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Resource Block level power allocation in
asynchronous multi-carrier D2D communications

Mylene Pischella, Rostom Zakaria and Didier Le Ruyet,Senior Member, IEEE

Abstract—This letter focuses on weighted sum rate maximiza-
tion with Filter Bank Multi-Carrier (FBMC) and Orthogonal
Frequency Division Multiplex (OFDM) multi-carrier modulations
for asynchronous Device-to-Device (D2D) communications. The
main difficulty in power allocation with asynchronous multi-
carrier transmissions is that inter-channel interference (ICI) de-
pends on subcarriers, whereas power values should be optimized
with Resource Block (RB) granularity. In this letter, we show that
the weighted sum rate maximization problem can be solved at
RB level, while still taking into account ICI, and that the power
allocation algorithm solving this problem is distributed and leads
to its global optimum. Moreover, FBMC achieves higher data
rates than OFDM, thanks to its lower ICI spread.

I. I NTRODUCTION

Achieving high data rates with asynchronous transmis-
sions is one of the main technical challenges of future 5G
systems. 5G will be based on new multi-carrier techniques
that should handle asynchronicity. Filter Bank Multi-Carrier
(FBMC) is well-localized in the frequency domain, leading to
better performance results than Orthogonal Frequency Divi-
sion Multiplex (OFDM) in most asynchronous scenarios [1],
[2]. In previous literature, resource allocation in asynchronous
transmissions has always been performed at the subcarrier
level. However in practice, resource allocation is performed
at the Resource Block (RB) level [3], involving several ad-
jacent subcarriers. Inter-channel interference (ICI) generated
by asynchronous transmissions cannot be integrated or aver-
aged on RBs. As a consequence, deriving resource allocation
algorithms at the RB level for multi-carrier asynchronous
transmissions is still an open issue.

In this letter, we focus on the weighted sum rate maxi-
mization problem in asynchronous Device-to-Device (D2D)
communications, contrary to prior work on D2D resource
allocation that assumed full synchronicity [4]–[7]. D2D pairs
may be multiplexed on the same RBs if they are distant
enough. A maximum interference constraint per subcarrier at
the Base Station (BS) is also added. This constraint expresses
that D2D transmitters, that are active in the uplink (UL)
according to LTE standard [3], should not disturb cellular users
communications. The weighted sum maximization objective
covers a large range of resource allocation issues: cell sum
rate maximization, proportional fair, or throughput optimal
transmissions, when users weights are proportional to their
queue lengths. Therefore, this letter’s contribution is a first
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step to RB level resource allocation for 5G D2D asynchronous
transmissions. A resource allocation algorithm is determined
in section III and a distributed implementation is proposed.
Finally, FBMC and OFDM are compared through simulations
in section IV.

II. SYSTEM MODEL

We considerK D2D pairs located in one cell. A frequency
reuse factor (FRF) of at least3 is used, so that resource
allocation can be made per cell while assuming that inter-
cell interference is negligible. OFDM and FBMC multi-carrier
techniques withN RBs composed ofM adjacent subcarriers
are compared. LetL = M × N be the total number of
subcarriers. The optimization objective is to maximize the
sum of utility functionsur

k(p) = αk log (1 + SINRr
k) where

αk is the weight of userk and SINRrk is the Signal to
Interference plus Noise Ratio (SINR) of userk in RB r
and p is the power vector. To simplify notations, in the
following, log(x) stands forlog2(x). We assume that RBs
allocation has been performed before power allocation. RBs
are allocated to subsets of distant D2D pairs that generate
low interference to each others. Thanks to this RB allocation,
to the FRF, and to low distances between transmitters and
receivers of the same D2D pairs, the high SINR assumption
holds.The utility function per user and RB is then simplified
to: ur

k(p) = αk log (SINRr
k).

All D2D transmitters are synchronous with their receiver,
and asynchronous with any other receiver, including the BS.
Then, each D2D transmitter’s power in RBr generates ICI at
the other D2D receivers, not only on the subcarriers of RB
r, but also on the subcarriers of the adjacent RBs. The ICI
is modelled as interference weights to apply on the power
vector p [8]. Their spread and amplitude depend on the
multi-carrier modulation type. Let∆ be the OFDM cyclic
prefix (CP) andT the multi-carrier symbol durations. The
ICI weights expressions have been derived in [8] for OFDM
and FBMC, when the timing offset is uniformly distributed in
[0;T +∆] and[0;T ], respectively. Each subcarrierl generates
ICI weights on at mostD adjacent subcarriersl′ on its left
and right.D depends on the multi-carrier modulation and is
larger with OFDM than with FBMC. ICI weights are gathered
in vectorV of sizeL, whereV|l−l′| = 0 if |l − l′| > D.

Let us denote bȳGkq theL×L channel gain matrix between
the transmitter of theq-th D2D pair and the receiver of the
k-th D2D pair. The elements of the matrix̄Gkq are given by:

{

Ḡkq(i, j) = gkq(j)V|i−j| ∀k 6= q

Ḡkk(i, j) = gkk(j)δi−j ∀k
(1)
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wheregkq(j) is the channel gain from the transmitter of pair
q to the receiver of pairk in the j-th subcarrier,Vd is the
interference coefficient for the spectral distanced ≥ 0, andδx
stands for the Kronecker delta. Letpq(j) be the transmitted
power at thej-th subcarrier by the transmitterq. Then the
vector ȳk composed of received signal powersyk(l) at the
l-th subcarrier for thek-th receiver,∀k ∈ {0, ...,K − 1}, is:





yk(0)
...

yk(L− 1)






︸ ︷︷ ︸

ȳk

= Ḡkk






pk(0)
...

pk(L− 1)






︸ ︷︷ ︸

p̄k

+

K−1∑

q=0
q 6=k

Ḡkq






pq(0)
...

pq(L− 1)






︸ ︷︷ ︸

p̄q

(2)

Let p̃ = [p̄T
0 , p̄

T
1 , ..., p̄

T
K−1]

T and y =
[ȳT

0 , ȳ
T
1 , ..., ȳ

T
K−1]

T . Equation (2) can be written as:

y =








Ḡ00 Ḡ01 . . . Ḡ0(K−1)

Ḡ10 Ḡ11 . . . Ḡ1(K−1)

...
. . .

...
Ḡ(K−1)0 Ḡ(K−1)1 . . . Ḡ(K−1)(L−1)








︸ ︷︷ ︸

G̃

p̃ (3)

In this letter, we assume that power allocation is performed
at RB level. Consequently, all subcarriers within a single RB
have the same allocated power. In this case, the vector of
transmit power̃p is expressed as:

p̃ = (IKN ⊗ 1M )p (4)

where⊗ stands for the Kronecker product,IKN is the identity
matrix of sizeKN , 1M is a M × 1 vector whose elements
are set to1, andp is aKN × 1 vector whose entries are the
transmit power in each RB. Then eq. (3) becomes:

y = G̃ (IKN ⊗ 1M )
︸ ︷︷ ︸

S

p = Fp (5)

whereF = G̃S is aKL×KN matrix.
Similarly, the interference received by the BS from D2D

transmitters is written as:

IBS =
[
Ā0 Ā1 . . . ĀK−1

]

︸ ︷︷ ︸

Ã

p̃

= ÃSp = Ap (6)

whereĀk is aL× L matrix given by:

Āk(i, j) = hk(j)V|i−j| ∀k ∈ {0, ...,K − 1} (7)

and hk(j) is the interference channel gain at subcarrierj
between thek-th D2D tranmitter and the BS.

The following notations are used in the rest of the letter:
• P r

j = p(r+ jM) is the power allocated for userj in the
r-th RB,

• F lk
rj = F(l + kL, r + jN) is the element of matrixF in

line l + kL and rowr + jN ,
• Al

kr = A(l, r+kN) is the interference gain at the BS in
subcarrierl from transmitterk and RBr,

• F lk
rk is the direct channel between transmitterk and its

receiver in subcarrierl,

• Bj is the set of RB indices used by transmitterj,
• Rr is the index set of the subcarriers in ther-th RB.

The interference received by userk in subcarrierl I lk is then:

I lk =

K−1∑

j=0
j 6=k

∑

r∈Bj

F lk
rjP

r
j (8)

and the utility function per userk and RBr becomes:

ur
k(p) =

∑

l∈Rr

αk log

(
F lk
rkP

r
k

nl
k + I lk

)

= αkM log(P r
k ) + αk log

(
∏

l∈Rr

F lk
rk

nl
k + I lk

)

(9)

III. POWER ALLOCATION FOR THE WEIGHTED SUM RATE

MAXIMIZATION PROBLEM

The weighted sum rate maximization problem is written as:

max
p≥0

K−1∑

k=0

∑

r∈Bk

ur
k(p) (10)

s.t.M
∑

r∈Bk

P r
k ≤ Pmax ∀k ∈ {0, ...,K − 1} (C1)

s.t.
K−1∑

k=0

∑

r∈Bk

Al
krP

r
k ≤ I0 ∀l ∈ {0, ..., L− 1} (C2)

where Pmax is the maximum transmit power per user and
I0 is the maximum allowed interference per subcarrier at the
BS. Since problem (10) belongs to the class of geometric
programming [9], it has a unique optimal solution which
must satisfy the Karush-Kuhn-Tucker (KKT) conditions. The
Lagrangian of problem (10) is:

L(p) =
K−1∑

k=0

∑

r∈Bk

ur
k(p)−

K−1∑

k=0

µk

(

M
∑

r∈Bk

P r
k − Pmax

)

−
L−1∑

l=0

λl

(
K−1∑

k=0

∑

r∈Bk

Al
kr

I0
P r
k − 1

)

(11)

where µ and λ are Lagrange multipliers, that are positive
by definition. At the optimal solutionp∗, the gradient of the
Lagrangian is equal to0. Then there exists unique Lagrange
multiplier vectorsµ∗ andλ∗ such that for allk0 andr0 ∈ Bk0

:

αk0
M

P r0
k0

∗ +
K−1∑

j=0
j 6=k0

∑

r∈Bj

∂ur
j(p

∗)

∂P r0
k0

= µk0
M +

L−1∑

l=0

Al
k0k0

I0
λl (12)

The derivative of utility functionsur
j with respect toP r0

k0
, with

j 6= k0, is:

∂ur
j(p

∗)

∂P r0
k0

= −αj

∑

l∈Rr

F lj
r0k0

nl
j + I lj

(13)

Consequently, equation (12) becomes:

αk0
M

P r0
k0

∗ −

K−1∑

j=0
j 6=k0

∑

r∈Bj

∑

l∈Rr

αjF
lj
r0k0

nl
j + I lj

= µk0
M +

L−1∑

l=0

Al
k0r0

I0
λl
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And the optimum value ofP r0
k0

finally is:

P r0
k0

∗ =
αk0

M

fr0
k0
(p∗, µ∗

k0
,λ∗)

(14)

with

fr0
k0
(p∗, µ∗

k0
,λ∗) = µ∗

k0
M +

L−1∑

l=0

Al
k0r0

I0
λ∗
l

+

K−1∑

j=0
j 6=k0

∑

l∈Ωj

αjF
lj
r0k0

nl
j + I lj(p

∗)
(15)

whereΩj =
⋃

r∈Bj
Rr is the set of subcarriers allocated to

userj.
We now prove that the power allocation algorithm can be

implemented in a distributed way. We notice from (5) that

F(i, j) =

KL−1∑

k=0

G̃(i, k)S(k, j) =

jM+(M−1)
∑

k=jM

G̃(i, k) (16)

sinceS(k, j) = 1 if
⌊
k
j

⌋

= j andS(k, j) = 0 elsewhere, with

bxc the nearest lower integer ofx.
Besides, by construction of̃G (see eq. (3)) :

G̃(i, k) = Ḡb i
Lcb

k
Lc

(

i−

⌊
i

L

⌋

L, k −

⌊
k

L

⌋

L

)

(17)

ThenF lj
r0k0

is equal to:

F lj
r0k0

= F(l + jL, r0 + k0N) =

M−1∑

p=0

Ḡjk0
(l, r0M + p)

Using the initial definition (1) ofḠ, we finally obtain:

F lj
r0k0

=

M−1∑

p=0

gjk0
(r0M + p)V|l−r0M−p| ∀j 6= k0 (18)

Equation (18) shows that a distributed iterative algorithm
can be used for power allocation. It requires a downlink
(DL) and an UL control channel, where D2D transmitters
and receivers are synchronized with the BS. The following
implementation is proposed: in an initial phase, each D2D
transmitter sends a low-length pilot signal on the whole
bandwdith of the data channel in a dedicated time slot. Since
only one transmitterk0 is active per time slot, channel gains
gjk0

(l), l ∈ {0, ..., L− 1} can be estimated by each receiver
j andhk0

(l) by the BS after time synchronization. After all
transmitters have sent their pilot signal, each receiverj sends
gjk(l), ∀k 6= j, to the BS on the UL control channel. The BS
forwards them to all transmitters on the DL control channel,
as well asI0 andhk(l), ∀k. Knowing the constant vectorV,
transmitterk0 computesAl

k0r0
with eq. (7) andF lj

r0k0
with

eq. (??). Afterwards, during the iterative phase, each receiver
j transmits interference informationΠl

j(p) to the BS on the
UL control channel:

Πl
j(p) =

αj

nl
j + I lj(p)

(19)

The BS then forwards allΠl
j(p) to all D2D transmitters on

the DL control channel, along withλ if its value has been

updated. Transmitterk0 finally computes
∑

l∈Ωj
F lj
r0k0

Πl
j(p)

in RB r0 and updatesP r0
k0

with (14).
To summarize, the power allocation algorithm is performed

as follows: first, atT = 0, dual pricesµk0
(T ), ∀k0 ∈

{0, ...,K − 1} andλl0(T ), ∀l0 ∈ {0, ..., L− 1} are initialized.
Then for fixed values ofµ(T ) and λ(T ), an iterative algo-
rithm is used for power allocation, independently on all RB
r0 ∈ {0, ..., N − 1}. p andΠ are initialized with equal power
allocation. Then at each iterationTi < Ti,max, whereTi,max

is the maximum number of iterations, all usersk0 active inr0
perform the following two steps:

• Power update: use eq. (14) withp(Ti), µk0
(T ) andλ(T )

as inputs to computep(Ti + 1).
• Interference information update: computeΠl0

k0
(p(Ti+1))

from eq. (19).
At the end of this loop, dual prices are updated as follows,
whereκ > 0 andδ > 0 are small positive steps:

µk0
(T + 1) =



µk0
(T ) + κ




∑

r∈Bk0

MP r
k0
(Ti,max)− Pmax









+

∀k0 ∈ {0, ...,K − 1}, where[a]+ = max {0, a}, and

λl0(T + 1) =

[

λl0(T ) + δ

(
K−1∑

k=0

∑

r∈Bk

Al0
kr

I0
P r
k (Ti,max)− 1

)]+

∀l0 ∈ {0, ..., L− 1}. This process is repeatedTd,max times
until convergence.

Similarly to [10], it can be shown that this algorithm
converges for small enough values of stepsκ > 0 are δ > 0.
Since the fixed point of the iterative algorithm verifies all KKT
conditions of problem (10), it is its global optimum. The total
number of operations of the algorithm is:

C = Td,max [KN + LK(2D + 1)

+Ti,max

(
KNL+K2N(2D + 1) + LK

)]
(20)

The algorithm’s complexity is polynomial inK, L andN , and
is thus feasible in practice with reasonable processing delay.
We can also notice that the computational complexity is far
lower than with per-subcarrier power allocation. For instance,
without constraint(C2) in (10) and with PS, ifK = 20, it is
7.9 times lower ifM = 12 than if M = 1.

IV. SIMULATION RESULTS AND ANALYSIS

Monte-Carlo simulations are conducted with a cell band-
width B = 10 MHz. The Fast Fourier Transform size is
1024. There areL = 600 active subcarriers of15 kHz
grouped inN = 50 RBs and the cell radius is500 m with
omnidirectional antenna. D2D transmitters’ locations follow a
uniform distribution in the cell, and each receiver is uniformly
located at most at50 m from its transmitter.Pmax is equal to
21 dBm and the thermal noise per subcarrier is equal to−132
dBm. Each D2D pair has a uniform random weight between0
and1, with

∑K

k=1 αk = 1. The path loss model is small cells
LdB = 140+36.8 log10(d) if the receiver is a device, and LTE
urbanLdB = 128.1 + 37.6 log10(d) if the receiver is the BS.
The log-normal shadowing has a standard deviation equal to
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4 dB for D2D communications and to9 dB for Device-to-
BS interference. Multi-path fading is computed with Indoor
Channel-B model [11].

ICI weights are computed using the formula from [8] with
OFDM LTE parameters∆ = 4.69µs andT = 66.6µs. Only
weights exceeding10−3 are considered. ThenD is equal to9
with OFDM and1 with FBMC. TheD+1 non-zero elements
of vectorV are equal to:

VOFDM =
[
6.89× 10−1, 9.47× 10−2, 2.37× 10−2,

1.05× 10−2, 5.9× 10−3, 3.8× 10−3, (21)

2.6× 10−3, 1.9× 10−3, 1.5× 10−3, 1.12× 10−3
]

VFBMC =
[
8.23× 10−1, 8.81× 10−2

]
(22)

The reference vector isVPS= [1] for Perfectly Synchronized
(PS) transmission, which represents a theoretical upper-boud
with CP∆ = 0.

RB allocation is performed by graph-coloring with
DSATUR algorithm [12]: if the distance between transmitterk
and receiverk′, with k 6= k′, is lower than a thresholdDint, k
andk′ belong to different colors.Dint is obtained by bisection
search to exactly reach5 colors, whatever the number of D2D
pairs in the cell. Then all D2D pairs of colorc are multiplexed
on RBs l such thatl mod (5) = c. RBs are spread in the
bandwidth in order to benefit from frequency diversity.

Fig. 1 shows the performance of our proposed algorithm
(called DADP for Dual Asynchronous Distributed Pricing)
when constraint(C2) is not taken into account. It is compared
with a reference case without power control (called EPA for
Equal Power Allocation), where each D2D transmitter equally
splits its power on all its allocated RB. Fig. 1 shows the
effectiveness of DADP: with FBMC, the weighted sum rate
with DADP is up to9.4% higher than that achieved with EPA,
which corresponds to an increase of1.5 Mbits/s. Besides,
the weighted sum rate with DADP-FBMC is very close to
that obtained with DADP-PS (its decrease is at most2.5%),
contrary to OFDM (its decrease reaches14.8%). This is due
to the lower ICI spread of FBMC and the CP of OFDM, that
generates an overhead of∆/ (∆ + T ). Fig. 2 represents the
weighted sum rate with DADP whenK = 32 with constraint
(C2), whenI0 varies. It is not possible to compare with EPA
in this case since EPA would not necessarily fulfill constraint
(C2). FBMC is still far more efficient than OFDM, and the
weighted sum rate with FBMC is less than1.8% from the
upper bound obtained with PS. Moreover, we can notice that
D2D data rates are very high, even though they generate low
interference level at the BS. This shows that D2D pairs can
be efficiently underlaid in cellular networks.

V. CONCLUSIONS

In this letter, the weigthed sum rate maximization of D2D
users with asynchronous transmissions has been studied. Even
though ICI weights are defined at subcarrier level, we showed
that RB level optimization is feasible and that the correspond-
ing power allocation algorithm is distributed. These two fea-
tures are very useful for practical implementations in future 5G
networks. Besides, simulations results showed the superiority
of FBMC over OFDM in asynchronous transmissions.
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