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Wireless communication usage has reached new heights over the past decade and
will continue to grow in the upcoming years in the field of medium of choice. A
major issue for wireless communication system design is the continuing consump-
tion of the energy. The green low-power wireless communication is an inevitable
trend for the oncoming 5G or 6G network. As a promising technology, D2D com-
munication technology has been regarded as an effective technique to provide bet-
ter wireless services in local areas [1] and D2D standard is ready for products [2].

In a D2D underlaid mobile communication system, to satisfy the quality of
service (QoS) of the cellular user, we should consider the interference causes
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to the cellular user while managing wireless resource for the D2D link. The
introduction of D2D should not only effectively improve spectrum efficiency, but
also well control the interference to the normal cellular users. Relying on this
premise, many optimal power allocation strategies have been well designed for
both uplink [3] and downlink [4] D2D communication.

While the cellular users (CUs) are interference-limited, the D2D users (DUs)
are power-limited, whose energy are generally produced by battery. Evaluat-
ing power control in cellular networks involves the use of a number of metrics,
of which energy efficiency (EE) is the most common one. The previous works
also have launched some investigations into the energy efficiency problems of
D2D communication, such as [5] in uplink and [6] in downlink resources sharing.
To prolong the lifetime of networks, energy harvesting has also been applied to
D2D underlaying networks [7]. All of these works for the energy efficiency consid-
ered static optimization on the basis of instantaneous channel state information
(CSI). Since the system performance should be based on all the fading states to
protect the cellular users’ quality of services, the investigations of average energy
efficiency and the protection of the QoS are necessary.

Different from these previous works on energy efficiency, our goal is to design
energy efficient power allocation strategies over fading channels. The ergodic sum
capacity can be a relevant measure for the maximum achievable throughput
of the D2D link, when the D2D transportation has a sufficiently large delay
tolerance [8,9]. The maximum ergodic sum capacity problems of secondary links
are considered in [8] for cognitive radio network, but in which the interference
from primary links to secondary links didn’t be considered. In [9], the energy
efficiency maximization problems are analyzed in both delay-insensitive cognitive
radio and delay-sensitive cognitive radio.

In this paper, we investigate the energy efficiency of the D2D links shar-
ing downlink spectrum resource with cellular system. We take an information
theoretic approach to characterize the maximum achievable rate of D2D links
averaged over the channel fading states. The energy efficiency maximization
problems are formulated under the statistical average or instantaneous transmit
power constraints. As for the cellular users, the performance metrics of the QoS
are considered under both the instantaneous and the average interference power
too. The formulated problems are nonlinear fractional programming problems,
which are intricate and difficult to find their globally optimal solution. Despite
the difficulty, we decouple the original problems into sets of independent con-
cave problems which can be solved separately. Hence the problems can be solved
bia standard optimization methods, such as Dinkelbach iterative methods and
sub-gradient methods. Finally, the effect of the proposed energy efficient optimal
power allocation strategies is verified by proper numerical examples.

2 System Model

We consider D2D communication as an underlay downlink resource sharing of
cellular systems. Let & and J represent the sets of downlink cellular users and
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D2D pairs, respectively, |R|= K and |J| = J. Each user k occupies a dedicated
orthogonal resource block (RB). We assume each CU’s RB can be used by at
most one D2D link, which is constraint has been widely used [3,4,10,11]. Denote
the instantaneous transmission channel gain at fading state v from the BS to
CU k by hg(v), and the D2D link j which reuse the resource of the CU k by
hj(v). The interference channels from BS to D2D link and from the D2D link to
CU are represented by gx;(v) and g;jx(v), respectively. These channel gains are
assumed to be independently drawn from a vector random process, which to be
ergodic over the transmission blocks.

It is assumed that the BS and D2D transmit signals in the same narrow-band
frequency channel. Let x; and x; represent the transmitted signals of the CU
k and D2D link j respectively. Then, the received signals of the user k and the
inband D2D link j are

yg(v) = hi(v)xk + gjrp(v)x; + ng

y? (v) = h;(v)x; + grj(v)ay + 0,

where ny and n; are the additive zero mean Gaussian noise with variances 5,%
and 6]2, respectively.

Assume that both the CUs and DUs use Gaussian codes on each frequency
band with transmit power pj, = E |zx|* and p; = E |2;]*. Due to the coexistence
of cellular and D2D users on the same frequency band, the throughput of the
D2D link j are given by

(1)

where h;(v) = I; |h;(v)[? /6%, and Gr;j(v) = li; lg; (v)|” /62 are normalized chan-
nel gains which integrate with the path-loss.

Since the energy consumption of D2D transmitters are generally produced by
battery, our work is mainly focused on allocating the transmit power of D2D to
raise the energy efficiency of mobilizable devices. If we use n(p;(v)) to denote the
energy efficiency of the D2D link, the energy efficiency maximization problem
over all the fading states can be formulated as

RD(pj(U))
ma = BD( )
{pj(v)€3}77 PP(p;(v))
p;(v)h;(v)
E {1092 (1 + m)}

= B0/t PPy @

where ¢ and PP denote the amplifier and the constant consumption of circuit
power of D2D link, which is a power offset derived from signal processing, as
well as batter backup, etc. According to the definition, the energy efficiency is
affected by not only the transmit power allocation of D2D link but also the
interference power from the cellular system.




Energy-Efficient Power Allocation for D2D Communication 177

Assuming the cellular system will communicate without concerning the inter-
ference to D2D link, which means it transmits with the quota power

pr(v) = Pt%,Vv. (3)

The condition set § is the different cases of power constraints, in addition to the
default nonnegative condition,

p;(v) > 0,Yv (4)

more details of power constraints will describe in the following Sects. 3 and 4.

The energy efficient problems considered in problem (2) are correlated to
the ergodic capacity of D2D link, which is averaged over all the channel fad-
ing states. The ergodic capacity can be a relevant measure for the maximum
achievable throughput of the communication system when the data traffic has
a sufficiently large delay tolerance. As an optional service introduced to the cel-
lular systems, the D2D links generally have lower priorities than the cellular
users. The D2D communication is typically implemented as a complement to
the cellular systems. Therefore, the QoS target should be imposed to ensure the
normal cellular communications. The BS transmit power allocation pg(v) and
the power allocation of D2D link p;(v) lead to a theoretical limit of the cellular
users’ performance.

3 Average Transmit Power Constraints

As we optimize the performance of the D2D link, some protections to the cellu-
lar user are necessary. The D2D link should reuse the resource of cellular user
without exceeding the maximum transmit power,

E{p;(v)} < PR W (5)

where the expectation is taken over v with respect to its cumulative distribution
function(CDF). The power threshold P2 is the average transmit power budget
for the D2D link.

The average interference power constraints should be imposed on the D2D
link in order to protect the cellular from tolerable average interference to noise
power ratio

E{p;(v)g;n(v)} <77, Vo (6)
or more restrictive instantaneous power constraints
pj(0)gjk(v) <77, Vo. (7)

The optimal problem defined in (2) seems intractable. Fortunately P (p;(v))
and RP(p;(v)) are both differentiable and concave in p;(v) under the power
constraints (3), (4), (5), (6) and (7). Therefore the nonlinear concave fractional
programming can be related to nonlinear parametric programming by using
Dinkelbach algorithm [12].
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Let n* denote the maximum 7(p;(v)), the optimization objection function
can be written as b
R i(v
77* = max D(pj( )) (8)
PP(p;(v))
Since the denominator of n* is positive with PP (p;(v)) > 2PP, the fractional
programming problem (2) can be transformed into a corresponding subtractive
form

p; (v)h;(v) . D
{pf?u‘fé‘@}E{logz (”w)}‘”{” ARECEEIY

The equivalence of (8) and (9) can be easily verified at p}(v) with corresponding
maximal n*. With an strictly concave numerator and convex denominator, the n
can be updated by Dinkelbach’s method [12]. In a concave fractional program-
ming problem, local maximum is a global maximum [13]. Then, motivated by the
works in [8,9], we transform the problem into an equivalent subtractive mixed
integer programming problem under condition set §

{p%tgg}f( p;j(v),m), (10)
where
_ p;(W)h;(v) B
f(pj(v),n)—E{logz <1+( e )+1)} nE {p;j(v)/¢+PP}.

Finally, the optimal solution can be found by using classical Lagrange multipliers.

3.1 Average Interference Power Constrains

Under the average transmit power and the average interference power constrains,
the condition set § is the combination of (3), (4), (5) and (6).

All the power constraints in current section and following sections are affine
and so do their combinations. It is easy to prove that the problem (9) is a
strictly quasi-convex problem [9], which can be solved by using the Lagrange
duality method [13]. Here we introduce the non-negative Lagrange multipliers
A and p for the inequality constraints. The Lagrangian with respective to the
transmit power p;(v) is

Livy( mm—E{l Z (”m 3¢ >+1>}

—nE {p;(v)/¢+ PP} = MN{E{p;(v)} - P},

—N{E{pj gjk v)} =1 } (11)
We can get the Lagrange dual function as
G (A )= maz L(p;(v),\ ) (12)

0<p;(v)
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The dual function serves as an upper bound on the optimal value of the
original problem, denoted by v*, that is v* < G(A, p) for any nonnegative A and
1. The dual problem is then defined as AgginMG (A, ).

e

Let the optimal value of the dual problem be denoted by d*, which is achiev-
able by the optimal dual solutions A\* and p*, that is d* < G(\*,u*). For a
convex optimization problem with a strictly feasible point as in our problem,
the Slater’s condition is satisfied and thus the duality gap r* — d* < 0 is indeed
zero. So the problem (9) can be equivalently solved from its dual problem, i.e.
by first maximizing its Lagrangian to obtain the dual function for some given
dual variables, and then minimizing the dual function over the dual variables.

Firstly, obtain G(A, 1) with given A and g,

GO p) = E{G()} —nPP + AP] + urf (13)

where

2(p;(v)) = mazlo M
G(p;(v)) = mazlogs (1 i Pi(v) gk (v) + 1)

— 1y (0)/€ — Apy (v) — up; (V) v). (14)
The dual function can be obtained via solving for sub-dual-functions G(p;(v)),
each for one fading state with channel realization.

Note that the maximization problem with different (v) all have the same
structure and can be solved using the same computational routine. For concise-
ness, we drop the index (v) for the maximization problem at each fading state in
the expression below. For a particular fading state, the associated subproblem
can be defined as

pih; _
mazlo 1+ ——"—"— | —np;/C— Ap; — up;q; 15
0<p, 2 ( Prir; + 1) 1P3/C = APy = 1pi Gk (15)

The problems (9) has been transformed into sets of independent concave prob-
lems which can be solved separately.

Proposition 1. The energy efficient optimal power allocation strategy to prob-
lem (15) can be given as a quasi-water-filling form

+
, Vo (16)

Pt = 1 _ Prgrj +1
DT A g 2 R

where [a]" = maz(a,0) and maz(a,0) denotes the mazimum between a and 0.

Proof. Since the objective function is concave function related to p; and the
constraints are linear, the problem (15) is convex. Hence the problems can be
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solved bia standard optimization methods. To satisfy the KKT conditions, the
following dual solution need to be satisfied

1 h;
N2 pygr; + 1+ pih;

= (/CH+ A+ ngir) 07 =0,vv (17)

¥*p; =0,Yv

With 9* > 0 and pj > 0, Vv, from the KKT optimality conditions, it is easy to
obtain that the energy efficient optimal power allocation strategy can be given
as in (16).

3.2 Instantaneous Interference Power Constraints

When the interference constraints are more strict on each fading state, the prob-
lem can also be proven to be a concave fractional programming problem. Similar
to the above subsection, the condition set § is now the combination of (3), (4),
(5) and (7).

The Lagrangian with respective to the transmit power p;(v) is

PR _pihi(v)
L(p;(v), A\ ) = E{l 92 (1 * pr(v)gxj(v) + 1>}

~nE{p;(v)/¢+ PP} = M E{p;(v)} - P} (18)
Let B denote the set of p;(v) specified by the constrains in (5) and (7),
B = {p;(v) | p;(v) =0,p;(v)gjx(v) <7, Yv}. We can get the Lagrange dual

function as

G(A) = py?gjc)lg%L (pj(v),A) (19)

The dual problem is then defined as ?11>Z'707,G (A, ). Similar to problem 9, this

dual problem can be decomposed into individual sub-dual-functions. Firstly,
obtain G(X) with given A,

G = E{G(v)} — PP + AP} (20)

where

T(p:(v)) = maz lo M
G(p]( )) - pj(v)G%l 92 (1 + pk(v)gkj(v) +1

> —np;i(v)/¢ = Ap;i(v).  (21)

The dual function can be obtained via solving for sub-dual-functions G(p;(v)),
each for one fading state with channel realization. Drop the index (v) for the
maximization problem at each fading state in the expression below. For a par-
ticular fading state, the associated subproblem can be defined as

e
max logs (1 + p:)gjkj;l) —np; /¢ — Apj
s.t. p; =0 (22)
Pidik <7



Energy-Efficient Power Allocation for D2D Communication 181

Proposition 2. The energy efficient optimal power allocation strategy to prob-
lem (22) can be given as

1 Prirj +1 Top
_ PRIk T
(/¢ + A)In2 h; " Gjk

p; = min (23)

where min(a,b) denotes the minimum between a and b, [a]* = maz(a,0) and
maz(a,0) denotes the mazimum between a and 0.

Proof. Since the objective function is concave function related to p; and the
constraints are linear, the problem (22) is convex. Hence the problems can be
solved bia standard optimization methods. To satisfy the KKT conditions, the
following primal and dual solution need to be satisfied

1 hy *~ *
W2 gy o1~ CHA) = WGk + 07 =0,
9ps =0 7 (24)
1 (P5gix — 1) =0 Vo

With p* > 0, 9" > 0 and pj > 0, Vo. Suppose that p; > 0, Vv, it follows that
¥* = 0. Unlike in the (17), where p* is fixed, the p* in (24) is different for each
fading state. As we consider an egoistic cellular, the base station transmits at
maximum power pi(v) = P§,Vv. To satisfy the KKT optimality conditions, we
analyze the following two cases, sincep™, J* and p; are strictly positive.

Firstly, consider the case where p* = 0. Since ¥* > 0, the following must be
true:

1 h;
P S = —(M/C+A) <0
In2 pr.gr; + pihy +1
Thus the power allocation follows
. +
o= 1 _ Prgrj +1
IO E s
Secondly, consider the case where p* > 0. It follows that p; = gi and
p; < ln2(n}( vl 2 ’“g’f;“. Then the following condition must be satisfied:
i 1 PGk +1
gir n2(n/C+X) h;

The energy efficient optimal power allocation strategy in (23) can achieved
by summing up the above analysis.



182 F. Shi et al.

4 Instantaneous Transmit Power Constraints

Similar to the interference power, more strict instantaneous transmit power con-
straint for the D2D link can be given as

p;(v) < Py, Y (25)

As we maximum the f(p;(v),n) under the instantanecous transmit power
and the average interference power constraints, the condition set § in (10) is the
combination of (3), (4), (6) and (25).

Proposition 3. The energy efficient optimal power allocation strategy for
instantaneous transmit power and average interference power constraints can
be given as

+
1 pkgkj +1 D
. _ DrIk, P, 26
(/¢ + pgjr) In2 hj th (26)

p; = min

where min(a, b) denotes the minimum between a and b, [a]" = max(a,0) and
maz(a, 0) denotes the mazimum between a and 0.

Finally, while both the transmit and interference power constraints are
instantaneous, the condition set § is the combination of (3), (4), (7) and (25).

Proposition 4. The energy efficient optimal power allocation strateqy for
instantaneous transmit and interference power constraints can be given as

L ek +1
In2n/¢ h;

+ ’yD
, =, P (27)
9ik

p; = min [

The two propositions in this section can be solved by using proving process
similar to Propositions 1 and 2. For brevity, the details are not given here.

In the Proposition 3, only p is required to be updated. In an extreme case
of p = 0, the ergodic capacity of the D2D user is achieved with the maximum
available power, which is consistent with no interference constraints (6).

5 Simulation Results and Discussion

In this section, simulation results are presented to evaluate the energy efficiency
of the D2D link with the proposed optimal power allocation strategies. An power
allocation algorithms based on classical Dinkelbach’s iterative method and sub-
gradient method can be applied to solve the energy efficient optimal problems.
Main system parameters are listed in Table 1.
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Table 1. Simulation parameters

Parameter Value
Carrier frequency 2 GHz
Cell radius 500 m

BS transmit power 43 dBm
D2D transmit power 20dBm
Circuit power of D2D 600 mW
Path loss factor a; in urban environments | 1.75

Path loss factor oy of D2D links 1.5
Log-Normal Shadowing standard deviation | 4dB
Noise variance —120dBm

The large scale path-loss is calculated by L = 32.45 + 20log1¢ f. + «;20log10d,
where f. and d are united by GHz and meters. The channels of the D2D links
follow the Rician fading while other channels follow the Rayleigh fading. In the
following simulations, we set the cell radius 500 m, and the CUs and D2D links are
uniformly distributed within the cell. While not involving with distance change,
the distances are identically set to d; = 50 m, dy, =200 m, dj; = 350 m, d;;, =400 m.

65 " +

55

Uniform power distribution scheme

Max ergodic capacity scheme

—*— Rician 3dB
—+— Rician 0dB
————— Rician -3dB| |
—v— Rayleigh

Energy efficiency of D2D(bits/Hz/Joule)

L L L L L L L L
0.5 1 1.5 2 25 3 35 4 45 5
Average Rate of Cellular Users(bps/Hz)

Fig. 1. Energy efficient performance comparison.

Figure 1 shows the average energy efficiency of D2D versus the average inter-
ference to noise power ratios vP, which restrict the degree of resource sharing
between the CUs and D2D links. The different degrees of Rician factor of the
D2D links (K = 3,0,—3dB) are investigated. Three power allocation strategies
are compared, that is the proposed energy efficient optimal power allocation,



184 F. Shi et al.

the ergodic capacity maximization allocation and the baselines, in which uni-
form power distribution scheme are employed. In the schemes of propositions,
the power amplifier coefficients of D2D are set to ( = 1. We compare the simula-
tion result with the ergodic capacity maximization problems, which is approxi-
mately in consistent with schemes [8]. As for frequency sharing interferences, not
only the sharer to the provider, but the provider to the sharer, are considered
in our propositions, which are an improvement over the ergodic capacity maxi-
mization schemes in [9]. The higher transmit power of D2D link means the high
interference to the CUE. As is indicated in the graph, the energy efficiency of
D2D increases with the transmit power. But, as Shannon principle reveals that
the spectrum efficiency and power efficiency cannot infinitely increase with the
power, the energy efficiency approaches to the limit as well.

o
3

)
T

o
13

o
T

\R BRI

/ —v— Prop1(AvrgP+Avrgl)
/ —8— Prop2(AvrgP+Instantl)
—o6— Prop3(InstantP+Avrgl)
—4A— Prop4(InstantP+Instantl)

e

Energy efficiency of D2D(bits/Hz/Joule)

IS
i

. . . . . . . .
0.5 1 1.5 2 2.5 3 35 4 45 5
Average Interference to Noise Power Ratio

Fig. 2. Energy efficiency of four propositions with different transmit power and inter-
ference power constraints.

In Fig. 2, we compare the energy efficiency of D2D link of the four proposed
propositions corresponding to different power constraints. The simulation param-
eters are consistent with those of Fig. 1. The black full lines depict the D2D links
with Rician factor of K =3dB and the dotted blue lines depict Rayleigh D2D
links. The instantaneous power constrains are more stringent explicitly over the
average power constrains. Through analyzing the result, the interference power
constraints are more dominant than the transmit power constraints. Therefore
the energy efficiency of D2D under the average interference power constraints is
much larger than that under the instantaneous interference power constraints.

As we considering the average spectral efficiency, the reduction of CUE rate
with the invasive spectral sharers and the increment of D2D rate are compared in
Fig. 3. The admission of D2D link causes only modest loss of CUE rate, therefore
there are significant increases in spectral efficiency. The proposed energy-efficient
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Fig. 3. Rate performance with the introduce of D2D in cellular system

optimal power allocation strategies not only improve the energy efficiency of the
D2D links but also on the premise that cellular communication performance is
guaranteed.

6 Conclusions

In this paper, the energy-efficient power allocation strategy has been studied
for D2D communications underlaying downlink cellular networks. The energy
efficiency maximization problem was formulated under both average and instan-
taneous power constraints. The numerical results proved the proposed strategies
of better performance at both energy and spectrum efficiency with the D2D
underlaying normal cellular communication.
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