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Abstract—To further improve the energy efficiency of
heterogeneous networks, a separation architecture called
hyper-cellular network (HCN) has been proposed, which
decouples the control signaling and data transmission furtons.

3 Coverage of
MBS control signaling

Specifically, the control coverage is guaranteed by macro lse ¢ Signaling

stations (MBSs), whereas small cells (SCs) are only utilidefor // \ Iy ((( )))
data transmission. Under HCN, SCs can be dynamically turned D Sig"n’gl’;'g (|E Py ol ‘
off when traffic load decreases for energy saving. A // High Data %=
fundamental problem then arises: how many SCs can be » ((( ,)) R

turned off as traffic varies? In this paper, we address this % ‘ =

problem in a theoretical way, where two sleeping schemes i, Low Data = L

random and repulsive schemes) with vertical inter-layer Rate Service |dle UE
offloading are considered. Analytical results indicate the Turned-off SC

following facts: (1) Under the random scheme where SCs are

turned off with certain probability, the expected ratio of

sleeping SCs is inversely proportional to the traffic load of Fig. 1: Network architecture of HCN.
SC-layer and decreases linearly with the traffic load of

MBS-layer; (2) The repulsive scheme, which only turns off tle

SCs close to MBSs, is less sensitive to the traffic variation§3) S . . .
deploying denser MBSs enables tuming off more SCs, which Main idea is to decouple the coverage of control signaling

may help to improve network energy-efficiency. Numerical from the coverage of data transmission such that the data
results show that about 50% SCs can be turned off on average coverage can be more elastic in accordance with the traffic
under the predefined daily traffic profiles, and 10% more SCs dynamics[[7]. Under HCN, macro base stations (MBSs) and

can be further turned off with inter-layer channel borrowin g. small cell@ (SCs) play different roles as shown in Fig. 1.
Generally, SCs are only utlized for high data rate
. INTRODUCTION transmission, whereas MBSs guarantee the network coverage

The multi-tier heterogeneous networks (HetNets), whic nd provide low daFa rate service. Therefore, ea<_:h U.E IS
consist of different types of base stations (BSs) (such glways connected with the MBS-layer for control signaling,
macro BSs, micro BSs, pico BSs and femto BSs) C%vq?]ile their data traffics are served by MBSs or SCs
effectively improve network capacity and thus are expecte p‘?”d'“g on their service demands. For exa_lmple, .the UEs
to be the dominant scenarios in the 5G era [1] [2] [3] aking video calls should keep dL_JaI cor_mectlons with both
vowewr he e energy consumpton of Heet brnflES%, 26, SC5 Yhle USs makne vioe cae e e
heavy burdens to the network operatars [4] [5]. Meanwhilg, Y ' . ‘ S y
due to the dynamics of wireless traffic load, many BSs asgparatmg C/U planes |[8]-[11], which is a key technology
' For future 5G networks [12][13].

lightly-loaded but still consume a_Ir_nost their peak energy o With network coverage well-guaranteed by the MBS-layer,
account of elements like airconditioner and power amplifie : . .
Cs can be turned off flexibly without causing coverage

Unfortunately, these low-efficient BSs can not be turned o

: o les. At the same time, the quality of service (QoS) of the
for coverage guarantee, which makes the existing netwr} L . e \
energy inefficient([3]. qJ_PEs within sleeping SCs can be satisfied by being offloaded

To solve this problem, we have proposed a new separatl%ﬁher horizontally to neighboring or vertically to higayer

architecture callecHyper-Cellular Network (HCN), whose cells. Although offloading traffic from SCs to MBS increases
' the transmit power, turning off small cells saves energy as
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from the perspective of the whole network, where the UEs 1. RELATED WORK

within sleeping SCs are only offloaded to MBSs (vertical . _

offloading). In fact, the performance of horizontal offlaagli Under the trqd|t|0nal network arch|te_cture, BSs can not be
is limited due to the low transmit power of SCs, andUmed off flexibly due to the requirement of coverage
accordingly a SC can only help to offload the traffic ofuarantee. To tackle this proble_rtnell zoomingis propqsed
neighboring cells within certain range. Therefore, haniad © compensate for the sleeping cells by enlarging the
offloading between SCs can not always be realized, afgverage of neighboring BSs, Wh'(_:h_ can be realized thr(_)ugh
vertical offloading is sometimes the only choice for some seower control ?‘”‘2' ar_1tenna titing [_[15].  Meanwhile,
to go into sleep if its neighboring SCs are not close enoudjPizontal offloadingis widely adopted for QoS guarantee

Besides, due to the dual connectivity of UEs in HCNABI-[21], under which the UEs of sleeping cells are
vertical offloading can be easily implemented withou‘?fﬂoaded to neighboring cells regardless of their cell g/pe

handovers. Two sleeping schemes are considered in G sleeping through horizontal offloading under HetNets is
paper: investigated theoretically in_[23]-[24]. In_[23], the uppand

lower bounds of the optimal density of active SCs are
1) Random scheme: each SC is turned off with equivaletiérived under time-varying traffic load, where SCs are tdrne
probability p; off randomly. Instead, the SCs close to MBSs are turned off
2) Repulsive scheme: the SCs whose distance to the neaiest[24], after which the corresponding UEs will be
MBSs smaller tham?, go into sleep, whereas the othere-associated to active cells based on the received signal
SCs remain active. strength. However, coverage holes may still exist via these
) . ] . horizontal offloading schemes in real systems due to the
Then, our problem is to find the maximum and R which  complex wireless environment. Thereforertical offloading
satisfy the given outage constraints. To conduct theaeti¢s adopted as an alternative solution to guarantee QoS in the
analysis, a two-layer HCN is considered, where MBSs apgytj-tier HetNets [25]4[28], where the UEs of sleeping SCs
assumed to be regularly deployed as hexagonal cells whergas offloaded to MBSs instead of neighboring SCs. In
the distribution of SCs is modeled as Voronoi tessellatibn 25]-[27], SCs are dynamically turned on/off based on the

a homogeneous Poisson Point Process (PPP). The mgiBgicted future traffic load. Besides, a dynamic

contributions of this paper include: energy-optimal SC sleeping algorithm is proposed based on

: . isi s [28]. i
« The approximated closed-form expressions of the outa; é;;\rkov DeC|s_|on Proces._ [. 8]. Whereas these studies have
gh complexity and are limited to small scale networks.

probability are derived under the two sleeping schemes; ; i _
Recently, separation architecture has received more

which are validated through extensive simulations. X ) .
« The maximum sleeping ratio of SCs under the wwattention. A SC sleeping scheme under HCN is proposed and

scheme is derived based on the analytical outagBtimized in [29], where the SCs are turned off

probability, and the influences of system paramete%obabilistically according to their traffic load via vexdi

(such as traffic load and BS density) are analyzed. offloading. Furthermore, the energy saving gain of HCN is

. We also consider the case when the redunddistly analyzed in[[30], where random sleeping scheme via
bandwidth of the SC-layer can be released a rizontal offloading are considered. The main differences

re-allocated to the MBS-layer to serve more offloadedftween ([30] and our work are that we focus on vertical
UEs (channel borrowing). offloadmg, wh|_ch has been rarely addressed under the
« Under a typical scenario and two different daily traffi¢eParation architecture.
profiles, we show that about 50% SCs can go into sleep
on average, and 10% more SCs can be further turned off 1. SYSTEM MODEL
if channel borrowing is conducted.
) ) We consider a two-layer HCN, under which the service
In summary, the analytical results of the maximumrocedure for a UE is described in FIg. 2. When a detached
sleeping ratio of SCs are obtained under the random apg arrives, it will firstly connect to the MBS-layer for basic
repulsive schemes, which offers a guideline for real nekwoggnirol signaling, and the MBS which offers maximal
planning and operations. In addition to the implementatiqg,erage Signal to Interference and Noise Ratio (SINR) will
considerations, the sleeping algorithm design of thg selected. Then, the UE will always connect the
separat|_0n architecture is consistent with that of_ thﬂBS-Iayer until it leaves the HCN. During this period, the
conventional networks. Therefore, our method also appiies Y initiated sessions will be served according to the data
the conventional two-tier heterogeneous networks. rate demand and mobility. The SCs are utilized for high data
The rest of this paper is organized as follows. Relatgdte transmission (like real-time video, online game),
work is introduced in Sectionlll. System model is describeshereas MBSs mainly guarantee lower data rate services
in Section[ll, and the outage probability is derived ir{such as voice). Besides, high mobile UEs will be served by
Section[1V. Then, the random and repulsive schemes awBSs to avoid frequent handovers. Therefore, only the UEs
analyzed in Sectiofn V and the two schemes are evaluateith low mobility and high data rate requirement will choose
under daily traffic profiles in Sectidn_ VI. At last, SectibnlvVl a SC for data service, during which they maintain dual
concludes this paper. connections with both layers for signaling and data
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Fig. 3: Network topology.

Data traffic Associate with the SC
R offering '“i“ma's'NR the redundant bandwidth of the SC-layer can be released and
S —— reallocated to the_MBS—Iayer for traffic offloading (named as
SCs with dual connectivity Channel Borrowing (CB) Note that the borrowed
¥ v bandwidth cannot be used by the SC-layer. In other words,
Y {Detachedfrom SC-layer C End ) the bandwidth used by the offloaded UEs is given by
We = { Wm + Ws —wm — ws, Wwith CB )
Fig. 2: Service process for a typical UE under HCN. Wi — wm, noCB -

where W,, and W, are the total bandwidth initially
pre-allocated to the MBS-layer and SC-layer, andw; are
respectively. Notice that their connections with the Sgkta the bandwidth used by the non-offloaded UEs at the two

will be dropped once their sessions are completed. layers respectively. Obviously, CB offers more opportynit
According to the service status, all active UEs in HCN cafor SC sleeping by making better use of the spectrum
be classified into 2 classes: resource.

1) MBS UEs UEs served by MBSs with low data rate; .
2) SC UEs UEs served by SCs with high data rate. B. Link Layer model

Because we focus on the time dynamics of traffic load insteadAssume all MBSs transmit at a fixed powét™. For a
of the spatial non-uniformity, we assume the distributiofis typical UE,, the received SINR is given as follows if it is
MBS UEs and SC UEs both follow homogeneous PPPs wisigrved by MBS
different densities. . P (dm )~ om pm

As for the network topology, the MBSs are assumed to be LSS Pm(dy,)~omhh + o2’
regularly deployed as hexagonal cells whereas SCs are JEB™ i
assumed to be the Voronoi tessellation of a homogeneauseres? is the noise power3™ is the set of active MBSs
PPP process as shown in Hig. 3, due to the different rolesinfthe network,d: is the distance between | Eand MBS,
MBSs and SCs. Recall that MBSs are expected to guarantgg is the path loss factor of MBS-layer, and? is an
the network coverage, therefore their locations should le&ponential random variable with mean 1 incorporating the
carefully designed. On the contrary, SCs are deployed ordffect of Rayleigh fading. Assume each BS allocates
to boost the network capacity, whose locations can be quitsource (e.g., time slots or wireless spectrum) equallysto
random. In fact, the traditional regular hexagonal cellsl arassociated active UEs, then the achievable rate of WE
the PPP have similar accuracy when used to model thwen by:
distribution of BSs in real systems, whereas the former pm -

model is the ideal case and the latter offers a performance ] N?U_rl )
lower bound [[32]. where wy,, is the bandwidth used by each MBS for its

associated UEs, and/™ is a random variable denoting the
) ) number of active residual UEs served by MBScept UE.
A. Bandwidth Allocation Then the outage probability that the rate of JB less than
Orthogonal bandwidth is used by different layers to avoithe predefined thresholtf,, is given byP {rl% < Un}. By

the severe inter-layer interference, especially for mtiig averaging this probability over the possible position of JE
the signaling coverage. Furthermore, the spectrum reuwsd N™, we can get the service outage constraint of MBS
factor within each layer is set to 1. When some SCs aléEs as:
turned off with their UEs offloaded to MBSs, the spectrum, o {]P( W
resource of the MBS-layer is further divided into two parts ™ N B} Nm +1
to serve their associated MBS UEs and the offloaded SC
UEs respectively. In addition, more SCs can be turned off if2The subscripts and« are omitted here for simplicity.

@

logy (1 + viu), ©)

10g2(1 + ’*/m) < Um‘Nmydm)} < Mm.
Q)
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Fig. 4: lllustration of the random scheme. Fig. 5: lllustration of the repulsive scheme.

Assume all SBSs also adopt the constant transmit pow@® into sleep independently with probabilify.. Whereas,
Ps. If UE,, is served by Sg, its received SINR is given by: SCs are differentiated by their distance to the MBSs under
Pr(d )= h the repulsive schem_e, and only the SCs whose distance to
Vouw = Ps&us )WS’;L’; 7 (5) the nearest MBSs is less than sleeping raditiscan be
leBe ik tu ke turned off. The two schemes are illustrated in Hi§. 4 and
Fig.[3 respectively.

where B® is the set of active SCs in the netwoik,, is the . .
: : u The random scheme has been adopted in many studies,
distance between UEand SG, oy is the path loss factor of . ~. . . )
which is considered as a a baseline for cell sleeping [21],

SC-layer, andhj, is an exponential random variable with : : .
mean 1 incorporating the effect of Rayleigh fadinglza]’ and [30]. Besides, the random sleeping can be easily

Similarly, the outage probability constraint of the SC UE'Fmplemented as It requires no extra information like trgfﬁc

can be obtain& oad _and Iocalt|ons of each cell, apd the average ratio of
sleeping SCs is equal to the sleeping probability Under

Ns,ds,As)} <ns, the repulsive scheme, the offloaded UEs generally enjoy

) Smaller path loss and larger spectrum efficiency for shorter
wherewy is the bandwidth used by each SE, is the number access distance to the MBSs, and thus the QoS of the
of residual UEs in the target SG, is the spectrum efficiency offloaded UEs can be more easily guaranteed. In this case,
of the considered SC UE, whose distance to the target SGlie average sleeping ratio of SCs is given Jg&% where
denoted agl. In addition, the cell size of the target SC is alsQ) s the coverage radius of each MBS cell. ~

Ws

Gs = Ega N, do} {P (N 1 logy (14 vs) < Us
S

random, denoted ad. _ N When power control is not implemented, the power
As for a typical offloaded UE, its outage probability can bgonsumption of a BS becomes a constdnt [14]. Thus, the
derived in the same way: network power consumption can be treated as the weighted

sum of the MBS and SC densities. Therefore, the ratio of

w
N°’d°)} <o, (1) sleeping SCs reflects the energy saving gain.

GO = ]E{deo} {]P (No _(;_ 1 10g2(1 + 'Yo) < U,

whered, is the distance between the typical offloaded UE to
its associated MBS)N, denotes the number of remaining IV. OUTAGE PROBABILITY ANALYSIS
offloaded UEs in the same MBS cell, and means the A. Outage Constraint of MBS UEs

received SINR varying with channel fading. Notice that the For the outage probability of MBS UEs given by EfQJ (4),
QoS of the offloaded UEs will not degradelif, = Us and e have
Nﬂ)7dm}}
(n+1)Um

No = Ts-
D (oo}
:/ZIP{%inm —1‘d} PN (7) fa, (d)dd,
o n=0

m

w
CGm=E(Ny,dm} {]P{N T1 logs (1 +9m) < Um
m

C. SC Sleeping Schemes ®

Our problem can be formulated to maximize the ratio of SCs
turned off under the outage probability constrains of Eg. ( . N
@) and [T). However, this problem is hard to solve as theYd'€répx,,(n) is the probability that the target MBS has
exist no closed-form expressions of the outage probabitity fesidential MBS UEs except UE and fu,(d) is the
fact, even the distributions a¥., N, A,, andd, do not have probability density function ofd,. As the distribution of
general expressions. MBS UEs follows homogeneous PPP proceds, follows

To conduct theoretical analysis, we consider two basie Poisson distribution of parametég? \,,, D* according to

sleeping schemes: random scheme and repulsive scher|é/Nyak-Mecke theoreml [33], WQheer is the density of

Under the random scheme, SCs are treated equivalently A4S UEs. In addition,fy,,(d) = Fd by assuming UEs to
be uniformly distributed within a circle cell of radius. The

3The subscriptsc andw are omitted here for simplicity. closed-form expression o7, can be derived when the



received SNR is high, which generally holds for currertan derive the approximated outage probability as

cellular systems. Theorem 2.
2 . .
Theorem 1.As &= — 0, the outage probability of MBS ~ Theorem 2. If Us/ws — 0 and the SC-layer is
UEs is given by interference-limited, the outage probability of the SC UEs
without SC sleeping is given by:
2Dam(1+1)02< U (3\/§ ) ( U, )) >
Gm="—"——"""""(2wm exp | =D\ (2%m —1]) | -1, a2 Us (14 25)
P™ (am+2) 2 =522 ws Ps
©) G T ey Tar sy (9
where I denotes the ratio of inter-cell interference to noise. L= e e
Proof: See AppendikA. I Proof: See AppendixB. |

Furthermore, When% — 0, Eq. [9) can be further Similarly, Us/ws — 0 means the bandwidth is relatively
simplified: large compared with the data rate requirement. Based on
9Dom (141)02 (2%(H¥D2km%)_l> . Theorem 2, the outage constraint for SC UEs without SC

GI — . . .
" TP (am+2) sleeping is equivalent to

. . . s log (1 + 75) > U, 15
and the service outage constraint of MBS UEs Hq. (4) is slogy (147) 2 (15)
equivalent to wherews = %= is the average bandwidth allocated to each
Wm 10g2 (1 + Tm) 2 Um7 (11) SC UE, a.ndTb |S def'ned as
_ W . . _ as —2 ns
wherew,, = s e is the expected bandwidth allocated s T T (16)

to each MBS UE, and,, denotes the received SINR of celljengting the received SINR of cell edge UEs of the SC-layer.
edge UEs depending op, given by
(2) Repulsive Scheme

(12) Under the repulsive scheme, the distributionsNf, A
and d; remain the same after some SCs are turned off. As
Notice that Eq.[(Il1) is a linear constraint am,, and its for the received SINR, only the UEs which locate around the
physical meaning is that the average data rate of tBReping area enjoy reduced inter-cell interference, avtiie
non-cell-edge UEs (received SINR abowg) should be no received SINR of the other UEs is barely influenced.
smaller than thé/,,. Therefore, we use Eq.[(ll5) to approximate the outage
The physical meaning ofﬁ — 0 is that the data rate constraint of SC UEs by ignoring the benefit brought by SC
requirement is relatively low compared with the spectrusleeping. This is a conservative approximation of the real
resource, which is reasonable as each MBS usually supp@sse.
large number of UEs simultaneously in real systems.
Therefore, Eq.[(I1) can be applied to simplify the service
outage constraint of MBS UEs.

_ pm am + 2 Tm
o2(I+1) 2 Dom’

Tm

(3) Random Scheme

Similarly to the repulsive scheme, the distributions/f,

As and d; are not influenced by SC sleeping under the
random scheme. However, the inter-cell interference vedei
B. Outage Constraint of SC UEs by a typical SC UE decreases ky on average. If the

The outage probability for a typical SC UE (E] (6)) idietwork is still interference-limited after SC sleepingem
noise can be ignored and the received SINR of the SC UEs

given by e -
will increase by1/(1 — ps) — 1. Nonetheless, the received
Gs=E(a, N..d} {IP{ Y5 Jogy(1+7s) < Us AS,NS,ds,}} SINR will finally level off as the network becomes
Ns+1 noise-limited.

_ = (rn+1)Us Inspired by Theorem 2, we use the following inequality
- Plys<2 ws  —1 , , d)dadd, ) ,
0/0/2 {V }pN*(n)fAb(a)de( )da to approximate the outage constraint of SC UEs under the
(13) random scheme:
where px_(n), fa.(a) and fs (d) denote the probability ws logy (14 7(ps)) = Us, a7
distribution functions ofN;, As andds respectively. wherer!(ps) is defined as
(1) No SC Sleeping = (ps) = o — 2 s (18)
Firstly, we analyze the outage probability when all SCs ° 2(1 — min(ps, ps)) 1 —ns’

are active. In this casey; follows Poisson distribution of andps is an experimental threshold of, indicating whether
Aghs, Where )\ is the density of SC UEs. Besidesl; the network is interference-limited or not. Specificallijet
follows Gamma distribution with shapE = 3.575 and scale network is considered as noise-limitedfif < ps, in which
% wherep; is the density of SCs [34]. case turning off SCs no longer improve the received SINR.
Notice that SCs will be more densely deployed in thk fact, the additional noise is approximated by the intf-c
future to boost network capacity, and the inter-celhterference ofp, = ps in Eqg. (18). Thus the approximated
interference, instead of noise, will be the main facto®oS constraint Eq[(17) is more strict for smalfgr Notice
influencing the received SINR of SC UEs. In this case, wbat.(ps) reflects both inter-cell interference and noise.



TABLE I Simulation Parameters number of SCs (and UESs) and their locations are set up by

Parameter| Value Parameter| Value Monte Carlo simulation method. The simulation parameters
Plr)n 51%?,(/“ I/;ss 251/5sz are listed in Tabl€]I[[30]. By calculating the data rate ofteac
W, 10MHz W, 10MHz UE, the outage probability can be obtalned._ _

o2 -104dBm o 4 When w,, = ws = w, = 10MHz, the simulation and
Um 64k|?bps Nm 0.05 analytical results are compared in Figl 6. The analytical
Us 100kbps Ns 0.05 ™

o 100kbps ey 0.05 results of the four sub-figures come from Eds.] (1L} (17),

(20), and [(Ib) respectively. Note that the analytical rssul
are quite close to the simulation results in Hiy. 6(a-c),chhi
C. Outage Constraint of Offloaded UEs validates the corresponding assumptions and approxinmtio
However, the error of the analytical results in F[g. 6(d)
(1) No CB - increases with the sleeping radius. This is because of the
Under the random scheme, the outage probability of t@nservative approximation that uses EGL (15) to calculate
offloaded UEs can be_obtalr?ed in the same way as Theorem, outage probability of SC UEs under the repulsive
and the outage QoS is equivalent to: scheme, which exaggerates the inter-cell interference.
Nevertheless, the analytical outage probability is a upper
bound of the real case, based on which the sub-optimal

Similarly, the outage constraint of the offloaded UEs unngIutmn can be derived.

repulsive scheme can also be simplified:

Wm — wm ( pm™ oam + 2 To
log,

—m _Tm 1+
14 23 \p, D2 o?(1+1) 2 Dom

) >U,. (19)

V. PROBLEM ANALYSIS AND SOLUTIONS

Wi = Wm (1+LQ“’Jr2 'To )>U. (20) : o :
14 nRZA, 02 2(1+1) 2 Rom)="° Based on the derived outage constraints in the last section,
we analyze how many SCs can be turned off under the random
(2) with CB and repulsive schemes respectively.

In this case, there are two bands serving the offloaded UEs
which may hav_e dnffgrent path loss facton$:,, — w,, and A. Optimal Random Scheme
Ws — ws. For simplicity, we assume the offloaded UEs are _
divided into two groups randomly, and each group shares ondJnder the random scheme, the problem is formulated as

band. follows.
For the random scheme, the outage constraint for the e
offloaded UEs is as follows: Ps\Pm °
Wy
W Zwm log, (1 + To(am, D)) > U, st T log, (1+T/(ps)) > Us
1+ 3\2/§ AsPstDQ (21) 1+ Ps
Ws — ws wim 1
logy (1 4 7o(as, D)) > Us, 0gy (147m) = Un
T 5l — pm) D 0gy (1 + 70(as, D)) > 1+¥/\sz
where p,, is the probability that an offloaded UE uses the Win — Wm log, (147o(am, D)) > U, (24)
bandwidth of the MBS-layerr,(«,r) is defined as 1+ 3\ ppm D2
P a+2n s s ]
oo, ) = ——— o 22 08y (1+70(as, D)) =2 U
@)= S0 2 e @2 1+38\ p,(1 — p) D2
To(a,7) is a threshold of the received SINR of the offloaded € (0,1), with CB
UEs, when they are uniformly distributed within circles of Pmy = 1, without CB ~’

radiusr centered at MBSs with the path loss factar
Similarly, the outage constraint of the offloaded UEs und
the repulsive scheme is given by:

eret,, 7.(ps), and7,(c, ) are given by Eqs[{12)[(18),
) respectively. The equality of the service outage
constraints should hold under the optimal solution, and thu

L;”mlogz (1 + 7o(am, Rs)) > Us all the residual bandwidth can be utilized to turn off more
14+ mR2Xspm 23) SCs.
Ws — ws
— 57 Jogy (14 To(s, Re) > Us.
T mRn(l = 082 (1 F 7el0s, Be) (1) No CB

To achieve load balance of the two bands and turn off more?When CB is not conducted at MBSg,, = 1. In this case,
SCs, the probability,, is also considered as a variable to pthe first and fourth conditions are invalid, and the optimal

optimized. value of this problem is given by
pr = Pm [ log2(1 + o(am, D)) Um@F 3N 1
D. Evaluations of Analytical Outage Probabilities W Uo " logo(1+7m) ’
L . 25
Now we evaluate the approximation errors of the derived (25)
closed-form outage probabilities under the two schemes.wherep,, = —2

VTt
HCN with 19 MBSs is considered for simulation, where the S



When CB is conducted, the optimal solution has no closed-
form expression as the first, third and fourth constraines ar
coupled together by;. Only numerical results can be obtained
by methods like dichotomy.

To offer some insights, we consider a special case when
anm = ag (the same path loss factor of the two layers) and
ps > Ps (noise-limited case when many SCs are turned off).
Under this condition, the three constraints can be decduple

—— Simulation (am:S) T
—e—Analysis (um:3) —ilm:ﬂaﬂon
- * - Analysis
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o
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Then, the performance gain by introducing CB is given by
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Fig. 6: Comparison of analytical results and simulationultss . ] o ]
Proposition 3CB is more beneficial when the traffic load

of the SC-layer is lower.

Proposition 1 The ratio of sleeping SCs is inversely Proposition 4 Denser networks (with largep,, and p;)
proportional to the density of SC UE&,, and decreasesWill benefit more from conducting CB.
linearly with the density of MBS UES3,,,.

Proposition 2 Deploying denser MBSs can help to save Denser SCs and lower traffic load of SC-layer both means
energy, whereas the density of SCs should be minimizéfore redundant bandwidth at SC-layer, and thus conducting

i.e., just satisfying the peak traffic demand of high data ra€B Wil bring higher capacity gains for the offloaded UEs.
service. Similarly, networks with denser MBSs can make more use of

the borrowed bandwidth to increase the network capacity.

Notice that Proposition 1 roughly describes the amount of
energy that can be saved due to the dynamics of traffic lo
in time domain. Recall that the bandwidth for the offloade
UEs decreases linearly with the density of MBS UEs basedThe problem under the repulsive scheme can be formulated
on Eq. [11), therefore, the capability of the MBS-layer tas follows.
handle the offloaded UEs also decreases linearly with

%d Optimal Repulsive Scheme

2
Furthermore, the density of the offloaded UE given iy, Rox TR pm
is limited by the offloading capability of the MBS-layer, thu Wy
the sleeping ratio is inversely proportional to the traffiad st 142 log, (1+7) 2 Us
of the SC-layer. .
Proposition 2 offers insights for energy-efficient network 33 5 1082 (147m) = Un
deployment. According to the traditional network planning 1457 A D
method, the density of MBSs and SCs should both be Won — wm 10gy (1+7o(0m, R)) > Uy~ (28)
minimized to meet the peak hour traffic demands. However, 1+ 7 RZAspm ? ’ N
this conclusion is inaccurate if SC sleeping and vertical Ws — ws
offloading are introduced. The density of active SCs given 1+7R2A(1 — pm) log, (1470(as, Bs)) = Uo
by (1 — ps)*ps increases linearly withp, as p* is irrelevant € (0,1), with CB
with ps, which suggests that deploying more SCs only pm{ =1, without CB

results in denser active SCs consuming more ener%y. ) ) _
Therefore, the traditional method is still energy-optiniai | he four service outage constraints should take equaliteun

SC deployment. Whereas, deploying more MBSs helps ¢ optimal solution, and we have

turn off more SCs and reduces the energy consumption of Us(l 4 22) Un(1 4+ 2m)
the SC-layer. Therefore, the energy-optimal density of MBS ws - = Pm
may be larger than the one obtained by traditional method.

(2) With CB (1) Without CB

=2  wypy = —" 2 29
log, (1 4 75) " logs (1 4 Tm) (29)



When CB is not conducted, the optimal solutiii should TABLE II: Network density

satisfy Parameter|| Baseline | Denser SCs| Denser MBSs
. D 500m 500m 400m
w. _ UmU+o) s 25/km? 50/km? 25/km?
m logs (14+7m) 10g2 (1+To(0fm7 R:2)) = U,, (30)
1 +7TR; 2)\spm
based on which the numerical results of Elg.]1(28) can be e ———
obtained. Note that Proposition 2 still holds &8 is B Ganoree —a—Baseline |
irrelevant with p; whereas increases with,,. D% I DenseriBss
n 0.8 il
Q4
The upper bound of the optimal value of problem Egl (28) é’v
can be derived by rewriting the constraint of the offloaded UE g0
as 2
) .% 0.4
m (1+7rRS As)Uo
Piam—an > |27 Wmwm  —1|Rom &
o2(1+1) 2 0.2 |
(31) ’ F-g -
a
(Z)ﬂ(l + WR?)\S)R?“‘ > ﬂﬂ—)\sR?m‘F2’ Gain of denser MBS
Wm—wm m — Wm 0 20 40 60 80 100 120 140
. . . i 2
where (a) applies the inequality — 1 > z(z > 0). Then the Density of SC UEs A, (k)
upper bound of SC sleeping ratio i8R2p,,, with the (a) Varying density of SC UESs (Am = 20/km?)

maximum sleeping radiugs given by
0.35

1 T
m Am am+2 —— Baseline with CB
[ QT Y L G ) @) e
202(1+ I)UomAs logs (1 4 Tm) 03 - & - Denser MBSs
- - -Denser SCs
Specially, this bound is quite tight d8&, /(W — wm) — 0. g oz
Proposition 5The repulsive scheme is more benificial for $
the heavily loaded networks. 5018
g o1
Eq. .@) mdmatesI th.at the ratio of slgeplng SCs under the ool Ginordenser oS
repulsive scheme is inversely proportional pg™*>. As
am € (2,4], the performance of the repulsive scheme is less % m 2 20 A—a
sensitive to the variation of the traffic load compared with Density of MBS UEs \__ (lkm?)
the random scheme, which explains Proposition 5. In fact, (b) Varying density of MBS UES\m (\s = 100/km?)

the advantages of the repulsive scheme mainly comes from ) ) )

the shorter distance and smaller path loss of the offloadgy: 7- Maximum ratio of sleeping SC under the random
UEs. However, this advantage degradesasncreases. That SCheme.

is why the repulsive scheme is more advantageous for the

heavily loaded networks where few SCs can be turned off
and the sleeping radiuB, is small. The maximum sleeping ratio versus traffic loagdand \,,

ith under random scheme is presented in K. 7, where the
(2) W'_t CB ) . influences of BS density and CB are both considered. The

If CB is supported andv, = as, the available bandwidth geyings of network density is listed in Talilé Il. Besidd® t
for the offloaded UEsu, = Wy, + Wy —wm — ws, Wherew,,

) ] results of the repulsive scheme are demonstrated in[Fig. 8
andw; are given by Eq.[(29). In this case, the upper bour?\‘?otice that the black solid lines with triangles are totally
of the sleeping radius becomes

overlapped by the red dashed lines in Eib. 7 and Hig. 8.
< (om +2)no P™ (1) Traffic load
RSZ(202(1+1)UOW>\S Generally, the sleeping ratio decreases with traffic load,
Notice that Proposition 3 and Proposition 4 also hold fdyhereas the slopes of the curves are quite different. Under
the repulsive scheme. the ra_ndom scheme, _ the sleepmg_ ratio is inversely
proportional to the density of SC UEs in Fig. 7(a), whereas
it shows linear relation with the density of MBS UESs in
C. Numerical Results and Analysis Fig. [A(b). Under the repulsive scheme, the sleeping ratio
In this part, we analyze the relationship between thiecreases more slowly with (Fig[8(a)), but there is a rapid
maximum sleeping ratio and system parameters (traffic lodécline when the traffic load of the MBS is high (fFig.8(b)).
and BS density) through the optimal solutions ofhese results are consistent with the analytical results of
Problems[(24) and (28) obtained by dichotomy, is set to Egs. [25)[(26).(32), and (B3).
3.5, and other parameters can be found in Thble I. Notice that the sleeping ratio under the repulsive scheme

e
(W +Ws—wm — ws)> . (33)
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Fig. 9: Comparison of two schemes,( = 200/km?).

0.7

E_E_B_E~ﬂ~ﬂ
o8 - “*n-g_iainofCB’ baseline BS density are compared as shown in Elg. 9.
8 05/Gain of denser MBS . Bt Generally, the sIeeping ratio decrea;es more sloyvly W;th_
S : N under the repulsive scheme, which is consistent with
E%O"‘ SINRTN | Proposition 5. When CB is not supported, repulsive scheme
£ 03} : performs better than the random scheme. However, the
2 — random scheme is more advantageous than the repulsive
& 02| T Base e win CB fatad " ] scheme when\,, is smaller and CB is conducted. This can
0 |77 DenserhBss ] be explained from two aspects: (1) The offloaded UEs enjoy
higher spectrum efficiency under the repulsive scheme due to
% 10 20 30 20 the smaller path loss, especially for the heavily loaded
Density of MBS UEs A, (k) networks (Proposition 5); (2) Due to the lower inter-cell
(b) Varying density of MBS UES\m (s = 100/km?) interference level, the SC-layer can provide more residual

Fig. 8: Maximum ratio of sleeping SC under the repulsivB@ndwidth for the offloaded UEs through CB under the
scheme. random scheme, especialy when the network is

lightly-loaded and more SCs are turned off.

can be divided into two cases: (1) high sleeping ratio with Based_ on the_ apove analysis and numerical results, we
large sleeping radius, when the received SINR of trgimmarize our findings as follows. ) )
offloaded UEs is relatively low and the sleeping ratio 1) Under the random scheme, the ratio of sleeping SCs
increases  slowly with available spectrum resource |s.|nversely proportional to\; while decreases linearly
(SINR-limited); (2) low sleeping ratio with small sleeping W'Fh Am; _

radius, when the received SINR is high and the sleeping?) Without CB, the repulsive scheme performs better;

ratio mainly depends on the available spectrum resource3) |f CB is conducted, repulsive scheme performs better

(bandwidth-limited). When\,, is high, increasing bandwidth when the traffic load is high, otherwise the random

for the offloaded UEs can significantly improve the sleeping schemg is better; _

ratio as shown in Fid.18(b). 4) Deploying more MBSs can help to improve network
(2) BS density energy efficiency.

As the black solid curves with triangles are completely 2) CB brings higher performance gain for the networks
overlapped by the red dashed curves in Figs. 7 Bhd 8, with heavily-loaded MBS-layer and lightly-loaded
deploying denser SCs does not improve network SC-layer.
performance (consistent with Proposition 2).

(3) Influence of CB VI. PERFORMANCEEVALUATION UNDER DAILY TRAFFIC

The gain brought by CB is marked in Figsl 7 ahd 8. PROFILES
Fig. [A(a) and Fig[18(a) both reflect that CB brings higher In this part, we evaluate the performance of the two SC
performance gain when), is small, which validates sleeping schemes under daily traffic profiles. Two typical
Proposition 3. In addition, CB can greatly improve théraffic patterns are considered as shown in Eig. 10, where the
sleeping ratio under the repulsive scheme when tlweaxis denotes time and y-axis denotes the density of active
performance is bandwidth-limited (high,,), as shown in UEs. We assume 80% UEs require high data rate service,
Fig.[8(b). while the others are served at low data rate. Traffic pattern 1

describes the daily traffic variations of places like bus

Furthermore, the results of the two schemes under th®tions, whose two peaks correspond to the rush hours.
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Fig. 12: Network power consumption for different MBS

Fig. 10: Dalily traffic profiles. density.
0.7
S— on-demand service is provided through flexible SC sleeping
—— Traffic—1 with CB . .
] e i R A Traffio-2 with CB | | and traffic offloading.
. o Traffic- without CB | Furthermore, we consider a network planning case when
Q Y ¢ Traffic-2 without CB B L. . .
2 . the maximal and minimal user densities ar&** =50/kn?
gO4 IS and A™» =0.5/kn?. To guarantee the basic coverage and
S03 service, the coverage radius of the MBSs should be no larger
E‘ than 1100m. Fig.[[12 demonstrates the average power
® 02 consumption per unit area for different MBS coverage
o1 radius, under traffic pattern 2. It can be found that the
energy-optimal coverage radius of the MBSs is 900m instead
% 50 100 1502 200 of 1100m, which indicates that deploying more MBSs can
Minimal Density of UEs ™" (fkm°) help to save energy. Although deploying denser MBSs

causes higher energy consumption of the MBS-layer, more
SCs can be turned off via vertical offloading, which helps to
reduce energy consumption of the SC-layer. Thus there

exists a tradeoff relation between the energy consumption o

Besides, traffic pattern 2 with sine function is often used Egne two layers, and the energy-optimal MBS density may be
evaluate the effectiveness of energy saving algorithms [zhlgher than its minimal value required for basic coverage.

[22], [35] and [36]. . T
For any given traffic load\(), the maximum ratio of The problem of energy-optimal network planning is left for
' (]6]; future work, due to the space limitations.

sleeping SCs under the two schemes can be obtained
solving Problems[(24) and_(28), and we dynamically choose
the better one which turns off more SCs. The average ratio VIl. CONCLUSIONS
of sleeping SCs is shown in Fig. 11 with parameters of In this paper, the expected sleeping ratio of SCs with the
Table[l. The peak traffic load of both traffic profiles is set aime-varying traffic is obtained for two SC sleeping schemes
Amax - — 900/km? (equivalent to the network capacity),(random and repulsive schemes), under which the UEs of the
whereas the minimal traffic load™™ is set as a varying sleeping SCs are vertically offloaded to the MBS-layer for
parameter reflecting the non-uniformity of the traffic load ioutage probability guarantee. Under the random scheme, the
time domain. Notice that different values of® reflect ratio of sleeping SCs is inversely proportional to the dignsi
different traffic non-uniformity. of SC UEs whereas decreases linearly with the density of
The ratio of sleeping SCs decreases wih;,, which MBS UEs. Compared with the random scheme, the repulsive
indicates traffic dynamics help to turn off more SCs. As thecheme performs better when the traffic load exceeds certain
network power consumption increases linearly with thiéaresholds. In addition, the analytical results suggest th
density of active SCs without power control, this alsdeploying more MBSs can help to save energy by offering
suggests that networks with more fluctuated traffic can sawere opportunities for SC sleeping. Furthermore, if the
more energy through SC sleeping. For the real systems, #pectrum resource can be dynamically borrowed between
traffic load after mid-night usually goes to zero. In thiseaslayers, more SCs can be turned off especially when the
about 50% SCs can be turned off on average without CBIBS-layer is heavily-loaded. Numerical results show that
and 10% more SCs can go into sleep if CB is conductedalf of the SCs can be turned off on average under two
Besides, more SCs are expected to be turned off if effectitygical daily traffic profiles, and 10% more SCs can further
SC sleeping algorithms are designed. Hence, HCN is go into sleep if channel borrowing is allowed. For future
energy-efficient network architecture, under whickvork, the energy-optimal network planning should be

Fig. 11: Average sleeping ratio of SCs.
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analyzed based on the obtained sleeping ratio. In addition,
detailed energy-efficient SC sleeping schemes should be

designed, where the vertical and horizontal offloading .
schemes can be jointly optimized, and more realistic networ /P{vu > T}fa (d)dd
scenarios (such as non-uniform traffic load) should be .
considered. ~ 5
1+ Tos foii o5 dx
T s 14z 2
APPENDIXA S 1 57
PROOF OFTHEOREM 1 CTE [, el (372)
The inter-cell interference varies with the UE location, 1 T
which makes the outage probability unsolvable. To derive 1y =z 7
closed-form expression, we average the inter-cell interfee a2
of all UE locations to approximate the uncertain value. _
Consider a MBS the average inter-cell interferengeis and the equality oﬂ]B]a). .hOIdS whehn— 0. )
Therefore, the probability that the data rate requiremént o
T = / Z p;nd;jam fa(a)da, (34) UE, can be satisfied is given by
a€Ai jepm ji
whereA; is the coverage area of MBSanda is the locations v
of UEs. Denote by = Z/o? the ratio of inter-cell interference P {%i > 2ot 1}
to noise for simplicitg. ) ) 9 o 1
Assume the number of residual UEs in the target MBS ~ (1+_ (2<Ns+1>w—z _ 1)) (38a)
cell is given asN,,, then the probability that the data rate as —2
requirement of UE can be satisfied is given by s =2 5= (Na+1) 52
— 2
P {'yi{‘ > o(Nm DI 1} (anz B 1) e
_ /D b {hﬁ‘ > (1;77173*% (2<Nm+1)f,{‘,: _ 1)} ;_Cédd _ (0‘527—2)2—5—; i (4 —2a5>m2,m27mg—227(m+1)st—:‘
0 m=0
D 2 m
_ / oxp (_ (I ; ;)a gom (2<Nm+1)57m B 1)) ;—i ad (35a) (38)
0

Um

_ /D (1 - (I%’”Qd““‘ (2<Nm+1>wm — 1)) ;_‘idd @3sb) Where Eq.[(38a) holds for the assumptil%pa 0. As the path
0 N ) loss factor generally satisfies, € (2,4], 1 — %2 € [0,1)
_ ., 2D%m (I4+1)0® [ (Ny+1)lm
=l amrz o\ w1 and Eq. [38b) holds.
where MBS UEs are approximated to be uniforml Furthermore, asN; follows Poisson distribution with

distributed within a circle of radiud). Eq. [354) holds as )fJarameter/\sAs, we have
h™ follows exponential distribution, and_(35b) is due to the
. 2 el X
assumptionZ— — 0. Although [35b) does not hold for the Sp {vi S oW 1} Pr. (V)
strong interference case (i.d.,— oo), (350) applies to the n~=o
- i i i > N .
MBS layer, Whe_re most MBS UEs can receive hlgh signal to > (As4s) exp{—As Ao 1P {vi > QN+ L 1}
interference ratio due to the large coverage radius. N!
Recall that the probability distribution ofV,, follows

. hat th dis : (as=2) U XN (d—ag U\ (mtn s
Poisson distribution. By substituting Ed._{35) into EfQl, (4f* 2w Z_: 52 ) expqAsds (2 we—l)e.
the outage probability of a typical MBS UE is: m=0 (39)
_ > m (N+1)U7m )
1—Gm= Py, >2 wm —1) Py, (N L . .
NZ::O (7 Non (V) Recall thatA; follows Gamma distribution with shap&
oo W and scale*—:
Y (ﬁ S DY ) (%ﬁfﬂ'km)”efﬁwm Kps
= N!
am 2 U, f U, K—-1 K KK
=1— w <2w_r,2 exp <“D2>\m (gw_ff; _1)> —_ 1> . fa,(A)=A exp{—KpsA}ps mv (40)
P (a +2) 2
(36)
Hence, Theorem 1 is proved. then we have
APPENDIXB /oo Z]p{waZ?(NH)%Z _I}PNS(N)fAS(A)dA
PROOF OFTHEOREM 2 0 N=o

When no SCs go into sleep, the distribution of the received(q, —2) Iz
SINR of a typical SC UE in the interference-limited networks ~ 2 2o mZ:O (
is given by [32]:

U

E|H

K
4—ar 27%2>m psK
. o .
2 PSK+ (1_27(m+1)w—s))\s

(41)



Finally, due to the well-known exponential limit,
K
. ps K
lim o
Yo | pK + (1 - 2—<m+1>wi) s
-K
li 1+ !
= 11m T
L0 WPSK
(1 _ 2—(m+l)%§) AS
= lim exp{ — (42)
S—ZHO Ps
US AS — s As
= exp {—(m—i—l)—— 1og2} — g-(m+D)g 32
Ws Ps

By substituting [(4R) into[(41), we have

=~

oo X Us
/ e {'yi > oW FDwE 1} Prs(N)fa, (A)dA
0 N=o0

los—2) - Lea43e

)00
2 Y

m=0

Us As
as—2 2~ wz (1+p—:)
2

Cl(s—2 ,%(1+&) m
(2r2)o o)

4—as o~
1—4zae9

Us Asy’
Ws i+ Ps)

Hence, Theorem 2 is proved.
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