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ABSTRACT

Direct digital frequency synthesizers (DDFS) are playing an increasingly significant role in
modern digital communication- systems because of their characteristics of excellent
frequency and phase resolution, fast frequency switching, low phase noise, and modulating
capability. Typically, most DDFSs store a digital representation of a sinewave in a read-only
memory (ROM). The spectral purity of a sinewave is determined by the resolution of the
ROM. But larger ROM size means lower speed and higher power consumption. This thesis,
thus, presents a design of a sine-output ROM-less direct digital frequency synthesizer by
using a polynomial approximation. A maximum error of a sinewave approximated by a
polynomial approximation is less than 2e-4. This means that no ROM is required. The
functlionalily and Lhe efficiency of the designed DDFS aie guaranleed by simulation and

hardware experimental results.
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LULAAANDR BAZITUIENHNIUNA

wasiwadauAT A ulLLLAanea (Direct digital frequency synthesizer, DDFS)
v

gnAnAuuaziaueiuaiuenlull a.a. 1971 Tag J. Tiermey wazanuz [1] Tnafindnnnsie
avasdanaaaindygrannaieninidndaiudiwendfdgavesgldy g
(Waveform) Rfiaanisdainsizi Teluszozuen duflonldmisaacudndniuifiugy
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2.1 ﬂﬂqﬁﬂﬂnﬁﬁum’aQQ\?‘QiLW@ﬂﬂLﬂﬁ"lﬁﬁﬂqqunuﬂﬂ AANBA RN

felk

Phase accumulator

N-bit] | 3 é’
[(=]
I:{> % § [ M-pit y P-bit
F " e > 3z Phas‘e-to- Low- | output
c;i?::!‘lar\:grd W) b o & —r>{ amplitude =3 DAC pass —»
= o o
x| converter filter

[

] LT
Wt NS

o] < P aa
gﬂ'n 2.1 401URNTTHLBINATINDAS m:"\::ﬁmwmmumqmﬂ

7% 2.1 uamsanniinunssuaaaanitadunssiauluuuAaneadelsznaudos

2 o - .
29358519 @ (Phase accumulator), nasulasudaiuuenaqs (Phase-to-amplitude
converter), 29asulasAanaatiluauiaan (Digital-to-analog converter) WATI93 9N T8

ANDANEU (Low-pass filter)
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° i 4 o=y -~ L) o« i

warafrananmtriidusasuanidunnassdunm Aesaaimafaoiud

. - o & dd' = ; :‘# Q 3 d‘ o } 4

(Frequency register) 1410 N fim uazuadngainnisuaniisduluasenaumirdegnifuly

WFAawmasina (Phase register) A1aaafignifuliluiaamefinaszgnianau
1} 1 £ 1

(Truncated) TWinaa M In Tanafignianewvaa M n Hazgnasaslfsumaiuwenya

v

aatlluwasuiuuenfgaaasgidyayin (Waveform) NFaants nadwsildainaeas

uldouaiuweildgaaciidnmusdugl oy gyruRanes (Digital paten) o 1aaa13)
TegUdryyrnpanesmatiazgnildsuiudugineusaninessasulasianeaiiueun
e o o Jd2
aan antuneunasidy yrnnduameilallfanuasasasnnuiaitiiuaznseian
‘“; . . I =l o 1
ANNDUBUUEN (Aliasing frequency) a8NAAY SIEALIBLANITNNILIVLAAZAIUIBI997

Wwaduamsianiuuuaanesazasune iluiode 2.1.1, 2.1.2, 2.1.3 uaz 2.1.4 mrudnsy



211 29258351904 (Phase accumulator)

> g N-bit Adder
2P
o2 N-bit | Frequenc Phase N-bit
5 3 ::D q Y
8o register register
L2 Clock Clock —»>
Q

g1l 2.2 2easa¥raima

N@m%’qqMaﬁmuﬂs:nﬂuﬁéﬂﬁmﬁﬂ?ﬁamm‘mmﬁ (Frequency register),
1433190 (Adder) warTaaimafing (Phase register) ﬁagﬂ'ﬁ' 2.2 Tnengasafanaas
ﬁﬁm?mnﬁhmuaummﬁl (Froquency control word, W) fignifuidhidaainaf
pnuRdfuAreenauanluafiewnidsgniin 1 Faamesia faouduiug

AMNANNNT
S(n)=Sh-)+Ww (2.1)
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naansTIRARINNIsLaNAaAaunn uaz W AnAracuanANd Taed SH), S(-1)
war W flauns N On wazdnsin1slauuanaee S gnaLANAEaanIzees

&ryournuuIAn (Clock)
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108 fou ﬁﬂmwﬁ"nmﬁrgrmmmm'ﬂm, W AAAILANANT, Sy AE
ANBIRIRY AN uaz N Aeduaulinredaainesand aanaunnsi 2.2
18NN ANANA B A lunA T FuA N (Frequency resolution) 18424947
Fuamsinaniuuuaanes Alaels w Sawindu 1 feanansadeuduaunsls
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angunsh (2.2) fraeafiansanisasasairananian N winiu 4 Tn uay
Sramnls 7 Seqminfy 3 anansouansAe i ALe LA IMITe9999 98T

aluusazsandamr AN fna f WFamnsed 2.1 uazgili 2.4 muaisy

< : : '
As1ei 2.1 Aneimpresasaiaalusazsaudoygyiomning \iia N=4

uaz =3
saUN LANAURINATATINE fouaouna (Carry)
1 0000 (0) 1 (Gususaw)
2 0011 (3) 0
3 0110 (6) 0
4 1001 (9) 0
5 1100 (12) 0
6 0 (15) 0
] 7 0010 (2) 1
8 0101 (5) 0
9 1000 (8) 0
10 1011 (11) 0
11 1110 (14) 0
12 0001 (1) 1
13 0100 (4) 0
14 0111 (7) 0
15 1010 (10) 0
16 1101 (13) 0
17 0000 (0) 1
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gﬂﬁ 2.4 &ynunuerswnrentasairaunaluissssaudyyinuning e N=4
way W=3

' " ” 4
annenlanaFananaessasairamaidaneroziiluceasuan (Adder) o4
arfidtyyrnuAna (Carry chain) ilunaialdifiaanlszdansundnseany
(Propagation delay) Tad129asaFramafivnaidssdanisunsnszanananazii i
(-4 o -l.a = dl
AT TUNIININIULDI9ATAART BUABAMNTIBIR Y YT RNua =&ty ol

(3 Y
\asymaranadlsoe

asid . a i o ° a al

EN18NgA NN1TaANAIUIETINITUNINTEANE N ABNITANTUINT AT
- o nll 1=l 8 =y o - ey 'S aiai o 3
AAADTANNNDAY wANTadeAa 1 UIuDRTRITAGIABTAINDNAARIRL AN AN 19
n1sUSuAnudiANazBaanaellAqe SENHeNlda vSuNITaRATaIlsEAan
ABNNIWEUNINATUIN IR AU sE3an1sunsnssanaaaed ty A maTiasad i
29RTUINULLAFIFIMARIMIN (Carry-look-ahead adder) [2] wlusiu wialdmaiia

IBINTNNIULLLANENE (Pipelining technique) [3-4]

nasaFaadiulugjinaziszunanafie s uuia1§1uans delinesie
nisaiatinansauad Lwin'wﬂ?:mauaﬁ’mLa-ngmﬂmﬁ’uq:mnsi@mﬂ‘imumm:_’j
15 EN AL RPI UTRUREEVEGX Lﬂa-?';ﬁ'muﬁqm:uuLﬂmgﬁuaw?‘ﬂﬁﬁ"ﬂ nd199a78519
wauuuild (BCD phase accumulator) ilalfazaansianisidaueesdiduinis

Tu[5)
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2.2 qaqskﬂﬁﬂummﬂmmuﬂﬁgm (Phase-to-amplitude converter)

ArraaralfainaasaFranaazgnuldauliifuwenldgaresd ooy

sean1sdaassilnganfeuaiiunent@yn dmdulunsdlgauaiinlifinng

aANaUA1IT8ILENURYA (Amplitude quantization) AMTeaLaNLRaAAzTiAg1Y

AuNusIuANvesTA IS INAGT
) P
sm(27r$) (2.4)

Int P(n) AeAraasTaamafinaidoyyrouunfinad n uas N Aeaunneeds

Aamanng

-y aj -, :’, o =
Aansulasuaiuuenfamiuanunsanssinldvanads [5-7] aauasa

aqUidudszinnudng Wanalsznnaail

2.1.2.1 aasulasuafluueudaanlduioeaniuan

=, | -y nl A’ k73 ]
Aanswasualiiduuent/dgaresasasdansziaruiuuuildudes

L3 p | -3 [ = a‘ 8 a ]
AR ElEIE NI UALeNLAAredty iy siideInisdaATzTas lumiog
AINAN L3 MBAINATLL LUt UREA (Read-only memory, ROM) Tag

1 = A ] hd @ [ o hd =Y
ArreuaNtdganeananuistanndnasiisunanundainfusuauin
939935ulasRAnaaluaunaen AreuenLaganazgnaseanainmiataau
nazduiusiuAreananldfuainceasairaa narAarrreanaszgnld
hasiumia (Address) dAwFudneBamisaanndnlunisieauan-Uaqaeanun
173 ]

ar ] —= s dl ar dl - - d‘ o
ArptNazInnAainganuRasasunaitulelagastiai ldminaaau&n

' =2 ] = o
Azgnnanaeteaiaenluinde 2.2

i 3| = l:j 1 ] o
2.1.2.2 anarulasuadluuein dgeilildmiasaanud

wanfsumaiuuenaqauuuiilildmisuanudnazl#Ensfiuan
Ma'ﬁ?ummmwm%mﬂa’lﬁﬂuﬁhLLﬂuﬂaﬁmmﬁ’mmqmﬁﬁﬂqnﬁ?ﬁuﬂﬁ:ﬁ
Fearuisannldvaneddduy naslszuan A Inauiiog (Polynomial
approximation), N19UsENuA I TUA (Parabolic approximation), N17A M

UIUITAGA (Complex multiplication) 484 Haetinauazauddeiaafuas
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wasuaiuuenlagasiailildmisumnudrazgnnanseteazidenly

Hinda 2.3

2.1.3 29asuwilasAanaaiiluauraan (Digital-to-analog converter)

"ﬂnﬂﬂ’lﬂﬁlﬂﬂT?N‘IJN'JM?LW'?J@’QLﬂ‘a‘ﬂ:ﬁﬂ'l’mﬁltmuaaﬂﬂﬂlugﬂﬁl 2.1 aziiiy
fhﬁ”fyry']mu@uﬂﬁgm-?'iaa"w%umnomﬁwﬂﬁ'wmgﬁLﬂuLLauﬂﬁgm@:ﬂg’tugﬂmm
Fryyruhanaa ﬁﬁu’tunm’iﬁﬁmm?ﬁqmm:ﬁﬁn;cymmmﬂﬂn%uﬁmu%qﬁ'\
LﬂuﬁfaqﬁqwmﬂmaﬁWaﬂLﬂuﬂuﬁﬂﬂﬂﬁwﬁhﬁ'Lﬂ?{ﬂmmuﬂ%ﬂmﬁam@alﬁ@glugﬂ

drycurtuaunann

doyayoiarsinmansvasulaspaneailuauniaanarinuduiugiuan
weNURAARINRRBUNAAIANNIT

*

L, *W
Ly =—2L5—0<W <2° -1 (2.5)
2

out

108l Ly, PENTEUALRANATBIA U aeRAnaaluauaan, I Aeduenya
JaAaneadunA, D Anduuliniesnasulasianeailuewasn uaz L, ifuad

u

= AJ o an
nrzuadneaantenliiuqsasulasianeailuawiaan

1 1] o’ 4 U
dunuan 7 Winau 1 asluannisi (2.5) azlddrmnuasidan (.,) 19

Inasudasraneatiueunaanmail

I
! (2.6)

res — D
2

I

- aj o 1
Tngannuanfaslaspanealuauiaaninldluosasdiassiaaniuuy
Aamastinazianiinanssuuuuuand)u (Segmented architecture) [8] fauanaly
7% 2.5 mszniseenuuuasasulasianeaiflueuaandaaanniinunssuuunuen

dowiuazyinlinasidii (Matching) luniseenuwuuiasians (Layout) vladnedu
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3R v
= L9 2R 2R R
’1 = = 1'53 = ID Lk 5 %2!? %ZR %
. ; A vy
k R & R J\ R R
j'1 !2 ’63 % ID % lr() ’D fD
Segmented array Binary array

< aa i
g1l91 2.5 asasulasiameafluewneniifisanlaanssuuuuuandau

al 6
2.1.4 2995N5AIANNAANIU (Low-pass filter)

4&‘ o a« ﬂll - o 9
[fiasanniminanuaesavasdaasmsiauiuuuaanaaidunisminsuine 14
udnniegudtyeyrns (Sampling) frinualiasasdanszianuiuunianead
Foyryrnaiensnm £, agludas 0 T Fy2 (F, Aeaaanaesdayoyrnuniniansszun)

iP1AzanmnTanamdinnfuTaad yraaa e lidegLn 2.6

Sinc Envelope

TS

;

Arplitude

1 : i ! i } 'l P
I | e | “re
% Frequency
F,

3 s 2

d ar o Ly P s’ M. -
519 2.6 anlnpinresdnyyrnue1nnreenaTdaiamziANILLUAAA2S

aziiudnaunafuaesdyyiniesinnluglin 2.6 azsenaudeailnniy

a4, & - o = o = '
1a3dtyrutuAND £, Reaensdaassiuasdafiannningasnunueuues

=

28 WBNANHIUATBIUENUAFATBIR Y Y ULBIANARTAAMIATNAN HOUENTABL

a

'
o A a v

auaaNaidu sin(x)/x [9] Tadunasaudadyuruiiedeanisdainsiziiaze) dune

b

Feyayrmuiianud 1, eedy rouies Audsduiueteieiasdiasiniemiidn

=

3
=

Fryyrosanuiueundsimanteanivuanaunasindy g iasyallldnuas
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29957 1A P AL ALY IE9925N909A N LB LA (Anti-alias filter) i
AUNeaNULLAI89997N709AN TR KN (Low-pass filter) TTTHARDLIAUDINA
A BluganARYIAAL 1 Tudas 0 B F/2 wazuiniy 0 ludasannad F 2 3uly &
gﬂﬁ" .1

(4]
] e ideal anti-alias filter response
G
£
<
no alias
| | |
| ' | o
i Frequency
0 F,/2 F, 2F

< - = a
:a:'iJ‘n 2.7 NAARUAUBNNN ﬂ"ﬁNﬂ‘JJ'EN‘N'Wi‘ﬂ‘j“ﬂ\‘lﬂ')’mﬂLL’ﬂULtﬂQlu@ﬂNﬂﬁl

wiluAanuiuaiauaaniseanuuufeasnsaa R NanauauanIaA N Il

e 2.7 Pl liliunal §uR Asflsuesnuuunasnsespnuiuauusadas

A °| . A:Jd nl ) [ d' =S
2R TNTAIAMNDANHIUNHNARDUAUBININAINDYINAY 1 Tud99A270D 0 D9 40
- - - o H
B FIguF9D9A N T muam’lugﬂﬁ 2.8

[+}]
=] I
=] ! realistic response
= |
E ':
= i
i suppressed aliases
1
[ _
I |
fo Frequency
0 F,/2

d 1 1] ")
7% 2.8 NAADLAUBININANNNYRINATNIBIAIN LA LLE 92 T
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Amfugduuueeda9asnsadnnifiuliniiluseasnsasauiuey
& "

TCARDY L‘i‘ﬂﬂq}ﬂﬁ‘ﬂ@'ﬂﬂLL‘LI'LIL'.@]'HW]EJLLU!.I‘JJ’Hﬂ'LIﬂQ”IJ-JﬂﬂdﬂqTLLﬂzﬁﬂlﬂmzﬂlﬂdﬂ’]uﬁﬂz

11U (10

AnuanTRBNsznnnilasemquinsgudty i (Sampling theorem) fide
waNUAqmaedey cg'1mLmﬁTvgmfamw?ﬁ’uﬂm:ﬁﬂmuﬁ'uuuﬁarﬂam:ﬁmmm
Fuiudiunanizneuauesiaidy sinx/x fuandliudaluglil 2.6 Fasranunso
salttnaNLlaanaadoy praufideanisdanneilalanldaaasnsesdunefadef
(Inverse-sinc filter) [11] mm«mﬁ'{gmqmﬁ@uﬁ@:gnuﬂﬂ«ﬂuﬁmﬁmwmfamﬂﬂn‘fmﬂ

aa o A
wasulasraneaiiiuaunasndagn 2.9

Frequency
control word (W,

Phase Waveform Map Inv. sinc DAC Low-pass Oultput
accumulator (ROM, RAM) filter / filter

ot ] AHMLW F\U /'\\/

d - = = o
U 2.9 mMsraraueNURIn 129 Tyt 10ANE29RTNIANBULIBTATIA

A

ar ‘4 = 1 o
2.2 ﬂﬂﬁ‘ﬂi‘ltﬂ‘i"l%ﬁﬁﬂ?’l&lﬂ bUUA] mam‘ﬁ'ﬂmﬂmwm

« A aa ﬂj k7 ] o add’a 3 o A=i| d‘
nrdansziauduuuAaneanlimiseaudnduisn e ldiuuinige e
annithiinazanseniseenuuy uazimunziunisdanssigUdnygiuaug uanwilaann
— [l d
dyarnamnmasgnutudoyorauganed (Sine) JUAWAEN (Square) gAY (Saw-tooth)
| ‘J o 1 1] ] 1 = i <
wa insrzdnsilasugpldyrusnnsaildetnedne Tneniswfeudruenilagaiiiu

U

$lumbgpnanliduldmug dygraisesnisdunsmed

(% | Phase-to-sine | LD
digital lookup table

< 1 o o [ i = «
919 2.10 mirapnuadmivnlaouailuuen fyadanoemend
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Taeialudantinfinnsineundnaeamidiamuanifaniswasualrreana (o) 1%
duueandfyaresdnynasizaanatiug (sin @) S mualHRIWMLII89MHEAINE
= = W - [} = Ly 1 o = 1 74 ::'
Haua Wim (27 Arunid) uasdtyynniuanl@aneAnmA1es e AINAIHANNNTIY
wua D Tin fagu# 2.10 arlddrdrwandaga s¢) Miuliluaiumia ¢) urazaiundaly
Wit ANNANHAAIANNIT [5]

. D-1 : D=1 z 279 ; W
s5()=2"" +int (2 ~1)s1n2—w+0.5 J=0to2"-1 [2.7)

} =l all o [ e 4=ll = e dl 2 ] o o

faideNd 1Ay 12999ardaAssiANduLuRanasn ldwisaAINsIiRanas
Fuarsidy yrauliiiaauningainaniusialdmisearauaniifiauna lugdmiuiugl

A
lﬂl 2/ 1 o ] ° % |dy
Fanisldmissandnanalvgjasiiliauinressasivgau, nng

Foyoyrouliliinaninan
- o [ j =3 7 ] o | 1
AUAIRNIUGITU LATAINITIAAAY ANHANTENUTBINT I MU A NA AT Iun A gy
Funsroidty yroslifianuningedl Aaldfinasidainaaiunistiudamisanarudn (Memory

. o - val p \ v al o -
compression) tHadaAT1sWd Y 1l Amn s uivTaln&lRsafUN s AT 2
&yayrulaelaifinnsiudamisnaniuan [5-6] sna1unsoagasnistiudaniaaaaudni

¥
o =l

Y [ « a‘ -
Hauldiilunirdamassianuiuuufanaa o aet

2.2.1 nsUUDAABLATUN (Quadrant compression)

nsfiudnmcauasuilduannisaeanisaunnng (Symmetry) 109&0y Yo

I ILUARZABULATUN [5-6] 1UARE ML 0 < a <90 udrazlfdn

sin(90 — a) = sin(90 + a),
sin(270 — a) = sin(270 + a),

.n( fz) sin( a) 2.8)
sing = —sin(a),

sina = —sin(180 + a)

Anann1g (2.8) aziulddnmanuisaniArgaddniunnataunsui
(0<a<360) 1Fa1nA1 @ 189A2BLATUITLSNLNENAIBWATWILALY (0 < a < 90)

o a

IaeTunrsniseenuuuaiaiusasiiahfidadAngean (MSB) wiiaFaundndady
=l =Y o -« flil a o’ a

AL 2 UALTANININUAAIBUATUNIBIATY LU LT EUNAZAIATIEN ATNANRUS
a o o ) - . a - [y

gasiimidneaiinumauwnsuiwarAwentfyadoyyrnianatdainisoaglliasemn

999 2.2 Uargil 2.1 musnsy

47584
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d o T« = [~3 = o « '
A1919% 2.2 ANANNUFIRsneNalnUABLATUTLA LA LY U (e

Quadrant MSB MSB-1 Sine
Quadrant | 0 0 Va+ V2 sin(l)
Quadrant || 0 1 Y2 + V2 sin(l complemented)
Quadrant Il 1 0 Y2 - V4 sin(l complemented)
Quadrant IV 0 1 Y2 - Y2 sin(l)

* | Tluseil (Index) (BNann 0 T 2721

MSB

2nd MSB

Frequency Control
Word W bits il

w Phase Comple- ﬁ'z_b‘}{ m Comple Ot
':D Accumulator mentor T/ n/2 sine ROM —)1/ mentor / nie
i /s
1 / '
; /\/\ ’

i
‘o

W-2 bits

[
\

MsB | L

2nd MSB E I
=] o« a o
3% 2.11 nsdammsidtyyruamiiugdosmaliafiudaataunsud

21031 2.11 mireAndn (ROM) aziiivuenydgarasdyeyraumenilugog

ar o L L s

0 e /2 Dadniead 2 Da vuazgnlddmiusimuanteunsuisesdoyoyinigen
v

- A:J = =Y 3 0 o o o ] ] © d‘ =1 o
wazdinnivae W-2 in azgnlddmivasiumis 2eamisaaiiuaniiefuenilaan
doyyruredinsdesnisasnut Dadueatiuugn (MSB) fauinitimuniaTes
wu"e (Sign) 1298ty yrnutensing uarlindueaifans (2™ MSB) Auuadiuew

= L =] g = 1 = rq:
Udagmneeedyaruensnmiiuanaunseana nanfeluAtauasuin 1 uas 3
dynyroueinn18999as8i19a (Phase accumulator) azgniinunldlnansa daw
flﬁl :: o b =l &
ARBUATUIN 2 UAE 4 TUdTY U IUIBANATBI29358 51 UNAALQNABNNA LA
(Complemented) doyey1nuuantagnienananaanainuiaaAudasiianne
dudyeyrouifingnadu (Full wave) Faanunsawldauliiidudoy urousnenililag

nspnuaNLagnresdyarnufiogluda © i 2 fae -1
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=1 v aa =l o fﬂ"l ¥ =
aziulddnisnisivdnntaunruilatuisolideysaesuanildqnaes
Aryayrnumaiieemaunswiipaaaiwdy i umshiadaeauasuiviadynyin
1 1 v
grenifngnARuls Tuninaddinisliudantaunswiiuaunsoanauiaasiag

AnNaleng 75 wlafidus

7 c‘d’a.n! = [ et o ° & o [
mamamﬁmmmmmaLmemwm:gnmml’mwmms‘a'am,mmq'w
- < oy o ) - a Y
ﬁ\:m?ﬂwmwmmuﬂ’muwmmfa'}@gmm ‘NINH’]T'B'E]I‘]LKUU"]N’] LA UWANAIN
=l o © Y e = =l [ q‘ = ] =l ada 1
nstiudpmaunsuiuaainaziinnsiudadayaindnselyan agifludsie 14

o

3

Zhe

& -, o 1
222 TUABUIBNAAITILN-INE (Sine-phase difference algorithm)

v i3 1 ]
dunaudsnases-iaiiniteainsiavifuarsesiaidu 7m) dadudn
HafirsLaNLfyameiiuAwaiatiug Fafdu ) amnsodsuduaunig

¥l
f7) = sin(%] —W (2.9)

ol o a '
dryqyrummindeinisazgndaiasmsilaanininAuentdgaainmiseainu

o ar J i ar 4
uaniuAreunaifeenIsduasd Auanslugin 2.12

! DELAY '

B D41

N\

w sin(nWi/2)-W ;03
ROM A

= < = |
31U 2.12 Tupeudsuas g
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AENIIAUANIB ) WNUNIT LA sin(ZW/2) 8141708 AI1 4 UTIAT8Y

wanUaqgala 2 Om [12] wae

max{sin(%y—] - W] ~0.21 maxlisin(—’fgf—ﬂ (2.10)

v 7
aziud ludunaudsnas1eei-iailasdanfauafuaanaasuan (Adder)

[Sin(%)—W]+W (2.11)

annsiduneuisuasmmi-aainisoanduauinresuaudqgaans

Amsunifandu

& . ; : d
Wold Tuharutnreamiasaudazanas unanilisasdunsmzinonunaz

Aol disaty

& oo o .
2.2.3 TUAAUIBTULABTUAUA (Sunderland algorithm)

adad o [ « o ] :" ad v o "
UABUITTUIABTUAUA [13] QAR UIABAINTUABUATANTAUW (Hutchison

e

v
o _ o o’ o ] A
algorithm) [5] Tumaudtdunafuaustinannisminaulaanisutedayayroua (x) 7

o

IFFuannasasairaaseniiluaudan (a, b, uas c) Gail
sin(x) =sin(a+ b +c¢) (2.12)

sin(a + b+ ¢) =sin(a + b)cosc + cosacosbsinc —sinasinbsinc  (2.13)
sin(a+b +c) = sin(a + b) + cosasinc (2.14)

wardeyu1od sin(a+b +c) aru15anTzaaaanlARIdNNITA (2.13) UaL
1 ¥ o ni o s 4' ::' aal o T rn’l‘ = o
Uszunnuanldsaannisi (2.14) MURIAL FITUADUITTULADTLARALATNITOULBA
maANan lalszaunnd 11 win [5]

aa o

] v
AMNANNIIN (2.14) 1s1arurr0tiduneudsduasuanaunaialua faua s
TalaauwtiamiaaauaeenifluasdiuAemite A ud ueny (Coarse ROM) Was

NIBAININGZIBEA (Fine ROM) TnemdaganndveuaziivAuen@aynaas
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sin(a + b) WaruazANAIazIBaAALIiUALENIRRAT8Y cosasine Aauanaly

UM 2.13

Y

sin(a+b) 7 -

B
Y

W D1
—

Y

cos(a)sin(c) VA

Y

Y

a‘ n‘:’ ac o
51 2.13 JUAAUITTULADIUA WA

2.24 n‘]iﬂi‘:uﬂmﬁh’aqn‘iumﬁmﬂé (Taylor series approximation)

amFunisdszainadnaynsumeiaas doyyrouna w7 On argnudaiuges
- l=l 1 [ U = J
AuAedIuLuINIA # A uasdrunmaasdadludausnaruin W-u On [11] An1e9

wanUAgadtyqyreaingnissunnianaynsumeiaairasdnng u Tn aziuda

v
P

U

ke, (W —u)? sin(u)
2

sin(#) = sin(u) + £, (W —u)cos(u)— + R, (2.15)

d ﬂj ° o ar ' o« ]
Toe &, ApAARdmTLNsUTuATaanalusdasnalluaynsy uay

B = d"(sin(r)) (W —u) s re [u,W] (2.16)
dr n!

\HavanAngagaueaiaidu sine uay cosine A 1 AalusgnTaagyladn

ANT8IANNYNABIATYNATUUARIE

n

e (2.17)

k,(W —u)' W —u

jall ’ n!

k
|Rn|= L=
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" sin(u) i 1% /s .
= ROM / "\ / / o
A
1"
| P2
A
10
FAL Al v k,cos(u) 9
7 7 L ROM
4
JWu N /5
/ - 7/
D /2 - W-u
7 / =1/2k,(W-u)?sin(u)
ROM
/3 1 u

P \ - -
31U% 2.14 msdszunauAreynsumeians

21U 2.14 uanIR2atiNe99In1sFAATERd ty cy s eidaanisUs s AN

U

Cs 'S a ] ' ° « .
AYNTNINELABFAINANNITN (2.15) Teazsznaudaaniaanruatg el (Sine
ROM) wazuuaaauanlagieni (Cosine ROM) aufuiiuatgasnasiugnluaunig
o =l i o o o - rA =l 4 3
upzdadmitgANANAMTLAUNAINAINTBIANN1TBNAY FY ey IDILDIFINATDY
wiagANAIaINazgnENIdszanans e lildnadnsiuuenfgaees

o al -
&oyeyrnumadmunnivualiluannish (2.15)
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as a < an 2l % ] )
2.3 N1TAILATIZUAIND LLﬂHWQW@ﬂﬂIN‘Lﬁ“u’JﬂﬂQﬁ HAN

viade 2.2 WunsAnmseasBuanisinanueesnisdanmsianuivuuiinean
ldwiaeAa1uan %aﬁ'ﬁ’@ﬁﬂﬁﬁﬁmﬁ@@mmwmmfmmﬁquﬁuﬁummﬂ:ﬁammuﬂuﬂ%
OUAZIUNATEIMIIBAINAN NaaRedFaInsdtynRTiannngesTudedldmine
mm@‘iwmmlun;iLﬁ@LﬁuLvauﬂagmmmﬁ'ﬂ;rgﬂmlﬁ‘lﬁmnua:ﬂ:ﬁmﬁqm Fanasldmiag
mmﬁqﬁﬁmmmlumw:ﬁmﬂlﬁm']uL?Q'Luﬂfm%’ﬁﬁqmiwmmﬁ'mmm, 29asfieanuuydl

|.dy _a o o ﬂnl gi‘
WA IMEYTU LATATNUNIANIULBIRTANTY [6]

di = A=1; L = [ nll aa 2 ' o
Wadlunmdniaaeia@arenisduanmzinnuiuuusaneslaeldmisaaaudn
o Y a‘l’d = o o L3 45 an nl [ £’ ]
Twideliasaraunandnniminuassnsasdanmsianuduuuaaneailifalduias
d 4 = 1 or k1
ANAT TeanunsaagUidudssinen e

& - ey oo
2.3.1 2umauIsAaTAN (CORDIC algorithm)

v

dunaudsAafAn (COordinate Rotation Digital Computer, CORDIC) [14] 111
FuRBUIEN 1 luNsA AT TURT Inoui A (Trigonometric function) WALIMNNZFE
n1sin leenuuuiuaifanafiflesarnnisArua i 14 ludunauisnafangy

L - A . .
anusninldidaeainisidaunazuan (Shift-and-add operation)

X, (S) X, (S'cos(on))
— —>
CORDIC
Z,, (on) processor Y e (S'sin(en))
ACC —>

=] ey ) a
7% 2.15 nsaidynmsifadunendsnesin

717 2.15 uamalasaaiarnanisaiadyginamilaonislddunanisaes

Y 1o

out'  out

An GadsznaudandtyunBunm X, ¥, Z, waz&uyrnieniym X

H v 1
&oyoyrew Z, ludryayraanangnainaulaansasairana iethandanssiiiy

dyaunuansanaend (Sine) uazlagned (Cosine) X,, LAY Y, wazdn s X,

out

waz Y, duArdayauendage [15] wiarnisadsuadnuduwussendredyoin

3
v e o

v
\BIANALAZIBAN AR TURRUdBARTAN Al

mn

Xﬂul = k[Xm COS(an )_ Y;‘n Sin(z' ] (218)
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Youf = k[Ym C’OS(ZM ) = X:‘n Sin(Z' )] (21 9)

m

T [15] Gielis waranelaldrasAniusiaawias (CORDIC processor) Mt

wlasArnag lugdinang (Polar form) IiiiluAnetlugiariiden (Cartesian form)

=

fimua Ity B UnA Yin WA 0 azanisadBuann1sANNENRLEITIN

i3

v o =

Bunmiue e AR

X, = kX, cos(Z,,)] (2.20)

Y, =k[X,sin(Z,)] (2.21)

mmmmuﬂuﬂafgmm:mmﬁ'mmﬁ’mmﬁmﬁﬁ’amm:ﬁmmmmuQu‘la’ﬁmﬂ
&Yy X, WAL Z, AMNAIAL

29451 [15] Tignild@aarsdamatulaglutwanfaum 1 luaseu 13 ing
Bemd Tnadtyyrnuanadunaiiawn 12 On wasdtyoyroaeinaiiaun 10 On 99
asfieanuuuiafaudadinasannauldfinauidoy U1 UIRN1gaga 540
wnzidsnd waslAnansdouansdoy mﬂmﬁﬂﬁa?unou (Signal-to-noise ratio) -60
IABLIA FaNTIANS AR 41 ry'1mﬁ@éqsunouﬁuﬂqqnqqq'rLLﬂmEﬁﬁmﬂLﬂu
awaan1wn 8 In iesarnluadiuialiaamnsannssasuasianeailuew

aan11a 10 O 16

2.3.2 msgm@wﬁ'@u (Complex multiplication)

=4 o

nsdaassidtyannanivialagaisaanisaoudaden [16] Huannishe

Auualiaudadau (Complex number) #8997U2UAR a WAz b UANAIANNNT

a=r,(cosa+ jsine) (2.22)
b=r,(cos B+ jsin B) (2.23)
g r, waz r, \lumnemresanmes uaz o waz B duynesnnined

AINANNTIN (2.22) WA (2.23) 1s1a1NTalduunaRn (Product) 1849 a uaz b (il

aunslasail
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aeb=r,r, [(cos @ cos B —sinasin B)+ j(cosa sin B + cos Bsin a)l  (2.24)

wazilaFaueuaNdnRusaaeieiduntamsinasluanniei (2.25) uay

<

(2.26) fiuanniei (2.24) azwiulddinisguisiuindsdiauassinuaudifaaiuas

e

MliinaduawdedauludiniiAr2eeyn (Angle) IMNMLNATINTBINNTBIAIATUNA

@83 wadiiAl (Radius) WifunaRnes 7, waz r, Az 2.16

sin(a)+ {))= COS@SIN L+ cosvsin @ (2.25)
cos(@ +v) = cos @ cosv —sin wsin v (2.26)
7A

ab

'k

< - a i
317 2.16 nmamyunnaireanisgaudeieu da r, = r,

v i
o o (9

fn1uualAsaansacg (Multiplier) Tuann1si (2.24) Asiuazlisan o

a L1

s ' v & Lo 3 v eal a
A8 (MURID'ICBnd) Lﬂlc.'.ﬂ']']]ﬂqNﬂﬂﬂﬁmﬂan?ﬂmﬂ?Qﬂﬂu“u"l @zlﬂ'J’WJﬂLWBi‘ﬂLﬂﬂ

AINNITAUATUNUTBUNNANN TNt Aot ANITIyNAIR BufiAanisaiie

dryauruaneiuazlagebinies Anarutaesdyyinasynazgnimuualag

a

NYTRNAANNAIANNNT

Jou = %' clk (2.27)

s

a - & a
Tmﬁ] ﬂ ﬂ’BHNT'ﬂ\?LQﬂLmﬂ? Qﬂm ac fm’k ﬂﬂﬂqquﬂm@\‘]ﬁ’mﬂ‘_quuqﬁﬂ'}ﬂl@q

T

annsiszuulussuuwuuaundu (Feedback) axnaliiiAn1sasanAn

= e.iai' a e rdl =
ANNEANATIATUNsNLeNLURYAedty syt eniviTalageiniRA NEAR AN
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dl =2 o

inafinIefaney Teazaraniniuies Asdniudesiinisifincsassaawanyda

]
] =

30 [17] dmiuudlawendagaligniasieuniazdaunavlgouini dauanalugii

217
-
Amplitude correction
circuit
< >
—P cos
Complex
Multiplier
Precomputed >
i L
sin & cos — sin

<} a
719 2.17 nedammsidtygroumneidaenisgoagedan

Kalle Palomaki uazAnz ldvianiseaniuuseasduasmsidunnseniuay

s

Tagnenidiauntsgoudaden [16] uazideasTaaldfinaluladiduea 0.35 luasaw 2
=4

arsanniAegsaiaudagnisaina i dy gy fnngeqa 100 wnzidsnd

uazdAn SFDR (Spurious Free Dynamic Range) -82 \a3LLA

2.3.3 nsuszarauArns1luan (Parabolic approximation)

neRAATI IR Y e enifnedstssunuAn s uan [18] anniswas

ar ar e‘ 1 = T o A:i’
Tuadusiui 1 dssunnuduenddqmaasdyyrnssienisail

pbl(g)=4(p/zX1- ¢/ 7), O<p<r (2.28)

FaAAMNRANA1ATDINNTUTENUANR Y U U eiFe aune (2.28) T

193 0 B w2 Buarmnsandemdunswldsagy 2.18
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o
]

o
7

=
£

Absolute error
o
o
@

o
5]

001}

Phase

<l ' = (3%
519 2.18 AnAuRananreIn sz Uty umeisaaauniswi s Tuan

1
o o =

UALN 1

a1nguU# 2.18 azindansldnrausidunisluadnwasiagaduiy

1 ) 1] o A ] U
pbl(g) luaunisi (2.28) usazsinaiuiiswa TaunsauwnuAnldidaaaunis

er2(g)=4K o pbl(g)e (1- pbl(p)), O<p<nm (2.29)

1 A o o [ 1 [ ::
o K uArmandmiulfuaunm SAnseunnd 0.056 AaisIa unsnidey

aun1snaTuansusun 2 Tasatl

pb2(p) = pbl(g)—er2(s), O<p<nm (2.30)

i = T v J
ATAITNRANANIATRINITAF Ay egnedanaannish (2.30)

(sin(g) - pb2(p)) annsawdemiunsldfgyii 2.19

Absolute eror
o

Phase

< = «
319 2.19 Aranuianaarenslszinaidynmeimeann1swis iuan

van
AUALN 2
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Amir M. Sodagar W@ ¢ G. Roientan Lahiji IAdIANBLAZEBN UL LIRS
qumﬁ:ﬁﬁ'ﬂvjfg'\m'mmfﬁ’hﬂaum?m?ﬁumﬁuﬁuﬁ' 21 [18] FafilAsaairanis
Mg 2.20 wazldinnsasiieanuuylldtaesnisinaulaeldmaluladd
uedau1m 0.6 luAsau uasimualidyurauvatania 12 ia uasdyyinsaend
WBIAWANIUIA 10 R Feannuan1ssnasen1siasuiuseasatunsainaud

AR UANNGIqR 175 wnsidend uarilAn SFDR —64 adiug

MSB (as the sign bit)

PB2 Format
generator \ converter

DAC

Phase J
accumulator
Frequencyl
control word (W) A
clock

v
SANAV

d o o i
519 2.20 Tanvainarasasasduanuidygaieissannisnisluadusun 2

2.4 asiufFauiiey

o li' b4 ass o o d; « A
wasa N IAANIAANTRLAZNANNIIMNULBINA TN FILATI ZR A N DL Y
Aasaanauuunlduistarnduazliliniananndn annsnagdaniantfideunnsig

| - P = aa o v o - o
seminananiiaduarsianuiuuufanaanidastszinnlinannsei 2.3 WRTATIANLA

'
o s

wazlseAnsninaadnasdunseanudnlanni sy ldning ananuazluld

= v

] o Y e ﬂll a‘ [ adal aa '
MiagANA AR T199 2.4 TﬂﬂﬂﬁﬂgIy’]ml.ﬂﬁﬁl?!ﬁl‘ﬂﬂx'l’}ﬁﬂmL‘N’ﬂ'ﬂuLLﬂxﬂﬁﬂﬁ':N'}mﬂ’]

U

1 b2
o =

o e = = = o acid =
waslua1dusuaastawIm 10 Om Iummzwﬁryfgﬁmmﬂﬂvgmlmﬁﬂuuummm 12 U
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A oAy d o H -y H ]
Mg 2.3 agdanaaRreaasiiediassiauiuuuaanesuuunlduiae
ANAa ld I Mia A NAn
wuu ldwiaeAINAn wuladldwing anuan

1. aanuunliing

2, mm:ﬁuma‘ﬁqLﬂmzﬁﬁ’mmﬁmgmmuﬁiﬂw
FyoniunnIgu Tmﬂmﬂﬂ"ﬁ'uumuﬂuﬂﬁ@ Al
wioprua s dumndyunoiideanis
Funsied

3. finslimineAanustaa odmiunig

Kapmsidtyynndliiianunngs vinlinunaoeas

1. WasatinananfAnigUdny oy
2. nmadaiameipldynnmbiduwnasginld
870 nTzAesai e sdmiuagUdy

A T
U TUANUIN

3. MIRUATIIIRTY U IATINWGIANNIONN LA

Tngnsainaasianzdniudanssidyynng

& & .
Tungau, AulWge uazANTIaRae

v X . ' o
Wt ldauiununareaniaaaine

msnedl 24 muanTRuasyssAndamaesssdaamsiauiuuAaneaitliding
LTI
38ms WA fmsnshudn | wanfeny n9asTidaald
MEAMNAY | wdeAnuan | (SFDR) gegm
hifludamiaanuin(e] | 2"x121n 1% -97.23 dBc -
TuAvhaduinafuaud [6) 2°x9 im 59:1 -86.91 dBc WATUIN
2°x4 Tim
aynsumdlaafatunad 2'x14 0n 64:1 -97.04 dBc WATUIN, WATAU
(6] 2'x9 1m
Aafan [6] - . -84.25 dBc ThTlad 14 anue
n1AnTAEeY [16] - - -69 dBc 297N, MATIAEL,
WanTaAwand,
NATARUNANUR
naszunAmtuan - . -64 dBc ANATLIN, MNATAL,
AUALAS [18] NATAM,
MNATADUNALNUG




und 3
199559 NINARILATIZHANND

LUUAIADAN LEIRUILAITNAN

J q’l’ nil [ = _=y dl'
wannluuniazingadusaasife ANITaaNLULLASNAGE LT U9 sTaNIND
FapssiannunuuusanaanMmisaasuannlavianiseanuwuuld [19-20] InaazGuann
a 2 v o a o 9 1Y =
nsesuratiedeninuasesdiuaznisinlduszyndldiu audeeseaziBuaaanisesn
v
wuuaasluwaazdousanlydeaniseanuuuiatians anduaziunanisnagaunisiiau

10971 waravinedeumagy

L2 o as 9
3.1 damuuanisaaniuudiniunislssanalaanu

Fhsassauitedainszianuiuuudaneaiilimissanudigneanuunia e
Tnefiamlszasfiteaindudmindansidyoyrngianed Sine), gusnil (Ramp), U
Huidet (Saw-tooth) uar&ryryrnugu (Ramdom) datin sy nildluaulssinndala
waznsdadnst¥any wu inglufuuuuianes wWisedlefauuuilede (Handneid) szuuda
Tamedlauuufanea Lﬂ?ﬂﬁﬁ!ﬁqﬁmrmm'luti'mmmmuﬁ?0u1ﬂﬁonﬂsﬁﬂ1ﬂﬁmuﬂtﬂu
aunsafilafefdu (Function generator) Amiuldluies frRnisnuaniufnuuaz
WaaLjiRN539e 509

waluladildlunisdearsdsasmuiiaduamsianuiiuunAinesi ldwion
AartAemalulaiidnes 0.5 luasaw wutiewEy (N-well) TWaLALA (Single-poly) A1t
Yin (Triple-metal) 1BILTENDAANNG (Alcatel) %ﬂﬁ'@ammumm?nﬁql.ﬂi"u::ﬁﬁrgrgﬂm“la’i 4
sU&yeyod LLa:ﬁﬂﬁQﬁ'E'uua@Lﬂ‘l‘j"umqtﬂmmxmw?iiﬁ T L Rl Ot ITt
W1RN1gagm 100 winzidsnd tanfiArrruanaud (Frequency control word) 11, 32 S

uaziiaanuazidealunisFumnutvingy 0.0233 idead AdtuunRng 100 wndsnd
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3.2 S1EUASIAYANITRANLULINRG

Clock
Lgenerdlor | Digitalpart Analog part
| 2MSBs Pl ;
i L : Eloutp
: G |1 10} S
{ | 32-bit Phase Apgasnfufe L /4| 10t [
i | Accumulator 5 /7| DAC |
; Converter E !
E E lloutry
o e £y e e
Frequency
Tuning
Word

Frequency/Phase Data Register

Input and Control Data Register

A - ] « i aa i ] o
519 3.1 anrilpunssnaesditeassanieduassipnunuuuianeai idmiiaanua

'R

aasmufiedaansiauiuuuaaneai inisaaudnfianinanssunugi
3.1 Tngazutiveaniiudesdaunann AedauRanaa (Digital part) wazdauauiaan (Analog
part) Inaidaufanaaazlsznaudqanaasairanasuns 32 dn wazaanlasumaiuuey
Uaqa uardoudsznauvdnaasdouaniaanfanasilasnanaaiuauiaanauia 10 On

iPdNTaagmeaziBuANeanILLMATUENAINE s znaLIaN TAdal

3.2.1 daumamaa (Digital part)

2asludauRanaalignaanuuufiudTaanuuuaINUUAIBI (Top-down
design) FefitumauAaBEuaInnIeiuuadasun (Specification) 1849947 LAzl
datmuarasnsasudafiasinnadeuldamdeussanawgfinssunisinauaeqns
Asdnan1 e rALes lsaudarinl&sAsed (Synthesis) uazdmnanasiianTea

(Place-and-route) paewmalulatiduagauim 0.5 luAreu 199LTEM8aA NS
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3.2.1.1 2987851004 32 1im (32-bit phase accumulator)

neasadramasnng 32 Dm ilaseaiadegili 3.2 Usznaudaaasasuanaunn
4 16 (4-bit full adder) 37uau 8 1A n1ABANINANHIIZE 8 (Pipeline) e
B lunnuIe99as wananiidl nsindInTEALLUANE
e ilendnfisediaamnesiva [3] laafiaad gl 3.2 Hhiaames

AmFuFuan (Pre-skewing and De-skewing registers)

W(31:28) W(27:24) W(23:20) W(19:16) W(15:12) W(11:8) W(7:4) W(3:0) resetn

YV |

4-bit [

FA f‘P

Yy v | 7
w0 Y
Yy v | —
T 4@
Y v | "
e ‘Q
il —
3 T‘P
Yy | "
oy ‘Q
YV | e
=] /1
/,
Y ¥ | —
4|;T - (%
-
i ir ;V Y Y Y \ \ \

M(31:28)  M(27:24) M(23:20) M(19:16) M(15:12) M(11:8)  M(7:4)  M(3:0)

a a
519 3.2 Tasaainereansasairanatuin 32 dn
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naasuanIuie 4 Dantrun Meenuuuifluisasairana 32 i Hlaredia

Whinsasuanuutiditlaus? [2] (Ripple-carry adder) Aauanaluglit 3.3

A(3) A(2) A1) A(0)

Bls) Blz) Bln Blu)
Cout | 1-bit | 1-bit | 1-bit | 1-bit Cin
< FA [ FA [ FA | FA [™
S(3) S(2) S(1) S(0)

d = = = H
519 3.3 Tassaineraansasuan 4 Tin wuuFuidaues

3.2.1.2 29asulasumaiuuninlaan (Phase-to-amplitude converter)

Nf-;ﬂﬂ%'ﬂutﬂﬂLﬂuuﬂuﬂ'ﬁgﬂmmmd’qLﬂm:ﬁgﬂﬂ'ryfyﬁm“lﬁv?wum 431
Keyeyros Toun guanend, gulusndd, gﬂﬁm‘é‘ﬂﬂ wardtyaurougu 3snsiudnnae
waswii [21] Wgninandlunisdaassidtyynauyngudoyoyin uanania
m?ﬁuﬁmmfaummﬁué’qmmm-rnfa%uw%umuma‘ﬁ'aLﬂmzﬁﬁ’cycquusia:

su&tyeyroulél ol

o gua1end (Sine)

ndnnisreaninfuglduginlilumiosarindauuudiuetitumiaa
[ A ] o f‘ - - ar
(ROM) lnaifiudadayaiieanruiataamisaainanfsduneudsiuaniadu

\ABTILAUA [6] (Modified Sunderland algorithm)
ludunerdsiunefiausmasananinm 12 1 (4) NYnaiieainaeassin

waazgnuieaaniiu 3 dou wing u douss 4 0n (g, b, o) AaaNnITH 3.1

p=a+b+c (3.1)

waza InAINNENNUF1aININTY sin(p) =sin(a+b +c) 191814170

UszanuAnreaaidu sin(g) 1AMmannsi (3.2) uaz (3.3) AMNAIAL
sin(a +b +c) =sin(a + b)cosc + cosacosbsinc —sinasinbsinc  (3.2)

sin(a + b + ¢) ~ sin(a + b) + cosasinc (3.3)
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[ fg MSB decoder
i | L I
g || ——— "
L/U sine (A+B) l
_E/._ fv‘f,,
B9 1| COARSE ROM

5. 9
i

(A cos(A )sin(C)

Cl_‘y FINE ROM

< ’s’l L - o [ ¢ o
517 3.4 dunawisluAeduneiiaus

aun1sh (3.3) azgnldluniseanuuuiilugeaaia e sin(a +b) azgaiiu
TuniaAINAIMENY (Coarse ROM) UaE cosasine argnifiuluniasadny
A1azidan (Fine ROM) ﬁ’:yry']mmﬁvgm'ﬂmﬁ’wﬂwmmﬁwmuua:uﬂw
mwﬁﬂaztﬁﬂm:gnﬁqma‘quﬁmﬁaﬁ%"mﬂuﬁm:yﬂm-nflﬂiiﬁmame'lugﬂﬁ 3.4
Tmﬂﬁﬁ’ryrqumﬁﬂmmqmﬂﬂ'ﬁ'ﬂmﬂﬂLﬂuuauﬂﬁfgmﬁw%umfauﬁ%"i’uwa?
waudazfiaung 9 in FeazgninluAlanacaunsuiuazairafudoyyiouen

Uaqaesimpresdtyyrnimeiauin 10 In seld

o  guusui] (Ramp)

ﬁ’rgmwmgﬂuwﬂﬁummmﬁqLﬂ?’]:u"lﬁ'imﬂmsqmnﬁryrmmm ANATBIN
asgirana TnsazAaanizdaudadniast 10 On usnuniudyyioueisinm
gasranasuafuuendaiietiouliiussasulasiareadluaunaense
Tl

o gUwaes (Saw-tooth)

Saw-tooth

; e
amplitude converter

£ 10 >

MSB |

5191 3.5 nsdaiarsidynugiuiden
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Fryaugitwdsaanunsadaamildaniadueat 10 I usnitlgann
iinprasasaiaa tapdhdnduaatiuugaiiaingy 0 doyyio 10 On
anasasaFrarsargnderalnemsslifinasulasianeaiiiueuaan usidnin
Eaeatiuugailaini 1 dyaios 10 Saaanasasairarlaazgnasumamud

Aaunazdasa lfneasulasfaneaiuauraan

o Aryeyrcougu (Random)

BIT7 BIT8 BIT9

{yyrugugndaansilasliTasmesineudaundunuuidadu [22)

=Y [ % GJ ° L2 d.

(Linear Feedback Shift Register, LFSR) 111a 10 UM mgﬂw 36N 1MUIN
[ 3 A 1 ot -ay

Fupsnzidryayruguifisy (Pseudo-random) iatlauliiuesasulasdanes

Wueuaan

v ]
wananinnsluasasasumaiuwenddyadalsznaustanasnansia
wmaflufiinef [8] dmiunensiadeyadnduieall 6 In usnieuwanilaqaaas
= { ! 1 A g o
Foyoyrouliiudoy yruauin 63 Tn eacuAuunasdtanszuaiiimin
’ ' ' d'dg U d‘ v = Aﬂ' <4
nsua 16 Wirreaunasananssuaniimindesiga doutays 4 in nivaeas
andasialidanaasuasnaneaiiuauiaaninens Taseainerasnsasnansia

woflufimefuanaldisagi 3.7

Do Bit 63
‘—')—"‘" Bit 62
D(8)
E——
: Thermometer °
5 decoder °
®
D@, o

=l ot = &
519 3.7 2asnansvianaiinilines
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3.2.2 d9uau1aan (Analog part)

Bit[9:4]7/—> Binary-to-Thermometer Decoding Logic

Bit-3 Bit-2 Bit-1
e RO |- T ) 1 |_ |_ r
avdd © g ; : g i
21, 21 24 2 21, 27,
—» e —»
o 0 T o -] -]
V o—¢ & ° o & &
vV o '
loutn Jloutp
RL RL

A as ]
5171 3.8 anrilnunssurasasulasidneaifiuennaan 10 In Wwinuanszuauuy

wend@nu 6/4

a oo

naasudasianealuauraanauis 10 On Alaseaireanisnianululnuanssia
wuuuengau 6/4 faudnaluglii 3.8 Tnei deyaidnieal 6 Dausngniudnsia
wumefludimes (Thermometer-coded) WBAILANUNAIAIENTELATIMABUTY 63

g0 Tasununszuaudasgailasiniy 16 vinsessuranszuadmivdeyaing

1
o L

o ar H o [ - o A o 1 1
dndtyiieniign (LSB) dmiudeys 4 DnidAtyeaiga gmituiAruanunadny

= ) e 3 o " " kg
nszua 4 9a Adautanszuawafudaninluun? (Binary weighted) 189403a
v 4

ﬂ: 4 ' ] s P oo i ot
nezuan maannunasananszuausazs agnaAuANle e’ use (Ua’ Auea

L'l

v
ar 1

909ATY (Y URARDADUNA NTTUALBIEWANINN AT NN FINIULATHIME 6T

q

FrunuTuaANeaF LTI AUBUIABNIAFINE

6, 63,
A . L (] t ioutp
urren
0, |A Segment Al s "
: T D d T steering
Din(9:0) c ecoder c cells
H{ 4 A 1H
ioutn
Jre'r‘—I
—3»| PD
refi— %
Bias generator
125V —p Vref iref Rext

d aa =]
51U 3.9 TaseaFnreansasulasisneniiuauisen
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717 3.9 uanslasaainevasulasnanaaiuauiaan Farszneudas 29as
dunszua@ (Current-steering), a9asnilaluuaa (Bias generator), 2985141794

(Segment decoder), LLﬂ:fJW‘a‘ﬁm‘iﬁ’mmu’lm (Code latches)

loutp
O— RL
Digital
Input

ﬂﬁ 3.10 29939UNTLUA

2asfunsTuarataTlasiAneaiuawaen ugui 3.10 Usznaudan unes
AnenszuauuuAIalag (M, uaz M) uazadadnszua (M, waz M) fa¥aiuann
saaNnaling (p-channel MOSFET) winliliussduansyniislduan unaesng
nrzuauuuAalanaanIAsuuadAus e ATuTa R ALYY M., vinlviuuaa
FnunsEuaiAuAIUNIUgY Naawn M, dAqne1aNIn e lWinszuadntaanun
ansasusazgafinfinamsuazitiugngs T M., finnusnatien (iean
fafurszquelaiinnreqans M, UaT M, Fnlfanunsasdndnazualiiatu nsvua
anunaanenszuauuuatalangnadndlifiuatitusasuniulnaanusiaaes
ey ruRaneadunm D1 uaz D1B #andnszua M, uaz M, Warueateniin
wazAMuNdTmInzan Waiuauialunisedndnszug uasinm s

ATALAZUNBENUBINTEUA

drynunnudanes D1 uar D1B Auliaanavastuadaduuuliaunins (23] M, -

o

M, Wetlaaiuliliadndnszua M, uaz M, ineuluane Ua wianiu Geana
v ! 4
AT A 1099 IN T A1 70U TULA 1B UL1A9T99A Ty ty 10w D1 uaz D1B T

ARBIADINTI NAAWN M, -M_, Aaediauramnizanivinlddaaaaiaauanasaes
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IS 4 '

&eyoyanu D1 waz D1B (1 "dle) fAtfeandrdanaiteunnau (i a) e
HaafuldWadndnszua M, uaz My, Memlusne To wiouiu Faavanuseiu
nandniesimalinin lawsenlkadndnszua M, waz M, azinauluane (e

v ]
wianfuludaanandu feazinlianndalunisaindnszuasnaudniles wen

]
=2 =

annilsasiuadaduuulianunAfa AU A998 Y U MTLNIUNANANA TN

AINNTAIATA Y YU

p
i

avad
) by

s
1!-

wref [

I by :;I : ;
el | L -
ret | ] y : L, r'; " Im{'?
NS
— o [o [o | w]

< o o -
:i;‘l.l‘ﬂ 3.11 NN IULDINATAUUANTEUA

asasifialuwes lugili 3.11 iuhi afnszuauszusaiuansdeliiurens
AsFUNTEUA LAYV gnitnuasasaasuseiugnaaenianuuauny (Bandgap)
= b = ;i‘ v A’ i o as =
anntuandy auinreenszuadedeiaieauuaranalifansasiunssus Hauin
| R (R T
dudmnresruianssuadmiudeysinhdrAydeugn Saazdiaannisguires
Aryryrnurunaulungasasiaunszug ANTTUALRIANAGIAA1D9937ULAIAARDA
dil o v o A ] = =l | e
uawasndegnitnuasdasasinuniuisdanieuand (R,) TaafAWAAY |,q =
320/R,,, uananilaasinifialuuea falsznaudiagdauiasiinnisinnu (power-
ﬂj v o : aa o -
down) AignunsamauANlianAdIRanaanteuen uan12en1minalndi R, =

9.1 ilalaiu uay 1, = 35.16 Haauant
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3.3 NI9AANLULLALLANA

£
= [

UsANBAINNITNNUTEINAIAUATI LA NDATTUBE IUNIINIUIB9ATULA

Aanaailusuasnifiudaulug dnluniseenuuuiadienddiniuagasulasianeaiuaun
a a °o o 4 v e e =l aa 9
aaNAIHANAIATYNIN TeRasaAeR Nauassraunisal luanisndiue999 s ne Aty
arlfian1minadienfuuuaalanwin (Automatic place-and-route) IntlfiaaanInsgIu
(Standard library cells) Wagllafaasnsasataanivianea azuanliegauazdou iwatle
ar ﬁil - = L3 aa a a = a: e
Audtyyrisunauiiiasinnisaindaindauatasianes watiannresilhanysaiiaung

Uszunns 12 ANTNNARNAT

WalilaUs=Ansn1nnisinunananaedasulaafanaailuauiasn @eeis

9
v

ga9dauaasiunszuafsauuuatalanianuagndauuuanst Tnguanann waasdind

o= or

nezuduazasasfuadndaagndnaneliegsaniuduuden Baliiadiandaesdaussasiy

nsruansawuuatalaniiauianzinia daaananuliannastndineeas msuandauad
& [ nn‘ ar ' dl o o v o A & ]

189293 sdauevIaaniuAanaaaananiuiudndAnyuarAasAtilaneatnannniy

v E
NNFRANUULNATIMNULLAY QY ItUHEN (Mixed signal) AITLUMAIR18UTaALINIRENT8499
v = 14 ot Ll ar v
asfruRaneaauazauaan gnuanasnainiu uazlaidaurainisileaiudansey (Guard
v

ring) kUL 2 Fu Wifuaeasananssuauazasadndnszua lnaazdostlasiudeyqraisunau

nJ - = aa o L7 aa =l =

MAnann1adIndeatnvashanas N lidinaasnasulaspaneailuauiaaniiaiesnin
3

N

NNIAeAIaNE9U9A TN UAR LU 4 douRanninsin Tnsusazduas

!
o =

Usznaudqaunasdnanszuadiuam 63 fa dalddmiudeya 6 In AdrAnyuiniign unas

! 1
- =l

dpnszuawsazFasnanszuaiiawa 16 wsssswanszuadmiudayaiinhd Ay deangn
(16-LSB) nevuaRlAazifaannBunmnszuaiinfusata 4 dauseuiuld 16-LSB usias
42U rAAAIUNIITBIUNG I8N TEUA I AU AANY Walifan1azuandanaaaumasss
nszuafiannzadneiu Weaadefsnaraiiinainiununszualiviniy wdlendaesnias

suiadauamzinnuiuuuAaneaildmisaanuituanalugLi 3.12



40

< . « e - - aa oy °
Eﬂ% 342 Lﬂﬂl'ﬂqEﬂ'ﬂﬂqqqq?ﬁ'quLWQ’KQlﬂi"]:“ﬂqqi-lﬂlli_lﬂﬂ"lﬂ'ﬂﬂ'ﬂl‘ﬂ“u']?lﬂqquqfl

3.4 NANISNARAUNITNINY

' o J ’.‘» - e
Aauaritasasiisanuuyldialudaudanesuazdouaunaenilideans lifinns
[ o A v A ° e
A1ABINITNNNUNEATINEALAITNYNFBITBI9T FLIT 3.13 LAAINTIANABINITAUATITI
- e [ 8 IJ - i o
wenagaRanearasdyyinianeniaanad 4,032 winzidsnd uazgiil 3.14 uanan1ednans
nMsinurensasulasianeailuauraeniasnisuldnudrzasgunguazusssiuiive

& . b
ATIABULIAT1217Y (Rising time) LATI2a11199 (Falling time)

nreset | [ i i ' I I 1 i
mclk I
clock [ I

inreset
a

FIAGIET0
wn
data  |ZFY00 [ Y (Y0p JFF G0

- INVANA VAW

-

= ° a ana i a -
5117 3.13 n1sdraesdyayrnualdqaianaaiedyafinNd 4.032 nuding

= |
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Voltages (lin)

< ° - aa i i
519 3.14 mMasnassdtyyrnuanimnrantasilaifaneaiiivewnaanidaiinisasy

wilagaunniiuazieany

as ﬂll v 9 ° = ¥ F VY d‘
ndaanilinsagauaugniaslunisinueesasFaniaaud Fieasmuie
- o a—~a ey o Wy o P 9
fpssiauiuuuAaneanduituanudnldgndllvioninaasns uazidnuwaing o
A 1 A ! ] [~ ar
UsemAiuaiden gﬂmwaﬁﬂqmmumﬂd’oan:u'm'mﬁ'ﬁﬁ'ammﬁ‘fauf’immmiﬁmgﬂ
J
n 3.15

<l ] \ i aa i ] [
51191 3.15 gUdpasancaTeduAT s NTLLLAR ReaT LMt AINAY
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=

wasanladlfammzipnuinRearsGauieauda laiin1smasaunsinanes

'
=

1 neflunudanismaaausauanalugili 3.16 Usznaudaairiaspeniiamas, uainlulng
AELINTALADS, 2ATANDANHINLULBAAURNGUALNA A 40 wnzidsad, aulnnfuaunla

wef , uardanasnaadiaalal uazsidiwvesuefanagauuanalugii 3.17

7" order 40-
1*&“2;*1 DDS chip =¥ MHzeliptic = |:|
low-pass filter Spectrum analyser

Micro- > |:|

controller :
Oscilloscope

sasusrs )
R T T T T

d 1 o - Aﬁ' 'S dl
519 3.17 nandraueianaaeuda9armniediATITiAIND
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mmﬁmmﬁrgru’1mmﬁmﬁﬂau’tﬁﬁu%ﬂﬁaLﬂm:ﬁmﬁuﬁ'ﬁﬂ 100 WNeBsnd uaz
%ﬂﬁamﬁ:ﬁmm‘ﬁ'mmmr‘ht.ﬁmﬁ’mnpmmau“lﬁ'ﬁmw?{é’qLuii 0§14 35 lunidsmd Uan
aaenAens (SFDR) laitfin —45 1wdiwa wariauasasdryyrmusunaunianaliiu-115
\WAia HiAanndeeviiin 100 Aladsad gU7 3.18 uaz 3.19 waaaunasuesdsznauaas

-

&rycurouanenin 5 wnzdsed uardyginsunaunianasasdiyoennend 25 wnzidsnd

L.

AINAIAL WAZANEANARNT (SFDR) 10440 (Y 1UIBNANAAINDFINNT TUEN1UN

ANBaR Ty RNN 100 wnzidsadanunsondemunsnlifsgi 3.20

a Mkrl 8 Hz
Ref @ dBm Atten 10 dB -47.18 dB
Peak |
Log
10

dB/

Hl $2
$3 FS
AA

Start @ Hz Stop 50 MHz
*Res BH 10 kHz *UBH 38 Hz Sweep 208.3 s (401 pts)

= o - « a
5171 3.18 aulnainesflszneuaasdyyrniment 5 inzidsnd

Mkrl 25.0000 MHz
Ref @ dBm . Atten 10 dB -4,742 dBm
Peak 3
Log
10
dB/

Wl $2 ] \
S3 FS
AR / \,\‘
il
Y MMMVA

pAsad oAt ]
Center 25 MHz Span 200 kHz
#Res BH 1 kHz »UBH 30 Hz Sweep 8.333 s (401 pts)

< - = -
g1l#1 3.19 dynurndsunaunaasesdyyineed 25 nziasnd
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-20 4

-30

SFDR (dB)

-40 -

50 .r_,nﬁ

-60
0

20 30
fout (MHz)

o . ¢ T W
51191 3.20 AeaeWfanf (SFDR) iAnutie1sinmsia asusinunamMandoyoio

wIAN

35 @il

1 100 \WNAESRT

a o« A = nl 1] ' o o o v b4
G R R P L R P I Ll A A AP e ﬂ‘l"lu'ﬂ"m'ﬂ'ﬂﬂLL‘]J‘JJﬁ’]N’Ii‘ﬂW‘N"]UuLﬂﬂWN‘JJ'ﬂ

o dl o v Ay :‘l d‘ T lﬂ. i ar
Amuafinanuald uararuisoaglanauiBninnaregasmuiieduaTziaun b

R399 3.1

A A Aﬂl s dl aa dl 173 ] o
157190 3.1 F]mﬂNU["I‘JJﬂQ’NQ?'i‘QNLWﬂﬁ’QLﬂ?’l:ﬂﬂQWNﬂLLUUﬂQﬂﬂﬂﬂI‘ﬁHWIHﬂQ’]N’Q’]

Technology Alcatel's single-poly, triple-metal 0.5-um CMOS
Power supply voltage 3.3V
Max. clock frequency 100 MHz

Max. output frequency

35 MHz at 100-MHz clock rate

Frequency resolution

32 bits (0.0233 Hz at 100 MHz)

Phase tuning resolution

12 bits (0.0879 degrees)

Amplitude resolution

10 bits (0.846 mV at R, = 25 Q)

Modulation

Frequency and phase modulation

fu = 25MHz

Worst-case spurious

-45 dBc

Phase noise

-115 dBc/Hz at 100-kHz offset

Max. frequency switching speed

190 ns (19 x 1/100MHz)

Die area (includin

g pads)

3240x3830 pm”

Power dissipation

Digital

270 mW at 100-MHz clock rate

Analog

126 mW at full-scale output level
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1939559 NINARILASIZI AN ULULAANDR
T lga 801515z n1uA WA LUl e R

LNUNIS LE R UL ANNAN

luunHazuiaueniseenuuuaasduasziauduuufanaalaa143snag

UsznrauAnInaluiliaaununisldmiasaniusn [24, 25] GalidaldFaunsasdansz
d' -a ﬂi 173 1 ] ﬂll = ni L4 dy 1= v 1 ()
AMNDLLLAARaan uUas A Na luund 3 AanvarnaFatuasliidinasldniaganan
o s [~ n'r A v o e 9 ] o nl L2 i v nlu
A wmiuiiugddtyaunnd uRadasnineasnisidmisaanuanlanana liudaluunisauun
Tdnaziuanuialunisdntioniosaniudn, aunneas, Annndtyyins raanaunIsi
NNAWIUI9INAT azgnaanslyl [6] Mnliasasidaaseiauddaonisdszunauainaly
al ] Ve « val \ - a
Weaneanuuuldiugiunsodunsmsidygrnldtiauningandnnsasdaiasmsinnui
wuuildmiagaaiuan anmadaanunsafinanuiia lunisineuaeesasienisdinaiia
o 1) . . A

N$MNULLLATEYe (Pipeline) wTasanuwuudaaanniinenssuaadaeasguifinniuGaga

laansae

Wade 4.1 anflunminauendnnisuazannisiwaluiieaildluniseanuunneas
"ﬁw::gnﬁqamn'}?ﬁ'mulu?:ﬁmxuu (System-level simulation) AqeTUsunsuNuNNLAL
(MATLAB) Turiadiaf 4.2 dausEaziauantsennuLLf9asa i aua T as ey
wontagmazgniinaueliluinde 4.3 uaz 4.4 MuAIAL ndsRINBaNULLATIATALAINA
N1991829NTRNNUUAENARELNN TR TIATAzg T i ded 4.5 uaziladine

4 o’ A
AreumagLluiadeh 4.6
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4.1 ﬁmﬁmﬂnﬁwﬂmqaﬂsﬁﬁﬁmu@ (Proposed Architecture)

4.1.1 n1suszunuArlnaluliiaa (The Polynomial Approximation)

ardaianzianniuuufanasaanuuuazdunseidyyingoedsos

ANNNFAYNTHINELADTEUALNN

sin(g) = g1+ a4 +a,9' )+ £(9) ,05¢s% 4.1)
a, =-01 6605,a4 =0.00761 (4.2)

Tnefidulsrdng a; WAT ay ﬁ'l'ﬁ'lumm@nuuuﬁm:umnoﬁamnﬁuﬂwzaw"éﬁ
1 luaynsumdiaas [26] AeldgnAtwanilifidraanuianainlutae 0 e w2
|e(¢)| Herndn 2e-4 FaileuBuudeusunistssinuegmidaaannisaynsume
WA UAUYY uaznisUsruaInAINIs TuANIUA LAY [18] WAIATIiWINIg
UszannuAndasaunish (4.1) FidulsAnaseannnsi (4.2) MugsdamseR

FryaramaildlndiRssiudygrnaeiasannign Auanalugii 4.1

Phase (rad)

d 1 b ' ]
gu% 4.1 ANANNRANAIATEINSUTTHI AT BT A8 ANNNTAN): (1) AUNITWIST

Tuadusiuges; (2) auniseunsumdiaaiduiuii (3) aunisnaluiload

1AL
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4.1.2 msaanuuuiluleashanaa (Digital Realisation)

AT T EUAMNANTUSIBUE ANATENATAT I aTIIA N T6 (m) AU

o

AN (4) 299asdaiassiamuiuuufaneaniantnanssumugn 2.1 Teail

_[2 Vo
m—(zﬂ)2 (4.3)

alWazaansaniseanuuuannisi (4.1) azgnansdae 10° LazaInAIN
Auiudresannish (4.3) wansadauannisi 4.1) Wegluglaeaerfmanes

sasafranalAfal
y(m) = m(k0 —k,m* + k4m4) (4.4)
nl | = (v qi
TaeAn &y, &y, k, NAYGIA19799 4.1

A15199 4.1 ArATin i luannas T (4.4)

ko 1,000,000,000
k> 391.046368345022. ..
ky 4.22049520104...e-5

aziiudnineniauni (4.4) ldeenuuuiiluneasaziesfinisgoiiuiaii
::4 4:1' 1 ] o -« T o !-:‘ 2
AT Aelimunzsianisirldeanuuuiiiuleasmeanfauef Auiunisguaes kym
lJ . { ]
WAz k,m* Aagnesnuuudanisi@eu-uan (Shift-and-add) TeazlfiAnaes k, uaz

k, ANNITRAU-19NAIATNN 4.2

=] ' = o <
AN 4.2 AN1BY &, WAL k, NTATUINURINAITIRDU-LIIN

K Value Shift-add operation
) 392 24974 9

ky 4.1961669921875e-5 128 54" ™
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MSB

Frequency Control
Word

) Phasej

Accumulator

Polynomial

Compl Generator

< « i aa 2 '
g1l 4.2 amﬁmana‘m'nmqq'wﬁqLﬂmwm'\uﬁuuummaa‘imal'm%'msﬂ?:mmm

naluiea

anntinenIsNe89ard AsipnaLLUAanealaa 1 EAE NS EN AT
AwiluauandlffegUi 4.2 Usznaufantsasaituna, asasainindluieaa Inens
qm%’muﬂm:ﬁwu’fﬁﬁa%qﬁ’mmﬂmwlaﬁqw}’m’]fﬂulﬁﬁmwsﬂ?’m'iw%"[mﬁﬂﬂ
(Polynomial generator) LmztﬁmmnFi'lﬁ':u:yﬂmmaﬂﬁgnﬂs:mmmo’ﬁwaumsﬁ
(4.1) S anln&iAneiudy yregnedadalugee 0 24 2 Faumaiansiudn
AnBUATUYT [21] Ragniinaunld nefindueaiiuuga (MsB) gnlddmiunmun
Ltauﬂ'ﬁ'gm’nmﬁmrg'\m'mﬂﬁfimﬂumnu?ﬂau wazdadnieaiiiaun (2 MSB) gn

W dmFuimisrinFtesaazgnaAssmRLmTa

k,(29.20)

L bl S
kO

LR IN N km(16.8)
— _'V 2 e e

™90}  10x10

—

.‘ Multiplier
|

|

+19..0
| L ] oo o sanaiee | k_@ﬁﬂ_ﬁ.JJ
i —/| Multiplier — V] ™ [— ——

iere R SR

(0L BL)w

sum(@.O | 10x10 |
Multiplier "'>

"1

|

(0 s)w

<
51N 4.3 Taseaisreansasaiainaludion
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71 4.3 uanalasaararesnsasainindludloanlddmiunsdszunnd
wandagaaesdnyqyrngieluges 0 s 12 Tasenaudianneasquiaun 10x10
M 4719% 3 9949, 24ATIABU-UAN (Shift-and-add) AMMFLAIUAIIAT kym® LAYy

k,m® WAZIATLANUATIATALBE AT HINAN

Fyeurnaasuna 32 in anasasairaaazgnialiivdaianizinduieat
uugn 12 4m m(11:0) Tnendnduestaasdnusngnlddniunisianuanie-

a - 4 o L a
WS wazan 10 Danwde m(9:0) axgnin il unsAannaniudyornged

4.2 HANIFINADINITNINUARITEUL (System-level simulation)

4 e '
annilnenssngatasdaansianuiuuuaanealasldnisdsznudinalubion
o a a y o o o v
fdnaueWAnaniinusldgnarassnsinenulussaussuussllsunsuuamuay (MATLAB)
A o o o
Wenmagauauiulllduazacugnsiaelun1niueesnsas uaENIINRBINITNNIY

[ s 4 - :J =l v
seuszuugatanlunsduamnauainuesdy e ldluniseanuwunansae

Magnitude, dB
e

-67.42

0 SM 10M 15M 20M 25M 30M 35M 40M
Frequency (Hz)

=) s « i ] o
519 4.4 anlnafuaasdygn nugneniAnuD 1/32 Winaeed s n1aInn1aNaednns

NINIUTBITZLL
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' " S ; i
117 4.4 uameainaiuaesdoyayrianaiaand 1/32 winaeedy s fnanls

a

annsdnaeenminanilussdussuLdeiinssfueaiawiens (SFDR) qegawiniu —67.42
WHLA Wazann [9] ﬁnﬁw‘lﬁdﬁﬁhmaL@Nﬁms‘gqqm@ammmmu (Truncate) Aty o
wanidgaasnaliivas 10 On HA1dszunns -61.96 e Fafwsranunsnagllfing
nstlszunndninaludioa desannisnaludleatimunzaniunisin U deanuuungas

) a a« A e
waamadluuen/agalussasdanseianuiuuunanes

4.3 23258351904 (Phase Accumulator)

2arafamagnesnuuufedsuuaIa (Top-down design) tnedeuldnussane
WORNSTHNNTNNINTIBINATAVEN AN TALEA udasnaeensmasEAuaiu wanile
mmqmumqut_]nél'@wmmsﬁfmulm*:ﬁuﬁqﬁ'ﬁuﬁﬂu%‘ﬂﬂuﬁq Aazinludanse
(Synthesis) WazdmIna-@anteg (Place-and-route) anumalulafiansdiionfiaeildlunng
negey Faliingrinusilidienfidenszgaatnimin 2 aeadnladed (iin wef

XC2S100PQ208-5 A1ntuasinunaasirad99asnannsuasidan e Gouiasuaaluand

TnanasluuefannaauiansaaauANgnsiaelunITinuaeeasiusiuaniauag

1 S O G B G B

Cout | 1-bit | 1-bit | 1-bit | 1-bit | 1-bit [ 1-bit | 1-bit | 1-bit Cin
FA [~ FA |~ FA [ FA [~ FA [~ FA FA [~ FA
s S(6) S(5) S(4) S@) 52) 5(1) $(0)

d = - i -
519 4.5 2asuanuuriFUiTanszunnn 8 fin

Tasaainaansnsasairaaaunn 32 On flasaaiesag 4.6 dsenaudiagasasan
w3 dlausdeuns 8 i Afilaseainedagif 4.5 uaziinsrusumSianAtedaasinefing
wuuanevie (Pipeling) Tnaqaalugid 4.5 HusaameinldlunasUiudnan (Pre-

skewing and De-skewing registers)
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W(31:24) W(23:16) W(15:8) W(7:0) resetn
; 0
8-bit [
=)
---------------- £ SRR R -

Y
| 8-bit
FA
8-bit

*'0)

()

4_ //'

/V‘V \J \/

M(31:24) M(23:16) M(15:8)  M(7:0)

51l 4.6 29asaFradnna 32 In

4.4 2sasulasuaiflunanildaan (Phase-to-Amplitude Converter)

avaslasuaiuwenagagnesnuuudaeddunasdnaiuiaaiusasa i
Tuadad 4.3 TmanwdﬁamﬂaLﬂuLLﬂuﬂﬁfgm-nmz?{cymv'lmmﬂﬁqzﬂfanLLuumuaum?ﬁ
(4.4) Lm:ﬁimm’?’wmsﬁ’muﬁqgﬂﬁ 4.3 Usznaudaengas 10x10 TR A1U9U 3 4A 9947
{@au-uan (Shift-and-add) AMFUAMINAT k,m? UAE k,m* WAZAIRATUANUATINATAL

GRPATORTD
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oo Moo g

o
o ek Jae | ma e s FA jue e e ™
¥y
l L=
o e L PA fa20 G FA ol FA o
il
S . H .
[ |
_ (7Y UL RN P FA et | Fa lee
)
l i
FA f | FA fe—2t eee FA let | Fa a2
o 1 LA
ool
FA FA = FA [¢#—— ees «+— FA FA 4—’—
A by
care ' '
Py Py P LA Ps Py Py P *** Py Py P

3191 4.7 293904 10x10 uuLad-9aE (Baugh-Wooley's Multiplier)

=l o

2935704 10x10 MdINNAsnasniuumeantinanssuwuLuad-9ad [2] (Baugh-
ar A —a =
Wooley) Aaudnalugili 4.7 TaefideyqyrnBunaauin 10 In aaadoyoyrude x(9:0) uaz

y(9:0) uaz P(-1:18) iludtyqyrouiansnmeeanisaniauna 20 in

N9AMeY k,m? uar k,m® Wanniai (4.4) uaTAn199 4.2 gnaanuuLAeenis
\@au-uan (Shift-and-add) NHTAsaF19A7UN 4.8 uaz 4.9 AMNAIGL dMFLNITUINUATAL

’.’: :: v = = d'
nanualunaniugnesniuumeatasuanuuLslitlauas [2]

eight Os
LSD Inserted

m?(19:12) p.|  SevenOs | kom?
LSB inserted

5 three Os
LSB inserted

< o
519 4.8 TaneaFranasAuand k,m’
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eighteen
- LSBs extracted

m*(19:0)

fifteen
LSBs extracted

sixteen

—®| LsBs extracted |

= °
517 4.9 TaseaFnnisAnuans k,m*

4.5 HNANITANABINITYINULASNITNAFAUNITNINUVRI2935(Simulation
and Experimental Results)

nfaanRideulAnn1eidiedines usssnangAngsInminaIAIaasai A
Guufenudaliinnsfauassiuazinans-idenisdlasldnatulafsesdiiowidienszna
a1 1u 2 1was XC2S100PQ208-5 Laratinaniunaasnaednaad luuasanagaay tne
quﬁwmn'mnmﬂﬂummmuamiﬁ'ﬁqgﬂﬁ 4.10 tsznaudnsdenieineuiiagud
&ryryruunAng 50 uinzidsad ﬁ'\uﬁﬂﬁﬂ%’wuﬂuﬂﬁfgmﬁﬁmaa‘nmﬁmcqumﬂﬁmmm 10
g, oqwmﬂmaﬁmﬂmﬂufamﬂﬂnﬁwﬁqﬁLLﬂﬂ«L’auﬂﬁ‘gmﬁa naa WMiudyuiuauiaan,
asanawm laaignldlunisiiuduendagnna Waa-umé’ryryﬂm'muﬁ-?iﬁ’uﬂﬂ:u‘lﬁtﬁ@ﬂq
A Atz Aua futinda T sunsuuunuay (MATLAB) Uas&uty1tdauasniens
waanasulasianeauaurasnazgningudey s (Waveform) uazanlnmaiu

(Spectrum) sreaaadiaalaluarawnaiuaunlaeimuansu

Spartan-ll FPGA i ity
an- elliptic low-pass
Pl DAC filter
Logic analyser Oscilloscope Spectrum analyser

MATLAB

d ar i i e 1
517 4.10 dansmaasuasasieduaszianuiuuufaneaiaglinislszanan inay

= 3/ " [
WHAUNUNNT TN A INAN
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(%

sdyyrauaneniannud 1.5625 wnzdsnd waz 10 wnzdsed ndaldanesadlon

Taduamaldifiaguin 4.11 uaz 4.12 muansu

) B 28 RO |
R |

-
lll:llrlnlllrllrlllllll

T % 1 1

B I P

praada v s Ly va s by vad

Ch1 50.0mY M 80.0ns 125GS/s  ET 8.0ps/t

gﬂ'ﬁ 4.11 pdeyeyrnuanend 1.5625 winzidsnd

IllL!Elltllllll

l|||i||||Illr1|||lr-

Illllllﬁllll

i I O |

Frea(Cil) 100MHT ¢y Ly Loy Bl Ly 2R60MN 3 4 0 e s
Cchi 500mY Q Bw M 20.0ns 250GS/s  ET 4.0psht

d T« a «
319 4.12 pldeyyrautend 10 winzdsnd



55

T

ArseAuealanAnns (SFDR) gagaaaedtyynnstned 1.5625 inzidsnd nAtuan

b

a1nTUsUNIHUNNLAY (MATLAB) HA1AIN41 —64.87 1adiua Aauanalasagl 4.13 uay

Il
ar 4

annafuaedyeunns 1.5625 wnzdsad Adaldanaunaiueunlaireflugiii 4.14 e

] ]
as

srAueanAaNFgeqamiiy -52.36 ndiua GeliminiuiAuaudiallsunsuuumuay

Taseradlunaannanuliiudidureasulasfanaatiuauiaan

o [

77 4.15 ugmesulnaFnaesdy yraradiiaaun 197 Aladend 1daann

]
=

awnasueunlaef feflArseiunaanianfgeganind —67.59 ndia laafiisnednh
pondAtiuAadiandenindaldarldgnnssnuainanldidudadurnsiasulas
Aanaaitluauiaan uardyurusunauniandrasdyiaied 15 wnsdind uanly

717 4.16

0 T T T T T
(1] e, AL N R T T D e .................................................. =l
90 | ssvsmniafiasisinatsiniavassiiiassane dhesin s s oonvranesinsy _ ................................................. o
R 1| M| SRR SN S0 ot oo ................................................. 4
A fermsfania e gy TRRURRRETNRNNRIS. SRR 4

=) ;

= :

o ;

::_;- 1 S T PP TR I Lesesnsiensientiiiaitasn i 4

= :

o 4

] .

b P e s AR LR DR 4
By 1 N T TP, ................................................. .

75.44 i .75.84
78.27
_m- .................................................... Mw ....... . ............................................... -
') FUUUOUUUD! FORPOUVUR OUUUUPVRN [SUURUUIN NI FORTUCTLs: SITSEPRREs) INVSTIVISARTITTRIOIRTN o ]
00 feieeeess R RIRIRIIItE ESEErt URIIIIAt Rt SRR R RN TRIIRRRRERtt] ARRRTEE
18M 36M 5.4M 72M 9.0M

Frequency (Hz)

< L - 2 ! o
51091 4.13 aulnafuresdtyqyrouanen 1.5625 winzidsnd DA TsunsILIMUAY
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q
au

1

1

]
7

<l
il

A Mkrl 8 Hz

Ref @ dBm Atten 10 dB -52.36 dB
Peak 1R
Log
10
dB/
H1 §2
S3 FS

AA

WL bl

Start @ Hz Stop 25 MHz
#Res BH 3 kHz #YBH 100 Hz Sweep 104.2 s (401 pts)

4.14 gudnafnaesdty e 1.5625 wnzidsad

Ref 0 dBm

Atten 10 dB

a Mkr4 -67.59 dB

Peak
Log

8

10
dB/

W1 S2
33 FS

i

—

o

iy it A

Start 7 kHz

#Res BH 1 kHz

VBH 1 kHz

4.15 gulnafuaesdy et 197 Aladsad

Stop 900 kHz
Sweep 2.232 s (401 pts)

56
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Mkrl & 100.0 kHz
Ref @ dBm Atten 10 dB -84.54 dB
Peak R I
Log
16
dB/

WL S2
S3 FS

it M,

Center 15 MHz Span 200 kHz
Res BH 1 kHz #\BH 30 Hz Sweep 5.42 s (401 pts)

g1l 4.16 Ayyeyrossunaumamazesdeyynesnend 15 wnzidand

1 I'A o o ar
IAINITONAAANTIN ﬂ"IL‘BﬂL'ﬂﬂﬁ’ﬂqﬁ‘ﬂ Arauanllsunsuuunuaudiniy

Feyounouensmmnaausing laRagLn 4.17

0

-20 4
5
m
=2
a4
o 40
1]

-60 4

0 2 4 6 8 10 12 14 16

fout (MHz)

e ] - i i aa i
5119 4.17 AnaaenAanfreanieduamsipuiuuuianealagldnisszuonn

=l = 2 ' o dl A:I ]
alulgaumunT i ANNAT N AIND AN
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4.6 a9l

ardaassianutuuuAaneatiaualuunil Wunisdaasmzidy ginimed

[l
-

Fonaunsinaludlen feduissAvanidiuanansoysyanaindeyanoemedldlndideeiy
&ryurnsaneniazannn HAnpauiianaintiesndn 2e-4 uaziilerinleanuuuifiunsasuas
wmmum?ﬁﬂmuuuﬁﬂLfavlﬁ%vauﬁqmm?nﬁ’qmmzﬁﬁm,ryﬂmmﬂﬁﬁ'ﬁammwagﬂm:ﬁu
fianursaazinl g niunsasulasianasifluauiaanauia 10 Oa 14 [9] AN
mmmﬁmmqwi‘lueiqwn@mws‘ﬂmlﬁﬁﬂfnuL?q'lum?ﬁqqmqﬁu [27] uaz1in293TNNA
a4 [28, 29] (Squarer) N1 14 lun1sAuINAY M’ uas m? Taunash (4.4) ldandae A0
auAnminauaeasfaassiannduuuaanealaeliianssrnmnaluidon
Lmuma‘lﬁ'nﬂwmﬂm"qmmmm;ﬂﬁﬁqmmq-ﬁ' 4.3 ualumai 4.4 WunsuBaudion
ﬂmﬂuﬁmmqq%ﬁﬂanunuﬁuaqqsﬁ’qmm:ﬁm’m‘i‘iLmuﬁﬁmfaaﬁ"iﬁl%’uﬂwmmq’quuu

n1sAnudadau [16] uazniruszanuAmasiuatdusiuaas (18]

d ascy AJ aa 1
A1919% 4.3 AaNTRreasduamziautuuRaneslasldaan1sUszanuAinaly

= 3 1 °
WHEAUNUNIT MR8 ANAN

FPGA Technology Spartan-1l (XC25100PQ208-5)
Frequency control word 32 bits
Phase resolution 12 bits
No. of output bits | 10 bits
' Frequency switching latency 6 clock cycles
Maximum clock frequency 50 MHz
Worst case spurious -64.87 dBc (excluding DAC)
Total no. of CLBs 266 CLBs

A ey 1 g i ] 1 o
M99 4.4 WFaufiaupniauifseasdaassiantwuuaanea ilininaudn

N93sNaRNLLL [16] [18]

MALENUAYA 10 1im 8 10 Om

AaaENARNST (SFDR) -64.87 dBc -44 dBc -64 dBc




-
UNN S

aglnanisideuasialduaLuy

3 = & o g‘: v o dll (4 ﬁ: e 17
Aneninusaruilldinauanisesnuuunaniedaasmziannunuuuianaalng L

as ) o = Y o o A o o Y
AansszanauAna udlaaununsldmisaaauan Tasfidngussasdinenaniasanisld
9

Ll

0 . v -3 ] o =l :’J v I o d'd yesr O
dfaftIuIALa zANIEI IaIMEANAT BnvanasldmiagarndniiauaIng)de

1 1 z - o o A‘
WAndanalunnRednsgeliu uarasasiumaanunauansag

aumsiinanldluniseaniuiansdaamsiriuuadneaimeninusiidu
anntstnaluiloafignAtuanidisasduilsr@ns luaunisianansadssanugudoy g
grenslalndAsaud e Tananndnstszunnifatann1sna s luanauiuaes [18]
WATANNITERNININARTAUALTN nA1aAaNAIAINRANAIATRENIT 264 deaanuanis
889NN NIUIBIANNTTLaTT UL T TUNTNLNNUAY (MATLAB) LuAENRALARTAN
naszAuanfiuiinfigeRigailAndindn —-67.42 ndiwa Faannsarinluldaniunsasulas
famaaiilu auraanauia 10 In ‘léﬁmu‘lﬂﬁqlﬁqmnnw-nfaw&ymﬁmtéanla-: WMINZANTEAL
mﬁuﬁnﬁ@aﬁqm-ﬁqumﬂmaﬁmamﬂuﬂmmn*ﬂmm 10 Dm aviiAszunn -61.96 Al
wa [9] "ﬁqqand'\mﬁuﬁnﬁqmmmmmﬂmunﬁ‘nﬁﬁmaumgiuﬁq WAZHANIFANABINTT

o’

L3 o = < ' 4’:
RNIUULAENITNAGBALNIININULBI9RTUNT anAA Lfrmmmmﬁuﬂu"lﬁmoqq maanuuy

annsndaamaidy yraldiianiningandtnasduassianuiuuuaaneailimioa

'
=l 4, ©

o A 1 ot e A A 1 -
ANA lULNY 3 LLﬂL’ﬂ’]‘J‘ZﬂUE"IﬁNHﬂﬂﬂ;QﬂﬁﬂNﬂ'\ﬂ’]ﬂ‘]'] -64.87 \ATIUA

ansaRanaaniedannsfaatuuuianesiilinislisnuminihudoah
L] = [ d' « A aa d' 9 ] [
HauenFaudisuiulasmuiiedaassianduuuaanaan ldmisaauanaiunm

wans limannsan 5.1
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< e P « - aa ala o ] =l
AeeN 51 AuduiRsenanieduansiauiuuuianeailinnslszunuaningly

a  do P o oy o
luﬂﬂ'{]uqLﬂu@LLE\HULﬂE]UﬂULLUUW\I’ﬂ“u'Jﬂﬂqqu’qq

wuutszanmuAnInaludios | wuuldwdainadiudn
Frequency resolution 32 bits 32 bits
Phase resolution 12 bits 12 bits
Amplitude resolution 10 bits 10 bits
Max frequency switching speed 6 clock cycles 19 clock cycles
Worst-case spurious ' -64.87 dBc -45 dBc

nanitadaamsianuiuuianeaiildnisssun A ina e a Winanfinug
atiuiigneanuuudaediuuasans duflunaslinamdesiuea (VHDL) ussunangd
NITNNIRILTsENSAULF TedaRTaInnseenILLdaN A leTRLes fiReatasTieanuuy
TRgrunsaunlddaased (Synthesis) waLAAa19-3en e (Place-and-route) I msariy

A - 1 o 1]
malulatngaents1dlunisideansduasassanlalagliseanianiseanuuyulud

o o EJ o < o A‘ o
AwmFunsdinsiaaniataun liaanda lun1sin9ue999999ga M AN 701N
asauviansasindeaasiifiannuifagennld wiaeraasiumatianasinauuuuanvia

(Pipelining technique) N1 lddaaflé
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1. DDS Module

library IEEE,
use IEEE.std_logic_1164.all;
use ieee.numeric_std.all;

ENTITY DDS IS

port( NRESET :in std_logic; -- Active low reset
MCLK 1in std_logic; -- Master clock
SELCTRL: in std_logic; -- Select control (0 = Pallarel, 1 = serial)
-- Pallarel control
A in std_logic_vector(2 downto 0), -- Address
RWN tin std_logic; -- Rising edge write signal
DATA 1in std_logic_vector(7 downto 0);  -- Byte input
-- Serial control
SCLK sin std_logic; -- Serial
RX tin std_logic; -- Serial Rx
- Test
EXT_TSTEN ;in std_logic;
EXT_PWRDN cin std_logic;
TST_BIN :in std_logic_vector(9 downto 0);
-- DAC output
DDS_OUT :out std_logic_vector(9 downto 0);
PHASE_OV :out std_logic;
DAC_OUT :out std_logic
%

END DDS;

ARCHITECTURE RTL OF DDS IS

component WAVE_CTRL

PORTY(
-- Wave generator
- DDS_NRST in std_logic; -- System reset (before start pipeline)
- NRST sin std_logic_vector(19 downto 1); -- Pipeline reset
CLOCK tin std_logic; -- Global clock
- WTYPE 1in std_logic_vector( 1 downto 0); -- wave type
- STARTQ :in std_logic_vector( 1 downto 0); -- start quadrant
- INCREMENT :in std_logic_vector(31 downto 0); -- phase increment
-- step

-- Coarse rom interface
CFADRH : out std_logic_vector(3 downto 0);

CADRL - out std_logic_vector(3 downto 0),

CDIN sin std_logic_vector(7 downto 0);

-- Fine rom interface

FADRL :out std_logic_vector(3 downto 0);

FDIN sin std_logic_vector(1 downto 0);

-- CTRL

- CTRL_BIN sin std_logic;

- DAC_BIN tin std_logic_vector(9 downto 0);
- DDSOUT_EN tin std_logic;

-- TEST

- TSTEN tin std_logic; -- Test enable
XWAVE :in std_logic_vector(9 downto 0);

-- decoder

code :out std_logic_vector(63 downto 1),

b :out std_logic_vector( 3 downto 0),

-- Wave output
WAVE_EXT :out std_logic_vector(9 downto 0);



-- Control unit
NRESET :in std_logic; -- Active low reset
MCLK tin std_logic; -- MCLK
SELCTRL: in std_logic; -- Select control (0 = Pallarel, | = serial)
A tin std_logic_vector(2 downto 0); -- Address
RWN sin std_logic; -- Rising edge write signal
DATA sin std_logic_vector(7 downto 0);  -- Byte input
-- Uart override control
UA tin std_logic_vector(2 downto 0); -- Address
URWN sin std_logic; -- Rising edge write signal
UDATA sin std_logic_vector(7 downto 0);  -- Byte input
-- Control in .
EXT_TSTEN vin std_logic; -- External Test enable
EXT_PWRDN sin std_logic; -- External DAC powerdown
-- Control out
DDS_NRST :out std_logic; -- internal
- DDS_ENABLE :out std_logic;
- DDS_STOP out std_logic;
- WTYPE :out std_logic_vector(1 downto 0);
- STARTQ :out std_logic_vector(l downto 0);
-- INCREMENT :out std_logic_vector(31 downto 0),
PHASE_OV :out std_logic;
ROMCSN : out std_logic;
CLKOUT : out std_logic;
CLKLATCH :out std_logic;
-- Test DAC
PWRDN :out std_logic
--CTRL_BIN : out std_logic; -- internal
--DDSOUT_EN :out std_logic; -- internal
--DAC_BIN :out std_logic_vector(9 downto 0) -- internal

).

end component;

component COARSE_ROM256X8

port( A 1in
CK ;in
CSN tin
-OEN :in
Q :out
)

end component;

component FINE_ROM256X2

port( A in
CK in
CSN sin
--OEN :in
Q :out
).

end component;
component CODE_LATCH 1S
PORT(  NRESET :in
CLOCK
cin
bin
-- Wave output
code
b

end component;

component DAC
PORT( PWRDN :in
code
b
DAC_OUT
)-

end component;

std_logic_vector(7 downto 0);
std_logic;
std_logic;
std_logic;
std_logic_vector(7 downto 0)

std_logic_vector(7 downto 0);
std_logic;
std_logic;
std_logic;
std_logic_vector(l downto 0)

std_logic;

tin std_logle;

in std_logic_vector(63 downto 1);
in std_logic_vector(3 downto 0),
:out std_logic_vector(63 downto 1),
:out std_logic_vector( 3 downto 0)
std_logic;

sin std_logic_vector(63 downto 1);
sin std_logic_vector( 3 downto 0);
- out std_logic
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component UART_INTF

PORT( NRESET :in std_logic;
SCLK cin
RX ;in
-- Control
UA :out
URWN :out

UDATA :out

end component;

signal UA

signal URWN
write signal

signal UDATA

signal INRESET
- signal DDS_ENABLE
-- signal DDS_STOP

-- Test DAC

signal DAC_PWRDN

signal CLOCK

signal CLOCK_LATCH
- signal NRST

-- Coarse rom interface

signal CFADRH
signal CADR
signal CADRL
signal CDIN

-- Fine rom interface
signal FADR
signal FADRL
signal FDIN
signal ROMCSN
-- Wave output

signal DEC_CODE
signal DEC_BIN
-- Wave output

signal CODE
signal BIN

BEGIN

std_logic,

std_logic;

std_logic_vector(2 downto 0); -- Address
std_logic; -- Rising edge write signal

std_logic_vector(7 downto 0)

. std_logic_vector(2 downto 0),
: std_logic;

: std_logic_vector(7 downto 0);

: std_logic;

: std_logic;
: std_logic;

:std_logic;

: std_logic;

: std_logic;

. std logic vector(20 downto 1);

s std_logic_vector(3 downto 0);

: std_logic_vector(7 downto 0);
: std_logic_vector(3 downto 0);
: std_logic_vector(7 downto 0);

: std_logic_vector(7 downto 0},
: std_logic_vector(3 downto 0);
- std_logic_vector(l downto 0);

: std_logic;

: std_logic_vector(63 downto 1),

: std_logic_vector( 3 downto 0);

: std_logic_vector(63 downto 1),
. std_logic_vector( 3 downto 0);

WAVE_CONTROL: WAVE_CTRL
PORT MAP (
NRESET =>NRESET,

MCLK =>MCLK,
SELCTRL=>SELCTRL,
A =>A,
RWN =>RWN,
DATA =>DATA,
-- Uart override control
UA =>UA,
URWN =>URWN,
UDATA =>UDATA,
-- Control in
EXT_TSTEN =>EXT_TSTEN,
EXT_PWRDN =>EXT_PWRDN,
-- Control out
DDS_NRST =>[NRESET,
- DDS_ENABLE =>DDS_ENABLE,
- DDS_STOP =>DDS_STOP,
= WTYPE =>WTYPE,

o STARTQ =>STARTQ,

- INCREMENT

=>INCREMENT,

-- Byte input

-- Address

-- Byte input
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PHASE_OV =>PHASE_OV,
ROMCSN =>ROMCSN,
CLKOUT =>CLOCK,

CLKLATCH =>CLOCK_LATCH,

-- Test DAC

PWRDN =>DAC_PWRDN,

CTRL_BIN =>CTRL_BIN,
DDSOUT_EN =>DDSOUT_EN,
DAC_BIN=>DAC_BIN

--DDS_NRST =>[NRESET, -- CTRL
NRST =>NRST(19 downto 1), -- RESET
CLOCK =>CLOCK, -- RESET
--WTYPE =>WTYPE, -- CTRL

--STARTQ =>STARTQ, - CTRL
--INCREMENT =>[NCREMENT, -- CTRL

-- Coarse rom interface
CFADRH =>CFADRH,

CADRL =>CADRL,
CDIN =>CDIN,
-- Fine rom interface

FADRL =>FADRL,
FDIN =>FDIN,
-- Wave output

--TSTEN =>EXT_TSTEN, -- CTRL
XWAVE =>TST_BIN, -- EXT

-- Wave output .

code =>DEC_CODE,

b =>DEC_BIN,

--CTRL

--CTRL_BIN =>CTRL_BIN, -- CTRL
--DAC_BIN =>DAC_BIN, -- CTRL
--DDSOUT_EN =>DDSOUT_EN, -- CTRL
-- Wave output

WAVE_EXT =>DDS_OUT

)i
CADR <= CFADRH & CADRL,;

COARSE_ROM: COARSE_ROM256X8

port map (
A =>CADR,
CK =>CLOCK,
CSN =>ROMCSN,
--OEN =>0",
Q =>CDIN

);

FADR <=CFADRH & FADRL;

FINE_ROM: FINE_ROM256X2

port map (
A =>FADR,
CK =>CLOCK,
CSN =>ROMCSN,
--OEN =>'0",
Q =>FDIN

)

LATCH: CODE_LATCH

PORT MAP (
NRESET =>INRESET,
CLOCK =>CLOCK_LATCH,
cin =>DEC_CODE,
bin =>DEC_BIN,
-- Wave output
code =>CODE,

b =>BIN
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DAC_UNIT: DAC

PORT MAP (
PWRDN =>DAC_PWRDN,
code =>CODE,
b =>BIN,
DAC_OUT =>DAC_OUT

),
UART_UNIT: UART_INTF

PORT MAP (
NRESET =>NRESET,
SCLK =>SCLK,
RX =>RX,
-- Control
UA =>UA,
URWN =>URWN,
UDATA =>UDATA

)
END RTL;



2. WAVE_CTRL Module

--- W= Word size = 12

--- D = Output word =9
library 1IEEE,

use IEEE.std_logic_1164.all;
use ieee.numeric_std.all;

ENTITY WAVE_CTRL IS

PORT(
-- Wave generator
- DDS_NRST sin std_logic; -- System reset (before start pipeline)
- NRST in std_logic_vector(19 downto 1); -- Pipeline reset
CLOCK sin std_logic; -- Global clock
- WTYPE tin std_logic_vector( 1 downto 0); -- wave type
- STARTQ in std_logic_vector( | downto 0); -- start quadrant
- INCREMENT in std_logic_vector(31 downto 0); -- phase increment step
-- Coarse rom interface
CFADRH :out std_logic_vector(3 downto 0);
CADRL :out std_logic_vector(3 downto 0);
CDIN ;in std_logic_vector(7 downto 0);
-- Fine rom interface
FADRL :out std_logic_vector(3 downto 0);
FDIN tin std_logic_vector(l downto 0);
--CTRL
- CTRL_BIN tin std_logic;
- DAC_BIN 1in std_logic_vector(9 downto 0);
- DDSOUT_EN tin std_logic;
-- TEST
- TSTEN tin std_logic; -- Test enable
XWAVE :in std_logic_vector(9 downto 0);
-- decoder .
code tout std_logic_vector(63 downto 1);
b :out std_logic_vector( 3 downto 0);
-- Wave output
PHASE_OV :out std_logic;
WAVE_EXT :out std_logic_vector(9 downto 0);
-- Control unit
NRESET tin std_logic; -- Active low reset
MCLK tin std_logic; -- MCLK
SELCTRL in std_logic; -- Select control (0 = Pallarel, 1 = serial)
A 1in std_logic_vector(2 downto 0); -- Address
RWN 1in std_logic; -- Rising edge write signal
DATA tin std_logic_vector(7 downto 0);  -- Byte input
-- Uart override control
UA tin std_logic_vector(2 downto 0); - Address
URWN tin std_logic; -- Rising edge write signal
UDATA sin std_logic_vector(7 downto 0);  -- Byte input
-- Control in
EXT_TSTEN tin std_logir; -- Fxternal Test enable
EXT_PWRDN om std_logic, -- Lxternal DAC powerdewn
-- Control out
DDS_NRST - out std_logic; -- internal
- DDS_ENABLE :out std_logic;
- DDS_STOP :out std_logic;
-- WTYPE :out std_logic_vector(1 downto 0);
- STARTQ :out std_logic_vector(1 downto 0);
-- INCREMENT :out std_logic_vector(31 downto 0);
ROMCSN :out std_logic;
CLKOUT :out std- logic;
CLKLATCH :out std_logic;
-- Test DAC
PWRDN :out std_logic
- CTRL_BIN :out std_logic; -- internal
- DDSOUT_EN :out std_logic; -- internal
= DAC_BIN :out std_logic_vector(9 downto 0) -- internal
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%
END WAVE_CTRL,

ARCHITECTURE RTL OF WAVE_CTRL IS

component CTRL_INTF

port(

end component;

component WAVE_GEN

PORT(

N
end component;

port(
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std_logic; -- Select control (0 = Pallarel, 1 = serial)
std_logic_vector(2 downto 0); -- Address
std_logic; -- Rising edge write signal
std_logic_vector(7 downto 0);  -- Byte input

std_logic_vector(2 downto 0), -- Address

-- Rising edge write signal

std_logic_vector(7 downto 0);  -- Byte input

-- External Test enable
-- External DAC powerdown

std_logic_vector(1 downto 0);
std_logic_vector(l downto 0);
std_logic_vector(31 downto 0);

std_logic_vector(9 downto 0);

std_logic_vector(11 downto 0)

-- System reset (before start pipeline)

std_logic_vector(19 downto 1); -- Pipeline reset

-- Global clock

std_logic_vector( 1 downto 0); -- wave type
std_logic_vector( 1 downto 0); -- start quadrant
std_logic_vector(31 downto 0); -- phase increment step
std_logic_vector(11 downto 0);

std_logic_vector(3 downto 0);
std_logic_vector(3 downto 0);
std_logic_vector(7 downto 0);

std_logic_vector(3 downto 0);
std_logic_vector(l downto 0);

std_logic_vector(9 downto 0);

-- Test enable

std_logic_vector(9 downto 0);

std_logic_vector(63 downto 1);
std_logic_vector( 3 downto 0);

std_logic_vector(9 downto 0)

NRESET :in std_logic; -- Active low reset
MCLK :in std_logic; -- Master clock
SELCTRL: in
A tin
RWN :in
DATA 1in
-- Uart override control
UA 1in
URWN  :in std_logic;
UDATA :in
-- Control in
EXT_TSTEN sin std_logic;
EXT_PWRDN tin std_logic;
-- Control out
DDS_NRST :out std_logic;
DDS_ENABLE out std_logic;
DDS_STOP : out std_logic;
WTYPE :out
STARTQ ; out
INCREMENT : out
ROMCSN coul std_logie,
-- Test DAC
PWRDN :out std_logic;
CTRL_BIN :out std_logic;
DDSOUT_EN :out std_logic;
DAC_BIN :out
PHASE_MOD : out
).
DDS_NRST in std_logic;
NRST in
CLOCK in std_logic;
WTYPE in
STARTQ in
INCREMENT in
PHASE_MOD 1in
-- Coarse rom interface
CFADRH out
CADRL out
CDIN sin
-- Fine rom interface
FADRL out
FDIN in
--CTRL
CTRL_BIN in std_logic;
DAC_BIN in
DDSOUT_EN in sld_logiy,
-- TEST
TSTEN sin std_logic;
XWAVE in
-- decoder
code :out
b :out
-- Wave output
PHASE_OV :out std_logic;
WAVE_EXT :out
).

component RESET_STAGE
NRESET sin std_logic;
EXT_TSTEN tin std_logic;



CLKIN in std_logic;
ENABLE sin std_logic;
STOP 1 in std_logic;
CLKOUT :out std_logic;
CLKLATCH :out std_logic;
NRST :out std_logic_vector(20 downto 1)

).

end component;

BEGIN

signal NRST
signal DDS_ENABLE
signal DDS_STOP

signal INRESET
signal WTYPE

signal STARTQ
signal INCREMENT
-- Test DAC

signal CTRL_BIN
signal DAC_BIN
signal DDSOUT_EN
signal PHASE_MOD

CTRL_UNIT: CTRL_INTF
port map (
NRLSLET
MCLK
SELCTRL
A
RWN
DATA
-- Uart override control
UA
URWN
UDATA
-- Control in
EXT_TSTEN
EXT_PWRDN
-- Control out
DDS_NRST
DDS_ENABLE
DDS_STOP
WTYPE
STARTQ
INCREMENT
ROMCSN
-- Test DAC
PWRDN
CTRL_BIN
DDSOUT_EN
DAC_BIN
PHASE_MOD
)

DDS_NRST <= INRESET;

WAVE_UNIT: WAVE_GEN
PORT MAP (
DDS_NRST
NRST
CLOCK
WTYPE
STARTQ
INCREMENT
PHASE_MOD
-- Coarse rom interface
CFADRH
CADRL
CDIN

:std_logic_vector(20 downto 1);
: std_logic;
: std_logic;

. std_logic;

: std_logic_vector(l downto 0);
- std_logic_vector(l downto 0);

- std_logic_vector(31 downto 0);

- std_logic;

: std_logic_vector(9 downto 0);

. std_logic;

: std_logic_vector(11 downto 0);

=>NRESET,
=>MCLK,
=>SELCTRL,
=>A,
=>RWN,
=>DATA,

=>UA,
=>URWN,
=>UDATA,

=>EXT_TSTEN,
=>EXT_PWRDN,

=>INRESET,
=>DDS_ENABLE,
=>DDS_STOP,
=>WTYPE,
=>STARTQ,
=>INCREMENT,
=>ROMCSN,

=>PWRDN,
=>CTRL_BIN,
=>DDSOUT_EN,
=>DAC_BIN,
=>PHASE_MOD

=>INRESET, -- CTRL
=>NRST(19 downto 1), -- RESET
=>CLOCK, -- RESET
=>WTYPE, -- CTRL
=>STARTQ, -- CTRL
=>[NCREMENT, -- CTRL
=>PHASE_MOD,

=>CFADRH,
=>CADRL,
=>CDIN,
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END RTL;

)

RESET_UNIT: RESET_STAGE

port map (

)

-- Fine rom interface
FADRL

FDIN

-- Wave output
TSTEN
XWAVE

-- Wave output
code

b

--CTRL
CTRL_BIN
DAC_BIN
DDSOUT_EN
-- Wave output
PHASE_OV
WAVE_EXT

NRESET
EXT_TSTEN
CLKIN
ENABLE
STOP
CLKOUT
CLKLATCH
NRST

=>FADRL,
=>FDIN,

=>EXT_TSTEN, -- CTRL
=>XWAVE, -- EXT

=>CODE,
=>B,

=>CTRL_BIN, -- CTRL
=>DAC_BIN, -- CTRL
=>DDSOUT_EN, -- CTRL

=>PHASE_OV,
=>WAVE_EXT

=>INRESET,
=>EXT_TSTEN,
=>MCILK,
=>DD$_ENABLE,
=>DDS_STOP,
=>CLKOUT,
=>CLKLA1CH,
=>NRST
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3. CTRL_INTF Module

library ieee,
use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

entity CTRL_INTF is

port( NRESET 1in std_logic; -- Active low reset
MCLK tin std_logic; -- MCLK
SELCTRL tin std_logic; -- Select control (0 = Pallarel, 1 = serial)
A sin std_logic_vector(2 downto 0); -- Address
RWN sin std_logic; -- Rising edge write signal
DATA ;in std_logic_vector(7 downto 0);  -- Byte input
-- Uart override control
UA in std_logic_vector(2 downto 0); -- Address
URWN rin std_logic; -- Rising edge write signal
UDATA rin std_logic_vector(7 downto 0);  -- Byte input
-- Control in
EXT_TSTEN ; in std_logic; -- External Test enable
EXT_PWRDN rin std_logic; -- External DAC powerdown
-- Control out
DDS_NRST :out std_logic;
DDS_ENABLE s out std_logic;
DDS_STOP :out std_logic;
WTYPE out std_logic_vector(1 downto 0);
STARTQ :out std_logic_vector(l downto 0);
INCREMENT s out std_logie_vector(31 downto 0),
ROMCSN :out std_logic;
-- Test DAC
PWRDN sout std_logic;
CTRL_BIN :out std_logic;
DDSOUT_EN :out std_logic;
DAC_BIN : out std_logic_vector(9 downto 0);
PHASE_MOD : out std_logic_vector(11 downto 0)
)

end CTRL_INTF;

architecture rtl of CTRL_INTF is

constant IncO_adr : integer == |,
constant Incl_adr : integer = 2;
constant  Inc2_adr :integer = 3;
constant  Inc3_adr : integer .= 4;
constant  Ctrl_adr . integer == 5;
constant Index_adr : integer = 6;
constant 'Wdata_adr . integer =7,
constant DACO_idx : integer =0,
constant DACI_idx : integer = 1;
constant PHASEOQ_idx :integer .= 2;
constant PHASEI_idx integer .= 3;
-- synopsys translate_off
-- synopsys translate_on
signal RegCtrl  :std_logic_vector(7 downto 0); -- ADDR 05h
-- Bit . Name [LOW -= IIGIHI]
-7 :NRST [reset, not reset]
-6 : PWRDN [DAC powerdown, DAC poweron]
-5 : ENABLE [dds off, dds on]
-4 : STOP [dds run, dds stop]
-3-2 : WTYPE [SINE, RNG, RAMP, SAW]
- 1-0 : STARTQ [START QUADRANT 1,2,3,4]
alias Ctrl_NRST . std_logic is RegCtrl(7);
alias Ctrl PWRDN : std_logic is RegCtrl(6);
alias Ctrl_ENABLE - std_logic is RegCtrl(5);
alias Ctrl_STOP . std_logic is RegCtrl(4);
alias Ctrl_WTYPE :std_logic_vector(l downto 0) is RegCtrl(3 downto 2);
alias Ctrl_STARTQ - std_logic_vector(1 downto 0) is RegCtrl(1 downto 0);

signal RegINCO :std_logic_vector(7 downto 0); -- ADDR Olh



begin

signal
signal
signal

signal

signal
alias
alias

signal

signal
signal

signal
signal
signal

ADR
RWCLK
DIN

RegINCI :std_logic_vector(7 downto 0); -- ADDR 02h
RegINC2 : std_logic_vector(7 downto 0); -- ADDR 03h
RegINC3 :std_logic_vector(7 downto 0); -- ADDR 04h

RegINDEX : std_logic_vector(l downto 0); -- ADDR 06h
RegDAC -std_logic_vector(3 downto 0); -- ADDR 00h
DAC_TSTEN : std_logic is RegDAC(3);

DDS_WOUTEN - std_logic is RegDAC(2);

- Bit : Name [LOW -> HIGH]

-3 : TSTEN [dds mode, dac mode]

-2 : WOUT_EN [no wout, wout]

- 1-0 : BINARY input [9:8]

RegDAC_BIN . std_logic_vector(9 downto 0); -- ADDR 01h (BINARY input [9:0]
RegPHASEI : std_logic_vector(3 downto 0); -- ADDR 02h
RegPHASE : std_logic_vector(11 downto 0); -- ADDR 03h
ADR : std_logic_vector(2 downto 0);

RWCLK : std_logic;

DIN : std_logic_vector(7 downto 0);

SLLCTRL -- Select control (0 = Pallarel, 1 = serial)

A -- Address

RWN -- Rising edge write signal

DATA - Byte input

-- Uart override control

UA -- Address

URWN -- Rising edge write signal

UDATA -- Byte input

<=A when SELCTRL ='0' else UA,;
<=RWN when SELCTRL ='0' else URWN,
<=DATA when SELCTRL ='0' else UDATA,

-- Write to Register --

DATA_REG:

process(NRESET, RWCLK)

begin

if NRESET ='0' then

RegINCO . <=(others=>'0");
RegINCI . <= (others=>'0");
RegINC2 <= (others=>'0");
RegINC3 <= (others=>'0");
RegCtrl <=(others=>'0");
RegINDEX <= (others=>'0");
RegDAC <= (others=>'0");
RegDAC_BIN <= (others=>'0");
RegPIIASLE] <= (pthers=>"0");
RegPHASE <= (others=>'0"),

elsif RWCLK'event and (RWCLK ='1") then

if to_integer(unsigned(ADR)) = Inc0_adr then
RegINCO <=DIN;

end if,

if to_integer(unsigned(ADR)) = Inc1_adr then
RegINC1 <=DIN,

end if;

if to_integer(unsigned(ADR)) = Inc2_adr then
RegINC2 <=DIN;

end if}

if to_integer(unsigned(ADR)) = Inc3_adr then
RegINC3 <=DIN;

end if,

if to_integer(unsigned(ADR)) = Ctrl_adr then



end rtl ;

RegCtrl <= DIN;
end if}
if to_integer(unsigned(ADR)) = Index_adr then
RegINDEX <= DIN(1 downto 0);
end if,

if to_integer(unsigned(ADR)) = Wdata_adr then
case RegINDEX is
when "00" =>
RegDAC <= DIN(3 downto 0),
when "01" =>
RegDAC_BIN <= RegDAC(] downto 0) & DIN;
when "10" =>
RegPHASE <= RegPHASEI & DIN,;
when others =>
RegPHASEI <= DIN(3 downto 0);
end case;
end if}

end if;
end process;

INCREMENT <= RegINC3 & RegINC2 & RegINC1 & RegINCO ;

-7 : RST [reset, not reset]

-6 : PWRDN [DAC powerdown, DAC poweron]
5 3 ENABLE [dds off, dds on]

-4 : STOP [dds run, dds stop]

-32 : WTYPE [SINE, RAMP, SAW, RNG]

-1-0 ; STARTQ [START QUADRANT 1,2,3,4]

DDS_NRST_BIT:
process(NRESET, MCLK)

begin
if NRESET ='0'" then
DDS_NRST <='0"
elsif MCLK'event and (MCLK ="1") then
if EXT_TSTEN ="' then
DDS_NRST <= NRESET;,
else
DDS_NRST <= (Ctrl_NRST and NRESET),
end if}
end if;
end process;

DDS_ENABLE <= Ctrl_ENABLE and (not EXT_TSTEN),

ROMCSN <= not (Ctrl_ENABLE and (not EXT_TSTEN));

DDS_STOP <=Ctrl_STOP;

WTYPE <=Ctrl_WTYPE;

STARTQ <=Ctrl_STARTQ;

PWRDN <= Ctrl_PWRDN when EXT_TSTEN ='0"else EXT_PWRDN;
CTRL_BIN <=DAC_TSTEN;

DAC_BIN <=RegDAC_BIN;

PHASE_MOD <= RegPHASE;

DDSOUT_EN <=DDS_WOUTEN,;
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4. WAVE_GEN Module

--- W = Word size = 12

--- D = Output word =9
library IEEE;

use IEEE.std_logic_1164.all;
use ieee.numeric_std.all;

ENTITY WAVE_GEN IS

PORT( DDS_NRST
NRST
CLOCK
WTYPE
STARTQ
INCREMENT
PHASE_MOD

-- Coarse rom interface

CFADRH
CADRL

CDIN

-- Fine rom interface
FADRL

FDIN

--CTRL
CTRL_BIN
DAC_BIN
DDSOUT_EN
- TEST
TSTEN
XWAVE

-- decoder
code

b

-- Wave output
PHASE_OV
WAVE_EXT

),
END WAVE_GEN;

ARCHITECTURE RTL OF WAVE_GEN IS

component DAC_DECODER
PORT( TSTEN

IWAVE

XWAVE

-- Wave output

code

b

).

end component;

component LFSR
generic(Width® positive = 8);
port ( clock

nreset

load

seed

parallel_out

serial_out

).

3
end component;

component ACC4
port( NRESET
CLOCK
LOAD
CIN
DIN

;in std_logic; -- System reset (before start pipeline)
s in std_logic_vector(19 downto 1); -- Pipeline reset
tin std_logic; -- Global clock
tin std_logic_vector( 1 downto 0), -- wave type
vin std_logic_vector( | downto 0);  -- start quadrant
tin std_logic_vector(31 downto 0); -- phase increment step
;in std_logic_vector(l1 downto 0),
:out std_logic_vector(3 downto 0);
:out std_logic_vector(3 downto 0),
tin std_logic_vector(7 downto 0);
s out std_logic_vector(3 downto 0);
;in std_logic_vector(1 downto 0);
;in std_logic;
tin std_lngic_vector(9 downto 0),
tin std_logic;
sin std_logic, -- Test enable
in std_logic_vector(9 downto 0);
: out std_logic_vector(63 downto 1);

:out std_logic_vector( 3 downto 0);
:out std_logic;
:out std_logic_vector(9 downto 0)
vin std_logic; - Test enable
tin std_logic_vector(9 downto 0);
tin std_logic_vector(9 downto 0);
:out std_logic_vector(63 downto 1);
:out std_logic_vector( 3 downto 0)

-~ length of pseudo-random sequence

s in std_logic;
:in std_logic; -- active low reset
. in std_logic; -- active high load

:instd_logic_vector(Width-1 downto 0);  -- parallel seed input
: out std_logic_vector(Width-1 downto 0); -- parallel data out

: out std_logic -- serial data out (From last shift register)
sin std_logic;
in std_logic;
;in std_logic;
in std_logic;

tin std_logic_vector( 3 downto 0),
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DOUT :out std_logic_vector( 3 downto 0);
C :out std_logic
)4

4
end component;

component ACCP4

port( NRESET sin std_logic;
CLOCK tin std_logic;
CIN sin std_logic;
DIN ;in std_logic_vector( 3 downto 0),
PDIN in std_logic_vector( 3 downto 0);
DOUT :out std_logic_vector( 3 downto 0),
Cco :out std_logic
)%

end component;

component ADDER4

port ( A in std_logic_vector(3 downto 0);
B s in std-_logic_vector(3 downto 0),
CIN sin std_logic;
S : out std_logic_vector(3 downto 0);
COUT :out std_logic
);

end component;

component ADDER2

port ( A tin std_logic_vector(l downto 0);
B rin std_logic_vector(l downto 0);
CIN tin std_logic;
S :out std_logic_vector(l downto 0);
couT :out std_logic
)

end component;

component INC2

port ( A :in std_logic_vector(l downto 0);
CIN tin std_logic;
S :out std_logic_vector(1 downto 0);
COuT :out std_logic
)

end component;

component INC5 N

port ( A tin std_logic_vector(4 downto 0);
CIN tin std_logic;
S :out std_logic_vector(4 downto 0);
cout :out std_logic
).

5
end component;

signal
signal

ACC_CIN : std_logic_vector(8 downto 0);
ACCR4, ACCRS5, ACCR6, ACCR7 : std_logic_vector( 3 downto 0);

-- synopsys translate_off

signal
signal
signal
signal
signal
signal
signal

signal
signal
signal

signal
signal
signal

ACCRO, ACCR1, ACCR2, ACCR3 : std_logic_vector( 3 downto 0);

ACC : 6td_logic_vector(31 downto 0);

ACCRO_1, ACCRO_2, ACCR0_3, ACCRO_4, ACCRO_5, ACCRO_6, ACCRO_7: std_logic_vector( 3 downto 0);
ACCR1_1, ACCRI_2, ACCRI_3, ACCRI1_4, ACCRI_5, ACCRI_6 :std_logic_vector( 3 downto 0);
ACCR2_1, ACCR2_2, ACCR2_3, ACCR2_4, ACCR2_5 : std_logic_vector( 3 downto 0);
ACCR3_1, ACCR3_2, ACCR3_3, ACCR3_4 : std_logic_vector( 3 downto 0);
ACCR4_1,ACCR4_2, ACCR4_3 : std_logic_vector( 3 downto 0);
ACCR4_D, ACCR4_L1,ACCR4_L2 : std_logic_vector( | downto 0);

ACCR5_1,ACCR5_D . std_logic_vector( 3 downto 0);

ACCR6_D : std_logic_vector( 3 downto 0);

S_ACC_CIN : std_logic_vector(8 downto 1);
S_ACCR4,S_ACCRS,S_ACCR6, S_ACCR7 . std_logic_vector( 3 downto 0);
S_ACCRO,S_ACCRI,S_ACCR2,S_ACCR3 :std_logic_vector( 3 downto 0);
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signal  S_ACCRO_I,S_ACCRO_2, S_ACCRO_3, S_ACCRO_4,S_ACCRO_S,S_ACCRO_6,S_ACCRO_7 : std_logic_vector( 3

downto 0);
signal S_ACCRI_I,S_ACCRI1_2,S_ACCRI_3,S_ACCRI_4,8_ACCRI_5,S_ACCRI_6: std_logic_vector( 3 downto 0);
signal S_ACCR2_1,S_ACCR2_2,8_ACCR2_3,S_ACCR2_4,5_ACCR2_5 : std_logic_vector( 3 downto 0);
signal S_ACCR3_1,S_ACCR3_2,5_ACCR3_3,5_ACCR3_4 : std_logic_vector( 3 downto 0),
signal S_ACCR4_1,S_ACCR4_2,5_ACCR4_3 : std_logic_vector( 3 downto 0),
signal S_ACCR4_D,S_ACCR4_LI, S_ACCR4_L2 :std_logic_vector( 1 downto 0),
signal S_ACCRS_1,S_ACCR5_D : std_logic_vector( 3 downto 0);
signal S_ACCR6_D :std_logic_vector( 3 downto 0);

signal ACC_TEST - std_logic_vector(31 downto 0);

signal SUM_TEST : std_logic_vector(32 downto 0);

signal ERR_TEST : std_logic;

signal ROM_TEST - std_logic_vector(8 downto 0);

signal ROM_ERR : std_logic;

-- synopsys translate_on
signal ADINO, ADINI, ADIN2, ADIN3, ADIN4, ADINS, ADIN6, ADIN7 : std_logic_vector( 3 downto 0),
signal ACIN : std_logic_vector(8 downto 0);

signal PHASE :std_logic_vector(13 downto 0);
alias WAVE_LIN: std_logic_vector(9 downto 0) is PHASE(13 downto 4),

signal PCIN : std_logic_vector(4 downto 0);
signal PHASE_MODO : std_logic_vector(3 downta 0);
signal PHASE_MODI : std_logic_vector(3 downto 0);
signal PHASE_MOD2 : std_logic_vector(3 downto 0);
signal PHASE_MOD3 : std_logic_vector(3 downto 0);
signal ADDPR4 : std_logic_vector(3 downto 0);
signal ADDPRS : std_logic_vector(3 downto 0);
signal ADDPR6 : std_logic_vector(3 downto 0);
signal ADDPR7 » std_logic_vector(3 downto 0);
signal ADDPR6_D :std_logic_vector(3 downto 0);
signal ADDPRS5_1 - std_logic_vector(3 downto 0);
signal ADDPR5_D : std_logic_vector(3 downto 0);
-- synopsys translate_off
signal ADDPR4_1 : std_logic_vector(3 downto 0);
signal ADDPR4_2 s std_logie_veetor(3 downto 0),
signal ADDPR4_D : std_logic_vector(3 downto 0);
-- synopsys translate_on

signal ADDPR4_L1 : std_logic_vector(1 downto 0);
signal ADDPR4_L2 : std_logic_vector(l downto 0);
signal ADDPR4_LD : std_logic_vector(1 downto 0);
signal PHASE_OUT : std_logic_vector(13 downto 0);
signal ROM_ADRI13 : std_logic;

signal ROM_ADR : std_logic_vector(11 downto 0);

alias WAVE_TRI: std_logic_vector(9 downto 0) is ROM_ADR(11 downto 2);

signal Q.1,Q.2,Q.3,Q 4 :std_logic;

signnl MSB_OUT : std_logic;
-- signal COARSE_OUT - std_logic_vector(7 downto 0);
signal COARSE_BUF : std_logic_vector(8 downto 0);
- signal FINE_OUT - std_logic_vector(1 downto 0);
signal FINE_BUF :std_logic_vector(1 downto 0);
signal COARSE_H : std_logic_vector(4 downto 0);
signal ROM_SUM : std_logic_vector(8 downto 0);

signal RSUMO :std_logic_vector(3 downto 0);

-- signal RSUMI :std_logic_vector(4 downto 0);
signal RSUMO_CIN, RSUMO0_CO, RSUMI1_CIN : std_logic;
signal ROM_SUMO : std_logic_vector(3 downto 0);
signal ROM_SUMI - std_logic_vector(4 downto 0);

signal SINE_OUT - std_logic_vector(9 downto 0);



signal WAVE_IN - std_logic_vector(9 downto 0);
signal WAVE_I0: std_logic_vector(9 downto 0);
signal WAVE_II : std_logic_vector(9 downto 0);

signal WAVE_OUT - std_logic_vector(9 downto 0);
signal LOAD_ACC : std_logic;
signal PHASE_RUN - std_logic_vector(7 downto 1);

signal RNG, RNG_BUF: std_logic_vector(9 downto 0);
signal SAVE_RNG, LOAD_RNG - std_logic;

-- synopsys translate_off

signal IN_FRQ : std_logic_vector(31 downto 0);

-- synopsys translate_on

BEGIN

signal INC_FRQ : std_logic_vector(31 downto 0);

signal IN_PHASE : std_logic_vector(11 downto 0);
subtype BYTE is std_logic_vector(3 downto 0);

Type BYTEA4 is array (3 downto 0) of BYTE;

Type BYTES is array (7 downto 0) of BYTE;

signal PINC, PDIN_INC : BYTES;

signal IL1S : BYTES;

signal IL1C : std_logic_vector(7 downto 0);
signal 1L2S : BYTES;

signal IL2C : std_logic_vector(7 downto 0);
signal IL3S : BYTES;

signal 1L3C © sul_logle_vector(7 downto 0),
signal IL4S : BYTES;

signal ILAC : std_logic_vector(7 downto 0),
signal IL5S : BYTES;

signal IL5C : std_logic_vector(7 downto 0);
signal IL6S : BYTES;

signal IL6C : std_logic_vector(7 downto 0);
signal IL7S : BYTES;

signal IL7C : std_logic_vector(7 downto 0);
signal IL8S : BYTES;

signal IL8C : std_logic_vector(7 downto 0);

signal DACCR4_0 : std_logic_vector(3 downto 0);
signal DACCR4_1 . sid_logie_vector(3 downto 0);
signal DACCR4_2 : std_logic_vector(3 downto 0);
signal DACCR4 : std_logic_vector(3 downto 0);
signal LOAD_ACCS : std_logic;

signal DACCR5_0 - std_logic_vector(3 downto 0);
signal DACCRS_1 : std_logic_vector(3 downto 0);
signal DACCRS5_2 - std_logic_vector(3 downto 0);
signal DACCRS : std_logic_vector(3 downto 0);
signal LOAD_ACC6 : std_logic;

signal DACCR6_0 - std_logic_vector(3 downto 0);
signal DACCRG6_1 : std_logic_vector(3 downto 0);
signal DACCR6_2 : std_logic_vector(3 downto 0);
signal DACCR6 : std_logic_vector(3 downto 0);
signal LOAD_ACC7 : std_logic;

signal DACCR7_0 : std_logic_vector(3 downto 0);
signal DACCR7_1 : std_logic_vector(3 downto 0);
signal DACCR7_2 : std_logic_vector(3 downto 0);
signal DACCR7 - std_logic_vector(3 downto 0);
signal FRQ : std_logic_vector(31 downto 0);

signal ZERO  :std_logic;

PHASE_OV <= LOAD_ACCS;

-ZERO <=not DDS_NRST;
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ZERO <='0"

—~FRQ  <=IN_FRQ;
FRQ <= INCREMENT;

INC_FRQ_BIT:
process(DDS_NRST, CLOCK)
begin
if DDS_NRST ='0' then
INC_FRQ <= (others=>'0"),
elsif CLOCK'event and (CLOCK ="1") then
if (DDS_NRST ='1") and (NRST(1) ='0") or (LOAD_ACC ="1") then
INC_FRQ <=FRQ,

end if;
end if;
end process;
-- synopsys translate_off
IN_FRQ <= ("0001" & "0010" & "0101" & "0100" & "0000000000000000"),

("0000" & "0101" & "1000" & "0100" & "0000000000000000") after 692 ns,
("0001" & "0010" & "0101" & "0100" & "0000000000000000") after 1433 ns

»

IN_FRQ <= ("0011" & "0011" & "0011" & "0011" & "0011" & "0011" & "0011" & "0011");

-- synopsys translate_on

--STAGE 1

PINC(0) <=FRQ( 3 downto 0); PINC(1) <=FRQ( 7 downto 4), PINC(2) <=FRQ(11 downto 8);
PINC(3) <=FRQ(I5 downto 12); PINC(4)<=FRQ(19 downto 16); PINC(5)<= FRQ(23 downto 20);

PINC(6) <=FRQ(27 downto 24); PINC(7)<=FRQ(31 downto 28);

PDIN_INC(0) <=[NC_FRQ( 3 downto 0);
PDIN_INC(1) <=[NC_FRQ( 7 downto 4);
PDIN_INC(2) <=INC_FRQ(11 downto 8);
PDIN_INC(3) <=[NC_FRQ(15 downto 12);
PDIN_INC(4) <= INC_FRQ(19 downto 16);
PDIN_INC(5) <=INC_FRQ(23 downto 20);
PDIN_INC(6) <=INC_FRQ(27 downto 24),
PDIN_INC(7) <=[NC_FRQ(31 downto 28);
ACC_CIN(0) <=ZERO;

ACCO_UNIT: ACC4 port map (
NRESET=>NRST(1), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(0),
DIN=>ADINO, DOUT=>0PEN, CO=>ACC_CIN(1) );

ACCI_UNIT: ACC4 port map (
NRESET=>NRST(2), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(1),
DIN=>ADINI, DOUT=>OPEN, CO=>ACC_CIN(2) );

ACC2_UNIT: ACC4 port map (
NRESET=>NRST(3), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(2),
DIN=>ADIN2, DOUT=>OPEN, CO=>ACC_CIN(3) );

ACC3_UNIT: ACC4 port map (
NRESET=>NRST(4), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(3),
DIN=>ADIN3, DOUT=>OPEN, CO=>ACC_CIN(4) );

ACC4_UNIT: ACC4 port map (
NRESET=>NRST(5), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(4),
DIN=>ADIN4, DOUT=>ACCR4, CO=>ACC_CIN(5) );

ACCS_UNIT: ACC4 port map (
NRESET=>NRST(6), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(5),
DIN=>ADINS, DOUT=>ACCRS, CO=>ACC_CIN(6) );

ACC6_UNIT: ACC4 port map (
NRESET=>NRST(7), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(6),
DIN=>ADIN6, DOUT=>ACCR6, CO=>ACC_CIN(7) );
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ACC7_UNIT: ACC4 port map (
NRESET=>NRST(8), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(7),
DIN=>ADIN7, DOUT=>ACCR7, CO=>ACC_CIN(8) );

LOAD_ACC <= ACC_CIN(8);

-- synopsys translate_off
TACCO_UNIT: ACC4 port map (
NRESET=>NRST(1), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(0),
DIN=>ADINO, DOUT=>ACCR0, CO=>0OPEN ),

TACCI_UNIT: ACC4 port map (
NRESET=>NRST(2), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(1),
DIN=>ADINI, DOUT=>ACCRI, CO=>0OPEN );

TACC2_UNIT: ACC4 port map (
NRESET=>NRST(3), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(2),
DIN=>ADIN2, DOUT=>ACCR2, CO=>0OPEN );

TACC3_UNIT: ACC4 port map (
NRESET=>NRST(4), CLOCK=>CLOCK, LOAD=>LOAD_ACC, CIN=>ACIN(3),
DIN=>ADIN3, DOUT=>ACCR3, CO=>0OPEN );
-- synopsys translate_on

-Restore value
ADINO <= PDIN_INC(0) when LOAD_ACC ='0"else IL1S(6);
ADIN1  <=PDIN_INC(1) when LOAD_ACC ='0' else IL25(5);
ADIN2  <=PDIN_INC(2) when LOAD_ACC ='0' else IL3S(4);
ADIN3  <=PDIN_INC(3) when LOAD_ACC ='0'else IL45(3);
ADIN4 <= PDIN_INC(4) when LOAD_ACC ='0"else IL55(2);
ADIN5  <=PDIN_INC(5) when LOAD_ACC ='0'else IL65(1);
ADIN6 <= PDIN_INC(6) when LOAD_ACC ='0"else IL7S(0);
ADIN7 <= PDIN_INC(7) when LOAD_ACC ='0' else PINC(7),

ACIN(8) <=ACC_CIN(8)  when LOAD_ACC =0 else ZERO,
ACIN(7) <=ACC_CIN(7)  when LOAD_ACC =0 else ZERO,

ACIN(6) <=ACC_CIN(6)  when LOAD_ACC =0’ else IL7C(0);
ACIN(5) «=ACC_CIN(5)  when LOAD_ACC ='0' else ILGC(1);
ACIN(4) <=ACC_CIN(4)  when LOAD_ACC =0’ else IL5C(2);
ACIN(3) <=ACC_CIN(3)  when LOAD_ACC = 0" else IL4C(3);
ACIN(2) <=ACC_CIN(2)  when LOAD_ACC =0 else IL3C(4);
ACIN(I) <=ACC_CIN(1)  when LOAD_ACC =0’ else IL2C(5);
ACIN(0) <=ACC_CIN(0)  when LOAD_ACC ='0’ else IL1C(6);

DACCR4_REG:
process(NRST(2), CLOCK)
begin
if NRST(2) ="0' then
DACCR4_0 <= (others=>'0");
DACCR4_1 <= (others=>'0");
DACCR4_2 <= (others=>'0");
DACCR4 <= (others=>'0");
LOAD ACCS <=0,
elsif CLOCK'event and (CLOCK ="'1") then
LOAD_ACCS <=LOAD_ACC;
if LOAD_ACC ='0'then
DACCR4 <=DACCR4_2;
DACCR4 2 <=DACCR4_I,
DACCR4_| <=DACCR4_0;
DACCR4 0 <= ACCR4;
else
DACCR4 <= (others=>'0"),
DACCR4 2 <= PINC(4);
DACCR4_1 <=1L55(0);
DACCR4_0 <=1L58(1);
end if;

end if}



end process,

DACCR5_REG:
process(NRST(3), CLOCK)
begin
If NRST(3) ='0" then
DACCRS_0 <= (others=>'0");
DACCRS5_1 <= (others=>'0"),
DACCRS5_2 <= (others=>'0");
DACCRS <= (others=>'0");
LOAD_ACC6 <=0,
elsif CLOCK'event and (CLOCK ='1") then
LOAD_ACC6 <=LOAD_ACCS;
if LOAD_ACCS5 ="'0" then
DACCRS5 <=DACCRS5_2;
DACCRS5_2 <=DACCRS5_1;
DACCRS5_1 <=DACCRS5_0;
DACCR5_0 <= ACCRS;
else
DACCRS <= (others=>'0"),
DACCRS5_2 <=PINC(5),
DACCR5_1 <=L65(0);
DACCRS5_0 <=IL6S(1);
end if;
end if;
end process,
DACCR6_REG:
process(NRST(4), CLOCK)
begin
if NRST(4) ="'0' then
DACCR6_0 <= (others=>'0");
DACCR6_I <= (others=>'0");
DACCR6_2 <= (others=>'0");
DACCRé6 <=(others=>'0");
LOAD_ACC7 <='0"
elsif CLOCK'event and (CLOCK ='1") then
LOAD_ACC7 <=LOAD_ACCS;
ifLOAD_ACC6 ="0' then
DACCR6 <=DACCR6_2;
DACCR6_2 <=DACCR6_I;
DACCR6_I <=DACCR6_0;
DACCR6_0 <= ACCR6;
else
DACCR6 <= (others=>'0");
DACCR6_2 <=PINC(6),
DACCR6_I <=]L78(0),
DACCR6_0 <=IL75(1),
end if;
end if}
end process;

DACCR7_REG:
process(NRST(5), CLOCK)

begin
if NRST(5) ='0" then
DACCR7_0 <= (others=>'0");
DACCR7_1 <= (others=>'0");
DACCR7_2 <= (others=>'0");
DACCR7 <= (others=>'0");

elsif CLOCK'event and (CLOCK ='1") then
if LOAD_ACC7 ='0' then

DACCR7 <= DACCR7_2;
DACCR7_2 <=DACCRT_I,
DACCR7_I <= DACCR7_0;
DACCR7_0 <= ACCRT,

else
DACCR7 <= (others=>'0"),

83



--INC LEVEL 1

ADD_L1_0:
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DACCR7_2 <=PINC(7),

DACCR7_I <=1L8S(0),

DACCR7_0 <=]L85(1);
end if}

end if;
end process;

ADDER# port map (A=>PINC(0), B=>PINC(0), CIN=>ZERO, S=>IL1S(0), COUT=>ILIC(0));
ADDERA port map (A=>IL18(0), B=>PINC(0), CIN=>ZERO, S=>IL1S(1), COUT=>ILIC(1));
ADDER# port map (A=>IL18(1), B=>PINC(0), CIN=>ZERO, S=>IL15(2), COUT=>ILIC(2));
ADDER# port map (A=>IL1S(2), B=>PINC(0), CIN=>ZERO, S=>IL15(3), COUT=>ILIC(3));
ADDER4 port map (A=>IL18(3), B=>PINC(0), CIN=>ZERO, S=>IL1S(4), COUT=>IL1C(4)),
ADDER4 port map (A=>IL18(4), B=>PINC(0), CIN=>ZERO, S=>IL15(5), COUT=>ILIC(5));
ADDER4 port map (A=>IL18(5), B=>PINC(0), CIN=>ZERO, S=>IL15(6), COUT=>ILIC(6));
ADDERA port map (A=>IL15(6), B=>PINC(0), CIN=>ZERO, S=>IL1§(7), COUT=>ILIC(7)),

ADDER4 port map (A=>PINC(1), B=>PINC(1), CIN=>IL1C(0), S=>IL2S(0), COUT=>IL2C(0));
ADDER4 port map (A=>IL25(0), B=>PINC(1), CIN=>ILIC(1), $=>IL2S(1), COUT=>IL2C(1));
ADDER4 port map (A=>1L.28(1), B=>PINC(1), CIN=>IL1C(2), S=>IL25(2), COUT=>IL2C(2));
ADDERA port map (A=>IL25(2), B=>PINC(1), CIN=>IL1C(3), $=>IL25(3), COUT=>IL2C(3));
ADDER4 port map (A=>1L25(3), B=>PINC(1), CIN=>IL1C(4), S=>IL25(4), COUT=>IL2C(4));
ADDER4 port map (A=>IL25(4), B=>PINC(1), CIN=>IL1C(5), S=>IL25(5), COUT=>IL2C(5)),
ADDER4 port map (A=>IL28(5), B=>PINC(1), CIN=>IL1C(6), S=>IL25(6), COUT=>IL2C(6));
ADDER4 port map (A=>1L28(6), B=>PINC(1), CIN=>IL1C(7), S=>IL2S(7), COUT=>IL2C(7));

: ADDER4 port map (A=>PINC(2), B=>PINC(2), CIN=>IL2C(0), S=>IL35(0), COUT=>IL3C(0)),

- ADDERA port map (A=>IL3S(0), B=>PINC(2), CIN=>IL2C(1), S=>IL38(1), COUT=>IL3C(1));
: ADDER4 port map (A=>IL38(1), B=>PINC(2), CIN=>IL2C(2), S=>IL35(2), COUT=>IL3C(2)),
: ADDER4 port map (A=>IL3S(2), B=>PINC(2), CIN=>IL2C(3), $=>IL3S(3), COUT=>IL3C(3));
- ADDER4 port map (A=>IL3S(3), B=>PINC(2), CIN=>IL2C(4), S=>IL38(4), COUT=>IL3C(4));
: ADDER4 port map (A=>IL38(4), B=>PINC(2), CIN=>IL2C(5), S=>IL3S(5), COUT=>IL3C(5));

: ADDER4 port map (A=>IL35(5), B=>PINC(2), CIN=>IL2C(6), S=>IL35(6), COUT=>IL3C(6));

- ADDER4 port map (A=>IL3S(6), B=>PINC(2), CIN=>IL2C(7), S=>IL38(7), COUT=>IL3C(7));

ADDER4 port map (A=>PINC(3), B=>PINC(3), CIN=>IL3C(0), S=>1L4S(0), COUT=>ILAC(0));
: ADDER4 port map (A=>I1L45(0), B=>PINC(3), CIN=>IL3C(1), $=>IL45(1), COUT=>IL4C(1));
: ADDER4 port map (A=>IL45(1), B=>PINC(3), CIN=>IL3C(2), S=>IL4S(2), COUT=>IL4C(2));
. ADDER4 port map (A=>IL45(2), B=»PINC(3), CIN=>1L3C(3), $=>IL45(3), COUT=>IL4C(3)),
: ADDER# port map (A=>IL4S(3), B=>PINC(3), CIN=>IL3C(4), S=>IL4S(4), COUT=>IL4C(4)),
: ADDER4 port map (A=>IL4S(4), B=>PINC(3), CIN=>IL3C(5), $=>IL4S(5), COUT=>ILAC(5)),
: ADDER4 port map (A=>IL4S(5), B=>PINC(3), CIN=>IL3C(6), S=>ILA4S(6), COUT=>ILAC(6));
ADDER4 port map (A=>IL4S(6), B=>PINC(3), CIN=>IL3C(7), S=>IL4S(7), COUT=>ILAC(7));

: ADDER4 port map (A=>PINC(4), B=>PINC(4), CIN=>IL4C(0), S=>IL55(0), COUT=>IL5C(0));
- ADDER4 port map (A=>IL5S(0), B=>PINC(4), CIN=>IL4C(1), S=>IL55(1), COUT=>IL5C(1));
: ADDER4 port map (A=>IL5S(1), B=>PINC(4), CIN=>ILAC(2), S=>IL58(2), COUT=>IL5C(2));
- ADDER4 port map (A=>IL55(2), B=>PINC(4), CIN=>IL4C(3), $=>IL55(3), COUT=>IL5C(3));
: ADDER4 port map (A=>IL55(3), B=>PINC(4), CIN=>IL4C(4), S=>IL53(4), COUT=>IL5C(4));
: ADDER4 port map (A=>IL55(4), B=>PINC(4), CIN=>1L4C(5), S=>IL55(5), COUT=>IL5C(5));
: ADDER4 port map {A=>IL55(5), B=>PINC(4), CIN=>ILAC(6), S=>IL55(6), COUT=>IL5C(6));
- ADDER4 port map (A=>IL55(6), B=>PINC(4), CIN=>I1L4C(7), $=>IL55(7), COUT=>IL5C(7)),

- ADDERA port map (A=>PINC(5), B=>PINC(S), CIN=>IL5C(0), $=>IL6S(0), COUT=>IL6C(0)):
- ADDER4 port map (A=>IL6S(0), B=>PINC(5), CIN=>IL5C(1), $=>IL6S(1), COUT=>IL6C(1));
: ADDER4 port map (A=>IL6S(1), B=>PINC(S), CIN=>IL5C(2), S=>IL6S(2), COUT=>IL6C(2));
- ADDER4 port map (A=>IL6S(2), B=>PINC(5), CIN=>IL5C(3), $=>IL63(3), COUT=>IL6C(3));
: ADDER4 port map (A=>IL6S(3), B=>PINC(S), CIN=>IL5C(4), S=>IL6S(4), COUT=>IL6C(4));
- ADDER4 port map (A=>IL6S(4), B=>PINC(5), CIN=>IL5C(5), $=>IL6S(5), COUT=>IL6C(5));
: ADDER4 port map (A=>IL6S(5), B=>PINC(5), CIN=>IL5C(6), S=>IL6S(6), COUT=>IL6C(6)),
- ADDER4 port map (A=>IL6S(6), B=>PINC(5), CIN=>IL5C(7), $=>IL6S(7), COUT=>IL6C(7));

' 0: ADDER4 port map (A=>PINC(6), B=>PINC(6), CIN=>IL6C(0), S=>IL7S(0), COUT=>IL7C(0));
"1: ADDER4 port map (A=>IL78(0), B=>PINC(6), CIN=>IL6C(1), S=>IL7S(1), COUT=>IL7C(1)),
: ADDER4 port map (A=>IL75(1), B=>PINC(6), CIN=>IL6C(2), S=>IL7S(2), COUT=>IL7C(2));
"3: ADDER4 port map (A=>IL78(2), B=>PINC(6), CIN=>IL6C(3), S=>IL7S(3), COUT=>IL7C(3));
- ADDER4 port map (A=>IL78(3), B=>PINC(6), CIN=>IL6C(4), S=>IL7S(4), COUT=>IL7C(4)),
5. ADDER4 port map (A=>IL78(4), B=>PINC(6), CIN=>IL6C(5), S=>IL7S(5), COUT=>IL7C(5));
"6: ADDER4 port map (A=>1L78(5), B=>PINC(6), CIN=>IL6C(6), S=>IL75(6), COUT=>IL7C(6));



ADD_L7_7: ADDER4 port map (A=>IL78(6), B=>PINC(6), CIN=>IL6C(7), S=>IL78(7), COUT=>IL7C(7));

-- INC LEVEL 8
ADD_LS8 _{
ADD_L8_
ADD L
ADD L
ADD_LS8 -
ADD L8_
ADD_L38_{
ADD_L8_

WOOGODOOUOODOCO
"-JC’\M#WN-—O

-- synopsys translate_off

ACC_REG:

: ADDERA4 port map (A=>PINC(7), B=>PINC(7), CIN=>IL7C(0), S=>IL8S(0), COUT=>OPEN};
: ADDER4 port map (A=>IL8S(0), B=>PINC(7), CIN=>IL7C( 1), S=>IL85(1), COUT=>OPEN);
: ADDER4 port map (A=>IL8S(1), B=>PINC(7), CIN=>IL7C(2), S=>IL8S(2), COUT=>OPEN);
: ADDERA4 port map (A=>IL8S(2), B=>PINC(7), CIN=>IL7C(3), S=>IL8S(3), COUT=>OPEN};
: ADDER4 port map (A=>IL8S(3), B=>PINC(7), CIN=>IL7C(4), S=>IL8S(4), COUT=>0PEN);
- ADDERA4 port map (A=>IL8S(4), B=>PINC(7), CIN=>IL7C(5), S=>IL8S(5), COUT=>0PEN};
: ADDER4 port map (A=>IL8S(5), B=>PINC(7), CIN=>IL7C(6), S=>IL85(6), COUT=>OPEN);
: ADDERA port map (A=>IL8S(6), B=>PINC(7), CIN=>IL7C(7), S=>IL85(7), COUT=>OPEN);

process(DDS_NRST, CLOCK)

begin

if DDS_NRST ='0' then

ACCR6_D <= (others=>'0"),

ACCRS5_1 <= (others=>'0"),
ACCRS5_D <=(others=>'0"),

ACCR4_LI1 <= (others=>'0"),
ACCR4_L2 <= (others=>'0');
ACCR4_D <= (others=>'0";

ACCRA_1 <= (others=>'0');
ACCR4_2 <= (others=>'0"),
ACCR4_3 <= (others=>'0"),

ACCR3_1 <= (others=>'0"),
ACCR3_2 <= (others=>'0"),
ACCR3_3 <= (others=>'0");
ACCR3_4 <= (others=>'0'),

ACCR2_1 <= (others=>'0");
ACCR2_2 <= (others=>'0"),
ACCR2_3 <= (others=>'0"),
ACCR2_4 <= (others=>'0");
ACCR2_5 <=(others=>1"),

ACCRI_I <= (others=>'0"),
ACCRI1_2 <= (others=>'0");
ACCRI_3 <= (others=>'0"),
ACCRI_4 <= (others=>'0"),
ACCRI1_5 <= (others=>'0");
ACCRI_6 <= (others=>'0");

ACCRO_1 <= (others=>'0"),
ACCRO_2 <= (others=>'0");
ACCRO_3 <= (others=>'0");
ACCRO_4 <= (others=>'0");
ACCRO_5 <= (others=>'0");
ACCRO_6 <= (others=>'0"),
ACCRO_7 <= (others=>'0"),

elsif CLOCK'event and (CLOCK ='1") then

if LOAD_ACC ='0" then

ACCRO_7 <= ACCRO_6;
ACCRO_6 <= ACCRO_. s,
ACCRO_S <= ACCRO 4,
ACCRO_: 4 <= ACCRO_3;
ACCRO 3 <= ACCRO_2;
ACCRO_2 <= ACCRO_I;
ACCRO_I <= ACCRO;

ACCRI_6 <= ACCR1_S;
ACCRI_5 <= ACCR1_4;
ACCRI_4 <= ACCRI1_3;
ACCR1_3 <= ACCRI _2;
ACCRI_2 <= ACCRI_I;
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ACCRI_1 <= ACCRI;

ACCR2_5 <= ACCR2_4;
ACCR2_4 <= ACCR2_3;
ACCR2_3 <= ACCR2_2;
ACCR2_2 <= ACCR2_1,
ACCR2_1 <= ACCR2;

ACCR3_4 <= ACCR3_3;
ACCR3_3 <= ACCR3_2;
ACCR3_2 <= ACCR3_I,
ACCR3_1 <= ACCR3;

ACCR4_3 <= ACCR4_2;
ACCR4_2 <= ACCR4_L;
ACCR4_| <= ACCR4;

ACCR4_D <= ACCR4_L2;
ACCR4_L2 <= ACCR4_LI
ACCR4_LI <= ACCR4(3 downto 2);

ACCR5_D <= ACCR5_I;
ACCRS_I <= ACCRS;

ACCR6_D <= ACCR6;
else

ACCRO 7 <=8 _ACCRO_7;
ACCRO_6 <=S8_ACCRO_6;
ACCRO_5 <=5_ACCRO0_5;
ACCRO_4 <=5_ACCRO_4;
ACCRO_3 <=5_ACCRO0_3;
ACCRO_2 <=S_ACCRO_2;
ACCRO_1 <=S_ACCRO_1,

ACCRI1_6 <=S_ACCRI_6;
ACCRI_5 <=S_ACCRI1_S;
ACCRI_4 <=S_ACCRI1 _4;
ACCRI_3 <=S_ACCRI 3,
ACCRI_2 <=S_ACCRI 2,
ACCRI_1 <=S_ACCRI_I;

ACCR2_5 <=S_ACCR2_S,
ACCR2_4 <=S_ACCR2_4;
ACCR2_3 <=S_ACCR2_3;
ACCR2_2 <=S_ACCR2 2
ACCR2_1 <=S_ACCR2_I;

ACCR3_4 <=S_ACCR3 4
ACCR3_3 <=S_ACCR3_3;
ACCR3_2 <=S_ACCR3 2;
ACCR3_1 <=S_ACCR3_I;

ACCR4_3 <=S_ACCRA4_3;
ACCR4_2 <=S_ACCR4_2;
ACCR4 | <=S ACCR4 I;

ACCR4_D <=S_ACCR4 D:
ACCR4_L2 <=S_ACCR4_L2;
ACCR4_L1 <=S_ACCR4_LI;

ACCR5_D <=S_ACCRS5_D;
ACCRS5_1 <=S_ACCRS 1,

ACCR6_D <=S_ACCRé6_D,
end if’
end if}

end process;

S_ACC_REG:



process(NRST(9), CLOCK)
begin
if NRST(9) ='0" then
S_ACC_CIN <= (others=>'0),

S_ACCR6_D <= (others=>'0"),
S_ACCRS5_1 <= (others=>0';
S_ACCRS5_D <= (others=>'0");
S_ACCR4_L1 <= (others=>'0");
S_ACCR4_L2 <= (others=>'0");
S_ACCR4_D <= (others=>'0"),

S_ACCR7 <= (others=>'0"),
S_ACCR6 <= (others=>'0");
S_ACCRS <= (others=>'0"),
S_ACCR4 <= (others=>'0");
S_ACCR3 <= (others=>'0"),
S_ACCR2 <= (others=>'0"),
S_ACCRI <= (others=>'0"),
S_ACCRO <= (others=>'0"),

S_ACCR4_| <= (others=>'0"),
S_ACCR4_2 <= (others=>'0"),
S_ACCR4_3 <= (others=>'0");
S_ACCR3_1 <= (others=>'0");
S_ACCR3_2 <= (others=>'0');
S_ACCR3_3 <= (uthers=>'0"),
S_ACCR3_4 <= (others=>'0");
S_ACCR2_1 <= (others=>'0");
S_ACCR2_2 <= (others=>'0");
S_ACCR2_3 <= (others=>'0");
S_ACCR2_4 <= (others=>'0");
S_ACCR2_5 <= (others=>0"),
S_ACCRI_I <= (others=>'0");
S_ACCRI_2 <= (others=>0"),
S_ACCRI_3 <= (others=>'0");
S_ACCRI_4 <= (others=>'0");
S_ACCRI_5 <= (others=>'0");
S_ACCRI_6 <= (others=>'0");
S_ACCRO_1 <= (others=>1');
S_ACCRO_2 <= (others=>0");
S_ACCRO_3 <= (others=>'0");
S_ACCRO_4 <= (others=>'0");
S_ACCRO_5 <= (others=>'0"),
S_ACCRO_6 <= (others=>'0"),
S_ACCRO0_7 <= (others=>'0");
elsif CLOCK'event and (CLOCK ='1") then
if NRST(10) ='0'then
S_ACC_CIN <= ACC_CIN(8 downto 1);

S_ACCR7 <= ACCRT7,
S_ACCRG6 <= ACCRS,
S_ACCRS5 <= ACCRS;
S_ACCR4 <= ACCR4,
S_ACCR3 «= ACCR3J;
S_ACCR2 <= ACCR2;
S_ACCRI <= ACCRI,
S_ACCRO <= ACCRO;
S_ACCRO_7 <= ACCRO_7,
S_ACCRO_6 <= ACCRO_6;
S_ACCRO_5 <= ACCRO_S5;
S_ACCRO_4 <= ACCRO_4;
S_ACCRO_3 <= ACCRO_3;
S_ACCRO_2 <= ACCRO_2;
S_ACCRO_I <= ACCRO_L;
S_ACCRI1_6 <= ACCRI_6;
S_ACCRI1_5 <= ACCRI_S;
S_ACCRI1_4 <= ACCRI_4,
S_ACCRI1_3 <= ACCRI_3;
S_ACCRI_2<=ACCRI_2;



end if;
end if;
end process,

S_ACCRI_I <= ACCRI_I;
S_ACCR2_5 <= ACCR2_S;
S_ACCR2_4 <= ACCR2_4;
S_ACCR2_3 <= ACCR2_3;
S_ACCR2 2 <= ACCR2_2:
S_ACCR2_1 <= ACCR2_I;
S_ACCR3_4 <= ACCR3_4;
S_ACCR3_3 <= ACCR3_3;
S_ACCR3_2 <= ACCR3_2,
S_ACCR3_| <= ACCR3_I;
S_ACCR4_3 <= ACCR4_3;
S_ACCR4_2 <= ACCR4 _2;
S_ACCR4_| <= ACCR4_I;
S_ACCR4_D <= ACCR4 D,

S_ACCR4_L2 <= ACCR4_L2;
S_ACCR4_LI <= ACCR4_LI;

S_ACCR5_D <= ACCR5_D;
S_ACCRS5_1 <= ACCR5_1;
S_ACCR6_D <= ACCR6_D;,
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ACC <=ACCR7 & ACCR6_D & ACCR5_D & ACCR4_3 & ACCR3_4 & ACCR2_5 & ACCRI_6 & ACCR0_7 ;

SUM_TEST <=std_logic_vector(UNSIGNED('0' & ACC_TEST) + UNSIGNED(INCREMENT));

ACC TEST REG:

process(DDS_NRST, CLOCK)

variable delay : integer := 0;
begin

if DDS_NRST ="0' then
ACC_TEST <= (others=>'0"),
elsif CLOCK'event and (CLOCK ="'1") then
if delay < 8 then

else

end if}
end if,
end process;

ERR_TEST_REG:

process(DDS_NRST, CLOCK)

variable delay : integer == 0;
begin

delay = delay + 1;

if SUM_TEST(32) ="' then

ACC_TEST <= (others=>'0");

else

ACC_TEST <= SUM_TEST(31 downto 0);

end if}

if DDS_NRST ='0' then
ERR_TEST <=0,

elsif CLOCK'event and (CLOCK ='0") then
if delay < 8 then

else

end if}
end if}
end process;

-- synopsys Lranslate_on

delay = delay + 1,

if ACC_TEST = ACC then
ERR_TEST <='0";
else
ERR_TEST <="1",
end if}

--IN_PHASE <= (others=>'0"), "010001000100" after 280 ns;

IN_PHASE <= PHASE_MOD;

PHASE_MOD_REG:
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process{DDS_NRST, CLOCK)
begin
if DDS_NRST ='0' then
PHASE_MODO <= (others=>'0");
PHASE_MODI <= (others=>'0"),
PHASE_MOD?2 <= (others=>'0"),
PHASE_MOD?3 <= (others=>'0");
elsif CLOCK'event and (CLOCK ='1") then
--INC_PHASE <=PHASE_MOD,
if (DDS_NRST ="1") and (NRST(1) ='0") or (LOAD_ACC ="1") then
PHASE_MODO <= (IN_PHASE(1 downto 0) & "00");
end if;
if (DDS_NRST ="'1") and (NRST(1).='0") or (LOAD_ACCS =1} then
PHASE_MOD]1 <=IN_PHASE(5 downto 2),
end if;
if (DDS_NRST ="1') and (NRST(1) ="0")) or (LOAD_ACC6 ='1") then
PHASE_MOD2 <= IN_PHASE(9 downto 6);
end if]
if (DDS_NRST ='1") and (NRST(1) ='0")) or (LOAD_ACC7 ="'1") then
PHASE_MOD3 <="00" & IN_PHASE(11 downto 10);
end if;
end if}
end process,

PCIN(0) <=ZERO;

ADDP4_UNIT: ACCP4 poit map (
NRESET=>NRST(10), CLOCK=>CLOCK, CIN=>PCIN(0),
DIN=>DACCR4, PDIN=>PHASE_MODQ,
DOUT=>ADDPR4, CO=>PCIN(1));

ADDP5_UNIT: ACCP4 port map (
NRESET=>NRST(11), CLOCK=>CLOCK, CIN=>PCIN(1),
DIN=>DACCRS, PDIN=>PHASE_MODI,
DOUT=>ADDPRS, CO=>PCIN(2) );

ADDP6_UNIT: ACCP4 port map (
NRESET=>NRST(12), CLOCK=>CLOCK, CIN=>PCIN(2),
DIN=>DACCRS6, PDIN=>PHASE_MOD2,
DOUT=»ADDPRG, CO=>PCIN(3) ),

ADDP7_UNIT: ACCP4 port map ( -
NRESET=>NRST(13), CLOCK=>CLOCK, CIN=>PCIN(3),
DIN=>DACCR7, PDIN=>PHASE_MOD3,
DOUT=>ADDPR7, CO=>PCIN(4) );

ADDP_REG:
process(DDS_NRST, CLOCK)
begin
if DDS_NRST ="0' then
ADDPR6_D <= (others=>'0");

ADDPRS5_1 <= (others=>'0");

ADDPRS5_D <= (others=>'0");
- synopsys translate off

ADDPR4_1 <= (others=>'0"),

ADDPR4_2 <= (others=>'0");

ADDPR4_D <= (others=>'0"),
-- synopsys translate_on

ADDPR4_L1 <= (others=>'0"),

ADDPR4_L2 <= (others=>'0");

ADDPR4_LD <= (others=>'0");

elsif CLOCK'event and (CLOCK ="'1") then
-- synopsys translate_off
ADDPR4_D <= ADDPR4_2,
ADDPR4_2 <= ADDPR4_1,
ADDPR4_1 <= ADDPR4,
-- synopsys translate_on
ADDPR4_LD <= ADDPR4_12;
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ADDPR4_L2 <= ADDPR4_LI;
ADDPR4_LI <= ADDPR4(3 downto 2);

ADDPR5_D <= ADDPRS_I;
ADDPRS5_| <= ADDPRS;

ADDPR6_D <= ADDPR6,

end if;
end process;

PHASE_OUT <= ADDPR7 & ADDPR6_D & ADDPRS_D & ADDPR4_LD;
PHASE <=PHASE_OUT;

PHASE_RUN_REG:
process(NRST(13), CLOCK)

begin
if NRST(13)="'0" then
PHASE_RUN <= (others=>'0");
elsif CLOCK'event and (CLOCK ='1") then
PHASE_RUN(7 downto 2) <= PHASE_RUN(6 downto 1);
if STARTQ = ADDPR7(3 downto 2) then
PHASE_RUN(1) <='l"
end if}
end if}
end process;
---STAGE 2
-- ROM ADR SETUP
ROM_ADR_REG:
process(NRST(14), CLOCK)
begin
if NRST(14)="0" then
ROM_ADRI13 <='04
ROM_ADR <= (others=>'0"),
elsif CLOCK'event and (CLOCK ="'1") then
if PHASE_RUN(1)="1"then
ROM_ADRI3 <= PHASE(13),
if PHASE(12) ="1' then == Invert ROM_ADR in QUADRANT 1.4
ROM_ADR(11 downto 0) <=not PHASE(11 downto 0);
else
ROM_ADR(11 downto 0) <=PHASE(11 downto 0);
end if;
end if}
end if;
end process;

-- Duplicate address
--CADR <= ROM_ADR(11 downto 8) & ROM_ADR(7 downto 4);
--FADR <=ROM_ADR(11 downto 8) & ROM_ADR(3 downto 0);

CFADRH <=ROM_ADR(11 downto 8);
CADRL  =«=ROM_ADR(7 downto 4);
FADRL <=ROM_ADR(3 downto 0);

---STAGE 3
-- ROM READ

MSB_OUT_BIT:
process(NRST(15), CLOCK)
begin
if NRST(15)="0' then
MSB_OUT <='0",
Ql <=0
elsif CLOCK'event and (CLOCK ="'1") then
Q.1 <=ROM_ADRI3;
if to_integer(unsigned(ROM_ADR(11 downto 4))) > 85 then
MSB_OUT <='l";
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else

MSB_OUT <='0",
end if}
end if}
end process;
--- STAGE 4
-- ROM RESULT
ROM_BUF_REG:
process(NRST(16), CLOCK)
begin
if NRST(16) ='0' then
COARSE_BUF <= (others=>'0");
FINE_BUF <= (others=>'0"),
Q2 <=
elsif CLOCK'event and (CLOCK ='1") then
Q2 <=Q_I,
COARSE_BUF <=MSB_OUT & CDIN;
FINE_BUF <=FDIN;
end if;
end process;

RADDO_REG: ADDER2 port map
( A=>COARSE_BUF(1 downto 0), B=>FINE_BUF(1 downto 0), CIN=>ZERO,
S=>RSUMO(1 downto 0), COUT=>RSUMO_CIN),

RINCO_REG: INC2 port map
( A=>COARSE_BUF(3 downto 2), CIN=>RSUMO_CIN,
S=>RSUM0(3 downto 2), COUT=>RSUMO_CO);

ROM_SUMO_REG:
process(NRST(17), CLOCK)
begin
if NRST(17) ='0' then
ROM_SUMO <= (others=>'0");
COARSE_H <= (others=>'0");
RSUMI_CIN <='0";
Q3 <=,
elsif CLOCK'event and (CLOCK ="'1") then
Q3 <=Q2;
ROM_SUMO <= RSUMO;
COARSE_H <= COARSE_BUF(8 downto 4),
RSUMI_CIN <= RSUMO0_CO;,
end if}
end process;

RINCI_REG: INCS port map
( A=>COARSE_H, CIN=>RSUMI_CIN, $=>ROM_SUM 1, COUT=>OPEN);

ROM_SUM_REG:
process(NRST(18), CLOCK)
begin
if NRST(18) ='0" then
ROM_SUM <= (others=>"0'),

Q_4 <= IOI;
elsif CLOCK'event and (CLOCK ="'1") then
Q4 <=Q_3;

ROM_SUM <= ROM_SUMI & ROM_SUMO;
end if,
end process;

-- synopsys translate_off

ACC <=ACCR7 & ACCR6_D & ACCR5_D & ACCR4_3 & ACCR3_4 & ACCR2_5 & ACCRI_6 & ACCRO_7;
ROM_TEST_REG:

process(NRST(16), CLOCK)

variable ROM_D1, ROM_D2, ROM_D3, ROM_D4, ROM_DS5 : std_logic_vector(8 downto 0);



begin
if NRST(16) ="'0' then
ROM_D1 := (others=>'0");
ROM_D2 := (others=>'0");
ROM_D3 := (others=>'0",
ROM_D4 = (others=>'0");
ROM_DS5 = (others=>'0");
ROM_TEST <= (others=>'0");
elsif CLOCK'event and (CLOCK ='1") then
ROM_DS5 = ROM_D4,
ROM_D4 :=ROM_D3;
ROM_D3 :=ROM_D2;
ROM_D2 :=ROM_DI,;
ROM_D1 :=std_logic_vector(unsigned(COARSE_BUF) + unsigned(FINE_BUF));
ROM_TEST <=ROM_D2;
end if;
end process;
ROM_ERR_REG:

process(NRST(16), CLOCK)
variable delay : integer :=0;

begin
If NRST(16) ='0' then
ROM_ERR <=0,
elsif CLOCK'event and (CLOCK ='0") then
if ROM_TEST = ROM_SUM then
ROM_ERR =="0",
else
ROM_ERR <="I";
end if;
end if;
end process;

-- synopsys translate_on

--STAGE 5
-- SINE OUTPUT
SINE_OUT_REG:
process(NRST(19), CLOCK)
begin
if NRST(19) ="0' then
SINE_OUT <= "1000000000";
elsif CLOCK'event and (CLOCK ="'1") then
if Q_4 ="1" then -- Invert ROM OUTPUT in QUADRANT 3,4
SINE_OUT <="0' & not ROM_SUM;
else
SINE_OUT <="1' & ROM_SUM;
end if}
end if,
end process;
LOAD_RNG <="]"when (NRST(1)="1") and (NRST(2) ="0") else '0";
instantiate a 10 bit LFSR
LFSR10: LFSR generic map ( Width=> 10 )
port map ( clock => CLOCK,

nreset => DDS_NRST,
load => LOAD_RNG,
seed =>"0010101001",
parallel_out => RNG,
serial_out => OPEN

);

SAVE_RNG_BIT:
process(DDS_NRST, CLOCK)

begin

if DDS_NRST ="0' then
SAVE_RNG <='0";
elsif CLOCK'event and (CLOCK ='1") then
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SAVE_RNG <= SINE_OUT(9),

end if;
end process,

RNG_BUF_REG:
process(NRST(19), CLOCK)
begin

if NRST(19) ='0' then

RNG_BUF

<= (others=>"0"),

elsif CLOCK'event and (CLOCK ='1") then
if (SINE_OUT(9) = '0") and (SAVE_RNG = '1") then

end if}
end if}
end process;
WAVE_IN_REG:
process(NRST(19), CLOCK)
begin

RNG_BUF <= RNG;

if NRST(19)="0' then
WAVE_IN <= "0000000000";
elsif CLOCK 'event and (CLOCK ="'1") then
if CTRL_BIN ="l' then

else

end if,
end if;
end process;

--STAGE 6

WAVE_I0 <=SINE_OUT
WAVE_II <= WAVE_LIN

WAVE_IN <=DAC_BIN;

WAVE_IN <= RNG_BUF,

when WTYPE(0) ='0' else WAVE_IN;
when WTYPE(0) ="0' else WAVE_TRI,

WAVE_REG:
process(DDS_NRST, CLOCK)
begin
if DDS_NRST ='0' then
WAVE_OUT <= "0000000000";
WAVE_EXT <= "0000000000";
elsif CLOCK'event and (CLOCK ="'1") then
if NRST(12) ='0' then
case STARTQ is
when "00" => WAVE_OUT <= "1000000000";
when "01" => WAVE_OUT <="1111111111";
when "10" => WAVE_OUT <= "1000000000";
when others => WAVE_OUT <= "0000000000";
end case;
WAVE_EXT <="0000000000";
else
if WTYPE(1)="0"then
if PHASE_RUN(7)="1" then
WAVE_OUT <=WAVE_I0;
end if}
else
WAVE_OUT <=WAVE_II,
end if}
if DDSOUT_EN ="1" then
WAVE_EXT <= WAVE_OUT;
end if;
end if;
end if;
end process;
DECODER: DAC_DECODER
PORT MAP (
TSTEN =>TSTEN,
[WAVE =>WAVE_OUT,
XWAVE =>XWAVE,
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-- Wave output
code
b

%

END RTL;

=>code,

>b
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5. DAC_DECODER Module

library IEEE;
use IEEE.std_logic_1164.all;
use ieee.numeric_std.all;

ENTITY DAC_DECODER IS

PORT(  TSTEN ;in std_logic;
IWAVE sin std_logic_vector(9 downto 0);
XWAVE tin std_logic_vector(9 downto 0);
-- Wave output
code :out std_logic_vector(63 downto 1);
b > out std_logic_vector( 3 downto 0)
)

END DAC_DECODER,;

ARCHITECTURE RTL OF DAC_DECODER IS

signal thm_part : std_logic_vector(5 downto 0);
signal icode : std_logic_vector(63 downto 1);
-- synopsys translate_off

signal ib : std_logic_vector(3 downto 0);
signal IDAC : integer;

-- synopsys translate_on

BEGIN
b <=IWAVE(3 downto 0) when TSTEN ='0' else XWAVFE(3 downto 0);
thm_part <=IWAVE(9 downto 4) when TSTEN = '0' else XWAVE(9 downto 4);

thm_decoder:
process(thm_part)
variable thm_value : integer;
begin
thm_value = to_integer(unsigned(thm_part));
- MSB LSB
- 00100 0000001111 --
foriin 1 to 63 loop
if i > thm_value then
icode(i) <='0"
else :
icode(i) <="'1",
end if}
end loop;
end process;

code <= jcode;

- synopsys translate_off
ib <=IWAVE(3 downto 0) when TSTEN ='0' else XWAVE(3 downto 0);

DAC PROC:
process(icode, 1b)
variable current : integer := 0,
begin
current := 0,
foriin 1 to 63 loop
if icode(i)="1" then
current :=current + 1;
end if;
end loop;
current := current * 16;
IDAC <= current + to_integer(unsigned(ib));
end process;
== synopsys translate_on

END RTL;

-- Test enable
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6. LFSR Module

library IEEE;
use IEEE.STD_Logic_1164.all;

entity LFSR is

generic(Width: positive == 10);
port ( clock
nreset
load
seed
parallel_out
serial_out

)i
end LFSR;

architecture RTL of LFSR is
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-- length of pseudo-random sequence

sin std_logic;

s in std_logic; -- active low reset

cin std_logic; -- active high load

- in std_logic_vector(Width-1 downto 0);  -- parallel seed input
cout std_logic_vector(Width-1 downto 0); -- parallel data out
:out std_logic -- serial data out (From last shift register)

-- Look-Up Table for Tap points to insert XOR gates as feedback into D-FF
-- outputs. Taps are designed so that 2°N-1 (N=Width of Register) numbers
-- are cycled through before the sequence is repeated

type TapsArrayType is array(2 to 32) of std_logic_vector(31 downto 0);

constant TapsArray: TapsArrayType := TapsArrayType'(

I

constant Taps: std_logic_vector(Width-1 downto 0) := TapsArray(WidthX Width-1 downto 0,

signal

begin

("00000000000000000000000000000011"), --2
("0000000VO0OVOLOVIBDOLOVDCOVO101"), --3
("00000000000000000000000000001001 "), --4
("00000000000000000000000000010010"), --5
("00000000000000000000000000100001"), --6
("00000000000000000000000001000001"), -7
("00000000000000000000000010001110"), --8
("00000000000000000000000100001000"), -9
("00000000000000000000001000000100"), --10
("00000000000000000000010000000010"),
("00000000000000000000100000101001"),
("00000000000000000001000000001 101"),
("000000000000000000 10000000010101"),
("00000000000000000100000000000001"),
(*000000000000000010000000000101 10*),
("00000000000000010000000000000100"),
("00000000000000100000000001000000"),
("0000000000000100000000000001001 1",
(000000000000 10000000000000000100"),
("00000000000100000000000000000010"),
("00000000001000000000000000000001"),
(*00000000010000000000000000010000"),
("00000000100000000000000000001101"),
("00000001000000000000000000000100"),
("00000010000000000000000000100011"),
("00000100000000000000000000010011"),
("00001000000000000000000000000100"),
("00010000000000000000000000000010"),
("00100000000000000000000000101001"),
("010000000000000000O0V0OCOV0001 00"),
(*10000000000000000000000001 100010")

LFSR_Reg: std_logic_vector(Width-1 downto 0);

LLFSR_UNIT:

process (nreset, clock)

-- internal registers and signals
begin

if nreset="0" then



end RTL;

LFSR_Reg <= (others=>'1");

elsif rising_edge(clock) then
-- load signal asserted, use seed value on port to determine where

-- to start in the pseudo-random sequence
if load ="'1" then
--for index in seed'range loop
- if seed(index) ="'1' then
LFSR_Reg <= seed;
- end if}
--end loop;
else

-- Use RTL to construct linear feedback shift register network as described in
-- appnote diagram

for N in Width-1 downto 1 loop
if (Taps(N-1)='1") then
LFSR_Reg(N) <= LFSR_Reg(N-1) xor LFSR_Reg(Width-1);
else
LFSR_Reg(N) <= LFSR_Reg(N-1);
end it}
end loop;

LFSR_Reg(0) <= LFSR_Reg(Width-1);

end if;
end if;
end process;
parallel out <= LFSR Reg; - parallel data out
serial_out <= LFSR_Reg(Width-1); - serial data out
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7. ACC4 Module

--A simple example using the package TextlO is:
library IEEE,

use [EEE.std_logic_1164.all,

use IEEE.numeric_std all;

entity ACC4 is

port( NRESET tin std_logic;
CLOCK in std_logic;
LOAD in std_logic;
CIN tin std_logic;
DIN 1in std_logic_vector( 3 downto 0);
DOUT s out std_logic_vector( 3 downto 0);
c :out std_logic
)
end ACC4,

architecture RTL of ACC4 is

component ADDER4

port ( A 1in std_logic_vector(3 downto 0);
B :in std_logic_vector(3 downto 0);
CIN in std_logic;
S :out std_logic_vector(3 downto 0);
couT :out std_logic
)i

end component;

signal ACC :std_logic_vector(4 downto 0);
signal ACC_S :std_logic_vector(3 downto 0);
signal ACC_CO : std_logic;

BEGIN

ADD_UNIT: ADDER4 port map
(A=>DIN, B=>ACC(3 downto 0), CIN=>CIN, S=>ACC_S, COUT=>ACC_CO);

ACC_REG:
process(NRESET, CLOCK)
begin
if NRESET ='0' then
ACC <= (others=>'0");
elsif CLOCK'event and (CLOCK ='1") then
iIf LOAD ='l" then
ACC <=CIN & DIN;
else
ACC <=(ACC_CO & ACC_S),
end if}
end if;
end process;

DOUT  <=ACC(3 downto 0);
co <= ACC(4Y,

END RTL;



8. ADDER4 Module

library IEEE;

use IEEE.std_logic_1164.all;
use IEEE.std_logic_arith.all;

use IEEE.std_logic_unsigned.all;

entity ADDER4 is

port ( A in std_logic_vector(3 downto 0);
B sin std_logic_vector(3 downto 0);
CIN sin std_logic;
S :out std_logic_vector(3 downto 0);
CcouT :out std_logic
)

end ADDER4,

library mietec05_lib;
architecture RTL of ADDER4 is

begin
ADDER_UNIT:
process(A, B, CIN)
variable SUM : UNSIGNED(4 downto 0),
begin
SUM =('0' & UNSIGNED(A)) + UNSIGNED(B) + CIN;
COUT <= SUM(4),
S <= std_logic_vector(SUM(3 downto 0));
end process,
end RTL;

9. ADDER2 Module

library [EEE;

use IEEE.std_logic_1164.all;

use IEEE.std_logic_arith.all;

use IEEE.std_logic_unsigned.all;

entity ADDER2 is

port ( A 1in std_logic_vector(1 downto 0);
B 1in std_logic_vector(l downto 0);
CIN 1in std_logic;
S : out std_logic_vector(l downto 0);
cout :out std_logic

)
end ADDER2;

library mietec05_lib;
architecture RTL of ADDER2 is

begin

ADDER_UNIT:

process(A, B, CIN)

variable SUM : UNSIGNED(2 downto 0);
begin

SUM  :=(0'& UNSIGNED(A))+ UNSIGNED(B) + CIN

COUT  <=SUM(2);

S <=std_logic_vector(SUM(1 downto 0));

end process;

end RTL;
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10. ACCP4 Module

--A simple example using the package TextlO is;
library IEEE;

use [EEE.std_logic_1164.all;

use [EEE.numeric_std.all;

entity ACCP4 is

port( NRESET tin std_logic;
CLOCK tin std_logic;
CIN ;in std_logic;
DIN tin std_logic_vector( 3 downto 0);
PDIN tin std_logic_vector( 3 downto 0);
DOUT :out std_logic_vector( 3 downto 0);
Cco s out std_logic
)

end ACCP4;

architecture RTL of ACCP4 is

component ADDER4

port ( A sin std_logic_vector(3 downto 0);
B ;in std_logic_vector(3 downto 0);
CIN tin std_logic;
S :out std_logic_vector(3 downto 0);
couT Tout std logic
)

end component;

BEGIN

signal ACC : std_logic_vector(4 downto 0);
signal ACC_S :std_logic_vector(3 downto 0);
signal ACC_CO : std_logic;

ADD_UNIT: ADDER4 port map
(A=>DIN, B=>PDIN, CIN=>CIN, $=>ACC_S, COUT=>ACC_CO),

ACC_REG:
process(NRESET, CLOCK)
begin
if NRESET ='0' then
ACC <= (others=>'0"),
elsif CLOCK'event and (CLOCK ='1") then
ACC <= (ACC_CO & ACC_S),
end if;
end process;

DOUT  <=ACC(3 downto 0);
co <=ACC(4),

END RTL;
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11. INC2 Module

library 1IEEE;

use I[EEE.std_logic_1164.all;
use IEEE.std_logic_arith.all;

use IEEE.std_logic_unsigned.all;

entity INC2 is

port ( A tin std_logic_vector(l downto 0);
CIN in std_logic;
S :out std_logic_vector(1 downto 0);
couT out std_logic
)

end INC2;

architecture RTL of INC2 is

begin
ADDER_UNIT:
process(A, CIN)
variable SUM : UNSIGNED(2 downto 0),
begin
SUM =('0' & UNSIGNED(A)) + CIN;
COUT  <=SUM(2),
S <=std_logic_vector(SUM(1 downto 0));
end process,
end RTL;

12. INC5 Module

library IEEE;

use IEEE.std_logic_1164.all;

use IEEE.std_logic_arith.all;

use IEEE.std_logic_unsigned.all;

entity INCS5 is

port ( A ] std_logic_vector(4 downto 0);
CIN 1in std_logic;
S : out std_logic_vector(4 downto 0);
couT :out std_logic
3

end INCS5;

architecture RTL of INC5 is
begin

ADDER_UNIT:
process(A, CIN)
variable SUM : UNSIGNED(5 downto 0);
begin
SUM  =(0 & UNSIGNED(A)) | CIN;
COUT  <=SUM(5);
S <=std_logic_vector(SUM(4 downto 0)),
end process; .

end RTL;
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13. RESET_STAGE Module

library IEEE;
use IEEE.std_logic_1164.all;
use [EEE.numeric_std.all;

entity RESET_STAGE is

port(

NRESET sin std_logic;
EXT_TSTEN tin std_logic;
CLKIN tin std_logic;
ENABLE in std_logic;
STOP tin std_logic;
CLKOUT :out std_logic,
CLKLATCH ;out std_logic;
NRST :out std_logic_vector(20 downto 1)

)
end RESET_STAGE,

architecture RTL of RESET_STAGE is

BLGIN

signal RST_QUEUE : std_logic_vector(NRST'HIGH downto 1),
signal CLOCK :std_logic;

signal EN - std_logic;
signal CLKEN :std_logic;
signal NRESET_ACC : std_logic;

CLOCK <=CLKIN;

EN_BIT:
process(NRESET, CLOCK)
begin
if NRESET ='0' then
EN <=0
elsif CLOCK'event and (CLOCK ='1') then
if EN ='0' then
EN <= ENABLE;
else
if RST_QUEUE(NRST'HIGH-1) ='0' then
EN<='1"
else
’ EN <= ENABLE,
end if}
end if;,
end if,
end process;
CLKEN_BIT:
process(NRESET, CLKIN)
begin

if NRESET ='0' then
CLKEN <='04
elsif CI.LKIN'event and (CLKIN ='0") then
if (EN ="1") or (EXT_TSTEN ='1") then
CLKEN <=not STOP,

else
CLEKEN «='0";
end if}
end if;
end process;
CLKOUT <= CLKEN and CLKIN;
CLKLATCH <=CLKEN and CLKIN;

RST_QUEUE_REG:
process(NRESET, CLOCK)
begin
if NRESET ='0' then
RST_QUEUE <= (others=>'0"),
elsif CLOCK'event and (CLOCK ='1") then

RST_QUEUE <= RST_QUEUE(NRST'HIGH-1 downto 1) & EN;

end if}
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end process;
-- Must drive by output buffer
NRST <=RST_QUEUE;

END RTL;



14. COARSE_ROM256x8 Module

--A simple example using the package TextIO is:

library IEEE;
use IEEE.std_logic_1164.all;
use IEEE.numeric_std.all;

entity COARSE_ROM256X8 is

port( A 1in
CK sin
CSN s in

- QEN sin
Q :out

end COARSE_ROM256X8;

std_logic_vector(7 downto 0);
std_logic;
std_logic;
std_logic;
std_logic_vector(7 downto 0)

architecture behave of COARSE_ROM256X8 is

subtype COARSE_WORD is std_logic_vector(7 downto 0);
type COARSE_TABLE is array (0 to 255) of COARSE_WORD;
constant COARSE_ROM : COARSE_TABLE := COARSE_TABLE/(

COARSE_WORD'("00000000"),-- 0

COARSE_WORD'("00000011"),-- 1

COARSE_WORD'("00000110"),-- 2

COARSE_WORD'("00001001"),-- 3

COARSE WORD'("00001101"),-- 4

COARSE_WORD'("00010000"), - 5

COARSE_WORD'("00010011"),-- 6

COARSE_WORD'("00010110"),-- 7

COARSE_WORD'("00011001"),-- 8

COARSE_WORD/("00011100"),-- 9

COARSE_WORD'("00011111"),-- 10
COARSE_WORD'("00100010"),-- 11
COARSE_WORD'("00100110"),-- 12
COARSE_WORD/("00101001"),-- 13
COARSE_WORD'("00101100"),-- 14
COARSE_WORD'("00101111"),-- 15
COARSE_WORD/'("00110010"),-- 16
COARSE_WORD'("00110101"),- 17
COARSE_WORD'("00111000"),-- 18
COARSE_WORD'("00111011"),-- 19
COARSE_WORD'("00111110"),-- 20
COARSE_WORD'("01000010"),-- 21
COARSE_WORD'("01000101"),-- 22
COARSE_WORD'("01001000"),-- 23
COARSE_WORD'("01001011"),-- 24
COARSE_WORD'("01001110"),-- 25
COARSE_WORD'("01010001"),-- 26
COARSE_WORD'("01010100"),-- 27
COARSE_WORD'("01010111"),-- 28
COARSE_WORD'("01011010"),-- 29
COARSE_WORD'("01011101"),-- 30
COARSE_WORD'("01100001"),-- 31
COARSE WORD'("01100100"),-- 32
COARSE_WORD'("01100111"),-- 33
COARSE_WORD'("01101010"),-- 34
COARSE_WORD'("01101101"),-- 35
COARSE_WORD'("01110000"),-- 36
COARSE_WORD'("01110011"),-- 37
COARSE_WORD'("01110110"),-- 38
COARSE_WORD'("01111001"),-- 39
COARSE_WORD'("01111100"),-- 40
COARSE_WORD'("01111111"),-- 41
COARSE_WORD'("10000010"),-- 42
COARSE_WORD'("10000101"),-- 43
COARSE_WORD'("10001000"),-- 44
COARSE_WORD'("10001011"),-- 45
COARSE_WORD'("10001110"),-- 46
COARSE_WORD'("10010001"),-- 47
COARSE_WORD'("10010100"),-- 48
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COARSE_WORD'("10010111"),-- 49
COARSE_WORD'("10011010"),-- 50
COARSE_WORD'("10011101"),-- 51
COARSE_WORD'("10100000"),-- 52
COARSE_WORD/("10100011"),-- 53
COARSE_WORD'("10100110"),-- 54
COARSE_WORD/("10101001"),-- 55
COARSE_WORD'("10101100"),-- 56
COARSE_WORD'("10101111"),-- 57
COARSE_WORD'("10110010"),-- 58
COARSE_WORD/'("10110101"),-- 59
COARSE_WORD/'("10111000"),-- 60
COARSE_WORD'("10111011"),-- 61
COARSE_WORD'("10111110"),-- 62
COARSE_WORD'("11000001"),-- 63
COARSE_WORD'("11000100"),-- 64
COARSE_WORD'("11000111"),-- 65
COARSE_WORD'("11001001"),-- 66
COARSE_WORD'("11001100"),-- 67
COARSE_WORD'("11001111"),-- 68
COARSE_WORD'("11010010"),-- 69
COARSE_WORD'("11010101"),-- 70
COARSE_WORD'("11011000"),-- 71
COARSE_WORD'("11011011"),-- 72
COARSE_WORD'("11011101"),-- 73
COARSE_WORD'("11100000"),-- 74
COARSE_WORD'("11100011"),-- 75
COARSE_WORD'("11100110"),-- 76
COARSE_WORD'("11101001"),-- 77
COARSE_WORD'("11101011"),-- 78
COARSE_WORD'("11101110"),-- 79
COARSE_WORD'("11110001"),-- 80
COARSE_WORD'("11110100"),-- 81
COARSE_WORD'("11110110"),-- 82
COARSE_WORD'("11111001"),-- 83
COARSE_WORD'("11111100"),-- 84
COARSE_WORD'("11111110"),-- 85
COARSE_WORD'("00000001"),~ 86
COARSE_WORD'("00000100"),—- 87
COARSE_WORD'("00000111"), - 88
COARSE_WORD'("00001001"),-- 89
COARSE_WORD'("00001100"),-- 90
COARSE_WORD'("00001111"),-- 91
COARSE_WORD'("00010001"),-- 92
COARSE_WORD'("00010100"),— 93
COARSE_WORD'("00010110"),-- 94
COARSE_WORD'("00011001"),-- 95
COARSE_WORD'("00011100"),-- 96
COARSE_WORD'("00011111"),-- 97
COARSE_WORD'("00100001"),-- 98
COARSE_WORD'("00100100"),-- 99
COARSE_WORD'("00100110"),-- 100
COARSE_WORD'("00101001"),-- 101
COARSE_WORD'("00101011"),-- 102
COARSE_WORD'("00101110"),-- 103
COARSE_WORD'("00110000"),-- 104
COARSE_WORD'("00110011"),-- 105
COARSE_WORD'("00110101"),-~ 106
COARSE_WORD'("00111000"),-- 107
COARSE_WORD'("00111010"),-- 108
COARSE_WORD'("00111101"),-- 109
COARSE_WORDY"00111111"),-- 110
COARSE_WORD/'("01000010"),-- 111
COARSE_WORD'("01000100"),-- 112
COARSE_WORD'("01000111"),-- 113
COARSE_WORD'("01001001"),-- 114
COARSE_WORD'("01001011"),-- 115
COARSE_WORD'("01001110"),-- 116
COARSE_WORD'("01010000"),-- 117
COARSE_WORD'("01010011"),-- 118

105



COARSE_WORD/("01010101"),-- 119
COARSE_WORD/("01010111"),-- 120
COARSE_WORD/("01011001"),-- 121
COARSE_WORD/("01011100"),- 122
COARSE_WORD("01011110"),-- 123
COARSE_WORD'("01100000"),-- 124
COARSE_WORD/("01100011"),-- 125
COARSE_WORD/("01100101"),-- 126
COARSE_WORD/("01100111")-- 127
COARSE_WORD/("01101001"),-- 128
COARSE_WORD'("01101100").-- 129
COARSE_WORD'("01101110").-- 130
COARSE_WORD'("01110000"). 131
COARSE_WORD/("01110010"),-- 132
COARSE_WORD'("01110100").- 133
COARSE_WORD/("01110110"),-- 134
COARSE_WORD'("01111001").- 135
COARSE_WORD'("01111011"),-- 136
COARSE_WORD("01111101"),- 137
COARSE_WORD'("01111111"),-- 138
COARSE_WORD/("10000001"),-- 139
COARSE_WORD("10000011"),-- 140
COARSE_WORD/("10000101"),-- 141
COARSE_WORD'(*10000111"),-- 142
COARSE_WORD/("10001001").-- 143
COARSE_WORD/(*10001011"),- 144
COARSE_WORD/("10001101"),-- 145
COARSE_WORD/("10001111"),- 146
COARSE_WORD/("10010001"),- 147
COARSE_WORD'("10010011").-- 148
COARSE_WORDY("10010101"),-- 149
COARSE_WORD'("10010111"),-- 150
COARSE_WORD/("10011001"),-- 151
COARSE_WORD/("10011011"),-- 152
COARSE_WORD/("10011100"),-- 153
COARSE_WORD'("10011110"),-- 154
COARSE_WORD("10100000"),-- 155
COARSE_WORD/("10100010"),-- 156
COARSE_WORD/("10100100"), 157
COARSE_WORD/("10100101"),- 158
COARSE_WORD/("10100111"),— 159
COARSE_WORD'("10101001").-- 160
COARSE_WORD/("10101011"), 161
COARSE_WORD/(*10101101").- 162
COARSE_WORD/("10101110"),-- 163
COARSE_WORD/(*10110000"),-- 164
COARSE_WORD/("10110010"),-- 165
COARSE_WORD'("10110011"),-- 166
COARSE_WORD/("10110101"),- 167
COARSE_WORD/("10110110"),-- 168
COARSE_WORD/("10111000"),- 169
COARSE_WORD/("10111010"), 170
COARSE_WORD/("10111011"),- 171
COARSE_WORD/("10111101"),-- 172
COARSE_WORD'(" 101 11110"),-- 173
COARSE_WORD/("11000000").-- 174
COARSE_WORD/("11000001"),-- 175
COARSE_WORD/("11000011"),- 176
COARSE_WORD/("11000100").-- 177
COARSE_WORD/("11000110"),-- 178
COARSE_WORD/("11000111"),-- 179
COARSE_WORD/("11001001"),-- 180
COARSE_WORD/("11001010"),- 181
COARSE_WORD/("11001011"),-- 182
COARSE_WORD'("11001101").-- 183
COARSE_WORD'("11001110"),-- 184
COARSE_WORD'("11001111"),-- 185
COARSE_WORD'("11010001").-- 186
COARSE_WORD'("11010010") 187
COARSE_WORD/("11010011"),-- 188
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COARSE_WORD/("11010100"),-- 189
COARSE_WORD/("11010110"),-- 190
COARSE_WORD'("11010111"),-- 191
COARSE_WORD/("11011000"),-- 192
COARSE_WORD'("11011001"),-- 193
COARSE_WORD'("11011011"),-- 194
COARSE_WORD/("11011100"),-- 195
COARSE_WORD'("11011101"),-- 196
COARSE_WORD{("11011110"),-- 197
COARSE_WORD/("11011111"), 198
COARSE_WORD'("11100000"),-- 199
COARSE_WORD/("11100001"),-- 200
COARSE_WORD/("11100010"),- 201
COARSE_WORD/("11100011"),-- 202
COARSE_WORD'("11100100"),-- 203
COARSE_WORD/("11100101"),-- 204
COARSE_WORD/("11100110"),~ 205
COARSE_WORD'("11100111"),-- 206
COARSE_WORD/("11101000"),- 207
COARSE_WORD'("11101001"),-- 208
COARSE_WORD/("11101010"),-- 209
COARSE_WORD'("11101011"),-- 210
COARSE_WORD/("11101100"),-- 211
COARSE_WORD/("11101101"),- 212
COARSE_WORD/("11101110"),-- 213
COARSE_WORD/("11101111"),- 214
COARSE_WORD'("11101111"),-- 215
COARSE_WORD/("11110000"),-- 216
COARSE_WORD/("11110001"),-- 217
COARSE_WORD/("11110010"),-- 218
COARSE_WORD/("11110010"),-- 219
COARSE_WORD/("11110011"),-- 220
COARSE_WORD/("11110100"),-- 221
COARSE_WORD'("11110100"),- 222
COARSE_WORD'("11110101"),-- 223
COARSE_WORD/("11110101"),-- 224
COARSE_WORD/("11110110"),-- 225
COARSE_WORD/("11110111"),-- 226
COARSE_WORD/("11110111"),-- 227
COARSE_WORD/("11111000"),-- 228
COARSE_WORD("11111000"),-- 229
COARSE_WORD/("11111001"),-- 230
COARSE_WORD'("11111001"),-- 231
COARSE_WORD/("11111010"),-- 232
COARSE_WORD/("11111010"),-- 233
COARSE_WORD/("11111011"),-- 234
COARSE_WORD/("11111011"),-- 235
COARSE_WORD'("11111011"),-- 236
COARSE_WORD/("11111100"),~ 237
COARSE_WORD'("11111100"),-- 238
COARSE_WORD/("11111100"),- 239
COARSE_WORD/("11111100"),-- 240
COARSE_WORD("11111100"),- 241
COARSE_WORD/("11111100"),-- 242
COARSE_WORD'("11111100"), 213
COARSE_WORD/("11111101"),-- 244
COARSE_WORD/("11111101"),-- 245
COARSE_WORD/("11111101"),-- 246
COARSE_WORD/("11111101"),-- 247
COARSE_WORD/("11111101"),-- 248
COARSE_WORD/("11111110"),-- 249
COARSE_WORD'("11111110"),-- 250
COARSE_WORD/(" 1 1111110"),-- 251
COARSE_WORD'("11111110"),-- 252
COARSE_WORD'(" I 1111110"),-- 253
COARSE_WORD'("11111110"),-- 254
COARSE_WORD'(" 1 1111110") -- 255

signal DO, DD :std_logic_vector(7 downto 0) := (others=>'0");
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BEGIN
READ_FILE:
PROCESS(CK)
BEGIN
if CK'event and (CK ="1") then
if CSN ='0' then
DO <=COARSE_ROM(to_integer(unsigned(A)));
end if?
end if;
END PROCESS;
DD <= DO after 2 ns;
-Q <=DD when OEN = 0" else (others=>'Z"),

Q <=DD;

END behave;
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15. FINE_ROM256x2 Module

--A simple example using the package TextlO is:
library IEEE,

use IEEE.std_logic_1164 all;

use IEEE.numeric_std.all;

entity FINE_ROM256X2 is

port( A tin std_logic_vector(7 downto 0),
sin std_logic;
CSN in std_logic;
--OEN in std_logic;

Q :out std_logic_vector(1 downto 0)

).
end FINE_ROM256X2;
architecture behave of FINE_ROM256X2 is

subtype FINE_WORD is std_logic_vector(1 downto 0);

type FINE_TABLE is array (0 to 255) of FINE_WORD;

constant FINE_ROM : FINE_TABLE := FINE_TABLE/(
FINE_WORD'("00"), -- 0
FINE_WORD'("00"), -- 1
FINE_WORD'("00"), -- 2
FINE_WORD'("01"), -- 3
FINE_WORD'("01"), -- 4
FINE_WORD'("01"), - 5
FINE_WORDY("01"), -- 6
FINE_WORD/("01"), -- 7
FINE_WORD'("10"), -- 8
FINE_WORD/("10"), -- 9
FINE_WORD'("10"), -- 10
FINE_WORD'("10"), -- 11
FINE_WORD'("10"), -- 12
FINE_WORD'("11"), -- 13
FINE_WORD'("11"), -- 14
FINE_WORD'("11"), - 15
FINE_WORD'("00"), -- 16
FINE_WORD'("00"), -- 17
FINE_WORD'("00"), - 18
FINE_WORD'("01"), - 19
FINE_WORD'("01"), -- 20
FINE_WORD'("01"), -- 21
FINE_WORD'("01"), -- 22
FINE_WORD'("01"), - 23
FINE_WORD'("10"), -- 24
FINE_WORD'("10"), -- 25
FINE_WORD'("10"), -- 26
FINE_WORD'("10"), -- 27
FINE_WORD'("10"), -- 28
FINE_WORD'("11"), -- 29
FINE_WORD'("11"), -- 30
FINE_WORD'("11"), -- 31
FINE_WORD'("00"), -- 32
FINF WORD'("00"), -- 33
FINE_WORD/'("00"), -- 34
FINE_WORD'("01"), -- 35
FINE_WORD'("01"), -- 36
FINE_WORD'("01"), -- 37
FINE_WORD'("01"), -- 38
FINE_WORD'("01"), -- 39
FINE_WORD'("10"), -- 40
FINE_WORD'("10"), -- 41
FINE_WORD'("10"), -- 42
FINE_WORD/'("10"), -- 43
FINE_WORD/("10"), -- 44
FINE_WORD'("10"), -- 45
FINE_WORD'("11"), -- 46
FINE_WORD'("11"), -- 47
FINE_WORD'("00"), -- 48



FINE_WORD'("00"), -- 49
FINE_WORD/("00"), -- 50
FINE_WORD("01"), -- 51
FINE_WORD/("01"), -- 52
FINE_WORD("01"), -- 53
FINE_WORD("01"), -- 54
FINE_WORD("01"), -- 55
FINE_WORD("01"), -- 56
FINE_WORD("10"), -- 57
FINE_WORD("10"), -- 58
FINE_WORD("10"), -- 59
FINE_WORD("10"), - 60
FINE_WORD("10"), -- 61
FINE_WORD("11"), - 62
FINE_WORD("11"), - 63
FINE_WORD/("00"), - 64
FINE_WORD("00"), -- 65
FINE_WORD/("00"), -- 66
FINE_WORD("01"), -- 67
FINE_WORD/("01"), -- 68
FINE_WORD/("01"), - 69
FINE_WORD("01"), -- 70
FINE_WORD/("01"), - 71
FINE_WORD/("01"), -- 72
FINE WORD(*10"), -- 73
FINE_WORD/("10"), -- 74
FING_WORD/(*10), -- 75
FINE_WORD/(*10"), -- 76
FINE_WORD/("10"), -- 77
FINE_WORD'(*10"), -- 78
FINE_WORD'("10"), -- 79
FINE_WORD/("01"), -- 80
FINE_WORD/("01"), - 81
FINE_WORD/("01"), -- 82
FINE_WORD/("01"), -- 83
FINE_WORD'("01"), - 84
FINE_WORD("01"), -- 85
FINE_WORD/("01"), -- 86
FINE_WORD'("01"), -- 87
FINC_WORD/("01"), -- 88
FINE_WORD/("10"), -- 89
FINE_WORD'("10"), -- 90
FINE_WORD/("10"), -- 91
FINE_WORD/("10"), -- 92
FINE_WORD/{("10"), -- 93
FINE_WORD/("10"), -- 94
FINE_WORD{"11"), -- 95
FINE_WORD("00"), -- 96
FINE_WORD("00"), -- 97
FINE_WORD/("00"), - 98
FINE_WORD("00"), -- 99
FINE_WORD("01"), -- 100
FINE_WORD/("01"), - 101
FINE_WORD/("01"), -- 102
FINE_WORD("01"), - 103
FINE_WORD/("01"), - 104
FINE_WORD{("01"), -- 105
FINE_WORD("10"), -- 106
FINE_WORD("10"), -- 107
FINE_WORD("10"), -- 108
FINE_WORD/("10"), -- 109
FINE_WORD{("10"), -- 110
FINE_WORD("10"), -- 111
FINE_WORD'("00"), - 112
FINE_WORD'("00"), -- 113
FINE_WORD("00"), - 114
FINE_WORD("00"), -- 115
FINE_WORD("01"), - 116
FINE_WORD\("01"), - 117
FINE_WORD("01"), - 118
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FINE_WORD'("01"), -- 119
FINE_WORD'("01"), -- 120
FINE_WORD/("01"), - 121
FINE_WORD/("01", -- 122
FINE_WORD/("10", -- 123
FINE_WORD/("10", -- 124
FINE_WORD/("10"), -- 125
FINE_WORD/(*10"), -- 126
FINE_WORD/("10"), -- 127
FINE_WORD'("00"), -- 128
FINE_WORD/("00"), -- 129
FINE_WORD("00"), -- 130
FINE_WORD{("00"), -- 131
FINE_WORD("01"), -- 132
FINE_WORD("01"), - 133
FINE_WORD("01"), -- 134
FINE_WORD("01"), - 135
FINE_WORD/("01"), - 136
FINE_WORD("01"), -- 137
FINE_WORD/("01"), -- 138
FINE_WORD/("01"), -- 139
FINE_WORD/("10"), -- 140
FINE_WORD/("10"), -- 141
FINE_WORD/(*10"), -- 142
FINE_WORD/("10"), -- 143
FINE_WORD'("00"), -- 144
FINE_WORD/("00"), -- 145
FINE_WORD/("00"), -- 146
FINE_WORD'(*00"), -- 147
FINE_WORD/("00"), -- 148
FINE_WORD/("01"), -- 149
FINE_WORD/("01"), -- 150
FINE_WORD{("01"), - 151
FINE_WORD/("01"), -- 152
FINE_WORD{("01"), - 153
FINE_WORD("01"), - 154
FINE_WORD("01"), — 155
FINE_WORD("01"), -- 156
FINE_WORD'("01"), - 157
FINE_WORD("01"), -- 158
FINE_WORD/("01"), - 159
FINE_WORD/(*00"), - 160
FINE_WORD/("00"), - 161
FINE_WORD(*00"), -- 162
FINE_WORD/("00"), -- 163
FINE_WORD'("00"), -- 164
FINE_WORD'("00"), -- 165
FINE_WORD'("01"), -- 166
FINE_WORD'("01"), -- 167
FINE_WORD'("01"), -- 168
FINE_WORDY{"01"), -- 169
FINE_WORD{("01"), -- 170
FINE_WORD{"01"), -- 171
FINE_WORD{("01"), -- 172
TINE_WORD("01"), - 173
FINE_WORD(*01"), — 174
FINE_WORD("01"), -- 175
FINE_WORD/("00"), -- 176
FINE_WORD/("00"), -- 177
FINE_WORD/("00"), -- 178
FINE_WORD/("00"), -- 179
FINE_WORD'("00"), -- 180
FINE_WORD/("00"), -- 181
FINE_WORD'("01"), - 182
FINE_WORD/("01"), -- 183
FINE_WORD'(*01"), -- 184
FINE_WORD'("01"), -- 185
FINE_WORD'("01"), -- 186
FINE_WORD'("01"), -- 187
FINE_WORD("01"), -- 188
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FINE_WORDY"01"), - 189
FINE_WORD{("01"), -- 190
FINE_WORD("01"), -- 191
FINE_WORD/("00"), - 192
FINE_WORD/("00"), -- 193
FINE_WORD/("00"), -- 194
FINE_WORD/("00"), -- 195
FINE_WORD/("00"), -- 196
FINE_WORD/("00"), - 197
FINE_WORD/("00"), -- 198
FINE_WORD/("00"), - 199
FINE_WORD/("01"), -- 200
FINE_WORD/("01"), -- 201
FINE_WORD/("01"), -- 202
FINE_WORD/("01"), -- 203
FINE_WORD'("01"), — 204
FINE_WORD/("01"), -- 205
FINE_WORD'("01"), -- 206
FINE_WORD/("01"), -- 207
FINE_WORD/("00"), - 208
FINE_WORD/("00"), -- 209
FINE_WORD/("00"), - 210
FINE_WORD/("00"), -- 211
FINE_WORD/("00"), -- 212
FINE_WORD/("00"), -- 213
FINE_WORD/{"00"), - 214
FINE_WORD'("00"), - 215
FINE_WORD/("00"), -- 216
FINE_WORD/("00"), -- 217
FINE_WORD/("00"), -- 218
FINE_WORD/("00"), - 219
FINE_WORD/("00"), - 220
FINE_WORD/("00"), -- 221
FINE_WORD/("00"), -- 222
FINE_WORD'("00"), -- 223
FINE_WORD'(*00"), -- 224
FINE_WORD/("00"), - 225
FINE_WORD/("00"), - 226
FINE_WORD/("00"), - 227
FINE_WORD/("00"), -- 228
FINE_WORD/("00"), -- 229
FINE_WORD/("00"), -- 230
FINE_WORD'("00"), -- 231
FINE_WORD/("00"), - 232
FINE_WORD/("00"), - 233
FINE_WORD/("00"), -- 234
FINE_WORD/("00"), -- 235
FINE_WORD/("00"), -- 236
FINE_WORD/("00"), -- 237
FINE_WORD/("00"), - 238
FINE_WORD/("00"), -- 239
FINE_WORD'("01"), -- 240
FINE_WORD/("01"), -- 241
FINE_WORD/{("01"), -- 242
FINE_WORDY{("01"), -- 243
FINE_WORD/("01"), - 244
FINE_WORD/("01"), -- 245
FINE_WORD'("01"), -- 246
FINE_WORD/("01"), -- 247
FINE_WORD/("01"), - 248
FINE_WORD/("01"), -- 249
FINE_WORD/("01"), - 250
FINE_WORD'("01"), -- 251
FINE_WORD'("01"), -- 252
FINE_WORD/{("01"), -- 253
FINE_WORD("01"), -- 254
FINE_WORD("01") -- 255

signal DO, DD

: std_logic_vector(1 downto 0) = (others=>'0")
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BEGIN
READ_FILE:
PROCESS(CK)
BEGIN
if CK'event and (CK ="l") then
if CSN ='0' then
DO <=FINE_ROM(to_integer(unsigned(A)));
end if}
end if;
END PROCESS;
DD <= DO after 2 ns;
--Q <= DD when OEN ="'0' else (others=>'Z");

Q <=DD;

END behave;



16. CODE_LATCH Module

library 1IEEE;
use IEEE.std_logic_1164.all;
use ieee.numeric_std.all;

ENTITY CODE_LATCH IS

PORT(  NRESET pin std_logic;
CLOCK in std_logic;
cin ;in std_logic_vector(63 downto 1);
bin in std_logic_vector(3 downto 0);
-- Wave output
code :out std_logic_vector(63 downto 1);
b :out std_logic_vector( 3 downto 0)

)
END CODE_LATCH;

ARCHITECTURE RTL OF CODE_LATCH IS

BEGIN
LATCH_REG:
process(NRESET, CLOCK)
begin
if NRESET ='0' then
code <= (others=>'0");
b <= (others=>'0");
elsif C1.OCK'event and (CLOCK ='1") then
code <=c¢in;
b <=bin;
end if;
end process;
END RTL,;
17. DAC Module
library IEEE;
use IEEE.std_logic_1164.all;
use IEEE.numeric_std.all;
ENTITY DAC 1S
PORT( PWRDN in std_logic;
code tin std_logic_vector(63 downto 1);
b tin std_logic_vector( 3 downto 0);
DAC_OUT :out std_logic
),
END DAC;
ARCHITECTURE RTL OF DAC 18
signal IDAC ! integer;
BEGIN
DAC_PROC:
process(PWRDN, code, b)
variable current : integer := 0;
begin
if PWRDN =0’ then -- powerdown mode
IDAC <=0
else
if code'event or b'event then
current :=0;
foriin 1 to 63 loop
if code(i) ="'1" then
current := current + |
end if;
end loop;
current := current * 16;
IDAC <= current + to_integer{unsigned(b))
end if;
end if,

end process;
DAC_out <='l"when IDAC > 511 else '0";
END RTL; '
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Technical Information

Features

+3.3 V power supply voltage

100 MHz Speed

Sine, random, ramp, and sawtooth output
Analog output with 10-bit amplitude resolution
10-bit digital output

Frequency and phase modulation with 32-bit and 12-bit resolution respectively
Power-down function

Parallel loading

Narrowband SFDR > 72 dB

400 mW power consumption at 100 MHz
64-pin PLCC

Applications

Test equipment

Slow Sweep Generator
DDS Tuning

Digital Modulation

General Description

This DDS device is a numerically controlled oscillator employing a phase accumulator, a sine look-up table
and a D/A converter integrated on a single CMOS chip. Clock rates up to 100 MHz are supported with 3.3 V
power supply voltage. Modulation capabilities are provided for phase modulation and frequency modulation.
Frequency accuracy can be controlled to one part in 0.25 billion. Modulation is effected by loading registers
through the serial interface. The SIN ROM can be bypassed so that a linear up/down ramp is output from the
DAC. Also, if a clock output is required, the sign data bit can be output. The digital section is driven by an
on-board regulator. The analog and digital sections are independent and can be run from different power
supplies. A power-down pin allows external control of a power-down mode. In addition, sections of the
device, which are not being used can be powered down to minimise the current consumption. For example,
the DAC can be powered down when a clock output is being generated. The part is available in a 64-pin

PLCC package.
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Clock
generator DDS Circuitry
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I Frequency/Phase Data Register
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I Input and Control Data Register l
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Specifications

(DVpp = AVpp = 3.3V, AGND=DGND =0V, R, = 9.1 k€2, R, =25 €2 for loutn and loutp unless stated

otherwise)
Parameter DDS Units Test conditions/comments
DAC Specifications
Resolution 10 Bits
Update rate (f,.,) 100 MSPS max
lout Full Scale 35.16 mA max
Output compliance 1.3 V max
DC Accuracy
Integral Nonlinearity +1 LSB typ
Differential Nonlinearity 0.5 LSB typ
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Parameter DDS Units Test conditions/comments
DDS Specifications
Dynamic Specifications
Signal to Noise Ratio 50 dB min fork = fmaxs four = 3 kHz
Total Harmonic Distortion -63 dBc max ferk = fmaxs four = 3 kHz

Spurious Free Dynamic Range (SFDR)

Wideband (+ 2 MHz) 50 dBc min
55 dBc min fok = fuaxe four = fok /3
NarrowBand (+ 50 kHz) 72 dBc min fork = fmaxe four = 1 MHz
75 dBc min fok = fuaxe four = fok /3
Clock Feedthrough -55 dBc typ ferk = fuaxe four = 1 MHz
Power-Down Option Yes
Power Supplies
AVDD 3.3 (£10%) | V typ
DVDD 3.3 (+10%) | V typ

Pin configuration

3
Z £ v 0 g E » Q
7] (31 (71 (1 [31 [ G (7] (51 =] [+ (=] [=] [+] [=] [&] [%]
NC [io] N [w] wio
NC |1 E] NC
NC [ . =] Pov
IOUTP |13 57| WO9
IOUTP [ =] wos
AVDD [ (=] wo?
AVDD [3] (=] wos
Avss [ (=] wos
IREF1 [ =] wou
VREF |1 5| WO3
IREF2 [ %] woe?
Avss [z (] wor
DvOD [z (=] woo
ovoD [z | RWN
DVOD [ [«] seLcTRL
NC [=] (=] NC
NC [=] [«] NG
T o o B B ] B ]
2 28588388865 § é § TR
8 = & uw
€

NC = No connect




Pin Description
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Mnemonic Function

Power Supply

AVDD Positive power supply for the analog section. A 0.1 pF decoupling capacitor
should be connected between AVDD and AGND.

AGND Analog ground.

DVDD Positive power supply for the digital section. A 0.1 pyF decoupling
capacitor should be connected between DVDD and DGND.

DGND Digital Ground.

Analog Signal and Reference
IOUTN, IOUTP

IREF1

IREF2
VREF

Current Output. This is a high impedance current source. A load
resistor should be connected between IOUTN, IOUTP and AGND.
Full-Scale Adjust Control. A resistor (RFXT) is connected hetwean
this pin and AGND. This determines the magnitude of the full-scale
DAC current. The relationship between REXT and the fullscale

= 256 X Vern/Rexr

Ve = 1.25 V' nominal, Ry, = 9.1 kC2 typical

current is as follows: IOUT,, | scae

Voltage reference input. This pin is connected to an external

reference DC voltage, of which nominal value is 1.25 V.

Digital Interface and Control
MCLK

EXT_TSTEN

EXT_PWRDN

nRESET
SELCTRL

RWN
A2-A0

Digital Clock Input. DDS output frequencies are expressed as a
binary fraction of the frequency of CLK. The output frequency
accuracy and phase noise are determined by this clock.

External control-enable input. When EXT_TSTEN goes high, DDS
uses external data (WI9-WI0) for generating output (IOUTP and
IOUTN). On the contrary when EXT_TSTEN goes low, DDS uses
data from RegCtrl0 — RegCtri3.

External power-down input. When EXT_PWRDN goes high, DDS
enters power-down mode.

Reset input. Low-level logic forces all registers to be reset.
Parallel-loading selected input. SELCTRL must be held low for
parallel loading.

Data is written to registers on the rising-edge of RWN.

Three-bit address. See Table 1 and Table 2 for register mapping.
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Mnemonic Function

D7-D0O Eight-bit data used for programming DDS registers.

WI9-WI0 Ten-bit digital inputs, used for external control. EXT_TSTEN must be
held high when using WI9-WI0

WO09-WO0 Ten-bit digital outputs, used for debugging or controlling external
DAC. These pins can be enabled or disabled by setting or clearing
RegDAC(2) respectively.

POV Phase-overflow output.

Direct addressing register map

Addr (hex) | Register Name Description
01 RegINCO Bit7 — Bit0 of frequency control word (W). The frequency
control word is used for calculating output frequency. The frequency
is calculated by an equation
fou = (e * W2~
where fout is output frequency
felk is MCLK frequency
W is 32-bit frequency control word
02 RegINC1 Bit15 — bit8 of frequency control word (W).
03 RegINGC2 Bit23 - bit16 of frequency control word (W).
04 RegINC3 Bit31 — bit24 of frequency control word (W).
05 RegCTRL DDS control register, used for controlling DDS operation.

Bit 7 nRST DDS reset bit.
0: Reset
1: Not reset
Bit 6 PWRDN | DAC power-down bit.

0: Power-down is active.

1. Powcar down [8 Inactive,

Bit 5 ENABLE | DDS-enable bit.
0: DDS is disabled (off).
1: DDS is enabled (on).

Bit 4 STOP DDS stop bit.
0: DDS is not stopped.

1: DDS is stopped.
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Addr (hex)

Register Name

Description

Bit 3.2

WTYPE

Select types of output waveform.
00: Sine output

01: Random output

10: Ramp output

11: Saw-tooth output

Bit 1..0

STARTQ

Select starting quadrant.
00: Start at quadrant 1
01: Start at quadrant 2
10: Start at quadrant 3
11: Start at quadrant 4

06

RegINDEX

DDS index register, used for indirect addressing.

Indirect addressing register map

Addr (hex) | Register Name Description
00 RegDAC DAC control register and two MSBs of DAC inputs.

Bit 7.4 Not used

Bit 3 TSTEN Selects between DDS and DAC mode.

0: DDS mode (output is generated from
DDS circuit)

1: DAC mode (output is generated from
external input, WI9 — WI0)

Bit 2 Wout_EN | Wout-enable bit. Wout (WO9 — WOO0) is a 10-
bit digital signal, which is generated by DDS
circuitry.

0: Wout is disabled.
1: Wout is enabled.
Bit1..0 DAC_in Two MSBs of DAC 10-bit digital inputs.
01 RegDAC_BIN Eight LSBs of DAG 10-bit digital inputs.
02 RegPHASE1 Four MSBs of 12-bit phase tuning word for phase modulation.
03 RegPHASEQ Eight LSBs of 12-bit phase tuning word for phase modulation.
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DDS evaluation board lignWmuauiialdiiuiadesinifiafaidu (Function generator)
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Power Supplies

7-th 20-MHz Elliptic |,
Low-pass Filter

Ext. /O Connector

7-th 40-MHz Elliptic |,
Low-pass Filter

Connector to up board

gﬂ'ﬁ A.1 DDS Evaluation board block diagram
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99991849 LCD & Keyboard Panel
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1. DDFS Module

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEENUMERIC_STD.all;

entity ddfs is

port (
resetn :instd_logic;
clock ; in std_logic;
w : in std_logic_vector (31 downto 0);
phase_2msb_out : out std_logic_vector (1 downto 0);
wave_out : out std_logic_vector (9 downto 0)
);
end ddfs;

architecture rtl of ddfs is

component acm32
port (
resetn :instd_logic;
clock :in std_logic;
w : in std_logic_vector (31 downto 0);

phase_out : outstd_logic_vector (31 downto 0)
)

end component;

component mull0

port (
resetn . in std_logic;
clock . in std_logic;
X : in std_logic_vector (9 downto 0);
y : in std_logic_vector (9 downto 0);
p : out std_logic_vector (19 downto 0)
);

end component;

component al

-- MSB, MSB-1 of phase

port
resetn ; in std_logic;
clock : in std_logic;
X . in std_logic_vector (19 downto 0);
y :out std_logic_vector (28 downto 0)
);
end component;
component a2
port (
resetn . in std_logic;
clock : in std_logic;
X » in std_logic_vector (19 downto 0);
y : out std_logic_vector (5 downto 0)
)
end component;
signal phase : std_logic_vector (31 downto 0);
signal phase_2msb - std_logic_vector (1 downto 0); -- MSB, MSB-1 of phase
signal phase_9downto0 - std_logic_vector (9 downto 0); -- phase(9 downto 0);
signal decoded_phase :std_logic_vector (9 downto 0);

signal m2 : std_logic_vector (19 downto 0);
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signal m4 : std_logic_vector (19 downto 0);
signal al_out : std_logic_vector (28 downto 0);
signal a2_out - std_logic_vector (5 downto 0);
signal ten_power9  : std_logic_vector (29 downto 0);
signal s : unsigned (9 downto 0);
signal sum - std_logic_vector (9 downto 0);
signal wave : std_logic_vector (19 downto 0);
signal msb_d1,msb_d2,msb_d3,msb_d4,msb_d5 : std_logic;
signal m2_d1 - std_logic_vector (19 downto 0);
signal m_d1,m_d2,m_d3,m_d4 - std_logic_vector (9 downto 0);
begin
phase_acm: acm32
port map (
resetn => resetn,
clock => clock,
w =>w,

phase_out => phase

)

phase_2msb <= phase (31 downto 30);
phase_9downto0 <= phase (29 downto 20);

phase_2msb_out <= phase_2msb;

delay_msb: process (resetn,clock)
begin
if resetn ="'0" then
msb_d1 <="'0; msb_d2 <='0'; msb_d3 <="0", msb_d4 <=0, msb_d5 <='0%
elsif clock'event and clock ='1" then
msb_d1 <= phase_2msb(1);
msb_d2 <=msb_dl;
msb_d3 <= msb_d2;
msb_d4 <= msb_d3;
msb_d5 <= msb_d4;
end if;
end process delay_msb;

delay_m: process (resetn,clock)
begin
if resetn ='0' then
m_d1 <= (others =>'07);
m_d2 <= (others =>'0");
m_d3 <= (others =>'0");
m_d4 <= (others =>'0");
elsif clock'event and clock = 'l" then
m_d1 <= decoded_phase;
m_d2 <=m_dl;
m_d3 <=m_d2;
m d4 <=m_d3;
end if;
end process delay_m;

m_power2: mull0

port map (
resetn => resetn,
clock => clock,
X => decoded_phase,
y => decoded_phase,
p =>m2

)

delay_m2: process (resetn,clock)
begin
ifresetn ='0' then
m2_d1 <= (others =>'0');

elsif clock'event and clock ='1" then
m2_dl <=m2; -- (19 downto 12);
end if;

end process delay_m2;



m_powerd: mull10

port map (
resetn =>resetn,
clock => clock,
X =>m2 (19 downto 10),
y =>m2 (19 downto 10),
p =>m4
%
al_m_power2: al
port map (
resetn => resetn,
clock => clock,
X =>m2_dl, --m2 (19 downto 12),
y =>al_out
)
a2_m_powerd: a2
port map (
resetn => resetn,
clock => clock,
X =>m4,
y =>a2_out
);

—-123456789012345678901234567890 => 30 bits

ten_power9 <= "111011100110101100101000000000";

process (resetn,clock)
begin
if resetn ='0' then
s <= (others =>'07);
elsif clock'event and clock ='1" then

s <= unsigned(ten_power9(29 downto 20)) - unsigned(al_out(28 downto 20)) + unsigned(a2_out);

end if;
end process;

sum <= std_logic_vector (s (9 downto 0));

m_mul_m: mull10

port map (
resetn => resetn,
clock => clock,
X =>sum,
y =>m_d4, --decoded_phase,
p => wave
);

decode_waveout: process (resetn,clock)
begin
if resetn = '0" then
wave_out <= (others =>'0');
elsif clock'event and clock ='1" then

if msb_d5 ='0"then -- quadrant 1 or 2
wave_out <="1' & wave (19 downto 11);
clse

wave_out <="0' & not (wave (19 downto 1)
end if;
end if}
end process decode_waveout;

—-wave_out <= wave (19 downto 10);

end rtl;
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2. ACM32 Module

-- 32-bit accumulator
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity acm32 is

port (
resetn - in std_logic;
clock :in std_logic;
w : in std_logic_vector (31 downto 0);
phase_out : out std_logic_vector (31 downto 0)
)
end acm32;

architecture rtl of acm32 is
component adder8

port (
inl : in std_logic_vector (7 downto 0);
in2 - in std_logic_vector (7 downto 0);
cin : in std_logic;
res_out :outstd_logic_vector (7 downto 0);
cout : out std_logic

)

end component;

signal w_d1,w_d2,w_d3,w_dd,w_d5,w_d6: std_logic_vector (31 downto 0);

signal to_gnd: std_logic;

signal ace0_in,accl_in,acc2_in,acc3_in: std logic_vector (7 downto 0);
signal acc0_out,accl_out,acc2_out,ace3_out: std_logic_vector (7 downto 0);

signal ¢_ace0,c_accl,c_acc2,c_acc3: std_logic;
signal ¢l_acc0,cl_accl,cl_acc2,cl_acc3: std_logic;

signal accp0_in,accpl_in,acep2_in,acep3_in: std_logic_vector (7 downto 0);
signal accp0_out,accpl_out,accp2_out,accp3_out: std_logic_vector (7 downto 0);

signal ¢_accp0,c_accpl,c_accp2,c_accp3: std_logic;
signal ¢l_accp0,cl_accpl,cl_accp2,cl_accp3: std_logic;

signal ¢_dl,c_d2,c_d3:std_logic;

signal pre0_1,pre0_2,pre0_3: std_logic_vector (7 downto 0);
signal prel_1,prel_2:std_logic_vector (7 downto 0);
signal pre2_1: std_logic_vector (7 downto 0);

begin
to_gnd <="'0,

delay_w: process (resetn,clock)
begin
if resetn ='0' then
w_dl <= (others =>'0");
w_d2 <= (others =>'0");
w_d3 <= (others =>'0);
w_d4 <= (others == '0'),
w_d5 <= (others =>'0"),
w_d6 <= (others =>'0");
elsif clock'event and clock ='1' then
w_dl <=w;
w_d2 <=w_dl;
w_d3 <=w_d2;
w_d4 <=w_d3;
w_d5 <=w_d4;
w_d6 <=w_d5;
end if;
end process delay_w;

delay_c: process (resetn,clock)
begin
if resetn ='0' then
c_dl <='0"
c_d2 <="04
c_d3<="0"
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¢lsif clock'event and clock ="'1" then
¢_dl <=c_acc3;
¢c_d2 <=c_dl;
¢c_d3<=c_d2;
end if;
end process delay_c;

accO_unit: adder8
port map (
in1 => w (7 downto 0), in2 => acc0_out,
cin =>to_gnd, res_out => acc0_in, cout => ¢_acc0);

accl_unit: adder8
port map (
inl =>w_dl (15 downto 8), in2 =>accl_out,
cin => cl_acc0, res_out => accl_in, cout => c_accl);

acc2_unit: adder8
port map (
inl =>w_d2 (23 downto 16), in2 => acc2_out,
cin => cl_accl, res_out=> acc2_in, cout => c_acc2);

acc3_unit: adderd
port map (
inl =>w_d3 (31 downto 24), in2 => acc3_out,
cin => ¢l_acc2, res_out => acc3 _in, cout =>¢_acc3);

reg_acc0: process (resetn,clock)
brgin
if resetn ='0" then
acc0_out <= (others =>'0');
cl_acch <="0";
elsif clock'event and clock = '1" then
- ifc_acc3 ='0'then
acc0_out <= acc0_in;
cl_acc0 <= c_accl;
-~ clse
- accO_out <= (others =>'0;
-~ cl_acc0 <="0"
- endif;
end if;
end process reg_ace0,

reg_accl: process (resetn,clock)
begin
if resetn ="0' then
accl_out <= (others =>'0");
cl_accl <='04
elsif clock'event and clock = 'l" then
- ifc_acc3 ='0"then
accl_out <=accl_in,
cl_accl <=c_accl;
-~ else
-~ accl_out <= (others =>'07;
- cl_accl <='0%
-- endif;
end 1if;
end process reg_accl;

reg_acc2; process (resetn,clock)
begin
if resetn ='0" then
acc2_out <= (others =>'07);
cl_acc2 <=0,
elsif clock'event and clock = '1" then
- ifc_acc3 ='0"then
acc2_out <= acc2_in;
cl_acc2 <=c_acc2;
-~ else
--  acc2_out <= (others =>'0");
- clacc2<="0"
-- endif;
end if;
end process reg_acc2;
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reg_acc3: process (resetn,clock)
begin
if resetn ='0" then
ace3_out <= (others =>'0");
¢l_ace3 <="'0",
elsif clock'event and clock ="1' then
-- ifc_acc3 ='0"then
acc3_out <= acc3_in;
cl_acc3 <= c_acc3;
- else
- acc3_out <= (others =>'07;
- cl_ace3 <='0"
-- endif;
end if;
end process reg_acc3;

accp0_unit: adder8
port map (
inl => w_d3 (7 downto 0), in2 => accp0_out,
cin => to_gnd, res_out =>accp0_in, cout => ¢_accp0);

accpl_unit: adder
port map (
inl => w_d4 (15 downto 8), in2 =>accpl_out,
cin => cl_accp0, res_out => accpl_in, cout => c_accpl);

accp2_unit; adder8
port map (
inl => w_d5 (23 downto 16), in2 =>accp2 out,
cin => ¢l_accpl, res_out => accp2_in, cout => c_accp2);

accp3_unit: adder8
port map (
inl => w_d6 (31 downto 24), in2 => accp3_out,
cin => cl_accp2, res_out => accp3_in, cout => c_accp3);

reg_accp0: process (resetn,clock)
begin
if resetn = '0" then
accp0_out <= (others =>'0");
cl_accp0 <='0",
elsif clock'event and clock = 'l" then
- ifc_acc3 ='0'then
accp0_out <= accp(_in;
cl_acep0 <= c_accp0;
-- else
- accp0_out <= (others =>'0');
- cl_accp0 <="0"
-- endif;
end if;
end process reg_accpl;

reg_ncepl: process (resetn,clock)
begin
if resetn ='0' then
accpl_out <= (others =>'07;
cl_accpl <="0%
elsif clock'event and clock ='1" then
- ifc_d1="0"then
accpl_out <= accpl_in;
cl_accpl <=c_accpl;
- else
- accpl_out <= (others =>'0);
- cl_accpl <=0
-- endif}
end if;
end process reg_accpl;

reg_accp2: process (resetn,clock)
begin
if resetn = '0' then
accp2_out <= (others =>'0");
cl_accp2 <=0
elsif clock'event and clock ="1' then
- ifc_d2="0"then
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accp2_out <= accp2_in;
cl_acep2 <= c_accp2;

-- else

-~ accp2_out <= (others =>'0;

- cl_acep2 <=0

- endif;

end if;
end process reg_accp2;

reg_accp3: process (resetn,clock)
begin
if resetn ='0' then
accp3_out <= (others =>'0);
cl_accp3 <='0
elsif clock'event and clock ='1" then
- ifc_d3="0"then
accp3_out <= accp3_in;
cl_accp3 <=c_accp3;
- else
- accp3_out <= (others =>'07);
- cl_accp3 <='0%
-- endif}
end if;
end process reg_accp3;

reg_pre0_1: process (resetn,clock)
begin
if resetn ='0' then
pre0_1 <= (others =>'0);
elsif clock'event and clock ='1" then
pre0_1 <=accpl_out;
end if;
end process reg_pre0_1;

reg_pre0_2: process (resetn,clock)
begin
if resetn ='0' then
pre0_2 <= (others =>'07;
¢clsif clock'event and clock ='1' then
pre0_2 <=pre0_l;
end if;
end process reg_pre0_2;

reg_pre0_3: process (resetn,clock)
begin

if resetn ='0' then

pre0_3 <= (others =>'0);

elsif clock'event and clock ="'1" then

-- ifc_accp3 ='0' then
pre0_3 <=pre0_2;

- else
-~ pre0_3 <= (others =>'07);
- endif;

end if;
end process reg_pre0_3;

reg_prel_L: procesa (resetn,elook)
begin
if resetn ='0' then
prel_1 <= (others =>'0");
elsif clock'event and clock ='I" then
prel_1 <=accpl_out;
end if;
end process reg_prel_1;

reg_prel_2: process (resetn,clock)
begin

if resetn ='0' then

prel_2 <= (others =>'0");

elsif clock'event and clock = 'I'then

-- if c_accp3 ='0" then
prel_2 <=prel_l;--accpl_out;

- clse
-~ prel_2 <= (others =>'0'),
-- endif;
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end if;
end process reg_prel_2;

reg_pre2_l: process (resetn,clock)
begin

if resetn ='0" then

pre2_1 <= (others =>'0);

elsif clock'event and clock = 'l" then

-~ ifc_accp3 ='0' then
pre2_1 <= accp2_out;

-- else
- pre2_l <= (others =>'0');
- endif;

end if;
end process reg_pre2_1;

phase_out <= accp3_out & pre2_1 & prel_2 & pre0_3;

end rtl;

3. ADDERS8 Module

-- 8-bit adder
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;

entity adder8 is

port ( inl : in std_logic_vector (7 downto 0);
in2 - in std_logic_vector (7 downto 0);
¢in s instd_logic;
res_out :outstd_logic_vector (7 downto 0);
cout soutstd_logic);

end adder8;

architecture rtl of adder8 is

signal in_cout: std_logic_vector (7 downto 0);
signal in_xor: std_logic_vector (7 downto 0);

begin
in_xor(0) <= in1(0) xor in2(0);
in xor(1) <= inl(1) xor in2(1);
in_xor(2) <= in1(2) xor in2(2);
in_xor(3) <= in1(3) xor in2(3);
in_xor(4) <= in1(4) xor in2(4);
in_xor(5) <= in1(5) xor in2(5),
in_xor(6) <= in1(6) xor in2(6);
in_xor(7) <= in1(7) xor in2(7);

res_out(0) <= not cin when in_xor(0) ='1"else cin;
in_cout(0) <= cin when in_xor(0) ="'1' else in1(0);

res_out(1) <= not in_cout(0) when in_xor(1) ="1"else in_cout(0),
in_cout(1) <= in_cout(0) when in_xor(1) ='1"else in1(1);

res_out(2) <= not in_cout(1) when in_xor(2) ="1" else in_cout(1);
in_cout(?) <=in cout(1) when in_xor(2) = '1"else inl(2);

res_out(3) <= not in_cout(2) when in_xor(3) ="1"else in_cout(2);
in_cout(3) <= in_cout(2) when in_xor(3) ='1"else in1(3);

res_out(4) <= not in_cout(3) when in_xor(4) ="' else in_cout(3);
in_cout(4) <= in_cout(3) when in_xor(4) ="1"else inl(4);

res_out(3) <= not in_cout(4) when in_xor(5) ="l"else in_cout(4);
in_cout(5) <= in_cout(4) when in_xor(5) ="1"else in1(5);

res_out(6) <= not in_cout(5) when in_xor(6) ='1"else in_cout(5);
in_cout(6) <= in_cout(5) when in_xor(6) = '1"else inl(6);

res_out(7) <= not in_cout(6) when in_xor(7) ="1"else in_cout(6);
in_cout(7) <= in_cout(6) when in_xor(7) = '1"else inl(7);

cout <= in_cout(7);
end rtl;
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4. MUL10 Module

-- 10x10 Baugh Wooley's multiplier
library IEEE;

use IEEE.STD_LOGIC_1164.ALL;
use IEEE.NUMERIC_STD.all;

entity mullO is

port (
resetn : in std_logic;
clock s in std_logic;
b3 : in std_logic_vector (9 downto 0);
y : in std_logic_vector (9 downto 0);
p - out std_logic_vector (19 downto 0)

%
end mull0;
architecture rtl of mull0 is
signal m: unsigned (19 downto 0);
begin
process (resetn,clock)
begin
if resetn ='0' then
m <<= (others =>'0");
elsif clock'event and clock ='1" then
m <= UNSIGNED(x) * UNSIGNED(y);
end if;
end process;

p <= std_logic_vector (m);

end rtl;
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5. A1 Module

library 1EEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.NUMERIC_STD.all;

entity al is

port (
resetn s in std_logic;
clock - in std_logic;
X - in std_logic_vector (19 downto 0);
y : out std_logic_vector (28 downto 0)
end al;

architecture rtl of al is
signal m: unsigned (28 downto 0);
signal k1: unsigned (27 downto 0);
signal k2: unsigned (26 downto 0);
signal k3: unsigned (22 downto 0);
begin :
k1 <= unsigned(x) & "00000000";
k2 <= unsigned(x) & "0000000";
k3 <= unsigned(x) & "000";
process (resetn,clock)
begin
if resetn = '0' then
m <= (others =>'07;
elsif clock'event and clock = 'l" then
m<= (0 & k1) + k2 +k3;
m<=('0"'&kl)+k2-k3;
end if;
end process,

y <=std_logic_vector (m);

end rtl;

6. A2 Module

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEENUMERIC_STD.all;

entity a2 is
port (
resetn s instd_logic;
clock » in std_logic;
X - in std_logic_vector (19 downto 0);
y - out std_logic_vector (5 downto 0)
)
end a2;

architecture rtl of a2 is
signal m: unsigned (5 downto 0);
signal k1: unsigned (4 downto 0);
signal k2. unsigned (3 downto 0);
signal k3: unsigned (1 downto 0);
begin
k1 <= unsigned(x (19 downto 15));
k2 <= unsigned(x (19 downto 16));
k3 <= unsigned(x (19 downto 18));
process (resetn,clock)
begin
if resetn = '0' then
m <= (others =>'07;
elsif clock'event and clock ='1" then
m<=(0'& k1) +k2 - k3;
end if],
end process;

y <= std_logic_vector (m);

end rtl;
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ABSTRACT

This paper presents the design and implementation of a CMOS
integrated direct digital synthesiser (DDS) with a 10-bit on-chip
digital-to-analog converter (DAC) using an n-well single-poly
triple-metal 0.5-um CMOS technology. Main features of the DDS
chip include maximum clock frequency of 100-MHz at 3.3-V
single supply voltage, 32-bit frequency tuning word resolution,
12-bit phase tuning word resolution, and an on-chip 10-bit DAC.
The chip provides sinusoidal, triangular, sawtooth, square, and
random waveforms with phase and frequency modulation, and
power-down function. The complete chip occupies 10-mm? die
area and dissipates 0.4 W at 100-MHz clock frequency.

1. INTRODUCTION

For many applications, direct digital synthesiser (DDS) easily
provide many distinct advantages over the traditional frequency-
agile phased-locked loop (PLL) based synthesiser, including fast
settling time, digitally-controlled sub-hertz frequency and sub-
degree phase resolutions, continuous-phase switching response,
and low phase noise [1]. In recent years, DDS have enjoyed an
increasingly significant role in wideband frequency generation due
to advances in digital logic and digital-to-analog converter (DAC)
IC technologies. The integration of a high-speed, high-performance
DAC and DDS circuitry onto a single chip enables low-cost, high-
performance, functionally-integrated, and small package-sized
DDS products that target a wide range of applications such as time
division multiple accesscode division multiple access digital
cellular systems and spread-spectrum wireless LANs,

A number of high-speed DDSs with on-chip DAC have been
reported, In [2], a CMOS DDS implemented in a 1.0-um process
was reported with 50-MHz maximum operating clock frequency.
In [3], a BICMOS DDS implemented in 0.8-um double-metal
double-poly process was reported with the maximum operating
clock frequency of 170 MHz The gap in the maximum operating
clock frequency of the two designs mainly arises from the
difficulty in the design of high-speed DAC in CMOS technology.
Therefore the design of high-speed DDS with an on-chip DAC in
standard CMOS process still poses a real challenge. This paper
describes the design and implementation of a 100-MHz DDS with
a 10-bit on-chip DAC using an n-well, single-poly, triple-metal
(1P3M) 0.5-pm CMOS technology.

2. DESIGN SPECIFICATIONS

The DDS reported in this paper is designed to generate various
types of waveform for general video and wireless applications
such as digital radiosmodems, handheld test and measurement
equipment, digital videoaudio, baseband transmittersreceivers,
PC-based instrumentation cards. The typical DDS architecture,
shown in Figure 1, is employed. The phase accumulator word
length was chosen to be 32 bits to achieve a frequency tuning
resolution of 0.0233 Hz at the clock rate of 100 MHz. Only 14 of
the most significant bits (MSBs) are used to calculate the sine-
wave samples in order to reduce size and power dissipation of the
table look-up ROM. Two MSBs of these 14 bits are used to
decode the quadrant of the sinewave, while the remaining 12 bits
are used to address the sinewave samples in the ROM. This
achieves a 12-bit phase tuning resolution that yields a spurious
performance due to the phase accumulator truncation of =72 dBc
[5], which is well below the spur level of the on-chip 10-bit DAC
at 100 MHz,

Phase modulation of the DDS is achieved by adding a 12-bit
phase tuning word to the phase accumulator output before
entering the waveform generator. The 10-bit digital output data is
also available for applications that do not require the conversion
to analog, such as tuneable digital bandpass filters, mixers for
digital receivers, and real-time digital spectrum analysis. The
design of the DDS chip, described in the following sections, is
divided into two main parts: (1) the digital part including an 1/O
control interface, coarse and fine ROMs, a waveform synthesiser,
a clock generator and a thermometer decoder, and (2) the analog
part including a 10-bit DAC and a bias current generator.

3. DESIGN OF DDS CIRCUITRY

The DDS chip was first simulated at the system level to check its
functionality. Then the DDS was designed and implemented by
digital circuitry and simulated at the gate level to check timing
constraints. For maximum conversion speed, the digital part
contains 19 pipelined stages. The main building block is the
waveform synthesiser that contains an increment, a 32-bit phase
accumulator, and a 14-bit phase-to-amplitude converter, The
modified Sunderland algorithm [4] is chosen for the phase-to-
amplitude conversion. Latches are employed to strobe the digital
control signals that are applied to the 10-bit DAC to eliminate
signal skew and thus reducing output glitches.

The DDS can be controlled by an external controller via an 8-bit
parallel interface for frequency update and waveform pattern. The
maximum update determined by the speed of the control interface



and the 19 pipeline stages is 38 MS/s. The DDS is designed to
generate 5 waveform patterns including sinusoidal, triangular,
sawtooth, ramp, and random. The 10-bit amplitude for triangular,
sawtooth, and ramp is generated directly from the phase register,
while a linear feedback shift register is used to generate the
random values. The 10b sinewave amplitude is generated from a
sine lookup table, while the square wave can be generated from
the MSB of the sinewave.

Using the well-known quarter-wave symmetry technique, the sine-
wave samples for the full range of 2n are generated from the 0 to
w/2 rads of sine information stored in the ROM [4]. The two
MSBs of the phase accumulator are used to decode the quadrant
of the sine function. Thus the MSB is used as the sign bit, while
the next MSB controls whether the phase between 0 and n/2
should be increasing or decreasing. This reduces the capacity of
the look-up table with the penalty of additional logic circuits
required to generate the complements of the accumulator and the
look-up table outputs. The width of the one-quadrant look-up
table is reduced by compression of the quarter-wave sine
information using the modified Sunderland algorithm [4], shown
in Figure 2. The 12- bit of the phase address of the quarter of the
sine wave is divided into three 4-bit fractions, i.e. d =a+b+c.
Using proper sizes of a, b, and ¢, the sine function is
approximately given by (1).

sin(a + b + ¢) = sin(a+b) + cos(a)sin(c) (n

The coarse ROM, 2°x8 bits, provides low resolution phase
samples, while the fine ROM, 2%x2 bits, gives additional phase
resolution by interpolating between the low resolution samples.
Note that this gives the total ROM compression ratio of 64:1.

4. DESIGN OF 10-BIT DAC

4.1 DAC Architecture

The integrated high-speed 10-bit DAC is implemented by using
the 6/4 segmented current-steering architecture, in which the 6
MSBs of the digital binary inputs are thermometer-decoded to
control 63 identical current sources, each having 16-LSB current
weighting, and the remaining 4 LSBs control 4 binary-weighted
current sources. The output currents of all current sources, which
are either switched ON or OFF according to the digital input
codes, are summed and driven into any resistive load in order to
generate the required analog output voltage. The DAC comprises
an array of current-steering cells, a bias generator, a segment
decoder, and code latches as shown in Figure 3.

4.2 Current-Steering Cell

The schematic diagram of the current-steering cell of the 10-bit
DAC is shown in Figure 4. The cascode current source (M, and
M;z) and the differential current-steering switches (M3 and M)
are implemented by using p-channel MOSFETs in order to obtain
the output voltage referred to ground. The cascode configuration
suppresses the voltage fluctuation at the drain of the transistor M,
thereby enhancing the output impedance of the current source.
Long channel length is required for the transistor My, in order to
achieve good accuracy and matching of the output current. The
cascode transistor M, should have a short channel length in order
to minimise the parasitic capacitance at the coupled sources of the
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differential switches, thus improving the switching speed during
the output transition. The current from the cascode circuit is
steered by the differential switches into two resistive loads,
according to the true and complementary digital control signals,
D1 and DIB. The differential switches employ the minimum
channel length, and the width is optimised toward the switching
speed while maintaining the accuracy of the output currents.

The two complementary digital control signals, DI and DI1B, are
generated by the asymmetrical switch driver [6], M,,-M,4, in order
to withdraw any possibility that both switches are turned OFF
simultaneously due to inevitable delay in both control signals. The
switch driver is simply a differential drive circuit with n-channel
transistors for both pull-up and pull-down. The dimension of M-
M,4 must be chosen properly such that the fall-time of DI and
DIB (turning ON) will be faster than the rise-time (turning OFF).
This ensures that both switches are never turned off
simultaneously, but allowing a simultaneous turn-on for a short
period of time. Turning-on both switches simultaneously will
degrade the switching speed a little, but reducing glitches
substantially. Furthermore, the HIGH level output is Vy lower
than Vpp, minimising the switching swing thus reducing the
switching feedthrough to the output current. This intentional
asymmetrical switching circuit guarantees that one switch is ON,
even for a small skew. HSPICE simulation using the process
parameters from the Alcatel’s 0.5-pm CMOS technology suggests
an extra delay of 0.2 ns due to the switch driver circuit.

The two complementary DAC output currents are uni-polar. Thus
the voltages developed across the load resistors range from 0 V to
a positive full-scale value. In practice, a center-tapped RF
transformer is used to combine these two complementary currents
and produce a bi-polar, zero DC-offset symmetrical output
current. Additionally the transformer is beneficial in both
providing the DAC outputs a suitable load resistance (via an
impedance transformation) in order not to violate the DAC output
voltage compliance, and coupling the DAC output currents to the
reactive input of the subsequent LC lowpass filter. This also
maintains a constant current flowing in each current source during
switching, thus allowing fast settling time and reducing output
glitches.

Linearity of the DAC is determined by the matching of current
sources. In practice, the total current error is due to the variation
in threshold voltage and process geometry [7]. The dominant
source of error is likely to be the threshold voltage variation
provided that the devices are well above the minimum geometry.
Thus large gate-source voltage and large LSB current weighting
are required to reduce the mismatch. Measured mismatch data
from the 0.5-um CMOS technology suggest that the channel
length of the p-channel MOSFET current source should be no
shorter than 4 pum in order to satisfy the current matching
requirements of the 10-bit DAC. Other circuit parameters are then
calculated accordingly to meet the DAC specifications.

4.3 Bias Generator

The simplified schematic diagram of the bias generator that
provides the reference current and the bias voltage to the DAC
current sources is shown in Figure 5. The voltage V ¢ is provided
by an external bandgap voltage generator. The reference current
distributed to the current source array is 16 times larger than the
current of the unit current-steering cell (i.e. 41;¢g), this reduces



noise multiplication in the current mirror. The full-scale DAC
output current is determined by an off-chip resistor R and is
given by the following equation, I, rs = 320/R.. The bias
generator also includes the necessary power-down circuitry, which
can be digitally controlled.

The complete 10-bit DAC combines the current-steering cells and
the bias generator with the digital logic and thermometer decoder
circuit, which are automatically synthesised from a VHDL
description. Monte Carlo simulations showed that the complete
DAC functioned satisfactorily under worst-case process
parameters and variations in power supply voltage (+/- 10%),
temperature (-30 to +70 °C), and threshold voltage (+/-3 %).

5. LAYOUT CONSIDERATIONS

The performance of the complete DDS is largely determined by
the on-chip DAC. Thus much attention were paid to the layout and
routing of the DAC including the bias generator which were done
by hand, while all digital circuits were implemented by using
automatic place-and-route with standard library cells. The total
chip area is about 10 mm?.

To obtain the optimum performance, the DAC cascode current
sources are drawn in an array, isolating from their associated
current-steering switches and asymmetrical switch drivers that are
placed together in a separate block. This allows a compact and
uniform layout of the array, reducing mismatches between the
current sources. Isolation of sensitive analog circuits from digital
switching noise is very important in mixed signal IC. Therefore
analog and digital power supplies are separated, and double guard
rings surround both the current source array and the switches and
drivers block in order to prevent digital switching noise coupling
to the DAC output currents.

The current source array is separated into 4 quadrants. Fach of the
63 current sources with 16-LSB weighting for the 6 MSBs is
implemented by 4 identical paralleled current sources of 4-LSB
weighting; each of which is placed into one different quadrant. A
two-dimensional common-centroid switching sequence is used in
each of the four quadrants, which are mirrored with respect to the
vertical and horizontal axes. The spatial symmetry of the array and
the common-centroid  switching scheme  simultaneously
compensate for both two-dimensional linear and parabolic
systematic errors due to process, temperature, and electrical
gradients over the current source array [8].

The 4-LSB cascode current source is laid out elegantly such that
all cells can be “butt-end' connected. This reduces both layout time
and chip area, and Is very well sulted for deslgn automation. The
current sources in each quadrant are routed by using overlaid
metal-1 and metal-2 grids. Wide metal-2 grid is also used for
power supply routings in order to reduce the effect of ‘IR’ voltage
dropped. The binary-weighted current sources for the 4 LSBs are
located in the unused space in the centre of the array. Finally, the
array is surrounded by dummy cells to reduce the edge effects.
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6. CONCLUSION

This paper has described the design and implementation of a 100-
MHz CMOS DDS including a 10-bit on-chip DAC. The DDS
provides sinusoidal, triangular, sawtooth, square, and random
waveforms with phase and frequency modulation. The complete
chip occupies 10-mm? die area and dissipates 0.4 W at 100-MHz..
The DDS chip is in fabrication and preliminary measured results
should be available at the time of presentation.
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Table 1. Designed DDS chip specifications

IC Technology n-well 1P3M 0.5-um CMOS
100 MHz at Vdd=3.3V

40 MHz (0.4 x 100 MHz)
0.0233 Hz (at 100 MHz)
0.0879 degrees (12-bits)
0.846mV @R =25Q

190 ns (19 x 1/100MHz)

0.4 W @ 100 MHz, 3.3V

Max. clock frequency

Max. output frequency

Frequency tuning resolution

Phase tuning resolution

Amplitude resolution

Frequency switching time

Power dissipation

Die area 10 mm?
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Abstract

This paper presents the design and implementation of a
CMOS integrated direct digital synthesiser (DDS) with a 10-bit on-chip
digital-to-analog converter (DAC) using an n-well single-poly triple-
metal 0.5-um CMOS technology. Main features of the DDS chip
include maximum clock frequency of 100-MHz at 3.3-V single supply
voltage, 32-bit frequency tuning word resolution, 12-bit phase tuning
word resolution, and an on-chip 10-bit DAC. The chip provides

sinusoidal, triangular, sawtooth, square, and random waveforms with

phase and frequency modulation, and power-down function. The
complete chip occupies 10-mm” die area and dissipates 0.4-W at 100-

MHz clock frequency.

Keywords: CMOS, Direct digital synthesiser, DDS, Digital-to-analog

converter, DAC, N-well, Single-poly, Triple-metal.
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IC Technology 1P3M 0.5-pm CMOS n-well

Max. clock frequency 100 MHz at Vdd =33 V

Max. output frequency 40 MHz (0.4 x 100 MHz)

Frequency tuning resolution 0.0233 Hz (at 100 MHz)

Phase tuning resolution 0.0879 degrees (12-bits)

Amplitude resolution 0.846 mV@R, =25Q

Frequency switching time 190 ns (19 x 1/100MHz)

Power dissipation 0.4 W@ 100 MHz, 3.3V

Die area 10 mm’
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Abstract: This paper describes the design and
implementation of a single-chip digitally synthesized 0-35
MHz agile function generator. The chip comprises an
integrated direct digital synthesizer (DDS) with a 10-bit on-
chip digital-to-analog converter (DAC) using an n-well
single-poly triple-metal 0.5-pm CMOS technology. The
main features of the chip include maximum clock
frequency of 100 MHz at 3.3-V supply voltage, 32-bit
frequency tuning word resolution, 12-bit phase tuning word
resolution, and an on-chip 10-bit DAC. The chip provides
sinusoidal, ramp, saw-tooth, and random waveforms with
phase and frequency modulation, and power-down
function. At 100-MHz clock frequency, the chip covers a
bandwidth from dc to 35 MHz in 0.0233-Hz frequency
steps with 190-ns frequency switching speed. The complete
chip occupies 12-mm?’ die area and dissipates 0.4 W at 100-
MHz clock frequency.

1.. Introduction

There are many significant advantages of direct digital
synthesizer (DDS) over the traditional frequency-agile
phase-locked loop (PLL)-based synthesizer, including fast
settling time, digitally-controlled sub-hertz frequency and
sub-degree phase resolutions, continuous-phase switching
response, and low phase noise [1]. Due to advances in
digital logic and digital-to-analog converter (DAC) IC
technologies, DDS is now enjoying an increasingly
significant role in wideband frequency generation. The
integration of a high-speed, high-performance DAC and
DDS circuitry onto a single chip enables low-cost, high-
performance, functionally-integrated, and small package-
sized DDS products, which target a wide range of
applications such as time division multiple access/code
division multiple access (TDMA/CDMA) digital cellular
systems and spread-spectrum wireless LANSs.

A number of high-speed DDSs with on-chip DAC have
been reported. In [2], a CMOS DDS implemented in a 1.0-
pm process was reported with 50-MHz maximum operating
clock frequency. In [3], a BICMOS DDS implemented in
0.8-um double-metal double-poly process was reported with
the maximum operating clock frequency of 170 MHz. The

gap in the maximum operating clock frequency of the two
designs mainly arises from the difficulty in the design of
high-speed DAC in CMOS technology. Therefore the

design of a high-speed DDS with an on-chip DAC in

standard CMOS process still poses a real challenge. This
paper describes the design and implementation of a single-
chip digitally synthesized 0-35 MHz agile function
generator using an n-well single-poly triple-metal (1P3M)
0.5-um CMOS technology. The objective of the chip
reported in this paper is to generate various types of
waveforms for general video, wireless applications such as
digital radios/modems, test and measurement equipment,
digital video/audio, baseband transceivers, and PC-based
instrumentation cards.

2. Chip Architecture

The architecture of the chip, shown in Figure 1, is
employed. The phase accumulator word length is chosen to
be 32 bits to achieve a frequency tuning resolution of
0.0233 Hz at the clock rate of 100 MHz. Only 14 of the
most significant bits (MSBs) are used to calculate the sine
wave samples in order to reduce size and power dissipation
of the table look-up ROM. Two MSBs of these 14 bits are
used to decode the quadrant of the sine wave samples in the
ROM. This achieves a 12-bit phase tuning resolution that
yields a spurious performance due to the phase accumulator
truncation of —72 dBc [4], which is well below the spur
level of the on-chip 10-bit DAC at 100 MHz.

Phase modulation of the chip is achieved by adding 12-
bit phase tuning word to the phase accumulator output
before entering the phase-to-amplitude converter. The 10-
bit digital output data is also available for applications that
do not require the conversion to analog, such as tuneable
digital band-pass filter, mixers for digital receivers, and
real-time digital spectrum analysis. The design of the chip,
described in the following sections, is divided into two
main parts: (1) the DDS circuitry (digital part) and (2) the
analog part. The layout considerations and the experimental
results are described after the design of digital and analog
parts.

3. Design of DDS Circuitry
3.1 DDS Circuitry Architecture

The DDS circuitry is designed and implemented by
using hardware description language (HDL). In this design,
VHDL language is chosen. The VHDL code is first
simulated at the functional level. Then the functionally
verified VHDL code is synthesized into the gate-level



circuitry. The gate-level circuitry is re-simulated in order
to verify the timing constraints. The main building blocks
of the DDS circuitry are a 32-bit phase accumulator, coarse
and fine ROMs, a 14-bit phase-to-amplitude converter and
a clock generator. In order to achieve maximum conversion
speed, the 19-stage pipeline is employed. The modified
Sunderland algorithm [5] is chosen for phase-to-amplitude
conversion. Latches are implemented to strobe the digital
samples of the waveform before entering the 10-bit DAC in
order to eliminate signal skews and reduce output glitches.

The frequency and pattern of the output waveform can
be controlled by an external micro-controller via -an 8-bit
parallel interface. The maximum update rate, determined
by the speed of the control interface and the 19-stage
pipeline, is 38 MS/s. The DDS circuitry can provide 4
waveforms including sinusoidal, ramp, saw-tooth and
random. The 10-bit amplitude of ramp and saw-tooth
waveforms is generated directly from the phase register,
while a linear feedback shift register is used to generate
random values for random waveform. The 10-bit amplitude
of sinusoidal waveform is generated from a sine look-up
table.

3.2 Memory Compression

Using the well-known quarter-wave symmetry
technique, the sine wave samples for the full range of 2n
are generated from 0 to n/2 rads of sine information stored
in the ROM [5]. The two MSBs of the phase accumulator
are used to decode the quadrant of the sine function. Thus
the MSB is used as the sign bit, while the next MSB
controls whether the phase between 0 to m/2 should be
increased or decreased. This reduces the capacity of the
look up table with the penalty of additional logic circuits
required to generate the complements of the accumulator
and the look-up table outputs. The width of the one-
quadrant look-up table is reduced by compression of the
quarter-wave sine information using the Modified
Sunderland algorithm [5]. The use of Modified Sunderland
algorithm gives the total ROMS compression ratio of 64:1.

4. Design of 10-Bit DAC
4.1 DAC Architecture

The integrated high-speed 10-bit DAC is implemented
by using the 6/4 segmented current-steering architecture, in
which the 6 MSBs of the digital binary inputs are
thermometer-decoded to control 63 identical current
sources, each having 16-LSB current weighting, and the
remaining 4 LSBs control 4 binary-weighted current
sources. The output currents of all current sources, which
are either switched ON or OFF according to the digital
input codes, are summed and driven into any resistive load
in order to generate the required analog output voltage. The
DAC comprises an array of current-steering cells, a bias
generator, a segment decoder, and code latches as shown in
Figure 2.
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4.2 Current-Steering Cell

The schematic diagram of the current-steering cell of
the 10-bit DAC is shown in Figure 3. The cascode current
source (M, and M,;) and the differential current-steering
switches (My; and My,) are implemented by using p-
channel MOSFETs in order to obtain the output voltage
referred to ground. The cascode configuration suppresses
the voltage fluctuation at the drain of the transistor M,
thereby enhancing the output impedance of the current
source. Long channel length is required for the transistor
M, in order to achieve good accuracy and matching of the
output current. The cascode transistor M,, should have a
short channel length in order to minimize the parasitic
capacitance at the coupled sources of the differential
switches, thus improving the switching speed during the
output transition. The current from the cascode circuit is
steered by the differential switches into two resistive loads,
according to the true and complementary digital control
signals, D1 and D1B. The differential switches employ the
minimum channel length, and the width is optimized
toward the switching speed while maintaining the accuracy
of the output currents.

The two complementary digital control signals, D1 and
DIB, are generated by the asymmetrical switch driver [6],
Mni-Mps, in order to withdraw any possibility that both
switches are turned OFF simultaneously due to inevitable
delay in both control signals. The switch driver is simply a
differential drive circuit with n-channel transistors for both
pull-up and pull-down. The dimension of M,;-M,4 must be
chosen properly such that the fall-time of D1 and DIB
(turning ON) will be faster than the rise-time (turning
OFF). This ensures that both switches are never turned off
simultaneously, but allowing a simultaneous turn-on for a
short period of time. Turning-on both switches
simultaneously will degrade the switching speed a little, but
reducing glitches substantially. Furthermore, the HIGH
level output is Vyy lower than Vpp, minimizing the
switching swing thus reducing the switching feedthrough to
the output current. This intentional asymmetrical switching
circuit guarantees that one switch is ON, even for a small
skew. HSPICE simulation using the process parameters
from the Alcatel’s 0.5-pm CMOS technology suggests an
extra delay of 0.2 ns due to the switch driver circuit.

The two complementary DAC output currents are uni-
polar. Thus the voltages developed across the load resistors
range from 0 V to a positive full-scale value. In practice, a
center-tapped RF transformer is used to combine these two
complementary currents and produce a bi-polar, zero DC-
offset symmetrical output current. Additionally the
transformer is beneficial in both providing the DAC outputs
a suitable load resistance (via an impedance transformation)
in order not to violate the DAC output voltage compliance,
and coupling the DAC output currents to the reactive input
of the subsequent LC low-pass filter. This also maintains a
constant current flowing in each current source during
switching, thus allowing fast settling time and reducing
output glitches.

Linearity of the DAC is determined by the matching of
current sources. In practice, the total current error is due to



the variation in threshold voltage and process geometry [7].
The dominant source of error is likely to be the threshold
voltage variation provided that the devices are well above
the minimum geometry. Thus large gate-source voltage and
large LSB current weighting are required to reduce the
mismatch. Measured mismatch data from the 0.5-pm
CMOS technology suggest that the channel length of the p-
channel MOSFET current source should be no shorter than
4 um in order to satisfy the current matching requirements
of the 10-bit DAC. Other circuit parameters are then
calculated accordingly to meet the DAC specifications.

5. Layout Considerations

The performance of the complete chip is largely
determined by the on-chip DAC. Thus much attention were
paid to the layout and routing of the DAC including the bias
generator which were done by hand, while all digital
circuits were implemented by using automatic place-and-
route with standard library cells. The total chip area about is
12 mm?,

To obtain the optimum performance, the DAC cascode
current sources are drawn in an array, isolating from their
assoclated current-steering switches and asymmetrical
switch drivers that are placed together in a separate block.
This allows a compact and uniform layout of the array,
reducing mismatches between the current sources. Isolation
of sensitive analog circuits from digital switching noise is
very important in mixed signal IC. Therefore analog and
digital power supplies are separated, and double guard rings
surround both the current source array and the switches and
drivers block in order to prevent digital switching noise
coupling to the DAC output currents,

6. Experimental Results

A test system, shown in Figure 4, was developed in
order to evaluate the chip. The software on a personal
computer is used to load the frequency control word into
the test board. The micro-controller on the test board
generates controlling data and signal for the chip according
to the frequency control word received from the computer.
A 7™-order 40-MHz low-pass filter is used to filter high-
frequency components from the output of the chip.

The chip was tested at 3.3-V supply voltage and 100-
MHz clock frequency. The chip can generate an output
from dc to 35 MHz in 0.0233-Hz frequency steps with 190-
ns frequency switching speed. The spurious free dynamic
range (SFDR) is better than 45 dBc. A spectrum shown in
Figure 5 is the spectrum of 2-MHz sinusoidal output.
Figure 6 shows the relation between SFDR and output
frequencies at 100-MHz clock frequency. The phase noise
is below —115 dBc/Hz at 100-kHz offset. The closed-in
spectrum of the 25-MHz sinusoidal output at 100-MHz
clock frequency is shown in Figure 7.

7. Conclusions

The design and implementation of a single-chip CMOS
digitally synthesized agile function generator is described in
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this paper. The chip covers a bandwidth from dc to 35
MHz with 0.0233-Hz resolution. At 100-MHz clock
frequency, the SFDR is better than 45 dBc. Table 1
summarizes the specifications of the chip. The
photomicrograph of the chip is shown in Figure 8.
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Table 1. Chip specifications

Technology Single-poly, triple-metal 0.5-pm
CMOS

Power supply voltage 33V .

Max. clock frequency 100 MHz

Max. output frequency | 35 MHz at 100-MHz clock rate

Frequency resolution 32 bits (0.0233 Hz at 100 MHz)

Phase tuning resolution | 12 bits (0.0879 degrees)

Amplitude resolution 10 bits (0.846 mV at Ry =25 Q)

fou= Worst-case -45 dBc

25MHz | spurious

Phase noise | -115 dBc/Hz at 100-kHz offset

Max. frequency
switching speed

190 ns (19 x 1/100MHz)

Die area (including 3240x3830 pm?

pads)

Power Digital | 270 mW at 100-MHz clock rate

dissipation Analog | 126 mW at full-scale output
level




156

s Ml BHz
Ref B of, Atten 10 B -49.95 d8
5 Peak [k T
DOS Circuitry Log
10
a8/
H louty
} ; Phase-to- | § 10 , >
i | 32-bit Phase el 7 .| 10-bit
H plitude
i | Accumulator Convartar 7 DAC )
E — loutny

L

32-bit 12-bit g; ?g
Frequency Phase A
Toning Tuning Control _
e — s - L ik
I

| Frequency/Phase Data Register |

Start @ Hz Stop 58 HHz
*Res BH 18 kHz *UBH 38 Hz Sweep 208.3 5 (481 pt3)

| Input and Control Data Register |

Figure 5. Spectrum of 2-MHz sinusoidal output

Figure 1. Block diagram of the chip @ 100-MHz clock frequency
R -
L | Current oup
A A -10
iz T SDegm:nt T steering
oinjs0) | € GEREAT c cells =
Hl 4, 4 IH g
7 - g g 20
5

joutn
-4
Power iref1 r—/_

down = PD .
Eonrol Bias iref2 —b.

reference

i generator  iref """‘"‘.‘ ° 1 2 »
i = RV Rext foul (MHz)

Figure 6. SFDR as a function of output frequency
@ 100-MHz clock frequency

Mkrl 25.0080 HHz
Ref 8 dBm Atten 18 dB -4.742 dBm
Peak
Log
18
d8/
WL $2
53 FS| ] \
PR
FERN
_M"f’ A
Tyt
Center 25 MHz Span 208 kHz
Res BH 1 kHz oVBH 30 Hz Swaep 8,333 3 (401 pts)

Figure 7. The close-in spectrum of 25-MHz sinusoidal

. , .
Figure 3. DAC’s current-steering cell output @ 100-MHz clock frequency
DDS Test Board
] S
Qi—n Mo CHIP L g e
Personal Compiter T
100-MHz 7 o.mp.
Oscillator

Figure 4. Test system
Figure 8. The photomicrograph of the chip



157

100-MHZ CMOS DIRECT DIGITAL SYNTHESIZER WITH 10-BIT DAC

C. Meenakarn'? and A. Thanachayanont'

'Research Center of Communications and Information Technology, and Faculty of Engineering, King Mongkut’s
Institute of Technology Ladkrabang, Bangkok 10520, THAILAND, E-mail: ktapinun@kmitl.ac.th
*National Electronics and Computer Technology Center, National Science and Technology Development Agency,
Bangkok, THAILAND, E-mail: charan@nectec.or.th

ABSTRACT _
This paper describes the design and implementation of an
integrated direct digital synthesizer with a 10-bit on-chip
digital-to-analog converter using a 0.5-um CMOS
technology. The DDS chip operates at 100-MHz maximum
clock frequency under 3.3-V supply voltage, with 32-bit
frequency, 12-bit phase and 10-bit amplitude resolution.
The chip provides sinusoidal, sawtooth, ramp, square and
random waveforms with phase and frequency modulation,
and power-down function, occupies 12-mm’ die area, and

dissipates 0.4 W at 100-MHz clock rate. At 25-MHz

sinusoidal output, the measured worst-case spurious is 65
dBc and the phase noise is -119 dBc/Hz at 100-kHz
frequency offset.

1. INTRODUCTION

For many applications, direct digital synthesizer (DDS)
provide distinct advantages over the traditional frequency-

agile phase-locked loop (PLL) based synthesizer, including
fast settling time, sub-hertz frequency and sub-degree phase
resolutions, continuous-phase switching response, and good
spectral purity [1]. In recent years, DDS have enjoyed an

increasingly significant role in wideband frequency
generation due to advances in digital logic and digital-to-

analog converter (DAC) IC technologies. The integration
of a high-speed, high-performance DAC and DDS circuitry
onto a single chip enables low-cost, high-performance,
functionally-integrated, and small packagesized DDS

products that target a wide range of applications such as
time division multiple access/code division multiple access

digital cellular systems and spread-spectrum wireless
LANs.

High-speed DDSs with on-chip DAC have been reported
recently. In [1], a 40-MHz DDS using a 1.0-um CMOS
process was reported, while a 170-MHz DDS using a 0.8-
pum BiCMOS process was reported in [2]. The gap in the
maximum operating clock frequency of the two designs
mainly arises from the difficulty in the design of high-speed

DAC in CMOS technology. Therefore the design of high-
speed DDS with on-chip DAC in standard CMOS process
still poses a real challenge. This paper describes the design
and implementation of a 100-MHz DDS with 10-bit on-
chip DAC using a 0.5-um digital CMOS process.

2. DDS ARCHITECTURE

The architecture of the DDS chip is shown in Fig. 1.
The phase accumulator word length is 32 bits, rendering
0.0233-Hz a frequency tuning resolution at 100-MHz
sample rate. Fourteen most significant bits (MSBs) are
used to calculate the sine-wave samples in order to reduce
size and power dissipation of the ROM look-up table. Two
MSBs of the 14 bits are used to decode the quadrant of the
sinewave, while the remaining 12 bits are used to address
the sinewave samples in the ROM. This achieves a 12-bit
phase tuning resolution that yields a spurious performance,
due to the phase accumulator truncation of -72 dBc 5],
which 1s below the spur level of the 10-bit DAC.

Phase modulation of the DDS is achieved by adding a
12-bit phase tuning word to the phase accumulator output
before entering the waveform generator. The 10-bit digital
output is also made available for applications that do not
require the conversion to analog, such as tuneable digital
bandpass filters, mixers for digital receivers, and real-time
digital spectrum analysis. The design of the DDS chip,
described in the following sections, is divided into two
main parts: (1) the DDS circuitry, including an /O control
interface, coarse and fine ROMs, a waveform synthesizer,
and (2) the 10-bit DAC, including a bias current generator
and a thermometer decoder.

3. DESIGN OF DDS CIRCUITRY

For maximum conversion speed, the DDS digital circuit
employs 19 pipeline stages. The main building block is the
waveform synthesizer that contains an increment, a 32-bit
phase accumulator, and a 14-bit phase-to-amplitude
converter. The modified Sunderland algorithm [4] is
chosen for the phase-to-amplitude conversion. Latches are
employed to strobe the digital control signals that are
applied to the 10-bit DAC to eliminate signal skew and
thus reducing output glitches. The DDS is controlled by an
external controller via an 8-bit parallel interface for
frequency update and waveform pattern. The maximum
update rate determined by the speed of the control interface
and the 19 pipeline stages is 38 MS/s. The waveform
generator can generate sinusoidal, sawtooth, ramp, square
and random waveforms. The sawtooth and ramp are
generated directly from the phase register, while a linear
feedback shift register is used to generate the random
waveform. The sinewave is generated from a lookup table,
while the MSB renders the square waveform.

Using the well-known quarter-wave symmetry
technique, the sine-wave samples for the full range of 2n



are generated from the 0 to 7/2 rads of sine information
stored in the ROM [4]. The two MSBs of the phase
accumulator are used to decode the quadrant of the sine
function. Thus the MSB is used as the sign bit, while the
next MSB controls whether the phase between 0 and 7/2
should be increasing or decreasing. This reduces the
capacity of the look-up table with the penalty of additional
logic circuits required to generate the complements of the
accumulator and the look-up table outputs. The width of
one-quadrant look-up table is reduced by compression of
the quarter-wave sine information using the modified
Sunderland algorithm [4]. A ‘coarse’ ROM, 2°x8 bits,
provides low resolution phase samples, while a ‘fine’
ROM, 2%2 bits, gives additional phase resolution by
interpolating between the low resolution samples,
rendering a compression ratio of 64:1.

4. DESIGN OF 10-BIT DAC

The on-chip 10-bit DAC is implemented by using the
6/4 segmented current-steering architecture. The 6 MSBs
of the digital binary inputs are thermometer-decoded to
control 63 identical current sources, each having 16-LSB
current weighting, while the remaining 4 LSBs control 4
binary-weighted current sources. The output currents of all
current sources, which are either switched ON or OFF
according to the digital input codes, are summed and
driven into any resistive load in order to generate the
required analog output voltage. The DAC comprises an
array of current-steering cells, a bias generator, a segment
decoder, and code latches as shown in Fig. 2. The
maximum output compliance is 1.3 V under 3.3-V power
supply voltage.

4.1 Current-Steering Cell

The schematic diagram of the current-steering cell of the
10-bit DAC is shown in Fig. 3. The cascode configuration
suppresses voltage fluctuation at the drain of the transistor
M, thereby enhancing the output impedance of the current
source. Long channel length is required for the transistor
M,, in order to achieve good accuracy and matching of the
output current. The cascode transistor M,; has a short
channel length to minimise parasitic capacitance at the
sources of the differential switches, thus improving the
switching speed during the output transition. The current is
steered by the differential switches into two resistive loads,
according to the true and complementary digital control
signals, D1 and DI1B. The differential switches employ
minimum channel length, and their width is optimised
toward the switching speed while maintaining the accuracy
of the output currents.

The complementary control signals, D1 and DI1B, are
obtained from the asymmetrical switch driver [6], M,;-M,a,
in order to withdraw any possibility that both switches are
turned OFF simultaneously, due to inevitable delay in both
control signals. The switch driver is simply a differential
drive circuit with n-channel transistors for both pull-up and
pull-down. The dimension of M;;-M,s; must be chosen
properly such that the fall-time of D1 and DI1B (turning
ON) will be faster than the rise-time (turning OFF). This
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ensures that both switches are never OFF simultaneously,
but allowing a simultaneous ON for a short period of time.
Turning-on both switches simultaneously will degrade the
switching speed a little, but reducing glitches substantially.
Furthermore, the HIGH output level is Vyy lower than
Vpp, reducing the switching feedthrough to the output
current. The switch driver guarantees that one switch is
always ON, even for a small skew. HSPICE simulation
suggests a 0.2-ns delay due to the switch driver circuit.

The complementary DAC output currents are uni-polar.
Thus the voltages developed across the load resistors range
from 0 volt to a positive full-scale value. In practice, a
center-tapped RF transformer is used to combine these two
complementary currents and produce a bi-polar, zero DC-
offset symmetrical output current. Additionally the
transformer is beneficial in both providing the DAC
outputs a suitable load resistance (via an impedance
transformation) in order not to violate the DAC output
voltage compliance, and coupling the DAC output currents
to the reactive input of the subsequent LC lowpass filter.
This also maintains a constant current flowing in each
current source during switching, thus allowing fast settling
time and reducing output glitches.

The DAC’s linearity is determined by mismatches in the
current sources. In practice, the total current error is due to
variations in threshold voltage and process geometry [7].
The dominant source of error is likely to be the threshold
voltage variation provided that the devices are well above
the minimum geometry. Thus large gate-source voltage and
large LSB current weighting are required to reduce
mismatches. For this process, the channel length of the p-
channel MOSFET current source should be greater than 4
pum in order to satisfy the current matching requirement.
Other circuit parameters are then calculated accordingly to
meet the DAC specifications.

4.2 Bias Generator

Fig. 4 shows the simplified schematic diagram of the
bias generator that provides the reference current and the
bias voltage to the DAC current steering cells. The voltage
V.t is provided by an external bandgap voltage generator.
The reference current distributed to the current source
array is 16 times larger than the current of the unit current-
steering cell (i.c. 41 gp), this reduces noise multiplication in
the current mirror. The full-scale DAC output current is
determined by an off-chip resistor R, and is given by,
Lowrs = 320/R.,. The bias generator also includes the
necessary power-down circuitry, which can be digitally
controlled. Nominally, Re = 9.1kQ and Iy ps = 35.16 mA.
Monte Carlo simulations showed that the DAC performed
satisfactorily under worst-case parameters and variations in
power supply voltage (+/- 10%), temperature (-30 to +70
°C), and threshold voltage (+/-5 %).

5. LAYOUT CONSIDERATIONS

The layout and routing of the DAC including the bias
generator were done by hand while all digital circuits were
laid out by using automatic place-and-route with standard
library cells. To obtain the optimum performance, the DAC



cascode current sources are drawn in an array, isolating
from their associated current-steering switches and
asymmetrical switch drivers that are placed together in a
separate block. This allows a compact and uniform layout
of the array, reducing mismatches between the current
sources. Isolation of sensitive analog circuits from digital
switching noise is very important in mixed signal IC.
Therefore analog and digital power supplies are separated,
and double guard rings surround both the current source
array and the switches and drivers block in order to prevent
digital switching noise coupling to the DAC output
currents.

The current source array is separated into 4 quadrants.
Each of the 63 current sources with 16-LSB weighting for
the 6 MSBs is implemented by 4 identical parallel current
sources of 4-LSB weighting; each of which is placed into
one different quadrant. A two-dimensional common-
centroid switching sequence is used in each of the four
quadrants, which are mirrored with respect to the vertical
and horizontal axes. The spatial symmetry of the array and
the common-centroid switching scheme simultaneously
compensate for both two-dimensional linear and parabolic
systematic errors due to process, temperature, and
electrical gradients over the current source array [7].

The 4-LSB cascode current source is laid out elegantly
such that all cells can be “butt-end' connected. This reduces
both layout time and chip area, and is very well suited for
design automation. The current sources in each quadrant
are routed by using overlaid metal-1 and metal-2 grids.
Wide metal-2 grid is also used for power supply routings in
order to reduce the effect of ‘IR’ voltage dropped. The
binary-weighted current sources for the 4 LSBs are located
in the vacant space in the centre of the array. Dummy
current cells surround the array in order to reduce the edge
effects.

6. EXPERIMENTAL RESULTS

A photograph of the DDS chip is shown in Fig. 5. A 6™-
order 40-MHz elliptic lowpass filter is employed to
remove aliasing harmonics of the DAC output. At 100
MHz with 3.3 V power supply voltage, the DDS logic, the
worst case spurious products in a DDS system operate a
sample rate f; appears at f/4 and f/3. shows the measured
spurious products at 25-MHz ontpnt frequency with 100-
MHz clock frequency. Fig. 6 and Fig. 7 show the measured
frequency spectra of the 25-MHz sinewave output, the
spurious products are below —65 dBc while the measured
phase noise is —119 dBc¢/Hz at 100-kHz frequency offset.

7. CONCLUSION

This paper has described the design and implementation
of a 100-MHz CMOS DDS including a 10-bit on-chip
DAC. The complete chip occupies 12-mm’ die area and
dissipates 0.4 W at 100-MHz At 25-MHz output, the
measured worst-case spurious is —65 dBc and the phase
noise is -119 dBc at 100-kHz offset.
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Table 1. Measured performance of the DDS
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Phase noise -119 dBc/Hz at 100-kHz offset
Frequency switching speed | 190 ns (maximum)
Die area (including pads) | 3240x3830 pm?
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ABSTRACT

This paper describes the design and implementation of a sine-output
ROM-less direct digital frequency synthesiser by using a polynomial
approximation of which a maximum error less than 2e-4 can be

achieved for phase values between 0 to 70/2. The full-period sinewave
is generated by using a quadrant-decode technique. This yields a very
high spectral purity sinewave output. System-level approximation and
experimental results using an FPGA show that the maximum
harmonic distortion is less than —67.4 dBc and —64.8 dBc
respectively.

INTRODUCTION

Direct digital frequency synthesisers (DDFSs) are now playing an
increasingly significant role in modern digital communication systems
because of their characteristics of fost frequeney switching and
excellent frequency and phase resolution [1]. Almost all DDFSs are
designed by using an architecture developed by Tierney et. al. [2], as
shown in Fig. 1. The phase argument to the sine-computation block is
generated by exploiting the modulo 2V overflow of an N-bit
accumulator, which can be adjusted by a frequency control word (W).
The sine-computation block converts the phase values into a digital
representation of a sinewave. The digital sinewave can be converted
into its analog counterpart by a digital-to-analog converter and a low-
pass filter. The 2" binary words of the accumulator are mapped into
phase values such that

m =(1J2” 1)
P

where m is the binary word of the accumulator. The output frequency
of the DDFS can thus be expressed as,

W o N-1
Jou =2—N,W<2 : @

where W is the frequency control word, £ is the clock frequency, N is
the bit-size of the frequency control word and f, is the output

frequency. The frequency resolution (4f) of the DDFS can be derived
from (2) by setting =1 as,

Figure 1. Typical DDFS architecture

Af = % ©)]

Typically, the sine function generator is realised by using a look-up
table provided by a read-only memory (ROM). The phase and
amplitude quantisation errors are determined, respectively, by the
number of words and the number of bits in each word in the ROM.
Thus it is desirable to increase the resolution of the ROM for a high
spectral purity sine output. This leads to larger ROM size, which
means higher power consumption, low reliability, lower speed and
increased costs.

There are a number of techniques [3], which can reduce the ROM size
while retaining the spectral purity and frequency resolution. These
methods include exploitation of trigonometric identities [3] and
approximation of the sine function [4, 5]. An alternative approach,
which avoids using the ROM, is to compute the samples of sine
amplitude from the digital phase contents. Examples of this approach
include Taylor series approximation [6], CORDIC algorithm, and
parabolic approximation [7]. In particular, the DDFS based on the
parabolic approximation in [7] can achieved high speed and high
spectral purity.

This paper describes a ROM-less sine-output DDFS by using a
polynomial approximation, which can achieve higher accuracy
comparing to other reported sine approximations. Next section
describes the polynomial approximation, followed by an
implementation of the DDFS. Then experimental results and a
conclusion are given.



THE POLYNOMIAL APPROXIMATION

The polynomial approximation for sine function computation is given
by

sin(x):x(l+a2x2+a4x4)+€(x) ,Ost% )

where  the error |£(x)| <2x107
ay = =01 6605,a4 =0.00761

Equation (4) is similar to the series expansion of sin x except for the
coefficients a; and a, which are optimised to minimise the error. The
maximum error of the polynomial approximation in (4) is less than
2e-4, which is much smaller than those obtained from the series
expansion and the 2™-order parabolic approximation [7]. This is
shown in Fig. 2. Therefore the polynomial approximation in (4) can
be used to generate a digital representation of a sinewave with higher
spectral purity.
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Figure 2. Errors from three approximations: (1) the second-
order parabolic approximation; (2) the series expansion; and
(3) the polynomial approximation,

DIGITAL REALISATION

Recall that the phase values are mapped into the sine function by
using the relationship in (1). Thus the polynomial approximation in
(4) can be expressed in terms of the phase values as

y(m) = m(k, - k2m2 + k3m4) (5)
where the values of k; k; and k; are shown in Table 1.

Table 1. Constants in equation (5)

k; 1,000,000,000
ks 391.046368345922...
ks 4.22049520104...e-5
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It can be seen that equation (5) requires five multiplications, which
are undesirable in terms of hardware implementation. The
multiplications appeared in k.m” and k;m” are replaced with shift-and-
add operation. The values of &, and &, computed by shifi-and-add
operation, are shown in Table 2.

Table 2. Values of k, and k; computed by shift-and-add
operation

K Value
k> 392

ks | 4.1961669921875¢e-5

Shift/add operation

22427420
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MEB
2dMSB
Frequency
Cortrd Word
% Phase s b Potynomial T, T
Anmiaor [ Compd [ Generalor \—s Corrgd "/"l
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Figure 3. Architecture of the polynomial approximation direct
digital frequency synthesiser

The architecture of the DDFS using a polynomial approximation is
shown in Fig. 3. The phase accumulator generates a digital-sweep
phase, which is converted to sine-amplitude by the polynomial
generator. As previously stated, the accuracy of the polynomial

approximation is excellent between 0 to 7t/2. Thus the quadrant-
decode technique [8] is employed in order to generate a full sinewave.
The second MSB is used to determine whether the output of phase
accumulator has to be inverted, and the first MSB determines whether
the sine-amplitude output of the polynomial generator has to be
inverted.
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Figure 4. Block diagram of the polynomial generator



The block diagram of the polynomial generator, shown in Fig. 4,
comprises three 10x10-bit multipliers, two shift-and-add scalers, and
one adder/subtracter. The 32-bit output of phase accumulator is
truncated to 12 bits, m(11..0). The two most significant bits are used
for quadrant decoding, and the ten remaining bits, m(9..0), are
converted to sine amplitude by the polynomial generator. The value of
k is 10° as indicated in Table 1, and the k, and k; scalers are
implemented with shift-and-add operation previously stated in Table
2. The bit-size of each internal block is derived from a system-level
simulation.
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Figure 5. Power spectrum of the simulated 1.5625-MHz
(felk/32) sinewave

In order to verify the functionality of the proposed architecture, a
system-level simulation has been conducted. Fig. 5 shows the power
spectrum of the simulated 1.5625-MHz sinewave, which has a
maximum harmonic level of —67.42 dBc. As we have already known
that the spectrum level of the truncated 10-bit output is about —-61.96
dBc [9], it can be confirmed that the polynomial approximation
method is very suitable for phase to sine-amplitude conversion in
direct digital frequency synthesis.

EXPERIMENTAL RESULTS

An RTL-level VHDL-model was developed and implemented on an
FPGA in order to verify the operation of the proposed DDFS. The
testing environment comprises a Spartan-11 FPGA (XC2S100PQ208 —
5), a 10-bit digital-to-analog converter, a logic analyzer, an
oscilloscope and a spectrum analyser as shown in Fig. 6. The DDFS
operates at 50-MHz clock frequency. Fig. 7 shows a sinewave output
at 1.5625 MHz (flck/32). To exclude the non-linearity effects of the
digital-to-analog converter, the 10-bit digital data from the logic
analyzer was used to calculate the output spectrum of the synthesised
sinewave. Fig. 8 shows that the maximum harmonic distortion is
below —64.87 dBc for 1.5625-MHz output. Fig. 9 shows the spectral
components, obtained from the spectrum analyzer, at 197-kHz, where
the DAC’s non-linearity is negligible. The maximum harmonic level
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is below —67.59 dBc. Measured performances of the proposed DDFS
are summarized in Table 3.
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Figure 6. Test system of the DDFS
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Figure 8. Power spectrum of 1.5625-MHz sinewave
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Table 3. Measured performances of the proposed DDFS

FPGA Technology Spartan-1I (XC25100PQ208-5)
Frequency control word 32 bits
Phase resolution 12 bits
No. of output bits 10 bits

Frequency switching 6 clock cycles

latency

Maximum clock frequency | 50 MHz

Worst case spurious -64.8 dBc

Total equivalent gate count | 5,611 gates
CONCLUSION

The DDFS using a polynomial approximation has been proposed,
simulated and implemented on an FPGA. Experimental results are
very close to the system-level simulation. This confirms the
functionality and feasibility of a polynomial approximation approach.
Note that the experiment conducted in this paper was only aimed for
evaluating the function of the DDFS, Thus, for further optimisation,
optimised multipliers [10], or even specific squarers [11, 12] can be
employed, including a pipeline if high operating speed is required.
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ABSTRACT

This paper describes the design and implementation of a ROM-
less sine-output direct digital frequency synthesiser by using a
polynomial approximation, which provides a maximum error less

than 2e-4 for phase values between 0 to T/2. The full-period
sinewave is generated by using a quadrant-decode technique.
This yields a very high spectral purity sinewave output. System-
level approximation and experimental results using an FPGA
show that the maximum harmonic distortion is less than —67.4
dBc and —64.8 dBc respectively.

1. INTRODUCTION

Direct digital frequency synthesisers (DDFS) are now playing an
increasingly significant role in modern digital communication
systems because of their characteristics of fast frequency
switching and excellent frequency and phase resolution [1].
Almost all DDFSs are designed by using an architecture
developed by Tierney et. al. [2], as shown in Fig. 1. The phase
argument to the sine-computation block is generated by
exploiting the modulo 2V overflow of an N-bit accumulator,
which can be adjusted by a frequency control word (W). The
sine-computation block converts the phase values into a digital
representation of a sinewave. The digital sinewave can be
converted into its analog counterpart by a digital-to-analog
converter and a low-pass filter. The 2V binary words of the
accumulator are mapped into phase values such that

=[ £ L
m—(zﬂJZ )

where m is the binary word of the accumulator, and ¢ is the

phase value between 0 to 270, The output frequency of the DDFS
can thus be expressed as,

WHJ, y
./;mn':_%sw'(zh.l (2)

where W is the frequency control word, f; is the clock
frequency, N is the bit-size of the frequency control word and f,,

is the output frequency. The frequency resolution () of the
DDFS can be derived from (2) by setting =1 as,

Figure 1. Typical DDFS architecture
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Typically, the sine function generator is realised by using a look-
up table provided by a read-only memory (ROM). The phase and
amplitude quantisation errors are determined, respectively, by the
number of words and the number of bits in each word in the
ROM. Thus it is desirable to increase the resolution of the ROM
for a high spectral purity sine output. This leads to larger ROM
size, which means higher power consumption, low reliability,
lower speed and increased costs.

There are a number of techniques [3], which can reduce the
ROM size while retaining the spectral purity and frequency
resolution. These methods include exploitation of trigonometric
identities [3] and approximation of the sine function [4, 5]. An
alternative approach, which avoids using the ROM, is to compute
the samples of sine amplitude from the digital phase contents.
Examples of this approach include Taylor series approximation
[6], CORDIC algorithm, and parabolic approximation [7]. In
particular, the DDFS based on the parabolic approximation in [7]
can achieve high speed and high spectral purity.

This paper describes a ROM-less sine-output DDFS by using a
polynomial approximation, which can achieve higher accuracy
comparing to other reported sine approximations. Section 2
describes the polynomial approximation. Section 3 describes the
DDFS implementation. Experimental results and conclusion are
given in sections 4 and 5 respectively.

2, THE POLYNOMIAL APPROXIMATION

The polynomial approximation for sine function computation is
given by



sin¢)=pl1 +arg? +arg Jes@) 0932 @

where  the error |£(¢)| <2x107™*

a, = —0.16605,(;14 =0.00761

Equation (4) is similar to the Taylor series expansion of sin d)
except for the coefficients a, and a, which are optimised to

minimise the error. For phase values between 0 to 71/2, the
maximum error of the polynomial approximation in (4) is less
than 2e-4, which is much smaller than those obtained from the
5h-order Taylor series expansion and the 2™-order parabolic
approximation [7]. This is shown in Fig. 2. Therefore the
polynomial approximation in (4) can be used to generate a digital
representation of a sinewave with higher spectral purity.
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Figure 2. Lrrors from three approximations: (1) the 2™-
order parabolic approximation; (2) the 5"—order Taylor
series expansion; and (3) the polynomial approximation
(used in this paper).

3. DIGITAL REALISATION

For practical implementation, the mapped polynomial
approximation is scaled up by a factor of 10°, and the resulting
function can be expressed in terms of the binary word of the
accumulator as

y(m) - m(k, - kzmz + k;,m“) (&)
where the values of k; &, and k; are shown in Table 1.

Table 1. Constants in equation (5)

k, 1,000,000,000
k, 391.046368345922. ..
k 4.22049520104...¢-5

It can be seen that equation (5) requires five multiplications,
which are undesirable in terms of hardware implementation.
Therefore the multiplications appeared in k.m” and kum’ are
replaced with shift-and-add operation. The values of , and k;,
computed by shift-and-add operation, are shown in Table 2.

166

Table 2. Values of k;, and k; computed by shift-and-add
operation

K Value
ks 392
k; | 4.1961669921875¢-5

Shift/add operation
2 +2"+ 2
12+ 121127
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Figure 3. Architecture of the polynomial approximation
direct digital frequency synthesiser

The architecture of the DDFS using a polynomial approximation
is shown in Fig. 3. The phase accumulator generates a digital-
sweep phase, which is converted to sine-amplitude by the
polynomial generator. As previously stated, the accuracy of the

polynomial approximation is excellent between 0 to 7/2. Thus
the quadrant-decode technique [8] is employed in order to
generate a full sinewave. The second MSB is used to determine
whether the output of phase accumulator has to be inverted, and
the first MSB determines whether the sine-amplitude output of
the polynomial generator has to be inverted.
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Figure 4. Block diagram of the polynomial generator

The block diagram of the polynomial generator, shown in Fig. 4,
comprises three 10x10-bit multipliers, two shift-and-add scalers,
and one adder/subtracter. The 32-bit output of phase accumulator
is truncated to 12 bits, m(11..0). The two most significant bits are
used for quadrant decoding, and the ten remaining bits, m(9..0),
are converted to sine amplitude by the polynomial generator. The



value of 4; is 10” as indicated in Table 1, and the k, and k;
scalers are implemented with shift-and-add operation previously
stated in Table 2. The bit-size of each internal block is derived
from a system-level simulation.
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Figure 5. Power spectrum of the simulated 3.125-MHz
(Fclk/32) sinewave

In order to verify the functionality of the proposed architecture, a
system-level simulation has been conducted. Fig. 5 shows the
power spectrum of the simulated 3.125-MHz sinewave, which
has a maximum harmonic level of —67.42 dBc. As we have
already known that the spectrum level of the truncated 10-bit
output is about —61.96 dBc [9], it can be confirmed that the
polynomial approximation method is very suitable for phase to
sinc-amplitude conversion in direct digital frequency synthesis,

4. EXPERIMENTAL RESULTS .

An RTL-level VHDL-model was developed and implemented on
an FPGA in order to verify the operation of the proposed DDFS.
The testing environment comprises a Spartan-Il FPGA
(XC2S100PQ208 -5), a 10-bit digital-to-analog converter, a
logic analyser, an oscilloscope and a spectrum analyser as shown
in Fig. 6. The DDFS operates at 50-MHz clock frequency. Fig. 7
shows a sinewave output at 1.5625 MHz (flck/32). To exclude
the non-linearity effects of the digital-to-analog converter, the
10-bit digital data from the logic analyzer was used to calculate
the output spectrum of the synthesised sinewave. Fig. 8 shows
that the maximum harmonic distortion is below —64.87 dBc for
1.5625-MHz output. Fig. 9 shows the spectral components,
obtained from the spectrum analyzer, at 197-kHz, where the
DAC’s non-linearity is negligible. The maximum harmonic level
is below —67.59 dBc. Measured performances of the proposed
DDFS are summarized in Table 3.
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Table 3. Specifications of the DDFS

FPGA Technology Spartan-II (XC2S100PQ208-5)
Frequency control word 32 bits

Phase resolution 12 bits

No. of output bits 10 bits

Frequency switching 6 clock cycles

latency

Maximum clock frequency | 50 MHz

Worst case spurious -64.87 dBc

Total no. of CLBs 266 CLBs

5. CONCLUSION

The DDFS using a polynomial approximation has been propused,
simulated and implemented on an FPGA. Experimental results
are very close to the system-level simulation. This confirms the
functionality and fensibility of a polynomial approximation
approach. Note that an experiment conducted in this paper was
only aimed for evaluating the function of the DDFS. Thus, for
further opimisation, a number of optimised multipliers [10], or
even specific squarers [11, 12] can be employed, including a
pipeline if high operating speed is required.
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