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ABSTRACT 
This paper presents an optimal voltage synthesis technique for a 
satellite application to maximize system performance subject to 
energy budget. A period of a satellite’s orbit is partitioned into 
several independent regions with different characteristics such as 
type of computation, importance, performance requirements, and 
energy consumption. Given a periodic energy recharge model, 
optimal voltages for the regions are synthesized such that the 
overall performance is maximized within the energy budget in the 
period.   

Categories and Subject Descriptors 
C.4 [PERFORMANCE OF SYSTEMS] Design studies, 
Modeling techniques, Performance attributes. 

General Terms 
Algorithms, Management, Performance, Design. 

Keywords 
Power-aware design, power-efficient design, satellite application, 
queueing. 

1. INTRODUCTION 
A satellite such as an LEO (Low-Earth Orbit) satellite circles 
Earth and captures information of the events on Earth and is used 
for remote sensing and weather monitoring. Its behavior with 
respect to energy charge/consumption is highly periodic. Energy 
is recharged every period using solar panels. The computation is 
also periodic. A satellite flies over precalculated regions every 
period and does pre-determined computations depending on the 
region that it is flying over. 

Due to the increasing demand of computations and limited 
energy source of the satellite, energy-efficient usage of the 
resources is becoming more important. However, low-power 
design is not always the best solution because any unused energy 
within a period is simply wasted due to the periodic recharge. 
Power-aware design that maximizes system performance within 

the energy budget is superior to low-power design. The sampling 
rate of a remote sensing satellite can be increased when there is 
extra energy left unless the sensor limits the sampling rate. 
Likewise, the accuracy of the computation can be enhanced with 
extra energy.   

A major source of energy savings is voltage scaling, which 
scales operational voltages of resources and corresponding 
maximum clock speeds  [1] [3] [11]. Voltage scaling affects 
throughput and latency in a nonlinear fashion  [2], which makes it 
difficult to find an optimal trade-off between energy consumption 
and throughput. Maximum clock frequency depends on the supply 
voltage. As supply voltage increases, both the maximum clock 
frequency and energy consumption increase. 

In this paper, we solve the optimal voltage synthesis problem 
for power-aware satellite system design. The voltage synthesis 
problem is to find the (optimal) voltages of resources in the 
system that satisfy system-level energy constraints and maximize 
overall performance. The period of a satellite’s orbit is partitioned 
into several independent regions. Each region has its own event 
rate, computation demand per input, importance, and energy 
consumption per computation. We assume the event rate and 
computation demand are not deterministic but stochastic. With 
those inputs, our technique synthesizes an optimal voltage for 
each  region that maximizes aggregated throughput in the period 
while total energy consumption is within the energy budget.  

Motivational example: 
As an example of an LEO satellite, the weather satellite NOAA10 
tracked the following regions on January 26th, 2001 at around 
11:00am. Figure 1 is downloaded from the J-Track by NASA  [7]. 
The satellite covered seven different regions during the period. 
Region R1 corresponds to the Pacific Ocean, R2 to North America, 
R3 to the Arctic and Greenland, R4 to the Atlantic ocean, R5 to 
Europe and Africa, R6 to the Atlantic ocean, and R7 to Antarctica. 
Based on the characteristics of the similar satellite NOAA12, its 
period is 101.3 minutes and it's in polar orbit. 

The synthetic characteristics in each region are shown in 
Table 1. The duration di at region Ri is the length of the satellite’s 
stay over the region. The arrival rate λi at region Ri is the average 
arrival rate of inputs per millisecond. The service rate µi,ref  at 
region Ri is the average number of inputs that can be processed 
per millisecond at the reference voltage Vref shown in Table 2. 
The weight wi of an input for region Ri denotes how valuable an 
output is when compared to the outputs in other regions. Energy 
consumption ei,ref for region Ri is the average energy at the 
reference voltage Vref consumed to process an input in milli-Joules. 
Energy consumption is assumed to depend on the service time. 
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We assume that computation in a region may differ from the 
computation in the other regions. Likewise, the size of input data 
can be different for each region. The buffer size B denotes how 
many inputs can be stored in the buffer. The maximum input loss 
probability Λi for region Ri is the maximum allowed input loss 
probability for the region. 

 
Figure 1. A screenshot of Jtrack 

Table 1. Characteristics of the system per region 

Region R1 R2 R3 R4 R5 R6 R7 
di (min.) 26.1 11.6 11.6 8.7 14.5 11.6 20.3

λi 0.4 1 0.2 0.4 1.2 0.4 0.2
µi,ref 1 1.5 1 1 1.8 1 1
wi 1 1.5 0.9 0.7 1.2 0.7 0.7

ei,ref (mJ) 2.1 2.5 1.8 2.1 2.5 2.1 1.8
B 100 50 80 100 70 100 80
Λi 0.1 0.02 0.1 0.05 0.01 0.05 0.1

 

Table 2. System constraints 

Vref Vt ETotal 
3.3V 0.6V 3300 J 

As an example, the second column labeled R1 in Table 1 is 
interpreted as follows. The satellite flies over the Pacific Ocean 
for 26.1 minutes. During that time 0.4 inputs arrive per 
millisecond on the average. The satellite can process one input per 
millisecond on the average in the region at the reference voltage. 
The average energy consumption for processing one input is 2.1 
milli-Joules in the region. The system can hold up to 100 inputs in 
its buffer. Any more inputs are discarded. Due to the limited 
buffer space, input loss is expected. However, there is a maximum 
allowable input loss probability for each region. Up to 10 percent 
of inputs gathered during the flight over Pacific Ocean can be 
discarded.  

System-wide constraints are described in Table 2. According 
to Table 2, the satellite can use up to its maximum energy budget 
ETotal, which is 3300 Joules, for computation within a period. The 
system is assumed to be voltage schedulable between its reference 
voltage Vref, 3.3 Volts, and its threshold voltage Vt, 0.6 Volt, 
shown in Table 2. 

Our interest lies in how to derive the optimal voltage for 
each region that produces maximum performance with a given 
energy constraint ETotal. Performance is defined as the sum of 
inputs processed multiplied by their weights. The solution to the 
example is derived using our optimal algorithm in Section 3.3. 

The rest of this paper is organized as follows. Section 2 
presents our model and an overview of the problem. In Section 3, 
the power optimization techniques and voltage synthesis 
algorithms are discussed. Simulation results are presented in 
Section 4. Related work is presented in Section 5. We conclude in 
Section 6. 

2. MODEL AND PROBLEM OVERVIEW 
A set of regions {Ri | i = 1 .. N} exists within a period T. Each 
region Ri has its own characteristics: data arrival rate (λi), service 
rate at the reference voltage (µi,ref), energy consumption per input 
processing at the reference voltage (ei,ref), duration (Ti), buffer size 
(Bi), and weight of an output (wi) in that region. The weight value 
associated with a region reflects the importance of an output 
produced in the region. The performance (Ωi) of a region Ri is the 
product of the weight and the number of outputs in the region, 
which is )1( ,lossiiiii pwT −=Ω λ , where pi,loss denotes the 

probability of input loss due to the limited buffer space. 
Performance in a period is described as the sum of the 
performance of the regions in the period, which is 

∑∑ −=Ω
i

lossiiii
i

i pwT )1( ,λ . Our goal is to find an optimal voltage 

assignment of each region so that overall performance is 
maximized within the energy budget.  
Periodic Energy Recharge: In the case of satellites with solar 
panels, the battery is recharged periodically. Both battery charge 
and discharge occur throughout the entire orbit, although the 
charging amount at any time may vary. We assume that the 
amount of the energy usable during a period is predictable and 
available at the start of a period. This simple model may not 
capture dynamic behavior of energy supply and consumption.  

Heterogeneous computation patterns within a period: As a 
satellite orbits around the earth, its covering areas change: from 
land to sea, from desert to mountains, etc. Different areas may 
have different computation needs and input characteristics. We 
assume that within a period, there may be multiple regions that 
have their own input arrival rates, computation requirements, data 
sizes and energy consumptions per data processing. Those 
patterns of regions in a period may change as the earth rotates on 
its axis. We assume that those patterns and their characteristics 
are known at the start of a period, which is reasonable for most 
satellites.  

Input Arrival and Service Patterns: In this paper we assume 
inputs arrive in accordance with a Poisson process of rate λi 
within region Ri. The probability distribution of the service time is 
assumed to be exponential with parameter µi. Maximum system 
capacity is limited to Ki. We assume no correlation among the 
inputs, and one input produces one output. The system in region 
Ri is modeled with an M/M/1/Ki queueing system. To simplify the 
static analysis, we ignore the dependencies between different 
regions, and treat each region independently. The interference 
between regions is studied using simulation in Section 4. 

Dynamic power consumption of a CMOS digital circuit: In 
CMOS digital circuits, latency and energy consumption by a task 
are given by the following equations (Eq. 1) and (Eq. 2)  [2]. In 
the equations, v denotes supply voltage, Vt and Vref denote 
threshold voltage and reference voltage respectively, which are 



inherent to the implementation technology, C is a technology 
dependent constant, and Ceff is the effective capacitance.  
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When latency li,ref
  and average energy consumption ei,ref per 

input in region Ri at reference voltage Vi,ref of the resource are 
given, latency li(vi) and average energy consumption ei(vi) at the 
supply voltage vi can be driven by the following equations.  
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As the supply voltage decreases, latency increases and the 
corresponding operating frequency decreases. Likewise, the 
service rate µi at vi decreases as the voltage vi decreases shown in 
(Eq. 5), where µi,ref denotes the service rate at the reference 
voltage Vi,ref. 

Design Constraints and Problem Overview: Design constraints 
consist of performance constraints and energy constraints. 
Performance constraints are given for each region Ri and they are 
described as (1) maximum input loss probability Λi, shown in (Eq. 
6) and (2) the sum of the products of weight and the number of 
outputs per region shown in (Eq. 7). pi,loss denotes the probability 
of input loss in the region Ri due to the limited buffer space. The 
weight of an output wi in region Ri denotes the importance of an 
output compared with the outputs of other regions. Ti denotes the 
duration of region Ri. The energy constraint ETotal is the total 
amount of energy that can be used for the processing in a period 
shown in (Eq. 8), where ei denotes energy consumption in region 
Ri. The design goal is to find feasible voltages for the regions that 
maximize performance while the energy consumption is within 
the energy budget ETotal by tuning voltages and corresponding 
clock frequencies in the regions. 

ilossii ΛpR ≤∀ ,   ,  (Eq. 6) 
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3. STATIC VOLTAGE SYNTHESIS FOR 
MAXIMUM PERFORMANCE 
In this section, we present an analytical framework for our 
optimal voltage synthesis technique. We first present the 
technique for a single region model, and then we extend it for a 
multiple region model. 

3.1 A Period with a Single Region  
Throughout a period, we assume the system is homogeneous and 
has fixed parameters: arrival rate λ, service rate µref at the 

reference voltage Vref, system capacity K, maximum input loss 
probability Λ and average energy consumption per input eref at the 
reference voltage Vref. 

The system can be modeled with a single M/M/1/K queue. 
The steady state probability pn that there are n data in the 
M/M/1/K queue is described in (Eq. 9) where ρ is defined in (Eq. 
10)  [10]. The input loss probability ploss is equal to the steady state 
probability. 
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(Eq. 9) and (Eq. 10) show that the input loss probability 
depends on the supply voltage. With a higher supply voltage, the 
input loss probability becomes smaller. Maximum performance is 
achieved at the smallest ploss value within the energy budget. If 
the smallest ploss value within the energy budget is larger than the 
maximum input loss probability Λ, there is no feasible solution. 
The system produces the largest throughput at the largest v value 
which satisfies both (Eq. 11) and (Eq. 12). It is trivial to find an 
optimal solution. We first find v using (Eq. 10), (Eq. 11), and ploss 
= Λ. If the resulting v value is not within the feasible range, no 
feasible solution exists. If there is a feasible v value, the optimal 
supply voltage is the largest v value satisfying (Eq. 11) and (Eq. 
12) 

Total
ref

refloss E
V

vepTE ≤××−××= 2)()1(λ  
(Eq. 11) 

Λploss ≤  (Eq. 12) 

3.2 A Period with Multiple Regions 
Period T is partitioned into several sub-intervals, and we call them 
regions denoted by R1, ..., RN. Each region Ri has its own 
parameters: λi, µi, Ki, Ti, wi, ei and Λi.  We assume no correlation 
among the inputs, and one input produces one output. The system 
in region Ri is modeled with a M/M/1/Ki queueing system. We 
ignore the dependencies between different regions. The 
assumption of the independence between regions is investigated 
using simulation in Section 4.  

Each region Ri is modeled with an M/M/1/Ki queue. The 
steady state probability pi,n that there are n data in the M/M/1/Ki 
queue is described in (Eq. 13) and (Eq. 14). The input loss 
probability pi,loss is equal to pi,Ki and it must be equal to or smaller 
than maximum loss probability Λi for all regions while the sum of 
the energy consumption of all regions must be within energy 
budget, which is shown in (Eq. 7) and (Eq. 8). 
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It is a trivial process to find the voltages that satisfy the 
maximum allowable loss probabilities for all regions. However, it 
is not trivial to find voltages that maximize system performance. 
We propose an optimal algorithm that finds voltages of the 
regions producing maximum system throughput within energy 
constraints. We first define a function φi(vi) of each region Ri, 
which is shown in (Eq. 15). 
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(Eq. 15) 

Function φi(vi) of each region Ri shows how quickly energy 
consumption changes as performance  changes. Function φi(vi) 
increases monotonically as vi increases in the interval Vi,t < vi ≤ 
Vi,ref, which is shown by Lemma 2. The proofs of the following 
lemmas can be found in  [9] [8]. 

Lemma 1. When the value of vi is not bounded, φi(vi) values 
should be equal for all regions in the optimal solution.  

Lemma 2. Function φi(vi) increases monotonically as vi increases 
where λi > 0, µi > 0, Vi,t < vi ≤ Vi,ref. 

Lemma 3. Let n regions R1, R2, R3, .., Rn exist in period T, and 
their φi(vi) values be equal. Let energy consumption in period T be 
E, and performance be Ω. When more energy ∆E is given for 
more performance and reference voltages are assumed to be 
infinite, the performance increase ∆Ω is maximized where the 
φi(vi) values of all regions are the same. 

From Lemma 2 and Lemma 3, the maximum throughput gain 
compared to the setting where their original φ(v) values are the 
same is obtained at the same φ(v) value for all resources. The 
assumption of infinite reference voltage guarantees the existence 
of a voltage at the resulting φ(v) value.  

Based on this observation, we propose an optimal voltage 
assignment algorithm that produces maximum performance 
subject to energy constraints. 

Algorithm 1. Optimal Voltage Assignment for regions in a period 

(1)   S  {i| Ri }; E  ETotal 
(2)   For i∈  S [ 
(3) Calculate vi, φi(vi) and Ei(vi) where pi,loss = Λi 
(4) Vi,bot  vi 
(5) If (vt > Vi,ref ) [  No feasible solution exists!! Exit. ] ] 
(6)   If  ( )( i

Si
i vEE ∑

∈

< )[ No feasible solution exists!! Exit. ] 

(7)    If ( )( ,refi
Si

i VEE ∑
∈

≥ )[ Solution found!! Exit. ] 

(8)   Q  {i | vi =Vi,ref}; S  S – Q;  ∑
∈

−←
Qi

iEEE  

(9)   T  {(i, φi(v))| i ∈  S and (v = Vi,ref  or v = Vi,bot)} 

(10)   Sort T in descending order of φi(v) 
(11)  While (S is not empty) [ 
(12) m  number of unique φi(v) values in T 
(13) if (m = 0) [ 
(14)  Maximize ∑

∈ Si
iΩ
 subject to ∑

∈

=
Si

ii vEE )(  

  using the method of Lagrange multipliers. ] 
(15) Φ  (m/2+1)-th largest φi(v) value in T 
(16) For i ∈  S [ 
(17)      v’i  v, where φi(v’i) = Φ 
(18)      if (v’i > vi,ref ) then [ v’i  vi,ref ] 
(19) If  ( ∑

∈

≥
Si

ii vEΨ )'( )[   /* Upper Half */ 

(20)      For (ii ∈  S) [ vi  v’I ] 
(21)      If ( ∑

∈

=
Si

ii vEE )'( ) [ Solution found!! Exit ] 

(22)      Low  Φ 
(23)      Q  {i | vi =Vi,ref};  P  {(i, φi(v))| φi(v) ≤ Φ} ] 
(24) Else ( ∑

∈

<
Si

ii vEE )'( )[ /* Lower Half */ 

(25)      High  Φ 
(26)      Q  {i | v’i =Vi,bot}; P  {(i, φi(v))| φi(v) ≥ Φ} ] 
(27) S  S – Q 
(28) )( i

Qi
i vEEE ∑

∈

−←  

(29) T  T– {(i, φi(v))| i ∈  Q and (v = Vi,bot or  Vi,ref)} 
(30) T  T – P  ] 

The algorithm first finds an initial solution that satisfies input loss 
constraints of all regions. Each region is evaluated independently 
and has a single solution. If the resulting solution does not satisfy 
energy constraints, there is no feasible solution, which is shown in 
lines (1) through (6). The while loop in lines (11) through (32) is 
a binary search algorithm that reduces the search space by half, as 
shown in line (15). The size of the search space is at most 2N 
where N is the number of regions in the period. At each iteration 
of the while loop, the median φi(v) value Φ in set T is chosen and 
the corresponding voltage is estimated in lines (15) through (18). 
If the φi(v) value of a region at the reference voltage is smaller 
than Φ, its voltage is set at the reference voltage. When the 
energy consumption at Φ is smaller than the energy constraint 
ETotal, Φ is set to the lower bound of the search space and the 
regions with current voltages equal to the reference voltage are 
removed from further consideration, which is shown in lines (22) 
– (23) and (27) – (30). When the energy consumption is equal to 
the energy constraint, the optimal solution is found in line (21). 

Otherwise, Φ is set to the upper bound, and the regions with 
current voltages equal to the initial voltages are removed from 
further consideration as shown in lines (25) – (26) and (27) – (30). 
When set T becomes empty as shown in line (13), the upper 
bound ‘High’ and the lower bound ‘Low’ of φ(v) value are given. 
Lagrange’s method is used to find an optimal solution as shown in 
line (14). 

We present a simple example to show the behavior of the 
algorithm. Assume that there are two regions in a period R1, R2, 
φ1(V1,bot) = a1, φ1(V1,ref) = b1, φ2(V1,bot) = a2, φ2(V2,ref) = b2, a1< a2 < 
b1 < b2. In its first iteration of the while loop, there are four unique 
φ values in T and the third largest φ value in T is chosen as Φ that 
is a2. Energy consumption at Φ is smaller than the energy 



constraint. According to line (23), Q = {} and P = {(1, a1),(2, a2)}, 
and T becomes {(1, b1), (2, b2)}. In the second iteration, the 
algorithm probes b1. Now, the energy consumption at b1 is larger 
than the energy constraint. According to line (26), Q = {} and P = 
{(1, b1), (2, b2)}. Since set T is empty, the algorithm finds optimal 
voltages v1,opt and v2,opt using Lagrange’s method, which is shown 
in line (14). More explanation of the example and the proof of 
Theorem 1 are found in  [9]. 

Theorem 1. When there is a feasible design that meets energy 
constraints and input loss constraints for all regions, Algorithm 1 
finds an optimal solution with maximum performance. 

When we assume the existence of the inverse function of 
φi(vi), the complexity of Algorithm 1 is O(N log N),  where N 
denotes the number of regions in a period and solving for the 
Lagrange multiplier is assumed to be done in O(N) time  [4].   

3.3 Solution of the motivational example  
We used Algorithm 1 to solve the motivational problem shown in 
Table 1 and Table 2. We used binary search algorithm to find 
Lagrange’s multiplier in line (14) of Algorithm 1 with 0.0001 
percent error bound. It takes less than 8 milliseconds to find the 
solution on a Pentium III-733MHz PC running Linux. 

 R1 R2 R3 R4 R5 R6 R7 
Vd 1.795 2.528 1.374 1.844 2.544 1.844 1.340
Λi 0.1 0.02 0.1 0.05 0.01 0.05 0.1

pi,loss 0.1 0.02 0.02 0.05 0.01 0.05 0.075

4. SIMULATION 
The analytical framework assumes there is no interference 
between two neighboring regions. However, this may not be true. 
Region Ri can interfere with Ri+1 when the queue is not empty or 
the processor is not idle at the time of the region change. In this 
situation, the processor is working on data collected in region Ri 
even though the satellite is flying over region Ri+1. This situation 
gets worse when region Ri is highly loaded and the duration of 
region Ri+1 is short.  

To observe interference between regions, we simulated the 
behavior of the motivational example and its variants. Three 
queue management policies at the boundaries of the regions are 
simulated which include (1) no management, (2) drop all inputs in 
the queue except the one that is being processed, and (3) drop all 
inputs including the one that is currently processed. 

The simulated result of the example is shown in Table 3. In 
Table 3(a), pi,loss denotes the loss probability given by the analysis 
and pi,loss(i) denotes the average packet loss probability observed 
by the simulation using the i-th queue management policy at the 
boundaries of the regions. Likewise, σi,loss(1) denotes standard 
deviation of the packet loss probability using the i-th queue 
management policy. 

Our analytic result does not depend on how large the arrival 
rate and service rate are but does depend on their ratio. To 
observe the influence of a large and small arrival rate and service 
rate, we scaled the service rate and arrival rate by 10, 0.1 and 0.01 
while their ratio remained the same. The results are summarized 
in Table 4, Table 5, and Table 6. From those tables, we observe 
that our analysis technique predicts well for high arrival and 
service rates. At low arrival and service rates, our analytical result 
deviates from simulation results. As the arrival and service rates 

decrease as shown in Table 6, interdependency among the regions 
at the boundaries between regions gets bigger and the technique 
predicts better for queue management policies (2) and (3) than no 
management policy (1).  

Table 3. Simulation result of the example. 

 R1 R2 R3 R4 R5 R6 R7 

pi,loss 0.1 0.02 0.02 0.05 0.01 0.05 0.075

pi,loss (1) 0.10 0.02 0.02 0.05 0.01 0.05 0.075
pi,loss (2) 0.10 0.02 0.02 0.05 0.01 0.05 0.076
pi,loss (3) 0.10 0.02 0.02 0.05 0.01 0.05 0.076
σi,loss (1) 2e-3 1e-3 3e-3 3e-3 7e-3 3e-3 3e-3
σi,loss (2) 2e-3 1e-3 3e-3 3e-3 7e-4 3e-3 3e-4
σi,loss (3) 2e-3 1e-3 3e-3 3e-3 7e-4 3e-3 3e-4

(a) 
 Energy σenergy, Performance σperformance

(1) 3.3e6 1748 3.4e6 1750 
(2) 3.3e6 1754 3.4e6 1764 
(3) 3.3e6 1752 3.4e6 1763 

(b) 
Table 4. Simulation result (10 times service rate and arrival rate) 

 R1 R2 R3 R4 R5 R6 R7 

pi,loss 0.1 0.02 0.02 0.05 0.01 0.05 0.075

pi,loss (1) 0.1 0.02 0.02 0.05 0.01 0.05 0.075
pi,loss (2) 0.1 0.02 0.02 0.05 0.01 0.05 0.075
pi,loss (3) 0.1 0.02 0.02 0.05 0.01 0.05 0.075
σi,loss (1) 6e-4 3e-4 8e-4 9e-4 2e-4 9e-4 7e-4
σi,loss (2) 6e-4 3e-4 8e-4 9e-4 2e-4 9e-4 7e-4
σi,loss (3) 6e-4 3e-4 8e-4 9e-4 2e-4 9e-4 7e-4

(a) 
 Energy σenergy, Performance σperformance

(1) 33.0e6 5627 34.3e6 5404 
(2) 33.0e6 5785 34.3e6 5666 
(3) 33.0e6 5785 34.3e6 5666 

(b) 
Table 5. Simulation result (0.1 times service rate and arrival rate) 

 R1 R2 R3 R4 R5 R6 R7 

pi,loss 0.1 0.02 0.02 0.05 0.01 0.05 0.075

pi,loss (1) 0.1 0.02 0.02 0.05 0.01 0.05 0.074
pi,loss (2) 0.1 0.02 0.02 0.05 0.01 0.05 0.076
pi,loss (3) 0.1 0.02 0.02 0.05 0.01 0.05 0.076
σi,loss (1) 5e-3 3e-3 8e-3 9e-3 2e-3 8e-3 8e-3
σi,loss (2) 5e-3 3e-3 9e-3 9e-3 2e-3 8e-3 8e-3
σi,loss (3) 5e-3 3e-3 9e-3 9e-3 2e-3 8e-3 8e-3

(a) 
 Energy σenergy, Performance σperformance

(1) 0.33e6 552 0.34e6 562 
(2) 0.33e6 564 0.34e6 564 
(3) 0.33e6 565 0.34e6 563 



(b) 
Table 6. Simulation result (0.01 times service rate and arrival 

rate) 

 R1 R2 R3 R4 R5 R6 R7 

pi,loss 0.1 0.02 0.02 0.05 0.01 0.05 0.075

pi,loss (1) 0.11 0.05 8e-3 0.05 0.03 0.03 0.064
pi,loss (2) 0.10 0.02 0.04 0.06 0.01 0.06 0.080
pi,loss (3) 0.10 0.02 0.04 0.06 0.01 0.06 0.081
σI,loss (1) 2e-3 1e-2 2e-2 3e-2 7e-3 2e-2 0.026
σI,loss (2) 2e-3 1e-2 1e-2 3e-2 3e-2 2e-2 0.026
σI,loss (3) 2e-3 1e-2 2e-2 3e-2 7e-3 2e-2 0.026

(a) 
 Energy σenergy, Performance σperformance

(1) 32.4e3 198 33.7e3 201 
(2) 32.9e3 175 34.2e3 177 
(3) 32.9e3 175 32.9e3 177 

(b) 

5. RELATED WORK 
There have been many run-time techniques for system-level 
power reduction. Dynamic voltage scheduling techniques change 
the voltages of resources and corresponding clock frequencies 
 [5] [6] [14]. Dynamic power management techniques shut down 
resources at idle time for additional power savings  [11]. Dynamic 
power management techniques have been extended with a 
dynamic voltage scheduling technique  [13]. In real-time systems, 
exploiting resource slack time has been studied for reducing 
power consumption in a single CPU system  [1] [11] and a 
distributed system  [8]. Low-power techniques have been an 
important topic for CAD research  [1] [12]. However, most of them 
are chip-level VLSI design techniques, such as multiple voltage 
scheduling among functional units in a chip  [3] [11]. These 
techniques address the problem of assigning a supply voltage 
from a finite number of pre-known supply voltages to each 
operation in a data flow graph so that the resulting schedule 
minimizes power consumption and satisfies timing constraints.  

Our technique is similar to a dynamic voltage scheduling 
technique in that it synthesizes the supply voltage of a resource in 
a region based on stochastic event prediction. However, our 
technique is unique in solving the power-aware optimization 
problem subject to a performance constraint rather than the low-
power scheduling problem. While low-power scheduling 
techniques consider only power consumption, our technique 
considers both system performance and energy consumption and 
synthesizes optimal voltages that maximize system performance.  

6. CONCLUSION 
We presented an analytical optimal voltage synthesis technique 
for a satellite application. The technique optimizes voltages for 
each region of a satellite’s period so that the system performance 
is maximized under an energy budget. We presented simulation 
results showing the quality of the packet loss probabilities at the 
regions estimated by the analysis.  
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