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Abstract—In this paper, we propose a contention mechanism
based on the execution of multiple contention rounds in the
frequency domain (ReCHo), which is designed to offer high
throughput performance and robustness with respect to imperfect
carrier sensing. The main idea is using narrow tones as signalling
messages for performing channel access contentions and allowing
the Access Point to echo these signals, in order to extend the
sensing capabilities to all the stations associated to the AP. In
particular, we refer to the emerging IEEE 802.11ax standard,
showing how our scheme can boost performance of random
access with respect to the current version of IEEE 802.11ax
OFDMA Back-Off (OBO), even when hidden node probability is
very high.

Index Terms—IEEE 802.11ax, random access contention,
frequency-domain signalling, imperfect sensing

I. INTRODUCTION

According to Cisco traffic forecasts [1], WiFi technology
has become the dominant wireless access solution in the last
years. To support the ever growing volume of traffic, the orig-
inal IEEE 802.11 standard has undergone an impressive im-
provement of the PHY layer capabilities, including bandwidth
aggregation, efficient modulation and coding schemes, MIMO.
However, the MAC and PHY protocol overhead, including the
access contention procedure, do not scale accordingly. This is
one of the leading motivations of the deep revision of the entire
access paradigm that is currently maturing in the framework
of the emerging IEEE 802.11ax standard.

The MAC contention procedure is based on random count-
down of back-off time slots. While a back-off slot lasting 9 µs
may have a negligible impact on the throughput of a WiFi
interface operated at Mbit/s rates and carrying long frames
(e.g., thousands of bytes), it rapidly becomes dominating as
the bit rate scales up to Gbit/s and a lot of short messages are
sent, e.g., generated by smartphone apps or sensors devices.
As a consequence, the contention mechanism adopted by IEEE
802.11 wastes a significant amount of capacity, due to count-
down of idle back-off slots and to collisions. This performance
crippling carries over also to the currently proposed random
access component of IEEE 802.11ax, namely the OFDMA
Back-Off (OBO) procedure [2], [3].

In this work, we use narrow tones as signalling messages
for performing channel access, in order to reduce the MAC
protocol overhead impact on station performance. The key
ideas of the proposed contention procedure are: (i) frequency-
domain signalling through narrow tones; (ii) repeated con-

tention rounds to elect winning stations to access the channel.
A protocol proposal based on those ideas, named Repeated
Contention (ReCo), has already been presented in [4], under
the assumption of perfect channel sensing.

Here we add one more key idea, namely: (iii) echoing of
the signalling tones by the Access Point (AP). We re-define
the contention rounds to allow the Access Point (AP) to echo
the signalling tones sent by stations, in order to extend their
sensing capabilities. We name this new, enhanced version of
ReCo as ReCHo. This new approach improves substantially
access performance in imperfect channel sensing scenarios,
where stations associated to a same AP can well be out of
reciprocal visibility.

We highlight the impact of imperfect carrier sensing
emerged in the real experiments is assessed also in a sim-
ulation environment in § IV-B. Then, we apply the ReCHo
procedure to the emerging IEEE 802.11ax standard. We show
through simulations the performance improvement brought
by our proposal with respect to the currently accepted OBO
procedure .

A last contribution is proving the practical feasibility of
the frequency-domain contention scheme in wireless nodes
with limited complexity, thus showing that ReCHo can be
implemented without requiring full-duplex capabilities. In
particular, we worked on the WARP boards, for which a
reference programmable implementation of IEEE 802.11g is
available. We modified the PHY to enable simultaneous trans-
mission and reception of tones, and the MAC for supporting
the ReCHo logic. Our wireless node prototype allowed us
to experimentally validate the efficiency and robustness of
the proposed ReCHo scheme, even in presence of imperfect
channel sensing.

In the rest of this paper, after literature review in § II,
we briefly introduce ReCo, then we describe the enhanced
version ReCHo and we provide analytical model in § IV-C.
The impact of imperfect carrier sensing emerged in the real
experiments is presented in § V, where experimental result are
presented. Application of the ReCo concept to IEEE 802.11ax
is presented in § VI. Finally, conclusive remarks are given in
§ VII.

II. RELATED WORK

Frequency-domain signalling has been investigated in [5],
[6], where up to two consecutive contentions are carried out



by selecting random sub-carriers rather than random back-off
delays. The stations transmitting on the smallest frequency
sub-carrier win the contention round. Frequency domain con-
tention is exploited by Fayaz et al. [7] as well. They define
a signalling protocol based on transmission and detection of
tones, that aims at channelizing the available bandwidth so that
non-interfering, concurrent links can operate simultaneously.
The approach is suitable for infra-structured as well as ad-
hoc networks. It requires the ability to transmit and detect
sub-carrier tones at the same time. A critical point is to fix
the duration of the data phase so as to strike a good balance
between potential low efficiency in case of long data phase
duration and excessive weight of the signalling overhead for
a short data phase.

ReCHo generalizes in many directional these initial ideas:
it allows any number of rounds to be configured, it allows
arbitrary probability of selection of signalling tomes )e.g.,
the probability distribution can be found as a result of per-
formance optimization), parameters can be configured thanks
to a mathematical description of the procedure that allows
a deep insight, imperfect channel sensing can be handled
even more successfully than with RTS/CTS and yet with
substantially less overhead. Earlier examples of physical layer
signalling, aiming at overhead reductions are [8], [9]/ In [8],
control messages like RTS, CTS and ACK are encoded by
using Correlatable Symbol Sequences (CSS). In [9] a PHY-
based explicit signalling among the AP and the stations and
frequency domain contention are proposed. The proposed
scheme relies on additional control signals for solving the
contention, whose duration is limited to one back-off slot. We
believe ReCHo is actually simpler to implement than those
proposals.

In [10] Authors propose to exploit Successive Interference
Cancellation (SIC) to mitigate collisions in the presence of
path loss, Rayleigh fading, and log-normal shadowing. The
work is focused on analytical modelling and does not provide
an evaluation of the practical complexity of an implementation.

ReCHo is based on repeated contention rounds. Repeated
contention round is not a new idea in itself, e.g., see [5], [6],
[11]–[13] for recent works. An early example of the idea of
successive elimination round can be traced back to splitting
algorithms, e.g., see [14, Ch. 4]. A general framework is set
up by Zame et al. [15], aiming at defining a broad class of
MAC protocols for distributed, sensing-based coordination.
The key idea is repeated cycles of contention that provide
contending stations a history of channel observations, leading
eventually to perfect coordination (hence no collisions) with
high probability after a given number of contention cycles.
Numerical examples provided in the paper point out that the
number of contention slots required for a moderate number
of stations (e.g., 32) can ramp up to several hundreds if not
in the order of thousand. In terms of contention time, this
corresponds to several tens of ms. As a result, the goodput is
close to the theoretical maximum in settings where there is a
limited number of stations and they have a large backlog to
send. Moreover, it is not clear how adaptive the protocol could

be as the rate of arrivals of new active stations or termination
of previously active station grows up, since the time scale
of convergence is much bigger than the time required to
send a single frame. Gowda et al. [12] illustrate the principle
of repeated contention round to overcome the performance
limitations of the traditional “linear” DCF contention, i.e.,
the one based on a single random extraction from a set of
back-off values. Although recognizing the power of repeated
contention, Gowda et al. [12] end up defining a rather compli-
cated access procedure. Moreover, they only state the repeated
contention approach in time, as a generalization of standard
DCF.

III. RANDOM ACCESS IN 802.11AX

The IEEE Standards Association (IEEE-SA) approved
802.11ax in March 2014 [16]. The scope of the IEEE 802.11ax
amendment is to define innovative mechanisms at both the
PHY and MAC layer for improving the the capacity of
WLANs in scenarios with high density of nodes. The main
innovation considered in this extension is the adoption of a
PHY layer based on OFDMA, which allows a fine-grained
access to the channel resources organized into multiple sub-
channels called resource units (RUs). Indeed, in OFDMA,
the availability of OFDM multiple tones can be exploited for
supporting multiple access, i.e. for enabling con-current trans-
missions to/from multiple stations. To this purpose, the access
point (AP) needs to coordinate multiple stations providing
a reference synchronisation signal and a precise scheduling
of resource allocations, similarly to what happens in cellular
systems. Scheduling of uplink transmission grants has been
considered for optimizing the channel efficiency. However,
random access cannot be completely avoided for several rea-
sons, such as sending signalling information by new stations,
notifying buffer status for facilitating AP scheduling decisions,
or transmitting intermittent traffic. The random access mecha-
nism defined in IEEE 802.11ax is called OFDMA Backo-OFF
(OBO) [17] and implements a variant of multi-channel slotted
Aloha by means of a backoff mechanism performed in the
frequency domain among multiple resource units.

A. OFDMA Backoff Scheme

Although OFDMA is widely used in cellular networks, it
is a significant novelty for WLAN networks, especially for
uplink transmissions. For providing a coordination mechanism
between stations, a trigger frame is sent by the AP before any
uplink multi-user (MU) transmission. The trigger frame has the
role to provide a reference signal for synchronising over time
the transmissions performed by independent stations (which
start a SIFS after the end of the trigger frame) and identifying
the right power level to be used. OFDMA in IEEE 802.11ax is
frame-based, i.e. various tones grouped in RUs are assigned to
a given station for the entire frame duration.The trigger frame
also specifies which resource unit is pre-allocated to a given
station and which other units can be randomly accessed by all
the stations. Acknowledgement frames are sent by the AP a
SIFS after the end of the MU transmissions [18].
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Fig. 1. An example of uplink multi-user transmissions in IEEE 802.11ax
networks under the OBO mechanism (a) or ReCo (b). RUs accessed by means
of Random Access are colored in red, while reserved RUs are colored in blue.

Figure 1-a shows an example of two OFDMA uplink trans-
missions in IEEE 802.11ax networks, in which the channel
bandwidth is organized into 8 RUs. Different colors are used
for distinguishing the RUs accessed by means of scheduling
(in blue) and random access (in red).

The contention process for utilizing the RUs left to con-
tention implements a variant of multi-channel slotted Aloha
called OFDMA Back-Off (OBO) [17]. Each transmitting sta-
tion chooses a random value, called OFDMA backoff (OBO
value), in a contention window of size OCW . The contention
window follows the usual exponential increment rule as a
function of the transmission outcomes, and can vary between
minimum and maximum values that are signaled by the AP.
At each contention chance following the transmission of a
trigger frame, the backoff counter is decremented by the
number of RUs available in that contention chance. In other
words, differently from legacy DCF, the backoff counter is not
decremented over time as a function of the channel sensing
results (i.e. when the channel is idle), but it is updated right
after the transmission of the trigger frame. If the residual
backoff counter is lower than the number of available RUs, the
station can attempt a transmission by randomly choosing a RU
among the ones devoted to contention. Otherwise, the station
decreases the backoff counter and waits for the next contention
chance. Fig. 1-a shows the backoff counter updates performed
by the stations involved in the example. The figure also shows
that in a random transmission attempt stations can transmit
either a data frame or a special control frame, called Buffer
Status Report (BSR), to inform the AP on the status of the

queues and ask for scheduled (reserved) RUs for subsequent
transmissions. The details of the scheme can be found in [18].

B. Extending OBO with repeated contentions

Although the 802.11ax random scheme is very simple and
its adoption can be limited to the transmission of the BSR
frames, it is evident that significant channel wastes can arise
for two main reasons:

• lack of utilization of some RUs, which remain empty
during the backoff countdown or are not selected by the
stations with a backoff counter equal to zero;

• collisions due to the selection of the same RU by multiple
stations.

Since the waste of an RU is a significant capacity loss
(the bandwidth allocated to an RU being equal to an entire
legacy WiFi channel), it is evident that the OBO scheme has
significant margins of improvement.

We propose to re-define the OBO contention by exploiting
two key ideas: (i) frequency-domain signalling, based on
OFDM sub-carriers, transmitted for a short time (e.g., a back-
off time slot); (ii) repeated contention rounds before deciding
the final RU allocation to station contending with random
access procedure.

As discussed in § V, OFDMA can easily support signalling
mechanisms based on the simultaneous transmission and
detection of tones (i.e., single, non-modulated sub-carriers),
without requiring full-duplex capability and therefore without
adding complexity to the station transceivers.

Before introducing the new random access procedure that
we propose for IEEE 802.11ax, let us summarize breifly the
RCo access procedure [4].

Let m be a sub-set of the available sub-carriers, chosen
so that the m selected subcarriers are suitably spaced. The
m frequency tones form on ordered set {f1, f2, . . . , fm} with
fi < fj for i < j. They are used as signalling tones in the
contention procedure. Let s be the number of mini-slots, so
that the contention procedure is organized into s round, one
round lasting exactly a single mini-slot time. Stations contend-
ing in a mini-slot randomly select a tone for transmission and
simultaneously listen to the channel to detect tones transmitted
by other stations. In the basic ReCo procedure, stations that
selected the lowest frequency tone move forward to the next
round, all other stations drop out of the current contention
phase and postpone access to the next contention phase.

If tones are selected according to a uniform probability dis-
tribution and there are n stations contending in one contention
phase, it can be shown that the collision probability pc is
bounded as follows [4]:

pc ≤ min
{
1,

n

2ms

}
(1)

The bound shows that the collision probability decays
exponentially fast with the number of rounds. In practice, it
turns out that are enough to maintain a throughput level close
to ideal for n ranging between 1 and several hundreds [4].
However, a critical assumption for those results to hold is



that channel sensing be perfect. We will discuss the effect
of relaxing this assumption in § IV, where we propose the
new version of ReCo that deals with imperfect sensing and
hidden nods, namely ReCHo.

Here we propose to adapt ReCo to the 802.11ax con-
tention process, in which multiple RUs need be allocated.
The duration of the MU transmission is increased of a few
extra OFDM symbols, organized into contention mini-slots.
During each mini-slot the whole channel bandwidth is used
for implementing a frequency-domain contention mechanism.
The extension of ReCo consists mainly in defining multi-
winner contention mechanisms. Different mechanisms can be
envisioned for selecting the stations that win the contention
and are allocated the available RUs.

Multi-Winner (MW) ReCo extension. Let RUfree be the
number of resource units available for contention. At each
mini-slot, each station decides to go to the next round if no
more than RUfree − 1 tones are transmitted at a frequency
lower than the tone selected by the station itself. All losing
stations drop out of the current contention phase and wait
for the next trigger frame. Stations winning the last round
take orderly the available RUs according to the position of the
tones transmitted in the last round (starting from the lowest
frequency).

Multi-Contention (MC) ReCo extension. In this case, mul-
tiple allocations of RUs are achieved by performing multiple
parallel contention processes with a single winner for each
RU. In other words, rather than using all the tones available
for contention, at the first contention round stations randomly
select a RU and pick one of the tones in the corresponding
bandwidth. If the contention round is successful, i.e., no other
station picks a tone in the RU bandwidth at a lower frequency,
the station moves to the next contention round in the same RU.
Otherwise, rather than simply dropping out of the contention,
the station can move to another RU in which no tone has
been detected. After the last contention round, transmissions
are finally attempted by the stations winning the contention in
each RU.

Fig. 1-b depicts the MU frames resulting from the two
proposed access solutions. If we assume a number of con-
tending stations higher than RUfree, the probability of leaving
an empty RU is very low. The collision probability can be
set at any desired level by configuring a suitable number of
contention rounds. Therefore, the proposed solution can be
more effective than the OBO scheme. However, differently
from the frequency-domain contention implemented in OBO,
these schemes strongly rely on the channel sensing capability
of the stations.

IV. RECHO: ADDING ROBUSTNESS TO TONE-BASED
CONTENTIONS

As pointed out by eq. (1), ReCo promises a low collision
probability even for a large number of competing stations and
few rounds, provided that carrier sensing works ideally. We
explore here what happens when a more realistic propagation

model is employed and the physical carrier sensing is modelled
accounting for practical issues.

Imperfect tone detection can lead to non-uniform views of
contention results among the stations. In general, either false
positives and negatives are possible. A false positive can be the
result of a noise spike or impulsive noise. False negative arise
due to selective path loss, that kills some tones at a station
receiver. In case that the tone erased by the channel at station
S receiver is at a lower frequency than the tone selected by S,
station S will miss the inhibition signal and will mistakenly
move to the next contention round.

A. Tone detection errors

Let us consider stations associated to an Access Point (AP).
For the association to be successfully performed, the level of
power that a station must receive from the AP shall be greater
than a prescribed threshold (the Carrier Detect Threshold,
CDT). When the AP (a station) is transmitting, the stations
(the AP) can sense a busy channel provided the signal level
it receives is bigger than the Defer Threshold (DT). This
works since the typical setting of the thresholds is such that
DT ≤ CDT and we consider transmission over the entire
bandwidth (i.e., frequency-selective fading is not a concern).
When using sub-carrier signalling, frequency selective fading
can harm reception. Therefore, proper threshold setting is
required.

Let Ptx be the transmission power level, Gd(x) the deter-
ministic path gain at distance x between the transmitter and the
receiver, Gs the path gain due to shadowing (obstacles), Gf (f)
the path gain due to frequency selective fading at frequency
f . For the sake of a simple notation, we omit the argument f
whenever there is no ambiguity. The power level received for a
given tone at frequency f0 transmitted by a device at distance
x can be modelled as Prx(x) = PtxGd(x)GsGf (f0).

In the following we assume that Gs is log-normal shad-
owing with unit mean and standard deviation σS = 7 dB,
accounting for obstacles, Gf is frequency selective Rayleigh
fading with mean 1, and Gd(x) follows a multi-slope power
law given by:

Gd(x) =

{
κ
(
d0
d

)α1
d0 ≤ d ≤ dc

κ
(
d0
dc

)α1 (
dc
d

)α2
d ≥ dc

(2)

For the 5 GHz band of WiFi it is κ ≈ −47 dB. dc
represents a cut-off distance, where the power law exponent
changes from α1 = 2 to a bigger value α2. To model an indoor
environment, we let dc = 5 m, α2 = 3.5 and we consider an
additional path loss of 3 dB for each crossed wall, assuming
there is one wall every 5 m. This is a simple model that aims
at capturing an office building or a block of apartment flats.
As for outdoor models, we let dc = 40 m and α2 = 4.

Stations that associates successfully with the AP must be
able to detect the carrier of the AP with a power level of
at least CDT . Since detecting a signalling tone requires the
received power level to exceed the threshold Pth = DT
and DT is several dB below CDT , stations detect tones
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Fig. 2. Probability qm that a station misses a tone as a function of the AP
coverage radius R, under the constraint that the probability of false detection
of a tone be 10−6.

emitted by the AP (and viceversa) with very high reliability.
Things are quite different as regards the possibility that stations
hear to one another during the contention phase. With ReCo,
contention depends critically on the fact that any station can
detect reliably the tones sent by other contending stations.
However, stations associated to a same AP can well be hidden
to each other.

Figure 2 plots the probability of missing a signalling tone
as a function of the AP coverage radius, obtained with
the outdoor radio channel model defined above. The power
threshold is set to Pth = DT = −88 dBm, i.e., equal to the
Defer Threshold DT . With this setting, the false detection
probability is negligible. The figure highlights that, if the
threshold is set so that false detection is essentially ruled out,
then the probability that a signalling tone might be missed is
quite high, exceeding 0.1 for large coverage areas.

B. Impact of imperfect channel sensing

In order to gain insight into the effect of imperfect chan-
nel sensing on ReCo, we have implemented a MATLAB
simulation, in which we can specify a PHY model and a
network topology between different nodes implementing the
ReCo access scheme. For sake of simplicity, let us consider
the channel access problem on a given RU with a bandwidth
of 20 MHz. Our reference topology is given by an AP
located at (x0, y0) = (0, 0) and n stations uniformly scattered
around the AP, within a maximum distance R from the AP.
The path gain model is as explained in the previous Section.
Table I summarizes the simulation parameters and gives their
numerical values.

A station receiving an average power level less than the
Carrier Detect Threshold (CDT ) from the AP is considered
to be in outage and excluded from the WLAN (in other words,
it cannot associate with the AP). The CDT is set to −82 dBm
for a bandwidth of 20 MHz. Although all associated stations
are in the AP range, some stations can be hidden to each other,
thus missing each other signalling tones, as discussed at the
end of the previous Section.

One important parameter for assessing the performance
of the scheme is the number of stations surviving at each
contention round, i.e., the number of stations transmitting a
tone at the lowest frequency or missing the detection of a
tone transmitted at a frequency lower than the one the station

TABLE I
NUMERICAL VALUES OF PARAMETERS USED IN THE SIMULATION.

PN Noise floor power level −91 dBm
Wch Radio channel bandwidth 20 MHz
nsc Number of sub-carriers 52
DT Defer Threshold 2 · PN

CDT Carrier Detect Threshold −82 dBm
Ptx Transmission power level 20 dBm
σS Shadowing standard deviation 5 dB
dc Cut-off distance of the path loss 5 m, 40 m
α1 path loss exponent at distances d < dc 2
α2 path loss exponent at distances d > dc 3.5, 4
Aw path loss of a wall 3 dB
R Radius of the WLAN area

has chosen. In case of ideal channel sensing, it is very easy
to find such a number of surviving stations. Let n be the
number of backlogged contending stations at the beginning
of the contention phase, s be the number of rounds and m
be the number of frequencies. Let qi denote the probability
that a station picks the i-th frequency, i = 1, . . . ,m. Let
also Gi =

∑m
j=i qj be the corresponding Complementary

Cumulative Distribution Function (CCDF). The probability
Pk,h that h stations survive after a single contention round,
given that k stations are contending at the beginning of that
round, is

Pk,h =

m−1∑
i=1

(
k

h

)
qhi G

k−h
i+1 , h = 1, . . . , k − 1 (3)

This result holds under the assumption of perfect channel
sensing, i.e., all stations can detect the tone signalled by any
other station and no station makes a false detection.

We can find the number of surviving stations after multiple
rounds by defining the n×n matrix P, whose k-th row entries
are Pk,h, for h = 1, . . . , k, and 0 for h = k + 1, . . . , n (k =
1, . . . , n). If we denote with x(t) the probability vector at
time t, whose i-th component (i = 1, . . . n) represents the
probability to have i surviving stations, the vector evolution at
time t + 1 can be obtained as x(t)P . Therefore, the number
of stations that survive through s contention rounds (winning
stations) is x(s) = x(0)Ps, being x(0) = [0, 0, . . . 1].

Figure 3 shows the probability distribution of the number of
stations surviving one contention round for m = 11 signalling
tones in a bandwidth of 20 MHz, the same value used in
the test-bed experiments. Square markers correspond to simu-
lation results (including the 95% confidence intervals), while
the dashed red line is the theoretical probability distribution
derived above. We consider two scenarios, both based on the
indoor radio channel model: a small WLAN with n = 5
stations and a crowded WLAN with n = 50 stations. In all
simulations we set Pth = DT , so that false detection has a
negligible probability.

It is apparent that the analytical model matches the outcome
of the simulations in spite of the radio channel impairments
accounted for by the simulation model. In no one of the
considered scenarios does the event ‘surviving stations = 0’
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Fig. 3. Probability distribution of the number of stations winning a single
contention round (square marks: simulations, with 95% confidence intervals;
dashed line: analytical model). The maximum distance of a station from the
AP is R = 20 m, m = 11. (a) n = 5 stations; (b) n = 50 stations.

occur. All stations dropping out could occur in case a station
mistook a spike of noise and/or self-interference for a busy
tone. With the set threshold Pth = DT , this event is essentially
ruled out.

While the first round of the access contention is not af-
fected sensitively by physical layer impairments, the collision
probability is definitely affected by the stochastic propagation
channel. In ideal sensing conditions, the collision probability
pc can be expressed as the probability that the number of
surviving stations after s rounds is higher than 1, and therefore
it can be easily obtained from x(s). The collision probability
is bounded as in eq. (1), hence it decays exponentially with
s, for a given m.

Figure 4 shows the collision probability as a function of
the number s of contention rounds for m = 8 and for indoor
WLAN models with n = 20 stations, scattered within a
distance R = 15 m (Fig. 4(a)) and R = 20 m (Fig. 4(b))
from the AP, and for relatively large outdoor WLAN models
with n = 100 stations, scattered within a distance R = 100 m
(Fig. 4(c)) and R = 200 m (Fig. 4(d)) from the AP.

The solid line represents the analytical model results that
assume ideal channel sensing. The square markers (with 95%
confidence intervals) represent the outcome of simulations of
ReCo. The probability that a couple of stations be hidden to
each other (i.e., the average power level received when one
transmits and the other receives be less than DT ) is annotated
on each graph and marked by a horizontal dashed line.

It is apparent that the analytical model predicts the collision
probability correctly both with few and many stations, up to
the point where the collision probability level falls below the
probability of having hidden stations. Below that level, the
analytical model is optimistic. The actual level of collision
probability exhibits a floor, due to false negatives, i.e., to
stations missing the busy tones of other stations hidden to
them.

The strong degradation of ReCo performance under imper-
fect channel sensing could be somewhat mitigated by trying
to adjust the threshold Pth, even if this comes at the cost of
having to fine tune a network acces parameter for each given
AP configuration.

In the next Section we introduce a new approach that
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Fig. 4. ReCo collision probability as a function of the number of contention
rounds s for m = 8. Top plots refer to an indoor WLAN with n = 20
stations. Bottom plots refer to an outdoor WLAN with n = 100 stations. The
dashed line represents the probability that two stations picked at random are
hidden to each other.

restores the collision probability performance promised by
ReCo even in the face of imperfect channel sensing.

C. Tone-based contention with echos

In the previous section, we observed that ReCo performance
can be degraded in presence of imperfect channel sensing.
For infrastructure networks, we can exploit the role of the
AP to improve the robustness of the access procedure with
respect to collisions. The key idea is to have the AP re-
transmit the least frequency tone among those transmitted by
the stations, in order to increase the detection range of tones.
The duration of the contention phase must be extended to
make room for the extra-signalling of the AP. Specifically,
we enlarge the contention phase to 2s mini-slots in case
of s contention rounds. One contention round consists of
two adjacent mini-slots. In the first one, stations (possibly
including the AP) choose a random tone among the m possible
tones and transmit it. In the immediately following mini-slot
of the same round, stations remain silent and the AP transmits
a tone on the lowest frequency it has received in the first mini-
slot of the contention round1. In other words, the AP echoes
the least tone it has heard during the first part of the round.
For this reason, this new access scheme is dubbed ReCHo.

Since sensing is reliable when involving the AP (i.e.,
stations sensing the channel when the AP is transmitting
or viceversa), we expect that the AP will detect the tones
transmitted by the stations reliably during the first half of
the contention round and, conversely, stations will detect the

1If the AP itself is taking part in the contention and its tone is the lowest
frequency one, in the second part of the contention round the AP transmits
its own tone.
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Fig. 5. ReCHo collision probability as a function of the number of contention
rounds s for m = 8. Top plots refer to an indoor channel with n = 20
stations. Bottom plots refer to an outdoor channel with n = 100 stations.
The dashed line represents the probability that two stations picked at random
are hidden to each other.

tone echoed by the AP reliably during the second part of the
contention round.

Note that, if uplink and downlink transmissions are managed
according to time duplexing, as envisaged in IEEE 802.11ax
with Trigger frames, during the uplink phase only stations
send tones in the first mini-slot of a contention round and
only the AP echoes the lowest tone in the second part of the
round. Thus, it is not even required that stations perform tone
reception at the same time as they are transmitting their own
tone.

Figure 5 shows the collision probability obtained in the
same cases of Fig. 4, but with the tone-echo mechanism acti-
vated at the AP. The two top graphs refer to an indoor WLAN
model with n = 20 stations, the two bottom graphs assume
a relatively large outdoor WLAN with n = 100 stations. The
area over which stations are scattered is a circle around the AP
with radius R ranging between 15m and 200m. The meaning
of lines and markers is analogous to the previous plots: the red
solid line is the theoretical ReCo collision probability (perfect
channel sensing), the blue markers correspond to simulation
results for ReCHo collision probability, the horizontal black
dashed line marks the hidden node probability level.

The AP listens during the first mini-slot of the round and
registers the lowest frequency tone it receives, say fa. Let fAP
be the frequency of the tone chosen in that round by the AP,
if the AP is contending in that round as well. Then, in the
second mini-slot of the contention round, stations keep silent
and listen to the tone echoed by the AP, which is a tone at
frequency min{fa, fAP }.

It appears that tone echoing removes most of the fading
effect. Still, for low levels of the collision probability (around
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Fig. 6. Modifications to the WARP reference design for IEEE 802.11g PHY
enabling tone transmissions and receptions.

10−3 or lower), the performance obtained with the simulations
are somewhat worse than those predicted according to the
analytical model that assumes perfect CCA operations.

V. EXPERIMENTAL VALIDATION OF TONE-BASED
CONTENTION

In order to demonstrate the feasibility of tone-based con-
tention, we implemented a prototype of wireless node able
to execute different variants of the ReCHo contention mech-
anism. So far, prototypes of wireless nodes exploiting tone-
based contention mechanisms have been mainly built on top of
software defined radio (SDR) platforms, such as the GNU Ra-
dio/USRP platform [6], [19]. In our case, we decided to work
on the FPGA-based WARP platform in order to exploit both
PHY layer programmability (to implement tone transmission
and reception mechanisms) and MAC layer programmability
(to implement the ReCo logic) inside the platform, thus sup-
porting the legacy IEEE 802.11g modulations and data rates
much faster than SDR implementations. Moreover, a reference
implementation of a complete IEEE 802.11g MAC/PHY stack
is available for the WARP platform.

In ReCHo, contentions are resolved by identifying the
stations transmitting the tone at the lowest frequency. This
implies the capability of transmitting and receiving tones
simultaneously. While full duplex radio obviously enables
such a capability, by means of advanced digital and analog
cancellation mechanisms [20], the same requirement can be
satisfied by a much simpler PHY layer based on the integration
of two independent transceivers in one node. Indeed, as
discussed in what follows, recognizing tones is much easier
than recognizing modulated signals, especially if tones are
opportunistically spaced.

Fig. 6 shows the high-level architecture of the original
IEEE 802.11g PHY reference design (blue blocks) and the
modifications implemented for supporting tone contentions
(green blocks). In principle, multi-carrier modulation can be
easily adapted for transmitting and detecting tones. On the
transmitter side, it is enough to null all the available sub-
carriers apart one selected in a list of possible tones. On the
reception side, it is enough to sample the reception power at
each sub-carrier and compare such a power with a threshold.
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Fig. 7. False detection made by the detection algorithm with variable threshold
tuned as a function of the background noise at two WARP stations. WARP 1
(a) and WARP 2 (b).

Tone detection is based on a simple comparison between the
value of the FFT samples at the frequencies of the potential
tones and a threshold value, which is tuned as a function
of the background noise2. Working on 128 (or 256) samples
allows to improve the frequency resolution of peak detection,
thus leading to a more robust identification of tones. Unless
otherwise stated, in our experiments we worked with tones
lasting 128 samples.

In order to assess the robustness of tone detection and the
probability of erroneously considering an impulsive noise as
a contention tone, we traced more than 60000 contentions
between two nodes in Line-of-Sight (LoS) propagation con-
ditions, as the number m of contention tones varies from 2
to 16. For each contention round we traced the indices of the
tones randomly selected for transmission and the indices of
the tones detected at each node. Fig. 7 shows the detection
errors in terms of false negatives, i.e., tones not detected at
the frequency index selected by the contending station, and
false positives, i.e., tones detected at a frequency index where
no tone has been transmitted. From the figure, it is evident that
false negatives are almost zero, while the probability of false
positives can be relevant as the number of contention tones
increases. However, the effects of false positives on the overall
contention mechanism can be negligible. Indeed, a contention
station can take a wrong decision of leaving the contention
only if a false tone is detected at a frequency index lower than
the one used for transmission. If the wrong decision implies
that no station attempts a channel access, a new contention
process can be restarted right after a DIFS time (with a small
waste of channel time).

Apart from the selective channel behaviour, which can bias
the results of the contention mechanism, a final aspect to
be considered is the potential presence of hidden nodes, i.e.,
nodes which are not able to hear each other during contention
but can transmit towards a common receiver. The occurrence
of hidden nodes can be significantly mitigated by the fact that
tone transmissions, which concentrate the transmission power

2The power of background noise is estimated by averaging the FFT samples
at frequencies different from the ones in which tone transmissions or spurious
signals can be detected. The threshold is then obtained by adding a margin
to this noise level.

TABLE II
DETECTION OF TONES AND DATA FRAMES.

Distance Noise RX Tone RSSI Tone RX Frame RSSI Frame
[m] [dBm] [#] [Average dBm] [#] [Average dBm]

Low TX 5 -94.362 1000 -70.490 0 -93.816
Power 10 -94.367 981 -84.140 0 -94.333

15 -94.364 881 -86.901 0 -94.335

Medium 5 -94.372 1000 -55.122 1000 -88.129
TX Power 10 -94.347 1000 -70.330 407 -92.955

15 -94.355 1000 -66.789 326 -93.154

High TX 5 -94.362 1000 -49.777 1000 -75.198
Power 10 -94.346 1000 -65.571 1000 -89.081

15 -94.365 999 -64.210 1000 -88.391

in a very narrow band, have a detection range much higher than
the one resulting for data transmission. Therefore, a station
A, which does not hear data frames sent by a station B, that
interferes with A’s receiver, is generally able to hear tones
sent by B. To demonstrate this phenomenon, we monitored
the number of data frames and tones received by a reference
station placed at different distances from another reference
station transmitting at 0 dBm (low power), 11 dBm (medium
power) or 22 dBm (high power). Table II summarizes the
results, by showing that tones detection can be easier than
data frame detection.

VI. RECHO PERFORMANCE

In order to compare the performance of the proposed
variants of tone-based contention with the IEEE 802.11ax
OBO protocol, we extended the MATLAB simulator used
for assessing the impact of imperfect channel sensing with
a complete MAC layer. We considered a total bandwidth of
80 MHz, organized into 16 RUs and a single Spatial Stream,
leading to an air bit rate of 600.5 Mbps (≈ 37.5 Mbps per-
channel). Assuming the usual settings for SIFS = 16 µs
and DIFS = 34 µs, for each uplink MU transmission the
overheads due to the inter-frame spaces and to the transmission
of the trigger frame and final acknowledgements correspond
to 90 µs, while the overhead due to each contention round
is set to 12.8 µs, i.e., to the maximum symbol duration. For
the OBO protocol, the minimum contention window is 16 and
the maximum contention window is 1024. We also consider
in the simulation both the Multi-winner and Multi-contention
schemes for contending on multiple RUs.

We run simulations in different load conditions, varying
the number of contending stations from 1 to 130. We also
assume that all the data frames are transmitted by means of
contention, i.e. we do not use the BSR control frame for
performing multiple channel reservations after random access.
All the contending stations work with greedy traffic sources
and saturated buffers. Each transmission grant in one RU
allows the transmission of a single frame, whose size is set to
a constant value of 1500 bytes.

Fig. 8 shows the normalized throughput achieved by OBO
and by different versions of tone-based contention schemes
for a number of tones m = 64. In absence of hidden nodes
(black curves), ReCo achieves a significant performance im-
provement in comparison to OBO, thanks to the capability of
supporting an higher channel efficiency (i.e. avoiding wastes of
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Fig. 8. Performance comparison of different access schemes with 16 RUs and
no BSR in case multi contention and multi winner when 2 rounds is enabled
(a)(b) or 3 rounds (c)(d).

RUs). When a more realistic channel model is used, throughput
performance degrade as indicated by the red curves. However,
the performance are still higher than the ones perceived by
OBO. If the tone-based contention is extended with the echo
mechanism proposed in ReCHo, despite of the increased
contention overhead, the overall throughput gets closed to the
ideal channel results, as indicated by the blue curves.

VII. CONCLUSION

In this work we have explored the possibility of running
multiple contention rounds in the frequency domain in random
access networks, in order to improve the channel utilization
efficiency. Since frequency-domain signalling can dramatically
reduce the random access contention overheads and the uti-
lization of multiple contention rounds can make the collision
probability arbitrarily low, the proposed mechanism is very
suitable for the emerging high-rate PHY of recent 802.11
extensions, such as 802.11ax. In order to increase robustness
in presence of imperfect carrier sensing, we extended the idea
of frequency-domain contention in a scheme called ReCHo,
exploiting special echo signals sent by the APs. Indeed,
nodes associated to the AP can hear echoed signals and thus
sensing reservations performed by hidden station. We prove
the effectiveness of ReCHo to restore the ideal performance
level promised by repeated contention, overcoming the effect
of imperfect channel sensing completely.

We quantified the performance benefits that can be achieved
by exploiting tone-based contention with echo for access-
ing multiple RUs in 802.11ax networks, by comparing the
throughput results under varying load conditions with the
standard OBO scheme. Our simulations prove that tone-based

contention significantly improves the OBO efficiency even in
presence of hidden nodes.

We also discuss some implementation issues, for demon-
strating the feasibility of tone-based contention mechanisms.

REFERENCES

[1] “Bglobal mobile data traffic forecast update, 2016/2021 white
paper.” http://www.cisco.com/c/en/us/solutions/collateral/service-
provider/visual-networking-index-vni/mobile-white-paper-c11-
520862.html/, 2017.

[2] E. Khorov, A. Kiryanov, A. Lyakhov, and G. Bianchi, “A tutorial on
ieee 802.11ax high efficiency wlans,” IEEE Communications Surveys
Tutorials, pp. 1–1, 2018.

[3] D. Deng, Y. Lin, X. Yang, J. Zhu, Y. Li, J. Luo, and K. Chen,
“IEEE 802.11ax: Highly Efficient WLANs for Intelligent Information
Infrastructure,” IEEE Communications Magazine, vol. 55, pp. 52–59,
Dec 2017.

[4] A. Baiocchi, I. Tinnirello, D. Garlisi, and A. L. Valvo, “Random Access
with Repeated Contentions for Emerging Wireless Technologies,” in
IEEE INFOCOM 2017, pp. 1–9, May 2017.

[5] X. Feng, J. Zhang, Q. Zhang, and B. Li, “Use your frequency wisely:
Explore frequency domain for channel contention and ACK,” in INFO-
COM, 2012 Proceedings IEEE, pp. 549–557, March 2012.

[6] S. Sen, R. Roy Choudhury, and S. Nelakuditi, “No time to countdown:
Migrating backoff to the frequency domain,” in Proc. of ACM MOBI-
COM’11, pp. 241–252, 2011.

[7] S. K. Fayaz, F. Zarinni, and S. Das, “Ez-Channel: A distributed {MAC}
protocol for efficient channelization in wireless networks ,” Ad Hoc
Networks, vol. 31, pp. 34 – 44, Aug 2015.

[8] E. Magistretti, O. Gurewitz, and E. Knightly, “802.11ec: Collision
Avoidance Without Control Messages,” IEEE/ACM Transactions on
Networking, vol. 22, pp. 1845–1858, Dec 2014.

[9] K. Tan, J. Fang, Y. Zhang, S. Chen, L. Shi, J. Zhang, and Y. Zhang,
“Fine-grained Channel Access in Wireless LAN,” SIGCOMM Comput.
Commun. Rev., vol. 40, pp. 147–158, Aug. 2010.

[10] F. Uddin and S. Mahmud, “Carrier Sensing-Based Medium Access
Control Protocol for WLANs Exploiting Successive Interference Can-
cellation,” IEEE Transactions on Wireless Communications, vol. 16,
pp. 4120–4135, June 2017.

[11] Z. Abichar and J. Chang, “A Medium Access Control Scheme for
Wireless LANs with Constant-Time Contention,” IEEE Transactions on
Mobile Computing, vol. 10, pp. 191–204, Feb 2011.

[12] M. Gowda, N. Roy, R. Roy Choudhury, and S. Nelakuditi, “Backing
out of Linear Backoff in Wireless Networks,” in Proceedings of the 1st
ACM Workshop on Hot Topics in Wireless, HotWireless ’14, (New York,
NY, USA), pp. 7–12, ACM, 2014.

[13] Y. Mao and L. Shen, “A first-round-bye based priority scheme for
WLANs with two access categories,” in 2015 Int. Conf. on Wireless
Communications Signal Processing (WCSP), pp. 1–5, Oct 2015.

[14] D. Betsekas and R. Gallager, Data networks. 2nd Ed., Prentice Hall,
Englewood Cliffs, NJ, 1992.

[15] W. Zame, J. Xu, and M. van der Schaar, “Winning the Lottery: Learning
Perfect Coordination With Minimal Feedback,” IEEE Journal of Selected
Topics in Signal Processing, vol. 7, pp. 846–857, Oct 2013.

[16] D. J. Deng, K. C. Chen, and R. C. Cheng, “IEEE 802.11ax: Next
generation wireless local area networks,” 10th International Conference
on Heterogeneous Networking for Quality, Reliability, Security and
Robustness (QShine), 2014.

[17] L. Lanante, H. O. T. Uwai, Y. Nagao, M. Kurosaki, and C. Ghosh,
“Performance analysis of the 802.11ax ul ofdma random access pro-
tocol in dense networks,” in 2017 IEEE International Conference on
Communications (ICC), pp. 1–6, May 2017.

[18] “IEEE Proposed TGax draft specification. doc.: IEEE P802.11ax /D2.0,
October 2017. Technical report,” IEEE, 2017.

[19] S. Sen, R. R. Choudhury, and S. Nelakuditi, “Listen (on the frequency
domain) before you talk,” in Proceedings of the 9th ACM SIGCOMM
Workshop on Hot Topics in Networks, Hotnets-IX, (New York, NY,
USA), pp. 16:1–16:6, ACM, 2010.

[20] D. Bharadia, E. McMilin, and S. Katti, “Full Duplex Radios,” SIG-
COMM Comput. Commun. Rev., vol. 43, pp. 375–386, Aug 2013.


