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ABSTRACT

As a countermeasure against the threat of jamming which can disrupt operation of the Global Positioning System (GPS)
receivers, various kinds of technique to estimate the Direction-Of-Arrivals (DOAs) of incoming jamming signals have
been widely studied, and among them, the MUTItiple SIgnal Classification (MUSIC) algorithm is known to provide very
high resolution. However, since the previous studies regarding the MUSIC algorithm does not consider the orientation of
each antenna element of antenna arrays, there is a possibility that DOA estimation performance degrades in the case of
a misaligned antenna array whose antenna elements are not oriented along the same direction. As an effort to solve this
problem, there exists a previous work which presents an MUSIC-based method for DOA estimation. However, the error
between the real and measured values of each antenna orientation is not taken into consideration. Therefore, in this paper, the
effect of the aforementioned error on the DOA estimation performance in the case of a misaligned antenna array is analyzed

by simulations.
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1. INTRODUCTION

u]=-9] Global Positioning System (GPS) 0. & &= 94
FHAIARE 24 £5 F-6k= 30017]9] FHAL S &5
AAFA o2 2], T D A FEE AlFohs AL 2A
(Kaplan & Hegarty 2006), At AFgloll Al A}, $4l, 35 5 Wi
- TheFRE RokellA] AAA 0 2 8= Qirt (Lee et al. 2009,
Blanch et al. 2012, Rhee & Seo 2013, Seo & Walter 2014, Song
et al. 2016, Park et al. 2017, Kim & Seo 2017, Lim et al. 2019). L
2L} 20,000 km ol AFe] e & 914 TER Aslel, Yoz
R 38 P ASE ATH T2 241 4717 Qg
YU %}-2(thermal noise) Bt} & HE 2 vl ofslo] o] 44l
She g $4171% Agole Belt o= A9l At make] ok
st ©d o] 2%} (Son et al. 2018, 2019, Rhee & Seo 2019,
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Park & Son 2019).

ol gk Aol th-gs17] $iste] Yakshes AW A S E FHafist
L 3 2154 e] 9} olEo] (Seo et al. 2011, Park et al. 2018),
1 4150 Zefzhe FgsHs Al e 7|jjo] &dshA A+
E 27 9l on] (McCloud & Scharf 2002, Gao & Gershman 2005,
Wang et al. 2006, Yin & Chen 2011, Amin et al. 2016, Wang et
al. 2017) 71 & MuUItiple Slgnal Classification (MUSIC) &118]&
2 o 7ol Hish HlnA 52 Bzt 24 P Hol
= Aoz dedx @it} (Schmidt 1981, Porat & Friedlander 1988,
Friedlander 1990, Odendaal et al. 1994, Kundu 1996, Le Bihan et
al. 2007).

7|&2] tfREe] MUSIC garg]E 7I8F 7SS uigd Sre
o] BE QU At B FUT 2! 5
Zh= A& 7VEslRE, Bzt 285 9t
(spatial spectrum function) AAF A] Q¢
AA Il A ZF QEElLE Ao 4441 A15.9] Q4 ks alEs)
o Eq. )3} Zro] FAE T} (Farhang-Boroujeny 1998).
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&n(8) = [expljBw, m(8)]  expljdwm(®] - explidwoym(@)]]" (1)
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Fig. 1. Coordinate system for the N-element misaligned antenna array.

3 r,.(0E Eq. 3 Zo] LeRd 4 It} (Goossens & Rogier

2008).

Tum(t) = {KGp(6) " Ep} s (t + Awp,m) (3)

A71A K= AW Al5o] Yk uieF 9 Hatel B5t vzt

o131, G,(6,)& milA) Y A150] YAt ol ek miA o
Hu 221l o] W HulE UeEl+= complex radiation field
functiono]n (Kildal 1999), Aw, = Yol ek nHAl relLt
Ajol] 24150 mitin) A A15.0] 91k Lhepiich. Fig. 13} 2

o] yz o] vj x| ¥ Hertzian dipole v LS 7S 4
29] G,(0,) ¥ Aw,,= Egs. (4-5¢} Zro] = 4 3t} (Cox
1983).

G, (6,,) = eg(sinb,, cos b, — cos b,, sin §,,) (4)

2 -b
B = B2 Bm) )
m

AZIA A, = mAAy Y A1 5.9 wpho|Th Egs. (2,4)F Eq. (3)°ll
sk r,,,. (0 Eq. (6)3F o] 2.

rn,m(t) = K sin Ym eXP[i’?m] Sin(gm - n) Sm(t + A(‘Un,m) (6)

17|14 E,,,=siny,, expljn,, ] sin(0,,- 8,) 2L A €J5taL, Eq. (6)2]
rum()7F 2 2} Qe Axtol A7 RF chamOHAH Fat4g xo]
92 MEYS AR T ogAdsld Ay A5E r,, k]2l 51,
7, [k]%= Eq. (12} Zro] THFTH (Park & Seo 2018).
Tn,m[k] = (KFn,m)sm[k] exp[jA(‘)n,m] (7)
AN o2, nHA QY 4ol g4l=o] T2 EslE mH
2 AT Al i ,,m[k]% Eq. (NE vepd 4= Stk nHaf QFellLt &
Aol Al ~AlE o] RSl F M7H4 Y As g A Qe
u a2ke] A sk 459 T8 u, k]2 SHL, ulk]E u, (K],
k], -, u, [k E UAR Zh= Bi‘EiE olslH, Eq. ()& o] 85

o] u[k Eq. (®)3} o] Uerd 4 9ct.
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ulk] = KAs[k] + 9[k]
ulk] = [us[k] uz[k]
O[k] = [91[k] O[k]

uy [k]]”
On[k]]" ®)

03741 9lk]&= 3 HElo] 2L, 9[k]9] 2+ & 9,[k]= nidA) Q]
U Aol 2] hgolct T3F Eq. (8)lA] A H s[k]-& ZH7 23
Y (steering matrix) 2 A% 415 HE| 24 Eq. (9)9} o] Liet
Y £ o)t} (Park & Seo 2018).
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Sk WA, 241 A5 B4 AP L Eq, (003 et

R = QAQY
Q=[Q; Qy]
Q=M1 V2 Vu], Qp=[YM+1 Vm+2  Vn]
P1 0
A= P2 (11)
0 PN
1714 Qe Re| AR EE & HE R ZH= iPoot, 7S &
AL 8l EE Y 4ls 2 Fgo] AR FHola BE a2
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o 17
Additive White Gaussian Noise)o]2}1 7} gk}

£ M) A 157 YASHE A9 Re) 1oz D 18 4
B Fp2p22p, " vy, vy, v, 12 MRS Y A1 20} o
SEu] i) 182k 3 REAEE o) thg AT B RS
R=RY0|EZ I{3F Wl Al BE fghe] &Fo] A4olal, B
£ n4uEiSo] M2 Jushe 438 7L, Qo o B2

(column space)2 Q2] & w7t} A& 2| w ket =35k Farhang-
Boroujeny (1998)oll4] B31 e} ZHo|, YA} A1 S Sof thet 23k
B7He 4344 (span)st

&5 4 9t} (Park & Seo 2018).
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Fig. 2. 10-element misaligned antenna array for the simulation.
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Table 1. Positions and orientations of the 10 antenna elements used for
the simulation.

Antenna y z ©)
-0.3854 0.3854 -45

—

2 -0.3126 0.4464 -35
3 -0.2303 0.4939 -25
4 -0.1411 0.5264 -15
5 -0.0475 0.5429 -5

6 0.0475 0.5429 5

7 0.1411 0.5264 15
8 0.2303 0.4939 25
9 0.3126 0.4464 35
10 0.3854 0.3854 45

Table 2. Parameters of injected three jammers.

. Polarization Intermediate
POAD) () frequency (MHz)
Jammer 1 -35 (45,-90) -1.11
Jammer 2 40 (45,-90) 2.05
Jammer 3 50 (45,-90) 0.57

5. CONCLUSIONS
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Fig. 3. The RMSE versus o for the given jamming scenario. (@) JNR =5 dB; (b) JNR = 10 dB; (c) JNR = 15 dB; (d) JNR = 20 dB; (e) JNR = 25 dB; (f) JNR =30 dB.
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