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Abstract—The heterogeneous cloud radio access network (H- By leveraging cloud computing technologies, the cloud
CRAN) is a promising paradigm which integrates the advantags radio access network (C-RAN) has emerged as a promising
of cloud radio access network (C-RAN) and heterogeneous g ,iion for providing good performance in terms of both

network (HetNet). In this paper, we study the joint congestbn . . .
control and resource optimization to explore the energy efiiency SE and EE across software defined wireless communication

(EE)-guaranteed tradeoff between throughput utility and delay networks [4]. In C-RANSs, the remote radio heads (RRHS)
performance in a downlink slotted H-CRAN. We formulate configured only with some front radio frequency (RF) func-
the considered problem as a stochastic optimization probfe, tjonalities are connected to the baseband unit (BBU) pool
which maximizes the utility of average throughput and maingins through fronthaul links (e.g., optical fibers) to enableudo
the network stability subject to required EE constraint and . ’ . . .
transmit power consumption constraints by traffic admissim computing-based Iarge'scale COOD,erat'Ve signal praugssi
control, user association, resource block allocation and @ver However, the constrained fronthaul link between the RRH and
allocation. Leveraging on the Lyapunov optimization techique, the BBU pool presents a performance bottleneck to largkesca
the stochastic optimization problem can be transformed and cooperation gains. Furthermore, real-time voice servitg a
decomposed into three separate subproblems which can be gedl control signalling are not efficiently supported in C-RANS.

concurrently at each slot. The third mixed-integer nonconex o
subproblem is efficiently solved utilizing the continuity relaxation Therefore, the traditional C-RAN must be enhanced and even

of binary variables and the Lagrange dual decomposition métod.  €volved.
Theoretical analysis shows that the proposal can quantitately Motivated by solving the aforementioned challenges, the

control the throughput-delay performance tradeoff with required  heterogeneous cloud radio access network (H-CRAN) has
EE performance. Simulation results consolidate the theottical been proposed to combine the advantages of both C-RANs
analysis and demonstrate the advantages of the proposal i . .
the prospective of queue stability and power consumption. and heterogeneou_s ne_.\tworks (HQtNets) in our prior works
[5] [B]. As shown in Fig. 1, the high power nodes (HPNSs)
are configured with the entire communication functionediti
from physical to network layers, and the delivery of control
and broadcast signalling is shifted from RRHs to HPNs,
which alleviates the capacity and time delay constraints on
. INTRODUCTION the fronthaul. The BBU pool is interfaced to the HPN for

. . ) the inter-tier interference coordination. H-CRANs dedeup
Recently, the mobile operators are facing the continuouslya ontrol and user planes, and support the adaptive sig-

growing demand for ubiquitous high-speed wireless acaess §,jing/control mechanism between connection-oriented an

the explosive proliferation of smart phones. Justified by th,nectionless modes, which can achieve significant oaerhe

urgent trend and projecting the demand a decade ahead, 8s3ings in the radio connection/release. For a time-vagryin

called 100 times spectral efficiency (SE) boost and 10008img_crAN that adopts orthogonal frequency division multiple

energy efficiency (EE) improvement compared to the currept s (oFDMA), besides of power and resource block (RB)
fourth generation (4G) wireless systems are required [ T 5cation, the traffic admission, the user associationadse

increasingly demands make it more challenging for opesatQliical for improving key performances
to manage and operate wireless networks and provide require

quality of service (QoS) efficiently. Therefore, the fifthnge
eration (5G) wireless networks are expected to fulfill thes® Related Works

goals by putting forward new wireless network architeciiire - the resource optimization is significantly important tohhig

advanced signal processing, and networking technolo@ies [jight the great potentials of H-CRANs. The EE performance

[3]- metric has become a new design goal due to the sharp
. . I _ increase of the carbon emission and operating cost of \gsele
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B. Main Contributions

In this paper, considering the traffic admission controd, th
throughput, as in[[22] and [23], is defined as the maximum
amount of admissible traffic that H-CRANs can stably carry,
and therefore it to some extent reflects SE. Based on this, we
try to incorporate throughput, delay, and EE into a theoagti
framework, and effectively balance throughput and delagnvh
certain EE requirement is guaranteed for any traffic arrixtd
in slotted H-CRANS. The major contributions of this papes ar
twofold.

« The congestion control is incorporated into the radio
resource optimization model for slotted H-CRANSs with-
out prior-knowledge of random traffic arrival rates and

y channel statistics. The decomposed subproblems can be

solved concurrently at each slot with the online obser-

vation of traffic queues and virtual queues, which have
been determined by the joint optimization results at the
previous slot. Simulations demonstrate the advantages of
the proposal from the prospective of queue stability and
power savings.

multi-user distributed antenna system (DAS) with promotéil  , Using the framework of Lyapunov optimization, we put

rate constraints. The authors of [11][13] jointly conside  forward a formulation to quantitatively strike a bal-

multi-dimensional resource Optimization, such as beamfor ance between average throughput and average de'ay'

ing optimization, power allocation, and RB assignment, 10 meanwhile guarantee the required EE performance of
explore the EE-SE tradeoff in OFDMA networks. The EE-SE H-CRANS. On|y by adjusting a control parameter, the

Internet

Gateway

Fig. 1. The heterogeneous cloud radio access networks (ANSR

tradeoff also got deep investigation in Device-to-DevidD) proposal provides a controllable method to balance the

communications and relay-aided cellular networks [146}[1 throughput-delay performance on demand, which in turn

However, the aforementioned literatures are typicallyedas ?dapnvely affects admission control and resource alloca-
ion.

on the full buffer assumptions and snapshot-based models.
This indicates that the stochastic and time-varying festur The rest of this paper is organized as follows. Section II
of traffic arrivals are not considered into the formulationgvill describe the system model and formulate the stochastic
Therefore, only the physical layer performance metricshsu@ptimization problem. Based on the framework of Lyapunov
as SE and EE are optimized and the resulting control policy@gtimization, the stochastic optimization problems offfica
only adaptive to channel state information (CSI). In prati admission control, user association, RB and power allogati
delay is also a key metric to measure the QoS, which is a#ll be transformed and decomposed in Section Ill. The
neglected in these literatures. challenging subproblem for user association, RB and power
) _ allocation will be solved in Section IV. The performance
Contrary to the static models used in the EE-SE tradeoffounds of proposal will be analyzed in section V. Numerical
the power-delay tradeoff is usually investigated from #gh  simuylations will be shown in Section V1. Finally, SectionIVI
term average perspective in a time-varying system. Theoasithyij| summarize this paper.
of [17] and [18] aimed to dynamically optimize the power
and subband allocations to achieve the Pareto optimaldfade
between power consumption and average delay in OFDMA
systems. In[[19], a theoretical framework was presented toln this section, we begin with describing the physical layer
analyze power-delay tradeoff in a time-varying OFDMA sysmodel, followed by introducing the queue dynamics and the
tem with imperfect CSIT. Adaptive antenna selection arf@leue stability. We then formally formulate the stochastic
power allocation were exploited i [20] to compromise theptimization problem. For convenience, the notations wsed
power consumption and average delay in downlink distrithutéisted in Table 1.
antenna systems. By devising delay-aware beamforming al-
gorithm, [21] studied the power-delay tradeoff in multeas A physical Layer Model

MIMO systems. The downlink transmission in an OFDMA-based H-CRAN
As a common feature| [17]-[21] assumed that the randamconsidered, in which one HPN ardd RRHs are consisted.
traffic arrival rate is inside the network capacity regiomisT Since the HPN is mainly used to deliver the control signgllin
indicates that admission control is unnecessary. Moreovand guarantee the basic coverage for certain area, the UEs
throughput was not formulated into the problem, thus theith low traffic arrival rates are more likely served by HPN
results for power-delay tradeoff can hardly give insigmt®i and they are labeled as HUEs. Meanwhile, since the RRHs are
energy-efficient resource optimization problems. efficient to provide high bit rates, the user equipments JUEs

Il. SYSTEM MODEL AND PROBLEM FORMULATION
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TABLE | - . . .
SUMMARY OF NOTATIONS association strategy plays an important role in improving
the utilization efficiencies of limited radio resources in a
INotation | Description H-CRAN. Let the binary variables,,(t) indicate the user
Un Set of HUES association of the HUEn at the slott, which is 1 when
%}; §g§ % EESESU%S By RIS the HUEmcijs ashsor(]:iated with the( ;?RH ti(e; ordO wrze)n it
R et of RBs used by the is associated with the HPN. Let;x(t), gimx(t) and g, (¢
Z'"i?t) é;s."g,'?tt',?g g‘g}f?ﬁg&f?ﬁéhs%%{g ?Lé“&f}g‘f ;tlotﬁe represent the CSlIs on the RBfrom the RRHi to the RUE
i slot 4 j, the RBE from the RRH: to the HUEm, the RBI from
Gimi(t) git' e the RBR from the RRHi to the HUEm at the the HPN to the HUEm, respectively. Note that these CSls
() CSTon the RE from the HPN to the HUER at the slot account for the antenna gain, beamforming gain, path loss,
m. t . . . .
EH0) RB usage indicator for the RBof the HPN at the slot shadow fadmg_’ fast fading, and noise terth?r' In_ this parse
() RB usage indicator for the RB of RRHs at the Siot the RB allocation for both RRHs and HPN tiers in OFDMA-
) tAhllo%aFtic'j_p?v;ﬁr f(Trt;he RUE occupying the RB: of based H-CRANs are focused, the antenna configuration and
- e ¢ at ine slo beamforming design are not specified, and neither of them
Allocated power for the HUEn occupying the RBt of . ’
Pimk(®) | the RRHZ-r;t the slott pying affects the general formulation. The CSls are assumed to be
Dot (£) Qéofj‘gﬁ’ éﬁotvafgrsflgg the HUEn occupying the RE of independently and identically distributed (i.i.d.) ovéats, and
o ()| Allocation of the RB of RRF fo the RUE; at fhe siot takes values in a finite state place. Lgt(t) denote the
Ik Zu S allocated transmit power for RUE on RB k& from RRH i
amp (t) sb?ia ton ot the © s tofhe m atihe at slott, let p;,,«(t) denote the allocated transmit power for
bt (1) Allocation of the RBI of the HPN 1o the HUER at the HUE m on RB k from RRH ¢ if HUE m is associated with
o) %'roafntsmlt e oF e HUBn ar the Slot RRH tier at slott, and letp,,,; () denote the allocated transmit
II0) Transmit rate of the RUG at the slot power for HUEm on RB! from HPN if HUE m is associated
Rp(t) | Jne amount of admited traffics for the HUR atthe | with HPN at slott. Furthermore, let the binary variabiy, (t)
Py The amount of admtted Traffics Tor the RUEAT the Siot anda,x(t) indicate the allocation of RB of RRH tier to RUE
- %’raﬁlc buffering queue length for the HUR at the slot g and HUEm at slott, respectively, and leb,.;(t) indicate
Qm) |, 94 9 the allocation of RBI of HPN to HUE m at slot¢, then we
Q;(t) Traffic buffering queue Tength for the RUJEat the slot have the foIIowing non-reuse constraints
t
Auxiliary variable for the throughput of the HUR: at
¥m® | the slots )= ap®)+ D smBamr(t) <1, (1)
() Aluiqthary variable for the throughput of the RUJEat the jEUR mely
SIO
Virtual qgueue Iength for the HUERn with arrival Ym at
Hin (1) the slott Cﬁ(t) = Z (1= sm(t)bru(t) < 1. (2)
H;(t) Virtual queue Tength for the RUE with arrival v, at the meUly
J slot ¢
Z(t) Vllrttutal queue Iength for the average EE constraint at the for the RRH tler and HPN t|er, respec“vely
SIo . .
Tk Confinuous auxiliary vaniable for RB allocaiiany,, For the UEs that are S.erved by RRHs ('nd.Udmg a".
Yrml Continuous auxiiiary variable for RB allocalidn, the RUEs and some associated HUEs), the maximum ratio
Wijk Auxiliary variable for power allocation; ;. . .
Timk Auxiliary variable for power allocation; .z combining (MRC) is assumed to be adopted. Therefore, the
Uml Auxiliary variable for power allocalior.y, transmit rate of RUEj and HUEm at slott is given by
pi(t) = > ap(t)Wologa(1+ Y pijr(t)gisk(t), (3)
with high traffic arrival rates will be served by the RRHs. Let kekr i€R
R =1{1,2,..., N} denote the set of RRHs, |&fy denote the
)t ! t) = (1 — st bmi(t)Wologs (1 + t t
set of HUEs and lel/z denote the set of RUEs. To completely (1) = ( m{ ))zgzc:H it () Wologa(1 - gmi (£)pmi (1))
avoid the severe inter-tier interferences, the RBs of H-GRA + 8m (t) D ami () Wology (1 + > pimk () gimk (t)),
are partitioned and assigned respectively to the RRH and the kekr i€R @)
HPN tiers. Let and denote the set of RBs used b . . .
Kr Ku yrespectlvely. Accordingly, the total transmit rate of thegwmork

RRH tier and HPN tier, respectively. LB andi¥, denotethe . "
system bandwidth and the bandwidth of each RB, respec;tivé?yglven by

Any UE that is associated with RRH tier receives signal poum(t) = D p(t)+ > (1), (%)
simultaneously from multiple cooperative RRHs on allodate '
RBs, and the RBs allocated to different UEs are orthogonal, i ) )
is thus inter-RRH interference-free among UEs. The network ith the resource allocations, the transmit power of RRH

is assumed to operate in slotted time with slot duratiand and HPN is given by

meUn JEUR

indexed byt.
(1) = E E aik(t)piie(t)+ E E S () ami (0)Dimk (),
The HUEs can be associated with RRH tier to get mo?e( ) . 7 (O)pige(t) (O)am (1)pimi ()
o A X JEURKEK R meUgker
transmission opportunity when the traffic load of HPN be- (6)

comes heavier, while the RUEs are served only by RRHSs, pu(t) = Z Z (1 = S ()bt (£)pomi (£), 7
which is usually in accordance with the practice. The user meUy €Kk
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respectively. Accordingly, the total power consumptiortiod To guarantee certain EE requirement when dynamically
network is given by making congestion control and resource optimization fer th
R R o " H-CRAN. As in [24], the definition of EE is given as follows.
Psum(t) = Z epi(t) +pe + gerpu(t) +pc,  (8) Definition 3: The EE of considered H-CRAN is defined as
i€R the ratio of the long-term time averaged total transmit rate
whereplt. and!L are the drain efficiency of RRH and HPN,10 the corresponding long-term time averaged total power
respectivelyp® andp!! are the static power consumption offonsumption in the unit of bits/Hz/J, which is given by
RRHs and HPN, respectively, including the circuit power,

i T-1
the fronthaul power consumption and the backhaul power lim 5 Elpeum (1) i
consumption. TS0 T (2 fhsum
NEE = T 1 =W (12)
. psum
. - W lim % Z E[psum (t)]
B. Queue Dynamics and Queue Stability T—oo © =0

In the considered H-CRAN, separate buffering queues areA is st v stable if it h bounded ti
maintained for each UE. Lef),,(¢t) and Q;(t) denote the queue IS strongly stable It It has a bounded ime average

length of buffering queues maintained for HUE and RUE queue backlog._According to the Little’s Theorem1[25], the
j, respectively. Letd,, () and A;(t) denote the amount of average delay is proportional to the average queue length

random traffic arrivals at slot destined for HUEm € Uy fc])cr ta ?f[ven traffic a_lrrlv?I rat?' Fl:rtg}errr:ﬁre, when a nethv_vork d
and RUE; € Uy, respectively. of traffic queues is strongly stable, the average achieve

Assumption1 (Random Traffic Arrivals Model)Assume thc;ogtgtjhgut can be gl;/e?f_ by the ltlm_?_havefragedthamount of
that A,,,(t) and A,(t) are i.i.d. over time slots according go2dMmitted €exogenous traflic arfivais. Tnereiore, the awerag

a general distribution, which are independent wmtand j. throughput for HUE and RUE is expressed as
Furthermore, there exists certain peak amount of trafficalsr

Arax and AT2*, respectively, which satisfying,,, (t) < AMax 1 =

and A; (t) < AP, Tm = Hm 7 2 B (8), (13)
In practice, the statistics aofl,,(¢t) and A4;(¢) are usually

unknown to H-CRANSs, and the achievable capacity region is

usually difficult to estimate, the situation that the exomen ] Tt

arrival rates are outside of the network capacity region may T = Th_{réo T R;(t), (14)

occur. In this situation, the traffic queues cannot be Stadull t=0

without a transport layer flow control mechanism to limit the )
amount of data that is admitted. To this end, the H-CRAKESPectively.
tries to maximize its utility by admitting as many traffic
datas as possible, and to minimize the penalty from traffic
congestion by transmitting as many traffic datas as possile
with the limited radio resources. Lét,,(¢) and R;(t) denote

the amount of admitted traffic datas out of the potentially The profit brought by dynamic joint congestion control and
substantial traffic arrivals for HUE: and RUEj, respectively. resource optimization can be characterized by the utility o
Therefore, the traffic buffering queues for HUE and RUE average throughput, which is given by

j evolve as

Qu(t+1) = max{Qu (t) — pum (£)7,0} + Rpn(t),  (9) Ur)=a)_ grm)+B8 D> gulPm), (15)

JEUR meUr
Q;(t +1) = max{Q;(t) — pu;(t)7,0} + R;(t),  (10) .
wherer = [7,,,7; : m € Uy, j € Ug] is the vector of average

respectively, where we hawé < Ry, () < A, () and0 <  throughput for all UEsgx(.) andgy (.) are the non-decreasing

R;(t) < A;(t) at each slot. concave utility function for RUEs and HUEs, respectively,
To model the impacts of joint congestion control andndg are the positive utility prices which indicate the relative

resource allocation on the average delay and the achieveghortance of corresponding utility functions.

throughput utility, the definition of network stability wibe Letr = [R;(t), Rm(t) : j € Up,m € Ug], s(t) = [spm(t) :

Problem Formulation

formally given. = . . m € Ugl, p = [pije(t) pimk(t). pau(t) : § € Unom €
Definition 1: A single discrete time queu@() is stongly 1/, i ¢ R k € Kg,l € Kul, a = [a;x(t), am(t), b (t) :
stable if j € Ur,m € Uy, k € Kgr,l € Kg] denote the vectors of
) 1 traffic admission, user association, power allocation aBd R
h;n_fuP T Z E[Q(t)] <o (11)  allocation, respectively. To maximize the throughputitytiof
o0 t=0

networks and ensure the strong stability of traffic queudiseat
Definition 2: A network of queues is strongly stable if alsame time by joint congestion control and resource optimiza
the individual queues of the network are strongly stable. tion, the stochastic optimization problem can be formulats
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follows: whereU(v(t)) = a - gr(v;(t) + B8 2 gu(ym(t)), 75 =
max U(f‘) _— JEUR TflmGUH
irtsléi} eR(1) < 1,Vk, 1, Tli_Igo%t;JW(t) and ﬁmzipli_rgo%tgwm(t). Let ropt, sopt,

C2:cl(t) <1,Vi,t, p°Pt and a°?* denote the optimal solution to the original
C3: pi(t) < pa* Vi t, problem [16), and let*, s*, p*, a*, and~* denote the optimal
Cd:pu(t) < pi™*, v, solution to the equivalent probleri{17), then we have the
C5:nee > 13, following theorem.
C6 : Q(t) and Q,(t) are strongly stable, Vm, j, Theorem1: The optimal solution for the transformed prob-
C7:Rn(t) < An(t),R;(t) < A;(t),Ym, j,t, lem [IT) can be directly turned into an optimal solution for
C8 : i (1), Amk(t), bt (t), s, (t) € {0,1},Y4, k,m,1,t. the original problem[(16). Specifically, the optimal sodutifor

(16) the original problem can be obtained a%*t = r*, s°Pt = s*,
where pi”®* and p'** denote the maximum transmit powemp°Pt = p*, and a®"* = a*.
consumption of RRH and HPN, respectively, ang;] denote Proof: Please refer to Appendix A. O
the required EE of the network. C1 and C2 ensure that each RBlo ensure the average constraints for auxiliary variabies i
of both tiers cannot be allocated to more than one UE. C3 a@d0, the virtual queue#l,,(t) and H;(t) are introduced for
C4 restrict the instantaneous transmit power of each RRH agach HUE and each RUE, respectively, and they evolve as
HPN. C5 makes the EE performance above predefined level.
C6 ensures the queue stability to guarantee a finite average Hn(t +1) = max{Hpn (t) = Bm(t), 0} +ym(t),  (18)

delay for each queue. C7 ensures that the amount of admitted H;(t + 1) = max{H,(t) — R;(t),0} + v;(t), (19)
traffics cannot be more than that of arrivals, C8 is the binar .
constraint for the RB allocation and the user association. Where H,,(0) = 0, H;(0) = 0, v,(t) and ;(t) will be

8ptimized at each slot.

For realistic H-CRANSs, on one hand, the bursty traffi Similarly, to ensure the EE performance constraint C5
arrivals are time-varying and unpredictable, and the key p, e virtual queueZ(t) with initial value Z(0) = 0 is also

rameters are hardly captured, which makes it infeasible 10 )
: : S . i introduced, and it evolves as
obtain optimal solution in an offline manner; on the otherdhan
the dense deployment of RRHs in H-CRANs exacerbates thg (¢ + 1) = max{Z(t) — fisum(t), 0} + Wngapsum(t), (20)
computational complexity of centralized solution. Theref itivel h i iabl ’ (t d
an online and low-complexity solution to make decisiona/lrltcﬂ't've y, the auxiliary “varia es.%"( ), 7.-7() an
effectively on user association, RB and power allocatiolh wi NpgPsum () can be looked as the arr_|vals of virtual queues
be designed in the following sections. Hn(t), H;(t) andZ(t), respectively, V\.’h"aq’”(t)’ R;(t) an(_j
lsum(t) can be looked as the service rate of such virtual
gueues.
I1l. DYNAMIC OPTIMIZATION UTILIZING LYAPUNOV Theorem?2: The constraints C5 and C10 can be satisfied
OPTIMIZATION only when the virtual queue#l,,(t), H;(¢t) and Z(t) are
In response to the challenges of probldm] (16), we takgyple. '
advantage of Lyapunov optimization technigues [22] to giesi Proof: Please refer to Appendix B. 0
an online control framework, which is able to make all three
important control decisions concurrently, including fiaad-

Py A ~  B. Problem Transformulation via Lyapunov Optimization
mission control, user association, RB and power allocation

Let x(t) = [Q@m(t),Q;(t), Hn(t), H;(t),Z(t) : m €
) ) ] Up, j € Ug] denote the vector of the traffic queues and virtual
A. Equivalent Formulation via Virtual Queues queues. To represent a scalar metric of queue congest®n, th
The formulated dynamic resource optimization problem iguadratic Lyapunov function is defined as
(18) involves maximizing a non-decreasing concave fumnctio _1 2 2 2 2 2
of average throughputs, which is a bottleneck for sqution.L(X(t))_ 2%3’”(”2%5’"@}%% (t)tgfj O+25(D),
To address this issue, the non-negative auxiliary vargable (21)
Ym(t) and v;(t) are introduced to transform problem[16where a small value ofL(x(¢)) implies that both actual
into an equivalent optimization problem with a time avekhgegueues and virtual queues are small and the queues have
utility function of instantaneous throughputs instead afility ~ strong stability. Therefore, the queue stability can beusets
function of average throughputs. Let= [v,,,(t),v;(t) : m € by persistently pushing the Lyapunov function towards a
Uy, j € Ug] be the vector of introduced auxiliary variableslower congestion state. To stabilize the traffic queuesjevhi

then we have the following equivalent problem: additionally satisfy some average constraints and opé@miz
o the system throughput utility, the Lyapunov conditionaftelr
max  lim + > U(y(t)) minus-utility function is defined as
{r,;s,p,ay}T—o0 * (2o
s.t. Cl—C8, A(x(8)) =E[L(x(t + 1)) = L(x()) = VU (v (1)) Ix(D)],
C9 1 7;(t) < AP, v (t) < AR, Vi, m, t, (22)
C10:7; <75, Ym < T, Vj, M where the control paramet&f(V > 0) represents the empha-

(17) sis on utility maximization compared to queue stability. By
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adjustingV’, flexible design choices among various tradeoffe derived by differentiating the objective function andkea
points between queue delay and throughput utility can beematie result equal to zero. In the case of logarithmic utility
by operators. With the dynamics of practical traffic queuss afunction, we havey;(t) = min [HV__&’A?M} and y, (t) =
introduced virtual queues, the upper bound of drift-pltisty . L va j :

is derived in the following lemma. @ Am |, where a largerH;(t) decreasesy;(t),
Lemmal: At slot ¢, for any observed queue state, th&vhich in turn avoids the further increase Hff;(¢).

Lyapunov drift-minus-utility of an H-CRAN with any joint 2) Optimal Traffic Admission ControlThe optimal traf-

congestion control and resource optimization strategyséias fic admission control can be obtained by minimizing

the following inequality, the second item of R.H.S. of[_(R2) at each slot, i.e.
2;{ [Hm(t) — Qum ()R () + EL:{ [H;(t) — Q; ()] R; (¢).
me J€
A(x(t)) <C-E e%:[ (Vagr(v;(t)) — Hj(t)v;(t)) Similarly, it can be further decoupled to be computed fotheac
J R

UE separately as follows
+ 2 (VBga (ym(t)) — Hu (£)ym (2))[x (1)

mely I%?*nx (Hm(t) - Qm(t))Rm (t) (27)
“E| Y (Hu(t) = Qu() R () 5t Rn(®) < An(®),
meUy

) max (H (1) ~ Q) R, (1) N

+ 3 (0 - qu))Rj(tnx(t)] ot Ry < A0, (28)
) mgﬁm(““m(t” tezuRQj(t)“j(t)T \t,:lohr:(;h are linear problems with the following optimal solu-

+Z () (sum () — Wiiggpsum ()X ()], (23) Rou(t) = { A (t), ifl Hpn(t) = Qm(t) >0, 29)

where(' is a finite constant parameter that satisfies 0 e
_ [ A, i H(t) — Q;(t) >0,
C > A [ (Wiitpeum (£)” + 12, (8) +30 (2R2(1)+ ;1) —{ 0, else. (30)
JEUR

This is a simple threshold-based admission control styateg

P37 4+93) + 30 (2R2, (1) + w2, ()7 + 42, Ix(t) | - When the traffic queu),,(t) (or Q,(t)) is smaller than a

mel (24) thresholdH,,, (¢) (or H;(t)), then the newly traffic arrivals are

admitted into the maintained traffic queues. Consequethtly,

fot only reduces the value @,,(t) (or H;(t))so as to push
vm (t) (or;(t)) to become closer t&,,,(t) (or R;(t)), but also
increases the throughpi,, (¢t) (or R;(t)) so as to improve
éhe utility. On the other hand, when traffic que@g,(t) or

Proof: Please refer to Appendix C.
According to the theory of Lyapunov optimization, instea
of minimizing the drift-minus-utility expressiof (22) dictly, a
good joint congestion control and resource optimizatioatst

egy can be obtained by minimizing the right hand side (RH.

: . /(1)) is larger than a thresholf,,, (t) (or H;(t)), then the
of (23) at each slot, which can be decoupled to a series (93( . . ) I\ X
independent subproblems and can be solved concurrently V&[fafﬁc arrivals will be denied to ensure the stability offtia

the real-time online observation of traffic queues and airtyAUSUES- _ .
queues at each slot 3) Optimal User Association, RB and Power Allocation:

The optimal user association, RB, and power allocationat sl
t can be obtained by minimizing the remaining item of R.H.S.

C. Problem Decomposition of 2), which is expressed as

1) Auxiliary Variable SelectionThe optimal auxiliary vari-

ables can be obtained by minimizing the first item of R.H.S. glgg— % Bon (8) pn (£) —.%Bj(t)ﬂj (t)
; ) _I7. ) _ T meln JEUR
of (23) at each slot, |.e.—j€§b:{R(Vong(y7 (1)) — H;(t)v; (1)) YR S pilt) + Yar (Opa () (31)
B . " =
S (VBga(ym(t)) — Hm(t)vm (t)). Since the auxiliary s.t. C1,02,C3,C4,CS.

meuU
variables are independent among different UEs, the migimiz

: Bn(t) = Qm(t)T + Z(t), B;(t) = Q;(t)t + Z(t),
tion can be decoupled to be computed for each UE separat\@@ere o AN J
as Yr(t) = WipgeB Z(t), Yu(t) = WigeeL Z(t). However,

max Vagr(v;(t) — H;(t)v;(t) since the transmission rate,,(t), p;(t) and the transmit
i () ax (25) power consumptiorp;(t) and px(t) are functions of user
st 5(t) < AP, associations,, (t), RB allocationa; (t), amk(t) and by, (t)
max  VBgu(Ym(t)) — Hy (£)Ym (t) and power allocatiomn;;x (t), pimk(t) and p,(t), this sub-
vm () (26) problem is a mixed-integer nonconvex problem and is usually
st ym(t) < AR prohibitively difficult to solve. To address this challenglee
Apparently, the problems above are both convex optimizeemputationally efficient algorithm for this subproblemliwi
tion problems. Therefore, the optimal auxiliary variabtes be studied in the next section.



IEEE TRANS. VEH. TECH. 7

IV. OPTIMAL USERASSOCIATION, RB AND POWER tion of the primal objective function is given by
ALLOCATION
LX) = mln— > B Y2 ymilogy (1 4+ tmigmi/Ymi)
In this section, we commit to an effective method to solve W meuy  1eKn

the subproblem of user association, RB and power allocation + kEZ’CR Tmrlogy(1 + g;z VimkJimk/Tmk))

The continuity r_e!axatlon of b|n_ary va_rlable_s_and the Lag  _ S B; S ajlogy(14+ S wikgie/asn)
dual decomposition method will be first utilized, upon which  jettr ~ kekr i€ER

the optimal primal solution is then obtained. As this suttpero  + > (Yr+6:)(X > vime + > > wijk)
lem is optimized at each slot, the slot indewill be ignored iER kek melln kekr jeUr

: =2 0ip™ + (Ya +00) > Do wm — Oopi™,
for brevity. = el 1K
(33)
o ] where & = [0y, 61,02,...,0N] is the vector of Lagrangian
A. Continuity Relaxation dual variables related to the HPN and RRH transmit power
The multiplicative binary variables are first removed agonstraints. The Lagrangian dual function is given by
Tk = (1 — Sm)ami @and ypu = (1 — $m)bmi, Where D(6) — min L(6
ZTmk € [0,1] andy,, € [0,1]. The binary variables,x, .k 0) oW (6)
andy,,; are then relaxed to take continuous values in [0,1]. st Y Y < 1LV,
o meUn 34
Fur_thermore, _to make the problem tractable, the auxiliary S gt Y an < 1,V (34)
variables are introduced as;;. = a;iPijk, Vimk = TmkDimk = melly
and Ui = YmiPmi- L€t X = [ajk, Tk, Ymi = J € Ur, m € @jks Tmks Ymi € [0,1], V5, k,m, 1.
U,k € Kgr,l € Kg| denote the vector of relaxed RB L o
allocation variables. Lew = [w;;x, Vimp, tmi : i € R,j € and the dual optimization problem is given by
Ur,m € Ug,k € Kgr,I € Kg] denote the vector of max D(6)
introduced auxiliary variables. Thus the optimizationlgem fﬂ’ 00 (35)
s.t. =0,

(3T) can be finally rewritten as
Based on the Karush-Kuhn-Tucker (KKT) conditions, the

oW _méH BW(ZGZ,C:H Ymiloga(1+ gmitimt /Yrmt) optimal power allocation can be obtained by differentigtin
+ 3 zplogy(1 + Z VimkGimk/ Tmk)) the objective function of[(33) with respect tg,,;;, w;;r and
keEKr umi, Which are given by

- B; > aJkIng(l + Z Wijk Gijk | Ajk)
JEUR ]CEK:R

+Yr Z ( Z Z Ulmk"' Z Z wuk) 1+ Z Vi Gt mk
iER kEKrMEUY kEKRjEUR . B, i’ i (36)
Vimk = - Tmk,
G mg;tH IGEIC:H it " (Ve +6i)In2 Gimk
s.t. Z ajx + Z Tmk < 1,VE,
JEUR meUn «
> o < 1,9, B L+ 3 wjjegicin
meUy U}:c»k = J - i Qjk, (37)
Z Z Vimk + Z Z Wijk < Pmax VZ ! (YR + 91) In 2 Gijk
keEKr meUn kEKR jEUR
Z Z Uml S pgaxv +
meUUyg leECy ) . Bm 1 38)
ks Tk, Ymi € [0, 1], V5, k,m, L. Upyp = Vi 1000102 gmi Ymi, (

(32)
Since the term —wz,logy(1+ Z VimkJimk/Tmk),  Where[z]* = max{z,0}. The derived power allocations have
the form of multi-level watering-filling and the water-fitig

—Ymilogs (14 g and—a;ilog, (1> w a . ) .
Ymiloga (14 Gmitimi /Ymi) ik g2( Z ik ik /45k) levels are determined by the traffic queue states and theavirt
are the perspective functions of convex functiongueue state.

—logy (1 + Z Vimkgimk ), —logy(L -+ gmiumi) @nd - Substituting the optimal power allocations, ., w7, and
—log, (1 + Z wijkgiik), respectively, the objective of Umi N0 (33) and denoting

(32) is a convex function. Furthermore, the constraints ofp k_z Y& + 0;)pimi—BmRplogs ( 1+mekgmk) (39)

(32) are all linear with the continuity relaxation of binary ieR i€eR

variables. According to the Salter’s condition, the zero

Lagrange duality gap is guaranteed][26]. Aji =Y (Yr +0:)pije—BjRology (14> _ pijigije), (40)
1€ER 1€ER

B. Dual Decomposition Lot = (Y + 00)pmi — B Ry log(1 + gmupmi),  (41)

The convex optimization problem can be solved by La- For notation simplicity, the dual function can be simplified
grange dual decomposition. Specifically, the Lagrangiaicfu as
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Finally, the overall procedure of joint congestion control
min Y Y @tk + > STy + 3 Y Ajrajp and resource optimization is summarized in gigorithm 1.

X

meUpkeEKXR meUnleKy JEURKEK R
s.t. XL:{ Ymi < 1,91, Algorithm 1 The Joint Congestion Control and Resource
meUuy . . .
S et Y e < 1,k Optimization Algorithm _
j€UR meln 1: For each slot, observe the traffic quedgs(t), Q;(t) and
Ajks Tk Ymit € [0, 1], V5, k,m, 1. the virtual queuest,, (t), H;(t), Z(t);

o ) ) (42) 2. calculate the optimal auxiliary variables, (t) and~;(t)
which is a linear programming (LP) problem. It can be by solving [25) and[(26);

proven that if the bounded linear programming problem has. petermine the optimal amount of admitted traffigs, (¢)
an optimal solution, then at least one of the optimal sohsio and R, (t) according to[{29) and (30);

is composed of the extreme points [27]. 4: repeat
With the cont_ml_uty re_Iaxatlon,.the opum_al RB aIIoc:?\tlon 5. Obtain the optimal power allocatiop,,,, andp;j, of
and user _assomatlon will be derived effectively according RRH tier by iteratively updatind (36) anf{(37);
the following scheme. 6: Obtain the optimal power allocatiop,,; of HPN ac-
« For the RBL of RRH tier, the RB allocation to HUEn cording to [38);
is decided by 7. Obtain the optimal RB allocatioa,,; anda;; of RRH
1, if m = argmin{®,,; : m € Ug} tier according to[(43) and_(#4) and derive the optimal
- &P < min{Aj : j € Ur} user association,,;
Lmk = &P < min{Tyy L € Ky}, 8: Obtain the optimal RB allocatior,,; of HPN tier
0, else. according to[(4b);
(43) 90 Update the Lagrangian dual variabl@saccording to
If there is RB of RRH tier allocated to HUR, then we (486) and [(4T);
haves,, = 1. 10: until certain stopping criteria is met;

« The remaining RBs of RRH tier will be allocated to11: Update the traffic queue®.,(t), Q;(t) and the virtual
RUEs. LetK’, denote the remaining RBs of RRH tier,  queuesH,,(t), H;(t) and Z(t) according to [(), [(10),

then for RBk € K/, the a;; is given by (18), (19) and[(20).
do 1, if j =argmin{A; : j € Ur}&A i <O,
F=7 0, else.
(44) V. PERFORMANCEBOUNDS

« After the RB allocation of RRH tier is accomplished, the ) )
RBs of HPN tier will be allocated. Lé/, denote the set In this section, the performance bounds of the proposed

of HUES that are served by HPN. The RB allocatigp algorithm based on Lyapunov optimization will be mathemat-
is given by ' ically analyzed.
1, if m = argmin{T,,,; : m € U}},
ot { 0, else. ¢ {Fimi o) (45) A. Bounded Queues
It is worth noting that, after the continuity relaxationgth SUPPOS&# and¢y are the largest right-derivative gf; (.)
binary z,,x, a;; andy,,; can be still obtained at the extremednd gr(.), respectively, then the proposed algorithm based
point of constraint set, i.e., 0 or 1. on Lyapunov optimization ensures that the traffic queues are
To recover the optimal primal solution, the dual variablddounded, which is given byheorem(3.

are then iteratively computed using the subgradient method! N€orems3: For arbitrary traffic arrival rates (possibly
28], exceeding the network capacity of H-CRAN) and certain EE

plnt+) _ {9(,1) n ("“)V("“)r (46) requirement, an H-CRAN using the proposed algorithm with
0 =% T 0 ’ any V > 0 can guarantee the following bounds of traffic
(1) (o) | et o(nt)]T queues:
o7 = [6 4 €IV (47) Q;(t) < Vaop + 247, (50)
wheren is the iteration index¢\™ and¢!™ is the step size Ou(t) < VBoy + 24max, (51)
at then-th iteration to guarantee the convergerk‘z’é?J’l) and
VE”“) are the subgradient of the dual function, which are _ )
given by Proof: Please refer to Appendix D. O
vt = < Z Z ul™) —p‘fﬁ") , (48) B. Utility Performance
meUy ey

The utility performance of proposed solution based on
Lyapunov optimization is given byheorem[4.
vt = Z sz(;‘k) +Z ng?k—pﬁ“a" . (49)  Theorem4: For arbitrary arrival rates and certain EE
jEUrkEKr  je€UrkeKn requirement, an H-CRAN using the proposed algorithm with
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any V> 0 can provides the following utility performance
under certain EE requirement:

U >=U"-C/V, (52)

where U* is the optimal infinite horizon utility over all
algorithms that stabilize traffic queues and satisfy regdir
EE performance constraint.
Proof: Please refer to Appendix E. O
To readily understand the obtained results indicated ir
Theorem 3 andTheorem 4, some important observations are
further provided as follows.

82

80

78

76

—A—ngg=25

Neg = 2.0

—8—ngg=15

Total average throughput (kbits/slot)

o Theorem 4 shows thatU(r) > U* — C/V. Besides, oaf o— wio "
U(F) < U*. Therefore, we hav&/* — C/V < U(F) < . ‘ ‘ ‘ — 1,
U*, which indicates that/(r) can be arbitrarily close 400 600 800 1000 1200 1400

to U* by setting a sufficiently largé” to make C/V v

arb_it_rar”_y small and_ Clos_e to _0' ThiS_Wi" be furthe_rFig. 2. Total average throughput versus control parameter
verified in the following simulation section as shown in
Fig. 2.

« Theorem 3 and Theorem 4 both show the delay- puax = 10 W, p# = 2 W, respectively. For the RRHSs, the
utility tradeoff of [O(V), 1 — O(1/V)], which provides grain efficiency, the total transmit power consumption are t
an important guideline to explicitly balance the delaystatic power consumption are given b, = 1, pmex = 3
throughput performance on demand. This will also b, & — 1 w, respectively. For simplicity of comparison,
further \{erlf|ed in the simulation section as shown in Figpe utility function of total average throughput is adopted
2 and Fig. 3. e UT)=a > 7;+B Y 7m, Where the positive utility

Remark1: The traffic models are not specified throughout | jE€UR meUy )

this paper, as they do not affect the problem formulation afices for RUEs and HUEs are= 1 and/3 = 1, respectively.

the corresponding analysis. Moreover, although the packktS worth noting that in this special case, the first subjeob
traffic arrivals with i.i.d. and constant arrival rates amne L© derive optimal auxiliary variables is not required. Thefic
sidered in this paper, the proposal and the correspondﬂd'vals of HU_Es a_nd RUEs follow Poisson d|str|t_)ut|c_)n, and
theoretical analysis results still hold for other arriviidat are he mean traffic arrival rate for RUE; and HUEA,, is given
independent from slot to slot, but their arrival rates aneeti PY A = A and A, = 0.5), respectively. Each point of the
varying and ergodic (possibly non-i.i.d.). The reason iat thfollowing curves is averaged over 5000 slots.

the joint congestion control and resource optimizatiorigyol

is made only based on the size of the queues without requirigg The Delay-Throughput Tradeoff with Guaranteed EE
the knowledge of traffic arrivals. Therefore, the proposal i

robust to the traffic arrival distribution model. Fig.[2 and Fig[B illustrate the performances of throughput,
delay with guaranteed EE versus different control paramete
VI. SIMULATIONS V when the mean traffic arrival rate ¥ = 6 kbits/slot. As

can be seen, the achieved utility of total average throughpu

fcreases to optimum at the speed®(fl/V) asV increases,

which is due to the fact that a larg€rimplies that the control

solution emphasizes more on throughput utility. Howeues, t

. utility improvement starts to diminish with excessive iease

A. Parameters Setting of V, which can adversely aggravate the congestion as the
The considered H-CRAN consists of 1 HPN, 4 RRHs, 1@verage delay increases linearly with. All these verify

HUEs and 10 RUEs. The HPN is located in the center of tiike observations indicated bheorem [3 and Theorem [4.

cell area, while the RRHs, HUEs and RUEs are uniformliyurthermore, Fig[]4 plots the achieved EE verses different

distributed. There are 8 RBs and 12 RBs in the RB #&ts control parametel’, which shows that the achieved EE is

and K, respectively. The bandwidth of each RBli§ = 15 always larger than or equal tgy.

kHz, so the system bandwidth 8" = 300 kHz. The slot It can be further observed from Figl 2 - Fig. 4 that there

duration is 0.01 second. The path loss model of RRH and HRiists a ceratin EE threshold® of the network when making

is given by31.5 + 40.01log 10(d) and 31.5 + 35.0log10(d), a tradeoff between delay and throughput. In our simulations

respectively, wherel denotes the distance between transmithe EE threshold ig)iht = 1.12, which is actually the EE

ter and receiver in meters. The fast-fading coefficients aaechived by the case without EE requirement. Specifically,

all generated as i.i.d. Rayleigh random variables with unithen the required EE is below, the actually achieved

variances. The noise power is -102 dBm. For the HPN, tii#E and delay-throughput tradeoff is almost the same as the

drain efficiency, the maximum transmit power consumptiogituation without EE requirement. Once the required EE is

and the static power consumption are given pf; = 1, above the thresholgl:, the total average throughput sharply

In this section, simulations will be carried out to evaluat
the performances of proposed Joint-Congestion-Contrdi-a
Resource-Optimization (JCCRO) scheme in an H-CRAN.
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2.6 T
oal - - 1 D. The Performance Comparison under Different Traffic Ar-
—e—wio gy rival Rate
22 —+— g =10 To validate the efficacy of the proposed JCCRO scheme,
5 2 —s—n =15 we compare its performances with the Maximum-Sum-Rate
% e 9= 2.0 (MSR) scheme, which is modeled as
& —a—ngl=25 max 3 g0+ S pm(t)
w16t 1 j€UR meUy (53)
—e—a—a—a—a—8—F—8—&8—8—1 s.t. Cl — 057 08
141 —
For the JCCRO scheme, we set the control parameter as
Lar s V = 1000. From Fig.[®, it can be observed that the total
1% i i i i i average transmit rate of the proposed JCCRO scheme with
400 000800 1000 1200 1400 different EE requirement are the same and not less than the

total traffic arrival rate at first, then go to the maximum \esu
as the mean traffic arrival rate increases. From Hig. 7, it can
be observed that the average delay of the proposed JCCRO

] ) scheme always increases with increasing mean arrival rate,
decreases (see Figl 2), and the average delay also incregsgsis because more traffic arrivals means larger transiat r

(see Fig[B). This is because, to guarantee the required Bfgich cannot be large enough due to the EE constraint. Again,
the ne_twork has to decrease th_e transmit power, which furthge results of FigJ6 and Figl 7 confirm that the setting of EE
result in the decrease of transmit rate, followed by the ez requirement have a great effect on system performance.
of achieved throughput and the increase of average delay. Al ag for the compared MSR scheme, on the one hand, the total
the above observations indicate_ th_a_t the network can gt@Banyerage transmit rate keeps unchanged as the traffic amteal
the EE performance when maximizing the throughput. At thigyies (see Figl6). The reason is that the MSR scheme does not
point, the control parametéf provides a controllable method consider stochastic traffic arrivals and delivers data otite
to flexibly balance throughput-delay performance tradedfi || pyffer assumption. On the other hand, the average deflay
guaranteed EE. To let the H-CRAN work in a preferred statgisr scheme is almost the same as that of JCCRO scheme at
what we only need to do is to select an appropriate contigkt put it begins to sharply increase to infinity as timepsi
parameters/. when the arrival rate is large than a certain value(see. Fig.
[7). This is because both schemes are able to timely transmit
C. The Convergence of The Proposed Solution all the arrived data when the arrival rate is small, while the
Fig.[H shows the average number of convergence iteratidraffic admission control component of JCCRO starts to work
for the proposal. It can be generally observed that the malpoto make the queues stable as the arrival rates increase.
under different EE requirements can converge fairly fast.In Fig. [, we further compare the total avergae power
Besides, the convergence speed is influenced by some kempsumption of the JCCRO scheme and the MSR scheme.
parameters. On the one hand, a larganeans a larger averageWWe can see that the power consumption of MSR scheme
sum rate and then a slower convergence. On the other hakekps unchanged as traffic arrival rate varies and is much
as clarified in Fig[R, a larger EE requiremenf makes a more than that of JCCRO scheme in the relatively light traffic
smaller average sum rate, which means a faster convergerstates. This is because that the MSR scheme delivers data

Fig. 4. Achieved EE versus control parametér
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_E‘_JCC‘ROH,:?:LO ’ ‘ ’ ’ bgen vgrified by b(_)th thg mathematical analysis and rjun_i_erica
oy i simulations. The simulation results have shown the sigaitic
O JCORONg=LS ! impact of EE requirement on the achieved throughput-delay
-, —%— JCCRONEE=20 i tradeoff and have validated the significant advantagesiof jo
o 10 JCCRON=2.5 T congestion control and resource optimization. For theréutu
% —B- MSRN=1.0 /9 A work, it would be interesting to extend our proposed model
S —o- MSRA[*%=15 // s to prov@e dgterml_mguc delay guarantee for rgal—umefﬁtra
g ol —o- wsmaE20 | | | /‘,<’> }?/ ‘/fl applications in realistic networks, e.g., mobile video aoite.
< MSR,n%=2.5 ? Raunen
» ; APPENDIXA
PROOF OFTHEOREM 1
10 25 395 4 425 45 495 5 525 s Let U; andU; be the optimal utility of problem${16) and
Mean traffic arrival rate A (Kbits/slot) (17), respectively. For ease of notation, @f and Q} be
the optimal solutions that achievg; and U, respectively.
Fig. 7. Average delay versus mean traffic arrival rate SinceU(.) is a non-decreasing concave function, by Jensen’s

inequality, we have

under the full buffer assumption and fails to adapt to the U#)>U(y)=Us. (54)
traffic arrivals, which thus leads to a waste of energy despit

achieving the same EE performance. All the observatioms fro  Since the solutiorf2; satisfies the constraint C10, then we
Fig. [@ - Fig.[8 validate the advantages of joint congestidtave

control and resource optimization: 1) in the relative lighffic U) >U®H). (55)
states, more energy can be saved with the adaptive resource

optimization, and 2) in the relative heavy traffic states th Furthermore, sincé€l; is feasible for the transformed prob-

traffic queues can be stabilized with the traffic admissid8M (L7), it also satisfies the constraints of the originabfem
control. (18). Therefore, we can have

Uf >U(r) > Us. (56)
VIl. CONCLUSION
Now we prove thatUy; > Uy. Since ()] is an optimal
lution to the original problem, it satisfies the constiai@1-
C8, which are also the constraints of the transformed proble
\%y choosingvy,, = 7, and~; = 7; for all slot ¢ together

has been transformed and decomposed into three subprobl%&%sigfmrgIc)r/o%lénvglg;e?hgfée a feasible policy for the
which are solved at each slot. The continuality relaxatibn o P ’

binary variables and Lagrange dual decomposition method U > U(y) =U(r) = Uy (57)
have been exploited to solve the third subproblem effigfentl

An EE-guaranteef®(1/V'), O(V)] throughput-delay tradeoff ~ Therefore, we havé/; = U and can further conclude the
has been finally achieved by the proposed scheme, which Ad®orem 1.

This work has focused on the stochastic optimization of EEE)
guaranteed joint congestion control and resource optiiza
in a downlink slotted H-CRAN. Based on the Lyapuno
optimization technique, this stochastic optimization keon
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APPENDIXB If H;(t) < Va¢g, thenitis easy to getl;(t) < Va¢r +
PROOF OFTHEOREM 2 A according to the admission constraifif(t) < AR®x.

The constraint C5 is proved firstly, and C10 can be provédse if #;(t) > Vagr, since the utility functiongz(.) is a
similarly. When the virtual queudi;(t) is stable, then we NON- decreasmg concave function apg is the largest right-

have lim E[H%(T)] — 0 with the probability 1. It is clear that derivative of gr(.), the following inequality can be easily
T—o0 established,
H;(t +H1) > H,;(t) — R;(t) + v, (t). Summing this inequality
over time slots € {0, 1, ..., 7 — 1} and dividing the result by Vagr(v;(t )) Hj(t)y;(t) < Vagr(0)
(66)
T yields +(Vagr — Hj(t ))%( ) < Vagr(0).

H/(T)— H;(0) 1 1 which follows that whenH,(t) > Va¢r, the auxiliary vari-
= Z Rj(t) > = Z v;(t).  (58) ables decision in(25) forces to be 0. Therefore, inequality
T T T
t=0 = (65) also holds at slot+ 1,
g)é taking 7' asymptotically closed to infinity, we finally have Hy(t+1) < Hy(t) < Vagr + AT, (67)
It is similarly concluded that we can have the inequality With above bound of virtual queue, the bound of traffic
WipgPsum < flsum, I-€. MEE > Npm, Only when the virtual queue is proved next. 1€);(t) < H;(t), according to the

queueZ(t) is stable. admission control policy in(30), we have
Q;(t+1) =Q;(t) + R;(t) < Q;(t) + AP (68)
APPENDIXC < Hj(t) + AP = Vagp + 247,
PROOF OFLEMMA 1 : ’
By leveraging the fact thdimax[a — b,0] + ¢)? < a®+b>+ APPENDIXE
c? —2a(b—c),Va,b,c > 0 and squaring Eq[19), EJ.{10), Eq. PROOF OFTHEOREM 4
(18), Eq. [19) and EqL(20), we have To prove the bound of utility performance, the following

2 (1 11)— Q2 () < B2 (112, ()72 20 (8 (i) T—Ron(1)), lemma is required.
Qult+1)= QD) < B ()7 = 2Qul D) il t)7 ((5)%) Lemma?2: For arbitrary arrival rates, there exists a random-

20401V —02(¢) < R2(¢ 2172 =2Q; () (i ()7 —R; (1)), ized stationary control policyr for H-CRAN that chooses
Qj(t+1)=Q;(0) < Bj(t) 41, (O =205 (1) (s (D)7 J(((S)g)) feasible control decisions independent of current traffiewgs
H2(t+1)— H2(t) < A2()+ R2 () — 2Ht) (Ront) — ym)) and virtual queues, which yields the following steady state

(61’) values:
T =1 T (t) =17 69
H3(t+1)— H3(1) < v?<t>+R§<t>—2Hj<t><Rj<t>—w((tg%,) ml) = 1m0 (6) =73, (69)
E[R], (t)] =7, E[RT(t)] =77, 70
Z2(141) = 220) < (Wrpaun ()2 + 4 (1) 2201 G ALE o)
(oum (£) — W Spaum (). 6 E[ur, (t)7] > E[RE, ()] E[u] ()] > B[RT(1)],  (71)
According to the definition of Lyapunov drift, we then have ElfGun ()] = WiggE[pSum (1)]- (72)
the following expression by summing up the above ineqealiti
and taking expectation over both sides, As the similar proof ol,emmal[2 can be found in[29], the
E[L(x(t+1) — L(X(t))] < details are omitted to avoid redundancy. Since the proposed
%Z]E[ZRQ-(t) 2(t)r 2+%]+ SSE[2R2, (£)+ 42, ()T ++2)] sqlu_t|0_n is obtained by choosing control varla_bles tha}t_can
j€Ur E=7 minimize the R.H.S. of Eq[(22) among all feasible decisions
+E[W2(npg) P2um (120 ()] ZE[QJ( )(p;(t)7—R;(t))] (including the randomized control decisianin Lemmal2) at

each slot, then we have

— 3 BlQun(8) (i ()~ R (1))] - Z]E[ i (0 (R; (1) =;(1))]

meUy JEUR
—%E[Hm(t)(Rm(t)ﬂm(t))]—EB( ) (Hsum(t)—Wigpsunl®))],  Ax(#) < C —E GZM (Vagr(vj () — H; ()77 ()
meUy J R
(64)
Finally, the upper bound of drift-minus-utility expressio + > (VBgu(vi(t) — Hm (), (8))[x (1)
can be obtained as Ed:ﬁ_ZZ) by subtracting the expression meUn
VE{U(~)} from the both sides of Eq[_(64). _E ; (Hyn(t) — Qo (£))RE. (8)
APPENDIXD
PROOF OFTHEOREM 3 + GZZ; (H;(t) — Qj(t)]R}T(t))X(t)]
JeUR

The bounds of traffic queues for RUEs are proved firstly,
and that for MUEs can be proved similarly. Suppose that the —E
following inequality holds at slot,

2 Qu®pn O+ > Qi()uf )T

meUn JEUR

. +Z(t)(:u’:—um(t) - Wn;i}e}gpsum( ))'X( )] )
Hj(t) < Vaggr + A7, (65) (73)
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Since the randomized stationary policy is independent pfi] K. Cheung, S. Yang, and L. Hanzo, “Spectral and energgcisal
x(t), we have

A(x(t) <C = X [E[Vagr(y](t)] — H;()EN] (©)]]

;gg[fﬂﬁ(m(tm Hpn(OE[7, (t)]]mg;{g m(t)
— Qm(1)E[R, (1)) —gupg i () — Q; (1))E[R7 (¢)]
- g{H Qum () E[pr, (H)7] — jeZuR Q; (D)E[p (8)7]
= Z(6) (Elpdum ()] = WiggE[pZm (1)),

(74)

By plugging [Z0){(7R) into the R.H.S. of (74), we have

E[L(x(t+1)) = L(x(#)] = VE[U(v(1))] < C = VU". (75)
Then by summing the above over slot {0,1,..7 — 1}
and dividing the result by’, we have
E[L(x(t + 1)) — E[L(x . .
— 1< .
T —7 Z C-VU
(76)

Considering the fact that(x(t+1)) > 0 andL(x(0)) = 0,
we then have

hm—ZIE ) >U*—C/V.

T—oo T

(77)

[12]

(23]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Furthermore, since the utility function is a non-decregsin
concave function, according to Jensen’s inequality, wellfina»q;
have

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

El

[10]

U =2U(®) =

!

1

7 2 EUGM)] = U =C/V. (78)

t

Il
=)
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