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R FEHIEE: B RE SR 3 N 2% vh BT AS 5 TSR R A

FEIE 5 7 B 2% B BRI BE AR T, AR 48 DA/ X Dy 0 TS 23 N I SE BT 0BT O — A LR
FERERG. 1207 b, TR 2R 5= B8N E DU 7 1 B E il b
FRINRE, ¥AER LA R A AL BE BT (base band unit, BBU) H5ZHEL. BBU 5 ilfnifm i1 4 4 Ak 35 45
Pe— g bR oy dkal. OIS A, B HE G  E REAT R BRI, kR TR
KRR EA (CAPEX) 58484 (OPEX). [A)HJE i 55 1% 00 00 I 0 A 25 -5 25 3t 1) 14D 368 435 0 7 EH
BRI LR (backhaul) BIPIBORE. PR IRIAE R — s 58 52 B, R 5 P8 15 i Skl 18] ) (5 B
3.

=AM (cloud radio access network, C-RAN) B3 S 31 453k tH B — 143 18 /1 0 T e
ANMSERHT T ANFET DN O B TE I, 7E C-RAN 5 BilE 5 78 B AT R S B hm
FAJT (remote radio head, RRH) A& N ARHI 5 B AL OB v H4 15 5 )5, BREIENRTL M (fronthual)
BEAT R BE B A . A AL R — E XN BN X B R R I S B L, RN R R AL
B AT R AR A C-RAN ZRAA sl A (0 7 240 ] ST RRHL 138 % 1 43 BBU AR
PR A5 Vi, PRt bk A R R S B 4 AR W] LUK BRAIG; BBU FIAREE D REVC S B8 ot Jm mT
PASE 52 e O A S At B0, G0 T R Btk — 2D B 4 A AN, AT HE o R Y e el
5, A FE/NX A EMEEAE 4 LAR K. Lin 55 B @3 FERHASE H T —F28 0T C-RAN o4k
Az (wireless network cloud, WNC) 2244

1.2 HxI{E

R R TN 2 B T2 RVE. ST [5~7) & H i 7 R TR If
R T FE RN SCR [8,9] X C-RAN FERUN X7 St BN FH HEAT 1 b iscit. df—2, 3¢
Wk [10~13] 7 T C-RAN TERFE L TELRHL (software-defined radio, SDR) V& L[Sl &, fEiX
g%, BBU FrR$E 1 TH AT S5 18 B (10 77 s B, IRAE@ FTHSF & (general-purpose platform,
GPP) A7 b3, X H o A — M AR R AR 0E (virtual base station, VBS). #H b T2 T3]
L2 S (field-programable logic array, FPGA) F1% {55 A FESS (digital signal processor, DSP)
L H A&, 78 GPP _ESEHUHT BB D) e S0 DN B R, 0 T H R B AT I S 7 (. 4k,
IR AR TS 2 AN AUl RE il DL UL (VBS pool) MR AL =Wt R 3R, it —F
v TR E RIS PP R oA (141,

DREHEANMBAE 2, ERAT L T2 — AN ERRSL /£ C-RAN o, Hds 0 E i
1% /N DX A B R S PR R (5 5 0 5 2 A% I 4 5453, 58— 20 MHz [ LTE (long-term
evolution) /NX, FANKER FLICIE R — M pd 72 AR A (5 5 TR EEHFEZ) 1 Gbps IRTA& 56 101 B
2 RE . ZHEAZ /N lik 70, AT RV 5 SIE R G AR 5, R
Bt I BT AR BRI SRR, 25 R8I AR R I 25844 4K 25 ) 85 A A A B AA BT, X — a0 A (2.

FEFEHIAE 5 A S HEAT s 4 2 I A A 9 0 s 0 B — i FH 0. I3 i 45 5 T i S0 1
B HL S ELT, (HR U REIR B 2 ~ 3 A4 3. AR N RISE A AR S, BlanSCik [16] iR
H A S0E I AE RRU ARG NS A503 #te « R i gt 1 R0 2 () P i (precoding) S8 AMAMTSLEBLEL, I3RS
% 30 AR EAEEE. (HARSUR R AR A SR 58— SO %5 18 RRU AL THSE BRI 32 BRI 52 K
JOF AECASEN IR B, DA RRU — i R BEREBCA BRI THEL B, 1245 5 A0 B 2 R kAT 5 2% 1 46
SRR AG B Ay IR, SR A, Ay T ST 55— R TR I SE SR, 4 5 AR s A 1R 1 i R A
AP EIR S /N A T BRAT 55 PR 2E B A
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1 (MEMFE) REEXBEEMEEMRER. VM: EEM; Conductor: thiEzE; RIE: §H3iZ0KR&E
Figure 1 (Color online) Illustration of the software-defined hyper cellular architecture (SDHCN). VM: virtual machine;
RIE: radio interface equipment

RGP T 5 5 A SR M A R gt 2 Ak, (B G SR T3 1 Al Dodd o 52 D e 75 14 2%
)& BB R A A AL 9. bR b, C-RAN BIFFUR— % Lol s A2 B I X8 5 5 v B i R Bt it
AR AE — E VERE R RANBLH QA T e i AU BRI AC B 7 58 9 7 SeBLEME 5 SR IR, JmeE ke
H PR e g 0 s D7) S — e n DA S ARG R o0 e e s ) 5 55 S AT R S S
LT MR SRAVEE 5 . SRR SR UG C DA KON 55 IS FE AR 55, I8 3 1 RERS B RN DL AL B H .
Forp P 5 Bt o0 B AR AT DO A5 SRS R B SRR, SeIUEAE S 5 [ A U
HlE.

1.3 HNBHE

FET UL R, AR T AN S B 2 B A GBI BT M 4 (software-defined hyper-
cellular network, SDHCN) ZE4), FFZEICEEME 52 1 P Fh sk 3l 5 5 v S50 00 W [R AR A ARG i A 7ty o
556, 55 2 1 E S/ AT S B A QU ORI R, 27 3 0 A5 R A Sk it v S B UR SE i
SRS IR BGR, 4 I8 A B2 ) i DR R (IR A BRAS T 58, 55 4 AR S 450 3ai T
RE 7 B RIRIT T RR, 45 T ) R 70 31 0 BUR R AL AN SR B T 45 2R 26 5 TR &S0 A AT

pSE

2 BESHENRERE M E B SR

AR A e S B R R AN B 1 R, ARG AR L R RAESCHR [18,19] . %484
B E REFAL A LRSIt AN 1 58 SCRIIRSS . REAOU IR A W T LA — 2570 g S g RO 8030 <1 T ) 2L
BRURS —ASEARR 2 P T D R 4% P A Sl I AF S TS i R At e A Y B SRR AT R
. A RE SCRIAR 55 2k T R BT . E R MRS DU Z AR AR T i S, LB b ariE g 2R Ae
(R 25 Ky SEBLLASR Rl 3 e b
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2.1 ¥EFE

SDHCN  H [ 28 1 11 20 5 S 443 1T B % (vadio interface equipment, RIE). #CPF 2 SCHT A% M
(software-defined fronthaul) FITH5 RS 2% (servers).

SIS0EE % &: RIE XS HH0E 5 MBCF (5 ST He e, JR 50— 0 S PR YR 0 0 TAE. £ T 47
J7 1), RIE H 315 RAE(E 5 HH O GHIE 5 £ EAT I 1A, RIE #4008 PRI TC 2k LS 5 ORI B o 5
WP RN, RIE B IEEA ) 1% Geb i, w7 DLBEAT fn a9 2 55 0 B8R0 AR HIR 55 B A 484, (5
AN RIE B AR 57T B8 K Dy SEBLGH 9 A [F] T A7 22 57

B ENATER: RIE. 1 HRSS S A HAR R AT — AN E A B i & Wz, 1%
W25 A P2 A0 35 R A S SCSS MU TR A0 [F) 20 e o 0 e SO L b iR 25 42— B B DLEAT
Fo B e R S s AR . By AR B T R 7= AR (A5 B AE 200 A% 0 2% Hp 5 T I % aQE AT A% 368, TR mT DA
21 7 U B Rl 0 R sl R v bk () 1B AR OC AR RIRE D T MR, A 00 A e i il el i 1) Oy AT
ShAE L

HWERSER: HERS &S AT A EEE-F I i 8RS, B T 585 A KK R TR S, T
DU E N FE T SAT 5%, TERIA G S5 35 (edge server). THEMRE 2 IEAR AL RN, BT 4
AN 3 0 KIS SR AR T B Ab, I HICAT A8 3l 1k Ak DA AR BRI 4 7257 (A 55, B B0 S A X kAT
NEERTFEATR IR, SRR AT B RE IR LA, fltn, B oysb bk ab b 55 A BR T HAA 7 # R
A AH LR TH R R 2% 2 AL B BE A PR, XA SRR 2% 2 A R R 0 SE B, T A5 o R U B R S5 U R
AARFRITHERE . THE RS A5 AT LUy 1 18 I 58 L84 55 ) A B 003 A6 308 o 55 9 Y A E 28 A APF T
A

2.2 =HIFmE

v A 308 3o R 1 43 1 A e T T D B B, BRI D e S AR B L A A il
AL B RN T SRS B A T P B YA e Y 42 ) £35 TE PRAC A2 ) 482 I i Pl R BV p 26 b ST fE
B U EE BT LU A LA (I H S BR), rT BUR TR (i P M 5E5).

SSRIE VETR: SR DV PLBIREHIE RIE ARSI AL ATl A. BRI BT IR AE
RIE b A%%q, {E T e MRt ik A i) T 5505 55 45 SR S (RS 240 (0 S M e D 2, o e o A o LR s
AT RIS R AL, S 1 BE 35 T DUA SR G ] RIE SKRIsZ> R GERE

AIETEEE: A 2108 B R 8 SO BN LHEAT B IF X i A% 2 i AT A B, DAL R At
A7 € I 55 o B ORAIE ) 5 21 3 A% IR 5% A2 ERBE AT — b 55 75 SR A /2R , 3 BE A8 IR R SO #e
PLEAR R o MR 55 S . X S B Il f5 i (F AT e I BT, 2T EIR(E R, A il a Bt
RRCER T LA 2 58 ML 91 B B R A 0 B YR ORAUE Al 55 S 2.

LB RV R LB BT I REARIE T 555 5 A O SRR M VL e R T SR 55 2. TH B
AR5 A — € BT BB R 5 SRR 8 755K [ IR AN [5]3R5 A 55 2t m] B AN TR A T BERE ).
A BRGNS H bRl T RAT 55 5 BRI VLR SER SR L BRI 5 TR S RERE IR O S IR .
T SE BT AR, A BB T D R R TR BRI AT S BB AE . BEUR TR SR L AR M SR H At i
SE R, IFBIEA FALE T SR 5545 (0 b HIFORIZ 8 7 0 AR 55 SR RO AR BE 45 R B R B AN
b A, 7 B SRS E R X L I A B 140 R 55 o B

PP A A TR 2 1 A7 B IR AT R AL T B A 08 — A L LAt et SDHCN SRR
3 PRI BEIA.
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AT B 2R TH R SIS R 75 s0ERIE. XL RN LR LR I N 2 B RESUBLAN R, 7
TR BESEIN AL BERE 7. Juik, PR g A AL B R T SR O W B S B R A H RAE SEAT L. X
e B LA AT Rl AT A% B R BT SR 55 A5, AR AR B h 435 PR RE.

FEAURTAE ZEilR: RSO A% DR U8 LLRAT — & I 55 o0 R ORIE A o 21 BE B R 2 B, 2 AR C0 457 98
ANFIE. AT AR 555 T IR FE AR B 7 SR AT RE AR B, ey A BT 55 75 2 Gbps B4 FEA
100 ps JUEEMITLE; MR8 2 v H R S5 7 2 Mbps =44 HFH FE R 10 ms JUBE M LE. B8 2840 i 1%
SR PR ERRONS S A 0 St 1 1 P B R YRR AT A [ U DA A IR K

REAUSTSRBTIR: A B8 RS e V8 B D RE (75 B BEAT S B VR K R AU ROV B 55 R ) R
UL AONAERE — b DAREAS T A a5 MO B BE Bk, BRI Zdh B IR A2 TR R R
5y TR AT RE SCI T AL D RE. L 55056 P B e J= O R S A8 i R AT I B 5 6, S T A
TR M G i v SR BT,

2.3 BHEMRS

FE REAUBEUE AT L5 (58 408 5 b AR R SOBR S5 M 55 S 04t e T AR A 75 SRR FR 7 RS P R U B2
PR, AT B ERARA B SRR, IX0] DU R ] (R 55 A e A8 I R, bR SRR RE SRR A — Fof
BRI AN R 55 A2 A o, 8 5 7R G AR SROM L 1) R D B Y 8 2 R UL ol A, — > S W B
Ty RE S [ ) il s REWS i AR A M B B B, AR ROAZ Bl 5 D RE T DA Aottt — by, 4R,
DRt RE ST RF i RN O L AS DI RE, BLAEBhA TH HE R UL B ol i UL AN iy Th e 7> 1005 30 EAb, 1%
ZRMIE SRR B RN IR A = IR R IR S5, I SR (S 4 A SE I fR .

3 EMEEHRITERIGE S

TICERAE N A RE ULl b AR R AT T S BE IR G v R A G 2 B AT oK, 5 78 i Y T AL /N X A i
A WAL RS AS IR B, PR e e 3 i B RO sty AR U, AT DAPE T 5508 25 15 A% 8 A5 BRI EAT AN
[l AT 2. A7 A S 2R VR A Xt R DL vt T S B U e T 52 28 (R A 23 A A, Wk TR
CLZERRAETCR [20,21] . A B IE S R Y 1 — 21l (session) I [A] UBE ARTBEATLHE DAL
R AR R8T Sk o T S Y SR A B U 1 00 2 RO~ B AR I SRR B, AR R R
ANELERT R 2 4E Markov B, JF A — D IRBUL AR A, 7T LA ISR 73 Hr S b 55 MAE I 75
B S5 TG R M. Dyl s s 5 eSS B, BEJR 4 T — Rk S i B 2E R ) ) 5
%, BN TR AR SO R BB 221 T BRI 00, T AR B Sttt 2 1 i f 28
A RRIER, DAt — B A IR ST BT I PPAG . JE T BRS80S AN [RI AU R A sl B 2 1
RN BEAT 7 HAE M. S5 R oR GrTt 5= 3 20 A5 el b /N I it A Tk, (H 2 Stk — 25 0
TN BRI R 2B 3 ;A R P el B AR B AR 2 5 L 1A AN e B I AR
SRR IRFREER MR RIAT T EMEDT.

3.1 [EMEUGHIEE

AT 1 2 UG 18] RUBE A R AU it Markov ML HE G HAGASMER. W1l 2 P, D RAEREAY
e — Mt A V EIERS, 56 v K (v =1,2,..., V) EHSIEE M, A BAE o FIERE
W lics K, FALRISHIEME SHE. Iy R 30 2 0y N BRI TS BRIEOR IS F P & il AT
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Data center
Total N computational servers

e

\ Fronthay] links
/ Frontha!\links
o AAAA
h Ky Ky Ky Ky
ces VBS Group V
é é é X M Total number of VBSs My=4

Each has Ky radio servers
VBS Groupv
K1 K1 K Total number of VBSs M,=2
'VBS Group 1 Each has K, radio servers

Total number of VBSs M,=3
Each has K| radio servers

2 (MEMFE) RAEMEGTREE. EUEGZRENS R V A, SAFRENRBESFEFIMSSE, &
HEMBESERREPOFHA N M ERSSE
Figure 2 (Color online) Illustration of a heterogeneous virtual base station (VBS) pool. VBSs are classified into V' groups.

VBSs in the same group have the same amount of radio servers, while VBSs from all groups share N computational servers
in the data center

S AR A £, BRI A OB 5 GV H 515
P, AFICRR, NSRS (radio server, or r-server) it B k45 %% (computational server,
or c-server) K4 HlFR AR THE BT

3.1.1 RERBSENIEH

BiK: BORAE IR OB VO A, P 218 BIE A RSZ I Poisson BENLIERE. &A%, F£HI
AT SIRMEAT, — A REAU KR o A PR Y 2 1 B IA 4 I b T L sl VR AR AR fe VR A R
R At B A AN R RN 7 s AR, T gl BT SRR/ R P B BIE R 35 o B 1Y
HEIEEIERN N,

BRS5: #t—2, BB 2R E ARG BARMAR R A, o AR 55 fal DR B 37 54
k. AN, FETEF B 1 5 A 5% R TT AR RE Dyt T IR R, T 0 8 B 2 v v U AT AR AR
A R R, R, A S URTC A 1S SR U R B R R 15 S ORAUE FL BRI IR 55 B 75 SR A 2
PRI 2 SR 2 35 M I O 5558 75 SRR T e, DRl AR 2 B 5 U A0 PR . (IS5 R ALk ot it ) 9% 9 B
e ARSI UL S 0l 73 P A AR 55 BE 0 A 2 SRl iR 55 RS T ) R A, O ELIR S5 RE U = U0
BSRER m A v REEUIESEERT A ¢ I A2 TEHON Uy (t), 84 LT T3 (4 B 55 LA AT BARER IO
XS m A o REMIEG, AR ¢ I 2000205 B & 3T IR RS £, (Uy,m (). 138 Poisson
BAE T ARG R LIEXT R GVE RSN ) © A AR gz Al A 22231,

FNESH): N ORIE QI 215 EAT LW SR 55 a5 AN T SR 55 &%, 7 B4R IR AL st b oy
B EE R AR INEASE S TR E T o RMEEIE R &1, 25 HAACE RS &g 5l b 4 5
RIS PR 55 2 8 H AN T K, BB b bl 5 R e IR S48 5 H AN T N A R, B

1) 28R, HHr A EE AT 5 )P 25 BOE R I TSR, (ER AT (11] 8 4R 1T S 8L B A 1 i
SFARS, P TR E AR 5 ] 7 i B Uk H
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JUH L BH 2.

3.1.2 RE9H

TERTIARE T 28 m A v FEBPLIESEER H] ¢ BRI SIEECH U, 0 (1), T 2B AR 550t F2 1
Markov 4, 1R HH & Ul(t) N2 Y Markov A2 KR 456 RSB ANFEHIHLEI P LAE 2] R G HIR

A7 ()

VvV M,
Ut)eU = {u0<uv,m<&, 0> Y tem <N, uv,meN}, (1)

v=1m=1

;H‘:EP u = (ul,lﬁ"'7u1,M17~";UV,17"'auV,MV)T 7\%%?‘&@% }J\jljt%i u’ %[J)]ji‘j& u” E@%%%j\j

A, u’ —u = €y,m}
fv(ul ) u’ — = —eym:
qu/uw’ = wme , . , ' (2)
Ay — fv(uv,m)’ U =uj;
0, FHoAth,

H o, o 15 0T My, +m T, H

w
T
evm(O,...,O, 1 ,0,...,0)
’ ~—
H st My +mI

RKEN SV M, KIFIFE. 3T TR, B 3 Al T AR T RSB R ER, B K
RNV =1,M =2, K; =3, N =4, fi(n) = nuo.

— AR BELE LR P4 g O TAERF I, ) AR AR G L ) S I BE AL . Bk
, P BEHLRE AN S £ I e AR AR R SR TN T R AR PR AR
H SRS FIBENLE . (H2, OF TAERE fUE 3R 2] DU KA i A7 0 S 2 A N SR, T HL 32 BR T
] A B, — FRSCR AR E BE AR /NI ) 88 X B2 R, AR50 R B 98 B AR A& 115 2R 48 1) FHLZE 2R AN
SRR, R SRR IR R 4003 sty w110 DR 4 FiE ) L.

Kaufman 7E3CHA [25] AR —RZMAHIEN T U®t) Waldirt, JFBA PR RS
paxil
V. M, /\q;v,m
pruy = A T[] o ®)

S AL T fuld)
H,

—1

V. M, )\Zv’m
PoZPI‘{O,...,O,...,O}: ZHHW (4)

uelU v=1m=1
FE TR BIMERE, MR AT DU BER A S A 1 R T . AR (3) 1 (4) AT ELE B, AR —
MIRES w RS TR IELE T — R AR, Jf HAX TR T w S HUH.
EREL T R BR S5 B FOR AR MR B A, AR IMME A — 1R, Kaufman £E3CHR [25]
g R SRR AU & TR R A A 2L Lapras 288 (IR 55 &0 i
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XUFHIEE: B GBI S W 4 TP AR S5 E Rk

k,
J
0,3)
L
=
A |3u A 3u
0.2) 2
(1,2) @, 2)
A |2u A 2u
2
0.1
L
= %@Fﬁ@
Al H A M

B 3 (MEIERE) WEHEBEGEHRSEBE. kL M kL BOoARKRAEDELNFERRIER. K = 3,

N =4, fi(n) = npuo
Figure 3 (Color online) State transition illustration for a virtual base station (VBS) pool with two VBSs. Axis k1 and
axis k2 denote the number of active sessions in the two VBSs, respectively. K =3, N =4, fi(n) = nuo

3.2 FHEBESHN

3.2.1 KR

oF o FOLSE il b e o ) 7R N SR S B UG R BH 28, I e fH ZE S AT DA A BRI S SHAIRH
G B, AT IHESAE B, b, SHARH 2E AL R A 5 AR 55 25 A 2 18 R BH ZE S 4, gl 2 il
Up) = K H XV SSM Uy (7)) < N, TTHSEFLSE dH SR 5528 AN 36 R (S AR 25 2% th 5 7]
BRI AR, thah i S0 oM U, () = N. i;i t~ RRSTERE Z AT Z). iR ok e X,
ARG A 2 %1+ﬁﬁﬂ%mﬁﬁ$1¢ B N B, = 0. #—2, @ LS5 I ZEFF 158 B R
%44 B= B, UB..

R S EEPA R AR ZEA R, R PASTA s/ 20 JHLIE T LLB I S
BMFORE, JUP S o SR £ 0 S

me

PPr — Z Z Pr{u}=P Y HH uwm = (5)

uEU uely; 1 w=1m= 1

b A Ao My yuom
' no 2= |\ i T fuli) <mf_[ Iy fm) ’ ©

’u.EUgr'l w#v m=1

H o™ ={u | upm = Ky, urq + -+ +uian + - +uvy + - +uvar, < N}, 535020 (5) B (3)
YT v MFR, FTBAROL: Pr{do iy ey U jye o} = Pr{ooo Uy jyeen Upiyn }e
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AU, RS it TR P ZE O

. D
P :ZPT{“}:POZHHm’ (7)

uEU}J)\g uEU{)\i v=1m=1

HAUN ={u|uig+ - +uia + - +uys+- - +uvarn, =Ny, < K, AR ETHHES S50
THEPHZER AR, o o FEEEuh I SR H 28 220 LK 9 & A 45 3]

PP =Pr{B} = P 4 P". (8)

3.2.2 BYAKE

PG b, AR RGSH0 R HPHZE R m] DLE T F i 55 28 SR M. H2 95 28 5y LA e s e 4+
£, Rl T RARAR K ) Skt oKy AR A5 LS B, O T PR S R 2, iF R R A T R
B ZEMER (38 T fAR. BB N T WIS Bh R B DA FE 3 3Rk BT A PHZEME R, I T RIS H T8
VAT SRR AN SR 2R B . IX AN B R B

V. My A:"‘ﬂw,m,
coean= & e ©

ueUé\i w=1m=1

V. M, )\uw,m
RN.M) = > T oo (10)
~N\C w=1m=1 Hi:l fw(l)
'“'E(ch)
/E\:EP M = (Ml,...,Mv,...,MV)T, %é (Ué\é)c = {u | u1,1 +"'+u1,M1 +"‘+UV,1 +"'+UV,MV <
Noupm < K, } 284S UN RS U HHIRME. B4, C(N,M) 5 R(N, M) 7ilElLT4E Ul f
(Ué\g)c WA SRR AN R, BHZEME R IR SN (6) A1 (7) WTRARE E R IE A
P

[T fu(i)
P> = Ppy.C(N,M),
Py=R YN +1,M),

P =Py- R(N — K,,M - ¢&,),

v-th
Hr e, = (0,...,0,71,0,...,0)7 RKEN V (FIEE. B OV, M) A R(N, M) HI5E X, i bk
38 T T O 3 Fe

)\Nz(v)
R M6
JRERNAON ,
CINM) = ¢ T ), )
Z " ; ] C(N_'I’L,M—é,“)’ M>éva
n=N; (v) Hi:l fo(i)
0, N=1:
R(N,M) = { R(N+1,M)~C(N,M), 1<N< M K +1; ”
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Figure 4 (Color online) Blocking probability vs. nor-

malized amount of c-server reservation for real-time traffic.
My = 40, aq = 20, PP*h = 1E-2, K1 = 30
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Figure 5 (Color online) Blocking probability vs. normal-

ized amount of c-server reservation for delay-tolerant traffic.
My =100, a1 = 0.5, PP"" = 5E—4, K1 = 10
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Figure 6 (Color online) Blocking probability vs. normal-
ized amount of c-server reservation for real-time traffic with
different traffic load and quality of service requirements.
Pool size: M = 40
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Figure 7 (Color online) Blocking probability vs. normal-
ized amount of c-server reservation for real-time traffic in

heterogeneous virtual base station pools. M = [20,20],
a = [20,20], PP*h = [1IE-2,2E—2], K = [30, 28]
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Figure 8 (Color online) Blocking probability vs. normalized amount of c-server reservation with different pool size.

Vertical solid lines mark out the critical tradeoff points. Vertical dashed lines mark out the large pool limit. (a) a=20,
K=28, P*"=0.02; (b) a=20, K=30, P"*"=0.01; (c) a=32, K=44, P**"=0.01

RO RS XU 1 et 5 1 2l A B RN 3t . 33X b Pl 2t mT DA B0 28 A il 55 ot e
SRS BH ZE AN G A 48 2 (1520

K9 e 1 I 5 R AL B RE T A AR A R il 2. W DUREI, o SRS R DL s £ 28 T DA
P KA GETE I 28 ; 10320 B b 2 3 R T, DAL 5 S K P R A0 3 il b A e 3 b AR R
TR LT LU B o A RIS ) R DL il b 5 K SR AR G, BEREAE SN R RIAR I 48 B8 AR MRS EAE
Mgt B e, Pk — A EL G

XL 9(a) AT (b), RTLAT 25 ™67 K AR 55 B B w SR AT DA N ge it B I 2. X2 — T
i, 9T B ARG BE 28 2 5 EE P B 58 2 A9 S IR 95 o, RIS IR R _EIR MK 1 5 —J5 i, 1
PIRITH SR SS & o5 TR AR AE (M| AL, PRISAR 55 B 75 SR8 ™ 7, S IR A TH AR AR 55 4 Ll sy, ¢
THE R AT, 53— 7T, AT LA B 55 S, i S SR ge i B S, ISR
FEBNEZMRI S8R, T3 A B LA YR R STt S 0 25

4 EHHEESRIMESN

SEb b, Sy AR PR AU/ K D REAE 1B R AE AR 5 P 25 B /3N TUAR L FH DASIR B A% P O e o A0
R I T L IRN M R et 7 TUAR B B i B R, DR 75 2L AR B ORI A7 985 S5 LA b, 2
A 5 I 4 A B BN TH SRR 1 RE W 2 B /i IR R TURAE . 25T BB, SDHCN 3¢
FERBEATT b B T e R b o3 A7 7 SR 0 S A1 4R o A B, — T3 T RN AR W EAR TR IR B R, S —
J7 e G AN TR SRS R T ROR TR O o BB T AT B T RESE, R

3) X T R B A R B, T LUOs I 2 A L A% W 48 B 25, R RS S A B AN R A dfE rh Lk 3

1425



R FEHIEE: B RE SR 3 N 2% vh BT AS 5 TSR R A

— - — Approximation Numerical search — — — Large pool limit
. 1 1
o)
Z \
2
& 0.95r 1 095 1 095
[ |
e |
£ 09| 09
g 09\ 09+ f 9|
E]
z t | |
3 \ 76.4% | 80.1%
Soss | 7 0ss 80.5% 1 ogs | ]
= \ \
E \ \ N
g \ \ \
< 08F < 1 0.8} s E 0.8} N
AN S} \. ot
5075 e 075t N | 075 g
g N
= ST B y__
8 07—~~~ Y- o7 = 07t
8
I o

0.65 : 0.65 : 0.65 :
0 50 100 0 50 100 0 50 100
Pool size (M)

9 (MEBIKE) IhAFSREEAERN TRk, SEARETIRF S EERE, SRI%FRE T IRAF S ERE,
FEEARE T KR A ZRIR. B it THAERR 50 RSt S AIgEMELE TR XIGEREL A

Figure 9 (Color online) Critical tradeoff point vs. pool size. The solid lines mark the exact value while the dotted lines
mark out the approximation. The dashed lines mark out the large pool limit. The ratio between the multiplexing gain
with a pool size of 50 and the large pool limit is also shown. (a) a=20, K=28, PP*"=0.02; (b) a=20, K=30, P**"=0.01;
(c) a=32, K=44, PP*h=0.01
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Figure 11 (Color online) The simplified baseband processing structure used in simulation
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F1 TENE
Table 1 Node weights

Index Node Weight Index Node Weight
1 radioTX 0 7 mod 0.1
2 radioRX 0 8 demod 0.1
3 fft 1 9 code 0.1
4 ifft 1 10 decode 2
5 MIMOtx 0.5 11 sourceDL 0
6 MIMOrx 0.5 12 sinkUL 0

*2 HERANEH (6,

Table 2 Computational cost function cc (i, £)

Cell site Data center

22 ¢ (v)=i (1) 0

#* 3 BIERNEH (4,5,
Table 3 Fronthaul cost function ¢t (4,7, §)

Cluster Cost
Inside cell sites 0
Inside data center 0

Between cell sites 42-€(e)=(i.j) w(e)

Between cell sites and data center 22 ¢(e)=(s.5) “(©)

4 EREB d(p;€)
Table 4 Delay function d(p;€)

Cell site Data center

Sep (10) Setuy—e(y 1)) 0

MIMOtx.(n+1).2) 7.

BT AR TF AT &R 2 M3 PIFREBUE 0. BOAEERE o0 o i AR rh i S5 B S AR R O 4
I, BB oL TS SCAY . BEA, BT s N S S A 3 AN T EER I AT A 46, 5 RN B
BT . 3t s anli ik AR F O 18] FR) R A% S AR vy T2 i s 1k T PR A T4, 30 DR Dy — e 2%
H R I A I 29— FECAT T [ V2 SR A B T AL Ak, e, AR SRR N B AR Al o SAE 551 2 T H B R U,
ST RN S T DA R 7 D obef R el B M SR 2R Y LT B AR (5 4).

Footh B H SR 5 o, R B B U6 4 s Bt 1 B Y, st ik Y A
WIGHA B T B M 71 R TFE R SR h. 9 TS o MIBhATaE S A, 72 B e o SEATET AR AR
R Fe e RAB HEAT AT

7) PME 2 AR SN A A E AE T MIMO A FFT (A AL .

1430



HERBYEERE BAaTE H 108

x5 HtEESH
Table 5 Other algorithm parameters

Parameter Value
Population 20
Init. function Graph-based init.
Seed nodes RadioTx, radioRx, sourceDL, sinkUL
Selection function Roulette
Crossover function Dispersive
Mutation function Graph-based (Probability 0.4)
Delay penalty 10
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i % 208
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%D 9.0¢ o L € 0.6
5 Increasing o &
£ 85¢ g 05
£ ° 5 2 04
£ 80| = 0.3
751 A 0.2
o 0.1
7.0 ‘ ‘ ‘ ‘ ‘ ‘ 0
0 5 10 15 20 25 30 3 4 5 6 7 8 9 10
Computational cost Node index
12 (MERFEE) ESHERNBTRXAE. 13 (MERFEE) ~E o BUEBEIRSEIS ZHMT.
D(p) =30 D(p) =30
Figure 12 (Color online) Tradeoff between computa- Figure 13 (Color online) Profiles of different splitting
tional and fronthauling cost. D(p) = 30 scheme resulted from different values of a. D(p) = 30
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NIRRT S EA IR S TR AL, B HRAE il Bk 2% NI R A RE N A5 3T I AN SR 9 AR S BRI
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Figure 14 (Color online) The influence of coordinated Figure 15 (Color online) The influence of different delay
multi-point transimission (CoMP). a = 0.05, D(p) = 30 constraints. a = 0.01
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Synergetic communication-and-computation optimization in
software-defined hyper-cellular networks
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Abstract Recently, the cloud radio access network (C-RAN) architecture has been proposed to enhance the
cost effectiveness and flexibility of traditional cell-centric radio access networks. However, the massive fronthaul
bandwidth required to centralize baseband computations in C-RAN results in extremely high costs. This paper
summarizes our previous efforts toward solving this problem. We proposed the software-defined hyper-cellular
network (SDHCN) based on the control/data separation principle. Under the proposed SDHCN framework, we
studied two mechanisms that can greatly reduce fronthaul costs through the joint deployment of communicational
and computational resources. First, we quantitatively characterized the relationship between the size of virtual
base station (VBS) pools and the gains from computational statistical multiplexing by using queueing theory. We
then showed that the marginal gain diminishes quickly with a growing pool size. Therefore, it is most economical
to deploy mid-sized VBS pools. Finally, we proposed a genetic algorithm for baseband function splitting within a
graph-clustering framework. This algorithm provides splitting schemes that can flexibly achieve different tradeoffs
between fronthaul and computational costs based on different design preferences.

Keywords hyper-cellular network, cloud radio access network, virtual base station pool, fronthaul, baseband

function splitting

Sheng ZHOU was born in 1983. He
received his B.E. and Ph.D. degrees
in electronic engineering from Tsinghua
University, Beijing, China, in 2005 and
2011, respectively. From January to
June 2010, he was a visiting student at
the Wireless System Lab, Department
of Electrical Engineering, Stanford Uni-
versity, Stanford, CA, USA. He is cur-
rently an associate professor with the
Department of Electronic Engineering,
Tsinghua University. His research interests include cross-layer

Jingchu LIU was born in 1990. He
received his B.S. degree in electronic
engineering from Tsinghua University,
China, in 2012. He is currently a Ph.D.
student in the Department of Electronic
Engineering, Tsinghua University. His
research interests include cloud-based
wireless networks, network data analyt-
ics, and green wireless communications.

designs for multiple-antenna systems, cooperative transmission
in cellular systems, and green wireless communications.

Zhiyuan JIANG was born in 1987. Zhisheng NIU was born in 1964. He
He received his B.E. and Ph.D. de- graduated from Beijing Jiaotong Uni-
grees in electronic engineering from T's- versity, China, in 1985, and received his
inghua University, Beijing, China, in M.E. and D.E. degrees from the Toy-
2010 and 2015, respectively. From 2015 ohashi University of Technology, Japan,
to 2016, he worked with Ericsson Re- in 1989 and 1992, respectively. He
search. Since November 2016, he has is currently a professor at the Depart-

been a postdoctoral research fellow at .\ ment of Electronic Engineering, Ts-
the Niulab Electronic Engineering De- 13 inghua University, Beijing, China. He
partment of Tsinghua University. His g is also a guest chair professor at Shan-

main research interests include mul- dong University, China. His research in-
tiuser MIMO systems, optimization, and optimal controls. terests include queueing theory, traffic engineering, mobile in-
ternet, radio resource management of wireless networks, and

green communication and networks.

1434



