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Abstract—In LTE-Advanced (LTE-A), device-to-device (D2D)
transmissions allow two peering User Equipments tocenmuni-
cate directly without using the Evolved Node-B as tay. D2D is
regarded as one of the enablers to bring LTE-A in theontext of
vehicular networks, smart cities, or M2M applications. Research
on this topic is mostly carried out through link-level simulations.
In this work, we describe instead the modeling of BD into a sys-
tem-level simulator, namely SimuLTE, which enables uso ana-
lyze the performance of applications and higher-lagr protocols
using D2D transmission. We first describe the modielg within
the SImuLTE architecture, then we validate it and anajze the
performance of D2D communications with frequency rase.

Keywords—LTE-Advanced, D2D, resource allocation, syste
level simulation.

I.  INTRODUCTION

Device-to-device (odirect) communications allow two LTE-
A User Equipments (UEs) to communicate directlythaiit
using the eNodeB (eNB) as a relay. This can hapjibar with
or without the assistance of the network. Netwankasisted
D2D is foreseen for coverage extension or contingeeenari-
os: in this case, the two UEs occupy frequencyuress for
their communication autonomously, possibly usingpgnitive
approach. With network-assisted D2D, which is thgct of
this paper, the eNB instructs the receiving UEidteh on the
same resource blocks (RBs) granted for transmistiothe
transmitting UE, hence exchangesntrol information with
both, but is not involved irdata exchange. Using network-
assisted D2D, neighboring UEs can communicatdaat gpow-
er. This, in turn, allows the eNB to reuse the sé&emuency for
other D2D pairs — as well as to save the powerraike in-
volved in supporting the uplink and downlink legdsacrelayed
transmission between the same endpoints. Netwasikted
D2D can support several services, for instancer-irghicle
communications [15], Internet-of-Things (IoT) apglions in a
fog networking paradigm [8], or TCP-based file exwe [7].
D2D communications can be bathicast and multicast. Mul-
ticast D2D can be used for proximity-based servieeg., ad-
vertisement, alerts, e-gaming), whereas unicast B2A3ed for
peer-to-peer services, e.g. file transfer, browsingultimedia.

In the literature, there are indeed many workstedlao
unicast and multicast D2D transmissions, e.g., [#wever,
quoting [5], most of these are based either onyéioal tools or
on ad-hoc simulators, which can only focus on assubf the

key aspects of the system. However, the issuesowf D2D
transmissions affect higher-layer protocol operati¢e.g. TCP
congestion control) are largely unexplored, they ambrk we
are aware of being our previous works [6],[7]. Eim®ve pre-
liminary works show that cross-layer issues betwhigher-
layer protocols and D2D transmissions are significand non-
intuitive phenomena may occur. In order to be dbldook
deeper into these cross-layer interactions, a rmagdelf D2D
transmissions into a system-level simulator is iregu Moreo-
ver, D2D-communications are interference-constadingus
resource-allocation algorithms have to take thdfects into
account, for example by embedding either phatocol or the
physical interference models in the algorithm itself [9]. wizv-
er, this must be validated using a realistic chiinmedel that
accounts for interference by computing the Sigoal-t
Interference-and-Noise-Ratio (SINR) at the receiver

In this paper, we first describe how we model ustidd2D
communications from a system-level perspective laog to
integrate such model into the SIMULTE simulator 2 will
focus mainly on the resource allocation functiod an how the
interference is computed. Then, we validate theqsed model
via simulation and we evaluate the effects of fetence on
both system-level KPIs, such as the applicatioell¢hrough-
put, and on the running time of the simulator ftsel

The rest of the paper is organized as follows: i&edt re-
ports some background on LTE-Advanced and D2D itnéss
sions. Section Il describes the SimuLTE simulatdnile Sec-
tion IV details our D2D model and how the latteiritegrated
into SIMULTE. We report validation and evaluati@sults in
Section V, and conclude the paper in Section VI.

II. BACKGROUND ONLTE-A

This section provides some background on LTE-Afi@ar
larly focusing on its protocol layering and res@uadlocation,
and on the features of D2D communications in LTE-A.

The LTE-A protocol stack consists of four layersg(FL),
henceforth described top to bottom: an IP packé&trizig an
LTE interface first traverses the Packet Data Cogesece Pro-
tocol (PDCP), where it is cyphered and assigne@cpence
number. It is then sent down to the Radio Link @anRLC)
layer, in the form of an RLC SDU, and it is bufiérere. The
RLC can be configured in one of three modes, tramsp
(TM), unacknowledged (UM) and acknowledged (AM). U/
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recommended by the standard for D2D, and it pedosen-
mentation/concatenation of RLC SDUs on transmissand
reassembly, duplicate detection and reordering Iof RDUs
on reception. The MAC sits below the RLC and retpitsit an
RLC PDU of a given size. The RLC complies by degiry
from its buffer one or more RLC SDUs and combirtingm as
necessary into RLC PDUs. The MAC adds its own headd
forms a MAC PDU, also called Transmission Block TB

PDCP « ciphering
* segmentation/concatenation
RLC * reassembly
« duplicate detection
* resource allocation
MAC « HARQ
PHY « link management

Fig. 1. LTE-A protocol layering and main functions
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Fig. 2. Procedures for data transmissions

Resource allocation is done by the eNB at the M&g. In
the downlink (DL), the eNB sendssabframe, i.e., a vector of

Resource Blocks (RBs) containing the MAC PDUs for the UEs,

at Transmission Time Intervals (TTIs) of 1ms. An B&ries a
different number of bits depending on the modufaticat the
eNB will use. The latter is selected based on then@el Quali-
ty Indicator (CQI) reported by the UE, which refleds meas-
ured Signal to Interference and Noise Ratio (SINR}Hybrid

ARQ (H-ARQ) scheme, which allows a configurable ibemof
retransmissions, provides reliability at the MAGda Down-

link H-ARQ is asynchronous, i.e., the eNB may schedule re-

transmissions at any future TTI.

Uplink (UL) subframes carry UE traffic destinedth® eNB.
The latter issuesransmission grants to the UEs, specifying
which RBs they can use, using what transmissiomdbr Since
UL buffers reside at the UEs, UEs must s8affer Satus Re-
ports (BSRs) to report their backlog. The latter are transenith
band, possibly trailing a data transmission, whenekerWE is
scheduled and has enough space to do so (a BSakeanp to
24 bits). A UE can signal new backlog throughaatiof-band
Random Access Procedure (RAC). RAC requests goemdsd
in-band by the eNB, which schedules the UE in ar&flTl.
Unanswered RAC requests are re-iterated. UplinkR@Apro-

cesses argynchronous, i.e., the eNB schedules retransmission

with a lag of eight TTI. In both DL and UL, H-ARQGXs/

S

NACKSs are sent by the receiver four TTIs later thiaa trans-
mission they refer to.

A. Unicast device-to-device communications

Device-to-device (D2D) communications, also calledirect
communications, are being currently discussedenstandardi-
zation bodies [10]. The ongoing discussion is nyaom mul-
ticast transmissions, whereas little, if anything, is dendized
aboutunicast transmissions. Thus, we stick to what appears to
be widely agreed upon in the literature on the extbhence-
forth. With unicast D2D, UE can send a packet to UEwith-
out having it traverse the usual two-hop path thhothe eNB:
instead, the eNB can graatone or more RBs for transmission
and instrucb to listen on the same RBs for reception. Note that
b must be equipped with a Single-Carrier Frequenisdn
Multiplexing (SC-FDMA) receiver for this to happerfhe D2D
link is often calledsidelink (SL), to distinguish it from the UL
and DL. In a frequency-division duplexing, the Slre carved
out of UL frequency resources, where interfereiscexipected
to be less severe [11].

Note that resource allocation is still performedty eNB: in
particular, with reference to Fig. @ must request a SL grant in
much the same way as it would an UL one, lamaust be able
to ack/nack it and to report the SL CQIs to the eNMBus, the
eNB is still in charge of theontrol plane, even though it does
not participate into data transmission.

There are several open points regarding D2D unitass-
mission. One is how to identify the endpoints, pagsusing
device class, subscription profile, geographicaditmm, inter-
ference conditions, flow type etc.. Another probleathow to
decide when to switch an ongoing communication ftbenSL
to the two-hop path through the eNB (henceforthijrifrastruc-
ture mode, IM) or back, and whether and how this can be done
seamlessly (see, e.g., [6],[7],[12],[13]). Both lpeams can only
be solved by working on the control and managemdaries
(and, possibly, on the higher layers of the LTEtqrol stack),
i.e., need be tackled through a system-level sitowla

I1l. SMULTE ARCHITECTURE

In this section we provide an overview of SimulLTi#th fo-
cus on those modeling aspects that will affectitm@ementa-
tion of D2D functionalities. SImuLTE is a systenwéé simula-
tor, available for download at [17]. It is basedtbe OMNeT++
[1] framework, which is built around the conceptnaddule, a
basic modeling unit which communicates via messxgbang-
es and that can be hierarchically organizedoimpound mod-
ules. Each module is characterized bstracture, defined via
. ned files, and @ehavior, implemented vi&++ classes.

The core SImuLTE module is the LTE NIC card, basad
which one can instantiate nodes with LTE capaéditispecifi-
cally UEs and eNBs. These nodes exploit the LTE Bi$Can
interface, and add as upper layers modules fronT|NE. a set
of OMNeT++-based modules developed by the commutoty
simulate standard Internet entities. The INET lipr&s also
used to implement entities outside the LTE scopeh ss ap-
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plication servers, that are used as traffic geoesaeceivers
and communicate with the application within the UEshigh-
level representation of the nodes is given in BigThe NIC
card implementation allows one to develop nodeb witiltiple
connectivity capabilities (e.g. LTE and/or Wi-FBnd fully
embodies the modularity paradigm on which the OMNeT
framework is based.

‘ Binder ‘

’ TCP ’ UDP
App[N] App[N]
’ TCP ‘ ’ UDP ‘ PPP

LEnD |
® [we e | A

UE \ eNB

Fig. 3. System overview
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The NIC cards in the UE and eNB nodes are orgartized
layers, namely PDCP, RLC, MAC and PHY, with a on@te
correspondence with the LTE protocol stack. Eagferlan-
cludes bothcommon and node-specific functionalities. In fact,
OMNeT++ allows inheritance of both the structurel &me be-
havior of modules. Considering the MAC layer aseaample,
we have theMacUe and MacEnb classes, both extending the
MacBase class with node-specific functions, such as the re
source scheduler on the eNB side.

In SIMULTE, data transmission and resource accogirare
separate. Resource accounting is done by a cembdile, the
Binder, which monitors the resource blocks (RBshisystem
on a TTI basis. The Binder is thus an oracle mgdukéch has
the full visibility of all the nodes in the systerand can be
called by every node to obtain shared informatidare in de-
tail, it keeps track of which RBs are used by whiclde (eNBs
in DL and UEs in UL), which still allows a correiaterference
management. The data flow is instead modeled viasage

transmission errors. Each ChannelModel interasts aith the
Binder to know exactly which resources are actuafigd by
every node in the system. This allows us to evalG#Rs, and
consequently CQIs and transmission errors, on #&kpBebasis.
SimuLTE defines the ChannelModel as an interfaeea C++
abstract class with pure virtual functions onlyd afso provides
an implementation of a realistic model, which actedor path-
loss, fading and shadowing. However, such interfeae be

easily extended by implementing the two functions

get SI NR() ander ror (), used for the above functions.

MacBase

[

MacUeD2D MacEnbD2D

Fig. 4. Example of inheritance

PDCP U
RLC
MAC L]
HARQ | [ HARQ
________vT.I-"" _____
PHY | Channe; Model |
__________ v - _—__—___

Fig. 5. Data flow from the sender UE perspective

IV. MODELING D2D

This section details how the D2D support is blenidéal the
SIimuULTE architecture. This means that most of tB® Dpera-
tions are realized using pre-existing SimuLTE fiong, lever-
aging inheritance and modularity. D2D-specific fiimaalities
at each layer of the LTE stack are introduced hgreding the

exchanges between modules. The correspondence dmetwecorresponding modules. For example, with refer@nceig. 4,

messages and resources is maintained by the Bindgch

associates a certain amount of RBs to each medsagged on
the length of the MAC PDU and on the modulation eading

scheme employed by the transmitter.

Control channels, such as the Physical Downlink t@bn
Channel (PDCCH), that is used to carry schedulisgiga-
ments, are not directly implemented, rather they rmapdeled
using separated messages and the associated essarg@gain
kept consistent by the Binder. This allows us towate and
evaluate their behavior from a resource perspectithout
paying for the added complexity of a full emulation

Finally, each NIC card has a ChannelModel classgiwbo-
operates with the PHY layer and that models theistaf the air
channel as is perceived by the NIC card itsefs hainly used
to compute the SINR of a signal received by theenadhich in
turn is used by the PHY layer to compute the CQtbevaluate

MacUeD2D and MacEnbD2D classes inherit the structure of
MacUe and MacEnb classes, respectively. We wiltides the
modifications that have been implemented to théopad layers
of both UEs and eNBs.

The Binder stores peering relationships in a datactsire
that contains the set of directly reachable destins, for each
D2D-capable UE. Moreover, we define a nftew direction,
i.e. D2D, besides the existing DL/UL ones.

From the UE perspective, IP datagrams reach thePFRBy&r
and the corresponding flow can be associated hereihe D2D
or the UL directions, depending on whether theidason is in
the peering table in the Binder or not. Note thatWL direction
is always feasible, whereas the D2D may or maybegtand
this may change over time (e.g., due to mobility}l @ntail
mode switching [6].
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Then, the PDCP layer assigns a Logical Connectientifier
(LCID) to the incoming data flow, according to auple de-
fined by source/destination IP address/port, aoa filirection.
This creates different LCIDs for flows having diffat trans-
mission directions, allowing lower layers to digtiish UL and
D2D flows. Fig. 5 shows the data flow, where dagaggs com-
ing from the IP layer are forked to either onehaf two branch-
es at the PDCP layer and treated accordingly aridayers.

As far as the RLC layer is concerned, no additidumattion-
alities are required, thus common operations arompeed. At
the MAC layer, the UE must notify the presence ek mata for
a D2D flow by sending a BSR to the eNB. Since #ttet needs
to know whether the BSR refers to UL or D2D traffite BSR
comes with a specific LCID. This allows the eNBigsue the
right grant for UL or D2D transmission. When thE téceives
a D2D grant, it builds a MAC PDU according to tHe®QI, as
explained later on, and handles it to the PHY lagance each
LTE node is identified by a MAC ID, the MAC PDU dains
the MAC ID of the destination UE, instead of theBENMAC
ID, as an UL PDU would. Airtime transmission is siated by
sending direct OMNeT messages to the PHY moduléhef
node identified by the MAC ID in the MAC PDU.

1) !
—-
- &

UE1 UE3

Q70

UE2 UE4 t

UE1: send() UE3: recv()

t +1 e
UE3: getSinr()

UE2: send() UE4: recv()

1 e
UE4: getSinr()
Fig. 6. Transmission and reception of direct messages
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A
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Fig. 7. Representation of RBs with frequency reuse

At the receiver side, in order to compute the fetence cor-
rectly, procedures for both transmission decoding QI re-
porting need to be modified. Let us consider thgusace of
OMNEeT events related to a PHY transmission. Wifleremce
to Fig. 6, UE1 and UE2 transmit data to their pe¢r§TIt via
direct OMNeT messages. At TH1, UE3 and UE4 receive the
corresponding OMNeT message and compute if ther latis
been received successfully, via thet Si nr () function. To
do this, UE3 (UE4) needs to know who else is trattisig at
TTI t on the same RBs, in this case UE2 (UE1).

On the other hand, a CQI measurement occurring ht+L,
is based on the status of the channel at the @eng §TI. Thus,
it is necessary for the UE to store the map of iRes and keep
it for at least two TTIs. This way, it is possiliéecheck the RB
occupancy status for each UE during both the cuaed previ-

ous TTI, for both CQI reporting and decoding pugsogespec-
tively. Theget Si nr () function implemented by the channel
model of the UEs is extended such that, for eachaiidciated
with the transmission from UBo UE}, the SINR is
P!
SNR(, ) = —<F ¢
N+ P
where P! is the power received from UE P¥ is the power
received from thek-th interfering UE andN is the Gaussian
noise. The interference term at the denominatoomputed by
checking which UEs (besides eNBs) used the samatRBe
time of the transmission. To do this, we scan tke df all
(D2D-capable) UEs in the system and check whetherUE
used that RB during the current TTI (for CQI measugnt) or
the previous one (for decoding of transmissionkg UE list is
maintained at the Binder and is built during thiiahzation
phase of each UE, which stores the pointer to dhesponding
PHY layer module into the list.

Once a transmission has been performed, an H-ARQ- fe
back (ACK/NACK) must be sent. This is modeled tlylowa
control message flowing from the receiving UE te sender
UE. However, the eNB must have knowledge of thatlifi@ck
in order to schedule possible retransmissionsilréwd the UL
H-ARQ is synchronous, hence if the D2D transmiséidls, the
eNB must re-schedule it eight TTI later. To thimawe en-
hance the eNB with a data structure that mirroesstitus of
each D2D H-ARQ buffer on the sender (i.e., wheidér or
waiting for retransmission). This data structureupglated on
each TTI via direct method call, which simulates fact that
the eNB is able to overhear the H-AREdback sent by the
receivers of D2D flows. Note that this does noagrihat the
eNB overhears thdata transmission on the SL (which is false),
and it is however a necessary condition for netveantrolled
resource allocation under the current H-ARQ stathdar

From the eNB’s point of view, the main MAC-level evp-
tion is resource allocation, which is enhanced rtiabée the
scheduling of both UL and D2D flows in the same .TTié do
this, the eNB exploits i) the knowledge of H-ARQffeus of
D2D UEs to schedule retransmissions, and ii) thésC€ported
by the UEs for the D2D links. Moreover, the schedpfunc-
tion of SIMuULTE is overloaded, so that simultanealliscation
of the same RB to multiple D2D flows is allowed.iF s ac-
complished by exploiting a data structure contajrime set of
UEs allocated for each RB, as exemplified in FigB@&sed on
the information contained in that structure, theBeldsues
transmission grants to the UEs. The algorithm afingr to
which the data structure of Fig. 7 is user-defirfeat. instance,
paper [3] defines one where interference is modeked binary
protocol modedl, i.e. flows are either interfering or not, andyonl
non-interfering flows can share the same RBs.

V. VALIDATION AND PERFORMANCEEVALUATION

In this section, we validate our model and carry Simnula-
tions to assess the effects of interference in B@BMunica-
tions. We consider a system with one eNB and desioajr of
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TABLE | - MAIN SIMULATION PARAMETERS

Parameter Value P
Carrier frequency| 2 GHz 12 b \)\
Bandwidth 5 MHz (25 RBs) v

cal

Path loss model
Fading model

ITU Urban Macr([7]

0.04 -

0.03

0.02 -

Round Trip Time [s]

UEs communicating using D2D, placed at an increpsiis-
tance to each other. UEs transmit with a powet6ad2 and the
channel is affected by fading. Main simulation paeters are
summarized in Table I. Fig. 8 shows the reported ©Qthe
D2D link. Channel quality is good at short distatfless than
30m), then it rapidly decreases until D2D commutivcabe-
comes unadvisable, at distance greater than 108-1R0that
case, it would be beneficial to switch the transinis to the
traditional two-hop path through the eNB.

As a further validation, we now consider the UEs dixed
distance of 20m and have them establish a TCP ctioneFig.
9 shows the Round-trip Time, which stays constar0ms.
This value is the one resulting from the handshakerted in

Fig. 10. Att=0, the sender UE has data ready for transmission

and issues a RAC request to the eNB. The lattdiesepith an
UL grant of one RB that the UE exploits to sendBI$R. Since
the BSR uses resources from the data plane, theretilBres

three TTIs to decode it. At10, it sends a SL grant to the UE,

which finally transmits data to its peertalll. After decoding,
the receiving UE delivers the data at the TCP |aybich gen-
erates the corresponding ACK, &atl5. Transmission of the
ACK follows the same sequence, thus it requireshemdl5ms
to get back to the sender TCP layer. Note thainmESTE de-
coding is only required for data plane transmission

To evaluate the impact of interference on resoaliceation,
we setup a scenario with one eNB and a varying earmbUE
pairs, whose endpoints establish a D2D flow. Tmeukition
scenario is reported in Fig. 11. UEs are randoraplaled at a
maximum distance of 100m from the eNB and no furthan
25m from their respective peering UE. Each transmgitUE
sends 100-byte packets each 20ms to its peertingsin a 40
kpbs-Constant Bit Rate (CBR) traffic. The CQI rejpay period
is set to 10ms. We assess the impact of the inbeide on both
computational complexity and system performance.d&/¢his
by comparing two allocation schemes: the well-kndiaxC/I
scheduler, which schedules D2D connections acapitdirtheir
reported CQIs, and allocatdiferent RBs to different UEs (i.e.,
does not exploit frequency reuse), and Hest-Fit scheduler
described in [3]. In the latter, frequency reuseoagn D2D
flows is allowed, unless the interference produsddgher than
a certain threshold. More in detail, the eNB kndhes position
and power of the UEs, and uses that informatidouitd acon-

8
& N
Jakes s +%+ T B
d - ST
26 ; RE

UE Tx Power

Noise figure 5dB h o o -

Cable loss 2 dB Distance between D2D users [m]
Simulation time 50s Fig. 8. Reported CQI vs distance

. 0 I I L
16.5 17 17.5 18
Time [s]

Fig. 9. Round Trip Time of the TCP connection
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flow is higher than a threshold of -50dB). Thesogrce alloca-
tion is done by ranking D2D flows by decreasing C&pid allo-
cating each one of them on RBs where no confligtgxusing
abest-fit approach. UL flows cannot share RBs with D2D ones.

Sender;

ve VT AN f 1
uL
RAC gant BSR sL data
grant
oNB (AR / |
\ !
data UL SL
N RAC grant BSR grant
Receiving \ \
UE — G—l
Decoding Decoding Decoding Decoding
0 5 10 15 20 25 30 t

Fig. 10. Analysis of Round Trip Time

Fig. 11. Evaluation Scenario

Fig. 12 shows the execution time of the simulatibhese
values are obtained by running the system on ael(Rjt
Core(TM) i7 CPU at 2.80 GHz, with 8 GB of RAM, anlix
Kubuntu 12.04 operating system, and OMNeT++ verdidh
As expected, computing interference requires autiti CPU
time, which depends on the number of flows in tleéwvork.
Recall that evaluating the received SINR in thespnee of in-
terference requires cycling through the list of @iits to check
whether they transmitted in the same RBs.

Fig. 13 shows the average UE throughput at theicgtion
level, whereas Fig. 14 reports the number of alemtdRBs in
the UL subframe. We observe that interference dwumsse
throughput degradation, which is however limiteddss than
10%, indicating that a protocol model with the abeettings is
effective in limiting the interference. However, ¢ime other
hand, frequency reuse allows the eNB to allodater RBs
(about 20% less), leaving more space to accommadaliéon-
al traffic, i.e. increasing the overall efficienofythe system.

In order to verify how interference affects thefpenance of
an algorithm that resolves conflicts using the grot model,

flict graph, whose nodes are D2D flows and whose edges amge simulate the same scenario as above with he#reiffic
conflicts, i.e. pairs of flows that cannot be scheduled len t load, i.e. UEs send CBR traffic at 400 kbps. Wethsebest-fit
same RBs (i.e. when the received power from therfering  allocation with different settings of the confltareshold. Clear-
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ly, frequency reuse increases with the thresholdega Fig. 15
shows the overall sum of UE throughput at the apptn level.

As expected, the cell reaches saturation fastér kit thresh-
old values, since the same amount of traffic rexgumore RBs.
However, lower frequency reuse also implies lowserfer-

ence. Thus, at low loads (40-50 flows), a threstuild70dB

warrants better performance than one of -90dB.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we described the modeling of unida2b
communications within SImuLTE. Since SIMuLTE is iep
mented following the modular paradigm of OMNeT+ddimg
unicast D2D communications requires few, localizednges to
the software architecture, mainly consisting incigdezing new
classes through inheritance. We have validatednibdel by
showing that message exchange sequences and GSpligp
match the expectations. Moreover, we have ass#sseohpact
of frequency reuse on the system throughput amtiesfty.

SImULTE is being extended at the time of writingnéng
the features being considered for a future rele#sean list:
support for multicast D2D operations; support for dynamic
mode switching, as described in [6]; an easy-to-sftwvare
interface to optimization solvers (e.g., CPLEX) tlsat resource
allocation problems can be formulated as optimiragiroblems
and solved by calling the solver API; making Sim&_D2D
support interoperable with the VEINS vehicular ratevsimu-
lator [16], to test D2D communications in a vehézidcenario.
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