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Abstract— Direct (or D2D) communications allow two UEs to
communicate without passing through the eNodeB. Hower, the
two UEs may still need to relay their communicatiorthrough the
eNB from time to time, hence should be able to swi from the
direct to the relayed mode seamlessly, without thigffecting the
QoS. In this paper we show that in conventional stems a mode
switching may cause relevant losses, and proposeaharchitectures
to mitigate or solve this problem. Our proposals donot require
extra signaling or additional functionalities to beadded to the net-
work, hence are scalable and inexpensive. We asstsar effective-
ness through detailed system-level simulations.

Index Terms—LTE-A, device-to-device, mode switching

I. INTRODUCTION

Network-controlled direct (or device-to-device, D2Bom-
munications are currently being investigated aadddrdized in
the framework of LTE-Advanced, and are envisagedbeing
part of the upcoming 5G systems. Enabling devicesom-
municate directly, without using the classical tap infra-

state (e.g., PDU numbering) and ciphering. Whentcéivig
mode, all traffic below the PDCP layer is unabledach their
destination. Few works so far have addressed tbblgn of
how mode switching takes place [9]-[11]: the prambsolutions
often rely onadditional signaling message exchangetween
terminals and eNB, which makes them slow and pamdyable,
and do not guarantee that traffic buffered at th€ & transmit-
ted. We propose two architectural solutions to esislthe mode-
switch problem, which are exempt from the abovetmnaad
drawbacks: the first one — callémtal solution— only involves
the sender, anahitigatesswitching-induced losses without elim-
inating them completely; the second one — callesl RhG
tunneling— requires modifications at the eNBid the receiver,
but it avoids losses completely. We compare the gulations
as for performance, overhead, viability and stashdampliance.
The rest of the paper is organized as follows: i&edt re-
ports background and hypotheses and presents tidepr,
while Section Il describes the related work. Thegosed solu-

structurepath having the eNodeB (eNB) as a relay, is exgectéions are described in Section 1V, and Section pores simula-
to reduce latency, enable frequency reuse on @kpasis, and tion results. We conclude the paper in Section VI.

— possibly — reduce energy consumption at the adé.i Typi-

cal use cases are high data rate services wheendpsints are

in range for direct communications, like file singyi gaming
and social networking [18].

Both one-to-many (i.e., proximity broadcast or rncalst) and
one-to-one D2D communications are being activalylistl by
the research community. In one-to-one communicsfithe two
endpoints — being mobile — may not remain in hgarange of
each other for the entire duration of the commuitnaEven if

[Il. BACKGROUND AND SYSTEM MODEL

Hereafter we provide a minimal background on theeiA
protocol layering and introduce our working hypcibe

As shown in Figure 1, IP packets traverse the RaDkta
Convergence Protocol (PDCP), where they are cipheral
numbered to form PDCP PDUs. These are immediatety s
down to the Radio Link Control (RLC) in the form &LC
SDUs, which are kept in tHeLC buffer Each flow has associ-

they do, the infrastructure path may still allowgher data rates, sted one PDCP entity and one RLC entity. Three RidZles
or the eNB may simply decidwt to use the direct path at somegre possible, namelyansparent(TM), unacknowledgedUM)

point to optimize frequency reuse on a cell-wisglescFor this

and acknowledgedAM). UM - recommended by the standard

reason, it is necessary to envisage fast and mgitte switching for p2D communications [12] - performsegmentatior con-

procedures that allow two communicating devicessuwatch

catenationof RLC SDUson transmission, aneassemblydu-

from the direct path, osidelinkto the infrastructure path and pjicate detection and reordering of RLC PDUs omeption. The

back, without disrupting the communication or theSQ
This paper shows that — unless proper countermeasue
taken — mode switching may impair one-to-one D2Bhicmini-

MAC requests to the RLC an RLC PDU of a given siae] the
RLC responds by dequeuing from the RLC buffer goragri-
ate number of RLC SDUs, fragmenting and concategdkiem

cations, inducing a relevant amount of losses. Bhisecause a a5 necessary into RLC PDUs. The MAC adds a headerrh a
single hop in LTE-A (both the direct one and eittegy of the \AC PDU, also called Transmission Block (TB). MA@yer
infrastructure path) requires a PDCP peering, \aiBociated ransmissions are arranged in subframes and padedrsmis-
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sion Time Intervals (TTIs) of 1ms. In the downli(RL), the
eNB allocates a vector d&esource BlockéRBs) to transmis-
sions directed to the User Equipments (UEs) assatia it on
each TTI. In the uplink (UL), the eNB issuésnsmission
grants for each UE, specifying which RBs they can us&gus
what transmission format. MAC-level error recovexyprovided
by a Hybrid ARQ (H-ARQ) scheme, which allows a égufa-
ble number of retransmissions.

We consider a cell, served by an eNB, and two D2pable
UEs in the coverage area of the cell. We assunt¢hthdJEs are
(electromagnetically) near enough for direct comication to
take place, representing the endpoints of a D2Dnuamication.
These UEs can communicate either directly, i.eD2D mode
(DM), or using the eNB as a relay, i.e.,liffrastructure mode
(IM). In the following, we refer to UG and UEb as the trans-
mitter and the receiver of the communication floegpectively.
Since we focus on network-controlled D2D, UEs stdthange
control information with the eNB even when using DM
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Figure 1 - User data flow through the LTE protdegkrs.
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Figure 2 - Effects of mode switch on D2D commuri@mz.

We consider a Frequency Division Duplexing (FDD3tsyn,
where DM transmissions take place in the UL sub&aihis is
a common assumption [2], since the UL subframikédyl to be
the least loaded one (due to the well-known tred8gmmetry)
and allows better overall SINR, especially wherhbendpoints
are far from the eNB. Accordingly, we assume th&slare
equipped with a Single Carrier-Frequency Divisiorulfiple
Access (SC-FDMA) receiver [3]. As far as H-ARQ isne
cerned, we assume that the feedback is sent byetedver to
both the transmitter and the eNB. This is necessaryadh the
former needs to know if retransmission is requ{iectight TTI,
it being UL), while the latter allocates RBs fotdttake place.

Due to UES’ mobility and to changes in the enviremt an
eNB should be able to selatynamicallywhether a D2D com-
munication occurs in DM or IM, according to sometricg(e.g.,
best channel quality). However, this may generagdsds, unless
some countermeasures are taken. Assume thaé sEcom-

peerings must be used: one betwaemd the eNB (i.e., the UL
leg), another between the eNB amdthe DL leg). Those two
PDCP sessions are independent, hence have diffeiraetated
sequence numbers and sets of keys for cipheririgling.
Since different PDCP entities come with differert@®, the
RLC PDU sequence numbers of the SL path cannosseaed
to be valid on the UL/DL leg of the IM path eith&Yith refer-
ence Figure 2a and b are the endpoints of a DM flow. At
time t,, a’s RLC expects to send down a PDU whose sequence
number is 101. However, if the mode is switchedMoat t,,
then a will peer with the eNB’s PDCP/RLC entities, whialill
expect a different next RLC sequence number (251his ex-
ample), as well as traffic ciphered with differdwatys. Because
of this, all data in the RLC buffer of the “old” Dlonnection
cannot be sent on the “new” peering, and can oalgibcarded.
Moreover,fragmentsof RLC SDUs that have been already re-
ceived atb at the time of the mode switch will be discarded a
well (when b’s RLC reassembly timeout expires), since their
missing counterparts, sitting ia’s “old” RLC buffer, will be
discarded. The same problem occurs, obviously, alken
switching from IM to DM, where it is exacerbated the fact
that losses can occur independently on the UL dnted of the

IM path. We also observe that using a different RLGotably
AM, despite the standard [12] has not identifieel tleed of us-
ing AM RLC for D2D communications — would not soltle
problem. In fact, although AM allows a sender t@kmwhich
RLC PDUs have/have not been received at the peity,enmhen
switching from IM to DM there is no way fa to know what
has got tdb, sinceb — being two hops away — is not peering
with a at that moment. These losses may be significashiran
pair the QoS of the flow, whether a multimedia dr@P-based
one, thus their occurrence should be minimized.

Although mode selectioralgorithms for one-to-one D2D
communications have been the subject of some prewimrks
(e.g., [4]-[8], some of which advocatlynamicmode selection),
to the best of our knowledge very few works so-faignificant-
ly, only patents — have dealt with tpeotocol requirementso
enable mode switching. Solutions [9] and [10] assuhat the
PDCP buffers PDUs, and, at a mode switch, the seretiver
and eNB exchange signaling information to agreewdich
PDCP PDU number should be transmitted next on ¢hepath.
The data plane may be halted while the above signatcurs.
Additional per-flow signaling poses speed and duitiya prob-
lems, since mode switch may affect several flowsuftaneous-
ly (e.g., for periodic cell optimizations), at rideely fast time-
scales. Moreover, putting flows on hold is likely generate
deadline misses for playback multimedia flows d@ntebuts of
TCP connections. Last, adding buffering at the PD@plies
that incoming data do not reach the RLC buffer irdiaiely,
hence are not made available to the MAC, and leapes the

RELATED WORK

municating withb in DM. Then,a andb have a PDCP peering proplem of defining a handshake with the RLC buffer

session established, with its sequence numberscigheéring.
When the communication is switched to IMp differentPDCP

Work [11] proposes tunnelingt the PDCP levelvhen the
D2D connection traverses the IM path: two one-hoptér”
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PDCP connections, one for the UL and one for the &it as
tunnels for the end-to-end D2D one. PDCP-level ¢ling re-
quires that the destination perform decipheringéwi

Noneof the above works mentions what happens to d¢rafti
ting in the “old” RLC buffer at a mode switch: siit cannot be
transmitted on the new path, it can only be dissdythence the
problem of losses still stands unsolved.

IV. MODE SWITCHING

Hereafter, we discuss two solutions to tackle twblem of
mode switching losses. The first one, calechl solution, uses
additional data structurest the sender sidenly to retransmit
possibly unreceived data. The second &ieC tunnelingrelies
on the eNB to act asralay at the RLC layefor a flow whose
PDCP entities are locatedly on the terminals.

A. Local solution
This solution relies on putting a buffer on topeaich PDCP

entity to hold PDCRServiceData Units (PDCP SDUs, e.g. IP
packets)beforethey are ciphered. A copy of each PDCP SDU

enters the buffer when received from the upperr|aybereas
the original PDCP SDU is sent down for processing @ians-
mission in parallel. While fragments of that PDAP Btraverse
lower layers at the sender, we keep trace of wRic@ PDUs,
and ultimately which MAC-layer TBs, these fragmegét in-

cluded into. Thecopy PDCP SDU is removed from the buffer
only when all its fragments have been acknowledgechat t

MAC layer by the receiver. This requires propagatMAC-
layer ACKs up to the RLC and the PDCP, and keepirgcal
map of PDCP SDU/MAC TB associations. At a mode a&wit
the PDCP SDUs still in the buffer are those tinaty have not
been entirely received. Moreover, those SDUs haither been
ciphered nor numbered yet, hence can be seamtesstferred
to the PDCP entity associated to the new mode,hwhitt pro-
cess — i.e., cipher and number — them anew. Themtsnof the
“old” RLC buffer are instead discarded. Figure ®wh an ex-
ample of this solution. The sender UE is in DM dia$ five
SDUs in the RLC's TX buffer and their correspondirCP
SDUs in the copy buffer. At timé<t,, RLC SDUs 1,2,3 are
included into RLC PDUs 101,102 and transmitted gisifBs

b) IP packets may not be delivered in sequencecesly af-
ter an IM-DM switch. In fact the above solution u@gs that the
receiver keepswvo distinct PDCP peeringsne for DM and one
for IM, related to the same IP flow. Now, in-seqcemelivery
is guaranteed onlwithin a PDCP connection, but namong
different ones. Thus, the IP packets sent throbghiiew”, fast-
er DM path may end up overrunning those already isethe
UL of the slower IM path.

c) Due to H-ARQ latencies, it may introduce dupksa
which waste airtime resources and can be harmftCte flows.
In fact, it may well happen that a DM-IM mode switaccurs
after an IP packet has been successfully receivedydfotethe
MAC-layer ACK of the last fragment has made it backthe
sender (it takes 4ms for a MAC TB to be ACKed [1Tpat IP
packet will still be in the copy buffer, hence Wik transferred
to the “new” PDCP entity and re-sent. Thus, thees#itnpacket
can appear twice at the receiver.
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B. RLC tunneling

We argue that the main obstacle to an agile modietsig
that different PDCP peerings are involved in the DM divl
communicationsin fact, as already explained, what is buffered
at and belowthe PDCP level cannot be transferred from one
peering to the other, and is therefore lost.

The problem can be circumvented if D2D flows arstérted
in DM, and ii) only relayecat the RLC levelvhen switched to
IM. This way, the only PDCP peering is between tthe end-
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Figure 3 - Local solution.

TBs

201,202. Thus, the corresponding PDCP SDUs are vedno points, and the eNB just relays RLC PDUs from thenkr to

from the copy buffer. The mode is switchedtatthus the re-
maining SDUs in the copy buffer (4 and 5) are mateethe IM

PDCP entity, while the RLC's TX buffer is clearéedDCP

SDUs are numbered according to the new PDCP entity.

The main advantages of this solution are thatly cequires
(few) modifications to thesender localized and backward-
compatible, it does not require additional conim@ssages, and
it guaranteeghatall IP packets are entirely transmittdxy the
sender, even across mode switches and despite efmgtion,
unlike [9]-[11]. However, it also has some shortaugs:

a) When switching from IM to DM, this solution ongl-
lows one to knowvhat got to the eNBrhere is no way to know
if it made it to the receiver as well, nor can éhbe without ad-
ditional end-to-end signaling.

the latter, as shown in Figure 4. At the sender, sl data from
the upper layers traverse the same PDCP entitgantduffered
at the same RLC TX entity, regardless of the ctirtemmuni-
cation mode. Therefore, a single sequence numbairiagci-
phering is maintained. When the sender UE receivegant
from the eNB, its RLC entity delivers a RLC PDUthe MAC
layer. The MAC layer takes care of sending the MRQU to
either the receiver UE or the eNB (respectivelghdal and sol-
id line in Figure 4), depending on the current mothis is
transparent to the sender’'s RLC, which only hasetad down a
PDU of the requested size. If the transmissionNg Bo chang-
es are required. For IM to work, the eNB needsntovkthat the
received MAC PDU contains a RLC PDU that has todteyed
at RLC, instead of delivered to the PDCP. To tlis, ave can
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exploit one of thaeservedbits of the MAC header. When thatwe disabled fading and inter-cell interferencelsat each ob-

bit is set, the MAC delivers the RLC PDU to a ngpet of RLC
entity, which we calRLC relay entityshown in Figure 4. When
the latter receives an RLC PDU from the MAC (ian,the UL
leg of the IM path), it stores it in a DL TX buffexithout per-
forming reordering and/or reassembly, which willdmme at the
receiving UE only. In other words, it interpretethlL RLC
PDU as a DL RLC SDU, which can be segmented araor
catenated with other PDUs before transmission énDh leg,
i.e. as if it were a chunk of data coming from fHi2CP. The UL

served phenomenon (e.g., a packet loss) can bbexsto mode
switchingonly. Simulation parameters are reported in Table 1.
UE1 sends a 1GB-file to UE2 using TCP as a tranggoto-
col, and the transfer lasts for the whole simutatione. Note
that TCP is sensitive to losses, which reduceaditgiestion win-
dow (CW) and the flow throughput. We compare ouutsmns
with a baseline where the RLC buffer is clearethattime of
mode switch and no recovery mechanism (within the ktack)
is used. Figure 6 shows the congestion window efsinder

RLC PDU is encapsulated into a DL RLC TUNNEL PDU fo TCP, which allows one to grasp when losses occarkts on

DL transmission. The receiving UE reassembles théC R
TUNNEL SDUs received from the eNB. The reassemBlet)s
are in turn the RLC PDUs transmitted by the sender(and
tunneled through the eNB). Thus, these PDUs are teethe
RLC entity that is responsible for managing theripgewith the
sender UE, i.e. the same used for DM.

This solution has several advantages: first ofsaike it oper-
ates at the lowest layer of the LTE stack wherdelinfy occurs
(i.e., the RLC), itannotlose PDUs as the others do. Second,
does not require additional signaling, nor haltiighe connec-
tions at mode switch. Third, its overhead is limiite a 2-byte
extra RLC header in the DL leg only, and it reletke eNB of
the cumbersome tasks of PDCP ciphering/decipheFRogrth,
unlike [9]-[11] and thdocal solution, it avoids RLC-level reas-
sembly at the eNB. In fact, fragments of the saE€P PDU
(i.e., RLC PDUs) get relayed to the receiver, whiltheonly
entity where RLC reassembly occurs. This minimittes end-
to-end latency. The only drawback is that it reggiimodifica-
tions to the eNB and receiver. However, these dorequire

newfunctionalities, but exploit existing ones forewnpurpose.

Sender UE Receiver UE
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Figure 4 - RLC tunneling.

V. PERFORMANCEEVALUATION

In this section, we show the performance of théitectural
solutions presented in Section IV. Our evaluat®edarried out
using SImMuLTE [13]-[14], where we implemented ooeshe
direct communications. Figure 5 reports the sinmascenario.
We consider one pair of D2D-capable UEs and one, eitiBse
antenna radiates the signal with an omnidirectiquadiern. At
the beginning of the simulation, the two UEs ar@r80away
from the eNB. They swing back and forth in a staigne at a
speed of 3m/s, their distance varying between 3fdh1860m.
Such a path allows the UEs to experience the wtaige of
CQIs on the SL, whereas the UL CQI stays equaine.The
eNB periodically (once per second) selects the maitle the
highest CQI, hence the communication will periotilychounce
between DM and IM. To highlight the effects of masieitch,

the x-axis represents the instants when the mode ishdt We
observe that, with the baseline, the CW dropsvary mode
switch, whereas this happens less frequently \Wwighocal solu-
tion, and — significantly - only when switching ifnolM to DM.
This is due to the fact that data buffered at B are sent to
UE2 (in the DL leg) simultaneously to (or aftermndata sent
by UE1 (using DM), hence are received out of seqaieNon-
occasional out-of-sequence reception, in turngéig conges-
tfton avoidance mechanisms as do losses. With Rh@eting,
instead, losses are avoided and the CW increasledimve, as it
should. Recall that the effective sending rateirisany case,
bounded by the minimum between the CW and rdweiver
flow-control window, which is set to 64KB in ouresario.
Figures 7, 8, 9 describe in more detail the flowT@P seg-
ments from UE1 to UE2 across an IM-DM mode swifohthe
baseline, the local and the RLC tunneling solutiespectively.
The figures show a marker for each TCP segmentigebtE1,
and a smaller one at the same quota to mark tkeninghen
that segment is received by UE2. In Figure 7, weeolke that a
burst of losses occurs and the subsequent segnmmeatsyed
out-of-sequence, trigger a retransmission. Sineentimber of
unacknowledged segments is larger than the sendimgdpw,
UE1 cannot retransmit until a timeout expires. theo words,
UEL1 is stalled for as much as 1s. Figure 8 higkdighat, with

our local solutionsomesegments are received out-of-sequence

after switching to DM. In fact, DM is faster thall land new
transmissions from UE1 reach UB&foreDL transmissions of
data buffered at the eNB, as already mentionedinAgenor-

dered receptions generate duplicate ACKs, whidirim trigger

the TCP congestion avoidance mechanism and retisgions

from UE1. However, now UE1 does not wait for thdout to

expire, as TCP segments are not lost. Figure 9 shibat the
RLC tunneling solution makes the mode switch cotepte
transparent to TCP. These results directly mapdifference in

the application-level throughput, as shown in Fega©. The
local solution and the RLC tunneling achieve aubgtgput high-
er than that of the baseline, by 10% and 16% r¢ispbe

VI.

This paper presented two proposals to reduce tpadiof
mode-switching-induced losses in D2D communicationg
showed that the problem arises from the fact thatstandard
mandates that buffering occurs at the RLC level,helow the
level at which connections are established andckedt. Our

CONCLUSIONS
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Figure 8 — Lo&allution

first local solution employs a copy buffer of PDCP SDUs at the
sender and a map to track whether or not they bege entirely (3]
transmitted. Our seconBLC-tunnelingsolution requires that

relaying at the eNB only occurs at the RLC level,tlsat the

RLC buffers do not have to be flushed at a modécewBoth

solutions improve the QoS, as testified by simalaiinvolving

TCP flows — which are known to be sensitive todass
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