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Abstract—This paper concentrates on energy efficient visible
light communication (VLC) under illumination constraint. To
facilitate the implementation in practice, we investigate the
problem from a distributed perspective that each user attempts
to maximize its own energy efficiency (EE) of VLC while subject
to the shared constraint on the illumination. The competition is
formulated as a generalized Nash equilibrium problem (GNEP),
and the optimal transmission strategy is proposed for each
individual user by analyzing the game equilibrium. Also, the
numerical results are provided to corroborate our theoretical
findings and demonstrate the superiority of our proposal in terms
of EE as compared with conventional approaches.

[. INTRODUCTION

Visible light communication (VLC) has emerged as a
promising solution to support high-data-rate transmissions in
indoor wireless environment, where there occurs 70% of mo-
bile Internet traffic [1]. VLC exploits the visible light spectrum
for transmissions, which provides a powerful complement for
conventional radio frequency communications [2], [3]. The
light emitting diodes (LEDs) used in VLC are capable to
provide illumination and communication simultaneously. As
such, VLC has the advantage of low-cost equipment, low-
power transmission, and vast bandwidth, and thus has attracted
an increasing research interest [4].

However, the main research efforts on VLC have been de-
voted to throughput oriented analysis and strategy design [5]—
[10], while the energy related issues are relatively less ad-
dressed. Despite the fact that the LEDs are indeed less energy-
consuming as compared with conventional lighting sources,
there is still significant space to further save the energy when
we jointly consider the illumination and communication. In
this respect, there have emerged a few recent results on
energy efficient VLC [11]-[13], which are all based on the
centralized optimization. The centralized methods usually are
of high complexity and require additional signaling overhead,
which may not always be capable to adapt to the changing
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environment. For the actual VLC system, the VLC access
points (APs) are usually immobilized, while the positions of
the user equipment (UE) and the angles of the receiving photo
diode (PD) are likely to change constantly. Those changes will
instantly affect the VLC channels as VLC is highly dependent
on the line-of-sight (LOS) links [14]. As such, VLC is desired
to achieve energy-efficient transmissions while capable for
quick adaptation. In this regard, the distributed strategy design,
which allows the individual communication pair to determine
its transmission independently, has the inherent advantage of
ease of implementation and lower signaling overhead [15]—
[17]. Moreover, in the existing works [5]-[7], [11]-[13], the
mutual interference issue in VLC has not been sufficiently
addressed. Yet as we know, the avoidance or mitigation of
the interference require additional resources and coordination,
which may not be economical or even feasible. In this regard,
we need to actively taken into account the mutual interference
for distributed decision-making at individual user to further
ease the implementation.

On the other hand, the preliminary function of the LEDs,
besides the communication, is to provide illumination [6],
[11], [18]-[21]. In order to protect the human eyes with
comfortable enjoying the indoor environment, the illumination
should be properly constrained. Consequently, it is essential to
jointly consider the communication and illumination. As the
illumination results from the aggregated effect from all VLC
APs, their transmission behavior should be coordinated to
satisfy the shared illumination constraint. Therefore, although
the distributed approach can be sufficient for the individual
energy efficiency (EE) optimization, we still need effective
coordination among them in the respect of illumination con-
trol.

Targeting at the aforementioned issues, we in this paper
investigate the distributed energy efficient VLC under the
illumination constraint. In particular, we consider that each
VLC transmission pair attempts to maximize its own EE
while subject to the shared constraint regarding illumination.
The generalized Nash equilibrium problem (GNEP) model
is adopted to analyze their competition. Due to the inherent
difficulties of the GNEP, we introduce the pricing techniques
to tackle the shared illumination constraint and reformulate
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Fig. 1. System model.

the GNEP as a conventional NEP. The game equilibrium is
analyzed with the distributed transmission strategy proposed
for each VLC pair to effectively maximize the its own EE
while guaranteeing the shared illumination constraint.

The rest of this paper is organized as follows. In Sec. II,
we introduce the system model of VLC communications. In
Sec. III, we addresses the game formulation of the energy effi-
cient VLC communications with distributed algorithm design.
In Sec. IV, we provides the simulation results and the paper
is concluded in Sec. V.

II. SYSTEM MODEL

We consider an indoor environment where there are L VLC
APs, given by £ = {1,2,---,L}, uniformly mounted on
the ceiling to provide the illumination and communication.
Meanwhile, there are K UEs, dented by K = {1,2,--- , K},
intending for communication services. The system is illus-
trated in Fig. 1. In this paper, we consider the case that the
number of APs is no less than that of UEs, and thus each
AP has at most one UE in service. In this regard, each UE
is associated with the nearest AP available in its proximity,
since the VLC mainly counts on the LOS link. Without loss
of generality, we can denote the AP-UE pairs! as K, and thus
the APs in £\K only provide illumination. For each AP- € L,
we denote the power from direct current (DC) as ¢;, which acts
as the carrier and is of predefined fixed value. Meanwhile, the
power from alternating current (AC) for VLC is denoted by
p; and bounded within region Py = [0, pj"®*].

Illumination is the primary function of the LEDs. To effec-
tively track the achieved illumination level, we here specially
consider a reference point, denoted by Ry. This reference
point may correspond to the coach at home, or the desk
in an office, where the proper illumination level should be
guaranteed. Note this model can be easily extended to more
the general cases such as average illumination, minimum or
maximum illumination, etc. Considering the Lambert radiation
characteristic, we can model the channel gain from AP-/ to the

Hereinafter, we refer to the VLC AP-UE pair as user for simplicity.
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reference point as
——=5 cos™ (©) cos (¥;) )

where m is the Lambertian order by m =
log(2)/log (cos (¢1/2)) with $1/2 being the semi-angle
at half-power, D; is the distance between the AP-l and
reference point, ©; and V¥, are the angle of radiance and
incidence, respectively. Then, the illuminance at the reference
point can be calculated by aggregating the power of AC and
DC from all APs, given as

L= . roita)a, @

where p is the luminosity efficacy?. As the power for VLC
acts as additional sources for lighting, we present an upper
bound for the illumination at the reference point to protect
human eyes, specified as I, < I, Besides the intention for
eye health, this upper bound also helps to save the energy.
Note we here only explicitly consider the upper bound, the
similar analysis can be conducted regarding the lower bound,
and we omit the detailed analysis for space limitation.

VLC is conducted at all the users in K, whose transmis-
sions reuse the same frequency band and thus constitute the
interference model. The link gain from AP-%’ to UE-k is given
as

S cos™ (Bw) cos (Ywrk) 5305G (Ve
hav i = if 0 < gk < U5,
0, otherwise,
3)

where Ay, is the area of receiving PD, n is the refractive index,
1, is the half field of view, G (11, is the gain of optical filter,
and other parameters are similarly defined as those in (1).
Then, the achieved transmission rate can be calculated based
on the Shannon-Hartley theorem as

h
= wlog [ 1+ Prltck o )
2ower\ (k) P + 05

at user-k, where w is the bandwidth and 08 denotes the power

of noise. With the achieved transmission rate, the EE is defined

as the bits delivered by unit energy, given as
Pr+ar

Note the energy consumption for VLC in (5) concerns both

DC and AC power, with the former acting as the carrier for

the latter.

(&)

Tk

I1II. GAME FORMULATION AND ALGORITHM DESIGN

In a distributed manner, each user involved in VLC aims
at maximizing its own EE. Since the transmission at different
users induces interference and thus affects each other, such
an interest-conflicting scenario is modeled with game theory.

2The channel gains corresponding to p; and ¢; are actually of slight
difference. But here we ignore the difference as we mainly focus on the
communications.
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However, in our considered problem, the EE competition needs
to consider an outside constraint regarding illumination as
I, < I™. As such, the feasible region of at user-k is actually

Pr (p—k) = {pk €P D powgr I = pag }

k'ek lec
(6)

where —k denotes all users in K other than user-k and the
illumination constraint is reorganized in (6) as p; = 0, V[ €
L\K. Then, the individual problem at user-k can be given as

Pk € P, )

from which we can see that both the objective function and
feasible region at one user depend on the strategies of all
other users. In this regard, the competition in the form of (7)
goes beyond the conventional Nash sense, and constitutes a
GNEP? [22].

The solution to the GNEP is noted as GNE. To tackle
the GNEP, we first need to confirm the existence of GNE.
Revisit the problem in (7), we can easily prove that EE as
the objective function is quasi-concave with respect to its own
transmit power. Meanwhile, the feasible region is defined by a
set of linear inequalities, and thus is always convex, regardless
of the strategies of other users. Those properties hold at all
users, which further guarantees the existence of the GNE*.

Then, we concentrate on the derivation of the GNE. As we
can readily notice, the main difficulties regarding the GNEP is
that the feasible region is not fixed, which is due to the shared
illumination constraint. To solve the problem effectively, we
can tackle the illumination constraint within the objective
function through pricing technique. By pricing the illumination
condition, the newly obtained objective function for user-% is
given as’

maXxp, Mk s.t.

ug =Nk — /\Zk’eiC PPk Gk ®)

where A is the pricing coefficient that satisfies

0<ALI™- Zzez: paIgL — Zk'elc ppergrr >0, (9)

with 0 < z L y > 0 indicating x,y > 0 and = - y = 0. Note
the pricing coefficient ) is globally defined, and thus identical
at all users. Now we fix the pricing coefficient and consider
the competition among the users with the priced objective
function. As the shared illumination constraint is removed,
the problem at user-k can be given as

(10)

Then, we can see that the GNEP in (7) now reduced to the
NEP in (10). For the NEP, we can confirm the existence of the

max,, Uk s.t. pr € Pp.

3For the conventional NEP, the players affect each other through the
objective function, while the feasible region at each player is independent.
While for the GNEP, both the objective and feasible region are affected by
other players.

4The detailed proof is omitted here for space limitation, the interested reader
can refer to [17], [22] for related discussions.

SOriginally, we need to incorporate the illumination constraint in the
objective function as ugr = Mk — A (X cxc PPR/ Gkt + Yoiep POgL — IT).
But we can safely employ the representation in (8) as the sum of neglected
items is constant.
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NE as the solution due to the fact that uy is quasi-concave with
respect to py, and Py is convex, for all £ € K. To obtain the
NE, we can adopt the best-response iteration. Specifically, the
best-response strategy for user-k can be calculated by nulling
the first-order derivative of u; while fixing the transmit power
of all others. We denote the best-response function as p; =
BRy (p—x), which is a function of the strategies of all others
that satisfies

whik
p;hkk + zk/EIC\{k:} pk;/hk/k + O'g
= 0 (P, P—k) + Apgr (D% + i) -

Although we cannot obtain an analytical expression for BRy,
we can calculate it efficiently based on (11) with bi-directional
search. With the assistance of the best-response function, the
NE for the NEP in (10) can be obtained as the fixed point
of the best-response function as p} = BRy(p*,), Vk € K.
On obtaining the NE with current pricing coefficient, we can
employ the subgradient method to update the price, specified

as
A [/\—E(Ith—z pug— Y Ppk/gk/>r7
leL kek

(12)
where € > 0 is the step size and (- )" = max { -, 0}. Through
the constraint in (9), we can see that when the illumination
constraint is strictly satisfied, the price vanishes and the NEP
becomes equivalent to the original GNEP. Otherwise, the price
becomes higher until the illumination constraint is satisfied
with equality. In this regard, we can see that when the iteration
in (12) is sufficiently updated such that A is sufficiently close
to zero, the obtained NE will sufficiently approach the GNE
of the EE competition with shared illumination constraint
satisfied.

Based on the preceding analysis, we know that the GNEP
can be solved with two-tier iterations. For the inner iterations,
we fix the shared price coefficient and update the power alloca-
tion at each user by conducting the best-response strategy. For
the outer iterations, we update the pricing coefficient through
the subgradient method. The GNE can be obtained when the
convergence is arrived through the iterations. In this respect,
the out iteration requires the information exchange among the
users to coordinate the pricing coefficient. In contrast, the users
can conduct the best-response strategy independently at their
own for the inner iterations. The algorithm to solve the GNEP
can be summarized as Algorithm 1.

1

IV. SIMULATION RESULTS

Based on the preceding analytical work, we then conduct
the numerical results to evaluate the performance under our
proposals. We consider an indoor environment as illustrated
by Fig. 1 with the main simulation parameters are shown in
Table I. The positions of mounted APs on the room ceiling
and the reference point for illumination on the floor are shown
as the vertical view in Fig. 2.

As we propose to reach the GNE though iterations, we
explicitly show an iterative process as Fig. 3, which concerns
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Algorithm 1 EE competition with illumination constraint

1: Initialization;

2: repeat

3:  repeat

4 for k € K do

5 Strategy update at user-k according to (11);
6 end for

7:  until NE obtained for current pricing coefficient;
8:  Pricing coefficient update according to (12);

9: until Convergence achieved.

TABLE 1
SIMULATION PARAMETERS

Parameter Value
Room size 6 mx6 mx3 m
Number of APs 9
Coordinates of Ry 2,2,0)
DC power 4 W
Maximum AC power 4 W
Semi-angle at half power 70°
Luminosity efficacy 683 Im/W
Area of PD 1 cm?
Refractive index 1.5
Field of view 120°
Optical filter gain 1
Power of background noise —100 dBm
Bandwidth 20 MHz

4 active VLC users. In this figure, we can see that the
convergence to the GNE can be obtained rather efficiently,
as only a few iterations are required. During this process,
we can see that the power allocation and EE of the users
fluctuate, as a result of their competing transmission behavior.
At the convergence, we can see that User-2 has been dropped
out of the competition, may due to poor link quality or
high interference. While User-3 adopts full-power transmission
which is also of the highest EE, indicating that its experienced
interference is quit slight.

In Fig. 4, we depict the allocated power and illumination
distribution for two typical cases at the GNE with 4 VLC
users. In particular, for the case with the upper two subfigures,
we can see that the APs involved in VLC are relatively far
from the reference point. Then the illuminance at the reference
point is 378 lux, which is smaller than the threshold, yet still
satisfies the constraint. For the case of lower two subfigures,
the illuminance at the reference point is rigorously 400 lux.
Consequently, we can see that the illumination constraint can
be always guaranteed during the EE competition.

In Fig. 5, we demonstrate the performance with respect
to the number of active VLC users. For the EE, we can
see that when there are more users, the interference in the
system increases, and thus the average EE is decreased.
Compared with the conventional strategy to maximize the
transmission rate under the same illumination constraint, the
EE is evidently improved under our proposal. Moreover, we
can see that the illumination constraint significantly affects
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Fig. 2. Topology of the VLC APs in the indoor environment.
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Fig. 3. Convergence of the distributed EE competition.

the transmission behavior of users. When the illumination
constraint is ignored, more users are admitted to joint the
competition and thus the average EE will be degraded due
to the increased interference. For the achieved transmission
rate, we can see that the distributed rate maximization, natu-
rally, achieves the highest average rate, which dominates our
approach. The preceding observations can be further explained
by the figure on the average transmit power. In this figure, we
can see that the average transmit power under our proposal
with illumination constraint is the lowest. In contrast, when
the illumination constraint is inactive, the competition results
in the nearly full-power transmission at all users. Since the
actually achieved illuminance depends on the power, we can
see correspondingly that if there is no illumination constraint,
the illumination keeps increasing with more users joining in
the communication. For our proposed scheme, we can see that
the achieved illuminance is slightly lower than the threshold.
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rate, power, and illuminance averaged
of users. “mEE, 400 lux” indicates to

maximize EE with illuminance threshold at 400 lux; “mRT, 400 lux” to
maximize transmission rate with illuminance threshold at 400 lux; “mEE,
w/0” to maximize EE without illumination constraint.

In contrast, as the rate maximization inclines maximum power
transmissions, the distributed rate maximization results in the
illuminance always being equal to the threshold.

V. CONCLUSION

To summarize, we in this paper investigate the distributed
energy efficient VLC under the shared illumination constraint.
The problem is solved based on the GNEP model and the
distributed algorithm is proposed based on the analysis on

the equilibrium. The numeric
proposed scheme converges

al results demonstrate that our
to the equilibrium effectively.

Moreover, it achieves the maximum EE while guaranteeing

the illumination reliably.
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