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Abstract Network-controlled device-to-device (D2D)
communication allows cellular users to communicate
directly, i.e., without passing through the eNodeB, while
the latter retains control over resource allocation. This
allows the same time—frequency resources to be allocated
to spatially separated D2D flows simultaneously, thus
increasing the cell throughput. This paper presents a
framework for: (1) selecting which communications should
use the D2D mode, and when, and (2) allocating resources
to D2D and non-D2D users, exploiting reuse for the for-
mer. We show that the two problems, although apparently
similar, should be kept separate and solved at different
timescales in order to avoid problems, such as excessive
packet loss. We model both as optimization problems, and
propose a heuristic solution to the second, which must be
solved at millisecond timescales. Simulation results show
that our framework is practically viable, it avoids the
problem of packet losses, increases throughput and reduces
delays.
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1 Introduction

Network-controlled device-to-device (D2D) communica-
tion [1] is gaining rapid acceptance among telecommuni-
cation operators as a means to achieve very low latencies
and to favor spectrum reuse within LTE-Advanced net-
works [2]. In a traditional cellular network, every com-
munication is between a User Equipment (UE) and the
eNodeB (eNB), thus two UEs can only communicate via a
two-hop path, even though they are within hearing range of
each other. Since resource allocation is always performed
by the eNB—in both the uplink and the downlink—and
UEs are simply told where to transmit/listen to their data,
the eNB may simultaneously target both endpoints, having
one transmit on the same Resource Blocks (RBs) where the
other is told to receive. This brings several benefits: on one
hand, a single-hop path is used, hence the delay is reduced
and the radio resources required to support the same flows
are (roughly) halved. On the other hand, and more
importantly, since a UE’s transmitting power is small,
spatial reuse is made possible: the same RBs can be allo-
cated simultaneously to flows whose receivers are suffi-
ciently far apart to tolerate the interference of each other’s
transmitter. In the presence of highly localized transmis-
sions, such as vehicular ad hoc networks, gaming, peer-to-
peer file exchange, there is in fact room for a considerable
increase in the cell capacity, with little investment from the
operator.

Enabling network-controlled D2D requires solving
several problems. One is discovering which pairs of UEs
are eligible for D2D communication, due to proximity
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and—possibly—other enablers (such as terminal class or
subscription profile). Another, orthogonal to the former, is
resource allocation. This problem has two facets: mode
selection, i.e., determining which D2D-eligible flows will
actually use the direct path, and MAC-level packet
scheduling, i.e., determining which RBs go to which flows,
in the presence of both D2D and non-D2D users. The latter
problem presents peculiar challenges with respect to tra-
ditional LTE scheduling, due to spatial reuse among D2D
UEs and to the need of allocating resources to D2D and
non-D2D UEs simultaneously. Several works have
appeared lately on resource allocation for D2D systems
(see, e.g., survey [3], and [4—11]). Some only tackle mode
selection (e.g., [4, 5]). Others advocate solving both
problems at the same time ([7, 8, 10]). Others, finally,
consider both problems as disjoint, and solve them
imposing restrictions on the allocated resources ([6, 9, 11]).

In this paper, we explore resource allocation for net-
work-controlled D2D systems. We first show that the two
problems of mode selection and packet scheduling are
fundamentally different, and should be solved at different
timescales: the former at coarse timescales (hundreds of
ms or more) and the latter at the Transmission Time
Interval (TTI) timescale, i.e., 1 ms. Faster mode selection,
in fact, brings route flapping, which increases packet los-
ses; on the other hand, slower packet scheduling fails to
exploit channel adaptation, thus making resource allocation
ineffective. We then design a practical framework where
the two problems are solved at the relevant timescales, and
information is fed back from one to the other. We show
that it is practically feasible to select modes by solving a
Mixed Integer-Linear Problem at optimality, and for packet
scheduling we propose both an optimal formulation and a
low-complexity heuristic that consider both D2D and non-
D2D UEs simultaneously. Our framework is general, in
that it easily accommodates different objectives, for
instance maximizing the overall throughput, minimizing
the energy consumed by the eNB, and others. Our results,
obtained in a simulation environment that includes all the
LTE data-plane protocols, show that the mode selection
period influences packet loss. Moreover, selecting modes
carefully, by taking into account global metrics (such as the
available resources in both the uplink and the downlink)
brings significant benefits, such as higher cell throughput
and reduced delays.

The rest of the paper is organized as follows: Sect. 2
reports background on LTE-A. We detail the system model
hypotheses in Sect. 3, and present our resource allocation
framework in Sect. 4. Performance results are reported in
Sect. 5, whereas Sect. 6 reviews the related work. Finally,
Sect. 7 concludes the paper.
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2 Background on LTE-A

We first provide background regarding LTE-A layering and
resource allocation, and then move to introducing device-
to-device communications.

User data coming down from the IP layer traverse the
Packet Data Convergence Protocol (PDCP), and from there
arrive at the Radio Link Control (RLC) in the form of RLC
SDUs. As shown in Fig. 1, the RLC performs segmentation
and concatenation of RLC SDUs into RLC PDUs, whose
size is decided by the MAC. More in detail the RLC layer
can be configured to work in three modes, namely trans-
parent (TM), unacknowledged (UM) or acknowledged
(AM). The first one performs a one-to-one mapping
between RLC SDU and PDUs. The second one performs
segmentation/concatenation of SDUs on transmission, and
reassembly, duplicate detection and reordering of PDUs on
reception. The third one adds reliable PDU transmission
capabilities on top of that. RLC PDUs are then encapsu-
lated into MAC PDUs: each of them contains the infor-
mation being sent over the physical layer, and is called
Transmission Block (TB) [12]. RLC PDUs are physically
buffered at the RLC.

MAC-layer transmissions are arranged in subframes and
paced at Transmission Time Intervals (TTIs) of 1 ms. In
the downlink (DL), the eNB allocates a vector of Resource
Blocks (RBs) to the UEs associated to it on each TTI. Each
RB carries a fixed number of symbols, but a different
number of bits depending on the Channel Quality Indicator
(CQI) reported by the UE. The CQI depends on the mea-
sured Signal to Interference and Noise Ratio (SINR), and it
determines the modulation that the eNB will use (hence,
indirectly, the number of bytes per RB). Error recovery at
the MAC level is provided by a Hybrid ARQ (H-ARQ)
scheme, which allows a configurable number of retrans-
missions. Downlink H-ARQ processes are asynchronous,
i.e., a retransmission can be scheduled by the eNB at any
future TTL

S
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Fig. 1 Example of user data flow through the LTE protocol layers
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In the uplink (UL), the eNB issues transmission grants
for each UE, specifying which RBs they can use, using
what transmission format. However, UL buffers reside at
the UEs, hence the latter must notify their buffer status to
the eNB. This is done via quantized Buffer Status Reports
(BSRs), transmitted (either alone or trailing a data trans-
mission) in band, i.e. together with the data. Thus, they can
only be sent i) when the UE is scheduled, and ii) if there is
enough space to do so (a BSR can take up to 24 bits).
Therefore, an out-of-band Random Access Procedure
(RAC) is used to allow a UE to signal the presence of
backlog. RAC requests may collide, and collisions are
resolved through a backoff procedure. RAC requests are
responded in-band, by scheduling the UE in a future TTI,
and are re-iterated if unanswered. The standard handshake
for UL transmissions, shown in Fig. 2, takes five messages:
first the UE sends a RAC request; the eNB responds with a
short grant, large enough for a BSR; the UE sends its BSR;
the eNB sends a larger grant according to its scheduling
policy, and the UE transmits its data. The middle two
interactions can be dispensed with if the UE is enabled to
send one or more PDUs together with the BSR, a technique
known as bandwidth stealing, which saves UL resources
and reduces latency. Semi-Persistent Scheduling (SPS) can
also be used to transmit periodic traffic, e.g., VoIP. It
consists in the eNB issuing a long-term, periodic grant to a
UE, which can then transmit in the pre-assigned RBs
without signaling. However an SPS grant sets—once and
for all—the format of the uplink transmissions based on the
channel conditions at the moment of decision, thus pre-
venting link adaptation. The unavoidable mismatch
between the presumed and actual UE channel quality
results in either a higher Block Error Rate (BLER) or an
overdimensioned grant, thus reducing cell capacity. Uplink
H-ARQ is synchronous i.e. a retransmission is scheduled
exactly eight TTI after the previous attempt.

2.1 Network-controlled device-to-device
communications

Device-to-device (D2D) or direct communications are being
standardized in the 3GPP community [1]. Assume UE
a wants to transmit to UE b: this would normally require a
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Fig. 2 Standard uplink scheduling (left) and bandwidth stealing
(right)

two-hop transmission with the eNB as a relay. Instead, net-
work-controlled D2D consists in having a use one or more
RBs for transmission and b use the same RBs for reception.
The link where this communication occurs is often referred
to as sidelink (SL), to distinguish it from the UL and DL.
The standard is mainly concerned with one-to-many
D2D communications. In the latter, the UE transmits to
proximate neighbors, either acting as a relay to increase the
cell coverage, or sending data of its own. Two modes are
foreseen for network-controlled resource allocation. In the
first mode, the eNB schedules RBs for a’s transmission and
informs b that it should receive in the same RBs where the
grant is being issued (slots 5 and 3 of Fig. 2, respectively).
Alternatively, UE a selects RBs from a resource pool on its
own, where the pool may be configured statically or semi-
statically by the eNB. Clearly, the first mode allows more
flexibility at the cost of higher control overhead. In a
Frequency Division Duplexing (FDD) deployment, D2D
communications can take place using physical resources
taken from either or both the UL and DL subframes. The
standard recommends using the RLC UM for D2D com-
munications, and ACKing of PDUs is not provided [1].
On the other hand, some literature—e.g. [13]—
(although no standard document) exists on one-to-one D2D
communication. In the latter, the endpoints are identified
before communication takes place, through means that are
outside the scope of this paper, with the eNB acting as a
resource allocator using either of the two above modes.
Finally, D2D communications can also happen without
the assistance from the network. For example, D2D can be
used in out-of-coverage scenarios, especially for public
safety applications. In this case, UEs cannot rely on the
eNB support for scheduling, synchronization and other
control functions. The rest of the paper focuses only on
network-controlled, one-to-one D2D communications.

3 System model

We focus on a single cell served by an eNB. Each UE in
the cell is an endpoint to at least one unidirectional unicast
flow. Call F the set of flows. Let D and D = F\D be the
sets of D2D-eligible and D2D-ineligible flows (see Fig. 3).
The former are those whose endpoints are both in the cell,
(electromagnetically) near enough for direct communica-
tion to take place. The latter are flows whose endpoints are
outside the reach of each other, possibly in different cells,
or are legacy devices, which can only communicate
through the eNB. The means through which a flow (and,
accordingly, its transmitter and receiver, there being no
ambiguity) is classified as D2D-eligible (e.g. endpoints’
geographical proximity) is outside the scope of this paper,
and we refer the interested reader to [14] for an example of
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Fig. 3 DM and IM flows: a, b, c, d are in D, m is in D. b, ¢, d are in
DM whereas a is in IM

how to achieve this. Endpoints of flows in D can either
communicate directly, i.e., in D2D mode (DM), or using
the eNB as a relay, i.e., in Infrastructure mode (IM). Each
flow i has a rate request A;, which the system should try to
meet if possible at all. This can be inferred from signaling
information at flow setup, e.g. the application QoS Class
Indicator (QCI). For flows in D, we assume that the eNB is
aware of: (1) the CQIs in the UL and the DL of an IM
communication, and (2) the CQI of the DM link."

We consider an FDD system, where UL and DL sub-
frames have M RBs each. We assume that DM transmis-
sions take place in the UL subframe, which is less loaded
than the DL one (due to the well-known traffic asymmetry)
and allows better overall SINR, especially when the D2D
users are far from the eNB [15]. Accordingly, UEs are
equipped with a Single Carrier-Frequency Division Mul-
tiple Access (SC-FDMA) receiver [13]. As far as H-ARQ is
concerned, [13] argues that the receiver feedback (i.e.,
ACK or NACK) may be either direct or indirect, as shown
in Fig. 4a, b. In both cases, the ultimate destination of the
feedback is the transmitter. Instead, we posit that the
receiver feedback should reach both the transmitter and the
eNB (see Fig. 4c), since the former needs to know if
retransmission is required (in eight TTIL, it being UL), while
the latter has to allocate RBs for it to take place.

Several DM flows may reuse the same RBs, hence their
transmissions may interfere with each other. We model
interference using a binary model: two DM flows are either
interfering, if the power they receive from each other is
above a given threshold, hence they must occupy disjoint
RBs, or non-interfering, in which case they may share the
same RBs. Interference conditions can thus be modeled via
a conflict graph (CG) [16]. Vertices of the CG are flows in
D and an edge exists between two interfering (i.e.,

! The means by which this is achieved are outside the scope of this
paper. However, for the sake of concreteness, we mention that the
eNB may request D2D-eligible receivers to measure and report
certain signals produced by the related transmitter, e.g. as proposed in
[14].
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Fig. 4 H-ARQ feedback reporting

conflicting) flows. Let E be the set of edges in the CG.
Figure 5 represents the CG for the scenario of Fig. 3,
whereas Fig. 6 shows a possible resource allocation which
exploits spatial reuse under the CG constraints. Reuse
between one IM flow and one or more DM ones is not
considered: we will discuss later on that enabling it would
make solving the MS problem at optimality prohibitive.

Allocating resources in this system requires two
decisions:

1. which flows in D should be scheduled as DM or IM, a
decision which we call mode selection (MS);

2.  how to allocate RBs to all flows in F on each TTI, once

the above decision has been made, which we call
packet scheduling (PS).

Hereafter, we present a general framework to solve the
above problems.

4 Resource allocation framework

We first argue that MS and PS should occur at very dif-
ferent timescales: the MS at a coarse one (e.g., hundreds or
thousands of TTIs) and the PS once per TTI. Intuitively,
the MS should—in theory—be run as frequently as possi-
ble, so as to ride channel peaks and select the best mode for
each flow. However, when a flow is switched (e.g.) from
DM to IM, a burst of losses may occur. In fact, a sender
uses different radio bearers to peer with different receivers.
As stated in [17], different radio bearers come with dif-
ferent PDCP and RLC entities, which in turn have inde-
pendent sequence numbering. Thus, PDU
number cannot be assumed to be synchronized on different
RLC connections. With reference to Fig. 7, consider a DM
flow having UEs a and b as endpoints. At time #;, b’s RLC
expects a PDU whose sequence number is 101. However, if
the mode is switched to IM at ¢, then b will peer with the
eNB’s RLC entity, which will expect a different next
sequence number (251, in this example). Note, further, that
the eNB relays PDUs from a to b employing two separate
RLC entities in any case, peering with a and b respectively,
and that UL RLC PDUs coming from a will travel the

sequence
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Fig. 6 Example of UL subframe allocation with spatial reuse,
compatible with the mode selection of Fig. 3
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Fig. 7 Effects of mode-switch on RLC communication

protocol stack up to at least the IP layer before climbing it
down again for the DL leg. RLC PDUs in the DL leg will
thus have yet another, unrelated numbering, as well as a
different fragmentation. Having separate RLC entities
implies that, after a mode switch, all PDUs buffered at the
“old” RLC entity will need to be discarded, since their
numbering is unsuitable for the new RLC connection.
Moreover, the flow may not switch back to the old one
anytime soon (or ever again), hence keeping them buffered
for possible later use makes no sense. Depending on how
fast the PDCP sends down SDUs to the RLC, and how
slowly the MAC requests RLC PDUs to the RLC, these
losses may be significant. Moreover, fragments of RLC
SDUs that have already made it to b at the time of the mode
switch will be discarded as well (when b’s RLC reassembly
timeout expires), since their missing counterparts, buffered
at a’s “old” RLC entity, will be discarded. The same
problem occurs, obviously, also when switching from IM
to DM, where it is exacerbated by the fact that losses can
occur independently on the UL and DL leg of the IM path.
We also observe that using a different RLC—notably AM,
despite recommendation to the contrary in the standard
[1]—would not solve the problem. In fact, although AM
allows a sender to know which RLC PDUs have/have not

791
Mode List of DM/IM flows Packet >
Selection Scheduling | UL subframe
allocation
Average Instantaneous

ates CQI:
e Aggregator e COF |

Fig. 8 High-level
framework

block diagram of the resource allocation

made it to the peer entity, when switching from IM to DM
there is no way for a to know what has got to b, since b’s
RLC—b being two hops away—is not peering with a’s at
that moment.

Now, losses due to frequent mode switching impair the
throughput of the flow and of the cell as well, as we show
later on in Sect. 5. Minimizing the impact of these losses is
in fact one of the main reasons why MS must be performed
at coarse timescales, the other one being that its overhead
is non negligible. On the other hand, it is self-evident that
PS should occur on a per-TTTI basis, since the backlog and
channel state of UEs change at a comparable timescale.
Long-term resource booking, as discussed in Sect. 2, is in
fact inefficient. Finally, we underline that the sets of flows
on which MS and PS decisions are to be made are different:
MS is for flows in D, PS is for all flows in F.

Figure 8 reports a high-level view of our solution. The
MS module makes decisions at periods of T TTIs (in the
order of hundreds or thousands of TTIs). It selects between
DM and IM for each flow in D, taking into account rate
requests, long-term channel quality statistics, availability
of resources in both the UL and DL subframes, and
simultaneous presence of D2D-ineligible flows. The PS
module actually allocates resources on each TTI, taking
MS decisions as inputs, and based on the instantaneous
channel quality and UE buffer status. An aggregator is
required to average TTI-level information over a period
and provide input to the MS module, i.e., achievable rates
and subframe occupancy.

From a network operator perspective, the objective of
resource allocation could be one among meeting rate requests,
minimizing energy consumption, maximizing fairness among
UEs or some combination of the above. The framework pro-
posed in this paper is general enough to account for each of the
above objectives. For ease of explanation, we will detail the
solution in the hypothesis that sources are constrained by a
traffic profile specifying a maximum long-term sending rate,
and we will then show that little modifications are required to
pursue alternative objectives.

4.1 Mode selection
The MS module runs a decision algorithm that states on

which path a communication should take place, whether
DM or IM. While flows in D are not involved in MS, they
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do occupy resources in both the UL and DL subframes. Let
MYE and MPE be the average, taken over the last period, of
the RBs left unused by flows in D in the UL and DL
subframes, respectively. Although we assume that DM
communications insist on the UL subframe, when a flow is
scheduled as IM its data must travel to the eNB, then it
must come down in the DL. However, if the DL subframe
does not have enough resources for scheduling that flow,
communication may incur excessive delay. Thus, occu-
pancy of the DL subframe should also be considered in the
decision process of the MS module. For each flow i € D,
let R! be the average MAC-level rate achievable on link
I € {SL, UL, DL}, the latter two being the legs of the IM
communication. These values are computed by the aggre-
gator by averaging the rates of the last period. The output
of the MS can be obtained as the optimum of an opti-
mization problem. The latter can be formulated in two
different ways, based on whether or not spatial reuse is
allowed among DM flows. The solutions state which mode
a flow will use to communicate during the next period, and
give an indication of what percentage of the UL subframe it
is likely to occupy. We discuss MS without spatial reuse
first, and then add spatial reuse.

4.1.1 Mode selection without spatial reuse

The problem is as follows:

max Yep (8- RSE 4+ V- RVY) — (s +1;) - 0i/T]

l

S.t.
Siepall - RUL RV < M-
Siep (54 ) <M

XL RSE 4+ xVE . RVL < A,

L <min{MY:, A; /R - d;

xUE <min{M"E A; /RVEY - (1 — d))
s;>d; — D;’ld

t; > D% — 4

Vie D
Vie D
Vie D
VieD
VieD

di,si,t; €{0,1}Vie D, xtx'leRtVieD

simultaneously in a period, either x** or xL will be null.
The second addendum estimates the throughput lost due to
a mode switch: when a flow is switched, buffered RLC
PDUs (Q;) will be discarded, hence a throughput loss equal
to Q/T needs be considered, T being the MS period. s;, ;
are two binary variables, either of which is set when the
mode is switched. The rationale is to prevent a flow to
continuously change the communication mode, unless the
throughput gain is higher than the reduction due to dis-
carded PDUs. Constraint (i) states that we cannot send in
UL more traffic than we can carry in DL: the total UL
throughput is in fact x”“-RY", and this must be equal to the
DL one (otherwise either queueing at the eNB occurs or
resources are wasted). The resources required in the DL
subframe to achieve this goal are thus xYL-RVE/RPE. In
practice, constraint (i) implies that—if the DL subframe is
full—then it is wise to set as many flows as possible to DM.
Constraint (ii) states that the allocation for all flows in F
must fit in the UL subframe. Constraint (iii) specifies that
the flow throughput cannot exceed its maximum sending
rate. Since this is a maximization problem, the solver will
push the left hand side of (iii) towards the upper bound A;
in any case. If achieving all the A; is impossible, then the
MS will still select modes trying to achieve the highest cell
throughput. Note that it is the PS that actually allocates
RBs, and it does so using actual backlogs and CQIs,
available on each TTI. Variable d; is binary, and is set

The objective function (to be maximized) is the sum of
the throughput of each flow, which consists of two parts.
The first one is the average rate that the flow is expected to
achieve in the coming period: x3, xYL are the average
number of RBs virtually occupied by a flow i over the SL
and UL, respectively. Note that we consider these to be
real-valued, since we are concerned with long-term average
rates, hence a continuous relaxation (i.e., a fluid approach)
is justified. Since a flow i cannot be in both DM and IM
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when flow i is in DM. Hence, constraints (iv—v) ensure that
either X or x is null. Constraints (vi-vii) state that
binary variables s; and #; are set if there is a mode switch,
i.e. if d; differs from its previous value D?ld. Finally, con-
straint (viii) specifies the problem variables and their
domain. Note that only variable d; will be used later on by
the PS. The other variables, notably x°*, xYL, s; and t;, are
only helper variables, since resource allocation is per-
formed by the PS.
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The above is a Mixed Integer-Linear problem (MIP),
with O(D) variables and constraints. MIPs are NP-hard in
general. However, they can be solved quite fast, even at
optimality, if their size is not too large.

4.1.2 Mode selection with spatial reuse

Spatial reuse among DM flows improves the overall
throughput, as more UEs are served simultaneously in the
same RBs. On the other hand, interference comes into play
and must be managed. Conflict Graph (CG) serves this
purpose. DM flows for which an edge exists in the CG must
be serialized, i.e., must occupy different RBs. In the UL,
Single Carrier-Frequency Division Multiple Access (SC-
FDMA) imposes the restriction that RBs allocated to a UEs
should be adjacent, hence we need a variable 7; to denote
the RB index where flow i starts its transmissions. 7; + x3*
determines the RB index flow i ends its transmissions. The
left side of Fig. 9 shows an example of a valid allocation
for two conflicting flows i and j, whereas the right side of
Fig. 9 shows an invalid allocation, due to the overlapping
between RBs allocated to i and j.
The MS problem with spatial reuse is the following.

max Y [(F - REE 4 xPE- RPE) — (s + 1) - Qi/ T

l

S.t.

Constraints (i—v), (ix—x) are the same as in (1), the only
difference being in (if), where instead of the sum of the RBs
over all DM flows, we use the overall amount n>" of the RBs
occupied by DM flows, thus accounting for reuse
(n®t < Y. p xih). Constraints (vi-vii) define the sequencing
of conflicting DM flows i and j in the subframe, i.e. the
direction of the edges in the CG. Note that, due to the term
(I — d;) + (1 — d)), these three constraints are automatically
verified unless i and j are both DM flows. In this last case,
whether (vi) or (vii) are active is determined by binary vari-
able o;;, which is 0 if i precedes j and 1 otherwise. Finally,
constraint (viii) defines the right extreme n°" of the portion of
subframe allocated to DM flows. This MIP has O(D + |E|)
variables and constraints, E being the set of edges in the CG.
Therefore, we can expect spatial-reuse MS to be harder than
the one with mutually exclusive resources, all else being
equal. We will show later on in Sect. 5 that the cost of solving
(2) at optimality is however compatible with the timescale at
which we want it to work. Note that allowing reuse between
one IM flow and one or more DM ones would entail including
D2D-ineligible flows into the CG as well. These in turn form a

D-clique of conflicts, thus adding D" edges to E. While the
formulation changes only slightly, the time involved in

S e 2% - RV /RPE < P (i)
L4 S ep XUE < MUL (i)
xF - RSE 4+ xVE . RVE <A Vie D (iii)
L <min{MY:, A; /RS- - d; VieD (iv)
xVE<min{MYL A; /RVE} - (1 — d;) VieD (v) @)
M+ Xt <m 4+ MU o+ (1 —dj) + (1 —d))] Y(i,j) €eE  (vi)
m+ xSt <m+ MU [(1—o0y) + (1 —di) + (1 —dj)] V(i,j) €E (vii)
T+t <nSt+ MUYE (1 — dy) VieD (viii)
s;>d; — Do VieD (ix)
t;>D" — d; VieD (x)
di,si,t; €{0,1}Vie D, o, € {0,1} V(i,j) € CG (xi)
xlx e RYVieD, nfteR' (xii)
rus s idminals Eon
conflicting flows T 7+ xiD.\l freqg T, : ”I: + xzDM freq
I |
| | Flow j
m, o A X freq L I L freq
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solving it at optimality becomes prohibitive, so that heuristics
are needed. Finally, we observe that, when spatial reuse is
allowed, values R?M do account for the interference gener-
ated by all the (non-conflicting) D2D flows which may have
shared RBs with flow i. Interference decreases the SINR,
which in turn decreases R”. We will show in Sect. 5 that this

max g, (bi - COIF" — pi) + D icBuy (b: - coIf* — pi)
S.t.

n’t + ZieB,M bi<M

bi- COL < Qi + p;
pi<COIL —1

i+ b <m+M- oy

M+ b <m+M-(1—o)
7 4+ b; <nSt

ezt

bi,pi € Z*

WL e 7+

0 € {0, 1}

Vi e BDM U BIM
Vi € Bpy UBpy

Under spatial reuse, we need to devise different sched-
ulers, that exploit sharing RBs among non-conflicting DM
flows. We call Bpy, and By, the set of backlogged DM and
IM flows, respectively. Let Q; denote the backlog of flow i.
The max-throughput schedule for both DM and IM flows is
the optimum of the following problem:

(
(
(
V(i,j) € E (iv) 3)
V(i,j) € E (v)
Vi € Bpy (vi)
Vi € Bpy (vii)
Vi € Bpy UBpy  (viii)
(ix)
V(i,j) € E (x)

makes the MS problem robust to misconfigurations of the
conflict threshold.

4.2 Packet scheduling

Once modes are selected, we need a packet scheduler that
actually allocates the RBs of the UL subframe on each TTI,
to all flows in F.” In fact, values x?*, x computed by the
MS are based on long-term average rates, inferred from
those achieved in the past period, and maximum rates A;.
PS instead exploits fresh CQIs and actual instantaneous
backlogs to make an efficient TTI-level resource alloca-
tion. Note that, at this stage, DM flows are a subset of D,
whereas IM flows are a set that includes D. When spatial
reuse is not allowed, any traditional scheduling algorithm
suitable for the uplink (e.g., MaxC/I, Proportional Fair,
Round Robin, etc.) can be used, since DM and IM flows
need not be distinguished in principle. Priority-aware ver-
sions of the above schedulers can also be used, if neces-
sary, e.g. to prioritize DM flows over IM ones. Strictly
speaking, the PS need not even have the same objective as
the MS: for instance, both MaxC/I and PF scheduling can
coexist with MS (1). Using one or the other will yield
different long-term rates R! (likely, lower for PF than for
MaxC/T), and MS will adapt accordingly.

2 Note that PS on the DL subframe is unaffected by our framework,
hence is not mentioned further in the paper.
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Problem (3) aims to maximize the amount of backlog
cleared (minus the padding p;), where b; is the number of
RBs allocated to flow i. CQI; is the number of bits per RB
for flow i in its selected mode. Constraint (i) states that all
the schedule must fit in the UL subframe. Constraint (i)
states that the number of RBs given to a flow is upper
bounded by its backlog, plus some allowance for padding,
which is however limited to less than one RB’s worth by
constraint (iii). Constraints (iv-vi) enforce conflict graph
precedence among the allocations for DM flows. Whether
(iv) or (v) are active is determined by binary variable oy,
which is 0 if i precedes j and 1 otherwise. These constraints
are similar to (vi-vii) of Problem (2). However, recall that
variables o;; in (2) are only helper variables and are not
conveyed to the PS. In fact, PS is free to decide to allocate
either i before j in the subframe or vice versa. Mutual
exclusion among IM flows, implicitly defined by the LTE
standard, is taken into account in constraint (). Note that b;
and 7; are integer variables now, since we are now
assigning RBs in a single subframe instead of making a
long-term resource planning. Problem (3) is a MIP with
O(|Bpy| + |Bu|) variables. Solving it in a TTI time may
be infeasible if many flows are backlogged simultaneously,
hence we present a low-complexity heuristic.

Assume that the allocation is recorded into a binary
M x D RB matrix (shown in Fig. 10, left). Element (i,j) of
the RB matrix is equal to one if RB i is allocated to flow
J- The CG can also be represented by a D x D binary
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Fig. 10 RB matrix (/eft) and <« flows——— P «—flows
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Fig. 11 Pseudo-code for the

e 1 IM bottom = M // last RB unoccupied by IM
best-fit heuristic 2 DM:top =0 // topmost RB occupied by DM
3 RB matrix = all Os
4 IM allocable = TRUE
5 sort flows by decreasing CQI
6 while (flow list not empty)
7 extract top flow i
8 B = ceiling(Qi/CQIi)
9 if (1 is IM)
10 | 1f (IM allocable)
11 | B = min{B, IM bottom-DM top}
12 | allocate B RBs to flow i
13 | IM bottom -= B
14 | IM allocable = (IM bottom>DM top)
15 | end if
16 else // DM flow
17 |5 =1
18 | best = try = 0
19 | best RBs = try RBs = {}
20 | while (j<=IM bottom)
21 | if (RB matrix([j] AND CG[i])==0
22 | | try++
23 [ | try RB = try RB U {j}
24 | else
25 | | if (B<=try<best) OR (best<try<B)
26 | | best = try
27 | | best RBs = try RBs
28 | | end if
29 | | try RB = {}
30 | | try = 0
31 | end if
32 | J++
33 | end while
34 | while (B>0) AND (best RBs not empty)
35 \ extract top k from best RBs
36 | set bit (k,1) in RB matrix
37 | B--
38 end if
39 end while

matrix (shown in Fig. 10, right). Element (i) of the CG
matrix is equal to one if arc (i) is in the CG. With ref-
erence to the pseudocode of Fig. 11, the heuristic works as
follows: DM and IM flows are sorted in a single list by
decreasing CQI (line 5). Cyclically, flows are extracted
from the top of the list and served until their backlog B is
cleared or no more RBs are available. However, IM flows
are allocated backwards starting from the end of the UL
subframe (lines 9-15), whereas DM flows are allocated

forward starting from the beginning of the subframe, using
a best fit algorithm to regulate the conflicts: flow i is
allocated a set of contiguous RBs not occupied by con-
flicting DM flows (lines 17-37) until the part of subframe
occupied by IM flows is met. This allows us to do without
enforcing a fixed resource partitioning between the two
groups of flows. Instead, the boundary changes dynami-
cally, based on the backlog and conflict state of the flows.
For each DM flow i, requesting b; RBs, the algorithm
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Fig. 12 Detailed information flow for the framework

searches for the available groups of contiguous RBs and
allocates either (line 25):

e );RBs in the smallest group larger than or equal to b;, if
there is one, or,
e the size of the largest group smaller than b;, otherwise.

Checking if RB j can be allocated to DM flow i only
requires to AND row j of the RB matrix and row i of the
CG matrix (line 19). The complexity of the heuristic is
O(F log F + D-M): the first term is due to flow sorting
(and is common to schedulers without spatial reuse, such as
MaxC/I or PF), and the second is due to the inner while
loop that finds available RBs for a DM flow, assuming that
the bitwise AND of line 21 can be done in constant time.
Such assumption is reasonable with large machine words.
This complexity is clearly affordable in a TTI, given that
M can be up to 100 in practice.

We are now in a position to recap the details of our
framework, which we do in Fig. 12. The latter shows in
detail the flow of information within our framework. In
particular, we highlight two aspects. First, MS only indi-
cates which flows are DM and which ones are IM, thus the
PS is free to obtain the TTI-level resource allocation
without using the long-term allocation performed by the
MS. Second, PS provides the MS (via the aggregator) the
information about the amount of available RBs for both UL
and DL subframes, i.e. the RBs left unused by flows in D.

4.3 Generalizations

We now show how the two main blocks of our framework,
namely MS and PS can be adapted to pursue different high-
level objectives.

As far as MS is concerned, problems (1) and (2) can be
readily transformed into others, simply by modifying the
objective function and/or few constraints. For instance,
proportional fairness can be simply enforced by using the
following objective function in (1) or (2):

WL RS 4+ UL RUL
i i i i >(Si+ti)'Qi/T7

mx Y, |

where r; is the long-term rate of the flow in the previous
period. Moreover, an objective that is of interest for future
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5G networks is maximizing the energy efficiency of the
system, computed as the spectral efficiency divided by the
energy consumed by the whole system [18-21]. According
to well-established eNB energy consumption models [22],
the consumed power is proportional to the number of RBs
transmitted by the eNB in the DL subframe. On the other
hand, the eNB consumes little energy for DM flows, i.e.,
the one required to respond RAC handshakes, which is
negligible, and the one for transmitting signaling and
control information. Since we assume a constant transmit
power for the eNB, maximizing an energy efficiency
function like the one proposed in [18-21] results in mini-
mizing the energy consumed by the eNB. This can be
achieved by limiting the transmissions having a DL leg,
i.e., by sending as many of D’s flows in DM as possible.
Thus, a min-energy (mE) MS can be obtained by substi-
tuting objective function min .y, xVF - RYE /RPL in (1-2).
The latter sets modes so as to minimize the portion of the
DL subframe booked for flows in D. Constraint (i) then
becomes redundant, and the inequality in constraint (iii)
must be reversed, since we are now facing a minimization
problem and we need to satisfy the requested rate of flows
in D (otherwise the solver would just nullify each UL
assignment). The alert reader will observe that other
objectives (e.g., max—min fairness) can be accommodated
via similar modifications.

Regarding PS, the same generalizations as above can be
applied to problem (3), mutatis mutandis. For instance, an
optimal PF with spatial reuse can be formulated simply by
dividing each term in the objective function by the long-
term rate of their flow. More interestingly, the heuristic of
Fig. 11 can be reused as well: all it takes is to sort flows
differently (e.g., by decreasing PF score) to enforce the
required criterion. Moreover, an orthogonal choice can
even be made on whether to schedule DM and IM flows
jointly, sorting both in the same list—as we do in our
framework—or by prioritizing either set, by using two
sorted lists and scanning one before the other.

5 Performance evaluation

In this section we evaluate the performance of the frame-
work presented in Sect. 4. Our evaluation is carried out
using SimulLTE [23, 24], a C++ system-level simulator
developed for the OMNeT++ framework [25]. SimuLTE
simulates the data plane of the LTE/LTE-A radio access
network, including all the protocol stack from the PDCP to
the physical layer. It also simulates resource allocation at
the eNB in the DL and UL subframes. In order to support
network-controlled D2D communications, we had to
implement several protocol-related functions besides all
the framework described in Sect. 4, and, while doing so,
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Fig. 13 Reference scenario for the simulations

Table 1 Simulation parameters

Parameter Value
Carrier frequency 2 GHz
Bandwidth 5 MHz
Number of RBs 25

Circle (OMNeT++ model)
ITU urban macro

Mobility model
Path loss model

Fading model Jakes

eNB Tx power 40 dBm (macro), 20 dBm (micro)
eNB antenna gain 18 dB

Noise figure 5 dB

Cable loss 2 dB

Simulation time 30s

No. independent replicas 5

we had to make decisions on a non-negligible practical
issue, which we have not observed in any related work so
far: MS interferes with H-ARQ. In fact, a mode switch
might occur when some H-ARQ process is in retransmis-
sion. At least two strategies may be envisaged to deal with
this: one is to only switch idle H-ARQ processes, allowing
busy ones to complete their cycle of retransmission before
switching them too, the other one is that all pending
retransmissions are aborted and started anew in the new
mode. Solving this issue is clearly outside the scope of this
paper, thus we stick to the first solution henceforth.

We simulate an LTE-A cell managed by one eNB
endowed with an omnidirectional antenna (see Fig. 13).
Inter-cell interference is generated by three micro-eNBs
located at 1000 m, at a 120° angle. Micro-eNBs are ani-
sotropic, pointing toward the macro-eNB, and the attenu-
ation is A(0) = min {12-(6/70°), 25}, 0 being the angle
between the micro and the receiver. eNBs use the same
transmit power over the whole spectrum. The interference
generated by micro-eNBs reduces CQIs in the DL so as to
simulate a more realistic scenario. We assume 5 MHz

bandwidth, resulting in 25 RBs per subframe, in order to
reach saturation with a reasonable number of users. Path
loss, shadowing and fading models are taken from [26].
System parameters are summarized in Table 1. We simu-
late both D2D-eligible and D2D-ineligible flows. The latter
can be either UL or DL flows, which means that these flows
have either the transmitter or the receiver within the cell,
and communicate with a server which sits beyond a router.
We assume instead that the packets of IM flows having
both endpoints in the cell reverse their direction at the eNB,
without going any further (e.g., all the way up and down
some dedicated network element in the Evolved Packet
Core network). Such assumption, which is common to all
the literature, allows us to discount non-radio access delays
and bandwidth and processing bottlenecks. Unless speci-
fied otherwise, UEs follows circular trajectories whose
center is at a maximum distance of 100 m from the eNB
and whose radius ranges from 20 to 50 m, at a maximum
speed of 10 m/s. The centers of the trajectories of two
peering UEs are at a maximum distance of 25 m. This is
done to allow communicating UEs to spend amounts of
time where both modes are actually feasible, albeit with
different CQIs. The UM RLC is used at all nodes.

Our evaluation is aimed at highlighting which benefits
are due to which design choice. Thus, we start with eval-
uating the MS period and overhead; we then compare our
MS with others available in the literature. Moreover, we
show that the computation cost of the optimal PS is
infeasible, and that our best-fit heuristic performs close to
the optimum. Finally, we assess the impact of spatial reuse.

5.1 Mode selection period and overhead

We first investigate the effects of varying the MS period on
the loss rate. Then, we provide figures regarding the
overhead of solving MS at optimality.

As previously said, mode switching implies discarding
of RLC buffers. Figure 14 shows the packet loss at the
RLC level as a function of the MS period T. It is clear that
periods below 500 ms are unadvisable, since the mode for
D2D-eligible flows is switched too frequently. Moreover,
note that we allow pending H-ARQ retransmissions to
complete before switching, and losses could be even higher
otherwise. From now on, we set the period at T = 1 s.

We then simulate 25, 30 and 35 D2D-eligible flows, 10
D2D-ineligible UL flows and 50 D2D-ineligible DL flows,
transmitting CBR traffic (a 100-byte packet every 10 ms).
Figure 15 shows the cumulative distribution function
(CDF) of the time needed to solve the MS problem at
optimality, using the ILOG CPLEX solver [27] on an
Intel(R) Core(TM) i7 CPU at 2.80 GHz, with 8 GB of
RAM and a Linux Ubuntu 12.04 operating system. As the
figure shows, these times are mostly lower than 100 ms,
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Fig. 14 Average RLC packet loss ratio with different MS periods
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Fig. 15 CDF of the execution time of the MS problem

thus they are fully compatible with the period at which it is
safe to run MS, e.g. 1 s. Note that no attempt at an opti-
mized solution algorithm for problem (2) has been made
(e.g., one exploiting the structure of the problem), and that
the times recorded in the figure include context switches
and the time spent exchanging the problem instance and
solution via memory-mapped files between SimuLTE and
CPLEX. We are then justified in believing that these times
can be abated even further if needed and that the optimal
solution can be found in reasonable time also with a higher
number of D2D-eligible flows. Finally, we remark that the
size of problem (2) does not depend on the number of RBs,
thus its complexity is affordable also with higher
bandwidth.

5.2 Comparison with other MS schemes

We compare our MS scheme against two static and two
dynamic schemes. The static ones select all flows in D to
be DM and IM, respectively (the second choice corre-
sponding to traditional cellular communications). The two
dynamic schemes are a Random one and the one in [4],
which we call Max-CQI for brevity. The Random
scheme selects the same percentage of flows as our
scheme to be DM or IM, but assigns them to either mode
randomly. This allows us to ascertain what the added value

@ Springer

is of selecting not only the right number, but the right set of
flows. The Max-CQI one assumes instead that the eNB
knows three SINR values for each flow in D, one for IM
and two for DM, namely with and without spatial reuse.
Then, the expected throughput is estimated as a function of
the SINR and the available resources for each flow. The
latter are obtained based on the number of UEs, instead of
on their backlog. Each flow in D will use the mode with the
highest expected throughput, without taking into account
any global metric. Note that [4] does not mention how to
do PS: thus, to make the comparison more challenging, we
endow both the Random and the Max-CQI schemes with
the same conflict resolution as ours wherever reuse is
allowed, run them at the same period, and employ our very
same PS heuristic at the TTI timescale. Thus, any perfor-
mance difference is only due to the MS scheme employed.

We first simulate 25 D2D-eligible flows, sending 100-
byte packets each 10 ms, and 50 D2D-ineligible DL flows,
that send packets with the same period and constant size.
The latter varies from 200 to 600 bytes, so as to congest the
downlink subframe progressively. All UEs are in a 100 m
radius from the eNB. Figure 16 shows the sum of the
application-level throughputs at the destinations of flows in
F, whereas Fig. 17 shows the percentage of D2D-eligible
flows sent to DM, both as a function of the overall offered
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Fig. 16 Application-layer cell throughput
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Fig. 17 Average fraction of DM flows
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load. When all flows are statically assigned to IM (All-IM
scheme), there soon comes a point (at about 16 Mbps of
offered load) where the cell cannot accommodate all the
DL flows. In fact, packets sent to the eNB have to traverse
the DL leg to reach their destination, further increasing the
congestion of the DL subframe. The Max-CQI scheme se-
lects DM for some flows and exploits spatial reuse in the
UL subframe, but ends up sending too much in IM in any
case (45 % of D2D-eligible flows, as shown in Fig. 17),
since it is oblivious of the increasing congestion in the DL.
Our scheme, instead, outperforms both because it avoids
sending in the UL what cannot come down in the DL. In
fact, when the cell approaches saturation, our MS
scheme offloads the DL subframe by sending more than
90 % of D2D-eligible flows in DM. This shows that
making the MS aware of the available resources in both UL
and DL significantly improve the cell throughput. Note
that, in this scenario, the Random and All-DM schemes
perform exactly like ours. This is no wonder, since all these
schemes assign all D2D-eligible flows to DM when the cell
saturates. Our scheme also reduces the communication
latency. Figure 18 shows the CDF of the application-level
delay for flows in D, at an offered load of 18 Mbps. The
Max-CQI and the All-IM schemes saturate the cell and data
experience queueing at the eNB, thus their delay is higher
than our scheme’s. Although the Random MS achieves the
same throughput as our MS, this result is paid for with
higher delay, since selecting DM for flows having bad
channel conditions, e.g. with endpoints too far apart,
increases their latency.

The advantages of our scheme with respect to the All-
DM and Random ones are best appreciated in a denser
scenario, with 50 D2D-eligible flows. UEs are static and
the distance between flow endpoints is at most 25 m.
Sources are CBR, sending 500-byte packets every 10 ms.
Figure 19 shows the application-layer cell throughput
against the conflict threshold. Low threshold values make
the conflict graph highly connected, which minimizes
interference, but also hampers spatial reuse and, as a

08
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Fig. 18 CDF of application-layer delay, offered load = 18 Mbps
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Fig. 20 Reuse factor

consequence, the overall throughput. As the threshold
increases, conflicts disappear progressively, allowing
spatial reuse, which results in a remarkable increase of the
cell throughput. However, increasing the threshold further
reveals another, negative effect: cumulative interference
prevails, reducing the SINR of DM flows, hence ulti-
mately the cell throughput. This is in fact what happens
with the AIl-DM curve. Our MS scheme shows little
dependency on the conflict threshold, unless of course the
latter is so low as to prevent reuse at all (e.g., <—70db). In
fact, the rates actually employed in our MS are fed back
from the MAC, and they do include the interference made
by flows marked as non-conflicting in the CG. Thus, with
a high conflict threshold, some D2D-eligible flows are
still assigned to IM to protect them from an otherwise
intolerable interference. This is made evident in Fig. 20,
where we plot the average reuse factor per RB (i.e., the
average number of flows using that RB). When the
threshold is set to -40db, our proposed scheme limits the
reuse factor to 6, against 9 of the All-DM scheme. The
reasons behind the poor performance of the Random
scheme are excessive packet loss, due to poor choice of
the flows sent to DM and uncorrelated MS in adjacent
periods, i.e., some flows swap modes at each MS period,
hence their RLC buffers are repeatedly discarded.
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5.3 Packet scheduling optimality and time cost

We now discuss the optimality of the best-fit heuristic. For
the optimal scheme, we run simulations where Problem (3)
has been solved at each TTI, using CPLEX with an opti-
mality gap of 5 %, hence results of the heuristic are
rescaled by 0.95 to err on the safe side. We simulate an
increasing number of D2D-eligible flows, ranging from 10
to 30, and 10 D2D-ineligible UL flows. All sources send
100-byte packets every 10 ms. In order to evaluate only the
impact of PS, we disable the MS part of our framework and
assume that all D2D-eligible flows are DM flows. Fig-
ure 21 shows the sum of the application-layer throughput
for all flows in F using the best-fit heuristic and the optimal
PS (scale on the left vertical axis), together with the cor-
responding optimality ratio (the dash-dotted line, whose
scale is on the right vertical axis). With 20-25 flows, the
UL subframe is not completely utilized and the heuristic
achieves practically the same throughput as the optimal
solution. As more flows need to be scheduled, the opti-
mality ratio decreases slightly, but stays above 0.85 in any
case. Unfortunately, it is impractical to solve scenarios
with higher load at optimality, due to the complexity of
Problem (3), which increases with the number of flows.
Figure 22 reports the average time needed to solve one
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Fig. 21 Application-layer cell throughput and optimality ratio,
optimal PS versus best fit PS
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instance of the optimization problem. As expected, the
optimal solution is not affordable within the TTI limit, not
even at low loads. In particular, computation times are one
to two orders of magnitude above the time limit already
with 20—40 flows. With 50 flows, the average time is about
14 s, and is not reported in Fig. 22 for ease of reading.
Although it is likely that these times can be abated through
careful reformulation of the problem and/or exploiting
more powerful hardware, a TTI-bounded solution could be
achieved only with low loads (e.g., 20-30 flows in F), i.e.,
exactly where the best-fit heuristic is near-optimal.

5.4 Spatial reuse

Spatial reuse allows different flows to be allocated in the same
RBs, so it can improve the system performance. On the other
hand, interference must be managed. Figure 23 shows the
distribution of the SINR that a receiver would perceive from
its peering UE located in the center of the area—i.e., the
triangle at coordinates (1000,1000)—in different resource
sharing situations. SINR increases going from red to green.
Circles and squares represent, respectively, active and inac-
tive transmitters of other DM flows (corresponding receivers
are not shown). If uncontrolled spatial reuse is employed, all
UEs may be allocated in the same RBs as the central UE, thus
producing high interference. This results in low SINR for the
receiving UE, unless the latter is within a 15-20 m radius
around the transmitter (see the green area in the leftmost part
of Fig. 23). On the contrary, if spatial reuse is prevented, the
SINR distribution is the one depicted in the central part of
Fig. 23. Here, flows are allocated in different RBs and the
green area becomes much wider, allowing the UEs to use
higher CQIs. The latter represents the interference situation
when a reuse-unaware scheduler is used, e.g. MaxC/I. How-
ever, such approach is oblivious to the fact that different DM
flows may be far enough for their mutual interference to be
negligible. In this case, enabling spatial reuse would be
preferable, so as to reduce the resources required in the UL
subframe. The rightmost part of Fig. 23 shows the same
scenario as above, where some of the neighboring UEs can
reuse the same RBs as the central UE (the circles in the fig-
ure), whereas some others cannot (the squares in the figure).
The green area is obviously smaller than that in the central
figure, but the SINR is still acceptable within a radius of
90-100 m around the transmitter. Note that this result is
obtained by allowing resource sharing only among UEs
located far from the central one, which confirms that a careful
selection of which flows can reuse the same resources is
required.

We assess whether the advantages of spatial reuse
overtake the disadvantages caused by the interference in a
dense scenario. To this aim, we compare our MS with
spatial reuse to that without spatial reuse. The former uses
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the best-fit heuristic as a PS algorithm, whereas the latter
uses MaxC/I.

We simulate an increasing number of D2D-eligible flows,
with 10 D2D-ineligible UL flows and 50 D2D-ineligible DL
flows, all sending 100-byte packets every 10 ms. The center
of the circular trajectories followed by UEs is at a maximum
distance of 300 m from the eNB. Figure 24 reports the sum of
the application-layer throughput for flows in F. The benefits
of spatial reuse are clearly visible and begin at moderate loads
(80 flows in D), where the scheme without spatial reuse

begins to saturate the UL subframe. Moreover, as shown in
Fig. 25 for 30 flows in D, even at low traffic loads (when
MaxC/I achieves the same throughput) delays are smaller
with spatial reuse, since UEs’ data experience less buffering
delay at the sender side. Such results are obtained thanks to
the combined use of the conflict graph and the MS. In fact,
besides the restrictions imposed by the former, MS can decide
to assign some D2D-eligible flows to IM (i.e., those receiving
high cumulative interference if they are assigned to DM),
which do not share resources with DM flows.

5.5 Discussion

The above sections have highlighted the following major
results on how to deal with mode selection and packet
scheduling for D2D communications. First, MS cannot be
performed too fast. However, since packet scheduling need
to be run every TTI, it turns out that every attempt to
jointly perform MS and PS may lead to inefficient man-
agement of the resources. Nevertheless, MS and PS cannot
be treated as independent problems: results have shown
that higher cell throughput is achieved when MS is aware
of how much resources need to be allocated to D2D-inel-
igible flows, in both the UL and the DL subframes. In
addition to this, not only the right percentage of DM flows
should be selected, but also the choice of which flows use
DM should be taken carefully, lest UEs with bad SINR on
the DM link are selected for direct transmissions.

Second, a binary interference model is an efficient way to
deal with the inter-UE interference, despite its simplicity.
Acting on the conflict threshold allows one to obtain dif-
ferent level of protection and, consequently, different level
of spatial reuse. Cumulative interference is accounted for in
any case, since the MS exploits channel state reports from
UEs. For instance, whenever the CQI (i.e., the available rate)
of a flow in DM is low because of cumulative interference,
the MS module may decide to assign that flow to IM.

Third, D2D communications require specific PS algo-
rithms that are aware of the presence of both D2D-eligible

@ Springer



802

Wireless Netw (2017) 23:787-804

and D2D-ineligible flows, spatial reuse and interference
constraints. Solving at optimality the above problem is not
feasible at TTI timescale. However, it is possible to devise
efficient heuristics that can be run at each scheduling
interval. Since D2D communications occur preferably in
the UL subframe, the packet scheduler must take into
account the constraints of the SC-FDMA scheme, i.e. RBs
allocated to a UE must be adjacent.

Finally, the negative effects of spatial reuse on the
SINR, shown in Fig. 23, can be contained through the
combined use of a conflict graph in both MS and PS. This
way, spatial reuse brings benefits in terms of both
throughput and latency.

6 Related work

Available works about D2D can be categorized in inband
and outband [3], depending on whether D2D communica-
tions take place in licensed or unlicensed spectrum. Since
our work falls into the first category, we only review liter-
ature about inband D2D. The main challenges concern the
selection of the communication path (direct or eNB-relayed)
for a potential D2D pair of UEs, namely mode selection, and
allocation of resources, so as to mitigate the interference
arising from spatial reuse among cellular and D2D UEs.

Besides the algorithm proposed in [4] and discussed in
Sect. 5, [5] also addresses the mode selection problem. The
work in [5] is similar to [4], except that the former also
proposes a method for selecting the transmission power of
a D2D transmitter. As in [4], no global metric is taken into
account and packet scheduling is not discussed.

Packet scheduling is the focus of [9, 11, 6]. [9] models
allocation as a Mixed Integer Non-Linear Problem (MINLP).
Due to its NP-hardness, authors propose a graph-based
heuristic scheme, according to which each link can be allo-
cated at most one RB per scheduling interval, which is clearly
inadequate. The resource allocation scheme in [11] first
assigns RBs to cellular UEs, then tries to allocate RBs to as
many D2D pairs as possible, minimizing the interference
produced on cellular UEs. In this scheme, spatial reuse among
DM flows is not allowed, and flows are allocated only one RB,
similarly to [9]. [6] is a two-stage scheduling mechanism,
where the first and the second steps are run at large (i.e.,
several tens of TTIs) and short (i.e., one TTI) time scales,
respectively. First, the eNB prepares a RB allocation, deciding
which set of flows in F can share which RBs, so as to keep the
mutual interference below a predefined threshold. Second, the
eNB schedules cellular UEs according to some scheduling
policy (e.g., MaxC/I, PF etc.), whereas D2D pairs are allocated
the RBs granted in the first phase. RB allocation is modeled as
an optimization problem, which aims to maximize the mini-
mum number of RBs allocated to each cellular UE while
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satisfying the required number of RBs allocated to D2D pairs.
However, the amount of resources requested by D2D pairs can
be very different from one TTI to the next, thus long-term
allocation can become largely suboptimal after few TTIs.

Algorithms that tackle mode selection and packet
scheduling jointly have also been studied in [7, 8] and [10].
They formulate optimization problems under different
objective functions (e.g., maximize the overall throughput,
minimize the power consumption) and different types of
constraints. In any case, the problems are found to be NP-
hard, and heuristics are presented. We have already dis-
cussed at length that MS cannot be fast and PS cannot be
slow, if the effectiveness of resource management is a
concern. Thus, a joint approach must deal with the trade-
off between tolerable packet losses and optimality of PS.

Works [28, 29] discuss packet scheduling taking into
account the RB adjacency imposed by SC-FDMA, which is
employed in the uplink subframe in LTE-A networks. In
[28], the eNB schedules cellular UEs first, then pairs one
D2D flow with one cellular UE. To this aim, authors present
a MINLP problem and the corresponding greedy heuristic.
Work [29] assumes that RBs have already been allocated to
cellular UEs, then tries to optimize both power and RB
allocation for D2D flows. In particular, RB allocation con-
sists in partitioning the available RBs into Ny, disjoint con-
tiguous subsets, one per D2D flow. Since the number of
possible allocations is Np!, dynamic programming is used to
reduce the complexity of the problem. In both works, one-to-
one pairing between one cellular and one D2D flow is
advocated. This is constraining, since a D2D flow can only
use as many resources as its paired cellular UE, hence may
result in suboptimal decisions. For instance, if one greedy
cellular flow gets all the UL RBs, only one D2D flow will be
scheduled in that TTI. Moreover, no spatial reuse among
D2D flows is possible. On the other hand, our framework
allocates resources simultaneously for cellular and D2D
flows and exploits spatial reuse judiciously.

7 Conclusions and future work

This paper presented a framework to allocate resources in
D2D-enabled LTE-A cells. The framework relies on selecting
UE modes at long timescales (e.g., 1s) and scheduling
resources at TTI timescales, allowing spatial reuse among D2D
flows. Mode selection takes into account the availability of
resources in both the uplink and downlink subframes and the
mutual exclusion of interfering flows, leading to more effective
decisions We have shown that selecting modes dynamically,
according to cell-wide measures (e.g., the occupancy of both
the uplink and the downlink subframes) allows higher cell
throughput to be achieved. Moreover, our framework is robust
to (mis)configurations of the interference threshold.
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As for packet scheduling, we propose a best-fit heuristic

to manage the coexistence of DM and IM flows in the uplink
subframe. Such heuristic is near-optimal and affordable.
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