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Executive Summary

Device-to-Device (D2D) communications can be underlaid in cellular networks in order to increase the overall data rates
and offload the cellular Base Station from some of the required traffic. In D2D communications, a pair of nearby users
directly transmit without passing through the Base Station, which is particularly interesting for devices located at the
border of cell. These devices then require low transmit power. Consequently, the same frequency resources can be reused
by several D2D pairs that are located far away in the network (and possibly in the same cell), since they generate low
interference to each other. D2D pairs are however subject to cellular interference.

In this deliverable, we investigate several techniques to increase the data rates and propose new algorithms to optimize
resource allocation in these contexts. We first study the influence of asynchronous interferences on D2D communications.
Indeed, in D2D communications, the received interference may be asynchronous with the received useful signal, leading
to inter-channel interference (ICI). ICI depends on the waveform that is used for the multi-carrier modulation and is
particularly high when using CP-OFDM as in 4G networks, whereas ICI is low with the FBMC-OQAM waveform, which
is well localized in the frequency domain. Taking into account ICI and the different waveforms, we propose a distributed
power allocation algorithm for underlay asynchronous D2D communications and a distributed Resource Block allocation
algorithm that aims at maximizing the average number of multiplexed D2D pairs.

All simulation results show that FBMC-OQAM is far more efficient than CP-OFDM thanks to lower ICI.

ICI can be even more mitigated if a new waveform called COW-CFMC is used. It is particularly robust to time and
frequency misalignment. This feature is makes it well-suited for future use in D2D communications.

The data rates results and ICI that are first used in this deliverable assume that both cellular transmission and D2D
transmission use the same waveform. However, both types of communications may choose to use different waveforms.
For instance, cellular communications could keep using CP-OFDM to be compliant with LTE and LTE-A networks,
whereas D2D communications may use more advanced waveforms in order to generate low ICI on cellular
communications. We evaluate the influence of the coexistence between cellular communications and D2D
communications when different waveforms are used for cellular and D2D communications. The studied waveforms are
OFDM, FMT, GFDM, FBMC/OQAM, FBMC-PAM, F-OFDM and UFMC.

Finally, future D2D communications may be even more improved if all devices are equipped with Full Duplex. Devices
can then transmit and receive at the same time, but they suffer from self-interference. The ergodic capacity can then be
increased by optimizing power allocation, taking into account self-interference. The ergodic capacity improvement thanks
to FD depend on the relative location of D2D and of the interference cellular users that share the same frequency resources,
as well as on the ability of devices to remove self-interference.

These different scenarios show all the possible benefits brought by D2D communications in underlay communications,
whether D2D are subject to asynchronous interference or able to transmit and receive in Full Duplex. A combination of
both capabilities would consequently lead to great improvements in the overall cellular and D2D spectral efficiency for
future cellular networks. Moreover, the optimization of resource allocation is necessary to achieve great rates
improvements.
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1 Introduction

The wide usage of Device-to-Device (D2D) communications in cellular networks should lead to a large spectral efficiency
increase, since frequency spectrum can be reused in D2D communications. However, large gains can only be obtained if
interference is handled by resource allocation. Moreover, in D2D communications, the received interference may be
asynchronous with the received useful signal, leading to inter-channel interference (ICI). ICI must consequently also be
taken into account in resource allocation. In this deliverable, we presenta means to include ICI inthe data rate expression,
so that resource allocation problems can be easily written and solved, while taking into account ICI. We the propose a
distributed power allocation algorithm for underlay asynchronous D2D communications and a distributed Resource Block
allocation algorithm that aims at maximizing the average number of multiplexed D2D pairs. All algorithms are tested
with CP-OFDM and FBMC-OQAM, and show the superiority of FBMC-OQAM in asynchronous transmissions.

We also propose a new waveform called COW-CFMC that is particularly robust to time and frequency misalignment.
This feature is makes it well-suited for future use in D2D communications.

Then a complete system-level analysis of the coexistence between cellular communications and D2D communications
when different enhanced waveforms are used for cellular and D2D communications is provided. The studied waveforms
are OFDM, FMT, GFDM, FBMC/OQAM, FBMC-PAM, F-OFDM and UFMC.

Finally, the last section of this deliverable investigates resource allocation with D2D communications when all devices
are able to use Full Duplex (FD). Devices can then transmit and receive at the same time, but they suffer from self-
interference. We derive the FD ergodic capacity for D2D transmissions including self-interference, and optimize power
allocation in order to maximize the ergodic capacity.

2 Per-RB resource allocation for asynchronous D2D communications

Frequency spectrumreuse is one of the main tools to achieve very large data rates in the cell with D2D communications.
The D2D pairs that are located far enough may reuse the same resources while generating low interference level. In
underlay D2D communications, the interference at the BS due to D2D transmitters must also be handled. Assuming that
D2D pairs have been allocated to Resource Blocks (RB), some co-channel interference may still remain because the number
of D2D pairs may be far larger than the number of RB. Moreover, some inter-channel interference (ICI) potentially
involving close D2D pairs may be present due to asynchronous transmissions between D2D pairs. In the latter case, using
multi-carrier modulations with good spectral localization properties can mitigate this ICI. Interference must consequently
be managed by power control. In this section, we propose a RB-level power allocation algorithm. It does take into account
ICI through the ICI weight vector that is associated with a given multi-carrier modulation. Even though the ICI weight
vector is defined per sub-carrier, the proposed power allocation algorithm is performed per RB.

2.1 System model

We consider K D2D pairs located in one cell. OFDM and FBMC-OQAM multi-carrier techniques with N RBs composed
of M adjacent subcarriers are compared. Let L = M X N be the total number of subcarriers.

All D2D transmitters are synchronous with their receiver, and asynchronous with any other receiver, including the BS.
Then, each D2D transmitter’s power in RB r 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 [11]. Their spread and amplitude depend on the multi-carrier modulation type. Let A be the OFDM cyclic prefix
(CP) and T the multi-carrier symbol durations. The ICI weights expressions have been derived in [[11]1] for OFDM and
FBMC-OQAM, when the timing offset is uniformly distributed in [0; T + A] and [0; T], respectively. Each subcarrier [
generates ICI weights on at most D adjacent subcarriers I’ on its left and right. D depends on the multi-carrier modulation
and is larger with OFDM than with FBMC-OQAM. ICI weights are gathered in vector V of size L, where Vj;_;,; = 0 if
[l -1]>D.

Let us denote by Gy, the L x L channel gain matrix between the transmitter of the g-th D2D pair and the receiver of the
k-th D2D pair. The elements of the matrix Gy, are given by:

(qu @) =gGgUIVi—j) Yk #q 1)

G (i, )) = g (NSi—j Vk

where g4 (j) is the channel gain from the transmitter of pair g to the receiver of pair k in the j-th subcarrier, V,; is the
interference coefficient for the spectral distance d = 0, and &, stands for the Kronecker delta. Let p, (j) be the transmitted
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power at the j-th subcarrier by the transmitter q. Then the vector ¥, composed of received signal powers y, (1) at the [-
th subcarrier for the k-th receiver, vk € {0,...,K — 1}, is:

Y (0) _[Pe(0) [P0
: = G |} + X625 Gig | )
Yi(L—1) (L —1) a*k Pq(L—1)

Yk Pk Pq

Letp = [p5,PL,...,Pk_4]" and y = [¥7,¥7,...,¥L_,]7. Equation (2) can be written as:

|[ 00 Goy CO(K—l) ]|
G. G Gk ~
y= I; 10 11 L 1(K—1) Ip 3)
l_(K—l)O G(K—l)l G(K—l)(L—l)J
G

2.2 Per RB allocation constraint

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 power P is expressed as:
p=Ukn ®1y)p 4)

where & stands for the Kronecker product, Iy is the identity matrix of size KN, 1,,isa M x 1 vector whose elements
aresetto 1,and p isa KN X 1 vector whose entries are the transmit power in each RB. Then eq. (3) becomes:

y= G(IKN ®1y)p =Fp (5)
S

where F = GS isa KL x KN matrix.

Similarly, the interference received by the BS from D2D transmitters is written as:

Izs=[A, A]p=ASp=Ap
A

(6)

where A, is a L X L matrix given by:

Kk(l,]) = hk(J)V|l—J| Vk € {0,,K - 1}

and hy (j) is the interference channel gain at subcarrier j between the k-th D2D tranmitter and the BS.

The following notations are used in the rest of the deliverable:

* P/ = p(r + jM) is the power allocated for user j in the r-th RB,
* Fl¥ = F(l + kL,7 + jN) is the element of matrix F in line [ + kL and row r + jN,

« AL, = A(l,r + kN) is the interference gain at the BS in subcarrier [ from transmitter k and RB r,
« FY¢ is the direct channel between transmitter k and its receiver in subcarrier [,

Az)ccent(“S




ANR ACCENTS

Deliverable D1.3

* B; is the set of RB indices used by transmitter j,
* R, is the index set of the subcarriers in the r-th RB.

The interference received by user k in subcarrier I I} is then:

The spectral efficiency of user kin RB r is:

R} (p) =log(1 + SINR})

Where log(x) stands for log, (x) in order to simplify notations.

3 Distributed power allocation algorithm

In this section, we focus on power allocation and determine a distributed algorithm for maximizing the weighted sum

rate, under a high Signal to Interference plus Noise Ratio (SINR) assumption.

We assume that RBs allocation has been performed before power allocation in such a way that interference is low, and
the SINR is high. Then the utility function of user k in RB r, defined as his weighted spectral efficiency, is: uyp(p) =

alog(SINRY).

Using the per-RB power constraint the utility function per user k and RB r becomes:

nb + 1}

EX%pr F,
THOEDY aklog( - "l>==aleog(P,:)+aklog [
lER,

3.1 Power allocation algorithm

The weighted sum rate maximization problem is written as :

K-1

e

k=0 reBy

lk

n I
leR, ¥ + 1k

s.t.MZ PT < Ppax Yk €{0,...,K — 1} (C1)

reEB

-1

s.t. Z ALPr<IyvIe{0,...L—1} (C2)

k=0 reBy

where B, is the maximum transmit power per user and I, is the maximum allowed interference per subcarrier at the
BS. Since problem (10) belongs to the class of geometric programming [1[12]], it has a unique optimal solution which
must satisfy the Karush-Kuhn-Tucker (KKT) conditions. The Lagrangian of this problemis:
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K-1 K-1 L-1 K-1
@)=Y > g ® = m MY A =B |- A Z—{—l
k=0 reB k=0 TEBK =0 k=0 reB

where u and A are Lagrange multipliers, that are positive by definition. At the optimal solution p*, the gradient of the
Lagrangian is equal to 0. Then there exists unique Lagrange multiplier vectors u* and A* such that for all k, and r, €
By,

K-1 -1
akoM ouf (p*) u A%‘foko N
+ oRp = M+ ) == A
ko T=0 reB; =0 0
j#k

=)

The derivative of utility functions v; with respect to PT;’, with j # kq, Is:

dILEEE S oo
dP° T Laonl 41!

Consequently, the derivative of the Lagrangian becomes:

K-1 1] L-1
akOM Ghoey = M+ Aleoro P
‘I’ll + Il 0 Iy
j=0 r€B; IER, 1=0
J#ko
And the optimum value of P,° flnally is:
0¥ _ akoM

o LR (DY, ey A)

with

L-1
Fo0 0 iy A7) = 1, M +Z

l K-1 a

koTo l* z Z J Toko
= n’ +Il(p
J#ko

where Q; = Urej R, is the set of subcarriers allocated to user ;.

We now prove that the power allocation algorithm can be implemented in a distributed way. F can be written as:

KL-1 FM+(M-1)
Fij)= ) GGIsk)= ) GGk
k=0 k=M

Moreover, since S(k, j) = 1 if lﬂ = jand S(k, j) = 0 elsewhere, with |x] the nearest lower integer of x.

Besides, by construction of G (see eq. (3)) :
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G(i,k)—_LJ[’Z]( lLJLk lLJ)

Then F/, is equal to:

M-1
P;"f)jko = F(l +JjL, 1o + kON) = Z (_;J'ko (l, oM + p)
p=0
Using the initial definition (1) of G, we finally obtain:
M-1
Toko Z iy (roM +p)Vll—r0M_p| Vi # kg
p=0

Afterwards, during the iterative phase, each receiver j transmits interference information l'[} (p) to the BS on the UL
control channel:

. ;
I;(p) = 7n+l(p)

The BS then forwards all H-l(p) to all D2D transmitters on the DL control channel, along with A4 if its value has been
updated. Transmitter k, finally computes Y;cq . FY m (p) inRB r, and updates Pr" with (14).

j “Toko J

To summarize, the power allocation algorithm is performed as follows: first, at T = 0, dual prices py (T), Vkq €
{0,....,K =1} and 4, (T), Vi, € {0,...,L — 1} are initialized. Then for fixed values of u(T) and A(T), an iterative
algorithm is used for power allocation, independently on all RB r, € {0,..., N — 1}. p and II are initialized with equal
power allocation.

Then at each iteration T; < T; max, Where T; mq, IS the maximum number of iterations, all users k, active in r, perform
the following two steps:

* Power update: use eq. (14) with p(T;), uy, (T) and A(T) as inputs to compute p(T; + 1).
» Interference information update: compute the interference information ch"o (p(T; + 1)) with:

M9 (p(T; + 1)) = 2
Ny + Iro(P(T7))

At the end of this loop, dual prices are updated as follows, where ¥ > 0 and § > 0 are small positive steps:

+

HUkeg T+1)= Hieg T)+x Z MPkrO (Ti,max) — Buax

r€Bk,
Vky €{0,...,K — 1}, where [a]* = max{0,a}, and
K-1 Abo *
Dy @+ 1) = |24, +6( D° > P Tya) — 1
0
k=0 r€B)

Viy € {0,...,L — 1}. This process is repeated Ty nq, times until convergence.
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Similarly to [1[13]], it can be shown that this algorithm converges for small enough values of steps ¥ > 0 are § > 0.
Since the fixed point of the iterative algorithm verifies all KKT conditions of problem (10), it is its global optimum.

3.2  Numerical results

Monte-Carlo simulations are conducted with a cell bandwidth B = 10 MHz. The Fast Fourier Transform size is 1024.
There are L = 600 active subcarriers of 15 kHz grouped in N = 50 RBs and the cell radius is 500 mwith omnidirectional
antenna. D2D transmitters’ locations follow a uniform distribution in the cell, and each receiver is uniformly located at
most at 50 m from its transmitter. B, is equal to 21 dBmand the thermal noise per subcarrier is equal to —132 dBm.
Each D2D pair has a uniform random weight between 0 and 1, with ¥¥_, a; = 1. The path loss model is small cells
Lqg = 140 + 36.8log,,(d) if the receiver is a device, and LTE urban Lqg = 128.1 4+ 37.6log,,(d) if the receiver is the
BS. The log-normal shadowing has a standard deviation equal to 4 dB for D2D communications and to 9 dB for Device-
to-BS interference. Multi-path fading is computed with Indoor Channel-B model [1[14]].

ICI weights are computed using the formula from [[11]1] with OFDM LTE parameters A = 4.69us and T = 66.6us.
Only weights exceeding 10~2 are considered. Then D is equal to 9 with OFDM and 1 with FBMC-OQAM. The D + 1
non-zero elements of vector V are equal to:

Vorom = [6.89 X 1071,9.47 x 1072,2.37 x 1072, 1.05 X 1072,5.9 X 1073,3.8 x 1073, (21)
2.6 x1073,1.9 x 1073,1.5 x 1073,1.12 x 1073]

VFBMC = [823 X 10_1,8.81 X 10_2] (22)

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

RB allocation is performed by graph-coloring with DSATUR algorithm [1[15]]: if the distance between transmitter k and
receiver k', with k # k', is lower than a threshold D, k and k' belong to different colors. D;,, is obtained by bisection
search to exactly reach 5 colors, whatever the number of D2D pairs in the cell. Then all D2D pairs of color ¢ are
multiplexed on RBs [ such that Imod(5) = c. RBs are spread in the bandwidth in order to benefit from frequency
diversity.

Fig. 3 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. 0 shows the
effectiveness of DADP: with FBMC-OQAM, the weighted sum rate with DADP is up to 9.4% higher than that achieved
with EPA, which corresponds to an increase of 1.5 Mbits/s. Besides, the weighted sum rate with DADP-FBMC-OQAM
is very close to that obtained with DADP-PS (its decrease is at most 2.5%), contrary to OFDM (its decrease reaches
14.8%). This is due to the lower ICI spread of FBMC-OQAM and the CP of OFDM, that generates an overhead of
A/(A+ T). Fig. 4 represents the weighted sum rate with DADP when K = 32 with constraint (€2), when I varies. It is
not possible to compare with EPA in this case since EPA would not necessarily fulfill constraint (C2). FBMC-OQAM is
still far more efficient than OFDM, and the weighted sum rate with FBMC is less than 1.8% 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.
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Figure 2: Weighted sum rate vs 1_0, K=32

4 Distributed resource-block allocation algorithm for D2D multiplexing
maximization

Good performance results, showing the effectiveness of FBMC-OQAM, have been obtained with power
allocation.Additional gain can be obtained when RB allocation is optimized as well. In this section, we first present the
RB allocation problem and propose a distributed heuristic to solve it.
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4.1 D2D multiplexing optimization problem

We consider the multiplexing problem of all K devices on the N RB, with the same system model as in sections 1 and 2,
except that we assume that D2D pairs are using a different bandwidth than the cellular users. Consequently, this is an
overlay D2D network. The objective, in this section, is to determine the largest set of D2D pairs that can be jointly active.
The RB allocation problem then becomes a multiplexing problem. Because of ICI, this problem is not separable per RB,
and all RB must be considered jointly.

Let a}, be a binary value indicating if D2D pair k is active in RB r. Let y be the target SINR per subcarrier. If ay =1 ,
then each D2D pair k is active in RB r with its SINR in all subcarriers [ € R, is equal to y. Otherwise, a; = 0 and D2D
pair is not allocated in RB r. The objective of RB allocation is to determine the vector a that a(r + kN) = aj, providing
the optimum value of a given optimization problem. Vector a must be optimized considering co-channel and inter-channel
interference coming fromall interfering D2D pairs.

The SINR condition is written as follows, for r € {0,...,N —1},l € R,, Vk €{0,...,K — 1}

lk pr
FrkPk

l K-1 lk prr = a};y
nk"'Zj:g;j;:kzrrelB]-Fr,j‘[}

It means that if D2D pair k is active in RB r, then on all subcarrier | of RB r, the target SINR vy will be reached. This set
of constraints is equivalent to KL equations, one per D2D pair and one per subcarrier:

K-1 .
apyn

r_ r Ik pr' _ Zk k
Pe —aky E E Frip = Flk
j=0;j#k r'€B; Tk

In order to obtain a feasible solution to these equations, the variable vector p must be of the same size as the number of
equations. However, because of the constraint of power allocation per RB, vector p is of size KR. In order to solve this
problem, we introduce a temporary power vector per subcarrier p and then impose the same power per RB constraint once
the resource allocation algorithm is finished.

Similarly, the allocation variable is set per subcarrier @ such that a(l + kL) = at , but with the following constraint:
a, =at, forany!l € R,

By temporarily removing constraint (4), matrix F is replaced by G , and the KL equations can be written with matrix
notations as follows:

(IKL - FGd_L}'GFLTlt)ﬁ = Gc;l}”rn

where:
- Ggq, is the KL*KL diagonal matrix extracted from G by only taking its diagonal values. It thus
corresponds to all direct channel gains.
- G =G — Gy, isthe KL*KL matrix of interfering channel gains.
- T isadiagonal KL*KL matrixsuchthat T (1+KkL,1+KkL) = aly
- n isthe KL*1 noise vector with n(l + kL) = n},

To simplify notations, in the following, we note ¢ = FGE}GZt.

Let p(3p) be the spectral radius of matrix ) . It is equal to the largest modulus of the eigenvalues of . By Perron-
Frobenius theorem, matrix (Ix; — ) is invertible if matrix y has a spectral radius lower strictly lower than 1. Then a

feasible positive power allocation leading to @,y for all users and subcarriers (k1) exists [16].

Consequently, the RB allocation algorithm proceeds as follows: it aims at determining the largest set of active D2D pairs
in the RB, subject to the constraint that when the selected D2D pairs are active in the selected RBs, the power allocation
allowing to reach the target SINR on all subcarriers of all active RBs should be feasible. This is equivalent to finding the
largest set of active D2D pairs inthe RB, such that the spectral radius of matrix i is strictly less than 1. The RB allocation
problem is consequently written as follows:
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L-1

K-1
'l
argmaxae{o'l}K*L Zk_o Z ak

1=0
s.t. p() <1
s.t.a, =a, ,VIER,Vke{0,..., K—1}

This problem is highly complex since there are 2KN combinations in vector a and for each combination, computing the
spectral radius of ¥ requires O(KL3) operations.

In order to override these limitations, we propose a heuristic of lower complexity based on the infinity norm. It is based
on the following property of the spectral radius: the spectral radius is upper-bounded by any norm of matrix .

4.2 Heuristic based on the infinity norm

Since  p) < ||Ylle , the constraint |||, <1 implies that the spectral radius of matrix i is strictly less than 1.
This constraint is more restrictive than the original one and will therefore provide a lower bound on the solution of the
original problem, that is, the achieved multiplexing gain will be lower. However, using the infinity norm |[p(¥)ll <1
provides a criteria that is distributed and requires a low computational complexity.

The optimization problem with the infinity normis:
L-1

K-1
7l
argmax ge(o 13K -L Zk_o Z ay,

=
st [Ylle <1
s.t.d, =a, ,VleR,Vke{0,...,K —1}

The infinity norm |[|y]| is written as follows:

K-1

-1
1Yllce = maxocpek-1,0<11-1 Z Zz’—o(lp) (I +EL T +jL)

Jj=0

By definition of matrix , it is equal to:

il » SZH G+ KLU +jL)
o = MaXg<k<k—10<i<L—1 A ~
osksk-1,0stsi-1 Gk¥ o Lar=0 G(L+ kL, L+ kL)

To simplify notations, let us define E}:

o SZH G+ kL, U +jL)
ey £y Lav=o G(U+ KL, L+ kL)

Constraint |||, < 1isthenequivalentto a}EL<1forall (k). This constraintis only fulfilled if @}, = 0 whenever E} >
1. This solution is optimal since all values of a! are equal to 1, except those that would violate condition [|¢]l., < 1.
The sum of @}, under this constraint is then at its maximum. Finally, since resource allocation is performed per RB, if
E! =1 onatleast one subcarrier [ € R,, then D2D pair k is not multiplexed on RB .

The infinity norm provides a distributed algorithm: at each receiver, E} is computed depending on local information, that
is deduced from the received interfering channel gains. This feature is quite appealing for future implementation of this
algorithm in practical D2D networks.

This algorithm can be either combined with the power allocation algorithm from Section 3 if the D2D transmissions

happen in an underlay context, or the power values can be directly obtained by inverting matrix (IKL - FGEerzt) as
follows:
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—~ 1
ﬁ = (IKL - FG(;!}’GlTlt) G;ﬁ,rn

Since this power vector is defined per subcarrier, the transmit power of transmitter k in RB r is finally chosen as the
maximum transmit power of k in all subcarriers of RB r.

It should be noticed that these power values do not take into account any interference level constraint at the BS and should
consequently only be used when devices are not operating in underlay mode. In this case, they provide power values
allowing to achieve a SINR at least equal to y on all the subcarriers of the RB that are allocated to each user.

In the following, we provide simulation results relative to this scenario, because or objective is to evaluate the highest
multiplexing gain.

4.3 Simulation results

The simulation assumptions are the same as in section 2.2, except that there is no Base Station and only K D2D pairs are
considered.

The performances of maximum multiplexing heuristics are compared with a Frequency Division Multiple Access
(FDMA) solution, where each D2D pairs gets the same amount of RB, and RB are randomly allocated to D2D pairs. Each
D2D transmitter then uses equal power allocation on its allocated RB.

13

12,5

11

101

| —e—FBMC

9.5 === OFDM il

Number of multiplexed D2D pairs per RB

8 | i i i |
12 14 16 18 20 22 24

Number of D2D pairs K

Figure 3: Average number of multiplexed D2D pairs

Figure 3 shows that the average data rate is greatly improved by multiplexing. In FDMA, the number of D2D pairs per
RB would be one ; with the proposed algorithm, more than half of the D2D pairs are active in each RB.
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Figure 4: Average data rate depending on the multiplexing technique

Moreover, Figure 4 shows that the average data rate achieved with our proposed algorithm is higher with FBMC-
OQAM than with OFDM because there is no overhead due to cyclic prefix. Since power values and interferences are
very low, the influence of ICI is almost negligible in this scenario, contrary to what was obtained with larger rates and
power control in Section 3.

To conclude, the proposed algorithm based on the infinity criterion allows to multiplex a very large number of D2D
pairs and to achieve high data rates. This algorithmis of low complexity and can be implemented in a distributed way.

5 COW-CFMC: a new waveform for asynchronous multi-user access

In this section, we propose a new scheme that preserves the advantages of WCP-COQAM [1] while
guaranteeing inthe complex orthogonality. Indeed, WCP-COQAM is based on block processing and uses circular filtering
in order to remove time overheads. However, like FBMC/OQAM scheme, WCP-COQAM suffers from the presence of
intrinsic interference that prevents some MIMO techniques such as Alamouti Coding. This intrinsic interference results
from the non-complex orthogonal property of WCP-COQAM and FBMC/OQAM. In the following, we show that circular
filtering makes the transmultiplexer impulse response circulant. Our proposed scheme, called COW-CFMC presented in
[2], exploits this circularity to restore the complex orthogonality by precoding the data symbols in each subcarrier.

5.1 Review and properties of WCP-COQAM

A new concept of multi-carrier modulation has recently appeared in the literature where the linear filtering is
replaced by a circular filtering for pulse shaping [1][3]. A periodic filter is used to realize the circular convolution at the
transmitter, which is equivalent to the tail-biting process. This idea was originally proposed with the introduction of
Generalized Frequency Division Multiplexing (GFDM) [4]. Thanks to the use of a circular filtering, the overall
multicarrier modulation system can be seen as a block transform processing and a Cyclic Prefix (CP) is inserted to enhance
the orthogonality under multi-path channel. In [1], the authors have also adopted the circular filtering to FBMC. In order
to cope with the multi-path interference and to prevent the degradation of the PSD due to the block processing, a CP and
a windowing are added. This scheme is called Windowed Cyclic Prefix FBMC/circular OQAM (WCP-COQAM).

51.1 Reviewon WCP-COQAM

First of all, we recall the baseband discrete time model of the classical FBMC/OQAM. The transmitted signal
s[m] in FBMC/OQAM can be written as follows [5]:
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s[m] =S4 Snez acnglm —nM/2)e/ 5 D) gi b, (1)

where M is the number of subcarriers, ay, ,, are the real-valued transmitted symbols at time index n and subcarrier
k, D is the delay term to insure the causality. This delay depends on the length L, of the prototype filter response g[m],
L, = KM where K is the overlapping factor. The phase term ¢, ,, is given by [5]:
bin = 5 (n+ k) —mkn 2

In [1], the authors have proposed to replace the linear convolution used in FBMC/OQAM with a circular
convolution similar to the GFDM and CB-FMT. The mainadvantage of the so-called circular OQAM (COQAM) scheme
is removing the time overheads caused by the linear filtering and the OQAM structure itself.

Circular filtering implies block-wise processing. Assuming that N is the number of real symbol slots per block
and M is the subcarrier number, the transmitted signal block has a length of MN /2. The discrete-time COQAM signal
s[m], withm € {0,...,MN /2 — 1}, is expressed as [1]:

sfm] = TH=d T2 4y glm —nM /2] W D eidin, )
where the prototype filter response G[m] is obtained by performing the periodic repetition of the initial prototype filter
g[m] as follows:
gim] = g ] @
2

where |m|y stands for the modulo operation by N. It is worth noting that the authors in [1] set the overlapping factor
K = N/2.Thatis, the initial prototype filter g[m] has the same length L, = KM = MN /2 as the transmitted signal block.

In order to keep the orthogonality after the transmission over a frequency selective channel, a cyclic prefix (CP)
is added to the transmitted signal block s[m], m € {0,..., MN /2 — 1}. Furthermore, due to the degradation of the PSD
resulting from the block processing, a windowing before the transmission also has to be applied. The overal | scheme is
called WCP-COQAM [1]. The CP of length L.p is composed of two parts : the guard interval of length L; to fight the
interference due to multi-path channel effect and the part dedicated to the windowing transitions Lg;.

At the received side, the overall CP is first removed and then the demodulated received symbols y, ; insubcarrier
q€{0,...,M —1}and time index [ € {0,...,N — 1} can be obtained as follows:

L2TC .
Yar = SN s [mgm — M /2)e ) "D eIl (5)

5.1.2  Properties of Circular OQAM

Inthis subsection, we will demonstrate that the transmultiplexer impulse response in WCP-COQAM is circulant.
By plugging the expression of s[m] given by (3) into (5) we obtain the expression of the demodulated received symbols

Vg, Written as:

M-1 N-1 MN/2-1 anlka)
2TT(K—q . .
. Z GIm —nM/2]g[m — IM /2] x el D) gibkn=idqi
k=0 n=0 m=0 ( )
6
Let us define I'y (I, n) as:
MN/2-1
-9
To(ln) = Z Glm — nM/21g[m — IM /2] X e/ 3 m=D) gidcn=ida
m=0 ( )
7
Therefore, according to (6) and (7), we can write:
yql - Z ZN ; l—‘q k(l;n)ak,n (8)

The function I'y (I, n) givenin (7) is proportional to the M /2-downsampled correlation function between the frequency
shifted versions of §[m], shifted by 2= and Z"qm . In the other hand, the prototype filter g[m] is assumed to be frequency

well localized such that the spectrum of the 3|gnal in a given subcarrier is only spread over both immediate adjacent
subcarriers [6]. Therefore, the function I'y , (1, n) is negligible if |qg — k| > 1. Hence, the summation in (8) with respect

to k can be simplified to be only over the set {g — 1,q,q + 1}.
In a matrix form, the vector y, = [y4,0,...,Yqn-1]" Of size N x 1 containing the N demodulated symbols in a

given subcarrier g can be hence expressed as:
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ZZ% 1 Tgrak ©)

where I, ;. isa N X N matrix whose entries are I'g (I, n) in the I-th row and n-th column, and aj, = [aq, ..., Qg n-1]"
is the vector of size N x 1 containing the N transmitted symbols in subcarrier k.

In the following, we shall demonstrate that the matrix I, . is circulant V(q, k) € {0,...,M — 1}2. To begin with,
we substitute m — IM /2 by m in (7). Hence, we obtain:

Caum) = £ /27278 gl gm — (n — DM /2] X 17 b+ (D= g en=itas
(10)

2
After that, since [ = 0, we can split the sum over m as

MN/2-IM/2—1

CD m-p) o k-a+n-1) gjm(i-mk 4 Z G[mlg[m — (n

Ce@m)= ) glmlglm— (- M/2)e’

m=—l%

i I)M/Z]ejzn(l’f[‘”(m—u) oI Fk=a+n=0) ,jm(l-n)i

(11)
where the phase terms ¢ are replaced by their terms given by (2). According to the definition of g[m] given by (4) and
the fact that [ € {0,..., N — 1}, we have:

giml=g[m+=] itme{-1%,..,-1}
MN M (12)
g[m] = g[m] ifme{O,...,T—l;—l}

Therefore, we can rewrite (11) as:

MN/2-IM/2-1

- 2n(k—q) T i
Taxm) = D glm+MN/2]glm — (n— DM/2]e) w "Df30tnDeimtmic %" glm]glm
== m=0
— (n — DM/ 2]e/ 0 2= g B atn=D gjm(i-nk
(13)
Subtituting m + MN /2 by m in the first summation term, we obtain:
MN
51 MN/2-1M/2-1
M MN 2ﬂ(k a)
TGy =y glmlg[m— (=05 - (noDelplea D gimtomk 4 N g[m]gim
m=%—lM m=0
- (n— l)M/Z]e] M_q)(m—D)ef%(k—qﬂl—l)ejn(l—n)k
(14)

According to the periodicity of g[m] (that is g[m — MN /2] = g[m]), we can recombine both summation terms in the
equation above and write:

——1

Tau(bmn) = Z glmlgim — (n - OM/2]e"

)(m D)elz(k q+n=1) pjn(l-n)k
(15)

To prove that the matrices Iy , (V(q, k) € {0,...,M — 1}?) are circulant, we can proceed by demonstrating that:
V(q,k) €{0,...,M — 1}2,¥(l,n) € {0,...,N — 1}2, VS € Z:
Ll + 68y, In+6y) = Tgr(ln) (16)

First of all, we recall some properties about modulo operation: ¥ (I,n, N, M) € Z*, we have
[n+1y = llnly + llnly 17
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[Mn|yy = M|n|y (18)
Therefore, according to (4), we can rewrite the term g[m — (n — )M /2] in (15) as

ln =02 =g -0

=g |m—|(n—l)%|@M

=om =t
2

=g[m—"2in—1ly] (19)
where the second equality holds because |m|un = m since in (15) the summation on m is over {0,..., MN/2 — 1}. In

2
the other hand, we can calculate T, (|l + 8]y, |n + 6|y) as

Lo (L + 8w, In + 8|x)

MN
2!

Z glmlg|m = (n+ ol - |l+6|N)—]e’

=0

-q)
(m=D) o i3k=Dp, (|1 + 8y, |n + )

(20)
where @, (I, n) = /2™ Deint-mk Using the definition of G[m] given in (4) and taking into account the properties
givenin (17)-(18), we have

glm—n+6ly—11+610)%]

=g|m—ﬂn+mN—u+&m%u4 (21)
L 2
M
=g|m—km+&N—u+mm;hN (22)
2 |MN
L 2
M
=g|m—;un+&N—u+6mm@4 (23)
- 2
=9|m-¥m-”ﬂm] (24)
| 2
=g[m—"2in—1ly] (25)

Hence, from equations (19) and (25), we can deduce that for m € {0,..., MN /2 — 1} we have:
glm—Un+6ly—11+81)5] =g[m-@m-0Z (26)
Moreover, we can develope the phase term @, (.,.) in (20) as:

Op (Il + 8|y, In + 68y) = ej%(|n+6|N_|l+6|N)ejTrk(|l+6|N—|n+8|N)

(27)
We can easily show that:
L2TC L 2T
V(p,c) EZZ,: el ¢ =el e (28)
Therefore, assuming that N is multiple of 4, we can deduce that:
(L + 8, In + 8ly) = e/2MDeimk-m (29)
Finally, according to (29) and (26), we rewrlte (20) as
——1
2 (k q)(m D) (k +n-1) k(l—
Car(l+ 68|y, In+ 8|y) = Z g[m [m (n—l)—]ej elz(k=a eJmk(l-n)
m=0
(30)

which is the same expression as that of I, (I, n) given in (15). This shows that condition (16) is satisfied, which proves
that the matrices I, x, (g, k) € {0,...,M — 1}* are circulant.

Therefore, the matrices I, are diagonalizable by the discrete Fourier transform (DFT) matrix W and their
eigenvalues are the DFT coefficients of the sequences {Fq,k ,0),le{0,...,N— 1}}. Hence, we can rewrite (9) as:

/A)»CCQI’I (((5
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Yg = ZZ:3_1 WHDq,kwak (31)
where D is the diagonal matrix obtained by diagonalizing I, by the unitary matrix W. Therefore, the diagonal
elements in D, , are given by:

2T,
Dy(L1) = B3 Tqr(l, 0)e /n" (32)

where, according to (15),

MN
=2 !

2n(k—q) .TT N e,
Cqe(.0)= ) glmlglm +IM/2]el b m-Del3a-bepnt
m=0

52 COW-CFMC description

For both FBMC and WCP-COQAM, the presence of the intrinsic interference prevents the combination with
some MIMO techniques such as space-time block coding and spatial multiplexing (SM) with maximum likelihood (ML)
detection [6][7]. Another FBMC scheme (named FFT-FBMC) was proposed in [8]. This scheme performs IFFT precoding
and FFT decoding with CP insertion oneach subcarrier in order to suppress the FBMC intrinsic interference. It was shown
that MIMO techniques such as Space-Time Block Coding (STBC) and SM-ML can be performed straightforwardly in
FFT-FBMC [9]. However, like the FBMC scheme, FFT-FBMC still suffers from the time overhead when short data bursts
are considered due to the signal ramp-up/ramp-down and the half symbol offset overhead.

Hence, we propose a new scheme that combine the advantages of both WCP-COQAM and FFT-FBMC. That is, we aim
to remove the edge time transitions as well as the half symbol offset overhead while guartaneeing the complex
orthogonality. Indeed, we propose to replace the classical linear filtering by a circular one in the previously proposed
FFT-FBMC schme. Or alternatively, it can also be seen as proposing to introduce IFFT precoding and FFT decodingin
each subcarrier to the WCP-COQAM scheme. We call our proposed scheme Complex Orthogonal Windowed CP Circular
Filtered Multi-Carrier (COW-CFMC). As we have aforementioned, a CP insertion in each subcarrier was proposed for
FFT-FBMC to make the transmultiplexer impulse response circulant. However, we will show that thanks to the use of
circular filtering, the transmultiplexer impulse response is already circulant in WCP-COQAM. Therefore, for our
proposed COW-CFMC scheme, there is no need to insert a CP in each subcarrier. Thus, the proposed system has a good
spectral efficiency and and guarantees the complex orthogonality. Thanks to this last property, the scheme can be easily
coupled with MIMO techniques such as STBC and SM-ML.

Equation (31) shows that WCP-COQAM does not guarantee the complex orthogonality and then the received
demodulated symbols are affected by the intrinsic interference. This interference is also present in the classical
FBMC/OQAM. In order to enable the complex orthogonality for FBMC, the authors in [9] proposed to precode the data
symbols in each subcarrier by performing a IDFT. Before being fed to the FBMC modulator, the IDFT outputs are
appended with a CP to make the transmultiplexer impulse response circulant. At the receiver side, the CPs are removed
after the FBMC demodulator, and then the DFT is performed in each subcarrier to recover the data symbols. It is worth
noticing that a special transmission strategy is still required to guarantee the complex orthogonality. In the following, we
apply the same principle above to the WCP-COQAM scheme and explain the processing in more details.

Therefore, similarly as in [9], let us consider that the transmitted symbol block a,, in subcarrier k is the IDFT output of a
data symbol block dy, (i.e. a, = W¥d,). Hence, taking the DFT of the received block y, in subcarrier q, we obtain from
(31) the following:
r, = Wiy, = ZZ:;_I D, Wa,
=Dg,qdq + Dgq-1dg-1+ Dggi1dg+1 (34)
The two last terms represent the interference coming from the immediate adjacent subcarriers g + 1.
According to (32), the coefficients in the diagonal matrix D, , are the N-DFT of I'; , (I', 0) which is, according

to (33), given by:
MN _ T,
Faq(,0) = B2y glmlglm + IM/2] e /2 eimta (35)
Rgl3]
We note that Rg[l’%] is the %—downsampled autocorrelation function of the periodic filter g[m] (please also note that

glm] = g[m] for 0 < m < MN/2). Since we consider, as we have previously mentionned, that the filter g[m] is at least

spectrally confined in [— E'%]’ downsampling the autocorrelation function R;[l'] by M /2 does not cause aliasing and
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hence the spectrum shape of R[l'] is preserved. Fig. 5 illustrates an example, using Mirabbasi-Martin [10] filter with

K = 8, of the spectrum G[I] of Rg[l’%] obtained by G[I] = X¥=3 R,[V %]e‘fzﬁn”

'

2.5

15

Gll]

0.5 z

Index |

Figure 5: Spectrum of the M/2-downsampled autocorrelation function of the periodic Mirabbasi-Martin filter g [m] with
overlapping factor K=8.

Therefore, equation (35) shows that I, , (I, 0) is the phase-shifted by e‘%"ef”ql' version of Rg[l' %]. Thus, according to
(32), the coefficients D, (1, 1) are the circularly shifted version of G[l] by gq - % to the right. Hence, we can write:
N N
Do LD =G[|i-3q+ Z|N] (36)
Therefore, the coefficients in the diagonal matrix D, ,(l,1) depend on the parity of g. Fig. 2 illustrates the coefficients
D, (1, 1) for q evenand odd.
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Figure 6: Coefficients of the diagonal matrix D_(q,q) for even and odd subcarrier index g using Mirabbasi-Martin filter
with overlapping factor K=8.

In order to avoid interference terms in (34), we propose, as in [8][9], to only transmit useful complex data symbols in the
first half N-block when the subcarrier index q is even, and in the second half N-block when the subcarrier index q is odd
(please see Fig. 6). That is, we can write:

_ [d_g, OT]Tifq is even
I [oT, d_g]Tifq is odd
where Jq isa (g X 1)-vector of complex data sumbols, and 0 is a zero vector of sizeg x 1. Let us also set the following:
(0) © g
_|Tq Dy O
e = | @

L

(37)

,and Dy = , (38)

®
0 Dq,k

wherer®, i € {0,1}isa (g x 1)-vector, and D, , i € {0,1} and O are square matrices of size gx g Therefore, we can

q q.k’
show that equation (34) becomes:

r”=p{d,, for i=]ql, (39)

This last expression shows that the transmitted complex data symbols Jq,p = Jq (»),p €{0,...,N/2 — 1} are received

free of interference because Dg’)q is a diagonal matrix. Therefore, our proposed scheme satisfies the complex orthogonality
and enables any transmission technique that requires complex orthogonality such as STBC and SM-ML. It is important
to notice that compared to the FFT-FBMC, there is no need to add a cyclic prefix after the IFFT operation in each

subcarrier thanks to the circular convolution.

5.3 Power spectrum density

In this section we will first evaluate the estimated power spectrum density (PDS) of the proposed COW-CFMC
scheme with respect to other existing schemes. Following [1] for the evaluation, we have considered M = 64 with M /2
active subcarriers. We have compared the PSD of the proposed COW-CFMC scheme with the ones of the CP-OFDM,
FFT-FBMC and WCP-COQAM schemes in Fig. 3. We have chosen N =16 and Lg; = Lg; = 16 using Hamming
window for the WCP-COQAM and COW-CFMC schemes. As for the prototype filter, we used the Mirabbasi-Martin
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filter with overlapping factor K = g = 8. Fig. 7 shows that FFT-FBMC exhibits the best PSD. We can also observe that

the proposed COW-CFMC scheme achieves the same PSD than the WCP-COQAM scheme. The relatively high PSD
leakage of COW-CFMC and WCP-COQAM compared to the one of FFT-FBMC is due to the block processing. However,
compared to CP-OFDM, COW-CFMC and WCP-COQAM schemes present lower spectrum leakage.

0
-10
207 1 Y
b
( \
a -30 ‘,
) |
a
a -40
w ¢
-50 m/““/ ——— WCP-COQAM
—< CP-OFDM
-60 *— FFT-FBMC
x| | — COW-CFMC !
-70

-05 04 -03 -02 -01 0 0.1 0.2 0.3 0.4 0.5
Normalized frequency

Figure 7: Power Spectrum Density evaluation of different schemes

In addition, we have also considered in Fig. 8 the case where 10 subcarriers are switched off using the same parameter
settings as previously. The results show again that COW-CFMC and WCP-COQAM schemes have the same low radiation
level in the empty band.
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Figure 8: Power Spectrum Density evaluation of different schemes.

5.4 Robustness to time and frequency misalignment

In this section, we discuss the performance of the proposed waveform in multi-user asynchronous access. In
order to focus on the asynchronous interference impact on the performance of the waveform, we propose to measure the
normalized mean square error (NMSE) on decoding the useful symbols of the user of interest in ideal noiseless channel.
Note that NMSE is adopted since it remains the same for all mapping constellations. Both per-subcarrier NMSE and
average NMSE are assessed versus timing offset or carrier frequency offset (CFO). Actually, per-subcarrier NMSE can
provide a meaningful information about the distribution of asynchronous interference across useful subcarriers. Several
cases of guard-bands (between the interferer and the user of interest) are examined: § = 0,30,120 195 kHz. Note that
we use a color map indicating the NMSE levels: from dark blue color when the NMSE is less than or equal to —40dB to
dark red color when the NMSE is greater than or equal to —10dB.

In this section we consider the COW-CFMC transceiver with M = 64 overlapped subbands and N = 64 subcarriers per
subband which makes a total of MN /2 = 2048 available subcarriers. The subcarrier spacing is setto Af = 15KHz

54.1  Timing offset

In order to distinguish the degradation induced by timing synchronization errors from the one caused by the
CFO, we consider in this subsection that there is no CFO (€= 0 Hz) between the interfering signal and the useful one.
The timing misalignment varies from -1024 to 1024 samples.

In Fig. 5, we can distinguish two regions: when the delay error is less than CP=32 samples, we observe in Fig. 9 a dark
blue region (NMSE below -40 dB) which means that there is no asynchronous interference. Such a result is due to the
fact that the orthogonality between subcarriers is maintained as long as the delay error does not exceed the CP duration.
When the delay error exceeds the CP interval, the orthogonality is somewhat lost. This loss of orthogonality gives rise
(but still acceptable) to a level of asynchronous interference. We can see that the interference level slowly decreases as
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the spectral distance between the victim subcarrier and the interfering ones increases. Similarly, we observe a negligible
enhancement when increasing the guard band.
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Figure 9: per-subcarrier NMSE against timing offset (samples).

The average NMSE of the waveform obtained over all subcarriers is plotted versus the timing offset in Fig. 10. In the
CP region, we can observe that COW-CFMC achieves the pest performance with an NMSE lower than -50 dB.
However, the best average NMSE outside of the CP region is about of -25 dB and is obtained when the band guard is
195 KHz. When there is no band guard between the interferer and the user of interest, we obtain an average NMSE of -
18 dB outside the CP region.
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COW-CFMC, (M,N)=(64,64)
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Figure 10: Average NMSE against timing offset (samples).

5.4.2  Carrier frequency offset (CFO)

In this subsection, we assume that both users are perfectly synchronized in time domain but there is an offset
betweentheir respective carrier frequencies. The objective here is to examine the impact of inter-user interference induced
by CFO on the performance of COW-CFMC waveform. The CFO considered here varies from —1.5kHz to +1.5kHz.
Multiple guard-band sizes are also considered as: 6 = 0,30,120 195 kHz.

In Fig. 11, we have the per-subcarrier MSE of COW-CFMC system. We observe that the edges subcarriers are more
sensitive to CFO compared to inner ones. In fact, the MSE at the edges becomes important even for negligible CFO (from
150Hz) while inner subcarriers keep best performances (MSE< —30dB) even when CFO is 1.5kHz.
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COW-CFMC, N=1024
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Figure 12: average NMSE against CFO

The average NMSE of COW-CFMC computed over all subcarriers is plotted in Fig. 12, as function of CFO considering
various guard-bands: § = 0,30,120 195 kHz. Looking at the NMSE curves, we can notice that the proposed COW-
CFMC waveform is strongly sensitive to CFO. That is, the NMSE rapidly grows to -26 dB when CFO varies from 0 to
1.5 KHz.

6 Serving Spatially Clustered D2D Scenarios using different waveforms

In this section, we focus on two enabling technologies: D2D communications and enhanced waveforms. Enhanced
waveforms with improved spectral localisation over orthogonal frequency division multiplexing (OFDM) as they can
enable asynchronous communication between devices, and hence reduce the control overhead associated with achieving
synchronism. In contrast, OFDM’s strict synchronicity requirements makes it unsuited to asynchronous communications
with its large side lobes resulting in significant leakage.

In the context of the type of 5G scenarios under consideration, two additional benefits are obtained by using an enhanced
waveform to enable asynchronous communications between clustered D2D user equipment (DUE). First, we wish to
enable 5G network operators to serve spatially clustered D2D use cases with minimal additional control overhead.
Removing the requirement for the BS to synchronise DUEs would permit the network operator to treat resource allocation
for high-rate clustered D2D scenarios in a different manner than for Cellular user equipment (CUEs).

In this deliverable, we expand upon our previous work in [17], which demonstrated the effects of inter-D2D interference
arising from misaligned communications in a spatially clustered single-cell scenario, and how the use of a waveform that
exhibits improved spectral localization over OFDM can mitigate this interference. We investigate whether the use of
enhanced waveforms cellular networks can provision high-rate, latency-intolerant clustered D2D applications using
minimal additional control. We also consider a network consisting of cells which employ strict fractional frequency reuse
(FFR).

We build upon our work in [18], which provides interference tables capturing the effects of misaligned D2D users in time
onto OFDMA-based cellular users in the uplink band. We also draw upon the work of [19] and [20] in order to characterize
the interference imposed between entities utilizing different waveforms. We perform system-level simulations in order to
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evaluate the relative performance of several waveforms for use in the type of clustered D2D scenarios outlined in this
section.

We also investigate how the level of asynchronism between devices affects the SINR performance of DUES, examining
the effects of both timing offset (TO) and carrier frequency offset (CFO). We stress that our interest lies in investigating
the relative performance of different waveforms in such a scenario; we are not concerned with developing a new resource
allocation scheme for underlay D2D, of which there are many in the literature. The main contributions of this section are
the following:

- _We rate, with a high level of accuracy, the interference arising from the asynchronous coexistence between a
large number of enhanced waveforms. We then use the tabulated interference values in system-level simulations.

- _We demonstrate that it is feasible for cellular networks to serve high-rate clustered D2D use cases through a
coexistence of enhanced waveforms and OFDM, and quantise the benefit of doing so.

- _We characterize the performance of several prominent enhanced waveforms across a range of scenarios by
varying key system parameters such as cell size, cluster size, DUE transmit power, and maximum possible timing
offset and CFO.

6.1 System model

We stay consistent with the literature and consider uplink resource sharing for two reasons. Firstly, interference from
DUEs experienced by cellular users occurs at the base station. Therefore, the BS can attempt to coordinate and mitigate
this interference through resource allocation schemes. Secondly, and more importantly, DUEs should not interfere with
crucial pilot information broadcast in the downlink. We consider an OFDMA network with parameters selected based on
the 3GPP LTE standard, as outlined in Table 2. CUEs are distributed throughout the entire network according to a Poisson
point process (PPP). DUEs are employed in high-rate spatially clustered applications. We distribute DUE transmitters in
the network using a Matérn point process which generates clusters according to a two-step process. In the first step, a PPP
is used to generate a set of parent points. In the second step, a Poisson distributed number of child points is uniformly
distributed around each parent point within a disk of a given radius. The rate of occurrence of clusters, DUE transmitters
per clusters, and the cluster radii can be configured in the simulation parameters. For each DUE transmitter, we distribute
a receiver at a distance d according to a uniform random variable U[a;b], with a and b representing the minimum and
maximum distance, respectively.

The ratio of the radius of the inner region (Rinner) to the radius of the cell (Reen) is an important parameter in strict FFR
systems and influences how sub-bands are divided between regions. We follow the approach used in [21], and choose the
ratio Rinner=Rcei t0 be 0:65, which was shown in [19] to maximise the average network throughput for uniformly distributed
CUEs. Given Npang available sub-bands in the system, we can determine the number of resources allocated to each region

as follows [22]
R:
Ninner = [Nband ( I;nnlelr)]
ce

[(Nband - inner)
3

Nouter =

RBs are assigned under the condition that an RB may only be assigned to a single CUE, and reused by a single DUE, in
a given cell. CUEs transmit on the physical uplink shared channel (PUSCH) and use a power control procedure that
assigns each CUE a power level that results in acceptable signal reception at the base station. Our focus in this paper is
on evaluating the relative performance of enhanced waveforms for asynchronous direct communication between
devices/equipment in spatially clustered use cases, not on proposing a new resource allocation scheme.

6.1.1 Channel Modelling

CUEs in the same cell do not interfere with each other, as we assume they are perfectly synchronized by the BS. Therefore,
there are four main interference types requiring consideration:

1) DUE pairs interfere with the CUEs” transmissions. Since

1. we are investigating uplink resource sharing, this interference is observed at base stations.

2. Conversely, the CUEs interfere with the DUE pairs at DUE receivers.

2) DUEs interfere with each other (inter-DUE interference).

3) CUEs indifferent cells are not synchronized and, hence, interfere with each other (inter-CUE interference).

Owing to their popularity in the existing literature [23], [24], [25], we employ the WINNER 11 channel models [26] to
provide us with a distance based path loss, which also incorporates the probability of line-of-sight. Distinct path loss
models are used for the different types of links in the system in order to represent the network in a realistic manner. Path
loss models employed for D2D channels have been modified so that the elevation of transceivers terminating a common
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link are comparable. The distribution of shadow fading is lognormal, with the standard deviation specified by the Winner
I channel models for each scenario.

6.1.2 Performance Measures

we present several ed details of their formulation that we will use to evaluate the performance of the system. All metrics
are evaluated for DUEs and CUEs in the central cell, which represents the cell of interest.
1) SINR: The SINR of a CUE j in the central cell o using RB k is given by:

PrRE

.yk — Jo JoB

where Pj’; is the transmit power of the CUE, h;__ is the channel gain between the jh CUE and the BS of the central cell
0, and ¢ is additive white Gaussian noise variance. I is the interference from CUEs in neighbouring cells and is given
by

ICN = Z z Z wrCnPgn han wacn—>wfl-0 (lr - k|l6t!6f)

neNcpeCN T eR

where n indexes the set of neighbouring cells N, ¢, indexes the CUEs in the set C,, of CUEs in the n-th neighbouring cell,
and r indexes the set of resource blocks R available to the system. P¢ is the transmit power of the cth, CUE operating on

RB T, ht 5 is the channel gain between the ¢y CUE and the BS of the central cell, and w,., is a resource reuse indicator
where w,. =1 when CUE ¢, uses RB r, and w,, = 0 otherwise.

Finally, QWan_,ijo (Ir — k|, &, 6¢) is the fraction of power injected by CUE c, using waveform wf, and resource block
r onto CUE j, using waveform wf;, and resource block k, at a timing offset of &, and cfo &. I, is the interference from
DUEs in the neighbouring cells and is given by

Ipy = Z Z Z WranPo Pip Qwty, —wrjy (I =kl 8¢, 5)

neNcpeCny T eR

which is defined in a similar fashion than in I, , where Dy represents the set of DUEs in the n'" neighbouring cell, and
Py is the transmit power of DUE devices. Finally, I, represents the interference from DUEs in the same cell, i.e. the
central cell, and is formulated in a similar fashion as for I, . The SINR of a DUE d in the central cell o operating on RB
ris given by:
. P, hg,
Yao = 52y Iy +1cg +Ing +1Ipy

where hy is the channel gain between the transmitter and receiver of the d" DUE using RB . I, and I, represent the
aggregate interference from CUEs in the same cell and neighbouring cells, respectively. I, and I, represent the
aggregate interference from DUEs in the same cell and neighbouring cells, respectively.

2) Achieved Rate: We are also interested in the rate achieved by devices, after the bandwidth efficiency of each waveform
has been taken into account. The rate of a device using a waveform wf can be calculated as

b= s Blog,(1+y)[b/s]

where B is the bandwidth of an LTE resource block, and @, is the bandwidth efficiency of waveform wf presented in
Table 1, which is directly computable based on the waveform parameters presented in Table 2.

Table 1: Bandwidth Efficiency of Waveforms !

Wavetorm Bandwidth Efficiency (Owf)

OFDM 8/9
FMT 8/9
GFDM 5/(5+ 1/8)

FBMC/OQA 11712

FBMC-PAM 11712
F-OFDM 8/9 #11/12
UFMC 8/9

! Detailed information on advanced waveforms can be found in [28] and [29]
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6.2 Evaluation and system performances

We first present detailed results for the case defined by the parameters listed in Table I1l. We then examine how
the performance of the system changes depending on the scenario by varying a key parameter of interest while
maintaining the other parameters as per their value in Table 2.

The cell radius value of 250m is based on the 3GPP LTE system scenarios [27], representing an urban macro-cell
environment. The antenna gain values, noise figures, and the carrier frequency value are also based on [27]. The values
for the maximum CUE transmit power, subcarrier spacing, and number of resource blocks are based on the LTE standard,
with 50 resource blocks corresponding to a bandwidth of 10MHz. The maximum DUE transmit power of 0 dBm was
chosenas it was found through experimentation to yield good results. The effects of varying the maximum DUE transmit
power will be discussed later in this section.
We explore the case whereby each macro-cell is fully loaded and hence consider a large number of CUEs per square
kilometer to ensure this. The parameters relating to the size and frequency of occurrence of clusters are scenario
dependent.

A cluster of radius 60m, containing 30 inter-communicating devices and with an average of 3 clusters per square
kilometer might, for example, represent a factory in an urban area with moderate industrial activities. For each of the
candidate waveforms, we investigate two cases:

1) Case 1: DUEs pairs deploy waveforms from the pool of waveforms under study, CUEs use OFDM.
2) Case 2: Both DUE pairs and CUEs deploy waveforms from the pool of waveforms under study.

We also examine the effects of the timing offset on the relative performance of waveforms, ranging from perfectly
synchronised to fully asynchronous communication. Scenarios whereby DUEsS achieve coarse synchronization with a
stated maximum permitted timing offset are of interest, and accordingly investigated for different ranges of maximum
permitted offsets. An analogous investigation is performed for CFO by varying local oscillator (LO) inaccuracies.

Table 2: Simulation parameters

Parameter Value
Cell Radius 250 m
Inner Radius 163 m
Number of Cells 19
CUEs Per Square Km 200
DUEs Per Cluster 30
Clusters Per Square Km 3
Average Cluster Radius 60 m
Average Tx Rx Distance i:{]ﬁ;o:ﬂged[litor"bsﬁ]edm
Carrier Frequency 2 GHz
Subcarrier Spacing (Af) 15 kHz
Noise Per RB (ov) -116 dBm
- Number RBs in system 50
Po puscH -96 dBm
a 1
Max Tx Power CUE 24 dBm
Max Tx Power DUE 0dBm
BS Antenna Gain 15 dBi
UE Antenna Gain 0 dBi
BS Noise Figure 5dB
UE Noise Figure 9dB
Max Timing Offset T+Tcp
Max Loclal Oscillator (LO) 2.5 ppm
naccuracy
OFDM, FMT,

Waveforms [28] [29] | FBMC/OQAM, FBMC-PAM,
GFDM, f-OFDM, UFMC

Number of Iterations 5000

Figure 13 presents box plots summarizing the SINR distribution for DUESs according to each considered waveformcouple.
Several choices comprising enhanced waveforms offer significantly better results than the sole use of OFDM, with
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FBMC/OQAM, FBMC-PAM, f-OFDM, and FMT each providing significant performance boosts. The best performance
is achieved when both CUEs and DUEs use one of the aforementioned enhanced waveforms.

Encouragingly, performance increases are also possible in coexistence scenarios whereby CUEs use OFDM and DUEs
use an enhanced waveform. For example, in the case whereby CUEs use OFDM and DUEs use FBMC/OQAM, a
performance increase of approximately 9dB can be obtained when compared to the case where both sets of users employ
OFDM. We note that the number of outliers is relatively small (approx. 2:2%) compared to the number of DUES in the
data set.

s ‘ DUE‘SINR :

501
45}
40+
35f
30+
25}
20}
15¢
10}

1T
|
|

__......._........I....

o))
T

DUE SINRs (dB)
|
ol
—
|
1

Figure 13: The box plots of DUE SINR show that a large performance increase can be obtained by choosing an appropriate
enhanced waveform.

We also wish to show the achieved rate of DUEs, taking into account the bandwidthefficiency of each modulation
scheme. Figure 14 shows the achieved rate of DUE pairs for each waveform. We again note that the greatest
performance increase is achieved when both CUEs and DUEs use an enhanced waveform in the set {FBMC/OQAM,
FMT, FBMC-PAM, f-OFDM}.

Inthe coexistence scenarios, inwhich CUEs use OFDM and DUEs use an enhanced waveform in the set {FBMC/OQAM,
FMT, FBMC-PAM, f-OFDM}, there is a slight variation in the achieved rate despite the fact that each waveform
yielded a similar SINR performance in Figure 13.
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Figure 14: Rate performance of DUEs taking into account bandwidth efficiency.

6.2.1 Cell Radius

In this subsection, we investigate the influence that cell radius has on performance by varying the cell radius
from 200m to 1000m in 100m increments while holding all other parameters at the same value as in Table IIl. We
display the results in Figure 15 For cell radii under 500m, we consider an urban environment and use the appropriate
path loss models for this scenario, while for cell radii greater than 500m, we consider a suburban environment. At the
smallest cell radius considered (200m), average DUE SINR is at its lowest and average DUE to CUE interference is at its
greatest. This is understandable, and readily explained.

According to the strict FFR scheme employed, DUEs reuse the resources of CUEs in neighbouring reuse regions. At
smaller cell sizes, the average distance between devices in neighbouring reuse regions is reduced. This results in greater
CUE to DUE interference and reduces DUE SINR. As the cell radius increases, so too does the distance between reuse
regions, and DUE SINR increases. This increase is mainly observed at smaller cell sizes; at large cell sizes, CUE to DUE
interference is almost negligible and further increases to cell radius exhibit little or no increase in DUE SINR.

DUE to CUE interference, on the other hand, occurs at base stations. In smaller cells, the average distance between
clusters and the base stations serving neighbouring reuse regions is shorter, resulting in higher DUE to CUE interference.
This is evidenced in the lower sub-plot in Figure 15, in which we observe that the average DUE to CUE interference
decreases as the cell radius increases. Therefore, as the cell size increases, average DUE to CUE interference decreases
and average DUE SINR increases. Essentially, the greater the cell size the more protection strict FFR offers against the
various types of interference, as the reuse regions are further apart.

We note at the maximum cell radius considered (1000m), f-OFDM and FBMC/OQAM both offer approximatelyan 11dB
improvement in the coexistence scenario over the base-line OFDM-OFDM case. At large cell sizes, even further gains
are achievable as DUEs could transmit at a higher power without affecting CUEs. Unfortunately, at the other end of the
scale, DUEs in very small cells might not be able to transmit at a power level that allows them to obtain the required data
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rates without interfering too much with CUEs. In these cases, additional measures may need to be developed and deployed
to enable DUE communication, such as advanced resource allocation schemes that minimize the interference from DUES
to CUEs. Failing that, DUE communication may only be permitted to underlay sufficiently large cells

Effects of Varying Cell Radius
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Figure 15: As the cell radius increases, DUE SINR increases and reduction in CUE SINR decreases.

6.2.2  Cluster Radius

We investigate the impact that cluster radius has on performance. We present the results in Figure 16, varying the cluster
radius from 30m to 100m in 10m increments. Reducing the cluster radius necessitates a corresponding change in the
distance between a DUE transmitter and receiver, which we modelled using a uniform random variable. Accordingly, we
choose the parameters a and b of the uniform random variable U, as follows: a = 5; b = (cluster radius) - 10. Increasing
the cluster radius has two opposing influences on DUE SINR. On the one hand, it results in reduced inter- DUE
interference, which should boost the SINR. On the other hand, it also results in reduced received signal power, which
should cause the SINR to decrease. This makes it difficult to predict how the average SINR will change. In Figure 16, we
see that the reduction in received power is more influential and however, that this is somewhat dependant on how the
distance between DUE transmitters and receivers is modelled (such as the parameters a and b), as this affects by how
much the received power will decrease. We also note that for small cluster sizes, and in cases where DUES do not use a
waveform in the set {FBMC/OQAM, FMT, FBMC-PAM, f-OFDM}, SINR decreases slowly at first as the reduction in
inter-DUE interference is almost significant enough to counter-act the effect of lower received signal powers.

Reducing the cluster radius increases the density of DUEs in the cluster, resulting in greater inter-DUE interference.
Hence, employing an appropriate enhanced waveform for DUEs vyields the greatest benefit in dense clusters in which
inter-DUE leakage interference is most significant.
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Figure 16: Employing an appropriate enhanced waveform for DUES yields the greatest benefit in small clusters in
which inter-DUE leakage interference is most significant.

6.3 Summary

We demonstrated that, due to the spatially clustered nature of communication in the type of scenarios being considered,
inter-DUE leakage interference plays a prominent role and significant benefits can be obtained in certain scenarios by
utilising enhanced waveforms. The benefit of using a spectrally contained waveform is largely restricted to DUEs, which
operate asynchronously and in close proximity to one another, and not the CUEsS. We demonstrated that the greatest
benefits are obtained when both CUEs and DUESs both use an appropriate enhanced waveform.

We showed that system performance is parameter dependent. In an urban environment, DUESs can enjoy high SINRs
without greatly affecting the performance of cellular users; improvements inexcess of 9dB are attainable in cells of radius
250m and greater. However, for smaller cells, strict FFR may not offer enough protection to CUEs from interference
caused by DUEs, and additional measures may be needed to reduce interference to CUEs if DUES are to transmit with a
power level that permits them to achieve reasonable performance.

7 Optimal Power Allocation for Full Duplex D2D Communication

With the rapidly growing of 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. Inthis context D2D
communication and Full Duplex (FD) are proposed to increase the spatial spectrum utilization and the user rate in cellular
network [30]. 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 improve the user
throughput (potentially doubled) over the conventional half-duplex (HD) communication [31].
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The main challenge in FD communication is the strong self-interference (SI) imposed on the receiver by the transmitter
of the same node [32]. However, the recent works on FD show that huge advances have been made in mitigating the S,
and the respective state of the art of transceiver design can achieve a high level of self-interference cancellation (SIC)
[33][34]. Hence, the FD technology has become closer to be 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 furthermore improve the cellular spectrum
efficiency and the user throughput [35]. However, the full duplex D2D (FD-D2D) communication adds new challenges
for the D2D communication. For example, the amount of Sl 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 [38] derived and analysed a closed form expression of the sum-rate of FD-D2D underlay cellular network.
However, in their work the optimal power allocation scheme was not discussed and they assumed a symmetric scenario
where the D2D users have the same distance from the base station and the CUE has equal distance to the D2D users. The
power optimization problem of an isolated FD-D2D pair underlay cellular network was tackled in [36]. Unlike [36], the
authors of [37] derived a convex optimization problemto maximize the rate of FD-D2D link while satisfying the minimum
rate requirement of the cellular users. Although the solution derived in [37] is not limited by the case where the distances
between the D2D users and the CUE is equal, the authors of [37] 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 [36] nor [37]
provided a mathematical expression for the optimal power allocation scheme.

—» Useful link
— -» Interference link

Figure 17: A FD-D2D pair shares the resources of one cellular user, which creates interference between the two types of
links.

7.1  System model

As depicted in Figure 17, 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 be operated in HD mode. While the FD-D2D users can share only one uplink sub-channel during their
transmission so there is interference only between one cellular user (CUE; in Figure 17) and the D2D pair.

Although the advanced transceiver designs can significantly decrease the Sl, in practical scenario it is impossible to
totally delete it. In this work, the power of the residual self interference (Prgy) is defined as follows:

Prsr =P, (40)

where n (0<y<1) is the SI mitigation coefficient which represents the effect of the advanced SIC techniques [36] [37], and
P: is the local transmit power. The case of # = 0 corresponds to the perfect SIC while 5 =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 model are considered. Thus the channel gain between a transmitter i and a receiver j can be expressed as gj; = |;
hij, where lijdenotes the path-loss attenuation and hijstands for the Rayleigh distribution fading coefficient with unit mean

power gain (i.e. hj ~ exp(1)). Furthermore, the path-loss attenuation can be expressed by [; j = d~%where <’a’’ is the
standard path loss exponent and d is the distance between the transmitter i and the receiver j. Considering an interference
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limited system as in [38] [39], i.e. assuming the receiver noise as negligible, the instantaneous Signal-to-Interference ratio
(SIR) of the CUE, the first D2D user (D1) and the second D2D user (D2) can be respectively expressed as:

P.l.psheps

fe = Pa1lar,Bs ha1,Bs + Pa2la2,Bs haz,Bs (42)
= P Ly haz, a1
dl —
YT Pl hear + 1P (43)
B Pailahgy,az
Yd2 =
P. lc,d‘z hc,dz + 1P (44)

where P, Py1 and Py, are respectively the transmit powers of the CUE, D1, and D2.
7.2 Ergodic capacity analysis

In this subsection, we will first provide a new closed form expression for the ergodic capacity of a FD-D2D link (Rep)
which is using the CUE uplink resources. Rep is defined as the summation of D1’s and D2’s ergodic capacities,
Rp1 and Rpz in (45), and it is given by:

Rpp = E’?’di [logQ (1 + 'Ydl)] + E'mz [logQ (1 + F}'d?)}
Rpi1 Rpsg (45)

where y41 andygz are the SIRs given by (43) and (44) respectively. E(:) denotes the expectation operation. From (45),

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:
F.l,
f'rc (t) = ( A >

Falayps — FPazlaz ps
{ (Polarps)’
(tPnla s + Polo ps)”
B (Pizlaz.ps)” }
(tFPaolaz. ps + Pclc,BS)Q

(46)

Proof: First let us define the two following random variables X = P.l.gshcpsand Y = Py lg1,Bs ha1,Bs + Pa2
la2,Bs haz, Bs. The channel power gains follow the exponential distribution. Therefore, the PDF of X and Y are
Y Yy

e Palar,Bs _p Pazlaz,Bs

— T
1 e Pcle Bs A
FPcle,Bs and  Parlay,ps—Pazlaz,es  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 (Sv t) = fXY(X(S: t)v y(s,t))”(s, t)|

st _ = _ =
gefele B e Fdaitai,Bs _ p FasldaBs

F..ps Failarps — Paelao ps
(47)

where |/ (s, £)[ is the Jacobian of the transformation. Now, integrating (47) w.r.t s completes the proof Lemma 2. The
PDF of the D1 and D2 SIRs are given by:

f’ﬁzi (t) = et ;;;%2 {
(PorFPolglego+nPaFala+tn PePalea)
(t Pole g1 + Paala)® (48)
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f’y’dz (t) = et ;;ﬁ (
(PaaPelyloar + 1 ParPasla + 0 PoPasls )
(tpclc,dQ + l.Do!l]'o!)2 (49)

Proof: The PDF of Yd1 and 42 can be obtained by following the same procedure as in Lemma 1. Now, putting the
D2D SIR distributions derived in Lemma 2 in (45) and integrating the Shannon capacities over the SIRs leads to the
following theorem : Theorem 1. The full duplex ergodic capacity is given by:

0,d1 4y
Rpp = loal 1
lay

D1
¥ Y

e A b

+ boyan _1
ldﬂj
Rps (50)

-t

P p— D — P_ _ [® e . - . - -
Where & = B+ ¥ = 5. and [(z) = ,’z “r At s the first order exponential integral. Note that the function

h(z) 2 exp (i) B (i) o

is a monotonically increasing function with x [40]. Accordingly, for a > b (a and b are arbitrarily positive numbers)

= ()8 () = (F) B ()

then we have (52)

ol a () - a ()] o

(53)

The same result can be obtained for a<b. Thus, Rp; and Rp2 are always positive and monotonically increasing with respect
to y and x respectively. This in turn verifies that the FD capacity derived in (50) is always positive. 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 Ryp is assumed to be the maximum of the HD rate of D1 and D2 as presented in (54).

b a1 L. az

logo(77) loga (750)

Byp = max( T ' T q )
Ty Taz
REP RES

(54)

where Ryp D1 and Ryp D2 are the HD of D1 and D2 and they can be easily calculated by following the same procedure
asinlLemma.l

7.3 Maximizing the full duplex D2D Ergodic 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,

Prl: mIa)X Rrp (P) =ARp1+ Epo (55)

a.t. E[IBS} < Jmax
(56)
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where, P =z = v ="1is the power ratio variable vector, E [Igs] is the average interference power at eNodeB, and

Imax denotes the maximum interference power that is acceptable at the BS. The utility function in (55) is the FD-D2D
capacity presented in (50), while the constraint in (56) 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 analyse the concavity of P1.

7.3.1  Analysis of the full duplex rate

le,dr . le,dz . . . . .
From (50-10), Rrp is defined if y# =g, andz# 3% Accordingly, the FD capacity is defined over four regions,

) ledr o lea: _ Lo.d1 Lo, a2 _ le,d1 le.dz Loyt . o bea2
Ri={y<gtao>52) Re={y> 5o <57} Ry ={y <5550 < 57} and Ra={y > 50> 5

However, the main FD gain can only be achievable in ®. Otherwise, the FD gain will be less than 1bit/s/Hz. Intuitively,
the FD gain is considerable in ®; where the average power of the useful signal is greater than the average interference
power.

After further analysis, we found that the utility function (55-15) is concave in ®;. 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 1™x The average power of the useful signal received by the BS (i.e. the CUE signal) has been chosen as 1mx .

2
Z Py laspshaips < Filo pshe, s
\—/—/

=1

Jrmsx

E[15.] (57)
Moreover, itis 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 ((57)). Now, solving (57) with equality leads to the following relation
between the powers:

le,ps =la1,Bs T +la psy (59)

where x and y are the power ratios defined in Theorem 1. As can be seen, (58) is linear. Thus, the problem P1 is concave.

7.3.2  The Optimal power allocation scheme

Solving the derivative after applying (58) into (55) appears to be mathematically intractable and thus the optimum cannot
be directly obtained. Therefore, we first split our probleminto two sub-cases named symmetric and asymmetric scenarios.
Then we solved the problem for the case where the interference power is much lower than the average received power,
i.e. ¥ >>lea/laand © >> le,a2/la, Under this condition, we found out that the optimum of the symmetric case can be
easily calculated by applying (58) into (55) and solving its derivative. The optimum insuch case is :

* lc,bs

I
sym ysym -

I
211 bs

(59)
Physically speaking, (59) means that when the D2D users are receiving the same interference power from CUE and
introducing equal interference power at the BS, the optimum can be obtained by allocating half the maximum power for
each D2D user. Moreover, (59) is true only when 7 < 2. For the asymmetric case, the optimum is given by:

i} A—~B

*
T asvm e (ely a1 Lo.d2)

QY

(60)
where, M = lchs/lazes is the maximum allowed power ratio for D2, e =laibs/lazps; A= 4neleat M+ 3eleaileaz and
B =A% — [(le,1— le.az) (16M?nelc a1 + 24Menle aile.a2)]. Proof: By using the properties of £1(2) given in [41] and
assuming that the average received power is much larger than the interference power, Rep can be written as follows:

and y* =M —ex

I I I [
Rep~In(l+ “¥)+In(1+ “Fy n(14 N in(1+ =)
T 7Y nr T (61)

Now applying (58) into (61) and solving the derivative of the result leads to the optimum in (60). Moreover, after
analysing (60) we found out that when the CUE is relatively far from the D2D pair, the optimum will be achieved by
allocating more power to the D2D user which 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 which is suffering more from the
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CUE interference power. Based on this analysis and the previous result, we propose the following closed formexpression
for the optimum in the general case:

. i M lc dl_lc a2
z* =max (0, min(M, e ‘¢ _—
( ( 2 [ Lot a1t a2

v Aeps=lar ezt
ld?,bs (62)

The max(.) and min(.) operators in (62) are used to ensure that our approximated optima does not violate the power ratio
constrains i.e. the minimum power ratio 0 and the maximum power ratio M. The exponential term reflects the effect of
the SIC techniques, more precisely when n goes to zero the effect of SI will disappear while when n goes to one the SI
will highly affect the optimal solution. The fraction termin (62), will be positive or negative w.r.t the CUE location and
thus more power will be allocated to D1 if he is suffering more from the CUE interference and vice versa. The accuracy
of this approximation will be validated in the numerical results when comparing the derived optimal solution with the
exhaustive search results.

Y

7.4 Numerical results

In this section, we conduct numerical experiments to evaluate the performance of our proposed optimal power allocation
model. For our simulation, we assume a circular cell of radius 500m. The maximum distance between the D2D users is
assumed to be 40m as in [37][38]. Moreover, we set the path-loss exponent, ¢x, to 3 and we varied the value of the SI
mitigation factor 7] between two realistic values : -70dB and -90dB [33]-[38].

Figure 18 and Figure 19 validate the optimal power allocation for the symmetric and asymmetric cases respectively. For
the symmetric case, we set the D2D pair 100m away from the eNodeB then we moved the CUE on the median line which
intersects with the line D1 D2 in the triangle formed by the eNodeB, D1 and D2. In the asymmetric case, we fixed D1
100m away from the base station then we set D2 at a random position such that ddz.bs > da1bs and dg < 40m. Then, we
set the CUE at a random position such that debs < da1,bs and finally, we made CUE move 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. The results obtained from our power allocation are very close to the exhaustive search results. Hence,
the derived equations are valid and thus can be used to maximize the rate. In addition, from both Figure 18 and Figure 19
we can see that as 7/ decreases, the FD rate increases.

The reason behind that is when 7] decreases the power of the residual self-interference decreases and hence the average
interference power decreases. Moreover, both Figure 18 and Figure 19 shows that when the CUE is very close to one of
the D2D user the maximum D2D capacity occurs by allocating the whole allowed power to that user. This is why all the
curves in Figure 18 and Figure 19 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, first we fix the D2D pair 100m away from
the BS. Then we set the CUE at a position where de.a1 > de.az, After that we moved the CUE toward D1 or D2. We have
repeated this scenario for different values of (4. Figure 20, shows the variation of the optimal powers with respect to the
cellular user distances from the D2D users in such situation. As expected, z* and Y" have opposite variation w.r.t the
CUE location. For instance, when de.a1 = dedz | we have #° = ¥ = 50, While, when the CUE becomes too close to D1
(ie. dear = 5), 2" js 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 sends messages. Figure 21
shows the optimal rate variation with respect to le.ar and le,a2. In addition, it compares the optimal FD rate with the
optimal HD rate. As can be seen, the maximum FD gain occurs when de.ar =de.a2 while in the asymmetric case the FD
rate decreases with the decrease of @e.a1 ©r de.z, Hence, when the CUE is too close to one of the D2D users the FD has no
rate gain. Finally, Figure 21 clearly shows that the FD rates decreases with the increase of the D2D distance.

Az)ccen t«(5
40



ANR ACCENT5 Deliverable D1.3

12* T \ T
\\7] — _00dB — —— Rpp, Exhaustive search
KON % Rpp, Power allocation
S \\
10F S0 i
N
Sk
=—75d
= TTABRY
8L T~ NS |
w I TRNY
e N N
= n=—60dB “~ ¥
~o N
g 6 %\ \\\\ B
NN
[ SN
1 SN
a ~
4+
2 -
0 Il Il Il Il Il Il K
30 40 50 60 70 80 90 100

dc,bs(m)
Figure 18: 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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Figure 19: Comparison of FD-D2D rate obtained from the exhaustive search and from our proposed power allocation
scheme in the asymmetric case
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Figure 20: The optimal power ratios variation w.r.t to CUE location.(z =-70dB)
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Figure 21: The effect of the CUE location on the FD rate.(7 = -70dB)

7.5 Main outputs

In the Section 7, we have investigated the power allocation problem for FD-D2D based cellular network. In particular,
we formulated an optimization problem to maximize the FD-D2D 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
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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 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 optimum 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 which is
located near the BS and far from the D2D pair. As a result, the user location or in general the user interference highly
affects the D2D rate and thus, it should be well treated in the resource allocation phase.

8 Conclusion

This deliverable has provided a framework of resource allocation algorithms for D2D asynchronous communications. A
efficient way of writing resource allocation problems while taking into account ICI and per-Resource Block power
allocation has first been provided. Then a distributed power allocation algorithm aiming at maximizing the weighted sum
rate of D2D pairs, under the underlay Base Station interference constraint, has been detailed. The Resource Block
allocation problem has also been considered, with the objective to maximize the average multiplexing ratio. Simulation
results show that FBMC-OQAM is always more efficient than CP-OFDM in D2D asynchronous communications,
whatever the tested algorithm. These results could be even better if we used a new waveform, called COW-CFMC, that
is presented in details in this deliverable. This waveform is shown to be very robust to time and frequency misalignment.
Consequently, it is very likely to provide even better results than FBMC-OQAM for D2D communications.

Moreover, the influence of the coexistence of various waveforms such as FBMC, UFMC, FMT, GFDM and OFDM in
asynchronous transmissions has been provided and evaluated with system-level simulations. The obtained results showed
that with several enhanced waveforms, D2D pairs can achieve high data rate while coexisting with cellular users.
Finally, this deliverable has investigated the influence of Full Duplex devices for D2D communications, where all devices
can transmit and receive at the same time. Taking into account self-interference, the ergodic capacity was derived, and an
algorithm to maximize the ergodic capacity by optimizing power allocation was proposed. We showed that the ergodic
capacity improvement thanks to FD depend on the relative location of D2D and of the interference cellular users that
share the same frequency resources, as well as on the ability of devices to remove self-interference.
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9.2 Glossary
D2D Device to device
UL Uplink
DL Downlink
FDD Frequency division duplex
TDD Time division duplex
FBMC Filter Bank Multicarrier
OFDM Orthogonal frequency-division multiplexing
RB Resource block
CP-OFDM Cyclic Prefix Orthogonal frequency-division multiplexing
TS Time slot
DUE D2D user equipment
CUE Cellular user equipment
BS Base Station
LTE Long term evolution
TO Timing Offset
SNR Signal over noise ratio
SINR Signal over interference plus noise ratio
FFR Fractional Frequency Reuse
OFDMA Orthogonal frequency-division multiple Access
COW-CFMC Complex Orthogonal Windowed Cyclic Prefix circular filtered
multi-carrier
GFDM Generalized Frequency Division Multiplexing
WCP/COQAM | Windowed Cyclic Prefix Circular Offset Quadrature Amplitude
Modulation
COQAM Circular Offset Quadrature Amplitude Modulation
FFT FBMC Fast Fourier Transform Filter Bank Multicarrier
STBC Space Time Block Code
MIMO Multiple Input, Multiple Output
SM-ML Spatial Multiplexing with Maximum Likelihood
NMSE Normalized Mean Error Square
CFO Carrier Frequency Offset
CP Cyclic Prefix
FMT Filtered MultiTone
FBMC-PAM Orthogonal frequency-division multiplexing- Pulse Amplitude
Modulation
UFMC Universal Filtered Multi-Carrier
F-OFDM Filtered OFDM
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