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Fig. 1. System model of the multi-user uplinks AF

relay systems.

4 % TPARAFACHE & & 5 # 4 f
77 ¥
4.1 PARAFAC B RASEAHHAM S

N T AR R, A g S I, HE R SE K
AR EBRIE SIS, Y, k=1, K, #7H
HAabEE, 4o SH, f

Y'I(Q) H(2)D1<F>
X = | SH = : HY
y,? H® Dy (F)

— (F ® H(Q))(H(l)T)T c (CKNXM’ (7)

Hoh, X ORI EE KA A B R B s T
F ¢ CEXB IR RFAM R, Dy (F) Fow
FiFE F 5 kAT 03 BT KX 1 B, 45 Dy (F) =
Gy WRHESCHR (7], (7) & =4k PARAFAC 55
X ¢ CNMXK [ — NI, HD, H?)
MF Al B X =AM ISR N, M
VK X W)= AYERE, 53 0 LI 2 2 R 48 (2
WOR 2R R 1% R LR) RIS () 4 FE (I 8] 4 48). DAtk
XR—NEE TR - BRIUE S = YK R
1% = Yk R RS I R 40 i a0

X(n,m, k)
R
=Y HO () F(k,r)HY (m,r). (8

AT SC AT A, (7) 8 BT BLER IR N W TR Y B R
H

M2 T NA A, X MY 4352 A5 55k B
X SIS ) 7 1) () A2 18] 77 1) (M) 75 21 1R R o g
TR, KAUEEN =M = RIWASGEE, B
HO A H® ZEEHAERE, 775 HO f1 H?) B4
T Kruskal # 8. [ W % F 4 3% Kruskal #, #
¥ 2 PARAFAC 7 fifhfe— e 28 78] 2143 12

min(R, K) > 2 (10)

W, =4k & X 0 BA e — b, RN 2k 408 fE
HO H® 1 F AR

4.2 Levenberg-Marquardt #l& & %

MR (7) A1(9) 3K, R AR GERI A8 B e/ — 3
(alternating least squares, ALS) %5k SEHLN 5 &
HO A H® [EcA it SR80, ALS Hykxt n#
TR B SR BN BB 2N 8RR R 1) 81 22 ) A7 A
o B SRR PRI, 2 (8 A5 4 il ) TR B A R Al A
A&7, HET KRR T ALS Sk RSl i . i
T LM U2V Sy my s B — RS SAO BE AR A b ok
A gk USSR R, 1% 07V B A R T
FH 21 22 FhAS [ £ 5K B AR R4 2 o i o (14016070,
i, AHRER ] LM SN H & 1 PARAFAC {5 %5
B BEAT I G, SEDLPIBE TE R & A 1. Mg
H RAR ) S Bl R

B, AKEX € CVMXE P fs 5ok &
X TR, & o NPERZE, ME i B4R

210201-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 21 (2016) 210201

BRI %, Bl
1 -

@:§||X—XII%- (11)
x5t HO N HAT G A7 [ & ARG, %007 177 %
HEREp e CO b £

b= [pg(l)ap}—}(?)]rrv (12)
He, Q = (N + M)R. 1 (12) A%, p Al # 5 A
AL P&, B FREE S T A FEERE T
FEREFELR. 2ilE L z(p) € CF*L g e CFXL
Alr(p) € CPXURNIGESKEX MR ER
ik 2 g ik R A R 2 T, )

r(p) = z(p) — Z, (13)
Hh F = NMK. Buit, A0 ek 8 (11) AN

olp) = la(p) ~ 3 = S E)r(p). (14)

3 o(p) RHF IR AL, A
9(p) = ¢'(p) = J"(p)r(p), (15)
SE18, 9(p) M plp) S p ISR L 141, Ja

cobian i B J(p) € CE*Q & r(p) I — M 3 5L,
AT RIER,
_orlp) _ . (16)

N T AEE o(p) Fe /D, LM 5%k 1) [ A JE AR
R —ER IR I —0OP K Ap, 113
DL &5 Rk T

(JOH(p)TD (p) + NI T)ApD) = —g W (p), (17)

p(i+1) — p(i) + Ap(i)7 (18)
Hor N2 —MEKT R E &%, CAMRIEER—
U AR e T FE S (T (p)J (p) + M) 2 AET 7
FIIESE ), IWTTARE T Ap BERE 7 7] 1 E R 1.

M(I7) A1 (18) T Jn, SR F LM v 5 & %
R HEAT SR, BT 515 2 Jacobian B A
AR A&, HRYE PARAFAC BRIk 45 0, AT 5
WIR SR g AR,

X (7) A (9) KT M EALERE, B
z(p) = vec(X)
=Iu® (FoH®))pya € CMENxL
y(p) = vec(Y)
— (IN ® (H(I)T ® F))pH<2> c (CNMKXl,
(19)

Oz (p)

Kb pgay = vecHW) € CMAXL pye =
vec(HPT) € CRNX1 vec(.) oA EALERIE. W
HRRAWT:

z(p) = Iy(p). (20)

Hor, ITNEHGERE, JHT I RIE,

M K N

I=Y 3 Y eMeMTgelelT

m=1k=1n=1
2eMelT, (21)

el = 1, Ly EREE %2 AR [ 55 1 9,
Ly € {M,N,K}. Wi, #4% (16) X4

{J(pHm) = Iy ® (Fo H®)), (22)

J(pge)=H(Ix® (HYT o F)).
R p IATIR P S5 R, T = [Tgay, Jpo],

KT, Jga M Jge 2AEERR J(p), J(pao)
T (prre). BEI, 4E0E JUT 45 00T 454

JHT = o .
JH(Q) JH(I) JH(Q) JH(2)

JIIr_{Iu)JH(l) JEQ)JH(?)] - (23)

RN LA 28 TR J g M T ge) 317
S EAR 2
T Jao
=TIy (Fo H)Y(Fo H?)),
T Jre@
=Ix® (HDT o AYYNHWT o F)),
T Jae
=(Iy®(Fo HY)II(Iyo (HVT o F)).
(24)

[FRE, (15) 2 nr LEERCH I R g

A Paw)| _ 9uw | (25)
¢'(Pua) IH®
it (19) 3, AHr e % (14) AT UE— PS5 H08
AR
o =318~ (T ® (F 0 HO)pyon |,

1, .
o= 55— (Ix © (HOT © F))pgen |
(26)

210201-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 21 (2016) 210201

1 (26) AR (25) =X,

H
g =JgaJgoprom

—(Iy ® (F® H®))Hg, @)

gz = JII}@) JgoPge
—(In® (HVT @ F))Hyg.

o, MRIEHEAR T Mg, fE8RIENRT
FE A A AT SE T, IR A Cholesky 43 i [0 Jf ]
77 R FRUETTRE (17) SR3g, i3 86—k
RiFFEFRIMETSE. BTN > 0, b5 RE (17)
IR — SRR IE 2 AR S 40 B, AR IR 1
Ap R IEMP IR, 2 BRI, (17) RN
Ap ~ —(1/N)g, Ap &bt T FET7 A B —AN 8
K, WITARIE T Sy PRSI 2 N BRE, (17)
SO A A AX Dy ey 37 - 00 5, AT ERAIE T Yk
(R — ks, B Rl EA 2 A7 A B ELARER
EHATHE AL, A SCR A B A AR SR [18] 19
X N HEAT T

2 Rk, ATt PARAFAC-LM 5% HAK RS
R,

F£B1 WIHL D, A Flr(ph), 40 =1,
up=1v=2.

B2 Fup=1, HHEIDFg®.

TE3

T4

TES5

TIE6

ST

R (12) Ritr B, HZ,.
FRIE (26) A5 pnew) (ptitD),
VB R e )
_ oY) — W (ptY))
(@) — p(pW)

Hrp
p(") — o(p")
_ %( JO Ay p(p)y — %r(pu'))H JOAp®
S IT0ApO .

HIEBS8  HHr A8l

Fp > 0, WpttD HE H E#, 4AH) =
AD max(1/3,1— (20— 1)), v =2, H}) = H{\,
HY) = H2., o(p?) = @ (p(+D), up = 1;
A, pU+) B R, T H pltD)) &
up = 0, \0HD = oA y = 20,

$IBE9 =i+ 1.

SEE10 [ FPDIR 2 H BRI

HHApH = —(JOHFO L NG 1)~1g0),

TE5 ¢ kAR, BT PARAFAC-LM 5% i)
RAREE=PS
o0 =X — (FoHH)|p,  (28)
oo, G RUH() 5y 50 R 5 i Uk ARG R o %
T HO M H® [R5 R #5088 &1 o0 —
-V < e (Bltme = 1075, BI Ak A FT 42
PARAFAC-LM #vE 5 B8k, i TR R4 %
TR R F 0, LM 45 0 49 50 0 4 1 45
HO FH®@ (A6 R BEBOR, a3 1 B3 1k 11
753 19200 3 B R BERORA. T4 PARAFAC-LM
BV S AR R VR B4 M A R, 7E
5 VR AR R o BT R A A e R B A8
o(QMR+Nmﬁ.ﬁﬂ;%%ﬁ&gmﬁﬁﬁ
2 P H T S SISO A R . TR S
et RATHLE SR RS IHER F R
YEEL, TR B A AR B R A
FIL.

5 HEEREWT®

5 B, R P . R 4k EORT it R e B
H¥ R4, FHESHKEL =4, IN =M =
R =L = 4. 53CER[13]HFE, &K P
FR) R 5 Th F Pg R v 4k 1) 3% T % P AHTA]. CSI
)t v M e B H — 463977 1% % (normalized mean
square error, NMSE) i &, & X fy: NMSEH" =
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1 1
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NMSE fERELHH

Fig. 2. (color online) When F'is a DFT matrix, NMSE

performance comparison.
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Fig. 3. (color online) When F' is a random matrix,

NMSE performance comparison.

#1 K F AREHUERER, Sk RE HA

Table 1. When F' is a random matrix, mean number of iterations and CPU times till convergence by the

LM and the BALS algorithms.

Ps/dB
0 5 10 15 20 25 30
o LM 42 34 23 17 14 13 13
AR

BALS 123 122 109 95 95 92 94

‘ LM 0.0373 0.0285 0.0177 0.0118 0.0096 0.0091 0.0089
CPU (5 /s

BALS 0.0325 0.0320 0.0297 0.0278 0.0237 0.0262 0.0274
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Table 2. When F' is a almost collinear matrix, mean number of iterations and CPU times till convergence

by the LM and the BALS algorithms.
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Abstract

Recently, tensor models (or multi-way arrays) play a vital role in many applications, such as wireless communication
systems, blind source separation, machine learning, signal (audio, image, speech) processing, chemometrics, data mining,
arithmetic complexity, environmental sciences, etc. Parallel factor (PARAFAC) analysis, also known as canonical polyadic
decomposition, is a common name for low rank decomposition of tensors. A traditional way to fit the PARAFAC model
is the alternating least squares (ALS) algorithm, which can transform a nonlinear optimization problem into some
independent linear least squares problems. However, the ALS scheme for computing the decomposition of the tensor
is known to converge slowly if one or some modes include nearly collinear columns. Particularly, if the collinearity is
presented in all modes, the ALS will end in a “convergence bottleneck”.

Hence, it is necessary to develop a robust and fast algorithm to compute the decomposition of the tensor. In
this paper, a novel channel estimation algorithm using the Levenberg Marquardt (LM) method based on a third-order
tensor model is presented in a multi-user uplink amplify-and-forward (AF) relay system. As the relay nodes all operate
with half-duplex mode to aid the transmission, the overall transmission period is partitioned into two transmission sub-
processes. In the first transmission sub-process, the users transmit channel training sequence to the relay nodes. This
stage requires time block once. During the second transmission sub-process, a set of diagonal amplifying factor matrices
are utilized by the relay nodes to amplify the received data. Then, the relay nodes transmit each of the amplified data to
the base station. This stage requires time blocks K times. With the help of the channel training sequence and the relay
amplifying factor matrices, the received data at the base station can be stacked up into a third-order PARAFAC model.
And then based on this tensor model an LM channel estimation algorithm is proposed to provide the individual channel
state information of both user-to-relay and relay-to-base station channel links. As the channel sequence is transmitted
by the users only once, the proposed scheme has a higher spectral efficiency than the case that the channel sequence is
transmitted K times by the users. Numerical experiments are shown to demonstrate the efficacy of the proposed LM
channel estimation algorithm.

The results are as follows. Firstly, the LM approach has the same channel estimation performance as the bilinear
alternating least-squares method. Secondly, the proposed estimator yields much faster convergence speed when the relay
amplifying factor matrix is a random matrix or a highly collinear one. Finally, the proposed scheme performs well in both
independent identically distributed channels and correlated channels scenarios, which means that the proposed channel

estimator can provide the robust and reliable feature for multi-user uplinks AF relay systems.

Keywords: tensor model, channel estimation, Levenberg Marquardt algorithm, amplify-and-forward

relay
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