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Breaking Through the Full-Duplex Wi-Fi Capacity Gain
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Abstract—In this work we identify a seminal design guideline
that prevents current Full-Duplex (FD) MAC protocols to scale
the FD capacity gain (i.e.2x the half-duplex throughput) in
single-cell Wi-Fi networks. Under such guideline (referre to as
1:1), a MAC protocol attempts to initiate up to two simultaneous
transmissions in the FD bandwidth. Since in single-cell Wi-
Fi networks MAC performance is bounded by the PHY layer
capacity, this implies gains strictly less than2x over half-duplex
at the MAC layer. To face this limitation, we argue for the
1:N design guideline. Under1:N, FD MAC protocols ‘see’ the
FD bandwidth through N>1 orthogonal narrow-channel PHY
layers. Based on theoretical results and software defined dio
experiments, we show thel:N design can leverage the Wi-Fi
capacity gain more than 2x at and below the MAC layer. This
translates the denser modulation scheme incurred by chanhe
narrowing and the increase in the spatial reuse fier enabled by
channel orthogonality. With these results, we believe our esign
guideline can inspire a new generation of Wi-Fi MAC protocok
that fully embody and scale the FD capacity gain.
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nodes freely transmitting to each other in the channel. ¢t fa

in a single-cell WLAN, the MAC throughput is bounded by
the PHY layer capacity.Thus, doubling such capacity with FD
radios may limit the maximum capacity gain achieved at the
FD MAC layer to a value strictly less tharxzhe half-duplex
throughput. This suggests one needs to improve the capacity
below the MAC layer more thanxX2to give room for MAC
protocols that actually approaches the FD gain.

In this paper we report novel results that break through the
capacity gain leveraged by FD radios in single-cell WLANS.
We accomplish this by arguing for an alternative FD MAC
design guideline we refer to as\NL:Under that, the MAC layer
arranges the FD bandwidth intd>1 PHY layers. Each PHY
layer is assigned to a portion of spectrum that is narrowaan th
the available FD bandwidth and orthogonal to the other PHY’s
spectrum portions. Similar design have been studied before
from the perspective of MAC arfor radio architecture e.g. [8],

[9], [10], [11], [12]. These works highlight the advantages
of parallel narrow channels on a single radio but under the

Recent works have demonstrated the feasibility of Selfalf-duplex constraint. To fully realize the FD gain over a

Interference Cancellation (SIC) techniques, turning +ulvireless bandwidth allocated to concurrent narrow chamnel
Duplex (FD) radios into a reality e.g. [1]. Such radios arene has to refer to the same kind of wide-band SIC design
capable of receiving and transmitting simultaneously inith (e.g. [1]) assumed by current state-of-the-art 1:1 FD MAC
the same frequency band, achieving a gain sftBe half- proposals. We refer to such advance to repmprecedented
duplex link capacity in theory (i.e. the FD gain). An importa contributions towards the FD gain scalability in WLANs
question raised by that achievement is whether it is passibl Our first contribution is to show that, contrary to the
to design a Medium Access Control (MAC) protocol thapopular assumptions and beliefs, it is possible to attainemo
accomplishes the goal afcalingthe FD gain in a wireless than-doubled capacity gains within an FD bandwidth i.e.
network. A possible way to accomplish that consists in rgyi below the MAC layer. Indeed, narrowing a channel relaxes
on the wide area implied by multi-cell deployments to adtivareceive sensitivity requirements enabling denser moidulat
multiple concurrent links [2]. However, by surveying the KA schemes [13, Table 18-14]. Thus, spectrum usage improves.
literature e.g. [3], [4], [5], [6], one can find out it is hardFor instance, instead of occupying a 10 MHz channel with two
to accomplish that scalability goal withinsingle-cellWi-Fi  (FD) transmissions, one can split it into two 5 MHz orthogona
compliant Wireless Local Area Network (WLAN), since the~D channels and activate four concurrent transmissionis. Th
contention overheads and the lack of spatial reuse cankshnjields gains ofx2.2x over a 10 MHz half-duplex link even
the FD gain to 158x as the network grows [7]. considering guard-bands. We demonstrate this theorgtical
To tackle the limitation of current FD MAC protocols, weand through a proof-of-concept study with USRP platforms.
go a step further and identify a common design strategy weOur second contribution is to scale the novel FD gatithe
refer to as the 1:1 MAC design guideline. With the 1:1 desigiAC layer. We characterize the ideal condition for an 1:1 FD
an FD MAC protocol ‘sees’ the whole FD bandwidth throughVi-Fi MAC protocol and show its performance improves more
a single PHYsical layer. To maximize FD gains with suchthan twice under the I guideline. This happens because
design, MAC protocols attempt to minimize theffdrence channel orthogonality multiplies FD opportunities by isas-
between the start time of two concurrent transmissionsén ting the spatial reusefker. We believe these results instigate
channel. This leads to gains bounded by the capacity of tiurther research towards a solid FD IEEE 802.11 stack.
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The remainder of this paper is organized as follows. INote the two possible asymmetric dual-links are ndfedent
section Il we present our system model and background. Views of the same scenario since in one case an already
sections Il and IV we present theN.:design guideline and receivingnode starts transmitting while in the other an already
its capacity model, respectively. In section V we present otransmittingnode starts receiving.
results. In section VI we present conclusion and future work ) ) )

B. Medium Access Control Challenges with Dual-links

The performance of an FD MAC protocol results from a

We consider the design directives that a Wi-Fi compliamialance between howffectively it exploits dual-links and
FD MAC protocol should follow to scale the FD gain. In thighe cost it takes towards that. Concerning asymmetric dual-
sense we focus on models to assess capacity upper-bodimdks, the main challenge consists in assuring the secgndar
at and below the MAC layer in a single-cell infrastructuretransmission does not collide with some possible ongoing
IEEE 802.11 WLAN. For the MAC protocol study, the cellprimary transmission. Collisions may happen whenever the
is composed of one Access Point (AP) andSTAtions receiver node of a primary (secondary) transmission isiwith
(STA). STAs perform the standard CSM2A to initiate a the interference range of a secondary (primary) transorissi
transmission to the AP (uplink). The AP is assumed to always case of symmetric dual-links, the challenge consists in
have a frame enqueued to its current transmitting STA. Thadentifying a pair of nodes that have frames to each other. To
the AP can establish an FD (down)link to the STA upomaximize FD gains regardless of the type of dual-liaky
processing its incoming header. As we discuss in section IFND Wi-Fi MAC protocol attempts to minimiz&=ts—tp:>0.
this corresponds to an ideal condition the capacity uppétarticularly for our scenaridy; is the time at which a STA
bound of an FD Wi-Fi MAC protocol can be derived from. starts a primary transmission after winning a CSIGA

For each MAC proposal we assume saturateffitrand contention round ands; is the time at which the AP starts
ideal channel conditions [14]. These assumptions ensure the corresponding secondary transmission.
assess ‘the most each MAC protocol can do’ when provided o
with best conditions. Note, however, any MAC protocol unddy- Novel Classification for FD MAC Protocols
the design guideline we are about to present might actuallyln this work we identify a new category for the design of
perform better in noisy environments. This happens becadd® MAC protocols. With this novel category, MAC protocols
the narrow Wi-Fi channels we rely on are less prone to noisege classified according to the way they exploit the avaglabl
as we discuss in the section IlI-B. Also, we assume eaulireless FD bandwidth. In this sense, we identify a seminal
compared MAC and PHY model ffars from the same level trend we refer to as the 1:1 MAC design guideline [3], [4], [5]
of negligible self-interference residue. Again, a sucfiéss[6]. Under the 1:1 guideline the MAC protocol ‘sees’ the FD
(de)modulation process might be less demanding in termsh@Endwidth through aingle PHY layer. Thus, the best-case of
SIC requirements if performed over narrower channels austeany 1:1 MAC protocol is bounded to the capacity of a dual-
of wide channels [1]. link. Moreover the resulting capacity is impaired becaute o

the contention overheads.

Il. SystEM MoDEL AND BACKGROUND

A. FD MAC WLAN Terminology

The ultimate goal of any FD MAC protocol is to take 1. Tre 1:N MAC DesioN GuiDELINE
advantage of FD opportunities within a given wireless clehnn A reasonable way to overcome the performance limitation
to maximize capacity. It means the protocol attempts wf 1:1 FD MAC protocols consists in, firstly, improving the
activate two overlapping transmissions to maximize chhnrmeapacity below the MAC layer. Toward that goal we advocate
utilization so throughput. In Wi-Fi compliant WLANS, thean alternative FD MAC design guideline we refer to ahl.1:
Primary Transmitter(PT) is the first node to start transmittingunder this novel guideline, a MAC protocol sees the FD
a data frame after winning a typical CSWM®A contention bandwidth throughN>1 PHY layers. Each PHY layer is
round. The node PT transmits to is callBdmary Receiver assigned to a sub-channel that is narrower than the whole
(PR). During the primary transmission, the FD MAC protocavailable FD bandwidth and orthogonal to the sub-channel of
may start a secondary transmission in the channel. In tisis c¢éhe other PHY layers. The value &f is a trade-€ figure of
the sender and receiver are call®elcondary TransmittlST) merit between the maximization of the number of concurrent
and Secondary ReceivéSR), respectively. transmissions and the minimization of the spectrum ovethea

Basically, the FD opportunities can be classified into eitheeeded to isolate channels through guard-bands. While a
symmetricor asymmetricdual-links [6]. In symmetric dual- comprehensive understanding about tifieas of varyingN
links, PT and PR coincide with SR and ST, respectivelpakes a strong case for future research, along this work we
(i.e. [PT=SR]2[PR=ST], where the direction of each arrowpropose a case study fdi=2 to quantify the unique benefits
denotes the destination of a transmission). In asymmaetiaé-d our proposal brings for the design of FD MAC protocaols.
links, there must be #hird node involved in the secondary i
communication. Such node is either a SR or a ST. In the fornfér Increased Spatial Reuseffer
case, the PR coincides with the ST i.e.-P[PR=ST]-SR The 1N design creates more FD opportunities than 1:1
Otherwise the PT coincides with SR, i.e. PIPT=SR]—ST. by increasing spatial reuseffer, as shown in Fig. 1. In
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(a) 1:1 possible best-case scenario. (b) 1:N=2 possible best-case scenario. 70

Fig. 1: Best-case comparison: UndeNi(b), the number of dual-links (couple
of solid straight arrows) outperforms 1:1 (a) by a factor Nf Channel
orthogonality (gray and black colors) overcomes interfeee(dashed waved

arrows) to increase spatial reuse. 40 !

=75
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the 1:1 best-case scenario (FRf) a dual-link can increase Relative Frequency (MHz)

throughput while avoiding that a hidden node (e.g. SSA Fig. 2: Each concurrent 5 MHz-wide channel outperforms glsii0 MHz

collides with an ongoing transmission (eS.—A). However, channel about 3 dB even under the same output power.

this sacrifices spatial reuse by interfering with all oth@AS

(dashed waved arrows) [7]. By arranging the FD bandwidth . i :

into N orthogonalnarrower-channel PHY layers, theNLbest- hm't Crar 0f FD MAC protocols under the 1:1 design.

case scenario overlapé-1 additional dual-links in the same Chd Blog,(1+SNR (1)

space. Thi; is i.IIustrated on Fig? for N=2, in which chan.nel Crat 2Blog, (1 " 103Nrg“3/1o) )

orthogonality (i.e. gray and black colorajso helps against

collisions and enables one additional dual-link in the meky With the 1N guideline, the FD bandwidtB is equally divided
_ . . amongN narrow channels. Considering=2, the 3 dB gain

B. Improved Signal to Noise Ratio induced by channel narrowing, the guard-ban@Hz) and the

Prior works [15], [16] show experimentally that halving™D capability assumed before, the total capaCity. achieved
a single Wi-Fi channel increases the total energy in tiéthin Bis given by Eq. 3.
bandwidth, yielding an SNR gain ef3 dB. We enhance these B-
tests to check whether the SNR statement holds when the total Craz = 4( 2 g)|092 (1 * 10(SNF&B+3)/1O) )
ac;tive bandwidth remains the same but the numbgr (_th_en the |\, ED Wi-Fi MAC ProtocoL Capacity UppER-BoUND
width) of channels changes. In each test, we set Wi-Fi signal
to the same parameters. However, one scenario considers Ia this section we characterize the ideal condition to deriv
10 MHz-wide channel and the other considers two concurrdhe capacity upper-bound of a Wi-Fi compliant FD MAC
5 MHz-wide channels. To achieve such concurrency one c@fptocol. Then, we present a model to assess such capacity
resample a 5 MHz Wi-Fi signal by interpolating it to 2 in theinder both the 1:1 and l4: MAC design guidelines.
baseband. The resulting signal is duplicated and each ®opy i N - )
shifted to its specific half within a 10 MHz band. In Fig. 27 !deal Condition for Wi-Fi Compliant FD MAC protocols
we plot the Power Spectrum (PS) of the strongest signalsTo keep Wi-Fi compliance, a MAC protocol shall follow the
as reported by a couple of single-antenna Ettus USRP B2C8MA/CA access method. In the context of FD radios, this
platform. We estimate the PS samples and their average baggghns thaht leastthe primary transmission initiates following
on the Matlab’spwelch procedure. From the plots, one cam typical exponential backfbprocedure. Since CSMEA is
see each narrow channel benefits fref® dB gain over the half-duplex by nature, some additional mechanism is reguir
wider channel. In fact, although both narrow channels ogcup admit a collision-free secondary transmission. Theltiegu
the same 10 MHz spectrum, they are employed independentiiyie overhead to coordinate such a secondary transmisgston (
Thus, both the environmental and noise floors experiencad is the key reason why MAC protocols’ performance falls
within a channel does not account for the signal processingwell below the FD gains [7]. Therefore, under an ‘ideal FD
the other. condition’, an Wi-Fi compliant MAC protocol maximizes the

) FD gain utilization by minimizing the time overheagd.

C. Capacity Model Below the MAC Layer A naive way of characterizing the ‘ideal FD condition’ is
The SNR improvements resulting from channel narrowirg@ssumingA=0 i.e. ts=t,,. This implies that the same badko
can translate into higher capacity for a Wi-Fi bandwidtmumber is shared without overheads by a pair of arbitrary
Consider an AWGN Wi-Fi channel measuriiy(Hz) under nodes at the beginning of each time slot. This is a too strong
a given S NR (unitless). According to the Hartley-Shannorassumption for our scenario because conflicts with the rando
theorem, the maximum information that can be modulated andiform behavior of the CSMACA backdf procedure. A
carried over a half-duplex bandwid® is Cnq Bits/Hz/s (Eq. reasonable alternative for this consists in assumingttieePR
1). Assuming an FD radio and expressing tB&Rin dB always has a data frame enqueued to the RiTour scenario
(SNRg = 10logS NR), one derives Eq. 2 for the capacitythis means that the minimum; corresponds to the time




interval the AP needs to start the secondary transmissiin j Ti T, Tack
after processing the incoming primary transmission’s beac

H;. A prior work has shown an AP can manage to do thsSTA (°T & SR| H, | L, (Bytes) [sirs | ACK: | birs

in real-time [17]. The whole process is illustrated in Fig. 2 S Z;

In the figure, an arbitrary STA starts a primary transmissicap R & s1° | Hy| Ly (Bytes)  |[sues [ ACKy | oirs

to the AP at the time instarty upon winning a CSMACA A - %----> Maximum T, (Ty + PT’s timeout)
contention (not illustrated). After receiving and proéegs o T,

Hi, the AP fetches a data frame and starts a second.  hh 0 5 Time

trar_]smiSSion tQ _the CorreSp_onding STA at the tit1§1eTh_is Fig. 3: Ideal FD condition for the performance of an Wi-Fi quant FD
defines the minimum\;, which corresponds td,—t;>0 in MAC protocol. The AP (PR) always has a frame enqueued to the (8T).
the figure. Note, however, that FD becomes profitable orfy time t> the AP (ST) starts sending a data frame to the STA (SR) upon
atts, the time at which useful data starts being transferred o9 and processing the primary transmission heatleing fi.tz]).

avoid collisions due to hidden terminals, both transmissio

have to be finished simultaneously [6], then the maximum . .

Secondary payl_oauz (bytes) for the Capacity upper-bound ig"ustrated-on F|g 3. AISO, Ieﬂ—H and TL be the time taken
dimensioned accordingly. The other parameters on the FigtoatransmitHi (or Hz) and Ly under given control and data

are helpful for the capacity model, as we explain next.  rates, respectively. Denoting 84FSplusTack the total IEEE
o 802.11 standard time needed to acknowledge a data frame and
B. Capacity Limit Model 6 as the propagation time of each frame, the overall duration

To compute the capacity limit of CSM&A under the Of a successful primary transmission is given by Eq. 4. Note
ideal FD condition for each design guideline, we refer to tH8atTs also comprise®IFS i.e. the minimum Wi-Fi standard
IEEE 802.11 capacity model proposed by Bianchi [14]. TH&me interval all STAs must wait before assuming channel is
model is twofold. Firstly it computes the probabilitiesandp idle again and restarting the CSVM2A count-down.
that a CSMA(C_A_ _station transmits a_nd collides, respectively. Te=Ty+TL+0+SIFS+ Tack +6 + DIFS @)
These probabilities are computed in the same way for our
scenario, since the STAs contends for primary transmissionAs one can also see on Fig. 3, under the ideal FD condition, a
just as in half-duplex CSMACA. The second part of the modeldual-link comprises two data frame transmissions. Theeefo
consists in a expression that computes the throughput felEIEthe total expected payload carried within the channel event
802.11 WLANSs regardless of the channel access mode. Mdseccess’ is defined aS[L]=L;+L,. Note thatLy,=L;—f (Hy),
precisely, the model computes the saturation cap&igyven where f_ (H,) is the amount of useful payload that the sec-
both the payload carried per transmission and the time idaratondary transmission’s data rate could send during the time
of each possible event in the channel. interval comprising fetching and transmittiridp (i.e. [ta, t3]

To assessS assuming an FD channel, we need firstly ton Fig. 3).
characterize the possible events related to a primaryrtisas ~ 3) Duration of a collision: To detect a collision, the PT
sion at the beginning of a time slot. In our case they cormedpostarts its timer just after pushing the last symbol headertire
to same possible events of a CSNOR half-duplex channel, channel. As soon as PT detects an incoming symbol, it stops
namely, ‘success’, ‘collision’ or ‘absent’ (empty slot)h@se the timer and finishes receiving the whole incoming signal.
events happen with probabilitig;, P. and P; and takeTs, If the received signal does not correspondHg as expected
Tc andT; absolute time units (e.gs), respectively. Of these, or, alternatively, no signal is detected before the timguires,

Ti is obtained straightforwardly from the standard waitingt sl then PT stops transmitting. The maximum timer estimation
time [13]. Moreover, only the first event carries an expectesbmprisesTy, the header propagation time and the overhead
amount of useful payLoad, that we denoteEs]. on PR to start the secondary transmission appropriate]$7j

1) Probabilities of channel event§io computePs, Pc and  authors report an overhead ofElto start an FD Wi-Fi like
P;, recall that each one of all STAs does transmit with prob- transmission in real-time.
ability r and does notwith probability (1-7). Thus, channel 4) MAC guidelines saturation throughput:The FD
is idle with probability Pi=(1-7)". A primary transmission CSMA/CA capacity formulaS (Eq. 5), comes from the ratio

succeeds if only a single STA transmits and the remaindggyeen the payload and the time duration associated to each
(n-1) STAs remain silent, what happens with prObab'“%ossible event in the channel.

7(1-7)™1. Since each of then STAs has the same chance
PS(Ll + Lz)N

to succeedPs=nr(1-7)"*. A collision happens if the channel S = (5)
is not idle and, at the same time, a primary transmission does PsTs+ PcTe + PiTi
not succeed i.eP.=(1-P;)(1-Ps). Each value in the ratio are weighted by the corresponding

2) Duration and payload of a successful primary transmishannel event probability. This formula stands for bothigles
sion: Let H; andL; be the PHY-MAC headers and paylLoadyuidelines. The dierence is thatN=1 for the 1:1 design.
sizes of a primary transmission, respectively. Similadyand Hence, under the ideal FD condition, each CSKA round
L, have equivalent meaning for a secondary transmission,teggers two transmissions across the whole channel. Weh t
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Fig. 4: Maximum capacity delivered to the MAC layer by two 1GH&IFD Wi-
Fi channels (1N design,N=2) against full and half duplex 20 MHz channels.
The 1N design more than doubles half-duplex capacity paying adgband
overheady<1.1 MHz (plots forg=100 KHz assuming actual filters e.g. [12]).
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PHY Layer arrangements

Fig. 5: Capacity of ideal Full-Duplex (FD) radios mimickeg {ut-of-band)

FD experiments on USRP platforms. Two 5 MHz FD channels afdpa

a single FD 10 MHz channel i.e. more than doubles Half-Dupl€kiD)
capacity.

1:N design,N>1 and each CSMACA round triggers N
narrow-channel transmissions under the same ideal conditiand measured all bytes transferred through saturated. links
Also, all timing parameters are rescaled according to chlanisince SDR experiments are dramaticalffeated by CPU load
width just as the IEEE 802.11 standard mandates [13].  and FD doubles such processing demands, we assess the half-
duplex link from the best FD link. For each experiment we
gather as much sample as needed to calculate mean throughput

In this section we report results achieved by both 1:1 andth a confidence of 95% and a relative err06%, following
1:N guidelines at and below the MAC layer. We also repothe statistical procedures of [19].
the half-duplex performance for comparison purposes. From the plots on Fig. 5 one can see our theoretical

o statement holds in practice. Our design improves over half-

A. Novel Capacity Limit Below the MAC Layer duplex about 2x. For all cases the throughput is dramatically

In Fig. 4 we plot the capacity upper-bound for the 1:1 anl@wer in comparison to theory mostly because of the large la-
the 1N=2 guidelines across fierent SNRs (Egs. 2 and 3,tency introduced by the (half-duplex) USB connection betwe
respectively). The total bandwidth i8=20 MHz so 1IN USRP and PC. Finally, we recognize that the capacity of actua
corresponds to two 10 MHz channels. Each 10 MHz channeliisbandFD radios is strictly less thanhalf-duplex’s because
separated by a guard-bagd100 KHz, what can be achievedof residual self-interferencedowever, our findings suggest
by actual filters e.g. [12]. We also plot the half-duplex azifya that the gains claimed by single-band FD radio proposals
for comparison purposes (Eg. 1). As widely known, the gaimight be underestimatedror instance, we believe the best
of any FD radio is bounded byx2the half-duplex capacity. currently reported result =87x in an 80 MHz channel with an
However, the SNR gains induced by channel narrowing breaR§SI of Pr dBm [1] — could be even better if performed over
this currently prevalent gain even paying a 100 KHz guardéwo 40 MHz FD channels (with appropriate filtggaardbands)
band overhead. We verified the statement still holds fgr aset to the densest Wi-Fi modulation scheme supported under
up to about 11 MHz. Pr dBm.

To investigate whether such theoretical results preserves o
in practice, we propose a proof-of-concept study based Bn NOvel Capacity Limit at the MAC Layer
a pair of Ettus USRP B210 Software Defined Radio (SDR) To check whether the PHY layer improvemegtlesat the
platforms. Each radio is equipped with one antenna for trafdAC layer we assess the capacity upper-bound of the FD
mission and one for reception. We compare a single 10 MEESMA/CA under both 1:1 and M designs. The numerical
channel against two 5 MHz channels. Ateal FD radio dou- results are computed in accordance with the section IV-B. We
bles capacity by entirely releasing the bandwidth for rdoep also report the half-duplex results under both the standard
while transmitting. To mimic such behavior, we rely on@rn- access modes namely, the 2-way (i.e. DATA followed by
of-band FD test. Thus, in both scenarios, each radio has ACK) and the 4-way handshakes (Request-to-3eledr-to-
MHz channel dedicated for reception and another 10 MHz f&end, RTECTS-DATA-ACK). We assume a propagation time
transmission, being these channels 60 MHz away from eaghdé=1us, a bandwidth oB=20 MHz andN=2 (i.e. two 10
other. For each case, we set the highest modulation the IEEEz channels for IN). All other timing parameters are set
802.11 standard mandates under a Received Signal Streragtbording to the IEEE 802.11a besfeet traffic class.
Indication (RSSI) of-80 dBm i.e. QPSK A4 for 10 MHz We verify that the FD MAC protocols outperform the
and 16-QAM %2 for 5 MHz [13, Table 18-14]. This yields half-duplex CSMACA across dierent data rates and frame
data rates of 9 and 6 Mbps, respectively. We produce Wi-payload sizes. Due to space constraints, on Fig. 6 we only
signals based on thgr-ieee86211 GNURadio module [18] report results for data rate of 48 Mbps in 20 MHz channels.

V. REesuLTs



T T T . . . .
w0l by a pair of transmissions in the channel. Instead, under the
1:N design guideline we advocate, MAC protocols ‘see’ the
| FD bandwidth througiN>1 orthogonal narrow-channel PHY
e layers. Based on theoretical results and software defirdid ra
< experiments, we show it is possible to outperform the cdrren
a 20 . .
£ assumed FD capacity gain at and below the MAC layer. To
g benefit from this novel more-than-doubling improvement, in
S future works we plan to design novel mechanisms that exploit
the spatial reuse opportunities enabled by thN tiesign
10 guideline. Also, we intend to study theN.:design together
‘ ‘ ' ' the MIMO technology.
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