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Abstract

Transistor size optimization is one method to reduce the power dissipation of
CMOSVLS circuits. Analysis shows that parasitic capacitances and velocity
saturation of submicron technologies favor wider than minimum transistor
sizes. The reason is that they allow for a larger reduction of the supply
voltage which results in more substantial power savings. Spice simulation of
prescalers with differently scaled transistors confirm the analysis. The same
prescaler has been implemented in a 1.0 um technology with minimum sized
and with optimized transistors for high speed. Measurements confirm that
power dissipation is reduced for optimized transistor sizes.

1 Introduction

A general concernin VLSI design is power efficiency. It isindeed very obvious that battery operated
equipment, such as hand-held cellular phones, laptop computers, etc. impose stringent limits on the
acceptable power dissipation. It is perhaps less obvious that power efficiency is also of interest
when the power supply is from the mains. The reason for this is the removal of heat from high-
performance high-density VLSI circuits and boards, such as CPU’s, workstations, and broadband
telecommunication equipment, for instance.

The power dissipation of CMOS circuits is determined by decisions at different levels. On
the system/architecture level, pipelining, replication, retiming, and bit-serial operation can result
in power savings [1, 2]. Special number systems may reduce power dissipation on the algorithm
level. Moreover, new technologies with smaller feature sizes and lower supply voltages contribute
to lowering power dissipation. However, by optimizing transistor sizes, the power dissipation can be
further reduced.



It is generaly believed that low power designs need to have minimum size transistors. While this
istrue for long channel devices, parasitic capacitances become more important in today’s submicron
CMOS technologies. In addition, the channel length is reduced to a degree where velocity saturation
occurs, changing first order MOS equations. Considering these facts, transistor sizes can be increased
while lowering the supply voltages, which results in a reduced total power dissipation.

In thiswork we show how transistors can be sized to lower the power dissipation of CMOS circuits.
Asacircuit example, we will look at a simple asynchronous prescaler composed of four toggle-flip-
flops [3], acircuit that can neither be replicated, pipelined, retimed or otherwise transformed. In the
next section we will look at the analytical calculation of power dissipation for long and short channel
CMOS technologies. Then we will compare SPICE simulation results for prescalers implemented
with various transistor sizes before we present experimental results of a minimum sized prescaler
compared to the same circuit optimized for high speed.

2 Analytical Power Calculation of CM OS Circuits

2.1 Long Channel Devices

For this analysis, we take as example an inverter driving another inverter of the same size. To charge
the input of the second inverter, the first one has to deliver acurrent of I = C - 4. Assuming linear
ramps, the duration of this charging process can be calculated ast = C' - ¥ (o %). The current in the
transistor of the inverter can be approximated by using the Sah-model for saturation (with afull step
attheinput) as/ = £2 - . (V = V)2 (1).

The capacitance C' which hasto be charged by thefirst inverter iscomposed of the gate capacitances
of the second inverter C.., the interconnect capacitance C’,,;, and the output capacitance of the first
inverter Cup (C = Cyare + Caip + Cing). If we take C, as the input capacitance of a minimum
sized inverter and d as the relative contribution from the diffusion areas we can now calculate the
capacitance of aunit sized inverter as: Cy = C, + d - C, + Cpy With: C;y = w - C, (w iSthe wiring
factor). For an inverter whose transistor widths aresized withnweget Cs = n-C,+n-d-C, + Cys.

As a constraint, we demand that the speed of both circuits should be the same. Therefore we can
now reduce the supply voltage of the scaled circuit Vs sothat fs = fy:
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and with P oc C - f - V? the relative power dissipation can be calculated as:

Py _ (wtn (1+d) (n-Vt+(w+n-(1+d))-J n (0o Vi ))(3)

Py n-(w+1+d)-Vy (w+n -(1+d)- (w+1+d

These equations correspond to the results in [1]. The dashed linesin Fig. 1 represent (2) and (3) for
d=025andw=0,...,5.
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Fig. 1. @) Supply voltage reduction and b) relative power dissipation reduction of scaled circuits

2.2 Submicron Devices — Vel ocity Saturation
By shortening the channels of transistors, the carriers reach vel ocity saturation dueto the high electrical
field. The critical electrical field for velocity saturation to occur is around E,,;; ~ 106V /m. For
1 um CMOS transistors with effective channel length of 0.85um this translates to a Drain-Source
voltage of 0.85V above which velocity saturation occurs. Equation (1) then can be approximated as
I=K- W (V-V) (4) [4.
Equations (2) and (3) change to:
(w+n-(14d))

Vo = Vi+(Vu—Vy)- n(wt1+td) ®)
Ps  (p-(wtn-(1+d)-w V- (1-n)® (w+n-(1+4d) ©)
Py V- (w+14d)% n?

The solid lines in Fig. 1 depict (5) and (6). By simply scaling all transistor sizes it is possible to
reduce the supply voltage to even lower levels, which resultsin alarger decrease of power dissipation.

3 Simulation Based Analysis of Different Scaled Prescalers

Theanalysis of the previous section was verified using an asynchronous prescaler asacircuit example
[3]. This prescaler, consisting of four identical toggle flip-flops, was implemented with minimum
sized transistors (Wprepr = 2- Wyrer = Wiin), and with al transistors sized (W/L) by a constant
factor n=2,4,8. The resulting layout (in a 1.0 um technology) was then used for extraction of al
parasitic capacitances and simulation using HSPICE (MOS model level 28, BSIM). For each circuit
and input frequency, the supply voltage was|owered until the circuit failed to operate (divide) correctly.
Figure 2a shows the results. The optimum scaling factor for this circuit and technology was found to
be 4, reaching a power dissipation 2 to 4 times lower than the minimum sized circuit.*

4 Experimental Results of Minimum Sized vs. Optimized Prescaler

The same asynchronous prescaler has beenimplemented and fabricated in a1.0 xm CM OStechnol ogy.
Two different versions of that circuit have been designed: thefirst one uses minimum sized transistors

“The power required for the clock input is not included. However, asits contribution varies between 13 to 18 % of Ps
and Py, it has negligible impact on our analysis
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Fig. 2: Power dissipation of prescalers at different operating frequencies. a) Simulation with different
scaling factors b) Measurements of minimum and high-speed prescalers

while the second one has large transistors individually optimized for high speed. Both circuits have
been integrated side-by-side on the samewafer. Figure 2b showsthe measurements of these prescalers.
At any frequency, the high-speed prescaler can be operated with alower power dissipation than the
minimum sized prescaler. At an operating frequency of 300 MHz, for example, the high-speed version
can be operated at 1.5V supply voltage, dissipating 575 W, while the minimum sized version hasto
be operated at 5V supply voltage and dissipates 1740 W, which is 3 times as much. At 200 MHz
these numbers changeto 1.5V/359 uW for the high speed version and to 4 V/740 p\W for the minimum
version, which is still afactor of 2.

5 Conclusions

Simple models, ssimulation, and measurement have shown that substantial power savings can be
attained by transistor size optimization for circuits having short channel devices. The reasons are the
relatively larger parasitic capacitances and the channel velocity saturation effect of submicron CMOS
technologies. We recommend a two-step procedure: In afirst step, al transistors are scaled by an
uniform factor. Even larger savings are then obtained in a second step where transistors are sized
individually. Clearly, those transistors which are not part of the critical path can be left minimal.
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