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Abstract. With growing integration, power consumption is becoming a major 
issue for multi-core chips. At system level, per-core DVFS is expected to save 
substantial energy provided an adapted control. In this paper we propose a local 
on-line optimization technique to reduce energy in data-flow architecture, 
thanks to a Local Power Manager (LPM) using Vdd-Hopping for efficient local 
DVFS. The proposed control is a hybrid global and local scheme which respects 
throughput and latency constraints. The approach has been fully validated on a 
real MIMO Telecom application using a SystemC platform instrumented with 
power estimates. Local DVFS brings 45% power reduction compared to idle 
mode. When local on-line optimization benefit from computation time varia-
tions, 30% extra energy savings can be achieved. 
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1   Introduction 

In today’s System on Chip, power consumption is becoming a major issue. Dedicated 
mechanisms have been proposed in order to reduce both static and dynamic power 
consumption at different levels: from technology up to system level. At system level, 
Dynamic Power Management (DPM) techniques are classically used, such as ad-
vanced standby modes or efficient Dynamic Voltage and Frequency Scaling (DVFS). 
The main difficulty of DPM techniques is to design efficient dedicated control up to 
application level. Power management is often specific to the low-power design tech-
niques and must take into account architecture and application. 

In future multi-cores, the Globally Asynchronous Locally Synchronous paradigm 
is a natural enabler to help architecture partitioning and facilitate clock and power 
management [1][12]. In GALS scheme, each IP unit has its own frequency, and 
communicate asynchronously through a global interconnect. GALS scheme enables 
local power management: each IP unit is an independent Voltage and Frequency Is-
land (VFI). This is also commonly called “per-core DPM”: further energy savings are 
obtained, since the power optimum is not limited by the most constrained IP core but 
can be reached independently on each IP cores. 
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Considering that the energy is square Vdd dependant, DVFS technique is the most 
promising in terms of overall energy reduction. Due to the usage of external DC-DC 
converters, today’s DVFS techniques are mostly CPU centric and not applied at IP 
level. Recently, a low cost and efficient DVFS technique, called Vdd-Hopping, has 
been proposed [2][3]. By using only two external voltages and a dynamic voltage 
selector switch,  DVFS  can be efficiently offered locally to each IP core. 

In this paper, we target heterogeneous data-flow like architecture with Telecom 
applications as an exemple [14]. Regarding the application, execution time variations 
are decisive. In non real time systems, voltage and frequency selection consists usu-
ally in a tradeoff between performance and energy. In case of real time system with 
data flow application, timing constraints must be met and are twofold: a throughput 
constraint for each IP and an overall latency constraint on the whole data-flow 
[4][5][6]. Heuristic algorithms can be used, based on the worst case application sce-
narios [7][8]. In an heterogeneous architecture using dedicated IP engines, contrary to 
homogeneous multi-cores, task allocation is static and directly driven by the architec-
ture. In that case, to reduce energy in a multi-application context and benefit from all 
available dynamic slack time, on-line optimization associated with a fast hardware 
DPM controller is required [10][11]. The VDD-Hopping technique has been intro-
duced early by T. Zakurai group, which proposed some software control techniques 
[16] but not yet adapted to hardware heterogeneous architecture. 

In this paper, we propose an on-line optimization technique, to reduce energy in 
data-flow heterogeneous architecture, by using a dedicated DPM controller, which 
uses the efficient Vdd-Hopping technique for local DVFS. This consists in a hybrid 
global and local technique, as in [11], which respects throughput and latency con-
straints, and using only two voltage/frequency points. The proposed technique has 
been applied to a real GALS NoC architecture targeting MIMO telecommunication 
applications [14]. Energy savings have been estimated on a SystemC simulation plat-
form which has been instrumented with power estimates [15]. The outline of the  
paper is as follows: Section 2 introduces the targeted GALS NoC low-power architec-
ture, and Section 3 describes the proposed Vdd-Hopping control for local DVFS. The 
local on-line optimization is described Section 4. Finally, the experimental results are 
given in Section 5. 

2   Low Power GALS NoC Architecture 

The low power overall architecture is organized within a complex GALS NoC fully 
implemented in asynchronous logic [14]. As shown in Figure 1, each synchronous IP 
unit of the SoC is integrated with advanced low-power mechanisms, such as in [12]. 
A programmable Local Clock Generator is implemented within each unit to generate 
a variable frequency F in a predefined applicative range. A local Power Supply Unit 
(PSU) manages the local unit voltage V, sharing a power switch between a Vdd-
hopping technique and a classical MTCMOS technique. The PSU uses two external 
voltages with two power switches: VHIGH and VLOW which are automatically switched 
during DVFS phases. The Network Interface (NI) is in charge of communications 
with respect to the NoC protocol. 
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Fig. 1. Low Power GALS NoC overall Architecture 

The Local Power Manager (LPM) implements the proposed DPM and on-line op-
timization techniques. The LPM is activated by the NI in a data-flow manner accord-
ing to NoC traffic and HW tasks. The NoC architecture targets data flow applications, 
where task control and complex data flows are handled by the NI. For each executed 
task, the NI loads a configuration for the IP core and associated input/output data 
flows, and then computation starts. 

2.1   IP Unit Integration for Power Optimization 

Each synchronous IP unit is defined as an independent power domain (using its dedi-
cated local voltage V) and an independent frequency domain (using its dedicated local 
clock frequency F). Each IP unit can be set in one of the 4 power supply modes: 

• HIGH mode, local supply voltage V is VHIGH and core clock is on. This is the 
“nominal” high performance working mode. 

• LOW mode, core clock is on, but supply is switched to VLOW. Frequency is 
lower than nominal, energy per cycle decreases. This is “low power” mode. 

• IDLE mode, core clock is off and leakage power is further reduced thanks to 
VLOW supply voltage. This is the “low-power dormant” mode. 

• OFF mode, the unit is switched off when not used in the application, to further 
reduce the leakage power. 

For each unit, all power modes can be programmed through the Network Interface 
and the Local Power Manager, except the OFF mode which is programmed through 
top level signals (main CPU). 

2.2   Local DVFS Using Two Voltages Set Points 

In order to perform efficient local Dynamic Voltage Scaling (DVS), the main objec-
tive is to avoid as much as possible low-level software control to ensure minimal 
latency cost. Within the Power Supply Unit, a hardware controller called Vdd-
hopping automatically switches between VHIGH and VLOW (Figure 2). 
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Fig. 2. LPM control, Vdd-Hopping sequence example 

During smooth DVFS transitions, the synchronous IP can continue its own compu-
tations or communications. To obtain an average value between VHIGH and VLOW, the 
LPM controls the target performance by switching between these 2 values. The power 
efficiency of the proposed Vdd-Hopping [2] is more than 95%. In a given VHIGH or 
VLOW voltage, there are no losses except those in a standard power switch; there are 
only energy losses during the transitions (less than 100 ns). There is no latency cost, 
and no need for real time software, fast and robust transitions are ensured by hard-
ware. The VDD-Hopping mechanism has been implemented and validated in a  
test-chip in 65nm [13], which prove high reliability. In order to minimize energy per 
operation, the IP unit should run at maximum achievable frequencies fh and fl. The 
LPM objective is then to spend more time at VLOW to decrease energy, while respect-
ing timing constraints. The proposed hybrid local and global DVFS principle and 
associated LPM schemes are introduced in next section. 

3   Local DVFS Control 

On data flow architectures with latency constraint on the whole chain, a global man-
agement is required to ensure the deadline. In order to guarantee latency, due to dy-
namic variations of the computation on each core, centralized control or software 
control cannot be done since it would not respond fast enough to handle all the dy-
namic variations. We choose a Worst Case Execution Cycle (WCEC) based static 
management to select a set point for each task. A heuristic based algorithm, as in [7], 
can be used. To benefit from dynamic slack time induced when the actual number of 
cycles to complete a task is less than WCEC, a local control is implemented. Such a 
hybrid (local and global) approach has also been adopted in [11]. 

Based on worst case, a global power manager (such as the host processor) dis-
patches the available latency among tasks. Hence, each core is given a timeslot to 
complete its task. For each IP core, its Local Power Manager (LPM) controls the 
Vdd-Hopping by spreading the computation over the given timeslot. The LPM is 
activated by the NI in a data-flow manner according to NoC traffic and HW tasks. 
Two control schemes are proposed and presented below, with NI task or IP Core task 
synchronization. One must notice that NOC bandwidth must be enough to tolerate 
uncorrelated IP frequencies variations, to smooth applicative traffic, hypothesis which 
is respected in the addressed application and corresponding NOC (see section 5). 
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3.1   NI Task Synchronization 

The first proposed solution interacts with the NoC platform programming model to 
control the power modes, in a generic way. As soon as a new task is loaded in the NI, 
the Vdd-Hopping transitions can start. The LPM control of the IP is thus activated in 
a data-flow manner according to the NoC incoming traffic and task.  

Given the WCEC Nwcec, the number of cycles to spend at high voltage Nh and at 
low voltage Nl can be derived from the given timeslot τ for the task. Let fh and fl be 
the maximum available frequency at respectively high set point and low set point, we 
have: 
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Fig. 3. NI task synchronization 

The LPM switches periodically from high to low while the task is loaded in the NI, 
so that the target frequency is reached when the core is actually computing (Figure 3). 
If the hopping frequency is increased while keeping the Nh and Nl ratio, the mean 
frequency is not modified and NoC traffic is smoothened. Since extra energy is con-
sumed during transitions, a tradeoff is required between transition number, NoC traf-
fic regularity and energy. 

Lastly, if the targeted frequency is lower than the fastest frequency at Vlow, the 
frequency is decreased (this is DFS at Vlow). Finally, as seen Figure 3, task loading 
in the NI may not match the actual computation phase, because the IP core may wait 
for additional data before starting. In that case, extra energy could be saved thanks to 
a tighter control. 

3.2   Core Task Synchronization 

Better control is obtained if LPM is synchronized with actual IP core computation.  
In this case, a dedicated signal must be generated by the IP core to indicate its own  
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Fig. 4. Core task synchronization 

activity/inactivity. The number of cycles Nh and Nl  are still calculated as described in 
section 4.1. 

Instead of controlling with NI task activity, the LPM performs the Vdd-Hopping 
transitions with IP core task activity. An atomic task is defined when the number of 
cycles and the number of input/output data are known. In order to balance the fre-
quency of hops, the LPM is able to perform switching over several atomic tasks or 
within a single task. 

In case the actual number of cycles of the atomic task is less than the worst case, it 
is possible to start the computation at low level [17]. In Figure 4, the NI task consists 
of five atomic tasks, with only one transition low to high done within each task. The 
unit gets back to low level as soon as the task is completed; most of the computation 
is spent at low level. 

4   Local On-Line Optimization 

The Actual number of Execution Cycles (AEC) needed by a task may be less than the 
WCEC. The computation time may depend on data, the communication time is vari-
able and the architecture can have unpredictable events such as cache defaults, leading 
to dynamic slack time. The LPM can exploit this dynamic slack time by reducing the 
speed of the unit. Even though it is possible to predict the number of cycles for next 
task from the execution history, this approach may not meet the timing constraints. A 
prediction mistake will induce a timing violation. We rather assume the current task 
still runs at WCEC and benefit from the dynamic slack time from the previous task. 
The cycle budgets at high and low levels are updated according to the remaining cycles 
at high and low levels. 
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Fig. 5. Local on-line optimization principle 
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Figure 5 presents the on-line optimization principle. The first chronogram shows 
the LPM control without online optimization. The second uses the online optimiza-
tion. The first task k-1 runs at WCEC while the following tasks do not use as much 
cycles. In this case, the third task is slowed down while respecting the deadline. 

When a task k is over and cycles are remaining, respectively nh at high level and nl 
at low level, the unit switches to low level and keeps on counting the number of 
elapsed cycles. Hence, when the next task starts, the remaining cycles nh and nl reflect 
the dynamic slack time. The timeslot for the following task is extended to: 
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The updated number of cycles Nh’ is then given by: 
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Thus, before the next task (k+1) begins, we compute its parameters with the extended 
time: 

⎪
⎪
⎩

⎪⎪
⎨

⎧

′−=′

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+

−
−=′

hwcecl

h
h

l
l

lh

h
hh

NNN

n
f

f
n

ff

f
NN  

(5) 

The above equations provide the main principles of the on-line optimization algo-
rithm. In order to implement such control efficiently in the hardware LPM controller, 
some simplifications are required. The LPM requires mainly two counters to keep 
track of the number of elapsed cycles in high and low voltage. In order to have simple 
hardware, the computations of both ratios ( )lhh fff −  and hl ff  must be either 

done in software or simplified to be done in hardware. The new budget Nh’ should not 
be overestimated; otherwise the deadline might be violated. If those ratios are under-
estimated, then the efficiency is reduced. Assuming lh ff 2= , we obtain the following 

simplified equations for the updated cycle budgets at VHIGH and VLOW with regard to 
dynamic slack time of previous task: 
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The LPM controller is then programmed with the two input parameters: the timeslotτ , 
and the target NWCEC. It implements two counters, and it can be implemented as a sim-
ple state machine to control any of the AEC mode, the NI mode or the CORE mode. 

The LPM controller has been fully modeled in SystemC. From the algorithmic 
complexity and the number of registers, the LPM is estimated to be less than 2Kgates. 
The area cost of the PSU including the Vdd-Hopping is 3% of the core area for a 
200Kgates IP core. 
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5   Case Study on a 3GPP LTE Telecom Application  

The targeted application and circuit [14] is based on the 3GPP LTE telecommunica-
tion protocol; we focus on the baseband demodulation of the downstream. Once the 
application is mapped onto the NoC architecture, the application is divided into sev-
eral sequential phases, a whole frame is constituted of 14 OFDM symbols. There are 
three main phases and each phase is separated by memory buffering. The IP core 
tasks are periodic and sequenced in a data flow manner (Figure 6). 
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Fig. 6. Task mapping on the Low Power GALS NoC architecture 

The GALS NoC architecture is build with dedicated hardware engines, such as 
TurboCode, RX/TX bit engines, OFDM modulation/demodulation, MEP engines 
(advanced configurable VLIW-like core) and finally some SME (Smart Memory 
Engine) used to handle memory buffers. Each IP core is encapsulated with a PSU, a 
LPM and a LCG providing 16 frequencies in the [400MHz-1GHz] range, with addi-
tional scaling factors. 

5.1   Simulation Platform and Applicative Scenarios 

The simulation platform used to qualify the energy savings is based on an existing 
timed SystemC/TLM platform. The power consumption has been included in the 
simulation platform, along with DVFS modeling [15]. The SystemC model takes into 
account leakage current, dynamic power, the inactivity phase’s consumption, and the 
variation of energy per operation due to Vdd-Hopping. For each IP blocks, power 
consumption values have been extracted from post Place&Route gate-level simulation 
thanks to PrimePower® tool. As a conclusion, fast power estimation and exploration 
at high level can be performed on a real application. The tool provides power profile 
traces (in vcd) and power statistics (per core, per mode, …). 

For the targeted 3GPP-LTE application, the global constraints (timeslot and 
NWCEC) have been derived manually for each IP, to enforce throughput and latency 
constraints. For all proposed LPM scenarios (Table 1), except the first two ones, IDLE 
mode is used as soon as end of task is reached. All scenarios respect the application 
timing constraints, except the first one at Low level, which is given as a reference. 
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Table 1. Power Mode Scenarios 

Low LOW mode at maximal achievable flow  

High HIGH mode at maximal achievable fhigh  

On/Off HIGH mode at fh max, and IDLE when tasks complete 

DFS HIGH mode using only Dynamic Frequency Scaling 

DVFS NI DVFS synchronized with NI 

DVFS Core DVFS synchronized with CORE 

DVFS AEC DVFS synchronized with CORE,  
plus on-line optimization using Actual Execution Cycle 

5.2   Obtained Energy Savings 

For each LPM scenario, power profiling has been done, the achieved energy savings 
are presented per IP (Figure 7). 
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Fig. 7. Energy consumption per IP Core 

The On/Off scenario exhibits substantial energy savings, thanks to the efficiency of 
IDLE mode (we recall that IDLE is done with IP clock gating at Vlow). When only 
using DFS, there is almost no gain since the computation is only spread over time, 
reducing peak power but not energy. When using DVFS, we observe that energy 
savings clearly depend on core profile. For under-constrained cores (trx-ofdm cores) 
with low target frequency, DVFS enables high energy savings compared to On/Off 
scenario. Synchronization with task loading is relevant as these units does not spend 
time waiting for data. These units have a steady number of computation cycles, and 
online optimization is useless. Synchronization of DVFS with core computation will 
bring benefits when the IP cores wait for a long time incoming data (mep_10, 
mep_21s). For more constrained cores (mep_22, mep_23) with high target frequency, 
when they require less cycles than the predicted WCEC to complete their task, local 
optimization is relevant. For tasks with target frequency close to fh, up to 30% energy 
savings has been achieved compared to simple core synchronization. We exhibit 45% 
extra energy savings with DVFS AEC compared to On/Off scenario. 
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Fig. 8. Energy savings for NoC, SME and IP Cores 

In Figure 8 is given power consumption for the whole SoC, considering HW IPs, 
SME IPs and the NoC. The NoC power consumption represents only 5% of the total 
power consumption, and is slightly equivalent for each scenario. The advanced IDLE 
mode from On/Off scenario brings 35% power reduction on the whole chip. As a 
global result, the power reductions obtained on the IP Cores (Figure 7) are mitigated 
due to inefficient power reduction on Smart Memory Engines. Because SMEs do not 
actually perform computation but must run fast enough to handle data traffic, a power 
control based on traffic arrival like in [10] should be efficient. Finally, the total chip 
budget is reduced from 340 mW at full speed (High mode) to 160 mW using the 
DVFS scheme with on-line optimization. 

6   Conclusions 

In this paper, we presented a new Local Power Manager unit to reduce energy in a 
data-flow heterogeneous architecture by using the Vdd-Hopping technique. The Vdd-
Hopping is an efficient DVFS technique with only two set points and zero overhead, 
which can be easily integrated for per-core DVFS. In the proposed LPM, we use a 
hybrid local and global scheme to enforce timing constraints, a LPM synchronization 
scheme with core computation to benefits from all inactivity phases, and an on-line 
optimization technique to distribute dynamic slack time. Energy savings have been 
qualified on a real application, using a SystemC platform instrumented with power. 
Results show that advanced idle mode achieves significant energy savings (35%). As 
expected, DFS achieves few energy savings. DVFS enables to reduce energy by 45% 
compared to IDLE mode. Finally, when number of cycle per-task varies, 30% addi-
tional energy savings are achieved by local on-line optimization. Future work will 
address the design of an efficient DVFS control for SMEs, the RTL design of the 
LPM, as well as HW task automatic profiling. 
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