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Abstract 0 After a detailed analysis and discussion of two work reported in [7][8], in this paper, we also present design

important characteristics of today’s battery cells (i.e., their principles and a design procedure for constructing a dual-battery
current-capacity and current-voltage curves), this paper describes power supply system which would interleave two different batter

the design principles and architecture of a dual-battery power types (i.e., with different energy capacity and current rate) in order
supply system for portable electronics. The key idea is to integrateto match the current requirements of the VLSI circuit which is

two battery types with different energy capacity and current rate powered by this dual-battery power supply. The goal is to

curves into the power supply system, and then use them in armaximize the total battery service life for given battery volume (or

interleaved manner in response to varying current requirement of weight). Analytical and empirical results demonstrate that battery
the VLSI circuit that is powered by this dual-battery system. life increases of up to 60% can be achieved if the dual-battery
Analytical and empirical results demonstrate the effectiveness ofpower supply is designed and used properly.

the new battery architecture in maximizing the service life of a This paper is organized as follows. Section Il provides some

battery system with fixed volume (or weight). background on battery characteristics. Section Il considers the
problem of optimal supply voltage selection. Section 0 gives the

. INTRODUCTION design and analysis of dual-battery interleaving power supply

With the Moore's law still in effect, integrated circuit densities and system. Sections V presents conclusions.

operating speeds continue to rise. Chips however cannot get large

and faster without a sharp increase in power consumption beyono“' BACKGROUND

the current levels. Minimization of power consumption in VLSI A Notation

chips has thus become an important design objective. In fact, withyye first give some useful notations:
exponential growth in demand for portable, battery-powered 1. ciock cycle time for one operation
electronics and the usual push toward more complex and higher, - output voltage of the battery

performance, power consumption has in many cases become th?O: Average output current of the battery over tig
limiting factor in satisfying the market demand. Vs Supply voltage of the circuit

This challenge has been met by an active research anqdd: Average supply current of the circuit over tirieT
development community both in industry ardademia. Rapid 1 Efficiency factor of the battery

advances are taking place in low-power process technologies,,r Efficiency of the DC/DC converter

architecture and circuit optimization techniques, power-aware gide. |qag| energy needed to complete an operation

simple and complex cell design, use of variable and/or multiple gact axtyal battery energy needed to complete an operation

supply voltages and dynamic power management schemes, a“@:APO: Total energy stored in a new battery
low power computer aided design (CAD) tools from system and gp. Battery discharge

software levels to layout and transistor levels. ; _

A battery-powered digital system consists of the VLSI circuit, the B . Battery Overview gnd Chargcterlstlgs )
battery, and the DC/DC converter. In spite of the fact that the goal Many different types of batteries are being used in a wide range of
of low-power design for battery-powered electronics is to extend aPplications [10]-[12]. Among these, the Nickel-Metal Hydride
the battery service time, most research works on low-power desigrPattery and the Lithium-lon battery are currently the most popular
metrics and methodologies have focused on the VLS| circuit itself. S€condary batteries for portable electronic devices, ranging from
People usually assume that the battery sub-system (battery and the€llular phones to notebook computers.

DC/DC converter) is an ideal source that outputs a constant 2w
voltage and stores/delivers a fixed amount of energy [4]. N s, %2
However, in reality, the battery sub-system has complicated sor

characteristics rather than ideal. Research has been done [7][8] t/ £ ww
study the influence of the current-capacity characteristics of the 5}?22

battery on CMOS digital design. It has been found that, by 5
selecting the optimal supply voltage that minimizes Bettery 1000
Discharge-Delay productwe can achieve the best trade-off 80
between battery service life and circuit delay. It is also shown in jg" L N
[8] that, even with the same mean value, different current 0 20 40 0 B0 1000 1200 1400 160 et G 1
discharge (energy dissipation) profiles will lead to different _ Gurentmh )

battery service life. However, these research works have not Figure 1 The relations between battery capacity, output

considered other important characteristics of the battery sub- ~ voltage and discharge current. o )
system. A typical lithium rechargeable battery consists of the lithium foil

In this paper, we extend the work of [8] by doing analysis of @node, the composite cathode, and the electrolyte that serves as an

optimal supply voltage for a VLSI circuit by considering not only ionic path between electrodes and separates the two materials.

the current-capacity characteristics, but also the current-voltagePUring discharge, the electrochemical process involves the
characteristics of the battery. In a significant departure from the dissolution of lithium ions at the anode, their migration across the
electrolyte and their insertion within the crystal structure of the
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cathode. Positive current flows in the opposite direction in the for each calculation (of the optimalupply voltage), we can
external circuitry. Applying electrical recharging can reverse the assume that the DC/DC converter is always optimized and has
reaction; hence the battery can be used for multiple timesnearly constant conversion efficiency for each calculation.

(normally several hundred times).
The principles of electrochemical reaction make the battery not an,:IBR Ml\llNEll\V/YUAMNéleYg ISR%FD%F&TI-IMAL Vop

ideal energy source. Many factors define the complicated relations ) o
between battery capacity, output voltage, and discharge currentRef. [8] proposed a new metric for low power design in an
Some major relations for typical lithium batteries [10][11] are integrated battery-hardware model, thattery discharge-delay

shown in Figure 1. We can conclude from Figure 1 that: product This metric is similar to the energy-delay product while

1. Thedeliverable capacity(in brief, capacity) of the battery — accounting for the battery characteristics and the DC/DC
decreases when the discharge current increases. conversion efficiency. ThBD-delay product states that the design

2. The output voltage of the battery decreases when thegoal should be to minimize delay and maximize battery lifetime at
discharge current increases. the same time.

For our analysis, we need to model and approximate theseln this section, we will extend the work of [8] in that, we consider
relations using analytical equations. To simplify the analysis and the current-voltage characteristics as well as the current-capacity
presentation, in this paper, we use linear functions for characteristics of the battery.

approximation; high-order approximations can be used to obtainA. New Analysis
higher accuracy. L , , The Battery DischargeBD) is defined as:
A decrease of actual battery capacity is equivalent to an increase act
of the actual energy drawn from the battery [8]. Therefore the ap=F -Vollo)Uo O 3.1)
actual energy that is taken out of the battery is: CAR CAR Ou(lg)
pact = Voo O 0<us<1 2.1) The ideal energy needed for circuit to complete an operation is [2]:
E'® =Vgq Ogq T =1Cq Vy (3.2)
wherey is called the battery efficiency (or utilization) factor. The whereCy,is the total switched capacitance during the operation
efficiency factor i is a function of discharge currert, we W . )
approximate it as: From Equations (2.4), (3.1) and (3.2), V\;e can wBf2 as:
/1=1—,B’EIO (22) BD = CSW E Vdd (33)
wherefis a positive constant number. 2[CARy 1-B0,
Similarly we approximate the relationship between the battery To write I, as a function ol we have to solve the following
output voltage and the discharge current as a linear function: equation:
—\/OC
Vo =V~ -yl (2.3) NV O© -y Qo) 0o T =$Cq, Wy (3.4)
whereV°C s the open-circuit output voltage of the battery. We have two solutions of, to (3.4), however the one that is
C. DC/DC Converters reasonable in reality (i.e., the solution should be meaningful when
The role of a DC/DC converter is to convert the battery output ¥is 0) is:
voltage to and stabilize at the operation voltage of the CMOS oC _ [,2 qyOCy2 _» 2t
circuit. If we defines as the conversion efficiency of the DC/DC lo= v \//7 V) DY Cow de/ (3.5)
converter, we have: 2y
nNWoOg=Vyg Ogq (2.4) We can writeBD as function oy by substituting (3.5) into (3.3).

For today's deep sub-micron CMOS technology, the delay of a

where |y and lygy are average input and output current of the "'
0 dd 9 P P circuit can be modeled as:

DC/DC converter over some period of tim¥, and Vy, are
similarly defined. Notice tha¥, andl, are also the output voltage t, = Vad 1<a<?

4 =M—— as< (3.6)
and current of the batteryy, andlqq are also the supply voltage Vag = Vin)?

and current for the VLSI circuit.
wherem is some constant and, is the threshold voltage of the

el | R | transistor.
° - 20 mA ; We can thus write thBD-delay BD-D) product as:

3
BDD=_MCsw_p Vi .
2ICAR  (1-£00) Vg —Vin)

wherelg is given in Eqn(3.5).
We consider only the case of variable operation latency where:
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Figure 2 DC/DC converter efficiency versus input/output o Ly
B. Quantitative examples

voltage and output current
In real circuit design, the conversion efficiengyvaries in large ~ Assume a VLSI circuit consumes 13.5W power at supply voltage
region due to different input voltage\(Vy), output voltage Wyt of Vy=1.5V. Let Vy=4V and 77=0.9. We haveC,/m’'=21. Let
(V4o and output currentglyr (4g). Figure 2 [6] shows an example  a=1.5, andV;;=0.6V. We normalizedr(iZs,)/(2[5[CAP,)=1 since
for a commercial product. Obviously it is difficult to model the their values will not influence the optimalyy and the shape of
behavior shown in Figure 2. However, we also know from [5] that, BD-D product. To show the influence of the battery characteristics
given the specific input/output voltages and output current, aon the optimalVy, we usef values of (0, 0.05, 0.1, 0.15) and
DC/DC converter circuit can be optimized for high efficiency values of (0, 0.15, 0.3) to generate a groupBi-D product
(90% to 95%). Since in our analysigy, Vyq andlqq are all fixed curves and compare the optimal; values. Notice that i3=0, we



are not considering the current-capacity characteristigsdf we according to the current requirement from the circuit. We will give
are not considering the current-voltage characteristics (as in [8]).the design and analysis of this battery interleaving technique.
When they are all 0, it is the ideal case where the battery is aThe schematic of the proposed interleaveudal-battery (IDB)
constant-voltage and constant capacity energy source. Figure ®ower supply system is shown in Figure 5. Its working principle is
shows the plot oBD-D product curves with differen3 and y simple: when the discharge current is lower than some threshold
values. Table 1 shows the corresponding optirdgl values. Iy, System uses battery A as the power supply, otherwise system
Notice that the effect of current-voltage characteristics of the uses battery B.

battery on the optimaV/yy assignment for the circuit is relatively  Figure 6(a) shows simplified current-capacity characteristics (per

small. . . unit volume or weight) for batteries A and B. The highest current
BD-D product F=0.15,y=03 and highest capacity have been normalized to 1. We assume that
batteries A and B have the same output voltage and normalize it to
7 £=0.1,)=0.3 1. Without loss of generality, we also assume that the discharge
current is uniformly distributed and its profile is shown in Figure
8 £=0.1,)=0.15 6(b), wherep(l) is the density function of the discharge current.
£=0.1,)=0 Notice that it is straight forward to repeat the analysis for other
5 =0.05,)=0.3 discharge current distributions (e.g. normal, bimodal).
1 (=0, y=0 _o DC/DC
(ideal case) /_ Converter VLSI
- Circuit
0.7 0.8 0.9 1 1.1 1.z 1.2 1.4 Vgd(V) —o '
) Comparator lin
Figure 3 BD-D product curves.
Table 1 Optimal V44 for minimum BD-D product Figure 5 Dual-battery interleaving power supply system.
Optimal B Capacity (Battery efficienc p(l)
Vga (V) 0 0.05 0.1 0.15 A pB t:y( A Y WA
0 1.0% 1108 | 1.054 | 1.017 1 atery 1
y 0.15 1.2* 1.103 1.051 1.015 Battery B
0.3 1.2* 1.096 1.044 1.008 ... - | I
* |deal case without considering the characteristics of the battery. W
V. DESIGN OF AN INTERLEAVED > | > |
DUAL-BATTERY POWER SUPPLY 0 y 1 0 y 1

Consider two batteries with the same volume (or weight) which (&) current-capacity characteristic¢b) discharge current profile

have different current-capacity (characteristic) functions as shown

in Figure 4(a) [10][11].
Battery A

Low-rate (high-capacity} cell

Figure 6 Analysis basis.

When the battery discharge current is not consta¥fuiiction
distribution), the current-capacity curves cannot be used directly
for our analysis ofBSL [8]. We have to transform the current-
capacity curves into current-efficiency curves using the concept of
battery efficiencyy, which was mentioned in Section II. Since we
have normalized the highest capacity to 1, Figure 6(a) is then both
the current-capacity curve and current-efficiency curve. In Figure
6(a), battery B has a constant efficiency ffor all value of

Battery B High-ate cell

Capacity —

Discharge current ——= e discharge current. Battery A has a constant efficiency of 1 if the
(@) (b) bobbin cell (c) Spiral cell discharge current is lower thamnand a constant efficiency of is

the discharge current is higher than

The problem of optimal design of the IDB power supply system is

defined as follows. Given two batteries with current-capacity

characteristics shown in Figure 6(a) and discharge current profile

Figure 4 Batteries of different current-capacity relations.
Note that battery A has higher capacity per unit volume (weight)
than battery B at low discharge current; battery B has higher

capacity per unit volume (weight) than battery A at high discharge shown in Figure 6(b), and a volume (or weight) limit (normalized

gg{[:ﬂtta.s-rlg:)sr gi)zaermorlr;erlc')sriln Isd?f?ggl?%étzrr]i;?: ?ct?rtﬁg grlwct)ggagns 0 1) for the whole power supply, divide the total battery volume
: ; PE, 9 or weight) between these two battery types such that the service
cathode or using different battery structures could cause such al

h life of the IDB power supply system is maximized. Assume
effect. For the latter case, Figure 4(b) and (c) [10] show two . - . . )
typical structures of D-size lithium batteries. The battery in Figure battery A occupies a portianand battery B occupies a portion (1

; > P 2) of the total power supply volume (or weight).
4(b) produces the behavior of battery A while the battery in Figure We normalize the total energy stored in the power supply system

4(c) produces the behavior of battery B [11]. We assume that S
although the capacity of a battery changes as we change itsto 1 The service life of the power supply system can be calculated

volume (or weight), its current-capacity function remains

unchanged. BSL=1/12% 4.2)
The question of which battery (A or B) provides a longer service
life can only be answered when the current requirement of the
circuit is known. Indeed, battery A has longer service life at low battery. 1°* is calculated as: 2% = I/u(l), where | is the
discharge current, whereas battery B has longer service life at high . ) i )

discharge current. Therefore, obtaining the circuit current profile discharge current and(l) is defined by Figure 6(a).

is very helpful for selecting an appropriate battery for the circuit. W€ have 4 variables in our analysisi, x, y and z. Some
Obviously, the battery service life is maximized if we include both Constraints on them are: @<x<1, 0<y<1 and Gz<1. Let us first

batteries in the power supply system and use them aIternatelystUd%/ t"[’tVO egt)reme cases:1 (only use battery A) and=0 (only
use battery B).

where 13%is the average of actual curretft' drawn from the



A. Only use battery AzE1) Firstly we need to approximate the current-capacity curves in
In this case, we divide the current domain into two regions | and Figure 4(a) using the curves in Figure 6(a). The parameters we use
I, as shown in Figure 6(b). In region I, the average discharge are:w=0.2,x=0.55 andy=0.75. We calculate* to be 0.41.z" is

current isl .6 7y/2. The actual average discharge current is: then used to define the allocation of total battery volume (or
act weight) to batteryies A and B. The comparison of analysis and
I avel //J =y/2

avel ~ experimental results are shown in Table 2. We can see that the use
In region Il, the average discharge current jg =(1+y)/2. The of IDB provides 25% improement over the use of a sinble best
actual average discharge current is: battery type.

Iaven = laven /1= (1+y)/2w

The overall actual average discharge current is calculated as:
136 =yO&E +@-y 08 =0-@-wy?)/2w
Therefore, we obtain thBSLas:
BSL=1/13% = 2w/(1- (1-w)y?)
B. Only use battery B (z=0)
In this case, th&SLcan be easily got byBSL=1/(1/2x)=%
C. Use batteries A and B with interleaving (0<z<1)

In this case, we use battery A when discharge current is in region |
and use battery B when discharge current is in region Il. We have:

BSLimprovement

(4.2)

Figure 8 BSL improvement as function ofx andy.

Table 2 Comparison of analysis and experimental results.

! t o
' !256“ - y/2- and lavey = (L+ y?/(2x) ) BSL Only Only IDB power | Improvement
I__et us first f!nd the optlmalz_value for maximum batter_y service battery A | battery B supply
ILl%fe. I”t |ds olb\ilou? ttri:at wherzt.ls ch_cl)_rs]en ?ptlmallyhbatt?ﬂes%,él\l and Analysis 0.73 11 1.46 33%
will deplete at the same time. Therefore, we have the following [Simgiat _ _ 12 >0
equationBSLy/BSlg=y/(1-y), which is: Simulation]  0.65 0.99 > 5%
22y  __y @3 V.  CONCLUSIONS

(1-22x/A+y) 1-y
By solving (4.3) we get the optimal value fagas:
2 =097/ @-y* + %) (4.4)

In this paper, we showed that it is essential to consider the current-
voltage characteristic of the battery as well as the current-capacity
characteristic. We have proposed a new design of dual-battery
interleaving power supply. The new design combines different
Notice thatz* is not dependent omw. In the remainder of this  batteries to supply power for electronic devices and utilizes
section, we fixw at 0.2. different advantages of them to extend the service life of the
If zis not chosen as the optimal value, one of the batteries will be power supply significantly.

depleted earlier than the other, which means the remaining one

will have to provide the required discharge current until it is

depleted.

Figure 7 shows some plots BSLas a function ok, y andz From

it we can see that:

1. For z values smaller thanzt, the BSL monotonically
decreases whendecreases; Far values larger thaz*, the
BSLmonotonically decreases wheincreases.

2. Whenxoryincreasesz* and the optimaBLSincrease.

(1
[2

(3]

SL SL
1.6 .4
1.4 1.2
1.2
1
1
0.8 -8
0.6 .6

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
(a)yis fixed at 0.5 (b} is fixed at 0.5

Figure 7 BSL plots versusx, y and z

Figure 8 shows th&SL improvement by using our dual-battery
interleaving method. The data is obtained by compare out method
using optimalz value with the besBSL of single-battery power  [1
supply using only battery A or B. We can see that out dual-battery
interleaving power supply system design can extend the battery,

e [11]
service life by as much as 60%.
D. Validation

To validate our analysis of IDB power supply using, we have
simulated our design using HSPICE. The circuit consists of two
batteries (described using macro-models in [13]) with current- (13]
capacity characteristics shown in Figure 4(a), a current comparator
(macro-modeled), and a current source where the discharge
current is randomly generated to follow a uniform distribution.

9]

[12]
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