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ERNEF, EmaEMIEE G AR P AR ERB/NEA PR BT, 2k, AEid
FUFER T R E L (Nash equilibrium) WEEKE S —, &/, ST B AT RER
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FEBMIEGHETRBRANERER LR RE, ERIEEAFPFHIRERETRS T K
RFAREE.

REE A TLw AL RERNET RHAHE fFwrx
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TEINFEITCZE L 48 H (cognitive radios networks, CRNs), A T BRI 7 0 3~ F38, DhE
PERRAE T TIRITIRT, R e 63 R 5 Bh 2 A LA T 32 T i % Y0 DA S v D 1) P
R — A ROT . IR — A e TR, Rk, TR DR H] g Tz
AT, WISCHR [1~6] 5. SCHR (1) 250 T ZRSAE N EC 2 L 2 Hh N B, Saraydar 515 J67E 3L
MR (2] TR T ET SR R B RS A DD ZR A i 2R Rk (non-cooperative power control game
with pricing, NPGP), Jr i/ il i 8 A 5 D) 348 B R s KAk, SCHR [3,4] #E3CHR [2] 2L
R RPN R B SO HE LR 1 5 4 S S TE. Femtocell XU W45 AN KN TC LR HL N 45 ) S8 T I H
JRT I RAL. SCHR [3] #2 Hi 2T Stackelberg 1] Femtocell DA% 502, #2555 Femtocell
P 5E SUA Stackelberg TR A2 538, BIRTE &2 R Ui )RR, (2 IR fFANE—. SR [4]
A T IE SN2 LT e U A A DA% 1] Stackelberg 3R5ENE, N EM T RE R TR
SR B, R VO PR 2. SCRR [5) 4t T R T Al R IR 0
e G T 17 5, I QoS FIAFAEZER, WL FIEAR I 40HT T 2870 Nash equilibrium
WA FERERIE — . SOk (6] 26T 2 f RS 06 T I R0 10 o Lo TR A0 6, JFHEE 60%
RLREFN— € AP BGE.
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EZ, DA b SCHRAS I A A% i 22 [ 5 IO A% 00 N OGO R P RS T, HO B 1 B B 1oL
ZAh R L8 T A BRI 7 UL 5 R T AT e C R, M, IS I SRR FERRCR B . A TRt
VS5 RS, LU 55 0 2% v AN B0 2 i P 3047 Dh 2], 30250 FH P AL i A2 kAT 42, RS
TIN5 HE BRG], TR [7~13] 5 O 17— EAHCHE A

SCHR [7) $RH T — A E AR R A TR A R AR AR R, S B N
RETDIF AR STk (8] $&H 7 — M i B T I D Fd R K P i 4R 5002, 30l o iR
P BE 7R R, nag 7 3 P AE TP sl i E R REsh M. R O P IR oA e 3, H
ST AL P Dh A R, A RS B AR AR SCER [9] S T — AR T I AR R B
B DR GRS %, AR DR P v [R5 NBESTEZE, Ml Al 2 5 D)2 i s A in) .
ER X 43 9 Ry T 22 AR 2R BT O BRI 73 R RS A R 2 ARG B SOk [10] SR —Fib
Xof B R R 9 R R AR, 2 I T AR A A5 i 1R R B0, (R AE A TP AT 73 M 42 55 A7 (£ Nash
equilibrium. CRR [11] SRHIGSSH B3, SR T HRE Dh AR MU R A i 1 4R 5, (H R 2 v A7 A
%™ Nash equilibrium s, %f T D) ZAH R F T H 71 Bl T 8. STk [12] /£ CDMA [2g, 2
THHZE0 AR B E, ST —Fvm 2500 A IS T SR D Za 1) 4 B AR, R UERT 7 B AT LAl
SHFIME—) Nash equilibrium s, F47 & 3 22 04 53 4508 S5 A0 Rk 7 ..

ST LA EATTT, SCHR [13] 72 O0OH 7 L2 SR R e 2 re R 2% EAT RS b, Al 2R IR BT S
FLBRIRHEAT 30, BEAS 32 F 8 R [ 10 A Aok e i D 22 4z il ik 2 H AR S TRELL (signal-to-
interference-noise ratio, SINR), -5 IH[F] B Y% FH 7 3 sk G542 | A% i o 5 R0 R S Dh 23 e KA B B 30H
B2, ZAEFH AT FEME R E F]— MU 7, IERA H SRR R R Z 57, DAL R
MRS DA SN AAI, IXFEREI T R G A5 e LA 25 5

ARSCAESCHR [13] FEERE b, 23 0 A D Z Rl e B BACN BR L A7), A0S 1O R0H] R £
X E R B DR R AR O A B, JF HARA TR 1 A 108 R A7 4EME— ) Nash equilibrium, #F—
B, ASCgE T SRR LT FOE B IEAREE. 07 BT, A EESCHR [13], RT3l B o
N, R P BRE DA B N %, AR 4d A g, SINR 153 1 ook, 3595 1 Rum g, fE R IE
AP HIIRSS PR T gm | RA A&,

ASCHABA B ZHAT: 55 2 WA T ARG AR5 3 W SE 1 Dl AR HI A R ) A SR
B 55 4 FTIERE T i ZESIA Nash equilibrium FOFEEMEFME—ME: 7258 5 T T oiRERE
WAE LSRR 5 6 T R HEAT T 05 B AT LUK SCHR [13) IITEREAE T LR B R A A SR

2 RpEHE

BRI 1 RO P A P R A R (BSP) MR NX, B
k(k=1.2,...,N) NEFP (PU), B RERN R, EH N B S0 N, 764 A FERUA
RIFE (R ), FOBAE LR v, BT (5 = 1.2, M) DU (SU), MAI#8S YO 2
(BSS) M5 [P IR P LA A 5 AT 55 1190 24 1 78 3 5 P 0 PR P 5 P 3 5
W, UHIP § B P 0 by, PP RIS SR (525 g, WUVCA P 5
({5 T Lk (SINR) RIR A
_w h;p;

Tj D izjien hibi + No’
Hrh, py,ry SR H RIS, No 8T P 35 e 75 2 6.
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Figure 1 Networks model

OB JETE S 0CHR [13) I ELEL, ATE LR AE LR A — TP s 5 L B (E1E
W%y HOLLAE 1, A
L= Y hi?%%, 2)
i#jieM Y J
WER L XTI P RS DRI R, 2 EREE AR B HARHE P, N 1 i,
IR P 5 #) SINR 7] LS

=12 )

RSB R P2 YRR L, 36T P IR AL 55 [13] AR, 5638,
S R B RS E AU, BN RS, o TRARR L%, 5 27
GoltyTh B RLAERE L, A AP, T ELBFC R A VA R RCK B, F LA
PP 4 5 ) S K TR, A SBBE  Nash cquilibrium 9 4(EE S5 A
L

;1

3 HEEFREHSRRSEEFER

XU PGS DR 5 E R Be 2R (non-cooperative power control and rate allocation
game with pricing, NPRGP) & XN G = (M, {(P; (p—;), Rj)},{u;}), HH, M ={1,..., M} FRIKH
PN, B2 5 HZRRIR A, R, FOR BRI, Py (p_) = (py o0y € Py S car 0505 <Q)
LRI 2210, w, FORUSR ST § BB SRR, FTCA w; (pyap_yorys ). BUE, J9 T (HEE
AR EK, BT Z R AT B 1] R

max u; (pj,P—j,T,T7—;),Vj € M. 4
(Py.By) 5 (P, P—j575,7—;5) (4)

FEUCR R i AN (0 A e 5 R S Dl 5 2 mT A2 iy L Sh SR R A7 A2 W
22 5. BRI BN — A9 T3 AR D) 4 (R R BRI, A P A 1L ) R AR 3 ) S = )
WAL ik, BATTEESCRR [13) AR & 8 B AR T oo, Sada kil j K0T s o

o ,
uj = log (Iﬂ“j + Bpj) ——5 1. g Lim (5)
J
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TEEA R EECR Ay, Aoy FRMET UM T), R, Ay = 280 FORDRHRNE T Q
AT REARZITIRIIR, Aoy = i FORERBIRABE T, ol FRKAHER. g T ILRCHA
MR IR SIRNIBINFE R o, B 20 < @ < 40,8 = 107°), FLh LUl LS

) apig; B3

(6%
B
Horf, 251 BUNRHE P R IRces (RMEE A &), 5 TUE RN RECkEHIH P B RMTA, 56 2
T EAET IR K AR, 5 3 TR EE T RS R AR P AR P BR 5 Th%
AR R BN ZR, RIHERA S, Py = {p; : p < pj <po}, Ry = {rn <oy < ripax ),
NREATRT P IEGE, BAIHBETIMEELR B (PU) B6CREXAF (SU) BT
RIHFRIRN Y enr 50 IR PR TR FBGUN TR Q, FT LA 9 Ty 2 BRI T AR

C2LQ 2t (6)

u; = log <I]—7‘j +

> g < Q. (7)

JEM

4 Nash equilibrium BIEEM SME—M4IERR

FA TR STk [14] A 5 SORTSCHR [15]) H 0 52 BERAIE BH A SCHE H I 2R AR NPRGP Nash equi-
librium FAJAF7E PR FITE — 4

EX1 & S* = (5,5;,....5) & N DA G ={5,5,...,5v;U1,Us,...,.Un} BI—3K
WA, WA A S 5E DR e B S0, B

uj (87,87;) > u; (8;,8%;),¥j €N, (8)

SEFHAR S; € S #RROL, WIAFRAHEH S S* = (SF,S5,...,Sk) AAILHIEN—4 Nash equilib-
rium, Fe, 8% = (S7,85...,80 1,84, Sy) #x N MEESEHRRT j LS bS5 EERE
(15 n% 2H 5. Nash equilibrium & —MEFRR) “FasE” i, BIEA — NS vl DAGE I B O sesR
B H AL

EE (M) EAHIEZE G = (M, {(P;,R)}, {u;}) ', WHFTEKS 5% j=1,2,...,M
B AT 6 RRAE.

(1) FrA 25 # 1R 2 R IR 1 IS SUES.

(2) u; AL RN R %L
MR G = (M, {(P;,R;)}, {u;}) f#1E Nash equilibrium.

WERR X TASCHIMSE G = (M, {(P;, R))}, {u;}), AEMIE Py = {p; : pp™ < pj <pp>}, 1%
WA Ry = {roin <oy < rmax} IR (1) MR TR LR (2) A A A RIER.

XA (6) AL, X p; SK—Fir k345 2

Ouj _ a _apyg

8pj - ﬁ]j?“j + ap; IjQ ’

(9)
P2 (9) FK p; K2

Puj ___ —o® oy (10)
82pj (ﬁIjT‘j +O[pj)2 IJQ
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it (10) ATLLEE] 2, ot <0, BRIt wy KT py WEELLMIM AL

[FH A 15 5
Ouj I; _ BILr
or; I T+ Bpﬂ 7";-‘“ ’ (11)
XPE(11) FR oy B RS
Pu _ -7 Bl (12)

2, . 2 tar’
o (I T+ /3pj> "

L) g;;] <0, Bt uy ERT vy HIIESEADLM R L

25 BT, A NPRGP #8 G = (M, {(P}, R;)}, {u;}) f#1E Nash equilibrium fi# (S5, S3,...,S%)
= ({p1, it P53}, PN T D)

E2 (M) SHFACTEZEEA G = (M, {(P;, R))}, {u;}), & HRAEMP KL v (S) =
{v1(8),v2(89),...,on (S)} R—MruER% 9 MWiEEH 1 HFHAEME 1 Nash equilibrium f#
(8%,835,...,5%).

WERR X T AR G = (M {(P}, R))} . {u;}), BN Py = {p; : p» < p; <p**}, R; =
{rmin L ory <rmax} JATRI (9) KT py B M L I I eR 2, H)

>0, Pt < p; < pj,
=0, pj = P}, (13)

max

<0, p; <pj <p;,

9u;
8pj

5t (13) AT th, B HIVEME 1 py € [pmin,pmes], A 52 |, ;= 0, LI p; MR GELALE
—], Bl Nash equilibrium 5§ & ME—VE. % Lk ﬁ/z_hﬁﬂﬂr A E AL, 2 I — 1)

5 WERRRBKEEHEL

HE, B opt < py < pPe e Loy < I, SR G ORE, A AR s I e AL TR
WA p; € [pmin, pmax] Tﬁ?ﬂ*/l\ P} 15 u; K.
FIH L *E’Jxﬁlﬁﬁ K, IR R BANARAE 5 a”’ =0 193, Bp4

ou; « ap;g;
il R _ =0. 14
Op; Bl + ap; 5;Q (14)
TR G AR oy (AR, [FIREAT P
ou; I BI'T‘
- = J tjarj =0. (15)

or; 'z T+ BpJ rt

sk (14) FI (15) a5

{ ag;pi + BLirigip; — 1,Q = 0, 16)

BILir? + apjry — ri* = 0.
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3 (16) 15 pj,7j,

_ 1;Q?
Pi= 9; (aQ+Bg;rtr)’ (17)
ri= _e()
J I;(aQ+Bg;rter)
X (17) JAVGEH TR EFIENA A LR
(pn-i-l’,,,n-&-l) _ (Tp (pn-&-l, rn—i—l) ,TT (pn-ﬁ-l’,’,n-&-l)) , (18)
N I:':'
P _ 1;,Q2
T'j (p,?“) "\ 9 (ocQ-l‘B!]jr;.‘“)’
o (19)
r _ ZAG
T 2m) =\ faaranme)

ﬁ?j—r\ l—L_'l pmin < Dj < p;nax7 pmax. - T jz:l/é T < Tmin H—J— ;E{Z/ﬂ‘]/\\ ;nax — ijound EZ%A T;nin — rjbound.
FATH r;Pound Bzl (16) EPEI’J’“”*"’\EEE’J T H@JQDT v

ag;p; + BLrY ™ gip; — 1,Q =0, (20)

izt (20) TS TIEN

2
_ijgjrjbound + \/Ijgj (4aQ + B821,g; (r;)ound) )
20égj .

T} (p) =
BE, SERTThFRAIER A ER A
p'Jfl-‘rl — max {pmln min {pzpax’ll—vjp (pn)}} ) (22)

Evi)z é' rm]n T < max’ p;nax < D jz%— D; < p;nin H—J‘ ﬁ,ﬂ‘]ﬂ*ﬁéj‘u A maX _ pjbound BZ%‘
pipin = pyPomnd FERERAT pyPomnd B (16) IR AR p; [T A :‘tﬁ
BIJT] + apbound _ ptar _ O, (23)

J

il (23) RS IHER A

_apjbound + \/0[2 (pjbound)2 + 46[]_7,.;&1"

Ty (p) = 261, 29
I, S R AR R A R R N
= max {7, min {775, 77 (p)}} 29)

MR iR ThF A SR R IA S, FA TR T DR AR B S SRR NS 1 For, B 2 AR
FERITAE .
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BiE1
1 BERARIEARYCEL ¢ = 0, 7ETNER MU 7 BB P BE LI I — LA AR Th A8 p° = (09,9, .. ., % ).
2 FERFUGEA ¢, I, AR (18) SR DI IM AR,

(a) 21 ppi <py <pipex Hom <oy < i, U4 pf = pj, ok =1y

(b) 3 pipin < py <pirax Hopmax <y BUH ry <pipin [, I LTRAR ok = pmax gk = pmin PR fRAE R0

(22) EHT.
(C) % ,,,;nin < 7 < T,;nax E p?1ax < p; ﬁ%‘ p; < p;nln Hj— JJ:[:ET/\IjJ$ pgc _ pmax —JZ%‘ p] _ mm ﬂg$*ﬁﬁﬁ
(25) BEHT.

(d) % p;r)ax < pj EX%‘ p;j < p;‘nin E 7h;nax <rj EJZ‘%‘ rj < T;nin HTJ‘7 JH:E#/‘% k: 7pmax EJZ%A pj mln Eﬁ$
r;-“ = r;-nax B r;-‘ = r;-mn.

3 BE Piem 9iP; < Q AL, WAL, WFENT—2, BN, W4 pp = pr—1 — Ap, RSFIREIE 2 5.
4 B IRER S b IOEREE RMA LR, WA |k — pr—1| + re — re—1] < e BROL, TZE AR, B NIR[EISE 2

A, Ho e AREEIRE.
Initialize the power at ¢,
P =(p.p) )

A 4
At each iteration #, each user updates p k r by (18)

When p"““ <p;<p;™ and rm‘“ <r <™, we set p, p;, r/" =7,
& When pi™ < p, < p™ and r‘“dx <r, orr, <r"" we update ) by (22).
mdx<p] or p, <pm|

When r‘“'" <r < r‘"“" and p/
When P} <p;or p,<p;" and r™ <r or r,<r™, we set

A

n

we update r, by (25).

max

p =p™ or p’; =p1;1|n and r _rmdx or r _rmm'

k k-1

No» p,=p; —Ap |—

Verity ». &P, <0Q

JjeM

Yes

End

& 2 EXRER

Figure 2 Algorithm flowchart

6 MEEMESDH

PAEFRATTE L Matlab 15 B R ME BAG —A 3 WA — AN BT 2L B 2% 147 B % A vk
IR I RN R A B . ABRRE 3 R 3 78 75 420 N R=1000 m Al #=300 m, 10 NFEF

1163



A A ITE R B A BT (K A D S ] 5 R 2y S I AR A ik

x10*
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Figure 3 The convergence curve of transmit power, transmission rate, SINR and utility

110 ASRH P4 SIBEAIL A3 A 45 FE - 7 I 26 2% 78 5 TG A

Pisdr, 7 53CHR [13]) EeRPERE, BRI S H W E 5 STk [13] 280, F A P 3L a0 5
108 Hz, @i EHEEE No = 10712 W, EHFRRZTHRITIRZ WAL 10 £, I Q =
10 x No = 10710 W #E—20, W j BIHRM P 2 EEE 5 by = ¢/d], BIER S5 1E
WAt gy = &/L] H dy, Ly 0 WIZRoR I j BIELOCR] 7 3k sk A R A2 3 P S B, 0 = 4
FBRREIFETREL, ¢ RARTNFEILT I =R BN € = 0.097. ATEESE o = 30,8 = 1075, K4
JEIRZE e = 10712, Ap = 0.01. b4b, FAVEIRA P DR A ARG 53508 p; € [1076,2] W, r; €
[0.1,96000] bps, R KAE 727 = 96000 bps.

3N T 3 MR B S A ARdd . 15 T8 L DL S RO BE IS AR B hn 2 Sk 2
Nash equilibrium AR GIFHL. 3 AN P EE B8 32 B P 280 9 BE B8 Bz A0 7 308 L = [400,390,380] m,
P VR P s BRI A 4 N d = 100,110, 120] m, YK S A0 UG A8 A T SR m 2 18] Py B ATLER
5. B 3 ATLLE W, 3 AN F G Bh A A B Jm e FLSRmE A (R N, HLEE B YR P B il
B P TE 0 2 s, DR BEAI, R o vy, AHR Y SINR 8 iy, B dFHb R UE 1 A - IR 55 o
B, BRSO R B EGE H , BTEE ST, B DA S S R S D E T R ARAIE IR 55 o
&, T H RS TR SO RO & TR R s R

Bl 4~7 ARITR G SR [13]) BIXTHODT B as R, B 4 R RS ThE L, Bl 5 Atk
HCR L, B 6 N SINR. EL#, B 7 i J7 i te .

BB 4~7 TLLE 38 A SO B 5RO R S Dh 3 SCHR (18] A BT RRAK, T A% ik
. SINR VAR R AR i . 32 B A AR SCARE 43 R O - T 28 T 22 45 5 AN [R] ) 30 B, Al
FRAELETT H AL P D23 M Z N BTN A 2, 8045 O AR 2 B ARERIUE TR LI AT IR T, 3R15
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Figure 4 The comparison of transmit power of secondary
users
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Figure 6 The comparison of SINR of secondary users
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Figure 5 The comparison of transmission rate of sec-
ondary users
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Figure 7 The comparison of utility of secondary users

THEARRA ST D, S m iR R, DLRCE RO, s T E R 2 BT, A ORIE T

FUIR S

BNk, AT B P R S S s AR S B S R e R BIE 3 MRGH
AITIE 8 YR P R FR) R B AR YA 100, 150, 200 my, #5538 5 b G EE A 200 m AL E] 650 m.
HE 8 A1 9 AT LLE H, 78RR B U 7 5L (1 BE B AR R 260 T, )R P BE B 32 P i PR B K, R
SRR, ROEROR, S IR D 3 32 P ek P B Ok, o 2B P T R0 R S U
RS T w] LA K ARG SE 47 SINR, R F ol . e o, 76 B 85 3 F P J ol B 4 [R] 4 10,
P9 R P RSl R () R P, LA 0 SRR T, AL RS DA, BT R ST Th R, SRk

PRS- BB A P Sk A L
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Figure 8 The relations between transmit power and the Figure 9 The relations between utility and the distance
distance from SUs to the BSP from SUs to the BSP
7T RBE

FEE U PR 58 N RN TC 2R FL X 2% _EATRERSH, A 1 56 R IR 1 R P TR A
TR I S ), SR T PRI TR P ] 5 R O R SRR FURE. ISR ADEACH T,
T AN DA AE FRBE AR R, AEA X B R 7 D3 R AG T O A B (7 145 Rk, 1%
FHEAEAT I M B RO, AR AR ST D, thig/b P 2 2T, IR T
UCH PR R 2 1) B T3, T ELAE A0 P ARSI RS D3 TR FRATOR AT i o5 LA S e 1) SINR,
[ IS O P AR A5 i RO SOREL, FEORIIE TR IR SS BRORERTIR T, 4 T RGEA &

Sk
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Joint power control and rate allocation game algorithm with dual
pricing factors in cognitive radio networks

XIE XianZhong, HE Lu*, YANG HeLin & MA Bin

Institute of Broadband Access Networks, Chongqing University of Posts and Telecommunications, Chonging 400065,
China
*E-mail: helcqupt@163.com

Abstract This paper addresses the problem of resource allocation for distributed joint secondary users (SUs) in
the uplinks of cognitive radio networks (CRNs) where SUs share bandwidth with primary users (PUs). A game
algorithm that provides distributed joint power control and rate allocation with dual pricing factors is proposed.
First, to reduce interferences among SUs, the pricing factors for power and rate are defined individually, to con-
trol each SU’s selfish behavior more efficiently. Then, the existence and uniqueness of the Nash equilibrium (NE)
in our utility function are proved theoretically. Lastly, the iterative algorithm for joint power control and rate
allocation is provided, along with a flowchart. Simulation results show that, compared to previous approaches,
the proposed algorithm can achieve higher utility and SU transmission rate gains under lower transmit power.
Moreover, the system sum capacity will be improved while maintaining the quality of service (QoS) for PUs.

Keywords cognitive radio networks, game theory, dual pricing factors, transmit power, transmission rate

1167



A A ITE R B A BT (K A D S ] 5 R 2y S I AR A ik

1168

XIE XianZhong was born in 1966. He
received his Ph.D. degree in commu-
nication and information systems from
Xidian University, Xi’an, in 2000. He is
currently with the School of Computer
Science and Technology at Chongqing
University of Posts and Telecommuni-
cations, China, as a Professor and Di-
rector of the Institute of Broadband Ac-
cess Technologies. His research interests
include MIMO precoding and CR net-
works.

YANG HelLin received his B.S. degree
from Chongqging University of Posts
and Telecommunications, China, in
2013. He is a postgraduate student
at Chongqing University of Posts and
Telecommunications, China, and will
receive his M.S. degree in communica-
tion and information systems in 2016.
His research interests include cognitive
radio networks, cooperative communi-
cations, and wireless communications.

HE Lu received her B.S. degree
from Chongqging University of Posts
and Telecommunications, China, in
2012. She is a postgraduate student
at Chongqing University of Posts and
Telecommunications, China, and will
receive her M.S. degree in computer sci-
ence and technology in 2015. Her re-
search interests include cognitive radio
networks, cooperative communications,
and wireless communications.

MA Bin received his M.S. degree in
computer software and theory in 2007.
He is currently an associate profes-
sor at Chongqging University of Posts
and Telecommunications, Chongqging,
China. His recent work focuses on spec-
trum handover in cognitive radio net-
works and vertical handoffs in hetero-
geneous wireless networks.



