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Abstract

This paper proposes an extended coded caching scheme based on piggyback coding for single-server multi-user
networks with decentralized caching. The proposed scheme is obtained by adapting Polar codes and extending the
original coded caching scheme, which is based on index coding and a data assignment that can be implemented
via minimum graph-colouring. Polar codes are adapted so that users can apply parts of their cache contents as
the “frozen bits” for Polar decoding, and the coded caching is adapted so as to account for different user coding
rates and to combine transmissions to cache-aided and cache-free users. Numerical simulations prove that our
piggyback-coding based scheme achieves higher rates than previous schemes also in the finite block-length regime.
Finally, real testbed measurements are presented, which validate the practical implementation.

I. INTRODUCTION

Placing contents in cache memories during periods of low network congestions is a powerful tool
to reduce network load during peak-traffic times. The fundamental works [1], [2], see also [3]–[15],
showed that smart placement and coded multicasting strategies further allow to decrease the network load
by a multiplicative factor. These works modelled the communication link from the server to the users
as a noise-free shared link. Subsequently, [16]–[18] showed that further reductions in network load are
possible on this classic single-server multi-user network in asymmetric or fading scenarios by exploiting
the noisy nature of the channel through a joint design of the multicast transmissions and channel coding,
see also [17], [19]–[28]. These works proved for various scenarios that jointly designed schemes achieve
higher reliable communication rates in an information-theoretic framework where the blocklength tends
to infinity.

The goal of this paper is three-fold: 1) Present an extended coded caching scheme based on the
piggyback coding schemes in [16]–[18] for the single-server multi-user broadcast network; 2) Provide
a prototype implementation of the proposed scheme and show through numerical simulations that it
improves performance over classic coded caching schemes also in the finite blocklength regime; and 3)
Validate the proposed implementation on a practical testbed.

We consider a setup with a single server, which stores an entire library of N files, and K users, each
wishing to download one of these files. Some of the users (but not necessarily all) are equipped with
cache memories where they can prefetch some of the contents in the library. We consider a decentralized
caching scenario where each cache-aided user randomly prefetches information from the library to its
cache memory, irrespective of the contents prefetched by other users. During this cache prefetching phase,
also called placement phase, the users have not yet chosen which specific file they wish to download
from the library. The cache-prefetching should thus follow a universal algorithm as in [1]. Following this
placement phase, all users select one of the files for download, and the server will deliver the missing
information (the information that was not placed in their cache memories) during the subsequent delivery
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phase. In this article, we model the network during the delivery phase either as a Gaussian or a frequency-
selective fading broadcast channel.

The coded-caching delivery scheme in [1], [2] proposed that the server successively multicasts the
XOR of contents for different groups of users. Each user that is served by this multicast transmission
can recover its desired contents if it has stored all other XORed contents in its cache memory. Piggyback
coding combines this idea with channel coding, so as to allow different users in each group to be served
at their corresponding capacities. Furthermore, piggyback coding allows to add contents to cache-free
users to the various multicast transmissions. We explain the principle of piggyback coding directly on the
Polar-codes implementation proposed in this paper. For each Polar codeword, the server XORs contents
for a specific group of cache-aided users, where it zero-padds the contents to the various users to the same
length if required. Then, it appends further contents for cache-free users to this XORed bit string, and
feeds the concatenated string to a Polar encoder. In this last encoding step it is important that the first bits
of the string (the XOR-bits) are mapped to the most reliable bits of the Polar code and the latter to less
reliable bits. A cache-free user simply decodes all the information bits from the Polar code, and should
thus have good channel conditions, unless the XORed string is short. A cache-aided user should be able
to retrieve the bits intended for the cache-free users and the high-order bits of the XOR string from its
cache memory and use them as “frozen bits” in a standard Polar decoding algorithm, e.g., [29], [30], so
as to be able to decode the part of the XOR string containing its intended contents. Finally, it also uses
its cache contents to retrieve its intended contents from the truncated XOR bits as in coded caching. In
this sense, in our piggyback coding implementation the cache contents not only allow the users to cancel
interference in the XORs, but by serving as frozen bits the cache contents also allow the users to decrease
their decoding error probabilities.

Both the original coded-caching delivery scheme, as well as the extended piggyback coding schemes
require a careful assignment of the various contents to the different multicast transmissions. The optimal
assignment for coded-caching delivery can be phrased as an Index Coding problem [31] and solved by
applying a minimum graph colouring algorithm to a conflict graph that represents the contents that have
to be delivered [32]. (Each colour indicates a group of contents that should be sent in a single multicast
transmission.) Since minimum graph-colouring is known to be NP-hard, [33]–[35] proposed polynomial-
time algorithms to obtain graph colourings yielding large throughputs. Finding the assignment for our
piggyback coding delivery is even more complicated because different users should be served at different
rates and because contents for cache-free users also have to be assigned. In this paper, we solve this
problem by iterative applications of the GRASP [33] graph colouring algorithm for caching to varying
conflict graphs, which allows to account for different rates at the various users. In a second step, a
maximum bipartite matching algorithm is used to assign contents of cache-free users to the multicast
groups obtained in the first step.

We conclude the introduction with a list of the main contributions of this article:
1) A practical scheme based on the piggyback coding idea in [17]–[19] is proposed under decentralized

caching. The implementation is based on Polar codes [29] and an extended data assignment algorithm.
Polar codes offer a natural tool to implement piggyback coding schemes through smart selection of
the frozen bits during the users’ decoding steps. The data assignment is extended to account for
different rates at the various users and to include also contents intended for cache-free users.

2) An implementation prototype of the proposed Polar piggyback coding scheme is presented, and
through numerical simulations an improved throughput of our implementation in the finite block-
length regime is shown for Gaussian and frequency-selective fading channels. The gains compared to
the classical coded caching scheme prove the utility of piggyback coding also for finite blocklengths.
Previous works [17]–[19], [21] had focused on the asymptotic infinite blocklength regime. The gains
of our practical implementation compared to a system without piggyback coding nor coded caching
prove the effectiveness of the proposed scheme. In particular, they show that the proposed extended
data assignment algorithm efficiently assigns contents to both cache-aided and cache-free users.

3) The practical implementation of the overall cache-aided Polar coding scheme is validated with real
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test-bed measurements on FIT/CorteXlab [36]. The present paper thus significantly extends and
improves over the previous testbed implementation in [37], which implemented the original coded
caching scheme using the GRASP minimum graph-colouring algorithm. In our implementation we
are able to serve cache-aided users at different rates and can also include transmissions to cache-free
users.

II. DETAILED MODEL DESCRIPTION

Consider a communication network with a single server and users 1, . . . , K. The server has access to
a library of N files:

W1, · · · ,WN , (1)

where each file consists of F independent and identically distributed (i.i.d.) bits. The popularity of a file
is defined as the probability to be requested by a user k, i.e. user k requests the file Wn with probability
pn. This popularity pn is computed according to a Zipf-distribution with parameter s as follows

pn =
1/ns∑N
k=1 1/ks

. (2)

Consequently, the popularity of Wn is a decreasing sequence.
Users are divided into two categories: i) users equipped with a cache memory, where parts of files can

be prefetched, and ii) users without cache memories. Without loss of generality, we can assume that users
in Kcache := {1, . . . , K0} have a cache memory, for some given positive integer K0 > 0, and users in
Knocache := {K0 + 1, . . . , K} don’t.

Communication takes place in two phases as explained next.

A. Decentralized Placement Phase
During the the placement phase, each cache-aided user k ∈ Kcache downloads bits from the server

according to a common randomized policy. Specifically, each file is split into Nchunks chunks of equal size
Fchunk, and each cache-aided user k ∈ Kcache independently downloads each chunk of each file Wn to its
cache memory Zk with a given probability αpn, for a fixed α ∈ (0, 1). The required cache size thus is

N∑

n=1

Nchunks∑

m=1

xm,nFchunk, (3)

where {xm,n}m is a Bernouilli-distributed sequence with Pr(xm,n = 1) = αpn. The weak law of large
numbers implies that for sufficiently large file sizes F � Fchunk, i.e., for Nchunks large enough, cache size (3)
is not much larger than αF with high probability. Equivalently, each user in Kcache stores approximately
a proportion αpn of each file Wn in its cache memory.

B. Delivery Phase over a Wireless Channel
In the subsequent the delivery phase, each user k makes a demand dk ∈ {1, . . . , N} and sends it to

the server and all other receivers. This communication roughly consumes 2K log2(N) bits, which can
be neglected when log2(N) � F . This assumption is satisfied, for instance, in a video delivery system
containing only the most popular files.

The task of the server is to send a signal so that each user can reconstruct its demanded file from the
received delivery signal and its local cache content Zk. The delivery system is illustrated in Figure 1 and
explained in detail in the following.
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Channel 

Yk(t)
<latexit sha1_base64="3BbL+L2Z5/rBVcSHIGrmSMwwdVQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXBT0GvXiMYB6ShDA7mU3GzM4uM71CWPIPXjwo4tX/8ebfOEn2oIkFDUVVN91dfiyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMf3Uz95hPXRkTqHscx74Z0oEQgGEUrNR56ozKe9oolt+LOQJaJl5ESZKj1il+dfsSSkCtkkhrT9twYuynVKJjkk0InMTymbEQHvG2poiE33XR27YScWKVPgkjbUkhm6u+JlIbGjEPfdoYUh2bRm4r/ee0Eg6tuKlScIFdsvihIJMGITF8nfaE5Qzm2hDIt7K2EDammDG1ABRuCt/jyMmmcVbzzytndRal6ncWRhyM4hjJ4cAlVuIUa1IHBIzzDK7w5kfPivDsf89ack80cwh84nz/TOo6i</latexit>

x(t)
<latexit sha1_base64="0/c74ZxaxbQ/fx+9aT5avb8EXX0=">AAAB63icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnosevFYwX5Au5Rsmm1Dk+ySzIpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBbHgBlz32ymsrW9sbhW3Szu7e/sH5cOjtokSTVmLRiLS3YAYJrhiLeAgWDfWjMhAsE4wuc38ziPThkfqAaYx8yUZKR5ySiCTnqpwPihX3Jo7B14lXk4qKEdzUP7qDyOaSKaACmJMz3Nj8FOigVPBZqV+YlhM6ISMWM9SRSQzfjq/dYbPrDLEYaRtKcBz9fdESqQxUxnYTklgbJa9TPzP6yUQXvspV3ECTNHFojARGCKcPY6HXDMKYmoJoZrbWzEdE00o2HhKNgRv+eVV0q7XvIta/f6y0rjJ4yiiE3SKqshDV6iB7lATtRBFY/SMXtGbI50X5935WLQWnHzmGP2B8/kDgxeN4w==</latexit>OFDM 
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<latexit sha1_base64="Eh/ai804aHHO+YvZELpA4Mslv3Y=">AAAB9XicbVDLTgJBEJzFF+IL9ehlIjHxRHbRRI9ELx4xcYEEVjI79MKE2UdmelWy4T+8eNAYr/6LN//GAfagYCWdVKq6093lJ1JotO1vq7Cyura+UdwsbW3v7O6V9w+aOk4VB5fHMlZtn2mQIgIXBUpoJwpY6Eto+aPrqd96AKVFHN3hOAEvZINIBIIzNNJ9F+EJM1eDohM66pUrdtWegS4TJycVkqPRK391+zFPQ4iQS6Z1x7ET9DKmUHAJk1I31ZAwPmID6BgasRC0l82untATo/RpECtTEdKZ+nsiY6HW49A3nSHDoV70puJ/XifF4NLLRJSkCBGfLwpSSTGm0whoXyjgKMeGMK6EuZXyIVOMowmqZEJwFl9eJs1a1Tmr1m7PK/WrPI4iOSLH5JQ45ILUyQ1pEJdwosgzeSVv1qP1Yr1bH/PWgpXPHJI/sD5/AGHIkm0=</latexit>

Server
<latexit sha1_base64="U6tlIoOdgDIcZzPD3GwMaSL7Adw=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKi+YDkCHubuWTN3u2xuyeEI//BxkIRW/+Pnf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopWWqGDaZFFJ1AqpR8BibhhuBnUQhjQKB7WB8M/PbT6g0l/GDmSToR3QY85AzaqzUukdl3X654lbdOcgq8XJSgRyNfvmrN5AsjTA2TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LYxqh9rP5tVNyZpUBCaWyFRsyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZzxOUoMxWywKU0GMJLPXyYArZEZMLKFMcXsrYSOqKDM2oJINwVt+eZW0alXvolq7q1Xq13kcRTiBUzgHDy6hDrfQgCYweIRneIU3RzovzrvzsWgtOPnMMfyB8/kDrAGPLw==</latexit>

Wdk
<latexit sha1_base64="e+ByBJZC5IMRWne3R4Tt8Pw7ico=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2KbQhrDZbNolm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QcaZ0rb9bVU2Nre2d6q7tb39g8Oj+vFJX6W5JLRHUp7KQYAV5UzQnmaa00EmKU4CTt0gvpv77hOViqXiUU8z6iV4LFjECNZGcl2/CP145tcbdtNeAK0TpyQNKNH161+jMCV5QoUmHCs1dOxMewWWmhFOZ7VRrmiGSYzHdGiowAlVXrE4d4YujBKiKJWmhEYL9fdEgROlpklgOhOsJ2rVm4v/ecNcRzdewUSWayrIclGUc6RTNP8dhUxSovnUEEwkM7ciMsESE20SqpkQnNWX10m/1XSumq2HdqNzW8ZRhTM4h0tw4Bo6cA9d6AGBGJ7hFd6szHqx3q2PZWvFKmdO4Q+szx9s/o+g</latexit>

W1

W2

...
WN<latexit sha1_base64="L6PL9KK7amvth1Ezfwpd0DqquRI=">AAACH3icbVDLSgMxFM3UVx1fVZdugkVwVWaqqMuiG1dSwT6gU4ZM5rYNzWSGJFMsQ//Ejb/ixoUi4q5/Y/oQtPVCyOGcc7n3niDhTGnHGVu5ldW19Y38pr21vbO7V9g/qKs4lRRqNOaxbAZEAWcCapppDs1EAokCDo2gfzPRGwOQisXiQQ8TaEekK1iHUaIN5RcuvAC6TGQR0ZI9juyG73oebvhlbD5vEMZa4SlxZ3sgwh+fXyg6JWdaeBm4c1BE86r6hS8vjGkagdCUE6VarpPodkakZpTDyPZSBQmhfdKFloGCRKDa2fS+ET4xTIg7sTRPaDxlf3dkJFJqGAXGafbrqUVtQv6ntVLduWpnTCSpBkFngzopxzrGk7BwyCRQzYcGECqZ2RXTHpGEahOpbUJwF09eBvVyyT0rle/Pi5XreRx5dISO0Sly0SWqoFtURTVE0RN6QW/o3Xq2Xq0P63NmzVnznkP0p6zxN5XrohQ=</latexit>

Cache 
Memory

hk,t(⌧)
<latexit sha1_base64="/d2bCZRBpizcNkBUArDSfyv3xls=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BItQQUpSBT0WvXisYD+gDWWz3bRLN5u4OymU0N/hxYMiXv0x3vw3btsctPXBwOO9GWbm+bHgGh3n28qtrW9sbuW3Czu7e/sHxcOjpo4SRVmDRiJSbZ9oJrhkDeQoWDtWjIS+YC1/dDfzW2OmNI/kI05i5oVkIHnAKUEjecNeOrrAabmLJDnvFUtOxZnDXiVuRkqQod4rfnX7EU1CJpEKonXHdWL0UqKQU8GmhW6iWUzoiAxYx1BJQqa9dH701D4zSt8OImVKoj1Xf0+kJNR6EvqmMyQ41MveTPzP6yQY3Hgpl3GCTNLFoiARNkb2LAG7zxWjKCaGEKq4udWmQ6IIRZNTwYTgLr+8SprVintZqT5clWq3WRx5OIFTKIML11CDe6hDAyg8wTO8wps1tl6sd+tj0Zqzsplj+APr8wc/sZHB</latexit>

Wk(t)
<latexit sha1_base64="R4nRCb7G8Mkr50A3GX8GJIMdXuI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2E3CnoMevEYwTwgWcLsZJKMmd1ZZnqFsOQfvHhQxKv/482/cZLsQRMLGoqqbrq7glgKg6777eTW1jc2t/LbhZ3dvf2D4uFR06hEM95gSirdDqjhUkS8gQIlb8ea0zCQvBWMb2d+64lrI1T0gJOY+yEdRmIgGEUrNVu9cRnPe8WSW3HnIKvEy0gJMtR7xa9uX7Ek5BEySY3peG6Mfko1Cib5tNBNDI8pG9Mh71ga0ZAbP51fOyVnVumTgdK2IiRz9fdESkNjJmFgO0OKI7PszcT/vE6Cg2s/FVGcII/YYtEgkQQVmb1O+kJzhnJiCWVa2FsJG1FNGdqACjYEb/nlVdKsVryLSvX+slS7yeLIwwmcQhk8uIIa3EEdGsDgEZ7hFd4c5bw4787HojXnZDPH8AfO5w/QKI6g</latexit>

c
<latexit sha1_base64="fPAL5cE4p08XiacwYEEAKL1lNAA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02IuoGQVhxqb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofazeeIpObPKgISxsk8aMld/b2Q00noSBXZyllAvezPxP6+bmvDaz7hMUoOSLT4KU0FMTGbnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs+eZW0alXvolq7v6zUb/I6inACp3AOHlxBHe6gAU1gIOEZXuHN0c6L8+58LEYLTr5zDH/gfP4A3p6RCw==</latexit>

y
<latexit sha1_base64="kI7RlH5Xx88yj+zAtipGByUNV1Y=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy4r2Ae2Q8mkmTY0kwxJRhiG/oUbF4q49W/c+Tdm2llo64HA4Zx7ybkniDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbT29zvPlGlmRQPJo2pH+GxYCEj2FjpcRBhMwnCLJ0NqzW37s6BVolXkBoUaA2rX4ORJElEhSEca9333Nj4GVaGEU5nlUGiaYzJFI9p31KBI6r9bJ54hs6sMkKhVPYJg+bq740MR1qnUWAn84R62cvF/7x+YsJrP2MiTgwVZPFRmHBkJMrPRyOmKDE8tQQTxWxWRCZYYWJsSRVbgrd88irpNOreRb1xf1lr3hR1lOEETuEcPLiCJtxBC9pAQMAzvMKbo50X5935WIyWnGLnGP7A+fwBABuRIQ==</latexit>

Zk
<latexit sha1_base64="k1O5qdT/ahnj+HY+ln7OU1hgqDk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/cA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rE36pXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QM3Mo3A</latexit>

Fig. 1: System for Delivery Phase Transmission.

1) Fading Channel and Modulation System: Communication during the delivery phase takes place over
a noisy broadcast channel from the server to the K users. For our numerical simulations we either assume
a Gaussian broadcast channel or a frequency-selective fading channel. In the following we describe the
modulation system based on a fading channel. For the Gaussian channel, the system is similar.

Communication takes place around the central frequency f0 and for a given baseband input signal x(·),
the baseband output signal at user k is:

Yk(t) =
L∑

m=1

ak,m(t)x(t− τk,m) +Bk(t), t ∈ R, (4)

where
• L stands for the number of transmission paths (which is assumed finite at all times and for all users);
• τk,m corresponds to the delay of the m-th path for user k. The delays are assumed to be fixed over

the communication duration.
• ak,m(t) corresponds to the random amplitude of the m-th path for user k at time t. The exact model

used in our simulations is detailed in Section VI-B.
The baseband input signal x(·) corresponds to the output of an OFDM modulator with Nc subcarriers

and a cyclic prefix of length Ncp. More precisely, the server has a bit stream c produced by the proposed
encoder (see Figure 1). This stream is then QPSK-modulated and passed to the OFDM modulator. The
length of each OFDM symbol is given by T = (Nc +Ncp)Ts where Ts is the sample period.

At the receiver-side, any user k passes its baseband receive signal Yk(t) through low-pass filter, sampler
with sampling period Ts, and OFDM demodulator. Parameters Nc and Ncp are chosen1 such that for each
subcarrier f ∈ {1, . . . , Nc} and OFDM symbol j = 1, 2, . . . , the relation between the corresponding
QPSK symbol x(f, j) and output ỹk(f, j) can be written as

ỹk(f, j) = hk(f, j) · x(f, j) + bk(f, j), j = 1, 2, . . . , (5)

where bk(f, j) is a memoryless Gaussian noise and hk(f, j) stands for an appropriate channel coefficient.
The stream y (see Figure 1) consists of log-likelihood ratios (LLR) constructed from {ỹk(f, j) : f =

1, . . . , Nc, j = 1, 2, . . .} with respect to the QPSK mapping.

1we consider that NcpTs smaller than the dispersion time of the channel given in Eq. (4), and T much smaller than the coherence time
of the channel. Consequently, the amplitude ak,m(t) remains unchanged during the duration of a single OFDM symbol.



5

2) Encoding and Decoding: The server constructs the input signal bit-stream c in function of all
messages W1, . . . ,WN , the users’ demands d1, . . . , dK and their cache contents Z1, . . . , ZK0 . In the
simplest case, the bit-stream c is obtained by applying a traditional channel encoder to the bits of the
demanded file Wdk that are not cached at user k, for any user k ∈ K. In this article (Sections III and IV)
we propose a new design of this encoder (and the decoder).

The LLR-stream y is passed to a decoder, which uses also its cache-content Zk to reconstruct its
demanded message Wdk . In the simplest case, this decoder applies a traditional channel soft decoder
to y and then recover all the missing bits of its demanded message Wdk from the decoded message. In
Sections III and IV, we propose a more sophisticated decoding algorithm that also uses the cache-contents
to improve the performance of standard Polar decoders.

III. DELIVERY SCHEME: MAIN STRUCTURE AND EXAMPLE

A. General Structure
For each user k let W ′

dk
denote the set of the chunks of file Wdk that are not cached at this user k. All

the chunks of W ′
dk

have to be sent to this user during the delivery phase.
In a first step, called data assignment, the server assigns for each user k all the bits of W ′

dk
to the

various transmission blocks b = 1, 2, . . .. In this step, the chunks can be split into subchunks that are
possibly assigned to different blocks. In a second step, called channel coding, the server combines the
various bits assigned to a given block b in a sophisticated way and sends the obtained strings using a Polar
code during transmission block b. An example is given in subsection III-B. Then next Sections IV–V are
devoted to our choices of the data-assignment procedure and the channel coding procedure. As we will
see, both procedures take into account the cache contents at the users. Moreover, for the overall system
to perform well, the data-assignment procedure also has to adapt to the decoding capabilities (i.e., the
channel conditions) of the various users. More specifically, the data-assignment is performed in a way
that:
• any (sub)chunk sent to a cache-aided user in a given block has a rate below the capacity to this user

and is stored at all other cache-aided users served during this block;
• the (sub)chunks sent to cache-free users in a given block are stored at all cache-aided users served

in the same block;
• the sum-rate to all cache-free users plus the maximum rate to a cache-aided user is below the capacity

of any cache-free user.
In the following subsection, we provide an illustrative example for the two procedures.

B. An Example
Consider a setup with four users K = 4, where users 1–3 have cache memories but user 4 does not,

i.e., Kcache = {1, 2, 3} and Knocache = {4}. The example is designed for a network where users 1 and 2
have capacity at least 1/2, user 3 has capacity at least 1/6, and user 4 capacity at least 2/3.

For ease of exposition, we assume that each file consists of Nchunk = 3 chunks only. The channel coding
that we describe shortly is based on a Polar code of blocklength n that equals twice the size of a chunk,
i.e., n = 2Fchunk, and thus each chunk is of rate 1/2 with respect to this blocklength. We further simplify
notation by naming the chunks of the requested files as:

Wd1 = (a, ã, â); Wd2 = (b, b̃, b̂); (6)
Wd3 = (c, c̃, ĉ); Wd4 = (e, ẽ, ê). (7)

For the purpose of the example, chunks c and e are divived into 3 subchunks c = (c1, c2, c3), and
e = (e1, e2, e3) each consisting of Fchunk/3 bits.
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Assume that after the placement phase as described in Subsection II-A, Users 1–3 have the following
cache contents:

Z1 = (â, b, c, e) (8)
Z2 = (a, b̃, b̂, c, e, ẽ) (9)
Z3 = (a, ã, b, c̃, ĉ, e, ẽ) (10)

(We are not showing cache contents pertaining to files that are not requested during the delivery phase.)
The four users thus have to learn the following (sub)chunks during the delivery phase

W ′
d1

= (a, ã) (11a)
W ′
d2

= b (11b)
W ′
d3

= (c1, c2, c3) (11c)
W ′
d4

= (e1, e2, e3, ẽ, ê). (11d)

Data Assignment:
The missing (sub)chunks in (11) are assigned to the channel coding blocks in the following way:

1) subchunks (a, b, c1, e1) are assigned to block 1, which will serve the group of users G(1) = {1, 2, 3, 4};
2) subchunks (ã, c2, e2) are assigned to block 2, which will serve the group of users G(2) = {1, 3, 4};
3) subchunks (c3, ẽ) are assigned to block 3, which will serve the group of users G(3) = {3, 4};
4) subchunks (e3, ê) are assigned to block 4, which will serve the group of users G(4) = {4}.
Notice that in each block b:
• Each (sub)chunk intended for a given cache-aided user in G(b) is stored in the cache memories of all

other cache-aided users of G(b).
• Each (sub)chunk intended for a cache-free user (here always user 4) is stored in the cache memories

of all cache-aided users of G(b).
• The cache-aided users 1, 2, 3 are served at data rates r1 = 1/2, r2 = 1/2, and r3 = 1/6, respectively,

if they are in G(b).
• The data rate to the cache-free user 4 is r(1)4 = r

(2)
4 = 1/6 during the first two blocks, r(3)4 = 1/2

during block 3, and r(4)4 = 2/3 during the last block 4. In general it is chosen as r(b)4 := rmax−r(b)cache,max,
where

rmax := 2/3 (12)

r
(b)
cache,max := max

k∈G(b)cache

rk. (13)

(I.e. r(b)cache,max denotes the largest data-rate of all cache-aided users served in block b.)
The channel codings that we describe in the following enable reliable communication if users 1 and 2
can reliably decode at rates r1 = r2 = 1/2, user 3 at rate r3 = 1/6, and the cache-free user 4 at rate
rmax = 2/3.
Channel encoding in block 1 (Figure 2):
The server first appends n

(
rmax − r1

)
, n
(
rmax − r2

)
, and n

(
rmax − r3

)
zeros at the end of the three

chunks a, b, c1, and it appends nr(1)cache,max = n/2 zeros at the beginnig of subchunk e1. Then it takes the
componentwise XOR of the four resulting nrmax = 2n/3-length packets m̄a, m̄b, m̄c1 , m̄e1 to form

m̄(1) := m̄a ⊕ m̄b ⊕ m̄c1 ⊕ m̄e1 . (14)

The encoder applies a standard blocklength-n Polar encoder [29] to the information bits m̄(1), where
it ensures that these bits are mapped to the information bits of the Polar code in decreasing order of
reliability. The codeword produced by the Polar code is transmitted over the channel in block 1.
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a
<latexit sha1_base64="wqZLPcGml9Og5FDdUdFUNWEF4FE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlJu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHxKuM6Q==</latexit>

b
<latexit sha1_base64="YJjhR7RY5hyNtVLBH/MerrmOQ7I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPxi+M6g==</latexit>

c1
<latexit sha1_base64="bxLhQ885cIXIOA7SAduGcGiC4fY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPpev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDs8Y2P</latexit>

e1
<latexit sha1_base64="ncHTOm5TWUpsqD6Xz54liGZOCiM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gH2vX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP+/9jZE=</latexit>

m̄a
<latexit sha1_base64="0mkVSABxmYejRlnCW68n5y289jg=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT2WTIPJaZWSEs+xlePCji1a/x5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczfzOE9WGKflopwkNBR5JFjOCrZN6/QjrTOSDDOeDStWv+XOgVRIUpAoFmoPKV3+oSCqotIRjY3qBn9gww9oywmle7qeGJphM8Ij2HJVYUBNm85NzdO6UIYqVdiUtmqu/JzIsjJmKyHUKbMdm2ZuJ/3m91MY3YcZkkloqyWJRnHJkFZr9j4ZMU2L51BFMNHO3IjLGGhPrUiq7EILll1dJu14LLmv1h6tq47aIowSncAYXEMA1NOAemtACAgqe4RXePOu9eO/ex6J1zStmTuAPvM8f0bSRmg==</latexit>

m̄b
<latexit sha1_base64="K9fNPQ7zoeHWhn2XS/LRmp5kDFY=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT2WTIPJaZWSEs+xlePCji1a/x5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rczfzOE9WGKflopwkNBR5JFjOCrZN6/QjrTOSDLMoHlapf8+dAqyQoSBUKNAeVr/5QkVRQaQnHxvQCP7FhhrVlhNO83E8NTTCZ4BHtOSqxoCbM5ifn6NwpQxQr7UpaNFd/T2RYGDMVkesU2I7NsjcT//N6qY1vwozJJLVUksWiOOXIKjT7Hw2ZpsTyqSOYaOZuRWSMNSbWpVR2IQTLL6+Sdr0WXNbqD1fVxm0RRwlO4QwuIIBraMA9NKEFBBQ8wyu8edZ78d69j0XrmlfMnMAfeJ8/0zmRmw==</latexit>

m̄c1
<latexit sha1_base64="hK4zm5ixT0jijmGcCULw1IOdMsk=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2hM120y7d3cTdTaGE/A4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvTDjTxnW/nbX1jc2t7dJOeXdv/+CwcnTc1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3838zoQqzWL5aKYJ9QUeShYxgo2V/H6IVSbyICOBlweVqltz50CrxCtIFQo0g8pXfxCTVFBpCMda9zw3MX6GlWGE07zcTzVNMBnjIe1ZKrGg2s/mR+fo3CoDFMXKljRorv6eyLDQeipC2ymwGellbyb+5/VSE934GZNJaqgki0VRypGJ0SwBNGCKEsOnlmCimL0VkRFWmBibU9mG4C2/vEra9Zp3Was/XFUbt0UcJTiFM7gAD66hAffQhBYQeIJneIU3Z+K8OO/Ox6J1zSlmTuAPnM8fAmOSQA==</latexit>

m̄e1
<latexit sha1_base64="xY0xZCJIPy7wvF1TVMNqN/E4zbM=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2hM120y7d3cTdTaGE/A4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvTDjTxnW/nbX1jc2t7dJOeXdv/+CwcnTc1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3838zoQqzWL5aKYJ9QUeShYxgo2V/H6IVSbyIKOBlweVqltz50CrxCtIFQo0g8pXfxCTVFBpCMda9zw3MX6GlWGE07zcTzVNMBnjIe1ZKrGg2s/mR+fo3CoDFMXKljRorv6eyLDQeipC2ymwGellbyb+5/VSE934GZNJaqgki0VRypGJ0SwBNGCKEsOnlmCimL0VkRFWmBibU9mG4C2/vEra9Zp3Was/XFUbt0UcJTiFM7gAD66hAffQhBYQeIJneIU3Z+K8OO/Ox6J1zSlmTuAPnM8fBXGSQg==</latexit>

m̄(1) := m̄a � m̄b
<latexit sha1_base64="/t/UiZPRxioMmuiA/0tNt3pOFE0=">AAACInicbVBLSwMxGMzWV62vVY9egqVQD5bdKvgAoejFYwX7gO66ZNO0DU12lyQrlGV/ixf/ihcPinoS/DGm7SLaOhCYzOQj840fMSqVZX0auYXFpeWV/GphbX1jc8vc3mnKMBaYNHDIQtH2kSSMBqShqGKkHQmCuM9Iyx9ejf3WPRGShsGtGkXE5agf0B7FSGnJM8+cgYwQJslhFfPU8ZFIeHqXlO2D9Pwiu3oJSp0wYrH8EfwUembRqlgTwHliZ6QIMtQ9893phjjmJFCYISk7thUpN0FCUcxIWnBiSXSUIeqTjqYB4kS6yWTFFJa00oW9UOgTKDhRf08kiEs54jpXiSM1kLPeWPzP68Sqd+omNIhiRQI8/agXM6hCOO4LdqkgWLGRJggLqrNCPEACYaVbLegS7NmV50mzWrGPKtWb42LtMqsjD/bAPigDG5yAGrgGddAAGDyAJ/ACXo1H49l4Mz6mT3NGNrML/sD4+gb5MaUx</latexit>

�m̄c1
� m̄e1

<latexit sha1_base64="+ClrrDWfdcEAK3hi22pp6spIllo=">AAACEHicbZDLSsNAFIYnXmu9RV26GSyiq5JUQZdFNy4r2Au0IUymk3boXMLMRCghj+DGV3HjQhG3Lt35Nk7bINr6w8DPd87hzPmjhFFtPO/LWVpeWV1bL22UN7e2d3bdvf2WlqnCpIklk6oTIU0YFaRpqGGkkyiCeMRIOxpdT+rte6I0leLOjBMScDQQNKYYGYtC96QnE5Zq2IuQyngeZjj08xn7QcSi0K14VW8quGj8wlRAoUbofvb6EqecCIMZ0rrre4kJMqQMxYzk5V6qSYLwCA1I11qBONFBNj0oh8eW9GEslX3CwCn9PZEhrvWYR7aTIzPU87UJ/K/WTU18GWRUJKkhAs8WxSmDRsJJOrBPFcGGja1BWFH7V4iHSCFsbIZlG4I/f/KiadWq/lm1dnteqV8VcZTAITgCp8AHF6AObkADNAEGD+AJvIBX59F5dt6c91nrklPMHIA/cj6+ATYRnfU=</latexit>least
reliable
bits

<latexit sha1_base64="tnQqNv3uwvm4Rrl2Hw8zJhgxQtc=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSVoispuHFZwT6gCWUyvWmHTh7M3Agl9Evc+CtuXCgiuNK/cdpG0NYDA4dzz7137vETwRXa9pdRWFldW98obpa2tnd298z9g5aKU8mgyWIRy45PFQgeQRM5CugkEmjoC2j7o+tpvX0PUvE4usNxAl5IBxEPOKOopZ5Zc4cqoQyyM7tSq7FwIoAqdF2pJ1I9xHVLP47c4HNUPbNsV+wZrGXi5KRMcjR65ofbj1kaQoRMUKW6jp2gl1GJnAmYlNxUgV4yogPoahrREJSXzc6bWCda6VtBLPWL0JqpvzsyGio1Dn3tDCkO1WJtKv5X66YYXHoZj5IUIWLzRUEqLIytaVZWn0tgKMaaUCa5/qvFhlRShjrRkg7BWTx5mbSqFee8Ur2tlutXeRxFckSOySlxyAWpkxvSIE3CyAN5Ii/k1Xg0no03431uLRh5zyH5A+PzG6dPoi0=</latexit>

most
reliable
bits

<latexit sha1_base64="Ew2Xel5JBRodO02mf0GZSokNntQ=">AAACDnicbVDLSsNAFJ3UV42vqEs3wVJwY0gqRVdScOOygn1AE8pkOmmHziRh5kYooV/gxl9x40IRt67d+TdO2yy09cDA4Zz7mHvClDMFrvttlNbWNza3ytvmzu7e/oF1eNRWSSYJbZGEJ7IbYkU5i2kLGHDaTSXFIuS0E45vZn7ngUrFkvgeJikNBB7GLGIEg5b6VtUfqRQTmp+7Tr1OxFQkCnxf6oFYz/B9M2Sg+lbFddw57FXiFaSCCjT71pc/SEgmaAyEY6V6nptCkGMJjHA6Nf1MUb12jIe0p2mMBVVBPj9nale1MrCjROoXgz1Xf3fkWCg1EaGuFBhGatmbif95vQyiqyBncZoBjcliUZRxGxJ7lo09YJIS4BNNMJFM/9UmIywxAZ2gqUPwlk9eJe2a4104tbtapXFdxFFGJ+gUnSEPXaIGukVN1EIEPaJn9IrejCfjxXg3PhalJaPoOUZ/YHz+AKZKm9c=</latexit>

Fig. 2: Creation of “information bits” for the Polar encoder used in block 1.

Channel decoding in block 1 (Figures 3–5):
Let y

(1)
1 , y

(1)
2 , y

(1)
3 , y

(1)
4 denote the output vectors of the OFDM modulators at the four receivers

corresponding to the first block.
We explain how the users in G(1) recover their desired chunks from these vectors. User 1 retrieves

y
(1)
1

<latexit sha1_base64="CGNn7szvs7mPUM25S1umxxQGxiA=">AAAB+3icbVDLSsNAFL2pr1pfsS7dBItQNyWpgq6k4MZlBfuANobJdNIOnUzCzEQsIb/ixoUibv0Rd/6NkzYLbT0wcDjnXu6Z48eMSmXb30ZpbX1jc6u8XdnZ3ds/MA+rXRklApMOjlgk+j6ShFFOOooqRvqxICj0Gen505vc7z0SIWnE79UsJm6IxpwGFCOlJc+sDkOkJn6QzjLPeUjrzlnmmTW7Yc9hrRKnIDUo0PbMr+EowklIuMIMSTlw7Fi5KRKKYkayyjCRJEZ4isZkoClHIZFuOs+eWadaGVlBJPTjypqrvzdSFEo5C309mSeVy14u/ucNEhVcuSnlcaIIx4tDQcIsFVl5EdaICoIVm2mCsKA6q4UnSCCsdF0VXYKz/OVV0m02nPNG8+6i1rou6ijDMZxAHRy4hBbcQhs6gOEJnuEV3ozMeDHejY/FaMkodo7gD4zPH29IlAY=</latexit>

Polar
Codes
Decoder

<latexit sha1_base64="SsgSbKwaMI5LXF9hR1JN8bzx/hc=">AAACD3icbZDLSgMxFIYzXmu9VV26CRbFjWWmIrqSQl24rGAv0BlKJj1tQ5PJkGSEMvQN3Pgqblwo4tatO9/GtJ2Ftv4Q+PjPOZycP4w508Z1v52l5ZXVtfXcRn5za3tnt7C339AyURTqVHKpWiHRwFkEdcMMh1asgIiQQzMcVif15gMozWR0b0YxBIL0I9ZjlBhrdQon/kDHhEJ6diHEuCY5Udj381XZBT2BG6AWVadQdEvuVHgRvAyKKFOtU/jyu5ImAiJDOdG67bmxCVKiDKMcxnk/0WD3Dkkf2hYjIkAH6fSeMT62Thf3pLIvMnjq/p5IidB6JELbKYgZ6PnaxPyv1k5M7ypIWRQnBiI6W9RLODYST8LBXaaAGj6yQKhi9q+YDogi1NgI8zYEb/7kRWiUS955qXxXLlauszhy6BAdoVPkoUtUQbeohuqIokf0jF7Rm/PkvDjvzsesdcnJZg7QHzmfP1mXm48=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

Z1
<latexit sha1_base64="/8LgveaF623aQ9CVMPiHYFLPfQk=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtLAI2FhGNB+YHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/lgxkn6Ed0IHnIGTVWun/seb1S2a24M5Bl4uWkDDnqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZqRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjlZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTtGG4C2+vEya1Yp3XqneXZRr13kcBTiGEzgDDy6hBrdQhwYwGMAzvMKbI5wX5935mLeuOPnMEfyB8/kD3W2NgA==</latexit>

frozen
bits

<latexit sha1_base64="kxzSx8DsvOMt2IKhnLps45gWfHQ=">AAACEXicbVDLSsNAFJ34rPEVdekmWISuSlIXunBRcOOygn1AU8pkctMOncyEmYlQQ3/Bjb/ixoUibt2582+cthG09cDA4Zx7uHNPmDKqtOd9WSura+sbm6Ute3tnd2/fOThsKZFJAk0imJCdECtglENTU82gk0rAScigHY6upn77DqSigt/qcQq9BA84jSnB2kh9pxKEMKA8J8A1yEksxT3wILBDqpUdAI9+nL5T9qreDO4y8QtSRgUafecziATJEhMnDCvV9b1U93IsNSUMJnaQKUgxGeEBdA3lOAHVy2cXTdxTo0RuLKR5XLsz9Xcix4lS4yQ0kwnWQ7XoTcX/vG6m44teTnmaaeBkvijOmKuFO63HjagEotnYEEwkNX91yRBLTEwHyjYl+IsnL5NWreqfVWs3tXL9sqijhI7RCaogH52jOrpGDdREBD2gJ/SCXq1H69l6s97noytWkTlCf2B9fAO8xp4v</latexit>

|
{z

}
<latexit sha1_base64="EHein5PE40OUPR9AVX5s6FVpdq0=">AAACDHicbVDLSsNAFJ34rPVVdekmWARXJamCLotuXFawD2hCmUxu2qEzkzAzEUrIB7jxV9y4UMStH+DOv3HSZqGtF4Y5nHMu994TJIwq7Tjf1srq2vrGZmWrur2zu7dfOzjsqjiVBDokZrHsB1gBowI6mmoG/UQC5gGDXjC5KfTeA0hFY3Gvpwn4HI8EjSjB2lDDWt3jWI+DKPNSEYIMJCaQeWOVFH/T4TzPc+NyGs6s7GXglqCOymoPa19eGJOUg9CEYaUGrpNoP8NSU8Igr3qpAjNggkcwMFBgDsrPZsfk9qlhQjuKpXlC2zP2d0eGuVJTHhhnsbpa1AryP22Q6ujKz6hIUg2CzAdFKbN1bBfJ2CGVQDSbGoCJpGZXm4yxCUSb/KomBHfx5GXQbTbc80bz7qLeui7jqKBjdILOkIsuUQvdojbqIIIe0TN6RW/Wk/VivVsfc+uKVfYcoT9lff4AGFOcRg==</latexit>

a
<latexit sha1_base64="tIT1IMRopvwDTyievdtgadfBF24=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSk3aL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/mx86JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZfU0GXCEzYmIJZYrbWwkbUUWZsdmUbAje8surpF2rehfVWvOyUr/J4yjCCZzCOXhwBXW4gwa0gAHCM7zCm/PovDjvzseiteDkM8fwB87nD8LdjOM=</latexit>

Fig. 3: Decoding procedure at the cache-aided User 1.

(sub)chunks b, c1, and e1 from its cache memory to form the n(1− r1)-length frozen-bit vector

f1 = e1 ‖ [0 · · · 0], (15)

where ‖ stands for string concatenation and [0 · · · 0] is an all-zero vector of length n(r
(1)
max− r4). It applies

the standard Polar decoding algorithm with the frozen bit vector f1 to the outputs y
(1)
1 , where it ensures

again that these frozen bits are used in decreasing reliability order. If the Polar decoder succeeds, it
produces the string

m̄
(1)
cache,1 := [m̄a ⊕ m̄b ⊕ m̄c]nr1 , (16)

where the operator [x]` returns the first ` bits of the bit-string x. In this case, user 1 can obtain the desired
chunk a = [m̄a]nr1 by forming

a = m̄
(1)
cache,1 ⊕ [m̄b]nr1︸ ︷︷ ︸

=b

⊕[m̄c]nr1 . (17)

User 2 proceeds in an entirely analog way, where it simply exchanges the roles of the chunks a and b
and uses its outputs y2 instead of y1.

User 3 retrieves (sub)chunks a, b, and e1 from its cache memory, creates the n(1−r3)-length frozen-bit
vector

f3 = a2 ⊕ b2 ‖ a3 ⊕ b3 ‖ e1 ‖ [0 · · · 0], (18)
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y
(1)
3

<latexit sha1_base64="DPD/v8FgW5pX0PcxUJB9X4BG+20=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBHqpiStoCspuHFZwT6gjWEynbRDJ5MwMxFLyK+4caGIW3/EnX/jpM1CWw8MHM65l3vm+DGjUtn2t7G2vrG5tV3aKe/u7R8cmkeVrowSgUkHRywSfR9JwignHUUVI/1YEBT6jPT86U3u9x6JkDTi92oWEzdEY04DipHSkmdWhiFSEz9IZ5nXfEhrznnmmVW7bs9hrRKnIFUo0PbMr+EowklIuMIMSTlw7Fi5KRKKYkay8jCRJEZ4isZkoClHIZFuOs+eWWdaGVlBJPTjypqrvzdSFEo5C309mSeVy14u/ucNEhVcuSnlcaIIx4tDQcIsFVl5EdaICoIVm2mCsKA6q4UnSCCsdF1lXYKz/OVV0m3UnWa9cXdRbV0XdZTgBE6hBg5cQgtuoQ0dwPAEz/AKb0ZmvBjvxsdidM0odo7hD4zPH3JclAg=</latexit>

Polar
Codes
Decoder

<latexit sha1_base64="SsgSbKwaMI5LXF9hR1JN8bzx/hc=">AAACD3icbZDLSgMxFIYzXmu9VV26CRbFjWWmIrqSQl24rGAv0BlKJj1tQ5PJkGSEMvQN3Pgqblwo4tatO9/GtJ2Ftv4Q+PjPOZycP4w508Z1v52l5ZXVtfXcRn5za3tnt7C339AyURTqVHKpWiHRwFkEdcMMh1asgIiQQzMcVif15gMozWR0b0YxBIL0I9ZjlBhrdQon/kDHhEJ6diHEuCY5Udj381XZBT2BG6AWVadQdEvuVHgRvAyKKFOtU/jyu5ImAiJDOdG67bmxCVKiDKMcxnk/0WD3Dkkf2hYjIkAH6fSeMT62Thf3pLIvMnjq/p5IidB6JELbKYgZ6PnaxPyv1k5M7ypIWRQnBiI6W9RLODYST8LBXaaAGj6yQKhi9q+YDogi1NgI8zYEb/7kRWiUS955qXxXLlauszhy6BAdoVPkoUtUQbeohuqIokf0jF7Rm/PkvDjvzsesdcnJZg7QHzmfP1mXm48=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

Z3
<latexit sha1_base64="MUYEE/KR0iUacfPUO0okH2h0T0g=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4SQQuLgI1lRPOByRH2NnvJkr29Y3dOCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfju5tfWNza38dmFnd2//oHh41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG5mfuuJayNi9YDjhPsRHSgRCkbRSvePvWqvWHLL7hxklXgZKUGGeq/41e3HLI24QiapMR3PTdCfUI2CST4tdFPDE8pGdMA7lioaceNP5qdOyZlV+iSMtS2FZK7+npjQyJhxFNjOiOLQLHsz8T+vk2J45U+ESlLkii0WhakkGJPZ36QvNGcox5ZQpoW9lbAh1ZShTadgQ/CWX14lzUrZq5Yrdxel2nUWRx5O4BTOwYNLqMEt1KEBDAbwDK/w5kjnxXl3PhatOSebOYY/cD5/AOB1jYI=</latexit>

|
{z

}
<latexit sha1_base64="gH/jp9KbyVfHTESzziMQe1d+JJs=">AAACDHicbVDLSsNAFJ3UV62vqks3wSK4Kkkr6LLoxmUF+4AmlMn0ph06MwkzE6GEfIAbf8WNC0Xc+gHu/BsnbRbaemGYwznncu89Qcyo0o7zbZXW1jc2t8rblZ3dvf2D6uFRV0WJJNAhEYtkP8AKGBXQ0VQz6McSMA8Y9ILpTa73HkAqGol7PYvB53gsaEgJ1oYaVmsex3oShKmXiBHIQGICqTdRcf43Hc6zLDMup+7My14FbgFqqKj2sPrljSKScBCaMKzUwHVi7adYakoYZBUvUWAGTPEYBgYKzEH56fyYzD4zzMgOI2me0Pac/d2RYq7UjAfGma+ulrWc/E8bJDq88lMq4kSDIItBYcJsHdl5MvaISiCazQzARFKzq00m2ASiTX4VE4K7fPIq6DbqbrPeuLuota6LOMroBJ2ic+SiS9RCt6iNOoigR/SMXtGb9WS9WO/Wx8JasoqeY/SnrM8fGd2cRw==</latexit>

c1
<latexit sha1_base64="xPDmceMDd3szCssiJBFsFV9MUAQ=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVFwMYyovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWj2aSoB/RoeQhZ9RY6YH1vX654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz2My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiWtWtW7qNbuLyv1mzyOIpzAKZyDB1dQhztoQBMYDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4A6yONiQ==</latexit>

frozen
bits

<latexit sha1_base64="kxzSx8DsvOMt2IKhnLps45gWfHQ=">AAACEXicbVDLSsNAFJ34rPEVdekmWISuSlIXunBRcOOygn1AU8pkctMOncyEmYlQQ3/Bjb/ixoUibt2582+cthG09cDA4Zx7uHNPmDKqtOd9WSura+sbm6Ute3tnd2/fOThsKZFJAk0imJCdECtglENTU82gk0rAScigHY6upn77DqSigt/qcQq9BA84jSnB2kh9pxKEMKA8J8A1yEksxT3wILBDqpUdAI9+nL5T9qreDO4y8QtSRgUafecziATJEhMnDCvV9b1U93IsNSUMJnaQKUgxGeEBdA3lOAHVy2cXTdxTo0RuLKR5XLsz9Xcix4lS4yQ0kwnWQ7XoTcX/vG6m44teTnmaaeBkvijOmKuFO63HjagEotnYEEwkNX91yRBLTEwHyjYl+IsnL5NWreqfVWs3tXL9sqijhI7RCaogH52jOrpGDdREBD2gJ/SCXq1H69l6s97noytWkTlCf2B9fAO8xp4v</latexit>

Fig. 4: Decoding procedure at the cache-aided User 3.

and applies the Polar decoding algorithm with this frozen bit vector f3 to the received vector y(1)
3 . If the

Polar decoder succeeds, it produces

m̄
(1)
cache,3 := a1 ⊕ b1 ⊕ c1, (19)

and user 3 can decode its desired subchunk c1 by forming

c1 = m̄
(1)
cache,3 ⊕ a1 ⊕ b1. (20)

The cache-free user 4 applies the Polar decoder to y
(1)
4 with the standard all-zero frozen bit vector of

length n(1− rmax) = 1/3n. If successful, the Polar decoder returns the XORed sequence m̄(1), and user
4 can obtain its desired chunk e1 by retrieving the appropriate bits:

e1 = [m̄(1)]
(nr

(1)
cache,max+1):nr4

. (21)

y
(1)
4

<latexit sha1_base64="q9DLKj1syr9aTV4DUt+LRI++hIM=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBHqpiS1oAsXBTcuK9gHtDFMppN26GQSZiZiCfkVNy4UceuPuPNvnLRZaOuBgcM593LPHD9mVCrb/jbW1jc2t7ZLO+Xdvf2DQ/Oo0pVRIjDp4IhFou8jSRjlpKOoYqQfC4JCn5GeP73J/d4jEZJG/F7NYuKGaMxpQDFSWvLMyjBEauIH6Szzmg9pzTnPPLNq1+05rFXiFKQKBdqe+TUcRTgJCVeYISkHjh0rN0VCUcxIVh4mksQIT9GYDDTlKCTSTefZM+tMKyMriIR+XFlz9fdGikIpZ6GvJ/OkctnLxf+8QaKCKzelPE4U4XhxKEiYpSIrL8IaUUGwYjNNEBZUZ7XwBAmEla6rrEtwlr+8SrqNunNRb9w1q63roo4SnMAp1MCBS2jBLbShAxie4Ble4c3IjBfj3fhYjK4Zxc4x/IHx+QNzTJQH</latexit>

frozen
bits

<latexit sha1_base64="xJ1JKDdg9DTkHUxio55HckjMXB0=">AAACEXicbVDLSsNAFJ34rPEVdekmWISuSlIXupKCG5cV7AOaUiaTm3boZCbMTIQa+gtu/BU3LhRx686df+O0jaCtBwYO59zDnXvClFGlPe/LWlldW9/YLG3Z2zu7e/vOwWFLiUwSaBLBhOyEWAGjHJqaagadVAJOQgbtcHQ19dt3IBUV/FaPU+gleMBpTAnWRuo7lSCEAeU5Aa5BTmIp7oEHgR1SrewAePTj9J2yV/VmcJeJX5AyKtDoO59BJEiWmDhhWKmu76W6l2OpKWEwsYNMQYrJCA+gayjHCahePrto4p4aJXJjIc3j2p2pvxM5TpQaJ6GZTLAeqkVvKv7ndTMdX/RyytNMAyfzRXHGXC3caT1uRCUQzcaGYCKp+atLhlhiYjpQtinBXzx5mbRqVf+sWrupleuXRR0ldIxOUAX56BzV0TVqoCYi6AE9oRf0aj1az9ab9T4fXbGKzBH6A+vjG71gnjE=</latexit>

Polar
Codes
Decoder<latexit sha1_base64="37gq7TcUT1cuksUyQ5ugU1JkE2I=">AAACD3icbZC7SgNBFIZnvcZ4i1raDAbFxrAbES0sArGwjGAukF3C7OQkGTKzs8zMCmHJG9j4KjYWitja2vk2TpItNPGHgY//nMOZ84cxZ9q47reztLyyurae28hvbm3v7Bb29htaJopCnUouVSskGjiLoG6Y4dCKFRARcmiGw+qk3nwApZmM7s0ohkCQfsR6jBJjrU7hxB/omFBIzy6EGNckJwr7fr4qu6AncAPUouoUim7JnQovgpdBEWWqdQpfflfSREBkKCdatz03NkFKlGGUwzjvJxrs3iHpQ9tiRAToIJ3eM8bH1uninlT2RQZP3d8TKRFaj0RoOwUxAz1fm5j/1dqJ6V0FKYvixEBEZ4t6CcdG4kk4uMsUUMNHFghVzP4V0wFRhBobYd6G4M2fvAiNcsk7L5XvysXKdRZHDh2iI3SKPHSJKugW1VAdUfSIntErenOenBfn3fmYtS452cwB+iPn8wdY/ZuN</latexit>

e1
<latexit sha1_base64="ncHTOm5TWUpsqD6Xz54liGZOCiM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gH2vX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP+/9jZE=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit>

0
<latexit sha1_base64="g5jI9H9l5Gc9JinBSkYxpPtM1Zg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWarr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHkzjLQ=</latexit> |

{z
}

<latexit sha1_base64="WEODiVzgipaqvr6BSdcM6PMlSU4=">AAACDHicbVDLSsNAFJ34rPVVdekmWARXJamCLotuXFawD2hCmUxu2qEzkzAzEUrIB7jxV9y4UMStH+DOv3HSZqGtF4Y5nHMu994TJIwq7Tjf1srq2vrGZmWrur2zu7dfOzjsqjiVBDokZrHsB1gBowI6mmoG/UQC5gGDXjC5KfTeA0hFY3Gvpwn4HI8EjSjB2lDDWt3jWI+DKPNSEYIMJCaQeWOVFL/b5DzPc+NyGs6s7GXglqCOymoPa19eGJOUg9CEYaUGrpNoP8NSU8Igr3qpAjNggkcwMFBgDsrPZsfk9qlhQjuKpXlC2zP2d0eGuVJTHhhnsbpa1AryP22Q6ujKz6hIUg2CzAdFKbN1bBfJ2CGVQDSbGoCJpGZXm4yxCUSb/KomBHfx5GXQbTbc80bz7qLeui7jqKBjdILOkIsuUQvdojbqIIIe0TN6RW/Wk/VivVsfc+uKVfYcoT9lff4AGducRw==</latexit>

Fig. 5: Example of the decoding procedure at the cache-free User 4.

Channel encoding and decodings in block 2 (Figure 6):

The encoder appends n(rmax− r1) and n(rmax− r3) zeros at the end of the two (sub)chunks ã and c2,
and it appends nr(2)cache,max = n/2 zeros at the beginning of subchunk e2. Then it takes the componentwise
XOR of the three resulting nrmax-length strings m̄ã, m̄c2 , m̄e2:

m̄(2) := m̄ã ⊕ m̄c2 ⊕ m̄e2 . (22)

Finally, the server applies a standard blocklength-n Polar encoder to the information bits m̄(2), where
it ensures that these bits are mapped to the information bits of the Polar code in decreasing order of
reliability (Z-parameter).
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c2
<latexit sha1_base64="gxvawmigqvEzWrjqgYRso8ZdmLo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPq1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDudY2Q</latexit>

e2
<latexit sha1_base64="pUK9EvQlzDaqpbNMSw4weVJEtcE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0gP1av1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDxgY2S</latexit>

ã
<latexit sha1_base64="mM2qdpf3gST80P3V4LAGiFTsMAA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ie0oWw223bpbhJ2J0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUkS8iQIl7ySaUxVI3g7GtzO//cS1EXH0gJOE+4oOIzEQjKKVHnsoZMgzOu2XK27VnYOsEi8nFcjR6Je/emHMUsUjZJIa0/XcBP2MahRM8mmplxqeUDamQ961NKKKGz+bHzwlZ1YJySDWtiIkc/X3REaVMRMV2E5FcWSWvZn4n9dNcXDtZyJKUuQRWywapJJgTGbfk1BozlBOLKFMC3srYSOqKUObUcmG4C2/vEpatap3Ua3dX1bqN3kcRTiBUzgHD66gDnfQgCYwUPAMr/DmaOfFeXc+Fq0FJ585hj9wPn8AIbiQnw==</latexit>

most
reliable
bits

<latexit sha1_base64="2TJNg7RDkCRsSVKmt0R7vGNYWVQ=">AAACDnicbVDLSsNAFJ3UV42vqEs3wVJwY0gqRXFVcOOygn1AE8pkOmmHziRh5kYooV/gxl9x40IRt67d+TdO2yy09cDA4Zz7mHvClDMFrvttlNbWNza3ytvmzu7e/oF1eNRWSSYJbZGEJ7IbYkU5i2kLGHDaTSXFIuS0E45vZn7ngUrFkvgeJikNBB7GLGIEg5b6VtUfqRQTmp+7Tr1OxFQkCnxf6oFYz/B9M2Sg+lbFddw57FXiFaSCCjT71pc/SEgmaAyEY6V6nptCkGMJjHA6Nf1MUb12jIe0p2mMBVVBPj9nale1MrCjROoXgz1Xf3fkWCg1EaGuFBhGatmbif95vQyiqyBncZoBjcliUZRxGxJ7lo09YJIS4BNNMJFM/9UmIywxAZ2gqUPwlk9eJe2a4104tbtapXFdxFFGJ+gUnSEPXaIGukVN1EIEPaJn9IrejCfjxXg3PhalJaPoOUZ/YHz+AKUWm9M=</latexit>

least
reliable
bits

<latexit sha1_base64="5VVW+9X8pQnI3qWi8X23mTZ0oco=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSVorgquHFZwT6gCWUyvWmHTh7M3Agl9Evc+CtuXCgiuNK/cdpG0NYDA4dzz7137vETwRXa9pdRWFldW98obpa2tnd298z9g5aKU8mgyWIRy45PFQgeQRM5CugkEmjoC2j7o+tpvX0PUvE4usNxAl5IBxEPOKOopZ5Zc4cqoQyyM7tSq7FwIoAqdF2pJ1I9xHVLP47c4HNUPbNsV+wZrGXi5KRMcjR65ofbj1kaQoRMUKW6jp2gl1GJnAmYlNxUgV4yogPoahrREJSXzc6bWCda6VtBLPWL0JqpvzsyGio1Dn3tDCkO1WJtKv5X66YYXHoZj5IUIWLzRUEqLIytaVZWn0tgKMaaUCa5/qvFhlRShjrRkg7BWTx5mbSqFee8Ur2tlutXeRxFckSOySlxyAWpkxvSIE3CyAN5Ii/k1Xg0no03431uLRh5zyH5A+PzG6Yboik=</latexit>

m̄ã
<latexit sha1_base64="HUcjmsSB1b08DG2eO0rxUkEetUM=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJIq6LHoxWMF+wFNCJvNtF262YTdjVhC/ooXD4p49Y9489+4bXPQ1gcDj/dmmJkXppwp7Tjf1tr6xubWdmWnuru3f3BoH9W6KskkhQ5NeCL7IVHAmYCOZppDP5VA4pBDL5zczvzeI0jFEvGgpyn4MRkJNmSUaCMFds0LiczjIsg9zXgEmBSBXXcazhx4lbglqaMS7cD+8qKEZjEITTlRauA6qfZzIjWjHIqqlylICZ2QEQwMFSQG5efz2wt8ZpQIDxNpSmg8V39P5CRWahqHpjMmeqyWvZn4nzfI9PDaz5lIMw2CLhYNM451gmdB4IhJoJpPDSFUMnMrpmMiCdUmrqoJwV1+eZV0mw33otG8v6y3bso4KugEnaJz5KIr1EJ3qI06iKIn9Ixe0ZtVWC/Wu/WxaF2zyplj9AfW5w9Ul5Sf</latexit>

m̄c1
<latexit sha1_base64="hK4zm5ixT0jijmGcCULw1IOdMsk=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2hM120y7d3cTdTaGE/A4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvTDjTxnW/nbX1jc2t7dJOeXdv/+CwcnTc1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3838zoQqzWL5aKYJ9QUeShYxgo2V/H6IVSbyICOBlweVqltz50CrxCtIFQo0g8pXfxCTVFBpCMda9zw3MX6GlWGE07zcTzVNMBnjIe1ZKrGg2s/mR+fo3CoDFMXKljRorv6eyLDQeipC2ymwGellbyb+5/VSE934GZNJaqgki0VRypGJ0SwBNGCKEsOnlmCimL0VkRFWmBibU9mG4C2/vEra9Zp3Was/XFUbt0UcJTiFM7gAD66hAffQhBYQeIJneIU3Z+K8OO/Ox6J1zSlmTuAPnM8fAmOSQA==</latexit>

m̄e1
<latexit sha1_base64="xY0xZCJIPy7wvF1TVMNqN/E4zbM=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2hM120y7d3cTdTaGE/A4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvTDjTxnW/nbX1jc2t7dJOeXdv/+CwcnTc1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3838zoQqzWL5aKYJ9QUeShYxgo2V/H6IVSbyIKOBlweVqltz50CrxCtIFQo0g8pXfxCTVFBpCMda9zw3MX6GlWGE07zcTzVNMBnjIe1ZKrGg2s/mR+fo3CoDFMXKljRorv6eyLDQeipC2ymwGellbyb+5/VSE934GZNJaqgki0VRypGJ0SwBNGCKEsOnlmCimL0VkRFWmBibU9mG4C2/vEra9Zp3Was/XFUbt0UcJTiFM7gAD66hAffQhBYQeIJneIU3Z+K8OO/Ox6J1zSlmTuAPnM8fBXGSQg==</latexit>

m̄(2) := m̄ã
<latexit sha1_base64="R0+2B07NpIAx9TwoJIMjNj0ds7M=">AAACGHicbVDLSgMxFM3UV62vqks3g0WoC+tMFRRBKLpxWcE+oFNLJr1tQ5OZIckIJcxnuPFX3LhQxG13/o1pOwttPRA4Oede7r3HjxiVynG+rczS8srqWnY9t7G5tb2T392ryzAWBGokZKFo+lgCowHUFFUMmpEAzH0GDX94O/EbTyAkDYMHNYqgzXE/oD1KsDJSJ3/qDWSECeiTMuGJ52OhefKoi+Xj5Oo6/Xa0pyjrgsZJ0skXnJIzhb1I3JQUUIpqJz/2uiGJOQSKMCxly3Ui1dZYKEoYJDkvlmAWGOI+tAwNMAfZ1tPDEvvIKF27FwrzAmVP1d8dGnMpR9w3lRyrgZz3JuJ/XitWvcu2pkEUKwjIbFAvZrYK7UlKdpcKIIqNDMFEULOrTQZYYKJMljkTgjt/8iKpl0vuWal8f16o3KRxZNEBOkRF5KILVEF3qIpqiKBn9Ire0Yf1Yr1Zn9bXrDRjpT376A+s8Q+2RqDW</latexit>

�m̄c2
� m̄e2

<latexit sha1_base64="vw7+WPB9zbscoI69Shll58bsO5w=">AAACEHicbZDLSsNAFIYnXmu9RV26GSyiq5JUQZdFNy4r2As0IUymk3boXMLMRCihj+DGV3HjQhG3Lt35Nk7bINr6w8DPd87hzPnjlFFtPO/LWVpeWV1bL22UN7e2d3bdvf2WlpnCpIklk6oTI00YFaRpqGGkkyqCeMxIOx5eT+rte6I0leLOjFISctQXNKEYGYsi9ySQKcs0DGKkcj6OchzVxjP2g4hFkVvxqt5UcNH4hamAQo3I/Qx6EmecCIMZ0rrre6kJc6QMxYyMy0GmSYrwEPVJ11qBONFhPj1oDI8t6cFEKvuEgVP6eyJHXOsRj20nR2ag52sT+F+tm5nkMsypSDNDBJ4tSjIGjYSTdGCPKoING1mDsKL2rxAPkELY2AzLNgR//uRF06pV/bNq7fa8Ur8q4iiBQ3AEToEPLkAd3IAGaAIMHsATeAGvzqPz7Lw577PWJaeYOQB/5Hx8Azkunfc=</latexit>

Fig. 6: Creation of “information bits” for the Polar encoder used in block 2.

Decoding is similar to block 1, but where the users consider the block-2 outputs y
(2)
1 , y(2)

3 , y(2)
4 , chunk

a is replaced by ã, subchunks c1 and e1 by c2 and e2, and chunk b and the corresponding zero-padded
string m̄b are ignored.
Channel encoding and decodings in block 3 (Figure 7):
The encoder directly forms the nrmax-length bit string m̄(3) by appending ẽ after c3:

c3
<latexit sha1_base64="fJVT80KXtUmaavY3BYzuXwkM9To=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOle9av98sVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnXql69Wru7qDSu8ziKcAKncA4eXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPv+Y2R</latexit>

ẽ
<latexit sha1_base64="4PL/gzXyFzTypa0eftLbm+Iy22s=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ie0oWw203bpbhJ2N0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4dua3n1BpHkcPZpKgL+kw4gPOqLHSY89wEWKG03654lbdOcgq8XJSgRyNfvmrF8YslRgZJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lEZWo/Wx+8JScWSUkg1jZigyZq78nMiq1nsjAdkpqRnrZm4n/ed3UDK79jEdJajBii0WDVBATk9n3JOQKmRETSyhT3N5K2IgqyozNqGRD8JZfXiWtWtW7qNbuLyv1mzyOIpzAKZyDB1dQhztoQBMYSHiGV3hzlPPivDsfi9aCk88cwx84nz8nzJCj</latexit>

most
reliable
bits

<latexit sha1_base64="2TJNg7RDkCRsSVKmt0R7vGNYWVQ=">AAACDnicbVDLSsNAFJ3UV42vqEs3wVJwY0gqRXFVcOOygn1AE8pkOmmHziRh5kYooV/gxl9x40IRt67d+TdO2yy09cDA4Zz7mHvClDMFrvttlNbWNza3ytvmzu7e/oF1eNRWSSYJbZGEJ7IbYkU5i2kLGHDaTSXFIuS0E45vZn7ngUrFkvgeJikNBB7GLGIEg5b6VtUfqRQTmp+7Tr1OxFQkCnxf6oFYz/B9M2Sg+lbFddw57FXiFaSCCjT71pc/SEgmaAyEY6V6nptCkGMJjHA6Nf1MUb12jIe0p2mMBVVBPj9nale1MrCjROoXgz1Xf3fkWCg1EaGuFBhGatmbif95vQyiqyBncZoBjcliUZRxGxJ7lo09YJIS4BNNMJFM/9UmIywxAZ2gqUPwlk9eJe2a4104tbtapXFdxFFGJ+gUnSEPXaIGukVN1EIEPaJn9IrejCfjxXg3PhalJaPoOUZ/YHz+AKUWm9M=</latexit>

least
reliable
bits

<latexit sha1_base64="5VVW+9X8pQnI3qWi8X23mTZ0oco=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSSVorgquHFZwT6gCWUyvWmHTh7M3Agl9Evc+CtuXCgiuNK/cdpG0NYDA4dzz7137vETwRXa9pdRWFldW98obpa2tnd298z9g5aKU8mgyWIRy45PFQgeQRM5CugkEmjoC2j7o+tpvX0PUvE4usNxAl5IBxEPOKOopZ5Zc4cqoQyyM7tSq7FwIoAqdF2pJ1I9xHVLP47c4HNUPbNsV+wZrGXi5KRMcjR65ofbj1kaQoRMUKW6jp2gl1GJnAmYlNxUgV4yogPoahrREJSXzc6bWCda6VtBLPWL0JqpvzsyGio1Dn3tDCkO1WJtKv5X66YYXHoZj5IUIWLzRUEqLIytaVZWn0tgKMaaUCa5/qvFhlRShjrRkg7BWTx5mbSqFee8Ur2tlutXeRxFckSOySlxyAWpkxvSIE3CyAN5Ii/k1Xg0no03431uLRh5zyH5A+PzG6Yboik=</latexit>

m̄(3)
<latexit sha1_base64="jlNATno6cBjAx4POyt9CYAmd798=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSLUS9ltBT1JwYvHCvYD2rVk07QNTbJrki2UZX+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF0ScaeO6387a+sbm1nZuJ7+7t39wWDg6buowVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjG9nfmtClWahfDDTiPoCDyUbMIKNlfxugFUi0sekVL1Ie4WiW3bnQKvEy0gRMtR7ha9uPySxoNIQjrXueG5k/AQrwwinab4baxphMsZD2rFUYkG1n8yPTtG5VfpoECpb0qC5+nsiwULrqQhsp8BmpJe9mfif14nN4NpPmIxiQyVZLBrEHJkQzRJAfaYoMXxqCSaK2VsRGWGFibE55W0I3vLLq6RZKXvVcuX+sli7yeLIwSmcQQk8uIIa3EEdGkDgCZ7hFd6cifPivDsfi9Y1J5s5gT9wPn8AVkqRzA==</latexit>

Fig. 7: Creation of “information bits” for the Polar encoder used in block 3.

m̄(3) := [c3 || ẽ]. (23)

It applies a standard blocklength-n Polar encoder to the information bits m̄(3), where it respects the
decreasing order of reliability.

To decode, User 3 applies a standard Polar decoder to its block-3 outputs y(3)
3 using the n(1−r3) = 5n/6-

length frozen bit vector
f3 = ẽ ‖ [0 · · · 0]. (24)

If successful, the Polar decoder directly returns c3.
User 4 applies the Polar decoder to y

(3)
4 with the standard all-zero frozen bit vector of length n(1 −

rmax) = n/3. If successful, the Polar decoder returns m̄(3), and user 4 obtains its desired chunk ẽ by
retrieving the appropriate bits:

e1 = [m̄(3)]
(nr

(3)
cache,max+1):nr4

. (25)

Channel encoding and decodings in block 4 (Figure 8):
The encoder directly forms the nrmax-length bit string m̄(4) by appending ê after e3:

ê
<latexit sha1_base64="nE4PJG5RwcrtBMBp0JNJTj0XUwk=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjBfkAbymY7bZduNmF3IpTQH+HFgyJe/T3e/Ddu2xy09cHA470ZZuaFiRSGPO/bWVvf2NzaLuwUd/f2Dw5LR8dNE6eaY4PHMtbtkBmUQmGDBElsJxpZFEpsheO7md96Qm1ErB5pkmAQsaESA8EZWanVHTHKcNorlb2KN4e7SvyclCFHvVf66vZjnkaoiEtmTMf3EgoypklwidNiNzWYMD5mQ+xYqliEJsjm507dc6v03UGsbSly5+rviYxFxkyi0HZGjEZm2ZuJ/3mdlAY3QSZUkhIqvlg0SKVLsTv73e0LjZzkxBLGtbC3unzENONkEyraEPzll1dJs1rxLyvVh6ty7TaPowCncAYX4MM11OAe6tAADmN4hld4cxLnxXl3Phata04+cwJ/4Hz+AJSrj7o=</latexit>

e3
<latexit sha1_base64="Bu6np6hWT0LiZKVsilCGqdPkuTI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOle+zX++WKW3XnIKvEy0kFcjT75a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbRrVa9erd1dVBrXeRxFOIFTOAcPLqEBt9CEFjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AHzBY2T</latexit>

m̄(4)
<latexit sha1_base64="oZBu3hma3VeDAZb2+P+U7m9xPKY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSLUS9mtBT1JwYvHCvYD2rVk07QNTbJrki2UZX+HFw+KePXHePPfmLZ70NYHA4/3ZpiZF0ScaeO6387a+sbm1nZuJ7+7t39wWDg6buowVoQ2SMhD1Q6wppxJ2jDMcNqOFMUi4LQVjG9nfmtClWahfDDTiPoCDyUbMIKNlfxugFUi0sekVL1Ie4WiW3bnQKvEy0gRMtR7ha9uPySxoNIQjrXueG5k/AQrwwinab4baxphMsZD2rFUYkG1n8yPTtG5VfpoECpb0qC5+nsiwULrqQhsp8BmpJe9mfif14nN4NpPmIxiQyVZLBrEHJkQzRJAfaYoMXxqCSaK2VsRGWGFibE55W0I3vLLq6RZKXuX5cp9tVi7yeLIwSmcQQk8uIIa3EEdGkDgCZ7hFd6cifPivDsfi9Y1J5s5gT9wPn8AV9CRzQ==</latexit>

Fig. 8: Creation of “information bits” for the Polar encoder used in block 4.

m̄(4) := [e3 || ê]. (26)

It applies a standard blocklength-n Polar encoder to the information bits m̄(4).
User 4 applies the Polar decoder to y

(4)
4 with the standard all-zero frozen bit vector of length n(1 −

rmax) = n/3. If successful, the Polar decoder returns e3 and ê.
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IV. CHANNEL CODING IN A SINGLE BLOCK—THE GENERAL SCHEME

Assume that the data assignment step associates with a given block the sets of cache-aided users
Gcache ∈ Kcache and cache-free users Gnocache ∈ Knocache and for each k ∈ G := Gcache ∪ Gnocache a bit-string
mk of length rkn bits. Define

rcache,max := max
k∈Gcache

rk (27)

and in case Gnocache is nonempty
rmax := rcache,max +

∑

k∈Gnocache

rk (28)

As we will see, transmission in this block is reliable if each cache-aided user k ∈ Gcache can reliably
decode at rate rk and each cache-free user k ∈ Gnocache can decode at rate rmax. Denote by yk user k’s
output observed in this block.

Encoding: For any cache-aided user k ∈ Gcache, the encoder appends n(rmax − rk) zeros at the end of
bit-string mk to form the n-length bitstring m̄k, and combines all these strings to

m̄cache =
⊕

k∈Gcache

m̄k. (29)

It further constructs the bit-string m̄nocache by concatenating all bits of strings {mk : k ∈ Gnocache} and
appends nrcache,max zeros at the beginning of the string:

m̄nocache = [0 · · · 0]︸ ︷︷ ︸
nrcache,max symbols

‖ mknocache,1 ‖ · · · ‖ mknocache,|Gnocache|
, (30)

where for ease of notation we denote the users of Gnocache by knocache,1, . . . , knocache,|Gnocache|. The encoder
then feeds the nrmax-length bit-string

m̄ = m̄cache ⊕ m̄nocache, (31)

to a standard blocklength-n Polar encoder, for which it ensures that the Polar code assigns the n bits
of m̄ to the information bits and the frozen bits of the Polar code in decreasing order of reliability
(Z-parameter). It finally transmits this codeword over the channel.

rkn bits
<latexit sha1_base64="NhUeWznDeTfP9rHoGrAIhHmoH+0=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIq6LLoxmUF+4A2hMl00g6dTMLMjVhD8FfcuFDErf/hzr9x2mahrQcuHM65l3vvCRLBNTjOt7W0vLK6tl7aKG9ube/s2nv7LR2nirImjUWsOgHRTHDJmsBBsE6iGIkCwdrB6Hrit++Z0jyWdzBOmBeRgeQhpwSM5NuHys9GOZa4B+wBMhxw0LlvV5yqMwVeJG5BKqhAw7e/ev2YphGTQAXRuus6CXgZUcCpYHm5l2qWEDoiA9Y1VJKIaS+bXp/jE6P0cRgrUxLwVP09kZFI63EUmM6IwFDPexPxP6+bQnjpZVwmKTBJZ4vCVGCI8SQK3OeKURBjQwhV3NyK6ZAoQsEEVjYhuPMvL5JWreqeVWu355X6VRFHCR2hY3SKXHSB6ugGNVATUfSIntErerOerBfr3fqYtS5ZxcwB+gPr8weEi5VE</latexit>

Polar
Code

Decoder<latexit sha1_base64="nEYlxkFOwKPPFEzvdN3f2PIu1C0=">AAACHHicbVDLSgMxFM3UVx1fVZdugkVwVWbahS5cFOrCZQX7gE4pmcxtG5pJhiQjlKEf4sZfceNCETcuBP/G9CFo64HA4ZxzubknTDjTxvO+nNza+sbmVn7b3dnd2z8oHB41tUwVhQaVXKp2SDRwJqBhmOHQThSQOOTQCke1qd+6B6WZFHdmnEA3JgPB+owSY6VeoRKEMGAioyAMqIlbl5yoIMA1GQEOAvcaqGXKDUBEP6FeoeiVvBnwKvEXpIgWqPcKH0EkaRrbccqJ1h3fS0w3I8owymHiBqmGhNARGUDHUkFi0N1sdtwEn1klwn2p7BMGz9TfExmJtR7HoU3GxAz1sjcV//M6qelfdjMmktSAoPNF/ZRjI/G0KRwxBdTwsSWEKmb/iumQKEJtB9q1JfjLJ6+SZrnkV0rl23KxerWoI49O0Ck6Rz66QFV0g+qogSh6QE/oBb06j86z8+a8z6M5ZzFzjP7A+fwGY2KhiA==</latexit>

Zk
<latexit sha1_base64="nwdqbXNUhDrF3S3DE31rFwhsesE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4rGCaYttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzvz2EyrNE/lgJikGMR1KHnFGjZX8x34+nvYrVbfmzkFWiVeQKhRo9itfvUHCshilYYJq3fXc1AQ5VYYzgdNyL9OYUjamQ+xaKmmMOsjnx07JuVUGJEqULWnIXP09kdNY60kc2s6YmpFe9mbif143M9FNkHOZZgYlWyyKMkFMQmafkwFXyIyYWEKZ4vZWwkZUUWZsPmUbgrf88ipp1WveZa1+f1VtNIo4SnAKZ3ABHlxDA+6gCT4w4PAMr/DmSOfFeXc+Fq1rTjFzAn/gfP4A+yyOyg==</latexit>

Frozen
bits

calculator
<latexit sha1_base64="m1wBPYCUoI0yxV+ClzT4RLVA7TI=">AAACHnicbVBNS8MwGE7n16xfVY9eikPwNNqJ6HEoiMcJ7gPWMtLs3RaWJiVJhVn2S7z4V7x4UETwpP/GbKugmy+EPDwfJO8TJYwq7XlfVmFpeWV1rbhub2xube84u3sNJVJJoE4EE7IVYQWMcqhrqhm0Egk4jhg0o+HlRG/egVRU8Fs9SiCMcZ/THiVYG6rjnAYR9CnPCHANcnwlxT3wILAjqpW5CGYkZVgLaQfAuz+2jlPyyt503EXg56CE8ql1nI+gK0gamzhhWKm27yU6zLDUlDAY20GqIMFkiPvQNpDjGFSYTdcbu0eG6bo9Ic3h2p2yvxMZjpUaxZFxxlgP1Lw2If/T2qnunYcZ5UmqgZPZQ72UuVq4k67cLpVANBsZgImk5q8uGWCJielA2aYEf37lRdColP2TcuWmUqpe5HUU0QE6RMfIR2eoiq5RDdURQQ/oCb2gV+vRerberPeZtWDlmX30Z6zPb82to4M=</latexit>

Coded
Caching
Decoder

<latexit sha1_base64="sGp+aV7BloRIDE7Yn3BhZlnXfVE=">AAACHXicbVDLSsNAFJ3UV42vqks3g0VwVZIq6MJFoS5cVrAPaEKZTG7aoZNJmJkIJfRH3Pgrblwo4sKN+DdOH4K2Hhg4nHMud+4JUs6Udpwvq7Cyura+Udy0t7Z3dvdK+wctlWSSQpMmPJGdgCjgTEBTM82hk0ogccChHQzrE799D1KxRNzpUQp+TPqCRYwSbaRe6dwLoM9ETkFokON6EkLoebhO6ICJvufZ10CNJm0PRPiT6pXKTsWZAi8Td07KaI5Gr/ThhQnNYjNOOVGq6zqp9nMiNaMcxraXKUgJHZI+dA0VJAbl59PrxvjEKCGOEmme0Hiq/p7ISazUKA5MMiZ6oBa9ifif1810dOnnTKSZBkFni6KMY53gSVU4ZBKo5iNDCJXM/BXTAZGEmg6UbUpwF09eJq1qxT2rVG+r5drVvI4iOkLH6BS56ALV0A1qoCai6AE9oRf0aj1az9ab9T6LFqz5zCH6A+vzGwx9ons=</latexit>yk
<latexit sha1_base64="cN6W42eRlKQtfIivOe6JEI1XeUU=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZkq6LLoxmUF+4DOUDJppg3NZEKSEYahv+HGhSJu/Rl3/o2ZdhbaeiBwOOde7skJJWfauO63s7a+sbm1Xdmp7u7tHxzWjo67OkkVoR2S8ET1Q6wpZ4J2DDOc9qWiOA457YXTu8LvPVGlWSIeTSZpEOOxYBEj2FjJ92NsJmGUZ7PhdFiruw13DrRKvJLUoUR7WPvyRwlJYyoM4VjrgedKE+RYGUY4nVX9VFOJyRSP6cBSgWOqg3yeeYbOrTJCUaLsEwbN1d8bOY61zuLQThYZ9bJXiP95g9REN0HOhEwNFWRxKEo5MgkqCkAjpigxPLMEE8VsVkQmWGFibE1VW4K3/OVV0m02vMtG8+Gq3rot66jAKZzBBXhwDS24hzZ0gICEZ3iFNyd1Xpx352MxuuaUOyfwB87nD4Udkf8=</latexit>

Cache
Memory

<latexit sha1_base64="ESco4jVBc2MWoTn8ecu0yRAhtVg=">AAACBXicbVDLSsNAFJ34rPFVdamLwSK4sSRV0IWLQjduhAr2AU0ok+lNM3QmCTMToYRu3Pgrblwo4tZ/cOffOH0stPXAhcM593LvPUHKmdKO820tLa+srq0XNuzNre2d3eLeflMlmaTQoAlPZDsgCjiLoaGZ5tBOJRARcGgFg9rYbz2AVCyJ7/UwBV+QfsxCRok2Urd45EUqJRTyswshRjVCI8CeZ9+CSOSwWyw5ZWcCvEjcGSmhGerd4pfXS2gmINaUE6U6rpNqPydSM8phZHuZArNtQPrQMTQmApSfT74Y4ROj9HCYSFOxxhP190ROhFJDEZhOQXSk5r2x+J/XyXR45ecsTjMNMZ0uCjOOdYLHkeAek0A1HxpCqGTmVkwjIgnVJjjbhODOv7xImpWye16u3FVK1etZHAV0iI7RKXLRJaqiG1RHDUTRI3pGr+jNerJerHfrY9q6ZM1mDtAfWJ8/j8yX8Q==</latexit>

Fig. 9: Example of the delivery decoding for a single block at a cache-aided user i`.

Decoding at cache-aided user k ∈ Gcache (Figure 9):
User k ∈ Gcache retrieves the bit-strings {mj : j ∈ Gcache\{k}} and {mj : j ∈ Gnocache} from its cache

memory, forms the zero-padded or concatenated strings {m̄j : j ∈ Gcache\{k}} and m̄nocache as described
above to compute

m̄dec,k =


 ⊕

j∈Gcache\{k}

m̄j


⊕ m̄nocache. (32)
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It divides this nrmax-length bit-string as

ck := [m̄dec,k]nrk (33)
fk := [m̄dec,k](nrk+1):nrmax , (34)

and applies the standard Polar decoding algorithm with the n(1− rk)-length frozen-bit vector fk‖[0 · · · 0]
to its output vector yk, where it ensures that the bits are used in decreasing reliability order. If the Polar
decoder succeeds, it produces the nrk-length bit-string [m̄cache]nrk and user k can retrieve its desired bits
mk = [m̄k]nrk by forming:

mk = [m̄cache]nrk ⊕ ck. (35)

yk
<latexit sha1_base64="4WmBYNEBxb40oEci857LKeF+xn0=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclZkq6MJFwY3LCvYBnaFk0kwbmsmEJCMMQ3/DjQtF3Poz7vwbM+0stPVA4HDOvdyTE0rOtHHdb2dtfWNza7uyU93d2z84rB0dd3WSKkI7JOGJ6odYU84E7RhmOO1LRXEcctoLp3eF33uiSrNEPJpM0iDGY8EiRrCxku/H2EzCKM9mw+mwVncb7hxolXglqUOJ9rD25Y8SksZUGMKx1gPPlSbIsTKMcDqr+qmmEpMpHtOBpQLHVAf5PPMMnVtlhKJE2ScMmqu/N3Ica53FoZ0sMuplrxD/8wapiW6CnAmZGirI4lCUcmQSVBSARkxRYnhmCSaK2ayITLDCxNiaqrYEb/nLq6TbbHiXjebDVb11W9ZRgVM4gwvw4BpacA9t6AABCc/wCm9O6rw4787HYnTNKXdO4A+czx+DT5H5</latexit>

0
<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit>

0
<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit>

0
<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit>

0
<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit>

0
<latexit sha1_base64="buqwqt41l27EsUXgHsXg9xH5Lpw=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUdAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AdjGMqg==</latexit> |

{z
}

<latexit sha1_base64="utywo+Y9hV8Y2Pa/AFzTitq7lcM=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbBU0lU0GPRi8cK9gOaUDabSbtmswm7G6GE3Lz4V7x4UMSrf8Gb/8Ztm4O2Phh4vDfDzDw/ZVQq2/42KkvLK6tr1fXaxubW9o65u9eRSSYItEnCEtHzsQRGObQVVQx6qQAc+wy6fnQ98bsPICRN+J0ap+DFeMhpSAlWWhqYh27GAxC+wARyNx1hrpI4j+5xFEasKAZm3W7YU1iLxClJHZVoDcwvN0hIFgNXhGEp+46dKi/HQlHCoKi5mYQUkwgPoa8pxzFIL5/+UVjHWgmsMBG6uLKm6u+JHMdSjmNfd8ZYjeS8NxH/8/qZCi+9nPI0U8DJbFGYMUsl1iQUK6ACiGJjTTARVN9qkRHWmSgdXU2H4My/vEg6pw3nrHF6e15vXpVxVNEBOkInyEEXqIluUAu1EUGP6Bm9ojfjyXgx3o2PWWvFKGf20R8Ynz+nl5pz</latexit>

frozen
bits

<latexit sha1_base64="Q0m8WE8+jlIJU1O5mPy3QdSnpS8=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgY9iNRSwsAjaWEcwDsiHMTu4mQ2Zml5lZIS4pbPwVGwtFbP0IO//GyaPQxAMXDufcy733hAln2njet5NbW9/Y3MpvF3Z29/YP3MOjpo5TRaFBYx6rdkg0cCahYZjh0E4UEBFyaIWj66nfugelWSzvzDiBriADySJGibFSzy0GQ50QCtl5VYhJpOIHkEGACyEzuueWvLI3A14l/oKU0AL1nvsV9GOaCpCGcqJ1x/cS082IMoxymBSCVINdNiID6FgqiQDdzWZPTPCpVfo4ipUtafBM/T2REaH1WIS2UxAz1MveVPzP66QmuuxmTCapAUnni6KUYxPjaSK4zxRQw8eWEKqYvRXTIVGEGptbwYbgL7+8SpqVsn9RrtxWSrWrRRx5VEQn6Az5qIpq6AbVUQNR9Iie0St6c56cF+fd+Zi35pzFzDH6A+fzB2CQl+M=</latexit>

Polar
Code

Decoder<latexit sha1_base64="nEYlxkFOwKPPFEzvdN3f2PIu1C0=">AAACHHicbVDLSgMxFM3UVx1fVZdugkVwVWbahS5cFOrCZQX7gE4pmcxtG5pJhiQjlKEf4sZfceNCETcuBP/G9CFo64HA4ZxzubknTDjTxvO+nNza+sbmVn7b3dnd2z8oHB41tUwVhQaVXKp2SDRwJqBhmOHQThSQOOTQCke1qd+6B6WZFHdmnEA3JgPB+owSY6VeoRKEMGAioyAMqIlbl5yoIMA1GQEOAvcaqGXKDUBEP6FeoeiVvBnwKvEXpIgWqPcKH0EkaRrbccqJ1h3fS0w3I8owymHiBqmGhNARGUDHUkFi0N1sdtwEn1klwn2p7BMGz9TfExmJtR7HoU3GxAz1sjcV//M6qelfdjMmktSAoPNF/ZRjI/G0KRwxBdTwsSWEKmb/iumQKEJtB9q1JfjLJ6+SZrnkV0rl23KxerWoI49O0Ck6Rz66QFV0g+qogSh6QE/oBb06j86z8+a8z6M5ZzFzjP7A+fwGY2KhiA==</latexit>

mk
<latexit sha1_base64="rLIrFR5X70TvDUSCNa0cPs7Epls=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgaphpq1PBRcGNy4r2Ae1QMmmmDU1mhiQjlKGf4MaFIm79Inf+jelDUNEDIYdz7uXee4KEM6Ud58PKrayurW/kNwtb2zu7e8X9g5aKU0lok8Q8lp0AK8pZRJuaaU47iaRYBJy2g/HVzG/fU6lYHN3pSUJ9gYcRCxnB2ki3oj/uF0uO7VbKlfMacmzzeVXPEM91zy6qyLWdOUqwRKNffO8NYpIKGmnCsVJd10m0n2GpGeF0WuiliiaYjPGQdg2NsKDKz+arTtGJUQYojKV5kUZz9XtHhoVSExGYSoH1SP32ZuJfXjfVYc3PWJSkmkZkMShMOdIxmt2NBkxSovnEEEwkM7siMsISE23SKZgQvi5F/5NW2QRll2+qpfrlMo48HMExnIILHtThGhrQBAJDeIAneLa49Wi9WK+L0py17DmEH7DePgHEXI4c</latexit>

Fig. 10: Example of the delivery decoding for a single block at a user knocache without cache.

Decoding at cache-free user k ∈ Gcache (Figure 10): Each cache-free user k ∈ Gnocache applies a standard
Polar decoder with an all-zero frozen bit vector fk of length n(1− rmax) to its outputs yk. If successful,
the Polar decoder returns the XORed sequence m̄ in (31). User k can then obtain the desired message mk

by retrieving the appropriate bits from m̄. Specifically, when k is the i-th user in Gnocache, i.e., k = knocache,i,
user k obtains mk as

mk = [m̄]n(rcache,max+
∑i−1

j=1 rknocache,j+1):n(rcache,max+
∑i

j=1 rknocache,j )
. (36)

V. DATA ASSIGNMENT PROCEDURES

The data assignment procedure consists of two subprocedures. A first procedure partitions all subchunks
intended to cache-aided users into groups, where all subchunks within a group will be transmitted during
the same block. The second procedure assigns each subchunk intended to cache-free users to one of the
groups established in the first procedure. We describe the details of both procedures in the following two
subsections.

It is assumed that the server has an estimate of the data rates at which the various users can decode
and that a a code of blocklength n is used for transmission over the channel.

A. Step 1: Assignment of (Sub)Chunks of Cache-Aided Users—Minimum Graph Colouring on Conflict
Graphs

Similar to [32]–[35], the relevant information about the various cache contents is captured in a conflict
graph. The conflict graph however has to be adapted to account for the fact that users will be served at
different rates. We describe two procedures, a stronger procedure with higher implementation complexity
and a weaker procedure that is simpler



12

(a, 1)
<latexit sha1_base64="mLJcTfMoxIiHgE44d/9eZZafKeU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcpuFfRY9OKxgtsW2qVk02wbms0uSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+PWjpOFWUejUWsOgHRTHDJPMONYJ1EMRIFgrWD8d3Mbz8xpXksH80kYX5EhpKHnBJjJa9KLtzzfrni1Jw58Cpxc1KBHM1++as3iGkaMWmoIFp3XScxfkaU4VSwaamXapYQOiZD1rVUkohpP5sfO8VnVhngMFa2pMFz9fdERiKtJ1FgOyNiRnrZm4n/ed3UhDd+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7IhuMsvr5JWveZe1uoPV5XGbR5HEU7gFKrgwjU04B6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH2Jpjb8=</latexit> (ã, 1)

<latexit sha1_base64="GXO1G0Cnl6dgMb0g2m/VbSybAFg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQQcJuFPQY9OIxgnlAdgmzs73JkNkHM7NCCPkNLx4U8erPePNvnCR70MSChqKqm+4uPxVcadv+tgpr6xubW8Xt0s7u3v5B+fCorZJMMmyxRCSy61OFgsfY0lwL7KYSaeQL7Piju5nfeUKpeBI/6nGKXkQHMQ85o9pIbtXVXARI6IVz3i9X7Jo9B1klTk4qkKPZL3+5QcKyCGPNBFWq59ip9iZUas4ETktupjClbEQH2DM0phEqbzK/eUrOjBKQMJGmYk3m6u+JCY2UGke+6YyoHqplbyb+5/UyHd54Ex6nmcaYLRaFmSA6IbMASMAlMi3GhlAmubmVsCGVlGkTU8mE4Cy/vEra9ZpzWas/XFUat3kcRTiBU6iCA9fQgHtoQgsYpPAMr/BmZdaL9W59LFoLVj5zDH9gff4AWFuQkw==</latexit>

(b, 2)
<latexit sha1_base64="OTePyYlLTplEkxoLX+VyhU5ascU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcpuFfRY9OKxgtsW2qVk02wbms0uSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+PWjpOFWUejUWsOgHRTHDJPMONYJ1EMRIFgrWD8d3Mbz8xpXksH80kYX5EhpKHnBJjJa8aXNTP++WKU3PmwKvEzUkFcjT75a/eIKZpxKShgmjddZ3E+BlRhlPBpqVeqllC6JgMWddSSSKm/Wx+7BSfWWWAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT8mG4C6/vEpa9Zp7Was/XFUat3kcRTiBU6iCC9fQgHtoggcUODzDK7whiV7QO/pYtBZQPnMMf4A+fwBldY3B</latexit>

(c2, 3)
<latexit sha1_base64="BC3lb2jY8Mf019bFvb7G1DIW/DU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNhNBD0GvXiMYB6QLGF2MkmGzM4uM71CWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSyFQdf9dtbWNza3tnM7+d29/YPDwtFx00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvpv5rSeujYjUI05i7od0qMRAMIpWapVYr3JZvegVim7ZnYOsEi8jRchQ7xW+uv2IJSFXyCQ1puO5Mfop1SiY5NN8NzE8pmxMh7xjqaIhN346P3dKzq3SJ4NI21JI5urviZSGxkzCwHaGFEdm2ZuJ/3mdBAc3fipUnCBXbLFokEiCEZn9TvpCc4ZyYgllWthbCRtRTRnahPI2BG/55VXSrJS9arnycFWs3WZx5OAUzqAEHlxDDe6hDg1gMIZneIU3J3ZenHfnY9G65mQzJ/AHzucPkVaOaA==</latexit>

(c1, 3)
<latexit sha1_base64="6wcPbMkr/q+TRVrFqvRWMQuWyMI=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNhNBD0GvXiMYB6QLGF2MkmGzM4uM71CWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSyFQdf9dtbWNza3tnM7+d29/YPDwtFx00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvpv5rSeujYjUI05i7od0qMRAMIpWapVYz7usXvQKRbfszkFWiZeRImSo9wpf3X7EkpArZJIa0/HcGP2UahRM8mm+mxgeUzamQ96xVNGQGz+dnzsl51bpk0GkbSkkc/X3REpDYyZhYDtDiiOz7M3E/7xOgoMbPxUqTpArtlg0SCTBiMx+J32hOUM5sYQyLeythI2opgxtQnkbgrf88ippVspetVx5uCrWbrM4cnAKZ1ACD66hBvdQhwYwGMMzvMKbEzsvzrvzsWhdc7KZE/gD5/MHj8+OZw==</latexit>

(c3, 3)
<latexit sha1_base64="dD/YOTWjOtVD1wTF8HZrZl4B+Ew=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBAiSNhNBD0GvXiMYB6QLGF2MkmGzM4uM71CWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSyFQdf9dtbWNza3tnM7+d29/YPDwtFx00SJZrzBIhnpdkANl0LxBgqUvB1rTsNA8lYwvpv5rSeujYjUI05i7od0qMRAMIpWapVYr3pZvegVim7ZnYOsEi8jRchQ7xW+uv2IJSFXyCQ1puO5Mfop1SiY5NN8NzE8pmxMh7xjqaIhN346P3dKzq3SJ4NI21JI5urviZSGxkzCwHaGFEdm2ZuJ/3mdBAc3fipUnCBXbLFokEiCEZn9TvpCc4ZyYgllWthbCRtRTRnahPI2BG/55VXSrJS9arnycFWs3WZx5OAUzqAEHlxDDe6hDg1gMIZneIU3J3ZenHfnY9G65mQzJ/AHzucPkt2OaQ==</latexit>

Fig. 11: Illustration of the subchunk conflict-graph with a minimum graph colouring for the example in
Section III-B. This conflict graph/graph colouring is used in the more complex procedure.

(a, 1)
<latexit sha1_base64="mLJcTfMoxIiHgE44d/9eZZafKeU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcpuFfRY9OKxgtsW2qVk02wbms0uSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+PWjpOFWUejUWsOgHRTHDJPMONYJ1EMRIFgrWD8d3Mbz8xpXksH80kYX5EhpKHnBJjJa9KLtzzfrni1Jw58Cpxc1KBHM1++as3iGkaMWmoIFp3XScxfkaU4VSwaamXapYQOiZD1rVUkohpP5sfO8VnVhngMFa2pMFz9fdERiKtJ1FgOyNiRnrZm4n/ed3UhDd+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7IhuMsvr5JWveZe1uoPV5XGbR5HEU7gFKrgwjU04B6a4AEFDs/wCm9Iohf0jj4WrQWUzxzDH6DPH2Jpjb8=</latexit>

(ã, 1)
<latexit sha1_base64="GXO1G0Cnl6dgMb0g2m/VbSybAFg=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQQcJuFPQY9OIxgnlAdgmzs73JkNkHM7NCCPkNLx4U8erPePNvnCR70MSChqKqm+4uPxVcadv+tgpr6xubW8Xt0s7u3v5B+fCorZJMMmyxRCSy61OFgsfY0lwL7KYSaeQL7Piju5nfeUKpeBI/6nGKXkQHMQ85o9pIbtXVXARI6IVz3i9X7Jo9B1klTk4qkKPZL3+5QcKyCGPNBFWq59ip9iZUas4ETktupjClbEQH2DM0phEqbzK/eUrOjBKQMJGmYk3m6u+JCY2UGke+6YyoHqplbyb+5/UyHd54Ex6nmcaYLRaFmSA6IbMASMAlMi3GhlAmubmVsCGVlGkTU8mE4Cy/vEra9ZpzWas/XFUat3kcRTiBU6iCA9fQgHtoQgsYpPAMr/BmZdaL9W59LFoLVj5zDH9gff4AWFuQkw==</latexit>

(b, 2)
<latexit sha1_base64="OTePyYlLTplEkxoLX+VyhU5ascU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BItQQcpuFfRY9OKxgtsW2qVk02wbms0uSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFySCa+M436iwtr6xuVXcLu3s7u0flA+PWjpOFWUejUWsOgHRTHDJPMONYJ1EMRIFgrWD8d3Mbz8xpXksH80kYX5EhpKHnBJjJa8aXNTP++WKU3PmwKvEzUkFcjT75a/eIKZpxKShgmjddZ3E+BlRhlPBpqVeqllC6JgMWddSSSKm/Wx+7BSfWWWAw1jZkgbP1d8TGYm0nkSB7YyIGellbyb+53VTE974GZdJapiki0VhKrCJ8exzPOCKUSMmlhCquL0V0xFRhBqbT8mG4C6/vEpa9Zp7Was/XFUat3kcRTiBU6iCC9fQgHtoggcUODzDK7whiV7QO/pYtBZQPnMMf4A+fwBldY3B</latexit>

(c, 3)
<latexit sha1_base64="e50yo9vSnILozyaHBj3FjcQwT40=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBEqSNltBT0WvXis4LaFdinZNNuGZrNLkhXK0t/gxYMiXv1B3vw3pu0etPXBwOO9GWbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxklehl/WLfqnsVJ058Cpxc1KGHM1+6as3iGkaMWmoIFp3XScxfkaU4VSwabGXapYQOiZD1rVUkohpP5sfO8XnVhngMFa2pMFz9fdERiKtJ1FgOyNiRnrZm4n/ed3UhDd+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5JWrerWq7WHq3LjNo+jAKdwBhVw4RoacA9N8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH2iBjcM=</latexit>

First-Round
Graph Colouring

<latexit sha1_base64="C6cjNBBYnRcIMMHfDb7wHjhdZHc=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWJK6sMuCoC6r2Ac0oUwmk3boZBLmIZTQnRt/xY0LRdz6C+78GydtFtp6YOBwzj3cuSdIGZXKcb6tpeWV1bX10kZ5c2t7Z9fe22/LRAtMWjhhiegGSBJGOWkpqhjppoKgOGCkE4wuc7/zQISkCb9X45T4MRpwGlGMlJH69tEVFVKd3SWah9Dz4LVA6RDmOS0oH/TtilN1poCLxC1IBRRo9u0vL0ywjglXmCEpe66TKj9DQlHMyKTsaUlShEdoQHqGchQT6WfTOybwxCghjBJhHldwqv5OZCiWchwHZjJGaijnvVz8z+tpFdX9jPJUK8LxbFGkGVQJzEuBIRUEKzY2BGFBzV8hHiKBsDLVlU0J7vzJi6Rdq7rn1dptrdKoF3WUwCE4BqfABRegAW5AE7QABo/gGbyCN+vJerHerY/Z6JJVZA7AH1ifPxbamMg=</latexit>

Second-Round
Graph Colouring

<latexit sha1_base64="hf9wQKjcPEDZwy5bqzbLEduTkI4=">AAACFnicbVC7SgNBFJ31GeMramkzGASbhN0oaClYaBkfMUJ2CbOzN8ngPJaZWSEs+Qobf8XGQhFbsfNvnMQt1Hhg4HDOfcw9ccqZsb7/6c3Mzs0vLJaWyssrq2vrlY3Na6MyTaFFFVf6JiYGOJPQssxyuEk1EBFzaMe3J2O/fQfaMCWv7DCFSJC+ZD1GiXVSt1ILByYlFPLagRAjfAlUyaR2oTKZ4DDEp5qkAzwek2km+91K1a/7E+BpEhSkigo0u5WPMFE0EyAt5cSYTuCnNsqJtoxyGJXDzIBbf0v60HFUEgEmyidnjfCuUxLcU9o9afFE/dmRE2HMUMSuUhA7MH+9sfif18ls7yjKmUwzC5J+L+plHFuFxxnhhGmglg8dIVQz91dMB0QTal2SZRdC8PfkaXLdqAf79cZ5o3p8VMRRQttoB+2hAB2iY3SGmqiFKLpHj+gZvXgP3pP36r19l854Rc8W+gXv/QtcAZ7V</latexit>

(c, 3)
<latexit sha1_base64="e50yo9vSnILozyaHBj3FjcQwT40=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBEqSNltBT0WvXis4LaFdinZNNuGZrNLkhXK0t/gxYMiXv1B3vw3pu0etPXBwOO9GWbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxklehl/WLfqnsVJ058Cpxc1KGHM1+6as3iGkaMWmoIFp3XScxfkaU4VSwabGXapYQOiZD1rVUkohpP5sfO8XnVhngMFa2pMFz9fdERiKtJ1FgOyNiRnrZm4n/ed3UhDd+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5JWrerWq7WHq3LjNo+jAKdwBhVw4RoacA9N8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH2iBjcM=</latexit> (c, 3)

<latexit sha1_base64="e50yo9vSnILozyaHBj3FjcQwT40=">AAAB7HicbVBNSwMxEJ34WetX1aOXYBEqSNltBT0WvXis4LaFdinZNNuGZrNLkhXK0t/gxYMiXv1B3vw3pu0etPXBwOO9GWbmBYng2jjON1pb39jc2i7sFHf39g8OS0fHLR2nijKPxiJWnYBoJrhknuFGsE6iGIkCwdrB+G7mt5+Y0jyWj2aSMD8iQ8lDTomxklehl/WLfqnsVJ058Cpxc1KGHM1+6as3iGkaMWmoIFp3XScxfkaU4VSwabGXapYQOiZD1rVUkohpP5sfO8XnVhngMFa2pMFz9fdERiKtJ1FgOyNiRnrZm4n/ed3UhDd+xmWSGibpYlGYCmxiPPscD7hi1IiJJYQqbm/FdEQUocbmU7QhuMsvr5JWrerWq7WHq3LjNo+jAKdwBhVw4RoacA9N8IACh2d4hTck0Qt6Rx+L1jWUz5zAH6DPH2iBjcM=</latexit>

Third-Round
Graph Colouring

<latexit sha1_base64="PgJfUM2Bbmo7vcsZhwgp2az6A9o=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXtsxUwS4LLnRZpS/oDCWTyXRCk8yQZIQy9Cfc+CtuXCjiVnDn35hpu9DWA4HDOfeRe/yEUaVt+9taWV1b39gsbBW3d3b39ksHhx0VpxKTNo5ZLHs+UoRRQdqaakZ6iSSI+4x0/dF17ncfiFQ0Fi09TojH0VDQkGKkjTQonbuRShAmWeWS8wlsRVQGlfs4FQF0XXgjURLBfEoqqRgOSmW7ak8Bl4kzJ2UwR3NQ+nKDGKecCI0ZUqrv2In2MiQ1xYxMim6qiNk+QkPSN1QgTpSXTa+awFOjBDCMpXlCw6n6uyNDXKkx900lRzpSi14u/uf1Ux3WvYyKJNVE4NmiMGVQxzCPCAZUEqzZ2BCEJTV/hThCEmFtgiyaEJzFk5dJp1Z1Lqq1u1q5UZ/HUQDH4AScAQdcgQa4BU3QBhg8gmfwCt6sJ+vFerc+ZqUr1rznCPyB9fkDkx2eag==</latexit>

Fig. 12: Illustration of the chunk conflict-graph with an iterative minimum graph colouring for the example
in Section III-B. This conflict graph/graph colouring is used in the simpler procedure.

1) More complex procedure: For each cache-aided user k ∈ Kcache, the server splits each chunk of
W ′
dk

into
⌈
Fchunk
nrk

⌉
subchunks, each one consisting of no more than nrk bits, and constructs a conflict graph

based on these subchunks. Specifically, it assigns a vertex to each subchunk of {W ′
dk
}k∈Kcache and labels

this vertex by a pair (`, k), where k indicates the intended user and ` the number of the subchunk within
W ′
dk

. Two vertices (`, k) and (`′, k′) are connected in the conflict graph unless the `-th subchunk of W ′
dk

is
cached at user k′ and the `′-th subchunk of Wd′k

is cached at user k. After constructing the conflict graph,
the server runs a minimum graph colouring algorithm such as the GRASP-algorithm proposed in [33] on
the subchunk conflict-graph. All subchunks with the same colour are assigned to the same transmission
block.

The subchunk conflict graph of the example in Section III-B and a possible minimum colouring are
shown in Figure 11, where for simplicity, subchunks are labelled with letters a, ã, b, c1, c2, c3 as introduced
in Section III-B. As we see, (sub)chunks a, b, c1 are assigned to the same colour and will thus be sent in
the same subblock, (sub)chunks ã and c2 have the same colour and will be sent in the same block, and
subchunk c3 has a colour on its own and will be sent in a separate third block.

For large files and small rates rk the set {W ′
dk
} consists of many subchunks. In this case, the complexity

of the proposed graph colouring procedure can be prohibitively large. In the following, we explain a simpler
(generally less efficient) way to assign the subchunks to the various transmission blocks.

2) Simpler procedure: The idea is to create the conflict graph as in [32]. I.e., a node of the conflict
graph is associated to an entire chunk and is labelled by (l, k), where k denotes the intended cache-aided
user and l the number of the chunk within W ′

dk
. As before, two vertices (l, k) and (l′, k′) are connected

in this graph unless the l-th chunk of W ′
dk

is cached at user k′ and the l′-th chunk of W ′
d′k

is cached at
user k.

In this simplified procedure, the server assigns the subchunks to the various transmission blocks in an
iterative way. In each round, it constructs a conflict graph containing the remaining chunks, and if the
conflict graph has changed from the previous iteration, the server applies a minimum graph-colouring
algorithm on the chunk conflict-graph, and otherwise it uses the same graph colouring as in the previous
iteration. Then, it retrieves for each node (l, k) in the conflict graph the next (sub)chunk of size nrk bits,
and assigns all subchunks of the same colour to the same transmission block. It further eliminates all
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(ê, 4)
<latexit sha1_base64="J4IIL52tAqKVfyNOHity+bO37GM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQQcJuDOgx6MVjBPPAJITZyWwyZHZ2mekVwpK/8OJBEa/+jTf/xsnjoIkFDUVVN91dfiyFQdf9djJr6xubW9nt3M7u3v5B/vCoYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMf3U795hPXRkTqAccx74Z0oEQgGEUrPRY7Q4qEX1TOe/mCW3JnIKvEW5ACLFDr5b86/YglIVfIJDWm7bkxdlOqUTDJJ7lOYnhM2YgOeNtSRUNuuuns4gk5s0qfBJG2pZDM1N8TKQ2NGYe+7QwpDs2yNxX/89oJBtfdVKg4Qa7YfFGQSIIRmb5P+kJzhnJsCWVa2FsJG1JNGdqQcjYEb/nlVdIol7zLUvm+UqjeLOLIwgmcQhE8uIIq3EEN6sBAwTO8wptjnBfn3fmYt2acxcwx/IHz+QPN34+x</latexit>

(ẽ, 4)
<latexit sha1_base64="KuqJVwznywnJCyMTPxXWb/5AcAA=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBAiSNiNAT0GvXiMYB6QXcLsbG8yZPbBTK8QQn7DiwdFvPoz3vwbJ8keNLGgoajqprvLT6XQaNvf1tr6xubWdmGnuLu3f3BYOjpu6yRTHFo8kYnq+kyDFDG0UKCEbqqARb6Ejj+6m/mdJ1BaJPEjjlPwIjaIRSg4QyO5FReFDIDCZf2iXyrbVXsOukqcnJRJjma/9OUGCc8iiJFLpnXPsVP0Jkyh4BKmRTfTkDI+YgPoGRqzCLQ3md88pedGCWiYKFMx0rn6e2LCIq3HkW86I4ZDvezNxP+8XobhjTcRcZohxHyxKMwkxYTOAqCBUMBRjg1hXAlzK+VDphhHE1PRhOAsv7xK2rWqc1WtPdTLjds8jgI5JWekQhxyTRrknjRJi3CSkmfySt6szHqx3q2PReualc+ckD+wPn8AYwaQmg==</latexit>

(e, 4)
<latexit sha1_base64="6042ByoIV0YMonYS/x4muvuNKPo=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEqSElqQY9FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zba2tb2xubRd2irt7+weHpaPjlopTSdGjMY9lJyAKORPoaaY5dhKJJAo4toPx3cxvP6FULBaPepKgH5GhYCGjRBvJq+Bl/aJfKjtVZw57lbg5KUOOZr/01RvENI1QaMqJUl3XSbSfEakZ5Tgt9lKFCaFjMsSuoYJEqPxsfuzUPjfKwA5jaUpoe67+nshIpNQkCkxnRPRILXsz8T+vm+rwxs+YSFKNgi4WhSm3dWzPPrcHTCLVfGIIoZKZW206IpJQbfIpmhDc5ZdXSatWda+qtYd6uXGbx1GAUziDCrhwDQ24hyZ4QIHBM7zCmyWsF+vd+li0rln5zAn8gfX5A20UjcY=</latexit>

(ê, 4)
<latexit sha1_base64="J4IIL52tAqKVfyNOHity+bO37GM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMQQcJuDOgx6MVjBPPAJITZyWwyZHZ2mekVwpK/8OJBEa/+jTf/xsnjoIkFDUVVN91dfiyFQdf9djJr6xubW9nt3M7u3v5B/vCoYaJEM15nkYx0y6eGS6F4HQVK3oo1p6EvedMf3U795hPXRkTqAccx74Z0oEQgGEUrPRY7Q4qEX1TOe/mCW3JnIKvEW5ACLFDr5b86/YglIVfIJDWm7bkxdlOqUTDJJ7lOYnhM2YgOeNtSRUNuuuns4gk5s0qfBJG2pZDM1N8TKQ2NGYe+7QwpDs2yNxX/89oJBtfdVKg4Qa7YfFGQSIIRmb5P+kJzhnJsCWVa2FsJG1JNGdqQcjYEb/nlVdIol7zLUvm+UqjeLOLIwgmcQhE8uIIq3EEN6sBAwTO8wptjnBfn3fmYt2acxcwx/IHz+QPN34+x</latexit>

(e, 4)
<latexit sha1_base64="6042ByoIV0YMonYS/x4muvuNKPo=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBEqSElqQY9FLx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zba2tb2xubRd2irt7+weHpaPjlopTSdGjMY9lJyAKORPoaaY5dhKJJAo4toPx3cxvP6FULBaPepKgH5GhYCGjRBvJq+Bl/aJfKjtVZw57lbg5KUOOZr/01RvENI1QaMqJUl3XSbSfEakZ5Tgt9lKFCaFjMsSuoYJEqPxsfuzUPjfKwA5jaUpoe67+nshIpNQkCkxnRPRILXsz8T+vm+rwxs+YSFKNgi4WhSm3dWzPPrcHTCLVfGIIoZKZW206IpJQbfIpmhDc5ZdXSatWda+qtYd6uXGbx1GAUziDCrhwDQ24hyZ4QIHBM7zCmyWsF+vd+li0rln5zAn8gfX5A20UjcY=</latexit>

First-Round
Bipartite Matching

<latexit sha1_base64="4+LRCAO7gHiwoW2Pt3kN0dCJtiI=">AAACCnicbVDLSgMxFM3UV62vUZduokVwY5mpC11JURA3QhX7gM5QMpm0Dc0kQ5IRytC1G3/FjQtF3PoF7vwbM+0stPVA4HDOfeSeIGZUacf5tgoLi0vLK8XV0tr6xuaWvb3TVCKRmDSwYEK2A6QIo5w0NNWMtGNJUBQw0gqGl5nfeiBSUcHv9SgmfoT6nPYoRtpIXXv/ikqlj+9EwkPoefCCxkiaOQTeII0HlPe7dtmpOBPAeeLmpAxy1Lv2lxcKnESEa8yQUh3XibWfZmMxI+OSlygSIzxEfdIxlKOIKD+dnDKGh0YJYU9I87iGE/V3R4oipUZRYCojpAdq1svE/7xOontnfkp5nGjC8XRRL2FQC5jlAkMqCdZsZAjCkpq/QjxAEmFt0iuZENzZk+dJs1pxTyrV22q5dp7HUQR74AAcARecghq4BnXQABg8gmfwCt6sJ+vFerc+pqUFK+/ZBX9gff4AcSOaFw==</latexit>

Second-Round
Bipartite Matching

<latexit sha1_base64="By8/L1UDhutMXdGhzJo1pb+cRXk=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAg2ht1YaCVBGxshPvKAbAizszfJkNmZZWZWCCGtjb9iY6GIrX9g5984SbbQxAMDh3PuY+4JE8608bxvZ2FxaXllNbeWX9/Y3Np2d3ZrWqaKQpVKLlUjJBo4E1A1zHBoJApIHHKoh/3LsV9/AKWZFPdmkEArJl3BOowSY6W2i++AShEd38pUREFwwRKi7BjA18TQHhPdtlvwit4EeJ74GSmgDJW2+xVEkqYxCEM50brpe4lpDcdjKYdRPkg1JIT2SRealgoSg24NJ5eM8KFVItyRyj5h8ET93TEksdaDOLSVMTE9PeuNxf+8Zmo6Z60hE0lqQNDpok7KsZF4HAuOmAJq+MASQhWzf8W0RxShxoaXtyH4syfPk1qp6J8USzelQvk8iyOH9tEBOkI+OkVldIUqqIooekTP6BW9OU/Oi/PufExLF5ysZw/9gfP5A2ammiE=</latexit>

{(a, 1),
(b, 2),

(c1, 3)}
<latexit sha1_base64="a1HiJ3NOnm4kFK7plKv9eXs8dL0="></latexit>

{(ã, 1),
(c2, 3)}

<latexit sha1_base64="mpdTywZck73Zn7vb/Hjrwaqnj+I=">AAACGXicbVBNS8NAEN34WetX1KOXxSK00JakKnosevGoYG0hCWWznbaLu0nY3Ygl9G948a948aCIRz35b9zWHNT6YODx3gwz88KEM6Ud59Oam19YXFourBRX19Y3Nu2t7WsVp5JCi8Y8lp2QKOAsgpZmmkMnkUBEyKEd3pxN/PYtSMXi6EqPEggEGUSszyjRRurajj9UCaGQ1Y6EGPtZ2deM9wCTqlup+r5Xc+oncBfgMu02qgcVf9y1S07dmQLPEjcnJZTjomu/+72YpgIiTTlRynOdRAcZkZpRDuOinyowF9yQAXiGRkSACrLpZ2O8b5Qe7sfSVKTxVP05kRGh1EiEplMQPVR/vYn4n+elun8SZCxKUg0R/V7UTznWMZ7EhHtMAtV8ZAihkplbMR0SSag2YRZNCO7fl2fJdaPuHtQbl4el5mkeRwHtoj1URi46Rk10ji5QC1F0jx7RM3qxHqwn69V6+26ds/KZHfQL1scXOcWd4A==</latexit>

{(c3, 3)}
<latexit sha1_base64="kXzEL2P9EFrl4wZ7Xi15JVcvT4c=">AAAB83icbVBNSwMxEJ31s9avqkcvwSJUkLLbCnosevFYwX5AdynZNNuGZpMlyQpl6d/w4kERr/4Zb/4b03YP2vpg4PHeDDPzwoQzbVz321lb39jc2i7sFHf39g8OS0fHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDfzO09UaSbFo5kkNIjxULCIEWys5PsZqpB+/bJ+4U/7pbJbdedAq8TLSRlyNPulL38gSRpTYQjHWvc8NzFBhpVhhNNp0U81TTAZ4yHtWSpwTHWQzW+eonOrDFAklS1h0Fz9PZHhWOtJHNrOGJuRXvZm4n9eLzXRTZAxkaSGCrJYFKUcGYlmAaABU5QYPrEEE8XsrYiMsMLE2JiKNgRv+eVV0q5VvXq19nBVbtzmcRTgFM6gAh5cQwPuoQktIJDAM7zCm5M6L86787FoXXPymRP4A+fzBxilkGs=</latexit>

{(ã, 1),
(c2, 3)}

<latexit sha1_base64="mpdTywZck73Zn7vb/Hjrwaqnj+I=">AAACGXicbVBNS8NAEN34WetX1KOXxSK00JakKnosevGoYG0hCWWznbaLu0nY3Ygl9G948a948aCIRz35b9zWHNT6YODx3gwz88KEM6Ud59Oam19YXFourBRX19Y3Nu2t7WsVp5JCi8Y8lp2QKOAsgpZmmkMnkUBEyKEd3pxN/PYtSMXi6EqPEggEGUSszyjRRurajj9UCaGQ1Y6EGPtZ2deM9wCTqlup+r5Xc+oncBfgMu02qgcVf9y1S07dmQLPEjcnJZTjomu/+72YpgIiTTlRynOdRAcZkZpRDuOinyowF9yQAXiGRkSACrLpZ2O8b5Qe7sfSVKTxVP05kRGh1EiEplMQPVR/vYn4n+elun8SZCxKUg0R/V7UTznWMZ7EhHtMAtV8ZAihkplbMR0SSag2YRZNCO7fl2fJdaPuHtQbl4el5mkeRwHtoj1URi46Rk10ji5QC1F0jx7RM3qxHqwn69V6+26ds/KZHfQL1scXOcWd4A==</latexit>

Fig. 13: Illustration of the iterated bipartite graph and a maximum bipartite matching for the example in
Section III-B.

chunks from the graph, for which all subchunks have already been assigned and starts the next round.
Figure 12 shows the simplified procedure (the conflict graphs and a minimum graph colouring for each

round) for the example in Section III-B. In round 1 the server retrieves the entire chunks a and b, because
users 1 and 2 are served at rates r1 = r2 = 1/2 and in the example Fchunk = n/2, and it retrieves subchunk
c1 because user 3 is served at rate r3 = 1/6, which corresponds to a single sub-chunk. The server then
assigns a, b, c1 to transmission block 1 because they have the same colour, and it assigns ã to the second
transmission block, because it has a different colour. In round 2, the server retrieves subchunk c2 (and
in round 3 it retrieves subchunk c3), because r3 = 1/6, and assigns it to the next transmission block.
In this simpler procedure we use 4 colours and thus 4 transmission blocks, compared to only 3 for the
more complex procedure. So the reduced complexity of the simpler procedure can come at the expense
of reduced performance.

Irrespective of which of the two procedures is used, the server assigns the subchunks to the transmission
blocks in a way that each subchunk transmitted in a given block is stored at all users served in this block
except, of course, the user to which it is intended.

B. Step 2: Assignment of (Sub)Chunks of Cache-Free Users—Maximum Matching on Bipartite Graph
We describe how to assign the subchunks intended for the cache-free users to the various transmission

blocks, or rather to the groups (colours) formed in the previous subsection. At first, the server constructs
a bi-partite graph that on the left-hand side (LHS) contains a node for each group of subchunks created in
the Section V-A, and on the right-hand side (RHS) contains a node for each chunk of {W ′

dk
}k∈Knocache (i.e.,

each chunk intended for a cache-free user). There is an edge between a node on the LHS and a node on
the RHS if, and only if, all users on the LHS have stored the chunk on the RHS in their cache memories.
Consider again an iterative procedure, where in each round the server runs a maximum bipartite matching
algorithm on this graph. For each edge in the resulting matching, which connects on the LHS a group
of chunks {(lkcache , kcache) : Gcache ∈ Kcache} and on the RHS a single chunk (lknocache , knocache), the server
retrieves a subchunk of chunk (l, knocache) of size nrknocache bits (if possible) and it assigns this subchunk to
the same transmission block as the group {(lkcache , kcache) : Gcache ∈ Kcache} was assigned in the first step. It
then retrieves the freshly assigned bits from the chunk on the LHS, and retrieves the chunk all-together
from the graph if it is empty. Moreover, if the full nrknocache bits could be assigned (i.e., the chunk on the
RHS of the edge indeed contained so many bits), the server also removes the group of chunks on the LHS
of the edge. Then, it starts the next-following round based on the modified bipartite graph. The iteration
stops when the bipartite graph is empty, or when it only contains nodes on one of the two sides. In the
latter case, each such node is assigned to a new transmission block.

Figure 13 shows the procedure for our example of Subsection III-B, assuming that the complex
procedure is used in Step 1. In the first round, the bipartite matching connects chunk e to the group
{a, b, c1}. Since user 4 is meant to decode at rate rmax = 2/3 and users 1 and 2 at rates r1 = r2 = 1/2
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(user 3 at a smaller rate 1/6), a subchunk e1 of size n/6 is assigned to the same transmission block as the
group (a, b, c1). Moreover, the group (a, b, c1) is retrieved from the graph, but not chunk e. The matching
in this first round also connects chunk ẽ to subchunk {c3}. Since user 4 is of rate 2/3 and subchunk c3 of
rate 1/6, the entire chunk ẽ, which is of rate 1/2, is assigned to the same transmission block as c3. Both
(sub)chunks c1 and ẽ are removed from the graph for the next round. In the second round, the bipartite
matching connects the group {ã, c2} to e, and the server thus assigns subchunk e2 which is of rate 1/6
(because ã is of rate 1/2 and user 4 is meant to decode rmax = 2/3) to the same transmission block as
the group {ã, c2}. Both end points of the egde can be removed from the graph for the next round. In the
third round, the graph thus consists only of two chunks e (actually only the subchunk e3 associated with
e) and ê from the RHS. As their sizes are compatible, these (sub)chunks are concatenated and assigned
to one new transmission block.

VI. NUMERICAL RESULTS

This section presents the bit-error rates (BER) and the sum-throughputs of our proposed scheme obtained
through computer simulation and a testbed implementation. In our computer simulations we compare the
performance of our proposed scheme also to previous schemes.

This section is organized into three subsections: Subsection VI-A, explains the common setup for both
the computer simulations and the testbed implementation; Subsection VI-B presents the simulation results;
and Subsection VI-C the testbed measurements.

A. Practical Setup
1) Physical layer model: For data transmission, the employed modulation is QPSK-OFDM with 64

carriers (48 data carriers, 4 pilot carriers, and 12 null carriers) and a cyclic prefix of length 16. A bandwidth
of 1 MHz is considered, and thus the OFDM symbol duration is T = 80 µs. All physical layer parameters
are presented in Table I.

Bandwidth (MHz) B = 1

Sampling Period (µs) Ts = 1

Number of carriers per OFDM symbol Nc = 64

Number of data carriers per OFDM symbol 48

Length of cyclic prefix per OFDM symbol Ncp = 16

OFDM symbol duration (µs) T = 80

TABLE I: Parameters of the physical layer.

2) Codeword and Frame Model: We use Polar codes of blocklength n = 2048. Since we employ a
QPSK modulation, any codeword requires 1024 channel uses. Moreover, since only 48 subcarriers of each
OFDM symbol are used to transmit codeword symbols, any codeword is spread over d1024/48e = 22
OFDM symbols.

Any frame contains a single codeword and in the testbed implementation also various headers, where
these latter contain information for channel decoding (e.g., number of XORs, chunks involved in the
XOR, etc), synchronization, and channel estimation. We denote by Nh the overhead in OFDM symbols
for each frame due to headers. In our numerical simulations we simply assume Nh = 0. For the testbed
measurements we will have a variable-length Nh, which depends on the number of users served by the
codeword; in our testbed implementation it is mostly Nh = 24.

We finally conclude that since each OFDM symbol spans 80 channel uses, a frame spans in total
80(22 +Nh) channel uses.

The data assignment and channel coding are done according to the procedures described in Sections III–
V, where for the data assignment we use the simplified procedure.
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3) Figures of merit: Two figures of merit have been considered for evaluating the cache-aided coding
scheme.
• Per-user BER: The BERk of user k is the number of unsuccessfully transmitted information bits for

user k during the delivery phase (i.e., the number of wrongly-decoded bits of W ′
dk

at user k) divided
by the total number of information bits transmitted to user k during the delivery phase:

BERk :=
#wrongly-decoded bits of W ′

dk

#bits of W ′
dk

. (37)

• Sum-Throughput: The sum-throughput η is the number of successfully transmitted information bits
to any of the K users, divided by the total number of channel uses (i.e., the number of samples sent
by the transmitter during the entire transmission window). Since we always transmit entire codewords
(plus headers), we have:

η :=

∑
k #successfully-decoded bits of W ′

dk

80 · (22 +Nh) ·#transmitted codewords
. (38)

4) Coding schemes: We compare our proposed coding scheme (which allows XORing strings of
different sizes and appends (sub)chunks to cache-free users) to three other schemes:
• No caching: Users are cache-free. They thus are successively served through individual transmissions.
• Coded caching [2]: All XORed strings are of same length as in [2], and thus the rate of the XOR

needs to be adjusted to the weakest cache-aided user served by the XOR. Chunks for cache-free
users are sent in separate codewords.

• Generalized coded caching [17]: XORed strings can be of different lengths. Chunks for cache-free
users are sent in separate codewords.

B. Simulation Results
In our simulations we emulate a frequency-selective channel as described in Eq. (4). where the delays

and path attenuations are given by [38]

ak,m(t) = Ak,m · SoSk,m(j), t ∈
(
(j − 1) · T, j · T

]
, (39)

with {|Ak,m|2}m the power delay profile of user k. As T is the OFDM symbol duration, the path attenuation
may change every OFDM symbol through the term SoSk,m(j) which is obtained by

SoSk,m(j) = SoS(Re)
k,m (j) + i. · SoS(Im)

k,m (j) (40)

with

SoS(Re)
k,m (j) =

1√
Ls

Ls∑

`=1

cos

(
2πfdjT cos

(
2π`− π + θk,m(j)

4Ls
+ φk,m,`

))

(41a)

and

SoS(Im)
k,m (j) =

1√
Ls

Ls∑

`=1

cos

(
2πfdjT sin

(
2π`− π + θk,m(j)

4Ls
+ ψk,m,`

))
.

(41b)
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Here, θk,m(j) is the random walk process defined as:

θk,m(j) = [θk,m(j − 1) + δ · uk,m(j)]π−π , j = 1, 2, . . . , (42)

where uk,m(j) is uniformly distributed over [0, π) and independent over OFDM symbols j = 1, 2, . . .,
paths m = 1, . . . , L, and users k; θk,m(0) is uniformly distributed over [−π, π); and the operator [·]π−π
stands for max(−π,min(·, π)). Notice that the sign of δ is modified when θk,m reaches the value π or −π.
The terms φk,m,` and ψk,m,` are iid processes uniformly distributed over [−π, π). The parameters in Eqs.
(41)–(42) are chosen according to Table II. Notice that the Doppler frequency corresponds to walking
speed.

Number of paths L = 3

Delay Profile (µs) ∀k, τk,1 = 0, τk,2 = 2, τk,3 = 4

Power Delay Profile ∀k, |Ak,1|2=0.5, |Ak,2|2=0.3, |Ak,3|2=0.2

Number of sin. Ls = 8

Central Frequency (GHz) f0 = 2.4

Doppler frequency (Hz) fd = 40

δ 10−6

TABLE II: Parameters of the channel model.

According to [38], the correlation in time within one path is given by E[SoSk,m(j)SoSk,m(j + j′)∗] =
J0(2πfdj

′T ) where J0 is the zero-order Bessel function of the first kind. If we define the coherence time
of the channel, denoted by Tc, as the closest zero of the autocorrelation function, we get

Tc ≈
2.4

2πfd
.

According to Tables. I-II, we get Tc = 9, 549µs which is equivalent to 119 OFDM symbols. The channel
is thus constant over one OFDM symbol as required. Diversity is only ensured through frequency diversity
because any given codeword experiences only one channel realization.

In our numerical simulations, all users are assumed to have perfect channel state information. As
mentioned, we neglect the headers, and thus set Nh = 0. We consider a system with N = 20 files and
K = 5 users.

We average our simulation results over 500 realizations of the random user demands d1, . . . , dK drawn
according to a Zipf-distributed file popularity (see Section II) and 200 realizations of the random channel
outcome. The parameter of the Zipf distribution is set to s = 1 unless otherwise stated. The caching
parameter is set to α = 0.1, and as a result each user with a cache memory stores approximately 10% of
all the chunks of each file Wk. The size of each file is F = 66 528 bits. Each file consists of Nchunk = 33
chunks and each chunk corresponds to Fchunk = 2016 bits which is almost the size of a single codeword.

We study the two user configurations (cache availability, SNR offset, and data rate) presented in Tables
III and IV.

Users 1 2 3 4 5
SNR offset 0 dB 2 dB 2 dB 5 dB 7 dB
Cache-aided yes no

Data rate r1 = 1
6

r2 = 1
3

r3 = 1
3

r4 = 1
2

rmax = 2
3

TABLE III: Configuration 1 with a single cache-free user.
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Users 1 2 3 4 5
SNR offset 0 dB 2 dB 5 dB 6 dB 8 dB
Cache-aided yes no

Data rate r1 = 1
6

r2 = 1
3

r3 = 1
2

rmax = 2
3

TABLE IV: Configuration 2 with two cache-free users.

Let us first consider a memoryless Gaussian channel. In Figure 14, we plot the per-user BER over a
Gaussian channel versus the per-user SNR for different caching schemes under Configuration 1, where
only User 5 has no cache memory. User 3’s performances are not plotted since they are very close to
those of User 2, as the two have same SNR offsets and same coding rates r2 = r3. We remark that the
per-user BER is almost regardless of the applied scheme, and the SNR shifts roughly correspond to the
pre-defined SNR offsets. Since in our proposed scheme the subchunks for user 5 are mostly sent on less
reliable bits of the Polar codes (they are mostly appended after the XORs) than for the other schemes,
this implies that the Polar code is well “polarized” in the sense that all reliable bits have approximately
same probabilities of error. Similar behaviours can be observed for Configuration 2. Figures 15 and 16
show the sum-throughput η in function of the SNR at the weakest user 1 for the various schemes, under
Configurations 1 and 2, respectively. We remark a 10% increase in throughput of the proposed scheme
compared to a scheme without coded caching. We further observe that the gain is progressively achieved
by introducing coded caching, XORing strings of different rates, and appending communications to cache-
free users on the multi-cast XORs for cache-aided users. The last feature of our proposed scheme seems
to provide the largest gains in these examples. This is more visible in Configuration 2 where the number
of cache-free users is higher and thus appending their request chunks to the XORed strings within the
same polar codeword is of greater interest.

We now consider the frequency-selective channel described previously. In Figure 17, we plot the per-
user BER versus the per-user SNRs for the various schemes and under Configuration 1. (User 3’s BER
curve is close to User 2’s curve and omitted.) Like for the Gaussian channel, the BER curves of the various
schemes behave analogously, and the same conclusion applies as for the Gaussian channel. Figures 18 and
19 show the sum-throughput η in function of the SNR at the weakest user 1 for the various schemes and
under Configurations 1 and 2, respectively. Our proposed scheme achieves again a significant throughput
gain over the coded caching scheme. We further remark that for large SNR values the same throughput is
achieved as on the Gaussian channel because in this case most codewords are successfully decoded over
both channels.

In Figure 20, we plot the sum-throughput η over the specified frequency-selective channel in function of
the Zipf parameter s for an SNR at the weakest user equal to 8dB (high SNR regime) under Configuration 1.
We remark that the gap between caching approaches increases when s decreases, i.e., when the popularity
of the files becomes more uniform.

C. Testbed Measurements
The proposed scheme of Sections III–V (with the simplified conflict graph construction in Section V)

was also tested on the FIT/CorteXlab testbed (http://www.cortexlab.fr/), which is composed of SISO or
MIMO software defined radio (SDR) nodes [36]. The testbed is hosted in a 180 m2 shielded room, which
is partly covered with electromagnetic wave absorbing material, and its layout is shown in Fig. 21. User
nodes are placed over a regular grid with an inter-node distance of 1.8 meters, and allow any physical layer
implementation on both hardware and software. A unified server is available for starting, coordinating, and
collecting the results of the experiments. As a development tool, the GNU Radio software is employed
for real-time experimentation.

The physical layer of CorteXlab is described in Table I and is closely related to IEEE802.11p, except
for the occupied bandwidth.
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Fig. 14: Per-user BERs versus the per-user SNRs over a Gaussian channel under Configuration 1. Solid
line: proposed scheme; dashed line: generalized coded caching; dashdotted line: coded caching; dotted
line: no coded caching.

The coefficients {hk(f, j)} in Eq. (5) are not time-varying since the nodes and the electromagnetic
environment are both static, and thus the channel coefficients {hk(f, j)} do not depend on j. Echoes are
mainly attenuated by the wave-absorbing walls and can be neglected. The channel is thus almost flat and
the coefficients {hk(f, j)} do not depend on f neither. Consequently, the channel between the server and
the user k is a static Gaussian channel (AWGN) with an attenuation factor depending on the server-user
distance and the quality of the hardware at the user node.

The frame related to a single Polar codeword has the following structure, see also Figure 22. Notice
that the framing structure has not been optimized for our context but follows the general framework of
FIT/CorteXlab and the structure proposed in [37]. The codeword is split into 5 subpackets, each of length
at most d2048/5e = 410 bits, and an ID prefix of 16 bits is added at the beginning of each subpacket
to number the subpacket. Since the symbols are QPSK-modulated and each OFDM symbol contains 48
data carriers, each subpacket including its ID prefix can be sent with d(410 + 16)/2/48e = 5 OFDM
symbols. For synchronization and signaling purposes, a header consisting of 3 OFDM symbols (2 for
synchronization and 1 for signaling) is added to each subpacket+ID prefix. At the beginning of the five
subpackets+ID prefix+headers pertaining to the same codeword, an extra header of variable-length is
added, where the first 2 symbols are meant for synchronization and the rest for signaling. The signaling
header is described in Fig. 23, where compared to the header in [37] we added a field indicating whether
a cache-free user is served (in this practical implementation we serve at most one cache-free user with a
single codeword) and for each served user we indicate the size of its subchunk as well as a corresponding
subchunk ID number. The header is variable length because the number of served users n varies over the
codewords and because we chose a variable-length description for the subchunk IDs. (Please see [39] for
more details on the practical implementation of the header.)
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Fig. 15: Sum-throughputs η versus SNR at the weakest user 1 over a Gaussian channel under Configuration
1.

In our testbed implementation with K = 5 users, the signaling header of most frames consists of 4
OFDM symbols. Under this assumption, the frame corresponding to each codeword consists of 6 + 5(3 +
5) = 46 OFDM symbols. Since the information in a codeword would fit intod2048/2/48e OFDM symbols,
the overhead related to the headers in a typical frame is Nh = 46−d2048/2/48e = 46−22 = 24 symbols.

Synchronization is performed using the well-known Schmidl& Cox timing and frequency offset
estimators [40], and channel estimation using the Least Square method [41]. Synchronization information
in the headers is related to these algorithms. The signaling information in the extra headers describes
the frame ID, the users served by the packet, the number and the IDs of the subchunks combined in the
XOR, and the chunks intended for users without cache memories. The subpacket’s header provides only
information about physical layer parameters used in the corresponding subpacket.

To decrease the probability of packet loss, the transmitter power-boosts the 6 OFDM symbols of the
extra header at the beginning of each frame by +12dB.

Our testbed implementation uses 6 nodes of the FIT/CorteXlab testbed as illustrated in Figure 21: 1
represents the server and the remaining 5 represent users. Among these 5 users, 4 use the hard disk at
their nodes as cache memories (Users 1–4) but the last one doesn’t. Table V. indicates the relative SNR
offsets between the five users, whether they have cache memories, and our choice of the data rates used
for the proposed scheme. Measurements are performed over 10 realizations of the random user demands
d1, . . . , dk, where the parameter of the Zipf distribution is set to s = 1.

In Figure 24, we display the sum-throughput η of our proposed scheme and of the standard coded
caching scheme in function of a transmitter (TX) gain that is artificially introduced at the transmitter side.
We remark that at high TX gains the sum-throughput is roughly half the sum-throughput of Figure 15
which has been simulated under the same cache configuration and the same choice of rates but under
different SNR offsets (see Tables III and V). At high SNR, the effect of the SNR offsets between the
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Fig. 16: Sum-throughputs η versus SNR at the weakest user 1 over a Gaussian channel under Configuration
2.

Users 1 2 3 4 5
SNR offset 0 dB −1 dB −13 dB −11 dB 3 dB
Cache-aided yes no

Data rate r1 = 1
6

r2 = 1
3

r3 = 1
3

r4 = 1
2

rmax = 2
3

TABLE V: Users configuration in the testbed setup.

users and of the channel statistics vanishes because all users can decode with almost zero probability of
error. The rate is simply determined by the size of the headers (which corresponds roughly to half the
frame in this measurement setup) and the ability of combining different chunks in the same codewords,
which only depends on the choice of the rates but not on the channels.

VII. CONCLUDING REMARKS

We have introduced a cache-aided coding scheme for single-server multi-user networks in a decentral-
ized caching scenario. The scheme is based on Polar-codes and a novel data-assignment technique. Its
main novelties are to allow to XOR strings of different sizes according to the capacity of the cache-aided
users and to append data intended to the cache-free users. These appended data has to be cached at all
other users in a transmission and so can be used as “frozen bits” in their Polar decodings. The paper
further proposes a new data assignment algorithm for the assignment of data and users to be served
by each Polar codeword. The new algorithm is based on iterative applications of the GRASP minimum
graph-colouring algorithm, which allows to account for different coding rates at the various users, and a
bipartite matching algorithm, which allows to combine also transmissions to cache-free users. Numerical
simulations and real testbed measurements of this practical coded caching scheme were performed, and
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Fig. 17: Per-user BERs versus per-user SNRs over the specified frequency-selective channel under
Configuration 1. Solid lines: proposed scheme; dashed lines: generalized coded caching; dashdotted lines:
coded caching; dotted lines: no coded caching.

showed that our new practical scheme achieves higher throughputs than the existing schemes even in the
finite block-length regime.
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Fig. 20: Sum-throughputs η versus s for SNR at the weakest user of 8dB over the specified frequency-
selective channel under Configuration 1.

Fig. 21: Testbed room.
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| {z }
<latexit sha1_base64="YtzB+8qgYTe3lWT836JHWZWTRI4=">AAACEHicbVBNS8NAEN3Ur1q/qh69BIvoqSRV0GNBBI8V7Ae0pUw2k3bbzSbsboQS+hO8+Fe8eFDEq0dv/hs3bQ/a+mCGx3sz7M7zYs6UdpxvK7eyura+kd8sbG3v7O4V9w8aKkokxTqNeCRbHijkTGBdM82xFUuE0OPY9EbXmd98QKlYJO71OMZuCH3BAkZBG6lXPO0kwkfpSaCYduIBCB2FKYfR0OcjCLI+DGAy6RVLTtmZwl4m7pyUyBy1XvGr40c0CVFoykGptuvEupuC1IxynBQ6icIY6Aj62DZUQIiqm04PmtgnRvHtIJKmhLan6u+NFEKlxqFnJkPQA7XoZeJ/XjvRwVU3ZSJONAo6eyhIuK0jO0vH9plEqvnYEKCSmb/adAAmHG0yLJgQ3MWTl0mjUnbPy5W7i1L1Zh5HnhyRY3JGXHJJquSW1EidUPJInskrebOerBfr3fqYjeas+c4h+QPr8wfu6Z5s</latexit>

1st subpacket +ID prefix
<latexit sha1_base64="I/+WFDlpGwrqTEP/deTIVqkMYqQ=">AAACE3icbVC7SgNBFJ2NrxhfUUubwUQQhbAbCy1FLbRTMCoka5id3DWDs7PLzF1JWPIPNv6KjYUitjZ2/o2TuIVGDwwczrmPuSdIpDDoup9OYWJyanqmOFuam19YXCovr1yYONUcGjyWsb4KmAEpFDRQoISrRAOLAgmXwe3h0L+8A21ErM6xn4AfsRslQsEZWqld3qp611kLoYcq1hGTmcHBoEpNGiSM3wLS7ZMjaieGotcuV9yaOwL9S7ycVEiO03b5o9WJeRqBQi6ZMU3PTdDPmEbBJQxKrdTAcAu7gaalikVg/Gx004BuWKVDw1jbp5CO1J8dGYuM6UeBrYwYds24NxT/85ophnt+JlSSIij+vShMJcWYDgOiHaGBo+xbwrgW9q+Ud5lmHG2MJRuCN37yX3JRr3k7tfpZvbJ/kMdRJGtknWwSj+ySfXJMTkmDcHJPHskzeXEenCfn1Xn7Li04ec8q+QXn/QvDgZ4R</latexit>

1st-subpacket hd.
<latexit sha1_base64="G38aigoKJqMb0A5/b3LwDlKep44=">AAACDHicbVC5TgMxFPRyhnAFKGksEiQaot1QQBlBQxkkckhJiLzOS2LF613ZbxHRaj+Ahl+hoQAhWj6Ajr/BOQpIGMnSaGae7Td+JIVB1/12lpZXVtfWMxvZza3tnd3c3n7NhLHmUOWhDHXDZwakUFBFgRIakQYW+BLq/vBq7NfvQRsRqlscRdAOWF+JnuAMrdTJ5QveXdJCeEAV6oDJxGCaFk5N7EeMDwHpoFu0KbfoTkAXiTcjeTJDpZP7anVDHgegkEtmTNNzI2wnTKPgEtJsKzYwvp71oWmpYgGYdjJZJqXHVunSXqjtUUgn6u+JhAXGjALfJgOGAzPvjcX/vGaMvYt2IlQUIyg+fagXS4ohHTdDu0IDRzmyhHEt7F8pHzDNONr+srYEb37lRVIrFb2zYummlC9fzurIkENyRE6IR85JmVyTCqkSTh7JM3klb86T8+K8Ox/T6JIzmzkgf+B8/gDEw5ts</latexit>

Synch.
<latexit sha1_base64="j0RrlbK3/+t53P7gPY0mp0mWZCQ=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0iqoMeCCB4r2g9oQ9lsN+3SzSbsTsQY+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8IBFcg+t+Wyura+sbm6Wt8vbO7l7F3j9o6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g7GV1O//cCU5rG8hyxhfkSGkoecEjBS3670gD1CEOZ3maQjZ9K3q67jzoCXiVeQKirQ6NtfvUFM04hJoIJo3fXcBPycKOBUsEm5l2qWEDomQ9Y1VJKIaT+fHT7BJ0YZ4DBWpiTgmfp7IieR1lkUmM6IwEgvelPxP6+bQnjp51wmKTBJ54vCVGCI8TQFPOCKURCZIYQqbm7FdEQUoWCyKpsQvMWXl0mr5nhnTu32vFq/LuIooSN0jE6Rhy5QHd2gBmoiilL0jF7Rm/VkvVjv1se8dcUqZg7RH1ifPxH6k1w=</latexit>

Sig.
<latexit sha1_base64="i3Fja8uM6MeYb5iJW/ImS7WgqEg=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgKST1oMeCCB4r2g9oQ9lsJ+3SzSbuTool9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5QSK4Rtf9tgpr6xubW8Xt0s7u3v5B+fCoqeNUMWiwWMSqHVANgktoIEcB7UQBjQIBrWB0PfNbY1Cax/IBJwn4ER1IHnJG0Uh+F+EJgzC75wNn2itXXMedw14lXk4qJEe9V/7q9mOWRiCRCap1x3MT9DOqkDMB01I31ZBQNqID6BgqaQTaz+ZHT+0zo/TtMFamJNpz9fdERiOtJ1FgOiOKQ73szcT/vE6K4ZWfcZmkCJItFoWpsDG2ZwnYfa6AoZgYQpni5labDamiDE1OJROCt/zyKmlWHe/Cqd5VK7WbPI4iOSGn5Jx45JLUyC2pkwZh5JE8k1fyZo2tF+vd+li0Fqx85pj8gfX5A+2DkjM=</latexit>

|{z} <latexit sha1_base64="rWeq19dFeArsV0ekRDvkMQewVjo=">AAACDnicbVA9SwNBEN2LXzF+RS1tDkPAKtxFQcugjWUE8wFJCHN7c8kme3vH7p4QjvsFNv4VGwtFbK3t/DduPgpNfDDweG+GmXlezJnSjvNt5dbWNza38tuFnd29/YPi4VFTRYmk2KARj2TbA4WcCWxopjm2Y4kQehxb3vhm6rceUCoWiXs9ibEXwkCwgFHQRuoXy91E+Cg9CRTTbjwEoaMwHfl8zEfjUQB+oCDL+sWSU3FmsFeJuyAlskC9X/zq+hFNQhSaclCq4zqx7qUgNaMcs0I3URgDHcMAO4YKCFH10tk7mV02im8HkTQltD1Tf0+kECo1CT3TGYIeqmVvKv7ndRIdXPVSJuJEo6DzRUHCbR3Z02xsn0mkmk8MASqZudWmQzDRaJNgwYTgLr+8SprVinteqd5dlGrXizjy5ISckjPikktSI7ekThqEkkfyTF7Jm/VkvVjv1se8NWctZo7JH1ifP1pWnZA=</latexit>

2nd-subpacket hd.
<latexit sha1_base64="d7wVSaT5Krfq78lodSlV+3puGFw=">AAACDHicbVC5TgMxFPRyhnAFKGksEiQaot1QQBlBQxkkckhJiLzel8SK17uy3yKiVT6Ahl+hoQAhWj6Ajr/BOQpIGMnSaGae7Td+LIVB1/12lpZXVtfWMxvZza3tnd3c3n7NRInmUOWRjHTDZwakUFBFgRIasQYW+hLq/uBq7NfvQRsRqVscxtAOWU+JruAMrdTJ5Qulu7SF8IAq0iGTqQpGo8KpSfyY8QEg7QdFm3KL7gR0kXgzkiczVDq5r1YQ8SQEhVwyY5qeG2M7ZRoFlzDKthID4+tZD5qWKhaCaaeTZUb02CoB7UbaHoV0ov6eSFlozDD0bTJk2Dfz3lj8z2sm2L1op0LFCYLi04e6iaQY0XEzNBAaOMqhJYxrYf9KeZ9pxtH2l7UlePMrL5JaqeidFUs3pXz5clZHhhySI3JCPHJOyuSaVEiVcPJInskreXOenBfn3fmYRpec2cwB+QPn8welKptY</latexit> |{z} <latexit sha1_base64="rWeq19dFeArsV0ekRDvkMQewVjo=">AAACDnicbVA9SwNBEN2LXzF+RS1tDkPAKtxFQcugjWUE8wFJCHN7c8kme3vH7p4QjvsFNv4VGwtFbK3t/DduPgpNfDDweG+GmXlezJnSjvNt5dbWNza38tuFnd29/YPi4VFTRYmk2KARj2TbA4WcCWxopjm2Y4kQehxb3vhm6rceUCoWiXs9ibEXwkCwgFHQRuoXy91E+Cg9CRTTbjwEoaMwHfl8zEfjUQB+oCDL+sWSU3FmsFeJuyAlskC9X/zq+hFNQhSaclCq4zqx7qUgNaMcs0I3URgDHcMAO4YKCFH10tk7mV02im8HkTQltD1Tf0+kECo1CT3TGYIeqmVvKv7ndRIdXPVSJuJEo6DzRUHCbR3Z02xsn0mkmk8MASqZudWmQzDRaJNgwYTgLr+8SprVinteqd5dlGrXizjy5ISckjPikktSI7ekThqEkkfyTF7Jm/VkvVjv1se8NWctZo7JH1ifP1pWnZA=</latexit>

| {z }
<latexit sha1_base64="YtzB+8qgYTe3lWT836JHWZWTRI4=">AAACEHicbVBNS8NAEN3Ur1q/qh69BIvoqSRV0GNBBI8V7Ae0pUw2k3bbzSbsboQS+hO8+Fe8eFDEq0dv/hs3bQ/a+mCGx3sz7M7zYs6UdpxvK7eyura+kd8sbG3v7O4V9w8aKkokxTqNeCRbHijkTGBdM82xFUuE0OPY9EbXmd98QKlYJO71OMZuCH3BAkZBG6lXPO0kwkfpSaCYduIBCB2FKYfR0OcjCLI+DGAy6RVLTtmZwl4m7pyUyBy1XvGr40c0CVFoykGptuvEupuC1IxynBQ6icIY6Aj62DZUQIiqm04PmtgnRvHtIJKmhLan6u+NFEKlxqFnJkPQA7XoZeJ/XjvRwVU3ZSJONAo6eyhIuK0jO0vH9plEqvnYEKCSmb/adAAmHG0yLJgQ3MWTl0mjUnbPy5W7i1L1Zh5HnhyRY3JGXHJJquSW1EidUPJInskrebOerBfr3fqYjeas+c4h+QPr8wfu6Z5s</latexit>

Synch.
<latexit sha1_base64="j0RrlbK3/+t53P7gPY0mp0mWZCQ=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0iqoMeCCB4r2g9oQ9lsN+3SzSbsTsQY+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8IBFcg+t+Wyura+sbm6Wt8vbO7l7F3j9o6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g7GV1O//cCU5rG8hyxhfkSGkoecEjBS3670gD1CEOZ3maQjZ9K3q67jzoCXiVeQKirQ6NtfvUFM04hJoIJo3fXcBPycKOBUsEm5l2qWEDomQ9Y1VJKIaT+fHT7BJ0YZ4DBWpiTgmfp7IieR1lkUmM6IwEgvelPxP6+bQnjp51wmKTBJ54vCVGCI8TQFPOCKURCZIYQqbm7FdEQUoWCyKpsQvMWXl0mr5nhnTu32vFq/LuIooSN0jE6Rhy5QHd2gBmoiilL0jF7Rm/VkvVjv1se8dcUqZg7RH1ifPxH6k1w=</latexit>

Sig.
<latexit sha1_base64="i3Fja8uM6MeYb5iJW/ImS7WgqEg=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgKST1oMeCCB4r2g9oQ9lsJ+3SzSbuTool9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5QSK4Rtf9tgpr6xubW8Xt0s7u3v5B+fCoqeNUMWiwWMSqHVANgktoIEcB7UQBjQIBrWB0PfNbY1Cax/IBJwn4ER1IHnJG0Uh+F+EJgzC75wNn2itXXMedw14lXk4qJEe9V/7q9mOWRiCRCap1x3MT9DOqkDMB01I31ZBQNqID6BgqaQTaz+ZHT+0zo/TtMFamJNpz9fdERiOtJ1FgOiOKQ73szcT/vE6K4ZWfcZmkCJItFoWpsDG2ZwnYfa6AoZgYQpni5labDamiDE1OJROCt/zyKmlWHe/Cqd5VK7WbPI4iOSGn5Jx45JLUyC2pkwZh5JE8k1fyZo2tF+vd+li0Fqx85pj8gfX5A+2DkjM=</latexit>

5th-subpacket hd.
<latexit sha1_base64="VnLGXr4x/W95e0Y43kWFbbDfUS0=">AAACDHicbVDLTgIxFO3gC/GFunTTCCZuJDMYo0uiG5eYyCMBJJ1ygYZOZ9LeMZIJH+DGX3HjQmPc+gHu/BvLY6HgSZqcnHNu23v8SAqDrvvtpJaWV1bX0uuZjc2t7Z3s7l7VhLHmUOGhDHXdZwakUFBBgRLqkQYW+BJq/uBq7NfuQRsRqlscRtAKWE+JruAMrdTO5vJnd0kT4QFVqAMmE+yPRvkTE/sR4wNA2u8UbMotuBPQReLNSI7MUG5nv5qdkMcBKOSSGdPw3AhbCdMouIRRphkbGF/PetCwVLEATCuZLDOiR1bp0G6o7VFIJ+rviYQFxgwD3yYDhn0z743F/7xGjN2LViJUFCMoPn2oG0uKIR03QztCA0c5tIRxLexfKe8zzTja/jK2BG9+5UVSLRa800LxppgrXc7qSJMDckiOiUfOSYlckzKpEE4eyTN5JW/Ok/PivDsf02jKmc3skz9wPn8AufGbZQ==</latexit>

5th subpacket +ID prefix
<latexit sha1_base64="qZ5Z7Br5nbDUc8qDO5tOyaST4e8=">AAACE3icbVC7SgNBFJ2N7/iKWtoMJoIohN2IaClqoZ2CMUISw+zkrhkyO7vM3JWEZf/Bxl+xsVDE1sbOv3ESU6jxwMDhnPuYe/xYCoOu++nkJianpmdm5/LzC4tLy4WV1SsTJZpDlUcy0tc+MyCFgioKlHAda2ChL6Hmd48Hfu0OtBGRusR+DM2Q3SoRCM7QSq3CdmnvJm0g9FBFOmQyxU6WlahJ/JjxLiDdOTuhdmIgeq1C0S27Q9Bx4o1IkYxw3ip8NNoRT0JQyCUzpu65MTZTplFwCVm+kRgYbGG3ULdUsRBMMx3elNFNq7RpEGn7FNKh+rMjZaEx/dC3lSHDjvnrDcT/vHqCwUEzFSpOEBT/XhQkkmJEBwHRttDAUfYtYVwL+1fKO0wzjjbGvA3B+3vyOLmqlL3dcuWiUjw8GsUxS9bJBtkiHtknh+SUnJMq4eSePJJn8uI8OE/Oq/P2XZpzRj1r5Bec9y+4fp4K</latexit>

· · ·<latexit sha1_base64="HUVkO2h88IqyyZcbH3PaFsq9O2I=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hd0o6DHgxWMU84BkCbOzs8mY2ZllplcIS8BP8OJBEa/+jzf/xsnjoIkFDUVVN91dYSq4Qc/7dlZW19Y3Ngtbxe2d3b390sFh06hMU9agSijdDolhgkvWQI6CtVPNSBIK1gqH1xO/9ci04Ure4yhlQUL6ksecErRSs0sjhaZXKnsVbwp3mfhzUoY56r3SVzdSNEuYRCqIMR3fSzHIiUZOBRsXu5lhKaFD0mcdSyVJmAny6bVj99QqkRsrbUuiO1V/T+QkMWaUhLYzITgwi95E/M/rZBhfBTmXaYZM0tmiOBMuKnfyuhtxzSiKkSWEam5vdemAaELRBlS0IfiLLy+TZrXin1eqtxfl2t3TLI4CHMMJnIEPl1CDG6hDAyg8wDO8wpujnBfn3fmYta448wiP4A+czx/adY/D</latexit> · · ·<latexit sha1_base64="HUVkO2h88IqyyZcbH3PaFsq9O2I=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hd0o6DHgxWMU84BkCbOzs8mY2ZllplcIS8BP8OJBEa/+jzf/xsnjoIkFDUVVN91dYSq4Qc/7dlZW19Y3Ngtbxe2d3b390sFh06hMU9agSijdDolhgkvWQI6CtVPNSBIK1gqH1xO/9ci04Ure4yhlQUL6ksecErRSs0sjhaZXKnsVbwp3mfhzUoY56r3SVzdSNEuYRCqIMR3fSzHIiUZOBRsXu5lhKaFD0mcdSyVJmAny6bVj99QqkRsrbUuiO1V/T+QkMWaUhLYzITgwi95E/M/rZBhfBTmXaYZM0tmiOBMuKnfyuhtxzSiKkSWEam5vdemAaELRBlS0IfiLLy+TZrXin1eqtxfl2t3TLI4CHMMJnIEPl1CDG6hDAyg8wDO8wpujnBfn3fmYta448wiP4A+czx/adY/D</latexit>Syn.hd.
<latexit sha1_base64="wlQeHx1tMVaSG4hlDsu3lBcD0WI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4Ckk96LEggseK9gPaUDabTbt0swm7k2II/SdePCji1X/izX/jts1BWx8MPN6bYWZekAquwXW/rbX1jc2t7cpOdXdv/+DQPjpu6yRTlLVoIhLVDYhmgkvWAg6CdVPFSBwI1gnGNzO/M2FK80Q+Qp4yPyZDySNOCRhpYNt9YE8QRMVDLp1R6EwHds113DnwKvFKUkMlmgP7qx8mNIuZBCqI1j3PTcEviAJOBZtW+5lmKaFjMmQ9QyWJmfaL+eVTfG6UEEeJMiUBz9XfEwWJtc7jwHTGBEZ62ZuJ/3m9DKJrv+AyzYBJulgUZQJDgmcx4JArRkHkhhCquLkV0xFRhIIJq2pC8JZfXiXtuuNdOvX7eq1xW8ZRQafoDF0gD12hBrpDTdRCFE3QM3pFb1ZhvVjv1seidc0qZ07QH1ifP4MSk5M=</latexit>

Signal. header
<latexit sha1_base64="RZumpnUucY5K33zjoWn8csaqPG8=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwGwSrcxULLgAiWEc0HJCHsbeaSJXt7x+6cGI40/hUbC0Vs/Rl2/hs3H4UmPhh4vDfDzLwgkcKg5307uZXVtfWN/GZha3tnd8/dP6ibONUcajyWsW4GzIAUCmooUEIz0cCiQEIjGF5N/MYDaCNidY+jBDoR6ysRCs7QSl33qI3wiEGY3Ym+YrJEB8B6oMddt+iVvCnoMvHnpEjmqHbdr3Yv5mkECrlkxrR8L8FOxjQKLmFcaKcGEsaHrA8tSxWLwHSy6QNjemqVHg1jbUshnaq/JzIWGTOKAtsZMRyYRW8i/ue1UgwvO5lQSYqg+GxRmEqKMZ2kQXtCA0c5soRxLeytlA+YZhxtZgUbgr/48jKpl0v+eal8Wy5Wrudx5MkxOSFnxCcXpEJuSJXUCCdj8kxeyZvz5Lw4787HrDXnzGcOyR84nz/R95aM</latexit>

Fig. 22: Illustration of the frame structure related to a single codeword.
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Header structure

ID user 1

Header length

Number of users - n

ID user 2

1 byte

ID file 1
ID user n

ID file 2

ID subchunks for user n

Subchunk size to user n

Subchunk size to user 1
Subchunk size to user 2

ID file n

1 byte

1 byte

1 byte

1 byte

ID subchunks for user 1

Flag for cache-free users1 byte

l1 bytes

ln bytes

Header ID2 bytes

Fig. 23: Illustration of the entries of the extra signaling header.
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Fig. 24: Sum-throughputs η versus TX gain for our proposed scheme and for the coded caching scheme.


