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Abstract
sensor networks (WSN) based on cooperative multi-input multi-output (MIMO), a multi-hop distributed WSN system

In order to solve the problem of energy saving and energy consumption balance in homogeneous wireless

model was built. The inter-cluster long transmission distance and intra-cluster short transmission distance in cooperative
MIMO communication were analyzed, and the distance thresholds were found, with which more energy could be saved in
communications than that in traditional single-input single-output (SISO) communications without the distance threshold
condition. After that, a novel dynamic clustering based on remaining energy and distance thresholds (DCREDT) selection
algorithm was proposed based on our analysis. Under the premise of saving energy, the nodes having more remaining energy
would become cluster heads preferentially, so that energy consumption balances between cluster heads and other nodes
were realized. Finally, by use of DCREDT selection algorithm, the total energy consumptions in multi-hop transmissions

were analyzed. The reasonableness and validity of this algorithm were verified by simulations.
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ergy adaptive clustering hierarchy)[© /&4 77 %.
RITERER] 3 Jo, A4 CH #5513 i ME S s (Co-
operative node, CN) BEATIMEAEH, (207 P44~
T RAR S B JE G (Base station, BS) [ & AR
R REAR K, IXFE T BREFEA M. Gao 517 X btk
177 o, SR T M B R T P E MIMO
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PR BEEBCNI T AL CH, eSS %
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Fig.1 Model of multi-hop WSN based on

cooperative MIMO

W R AR R o A Rl — Bl CH Z 18]
P AL  ILT, 55—t CN 5 CH Z KN
RiALA IST. R R FAF I, MN SRAE 245 LA
IST Jy XAE [ S A58 ) CH. 2448, ik MN
1) 4 e ek B K, ) MN L A] BLRCh CH. B
3 CH WY s AEIE AL - H08T) CH, ARIEASCE 3
T DCREDT 5L, Pree BS I CH
I #2533 BS, JFtH BS il B2 FE ik $E. ik
A CH. R m A8 T BB AT 5 26 A1 (074 A b
CN, ##E CN 1) CSI IEABISAT, MR IR E
R B (Bad channel state information, BCSI)
(s MR Y. S, K S UMEML
(K75 2 BOPT IR SRR A LA 49 e .

2 fEHIEEMNEETERIZNM

M IST BEEARADN (—MHE 1 ~ 2m), ILT §E
BORT BN, BT MIMO si P E MIMO {44
(1) WSN % TAE 481 SISO fLmas 4 ae 2. MR
1M, CAAERETE AR B AR AR T X — 458, FsEH
MRS g5 e T, BT EME MIMO 12 Bk
WSN iR ep P BRI A — Bk B EL SISO A& 4
AR R, N AR DL, R T BBk B0 E A BT



10 4

PSP IEEE: FEFHME MIMO 2Bk WSN 2h 7253 ik S5 o1 1403

WSN i MIMO %4015 4 fg & 411
2.1 1 MIMO 5 SISO f&¥iaTaesE

HEHIEN § BkPE MIMO &4t 72, Nr 2k
RIE R Ee B, Np 0300 1) R OR 3, o
J B ILT $RES A d;, SWIIRMEFEN P = (1 +
a) P+ P., Jo Py MARHMIN A, P, DA 2s
ZAMO LA BB REDN R, a = £/n — 1, n TR
K& RIE L (Peak to average ratio, PAR)Z. X}
T MQAM I, € = 3(VM —1)/(VM + 1), 54F
FHILLRRE e o b = log, M. 518N k B2
FE, H A s B 5 (Additive white Gaussian
noise, AWGN). HEAT(FEAN TN, 47 pNy 17
BHHRNAELIRYL F, p N RS RGBS Hs e
By . B AR KN F = floor(T.R,), IXH
floor(:) A FHUEEREL, Ry FT5 3, FHRIERIS
i) T, = 3/(4fmv/m), KIZHEEIE [, = v/A,
v AR BB L. AR kBB AR U, R
Cui SFH ALY R Py X, HAEEBEE
RN, AR R Py B RG

—MIMO F—pNy  (47)°dF
Pout = Eb Rb X I3 X GtGT)\JQ Mle (1)

ooty —=MIMO . :
XH, E, JEAEL T IR L % (Bit error rate,

BER) 1500 T LCRHE L RE B, Ry, AR5
Pedee, d; 2258 5 BRAEME s, G, M1 G, 735
RRIESBW I REW 25, N MK, M, Z2H
TN L R Ak PRI IR T SR R BT P R
e, Ny 2o s 140, 2 X Ny = N, /Ny,
XHL N, S N i e R AT 00 S ) 2R 1 5
(Power spectral density, PSD), Ny &= ilt T #.ik
iR T PSD. RSB LU T fERER Ol

EMIMO ~ WwNrNy  27Nr Ny

’ WHIP  Xnpne

Soot, ORI, 3y, v, B 2N7 Ny
MR T REHLAR &, A BWCE W L. X T gk
HH# 8% (Binary phase shift keying, BPSK), 11
W= QNP /2, H, Q7N (Py) TR H A
T Q(x) M s %2, B g Th R oy pMIMO o
Nr(Ppac+ Pz Prut+ Psyn)+ Psyn+Nr(PrLya+
Pz + Prra+ Prir + Papc), X8 P, ZIRG A
#, Py, ZFIBERERINZE, Py M Py,
93 0 R RGE TN WCIE R AR T %, Prpa 8 HATECK
WIUH Poac M Papc 73050100 D/A F1 A/D 4t
IR, Pona WK DR JBORES TR, & p =
(F — pNp)/F, ZBg0E MIMO 15 k3% 5 80
P B AL i 1) REFE, A3 LURRRLER S ILT REFEZ AN

(2)

EZI)\)/:HMO’
Ell)\/HMO _
MO _
(L+a)E, " pRy x S04 MN + PMMO 5
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80 (4m)*d; SISO
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(4)

Horp, PSSO Sy SISO RS FR DR UK 4% 2 A L%
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Pixa + Pipa + Poac + Papc + Py % Py T
R K H BPSK A&4ht, WAL 1% &E LR T34 i
F2 B0 = NyJ[1/(1— 2B)? — 1].
2.2 ISTSILT BEEMEEETTE
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WP E MIMO % SISO Ak & Lhas %L, Lst
Jokelont CH Bl 22 ¢ A~ CN 125 I g hth ELARF 2L,
H5EPERSAK. FHIE RGN IST 16
) AG 230 NI AR SR 5 B4 RE T A R

Nr—1

g - ) > (143 02 e o
=1

XH L ESSO JybiE MIMO %:3%i 1ST (i
SN L ESISO Sy i MIMO B0 IST () g
F. 4 C = (1+a)E, CRy(4n)2MN; /(GG N?),
T A IS S AR R S50 &, C T LU 1
WHL A IST N kg Bregteaiide, HIL-FIEh
oy, 3 (3) AL (4) AR (5), WA

—MIMO

E PMIMO
1- —bSIso Cd? + PcSISO +—

E P
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CdF: 1 Psiso &
Ngr—1
> L
14+ ZZlL (6)

S MOLI R RE R d; NS djmin, 2

p=N s =By By W dj i 1
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KN IAF dj i WHARB dim < d; KRG E L
REFEFIAM MIMO R L2 Tl B8 22 57t 11 7 A2 1) 5
i 231 7E S B K AR, R 2 WSN iy
ATBANG NS, dmy (KK/MEIEARE 2.

3 DCREDT %&£

WSN 1 ¥ 1 PR S ELFE 7% (1) 2 3 o B S i B
SEARTINY B, W BT o e TR, HANET
I3 RS PR T AN [F) 1 A% T 7 2%, T DA L 32 22
xR R LB B, DCREDT k#5740 4%
P B CH EFHVES ON ER5E. 72 CH
WERESELT, EReE A IR T, shaS iR 2 he
TR SALSE RO CH, M Sl RE e M. M
78 ON JEFHE, P00 3 Bl H CST LU
RAER ON, #E—0rfe . SefEan MRwx:

1) I AL s T s A M R G RE i E,
55 WEERAL I MR S R R Re RN By, CH
FIRAE RN By, KT By, BT 5SARERCN CH;

2) d; h CH 7555 ¢ A A3 5 ] i 55K ILT
PEES, d; B E; WD, dy, 8 TUT FEES TR,
dsen N IST FEESTTRE.

M 5] U\%hﬂ, ¥ dlth, H dj min < din <
dio 4 dpy WD, BERE AN, WUy, BOK,
W ny Bk B CH BT Bk >, 6+ dan,
0 < dgn < dp, dpy N IST e KALTEEES. dypp, BEK
MBI, W dgp, PN, WIRT BRI A 2L 2
CST 5411 ONUV dyyyy 5 dyyr, BEE S5 AR TT AT
SRR AT AT O

3.1 CH Hyi%E

CH ki et I BRAE M ILT SHEs T MRAEAT
K. CH PRI Ak BRI 25 5 1A% i 45 Jist PAT EE HG A s
FEHFEE 2 R, BRI, 1 SR 2T BRI AR R
i By, AREBOERCY CH. MifER A YME MIMO 1%
vy, HAAAE ILT BHE TR diyy LB, A8 5%
il SISO ML WA EZ R E. FETRRAEE
AR TR, CH G FeEE T

PR 1. MN R A A, A £
4HeE. Case 0: W1 E; > Ey,, Wi HE 5S4 CH;
Case 1: 0% ik NCHR (Near CH request)
) MN BT s

FI 2. MN Kz sl ®) NCHR i K ja ko i
HEGRew. Case 0: W E; < By, 588 d > dgyp, WK
fi; Case 1: W E; > Ey, H d < dyp, WFENLERF—
B IE] Ty

S 3. L2 505 i) Case 1 Z G0N
L. Case 10: WIFE O < t < T INRIAKCE] 0
> NCHAM (Near CH advertisement message), 1l

SRR H NCHAM {555 Case 11: WIE0 <t < Tg
AN R3] 1 4> NCHAM {55, WSz B iR [B] 1)
&5 5. BM (Belonging message); Case 12: 15[
I E] 2 AL B NCHAM, WA A% BM, HH 4
BFE Rk CH.

HB 4. W AR H NCHAM {5 5 )5, 75
AN TR BEWLIS 18R] R H A 2] 5 5 1) BM ik [B145
S WARIR Y CH. i & H NCHAM 155 1175 A dn
ETr (j=0,1,2,---,7) W AEARE BM 15
T WSR2 5 =7 I, BEEWE A S BM
5%, WHhE B & A7 CH.

P 5. ich CH (75 fiki% FCHR (Far CH
request) {5 5. Case 0: J& Hl 17 S WA A2 dyyy <
d < d; 8 E; > Ey, WilF ik CH; Case 1: Wit
W dun < d < d; H E; > Ey,, WEEHLEERF— B
IE] TR.

LB 6. R 3, DUIEAA R PrA 1) CH 2
AT

NCHR & MN & i iz i g CH i K15 &,
TN BRI T SUE S CH. T A B RERS
1], Xt IEEE 802.11 H (iR BEHLHILS in bl sk, #5
Tr =2 Rand-[(Ey—E))/Ei] (j = 0,1,2,+- ,7),
Hrp, Rand 4 (0, 1] 3553 AbEL AR &, 4 B, AL
KIS, Tr GETH V38500, W1 42 g f BRI
AU SE K CH. NCHAM AifieE CH &1
K RN E AL CH (444, BM A HJEE &,
TR RILEA MM SE SO CH &, 19 A3l
ST CH iE K, IAb T8 AR T A i ik
NCHAM. 37 CH o H B HAl A fi 5 &
Sy CH. FCHR iz s CH il =R15 8, £
CH 7zt i & AR LUy CH )75 s, AT 3
SEHRF#E. BS Wik FCHR 5 NCHR {55, W7
R % H BSAM (BS advertisement message) 1%,
LR EY s BSAM 159 5 B 8l i CH.
B BT AUR 2 A ) R 2k, We— AN 1 & [
W2 A CH, HEA CH &b FAEr o &, 1Ml
A E] NCHAM 19795 SN CH, X FF i
T CH [WEEE . BS &KW RIARIT % CH £
RIAE T, TR 20 2%t A5 S, AT A% 4 4 I e
NI ) %6t SR 52 1 MIN I BS 22 T (R B A4

3.2 CN Byi%kE

eI IST PEESTTRR A4 T, N3 L% 2
CSI #7554 CN 3 5L, CON %
PEEEWTR:

I 1. CH k% CNRM (CN request mes-
sage), GN it #| CNRM 2 J5, Case 0: Wl d < dyy,
M kR A #E CN, JF & [0 N 25 5 (Acknowledge,
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BV IesE: BT UME MIMO K128 WSN 37 iRk EED 1405

ACK) H'&34igs CH; Case 1: NEST A #E CN.

PR 2. CH W2y ACK 53, #4715
TEATE, BH CSI Bar e CN 14 U CN.
RIEMIME B CNACK (CN acknowledge) 155
Pk IIME CN, 2 A CN. KU F| CNACK
55 HHE CN K E ARIARAS.

A5 CH ik E 2 )5, % CH ¥l CN k%
FEAEIE N EAIE ) CN, SR J51% TDMA (Time
division multiple access) 177 LLL Ny x Np 2%
IS 2 L 10 A7 B0 A% i, Bodis A% fan ks iR B CN A4
HOR A 2 23 I g B VLD R AR AR T s BE AL
o)A, AEEIC CH Ja JF AN BE DRk 4 [ A7 2 9% 11
CN, 1fifE CH A2 #5777 (Clustering-CH-exchange-
method, CCEM) % Gl CH A5 L% (1
CN, AT LA BRI )9 i AT A .

4 EF DCREDT &#EE X% Bkikia

R BEAE— IR R AL I W, MN A7 L EhrREL
W M Bkt E BS. T MN 2tz CH b SISO
&4, A% B HER T4, /£ DCREDT £
Hykh, W CH ki% FCHR 155 Jo ik ) BSAM
(P2, ST BIAf s BS i CH, FE& 7 HE MIMO
A5, mT BS BAZMRE, &fa gk A%
RE R PN BB AL I AEAE. X 2 BEBME MIMO 1%
fr, RRLLERR A REREA

M—1Ngp—1
M > > LYEY
EMIMO _ MIMO Jj=1 i=1
mbt ZEbt + L +
j=1
NR—I
M > LiP
Eff — 8
I ®)

Horb, ES 2R j Bk CH WHSAIE BRI RERE, B
LKoo CN [ IST ReAE, el CN 15 s i
T DI P ~ Pixa + P + Pira + Prar +
Prpc.

Xy T2 8k SISO 164, 453 tukF 2 Bk SISO {4k
(1A BEFE N ESBO = Zj\il EJISO (g BS
E B R AE). Wi IS SRR S A, R
BeALdm b & —Bk ILT FEESIRCh d;, S A
FEEh Dy, WK M = D, /d;. AR (4), WA

CDlefk + MPCSISO
B0 = o)

AR, BSOS B M K, B, 17

fft M = argmin ESSO, 4 2Zate — 0, Mifinl 3k
M

1922k SISO 246 )45 LR f5e /) S BEFE.

xf ¥ 2 Bk /E MIMO %5 i 25 46 4, R
M 5 SISO #H A i ¥, H 4 IST 4 k, B
B AR AR I SISO AL M, HHOE N dm, A
SINRLpstprr [(pR,L) = Q, 1% Q 5B M L
Y AN (3) IR (4), 14

MIMO __
Embt -

MpC(1+ p)dz + PX™O + p(1+ p) PES0]

PRy,
YCDE  p(Cls) + PSSO
R R, —-Q (10)

ML (10) WTLAE H, ENIMO & —AN Tk M AN
der WL, BB, %558 dﬁuﬁ‘yﬁﬁ, WA e AL
M = argmin EMIMO - & OBui — — (AT ] 3153

ZHPME MIMO &4 %E LbEFf /N S RERE.
5 LWRESHh

sz e AR Matlab 7.0 %F DCREDT 3
BB P EIE A B 55 80T T 5 B AR
543 #T.
5.1 AEMMESSEHRE

£ DCREDT ik, ti+ WSN b Jg fR 4E A
(1) 19X 265 i A, A SR 28 1 A5 BT AT 22 1) T AR UK /N A PR
il Ok TR R DL, 7RI T EME MIMO f& iy, 48—
ffiF] 2 x 2 Alamouti 25 gt HIAL KA A4
B g LRk Rk HEon A — 12 5 W EE
it CN EDAT. X FE, WSN ZEHEAT BiME MIMO 4%
BTN AH G T o0 R B RUEAE, AR b A LR R R FE
HY5NS5MEMESHT CH f1 ON /N0 K.
FRIR AT RS AN 3, 9 U B R (s A%
WA ANl R S AF R CN), BT ILT S
A TR AR, 17 IST P34 8E 5Bk /N, Pt
T AT N R TR N R O NAS B2 B (AT
DLAZIE 0 0). A5 T8 k745 0 5 R B2 9, A A1 %R
4 1bps/Hz, Mk R, = 10 Kbps, X H BPSK .
RGN HALZE (B GG, W8 K) 5 3CHR [2] FISCHR
[12] hSHk EMIE, R 1 s (I S2 548 H A1
24, BrAR S A uii).

5.2 DCREDT E&#HEZHESEY

F EARERE S N LR BEFE, & IST 1 &k, B
BATTRE, IST HF38E BN 2m, ILT & k Frigte
BikE. FA (3) A1k (4), 4 p = 0,10,20 H, B
£ MIMO 54%4: SISO F5 LU RF REFE 10T 2 th £
2 s, ATLUE M, KA RIEE KT 53 m I,
PME MIMO A% TA& 4810 SISO & T4 e, biE
ILT BEE B, PE MIMO 4 HbAr e in 15
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Zzfg, 10 SISO K LLAF REFERE TLT &y 19 i iy H s
BN, A TEAL VBN A B MIMO 16
FESSIARDS, 2 p MO, BEFENS 89 0. (E89 Infs
AL THAT DA 8 B £ CST %LU (1 CN 2 51 E,
NI AT 1548 5 2 1 e ).

*1 RESHNE

Table 1 System parameters setting

f. =2.5GHz n =035
GG, = 7dBi Ny = —171dBm/Hz

N; =10dB M, = 40dB

ks =2 k=3

B =10kHz P, =103
Pryva =20mW Py, =50mW
Prpa =3mW Priz = 30.3mW

Pf”t = 25mW
PADC = T7mW

Pfj[r = 25mW
PDAC =15.4mW

—_
(=]
&

Energy consumption for each bit /J
=

0 50 100 150
Distance of ILT /m

2 PME MIMO 5 SISO LU it it v 46
Fig.2 Energy consumption per bit over d;
(cooperative MIMO versus SISO)

WA L = L3t = 10Kbit (Joiix &MH), K
34 T IST PSS di 5 LT fe/NER 25 TRR
djmin ZIHRER. ATLUUEH, 2 der /£ 50m BLA
I, djmin TEAN R RS0 T AZHAZS] 0.5m. X
KW, de X dj i RN, B p = 10, %184 IST
PR N [/ R A kB B AR AR, B IR T L
REFEAI IST BEFE, A dir 5 d; T HIEME MIMO
L5 SISO ML, RrEERrRERE T4 0 AE, W IST 11y
P deps ILT BEES d; F1 AE Z (AR M0PE 4 Bt
K. EHOETH (AR = 0) BLEF R R ME MIMO
AT A I RE R, BLR > A 51648 SISO &4
ML ZIHMEMBEE. X dm —EN, d; BT EBE
B, M d; —EN, de BUNTTEREDRBZ.
LR Y, AR B miAn B3 [ RV AN, DME
MIMO A& — N R TR di, FFAE] FRVFIR

PHE VL R B K d; AT R EZ AR,
ik, B DCREDT MEF 5L & A& H1.

74.5
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