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Lecture — 59
Techniques to Reduce Power

So, we continue with our discussion on low power design. If you recall in our last lecture
we talked basically about the different sources of power dissipation in cMOS circuits.
And in this lecture we shall be starting some discussion on how we can actually control
or reduce power dissipation by making some design changes, design modifications
following some design rules, various such techniques are there we shall be looking at

them one by one.
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So, the topic of discussion today here is techniques to reduce power. So, we shall see that
when | talk about techniques these techniques may work both at the level of the devices

means at the transistor level.

And also they may work at much higher design levels may be at the level of the
architecture. So, whenever you are designing a circuit even if the higher level, you can
take some design decisions that can ultimately impact the power dissipation in a pretty
significant way. So, it is not that once we have the transistor level circuit only then you

worry about power, not that even at a very high level when you are designing was



circuits may be at the behavioral level also. There are some techniques we shall see talk
about some of them, you can follow or adopt so that subsequently when we have the

final circuit work in, you have a better control on the power dissipation fine.
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So, the techniques that we shall be talking about they will be primarily for reducing
dynamic power, and for reducing static power here. So, for reduction of dynamic power
let us recall the expression that you derived during our last lecture, we had said that for a
typical cMOS gate the dynamic power dissipation is given by an expression like this. For
alpha is the activity factor how much frequently the output is changing state which
means it is charging or discharging, C is the load capacitance V DD power supply
voltage and f is the frequency of the clock. Now when you are talking about reducing we
can reduce any one of these 4 parameters. So, this strategies can include reduction of all
this 4.

So, when we say that we want to reduce the activity factor, there are techniques like
clock gating, sleep mode we shall see this can be adopted. Clock gating means
sometimes we are not required you can stop the clock from coming into a circuit. So, if
the clock can be disabled, so the activities will also stop so alpha naturally will go down
the value of alpha right. So, similarly you can try and reduce C, small transistors, short
wires, smaller fan outs, various techniques can be used to try and reduce the load

capacitance. Reducing V DD seems to be very important because it is appearing as the



square. So, reducing supply voltage is also a very common technique, but unfortunately
as you reduce the supply voltage your delay also starts increasing. So, it like a trade off

fine.

And of course, lastly you can reduce the frequency of course, to the extent possible
without sacrificing the performance beyond acceptable levels. So, there can be a power

down mode in your circuit, which will automatically reduce the frequency right.
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Now, for reducing the static power, you recall static power is consumed whenever there
is a switching of the output. So, momentarily both pull up and pull downs are
conducting. So, we can is combination of several techniques. So, we can use ratioed
circuit. Ratioed circuit means the conventional cMOS kind of circuit, where there is a
pull up network and a pull down network. So, it is unlike the dynamic cMOS as | said
where the pull up network is just a single transition not like that. So, the output voltage is
taken from a circuit which looks like a voltage divider that is typically what we refer to

as by a ratioed circuit.

So, whenever we have ratioed circuit there will be several gates in series. So, the chance
of this kind of switching currents flowing will become less, so that will automatically
reduce. And selectively we can use low threshold devices. So, if you reduce the threshold
voltage of the transistor, this static power also reduces this is one of the techniques. And

of course static power also includes leakage power; so leakage reduction technique also



includes several ways let us stacked devices means a series of transistors, body bias, we
change the substrate bias voltage, reduce the temperature operation, several techniques
are there because these effect the leakage current directly, so many techniques can be

there.
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So, let us look at the methods one by one; first let us go back a little we look at the clock
gating approach which is one way to reduce alpha. So, the premises the power
dissipation in a circuit is very much dependent on the signal transition activity or alpha.
Clock gating what it basically involves. So, we make an observation that clock is a signal
which works like a brain of the entire system. So, whenever the clock transitions take
place all the circuit elements they work in synchronism. So, it is the clock which is
triggering the activities in various parts of the circuit. So, intuitively speaking if you feel
that there is one part of a circuit, which is not being used currently why not switch off the

clock entirely from that part.

So, that at least of that part the signal switching activity will stop, so the power
consumption will become less, this is the basic idea behind clock gating. But one thing
we remember. So, if you are test engineer if your task is to do testing, so you will
possibly say that well clock gating is not a good idea. If you clock gating then possibly
the task of testing will become more difficult; because if due to some error in that gate

the clock all together stops from reaching sub circuit, then I will have no way to test that



sub circuit. But from considerations of low power clock gating is considered to be a very
simple technique to significantly reduce power. So, it is again a matter of trade off. So,

what you really want.

So, what | am saying is that, we switch off clock signal from those functional modules
which are not active. This may involve some additional hardware and because of this
additional hardware, there can be some additional delay or skew in the clock signal, this

also you have to keep in mind.
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So, let us say, suppose | have a simple scenario like this, where there is a circuit block.
So, | have a register where the input is loaded from there it is fed to functional unit, and
the register is loaded by a clock. So, instead of this clock directly feeding the register, |

am also using another signal called disable to selectively enable or disable the clock.

So, when | know that the functional unit will not be required, I will set the disable signal
to 1; so that the output of this or gate will be a constant one, the value of register will not
change and therefore, there will be no signal transition in the functional unit. So, the gate
can selectively disable the clock fine. But for disabling the clock of course you will need
some additional logic, because depending on this scenario you will have to decide and
understand that when this functional unit will be required and when it will not be
required; so units an additional logic and some additional control unit to generate the

signal. So, those additional circuit can also consume additional power and as | said this



clock network when you design were seen this earlier in much more detail, we try to
balance the delay so that we have 0 skew clock network, at least up to a level you can

ensure that the clock signals reach all the n terminals at the same time.

But here what happens we have inserted an additional or gate. So, this clock signal is
getting delayed by an additional gate delay, so there will be an additional skew. So, it
may be required to carry out skew analysis to verify the correctness of design. But one
thing you can do of course, you see for a clock network you recall you have so many
buffers. Now one of the buffers you can replace by this or gate, then at least the delay
will be balanced then buffer was taking some delay instead of the buffer, now that now
this or gate is coming into the picture, this or gate will be incurring the delay. The delay
will remain the same, you are making some changes in the clock network, modify that or
gate modify that buffer replacing and by the OR gate.
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This is one possible strategy you can use, so that skew problem will not arise right. So,
this second common approach is supply voltage reduction; this is more impactful,
because you see the dynamic power is proportional to this square of this supply voltage.
Now there are several approaches which have been explode; static approach, also
dynamic approach. Static approach says, well you analysis your circuit. So, | said earlier
that you can reduce supply voltage that will make your circuit consume less power, but

also your circuit will become slower. So, you can analyze your circuit and find out which



parts of the circuit are not that critical in terms of the delay, you can possibly make them

a little slower without impacting the overall performance.

So, if you can identify those sub circuits, reduce the power supply for those blocks or sub
circuits’ right, this is the basic idea; and you do it statically at the design level itself. This
is the so called static approach. Static approach says the distribution of the supply
voltages is fixed at priory beforehand among various functional blocks. Dynamic
approach is like you can say you have an instruction in a processor, may be the operating
system will be authorized to execute that. The operating system can say what will be the
current power mode of processor; power up power down, high speed, slow speed, you
can define the power mode dynamically in some sense. So, here the power voltages can

be changed as required.
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So, let us look at some of these approaches pictorially. Static voltage reduction | am
illustrating with a simple example here, suppose in a circuit | have 3 functional modules
these are shown by this 3 rectangular blocks. Let us assume that I require this central
block to be fast, but these two blocks I do not mind if they are running slower. So, what |
do? | use pear of supply voltage rails; one is for low supply voltage, other is for high
supply voltage.

So, the block which is supposed to run faster they are fed with the high supply voltage,

and the blocks which are supposed to be running slower they are fed with the low supply



voltage, and this is done in a static way which means it is always fixed; this distribution
is always fixed, but you can see this additional power networks this routing has to be
done the | mean instead of our single power supply voltage, now | having two part
supply voltages, so additional power delivery networks are required power routing
becomes more complex. And we will see this later little bit there are some issue say, so
whenever you are driving the output of circuit from this block, to the input of a circuit in
this block, you see these two circuits are working at two different voltages. So,
sometimes some voltage level translation may be required right. So, you need some

special care for these interfaces.
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Now, let us look at the dynamic approach. So, what we are saying? We are saying that
we are adjusting operating voltage and frequency, not only voltage also frequency both

we can adjust dynamically to match the performance requirement.

Say typically if you look at the architecture and instructions set of a modern day
processor, you will find that the processors have several power modes. See earlier the
processors did not worried about power, but now most of the processors which have
come to the market, say means in the laptops also you must have seen there are several
power modes in the laptop, you can set one of them. This is possible because the

processor supports this kind of configuration, you can tell the processor that | want high



performance mode or | want low performance, but high battery mode; that means, | want

to consume less energy from the battery; | want to run for longer times like that.

So, there can be two mode there can be several intermediate levels also, say in one
extreme it can be high performance mode, where | say higher is power supply voltage
and of course, higher frequency of operation. You can have a power saving mode; lower
supply voltage, lower frequency of operation of course, there can be several intermediate
levels also. So, this dynamic approach provides flexibility; because depending on the
user and also the kind of programs you are running you can adjust the power level or the
performance level right? But the point to notice that when your reconfiguring switching
from one more to the other, it can several milli seconds. So, you should not carry out
these transitions very frequently, this you should remember in of course, you need some

additional logic for implementing this.

(Refer Slide Time: 17:11)

Voltage Islands (Multi-V,,)

-~ ~
4 u-
It roOw

Now, actually here we are saying that how this multiple voltage is can actually be
implanted on a chip. You see you can have some voltage islands; like let us look at a
standard cell kind of a placement, where these cells are arrange in rows. This orange and
blue these may indicate two different voltage levels; orange may indicate V DD high,
blue may indicate VV DD low. So, all the cells which are supposed to high performance
they will be placed in these orange rows, and the lower performance one will be placed

to the blue rows. Well, in a seek or in a full custom design also you can have the same



kind of philosophy, or you can have arbitrary blocks some of them blue blocks some of

them orange blocks, you can put them in your chip wherever you need right.

Now, if you want to generalize this, you can allow different voltage | will these are
called islands different voltage islands; you can have different islands even in the same
row like this. So, even in the same standard cell row you can have some as low
performance, some as high performance varying supplying voltage, but of course, if you
do this the problem of routing this apply voltage is will become more difficult right if
you mix them together.
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So, as | said earlier that you may need a level converter, so whenever you are driving
circuit with a lower supply voltage to higher supply voltage or vice versa. So, | am not
going into the detail of this circuit. So, 1 am just indicating that whenever you have a
circuit which is operating at a high supply voltage, but you are feeding it from a circuit
which was operating from a lower supply voltage, then even if when this VV DDL is at let
us say high 1. So, it is not equal to VV DDH it is less then V DDH, then this transistor

might still be weak on and a small current might be flowing.

So, to carry out the level translations, you have several possible circuits. Like the first
circuit says you have a circuit where you need two supply voltages, one gate is working
with the lower supply voltage, but in the circuit we have a single supply voltage. So, you

can use one of this circuits to carry out the voltage conversion, without incurring this



leakage current, because if we do not take any care this leakage will be a major issue

fine.

(Refer Slide Time: 20:04)

Placement for Voltage Islands with Power Grid

* Basedony ang ce Power grids on demand
placament aftar voltage
asgament, define v
power grigs ondemand

* Detailed placementto form

voltage alands that
Can hitthelr corresponding

powariuppien

And here | am giving the solution where you can mix this low and high V DD blocks in
the same rows; like you are defining something like a power grid, vertically you are
running several wires say alternatively say V DD low high, low high, low high and you
place this blocks in such a way they are aligned with the voltage grid with which you
want to power them like the orange once, they must have this V DDH rail running
through them.

The blue once they must have at least one V DDL this rail running through them and so
on right. So, this is strategy where you are embaying or your integrating you can say
these power levels multiple voltage levels along with cell placement. You are integrating
placement with creation of the well tool creation of the voltage islands. So, at the net list
level itself you are defining that which of this cells will be working with a high supply
voltage, and which of the cells will be working with a low supply voltage and

accordingly you take a decision right.
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And of course, this is very flexible thing; you want to do the entire thing in a dynamic
way. Frequency and voltage scaling you are doing dynamically, and by doing that you

can adjust the performance level of the processor according to your requirement.

Now, the factor that is taken into account is something like this, like you see you have
some timing constraint in a circuit to be met; like I have a circuit that must produce the
output after a delay of delta. Suppose in your design you have designed it in such a way
that you are applying a fast clock, the output is generated much earlier than delta; that is
of course, not a problem from the point of your correctness, but from the point of view of
power dissipation unnecessarily you are consuming low power, because you are
operating that circuit with a higher frequency or a higher V DD, which is not required

because you could have delayed the output a little bit.

So, the idea is that you make the frequencies slower to a level, which is sufficient to
produce the output within the required time budget whatever you have right. This is what
is mentioned here; that always run at the lowest supply voltage that meets the timing
constraint. So, you can have two approaches one is that your only adjusting the
frequency, dynamic frequency scaling; see if you adjust the frequency you are saving

only power, but not the energy because you see frequency you can increase or decrease.

If you increase the frequency may be you will finish a computation faster, if you reduce

the frequency you will finish the computation slower, but the number of transitions



occurring in a circuit will remain the same. So, the total energy will not change may be
the instantaneous power of the average power, because you are doing it over a longer
period of time the average power will be less, but the amount of power will be drawing
from the from the battery that is the energy that will not change right.

But if you do both dynamic voltage scaling plus dynamic frequency scaling; because if
you do a voltage scaling then energy is also shift not only power right. Because with
frequency you are simply slowing down the process of drawing the current from the
battery, but by voltage scaling you are reducing the magnitude of the current, which

means you are saving on energy.
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So, let us look at it. So, system which combines dynamic voltage and frequencies
scaling; so | am telling about a typical system, this will require the following. So, it can
require a programmable clock generator that is typically based on a phase lock loop
control circuit. So, in one of the systems the clock frequency was controllable over a
wide range, say 200 to 700 megahertz in increments of 33 megahertz. So, you see there
is a white design space available to you; you can set the clock frequency to so many
different levels right.

Similarly, you also have a power supply network which is also programmable, that can
set the minimum V DD value; say in that system it has from 1.1 to 1.6 volts in 32 levels,

you can said the voltage to many levels in between. So, again here also you can change



the voltage as well as frequency with quite fine control. And thirdly as | said there will
be some instructions in a processor that can be used to set this voltage or clock levels,
these are some hardware instructions; hardware level instructions, and in a computer
system the operating system can be delegated the responsibility of initializing or
programming these things, so that it will be setting the required frequency and supply

voltage, such that the task completion deadlines are met.

So, if a system is having heavier load the o s detects that, then it can ramp up or increase
the VV DD to make it run faster and after V DD has got stabled, then it can also increase
the clock frequency right. So, the operations can a made faster, but on the other hand if
the system is running on a lighter load; then you can slow down the clock first, then
when the PLL locks the new frequency you can slow down the V DD, this is usually the
order of changes that is done, right.
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Now, talking about the leakage reduction techniques there are various methods which are
possible. So, 1 am not going into the very details of this, I am giving with you idea. So,
you can use technique called transistors stacking, dual threshold partitioning, or you can
have variable thresholds, let us see what these are.

Transistor stacking means you see in a typical cMOS circuit you have several of this
transistors which you get connected in a series, the idea is very simple. So, if you have a

circuit where from an output node or a VV DD node, you have few numbers of transistors



to ground then the leakage current will be higher; because each of these transistors even
when they are turned off, they will be having some kind of leakage resistance so which
typically very high. But if there are such transistors in parallel, this leakage currents will
be finding the parallel paths and the effective leakage current will increase, but if you
have several of this transistors in series which is called stacking, then the overall
resistance will be the some of the offer is instead of all these transistors, that will result

in less leakage current of flow simple this is the basic idea.

So, if you have a circuit where there is this kind a transistor stacking in series, then the

total leakage current will be reducing, this is pretty obvious.
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And this is also a very popular technique which is used; you see when the most
transistors are fabricated. So, by changing the doping levels of the different regions, you
can change the threshold voltage of the transistors. So, the threshold voltage of the
transistors have a direct impact on the speed of the devices right, this is the basic idea
behind this approach. So, we are saying that our circuit net list can consist of a large
number of transistors, some of these transistors we are classifying as low threshold, some

of the transistors as high threshold.

Low threshold voltages run faster, but they incur more leakage current. So, there is a
trade off. So, normally for those parts of the circuit where | do not need high speed, 1 will

set the transistors to high threshold transistors; because at least my leakage current will



be less, but for the circuits or the parts, which fall in the critical path I want them to work
a as fast as possible. | define those transistors as low threshold; so in this way | can do
some Kkind a partition of the transistors in to 2 sets; high speed and low speed by
analyzing the critical paths and the delay requirements of the circuit, so that my circuit

works in a efficient way and yet consume less power right.

So, as | said we define partition of the transistors into two clusters, the basic objective is
to reduce delays of the critical paths and of course, to keep the overall power

consumption at a low level.
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And in general you can have variable threshold transistors; see here you have a
technology where not only two thresholds, you can adjust the threshold to a final level to
many levels. So, it is not very difficult to do, if you can change the sub stress substrate
bias voltage of a transistor, if you have a mechanism to change that voltage then the
threshold voltage will also change this is the basic idea behind this approach. So, this
point have already said that if you reduce V TH your transistors become faster, but your
leakage current increases quite rapidly, reducing V TH also decrease makes a transistor
faster these are the two things | mentioned already.
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So, the approach works like this. So, you have these transistors this substrate you connect
to two voltage sources. V substrate bias you call them substrate bias voltage; one for the
P transistor, one for the N transistor. So, we have change in the threshold voltage by
changing the body bias voltage. Now this graph actually shows you that by changing the
substrate bias voltage, you can change the threshold voltage from 0.4 volt up to about 0.9

volt over a wide range right.

So, during run time you can again have some instructions to change these voltages, so
that you can adjust the threshold voltage of the transistors to make then run either faster
or slower. So, this again opens up new dimension to the design, the way you are
designing your transistor level net list, the wave will be programming them partition
them, adjust the thresholds; so there is there is a new set of challenges which come it
here if you have this flexibility right. But the only problem here is that, if you want to
have this kind of a facility your fabrication becomes little more difficult; because
traditional cMOS fabrication requires a double well fabrication process, now we need a

triple well fabrication process which increases the cost of fabrication, all right.
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And lastly we discussed a method that is called power gating using sleep transistors. So,
the idea is fairly simple you see normally we have this VV DD and V SS these two power
supply voltages that is driving the gates. Now we have been auxiliary voltage at a lower
level V DDV and V SSV. So, what we are saying is that sometimes we can set this

circuit to the sleep mode by activating these transistors by setting this S L to 1.

So, if you said S L to 1 these transistor as well as these transistors they will be turned off.
So, now, this circuit will be powered by this lower voltage. So, it is like power down
mode. So, if we can put circuits to sleep, where you are not doing any computation right
now, power consumption can be significantly reduced. Now see some of the circuits can
also be storage elements flip flops. So, you really cannot switch off VV DD. So, if you
switch off V DD, your data stored in the memory elements might get lost. So, it is better
to have a power down mode where you just reduce the voltage level, let the datas storage
be retained, but whenever else you required again you again jack of the voltage and start

using it right.
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This is basically what is meant by power gating using sleep transistors; and in a chip
level you can easily implement this, you can have some power switch is embedded in the
standard cells, these are the rows of standard cells you can have some this kind of switch
is embedded. So, by using this switch is you can adjust these sleep transistors on and off.

So, this technique if use in a proper way, it has been demonstrated that you can reduce
power by as much as 1000 time. So, this is very good design in that sense good design
philosophy to control power, but of course, it requires lot of analysis; circuit level
analysis, and calculation to find out that which are the blocks where you need to just

implement or incorporate this sleep modes.

So, with this we come to the end of this lecture. So, we continue with some other

technique for reducing power in our next lectures.

Thank you.



