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Wireless operators’ nightmare

PROJECT DESCRIPTION

1 Project Overview (4 pages)

An explosive growth in wireless data. It is a widely accepted fact that mobile data traffic will increase by
nearly two orders of magnitude over the next five years or so [1]. About 85% of this growth will come from
mobile Internet browsing and video streaming, due to the ever-growing penetration of multi-media capable
high-end wireless devices such as smartphones, tablets and laptops (see Fig. 1(a)). In the meanwhile,
new spectrum is expected to be released for wireless data services (e.g., a 2010 Presidential Memorandum
on Unleashing the Wireless Broadband Revolution and the National Broadband Plan calls for 500 MHz
of additional bandwidth for wireless/mobile services). Also, “spectral (usage) efficiency” is sought to be
improved by developing new schemes for cellular technology. But is this going to be enough to solve this
“wireless data crunch”?

PROJECT DESCRIPTION

1 Project Overview (4 pages)

An explosive growth in wireless data. It is a widely accepted fact that mobile data traffic will increase
by nearly two orders of magnitude between 2010 and 2015 [1]. About 85% of this growth will come
from mobile Internet browsing and video streaming, due to the ever-growing penetration of multi-media
capable high-end wireless devices such as smartphones, tablets and laptops. Yet, the amount of spectrum
available for such applications remains constant, and gains in spectral efficiency from newer communication
technologies are not following the same trend. In order to solve this “spectrum shortage” and “wireless
data crunch”, a number of solutions are being discussed [REF SOME BUSINESS REPORTS AND CNN,
BLOOMBERG, NEW YORK TIMES, REF PRESIDENTIAL MEMO], including some solutions and their
challenges identified by the EARS NSF workshop [? ]. New spectrum is expected to be released for used
by wireless data services (e.g., a 2010 Presidential Memorandum on Unleashing the Wireless Broadband
Revolution and the National Broadband Plan calls for 500 MHz of additional bandwidth for wireless/mobile
services). At the same time, “spectral (usage) efficiency” is sought to be improved by developing new
schemes for dynamic and agile spectrum sharing, according to the paradigm of “Cognitive Radio” [REF
....].

a) b)

Figure 1: Predicted wireless traffic increase trends [Cisco Visual Networking Index: Global Mobile Data-
Traffic Forecast Update, 2010-2015]. (a) by type of traffic, (b) by type of user devices.

But is this going to be enough? Our thesis is that, no, it will not suffice. Availability of 500 MHz of
new spectrum corresponds roughly to double the amount of spectrum available for wireless data services
today (including 2G, 3G, 4G-LTE, WiFi, Bluetooth, etc.) in the 900MHz, 2GHz, 2.4GHz and 5GHz bands.
Spectrum sharing techniques, as agile and flexible they might be, serve only to “cut the total capacity cake
into thinner slices”, adapted to the local users needs. In brief, if a given technology yields a spectral effi-
ciency of C bit/s/Hz per km2, and the system has W Hz of bandwidth, the total bit/s per km2 is CW , no
matter how agile and flexible the allocation of this resource may be. By Cognitive Radio techniques, one
may be able to reuse dynamically another (say) 500 MHz of bandwidth presently allocated to other services
(e.g., military, public safety, TV channels [SEARCH FOR SOME INFO HERE]). All together, licensed and
dynamic spectrum increase will account for a x3 improvement of the total wireless capacity. Therefore,
these proposed solutions by themselves appear to be very far from satisfying the 100x increase in demand
for wireless data. New paradigmatic solutions are going to be needed if we are to succeed in meetings these
challenges in any significant way.

To achieve a 100x increase in wireless data capacity, we have to fundamentally increase the system
spectral efficiency. This means “squeezing more bits/s per Hz of bandwidth”, , i.e., we have to dramatically
increase C in addition to increasing W . Looking at historic trends (see Fig. 2(a))need reference for this
figure, the largest increases in wireless spectral efficiency has been achieved by spatial reuse of spectrum.
This is not difficult to understand. By reducing the range of a typical wireless link by a factor of 10 (e.g.,
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LTE-Advanced: Heterogeneous Networks 
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[1] Introduction 
Developed by 3GPP, LTE is the leading OFDMA wireless mobile broadband 
technology. LTE offers high spectral efficiency, low latency and high peak data rates. 
LTE leverages the economies of scale of 3G, as well as the ecosystem of 
infrastructure and devices vendors to provide the highest performance in a cost 
effective manner. 

The LTE standard was first published in March of 2009 as part of the 3GPP Release 8 
specifications. Comparing the performance of 3G and its evolution to LTE, LTE does 
not offer anything unique to improve spectral efficiency, i.e. bps/Hz.  LTE improves 
system performance by using wider bandwidths if the spectrum is available.   

3GPP has been working on various aspects to improve LTE performance in the 
framework of LTE Advanced, which include higher order MIMO, carrier aggregation 
(multiple component carriers), and heterogeneous networks (relays, picos and 
femtos). Since improvements in spectral efficiency per link is approaching theoretical 
limits with 3G and LTE, as shown in Figure 1, the next generation of technology is 
about improving spectral efficiency per unit area. In other words, LTE Advanced needs 
to provide a uniform user experience to users anywhere inside a cell by changing the 
topology of traditional networks. A key aspect of LTE Advanced is about this new 
deployment strategy using heterogeneous networks.  

Topology will provide the 
next performance leap for 
wireless networks beyond 
radio link improvements. 

Figure 1 Improvements in spectral efficiency is approaching 
theoretical limits 

(b)

Figure 1: (a) Predicted wireless traffic increase trends by type of traffic[1]. (b) Spectral efficiency improve-
ment rate of current cellular technology follows a law of diminishing return.

Our thesis is that, no, it will not suffice. Availability of 500 MHz of new spectrum corresponds roughly
to double the amount of spectrum available for wireless data services today (including 2G, 3G, 4G-LTE,
WiFi, Bluetooth, etc.) in the 900MHz, 2GHz, 2.4GHz and 5GHz bands. Also, as shown in Fig. 1(b), ca-
pacity improvements of current cellular technology follows a law of diminishing return as we move through
successive generations of wireless cellular systems. Therefore, a brute-force solution will be very far from
satisfying the 100x increase in demand for wireless data. New paradigmatic solutions are going to be needed
if we are to succeed in meetings these challenges in any significant way.

To achieve a 100x increase in wireless data capacity, we have to fundamentally increase the system
spectral efficiency. This means “squeezing more bits/s per Hz of bandwidth”. Looking at historic trends (see
Fig. 2(a))need reference for this figure, the largest increases in wireless spectral efficiency has been achieved
by spatial reuse of spectrum. This is not difficult to understand. By reducing the range of a typical wireless
link by a factor of 10 (e.g., by decreasing the transmit power), then the number of communication links per
km2 that can coexist simultaneously on the same frequency band increases by a factor of (approximately)
100, since the network node density increases quadratically with the node distance. However, such “network
densification” would be completely infeasible by insisting on a conventional cellular architecture, since in
order to maintain the same coverage it would require 100x more base stations, each of which is significant
capital investment, without counting the wired backhaul network to serve all these base stations, the real
estate costs of the land to host them, and the operating costs for powering and maintaining them. In contrast,
the new emerging paradigm of multiple tier Heterogeneous Networks (HetNets) [REF ....] is imposing a
practical way to achieve spectrum spatial reuse, without a significant capital investment.

A multiple tier HetNet is formed by one or more nested tiers of smaller and smaller cells, under a
conventional macro-cellular “umbrella”, that fills in the gaps of the small cell coverage and serves the few
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• 100x Data traffic increase, due to the introduction of powerful multimedia
capable user devices.

• Operating costs not matched by revenues.
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A Clear Case for Denser Spatial Reuse

• If user-destination distance is O(1/
√
n), with transport capacity O(

√
n), we

trivially achieve O(1) throughput per user.
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Dense infrastructure is happening!

1/8/14%

2%

Industry%answer%

Small%cells%centrally%managed%

More%bandwidth%re4use%

Enterprise%WiFi%networks%
WiFi%offloading%networks%

Next%genera8on%cellular%networks%

1/8/14%4%Confiden8al% 3%

More%interference%

Manage%interference%centrally%
e.g.%channel%alloca8on,%load%balancing,%and%other%higher%layer%approaches%

1/8/14%4%Confiden8al% 4%

Problems:

• Interference management, SoN, user plane and control plane separation, all
what we have talked about in this workshop ...
• Backhaul bottleneck.
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Video-Aware Wireless Networks

• Video is responsible for 66% of the traffic demand increase.

• Internet browsing for another 21%.

• On-demand video streaming and Internet browsing have important common
features:

1. Asynchronous content reuse (traffic generated by a few popular files,
which are accessed in a totally asynchronous way).

2. Highly predictable demand distribution (we can predict what, when and
where will be requested).

3. Delay tolerant, variable quality, ideally suited for best-effort (goodbye
QoS, welcome QoE).
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Well-Known Solution in Wired Networks: CDNs

• Caching is implemented in the core network (e.g., Akamai).

• Transparent and agnostic to the wireless segment.Akamai live streaming infrastructure 

A 

A 
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A 
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A 

Reflectors Edge servers 

Source 

Trace format 
[Client IP, Player ID, Stream URL, Session start time, 
Session duration, Mean receiving bandwidth] 
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Why the Problem is Not (Yet) Solved?

• The wired backhaul to small cells is weak or expensive.

• The wireless capacity of macro-cells is not sufficient.

Akamai live streaming infrastructure 

A 

A 

A 

A 

A 

A 

Reflectors Edge servers 

Source 

Trace format 
[Client IP, Player ID, Stream URL, Session start time, 
Session duration, Mean receiving bandwidth] 
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Caching at the Wireless Edge

• Femto-Caching: deploy “helper” nodes everywhere.

• Replace expensive fast backhaul with inexpensive storage capacity.

• Re-use the LTE macro-cellular network to refresh caches at off-peak times.

• Example: 4TB nodes × 100 nodes/km2 = 400 TB/km2 of distributed storage
capacity, with plain today’s technology.

LTE Multicast Stream
(Fountain-encoded)
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The Big Picture

1

Social network layer

Technological/spatial network layer

interactions between the layers

user node social nodesmall cell node D2D connection social connectionsmall cell connection

Figure 1: An illustration of an overlay of socially-interconnected and technological/spatial

network.

applications and socially-interconnected networks. This phenomenon has been further fueled by

mobile video streaming, which currently accounts for almost 50% of mobile data traffic, with a

projection of 500-fold increase over the next 10 years [1]. At the same time, social networking

is already the second largest traffic volume contributor with an almost 15% average share [2].

This new phenomenon has urged mobile operators to redesign their current networks and seek

more advanced and sophisticated techniques to increase coverage, boost network capacity, and

ultimately bring contents closer to users cost-effectively.

A promising approach to meeting these unprecedented traffic demands is via the deployment

of small cell networks (SCNs) [3]. SCNs represent a novel networking paradigm based on the

idea of deploying short-range, low-power, and low-cost base stations (BSs) underlaying the

macrocellular network. To date, the vast majority of research works has been dealing with issues

related to self-organization, inter-cell interference coordination (ICIC), traffic offloading, energy-

efficiency, etc (see [3] and references therein). These studies were carried out under the existing

reactive networking paradigm, in which users’ traffic requests and flows must be served urgently

upon their arrival or dropped causing outages. Because of this, the existing small cell networking

September 15, 2013 DRAFT

• Proactive Caching: what to cache, where and when: predicting the user
behavior in space and time.
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Time-Scale Decomposition

• Cache placement, predictive caching at the time-scale of content popularity
evolution.

• Scheduling at the time scale of the streaming sessions (video chunks).

• Underlying PHY resource allocation at the time scale of PHY slots.

User time scale

Video time scale

Radio time scale

day
video

GOPs

PHY packets

x1000

x1000
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Let’s cut the BS

• At this point ..... the classical objections are:

1. How do you convince the users to share their on-board memory?
2. How do you convince the users to share their battery power?
3. How do you convince the content providers to put their content on the user

devices?
4. When critics run out of arguments .... what about privacy?

• All the above argument are non-technical and easily countered (e.g., Google
Android on-board Firewall to keep cached content inaccessible to the users).

• Users are already sharing their content spontaneously ... imagine if they
have a service subscription incentive.

• Most importantly ... this is not my business (let’s Bizdev people figure this
out).
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Throughput Scaling Laws of One-Hop Caching Networks

• [M. Ji, GC, A. F. Molisch, arXiv:1302.2168]: D2D network, random demands
(known distribution), random (decentralized) caching:

T = Θ

(
max

{
M

m
,
1

n

})
, po ∈ (0, 1)

• [M. Maddah-Ali, U. Niesen, arXiv:1209.5807]: one sender (BS) many
receivers (multicast only), arbitrary demands:

T = Θ

(
max

{
M

m
,
1

n

})
, po = 0

• [M. Ji, GC, A. F. Molisch arXiv:1405.5336]: D2D network, arbitrary demands:

T = Θ

(
max

{
M

m
,
1

n

})
, po = 0
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Good and Bad News

• Moore’s Law for bandwidth (!!): in the regime of nM � m, if you double the
on-board device memory (M ) you double the per-user minimum throughput.

• This remarkable behavior is achieved in two ways:

1. caching entire files and exploiting the spatial frequency reuse (dense D2D
network);

2. caching sub-packets of files and exploiting network coded multicasting
(both BS and D2D).

• For m � nM there is nothing we can do (caching is ineffective!). This is the
regime where asynchronous content reuse is negligible.

• Spatial multiplexing and coded multicasting do not cumulate (in fact, there is
tension between the two approaches).
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D2D Network with Random Demands and Random Caching
5

s

(a) (b)

Fig. 1. a) Grid network with n = 49 nodes (black circles) with minimum separation s = 1p
n

. b) An example of single-cell layout

and the interference avoidance TDMA scheme. In this figure, each square represents a cluster. The gray squares represent the

concurrent transmitting clusters. The red area is the disk where the protocol model imposes no other concurrent transmission. R

is the worst case transmission range and � is the interference parameter. We assume a common R for all the transmitter-receiver

pairs. In this particular example, the TDMA parameter is K = 9.

“for-free” multicasting by “overhearing”, we consider the following theoretical model. Consistently with

video streaming protocols such as DASH [26]–[29], the video file is split into L segments, or “chunks”,

which are sequentially downloaded by the streaming users. Each user demand corresponds to a segment

of arbitrary but finite length L0 chunks, with starting point uniformly and independently distributed over

{1, . . . , L�L0 +1}. We measure the cache size in files, and in order to compute the system performance

we consider first the limit for large file size (L ! 1) with L0 finite, and then study the system scaling

laws for n, m ! 1. Hence, the probability that users request overlapping segments vanishes for L ! 1
for any finite n, m, L0, thus preventing the trivial use of naive multicasting (i.e., overhearing common

messages). In contrast, the probability that two users request segments of the same file depends on the

library size m and on the request distribution Pr. We hasten to say that this model is just a conceptual

way to model the asynchronous content reuse typical of on-demand video streaming, such that the overlap

of the demands and the overlap of concurrent transmissions are decoupled. This is motivated by the fact

that, as already observed in Section I, in practice video files have a duration of the order of the tens of

minutes, and the asynchronism of requests has the same or larger order of magnitude (hours, or days).

• Grid network (for analytical simplicity);

• Protocol model (as in the Gupta-Kumar model);
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• An **artificial** model to model asynchronous content reuse and prevent
“naive multicasting” (irrelevant for video on-demand);

• Files are formed by L→∞ packets.

• Users place random requests of sequences of L′ < ∞ packets from library
files, with uniformly distributed starting point.

14



Definition: Cache placement A feasible cache placement G = {U ,F , E} is a
bipartite graph with “left” nodes U , “right” nodes F and edges E such that
(u, f) ∈ E indicates that file f is assigned to the cache of user u, such that the
degree of each user node is ≤M .

Πc is a probability mass function over G, i.e., a particular cache placement
G ∈ G is assigned with probability Πc(G). ♦

Definition: Random requests At each request time (integer multiples of L′),
each user u ∈ U makes a request to a segment of length L′ of chunks from file
fu ∈ F , selected independently with probability Pr. The vector of current
requests f is a random vector taking on values in Fn, with product joint
probability mass function P(f = (f1, . . . , fn)) =

∏n
i=1Pr(fi). ♦

Definition: Transmission policy The transmission policy Πt is a rule to
activate the D2D links in the network. Let L denote the set of all directed links.
Let A ⊆ 2L denote the set of all feasible subsets of links (this is a subset of the
power set of L, formed by all independent sets in the network interference
graph). Let A ⊂ A denote a feasible set of simultaneously active links
according to the protocol model. Then, Πt is a conditional probability mass
function over A given f (requests) and G (cache placement), assigning
probability Πt(A|f,G) to A ∈ A. ♦
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Definition: Useful received bits per slot For given Pr, Πc and Πt, and user
u ∈ U , the number of useful received information bits per slot unit time by user
u at a given scheduling time is

Tu =
∑

v:(u,v)∈A

cu,v1{fu ∈ G(v)}

where fu denotes the file requested by user node u, cu,v denotes the rate of
the link (u, v), and G(v) denotes the content of the cache of node v, i.e., the
neighborhood of node v in the cache placement graph G. ♦

Definition: Number of nodes in outage The number of nodes in outage is
the random variable

No =
∑
u∈U

1{E[Tu|f,G] = 0}.

♦

Definition: Average outage probability The average (across the users)
outage probability is given by

po =
1

n
E[No] =

1

n

∑
u∈U

P (E[Tu|f,G] = 0) .
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♦

Definition: Max-min fairness throughput The minimum average user
throughput is defined by

Tmin = min
u∈U

{
Tu
}
.

♦

Definition: Throughput-Outage Tradeoff For given Pr, a throughput-outage
pair (T, p) is achievable if there exists a cache placement Πc and a
transmission policy Πt with outage probability po ≤ p and minimum per-user
average throughput Tmin ≥ T .

The throughput-outage achievable region T is the closure of all achievable
throughput-outage pairs (T, p). In particular, we let
T ∗(p) = sup{T : (T, p) ∈ T }. ♦

Notice that T ∗(p) is the result of the following optimization problem (over
Πc,Πt):

maximize Tmin

subject to po ≤ p,

17



• T ∗(p) is non-decreasing in p.

• The range of feasible outage probability, in general, is an interval [po,min, 1]
for some po,min ≥ 0.

• We say that an achievable point (T, p) dominates an achievable point (T ′, p′)
if p ≤ p′ and T ≥ T ′.

• The Pareto boundary of T consists of all achievable points that are not
dominated by other achievable points, i.e., it is given by {(T ∗(p), p) : p ∈
[po,min, 1]}.

18



Achievability Strategy: Clustering and Random
Decentralized Caching

• Clustering: the network is divided into clusters of equal size, denoted by
gc(m). Each user searches its desired content in its own cluster.

• Random Caching: each node independently caches M files according to a
common probability distribution P ∗c .

Theorem 1: The caching distribution P ∗c maximizing the probability that any
user u ∈ U finds its requested file inside its corresponding cluster is given by

P ∗c (f) =

[
1− ν

zf

]+

, f = 1, . . . ,m,

where ν = m∗−1∑m∗
j=1

1
zj

, zj = Pr(j)
1

M(gc(m)−1)−1, and m∗ = Θ
(

min{Mγrgc(m),m}
)

. �
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Theorem 2: Assume Pr(f) = f−γr∑m
j=1

1
jγr

(Zipf demand distribution), let α ∆
= 1−γr

2−γr ,

and limn→∞
mα

n = 0. Then, the throughput-outage tradeoff achievable by
random caching and clustering behaves as:

T (p) =



C
K

M
ρ1m

+ o(1/m), p = (1− γr)eγr−ρ1

CA
K

M

m(1−p)
1

1−γr
+ o

(
1

m(1−p)
1

1−γr

)
, p = 1− a

(
gc(m)
m

)1−γr

CB
K m−α + o (m−α) , 1− aρ1−γr

2 m−α ≤ p ≤ 1− ab1−γrm−α
CD
K m−α + o (m−α) , 1− ab1−γrm−α ≤ p ≤ 1,

where we define a = γγrr M
1−γr, b =

(
1−γr
a

) 1
2−γr , A ∆

= γr
γr

1−γr , B ∆
=

aρ
1−γr
2

1+aρ
2−γr
2

,

D
∆
= ab1−γr

1+ab2−γr and where ρ1 and ρ2 are positive parameters satisfying ρ1 ≥ γr
and ρ2 ≥ b. The cluster size gc(m) is any function of m satisfying
gc(m) = ω (mα) and gc(m) ≤ γrm/M . �
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Not just the usual scaling law: We can pin down the constants too!!
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ar=0.1, simulated
ar=0.1, theoretical
ar=0.2, simulated
ar=0.2, theoretical
ar=0.3, simulated
ar=0.3, theoretical
ar=0.4, simulated
ar=0.4, theoretical
ar=0.5, simulated
ar=0.5, theoretical
ar=0.6, simulated
ar=0.6, theoretical

Comparison between formulas and simulation for the minimum throughput per user v.s. outage
probability. The throughput is normalized by C (link rate), m = 1000, n = 10000, reuse factor
K = 4, γr ∈ [0.1, 0.6].
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The Maddah-Ali and Niesen Scheme

• Definition of rate: number of equivalent file transmissions needed to deliver
all demanded files to all users (zero outage, arbitrary demands).

• Maddah-Ali and Niesen show that the following rate is achievable:

R(M) = n

(
1−M

m

)
1

1 + Mn
m

• The corresponding throughput scaling law is obtained as T (M) = C
R(M)

where C is the data rate of the multicast bottleneck link, and therefore.

• In the relevant regime of nM � m we have again T (M) = Θ(mM ).

• An information theoretic cut-set bound on the expanded compound channel
corresponding to all possible (arbitrary) demands, shows that R(M) is
optimal within a bounded multiplicative factor.
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Example: n = m = 3, M = 2

User 1 User 2 User 3

wants A wants wantsB C

A12 A13
B12 B13

C12 C13

A12 A23

B12 B23

C12 C23

A13 A23

B13 B23

C13 C23

A23 � B13 � C12R(3, 2) =
1

3

• Files are divided into three sub-packets of size 1/3 each:

A = (A12, A13, A23), B = (B12, B13, B23), C = (C12, C13, C23)
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The Ji, Caire and Molisch D2D scheme

• Same setting of Maddah-Ali and Niesen, but no “omniscient” central server.

• For a unit-area (squared) network, transmission range r ≥
√

2 a single
transmission is received by all nodes (multicasting only).

• With r <
√

2, we can induce spatial spectrum reuse.

Theorem 3: With D2D transmission radius r ≥
√

2 and t = Mn
m ∈ Z+, the

following rate is achievable:

R(M) =
m

M

(
1−M

m

)
.

Moreover, when t is not an integer, the convex lower envelope of R(M), seen
as a function of M ∈ [0 : m], is achievable. �

Notice that, as before, we obtain the throughput scaling law T (M) = Θ(Mm ) in
the regime of nM � m.
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Example: n = m = 3, M = 2: achievability

User 1

A1, A2, A3, A4,
B1, B2, B3, B4,
C1, C2, C3, C4, C1, C2, C5, C6,

B1, B2, B5, B6,
A1, A2, A5, A6,

A3, A4, A5, A6,
B3, B4, B5, B6,
C3, C4, C5, C6,

wants A wants

wants

B

C

User 2

User 3

B3 C1⊕ A5 C2⊕

⊕A6 B4

25



• We divide each packet of each file into 6 subpackets, and denote the
subpackets of the j-th packet as {A` : ` = 1, . . . , 6}, {B` : ` = 1, . . . , 6},
and {C` : ` = 1, . . . , 6}. The size of each subpacket is F/6. We let user u
stores Zu, u = 1, 2, 3, given as follows:

Z1 =(A1, A2, A3, A4, B1, B2, B3, B4, C1, C2, C3, C4),

Z2 =(A1, A2, A5, A6, B1, B2, B5, B6, C1, C2, C5, C6),

Z3 =(A3, A4, A5, A6, B3, B4, B5, B6, C3, C4, C5, C6),

• Consider the demand f = (A,B,C). Since the request vector contains
distinct files, specifying which segment of each file is requested (i.e., the
vector s) is irrelevant and shall be omitted.

• In the coded delivery phase (see figure) user 1 multicasts B3 + C1 (useful to
both user 2 and 3), user 2 multicasts A5 + C2 (useful to both users 1 and 3)
and user 3 multicasts A6 +B4 (useful to both users 1 and 2).

• It follows that R(2) = R1 +R2 +R3 = 1
6 · 3 = 1

2 is achievable.
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Example: n = m = 3, M = 2: outer bound

node 1

node 1

node 1

node 2

node 2

node 2

node 3

node 3

node 3

X3
(A,B,C)

X3
(B,C,A)

X3
(C,A,B)

Z3 Z1Z2

Ŵ3,C

Ŵ3,A

Ŵ3,B

Ŵ2,B

Ŵ2,C

Ŵ2,A

Ŵ1,A

Ŵ1,B

Ŵ1,C

X1,(A,B,C)

X2,(A,B,C)

X1,(B,C,A)

X2,(B,C,A)

X1,(C,A,B)

X2,(C,A,B)
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• Zu denotes the cached symbols at user u = 1, 2, 3, Xu,f denotes the
transmitted message from user u in correspondence of demand f, and Ŵu,f

is the decoded message at user u relative to file f .

• Considering user 3, from the cut that separates (X1,(A,B,C), X2,(A,B,C), X1,(B,C,A), X2,(B,C,A), X1,(C,A,B), X2,(C,A,B), Z3)

and (Ŵ3,C, Ŵ3,A, Ŵ3,B), and by using the fact that the sum of the entropies
of the received messages and the entropy of the side information (cache
symbols) cannot be smaller than the number of requested information bits,
we obtain

L
L′∑
s=1

(
RT

1,s,(A,B,C) +RT
2,s,(A,B,C) +RT

1,s,(B,C,A) +RT
2,s,(B,C,A)

+RT
1,s,(C,A,B) +RT

2,s,(C,A,B)

)
+MFL ≥ 3FL′ · L/L′.

• Similar inequalities are obtained by permuting the indices (corresponding
cuts for the other users).
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• By summing the corresponding inequalities and dividing all terms by 2, we
obtain

L
L′∑
s=1

(
RT

1,s,(A,B,C) +RT
2,s,(A,B,C) +RT

3,s,(A,B,C)

+RT
1,s,(B,C,A) +RT

2,s,(B,C,A) +RT
3,s,(B,C,A)

+RT
1,s,(C,A,B) +RT

2,s,(C,A,B) +RT
3,s,(C,A,B)

)
+

3

2
MFL ≥ 9

2
FL.

• Since we are interested in minimizing the worst-case rate, the sum RT1,s,f +

RT2,s,f + RT3,s,f must yields the same min-max value RT for any s and f. This
yields the bound

3L

L′
RT ≥ 9

2
FL− 3

2
MFL.
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• Finally, by definition of rate R(M), we have that R(M) = RT/(FL′).
Therefore, dividing both sides by 3FL, we obtain that the best possible
achievable rate must satisfy

R∗(M) ≥ 3

2
− 1

2
M.

• In the example of this section, for M = 2 we obtain R∗(2) ≥ 1
2 (in this case

the achievability scheme given before is information theoretically optimal).
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How do these schemes compare in practice?
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Conclusions

• Exploiting the asynchronous content reuse is key for achieving the required
100x.

• Caching at the wireless edge has a great potential, since it relaxes the
constraints on the backhaul (expensive network component).

• Femto-Caching (helper nodes), and D2D Caching (caching at the user
devices).

• Good news for LTE operators: new use of the macro-cellular base stations at
off-peak times.

• Caching achieves “Moore’s Law” for bandwidth: T = Θ(M/m).
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Thank You
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DASH (Dynamic Adaptive Streaming over HTTP)
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• Microsoft Smooth Streaming (Silverlight).
• Apple HTTP Live Streaming.
• 3GPP Dynamic Adaptive Streaming over HTTP (DASH).
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System model and problem statement

• The network is defined by a bipartite graph G = (U ,H, E).

• Edges (h, u) ∈ E when there exists a potential transmission link between
h ∈ H and u ∈ U .

• Users u ∈ U request video files fu from a library of possible files F .

• Video files are formed by sequences of chunks of fixed playback duration
Tchunk = (# frames per GOP)/η (η is the frame rate).

• Playback starts after a short pre-buffering time Tu (expressed in multiples of
Tchunk).

• Problem: schedule the chunk transmission such that for each u ∈ U and time
t = Tu, Tu + 1, Tu + 2, . . .
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Variable Bite-Rate coding and video quality levels

• Each chunk of file f is encoded at multiple quality levels m ∈ {1, . . . , Nf}.

• Without loss of generality, we let Df(m, t) and Bf(m, t) denote the video
quality index and the number of bits per chunk of file f and chunk t.

• Quality decisions: at every chunk time t, choose the quality mode mu(t) for
all requesting users u ∈ U .

• Letting Rhu(t) denote the source coding rate (bit per chunk) of chunk t
received by user u from helper h, we have the source-coding rate constraint:∑

h∈N (u)∩H(fu)

Rhu(t) = Bfu(mu(t), t), ∀ (h, u) ∈ E .
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Helpers transmission queues

admission control

rate scheduling

playback

playback

• We assume that each helper node has transmission queues pointing at its
served users u ∈ N (h).
• The evolution of the transmission queues is given by:

Qhu(t+ 1) = max{Qhu(t)− nµhu(t), 0}+Rhu(t), ∀ (h, u) ∈ E .
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Modeling the PHY as a deterministic slowly-varying network

• We “collapse” the PHY into the network long-term average achievable rate
region R(t).

• By definition, R(t) is a convex bounded region of R|E|+ .

• R(t) is (slowly) varying with t because of non-ergodic phenomena, such as
users joining or leaving the system or user mobility.

• Example: intra-cell orthogonal access, treating inter-cell interference as
noise: ∑

u∈N (h)

µhu(t)

Chu(t)
≤ 1, ∀ h ∈ H,

where

Chu(t) = E
[

log

(
1 +

Phghu(t)|ahu|2
1 +

∑
h
′ 6=hPh′gh′u(t)|ah′u|2

)]
.

(This corresponds to FDMA/TDMA orthogonal sharing of the downlink).
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Network Utility Maximization

• Define time-averaged quantities as: x := limt→∞
1
t

∑t−1
τ=0 E[x(τ)].

• Optimization Problem:

maximize
∑
u∈U

φu(Du)

subject to Qhu <∞ ∀ (h, u) ∈ E
α(t) ∈ Aω(t) ∀ t,

39



• Utility functions: φu(·) are concave and non-decreasing functions.

• Network state:

ω(t) = {ghu(t), Dfu(·, t), Bfu(·, t) : ∀ (h, u) ∈ E} .

• Control actions: α(t) = {R(t),µ(t), {mu(t) : u ∈ U}}.

• Feasible set Aω(t) defined by the source coding rate constraints and by the
PHY rate region R(t).
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Dynamic policy via DPP

• We used the classical method of Lyapunov Drift Plus Penalty (DPP).

• The problem decomposes naturally into three decentralized subproblems:
admission control, transmission scheduling, and greedy objective function
maximization.

• In summary:

1. Each user u decides from which helper h ∈ N (u) to request the next
chunk, and at which quality.

2. Each helper h decides to which user u ∈ N (h) to send for the whole chunk.

• The resulting scheme is a generalization of DASH to multiuser networks.

• Provably near-optimal (through control parameter) on a per-sample path
basis (arbitrary evolution of ω(t)).
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Handling the playback buffer

• Our problem formulation has completely neglected the users’ playback buffer.

• We handle the playback buffer through a reasonable heuristic approach (pre-
buffering/re-buffering and chunk skipping).

• Example: chunk arrival process

1 2 3 4 5 6 7 8 9 10 11 12 13
3 4 5 11 6 8 9 10 12 13 16 15 14
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• Chunk availability and chunk consumption.

• The pre-buffering time Tu should be larger than the max chunk delivery delay.
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Chunk skipping and pre-buffering/re-buffering

• If a “late” chunk is “blocking” a large increase in the playable buffer, then the
chunk is skipped.

• Skipping decisions depend on a threshold on the promised increase in the
playable buffer.

• The pre-buffering delay Tu is decided at each user u in a decentralized
manner, by monitoring the max delivery delay observed in a sliding window.

• Each user keeps track of its max observed delivery delay in a window, such
that in the case of a stall event, the re-buffering time is set as a function of
updated observed max delay.

• Details can be found in:

D. Bethanabhotla, G. Caire and M. J. Neely, “Joint Transmission Scheduling
and Congestion Control for Adaptive Video Streaming in Small-Cell
Networks,” ArXiv:1304.8083 (submitted to IEEE Trans. on Comm., 2013).
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Mobility experiment with VBR coded video
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Improvements and generalizations

• We considered a “pull” strategy with single per-user request queue in order
to avoid out-of-order chunks.

• We considered a multi-cell MU-MIMO PHY, inspired by 802.11ac wave-2 (or
future massive MIMO small cells at mm-wave bands).

• Details can be found in:

[D. Bethanabhotla, GG and M. J. Neely, “Adaptive Video Streaming in MU-
MIMO Networks,” arXiv:1401.6476]

• Interesting solved issue: how to do efficient rate scheduling on the PHY in an
efficient way in a multi-cell MU-MIMO network.
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Conclusions

• Exploiting the asynchronous content reuse of wireless data killer apps is key
for achieving the required 100x.

• Caching at the wireless edge has a great potential, since it relaxes the
constraints on the backhaul (expensive network component).

• Femto-Caching (helper nodes), and D2D Caching (caching at the user
devices).

• We have developed a NUM framework for adaptive dynamic streaming in
Femto-Caching networks.

• Good news for LTE operators: new use of the macro-cellular base stations at
off-peak times.

• Good news for Small-Cell/Enterprise WiFi manufacturers: Femto-Caching
helpers density ≈ user density.
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Thank You
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