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Abstract—In this paper, we investigate and derive a closedform expression for the power allocation scheme of full duplex
(FD) device to device (D2D) communications underlaying wireless
cellular network. In this scenario, we consider the FD-D2D pair
sharing the uplink resources of cellular users. We first derive
a closed-form expression for the ergodic rate of the D2D link.
Then we formulate the optimization problem which aims to
maximize the D2D link rate while fulfilling the minimum QoS
requirement of the cellular user. We further derive a closedform expression for the optimal power allocation strategy for
both D2D and cellular users. The simulation results show the
accuracy of the derived power allocation scheme and provide
important insights on the separation distance between the D2D
users and the interfering cellular user. In addition, the results
provide important conditions to switch between FD and half
duplex (HD) D2D modes.
Index Terms—full-duplex transmission, device-to-device (D2D)
communication, optimal power allocation, full-duplex versus halfduplex

I. INTRODUCTION
With the rapidly growing of the customers data traffic
demand, improving the system capacity and increasing the
user throughput have become essential concerns for the future
wireless communication network, i.e. 5G. In this context, D2D
communication and FD are proposed as a potential solutions
to increase the spatial spectrum utilization and the user rate
in a cellular network [1]. D2D allows two nearby devices
to communicate without base station participation or with a
limited participation. On the other hand, FD communication
allows simultaneous transmission and reception in the same
frequency band. Hence, it will enhance the spectral efficiency
of a single peer-to-peer channel and will improve the users
throughput (potentially doubled) over the conventional halfduplex (HD) communication [2].
The main challenge in FD communication is the strong selfinterference (SI) imposed on the receiver by the node’s own
transmitter [3]. However, the recent works on FD show that
huge advances have been made in mitigating the SI, and the
respective state of the art of transceiver design can achieve
a high level of self-interference cancellation (SIC) [4] [5].
Hence, the FD technology is getting closer to being applied
in the new wireless cellular network.
The short distance property of the D2D link makes the
transmission power of the D2D users relatively lower. Thus,

exploiting the FD transmission in D2D communication is
an excellent choice to further improve the cellular spectrum
efficiency and the users throughput [6]. However, the full
duplex D2D (FD-D2D) communication adds new challenges
for the D2D communication. For example, the amount of SI
is highly depending on the transmitted power value. Thus,
the power allocation strategy in FD-D2D is a very important
problem to be tackled.
The authors of [7] derived and analyzed a closed form
expression of the sum-rate of a FD-D2D enabled cellular
network. However, in [7] the optimal power allocation scheme
was not considered. Moreover, only a symmetric scenario, in
which the D2D users have the same distance to the base station
from one side and the cellular user (CUE) has equal distance
to the D2D users from the other side, was assumed therein.
The power optimization problem of an isolated FD-D2D pair
underlay cellular network was tackled in [8]. In [9], the authors
derived a convex optimization problem to maximize the rate of
FD-D2D link while satisfying the minimum rate requirement
of the cellular users. Although the solution derived in [9] is
not limited to the case where the distances between the D2D
users and the CUE are equal, the authors of [9] neglected the
effect of the CUE location w.r.t the D2D users and they did
not clearly described the D2D pair situation in their numerical
results. Moreover, neither [8] nor [9] provided a mathematical
expression for the optimal power allocation scheme.
In this paper a mathematical framework of the FD-D2D
communication is developed, and advanced analysis of the
impact of the CUE location on the optimal FD-D2D rate is
provided. Precisely, the derived framework covers both the
symmetric and the asymmetric scenarios of the D2D users.
Throughout the paper, the symmetric case means that the
D2D users are receiving the same interference power from
the CUE and they are introducing equal interference power at
the BS, i.e., the CUE has equal distance to the D2D users and
the D2D users have equal distance to the base station. The
asymmetric case reflects the situation where one of the D2D
users introduces more interference on the BS than the other,
or one of the D2D users is receiving more interference from
the CUE than the other or both. The key contributions of this
work are as follows:

Derivation of the closed-form expressions for the average
FD-D2D rate, HD-D2D rate and for the optimal power
allocation strategy. To the best of the authors knowledge,
there is no existing work that provides such expressions
considering both the symmetric and the asymmetric cases.
• Derivation of the mathematical expressions which characterize the requirements to have a reliable FD-D2D versus
HD-D2D modes.
• Shedding the light on the impact of the CUE location on
the FD-D2D rate.
The rest of this paper is organized as follows. Section II
describes the system model and section III derives the FDD2D ergodic capacity. The optimal power allocation strategy is
presented in section IV. In section V we discuss the simulation
results, and the conclusion is drawn in section VI.

Useful link
Interference link

•

II. SYSTEM MODEL
As depicted in Fig. 1, we consider a FD-D2D enabled
cellular network. The cellular network consists of an eNodeB,
one D2D pair and multiple CUEs. The CUEs are allocated
orthogonal sub-channels for uplink transmission and they are
assumed to operate in HD mode while the FD-D2D link can
share only one uplink subchannel so there is interference only
between one cellular user (CUEi in Fig. 1) and the D2D pair.
Although the advanced transceiver designs can significantly
decrease the SI, in practical scenario it is impossible to
totally delete it. In this work, the power of the residual selfinterference (PRSI ) is defined as follows:
PRSI = ηPt

(1)

where η (0≤η≤1) is the SI mitigation coefficient which represents the effect of the advanced SIC techniques [8] [9], and
Pt is the local transmit power. The case of η = 0 corresponds
to the perfect SIC while η = 1 reflects the invalidity of SIC.
To model the cellular/FD-D2D links as well as the interference links, both the distance based path-loss model
and the fast fading are considered. Thus the channel gain
between a transmitter i and a receiver j can be expressed
as gij = lij · hij , where lij denotes the path-loss attenuation
and hij stands for the Rayleigh distributed fading coefficient
with unit mean power gain (i.e., hij ∼ exp(1)). Furthermore,
the path-loss attenuation can be expressed by li,j = d−α
ij where
α is the standard path loss exponent and dij is the distance
between the transmitter i and the receiver j. Considering an
interference limited system as in [10], [11], i.e., the receiver
noise is negligible, the instantaneous Signal-to-Interference
ratios (SIRs) of the CUE, of the first D2D user (D1) and of
the second D2D user (D2) can be respectively expressed as:
γc =

Pc lc,BS hc,BS
Pd1 ld1,BS hd1,BS + Pd2 ld2,BS hd2,BS

(2)

γd1 =

Pd2 ld hd2,d1
Pc lc,d1 hc,d1 + ηPd1

(3)

γd2 =

Pd1 ld hd1,d2
Pc lc,d2 hc,d2 + ηPd2

(4)

CUEi

eNodeB

Fig. 1. A FD-D2D pair shares the resources of one cellular user, which creates
interference between the two types of links.

where Pc , Pd1 and Pd2 are the transmit powers of the
CUE, D1, and D2 respectively. ld is the path-loss attenuation
between the D2D users.
III. E RGODIC CAPACITY ANALYSIS
In this section, we provide the analytical derivations and
analysis of the ergodic capacity expressions for the different
devices in the network, i.e. CUE, D1 and D2. For the sake of
fairness, the analysis is provided for the two modes: FD and
HD.
A. The Full Duplex Mode
In this subsection, we will first provide a closed form
expression for the ergodic capacity of a FD-D2D link (RF D )
which is using the CUE uplink resources. RF D is defined
as the summation of D1’s and D2’s ergodic capacities,
RD1 and RD2 in (5), and it is given by:
RF D = Eγd1 [log2 (1 + γd1 )] + Eγd2 [log2 (1 + γd2 )]
{z
} |
{z
}
|
RD1

(5)

RD2

where γd1 and γd2 are the SIRs given by (3) and (4) respectively. E(.) denotes the expectation operation. From (5), in
order to derive the FD ergodic capacity, the probability density
function (PDF) of the SIRs must be calculated. The following
Lemmas provide such PDFs.
Lemma 1. The distribution of the CUE SIR is given by:


Pc lc,BS
fγc (t) =
(6)
Pd1 ld1,BS − Pd2 ld2,BS

2
(Pd1 ld1,BS )
(tPd1 ld1,BS + Pc lc,BS )

2

2
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(Pd2 ld2,BS )

2

(tPd2 ld2,BS + Pc lc,BS )

Proof: First let us define the two following random
variables: X = Pc lc,BS hc,BS and Y = Pd1 ld1,BS hd1,BS +
Pd2 ld2,BS hd2,BS . The channel power gains follow the exponential distribution. Therefore, the PDF of X and Y are
1

− Pc l x

Pc lc,BS e

c,BS

and

y
y
−
−
e Pd1 ld1,BS −e Pd2 ld2,BS
Pd1 ld1,BS −Pd2 ld2,BS

respectively.

By defining new variables S = Y and T = X/Y and applying
the change of variable theorem, the joint PDF for the couple
(S, T ) can be written as:
fST (s, t) = fXY (X(s, t), y(s, t))|J(s, t)|
(7)
" −
#
s
st
−P ls
Pd1 ld1,BS
Pc lc,BS
e
se
− e d2 d2,BS
=
Pc lc,BS
Pd1 ld1,BS − Pd2 ld2,BS

B. The Half Duplex Mode
In FD communication the D2D users share the whole CUE’s
spectrum while in HD only one D2D user can use the CUE’s
resources. Thus, for fair comparison RHD is assumed to be the
maximum of the HD rate of D1 and D2 as presented in (14).
RHD = max(

where, |J(s, t)| is the Jacobian of the transformation. Now,
integrating (7) w.r.t to s completes the proof.
Lemma 2. The PDF of the D1 and D2 SIRs are given by:
ηP
t P d1
d2 ld

fγd1 (t) = e
(8)
(Pd1 Pc ld lc,d1 + η Pd1 Pd2 ld + t η Pc Pd1 lc,d1 )
2

(tPc lc,d1 + Pd1 ld )
t

log2 (

|

lc,d1
ld y )

lc,d1
ld y

,

log2 (

−1
{z } |

lc,d2
ld x )

)
−1
{z }

(14)

lc,d2
ld x

HD
RD1

D2
RHD

HD
HD
where RD1
and RD2
are the HD of D1 and D2 and they
can be easily calculated by following the same procedure as
in Lemma.1. It is worth mentioning that from the derivations
perspectives, the HD mode could be seen as a sub-case of the
FD mode. Hence, we will focus in the next section on the FD
mode only.

η Pd2

fγd2 (t) = e Pd1 ld
(9)
(Pd2 Pc ld lc,d2 + η Pd1 Pd2 ld + t η Pc Pd2 lc,d2 )
2

(tPc lc,d2 + Pd1 ld )

Proof: The PDF of γd1 and γd2 can be obtained by
following the same procedure as in Lemma 1.
Now, putting the D2D SIR distributions derived in Lemma 2
in (5) and integrating the Shannon capacities over the SIRs
leads to the following theorem.
Theorem 1. The full duplex ergodic capacity is given by:
 ηx

  ηx
ηx
E1 lc,d1
e lc,d1 − E1 lηd xy e ld y
(10)
RF D =
lc,d1
ld y − 1
|
{z
}
R
 ηy

 η yD1

ηy
E1 lc,d2
e lc,d2 − E1 lηd yx e ld x
+
lc,d2
ld x − 1
|
{z
}
RD2

, y = PPd2
and E1 (z) =
where x = PPd1
c
c
order exponential integral.

R∞
z

e−t
t dt

IV. M AXIMIZING THE F ULL DUPLEX D2D E RGODIC
CAPACITY

The aim of this section is to maximize the FD-D2D capacity
while satisfying the QoS requirement of the interferer CUE
by finding the optimal power allocation scheme. Thus, the
maximization problem denoted by P1 can be formulated as,
P1: max RF D (P) = RD1 + RD2
s.t.

E[IBS ] ≤ I

max

(15a)

, y = PPd2
] is the power ratio variable
where, P = [x = PPd1
c
c
vector, E[IBS ] is the average interference power at eNodeB,
and I max denotes the maximum interference power that is
acceptable at the BS. The utility function in (15) is the FDD2D capacity presented in (10), while the constraint in (15a)
keeps the interference of the D2D users at a certain level and
thus it reflects the QoS of the CUE. To obtain the optimal
power allocation scheme, it is highly desirable that P1 is
a concave optimization problem. The next subsection will
analyze the concavity of P1.

is the first
A. Analysis of the full duplex rate
l

Note that the function
 
 
1
1
E1
h(x) , exp
x
x

(15)

P

(11)

is a monotonically increasing function with x [12]. Accordingly, for a > b (a and b are arbitrarily positive numbers)
η y
η y
η y
η y
exp
E1
> exp
E1
(12)
a
a
b
b
then we have
η y
 η y i
ηy
b h ηy
e a E1
− e b E1
>0
(13)
a−b
a
b
The same result can be obtained for a<b. Thus, RD1 and RD2
are always positive and monotonically increasing with respect
to y and x respectively. This in turn verifies that the FD
capacity derived in (10) is always positive.

l

c,d2
From (10), RF D is defined if y 6= c,d1
ld and x 6=
ld .
Accordingly, the FD capacity is defined over four regions
l
lc,d2
lc,d1
lc,d2
R1 = {y < c,d1
ld , x > ld }, R2 = {y > ld , x < ld },
l
lc,d2
lc,d1
lc,d2
R3 = {y < c,d1
ld , x < ld } and R4 = {y > ld , x > ld }.
However, the main FD gain can only be achievable in R4
as shown in Appendix A. Otherwise, the FD gain will be less
than 1bit/s/Hz. Intuitively, the FD gain is considerable in R4
where the average power of the useful signal is greater than
the average interference power. The problem shrinks down to
study the utility function in this region. Using the derivations
in Appendix B, it can be shown that the utility function (15)
is concave in R4 .
On the other hand, to guarantee the QoS constraint on the
CUE we need to ensure that the average interference power
at the eNodeB is less than a predetermined threshold I max .
Based on Conjuncture 1, defined in Appendix A, the average

power of the useful signal received by the BS (i.e. the CUE
signal) has been chosen as I max .
2
X
i=1

|

Pdi ldi,BS ≤ Pc lc,BS
| {z }
I max
{z
}

(16)

E[IBS ]

Moreover, it is straight forward to see that the maximum
FD capacity rate occurs when the interference power of the
D2D is at the maximum level (i.e. the equality case in (16)).
Now, solving (16) with equality leads to the following relation
between the powers:
lc,BS = ld1,BS x + ld2,BS y

where Mx is the maximum allowed power ratio for D1.
Physically speaking, (18) means that when the D2D users
are receiving the same interference power from CUE and
introducing equal interference power at the BS, the optima can
be obtained by allocating half the maximum power for each
D2D user. Moreover, from Appendix A we know that (18) is
true only when η < ld otherwise the D2D pair must switch
to the HD mode.

(17)

where x and y are the power ratios defined in Theorem 1.
As it can be seen, (17) is linear. Thus, the problem P1 is
concave.
B. The Optimal power allocation scheme
Here, we tackle the problem of power allocation which
requires solving (15) taking into account (15a). However, this
problem appears to be mathematically intractable as the optima
can not be directly obtained.
To propose a suitable solution, we split our problem to
two sub-cases named symmetric and asymmetric scenarios.
The symmetric scenario represents the case where the D2D
users have equal distance from the BS (i.e, ld1,BS = ld2,BS )
and the CUE has equal distance from the D2D users (i.e,
lc,d1 = lc,d2 ) (refer to Fig. 2), while the asymmetric scenario
covers all the remaining possible users locations (see Fig. 3).

Fig. 3. Asymmetric scenario (dd1,BS 6= dd2,BS or dc,d1 6= dc,d2 )

Power Allocation in the Asymmetric Case: For the asymmetric case, the optima is given by:
√
A− B
∗
x∗asym =
and yasym
= My −β x∗asym (19)
2ηβ(βlc,d1 − lc,d2 )
where
My =

lc,BS
ld2,BS

(20)

is the maximum allowed power ratio for D2,
β = ld1,Bs /ld2,Bs , A = 4ηβlc,d1 M + 3βlc,d1 lc,d2 , and
B = A2 − [(lc,d1 − lc,d2 )(16M 2 η 2 βlc,d1 + 24M βηlc,d1 lc,d2 )].
Proof: Using the properties of E1 (z) given in [13], the
function E1 (z) exp(z) can be tightly approximated by ln(1+
1
z ). Moreover, assuming that the average received power is
much larger than the interference power, RF D can be written
as follows:
ld y
ld x
lc,d1
lc,d2
RF D ≈ ln(1+
)+ln(1+
)−ln(1+
)−ln(1+
)
ηx
ηy
ηx
ηy
(21)
Fig. 2. Symmetric scenario (dd1,BS = dd2,BS & dc,d1 = dc,d2 )

Power Allocation in the Symmetric Case: Let us consider
that the interference power is much lower than the average
received power, i.e., y >> lc,d1 /ld and x >> lc,d2 /ld . Under
this condition, we found that the optima of the symmetric case
can be easily calculated by applying (17) into (15) and solving
its derivative. The optima in such case is,
∗
x∗sym = ysym
=

Mx
lc,bs
=
2
2ld1,bs

(18)

Now applying (17) into (21) and solving the derivative of the
result leads to the optimal power ratios in (19)
The obtained optima in (18) and (19) are for two particular
cases. For the general case where the SI factor can be any
number and the users are in random positions the optima can
not be mathematically derived. However, after analyzing (19)
we found that when CUE is relatively far from the D2D
pair the optima will be achieved by allocating more power
to the D2D user who is introducing less interference power
to the base station. And, when the CUE is relatively near to
the D2D pair, more power should be allocated to the D2D

user who is suffering more from the CUE interference power.
Based on this analysis and the previous results we propose
the following power allocation technique which yields to the
optimum results in both the symmetric and asymmetric case.

η = −75dB

lc,d1 −lc,d2
Mx
[1+
]))
2
ld +lc,d1 +lc,d2

lc,bs − ld1.bs x∗
ld2,bs

RF D , Exhaustive search
RF D , Proposed PA

10

8

(22)

The max() and min() operators in (22) are used to ensure
that our approximated optima do not violate the power ratio
constraints, i.e., the minimum power ratio 0 and the maximum
power ratio Mx . The exponential term reflects the effect of
the SIC techniques, more precisely when η goes to zero the
effect of SI will disappear while when η goes to one the SI
will highly affect the optima solution. The fraction term in
(22) will be positive or negative w.r.t the CUE location and
thus more power will be allocated to D1 if it is suffering
more from the CUE interference and vice versa. Accordingly,
depending on the CUE location the value of the optima will
tend to either (Mx , 0) or (0, My ) which represent the HD-D2D
mode for D1 and D2 respectively. In other word, the CUE
location highly affects the transmission mode for the D2D
pair. The accuracy of this approximation will be validated in
the numerical simulation section when comparing the derived
optimal solution with the exhaustive search results.
V. NUMERICAL RESULTS
In this section, we conduct numerical experiments to evaluate the performance of our proposed optimal power allocation.
For our simulation we assume a circular cell of radius 300m.
The maximum distance between the D2D users is assumed to
be 40m as in [8][9]. Moreover, we set the path-loss exponent,
α, to 3 and we varied the value of the SI mitigation factor η
between two realistic values -60dB and -90dB [4]-[9].
Fig. 4 and Fig. 5 validate the optimal power allocation for
the symmetric and asymmetric cases respectively. For the
symmetric case we set the D2D pair at a distance 100m from
the eNodeB then we moved the CUE on the median line which
intersects with the line D1D2 in the triangle formed by the
eNodeB, D1 and D2 (refer to Fig.2). In the asymmetric case,
first we fixed D1 at a distance 100m from the base station then
we set D2 at a random position such that dd2,bs > dd1,bs and
dd ≤ 40m. After that, we set the CUE at a random position
such that dc,bs < dd1,bs and finally we moved CUE toward
D1. This scenario allows us to study the cases in which the
CUE is close or far from D1 which in turn allows us to validate
the power allocation strategy in the asymmetric scenario. As it
can be seen, the results obtained from our power allocation are
very close to the exhaustive search results. Hence, the derived
equations are valid and thus they can be used to maximize the
rate. In addition, from both Fig. 4 and Fig. 5 we can see that
as η decreases the FD rate increases. The reason behind that
is when η decreases the power of the residual self interference
decreases and hence the average interference power decreases.
Fig. 4 also shows that as the distance between the CUE and

FD-D2D Rate
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Fig. 4. Comparison of FD-D2D rate obtained from the exhaustive search and
from the proposed power allocation scheme in the symmetric case
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Fig. 5. Comparison of FD-D2D rate obtained from the exhaustive search and
from our proposed power allocation scheme in the asymmetric case

the base station increases the FD-D2D rate decreases. This
is expected behavior because in such case the D2D users
need to mitigate their transmission power to not violate the
interference constraint at the base station. Moreover, Fig. 5
shows that when the CUE is very close to one of the D2D
user (e.g., dc,d1 = 5m), the maximum D2D capacity occurs
by allocating the whole allowed power to that user. This is
why the depicted results in Fig. 5 converge to the same value
as the interferer becomes closer to D1.
Now in order to show the high effect of the CUE location
on the FD-D2D rate, we first fix the D2D pair at 100m
from the BS, then we set the CUE at a position where
dc,d1 > dc,d2 . After that we moved the CUE toward D1
or D2. We repeated this scenario for different values of ld .
Fig. 6 shows the variations of the optimal power ratios with
respect to the cellular user distances from the D2D users in
such situation. As expected, x∗ and y ∗ have opposite variation
w.r.t the CUE location. For instance, when dc,d1 = dc,d2 we
have x∗ = y ∗ = 50. While when the CUE becomes too close

100

Power Ratio

80

60

40

20
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y*

0
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20

dc,d2 (m)

20
30

30

dc,d1 (m)

interferer cellular user, the distance between the D2D pair,
and the SIC factor have a great impact on the FD-D2D ergodic
capacity and the power allocation scheme. For instance, when
CUE is relatively far from the D2D pair the optima will be
achieved by allocating more power to the D2D user who is
introducing less interference power to the base station. While
when the CUE is relatively near the D2D pair, more power
should be allocated to the D2D user who is suffering more
from the CUE interference power. Finally, both simulation and
analysis showed that the maximum FD-D2D rate occurs when
the D2D users are sharing the CUE’ spectrum who is located
near the BS and far away from the D2D pair. As a result
the users location or in general the users’ interference highly
affects the D2D rate and thus it should be well treated in the
resource allocation phase.

Fig. 6. The optimal power ratios variation w.r.t to CUE location.(η =−70dB)

A PPENDIX A
We begin our proof by providing the following conjecture.
8

Conjecture 1. In wireless communication the receiver decodes correctly the signals when the following inequality
holds:
E[P ] ≥ E[I]

Rate (bit/s/Hz)

7

6

FD

where E[P ] is the average power of the useful signal and E[I]
is the average interference power.

5

HD

4
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20

dc,d2 (m)

30

30

Now by applying Conjecture 1 on (3) and (4) we can see
that the FD communication can be useful only when the SIC
factor, η, is less than a certain value as follows:

dc,d1 (m)

η < min(
Fig. 7. The effect of the CUE location on the FD rate.(η = −70dB)

to D1 (i.e., dc,d1 = 5m), x∗ is almost equal to the maximum
allowed power ratio and y ∗ is almost zero. This is because in
such case D1 is facing high interference from the CUE while
D2 is not. Hence, it is better to let D1 only sending messages,
i.e., it will operate in HD mode. Fig. 7 shows the optimal rate
variation with respect to lc,d1 and lc,d2 . In addition, it compares
the optimal FD rate with the optimal HD rate. As can be seen,
the maximum FD gain occurs when dc,d1 = dc,d2 while in the
asymmetric case the FD rate decreases with the decreasing of
dc,d1 or dc,d2 . Hence, when the CUE is too close to one of
the D2D users the FD has no rate gain. Finally, Fig. 7 clearly
shows that the main gain of full duplex occurs when the CUE
is far enough from the D2D pair.
VI. CONCLUSION
In this paper, we investigated the power allocation problem of a FD-D2D based cellular network. In particular, we
formulated an optimization problem to maximize the FDD2D rate while fulfilling the minimum QoS requirement
of CUE. We further derived a closed-form expression for
the optimal power allocation strategy. On contrary to the
related works, the derived solution covered both the symmetric
and the asymmetric scenarios. The simulation results proved
the derived equation and showed that the distance from the

yld − lc,d1 xld − lc,d2
,
)
x
y

(23)

Since η is positive, the following inequalities must be satisfied:
x>

lc,d2
lc,d1
and y >
ld
ld

(24)

Note that, (24) is the same as R4 . Moreover, if (24) does
not hold the SIC factor will be negative which means that
the FD transmission is unsuitable in such situation. Thus, the
D2D users must switch to the HD mode. Now in order to
investigate the rates in the remaining regions we derived the
HD
HD
limits of RD1 , RD2 , RD1
, and RD2
, which are respectively
defined in (10) and (14), as follows:

 ηx
ηx
ηx
lim RD1 = 1 −
E1
e lc,d1
l
lc,d1
lc,d1
y→ c,d1
ld

 ηy
ηy
ηy
E1
e lc,d2
(25)
lim RD2 = 1 −
l
lc,d2
lc,d2
x→ c,d2
ld

HD
lim RD1
= 1,

l
y→ c,d1
ld

HD
lim RD2
=1
x→

lc,d2
ld

Based on (25) and the monotonic increasing property of the
D2D users rate, the maximum rate of D1 and D2 when
l
lc,d2
y < c,d1
ld and x < ld will be 1bit/s/Hz respectively. Hence,
the FD transmission can show its efficiency only in R4 .

Using Conjecture.1, (3), and (4) the minimum distance between the CUE and the D2D devices to have reliable FD
communication link can also be derived as follows:
lc,d1 < yld − ηx ⇔ dc,d1 > (yld − ηx)−1/α

(26)

lc,d2 < xld − ηy ⇔ dc,d2 > (xld − ηy)−1/α
Equations (23) and (26) declare the amount of the interference
that can be handled by the FD devices. Thus, they form the
requirements to have an efficient FD-D2D link.
A PPENDIX B
In the targeted region the denominator of both RD1 and
RD2 are less than one. Thus, using the geometric series of
l
l
−1)−1 and ( lc,d2
−1)−1 ] allows us to express the utility
[( lc,d1
dy
dx
function defined in (15) as follows:
k 
 ηx X
i   ηy
∞
∞
X
η x lc,d1
η y lc,d2
lc,d1
lc,d2
U (x, y)=−
E1
e
−
E1
e
ld y
lc,d1
ld x
lc,d2
i=0
k=0
{z
}
|
{z
}|
I2

I1

k  
i  
∞
∞
X
η x lη xy X lc,d2
η y lηyx
lc,d1
d
+
E1
e +
E1
ed
ld y
ld y
l
x
l
x
d
d
i=0
k=0
{z
}
|
{z
} |
I4

I3

From [14], the summation of convex functions is convex function. Hence, analyzing the convexity of U (x, y) is equivalent
to analyzing the convexity of I1 , I2 , I3 and I4 .
The concavity of I1 and I2 can be established
by studying
P∞ ak
the convexity of the function I(x, y) = k=0 y E1(b x)eb x ,
where a and b are arbitrarily positive numbers. To that end,
we derive the Hessian matrix of I(x, y), denoted by MI , as
follows:
"
#
I11 I12
MI =
(27)
I21 I22
"ak (ebx E (bx)b2 x2 −bx+1) k(ebx E (bx)bx−1) #
1

=

k(e

bx

1

y k x2
E1 (bx)bx−1)
y k+1 x

y k+1 x
k(k+1)ak E1 (bx)ebx
y k+2

Based on the exponential integral properties given in [13,
chap.5], we found that I11 > 0 and I11 I22 −I12 I21 >= 0. Now
using the Sylvester’s criterion [15] we can show that I(x, y) is
convex. Following the same procedure, the concavity of I3 and
I4 can be established and thus U (x, y) is concave function.
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