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Abstract—To address the explosive increase in mobile data traf-
fic in recent years, content caching at storage-enabled network
nodes has been proposed. Alongside, a variety of forwarding
strategies have been developed for wireless networks that exploit
the broadcast nature of the wireless medium and the presence
of time-varying fading channels to improve user performance. A
widely popular forwarding strategy is opportunistic routing that
opportunistically selects nodes that overhear packet transmis-
sions to serve as ad hoc relays to forward the packet. In this paper,
we investigate the request routing delay of a greedy opportunistic
routing strategy for cache-enabled wireless networks considering
uncorrelated and temporally correlated Rayleigh fading wireless
channels. To this end, we develop Markovian models, leverage
the wireless channel characteristics to determine the transition
probabilities and then utilize them to obtain the request routing
delay. Via numerical evaluation and simulation, we demonstrate
the validity and effectiveness of our model in determining the
request routing delay. We also investigate the impact of network
parameters on performance through our experiments. Our work
takes a step forward in providing network operators a tool for
analyzing network performance before deploying their networks.

I. INTRODUCTION

To address the explosive growth of mobile wireless traffic
in recent years, content caching at storage-enabled in-network
nodes has been proposed [6], [10]. By placing content at in-
network nodes, requests for content can be served by en route
caches in addition to the content custodian (origin server), thus
improving user performance. Alongside this increase in data
access traffic, recent years have also seen the emergence of
various forwarding strategies that exploit the broadcast nature
of the wireless medium [1], [8]. In a wireless network, when
a node transmits a packet, multiple nodes in its vicinity can
receive a copy of the packet and can participate in forwarding
the packet toward the destination. One popular forwarding
strategy is opportunistic routing. In opportunistic routing, if
several nodes receive the same packet, an appropriate relay is
selected for the next transmission of that packet.

In this paper, we analyze the request routing delay in cache-
enabled wireless networks that forward requests following an
opportunistic routing policy. Analyzing the performance of
opportunistic routing in wireless cache networks is a relatively
unexplored domain. Existing work related to our research
can be separated into two categories - i) work related to
opportunistic routing, ii) work related to caching or content
placement. Most work in these two categories has primarily
focused on developing novel opportunistic routing policies or

designing better caching or content placement strategies, while
performance analysis of opportunistic routing or caching poli-
cies in wireless settings considering realistic channel models
has received limited attention.

In this paper, we consider cache-enabled wireless networks
(e.g., cache-enabled heterogeneous networks, ad hoc networks,
mesh networks, D2D networks) where users send requests for
content that is always available at a content custodian, but
may also be present at multiple in-network caches. We assume
that the network uses a simple greedy opportunistic routing
strategy to forward requests for content from users. In greedy
opportunistic forwarding, if multiple nodes receive the same
copy of the request, the node closest to the custodian forwards
the request.

To investigate the performance of opportunistic routing
in wireless cache networks, we model the wireless channel
as a Rayleigh fading one. In our analysis, we consider i)
temporally uncorrelated wireless channels where the random
fading received for each request transmission by a node
is independently and identically distributed, ii) temporally
correlated wireless channels, where the temporal correlation
is modeled as a modified Bessel function of the first kind
and zeroth order. Following [14], [15], we model the result
(success or failure) of a transmission to depend on the success
or failure of the previous transmission.

We design Markovian models to analytically determine the
request routing delay for the single flow case (i.e., satisfying
requests for content from a single user to the custodian) for
both uncorrelated and temporally correlated Rayleigh fading
channel models. We derive expressions for the transition prob-
abilities of the Markov chain for both scenarios and leverage
them to determine the request routing delay.

We conduct both numerical experiments and simulations to
validate the correctness of our models and to draw valuable
insight into network performance. Our experiments show that
the simulation and numerical results match closely, which
demonstrates the effectiveness of our model. As expected,
we observe that the request routing delay decreases as the
cache capacity at individual nodes increases. Interestingly, we
observe that benefit of caching is higher at lower values of
packet success probability, primarily because it is easier to
reach an in-network cache instead of the custodian in a few
transmissions.

We also observe from the numerical evaluation that the
delay of opportunistic routing increases as channel correlation



increases. The main reason is that in case of correlated chan-
nels, while opportunistic routing requires a node to transmit
multiple times over a poor channel to get the request through to
downstream relays, it fails to take advantage of good channel
conditions. This is in contrast to the uncorrelated case, where
nodes get independent fades in different time slots.

The rest of the paper is organized as follows. We begin
with a discussion of related work in Section II. We outline
the network model and wireless channel model assumptions
in Section III. The Markovian model designed for analyzing
the request routing delay is then presented in Section IV. We
present numerical and simulation results in Section V and
conclude the paper with an outlook toward future work in
Section VI.

II. RELATED WORK

Our current work builds on our prior work [3], [9]. In [3], we
only consider uncorrelated fading channels and compare the
performance of opportunistic and cooperative routing strate-
gies in the presence of multiple flows. In [9], we consider
correlated fading channels and analyze the performance of
greedy opportunistic routing for a simple four node network.
In contrast to our previous work, the main difference in this
work is that we consider the presence of in-network caches.
Presence of in-network caching adds a new dimension to this
problem because a request can be satisfied by network nodes
in addition to the custodian. Additionally, we consider both
uncorrelated and correlated wireless fading channels in this
paper and analyze the performance of a single flow in a general
network.

We next outline research related to opportunistic routing
and caching in wireless networks and contrast it with our
work. Most existing work related to design and analysis of
opportunistic routing policies consider uncorrelated wireless
channel models [4], [11]. Kim et. al propose a general frame-
work for accurately capturing link correlation [7] and then
leverage link correlation to design an opportunistic routing
scheme that improves performance by exploiting the diversity
of low correlated links [12].

Analyzing the performance gains of in-network caching
for opportunistic forwarding in wireless networks is limited.
Most work related to caching in wireless networks focus
on heterogeneous cellular networks comprising of a cellular
infrastructure and few cache-enabled femtocells [5], [10], [13].
The primary goal in these papers is to find the best content
placement strategy to minimize delay subject to some network
constraints.

In contrast to prior work, our goal is not to propose a new
opportunistic routing strategy or to find the optimal content
placement in a network, but rather to develop simple models
to analyze the performance of wireless cache networks con-
sidering uncorrelated and correlated wireless channel models.

III. ASSUMPTIONS AND PROBLEM STATEMENT

In this section, we describe the network model, the wireless
channel model and the problem statement.

A. Network Model

We consider a wireless stationary ad-hoc network of N
nodes consisting of a single user 71, a content custodian 7y
and N —2 cache-enabled nodes in between as shown in Figure
1. N thus denotes the set of all nodes. We assume that 7
periodically sends requests for content that is permanently
housed at ry. Without loss of generality, we assume that the
network nodes are numbered in terms of the distance from
rn, and that r; is located farthest away from r . Therefore,
{ry1,re,...rny_1,7N} denotes the ordering of the nodes in
terms of their distance from rp, and is known apriori. We
denote the distance between any two nodes r; and r; by d;;.
Figure 1 also shows the possible transmission probabilities
(p1; or p’lj) between r; and the other network nodes for
uncorrelated and correlated wireless channel respectively. We
provide expressions for p;; and p;»j in Section III-B.

We consider a content universe of size K. We assume that
r1 does not have any local cache, and all other network nodes
except the custodian are provided with a cache of size C
(C < K). We assume that content popularity varies according
to some known distribution (e.g., Zipfian distribution). Let
¢; denote popularity of the i*" piece of content (i.e., the
probability of the user requesting content 7).
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Fig. 1: An N node general network

We assume that the network adopts some content placement
strategy (i.e., static caching) that determines the set of content
to be placed at the different network caches. The literature
is rife with different kinds of content placement strategies
[2], [5], [10]. For example, a widely adopted approach is to
push popular content closer to the user so as to maximize
performance.

We assume that the network adopts an opportunistic routing
strategy to forward requests from the user to the custodian.
Therefore, there is no notion of a fixed path between the user
and the custodian. Due to broadcast nature of the wireless
medium, nodes can overhear transmissions and can participate
in forwarding the request toward the custodian. We assume
that nodes forward requests based on a greedy opportunistic
routing policy. In this strategy, if multiple nodes have a copy
of the request, the node closest to the custodian is always
selected to transmit the request. Therefore, the node ordering
{r1,r2,....rnN_1, 7N} also represents the priority for transmit-
ting the request for greedy opportunistic routing. Formally, we
denote “r; = r;” to represent that 7; has a higher priority than
Tj.



We note that there are several proposals [1], [8] that address
implementation details, such as how to select the appropriate
relay when multiple nodes overhear the transmission. How-
ever, we abstract away these details and focus on analyzing an
idealized and simple implementation to appreciate the benefits
of opportunistic routing in a cache network.

B. Wireless Channel Model

In order to compare network performance, we consider a
realistic Rayleigh fading channel model. We assume that a
request transmission between nodes ¢ and j is successful if the
Signal to Noise Ratio (SNR) is above a threshold S (where
£ > 0). We consider both uncorrelated and temporally corre-
lated wireless channels in our analysis. We assume constant
background noise with no interference.

1) Uncorrelated fading Channels: Let us consider a single
transmission between nodes 7; and r;. The signal-to-noise
ratio .S;; from transmitter r; to receiver r; is given by

g, Lo P Pdi
ij No

where Nj is considered to be constant background noise,
P the transmission power at r;, « the path loss exponent and
| z;; | is the Rayleigh fading coefficient. We assume that the
parameters of Ny, a, P are constant and known. | z;; |? is
assumed to be an exponentially distributed random variable
with a normalized mean of 1. For uncorrelated channels, we
assume | x;; |? is independently and identically distributed
(i.i.d) in different time slots. Let p;; denote the probability
that the request is successfully transmitted from r; to 7; in a
time slot for uncorrelated fading channels. Therefore,

—B N,
pij = exp ( Péi;)) )
ij

(D

2) Correlated Fading Channels: We also consider the case
of temporally correlated wireless channels. This can occur in
scenarios where the coherence time for a channel is large, thus
causing the channel to be correlated across time slots. Follow-
ing [14], [15], we model the fading correlation as a modified
Bessel function of the first kind and zeroth order. Zorzi et. al
demonstrate using an information-theoretic approach that for
a block error process, a Markovian model is reasonable when
fading correlation is taken into account [14], [15]. In other
words, the success or failure of a request transmission between
a pair of nodes in a particular time slot can be modeled as
being dependent on the result of the request transmission in
the previous time slot between same pair of nodes. Therefore,
the transition matrix would be of the form

P[failure|success]
P[failure|failure]

P[success|success]
P[success| failure]

M = 3)
In this paper, we are primarily interested in the probability,

P[success| failure]. From [15], the conditional probability of

success given failure between nodes r; and r; is given by,

Q(8, pd) — Q(p0, 0
P = (0, pf) — Q(p0, 0) @
exp(b;;) — 1
In equation 4, Q(:,:) is a Marcum Q function, p is a
modified Bessel function of the first kind of zeroth order that

. . . 2b; ;

determines the channel correlation coefficient, 8§ = 1_52
. BNo

and b;; = Pd_

C. Problem Statement

Considering the network and wireless channel models de-
scribed above, we address the following problem in this paper.
For a given content placement at in-network nodes for a cache-
enabled wireless network, our goal in this paper is to design
simple models to analyze the request routing delay for a greedy
opportunistic routing strategy for uncorrelated and correlated
wireless channel models.

IV. ANALYTICAL FRAMEWORK

In this section, we formulate Markovian models for ana-
lyzing the request routing delay using greedy opportunistic
routing in cached-enabled networks for uncorrelated and cor-
related fading channels. We consider the single request case,
i.e., the user sends a new request only after its previous request
has been satisfied. Each request is initiated by the user and is
forwarded by in-network nodes until it reaches the custodian
or some en route node that has a cached copy of the requested
content. As mentioned earlier, we assume that the set of
content in a node’s cache is determined by a content placement
strategy. Let Hy denote the set of nodes that have the copy
of content f. Note that H thus includes the custodian. We
next design the Markovian model and present its transition
matrix for uncorrelated and correlated fading channels for the
general network considered in Figure 1. However, for the sake
of understanding, we explain the model using a simple 4 node
network.

A. Uncorrelated Fading

For constructing the Markovian model, we first consider
the different states in which a network node could be in for
a request in transit. For the uncorrelated fading channel, each
node can be in two states - 0 and 1. State 1 denotes the state
of a network node if it is going to transmit the request in the
next time slot. State O captures two scenarios - i) the node has
not received the request, ii) the node has received the request,
but is not participating in retransmitting this request as some
other higher priority node has also received the same request.

The set of nodes H; where the content is available being
dependent on f, we need to construct a separate Markov chain
for each content f. For content f, we denote the state of the
network using an n-tuple that captures the active relay for the
request in the next time slot. For a four node network, the
Markov chain could consist of maximum four states, namely
A; = (1,0,0,0), 4, = (0,1,0,0), A3 = (0,0,1,0), and
Ay = (0,0,0,1). Ay denotes the state where the request is
served which could happen if the request reaches the custodian
or some intermediate node that has a cached copy of the



content. Additionally, depending on the set of nodes that cache
a copy of the content, transitions to and from certain states may
not be possible. For example, if we consider that content f is
cached at r3, transitioning to and from state As is not possible
because if 73 receives the request, the network will transition
to state A4 as the request has been satisfied. Therefore, one can
remove these states (in this case Ag) from the Markov chain
for content f. Recall that we assume that the user transmits
a new request after a request has been satisfied. Therefore,
when the network transitions to state Ay, (i.e., the request
is satisfied), the state transition in the next time step will
correspond to the states reachable from the user with the
respective probabilities.

Extending the above logic to a network of N nodes, the
Markov chain will consist of N — Hy + 1 states (A;, Vi =1
to N,r; ¢ Hy —ry). Having designed the Markov chain, the
next step is to derive its transition matrix. Let Pf; represent
the transition from state A; to A;, (Vi,j = 1 to N,r;,r; ¢
H¢—rp) for content f. Equation 5 shows the transition matrix
for the Markov chain described above.

0 ifi>j,Vi<N
[T G-pw) J] Q-piw) ifi=jVi<N
rRk€EN—Hy rR€Hy
Tk>™Tj
pr_dpy I G=pw) ] Q-pu) ifi<jVi<N
R rrk€EN—Hy rRE€Hy
Tk>-'rj
1— ] =pw) if j= N,Vi< N
rr€EHy
P1j ifi=N
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B. Correlated Fading

For a correlated fading channel, we need to take into account
the fact that an unsuccessful transmission of a request by
a node in the previous time slot impacts the probability of
successful transmission in the next time slot. To model this,
we consider that each node can be in three states - 0, 1 and
1*. State O is similar to state 0 for the uncorrelated fading
scenario. State 1 denotes that a node is going to transmit a
request for the first time in the next time slot, while state 1*
denotes that a node failed to successfully transmit a request to
any of the higher priority nodes in the previous time slot and
is thus going to transmit it again in the upcoming time slot.

Once again, we consider a simple four node network to un-
derstand the different states of the Markov chain. The Markov
chain can consist of maximum six states - Ay = (0,1,0,0),
As = (0,0,1,0), A4, = (0,0,0,1) and A} = (1%,0,0,0),
AL, = (0,1%,0,0), A5 = (0,0,1%,0). Every state in the
Markov chain for the uncorrelated fading case except for A;
and Ay (i.e., the states that account for the user transmitting
the request and the request getting satisfied in the network) has
two corresponding states in the Markov chain for the correlated
case. This takes into consideration the fact that a node can be

in state 1 or 1* when it serves as an active relay. For example,
states Ay and AY, denote the cases when 75 transmits a request
for the first time and it retransmits the same request after a
failed attempt respectively.

Ay denotes the state that the request reaches the custodian
or is satisfied by an en route cache while 4] = (1*,0,0,0)
denotes the state that the user transmits the request after a
failed attempt. Note that the Markov chain does not need
a state A; = (1,0,0,0) as it is included in A,. The state
transition from A, correspond to the states reachable from the
user when it transmits for the first time. Additionally, if the
request transmission from the user to all other network nodes
is unsuccessful, the Markov chain will transition to state A].
Therefore, if a state A; is included in the Markov chain, it
will be unreachable from all other states and its steady state
probability will be zero. Once again, states corresponding to
the nodes that have a cached copy of the content (except the
custodian) are not part of the Markov chain. For example,
if r3 has a cached copy of content f, then states A3 and
A% will not be part of the Markov chain. Extending the
above analysis for an N node network, the Markov chain will
consist of 2(N — Hy) states for content f, (A;, Vi = 2 to
N,r; ¢ Hf — TN Ag, Vi=1to N—1,r; ¢ Hf).

0 ifi>5Vi<N
pi I (-pw) [ Q—pa) ifi<jVi<N

rr€EN—Hy rr€Hy
'r‘k>7'j

1- H (1 —pir)

if j=N,Vi<N

P = €,
pi; J[ Q-pw) J] Q=pw) ifi=NVj<N
rRkEN—Hy rR€Hy
TR =T
1— J] @ =puw) ifi,j=N
rR€Hy
(6)
0 ifij,Vi<N
0 ifi=N,Vj#1
[I a-pw) J] Q-pi) ifi=j5Vvi<N
2f rL€E N—H r,€H
Pij - r);;>-rj ! ¥ 4
I[I G-pw) [ Q=puw) ifi=nNj=1
rk€N—Hyg r€Hy
Tk>Tj
@
0 ifi>5,Vi <N
Pij H (1 - pix) H (1—ph) ifi<jVi<N
rRkEN—Hy r€EHy
P = TR
ij
1— ] a-pi) if j=n,¥i < N
rr€Hy
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0 ifi#j
pir =) T @=pe) I A=pi) ifi=i

rREN—Hy rR€Hy
TR>Tj

Once again, the next step is to derive the transition prob-
abilities of the Markov chain. Recall that for the correlated
fading case, equation 4 provides the conditional probability of
successful request transmission in the current time slot given
an unsuccessful request transmission in the previous time slot
between nodes r; and r;. For ease of understanding, we split
the transition probabilities into four separate pairs to cover the
following cases - transitions from i) state A; to state Aj, ii)
state A; to state A;, iii) state A} to state A; and iv) state
Al to state A;-. Equations 6, 7, 8 and 9 show the transition
probabilities for cases i, ii, iii and iv for the correlated fading
scenario for content f respectively. In general, these equations
take care of the fact that transitions cannot take place from A;
to A; (except when i < j) or from A; to A; (unless ¢ = j
or ¢ = N,j = 1). Additionally, the equations also take care
of fact that transitions to state Ax will occur if the request
reaches the custodian or any intermediate in-network cache.

C. Delay Calculation

Having designed the Markovian models and derived their
transition matrices for the uncorrelated and correlated cases,
we leverage them to obtain expressions for the request routing
delay. Let Hlf and H;f denote the steady state probabilities for
states A; and A/, for content f respectively. In our model, the
expected delay D for a request for content f can be calculated
as the inverse of the steady state probability of being in state
Apy. Therefore, Dy = HLf Hence, the expected delay D for
both uncorrelated and correlated scenarios is given by,

Koo
D=2 a5
f=1 N

V. EXPERIMENTAL EVALUATION

(10)

In this section, we present numerical and simulation results
for both uncorrelated and temporally correlated wireless fading
channels. We observe from our experiments that the numerical
and simulation results match closely which demonstrates the
validity and effectiveness of our models. We also conduct
experiments to study the impact of network parameters on
delay.

A. Closeness of Numerical and Simulation Results

For the results presented here, we assume equidistant place-
ment of nodes. Therefore, the probability of successful request
transmission between nodes r; and 7 is p;; = pli~il", where
p is the one hop success probability. We assume that content
popularity varies according to a Zipfian distribution with
skewness parameter a. We assume that content is distributed
according to the following strategy. We rank content based
on popularity. Half the cache capacity at each node is filled

randomly from the top 20% content and the remaining capacity
is filled from the bottom 80% content. This ensures that the
most popular content is readily available in the network, but
also allows in-network caching of less popular content.

We use the following default parameters in our experi-
ments: number of network nodes including user and custodian
(N) = 4, cache size at individual nodes (C') = 10, the content
universe (K) = 100, the skewness parameter (a) = 0.8 and
the correlation coefficient (p) = 0.9. Each data point in the
simulation is obtained over 10 runs of the experiment. For
each simulation run, 10000 requests are sent from the user
to the custodian and the delay is calculated as the average
delay of all requests. Each data point is then calculated as the
average of 10 runs and the error bar shown around each data
point is twice the standard deviation. We conduct experiments
using MATLAB by varying N, C, K, a and p where each
iterative run is considered as a timestep.

Figure 2 shows the variation in delay with the one hop suc-
cess probability considering i.i.d. fading for the uncorrelated
and correlated scenarios for the default set of parameters. In
Figure 2, we compare the results obtained via our numerical
analysis and the simulations for different cache capacities.
We observe from the figure that the numerical and simulation
results match closely which demonstrates the validity and ef-
fectiveness of our Markovian models. As expected, we observe
that the delay decreases as the cache capacity increases. From
a caching perspective, we observe that in-network caching has
greater benefit for lower values of p. The reason is that for
lower values of p, it is harder to reach the custodian in a few
transmissions and thus having a cached copy of the content
closer to the user helps in satisfying the request earlier.

Similarly, we also observe that the delay decreases as the
one hop success probability increases. An interesting observa-
tion obtained by comparing Figures 2(a), 2(b) and 2(c) is that
as p increases, the delay increases for the same values of C
and p. This is because as we only model the single request
case, greedy opportunistic routing fails to take advantage of
good channel, but requires a node to transmit multiple times
over a bad channel. This need to transmit multiple times over a
bad channel causes higher values of p to have a greater impact
on delay, in particular for lower values of p (p < 0.5).

B. Impact of Network Parameters on Delay

We next investigate the impact of varying the network
parameters on delay via our numerical evaluation. Figure
3(a) shows the variation in delay as the Zipfian skewness
parameter changes. For the uncorrelated and correlated cases,
we observe that the delay decreases as a increases, irrespective
of the cache capacity. Note that incrementing a increases the
skewness of the Zipfian distribution. When a = 0, the Zipfian
distribution converges to a uniform distribution, while high
values of a indicates that some content is considerably more
popular in comparison to majority of content. The content
placement strategy considered in our evaluation caches popular
content with a higher probability. Therefore, for higher values
of a, the probability of a request getting satisfied at an in-
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Fig. 3: Impact of Network Parameters on Delay

network cache increases, thereby resulting in lower delay.
Once again, we observe that the delay increases as p increases.

Figure 3(b) shows the variation in delay as the number
of network nodes increases. We observe that as the number
of nodes increases, the delay increases. This is expected
because the average number of transmissions needed to reach
the custodian or an en route cache having a copy of the
content increases with the number of nodes. We also conduct
experiments by increasing size of the content universe. For a
fixed ratio of cache size to content universe size, we observe
similar delay values, irrespective of content universe.

VI. CONCLUSION

In this paper, we analyzed the delay of opportunistic request
routing in cache-enabled wireless networks. To this end, we
designed Markovian models and derived expressions for the
transition probabilities considering uncorrelated and tempo-
rally correlated wireless fading channels. We then utilized
the steady state probabilities of the Markov chain to deter-
mine expressions for the request routing delay. Via numerical
evaluation and simulation, we demonstrated the validity and
effectiveness of our Markovian models in modeling the request
routing delay. In future, we plan to extend this work for more
realistic scenarios by considering pipelined request streams
and interference from multiple competing flows. Additionally,
as network size increases, the Markovian model developed
in this paper is likely to encounter a state space explosion.
Therefore, we plan to develop approximate algorithms to
address this issue as part of our future work.
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