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A 1 & Introduction

FA171=e #wgdR Q3 massive MIMOSF 2 114, 1839

05 =50l ks Zlsel dFEREA, ol Vs dds] A,

gl el Fe Bl AFAE wdddte Bedel ug
FolAm QEHl]. 53 weldee: del, dEutE Fyse
AdereEel 9H1E 2PSAL, 2 dee] Asbsle @

ARE WA e gaing FAAL F dx, Asks FHe

FFS 11, ol MEgEH U] e s M7, o]gd e
mutual coupling®} sh=d], F= 7IEFEH Y2 impedance® radiation

pattern°] YFE vIHT[2]. Wb HAH Y Hess THsH] SE,

vl ete| vt overall generalized scattering matrix (GSM)

|

WeletehE TS AR GSMat WLt T2 Jus

olgsf o

ol
ftlo

= ATH3]. Overall GSM2 st L} A A 9] HhAL, Al

PN
T, A

-

v

EA2 spherical mode°] uwz} YehyFE=d), o] o,
ey 7Fe] mutual coupling® XE3HE A ®Hrh B E=EoAE=
o83+ overall GSM2] &4 3} spherical mode #4412 %3] mutual

couplinge] 1H¥ A= =3



B w=3o] 240 A= mutual coupling®] & 8Fe] wE ujdete Lo

£ (active impedance, active radiation pattern) ©f sl <o}x.Qkt}.

3Gl = F-olA plane waveZl YA o wjdtEH Y 7}

portd] F71¥+= ARE A& FE3l3l, compressive sensings

|

o] g3l direction of arrival (DOA) & FA3IAth. 47 = kA

ol

=% &S 3x4 dipole HiAMHIUE oAE FaEl HF

FlTt.

Aetom SRl ME 919 Wgs BHst] ARE Rvk



Al 2 A Characterization of Array Antenna
using Overall GSM

2.1. Overall Generalized Scattering Matrix

Hjdote| L] overall GSM2 Hidetely=z Eojex Uyt

rlr

f

wave?] spherical mode®l| W& HEAL AL FAL Abd 5AAS YERA

il

matrixo]th. [3]e1A =o€l whe] w=dw, o]F Faly] A WA,
Waetebe T EeEte 54 deds 4 (1) Fb9

GSMo] & g sitt,

P; ¥ Vi Wi
= (1)
Li si-IJLJ L’J

N7l o] ez o) ol widdelvtel A, A ZEte vz
£0] 2= spherical waves 2 (2)¢ o] vepd 4 9ith o] i,
a, © AFolA WA <HuR oot waveoll, al & WA

1

Qe Lol A i A QtElU R scattered® o] 59 2+ wave©o|t}.

N
a =a, +Zaf (2)
j=1

J#



General translation matrix G;& ©]&3}H a &

a’ =G b (3)

O
2 oued 5 oola, A (DY #AE ol&shd A (W dAAE

Qow 4 glr.

N
S
p;V; tray + riZGijbj =W
=
};ﬁi
(4)

N
tv. +(s, —L)a, +(s, — L )ZGijbj =b;
j=1

J#

W Z}ZFo] parameter”Z} of# e}

y 11

o] A wid<tH YR A7

Zol 7+dd wf, A (5) ¢k o] yehd & 9loH,

' = diag(p,) R =diag(r;) o)
T =diag(t,) (S—1I)=diag(s, 1)



[ 0 G, Gy |
G, 0 . G, :
G=| : . : (5-2)
: Gji 0 Gyin
_GNI h GNN—] 0 N

V=9V, W=<W,r a, =4V, b =<bl; (-3

I'v+Ra, +RGb’ =w
Tv+(S-Da,+(S-I)Gb’ =b’

(5-4)

2 G6-4)F wo bl & Aastd, 4 (6)8 Zo] overall
GSME 9<& 4 9t} o] W, overall GSM2 Z} parameters<2 2

(7) 3} o] e = St

(6)
G (SG _IG) ad bs



I, =T+RG[I-(S-DG]'T
R, =R+RG[I-(S-DG]'(S-T)
T, =[1-(S-DG]'T

(S6 -I)=[1-(S-DGT'(S-D

(7)

Spherical mode analysis®} addition theorem< #HIYOoZE 3t
overall GSM2 7R <¢te|v; AFo] 2] mutual couplinge 1 =34 o A
dddor uysA fo webd o] olgshu WA tEH e mutual

couplingo] & ® At dx= w3 4 9t}



2.2. Characterization of Array Antenna using Overall GSM
2.2.1. Active Impedance
Z0% characteristic impedance® Zt=  QFHIYUS]  portel A

incident wave v¢} reflected wave wi= ol e} o] “eb Xt 4].

V, +Z,1 V,-Z,1,
V= —— W= —— (8)
2JRe(Z,) 2JRe(Z,)

N7R e 7hdEete U7 2ol wjdetd vyl ZF port9 incident

o] 4514

o

wave2} reflected wave+= overall GSM
w=I.v (9)

oF o] vkl 4 da, o] W ZF portd HAF V& L 2

(10) = 2ol yepd = 3o

V = JRe(Z)(v+w) T :% (10)



83, o] W mutual coupling®® <& WEE vjG ke L9

active impedance Z¥ YA 453 V.9 1,2 HZ YehlZ )

7 V, Re(Z,)(v+w)
L (v-w)

p

(11)

2.2.2. Active Radiation Pattern
EA  FoJeE waveZl Sl AT (a=0), HWILErHL}Y
outgoing spherical mode coefficients b°= of#jel o] vehd

A,

b’ =T,v (12)

vl ere 1} radiation patterng  YWERZ] Yl [3] oA
oJo}7] %l general translation matrix GE ©°]&3] b'E ujdcke
centers 7|9 % 3t local coordinate® outgoing spherical mode

coefficients, b*™*' & e AT}

N
t
bcen o= Z(}center,ibiS (13)
i=1



olgdA Adolx wjAete| L} centerE 7]F 2 E YEZ outgoing
spherical mode coefficientsE 7FA|al [5]e] wat 2] (14) 9} #o]

mutual coupling®] 2 ¥ active radiation patterng YeRd 5 Sl

- k 1 eikr N
E(r,0,0) = b K (1,6, (14)
(r,0,0) NN Z K g (1,0, 9)

(k: wave number, 7 : intrinsic impedance)

L w2~

o] uj, far—field pattern function, K__+ o}efs} Zo] JeEE 4 Ut}

smn

(P™(cos0) : normalized associated Legendre function)

R0 0.0)= [~ )[—m o™ iy

n(n—-1
B B (15-1)
imPr‘lm‘ (cos0) b dPr‘lm‘ (cos0) b
sin 6 do
Ve 2 m ) im s\
K2mn (99(1)): - € ¢(—1)
n(n—1) |m|
(15-2)

plml N impl .
dP " (cos0) b4 imP} | (cos0) 5
do sin©



A 3 & Compressive Sensing Based
DOA Estimation using Overall GSM

71&0]  A7l¥  MUSIC, ESPIRIT <ugZoly aAwrdo

=
compressive sensings &83 DOA F4 7|HS V|EFHO=

81. 3tAE o] E A A <QteLte] &8-3F 7% mutual couplingS ¥ A&

ro
iih)

Frl
=

=

i)
R
>
o
(e
M
2
>
rlr
I
T
2
>

T glorg FAs U= =3
plane waveZ} JAFSH= A& 7RSS w, wiA<EHIYS] overall
GSM< ©]€3F% mutual couplingsS 183 compressive sensing

71uke] DOA 374 71M-& AlQkstgic.

3.1. Induced Port Current using Overall GSM

R 2HE wddEve] TAAAM (0o, po) o WFOR AAMSH=
plane wave: E,exp(ik, 7) = WEFE 4 ok o] w, E, = =Z7]
polarizations YWERHiL, k, & propagation vectorZA A} ko

oh 3

k, = —ksin®, cos ¢ X —ksin 0, sinp,y —kcos0,z  (16)

2 yepd 4 v} 1831 o]E spherical wave expansion EE|E

10



ofef ¢} o] ®Ho] b s[5,

J
E, exp(ik, - F) =—Z j(l)(f,ead))

=1

o] w| wave coefficient Q=

k m =S
Qsmn - ﬁ(_ 1) \/EIEO ) Ks,—m,n (90’¢0)

spherical wave function F?:=

F© (1,0,0) =

| m
\/E«/n(n 1[ |m|j

(17

(18)

P . piml o
{sz) (kr) T2 (0050) ity 10 ) IFa (€05 0) P e““%}

sin O

11

(19-1)



F(°) o (1,0,0)=

g )

= Uekd 4 glom,

20 (kr) = j, (kr)
28 (kr) = n, (kr)

z, (kr)=h,” (kr)
= Jn (k) +in,, (kr)

o},

2 A

| Lo

general transition matrix Gicentere

coefficientsE 7} 7J¥He

714z

T

e Y X9 local coordinate®

M 2 (kr)P™ (cos 0)e™t
kr
kr d(kr) dO
1 d { 7 (kr )} 1mP‘ (cos0) e
kr d(kr) sin O
(19-2)

(spherical Bessel function) (20-1)
(spherical Neumann function) (20-3)
(spherical Hankel function (20-2)
of the first kind)

AFe= A CDe #Zeol, |A [4]9

12

o] &3] plane wave? wave

2 ¥49st 5, 7



SFEIU9] receiving coefficients Q5 3l 3 4 3lth

. RGGi,centerQ

b= Rz

(21)

o] W, Q¥ j=2{n(h+1)+m-1}+s=2 I uw, 2 (22)74 o]
e o] Xt

Q:[Q1 SERN 0 QJ]T (92)

13

A &t} &

5l =7



3.2. Compressive Sensing based DOA using overall GSM
Compressive sensing®]® underdetermined linear system,

y=Ax o] ts] A& x7} sparse® 7, convex optimizations

o] g3 Est= 71Holth9]. DOA F4S 938t compressive sensing

model&
y =Ax+e (23)

o ol yekd & Stk No7b Wi EtHuE A sk JiERbE Y]
N

7k Al

7}

!

o] = YA resolutiond] Y W, Ax= measurement

foi

matrix, x+= A= sparsedt signal, Z18]31 e noise©|t}. 181l
vy (Nox1), A= (NLxNp), x= (Nyx1), ex= (N:x1)9 dimensione

e,

3.2.1. Measurement Matrix A
Plane waveZ} A ASES 7FAske]  oldeg Yol mutual

couplingS d3t7] Y& overall GSMS &&839] measurement

Nr

matrix AE T3t WA, plane waves S5t 279 A
st mode coefficients Que 24 (22)% #o] Yekd o, NIIY

resolution®] W&l reference mode coefficient matrix Qrer=

14



Q.=|Q -~ Q - Q] (24)

2 e 5 gk

2 (21 ¢ A2 Qrers AFE3 measurement matrix AE

_ RGGi,centerQref

2JRe(Z,)

A= (25)

o] wj, A= NN YA resolutionel] thdt N.7He] 7§ ke v}

3 2+ mutual coupling®] TH¥E AFE FA

3.2.2. Recovery Algorithm

[6]°] W=w, x7} sparsedt Alsoli, y& 43 & AF, xE
248 7 A #A Q1 WH-E lp—minimization 7]% o]t}

min |x|| subjectto y=Ax (26)

SHAIRE, o] dugES x9 scarcity’t molA4E £33 A7lo]
484 dojA = NP—hard ZA°l=ZE o]& dlAals] 2 (27)3 o]

3 5= |,—minimization, =+ basis pursuit(BP)o]g} &gl= 7]Ho]
2l

15



18y} basis pursuit = A] complex settingol]X sparsedt AT E

min||x| subjectto y=Ax (27)

il

Aot=d sHAZE Aot ol& Heker] fd 4] (28) ¢ quadratically

constrained basis pursuit, =¥ noise—aware l;—minimization®|z}

wEl= 7ol ARgET.

min”x”1 subject to ||Ax—y||2 <n (28)

g8 3 o]} f-AFSE FEl 2 basis pursuit denoising (BPDN)

For some A>0, mink”x”l - ||Ax — y||§ (29)

o]t} 2 LASSO

7

AS

=

For some 7 >0, min”Ax—y”2 subject to ||X||1 <7t (30)

At} B =FoAE complex number® ©]Fo]Z measurement
()

] &3l sparsedt 413 x5 EAdst2 2 BPDN 7|H-S AF&-39ith

16



A 4 & Numerical Results

47l 283 3FelA HFE  ajdtdye] 54 £ 7
compressive sensing 7|52 DOA F4 7|HES 3x4 dipole
Mdeds Fd AT itk mMAdHUe] overall GSME

T%387] $% dipole antenna®] GSM< FEKO Suite 6.2 ©]&3

Hzol AHEE 3x4 dipole {ERIHIVY= I9 13 22 7224
1.5 GHzeld s&stes A=A wWastHusE ©o]F+= dipole
antennat 0.4 A1 (8 cm)?] Zo], 0.0025 A (0.05 cm)?] HHA o PEC
AAZ o]FojFHom, 50 Q 9 characteristic impedanceE 7}A L
Aty Z+7+9] dipole antennats x Wekyl vy WMo g BE 05 A (10

cm) T "o A ¢l

# o 1=04 2\

j #1 / .
is @ - e
; Py .

 me / LA ) jl%=0.5?u

: 44

19 1. 3%x4 dipole G} %
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4.1. Verifying Overall GSM
Overall GSMo] 2wHlZA4 HFEREHA=A AZ87] s S—
parameter? mode coefficientE FEKO Suite 6.29 Al&E#o|A

R A RER s

4.1.1. S—Parameter

il

Overall GSM] parameter, T, = 7t 3EZEZFS] S—parameters

71 918 overall GSMZ

ol

yebdict vjdeke o] overall GSMS #H5

42 1, o #;IY FEKO Suite 6.2 AEHNAS T3 I S-
parameter #t= Hls I E ASsHATE
S-Parameter
0.2
gO.l gs E0.1 0.2 03 04 05 06
£ .02
;EV
-04
=
-06
Real

XGSM OFEKO

% 2. S—parameter B
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e

= 2

i<

19 2+ overall GSM¥ FEKO Suite 6.25 o] €3}

HOL/_\]

—n
o

% SiiHH Sip7bA e #he vlwsk ot A2 thE

ne

g At AAFE B Uk mebd SUE I RS

+ .

4.1.2. Mode Coefficient

2 (12)-A3 A & 5 A%, AMddHE Sl des A
mode coefficienti= overall GSM2 Tgeb wlgteve] 7zt XE=R
o7k ve woE doAE 7 JPEHSIHUERE UeE mode
coefficientE  Geenter 1 wdll  HIG<tHL  center? HuFo=
HAEA o ZA A& 4 9tk ©]F FEKO Suite 6.2A 8w ]S &3

AL v ete| ;2] mode coefficiente} Bl O 2 TeEs =3t}

Mode Coefficient
0.6
®
0.4 ® ® %
o 02 2
= X ®
S 0B R B3R PR VR VR JR/R J/IR
g 0 X 5 10 15 20 25 &
z 02 D
- 04 e
06 by X ®
o Mode number

XGSM Re XGSM Im OFEKO Re OFEKO Im

I3 3. sl etEl Y] mode coefficient
19
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et
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4.2. Characterization of 3 X4 Dipole Array Antenna

4.2.1. Active Impedance
3X4 dipole H]ERFEH|US] active impedanceE® otH7] $13,
HA Z4zEe] QEH|Y portell Q17FE+= incident wave vie A7]E 1=

== ZF oporte] MY, Vg A (100 olgs] ¥ 13 ol

ol
20

AT,

=

Frt

Port Re(Vy) Im(Vy) Port Re(Vp) Im(Vy)
#1 11.314 -3.721 #7 11.582 -3.619
#2 11.589 -3.852 #8 11.311 -3.217
#3 11.589 -3.852 #9 11.314 -3.721
24 11.314 -3.721 #10 11.589 -3.852
#5 11.311 -3.217 #11 11.589 -3.852
#6 11.582 -3.619 #12 11.314 -3.721

¥ 1. wpdetely 2 porty) A< V,
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a9 3% olgAl dofxl Vst A DS olgsl ¥ active
impedance Z %t¥ FEKO Suite 6.2 %3 d& Z kS Smith
char’dell vlwste] veEpd Aelth. o] W], mutual couplingo] $&
749-9] single dipole antenna®] impedancet 47.984—-35.071 Qo]|t}.

Single antenna® impedance®} BlwsPS wf, HHEY} 719

il
fot
o
o

mutual coupling® @ <13 W3t QFe|L}e] active impedance
F om, 1 S FEKO Suite 6.25 o]g3] 42 a3 dxgs o

ATt

& FEKO
X GSM

N (Z=509)

#2, #3. #10, #11
Single antenna _ 2 46 #71
MLD N ; %

41, %449 #12

13 3. Active impedance Blx A3}
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4.2.2. Active Radiation Pattern

a8 404, A (14)& F3l =F% 3Xx4 dipole HjELH LS
active radiation patterne mutual coupling®] & %A ASFS w9
radiation pattern 2! FEKO Suite 6.25 %3] 92 radiation pattern¥}
Hlwst 435 Yepdoth 1% 4 (a) 9 xz—plane ¥ (b) 2] yz—plane

TS5 A mutual coupling®] Sl A9 B3, radiation pattern©]

&
o

e B 4 3len, o] FEKO Suite 6.25 Sl ¥ Ays}

e

Erass

h Oy
c O o

E-field (V/m)
(3] LY EeS
o O

Yt
o

—>—GSM O~ FEKO % W/O COUPLING

(a)
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yz-plane

E-field (V/m)
8 s B 8

—
o

——GSM O+~ FEKO % W/O COUPLING

(b)

I3 4. Active radiation pattern 8|1 &3}

(a) xz—plane (b) yz—plane
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4.3. DOA Estimation using 3 X4 Dipole Array Antenna

4.3.1. Induced Port Current

Aty 2FolA  plane waveZt YARS=E A-f-ol disl
measurement matrix AS T3]l kA, 2 (21)E ©] &3l induced
port current® E=3] HSIt}. Dipole antenna?] radiation pattern
gk wjAE7] Y8l 10 V/me  y—polarized plane wave”Z}
WA etH Y A0 ZRE (00, 90)=(0° 270°, (30° 270°, (60°
270, (90°, 270%9] WA Jare uwfell sl <FEIY porte
induced current® T8}, ©]E FEKO Suite 6.2 AlE#old A¥el

EIRTAS RREEie )

1% 5. Incident plane wave,

(6o, p0)=(0°, 270°), (30°, 270°), (60°, 270°), (90°, 270°)
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(
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]

A2 skS B 4= Qlt}. whEbA overall GSM= ©] €3 mutual coupling©]

1% port currentE J&3] EEATS & F Ut

4.3.2. DOA Estimation for 1 Incident Wave
e]F-oA 10 V/m A171€] plane wave 3 7H7F AREE wjol tifsj
phase delayZ ©]€3 measurement matrix AS TFAI FH, 2

(29) 2] BPDN & 18=2 AFE-3}o] incident angleS 3743

(b
"

s}

1>

=

(25) ¢} o] overall GSME ©] €3] measurement matrix AE T4

-

=, 9] BPDN & 18]&% AF£35to] incident angles F743 A=

vl w3tk o] w, 4.2.1.7 w}xb7FX| 2, dipole antenna® radiation
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pattern G&FE A7l & y—polarization®] wave’} ¢ =270 ° 9]

matrix A+

Estimated angle (°)

ko g gks WA 7] A= Aol tEl DOA estimations

. SNR< 20dBe] 3., BPDN2 1% 10 7o]9, measurement

1° 7+4 9] resolutione 7FA T},

Phase Delay
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Incident angle (°)

(a)
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Overall GSM

Estimated angle (°)
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I3 7. 1719 incident wave©l] ™3t DOA estimation,

(a) Phase delay model (b) Overall GSM model

Overall GSME ©¢] &3] measurement matrix AE JFAste] d&
a9 7—(b)e] Ay} dutkAel phase delayE ©| €3] measurement
e}

matrix AE 7% €2 149 7-(@ 9 dHEug ¥ s & F

.
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4.3.3. DOA Estimation for 2 Incident Wave
a2 A AlEHoldT Fdst oA (10 V/m, y-—

polarization, ¢ =270 °, SNR 20dB, A=10"7, 1° resolution), BPDN

ik
]

g=2 o]ga F /M9 incident waveol] t3dt DOA estimations

2
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].
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DOA estimation 7]¥¢] mutual coupling®] EAToT Sut=7)
AT & g Ak

4.3.4. Comparison with MUSIC Algorithm

F 709 waveZl 4 AlEH oI FL A (10 V/m, y—
polarization, ¢=270°, SNR 20dB) (6:, 602 =(20° 70°9
o 2 HE QJAER S W, A9kt overall GSM3} compressive
sensing 7]HFe] DOA estimation 7| ¥ EHZA O F ARgx= MUSIC

ot g]&E o] €3k DOA estimation®] ZA¥E vl dle] Wt}
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NEeE WSl mutual  couplingS 1#lEA] %= MUSIC

etyrg]Fe] wEl, ¥ =& A A<kst, overall GSME ©]€3] mutual

coupling®] 3% compressive sensing 7]5Fe] DOA estimation

7IWol o A&st d3s =Eslvh
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Al 5 & Conclusion
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Abstract

Characterization of Array Antenna and
DOA Estimation based on Compressive

Sensing using Generalized Scattering Matrix

Hyunwook Jun
Department of Electrical and Computer Engineering

The Graduate School

Seoul National University

This paper presents the characteristic of array antenna and
direction of arrival (DOA) estimation method using generalized
scattering matrix (GSM) and spherical mode analysis.

As the communication technology have been improved, the
array antenna have been used much more generally. In the array
antenna, however, mutual coupling which degrades the performance
of an array antenna is included inherently. So, understanding the

influence of mutual coupling is important when an array antenna is
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used.

The overall GSM of an array antenna is composed with a GSM
of an element antenna and the dimension of the array antenna. The
result using it includes the mutual coupling of the array antenna. In

this paper, the characteristics of an array antenna which are active

impedance and the radiation pattern are analyzed using overall GSM.

And it 1s verified with a 3 X4 dipole array antenna example.
Furthermore, compressive sensing based DOA estimation
method using overall GSM is suggested. As the measurement
matrix is composed using overall GSM, the result considering the
mutual coupling can be obtained. It is also verified with a 3%X4

dipole array antenna example.

Keywords : Generalized scattering matrix, Spherical mode, Mutual

coupling, Compressive sensing, Direction of arrival.

Student Number : 2013—20873
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