
CODED COOPERATIVE ARQ PROTOCOL IN WIRELESS NETWORKS
ABSTRACT
In conventional radio networks, the data frames that are corrupted by errors during the transmission are retransmitted by the source. In cooperative radio networks, frame retransmission may be performed by a neighboring node that has successfully overheard the source's frame transmission. The advantage of the latter is the spatial diversity that is provided by the cooperative node. In addition, the retransmitted frame may have incremental redundancy for improved performance.

In this paper a simple automatic repeat request (ARQ) protocol is specified that takes advantage of cooperative coded communication in slotted, single-hop radio networks. It also explores cooperative communication across the link layer, the MAC layer and the network layer. Three alternative scheduling policies for the transmission of both the data frames and the incremental redundancy frames are presented.
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CHAPTER 1 
Introduction

Unlike wired networks, the information transfer in radio networks is inherently of a broadcast nature, due to the properties of electromagnetic propagation in the radio spectrum. Therefore, each data transmission impinges upon multiple nodes, even if they are not the intended destination. The effects of this interference are felt at the physical layer as well as data link, MAC, and network layers. Cooperative communication strives to turn this liability into an asset by treating interference as an additional source of information. The information transmitted across one wireless link, due to the broadcast nature of radio, is partially and randomly available to other nodes beside the intended destination. This additional information, distributed throughout the network, may be exploited in a gainful manner. In other words, cooperative communication exploits the statistical variation of the link signal-to-noise ratios, together with the inherent broadcast nature of radio, to yield a more efficient communication system. 
Conventional Automatic Repeat Request (ARQ) protocols specify the frame exchange that takes place between the source and destination, to ensure correct and in order data delivery to the destination. As neighboring nodes do not actively participate and cooperate in the frame exchange, these ARQ protocols are referred to as non-cooperative.
Cooperative ARQ protocols permit nodes, other than the source and the destination, to actively help deliver the data frame to the destination correctly. The rationale is that nodes which are within earshot from the source and the destination may cooperate by making use of the received broadcast signal to improve the overall capacity of the source-destination wireless channel. In simple terms, when the source's data frame transmission is not successful, a neighboring node, referred to as the relay, has overheard the source's transmission, is invited to take part in the ARQ frame exchange. The destination can rely now on data frames that are coming from two distinct nodes, the source and the relay, thus getting a better overall reception quality. The essence of the idea lies in that the destination benefits from data frames arriving via two statistically independent paths, a concept known as spatial diversity.
CHAPTER 2 
The Wireless World

The wireless communications industry is one of the largest and fastest growing industries in the world. It is today more than $1000 billion market, one of the biggest business opportunities in the world. Today the number of mobile telephone users is around one and half billion, greater than the number of fixed subscribers. One of the major factors for this explosive growth is the integration of data communication into the wireless medium. The integration of the Internet and multimedia into the mobile world promises even more development in the years to come. However these new technologies place stringent demands on today’s wireless technology in terms of increased battery life, lower power consumption, reduced access time, and better reception. Therefore there is an ongoing search for new and innovative techniques that can meet these requirements and further expand the growth of current wireless technologies.

2.1 The Wireless Channel

The wireless channel contains objects and particles which scatter the transmitted signal. These scattered signals take different paths with different path lengths and thus arrive at the receiver out of step and create interference. These scatterers introduce a variety of impairments in the wireless channel such as fading, delay spread and attenuation.

2.1.1 Fading

One of the main sources of impairment in the wireless channel is the occurrence of fading. Fading can be classified as long term fading and short term fading.

· Long term fading is due to shadowing and the distance between the source and destination. It is also referred to as path loss. Long term fading can be controlled by techniques like power control.

· Short term fading is due to the multipath propagation of the transmitted signal due to reflections from various objects. When the delay differences between the multipath components are small as compared to the symbol interval, these components can add constructively or destructively at the receiver depending upon the carrier frequency and delay differences. Multipath fading can be controlled by techniques like diversity and channel coding.

2.2 Channel Coding
Channel coding is a technique to overcome transmission errors over a noisy channel. Here redundancy is introduced at the transmitter and utilized at the receiver for error correction. Channel coding is effective in correcting independent random symbols. However when the fading is correlated, channel coding is not an effective technique, in this scenario interleaving is used. In this method, at the transmitter, the coded signals are first interleaved before being modulated and at the receiver they are de-interleaved before being demodulated. Interleaving is effective in combating the correlated fading at the cost of increased delay and extra hardware.

2.3 Diversity
Diversity is one of the techniques to combat channel fading. Diversity makes use of more than one independently faded version of the transmitted signal to improve the overall reception. This is because if several copies of the original signal are sent through different paths, they encounter different channel characteristic and therefore the probability that all the paths will experience deep fading at the same instant is greatly reduced. Diversity can be achieved using the following technique:

2.3.1 Conventional Diversity Mechanisms
· Spectral diversity: Here the message is transmitted simultaneously over several frequency slots. The form of diversity is effective when the transmission bandwidth is large enough such that different subbands will experience different amounts of fading. Example of systems that use spectral diversity in frequency hopped spread spectrum communication systems.

· Temporal Diversity: This message is transmitted over several time slots. This form of diversity is effective when the fading is time selective, i.e. the fading varies with time. The time slots must be separated such that the channel fading experienced by each transmission is independent of the channel fading experienced by other transmissions. Therefore this form of diversity introduces a significant delay in processing. Temporal diversity can be achieved through techniques like interleaving, forward error correction and automatic repeat request (ARQ) protocols.

· Spatial diversity: Here the message is transmitted using multiple transmitting and/or receiving antennas. The requirement for using spatial diversity is that the separation between adjacent antennas should be large enough that signals from different antennas undergo independent fading.

2.3.2 Spatial Diversity through Cooperative Communication

Cooperative communication is an innovative concept that can provide spatial diversity for applications which are limited to using a single antenna, using one or more cooperating or partner nodes.

One of the most peculiar characteristics of the radio medium is its inherent broadcast nature. When a source transmits, beside the intended destination, other nodes within earshot may receive the transmitted signal. Depending on various factors, the signal received at the nodes within earshot may be affected by different amounts of fading, power attenuation and noise. In single-hop networks, this characteristic is traditionally treated as interference at the physical layer and – unless scheduling in time or frequency has been accommodated - as collision at the MAC layer. Both may prevent correct reception at the destination. In essence, the broadcast nature of the wireless link, as well as the fading channel that is typical of the radio transmissions, has been historically treated as a nuisance.

Cooperative communication can turn this liability into an asset by treating interference as an additional source of information. This additional information, distributed throughout the network, may be exploited to yield a more efficient communication system. 
Recent work uses the concept of cooperative communications by taking into account fading of the wireless channel and allowing two nodes to cooperate with one another simultaneously, i.e., a two-way cooperation whereby each node both transmits its data frames and helps the other node carry out its own data frame transmissions. These works can be divided into three categories [1].

· Amplify and Forward is the simplest form of cooperation, where the relay node simply amplifies the information received from the source node and forwards it to the destination. At the destination, the information sent by the source is combined with that sent by the relay to determine whether the frame is in error. The advantage here is that the destination receives information through two independent paths. The disadvantage however is that error from the source to the relay is propagated through to the destination.
· Detect and Forward: In detect-and-forward methods, the relay detects it partners bits, retransmits the frame whenever possible. Both amplify and forward and detect and forward methods retransmit and exact copy of the data frame.
· Coded Cooperation: In coded cooperation methods, cooperation is achieved in the framework of channel coding. The coded cooperation framework is further discussed in next section.
2.4 The ARQ protocol:
The two existing error control schemes are FEC (Forward Error Correction) and ARQ (Automatic Repeat Request). FEC transmits some redundant data along with the original data that can be used to correct error whereas the main idea behind Automatic Repeat Request protocols is to detect error at the data link layer and request retransmission of the erroneous frames. They thus provide a feedback channel from the source to the destination. There are a number of variations of the basic ARQ protocol. Protocols which involve only the source and destination are referred to as non-cooperative protocols and those that involve neighbor or partner nodes are referred to as cooperative ARQ protocols.

2.4.1 Non-Cooperative ARQ protocols:

· Stop and Wait ARQ Protocol: Here the basic idea is to ensure that each packet is successfully received before transmitting the next packet. When the transmitter transmits a packet it has to wait for a positive or negative acknowledgement before transmitting the next packet. The throughput is therefore dependent on the round trip transmission time.


[image: image1]
Figure 1: Stop and Wait ARQ protocol
· Go Back-n ARQ: Here n is a parameter that determines the number of successive packets that can be sent in the absence of the request for a packet. Therefore the transmitting node is not allowed to transmit packet i+n before packet I has been acknowledged. There is a limit or window on the number of packets that can be transmitted before receiving a request for the next packet. Go back-n protocols are also referred to as sliding window ARQ protocols.


[image: image2]
Figure 2: Go Back-N ARQ protocol
· Selective repeat ARQ: Another variation of ARQ is the selective repeat ARQ protocol. The basic idea behind the selective repeat ARQ protocol is that the receiver accepts packets that are out of order and requests only those frames to be transmitted which are in error.


[image: image3]
Figure 3: Selective Repeat ARQ protocol
Unlike Hybrid ARQ protocols, these simple ARQ strategies do not use channel coding. H-ARQ schemes combine FEC and ARQ techniques to provide increased throughput over conventional ARQ. There are three types of H-ARQ protocols, namely Type-I, Type-II and Type-III H-ARQ.

· Type I H-ARQ: On decoding error, this ARQ scheme discards erroneous packets and sends a retransmission request to the transmitter. The entire packet is transmitted on receipt of the NACK.

· Type II H-ARQ: This is the most commonly used hybrid ARQ technique. Here a message of m symbols and c CRC bits produces a codeword or m+c+r bits. The codeword is then punctured before transmission removing some or all of the error correction redundancy bits and only transmitting redundancy bits of error detection. If the receiver does not correctly receive the packet it sends a NACK to the transmitter. The transmitter instead of retransmitting the entire packet transmits an additional block of redundancy bits which the receiver combines with the original packets and again attempts to decode the original word. This process continues till the original packet is correctly decoded. In this way redundancy bits are transmitted only when required. Type II H-ARQ is more advantageous than Type I H-ARQ as it does not discard the previous erroneous information.
· Type III H-ARQ: In Type III H-ARQ schemes, individually transmitted packets are self decodable and each packet differs in coded bits from the previous transmission. In Type III H-ARQ, packets are only combined after decoding has been attempted on the individual packet.
[image: image4.emf]
Figure 4: Classification of ARQ protocols.

2.4.2 Cooperative ARQ protocol:

Cooperative ARQ protocols permit nodes, other than the source and the destination, to actively help deliver the data frame to the destination correctly. The rationale is that nodes which are within earshot from the source and the destination may cooperate by making use of the received broadcast signal to improve the overall capacity of the source-destination wireless channel. In simple terms, when the source's data frame transmission is not successful, a neighboring node (referred to as the relay) that has overheard the source's transmission is invited to take part in the ARQ frame exchange. The destination can rely now on data frames that are coming from two distinct nodes (the source and the relay) thus getting a better overall reception quality. The essence of the idea lies in that the destination benefits from data frames arriving via two statistically independent paths, a concept known as spatial diversity.

[image: image5.emf]
Figure 5: Coded Cooperation Basic 

CHAPTER 3 
CC ARQ protocol and scheduling policies
This section describes in details the working of an ARQ protocol based on the principal of coded cooperation (CC-ARQ).  Three alternative scheduling policies for the transmission of both the source data frames and the relay incremental redundancy frames are presented. The first policy is based on maximal cooperation: i.e., the relay gives priority to the transmission of the incremental redundancy frames over its own data frames. This policy is referred to as incremental-redundancy-first (IF). The second policy is based on minimal cooperation: i.e., the relay always gives priority to its own data frames over incremental redundancy frames. This policy is referred to as Data-First (DF). The third policy is based on fair cooperation: i.e., the relay transmits both frame types (data and incremental redundancy) in the same order as they are generated. This policy is referred to as first-come-first-served (FCFS).
3.1 The CC ARQ Protocol
The network consists of two sources, transmitting data to a third node, i.e., the destination. The nodes represent typical wireless nodes, such as cellular phones, or sensors. Each source is provided with an unlimited transmitter buffer. The destination is provided with an unlimited receiver buffer. Each source transmits on its own reserved orthogonal channel. However, it can “eavesdrop” on both channels. Thus each source can act as relay for the other.

[image: image6.png]



Figure 6: Coded cooperation concept

When acting as relay, the source transmits incremental redundancy frames for the other source. In this case, the incremental redundancy frame is created using the following technique. Prior to transmission, the source encodes its own data into a codeword. Using the puncturing technique, the codeword is partitioned to form two frames of N1 bits (the data frame) and N2 bits (the incremental redundancy frame), respectively. The N1 bits of the data frame constitute a valid (weaker) codeword. As shown in Fig. 6, the source transmits the data frame only. If the relay receives and decodes correctly the data frame transmitted by the source, it can generate also the N2 bits of the incremental redundancy frame. The percentage of the incremental bits that the relay transmits for the other source's data, i.e., N2/(N1 + N2), is an indicator of the level of cooperation.

In this study, the level of cooperation is assumed to be fixed at 50% for each relay. Note that before encoding, data is matched with a CRC code that is used at both the destination and relay to verify whether or not received data is decoded correctly.

Time is slotted. Time-slots in the two orthogonal channels are synchronized. During a time-slot 1) each source may transmit a frame either data or incremental redundancy based on the scheduling policy and 2) the destination may respond with an acknowledgment on both channels. The acknowledgment may be either a positive ACK control frame, or a negative NAK control frame for the data frame or for a control frame requesting an incremental redundancy frame (NAK-I), depending on the success or failure of the decoding attempt at the destination. Four cases are possible.

1. The destination successfully decodes the received data frame. This is the scenario depicted in Fig. 7 for source A. In the first time-slot, data frame D1 is transmitted by A and acknowledged by the destination with an ACK, transmitted in the same time-slot. In the next time-slot, A may transmit either another data frame or an incremental redundancy frame for source B.

[image: image7.emf]
Figure 7: CC-ARQ, Successful Decoding of the Data Frame D1

2. The destination is able to successfully decode the received data only with the help of the incremental redundancy frame. In Fig. 8, A transmits data frame D1 using the first time-slot. The D1 frame is decoded successfully by relay B, but not by the destination, which stores the corrupted D1 frame and sends a NAK-I to relay node B requesting it for an incremental redundancy frame. Upon reception of the NAK-I frame, relay B transmits incremental redundancy frame I1 using the second time-slot. The received I1 frame is combined with the stored D1 frame at the destination. The resulting codeword is successfully decoded at the destination, which sends an ACK.

[image: image8.emf]
Figure 8: CC-ARQ, Successful decoding of the combined frames, D1 and I1

3. The destination is not able to decode the transmitted data. Shown in Fig. 9, this case is like the previous one, with the only difference that the codeword resulting from the combination of I1 and D1 is not successfully decoded at the destination. The destination sends a NAK-I about both D1 and I1. Source A starts a new cycle by retransmitting the original D1 frame.

[image: image9.emf]
Figure 9: CC-ARQ, Unsuccessful decoding of the combined frame D1 and I1.
4. Timer expires. For various reasons, the source may never receive a final acknowledgment from the destination. In this case, a timeout is used at the source to avoid deadlock. Upon expiration of the timer, set upon transmission of the data frame, the source starts a new cycle by retransmitting the original data frame. In the example shown in Fig. 10, data frame D1 is sent by source A in the first time-slot. The destination responds with a NAK-I. Relay B is however unable to successfully decode D1, and cannot cooperate. Node A retransmits a copy of D1 when its timeout expires.

[image: image10.emf]
Figure 10: CC-ARQ, Unsuccessful decoding of D1 at the destination and the relay.

For each newly generated data frame, the above four cases are repeated until an ACK is received by the source. The transmission window is unlimited, thus there can be multiple outstanding data frames waiting for positively acknowledgments.

3.2 Transmission Scheduling Policies

A time-stamp is used to mark the generation time of each frame. For the data frame, this is the instant when the frame is generated at the source. For the incremental redundancy frame, this is the instant when the destination NAK is received at the relay. At each source, data frames are transmitted in the same order they are generated. So are the incremental redundancy frames at the relay.

However, given that each node may behave either as source or relay (but only one at a time), it is necessary to schedule in what order data and incremental redundancy frames are transmitted. Three scheduling policies are considered.

· Incremental-redundancy First (IF). At the node, data frames are transmitted only when there are no incremental redundancy frames. With this policy, at most one incremental redundancy frame may be stored at the relay. The IF policy is illustrated in Fig. 11(a).

· Data First (DF). At the node, incremental redundancy frames are transmitted only when there are no data frames. With this policy, multiple incremental redundancy frames may be concurrently stored at the relay. The DF policy is illustrated in Fig. 11(b).

· First-Come First-Served (FCFS). The oldest of all the data and incremental redundancy frames stored at the node is transmitted next. The FCFS policy is illustrated in Fig. 11(c).
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Figure 11: Scheduling Policies
CHAPTER 4 
Results and Future work
This section gives the network performance results achieved by CC-ARQ protocol and two known non-cooperative protocols. IF policy ensures the minimum latency for any load and any choice of timeout time, while DF policy leads to the highest latency in particular under heavy load. It is important to note that, for a given load, the timeout time should be carefully selected for DF and FCFS policies. For example, for high load the DF and FCFS latency for a timeout time of 2 time-slots is higher than the latency for timeout times of 10 or 20 time-slots. This happens because in 2 time-slots the relay might not be able to send the incremental redundancy bits (since priority is given to data or FCFS frame), thus data frame retransmissions are requested, leading to an increase of the load and the latency.
The relatively new field of cooperative communication offers tremendous scope for future study. The cooperative concept may be applied to logical link layer and network layer. Few directions could be:
· Design of efficient routing strategies that take advantage of cooperation.

· Studying and analyzing the interaction of routing and partner selection for cooperation.

· Integrating QoS in the CC-ARQ protocol.

· Designing CC-ARQ protocols in the presence of multiple cooperating nodes.

· Studying flexible cooperation solutions through variation of the cooperation level and/or the power level of the individual nodes.

· Evaluating the throughput in terms of bit-meter per second.

· Investigating the design and implementation of MAC protocols that are based on multiple cooperating nodes.

· Investigating ordered, random and polling access control as MAC protocols.

· Investigating MAC behavior when nodes have high mobility.
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