
1 
 

Joint Design of Delay Constraint and Energy Saving for 
Efficient Packet Transmissions in Smartphones 

Jenn-Wei Lin and J. Morris Chang 

 
Abstract─In this paper, delay constraint and energy saving are 
jointly studied for efficiently transmitting packets in 
smartphones. We propose a new energy-saving transmission 
mechanism.  The proposed mechanism first utilizes the lazy 
transmission concept to estimate the last transmission interval of 
each packet.  Before transmitting a packet p, we also adopt the 
accompanied transmission concept to involve more other packets 
to be transmitted with packet p.  The well-known knapsack 
problem can be applied to solve the selection of accompanied 
packets under a given bandwidth capacity.  Finally, simulation 
experiments are performed to demonstrate the effectiveness of 
the proposed mechanism in the delay performance and energy 
conservation. 
Keywords—energy saving, delay constraint, smartphone, 
knapsack problem. 

I. Introduction 
In the past decade, there has been rapid growth in the use 

of smartphones. In a smartphone, most of the applications 
need to exchange data over wireless interfaces.  The 
smartphone has been equipped with a number of wireless 
interfaces for data communication, namely, 3G, WiFi, 
Bluetooth, etc.  The wireless interface drains up to 50% of 
the total energy spent by a mobile device [1].  Nowadays 
researchers have proposed a variety of energy-saving 
approaches for smartphones to reduce the energy consumption 
while data communication.   

The popular IEEE 802.11 standard [2] provides a 
power-saving mode (PSM) that periodically wakes up the 
wireless interface of a smartphone to synchronize with the AP 
for downloading packets.  The 802.11 PSM belongs to a 
static power-saving algorithm, which does not adapt the sleep 
and awake durations to the degree of network activity. 
Recently, several works [3]-[5] highlighted that PSM may 
cause un-acceptable transfer delays for certain types of 
applications (e.g., delay-sensitive applications), and proposed 
the enhanced energy-saving approaches.  These previous 
approaches do quite well in saving energy while satisfying the 
desired delay performance in some circumstances.  However, 
they do not consider the following characteristics of 
smartphone applications: 
 Multiple delay-sensitive applications may concurrently 

run on a smartphone.  These applications have 
different delay constraint requirements for their 
respective data transmissions.   

 For a smartphone application, it usually has upstream 
and downstream data transmissions.  Most of the 
previous energy-saving approaches often focus on the 
downstream packet transmissions from the access point 
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(AP) to the smartphone.  The energy conservation is 
not done on the upstream packet transmissions from the 
smartphone to the AP. 

 There is a bandwidth (throughput) limit on the wireless 
interface of a smartphone.  When the smartphone 
wakes up to transmit packets in a traffic burst, the 
allowed bandwidth on the wireless interface may not 
sustain the delay constraint requirements of the packets 
in the traffic burst.  
     

To take the above characteristics in the energy 
conservation of the smartphone, we design a new energy 
saving mechanism that considers the multiple delay 
constraints and limited bandwidth provisioning.  The energy 
saving mechanism is abbreviated as MDLB.  In the MDLB 
mechanism, each upstream (downstream) packet of a 
smartphone application is characterized as a status entry to be 
stored in the upstream (downstream) status list.  For a status 
entry, it contains the important information about the last 
transmission interval of the corresponding packet.  If the 
transmission of a packet cannot be completed before its last 
transmission interval, the required delay constraint of the 
packet cannot be ensured.  Basically, the estimation of the 
last transmission interval is for achieving the lazy 
transmission concept, which can aggregate more upstream and 
downstream packet transmissions together without violating 
the required delay constraints. After transmitting more packets, 
the smartphone can stay in a longer sleep sate to save energy 
consumption.  However, the smartphone has limited 
bandwidth capacity.  This introduces a packet transmission 
scheduling problem, i.e. how to select the upstream and 
downstream packets under the supplied bandwidth limit of the 
smartphone. The packet transmission scheduling problem can 
be mapped into the well-known knapsack problem [6].  
Solving the knapsack problem is known as NP-hard [6].  In 
the MDBC mechanism, we also present a greedy packet 
scheduling algorithm to select the transmitted packets in a 
more efficient manner.       

The rest of the paper is organized as follows. Section II 
reviews the related work of our concerned issue.  Section III 
presents our delay-aware energy saving mechanism. Section 
IV evaluates the performance of the proposed mechanism. 
Finally, section V concludes the paper. 
 

II. Related Work 
A comprehensive review of energy saving methodologies 

and techniques is presented in [7]. The author surveys various 
energy-saving approaches from the physical layer to the 
application layer.  In addition, several system models are also 
developed to predict the energy cost of an application. 

For the energy saving in the data transmission aspect, the 
802.11 standard has defined the PSM to let a smartphone 
(mobile device) in the active mode only for the time necessary  
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to exchange data.  In the PSM of 802.11 [2], the AP 

periodically broadcast a beacon message with the traffic 
indication map (TIM) information.  The smartphone wakes 
up periodically to synchronize with the AP for receiving the 
beacon message.  From the received beacon message, if the 
TIM indicates that there are buffered packets in the AP for the 
smartphone, the smartphone will be set in the active mode to 
receive the buffered packets.  Otherwise, the smartphone is 
put into the sleep mode.  The energy saving of PSM will 
increase the packet transmission delay.  There is a tradeoff 
between the energy conservation and delay reduction.   

To balance the two conflicting two factors, the authors of 
[3] propose a bounded slowdown (BSD) protocol.  It can use 
minimum possible energy necessary to guarantee that the 
round-trip times (RTTs) of Web access applications do not 
increase by more than a given factor p.  To accomplish this, 
the mobile station stays awake for a short period of time after 
a request is sent, and adaptively listens to fewer beacons when 
the wireless link remains idle. With the BSD, the mobile 
station listens for the beacon with decreasing frequency 
during idle times to save energy.  However, in the BSD, the 
time instants of beacon listening are still statically determined.  
In addition, if the tolerant delay of the packet transmission is 
very low, the BSD consumes more energy cost than the PSM.   

To further enhance the BSD, the authors of [4] propose a 
new energy-saving mechanism called smart power saving 
mode (SPSM).  Unlike the BSD, the SPSM dynamically 
estimates the time instants when the mobile stations wake up 
to listen for beacons.  The SPSM can take less energy cost 
than the BSD.  Compared to the PSM, its energy efficiency 
is also worse in some cases.   

Unlike the previous energy-saving techniques, the work 
[5] uses knowledge (hints) of application traffic behavior to 
save energy.  In the web-browsing application, the hints 
describe the download times of web pages and the think times 
of users.   
  The above previous approaches can both save energy 
consumption and satisfy the desired delay performance.  
Compared to our approach, some characteristics of 
smartphone applications are not concerned by them.  
  

III. Proposed Energy Saving Mechanism 
In this section, we will present a new energy saving 

mechanism which joins the multiple delay constraints and the 
limited bandwidth provisioning.  We call the energy saving 
mechanism as the MDLB mechanism that consists of four 
components: queue division, transmission rate estimation, 
status list formation, and packet scheduling.   The four 
components are initiated by three driven events (beginning, 
packet, and transmission), as shown in Fig. 1.  The execution 
time unit of a smartphone application is a time frame.  Each 
application can run in a number of time frames.  At the 
beginning of a time frame, a beginning event is triggered to 
run the queue division component for determining the 
occupied queue size of each running application.  Then, the 
component of transmission rate estimation is executed to 
estimate the transmission rate of each application in order to 
satisfy the required delay constraint and avoid packet losses.  
Next, whenever a packet is generated by a running application, 
a packet event is generated to invoke the component of the 
status list formation for storing the important information of  

 
 
the packet, especially the last transmission interval.   

For the transmission event, it occurs when the last 
transmission  
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Fig. 1. The components of the MDLB mechanism and their 
driven events.   
 

TABLE I Notations 
Notation Description 

n 
The total number of smartphone applications run 
concurrently in a time interval. 

𝑎_𝑝𝑖 The average packet size of the application i 

s The size of a normalized packet. 

sq(aq) The size of the whole smartphone(AP) queue 

𝜆𝑖
𝑢(𝜆𝑖

𝑑) 
The mean number of upstream (downstream) packets 
transmitted in a time interval with respect to the 
application i. 

𝜆𝑖
𝑢′

(𝜆𝑖
𝑑′

) 
The effective mean number of normalized upstream 
(downstream) packets transmitted in a time interval with 
respect to the application i. 

𝜇𝑖
𝑢(𝜇𝑖

𝑑) 
The average transmission rate of upstream (downstream) 
packets in a time interval with respect to the application i. 

𝜇𝑖
𝑢′

(𝜇𝑖
𝑑′

) 
The average transmission rate of normalized upstream 
(downstream) packets in a time interval with respect to the 
application i. 

𝑑𝑐𝑖
𝑢(𝑑𝑐𝑖

𝑑) 
The required delay constrain of a normalized upstream 
(downstream) packet with respect to the application i. 

 
interval of a packet p is up.  In such case, a state transition is 
performed to wake up the wireless interface of the smartphone 
from the sleep state.  In addition, the packet scheduling 
component is called to transmit the packet p and also some 
other packets together in a duration of time.  After 
transmitting the scheduled packets, the wireless interface of 
the smartphone can go into the sleep mode.  Based on the 
above the four components, the MDLB mechanism achieves 
the energy saving by utilizing the lazy transmission and 
accompaniment transmission concept to make the wireless 
interface of the smartphone with longer sleep durations and 
few state transitions.  The details of each component will be 
described as follows.     
 
A. Definitions and Notations 

Before elaborating the four components of the MDLB 
mechanism, we first make the following definitions 
 The execution time of a smartphone application can be 

divided into a number of fixed time intervals.  The time 
interval is a basic execution time unit.  In a time interval, 
there may have several delay-sensitive applications 
executed concurrently in the smartphone.  These 
applications have different delay constraints among  
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 them.   

 For a delay-sensitive smartphone application, its delay 
constraint limits the service time of a packet no greater 
than a specified value ∆.  The service time consists of 
two parts.  One is the waiting time of an application 
packet in the queue.  The other is the transmission time 
for sending the packet from the smartphone to the AP, or 
from the AP to the smartphone.  The sum of the 
waiting and transmission time cannot exceed ∆. 

 A normalized packet with a fixed size s is also assumed 
here.  Utilizing the normalized packet, if the average 
packet size of an application ai is si, the packet size 
will be normalized as 

𝑠𝑖

𝑠
.   

 The Poisson distribution is used to model the number of 
packets transmitted from (to) an application [x find 
references].  This means that packets follows the 
Poisson distribution to get into the transmission queue    

 Without loss generality, the transmission time of an 
application packet is assumed to follow an exponential 
distribution.   
 

In addition to the above assumptions, we also define the 
notations used in the proposed MDLB mechanism, as shown 
in Table 1.  

 
B. Queue Division 

With possible multiple applications concurrently running 
in the smartphone, the transmission queue of a smartphone 
(smartphone queue) cannot be fully occupied by only one 
application.  In the MDLB mechanism, the smartphone 
queue is virtually divided based on the traffic patterns of 
running application at the beginning of each time interval.  
For the application i, the size qs𝑖

𝑢 of its occupied smartphone 
queue can be estimated using the following equation.   

𝑞𝑠𝑖
𝑢  = 𝑠𝑞 ×

𝜆𝑖
𝑢′

∑ 𝜆𝑘
𝑢′𝑛

𝑘=1

 (1) 

The smartphone queue is virtually divided based on the 

𝜆𝑖
𝑢′  of each application.  Unlike 𝜆𝑖

𝑢 ,  𝜆𝑖
𝑢′  considers the 

applications with different packet sizes and execution time in 

a time interval.   The relationship between 𝜆𝑖
𝑢 and  𝜆𝑖

𝑢′ can 

be represented as 𝜆𝑖
𝑢′ = 𝑟𝑖 × 𝜆𝑖

𝑢 ×
𝑎_𝑝𝑖

𝑠
.    

Based on Eq. (1), we can further estimate the maximum 
number max _p𝑖

𝑢 of normalized upstream packets allowed to 
be stored in the smartphone queue with respect to the 
application i, as follows. 

max _p𝑖
𝑢 =

qs𝑖
𝑢

𝑠
=  
1

𝑠
× (𝑠𝑞 ×

𝜆𝑖
𝑢′

∑ 𝜆𝑘
𝑢′𝑛

𝑘=1

) (2) 

Similar to the smartphone queue, the AP queue can be 
also virtually divided by smartphone applications.  In the 
following, we give the maximum number max _p𝑖

𝑑  of 
normalized downstream packets allowed to be stored in the 
occupied AP queue with respect to the application i, as 
follows. 

max _p𝑖
𝑑 =

1

𝑠
× (𝑎𝑞 ×

𝜆𝑖
𝑑′

∑ 𝜆𝑘
𝑢′𝜆𝑘

𝑑′𝑛
𝑘=1

) (3) 

 
C. Transmission Rate and Time Estimations 

 
 
 
After deriving the occupied smartphone queue space of 

each application, a queuing model is further applied to 
estimate the upstream packet transmission rate of each 
application.  The packet transmission rate is an important 
factor to calculate the transmission interval of a packet 
without violating the required delay constraint.  In section 
3.1, the Poisson distribution and exponential distribution have 
been used to model the number of packets transmitted and the 
transmission time of a packet.  Based on these two 
distributions, we can adopt the M/M/1 queuing model [8] to 
estimate the upstream packet transmission rate, as follows.   

1

𝜇𝑖
𝑢′−𝜆𝑖

𝑢′
≤ 𝑑𝑐𝑖

𝑢 and 
(𝜆𝑖
𝑢′)2

𝜇𝑖
𝑢′(𝜇𝑖

𝑢′−𝜆𝑖
𝑢′)
≤ max _p𝑖

𝑢 (4) 

 
In Eq. (4), the two well-derived equations [8] are used to 

represent the average transmission time of a normalized 
upstream packet and the average number of normalized 

upstream packets in the buffer, respectively.  For 𝜇𝑖
𝑢′, it is 

used instead of 𝜇𝑖
𝑢 due to considering the applications with 

different packet sizes.  The relationship between 𝜇𝑖
𝑢  and 

𝜇𝑖
𝑢′ is 𝜇𝑖

𝑢′=𝜇𝑖
𝑢 ×

𝑎_𝑝𝑖

𝑠
.  By setting two upper bound values in 

Eq. (4), we can estimate the upstream packet transmission rate 
with the delay constraint and packet lossless satisfaction.   

In Eq. (4), we have estimated the smallest 𝜇𝑖
𝑢′  with the 

delay constraint and packet lossless satisfaction.  Therefore, 

the [t+
1

𝜇𝑖
𝑢′−𝜆𝑖

𝑢′
−

1

𝜇𝑖
𝑢′

, t+
1

𝜇𝑖
𝑢′−𝜆𝑖

𝑢′
] can be regarded as the last 

transmission interval of the packet p.  
For each downstream packet of the application i, we can 

also adopt the M/M/1 queuing model to determine its last 
transmission interval.   
 
D. Packet Status List Formation 

In addition to considering the delay constraint and packet 
losses, the energy conservation is strongly concerned in the 
proposed MDLB mechanism.  To efficiently performing the 
energy conservation, two packet status lists are formed to 
store the status information of application packets.  The data 
structure of the packet status is a triple (packet identifier, 
packet size, packet transmission interval).  In a time interval, 
each packet in the smartphone queues will be extracted the 
above triple information to be put in the upstream status list.  
By modeling the downstream packet distribution, the traffic 
patterns of downstream packets can be predicated.  Similarly, 
the status information of each downstream packet is put in the 
downstream status list.   

 
E. Packet Transmission Scheduling 

Based on the upstream and downstream status lists, the 
delay-limited packet transmissions can be scheduled as 
follows.   In the upstream or downstream status list, if the 
upstream packets p of application i is with the transmission 
interval [𝑡𝑝  𝑡𝑝2] , the smartphone will begin to transmit 
packet p at time 𝑡𝑝  using the transmission rate 𝜇𝑖

𝑢 .  
However, this packet scheduling manner does not consider 
energy conservation.  To achieve energy efficiency, the 
transmission accompaniment is applied to reduce the number 
of sleep-to-active state transitions.  Whenever a smartphone  
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would like to transmit a packet p,  some packets are 

selected to accompany the transmission of packet p.  For 
these packets, their corresponding transmission intervals are 
moved ahead, which are called the accompanied packets of 
packet p.   As a result, the smartphone can have longer 
active and sleep durations to reduce the number of 
sleep-to-active state transitions.   

To maximize the benefit of the transmission 
accompaniment in energy consumption, accompanied packets 
would like to be selected as many as possible.  However, the 
smartphone has limited bandwidth capacity.  In addition, 
different applications have different packet sizes.  To obtain 
the optimal solution of the transmission accompaniment 
problem, we transform the problem into the minimum 
knapsack-like problem, as follows.   
 For the smartphone, its own bandwidth capacity is 

corresponding to the capacity of a knapsack.   
 In the upstream and downstream status lists, each packet 

is regarded as an item to be possibly put into a 
knapsack. 

 The packet size is corresponding to the item size. 
 Each packet is associated with an accompanied 

transmission cost corresponding to the item cost of an 
item.  The accompanied transmission cost is 
determined as follows. Assume that packet p has the 
earliest transmission interval [𝑡𝑝  𝑡𝑝2] than other 
packets.  If the packet q with the transmission interval 
[𝑡   𝑡 2] is one accompanied packet of packet p, its 
accompanied transmission cost is defined as follows: 

[𝑡  − 𝑡𝑝 ]  [𝑡 2 − 𝑡  ] = 𝑡 2 − 𝑡𝑝  (5) 

 
The well-known knapsack greedy algorithm [6] can be 

used to find the approximation solution of the transmission 
accompaniment in polynomial time. 

 

IV. Performance Evaluation 
A. Simulation Setup 

We used MatLab [9] to perform simulation experiments 
for evaluating the performance of the proposed MDLB 
energy-saving mechanism.  We use the energy consumption 
of PSM as the energy comparison benchmark.  To measure 
the PSM performance, the beacon interval is set to 100ms.  
The non-energy saving (NES) transmission scheme can 
achieve the best delay performance.  In this scheme, when 
there is a packet to or from the smartphone, the smartphone is 
in the awake state to immediately send or receive the packet.  
Its delay performance is regarded as the delay comparison 
benchmark.   

In simulation experiments, the used energy consumption 
and application parameters are set as follows.  There are 
different power usages for the wireless interface in transmit, 
receive, idle, and sleep states, respectively.  They are set to 
1.4 W, 0.9 W, 0.7 W, and 0.06 W by referring to [10]. For the 
state transition, its power usage is set to 1.85 W for waking up 
the wireless interface from the sleep state.  The state 
transition takes a short of duration of time [11]. However, it 
consumes significantly higher power than being in the steady 
awake state [12].  In the aspect of application parameters, we 
assume there are five applications concurrently running in the 
smartphone.  For simplicity, the upstream (downstream)  

 
 

packet size of each application is fixed to 1024 byres.  The  
delay constraints for the five applications are given as [10, 30, 
50, 70, 90] for upstream packets, and [20, 40, 60, 80, 100] for 
downstream packets.  The bandwidth capacity of the wireless 
interface is 11Mpbs.   

After the above simulation parameter settings, 10 
simulation runs are performed. In each simulation run, the 
total number of upstream and downstream frames for all five 
applications is set from 100 to 1000 in a step of 100, 
respectively.  The following simulation results give the mean 
of 10 simulation runs in the following concerned metrics: 
average energy consumption, and average delay transmission 
time.   
 
B. Simulation Results 

Fig. 2 plots the average energy consumption comparisons 
among the NES, PSM and MDLB .  In Fig. 2(a), the spent 
power consumption for sending and receiving packets is 
included.  Without applying the energy saving method, the 
NES has the highest amount of energy consumption. The total 
energy consumption is dominated by the power consumption 
of packet transmissions from and to the smartphone.  
However, the MDLB can still improve the energy costs of the 
NES and PSM to 37% and 17% on average, respectively.  
Basically, the packet power consumption cannot be saved by 
any energy-saving approaches.  If this essential power 
consumption cost is not counted, the MDLB can improve 
more energy consumption cost than NES and PSM.  As 
shown in Fig. 2(b), the improved average ratios are 91% and 
79% by comparing with the NES and PSM, respectively.  
The main reason is that MDLB can aggregate more packet 
transmissions to make longer sleep durations and fewer state 
transitions for smartphone.   

To save energy saving, the basic idea is to accumulate a 
number of packets to send or receive in a certain time period.  
This will defer the transmission (sending or receiving) times 
of some packets.  To measure this deferring impact, the 
packet delay performance is defined as: packet transmission 
time – packet generation time. 

Without applying any energy-saving mechanism in the 
NES, this approach has the best packet delay performance.   

 
Fig. 3 gives the comparison of packet delay performance. The 
NES can immediately send or receive packets.  The MDLB 
can aggregate packet transmissions to transmit some packets 
before their last transmission intervals.  Due to aggregating 
packet transmissions, some packets have better packet delay 
performance.  As shown in Fig. 3, the packet delay 
performance of the MDLB is about 8.62 times larger than that 
of NES.  For the PSM, it statically defer the transmission 
times of downstream packets at the beginning time of next 
beacon interval.  On average, the packet delay performance 
of PSM is 4.3 times larger than that of MDLB 50ms.  
Compared to the MDLB, it increase about x times in the 
packet delay performance.   
 

V. Conclusions 
We have investigated the joint problem of delay 

constraint and energy saving for smartphones.   In addition  
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to the delay constraint, the bandwidth limit of the 

smartphone is also considered in the proposed mechanism.  
In the proposed mechanism, we utilize the queuing model to 
estimate the last transmission interval of each packet without 
violating its delay constraint.  To consider the energy 
consumption, if a packet is p is transmitted at [t1, t2], it also 
would like to involve more other packet transmissions at the 
same time duration.  As a result, the accompanied 
transmission problem is introduced, i.e., how to find 
accompanied packets as many as possible under a given 
bandwidth limit.  In the proposed mechanism, the problem is 
transformed to the well-known knapsack problem.   Finally, 
the simulation results showed that the proposed replication 
algorithms can perform energy-efficient packet transmissions 
with delay-bound guarantees.     

 
(a) 

 
(b) 

Fig. 2. Average energy consumption comparison (a) Total 
energy cost. (b) Excluding packet energy cost. 
 

 

 
 

Fig. 3. Average packet delay performance comparison. 
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100 200 300 400 500 600 700 800 900 1000

NES 94.11 175.2 227.8 295.7 362.9 430 500.7 527.4 635.5 707

PSM 36.74 64.46 93.15 121.5 145.8 177.7 204.9 229.3 261.1 293.4

MDLB 7.223 13.55 18.84 26.13 31.29 37.19 43.93 48.2 56.55 64.5
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NES 1.224 1.224 1.228 1.227 1.238 1.216 1.219 1.22 1.225 1.219

PSM 45.3 45.63 43.69 45.22 45.78 44.98 45.11 46.55 45.14 46.09

MDLB 12 10.12 10.41 10.5 10.29 10.35 10.65 10.41 10.38 10.45
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