Transistor Sizing Issues and Tool For Multi-Threshold CMOS Technology

James Kao, Anantha Chandrakasan, Dimitri Antoniadis
Department of EECS,
Massachusetts Institute of Technology, Cambridge

ABSTRACT computation is being performed, so large subthreshold leakage
becomes unacceptable. Multi-threshold CMOS was developed in
Multi-threshold CMOS is an increasingly popular circuit order to reduce this leakage current during idle modes by providing
approach that enables high performance and low power operatiora high threshold “gating” transistor in series with the loveieuit
However, no methodologies have been developed to size the higlransistors. In active mode, the high tvansistor is turned on,
V, sleep transistor in an intelligent manner that trades off area anavhile in sleep mode it is turned off, providing a small subthreshold
performance. In fact, many attempts at sizing the sleep transistoleakage current [4]. For a purely combinational circuit, where state
without close consideration of input vector patterns or internaldoes not need to be preserved, only one type of higtevice is
structures can lead to large overestimates or large underestimategtually required. The NMOS is preferable because it has a lower
in sleep transistor sizing. This paper describes some of the issuash resistance and can be sized smaller than a corresponding PMOS
involved in sizing transistors for MTCMOS and also introduces a sleep transistor.
variable breakpoint switch level simulator that can rapidly calcu-
late delay in MTCMOS circuits as functions of design variables Vad T
such as Yy, Vi, and sleep transistor sizing.

Low Vi

1. BACKGROUND Logic

Power consumption in conventional CMOS circuits can be
attributed to switching power, leakage power, and short circuit .
Switchi is usually the dominant term and is gi Sieep—1L, High ¥+
power. Switching power is usually the dominant term and is given p Device
by the well known formula:
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Pswitching = ACLV dd Teik (1) Figure 1. MTCMOS circuit structure.

wherea is the activity factor, Cis the total load capacitancegy/ Many other alternatives such as dual gated SOI, substrate

is the supply voltage, angyf is the clock frequency. biasing, or switched source impedance (closely related to MTC-

MOS) have recently been proposed to address the conflicting

charge load capacitances, the circuit designer’s optimum choice iéeqwremenF of _hlgh_performance during active periods and low

to scale the supply voltage down. However, in order to maintainIeakage during idle times [5] [6] [7]_[8]' Howgver, MTCMOS has .

performance, the threshold voltage should also be scaled down aesmerged as one.of thg more prgptlcgl solutions that can be easily

well so that the gate drive, {y- V), remains large enough, since implemented using minor modifications to gurrent deS|gps and

propagation delay in a CMOS gate can be approximated as: technology. The MTC_MOS process only requires an extra |mplant

step to produce the high Wevices, and the circuit implementation

_CLV&_ ¥) can be based on existing CMOS designs. Recently, several large

(Vdd—Vv) a chips have been fabricated and tested including a 1-V DSP chip for

mobile phone applications [9].

wherea is for modeling short channel effects [1] [2]. By reducing

V4 the switching power is reduced quadratically, but a reduction 2. ISSUES IN SIZING MTCMOS CIRCUITS

in V; causes an exponential increase in subthreshold leakage cur-

rent. As one continues to scale dowgy\and V;, the increased

leakage power can dominate the dynamic switching power [3].

Clearly, to reduce this energy dissipated to charge and dis

TpdD

Correct sleep transistor sizing is a key parameter that affects
the performance of MTCMOS circuits. If sized too large, then
valuable silicon area would be wasted and switching energy over-
In many event driven applications, like a processor running anhead would be increased, but on the otherhand if sized too small,
X-server, circuits spend most of their time in an idle state where ndhen the circuit would be too slow because of the increased resis-
tance to ground. Although there has been much activity and devel-
‘permiss ve didital/hard all i o | opment of MTCMOS circuits recently, little work has been done
hermission o ke digalhard copy of e o partof s work o personl et on methodologies for sizing the high Sleep transistors. One pos-
uted for profit or commercial advantage, the copyright notice, the title of the publi- ~ Sible approach to estimate the transistor size is to sum the widths of
cation and its date appear, and notice is given that copying is by permission of nternal low \f transistors, but this can produce unnecessarily large
ACM, Inc. To copy otherwise, to republish, to post on servers or to redistribute to . . . . .
lists, requires prior specific permission and /or a fee.” estimates for transistor sizes. Designers may also try to design for
peak current spikes [4], but this too gives overly conservative esti-
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mates. Ideally, one could simulate circuits for varying sleep transis-
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tor sizes with SPICE, but this can be very time consuming,time constant would have to be large enough such that the virtual
especially if one tries to exhaustively test all possible input vectorsground voltage can only rise to a fraction of it's peak DC value (I *
for a complicated combinational circuit like an adder or multiplier. R). Since the resistance is typically low, the capacitance required
Clearly, a better, more informative method of sizing the sleep tran-can be on the order of pico farads. For more complicated logic
sistor is necessary. The remainder of this paper will attempt toblocks, the current profile may have a very long period (lower fre-
address some of the issues involved in how circuit performanceguency content), and thus even larger capacitances are required to
depends on correct sleep transistor sizing, and will also propose ansure a slow enough rise time.

switch based simulation that can rapidly estimate delay in MTC- . ) o
MOS circuits. If the time constant is very large, then it will also take longer

for the virtual ground node to discharge back to ground after a tran-
sition. For example, if the virtual ground is slow to discharge, then

) later gates (that are not sinking too much current) might be slowed
Transistor down excessively and could have operated faster had there been a
smaller parasitic capacitance on the virtual ground node. Rather
than rely on large capacitances to ensure MTCMOS performance,

2.1 Finite Resistance Approximation For High Y Sleep

The effect of an “ON” NMOS sleep transistor in series with a

low V; circuit can be approximated very accurately by replacing . ; . )
the high \{ device with a single linear resistor R. During normal it is much easier to lower the effective resistance with proper tran-

circuit operation, the virtual ground node is close to real ground, so>'Stor Sizing instead. Also, since SOl is emerging as a likely candi-

V45 Of the sleep transistor is small and the resistive approximatiorfiaté for low power circuit design, and SOI has small junction
is very accurate. capacitances, one cannot rely on any significant capacitive loading

to improve switching performance in MTCMOS (SOI) circuits

Vdd Vad [10].
M . .
'“‘D |v|1 oé“ '”ﬂ Out 2.3 Reverse Conduction Paths in MTCMOS
2$ load $C|oad .
vV, — Vv MTCMOS logic blocks can also suffer from reverse conduc-

Sieer m C, X c tion, where current flows from the virtual ground thrqugh the low

. PILMs T RST ™ Vi NMOS transistor and charges up the output capacitance (or con-

High V; versely the output capacitance partially discharges as current flows

up towards a virtual Y line in the case for a PMOS sleep transis-

tor). To be more specific, in the NMOS case, the virtual ground

node can rise above 0V so that another gate, which is supposed to
Analysis of the MTCMOS inverter shown in Figure 2, while be low, can experience reverse conduction as the output voltage

simplistic, still can give us valuable insight into the relationship rises from 0V to \. This charging current comes from the dis-

between sleep transistor size and circuit performance. First of all, itharging current of other gates transitioning from high to low,

is important to see that only the output high to low transition is where only a fraction of the discharge current is actually bypassing

affected by the insertion of an NMOS sleep transistor and that thehe sleep transistor. As a result, the MTCMOS circuit is slightly

low to high transition behaves exactly the same as conventionafaster because the,Woltage drop is not quite as large as one

CMOS circuits. When the inverter is discharging, and neglectingwould expect if all current flowed through the sleep transistor to

the parasitic capacitancg,Gny charge flowing out of the source ground. Another effect of the reverse conduction, which pins out-

of My will flow through the sleep resistor R, inducing a voltage put low voltages to Y, is that a gate charging from low to high

drop V. This voltage drop has two effects: first it reduces the gatewould be faster since it is already precharged,tolVie drawback

drive from Vyq to VgV, and second it causes the threshold volt- is that the noise margins in the circuits are reduced, and in the

age of the pulldown NMOS to increase due to the body effect. Bothworst case the circuit can fail logically.

changes result in a decrease in the discharging current, which

slows the output high to low transition. To maximize performance,

the resistor should be made as small as possible and consequently

the transistor as large as possible. The size of the sleep transistor is Vdd‘lj fﬂ I E

of course limited by area constraints, but increased switching AT T T

energy overhead and increased leakage current can also be limiting J__ __w ‘Jv

factors. As one continues to scalgy¥o lower voltages, the effec- Virtual Ground 4

tive resistance of the sleep transistors will increase dramatically, Vy) R Cy

requiring even larger size sleep transistors. 3

Figure 2. Sleep transistor modeled as resistor.

] N ] Figure 3. Reverse conduction paths.
2.2 Impact of Virtual Ground Parasitic Capacitance

The parasitic capacitances due to wiring and junction capaci-2.4 Input Vector Dependency

tances on the virual grouf‘d actually helps redqce the V|rtua_l For more complex MTCMOS circuits, the input vector plays a
ground line bounce by serving as a local charge sink or reservoir

: . very important role in determining worst case circuit performance.
for current [4]. However, this capacitance would have to be y mp 9 P

. . For example, the worst ttern for M ign will
extremely large in order to offset the effects of a poorly sized sleep or example, the worst case pattem for a base CMOS desig

. . ot typically translate to the worst case pattern for an MTCMOS
transistor. The RC network serves as a lowpass filter, where the R?mplementation because the MTCMOS circuit will be slowed



down due to virtual ground bounce. Thus MTCMOS circuits will 4. MULTIPLIER EXAMPLE

be more susceptible to input vectors that will cause large currents

to flow through the sleep transistors, whereas ordinary CMOS cir- A larger MTCMOS circuit like an 8x8 bit carry save multi-
cuits will not be affected. When analyzing MTCMOS circuits, one Plier demonstrates the impact of input vector on circuit perfor-
cannot simply examine a “critical path” in the circuit, but must also mance. Because of size limitations, Figure 6 shows only a 4x4
consider all other accompanying gates that are switching. Becauseersion with a worst case delay path highlighted.

the worst case delay is strongly affected by different input vectors X3 Xo X1 Xo
and glitching behavior, it is very difficult to correctly size the sleep y =|; = =|5 xdd_: %)%\\//
transistor. In fact, even among different sleep transistor sizing th; +0.2V
choices in MTCMOS circuits, the worst case input patterns may J;I 7] ﬂ V:” =7V
. nh
vary. Section 4 describes in more detail how choice of input vector Y, = = = Po Lyin=0.31m
can affect the sizing requirements of an 8x8 multiplier. o \‘é[f o
;‘ p
3. INVERTER TREE EXAMPLE N »p, Vector 1(larger
Yo i NG i currents):
The following figure is a typical inverter tree structure imple- \ + + + X=0000->1111
mented in an MTCMOS technology where an NMOS sleep transis- ., Y=0000->1001
tor lies between virtual ground and ground. This circuit structure Y3 : i —H P2
. . Vector 2(smaller
very clearly demonstrates how several gates can switch simulta- + + + currents):
neously and create large time varying voltage drops across the R X=0111->1111
sleep transistor that slow down the circuits at different rates during v v P3 Yy=1001->1001
signal propagation. T(.P{.. vl P
ouT Vg =1.2V F’?F i
T C_ = 50fF Pg Pg PX
Vi = -.35V . . . .
TG V:E: £ 35V Figure 6. Carry save adder diagram (4x4bit version)[11].
S th =75V ) . o
v =0 Because of the regularity of this implementation, it is easy to
L mII"I mm . . . .
3 v see that one critical path (many others exist) lies along the diagonal
IN > T dd and bottom row. However, two distinct input vectors that give the
— > = E: 2817 same delay in a CMOS implementation can give very different
= 1.41.7 results in an MTCMOS circuit. The transition from (x:00,y:00) ->
v (x:FF,y:81) for example causes many more internal transitions in
T Virtual Gnd adjacent cells and thus is more susceptible to ground bounce than
1;- Vgqg— M, T C, the (x:7F, y:81) -> (x:FF, y:81) transition. The second input causes

a rippling effect through the multiplier, where only a few blocks
are discharging current at the same time. Figure 7 shows how delay
In this example, the input 0->1transition is especially slow varies with the WI/L ratio of the sleep transistor for these two cases.

because in the third stage, all nine inverters are discharging, which x10°°
causes the virtual ground line to bounce. Figure 5 shows the virtual 1 4
ground transient and reveals an initial “bump” when the first
inverter is discharging and a larger “bump” when the third stage is% 1.2
reached. The figure also shows how the output waveform slows—g

Figure 4. MTCMOS inverter tree.

A: X=00000000->11111111
Vector A Y=00000000->10000001

B: X=01111111->11111111
Y=10000001->10000001

“

Vector B

down when the sleep transistor width is too small. 1
‘ ‘ ‘ ‘ Figure 7. 8 bit multiplier
1.2 WIL =20, 17, 14, 11, 8, 5, 2 1 08 o 100 180 200 250 delay vs. WIL for different
Sleep Transistor W/L input vectors (SPICE).
1r Output transient 1
0.8- , Initial Final Delay % Degr % Degr
S XY XY CMOS W/L=60 W/L=170
o 06 Vl'rgﬂﬁ'd ] 0x 0000 | OxFF 8] 8.96ns 18.1% 5%
S04 gounce Ox7F 81| OxFF8j] 8.93ns 4.8% 1.7%
- Table 1. CMOS delay, and % degradation for various WI/L.
0.2
Table 1 summarizes some key values from the plot. For exam-
0 ple if one wished to size the sleep transistor to provide less than 5%

0.8 1 1_2 1 4 16 18 > 22 speed penalty for vector A, then one must size the sleep tran&_stor
greater than W/L=170. On the otherhand, if one were to examine

-8
Time [S] x 10 the vector B, the same analysis could lead one to erroneously size

Figure 5. Inverter tree SPICE simulation for various W/L.



the sleep transistor to be only W/L=60, which would actually cor- are set by the reduced gate drive of each gate. Assuming the dis-
respond to an 18% degradation in speed for the previous caseharge current is constant and all gates are switching continuously
Since input vector strongly influences delays in MTCMOS, it is during the period, the propagation delay for a particular gate (jth)
very important to determine the worst case input vector for prop-can be modeled as:

erly sizing sleep transistors. C.V4d

Tpdhl=
An alternative to sizing for the worst case input vector is to try P 2|j

to size for the worst case peak current and to ensure that the virtual . .

ground does not cross a threshold. However, this tends to be a}fnere | needs to be solved for explicitly shown in Eq. 5 below. By
extremely conservative approximation since current levels will SUMMIng the total mosfet gain factors for each discharging gate,
usually not peak throughout the entire logic computation period.WNereB; =Hn* Cox * (W/L) andByora = By + ... By, and equating ¥
Instead, in the context of MTCMOS, gates will slow down during t© the voltage drop across the sleep resistor, we have:

large current spikes but speed up again when fewer gates are transi-
tioning. To emphasize this point, the maximum current for the (00
00)->(FF,81) transition was simulated to be 1.174mA (not neces-_, . . .
sarily the actual peak current experienced by the circuit). If the Vir':srgtljr(;ligrfizlrl?/ezf ffg:ﬁﬂ;c}trﬁ\"sggh can be used to compute the
tual ground bounced were fixed, then a 50mV offset would result '
in a 5% degradation. Assuming the fixed current of 1.174mA, then | = }B. (Vgq-Vi-V )2 ©)
one would have to size the sleep transistor with W/L greater than 12" X

500, which is almost three times larger than necessary.

(©)

1
Vx = 5Btotal (Vdd—Vx— Vo) “Rest @)

_ _ ) 5.2 Variable Breakpoint Switch Level Simulation Tool
To optimally size a sleep transistor, one must accurately deter-

mine the worst case input vector, which can be a very difficult task. ~ The underlining algorithm behind this tool is to dynamically
Although one could exhaustively simulate all possible input transi-adjust each gate’s propagation delay based on the total number of
tions with SPICE for smaller circuits, it soon becomes impossible gates switching, since different amounts of currents will produce
with more complicated logic blocks. Furthermore, current tools to different voltage drops across the sleep transistor. If each gate is
extract critical paths may not be adequate since they do not tak&odeled as an equivalent inverter with an effective load capaci-
into account the virtual ground bounce associated with dischargdance ¢, then the delay model derived in the previous section for
currents. N inverters discharging simultaneously can be applied directly to
more complex logic circuits [12].

5. MTCMOS DELAY ANALYSIS TOOL

The input and output voltage waveforms for each gate are

To help analyze worst case input vector patterns, a switchtreated as piecewise linear, and gates are assumed to begin switch-
level variable breakpoint simulator was developed to rapidly com-ing exactly when the input voltage exceedg/¥. In the case of an
pute delay as a function of sleep transistor size. The advantage @frdinary CMOS implementation (with sleep resistance equal to 0),
this simulator is that first order timing information can be gatheredthe simulation tool simply models each gate as a constant current
very quickly for very large input vector spaces. Rather than usingsource that discharges a load capacitance. When a finite sleep resis-
the delay information directly, the tool is more useful for identify- tance is introduced in the circuit, the gates are modeled as time
ing potential vectors that will cause large variations in an MTC- varying (stepwise) current sources discharging their respective
MOS circuit and can be used to narrow down the vector space to bwad capacitances, which results in a piecewise linear output volt-

analyzed with a more detailed simulator like SPICE. age whose slopes can vary in time. These breakpoints occur when-
ever a gate in the logic block starts or stops switching because
5.1 Simple Model For MTCMOS Propagation Delay delays must be recomputed when the total current flowing through

the sleep transistor changes. With each gate modeled as a first order
To model the effects of MTCMOS on circuit delay, it is useful dynamic system, one only needs to keep track of the current output
to consider the delay of an inverter when N-1 other inverters areyoltage (state) and input stimulus to predict the delay behavior.
simultaneously switching through a shared sleep transistor.

v In order to process these breakpoints, the simulator computes
dd

an associated “best guess” for time to reach the switching threshold
and time to finish switching for each gate. The simulator time steps

to the nearest breakpoint, determines if any new elements are
_,— Vout switching and then recomputes the “best guess” for these break-
$ oo $ points by taking into account slower or faster gate transitions. The
i2 in
Reft i

g“",{lt to iy $ c breakpoint times for individual gates are not fixed because if
another gate switches first, then the speed of the subsequent gate
Virtual Ground (\) will change, requiring a new delay calculation. For a simulation
time of Tg;m, current drive of;l and load capacitance_Ca dis-
charging gate who's output voltage is currently /A would
Figure 8. Circuit model for MTCMOS delay. have it's expected “switching threshold” breakpoint calculated as:

C, VddOo
V, can be assumed to be the equilibrium point where the cur- Tdnext= Tsim* Tj‘%/out(-rsim) ——> 0 Vou>Vad2 (©)

rent Vi/Rqg is equivalent to the sum of the saturation currents that



Conversely, the simulation time breakpoint corresponding to 6. SIMULATION RESULTS FOR VARIABLE
when the gate finishes transitioning is represented by: BREAKPOINT SWITCH LEVEL SIMULATOR

Cc N
Tend = Tsim+ |_jLV0ut(Tsi m Vout> 0 ) 6.1 Inverter Tree Application

The variable breakpoint switch level simulator gives reason-
Figure 9 shows the output waveforms as functions of time forable results when applied to the clock distribution inverter network
three different gates in a larger MTCMOS circuit. One breakpoint shown in Figure 4 with a low to high input transition. Figure 10
is labeled astcorresponding to the switching threshold of gate 2, compares delay measurements computed from SPICE with mea-
and another is shown gsqt corresponding to the time gate 1 fin- surements obtained from the switch level simulator.

ishes discharging. The other six breakpoints are not labeled. x10”°
AV : : « ) .
Vad - b - 5 V.B. simulator <
' y 1. gate 2 charges up v :// SPICE |0©
: . 2. gate 2 crossesgy2 4 x / 2
gate . A o 5 y 8
Vg . ! att and causes gate 3 g o XX S0.
_Zd e to switch 3 Oooo P
. . ate3 3. gate 1 slope reduces OOooOOOX *
: Y due to added discharge 2 0
: current 5 W/lLo i 15 20 Ti 5 0
gate2 . ' 4. gate 3 slope increases ratio me sl x1o
: > » at {3 since gate 1 ends Figure 10. Delay comparison Figure 11. Ground bounce
! i+l as function of WI/L. transient comparison.

Figure 9. Typical output waveform transitions in

variable breakpoint simulator. The variable breakpoint simulator captures the basic effect of

sleep transistor sizing on propagation delay, and even though it is
based on a first order delay model, still manages to track the
switching variations of this MTCMOS circuit. Figure 11 shows the

Immediately before timg, tgate 1 is discharging at a constant virtual ground variation in the inverter tree during the transition as

slope an_d gate 2 is transitioning from low to high. However, at thecénmputed from SPICE as well as the simulator. Since the simulator
breakpointjt gate 2 passes the threshold voltage and causes gate

. . o ) odels discharging gates as constant current sources and neglects
to begin discharging. This increased current causes the wrtualn h - ; :
he effects of capacitance in parallel with the sleep transistor, the

ground to bounce, and consequently both gate 1 and gate 3 slow ) . .
. : . . round bounce should be a stepwise function. For the very high
down. At this point subsequent breakpoints will have to be updated”_ _. o . - L .
- . resistance case (unrealistic/ undesirable in actual circuits), the vir-
to reflect slower circuits, so that the next breakpojry, is actu-

ally later in time than what was predicted earlier. When gate 1 fin-tléar:ls?;rz;md Is very slow in discharging due to a larger RC time
ishes switching, gate 3 will speed up because less current needs to '

be sunk through the sleep transistor. Again, the breakpoints are . .

recomputed at this point to reflect different operating conditions, 6-2 Results From Adder Simulation

The variable breakpoint simulator thus only needs to simulate the 5 3 pjt ripple carry adder was exhaustively simulated both
circuit at breakpoints which are variable in time and computed,yit, SpICE and with the variable breakpoint switch level simula-

from the current operating conditions. tor. The adder is a standard “mirror adder” implemented with 3x28
transistors, and the circuit was simulated with the initial carry bit
5.3 Limitations of Switch Level Simulator grounded, but using every possible pair of 6 bit input vectors. This

. * 6 - .
The delay model used in the variable breakpoint switch IevelreSUItGd in 2+ 2° = 4096 possible vectors.

simulator has several limitations. First of all, the assumption that C C C Vo= 1.2V

the output capacitance is discharged by a current source equal to c I:-"’: - c I;f - = L_:"V: - cgd: 50fF

the saturation currenj is simply false, since the transistor does J,-—I 'fé bCOH Iﬂa bCOH Ir‘lf‘ Bbcc"ﬁiq Vip = -.35V
& Dy

spend time in the triode, or linear region of operation. Second, we T 6 | T J | Vi = +.35V
neglect the effect of parasitic capacitances on the virtual ground % Y & D Vinh = .75V

line, but this effect becomes important only for large resistances or Sl@p_":iHigh v, Virtual Ground Lmin = 0.4m
large capacitances. Also, the effect of the input slope on output

delay time [1] [13] is ignored, and only a very simplistic first order Figure 12. 3 bit MTCMOS ripple adder.

MOSFET model (neglecting body effect, channel length modula-

tion, velocity saturation) is used. Another important limitation is Even for such a small circuit, SPICE required 4.78 hours of

that complicated gates are modeled as a simple inverter, which cagPU time on a Sun Sparc 5 to simulate all 4096 input vectors. On
also lead to timing inaccuracies. By addressing these issues ithe otherhand, the variable breakpoint switching simulator required
future work, the simulator accuracy can be improved significantly. only 13.5 seconds of CPU time, and the code has not yet been opti-
However, since the simulator is most useful for qualitative analysismized for speed. Figure 13 shows a comparison between the propa-
in determining potential vectors that are sensitive to MTCMOS, gation delay on the 3 bit ripple carry adder as a function of W/L
complete timing accuracy is not mandatory. between SPICE and the variable breakpoint switch level simulator.



Two different vector pairs are simulated: (x:000 y:001)->(x:110 point switch level simulator that could very quickly simulate large
y:101) is the worst case delay vector pattern, while (x:110 y:001) -numbers of input vectors. The key for this tool was to provide the
> (x:110 y:101) is a vector less susceptible to MTCMOS delay. circuit designer with initial delay information as a function of input
From the plot, we can see that the simulator gives extremely goodector, V4 V;, and sleep transistor sizing, so that the he/she may
results for delay. Since the experimental circuit is small, the varia-recognize input vector patterns that may be especially susceptible
tion in delay as a function of different input vectors is not as pro-in MTCMOS circuits. After the design and simulation space is nar-
nounced as in the 8 bit multiplier. rowed sufficiently, the designer could then use a more detailed sim-
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