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ABSTRACT 

This paper details the design and verification of a new type of semiconductor 

parametric oscillator. The oscillator will be designed to incorporate a close 

representation of the actual critical path of the device being tested. The oscillator will 

allow for more accurate modeling of device speed, leading to improvements in yield 

analysis and material planning. The oscillator is designed for an advanced CMOS 

process to model a complex microprocessor. 
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CHAPTER I 

INTRODUCTION 

In modem semiconductor processing, the ability to look ahead and predict 

certain characteristics of devices accurately before they come off of the assembly 

line can lead to a great advantage in the market. When a new device such as a 

microprocessor is introduced, much time is dedicated to modeling the speed 

characteristics of the new design. When the new design is built on a brand new 

process technology, the job of speed modeling is further complicated. Many tools 

have been developed to aid in the process of characterizing the speed of new 

microprocessors. One of the most widely used tools in device speed 

characterization is the ring oscillator. 

The basic ring oscillator circuit consists of an odd number of inverter gates 

connected in series with a feedback path provided for oscillation. By applying a 

reset pulse to the circuit, the frequency of oscillation can be measured at the 

output pin. The frequency is determined by the physical factors of the 

manufacturing process, and can therefore tell the engineer a great deal about those 

factors. Ring oscillators are added to each wafer manufactured, contained in 

special parametric stmctures in the scribe lines. By using methods like the ring 

oscillator test, the speed of both the design and the process can be characterized 

on a continuous lot-by-lot basis. 
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The data collected from conventional ring oscillators gives a window into 

the speed of the material. However, the data only gives a partial picture of what is 

happening in the circuit. The speed model does not hold up across all process 

comers and operating points, which takes away from its accuracy across a large 

material sample. A way is needed, therefore, to directly model the circuit 

characteristics in a ring oscillator stmcture. 

All complex state machines have a speed-limiting path, called the "critical 

path," which dictates the maximum operating frequency of the device. Whether it 

is simply the longest path through the device, or the device incorporating the most 

transition gates, a signal traveling along the critical path takes longer to reach its 

destination than any other signal in the circuit. For sequential logic, the state 

transition can be tied to when the critical path signal arrives at its destination, so 

the speed of the critical path influences the speed of the device. By first 

determining the critical path of the device, then incorporating it into a test 

oscillator stmcture, a very accurate speed model of the device can be obtained. 

The goal of this thesis is to prove the concept of a new parametric 

oscillator. The oscillator will incorporate the actual, or a close representation of 

the actual, critical path of the device it is being used to model. Simulation will be 

done to prove the design is feasible, and further plans will be laid out for future 

implementation of the new oscillator. 



Chapter II provides some background into the various concepts behind the 

new oscillator. In addition, it details methods currently used to model the speed 

of microprocessors and points out weaknesses in those methods. 

Chapter III details the steps taken in developing the new oscillator. Some 

discussion of the design and the simulation model will also be done here. 

Chapter IV is dedicated to showing results of the simulation and 

explaining their significance. Chapter V provides conclusions and some future 

directions for the work. 



riBirHM aiTrrrv ifa 

CHAPTER n 

PARAMETRIC TECHNIQES AND BACKGROUND 

Microprocessor Delay Regimes 

Inherent in any semiconductor integrated circuits (ICs) are delays due to 

electrical interactions between materials. Relatively high voltages coupled with 

ever-decreasing device dimensions lead to parasitic capacitances and other 

effects, which can slow down circuit transitions. By minimizing the delays from 

these physical factors, the design can achieve maximum speed and efficiency. 

The delays caused by the materials themselves can be classified into three main 

groups: gate-dominated delay, junction-dominated delay, and metal RC-

dominated delay. 

The first two delay regimes are closely related to the high frequency 

device model for a metal-oxide-semiconductor field effect transistor (MOSFET).^ 

The delays stem from parasitic capacitances developed from the formation of both 

the device gate and junction. Although parasitic capacitances are not intended as 

part of the design, they are always present in the physical system. The effects of 

these parasitics can be minimized, but it is impossible to eliminate them 

altogether. Figure 1 shows a cross-section of a typical MOSFET, with parasitic 

capacitances noted on the schematic. 

In Figure 1, the capacitance CGC is the major contributor to the gate delay. 

The capacitance CGC arises from the oxide barrier between the gate contact 



(polysilicon) and the substrate or channel of the device. The geometry of CGC is 

very similar to that of a parallel plate capacitor, and therefore the value of CGC is 

given by 

CGC = (Cox)(W)(L)' (1) 

where W is the width of the gate/channel, L is the length of the gate/channel, and 

Cox is the capacitance density of the gate oxide. Cox is a derived quantity based 

on the thickness of the oxide, as well as its material makeup. It is clear that CGC 

depends primarily on device geometry, as well as certain material parameters. 

Gate 

Drain Source 

Figure 1. Cross-section of a typical MOSFET. 

The second important parasitic capacitance to consider is the junction 

capacitance of the MOSFET. Junction capacitance can be modeled by several 

individual capacitors in the MOSFET model, but for analysis purposes it can be 

thought of as a single capacitance. The capacitance is brought about by the 

separation of charges in the depletion region of the pn junction between the 

source/drain and the bulk or substrate. The capacitance generated by the 

depletion region is related to the type of junction and applied voltage across the 

junction, as in equation 2. 
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where Cjo is the junction capacitance density, A is the junction area, Vp is 

the applied voltage, OB is the barrier potential of the junction (typically 0.7V) and 

n is a constant based on the type of junction. Cjo, OR, A, and n are all determined 

by the process and the design. Vp is based on the operating point of the device. 

Unlike the gate capacitance, the junction capacitance is dependent on the 

operating point of the device through the term Vp. This makes the junction-

dominated delay voltage-dependent, making modeling of the delay a much more 

complicated issue. 

The final delay regime is the RC metal dominated delay. Over 80% of 

modem VLSI integrated circuits are metal interconnect, relatively long metal 

lines traversing large portions of the circuit. The lines can be side-by-side in the 

same circuit layer or stacked on top of one another in adjacent layers. Figure 2 

shows some typical layout orientations. In addition to these two simple examples, 

real-world circuits can contain much more complicated geometries, which lead to 

even more interaction between the metal lines. 

The delay generated by metal RC was once considered insignificant to the 

overall delay of the device. However, as device sizes (and consequently 

junction/gate delay) have decreased, metal interconnect RC has become a 



dominant factor in calculating delay. Any speed model of a modem device must 

include a heavy weighting toward the metal RC delay. 

(a) (b) 

Figure 2. Metal interconnect 
lines (a) in the same layer, and 

(b) in adjacent layers. 

Operation of SRAM 

One of the largest contributors to the critical path of a microprocessor are 

the dense Static Random-Access-Memory (SRAM) arrays on the chip. Modem 

SRAMs can be very large, upwards of 1 megabyte per array. Since complex 

microprocessors can contain several of these massive arrays, managing SRAM 

access time is a big part of VLSI design. 

All SRAMs consist of individual flip-flop cells connected together in rows 

and columns. Each cell represents one bit in the RAM array. The result is a large 

grid stmcture of bits, any of which can be accessed directly through address 

decoding logic. Figure 3 shows a typical bitcell schematic. 

The row select lines, or "word lines," are used to select one entire 

row out of the grid. Conversely the column select lines, or "bit lines," are used to 



select one entire column out of the grid. By using the two select lines together, it 

is possible to select one bit anywhere in the array. Figure 4 shows an example. 

Note that only cell is selected, and hence only one bit is read from the RAM for 

each selection of a row and a column. One of the limitations in Static RAMs is 

that for each set of address decoding logic, only one bit may be read or written at 

a time. This adds additional time requirements to read or write large amounts of 

data to the RAM. 

Wordline tzs^ 

1^ 
Bit! 
me 

^ 

^ ^ 

y 
Figure 3. Typical SRAM bitcell. 

Because of the physical layout of the SRAM array, different bits require a 

different amount of time to access. A bit which is physically close to the row 

decoder circuit, for example, takes less time to access than one that is physically 

farther away from the row decoder simply because the signal must travel a greater 

distance to reach its destination. Although the difference in access time is 

typically less than a millisecond, at today's high clock speeds the delay can 

become very significant. Of all the bits in the array, it is logical that the one 



^KS^BwM^H 

located farthest from the row and column decoder will have the longest delay. 

Such a signal would traverse an entire row and an entire column of the SRAM 

array while being read or written. 

Row 

1 
2 
3 

N 

Col 

D 

1 2 3 4 5 6 N 

Figure 4. SRAM array selecting one row 
and one column. The intersection is the bit 

that is read or written. 
From a signal delay point of view, the SRAM array presents a complex 

mixture of delay regimes. For the word lines (refer to Figure 3), the equivalent 

circuit is dominated by FET gate delay plus some added metal RC delay. The bit 

line, on the other hand, is dominated by FET junction delay plus added RC metal. 

Because a signal must travel on both the bit and word line during any access to 

the array, modeling the overall SRAM delay in a test circuit is quite complicated. 

Parametric Ring Oscillator 

The simple ring oscillator consists of an odd number of identical 

inverting logic gates connected in a feedback configuration."^ The output of the 

last gate feeds back into the input of the first gate. Figure 5 shows a simple three-

stage ring oscillator stmcture. Since each gate has a finite delay associated with 
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it, the entire circuit will begin to oscillate once power is applied. The oscillations 

may take time to reach a measurable, stable state, however. In order to reduce test 

time and begin stable oscillations immediately, a "clear" or "start" pulse is 

applied to the circuit. The oscillation can then be measured at the output of the 

last gate. The type of gates used and the parameters of the manufacturing process 

determine the frequency of oscillation. 

Figure 5. A simple three-stage ring oscillator. 

In addition to the gate delay in the oscillator circuit, the metal interconnect 

between the gates also adds delay. By varying the length of interconnect in the 

feedback path of the oscillator, it is possible to control the dominant delay regime 

of the oscillator. Longer interconnects lead to metal RC dominated oscillators,'* 

while shorter interconnects lead to gate and junction dominated oscillators. Each 

of the different types of oscillator are employed in modem device 

characterization. 

Modem Speed Characterization Techniques 

Speed characterization is used extensively throughout the microprocessor 

manufacturing industry. Speed distribution information is vital to both the yield 

10 



enhancement and the business planning aspects of the microprocessor industry. 

There have been many methods proposed to handle the problem of accurate 

prediction of device speed versus process parameters.^'^ 

One such approach employs ring oscillators designed to emulate each of the 

three main delay regimes. Once empirical data is collected for a large body of 

wafers, analysis is done to find the "best fit" for predicting the speed of the 

device. Further analysis is done to determine how well the prediction holds up 

across process comers and operating conditions. Once the analysis is complete, 

one oscillator is chosen as the "best," and used for further speed predictions. 

Table 1 (reproduced from Camlli et. all^) shows the results of such an analysis 

performed on a 0.25pm, 5 metal layer CMOS microprocessor. The table clearly 

shows the metal RC interconnect-dominated oscillator as the "best fit," although 

even its R-square is only 0.8. 

Table 1. R-square analysis of oscillator versus package-test frequency 
for a superscalar microprocessor^ 

On-Chip Circuits 

Ring-oscillator - Interconnect-dominated 
Ring-oscillator - Gate-dominated 
Ring-oscillator - Junction-dominated 
Transistor - N-channel 
Transistor - P-channel 

Split Lot 
R-square 

0.80 
0.39 
0.22 
0.10 
0.15 

Although this method does yield acceptable results, they are far from perfect. 

Complex combinations of delay types within a large microprocessor do not allow 

the speed to be accurately modeled by any one type of delay. As microprocessor 
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designs continue to become more and more complex, adding more transistors and 

more layers of metal, methods such as this will become less and less reliable. 
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CHAPTER m 

THE CRITL\L PATH BASED PARAMETRIC RING OSCILLATOR 

Requirements 

In order to more accurately model the critical path (and therefore the 

speed) of a device, a new parametric oscillator must be developed. The new 

oscillator will take into account all three of the delay regimes discussed in the 

previous section, rather than just one. In addition, the complex interaction 

between the regimes will also be modeled. The oscillator will contain a close 

representation of the identified critical path of the device. Including the actual, or 

near actual, critical path in the oscillator may achieve a very accurate 

representation of the speed of the device. The following sections discuss the basic 

principles needed to establish design parameters and oscillation frequency for the 

new oscillator. 

Design Development 

All ring oscillators work on the concept of negative feedback and signal 

delay. Figure 6̂  shows an example of a ring oscillator. As a signal is presented at 

node A, say a logic " 1 " , it is propagated through the inverter 1 and becomes a 

logic "0" at node B. It then propagates through inverter 2 and becomes a logic 

" 1 " again at node C. The final stage is inverter 3, where the signal is again 

changed into a logic "0" and presented at node D. Because of the presence of 

13 
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negative feedback between nodes A and D, the signal will propagate back to the 

beginning of the circuit with the opposite logic polarity it started with. 

To more clearly see the operation of the ring oscillator, it is helpful to look 

Figure 6. Standard ring oscillator^ 

at the equivalent representation of each inverter stage. Figure V' shows the 

inverter modeled as a pair of digital switches. These switches mimic the pmos and 

nmos transistors within a CMOS inverter. The resistances Rp and RN represent 

-O -O 

Figure 7. Equivalent circuit of ring 
oscillator in Figure 6 with switch 

equivalents inserted for transistors . 

the effective "on" resistance of the each transistor. The capacitance CG represents 

the gate capacitance seen on the input of the transistors. The equations used to 

calculate RN, Rp, and CG are listed below. 

Q =(Cox *^P *^/>) + (Cox *WN *^^) (3) 

14 
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R - ^'•' 'N,P 
WN,P*K,^,HV,-V,) (4) 

Where W and L are the length and width of the p and n transistors, Cox is 

the capacitance density of the gate oxide, K is the transconductance, VH is the 

power supply voltage, and Vp is the treshold voltage. For a fictional CMOS 

process, let us assume Cox = 0.7fF/pm^ KN = 24pAA^^ Kp = 8pA/V^ VH=2V, 

VTN =0 .75V, and VTP=-0.75V. In order to achieve equivalent pull-down/pull-up 

resistance from our fictional inverter, WN and Wp are selected so that Wp = 3*WN. 

For the purposes of this example, WN=5pm, Wp=15pm, and LN=Lp=10pm. 

Taking all of these values into account, the values of RN, Rp, and CG can be found 

to be RN=67Kn, Rp=67KQ, and CG=1.1PF. 

Once the values of resistance and capacitance are found in Figure 7, the 

next step is to look at the signal delay in each inverter. The important things to 

look at are the transition from a high output to a low output and conversely the 

transition from a low output to a high output. Each of these two transitions has a 

unique equivalent circuit. Figure 8 shows the relative equivalent circuits for high-

to-low and low-to-high transitions. 

For the low-to-high output transition (high-to-low input transition), the 

circuit is equivalent to a capacitor discharging through a resistor. For high-to-low 

output transition (low-to-high input transition), the circuit is a capacitor charging 

15 
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through a resistor. For both cases, the time constant involved can be found 

through 

T = R * r (5) 

Where RN is used for the discharging case and Rp is used for the charging 

case. Because of the well-planned selection of device sizes, RP=RN and the two 

transition time constants are equal. For our example case, the transition time 

constant for a single gate is (67KQ)(l.lpF) = 73nS. 

o 
(A) 

1 Co 
(Initially ^y 
Charged to ~ 
2V) 

(B) 

Figure 6. Equivalent circuits for (A) high-to-low 
transition and (B) low-to-high transitions.^ 

The RC time constants give a window into the signal delay times of each 

gate. The delay itself, however, depends on several factors. Equations 6 and 7 

show the transient voltage response for the charging and discharging cases. 

V„ =V„*(l-e RpC P^ G (6) 

V =V * g '̂ ^̂ '̂  
^ O ^ H ^ 

(7) 
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through a resistor. For both cases, the time constant involved can be found 

through 

^LH,HL ^^N,P ^G (5) 

Where RN is used for the discharging case and Rp is used for the charging 

case. Because of the well-planned selection of device sizes, RP=RN and the two 

transition time constants are equal. For our example case, the transition time 

constant for a single gate is (67Kn)(l.lpF) = 73nS. 

I ) —j—(Initially 
^d ^ Charged to 

2V) 

(A) 

WH 

^ O T 
(B) 

Figure 6. Equivalent circuits for (A) high-to-low 
transition and (B) low-to-high transitions.^ 

The RC time constants give a window into the signal delay times of each 

gate. The delay itself, however, depends on several factors. Equations 6 and 7 

show the transient voltage response for the charging and discharging cases. 

Vo =V„*il-e RpC Q (6) 

R\iCr V =V ^e ^ "^ 
^ 0 ^ H ^ 

(7) 
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Equation 6 gives the response for the charging case and 7 gives the 

response for the discharging case. Once the transient voltage profile is known, 

the next step is to consider what the relative target voltages of each case are. For 

the charging case, once the output voltage (VQ) reaches the threshold voltage of 

the next stage in the chain the signal is propagated. For the charging case, then, 

the target voltage is VH-IVTPI, the threshold voltage of the nmos side of the 

inverter stage (1.25V in this example). Conversely, for the discharging case, the 

target voltage is VTN, the pmos threshold voltage (0.75V in this example). Figure 

9 shows the charging and discharging transients for each case. 

V. 

2 

1.8 

1.6 

1.4: 

1.2̂  

1 

O.Bi 

0.6 

0.4 

0.2^ 

0 

VH - IVTPI 

A 
'TN 

2e-07 4e-07 „ 6e-07 8e-07 1e-06 

T(s) 

Figure 7. Charging and discharging 
transients for the inverter chain, 

showing target voltages VTN and VTP 

It is obvious from Figure 9 that the amount of time to reach the target 

voltage is much different than the total charging time of the circuit. In order to 

17 
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determine the actual signal delay, it only remains to solve equations 6 and 7 for 

the length of time to reach a particular voltage. The results are shown below. 

t = -R,C^nn{^^\^ ^^^ 
V, H 

(8) 

V^ 
r = -/?^C *ln(-^) 

V (9) 
H 

Where again equation 8 is for the charging case and equation 9 is for the 

discharging case. For the example presented here, the time required to reach the 

target voltage in the charging case is TLH = 27nS. Conversely, the time required 

to reach the target voltage for the discharging case is THL = 27nS. Notice that the 

charging and discharging times are identical. This is the result of both well-

balanced transistor threshold voltages and well-chosen transistor sizes. 

It is important to make one note about equations 8 and 9. In the derivation, 

it is assumed that the voltage across the capacitor CG charges all the way to from 

OV to VH and discharges all the way from VH to OV. In physical circuit, however, 

this is not possible. While it is tme that both the charging and discharging of CG 

approach VH and OV, respectively, because of the exponential nature of the 

charging it never actually reaches either endpoint. This means that the starting 

point for the next charge/discharge cycle is not VH or OV, but rather the maximum 

18 
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or minimum voltage achieved on CG- Because of this difference, the delay times 

derived in equations 8 and 9 are not entirely accurate. However, for the level of 

accuracy the transistor model affords, the error is acceptable. A more rigorous 

analysis is necessary if more accurate results are desired for signal delay. 

Now, for a full cycle of the oscillator output, a signal must go through each 

gate twice. For the three stage oscillator with no feedback delay the total delay 

of the cycle is found as 

T =T +T +T +T +T +T (10) 

Or, for our case, TT = 163nS. The frequency of oscillation is then found to be 

(11) 

or 6.1MHz. 

Besides determining the time required to charge to a particular voltage 

state, equations 8 and 9 also reveal another point about the oscillator delay. Both 

equations are dependent upon both VH and VT, the power supply voltage and the 

threshold voltages, respectively. In fact, changes in either the supply voltage or 

the threshold voltage can greatly affect the frequency of oscillation. For a well-

controlled process, it is desirable for the threshold voltage to be kept constant. 

The power supply voltage, however, can change across revisions or even 

applications. Figure 10 shows a plot delay time versus supply voltage in equations 

8 and 9. In addition, the sum of both delays is also plotted. The delays for both the 

charging and discharging case change as much as 66% across the range of 1.4V-

19 
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Sum of Delays 
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:rt-Lt- .-A 
Discharging 

r~" I • • ' I ' 

1.-1 1.U '.U 
' • I • • I • 

I I -̂ i ^ £.L k.L 

Figure 9. Charge/Discharge delay vs. supply 
voltage from eq's 8 and 9. 

3V. It is obvious that the choice of power supply voltage can have a significant 

affect on oscillator performance. 

-O 
-Co 

RN< 

Figure 8. Equivalent circuit with 
feedback RC element included. 

Once the frequency of oscillation for the oscillator without feedback delay 

is determined, it is possible to begin adding elements to the feedback path to 

20 
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determine their effects. The most common elements seen in ICs involve the 

resistance and capacitances associated with metal interconnect. Figure 11 shows 

the equivalent circuit with additional resistance and capacitance added to the 

feedback path. The operating frequency can again be found by analyzing the RC 

time constants in each part of the circuit. The only difference from the previous 

analysis is the addition of one extra RC delay, Tf = Rf*Cf. The addition of the 

extra delay increases the overall delay in the circuit and reduces the frequency of 

oscillation. 

The idea of Figure 11 can extended even further. More RC pairs can be 

added to the feedback to model longer and more capacitive interconnect lines. 

Figure 12 shows an example of a feedback path with 10 RC pairs included. 
:ri 

RF 
-A/\r 

RF 

•A/V-
RF 

•A/V-
RF 

•AAr 
RF RF 

•AAr 
RF RF 

Figure 10. Feedback path example with 10 RC pairs. 

For the critical path based oscillator, the feedback path is even more 

elaborate than the circuit of Figure 12. In addition to the metal RC modeled by 

repetitive RC pairs, there are also transistor gates and junctions introduced by the 

row and column of SRAM. In addition, there are entire logic gates brought about 

by the modeling of additional critical path logic. The combination of all of these 

things makes the critical path based oscillator considerably more complicated than 

the standard ring oscillator, but it is required to achieve greater accuracy in speed 

21 
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modeling. Figure 13 shows typical elements that can be found in the feedback 

path of the critical path based oscillator, along with their equivalent 

resistive/capacitive loading on the feedback path. 

> 

> 

Figure 11. Sample circuit elements 
present in the critical path based 

oscillator feedback path, along with 
eauivalent circuits. 

The transistor elements arise from the row and column of SRAM present in the 

path. Because the SRAM is not active, it appears as simple resistive and 

capacitive loading elements to the circuit. The resistive paths to ground in both 

cases are large, (roff in one case, gate input impedance in the other.) 

Possible Problems 

At first glance, the design of a ring oscillator may seem simple. An 

arbitrary odd number of inverters is stmng together to form a stmcture that is 

guaranteed to oscillate. Delay is added in the feedback path to model whatever 

system is desired. In reality, however, many considerations must be made to 
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assure the final design will oscillate. Some of these obstacles to oscillation are 

discussed here. 

Inverter Transfer Curve (High Gain) 

in 

Figure 12. Inverter transfer 
curve showing high gain. 

The model of oscillation discussed in the previous section makes one 

important assumption about the inverts used. Although an inverter is traditionally 

considered a "digital" device, it and all digital devices like it operate on very 

analog principles. In the case of the inverter, it can be thought of as an inverting 

amplifier with very high gain. High enough gain, in fact, to drive the output to 

very near the positive and negative supplies of the circuit. 

When an inverter switches from one state to the next, both transistors 

briefly enter into the linear or amplifying region of operation.^ The amount of 
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gain present in the circuit influences how steep the transition is from low to high 

voltage. As gain decreases, the slope of the transition region also decreases, 

meaning the transistors stay in the linear region for a longer period of time. For 

high gain circuits, the transition slope is very steep and the time the transistors are 

in the linear region is minimal. 

As the slope decreases, there is a greater voltage range in which the circuit 

could "settle" and remain in the linear region. Such a circuit does not oscillate, 

but instead delivers a stable output somewhere between the positive and negative 

voltage levels of the circuit. Figures 14 and 15 illustrate this point. In Figure 14, 

the transfer characteristic of an inverter with high gain is pictured. Notice that 

there is little room in the so-called "stable" or settling region. Figure 15 shows 

the same characteristic for a lower gain inverter. The settling region is much 

larger, and therefore it is much easier for the circuit to reach the stable point. 

In looking at the gain of our example oscillator circuit above, one can use 

the small signal equivalent circuit for the two MOSFETS to find the effective 

voltage gain.^ The steps are left out here, but the final gain equation becomes 

K = 
^8 dsl "̂  § dsl) 

(12) 

where gnii,2 and gdsi,2 are standard terms in the MOSFET small signal 

model. ̂  For this example, the voltage gain from equafion 12 comes out to be 
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30.3dB. Such a gain is high enough to induce oscillation in the circuit and keep it 

out of the settling region. 

Inverter Transfer Curve (Lower Gain) 

Figure 13. Inverter transfer curve showing lower gain. 

Modem IC technologies are far more advanced than the example we have 

presented here. Such advanced technologies produce transistors with much 

higher gain, and thus modem inverters should have no problem sustaining 

oscillation and staying out of the stable region. 

In addition to natural settling of the circuit into the stable region, the 

circuit can also be inadvertently biased in such a region by a poor choice of 

feedback elements. Figure 12 detailed a long RC chain in the feedback path of 

the oscillator. In addition to the capacitors to ground, it is not unthinkable that a 

high resistance path to ground could be introduced in parallel with these 
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capacitors. Such a path could arise from a number of sources, including non-ideal 

transistor characteristics and process imperfections. It is important to monitor the 

amount of leakage resistance present in the feedback path of the oscillator. 

Figure 16 shows the RC chain feedback path with a leakage resistor 

introduced in the chain. It is important that the amount of voltage drop across the 

resistor RL does not drop below the threshold voltage of the inverter, or 0.75V in 

our example case. 

RF RF 

•A/V 
CF 

RF 

•Mr 

RL 
1̂  

CF 
RF RF 

-V\r 
RF 

AAr 
RF 

•A/\r 
RF 

Figure 14. RC chain feedback with leakage resistance to ground introduced. 

The minimum value of RL to ensure that the voltage across it stays above 

0.75V can be found by taking the voltage divider equation between RL and the 

other resistors in the feedback chain. After some algebra, one finds that RL must 

be no less than 0.59*(Rftotai), where Rftotai is the combined resistance of the 

feedback resistors in series. 

Two things are interesting about this result. First, it is evident that a close 

eye must be kept on what resistive elements are being placed into the feedback 

path. Several large resistors to ground in parallel can quickly reduce the 

equivalent resistance enough to create a problem in the circuit. Since every 

element placed into the path has the potential for creating leakage resistance to 

ground, the designer must remain vigilant against potential problems. 
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In looking at the result for minimum leakage resistance, one might guess 

that since it is itself a function of feedback resistance that its effects can be 

minimized by simply increasing the feedback resistance. This, however, is untme 

for two reasons. First, by increasing feedback resistance the frequency of 

oscillation is decreased accordingly. For speed modeling purposes, any excess 

feedback resistance or capacitance should be kept out of the circuit. Second, the 

oscillator needs a certain amount of noise in the circuit to guarantee oscillation. 

Inherent noise in the chain can be amplified by the extremely high gain of the 

inverter stages and help to stabilize oscillation. Adding excessive resistance to 

the circuit can dampen the inherent circuit noise and may impair the oscillation. 

It should be noted that the critical path based oscillator is particularly 

vulnerable to leakage current problems. Unlike most other ring oscillators, the 

feedback path of the critical path based oscillator contains more than simple 

resistive and capacitive elements. Transistors placed in the feedback path, though 

turned off (see Figure 13), allow a resistive path to ground. The "off resistance 

of a typical MOSFET is in the range of lOOMegQ or greater. Compare that with 

the ~Ik series resistance in the feedback path and the leakage current problem can 

be kept under control. 

The choice of feedback path elements is a key element in designing a ring 

oscillator for parametric purposes. Different combinations of capacitance, 

resistance, and active elements can provide different levels of information about 
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the process and the design. The designer must take care, however, not to impede 

the operation of the circuit with the choice of feedback path. 

The Critical Path Based Oscillator 

Now that the basic principles needed to design a ring oscillator have been 

established, it is possible to move forward with the details of the critical path 

based oscillator. The bases of the design, just as above, are three inverter gates to 

provide for oscillation. The choice of feedback elements, already established as a 

key portion of the design, is particularly important in making the critical path 

based oscillator different than its predecessors. Some discussion of the design is 

provided below, though the rigorous analysis is left to circuit simulation tools. 

Choice of Critical Path 

All microprocessors have one signal path that limits the speed of the entire 

device. Whether it is physically the longest path a signal must travel or merely 

the path containing the most delay-causing parasitics, the speed-limiting path is 

very important. It is important to isolate and understand what causes the so-called 

"critical path" to be the slowest path in the device. Once the critical path is 

isolated, it can be used to model the speed behavior of the entire device. 

To implement the design, the critical path was first determined through 

simulation results. A good simulation model of the device was used to identify 
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long delay paths in the device. A group of 5-10 candidates was identified as 

having the most total delay. Once the list was compiled, each of the paths was 

reviewed to determine if it was a feasible candidate. Each of the paths identified 

had certain elements in common, including the presence of SRAM. The 

difference between paths was due mainly to logic gates external to the SRAM 

arrays. After determining which path had the most practical external logic to 

implement, it was chosen to include in the oscillator. 

Once the path was chosen, it only remained to pull those layout cells from 

the actual design and incorporate them into the ring oscillator design. The 

finished design was then simulated to determine its frequency characteristics 

across process conditions. A correlation was then drawn between the actual 

operating frequency measured for the device and the operating frequency of the 

ring oscillator. Upon arriving at an accurate representation of device speed, that 

oscillator design was chosen to implement. 

For a complex microprocessor, the critical path can most often be found to 

contain the onboard Static Random Access Memory (SRAM) arrays. Modem 

VLSI designs can have over 1 megabyte of SRAM onboard the chip, dispersed 

throughout very large arrays of memory. Because of the method of SRAM 

access, a signal must sometimes traverse one entire row and one entire column of 

the array. This easily leads to the longest paths present in the design, and 

therefore makes it a prime candidate for the critical path. 
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The Feedback Path 

For the project, an actual row and column of SRAM is incorporated into the 

ring oscillator design. By placing the row and column (connected in series), 

along with some other logic gates, in the feedback path of the oscillator, the actual 

critical path delay of the circuit can be very nearly replicated. Rather than just 

modeling one particular type of delay the proposed oscillator models all of the 

different types present in the actual circuit. In addition the oscillator also models 

the complex interaction between the delay types, which helps keep the model 

accurate across all operating conditions and process variations. 

Figure 15. Proposed new ring oscillator. 

Figure 17 shows the proposed oscillator design. It is very similar to figure 

6, with only slight modifications to the feedback path. The basic theory of 

operation is identical, the feedback additions are provided solely to adjust the 

frequency of oscillation. The first two additions are the row and column of 

SRAM. These are taken directiy from the device design, only the layout scheme 

has been changed to conserve space. The two sections of SRAM are connected in 

series creating a single long path for the feedback signal to travel. 
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The "additional logic" block in Figure 17 refers to extra logic that may be 

contained within the critical path of the device. In addition to the SRAM column 

and row, there is other logic at the beginning and end of the array that contributes 

to the critical path. This additional logic can change with each new design 

revision, making it necessary to re-design the oscillator with each new revision. 

Re-design can be avoided, however, by simply modeling the additional logic as a 

static group of gates. The resulting circuit is not then an exact re-creation of the 

critical path, but the inaccuracy is negligible. The results presented in chapter 4 

will show that the critical path based oscillator is a much more accurate 

representation of speed than previous oscillator designs. 

SPICE Model 

To determine the feasibility of the new oscillator design, a SPICE model 

was first developed and extensively tested. Testing the design prior to physically 

implementing it into the chip can save many hours and many dollars in 

development and testing costs. The design must be tested across all process 

comers and operating conditions, to assure that it is stable and reliable. In 

addition, the results must be compared to similar simulation results from existing 

parametric oscillators to assure that the new design does indeed make 

improvements to the speed modeling. To model the new oscillator, a model was 

created using HSpice. 
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The model was generated at the transistor level, giving the designer greater 

control over the details of process variations and operating point variations. 

When including an entire row and column of SRAM in the model however, the 

number of transistors quickly becomes very large. Even the most powerful 

computers can take large amounts of time to simulate designs that contain many 

transistors. To circumvent this problem, equivalent circuits were developed 

which accurately model the SRAM row and column from a signal delay point of 

view. This approach greatly reduces the number of transistors needed in the 

simulation, and speeds up the collection of data. The equivalent circuits are not 

needed in the actual design, however, since the SRAM blocks can be imported 

directly from the microprocessor design. 

Variables were established in the SPICE model to vary different model 

parameters. These parameters directly link to the typical process variations seen 

in a production environment. By simply changing the value of these variables 

from mn to mn, a sense of the oscillator performance across process variations 

was obtained. In addition to process variations, variables were established to vary 

both the operating voltage and the operating temperature. All these variables 

together provide a complete picture of the oscillator performance for any 

condition. 

Multiple mns of the simulation were completed, each changing one or more 

of the model variables. The mns were done in a single batch process, reducing 

the lag time for achieving results. 

32 



In addition to the new oscillator simulation, a second batch of data was 

obtained using a standard metal-RC dominated ring oscillator. Since the metal-

RC dominated ring oscillator is currently the most widely used to model the speed 

of the microprocessor, this set of data acts as a baseline to compare our new 

results to. The metal-RC dominated model was set up identically to the critical 

path based model, with the same variables included to model process, 

temperature, and operating point variations. 

Once both simulations were mn across all desired process, temperature, and 

operating point variations the results were compared to existing package 

frequency data for the microprocessor. The two oscillators were then analyzed to 

determine which most closely models the speed of the microprocessor across the 

entire variation space. The results of the simulation, as well as the analysis, are 

included in Chapter IV of this thesis. 
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CHAPTER IV 

RESULTS OF SPICE SIMULATIONS 

The following pages contain results of simulation experiments mn on both 

the critical path based oscillator and the interconnect dominated oscillator. All 

simulations were performed using Hspice. Unless otherwise noted, the 

parameters used were VDD=1.5V, T=30C, Ppsig=Pnsig=1.5. These represent 

typical operating points and mid-range process variations. 

Temperature Simulation 

Figure 18 shows the results of the temperature simulation. Both the 

critical path based oscillator and the interconnect dominated oscillator are shown. 

The simulation was mn at steps of increasing temperature from 0°C to 110°C, the 

specified operating range of the device. It is clear that, though slight, there is a 

difference in scaling between the critical path based oscillator and the 

interconnect dominated oscillator. 

The interconnect dominated oscillator, as its name implies, has metal RC 

as its primary feedback path element. The critical path based oscillator, on the 

other hand, is a more even mixture of metal RC, gate, and junction capacitance. 

Recall from equations 1 and 2 that both gate and junction capacitances are 

relatively constant across temperature. Metal resistivity, on the other hand, is 
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heavily dependent on temperature. It should come as no surprise then that the 

interconnect dominated oscillator experiences more variation of frequency across 

temperature than the critical path based oscillator. 

The device operating frequency marked on the graph represents the 

readings taken at the normal operating point of the device, in this case 30°C (~ 

Oscillator Frequency Across Temperature 

3.1 
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2.7 

2.5 

§ 2.3 
o 

Interconnect-Dominated 

-Critical Path Based 

-Device Operating Frequency 

-Linear (Critical Path Based) 

-Linear (Interconnect-Dominated) 

y -0.0024X + 2.4894 

2.1 -
y = -0.0033X + 2.1899 

Temp (C) 

Figure 16. Results of Temperature Variation Simulation, 

room temperature). The significance of such a mark is diminished in that there is 

no corresponding point at high temperature from which to judge the change in 

speed over the full range. Frequency data across a wide temperature range is 

difficult to obtain in a production environment however, and is therefore omitted 
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here. It is encouraging that the frequency data from the single temperature point 

is closer to the critical path based oscillator frequency than the interconnect 

dominated oscillator, though such a fact alone does little to prove the 

effectiveness of the new design. The differences in the scaling of the critical path 

oscillator and the interconnect dominated oscillator give strong evidence that the 

critical path based oscillator is at least distinct from its interconnect dominated 

predecessor. 

Power Supply Voltage Simulation 

Figure 19 shows the results of the second experiment, the power supply 

voltage simulation. Again, both oscillators were simulated, this time while 

sweeping the power supply voltage from l.OV to 2.2V. Although it is not as 

severe as the previous case, the two oscillators exhibit a difference in scaling 

across the range. As discussed in Chapter III, power supply increase causes a 

change in signal delay. This change is represented in both curves of Figure 19. 

However, the critical path based oscillator shows less roll-off than the 

interconnect dominated oscillator. This is due to the difference in delay 

mechanisms present in the two oscillators. 

Junction capacitance, a significant portion of the delay in the critical path 

based oscillator, is described in equation 2. Notice the term Vp, the forward or 

applied voltage on the junction, affects the amount of junction capacitance seen 
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by the circuit. It is logical then that the capacitance (and hence the delay) will 

change with applied voltage. 

Oscillator Freq across Operating Voltage 
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• Device Operating Frequency 
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Figure 17. Results of the Power Supply Variation Simulation 

As with the temperature experiment, a device frequency reading at a single 

point is included. As before, it is closer to the critical path based oscillator 

frequency than the interconnect dominated oscillator. This adds more evidence to 

the claim that the new oscillator design is more accurate than the interconnect 

dominated one. 
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Process Variation Simulation 

The simulation that perhaps lends the most credence to the critical path 

based oscillator is the process variation simulation. All IC manufacturing 

processes have ranges within which they work. Devices that are produced can 

vary across a wide range of maximum operating frequency. It is possible to 

control the variation to some degree, but it can never be completely eliminated.^ 

Oscillator Freq Across Process Corners 
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Figure 18. Results of the Process Variation Simulation. 

Therefore, understanding the behavior of devices across the process ranges is vital 

to achieving business success. 

Figure 20 shows the results of the process variation simulation. The 

variations in the process are typically measured in with current measurements 
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called Idrive- The larger the Iddve current, the faster or "hotter" the material is, 

while slower or "cooler" materials have lower Idrive currents. For a variation of 

process from cold to hot material, Figure 20 shows the differences in scaling for 

the critical path based oscillator and the interconnect dominated oscillator. In 

order to achieve the differences in process for the two devices, the variables Ppsig 

and Pnsig were swept. These represent the relative Idrive values for the NMOS and 

PMOS transistors present in the device. 

In addition, package frequency data is presented across the entire range of 

process variation. This data is easily attainable in a production environment, 

since a large amount of material representing the entire range of the process is 

available to pull from. In looking at Figure 20, it is important to notice the relative 

slopes of the data sets, and how they compare to the device frequency slope. 

For the device frequency readings, the slope is 0.16. The interconnect 

dominated oscillator, on the other hand, has a slope of 0.15. Finally, the critical 

path based oscillator has a slope of 0.19. These slopes were determined through a 

linear curve fit of all the data points in the series. The R-square values of the 

curve fit lines are also shown on the figure. 

At first glance, it may seem that that interconnect dominated oscillator in 

fact matches the speed across process variation better than the critical path based 

oscillator. The slope of the interconnect dominated oscillator more closely 

matches the device data across the process variation range. However, when one 
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examines the two curves more closely it becomes apparent that the distinction is 

not so clear. 

In the hot process comer, the extreme right-hand side of Figure 20, the 

device frequency suddenly turns upward and increases rapidly. This upturn is 

difficult to model with a liner trend line, and is therefore not reflected in the slope 

of the line. By breaking the line into two parts, the "hot" comer can be analyzed 

independently of the rest of the space. 
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Figure 19. Results of the Process Variation 
Simulation showing emphasis on the "hot" end. 

Figure 21 shows the "hot" comer of the process simulation. It is evident 

that the critical path based oscillator is much closer to the device frequency across 
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the region. Although this is just one piece of the entire process variation, it is 

perhaps the most important piece. As the demand for faster and faster devices 

grows, more and more manufacturing processes will be pressed to tum out 

material in this "hot" comer. Therefore, it is important that the tool used to 

characterize future devices be able to accurately model speed in the hottest 

comers of the process. 

In comparing the results of Figures 20 and 21, it is useful to look at the R-

Square values between the simulated oscillator stmctures and the device package 

frequency. Table 2 shows the relative R-Square values for the entire process 

variation and the hot end alone. Although the two oscillators are close across the 

entire process range, the critical path based oscillator is clearly superior in the hot 

comer of the process. It is clear that the critical path based oscillator 

accomplishes the task of accurate speed modeling in the hot comer better than the 

oscillator that preceded it. 

Table 2. R-Square values of oscillator-to-device frequency comparison 
across the entire process and the hot comer. 

Oscillator-to-Device Frequency 

Entire Process 
Ring-oscillator - Interconnect-dominated 
Critical Path Based Oscillator 
"Hot" End 
Ring-oscillator - Interconnect-dominated 
Critical Path Based Oscillator 

R-square 

0.897 
0.898 

0.947 
0.971 
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTIONS 

A Word on Results 

The results achieved from the simulations are encouraging. The critical 

path based oscillator was proven to work across a wide range of power supply 

voltages, temperatures, and process variations. This robustness of design is 

important when applying the oscillator to real world applications. The importance 

of successful simulation data can not be understated. 

The temperature and power supply experiments do not by themselves 

provide enough evidence to prove that the critical path oscillator is a better 

alternative. The lack of real device data across temperature and power supply 

ranges limits the usefulness of these experiments. However, as stated previously, 

the experiments do provide proof that the oscillator is stable across both ranges. 

This fact alone warrants their inclusion in the analysis. 

The main evidence supporting the critical path based oscillator as an 

improvement comes from the process variation simulations. Since there is a 

wealth of device data available across the range of process variation, it is easy to 

compare the effectiveness of the critical path based oscillator in modeling speed. 

The included simulation of the interconnect dominated oscillator makes it even 

easier to make direct inferences about the critical path based oscillator's 

usefulness. 
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The critical path based oscillator and the interconnect dominated oscillator 

both model the speed of the device reasonably well across the middle range of 

process variation. Neither model is exactiy perfect, both do a equally adequate job 

of predicting the speed scaling. Where the difference appears, however, is in the 

"hot" comer, or the upper portion of the range. 

The critical path based oscillator is much better in the upper 1/3 of the 

range. The interconnect dominated oscillator frequency remains flat across the 

region, while both the critical path based oscillator and the device frequency tum 

upward on the graph. In the modem semiconductor industry, it is becoming more 

important to tum out devices manufactured in the "hot" process comer. Because 

of this, the critical path based oscillator is a better choice for modem IC 

processing. 

Future Improvements 

It is understood that even though the critical path based oscillator 

represents a better alternative to existing speed modeling techniques, it is far from 

a perfect model. The scaling across process variation, though close, does not 

exactly match that of the actual device. This is in part due to the "additional 

logic" of the critical path outside of the SRAM block. As stated previously, such 

logic tends to be revision-dependent and therefore difficult to implement. For the 

critical path oscillator of this analysis, a model consisting of several logic gates 

and metal RC was used to mimic the additional logic. 
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An exact copy of the additional critical path logic, though it would add 

some complexity to the design, would enable much more accurate results. Such a 

design improvement has two major obstacles, however. First, as stated before, the 

logic is a constantly evolving entity. The prospect of redesigning the parametric 

oscillators of a device in each revision is daunting at the least. However, 

depending on the accuracy of data required, it may be warranted. Individual 

circumstances dictate the decision. 

In addition to the physical design limitations, certain political aspects must 

also be considered. The inclusion of the exact critical path of the device in a 

parametric oscillator could make some in the industry nervous. Semiconductor 

companies, with good reason, are reluctant to distribute the details of designs to 

too many places. With such an important part of the circuit, the critical path. 

isolated and exposed in a central location the risks to confidentiality increase. ---"-.•« 

Again, the desire for accuracy in speed modeling results should dictate whether 

such a risk is warranted. 

Implementation and Testing 

Now that the design has been verified through simulation, it only remains 

to insert it into the device-manufacturing loop and verify physical measurements. 

Due to time constraints, the design has not yet been implemented at the time 

writing. However, plans exist to implement the oscillator in the near future. 
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To accommodate the design, it will be placed in a "parametric module" for 

the chip. These modules rest in the scribe lines between actual die on the wafer. 

The oscillator's compact footprint makes it a good fit for these small module 

spaces. 

Testing of the oscillator can be done in-line, in conjunction with the 

current parametric tests already performed on the chip. Test time will be 

minimal, since one would only need to apply a start pulse and measure an 

oscillation frequency for a very few milliseconds. Eventually, the new oscillator 

could greatly reduce the total parametric test time of the device, since only one 

oscillator would need to be tested instead of the multiple tests currently being mn. 
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