i H
dulse@nTu01305AT DI UMDURONFALFIR I T inysIni aesvogmdanuis

18lugalh 2.6 mwawnns

Ay ml =/ Pylm] (2:7)
o od o A 1@
NIYLIUMTAUNT ISR ADRIUNSEAY (Excitation) 125 N INMsAsasdeundyaandoaly
AE = @ 1 I~ @ o o
wlsuthiwiudwmdosdu (Voiced) nio liidu (Unvoiced) Mpithidetauud0svims adndayaio

lanin 1 udnsequanaunis

@ =@ +80w, (2.8)

ddy I~ o IS4
ananszduluns o sl iayouritouanainas

Ex[m] = /9™ = cos(pm) + jsin(pm) (29

' AAd A "o . Y o £ ' '
Llﬁi‘lv!ﬂimﬂlﬂulﬁﬂq‘luﬁu (Unvoiced) LLa'JL‘V\lﬁ"U@Q iquy'lmﬂigﬁufl]%iq]ﬂtjﬂi]'lﬂ'@]iﬁ]ﬁtjﬂ@'lu

q

[ a R [ d'
ganesnuaegin 2.7

10



int codec2 rand(void) f{

unsigned long aa;,
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aa = (unsigned) (next/65536) ;
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return ( (unsigned) (next/65536) % 32768);,

5U7 2.7 : Tsunsuahalavesdmgnainssdmmuugudvsui@as Unvoiced

[ 4 A @ 1w [ o 1 @
e 1dvnats s udyanuwlaezmaumsguiuuded iAo uvoan1 Alm] iy

o Yy A v Y
ﬂJuQJIWmﬂﬁzﬁuV]ﬁiNulﬂ@lﬂJﬁiJﬂﬁ

q

A [m]Ex[m]

g A T

(2:10)

9 [

199N 304 Q1AM ATAIFeUMA WL B A RvRIdRaNaL Voiced - 11liAToanIA
A o w A ] A v 9 i i v Y Y I i o U '
Fadnanie lu” . winiimesnizdsudyaiunseaulddunuaemdyg uguuny  Taee

= o

Y o { L I
A1na (th) 991l ulasunne S amaiandlu Tnvoiced m1auN3

1x y
e=10log % Z (A, [m])
m=1

bg=bg(1l—p)+ef (2.11)
bg+M
th="10"20

o o o ¢ g o o
lunszurumsdunsizidyaraudoanauavunlulamuananivsziedygaaesdyy1une
=4

o y 4 9 X o Ay v ¥ A o Z .
illuﬂﬁmﬂigﬂuﬂﬁiN‘U‘Llll,agﬁiUEUTﬂWIVlﬂi]”IﬂﬂﬁﬁiN8113Juﬂﬁlﬂﬂﬂ!ﬂu U umMsulaslises

g 9 U U

nauentadlWdyaandn lg Tawudnamuaunisuazgli 2.8

- S[m] = A, [m]Ex[m]

11



s[n] = F~{S[m]}

Stage #1 ,  Stage #2 Stage #3 Stage #4

o< ikl \

w0y —w

r
P
n
o
—

e —
i
—_—

-
N ]
—— i
A A e

nszIUMTgaenomauInbuuFeuiuvesdnanul uusdazmsuTasdyaan 512 9azgnuti

< ' o 9 d'
ponuaeIr N MarMoaTg 1 2:9

A
A,

0-79 431-511

+

Previous Frame

=).

31

v J . v < \ g Y
2.9 : aUIUDINTIN 512 AN ifft «‘azgmmaaemﬂuammamuazmﬂ

@ o ] a 4 { 1 { " v o
AYYIUA UYL 431-511 %3Qﬂnﬁmﬁ’amuimlmumumﬁEmﬂeuﬁﬂzgﬂmnmmUﬁmﬂan’fu

9

A [l @ @ o ] <3 9 v W
0-79 vouwlsuir I arudyanaudsulogiiudmmia 0-79 azgniny sevandudyanaluwlsy

12



Y
% v %

@ A [ A o I @ g £ =
ﬂﬂulﬂLW@aﬂﬂ'J'liJth@]@!uﬂ\ﬁlﬁN m}m?ﬂ!ﬂﬂﬁ@ﬁlﬂiﬂ WUUETIFUNTZTUIUMTDOATHE YU

ﬁlﬁﬂa% Codec2

08 L / \ _
B
07 - / \ ]
0.6 - it N -
0.5 - o Xt B
y .
0.4 - L R -
0.3 e Y 4
02 ,f .

. .
- .
01 ‘s Sz
” !

0 ak L | 1 1 I | 1
0 20 40 60 80 100 120 140, 160

Y a ¢ Y o o [ %
31011 2.10.: 33N H ALV HITUN 30 T YA 1D N I FUINMUUF O WITY

¢ a
2.1.4 DUINDSIUNINSATING AT LoRa (Internet of Things)
X = - d A v 9 di 2 v J

Internet,_of Things WY NsMgUnToiay || Aeaiee, IdgnidonTowmnaannediag Tan
a J @ o Y. o < 9 J 1 ] A 1 a I 2 1
dunesila K HRLBET AT aaaN AU ANMS IrugUn el MuninTeutetwans e 1

a) a J . < 2 4 1 o 1

msitla-la ginsalinsoeld liih misdemsdlaldihaigluiudamsitounesiinsainiuay 1wu
A A ' a ] s o ldA A A A A A A
oo AUMIDHIADSIHA). T0OUS  InsAwiiieno iaToslodon s (Asoslonnmsinbas v1a13
Y A A ANa o w1 v A [ a S & I 9
thuion 1n3eeld iFInlsesriumes Anuaioiiodwneiitia 1 Jiuau

@ 1 T ) < 1 1
Tagiiuiimsuianguy Intemetof Things ponaNAaIANS iy 2.0gu ldun

1. Industrial [oT
A ] d‘d dd’ 1 [ 1 [
A9 1119910 local network N viatemal i lag i nn 1901l 1as9918 Sensor nodes IagA )

4 . 1 t:gl‘ A 1 A Y 1a s I
Qﬂﬂiﬂ! [oT Device Gluﬂtj‘iJ‘Lli]m“h'ﬂiJﬁ’E)LL‘U‘U P network INBDLFDUADTLUAN

2. Commercial [oT
A ' . . A o = . . &,
19 11119910 local communication N113]1 Bluetooth #5® Ethernet (wired or wireless) Tagdn
4 . A A J 2 @ 7 A q
91/n3al 10T Device Tunguilaz@oaisnialungu Sensor nodes ABINUIMIUUHI BT UND

. =\ ] =\ ] Sld' 1A =]
local devices L‘WENBEJNLﬂEJ’JE]ﬁ]UhJ]lﬂL"]fBNQE]uLGIE]im{ﬂ

13
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An Efficient Hardware Architecture of Codec2
Low Bit-rate Speech Decoder

Sumek Wisayataksin
Department of Electronics Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, Thailand
sumek.wi@kmitl.ac.th

Abstract— Speech coding algorithms have been developed
for years to digitalize human voice to a few binary bits as
possible while maintaining reasonable quality..Codec2 vocoder
algorithm is one of an efficient sinusoidal coding with very high
compression rate down to 450 bit/s. In this paper, an_efficient
hardware architecture of Codec2 decoder-is proposed. to
increase the performance of voice decoding process and reduce
comprehensive tasks from .a host processor. Although the
sinusoidal decoding algorithm is complicated with many
arithmetic operations such as_the -arithmetic of complex
numbers, FFT, FIR filter, division, trigonometry, exponential
and logarithm functions, several techniques were explored to
optimize and parallelize a datapath of the proposed hardware.
The implementation on Xilinx Artix-7 FPGA revealed that the
proposed architecture could reduce the processing time up to 20
times, compared to the conventional Cortex-M4 CPU running
with the original software.

Keywords—  Speech Coding, Sinusoidal Coding, Linear
Prediction Coding, Codec2, Application Specific - Integrated
Circuits, FPGA, Digital System Design.

L.

Nowadays, audio coding especially speech vocoder plays
an important role in various applications from amateur-audio,
mobile telephony to voice-over IP. Due to the.increasing
demand for voice communication, speech coding algorithms
have been explored to reduce the size of packets, but it still
retains good perceptual quality. The linear prediction coding
vocoder such LPC-10 created by United States Department of
Defense is one of the early standard [ 1], which has the most
influential ideas in speech coding to-many algorithms later, for
the examples, Code-excited linear prediction (CELP); Mixed-
excitation linear prediction (MELP) and.Codec2 [2].

INTRODUCTION

Code-excited linear prediction (CELP) improved the
encoding performance by the utilization of long-term and
short-term linear prediction model and introduced an
excitation codebook, which gives the best excitation
sequence. The significantly better quality than others in the
past made MPEG-4 chose CELP as a compression scheme for
its Audio speech coding [3]. After that, Mixed-excitation
linear prediction (MELP) was developed to solve the problem
of annoying artifacts such as buzzes, thumps and tonal noises.
The generation of a mixed excitation signal is the key to this
algorithm [4]. The MELP becomes a standard for military
applications and secure voice of NSA and NATO.

Furthermore, D. Rowe developed a low-bitrate speech
codec called Codec2 as a patent-free, open source standard
[5]. The contribution of Codec2 is very low-bitrate scheme

978-1-7281-0067-8/19/$31.00 ©2019 IEEE
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from 3200 to only 450 bit/s. The experiment claimed that the
quality-of.codee2 voice is better than one from the MELP
algorithm [6]. According to the tiny size of voice packets from
its characteristic, it is:a challenge for hardware designers to
develop a Codec2 vocoder system to operate in such a low
bandwidth and~low power environments. For example, to
transmit voice-data in a rural area with LoRa communication
protocol-can be-possible; since LoRa can broadcast data at bit
rate 530 bit/s to-10.km distance by its specification [7].

Due to the complexity of linear prediction algorithms such
as - complex number operations, sinusoidal, logarithm,
exponential functions, digital filter.and a lot of branch
conditions, voice encoder ‘and. decoder systems have been
widely. implemented ‘in software and run on off-the-shelf
processors or in digital signal processors (DSP) [8]. However,
some researchers have created the system using hardware to
aceelerate the coding operations. P.C.S Abhijna and his teams
developed the CELP- encoder using Vivado High Language
Synthesis [9]..S.  Shivanagi: also implemented the MELP
vocoder using-the same idea [10][11].-However, it is difficult
to-analyze the redundancy of generated hardware by using
high-level synthesis. such-'as C language. Moreover, the
performances of . automatic generated ' RTL and the
architecture were not''compared; to a'system running on
microprocessors with the original ¢ code.

In this research, the algorithm of Codec2 voice decoder
was analyzed, the efficient hardware architecture was created
by using Verilog HDL and synthesized to the FPGA. In the
next section, the Codee2 decoding scheme will be considered
in the hardware ‘designer” point of view to optimize all
operations into simple ASIC structures. Then, the architecture
of our proposed decoder will be demonstrated in Section 3.
After that,in'Section 4, the performance, hardware utilization,
and synthesis timing results will be described. Finally, the
conclusion will be addressed in Section 5.

II.

Codec2 applies the harmonic sinusoidal speech coding
for efficient voice compression. The speech synthesis process
will reconstruct the human voice by generating the sinusoid
wave from a fundamental frequency (wo) and its harmonics
with corresponding amplitudes and phases. Fig.1 illustrates a
block diagram of the targeted decoder. The Line spectral pairs
(LSP) are parsed from given bitstreams by host CPU and
converted to linear prediction coefficients (LPC) by the LSP
to LPC block. After that, the Fast Fourier Transform (FFT) is
performed to retrieve spectral amplitude samples. Then, the

CODEC2 DECODER SCHEME



The 5th Interneational Conference on Engineering, Applied Sciences and Technology (ICEAST 2019)

power spectrum of each band is determined, and post filtering
is executed respectively. On the other side, the voiced
information is used to create excitation samples in the phase
synthesis block. When two operations are completed, the
excitations and power spectrum samples are multiplied

experiment, the second choice was decided because it could
reduce a lot of computation time with only 31-bit of 128
words of ROM. This computation flow gives the maximum
hardware utilization of one adder and one multiplier.

. . . . Ry,
together, and inversed FFT is determined again. Finally, the <in] RyHIL =Ry Hlo)+HR,HI,)
output voice is filtered by the FIR filter before overlapped
adding to the previous output frame. = - Ryl =(WAWYHIR HI)-R,HI)]
[ 1L r i
Encrey )} , , , . . .
Recover | : : : : : ?
N . ' Adder ! ' : . . ;
- TLIS; c Vl FFT Y| Harmonic =2
Line | 0 Amplitudes R=R¢R; [ R=RjtR, | L=I,I, L=lytl; | Re=Ry-R. [ L=l
Spectra
Pgirs ~ ¢ Multiplier | Rp=W.*R, | L=W*R, | R=W7*I, | I=W*1, ;‘
Phase N\ A Post I : I : : 5
FFT : t : t : t, | t : t, | t !
Voicing | Synthesis " L R Filter = ' ' ' ' . ' ¢ ' : !
Fig.3.LFT butterfly and its pipeline scheme.
Oj’:(;(liap The harmonic amplitude recovery process is mainly to

Speech Output b

Fig.1 Block diagram of Codec2 decoder

Lines spectrum pairs (L.SP) are the way to represent the
Linear prediction coefficients (LPC) since they give greater
interpolation properties.and robustness to quantization noise.
Two IIR filters can be deployed toretrieve the LPC from LSP
samples as depicted in Fig.2. Pairs of LSP input samples are
wp(n) and mq(n). The initial a,(0) and ay(0) are 1,bp(0),by(0),
¢5(0) and ¢c4(0) are 0. This process can be simply executed by
using delay registers,an adder,.and a multiplier. However; to
compute the cosine function will be discussed in detail.

a,(n)
| p(n)
(+)—>[>‘"‘—(“—)+
ag(n) 0.5
q(n)

Fig.2 LSP to LPC conversion

Fast Fourier Transform (FFT) and its inverse operation
(IFFT) are very computationally intensive algorithms, which
are suitable for ASIC structure. In Codec2, 512-point FFT
and IFFT are performed every frame. In order to reduce the
computation time, but retain a reasonable circuit size, the
pipeline scheme was implemented as shown in Fig.3. Since
one butterfly operation requires six additions and four
multiplications, the fastest scheme with one adder and one
multiplier is six clocks not including memory load and store
time. However, a twiddle factor (Wr+jWi) was also
considered whether we should implement it with CORDIC
algorithm or simply make a look-up table. After the
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find" the.power spectrum:of each band. In this stage, the
mathematic operations are mostly to compute the complex
absolute value, number summation, division, and square root.
The post-filter process determines the average energy across
the ‘spectrum -in a- decibel unit and decides whether the
samples- should be filtered or not. Phase analysis generates
excitation- samples by ‘using trigonometry function. It is
obvious that there are many complicated mathematic
operations such as number division, exponential, logarithm
and trigonometry function required for the rest of the work.

20 2" +1 ! 2"+1
to[n] = Ak 3 [n]|=logz | —7—
g ¢S 1 & =]
N5 )
Barrel shift'y and = 1 <A1 shift right x until
shift zuntil p Pl x<l and
0.55y<1 @ ~-tloor(x) z++ every shift

z=7*[n]
y=y*t;n]

z=17"ty[n]
X = X-t,[n]

2=12-t,[n]
X =x*t,[n]

(c) Logarithm
algorithm : log,x

(a) Division
algorithm : X/y.

(b) Exponential
algorithm : 2%

Fig.4 Modified Goldschmidt algorithm for number division,
exponential and logarithm calculation

The trigonometry functions including sine and cosine can
be simply shared with a look-up table using in the FFT
process. However, the depth of sine/cosine tables is only 128
addresses, but other processes need more precise to 6,437
addresses. In order to compromise between ROM size and
computation time, the linear interpolation was deployed to
increase the resolution without expanding ROM size. The
performance of interpolation will be later discussed in
Section 4.
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Fig.5 Architecture-of proposed Codec2 speech decoder.

For the number division (x/y), the Goldschmidt-division
algorithm is deployed [12]. With some modifications, this
algorithm can be applied to.the exponential (2*) and
logarithm (logx) as well: 'Fig.4 demonstrates the flowcharts
of three similar functions. Three Tables. to[n], ti[n] and tz[n],
are prepared where n is the number of fraction resolution, for
example, n=12 for..a 12-bit. fraction in . fixed-point
representation. This “iterationmethod requires only three
small tables, the multiplier, and the adder, so the overhead
hardware is very small. with afew state machines. and
counters added. After whole functions were-analyzed, in the
next step, the proposed-ASIC architecture will be stated.

[1I. HARDWARE ARCHITECTURE

To enhance the parallelism and pipelining of speech signal
processing, the very. long instruetion = word . (VLIW)
architecture was considered. The main_concept is;to allow
multiple data processing and memory load/store at the same
time. The sophisticated data flows were determined carefully
for each operation in a system control block including FFT;
LSP to LPC conversion, complex number functions and so
on. The proposed system structure is demonstrated in Fig.5.

Our hardware is a 32-bit fixed-point. ASIC with 20-bit
integer and 12-bit fraction point. The register-file hassix.of
32-bit general purposed registers employed to store
intermediate data during signal processing. The ALU consists
of a 32x32 bit multiplier, a 32-bit adder, a barrel shifter, and
bitwise logic operations. Moreover, 2 Kword of 32-bit dual-
port SRAM is attached to memorized input LSP coefticients,
data variables, and output speech samples. The reason for
having the dual-port SRAM is to enhance the capability of
data load and store at the same time which reduce the issue
of memory access bottleneck. In addition, 128x3 1bit Sine and
Cosine table are provided for 512-point FFT and other
trigonometry functions. Moreover, 160x16bit FIR coefficient
table is also placed for sample overlap addition process at the
last stage.

parallel independently .and connecting all dataflow in the
pipeline seamlessly as much as possible. For example, during
input data from SRAM are loaded to specific registers for the
next'eycle operation, data in other registers can be multiplied
and added in parallel, while the output from the previous
cycle is being stored to SRAM. This'mechanism gives very
efficient hardware utilization. whereas the whole structure is
still simple. For instance, 512-point FFT requires only six
cycles for_one butterfly ‘operation including data load and
store, as shown in Fig.3. The total FFT process consumes
6x256x9 = 13.824 clocks plus 7 ‘cloeks pipeline overhead.
This is the fastest time for single adder and multiplier can
archive. A branch operation was also. implemented for an if-
else decision as same as-in a microprocessor.

For the host interface, the CPU can treat this block as a
memory-slave. The control signals are as same as general
memory interfaces with address, data in. write enable and
data out signals. Only one additional signal is necessary for
starting operation.and CPU will get the interrupt signal when
one frame decoder is finished.

[V. PERFORMANCE AND IMPLEMENTATION RESULTS

TABLE A" Number of clock cycles for one frame
decode at 1200 bps

Processing Proposed ASIC | Cortex-M4 [13]
(cycles) (cycles)

LSP to LPC 398 5,328
FFT 13,831 304,622
Harmonic recover 3,766 70,739
Phase synthesis 3,040 14,452
Post filter 1,797 14,486
IFFT 13,831 337,931
Overlap add / FIR 248 4,650
Total 36,911 752,208
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The decoding performance was measured and compared
to the same processing running on ARM Cortex-M4
processor. Test sequences at 1,200 bps were executed, and
the results showed that proposed ASIC could archive around
20 times faster than software running on the CPU. The
processing speed of FFT/IFFT, frame overlap addition, and
FIR operations resolved a lot of memory load and store
redundancy. The experiment revealed that the maximum
error from Trigonometry functions calculated by the
interpolation method was only 2°'2 for 12-bit fraction point.
Table 1 shows the number of clock cycles for one frame
decoder. Since the voice packet consists of 100 frames of
samples in a second, the real-time decoder can be archived by
only 4 MHz clock speed. It is noticeable that our dedicated
hardware can reduce a lot of workload from the host CPU.

The proposed architecture was implemented on.Xilinx
Artix-7 XC7A100T. Table 2 illustrates the size of circuits
with around 5% of look-up table cells and only 627 flip-flops.
In addition, 5 DSP slices and 72,064 bits or 9,008 bytes: of
block RAM are employed. The logic synthesis-to place and
route results showed that the ' maximum speed of clock
frequency can be up to around 84 MHz. It is much-more than
4 MHz requirement for real-time processing. Fig.6 depicts a
floorplan of the targeted FPGA.

TABLE 2 FPGA hardware utilization and speed performance.

Hardware Wtilization
Used Available Util %
LUT 3,158 63,400 4.98%
Flip Flop 627 126,800 0.49%
DSPs 5 240 2.08%
Memory 72,064 bit | 4,976,640 bit 1.45%
Speed Performance
Max clk freq | 84.23 MHz

Fig.6 Artix-7 XC74100T floorplan for proposed Codec?2
Decoder

429

V. CONCLUSION

The efficient hardware architecture of Codec2 speech
decoder was developed by optimizing various dataflow of
each processing step. VLIW structure was selected to
enhance the signal processing performance and decrease the
bottleneck of memory access from conventional CPUs. Many
hardware parallelisms and pipelining schedule were carefully
organized to handle whole hardware resources with high
utilization as much as possible. The results showed that the
real-time decoding processing of 1,200 bps speech data can
be executed with 4 MHz clock speed or 20 times faster than
the Cortex-M4 CPU. In the next step, it is challenged to
enhance the capability of this architecture to an application
specific microprocessor for general speech vocoder, which
gives the high performance, small footprint, yet higher
flexibility-for other standards such as CELP or MELP as well.
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