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Abstract—Full duplex (FD) communication has attracted the  large asymmetric traffic ratios between downlink (DL) and
attention of the industry and the academia as an important  uplink (UL) data may compromise the usage of FD and
feature in the design of the future 8" generation (5G) wireless  hence its gain. These challenges are also described in [4].
communication system. Such technology allows a device tamil-  Aythors in [5] evaluate a FD network considering asymmetric
:ﬁneoutslyt_tr?ns%mlt ar_10clz|_ recﬁ_'vﬁ '“ttrt‘e sarrlnetfreqéuelncy b?”td’ h  traffic, showing that FD always outperforms HD. However, the

e potential of providing higher throughput and lower latency : : .
compared to traditional half duplex (HD) systems. In this paer, aqt_hors aﬁsurge a strong |S(|).Il?t|on lbetween the ce:ls,. Wiﬁ] m
the interaction between Transport Control Protocol (TCP) and mitigate the ICl impact. Malik et al. propose a so Ut.'on S€
FD in 5G ultra-dense small cell networks is studied. TCP is ©ON power control to accommodate asymmetric traffic [6]. The
a well-known transport layer protocol for providing reliab ility, ~ Proposed scheme shows an improvementin DL at the expenses
which comes at the price of increased delay and reduced syste ~ Of lowering the UL rate. However, the analysis is carried on
throughput. FD is expected to accelerate the TCP congestion a single cell scenario. Finally, the authors in [2] study the
control mechanism and hence mitigate such consequencess&m  impact of symmetric and asymmetric traffic in a multi-cell
level results show that FD can outperform HD and alleviate  gscenario. Throughput results show that the FD gain reduces
the TCP drawbacks when the inter-cell interference is not e \ith the perceived ICI and the traffic ratio. It is important
.mta'”f limiting fact?tr. oﬂ thetr?t??rr] hand, Ll;.rll.?.er st;otnhg 'n;er'C?” to notice that the mentioned work disregards the usage of
interference, results show that the capabilities of the syem to : , ,
cope with such interference dictates th(fgain that FD may praide features such as link adaptation or recovery and congestion
over HD. control meqhanlsms. _ _ _

As previously stated, traffic constraints have an impact on
the FD performance. According to [7], most of the Internet

. INTRODUCTION traffic is carried over Transport Control Protocol (TCP) fiow
. _ with a small percentage of User Data Protocol (UDP) flows.

Full duplex (FD) technology allows a device to transmit Tcp [g] is used to provide a reliable communication and re-
and receive simultaneously in the same frequency bandlydea gyce packet losses as much as possible. The congestionlcontr
doubling the throughput over conventional half duplex (HD) mechanism provided by TCP limits the amount data that can
systems. However, building an operational FD node requires pe pushed into the network, based on the reception of pesitiv
high level of self-interference cancellation (SIC), i&high at-  acknowledgments (ACKs) [9]. This procedure causes an in-
Current achievable levels of SIC are in the order of 100 dBsych drawbacks may be mitigated by FD since it may allow to
[1], thus making feasible the implementation of a FD device accelerate the TCP congestion control mechanism, given the
a future 8" generation (5G) radio access technology (RAT).”  This paper focus on the analysis of FD performance in 5G
Besides residual self-interference (SI), other limitaticsuch  jtra-dense small cell networks with TCP traffic, considgri
as inter-cell interference (ICI) and traffic constraint§ fifay  the congestion control and recovery mechanisms defined by
also reduce the theoretical 100% throughput gain. this protocol. To the best of the authors knowledge, this is
~ The design of the 5G RAT is still under discussion by thethe first work investigating the interaction between the TCP
industry and the academia. We presented our vision in [3]mechanism and the FD technology. This work extends our
The system was originally designed as a HD time divisionyreyvious contribution [10] by considering multi-user sedind
duplexing (TDD) system but it can easily accommodate FDihe TCP protocol. We study the case of bidirectional FD, wher
deployment of small cells, where all nodes are equipped witlgapaple. Two types of traffic are considered: symmetric,whe
multiple-input multiple-output (MIMO) antenna technolog the ratio between the DL and the UL load is the same, and
and receivers with interference rejection capabilities. asymmetric, when the load in DL is larger than in UL. Results

A detailed study of the techniques for SIC is presentedyre extracted via system level simulations.
in [1]. The authors evaluated SI suppression using a testbed The paper is structured as follows. Section Il presents the
showing~100 dB of cancellation. They conclude that in densegnyisioned 5G system. Section Il describes the interactio
deployment of small cells, where transmit powers are lowhetween TCP and FD. Section IV defines the simulation
and distances among nodes are short, such level of SIC iyironment. System level results are discussed in Sedtion

enough to consider that ICl becomes a major limitation tosection VI concludes the paper and states the future work.
achieve the promised FD gain. Moreover, they remark that
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Fig. 2: Module in charge of deciding transmission mode and
scheduled node(s)

II. FuLL DUPLEX IN 5G SvALL CELLS

In [3], we presented the design of our envisioned 5G
system. It was originally designed as a HD TDD system,
targeting a massive and uncoordinated deployment of small
cells. Nodes are assumed to be synchronized in time and
frequency. The system uses a novel frame structure of darati
0.25 ms, defined as the Transmission Time Interval (TTI) and
shown in Figure 1. A scheduling grant containing transroissi
parameters such as the link direction, the modulation and
coding scheme (MCS) or the number of transmission streams
(i.e., transmissiomank) is sent within the DL control symbol.
UE specific information is sent within the UL control symbol,
including channel and buffer state information and Hybrid
Automatic Repeat Request (HARQ) feedback. The data part
carries UL or DL data in case of HD, and both UL and DL
data in FD. Note that the transmission direction may change
every 0.25ms. Thus, a TTI may be DL HD, UL HD or FD,
independently of the decisions from previous TTls. All nede
are equipped witht x 4 MIMO antenna configuration and
advanced receivers, such as Interference Rejection Camgbin
(IRC) [11]. These receivers use the degrees of freedom from
the antenna domain to suppress incoming interference.

This work focuses on the performance of bidirectional
FD, which refers to the case where both APs and UEs cap
simultaneously transmit and receive. In this case, a node ma
perceive S| and ICI, since FD is always exploited between
the same pair AP-UE, thus avoiding intra-cell interference
Figure 2 shows the structure of the module that decides the
transmission mode (HD or FD) and the scheduled node(s).
This module is located in the Radio Resource Management
(RRM) layer and it is divided into two blocksdirection
decision blockand user decision blockin order to separate
functionalities and thus reduce complexity. In the firspstae
optimal transmission direction per node is extracted, thase
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the amount of data which is currently in the buffers (UL
and DL), and previous decisions. For example, in case of
asymmetric traffic, where the DL traffic load is six times
higher than in UL, a node will decidBL six times more
thanUL in average. The information regarding previous slot
allocations is used to avoid the starvation of the lightly
loaded link, i.e., at least one slot should be allocated ti su
link with a certain periodicity. The optimal direction cae b
DL or UL if there is data in at least one of the buffers, or
MUTE if there is not data in either of them.

FD: since we want to exploit FD as much as possible, the
link decision is based only on the buffer size. This means
that the optimal transmission direction will HelL+UL if
there is data in both buffer®L (UL) if the UL (DL) buffer

is empty, orMUTE if both buffers are empty.

| NTERACTION BETWEENFULL DUPLEX AND TCP

TCP [8] is a protocol that provides reliability by using
congestion control mechanism [9]. TCP limits the amount

of data that can be sent through the channel based on the

information from the physical (PHY), medium access controleception of positive ACKs. The congestion window, shown
(MAC) and radio link control (RLC) layers. The output from iy Figure 3, controls such limitation. During tf@low Start
the direction decision blockwhich corresponds to the union stage, the congestion window grows exponentially accgrdin

of pairs {optimal transmission direction, node identifleris
transferred to theiser decision blogkwhere the transmission
mode and the scheduled node(s) are then decided. A F

to the received TCP ACKs. When thieongestion Avoidance
hase is reached, the growth of the congestion window is

ear, following the same principle on the TCP ACKs as the

transmission has always priority over a HD one. In case ther&)oy Startphase. Nevertheless, TCP has an inherent impact
are more than one pair of nodes that are able to use FQyn the system throughput and delay, since the amount of
different time scheduling algorithms may be applied to deci ransmitted data is limited by the reception of positivedtesck
which node to schedule. The output of the FD module is therynqg consequently it will increase only if the channel cdodi

the pair{scheduled node, directi¢n
The procedure to extract the optimal transmission diractio
is different for HD and FD:

are favorable.

We believe that FD may help at mitigating the TCP draw-

backs since simultaneous transmission and reception might

e HD: the optimal transmission direction is decided based orincrease the congestion window faster and help at reaching t
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og |o of °| oo ° °e K3 ° . .
L% o]* 7. of et % e | In terms of deployment, a small cell is located if(ax 10
10m * AP o UE m? room, containing one AP and four UEs randomly deployed,
Fig. 5: Simulated scenario with the UEs affiliated to the AP in the same cell (closed
subscriber group). The multi-cell scenario refers i® & 2 grid
TABLE |: Used parameters to run the simulations of small cells, as shown in Figure 5. SIC is considered ideal,
according to [1], given the current SIC capabilities, thersh
Parameter Value/StateType distances among nodes and the low transmit power, which is
Sgstem parameters BW=210(0'\1|1H.|i'cb=3a5)GHZ set to 10 dBm for all the nodes. The RLC mode is set to
requency reuse whnole ban
Propagation model WINNER II A1 w/fast fading [12] ACknOWIe_dg_ed (AM) [15]' We assu_me '_:hat the RLC ACK
Antenna configuration 4x4 is sent within the control channel, i.e., it does not germerat
Receiver type IRC additional overhead. The TCP implementation in the sinoulat
Transmission power 10 dBm (BS and UE) . . . R
Self-interference cancellation |deal is New Reno [16], which includes the recovery and congestion
Link aiapéation filter Log averagebofS (;sellmr])les control mechanisms, whereas handshake procedures are not
Rank adaptation Taxation-based [13 : : R
HARQ max retransmissions 4 conS|der¢d since they are not _relevgnt for our studies. TCP
RLC mode Acknowledged parametrization and the remaining simulation parametes a
Transport protocol UDP and TCP listed in Table I.
Top iy mer for ACK 100 ms. _ The generated results compare HD and FD performance
Segment size threshold 10 MB with TCP, whereas UDP [17] is considered for the sake of
Traffic type Symmetric and asymmetric (6:1) finite buffer  comparison. Notice that UDP acts as a transparent layer
Simulation time per drop 15-40 seconds . . K . . !
Number of drops 50 sending everything that it receives to the upper layers)auit

performing error checking or congestion control. For both

Congestion Avoidancphase sooner, where a larger amountc@ses, RLC AM and HARQ are enabled. Two FTP traffic
of data is transmitted within a single TTI. For clarification C@S€s are studied: symmetrlc,_where the offered _Ioad in L an
a simple example is shown in Figure 4. This figure showdL IS the same (1DL:1UL ratio), and asymmetric, where the
the growth of the congestion window for HD and FD in a amount of DL data is six times higher than in UL (§DL:1UL
single cell scenario with one AP and one UE, where botHli0). For each case, three levels of load are consideoeq: |
nodes have a 2 megabytes file to transmit and the probabiliff€dium and high, corresponding approximately to 25%, 50%
of exploiting FD is 100%. Shadowing and fast fading have nd 75% resource ut|I|zat|or_1 (Ry). The RU is defined as the
been disabled to provide a fair comparison between bottscaseP€rcentage of time the medium is used. Results are presented
and the general simulation parameters are listed in Table ! térms of average session throughput, defined as the averag
and they will be further discussed in the next section. We ca®' the individual session throughputs per link (UL or DL) or
observe that FD is able to transmit the file faster than HDesinc Per Cell (UL+DL), where the session throughput corresponds
its congestion window grows faster. The transmission time j© the amount of time required to successfully transmit a
reduced by approximately 45% in this case. It is important t>€SSion. Such a session is characterized by the packet size
remark that in dense networks, ICI may slow down the growtHNd theta,.i. parameters, which are negatively exponential
of the congestion window. The performance of FD with Tcpdistributed [14]. The average packet size is 2 megabytes,
traffic in such networks is discussed in section V. and the average,,..a iS set according to obtain the loads
described above. The second key performance indicator) (KPI
is the packet delay, defined as the time between the generatio
of a packet and its successful reception, including theclimnf
Results are extracted from an event-based system level sirtime. Finally, percentages indicate the gain of FD over HD. |
ulator. It implements the 5G MAC and PHY design describedhroughput, a plus (+) indicates that FD outperforms HD, and
in Section Il. Furthermore, it includes a detailed modelinga minus (-) the opposite case. In delay, (-) indicates better
of the RLC and TCP layers, and a vertical RRM layer thatperformance of and vice versa for (+).
collects information from the PHY, MAC and RLC layers
to provide the scheduling parameters. Finally, the apfitina
layer generates File Transfer Protocol (FTP) traffic [14d an
the Internet Protocol (IP) layer is modeled as overhead. Results are divided according to the deployment, in order
In addition to the procedures described in Section II, theo isolate the ICI impact, since it may be the limiting factor
PHY and MAC layers also implement the HARQ retransmis-in the achievable FD gain [1].
sion mechanism and link and rank adaptation schemes. The
link adaptation algorithm keeps track of the last five chzhnne_A_ Single cell scenario: avoiding inter-cell interference
measurements to extract an accurate MCS. The rank adaptatio
(RA) algorithm is taxation-based [13]. It decides, accogdi Since this scenario is not affected by ICI, retransmissions
to the incoming interference, which is the most appropriatearely occur and the FD gain is only affected by the traffic
rank to reduce the overall network interference, i.e., hamyn constraints. Figure 6 depicts the average cell throughitit w
MIMO antennas will be used for transmission and how manysymmetric traffic. This result shows that FD always outper-
of them for IRC interference suppression [11]. The readeforms HD, independent of the transport protocol, and the FD
can refer to [13] for further details on the rank adaptationgain is higher when the load increases. However, notice that
algorithm. Finally, the selected scheme for ter decision the FD gain obtained with TCP is higher than with UDP. This

IV. SIMULATION ENVIRONMENT

V. PERFORMANCEEVALUATION
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TABLE II: TP gain and delay reduction of FD over HD with
asymmetric traffic in single cell scenario

o
o

o
o

Load Traffic DL TP UL TP DL delay UL delay

UL packet delay (m
N w

Low UDP  +1%  +10% 0 -16% 100 4a9s ¥18%
TCP  +17%  +39% -13% -29% 0 é ;
0 0 o 0 UDP  TCP UDP TCP UDP TCP
Medium %)S :3?7& :?;go//‘; ;1{;0 _iéo//f; Low load Medium load High load
i UDP 5% +69% 6% 61% Fig. 9: Multi-cell UL delay with asymmetric traffic
High TCP  +61%  +128% -36% -55%

UL and DL, allowing the congestion window to grow faster.
difference is a consequence of the TCP congestion control From this first analysis we can conclude that FD is able to
mechanism. Packets accumulate in the buffer because dataprove TCP performance, providing better results than UDP
transmission is controlled by the TCP congestion windowsth Such gains come from a faster growing of the TCP congestion
increasing the probability of having simultaneously UL &1d  window and the immediate transmission of the TCP ACK with
data. In this case, the FD probability ranges from 67% to 83%-D. Moreover, without ICI, FD can always outperform HD,
for TCP, while it goes from 4% to 11% for UDP because thisspecially the lightly loaded link in case of asymmetric fiaf
protocol acts as a transparent layer. Figure 7 shows theepack
delay with symmetric traffic, which has a similar behavior as . o P ;
the throughput. We observe that FD also outperforms HD forB. Multi-cell scenario: impact of inter-cell interference
all cases and the FD gain increases with the load. In the multi-cell scenario (Figure 5), a node may perceive

For asymmetric traffic (see Table Il), FD always outper-significant interference from its neighbors, meaning thBt F
forms HD in terms of throughput and delay, for both UDP will be affected by increased ICI compared to HD. Table Il
and TCP. However, the UL gain is higher because in HDshows the FD gain with symmetric traffic. We can observe
the UL gets less transmission opportunities since it is thehat, with UDP, FD always outperforms HD, both in terms
lightly loaded link. Furthermore, in TCP, DL (UL) data needs of throughput and delay, and the FD gain increases with the
to be acknowledged from the UL (DL) in order to increaseload. Nevertheless, with TCP, the situation is the opposite
the TCP congestion window and continue transmitting. Inand FD leads to worse throughput and delay performance
HD, DL suffers since UL has less transmission opportunitiesthan HD in all cases. Such performance is caused by the
hence delaying the UL TCP ACK transmission. In UL the interference conditions as a consequence of the FD prdtyabil
impact is less significant because DL gets more transmissioBuch probability ranges from 11% to 34% with UDP and from
opportunities (highly loaded link) and the DL TCP ACK is 67% to 89% with TCP. This indicates that, the higher is the
transmitted with lower delay. This HD problem is solved with FD probability, the larger is the ICI, since FD doubles the
FD since the TCP ACK can be transmitted immediately in bottnumber of interfering streams. Notice that, according t® th
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Fig. 10: Multi-cell UL rank with TCP asymmetric traffic

reducing the increased latency inherent in the TCP mecamanis
However, in case of significant inter-cell interference, HD
provides better performance. Therefore, we conclude temet

is a trade-off between HD MIMO spatial multiplexing and
FD to obtain the optimal system performance. Such trade-
off is strongly linked to the probability of exploiting FD dn
hence to the level of inter-cell interference. Finallyuftgt work

will focus on studying FD in contention based systems and

TABLE IV: TP gain and delay reduction of FD over HD
with asymmetric traffic in multi-cell scenario

Load Traffic DL TP UL TP DL delay UL delay [1]
Low uDP +1% +4% 2% -14%
TCP 9% +8% +45% +18%

Medium  YDP +3% +17% 5% -33% [2]
TCP -60% -43% +429% +224%
High UDP  +17%  +123% 22% 1%

9 TCP 51% 6% +123% +69% [3]

[4]

RA algorithm, HD would then use a higher rank than FD.
Consequently, HD is able to transmit a larger amount of data,
increase faster the TCP congestion window and get rid of(g
the data sooner than FD. Then, HD occupies the medium
for less time and hence reduces the interference generated
to neighboring cells. Results shows that the worst case is aff]
medium load, where the RU is 67% for HD and 92% for FD.
Figures 8 and 9 show the UL throughput and delay, re-
spectively, which correspond to the performance of thetlygh (7]
loaded link. We can observe that results show the same trends
as the symmetric traffic case. With UDP, FD shows the bestg
performance, specially at high load (123% throughput gain
an 77% delay reduction) because FD mitigates the buffering
effect, since UL get more transmission opportunities than i
HD. Table IV shows that also the DL is always improved [©
with FD. However, with TCP, not even the lightly loaded link,
which may perceive six times more resources in FD than in
HD, can be improved. The reasoning is the same as for thgg
symmetric traffic case. The FD probability, which has anctffe
on the ICI and hence in the transmission rank, goes from 4%
to 11% with UDP and from 85% to 91% with TCP. Figure 10 [11]
shows the UL transmission rank, wheRé refers to rank one,
R2to rank two, etc. From the figure, we observe that FD is
already limited to rank one at medium and high load, while*?
HD exploits MIMO spatial multiplexing at all loads (with wer [13]
low probability at high load). Choosing a higher transnussi
rank allows the TCP congestion window to grow faster and
reduce the ICI since the medium is freed before. [14]
According to the presented results, we conclude that TCP
leads to a higher FD probability, thus increasing the ICI and15]
provoking a slower growth of the TCP congestion window. We
showed that there is a trade-off between the MIMO antennas
used for data transmission and the ones used for interferenfle]
suppression to achieve the best system performance.

VI. CONCLUSIONS AND FUTURE WORK 7

In this paper we have investigated the performance of bidi-
rectional FD in 5G ultra-dense small cell networks considgr

discovery procedures in device-to-device communication.
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