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Low Complexity Two-Dimensional Channel Estimation
Algorithm for Broadband SC-FDE System

Zou Qifeng, Tan Xuezhi, Liu Mei, Chi Yonggang
(School of Electronics and Information Engineering, Harbin Institute of Technology, Harbin 150080, China)

Abstract: Single carrier frequency domain equalization (SC-FDE) is widely recognized as an very promising
technique for its lower peak-to-average power ratio, but it also needs more accurate channel estimation method. A
low complexity two-dimensional MMSE channel estimation algorithm based on time-frequency domain separation
feature of channel was proposed in order to improve estimation performance and predigest the complexity. The
two-dimensional MMSE estimation can be simplified as two one-dimensional MMSE and the SVD algorithm was used
to reduce the complexity of one-dimensional estimation. The UW as the cyclic prefix could reduce the overhead of
system. Noise variance was also estimated at the UW. The simulation results show that the proposed algorithm has
better performance than the conventional LS algorithm and MMSE algorithm. The complexity of the proposed
algorithm was also lower than the conventional one-dimensional MMSE method.

Key words: single carrier frequency domain equalization, SVD, channel estimation, unique word

1 a= 2 T I BT I AR AR, A 1994 4F Kara S F
Claude J 55 A2 1 50800 W88 i (single carrier

TE VAT R A RA A Y B R o R e e frequency domain equalization,SC-FDE) 4 A J5 ,SC-FDE 52

A RO B AR B AR RV S BN T (ISD IR BIBORBZ 1 G, B 5 OFDM Ml H A % JL-T-Hil[F i ¢

*[E G A AR 5 2 5 v [ RS R IR BE I H (No.61071104) , [ G R4 0 K% 351 G i 2 IR B2 7 3R e 4 AR S0 (A
3) 7 HE G BB BT H (No.2011ZX03004-004 ) , it 15 {7 8 1% i 15 23 e HAR H 5 52 46 %2 T i A (No.ITD-U 10006 )

93



i ...

B, H B H /N U6 3 1 (PAPR )™, e A iz MR 7 14 i Je
K, SC-FDE # 48 i ¢S R BR 10 504 7 258 1) e i, 18
TR AR B R RS A R R S R T R AU (Rl
8319, Dinis A1 Lam % A2 H T SC-FDE £ 4 H 1 LS (least
square,fi/]\:% )ﬁﬁjﬂf“"”, 17 1 X W T A R ,ﬁl
THRG 2% . 5% SCRK[8 14 T — R CP 1E A 6 5
A4 1) SC-FDE % 48 MMSE {5 i i i 5k (i A kit R
BRERE, HREA CP REI B K, 5% k94
H—Fh G5 A R R A R AT R e
K, TR EARSH 5% SCHR[10)8 5 T LMS 1 RLS #1454
B R TR Sk A G v S AR (A K £
By R T g%,

BP0 bR, AR SCHR T — IR A A R 4
MMSE {5 38 115 3% R 8 5% 5 (unique word, UW ) J¥ 3]
1 o 108 275 288 (T DA [ o 380 £ 0 SRR 0 4 ) L 4 A UW
1) 5 20 R 40 1 B LA T B B 2 i A5 5 P UW R R
IO 843, AT LA 4R HEAT FRT ST/ REETFHS . KA 5 8
AT 2> B M S T 4 MMSE F% 4 51 1 4 — 4k MMSE
itk B, O 5 R R 9 T AL R R
AT LS RLA v R 75 5 22 il 31 R 45 SR 4T — 4 MMSE £l
T, % B 2k S AN G A — 4k MMSE A5 3 #R 48 X B 2
T SVD (# S (7 ) B AT 4 . 200 R 4y
Brife S 7 AR SCE I — 4 MMSE £ 31092 24 B, i Jm i i
SCHR N B PEREHEAT O ELROE {5 HAS R R A
P MSE H AL 88 B R A% SR 0 R0 107 i A CE ik L
e —4k MMSE fI LS it Frik e e s by, HEHBERE
He L 4 1) — 4k MMSE B4 20% 4 47 ,

2 SC-FDE %%t {5 S &2 MMSE #

TEBAB FR G010 3 Sy , S L 2 R S B 0 B
RENKER M GEE 4, I BT K5 E 4 i
A UW P51, UW FFIKE R L, o T 2 40 4
ZIIF SRR P A BE L KT 38 o i B 9
FE N=MAL R R SR . BAN R R S W LRIR A .
§=[50,8,, 8y 1" =[dy,d,srdy,  uugottyyou, 10 (1)

Hoh d ol Mx1 BB RS i u O Lx] R EE

N
A
uUw K uw Pie UW
M M L FFTK ) <a—]

BT 3ET AU S0 A X0 4 A A Y

94

RUW PH, B 1R KREFES WS,

1 TEEE 802.16a 5 {f ' 5L 2 & 48 1 3 4 5 % 1
UW 351, WG AR 0 2010 26 X T 1R AT . 5 R T A
il A CP A 8k OFDM R4 A, A UW [
BRSO T N B NS 5 D UW 9 %
Oy T AT FRT 385, 8 A5 5 WU FRT KO N,
FRGETEHIER RN CP L5/, 145 IEEE 802.16a fr
WEE R A SCH ] Zadoff-Chu FESIAE 5 UW,

% n > SC-FDE fE i K& 5155 s (1) o £ 18 I ik
11 FFT J5 3005 kA FRE ARG S .

R[n, k= H[n,k1S[n,k1+W[n,k],k=0,1,---,N -1 (2)

Hoop SinkPRAREE 55 Rk VR B 5 Wnk |
T VR H k2 05 38 00 080 8

X T SC-FDE R4, i T (2) 1 R {5 SHii &
IF {7 B W UE SRR T DR R I E
Y[n k= X[n,k1H[n,k]+W[n,k}, k=0,1,---,N-1 (3)

P X[n k]2 S B B R 05 5, Y [n k2 5 9 A 1Y
BWES B R R .

Y[n]= X[n]H[n]+W[n] (4)

e /N T (LS) i b o] dg /N T o 0 U B 4
LA T LARR R

B _ Y[nk]

H [nk]= X[n.k] (5)
CE S

Hyg[n)= X '[n]¥[n] (6)

K (5)FIL (6) B & SC-FDE 2 45 175 18 #9471 48 LS A
TEOXT RN Y R AT B AF 5 1 R A 3 Ak
S A 10 15 38 A T 308 3o 2 A (5 0 T DA B
MBI EEMG T, LS ks Rz,
BT LS R E— AN PRk BB A K T %
R 7 A B M K R T RS AR A (L ol T 4 A T B
SR TEBNARE,

MMSE A AR A 1E 2k SR AR 2, % F SC-FDE
RGBT, B kAT E M MMSE 15 4
An kl=ci[n]Y[n],cln) =50 el a5 Y [n] 6 1AL
1, B B A 5 A0 2R b AL A A TR TR A, o L
R T {538 (RS BRAR DG . MMSE A 309 14 R AU ©

e[n,k]= E{

et ik | ™



BERFE 2014 £5 8 8

PR IE 2 M R B 2 K () Jeh A
E{Y[n](c,‘j[n]Y[n]—ﬁ[n,k])*} =0 (8)

i
¢/ [n]= E{H"[n]H[n,k]} Ry, +
oy (X[ X" [n) )" X '] 9)

Jor Ry = E{HH" Dt 3558 0005080 MR IE I 02
WSS P W 7 Ty R U
Hln.k]= E{H"[n]H[n.k]} (Ryy +
o (XX [a]) ) X [l Tn]  (10)
15 3] MMSE £ 11 4 FR % 0 .
Hype 1] = [H[n,0], H[n,1,---, Hn,N -1]]"
= E{H"[n]H[n]} (Ry, +
oy (X[ X" [n])")" X' [n]Y[n]
= Ry (R + 0 (X[n]X " [n]) ™) X' [n]Y[n]
(11)
FEF R (1) T X [a]V [n] 52 Fr b2 6538 1 LS £
I, BT L MMSE 3145 0] DL R W
Hypise 1] = Ry (R + 07 (X)X [n]) ') H g[n] (12)
AL MMSE £l o1 562 X LS A6 11 19 45 5% 1 i 17
— AR . BTGNS IR T RS R BT DL
ER SR Dk cY

3 % MMSE ZEfhit R4

AT T SC-FDE RE M A fFiE A, FIH
fe 7y B ARk, B AT b UM B MMSE N 4 75 55 1 350
MMSE U8 2 1 006 . 47 — 48 (538 i1+ 19 SC-FDE & 4t
ZRME 2 fim,

PO R 84T LS LA 1 HF LS A1 5 2R F ok
PEATWRFE AT, FE LS AT 30 0 £5 10 14 5 1 Ty 25 4

FFOSERE 47 4 MMSE £, 50— R (i 60 £ 8 16
FREE (LA B 5 0 08 £ R T L LA 50
BE, B4 Nyquist & BT S0 k40 A T 0O Ik 3
5% 0 MRS E AT B R
Hmnky= Y C,(0.K)Hyn k)  (13)

(n',k"es
Hrr 0<n'<i,0<k' <5, 218 B A OC B Bidi o 41
B, AR b OG5 B HL, Cp Fn MMSE 3§ 3 &
RO H, R — 4 000 AL 0 4R A5 T8 A T3 45,6 R AE
A A A AR W R R AR
MSE = E[|H(n, k) B0 ] (14)

0 T 2 JECEA 5% (14) /M AT B
E[(H(n,k) - Hn, k) Hy(n".k")s1=0  (15)
Hr (" k") e s, HMiE
Hy(n' k"), = Hy(n' k") + W, (n' k") (16)
H5 2 (13) Ik (16) AR (15)7%
Ry, (n—n"k-k")=
Y (Y Ry (n—1" k= k") +07) (17)

(' k)es
K A7) FR ML AN
D(nk)=¥"C(nk) (18)
o BE @ (n )2 B A T £ 28 07 5 5 A9 1 16 W
I 6] ) AR OC R R, P W 3 S 7 8 ] A AR OC B
RO R T7 2%, @ (nk) W 38 5 h SO0 B4R 5 AT
fBix v f7 75 15 2 Bt MMSE R 0N ;
Cavise (,6) =D (n,k)- ! (19)
U 38 45039 3 9 MMISE 304 -
[:IMMSE(n’k): Z st (WS KV Hy (0, 5 (20)

(n'k"es
Coess (e ) 515 T8 M1 56 R Ry, A5 56, T S AL B9 Ry,
] AR AR RRTEA R MR E R, A (20) ] LG

W 7t
it b
A MMSE
18 it
it ™
A Y
rn)
S st R IUW S FFT {5 S ) i IFFT - LUW - g —
w(n)
St b s

&l 2 SC-FDE {j B R 5t 4514

95



i ...

i, =2k MMSE A 1 & - 4k i A0 8 1 ek S 081 5 £ 3 ol i 14
LML, A F SO ) S A7 A6 3 0 =X (20) 728 5%
A (12), M7 B 7 B R ¥ = 4k MMSE 531 £6 4 4t
B —4E MMSE N 4 25 1 5% — 4 MMSE 98 38,
Hyguase (0 = Ry, Ry, + 02D Hy(is (21
Hioise () = Riyy (Rl + 07 1) H(R)wise (22)
Hor 1o i i b H
H(n)=[H(n,0), Hn1),--, Hn,i-DI'  (23)
H(k) = [HO.k), HO,k),+, HG-1.6)]  (24)
R©) - R(A-))

Ry, = (25)

R(G-D - R(0)
4  E-FH# SVD By —4 MMSE {4t

M MMSE A 31 B 48 J5 5 1l — e 43, — 4 MMSE
Bl s 2B m R 2 3O X)X [n]7E
FARAF 5 R A [, 330 4 B 5 B — AN FF 5 I i
# o Edfors 5 Sandell 42 i —F SVD J5 M I E E(X[n]
Xn]) ™ R (X[n]X[n])™", o 4 K b/ MMSE B3 (9 1
B, AR RGO R T (EURS RT3k IR
T AR R

AT W MMSE 53k 9 & 2 4 HLA A5 RS B 32 351
R ARSCR T B EACE (X[n)X"n]) . RS %
HR[12,13]H (90 A B Btk 3808, 6

X=PAP’ (26)

Horfr A R — A B T P — AR R R R B (B
SRR ) R A AT S TR
AT B R W IR G

LI (X[n]XM[n]) ™" AT AR A

(X[n)X " [n]) " = (PAP" -(PAP))!

=[(PA)'T(PAY (1)

TR N
Aln) = Ry (R +071(PA) T (PA) ) Hig[n)
= Ry Ry H 4[] (28)

WA SVD ik Ry BEFIR I

Ry = Ry + 0, [(PA) '] -(PA)" = Ryy + 0, UU"
=UAU" (29)

Hor U=[(PA)™ & —AHEFE T A=diag (A,Az Ay

96

Ao WL (28) TN 8 .
Hlnl= Ry, (R, — c2UU™) RY'H, [n]

= U(A- o UM UAU"Y" Ry, Ry H, §[n]

:U[A_AGkIJU“IflLS[n] (30)

2 2
S A e T R g 2570,

FE M A, LS Bk A 23
BRI 37
h(n) = IFFT, (H,(n)) (31)
Hort N i — SO KB UW B9 K LK T3
W B B K L, BR L 20N T — OB B K
N, W BB E T LR

6 :ﬁg‘ﬁm)’z (32)

5 EHREHSN

TEAG G —4E MMSE B3k X F 4 €M FFT KEN,
X[H]XH[R]%?%: ]V2+N2 ‘(QL'\/E% ,i&ﬁﬁ RHH(RH(—|‘|‘0'1f2(X[n].XH[ﬂ])71)7I
WE SN R T N WRE I, A SCH AR i B ik

A—(Tkzl

5 ,U ( 1 YU R B ONMHSN KB T N R A, 4

N=512 I €& LR 2 W/ A (CCRR) A .
CRMRRNE R
ERA TN A
ASCE LMY MMSE BiEmitEEREWE 1,
£1 AxEEMAD MMSE BEitEE 48

CCRR=(1 x100%  (33)

&5 — 4 MMSE AR CCRR
2 e HL 1310 720 1 053 696 19.61%
MK 262 144 1024 99.61 %

A DL, 20 b 0 A e B0 T T B U B A
R A R A — S AT S X 3R 4 2 B ol S B2
(452 T U I/ T v 00 K R/, R AR S
1 4 MMSE 5 38 £% 71 5803k 42 2 B M 1L A% 0 0 — 4
MMSE 15 18l 7155 05 5 % B iR Ak — 2

6 AESH

S UIE AR SC T4k MMSE 15 38 A 1150 10 v 6k R b
1 COST 207 153 , %7 1 Ae 4 i s 15 B S il (5 90 55 1
HAG TG R A ZF ¥4k, COST 207 {5 8 S5 2,



BERFE 2014 £5 8 8

F 2 COST 207 friEfFiEEE
AR MXTIEE/ns  DIEER/AB 2 E ARG A
0 0 0 Jakes
1 0.1 -1.5 Jakes
2 0.3 -4.5 Jakes
3 0.5 =15 Jakes
4 15 -8.0 Gauss Il
5 17.2 -17.7 Gauss I

GAFER AN 6 12, 1 4 B 25 8 2R % K8
Jakes | J5 2 12 10 £ 3 ) D R AN Gauss T 7Y, A i
MRGEMESHIE 3,

#* 3 SC-FDE 24 fiES#

e K28 WS 20 Hz

FFT s 44 512

i YA 10°

(S RERUE 10.88 Msymbol/s
i i 7 =X QPSK

L i i 5 =X & i

UwW K 64

Y5751 25 7 Zadoff-Chu J3 1]
By 75 X ZF ¥ f

Mg 745 24 Y TN T 3 W 7
H eIy 2 T 34 e

Bl 3 4 th A SCR L 5 16 G0 f 1 A 55k 9 MSE R
P, AU, AR SCHE Y A9 — 4 MMSE i1 8k Z T
fle %t LS FI MMSE {7 38 A 715 25 (9 MSE K B2 R b, ik
SN (i

100
—a— LSHEH:
; —&— MMSEf %
10 —o— AL
1024
8
=
104
107
107 3 10 15 20
SNR/dB

B3 AR AL oA B Ak TSk MSE PEREXT L

Bl 4 451 T COST 207 5 T 4 4i ¥ SC-FDE % 4t
AR 5 G AR T A TS R 09D R (BER ) #EfE L4
MRIGAN 107 B, A SCR LA I AE 58 MMSE /%45 3.3 dB
WagS, WML G0 LS {5 38 A 11y 3 WA 3 6.7 dB 3

o HEEEBRLHENT, RAACEERGERA F
i F B,

IO\)
-» LSHE
—& MMSE#3:
- AXHIL
10-11 - - - BARAEE A it
5102k
&
107
10—4 L 1 L 1 1 P 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24

SNR/dB
Kl 4 K45 RS BER P GEXT L

Bl 5 45t T COST 207 fi5 18 T 4414 SC-FDE % 4 h A&
SCRE S R G AR A TR 0 B R B L BT
DA M09 5%k 107 B, 005 2 46 4 05 45 LR , 4R
SCHEEMIH S5 MMSE 7 kA 2.2 dB 345, ML A5
LS (FAG I A 5.7 dB 345, ARG RIS R AL RN
1/2 1 LDPC, W7 SC 5 4 He f% % MMSE 77 #:47 1.6 dB
g5 M ARG LS (R A1y ik A f i 3.8 dB 4R A
SCRL T B P R G £ W AR O 0 kT T G £ R
LDPC R4 BN T4 S R 58 R R i 5 R 4 , 0t BTt
B s R R AR 5 T i3 45 A U o
59 4 B 7 40 T B E

10°

-m- LSEE—EG
SEEE, -A- MMSERE—EG

R -o- ASCHE—BHS
10! -a- LSEHE—LDPC
o —— MMSE&.3—LDPC
a . |-e— ArEB—LDPC
NN |- EEARMEE A HH—LDPC
5102
~Q
107 .
‘u
107 : . B AR
2 4 6 8 10 12 14 16
SNR/dB
K5 4% % BER PEAEX 1L
7 HRIE

AR E T —Fh SC-FDE & % v iy = 4 {5 38 5 5
B O Rl 5 R MMSE P9 47 405k it 4 MMISE 358 38 5 31

97



i ...

Wt %F T W 4 5 09— 4 MMSE 53, 76 5 W i 31 i o
PERORTIE T R AT — R e T SVD Rx #1398 A9 ety
&ﬁmﬁ%mﬂT JERF UW R 5131 8 B iU o
i PR AL R (AR R SR LS & MMSE
%ﬁﬁﬁ%%wmﬁiﬁﬁmgﬁMWE AR
AT LLAR A3 /N MSE, 43R 15 54 107 B, A SO S 78K
Gnfih 2 40T () BER A 540 MMSE A1 1S J7 40 514 33 dB
6.7 dB 45 , 75 4 B 2 45 v A SCR Tk A N A% 40 T A i
WRTEH T AWM ARG, (M LS MMSE A LS J7 47
A 1 dB A3 dB AL s 25, AARSCH AR 24 LG S i —
Y MMSE & < 24K

S 2% 3k

1 Falconer D, Ariyavisitakul S L, Seeyar B, et al. Frequency
domain equalization for single-carrier broadband  wireless
systems. IEEE Communications Magazine, 2002, 40 (4):
58~66

2 Mehana A H, Nosratinia A. Single-carrier frequency-domain
equalizer with multi-antenna transmit diversity. IEEE Transactions
on Wireless Communications, 2013, 12(1): 388~397

3 LiJ. Du Y, Liu Y. Comparison of spectral efficiency for OFDM
and SC-FDE under IEEE 802.16 scenarios. Proceedings of the
11th TEEE Symposium on Computers and Communications,
Cagliari, Italy, 2006: 467~471

4 Hasegawa F, Okazaki A, Kubo H. Novel PAPR reduction scheme
for SC-OFDM with frequency domain multiplexed pilots. IEEE
Communications Letters, 2012, 16(9): 1345~1348

5 Silva J, Dinis R, Souto N. Single-carrier frequency domain
equalisation with hierarchical constellations: an efficient
transmission technique for broadcast and multicast systems.
IEEE Communications Letters, 2012, 6(6): 2065~2073

6 Dinis R, Lam C T, Falconer D. Joint frequency-domain
equalization and channel estimation using superimposed pilots.
IEEE Wireless Communications & Networking Conference, Las
Vegas, Nevada, USA, 2008: 447~452

7 Lam C T, Falconer D, Danilo-Lemoine F, et al. Channel
estimation for SC-FDE systems using frequency —domain
multiplexed pilots. Proceedings of IEEE 64th Vehicular
Technology Conference, Montreal, 2006: 1438~1442

8 Zheng Y R, Xiao C. Channel estimation for frequency-domain
equalization of single-carrier broadband wireless communications.
IEEE Transactions on Vehicular Technology, 2009, 58(2): 815~
823

9 Hoeher P, Kaiser S, Robertson P. Pilot-symbol-aided channel

estimation in time and frequency. IEEE Global Telecommunications

98

Conference, Communication Theory Mini Conference, USA,
1997: 90~96

10 Morelli M, Sanguinetti L, Mengali U. Channel estimation for
adaptive frequency-domain equalization. IEEE Transactions on
Wireless Communications, 2005, 4(9): 2508~2518

11 Edfors O, Sandell M, Beek J J. OFDM channel estimation by
singual value decomposition. IEEE Transactions on Wireless
Communications, 1998, 46(7): 931~939

12 Todros K, Tabrikian J. Fast approximate joint diagonalization of
positive definite  Hermitian matrices. Acoustics, Speech and
Signal Process, 2007, 3(4): 1373~1376

13 Baig S. Frequency domain channel equalization using circulant
channel matrix diagonalization. Proceedings of the 2005 International

Multitopic Conference, Hong Kong, China, 2005: 1~5

[ME&E ]

HFUE, B RIRIE T KT 518
AR BE WA, AT 5 1 S v G
Sl s AR S

EEE, B WMRET R T 5E
T%“*‘“[&nﬁ#. AT PRI #fz

T AR 0, F2BEOE SO 1) O B B i A
Gt TR M % T Al R BRI AR R G
INHITCE

X, Lo, B RIE T R¥R FEFERET

(ER e €N A R I S U e by
HBEIE T A AL AR B A
[ 3817 e A

Rk R, 5 R E Tl R H T 51F 8
TR B R B A 2 U, 3R B
J7 161 g 4 e A Gl BLE | 3R X BB
e TR AU LB 5 1

(A5 B A1 :2014-06—09)



