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Abstract 
 
 
 The current trends in high performance integrated circuits are towards faster and 

more powerful circuits in the giga-hertz range and faster.  As the more complex IC’s such 

as microprocessors have been entering the giga-hertz operating frequency range, various 

speed related roadblocks have become increasingly difficult to overcome.  The migration 

to smaller devices has raised serious challenges, yet a traditionally underestimated 

roadblock is increasingly becoming the main challenge in fabricating and designing 

circuits of even higher performance.  IC interconnect related speed degradation has 

stimulated much research in the area of low dielectric constant materials.  A relatively 

novel approach, wafer scale 3-dimensional integration attempts to by-pass the high wire 

parasitics by shortening wires. 

 This work discusses a 3-dimensional microprocessor test vehicle to demonstrate 

the feasibility and the speed advantages, which may be derived from 3-dimensional 

integration.  The work discusses the design methodology of the 3D test vehicle.  The 

series of tests to be performed in order to achieve the goal of certifying the speed 

improvements of the 3D processor test vehicle is also discussed.  The centerpiece of this 

work is the finite state machine, the voltage controlled oscillator and the various pieces of 

infrastructure required for the test vehicle. 

 The FSM and the test vehicle were designed to achieve speeds in excess of 8GHz.  

This work discusses some of the design choices required to ensure the speed is 

achievable.  The design consideration are discussed both from the perspective of circuit 

level performance consideration such as logic stages, and from a layout perspective.
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Chapter 1: Introduction 

 
A significant challenge in the design of high-speed next generation circuits is 

interconnect delay.  Wire parasitics principally in the form of resistance and capacitance, 

and increasingly in the form of inductance are a major hindrance to optimizing circuit 

performance.  The industry has historically used a combination of low-k dielectrics to 

alleviate the wire capacitances, and copper damascene processes to reduce the resistance.  

As minimum feature sizes decrease below 50nm the current interconnect efforts 

principally cu/low-k are expected to limit the performance of integrated circuits [1].  A 

different approach to reducing interconnect parasitics is 3D integration.   

1.1 Historical Review: The Need for 3D Integration 

The benefits of 3D integration are numerous.  The decreased die size per wafer 

has the potential of increasing yield, and lowering system cost.  The potential to integrate 

dissimilar wafers provides the possibility of combining multiple technologies on a single 

chip.   Speed advantages would arise from the ability to use the fastest CMOS technology 

on one wafer integrated with the fastest Bi-polar technology on another.  Stacking several 

3D interconnected wafers could circumvent die size limitations.  An advantage of 

principal interest to our research is the ability to shorten wires by allowing two distant  

sections of a circuit that would conventionally be impossible to bring closer, to overlap 

connected through a vertical via.  

Microprocessors available on the market today possess transistor counts in excess 

of 20 million.  As the demand for more powerful processors in conjunction with the 

demand for higher clock speed grows, the complexity of the processors and difficulty 
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associated with creating them increases.  Designing a high frequency processor requires 

the critical paths logic stages to be limited and the interconnect delay to be a small faction 

of device delay.  A designer may be able to reduce the stages required to implement a 

function through creative designs.  Yet, as the complexity of the circuit increases the 

interconnect delay of the longest path in the circuit increases.  The size of size of 2D 

circuits has been increasing notwithstanding the progress in minimum feature size and 

defect density reduction [2].  The complexity of the circuits is due to the increased 

demand for greater functionality embedded in the processors and the various performance 

enhancing circuits requiring more transistors to be closely packed and interconnected [3].  

The minimum feature size improvements have allowed for the speed increases in circuits 

and the extensive increase in transistor count.  Transistor speed has grown linearly with 

minimum feature size, whereas interconnect related delays have increased per unit length.  

Feature size miniaturization has resulted in smaller wire cross-sections, and pitch 

dramatically increasing the wire parasitics per unit length [4] as shown in table 1.  

Interconnect delay based on the current technological roadmap will increase as device 

delay decreases.  Long interconnect delay has been managed through the use of low-k 

materials and repeaters.  Yet, these approaches have their limitations.  The ability of 

researchers to create better low-k materials for manufacturing uses is constraining the 

ability of the industry to keep up with Moore’s law.  Repeaters add delay to interconnect 

in the form of device delay.  A 3-dimensional microprocessor test vehicle would 

demonstrate the, interconnect related, speed advantages of 3D integration short of 

building a full processor.   
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Table 1: Optimal Interconnect and inverter delay at various technology nodes. [4] 

 

1.2 The 3-Dimensional Integration Process 

 The 3D platform on which the 3D processor test vehicle may be built is based on 

3-dimensional interconnect using wafer stacking.  They are other approaches to 3-

dimensional integration such as die/chip level stacking, yet these are primarily based on 

peripheral interconnection limiting their contribution to interconnect improvements [1]. 

Other 3D integration methods, which enhance interconnect performance using direct 

vertical via’s through the wafers exist, yet the RPI method was chosen as the process on 

which the 3D processor test vehicle could be implemented.  The choice of the RPI 

process was due to its ability to support multi- level 3D stacking, and its compatibility 

with most standard processes wafers.  Circuit level 3D integration, is made possible by 

advances in wafer bonding and alignment, in conjunction with high aspect ratio via 

drilling and filling.  The proximity of the team implementing the RPI 3D process in 

conjunction with the access to the process also affected the choice significantly. 
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Figure 1: 3D integration concept using wafer-bonding, showing bonding interface, vertical 

inter-chip vias and bonding approaches of "face-to-face" and "face-to-back". 

 

The 3D process is an additional back-end-of- line (BEOL) process, which the 

wafer would go through to integrate the two 2D wafers.  A conceptual cross section of a 

RPI processed wafer is presented in figure 1.  The first step in the process is to ensure 

that the wafers are planarized and if not to planarize them.  Wafer planarity is essential 

since the via’s connecting the two wafers need to be of uniform length; therefore a 

uniform distance between the wafers is required.  A small degree of non-planarity is 

acceptable as long as it’s a small fraction of the 3D via length.  The planar wafers are 

subsequently aligned and bonded.  The alignment accuracy of the wafer directly affects 

the smallest allowable pitch of the vertical via’s.  Large vertical via’s would adversely 

affect the compactness of a design and increase the length of the 2D interconnects present 

in a design.  Large via pitch would make it impractical to integrate circuits using a high 

via density.  A more reasonable approach would be using the via’s as serial links between 

major blocks of certain circuits.  In consequence, large via’s would limit the applications 
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of the 3D integration to serial communication between integrated chips.  A two-sigma 

wafer-to-wafer alignment of one micron is being assumed, and four micron 3D via size is 

being chosen.  The wafer bonding is accomplished by gluing the two wafers together.  

The glue layer is a dielectric substance.  Benzocylcobutene (BCB) is the current prime 

candidate yet further investigations needs to be undertaken; BCB is thermally stable up to 

350°C [5], which is too low to reliably undertake soldering using industry standard 

materials.  The back of the top wafer in the stack, would then be thinned; the thinning 

reduces the length of the vertical via’s and ensures that the interconnect gains of the 3D 

integration aren’t lost due to the inadequacies of the process.  Once thinned the wafers are 

ready to be drilled and filled.  The drilling process creates holes through the wafer stack 

where via’s need to be placed.  These holes are then filled with the appropriate metal.  

The last step in the process is to passivate the top of the wafer.  

1.3 3D Integration Choices 

The 3D processor test vehicle consists of an adder and a register file working in 

tandem at speeds of 8Ghz or higher controlled by a finite state machine (controller).  A 

major design choice in the implementation of the 3D circuit was the choice between 

micro and macro 3D integration.  The limited size and scope of the 3D test vehicle 

reduced the length of the inter-circuit lines.  In consequence these were not the most 

significant impediment to achieving the speed of the design.  The pipelining of the circuit 

contributed to isolate major inter-circuit wire delay inside the pipeline stages dedicated to 

datapath control.  In consequence, micro- integration was the 3D integration technique 

chosen.  The pipeline for datapath control was used due to the extensive need for 

multiplexing to allow for flexibility in testing.  An understanding of the design issues 
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encountered while making the choice between the two modes of integration, may be 

gained by using Rent’s rule, or through a simulation based analysis of the decrease in 

critical path delay.  A simulation-based approach was taken in this design. 

Micro- integration generally increases the via density of the circuit since they are 

more inter-circuit wires than wires between circuits.  Consequently the size of the chip 

might be increased due to the size of the via’s.  The RPI 3D integration approach has 

via’s ranging from 2um-8um.  Micro- integration may decrease yield due to the high via 

density.  The effect is dependent on the maturity of the 3D process.  Micro-integration 

may increase the local thermal budget as a result of the high density of similar high-speed 

circuits.  Limited application scope is another drawback of micro- integration since certain 

circuits do not benefit from 3D integration. The rents rule 

A previous 2D generation of the adder of the register file demonstrated speeds of 

5Ghz.  The current generation of these circuits has been simulated at speed around 8Ghz 

with wire approximate parasitics.  At such high speeds the percentage of the circuit delay 

consisting of wire parasitics increases significantly.  The variation in wire parasitics 

exhibited in real world circuits due to the variations in chemical mechanical polishing my 

make these speeds unattainable for a 2D circuit.  A 8Ghz circuit is attainable in a 3D 

circuit with minimal interconnect delay. 

An adequate technological platform was necessary to demonstrate the speed 

advantages of 3D designs, using current available technology.  Silicon Germanium 

Hetero-juncture bipolar transistors were chosen as an adequate technology to demonstrate 

the interconnect advantages of 3D.  Bipolar circuit technology produces a circuit with 2.5 

times the speed of comparable CMOS circuits, assuming the same level of 
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photolithography is used in both technologies [6].  The IBM 5HP process was chosen in 

particular.  The advantages of the 5HP HBT include a high Ft of approximately 47 Ghz in 

conjunction with the relatively good yields when compared to other bipolar processes.  

The 5HP does not include various low dielectric material, in consequence a better smaller 

interconnect related delay may be achieved using a low-l process.  Yet, the process 

provides us with a mean of demonstrating the approximate performance enhancements 

attainable from 3 dimensional interconnects.  The yield of the process enables us to 

demonstrate more complex circuits, which may be incorporated into a microprocessor.  

The extra complexity allows the 3D processor test vehicle to contain interconnect lengths 

which more closely approximate the connections between nearby circuits of a processor.  

Yet, the interconnect limitations of a full large size computational device are significantly 

greater and would lend themselves more to 3-dimensional integration.  

1.4 Silicon Germanium Hetero-juncture Bipolar Transistors 

Silicon germanium hetero-juncture bipolar transistors are bipolar transistors 

grown on a silicon substrate that exhibit speed advantages for various reasons.  The 

transistors are actually not hetero-juncture bipolar transistors but rather base graded 

transistors [7].  A rendition of a SiGe with strained silicon transistor cross section is 

shown in figure 2.  The grading present in the base result in a valence band offset 

between the SiGe and the silicon interface.  The valence band offset helps to confine 

holes in the silicon germanium layer, thus reducing the reverse injection of holes from the 

emitter region into the base region during the forward bias of the transistor [8].  The 

presence of germanium in the base layer also contributes to speed improvements by 

straining the silicon layer; the increased atomic spacing allows for a higher mobility of 
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holes and electrons.  The net result is that SiGe HBT’s offer a lower barrier to electron 

injection into the base than a similarly configured homojucntion transistor. 

 

Figure 2: SiGe transistor with strained layer [8] 

 

The SiGe HBT’s speed, yield, linear characteristic, and high gain make it very 

suitable for many applications.  The current application of SiGe is focused around the 

telecommunications mixed signal industries where high frequency analog and mixed 

signal circuits are required.  In consequence, the silicon germanium technology has been 

optimized for analog applications by grading germanium concentration in the base fully 

across the neutral base; this allowed the transistors to have a high early voltage with a 

relatively high Ft.  The original SiGe HBT was designed for IBM’s microprocessors.  

Therefore they were optimized for digital circuits, early voltage was less important. The 

digital profile placed the grade across the highest base doped region to achieve the 

highest Ft [9].  SiGe devices have been capable of achieving Ft in excess of 100Ghz since 

1993 [10].  Breakdown voltage requirement due to the power supplies used in current 

integrated circuits have also limited the speed achieved by commercial SiGe HBT’s.  

Therefore, even though SiGe technology is capable of demonstrating very high 
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performance operation, which would be achievable only by CMOS technology in the 

distant future, some of these fast devices do not have the required properties to be 

suitably incorporated in to circuits.  If SiGe technology were to become fully accepted as 

a process for the design of purely digital circuits, similarly to the bipolar technologies in 

the heyday of bipolar digital design the process could be optimized for digital circuits, 

and consequently posses a significantly higher Ft.  The current speed advantages of 

bipolar technology in conjunction with its readily accessible potential made it a prime 

choice to test the limitations of IC interconnects.
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Chapter 2: Current Mode Logic 

 

The choice of logic family used to implement the design was governed by a series 

of factors, speed, noise margin, power dissipation, and circuit size.  The major 

consideration for the technology choice was speed.  The 3D processor test vehicle must 

operate at frequencies approximating or in excess of 8Ghz to sufficiently demonstrate the 

superiority of 3-dimensional integration as a means of solving interconnect problems.  

The overriding quest for speed mentioned previously resulted in the choice of SiGe 

technology principally the IBM 5HP process.  Current mode logic or CML was chosen as 

a superior logic family to use as the foundation of the 3-dimensional test vehicle design. 

2.1 Advantages of Current Mode Logic  

CML is a logic family, which has one very significant advantage.  In the design of 

large non-current switching high-frequency circuits the, principally CMOS, switching of 

all the devices in the circuit causes noise [11].   This noise is as a result of the devices in 

the circuit moving from a state where current is allowed to flow through one path in the 

circuit to the a state where current stops flowing that path.  These changes in current flow 

occur along the power lines of most CMOS circuits.  One approach to the noise has been 

to determine the worst-case noise scenario, the point at which the greatest current change 

occurs in a line and providing for that noise margin in the circuit. However, the problems 

solution space has been found to be exponentially as complex as the as the inputs to the 

problem [11].  Increasing the number of power and ground connections to the chip has 

also been a approach, the desired effect is to reduce the total wire inductance to the power 

and ground rails.  Yet, such an approach drastically increases the pin count on an 
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integrated circuit.  Such an approach result in increased cost and for our purposed 

increased testing complexity as well, since all these pins would need to connected during 

the test of the chip.  Current switching logic circumvents the power line switching noise 

by transferring the current changes from the off-chip power supply to an internal node 

right above the respective circuit.  The net result is to reduce the inductance of the wire, 

which experiences the rapid change in current.  Noise drops as much as two orders of 

magnitude have been demonstrated when comparing two similar current switching versus 

static logic circuits [12].  The high noise margin of the CML circuits may be used to 

enhance other characteristics of the circuit. 

2.2 Characterizing CML 

The switching speeds of circuits which are inter-connect limited are greatly 

influenced by the voltage swing required of the circuit.   The 3-dimensional processor test 

vehicle as a test bed for future interconnect technologies is working in a regime where 

capacitive delay induced by the charging discharging of local and non- local interconnects 

is significant when compared to the circuits overall delay.  Yet, the voltage swing of the 

CML circuit may not be decreased too drastically since it may affect the how well the 

devices may be driven to be in either the on or off state. A more comprehensive analysis 

of the CML and ECL switching technologies is necessary. 

The voltage swing for the CML gates are not arbitrary values, they are 

deterministic and depend upon the noise margin of the circuit and the devices and the 

threshold voltages of the transistors involved.  A DC analysis of the CML circuit 

provides some insight into the characteristics of the circuit, which control the voltage 

swing.  
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 A current mode logic tree uses the common emitter common mode amplifier 

mode of operation to produce a digital circuit.  The circuit is designed such that the 

bipolar transistors found in the circuit function in two modes of operation.  These 

transistors are either almost in the cutoff mode or in the active mode.  The transistors 

never enter saturation since the current at the emitter limits the current, which may flow 

through the circuit.  A current mirror or whatever other appropriate current source has 

been chosen in turn sets the current at the emitter. The speed of the circuit is greatly 

enhanced since the transistor requires significant amounts of charge removed before it 

may exit the saturation state.  The excess charge stored at saturation would aggravate 

parasitics, which must be overcome for high performance operation.   

 A general simplified CML circuit is demonstrated in figure 3. The circuit switches 

from one state to another once the voltage at the base of the controlling transistor labeled 

“IN” increases above the voltage at “VREF”.  The “VREF” component of the circuit has 

its emitter connected to the emitter of the “IN” transistor.  In consequence the voltage at 

node p is controlled by whichever of the two transistors has a higher voltage applied to 

the base.  Once the voltage at node “IN” increases above voltage at note “VREF” the 

current through transistor “VREF” decreases since the base-emitter voltage decreases 

below the threshold voltage of the device.   The net effect of the changes in base-emitter 

voltages is to switch the current flowing through the “VREF” transistor to the “IN” 

transistor.   The change in current flow forces the voltage drop in the resistor above the 

“VREF” transistor to approximate zero while the other resistor’s voltage drop 

approximates the circuits prescribed voltage-swing “Vs”, which is I(t)*R. 
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Figure 3: Single Ended CML Tree 

 

 The DC input output characteristics of the single ended CML circuit may be 

derived using the basic model of a transistor. 

VtVbeVtVbe eIseIsIcIe // )1( ⋅≅−⋅==                                (1) 

solving for Vbe 

)/ln()/ln( IsIcVtIsIeVtVbe ⋅=⋅=     (2) 

as described earlier 

)()( VREFVbeINVbeVin −=        (3) 

Substituting Vbe with its relationship, and assuming that the sum of the two currents in 

the “IN” and “VREF” transistors must always be equal to I(t) and with the knowledge 

that Vs = -I(t)*R we have two equation which describe the output of the inverted and 

non- inverted signals. For the non- inverted output 

VREF IN

OUT OUT 

I(t) 

p 

Iv Ii 

CL 
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)/( VtVine
Vs

outV
−+

−=       (4) 

and for the inverted output 

)1(
)(

)/( VtVine
Vs

outV
++

−=              (5) 

The gain of the circuit may now be computed by determining the derivative of the output 

over the input. 

2)/(

)/(

)1( VtVin

VtVin

eVt
eVs

Gain
+⋅
⋅

=       (6) 

 The plot in figure 4 demonstrates the importance of the voltage swing on the 

operating characteristics of the circuit.  As the voltage swing is increased, the percentage 

change in the input voltage required to obtain a significant change in the output 

decreases.  In consequence, the CML circuit acts more like a digital circuit and less like a 

amplifier.    The switching of the output principally takes place within a range of ±20% 

from the reference voltage.  This characteristic is quite useful in differential mode logic 

circuits since a change in state will only occur if the input signals are significantly close 

to each other, providing us with extra noise immunity. 

 

Figure 4: Switching Characteristic of CML circuit with various voltage swings 
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2.3 Analyzing Noise Margin 

 Treadway and Foley have, extensively treated the noise margin dependence on the 

voltage swing.  Foley’s analysis is more robust and includes the emitter resistance of the 

transistor, in conjunction with alternative sources of noise than power line droop for 

enhanced accuracy.  Treadway’s analysis is more relevant to this design since it derives 

an optimal voltage swing based on noise margin and gain.  In Foley’s analysis the 

maximum square approach is used to derive the equations. The approach uses a series of 

assumptions in the derivation of the model.  The model is based on a transistor with 

symmetrical transitions, it has a gain significantly greater than 1.  The output loading is 

assumed to have a negligible effect on the collector currents.  The base-emitter voltage is 

assumed to be constant and independent of the output voltage level; this assumption is 

acceptable for the 5HP process, however in 7HP the emitter-base voltage is found to 

deviate more significantly from the average.  The static noise margin may be calculated 

using. 
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[13]  (7) 

The static noise margin in equation 7 is normalized with respect to Vt, this allows for the 

temperature variations to be accounted for [13].  The static noise margin equation in 

conjunction with, Treadway’s equation relating peak noise voltage with the maximum 

voltage swing, are used here to determine an optimal voltage swing.  
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VsINVceINVbeVndc −−= )()(     (8) 

A graphical solution to the two linear equations can be obtained using an emitter 

resistance of approximately 40 ohms obtained from the 5HP model guide.  The graphical 

solution shown in figure 5 was determined using various room temperatures in order to 

provide an optimal solution for voltage swing valid in the operating ranges of the devices, 

which provides an adequate balance between minimizing noise and maximizes speed. 

 

Figure 5: Graphical solution for adequate voltage swing 

 

The optimal voltage swing using a graphical solution to equations (8) and (7) and a 

voltage between the base and emitter of .75V is represented in figure 3.  The solution is 

affected by temperature but it ranges between .43 and .48 volts.  This solution is an 

optimal voltage swing solution assuming that the circuit is a single ended.  The voltage 

swing in a differential circuit may be reduced by a factor of two due to the extra noise 

immunity provides by the complementary pairs [6].  In consequence, the voltage swing 
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utilized in the design of the FSM and the other subsystems of the processor test vehicle 

240mV may be considered as approximating the optimal value. 

  

 

Figure 6: CML Multiplexer Circuit 
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2.4 CML Sub-Circuits 

 The finite state machine in conjunction with the infrastructure required to 

implement the processor test vehicle is composed of various main CML circuits.  These 

are multiplexers, latches, and custom CML components.   

2.4.1 The CML Multiplexer 

 The multiplexer is found at the heart of all circuits, which require datapath 

decisions.  The circuit is used to change the mode of operation of the 3D processor test 

vehicle as well, as a means of controlling clock sources in the FSM.   

The current mode implementation of a multiplexer function is based on the same 

concept, which underlies the operation of a buffer.  The CML multiplexer is inherently 

composed of buffers.  The circuit depending on its mode of operations switches between 

the buffers incorporated in the multiplexer by allowing current to flow uniquely through 

emitter-coupled pair of that buffer.  In figure 6 transistors Q1 and Q2 in combination with 

resistors R1 and R2 are a buffer, while transistors Q3 and Q4 in combination with 

resistors R1 and R2 are the components of the second buffer.  The two buffers are able to 

share the load resistors since when the circuit is operating only one of the two buffers is 

allowed to operate.  The transistors Q5 and Q6 control the current flow between the two 

buffers, in doing so they control which input the multiplexer is feeding its output. 

The multiplexer circuit while operating would work in the following manner.  The 

external circuitry selects which path to enable by asserting or de-asserting the differential 

control lines S11 and S10.  In the processor test vehicle the xx0 signal is the 

complementary signal, while xx1 is the non-complementary signal.  When the de-select 
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signal is asserted the input path labeled “a” is the chosen input.  The de-assertion of the 

input signal infers that S11 is low and S10 is high, consequently current is able to pass 

through transistor Q5 while, it is prevented from traveling in significant quantities 

through transistor Q6.  The transistors Q1 and Q2 would then replicate the functionality 

of a buffer.  The assertion of a11 in combination with the de-assertion of a10 would allow 

an exponentially greater amount of current to flow through transistor Q1 than Q2.  The 

current source formed by transistor Q7 and resistor R3 would limit the current flowing 

through Q1.  The voltage seen at Z10 is a consequence of the voltage drop across resistor 

R1 caused by the current flowing through it.  Z11 will remain at approximately “Vcc!” or 

zero volts since no significant amount of current flows through resistor R2. 

2.4.2 The CML Latch 

The CML latch shown in figure 7 is composed primarily of a buffer and a 

memory stage controlled by other current switching logic at the emitter coupled nodes.  

The buffer stage operates like the setup stage.  When current is permitted to flow through 

transistor Q5, the buffer composed of transistors Q1 and Q2 in conjunction with resistors 

R1 and R2 set the appropriate voltages on the output lines, z11 and z10.  When activating 

transistor Q6 enables the set up mode and forcing Q5 in cut-off, the memory stage is 

enabled.                  

The logic state present during the setup mode, physically represented by the 

appropriate voltage levels on z11 and z10, remains once the circuit starts to operate in 

hold mode.  The configuration of the transistors in the hold component of the circuit 

reinforce the state present and therefore the circuit is capable of maintaining the voltage 

levels and hold the state. 
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Figure 7: CML Latch Circuit 

 

The latch during operation would work in the following manner.  Assuming the 

input “d” is high, the setup stage would set z11 to a high voltage and z10 to a low 

voltage.  The setup would occur while the clock signal composed of c21 and c20 is set 

high.  The high level present on z11 would cause transistor Q3 to be biased toward being 

active.  The low voltage on z10 would bias Q4 towards being in cut-off.  The de-assertion 

of the clock signal would activate the hold state of operation.  The voltage still present on 

the z11 and z10 due to capacitive effect would ensure that Q3 remain enters the active 

mode, while Q4 remains in cut-off.  Transistor Q3, since it is in active mode, would also 

force Q4 to remain in cutoff mode by pulling down z10.  Transistor Q4, which would be 

in cut-off mode, would reinforce the active mode of transistor Q3 by allowing z1 to 

remain high at “Vcc!”.  In consequence, the memory component of the latch is set-up to 

reinforce whatever state it receives from the setup component.  The clock controls the 
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transition between these two states.  The transparency inherent in latch designs in 

managed by using a master-slave latch implementation wherever a latch is present. 
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Chapter 3: 3D processor test Vehicle 

 

The adder and the register file included in the 3D chip are components, which we 

hope to use later on to create a simple processor.  As a result, the testing of these 

components should be done in a manner, which approximates the conditions that might 

be present in a computer.  In consequence, a testing circuit was devised, which 

demonstrates high-speed interaction between the two circuits and tests the adder and the 

register file as separate components and combined.  The testing circuitries consist of a 

series of latches and multiplexers, which route and hold the signals, similarly to what is 

done inside a microprocessor.  Four significantly different testing modes were created in 

order to achieve the testing flexibility desired. 

 

 

 

 

 

 

 

Figure 8:  3D Chip’s Testing Modes. 

 

The purpose of the test modes is to allow us to verify that the circuit is running at speed.  

The testing circuitry does not test every combination of inputs that an adder or a register 

file may possible encounter, yet they provide an array of tests sufficient to inspire 

confidence in the circuit.  The test is not as a means of determining the particular yield of 

Data Generation Computation and storage stage 

Shift Reg. 

LFSR 
Register 
File 

Adder 



 23 

a circuit or whether a circuit is functioning 100%.  In consequence, it is not necessary to 

implement test vectors, which would ensure a very high probability perfect circuit 

operation.  The test methodology provides test vectors, which ensure that the critical path 

and other high delay paths are functioning correctly and at the specified speed. 

3.1 Adder and Register File BIST Test Mode 

The adder & register file test mode found in Figure 10 tests both the adder and the 

register file capabilities at speed.  The test is a built in self- test and its initiation requires 

solely that the appropriate mode selector bits for the test chip be selected and clock 

control signal are appropriately set.  The test sequence consists of the adder adding its 

previous output four pipeline stages ago and the current output of the register file’s 

second output port.  The test is implemented in a series of steps.  At the initiation of the 

test the LFSRs are cleared in a particular order such that they are outputting known 

pseudo-random data; some LFSRs are delayed to provide a more comprehensive test 

pattern.  This step is very critical since it ensures that all the LSFR’s are synchronized to 

a known initial condition.  The prior knowledge of the contents of the LFSR’s allows the 

output of the circuit during operation to be predicted and a particular signature, which 

confirms correct operation to be known.  After the LFSR initialization cycle several clock 

cycles are run without any further action to allow the LFSRs to enter their steady state.  

Since the 32-bit pseudo-random data is generated by a 5-bit LFSR connected in series 

with a 27-bit shift register, several cycles are required for the data to cascade through the 

serial register until the periodic condition is established.   The test chip’s next sequence 

consists of loading all registers in the LFSR as shown in figure 9.  
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Figure 9: 3D Processor Test Vehicle Loading the Register Files 

 

 Once the registers are loaded the test sequence commences.  The LFSRs are 

stopped at a known location and the contents of the register file’s two output ports read 

and sent to the adder. The result of the addition is fed back to the input port of the register 

file.  The input port of the register file is writing to the same location as one of the output  

 

Figure 10: 3D Processor Test Vehicle in Adder and Register File BIST test mode  

 

ports, in this test sequence.  This condition is allowed in our register file since it’s a three-

port register.  The test produces a known waveform on the carry-out output from the 

adder shown in figure 11.  The test is robust and allows us to test all the components of 
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the chip at speed, however it is vulnerable to one component failing.  This would limit 

our ability to fully characterize our wafer since we would have no way of determining if 

some dies were functioning properly. 

 

Figure 11: Predicted result from carry-out bit after adder & register file test. 

 

Figure 12: 3D Processor Test Vehicle in adder BIST test mode  

3.2 Individual Component BIST test Modes 

Simpler BISTs were incorporated into the chip to provide a means of rapidly 

testing the operation and speed of the adder and register file. The adder test mode is a 

BIST, which uses data from two LFSRs, feeds them through the adder and obtains a 

result.  This test mode produces a known carry-out bit pattern allowing for a simplified 

means of determining if the circuit is operating correctly. The main datapaths of the adder 

BIST is shown in figure12.  The register file BIST works in a similar manner with the 
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exception that the data is fed directly from one of the LFSRs to the register file.  The 

LFSRs are allowed to continuously cycle through their pseudorandom pattern enabling us 

to test practically all the register files registers at speed.  During the test, one of the 

register file output ports is read to determine if the read and write operations executed 

correctly.  The pad limitations on the test chip do not permit us to view all the bits 

simultaneously, yet we may select one of the 32 bits and determine if the output is 

congruent with the predicted results as shown in figure 13.  This test provides us in 

conjunction with the adder & register file test, enough confidence to certify that the 

register file is working correctly at speed.  Yet another test which tests the critical path in 

the adder is necessary. 

 

 

 

 

 

 

 

Figure 13:  Predicted carry-out bit from adder rotator test. 

 

3.3 Adder Scan-in Test Mode 

A more comprehensive test of the adder is the adder test with feedback.  The test obtains 

its data from the shift register; similarly to a boundary scan technique.  Once the inputs 

have been loaded the same data is sent to both the adder’s inputs, and the carry-out is fed 
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back through to the adder.  Such an operatio n causes the adder to act like a rotator; the 

input data streams out through the carry-out bit as shown on figure 14.  Another test, 

which tests the critical path, loads ones in one of the adder’s inputs, zeros in the other, 

and sets the carry- in bit high.  The result is that the carry-out bit remains high making it a 

difficult test to ascertain the functional operation of the adder.  Yet, once it has been 

determined that the adder functions correctly it is a great test to determine the maximum 

speed of the adder since once the adder fails the carry-out bit will go low. 

 

 

 

 

 

Figure 14:  Predicted MSB from register file test. 

 

3.4 Controlling the test Modes 

Control circuitry enables the test chip to operate in its various testing modes.  The 

chip could have been controlled, by using input pads for all the routing and signal 

generation circuitry.  Yet, such an approach would have been extremely wasteful and 

impractical due to pad limitations.  The off-board control would have also been unable to 

perform high frequency path switches necessary in the test vehicle. The finite state 

machine, which performs these functions, has been devised and simulations ascertain the 

correct waveforms that a working chip would produce.  The carry-out bit and the register 

file’s MSB are the two signals, which will be used to determine the circuit’s speed.   

bits Shifted in 
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 The testing circuitry requires control from an onboard finite state machine, due to 

the number of signals, which need control in conjunction with the requirement for some 

at speed switching.  The finite state machine is a sequential pseudo-asynchronous 

machine.  The methodology behind the test structure is centered on allowing the finite 

state machine to provide adequate control of the high frequency adder and register file, 

while limiting all other extraneous control possibilities to the minimum.  The result of the 

methodology is limiting all signal changes on the critical path to the minimum.  In 

consequence, the design is composed two categories of control logic: those which need 

one clock cycle to change state and those which are relatively time insensitive.  Using 

single ended logic enhances the speed of the critical path.  Yet, the single ended logic 

does not posses the noise immunity of the differential logic.  In consequence its use is 

limited to critical paths  

 The test path, which consists of the LFSR the register file and the adder in a loop, 

is the sole test cycle, which needs extreme timing control.  The multiplexers, which 

switch the input to the memory from between the adder and the LFSR need to be 

switched at the instant the LFSR has reached the appropriate value.  This control is 

critical to obtaining a valid test pattern on the adders carry out.   The other paths are less 

critical may contain longer wires and reduced driving capabilities for the current trees.   

 The critical path in the finite state machine is a primordially sequential circuit.  

The FSM’s first stage is the reset cycle; logic determines whether there has been a change 

in the test cycle due to a change in the control bits.  A change in the test cycle initiates a 

reset.  The reset is essential as it allows the state of the data generation component of the 

testing circuitry to be known.  Once the rest is performed the FSM enters the critical path 



 29 

and evaluates the outputs of the data generation stage in conjunction with its current state 

and performs the adequate changes on the bits, which control the routing component of 

the test circuitry (multiplexers).  The FSM will be further expanded upon in the FSM 

section. 

 The critical nature of the FSM in the correct operation of the test vehicle for a 

small processor requires there to be many verification stages.  In consequence 2D test 

circuit for the FSM was conceived.  The 2D test vehicle places the FSM in a loop that 

tests the operation of the critical path within the FSM.   In order to provide flexibility in 

testing the FSM two test conditions are implemented via a multiplexer.  In one case the 

FSM is in a loop whereas in the other cases the FSM may be controlled by of chip dc 

signals.  The test conditions utilizing of chip signals allow the non-critical path tested. 

3.5 Design Constraints and limitations  

 The power consumption, power line droop, must also be actively monitored to 

ensure proper chip operation, once fabricated.   Our test equipment is optimized for 

testing fractions of wafers.   In consequence, the test equipment uses probes to supply 

power and route signals to and from the chip on the wafer.  Due to the power limitations 

of these probes and the cooling limitations of the testing equipment, power must be 

actively monitored.  The power dissipation may not be excessive since cooling needs to 

be provided through a water-cooled test chuck.  The cooling is applied through the 

bottom of the wafer and a significant temperature gradient may be present between the 

chuck and the circuits due to the heat transfer coefficient of the wafer. The voltage droop 

produced on the power lines to the chip compounded with the voltage droop present in 

the chip may also lead to a functional chip producing erratic results.  In consequence, 
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these effects have been calculated, and adequate power routing schemes devised to 

compensate for them. 

 

 

 

 

 

 

 

 

 

Figure 15:  FSM test methodology overview 

 

3.6 Placement and Routing Limitations 

Circuit placement and routing of the circuit have a major impact on the 

performance of the final circuit.  The FSM test run was to be implemented in a three 

levels of metal process.  The restriction of the design to 3 levels of metal was due to 

availability of fabrication run’s and cost constraints.  The initial FSM was created for a 

five level metal process.  For most of the components this change was not greatly 

significant in terms of effort time and changes required to the initial design.  However, 

for components like the Voltage controlled oscillator and the reset-able master slave 

latches, the changes were significant.  The master slave latches were layed out in a rather 

compact manner, and made use of metal 3 in order to route the reset and clock signals, 
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since they didn’t not lend themselves very well to the routing style I had chosen; they was 

not much space left to route.  Yet, once the design was modified, in order to be 

incorporated into a 3 level metal process, it became an utmost necessity that those wires 

must be in metal 2 or 1.  Using a smaller number of routing levels significantly increased 

the difficulty of routing and increased the density of the wires in a circuit.   A high wire 

density increased wire mutual coupling effects and has the net effect of slowing down the 

FSM.  The design change reduced the symmetry between the length of wires, and the 

types of path taken for the clock and the reset.  The diverging paths and lengths have a 

series of side-effects which result in the design having less tolerance to skew in the global 

signals since there will be some skew generated in the clock signals.  However due to the 

relative shortness of those wires in comparison to the distance the signal will travel in a 

clock cycle, the divergence between the wires was considered acceptable; it would have 

an acceptable effect on skew.  Other constraints such as droop were also considered in the 

layout of the FSM and how it will fit in the test chip.  The widths of the power lines and 

the distance, which they traveled, were scaled accordingly to accommodate the current, 

which each line was predicted to sustain during FSM operation. 
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3.6.1 The Clocking Circuitry 

 The Voltage Controlled Oscillator necessitated more significant changes in order 

to make it compatible with a 3 metal process.  The VCO, is the most sensitive component 

in our design, with respect to timing delay issues, which may arise form signal skew 

generated by different wire lengths or capacitances encountered.  The reduction of the 

levels of metal available also leads to an automatic reduction in speed of the circuit since; 

they are greater capacitive effects present from the routing within the VCO.  The higher 

capacitances are primarily due to the higher capacitances per unit length exhibited by the 

lower level metals, and the inability to allow for an extra unused metal level to be used as 

Figure 16: Finite State Machine  
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a spacer in highly sensitive routes.  The lower level metals higher capacitance, are due to 

closeness of these metals to the substrate. In order to compensate for the effect the center 

frequency of the VCO oscillator was raised to the maximum frequency by removing the 

capacitor delaying the signals in each of the buffers.   

 

Figure 17: Voltage Controlled Oscillator 

 

The size of the center frequency capacitor was not simply reduced since it would have 

required placing several capacitors in series to achieve the capacitance desired. The cost 

of the smaller capacitance in term of chip real estate was unacceptable and unnecessary.  

These series capacitances would then have resulted in greater problems since they would 

be charge-up generated between the capacitances in series; there would be no path to 

ground.  Many elaborate schemes could have been fathomed to provide a path to ground 

to prevent floating charges being generated, yet it was my view that the complexity 

would inherently lead to many unforeseen problems.  Another option was to use an 

untried capacitor in our design kit.  Yet it had different TCR’s and its high frequency 
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properties were inferior.  The original VCO had already undergone significant changes, 

and I wanted to remain as true to the original design methodology of the working VCO it 

was based on. Once these issues were ironed out the VCO was re-routed with the smaller 

capacitor and a greater resistor for the resistor, which controls frequency range.   

 The Phase lock loop was the next major accomplishment once the re-design and 

layout of the VCO oscillator were complete.  The PLL was based on the PLL design 

incorporated in the SERDES II design, created by Tom Krawct and Pete Curran.  The 

PLL was optimized for use with digital signals using a 3 state phase detector.  The design 

created for the SERDES II was much more complicated than necessary.  It had two VCO, 

and all four phases produced by the VCO were used.  I simplified the design, which 

inherently significantly reduced the silicon real estate consumed by the clocking circuitry 

down to 1mm squared.  The PLL circuitry was not layed out in the most compact manner 

possible in order to reduce all capacitive effects.  The routing wires for the low power 

signals were made small also due to capacitance issues. Any excessive capacitance in a 

certain path would either reduce the speed of the circuit or lead to skewing that might 

produce undesirable effects.  In this design I erred on the side of caution.  The phase lock 

loop will be discussed further in a later section. 

3.7 The 3D Test Vehicle  

 The FSM is the heart of the test methodology for testing the adder and the register 

file together.  It allows for certain unavoidable changes required to test the adder and the 

register file at full speed to occur at full speed.  The FSM test plan was created to ensure 

that the FSM worked at speed, correctly.  The test plan focuses on testing the critical 
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paths of the FSM by placing the FSM in a loop that sets it into the states, which stress the 

critical path, followed by resetting the FSM.   
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Chapter 4: FSM 

 

 The specifications and design of the controller were determined by two major 

factors.  These were speed and the control requirements needed to adequately test the 

operation of the core components of a processor.  These core components are the adder 

and the register file.  The test setup consists of a number of testing schemes.  The testing 

schemes allow for the two components of the processor test vehicle to be tested 

separately as well as together.  The controller’s states were as a result divided into sub-

states, which directly correspond to the various testing schemes undertaken in the circuit.  

These are the built- in self- test (BIST) mode of operation, and the scan- in mode of 

operation.  Within these modes of operation they are several states, which control the 

type of BIST, or scan in test being performed. 

 The two types of test modes were designed to be totally independent of each 

other, and follow certain principles that would enable flawless operation.  The BIST 

modes were forces to enter a clear state in order to reset the circuit each time a new state 

is being entered.  Clearing the circuit allowed for the circuit to function without 

interference form historic events and alleviates problems, which might result from 

multiple input changes since the circuits are cleared after the input signals originating 

from the LFSR have stabilized.  Speed was also a major prerogative in the testing 

methodology.  In consequence the circuit was designed to minimize the number of 

critical paths present within the circuit.    

 The task of minimizing the critical paths in the controller was eased by the nature 

of the test modes.  The majority of the test modes present in the circuit could be 
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implemented without the need to switch certain paths in the circuit at clock speed at a 

precise point in time during the test cycle.  Those test modes needed merely to have the 

appropriate datapath selected via the onboard multiplexers to function correctly.  Such 

path switching occurs often in many processors due to the general-purpose nature of 

these systems.  Yet, since the test-vehicle was primarily concerned with verifying that 

two core components of a CPU can function together at speed there was no need to 

replicate the level of path switching present in a processor.  The lack of a high level of 

active switching does not decrease the ability of this test circuit to predict how the core of 

a CPU would perform, since multiplexers are present on the critical path.  These 

multiplexers are for simplicity not being constantly switched even though their delay is 

part of the circuits delay.  Instead, the focus was on reducing the complexity of the 

controller and therefore increasing the speed at which it could operate.  The alternative to 

reducing the complexity of the circuit was a bipolar-ROM cell operating at the rated 

frequency.    

4.1 The Testing Modes 

 

Figure 18: 3D Processor Test Vehicle Possible Data Paths  
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 A table of states was created, which was subdivides into states and signals 

generated at each particular state or testing mode.  The more complex of these testing 

modes is the mode referred to as the BIST adder and register file test mode.  This mode 

of operation is described earlier.  The most significant aspect of this test mode is that it 

requires the controller to change states at several points in the circuits operation.   The 

changes in state are critical, they need to occur before another clocked event takes place 

in the circuit.  This characteristic forces those state changes to be controlled by circuits 

present on the critical path. 

4.2 Qualitative Decomposition of the States 

 The controller has 13 distinc t states; this may be seen from the table of states 

shown in table 2.  A table of states was used rather than a state diagram due to the large 

number of input an output signals per state.  A table format lent itself better to viewing 

the required modes of operation and synthesizing the logic. The table identifies the output 

signals, which the controller must generate, based on a certain set of input signals.  The 

table is somewhat unconventional since it does not have the form of a truth map.  It may 

be considered to be a hybrid between a truth map and a primitive flow table.  The table of 

states allows one to clearly see the signal changes, which need to occur in the circuit as 

the controller changes states.  The columns of the table contain the various output and 

input signals for a certain state, and these are arranged in terms of states and sub-states.  

The sub-states occur chronologically from left to right as the input signals change. The 

input signals of the controller are limited to signals from off chip, signals from the LFSR 

and the clear signal from within the controller. 
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BIST STATE  A = 0 B = 0   A = 1 B=0  A=0 B=1 
  

  
LFSR Adder to 
mem-to-adder       

LFSR to 
mem     

LFSR to 
adder   

clear1 1 0 0 0  1 0  1 0 
addmuxsw 1 1 1 1  1 1  1 1 

stop2 1 1 0 0  1 1  1 1 
Co-mux 0 0 0 0  0 0  0 0 

wr_en 0 1 1 1  0 1  0 1 
HS0 (reg mux) 1 0 0 1  0 0  0 0 

HS1 (add mux) 1 1 1 1  1 1  1 0 
comux2 1 1 1   1 1  1 1 

Shift-in 0 0 0 0  0 0  0 0 
LFSR1 x 0 18*2 2*3  x 0  x 0 

shift in cont xxx xxx xxx xxx  xxxx xxxx  xxxx xxxx 
ext clock 0 0 0 0  0 0  0 0 

                                      
  shift in 

loc1   
shift in 
loc2   

shift in 
loc3   

shift in 
loc4   

shift in 
loc5 shift add shift mem mem>adder 

clear1 x  x  x  x  x x x x 

clear2 x  x  x  x  x x x x 
stop2 x  x  x  x  x x x x 

mux_2mod x  x  x  x  x 1 1 1 
wr_en x  x  x  x  x x 1 1 

HS0 (reg mux) x  x  x  x  x x 1 0 
HS1 (add mux) x  x  x  x  x 0 0 0 

Shift-in 1  1  1  1  1 0 0 0 
LFSR1 x  x  x  x  x x x x 

shift in cont 000  001  010  011  100 xxx xxx xxx 
Co – mux            1 

Table 2: Table of States and Signals

Built- in 
Self- test 
states 

Boundary 
scan 
modes. 
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 The table of states demonstrates one very crucial characteristic of the control 

signal requirements.  They are a very limited set of signals, which change in the built- in 

self-test mode of operation.  These signals are clear, stop, HSO, and HS1.  In addition to 

the limited number of relevant signals, within the signals there is a limited amount of 

change.  The limited scope and nature of signal changes with respect to state changes 

allowed the design of the controller to be greatly streamlined.  The use of the synthesis 

techniques used to design asynchronous sequential circuits were found to produce 

compact logic, however this logic would be speed limited.  Synthesis techniques, which 

rely on carnaugh maps, are designed to produce the most compact logic, however the 

most compact logic is often slower. 

 Analysis of the state table brings to light other properties essential to the design of 

the controller.  The BIST states start with an initial condition; this initial condition may 

be referred to as the clear state. The BIST states in general also only consist of only one 

other state other than the clear state.  The third and most important aspect of the table of 

states is that the next states of the controller are mostly dependent on the inputs and on 

none of the previous states.  The only exceptions are the clear state and the BIST state, 

which allows for the testing of both the adder and the register file.  The controller, as a 

result of the aforement ioned conditions, will be a sequential circuit with a significant 

combinatorial nature and with a feedback paths limited to the clear state logic. 

 The qualitative decomposition of the circuit can be extended a bit further, by 

separating the synthesis of the boundary scan mode from the BIST test modes.  This may 

be achieved with simple combinational logic due to the static nature of the boundary scan 

mode of operation.  Once the states have been decomposed into these smaller 
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independent more manageable entities the synthesis of logic for each control signal may 

be achieved. 

4.3 Creating the logic 

 The controller has three main control signals, which allow off-chip control.  These 

are shift-in, A, and B.  Yet due to the manner in which, the table of states was 

decomposed into sub-states the control signals may not be interpreted as a binary number, 

instead signals A and B may be interpreted as a binary number while signal shift-in 

serves to distinguish between the BIST and the boundary scan mode of operation.  This 

method of representing the states simplifies the circuit while not increasing the number of 

bits required controlling the controller.  

4.4 The Clear Signal 

 The clear signal occurs whenever there is a state change and the controller is 

entering on of the three main BIST states.  The BIST states and their respective control 

signal are shown in table 3. 

A B BIST States 
0 0 Adder & Register File 
0 1 Register File 
1 0 Adder 
Table 3: BIST Control Signals 

 

Logic is required which detects whenever a signal change occurs between these three 

states.  The main goal is to ensure that whenever a signal change occurs the circuitry 

enables the clear signal, as it is one of the more important signals.  The clear signal 

synchronizes in conjunction with the clock synchronizes the processor test vehicle 
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components, and it is responsible for enabling the execution of the correct sequence of 

states in the controller.  The logic devises to detect the changes in the circuitry that would 

warrant setting the clear signal high is shown in figure 19.  The circuitry detects a change 

in state and sends a pulse to its output as a result of the change in state.  Since the clear 

signal resets the FSM the speed of propagation of a response throughout the entire 

clearing circuitry isn’t critical, so long as the response time of each master-slave latch is 

higher than a clock cycle. 

 

Figure 19: FSM logic controlling the “clear” signal 

 

4.5 The Critical Path 

 The critical path consists of the path, which controls the “stop” signal.  The signal 

determines whether the LFSR’s are producing pseudo-random data or whether they are 

stopped at their current state.  This is achieved by inhibiting the clock signal.  The state 

dependencies in the table of states demonstrate that most signals do not depend on their 
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previous state but rather the previous state of one of the controllers input.  This state 

dependency allows for the some of the controllers signals to take advantage of the 

pipelining concept in the determination of the logic signal.  The stop signal as an example 

changes states only once in the circuit, and the signal is only significant during BIST 

operation.  The stop signal goes low once the LFSR has outputted the desired output for a 

certain number of iterations.  The iterations are required to ensure that the LFSR’s are 

stable.  This is the only requirement for that signal to change state.  In consequence, each 

time a new test mode is selected the state of the circuit may be cleared to the reset state.    

 

Figure 20: FSM Logic on the  critical path controlling the “stop” signal 

 

 The circuitry controlling the stop signal must be able to count the number of times 

the LFSR reached the required number.  The determination of whether the number has 

been reached can be implemented with an “and” gate.  Yet, counting the iterations may 

be accomplished with some form of counter.  A counter would not be a very efficient 

manner of determining the number of iteration since the logic required to implement a 

counter would be excessive. In addition additional logic is required to determine whether 
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the counter has reached the appropriate number.  A counter would add at least three 

stages of delay, two stages for the counter and one for the detection logic.   

A more efficient approach to counting the occurrences of the desired LFSR state, 

would be using a set of latches to each remember an occurrence.  These latches would 

change states once an occurrence of the desired state has been detected in the previous 

state.  Consequently, once all the latches have  changed state the stop signal would go 

low.  This approach is better for a couple of reasons.  The delay path for the detection 

circuit is significantly smaller, since each latch is remembering on iteration.  This delay 

path practically consists of the circuit, which detects the appropriate LFSR state, ands the 

output latch.  The delay path is quite limited since the circuit takes advantage the inherent 

pipelining of the signal as the latches remember the previous states. 

4.6 Optimized CML Cells in the FSM 

 

Figure 21:  CML high fan-in circuit for 6-bit AND 

 

 Controlling the FSM requires decision circuitry whose primary function is to 

detect the occurrence of an event.  The significant events in the FSM and the processor 
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test vehicle consist of changes in the LFSR and some other relevant control signals.  The 

LFSR in its simplest form has 5 unrelated bits.  In consequence, all control decisions 

based on the LFSR require a minimum fan- in of five.  The high fan- in creates a 

significant implementation hurdle, with respect to speed, of the circuit in CML.  The 

processor test vehicle has a power supply of 4.5 volts in order to allow for an appropriate 

number of levels in a tree, while minimizing power consumption.  A power supply of 4.5 

volts is capable of accommodating three levels of CML with a widlar current mirror or 

four levels of CML when a tail resistor is used as the current source.  One more level may 

be accommodated with significant speed and signal degradation.  The fan- in limitation of 

the CML circuit poses a design dilemma, increasing the stages required to compute the 

result or using an alternate design method.  Single-ended ECL was chosen as a means of 

increasing the fan- in. 

 A six bit single-ended ECL gate was created to accommodate the maximum fan-

in of five.  The circuit consists of 6 transistors with their emitter dotted together as well as 

their collectors dotted together; the circuit is shown in figure 21.  These six transistors in 

turn have their emitters coupled with the emitter of transistor Q2, controlled by a 

reference voltage.  The reference voltage applied to transistor Q2 is generated internally 

to the circuit as opposed to other CML circuits found in the FSM, due to routing 

requirements.  Transistors Q3, Q4 and Q6 in conjunction with resistors R3 and R5 set the 

internal reference voltage for the single-ended circuit.  Transistor Q6 and resistor R5 are 

two components of a widlar current mirror set-up, which set the current flowing through 

that branch.  The resistor R3 exhibits a specific vo ltage drop based upon the current set 

by the current mirror and the transistor Q3 supplies and additional base-emitter voltage 
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drop.  The purpose of transistor Q4 is to ensure that the voltage drop between the 

collector and emitter of transistor Q6 is not excessive.  

 The single-ended CML six bit “AND” gate has the advantage of increasing fan in, 

yet it also has several disadvantages.  These include increased noise margin from the 

increased fan- in as well as the single-ended nature of the gate [14].  The parallel 

transistor configuration within the circuit impedes performance, by limiting the current 

available to each transistor the more of them are turned on.    
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Chapter 5: Voltage Controlled Oscillator 

 

 The clock source for the circuit consists of a phase lock loop in conjunction with a 

voltage-controlled oscillator.  In the processor test vehicle the main purpose of the clock 

is to have a means of controlling the pace of data transfers from one element of the circuit 

to the next.  The clock also provides us with a means of ascertaining that transactions 

have occurred at a certain speed: the clock speed.  The clock signal also allows for all the 

components of the data generators to be synchronized once reset and or loaded, since no 

change in state may occur until the clock signal changes.  

 A four phase VCO was chosen as the clock source, due to the flexibility, which 

the clock source provides.  The additional phase allows for a greater margin of error in 

the timing of the control circuitry.  Since the control circuitry is dependent on changes 

that occur within the LFSR, the time left for the controller to perform the required 

operations would be less than one clock cycle with a single-phase clock.  In the case of 

the 8Ghz 3-dimenasional-processor test vehicle this delay is 125ps.   The LFSR changes 

states when the clock signal is in a low state, and the controller needs to complete the 

controlling action before the next low state of the clock.  In consequence, the time 

allotted for the appropriate signals to propagate through the controller is reduced by the 

delay of the LFSR.  Using a four phase VCO solves the problem and allows for more 

reliable operation, since the circuit may be clocked a couple of phase later than the LFSR, 

which control the FSM.  The issues concerning the timing of the various circuits will be 

addressed in the performance section. 
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5.1 VCO design 

 The feed forward interpolated VCO was chosen as the clock source for the circuit.  

The feed forward interpolated VCO was chosen primarily due to its speed.  A 

conventional four stage ring oscillator isn’t capable of consistently achieving speeds of 

8Ghz or higher.  The feed forward interpolated VCO is 33% faster than the conventional 

four-stage ring oscillator [15].  The feed forward interpolated VCO is also capable of 

being tuned over a frequency range of almost half an octave.  These two attributes make 

it especially well suited as the clock source for the 3-dimensional processor test vehicle, 

since the maximum frequency of the circuit operating under real-world conditions is 

unknown.   

The feed forward interpolated VCO was designed for use in communications 

circuits where considerations such as phase nose, and jitter are considerably important.  

In order to accommodate the additional constraints imposed upon the VCO by phase 

noise and jitter, speed was sacrificed.  The adaptation of the feed forward interpolated 

VCO for the 3-dimensional processor test vehicle is manly concerned the operating speed 

and phase lock between the four phases of the VCO.   

5.2 Current starving feed forward VCO 

The feed forward interpolated VCO evolved from the current starving feed 

forward VCO.  A brief analysis of the current starving feed forward VCO is necessary to 

better understand the feed forward interpolated VCO.  The current starving feed forward 

VCO uses two principal delay elements to control the speed of the VCO.  The traditional 

current starving buffer and a feed forward approach to decreasing delay are used. 
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The current starving buffer is used to enhance the functionality of a four-stage 

ring oscillator and allow more control over the operating frequency.  The current starving 

buffer allows for the ring oscillator speed to be controlled by modifying the delay of the 

buffers within the ring oscillator. The current starving buffer is a standard buffer with a 

means of degrading the performance of the buffer by reducing the current flowing 

through the buffer.  The reduced current increases the time necessary to move the 

required charges in the transistor and the loading lines for the transistor to switch.  A 

transistor on the current path may be used to control the current flowing through the 

CML tree.   

The feed forward approach allows for significant performance gain over a 

standard current starving VCO.  The feed forward approach uses a modified buffer with 

two inputs and averages the signal from the previous stage with the signal from the stage 

before.  Since the signal from the stage before the previous stage switches earlier the net 

result is to force the buffer to switch sooner than it normally would have.  Mathematically 

the effective gate delay is reduced by two thirds [15].  This result is represented by the 

following equation. 

                                    inn Ttt
3
2

1 =− −  [15]                                                        (9) 

In the equation Ti represent the intrinsic delay, which would be the delay without the feed 

forward approach. 

5.3 Feed forward interpolated VCO 

 The feed forward interpolated VCO takes the concept of the feed forward VCO 

one step further by adding more functionality to the feed forward approach.  The feed 
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forward interpolated VCO is capable of controlling the extent to which either the 

previous stage Tn or the one before Tn-1 contributes the final result.  

 

 

 

 

 

 

 

Figure 22: Feed Forward VCO 

Each stage in the VCO is capable of receiving a signal from 
the previous stage and the preceding one.  The VCO is 
capable of weighting the impact of the previous stages on the 
VCO operating characteristics.  The inversion is necessary 
for oscillation and has a limited impact on the feed forward 
mechanism. (The dots represent an inversion, required to 
ensure oscillation) 
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Figure 23: Feed forward Interpo lated VCO boundary conditions  
The feed forward interpolated VCO behaves like two 
independent two stage ring oscillators at its fastest extreme 
(a), and it behaves like a four stage ring oscillator at its 
slowest extreme (b). 

 

 The design of the delay element consists primarily of a two input buffer with 

various enhancements to allow for more control over the VCO.   The delay of the VCO is 

primarily a factor of the delay of the buffers, which make up the VCO.  This delay is 

governed by the switching speed of the transistors and the parasitics of the device.  The 

delay buffer for the feed forward interpolated VCO requires significantly more devices 

than a conventional current starved buffer.  These devices are place on the power ground 

path of the CML tree, in series with the main switching devices and in consequence 

represent additional parasitics, which must be overcome by the VCO.  These parasitics 

may not be easily overcome by increasing the drive capability of the circuit since all 

elements in the circuit would have to be sized up as a consequence.  The additional 

parasitics are a downside of the feed forward interpolated circuit, yet the enhanced speed 
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of the feed forward interpolated design more than accounts for the parasitic effects of the 

additional circuits complexity. 

5.4 Delay Element Design 

Figure 24: Voltage Controlled Oscillator Delay Element Circuit 

 

 A significant advantage of the feed forward interpolated VCO over similar 

designs is the ability to behave similarly to a two-stage ring oscillator at its fastest 

extreme [15].  However the due to the nature of the feed forward design all the phases 

must be synchronized to achieve the speed increases of the interpolation, therefore the 
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VCO may never fully operate in the condition where the VCO is truly acting like to 

unconnected two-stage ring oscillators.   

 The VCO’s delay element shown in figure 30 consists primarily of two sets of 

transistors configured in a buffer like configuration, in conjunction with a mixer. The 

transistors Q5, Q6, Q7, and Q8 are configured in a manner similar to a buffer.  When Q5 

is high and Q6 is low, the two transistors set up a condition similar to passing a low 

signal through in a conventional CML buffer.  The two transistors above Q5, Q6, Q7, and 

Q8 serve the purpose of level shifting since the inputs are level 2, and allow for the 

dotting of the nodes connecting the two buffer like transistor configurations to not 

interfere with the switching of the transistors.  The mixing of the two CML signals is 

accomplished by the dotting of the two buffers like tree paths.  The average of the two 

signals is what is seen at the output of the circuit.  The ability to control the degree to 

which a certain path contributes to the result in the mixer is determined by transistors Q9 

and Q10. 

 Transistors Q9 and Q10 control the fraction of current, which passes through, 

either of the buffer like CML trees above the respective transistors.  Restricting the 

current flowing through either CML tree reduces the tree’s drive capability in 

consequence it reduces the amount of current it is forcing through resistors R1 and R2.  

As less current from either of the paths flows though the two resistors the extent to which 

the lower current path influences the state of the output signal decreases.   This decrease 

is simply due to the negligible current passing through the resistors a metaphor for this 

situation would be the recombination in the p-n junction.  In consequence, these two 

transistors Q9, and Q10 allow for the interpolation of the two signals. 
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5.5 Linearity through the emitter resistor 

 The transistors Q9, and Q10 by themselves would allow for the circuit to 

correctly interpolate the two signals however there would be two significant points of 

concern.  The transistors Q9 and Q10 under the following configuration do not have a 

linear gain.  In consequence, small changes on the control signals would cause large 

changes, and create serious difficulties in controlling the device.  The issue of linearity is 

abundantly discussed in [15], and resistor choices which provides an adequate 

compromise between linearity and range.  Using the small signal analysis voltage gain for 

the common-emitter configuration the benefits of the emitter resistor are more apparent. 

 

The voltage gain without emitter resistor is  

)//( ocmv rRgA −=     (10) 

where Rc is the collector resistor and ro is the output impedance of the transistor. The gain 

is heavily dependent on –gm which is defined as 
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Where Ic is the collector resistor and Vt is the thermal voltage.  The transconductance gm 

is heavily dependent on the collector current which varies significantly throughout the 

operation of the transistor.   The small signal voltage gain with an emitter resistor is 
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As may be seen the transconductance in this equation which is embedded in the equation 

as β  cancels out and the gain become linearly dependent on Rc, Rs, re and Re.   However 
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the transistor gains only cancel out if the value of re and Re are greater than Rs, which is 

the source resistance.  In this case Rs is the output impedance of the circuit driving the 

control signals for the delay element. 

5.6 Preventing De-coupling with the bypass resistor 

 Resistor R3 and its symmetrical pair serve as a bypass path for current to 

prevent de-coupling.  The feed forward interpolated VCO may at its fastest extreme 

operate like two independent two stage ring oscillators.  Yet, the VCO may never operate 

in this mode since the two stages of ring oscillators would have no means of staying in 

phase with respect to each other.  As the devices in all the delay elements are no perfectly 

matched to each other frequency drift will occur between de-coupled delay elements.  

The frequency drift will prevent the VCO from outputting a quadrature clock source, and 

the improper phase shift will cause the feed forward mechanism of the VCO to mix 

incorrect phases.  Therefore the VCO will cease operating properly.  A small margin of 

de-coupling present between phases in the VCO was not of much concern to our design.  

The purely digital nature of our design allowed us to be tolerant of small phase noises.  In 

consequence a anti-de-coupling resistor of 2.8KΩ was chosen which is larger than the 

SERDES II implementation [21].                            

5.7 Center Frequency and frequency Range 

 Inserting a capacitor at the nodes between R1 and Q2, and R2 and Q3 may 

control the center frequency of the VCO.  The capacitor has the effect of increasing the 

delay for the delay element.  The capacitor is seen as a load on the output of the delay 

element, which needs to be charged similarly to interconnect parasitics.  The center 

frequency is modeled as [15]. 



 56 

))2)(2ln((16
3

cco
c CRT

f
⋅⋅+

=  [15]           (13) 

To represents the nominal delay of the delay element without the centering capacitor.  

 

Figure 25: Graph of VCO center frequency obtained with respect to Capacitance 

 

The centering capacitor values required to set the VCO’s center frequency above 8Ghz 

are too small to be practical in light of processing requirements as may be seen in figure 

31.  The smallest MIM capacitor available in the 5HP process is of 75fF.  Without a 

centering capacitor the parasitics inherent in the circuit have a similar effect as providing 

a small centering capacitor, in consequence none was chosen.  This design choice was 

found to be correct since in extensive simulations of the VCO significant performance 

degradation was observed once parasitics were included in the simulations.   

5.8 Frequency Synthesizing with a phase-locked loop 

 The 3D processor test vehicle and particularly the FSM are clock driven 

circuits.  Frequency control of the VCO is essential in order to be able to adequately 
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control and report the operating frequency of the test circuit.  A phase locked loop 

frequency synthesizer is used to achieve frequency control.  The PLL is a relatively 

complex circuit, which may be tuned and enhanced in multifarious ways.  In 

consequence, the SERDES II design of the PLL was simplified and replicated in the 

FSM. 

5.8.1 The Phase Locked Loop 

 

 

 

 

 

Figure 26: Phase locked loop configuration 

 

 The PLL consists of a loop with a number of frequency, voltage and phase 

dependent components, which work, in tandem to provide the correct frequency at the 

output of the VCO.  The PLL is a control system, which sets the VCO’s output frequency 

to the desired frequency, a multiple of the reference frequency.  The Phase lock loop 

achieves the frequency by determining the phase difference between the desired 

frequency and the frequency obtained from the VCO.  The control system then changes 

the control signals applied to the VCO accordingly.  The control system is composed of a 

phase detector, which detects the phase deviation, a loop filter, which controls the type of 

feedback and the gain, and a frequency divider, which allows the reference frequency and 

the generated frequency to be multiples of each other.  
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5.8.2 Phase Detector 

 A 3 state phase detector directly transplanted from the SERDES II design was 

used.  The phase detector operated by determining the phase between the reference and 

the generated signal.  The phase detector produces a control signals; the signal indicates 

in which direction and to what degree the multiple of the reference frequency and the 

frequency at the VCO are out of phase.  The phase differences provide us a means to 

synchronize the two frequencies since, if the frequencies differ, the phase detector will 

detect a phase difference.  The phase detector does not provide a smooth control signal, 

which could be used by the VCO.  The signal changes too frequently to provide adequate 

control.  In consequence, an alternate circuit, which enhances the feedback path of the 

control system, is required. 

5.8.3 Loop Filter 

 The loop filter smoothes out the control signal from the phase detector and 

provides adequate gain.  The gain provides control over the degree to which a phase 

offset will affect the current frequency of the VCO.  A large gain would cause a phase 

offset to result in a large frequency adjustment of the VCO. The large frequency 

adjustment, would have the potential in causing overshoot, and would increase the jitter 

present when phase lock has been achieved.  A small gain on the other hand.  A low gain 

results in a slow frequency lock or a larger pull- in time.   

5.8.4 Frequency Divider 

 The frequency divider allows for the reference frequency and the desired 

operating frequency to be multiples of each other.  The circuit’s high operating frequency 
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makes it impractical to use a reference frequency with the same frequency as the one 

generated on the VCO.  The reference frequency would undergo the degrading effects of 

the transmission line parasitics before it reached the phase lock loop.  If a high frequency 

signal could be adequately received on-chip it would defeat the purpose of the VCO and 

PLL (Phase Locked Loop).  A slower frequency allows for the effect of the transmission 

line parasitics on the integrity of the reference signal to be negligible.  Therefore, a 

relatively clean reference clock signal may be obtained on-chip.  The frequency dividers 

in the feedback path of the phase lock loop are the key to enabling the desired frequency 

and the reference frequency to multiples of each other.  The frequency divider have 

limitations, they may only divide the VCO output by 2n.   
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Chapter 6: Performance Considerations and Analysis 

 

 Once all the major pieces required to test the FSM were completed and deemed 

operational the focus was placed on ensuring that the circuit could function at a desired 

speed.  Wire parasitics and device loading were major issues, which needed to be 

overcome to ensure the operating frequency of the circuit.   Performance was achieved by 

ensuring that wire parasitics are a major design concern when laying out the circuit.  

Drive capability was scaled up where necessary to maximize speed and limited in other 

areas to minimize power consumption.   The ability to ensure that the performance 

attained on the chip may be viewed off-chip is also a major concern.  The circuitry 

required to drive the measurement tools off-chip must be capable of driving the 

transmission line and termination loads, while maintaining the gain at high frequencies.  

6.1 Maintaining Circuit Performance in a Parasitic 

Environment 

The designs were simulated with their extracted parasites in order to determine 

whether the speed of the circuit was being limited by parasitic capacitances.  The 

parasitic resistance was determined to be too small to induce RC delay in the signal lines 

due to the relative size of the capacitance.  These parasitic resistances are also relatively 

small compared to the pull-up resistors present in the current mode logic.  The parasitic 

capacitances on the other hand may affect the speed of the circuit since, these 

capacitively loaded lines need to be driven to their respective voltages by the CML trees.  

These CML tree in order to reduce power dissipation have been designed to have the 
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minimum current flowing through each tree.  In our design this current is 0.6mA.  

However when the CML tree switches and current moves from one path of the tree to the 

other, the loading of the output lines may take part of the current and reduce the 

switching speed.  Simultaneously, the current flowing from the output of the CML tree 

must charge up the capacitance found in the signal line.  These two parasitic effects may 

be attenuated by increasing the size of the CML tree resistors in conjunction with an 

increase of the current flowing through the tree.  The net result is that the current required 

to drive the signal line is a smaller fraction of the current flowing through the CML tree 

and has a smaller effect on the switching characteristics of the tree. 

 

Table 3: Parasitic capacitances of metal lines drawn at pitch and surrounded by 

other lines at pitch. (Source: IBM) 

 

The wire density of the design on critical paths and in most sub-cells was consciously 

limited due to direct relation between parasitic capacitance and the distance between the 

nearest neighbor wires.  A line with wiring at pitch in all directions could have a 

capacitance several times greater than a wire wired at pitch, but with more distance 

between it and it surrounding wires.   The distance between the respective wires and the 

substrate must also be kept as high as possible, in consequence wiring on the highest 



 62 

metal line possible was undertaken. Yet, since pervasively using the using last metal lines 

is not practical due to the limitations it imposed on creating appropriate power and 

ground networks using the next metal line below it was pursued.  The design used Metal 

2 wires for all the critical paths where possible.  Yet, the design was initially to be built 

on a 3 metal process.  In consequence, in the test vehicle circuit the macro level wires 

could be wired in metal 4 with the caveat that they are no power lines above and no metal 

3 wires below in the proximity.  Such, a wiring approach allows us to minimize the 

capacitive effect on speed for a 2D design as much as we can.  However in a 3D design 

we would have the advantage of using the 3D lines to considerably minimize this 

problem. 

 They are however well known problems associated with increasing the size of the 

transistors in the CML tree.  The CML trees whose transistors have been resized become 

a bigger load to the previous stage.  This tradeoff is a bit more art than science.  The 

appropriate next stage may be e1 times greater than the previous stage optimally, when 

one needs to cascade the driving capability of a circuit.  Yet, in a high-speed design 

where they aren’t that many stages and the parasitic wire capacitances at times 

approaches the parasitic capacitances of the devices the appropriate compromise is less 

obvious.  

 

Table 4: Typical device capacitances Source: IBM 
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  In some cases, depending on the wire density used to create the design, the 

capacitance of the wires exceeds the device capacitance.  Device capacitance, which is on 

the order of a femto-farad, could easily be exceeded by a densely surrounded wire 

exceeding a couple hundred micron in length.   In such scenarios where wire loading has 

a greater magnitude than device capacitances cascading the device drive capability in 

anticipation of the wire load is the best approach.  In our design our first priority was to 

minimize parasitic capacitances.  The capacitances originate from charges that may be 

stored in the signal wire in relation to the substrate and the neighboring wires.  In 

consequence, by increasing the distance between the wires and by using Metal2 or higher 

for long runs we are able to significantly reduce the effect of the parasitic capacitance.  

This is the approach taken in this design.  Yet, the degree to which the wires may be 

separated and the level of wire chosen are restricted by space requirements and the 

process being used. Another approach is to increase the transistor size of all the trees in 

the circuit.  Such an approach would decrease the extent to which wire parasitics affect 

the speed of the circuit since there would be significant amounts of current to overcome 

them.  Yet, it will also proportionally increase the power consumption of the circuit.  I 

believe this approach should be reserved for paths that needed the utmost speed and can 

not achieve it any other way.  This design does not contain any paths, which required all 

the transistor sizes to be increased. 

6.2 Performance Related Timing Issues 

 The control lines of the FSM control either multiplexers or latch clear and enable 

signals.  In the design approach undertaken the speed at which the multiplexers are 

switched are not critical, even though they are important.  On the other hand the speed at 
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which the enable signals of the LFSR’s latches are switched is critical in determining 

whether the correct data will be forwarded to the rest of the circuit.  These enable signals 

determine whether the linear feedback shift register is generating the next value or 

holding the current value.  In consequence, the values being output from these LFSR’s is 

directly controlled by these enable lines.  This critical path is the “stop” signal or the 

finite state machine.  

 In order to determine whether the LFSR stopped at the appropriate value the 

waveforms generated by the appropriate bit of the LFSR can be looked at.  Since when 

the appropriate value at the LFSR is reached at least one of the bits of the LFSR will have 

changed, in our case from high to low.  Observing that this change has taken place ensure 

that the circuit has not failed.  Yet, since the fabrication of the FSM alone is being 

undertaken to build confidence in the final design, a method to quantify the margin of 

error remaining before failing at a specified speed is necessary.  The delay after which the 

LFSR reaches the correct output and allows the FSM to asset the stop signal is Ts. The 

delay it takes between the assertion of the “stop” signal and the next rising edge of the 

clock is Tl .  The larger Tl the better the FSM is operating and the greater margin for error 

there is at that particular operating frequency.  Due, to the speed at which these circuits 

are operating accurately measuring these timing delays on the oscilloscope will be 

particularly difficult.  The degree to which these timing delays will be observable on the 

oscilloscope depends on the reliability of the trigger signal.  The less jitter present in the 

triggering signal the better we will be able to observe the respective delays. 
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Figure 27: Timing delay of the critical path 

 

Signals may get of and on the chip, without much distortion, loss in signal 

strength, or shifting.  In consequence the high frequency pad receivers were re-designed.  

There original design forces the tester to offset all input signals.  The re-design involved 

using AC coupling such that a DC offset does not need to be applied to the input signal.  

Yet, since the new pad receiver has not been chip tested, both the old and new receivers 

will need to be multiplexed such that both may be used.   

6.3 Discussion and Conclusion 

 The final layout of the finite state machine test circuitry has been completed.  The  

design of the layout involved considerable capacitance estimation and simulation to 

insure operation at speed.  The two main sources of potential slowdown were found to be 
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loading capacitance and device capacitance.  The test setup consists of the FSM two  

Voltage Controlled Oscillators, one Phase Locked Loop, other logic to provide for 

testing, and the pad drivers and pad receivers. The size of the FSM test circuit layout was 

pad constrained.  Therefore there is a lot of space on the chip, which will not be used by 

either routing or active devices. The standard 5HP fill will need to be applied to it.   

The setup of our probing station directly contributed to the design being pad 

constrained.  Our setup consists of two, twelve or twenty-four dc probes.  Due to the 

various control lines required to control the finite state machine seven DC probes were 

required.  Even though, some of the high frequency probes may have been used to handle 

the DC signals they were still too many left to fit on a 2-probe card.  In consequence, the 

probe card with 12 DC probes in conjunction with two high frequency probe cards 

containing 10 probes total were used. The probe requirements of the finite state machine 

test circuit do not correspond to the requirements of the 2D.  In consequence, since not all 

the signals being used for the FSM test circuit will be used in the test circuit for the 

processor test vehicle one may not make any conclusions about pad limitations from this 

subsection of the design. 

 Characterizing the performance of the final test circuit and the margin of error it 

has to operate is an essential part of the next phase before fabrication of the 2D processor 

test vehicle.  The first measurement of performance will be whether the FSM is looping 

in the test mode, whether the expected output lines are switching as expected.  The next 

phase of characterizing the chip will be to determine whether it is switching at speed.  

The clock signal, locked by the phase lock loop, will be sped up until the device fails to 

produce the expected set of waveforms.  Yet depending on which components of the 
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circuit fail first we may or may not still get waveforms from the test circuit.  These 

waveforms in the even of a non-catastrophic failure will not be correct.  This will become 

obvious when the performance of the circuit based on the margin for error is 

characterized. 
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APPENDIX A: Circuit Diagram of FSM Test Circuit 
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APPENDIX B: Simulation Results of FSM Test Circuit 
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APPENDIX C: Layout of FSM Test Circuit 
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APPENDIX D: FSM State Diagram 

 

 
 

 

 

 

 

 

 

 

 

 

 

 


