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Abstract

In conventional maximum distance separable (MDS) coded caching systems, storage-efficient caching strategy which minimizes unnecessarily
redundant data is believed to be optimal. However, the conventional storage efficient caching strategy may not be optimal because redundantly
stored data can be utilized as diversity sources to combat wireless channel impairments due to channel fading. This paper explores how MDS
coded caching facilitates coordinated maximum ratio transmission (MRT) in cache enabled wireless networks. Optimizing the length of MDS
coded sequence and the amount of redundant cached data, we demonstrate the gain of MDS coded caching leveraged by MRT outperforms
conventional uncoded caching schemes.
c⃝ 2018 The Korean Institute of Communications and Information Sciences (KICS). Publishing Services by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Media streaming is one of the major applications in mobile
wireless networks, and the number of mobile devices such as
smart-phones and tablet personal computers is exponentially
growing. Traditional approaches such as wider frequency spec-
trum, per-link spatial efficiency, spatial reuse, cell densification,
and massive multiple input multiple output (MIMO) could be
solutions to support high-quality media traffic, but they require
expensive resources, redesign of the physical (PHY) layer, or
high-speed backhaul.

Pre-fetching content at small cells or other wireless helpers
can be another solution with low cost compared to the tradi-
tional approaches [1]. Contrary to the content delivery network
(CDN), it was shown that the conventional content place-
ment which maximizes hit probability only is not optimal in
wireless networks because the conventional strategy cannot
reach the optimal balance between file diversity and channel
diversity [2,3]. For efficient usage of the limited storage space
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and reliable decoding of the received coded symbols, maximum
distance separable (MDS) code can be adopted based on its
optimality in terms of redundancy–reliability tradeoff [4]. With
MDS rateless code, each helper stores a fraction of MDS
encoded sequence, and a user is able to recover the requesting
data by collecting fractions from multiple helpers [5]. When the
files required for MIMO transmission have been appropriately
cached at the involved transmitters, wireless edge caching can
also construct a virtual MIMO channel based on cooperation
between transmitters located at different positions [6].

When cached data at each helper is randomly selected from
the MDS encoded sequence for distributed control, a longer
MDS encoded sequence is more desirable in terms of storage
efficiency because overlaps among cached information can be
reduced. However, regardless of encoding complexity, a longer
MDS sequence might not be always optimal in wireless chan-
nels because overlaps can be rather used as diversity sources to
combat channel impairments.

In this context, we investigate how distributed caching with
MDS code can be efficiently utilized in wireless cache enabled
systems. In particular, we explore how distributed caching with
MDS code facilitates diversity transmission in cache enabled
wireless networks. To have optimal amount of overlap between
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stored information, the length of MDS encoded sequence and
the amount of a fraction of the encoded sequence to store at
each caching helper are optimized. With an appropriate amount
of overlap of cached information, we show that the gain from
diversity transmission is exploited while not severely hurting
storage efficiency in terms of hit probability. It is verified that
the proposed distributed caching with MDS code outperforms
other conventional caching schemes without MDS coding.

Notations: In the following, matrices and vectors are indi-
cated with boldface uppercase and lowercase letters, respec-
tively. In , and | · | denote, the n × n identity matrix, and the
absolute value, respectively. E[·] stands for the expectation
operator, and Pr[·] is the probability of the given event.

2. Distributed caching with MDS code

We consider a cache-enabled system with H helpers
(cached-enabled transmitters) with single user and macro base
station (BS). Helpers and the user have a single antenna each,
and thus the user is associated with a single helper at a time.
Correspondingly, user receives the requesting file from the
helpers denoted as Hh by sequentially switching association,
where h = 1, . . . , H .

The size of file library is F , and the popularity probability
of file f ∈ {1, . . . , F}, a f , follows the Zipf distribution with
popularity exponent γ . The size of each file is assumed to
be unity, and the Fc most popular files are encoded by MDS
code with length of L (≥1). Each helper randomly selects and
caches a continuous fraction of each MDS encoded sequence
in its memory space of M in advance. The cached part of
the MDS encoded sequence of file f at helper Hh is denoted
as c( f )

h , where its size is fixed as S. Let the starting point of
the cached fraction of the MDS encoded sequence for file f
at helper h be A( f )

h , which is uniformly distributed over the
interval [0, L]. Then the end point of cached fraction becomes
mod

(
A( f )

h + S, L
)

. Consequently, the amount of cached data
at each helper is Fc · S which must be less than or equal to the
storage size of M at each helper.

User requests file f with probability a f , and then receives
{c( f )

h }h=1,...,H from helpers by switching its association. Since{
c( f )

h

}
h=1,...,H

can be partially overlapped with one another, the
amounts of uniquely received coded symbol are usually less
than H · S. Since the amounts of unique fractions are always
less than 1 if H · S < 1, this paper considers only the case
of H · S ≥ 1. Since a file, of which size is normalized as
1, is encoded into an MDS coded sequence with length of
L , the file can be recovered if the unique amounts of cached
segments gathered from caching helpers are larger than or
equal to 1 for the file. This corresponds to the cache hit event.
The probability of correct decoding that received result can
be successfully decoded is defined as Pr[hit]. The example of
distributed caching from each MDS encoded file when H = 2
is illustrated at Fig. 1. If a user requests file f (> Fc) which is
not cached or the amounts of unique fractions are less than 1,
i.e., if the cache hit event does not occur, a macro BS transmits
the requested file instead.

For the overlapped fraction between helpers, diversity gain
can be exploited with maximal ratio transmission (MRT) [7].
Then the achievable rate of the overlapped fraction can be
expressed as

RMRT = log

(
1 +

(
H∑

h=1

|hh |
2

)
ρ

)
, (1)

The achievable rate of non-overlapped fraction from helper h is

RSin = log
(
1 + |hh |

2ρ
)

(2)

where hk denotes channel coefficient from helper k, which
is independently and identically distributed (i.i.d.) complex
Gaussian random variable with zero mean and unit variance.
The transmit signal to noise ratio (SNR) is denoted as ρ. The
average time portions of MRT and single helper transmission
are denoted, respectively, as γ̄MRT = E [MRT] /S and γ̄Sin =

E [Sin] /S, where E [MRT] and E [Sin] are average durations
of MRT and single helper transmission, respectively. Note that
γ̄MRT + γ̄Sin = 1. The achievable rate of macro BS is defined as
RBS, which has same form of (2) with macro BS transmit SNR
ρBS .

For the distributed caching with MDS code, the average
achievable rate of a user is obtained as

E [R] = Pr [hit]
Fc∑

f =1

a f (γ̄MRTE [RMRT] +γ̄SinE [RSin])

+

⎛⎝1 − Pr [hit]
Fc∑

f =1

a f

⎞⎠E [RBS] . (3)

To maximize the diversity gain in the proposed system,
every c( f )

h for h = 1, . . . , H needs to be identical. As the
length L of the MDS encoded sequence decreases, an overlap
is likely to happen but the hit probability will decrease since
the amount of unique fractions will be reduced. Therefore, the
overlap has to be optimally determined by taking account for
this tradeoff. Since each helper randomly caches a fraction
of MDS encoded sequence, the length of an overlap between
cached fractions cannot be controlled directly, so we have to
control it by optimizing the length L of MDS encoded sequence
and the amount of a fraction S of the encoded sequence to store
at each caching helper.

3. Performance analysis and its optimization

3.1. Average achievable rate analysis

3.1.1. Cache hit probability
Assume that the relative position of A( f )

1 is given as 0
without loss of generality. Then, the cache hit event cannot
occur if A( f )

h of the other H −1 helpers are placed between 0 to
1 − S, since the unique amounts of cached segments gathered
from caching helpers always become less than 1. Therefore, the
cache hit probability is obtained as a complementary probabil-
ity form as

Pr [hit] = 1 − H
(

1 − S
L

)H−1

. (4)
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Fig. 1. Cached segments for files f with 2 helpers. H1 stores c( f )
1 for file f ,

while H2 stores c( f )
2 . The shaded part is the fraction which both H1 and H2

have for file f .

3.1.2. Average MRT duration
Define the amount of an overlapped fraction between H

helpers as a random variable Z f . Then, the cumulative density
function (CDF) FZ f (z) can be obtained as

FZ f (z) = Pr
[
c( f )

1 ∩ · · · ∩ c( f )
H ≤ z

]
=

(H − 1)L H−1
− H SH−1

+ H zH−1

(H − 1)L H−1 . (5)

Then we can calculate E [MRT] by averaging of the derived
CDF over 0 to S, then γ̄MRT can be obtained from the definition
as

γ̄MRT =
SH−1

L H−1 . (6)

3.1.3. Average transmission rate
From (1), we define R.V. X which is the sum of square of

the channel gains of H channel elements, which follow i.i.d.
complex Gaussian random distribution with zero mean and unit
variance. Then, probability density function of X is obtained as

fX (x) =
e−x (x)H−1

(H − 1)!
. (7)

Therefore, we can calculate E [RMRT] for two helpers case as

E [RMRT] =

∫
∞

0
e−x (x + 1) log (1 + (x) ρ) dx

= 1 − e
1
ρ Ei

(
−

1
ρ

)
−

e
1
ρ Ei

(
1, 1

ρ

)
ρ

, (8)

where Ei(x) is the one-argument exponential integral function
defined as Ei (x) = −

∫
∞

−x
e−t

t dt for x < 0, and Ei (1, x)

is the two-argument exponential integral function defined as
Ei (1, x) =

∫
∞

1
e−xt

t dt for x ≥ 0. With similar approach,
average transmission rate for H helpers can be calculated. For
example, E [RMRT] for 3 helpers can be derived as

E [RMRT] =
3ρ − 1

2ρ
+

2ρ − 1
2ρ2 e

1
ρ Ei

(
1,

1
ρ

)
− e

1
ρ Ei

(
−

1
ρ

)
. (9)

On the other hand, E
[
RSingle

]
in (2) is obtained as

E
[
RSingle

]
=

∫
∞

0
log (1 + xρ) e−x dx

= −e
1
ρ Ei

(
−

1
ρ

)
. (10)

Fig. 2. Average achievable rate depends on coded file length L and L∗.
(F = 10, Fc = 5, γ = 0.5, H = 3, ρ = 15 dB).

Average achievable rate of macro BS E [RBS] has the same form
with ρBS.

From derived results above, E [R] can be expressed as

E [R] =

(
1 − H

(
1 − S

L

)H−1
)

·

(
SH−1

L H−1 · C1 + C2

)
+ C3, (11)

where constants for simplicity are defined as

C1 =

Fc∑
f =1

a f
(
E [RMRT] − E

[
RSingle

])
, (12)

C2 =

Fc∑
f =1

a f
(
E
[
RSingle

]
− E [RBS]

)
, (13)

C3 = E [RBS] . (14)

From the analysis, we can observe that (11) is converged to
C2 + C3 as L approaches ∞.

3.2. Optimization of the MDS encoded sequence length and
the size of cached fraction

For given length assigned task S and ρ, we derive the optimal
length of MDS encoded sequence, L∗, which maximizes the av-
erage achievable rate. Taking derivatives of (11) with respective
to L ,

dE [R]
d L

=

C1SH−1(H − 1)
(

H (1−S)H−1

L H−1 − 1
)

L H

+

H (H − 1)
(

C2 +
C1 SH−1

L H−1

)
(1−S)H−1

L H−2

L2 . (15)

The convexity of (11) can be checked by observing the 2nd
derivative of (11) with respect to L . For given H , S, Fc, and ρ,
(11) is a convex function for L ≥ 1 when the 2nd derivative is
always greater than 0, and (11) is a concave function for L ≥ 1
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when the 2nd derivative is always less than or equal to 0. If there
is a L which makes (15) be 0, and (11) is a concave function,
that L can be chosen as L∗. Otherwise, L∗ can be found by
checking the convexity of (11). If (11) is convex, the average
sum rate is maximized at L = 1. With a similar approach,
C2 + C3 is the maximum sum rate when (11) is a concave
function, which means setting L as long as possible is the way
to maximize the sum rate. For simplicity, (15) can be reduced
to

L∗
=

H−1

√
2C1 H SH−1(1 − S)H−1

C1SH−1 − C2 H (S − 1)H−1 . (16)

Note that L∗ from (16) should be a real number. Otherwise, a
solution has to be found according to the convexity of (11), as
described above.

4. Numerical results

First, we compare the simulation results and (11) with
various Ss. We can notice that derivations are matched with the
simulation results with various parameters as given at Fig. 2.
Thick dotted line means the average achievable rate obtained by
L∗ at each S obtained from (16), and they match the maximum
achievable rate point of each S.

Next, the performance of the proposed scheme is compared
with following conventional caching schemes:

• Complete file caching: the Fc(= min (M, F)) most pop-
ular files are stored at every helper completely. Then, the
average achievable rate E [Rk] is

E [RMRT]
Fc∑

f =1

a f + E [RBS]
F∑

f =Fc+1

a f .

• Partial file caching (without MDS coding): each helper
stores a non-overlapping 1/H fraction of file. Then, each
helper is able to store parts of Fc(= min (H · M, F))
files. For this case, the average achievable rate E [Rk]
is

E
[
RSingle

] Fc∑
f =1

a f + E [RBS]
F∑

f =Fc+1

a f .

Average sum rate gain, which is the additional sum rate
gain achieved by proposed method compared to conventional
caching schemes, are given in Fig. 3. Fig. 3(a) represents when
the storage space is small (i.e., M = 3), and Fig. 3(b) shows
when the storage space is relatively large (i.e. M = 7). The dis-
tributed caching with MDS is superior to conventional complete
file caching for high SNR and low γ . As the number of cached
files increases, the performance gain compared to complete
file caching decreases. We can observe that proposed caching
scheme outperforms the conventional partial file caching in
every case.

5. Conclusions

We have studied a practical application of MDS coding
to cache-enabled wireless systems. When a fraction of MDS

(a) M=3.

(b) M=7.

Fig. 3. Average sum rate gain of MDS coded caching (F = 10).

encoded sequence is randomly stored at each helper, we have
jointly optimized the length of MDS encoded sequence and
the amount of overlap between the stored information under
a storage space constraint. Specifically, the optimization has
been conducted to facilitate MRT between multiple helpers, and
eventually to maximize the average achievable rate. Our ana-
lytic and numerical results have specified the region in which
the proposed scheme has higher sum rate than conventional file
caching schemes.
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