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Abstract—Due to the increasing algorithmic complexity of
todays embedded systems, the consideration of extra-functional
properties becomes even more important. Extra-functional properties such as timing, power consumption, and temperature need
to be validated against given requirements on all abstraction
levels. For timing and power consumption at RT- and gate-level,
several techniques are available, but there is still a lack of methods
and tools for power estimation and analyses at electronic system
level (ESL) and above. Existing ESL methods in most cases
use state-based methods for power simulation. This may lead
to inaccurate results, especially for data-dependent designs. In
this paper, we extend the Power State Machine (PSM) model for
black-box RTL IP components with a mechanism that employs
data-dependent switching activity using the Hamming distance
(HD). In pipelined designs, we do not only consider the input
HD but also the HDs of the internal pipeline stage registers.
Since these registers of black-box IP are not observable from the
outside, our model derives the internal HDs from previous input
data. The results show that our extension achieves up to 38%
better results than the previous PSM approach and up to 35%
better results compared to a model considering only the input
HD.

I.

However, information of these data sheets can hardly be used
in functional system-level simulations, as they do not consider
any dynamic effects such as data and state dependencies.

To enable power management evaluation of the entire
system on high abstraction levels, a holistic approach for
energy estimation using virtual platforms on electronic system
level (ESL) is required [1]. In this paper, an extension of the
PSM concept (state-dependent power modelling approach) for
data-dependent characterisation and simulation of black-box
RTL IP component’s power consumption is presented. Datadependent switching activity is represented by the Hamming
distance (HD) signal metric. For pipelined IP components, we
propose to consider the input HD and the internal pipeline
stage registers’ HDs. The internal state and data-dependent
switching activity and energy consumption of a component
is approximated by observing and interpreting the interaction
with its environment through its ports. This way, internal
pipeline registers are not observable and thus lead to the necessary abstraction of deriving and predicting internal pipeline
stage register HDs from previous input port data. This property
allows us to use existing executable black-box IP components and plug our PSM model into commercial simulation
environments. Our current SystemC-based proof-of-concept
PSM implementation can be used and mixed with VHDL,
Verilog and SystemVerilog components using co-simulation
techniques.

I NTRODUCTION

There is a high demand for mobile embedded applications
with increasing complexity and performance, as well as long
runtimes, which leads to increasing development time and
costs. At the same time, limited battery capacitance reduces
runtime of high performance mobile devices. To tackle these
challenges, the system must be simulated as a whole, including
timing and power properties. Furthermore, it is necessary to be
able to analyse the expected power consumption of all system
components for realistic system use-cases, e. g. in system-level
simulation runs.

Section II gives an overview of related work for modelling energy consumption in SystemC. Our basic approach
for describing and simulating Power State Machines (PSM)
is presented in Section III. We extend the PSM model to
enable modelling of data-dependent power consumption in
Section IV. The extended characterisation ﬂow is explained in
Section V. In Section VI the energy consumption of different
IP components is characterised, modelled and simulated using
PSMs. The resulting power traces, obtained from PSM model
execution in SystemC, are compared against energy simulations on gate-level with respect to accuracy and simulation
speed. Furthermore, the basic PSM approach is compared
with the data dependent extension proposed in this work.
Section VII closes with a summary and outlook on future work.

This includes the consideration of energy consumption of
the processor cores and its integrated power management capabilities, plus the energy consumption of additional hardware
components on the platform, e. g. buses, memories, dedicated
hardware accelerators. Most of them are not developed from
scratch, but reused from previous designs or bought from IP
vendors. Usually, these IP components do not contain any
information about their power consumption. In some cases
data sheets are available that allow calculating an estimate
of the power consumption in dependence of parameters such
as clock frequency, supply voltage, and target technology.
978-1-4799-5793-4/14 $31.00 © 2014 IEEE
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II.

R ELATED W ORK

In the past, several methods for estimating the energy consumption on different abstraction levels have been investigated.
It became evident that early design decisions offer the greatest
potential on power savings [2]. In [3], Power State Machines
was proposed for the ﬁrst time in system-level modelling. State
transitions are controlled by inputs of a power manager. Instead
of a deﬁnite energy consumption, a state can have a maximal
energy consumption, too. Its activity level is controlled by a
power manager. Costs for state transitions are modelled by
delays.
Since dynamic energy consumption emerges from switching activity, in [2] a concept for SystemC was presented
where activity is observed at the communication interfaces.
A process is notiﬁed about every default_event of the
communication channels and traces the activity. This method
is very transparent and produces little overhead, but neglects
the activity inside the component which can deﬁnitely behave
different than the activity in the communication channels.

Fig. 1.
PSM approach overview for non-invasive simulation of energy
consumption

With Powersim, a new approach was recently proposed
in [4]. In this case, the model does not have to be changed
because a modiﬁed SystemC simulation kernel is used. The
power model of the system is loaded at the beginning of the
simulation, which performs an activity estimation at every
access on a SystemC data type. Due to the modiﬁed SystemC simulation kernel, this approach cannot be integrated
in commercial design environments, which have a proprietary
SystemC kernel that usually cannot be changed. Additionally,
an estimation of communication, especially of abstract models
(e. g. TLM), is possible only with restrictions because merely
the assignment operator can be used for power annotation.

accuracy, but it is not described how to generate calibration
data to increase the accuracy.
III.

PSM A PPROACH

An essential requirement for complete system power simulation is the power estimation of all components including
black-box IP components. The internal structure of a blackbox component cannot be annotated or modiﬁed to record
switching activity in order to derive energy consumption. For
this reason, the internal state of an IP component is abstracted,
based on a correlation of its observable I/O behaviour with
the estimated power consumption. The estimated energy consumption can be obtained from data sheets, inferred from an
estimation of design size or the functional complexity of the
design (top-down), or extracted from lower level (e. g. register
transfer or gate level) simulations (bottom-up). With the latter
approach, the most accurate model can be built [5]. For this
reason, we abstract power values of gate-level simulations to
create PSM models.

The past has shown that modelling and estimating the
energy consumption through state machines with adaption to
the environment is a promising concept. In [5], this approach
is used with SystemC/TLM to invoke a state transition in a
state machine by calling a method at corresponding source
code location in the functional model. Energy consumption
can be adapted to Dynamic Voltage and Frequency Scaling
(DVFS). The disadvantage of this approach is its invasiveness
in the functional model and thus it can hardly be used for IP
components, especially if they are black-box IP components.

Figure 1 gives an overview of our I/O observation-based
approach for annotating energy information at black-box IP
simulation models. The ports of the IP component are observed
over time to approximate the internal functionality. Based on
these observations, a Protocol State Machine (PrSM) is controlled. The main task of the PrSM is to trigger state transitions
in the PSM based on the observation and interpretation of
the interaction between component and environment. By modelling the interdependencies between I/O and interal states the
PrSM extracts the energetic relevant events to orthogonalise the
communication and functional artefacts of the non-functional
PSM model. This may lead to a reduction of complexity in the
PSM because it only describes the different internal operation
modes, whereas the PrSM covers the access protocol of the
component. Furthermore, the separation of PrSM and PSM has
the advantage that components with the same access protocol
and different internal implementations could use the same
PrSM, only the PSM has to be changed.

The authors of [6] present an approach that models the
power consumption of interconnects at system level. Compared
to our approach, they also take into account the data-dependent
power consumption to get better results. To improve simulation
performance, they characterise the input data stream and use
the resulting switching probabilities. This has the disadvantage that for every new data stream the parameters have to
be characterised again. In contrast, our model needs to be
characterised only once.
In [7] a methodology was proposed to annotate whiteand black-box components with state-tracing mechanisms. The
idea is to ﬁnd a factor for each state representing the resulting
dynamic power. To determine the factors, these were calibrated
with a linear regression to a post-layout gate-level power trace.
The disadvantage of this method is that linear correlations can
lead to states which are not annotated with power factors and
thus induce a signiﬁcant error in the resulting power trace. It
is shown that the calibration data has a large impact on the

Furthermore, there may be some functional state transitions
in the IP component that cannot be detected by observing the
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as those of the PSM VP SM . This leads to the following
special relationship between PrSM and PSM. As previously
mentioned, the state variables are used to share state variables
and reduce complexity in the automata. Since the PSM is
able to access the same variables, this implies that the transfer
messages of the synchronisation channel between PrSM and
PSM is extended by the same value range. Hence, a dynamic
state variable dependent output can be applied, meaning that
every extended PSM state, i. e. the PSM state in combination
with the current values of the state variables, has a unique and
deterministic output.

interaction with the environment, e. g. if a component ﬁnishes
its calculation, it may not send data indicating this through one
of its ports. For this reason the PSM and PrSM are modelled
as timed automata to executes state transitions after a given
delay/timeout.
PSM and PrSM are each modelled as an Extended Finite
State Machine (EFSM) which allows the extension of an simple FSM with (shared) state variables to reduce the complexity.
EFSMs extend the state transition with enabling functions
and update functions. Enabling functions check conditions
on the state variables. Only when the condition is true, the
transition is executed. Update functions modify the content of
state variables if the related transition is executed. The input
parameter for the update function can be both input symbols of
the state machine and the values of state variables. The PSM
has the restriction that it only allows enabling functions and
not update functions, i. e. the PSM can only read the shared
state variables but not modify them [8].

Based on the energy characteristics of the IP component,
the dynamic power model can be created. To determine the
dynamic power consumption P (t) as function of discrete
time t ∈ N the well-known formula
1 2
f C · α(t)
(1)
P (t) = Vdd
2
can be used, where C is the total switched capacitance,
which is always constant, Vdd the supply voltage, f the clock
frequency, and α[t] = {x | 0 ≤ x ≤ 1} the switching activity
(i.e. fraction of overall circuit switching) for the clock cycle
at time t.

As described, PrSM and PSM allow for transitions to
be executed after a deﬁned delay. Therefore, the automata
are modelled as an Extended Communicating Event Clock
Automata (ECECA) which is a combination of EFSM with
Communicating Finite State Machines (CFSM) [9] and Event
Clock Automata (ECA) [10]. An ECA introduces clocks that
are tightly associated with certain symbols of the input alphabet. An ECA may have event-recording and event-predicting
clocks. An event-recording clock xa is always reset when the
automaton is triggered with the input symbol a. An eventpredicting clock yb is reset to a nondeterministic negative value
when the automaton is triggered with the input symbol b. The
value is checked for 0 at the next occurrence of input symbol
b. Due to this association, every non-deterministic ECA can be
transformed into a deterministic ECA which is necessary to implement it as executable model. The transitions of an ECA are
annotated both with input symbols and clock constraints [10].
For enabling synchronisation between PrSM and PSM we use
the channel mechanism of CFSMs presented in [9]. Instead of
a full-duplex channel, we utilise an unidirectional channel.

Since the real switching activity α(t) cannot be obtained at
system-level, a set of macro states S = s1 , . . . , sn is deﬁned in
the PSM to distinguish between characteristic operation modes,
which are time dependent. Thus, for a given use-case the time
t ∈ N can be associated with the operation modes s ∈ S,
ϕ : N → S. To each operation mode si ∈ S an average
activity is associated, describing the arithmetic mean activity
αi ∈ A for the time when functional mode si is active:
α : S → A

with αi =

1
Δt(si )



tend (si )

α(t)

(2)

t=tbeg (si )

Derived of (1), we get the average energy consumption P (t)
over time:
1 2
P (t) = Vdd
f C · α (ϕ(t))
(3)
2
Supply voltage and frequency are parameters depending on the
power domain and the current strategy of the power manager.
For this reason, we abstract from these parameters and get the
average switched capacitance over time:

The input alphabet of the PrSM is triple ΣP rSM =
{D, T, p}, where D is a ﬁnite set of payload data, T a ﬁnite set
of timing events and p the observation port. The payload data
is the data which is transmitted over the observed port, which
includes metadata such as the bus address and byte enable
signals as well as control and conﬁguration data. The timing
events are consecutive timestamps related to the simulation
time. The port explicitly deﬁnes to which port the observed
information belong. A transition in the PrSM is expressed as
λP rSM = {s, e, g, a, o, s } with source state s, target state s ,
input symbol e ∈ ΣP rSM , guard g, variable update a, and
transmission message o. When the PrSM is triggered by an
input symbol, the guard executes the enabling function and if
it evaluates to true, the update function is executed and the
related message is transmitted. Then the PSM is triggered by
the received message. In contrast to the PrSM the PSM can
only read the shared state variables and therefore does not have
variable updates. Formally expressed the PSM transition is the
tuple λP SM = {s, e, g, o, s }. The output alphabet of the PSM
ΓP SM is a ﬁnite set of switched capacitances.

1
C · α (ϕ(t))
(4)
2
In (4), the output of the PSM is described. This formula is
the basis for deriving the average switched capacitance during
simulation to generate a power-over-time trace.
C(t) =

As described above, it is possible to extend the PrSM and
PSM with shared state variables V , which are modiﬁed only
by the PrSM and can be used to store speciﬁc conﬁguration
data as the current function choice (e. g. MD5 vs. SHA256
in a hashing module). This modiﬁcation facilitates an easier management of context-aware information being shared
between PrSM and PSM. With this modiﬁcation, the output
of the PSM also may depend on the shared state variables.
The determination of the average switching activity from (3)
and (4) has then to be modiﬁed to α (ϕ(t), V (t)). I. e. state
transitions, delays, and output of the state machines can depend
on shared state variables. As an example, if a shared state

PSM and PrSM are sharing state variables which means
that the state variables of the PrSM VP rSM are the same
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2)

Fig. 2. Propagation of Hamming distances through multipliers and adders of
1 to 8 bit input bit width. As input Hamming distance the maximum of both
input parameters is taken. The output Hamming distance is the mean of all
occurrences.

3)

variable describes the current clock frequency of the module,
delays in the PSM can be adapted accordingly to the clock
frequency. More details of the basic PSM approach can be
found in [11].
IV.

4)

DATA D EPENDENCY E XTENSION

As stated in Section III the PSM model can only model
state-based power consumption. Many designs have datadependent power consumption. The reason for this is in most
cases that the amount of switching activity in the component
can heavily depend on the switching activity at the inputs
of the component. To tackle this problem the extended PSM
concept models this data dependency in the PSM model. The
idea behind this concept is to extend the power states of the
PSM with a data-dependent output instead of a constant output.
That means that the output depends on the data switching at
the inputs and/or outputs of the observed component. Activity
at the inputs is the switching of the bits of two consecutive
data vectors. This is known as Hamming distance (HD) which
is the number of positions at which the corresponding value is
different between two data vectors of the same size. Let Σ be
a ﬁnite alphabet with x = (x1 , . . . , xn ) and y = (y1 , . . . , yn )
in Σn , the HD between x and y is deﬁned as:
Δ(x, y) := #{j ∈ {1, . . . , n} | xj = yj }

These assumptions lead to the following formula which expresses the data-dependent output for a power state:
C=

m


(ni · hdi ) + c

(6)

i=1

where C is the average switched capacitance per clock cycle,
ni the characterised linear parameter and hdi the Hamming
distance of pipeline stage i, and c the characterised constant
part.
To apply this data-dependent power consumption characteristic in the PSM model no modiﬁcations in the model are
necessary. The model already brings all necessary features that
are:

(5)

Many designs process data in parallel in pipeline stages.
Hence, when considering only the Hamming distance at the
inputs of the component this could lead to a huge error.
The problem is that the user has no knowledge about the
internal structure in black-box components and thus about the
internal data propagation and Hamming distance. We assume
for internal components between two register stages that the
output HD is linear dependent of the input HD. For two or
more input components the maximum of the individual input
HD has to be taken. Figure 2 exemplary shows the results for
adders and multipliers with a bit width of 1 to 8 bit. The HD
shown is relative to the input bit width, which is the reason
for a mean output HD of 1.2 in the adder graph. Since it is
not known which combinatorial blocks are used, it is legal to
assume a linear dependency between input and output HD.

•

PrSM can store input values in shared state variables

•

the PrSM can read and modify shared state variables

•

the PSM can read the shared state variables

•

the output of the PSM can depend on the state and
additionally on the shared state variables

These features are utilised as depicted in Figure 3.
As stated in assumption 3, the HD keeps nearly constant
over the pipeline stages. Therefore the same data can be used to
calculate the HD even if the data is changed in the component.
Hence, the input data has to be saved for the subsequent clock
cycles to derive the HD in the register stages which can not
be accessed from outside the component. Therefore, for each
register stage in the component a representative shared state
variable exists in the PrSM, which is initialised with 0 because
the exact initial value is not known. When new input data is
available, all data is shifted into the next shared state variable
using read and write operations of the PrSM. The new data is
saved in the related shared state variable by the PrSM. The last
data is removed by the shift operation just as it happens in the
observed component. The PSM is triggered by the PrSM that
new input data is available and either the power state changes
or simply the output power has to be recalculated. In the last

To enable data-dependent modelling of the power consumption, some assumptions were made related to the nature
of the relationship between power consumption and switching
activity at the inputs:
1)

data is processed and corresponding outputs become
readable. In each clock cycle the data is processed
in speciﬁc pipeline stage, i.e. the combinational logic
between two register stages. Each of these pipeline
stages contributes to the overall power consumption.
The amount of the contributed power consumption
is linear dependent of the switching activity of the
logic’s input data. Even if data is modiﬁed in the logic
blocks, the switching activity will strongly depend on
the switching activity of the input data.
Based on the already described assumptions relating
linear HD propagation through combinatorial logic, it
is assumed that the switching activity keeps constant
over all pipeline stages even if data is signiﬁcantly
modiﬁed. According to this assumption, the HDs
inside the component can be derived of the previous
input data for black-box components.
Even if no activity is at the inputs of the component, the component consumes dynamic power, which
comes from the clock tree induced switching activity
which is always present as long as the component is
not clock gated.

Many components need more than one clock cycle or
even a dynamic number of clock cycles until the input
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V.

C HARACTERISATION OF DATA -D EPENDENT P OWER

To be able to use the PSM model with data-dependent
power consumption, the linear parameters ﬁrst have to be
characterised using the characterisation process from [11]. For
this characterisation process, it is crucial to use data with
less or no switching activity if possible to eliminate the datadependent ammount of the power consumption. Based on this,
the characterisation for the data-dependent power consumption
can be done. If the power consumption does not change when
input bits switching activity differs, characterisation is done
because the error of the simulation model cannot be further
reduced with the following described process.
The characterisation process is divided into the following
tasks depicted in Figure 4:
1)
2)
3)
Fig. 3.

Application of data-dependent power consumption in PSM model

Identify the number of pipeline stages;
create a power trace with different input data stimuli
and identify the data dependent power states; and
characterise linear parameters for each data dependent power state.

Step 3 is further divided in the following subtasks:
case, a transition with equal source and target state is executed.
The PSM then calculates the HDs of each pipeline stage based
on the new register values. The reason is that one clock cycle
before the value a of register stage X was stored in the previous
register stage Y, which now stores the value b. So the PSM
knows that the values switched from n to m in register stage
Y just as in the combinational logic before. With the HDs
and the characterised linear parameters the output value of the
PSM can be calculated. It is important to mention that for
different power states different or even no linear parameters
need to be characterised because combinational logic in the
pipeline stages may activated in another way. A simulation
speed improvement can be achieved if the PrSM calculates
the HDs because in the HD needs to be calculated only once.
But this mixes up the semantic separation of power, which
depends on the HD, represented by the PSM, and the functional
behaviour, represented by the PrSM.

3.a)
3.b)
3.c)
3.d)

Create power traces with different HD combinations
in the pipeline stages;
save the HDs of the pipeline stages with the corresponding time stamps;
assign the power values to HD combinations and
calculate the average; and
calculate all linear parameters and the constant part
with linear regression.

The number of pipeline stages in the design is important
because this determines the amount of input data that has to be
saved and thus the number of shared state variables. It has to
be determined how many clock cycles are necessary until the
results can be observed at the output, which can be obtained
from the documentation or from a simulation. For each clock
cycle of the I/O Delay, a combinational logic exists between
input and output, which has to be regarded.

If a component needs an input- or state-dependent amount
of clock cycles for processing one input vector, then these
information has to be regarded in the PSM as well as in
the characterisation. In most cases this is caused by a loop
or conditional execution in the component, which must be
reﬂected in the shared state variables and the PrSM to model
the loop behaviour. Feedback loops have the disadvantage that
HDs are more unpredictable because the data of the feedback
loop and the input data are merged and thus the HD has to
merged, too. In this case, the user would use the average or
the maximum of both HDs or would try to reimplement the
original merging functionality if it is known and derive the
correct HD. Depending on the design, either the average or
the maximum of both HDs can result in lower errors. Hence,
always both strategies should be characterised to get the better
one.

In the next step, the data-dependent states have to be
identiﬁed. In a simulation, all states are traversed with different
input data and thus different HDs. The activity of simulation
is traced and transformed in a power-over-time trace. This
trace is mapped on the trace of the power states. The states
with high standard deviation and very ﬂuctuating power values
have a high probability for data dependence. In the worst
case, even all states can be data dependent. In this case the
characterisation of the PSM could already fail because due to
the ﬂuctuating values no power states can be extracted from
the power trace. In that case, the functional states respectively
PrSM states are used instead of power states for the datadependent characterisation.
To evaluate the data-dependent part of the power consumption, the following steps have to be performed for each
state which emerged as a data-dependent state. The next step
is to ﬁnd out how much dynamic power consumption each
pipeline stage contributes to the complete power consumption.
Therefore, a simulation is used that generates equal distribution of HD combinations in the various pipeline stages.
As previously mentioned, this is not the real HD but the

In the following, the proposed approach is denoted as
pipeline stage HD model (PSHDM). If only the input HD
is used, the resulting model is the input HD model (IHDM).
The PSM model without data-dependent extension maps mean
power to every power state, hence it is denoted hereafter as
mean power model (MPM).
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Fig. 5. PSM and PrSM model for the OTN framer module. The dashed arrows
show the data ﬂow through the shared state variables, which is accomplished
by the PrSM.

Fig. 4.

which deﬁnes the begin of an OTN frame in the input stream.
Each frame is divided in words numbered in lines and columns.
The component has four states, Frame Search, Prove In Sync,
In Frame Sync, and Prove Out Sync. Initially, the component
is in the state Frame Search. If the key is found it is switched
to state Prove In Sync. If another frame with key is found
the state switches to In Frame Sync. When no key is found
the component witches to the state Prove Out Sync. After n
consecutive frames without key the component again switches
to state Frame Search.

Characterisation process for data-dependent power

assumed HD based on the previous input data. If possible, all
available HD combinations should be simulated several times.
For components with large bit width this is not possible in
practical time, so these are simulated with a sufﬁcient part of
all HD combinations. The activity traced in this simulation
is afterwards transformed in a power-over-time trace. Furthermore, the simulation also stores the HDs in the pipelines
together with the corresponding time stamps.

In the ﬁrst step of the characterisation process the PSM
is created without data-dependent states. Therefore, only input
vectors without switching activity are used to determine the
individual power states. Thereby it is considered that every
of the above mentioned states is reached and that all state
transitions are executed several times. The resulting powerover-time trace shows only little variations, which concludes
that a single power state is sufﬁcient for this component. In
the next step the data dependencies have to be found. The
analyses of the input/output behaviour reveal that the design
has two pipeline stages but no feedback loops. Therefore, the
HD between the input data and the previous input data is
considered to for both pipeline stages. The design is simulated
using various combinations of HDs in both pipeline stages.
While simulation the resulting HDs of the pipeline stages are
written into a text ﬁle and the activity is traced, which is
converted to a power-over-time trace. The power estimation is
done with a 65 nm ASIC technology library, a supply voltage
of 1.1 V and a clock frequency of 50 MHz. The HD values
are mapped to the power values and are calculated with the
help of a linear regression the resulting model parameters.
The resulting PSM/PrSM model for the design is depicted
in Figure 5. It can be seen that the PrSM models the full
functionality of the OTN framer, whereas the PSM contains
only a single state which calculates the data dependent output
capacitance. The shared state variables contain the input data
of the current and the two previous clock cycles. The storing
and shifting of the input data is done by the PrSM.

Thus, the power values can be mapped to the individual
HD combinations. If more than one power value for a HD
combination exists, this is regarded in the linear regression to
achieve the best ﬁt.
According to assumption 2 that the power of each pipeline
stage is linear dependent of the HD, a linear regression can
be applied to relate power and HD data. Here it is important
to consider a constant part in the linear regression because the
assumption 4 is that always a constant part exists. After the
linear regression, a parameter exists for the constant part and
every pipeline stage.
Finally, these parameters can be tested against the power
values used for the characterisation or new random power
values. The more the input values are modiﬁed in the component and the more pipeline stages are present, the worse
the resulting power values will be. To get better results, the
only way is to reimplement the functions of the component in
the PrSM and get correct values of the registers. But on one
hand this produces very much overhead because functionality
is duplicated and on the other hand this knowledge is not
present in most cases, if black-box components are used.
VI.

E XPERIMENTS

In this section we show some examples of how the characterisation method is applied and the model is constructed.
Afterwards we show the results of the proposed model denoted as pipeline stage HD model (PSHDM) in contrast to a
gate-level power estimation and compare it with the models
depicted in Section IV, input HD model (IDHM) and mean
power model (MPM).

To test the resulting power model the RT level design is
abstracted to a functionally identical SystemC module [12].
We implemented a library in SystemC to be able to annotate
existing designs with the PSM/PrSM Model. The abstracted
design is annotated with the PSM, PrSM and the shared state
variables. Then the model is conﬁgured with the characterised
parameters. To evaluate the data-dependent model, we simulate
the SystemC model with the data used for the characterisation
and three additional test cases. The stimuli data for the ﬁrst test
case have the same characteristics as the characterisation data,

As an example we use an OTN (optical transport network)
framer component, which is an industrial component of an
internet routing module. This component analyses an unaligned
input stream and tries to realign the stream depending on a key
134

Fig. 6. Comparison of PSHDM, IHDM, and MPM error for the OTN framer in relation to the gate-level power trace for test data 1 to 3. The error rates are
given in ralation to the gate-level power on the left y axis. The gate-level power is given the right y axis.
S IMULATION RESULTS FOR OTN

TABLE I.
Mean Relative Error
Stimuli
Characterisation Data
Test Data 1
Test Data 2
Test Data 3

FRAMER

Execution Times

PSHDM

IHDM

MPM

PSHDM

IHDM

MPM

GL

PSHDM to
GL Speed-Up

PSHDM to
MPM Overhead

1.0085%
0.99592%
2.0443%
1.1541%

36.100%
35.102%
6.7122%
6.7575%

39.504%
37.836%
7.9280%
8.6614%

0.573 s
0.575 s
9.812 s
0.655 s

0.573 s
0.564 s
9.791 s
0.654 s

0.556 s
0.555 s
9.661 s
0.627 s

37 min
37 min
668 min
41 min

3874×
3860×
4085×
3755×

3.06%
3.60%
1.56%
4.47%

Fig. 7. Comparison of PSHDM, IHDM, and MPM error for the convolution encoder in relation to the gate-level power trace for the characterisation data. The
error rates are given in relation to the gate-level power on the left y axis. The gate-level power is given on the right y axis.

a speciﬁc range of the value range and which are related to
each other. That means that only small differences are between

i. e. a stream with randomly chosen HDs to hit a wide range
of HDs. The second test case includes only stimuli data within
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for existing black-box RTL IP components. The key feature
of this model is that it not only considers the data-dependent
switching activity at the inputs of the component, but also
the assumed switching activity in the internal pipeline stages
which are not observable from outside. The experiments show
that this could reduce the error of the model signiﬁcantly if the
examined component reveals data-dependent power. We also
showed for which class of components the “standard” PSM
model is sufﬁcient to get acceptable results.

two consecutive values as it appears in raw audio data. In the
third test case the stimuli data is a digitally compressed data
stream. Characteristically for these streams is that almost every
bit has a switching probability of 50% and values are in the
complete value range. The power of each simulation is traced
and compared to the gate-level power data.
The results are shown in Table I. As it can be also seen
in Figure 6, the power error is very low for this component
compared to IHDM and MPM. This shows that not only the
power error can be reduced drastically but also that the systemlevel power has a very high correlation with the gate-level
power. The system-level power reﬂects the gate-level power
behaviour very well if data-dependent power consumption is
present and all pipeline stages are modelled. It can be seen
that the power for the real-world examples are about 8 % in
the MPM. Hence, in early design stages, when simulation
performance is more important and highly accurate power
values are not necessary, the MPM model can be used with
an appropriate error. In later design stages, when power gains
importance, the data-dependent model can be used.
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