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Abstract—A cooperative management scheme for power
efficient implementations of real-time operating systems on
field-programmable gate-array (FPGA)-based soft processors is
presented. Dedicated power management hardware peripherals
are tightly coupled to a soft processor by utilizing its configura-
bility. These hardware peripherals manage tasks and interrupts in
cooperation with the soft processor, while retaining the real-time
responsiveness of the operating system. More specifically, the
hardware peripherals perform the following power management
functionalities: 1) control the on-chip clock distribution network
for driving the soft processor, its hardware peripherals, and
the bus interfaces between them; 2) perform task and interrupt
management responsibilities of the operating system when the
soft processor is turned off; and 3) selectively wake up the soft
processor and its hardware components, and put them into proper
activation states based on the hardware resource requirements of
the tasks under execution. The implementations of two popular
real-time operating systems on a state-of-the-art FPGA device are
presented. Measurements on an experimental board show that
the proposed power management scheme can lead to significant
power savings.

Index Terms—Field-programmable gate arrays (FPGAS), oper-
ating systems, power management, soft processors.

. INTRODUCTION

HE integration of various heterogeneous hardware compo-
nents have made field-programmable gate arrays (FPGAS)
an attractive choice for implementing many embedded systems.
Soft processors, which are RISC processors realized using
the configurable resources available on FPGA devices, are
becoming popular. Examples of soft processors include Nios
from Altera [1], LEON3 from Gaisler [6], and MicroBlaze
from Xilinx [25]. One advantage of soft processors is their
configurability, which allows instruction set customization
and tight attachment of customized hardware peripherals for
computation speed-up and efficient cooperative management.
Real-time operating systems (RTOSs) are widely used in soft-
ware development, and many of them have been ported to run
on soft processors. While RTOSs may encompass a wide range
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of characteristics, our research focuses on the following typical
features.

» Multitasking: The operating system can run multiple tasks
simultaneously through context switch. Task scheduling is
based on the priorities of the tasks ready to run. The op-
erating system always picks tasks with the highest priority
for execution.

» Determinism: Execution times of most OS functionalities
are deterministic and do not depend on the number of tasks
running in the user application. The user can calculate the
time the OS takes to execute a function or a service.

* Interrupt Management: When an interrupts occurs, the cor-
responding interrupt service routine (ISR) is executed. If a
higher priority task is awakened up by an interrupt, this task
runs when all interrupt service routines are completed.

Power efficiency is an important performance metric in the
development of many applications. Improving the power effi-
ciency of RTOSs running on soft processors is highly desired.
We consider an FPGA device configured with a soft processor
and a set of hardware peripherals. Software drivers for control-
ling the hardware peripherals are provided. The target applica-
tion running on the processor consists of a set of tasks. Each task
is given as a C program. Tasks can invoke the corresponding
hardware peripherals through these software drivers to perform
some specific input/output (1/0) operation or computations. The
execution of a task may involve only a portion of the on-chip
hardware resources. For example, a task may require only the
processor and the memory blocks that store the program instruc-
tions and data for this task. Its execution may not require the I/O
interfacing hardware peripherals. Tasks are either executed pe-
riodically or invoked by some external interrupts.

Based on these assumptions, our objective is to customize the
soft processor, and adapt it to the real-time operating system
running on it, so that the power consumption of the complete
system is minimized. The power reduction is achieved through
the various on-chip configurable hardware resources and power
management mechanisms. The required changes to the software
source code of the operating system should be minimized during
customization.

We propose a cooperative management scheme for power
efficient implementations of real-time operating systems on
soft processors. The basic idea of our approach is to integrate
on-chip power management mechanisms and employ cus-
tomized hardware-based cooperative management components
by utilizing the configurability offered by soft processors.
Customized hardware components are tightly coupled with the
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soft processor and perform the following power management
functionalities: 1) manage the clock sources for driving the
soft processor, its hardware peripherals, and bus interfaces;
2) perform the task and interrupt management responsibil-
ities of the operating system when the processor is turned
off; 3) selectively wake up the processor and its hardware
components based on the hardware resource requirements of
the tasks under execution. While there has been extensive
research on performance improvement through hardware-soft-
ware codesign, this paper is the first work that illustrates how
hardware-software codesign can lead to power efficient RTOSs
in the context of FPGAs. The implementation of two real-time
operating systems based on a state-of-the-art soft processor
are presented. Measurements on an FPGA experimental board
show that our cooperative management scheme achieves power
savings between 73%-90% for the various execution scenarios
considered in our experiments. Our technique introduces negli-
gible management overheads compared with the corresponding
software implementations.

This paper is organized as follows. Section Il discusses
the background information and related work on real-time
operating systems and the customization of FPGA-based soft
processors. Section 111 presents our power efficient cooperative
management technique. To illustrate our cooperative power
management technique and demonstrate its effectiveness,
Sections IV and V describe the implementations of two popular
operating systems on a state-of-the-art soft processor. We
conclude in Section VI.

Il. BACKGROUND AND RELATED WORK

A. Power Efficiency of FPGAs

FPGAs provide superior performance to general-purpose
processors (GPPs) and DSPs in terms of computation capability
per power consumption [2], and have been deployed in many
portable devices (e.g., handheld camcorders [27], software
defined radio [28]), and automotive systems [29], etc. Power
efficiency is a crucial performance metric in the development
of these usually battery operated embedded systems due to the
limited power supply.

Novel technologies have been proposed and integrated into
modern FPGAs that can effectively reduce both static and dy-
namic power consumption. The triple oxide process technology
and the six-input lookup table (LUT) architecture in the Xilinx
65-nm Virtex-5 FPGASs lead to 40% reduction in static power
consumption compared with the prior generation of FPGAS
[26]. The six-input LUT architecture, along with a symmetric
routing structure in Virtex-5 FPGAs result in 35%—-40% core
power reduction compared with the prior Virtex-4 FPGAsS.
Dual-Vpp low-power FPGA architectures have been proposed
by both Gayasen, et al. [8] and Li, et al. [5]. An overall power
reduction of 61% on a multimedia testbench is reported by em-
ploying the dual-Vpp technology. Power efficiency placement
and implementation algorithms can further reduce the FPGA
power dissipation [9].

Modern FPGAs offer many on-chip power management
mechanisms that can be exploited by the application developers
for further power reduction. The Virtex-5 FPGAs contain up

to 12 digital clock management (DCM) units, in addition to
numerous clock buffers and multiplexers, which can indepen-
dently drive specific regions on the FPGA device depending on
specific application requirements. The Xilinx Spartan-digital
signal processing (DSP) devices provide suspend mode and
hibernate mode, which yield at least 40% and 99% static power
reduction, respectively, when they are not processing data.

B. Customization of Soft Processors

There are many efforts to customize soft processors for per-
formance optimization. Cong, et al. propose shadow registers to
better utilize the limited data bandwidth of soft processors [3].
In their technique, the core register file of the soft processor is
augmented by an extra set of shadow registers. These shadow
registers are conditionally written by the soft processor in the
write-back stage, and are read only by its hardware peripherals.

Shannon, et al. propose a programmable controller with a
systems integrating modules with predefined physical links
(SIMPPL) system computing model as a flexible interface
for integrating various on-chip computing elements [20]. The
programmable controller allows the addition of customized
hardware peripherals as computing elements. The computing
elements within the controller can communicate with each
other through a fixed physical interface. Their approach en-
ables users to easily adapt the controller to the new computing
requirements without redesigning other elements.

Hauck, et al. propose an optimization technique based on
run-time reconfiguration units to adapt the processor to the ever
changing computing requirements [30]. Sun, et al. propose a
scalable synthesis methodology to customize the instruction set
of the processor for a specific set of application [23]. Hubner,
et al. have a design based on multiple soft processors for auto-
motive applications. In their designs, each of the multiple soft
processors is optimized to perform some specific management
responsibilities.

C. Real-Time Operating Systems

Several commercial real-time operating systems have been
ported to soft processors, such as ThreadX [24], MicroC/OS-II
[15], etc., In the MicroC/OS-I11 port on the MicroBlaze processor
from Micrium [16], the operating system runs a dummy idle
task when no useful task waits for execution and no interrupt is
present. Xilinx provides xilkernel, a real-time operating system
for MicroBlaze [25]. Aside from the various benefits offered by
these real-time operating systems, none of these implementa-
tions of RTOSs makes use of the configurability of soft proces-
sors for power reduction.

Mooney et al. proposes a system-on-chip (SoC) dynamic
memory management unit (SoCDMMU) for managing the
global memory shared between multiple on-chip processors
[21]. They have modified an existing RTOS to support the
SoCDMMU unit. They extend their work and propose a more
generic hardware-software RTOS framework for SoC platforms
and FPGAs [17]. A user can choose to implement some of the
OS functionalities in either software or hardware using their
framework, and a customized operating system is generated
based on the user’s selection. Significant execution speed-ups
are reported using their SOCDMMU unit and the codesign
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Fig. 1. Overall hardware architecture.

framework. Nevertheless, their research does not focus on
improving the power efficiency of RTOSs, which is the major
contribution of our work.

To the best of our knowledge, the cooperative power man-
agement scheme proposed in this paper is the first attempt to
optimize the power performance of the RTOS running on soft
processors by utilizing their configurability.

I11. OUR APPROACH

The basic idea of our cooperative management scheme is to
have several tightly coupled hardware peripherals manage tasks
and interrupts of the operating system in a cooperative manner
with the soft processor. These hardware peripherals control the
activation states of the various on-chip hardware components in-
cluding the processor by utilizing on-chip power management
mechanisms. They take over the task and interrupt management
responsibilities of the operating systems when no task is ready
for execution and/or no interrupt is present. The other hard-
ware components, including the soft processor, are activated
only when they are required to process “useful” tasks/interrupts.
There are two factors in the power savings using our coopera-
tive management scheme. One factor is that the power consump-
tion of these attached dedicated hardware components for per-
forming task and interrupt management are much smaller than
that of the soft processor. The other factor is that we selectively
wake up the hardware peripherals attached to the processor and
put them into proper activation states based on the hardware
resource requirements of the tasks under execution. Thus, the
undesired power consumption of the hardware peripherals not
required for execution can be eliminated, further reducing the
power consumption of the FPGA device.

The overall hardware architecture of our cooperative power
management scheme is shown in Fig. 1. Three hardware com-
ponents (clock management unit, auxiliary task and interrupt
management unit, and selective component wake-up unit) are
attached to the soft processor for power management.

» Clock Management Unit: The major functionality of the
clock management unit is to provide explicit control access
to the clock distribution network of the FPGA device. It ac-
cepts the control signals from other hardware components
and change clock sources that drive these hardware com-
ponents using clock gating and dynamic clock frequency
switching.

The target FPGA device is divided into clock domains
driven by different clock sources. Dynamic switching be-
tween clock sources with different operating frequencies
can be accomplished with a few clock cycles. For example,
when the processor communicates with a low-speed hard-
ware peripheral, instead of running the processor in
dummy software loops to wait for a response, the user can
switch the processor and the related hardware peripherals
to a clock source with a lower frequency. This can effec-
tively reduce the power consumption of the FPGA device.
Clock gating is another important technique used in FPGA
designs for power reduction. The user can dynamically
change the distribution of clock signals and disable the
transmission of clock signals to the hardware components
that are not in use.

e Auxiliary Task and interrupt management (ATIM) Unit;
An ATIM unit is attached to the soft processor. The OS
task scheduling and interrupt management information
is shared between the ATIM unit and the soft processor.
When no task is ready for execution and no interrupt is
present, the ATIM unit sends signals to the clock man-
agement unit to disable the clock signal transmission to
the soft processor and the other hardware peripherals. The
ATIM takes over the OS task and interrupt management
responsibilities. When the ATIM unit determines that a
task is ready for execution or any external interrupt arrives,
it will wake up the processor and the related hardware
peripherals and hand the task and interrupt management
responsibilities back to the processor.

 Selective Component Wake-Up and Activation State Man-
agement Unit: Observing that the task execution may use
only a portion of the device, a selective wake-up state
management mechanism is developed. Using the clock
management unit, the FPGA device is divided into several
clock domains. Each of the clock domains can be in either
“active” or “inactive” (clock gated) state. We denote a
combination of the activation states of these different clock
domains an activation state of the device. It is the user’s
responsibility to assign a task an appropriate activation
state of the device in which the hardware components
required by the task are all active. Thus, when a task is
selected by the operating system for execution, only some
specific components used by the task are driven by the
clock sources. The unused components are kept in the
clock gated state for power reduction.

The proposed cooperative management technique incurs
negligible task and interrupt management overhead. It may
even reduce the context switch and interrupt handing over-
head in some cases due to the parallel processing capability
of the hardware peripherals. Since the proposed coopera-
tive management scheme is transparent to the normal op-
erations of the soft processor, it can be applied to multi-
threading operating systems and hardware platforms with
multiple soft processors.

IV. IMPLEMENTATION BASED ON MICROC/OS-II

An implementation of the MicroC/OS-I1 operating system on
the MicroBlaze processor is shown in Fig. 2. Except for the pri-
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Fig. 2. Configuration of MicroBlaze soft processor with the proposed power management scheme.

Fig. 3. Implementation of the clock management unit.

ority aliasing discussed in Section IV-D, our cooperative man-
agement technique is transparent to the operating system and
minimizes the required OS kernel adaption.

A. Customization of the Microblaze Soft Processor

Instruction and program data of the MicroC/OS-I1 operating
system are stored at on-chip memory blocks (BRAMSs). MicroB-
laze gets access to the instruction and the program data through
two separate local memory bus (LMB) interfaces.

B. Clock Management Unit

The hardware architecture of the clock management unit is
shown in Fig. 3. Xilinx Spartan-3/Virtex-11/Virtex-11 Pro/Virtex
FPGAs integrate on-chip digital clock management (DCM)
modules. Each DCM module can provide different clock
sources (CLKO, CLK2X, CLKDV, CLKFX, etc.), each of
which can be used to form a clock domain and drive the hard-
ware components within its own domain. Different on-chip
hardware components can operate under different operating
frequencies. For example, on Spartan-3 FPGA devices, CLKDV
of the DCM module can divide the input clock by up to 16
times. For the design examples shown in Sections IV and V,
when the input clock frequency is 50 MHz, the output clock
frequency of CLKDV can be as low as 3.125 MHz.

The clock switch circuit is realized using multiplexers (i.e.,
BUFGMUXs) on the clock distribution network. It can dynami-
cally switch the different clock sources for driving the soft pro-

cessor and its hardware peripherals. The clock enabling circuit
consists of buffers with enable ports BUFGCEs on the clock dis-
tribution network. It can dynamically drive hardware compo-
nents only when they are required for execution to realize clock
gating.

The clock management unit accepts control signals from the
selective component wake-up and activation state management
unit discussed in selective, and change the clock sources for
driving the soft processor and other hardware components ac-
cordingly. Such changes of activation states can complete within
one or two clock cycles upon the request of other management
hardware components. It causes negligible time overhead com-
pared with the software context switch overhead analyzed in
Section IV-E.

C. Auxiliary Task and Interrupt Management (ATIM) Unit

The ATIM unit performs three major duties when the pro-
cessor is turned off: ready task list management, OS clock tick
management, and interrupt management.

» Ready Task List Management: MicroC/OS-1I maintains a
ready task list to monitor whether the tasks are ready for
execution. Each entry on the ready task list is 1 bit that
represents a task of the operating system. The list contains
a fixed number of 64 entries (i.e., a total of 64 bits). Each
entry is assigned with a unique number between 0 and 63.
Thus, MicroC/OS-I11 allows up to 64 tasks to execute con-
currently. When the value of a ready task list entry equals
0, the task represented by this entry is not ready for execu-
tion. Otherwise, when the value of a ready task list entry
equals 1, the corresponding task is ready for execution. A
task has an execution priority, equal to its entry number on
the representing ready task list. A task with a smaller pri-
ority number has higher priority for execution. Whenever
the ready task list indicates that there are tasks ready for
execution, MicroC/OS-I1 always picks up the task with the
smallest priority number (i.e., one with the highest priority)
for execution. A context switch is performed if the task se-
lected for execution has higher priority than the task under
execution. As mentioned in Section 11-C, MicroC/OS-11 al-
ways runs the idle task with the lowest priority (represented
by entry 63 on the ready task list) when there is no other
“useful” task ready for execution.

The ready task list is stored at a specific location in the
BRAMs. The MicroBlaze processor accesses through port
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Fig. 4. Linked list of task control blocks.

A of the BRAMs, while the ATIM component accesses it
through port B. The ATIM component checks the ready
task list periodically. Upon detecting that only the idle task
is ready for execution, it signals the clock management unit
to disable the clock sources to the processor and its hard-
ware peripherals. These disabled components are activated
when there are useful tasks ready for execution and/or ex-
ternal interrupts present.

OS Clock Tick Management: OS clock ticks are a special
kind of periodic interrupts generated by a dedicated timer
to keep track of the time experienced by MicroC/OS-II.
Each time-out interrupt corresponds to one clock tick.
MicroC/OS-1I maintains an 8-bit counter for counting
the number of experienced clock ticks. Upon receiving
a time-out interrupt, MicroC/OS-1l increases the clock
tick counter by one. Clock ticks are used to keep track of
execution delays and timeouts. A task can be repeatedly
executed based on clock ticks. It can also stop waiting for
an interrupt that fails to occur within a certain number
of clock ticks. We use a special hardware component to
perform the OS clock tick management and separate it
from the management of interrupts for other components
through the OPB bus. By doing so, frequently powering
the processor and the OPB bus interface on and off to
process the clock tick interrupts, which is required by
normal interrupt handling and would result in unnecessary
power consumption, can be avoided.

Once a task is created, MicroC/OS-I1 assigns a data struc-
ture (task control block) to maintain the status of the task
when it is preempted. As shown in Fig. 4, the task con-
trol blocks are organized as a linked list. When the task
regains controls of the CPU, the task control block al-
lows the task to resume execution from the previous state
where it has stopped. The task control block contains a
field OSTCBDIy, which is used when a task needs to be
delayed for a certain number of clock ticks or a task needs
to pend for an interrupt to occur within a timeout. In this
case, OSTCBDIy field contains the number of clock ticks
the task is allowed to wait for the interrupt to occur. When
this variable is 0, the task is not delayed or has no timeout
when waiting for an interrupt. At each MicroC/OS-11 clock
tick, the operating system decreases OSTCBDIy by 1 until
OSTCBDIly = 0. When OSTCBDlIy returns to 0, the cor-
responding slot on the ready task list representing this task
is set accordingly, marking this task ready for execution.
The OSTCBDIy field for each task is stored at a specific lo-
cation in the dual-port BRAMSs. The MicroBlaze processor
accesses to OSTCBDIy through port A of the dual-port
BRAMs, while the ATIM component accesses it through
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Fig. 5. Interrupt management unit.

Fig. 6. Priority aliasing for selective component wake-up and activation state
management.

port B. The ATIM unit takes over the management respon-
sibilities of MicroC/OS-11 when the MicroBlaze processor
is turned off by the clock management unit. The ATIM
unit decreases the OSTCBDIy fields of the task control
blocks when an OS clock tick interrupt occurs. When the
OSTCBDIy field of some tasks reaches zero, denoting that
these tasks are ready for execution, the ATIM unit signals
the clock management unit, which further brings up the
processor and the related hardware components to process
the tasks.

* Interrupt Management: The architecture of the interrupt
management unit is shown in Fig. 5. When external inter-
rupts arrive, the interrupt management checks the status of
the MicroBlaze processor and the OPB bus controller. In
the case that neither of them is active, the interrupt man-
agement unit performs the following operations: 1) send
control signals to the selective component wake-up unit
to enable the processor and the OPB controller; 2) no-
tify the processor of the external interrupts; 3) when the
processor responds and starts querying, send the interrupt
vector through the OPB bus and notify the soft processor of
the sources of the incoming external interrupts. If both the
processor and the OPB bus controller are already in the ac-
tive state, the interrupt management unit skips the wake-up
operations and perform operations 2) and 3) directly.

D. Selective Component Wake-Up and Activation State
Management Unit

To minimize the required changes to the software portion of
the MicroC/OS-I1 operating system, we employ a technique
called priority aliasing to realize the selective component
wake-up and activation state management unit. As shown in
Fig. 6, MicroC/OS-11 uses an 8-bit unsigned integer to store
the priority of a task. Since MicroC/OS-11 supports a maximum
number of 64 tasks, only the last 6 bits of the unsigned integer
number are used to denote the priority of a task. When applying
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Fig. 7. Context switch overhead of MicroC/OS-I1 with the cooperative management scheme .

Fig. 8. Typical interrupt overhead of MicroC/OS-11 with the cooperative management scheme.

the “priority aliasing” technique, we use the first 2 bits of a
task’s priority to denote the four different combinations of
activation states of the different hardware components. Thus,
the user can assign a task with a specific priority using four
different task priority numbers. Each of these four numbers cor-
responds to one activation state of the FPGA device. It is up to
the user to assign an appropriate activation state of the device to
a task by making appropriate changes to the clock management
unit and the selective component wake-up management unit.

With “priority aliasing,” the processor can still change
the activation state of the device during its normal operation
depending on the tasks being executed. As shown in Fig. 4,
OSTCB i in the task control blocks is stored at specific
locations in the dual-port BRAMs and are accessible to both
the auxiliary task and interrupt management unit, and also the
MicroBlaze processor. When MicroBlaze is active, it sends
the first two bits of the task priority numbers to the selective
wake-up management unit and specifies the activation states of
the device before executing a task.

E. Management Overhead

Fig. 7 shows the typical context switch overhead of Mi-
croC/OS-1l. Task A notifies OSTimeDly() upon finishing
execution. A context switch is then performed, which selects
task B for execution. While OSCtxSw() is called during context
switch to save the context of task A and restore the context of
task B, MicroC/OS-II uses one clock cycle to issue a request
to the selective component wake-up management unit. The
request is processed by both the selective component wake-up
management unit and the clock management unit to change the
activation state of the FPGA device to that specified by task
B. Note that the change of activation states performed by the

selective component wake-up management unit and the clock
management unit is in parallel with the other context switch
operations by the MicroBlaze processor. Our technique incurs
only one extra management clock cycle of overhead, which is
negligible considering the typical context switch overheads are
between 250 to 313 clock cycles.

Fig. 8 illustrates the typical interrupt overhead of Mi-
croC/OS-11. Task B, with a higher priority than task A, runs
after the interrupt service routine (ISR). Similar to Fig. 8, our
cooperative technique incurs one extra management clock cycle
of overhead for interrupt handling.

F. Hlustrative Application Development

A fast Fourier transform (FFT) application is used to show the
power savings yielded by the cooperative management scheme
during various typical task execution and interrupt handing sce-
narios in many embedded systems.

» Customization of MicroBlaze: Consider the MicroBlaze
configuration shown in Fig. 2. Two customized hard-
ware peripherals are attached to MicroBlaze through the
OPB bus interface. An p _gpi hardware peripheral
accepts data coming from an 8-bit GPIO interface. An

p _ua tlite hardware peripheral communicates with an
external computer through serial universal asynchronous
receiver—transmitter (UART) protocol.

For selective component wake-up and activation state
management unit, the first two bits of a task priority are
used to denote four different activation states of the device.
“00” represents the activation state for which only the pro-
cessor and the two LMB bus controllers are active. In this
case, the processor can execute tasks with instructions and
data accessible through the LMB bus controllers. Access
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