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ABSTRACT

Recently, The hands-free communication systemsrexqaired for
the safety of driving in the environment of insideisy automobile. Among
the most popular hands-free algorithm, array priogsalgorithm is most
widely used. Since the primary advantage of usim@may is to enhance a
desired signal and reject jamming interferencesgyasignal processing is
essential to satisfy demand of user. In generedyarseamforming algorithm
is a spatial filtering operation performed on tlaadreceived by an array of
sensors, such as antennas, hydrophones, or micregphid provides a system
with the ability to “listen” directionally even whethe individual microphone
in the array are omnidirectional. Therefore, irstthesis, the multi-channel
speech pickup system wusing the array beamformingorithm for
enhancement of calling quality is presented. An KPsystem has better
performance than any other system, which is matessing systems with
high-performance DSPs. This advantage is due teithplicity of the core
calculation, the limitations of the DSP’s addreaklation hardware, and the
ability to customize the /O of the FPGA to the kgadion. For real-time
operation, the enhanced speech pickup (beamformirgdware must
calculate all of the beams of interest for eachafetew samples; in other

words, as implied by the computational requiremeatitcussed earlier, all

Vii



beams must be calculated at the sensor sample rate.

Therefore this thesis implements speech pickupesyausing the
Nios-Il processor with real-time 1/O data procegsigpeed. A Nios-lI
processor system is equivalent to a microcontratefcomputer on a chip”
that includes a CPU and a combination of peripseaatl memory on a single
chip. Furthermore, this thesis describe method edighed using on-chip
peripherals, and interfaces to off-chip memoried g@eripherals (SRAM,
Flash memory, DMA, et al.).

To verify the effectiveness of implemented spegichup system on
Nios-Il processor, the results of Niso-ll procesam compare with results of
computer simulation (MATLAB) and conventional DSProgessor
(TMS320C6711). According to the results of the spepickup system on
Nios-Il processor showed a good agreement with etho§ computer

simulation (MATLAB) and conventional DSP procesébMS320C6711).

viii



A1FZ3AE

HsEA del BaEolsitt.

ojn] thEs7l Heiwmd ol

] of] 4]

Aol w2

g

HuzFe 2y

Communicat ion)©] A 5k

Free

&1 (Hands

-
T

o7t we

- O
T35

wol B Al

,_._mo

ZHA AL A1),

—~
110

B

o glo]

=
WA Qe

a4 Tel wlol A=

AA oz e]

o]

?l_

wOkell A ARE-F o] Skt

ks

-
R

0]
2R

P
T

Al ZEoll A of e ol=

ENE
I AFEEH AT, 2l A9}

3

o] o] oF

©. Q9
[SRNe)

% 4
g en,
I AREE 2]

3

S|
S|

S ol 94715

IR S

tEILE ofelel=

3)

= AREAE 9

of gl o]

2171 9

=
=

Agel gL

)

g Abgal

ol el o]

u}o]gigggg

!

7 Al

7Fstel

=
T

471 <}

o

=1
i=

Filter—and-Sum

SECES

o

il



npol Az ol Edels HapAter Ao ds hds] -6k Delay-
and-Sum ¥ FAA7|7F ATH3]. B olgh 7AW FA 7Y
ol¢jel = F o Aes TV AF AS W FA VIHEe W
A= FYPHT Yoy, xS duYFEZE MMSE(Mean square
error), MV(Minimum variance), SINR(Signal to interference plus
noise ratio), M.(Maximum likelihood) 7|® %°] <dtt2]. *
s S AE FHES fste] 7PE diEAelal st=solE
TARS W 2 dags ol &oldk Delay-and-Sum B FA7VIE
AASAT. 53] 7] DSP Z2AA wE o] &8 AAV} o] FolA
o, HT FPGA AAF 71=e] e we} FPGA & o83 W FA47
7

e shmslel AA1EY WaR S8

f
1e
1
o,
1
9
X
kl
%0
o

wol WA 9 EYAQ AN BTAB AL WAYS] FPGA 2
ol 7bea] WEolth. S5 Ae g maade BET 5 s
X

ANzAE  LduYFES FPGA o HEAHoEA I AHTES
B a3k UH[5]. 225 1998 \d Paul Graham 2 24 A& A2 E 3
FPGA Multicomputer Board & 7W'#ste] ®l #4715 Fdslom[6],
o] % CORDIC 2arz]&ol 714ksk FPGA ¥l A 7]S AAlste], 71€9 756
22 JERo7 AAHS FHsIe] DP Z2AAMEZS o83 W FA7|9}
AT 7], Sl A= FH el Aof 1 A ARyt HRxE A gl
op® 1 tjupo] X Aol SHARC AIDe] DSP & A-&sto] A A7t
7Fee ¥l YAVIE A AtElvr doHA4l.

zero—padding H.7H3H

re
i
Mo
3
2
rir
o
~
>
ofo
_O‘L
&
é{l
o3
k
i

EdoEA  odF w2 dHolHe FdS sk W 84VE



AAB . TR AARE "ol Ao 7Ad =l HAAES
flste] FPGA =4 Al2='lS ek lth. Z1efu; ©h<=d FPGA 7F
Fa71e AAZE Azt ofelew dHoly A AAodAMe] e =rt
o XA Ay, webA B =iollA 3% tulo] == ALTERA AR9)
Nios—IT Processor ©]™, o] Gate Array ¥5F ofy2} DSP &5 =4
Z2MA FZE AFet. o]# g Nios-II Processor 9] ©]&& &3

lo
fu
rlr
jute

dolel d&ee] aad F+® ohd, e LN g o83
TG Axduc s o wge 582 ML 5 Uk FHo)

glowl, AA LA A ARE EE G5A7 S 9l

=] AL A1 e olet, Al 2 FelMs oy 7
B @ 7 2 wmRedlA ARSE W FA71e did e sha, Al
3 Fo M 7120 W A7 s=slel AZ ZlHel ] 2 s A
4 oA FPGA 7 A L ARE AFSda, TR Al 5

ol AR L FF AP BT AN TORA B =R BS Yo,



A 2#FA A F

o H

o,
i
R
AL
!

ofule] AzAelel WHe Asp: ABE ANFH A
=

o= Floltt, 1o wet Huje] WA o5 7] 99 hea

:

- Delay—and-Sum(Time-domain) Beamforming
- Frequency-domain Beamforming
- Minimum Mean square error (MMSE) criterion

- Minimum variance(MV) criterion

- Signal to interference plus noise ratio(SINR) criterion

A 21 A 5 A4S AY edelAe 8 34 7

fu
=
N
i
rx
oft
=
g
2
2
1o,
N
re
jute
oft
oX,

B AdAE 5 Ao
1) Delay-and-Sun ¥ B4 713t 315 49 W G4 8ol s

s AdrgRitt.

2-1-1. Delay-and-Sum ¥ A 7]

Delay-and-Sum ¥ A 7]HLS olgo] 4l

<
Zhed 7HE edlEa ek e dadls x5



AR A wle] AR E WAt AFE =] QlolA ZHzke] AdE 9l
ANDAAS AT A", a8 -1 & SUod W A5}
nfo] A2 Exe] Ay ApolutE A7 Xd®E AHE JdYEFHE AL
wojzu},

it N N /\ SN st

mic. 2 b, /\ /\ rAYa) s(tdp)

A1—.ﬂz.=

mic. i = /\ /\\f// S(t_ﬂi)h’

-4

a, 2
& % gk 3 wANe 4 2.9 Bk,



A=Y im0 = e vn (2.2

A7 V& H7F FFeoltk. o2 % Delay-and-Sum ¥ #EA 71 %

1

T 19 2-29F 2

Microphone 1 Beam
. . 4 Ou.tput

. : 3]

Microphone 3

13 2-2. Delay-and-Sum Hl #Al7]e] E= tlolo] 1

Fig. 2-2. Block diagram of Delay-and-Sum Beamformer.



3(ty)

d sin(&
S g
O

q=s0) 4 1@ X, ()
a9 2-3. 5 144 A wjddAe dE =

Fig. 2-3. Singnal Model for Uniform Linear Array.

7l A8 1™ wlelaRZE A A Ase 42.3)3 o

x () =0,& =) (2.3)

A7 w = ANl FugoH gle Az BgE LI T HA

npolAmEAN AL EH x,(f) = A (2.4)°] ARF Al oa] zHAT.

= dsin@)
C

(2.4)

o714 ¢ Ay Solth, weEbA x,(t) & 2 (2.5)9 £

% (t) = x(t+7)
. dsin@)

=x(HE " (2.5)

.2”dsm(€)

=g




w0 P—=0@
: ) = wox(®)
) P—=@)

s

T 2-4, AbARl Fole v AlE

Fig. 2-4. A General Narrowband Array System.

A7 A= WS (carrier)Az o] gAolt), 24 (2.5)F o]&3sto] i W
A wlo]lamEL 2 (2.6)3} o] FEFC}.

5 (i=1)d sin@)

x®=sOE 1 +n() (2.6)

y(t):w”x(t):ZV\@x](t) (2.7)

A71AH, W = WE AlzEe] zb Ao tigk Al JHEAE ey, w' =

7teA=29 ghell ek Hermitian matrix©] o}



A 2-2 4 HZF3 W A 7

rhe

Aol M Al 2 Aol Aol A

o A eIE MMSE, MV, SINR 7]
ZiRrsk 91 A 7)ol disl s A

1 E
Wttt o 714 MMSESE MV 719

FAE NES ¥ GDL ol§IAW, SIR /WS Aol P

2-2-1. Minimum Mean Square Error ¥ 3AJ7]
MMSE ®! & A 7]+ Wiener solution © 7|4¥F3}od Windrow Sol <
3 ARJFEATH9]. oli= AlZF 99 As ZH FIskAl AFgE .
2= ¥ 2-5 oA ek o] A= A& d(t) et HA wide] &5 2

= y(t) Akele] Apolell ofel] A ojw T,

e(t) = d() = Y= d)-w"x() (2.8)

aga, Ha A 22k e A (2.9)9 #r.

e=E(€0) = E[ @x-wxx]]
=E{d()} 2Re{w"r } +W"R w

(2.9)

A7, 1ol w24 (2,103 2



50 P—=0D
¥ = wxit)
Wt P——=@)

e(t) =d(t)— ¥(1)

19 2-5. MMSE(Minimum mean square error) W &A7]

Fig. 2-5. MMSE(Minimum mean square error) Beamformer.

E{x() d'(9

e =epepa(y =| FOTON e Ceed G

E{x(9 d(3}

A2 A oA 1EA AEE wol dal £ & AnE a0 ¥

gomzd 4 (2103 2ol T 5 9]

Ozﬁ:Z(Rxxw—rxd) (2.11)
ow

A= 7t dE Y HA e A (2.12)9 Zol %

r (
i
+

w =R’ (2.12)

xx' xd

= dty=s(t o= shd 4 (2.13)% go] 2 & A},

10



e =E{X)d(9} =0 @ 4 (2.13)

olAl 2 (2.12)°lA A (2.13)5 wid MMSE W FA7]e] HA 7hEA
= 4 (2.14)9F o] xdEH.

(2.14)

R
R
[\
=
=
3
-
o
~
[oV)
5
(@)
@
o
of
X,
N,

W @A AR o oS8 s B Aa g
R Aes =9 g 99 I8lE FHASE sk Aolti[12]. widE
Zee) 9l g o] ERE

E{|y(t)|2} =w" E{x()x" ()} w = w"R,w (2.15)
Tk Wel HA TeAe A (2.16)& FojA & ¢ Ao

minw"R w  subjectto w"a@)=1 (2.16)

o] A3} FA+= Lagrange multiplierE Ab&3te] A T 9t}
o]z o] HA 7lEA Wy we A (2.17)3 o] Folx

=
o,

11



R 1a(d)

X

= xARY 2.17
Wi = 3R (O)Ra(b) (2.17)

el A (215004 2 (2172 i, 2 (2.18)3F Zeo] w4 =¥ s

F k.

et

1

PO F ORaE)

(2.18)

ARA R, A (214)9] Wiyt Wy o 222 Fol ),

HAsd 5 k. 4, A (2.5 e 2ol & 5 .
X(t) = s(t)a(d) +u(t) (2.19)

y(t) =w"a(d) (1) (2.20)

y. (1) =w"u(t) (2.21)

gy E®, =9 SINRS 4] (2.22)¢} #o] & 4 A},

12



N (=
%O P P
y(t) = w¥x(r)
50 > g
Noise Correlation
Measure

2% 26, SINR W F4719) 25 thojo 1

Fig. 2-6. Block diagram of SINR Beamformer.

el w'a@sdf} ozjwao)
E{‘WHu(t)‘z} ~ wiR,w

SINR,, = (2.22)

714 R, E 94 e RE A5 io] 4d dHoltk, SINR,
Azt ol sb4 el dal E ¢ glon, 7hashAl Cauchy-
™

Schwarz inequalityS Ab-g3dfo] -3}

2
O-S

(Ruzw)" (R 22(@)
w"'R W

<c’a" (O R A0H) (2.23)
=SINR,,

SINR,, =

oje} o] kA ME L Fehd A (2.24)9F &,

13



(2.24)

40)

1
u

INR — CEE

WS
00] opudl

-

T

HolEt,

1714 ¢

70
._wo
TR
I

J
~

f

3

= =
ST

BE

]

7

A

3

1 AP el oA
Q354 "ok, 2

¢}

hoi)
=

\

=]
=
[e)

3

o]

&
7] 8% 0 & Delay-and-Sum

< 7

al

7
A

s
°©

1}

=
=
=

b
52 CPU

A

g4 7

=1
g

EE R EECE)

ol—/ﬂ

WS- 2 gael wmeleh Holvk 4

I

)
Y

Delay—-and—Sum

=
)

o] &tt.

—_
fi'e}

oj
e

,_._mo

—~
file)

2-3-1. Zero-Padding X

I
T

—

0

—_
file)

14



4 ASE adE Agsr] Bus B

oF &t}. DSP A # T sl BFHS FoXl HAES FHst=
s ekl o] F AANAY Fhs Foluo] At HAgoln. 1
ZH 2 Polynomial EZFH, Newton H.ZFH, Spline B.IFY So]
o, 2 =FolA e zero-padding BIF 7IHE o] 83t Wl
&3tk Zero—padding 71W<2 ZHzhe] W& tlolE] Apold] ddt= =t
=90 o @S AN, 2o 2R E92 ] AEy d
HE &8 dde AE Alole e BASH dAv. Aol A&
= Atolel AEE Atelel 07 o #goer FEHE 1HAS A (2.25)9

o

T =1/(1%f) (2.25)
o 7)1 | &= Zero—padding® 214 AEolg. A=, BHIPH o] A
£9 Ho] 1 MEELE f x| 7 Fr}. Zeropadding 27t de
g 277 2 ukek dk AlzE A AE 5] T, =50091 A A
=7F (a)ell vk glom, Zero-padding®] <14 1 =40 o AZE F7]
T,=1250] =5 A Alelel ‘0" dHolE7F 27ttt 3 HEE o] Al

foi
rr
2
18
off
I
)

9E S B3} SUA 19 279 ()9} o] mibEn)

15



Amplitude
Amplitude
Amplitude

e B = = |

T, =350 T:ff:lZﬁ T_ss'rf:125

Time (ns) Time (ns) Time (ns)
(a) {b) ic)

19 2-7. Zero-padding HZFH e AlZFg Aol e xd (1=4),
(a) 9 A%, (b) Zero-Padding® 4%, (¢) EFHE 2%
Fig. 2-7. Time domain Representations of Zero—padding Interpolation
(1 =4), (a) Original Signal, (b) Zero-Padded Signal, (c) Filtered

Signal.

2-3-2. B7t HEE Zr+= Delay-and-Sum ¥ F A 7]

jute
ot
oX
N
rlr
=
=Y
Lo
o
-
103
lii
il
i
=
e,
il
-
Rl
o
ol
0%
Lo
>
folr
il
+
£

stol ¥ g4 daglas AA 2ES @A 2. £ =AM e A

oA 168 E Fxbste} 8klz MER S AAA "k, ol2d ¥ A
5 dAst HE WEY Fue SHAA EE P ATIES T4
© Zo] Bt HE Y Delay-and-Sum W FAG7]olth. o= <A HWH
zero-padding H.ZFH I} 2-1-1 29| Delay-and-Sum 5] A 7|S A4 o
24 AAE ¢ vk, 7 FEF Delay-and-Sum ¥ A7) Tx=

% 2-83 g,

16



Microphone 1 —»Pazglg 1 LPF Beam
. _ 14 Output

. : =

. Zero
Microphone M — Pad D-1 LPF

a9 2-8. B7F % 9 Delay-and-Sum ¥ A 7)ol E= tlojoj ¥

=

Fig. 2-8. Block diagram of Interpolation Filtered Delay-and-Sum Beamformer.

Al 37 W A7 st=do] AA 7

A 3FAAE A 2 BANA =9 Hg BEYS AR

Delay—and—Sum
W Rdrle) A el AAG 2H AL W G471l seslol
AA HI o thE] Lolr gkt

o
oft
ox,
~N
1o
-
BN
i
e
o,
f
g
>
(S
N
9
lo,
2l
AC)
B=)
2,
o
i
—_

-
AE HalFs B AAZ F4 ato] wo] Sol7h &g o
oItk DSP ZRAAE F41 A 59 Fabol AH5 Ho] glr). o e
AR AL DSPES ol &8 71Ee W gAY FEE AMEw o
9 3-13 @,

A ZEE d85 = gFAde deolgi: PCI BusEs 53 sy

17



o] DSPE HE=i o] dolE+= DSPZHe] A4<Ql Link ports E3 th
=9 DSPwre 2 Eitd, ddd dolEHES FES 1 523 3%
5 stue] ol gk F

TolAl . o] A 9A] Link portE SdllA olsdd. SFE W2
g2 2L AHS 9Jete] T tE DSPTo R |AA =Y o] ule AlAE
el izl Network Link portE ©]-&%t} Network Link & 213312
Alz=gle]l BE DSP7F &fdte] ARESt= Link A& ow|gth |
719k &1 A7) A}ol9] Network Link A= Qlste] Ala Az A
~®lo] AAA o2 2317 9s|a= Fo] TE A} HolE AL x=

aHEIe] AR, ddY T2 &0 Fasi

PGIBus

Channel Data

I TEERERLNE |

9 3-1. DSPS o] &3k A 7k3d |l A7) %

Fig. 3-1. An Architecture of Time—domain Beamformer using DSPs.

18



fol
fito
»
o
ol

o

\
%0,
k1
S
B
»
e
)
2
%0,
A
9
ol
el
m
T
>
=
(@]
)
N
v,
rlr
td

SHAR Z=AA 9 Ao A4k 825 3] DSP= &4l wxe A~
BS 7hAokrt gt} Zro] weEl Z42be] SHARCE w63 2719 w4
XE £ 3 SRAMS 7FA AL 9t} o= AlolE & 239 Ato = mh=
A delHE A& 5 A s+

3§k SHARC DSP& Delay-and-Sum ¥ dA7]|& AA S 7
9 92 A BAE A ek @Y Ale]Fol A SHARC DSPE #%5 &
s 93 5 AR, ol# g FAl ANES Yol 3
371 sl SRS dolHE Fre § ojof ) Y Bk
ojrg 2 AX ZAo FAR <18l Delay-and-Sum ¥ A MACS
EE Alo]lFdA F3E 4 ok HAXE A SS w ol Al W
ALe)| 2744 7hs sttt Lo whel o] W2 o) W R e} ‘Pipeline’ ¥ Ej
=o] DSPRF d1Ze] FastA Hrh

A 3-2 A FPGA HH AFH BEE=E o&& W FA76]
o] ol Ay E SHARC DSPE o] &3 Hl 3

7] $1el FPGAE o] &3k Wl A7 AAd tg A7t o] FolAaL

Ak 2 A HAZ A0 W FA 7)== FPGA Multicomputer BoardE

&3k ®l 7)ot o] Wl FAVIE A Ul Mo F8 FES 7

th. ®#], PE(Processing Elements)© &A1l W3} Alx o] ARgel AlA

slaEe WEgR IS AAfort b= Zlojth o= ARFAA

oft

4715 Hekst

o]

19



S dakafor st dwrH o7 LUT(Look-Up Table)& AR&3Hth. o]

HE A Fze Avte] FHE daksor sl dd MEZ A=
A =W AL MEIHZFH fFFEch Al WA dA= shade A
19, spxjeto 2 AlAe] ko] shade Aol &l w3

ftlo
do
o
ol
rir
Pk

o

Sample

Offset
Table

Shade
Table

| Data Add Data

5

Data Handshaking Beam to
from Host with Host Host

% 3-2. W FA7] TEAAN B% o] 1

Fig. 3-2. Beamforming Processor Block diagram.

20



ol ¥l 471 AAIE 91 e EHELS 7o FPGA A4 H ot
Rl g2 a4 3-3 3 2o 7 48 BE=+= Myrinetd} o] g
o1EjHl o] 29} low-latency WEHAE 71t} UEYAAM AAL
W FERoE W2 T oA Afolol A dAET A HEE sl
Myrinet ¢1El#lo]2 I ZAA ¢} slte] TAE FPGA, Ul 7He ZRA)
4 FPGAE 7Fdth A4bt dolH e HEe S2E FPGA7F 2+ vl 7
°] FPGASS 9 = FHolA w2z 35 sieth 1 99 Has

e vE gAg gus 24 el Ay g A wEe] ARdow

=

AAT F 9= Hzuh

L Outside World J

Myrinet Interface

Host FPGA

- ﬁ_J
|
ram |

RAM ||
256Kx16

g

|
25%?(21 6 |

a3 3-3. FPGA HE HFH R=
Fig. 3-3. FPGA Multicomputer Board.

21



Al 3-3 A Two-level ¥ AFHE ©]&3F ¥ FA71[10]

B Ao A A7 Two-level HE] AFEHE o] &3 W A
715 Al 3-2 oA AJ1% FPGA HE] FFE HEE o] &3 W A

719] A& Fxolth Al 3-14eA dHgiE W FA 7= FPGA w3
How= YR 2 AL dugEs A g gk 284 DSPe &
A A 2=¥ls AZbaor e B AdE s fsiAe HE ZEAY
DSP Al&=®l& sigsfof gt} 1] uwhg} CORDIC(Coordinate Rotation
Digital Computer) #ile]F& ARESte] Arks w3t A7 Zlojn, ¢
gk Fo] AL wAlE sldstr] s gk RElo] Two-level

Compute Node
{2nd level)

|Network Interface
{15t level)

MNetwork Interface Metwork Interface
{15t level) {15t level)

Myrinet
Network

Compute Node Compute Node
{2nd level) {2nd level)

Metwork Interface
{15t level)

Compute Node
{2nd level)

19 3-4. Two-Level HE|] #A5FH

Fig. 3-4. Two-Level Multicomputer.

22



Multicomputer ©]t}, T F+%% 18 3-4 o] e} itk T2 A4 9
1* level Myrineto]#H= 14 VEQAE T AAHA. o]gjd =
ZAME 2" level ZRAAM | AFEH= WEAA oY & Mu|~E

NS Aojdith, & 2™ level ZRAME AFEAZE A AZ AXS

BE B4

FaaA Brh o] Two-Level el AFEE A% & AolA L7
FPGA WE| AFH neo] 485: ol Al 3-2 dolA 2% A
9o A9 vme TEo] FAE A gk e B A4 2

H AEEE 60%0] ARt R FAd3 HARIS Y T A=
o] AL oS BAERY GUEy g

- 2000Hz x 400 sensors X 10,000 beams = 8 billion MACs / second.

o] A= 3-2 Ao AlxH"lo] A FHA 25709 HErF HashA Huh

l

A 3-4 4 DSPE A&3% FPGA ® |47]1[4]

DSPE &g W FA719 degw= ofF sttt W dA47]+=
AA 2R tEAHde] doleE PCI BusE B3 W=z AFS 344
"} o] B3 A& 3 o]F DPRAMe| A= o] ¥l kA3t BAS&
AR BEE W AN Fxskel W G4 Agdd W F47E o
9] MAC(Multiply Accumulate) 9222 FAA =M, JAE W dolH
+ TigerSHARC Link port, < DSP @& %38 A3
AHE-El DSPE 87019 DSP7E 4714 &0z 270 Cluster®
HESR 7ddn FPGAR 785 Ak Wl 9471= 19 3-
59} & dez AA g,

-
o,
i

23



Filtered
Data write

DPRAM mmd INpUt data oems 160 Tap R
(Sensor data) S Controller Filter

controller
Filter 4
Recovery DRAM
controller {filte redl)

Beamformer TS201 Link ,
{MAC) Controller

Local Bus
Parameter Controller

Register file

¥ 3-5. ARk 99 Rl @47 FPGA 27 £5=

Fig. 3-5. FPGA Design Block Diagram of Time-domain Beamformer.

24



Al 4 & B BEE ZF= Delay-and-Sum ¥ A7)
9] FPGA A A

13
o 549 A5 ZYelA 16HIE FAkskel 8kHz HMZd = 717 "
kA gk, 2 =Eol A= FPGA 9 LE(Logic Element) H T3] o] f=
SHIE fabstd &S ¥ BEs AA83lY. A%, zero-padding

IS SeiAM Alee) FAst HES 16H|ER ASAI7]AL, zero-

padding €15 | =4 2 AAStowx MIY Fu42 Y wjlz 23U}
Kel

o2 4-1 ¥ Zoh

Aedle eleqg

a9 4-1. B7F 9HE Zt+= Delay-and-Sum R A 719 Holy &

Fig. 4-1. Data flow of Interpolated Delay—and-Sum Beamformer.

25



4 Q2 PdHE A5 SRAM o #A] A A= o] Zero-padding

BIS 7A dHolH sidEE wAv 2 AlEe vl ARE A4
S AR F A =9 %S A He= Aotk

A 4-1 4§ FAH7IE AT =AM AA

A 3 Aol A DSPeF FPGAE o]&3t ofg] 71X Wl A7 A
ZIHE tial] ARk AN AT E o]

1% 4-2. Nios—II Processor UP3 Board

Fig. 4-2. Nios-1I Processor UP3 Board.

26



2
Ir
0_1.4

wo) AAstE smdlel TAL AAT 5 Ark el AR

R ZEANE AAS A3 Algets HAHE FHoIY At A
e o Ay vg ESE wol 5A Hrk AARE od Al~ElS

“©
rot
l,

Aol AAle B FolA B e AeA "l ti%e] A
Abeke]l dagol=n ERQd AxE Qo & AY ZRAANS
AASEL FQlslof st Fdo] whE A H.

o) ug} B =9 A= ALTERA Ao Nios-1I Embedded

ProcessorE AR&3le] A A3t Nios—-1l Processors= AXE 9]

op

:.:01)4

ZRANEA AAAZE fok= vf adiz FEAgA, wme], aea <l
Elglo] X 545 Agste] Aol BHA ZzAME A-I HEo= 7
ZEutolAo]d & & uh Jejal O A AAHE £ZEYolE Fd

T oAllEtER Y)Ee FtE @] TR AN AA HARG hdsic
& k. o] TRAMER ohgh B $Y5YS A

t

ke
ot
30,

713 4-3. Nios-II Processor®] 74 71y

Fig. 4-3. Architecture Concept of Nios-II Processor.

27



FPGAZF H Wl 3 E197] wlZel ZEAA 9t FPGAZTY d&%
Ze AXES ] oA Aojdt Ut Nios-119] 7|3 7id S 149
4-30l e S

HogAd71e dHeolHE Aelsty]l 918l ALTERA A Nios-II
Processorg ©o]&sto] AAsGth 32 HJE RISC Z=AA el
Nios-II¢] #& AA =5 volojase 17 4-49 Ity SRAM,
Flash, Ethernet, MAC, LCD, LED 59| ¢ukd F=wHA%2F ROM, Timer,
UART S WRAAE ST 5 vk 1 5 £= e 98 484
Nios-11¢] &4 ulF &= ‘Avalon Switch Fabric’o]t}. o]&= th9]
A HolE HES 7hestl T Hold Al &H A a8 BoE
o AFAQ W P27 a9 4-500 gu[14].

Ethernet 1MB 8M
MAC PHY SRAM FLA

Nms Il Processor 1 = =
pedress (2] Tri-State | | Tri-State Flash SDRAM z
) omd Bridge Bridge PIOs Controller E
32-Bit - = &
Nios II ite, 3 o
Data In [32] = UART [
Processor i) e GEnerEl — . &
Dats Out [32] ™ ROM Purpose Pe_rludlc .
= [with Manitor) Timer Timer -
T— =3 Reconfiy | @
s PIO :
IRQ E .
IRQ #{6) 5. 7-Segment :
= LED PO LCD PIO LED PIO Button P10
Expansion . E
On-Chip | | Off-Chip 8 LEDs Header [fi;)'?art Momentary
J12 way buttons

19 4-4. Nios-1l 5 A4 B2 tjoloj1=

Fig. 4-4. Nios—II Standard design block diagram.

28



Master-Side
Arbiter

Masters CPUD

Slaves PROGRAN DATA ey DATA CUSTOMN PROG RAM
MEMORY 1 memorvo il contror [l memory1 [l FUNCTION MEMORY 1

a9 4-5, AFA W T2
Fig. 4-5. Traditional Bus Architecture.

TR AR =
arbiter7} W2 vhAE 9} & = AEEEH. 2249
2 wtAE e HE AEES QASHYH T F arbitere= W2 A AE A
= PFEHOA BUlETy wEeF thare] miAETVE Sl HAE oAl
stel 3L &b arbiters= 1A arbitration TFE ol web ke mlAE ) A
W2 2l S St g Rlol shte] mpiaERbo] Al AE B9t T A}
e AAlz & 5 7] wEel g Fo] glo] ¥E dAdS doit
o2t A2 HlolHF AF B Aiko]l Ao R BERets] zldE =
o otg&Fs A= 247 2 5 Avk 53], W 44719 A
do] soldoz s ZrAlA FH Fx5o] oS wol a2 ui<l
2 A "k e mEk 939 ‘Avalon
7} 7453ttt ‘Avalon Switch

Fabric’e] ++%7F 219 4-6°] Yel vk [14]. o= Z42be] W= mpx
He AAe] A8 Wl 4 FEE 7H7] wddd 3 EdolB2ed o

T

29



Wasters
System
Switch
Fabric | I
Slaves Program Data Display Data Custom Program
Memory 0 Memory 0 Control Memory 1 Function Memory 1

1% 4-6. Avalon Switch Fabric® +%
Fig. 4-6. Avalon Switch Fabric Architecture.

M AASHA |k o]= FEol F7F HAY, FHAA ] A
A= 71 v winio} H A 3E Avalon Switch Fabricg A4 gt} 314
gk st=do] BlAasE Wol Adlske WA A 7RI gl
o]21 g Nios-IIoll ik vj4 atell ¥l G475 913 Z=AAME
QuartusIl ¢ SOPC Builderg ©]-83to] A7|stltt. WA Nios 1 7|2
H REE AXEQo] AolA] Targetingsl’] $g B= AAE 33}
Ak B =wo] AAe) AMEE B ALTERAARS @ GAolA wHE
REZMN 1 Qg Aol A7} Quartus I Aol SZ5o|dx &t} 18A
AAE A 28L& BEo| Targetingsl?] YallAe HEQ QAEHol A~ A
& 7HA3L 9 Target =5 WA AASEY] Quartus I o 555
shal AR sfiof gtk L AdE 2w 4-7¢ YErde AAA 3 7
B 3o LE "F82 2,591/5,9800.2 43%= A& Th B2 AAFH

W82 18 4-894 &Ad 4 gl

30



- UP3 Board

clk
reset_n

| selectn_to_the_cil_1Sh_0 | — g g S Tl g
tri_state_hridge_0_sddress[20..0] - - AUTBUT —; exit_addr[19..0]
iri_state_bridge_0_cata[15..]] | ———— ] et data{is b
T shoto ie 0 rondn | e S
write_n_ta_the_cfi_flash o |—— T TT TS I e

T s, e
e N E

a8 4-7. rget HE A7

% 4-8. UP3 Target HE9 AT AR

Fig. 4-8. Flow summary of UP3 Target board.

31



AAl AF8E HEi= ALTERAS d#gA¢l SLS(System
Level Solution)AFell A A 2+gk UP3(University Program)®2 =24 Q1]
Ho)lAE X838} 7] $3% Target HE=o]= & ‘Avalon Switch Fabric'2}
AbEAL ZA o] Qe o] ~E AASFE ‘Tri-State Bridge's 553}
qom, 71E FgA F4S Fdste 4 wEe, 18]a SRAMY &
Al wlEeel ztzE Vees: BoAFAn ol S 712" HEE &

shar, AA W FAd7|el AMEE ZRAANE AAEITE A" A~

It

o

2 Y Aol 470l Z SHIE g W= 47 € 16HE =¥ ¥
EE 3 /] ¥k agla gL a&dola Wugh o] dolHE A
st7] Y3t A~¥ SRAMIS61C6416)S st o F&stgct 571

o] BAlS Q& ‘tri-state bridge’S H2ebar, T2 A4 W ol E 9}t

- {Interpoi_Beam

ek

THESETf TS et n

Sram#dd_from_the_| 364 CEME_SRAM_0[15..0]
SramCe_b_fram_the_|S61CEHE_SRAM_D
Srambata_te_and_from_the_|561CEHE_SRAM_D[15. 10
SramLB_b_from_the_|561CE41E_SRAM_D

(A

R T e T

L
£

SramOe_b_f 155105415 _SRAM 0 (— AL [ OEE
SramUB_b_from_the_|S61CE416_SRAM_0 [——2UELT [ UBE
Sramillfe_b_from_the_|S61 CE41B_SRAM_0 [——ITUT = "liE i

in_port_to_the_data_input{_pio[7.0]

in_port_to_the_data_inputz_plo[7.0]

in_port_to_the_data_input3_pio[7.0]

in_port_to_the_dsta_inputd_pia[7..0]

out_port_from_the_data_output_pia[15.1 [ AT TR

be_n_to_the_esxt_ram[1..0]

tead_n_to_the_esxt_ram
selest_n_to_the_es_flash

tri_state_bridge_address[20..0]
tri_state_bridge_data[15.0]
tri_state_bridge_readn
write_n_to_the_e:_flash
wiite_n_to_the_exd_ram

a3 4-9. ¥ FAA7IE {8 /1E¥ Nios I Processor A 2~El

Fig. 4-9. Developed Nios II Processor system for beamformer.

32



Zel+1¢t SRAMS F-Fapqich. 2ejal AdA o 9%
w2 oy HAE& 98] DMADirect Memory Access) & %23}

dold %3 £E2 A 2ol weh TE Asge] 1y 4-

)
>,

\

T
oy
9
(&
e
N
)
o
rir
(-
J
w
f
I
=

2
%t
ol
ol
X
&2
rlo

_‘_4
g
I

o
..j;
@
2
X
N
o
)
Ll
.
rO
i
+
%2,
o

. 'R
-Z i for_UPG Fe
. H o
H e
P Z.
H . =
-4 et pteenable_from_nios(1..0] ext_addr[19.0] =7 -
N ’ £
- % m cndr_from_nics(20..0] flazh_ce_n [ g :
- % | flash_rd_from_nios sfam_ce_n g .
- % s sram_rd_from_nios os_n [ g .
- WO flagh_cs_from_niog e é :
.25 Z.
N o =
- % | sram_cs_from_nios Z-
N | £
- % | flash_wr_from_nios g :
- % = aram_wr_from_nios g :
EN Z .
H =
Z .
H =
) Z-
: |n31 %
i =
- l’/////////// ////////////////////////////.l////////////////////////////////////////4‘ N

% 4-10. UP3 HEo H A5 AFste 3=
Fig. 4-10. UP3 supported circuit.

UP3 woo] HAshg Agsts =g 2R oF A% 4
11:"]- ]:1]:]1 %}\37]% ‘?4—‘:71' Ei/ﬂ]/\ﬂ }\]_/_:Fé}% _j_?%]] 4_1134_ ZELE]_

33



dipol_Beam

ch
ety

S trom_the_ISGACEL_SRAN_I[S. 1)
SramCe_b_fom_tie_SSICEHE_SRAN D

SramDa_io_ad_from_tie_SSICEHE_ SRAN_D[S.0
SrLE_b_fiom_tie_ESICE4E_SRAN D
Sramiie_b_tiom_the_SSICEG_SRAN_D
ST UB_h_fiom_the_SS1C616_SRAN_D
Sramile_b_iom_te_BSCE1E_SRAN_T

""" W AR

In_port_o_tie_cata_prti_pof g

I _port i _the_ciata_hpte_piof 1

Ih_port £ _the_ciata_ hpwD phof 1

Ih_pOr_D_tie_ca_hpai_pef g

it port fom e _dats orpit piofts 1)

be_1_b_tie_ext @[l

e _1_o_tie_ext ram _tom_plcs[1.0] exLed18.0)
sekel ) _D_te et Tl _pem_rioean. o e e | A
select b__the_eit @m tash_n_tom_rics smm_n e AT
etk _bridge_sddrers 0.0 il _tem _rics cen A &
1l ¢tk _brige_aza[is.0) Hash_cs_tom rics e BT
Ul st brige_reads e tempies | LIITTUNITTTIOOUTT

wirte_y_b_tie_ext Mk
WITE_)_D_tie_extram

Delay—-and-Sum % A 7]E 93k A==

Fig. 4-11. A System of Filtered Delay—and—Sum Beamformer.

Flow Status

Cluartus I Mersion
Revision Name
Top-level Entity Mame
Farnily

Device

Tirming Models

Met timing requirements
Total logic elements
Total pins

Total wirtual pins

Total rmemory bits
Total PLLs

successful = Thu Oct 20 00:23:265 2005
5.0 Build 148 04/26/2005 5.4 Full Yersion
bearmformer

beamformer

Cyclone

ERP1CEQ240CT

Final

Mo

3.649 £ 5930 ¢ 61 % 3

A8 49 % )

1}

B1.008 # 92160 ¢ BR 3 2

DA200% )

a9 4-12. AAE A=Ee] Hold AR

Fig. 4-12. Flow Summary of Designed System.

34



a9 4-12¢] AAE Al=®e] A9 AR Yeht . Cyclone
EP1C6Q240C8 H ArolA # A LE 3,649/5,980 & AL&3H 61%= =#F
Astglen, MreE 51,009 /92,160 & 2A8HH 55%% AHESISIT

A 4-2 A AFAA L ALY HE A 24

B o=FdA AAR W PA7E A F OFREeR piRudh
Zero—Padding HE.7FH 3} Delay—and-Sum *2] Z}FA4o|t}. o] 3o <
T5 A AAZ A|=Ee] HEAIA HA| Al="S AASIITH

B oA e AAld AZ"ES Al 7HA WReR A AAE
MATLABS &3 AlEdeld A¥E vlg gelgith, 302 TIAMY
TMS320C6711 DSP Processors %&f 23= &

woll A AAE Al aFe A8AA 1 AnE Hal, £kl

rO
vat
K
i
o
t
i
i

4-2-1. Zero-Padding Bt thd Az 24

Zero-Padding ®¥.71H o] AE FaE=A dolrr] s A
ARRITEE AgskSiTh ARl MEW FI7F 8kHzolal A E A

£ 500Hz9] EAS 7Fdt o] A% 20,00070¢ BZ, & 2.5%9 4
15 7ot 14 MATLABS &3 AlE#eld Axds 1% 4-13%
Ak APE As7E (@ veRd glvk A3 1S 98] 50719 dlo]
Bl AERE ZEba gelsdlth (bell= 4vi= B7sh7] $l8) dolE A
ZE Abelel 371 <] ‘0'¢] A E AEE BeFE) dolE 47 200

o

o

35



Ongmal Signal

B i s s R g e R e N S R TR SR EERRES R ]
: D@?TTT%E eq»?TTT%s ?@??TT% of
: %MA;&F | %%Jﬁ:ﬁ’ s %&L&&d’
=000 | | | I | I |
0 5 10 15 20 25 3] 35 40 45 50
sample
(a)
Zem-F'addadSlgnal
5000 : ;
g
= 0
5
EDDDD 20 40 &0 20 100 1200 140 160 180 200
sample
(b)

Interpolated S|gnal

arnplitude

20 40 &0 =1 100 120 140 160 180 200
sample

(©

2% 4-13. Zero-Padding B 7FH A}l A& 9] Al&EH oA Ayl
(a) 98 2135, (b) Zero-Padding ¥ A3 (c) B A%
Fig. 4-13. Simulation Result of Zero—Padding Interpolated Sine Signal,

(a) Original Signal, (b) Zero—Padded Signal, (c) Interpolated Signal.

36



N soites € 7 Atk (OdA= d8E T34 ofF Bitd Az
2 A+ doh dAlzer waste] HeolEe AES= 507]00A
200702 oWttt 5, AEF717F /42 E30v= AS &Y T3
b Az solyits Ae dudd. 3ds Fdl & 5 AL A9
Az} vlaste] A5 54 Fuarh WA dddes 2AE 5 v
dar, Biko]l Az FREASS Flein. 2y, B2iE e

aA717F A A5l vls) ol EoE AS & 7 ATh o] AL AE
H AE ] EA o8 ARz 1 e B4 18 4-140 JEFNS
ot

1.6 T T

—_
T

Magnituce
=)
L2}

fm ]
o

44 43 02 0 0 0A n.z ns 04 0.5
nomalized frequency

a9 4-14. B DE 9 F Sy

Fig. 4-14. Interpolation Filter’s Frequency Response.

U2 & 22 Ao gisiA] TIAFe] TMS320C6711 DSP L2 MM E
Agatel A4l AeE el oAz rmEE el

37



Tek STTE 50kS/s 899 Acgs
; T.

I 1
T i

Ch1 Freq
500 Hz

Ch1 Period
; 2ms

1 Ch1 Pk—Pk
- 328my

Ch1 Ampl
4356 my

22 Qct 2005
18:24:03

(a)

Tek HITE 50ks/s 57 Acqs
i I

—
e

Ch1 Freq
g 2kHz

{ Low signal
1 amplitude

Ch1 Period
- Ops

1 Low signal
1 amplitude

] chi1 Pk-Pk
352mv

Ch1 Ampl
36my

22 Qct 2005
19:14:15

(b)

1% 4-15. Zero-Padding B3 ARl A& o] DSP A g 4,
(a) Y98 2135, (b) Zero-Padding ¥ 213, (¢) B7HH A5,
Fig. 4-15. DSP Result of Zero—Padding Interpolated Sine Signal,

(a) Original Signal, (b) Zero—Padded Signal, (c) Interpolated Signal.

38



Tek EIfidiR 50kS/s 9991 Acqs
T

i

—

Ch1 Freq
500 Hz

Ch1 Period
2ms

‘..
Chl Pk-Pk
336my

Ch1 ampl
264dmy

T Tdomve M Tms CAT 7 T8mv

22 Oct 2005
19:1

2
9:11:51

(c)

13 4-15. Zero—-Padding BE3tE A}el A5 e DSP A& 2},
(a) Y9 21=Z, (b) Zero-Padding ® A&, (¢c) 719 A&
Fig. 4-15. DSP Result of Zero—Padding Interpolated Sine Signal,

(a) Original Signal, (b) Zero-Padded Signal, (c) Interpolated Signal.

&
L
I
fuiu)
I
o
N
L
(@)}
9
o,
=

39



Original Signa

3000
2000
1000

1000 L. 911 13 1517 19 21/ 23 25927 29 31

Amplitude

—-2000

-3000
Data Sample

3000
2000
1000

Amplitude
(@)

10 19 28 371/46/ |55/ 4641 73 82 91 100|109/118 127

—-1000
—-2000

-3000
Sample

(b)

1% 4-16. Zero-Padding ®.3HE ARl 415 o] AAlE Al A9 A
g A%, (a) 98 A3E, (b) Zero-Padding ¥ A3, (¢) BHiE A5
Fig. 4-16. Processing Result of Zero—Padding Interpolated Sine
Signal on Designed System, (a) Original Signal, (b) Zero-Padded

Signal, (c¢) Interpolated Signal.

40



Interpolated Signal
500
400
300
o 200
S 100
-(_—l O LU et L L e
E 100 1=—10—19 28§37 4655 647 73—82—91¢100-109-1187127
<
=200
=300
-400
=500
Data Sample
(©
19 4-16. Zero-Padding ¥.3FE A}Ql Also] AAIE A|2EHo] Al A
2] A3} (a) 98 A&, (b) Zero-Padding ¥ 4135, (¢c) Bt A&

Fig. 4-16. Processing Result of Zero—Padding Interpolated Sine
Signal on Designed System, (a) Original Signal, (b) Zero-Padded

Signal, (¢) Interpolated Signal.

AAE Ao AMEE BHEw FH AR Fdou HA

o JA &tk A A=E
Runnings &3l 253 volHE Fsto] ddw a9 Aot 1y
‘0¢] grel ZEl= A 29 T3 F B

< =
= X
d ghgol AdE YT JAee FAT 4 9

41



4-2-2. AAE Delay-and-Sum ¥} dA7]e] Az} EA

o Aol AEFR BIEel W SPEsl Fobd AEE o8
sto] A W PN Aol 1 ARE FAAGArh AgE A%
L ovhol A2 E WA FHOEYE 300 WFAA AP, A= 5 4
Eo AL M1 4N YEEE 5 ARt 1 AsE 7
7 wEe AR F AAR W G497 A2Gos Qs A% £
We gastA B 29 w0 sike A%s daer] sl WA

Bearn Cutput Pattern (steering 307
&000 T T T T T

8000

A000

2000

1000
1 MM/\
100 -0 -6 =40 20 u}

hagnituds
“
[
(o]

1 1 1 1
-10i 20 40 &0 =) 100
angle[degree)]

(a)

a9 4-17. =39 0 dliE® @AE, A&7 30°) (A5

Fig. 4-17. Output Beam Pattern (4 channel, steering 30°) (continue)

42



Bearn CQutput FPattern (Steering 307
T T T T T

=) 1 1 1 1 1 1 1 1 1

Angle[degree]

(b)

O 4-17. =9 W 9" (@A, A2 30°)
(a) =%l 4k, (b) 3¢} (dB#D
Fig. 4-17. Output Beam Pattern (4 channel, steering 30°)
(a) Power Value, (b) Power (dB scale).

o a2y 23 4-172] (bolA dB 2AIIE Hskele] sk

4 e g A 30°014 o]So] 4 AEHE AL X F 9
2
30° oA 7 B 0|58 o7l &N T, TE H5He] o5 ol
_]

d 1
S gtk olE@ i YWY AW F P W AR F HPEst A
Qloe} & 5 k. ol <A HWE B

. ool we gAUR AEE 99 weld 1 ATE Flstd]

4-18¢l YERRSAT

43



%10 Beam Cutput Pattern (steering 30
258 T T T T T T T

Magnitude

0.5F B

D b A
00 -80 -0 40 20 0 20 40 a0 a0 100
angle[degree]

(a)

Beam Cutput Pattern (steering 307
0 T T T T T T T T T

Angielcegree]
(b)
% 4-18. =39 W 9" 8AE, A2 30°)
(a) =91 %k, (b) =] (dB#D
Fig. 4-18. Output Beam Pattern (8 channel, steering 30°)
(a) Power Value, (b) Power (dB scale).
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Beam Output Pattern (Nios II)
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Fig. 4-20. Output Beam Patter using Nios—II Processor.
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