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ABSTRACT

A Study on Cascade AOA Estimation Algorithm Based on

a Massive Antenna

Kim Tae-yun
Advisor : Prof. Hwang Suk-seung, Ph.D.
Department of Electronic Engineering,

Graduate School of Chosun University

Estimating the accurate Angle-of-Aarrival (AOA) of a signal is one of the important issues
of a modern wireless communication system based on beamforming. AOA of the signal is
collected through an array antenna mounted on various systems existing on the ground, in
the air, in space, etc. In order to satisfy the physical specifications of the system, various
types of array antennas have been proposed, and an array antenna that improves the
disadvantages of various existing array antennas is being actively studied. Various AOA
estimation algorithms have been proposed as much as various array antennas, and AOA
estimation algorithms are largely divided into a conventional method called a beam scan
method and a subspace based method. In general, the AOA estimation performance of the
subspace based method is superior to that of the conventional method. However, in the case
of the subspace based AOA estimation algorithm, since there is no prior AOA information,
the entire range can be searched or only a specific type of array antenna can be applied,
which leads to poor operability. To solve this problem, in this dissertation, a cascade AOA
estimation algorithm that can apply various array antennas while having AOA estimation
performance similar to that of the subspace based AOA estimation algorithm is proposed.

The proposed cascade AOA estimation algorithm consists of the Capon algorithm and the

- Xvi -
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Beamspace MUSIC algorithm, and uses the two algorithms sequentially. Although the
resolution of the Capon algorithm in the proposed algorithm is somewhat lower, the
complexity is lower than that of the subspace-based AOA estimation algorithm, enabling fast
AOA group estimation. Next, Beamspace MUSIC is applied to estimate the detailed signal
AOA in the AOA group estimated through the Capon algorithm. Beamspace MUSIC
algorithm has a very high resolution, although the complexity is rather high because
beamspace processing is preceded. To evaluate the AOA estimation performance of the
proposed cascade algorithm, computer simulations based on various scenarios are provided.

The MUSIC algorithm, which has excellent resolution and can apply various array
antennas, is the most representative algorithm used in the AOA estimation. However, if the
system uses a Massive Array (MA) antenna in which multiple antenna elements are used,
the multiple antenna elements are increases the computational complexity to the extent that
real time estimation is difficult in case of MUSIC algorithm. In order to solve the problem
of computational complexity of AOA estimation algorithms that may occur in MA antennas
where multiple antenna elements are used, in this dissertation, a cascade AOA estimation
algorithm based on a Flexible Massive Rectangular Array (FMRA) antenna is proposed. The
FMRA antenna based cascade algorithm has the same basic structure as the cascade
algorithm applying the general arrangement presented above. In order to reduce the algorithm
complexity while maintaining the AOA estimation performance, the FMRA antenna based
cascade algorithm estimates the approximate signal AOA group by activating some antenna
elements among the entire antenna elements using Capon algorithm. The detailed signal AOA
of the AOA group is estimated using the Beamspace MUSIC algorithm using all antenna
elements. By selectively turning on/off antenna elements, it is possible to significantly reduce
the computational complexity of algorithms that may occur due to multiple antenna elements,
as well as dramatically reduce the computational complexity of algorithms according to the
search range. A computer simulation for AOA estimation performance comparison of the
proposed FMRA based cascade algorithm 1is provided, and a mathematical model for
complexity analysis is presented. Based on the presented mathematical model, a computer
simulation for comparison of computational complexity is provided.

In the previously proposed cascade algorithm wusing an FMA antenna, a beamspace

transformation matrix with a fixed size that is twice as large as the number of signals in a

- Xxvii -

Collection @ chosun



group is applied. This causes an unnecessary amount of calculation when estimating the
AOA. To solve this problem, in this dissertation, a cascade AOA estimation algorithm based
on an FMLA (Flexible Massive Linear Array) antenna to which an optimized beamspace
transformation matrix is applied is suggested. For beamspace transformation matrix
optimization, a beamspace MDL algorithm for estimating the number of signals is inserted
between the Capon algorithm and the Beamspace MUSIC algorithm. Through beamspace
transformation matrix optimization, the AOA can be efficiently estimated by optimizing the
beamspace applied to the Beamspace MUSIC algorithm. Computer simulations based on
various scenarios are provided to compare the AOA estimation performance and

computational complexity.
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Table 1.10lM a= BHE SY BHZ && BHE (Linear Array : LA) &€ &=
a(0)2 Ao, BH HHZ (Planar Array : PA) & E2R a(0,0)2 2=

=
= YA, 024 ¢= 1DE2(Elevation angle)dt 2?2 (Azimuth angle)2 2+t

Table 1.1 Calculation equation of conventional method and subspace based method

for signal AOA estimation

Algorithm Calculation Equation
H
Bartlett p=2 5 a
a“a
MVDR P= L
a’R™'a
po 1
MUSIC Y
- P A
ESPRIT 0= sin ﬁarg(J))
.. 1
Minimum Norm P=—
a“oo0"a
- 5 -
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210ICH [3, 74].

o 2 H
=Lt Table 2.12 & HIZ0 HH HIE ot

Table 2.1 Advantage and disadvantage of array antenna geometry

Array
Antenna Advantage Disadvantage
Geometry
Linear Simple structure Limited AOA Search
Planar Common
AOA estimation Edge element causes AOA
Rectangular ) L
error is low estimation defect
Simultaneous
) elevation and Exceptional Low resolution for elevation
Circular ) ) ..
azimuth angle resolution angle estimation
estimation
Concentric . .
. Space advantage High side lobe level
Circular
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Figure 2.1 ULA antenna structure Figure 22 Parameter for

mathematical modeling of ULA
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MXN(M< Nor M> NS CSHHIL 242 FHE S22 A2 HHE CHHILE
Of ZoHSl &SIt YAEICHD JHEGHH BiE 28 SE(A )2 Al23)2 20
Hol=Ct [70, 77].
1 1
e*.iul e*.im
- j(]lrl'lf Dy, 7]'(‘1;17 Dy,
A = —jv —jv 23
URA o oI (2.3)
e—j(/;,,+u,) e—j(/tl+v£)
==+ (V=) = (= g+ (= D) |

AQRIMM g v, 2 AR4H2A 2252 201 e

w; = 27(d/\)sin@,cosd, (2.4)

v, = 27n(d/\)sin©,sin®, (2.5)
A'(24)9F AMQRSUM 6,0 o2 S2t3 AP BIZ SHHILIZ 2Alcts (B 4l
SO D& R4S LIEFHT
3. 2t &g Hig eHHIL

st S € (Uniform Circular Array : UCA) CHHILI= CHHILE 2401 &
SO UIXIE EH UHE CQHHILIE sl S2+3 Ar2r B0 dHioh &2 =
d4s0l O BOHXXCH 8 et 2™ D2 g 24 = U0 g
Ol Cioll efatEl BoissS 2=t 208 S g etHILel 2Xe »std 2
22 s == Figure 2.52 Figure 2.60{ LIEFL} UL
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SO JtEGHE HHE 8§ &E (A )2 A@.e)2t 201 ZAEC [71, 78].

e—jarsin(—),cos(@,—FU) e—jarsin(—)Lcos(@)L—FU)
B — jarsin®@cos(¢,—I') . e*jarsin(—)Lcos(@)LfFl)
Apyea = (2.6)
- jarsin@lc.os(él —Ty ). o jarsin@,_c.os(!fg —Ty )

Al QOUAN a=2r/xE AR r=Myo/a2 HIZ  CHHILISL BHXIE,
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SA&@ BIE (Concentric Circular Array : CCA) QHHILI=
2

S S

g UE Ba= XNd 204 Olael S2t &€ g otHuz 4=
(0] ez}
=

Figure 2.801l LtEHLE UCH.
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ajp &y - 4

491 dyy -+ Ay

Acea=| 7 7L (2.7)
dp1dpy---dpp

a, = [efjarpsin(—)lcos(@),* ) ... 6*.7'0",;Sin(‘)/005(¢’17Fu,,—l)] r (2.8)

AQDUA HR AS0 e 2 M2 Ae8)T 20l MO AQ8)MA
ro=Mja(p=12--P'= pH 2 WSO BXE, M= pHM 2 ol
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S Al2.8)t 20l HOI=IT} [90, 92].

Aoy = [AURFAAUCA]T

AQONAA ppp = S2H2 A T
2 A8 ol EfL

[ez]
=
A= AR6)1 S Lot

a8y a4y

_ |@21@22°r 3y
Aonra = d3183y--- A3 (2.10)
dq1 8420 Ayp

— jarsinficos(¢p,— ) .. o jarsind cos(¢,— I)

—jm‘sin(),cos(q‘),—F,) e—jarsin()Lcos((bL—F,)
Apea = (2.11)

- jarsinG,cols(gb, ~Dipn1) . - .7'07‘51“9LCU.S(¢L* Titpen—1)
: e :
ARI0)0MA HM AS0l CHer 2 2 Al(2.12) ~ Al2.15)2 E2l=

a, = [1e M oI 2] (2.12)
ay = e_j“’[l e*jul e—j(x— 2)1/,] (2.13)
ay = e_j(N— Dy, [e—j/tle— 2m e—j(M'— 1)/1,] (2 14)
a, = [e*lee*J'?Vl... 67]'(‘\'*1)”1] (2.15)

A(2.12) ~ MQRISHMAM 2t y2 M4 MQRS50A Zelet 2 SLotth 0

E OAl A3 Al@2.16)dt A2.17)% &L

w; = 27(d/\)sin@,cosd, (2.16)
v, = 2m(d/\)sin©,sin®, (2.17)
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gZ32t Ha HZ S Ao foiMd=s 2 FE HHE 0 oiYots 32 H
A

g AH=E0l  HAZOOF ot Table 222 WHES Soll  HEECH

Table 2.2 Beamspace transformation matrix generation process of CCA antenna

1. Calculation of weight vector to create phase mode corresponding to pth

circular array

j172*7r j174*7r J'UQ(N_DW o
W, = 1e M, . M, - . M,

2. Compute the M, x(2Q+1) dimensional phase mode matrix corresponding

to the pth circular array
Bpm = [W—H“' W -ee WH]
3. Calculate the entire phase mode matrix in P(2Q+ 1)< M, dimension
B,y = [B{'BY - BY]

4. Generate output scaling diagonal matrix of (2Q+1)x(2Q+ 1) dimension

corresponding to pth circular array
Cmediag{ij j*l 1 jl ]Q}

5. Compute the entire output scaling diagonal matrix in (2Q+1)x P2Q+1)

dimensions
C,=[CiCy-- Cpl”

6. Calculation of (2Q+1)X M., dimension CCA antenna beam space

transformation matrix(Begy)

Beca =CBpy
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(5) S& HHZ OtHILE D18 g32t B8t & [92]
=4AID12] OHHILE BHEO0l S8 BHE0IH g2t BHa dHdE2 A2g)z &
o= CF.
Burra 0
2.2
Bes [ 0 By (2.28)

OHEILIGI CHst 182t Hel dHdE2 2 g2 42292 AR30)2x2 JoE
Ct.
By1:Bip =
1 1
G _2(v—ny) C2(v= N )
EEA T T, L T
1 e v e v e v (2.29)
\/MJ 2(1)* ) 2(1;7 N ) 2(1;7 N )
e*j(]b[*?)n o ! 67,7'(]1172% 7 2 67,7(11172)7r o !
Byi:Bye =
1 1 1
_].W2<<—m) _jﬂ2<<—m) _].W2<<—R,1)
1 e Ne e Ne e Ne (2.30)
VA E 2(c— %) ' 9(c—n,) ' 'z<<7x )
7,j(N72)7rT1 —j(N=2)7 2. —jN=9)r + end
e ¢ e ¢ e ¢

(2292 AQ30)0IM  M,=M—-1, N =N-1, wv=cos(®,)sin(0,),
¢(=sin(®,)sin(0,)2 22t ZIEC.

Byou= 212252 =20t 0I2 CHAl ¢506tE 423110 L.

~CB" (2.31)
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Table 2.3 Signal parameters for the ULA antenna

scenario

Signal 6° f. M; M;
CwW 13 0.4 - -
FM 15 0.15 0.05 0.01
WB 17 0.25 - -
Table 2.4 Signal parameters for the URA antenna scenario
Signal o’ o /. M, M,
AM -22 -100 0.05 0.03 -
CWl1 -22 -108 0.1 - -
Cw2 -22 70 0.4 - -
FM -22 83 0.28 0.05 0.01
Table 2.5 Signal parameters for the UCA antenna scenario
Signal o @° e M, M;
CW1 90 -101 0.2 - -
Cw2 90 125 0.3 - -
FM 90 10 0.05 0.05 0.01
WB1 90 -108 0.13 - -
WB2 90 134 0.41 - -
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Table 2.6 Signal parameters for the CCA antenna scenario

Signal o @° e M, M;
AM 77 120 0.08 0.03 -
CW 77 125 0.3 - -
FM 77 -145 0.03 0.05 0.01

WB1 77 -153 0.2 - -

WB2 77 10 0.41 - -

Table 2.7 Signal parameters for the CA antenna scenario

Signal e b 7. M, M,
AM -75 -75 0.12 0.03 -
FM 75 15 0.35 0.05 0.01

WBI -75 -69 0.25 - -

WB2 75 80 0.44 - -
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Figure 2.12 Received signal spectrum based on ULA antenna
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Figure 2.13 The spatial spectrum of Capon algorithm based on ULA
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Figure 2.14 The spatial spectrum of Beamspace MUSIC algorithm based

on ULA antenna
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Figure 2.15 Comparison of ULA antenna based AOA estimation
performance of Beamspace MUSIC of the proposed cascade algorithm and
the existing MUSIC algorithm
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A rypa = e—ju] e—m (3.1)
efm +1) ew‘(uﬁvz)
il Do+ (V= 1wy . o ilar- Vg + (N=1)wy)

AGDUA 1D 12 Al@24) L 20252 SUEHH, 012 CHAl M0 A(32)2 Al

(3.3)D 2T,
w; = 2m(d/\)sinO,cosd, (3.2)
v, = 2m(d/\)sin©,sind, (3.3)
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2. FMRA CHEILIDE HE& AAS ZE
a9 OHEILE BIZS DD=Mx MM Lol oLt 242 R4E
FMRA OHHILIZ JIEEIH C129 & JHX YR2 S+MMSE 22 & & 9

Cth.

1. Figure 3.1(b) £= Figure 3.1(c)2t 20| LT CHHILI RAIF AIEE B2

D, (D, =M, < N,) M2 CtHIL} 242 FPAE 4|0 Adaptive White
Gaussian Noise (AWGN)O| Z&EE LIH2 ASI AISICHD JHEGHH, O] AF A
E oA kOl st AaAlS YEHE=E AG4)2 201 HoEC

r (k)=A s(k)+n, (k) (3.4)
AGAHUAM A= BHE S8 dZ0/10 A3.1)2 FMRA CHHILE 2201 HELILE
D,3AJ12 HIEO0l MEEL s(k)E L£3AJI12 &S HEHOIL, n(k)E EZ0l 00]

10 240l 6?91 independent and identically distributed (i.i.d) S42 D,3AJIE It
A= &8 HWHOIC

2. Figure 3.1(a)2t &20] &l CHHILI RAI AIEE B2
DD=Mx NI CtHIL} 242 FHE 4
SIF LAFSICHD JFEGHH, 0|4 ME olalA

et 20l 2=
r(k)=As(k)+n(k) (3.5)

AGSHA AS Dx23AJI2 HY S8 #H0/D A(3.1)2 FMRA OHHILI 2
0l ML s(k)s £3J19 A5 HEHOID, n(k)s R0l 001D 24AH0| 20!
iid E49 pAIIE X TS HIEOICH
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H4Z FMRA HHEILIOF HE& HAHOE &di2 =F

2elEs

8S BYES Capon 21eIS0 HESIH AISGHH ASIF EMotsE A S
T2t 082 oA ECh Capon 2 1N2ISS Soll HEH FHE s Tz
O W Hg A3 MZE e =HS <ol &M HU AT AIEE =4
M DOl HZE Beamspace MUSICEZ AFE8HCH Beamspace MUSIC2| 32+ A
HEYO IIUSS Soll ME &z TeHA2 HEG FHE = UCH HMotst
FMRA JIBF IHAHOIE T2 =8 21N2|SS Table 3.10F 20 A0, ¢
el&2 &=A S = Figure 3.30 LIEFLE UCH

Table 3.1 Summary of FMRA antenna based cascade AOA estimation algorithm

1. Capon algorithm is performed based on the modeled received signal vector

((r,(k))) using a small number of antenna elements.

2. Estimating multiple signal AOA groups in which one or more signals exist
through the spatial spectrum of Capon algorithm and determining the search

range of the estimated AOA group

3. Perform Beamspace MUSIC algorithm based on the modeled received signal

vector (r(k)) using the entire antenna element

4. Estimation of detailed signal AOA within the estimated AOA group through
spatial spectrum of Beamspace MUSIC algorithm
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antenna elements
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Determining AOAs

group(G) : peak of
Capon spatial spectrum
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Received signal model
using entire antenna
elements

Figure 3.3 Flow chart of the FMRA antenna based cascade AOA estimation

algorithm
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AMlLtel2 1 sg€8 D20 A2 OE ER2AS = 3012 &2 8

ALl 2 sg€8 DE20 A2 OE ER2AS = 2002 &2 8

AU 3. Sdst D20 M2 OIE 22 2= 1S &= I8

AMUele 4 . A2 G2 D210 22242 2= 3002 Sz I8

Table 3.2 Signal parameters for the first scenario
Signal e ¢ 1. M; M,
AM 50 30 0.13 0.03 -
AM 50 135 0.44 0.03 -
CwW 50 -120 0.3 - -
FM 50 -117 0.25 0.05 0.001
FM 50 34 0.35 0.05 0.001
FM 50 130 0.4 0.05 0.001
WB 50 -114 0.06 - -

Table 3.3 Signal parameters for the second scenario
Signal o o £ M, M,
AM -20 60 0.3 0.03 -
CwW -20 -50 0.1 - -
CwW -20 -40 0.4 - -
WB -20 -45 0.05 - -
WB -20 50 0.18 - -
WB -20 55 0.45 - -

- 58 -
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Table 3.4 Signal parameters for the third scenario

Signal o ¢ /- M; M,
AM -40 68 0.13 0.03 -
AM -40 62 0.33 0.03 -
FM -40 86 0.01 0.05 0.001
FM -40 80 0.45 0.05 0.001
WB -40 74 0.25 - -
Table 3.5 Signal parameters for the fourth scenario
Signal o ¢ /- M; M,
AM 50 39 0.05 0.03 -
AM -25 65 0.13 0.03 -
CwW -40 -55 0.3 - -
FM -40 -50 0.22 0.05 0.001
FM 50 35 0.35 0.05 0.001
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Beamspace MUSICt E4E TlotIA & HRAE HAMG= Beamspace MUSIC &

12|lE2 Only Beamspace MUSIC2 2 HA|SICE L8t 2F 2ne|&2 32t AH
EY 2o MZ M2 &5 2= UEHHEOE Figure 3.4= X BIR AlLE

cl20l CHE FMRA QHEHILIZ 2AIStE =48ISO ABEZHS LEFHCE 414
S AHEYS AHEY 2JH2 AM &5, CW &5, 300 FM ¢&l&, WB &8
&SIt Table 320 M JtES HostE BHFEFID=0 RIXIES olg = U
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Received Signal Spectrum
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Figure 3.4 Spectrum of the received signal for the first scenario
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Figure 3.5 The spatial spectrum of the Capon algorithm using 4x4

antenna elements for the first scenario
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Received Signal Spectrum
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Figure 3.8 Spectrum of the received signal for the second scenario
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Figure 3.9 The spatial spectrum of the Capon algorithm using 4x4

antenna elements for the second scenario
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Figure 3.11 Comparison of AOA estimation performance of the proposed
cascade AOA estimation algorithm (Beamspace MUSIC), MUSIC, and
Only Beamspace MUSIC for the second scenario
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Figure 3.12 Spectrum of the received signal for the third scenario
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Figure 3.13 The spatial spectrum of the Capon algorithm using 4x4

antenna elements for the third scenario
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Figure 3.14 The spatial spectrum of Beamspace MUSIC algorithm using

entire antenna elements for the third scenario
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Figure 3.15 Comparison of AOA estimation performance of the proposed
cascade AOA estimation algorithm (Beamspace MUSIC), MUSIC, and
Only Beamspace MUSIC for the third scenario
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Figure 3.16 The spatial spectrum of Capon algorithm for the fourth

scenario
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Figure 3.17 The spatial spectrum of the Beamspace MUSIC algorithm for
the first group of the cascade AOA estimation algorithm proposed in the

fourth scenario
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Figure 3.18 The spatial spectrum of the Beamspace MUSIC algorithm for
the second group of the cascade AOA estimation algorithm proposed in

the fourth scenario
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Figure 3.19 The spatial spectrum of the Beamspace MUSIC algorithm for

the third group of the cascade AOA estimation algorithm proposed in the
fourth scenario

_71_

ZICollection @ chosun



40

Magnitude(dB)

MUSIC

Theta 50 Theta 50

Theta -25 Phi 39 Phi 35
Phi 65 -y

Theta -40
| Phi -55

-
Theta -40
Phi -50

100
0]

() 100 100 ()

Figure 3.20 The spatial spectrum of MUSIC algorithm for the fourth

scenario

100
B8O
60

40

Iagnitude(dB)

20

100

Only Beamspace MUSIC

Theta 50 Theta 50

Phi 3g Phi 35
-

Theta -25
Phi 65

Theta -40
Phi -55

Theta -40
Phi -50

100
0]

®(°) 400 -100 o)

Figure 3.21 The spatial spectrum of Only Beamspace MUSIC algorithm

for the fourth scenario

Collection @ chosun

_72_



Figure 3.22= Ul B1FH AlLtel<220 CHSF FMRA QHHILE JIBF JHAAHOIE =i
2t =& 22| S(Beamspace MUSIC), MUSIC 2 112|&, Beamspace MUSIC 2
2l&2 SNR CHH|I Root Mean Square Error (RMSE) Z21E 20 &Lt RMSE= 4
(3.12)2 2H AT

Error — \/E[(Qo_é>2]+E[(¢o_é)2] (3.12)

AGI)NA 6,9 o= 22 DE2AD L2010, 69 ¢= =HE DT2AY
99262 LIEFHCE,

Ul S AlLE2I 201 CHet Mietet Tef=

MUSIC €12l&° &l 2

=4 Z240 U =2 ueisa
A 2
BN

Figure 3220 Al =01

—&—— Cascade (Beamspace MUSIC)
0.009 —-@-—MUSIC B
=---@r-+- Only Beamspace MUSIC

RMSE[]
(@]
o
o
(4]

10 11 12 13 14 15 16 17 18 19 20
SNR[dB]

Figure 3.22 RMSE curves according to SNR of proposed cascade AOA
estimation algorithm (Beamspace MUSIC), MUSIC, and Only Beamspace MUSIC
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Table 4.1 Computational complexity of spatial spectrum parameter

Capon
Operation ‘
Add/Sub Mul/Div
Index
R, D}—2D?+ D, D}
PAO,9) DI—1 D}+ D,
Beamspace MUSIC
Operation .
Add/Sub Mul/Div
Index
a,6,0) Dy(D—1) DyD
X 5 (Dy— NS—1)Dj, (Dy— NS)D7,
Pp(0,9) D} —1 Di+ Dy
MUSIC
Operation .
Add/Sub Mul/Div
Index
X m (D— TNS—1)D? (D— TNS)D*
P)(6,9) D*—1 D*+D
- 76 -
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Add/Sub operation time of FMHA antenna based cascade ADA estimation algorithm:
Elapsed time is 0.005750 seconds.

Mul /Div operation time of FMRAA antenna based cascade AQ4 estimation algorithm:
Elapsed time is 0.006343 seconds.

4dd/Sub operation time of MUSIC algorithm:
Elapsed time is 1.597633 seconds.

Mul /Div operation time of MUSIC algorithm:
Elapsed time is 1.493196 seconds.

4dd/Sub operation time of Only Beamspace MUSIC algorithm:
Elapsed time is D.022872 seconds.

Mul /Div operation time of Only Beamspace MUSIC algorithm:
Elapsed time is D.022656 seconds.

Figure 4.1 Comparison result of calculation time of each algorithm using tic, toc

function of MATLAB
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Table 4.3 First scenario for comparing computational complexities of the FMRA
antenna based cascade AOA estimation algorithm, the conventional MUSIC

algorithm, and the Only Beamspace MUSIC algorithm

Index CASEl
The number of total signal( 7/VS) 6
The number of AOA group(G) 2
The number of signals in AOA group(NS) 3
Size of D, 9
Search range
. 360 °
(Capon of proposed cascade algorithm)
Search range
) 40° < G
(Beamspace MUSIC of proposed cascade algorithm)
Search range
360 °
(MUSIC)
Search range
360 °
(Beamspace MUSIC)
Step size L
(Capon of proposed cascade algorithm)
Step size 0.01-
(Beamspace MUSIC of proposed cascade algorithm) '
Step size
P 0.01°
(MUSIC)
Step size
P 0.01°
(Beamspace MUSIC)
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Table 4.4 Second scenario for comparing computational complexities of the FMRA
antenna based cascade AOA estimation algorithm, the conventional MUSIC

algorithm, and the Only Beamspace MUSIC algorithm

Index CASE2
The number of total signal( 7/VS) 8
The number of AOA group(G) 4
The number of signals in AOA group(NS) 2
Size of D, 9
Search range
. 360 °
(Capon of proposed cascade algorithm)
Search range
) 40° X G
(Beamspace MUSIC of proposed cascade algorithm)
Search range
360 °
(MUSIC)
Search range
360 °
(Beamspace MUSIC)
Step size .
(Capon of proposed cascade algorithm)
Step size 0,01
(Beamspace MUSIC of proposed cascade algorithm) '
Step size
P 0.01°
(MUSIC)
Step size
P 0.01°

(Beamspace MUSIC)
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Table 4.5 Scenario for comparing computational complexities of the FMRA antenna
based cascade AOA estimation algorithm, the conventional MUSIC, and the Only

Beamspace MUSIC algorithm according to the search range

Index Value
Antenna size 1010
Size of D, 16
The total number of signals(ZNVYS) 16
The number of the AOA group(G) 4
The number of signal in AOA group(NS) 4
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20 L =24

Figure 4.2%2} Figure 432 R BIM ZR0 ol AISE= CHHIUS =2
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CHst HAMSEETE AIZ20/&88 Z20IC Figure 4.4% Figure 45= S
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%1012 CASE1 Computational complexity (Add/Sub)
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Figure 4.2 Comparison of addition/subtraction computational complexities

of the three algorithm, versus the number of antenna elements, for CASE
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Figure 4.3 Comparison of  multiplication/division  computational
complexities of the three algorithm, versus the number of antenna
elements, for CASE 1
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Figure 4.4 Comparison of addition/subtraction computational complexities

of the three algorithm, versus the number of antenna elements, for CASE
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Figure 4.5 Comparison of  multiplication/division  computational
complexities of the three algorithm, versus the number of antenna
elements, for CASE 2
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Computational complexity {Add/Sub)

[ lcascade
<1012 i music

Number of calculation

Search range(©°)

Search range(°)
Figure 4.6 Comparison of addition/subtraction computational complexities
of the FMRA antenna based cascade algorithm and MUSIC algorithm,
according to the search range

Computational complexity (Add/Sub)

[ Jcascade
[ Only Beamspace MUSIC

»1012

Number of calculation

Search range(d”)

Search range(®”)

Figure 4.7 Comparison of addition/subtraction computational complexities
of the FMRA antenna based cascade algorithm and Only Beamspace
MUSIC algorithm, according to the search range
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Figure 4.8 Comparison of addition/subtraction computational complexities

of the three algorithm, according to the search range : © view
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Figure 4.9 Comparison of  multiplication/division  computational
complexities of the FMRA antenna based cascade algorithm and MUSIC
algorithm, according to the search range
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Computational complexity(Mul/Div)
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Figure 4.10 Comparison of multiplication/division = computational

complexities of the FMRA antenna based cascade algorithm and Only

Beamspace MUSIC algorithm, according to the search range
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Figure 4.11 Comparison of multiplication/division  computational
complexities of the three algorithm, according to the search range : ©

view
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H1& FMLA CHHILE D2 &
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0

FEOIXIZ BHE 2l &H el RAS
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AMNESHAHL deix5oz UL OtHILE QA0 AFSotH EICh Figure 5.1(a)y= LSt
S CHHILF RAE AFESH 21011, Figure 5.1(b)y= 25 o1&

= =
t= <0/ Figure 5.1(c)= L& 2t20| 0|ZE L2 0O

JYYYYY - YYY

FMLA Y oN

TYTYYY - YYY
YYYYYY - YYY.

Figure 5.1 Examples of FMLA antenna: (a) turning on entire antenna
elements, (b) turning on some concentrated array elements, (c) turning on

some scattered array elements
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Figure 5.2 Structure of FMLA antenna based OCAE algorithm
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Table 5.1 Summary of OCAE algorithm based on FMLA antenna

~

1.

Capon algorithm is performed based on the modeled received signal vector

((r,(k))) using a small number of antenna elements

Estimating multiple signal AOA groups in which one or more signals exist
through the spatial spectrum of Capon algorithm and determining the search

range of the estimated AOA group

Estimate the number of signals in the AOA group using the beamspace MDL
algorithm to which all antenna elements and a beamspace transform matrix of
size M M/2 are applied

Optimization of beamspace transformation matrix based on the results of 3
Perform Beamspace MUSIC algorithm applied optimized beamspace transformation
matrix based on the modeled received signal vector (r(k)) using all antenna

elements

Estimation of detailed signal AOA within the estimated AOA group through

spatial spectrum of Beamspace MUSIC algorithm

. Repeat 3-6 until last AOA group
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C=

Received signal modeling with
small number of antenna
elements

Capon

Determined AOAs group (: ¢)
and searching range (: §)
using Capon

!

Received signal modeling with
entire antenna elements

i=it+1

Beamspace information
theoretic criteria

|

s

'Yes

Determining dimension of

i=it+1

Beamspace MUSIC

>

Yes

optimized beamspace
transformation matrix

Fined individual signal AOA

Co D

Figure 5.3 Flow chart of FMLA antenna based OCAE algorithm
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Table 5.2 Signal parameters for the first scenario

Signal 6° 7. M, M, SNR(dB)
FM -24 03 0.05 0.01 15
FM -17 0.41 0.05 0.01 15
WB -7 0.08 - - 15
WB 2 0.22 - - 15

Table 5.3 Signal parameters for the second scenario

Signal 6° f. M, M, SNR(dB)
AM 50 0.21 - - 10
CwW -63 0.3 - - 10
FM -53 0.06 0.05 0.01 10
FM 46 0.37 0.05 0.01 10
WB -46 0.13 - - 10
WB -37 0.44 - - 10
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Figure 5.4 Spatial spectrum of Capon for the first scenario
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Figure 5.5 Estimation of the number of signal with Beamspace MDL for

first scenario
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Figure 5.7 Spatial spectrum of Beamspace MUSIC for the first scenario
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Figure 5.8 The spatial spectrum of Capon algorithm for the second

scenario
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Figure 5.9 Estimation of the number of signal with Beamspace MDL for

the first AOA group of second scenario
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Figure 5.11 Estimation of the number of signal with Beamspace MDL for

the second AOA group of second scenario
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Figure 5.13 The spatial spectrum of Beamspace MUSIC algorithm for the

first AOA group of second scenario
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Figure 5.14 The spatial spectrum of Beamspace MUSIC algorithm for the

second AOA group of second scenario
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Figure 5.15 Comparison of AOA estimation performance of the OCAE
algorithm (Beamspace MUSIC), FCAE algorithm (Beamspace MUSIC) and
MUSIC for the first scenario
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Figure 5.16 Comparison of AOA estimation performance of the OCAE
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Figure 5.17 Comparison of AOA estimation performance of the OCAE
algorithm (Beamspace MUSIC), FCAE algorithm (Beamspace MUSIC) and
MUSIC of the second AOA group for the second scenario
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Table 6.1 Computational complexity of FMLA antenna based OCAE algorithm

Operation ‘
Add/Sub Mul/Div
Index

R, MAK—1) MK

-1 Lops Ll ® Lopsrs 2
P0) MI—1 M+ M,
Br(k) BK(K—1) BEKM
Ry BYK—1) B’K

2 3 1 2 2 19

EVD(R 2R+ 2pio — Zpi-=Zp?o =2

(Rp) S B SB 5Bt S B B B+
1., 3 )

MDIL(A) EB +§B—3 B*+11B—9
Or (k) OK(K—1) OKM
R, O*(K—1) O*K

2 3 1 2 2 19

EVD(R 203+ 20— = 2322 19

(Ry) 30+20 20+1 30 30 60+2

ay0) o(M—1) OM

X o 0*(0O—L—1) 0*(0— L)
Py0) 0*—1 0’4+ 0
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Table 6.2 Computational complexity of FMLA antenna based FCAE algorithm

Add/Sub Mul/Div
Index
Re M K—1) MK
-1 Lopi Ly 5 Lopiaes 2
RC 3Ms+2Me 6Ms 3M9+M9+3Ms
P0) MI—1 M+ M,
Br (k) BK(K—1) BEKM
R, BYK—-1) B’K
2 3 1 2 2 19
EVD “ 3 Q9 p2_ L p3_ £ p2_ 1Y
(Rp) 3B+23 5 Bt1 33 3B 6B+2
az0) B(M—1) BM
X 5 BYB—-L—1) B*B-1L)
Py0) B*—1 B>+ B
Table 6.3 Computational complexity of MUSIC algorithm
Add/Sub Mul/Div
Index
R M*(K—1) MK
2,3, 3,02 1 2,53 2,2 19
EVD(R) S M DM M S M= M= M2
X 1 M*(M—L—1) M*(M— L)
PM(Q) M2—1 M2+M
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i (5 U oz (( )1
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Table 6.4 Simulation parameters of each algorithm for comparison of computational

complexity
Index Value
M 16 to 32
M, 8
Size of B 32X 16
Size of O 3227
Size of F 39X 7
K 1024
L 1 to 12
Total number of G 4
SR 180 °
FMLA antenna based Ac 1°
OCAE algorithm SR, 30°
A, 0.01°
SR 180 °
FMLA antenna based Ao 1°
FCAE algorithm SR, 30
Ap 001~
SR 180 °
MUSIC
Ay 001~
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Figure 6.2 Comparison of addition/subtraction computational complexities
of the FMLA antenna based OCAE algorithm and FCAE algorithm,

according to the number of antenna and the number of signal
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Comparison of Add/Sub Computational Complexity

Number of Calculation

Number of Signal 0 15 MNumber of Antenna

Figure 6.3 Comparison of addition/subtraction computational complexities
of the FMLA antenna based OCAE algorithm, MUSIC algorithm,

according to the number of antenna and the number of signal
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Figure 6.4  Comparison of  multiplication/division = computational
complexities of the FMLA antenna based OCAE algorithm and FCAE

algorithm, according to the number of antenna and the number of signal
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