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> EOLSBMRZEITO>TELD
My research interests
> BRBEICEFBVILFINRTI—I VD
Multipath fading in wireless communications
> Multi-user scheduler

> Proportional fair scheduler
> Normalized SNR scheduler

» LILSRY hD—D OHESREAIRET OER
Elements of stochastic geometry analysis of cellular networks
2017/5 IEICE RCS HAERKREEE, 2017/8 CQ ARRFIRIBREEE
http://bit.1y/RCS201705

T Japanese

| English
> VILFIA—HRT Y 1—U VT OEREOIRT

Stochastic geometry analysis of multi-user scheduling
2017/8 IEEE Wireless Communications Letters

2/67


http://bit.ly/RCS201705

DY — 2 G DFEELEOIENT (Prof. Seong-Lyun Kim (Yonsei Univ.), 2016~)
AASEROHFE (L&D VUIEHIE (BREEELE, 2013~)
BIREHX (BREREE, 2011~)

loT, |IEEE 802.11ah (SFELERESEA, 2011~)

T2 Ly O R (CPBEZELE, Dr. Taneli Riihonen, Mr. Sathya N.
Venkatasubramanian (Aalto Univ.), Prof. Mikko Valkama, Dr. Ville Syrjala, Dr.
Dani Korpi (Tampere Univ. Tech.) 2010~)

DT« TER, |\IRY Y —EE (Prof. Jens Zander (KTH), 2008~)
RILFRYTEILS, VILFRyT - PRikyD, 7—ABH (SHEkLE, HE
H—54, 2001~)
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Proposal and optimal resource allocation of hybrid full-duplex

Phase 1 71 O—»O O T
SRl _____ BN S to R CSRl C$
SR2
Phase 2 7 O - Qm:o i v —
\_’ = | |

< T1 — T2 —»}4— T3 —

|
\_/ [
Phase 375 (O Om’@ ; : : T
R to D i Crb2 CTB
|
‘ !

Optimal resource allocation problem for FDR (linear programming problem)

maximize ¢
(71,72,73)

subject to  t < 71Csr1 + 2Csr2,
t < 2Crp2 + 73CRD3,
7120, 2>0, 3 >0,

T+ T2+73<1

K. Yamamoto, et al., “Optimal transmission scheduling for a hybrid of full- and half-duplex relaying,” IEEE
Commun. Lett., March 2011.
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Projects

» Proactive mmWave communication control using 3D environment information,
JSPS Grant-in-Aid for Scientific Research (B) 17H03266, FY2017-FY2020.

> Research and development for realization of 5G networks: Control schemes for
utilization of multiple mobile communication networks, MIC, with NICT, ATR,
KDDI, NEC, Osaka Univ., FY2015-FY2018.

> Design of full-duplex communications based on symmetric interactions, JSPS
Grant-in-Aid for Scientific Research (C) 15K06062, FY2015-FY2017.

Recent activities

» Associate Editor, IEEE Wireless Communications Letters, 2017—
» Track Chair, APCC 2017 and CCNC 2018

JSPS: Japan Society for the Promotion of Science
MIC: Ministry of Internal Affairs and Communications
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1. MR (S EDIEE—MRBICELN TV DH ?
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|IEEE ICC 2017 @ 1172 {5 (BitiF— 70— RI&XR)

Keyword Number of papers
i.id. 199
stochastic geometry 132
convex optimization 106
Poisson point process 104
Shannon 93
Fourier 81
machine learning 57
game theory 49
loT 167
802.11 127
millimeter/mmWave 112
5G & latency 108
massive MIMO 106
full duplex/full-duplex 75
UAV 26
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HERBAIDA < EHONBRHEE 78 S fc [Andrews 2011] DEBERIER

CILSEWFBOUBZNRT YV Y Ridi2

1—YREREFEEMFB(CEET (Poisson-Voronoi cells)
ZHEBNEEIEHNH RS (IR

PERERIRER o > 2

B EDIRET, SIR ODEEIDT (cdf, ccdf) HEHEERKD

o =4 CEE
(272U, KRS A RLEOBHENE)

P(SIR > ) = - - -
1

—_

1+ 2R (11— 22— 25-0)

a a’

1
= 0 (=
1+\/§arctan\/§ (

CORXICED, BILSRYED—DI(C
R ARTIERATRE L RSN

1)

P(SIR < 0)

20
w/o fading

30

—10

—20

with fading

8/ 67



IEEB & D RS IBISEE (additive white Gaussian noise (AWGN) channel)

BR k CBF2BEBNOANCEIANED (k] € C &, BEBHSOLEH
R—2)\V RES y[k] € C DREICRDEBRNH DBIEH
y[k] = z[k] + n[k], n[k] ~ CN(0,0%) (1)

BIEEBIEERY () L1V —2 2 —IVOBISE (flat Rayleigh fading channel)

AEHBRRTEZSNBBEBICHVT, IFIE (FIG) [g[k]| LA U —DTICHES
HD

y[k] = glk|z[k] + n[k]
BEERN 2L, ZRORBEOEREBRDHE
HBEZH g AANIMERT D RADHICHRSIBS, BEZH g (SEIR, HDLIETEIC
IRIB) (L1 U—DFIC, HBEREH |g)? (BH) FEBDHICENZNRED [Jakes1974]

» BREOVCHD D Z 5735888

[Jakes1974] W. C. Jakes, Microwave Mobile Communications. John Wiley & Sons, 1974.
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Tools View Simulation Help

File Edit View Display Diagram Simulation Analy: Code Tools Help File

a141009bpsk_speker_mic2

| B ®

[

T
o
ey ’—>

ISquare root

2 E

Ready 151% VariableStepDiscrete _eady Framobased |Offset-14.675 | -20.000




NR—Z2 I\ RIES
A(t)e?) A(t) cos(2m fet + (2))
A(t)v ¢(t)7 fC S R! fc: miﬁf&@f&*ﬂ

N—2ZN\Y RMES — EBES (&)

Re| A(t)ej¢(t) ,ej27rfct] = A(t) cos(2m fot + 6(2))
—— ——
R=ZVRES &R

ZHRES > N—R/N\V RMES (RE)

) 1 [T/? 4
(A(t) cos(2m fet + p(2)), &2ty = = / A(t) cos(2m fet + ¢(t)) - el2mfet dt
——

T J_ 12
ZHES s
T/2 J6(t) | omilnfettotT) 1 A
_1 A+ dt = 2 A()e*®
T ) 1) 2 2

A(t), (1) [FYYRILXRE —-T/2 <t < T/2 T—BERE. fo > 1/T
> T, R=RN\Y RESTHR (FHHIEFEKIR)
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File Tools Vi Simulation  H File Tools View Simulati

02
— o
7 |
o 8 s . s s
oo Time (secs)
g oo
o1 1 g0
E
\ S s |
4
| o ; 2 s r s s
o Time (secs)
02
s
3
2 o 1
’ | —
< .02
| |
o 2 o : s s
02
Time (secs)
o 1

Amplitude

o 1 2 3 4 5 6
Time (secs)

T-20000 R

NR—=2N\YV RESFERFEBLTREIND (AVRIL—Y3Y)




File Edit View Display Diagram Simulation Analysis Code Tools Help

OBEE 4ES|e

i

Rectangular|
Pulse Filter

J\

ISquare root

-

ISquare root|

161%
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File Tools View Simulation Hel ™ File Tools View Simulation Help

T = i -
038
6
02
4
o1 -

Quadrature Amplitude.

T-20.000  Ready T=20.000

&, VILFIRRTI—=I VT g P¥B n BREICKDED




U4 @E v-A®E WEER  JOvoBE  YIal—vay  BR » Jr4l Y—L FR YIal-vay ALY
CRR=R- | 2 > g ® b - @ @@UD - 3-0- F&

141009bpsk_speker._rayleigh

171023 _raylgigh_523.wav
= A 10000 HE2T6 Bit mono
a 3
<
=
=]
= I
o
logou
snf\ne
D ISquare root|
= ]
E:
523
EHET 163% VariableStepDiscrete sz 7 JL—LN—2 A7y k=20 [T=29.000

523 Hz DWOERE (BEFR) LAV -2 —I VI %2 (FHE
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Amplitude
o

Amplitude

B

B[]

(secs)

(secs)

2 0 2
In-phase Amplitude

g: ATMERT DR A,

T=286.000 EfFET

lg|?: L1YU—0%, g/

E=E3 ki

i

(secs)

EDa!

R=2Z |A7tv k=20



LAV—D1—IVIFvRILICETBEGZEEN/SNR

20 |

B)

AN AYAA
NAaWRVEVAVEY 7.V Al

Instantaneous SNR (d
S
\

|
—
o
T

—20

0

2 4 6

> 7R BILDR, T LG

» B#8F SNR SNR
» 19 SNR SNR
BT (SRADEED=.

COHSEBEUNEEOREBTOFI)

10
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> BHHZERE log, (1 + SNR) bit/s/Hz

> HYREREE log, (1 + SNR) bit/s/Hz
» EDQFVAZIVITEDI—HICEIDHTRELVH?
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» LTETEE, 0.5ms AU Y —RELOF/NERL (VY —RTOv D)

» 4R LAN IEEE 802.11a 2&, OFDM Y YLl d4pus, 1 —HRY ST L—AD

BRAT—Y R 1500B 27 L—LARDAZE K BRBERERED 6 Mbit/s 12&

2ms &

2% R 0.5ms $H 7= D FBENTREE

T 5km/h  1l.4m/s 0.7mm
=l 50km/h 14m/s 7mm
JZ7 500km/h 140m/s 7cm

LA)—Dx—I VDB BNERRA—5 —
1GHz THNn(E, FR(E 30cm

RROA—FCHULTYY —RBEADOA —FDFRR NS NS, 7 —Y YV IBE

[SBRELTUY —REIZHTJEE
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RiFDRED BB

TR, R, BRONFR - ZERXRD, SR, BLEXL, BF R3S, BHULDF,
PTA, REEBR, HERE, R, BLWEL, S&XIAL, FRE..

ERHEZWVL, CORCBDIESEVDED...

Ui

21—V, PUY=VY, TRIBGOEES) [CBT 25

E Fyv— IUvs

MLy 20 min 30 min
R 10min 60 min

EDQLSEHBTDELVWN? BIC6 BEPRZEICTS
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BEBAMTISE, TAFRRBRIC
max SNR scheduling

AL BRIVEEZREICTTSDE
DD, ZHRAUEL

Round-robin scheduling

EEBRIBAL (comparative advantage)
(N2 E S
(RERCEWVWBABLESHHZIN D)
EABATHRICIDZENTED

Proportional fair scheduling

(=3 FYY— IUwY
mxEWwsE 68  120min Omin
FftF/B68  60min 0 min

&5t 180 min 0 min

(=3 Fyyv— ITUvH
m%EW/E38  60min 90 min
F{F/B38  30min 180 min

&5t 90 min 270 min

E% FYY— IUwY
mixu/sE 6 B 0min 180 min
FftF/B68  60min 0 min

&5t 60 min 180 min
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Max SNR scheduling Round-robin scheduling PF scheduling

BRbF SNR (BREFHmERE)  INTOI—TICIEE(ICY > KEHREFAFICEHH

PBADL—HICUY—R  V—REHOHTS ns

(BiEtE) ZEIDYTE | > BRI SRR (C RS
PSRRI

» Ry bk 9—7%@‘@\ Cons. (‘gg*‘)
ZWTTYRORN L aEsmpE. (2 £2 - FOBHT
BBEA L LR 2—Fy OR’EE
Cons. W) ¥ 2YTTH BAILT BT ENGE
> SNR OEVI - DY —2HEIDOHT Bans (BETH
IRAEABIETE BNTLES DIXSA—HC&EB)

#2U)

3G LD/ v ~
T = mEDIZHE
yak-¥
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2

1.8

1.6

1.4

1.2

1

0.8

Normalized data rate

0.6

0.4

0.2

0

Tl

|

\//

i)

0

BRHNSIENRDE,

BRIHDERE Z PR RE CTIERIE ULENRADI—TICEIDE TS
Proportional fair scheduling (PFS) &0ES

4

10
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WISZERIRT BIEDHICIX

W 10g2( +—£ﬂNU?)knt/s (/c1a1u1oR
N —— ———

(2 ®3)

(1)
(1) S8 W ZHEK (2) SNR Z=¥8K (3) WIEEOHZIBEKR

I VRILL— &K WA - ZEZHR MIMO BERE

TILFF v U PIEE SHE7rYTF (Massive MIMO)

SUR P—ADA—IVY REEMFBERE densifica-

Skl — 4o tion

R BRADINENF PRI spggmmme
PHEIC XD RBHEXIR -1y — &N E
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iR Y — RGHHORBHRE L S

THEEROBEEEEDHRIIDERAIL sum rate maximization problem

max Y In[l + SINR;((p:)ien)] nat/s/Hz

(Pi)ien S5
Giip
= max In(1+ nat/s/Hz
(Pi)ien g/;/ ( 0% + 2 e iy GisPs

> REEEEHRED BHIEMIIIEOREE (N Y BITHDEEE TRLY)
BEF v RILEIZ(E NP BE# [Raniwala et al., 2004, Hayashi and Luo, 2009]
> EARGRERY Y —RERBTT S5 NP RE
— RV Y —2FEEE 12— 2T 1 v OH—EH
BROERTET, TESIRO—MROBRETSCD
> REMRODS VY AECER T BT HOHEERD M IC (ISR
FHEREEBERANEYT — LR
ﬁﬁ%(MK@%E)

WASE, “U'— LAEHROERBEANDIGAH,” BFBERBEFREE, Dec. 2012.
K. Yamamoto, “A comprehensive survey of potential game approaches to wireless networks,” |IEICE Trans.
Commun., Sept. 2015.
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BWTIE< L TORIERH

v

R IBTLEINIE E D L SRFHBEL SN TEHA ?

EVFAILOE (YTal—Y3aYy) EEREQIBTOBRE (X ?
S<IRESNZRT Y V812 (PPP) &(Fah ? —RRIVRIRE & DRI ?
Campbell DFEE, pgfl for PPP BBEREN? ESWSEETHEZIH?
STS2ZBHPBELE T ZDOHN? WO THEFEZDZDH?

ICC 2016 T 960 49 80 4z % DX O ERKAIETZ AL TLDIEB(E
fah ?

> [Andrews et al., 2011] D3 |AHHHY 1000 HZHBZ DIBBH(@AH ?

v

v

v

v

v

BEARZZHDD > TOWNEIGAHEBRTEDERSDT, ARS1 K&
[Andrews et al., 2011] OERZ (FFBRE L TCEK ZEZBNELTVERT

IGAICEAL T T —A X [ElSawy et al., 2013, ElSawy et al., 2017]

26 /67



LIV SV RT LKET — B - ILERDIRUECRE

[Z3R 2002, pp. 373-374]
1. BER-EL/No %8I IaL—Y3a Vv
SRERITIC K DKRDD
(&R, 7S, 721—YVIEER 71—
VIR ECHKRRE)
2. ¥8 BER &§%7=9 E,/No &D SIR DRIE 0 %=
KB

3. SIR @ cdf ZINSX—% (BILEDRULEELE)
BlckHd
LI P(SIR < 0) H'EFE1E (FIZ L 10%) &
RIDINSA—9%ERDD
IS X—% L ORR®D SIR % SIR(L) £XRT &,
RAE®T L EZRDIDHE

P(SIR(L) <) <0.1

[S#E 2002] =HE, T« Y9 ILDA P L &M, 2002.

107°

1

{IRN

Allowable
BER

0

O By/N, (dB)

10

P(SIR < )

» SIR D cdf D3KRDA ?
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T OEHR SIR D cdf D3KDF - HERLMAAFTDRT [=H#R 2002, pp. 373-374]

i BEORDRLICEVWT, UTOEREZEDD
> ES & DREBEDRIRE Hiths

> REESD 7T —I VT - I v RIOAMVITDEN i B use
RIS DFIRIE h A °
- FHEHOEHIE I, T

SIR DEIR(E SIR(ri, hi, I;) ZKDD
SIR DRER cdf ZKDHD

Z 1(SIR(ri, hi, I}) < 0) 222M2°% P(SIR < 0) = Firr(6)

FIRME realization: X A [0, 1] D—&HDHERS, FREFIE 21 = 0.2429, x5 = 0.3271, ...

» 28R cdf DFEFRE, cdf [CHUXR T DIRUL

28 /67



#2BR cdf (ecdf: empirical cdf)

M BORBHE {x1, 22, ..., 20} [THT DIRER cdf <

{z1,...,20n} ZRIBICHERB UL {2}, ..., 20} [CHLT
{(A1/M,zY),...,G/M, ), ..., (M/M,zh,)} ZEBEERCBATZSD

KEBDFECEDER ¢ € R T cdf Fx(z)

B : —5% 2, ~ U(0,1)
) (LR

1
- Fx(z) 22222 py(z) = P(X < 2)
8
o
s | M =1000
g
0

» I3 cdf ZBEEROBVDH ?

1(z): 8RB, indicator function, which is one when z is true and is zero otherwise
29 /67




SIR D cdf ZREMEICKD K S & T DDEREE BONTLW

ccl ey  EREHSIR (& h, I ICKE
BHfS use » E/S & DEERE r D pdf & f.(r)
e ° > FEESDII—IYVY - Vv ROV IDEA
FE h @ pdf % fi(h)
» THEH I D pdf Z f1(1)
» BWBORXEEH%E P,
ETdE

P(S]R < 9) = ESIR[]].(SIR < 9)] = ]Eryhyj[].(SIR < 9)}

:///11<'"'7[ L 9) Fona(ry b, I)drdhdl

@///1('”’7;}3‘” < 9) Fo(P) fa(R)f1 (1) dr dh dI

TlEHS ((a) v, h, I BB THNIL)

272, ZHZFHE pdf BEFNICEBSNDIHRBEL, Bo5Ncs 23 THRIERED ICFE
S5Z3EBRBVNTEHZL

Zhnis 5 a2 NsPESEREIEND C ccdf 2RO TUEZEVWWKS A

r,h
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Monte Carlo method

“The Monte Carlo method has been used for the simulation of random processes and
is based upon the principle of taking samples of random variables from their defined
probability density functions. The method may be described as the most powerful and
commonly used technique for analysing complex statistical problems. The Monte
Carlo approach does not have an alternative in the development of a methodology for

analysing unwanted emission interference.”

Rep. ITU-R SM.2028-1, Monte Carlo simulation methodology for the use in sharing and compatibility

studies between different radio services or systems, 2002
31/67



Bl 1

B2 (2IL3)

51 3

TX: HPPP, RX: 1 &

Poisson-Voronoi cell
Nearest BS association

Two independent PPPs

J2I—IVIRL

L1YU—2Dz—-IvY

L1YU—2Dz—-IvY

HATHE E[I ()]

ccdf P(SIR > 6)

ccdf P(SIR > 6)

HULKEATZEM

Campbell's theorem

Laplace transform
pgfl for HPPP
Slivnyak's theorem

3k [Haenggi 2012, §5.1]

[Andrews 2011]
[Haenggi 2012, §13.4.2]

[Yu 2013]
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(Homogeneous) Poisson point process (PPP) ® with intensity A

MU BROEE (FRE) B ) OFF
88 B [CEEN D IOEHES D76 (FHAFE \|B| DIRT Y V5
REEODHERT YV Y RIEE &S

A=1,|B|=1

01 2 3 4
az

HARHEB 1 DIRTY VD pmf P(X

= 2)

v

|B| (248 B DILA—HE (@)
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PPP OEIREDIED A

1. %8I B (R U T, HHfHE )\ B| ORT YV VEREHORIRE n ZEHD
R THNIL rpois(10,1lambda=100) &9 B EHATFHE 100 D, 10 BDOKR7Y VEL
D EHEIND

117 86 93 102 101 96 85 88 94 113

2. %81 B DPIC n BADRZE—KRICEL

spatstat /\w 4 —3 [Baddeley et al., 2015] Z{ES. FINR—I DT
P <- rpoispp(lambda=1, win=owin(xrange=c(0,10), yrange=c(0,4)))
plot (P)

3467



PPP O, T L)

P8I B (X LT @ H538E A @ PPP DIBE

e M B)"

P(®(B) = n) = .

n=0,1,...

®(B): 488 B AD B2 & DADRERTHELEH

ZIHBEIICEHETERC &
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%5 n E{EERE [Haenggi 2012, §2.9.1]

k!
2 n EEEERED cdf, pdf

F™ () =1 -P(®(b(o,7)) < n)

n—1
e 7 Q)

!
= K

(n) n,2n—1
)y . A (r) _ 2(Am)"r “ame?
Fr) = dr —  (n—-1) ¢

b(o,r) [EPir o, X r DM, |b(o,r)| =

o DI A D HPPP TS B((B) — k) = o151 ABD

BOR{ERERED pdf

FO ) = 2amre ()

» RIBIERBA T—RICEDNS ?
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Wireless LAN, |IEEE 802.11ax Simulation Scenarios

IR LAN THRIRBOUBD S VY AMKICEE LIFHiENTTHhNS
TGax Simulation Scenarios, |IEEE 802.11-14/0980r16

Residential Scenario: “In each apartment, place AP and STA in random xy-locations
(uniform distribution)”

3m#

10m}

1om

» OB E ESVWSERNS S ?
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AL—Y3VTELLBBRER, ZERBEEIFEINEHD

ZI8R0@72 (BPP: binomial point process) 7YY R8T (PPP)
25 A= (ZUT - RO¥) LIS X—% (ROEFE ))
VZal—y3avT&KLIRE BRI AR T K <ARRE

BEEYZIaL—YavVTHRMNTS

HDIUTDHIC, HRIHEOEESE PPP (35 ®D Campbell's theorem ¥
—KkS VY AICEE pefl NESNTED, FBITEIICIRLLT L
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Z DD 5

UB12

2

» Cluster point process: (attractive)

» Matérn hard-core point process type Il: (repulsive) CSMA DEF )L & U TED
ns

» Ginibre point process: (repulsive) RIT K =FFEENTILS ICFERENICIHA

SalL—Y3VE, BENCEHZP>TLWSERASNDD?
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KROSVYLAECEATDIEYTAINOYI2L—Y 3 VORFNRR

> B (RERRBE) DS VI LREZEDES (=ERLEIE) & = {2} DFIRE
01,02, .., 00 CER

O o ) o
o
® 0© © o ° & ° °e°
o o @
o
° ° oo ° o o °o & o o oo °

o o o o

KIRME 1 KIRME »2 KIRME o3 KIRME o

> BRIBRME @i L, TSHDFE f(pi) Z5t8
Bl1:RR o [CEIZTHEN (DT —IVIRRL)

flpi) = 1(pi) = e, llz — o7, a: {EHEERER

> IRERHATSE — Zf i) PHEERR cdf — Z (i) < 2) ZHERET D

» ROLSELEBDE—HLTNDDH ?
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#RERHARF(E sample/empirical mean/average/expectation



Bl TROLSELTWEED

: (3) OBHEBALET & = DAL
B = Eall(®)] = [ 10PWe) () ore, eEsonsEoROERE

N DBSEL (3151
> I (JEERZH. ZD source of
randomness (D—2) A, RDEELZED Ex[X] = / X (w)P(dw)
Q

SV LK
Koo = TEARH
- By EESPOTRCTANEE, T g SIECE] (04 F) EOREEN
ENEEERERSLV. Tnp b el e
o TL\B &, mathematical
expression & IEATRUN

(3) Zk®HZ7=HD 2 DODFTO—F

1. EVFTAILDE
M
[ 10Pan &S 1001 cBERRS

=1

2. FESRLAIRRAT
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1. EVFTAILDOE
1 M
KV ZI(%‘)
1=1

Te<Sh o ZERLT, B I(p) Z=
RHT, FHHELEZITNIEKL
(REDEAA R D IZTIS)
Pros.
> EWEWEARREE I(-) THT
(I(pi) = X pep, 2]~ BREDIE
AAYRK D XL 7= 7R LVl
Cons.
> 1 TORBE@RLIC, 27D M EH
WHE
10* @Ic—E ULH2Z 5RWVNES,
M =10° (IHE
> IEROZYMEREE
OIS LR
F—51EE

Mooy (1)

E/[I] = Es [Zma}

E = A d
. [2 f(w)] NI

z€P

E[I] = /\/RszH*a dx

BAKRIRNTE. TIHhSKEFaHE
H5ND [Haenggi, 2012, §5.1]
2, CDiHE, BHDMEEFFRR
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FMDHEAFHE - EOHFHEDSHEITIE (FEIAF(EXEMER)

Let ® be a HPPP on R? with intensity ), and f : R? — R and v : RY — [0, 1] be
measurable functions. Then,

%0 : Campbell’s theorem for sums [Haenggi, 2012, §4.2]

Es

Zf(w)] [ f@)da

red

RBEOMOIFHER, BN (CELRTIRE

& : Probability generating functional (pgfl) for PPP [Haenggi, 2012, §4.6]

Eq,[Hv(x)} :exp(f/\/Rd(lfv(x))dx>

zed

RBRROBEOHFHER, BD (CEHLRRE

» PPPIEEINSDOMENMEZS (DT, PPPAKIRESND)

>» ZEZHDRNIE Ee ZR< T &, KD TLBE, mathematical expression T
S 2, TR SRR EC LTzL
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TV T HILOEDFERE (REV7RH)

M
Z I(p:)

1
M

Average interference

10—7 L L M L M| L L]
10 100 1000 10000
Number of averages M

22100 = 3r 2 S el

1=1xz€p;
MZRECLTWVSTH, IRRUBW (RBOERIAEL D IIfciaW)
ZEREDEHENRO R 0 [SFEVE, THBEANERKICHRDIZD
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Bl 1

B2 (2IL3)

51 3

TX: HPPP, RX: 1 &

Poisson-Voronoi cell
Nearest BS association

Two independent PPPs

J2I—IVIRL

L1YU—2Dz—-IvY

L1YU—2Dz—-IvY

HATHE E[I ()]

ccdf P(SIR > 6)

ccdf P(SIR > 6)

HULKEATZEM

Campbell's theorem

Laplace transform
pgfl for HPPP
Slivnyak's theorem

3k [Haenggi 2012, §5.1]

[Andrews 2011]
[Haenggi 2012, §13.4.2]

[Yu 2013]
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Bl2: CILSYRTLATOUYY — I RTLETIL

» EHh/F(E HPPP &, with intensity \p
» A—POMBIFECTHLWESD, R o & LTEH—
fiEE R DIZ N
» RR o D1—YE, RAFEEMS
bo = argmin, 4 ||z — of BIDHERZE, HREM r &
RIER (2) &0 fo(r) = 2mhpre ™
» HMBDXREEN B,
> MEENIE 0. [Andrews 2011] [C(F 0 THRWBES
H>3 FRED Dy, \ {bo}
» MRS SR 2 hSOTFHEEOLAU—-D T —Y
VI BANEG (XEBHR) h, he ~Exp(1l/B)
[Andrews 2011] [CIJIEBADHLUNDIHED
» THRESRAFEEMSS b, (358 r) &K D= OEMSF
‘I’b \ {bo} = (IDb \ b(O, ’f’)
b(o,7): HR r = ||bo|| DEREK

L= > helel™= 3 halall™

z€Pp\{bo} z€P\b(o,T)
Oy, \ b(o, ) (FREBIE \(x) = M\ 1(||z| > ) D
(inhomogeneous) PPP
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FERZH - I8RO (LY -T2 —I VT DBNHH)

HATHED 1/ ) DFERZH X (e, Ex[X] = 1/)\) BEHEAHICHDS & ERATKRT

X ~ Exp(})

X @ cdf Fx(z) =P(X <z) =Ex[1(X <z)] ZRAELIcCEE@U
Fx(z)=1—¢ ", (z>0)

X D ccdf Fx(z) =1— Fx(z) = P(X > 2) = Ex[1(X > z)] (&

Fx(z)=e ", (z >0)

z ~ Exp(\), Fo(z) =1 —e *® EEFREDD
KRSA RTHEADFREZWOEL(TRE

BFERLEL<BBENZEM
cdf: REDWEEL, cumulative distribution function
ccdf: 1EBREDHRIF, complementary cumulative distribution function

47 /67



ESREHZRWIRET L

i.i.d. block Rayleigh fading with an exponential-decaying path loss model

BHEAEES 0 LT IEERT, RESEED ¢ € R? z, By

EEEA P, DERIC, BEREBENZERALITIETI
hollz = ol| ™" = hall2[|™, he ~ Exp(1/By), ie., En, [ha] = Py

> he: 0 &z DREDT T —IVIBHABEEEEHDRE

P, &, EERWICEEEEBENLED, EZE7VTFHEP, |z|| = 1 DEROEHRE

REDBOIAENEERZ D E KL

> 0w (EEN) (&, JL—AXECHLELERNIE—L Y LEFREKDEL,
i.e., he N—EEIRE

v

v

he & o € R? DHERZH J

i.i.d.: independent and identically distributed. JRIZE)D7 (&2 L\SIRIZE—727F)

[[-]l: Euclidean distance. 1—2 U w REERE

|zl NS WEEARIERSHEWEEDEET, ||z~ ORDOIE min{l, |z} LTZEFNEHS
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EBLBRESHOHRER

P(SIR > 6) = E.[P(SIR >0 | r)] = /00 P(SIR > 6 | r) fr(r)dr

@/mchwwn%wnxmm
0

(2/ exp[—%r/\br 0 N <1 1-— )] 2TApre mapr? dr
0 oa—2
:27r)\b/ exp{fﬁ)\br2 {1+ 20 2 (1,17 2 12— z;fe)}}dr
0 oa—2 o
1
= (4)
26 2 1(1,1—g;2—g§—9)
-2 a a

1
= — (v
1+ V0 arctan V0 (

(b), (c) RELESR

(4) BS OFE ), [TEKF LRV, ZERFTFHHRBS LT X(THEFLREVEW
SEMNCHSNTVWRZEEZRTRLTWS

=4)

P(SIR > 6): Coverage probability, success probability, $3FZ. SIR @ ccdf
P(SIR < 6): Outage probability, %{tZ. SIR @ cdf
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(b)

IP(SJR>0\7«):P(%>9]T)

=P(h > 0r®I. | 1) WEREH L & I ZRTTHELREW
=Er.[P(h > 0r®I, | r, I..)] SO EHEE BERERIE LT
=E [e” 0 /P | ) h ~ Exp(1/B), i.e., P(h>z) =e %/

BEREZH I, @ pdf DS TS REBDEST
L1,(s) =Er, o) = [ fi (e ds

R

=L, (0r*/Py, | 1)

e > () £, (s) DEERE

2
= exp |:—27r>\br292F1 <17 1— E;Q — z; —9):|
e @ e

> PAEESEAMNBEARICRDS (LAV—D—I VD) BEICDH, "SIRD
ccdf P(SIR > 0 | r)y DY T3 L. D pdf DS TS REM L1 (s | r)) [THRD

> FIEESHIEHN T (LD FNIFTEDDIED. tractability DIcdICEE D%
RET B &A%\ [Andrews 2011]
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(c) Ly, (s|r) DR&DFA

Lr,(s|r) =Erle”""] = Es, (n,) [exp (—8 > hzlwla)]
}

ze®L\{bo

@E%{ 11 m[exp(—shnwn“)]}—lﬁ%[ 11 HMPI

z€Pp\b(o,r) z€®p\b(o,7)

P, 27 poo P,
pefl(e) exp| o / —5Tb dg ) = exp (_)\b / / _ 5w d0>
R2\b(o,r) 1T[* + 5P o J. v+ sh

o° SPb
= —27T\ ——wd
exp( T b/r va—&—stU v)

(d): he (Fiid.
(e): @ BEE (BE N\) TRL, BEIMIE » (CHRE GREREH \(x)) T2%ED pgfl

IEq,[Hv(x)} :exp(— /Rd(l—u(x))x(x)dx)

zed
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{BRLAIRIEYL hypergeometric function (C K 2FKIB

_ i SPb
Lr.(s|r)= exp( 27r)\b/r o stU dv)

2—a
<:f)exp|:7727r)\bspbr 2F1(]_,1— g;272;7ﬂ>:|
(e}

a— 2 a ro

(f): [Gradshteyn and Ryzhik, 2014, (9.111)] XD RH SN B AT DREEFR

<t 2o 2 2 _
dt = Fi{1,1-=52—=;—27¢
/z 1+t> a—22 1( « « v >

ZZT, oFi(a, Byy;z) (R RDBEAIREEL Gauss hypergeometric function

2 F1 (o, B;y; ) = Z %xn

n=0

(@)n [F7RY 7R/\Y —525 Pochhammer symbol

(@) = {g(a+1)~~(a+n—1), Zilz
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» 1,000 BDEYTHILOED ecdf ()
» 40,000 BIDEY T HIOED ecdf (#F)
> BTICED cdf P(SIR < 0) = 1 — - (B)

a =4, cdf & 40,000 @D ecdf [ZFF—K

1.0

0.8

= 0.6

—20 —10 0 10 20 30
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Bl 1

B2 (2IL3)

51 3

TX: HPPP, RX: 1 &

Poisson-Voronoi cell
Nearest BS association

Two independent PPPs

J2I—IVIRL

L1YU—2Dz—-IvY

L1YU—2Dz—-IvY

HATHE E[I ()]

ccdf P(SIR > 6)

ccdf P(SIR > 6)

HULKEATZEM

Campbell's theorem

Laplace transform
pgfl for HPPP
Slivnyak's theorem

3k [Haenggi 2012, §5.1]

[Andrews 2011]
[Haenggi 2012, §13.4.2]

[Yu 2013]
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Comparison with previous studies

Interference Scheduling
Stochastic geometry analysis of a cellu- o Random (Round-Robin)
lar network, e.g., [Andrews 2011]
Analysis of channel-adaptive scheduling,  x (single-cell) Channel-adaptive
e.g., [Yang 2006]
Present study o Channel-adaptive

| A

Approach of the present study

> ccdf of SIR (coverage probability) and average ergodic rate of normalized SNR
scheduling are derived.

» ccdf of SIR is well approximated by a closed-form expression even when
normalized SNR scheduling is used.

A\

[Andrews 2011] J. G. Andrews, F. Baccelli, and R. K. Ganti, "A tractable approach to coverage and rate in
cellular networks,” IEEE Trans. Commun., 2011.

[Yang 2006] L. Yang and M.-S. Alouini, “Performance analysis of multiuser selection diversity,” IEEE
Transactions on Vehicular Technology, 2006.
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Important result

Theorem 1 ([Andrews 2011] )
ccdf of SIR under Rayleigh fading channel in cellular networks
1

P(SIR > 0) =
B R 22 50)

«: path loss exponent
Channel adaptive scheduling is not considered.

Proposition 1 (Normalized SNR scheduling)

N = L(n+c+1)(Au/chp)"
P(SIR > 0) = T(n+ 1)L (c+ 1)(Au/chp + 1)ntet

n=0
n+1
’ Z (nzl)(fl)k+1 2k0 : 2 2
Pt 1+ 2252/ (1,1- 2,2 2;,—k0)
Ab: intensity of BSs, \,: intensity of users

\
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Special case: Path loss exponent oo = 4

Theorem 2 ([Andrews 2011] )

1

P(SIR >0) = —————
( ) 1+\/§arctan\/§

Proposition 2 (Normalized SNR scheduling)

n+1 (n;l)( 1)k+1

P(SIR > 6)
Z fN Z 1+ ﬂarctan \/7

- F(n+c+1)()\u/c)\b) -
() = T T DT e+ D) hfchs + rert? €= 39

When Ay /Ap is an integer, we approximate fn(Au/Ab) =~ 1 and fn(n) =~ 0 for
n 7& )\u/)\b,

Au/Apt+1 (Au/2b+l)(_1)k+l

; 1+ vkO arctan vVk6

P(SIR > 0) ~
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System Model

Downlink cellular network consists of BSs and users
(same as in [Yu 2013])

» BSs: PPP &y, with intensity Ay,
» Users: PPP &, with intensity Ay

» Each user is associated with the nearest BS
(Voronoi cell)

[Yu 2013] S. M. Yu and S.-L. Kim, “Downlink capacity and base station density in cellular networks,” in
Proc. WiOpt, May 2013.
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Normalized SNR scheduler PF scheduler

A user with the largest instantaneous

SNR normalized by the short-term aver- arg max G
age SNR, i E[rate;]
argMax —ro-———= I = arg max h;
& MOX RSNR,;) — MBIl

where h represents the fading gain with
unit mean, i.e., h; ~ exp(1).

If rate; < SNR;, normalized SNR scheduler is equivalent to PF scheduler.
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The order statistics obtained by arranging the values of n + 1 h;'s in increasing order
of magnitude are

hl:n+1 < h2:n+1 << hn+1:n+1

When the cdf of h; is Fp, () =1 — e (Rayleigh fading with unit mean), the cdf of
hn+1:n+1 is

—z\n+1
th+1:n+1 (x) = (1 —€ ) * .

It is the same as the selection combiner output.

E[h] = 1 (cf. E[h] = P} in p. 49)
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P(SIR > 0 | r,n) is given by a series of Laplace transforms of the pdf of interference.

Proof.
P(SIR > 0 | r,n) = P(hnt1int1 > Or®1 /Py | 7,n)
= Efr[l - th+1;n+1 (OTQIT/Pb) ‘ rn, IT}
rk, IT]
n+1

(2)
n+1
=13 (Y1) Er, [ B |k, 1]

(G Er. [1 _ Z (n:1)(71)kefkora1r/zvb

k=0

E R [1— (1 —e " I/Poyntlyp o 1]
k=0

n+1
= Z (Y (=1 L (k0 Py | k),

where (g) is shown in p. 60 and (h) is obtained from the binomial theorem.
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Outline of proof

R: Distance from the tagged user and the associated BS
N: The number of users in the cell of the BS that serves the tagged user, except of
the tagged user

P(SIR > 0) = Eg,Nn[P(SIR > 0 | r,n)]

=
gk

/0 T B(SIR > 0| 10) Fa(r) fy (n) dr

n=0

n+1 (n:l)(_l)k+1
fN(n)Z 14+ nggFl(].,l* 2,27%,71@0)

~

NgE

i)

0 k=1 a—2

n @

(i) R and N are assumed to be independent. Its validity will be confirmed through
numerical evaluation.

() Fr(r) = 2mhpre ™07
P(n+c+1)(Au/ch)"

fN(n) = F(n+1)1"(c+ 1)(/\u/8)\b+1)n+c+1, c=35
n+1
P(SIR >0 | r,n) = > ("F) (=D Lo (kr®0/ Py | 7, k),
k=1
2
Li(kr®0/Py | 1, k) = exp [fwm (1, 1252 we)}
a—2 a a
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Approximated closed-form expression with a finite sum

n+1 (nzl)(_l)k-Fl
P(SIR > 0) ZfN Zl+2k0 F1(1,1—3;2—2;—k9)

a=4

n+1 (n;rl)( 1)k+1

P(SIR > 6)
ZfN Z 1 4+ VK0 arctan V&6

When Au/Ap is an integer,
by roughly treating fn(Au/Ab) =~ 1 and fn(n) =~ 0 for n # Au/Ab.

Au/Ap+ (Au/2b+1)(_1)k+1

SIR > 0)
B( ; 1+ VK6 arctan v k6
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Coverage probability (Rayleigh, no noise, and o = 4)

1.0
Normalized SNR schéduling (Analy‘sis)
~ (Analysis with approximation) - - - -
Sl (Simulation) --------
08 - hul75=8
N

< S
2 .
5 06
]
Qo
[
S
3'} 0.4 | RRscheduling (Theory)
9]
>
Q
[&]

0.2 r

00 I I I I I

-10 -5 0 5 10 15 20

Target SINR: 6 (dB)

RR scheduling: [Andrews 2011]
n+1 (nzl)(—l)kJrl

Analysis P(SIR > 60) ~ n 7
’ ( ) nz;)fN( );1+\/k9arctan\/@
Au/Ap+1 "
/b ()‘ /2b+1)(_1)k+1

Analysis with approximation P(SIR > 0) .
Y PP ( ; 1+ VK6 arctan v k6
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Average ergodic rate and scheduling gain

Average ergodic rate of normalized SNR scheduling:

n+1) (_1)k+1

n+1
_ e ( k
Elln(1 + SIR)] = § :fN / “ 14 /k(et — 1) arctan V(e = 1)

dt, (a=4)

Scheduling gain G

Nl D

Scheduling gain (average ergodic rate of normalized SNR scheduling / that of round
robin scheduling) increases along with Ay /Ap due to multi-user diversity gain.
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» We derived ccdf of SIR (coverage probability) of normalized SNR scheduler as a
basic channel-adaptive scheduling scheme in cellular networks.

» ccdf of SIR is given by a series of Laplace transforms of the pdf of interference
and it is only dependent on the target SIR and the ratio of the intensity of users
to that of BS, Au/Ab.

» Numerical results confirmed that normalized SNR scheduling provides a higher
ccdf along with Ay /\b because of the multi-user diversity gain.
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(fR) BBHEB{TERWNES
hr—¢

I+ o2 T)
=Er, [P(h > 0r® (I, +0°) | r, 1))

E; [efé'r”(11v+o'2)/Pb "l"]

IP(SINR>9|T):IP( >0

_ 6707'(‘02/]3])]EIT [e*GTQIT'/Pb | T]

2

= " o py (0r° )Py | 1)

P(SINR > 0) = / T B(SINE > 0| r) fo(r) dr
0

_ / e—@,»<,g2/PbLIT(0,r,a/pb | r)f,.(’l“) dr

0

o0 g 2 2 2 2 .
:/ (%79’ ”Z/Pb EXP{_MZFI (171_7;2_7;_9)} '27T>\b’f'e 7r)\br2 dr
0 a—2 « o

i o2 2 2 2
:277)\b/ e 0/ P exp{—w)\br2 {l—i— 0 2 F (171— =2 — —;—0)]}d7‘
0 -2 o o

«

0% = 0 THNIE, TOWHEMTZENTES (p. 49)
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