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Abstract O In this paper we study tradeoffs between energy the battery cell, and the DC-DC converter. Although low-power
dissipation and delay in battery-powered digital CMOS designs. Indesign for portable electronics aims at extending the battery life,
contrast to previous work, we adopt an integrated model of thediscussions of low-power-design metrics have entirely focused on
VLSI circuit and the battery sub-system that powers it. We showihe VLSI circuit itself, assuming that the battery system is an ideal
that accounting for the dependence of battery capacity on thesource that outputs a constant voltage and stores/delivers a fixed
average discharge current changes shape of the energy-delagmount of energy [4]. However, in reality, the energy stored in a
trade-off curve and hence the value of the operating voltage thanew primary (non-rechargeable) battery or a fully charged
results in the optimum energy-delay product for the target circuit. secondary(rechargeable) battery cannot be extracted/used to the
Analytical derivations as well as experimental results demonstratefull extent. In fact, in some cases, even 50% energy delivery is not
the importance of correct modeling of the battery-hardware systempossible. This phenomenon is caused by the fact thatatteal

as a whole and provide a more accurate basis for comparingcapacity” of the battery depends strongly on the mean value of the
various low power optimization methodologies and techniquescurrent discharged from the battery. More precisely, a higher

targeted toward battery-powered electronics. portion of the total battery capacity is wasted at higher discharge
current. High rate (current) discharge can indeed cause dramatic
l. INTRODUCTION (more than 50%) waste of the initial capacity (energy) of the

. . . battery [6]. Notice that some energy is also wasted in the DC/DC
Due to rapid progress in the semiconductor process technology, the,erter. This is however relatively small and independent of the
device density and operating frequency have greatly increase

. i : 1= e 4 . utput current demand for a well-designed DC/DC converter [5].
making power consumption in digital circuits a major design

concern. High power consumption reduces the battery life inin this paper, we adopt the energy-delay metric to evaluate low
portable devices. The goal of low-power design for battery- power digital designs. However, we depart from [2] by considering
operated devices is to extend the battery lifetime while meeting the first-order model of the battery sub-system which powers the
required performance specification. VLSI circuit and show that the basic energy-delay tradeoff curve
will change as a result of this integrated battery-hardware model.
fwe thereby provide better insight into some of the basic tradeoffs
that exist in battery-operated low power digital designs. We
therefore show that, for battery-operated circuits, discussion of
ower-speed trade-off will be incomplete and inaccurate if we only
onsider the characteristics of the VLSI circuit.

The most effective method for low-power design is to reduce th
supply voltage and compensate for the performance loss by
combination of architectural and circuit optimization techniques.
Static voltage scaling1][2] and dynamic voltage scalind3]
techniques have been proposed. It is important to evaluate th
proposed techniques by using appropriate metrics, i.e., power,

energy, delay, or energy-delay product. These metrics can be usethe paper is organized as follows. Section Il introduces some
in different applications (depending on the design requirements) tdoackground knowledge. Section Il gives the analytical form of the
guide optimizations toward the best solution. It has been argued irenergy-delay product using an integrated battery-hardware model.
[2] that the energy-delay product is more relevant for the purposeSection IV presents the experimental results and discussions.
of comparing various low power design methodologies and Section V discusses the problem of optimal battery selection for a
techniques. given VLSI circuit. Section VI gives our conclusions.

Battery Sub-system I BACKGROUND

Vg Different types of batteries are being used in a wide range of
V. v applications [6]-[14]. They can be classified into themary
+ " out batteries (non-rechargeable) and thesecondary batteries
) DC-DC VLSI Circuit (rechargeable). Batteries can also be classified based on the

— Converter electrochemical material used for their electrodes or the type of
their electrolytes, e.g., Ni-Cd, Ni-Zn, Ag-Zn, Zn-Air, NiMH,
Lithium-lon, Lithium Alloy Polymer, etc.. Among these, the NiMH
battery and the Lithium-lon battery are currently the most popular
batteries for portable computers.

Battery|

|Gnd

v Figure 2 taken from [6] shows the internal structure of a typical
rechargeable lithium battery. It consists of a lithium foil anode, a
composite cathode, and an electrolyte that serves as an ionic path

As shown in Figure 1, a battery-powered digital system (which isgﬁ;v:/eeniselegtr:g?aetz danbd Scehpeaé?éi? :ggctti\gg g]riger?alstheilscﬁqorgg
typically present in portable electronic devices such as cellular gy 9 Y 9

phones, notebook computers, PDA’s) consists of the VLSI circuit components. For rechargeable —batteries, applying electrical

Figure 1 A complete battery operated system.



recharging can reverse chemical reaction, hence the battery can be v3
used for multiple times (normally several hundred times). EDRy =K’ E-I(Vd—d)z (2.3)
-V,
dd ~Vth

wherek" =kh[C.

Anode Electrolyte " Cathode Notice that Equations (2.1), (2.2) and (2.3) are general enough such
that they can used for representig@ndE,, for the whole circuit

and for complex operations as well as for one single gate and one
single transition. Figure 4 shows energy, delay, and energy-delay
product curves versus the supply voltage. The minimum value of
the energy-delay product occursvgt=3Vih [1]-

— 0 1 O |

Figure 2 The internal structure of a battery.
Energy
Figure 3 [5] shows the block diagram of a high-efficiency DC-DC
converter that can be integrated on a chip. Node BVdd is the input
of the DC-DC converter which is connected to the positive
electrode of the battery. Node CVdd is the output of the DC-DC
converter which is connected to the VLSI circuit. The circuit level
diagram for the Buck Converter is also shown. Other components
are used for adaptively generating the switching signals for the Delay

Buck Converter such that the voltage at CVdd is stabilized at the 1 2 3 4 5 Vaa (V)
target supply voltage for the VLSI circuit.

Energy * Delay

Figure 4 Energy and Delay vs. Supply Voltagev,=0.7V).
Bvad Y o B. Battery Capacity

We defineCAPR, as the amount of energy that is stored in a new
primary battery or a fully charged secondary battery. The actual
capacityCAP, is defined as:

CAP =CAR i, O<pu<1 (2.4)

whereu is called the efficiency (or utilization) factd€AP, is the
actual energy that can be output by the battery.

Buck o The efficiency factop is a function of discharge currdnt
Converter
u=f@1 ) (2.5)

where f is a monotonic-decreasing function [6]. Only the low-
frequency part of the current is relevant to changing the battery
efficiency [14]. Therefore] represents the time-averaged output

Figure 3 The structure of a DC-DC converter. current of the battery. The actual capacity of the battery will
decrease when the discharge current increases.

PID |—

‘fswitching

A. Low Power Design Metrics Figure 5 shows the efficiency factor versus discharge current curve
The delay of a CMOS circuit can be estimated as [1]: for some commercial NiMH batteries [12]. Similar curves exist for
lithium batteries [13]. Notice that these curves are obtained for a
CVyq constant current discharge. Batteries have a low pass filter at their
Vg ‘Vth)2 output, which. filters out fast. transients on the cjrcuit 'current,
thereby, keeping the battery discharge current relatively fixed over
wherek is some positive constar@,is the loading capacitancéy; ~ Some period of time (which is in orderm§.

is the supply voltage of the circuit, ak§, is the magnitude of the
threshold voltage of a CMOS transistor.

ty =k 2.1)

To obtain an analytical form, two approximation functions will be
used in this paper: linear and quadratic. With the linear
The energy needed to complete a fixed-latency operation (e.g.. @pPproximation, Eqn. (2.5) is written as:
0- 1 transition) is calculated as [1]: p=1-a0 (2.6)

_ 2

Eop =NCVig (2.2) wherea is a positive constant number.

wheren is some positive constar,is the loading capacitance, and With the quadratic approximation, Egn. (2.5) is written as:
Vyq is the supply voltage.

=1-a0°? 2.7
The energy-delay product (EDP) metric is then: H 2.7)
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Figure 5 Efficiency factor versus discharge current.

1. ENERGY-DELAY PRODUCT
We first give some useful notation:
T: Computation time for one operation
Vo: Output voltage of the battery
lo: Output current of the battery
E : Average battery current over tirie
Vyq: Supply voltage of the circuit

lq¢: Supply current of the circuit
E : Average circuit current over tine

u: Efficiency factor of the battery
n: Efficiency of the DC-DC converter

Eop The ideal energy needed for one operation
Eggt : The actual (battery) energy needed for one operation

Notice thatV,, Vyg andn remain constant durin@. An operation
may refer to a single binary transition or a complex RT-level
operation.

A. The Effective Energy per Operation

From Eqgn. (2.2), the energy per operation consumed by the circuit

can be written as:

T
_ 2 _
EOp = nCVdd —J-Ovdd Ddd [alt
N o (3.1)
=V, | ggdt =Vyq O gq O
dd % dd dd Ydd
Notice that actudlyy is a function of time.

We can write the following equation for the DC-DC conversion:
NVoOg =Vgg Ogg OF NVoOg=Vyg Ogq (3.2)

The actual energy per operation is calculated as:

Vo
act _ 0o-o
Edp —J(')—” dt

Becauseu is a function of the average (and not the instantaneous)
value ofly, we can write Eqgn. (3.3) as:

(3.3)

Eact :VO EEH

— 34
op t(lo) (3.4)
Substituting equations (3.1) and (3.2), we obtain:
Vo [T BLO”/ T ,
2 = Vol _1g ”Cvddz 3.5)
Vo [y Vo I T

If we replacef in (3.5) by either (2.6) or (2.7), we can write the
actual energy per operation as a function of the supply voltage
If we use Eqgn. (2.6), Eqn. (3.5) becomes:

nCded
o MYad
2
1- nCVdd
Vo 0 T

1
E&t = = (3.6)
op r’

a

If we use Eqn. (2.7), we get:
nCVZ,
@——7dd
nCVZ
all dd_y2
Vo [ O

1
n

ESp = (3.7)

1-

From (3.6) and (3.7), we know that the actual energy dissipation
Eggt is always larger than the ideal energy dissipatgn The
larger theVyq is, the larger is the difference. Figure 6 shows the
comparison of,, and ES‘S‘ as a function 0¥y

Due to space limitation, we use Eqn. (3.6) for the rest of the
analysis in the section. Analysis using Eqn. (3.7) is similar.

50 Eos' (3.7)
40 .
20 EST (3.6)
20
10 Eop

2 3 4 s Vad (V)

Figure 6 Comparison ofE,, and Eg;t.

B.
The energy-delay product (in brief, EDP) can be written as:

The Energy-Delay-Product Metric

2
EDPESt = k G—ad NCVda (3.8)
op .
Vag =Ven)* 1 _ . g"CVa
Vo 0 T

or



Vd3d was used for the transistor models. A macro-model of the battery

EDPOE;JCt =k'(3 > 5 (3.9 was generated following the model proposed by [14]. The battery
(Vad =Vin)“ (1= BV4q) capacity was scaled down to reduce the simulation time, as well as
to match the scaled-down size of the VLSI circuit. An appropriate
,_ k[T _ahlC macro-model was used for the DC-DC converter simulation. The
wherek'=———— and 3 = e -
n Vo I [T efficiency of the converter was set to 90% for convertifagto

different Vy4's. We used HSPICE to generate the experimental
To give a quantitative comparison betwésP,, and EDPOaPC‘, we results.

assign reasonable values to the parameters as follpwshe A Ideal Battery Model

efficiency of the DC-DC converter, is taken to be 90% [5], . : . :
= " ; L2 O _ To obtain the various curves for the ideal case, we simulated the
Vin=0.7V and Vo=4V. Assuming a C|rcwt_W|th_\/dd_3_.3v and  circuit for one clock cycle with an ideal voltage source with
average power dissipation of 33W, we obt@it/1)=3.0=0.05isa jtferent Vy values. Energy and delay values were measured
reasonable value for the battery (50% efficiency at a 10A dischargyuring the simulation, energy-delay product values were
current) [12]. Therefore, a reasonable value fids around 0.04  sypsequently calculated from these. The plots of these metrics

(notice that the value foB must satisfy:0<1- BVZ < ). Since  VersusVygare shown in Figure 8.

the absolute value d&f andk” does not influence the solution of Experimental results show that thlgy for minimum energy-delay
Vgq for minimum EDP, we sét”=1, thereforek’=1/0.9. Figure 7 product is about 2.0V, which is close to the analytical result (2.1V).

shows the plots dEDP,, and EDF»OeFff for different 8 values. Table 0
1 shows the solution fdryg values that minimize the EDP. n D
The analytical derivation indicates that after combining the battery \ e
system with the VLSI circuit, the optim#lyy for minimum energy- 21
delay product becomes smaller than the ideal case that does no |
consider the battery system. The optimdly may change
depending on the discharge characteristics of the battery. A [arger 104
implies a larger value ofr, which means the battery efficiency
decreases faster when the current increases. Therefore, we conclud ° | _
that whena increases, the value of optimdly becomes smaller. 0 ) - : : Vo (V
For the typical3 value of 0.04, the optimalyy is 17% smaller than 1 15 2 25 3 35 Vdd ( )
the optimalVyq for the ideal case.
act B=0.06 Figure 8 Energy (pJ), delay (ns), energy-delay (pJ*ns) plots for
EDRy, (=0.07 : 5=0.05 the ideal battery model (same scale).
11 p=0.08 / [/ / (=0.04 B. Real Battery Model
i0 90
——0.07
5 [=0.03 80 —5-0.06
70 4 ——0.05
5 [3=0.02 ——0.04
7 801 ——0.03
(3=0.01 50 - —o—ideal case
i DP, ]
S ° 30
20
1
1.5 2 2.5 3 Vaa (V) w0l
i act \ni i 0 ' ' ' ' Vdd (V)
Figure 7 Plots ofEDP,, and EDRS;" with different B values. 1 5 ) 25 3 35
Table 1 Solution ofV44 for minimum EDP. Figure 9 Plots ofEDPy, and EDRS" (pJ*ns).
EDPop EDRY In this setup, we want to measure the actual energy per operation
B 001] 002] 003 009 00p 006 047 0P8  EZH for the system. Then we can use the delay measurement from
Ve*(V) | 21 | 20 | 19| 1.8| 175 171 168 166 1.65 the previous sub-section to obtain the plot of the actual energy-
\V; EXPERIMENTAL RESULTS delay productEDPo‘})c‘. Since we could not measure an abstract

) ) quantity directly, we use the following relation:
For the experimental setup, we designed a small system where the

VLSI circuit is represented by an optimally sized 4-inverter buffer Eggt — CAPO/N

with a capacitive load of 0.5pF. A WEMOS process technology 4.1)



where N represents the number of operations that the circuit
performs before the battery is depleted. It can easily be measure
by simulation. Batteries with differerd values are simulated to
make similar plots as in Figure 7 and Table 1. The results ar
reported in Figure 9 and Table 2.

Table 2 Optimal V44 from experimental results.

EDPop EDP:;;:‘
B 0.03 0.04 0.05 0.06 0.07
Vad*(V) 2.0 1.9 1.75 17 1.65 1.6
V. BATTERY SELECTION

We showed in the previous section that the battery characteristics
change the optimal value &4 for a VLSI circuit. Similarly, the
characteristics of the VLSI circuit can influence choice of the
battery for the circuit. The goal of battery selection process is to
find the battery that can make the given system work longest within
one battery cycle (time from new or fully charged battery to battery
replacement or recharge). If we define the battery life as the
number of operations the system can perform before the battery it
totally discharged, our goal is to find the battery which maximizes

N as defined in Section IV. Of course there are other considerationt)
for battery selection such as weight and size. We assume that tho
constraints have also been considered for the selection of th
appropriate battery and that we have a tie with respect to those
criteria.

Under the ideal battery model, we have: [4]
N =CAP, /Eqp, (5.1) 5]

SinceE,, is known (and fixed) for the given circuit, to maximide

we must simply maximizeCAR,. Therefore, the criterion for [6]

battery selection is very simple: select the battery with maximum
capacityCAPR,.

-

Under the real battery model, we have: [7]
— act

N =CAP, /EZ 62 [

Substituting Eqn. (3.6) into (5.2) and noting thaVy, | 44 , and [9]

T have been determined by the design of the DC-DC converter and
the VLSI circuit, we can rewrite (5.2) as:

[10]
CAR, [{1- % k)
N=——a7 3y
where k:M is the amount of battery output power [12]
required by the DC-DC converter.
From Egn. (5.4), we can see that to maximiewe need to (13]
maximize CAR, EQl—%I]() . Recall thata andV, are important  [14]

performance parameters for batteries. Therefore, a battery with thé15]

largestCAP, may not be the best choice. As an example, if all
candidate batteries have the sab#e?,, we should choose the one
with smallest value oft/V,.

VI. CONCLUSION

H] this paper, we showed that it is essential to consider the
characteristics of the battery that powers a portable electronic
&ircuit in deciding the effectiveness of various low power
optimization techniques. We also proposed a simple, yet accurate,
integrated model of the battery and VLSI sub-systems. Next we
studied (analytically and empirically) the problem of assigning a
voltage level to the VLSI circuit which minimizes the effective
(actual) energy-delay product in the combined system. Finally we
considered the problem of battery selection for given VLSI circuit
(with fixed supply voltage level and energy per operation cost).
Next step is to consider the battery-hardware co-design problem for
battery-powered electronic systems.
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