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Abstract
This paper presents an accurate field programmable gate array
(FPGA) of analytical dynamic power models for basic operators at
the RTL (Register Transfer Level) level. The models are based on
the frequency, the activity rate and the input precision by using the
Xpower tool in the presence of the autocorrelation coefficient. The
power consumed by the connection between operators was taken
into account. We have validated our approach by using the FIR filter
computing application in an FPGA Virtex2Pro. The experimental
results show that the average accuracy of the model is higher and the
maximum reached average error is equal to 10%.
Keywords: FPGA, dynamic power models, RTL level,
autocorrelation.

1. Introduction and related works

The rapidly advanced technology, the increased integration
density and the clock frequency make power consumption
more and more important. Furthermore, the mobile
applications battery operating time, the production cost and
the circuit reliability are so much affected by the power
dissipation increase. So, it is very necessary to consider the
power-performance trade-offs and to develop appropriate
power-aware methodologies and techniques. Power-aware
hardware design methods are currently used at several
abstraction levels, starting from the physical level up to the
behavioral level. It is widely recognized that the greatest
power savings can be achieved at the highest levels of a
design. Many high level power estimation models were
developed in earlier works. An RTL (Register Transfer Level)
model was developed in [1]. It considers wire length
capacitance and switching activity. These estimates were
made even better in [2] by considering short circuit power
and leakage power. The high level techniques can be divided
into two categories: probabilistic and statistical. Probabilistic
techniques [3], [4], [5] are based on input stream to estimate
the switching activity of the circuit. The use of probabilities
was first used in [6] where a zero delay was assumed and a
temporal independence assumption was considered so the
transition probabilities are computed using the signal
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probabilities which are supplied by the user at the inputs and
propagated from the inputs to the outputs of the circuit.
Another probabilistic approach was proposed in [7][8], where
the transition density measure of circuit activity was
introduced and an algorithm was used for propagating the
transition density into the circuit. This approach does not take
the zero delay assumption but makes only the spatial
independence assumption.  These techniques are very
efficient, but they cannot accurately capture factors like glitch
generation and its propagation. While in statistical techniques
[91[10][11], the circuit is simulated under randomly generated
input patterns and monitoring the power dissipation using
simulator. For accurate power estimation, we need to produce
a required number of simulated vectors, which are usually
high and causes run time problem. To handle this problem, a
Monte Carlo simulation technique was presented in [12]. This
technique uses input vectors that are randomly generated and
the power dissipation is computed. Those samples combined
with previous power samples are required to determine
whether the entire process needs to be repeated in order to
satisfy a given criteria. A survey sampling perspective was
addressed in [13]. The sequence vectors were provided to
estimate power dissipation of a given circuit with certain
statistical constraints such as confidence level and error. This
technique divides the vectors sequence into consecutive
vectors, to constitute the population of the survey. The
average power is estimated by simulating the circuit by a
large number of samples drawn from the population [14]. For
better accuracy, numerous power macromodeling techniques
[15][16], have been introduced. In [17], the authors used
analytical approach without considering temporal correlation.
Some other basic power macro models [18][19][20] located at
the RTL level while exploiting the low level characteristics
have been explored. These models depend on the probability,
the transition density, the spatial and temporal correlations
taking into account the spatial independence between signals.
In this case the effect of convergence paths is ignored
whereas models accuracy decreases.

We present in this work analytical power models related to
based LUTS arithmetic operators (adder, multiplier) and a
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bloc multiplier function to the frequency F, the activity rate a
and the precision w in the presence of an autocorrelation
coefficient. We have introduced, also, the power consumed
by the interconnections between operators, so the global
application model includes the power consumed by the whole
operators and those consumed by the interconnections
between them. The validation of our models was performed
on a FIR filter application.

This paper is organized as following. In the first part we
introduce the problem and describe some related works. In
the second one, we describe the mathematical operator’s
power models and the interconnections power between
operators. The results are reported in the third part. Finally,
we conclude and explore our future works.

2. Dynamic power estimation methodology

It has been shown that dynamic power consumption in
arithmetic components is affected to a greater extent by
autocorrelation than by crosscorrelation [21][22].Therefore,
we have developed a signal generator similar to [21], which
generates two signals with variable autocorrelations
coefficient and variances from two zero mean gauss signals.
All results are obtained for a positive autocorrelation values
belong to the interval [0, 0.999] and a variance value equal to
0.5.

The developed models are obtained by using the Xilinx
Xpower tool, in the presence of autocorrelation coefficient
and with an examination of the glitches effect on power
consumption. The models are based on the frequency, the
input precision and the activity rate. The following figure
describes the operator power estimation methodology (Fig.1).

i Sequence
Design Entry Generator

Input vectors:
L .VHDL ¢Variance.mean,autocorre\ancn

Xilinx Synthesis Simulation Characterization
Y Modelsim phase

L i VCD activity 3

Xilinx . Xpower
Implementation Pdynout

Fig.1 Estimation methodology description

For each input sequence vector, we calculate its activity rate
(activity inputs) as the average number of transitions from
0—1 and 1—0 of each bit b; of the vector 1 and then we
propagate these sequences from the input to the output in
order to evaluate the application activity rate. The average
activity is calculated by the basic formula as follows:

1 1 L
ave rag_&lctlvnay;\l szv(; xlgl(tib {1)—bi1) 0D+t {1)—bi1) 1-0)) (1)

Where L is the number of vectors sequence and w is the
precision of each vector1; 1 < b < w
I
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The coefficients of the various models are determined by the
nonlinear approximation method based on the Levenberg-
Marquardt algorithm [23] which generates an optimal
solution after n iteration with a 10™ error tolerance. The
superposition of the measurement curve and the model for
each operator enables us to evaluate the average error by the
following formula:

P ( Xpower ) — P (mod el )
dyn

n
Error (%) = Y x 100 (2)
P ( Xpower )
dyn

2.1 Basic Operator models

The static power is assumed to be invariant in function of the
activity design because implemented circuits are small and
the static power increase is negligible. We have reported in
this part, the measured power by using the Xpower tool
which is described by the curve marked by circles. The curve
marked by triangles represents the estimated mathematical
model, whereas the error between the two models is
illustrated by the curve marked by squares. All the tests are
done on Virtex2Pro (XC2VP4).

2.1.1. Adder model

In order to expand the generic adder power model, we have
varied the frequency F, the input activity in presence of the
autocorrelation coefficient and the input precision w from
8bit, 16 bit, 24 bit to 32 bit (Table 1). The following table and
figure illustrate the power variation and report a max reached
error of 0.22% between the measured Pdyn(Xpower) and the
estimated power, which demonstrates the accuracy of our

adder model.
Table 1: Performances of the generic adder model

activity F p w activity Py, Py, Error
_input (Mhz) _ Xpower (estimated (%)
rate (mw) model)
(mw)

0.474 25 0.4 8 0.487 18 17.96 0.220

0.486 50 0.6 16 0.501 69 68.98 0.028

0.467 75 0.8 24 0.312 95 94.97 0.031

0.420 100 0.99 | 32 0.200 112 111.93 0.062
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Fig.2 Adder Dynamic power variation

The adder dynamic power model is illustrated by this
equation function to the frequency, the precision and the
activity rate:

den(Addel)(F,w,a):al xFxaxw+by xF+¢ xa+d; xw+e 3)

2.1.2. Based Luts multiplier model

The same measurement has been done for the based luts
multiplier. The figure bellow illustrates the dynamic power
variation and it demonstrates a max reached error of 0.1 %
between the two powers (Fig. 3).

Pdyn(1Multiplier)=f(F,w,activity ate)
1400
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Fig.3 Based luts multiplier dynamic power variation

The model can be approximated by this formula:
Pyyn(Multipliey(F, w, &) = ag x F Kaxw +b6 xF +c6 xoz+d6 W +e6 4)

2.1.3. Block multiplier model

The following figure (Fig. 4) describes the power variation
when we use the DSP block (multiplier block).We outline a
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max reached error of 0.15% between the two power values.
The analytical model can be approximated by this formula:

. 2 2
Pyyn(Multipliey(F, w, &) = a; x F x axw +b7><F+C7><a+d7><W re, 5)

Pdyn(1Multiplier bIock):f(F,w,actiw'tyrate)
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Fig.4 Block multiplier dynamic power variation

We present in this part the dynamic power components
models. By using the Xpower tool, the dynamic power model
is the sum of four power components regrouped into two
cathegory: a first one which depends on the application
surface and it includes the logic, the clock and the signal
power and a second one independent on surface which is the
input/output (I/O) power. The figure bellow describes the
variation of input/output power function to the I/O number
for the adder and the based Luts multiplier (Fig. 5).

Pdyn (Input/output)

250
z 200 {4._
£ 10 —t—Adder
S 100
P et
0 ——Based LUIS
0 50 100 150 Multiplier

1/0 number

Fig.5 Variation of input/output power

The I/O power variation is modeled by the equation below for
a fixed frequency to 100 MHz and in presence of the
autocorrelation coefficient. The max reached errors are
respectively 1.31% for the I/O adder model and 1.41% for the
I/O multiplier model.

C
Pdyn (l/o):NI/O(a2Xp+b2)+p22+d 6)

2

Although the variation of Ptotal(operator), Pclk, Plogic and
Psignal function to the slices number for the adder and
multiplier are reported in figure6.
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Fig. 6 The variation of Ptotal, Pclk, Plogic and Psignal related to the adder
and multiplier operators function to the slices number

The components dynamic power models of adder and
multiplier are described by equations as follow. The max
reached errors are respectively 2.54% for Plogic(adder), 0.1%
for Psignal(adder), 0.25% for Pclk(adder), 1.7% for
Plogic(multiplier), 0.19% for Pclk(multiplier) and 2.78% for
the Psignal (multiplier).

Pdyn (log ic) = Slices x(a,x p +b;)+cCc,x p +d, (N

Pdyn (clk ) = Slices ><(a4><p+b4)+c—4+ d, (8)
P

Pdyn  ( signal ) = Slices

C
X(asxp+bs)+psz+d5 (9)

The table (Table2) summarizes the different coefficients
power models for the adder and the multipliers (based luts
and block):

Table 2: Power models coefficients

den apay bIst’b C1,C2C3 dl’dbd_?’ €1,€4,
asagas | 3bubs CrCoCaC dy ds, e;
asay; beb, pTTT ded;
Padder 0.1347 0.2937 28.1042 0.288 -18.48
P1/O -0.628 1.6731 -0.7966 0.8841 -
(adder)
PLogic -0.0637 0.1193 0.703 -0.2652 -
(adder)
PClock
-3.7192 6.9059 18.795 -66.6605 -
(adder)
PSignal
(adder) -4.4757 7.0724 3.2391 -39.963 -
Pmultiplier
0.1301 -5.6281 -299.1913 -1.576 329.77
P1/O -0.065 1.7272 1.0174 1.0664
(multiplier) -
PLogic 0.3793 0.2197 -1.2991 -5.6058
(multiplier) -
PClock -0.1071 0.1869 -57.2408 18.7246
(multiplier) -

2.2. Interconnection power estimation

The interconnections consume an important part of the
application global dynamic power [24]. It represents an error
source when considering the total application power as the
sum of theirs operator’s power models. In this work, we
model the power consumed by the interconnection part and
we add it to the global model to be closer to the real power
model. Considering as example, an application E(s=axb+d)
consisting of two operators organized as mentioned in Figure
7, for which we analyze its dynamic power model in the
following part.

d(16 bit)
a(16 bit
b(16 bit) ¢

Fig.7 Description of the application E architecture

The figure bellow (Fig.8) illustrates the gap between the
application measured power and the estimated one while
adopting the operator models. This gap is due to the
additional connections between the two operators. The
difference between the two power models (green curve)
represents the power consumed by the connection C.

800
i —+—Pdyn(measured)
‘E' 400 Xpower
£
< w0 == Pdyn(estimated)
0
o 50 100 150 Pdyn(estimated)-

Pdyn{measured)

F(Mhz)

Fig.8 Variation of the application E measured and estimated dynamic power

Several measures showed that connection C power can be
identified according to two cases:
e When the two operators are similar then:

der{connectiorf,) =2x den(operatc)ﬁ den(z series operatop: (1 0)

e When the operators are heterogeneous, the
connection C power value is almost equivalent in
both architectures: Archl formed by an adder (16
bit) placed in series with a multiplier (16*16) bit or
an Arch2 formed by a multiplier(16*16) bit placed in
series with an adder(16 bit). The following table
(Table 3), illustrates the variation of slices number
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and the power of connection C when all the inputs
are not correlated (p=0).

Table 3: A comparison between connection C power for Archl and
Arch2

F Slices | Pdyn Pdyn Slices | Py, Pdyn
(Mhz Archl Archl Connection Arch2 Arch2 Connection
) (© (©
(Archl) Arch2
25 59 115 60 114
50 178 119 228 108 114 233
100 138 373 169 342
3. Results

To validate the operator’s power models, we have chosen an
application of a FIR filter which its architecture is described
by figure 9 and its surface performance is reported in table 4.

Fig. 9 Description of the FIR architecture

Table 4: The FIR filter surface performances

Slices Number | Luts 10Bs Occupation rate (%)

1016 1864 65 33

The estimated FIR dynamic power is computed according to
the equation (11), with (N;=6: number of multiplier operators,
N,=5: number of adder operators, ;=6 and [,=4).

den(estimatecb =N;x den(MuItipIielj + Ny x den(Adder) - den
Where:

Rjyr{connectig)n:[)’l xRy, Gonnectionitiplieradder+ /5 x Ry gonnectiamder addey (12)

connectios ( 11 )

B1, Bo: number of corresponding connections.

The table as below (Table 5) report a comparison between the
measured Xpower dynamic power Pdynl and our estimated
dynamic power model Pdyn2 while adopting the operators
models and the interconnection power model for variable
frequencies, not correlated inputs (p=0) and fully correlated
(p=0.999) .

Table 5: FIR power consumption performances
p F(Mhz) Pdynl Pdyn2 Abs Error
(mw) (Model) (%)
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25 686 761.87 11.06
50 897 987.05 10.04
0 75 1065 1159.081 9.26
100 1324 1435.87 8.45
25 478 526.89 10.22
50 545 597.37 9.60
0.999 75 790 854.14 8.12
100 980 1053 7.44

The table 5 outlines an average error of 10.37% between the
measured and estimated model which justifies the accuracy of
our models.

4. Conclusion

We have presented in this paper the mathematical dynamic
power models for arithmetic operators (adder, multiplier and
block multiplier) in function to the frequency, activity rate
and precision in presence of the autocorrelation coefficient in
Virtex2Pro FPGA. We have presented also the connection
dynamic power model between operators. Finally we have
validated our models on a FIR filter application and we have
outlined an average error of 10% between the two power
models. We are currently working to enhance the library by
the mathematical power models of the most current IPs, and
to develop others methods to estimate and to control the
glitches power.

References

[1]D. Chen, J.Cong , and Y. Fan, “Low-power high-level synthesis
for FPGA architectures”, Proceedings of international
symposium on low power electronics and design - (ISLPED),
2003, pp. 134-139.

[2] K. Poon, A. Yan, and S. J. E. Wilton, “A flexible power model
for FPGAs”, Proceedings of international conference on field-
programmable logic and applications (FPL), (2002), pp. 312—
321.

[3]1 A. A. Ghose, S. Devdas, K. Keutzer, and J. White, “Estimation
of average switching activity in combinational And sequential
circuits”, Proceedings of the 29th Design Automation
Conference, June 1992, pp. 253-259.

[4] F. N. Najm, R. Burch, P. Yang, and I. N. Hajj, “Probabilistic
simulation for reliability analysis of CMOS circuits”, IEEE
Transactions on Computer- Aided Design of Integrated Circuits
and Systems, vol.9(4), April 1990,pp.439-450.

[5] R.Marculescu, D. Marculescu, and M. Pedram, “Logic level
power estimation considering spatiotemporal correlations”,
Proceedings of the IEEE International Conference on Computer
Aided Design, Nov. 1994, pp.224-228.

1. [6] F.Najm, “A survey of power estimation techniques in VLSI
circuits”,_ IEEE Transactions on Very Large Scale Integration
(VLSI) Systems, vol.2, 1994, pp. 446 —455.

2. [7]F.Najm,”Transition density: a new measure of activity in
digital circuits”, IEEE Transactions on Computer aided design,
vol.12, 1993, pp.310-323.

[8] F.Najm,”Low pass filter for computing the transition density in
digital circuits”, IEEE Transactions on Computer Aided design,
vol.13, 1994, pp.1123-1131.

1JCSI
www.lJCSl.org



IJCSI International Journal of Computer Science Issues, Vol. 9, Issue 2, No 2, March 2012

ISSN (Online): 1694-0814
www.lJCSl.org

[9] G.Y. Yacoub, and W.H.Ku, “An accurate simulation technique
for short-circuit power dissipation”, Proceedings of the
International Symposium on Circuits and Systems, 1989, pp.
1157-1161.

[10] C. M. Huizer, "Power dissipation analysis of CMOS VLSI
circuits by means of switch-level simulation”, IEEE European
Solid State Circuits Conf., 1990, pp. 61-64.

[11] C. Deng, “Power analysis for CMOS/BiCMOS circuits”,
Proceedings of International Workshop on Low Power Design,
1994, pp. 3-8.

[12] R. Burch, F. N.Najm, P.Yang, and T.Trick, ”A Monte Carlo
approach for power estimation”, IEEE Transactions on VLSI
Systems, , vol.1, N. 1, 1993,pp.63- 71.

[13] C-S. Ding, C-T.Hsieh, Q. Wu, and M. Pedram, “Stratified
random sampling for power estimation”, Proceedings of the
International Conference on Computer Aided Design, 1996, pp.
577-582.

[14] Y. A. Durrani, T. Riesgo, and F. Machado, “Power estimation
for register transfer level by genetic algorithm”, Proceedings for
International Conference on Informatics in Control Automation
and Robotics, 2006, pp.527-530.

[15] S. Gupta, and F.N. Najm, “Power Macromodeling for High
Level Power Estimation”, Proceedings of 34th Design
Automation Conference, 1997, pp.365-370.

[16] X. Liu, and M. C. Papaefthymiou, “Incorporation of input
glitches into power macromodeling”, IEEE International
Symposium on Circuits and Systems, ISCAS, 2002, vol4,
pp.846-849.

[17] X. Liu, and M.C. Papaefthymiou, “HyPE: Hybrid power
estimation for IP-Based Systems-on-Chip”, Proceedings for
IEEE Trans on CAD of integrated circuits and systems, Vol. 24,
No.7, 2005, pp. 1089-1103.

[18] T.Jiang,X.Tang, and P.Banerjee “Macro-models for high level
area and power estimation on FPGA”, Int.J.Simulation and
Process Modelling,vol 2,No.1/2, 2006,pp.12-19.

[19]G.Bernacchia, and M.C.Papaefthymiou,” Analytical
Macromodelling for High Level Power Estimation”, IEEE ACM
International Conference on Computer Aided Design, 1999, pp.
280-283.

[20] L.Shang and N.K.Jha, “High Level Power Modeling of CPLDs

and FPGA”, Proceedings Of International Conference on Computer

Design, ICCD, 2001,pp. 46 — 51.

[21]J.A.Clarke, A.A.Gaffar, G.A.Constantinides, and
P.Y.K.Cheung,” Fast Word level power models for synthesis of
FPGA based arithmetic”’, IEEE Conference ISCAS, 2006,
pp.627-629.

[22]R. Jevtic, and C. Carreras,”Power Estimation of Embedded
Multiplier Blocks in FPGAs”, IEEE transactions on Very large
scale integration (VLSI) systems, vol.18,N. 5, 2010, pp.835-839.

[23]0. Kisi,”Multi-layer perceptrons with Levenberg-Marquardt
training algorithm for suspended sediment concentration
prediction and estimation”, Hydrological Sciences—Journal-des
Sciences Hydrologiques, vol.49, N.6, 2004, pp. 1025 -1040.

[24]L.Shang, A.S.Kavian, and K.Bathala,”Dynamic Power
Consumption in Virtex II FPGA Family”, Proceedings of the
2002 ACM/SIGDA tenth international symposium on Field-
programmable gate arrays, California USA, 2002, pp.157-164.

Najoua Chalbi She actually prepares his Philosophy Doctor Degree
on Electrical Engineering in the National Institute of Engineering,

Copyright (c) 2012 International Journal of Computer Science Issues. All Rights Reserved.

89

Monastir, Tunisia. She received his Master Degree in Microelectronics
from the Faculty of Sciences of Monastir in 2007. His research
interests are VLSI design, FPGA power estimation and optimization.

Mohamed Boubaker He received the Diploma Degree in Electrical
Engineering from ENI of Tunis, Tunisia in 1991. In 2002, he received
the Master Degree in Computer Sciences from ENI of Sfax, Tunisia;
and in 2009, he received the PhD Degree in Electronics from ENIS.
His research interests includes: connectionist system able to
discriminate vigilance states with a good accuracy, the implementation
of many models of neural networks on FPGA and power estimation of
embedded systems.

Mohamed Hedi Bedoui He is a Biophysics Professor. He is actually
the Header of the Technology Medical Image (TIM). His research
interests are image and signal processing, VLSI design, development
and optimization of algorithms, development of embedded systems,
estimation and optimization of FPGA power consumption.

1JCSI
www.lJCSl.org





