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ABSTRACT The fog radio access network (F-RAN) is a promising paradigm to provide high spectral
efficiency and energy efficiency. Characterizing users to select an appropriate communication mode in
F-RANS is critical for performance optimization. With evolutionary game theory, a dynamic mode selection
is proposed for F-RANS, in which the competition among the groups of potential users’ space is formulated
as a dynamic evolutionary game, and the game is solved by an evolutionary equilibrium. Stochastic geometry
tool is used to derive the proposals’ payoff expressions for both fog access point and device-to-device users
by considering node location, cache sizes, as well as the delay cost. The analytical results for the proposed
game model and the corresponding solution are evaluated, which show that the evolutionary game-based
access mode selection algorithm has a better payoff than the max rate-based algorithm.

INDEX TERMS Fog radio access networks, access mode selection, performance analysis, evolutionary

game.

I. INTRODUCTION

To achieve the goals of the fifth generation (5G) mobile
wireless systems and alleviate the existing challenges in cloud
radio access networks (C-RANs) [1], the fog radio access
network (F-RAN) has been proposed as a new network archi-
tecture by incorporating of fog computing, edge storage and
centralized cloud computing into radio access networks [2].
Fog computing, similar to edge computing, extends cloud
computing based services to the edge of the network [3].
In F-RANS, services cannot only be executed in a centralized
unit such as the base band unit (BBU) pool in C-RAN, but
also can be hosted at smart terminal devices which are closer
to the users [4]. Meanwhile, through the user-centric adap-
tive techniques such as device-to-device (D2D), distributed
coordination, and large-scale centralized cooperation, users
do not have to connect to the centralized cloud computing unit
to complete the data transmission, which will improve both
spectrum and energy efficiencies as well as relieve the load of
fronthaul and alleviate the burden of BBU pool [5]. In order to
execute the above, the traditional access point (AP) is evolved
to the fog access point (F-AP) through equipped with a certain
caching and sufficient computing capabilities to execute the
local cooperative signal processing in the physical layer.

Extensive studies have been done to study the user access
mode schemes in C-RANs and heterogeneous cloud radio
access networks (H-CRANSs). The performance of uplink
transmissions under different user access modes in C-RANs
have been investigated in [6], and the impact of the remote
radio heads (RRHs) intensity, the number of antennas and
the pathloss exponent on the performance is characterized.
By using the stochastic geometry tool, the authors in [7]
have provided the probabilistic characterization of the sig-
nal interference ratio (SIR) distribution and the ergordic
rate at a randomly located user in a downlink H-CRAN
system. In [8], the successful access probability has been
derived for C-RAN RRH cluster mode, and based on the
analytical result, two coalition game based cluster algorithms
have been designed. And in our previous study [9], the
ergodic rates of two tier F-RANs under different access
modes are characterized, and a mode selection mechanism is
presented.

However, most of literatures focused on the mode selection
schemes based on the user received SIR and distance, whereas
little attention has been paid to study the impact of cache and
fronthaul delay. The fronthaul limitations between RRHs and
cloud are known to impose a formidable bottleneck to the
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system performances and a remarkable challenge to block the
commercial practices [10]. Consequently, taking advantage
of the fog-computing to switch the content cache or data
process to network edge devices is the key to increase both
of the spectral and energy efficiency, as well as relieve the
burden of fronthaul in cloud computing based network archi-
tectures. D2D communications as one of the network edge
communication technologies which has the ability of support
content delivery and sharing is more and more paid extensive
attention. Existing research on D2D networks mode selection
mainly focused on underlaid cellular networks with fixed
location model [11]. Different from the traditional underlaid
cellular networks, the main challenge to design a user access
mode selection algorithm in F-RANs is that the F-APs and
D2D users are often deployed randomly and the network
performance of F-RANs may drastically deteriorate with the
increasing number of users who select the access mode with
more fronthaul load.

In this paper, we present an adaptive user access mode
selection algorithm for downlink F-RAN by taking into
account the different nodes locations, cache sizes as well as
the fronthaul delay cost. The main contributions of this paper
are three-folds.

o We characterize the ergodic rate and the coverage prob-

ability of both D2D and F-AP modes in F-RANs.
We investigate the impacts of the user node density, and
the quality of service (QoS) constrains and the intra-tier
interference. The closed-form expressions are presented
in some special cases, which can make the analysis not
only tractable, but also flexible.

o Based on the derived analysis results based on the
stochastic geometry, an evolutionary game theoretic
approach is proposed to solve the problem of user
access mode selection, while taking into account dif-
ferent access service requirements and fronthaul delay
cost.

o A distributed algorithm is proposed to reach the evolu-
tionary equilibrium, and the corresponding performance
is compared with that of the max rate based user access
mode selection scheme. The accuracy of the stochastic
geometry analytical results are validated by Monte Carlo
simulation.

The remainder of this paper is organized as follows.
Section II describes the system model, cache model, delay
model as well as the user access modes in a downlink F-RAN.
In Section III, the dynamic behaviors of potential F-AP users
are modeled as an evolutionary game. And we present the
results of the coverage probability and ergodic rate in F-RAN
system for both D2D and F-AP modes. While in Section IV,
we propose a distributed protocol to converge the evolution-
ary equilibrium, and the evolutionary stable strategy (ESS)
is analyzed. Simulation results provided in Section V prove
that the performance comparisons of different user access
modes with different system parameters and the robust-
ness of our protocol. Finally, Section VI concludes the

paper.
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FIGURE 1. Downlink transmission scenario.

Il. SYSTEM MODEL

A. RADIO ACCESS NETWORK MODEL

As shown in Fig.1, a F-RAN downlink system is considered
in this paper, where a group of F-APs are deployed according
to a two-dimensional PPP ®; with density of As in a disc
plane D?. Each F-AP is assumed as single antenna configu-
ration with a fixed transmit power Py, and interfaced to the
cloud computing layer through a wired fronthaul network
which is composed of links connecting F-APs with several
gateways. Then, the signals over gateways will be large-
scale processed in the cloud network server via dedicated
fiber [12] [13]. The locations of gateways are distributed
according to a homogeneous PPP @, with intensity A,.

The spatial distribution of users is modeled as an indepen-
dent PPP @, distribution with constant intensity A,. We set
p ~ (0, 1] as the probability that a user can direct transmit
its local cache content to its nearby content require user
(i.e.support D2D mode). Then, the location distribution of
the D2D transmit users can be denoted as a thinning homo-
geneous P, with the density of A, = pA,. Meanwhile
according to Marking Theorem, the distribution of content
require users follows a stationary PPP ®,,, with the density
of Apy = (1 — p)Ay.

In this paper, we focus on the user-centric access mode
selection for content require users via the above F-RAN
system within two phases, namely cache pre-fetching and
access mode selection. The total number of content require
users can be estimated as Ny, = A(D?)(1 — p)iy, where
A(D?) is the area of the disc plane D2

B. CACHE PRE-FETCHING PHASE

In cache pre-fetching phase, the F-APs will cache content
from the central cloud server file library which stored N con-
tents with uncoded cache strategies that may be requested by
users V = {vy, va, ..., vy }. Then, the D2D transmit users will
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FIGURE 2. lllustration of the pre-fetching phase.

cache part of the content from F-APs via wireless link. The
pre-fetching content is limited by the local caching storage
space size of F-APs and D2D transmit users, which denote by
Crand Cy (Cy < Cr < N), respectively, and the pre-fetching
content in Cr and Cy is assumed to be constant across access
mode selection phase.

Prior studies have been found that users are mostly inter-
ested in downloading the most popular video contents [14],
which leads to only a small portion of the N contents are
frequently accessed by the majority of users. Therefore, as
shown in Fig. 2, in this paper we assume the F-APs and
D2D transmit users only cache the most popularity content,
and the demand probability can be modeled as the following
Zipf distribution

o p— (1)
i\o, = N . >
’ S 1/ke
where Zf’zl fi(lo,N) = 1, and the video content with a

smaller index has a larger probability of being requested by
users, i.e. fi(o, N) > fi(o,N), if i < j. Zipf exponent o > 0
controls the relative popularity of files, and with the larger o
the caching storage has a fewer of popular video contents
accounting for the majority of the requests.

Next, we define the content caching probability as the
probability of an event that a user U can find the requested
file V in its accessed node, i.e., pt. = Pr(V € Cy). By setting
the caching storages in F-APs and D2D transmit users to
only cache the most popularly requested video contents, the
content caching probabilities of each F-AP and D2D transmit
user can be respectively obtained as

Pl =Pr(VeC)= Zzlﬁ(a, N). 2

PP =PV ecC)= Ziczdlfi(a, N). 3)
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C. ACCESS MODE SELECTION PHASE

In access mode selection phase, a content require user can
select a communication mode independently according to the
perceived performance, distance, local cache and the video
streaming traffic delay cost. Let U — X signify that a
desired content require user U is associated to a node located
at X, and || X|| denotes the distance between U and X. And
we can categorize the content require users into two types:
potential D2D mode users and potential F-AP mode users,
the definitions of which are given as follows:

« Potential D2D mode Users: A content require user
is a potential D2D mode user if it can success-
fully obtain the requested contents from another D2D
transmit user in a known location within a distance
threshold L.

« Potential F-AP mode Users: A content require user is
a potential F-AP mode user if the user cannot find a
D2D transmit user within Ly, or the content require user
can find a D2D transmit user near it but the requested
content V is not cached in that D2D transmit user. Thus,
U will try to access its nearest F-AP node.

It’s worth noting that all potential D2D mode users can
select both the D2D mode and F-AP mode, while each of the
potential F-AP users only can select the F-AP mode to access
its nearest F-AP. More specifically, if a potential D2D mode
user selects D2D mode, a communication link is established
between the tagged content require user and its service
D2D transmit user which has a known location. On the other
hand, when F-AP mode is selected and the requested con-
tent V is cached in the F-AP node, the potential D2D mode
user or potential F-AP user can download data directly from
F-AP. If user cannot find the requested content in its nearby
F-AP, then user will download its data through the fronthaul
in the same way as traditional C-RANSs.

Let N® = N,ps and N = N, (1 — pg) denote
the number of potential D2D mode and F-AP mode users,
respectively, where p; denotes the probability of at least one
D2D transmit user located in distance threshold L; mean-
while has the requested content V, which can be given
as

pa = 1 — exp(—7 Aup?L3). 4

Proof: By using the property of 2-D Poisson process,
the probability distribution of the nodes number m in a circle
area /% with radius limit / can be derived as

Pr{q>(n12) =m} :W. )

Let ] = Lg, Ax = p?)»m and m = 0. Then, we have
the probability of none D2D transmit user has the the
requested video content V within the distance limit L;. There-
fore, (4) can be given as the probability of complementary
events. ]

During the access mode selection phase, we consider
two kinds of delay, cache processing delay and average
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F-AP fronthaul packet delay. The cache processing delay
mainly comes from the cache data processing time, and
in this work we assume that the processing delay in
D2D transmit users and F-APs as constants §; and &,
respectively.

On the other hand, the F-AP fronthaul packet delay is
defined as the time needed for a packet to be transmitted
from fronthaul to a F-AP. It depends on the size of the
packet and the number of F-APs associated with the gate-
way [16]. In wired scenario, Gamma distribution is usu-
ally used to model the distribution of the delay in routers
or switches [17] [18]. Then, the fronthual packet delay is
expressed as

Ty ~ Gamma(i—fk, a+bp), ©6)
g
where the first and second terms of Gamma function repre-
sent the effect of number of connecting nodes and packet size
on delay, respectively. a, u and k are constants, representing
the processing capability of the nodes, and b is the packet
size.
Therefore, we can directly obtain the mean F-AP fronthaul
packet delay from the expectation of Gamma distribution
as

= Af
Ty = —k(a+ bp). @)
hg
And the total delay ¢; in access mode i can be expressed as
follows

_.D
{¢d = pPsq4, )

¢ =pEsr + (1 — pHTy.

lll. EVOLUTIONARY GAME APPROACH FOR USER
ACCESS MODE SELECTION

In this section, the evolutionary game formulation for user
access mode selection is given, and the replicator dynamics
is used to model the strategy adaptation process.

A. FORMULATION OF THE EVOLUTIONARY GAME
We define the evolutionary game as follows:

« Players: Each user who can choose among multiple
access mode is a player of the game. In this paper, the
players are all of the potential D2D mode users. Note
that the potential F-AP mode users are not involved in
the game since F-AP mode is the only access mode
available to these users.

o Strategies: The set of strategies is the selection of
a communication mode. The set of strategies for the
potential D2D mode players is D = {D, F}, and there
is obvious only one strategy possible for the potential
F-AP players F = {F}.

« Payoff: The payoff quantifies the performance satisfac-
tion level of a potential player which depends on the
ergodic rate rate as well as the delay cost. The payoff
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function for a (n) mode potential player selected access
mode i is defined as follows:

”i(n)(x) = #@Ci(n) - qi%i,
EaeA(”)ni
piBi
=" — qr, )

EaEA(n)N(a).xi(a) '

where x denotes the vector of the proportion of users choos-
ing different access modes. Cl.(") denotes the utility function
measuring the achieved performance in (n) mode choos-
ing mode i, which will be further discussed in Section IV.
B; denotes the bandwidth in mode i. xl.(“) = nga) JN@ is the
proportion of individuals of potential users in (a) choosing
strategy i. nga) is the number of potential users in (a) mode
choosing mode i, A™ is the set of subareas in mode n, for
the potential D2D mode users, this set can be defined as
A™ = (D, F} since both D2D and F-AP modes are available
for these users. p; is the coefficient of linear pricing function
used by mode i to charge a user.

Moreover, since the F-AP fronthaul bandwidth is limited,
it will lead to negative impact on their payoff if too many
users select F-AP mode to receive their data through fronthaul
link. On the other hand, the processing delay cost of both of
D2D and F-AP modes will also increase with the growth of
the users at the same time. In order to evaluate these impacts,
we define the cost price coefficient g4 and gy to reflect the
influence of the proportion of mode selection.

qd = i [eXP(CzN e )x;D)) - 1],

qr = ¢3 [exp (c4 (N(F> + N(D)#D))) _ 1]7 (10)

where c1, ¢, ¢3 and ¢4 are positive constants.

In order to measure the users’ performance utility functions
presented in the evolutionary game formulation (9), in the
next subsection, we use stochastic geometry tool to derive
the coverage probability and ergodic rate for both D2D and
F-AP modes by taking into account the different nodes loca-
tions, the SIR QoS constrains and the interference.

B. PERFORMANCE ANALYSIS FOR DIFFERENT USER
ACCESS MODES

In this subsection, we derive the coverage probability and
ergodic rate for F-RAN with two different user access
modes. The ergodic rate in F-RAN is defined as R; =
El[ln (1 4+ SIR(U — X;)) |SIR(U— X;) > T;], where the unit
of the ergodic rate is in terms of nats/s/Hz, T; is the QoS
constraint of access mode i.

In this paper, we limit our attention to the interference-
limited scenario since the interference is much larger than the
noise. Path loss is represented by a standard power law path
loss function || X || %, where @ > 2 is the path loss exponent.

Then, if U is served by a D2D transmit user at a fixed
distance of ||Xf || to U, the received SIR at the desired user
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is given by

SIR o PahallXgl™*®
U—->X)=Va=—F""7— (11)
Id U +1 'f ru

where hy characterizes the flat Rayleigh channel fading
between the potential D2D mode user and its associated
D2D transmit user, and || X;||~“ denotes the path loss.
Iy = Zieq,degirlf“ is the intra-tier interference from
other D2D transmit users, g; ~ exp(l) and ri_“ denote
the exponentially distributed fading power over the Rayleigh
fading channel and path loss from other D2D transmit users
to U, respectively. Iy ,, = Z} <o Py g]l % denotes inter-tier
interference from F-APs, the definition of g; and l] are
similar to that in Iy ;.

Next, if U is served by a single nearest F-AP in F-AP mode,
the SIR is given by

Prhy | Xe |~

Ju Ju

(12)
where Iy 5, = Zjeq?f/fPfg]flj*“,and Iy ju = Zj,eq,degj/rj,’“
denote the intra-tier interference from other F-APs and inter-

tier interference from D2D transmit users, respectively, and
the definitions of Ay, g; and I/ are given in (11).

1) D2D MODE
The coverage probability of a user in D2D mode can be
denoted as

Py(Ty, a, 1 Xq1)

Pihg| Xall™*
=Pr< ahallXq |l sz>
Itu,m + If,du

2
Pr\& 2
= exp (—nllell2 (p?km + (é) )»f> C (@) T;),

(13)

where C (¢) = 2w csc 2m /o) /.
Proof: See Appendix A. [ |
Similarly, the achievable ergodic rate can be derived as

Elln(1+yd)lya = Tyl

o
In(T))Pa(Ta, o | Xg ) — 5

: 2 2 ) Pr\?
‘Bi | =T w | Xg|” | P At + (P_d) A ] C () |,

(14)

R

Qe I

where (a) follows in the high SIR conditions In (1 4 y4) —
In (yy), Ei[s] = — ff? e~!/tdt is the exponential integral
function.

Proof: See Appendix B. ]

2) F-AP MODE

In F-AP mode, the desired user will try to access its nearest
F-AP Xy to download the requested content V. The probabil-
ity density function (PDF) of the distance between Xy and U

2204

can be derived by using a similar way as (4)

d (1 — Pr(No F — AP closer than r,))
Ty (r7) o

0 (1—exp(~misr?))

= =2mA
577 TAfTFe

2
—nkfrj- ]

15)

Thus, the coverage probability of F-AP mode can be cal-
culated as

1

Py (Ty. ) = v (10
L+ (Ty, @) + 5C (@ )(P”’T”) *
o I
where p (Ty, @) = [ 23 Tiamdv.

S
Proof: See Appendix C. [ ]
And the ergodic rate for F-AP mode can be given as

Ry = E[In(1+y)ly = T/]

o
~ / Pf(ee, a)dd + In(Tp)Pr(Ty, ).  (17)
In(7y)

Special Case: Path loss exponent for F-AP to user link is
4 (@ = 4), and SIR threshold 7y > 1

An approximated closed-form approximate expression can
be derived in this special case, and we give the ergodic rate in
the following lemma 1.

Lemma 1: The ergodic rate for nearest F-AP mode with
a=4and Ty > 1 can be expressed as

E[In (14 y)lyr = Tr]
4 2In(Ty)

(7))

_ 22 +In(Ty) as)

i1

Proof: See Appendix D. [ ]

Rfa:4 —

C. REPLICATOR DYNAMICS

Evolutionary game theory differs from classical game theory
by focusing more on the dynamics of strategy change as
influenced not solely by the quality of the various competing
strategies, but by the effect of the frequency with which
those various competing strategies are found in the popula-
tion [22] [23]. In a dynamic evolutionary game, the replicator
dynamic is a simple model of evolution and prestige-biased
learning in games [24].

We consider an evolutionary game of user access mode
selection where the group of potential users in (a) can choose
among the available wireless access modes i. The game is
repeated, and the user adopts a strategy that gives a higher
payoff which is determined by the payoff matrix and the
proportion of each strategy in the population. The speed of
the user in observing and adapting the access mode selection
is controlled by parameter p > 0.
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For a small period of time, the rate of strategy is governed
by the replicator dynamics, which is defined as follows:

)'cl.(") = pxl.(n) (ni(n)(x) — f(n)(X)), (19)

where 7""(x) is the average payoff of the users in potential
group (n) which is computed as

7" x) = Zix 7" (x). (20)

Based on this replicator dynamics of the users in poten-
tial group (), the number of users choosing access mode i
increases if their payoff is above the average payoff. It is
impossible for a user to choose access mode k, which pro-
vides a lower payoff than the current payoff. This replica-
tor dynamics satisfies the condition of Zp'cl.(") = 1. In the
next section, we will use above expressions to analyze the

stability of the access mode selection game.

IV. EVOLUTIONARY EQUILIBRIUM AND

STABILITY ANALYSIS

In this section, the evolutionary equilibrium is considered to
be the solution of the formulated access mode selection game
and we also analyzed its stability. An evolutionary equilib-
rium is a fixed point where there is no change in proportion
of players choosing different strategies. In other words, since
the rate of strategy adaptation is zero (i.e., x;n) = 0), there is
no user who deviates to gain a higher payoff [25].

To evaluate the stability at the fixed point )'cl.(")*

, which is
obtained by solving )'cl.(") = 0, the eigenvalues of the Jacobian
matrix corresponding to the replicator dynamics need to be
evaluated. The fixed point is stable if all eigenvalues have a
negative real part [27].

For the mode selection game in this paper, the replicator
dynamics can be expressed as follows:

)'C;D ) — ax}D ) (JT;D)(X) - x;D)n;D)(X) — xﬁ,D)n((iD)(x))

(@)
20 (1) 700 (1))

= ax;D) (11— x}D)) (nf(D)(X) - JT(SID)(X)> , (21)

where (a) follows that x}D)

+ xEID) =1

Hence, we could derive the evolution algorithm as
described in Algorithm 1. Also, the stability of the equilib-
rium is clarified in Theorem 2.

Theorem 2: For a potential D2D mode user with a stable
equilibrium point, the interior evolutionary equilibrium in
game is asymptotically stable.

Proof: See Appendix E. ]

A. COMPARISON WITH MAX RATE BASED ACCESS

MODE SELECTION ALGORITHM

For comparison purpose, we consider a max rate based access
mode selection algorithm under the same system model. Max
rate based access mode selection algorithm needs to sort both
the D2D mode and F-AP mode rate list based on QuickSort
algorithms to have ordered FAP and MBS rate lists, and
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Algorithm 1 Evolution Algorithm

1: Initialize Each user selects to get access to a access mode in
random.

2: Step 1 The payoff of users accessing i mode nl.(") is calculated
according to (9). This payoff information is sent to the F-APs.

3: Step 2 The average payoff of the content require users 7 is
calculated according to (20) in F-APs, and is broadcast to all
potential D2D mode users.

4: Step 3 For a user accessing mode i, if its payoff is less than the
average payoff, i.e., rrl.(") < 7™, it would randomly switch to

. . . (n) (n)
another access mode j, where j # i and T >

5: Repeat from Step 1 to Step 3 until convergence.

Algorithm 2 Max Rate Based User Access Mode Selection
Algorithm

1: Initialize Each user selects to get access to a access mode in
random.

2:foru=1,2,3, ..., N, do.

3: Step 1 Find the max rate D2D transmit user with the required
content V,, of the desired user U, within a radius threshold Ly,
B(Uy, Ly) N @4y, = {X1, X2, ..., Xp}.

4 if BUy, Ly) N @y = .

5: RI™ =0, go to Step 2.

6: endif

7:  Calculate the D2D X| rate Ry, from (14).

8  SetRI/“ =Ry,.

9: fori=2,3,...,Ddo.

10: if Rx, > Rj™" .

11: Max Rate D2D transmit user R/** = Ry, .
12: end if

13: end for

14: Step 2 Find the max rate F-AP of the desired user U, in &y =
(Y1, Yo, ..., Yr}

15:  Calculate the F-AP Y rate Ry, from (17).

16:  Set Rfmax = Ry,.

17: forj=2,3,..., F do.

18: ifRyj > Rf’."‘”‘ .

19: Max Rate F-AP node R;mx =Ry; .
20: end if

21: end for

22: Step 3

23: if R4 > R

24: User U, select D2D mode.
25: else

26: User U, select F-AP mode.
27: end if

28: end for

then control each user to access to its node with max rate.
We derive the max rate based access mode selectio algorithm
as described in Algorithm 2.

V. NUMERICAL RESULTS
In this section, the accuracy of the above ergodic rate expres-
sions and the performance of the proposed algorithm are
evaluated by using Matlab with Monte Carlo simulation
method. The simulation parameters are listed as follows
in Table 1, and the simulation network topology is shown
in Fig. 3.

Fig. 4 shows the ergodic rate achieved by the D2D mode
and F-AP mode in F-RAN with the varying SIR QoS
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TABLE 1. Simulation parameters.

Parameters Value Description
N 1000 Number of video contents
Ly 30m D2D distance threshold
Cy 80 Cache size of D2D transmit users
Cy 100 ~ 500 Cache size of F-APs
By 300MHz Bandwidth of D2D users
By 100MHz Bandwidth of F-APs
P, 13dBm Transmit power of D2D transmit user
Py 23dBm Transmit power of F-AP
A 6 x 107° Intensity of content require users
Atu 5x 107° Intensity of D2D transmit users
Af 3x 1075 Intensity of F-APs
Ag 2x 1076 Intensity of gateways
« 4 [26] Path loss exponent

1000 T T T T

00 + DZD Transr;it User

+  Content Reguire User

0 100 200 300 400 &00 60O FOO 8O0 900 1000

FIGURE 3. Poisson distributed content require users, D2D transmit users
and F-APs. The F-APs coverage boundaries are shown and form a Voronoi
tessellation.

thresholds 7. The analytical results closely match with the
corresponding simulation results, which validates our analy-
sis in Section III. It can be observed that the ergodic rate of
both D2D and F-AP user access mode decreases as the SIR
threshold increases. This is because the larger T suggests that
the user is more strict in the quality of SIR, which leads to
ergodic rate decreasing.

The proportion and the achieved average payoff per user
accessing different mode during the evolution process are
shown in Fig. 5 and Fig. 6. It can be seen that the proposed
user access mode selection algorithm can reach the evolution-
ary equilibrium very fast, within less than 15 iterations. More
specifically, as can be seen from Fig. 5, we could find that
after several iterations all curves with different proportion at
the initial point at last achieve a much better average payoff
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FIGURE 4. Ergodic rate of D2D mode and F-AP mode versus different SIR
thresholds.
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FIGURE 5. Average payoff per user with the user access mode selection
algorithm.

than only consider max rate based user access mode selection
algorithm.

On the other hand, the trajectories of the proportion of
users selecting each access mode are illustrated in Fig. 6.
It can be observed that the proportions eventually converge to
the equilibrium after changing in different directions. At the
same time, those curves about payoff finally converge to the
network average payoff.

In Fig. 7, we compare the proportion of user access to
F-APs versus with different F-AP cache sizes Cr. As it can be
seen from Fig. 7, the larger cache size of F-AP Cy suggests
that there are more opportunities for the desired user to get the
content it required, and so it will reduce the F-AP fronthaul
packet delay cost, which leads to a higher payoff for user to
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FIGURE 6. Proportion of user with the user access mode selection
algorithm.
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FIGURE 7. Proportion of user access to D2D mode versus different
D2D transmit user cache sizes.

access to F-AP mode, and thus the proportion of user access
to F-APs increase.

VI. CONCLUSION

In this paper, an evolutionary game theory based algorithm to
solve the problem of user access mode selection in downlink
F-RANs has been proposed. Stochastic geometry is used to
derive the payoff expressions by taking into account different
nodes’ locations, interferes, as well as the delay cost. The
evolutionary equilibrium has been considered to act as the
stable solution for the case that all users receive identical
payoff from different access modes. The simulation results
show that the evolutionary game based access mode selec-
tion algorithm has a better payoff than the max rate based
algorithm.
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APPENDIX
A. PROOF OF P4(T4, ., ||Xd ||)
According to the definition of coverage probability, we have

Py(Ty, a, I Xall)
Pahg|| Xg~¢
:H<dd”ﬂ| 2D>
Id,ru + If,ru

TqllXall®
= Pr (hd zZ (Id,ru +If‘ru)

@ TallXaqll®

= E I:exp (_ Py (Id,ru + If,ru)

b TallXall” TallXqll*

N L I (L
Id‘m ( Pa' [d,ru Pd

2
. ) P\« 2
= exp | —7lIXall” | P A + de A C()T) |,

(22)

where (a) follows from the Laplace transform of iz ~ exp(1)
and the independence of I, and Ir », [19] [20]. (b) follows
from letting s = T, || X4||“/P4 in the Laplace transforms of
I4,ry and Iy, which are given by

Liyn ) =Ep,, | [T exp(=sPagiry®) | (23)

iedyy,

Ly, () = Ey, l_[ exp (—stgjlj—“) .4

Lje®r

Using the independence of the fading random variables in
Ly, ,.(s), we have

EI d,ru (S)

= Ep,,, 1_[ exp (—sPdgiri_“)

iedy,

@ 1
1_[ 1+ sPgr

iedy,

b) D ‘/ 1
€X —plA l—— | dn;
p( e ( 1+sPdr,»°’> )
© D 3 B R E )
= exp | —27p; Au(sPg)« r e dedr |,
0 0

= exp (=52C (@ pPruPa?™), 25)

Il

where (a) follows g; ~ exp(1), (b) follows from probability
generating functional (PGFL) of PPP [21] and, (c¢) results
from algebraic manipulation after converting from Cartesian
to polar coordinates and (d) follows from using some prop-
erties of Gamma function, and ,C]f‘m (s) can be obtained in a
similar way.
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B. PROOF OF Ry
For a positive continuous random variable A, we can use the
following formula for computing its expectation

E[AJA > W]

o o0 t
=/ tfa (t)dt:f /fA (t)dadt
w w Jo
w 00 00 00
:/ [ fa (t)dtda+/ / fa (t)dtda
o Jw w Ja

=Wmmzm+fwhmzmm. (26)
w

S —
S

Next, we focus on the second term of (26), after changing
variables with W = In(Ty), A = In(1 + y;) and a = 6,; the
expression of this term can be given as

r (Paha|xs|”
S = / Pr M > % —1]ag,
Id,ru +If,ru

In(Ty)
o0
Y, (S
e Xy e Xall
~ L —F L — )df,
/ Id,ru ( Pd If,ru < Pd d
In(Ty)
o0
= / exp (-~ IXaPBC (@) e )doy
In(T4)
o, 2
= —§E1 (—TdanllellzﬂC (Oé)), (27)
where B = (p?km + (Pf/Pd)z/aAf), and the proof is fin-

ished.

C. PROOF OF Py (T¢, )
According to the definition of coverage probability, we have

Py (Ty. @)
Prhe | X/ |~
B 4
1g 1y +If,ru ’
) Y}'r}?’
= /0 Pr l’lf > F (If,ru +Id,ru) f”Xf” (Vf) drd

@ [ Tyrf Tyrf
= Ly — | L d
/0 1,( 7, ) Tar ( fix, | (rr) dry

®» [ 2
= exp <—7T)\.frf P (Tf, a))
0

- exp (—nkturfc (@) ( ;ff> ) 27r)»fiffe—nkfr]?drf

1
= , (28)

4o (Ty, @) + 34C (@ >(Pde)2/

where (a) follows the setting of 2y ~ exp(1) and the inde-
pendence between inter-tier interference I, ,, and intra-tier
interference Ir ,, equation (b) follows the definition of the
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Laplace transform for 1y, y, If nu, Where Ly, and L’Ij L, can

be derived by using a similar way as (25), and the proof is
finished.

D. PROOF OF LEMMA 1
we first drive the coverage probability of F-AP mode with
a =4 and Ty > 1, which can be denoted as

1
At Pde
B C WV
1

P (Ty) =

L+ p(T7,4) +

A [PaTy
1+ /T, fl/fl+vzdv+7§k;‘/

@ 1

L+ T (5 - (T + 3 BT

2
= ; (29)

)

where (a) follows the property of the inverse trigonometric
functions that arctan(4) ~ A if A is smaller than 1, i.e.,
Ty > 1.

Then, substituting (29) into (26) with W =
obtain the result.

In(7y) and we

E. PROOF OF THEOREM 2

For the system to have a stable equilibrium point, all eigen-
values of the Jacobian of the system of equations should have
a negative real part [27]. As we have one system equation,
an equivalence to this condition is that the Jacobian should
be negative definite. To this end, we first denote by f the
right hand side of (21). Accordingly, we have

D)
df D) o\ 97X
—D = 0xf 1—xf- Do

dxd ’ dxf

+o (1 — 2x(D)> (rr;D)(x) —

(30)

According to the definition, n(D)(x) = JT(D)(X) at the

)
equilibrium point. Hence, (b) = 0. Then we calculatefT()X)
iy

and dj;‘;(p()x) (a) as (31) and (31), as shown at the top of
i
the next page.
It is obvious that for any x;-D) > 0, we have
dr”x) P (x) . .
W < 0O,and dif(D) 0. Hence this proves

f
dr”®  arPx) :
(T — W < 0, and {D) is strictly negative for

dx
'
any non-zero value of x( ). Therefore, )'c(D) evaluated at any
interior equilibrium point is negative. This completes the
proof.
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