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Abstract—We present a novel framework for analyzing and optimizing
the outage performance of a multiple amplify-and-forward relay network,
where N relays, each with finite cache capacity, are deployed to assist the
transmission from a base station equipped with L antennas to the desti-
nation. In this network, if the requested file is cached at the relays and
the associated relay channels are in good condition, then the data are di-
rectly transmitted from the relays to the destination; otherwise, traditional
two-hop transmission is performed. Based on this concept, we propose a
relay-selection criterion to choose the best relay, which maximizes the re-
ceived signal-to-noise ratio at the destination. For this criterion, we derive
exact and asymptotic analytical expressions for the system outage prob-
ability in Nakagami-m fading. To further improve the network outage
performance, we optimize the cache placement, which minimizes the out-
age probability. Numerical and simulation experiments are performed to
validate the analysis and demonstrate the conditions where the proposed
cache placement strategy outperforms the existing ones.
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I. INTRODUCTION

Cooperative relaying has been recognized as an effective and cost-
efficient technique to boost the quality-of-service (QoS) in key scenar-
ios of the next-generation wireless networks, such as heterogeneous
networks, device-to-device (D2D) communications, and mobile edge
computing [1], [2]. With the aid of relays, the coverage area can be
enlarged and the system capacity can be improved, without consuming
additional transmit power at the base station (BS) [3], [4]. Amplify-
and-forward (AF) and decode-and-forward (DF) are two fundamental
relaying protocols, which can be efficiently used to improve the per-
formance of relay networks, in terms of capacity, outage probability,
and symbol error rate, e.g., [5], [6]. For a network with multiple relays,
relay selection, with the rules of selection combining (SC), is widely
adopted to exploit the benefits of the fluctuations among relay chan-
nels. For example, the authors in [7] studied the outage probability
of a multi-relay network, as well as evaluated the network behavior
in the high signal-to-noise ratio (SNR) regime through asymptotic
analysis.

Wireless cache has been proposed to substantially improve the trans-
mission quality and user-perceived experience in communication net-
works [8]–[10]. The key idea behind wireless cache is to prefetch the
popular stream or video files to the memory of the nodes in the net-
work during the off-peak time [11]. As the caching process is performed
during the off-peak time, some efficient transmission schemes can be
used to guarantee the link reliability. This is the reason why the out-
age in the caching process has rarely been considered in the existing
research. Furthermore, although wireless cache has recently been stud-
ied in some detail, there are very limited research efforts (e.g., [12],
[13]) on its impact on relay networks. In [12], cache placement was
investigated for the beamforming-based relay network. Specifically, a
hybrid caching scheme was proposed to jointly explore the conven-
tional largest content diversity (LCD) strategy and the most popular
content (MPC) strategy, aiming at striking a balance between sig-
nal cooperation gain and caching diversity gain. In [13], the cache
state and channel state were jointly considered for the cache-based
relay network, and an adaptive transmission scheme was proposed.
While [12], [13] stand on their own merits, the purpose of this paper is
to present a unified framework for analyzing the outage performance
in a multi-AF-relay network with cache. According to this framework,
the cache placement is optimized in order to achieve the best outage
performance.

We begin with the question: “What is the system outage probabil-
ity of a multi-AF-relay network with cache, when relay selection is
carried out?” In tackling this, we first propose a new relay selection
criterion in networks, where N AF relays assist the transmission from
a BS-equipped with L-antennas to the destination and each relay has
a cache with finite storage capacity. In this criterion, we first select
one relay from the hit relay group and one relay from the missed
relay group, where the former group contains the relays that cache
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Fig. 1. The illustration of a multi-AF-relay network with cache.

files, while the latter group contains the remaining relays. Then, we
use SC to choose the relay, which maximizes the received SNR at
the destination. For this criterion, we analyze the network outage per-
formance over Nakagami-m fading channels. Specifically, we derive
exact and asymptotic expressions for the outage probability. The pre-
sented asymptotic analysis explicitly shows the impact of N , L, the
number of relays in the hit relay group, and the fading parameters
on the diversity order. We further pursue the question: “What is the
optimal cache placement strategy to achieve the best outage perfor-
mance?” In doing so, we determine the optimized cache placement by
minimizing the outage probability. Numerical and simulation results
are presented to demonstrate the accuracy of the presented analysis.
Also, we show the outage advantage of the proposed cache placement
over the existing LCD and MPC strategies, as well as we examine the
impact of the file popularity factor and the number of relays N on this
advantage.

Notations: We denote CN (0, σ2) as the circularly symmetric com-
plex Gaussian distribution with zero mean and variance σ2. We denote
fX (·) and FX (·) as the probability density function (PDF) and cumu-
lative density function (CDF) of X , respectively. We denote Nak(m, a)
as Nakagami-m distribution with the parameter m and variance a. We
denote Kn (x) as the n-order modified Bessel function of the second
kind [14], and Pr(·) as probability. We denote (·)† as the conjugate
transpose and ‖ · ‖F as the Frobenius norm.

II. NETWORK MODEL

Fig. 1 depicts a multi-AF-relay network, where an L-antenna BS
communicates with the destination, D, with the help of N cache-
enabled AF relays,1 R1, · · · , RN . Due to size limitation, each relay
and the destination are equipped with a single antenna. We assume that
each relay has a limited cache size of C . Aided by the relays, there are
K files to be transmitted from the BS to destination, and the popularity
of each file follows Zipf distribution. Therefore, the popularity of the
k-th file can be characterized by

fk =
k−ε

∑K
k 1= 1 k1

−ε
, (1)

where ε is the popularity factor. The popularity of the file becomes
more concentrated when ε becomes larger, while the cache utilization
ratio depends on the number of files K requested by the users. As long
as there are files requested by the users, each relay should cache some
files to forward. If K is much larger than NC , then the caches become
full and only a fraction of files can be stored in the relay. If the requested

1In this paper, we assume that N relays are close to each other and form a
cluster. Thus, they have the same distance to the BS and the destination.

content is in the cache and meanwhile the associated relay channels are
in good condition, then the relay can directly forward the cached file
to the destination; otherwise, traditional two-hop relaying is used for
transmission. Compared with the traditional AF relay networks without
cache, cache introduces content delivery gain in the cache-aided AF
relay networks, which can be incorporated into the signal cooperation
gain. This imposes a remarkable impact on the transmission strategy
and system resource allocation. We assume that the channels in the
network experience Nakagami-m fading, which is a generalized fading
model and fits well in several communication scenarios, such as land-
mobile and indoor communications.

Let gk denote the number of relays, which cache the k-th file,
where 0 ≤ gk ≤ N . Accordingly, the residual N − gk relays do not
cache. We use Ω1 and Ω2 to denote the hit group containing gk relays
and the missed group containing (N − gk ) relays, respectively. If the
file is cached at the n-th relay and the associated channel is in good
condition, then the data is directly transmitted from the relay to the
destination. Specifically, Rn sends a normalized signal s to D with
the transmit power P . Let hRn D ∼ Nak (m1, β) denote the channel
coefficient of the Rn − D link and nD ∼ CN (0, σ2) denote the addi-
tive white Gaussian noise (AWGN) at D. The received SNR at D is
given by

SNR1,n =
Pvn

σ2
, (2)

where vn = |hRn D|2 is the channel gain of the Rn − D link. A trans-
mission outage occurs when the data rate falls below a given rate Rth,
i.e.,

log2 (1 + SNR1,n ) < Rth. (3)

If the file is not cached at the n-th relay, or the file is cached at the
relay with poor channel condition, then the data has to be fetched from
the BS and the traditional two-hop relaying transmission is adopted
in the network. Specifically, the BS employs beamforming and all L

antennas are used to transmit s. The received signal at Rn is given by

yRn =
√

PhRn wRn s + nRn , (4)

where nRn ∼ CN
(
0, σ2

)
is the AWGN at Rn . The channel vector

between the BS and Rn is hRn = [h1Rn , . . . , hL Rn ], where each ele-
ment follows Nakagami-m distribution, i.e., hlRn ∼ Nak (m2, α) with
l ∈ {1, . . . , L}. Moreover, wRn is the transmit beamforming vector.
When the maximal-ratio transmission is adopted at the BS, wRn is de-
signed as wRn = h†

Rn
/‖hRn ‖F [15]. As per the rules of AF relaying,

yRn is amplified at Rn by the factor κ =
√

P
P |hRn w Rn |2+σ 2 . Then Rn

sends the amplified signal to D. Therefore, the SNR at D is

SNR2,n =
P̃ 2un vn

P̃ un + P̃ vn + 1
, (5)

where un = ‖hRn ‖2 is the channel gain of the BS − Rn link and
P̃ = P/σ2 denotes the transmit SNR. The outage of the traditional
dual-hop transmission occurs when

1
2

log2 (1 + SNR2,n ) < Rth. (6)

We now present the relay selection criterion given that the hit group
Ω1 contains gk relays and the missed group Ω2 contains N − gk relays.
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To select the best relay Rn ∗ to assist data transmission, we first select
two relays, Rn ∗

1
and Rn ∗

2
, to maximize the received SNR within the hit

group and missed group, respectively. Mathematically, Rn ∗
1

and Rn ∗
2

are expressed as

Rn ∗
1

= argmax
n∈Ω 1

vn (7)

and

Rn ∗
2

= argmax
n∈Ω 2

(
P̃ 2un vn

P̃ un + P̃ vn + 1

)

, (8)

respectively. Then SC is used to choose the best relay Rn ∗ according to

Rn ∗ = argmax
(SNR1,n ∗

1

γ̃1
,

SNR2,n ∗
2

γ̃2

)

, (9)

where γ̃1 = 2R th − 1 and γ̃2 = 22R th − 1 denote the SNR threshold
with or without cache, respectively. We highlight that the relay selection
criterion given by (9) depends on both cache status and relay channel
condition. If the requested file is cached at the relays and the associated
relay channels are in good condition, the relay selection is performed
among the hit group Ω1; otherwise, the selection is performed among
the missed group Ω2. In this way, the relay selection can efficiently
exploit two diversity benefits, namely, the content delivery diversity
provided by the cache and the signal transmission diversity provided
by multiple relays. In particular, the signal transmission diversity from
both hit and missed groups is fully utilized in the relay selection.

III. OUTAGE PROBABILITY ANALYSIS

In this section, we present new exact and asymptotic analytical
expressions for the outage probability for transmitting K files over the
network. The exact closed-form expression is presented in the following
theorem.

Theorem 1: When K files are transmitted over the considered net-
work, the outage probability is given by

Pout =
K∑

k= 1

fk

(

1 − e
− m 1 γ̃ 1

P̃ β

m 1−1∑

j= 0

1
j!

(
m1γ̃1

P̃ β

)j
)gk

×
(

1−
∑̃

{j,j1 ,j2}
bj j1j2Kj2−j+ 1

(

2

√
m1m2γ̃2 (1+γ̃2)

P̃ 2αβ

))N −gk

,

(10)

where
∑̃

{j,j1,j2} =
∑m 2L−1

j= 0

∑j
j1= 0

∑m 1+ j1−1
j2= 0 and

bj j1j2 =
2mm 1

1

Γ (m1) Γ (m2L) (P̃ β)m 1

(
j

j1

)(
m1 + j1 − 1

j2

)

× (m2L − 1)!
j!

(
m2

P̃ α

)j

e
− γ̃ 2

P̃

(
m 2
α +

m 1
β

)

× γ̃m 1+ j+ j1−j2−1
2

(
m2βγ̃2 (1 + γ̃2)

m1α

) j 2−j + 1
2

. (11)

Proof: According to (9), the outage probability of the network for
transmitting K files can be written as

Pout =
K∑

k= 1

fk Pr
(

SNR1,n ∗
1

< γ̃1, SNR2,n ∗
2

< γ̃2

)
,

(a )
=

K∑

k= 1

fk Pr
(

SNR1,n ∗
1

< γ̃1

)
Pr
(

SNR2,n ∗
2

< γ̃2

)
, (12)

where (a) holds due to the fact that the selection of SNR1,n ∗
1

is inde-
pendent of the selection of SNR2,n ∗

2
. We note that for the k-th file, Ω1

and Ω2 contain gk and (N − gk ) relays, respectively. Therefore, we
re-express Pout as

Pout =
K∑

k= 1

fk

(
Pr
(
P̃ vn 1 < γ̃1

)

︸ ︷︷ ︸
q1

)gk

×
(

Pr

((
P̃ 2un 2vn 2

P̃ un 2 + P̃ vn 2 + 1

)

< γ̃2

)

︸ ︷︷ ︸
q2

)N −gk

, (13)

where q1 represents the outage probability of the second-hop trans-
mission and q2 represents the outage probability of the dual-hop
transmission.

We first derive q1 as

q1 = Pr
(

vn 1 <
γ̃1

P̃

)

=
∫ γ̃ 1

P̃

0
fvn 1

(v)dv,

(b )
= 1 − e

− m 1 γ̃ 1
P β

m 1−1∑

j= 0

1
j!

(
m1γ̃1

P̃ β

)j

, (14)

where (b) is obtained by applying the result of [13, eq. (3.351.1)] as

well as the PDF of vn 1 , given by fvn 1
(v) =

m
m 1
1

v m 1−1

β m 1 Γ(m 1) e
− m 1v

β [15]. We
now derive q2. To facilitate our derivation, we use ũ and ṽ to represent
P̃ un 2 and P̃ vn 2 , respectively. Thus, q2 is rewritten as

q2 = Pr
(

ũṽ

ũ + ṽ + 1
< γ̃2

)

= Pr (ũ(ṽ − γ̃2) < γ̃2(1 + ṽ)) . (15)

By considering the case of ṽ ≤ γ̃2 and the case of ṽ > γ̃2, we further
express q2 as

q2 = Pr (ṽ ≤ γ̃2) + Pr
(

ṽ > γ̃2, ũ <
γ̃2(1 + ṽ)
ṽ − γ̃2

)

= 1 − Pr
(

ṽ > γ̃2, ũ >
γ̃2(1 + ṽ)
ṽ − γ̃2

)

= 1 −
∫ ∞

γ̃ 2

∫ ∞

γ̃ 2( 1+ ṽ )
ṽ −γ̃ 2

fũ (ũ) fṽ (ṽ) dũdṽ. (16)

Substituting the PDFs of ũ and ṽ [15]

fũ (ũ) =
(m2L)m 2L ũm 2L−1

(
LαP̃

)m 2L

Γ (m2L)
e
− m ũ

P̃ α (17)

and

fṽ (ṽ) =
mm 1

1 ṽm 1−1

(
P̃ β
)m 1

Γ (m1)
e
− m 1 ṽ

P̃ β , (18)
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respectively, into (16) and solving the required integral, we derive
q2 as

q2 = 1 −
∑̃

{j,j1,j2}
bj j1j2Kj2−j+ 1

(

2

√
m1m2γ̃2(1 + γ̃2)

P̃ 2αβ

)

, (19)

where we apply the result of [13, eq. (3.471.9)]. By substituting (14)
and (19) into (13), we obtain the exact outage probability as given in
(10), thus completing the proof.

Next, we present the asymptotic expression for the outage probabil-
ity in the high transmit SNR regime.

Theorem 2: When K files are transmitted over the considered net-
work, the asymptotic outage probability is given by

Pout 	

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

δ N
21

P̃ N m 1

∑K
k= 1 fk

(
δ1
δ21

)gk

, if m1 < m2L,

(δ21+ δ22)N

P̃ N m 1

∑K
k= 1 fk

(
δ1

δ21+ δ22

)gk

, if m1 = m2L,

δ N
22

P̃ m 2L N

∑K
k= 1 fk

(
δ 1
δ 22

)N

P̃ (m 1−m 2L )g k
, if m1 > m2L,

(20)

where δ1 =
m

m 1−1
1

Γ(m 1)

(
γ̃ 1
β

)m 1
, δ21 =

m
m 1−1
1

Γ(m 1)

(
γ̃ 2
β

)m 1
, and δ22 =

(m 2L )m 2L −1

Γ(m 2L )

(
γ̃ 2
Lα

)m 2L
.

Proof: In the high transmit SNR regime with P̃ → ∞, the asymp-
totic PDF of vn 1 is given by

fvn 1
(v) 	 mm 1

1 vm 1−1

βm 1Γ (m1)
, (21)

where e−x 	 1 is used for the small |x| [14]. Then, the asymptotic
expression for q1 is

q1 	 δ1

P̃ m 1
. (22)

We then focus on the asymptotic expression for q2. When P̃ → ∞, q2

can be approximated as [15]

q2 	 Pr (min(ũ, ṽ) < γ̃2)

= 1 − Pr (ũ ≥ γ̃2) Pr (ṽ ≥ γ̃2) . (23)

By applying Pr (ũ ≥ γ̃2) = 1 − Pr (ũ < γ̃2) and Pr (ṽ ≥ γ̃2) = 1 −
Pr (ṽ < γ̃2), we further express the asymptotic q2 as

q2 	 Pr (ũ < γ̃2) + Pr (ṽ < γ̃2) . (24)

Similar to the derivation procedure given in (21) and (22), we obtain
the asymptotic expression for q2 as

q2 	 δ21

P̃ m 1
+

δ22

P̃ m 2L
. (25)

By using the asymptotic results derived in (22) and (25), we obtain
the asymptotic outage probability of the network as

Pout 	
K∑

k= 1

fk

(
δ1

P̃ m 1

)gk
(

δ21

P̃ m 1
+

δ22

P̃ m 2L

)N −gk

. (26)

Considering the relationship between m1 and m2L, we finally obtain
the asymptotic Pou t as (20). This completes the proof.

From Theorem 2, we conclude the following useful insights,

Remark 1: For the requested k-th file, the transmission diversity
order is Nm1 if m1 ≤ m2L, or m2LN + (m1 − m2L) gk other-
wise. For large file requests2 with gk = 0, the system diversity order
is Nm1 if m1 ≤ m2L, or m2LN otherwise, which is summarized
as N min (m1, m2L). Accordingly, the network transmission perfor-
mance can be rapidly improved by increasing the number of relays, as
the relay selection reaps the benefits of the relays from both the hit and
missed groups for data transmission.

Remark 2: Network performance is improved when gk increases,
since a larger cache size enhances transmission quality. This indicates
that the cache placement needs to be optimized to improve the network
performance, which will be discussed in the next section.

IV. CACHE PLACEMENT OPTIMIZATION

Since the caching parameter gk imposes a significant impact on the
outage probability, in this section we optimize the cache placement
among relays, aiming at minimizing Pout. Specifically, we write the
optimization problem as

min
gk

Pout,

s.t. g1 + g2 + · · · + gk + · · · + gK = NC,

gk ∈ {0, 1, . . . , N}. (27)

Note that there is no constraint between gk and C , although C

may affect the value of gk . From (10), we can rewrite Pout as
∑K

k= 1 fk q
gk
1 q

N −gk
2 , which is equal to qN

2

∑K
k= 1 fk (q1/q2)gk . Let

λ = q1/q2 and consider the fact that the term qN
2 is irrespective of

the caching parameter gk , we can re-express the optimization problem
in (27) as

min
gk

K∑

k= 1

fk λgk ,

s.t. g1 + g2 + · · · + gk + · · · + gK = NC,

gk ∈ {0, 1, . . . , N}. (28)

Moreover, as there are N relays in total and each relay has the cache
size of C , there are at most NC files which can be stored at the relay
caches. Without loss of generality, the popularity of the k-th file is
assumed to become higher with smaller k. Hence, we need to only
consider how to store the first NC files on the relay caches, while
the residual (K − NC) files are not stored. In other words, we only
need to optimize the caching parameter gk with k ∈ [1, NC ], while
the residual gk with k ∈ [NC + 1, K ] is set to zero. Accordingly, the
optimization problem in (28) becomes,

min
gk

K 1∑

k= 1

fk λgk ,

s.t. g1 + g2 + · · · + gk + · · · + gK 1 = NC,

gk ∈ {0, 1, . . . , N}, (29)

2For large file requests, K � NC holds and some files cannot be stored at
the relay caches, leading to gk = 0 for some files.
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where K1 = NC . We note that the optimization in (29) is a non-linear
integer optimization problem. Therefore, it can be efficiently solved
by some optimization softwares, such as Lingo [16]. To obtain further
insights into the cache placement, we next relax the integer constraint
on gk and in turn consider generalized gk . By doing so, a Lagrangian
function is first constituted as

ρ (g1, g2, . . . , gk , gK 1)

=
K 1∑

m = 1

fk λgk + t (g1 + g2 + · · · + gK 1 − NC) , (30)

where t is the Lagrangian multiplier. Setting the partial deriva-
tive of ρ (g1, g2, . . . , gK 1) with respect to gk as zero, i.e.,
∂ρ (g1, g2, . . . , gK 1) /∂gk = 0, we obtain

gk = logλ

(
t

fk ln 1
λ

)

. (31)

Substituting (31) into g1 + g2 + · · · + gK 1 = NC , we obtain the ana-
lytical form of gk as

gk = 1 +
1

K1
log 1

λ

(
fK 1

k

f1f2 · · · fK 1

)

, (32)

which is the analytical expression for the optimal value of gk with-
out the integer constraint. From (32), we find that for the uniform
file popularity with f1 = f2 = · · · = fK 1 , the optimal value of gk be-
comes 1. In this situation, the optimal cache placement is the LCD
strategy and all files have the same priority of cache. In contrast,
for the file with a higher popularity, gk becomes larger; therefore,
more relays need to cache this file for achieving a higher transmission
reliability.

V. NUMERICAL AND SIMULATION RESULTS

In this section, we present numerical and simulation results to exam-
ine the performance of the proposed cache placement. The channels are
subject to Nakagami-m fading and we set the variance of the channel
coefficients as α = β = 1. There are K = 50 files to be transmitted
over the network and the cache size at each relay is C = 5. The target
data rate Rth is 1 bps/Hz, leading to γ̃1 = 1 and γ̃2 = 3.

Fig. 2 plots the outage probability of the proposed cache placement
versus the transmit SNR P̃ for different values of L and N . Specifi-
cally, Fig. 2(a), (b) and (c) correspond to N = 1, 2 and 3, respectively.
We observe from Fig. 2 that the analytical curves precisely match
the simulations, regardless of L and N , which demonstrates the cor-
rectness of our exact analysis. We also observe that the exact curves
approach the asymptotic ones when P̃ is large, which confirms the
accuracy of our asymptotic analysis. Moreover, we observe that the
outage performance improves when L increases, since a larger num-
ber of antennas at the BS can strengthen the transmission quality of
the first-hop. Furthermore, we observe that this improvement is almost
saturated at high SNRs when m2L is larger than m1, since the second-
hop becomes the bottleneck of the network performance under this
condition.

Fig. 2. Outage probability of the proposed cache placement versus transmit
SNR P̃ with ε = 1.5, m1 = 2, and m2 = 2.
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Fig. 3. Outage probabilities of the proposed cache placement, MPC, and
LCD versus the popularity factor ε with P̃ = 10 dB, L = 2, m1 = 2, and
m2 = 2.

Fig. 3 shows the impact of the popularity factor ε on the outage
probabilities of the proposed cache placement, MPC, and LCD, when
P̃ = 10 dB, m1 = 2, and m2 = 2, and N varies from 1 to 4. In par-
ticular, Fig. 3(a) and (b) are associated with N = 1, 2 and N = 3, 4,
respectively. In Fig. 3, we consider that ε increases from 1 to 4, where
ε = 1 indicates the uniform file popularity while ε = 4 indicates to
a highly concentrated popularity. We observe from Fig. 3 that when
N = 1, i.e., there is a single relay in the network, the cache placement
does not obviously affect the outage performance, since most files can-
not be cached and the traditional two-hop relaying is very often used
for data transmission. When N increases, i.e., there are more relays in
the network, the performance gap between different cache placement
strategies becomes more prominent. Importantly, the performance im-
provement of the proposed cache placement over MPC and LCD be-
comes larger when N increases. We further observe that for small ε, the
file popularity tends to be uniform. This explains why LCD achieves

the same outage performance as the proposed cache placement when ε

is low.

VI. CONCLUSION

In this paper, we proposed a relay selection criterion with the opti-
mal cache placement in a multi-AF-relay network where each relay has
limited storage. We first selected the best relay from the hit and missed
relay groups to enhance the outage performance of the network. We
then analyzed the outage performance over Nakagami-m fading chan-
nels, leading to new expressions for the exact outage probability and
the asymptotic outage probability in the high SNR regime. We further
determined the optimal cache placement such that the outage probabil-
ity is minimized. Numerical and simulation results were used to verify
our analysis. Finally, we examined the conditions that our purposed
cache placement achieves a better outage performance than the exist-
ing cache placement strategies. In the future work, we will consider
the outage in the caching process and evaluate its impact on the system
performance.
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