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' ESAT-WAVECORE, KU With the massive growth of wireless networks comes a bigger impact of collisions and
Leuven, Kastealpark interf hich h tive effect on throughput and fficiency. To deal
Arenberg 10,3001 Heverlee, interference, which has a negative effect on throughput and energy efficiency. To dea

Belgium with this problem, we propose an in-band wireless collision and interference detection
Fulllist of author information scheme based on full-duplex technology. To study its performance, we compare its

is available at the end of the

article throughput and energy efficiency with the performance of traditional half-duplex and

symmetric in-band full-duplex transmissions. Our analysis considers a realistic proto-
col and overhead modeling, and a measurement-based self-interference model. Our
results indicate that our proposed collision detection scheme can provide significant
gains in terms of throughput and energy efficiency in large wireless networks. Moreo-
ver, when compared to half-duplex and symmetric full-duplex, our analysis shows
that this scheme allows up to 45% more nodes in the network for the same energy
consumption per bit. These results suggest that this could be an enabling technology
towards efficient, dense wireless networks.
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1 Introduction
Network densification has been identified as one of the major challenges for future
communication systems, as the continuously increasing number of wireless mobile
devices generates unprecedented coexistence problems [1]. The ongoing densification
in space and frequency forces devices to compete for increasingly scarce communica-
tion resources [2], raising the amount of interference and the frequency of transmission
collisions. Moreover, interference and collisions are specially difficult to control because
of the hidden terminal problem, which is a consequence of the limited sensing ability
of wireless devices [3]. Collisions and interference, aggregated by the hidden terminal
problem, are fundamental performance bottlenecks for dense wireless networks [4, 5].
Collisions, coming from nodes using the same Medium Access Control (MAC)
protocol, and interference, coming from nodes outside the network, waste valu-
able transmission time and radiated power, having a negative impact on the energy
efficiency, throughput and delay of the system. Moreover, existing MAC protocols
rapidly become inefficient in dense wireless networks. For example, the collision
avoidance mechanism of the well-known Carrier Sense Multiple Access (CSMA)
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technique is only efficient for a small number of nodes, hence the densification of
CSMA networks decreases the total network throughput and increases the delay [6].
In addition, it has been shown that the energy consumption of networks based on
CSMA increases exponentially with respect to the number of nodes and the total
network throughput [7]. The main problem is that—unlike in wired systems—wire-
less nodes under this scheme are unable to detect collisions in real-time and abort
their transmission. Moreover, the lack of instantaneous collision feedback makes
them waste the scarce wireless medium with transmissions that are not going to be
decoded anyway.

1.1 Related work

Several state-of-the-art techniques have been proposed to improve the perfor-
mance of CSMA networks by detecting collisions early. In [8], a collision notifica-
tion scheme is presented, where the receiving node detects collisions and transmits
a unique signature to notify the transmitter, who is constantly looking for this signa-
ture. Although this scheme provides some throughput improvements by detecting
collisions due to the shortened collision time, it does not solve the hidden terminal
problem. In [9], a wireless CSMA Collision Detection (CSMA/CD) scheme is pre-
sented, the collisions are detected by randomly switching off the transmitter dur-
ing transmission and listening for collisions. The authors show improvements in
throughput, but this constant switching between transmit and receive state intro-
duces a significant overhead. Another MAC protocol, presented in [10], uses pulses
in an out-of-band control channel for collision detection and a clear to send sig-
nal to avoid hidden terminals. The protocol uses extra bandwidth and requires two
transceivers on different frequencies. Moreover, the protocol is not able to detect
interference from other networks if they do not follow the same protocol. In [11]
another collision detection scheme for WiFi is analyzed, showing that it can increase
the throughput. They conclude that collision detection can increase the throughput
if the MAC parameters are chosen correctly. However, they do not analyze the per-
formance for dense networks and only look at the throughput of their scheme, hence
neglecting the full system energy consumption.

Ideally, collisions should be detected as soon as possible in order to abort the
transmission, saving energy and bandwidth. Detecting collisions while transmitting
poses a number of important technical challenges, as for this task the transmitted
signal is experienced as Self-Interference (SI), which may be many orders of magni-
tude larger than the colliding signal that arrives after being attenuated by path loss
[12]. This problem is similar to the one found in In-Band Full-Duplex (IBFD), where
devices transmit and receive data at the same time and on the same frequency. Key
ingredients for making IBFD work are efficient methods of Self-Interference Cancel-
lation (SIC), which usually combine various analog and digital techniques. If the SI
signal is canceled below the noise floor, IBFD can potentially double the physical
layer throughput without increasing the bit error rate and the frequency usage [13].
Recently, the practical feasibility of IBFD transceivers that efficiently cancel the SI
has been demonstrated in a number of testbeds [13, 14].
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1.2 Problem statement

From the previous discussion, it is natural to ask if IBFD technology could be used to
design a MAC protocol for dense wireless networks. Our main idea, which is explored in
this paper, is to use SIC not to increase the bidirectional throughput, but to implement a
mechanism of real-time collision detection and notification. In this way, the receiver can
sense collisions during reception as soon as they take place, and provide real-time feed-
back to the transmitter over the full-duplex link if the incoming frame has to be aborted.
This provides two direct benefits: save energy at both colliding nodes and free up the
wireless spectrum for other users, i.e., increase throughput.

Our previous work [15-17] has shown some of the promising benefits that such a pro-
tocol might introduce for wireless sensor networks in order to avoid the collision and
interference waste. A slotted version of the protocol was discussed in [15], where it was
shown how an IBFD-based collision detection scheme can improve the energy efficiency
and reduce the delay of networks in saturated and unsaturated conditions when com-
pared to half-duplex networks. This work was extended in [17], where an unslotted ver-
sion of the protocol was presented and analyzed. Finally, [16] showed how the energy
efficiency can be further improved by introducing a scalable SIC module, which dynami-

cally enables or disables different cancellation stages.

1.3 Contributions

To complement our previous work, the main goal of this paper is to analyze not only the
energy efficiency but also throughput of our wireless in-band collision detection scheme
and compare it with traditional full-duplex bidirectional transmissions. We also aim to
compare these two schemes with Half-Duplex CSMA Collision Avoidance (HD-CSMA/
CA) transmissions, in order to generalize the ideas discussed in [15-17] within a sin-
gle novel theoretical framework. Moreover, our previous work was based on numerical
evaluations of [18], while the results of this framework have been verified with novel
ns-3 simulations and measurements. This allows us to compare these schemes not only
in saturated traffic but also in unsaturated traffic. Our results show that our in-band col-
lision detection scheme outperforms the other two schemes in terms of energy efficiency
for high throughput networks and when the number of users in the network is high.
Looking at throughput, we see that traditional full-duplex transmissions are only benefi-
cial in symmetric saturated traffic conditions. In all other scenarios, our proposed col-
lision detection scheme has similar throughput. Please note that full-duplex schemes,
in which both the transmitter and receiver are active during a transmission, are not
impacted by the hidden node problem. This is because any contending node that can
cause interference will necessarily hear the receiver’s signal. The hidden node problem
is, hence, not considered in this paper, as it would not affect the performance of the full-
duplex schemes.

1.4 Methodology

In this work, we start with a mathematical model for the energy and the performance
for three different MAC schemes: HD-CSMA/CA, Full-Duplex CSMA Collision
Avoidance (FD-CSMA/CA) and In-Band CSMA Collision Detection (IB-CSMA/CD).
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Fig. 1 Comparison of the three schemes considered in this paper

These closed-form models depend on a set of variables that depend on the scenario
and traffic load and can be determined analytically for ideal scenarios, such as sat-
urated conditions. The model allows for a protocol comparison for those ideal sce-
narios. In a second step, we simulate more practical scenarios in ns-3, and show that
the proposed MAC layer is able to obtain important improvements in all scenarios.
As more collisions occur during saturated conditions, our simulations indeed confirm
that the performance gains in non-saturated simulated scenarios are lower but still
relevant. In our paper, we do a performance and energy analysis, both using ideal ana-
lytical and more realistic ns-3 simulations, as explained below.

1.5 Organization of this paper

This paper is organized as follows, Sect. 2 presents an overview of the MAC schemes
considered in this paper. In Sect. 3 our performance model is presented, followed
by some simulation results in Sect. 4. Next, in Sect. 5, we formulate a mathemati-
cal model that describes the energy consumption of the three schemes under diverse
traffic conditions, and symmetric or asymmetric uplink versus downlink data flow,
followed by an analysis of the energy efficiency in Sect. 6. Finally, in Sect. 7, we draw

some conclusions.

2 Overview of MAC schemes

In this paper, we do an energy and throughput comparison of half-duplex transmissions,
symmetric in-band full-duplex transmissions and transmissions with in-band collision
detection. Figure 1 introduces all three schemes considered in this paper. In the sequel,
Sect. 2.1 provides an overview of the legacy HD-CSMA/CA protocol, followed by the
full-duplex version of the same protocol in Sect. 2.2. Section 2.3 introduces our pro-
posed IB-CSMA/CD.
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2.1 HD-CSMA/CA

In contention-based systems like WiFi [19] and ZigBee [20] the most commonly used
medium access control scheme is CSMA, which in this paper is denoted as HD-CSMA/
CA (Fig. 1a). A half-duplex transceiver activates either its transmitter or receiver and
only one node can be transmitting at a given time. This scheme uses carrier sensing to
ensure that the wireless medium is unoccupied before transmitting a packet. If the wire-
less medium is occupied, the device performs a random backoff by adding a random
delay to the transmission to avoid colliding with the transmission that is taking place.
The backoff time increases exponentially with each backoff to further avoid collisions.
A collision occurs when either the carrier sensing mechanism fails due to hidden termi-
nals or when two or more nodes sense the channel unoccupied. Hence, the hidden node
problem only affects this half-duplex scheme. As our analyses do not include hidden
nodes, the performance results for the HD-CSMA/CA scheme ought to be considered
optimistic upper bounds.

2.2 FD-CSMA/CA

CSMA Collision Avoidance (CSMA/CA) can also be implemented over full-duplex
transmissions, which is denoted as FD-CSMA/CA (Fig. 1b). Here SIC is used to remove
all or part of the self-interference from the received signal. This creates a self-interfer-
ence free downlink channel, which can be used to transmit data in both directions [21].
Besides its transmitter chain, a full-duplex transceiver needs to activate its receiver chain
and self-interference cancellation. If both nodes in a link have data to send to each other
the receiver will also become a transmitter, potentially doubling the link throughput. If
only one of the participating nodes has data to send, this scheme reduces to the regular
HD-CSMA/CA case.

Interestingly, this scheme is able to mitigate the hidden terminal problem when there
is a full-duplex transmission, as the signal radiated by the receiver creates a busy signal
to its neighboring nodes. Unfortunately, this only works either when the receiver has
data to send or in asymmetric scenarios where the performance is affected by the hidden
node problem in a similar way as the half-duplex schemes. Besides mitigating the hidden
terminal problem, FD-CSMA/CA also improves access point (AP) fairness, as it gives
the AP a downlink slot every time a node acquired the medium [21]. Unfortunately, it
does not reduce the collision time and therefore still wastes resources during collisions
and interference, because collisions are still fully transmitted.

2.3 IB-CSMA/CD

Our proposed scheme uses CSMA with in-band collision detection, which is denoted
as IB-CSMA/CD. The setup uses self-interference cancellation to clean up the received
signal, as described in Sect. 2.2. In this setup the uplink is used to transmit sensor data
to the central node, while the downlink can be used as an instantaneous control channel
(Fig. 1c). Therefore, data is transfered following a half-duplex protocol, but simultane-
ously during the transmission collisions are detected and instantaneous feedback infor-
mation is provided. This can be considered as an in-band full-duplex system where data
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Fig. 2 Flowchart of the IB-CSMA/CD algorithm

is transmitted in the uplink and collisions or interference are simultaneously detected in
the downlink. Our earlier work [15, 17] proposed the IB-CSMA/CD scheme to leverage
this information to optimize throughput, delay and energy.

Our IB-CSMA/CD protocol is described in Fig. 2. At the transmitter side (Fig. 2a),
the node follows the standard HD-CSMA/CA protocol to transmit the packet. At the
receiver side (Fig. 2b), the node starts its collision detection, upon receiving the begin-
ning of the payload. If it does not detect any collision it starts transmitting a Real-time
Acknowledgment (RACK) on the downlink slot. This is then received by the transmit-
ting node who keeps on transmitting as long as it receives the acknowledgment. In this
paper, we assume it is possible for the receiving node to detect collisions during the
reception of the packet, which can be done using physical layer information, like the
confidence levels from SoftPHY [22] for example.

Our algorithm on a timescale is presented in Fig. 3. Without a collision (Fig. 3a), the
receiver immediately starts transmitting the RACK after decoding the header and the
transmission continues. When a collision happens (Fig. 3b), either the packet will not
be detected or the receiver will detect both the packet and the collision. In both cases,
the receiver will not transmit the RACK and the transmitter will stop its transmission.
Similarly, when interference is present (Fig. 3c), the receiver will detect this and stop its
RACK transmission. The transmitter will react to this by aborting its transmission. The
previous discussion clearly shows the difference with other schemes like CSMA Col-
lision Notification (CSMA/CN) [8]. In this case of CSMA/CN, the notification is only
transmitted when a collision is detected. However this poses two problems: First, if there
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is a collision on the header, the packet will not be correctly detected and no notification
will be transmitted; Second, if there is a collision on the notification, the transmitter will
not be able to detect this. Our scheme does not have these problems as in both situa-
tions the transmitter will abort its transmission.

The instantaneous acknowledgment not only enables collision detection at the trans-
mitter side but also mitigates the hidden terminal problem in all scenarios, because the
receiver is continuously transmitting feedback information. These feedback packets are
sensed by the surrounding nodes and makes them defer their transmission. If the net-
work consists of a combination of IBFD and legacy, half-duplex, nodes, then these half-
duplex nodes will also find the channel occupied by the instantaneous acknowledgment,
therefore the hidden terminal problem is also solved for these nodes.

It is clear that if one can decrease the collision time, one increases the overall through-
put of the system. This will be shown in the next section. However, to achieve this there
is an added energy cost for the instantaneous acknowledgment compared to half-duplex.
These trade-offs will be investigated in Sect. 5.

In the performance analysis, we will further focus on comparing the efficiency of the
three schemes in fair and realistic traffic scenarios. We will focus on scenarios where
the number of retransmissions is exactly the same for each protocol, which means that
we do not consider the hidden node problem.! These conditions provide a fair and easy
to understand setup, over which differences in energy and protocol overheads of each
scheme best can be best understood.

! When hidden nodes will be added, the half-duplex scheme will suffer in all traffic conditions, and the full-duplex
scheme will suffer in very asymmetric traffic conditions. The proposed IB-CSMA is insensitive to the hidden node prob-
lem. See Sect. 2.1.
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3 Performance model

In this section, we develop a model for the assessment of the performance of the three
types of wireless links studied in Sect. 2, taking into account realistic models for the self-
interference. First, we analyze the different components that influence the performance.
For the performance model, we realistically include protocol overheads, and provide
a model for the time spent in overheads, collisions and effective data transmission. A
detailed hardware and physical layer model for the full-duplex operation is also consid-
ered, affecting the noise but also hardware energy consumption. Subsequently, we end
this section with a throughput model, considering the noise and protocol overheads. The
energy model is further discussed in the next section.

In the following sections, we focus on Institute of Electrical and Electronics Engineers
(IEEE) 802.15.4 nodes as this standard is often used in wireless sensor networks. To
reduce modeling complexity, we focus on unacknowledged packets, where packets are
always detected except in the presence of collisions, interference or other noise sources.
Moreover, the material presented here focuses on uncoded transmissions, which is con-
sistent with the IEEE 802.15.4 standard, while an extension to coded transmissions is
possible using the results from [23]. Finally, we consider networks in a star topology with
one central node, leaving issues related to routing for future work.

In this section, we look at how decoding errors, collisions and interference affect the
link performance, defined by the average time required per successfully transmitted bit.
The average time per successfully transmitted bit (T') reflects the time a wireless device is

actively using the wireless spectrum to transmit data, and can be expressed as
T = Tvtg + Tipi + Tepe (1)

where the first term is due to decoding errors, the second due to interference and the
final one due to collisions. 7y > 1 is the average number of transmission trials to decode
the frame error-free given that there are no collisions or interference other than self-
interference, pi > 0 is the average number of retransmissions due to interference given
that there are no collisions and p. > 0 is the average number of retransmissions due to
collisions. T}, is the time per transmitted bit as defined by the physical layer, T; is the time
per bit lost before the interference is detected and T is the time per bit before a collision
is detected.

Let us now look at the components that make up (1).

3.1 Transmission trials 74 due to decoding errors

T, is mainly dependent on parameters defined by the Physical Layer (PHY). T}, consists
of the time to transmit the header, T, the payload, Tp and the overhead signals for chan-
nel estimation, synchronization, etc., To. Dividing the sum by the total amount of data
bits in the payload, Lp, gives the airtime per payload bit

_ Tr+Tu+To

T
b Lp

(2)

By denoting the physical layer symbol rate as R and the number of bits per symbol as b,

one can rewrite T}, as
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where Ly is the number of bits of header and Lo correspond to the cost of the over-
head—measured in bits.

74 is also dependent on PHY parameters such as the channel statistics, signal-to-noise
ratio (SNR), modulation, code rate and frame size [24]. The SNR is not only dependent
on the distance but also on the SIC. We therefore model the remaining self-interference
based on measurements from our IBFD prototype using an electrical balance-duplexer
[25] and a Universal Software Radio Peripheral (USRP) RIO, as shown in Fig. 4.

In an IBED system, the received signal after analog cancellation, but before digital can-
cellation (cf. Fig. 4), can be expressed as

y = hx + hgixs1 + Wn, (4)

where hx is the useful signal coming from the other node, hgxgy is the remaining self-
interference and wy, is the corresponding additive noise term. In general, the interference
and noise on the useful signal x is dominated by the self-interference signal.

After digital cancellation, the received signal can be written as

yd = hx + wy, (5)

where we assume the interference and noise will no longer be dominated by the self-
interference and w;, = wy + (hsy — izgl)xSI. With ]:151 the least squares estimate from the
digital cancellation. In this section we are interested in finding the properties of w,.

To measure the self-interference, the IBFD architecture from [26] is used, as shown in
Fig. 4. The setup uses the National Instruments USRP RIO platform [27] for the base-
band processing. To cancel the self-interference signal in the analog domain, a custom
Electrical Balance Duplexer (EBD) [25] is used. The EBD balances the impedance from
the antenna in order to create an inverse copy of the SI signal. This inverse copy destruc-
tively interferes with the SI signal, achieving a cancellation of at least 50 dB at Radio Fre-
quency (RF). Next, offline digital cancellation is applied, where a least squares estimate
of hg, i.e. 13151, is obtained. Finally, the reconstructed signal 1:15ng1 is subtracted from the
received signal. The combination of these techniques provides over 90 dB cancellation
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to keep the SNR on a similar level as in the half-duplex case, which is confirmed by our
measurements in Figs. 5 and 6.

The USRP transmits a Quadrature Phase Shift Keying (QPSK) modulated sig-
nal with a sinc pulse shape. The bandwidth of the signal is 5MHz, consistent with
the channel bandwidth of IEEE 802.15.4 [20]. The signal is transmitted through the
EBD,, which is configured to give a cancellation of around 50dB. The resulting sig-
nal is received again by the second front-end of the USRP. Both the transmitted and
received signal as well as the noise w, without any signals present, were logged. Next
the signals are loaded into MATLAB, where a custom digital cancellation scheme is
ran to estimate /gy,

Figure 5 shows a comparison of the self-interference symbols before digital cancella-
tion (hsixsi + wn) and after digital cancellation (w],). These figures show that the leak-
age from the QPSK transmit data is attenuated below the receiver noise floor, and hence
prove that the assumptions made in (4) and (5) are valid. From the constellation diagram
of Fig. 5b it is not possible to distinguish the self-interference symbols which were still
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clearly visible before digital cancellation. However, it is not clear if the noise is domi-
nated by (hs1 — 1:151)9651 or wy and what the distribution of the noise is.

To determine this, the distributions of w/, and wy, were compared. This can be done
using the two-sample Kolmogorov-Smirnov test [28]. Applying this test on both signals
shows that both distributions are very similar (asymptotic P-value of more than 0.8),
i.e, w), is dominated by wy. The histogram of the signal after digital cancellation (Fig. 6)
clearly follows a Gaussian distribution, demonstrating that the complete SI signal is
removed.

Furthermore, most of the evidence found in the literature suggests that /g follows a
Rician distribution?. We have validated this assumption using our digital cancellation
scheme.

Following the measurement results, it is safe to assume that the noise w), is Gaussian
distributed if analog and digital cancellation are applied. Based on the previous results,
we model the Signal-to-Self-Interference-and-Noise Ratio (SSINR) or y of a full-duplex
link as

- P['X
"7 ThstPe + P’ ©)
for the case where only analog cancellation is active. Here Py is the received signal
strength of the useful signal, Py is the transmitted signal strength of the self-interference
signal and P, is the noise power. The self-interference channel, /g1 can be considered
constant over time during the packet transmission but it is dependent on the frequency.
For the case where both analog and digital cancellation are active, we model it as,

V= I ~ (7)
lhsi — hsi|?Px + P Pn
and therefore,
—HD/CA ., =FD/CA ., =IB/CD
T3 ~ T ~ T (8)

This section proves that even in the case of real self-interference cancellation it is safe to
assume that the remaining self-interference after analog and digital cancellation is domi-
nated by Gaussian noise.

In addition, there are collisions and interference that cannot be detected at the trans-
mitter or receiver, as the signal strength from the interfering transmission is too low.
This would then increase the noise power P, for those devices in either half- or full-
duplex protocols. These transmissions would normally result in retransmissions due to
interference or collisions (i.e. pj or p¢), but we assume that packets that cannot be sensed
at MAC layer result in PHY problems and are accounted for in 74 equally for half- and
full-duplex protocols. As a result, we assume that the same amount of packets can be
detected by each protocol.

2 Fora thoughtful discussion on this issue c.f. [29] and references therein.
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3.2 Retransmissions pj due to interference
The total time per payload bit required to detect interference coming from other net-
works, T;, can be written also as T; = y; T, where 0 < y; < 1. In the case of HD-CSMA/
CA and FD-CSMA/CA, y; =1 as the interference is only detected at the end of the
packet. In the case of IB-CSMA/CD, as interference is usually uncorrelated with the
ongoing transmissions, it can occur at any point during the frame, after which it is
detected instantaneously. Hence all values y; € (0, 1) are equally likely. For the purpose
of evaluation, one can consider an average value of y; = 1/2.

It is to be noted that p; is independent of the chosen MAC scheme, as it is due to inter-

ferers that are uncorrelated with our own transmissions.

3.3 Retransmissions p. due to collisions

Following the above rationale, we can rewrite T, = y. T}, where for the cases of HD-
CSMA/CA and FD-CSMA/CA y. =1 as there is again no reduction in the time per
bit. In the case of IB-CSMA/CD links, collisions can only occur in the beginning of
the transmission. This is a consequence of the fact that there are no hidden terminals
because of the instantaneous feedback information (c.f. Sect. 2.3). The detection time of
a collision is therefore assumed to be equal to the decoding time of the header (assum-
ing it is received with no interference from outside of the considered network). Hence,
the time required to detect a packet collision per successfully transmitted bit (goodbit) is

_Lntlo ©)
7 BbRIp

Note that (9) can be rewritten using (3) as 7. = y. T, with

Ly + Lo

Ve = Lp+Lu+Lo

(10)

This parameter is the fraction of the time per bit, T}, required to detect a collision. As in
general Lp is much larger than Ly and Lo, (10) shows that y, <« 1.
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As this reduction in collision time reduces the congestion of the network, in general,

~IB/CD =
PP < p

tions (Fig. 7).

FDICA Using ns-3, we validated this assumption for saturated traffic condi-

3.4 Throughput model
By combining the information from the previous sections we find that the average time
per successfully transmitted bit for HD-CSMA/CA is equal to

THD/CA — Tb(fd +ﬁ] +[5$[D/CA)' (11)

For FD-CSMA/CA the average time can be expressed as
- T, =
THPICN = 2@t i+ oY), (12)

if all transmissions occur in full-duplex. And finally the average time per bit for IB-
CSMA/CD is equal to

TIB/CD — ~IB/CD

Tp(Ta + vibi + Ve )- (13)
By neglecting the time lost performing Clear Channel Assessment (CCA) and backoffs,
we can define the throughput (7) as the inverse of the average time per bit (T), i.e.,

T = (Tptq + Tipi + Tepe) (14)

therefore lowering the three components on the right hand side increases throughput.

From the previous formulas it is clear that full-duplex transmissions and collision
detection will always be better in terms of throughput as the average time per bit is
lower, this will be validated in the next section. However, as we will see in Sects. 5 and 6
there is a trade-off in terms of energy efficiency due to the increased power consumption
of an IBFD transceiver.

4 Performance results

4.1 Methodology

In this section, we perform ns-3 simulations of IEEE 802.15.4 nodes in a star topology
and compute the average number of transmission trials due to collisions, p.. FD-CSMA/
CA and IB-CSMA/CD was implemented on top of the existing IEEE 802.15.4 code of
ns-3 version 3.22. In the physical layer, we added extra support for full-duplex commu-
nication, while keeping the interface between PHY and MAC identical. In the medium
access layer, we added support for our proposed schemes. In any mode, the MAC layer
asks the physical layer first to go to RX mode for assessing a CCA. When CCA has suc-
cessfully ended, the physical layer is asked to go to idle mode and switch to TX mode.
Then, after the MAC header is sent or received, full-duplex nodes switch to full-duplex
mode. If everything is fine at the receiver side, the receiver answers with either a real-
time acknowledgment or a packet for the sender for respectively IB-CSMA/CD or FD-
CSMA/CA. If nothing is received, IB-CSMA/CD turns off the transceiver and starts
over, while the FD-CSMA/CA scheme switches to half-duplex mode.
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Table 1 Parameters used for ns-3 simulations

Parameter Value
Nodes 2-200
Frame header—Ly 8 bytes®
Payload length—Lp 90 bytes®
Overhead—Lo 5 bytes®
Bit per symbol—b 2°
Symbol rate—R; 125kS/s?®
Source: ®[20]

Each simulation represents one hour, which results in sufficient packet transmissions
per node and a relevant average packet error rate defined as the probability that a packet
is received by the central node, even for simulations with a high number of nodes.
Notice also that the distance between each of the nodes and the central node is exactly
the same, i.e., all nodes are placed on a circle. As a result, these nodes have all the same
probability of reaching the central node and the node average is the same as the simula-
tion average. Furthermore, each scenario is also simulated 10 times to exclude random
artifacts. The reported numbers are the mean performance over all 10 simulations for all
nodes.

The set-up of our simulation is as follows: traffic is generated in all nodes as specified
below, and all nodes can hear each other perfectly as they are close enough to each other,
i.e. no hidden node problems. The rest of the parameters are detailed in Table 1. The
parameters are consistent with the IEEE 802.15.4 standard.

Each packet arrival is poison distributed. The three schemes are compared in four
throughput scenarios

1 Saturated, symmetric both access point and nodes receive a new packet every 5 ms;?

2 Saturated, asymmetric nodes receive a packet every 5 ms and the access point every
500 ms (i.e. every 100th packet, the access point sends a packet back);

3 Unsaturated, symmetric both access point and nodes receive a new packet every 6 s;
Unsaturated, asymmetric nodes receive a packet every 6 s and the access point every
60 s (i.e. every 10th packet the access point sends a packet back).

4.2 Results and discussion

The throughput, calculated from the number of packets received in ns-3, from the first
two scenarios is shown in Fig. 8. Our simulations confirm that in symmetric saturated
traffic conditions, FD-CSMA/CA can get double the throughput of HD-CSMA/CA,
which is also confirmed in [11]. Figure 8 also shows that the shorter collision time means
that the throughput of IB-CSMA/CD is higher than in the HD-CSMA/CA case. In asym-
metric saturated traffic conditions, the performance of HD-CSMA/CA and IB-CSMA/

3 Each transmission, including CCA and Acknowledgment (ACK) is around 5 ms, therefore the nodes will always have
at least one packet in their buffer.
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Fig. 8 Saturated scenarios (1 and 2): FD-CSMA/CA increases the throughput in saturated traffic conditions by
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Fig. 9 The AP fairness in symmetric traffic conditions shows that FD-CSMA/CA achieves a fair 0.5 downlink/

uplink ratio in all situations while the other two schemes follow a 1/N curve

CD does not change, however, FD-CSMA/CA loses most of its gain due to the fact that
most of the transmissions no longer occur in full-duplex.

An important benefit however of FD-CSMA/CA is AP fairness, shown in Fig. 9. In
this scheme, the AP always has a slot to transmit data to the nodes, and therefore is able
to achieve true symmetric traffic conditions. This is in contrast to the other schemes
where the AP has the same amount of transmit opportunities as the other nodes, i.e.,
1/N.

Comparing the throughput for the different protocols in the unsaturated case
(Fig. 10), we see that for all three protocols the throughput linearly increases as more
and more nodes enter the network. Next, the network starts to get saturated. We find
that the throughput benefit of FD-CSMA/CA is not existent.

We can therefore conclude that due to the shorter collision time the throughput of IB-
CSMA/CD is higher than HD-CSMA/CA in the saturated scenario and the difference
with FD-CSMA/CA is in most cases small. Let us now look at how the three schemes
compare in terms of energy consumption.

Page 15 of 23
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Fig. 10 Unsaturated scenarios (3 and 4): The throughput in unsaturated traffic conditions increases linearly in
all schemes. There is no difference in throughput between the different schemes

5 Energy model

In this section we develop a model for the energy consumption of the three types of wire-
less access studied in Sect. 2.* The question we are trying to answer is if the increased
energy consumption of an IBFD transceiver can be compensated for by the increased
throughput. This model is important as the main cost of the full-duplex technology is in
the extra hardware and energy consumption. First, Sect. 5.1 presents the energy mod-
eling of HD-CSMA/CA transmissions, which is then extended in Sects. 5.2 and 5.3 for
the cases of FD-CSMA/CA and IB-CSMA/CD links.

5.1 Performance of HD-CSMA/CA

Our goal is to estimate the energy per correctly transmitted data bit, which a node
requires for exchanging data with the central node in a network with star topology. In
the case of HD-CSMA/CA links, nodes turn on their transmitter or receiver modules
sequentially. In half-duplex networks, the total transmit energy consumption per suc-
cessfully transferred bit can be expressed as

5 Pejtx + Ppa _

Above, the power consumption of the power amplifier is modeled as Pp,, the remaining
power to transmit a packet as Py,

average number of transmission trials until a frame is decoded without errors, 7

and T} is the average air time per payload bit. The
HD/CA

can be decomposed as
gHDICA _ 7. 4 54 ﬁ(I:{D/CA. (16)

The total energy required by a node to receive one bit of data successfully using HD-
CSMA/CA transmissions can then easily be expressed as

* This model is an extension of what was presented in [16, 17].
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= P,
HD/CA el,rx T ~HD/CA
grx = T el,rx4bT ’ (17)

where P, . is the electronic consumption of the receiver components.

To consider asymmetric traffic conditions, we introduce the parameter u that repre-
sents the percentage of bits transmitted in the uplink, and hence 1 — u is the percentage
of bits received in the downlink. Finally, the average consumption per information bit of
a given node is given by

éé—[D/CA — ugt];[D/CA +(1— M)gr];([D/CA (18)

= [U(Petx + Poa) + (1 — 1) Py T THP/CA, (19)

5.2 Performance of FD-CSMA/CA

In contrast to HD-CSMA/CA, the nodes using FD-CSMA/CA keep both transmitter
and receiver modules active. On top of this, the SIC needs to be active as well. In the
sequel, Sect. 5.2.1 analyzes the cost of the SIC module, and Sect. 5.2.2 summarizes our
FD-CSMA/CA energy consumption model.

5.2.1 Energy consumption SIC
The SIC module is in general composed by an analog and a digital cancellation submod-
ule, each of which have independent energy requirements. The optimal working point of
both SIC components is dependent on impedance variations of the antenna and reflec-
tions from the environment. Therefore, we assume that these components need to be
retuned every packet transmission. In our proposed architecture, the analog SIC module
is composed of an EBD (c.f. Sect. 2). The EBD is a passive component that does not con-
sume power during the frame transmission, only requiring energy during the tuning of
the balance network. The energy consumption of the EBD per data bit per transmission
trial is given by

Eepp = PMCLﬂ, (20)

P

where P, c and Tgpp are respectively the power and time consumed by the microproces-
sor to find an optimal working point for the EBD.

The energy consumption of the digital SIc module per data bit is given by

T
Epig = Prir <LHR + Tb>’ (21)
p

where PR is the power consumption of the Finite Impulse Response (FIR) filter and TFr
is the time it takes to estimate the channel. In contrast with the analog cancellation, digi-
tal cancellation consumes power not only while configuring the FIR filter but also during
the frame transmission, this introduces an additional term (T3,).

Finally, the energy per bit for the full SIC scheme of our architecture is given by
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d
Esic = x1&eBD + X25D1G1=Pé12; Ty + 5§?C (22)

where x; and x3 are indicator variables which are equal to 1 if the corresponding module
is active and 0 if it’s not. Above we are introducing the shorthand notation Pécll)c = x2PrR
for the power consumption that corresponds to the costs that are proportional to the
transmission time T}, and Sé?c = (x1PucTeBDp + x2PrIRTFIR)/Lp that is equal to the
“static” energy consumption that does not grow with T,

5.2.2 Total energy consumption

In an IBFD link the receiver module of the transmitter is active during the transmis-
sion of data in the uplink to receive downlink data simultaneously. However, some of
the electrical components of the transmitter front-end, like the clock generation, can be
shared with the receiver front-end, therefore the power consumption of the electronic
components is smaller than Pejy + Pejrx. We introduce a parameter 0 < o < 1, such
that power consumption of the electronic components of a full-duplex transceiver is
equal to,

Pel,FD = Pel,tx + aPel,rx' (23)

With this, and following a similar rationale than the one that led to (15), the energy con-
sumption per transmitted goodbit of the FD-CSMA/CA can be modeled as

= Ppp _ _
SEDICA _ =2 4 5$)C_L,FD/CA = [Py T, + Eg)c FEDICA. (24)

where we are introducing the shorthand notation Prp = Pejpp + Ppa + Pécll)c and

FEDICA _ 7, 4 5 + GEDICA, (25)
Note that, as mentioned in Sect. 3, the SNR does not change between half- and full-
duplex and therefore the terms 74 and p; remain the same as in (16).

During a full-duplex transmission, both transmitter and receiver modules are active,
therefore the energy consumption to receive one goodbit is the same as to transmit it,
i.e. EEP/CA — EED/CA \When only one of the two nodes in the current transmission has
data to send, this scheme reduces to the HD-CSMA/CA scheme. Therefore, by introduc-
ing vfP as the percentage of full-duplex transmissions and using v as the percentage of
half-duplex uplink transmissions, the total average energy consumption per transferred
bit can be modeled as

EEPICA = VP (Pen To/2 4+ €5 ) + v(Pax + Po) T 06
+ (1 — v = vEP) Py Ty 1 TFD/CA,

In the first term, T}, is divided by 2 because twice the amount of bits can be transmitted
in full-duplex. ES)C, on the other hand, only depends on the actual amount of transmis-
sion attempts (zF°/“A) and as a result, does not get this discount. When vED < 1, the
receiver or the transmitter modules are active and the scheme reduces to the half-duplex
case, hence the final two terms in (26). Note that viP € [0, 1]. Typically, Séi)c is small
compared to Prp. As a result, the highest energy efficiency of this scheme is achieved
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under bidirectional throughput, leveraging the full-duplex capabilities. This occurs
when the two nodes utilize the link continuously sending data to each other, and hence
vEP = 1. Note also that the percentage of uplink bits u = vFP /2 + v.

5.3 Performance of IB-CSMA/CD

In the case of IB-CSMA/CD the electronic cost of transmitter, receiver and SIC mod-
ules are the same as for FD-CSMA/CA links. However, the energy cost of collisions is
reduced as they are detected before the end of the transmission of the full frame, as dis-
cussed in Sect. 3.3. Therefore, the energy consumption per transmitted goodbit of the
IB-CSMA/CD scheme can be expressed as

5 Prp -
gtl)](B/CD — 7 + géi)C_CFD/CD (27)
= PepTy (Ta+ 1 + yert”' P ) + EGe P, (28)

Above, 5!B/CP is the average number of retransmission due to collisions in the case of IB-
CSMA/CD transmissions and, similarly to (16), 7/CP = 7, 4 p; + ﬁéB/ CD,

Similarly as in the case of FD-CSMA/CA, the cost to transmit and receive data over
a IB-CSMA/CD link is the same and hence E/CP = EIB/CD_ However, IB-CSMA/CD
links share data in a half-duplex time division fashion, as in-band full-duplex is purely
used to receive real-time feedback information about collisions and interference while
transmitting. Therefore, in contrast to FD-CSMA/CA, IB-CSMA/CD links cannot trans-
mit and receive data at the same time. Accordingly, the total average energy consump-
tion per bit shared over a IB-CSMA/CD link is

<S'gB/CD — uéﬁ[f/CD +(1— u)g_g(D/CD (29)

= Pep Ty #1B/CP 4 £ 71B/CD. (30)

FD:=%4 + 11pi + vcpiP as the

“reduced number of retransmissions” Comparing this with (19) and (26), (30) shows

where we have introduced the shorthand notation T

that the benefits provided by IB-CSMA/CD in terms of interference management can
be suggestively represented as a reduction in the number of retransmissions required
to achieve a correctly decoded frame. Finally, (30) also states that gliB/ D is independent
of u, showing that the benefits introduced by IB-CSMA/CD are not affected by possible
asymmetries in the traffic conditions.

6 Energy results

6.1 Methodology

In this section, we present numerical evaluations that confirm the results presented in
previous sections. For these results, we use the same simulations as in Sect. 4 and com-
bine these with the model from the previous section. The extra parameters used for the
numerical evaluations are detailed in Table 2. For Tggp, we estimated this value from
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Table 2 Parameters used for numerical evaluations

Parameter Value

Tx electronic power—Pe|w + Ppa 30.67 mwW*
Rx electronic power—Pejy 35.28 mW*
Full-duplex power ratio—«a 0.74499
Microprocessor power—~,, ¢ 1353 mw $
FIR power—PrR 200 pW *
EBD control time—Tggp 128 us

FIR control time—TgR 128 s

From datasheet of *TI CC2420. Source: ¢ [15], * [301, 8 [31]

Energy consumption per bit [uJ/bit]

20 40 60 80 100 120 140 160 180 200

Number of nodes

—— HD-CSMA/CA sym - -- FD-CSMA/CA sym
IB-CSMA/CD sym 0 HD-CSMA/CA asym
4 FD-CSMA/CA asym 0O IB-CSMA/CD asym

Fig. 11 Saturated scenarios (1&2): The average energy consumption with no interference in saturated
traffic conditions shows that IB-CSMA/CD is more energy efficient if more than 20 nodes are in the network
compared to HD-CSMA/CA and FD-CSMA/CA

real-world experience with the electrical balance duplexer. The FIR power consumption
corresponds to a 4-tap 10 bit filter in 90 nm technology [30].

6.2 Results and discussion

First, in Fig. 11, the energy per bit of the three schemes is compared in saturated sym-
metric traffic conditions. This condition occurs for example during video conferencing
where an equal amount of data is transmitted and received. Symmetric traffic gives the
highest energy efficiency to FD-CSMA/CA, as all transmissions can take place in full-
duplex. However, our results show that FD-CSMA/CA is only more energy-efficient
than IB-CSMA/CD when the number of nodes is low. In effect, Fig. 11 shows that when
the network density grows, the performance of IB-CSMA/CD scales more gracefuly,
e.g., between 10 and 100 nodes, the energy per bit increases 18-fold for HD-CSMA/
CA, while for IB-CSMA/CD this increase happens at 150 nodes. For the same energy
consumption, IB-CSMA/CD allows up to 45% more nodes in the network compared to
half-duplex and full-duplex transmissions. This is a consequence of the reduced cost of
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Fig. 12 Unsaturated scenarios (3&4): In unsaturated traffic conditions, the average energy consumption with
no interference shows only a minor difference between the three cases

collisions provided by the instantaneous feedback. Comparing HD-CSMA/CA with IB-
CSMA/CD, we see a very small difference in average energy per bit. This shows that the
increased throughput of Fig. 8 does not outweigh the increased energy consumption of
a full-duplex transceiver. When compared in asymmetric traffic conditions, the results
do not vary significantly. The only difference is that #FP in (26) becomes small and most
transmission happen in half-duplex for FD-CSMA/CA.

Looking at the average energy per bit in unsaturated traffic conditions in Fig. 12, it is
clear that for HD-CSMA/CA and FD-CSMA/CA there is again only a small difference as
ufP is close to zero because there are not any full-duplex opportunities due to the empty
packet buffers. Therefore the scheme is reduced to HD-CSMA/CA. The energy differ-
ence between two schemes and IB-CSMA/CD is small however for networks with less
than 180 nodes and low traffic, it consumes more power.

Notice that similar findings have been published in [17]. There, the derived equations
were evaluated for both IEEE 802.11 and IEEE 80.15.4. For both standards, collision
detection was shown to enhance wireless communication. However, the paper also men-
tioned that several contending devices were required for IEEE 802.15.4, before the pro-
tocol could benefit from the extra power consumption of the SIC.

7 Conclusion

In this paper, we analyzed the performance and energy benefits of in-band collision and
interference detection. To compare this scheme with half-duplex and symmetric in-
band full-duplex transmissions, we developed a communication and energy consump-
tion model, whose key parameters were instantiated using the results of extensive ns-3
simulations.

In terms of throughput, our results suggest FD-CSMA/CA performs better than the
other considered schemes under saturated traffic. The advantage is due to the leverag-
ing of the double throughput, which is enabled by the full-duplex communication tech-
nology. The throughput gain with respect to IB-CSMA/CD vanishes for networks with
100 or more active nodes, this is because of the shorter collision time of the latter. Also,
both schemes always perform better than HD-CSMA/CA. The throughput difference
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between collision detection and full-duplex transmissions becomes negligible in unsatu-
rated traffic conditions, where collisions do not hinder the performance significantly.

With respect to energy efficiency, our results show that IB-CSMA/CD outperforms
the other two protocols in saturated traffic conditions. For the same energy per bit, this
scheme allows 45% more nodes than HD-CSMA/CA. and FD-CSMA/CA to be active
in the network. Interestingly, FD-CSMA/CA performs better for a small number of
nodes, achieving the highest energy efficiency of the three schemes. Also, the difference
between the energy efficiency of the three schemes becomes small in unsaturated traffic
conditions.

These results show that in-band collision detection has the capabilities for becoming a
key enabling technology for efficient very dense wireless. In effect, the proposed scheme
is capable of reducing the energy consumption and increase the number of nodes in the
network, while maintaining a high throughput that outperforms half-duplex systems.
Therefore, this technology might be an attractive alternative to address crucial network-
ing challenges of wireless networks of the next generation
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