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Nur für Teilnehmer ohne Hotelübernachtung bzw. aus Berlin, Potsdam und Golm. 
Bitte melden Sie sich mit dem Brief an der Registrierung vor Ort. 
 
Only for guests without hotel reservation or from Berlin, Potsdam, Golm. 
Please show this letter at our on-site registration. 
 

EINLASSBRIEF 
zum Empfang durch den Bundespräsidenten Joachim Gauck 
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Motivation (1)

• Users like (Multi-Media) content.
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Motivation (2)

• Typical Netflix movie: 2.5GB
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Motivation (2)

• Typical Netflix movie: 2.5GB

• Typical streaming bit-rate:

Rb =
2.5× 8× 109

1.5× 3600
≈ 3.7 Mb/s
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Motivation (2)

• Typical Netflix movie: 2.5GB

• Typical streaming bit-rate:

Rb =
2.5× 8× 109

1.5× 3600
≈ 3.7 Mb/s

• As a matter of fact, streaming at rates between 400 kb/s and 4Mb/s are “OK”
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Motivation (2)

• Typical Netflix movie: 2.5GB

• Typical streaming bit-rate:

Rb =
2.5× 8× 109

1.5× 3600
≈ 3.7 Mb/s

• As a matter of fact, streaming at rates between 400 kb/s and 4Mb/s are “OK”

• Focus of most “5G” development: Peak rates (multiple Gb/s)
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Motivation (2)

• Typical Netflix movie: 2.5GB

• Typical streaming bit-rate:

Rb =
2.5× 8× 109

1.5× 3600
≈ 3.7 Mb/s

• As a matter of fact, streaming at rates between 400 kb/s and 4Mb/s are “OK”

• Focus of most “5G” development: Peak rates (multiple Gb/s)

• Current typical LTE data plans: 3GB/month
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Motivation (2)

• Typical Netflix movie: 2.5GB

• Typical streaming bit-rate:

Rb =
2.5× 8× 109

1.5× 3600
≈ 3.7 Mb/s

• As a matter of fact, streaming at rates between 400 kb/s and 4Mb/s are “OK”

• Focus of most “5G” development: Peak rates (multiple Gb/s)

• Current typical LTE data plans: 3GB/month

• ⇒ There is a significant mismatch between user consumption demand
and operator offers!
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Motivation (3)

Paradigm shift: from Gb/s to Tb/month
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ticket per person) with them as well. Please kindly understand that for safety reasons the ad-
mission to the reception is not possible without presentation of the respective documents. 

GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

Motivation (3)

Paradigm shift: from Gb/s to Tb/month

• 1Tb/month means Rb ≈ 400 kb/s for all users, 24/7.

• This must be stable (constant rate, low latency jitter, not really “low-delay”).

• Definitely not an easy task (impossible to do on LTE and most probably on
5G early deployment).

• Especially difficult at 10EUR/month.
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Only for guests without hotel reservation or from Berlin, Potsdam, Golm. 
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EINLASSBRIEF 
zum Empfang durch den Bundespräsidenten Joachim Gauck 
 
am Dienstag, 3. Juni 2014, 16:15 Uhr (Einlass 15:00 -16:00 Uhr) 
 
Schloss Bellevue (Park), Spreeweg 1, 10557 Berlin 
 
im Rahmen der Jahrestagung der Alexander von Humboldt-Stiftung.  
 
   
 
Begleitperson /  
accompanying person:    
 
Kind(er) / child(ren):   
 
 
 
 
 
 
Der Einlass in das Schloss Bellevue erfolgt mit dieser Einlasskarte und gültigen Ausweisdoku-
menten (Reisepass oder Personalausweis). Wenn Sie von Ihrer Familie begleitet werden, prü-
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GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

Motivation (4)

• Wifi is not a solution (yes .. I know .. it works at home ... but ...).

• Opportunity for “Internet companies” to reach their customers directly”
(bypassing cable & cellular).

• Opportunity for “new comers” (startups) to get into a difficult and competitive
market.
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GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

Caching: turning memory into bandwidth

• On-demand MM content has special features:

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

2. Easy-to-learn/predict demand distribution (Providers do this already!).

3. Easy-to-shape demand distribution (restricted library refreshed at low
rate ... Providers do this already).
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Content Distribution over Internet (CDNs)
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GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

Wireless Edge Bottleneck

W ⇥ M log SNR + o(log(SNR))

Can Caching help at the RAN Level?

13



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

 
 

 
     

 
 
 
 
 
 
 
 
 
Nur für Teilnehmer ohne Hotelübernachtung bzw. aus Berlin, Potsdam und Golm. 
Bitte melden Sie sich mit dem Brief an der Registrierung vor Ort. 
 
Only for guests without hotel reservation or from Berlin, Potsdam, Golm. 
Please show this letter at our on-site registration. 
 

EINLASSBRIEF 
zum Empfang durch den Bundespräsidenten Joachim Gauck 
 
am Dienstag, 3. Juni 2014, 16:15 Uhr (Einlass 15:00 -16:00 Uhr) 
 
Schloss Bellevue (Park), Spreeweg 1, 10557 Berlin 
 
im Rahmen der Jahrestagung der Alexander von Humboldt-Stiftung.  
 
   
 
Begleitperson /  
accompanying person:    
 
Kind(er) / child(ren):   
 
 
 
 
 
 
Der Einlass in das Schloss Bellevue erfolgt mit dieser Einlasskarte und gültigen Ausweisdoku-
menten (Reisepass oder Personalausweis). Wenn Sie von Ihrer Familie begleitet werden, prü-
fen Sie bitte, dass alle Begleitpersonen und Kinder die notwendigen Dokumente und diesen 
Brief (jede Person braucht einen Brief) mit sich führen. Wir bitten um Ihr Verständnis, dass 
aus Sicherheitsgründen der Einlass ohne Vorlage der entsprechenden Dokumente nicht gewährt 
werden kann. 
 
To enter the Schloss Bellevue please bring along this admission ticket and additionally your 
passport. In case you are accompanied by your family, please make sure that all accompa-
nying persons and children have the necessary documents and this admission ticket (one 
ticket per person) with them as well. Please kindly understand that for safety reasons the ad-
mission to the reception is not possible without presentation of the respective documents. 

GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

In this Talk

• Focus on the recent (2012 – 2017) set of results emerged in Information
Theory / Wireless Comm.

• System assumptions: time-scale decomposition, “off-line caching”.

• Infrastructure-only approaches: the FemtoCaching and Cache-Aided PHY.

• Infrastructure-less approaches: leveraging spatial reuse.

• Coded caching: leveraging network coding .... best of both worlds?
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In this Talk

• Focus on the recent (2012 – 2017) set of results emerged in Information
Theory / Wireless Comm.
• System assumptions: time-scale decomposition, “off-line caching”.
• Infrastructure-only approaches: the FemtoCaching and Cache-Aided PHY.
• Infrastructure-less approaches: leveraging spatial reuse.
• Coded caching: leveraging network coding .... best of both worlds?
• Holy grail: achieving scalability
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GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

Assumptions
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Timescale decomposition
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Asynchronous Content Reuse

1 2 3

1 2 3

4
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3071 3072

• Unlike live TV, the probability that two two users access the same content
item at the same time is negligible.

• In contrast, multiple users may demand the same content item at different
times.

• Mathematically: measure caches in “files”, where each file is formed by
multiple “content items”, and let the number of content items per file be
sufficiently large such that N ≥ K.

• This prevents from taking advantage of “naive multicasting” (number
of content items less than number of users).
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GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

Non-Dynamic Content-Centric Networking

• Fixed library of content items (files).

• Content items (or functions thereof) are placed in the network in some
caching nodes: off-line caching.

• Users access content by identity and not by location.

• Cache Placement: done a priori, knowing the network topology and possibly
the demand distribution, but not the realization of the demand vector.

• Content Delivery: given a realization of the demand vector, the network
satisfies the users’ demands by sending (coded) messages.

• Goal: minimize load ∼ minimize latency of delivery ∼ maximize per-user
“goodput”.
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Approaches
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Tremendous Interest – Lots of Papers! (1)

• FemtoCaching: Caching at the infrastructure side (SBS, Helpers)

Golrezaei, Shanmugam, Dimakis, Molisch, and GC, 2012, March. “Femtocaching:
Wireless video content delivery through distributed caching helpers.” In INFOCOM, 2012
Proceedings IEEE (pp. 1107-1115). IEEE. (see also: IEEE Trans. on IT, 2013)

Sengupta, Tandon, and Simeone, 2016. “Cloud and cache-aided wireless networks:
Fundamental latency trade-offs.” arXiv preprint arXiv:1605.01690.

Fig. 1. Information-theoretic model for a cloud and cache-aided wireless system, referred to as Fog-Radio Access Network (F-RAN).

possible in network architectures in which the ENs are controlled by a cloud processor. An important
example of this class of networks is the Cloud Radio Access Network (C-RAN) architecture, in which
the ENs are connected to a cloud processor by means of so called fronthaul links. In a C-RAN, the
signals transmitted by the ENs are produced at the cloud based on a direct connection to the content
server and forwarded to the ENs on the fronthaul links. As such, cloud processing in C-RAN enables
the implementation of cooperative transmission strategies across the ENs, but at the cost of a potentially
large latency, owing to the time required for fronthaul transfer (see, e.g., [3], [4]).

Motivated by the complementary benefits highlighted above between cloud-based and edge-based
architectures, in this work we consider a cloud and cache-aided wireless network architecture, which
we term Fog Radio Access Network (F-RAN). In an F-RAN, as seen in Fig. 1, the ENs are connected to
a cloud processor via dedicated fronthaul links, while also being endowed with caches that can be used
to proactively store popular content [5]. Within this architecture, cloud processing enables the centralized
implementation of cooperative transmission strategies by the ENs, albeit at the cost of an increased latency
due to fronthaul transfer. In contrast, edge caching allows for the low-latency delivery of the cached files,
but with generally limited cooperation among the ENs.

The design of F-RAN systems involves two key design questions: (i) What to cache at the ENs?; and
(ii) How to deliver the requested content across the fronthaul and wireless, or edge, segments?. The two
questions pertain to network functions, namely caching and delivery, that operate at nested time scales:
while caches are updated only at the time scale over which popular content is expected to change, e.g.,
every night, delivery is performed in each transmission interval in order to satisfy the current users’
requests from the content library. Nevertheless, the two questions are strongly intertwined since delivery
strategies need to operate by leveraging the existing cached content, as well as cloud processing.

In order to address the design of F-RAN, in this work, we adopt as a performance metric the worst-
case latency accrued when serving any set of users’ requests in a given transmission interval. We aim to
characterize optimal caching and delivery strategies that minimize the delivery latency. To this end, we first
focus on delivery strategies in which fronthaul and wireless channels are operated in a serial manner, so
that the overall latency is the sum of the time spent for fronthaul communication between cloud and ENs
and of the time required for wireless transmission from ENs to users. To enable analytical insights, we
specifically propose a latency metric, termed Normalized Delivery Time (NDT), which captures the high
signal-to-noise-ratio (SNR) ratio of the latency achievable in an F-RAN, with given fronthaul and caching
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Tremendous Interest – Lots of Papers! (2)

• D2D Caching: Caching in the user devices, direct Device-to-Device
transmission

Gitzenis, Paschos, and Tassiulas, 2013. “Asymptotic laws for joint content replication and
delivery in wireless networks.” IEEE Trans. on IT, 59(5), pp.2760-2776.
Ji, GC and Molisch, 2015. “The throughput-outage tradeoff of wireless one-hop caching
networks.” IEEE Trans. on IT, 61(12), pp.6833-6859.
Jeon, Hong, Ji, GC and Molisch, 2017. “Wireless multihop device-to-device caching
networks.” IEEE Trans. on IT, 63(3), pp.1662-1676.
Liu, A., Lau, V. and GC, 2016. Cache-induced Hierarchical Cooperation in Wireless
Device-to-Device Caching Networks. arXiv preprint arXiv:1612.07417.
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Tremendous Interest – Lots of Papers! (3)

• Coded Caching: Caching in the user devices, delivery through network
coding

Maddah-Ali, and Niesen, 2014. “Fundamental limits of caching.” IEEE Trans. on IT, 60(5),
pp.2856-2867.
Maddah-Ali, and Niesen, 2015. “Decentralized coded caching attains order-optimal
memory-rate tradeoff.” IEEE/ACM ToN, 23(4), pp.1029-1040.
Naderializadeh, Maddah-Ali, and Avestimehr, 2017. “On the Optimality of Separation
between Caching and Delivery in General Cache Networks.” arXiv preprint
arXiv:1701.05881.

A1 A2 A3B1 C1 C2 C3B2 B3

(A2 � B1, A3 � C1, B3 � C2)
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GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

FemtoCaching
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GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

Femtocaching (1)

• Network represented as a bipartite graph G(H,U , E), with a matrix of link
downloading delays Ω = [ω`,k] (s/bit).

• LibraryW = {W1, . . . ,WN} of N content items of equal size B bits.

• Infrastructure node 0 (Server/BS) has the whole library, RRH nodes ` 6= 0
have cache memory size equivalent to M content items (i.e., MB bits).

• Known demand distribution {Pn : n = 1, . . . , N} such that Pn = P(dk = n).

• Problem: Minimize average delivery (sum-)delay w.r.t. content placement.
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Femtocaching (2)

• Let X = [xn,`] ∈ {0, 1}N×H is the (integer-valued) placement matrix. The Av.
delay of user k is:

Dk =
∑

`∈H(k)\{0}
ω(`)k,k

N∑
n=1

[
`−1∏
i=1

(1− xn,(i)k)
]
xn,(`)kPn+ω0,k

N∑
n=1

|H(k)|−1∏
i=1

(1− xn,(i)k)

Pn

• Problem:

maximize
K∑
k=1

(ω0,k −Dk)

subject to
N∑
n=1

xn,` ≤M ∀ `, X ∈ {0, 1}N×H

• Results: NP-Complete, but efficient approximation possible (monotone sub-
modular function with matroid constraint).
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Femtocaching (3)

• Intra-session coding: Using MDS coding, content items become “fluid”: an
item is delivered when enough coded symbols are received. Let R =ρn,`] ∈
RN×H+ be the fractional placement matrix. The Av. delay of user k for file n
is:

D
n
k = ω(`)k,k

−
`−1∑
i=1

ρn,(i)k(ω(`)k,k
− ω(i)k,k

), if
`−1∑
i=1

ρn,(i)k < 1 ≤
∑̀
i=1

ρn,(i)k

• Observation: Dn
k is the pointwise maximum of affine functions of R and

therefore is convex.
• Convex Optimization Problem:

minimize
K∑
k=1

N∑
n=1

D
n
kPn

subject to
N∑
n=1

ρn,` ≤M ∀ `, R ∈ RN×H
+
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Joint Placement and PHY Optimization

• Optimization of sparse beamforming subject to individual SINR constraints:
cost of backhaul Cbh decreases with sparsity
cost of Tx power Ctx decreases with sparsity

• Minimize Cbh + λCtx, and obtain a backhaul/Tx power tradeoff Pareto
boundary.

sent the Hermitian transpose and the matrix inverse, respec-
tively. The function {x}+ denotes the maximum value between
0 and x. The lp-norm is denoted by k·kp. The expectation is
denoted by E[·], the trace operation is represented by tr(·)
and Cx⇥y denotes the space of x⇥ y complex matrices. For a
square matrix A, we use A ⌫ 0 to indicate that A is positive
semidefinite. The zero vector of size N ⇥ 1 is represented by
0N .

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a C-RAN composed of L BSs and M users.
Each BS is equipped with Nt transmit antennas and each user
has a single antenna as shown in Fig. 1. All the BSs are
connected to the cloud via finite capacity backhaul links; and,
there are no direct links between the users and the central
cloud storage. In addition to the central file storage, local
storage called cache are available at each BS. The caches have
a smaller storage capacity compared to the cloud and are thus
able to store only a limited portion of files. We focus on the
downlink phase of C-RAN in which the users request files.
The files can be delivered in two ways, 1) direct transmission
from the BSs — if they are available locally in their cache,
2) by prefetching the files from the cloud to the BSs and then
transmitting it to the users.

The channel vector from the l-th BS to the m-th user is
denoted by hl,m 2 CNt⇥1. The overall channel vector from
all the BSs to the m-th user can be concisely given by
hm = [hH

1,m,hH
2,m, . . . ,hH

L,m]H 2 CLNt⇥1. We assume that
the channel is constant and do not change in a time slot. The
channel state information is known to all nodes, globally. The
received signal at the m-th user can be expressed as

ym(t) = hH
mwm(t)sm(t) +

MX

j 6=m

hH
mwj(t)sj(t) + zm(t),

m = 1, . . . , M, 1  t  T (1)

where wm(t) = [wH
1,m(t),wH

2,m(t), . . . ,wH
L,m(t)]H 2 CLNt⇥1

is the beamforming vector from all the BSs to the m-th
user, wl,m(t) is the beamforming vector from the l-th BS
to the m-th user, sm(t) is the desired data symbol for the
m-th user and zm(t) denotes the independent identically
distributed additive complex Gaussian noise, with zero mean
and variance �2 at users, 8 m. Note that T is the number of
channel uses needed to fulfill the demands of the users. For
convenience, we skip the time index t in the rest of the paper.
Without loss of generality, we assume that E[|sm|2] = 1
and sm’s are chosen independently from each other. By
treating the contribution of undesired signals at the m-th user
as noise, the corresponding signal-to-interference-plus-noise
ratio (SINR) can be written as

SINRm =
|hH

mwm|2
PM

j 6=m|hH
mwj |2 + �2

, m = 1, . . . , M. (2)

We assume that each user has a minimum SINR requirement
that needs to be fulfilled to satisfy a particular quality of

Cloud

Backhaul Links

Base Station

User

Cache

Fig. 1. System architecture of a C-RAN with local cache storage.

service constraint. We refer to the target SINR for the m-th
user as �m.

A. Files Placement in the Caches
Since the storage capacity of caches is lower than that of the

central cloud, how to fill them is of paramount importance. The
main idea is to only store the popular contents in the caches, so
as to avoid the data transfer cost that arises from the backhaul
link. The popularity of the files can be measured based on the
number and behavior of the requests; and, is modeled here as
Zipf distribution [2]. We assume that the files are sorted from
the most to the least popular ones, such that the most popular
file has index 1 (f = 1) and the least popular file has index
F (f = F ). According to Zipf distribution, the probability of
f -th file requested by the user is given as

Zf =
f�↵

PF
k=1 k�↵

, f = 1, . . . , F (3)

where ↵ is the shaping parameter and is related to the skewness
of the distribution [11]. A large value of ↵ means that the
distribution is more skewed and therefore the probability of
requesting a small group of files is large. We assume that the
popularity distribution is known at the cloud.

We define the cache placement matrix R 2 [0, 1]F⇥L,
where the f -th row and the l-th column of R is �f,l, which
corresponds to the fraction of the parity bits of the f -th file
that is stored in the cache of the l-th BS. We denote the storage
capacity of each cache as BS bits, where B is the size of each
file. Due to the cache size constraint,

XF

f=1
�f,l = BS (4)

needs to be satisfied at the l-th BS, 8 l 1. The cache placement

1For convenience, in the rest of the paper, we assume that all files have
normalized size (B = 1).

Ugur, Y., Awan, Z.H. and Sezgin, A., 2016, March. “Cloud radio 
access networks with coded caching.” In Smart Antennas 
(WSA 2016); Proceedings of the 20th International ITG 
Workshop on (pp. 1-5). VDE.

Tao, M., Chen, E., Zhou, H. and Yu, W., 2016. “Content-centric 
sparse multicast beamforming for cache-enabled cloud RAN.” 
IEEE Transactions on Wireless Communications, 15(9), pp.
6118-6131.
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Implicit Sparse BF by Pilot Collision Control

• Bursalioglu, Wang, Papadopoulos, and GC, 2016, May. “RRH based massive MIMO with on
the Fly pilot contamination control.” IEEE ICC (pp. 1-7).
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Scaling Laws of FemtoCaching (1)

• Assume a Zipf “heavy tail” demand distribution Pn = n−τ∑N
m=1m

−τ with τ < 1.

• Assume the “protocol model” for successful transmission

r0

r1 = (1 + �)r0
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Scaling Laws of FemtoCaching (2)

• Using the results from “one-hop” D2D wireless networks, it is immediate to
conclude that if H = O(K) and N

1−τ
2−τ = o(H), the per-user delivery delay as

K →∞ is
D = Θ (1/µ)

where µ = M/N is the per-RRH fractional cache memory, with no backhaul
or centralized server.

• Intuition:

Suppose N = νMH for some ν ∈ (0, 1] ... ⇒ the entire library can be
cached in a cooperation cluster of size νH.
Divide the network in disjoint clusters each containing νH = 1/µ RRH and
≈ νH(K/H) users, and activate one user per cluster in round robin ... ⇒
delivery delay O(νK) = O(1/µ).
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D2D Caching
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D2D Caching: Getting Rid of the Infrastructure

• With the advent of Device-to-Device communications (is it coming? LTE-
D2D, 5G-D2D), and the ever-growing on-board memory of wireless devices,
we can replace the RRH in a FemtoCaching network with the user devices
(which becomes at the same time users and helpers).

• Key Idea: content replication and multi-hop.
16

p
ah

p
ac

...

...

. . . . . .

Source

Destination

Fig. 3. The proposed multihop routing protocol for file delivery after the source node selection.

From Definition 1 and the above source node selection, all nodes should find their source nodes within

their own traffic cells whp, in order to achieve a non-zero Tn. Lemma 3 below characterizes such a

condition of the area of traffic cell ac (i.e., ⌘) such as ⌘ 2 [0, 1 � (↵� �)).

For the ease of exposition, we refer to the pair formed by a node and its source node as source–

destination (SD) pair. Notice that in our model, each SD pair is located in the same traffic cell while

in the conventional wireless ad-hoc network, SD pairs are randomly located over the entire network.

Thanks to caching, we can reduce the distance of each SD pair (see Lemma 3). Also, differently from

the conventional ad-hoc network model, each node can be a source node of multiple destinations, which

make the throughput analysis more complicated (see Lemma 5).

Next, we explain the proposed multihop transmission scheme for the file delivery between n SD pairs,

see also Fig. 3 (multihop transmission):

• Divide each traffic cell into square hopping cells of area ah = 2 log n
n .

• Define the horizontal data path (HDP) and the vertical data path (VDP) of a SD pair as the horizontal

line and the vertical line connecting a source node to its destination node, respectively. Each source

node transmits the requested file to its destination by first hopping to the adjacent hopping cells on
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D2D Caching: Scaling Laws under the Protocol Model

• For the protocol model, we have

D = Θ(
√

1/µ)

with is significantly better than the one-hop network (under the physical
model restricting to multihop the same can be achieved).

• Intuition:

Suppose N = νMK for some ν ∈ (0, 1] ... ⇒ the entire library can be
cached in a cooperation cluster of size νK.
Divide the network in disjoint clusters of size νK = 1/µ, and serve the
users in each cluster by multihop.
Gupta and Kumar IT-2000 famous result: per-user throughput Θ( 1√

νK
) ...

⇒ D = Θ(
√

1/µ).
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D2D Caching: Cache-Enabled Hierarchical Cooperation

• The network is organized into an L-level hierarchy of nested partitions with
groups size 1, 4, 42, 43, . . . , 4L = K.

• Content items are broken into chunks. Content item at level ` is broken into
4` chunks, and replicated in each group of the partition at level `.

• More probable files are allocated to lower levels (i.e., higher rate of replication
in the network).

• Delivery phase: let user k demand content item n at hierarchy level `.
The group of 4` nodes containing user k “aggregates” the packets of the
requested content item onto user k. Aggregation occurs in successive steps
(in this case ` steps).

• Cache-enabled cooperative MIMO: just as in Ozgur, Leveque, and Tse,
IT2010, the group of users sharing chunks of a given content item operate
as a giant distributed antenna array, and create a point-to-point MIMO in a
cooperative fashion.
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D2D Caching: Cache-Enabled Hierarchical Cooperation
Figure 2: Components of the cache-induced hierarchical cooperation and their inter-relationship.

Figure 3: Illustration of clusters at different levels for a network with n = 64 nodes.

between the source nodes and destination node. The cooperation layer provides this tree abstraction to

the routing layer by appropriately concentrating traffic over the network. Finally, the PHY implements

this concentration of messages in the wireless network based on two PHY transmission modes, namely,

hierarchical cooperation mode and multihop mode. The details of the components are elaborated in the

following subsections.

Figure 4: Illustration of the capacitated graph G for the network in Fig. 3 with n = 64 nodes. Suppose node V0,4

requests a file cached at the first level. Then the set of source nodes is V2,1 (red node) and the routing path from

the source cluster V2,1 to the destination V0,4 is illustrated with red arrows.

1) Source Determination Layer: Let Vm,g(i) denote the internal node at the m-th level in G that

contains the leaf node V0,i (i.e., V0,i ✓ Vm,g(i)). Then for a leaf node V0,i requesting the l-th content

cached at the m-th level (i.e., ql = 4�m), the set of source nodes is given by Vm,g(i), which is the cluster

at the m-th level that contains V0,i, as illustrated in Fig. 4 for V0,4. Since the cache of each node in

Vm,g(i) stores a different portion of the 4�mF bits of the l-th file, the leaf node V0,i can reconstruct a

complete copy of the l-th file by collecting all the portions (subfiles) from the nodes in Vm,g(i).

2) Routing Layer: When a leaf node V0,i requests the l-th content cached at the m-th level, the

requested content is sent from the source set Vm,g(i) to the destination V0,i via the path Vm,g(i) !
Vm�1,g(i) · · · ! V1,g(i) ! V0,i in the capacitated graph G, as illustrated in Fig. 4 for V0,4. This corresponds

to the concentration of the content to smaller and smaller clusters until it finally concentrates to the single

leaf node V0,i that requested the content.

3) Cooperation Layer: To send information along an edge from a parent node to a child node, the

routing layer calls upon the cooperation layer. Specifically, suppose the routing layer calls the cooperation

layer to send a message from a parent node Vm,i to a child node Vm�1,j . Assume each node in Vm,i has

access to a distinct 4�m fraction of the message to be sent. Then each node in Vm,i\Vm�1,j sends its

part of the message to a node in Vm�1,j such that after the transmission, each node in Vm�1,j will have

access to a distinct 4�(m�1) fraction of the message, as illustrated in Fig. 5 for m = 2.

4) Physical Layer: The PHY groups the traffic induced by the cooperation layer into per cluster

uniform permutation traffic within different clusters at different levels so that we can use the existing

hierarchical cooperation scheme or multihop scheme described in Section III as building blocks to handle

the traffic induced by the cooperation layer. Specifically, the choice of PHY transmission mode for level

m with cluster size 4m depends on which PHY mode achieves a higher throughput, as described in

Section III-C.

Figure 5: Subfigures (a1)-(a4) illustrate the concentration of content from parent node V2,1 to child nodes

V1,1, V1,2, V1,5 and V1,6, respectively, for the network in Fig. 3. The PHY partitions all the 3 ⇥ 42 = 48 subfile

transmissions induced by the concentration of content from parent node V2,1 to its child nodes into three groups of

uniform permutation traffic. At each time, the PHY schedules one group for transmission using either the hierarchical

cooperation or multihop scheme, as illustrated in Subfigures (b1)-(b3).

To achieve this, the PHY needs to properly partition the available resources between different levels and

different clusters, and schedule the transmissions. Specifically, the resource partitioning and scheduling

at different levels/clusters are elaborated below.

The PHY time shares between the transmissions of Mb active levels, where Mb = maxm s.t. xm > 0.

(Note that all levels higher than Mb are inactive since no content files are cached at these levels.) Note

that Mb � 1 since LC < L. For simplicity, in our achievability strategy, we choose to serve the levels in

a round robin manner with the same fraction of time per level. This turns out to be sufficient in terms

of scaling laws.

Within the m-th level for m > 0, there is no communication between clusters at the m-th level and the

communications within each cluster of the m-th level occur simultaneously to achieve spatial reuse gain.

This is exactly the per cluster uniform permutation traffic with cluster size N = 4m described in Section

III-C. Therefore, we can use the hierarchical cooperation or multihop scheme described in Section III-C

to handle the traffic at the m-th level.

36



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

 
 

 
     

 
 
 
 
 
 
 
 
 
Nur für Teilnehmer ohne Hotelübernachtung bzw. aus Berlin, Potsdam und Golm. 
Bitte melden Sie sich mit dem Brief an der Registrierung vor Ort. 
 
Only for guests without hotel reservation or from Berlin, Potsdam, Golm. 
Please show this letter at our on-site registration. 
 

EINLASSBRIEF 
zum Empfang durch den Bundespräsidenten Joachim Gauck 
 
am Dienstag, 3. Juni 2014, 16:15 Uhr (Einlass 15:00 -16:00 Uhr) 
 
Schloss Bellevue (Park), Spreeweg 1, 10557 Berlin 
 
im Rahmen der Jahrestagung der Alexander von Humboldt-Stiftung.  
 
   
 
Begleitperson /  
accompanying person:    
 
Kind(er) / child(ren):   
 
 
 
 
 
 
Der Einlass in das Schloss Bellevue erfolgt mit dieser Einlasskarte und gültigen Ausweisdoku-
menten (Reisepass oder Personalausweis). Wenn Sie von Ihrer Familie begleitet werden, prü-
fen Sie bitte, dass alle Begleitpersonen und Kinder die notwendigen Dokumente und diesen 
Brief (jede Person braucht einen Brief) mit sich führen. Wir bitten um Ihr Verständnis, dass 
aus Sicherheitsgründen der Einlass ohne Vorlage der entsprechenden Dokumente nicht gewährt 
werden kann. 
 
To enter the Schloss Bellevue please bring along this admission ticket and additionally your 
passport. In case you are accompanied by your family, please make sure that all accompa-
nying persons and children have the necessary documents and this admission ticket (one 
ticket per person) with them as well. Please kindly understand that for safety reasons the ad-
mission to the reception is not possible without presentation of the respective documents. 

GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

D2D Caching: Cache-Enabled Hierarchical Cooperation

• Results for extended networks (constant user density, Area = Θ(K)).

Protocol model Physical model

W/o cache Scaling Θ(K
1
2) Θ(K

min{3,α}
2 −1)

Strategy Multihop Hierarchical coop.

With cache Scaling Θ(µ−1/2) Θ(µ1−min{3,α}
2 )

heavy tail {Pn} Strategy Random caching Cache-enabled H-Coop
+ Multihop

With cache Scaling Unknown Known for Zipf
general {Pn} Strategy Unknown Known for Zipf
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Coded Caching
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Can we achieve scalability with finite infrastructure?

• FemtoCaching requires infrastructure nodes to grow linearly with the users.

• D2D Caching requires no infrastructure, but it is very hard to do (no good
D2D standard in place, coordination across a large network).

• Can we achieve scalability with finite infrastructure and no D2D
communication?

• Yes we can! Caching at the user nodes, and delivery by Coded Multicasting.

• (Network) Coding turns unicast traffic into multicast traffic.
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The Single Shared Link Network

• Model proposed and analyzed by Maddah-Ali and Niesen in a series of
papers.

Z1 Z2 Z3 ZK

X

cW 1
d1

cW 2
d2

cW 3
d3
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dK
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Example: K = N = 3, M = 2

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

A = (A12, A13, A23), B = (B12, B13, B23), C = (C12, C13, C23)

• For example, the demand vector d = (A,B,C) is satisfied by transmitting:
X = A23 +B13 + C12.
• Achieved rate R = 1/3.

Z1 Z2 Z3

Z1 = (A12, A13, B12, B13, C12, C13)

Z2 = (A12, A23, B12, B23, C12, C23)

Z3 = (A13, A23, B13, B23, C13, C23)

A B C

X = A23 + B13 + C12
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Delivery Time of Coded Caching

• Centralized (generalizing the previous example):

D =
K(1− µ)

1 + µK

• Decentralized (users cache random chunks independently):

D =
K(1− µ)(1− (1− µ)K)

µK

• In both cases, the scaling for large K is

D =
1

µ
− 1 ≈ 1

µ

• Pretty much the same scaling of the FemtoCaching network (or one-hop D2D
network) D = Θ(1/µ).

42



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

 
 

 
     

 
 
 
 
 
 
 
 
 
Nur für Teilnehmer ohne Hotelübernachtung bzw. aus Berlin, Potsdam und Golm. 
Bitte melden Sie sich mit dem Brief an der Registrierung vor Ort. 
 
Only for guests without hotel reservation or from Berlin, Potsdam, Golm. 
Please show this letter at our on-site registration. 
 

EINLASSBRIEF 
zum Empfang durch den Bundespräsidenten Joachim Gauck 
 
am Dienstag, 3. Juni 2014, 16:15 Uhr (Einlass 15:00 -16:00 Uhr) 
 
Schloss Bellevue (Park), Spreeweg 1, 10557 Berlin 
 
im Rahmen der Jahrestagung der Alexander von Humboldt-Stiftung.  
 
   
 
Begleitperson /  
accompanying person:    
 
Kind(er) / child(ren):   
 
 
 
 
 
 
Der Einlass in das Schloss Bellevue erfolgt mit dieser Einlasskarte und gültigen Ausweisdoku-
menten (Reisepass oder Personalausweis). Wenn Sie von Ihrer Familie begleitet werden, prü-
fen Sie bitte, dass alle Begleitpersonen und Kinder die notwendigen Dokumente und diesen 
Brief (jede Person braucht einen Brief) mit sich führen. Wir bitten um Ihr Verständnis, dass 
aus Sicherheitsgründen der Einlass ohne Vorlage der entsprechenden Dokumente nicht gewährt 
werden kann. 
 
To enter the Schloss Bellevue please bring along this admission ticket and additionally your 
passport. In case you are accompanied by your family, please make sure that all accompa-
nying persons and children have the necessary documents and this admission ticket (one 
ticket per person) with them as well. Please kindly understand that for safety reasons the ad-
mission to the reception is not possible without presentation of the respective documents. 

GiuseppeGiuseppeGiuseppeGiuseppe CaireCaireCaireCaire

Coded Caching in More Practical Networks

• For every network topology we have to solve a new problem (somehow
difficult, boring, and impractical).

• Naturally matched to wireless broadcast networks (Evolved Multimedia
Broadcast Multicast Services, eMBMS).

• Naturally matched to MU-MIMO (through the “multiserver” linear network
extension of Shariatpanahi, Motahari, and Khalaj, IT2016).

Z1

ZK

Zs

Linear
Network

s1

s2

sL

u1

us

uK

y = Hx
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Universality of the Shared Link Network

• Naderializadeh, Maddah-Ali, and Avestimehr, arXiv:1701.05881, 2017, have
proved a very important universality result:

APPROX. OPTIMALITY OF CACHING AND DELIVERY: Given a many-
to-one memoryless network with one transmitter, arbitrary internal nodes
(relays), and K users (destinations) with caches, the delivery time achieved
by using the shared link network coded caching scheme followed by **optimal
multicast** in the network is approximately optimal.

3

...
...

...

..

.

Fig. 1. System model for the case of K = 3 users and m relays, with a library of N files, each containing F bits, and an isolated cache of size
MF bits at each user. The communication network is modeled by the probability distribution p(yH1

, ..., yHm , yD1
, yD2

, yD3
|xS, xH1

, ..., xHm ),
where xS and (xH1

, ..., xHm ) respectively denote the transmit signal by the server and the relays, and (yH1
, ..., yHm ) and (yD1

, yD2
, yD3

)
respectively denote the received signal of the relays and the users. Moreover, for any subset D ✓; {1, 2, 3}, VD denotes the message that the
server multicasts to the users {Di}i2D .

users through an arbitrary memoryless communication network consisting of m relays {Hi}m
i=1, with the channel

model given by an arbitrary transition probability p(yH1 , ..., yHm , yD1 , ..., yDK
|xS, xH1 , ..., xHm), where for each

node j, Xj represents the input alphabet and Yj represents the output alphabet, xS 2 XS and (xH1
, ..., xHm

) 2 XH1
⇥

...⇥XHm
respectively denote the channel input by the server and the relays, and (yH1

, ..., yHm
) 2 YH1

⇥ ...⇥YHm

and (yD1
, ..., yDK

) 2 YD1
⇥ ... ⇥ YDK

respectively denote the channel output to the relays and the users. This

represents a general cache network model where the caches are located at the edge of the network and it includes

bottleneck [1], multiserver [2], combinatorial [3], [4], and tree [5] cache networks. An example of such a system

model with K = 3 users is illustrated in Figure 1.

The system operates in two phases:

Prefetching Phase: In this phase, each user Di, i 2 [K], caches a subset of bits from the library, denoted by Qi,

such that |Qi|  MF . We restrict our attention to uncoded prefetching in which each user is allowed to cache any

subset of the bits of the files in the library in an uncoded manner.

Delivery Phase: In this phase, each user Di, i 2 [K], will reveal its request for a file Wdi
from the library. After

the demand vector d = [d1 · · · dK ]T is revealed, the delivery strategy consists of the following:

• Multicast message generation: Generating 2K � 1 multicast messages {VD}D✓;[K]
1 at the server, and

• Multicast message delivery: Implementing an encoder at the server and decoders at the users, and a relaying

strategy for each relay, so that for each subset D ✓; [K], the message VD is multicast to the users {Di}i2D.

The multicast messages are generated such that if they are successfully delivered, each user Di, i 2 [K], will be

able to decode its desired file Wdi based on its cache contents Qi and its decoded multicast messages {VD}i2D.

1For two sets A and B, A ✓; B is equivalent to A ✓ B, A 6= ;.
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Example: Combination Networks

• H relays (helpers, mirrors, RRHs) with backhaul (H orthogonal links).

• Each user is connected to r ≤ H distinct relays.

S

U :

H :
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A Simple Concatenated Scheme

• Outer Code: coded caching as for the shared link network.

• Inner Code: the multicast codeword is encoded by an (r,H) MDS code ⇒
the whole multicast message is recovered from any r out of H MDS-coded
blocks.

• Speedup factor equal to r (e.g., degree of parallelization, bandwidth
aggregation).

r subblocks

Coded Multicasting codeword

X

H coded blocks

X recovered from any r out of H blocks
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Challenges with Coded Caching

• Packetization order: For the class of achievability scheme proposed so far,
the file size B scales with N,M,K, B must scale super-exponentially fast
with t = µK in order to achieve the Θ(K) coded caching gain.

Shanmugam, Tulino, Llorca, and Dimakis, “Finite-Length Analysis of
Caching-Aided Coded Multicasting.” IEEE Trans. on IT, 62(10), pp.5524-
5537, 2016.

• Users with different quality requirements: getting closer to actual video
streaming (DASH)

Cacciapuoti, Caleffi, Ji, Llorca, and Tulino, “Speeding up future video
distribution via channel-aware caching-aided coded multicast.” IEEE JSAC,
34(8), pp.2207-2218, 2016.

Yang, and Gündüz, “Centralized coded caching for heterogeneous lossy
requests.” ISIT 2016.
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Conclusions
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Concluding on a Positive Note

• Caching yields per-user throughput scalability for µ = M/N > 0.

• Caching at the user devices is key to spare on infrastructure.

• Coded caching is much more general than what it looks like ... close to one-
size fits all.

• Despite widespread skepticism and serious theoretical challenges .... IT
WORKS!

(WT10 - Advanced Caching in Wireless Networks: Thursday May 24, Room
231M/232M, 14:00 – 17:30, Keynote by Michael Heindlmaier)
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