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So is Cellular

Y-distance Km|

R e

= s o i
{ N R ey - N
T T 25 3 ae

Densely and randomly deployed 2G/3G/4G Coexisting (HetNet)
7/

Users are not necessarily
connected to the nearest BSs
(Traditional max SINR Association)

- What’s a Cell?
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J. Andrews, “Seven Ways that HetNets are Cellular Paradigm Shift”, IEEE ComMag, March 2013 3

How should new cellular be designed?
GREEN _

* How densely should the BSs be deployed?

» Can lightly loaded BSs go to sleep (in order to save energy)?
* How long should BSs sleep? How to guarantee coverage?
* How to associate a user to the best BS?
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Dynamic deployment/operation may help
to save energy GREEN |

* Problem: For given QoS, how densely should BSs be deployed
and how should the spectrum be allocated?
— BS density should adapt to traffic dynamics (e.g., cell zooming, BS sleeping)

— Deploying more smaller BSs may save energy ?!(increasing sleeping
Opportunity) [ ] coveragein high traffic time

Maximum coverage by cell zooming

Deploying smaller but

Traditional planning more cells

Insufficient Zooming

[1] Z. Niu, Y. Wu, J. Gong, Z. Yang, “Cell zooming for Green cellular networks”, IEEE Com Mag, Nov. 2010
[2] X. Weng, D. Cao, Z. Niu, “Energy-Efficient Cellular Network Planning under Insufficient Cell Zooming”,

IEEE VTC2011-spring, Budapest, Hungary, May 2011 5

Optimal BS Density for Green
(Regular Deployment Case) G'_\’.EEN |

* Normalized EC vs Inter-BS Distance (Pz<2%)
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Deploying more smaller BSs can save energy!!!

Time (h)

1. Z.Niu, S. Zhou, Y. Hua, Q. Zhang, and D. Cao, “Energy-aware network planning for wireless
cellular systems with inter-cell cooperation”, IEEE TWC., vol.11, no.4, pp.1412-1423, 2012

2. Y.Wu, Z. Niu, “Energy Efficient Base Station Deployment in Green Cellular Networks with
Traffic Variations”, IEEE ICCC2012, Beijing, China, Aug. 2012
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Optimal BS Density for Green
(Heterogeneous & Stochastic Deployment Case) G{EEN_
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1. Two-tier PPP models with BS
density p,,and p,,

2. Always connect to the BS with
highest SNR (not necessarily the
nearest)
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A4 Weighted Poisson-Voronoi Tessellation:
] f(A) follows I'-distribution with density
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Stochastic Geometry Modeling where: ¢ = ( P,

D. Cao, S. Zhou, Z. Niu, “Optimal Combination of Base Station Densities for Cost-
Efficient Two-tier Heterogeneous Cellular Networks”, IEEE TWireless, Sep. 2013

Verification of PPP Models GREEN _

Bay area of Sydney, Australia.
Dense deployment: 81.64 per Km"2
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Australian Geographical Radio Frequency Map (http://spench.net/) otk 1 1 o 20417 ki

B. Rengarajan, G. Rizzo, and M. A. Marsan, ~*Bounds on QoS-Constrained Energy Savings in Cellular
Access Networks with Sleep Modes™, ITC 2011, pp. 47-54, San Francisco, USA, Sep. 2011.
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Distribution of BSs in a Square Area of a Chinese Operator
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Verification of Gamma Distribution
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QoS Metrics

» Coverage Probability
1

LT [0 trmrde

Pr(SINR > T') =

If a=4,
1

Pr(SINR > T') =
rl 21} 1+ VT (/2 — arctan(1/VT))

m Service Outage Probability
E(n.a) {P] (% logy(1 + SINR) < rr‘N. 4)}
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Optimal BS Density - Formulation

(Homogeneous Case) G{EEN_

min

[i & £~1
o n=0 'u"

>1—n. (8)

Theorem 1. 7he optimal BS density in the interference-limited
homogeneous cellular network (8) is linear with the user
density, i.e., p* ~ \.
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Optimal BS Density — Upper Bound

(Homogeneous Case) GREEN |

Theorem 2. The optimal BS density in the interference-limited
homogeneous cellular network (8) has an wupper bound p,
which satisfies the following expression:

oo ) o K
0*22% 2(4702;_‘”)771 I&fu
2 o 2 (1 72(m+1)w))\+]’\'ﬁ
=1—-n. (9)
For the special case o = 4, the upper bound has a closed-form

expression:
. A

f 052+47_)G(1_n) B
1—-n

W (10)

u

l()gg 1

Further, the upper bound p has the following property as

. B
lim L. i |
%—m p*
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Optimal BS Density — Lower Bound

(Homogeneous Case) GREEN

network density p

Theorem 3. The optimal BS density in the interference-limited
homogeneous cellular network (8) has a lower bound p, which
satisfies the following expression:

oo K
1 _{.3u m— ot I"
5 E o~ (¥ +1m—giy ‘_3m+\1pi — =1-n.
(1— E: A+ Kp

W
(14)
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Optimal BS Density - Performance

(Homogeneous Case)

Table: Optimal BS density for 3 typical scenarios (in BSs/Km2, EARTH model)

GREEN

optimal BS density | optimal BS density | upper bound in
Scenarios vith noise vithout nois Theorem 2
Rural 0.1384 0.0542 0.0551
Suburban 0.9424 0.9017 0.9177
Dense urban 1.2713 1.2390 1.2610

Conclusion: noiseless assumption is acceptable for suburban and
dense urban scenarios, but not in rural scenario

Table: Optimal BS density with transmit power adaption

Strategy Rural Suburban Dense urban

Fixed full p*=0.1384 BSsKm? | p*=0.9424 BSs/Km? | p*=1.2713 BSs/Km?
transmit power Py=20W Py=20W Pry=20W
Optimal transmit | p*=0.1604 BSs’Km? | p*=1.0699 BSs’Km? | p*=1.4121 BSs/Km?
power adaption Py =122W Py,=3.8W Py, =3.1W

Conclusion: transmit power adaption can help save more energy
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Optimal BS Density - Formulation
(Heterogeneous Case)

min  Carpyr + Conpon

st Gu=Ein, . a1 {Pr (\, log,(1 4+ SINR) < u
Nag

NM,AU) } <7,
jvrn; 1477;) } < 7,

w
Gm=E{n,, A1 {Pl‘ (f log,(1 4+ SINR) < u
@S PM = P2,

£1 S Pm i 3.

Coverage
guarantee

where {C,,, C,,} are deployment (energy) cost of macro and micro BSs,

!)ni

. A
respectivelyand 7 =
. PM

1. D.Cao, S. Zhou, Z. Niu, “Optimal Combination of Base Station Densities for Cost-Efficient Two-tier

Heterogeneous Cellular Networks”, IEEE TWireless, Sep. 2013
2. D.Cao, S. Zhou, Z. Niu, “Improving the Energy Efficiency of Two-Tier Hetwrogeneous Cellular Networks

through Partial Spectrum Reuse”, IEEE TWireless, Aug. 2013
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Optimal BS Density — Near-optimal Solution
(Heterogeneous Case) G{EEN
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Optimal BS Density — Performance
(Heterogeneous Case) GREEN
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Optimal BS Density — Optimal Policy

(Heterogeneous Case) GKEE{}{’ .
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If £<1/c=0.3162, preferentially add micro BSs or sleep macro BSs
If £>1/c=0.3162, preferentially add macro BSs or sleep micro BSs
Optimal BS Density — Performance
(Heterogeneous Case) G:\;_EEN

* Dynamic BS Sleeping in Dense Urban Scenario (EARTH Model)
— Cy=780+282P,,C,=112+52P_
— Py =20W, P, =2.42W > ¢'=0.0927 < ¢1=0.3162

— Reference model: macro-only homogeneous network with no BS sleeping:
total energy consumption=3.26 KW/Km?

normalized traffic  macro BS sleeping  micro BS sleeping  energy consumption

Time to the peak probability % probability % (KW/Km?)
09:00-11:00 90% 28.1% 0% .59
11:00-13:00 100% 0% 0% 191
13:00-15:00 70% 84.2% 0% 0.95
15:00-18:00 80% 56.2% 0% 1.27
18:00-23:00 55% 100% 15.5% 0.68
23:00-09:00 20% 100% 72.5% 0.36

~

0.82 (average

(75% saving)
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Heterogeneous Networks with PSR
GREEN |

* PSR (Partial Spectrum Reuse) to reduce over-provisioning
and potential interference (to macro BSs and among micro BSs)

g
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> 40- 4\
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10
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40 50 60
X coordinate
* Optimization Problem: min max {Gp(3), G (5)}

What’s the optimal f=W,/W,,?

D. Cao, S. Zhou, Z. Niu, “Improving the Energy Efficiency of Two-Tier Hetwrogeneous Cellular

Networks through Partial Spectrum Reuse”, IEEE TWireless, Aug. 2013 21

P rti ith PSR
roperties wi GREEN |

Lemma 1. In the heterogeneous cellular network model with
the 3-PSR scheme, the user SINR distribution follows:

1

= LT
q epM+Bpm T2/ [ 1 -
1 + copM+Pm T -!ng/a 1+1-c1/2d"

Pr(SINR > T') =

Lemma 2. In the heterogeneous cellular network model with
the 3-PSR scheme, G () is increasing, while G, (3) is
decreasing with the PSR factor [3.

Lemma 3. In the problem (3), the optimal PSR factor 3* is
achieved if and only if,

GuM(B7) = Gm(B7). (15)

22
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Optimal g in PSR GREEN |

Theorem 1. /i the heterogeneous cellular network model with
the [3-PSR scheme, the optimal PSR factor 3* of the problem
(3) has the following property:

lim g* = Um CPM + Pm + Am (19)
w—0 UM CPM + pPm + CAM
2
e= &, C= (P_M);
CM I:>m

If p<1, allocate FULL spectrum to macro BSs and PARTIAL spectrum

to micro BSs

If p>1, allocate PARTIAL spectrum to macro BSs and FULL spectrum

to micro BSs

23

Energy Saving Gain by PSR

5 Optima network eneagy cost it oplimal PSR facor I Network energy cost reducion Irough PSR schemes
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ratio of micro-BS energy cost over macro-BS energy cost Cm CM (e) ratio of micro-BS energy cost over macro—BS energy cost Cm CM (e)
Approximate PSR achieves the PSR scheme can save up to 50%
near-optimal performance of network energy consumption
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Application to Network Planning — Capacity Extension

(EARTH Model: Dense Urban, Peak Traffic increases up to 74.3/Km2) G-_\’_EEN

Km
WA Network Topology before capacity extension
N
Za. Macro BSs for coverage guarantee
: ] S Other macro BSs (could be switched off)
0 N > Newly added BSs for capacity extension
0.4 V2N
pa—=1 BS/km? (% used for coverage), EC=5.9kW/km2

o 02 04 06 08 1 12 14 16 18 2
m

Capacity extension by homogeneous BSs Capacity extension by heterogeneous BSs

T R T T L IR o2 o4 o5 o8 1 12 14 16 15 2 Km
Adding macro BSs: p,, > 1.75 BSS/km? Adding micro-BSs: p,, = 4.25/Km?
EC S 356 K\MIkm? (A0% savina) EC 2 1.87 KW/km?2 (48% further savings) 2°

Application to Energy Saving — BS Sleeping

(EARTH Model, Dense Urban) G_-_\’_EEN

Network Topology during Peak Traffic (75/Km?)
Za\ Macro BSs for coverage guarantee

Yo Other macro BSs (could be switched off)
e o Micro BSs

| pu=LBSIkm2, p, =4.25 BS/km?, EC=1.87 KW/Km?

o o0z o4 06 08 1 12 14 16 1s 2 Km

. Traffic Load up to 50% (37/Km?)
Traffic load down to 20% (15/Km?)

A

0 02z 04 06 08 1 12 14 16 18 2

All unnecessary BSs going to sleep, Awake 35% micro BSs: p,,=1.5 /lkm?,
P1=0.75/km?2, EC=0.97KW/Km? (|50%) EC=1.18KW/Km2 (|37%)
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Summary THL

+« Optimal BS density in heterogeneous networks

» If e is lower than a threshold 1/¢, deploying or
switching on more micro BSs is more beneficial,
and vice versa.

» Heterogeneous cellular network with BS sleeping
can reduce the total energy consumption by up to
75%

» PSR scheme can save up to 50% of network energy
consumption compared with no PSR schemes.
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Globally Resource-optimized and Energy-Efficient Networks

For more information,

visit http://network.ee.tsinghua.edu.cn/niulab/?category_name=publications

2014/3/21

14



