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Abstract

The overall objective of this work is to explore ways in
which the energy efficiency of communications can be en-
hanced through the use of communication protocols that
exploit the charge recovery mechanism inherent to many
secondary storage batteries. In the first part of this paper,
we summarize the behavior of electrochemical energy cells.
We compile results that pertain to the capacity of a cell
and its dependence on the intensity of the discharge cur-
rent. The phenomenon of charge recovery that takes place
under bursty or pulsed discharge conditions is identified as
a mechanism that can be exploited to enhance the capacity
of a cell. The bursty nature of many data traffic sources
suggests that there may be a natural fit between the two.
In the second part of this manuscript, we explore this syn-
ergy by developing a stochastic model that tracks charge
recovery in conjunction with bursty discharges due to trans-
missions driven by Bernoulli arrivals. We derive the result-
ing capacity advantage relative to constant discharge as a
function of the burstiness of the arrival for two discharge
scenarios.

1 Introduction

Portable devices must often rely on battery energy to con-
duct communications. A simplified view of a portable radio
device is shown in Fig. 1, where the radio part consists of
a baseband/digital section, a RF section and a power am-
plifier, each of which requires a different power supply [14].
Typically the baseband and RF sections consume a constant
level of power but the power amplifier draws a much greater
amount of power during transmissions. The power supply
unit may be a replaceable (primary) battery or a recharge-
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able (secondary) one. It is quite obvious that features such
as a long lifetime, light weight and a small size are highly de-
sirable. For these reasons, energy consumption management
has become a critical issue in portable telecommunications
systems.

Various MAC protocols [21, 20, 3] and schemes for power
management control during transmissions [1, 15] have been
proposed in the literature to conserve as much energy as
possible. The approach presented here differs from the pre-
vious work in that the aim of this paper is to understand
battery behavior and exploit the bursty nature of telecom-
munications sources to maximize the energy delivered by the
battery, i.e., the number of packets transmitted by the user
terminal.

Typically power is drained from cells using a constant cur-
rent discharge; however, if a pulsed current discharge is
adopted, significant improvements seem possible [13, 18, 8,
11, 10, 17]. In particular the time period that elapses from
when the battery is fully charged to when it is considered
discharged can be significantly extended by draining power
for short time intervals followed by idle periods. During the
idle periods, also called the relazation time, the battery can
partially recover the charge lost while delivering the current
impulse.

In this paper, we develop a model for cell behavior that
captures the dynamics of the recovery mechanism and study
the actual gain derived under stochastic pulsed discharge in-
duced by Bernoulli arrivals. Two different pulsed discharge
modes are studied and we derive the resulting capacity ad-
vantage relative to constant discharge.

The remainder of the paper is organized as follows: Sect. 2
discusses the most relevant characteristics of the battery be-
havior; Sect. 3 presents an analytical model of the battery
performance under pulsed current discharge; Sect. 4 shows
results; and, finally, Sect. 5 concludes the paper and identi-
fies further topics of research.

2 Battery Behavior

Batteries store chemical energy and deliver electrical energy
through an electrochemical conversion process. A battery
consists of one or more cells, organized in an array. Each
cell consists of an anode, a cathode and the electrolyte that
separates the two electrodes and allows the transfer of elec-
trons, as ions, between them [13].

The ideal electrochemical cell should be extremely light, able
to provide an infinite amount of energy, and to handle all
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Figure 1: Building blocks of a portable radio system.
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Figure 2: Discharge behavior of a lithium-ion cell with
Voc:3 V and chtzl.O V [6]

the desired levels of power. In practice, the energy that can
be obtained from a cell is limited by the quantity of active
material contained in the cell. Therefore, the lighter the cell,
the smaller its capacity. In fact there is a measure of the
capacity of a cell that is a function only of the type and mass
of the electrodes and electrolytes. This is the theoretical
capacity. While one can not hope to exceed this capacity,
the challenge in cell design is to come close to this capacity.
In practice, the delivered specific energy greatly depends
on the intensity of the discharge current, the power level
drained from the cell and whether the discharge is constant
or pulsed.

2.1 Notations and Definitions

A cellis characterized by three voltage values: (i) the open-
circuit voltage (Voc), i.e., the initial value of voltage of the
fully charged cell under no-load conditions; (i) the operat-
ing voltage of the cell under load conditions expressed as
volt and denoted by V; (i) the cut-off voltage at which the
cell is considered discharged, denoted by Vey: (namely 80%
of the Vo). Two parameters are used to represent the cell
capacity: the theoretical and the nominal capacity. The for-
mer is based on the amount of active materials contained in
the cell and is expressed in terms of ampere-hours. The lat-
ter represents the ampere-hours obtained from a cell when
it is discharged at a specific constant current to a specific
cut-off voltage.

Finally, to measure the cell discharge performance the fol-
lowing parameters are considered. Discharge time (t;) ex-
pressed as seconds elapsed until a fully charged cell reaches
the V,+ voltage and has to be replaced or recharged. C rate,
i.e., the discharge current equal in ampere to the nominal
ampere-hour capacity of the cell; it can be also reported as

2.2 Capacity as a Function of the Discharge
Current and Power

The electrical current obtained from a cell results from elec-
trochemical reactions occurring at the electrode-electrolyte
interface [13, 17, 5]. At zero current, the concentration of
the active species in this area of the cell is uniform and
equal to its average value; at current greater than zero, the
active species are consumed at the electrode-electrolyte in-
terface by electrochemical reactions, and replaced by new
active materials that move from the electrolyte solution to
the electrode through diffusion. However, as the intensity of
the current is increased, polarization effects take place, i.e.,
deviation from the average concentration at the electrode-
electrolyte interface become more significant. As a conse-
quence, the state of charge of the electrode as well as the cell
voltage decrease. Above a threshold value, called the limit-
ing current, the diffusion phenomenon is unable to compen-
sate for the depletion of active materials and, very quickly
the concentration of active materials drops to zero at the
cathode. At this point, the cell voltage drops below the cut-
off value, and, even if the theoretical capacity of the cell has
not been exhausted (since active species inside the cell are
not exhausted), the cell is considered discharged.

Therefore, a high specific energy (viz. several hundred Wh/kg),

can be obtained only if a low specific power (less than 200
W/kg) is drawn. For example, in lead acid batteries with
nominal capacity equal to 5 Ah, the delivered capacity in-
creases by 50% if a C//20 rate (equal to 250 mA) of constant
discharge is used instead of C = 5A. Likewise, for lithium-
ion batteries the delivered capacity increases by 60% if the
constant discharge rate is reduced from 1 A to 125 mA [13].
However, notice that even if a favorable rate of discharge
is used, typically the capacity delivered by a battery under
constant discharge is only 10-30% of the theoretical value.

The discharge time, and the specific energy of a cell under
constant discharge can be derived as functions of the drained

1 Permission to reproduce Figure from [6] has not been obtained at
this time.



[ Cell type | K 1T h ]

lead acid 73 1.37
sintered Ni-Cd | 23.4 | 1.06
Ni-Fe alkaline 105 | 1.02

Table 1: Values of the constants K and h characterizing the
behavior of some commercial secondary cells.
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Figure 3: Ragone plots for various battery chemistries.

current by using Peukert’s formula [13],
tt=KI" (1)

where K, and h are constants depending on the cell de-
sign and chemical structure. In Tab. 1 values of K and h,
valid over a large range of discharge currents, are reported
for some commercial rechargeable batteries [19]. From (1)
and considering a constant voltage, V,, equal to the average
value of the cell voltage during the discharge, the specific
energy results that

E=Vy-1-t;,=V, -KI'™" (2)

Egs. (1) and (2) show the non-linear behavior of batteries:
increasing I by a factor «, the cell discharge time and the
specific energy result reduced by a factor equal to a® and
a1 respectively. In Fig. 3, a log-log plot of the specific
power versus the specific energy, known as Ragone plot, is
shown for different commercial rechargeable batteries.? The
left leaning curves show the inverse relationship between
specific energy and specific power.
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Figure 4: Performance of a bipolar lead-acid cell sub-
jected to six current impulses. Pulse length=3 ms, rest pe-
riod=22 ms.

2.3 Effect of Pulsed Discharge

Some of the limitations presented by the constant current
discharge process can be overcome when pulsed current dis-
charge is used. If after draining an impulse of current the
cell is allowed to relax long enough, then the concentrations
gradient decreases and a charge recovery takes place at the
electrode. As already mentioned, this effect is due to the
diffusion process that compensates for the depletion of the
active materials allowing the cell to achieve again a value
of voltage equal to Voc. Moreover, since polarization phe-
nomena are more pronounced at heavier loads, the recovery
effect is more significant as the current drained from the cell
increases [13, 5].

These benefits still hold in the case of a discharge process
characterized by impulses superimposed on a background
current [10, 12]. Such discharge patterns are likely in com-
munication devices where the baseband and RF parts need a
constant background supply, but load changes occur when-

2Permission to reproduce Figure from [16] has not been obtained
at this time.



ever the system passes from the idle to the active state or the
radio transceiver switches from receive to transmit mode.
Several results are present in the literature [13, 8, 11, 10]
illustrating the advantages that result from a pulsed current
discharge. In [8], a lithium-ion cell with an initial specific
power equal to 600 W /kg, experienced a constant discharge
to 80% depth of discharge, then a power impulse 30 s long
was drawn off the cell. The drained specific peak power
significantly grew as the rest period duration after the con-
stant discharge increased: from 320 W /kg for no rest period,
a value of 490 W/kg was obtained for a rest period 20 min.
long. A Sony phone cell with nominal capacity equal to 1
Ah was subjected to a discharge at 1.9 A for 16 min., and it
was observed that after a rest period 20 min. long the cell
voltage was again very close to the initial value. We point
out that the discharge time in these experiments are much
longer than the typical timing used in radio communica-
tions systems; however, these results clearly prove that the
delivered specific energy can be increased by using a pulsed
discharge instead of a constant discharge.

Referring to experiments that involve more suitable values
of discharge time, in [11] a bipolar lead-acid cell was sub-
jected to six current impulses each of them lasting 3 ms and
followed by a rest period 22 ms long. Fig. 4 shows the results
of this experiment.®> The drained current was initially equal
to 12 A/cm? and dropped to 7 A/cm? at the end of the
sixth impulse. During the first 4 rest periods, the cell was
able to totally recover the initial value of voltage, and it was
observed that, since the total consumed active material was
less than the 50%, a minor decrease of performance would
have occurred during the last two impulses if a longer rest
period had been allowed. This result suggests that in order
to increase the specific energy obtained from the cell, the
recovery period should be increased as the discharge depth
becomes greater.

Referring to the TMF technology [17, 16], an experiment was
done in which a cell was discharged at 6 V, both at a con-
stant current equal to 100 A and at 100 A current impulses
lasting 1 s and followed by a rest period 1 s long. The deliv-
ered capacity from the former discharge mode was 0.44 Ah,
from the latter 0.5 Ah, i.e., the gain obtained using a pulsed
discharge with respect to a constant current discharge at
comparable current levels was about 13.6%. However, even
under a pulsed discharge the delivered capacity was only
41.7% of the theoretical cell capacity. Perhaps even higher
gains can be expected from the pulsed discharge of the cell
if a longer rest period is considered.

In batteries characterized by a relatively low conductivity,
e.g., lithium-polymer cells [2, 9], pulsed discharge can in-
crease the delivered specific power. Lithium-polymer cells
have lightweight and flat formats and fit well in extra-thin
cellular phones, but ion diffusion through the conducting
polymers is slow and this limits the rate at which current can
be withdrawn from a cell. However, in [4] a lithium-polymer
cell was discharged at up to 50 mA/cm?  about fourteen
times the typical constant discharge rate, using pulses of 10
ms duration followed by a 50 ms rest period.

2.4 Passivation Effects

Another effect, called passivation, has to be taken into ac-
count in the cell behavior under both constant and pulsed

3Permission to reproduce Figure from [11] has not been obtained
at this time.

current discharge. Indeed, the cell discharge time may be
limited not only by the diffusion process, but also by the
precipitation of crystals, produced by the discharge electro-
chemical reactions on the electrode. This passivation effect
is faster for high current densities. For extremely high val-
ues of current, a rapid decrease of the cell voltage occurs
due to the passivation effect.

In [10], lead-acid cells were studied under a pulsed discharge
of 2 ms and with current density starting from 15 A/cm?®.
It was shown that during the first 100 us, the concentration
gradients of the active species are the major cause of the
decrease of the drained current density, whereas after 100-
200 ps passivation phenomena begin, determining a sharp
drop of the current density after 200 us. However, for these
cells typical values of the limiting current density are tens
of mA/cm®. Such a low passivation time constant was ob-
served by applying a current about three orders of magni-
tude greater than the limiting current; whereas, typically
passivation time constants are much greater than 200 us.

2.5 Summary of Battery Behavior

Summarizing, the advantage of pulsed current discharge is
twofold:

1) For a fixed power level, the delivered specific energy is
greater if a pulsed discharge is used. With pulsed dis-
charge, the active materials at the electrode-electrolyte

interface are partially recovered depending on the drained

power and on how long the idle periods are. Ideally,
the cell would be exhausted only when all the active
materials in the cell have been exploited.

1) By using a pulsed discharge, a higher specific power can
be drained from the cell for a constant delivered spe-
cific energy. In fact, by properly choosing the im-
pulse and the idle time duration, impulses of ampli-
tude equal to several times the limiting current value
can be obtained.

3 Performance of Cells under Pulsed Dis-
charge

In this section, we analyze the stochastic evolution of a
cell from the fully charged to the completely discharged
state. Discharges occur at stochastic instants determined
by a Bernoulli process and recovery occurs whenever there
is no discharge. In order to estimate the improvements from
a pulsed current discharge relative to a constant current dis-
charge, the average number of packets transmitted in both
the operational conditions are computed and compared.

To carry out our analysis, the following assumptions are
made:

1) A single cell of the battery system is considered; however,
the results can be easily extended to the case of several
cells connected in series or in parallel;

1) The time constant of the passivation phenomenon is as-
sumed to be greater than the discharge time necessary
to drain the theoretical capacity of the cell, and there-
fore passivation effects are neglected;

115) A discrete time system with time unit equal to one frame
duration is considered;



Supplies required

Baseband/Digital 3.3V 200 mA
RF 3-5V 100 mA
Power Amplifier 3-6V | 1.2-1.5 A*
System | Duty cycle | Frame Slot
GSM 1:8 4.6 ms 577 us
PACS 1:8 2.5 ms 313 us
DECT 1:24 10 ms 41.7 s

Table 2: Power consumption and time frame characterizing
radio systems currently used; the duty cycle value represents
the ratio of the slot to the frame duration.

1) For the sake of simplicity the background current (see
Sect. 2.3) is neglected; only the amount of capacity
necessary to transmit a packet is considered and de-
fined as a charge unit;

v) BEach fully charged cell has a theoretical capacity equal
to T, and a nominal capacity equal to N charge units
when it is discharged at a constant current. Both N
and T vary for different kinds of cell; moreover, IV also
depends on the discharge rate.

Two different pulsed discharge modes are considered:

e Binary pulsed discharge: in each time frame the system
transmits a packet if there is any, otherwise it recovers
one charge unit. In case of transmission, the supply
required by the power amplifier is obtained by draining
current during the entire duration of the time frame.

o (Generalized pulsed discharge: in each time frame the
system may transmit one or more packets, or recover
charge. The impulse amplitude is equal to the cur-
rent required by the power amplifier times the number
of transmitted packets, while the impulse duration is
equal to a fraction of the time frame (slot). The re-
maining time of the frame duration permits the recov-
ery of one charge unit.

In both the pulsed discharge modes the recovery process
ends once the theoretical capacity is exhausted.

Typical values of the frame duration and the required cur-
rent in modern radio systems are reported in Tab. 2 [14]; the
value of the charge unit can be easily computed. In GSM
systems one charge unit results equal 1.2A4 - 577us=0.192
Aps. Experiments executed on lead-acid and lithium-ion
batteries considering similar values of duty cycle and frame
duration can be found in the literature [11, 10, 17].

3.1 Binary Pulsed Discharge

The cell behavior is modeled as a transient process that
starts from the state of full charge (V = Vo¢), denoted by
N, and terminates when the state 0 (corresponding to a
complete discharge of the cell) is reached, or the theoretical
capacity is exhausted. Fig. 5 shows a graphical representa-
tion of the process, where a dummy state, Ns, was added to
represent the start of discharge. The packet arrival process
is assumed to be Bernoulli with probability a;=q that one
packet arrives in a time frame. Thus, in each time frame a

4Peak value requested during a packet transmission.
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Figure 5: Binary Markov chain representing the cell behav-
ior.

packet transmission occurs with probability a1, while a re-
covery takes place with probability ap=(1 — ¢). Notice that
while 0 is a trapping state, N may be reached more than
once due to the recovery process; however, the charge state
of the cell can never exceed N.

Let us denote by m; o(n) the number of packet transmissions
made when the process starts from state z (0 < z < N) and
reaches the final state 0 in n steps. Then, for a given T and
z = N — 1, the number of transmitted packets is equal to
(14+mu—_1,0(n)) < T if the cell process reaches state 0 at the
time instant n before the theoretical capacity is completely
consumed, and equal to T, otherwise.

We define u.,0(n) as the probability to reach state 0 in n
steps starting from state z (0 < z < N) and we derive
uz,0(n) for n > 1, considering that the following boundary
conditions hold

ug,0(n) =0 n2>1

u0,0(0) =1, uz,0(0) =0 0<z<N.
Referring to Fig. 5, we can write

Uz,0(n) = aoUz+1,0(n —1) +ar1u,—10(n —1)
0<z<Nandn>1. (3)

Moreover,

Zuz,o(n) =1. (4)
n=0

Using the method of generating functions, then solving the
system of linear equations and anti-transforming [7], we ob-
tain for z =N —1

N
on n—12V+1 n+12v—1 et T
Un—1,0(n) mao a, Zl cos"
i=
.o . mi(N —1)
singe g s (5)
with A, being the following normalization constant
1— ()N
1- % if ao # 3
An = -(55) (6)
% if ap = %
(7)

By substituting the expression (5) in (3), equation (3) is
satisfied. Also, as expected, un—1,0(n)=0 when n— N +1 is
odd and for n < N — 1.




Figure 6: Markov chain representing the cell behavior in case of generalized pulsed discharge.

Since each backward step in the Markov chain shown in
Fig. 5 corresponds to a packet transmission, by examining
the exponent of a; in (5), we derive

ﬁig:i n>N-1. (8
(9)

Thus the probability to reach 0 before the capacity T is
exhausted, is

mN—l,O(n) =

2T—-N-1

fr-o@) = Y un-io(n) (10)

where (27" — N — 1) is the maximum number of steps that
allow to reach 0 before the theoretical capacity ends.
By writing

2T'—-N-1

« n+N-—-1
mN_l}O = Z f’d}\r—l,o(n) (11)

n=1

the total expected number of transmitted packets is derived
as

My =14my_ 1o+ - fuoro@I(T-1)  (12)

where, the unitary value takes into account the packet trans-
mitted upon the process starts.
Finally, we assume that the charge units drained from a cell
under a constant discharge can be fully utilized by accumu-
lating charge in a capacitor whenever it needs. Thus, by
defining the gain G obtained from a pulsed discharge rela-
tive to a constant discharge as the ratio of the mean number
of transmitted packets under the two discharge methods, we
have
myp
G= N (13)
G can be at most equal to T/N. Pulsed discharge outper-
forms the constant current discharge to the extent that G
exceeds 1 and approaches T'/N.

3.2 Generalized Pulsed Discharge

In this case, arrivals of bursts of packets are considered. We
define aj as the probability that a burst arrival contains

k packets, and M as the maximum number of packets per
burst, that for the sake of simplicity, is assumed less than
or equal to N. Thus, the average number of packets that
arrive in a time frame is given by

M
q= Z kay, (14)
k=1

while the probability to recover is equal to ap = 1—ZkM=1 ak.
Now, in each time frame the cell has probability as to move
from state z to z—k+1, with 0 < z < N, where the positions
corresponding to z—k+1 < 0 add to the probability to move
to 0. The Markov chain associated with the cell behavior is
presented in Fig. 6.

The probability to reach 0 in n steps starting from state
z can be derived following the same procedure used in the
analysis of the binary pulsed discharge (see Sect. 3.1). Now,
the linear system to be solved is

M
u1,0(n) = aouz,0(n — 1) + Z ard(n—1)
k=1
n>1 (15)
M
uz,0(n) = Zakuz—k-u,o(n —1)
k=0
l1<z<N-1,n>1 (16)

un,o(n) = (a0 + a1)un,o(n—1) +
M

Zakuz_;ﬂ_l,o(n — 1)n 2 1 (17)

k=2
with the following boundary conditions

Ugz,0(0) =1, uzo(n)=0
Ug, . (n) =0

n>landz <0
n>0,z<0,and1<z<N.

In addition, the normalization equation (4) must still hold.
Since in this case it is cumbersome to anti-transform the
generating functions, an approximation is adopted to nu-
merically compute u;,0(n). Relative to the Markov chain
shown in Fig. 6, a chain slightly different at the border states
0 and N is considered. For N=3 the approximated values
are quite close to the exact results, and the approximation
becomes more satisfactory as IV increases.



In deriving the number of packets transmitted in n steps,
we must take into account that each backwards k-step jump
corresponds to k£ + 1 transmitted packets. Moreover, from
state Vs, M possible states may be reached at the start time
instant. Then, using (10) and (11) conditioned this time on
all the possible initial states (N — M < z < N — 1), we can
compute fn_i,o(T) and mi_, o (k=1,..,M), respectively.
Based on this approach the following is derived

M
_ 1 ag *
G = N . kE_l 1— a {k +mN_k’o+
1= fyvio(T(T—k)} . (18)
4 Results

By using the analytical expressions derived in Sect. 3, the
gain G is computed as a function of g, i.e., the average num-
ber of packets that arrive in one time frame. Assuming the
same frame duration for all the considered cases, the bi-
nary and the generalized pulsed discharge performance is

presented. From Fig. 7, it can be seen that performance
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Figure 7: G vs. g for binary pulsed discharge as N varies,
and T/N = 10.
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Figure 8: Gain obtained in the case of binary pulsed dis-
charge with T'=100, and N varying. G is represented in
logarithmic scale.

gains are most significant for low values of g, i.e., when the
cell has more chance to recover. On the other hand, even
for high values of N, when g becomes greater than 0.5, the
gain obtained using the binary pulsed discharge decreases
until it reaches the lower bound value equal to 1. In this
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Figure 9: Gain obtained in the case of generalized pulsed
discharge with T=100, M =2, and B and N varying.

T=100, M=3, N=3

Figure 10: Gain obtained in the case of generalized pulsed
discharge with T=100, M =3, N=3, and B varying.

case, pulsed and constant current discharge give the same
performances. As shown in Fig. 8 holding 7' constant and
varying N, we notice that the theoretical capacity cannot
be completely exploited at high values of ¢; however, for N
approaching 50% of T', the gain is always greater than 1.

A significant improvement is achieved in the generalized
pulsed discharge mode, i.e., by letting the battery recover
more often. In this case, it is useful to define B as the aver-
age burstiness of the packet arrival process:

M
B=Y k. (19)
k=1

1—ao

Given B and ¢, and using (14) and (19), the values ay
(k=0,1,..,M) are derived accordingly. Fig. 9 shows that for
N equal to the 10% of T, larger values of G are obtained by
using the generalized pulsed discharge even at high packet
arrival rates. However, it is interesting to notice that for
M = 2 and small values of N, G sensibly decreases when
the value of B changes from 1.3 to 1.8.

This effect is confirmed by the plot in Fig. 10, where the
G behavior versus g is presented for T=100, M=N=3, and
different values of B. It can be seen that as B increases,
performances become worse even for small values of gq. This
suggests that in order to efficiently deliver bursts of power,
the initial state of charge of the cell must be sufficiently
greater than the maximum burst size, or a traffic control
policy has to be adopted to let the battery properly recover.



5 Conclusions and Future Work

The paper presented the most interesting aspects of the bat-
tery behavior that can be exploited to improve battery life-
times. An analysis of the single cell performance was car-
ried out and results proving the actual benefits of the pulsed
discharge were shown. The major lesson learned from this
study is: ¢) Battery performances greatly improve as the
probability to recover increases; i) in order to efficiently
deliver bursts of power, the initial state of charge of the
cell must be sufficiently greater than the maximum burst
size; 44i) traffic control techniques should be investigated
and proper schemes implemented for more efficient battery
management.

Further work should be done to get a better understand-
ing of the recovery phenomenon, so that for every value of
discharge current and battery type the required relaxation
time period is estimated. The challenge will be to find ways
to shape the actual discharge demand process to better con-
form to the optimal discharge profile. It is our belief that
the discharge shaping will be performed primarily by delay-
ing some power consuming activity such as transmission of
a packet. Intuitively, it seems clear that the fundamental
tradeoff here is between delay and energy efficiency.
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