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ANC-ERA: Effective Random Access of
Wireless Networks with Analog Network
Coding
Wenguang Mao and Xudong Wang
Abstract—Analog network coding (ANC) is effective in improving spectrum efficiency. Thus, it is highly beneficial to apply ANC
to wireless networks. To coordinate ANC among multiple nodes in an ad hoc network without relying on complicated scheduling
algorithms and network optimization, a new random access MAC protocol, called ANC-ERA, is developed in this paper. Moreover,
since ANC-cooperation groups in a wireless network tend to be more vulnerable to collisions due to hidden nodes, three key
mechanisms are necessary in ANC-ERA. First, network allocation vectors (NAV) of control frames need to be set properly to avoid
over-blocking of channel access. Second, a channel occupation frame (COF) is designed to protect vulnerable periods during
the formation of an ANC cooperation group. Third, an ACK diversity mechanism is developed to reduce potentially high ACK loss
probability in ANC-based wireless networks. Additionally, successfully forming an ANC-cooperation usually relies on bi-directional
traffic between the initiator and the cooperator of cooperation process. When bi-directional traffic is not readily available, the
throughput gain from ANC significantly drops. To avoid this issue, the fourth key mechanism, called flow compensation, is
designed to form different types of ANC-cooperation among neighboring nodes of the initiator and the cooperator. Both theoretical
analysis and simulations are conducted to evaluate ANC-ERA. Performance results show that ANC-ERA works effectively in
various situations of ad hoc networking. As compared to existing random access MAC protocols, ANC-ERA increases network
throughput by 6%-115%.
Index Terms—Analog network coding, medium access control protocol, random access
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I NTRODUCTION

A

network coding (ANC) [1] (or physicallayer network coding (PLNC) [2]) is first proposed in a two-way relay channel to improve the
efficiency of communications, as shown in Fig. 1.
With this physical-layer technique, two end users
can concurrently transmit their data frames to the
relay node. Following that, the relay amplifies (or
performs certain coding based on analog waveforms)
and forwards the superimposed signals to the end
users. Since one of frames in the superimposed signals
is known, each end user can extract the other frame
from these signals. Compared to one-way relaying
and traditional network coding, ANC achieves better
spectrum utilization and significantly enhances the
network throughput performance [1], [3]. Thus, it is
greatly beneficial to apply ANC to wireless networks.
Moreover, the recent progress in ANC research [4],
[5], [6], [7] gradually leads to more practical ANC
schemes that are not constrained by the synchronization, the modulation scheme, the frequency offset, and
the frame size. These schemes enable the application
of ANC in more general scenarios.
So far, a number of research results are proposed
to investigate the application of ANC in wireless
networks with simple topologies such as line [8],
star [9], layered topology [10], hierarchical topology
[11], and other special relay structures [12]. However,
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Fig. 1. Two-way relay channel.

for wireless networks with a general topology such
as mesh networks and ad hoc networks, there still
remain many research problems with regard to designing effective MAC protocols. Particularly, how to
dynamically form ANC cooperation among network
nodes poses the most important one. In [13], channel
assignment and link scheduling for forming ANC
cooperation groups in a wireless ad hoc network
are formulated as an optimization problem, which is
proved to be NP-hard. In general, the complexity of
scheduling ANC cooperation groups in a wireless network is proved to be NP-complete by [14]. Therefore,
to ensure ANC technique to be practically applicable
to a general wireless network, random access becomes
a preferred approach.
To our best knowledge, limited number of papers
[15], [16], [17] have worked on random access MAC
protocols for ANC (or PLNC). In [15], an algebraic
model is derived for MAC layer and a random access algorithm is designed for ANC at a theoretical
level. However, no practical MAC protocol is actual-
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ly developed. In [16], a PLNC-based random access
MAC protocol is developed to support concurrent
transmissions of different communication pairs in a
single-hop ad hoc network. In [17], a distributed MAC
protocol is proposed to support ANC cooperation in
general wireless mesh/ad hoc networks and significantly enhances the throughput performance of such
networks. However, this protocol does not develop
any mechanism to hold the throughput performance
in the scenario where bi-directional traffic flows in
an ANC cooperation group are not always available.
Since this scenario is very common in wireless networks, the applicability of the protocol is limited.
Also, this protocol includes no mechanism to mitigate
the potential issues caused by the existence of hidden
nodes. Thus, the protocol performance in a general
multi-hop network is negatively affected by these issues. So far, there still lacks an effective random access
MAC protocol to support ANC in general mesh/ad
hoc networks.
In this paper, a new MAC protocol is developed
to dynamically form ANC cooperation in generaltopology wireless networks. This protocol totally
matches the mechanisms of IEEE 802.11 DCF [18] and
enables Effective Random Access of ANC in wireless
mesh/ad hoc networks. Thus, it is called ANC-ERA.
Specifically, the protocol is characterized by following
distinct features: 1) this protocol exploits the short
signaling messages (such as RTS/CTS) to dynamically
form ANC cooperation groups according to traffic
demand but does not assume the knowledge of queue
information of neighbor nodes; 2) in this protocol,
several mechanism are proposed to combat special
issues caused by hidden nodes in a network with
ANC cooperation, which significantly improves the
protocol performance in general multi-hop networks;
3) an effective mechanism is developed to enable
ANC cooperation even if there exists no bi-directional
traffic flows in an ANC cooperation group, which
dramatically reduces the dependence of ANC on traffic patterns and significantly extends the applicability of ANC in wireless networks. To evaluate the
performance of ANC-ERA, the saturation throughput
under the protocol is derived based on Markov chain
model and the network simulation is conducted. Performance results indicate that the protocol is effective in various scenarios and significantly enhances
the network throughput performance by 6%-115% as
compared to existing schemes.
The rest of this paper is organized as follows. In Section II, the design challenges are presented; In Section
III, the details of our MAC protocol are described; In
Section IV, the saturation throughput for the protocol
is derived; In Section V the protocol performance is
evaluated by simulation; In Section VI, the paper is
concluded.

2

D ESIGN C HALLENGES

The primary goal of this paper is to develop a MAC
protocol that enables effective random access of ANC
in general-topology wireless networks such as ad
hoc networks. The challenges for designing such a
protocol are discussed as follows:
• To support ANC, cooperation groups need to be
formed among different nodes. Since we do not
assume fixed communication pairs, an effective
mechanism needs to be developed to dynamically form ANC cooperation groups in an ad hoc
network according to traffic demand.
• Compared to traditional point-to-point transmission, ANC involves more complicated cooperation procedure among multiple nodes. Thus, a
network with ANC cooperation is more vulnerable to hidden nodes that lead to several special issues in such a network. Thus, necessary measures
need to be taken to mitigate the negative impact
of these issues on the network performance.
• The ANC cooperation requires the existence of bidirectional traffic flows between different nodes.
However, in many scenarios, traffic patterns cannot always meet this requirement, which reduces
the opportunities for forming ANC cooperation.
To prevent the performance degradation in this
case, effective strategies need to be investigated.
The challenges mentioned above are major problems that need to be effectively solved in our protocol.
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ANC-ERA R ANDOM ACCESS P ROTOCOL

In this section, ANC-ERA random access MAC protocol is proposed to support ANC in general wireless
networks. In this protocol, short signaling messages
are utilized to dynamically form ANC cooperation
groups. Moreover, several advanced mechanisms are
developed to combat special problems caused by hidden nodes and the scenario where bi-directional traffic
flows are absent. These mechanisms are described as
follows.
3.1 ANC cooperation in ANC-ERA
In our protocol, we exploit signaling messages such as
RTS and CTS to dynamically form ANC cooperation.
Specifically, the cooperation can be divided into three
processes as shown in Fig. 2(a). In the handshaking
process, signaling messages are utilized to associate
different nodes to form cooperation groups according
to traffic flows. In the data transmission process, the
nodes in the cooperation group send data frames
following an analog network coding scheme. In the
ACK process, successful receptions are reported. To
support ANC cooperation as described previously,
each node also needs to maintain a special neighbor
management module in ANC-ERA protocol.
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Fig. 2. ANC cooperation in ANC-ERA protocol

3.1.1

Neighbor management module

Before a node transmits a data frame, it is necessary
to determine its one-hop destination and two-hop
destination on its routing path1 , for the purpose of
ANC cooperation. The one-hop destination information (e.g. MAC and IP address) is already indicated
in the routing table, while the two-hop destination information is acquired by maintaining a special neighbor management module in ANC-ERA protocol. This
module utilizes beacon frames to collect necessary
neighbor information including routing entries on
one-hop neighbors. Based on collected information,
a node can gain the knowledge of MAC/IP address
of its two-hop neighbors. Moreover, the management
module of each node also maintains a HQL neighbor
table, which will be discussed in detail in Section 3.5.
3.1.2

Handshaking process

Consider Node A (called initiator) with a frame to be
routed to Node B (called relay) and then sent to Node
C (called cooperator), as shown in Fig. 2(b). As IEEE
802.11 distributed coordination function (DCF) [18],
when the channel is sensed idle and the backoff time
counter decreases to zero, Node A sends an RTS frame
to initiate the handshaking process. To support ANC
cooperation, the MAC address of the cooperator (e.g.
Node C) is included in this RTS frame by adding a
CA field as shown in Fig. 3.
Once the relay (e.g. Node B) successfully receives
the RTS frame, it waits for SIFS period, and then
transmits an Request-to-Cooperate (RTC) frame to the
cooperator (e.g. Node C) as addressed by the RTS
frame. The objective of the RTC frame is to request
Node C to cooperate with the initiator (e.g. Node A)
following an analog network coding scheme. If Node
C has a data frame (called backward frame) to send back
to the initiator in its transmission queue, it replies an
Answer-to-Cooperate (ATC) frame to the relay.
If the relay (e.g. Node B) receives the ATC frame
from the cooperator before timeout, then it transmits
1. In this paper, we assume that the routing is given.

a CTS frame to both the initiator (e.g. Node A) and
the cooperator (e.g. Node C). This frame serves as
the permission for the ANC cooperation between
the initiator and the cooperator. To this end, their
addresses are included in the CTS frame by adding
an IA field and a CA field as shown in Fig. 5.
In addition, as shown in Fig. 2(a), a channel occupation frame (COF) is sent by the initiator in handshaking process. This frame is designed to avoid channel
recapture, which is discussed in detail in Section 3.3.
3.1.3 Data transmission process
If the CTS frame for the ANC cooperation is received
by the initiator and the cooperator, both transmit their
data frames to the relay after waiting SIFS time period.
Following that, the relay amplifies and forwards the
superimposed signals to the initiator and the cooperator as shown in Fig. 2(a). With an analog network
coding scheme, they can decode the data frame from
the other node based on the knowledge of their own
frames. To support the decoding of superimposed
signals, each node needs to format its data frame
according to the adopted ANC scheme. If the scheme
proposed by [7] is adopted, the initiator and the
cooperator need to use different pilot sequences for
their data frames.
3.1.4 ACK process
If the initiator and the cooperator decode the data
frames correctly, they send ACK frames to announce
successful receptions. Note that ACK transmission
is also conducted in an ANC cooperation manner
to improve the communication efficiency, as shown
in Fig. 2(a). Following that, both the initiator and
the cooperator update their contention windows and
backoff timers as IEEE 802.11 DCF [18], according to
whether the corresponding ACK frames are received.
3.1.5 Special cases
If the two-hop destination on the routing path of a
data frame does not exist, i.e. the data frame would
reach its final destination after next hop, RTS/CTS
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and data transmission are exactly the same as IEEE
802.11 DCF.
Also, if the relay does not receive any ATC frame
before timeout, it presumes that the cooperator does
not have a backward frame in its transmission queue.
In this case, the relay sends a CTS to the initiator only
(i.e., fills the CA field with an specified invalid address). Following that, the initiator transmits its data
frame to the relay following a standard data/ACK
procedure.
3.2

Network Allocation Vector Design

In IEEE 802.11 DCF, the network allocation vector
(NAV) of a control frame indicates deferring access
until the end of entire transmission processes [18].
However, this design is not suitable for ANC-ERA
protocol as explained below. On one hand, because
the transmission process under ANC-ERA protocol
involves analog network coding, as shown in Fig.
2(a), the NAV duration in a control frame (e.g. RTS
or CTS) can be about twice as large as that in DCF.
On the other hand, the handshaking process in ANCERA protocol involves three nodes and four control
frames, and the collision of any control frame will lead
to the failure of the process. Hence the probability
of handshaking failure is higher than that in DCF.
Therefore, if the NAV setting of a control frame in
ANC-ERA protocol follows the rule of DCF, it will
lead to serious over-blocking issue, i.e., the cooperation
initiated by control frames fails but all neighbors are
still prevented from channel access for a long period.
Since this issue can significantly degrade the network performance, we propose a new NAV setting for
control frames in ANC-ERA protocol. The NAV of an
RTS frame only defers the channel access of neighbor

Fig. 6. Channel protection.

nodes in the period from the end of its transmission
to the time when the data frame is sent as shown in
Fig. 2(a). Similarly, the NAV of RTC and ATC frames
terminates when the data frame transmission starts.
Since the CTS frame is the last control frame in the
handshaking process and its transmission indicates
highly likely successful channel capture, the NAV of
this type of frame still lasts until the end of entire
cooperation process. With this new NAV design, the
over-blocking issue is significantly alleviated.
The above NAV design does not compromise the
channel protection of the remaining period of ANC
cooperation. Without the modification on the NAV
setting, the channel access of nodes in Region 1, 2, and
3, as shown in Fig. 6, are deferred by the NAV of RTS,
RTC, ATC and CTS frames. The radii of dashed circles
in the figure are equal to the communication ranges
of corresponding nodes. With the new NAV design,
we can demonstrate that all these nodes still cannot
access channel before the end of the entire cooperation
process. First, nodes (e.g. Node D) in Region 1 will be
blocked by the NAV of RTC and CTS frames as shown
in Fig. 2(a). Second, the channel access of nodes (e.g.
Node H) in Region 1 will be deferred by the NAV of
the RTS frame first, as shown in Fig. 2(a). Following
that, Node H can sense the data transmission of Node
A and hence further postpones the channel access.
Since Node H (as other nodes in Region 1) is much
closer to Node A, the received signal strength of the
frame from Node A is much stronger than that from
Node C. Thus, Node H can receive the data frame
from Node A with high probability, in spite of the
existence of the concurrent transmission from Node
C. If so, the NAV in this frame can further defer
the channel access of Node H as shown in Fig. 2(a).
Similarly, nodes in Region 3 will be blocked by NAV
carried by the ATC frame and the data frame from
Node C.
3.3 Channel Occupation Frame
In a wireless network with analog network coding,
the cooperator (e.g. Node C) is two-hop away from
the initiator (e.g. Node A). Thus, nodes (e.g. Node I)
at the left side of the initiator as shown in Fig. 6 is
even farther from the cooperator and hence may not
be able to sense its transmission. In this case, if the
initiator takes no action after receiving a RTC frame,
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both the initiator and the relay have no transmission
until a CTS frame is sent, as shown in Fig. 2(a). In
this period, nodes such as Node I may sense a idle
channel. If Node I locates in the interference range of
the initiator, but not in its communication range, Node
I cannot receive the RTS frame from the initiator and
hence are not blocked by its NAV. In this case, it is
possible that Node I sends an RTS frame to capture the
channel for new cooperation. If so, the transmission
of Node I will interfere the frame reception of Node
A and hence may lead to the failure of the ongoing
ANC cooperation formed by Node A, Node B, and
Node C.
To combat this channel re-capture issue, we utilize
a channel occupation frame (COF) to protect the vulnerable period as shown in Fig. 2(a). After the initiator
receives an RTC frame, it transmits a COF, which
is actually the RTS frame transmitted previously. In
this way, nodes (e.g. Node I) that is hidden from the
cooperator (but not from the initiator and the relay)
will not sense an idle channel until the end of entire
cooperation process.
Note that this COF will superimpose with the ATC
frame at the relay. However, since this COF is the
RTS frame transmitted previously and hence is known
by the relay, it can utilize an analog network coding
scheme to cancel the COF frame from the superim-

3.4.1 The Loss of ACKs
After the transmission of RTS, the remaining ANC
cooperation process includes two alternate stages, i.e.,
multiple access stages and broadcast stages. In a multiple access stage, the initiator and the cooperator concurrently transmit their own frames (e.g. COF/ATC,
Datas, ACKs) to the relay, while in a broadcast stage,
the relay sends signals (e.g. RTC, BData, BACK) to
the initiator and the cooperator. The hidden-terminal
issues for two stages are illustrated in Fig .7(a) and
Fig .7(b), respectively. In both figures, ri stands for the
interference radius, and rs denotes the sensing range.
A region in the interference range of the receiver but
not in the sensing range of the transmitter(s) is a
hidden area, where a node cannot sense the ongoing
transmission(s) and may interfere the reception of corresponding receiver with its own transmission. With
larger hidden areas, a broadcast stage has relatively
severe hidden-terminal issue. Moreover, the issue gets
worse as the increase of transmission time in a broadcast stage, since nodes in hidden areas have more
opportunities to start new transmissions. Therefore,
the stage where the relay amplifies and forwards the
superimposed data frames (e.g. BData) is vulnerable
to hidden nodes. If a hidden node (e.g. Node J) starts
its transmission in this stage as shown in Fig. 7(c)
, it will cause Node C to fail to receive the BData.
Moreover, it is possible that the transmission process
involving Node J lasts and further causes the failure
of the reception of BACK at Node C. In this case,
although the data frame from Node C is successfully
received by Node A, the ACK (i.e., BACK) is lost.
Since the stage of forwarding BData is vulnerable to
hidden nodes, the ACK loss situation is not scarce.
According to simulation results, when the sensing
range is relatively small, about 8.5% ACK will be lost.
This situation leads to unnecessary retransmissions
and hence degrades the network performance.
3.4.2 ACK Diversity Mechanism
To minimize the impact of the loss of ACKs, we develop a mechanism to provide ACK diversity. In this
mechanism, an ACK frame acknowledges not only the
data frame received in the current ANC cooperation
but also several data frames that are recently received
from the same sender. To support this mechanism,
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we need to adopt the new format for an ACK frame,
allocate IDs for each data frame, and manage a new
type of buffers called ACK-waiting buffer as explained
below.
Frame Format. The new format for an ACK frame
in ANC-ERA protocol is shown in Fig. 8. In this
frame, ID fields are added, and each field takes ni
bits that depends on the maximum possible ID index,
i.e., NID . The number of ID fields is equal to NACK .
In these fields, IDs for NACK most recently received
data frames from the node indicated by RA field
are recorded. In this way, the ID of each received
data frame will be carried by NACK ACKs, i.e. each
frame will be acknowledged by NACK times. This
provides NACK diversity for receiving ACK and hence
effectively combats the ACK-loss issue.
Data Frame ID Management. For each data frame,
an ID is allocated, and specified in the MAC header
by adding a new field. To minimize the overhead in
ACKs and data frames for carrying IDs, the maximum
ID (i.e., NID ) is controlled as small as possible. To
this end, an different ID is only allocated for data
frames with the same two-hop destination. Without
the ambiguity, the same ID can be used by data frames
towards different destinations.
For each two-hop destination, a node needs to
manage the mapping between IDs and data frames
towards this destination. To avoid the ambiguity, an
ID cannot be allocated to another date frame until
the previous date frame with this ID is successfully
acknowledged by its receiver, or discarded due to the
reach of the maximum retransmission number.
Buffer Management. Under the new ACK scheme,

a node needs to manage an ACK-waiting buffer for
each two-hop destination. If a transmitted data frame
is not acknowledged, it remains in the ACK-waiting
buffer instead of being retransmitted immediately.
The next data frame in the transmission queue is
selected to be sent. Once the ACK for a new transmission is received, the receiver extracts all frame IDs
from the ACK. These IDs indicate that corresponding
data frames are most recently received by the sender
of the ACK. Thus, if the ID of a data frame in the
ACK-waiting buffer for this two-hop destination (i.e.,
the sender of the ACK) appears in the ACK, this frame
has been successfully received and can be deleted
from the buffer without retransmission. Otherwise, a
data frame needs to be moved to the transmission
queue for retransmission.
An example is illustrated in Fig. 9. Consider the
ACK-waiting buffer for a two-hop destination (e.g.
Node A) maintained by Node C. In this buffer, there
are two data frames: one of date frames is sent in
the current ANC cooperation process and has the ID
equal to 4; the other one with ID equal to 3 is not
acknowledged in the previous cooperation process
and hence remains in the buffer. Once the ACK in
the current cooperation process is received, Node C
knows that the data frame sent in this round (i.e. the
frame with ID equal to 4) has successfully reached its
two-hop destination. Moreover, Node C needs to determine whether the data frame with ID 3 is received
by detecting ID fields in this ACK. If ID 3 appears in
the ACK as shown in Fig. 9(a), Node C knows that
the data frame has been successfully received by Node
A and deletes it from the buffer directly. Otherwise,
as shown in Fig. 9(b), Node C knows that the frame
is not received and hence moves the frame to the
transmission queue for retransmission.
Moreover, in the following two cases, a data frame
in the ACK-waiting buffer will be scheduled for retransmission without continuing waiting for future
ACKs:
• The capacity of an ACK-waiting buffer is reached.
In this case, the data frame with the earliest
arrival time is moved to the transmission queue
for retransmission.
• The time that a data frame stays in the buffer
reaches the upper limit. If so, this data frame is
scheduled for retransmission.
3.5 Flow compensation
In many cases, the cooperator may not have a data
frame to the initiator in its transmission queue when
an RTC frame is received, i.e., the traffic between
the initiator and the cooperator is not always bidirectional. We call this traffic pattern as asymmetric
traffic. In this scenario, the ANC cooperation cannot
form since the flow from the cooperator is absent. This
situation may significantly reduce the probability of
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forming ANC cooperation and hence has a negative
impact on the network performance. More importantly, the asymmetric-traffic scenario is very common in
wireless networks. Thus, an effective strategy that can
hold the performance gain introduced by ANC under
such scenarios is highly needed.
To this end, a mechanism called flow compensation
is proposed. Under this mechanism, if the cooperator
does not have a frame to the initiator but one of
its neighbors (e.g. Node E) coincidentally has one,
the traffic from Node E (called compensator) can be
used to compensate that from the cooperator (e.g.
Node C) to the initiator (e.g. Node A), as shown in
Fig. 10(a). For this purpose, Node E begins to transmit
its data frame after receiving the CTS frame. In this
case, the data frames from the initiator (e.g. Node A)
and the compensator (e.g. Node E) superimpose at the
relay node. Following that, the relay node (e.g. Node
B) amplifies and forwards the superimposed signals.
With an ANC scheme, Node A can decode the data
frame from Node E by cancelling the interference due
to its own frame. Also, if the transmission of Node E
is successfully overheard, Node C can utilize the ANC
scheme to eliminate the interference of the frame from
Node E and decode the frame from Node A.
To apply this mechanism, two problems need to
be solved. First, given the cooperator, we need to
determine all candidate nodes that can serve as its
compensator. Second, given the cooperator and all
its compensator candidates, an effective mechanism is
required to provide the ANC cooperation opportunity
(with the initiator) to one of them that does have
data frames to the initiator in its transmission queue.
Since each node only has the knowledge about its
own queue, the predetermined-based solution is not
feasible.
HQL Neighbor Table. Under the flow compensation mechanism, to decode the initiator’s frames,
the cooperator needs to overhear the transmission of
its compensator successfully. For this purpose, each
node maintains a special neighbor table called HQL
Neighbor Table, which contains all neighbors that has
high quality link2 (HQL) with itself. Since the initiator
is two-hop away from the cooperator, the signal from
2. The threshold of link quality is a design parameter depending
on network environment.

a node in the HQL Neighbor Table of the cooperator
is usually much stronger than that from the initiator.
In this case, the cooperator can successfully overhear
the transmission of this node with high probability.
Hence, given the cooperator, all nodes in its HQL
Neighbor Table can serve as its compensator. Note
that the HQL neighbor table is managed by our neighbor management module mentioned in Section 3.1.1.
As routing entries, the module utilizes beacon frames
to collect the HQL neighbor tables of its adjacent
nodes.
Virtual Contention for Cooperation Opportunity
The second problem for applying flow compensation
can be solved with virtual contention mechanism.
Specifically, after receiving an RTS frame from the
initiator, the relay node randomly allocates sequence
numbers from 1 to Nc to the compensator candidates,
where Nc is the total number of these nodes. The
allocation information is carried by the RTC frame
by writing the address of candidates following the
order of their sequence numbers in the FA fields, as
shown in Fig. 11. If Nc is greater than the number
of FA fields in an RTC frame, the addresses of extra
candidates are not written in the RTC frame and
hence these nodes are not allowed for transmission
in the current cooperation process. Also, the sequence
number for the cooperator is always allocated as zero.
The sequence number for each node indicates extra
required waiting time for this node before it can starts
its ATC frame transmission.
Once the RTC is received, the initiator simply starts
the transmission of the COF frame after waiting for
SIFS period, while the cooperator and its compensator
candidates need to contend the cooperation opportunity according to their sequence numbers. If a node
does not have any data frame to the initiator, it simply
drops its transmission opportunity. Otherwise, the
node will transmit its ATC frame after waiting for
SIFS + n · Tslot , where n is the sequence number for
the node and Tslot is the slot time. During the waiting
time, the node needs to keep overhearing the channel.
Once the transmission from the cooperator or other
candidates is detected, the node immediately cancels
its own transmission attempt to avoid collision as
shown in Fig. 12. In this way, only one ATC frame can
be successfully sent to the relay and the transmission
opportunity is provided to the corresponding node
that has data frames to the initiator.
Two issues related to the physical-layer design are
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Cancel the ATC (detecting
the ongoing transmission)

hop destination of the frame from the compensator
(in the DA field), as shown in Fig. 5. In this way, an
ANC cooperation is formed by two crossing flows as
shown in Fig. 10(b). To decode the data frame from
the compensator, the two-hop destination follows the
same strategy with the cooperator as discussed in
Section 3.5.

Tslot

4
Fig. 12. Flow diagram for our random access MAC
protocol.

discussed as follows. First, the transmission of the
ATC frame starts at (SIFS + n × Tslot ) after the end
of transmission of the RTC frame. However, the COF
frame is sent by the initiator after SIFS period upon
receiving the RTC frame. Hence the COF frame and
the ATC frame may superimpose at the relay with
relative delay as large as several slot times, as shown
in Fig. 12. To support this situation, ANC schemes that
allow frame-level asynchronous transmissions, such
as those proposed by [4], [7], are required.
Second, for effectively detecting the transmission
from the cooperator or the compensators under the
interference (i.e., the COF frame) from the initiator,
an ATC frame needs to adopt a different preamble
sequence. By correlating this sequence (or the part of
this sequence if the whole preamble is longer than a
time slot) and detecting the correlation peak, a node
can determine whether there exists the transmission
from these nodes [19], [20].
3.6

Enhanced Flow Compensation

In the scenario shown in Fig. 10(a), it is possible that
the cooperator and all compensator candidates have
no data frames to the initiator, which leads to the failure of forming ANC cooperation. To further increase
the probability of forming cooperation, an enhanced
flow compensation mechanism is proposed. Under
this mechanism, if the cooperator or a compensator
candidate (e.g. Node E) has a data frame with the twohop destination (e.g. Node F) whose HQL-neighbor
table includes the initiator, as shown in Fig. 10(b),
it also schedules to send an ATC frame, following
the virtual contention procedure described in Section
3.5. In this ATC frame, the address of the two-hop
destination is carried in the IA field as shown in Fig. 4.
To help a node determine if the initiator is included in
the HQL neighbor of its certain two-hop destination,
a node needs to know HQL-neighbor tables of nodes
that are two-hop away. This can be realized by our
neighbor management module.
Upon such an ATC frame is received by the relay,
it broadcasts a CTS frame including the addresses of
the initiator (in the IA field), the cooperator (in the CA
field), the compensator (in the FA field), and the two-

P ERFORMANCE A NALYSIS

In this section, we derive the saturation throughput
of the network under ANC-ERA protocol to evaluate
its performance and understand its throughput improvement over IEEE 802.11 DCF. . As in [21], we
define the throughput as the successfully transmitted
payload bits on all links in a second. In this paper,
saturation means two conditions are satisfied: 1) when
the channel is sensed idle, a node always has data
frames to send to its two-hop destinations; 2) when a
cooperation request (i.e., an RTC frame) is received, a
node always has frames to send back to the initiator.
The following proposition is derived for a network
without hidden terminals (e.g. typical two-hop networks). The derivation for a network with hidden
terminals is highly complicated and suject to the
future research.
Proposition 4.1: Under ANC-ERA protocol, the saturation throughput of a network with n nodes that
can sense each other is given by
(1 −

1
W0 )Tslot

4Psucc Lp
+ Psucc Ts + (1 −

,
1
W0 )Pcol Tc

where

Psucc = npt (1 − pt )n−1





Pcol = 1 − (1 − pt )n − npt (1 − pt )n−1




 Ts = RTS + SIFS + δ + RTC + SIFS + δ + ATC
+SIFS + δ + CTS + SIFS + δ + BData



+SIFS + δ + BData + SIFS + δ + BACK




+SIFS + δ + BACK + SIFS + δ + DIFS



Tc = RTS + DIFS + δ.
W0 , Tslot , Lp , δ are defined as initial contention window, slot time, payload size in a data frame, and
propagation delay, respectively. Also, pt represents the
probability that a node initiates an ANC cooperation
process by sending an RTS frame in a given time
slot. The determination of pt and the proof of the
proposition can be found in Appendix A.
Based on Proposition 4.1, the saturation throughput
can be expressed as
Psucc Ts
4Lp
·
1
Ts (1 − W0 )Tslot + Psucc Ts + (1 −
= RANC · γANC ,

1
W0 )Pcol Tc

(1)

where RANC can be interpreted as the effective transmission rate that counts the overhead introduced by
control frames (e.g. RTS and ACK) and frame headers, and γANC represents the percentage of time in
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which the channel is occupied by the successful ANC
cooperation process. For comparison, we arrange the
expression of the saturation throughput under IEEE
802.11 DCF derived in [22] into the similar form, i.e.,
L
RT · γT . In this equation, RT is given by T p′ , where
s

′

Ts denotes the time from the start of sending RTS
to the finish of replying ACK under DCF, and γT is
the counterpart of γANC in the DCF case and can be
represented in a similar formula.
Based on the previous discussion, the throughput
gain of ANC-ERA protocol can be divided into two
components, i.e., the physical-layer gain (RANC /RT )
and the MAC-layer gain (γANC /γT ). The physicallayer gain attributes to the higher spectrum utilization
of ANC. If the data transmission rates under ANCERA protocol and DCF are equal, the time of a
successful transmission round in ANC-ERA, i.e. Ts ,
′
is about twice as larger as its counterpart Ts in the
DCF case. In this scenario, the physical-layer gain,
′
which can be expressed as 4Ts /Ts , is close to 2.
However, due to the existence of noise accumulation
in amplify-and-forward process, the transmission rate
with ANC will degrade by a factor α (α 6 1), which
depends the SNR and the adopted modulation. Based
on the experiments in [7], α is approximately 0.8 in
the settings of that paper. If the rate degradation is
considered, the time for transmitting the same amount
payload increases and this leads to a larger Ts . As a
result, the physical-layer gain is about 2α. The other
source for the throughput improvement is MAC-layer
gain. If the probability Psucc that an RTS successfully
captures the channel in a given time slot under ANCERA protocol and its counterpart under IEEE 802.11
DCF are comparable, the ratio γANC is greater than
γT according to their expressions, since Ts is much
′
larger than Ts . Thus, we can expect a MAC-layer gain
that is larger than 1, i.e., under ANC-ERA protocol,
the medium is occupied by successful transmissions
in a higher proportion of time. This is confirmed by
our simulation, where the MAC-layer gain is approximately 1.1.

5

P ERFORMANCE E VALUATION

In this section, the performance of ANC-ERA random
access MAC protocol is evaluated through simulation
programs built on Matlab platform. To investigate
the protocol performance in various scenarios, two
type of networks are considered: 1) two-hop networks
where the hidden nodes do not exist; 2) general multihop networks. In both types of networks, several
communication nodes are uniformly distributed in
the corresponding areas. The link SNR between onehop neighboring nodes is assumed high enough, and
hence the decoding error is neglected even with the
existence of the noise accumulation caused by ANC
(i.e., the factor α mentioned in Section 4 is equal to
1). Moreover, we consider the traffic model that there

TABLE 1
Parameters used in the simulation.
Parameter

Value

Parameter

Value

MAC header

34 B

RTS

26 B + PH

PHY header (PH)

20 µs

RTC

38 B + PH

Payload (default)

1023 B

ATC

26 B + PH

Link rate

54 Mbps

CTS

32 B + PH

Slot time

9 µs

ACK

15 B + PH

SIFS

16 µs

α

1

DIFS

34 µs

Comm. range1

1

Max. backoff
state

3

Interference
range

1.782

Init. backoff
window (default)

64

Sensing range
(default)

2.7

1
2

The interference range and the sensing range are normalized
to the communication range.
The value is specified according to [24].

exist the data flows from one node to each of its twohop neighbors.
To compare ANC-ERA with existing schemes, the
performance of PNC-MAC proposed by [17] and
IEEE 802.11 DCF [18], [23] is also evaluated. For fair
comparison, all the protocol parameters used in the
simulation except control frame sizes are identical
for three schemes. The common parameters and the
control frame sizes for our protocol is summarized
in Table 1, while those for PNC-MAC and DCF are
specified in [17] and [18] respectively.
5.1 Performance in Two-Hop Networks
In this part, the throughput performance of ANC-ERA
protocol are evaluated in a two-hop network where no
hidden node exists.
5.1.1 Saturation Throughput
In this experiment, the throughput performance of
ANC-ERA, PNC-MAC, and DCF is compared in a
two-hop network with various numbers of nodes, as
shown in Fig. 13. Moreover, the theoretical saturation
throughput of ANC-ERA calculated based on equations in Section 4 and that of DCF derived by [21]
are also plotted in the figure. It can be observed that
the theoretical results and simulation results for ANCERA match well with each other, and the error is less
than 1% in all cases.
In addition, the comparison results indicate that
the performance gain of ANC-ERA protocol over
DCF approaches to 115%. As discussed in Section
4, this significant gain attributes to two factors. The
first factor is the higher spectrum utilization of ANC, which leads to approximately 100% throughput
improvement3 . The second factor is the MAC-layer
3. Note that we assume that α is equal to 1.
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Fig. 13. Saturation throughput in a two-hop network.

gain: for each successful channel contention, the total
data transmission time in ANC-ERA is much longer
than that in IEEE 802.11 DCF. Therefore the overhead
caused by contention and backoff accounts for a lower
proportion in our MAC protocol, which is beneficial
to improve the throughput performance.
Also, compared to PNC-MAC protocol, ANC-ERA
also has approximate 6% performance advantage.
This advantage is due to the more efficient ACK
process in our protocol: the transmission of ACK is
also conducted in an ANC cooperation manner.

pb is close to zero. In this case, no ATC frame will be
received by the relay, and thus traditional data/ACK
procedure is conducted by the initiator and the relay
as mentioned in Section 3.1.5. If so, our protocol
degrades to a traditional CSMA protocol but with
longer handshaking process. Hence its performance is
lower than that of DCF. For PNC-MAC, if there is no
cooperation opportunity, only traditional transmission
procedure is triggered. Hence when pb is close to zero,
its performance is identical with that of DCF.
Moreover, when pb is greater than zero, the throughput performance of ANC-ERA with the flow compensation mechanism (FC) and the extended mechanism
(EFC) increases more rapidly compared to ANC-ERA
without the mechanism and PNC-MAC. When pb is
equal to 0.2, the performance gain of ANC-ERA (with
EFC) over PNC-MAC approaches to 70%. This significant enhancement is due to the fact that under the
FC mechanism, the backward flow can be provided
not only by the cooperator but also by all potential
compensators. Thus this mechanism is greatly beneficial to increase the ANC cooperation opportunities
and improve the throughput performance.
When pb is close to 1, the network throughput of
all these schemes approaches their saturation performance. Therefore, the performance gain of ANC-ERA
over PNC-MAC diminishes.

5.1.2

5.2 Performance in General Multi-Hop Networks
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Fig. 14. Unsaturated throughput performance of different schemes.

Performance in Unsaturated Cases

In unsaturated cases, the cooperator does not necessarily have a backward frame toward the initiator
when the ANC cooperation request (the RTC frame)
arrives, i.e., the bi-directional traffic flow is not always
available. To characterize this situation, we define pb
as the probability that one node has backward frames
to its certain two-hop neighbor (e.g. the initiator). The
throughput performance of different protocols under
various pb is evaluated in a two-hop network with 40
nodes. The results are shown in Fig. 14.
It can be observed that the throughput performance
of ANC-ERA is slightly worse than that of DCF when

In this part, several experiments are conducted in
a general multi-hop network deployed in the area
with the size 10×10 (normalized to the communication range). In this network, there exist hidden
nodes which have significant impact on the protocol
performance.
5.2.1 NAV modification
To evaluate the effectiveness of new NAV setting, we
compare the performance of ANC-ERA protocol with
and without the NAV modification. The results are
given in Fig. 15 and Fig. 16. It can be observed that
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Fig. 15. Throughput performance with/without NAV
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Fig. 17. Throughput performance with/without COF.
TABLE 2
ACK loss rates under various schemes.
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∼0
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∼0
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∼0

1.15%

∼0
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Fig. 16. Throughput performance with/without NAV
modification (2047 bytes).

the ANC-ERA protocol with NAV modification significantly outperforms the protocol without the NAV
modification. Also, for the frame with larger payload
(i.e., 2047 bytes), the performance gap between two
cases becomes larger. This can be explained as follows.
In a network with ANC, if the data frame increases by
1024 bytes , the entire cooperation period is increased
by the time of transmitting 2048 bytes. Hence, without
the new NAV setting, the increase of payload bytes in
data frames will lead to more serious over-blocking
issue.
5.2.2 Channel Occupation Frame
The network throughput of ANC-ERA with and without COF is compared under various sensing ranges, as
shown in Fig. 17. Results indicate that the throughput
performance of the protocol degrades when the COF
is disabled. This degradation is because the cooperation groups are not effectively protected without COF,
which may lead to the failure of ANC cooperation. As
the increase of the sensing range, the hidden nodes
that may cause this problem become rare. Thus the
performance gap between two cases gradually diminishes. Moreover, in our simulation, the transmission
rate is set to 54 Mbps. If the low transmission rate is
adopted, the length of an ATC frame becomes longer

and so does the vulnerable period as specified in Fig.
2(a). In this scenario, the COF is more necessary.
5.2.3 ACK Diversity
In this experiment, the ACK loss issue is investigated.
The ACK loss rates under various schemes are summarized in Table 2. From the table, it can be observed
that the DCF scheme is free from the ACK loss issue.
In contrast, in a network with ANC cooperation, a
fraction of ACK frames are not received, although
the corresponding data frames have arrived at their
destinations. Moreover, the issue becomes even worse
as the decrease of the sensing range. This degradation
attributes to the fact that under short sensing range
scenarios, the hidden-node problem that leads to the
loss of ACK frames becomes more severe. To address
the ACK loss issue, the ACK diversity mechanism is
applied. The results in the Table 2 indicate that the
probability that a successfully transmitted data frame
is not acknowledged is dramatically reduced with the
mechanism.
5.2.4 Saturation Throughput
The saturation throughput performance of ANC-ERA
protocol in a general multi-hop network is evaluated, as shown in Fig. 18. For comparison, the performance of PNC-MAC and DCF is also provided.
From the comparison results, it can be observed that
the throughput performance of ANC-ERA protocol is
approximately 85% better than that of DCF scheme,
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Fig. 18. Saturation throughput in general multi-hop
wireless networks.
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In this paper, a random access MAC protocol called
ANC-ERA was proposed to support ANC in general
wireless networks. In this protocol, several mechanisms, such as the NAV modification, the channel
occupation frame, and the ACK diversity, were designed to combat special issues caused by hidden
nodes in a network with ANC cooperation. More
importantly, the protocol includes an effective mechanism to enable ANC cooperation even if bi-directional
traffic flows between different nodes are absent. This
distinct feature dramatically reduces the dependence
of ANC on traffic patterns, and significantly extends
the application scope of ANC. The performance of
ANC-ERA is evaluated by the theoretical analysis
and the network simulation. Results indicate that
our protocol can significantly improve the network
throughput performance in various scenarios.
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Fig. 19. Unsaturated throughput performance of various schemes.
which is lower than the performance gain in the twohop network case. This is because a network with
ANC cooperation is more vulnerable to hidden nodes
as compared to a network with traditional point-topoint transmission. Thus, when hidden nodes exist,
the performance degradation of ANC-ERA is more
evident.
Also, the comparison results indicate that the
throughput of ANC-ERA is 20%-25% higher than that
of PNC-MAC. This performance gap attributes to
the issues caused by the existence of hidden nodes,
such as the over-blocking issue, the channel recapture
issue, and the ACK loss issue as discussed in Section
3.2, 3.3, and 3.4.1, respectively. Note that all these
issues are presented in a network with PNC-MAC
protocol. However, no mechanism is proposed to
mitigate these issues in PNC-MAC.
5.2.5

C ONCLUSION

Performance in Unsaturated Cases

The throughput performance of various schemes in
an unsaturated multi-hop network is shown in Fig.
19. Similar with the two-hop network scenario, the
results indicate the significant performance advantage
of ANC-ERA (with EFC) over PNC-MAC. This advantage again demonstrates the effectiveness of the flow
compensation mechanism.

Consider a network with n nodes that can sense each
other. For each node, it may stay in different backoff
stages. The contention window for i-th backoff stage is
denoted by Wi , where i is a non-negative integral and
bounded by a constant m. A node in the i-th backoff
stage has a value of backoff-time counter in the range
[0, Wi − 1]. To characterize the backoff situation of
each node, we use Si,j to denote the state that a node
entries to the ith backoff stage and has a backoff-time
counter equal to j.
There exist two important probabilities affecting
transitions between different states {Si,j }. One of
them is the transmission failure probability pf defined
as the probability that collision happens in an ANC
cooperation process and leads to the failure of the
cooperation. As mentioned in [21], it is reasonable
to assume that pf is independent with the number
of retransmissions. The other key probability is the
cooperation probability pc , defined as the probability
that one node receives a cooperation request (i.e., an
RTC frame) when it stays in a backoff state and forms
ANC cooperation with the initiator. Note that the
cooperation probability is independent from backoff
stages and counters.
Based on above definitions, we can model the
transitions between states {Si,j } as a discrete-time
Markov chain. As shown in Fig. 20, all of non-zero
state transition probabilities are:

1−pf


 p{S0,j |Si,0 } = W0 , i ∈ [0, m], j ∈ [0, W0 )


pf

, i ∈ [0, m), j ∈ [0, Wi+1 )
 p{Si+1,j |Si,0 } = Wi+1

p

p{Sm,j |Sm,0 } = Wfm , j ∈ [0, Wm )


pc


p{S0,k |Si,j } = W
, i ∈ [0, m], j ∈ [0, Wi ), k ∈ [0, W0 )

0


 p{S
i,j−1 |Si,j } = 1 − pc , i ∈ [0, m], j ∈ [1, Wi ),
(2)
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1-pf

Based on recursive relations in Eq. (3), we can prove
that

1
w0

1
w0
S0,0

S0,1

ĊĊ

1-pc

S0,W0-1
pc

pf

vi,0 =

i
pif [vc pc + vt (1 − pf )] ∏
1 − (1 − pc )Wk
,
i+1
Wk
pc δi
k=0

w1
1-pf

S1,0

S1,1

ĊĊ

1-pc

where δi is given by

S1,W1-1
pc

pf

w2
Ċ
1-pf

pf

Sm-1,0

ĊĊ

Legend
a
c

pf

b

1
wm

1
wm

Sm,0

Sm,1

ĊĊ

1-p
pc

ac
=
bc

Then, according to Eq. (4), vt can be expressed as
{
vt = [vc pc +vt (1−pf )]

i
∏
1 − (1 − pc )Wk
i+1
Wk
pc δi k=0

pif

}

pc

Fig. 20. The Markov chain for backoff state transitions
in ANC-ERA protocol

We define the expression included by braces in the
above equation as c(pf , pc ). With Eq. (4) and Eq. (3),
we can conclude that vc + vt = 1. Thus, based on the
above equation, it can be shown that
vt =

The first three equations in (2) represent backoff behaviors after collisions or successful transmissions,
which is similar to the case in IEEE 802.11 DCF. The
fourth equation describes the state transitions due to
the data transmission as a cooperator. Specifically, if a
node receives an RTC frame, under saturation conditions, it always has a data frame to the initiator and
ANC cooperation will be formed. Since the channel
has been captured by the RTS frame and all nodes
can sense the ongoing transmission, the data frames
sent by the initiator and the node (i.e. the cooperator)
will be free from collisions and successfully received4
by each other. In this case, the node resets its backoff stage to zero and takes a random backoff time,
i.e. the backoff state will be changed following the
probability described by the fourth equation. The last
equation represents that if a node does not receive any
cooperation request, it will reduce its backoff counter
once the channel is sensed idle for DIFS period.
Let {vi,j } denote the stationary distribution of
{Si,j }. It can be shown that

1−p
c pc

v0,j = v0,j+1 (1 − pc ) + vW
+ vt W0f , j ∈ [0, W0 )

0


vi−1,0 pf
v = v
, i ∈ [1, m), j ∈ [0, Wi )
i,j
i,j+1 (1 − pc ) +
Wi
vm−1,0 pf
v
pf

vm,j = vm,j+1 (1 − pc ) + Wm + m,0

Wm , j ∈ [0, Wm )


 ∑m ∑Wi −1
i=0
j=0 vi,j = 1,
(3)
where


m W
m
i −1
∑
∑
∑


vc =
vi,j , vt =
vi,0 .
(4)
i=0 j=1

m
∑
i=0

Sm,Wm-1

pc

1-pf


 pc Wm − pf [1 − (1 − pc )Wm ]
, i=m
pc Wm

1,
otherwise.

Furthermore, the transmission probability pt is defined as the probability that a node initiates an ANC
cooperation process in a given time slot. Thus, it can
be expressed as
pt =

m
∑

vi,0 = vt =

i=0

c(pf , pc )pc
.
1 − c(pf , pc )(1 − pc − pf )

(5)

For the sake of simplicity, we consider a symmetric
setting where each node has an equal opportunity to
be requested to participate in an ANC cooperation. In
this case, we can assume that the cooperation probability pc is the same for all nodes in the network. Also,
as mentioned in [21], it is reasonable to assume that
pf keeps invariant for different nodes. Furthermore,
since the transmission probability is determined by
the cooperation probability pc and the transmission
failure probability pf , we can conclude that the transmission probability pt is also invariable over nodes.
Let DX denote the set of nodes that have data
frames with Node X as their two-hop destination and
TX represent the set of nodes which are two-hop
destinations of data frames from Node X. Also, ptXY
stands for the probability that Node X transmits an
RTS frame with Node Y as the two-hop destination
in a given time slot, and psXY denotes the probability
that such RTS frame is free from collision and hence
captures the channel. Thus, for a specific station A,
the cooperation probability is given by

i=0

pc =
4. The transmission error is not considered in this paper.

c(pf , pc )pc
.
1 − c(pf , pc )(1 − pc − pf )

∑
X∈DA

ptXA psXA = (1 − pt )n−2

∑
X∈DA

ptXA .

.
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Adding the cooperation probabilities of all nodes
together, we have that
∑
∑ ∑
pc = (1 − pt )n−2
ptXY
Y

Y

[4]
[5]

X∈D

= (1 − pt )

n−2

∑ ∑Y

= (1 − pt )

n−2

∑

[6]

ptXY

X Y ∈TX

[7]

pt .

[8]

X

We know that pc and pt are same for all nodes, hence
it can be shown that
pc = pt (1 − pt )n−2 .

[9]

(6)

The transmission failure probability can be expressed
as
pf = 1 − (1 − pt )n−1 .
(7)
Combining Eq. (5) (6) (7), we can solve pt , pf and
pc with numerical methods. Although the previous
derivation is based on symmetric setting assumption,
our theoretical framework is not limited to this case.
In fact, it can be applied to various scenarios. In a
general case, pt , pf and pc are different for various
nodes, and we need to solve 3n equations to obtain
these probabilities.
Based on previous results, the saturation throughput can be calculated following similar steps as [22].
The main difference is that in each successful ANC
cooperation, two data frames are received by their
two-hop destinations. This is equivalent to four transmissions in a network following IEEE 802.11 DCF.
Therefore the saturation throughput can be expressed
as
4Psucc Lp
,
(8)
1
(1 − W0 )Tslot + Psucc Ts + (1 − W10 )Pcol Tc
where

Psucc = npt (1 − pt )n−1





P = 1 − (1 − pt )n − npt (1 − pt )n−1

 col


 Ts = RTS + SIFS + δ + RTC + SIFS + δ + ATC
+SIFS + δ + CTS + SIFS + δ + BData



+SIFS + δ + BData + SIFS + δ + BACK




+SIFS + δ + BACK + SIFS + δ + DIFS



Tc = RTS + DIFS + δ.
W0 , Tslot , Lp , δ are defined as initial contention window, slot time, payload size in a data frame, and
propagation delay, respectively.
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