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Abstract—Functional split is a promising technique to reduce
the fronthaul rate requirement in cloud radio access networks
(C-RAN). Different functional split schemes have different pro-
cessing costs and fronthaul transmission rates. To maximize the
throughput while satisfying the average fronthaul rate constraint
in C-RAN with renewable powered Remote Radio Units (RRUs),
we first explore the offline problem of selecting the optimal
functional split scheme, jointly with the corresponding user data
transmission duration and transmission power. We find that in
each interval between successive energy arrivals, at most two
functional split schemes should be selected, and the two schemes
have the same transmission power. We further analyze the
scenario with one instance of energy arrival and two candidate
functional split schemes, and derive the closed-form expressions
of the optimal transmission power and transmission duration for
each scheme. Based on the analysis of the special case, a heuristic
online algorithm is then proposed, which has similar performance
with the optimal offline policy, as validated by simulations.

I. INTRODUCTION

Cloud radio access network (C-RAN) [1], which centralizes
the baseband functions at the baseband units (BBUs), can
efficiently reduce the operation and deployment costs while
at the same time increase the network capacity. In C-RAN,
the fronthaul network transports the baseband signals between
the BBUs and the remote radio units (RRUs). However, the
fronthaul rate requirement is high, which poses a major design
challenge on C-RAN. For example, in a single 20MHz LTE
antenna-carrier system, 1Gbps fronthaul rate is required with
the CPRI interface [2].

By placing some baseband and network functions at RRUs,
functional split is a promising technique to reduce the fron-
thaul rate requirement [3], [4]. With certain functional split
schemes, for example, scheme 3, scheme 4 and scheme 5 in
Fig. 1(b), the fronthaul transmission rate depends on the traffic
load, and thus exploiting the fronthaul statistical multiplexing
gain can further reduce the fronthaul rate requirement [5],
[6]. The fronthaul rate requirement and processing complexity
requirement at the RRUs vary, under different functional split
schemes. In general, with more baseband functions at the
RRUs, the required fronthaul rate is smaller, but the processing
complexity is higher [7], which also means more energy
consumption at the RRUs.

By harvesting renewable energy from the environment,
the RRUs are able to consume less or no energy from the
power grid [8]-[10]. With the renewable energy, RRUs can
be deployed at the places where the grid can not cover.

However, reliable communication is challenging due to the
randomness of renewable energy arrivals. Different from con-
ventional “water-filling”, the throughput-optimal “directional
water-filling” power control policy is found in a fading energy
harvesting channel [11]. If the processing energy consump-
tion is considered, the throughput-optimal transmission policy
should become bursts, a “glue pouring” power control policy
is proved to be optimal in [12]. For energy harvesting system
with processing cost, a “directional backward glue-pouring”
algorithm is proposed in [13].

If only one functional split scheme is fixed in the energy
harvesting communication system,“directional backward glue-
pouring” algorithm [13] can be used to find the optimal
power control policy. However, it is expensive and sometimes
difficult to deploy fibers between the RRUs and the BBUs,
and thus wireless fronthaul may be used as a low cost
solution [14]. In this case, the fronthaul rate is limited, which
means flexible functional split is necessary, and we also need
to consider the overhead brought by wireless fronthaul. To
this end, there are more than one candidate functional split
schemes, with different processing costs, and thus existing
schemes like “directional backward glue-pouring” algorithm
no longer apply. This calls for new mechanisms that determine
the optimal functional split with the joint consideration of
fronthaul properties and renewable energy arrivals.

In this paper, we study the selection of the functional
split schemes for C-RAN with energy harvesting RRUs. We
first consider the offline problem, where the energy arrivals
are non-causally known. The functional split is jointly deter-
mined with the corresponding user data transmission duration
and transmission power, and the objective is to maximize
the throughput, while satisfying the energy and the average
fronthaul rate constraints. For the optimal offline policy, we
find that in each interval between successive energy arrivals,
at most two schemes are selected, and the corresponding
transmission power of the schemes are the same. We further
analyze the scenarios with only one instance of energy arrival
and two alternative functional split schemes, and get the
closed-from expression of the transmission power given the
average fronthaul rate constraint. Based on the analysis, we
propose a heuristic online policy, and numerical results show
that the online policy has similar performance with the offline
policy, which means that it has close-to-optimal performance.

The paper is organized as follows. The system model is
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Fig. 1. Functional split in C-RAN with renewable energy powered RRU. (a)
C-RAN system with renewable energy powered RRU. (b) Illustration of the
functional split schemes. (c) Functional split selection and the power control
policy.

described in Section II. The optimization problem is formu-
lated and analyzed in Section III. The optimal power control
policy with one energy arrival, two functional split schemes
is derived in Section IV. A heuristic online policy is proposed
in Section V. The numerical results are presented in Section
VI. The paper is concluded in Section VII.

II. SYSTEM MODEL

We consider downlink transmission from a particular RRU
to its user, and the RRU is powered by renewable energy, as
described in Fig. 1(a). The RRU can be configured with [NV
candidate functional split schemes. Assume that the BBU has
sufficient data to transmit to the user, we aim to maximize the
throughput given the constraint of the average fronthaul rate
D, by exploring the optimal power control policy, including
the selection of the functional split scheme, and the corre-
sponding user data transmission duration and the transmission
power. We consider the offline problem in the interval from
0 to T'. As illustrated in Fig. 1(c), the energy packets arrive
at time instants ti,to,...,t5r, Where ¢t = 0, ¢; < t;41 and
tyy < T. E; units of energy arrives at time ¢;. The arrived
energy is stored in a battery with capacity Epx before it is
used. Without loss of generality, we assume that E; < Epax,
i.e., the amount of energy in each packet is at most Eip,x.
There is no initial energy in the battery, i.e., the battery is
empty before time instant ¢;. There are M epochs, the length
of each epoch is the interval between the successive energy
arrivals i.e., L; =t;41 — t;, and Lyy =T — t)y.

In each epoch, one or more functional split schemes can
be selected, but at most one functional split scheme can be
selected at any given time. In epoch ¢, the duration that scheme
J is selected is denoted by 0, ;, as described in Fig. 1(c).
Note that ¢; ; = 0 means that scheme j is not selected in
epoch i. The transmission power of scheme j in each epoch

should be constant, denoted by p; ;. During one epoch, the
total transmission duration of the N schemes should satisfy

N
> 0;; < Li, (1)
j=1

note that there is no data transmission when no scheme
is selected. The processing power of scheme j is ¢;, the
corresponding fronthaul rate is ;. We assume that £; > ¢;_;
and R; < R;_q, ie., with larger index j, more baseband
functions are placed at the RRU, as illustrated in Fig. 1(b), and
thus the processing power is larger, while the fronthaul rate
is smaller. Note that, to simplify the analysis, we ignore the
possible impact of the transmission power p; ; on the fronthaul
rate I%; and the processing power €; [7].

The RRU only consumes energy when it is transmitting data
to the user. We consider static channel with constant channel
gain -y, or the channel fading is averaged out over the time
scale of energy harvesting and functional split. In this case,
0;,; log(1 +~yp; ;) bits of data are transmitted to the user with
energy consumption 6; ;(p; ; +¢;) in epoch ¢ with scheme j.

III. MAXIMIZING THE THROUGHPUT

Due to the causality constraints, the energy that has not
arrived can not be used, we have

m N m
Zzei’j(pi’j + Ej) < ZE“ m=12,...,M. )
i=1

i=1 j=1

As the energy in the battery at any time can not exceed the
battery capacity, when energy arrives at ¢;, at which time the
battery has the most energy in epoch ¢, there should be

m-+1 m N
STE 3TN 000ig ) € Bnns Yme (3
i=1 i=1 j=1
The throughput maximization problem is then formulated as
M N
max Z Z 0;.;log(1 + vp; ;) (€))
0;,5:pi,5 =1 =1
M N
ngE:EZ&JRjgl) (5)
i=1 j=1
m N m
DD 0iipig+e) <Y B Vm (6)
i=1 j=1 i=1
m+1 m N
STE =YY 0i(pij+5) < Enax, ¥mo (D)
i=1 i=1 j=1
N
> 6, <Li, Vi ®)
j=1

pij>0,0;; >0, Vij 9)

where (5) is the constraint of the average fronthaul rate.
Note that as constraints (6) and (7) are not convex, this is
not a convex optimization problem. Similar to the analysis



in [12], denoted by «;; = 0;;p;;, which is the energy
consumed by the radio transmission in epoch ¢ with scheme
7, the optimization problem can be reformulated as

M N
, max Zzeulog 1+79’J) (10)
Oigroig = 1] 1
stZZaU—&-EJ” gz (11)
=1 j=1 i=1
m—+1 m
> EBi- ZZ(O‘Z‘J +€j0i ;) < Emax, VYm (12)
i=1 i=1 j=1
Qg > 0791-’]- >0, Vij (13)
(5), (8). (14)

As (10) is convex, and the constraints are linear, this is a
convex problem. With Lagrangian multiplier method, we can
get the following structure of the optimal solution.

Proposition 1. Ar most two functional split schemes are
selected in each epoch, and the corresponding transmission
power of the selected schemes are the same.

Proof: The Lagrangian with A > 0, g, > 0, vy, > 0,
7; 2 0m;; >0 and & ; > 0 can be written as

M N M N
L= 0;;log( 1+7 =X D2 6iR; - DT
i=1j=1 i=1 j=1
M i m N m
_Z“m Z (i j +€50i5) — ZE’L
m=1 | i=1 j=1 i=1
M-1 [m+1 m N
_ Z VU E; — Z (ai; +€50i5) — Emax
m=1 _’L:1 i=1j5=1
M N
= oD 0 Li
i=1 j=1
M N M N
+ Z Z Mi,j%.j + Z Z &ij0i; 15)

i=1 j=1 i=1 j=1

Taking derivatives with respect to «; ; and p; ; , we have

By M-1
m m 0,5 16
aai’j 97(.] +’Yazy‘] T;M + Z v +77 ,J ( )
¥ Vi, 5
=log(1 gy %I \R;
7, og( +’Y€”) 0;; + o J
M-1

- Z HmEj =+ Z Um€j — Ty +§z,]

If scheme j is selected in epoch i, we have a;; > 0,
with the complementary slackness condition 7; ;0 = 0,

a7

ni; = 0. According to (16), let 8275] — 0, we have
ebj_fi;fl” =M i =M, e, the values of G&L

for Vj in epoch ¢ are the same, i.e., different schemes have

7

(2) (b)

Fig. 2. The optimal power control policy when D > R;, where 61 and p;
are represented by the width and height of the black block with up diagonal
respectively: (a) E < (vi +¢e1)L; (b) E > (vi +€1)L.

the same transmission power.

If scheme j is selected in epoch 7, we have 0; ; > 0, with
the complementary slackness condition ; ;6; ; = 0, & ; = 0.
Since the values of ” of different j are the same, accordmg

to (17), to guarantee that the equations formed by =0
have solution, at most two values of §; ; can be the same glven
1, i.e., at most two schemes satisfy that §; ; = 0, and thus at
most two schemes can be selected in epoch <. [ ]

IV. SINGLE ENERGY ARRIVAL, TWO SPLIT SCHEMES

To gain some insights, we will give some intuitive results
when there is only one instance of energy arrival, and two
candidate functional split schemes, i.e., M =1, N = 2. For
brevity, we will use 61, 02, p1, p2 instead of 611, 012, P11
and p; o, the amount of energy arrived at ¢; is denoted by E,
the epoch length is denoted by L.

If only one scheme is selected, denoted as scheme j,
the optimal power control policy can be obtained by glue
pouring. Given the processing power ¢; and channel gain ~,
and without maximum transmission duration constraint, the
optimal transmission power v} satisfies:

(1 +yv;) log(1 + yv}) — vy

Note that the expression on the left side of the equality is an
increasing function of v}, the equation has an unique solution,
and v} increases with £;. Due to the constraints of epoch
length and average fronthaul rate the transmission duration is
limited. Denoted by [; = min{2%, L}, which is the maximum
transmission duration when only scheme j is selected. When
E <l (v* +¢;), the optimal power control policy is p; = v},
0; = o +€ . When E > 1;(v} +¢;), the optimal power control
policy is p; = E —€j,0; =1;.

Due to the frJonthaul rate constraint, the average fronthaul
rate D will affect the power control policy. We will derive the
optimal power control policy with different D in the following
part of this section.

= ;. (18)

A. D>R

When D > R;, as Ry > R, the average fronthaul rate
constraint can always be satisfied, and thus only scheme 1,
which has smaller processing power, is selected. When E <
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Fig. 3. The optimal power control policy when Ry < D < Ry, 63
and p; are represented by the width and height of the black block with up
diagonal, respectively, A2 and p2 are represented by the width and*height
of the red block with down diagonal, respectively: (a) E < %jm);

(b) DL(S)%"FEI) < E< DL(U3+E1) - (©) DL(;’%?,"'EI) E < Lvi +
DL(e1— 82])RJ’;(RI$§2 Roey)L (d) E > Lo+ DL(e1— 62}{(13]%;2 Rael)L
(vi + €1)L, the optimal power control policy is
E *
0 = — ,p1 =07,02=0,p2 =0, (19)
vy t+é1

as described in Fig. 2(a). When FE > (vi + 1)L, the optimal
power control policy is

E
7*51a92:03p2:05 (20)

01 =L,p1 = 7

as described in Fig. 2(b).

B. Ry <D< R,y

When E < %f‘fl), according to glue pouring, the opti-
mal transmission power v can be achieved. Only functional
split scheme 1 is selected, and thus the optimal power control
policy is

E

0= ——"—1m

21
’UT—F&‘l D

= ’UT792 - Oap2 = 07
as described in Fig. 3(a).

If 1R, + 65Ry < DL, functional split scheme 2, which
has larger processing power, should not be selected. When
D < Ry, and E > M , if only functional split scheme

1 is selected, #; = %’ we have 01R1 + 62Ry = DL. We

DL(’UI +e1)
Ry

can draw the conclusion that when FE > , we have

1Ry +62Ry = DL

As the transmission power of the two schemes are the same,
denoted by p, we have 01(p + 1) + O2(p + e2) = E, the
transmission duration can be expressed as

(p+e3)DL — RyE

0, = 22

v Rl(p+82) .Rz(p'|-51)7 ( )
( +€1)DL

0 . 23

> R1(p+€2) Ro(p+e1) @9

The throughput is

(R1 — RQ)E + (52 — 61)
= log(1 + (24)
Ri(p+e2) — Ra(p +€1) g1 +1p).
Taking the derivative of H with respect to p, we have
oOH (R1 — Rg) [(Rl - RQ)E + (62 - El)DL]
3 [(Ry — Ro)p + Riga — Roen)?
Y(p+ex + T2E2721))
—log(1 + 25
T g(1+p)|  (25)
Denoted by v; satisfies %—g =0, we have
('Ug + ISP + RZ(EZ ngl)
— log(1 3)=0 26
ng og(l+v3) =0,  (20)

this equation is equivalent to (18), which obtains the optimal
.. . . . Ra(e2—€1)
transmission power in glue pouring. Since rom 0 and
€9 > €1, we have vy > v7.
When p < ug, dH > 0, the throughput increases with p, so
that the transm1ss1on power p should be as large as possible,
while satisfies that #; > 0 and 6, > 0. When %f‘sl) <

DL(v* . : )
E < %, the maximum p = %RLl — &1 is achieved
"D

when 6, = R—f and #, = 0, i.e., the optimal power control
policy is

DL ER,
0= ——,p1 =

Ry DL

i.e., only functional split scheme 1 is selected, the transmission

power increases with F, while the transmission duration
remains unchanged, as described in Fig. 3(b).

When p > v3, %H

DL(v: DL L
If (711%31-"-51) < E < ng + (e1— 823;;(1%1:1{252 Raeq) , the
transmission power can be v3, and the transmission duratlon

can be obtained by solving the following equations:

01 R + 02 R- =FE. (28)

_51;92 :Oap2 207 (27)

= DL, 91(’[12; + 61) + 02(U§ + 52)
The optimal power control policy is

(’U§ + 62)DL — RQE
Rl(’U; + 52) — RQ('U; +ée1

R\E — (vi +¢1)DL
R1(1)§ + 62) - RQ(U§ +e1
as described in Fig. 3(c). With the increasing of FE, the trans-
mission power remains unchanged, the transmission duration
of functional split scheme 1 decreases while the transmission
duration of functional split scheme 2 increases. Note that when
E = Lvi + DL(El_E?ktSRéEQ_RZEI)L, the total transmission
duration is equal to the epoch length, i.e., 61 + 605 = L

When B > Lyj + Bhleimeslrliiea=fecll “gue 1o the
epoch length constraint, we have p > v3, and the transmission
durations of the two functional split schemes should satisfy

0, =

,P1 =10
)

0y =

)Pz = vz, (29

0, +60;=1L, 0R; +0>2Ry = DL 30)
ie., 0; = %, By = BL=DL Agq there is no energy

R Ri-R .
waste, we have 01(p + &1) + 62(219 +e2) = E, ie, p =
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Fig. 4. The optimal power control policy when D < Ry, 61 and p; are
represented by the width and height of the black block with up diagonal,
respectively, 62 and ps are represented by the width and hei*ght of the
red block with down diagonal, respectively: (a) E < % (b)
DL(?I):;-l»El) < E < DL(1)3+51) - (©) DL(U3+61) < E < DL(1)3+52)

>

1
DL(v5+es)
d) E > Ri;2

f D(EL o 2) . The optimal power control policy

is as descrlbed in Flg 3(d). With the increasing of FE, the
transmission durations of both functional split schemes stay
unchanged, while the transmission power increases.

R182 RzEl
— Ry

C. D<Ry

When D < Rs, the derivation of the optimal transmission
power control policy is similar to the analysis in Section IV-B.

When E < %?’61), the optimal power control policy is

E
0, = ,
! Uf +é1 b1

:’UT792:05p2:07 (31)

as described in Fig. 4(a).

When % < E < M the optimal power
control policy is
DL ER,
0 = — = ———¢1,0b=0 =0 32
1= R o= pp et =0p=0 (32)

as described in Fig. 4(b).

When %ﬁﬁl) <FE< %’?52), the optimal transmis-
sion power v; can be achieved, and the optimal power control
policy is

(V3 + 2)DL — RyE

9 b = *7
1= R1 (’US + 82) RQ(U§ + 61) p1 Ys
— (v 4+¢e1)DL
0 , P2 = V1, 33
2= R1(U3 + 62) RQ(’U§ + 51) p 3 ( )

as described in Fig. 4(c).
When E > %*;52), due to the average fronthaul rate
constraint, the transmission duration is limited, we have p >
v3. As the throughput H decreases with p, the transmission
power p should be as small as possible. Functional split

scheme 2, which has smaller fronthaul rate requirement is

selected, and the optimal power control policy is

DL ERy

01 = 0,p1 = 0,05 = 2 pp = 22
1 » P1 » U2 R27p2 DL

- 623 (34)
as described in Fig. 4(d).

V. HEURISTIC ONLINE PoOLICY

According to Proposition 1, at most two functional split
schemes should be selected in each epoch for the optimal
offline policy. We have obtained the optimal power control
policy with one instance of energy arrival and two candidate
functional split schemes in Section IV. If there is one instance
of energy arrival, and more than two candidate functional split
schemes, i.e., M = 1, N > 2, we can first calculate the
throughput when any two of the functional split schemes are
selected (there are totally W possible scenarios), and
obtain the optimal power control policy by comparing the
throughput of all the possible scenarios. Based on the power
control policy with one instance of energy arrival, we propose
a heuristic online algorithm.

We assume that the energy arrives in time follows Poisson
counting process with rate A.. Since the RRU does not
know the future energy arrivals, the online policy evaluates
the functional split schemes selection, and the corresponding
transmission duration and transmission power, at time ¢; based
on the amount of energy in the battery, denoted by e;.

When determining the online policy at ¢;, we set an expected
epoch length L = )\%’ and maximize the throughput in the
interval between t; and ¢; + L. This is a problem with only
one instance of energy arrival, which has been solved in the
previous analysis, and we can use the derived power control
policy. The RRU will transmit with this power control policy
until an energy arrives, or the battery depletes. When an energy
arrives at t; 41, the power control policy is updated according
to the amount of energy in the battery e;;;, and the RRU
begins to transmit with the new power control policy in the
next /\i epoch.

VI. NUMERICAL RESULTS

In this section, we explore the effect of the average fronthaul
rate on the throughput with numerical results. We consider an
energy harvesting C-RAN system, the bandwidth is 20MHz.
Three candidate functional split schemes are considered, the
processing power and required fronthaul rates of the three
functional split schemes are €1 = 1W, €5 = 2.5W, €3 = 4W,
Ry = 980Mbps, Ry = 460Mbps and R3 = 86Mbps,
respectively. The channel gain is v = 0.025/W.

We first study the offline throughput maximization problem.
We consider three epochs with lengths [0.5, 0.8, 0.6]s, and the
amounts of energy arrived at the beginning of each epoch are
[24, 18, 8]J. The battery capacity is Ep,x = 40J. The relation-
ship between the throughput and the average fronthaul rate
is presented in Fig. 5. We can see that the throughput grows
rapidly with the average fronthaul rate when the fronthaul rate
is small, and the growth slows down when the fronthaul rate
gets large. To explain the reasons, we also present the total
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transmission duration of each scheme in Fig. 5. We can see that
when the average fronthaul rate is small, the functional split
schemes with smaller fronthaul rate requirements are selected,
the sum transmission duration of the selected functional split
schemes increases with the average fronthaul rate rapidly.
When the average fronthaul rate gets large, the functional split
schemes with smaller processing power are selected.

We will next illustrate the online throughput maximization
problem. We assume that the energy arrival rate is A\ = 1/sec,
and the packet size of each energy arrival follows uniform
distribution from O to 20J. The deadline is 7" = 10s. The
performance of the heuristic online power control policy
is presented in Fig. 6, compared with the optimal offline
policy. We find that the heuristic online policy has similar
performance with the optimal offline policy. The policies with
only one candidate functional split scheme are adopted as
baselines. We can see that, the heuristic online policy has
better performance under any average fronthaul rate constraint
compared with the baselines.

VII. CONCLUSIONS

In this paper, we have explored the selection of the optimal
functional split schemes, and the corresponding transmission
duration and transmission power of each scheme, to maximize

the throughput given the average fronthaul rate in C-RAN
with renewable energy powered RRUs. The offline problem is
formulated as a convex optimization formulation, and the op-
timal offline policy has the property that at most two schemes
should be selected in each epoch, and the transmission power
of the selected schemes are the same. We further analyze
the scenario with one instance of energy arrival and two
candidate functional split schemes, and derive the closed-
form expression of the optimal power control policy. We then
propose a heuristic online algorithm, and numerical results
show that the proposed online policy has similar performance
with the offline policy.
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