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Abstract—Over the past decade, success of social networks
has significantly reshaped how people consume information.
Recommendation of contents based on user profiles is well-
received. However, as users become dominantly mobile in content
consumption, little is done to consider the optimization regard-
ing the wireless environment. In this paper, we investigate a
centralized wireless content delivery system with heterogeneous
base stations, aiming to optimize overall user rewards given
the capacity constraints of the wireless networks. We propose
a scalable two-phase scheduling framework, consisting of: 1)
distributed delivery decisions by each base station, and 2)
resource consolidation by the system. Results indicate this novel
joint optimization approach is both efficient and scalable.
Index Terms—Social network, wireless network, optimization.

I. INTRODUCTION
Social networks, which enable information sharing and

consuming among users, have long existed on the Internet
in various forms. However, it is not until the past decade
that we witnessed their huge commercial and social success.
Facebook, Twitter, YouTube, along with innumerable social
networks, greatly facilitate information exchange for users all
across the world. Their successes rely heavily, if not solely, on
content recommendation based on user profiles, including but
not limited to social associations, engagement history, etc. On
one hand, social network providers are collecting more data
about users than ever, to deliver highly relevant contents for
users to consume; on the other hand, users are more willing to
share personal data with their trusted social network providers,
in return for better experience. Therefore, researchers in this
area are working diligently to maximize user experience by
recommending contents relevant to each individual user so that
they are most likely to incur user engagements, with the help
of sophisticated yet scalable machine learning and data mining
algorithms on big data.
Most (if not all) social networks are reporting that their

users are dominantly mobile users, i.e. most of the users
access social networks from their mobile devices. Unfortu-
nately, most of the social network (mobile) applications were
designed from the root concept of wired connections, assuming
unlimited capacity and/or almost no latency or failures in
transmission. Unlike wired connections, wireless networks
are limited by insufficient radio spectrum resource and ever
changing channel characteristics. As multimedia contents de
facto dominate contents consumed in social network appli-

cations, the disparity, between the capacity constraints of
wireless networks and the assumptions of guaranteed delivery
of contents, results in poor mobile experience and loss of
user engagements, or ultimately users themselves. Even with
new generations of access technology (LTE-Advanced and
beyond), users are still unable to fetch their contents when the
number of active users within the network increases, because
the wireless network is a shared-medium communication and
becomes congested as it approaches its capacity limits with
quality of service degrades drastically. Hence, we are moti-
vated to provide services in these scenarios so that users could
still consume contents, even though the contents delivered to
them might not be the best contents in the perspective of the
social network applications.
Existing solutions fail to utilize the social nature of content

consumption or the broadcast nature of wireless networks. In
light of the preliminary research and industrial observations of
social network applications, we note that users exhibit patterns
of temporal, spatial and social correlations: ‘similar’ users are
extremely likely to consume the same contents, though not at
the exact same time. This fact leads us towards a novel solution
that multicasts and precaches contents to groups of users to
reduce redundant transmissions, as presented in [1]. It also
suggests that under congested circumstances, the system shall
deliver contents that maximize overall user experience across
the system, but not necessarily optimal for each individual
user. In other words, we are more tempted to deliver contents
in a collectively optimal way when the wireless networks
are congested. This approach requires information from both
social and wireless networks to jointly optimize system deci-
sions.
Certain preliminary work has been done concerning the joint

user experience optimization incorporating social and wireless
networks. In [1], we investigated the performance gained
from a joint optimization approach for a single base station.
The result is encouraging: the joint optimization approach
outperforms existing layered solutions, especially when the
wireless resource is insufficient.
In [2], a multicast pre-caching approach for video-on-

demand service is employed to improve energy efficiency of
the system. But the work stopped short to incorporate the
fact that the contents/videos themselves are also subject to
scheduling in social network applications. It is de facto for
social network providers to shape the demand for contents,
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though from a different design rationale (increasing user
engagements).
In [3] and [4], a pre-caching scheduler was proposed at

social networks given the device profiles. The scheduler de-
cides what contents and when to transmit based on the device
profiles. However, the work did not address its implementation
in real-world system in terms of the scale and the real-time
information exchange of the system. The scheduling decisions
rendered are relatively coarse. In the following work [5], a
game theoretic approach was proposed to utilize the demand
prediction from the devices. Unfortunately, this approach re-
quires substantial effort of the mobile clients, while unable
to provide the wireless base stations sufficient information
regarding how to optimize overall system performance and
the solution would not scale up well.
In [6], an opportunistic protocol based on a wireless ad-

hoc system is proposed to forward contents with respect to
possible future transmissions that could further disseminate
the contents. This protocol considers the physical feasibility
of wireless transmission, but does not discuss how to allocate
wireless resource in different wireless conditions.
In this paper, we extend the system design in [1] to scenarios

with multiple base stations and investigate the content delivery
problem with capacity constraints in a system with centralized
heterogeneous wireless infrastructure. We need to decide what
contents to transmit to which users and how to transmit them,
including by which base station(s). In addition, in a multiple
base station setup, we need to decide which base station serves
the users and how the base stations coordinate.
Traditional systems include two separated stages: (i) the

social network application chooses the best recommended
contents for users, regardless of the size and traffic load;
(ii) the wireless network allocates resource for each (unicast)
transmission. As stated before, this unicast approach is viable
only when the wireless resource is sufficient and/or when
users have absolutely nothing in common. However, as shown
in [1] if the wireless resource is congested, this approach is
extremely inefficient.
We introduce our system model and evaluation framework

in Section II. Solutions to two types of system configuration
regarding resource allocation are discussed: out-of-band sys-
tem in Section III, and in-band system in Section IV. The
performance is presented in Section V and we summarize our
conclusions in Section VI.

II. PROBLEM FORMULATION

A. General System Model
We consider a centralized system that both
1) selects contents to deliver according to user rewards

given wireless capacity constraints; and
2) delivers the contents to users via a wireless network

comprising of different types of base stations (as illus-
trated in Fig.1).

Channel information of all users for all base stations at all
time slots

{
SINR(t),l

i

}
are reported to the system. We assume

the bandwidth of the wired connections among the base
stations and between base stations and content server(s) is
sufficient, such that the base station could access contents as
if they are stored locally. This assumption is valid in practice
because the base stations are generally connected via fiber
optic cables. Additionally, with the rapid developments of
memory chips, the storage on user devices is sufficient to
precache all the contents that users are possibly interested in
within the scheduling horizon TH . Intuitively, the contents that
a user could and is willing to consume are bounded in both
number and size.
The system is comprised of L base stations and is slotted

with perfect synchronization (slot length T ). At time slot t,
each base station l is allocated bandwidth B(t),l for transmis-
sion.
There are M users and N contents to be scheduled. Con-

tents are delivered to users using multicast and each scheduled
content is transmitted within one scheduling slot to avoid
system complexity. The reward of delivering content j to
user i is denoted as fij , which remains unchanged during
the scheduling horizon and could only be claimed in whole
at most once (i.e. partial transmission earns no reward and
repeated transmissions do not earn additional reward).
The objective of the system is to maximize overall user

rewards obtained during the scheduling horizon, subject to the
wireless capacity constraints.

max

TH∑
t=1

∑
l

∑
i,j

α
(t),l
ij fij

s.t. α
(t),l
ij ∈ {0, 1} ∀i, j, t, l

TH∑
t=1

∑
l

α
(t),l
ij ≤ 1 ∀i, j

QoS
(
Wj ,

{
s
(t),l
j

}
,
{
SINR(t),l

i

})
= 1 ∀α

(t),λ
ij = 1∑

j

s
(t),l
j ≤ B(t),lT ∀t, l

s
(t),l
j ≥ 0 ∀j, t, l

(1)
We render two types of decisions (though the delivery

decisions also intertwine with how to transmit):
1) What to transmit: binary delivery decision variable α(t),l

ij

indicates whether to transmit content j to user i at time
slot t using base station l;

2) How to transmit: resource allocation s
(t),l
j denotes how

much wireless resource of base station l to allocate for
content j at time slot t.

Note that (1) is only an offline version. In light of [1], its
myopic online version (scheduling at each time slot without
lookahead) performs relatively well. Additionally, the Quality
of Service (QoS) requirements (binary indicator function with
1 denoting feasible and 0 infeasible) in the formulation are
dependent on system configurations (e.g. power allocation,
spectrum sharing or not).

156



Fig. 1. System Model: Macro and Pico Cells.

In order to increase capacity and improve performance,
especially at the edge of the cell, design of heterogeneous cells
is introduced in modern cellular systems. There are mostly two
types of cells in the systems: 1) macro cells that primarily
provide coverage guarantee to ensure user connectivity; 2)
pico cells that provide additional capacity to increase system
performance at the edge of the macro cells to mitigate poor
user Signal-to-Interference-Noise Ratio (SINR). There are
generally two types of pico cells: one employing additional
wireless resource (‘out-of-band’), and the other sharing the
same with macro cells (‘in-band’).
Table I summarizes definitions of parameters.

TABLE I
SUMMARY OF VARIABLES

Notations Definition
M Number of users.
N Number of contents.
L Set of base stations.
fij Reward for delivering content j to user i.

α
(t),l
ij Binary decision variable for base station l

whether to transmit content j to user i at time slot t.
B(t),l Total available bandwidth for base station l

at time slot t.
s
(t),l
j Wireless resource allocated at base station l

for content j at time slot t.
SINR(t),l

i Signal-to-Interference-Noise ratio of user i
for base station l at time slot t

Wj Size of content j in bits

B. Two-Phase Scheduling

The scheduling framework consists of two phases at each
scheduling time slot t: delivery decisions and resource con-
solidation.
1) Delivery Decisions: In this phase, each base station

decides individually what contents to deliver to users
{
α
(t),l
ij

}
and resource allocation for contents

{
s
(t),l
j

}
, given dedicated

wireless resource allocated to the base station. This phase is
distributed.

2) Resource Consolidation: In this phase, the system im-
proves the decisions and resource allocation obtained in the
previous phase. It is possible that the system changes both the
delivery decisions and configurations of wireless resource to
enhance spectrum efficiency. Some resource might be released
for new allocation. This phase is centralized.
We could repeat the two phases if needed.

C. Decision Redundancy
Obviously, redundant transmissions are inevitable if each

base station makes its decision individually.
Redundant decision is defined as: ∃i, j, t1, t2, l1, l2 and

(t1, l1) �= (t2, l2), such that α
(t1),l1
ij = α

(t2),l2
ij = 1. Due

to system design, we could guarantee that if a content has
been transmitted to a user before, we do not retransmit in
future slots. However, such guarantee does not exist within
the same time slot in the delivery decisions phase, to reduce
the complexity of the optimization and ensure timeliness.
We denote the percentage of redundant decisions for the

system ρt ∈ [0, 1] at time slot t as:

ρt =
‖{(i, j) :

∑
l α

(t),l
ij > 1}‖

‖{(i, j) :
∑

l α
(t),l
ij ≥ 1}‖

(2)

Ideally, we want to achieve zero redundancy in transmissions:
ρt = 0, ∀t. If every base station schedules its own content
transmissions without coordination, intuitively, we could en-
counter arbitrarily high redundancy.

D. Wireless Resource
Generally, there are two types of resource allocated to pico

base stations in cellular networks: 1) Out-of-Band: pico base
stations employ spectrum exclusively; 2) In-Band: pico base
stations share spectrum with other base stations. The difference
between the two types is interference. Out-of-band resource
results in best signal, but we are unable to utilize the spatial
separation of the scheduled users. In-band resource introduces
interference, but it is possible to mitigate the negative impact
by careful power allocation.

III. SYSTEM WITH ‘OUT-OF-BAND’ RESOURCE

For ‘out-of-band’ systems, the base stations do not share
spectrum with each other. In these systems, we are scheduling
the cells (whether macro or pico) with their dedicated wireless
resource to transmit, i.e. no interference. Existing systems
usually schedule the cell with which user achieves highest
Signal-to-Noise ratio (SNR). However, with regard to our joint
optimization system, this might not necessarily be the only
solution, if not the worst.
In light of the results in the single cell scenario in [1], we

focus on ‘push’ only systems in this paper, i.e. the system
attempts to deliver contents without consideration of user-
generated requests. It is easy to employ the same technique in
[1] of altering reward values to incorporate the impact of user
requests.
In this paper, we focus on one macro cell with several pico

cells: L = {macro} ∪ Lpico. With slight abuse of notation,
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we drop the dependency on time slot in (1), as results in [1]
indicated that myopic optimization performs fairly well and
runs significantly faster. At each time slot t, we obtain content
delivery decisions

{
α
(t),l
ij

}
and resource allocation

{
s
(t),l
j

}
based on the solution to the optimization problem, constructed
as a mixed integer programming problem as in (3):

maximize
α

(t),l
ij

,s
(t),l
j

∑
l

∑
i,j

α
(t),l
ij f

(t)
ij

subject to α
(t),l
ij ∈ {0, 1} ∀i, j, t, l∑
l

α
(t),l
ij ≤ 1 ∀i, j

α
(t),l
ij Wj ≤ s

(t),l
j R(SNR(t),l

i ) ∀i, j, l, t∑
j

s
(t),l
j ≤ B(t),lT ∀t, l

s
(t),l
j ≥ 0 ∀j, t, l

(3)

With slight abuse of notation, reward value of delivering
content j to user i at time slot t is

f
(t)
ij = f

(t−1)
ij

(
1−max

l
α
(t−1),l
ij

)
(4)

with initial values
f
(1)
ij = fij (5)

This approach is different from existing systems, in that it
considers the overall system rewards first rather than schedul-
ing users to specific cells before content decision. It is intuitive
due to the broadcast nature of wireless communications: all
users with adequate channel states could obtain the content,
thus reducing redundant transmissions of same contents. An
extreme but illustrative example is the scenario where all
users in the macro cell are interested in one content: if
the cell selection happens first, both macro and pico base
stations would transmit it, which might be inefficient in certain
circumstances.
Our scheduling framework reduces the dependency among

time slots, but it is still difficult to scale up. The major
constraint that disables us from distributing the decision pro-
cess to each individual base station is the single transmission
constraint, i.e. each user shall only receive same content
once, regardless of the cells selected to transmit. So we
remove the single transmission constraints and let each base
station render its delivery decisions locally, either by solving
the mixed integer programming (3) for the optimal or by
employing greedy algorithms. This way, the first phase is fast
and distributed.
Therefore, the problem now is to reduce the decision

redundancy ρ in the ‘out-of-band’ systems.
To begin with, we define a partial order for resource allo-

cation decisions (s1, . . . , sL) as follows. Allocation decision
�s1 = (s11, . . . , s

|L|
1 ) precedes �s2 with regards to utility function

f (denoted as �s1 
f �s2), iff si1 ≤ si2, ∀i = 1, . . . , |L| and
f(�s1) ≤ f(�s2).

Require: User SNR for each base station
{
SNRl

i

}
, delivery

decisions of each base station {αl
i}, content size W .

1: procedure GREEDYDECISIONDEDUPLICATION(�s0, L̂)
2: �s← �0
3: for l ← {1, . . . , |L̂|} do
4: for i0 ← {i : αL̂l

i = 1} do
5: α̃L̂l

i0
← 1 � Initialization

6: for l′ ← {l + 1, . . . |L̂|} do
7: if αL̂l′

i0
== 1 then � If another BS could

deliver the content
8: α̃L̂l

i0
← 0 � Unload user i to other base

stations.
9: if α̃L̂l

i0
== 1 then

10: sL̂l ← max

⎛
⎝sL̂l , W

R

(
SNRL̂l

i0

)
⎞
⎠ �

Recalculate resource allocation given new association.
11: return �s, {α̃l

i} � Returns the new resource allocation
and content delivery decisions.

Fig. 2. Greedy Decision Deduplication Algorithm

We define the overall reward function R for content j given
wireless resource allocation �s at time slot t0 as follows:

R
(t0)
j (�s) =

∑
i

f
(t0)
ij ·max

l
111

(
R

(
SNR(t0),l

i

)
≥

Wj

sl

)
(6)

Therefore, given initial resource allocation �s0, if we cannot
find any �s �= �s0, such that �s 
−R �s0, then we claim such
resource allocation �s0 is non-improvable.
For each content j, we consolidate the resource allocation

�sj,0 rendered by each individual cell using the Greedy De-
cision Deduplication Algorithm shown in Fig.2 with respect
to an ordered permutation L̂ of base station set L. Note, in
the algorithm, we employ the trivial fact that each base station
would schedule content if user SNR satisfies QoS requirements
and user yields positive reward towards the content. This is due
to the additive property of the objective function.
We prove that the new resource allocation �sj is non-

improvable.

Theorem 1 (Non-improvability of Greedy Decision Dedupli-
cation Algorithm). The result obtained by the Greedy Deci-
sion Deduplication Algorithm is non-improvable and without
decision redundancy, i.e. ρ = 0.

Proof. The decision redundancy part is straightforward as
outlined in the algorithm: all the redundant delivery decisions
are removed. At most one base station will serve the user.
Proof of non-improvability by contradiction.
Without loss of gennerality, we start with L̂ = {1, . . . , |L|}.

Denote �s = GreedyDecisionDeduplication(�s0). Trivially, if
we use less wireless resource, we will achieve no better perfor-
mance, or ∀�s′ 
 �s, we have R

(t0)
j

(
�s′
)
≤ R

(t0)
j (�s). The loop

invariance of greedy algorithm ensures that whether a user is
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served or not remains unchanged before or after the algorithm;
therefore R(t0)

j (�s) = R
(t0)
j (�s0). Hence, we only need to prove

��s′ 
 �s, �s′ �= �s, such that R(t0)
j

(
�s′
)
= R

(t0)
j (�s).

Assume the contrary and denote the index of first discrep-
ancy as l0, i.e. sl = s′l, ∀l ∈ {1, . . . , l0 − 1}, sl0 < s′l0 . After
each loop, all the users that could be served by other cells
are offloaded and only the users that could not be served by
any other cell will remain within the cell. Since s′l0 < sl0 ,
there exists at least one user that could be offloaded to other
cells, which is contradictory to what the algorithm dictates.
Therefore, the contrary assumption could not hold.

Theorem 2 (Complexity of the Greedy Decision Dedupli-
cation Algorithm). The complexity of the Greedy Decision
Deduplication Algorithm is O(M · |L|), and can be improved
to O(M ·Lmax), where Lmax is the maximum number of cells
a user could associate with:

Lmax = max
i

∑
l

111
(
SNRli ≥ SINR

th
)

(7)

Therefore, using the Greedy Decision Deduplication Algo-
rithm, we could efficiently and quickly figure out the overall
resource allocation among different cells to deliver the same
content without redundancy (ρ = 0). This essentially breaks
down the large optimization problem containing multiple cells
into a set of small optimization problems for each individual
cell, hence reducing the complexity for scheduling.

IV. SYSTEMS WITH ‘IN-BAND’ RESOURCE

For ‘in-band’ systems, different base stations could utilize
the same wireless resource. It is not guaranteed to perform bet-
ter, because simultaneous transmissions introduces undesirable
interference at the receiver. However, if the users (receivers)
are spatially separated, such interference might not degrade
quality of service for intended transmissions and therefore
might save wireless resource system-wide.
This is a much harder problem, because we could change

user SINR by adjusting the transmit power of each base
station. To reduce scheduling complexity, we could initially
treat ‘in-band’ systems just like ‘out-of-band’ systems, as
discussed in Section III, by allocating dedicated wireless
resource to individual cell and applying the Greedy Decision
Deduplication Algorithm to reduce redundant delivery deci-
sions from different base stations. Afterwards, we determine
whether we could further consolidate the wireless resource, by
deciding whether or not to share the spectrum to transmit, in
order to achieve better spectrum efficiency.
Therefore, with in-band wireless resource, we need to

decide whether sharing the spectrum would be efficient for
the base station set L. Denote the set of users scheduled for
transmission at base station l as Ul = {i : αl

i = 1}. Denote
the SINR for spectrum sharing given a power allocation vector
�P as S̃INR(�P ). We have ∀l ∈ L, the minimum SINR for
scheduled users is:

S̃INR
l

(�P ) = min
i∈Ul

S̃INR
l

i(�P ) (8)

where the SINR from base station l to user i given the power
allocation �P ∈ R

|L|
+ is denoted as:

S̃INR
l

i(�P ) =
hl,iPl

N0 +
∑
q �=l

hq,iPq

(9)

We denote hq,i as channel gain from base station q to user i.
Specifically, the SINR for transmission without spectrum

sharing is SNR.

SNRl
i =

hl,iPl,max

N0

= S̃INR
l

i(0, . . . , Pl,max, . . . , 0)

(10)

Trivially,

S̃INR
l

(�P ) < SNRl = min
i∈Ul

SNRl
i (11)

With slight abuse of notation, we omit �P in the following
discussions for simplicity, but any variables with tilde imply
their dependencies on the power allocation vector �P .
Obviously, the resource allocation is based on the scheduled

user(s) with worst wireless channel state, with or without
spectrum sharing:

sl = max
i∈Ul

Wl

R
(
SNRl

i

) =
Wl

R
(
SNRl

) (12)

s̃l =
Wl

R

(
S̃INR

l
) = sl ·

R
(
SNRl

)
R

(
S̃INR

l
) (13)

Denote
s̃min = min

l
s̃l = min

l

(
sl

c̃l

)
(14)

with rate decay ratio c̃l for base station l defined as

c̃l =
sl

s̃l
=

R

(
S̃INR

l
)

R
(
SNRl

) , ∀l ∈ L (15)

Apparently, 0 ≤ c̃l ≤ 1.
The overall resource allocated for spectrum sharing among

the base station set L is thus comprised of interfered and non-
interfered parts:

s̃ = s̃min +
∑
l∈L

(
1−

s̃min

s̃l

)
· sl (16)

We could decide whether to share spectrum to transmit
depending on:

∑
l sl ≷ s̃

The wireless resource saved by sharing spectrum Δ̃ could
be written as

Δ̃ =
∑
l

sl − s̃

= s̃min

(∑
l∈L

c̃l − 1

) (17)
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Therefore, we have improvement condition:

Theorem 3 (Spectrum-Sharing Criterion). Spectrum sharing
uses less resource for the rate decay ratio vector c̃ =
(c̃1, . . . , c̃|L|) ∈ [0, 1]|L|, iff∑

l∈L

c̃l > 1 (18)

Note that the discussion above is independent of which
contents are being transmitted, therefore, it could be applied
to different and/or same contents, rather than deduplicating
delivery decisions for the same contents, as in the ‘out-of-
band’ discussion.
If the available transmission modes are limited, as in prac-

tical systems (e.g. LTE [7]), we can transform the problem
into feasibility problems with different parameters. The basic
formulation is: given the target SINR level SINRkl

th for trans-
mission mode kl ∈ {1, . . . ,K} at each base station l ∈ L,
determine whether a power allocation vector �P for spectrum
sharing exists such that,

S̃INR
l

i(
�P ) ≥ SINRkl

th, ∀i ∈ Ul (19)

Trivially, we require mutual exclusiveness (20):

Ul1 ∩ Ul2 = ∅, ∀l1 �= l2 ∈ L (20)

Essentially, it is equivalent to a feasibility problem with
respect to the linear constraint set:

− hl,i

SINRkl
th

Pl +
∑

q �=l hq,iPq +N0 ≤ 0 ∀i ∈ Ul

0 ≤ Pl ≤ Pmax
l ∀l ∈ L

(21)

We could further normalize the constraint set to
− pil

SINRkl
th

ξl +
∑

q �=l piqξq ≤ −1 ∀i ∈ Ul

0 ≤ ξl ≤ 1 ∀l ∈ L
(22)

where pil is the maximum receiver SNR of user i for base
station l

pil =
hl,i

N0
Pmax
l (23)

The power allocation for each base station is thus a feasible
solution to the linear programming constraint set

Pl = ξlP
max
l (24)

The feasibility problem with respect to linear constraint set
is a special form of linear programming problem, which could
be solved efficiently and fast in most practical problems by
the Simplex algorithm. Therefore, the problem of wireless
resource consolidation among base stations is reduced to a
solvable form.
For each candidate decision of transmission modes

(k1, . . . , k|L|) ∈ {1, . . . ,K}|L| that satisfies (25), we run
feasibility test for constraint set (22) to determine if a power
allocation solution is available for such decision∑

l∈L

Rkl

R
(
SINRl

) > 1 (25)

V. SIMULATIONS AND RESULTS

A. Simulation Setup

There are M = 300 users and N = 600 contents in the
system. As far as we understand, there are no generative
models available that could mimic real-world data, so we settle
on data-driven simulations. Reward values fij’s are taken from
datasets of Yahoo [8] and MovieLens [9], and normalized to
[0, 1].
Content size is independent and uniformly distributed in

[5, 40] Mbits. The scheduling time slot has length of T = 1s
and the scheduling horizon is TH = 10. System level param-
eters are shown in Table II [10].
There is one macro base station and two pico base stations.

The two pico base stations are located with distance of 1.9r
(where r is the designed range for a pico base station),
ensuring there is certain but not major coverage overlap of
the two pico base stations. The pico base stations are assigned
equal spectrum resource in the delivery decisions phase and
such assignment is time-invariant, i.e. B(t),l = Bl. Each base
station makes its delivery decisions by solving the mixed
integer programming problem (3) for the optimal.

TABLE II
SYSTEM LEVEL SIMULATION PARAMETERS

Simulation Parameter Value
UE distribution Uniformly dropped within respective cells.

Macro: 25%, Pico: 75%.
Carrier frequency 2.0 GHz
Bandwidth 20 MHz
Channel model Typical Urban (TU)
Inter-site distance 750 m
Noise power spectral density -174 dBm/Hz
Macro BS transmit power 40 W (46 dBm)
Macro cell path loss model 128.1 + 37.6 log10 R

(R in km)
Macro cell shadowing model Log normal fading with std. 10 dB
Macro BS antenna gain 15 dBi
Pico BS transmit power 250 mW (24 dBm)
Pico cell path loss model 140.7 + 36.7 log10 R

(R in km)
Pico cell shadowing model Log normal fading with std. 6 dB
Pico BS antenna gain 5 dBi

B. Results

1) ‘Out-of-Band’ Systems: We first present the distribution
of decision redundancy ρ for the ‘out-of-band’ systems in
Fig.3. The redundancy is higher when pico base stations are
allocated with more resource. This is intuitive because with
more resource, pico base stations could deliver more contents,
and thus introduce redundancy. We also observe that in more
than 60% of the scheduling instances, there would be no
decision redundancy, indicating that the distributed delivery
decisions phase of our proposed scheduling framework works
pretty well for real-world data. At the same time, decision
redundancy in certain instances could be as high as 65%,
indicating that decision deduplication must be more than
optional.

160



Percentage of Decision Redundacy ρ
0 10 20 30 40 50 60

Em
pi

ric
al

 C
um

ul
at

iv
e 

D
is

tri
bu

tio
n 

Fu
nc

tio
n

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

Yahoo, Pico BW = 2 MHz
Yahoo, Pico BW = 10 MHz
MovieLens-10M, Pico BW = 2 MHz
MovieLens-10M, Pico BW = 10 MHz
MovieLens-1M, Pico BW = 2 MHz
MovieLens-1M, Pico BW = 10 MHz

Fig. 3. Decision Redundancy for ‘Out-of-Band’ Systems.

2) ‘In-Band’ Systems: The results of ‘in-band’ systems are
presented in Fig.4, 5. In the figures, we plot the maximum
resource saved by spectrum sharing, normalized with respect
to overall spectrum available, among all base stations. The
results are even more impressive if we choose to normalize
against overall resource used (rather than available) for all
base stations before resource consolidation, but it is not a fair
comparison and might elude the big picture.

As the bandwidth dedicated to pico base stations increases,
the resource consolidation phase saves more, illustrated in both
the cumulative distribution function and the average. In certain
scheduling instances, it could save as much as 38% of the
overall available resource, or 76% of the wireless resource
allocated to the pico base stations. We could either reapply
the saved resource in the two-phase scheduling framework or
release it for other purposes. Note that we are only plotting
(one) maximum saving scheme. It is possible to employ non-
exclusive saving schemes to save even more. Further, if we
are allowed to drop certain ‘difficult’ users, or mathematically,
users with contradictory constraints in (22), we could poten-
tially save more wireless resource, but at the expense of losing
user rewards.

We can conclude from Fig.4 that there is a nontrivial portion
of situations in which the resource consolidation does not
help. One extreme example is that all base stations decide
to transmit to the same set of users with different contents. In
this case, no spectrum sharing is obviously the best solution.
In our two-phase framework, we are only aiming to reduce
redundant transmissions, rather than competing transmissions.
The latter has been inherently reduced in the system design
because the first phase of the scheduling framework executes
with dedicated wireless resource.

The P90 of runtime of feasibility tests is 623μs.
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Fig. 4. Saved Wireless Resource for ‘In-Band’ Systems.
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Fig. 5. Average Saved Wireless Resource for ‘In-Band’ Systems.

VI. CONCLUSIONS

We investigated a centralized wireless content delivery
system with heterogeneous base stations, aiming to optimize
overall user experience given the capacity constraints of the
wireless networks. We proposed a scalable two-phase schedul-
ing framework, consisting of: 1) distributed delivery decisions
by each base station, and 2) centralized resource consolidation
by the system. We tested the design using real-world rating
datasets and the results indicate this novel approach is both
efficient and scalable. The scheduling framework is able to
incorporate both the objective of social networks to harvest
more overall user rewards and the capacity constraints of
the wireless networks. More importantly, this framework is
scalable and requires minimal information exchange between
social networks and wireless networks and among base sta-
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tions. With a resource consolidation phase, we could further
utilize spectrum sharing and power allocation to use less
wireless resource, hence increasing system efficiency.
There are no explicit references to the hierarchy of the base

stations in this paper, except for the priority order of different
base stations in the Greedy Decision Deduplication Algorithm.
Therefore, this work could be naturally extended to scenarios
with multiple macro base stations.
Future work for this paper includes extending this frame-

work by relaxing the commitments to the delivery decisions
made by each base station in scheduling phase 1. Such
commitments are expensive, because in certain situations,
the edge users prohibit coordination of base stations, due to
the conflicting requirements (one user’s signal is another’s
interference).
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