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A Study on Design and Implementation of
Scalable Angle Estimator Based on ESPRIT Algorithm
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Abstract

Estimation of signal parameters via rotational invariance techniques (ESPRIT) is an algorithm that estimates the
angle of a signal arriving at an array antenna using the shift invariance property of an array antenna. ESPRIT
offers the good trade-off between performance and complexity. However, the ESPRIT algorithm still requires
high-complexity operations such as covariance matrix and eigenvalue decomposition, so implementation with a
hardware processor is essential to estimate the angle of arrival in real time. In addition, ESPRIT processors should
have high performance. The performance is related to the number of antennas, and the number of antennas required
for each application are different. Therefore, we proposed an ESPRIT processor that provides 2 to 8 variable antenna
configurations to meet the performance and complexity requirements according to the applied field. The proposed
ESPRIT processor was designed using the Verilog-HDL and implemented on a field programmable gate array (FPGA).
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g oty AlAEl(array antenna system)< ©]-&
st Al59] Zafzk FH(DOA estimation)2 o]t
(radar), $-4l(communication) 5 TFFSH Eofo] &t
5] AMSE AL UTH1-4]. @A 7 Eol AR EE =34t
FA duEE2 EZ7Hsubarray) WHS H#HsH=
MUSIC(multiple signal classification) [5]¥} ESPRIT
(estimation of signal parameters via rotational
invariance techniques) [6] ¥alg}&oltt. MUSIC
Teflsh= A15.9] %3k w7t F B2 noise subspace)
of Auttth= AHE ol&3l FZFH(spatial angle)ll
et AHEHS ARSI HFE(peak value)S Zot
A159] Tz FeitH7]. MUSICS BE AHE]
tiet el oF 2ol a5k wiEe] Ait E8=Tt
=2 ©@xlo] 8L o]of whel ESPRIT- v Qe
9] &= Hojg|o]|(subarray)”} Hol&H(shift invariance)
= 7He 25 ol8sto] =iizE Fg5ke Wiolt
0. ~AHER M5t &4 glo] =aizE & o+ A
o] MUSIC Bt} EF= SHojlA o]lo] qlom, A5t
EHTo] w3t #A(trade-of)E & WEAIZITH10],
[11]. o]=|3t B0 = <lsl], ezt 8= I3t ¥
S2o% ESPRIT €arz|go] Z-al Qlek12]. sHARE,
ESPRIT 41 8]&2 ZEAF g (covariance matrix),
194k Edfl(eigenvalue decomposition) 5 EF=7}
=2 QXS "Q7 ofE=R AAZtow TS 4
sh7] 915l st=fo] ZEAA RS F3o] HA ol
CHFRt Holof] ARgE= ESPRIT Z2A|AE AAZE A
2l obyE} Adste olok itk ESPRITOIA 52
QeI 7ot BAZE 9o, S-85= #ofol wet &
TE= FEY A7 H=0H13), [14]. 39 =2z
= 875k ok A% v QHHUE F/dsfiok
oshY, W2 EJEE Q415K woFe] B¢ 42 £9f ¢t
BlUE H/dsfioF ettt wEbA ESPRIT ZEAA = thef
gt Eopol] ARE 4= UL QMY Tl S 7HAA
o7 Y & lofof At Tt =S fgk 7S
ESPRIT ¥ilgle T4 8 el 42 7353t
I FZ B3 BlE el Lt 2oiE T &
Folgole & EHAES ol&dl =efze F3%Th
SAEE ojf|o|7} ths EW(multiple invariance)& 2t
= o] EAsHH, wid EWHAS diet &8517] ¢

w2 AFEo] AP=QIH15], [16]. IF Xue &
U EHAAS ARESl= 71 ESPRIT ¥are}&e] Al o]

o

S FARE A tg 294 e &8sl Fe2
A 7= MI-ESPRITZ AIQFSEATH17]. MI-ESPRIT
2 Fojgo] &9] ito] 7kssh, ol=gt 544 &8
Sto] ookt QtElU S A 7hsoltt. wEbA, &
oA S8 2okl wet A 9 BT 8
T AFRE 52 A1 4 JEE 2~8719] 7R <Y Tl
5 A Ysk= ESPRIT Z2A|AE ARt gttt 3], A
okel ESPRIT Z&A|A= MI-ESPRIT F-%0f 7]4l5}o]
o5 E9AAS diet &-8317] wie] 7| ESPRIT X
2AI20] ol e AT

Il. CIOJE 22

1. ULA ¢tEY dlojd =g

ESPRIT 21852 4] diA 715ke] ULA(uniform
linear array) QHEIUZRE Ho|gE $4lste] izt
= 4%t 19 2-13} Zo] ULA SHEY M7jolA &
A NERE WA ASTF AR O THid 0=
AHE AR AlEE ASE ot Zo] 2Eg &

o]
AT

X(t)=A8kt) + N(t) (D

o71oA X (t)&= $AXS, A= Al59] B9k et

Y= g8, Sit)= ASAe, N(it) & 2418 E
UHERAT

. ezt =¥S #I8t ESPRIT ¥12|E

UF7H4 GolA U= QeI MBS golstar, ofof of
FA7F DA 78S o83t ez 2gdare]
| ESPRITEA &0ty AR €arglE5, MUSIC
gl50] oy, MUSICZ I elEof vlgte] AXlgol
o] ok, QrELte] viEo] ULAoJooF gt
Z710] It} ESPRIT Y152 QHuHRE
< 5 7Y Sub array® Wro] $ALSE Allsh,
% 709 sub array®] =4S Holstd o3t

j
k=1
3

o 1
Kl
<

Xy (t) - A1S(t) + N (t) (2)
Xy (t) = AZS(t) + N, (t) (3)

ULAo|7] wfZol HFFE2 4, 4,2 9 =, 7+
Z¥o] sub array= A, = 4,92 A"t o= MY
Z2}9] QtELt Afo]9] phase delayE W= diagonal
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matrix®]™, A4,, 4,9] matrics AfP]ZE(M-1)xK ©Jc}.
St By = A F, Eg = A, F = % 719 sub-array?
signal subspace® F+= KxK matricsC|™, Eg,, Egpe=
(M-DxK matrice ©|t}. 018 B3l Eg = EgF 'OF
= Eq W7} oA AL, webA] $41412.9] DoAgke: w2
eigenvalueE ot A2 Qlot. weba wO] least
square method]-&to] TRz} Zo] = Qlrh

Sub-Array2
AN AN NN/
1 2 M-1 M

Fig. 1. Subarray structure of ESPRIT algorithm.
O3 1. ESPRIT €112[52| ME00]7E

v = (Eg Eg)” lEg Eg 4
2md .

. ]Tsm0kE _ . o

Eigenvalue z, =e £ E3) DoA 6= TS

3} o] Fafc

0, = arcsin(%/:—darg(zk)) )

et DoAdl 6,8 Fatol 2918 U 5 gck.
IV. HI2tEl ESPRIT Z2MIM SIEQ 7=

1. Covariance Matrix Module

Covariance Matrix Module®] Al¥ #+&= 19 2
9} Zro] RF(Register File), multiplexer, covariance
calculator, controller®2 FAJECH SteutoAl YARSH
B4 floJE+= registero] A&EH, multiplexer+= QF
Elut 7ligol] g TlolElE FEetth HFHoE MxM
FE 9] FEZ AAdoto] thg HEo ARt

2. Eigen Decomposition Module

Figen Decomposition Module®] A¥ %= PE
(Processing Element), RF, eigen value multiplexer,
eigen vector multiplexer2 TA¥CE covariance
matrix @4 & Ag B2 MxM g dlolE= EDM

WO registerd] A&l eigen value?} vector
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Fig. 2. Proposed Covariance Module.
J8 2. Hetsk= Covariance module.

multiplexer= J-5%F 20 A4t 283t Hlo|EE PE
2 AE3i} PEE= A 92 Ho]§E jacobi method
L5 AEsto] AL 5t SAlo] AREkt

It

= ps
THUES ARSI 2elg 4

ol

3. Least Square Module

Least Square Module®] Al¥- £2= 19 29} Zo|
RF, multiplexer, PSI calculator, LSM controller® -
g9t} QY S0l dfigol= 413 subarray+= register
o] A=, A AlF= PSI calculator® A<5-5}o]
AXEt}, PSI calculator= $F 709 matrix multiplier
9} complex adder= /=™, QY 40 TE AR
o) T¥sehes AL
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Fig. 3. Proposed Least Square Module.
J3 3. HofSk= Least Square Module
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4. Angle Estimation Module

Angle Estimation Module®] A% 2= 19 33}
Zo] AEM controller2 FA<Itk AEM controller=
CORDIC moduleZ Alof& &= Sl= A5E AYAJo}o]
CORDIC vector module®} CORDIC asin modules
Alejgtet. DOAFAo] nhe] HH A5 TAsto] &

Zjo| Bigre Lelzch

——=  COADIC Ty ~CORDIC  —
Wectar ¥ -

Fi B ':_+.|.- - .
. 1/Fi

Fig. 4. Proposed Angle Estimation Module.
2! 4. Hotsk= Angle Estimation Module

V. HIotEl ESPRIT Z2MA2| FPGA HS

AlFsh= ESPRIT sk=dlo] +2= KINTEX-72 &
3 HZ5IALE SystemOZ FH&sl7] gt Interface
HAE PCleZ Aot Windows & H& o8, PCI
ExpressE &3 DMAR 9|& o] Testvector 4= Y
g 9 An9] HFS HsIk olF Bt Ajtel=
ESPRITS] AZAIAHS FESH|9E PowerdZd 9
HA5E& Probe 59 FHAA7} "Qglon, o= QIgt

FolH 9] A E 49t & 4= Utk PCle Interface
£ 93t FUMARe] FE9] dol|LTt ot AlAH]
Td & 35 45E°] =t Aol Stk

Fig. 5. FPGA Evalution Platform based on Kintex-7.
J% 5. Kintex-7 PCle 7|#t FPGAZZ platform

ESPRIT ¥18159 Compile 742 Vibadoo]H,
ESPRITY E&HZL Modelsim¥} VivadoE AR5}

k.

Table 1. Usage of Resource.
B 1 2aA A8

Taget FPGA Platform: Kintex-7 XC7K410T

Resource Utilization Available Utilization %
LUT 66,597 441,803 13.8%
FF 43,255 465,145 8.5%
V. B2

E Ao A= BESPRIT(estimation of signal para-
meters via rotational invariance techniques) ¥l
g5 78t A3 7hsd 4 4718 AjE 9 AA5)
Aot ESPRITZ HiE QteWHuniform linear array)2l
ZolE (shift invariance) &< o|-85f #i< Qe
of =sh= 429 =AS Fce dalglselt
SR of W3] ESPRIT &}E2 S84 3, IR
23 5 w2 EUEE 7He QA 28R slEE 4
ARE = S ffsl sk=Rlo] ZRAME -]
83t} ESPRITOIA /g5 FEIY 7t #=io]
™, S8l wh 87EE ey e Adold &
. ol & =wolME 385w 2okl wet 5=
AP ERE ZAIE A 5 RS 2~8719] 7}
IS AYsl= ESPRIT Z2AAE A9kt
, AIFE ESPRIT Z2A||A= MI-ESPRIT +%
7o g Hid QFEUe] v EHAS B-8st 4
S TR, HaASH FaRES 7H4ast AJA
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