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           Energy Efficient Packet Transmission:                      

                                Lazy Scheduling 
I. Introduction:

A key concern in deployment of wireless networks, especially sensor and wireless ad hoc networks is energy efficiency. The mobility of a handheld wireless device is limited by the fact that its battery has to be regularly recharged from a power source. In sensor networks, because sensors cannot be recharged, the network lifetime depends on energy efficiency. Therefore the development of low power signaling and multi access schemes, signal processing and computing circuits has gained a wide interest. There has been a lot of research on transmission power control schemes over past years, however the chief motivation of these schemes has been to mitigate the effect of interference one user can cause to others, rather than directly conserve energy. The problem of minimizing the total energy used to transmit packets over a point-to-point wireless link, the topic of this project, is a power control scheme, which directly conserves transmission energy.

.

The problem is motivated by the fact that with many channel coding schemes, the energy needed to transmit a packet can be reduced by lowering the transmit power and coding rate, and therefore transmitting a packet over a longer period of time. But transmission times cannot be made arbitrary long because of the deadline or delay constraint. Thus, the energy minimization problem is considered subject to a delay or stability constraint. 

Organization of this report is as follows: in section II, the system model for minimum energy packet transmission scheduling for a node with finite lifetime
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is set up. In section III the optimal offline scheduling algorithm for fixed length packets is introduced.  In Section IV, an online scheduling algorithm is suggested by analysis of the form of the offline scheduling algorithm. This online scheduling is shown to perform closely to the optimal offline algorithm through simulations. By letting 
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 and assuming Poisson arrivals, an exact analysis of optimal offline algorithm is possible. From this analysis an online energy efficient algorithm under queue stability constraint is designed in [1,2]. This energy efficient online algorithm is explained in this section. This section ends up with a comparison between this algorithm and a deterministic scheduling algorithm in terms of energy efficiency and delay. 

II. Problem Setup:

Consider a node with a finite lifetime 
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. Assume that 
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packets arrive at this node in the time interval 
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 and have to be transmitted before the deadline 
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. Also assume that all transmissions are performed over a point-to-point link and the node only transmits to its dedicated receiver. Figure 1 depicts the packet arrival times 
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. Our goal is to find a scheduling algorithm, which assigns the transmission time and duration to each packet, to minimize the total energy used to transmit all packets
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                                                Figure 1. Packet arrival times

Let 
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denote the energy required to transmit a bit over transmission duration 
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 for a particular coding scheme. Assume a fixed symbol rate or equivalently fixed bandwidth for the link; thus
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, the transmission duration could be expressed in terms of number of transmissions per bit multiplied by transmission duration. We will use the following assumptions for 
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It can be shown that these assumptions hold for various coding schemes on different channels. We will show the validity of them for two type of coding on AWGN.

  1) Optimal channel coding on AWGN:

Consider an AWGN channel with average signal power 
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, average noise power 
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and a bandwidth of 1 Hz. It can be shown that optimal channel coding scheme achieves a rate given by 
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Therefore by substituting into (1) we can obtain the following expression for 
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Figure 2 illustrates the plot of 
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as a function of 
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. It is easy to see that
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 is monotonically decreasing and convex in 
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. The plot is corresponding to range of SNR values from 20 to 0.11 dB, which is a typical range for wireless links.

 2) Uncoded MQAM scheme:

The probability of symbol error for uncoded MQAM coding scheme on AWGN with a given value of SNR can be bounded as 
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which is the Number of Nearest Neighbors Upper Bound (NNUB) for probability of error. Here
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 is the size of signal constellation and 
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 is the number of information bits per transmission. For a given probability of error, using NNUB we can find the SNR as a function of data rate, therefore we can calculate the required energy to transmit a bit.

Figure 3 illustrates 
[image: image32.wmf])

(

t

e

 for MQAM coding scheme for probability of symbol error less than or equal to 
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                    Figure 2. Energy per bit versus transmission time for optimal coding
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                  Figure 3. . Energy per bit versus transmission time for uncoded MQAM

III. Optimal Offline Scheduling:

In this section we well determine an optimal offline schedule for above system model to transmit 
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 packets within a time interval 
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. It will provide us with a lower bound on performance of online scheduling algorithm, which is obtained in next section.

Suppose that the arrival times of 
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packets 
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, and therefore inter-arrival times 
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are known in advance. Without loss of generality we can assume that the first packet arrives at time zero. Assume that each packet contains 
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bits of information. From our system model in section II, the required energy to transmit a packet within time 
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is given by 
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. Optimal offline scheduling problem is to determine transmission duration 
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 for each packet in order to minimize the total energy required to transmit all packets: 
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 and packets are transmitted successively in order they arrive (FIFO). The fact that the packet transmission cannot start the before packet arrival forces another constraint on packet transmission times: 
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 which is the feasibility constraint. Thus the optimal offline scheduling problem can be cast as following convex optimization problem:

Minimize   
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It can be shown that the optimal transmission times can be obtained by following procedure. The complete proof can be found in [1,2,3].

Given packet inter-arrival times 
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We proceed until 
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Following is a comparison between optimal offline scheduling and a scheduling with zero buffer size (hence the transmission time can be at most equal to inter-arrival time).

For the set of arrival times shown in figure 5, optimal offline scheduling requires 65.445 joules, while zero-butter scheme needs 
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 joules, which is five orders of magnitude larger. From this comparison we can see how optimal offline scheduling algorithm trades of delay with energy efficiency. 
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            Figure 5. Top: inter-arrival times
Bottom: optimal transmission times

IV. Online Scheduling:

For the online scheduling algorithm, the packet arrival times are not known in advance and we assume a Poisson process with rate 
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for packet arrivals. First we analyze the optimal offline schedule to formulate the online scheduling algorithm. For offline scheduling, assume that at time 
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packets are stored in buffer to be transmitted later, or 
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. With this notation and some algebra one can show that the optimal transmission time in offline scheduling is also given by
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which gives the optimal transmission time for a given packet, taking into account the remaining time, current backlog and the number of packets that arrive in future.

The alternative form of offline scheduling suggests the following online scheduling: the transmission time for a packet that start transmitting at time 
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, with 
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 backlog packets in queue is given by
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Note that this scheduling algorithm is not optimal in the sense that it will not minimize the total transmission energy, but its performance is very close to the optimal offline algorithm. A comparison between the performance of online and offline scheduling algorithms is done in [2] through simulation.

The simulation setup is as follows: A finite-time horizon 
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transmissions/sec with optimal channel coding scheme. Also a maximum transmission rate of 6 bits/transmission is assumed which means that the channel SNR cannot be arbitrary large. The comparison is done for different values of packet arrival rates 
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 arrivals per unit time. Since it is possible for packets to arrive very close to the deadline, if these very late packets are to be transmitted, then both offline and online algorithms require huge amount of energy and the comparison is meaningless. Therefore a guard band of 0.1 second around the finish time is assumed in which the packets are not allowed to arrive. Figure 6 plots average energy per packet for two scheduling algorithms for different arrival rates. As we can see online algorithm perform very close to optimal algorithm for small values of arrival rate, as 
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 increases the difference increases, but for typical arrival rate the difference is very small.
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        Figure 6. Comparison between online and optimal offline scheduling algorithms

The algorithm presented above was for finite-time horizon, it is of interest to let 
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 and see how online scheduling performs in terms of energy efficiency and delay. For infinite-time horizon, an exact probabilistic analysis of offline scheduling is possible. Define
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. It is shown in [2] that for Poisson arrivals: 
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 Which is a decreasing function of 
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Unlike the finite-time horizon where comparison of online algorithms was solely based on energy efficiency, for infinite-time horizon, other factors like packet delays or queue size or stability must be taken into account. Because we can simply let transmission times to be arbitrary large and obtain the minimum possible transmission energy while the delay may tend to infinity and the system becomes unstable. Therefore online scheduling algorithm should guarantee a stability constraint. Assume packets arrive according to a Poisson process with arrival rate 
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Therefore a specific Lazy algorithm for Poisson arrivals, which insures stability, can be formulated as follows:
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For 
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 and hence stability is guaranteed. Now we will compare the Lazy algorithm with a deterministic algorithm (fixed transmission times)
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 in terms of energy efficiency and delay. Note that 
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A simulation based on 100 000 Poisson arrivals is performed in [1] to compare these two scheduling algorithms. Table 1 demonstrates the average energy and delay per packet for two algorithms for 
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varies from 0.3 to 0.9. Note that the energy is normalized with noise PSD.

It can be seen from the simulation results that a large reduction in transmission energy is possible by using Lazy algorithm without a significant increase in delay per packet. 

The Lazy algorithm proposed is tuned to Poisson arrivals, because (8) is obtained under the assumption of Poisson process for arrival rates. Since Poisson arrivals are unrealistic in the wireless LAN environment, it is interesting to see how this Lazy algorithm performs for bursty arrivals. Table 2 illustrates the comparison between Lazy and deterministic algorithms for bursty arrivals. The bursty arrival process is constructed as follows: 
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 is large, arrivals tend to be bursty with high probability. We can see that for small values of 
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, Lazy algorithm even performs better for bursty arrivals than Poisson arrivals, and for larger values of
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, the difference is not too high.
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    Table 1. Average energy/packet and average delay/packet for Lazy and deterministic          

                   algorithms over infinite time horizon. Delay values are in ms.
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   Table 2. Average energy/packet and average delay/packet for Lazy and deterministic          

                   algorithms over infinite time horizon. Delay values are in ms.

Now, it is possible to develop an online scheduling algorithm especially designed for bursty arrivals. Like Poisson arrivals we can define 
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 found in [2], we can compare the performance of the devised Lazy algorithm with deterministic algorithm. Table 3 shows the average energy and delay per packet for two algorithms. It is clear from Table 3 that the Lazy algorithm especially designed for bursty arrivals performs better than the one for Poisson arrivals. 
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