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Abstract—Researches in Power Control (PC) schemes are
fundamental to provide efficient algorithms and understand
their behavior in Device-to-Device (D2D) scenario. The aim of
the current study is to investigate Open Loop Power Control
(OLPC), Closed Loop Power Control (CLPC) and indicate Soft
Dropping Power Control (SDPC) like an alternative PC scheme
to D2D communications underlaying a cellular network. We
briefly review PC schemes, suggest a new point of dynamic offset
compensation factor o setting the issue in CLPC and evaluate its
performance in terms of spectral and power efficiency. Results
demonstrate that SDPC keeps a reasonable spectral efficiency
and provides a gain of 70 % in power efficiency in relation Long
Term Evolution (LTE) PC schemes for cellular communications,
and the factor o = 0.8 can modify the behavior of CLPC because
increases the Signal to Interference-plus-Noise Ratio (SINR) of
the worst users.

1. INTRODUCTION

Currently, energy efficiency in wireless networks is seen
as an essencial requirement, in order to extend the battery
lifetime of User Equipments (UEs). New technologies, such
as Device-to-Device (D2D) communications underlaying a
cellular network, are used to improve resource utilization
and potentially reduce power consumption. Nevertheless, a
possible impairment may happen in the quality of cellular
communications due to increased co-channel interference [1].
Therefore, Power Control (PC) schemes are required to keep
interference under control, protect cellular communications
and achieve energy-efficient transmissions.

Many research papers found in literature show a compara-
tive between PC schemes in D2D communications. In [2], [3],
Uplink (UL) PC schemes have been studied for D2D commu-
nications, such as fixed power scheme, fixed Signal to Noise
Ratio (SNR) target scheme, and Long Term Evolution (LTE)
PC schemes—Open Loop Power Control (OLPC) and Closed
Loop Power Control (CLPC). In [3], the authors use the LTE
OLPC for cellular links and study other PC schemes for D2D
links. The authors conclude that the LTE PC schemes get close
in terms of transmit power and Signal to Interference-plus-
Noise Ratio (SINR) levels to an optimization-based approach
aiming to increase spectrum usage efficiency and reduce sum
power consumption, especially for cellular UEs.

In [4], the Soft Dropping Power Control (SDPC) scheme
adjusts the transmit power to meet a variable target SINR
in an UL single-carrier system. In [5], the SDPC scheme

was used to protect cellular and D2D communications from
mutual interference in a Downlink (DL) Orthogonal Frequency
Division Multiple Access (OFDMA) system. It improved the
spectral efficiency of cellular UEs in 14% and still sig-
nificantly reduced the power of D2D transmitters in about
49 % without harm the spectral efficiency achieved by D2D
receivers. Thus, SDPC scheme appears as a promising solution
to protect cellular UEs from the interference generated by D2D
communications.

The main contribution of this paper is to provide system-
level analyzes for energy efficiency of cellular and D2D
communications achieved by PC schemes in multi-cell UL
OFDMA systems, as described in the following:

o Compare the LTE PC schemes;
o Suggest and analyze the parameters for CLPC scheme;
o Show SDPC like an alternative of PC scheme.

The remaining sections are organized as follows: in Sec-
tion II, the system model is addressed; Section III describes
the considered PC schemes; Section IV presents the simulation
results; and finally, in Section V conclusions are drawn.

II. SYSTEM MODEL

The considered scenario corresponds to seven hexagonal
cells with an Evolved Node B (eNB) placed at the center of
each cell, see Fig. 1. All UEs and eNBs are equipped with a
single omnidirectional antenna. Each cell comprises a hotspot
zone located near the cell-edge in order to model situations in
which D2D communications are likely to happen [1]. Herein,
50 % of the total number of UEs within the cell are clustered
inside a 50 x 120m hotspot zone while the remaining UEs
are uniformly distributed over the cell area. Considering that
UEs inside the hotspot are close to each other and far from
most cellular UEs, pairs of D2D-capable UEs are obtained by
a simple random pairing procedure [1].

Due to practical reasons, subcarriers are grouped in blocks
of 12 adjacent subcarriers spaced by 15kHz, which gives a
total bandwidth of 180 kHz per block. Then, the information is
conveyed on that bandwidth over a slot with duration of 0.5 ms
and 7 Orthogonal Frequency Division Multiplexing (OFDM)
symbols. This frequency-time block is designated as Physical
Resource Block (PRB) and is the minimum allocable unit that
can be scheduled in OFDMA LTE systems. Nevertheless, and
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Fig. 1. Cellular and D2D communications in UL direction

due to scheduling constraints, a UE when scheduled takes two
slots (per Transmission Time Interval (TTI) or 1 ms) [6]-[8].

In our model, the total number of PRBs available Nprp at
each cell can be fully reused in all other cells. Moreover, the
channel response for each PRB is represented by the complex
channel coefficient associated with its middle subcarrier and
first OFDM symbol; and the channel coherence bandwidth is
assumed larger than the bandwidth of a PRB, leading to a flat
fading channel over each one of them.

The modeling of the complex channel coefficients includes
propagation effects on the wireless channel, namely, pathloss,
shadowing, fast fading and antenna gains. Particular aspects
of the fading model for the considered urban-microcell prop-
agation environment are described in [6], [9] and the basic
parameters for cellular and D2D links are presented in Table I.

TABLE I
BASIC PARAMETERS IN THE URBAN-MICROCELL PROPAGATION
ENVIRONMENT FOR THE CHANNEL MODEL OF CELLULAR AND

D2D LINKS
Parameter Value Ref.
Inter-site distance 500 m [9]
UE transmit power (Pyg) 24 dBm [6]
Horizontal antenna pattern ~ A(#) = 1 (omnidirectional) [6]
Cellular pathloss model® 34.5 4 38logy(d) dB [6]
D2D pathloss model 37 + 301log4(d) dB (71
Shadowing std. deviation 10dB [6]
Fast fading model 3GPP SCM [9]

T d is the distance between communicating devices in meters

The use of Maximum Gain (MG) scheduling policy provides
a favorable scenario for sharing resources, since scheduled
cellular UEs are usually close to the eNB and D2D pairs
are within hotspot zones located near the cell-edge. After one
cellular UE is selected by the cellular scheduling policy, a
D2D pair inside the hotspot zone is grouped with the former
UE to share the same PRB [1].

Hence, the link adaptation procedure selects the Modulation

and Coding Scheme (MCS) that yields the maximum SINR
threshold [8], [10], and all packets are successfully received.

III. POWER CONTROL SCHEMES
A. LTE Power Control

OLPC and CLPC are the standard LTE power control with
fractional pathloss compensating [8]. The total transmit power
pi of a cellular or D2D UE k is given as

pr = min{ Pyg, Py — aG + 10log,q N+ A}, (1

where Pyg is the maximum UE power, 0 < o < 1 is the
pathloss compensation factor, G denotes the path gain of the
channel, IV; is the number of PRBs scheduled to the UE k&
and A is dynamic offset. Dynamic offset is what differentiates
OLPC from CLPC, because OLPC does not have feedback,
therefore A= 0 and CLPC has it, which can be computed as
e {(rk =)o, if (T =)o > 1, ®
1, if (Fk — ’yk)O' S 1,
where ~, is the current SINR of UE k£ and 0 < ¢ < 1 is the
dynamic offset compensation factor. P, is power level used to
control the target SINR I'y, which is given according to [3]
as

Py = a(l'y + Px) + (1 — a)(Pue — 10log o Ni),  (3)

where, for simplicity, Py is the thermal noise power at the
cellular or D2D receiver, respectively, eNB or UE. After total
transmit power is updated, the Equal Power Allocation (EPA)
scheme obtains the power py, ,, in each PRB n as

Pk,n = Dk /Ni. 4)
B. Soft Dropping Power Control (SDPC)

The SDPC gradually decreases the target SINR as the re-
quired transmit power rises and thus it increases the probability
of configuring a feasible solution for the PC problem—in
which the target SINR values of all co-channel links can be
reached [4]. Hence, links with worse quality, which demand
higher power, aim lower SINR values while links with better
quality, which demand lower power, aim higher SINR values.

In the SDPC scheme, each UE iteratively adjusts its transmit
power per PRB in order to find a power vector p for all UEs
in the system such that the SINR ~; ,, of each UE k in PRB
n must satisfy

’Yk,n(p) 2 Fk,n(pk,n)y (5)

where Ty, ,,(pk,n) is the target SINR of the UE k in the PRB
n, which varies according to the required transmit power py, ,.

The SDPC scheme uses a target SINR varying from a
maximum value I';,4, to a minimum I',,;, as the required
transmit power goes from a minimum value P, to a
maximum P,,,,. Here, we denote the PC range by Ap =
Priaz — Pmin. For py,, < Py, one attempts to maintain a
high quality connection by aiming for a target SINR I';,,,.
For pyn > Ppag, one aims a target SINR I',,;, which is

relatively easier to reach when channel conditions are bad.
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Finally, for Py < Pkn < Prmae, one aims for a target SINR
I'k.n(pk,n) that linearly (in logarithmic scale) trades SINR for
transmit power.

The target SINR Ty, (p\") ) of UE k in the PRB n, at TTI
t is given according to 7

Cinazs if p;:}n < Phin,
p(t) L

Pin(@iin) = Tmas | 52 | 5 if Prin < P, < Pras,

Fmina if p](Ct}L 2 Pmaa:a
(6)

where
— 10%10 (Fmin/rmax) (7)
loglo (Pmaz/szn)

Then, the power per PRB of each UE is updated every
transmission as follows

B

(t)
(t+1) _ (8 L (D) 7 ®)

p n n
" B\ Ve (PD)

where 3 is a control parameter given by (1 — p)~* [11].

Finally, whenever the achieved power pg:l)

or under P,,;,, it is constrained as follows

is over Pq0

p](gt,j;l) = min{Pmaacy HlaX{Pgi;tl), szn}}

€))

In this paper, the maximum power P,,,, is exactly the
power that would be obtained in each PRB by employing EPA
among the total number of PRBs of the system [5] as follows

Ppaz = Pug/Nprs.

IV. SIMULATION RESULTS

(10)

This section provides the performance assessment of PC
schemes for cellular and D2D communications in UL OFDMA
systems through system-level simulations, which are aligned
with LTE architecture [6]-[9]. The main parameters consid-
ered in the simulations are summarized in Table II.

TABLE II
SIMULATION PARAMETERS

Parameter Value Ref.

Number of eNBs
Central carrier frequency
System bandwidth

CSI knowledge

7 (with wrap-around)

1.9GHz 9]
5 MHz (Nprp = 25)

Ideal channel information

Interference margin Last measured interference [1]
Link adaptation LTE (15 MCSs) [8]
Thermal noise power —112.4dBm [6]
SINR threshold for lowest MCS —6.2dB [10]
Max. target SINR (I'rnaz) 25dB [5]
Average user speed 3km/h [6]
Traffic model Full buffer

Number of UEs per cell 4

Effective TTI duration 1ms

Snapshot duration ls

For performance evaluation, SDPC is calibrated according
to the previous paper [5], which has shown a good power

Power efficiency [bps/Hz/cell/W]
—
=

10
Targe, Sing 5 - 0.2

ldp ]
) Cellular Power efficiency (OLPC in cellular and No-PC in D2D links)

—~
o

50
40
30
20
10

25
20

15 10

T .

ger SINR 5 0.2 o

[dB ]
(b) D2D Power efficiency (No-PC in cellular and OLPC in D2D links)

Power efficiency [bps/Hz/cell/W]

Fig. 2. Calibration of the OLPC scheme by applying it to cellular or D2D
links. The pathloss compensation factor o« = 0 gives the No-PC performance

efficiency performance when I';,,;, = —5dB, T';,4, = 25dB
and Ap = 20dB. The parameter o = 0.5 is defined as the best
value to provide power efficiency at OLPC, see Fig. 2 and the
same « is used at CLPC. The CLPC has a parameter o, which
needs to be defined. To understanding the behavior of the o,
for different values of o the SINR levels were extracted in the
5th and 95th percentiles, and then we computed the diference
between those percentiles. Remember if the value is small,
the users can achieve the same SINR level. Finally, we set
o = 0.8, because it has the least value, as shown in Table III.

TABLE III
CALIBRATION OF o FOR CLPC

o SINRsy SINRgso;  SINRgso, — SINR5 o

Cellular Communication

0.2 -26.48 -1.34 25.14
0.4 -21.96 0.16 22.12
0.6 -20.45 1.17 21.62
0.8 -15.92 3.18 19.10
1.0 -19.94 9.21 29.10
D2D Communication
0.2 -13.41 8.70 22.11
0.4 -10.39 8.21 18.60
0.6 -9.38 8.21 17.59
0.8 -7.87 9.20 17.07
1.0 -10.00 10.73 20.73
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The target SINR in OLPC and CLPC is 10dB and we
consider No-PC approach with EPA among scheduled PRBs,
i.e., Pkn = PUE/Nko

Fig. 3 shows the Cumulative Distribution Functions (CDFs)
of SINR for cellular or D2D links. Fig. 3(a) depicts the
behavior of SINR levels of cellular links, when EPA is applied
to D2D links. Comparing OLPC and CLPC we can perceive
that CLPC improves the worst users without compromising
the best users.

The SDPC modify the power of users who show SINR
between I',,,4, and I',,;, and keeps a fixed power value given
by Eq. 10 to user’s SINR below I',,;,,. Comparing EPA with
both LTE PC schemes and SDPC, it can be seen a decrease in
SINR level of the users with high SINR level, this behavior
provides a better power efficiency to cellular communication.

Fig. 3(b) presents SINR levels of D2D links, when EPA
is applied to cellular links. We can notice that the SINR has
the worst level when OLPC is applied in D2D links. Special
attention must be given to the OLPC and CLPC, we can notice
a fall of SINR level when OLPC is used. The fall is due high
path gain caused by proximity between D2D transmitter (Tx)
and receiver (Rx); however, CLPC is not affected, because
there is a feedback that adjust transmit power. The SDPC keeps
the same SINR to users with low SINR level and improves
the users with high SINR level in relation the CLPC.
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Fig. 3. SINR by applying power control schemes to cellular or D2D links

To further analyze the performance of PC schemes, Fig. 4
shows the behavior of PC schemes in relation to spectral and
power efficiency. PC schemes with high spectral efficiency
are situated at the top of figure and high power efficiency
are situated in the right of the figure. We can notice that

EPA has the highest spectral efficiency and the lowest power
efficiency among PC schemes. CLPC and OLPC have the
same power efficiency, however, CLPC has a feedback, which
increases its spectral efficiency. Both LTE PC schemes have
a spectral efficiency higher than SDPC, but SDPC keeps a
reasonable spectral efficiency and provides a gain of 70 % in
power efficiency in relation LTE PC schemes.

The results can be extended to understand the effects of PC
schemes to D2D communications. EPA keeps same behavior
of the cellular communications. Both LTE PC schemes have
low level of spectral efficiency. CLPC keeps a spectral ef-
ficiency similar of CLPC in cellular communications due the
feedback. OLPC decreases significantly the spectral efficiency,
but it achieved the highest power efficiency. When we compare
SDPC and LTE PC schemes, we can notice that SDPC shows
better spectral efficiency. However, when power efficiency is
compared, SDPC has a gain of 35% in relation to CLPC
and a loss of 120% in relation to OLPC. Other result that
can be noted is PC schemes in the middle of the Fig. 4.
These schemes can be combined to provide a tradeoff between
spectral efficiency and power efficiency.
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Fig. 4. Performance of PC schemes for cellular and D2D communications

V. CONCLUSIONS

In conclusion, the aim of the studies presented in this paper
is to contribute to a better understanding of the role and
behavior of PC schemes when D2D communications underlay
a cellular network. Indeed, different PC schemes vary greatly
in complexity, numbers of parameters, and have different
performance levels. We notice that EPA scheme always has
the highest spectral efficiency and the lowest power efficiency
in both communications. SDPC keeps a reasonable spectral
efficiency and provides a gain of 70% in power efficiency
in relation LTE PC schemes for cellular communications. If
the purpose of power control is power efficiency, it would be
interesting to use SDPC in cellular communications and OLPC
in D2D communications.

We also conclude that for OLPC and CLPC, path gain
is an important factor affecting performance of the both
communication modes and the factor ¢ = 0.8 can modify
the behavior of CLPC because it increases the SINR of the
worst users. Other conclusion is that SDPC and CLPC can
be combined to provide a tradeoff between spectral efficiency
and power efficiency.
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VI. PROOF OF CONVERGENCE SDPC

By assuming 7 as the thermal noise at the receiver and

t:c%m) the transmitter D2D pair m € {0,1,..., R}, the SINR
t

WIE;,C,n perceived by cellular user k in the cell ¢ and PRB n at

TTI ¢t can be written as shown in Eq. 11

2
(t)
(®) pk,c,n

‘}Z(t)
Then = Icen + Ipop + 1%’

k,c,n

(1)

where Icep and Ipop are the interference from cellular and
D2D links, respectively,

C K 2
Tean = D2 || 21 (12)
c'#c k'
and
R ) SN0
I = 30 3 b e| Py 013

(t)

For power value in P,,;, <p < Ppae, We can write

k,e,n
(t) PN\ B
Fmaa: ;,c,n
(t+1) _ (1) min
pk,c,n — Pk.en ) 2 (t) ) (14)
‘hk,c,n pk,c,n
Icen + Ipap + 1
and
B
1(p® )= @ '+ [ Trmaz (Icen + Ipop 4 17)
pk,n pk,c,n ) 2
(15)

Once all terms in Eq. 15 are positive, [ (p](f)n) satisfies pos-

itivity. To verify monotonicity, it is necessary to ensure that

I(pgf)cn) > I(p’ggt’)c’n), for all p{) > p’,(f’)c}n, then the value

k,ce,n =
of exponent must be positive,

(pa) )””ﬁ“’ S ( /()

k,c,n k,c,n

)1+pﬁ—ﬁ ~g< 1 (16)
“(1-p)

To ensure scalability, aI(pgf)c n) = I(ap,(:)C o), fora > 1.
This way

at >altPPB = p <1, (17)
For power value in p,(f)cn < Ppin,
B
1-8 [ Tpaz (Icen + Ipop +1?)
t t mazx Cell D2D
100 = (1. ou & ,
’hk,c,n Pvl;wn
(18)

and since all terms in Eq. 18 are positive, [ (p,(:)n) satisfies

positivity. To verify monotonicity, it is necessary to ensure
t t
that I(p,i)cn) > I(p’](a)cﬂL), or

B <1 (19)

To ensure scalability, aI(pg)c n) = I(ap,(:)c n)s fora >1,
B8 >0. (20)

Finally, the main relations may be summarized as defined
below

1
—00<p<0and 0 < < —— (21)
(1-p)
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