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Abstract—Cloud radio access network (CRAN), in which is also making a transition from the traditionannection-
remote radio heads (RRHSs) are deployed to serve users in acentric communications such as voice calls and web surfing,
target area, and connected to a central processor (CP) viatliited- e 5o-calledtontent-centricommunications such as video
capacity links termed the fronthaul, is a promising candidae . . - .
for the next-generation wireless communication systems. U to streaming, m0b|Ie_ appllcatlon downloads, ett_j, [€]. An |m
the content-centric nature of future wireless communicatons, Portant characteristic of such content-centric commuitioa
it is desirable to cache popular contents beforehand at the is that the same contents are requested by multiple users at
RRHs, to reduce the burden on the fronthaul and achieve similar time. In order to address this paradigm shift in the
energy saving through cooperative transmission. This motates nature of wireless traffic, it has been proposed to employ

our study in this paper on the energy efficient transmission .
in an orthogonal frequency division multiple access (OFDMA- cache-enabledRRHs in a CRAN [], [¢], where the RRHs

based CRAN with multiple RRHs and users, where the RRHs Can store popular contents beforehand, and hence, transmit
can prefetch popular contents. We consider a joint optimizéion the data requested by the users directly, without the need of
O{I the user-SC ?lssfigng]gnt’ RRH s_elecﬂon anld transmit power fetching it from the CP over the fronthaul. Such a network ar-
allocation over all the S to minimize the total transmit paver hi rei | referr E R io A Network (F
of the RRHSs, subject to the RRHs' individual fronthaul capadty CRAtS)Cth]e ﬁ/lirsec())vire ife?hteo as u?gr c?)i?entcsczsrz CZ::thd fit
constraints and the users’ minimum rate constraints, whiletaking s ’ pop ] .
into account the caching status at the RRHs. Although the Many RRHsin a CRAN, all of them can cooperatively transmit
problem is non-convex, we propose a Lagrange duality based the data to many users at the same time, offering additional
solution, which can be efficiently computed with good accurey. peamforming gains §-[11], and hence reducing the total
We compare the minimum transmit power required by the y.5n9mit power required to satisfy the users’ content retgue
proposed algorithm with different caching strategies agaist the For a single-channel wireless svstem. the ioint caching and
case without caching by simulations, which show the signifamt - 9 _ : y o J 9
energy saving with caching. transmit beaqurmlng design was conS|de_re_d 1@],[_[1_1]. _
Index Terms—Caching, cloud radio access network (CRAN), When the caching placement is known, a joint optimization
orthogonal frequency division multiple access (OFDMA), re of the BS clustering and transmit beamforming was studied
source allocation. in [8], while [9] considered the joint optimization of transmit
precoding and quantization noise covariances. In conteast
. INTRODUCTION the above work, we consider the orthogonal frequency dimisi
_ _ multiple access (OFDMA)-based CRAN with multiple sub-
Cloud radio access network (CRAN) provides a cosghannels (SCs), where the RRHs are enabled with caches of
effective way to achieve network densification and hengged size. Since the caching at the RRHSs takes place over a
meet the exponential growth in wireless network traffic, birger time-scale compared to the wireless resource ditota
replacing the conventional base stations (BSs) with lowgro the cache status at the RRHs remains unchanged over many
distributed remote radio heads (RRHs) that are coordintatedscheduling intervals, and hence it is assumed to be known for
a central processor (CP}][ In addition, CRAN offers both the resource allocation problem in this work, as i [9].
improved spectral efficiency and energy efficiency comptsed  The availability of cached contents at multiple RRHs en-
conventional cellular netWOI‘kS, due to the centralizeduese ables their Cooperative transmission, thereby |ead|ng]ww
allocation and joint signal processing over the RRHs at tR@yings in the network. For example, as shown in Eig.
CP [2]-[7]. However, along with the growth in the amounijye to the availability of user 3's contents at RRHs 1 and 2,
of wireless data traffic, the type of services required byrsisghe RRHs 1, 2 and 3 can cooperatively transmit to user 3,
even though user 3 is located farther from RRHs 1 and 2
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Fronthaul 7 . R then forward them to the selected users in the OFDMA-based
link ! downlink transmission. Let
Wireless

---» link

1 if RRH m transmits on SG:
Amon = (1)

(OFDMA) 0 otherwise.

Central ‘ % ) : Then, the subset of RRHs that transmit on 5@ given by
Processo SE&TH /I 1 @ A, = {m € M’O&myn = 1}, n € N. Thus, the RRHs in
4RRH 5 N §E u A,, cooperatively send the data to the usessigned to S@,
User ;ﬁ\\@ Sci 4 RRH 4 Sooleg v, = 1. _Lgt hi,m.» denote the complex wireless access
2 channel coefficient to the usére K, from RRHm € M, on
Ca&t 4 A SCn € N, which is known at the CP, and,, ,, > 0 denote
RRH3 .- the power allocated by RRK: on SCn. Then, with coherent
transmission by all the RRHs iid,,, the SNR at the receiver
of the userk assigned to S@ can be expressed as]{
Fig. 1. Downlink of OFDMA-based CRAN with cache-enabled RRH 2
M
Yk,n (anapn) = % Z ’hk,m,n’ Am ny/Pm,n P (2)
rate constraints in the downlink transmission. Althoughk th m=1

problem is non-convex, we propose a Lagrange duality basgd: x| whereo? is the power of the additive white Gaussian
algorithm, which is asymptotically optimal and also effitie nojse (AWGN) at the receiver, which is assumed to be equal

to implement. at all users. The achievable rate on 8& N, is thus
B
[I. SYSTEM MODEL T (Qt, D) = ~ logy (14 Vi (0, Pn)) - (3)

Con§|der the dow.nllnk of an OFDMA-based CRAN ove ext, we present the following result on the concavity of the
bandwidth B Hz, with A single antenna RRHs denote unction 4. (cn, pr)

by M = {1,...,M}, K single-antenna users denoted by _ _ _
K ={1,...,K}, N SCs denoted b\ = {1,..., N}, and Lemma 2.1. With given RRH selectiom,,, 7y, (ctn,Pn)
F contents given byF = {1,...,F}, as shown in Figl. defined in(3) is jointly concave with respect 0P}, Ym
Each RRH can store up t8 < F' contents in its cache. Let With v, = 1.
¢m,s = 1 if content f is cached at RRHn, andcy, s = 0 Proof: Please refer to5, Appendix Al. |
otherwise. Similarly let; ; = 1 if user k requests content, If, on any SCn, RRHm transmits to a user whose requested
anduy, ; = 0 otherwise. Both the caching profile at the RRH3qqent is not cached, then, this user's data must be tréesimi
given by {cy, s}, and the users’ requests given By} 1o RRH m over its fronthaul link, from the CP. However,
are assumed to be known at the CP. Each user request§aionding on the popularity profile, since several users may
most one content at a time, i.8.;_,ur s =1, Vk € K

' Eup=1 Uk S ' ' reguest the same content, each RRH only needs to fetch the
but the same content can be requested by multiple users. t,,e data corresponding to a particular content from the
/i € F denote the content requested by user K. Note that  cp "\oreover, this transfer of data from the CP to the RRH
if & user does not request any content, then that user canyhie; pe at a rate that is at least equal to the maximum rate
removed from consideration. The contents are transmitied ; \ynich it is to be transmitted over the OFDMA SCs. where
the users via OFDMA over one or more scheduling interval§e maximization is over all the users requesting this aunte
depending on their size, while we consider the resourge s the rate at which RRH. must receive over ts fronthaul,
allocation optimization for a single scheduling intervaet 4 unique data to be transmitted to the users oveNa8Cs
vk,n indicate whether usef is assigned to S@, i.e., must not exceed its fronthaul capaciy,, which is expressed

5 {1 if user k is assigned to S@ by the constraint
k,n —

0 otherwise. al N _
Z (1 B Cm,f) I];ﬂa'}é( uk,f Z am,nl/k;ﬂrkﬂl (O‘napn) S Rm7
1S
Also definev, £ [v1, - I/Kyn}T € {0,1}5%1 as the f=! n=1
user assignment on S@. According to OFDMA, each SC VYm € M. (4)

n € N is assigned to at most one user in the downlin
transmission, and thug,"v,, < 1, ¥n € N. The set of SCs
assigned to usek, denoted byN, C N, is thus given by

hote that if a particular contentis not requested by any user,
i.e.up r = 0VEk e I, orif the content is already cached at the

- ; RRH, i.e.c,, s = 1, it does not contribute to the summation
Ni = {n|vin = 1}, whereN;NN; =0, ¥j 7k, j.k € K. over f in (4). In the next section, we formulate the proposed
Since the fronthaul capacity for each RRH is practicall

- : . . foint resource allocation problem.
limited, in general it can only receive the non-cached daitaf J¥) P
selected subset of the users from the CP over its fronthadl, a 1For a complex scalat, || denotes its magnitude.



Ill. PROBLEM FORMULATION integer constraints on the RRH selectiong and user-SC

We aim to minimize the total transmit power of the RRHESSIgNMents,, n € N. Even if o, and v, are fixed on
over all the SCs subject to the minimum rate constraints ?ﬂ n, problem ) is still non-convex, since constrairgg) is
each user denoted b, k € K, and the fronthaul rate "ON-convex due to Lemma 1
constraints at the RRHs, denoted By,, m € M, by op-
timizing the user-SC assignments,, }, . -» RRH selections
{an},en and the transmit power allocations by the RRHSs |y [17], it was shown that the duality gap for non-convex
{Pn},cp over the SCs. The problem can then be formallyptimization problems, where the objective and constsaint

IV. PROPOSEDSOLUTION

stated as below. are separable over the SCs, goes to zero as the number of
M N SCs goes to infinity. In problemg), the objective, as well
minimize Z Z Dmn (5) as the constraintssf) are separable over the SCs, while the
{Prannbien 771500 constraints §b), although not separable over the SCs, are
subject to convex, and hence do not affect the convexity of the problem.
(%) Thus, due to the time-sharing property df’], the duality
N gap of problem €) also goes to zero a& goes to infinity.

ZVk.,nTk,n (atn,pn) > B Yk €K (5a) Since N is typically Iarg_e in practice, we thus propose to
ot apply the Lagrange duality method to solve problein et
Prn 20 ¥me M, ¥neN (8b) s associated with the fronthaul o detnqteis;;e(dudal
variables associated wi e fronthaul constraintsa, @n
mn € 0,1} ¥m € M, Vn e N (50) ue > 0, k € K, denote the dual variables corresponding
1'v, <1 Vne~N (5d) to the minimum rate constraints at the users &g).( If
vem € {0,1} Vke K, VneN. (5€) % £ {m|cm,5. =0}, k € K denotes the set of RRHs that
) ] o do not have the conterf, requested by usdr € K, then there
If there is no caching of contents at the RRHSs, it is generaI(J%e C L ZkK:1 ’M}:‘k‘ constraints in §3).2 Let the vectors

more energy efficient to have the nearest RRHs to a userto 7 sl )
cooperatively transmit to it on any SC. However, with a giveft € R+~ andp € Ry ™", denote the collections of these

caching and user request profile, the RRH selection and uddp! variables. Then, the (partial) Lagrangian of probléin (
assignment on each SC also need to take into account Y& respect to the constraints iid and 63 can be expressed
availability of cached contents at the RRHs, to maximizértheé*S

cooperative transmission gain and also reduce their fewuth I ({ ) { } A )

rates required. Vny Qns Prfnen s 1Pm.f 15N H

Next, to simplify constraint 4), we introduce N
auxiliary variables p,,y > 0 such that p, s = = Z L (Vn, 0, Py A, 1)
R%n maxgex {Uk,f SN QmnVknThn () b Then, ":1M . X«
problem §) can be equivalently expressed as follows, _ Z Z Z Attt (1= Cog) P + Z“"” )
M N m=1k=1 f=1 k=1
min o 6
{pn,anvn},cn ;;p ’ ©) where
{pm.s}
s.t. Ly, (an Ay, Py A, N)
( ) N M M K F A
kg \1 = Cm.s) 2 Z Pmn + Z Z Z ViU, (1= Cm,f) k]
Rm nzl A nVEnTk,n (an; pn) 1 1 k=1 f=1 Rm
K
< (1= cm,f) pm,s i
) ’ ) ‘Tkn (anvpn) - - VknTkn (anvpn) . (8)
Vm e M,Vf e FVkekK (6a) ;Bk
F
Z (1= Cms) pmys <1 ¥me M (6b) The Lagrange dual function is thus given by
F=1
g, p) =
(58—(59).

. . min L({ananapna}ne/\/v{pM,f}a)‘nu’) (9)
Note that the constraints i8¢ and @b) do not apply for those ~ {Pr.onwnticn

RRHs that have already cached a particular content reqlieste {pm.s}

by some user. Thus, the number of constraint$m and Eh) s.t. (5b)—(5¢) and ©b).

depend on the caching status at the RRHs and the content

requests by the users. Problef) (s non-convex due to the 2For a finite set4, |.A| denotes its cardinality.



Using (7), the dual function ing) can be expressed as

9()\,#) = 91()\7N) +92()\al~t) + Zﬂka

(10)
k=1
where
N
gl()\,/ll) = min ZLn (Vnaanapna)‘vlj') (11)
{Pmanvl’n}ngj\/‘ n=1
s.t. (5D)—(56).
and
M F K
gg()\,p,) = min — Z Z Zuk,f (1 — Cm7f) )\m,k,fpm,f
Pm. f m=1 f=1k=1
(12
s.t. (6h).

The minimization problem inl(1) can be decomposed infg

Proposition 4.1. Let a,, = &,, be fixed. Then, the optimal
power allocationp,, on SCn for problem(14) is given by

2

* h

B- Qm n

chn-,n (&) G,;,mn (&)
Nliln2

kpn,m,n

G (&) ’ o?
( kn,n )
(15)

-1

Pmn =

VYm € M, where

M (1 - Cm,ffcn) O‘m,n)‘m,l%mf,;n

Ml;n
Frn(0m) & 3 = R
~kn m=1 m
(16)
2
A M Qm,n hfcn,m,n
G (o) 2 - (17)
m=1

Proof: The proof is similar to that ing, Appendix B]. B
Propositiord.1 shows that for given user associatibnand

parallel sub-problems, where each sub-problem correspmndRRH selectionx,, on each SG, the optimal power allocation
a single SCn € N, and all of them have the same structurbas a threshold structure, which allocates zero power to all

given by
Inin Ln (ananvpnvkal‘l’) (13)
Pn,0ln,Vn
s.t. p, =0 (13a)
a, € {0,1}M><1 (13b)
1Ty, <1 (13c)
v € {0, 1351 (13d)

where L,, (v, &y, P, A, o) is defined in §). Next, we de-
scribe how to solve probleni®) on each SGa.

Let the user association on SCbhe fixed asv,, = v,. If
v, = 0, no user is assigned to S& and sincep,, = 0, the
objective of problem I3) as given in 8), is minimized by
settingp,, = 0, irrespective of the RRH selectiam,,. Thus,
if no user is assigned to S, the power allocation over all
RRHs is zero, as expected, and we assume= 0 without

loss of generality. Otherwise, 1&t, € K be the user assignedp,

to SCn so thato, =1 andiy, =0 Vk # k. Also, let

fi, €F denote the content requested by this userwhere
Up g = Landu; , =0, Vf # f; . Then, problem13)
on each SGu is reduced to

. M A s
min Hie, Z (1 c ) « oSy
- Y — Cm, f; m,n_ 5
Pn,Cn B,;n = kn R,
M
. rl;n,n (anapn) + Z Pm,n (14)
m=1

s.t. (139 and (3b),

which is non-convex due to the integer constrairitS8h on

RRHs on SCuif F}, . (&) G; (&) < (N1n2)/B. Oth-
erwise, if F, (&) G, (&n) > (NIn2)/B, the power
allocation on each RRHn € A,, depends on the wireless

access channel ga‘hkmmm on SCn. and the dual variable
wy,, corresponding to the rate constraigg) Also, if all the
RRHs have cached the contefat requested by the user, i.e.,
if Cm,f, = 1, Vm € M, the power allocation reduces to

2
+

Qm,n

(@)

Fmymn
(G (an))2 o2

If &, = 0, i.e., no RRH is selected, them, = 0. For the
special case when there is only one RRH in the cluster, the
power allocation in 15) becomes (drop the subscript)

(1 — Cffen) )\]%n=fkn o2

R - 20
hi, n

~ nH

Pm,n =

(18)

+

B
NlIn2

1,
R;,

n

(19)

which has the same form as the well-known water-filling
solution, but in general with different water levels on difint
SCsn € N. If (u; /B; ) < gcfkn)A,;m /R, no
power should be allocated to S€. Thus, for given dual
variables A and u, problem (3) can be solved optimally
using Propositiort.1 as follows. First, fix the user on S&2as

k, € K. Then, for each of the™ possible RRH selections,
compute the optimal power allocatiop,, using (L5, and
choose the optimal RRH selecti@h, for the userl%n as the
one that maximizes the objective of probleid) with the

a,, and the coupled variables in the objective. However, for@@responding power allocatiop, given by (L5). Then the

given RRH selectiom,,, the optimal power allocatiof,, that
solves problem14) is given by the following proposition.

optimal user associatian, on SCn can be found by choosing
the userk,, that maximizes the objective of problem3j, with
its corresponding optimal RRH selection and power allocati



computed before. Similarly, for giveA and u, the optimal
solution to the linear programl®) is given by the following

proposition.
Proposition 4.2. The optimal solution to probleifi?) is given
by
K
s — 1 if f= ar%enjiax ;Uk,é (1 — cmj) Am k.t ,
0 otherwise
m e M. (20)

Proof: The proof follows by contradiction from the struc-
ture of problem {2), and the details are omitted.
Proposition4.2 shows that problem1@) can be solved

by searching for the contenyf with largest value of

S e (1= ¢moe) Amoi,e among all the contents requeste

by at least one user, and not cached at each RRldnd then
settingp,,, r = 1, while p,,, , = 0 for the other contenté # f.
The worst-case complexity of finding the value @f(\, u)

is thusO (M F), !
F users, all the users request distinct contents, and nonebf%
those contents are cached by any of the RRHs. Now, the dua

problem for §) is given by

21
Al{gixtog(&u), (21)

which is incurred when there are at leas

of O (NK2"). Similarly, the worst-case complexity of solv-
ing problem (2) to computegz(A, ) in (10), is O (MF),
according to Propositiod.2. The complexity of the ellipsoid
method to find the optimal dual variables depends only on
the size of the initial ellipsoid and the maximum length of
the sub-gradients over the intial ellipsoid. Thus, the wors
case complexity of solving problenb)( using the algorithm
in Table| is effectively given byO (NK2M + MF), which

is not very high for reasonable cluster sizes with < 5.
Moreover, a greedy RRH selection as i, [[ 7] may be used
to further reduce the complexity 0 (NKM? + MF).

V. SIMULATION RESULTS

For the simulation setup, we consider a CRAN cluster with
M =5 RRHs. One RRH is located in the center of a square
region with sidel00 meters (m), while the others are located
gn the vertices. There arE = 10 users randomly located
within a larger square region with sid®0 m, whose center
coincides with that of the RRH square region. The fronthaul
links of all the RRHs are assumed to have the same capacity
R, = R ¥Ym € M. There areF = 50 distinct contents and
users’ requests follow a Zipf distributios]] [9], [11],

, according to which the probability that a user requests
contentf € F is given byr; = f~1/Sh_ 0", f e F.
Here n is a shaping parameter that determines the skew of
the distribution, and is set as = 0.9, which is a typical
value [L3], and assumed to be the same for all the users. The

which is convex and can be solved efficiently, e.g., using tminimum data rate at which each user requests a content is
ellipsoid method to find the optimal dual variablds and Ry = R = 20 MbpsVk € K, while the cache at each RRH is

p*. Then, the optimal solutions to the problemd)(and (2)
are given by{v, o, p } and Prof (» computed as outlined The wireless channel is centered at a frequencg GHz
above at the optimal dual variabld$ andp*. The algorithm With a bandwidthB = 20 MHz, following the Third Gen-
for solving problem %) is thus given in Table.

TABLE |
ALGORITHM FOR PROBLEM(5)

: Initialization: A = 0, p = 0
. repeat

a

@

S ©mo~

. until ellipsoid algorithm converges to desired accuracy

for eachn € M do
For each uset,, and RRH selectiow,,, find optimal power
allocation p,, using Propositiord.1
Choose RRH selection and corresponding optimal pow
allocation that minimizes objective in4)

(0]

Choose user with optimal RRH selection and power alloda-

tion that minimizes objective in1Q)
end for
Solve problem1?2) using Propositior.2to get optimal{pm’f}
Update dual variabled and p using the ellipsoid method

Finding the optimal RRH selection and power allocation

for a given user association involves a search @’érvalues.

Subsequently, finding the optimal user association inwke

search overK users. Each of theév problems {3) can thus

be solved incurring a complexity @ (K2*') and hence, the
computation ofg; (A, i) in (10) incurs an overall complexity

assumed to be capable of storing at mgsdistinct contents.

eration Partnership Project (3GPP) Long Term Evolution-
Advanced (LTE-A) standard, and is divided inf§ = 64
SCs using OFDMA. The combined path loss and shadowing
is modeled a8 + 30log( (dk,m) + X in dB, wheredy, ,,
in m is the distance between the RRH and the user,
and X is the shadowing random variable, which is Gaussian
distributed with a standard deviation 6fdB. The AWGN is
assumed to have a power spectral density-@f4 dBm/Hz
with a noise figure 0f dB at each user. The multi-path on each
wireless channel is modeled using an exponential poweydela
' profile with N/4 taps and the small-scale fading on each tap
is assumed to follow the Rayleigh distribution. We compare
the performance of the following three schemes:

o Most popular content caching In this case, each RRH
caches the most popular contents until its storage is full.
Thus, in this case, if all the RRHs have the same storage
size, all of them cache the same contents. With this
caching status given, problerd)(is solved according to
the algorithm in Tabléd.

Probabilistic content caching In this case, each RRH
independently caches contents according to their popu-
larity probability until its storage is full.

No caching In this case, none of the RRHs cache any of
the contents, and all the users’ data need to be obtained



——No caching
—=— Probabilistic
—o—Most popular

1.81 )

1.4

Total transmit power per RRH (W)

A

140 60

Fig. 2. Total transmit power normalized by number of RRHsvs. common
fronthaul capacityR for system withAM = 5, K = 10, N = 64, B =

20 MHz, S = 5 and R = 20 Mbps.
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each RRH can offer significant savings in the transmit power,
leading to increased energy efficiency.

VI. CONCLUSION

In this paper, we have studied the energy-efficient transmis
sion design in an OFDMA-based CRAN with cache-enabled
RRHs, when the caching status at the RRHs is known. We
formulated a joint user association, RRH selection, andgoow
allocation problem to minimize the total transmit power lod t
RRHSs over all SCs subject to the RRHs’ individual fronthaul
capacity constraints and the minimum data rate constraints
the users. Although the problem is non-convex, we propose
an efficient solution based on the Lagrange duality tectaiqu
Through numerical simulations, we compare different aaghi
schemes, and show that the optimized resource allocatitn wi
caching, offers significant savings in transmit power coraga
to a system with no caching at the RRHs, thus leading to a
more energy-efficient network.

0.75 ]
(1]
0.7- : ]
(2]
0.65

——No caching (3]
—ea— Probabilistic
—o—Most popular

0.6

0.55} 4]

Total transmit power per RRH (W)

0'50 10 20 30 40 50

Cache size (5]

Fig. 3. Total transmit power normalized by number of RRHsvs. common 6]
cache sizeS for system withM = 5, K = 10, N = 64, B = 20 MHz,
R = 80 Mbps andR = 20 Mbps.

(7]

from the CP by the RRHs, over the fronthaul links. (8]

Fig. 2 plots the total transmit power required over all SCs

normalized by the number of RRHs, in Watts (W), against thtf‘g]
common fronthaul link capacity?, averaged over many ran-
dom user locations and content request profiles. FromZig.
it is observed that caching popular contents at the RRIHY
leads to a significant savings in the transmit power compared
to a system without caching, especially when the fronthaldl]
capacity is low. Moreover, the deterministic most popular

content caching is seen to perform better than the prolsébili [12]
caching according to popularity, since in this case there is
maximum opportunity for cooperative transmission by th 3
RRHs to most of the users, while such opportunities are in
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