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A model-based channel estimator for correlated fading channels
adapted to a multiple-input multiple-output (MIMO) system, estimates

a coefficient vector of a channel matrix for a given angle of departure
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(AoD) according to a plurality of received signals, a plurality of
transmit pilots, a plurality of known model orders, and a plurality of
predetermined bases for exploiting time, frequency, spatial channel
correlation among a transmit antenna array, and spatial channel
correlation among a receive antenna array, then estimates a mean AoD
based on the estimated channel matrix. The channel estimator
estimates iteratively the coefficient vector and the mean AoD until a
stop criterion is met. Then, it reconstructs a channel estimate by using
the plurality of predetermined bases, the coefficient vector, and the

mean AoD.
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CERBALA ¢
€LY EXT LD
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ARBEHMN AR S BEOBA AR AE
et B BB A H 0k o

AT H ]

HESWBKRAKT N ERAE T EBILE
SRERMMGERBN ABRBE ALY GHHE
B CEIRA E XI5 % T(orthogonal frequency division
multiplexing * OFDM)#% 4§ ° ££ OFDM 4&4f ¥ » #| A #
HEOBEFLZBERMBIBASEFE MAAFERUAK
WA F AL o 3 B 0 &8 % 1b(channel equalization) % #F
a4 B &% ¥ {b(adaptive equalization)$% 47 82 B 4% 7%
MESHREAHME - & OFDM A4 ¥ > HdER SHA
% & 4 (multiple-input multiple-output » MIMO)#) # #if
T AN B AR B E - MIMO 445 £ #I R 3] T /R AR
SEIME c BB R AR MIMO % %t — 4§45

TE b EA S MIMO 244 £% kK B HARLA M
@%%iﬁ%N@ﬁ%kﬁﬁﬁ%*@%ﬁMﬁﬁ’%
BIMABUORE A FERE - BIE X RE38 MxN 15 &
HBE HBE  REBRANOHE Y e GBS
ZERBREW -

ReghfdmbikmERl Lt X

(multi-element antennas® MEA) & 48 4% 35 88 =T LA & 37,80 &8



201249129

#) % ¥ WK & (capacity gain) ° % M % I (spatial
multiplexing) ¥ #f » #k0 A @ B8 £ # & % 85 (Bell-lab
Layered Space-Time > BLAST) A % @ &£ ¥ & &9 #4 4
(rich-scattering) 33 F T Z 2| k¥ H &9 4Rk & - 124

TS EHHBRTUHH AR H e ARG R

PridiEAa R tE o

AR g R R — 18 MIMO 484k % U3k 48 # R
by % &M RERF 0 %2 48 B M (spatial correlation)#% & 77
f BEFRMER - TRAAMBERANHELYE > Lo
R 8 8 B 2B (spacing) ~ X 4 89 % $F(arrangement) ~ A &
A AT 771 (scattering distribution) © X A48 B £ &0 T 48
E H B R 3 i 8 (sub-channel) # 8t & » MK T $A 3% 3%
FofE2 B E#OAR EE A B - — B F) S ¢ MIMO
BUBEE-—BREHBES T RiBTHELGES
(critical operation) * AR S AG B ML o RIET
FOHREAFRBHI MO AR EEERASY  20E
B J 3 #3533 A 8 4 TR 475 B (precoder) * 7 R AR R,
(feedback) 89 MIMO 42 4 P &2 R BE Ry 5 ok
(throughput) 3% & /J» 3% %8 & (bit error rate) °

& 78 4R 4 ¥ Bh (pilot-assisted)MIMO i %4531 % 2
#5148 55 o 4o > — B 22 3L MIMO 38 18 &) #% 2R 4 # (sparsity
structure)#9 4 7% © ££ MIMO OFDM & 4% » 7T BA$k B
— BB K R — A B L E (placement)Fo 48 At 5
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% BC (allocation) #2 A& ° R # MIMO # 3% B ¥ 48
(inter-symbol interference * 1S1)i@ i& &Y M BB E 3t - &
WET R —REA B AT KA TR RS
B o EUb R P 0 SHEEF 0% 69 TA %45 B (precoder)
R AR 89 55 £ 3R 4F % (codebook selector) 24 B &
BRIk -

A XHBET MIMO A4 B EL B %
AHE B dBELHANBRITYH—FHEN G
3% T A — & F 7 (least square * LS)#) ¥ ik A/H 8 &
(zero forcing)#) 7 7% R 3t B 48 #& 89 (coarse) il i £ 3t (%
B 202) ~ $i4T — $A3R3E # (frequency domain interpolation)
25 (5 5 204)§'J$?§5§i%§‘éﬁ(not excited)®| & ~ AR
Y FHHZECTH 206) c R TRELHMMET 28
BHBTRE—F 3 E R E F £”(noise variance)dy f&
oA —EREAFENERTEM G RAYRLY
ROSE - BT FEN— TG S RN
mge)(final)@EFFTHEH—REE B (FHH212) b
% &7 B 8% — & ¥ (tone) &9 1% 3% 1% # 4& M (signal
transmission matrix)48 T (F 5 214) © U R HILIEBAA#
BIOFIR(F AR 216) 0 RHEEHRURRITERT F£4
T (noise variance estimate)(zF 5% 218) * 4+ ¥4 %3 64 1A
SEHBRBUHOBRETERBLRABRNEAK - AR
A BREERERANBESHSE -
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A= X8 E— BT A S B B (reduced
rank)@ 8 53t 94847 - 4 K =B - s A A SR
ZRe B/ R— AR ool 0 RIS HTE > Qi
BEMRELEG R 310) A4 24((full .dimension)
BES (T 312) AR EREY —HH £
(covariance)4E e (H 8K 314) - B — S oM F £ 4
B AERRTTUARRBE RN BESLS - R
AR AR %K ETER (full rank) R 4 5 8 ¥ (F %
320) BRAIMERA—MBMBERRITE  aFFitaEF
% (R 322) ~ AR AE S IR i i % B (F B 324) -
it EBBRE SR B DB (F R 326) o AHH AL
RGEBBXRBICENBHEEFRLEAAERTHEL - ®
RA — 8% A& A R 7B 8F 8 (real time)i@ i 1&3t

LRG3t P 0 F ko383 4K & B M (channel
state information > CSI)& T 1% i BF(F24E & 48 oy R 48)
B # (closed-loop)MIMO % 4t T 124t & 89 5 & Fo 34
A - HEARBOBAFT ETRAREIK CSI %K
(bandwidth) % K o 4t # 48 B MIMO BER D A &3+ 8
WE PR MDD B B G — AR AR A L B
WA/ RIARE R 0 RF AR fo R R A8 M4
e BE L 4 MIMO 42 %R BT A A 2R
E -~ UREFRI A MM LR E BT S

[(#AnE]
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ARBETHREFTRE—FFAAMERE R B EHHEA
AR AE A BhoRBRET k-

FriBEY — R AN — ANt EEEE
R R B E R AN R A REAENES

— 3 % R 44 % %) (transmit antenna array)fv — 3k X 48 [
% (receive antenna array)&y— % # A % & 5 (MIMO) 4
oo MEUARBESH B LS —BELHAH B
(estimator of channel parameters) > AR —{&3t £ £ 71
(estimate reconstruction unit) o pbi® % £ $#4EH BARIE S
B IAZ 3R ~ % 18145 5 AR A1 % (transmit pilot) ~ — 47 4 i@
18 4% %! (derived channel model) &y % 18 €, 4o &9 45 7 P 48 3%
(model order) ~ ¥A & % 18 78 € & J& (predetermined base)
R — 4 & ¢ 88 /A B (angle of departure > AoD)4 3t —
8 8 48 2 4 — 14 808 E (coefficient vector) » b S EFE X
ARBERAEILEGR B F - —BFHRRERI ey ErHE
EARRMAE ~ AR — M R IE 5| R o 22 i s A8 B % -
RERARIBAA T BEER RS —F3H AoDe £ 9 3t

BB B EH A LA B G EoL T4 AoD HE]
R o A EREAAALSERELA
B ABEE ARG AoD RER — @B 3o

FRiBEE 7 — T sl TN — AR

JE&

% 1 1t
BEA AR B EA S e AN E A REBIENE
A BERGEI I —BRRERI G — S /A S H
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HMIMO) 4 &t - sk R R BRI F ka4 Hd
—BHEERARL —TABEBRY G S EHA PSR
(model order) ®ir:Kr: K1. Ke 28 gy j — & 4R (iterative) F
ERPAT—REERE —ABAE Coef 49— 153 Fudh
IT—BF A (AoD) ey — 153t - 3t B &% B — 5 4E 85 8]
5k B R b A A AT ey iB E 43 H & Coef Fo
AR VLA R R T S L
RER-—o@BEMST HUEFQ 0 —RARER
Qe s AoD sb47 4 BEMA R E BT LIS EAK
w5 Ax, Uk, Uxofo Wxe mATE B LS EAKER
Uz, Ux,, Ureso R@r. 5 5] A R 2 3 05 7 38 35 48 B
M SAE BB - B ERGKRF Mg 2R BEAR
BAME ~ ARSI R ey 2 @B MM

B X — R MDA E — B L RIER
) —HWOR O LR PUR B RN BR — B E RG] fo—
BURREIG— F A S 8 EMIMO) 4 4 - st ik
3% L2 — A A PSR B A 2t % (model order estimator) B4 &
— A K i@ #E 5 3 B (model-based channel
estimator) o JbAERIIT F| BB B A S BRI R B -
SbAR A R 3B B A 3 BARIE £ BB IR - BB £ 4R
B~ —ITARERA L S AR AY - AR 518
BREE > RYE - T8 A E(AD)Et —1BiE %
o) — AW E > WS ERTERSH A A A -
BE S —BERGRIIMEMBEAANE XA -
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MR SRR F] R 6 22 Rl i@ AR A - R4 pbAE A A ot sy
3T BARIFA T 9B ELE R RS+ — F34 AoD- £+ 1t
BULRBELGH S TR A M ARAG T TY
AoD > H B 6 —1F L5 o EAA P L4540 0 sk
BRAUARRBERFAEH ARSI BERCEE - A
R AoD 0 REZE —AE A o

LELATIE T Frls2ziimRAR ¥ i
#E o FLEERRIBE 2 A E BN L o

[F3#%5%])

f B H MIMO #) OFDM % #.(3A MIMO-OFDM %
SR E) 2P (full-rank)® E TR KBS ARE
28 HRRWREREAANEGE - HAEHE R
STUBEALEER > MR R0AMERTR - &
B BRAEZHRETRHARRIFE -  RIBETH
OIRBT AN LAY AR
B-RESBORH OB BEGROTHHBEAE
(AoD)fE 3t » MR BB E LB 4E4% > oo P ~ 45 %
Fo %2 B AR B 1 |

AT RREG T AR E RS BEANRE iR
BHITEME—H MIMO @BBEe R AR o =
HREHBFZ2(ABHME) O D ERRNFELH TR

(non-parametric regression) R4 » it B & & — B FH

10
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B F3 AoD IR E R A LB E S HABR - &R
AR EBEMEAY RS BERKEE N(CSDE
i o ST BATE AR R 4R 38 38 (feedback channel)®#9 % & E K -
B RE M MIMO % 46918 848 B fo -3
AoD Z BRI RIGH - Bt TIAB R A RGN RBHNE
ReBERRE - RN AEETREHTUARBE
=8 CSI AT B> £ K 5 BB T RALE B B
fE > AR btk B i@ i 15 3t (post-channel-estimation) #4
R IE -

- EJERSL A 89 BF - % (space-time) R 4k 89 % B Fu — A% ¢
MIMO # W fEREAUZ  HPNSE MM
(spatial-correlated) & # 3 #(block-faded)MIMO i 3% #
—MBERATHE LT - flo £—BAFREX G4
& (continue-type pilot)# 2 2 & - # & B A M @4
EREF N BHEERGOSLEEIINSM)S —18 k &
& MIMO-OFDM % 4t © #¢ A 33 (base station * BS)
#3478 369 & 4 P 7fi(data stream)Xn(k) ©

Xy (K)=[x; (k) %, (K), -, x5y ()]
2P
xK)ERE I BEERGHEANEER -

k & &) 4% 35 4% (sub-carrier index) °

n 5% BF ] 45 4% (time index) °

M & % 3% R 87 49 48 #(total number) °

[ ["R&%E R F (matrix transpose)iEF

1
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A HEWOR - BB R IER F B (cyclic prefix * CP)# »
AR — K &k 504% 3 3 % #(K-point discrete Fourier
transform > DFT) * & — EM B RGIAZER > A4

Y, (K)=[y,(k), y, k), yx (K)]”

HEP o vORARM T HE kB RASHE j BBk
REZN B 91258 -

BEBEFECP)HREANREN B EFHEE R
(channel impulse response) ° B #b > 7 % k 18 8] #& a4 3
MBI Z 3R T R A
Y., (K)=H, ()X, (k)+7,&)

E¥

Y, ()RR nT > # % k BaIHAH Nx1 BkhHE
(receive vector) °

X, AAER nT #& k BEal#de Mx1 Bk g
(transmit vector) °

7 ()& — B3 18 (zero mean) Mt Aot & £ & & & (additive
white Gaussian noise * AWGN)#) Mx1 @ & -

H, )& NxXM 69483818 38 & B 4 1% (frequency domain

channel response matrix) °

RS BA BRI AE—BAER > #E 0
BER k-1 BaRAAMERAOBRU S ETUETA

Yo =[Y.(0). Y, (1), . Y, (K-1)]

12
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£E¢
K R 3R3K F &9 — B & 49 K> (observation window size)
YA nT » 7 K188 0k &% Nxk 3K E 1 -

XX R nT » # K 18 8§k #9 MKxK % %46

HRADNA L - BREET > HER] oT 20501
(n+L-1)T Ffr &l & BRAR & & (sample vector) T SA & 7 &

YL’-'[Y§= YE*I 27 Y§-L-1 ] )

H; =[H HE,, -, Hiia]s

< .
X; 0
K
XL = }\n—‘l
K
0 Xpr1d .

WRAFLABFEOEE > FwBRARMBEe— Tk
#BH-Be—TEE  WA— MIMO A% L% - 5%
iAo Z RIS E R BEGE - AP MIMO 248 %
H#eL3E K 18 81 84 Fo L 18 85K (time slot) ° Bk > $A3K
MEEA K S s Lo £ M EHER N

BEERGHGEMET 2 PRREE LS M 0 N it

Ly
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Z R~ B B o SRR AR B T A6 & B K 4B R (unitary

matrix)/F iE %X #3#% (orthogonal transform) °

\-'EC.(HL): [QL,KL ®QF:KF ®6T,KT®QR=K3‘J Ccoef

~ T Tyer
QT:KT =QT,KT W
\\"1 0
W= A
0 “": 1
HP

Qy RARMHEABBRET AN —L-g AEEMR -
Qeg, X AR UELRFHBET A — g AEER -

QA R4 — B 22 R 4 Bk 3] P 2 2 1 i@ AR B
89— M<K IR RIE R -

Qup, FARME—HU KK M 2 % M@ 48 M
B — NxR ISR AER -

Coost® K KK Kex 128 E & > 04 Ll AR 9458 -

5 A—M-KIER > 4 — %K KF AoD B -
T.ET

W & —MxM# A 4 % (diagonal matrix)’ &4 AoD &
w e = 1x1 AL # T F (unit modulus entry) £.%& AoD
=2 s

A3 e

®7& — Kronecker & # i& ¥ (product operation) °

14
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vee( )& # E1t3& F (vectorization operation) °

K Kp K K RO B R E > MmER, Hri

TK1

MM EXERQ, , PAF EMBBLFH—H A
ERW AREBETEEGT > REHFME K (SL)
Ki(=M) Kr(SEN)BIEBLERQ o ~ Qg F9Qpqy RIR
REXER Q> Q> Fov Qr» B HBESI I 21
ROBEHRE R OEW AXBET RS TS
— %R

e

BB AR AR BEA R EHAE

o)W MARIBIE T B 45 § & E(steering vector)
UREBHRXBEHRIL - A T Coo0i8 B A PSR
£ A48 B F A I T T dwy pimmfuc PN R K 4
HEAREBEFMFARNTFE) > Bt PIpE b
FFRERS—BRE A PBRREBRDEF A5
53t AoD B 3fUfo 75 & & 8% 0 R AE 7 ) 48 [ (directional
matrix) w,, i=enfo & 44 4 $k F o ™ A T LR A
B o REBRAMBEG —FHEEp—BRY—TER -
HA—FEBMMER L BEYHAN AR BE RS - 22
FRAB Y AR BEMSIE 500 T4 —iBiE

SHAEH B 520 F0— 3 EZE T 530 °
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BTHEH— MIMO @il > AR IR > FFRFo
RlBEMMMEORRERTARRETY -l —RREER
Qyx ARMEFBBENGITA  —RRERQ, ARK
ERBRENTH » — REERQ, , ARG L A %2
MM —BRERQ, ARMERUEM MY - &
HAEWER Yo HHEAEAMSE Xp> CoBYMAR
K. Kp.Kp.Kg " RBRBAREEQ y  Qpy, * Qi Fo Qg
BB S AT B 520 £H— L F 89 AoD 522a fE3H i@
BRIy BEAY 522 RERIBAHT B ELER > 4
t—F3 AoD 524 - B L AEI B 520 EH b A
EAAH 522 Fo P34 AoD 524 0 B EIHR — B4 o

HERETS0EAQ Qeyx, REZ—

QF.K: ’ GTK ’
AT

WM H FoBEAH 522 4 — & &4 3 (final
estimate) ° A BRIEMRQ o * Q. Qg * Qg TR

B (offline) ¥ 3t H 2 -

UTRALLZZB OBV AR BESH B P u—
BRERPUTRERH Y86 - £B—BKREET
S BRET O RMEMEE > BPo R ARG
AoD 163t ° F iR — 5 Fe5 > b B R IE2E F3E - B do
A7 L R T AR E & A — & A £ 4 R # (maximum

iteration number) &, — & /s £ £ £ #(minimum difference
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update) ° FANBRAFBEH — T ses — ke —5p)
AR RA— RN R A BE R AR RSt

T ik o

SEFNBOES > FwkE(FHE 640 FEHRE
F-RB)FEDE REUREZRETF B —
BEMPIBE W RRERRBR—FNEE B H
EP @B E—RERIITE - ETHE 620 LS |
REBRTOBEGUMS) D2 RERPITE =
FEE(F B 630> PP % | REBAR T 89 AoD #3t) - sbid
PEBBESH T AN ERABL T - BA Bh—2
REGEE > Bldo — M5B 438 Bk (rank estimation
algorithm) &% — 4% &! By & $ 4% ++ /% & ’% (model order
estimation algorithm) * ¥ —#7 A &y BHEAR - AT HA
M3 Ky~ Kr ~ Koo Kp(F 5% 610) © s BR T30 B
BRTR - fldo o w0 RT3 B PR B R T A
Pris At tEAE 4R & RISL I BRT 4R A — s Bl T ey A 8
BRURTW - BT HBE—RBREF > I =]
ABAT H BR 620 Fo 5 B8 630 - R4 2] 5% wik & R¥4iT 2
RAZA- BP i=i+1 > 2L BN 1 69185% 2] — 48 FR B (limit

number) ° RERER  ARBEREEEREZ 24
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BEMRSH(FH650) - WBERHH TEE—HERE

FZ4T 7K F:

\-'CC.(HL): [QL=KL ®QF,K;®GT=KT®QR,K}~J Ccoef

s A e e i@l AE st BBl st AT U BAR
Bl BRI B B A B S 3 AoD 163t e91E % o LU T it
R — S Bfo B Mg o T B ERAR o

F— MR —RE AR

BRRTT RSB R R4 0 BP » B sbi@iE

ﬁl’F’I_ (i-1] =\Krﬂ_ optim e

HB AR H (LS Er A

Coost' = { [(Wn i )T (QL:KL BQr g B, )]T Qs T} vee(Y,)

W 1 @Y

1 0
L = ]

0 erwrs
2P

( }Tfi T EAUR 9 (pseudo-inverse) & E -

% — FLMxFLM 4% » ¢4 3t AoD B W °

ﬁrﬂ [1' 1]

£
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R—MMER  RFEE -] RERBAGH W3-
Wv[i'll

g ___ £ E—, ,"‘ . ;’-» w L fo L

7 :KI_,:KFI{TIiF\’,":1‘lj = %T&% ! A%/{&%i)%:éﬁccnaf
P (N )
C.

coaf

B3 R, umntt — BB £ B | R BRI
ENRETRERRTA » AU BREH  RAS

ﬁfn‘ ["1 ]

. o
Y7 optimum
W FL

# M —AoD ﬁ;éf(ﬁ €15 31):

L —PEERARLL . ST A B BN R EARG
AT Ay B R E R —HHYER

[i-1] — optimotm
—Ceoaf

G[i]
Cc oaf

%o F AR e

’

. = [ T
G[t] éQR_KR CC caf (QL,KL ® QF:K;'@QT,KT)

¥ Ry x g BH BTARFREMR

= Ii]

coaf

,

= i- —_ ; 7N ‘:P -t T s 1F T Tr °
oo 6= N (Rr (G-1)4) 1<Ky, 15j=K; K7K¢

capRERMF T R jFlGAT LR R
li-1]

coaf

KeK; KKy X 1

Ol

Heomri B

& [i-1]

coaf

& & "éE@T[i]ﬁU T AT o
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T“]_A.[(lm ®‘Gm) G(XL "1y, )]( Ir.L ®Ly)
He

E}ﬁ‘%‘ Hadamard #5698 E -

. & — & —(all-one)4E & - Bp °
1 .o A 1
lF‘-L: [:‘: . ;] IN'-], = [;}
1 - Upg Uy
I‘{f&" ¥ {3 48 M (unit matrix) * BF °
1 0
1M=[ ]
0 1 by

A% & — KR &9 (root-finding) ] #8 3% 2| H 1 4843

&3t (phase estimate) * 4o F A5 o

4] .
Z =argmgn||Z|-1|

~H H
s.t. P(Z)=2(T" vec(Y})) Z-M=0
EP Z RA— Mxl @8 RAE—Ko @ 2 #43

Z=[1.z.2 .27 "
SURAE S | RBRMEIHER > By

A O O R

1
¢ AR K H (Hermitian) 4B K -
0 &R ABALBAMR (phase extraction) * & H 4o F:

& (ag P .a,€”1, 2, %) £[1,5C1 . 5] for X eRFT and b X €[0.2m) °
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% ] 2 P #& (minimum problem)& K 4% P(z)=0 LA4%

2] M-1 184R > AR&H M-1 BIAR 35 3] — 18 55 R A A

& B 49 5 4F 69 4R (best one) * BP L F I RBREFR
i

7 0 4B 0T Bl ey F 51 R T R4S -

r 0
<_|  2f

W

Lo Sl

APk H i RERBAF 29653 Roueh— 7k -
Ho) i AR S BKX P(2)=0 FHRER > EAE/
B 69 SR 0 REM AT AoD B3R - HdsEmk R
B EMER LU 2B HHARERRER %
6] 353 AoD BT LA dh — F G 53t 48 By — AL #EER g
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