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Architecture
By Matt Anderson
The Architecture for our CPU design is standard multi-cycle implementation of a RISC processor [1].  In this implementation each instruction takes from three to five clock cycles.  The advantage of this implementation over a singe cycle machine is ability to reuse hardware, most importantly the ALU.  Below is a block diagram of the architecture as well as component descriptions for each block.
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Figure 1:  Architecture Block Diagram

Component Descriptions
Memory
This edge-triggered memory device holds both instructions and data.  It is addressed by either the B or the PC.

Instruction Register
An edge-triggered 32 bit register used to store the output of the memory (instructions only) so that it may be accessed in the 2nd CPU cycle.

Register File
This structure contains all of the registers numbered #0-#31.  It has 4 inputs [Read R1/R2, Write Reg/Data] and 2 outputs [Read Data 1/2].  The loading of this register file is controlled by an edge triggered write enable, RegWrite.

ALU
The core of the MIPS CPU has 3 inputs and 2 outputs.  Two of the inputs [32 bits] are the operands and the third input is the operator.  A zero flag is set if the value of the result [32 bits], another output, is all zeros.  During R-type instructions the ALU performs operations on two values from the register file.  During I type instructions, one of the operands [rs] comes from the register file, and the other comes from a constant/offset that is either zero or sign extended.  Performs AND, OR, ADD, SUB, SLT based on function select bits.
ALU control
To simplify the controller, the ALU control determines the correct operation the ALU should perform and encodes that to generate the ALU function bits.

Sign Extender
To facilitate the ability to perform ALU operations on an immediate, sign extension logic is required.  When enabled this block must determine the sign on its 15 bit input and extend that sign to 32 bits.
Shift Left by 2 Unit
This component shifts the value of its input by 2 bits to the left.

Storage Registers
Because of the multi-cycle implementation there must be registers along the way to store various words of data.  These registers are PC, Memory data register, A, B, and ALUOut.

Multiplexers
 These devices set up the data pathway for each cycle, depending on the current instruction.  

Instruction Descriptions
R type:

	OPCODE
	RS
	RT
	RD
	UNUSED


31
    26 25         21 20         16 15         11 10


0

Mnemonic

Name




Operation
	ADD
	Add
	R[rd]=R[rs] op R[rt]

	SUB
	Subtract
	

	AND
	And
	

	OR
	Or
	

	XOR
	Exclusive or
	

	SGT
	Set greater than
	R[rd]=(R[rs]>R[rt])? 1:0

	SLT
	Set less than
	R[rd]=(R[rs]<R[rt])? 1:0

	JR
	Jump register
	PC=R[rs]


I type:

	OPCODE
	RS
	RT
	IMMEDIATE
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Operation

	ADDI
	Add
	R[rd]=R[rs] op SignExtImm

	SUBI
	Subtract
	

	ANDI
	And
	

	ORI
	Or
	

	BEQ
	Branch on equal
	If(R[rs]==R[rt]), PC=PC+4+BranchAddr

	BNQ
	Branch on not equal
	If(R[rs]!=R[rt]), PC=PC+4+BranchAddr

	SHR
	Shift right
	R[rd]=R[rs]>>SignExtImm

	SHL
	Shift left
	R[rd]=R[rs]<<SignExtImm

	LW
	Load word
	R[rt]=M[R[rs]+SignExtImm]

	LUI
	Load upper imm.
	R[rt]={imm concat 16’b0}

	SLTI
	Set less than imm.
	R[rt]=(R[rs]<SignExtImm)? 1:0

	SGTI
	Set greater than imm.
	R[rt]=(R[rs]>SignExtImm)? 1:0

	SW
	Store word
	M[R[rs]+SignExtImm]=R[rt]


J type:

	OPCODE
	ADDRESS


31
    26 25         
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Mnemonic

Name




Operation

	J
	Jump
	PC=JumpAddr

	JAL
	Jump and link
	R[31]=PC+4; PC=JumpAddr


Cycle Descriptions
Each of the five cycles must perform certain tasks.  Once completed, the results of the cycle’s calculations are stored in registers to be used by subsequent cycles.  The basic duty of each cycle is as follows:
1. Instruction Fetch – This cycle is the same for all instructions, simply fetch the instruction from memory, put it in the Instruction Register (IR) and increment the program counter.
2. Instruction Decode and Register Fetch – Instead of wasting the time during instruction decode, it is more efficient to perform tasks that may be needed later.  So in addition to decoding the instruction the registers rt and rd are read and stored in A and B.  Also the possible branch address is calculated and stored in ALUOut.  These measures reduce the maximum number of clock cycles.  As in the previous cycle, this one is the same for all instructions.
3. Execution – At this point the operation of the CPU is determined by the particular instruction that is being executed.  There are four possible scenarios that could take place:
· Arithmetic-logical instruction – ALUOut <= A op B
· Memory reference – ALUOut <= A + sign-extended(IR[15:0])
· Branch – if (A == B), PC <= ALUOut
· Jump – PC <= {PC [31:28] concat IR[25:0] concat 00}
If a branch or a jump is taken, the PC register is actually written twice.  It is written once in cycle two and then again in cycle three.  It is plain to see that the last write to PC will be the one used.

4. Memory Read or Write – During this cycle, if the instruction is a load, a data word is retrieved from memory and written into the Memory Data Register (MDR).  Otherwise, the value of register B placed in memory.  In either case the address has already been calculated and is stored in ALUOut.  
5. Memory Read Completion – Load is completed on this step by writing the value placed in the MDR in the previous step to the register specified by rt. 
These cycle implementations are summarized in the following table.  Each instructions takes from three to five cycles depending on the instruction class.  The empty cells do not indicate wasted cycles since a new instruction begins as soon as the previous instruction completes.
	Step Name
	Action for R-type Instructions
	Action for memory reference instructions
	Action for branches
	Action for Jumps

	Instruction fetch
	IR<=Memory[PC]

	
	PC<=PC+4

	Instruction decode/register fetch
	A<=Reg[IR[25:21]]

	
	B<=Reg[IR[20:16]]

	
	ALUOut<=PC+(sign-extend (RI[15:0})<<2)

	Execution, address computation, branch/jump completion
	ALUOUT<=A op B
	ALUOut<=A+sign-extend (IR[15:0])
	if(A==B)     PC<=ALUOut
	PC<={PC[31:28],(IR[25:0]],2'b00)}

	Memory access or R-type completion
	Reg[IR[15:11]]<= ALUOut
	Load: MDR<=Memory[ALUout]   or                                            Store: Memory[ALUOut]<=B
	 
	 

	Memory read completion
	 
	Load: Reg[IR[20:16]]<=MDR
	 
	 


Figure 2:  Breakdown of Register Transfers by Step

Conclusions on Architecture
The architecture laid out here is very straight forward and easy to implement.  This relatively simple design was chosen because of the time constraints and complexity of the overall problem.  Given a longer time, a pipelined design would be a better decision for the processor.  This would speed the throughput without adding much hardware to the design.  However, the VHDL coding of such a design would, I felt, take more time than we could afford to spend.
VHDL Coding

By Chris Erickson

Using the constraints listed above, VHDL code was written to perform the combined functions in as simplistic form as possible.  Initially, each component was written as a stand alone component.  There was an ALU, an Instruction Register, a Data Register, a Register File, Program Counter, multiplexers, and a control unit to handle various other functions.  Upon verification of each component, the overall structure had to be put into place and all the intertwining signals had to mesh.


From top looking down, there are 10 states that the machine can be in at any given time.  Fetch (0), Decode (1), Jump (2), Branch (3), Register/ALU Execute 1 (4), Register/ALU Execute 2 (5), Memory Write/Read (6), Memory Write (7), Memory Read 1 (8), Memory Read 2 (9).  In general, there are three categories of operations that are separated by hardware and will often dictate the execution time.  These categories are: memory read or write, register file read or write, and ALU operation.  Out of the 10 states that the machine can be in, each state can be classified as being in one of the 3 categories.  
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Figure 3.  Control Finite State Machine [2]

Knowing all the possible states, we are able to combine some of the overlapping functions within the state machine and depending on the actual state you will use the multiplexers to control the signals.  This allows minimal hardware while precisely mapping out all possible situations within the state machine.  This is the foundation for the structure of the VHDL code.  Each clock pulse causes the state machine to respond based on the current state and also various signals and variables throughout the system.  

As stated, the components were initially tested functional and then combined into the system as a whole.  One challenge was removing redundant signals and variables while combining any that are possible.  This was done in the case of the Instruction Register.  Originally, the Instruction Register was a separate component inside the processor.  Realistically, the processor is everything except the memory itself.  This means that there are input and output pins going to and from the memory in addition to the clock and reset signals.  By modeling the input pins of the processor (coming from the memory) as having a latch, we are guaranteed that these values will not change until unlatched during the next Fetch cycle.  This means that the bits from the memory are latched in the machine and collectively and equivalently substitute for the Instruction Register.

Verification

By Bobby Dixon

Verification is the act of proving or disproving the correctness of a system with respect to strict specifications regarding the system.  Verification is also considered as a process used to demonstrate the functional correctness of a design [3].  There are many forms of verification at all levels of the VLSI realization process.  The overall cost of verification can vary depending on the form and method of verification performed and at what level of VLSI realization that verification is conducted.  The basic idea behind verification is that given a set specifications, does the design do what was specified [3].  Two widely accepted forms of verification are simulation and formal verification.  Simulation is usually used to verify selected cases of design functionality.  Formal verification, however, exhaustively verifies all behavior of the design.  The approach used to verify the CPU design was a mix of specification justification and functional demonstration.  
During the design phase of the CPU each component was specifically drawn up to fit the overall specifications and instruction set of the CPU.  These specifications were then checked to make sure they fulfilled all of the requirements that were defined during the conception of the CPU.  The modeling of the CPU was to follow these specifications.  The first step of verification required that the CPU model be checked against the architecture specifications.  During this process, each component of the CPU was structurally checked to be an exact replication of the drawn up architecture. 
Once each component was individually verified structurally against their specification, they were then checked for proper functionality.  During this process the VHDL model of each CPU component was compiled and simulated using Mentor Graphic’s ModelSim.  For this phase of the verification process, all input and output of each component was exhaustively tested.
To make functional testing of the whole CPU easier, the memory component was separately tested using a testbench.  A testbench is a virtual environment used to verify the correctness of a design.  The idea behind a testbench is creating a circuit that will provide input stimuli for a design and check the output response for proper function.  A testbench usually consists of four components:  the input, the job, the check, and the output.  The input is merely the stimuli needed for the testbench itself to function.  This input is usually a clock signal and a few control signals.  The job is the part of the testbench that applies the stimuli to the model under test.  The check retrieves the output of the model under test and analyzes it for correctness.  The output takes the analysis and acts accordingly to the results.  The testbench is not part of the actual design as illustrated in Figure 3. (Appendix A)  Instead, it is an autonomous structure that uses a black box approach towards the memory.

[image: image3]
Figure 4:  Black Box Testbench Approach [3]
With the memory tested, it was inserted with the other components into the top level CPU design.
The top level design of the CPU is made up of every component plus the needed signals to connect and drive the respective components.  Formal verification at this level of design can easily become a web of problems.  For that reason, a simulation approach was used to verify the design again using Mentor Graphic’s ModelSim.  A set of the instructions were put together to functionally verify all operations of the CPU. (Appendix B)  These instructions were then compiled into their respective operation codes and forced into the memory component of the CPU.  During simulation, the CPU was given the proper number of clock cycles to execute each instruction.  Upon execution, the results produced by each instruction were checked to ensure proper function.  Any inconsistencies between the executed results and the expected results were analyzed and corrected in the design.
Synthesis

By Lee Lerner
The goal of the synthesis was to take the VHDL description of the CPU design and convert it into a gate level netlist optimized for either area or delay.  Mentor Graphics Leonardo synthesis tool was used to synthesize the VHDL design for area (files starting with areaOpt) and delay (files starting with delayOpt) optimization independently.  The VHDL design was synthesized in 0.18μ CMOS technology.  The procedure for generating a gate level netlist (.edf EDIF file) using the Mentor Graphics tools can be found in reference [4].  The details of both the netlist optimized for area and the netlist optimized for delay is summarized below in Table 1.  It can be observed that there is little difference in area or delay for both of the netlists generated.  Therefore, the design team was allowed to continue with either netlist that was generated.  The full area and delay reports for the two netlists generated can be found in Appendix B.  
	Area Optimization
	Number of ports
	111

	
	Number of nets
	8249

	
	Number of instances
	7601

	
	Number of references to this view
	0

	
	Number of gates
	16264

	
	Number of accumulated instances
	7601

	
	data arrival time
	18.06

	Delay Optimization
	Number of ports
	111

	
	Number of nets
	8343

	
	Number of instances
	7696

	
	Number of references to this view
	0

	
	Number of gates
	16280

	
	Number of accumulated instances
	7696

	
	data arrival time
	18.22


Table 1: Area and delay reports for netlists generated
To verify that the synthesized netlists were generated correctly, they were analyzed using the Mentor tools FlexTest and FastScan.  FlexTest was used as an automatic test pattern generator (APTG) for the CPU design in netlist format.  An ATPG generates test vectors for different types of faults (i.e. stuck-at, IDDQ, transition, etc.).  Typically, we would expect to see test vectors generated with fault coverage above 75%.  At this point in the project, it was discovered that our design suffered from a lack of design for testability (DFT).  Though the netlist was generated correctly, FlexTest was allowed to run the ATPG process on the designs in excess of 24 hours and only achieved 13.51% fault coverage, as seen in Figure 5.  One solution to this problem was to tweak the parameters of the FlexTest test generation process.  By adjusting the amount of clock cycles FlexTest could spend on each fault from 30 to 100, the overall fault coverage was increased to 100% with little test generation time.  A second, more permanent solution to the problem was to insert scan design into our CPU design for DFT.  Scan design also increases the fault coverage the FlexTest ATPG can achieve to 100%.  This can be accomplished using FastScan and will be discussed in subsequent sections of this report.   
[image: image4.png]FlexTest ATPG Run Statistics

Cycles Fauts
#Effective #Scan Ops. || #Detected #Ahorted  #AU  #Redundant #Undetected

Random T 0 0 0 30 1

Deter | | 1808 0 ssos | s | 18 0

Totals | | 1810 0 9505 | 38239 | a7 14 || 5893
Test Coverage

I 13.87%  (0.00%)
Fault Coverage

_—— 1351%  (000%)

. ATPGEffectiveness

| 16.60%  (3.08%)

Run-time Messages _ Save.. Clear..| CPU Time | 63466.00

[10:40] // 8990 consecutive faulte aborted, botal faults aborted (backtrack=28609, cy
[10:41] // 9000 consecutive faults aborted, total Faults o
[10:42] // 9010 consecutive faults aborted, total Faults o
[10:42] // 8020 consecutive faults aborted, botal faults aborted (backtrack=28639, cy
[10:42] Test Pattern Generation Interrupt Received

[10:42] // Interrupt signal received

[10:42] // Bbort the current comnand

[10:42] // 28645 feults are aborted due to hacktrack limit

[10:42] // Total test generation time 61108 sec

[10:42] // Total fault simulation tine 536 sec

[10:42] Test Pattern Generation Interrupted

0l

Resume Run

Change Settings.. Goal %’s. Dismiss





Figure 5: FlexTest ATPG results before DFT
Conclusions on Synthesis

The process of synthesizing our CPU design into a gate level netlist was relatively straight forward after understanding the Mentor Tools design flow as presented in [4] and obtaining a working version of the CPU in VHDL.  The process of obtaining a working VHDL model, however, proved to be time consuming and riddled with complexities that disrupted the standard synthesis design flow.  During the synthesis process it was discovered that our circuit contained a critical coding error (a bus contained different termination bus widths, i.e., port(32) <= port(16)) that prevented both the full functionality of our CPU design and the ability to effectively synthesize and simulate our design.  Due to the nature of this coding mistake, the error escaped both the coding compilation and CPU design verification stage.  One improvement in our design process that I would suggest if we could repeat the project would be to exhaustively simulate the functionality of the CPU because it is a relatively small circuit.  As mentioned earlier in the report, I also found that our design heavily lacked DFT.  Another improvement we could have made to our design process would have been to notice the lack of DFT earlier in the design flow.  This would have enabled us to perform synthesis on the circuit that already contained a suitable level of DFT.  My final criticism of the project is our design team’s lack of coordination and communication.  I believe that our design would have been better if we had established weekly reports or presentations that effectively allowed the entire team to have input at every stage of the design.
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Appendix A
By Bobby Dixon
Memory.mif:
WIDTH=32;

DEPTH=256;

ADDRESS_RADIX=HEX;

DATA_RADIX=HEX;

CONTENT BEGIN

      000 : 04000002;    ADDI 0, 0, 0002

      001 : 00210000;    ADD 1, 1, 0

      002 : 04420001;    ADDI 2, 2, 0001

      003 : 08601000;    SUB 3, 0, 2

      004 : 0C800001;    SUBI 4, 0, 0001

      005 : 10A01000;    AND 5, 0, 2

      006 : 14C00003;    ANDI 6, 0, 0003

      007 : 18E01000;    OR 7, 0, 2

      008 : 1D00000D;    ORI 8, 0, 000D

      009 : 21201000;    XOR 9, 0, 2

      00A : 25400000;    SHL 10, 0, 0

      00B : 29601000;    SHR 11, 0, 2

      00C : 2D801000;    SHR16 Fill 12, 0, 2

      00D : 31A00009;    LDI 13, 0, 0009

      00E : 35C01000;    SLT 14, 0, 2

      00F : 39E00003;    SLTI 15, 0, 0003

      010 : 3E001000;    SGT 16, 0, 2

      011 : 42200005;    SGTI 17, 0, 0005

      012 : 46401000;    BEQ 18, 0, 2

      013 : 4A601000;    BNQ 19, 0, 2

      014 : 5A801000;    Store PC 20, 0, 2

      015 : 2F500000;    Store 21, 0

      016 : 31600000;    Load 22, 0

      017 : 4C000025;    Jump 0000025

      018 : 00000000;

      019 : 00000000;

      01A : 00000000;    

      01B : 00000000;    

      01C : 00000000;    

      01D : 00000000;    

      01E : 00000000;    

      01F : 00000000;    

      020 : 00000000;    JR 0000000

      021 : 00000000;    

      022 : 00000000;    

      023 : 00000000;    

      024 : 00000000;    

      025 : 00000000;    JAL 0000020

      026 : 00000000;    

      027 : 00000000;    

      028 : 00000000;    

      029 : 00000000;    

      02A : 00000000;    

      02B : 00000000;    

      02C : 00000000;    

      02D : 00000000;    

      02E : 00000000;    

      02F : 00000000;    

      030 : 00000000;    

      031 : 00000000;    

      032 : 00000000;    

      033 : 00000000;    

      034 : 00000000;    

      035 : 00000000;    

      036 : 00000000;    

      037 : 00000000;    

      038 : 00000000;    

      039 : 00000000;    

      03A : 00000000;    

      03B : 00000000;    

      03C : 00000000;    

      03D : 00000000;    

      03E : 00000000;    

      03F : 00000000;    

      040 : 00000000;    

      041 : 00000000;    

      042 : 00000000;    

      043 : 00000000;    

      044 : 00000000;    

      045 : 00000000;    

      046 : 00000000;    

      047 : 00000000;    

      048 : 00000000;    

      049 : 00000000;    

      04A : 00000000;    

      04B : 00000000;    

      04C : 00000000;    

      04D : 00000000;    

      04E : 00000000;    

      04F : 00000000;    

      050 : 00000000;    

      051 : 00000000;    

      052 : 00000000;    

      053 : 00000000;    

      054 : 00000000;    

      055 : 00000000;    

      056 : 00000000;    

      057 : 00000000;    

      058 : 00000000;    

      059 : 00000000;    

      05A : 00000000;    

      05B : 00000000;    

      05C : 00000000;    

      05D : 00000000;    

      05E : 00000000;    

      05F : 00000000;    

      060 : 00000000;    

      061 : 00000000;    

      062 : 00000000;    

      063 : 00000000;    

      064 : 00000000;    

      065 : 00000000;    

      066 : 00000000;    

      067 : 00000000;    

      068 : 00000000;    

      069 : 00000000;    

      06A : 00000000;    

      06B : 00000000;    

      06C : 00000000;    

      06D : 00000000;    

      06E : 00000000;    

      06F : 00000000;    

      070 : 00000000;    

      071 : 00000000;    

      072 : 00000000;    

      073 : 00000000;    

      074 : 00000000;    

      075 : 00000000;    

      076 : 00000000;    

      077 : 00000000;    

      078 : 00000000;    

      079 : 00000000;    

      07A : 00000000;    

      07B : 00000000;    

      07C : 00000000;    

      07D : 00000000;    

      07E : 00000000;    

      07F : 00000000;    

      080 : 00000000;    

      081 : 00000000;    

      082 : 00000000;    

      083 : 00000000;    

      084 : 00000000;    

      085 : 00000000;    

      086 : 00000000;    

      087 : 00000000;    

      088 : 00000000;    

      089 : 00000000;    

      08A : 00000000;    

      08B : 00000000;    

      08C : 00000000;    

      08D : 00000000;    

      08E : 00000000;    

      08F : 00000000;    

      090 : 00000000;    

      091 : 00000000;    

      092 : 00000000;    

      093 : 00000000;    

      094 : 00000000;    

      095 : 00000000;    

      096 : 00000000;    

      097 : 00000000;    

      098 : 00000000;    

      099 : 00000000;    

      09A : 00000000;    

      09B : 00000000;    

      09C : 00000000;    

      09D : 00000000;    

      09E : 00000000;    

      09F : 00000000;    

      0A0 : 00000000;    

      0A1 : 00000000;    

      0A2 : 00000000;    

      0A3 : 00000000;    

      0A4 : 00000000;    

      0A5 : 00000000;    

      0A6 : 00000000;    

      0A7 : 00000000;    

      0A8 : 00000000;    

      0A9 : 00000000;    

      0AA : 00000000;    

      0AB : 00000000;    

      0AC : 00000000;    

      0AD : 00000000;    

      0AE : 00000000;    

      0AF : 00000000;    

      0B0 : 00000000;    

      0B1 : 00000000;    

      0B2 : 00000000;    

      0B3 : 00000000;    

      0B4 : 00000000;    

      0B5 : 00000000;    

      0B6 : 00000000;    

      0B7 : 00000000;    

      0B8 : 00000000;    

      0B9 : 00000000;    

      0BA : 00000000;    

      0BB : 00000000;    

      0BC : 00000000;    

      0BD : 00000000;    

      0BE : 00000000;    

      0BF : 00000000;    

      0C0 : 00000000;    

      0C1 : 00000000;    

      0C2 : 00000000;    

      0C3 : 00000000;    

      0C4 : 00000000;    

      0C5 : 00000000;    

      0C6 : 00000000;    

      0C7 : 00000000;    

      0C8 : 00000000;    

      0C9 : 00000000;    

      0CA : 00000000;    

      0CB : 00000000;    

      0CC : 00000000;    

      0CD : 00000000;    

      0CE : 00000000;    

      0CF : 00000000;    

      0D0 : 00000000;    

      0D1 : 00000000;    

      0D2 : 00000000;    

      0D3 : 00000000;    

      0D4 : 00000000;    

      0D5 : 00000000;    

      0D6 : 00000000;    

      0D7 : 00000000;    

      0D8 : 00000000;    

      0D9 : 00000000;    

      0DA : 00000000;    

      0DB : 00000000;    

      0DC : 00000000;    

      0DD : 00000000;    

      0DE : 00000000;    

      0DF : 00000000;    

      0E0 : 00000000;    

      0E1 : 00000000;    

      0E2 : 00000000;    

      0E3 : 00000000;    

      0E4 : 00000000;    

      0E5 : 00000000;    

      0E6 : 00000000;    

      0E7 : 00000000;    

      0E8 : 00000000;    

      0E9 : 00000000;    

      0EA : 00000000;    

      0EB : 00000000;    

      0EC : 00000000;    

      0ED : 00000000;    

      0EE : 00000000;    

      0EF : 00000000;    

      0F0 : 00000000;    

      0F1 : 00000000;    

      0F2 : 00000000;    

      0F3 : 00000000;    

      0F4 : 00000000;    

      0F5 : 00000000;    

      0F6 : 00000000;    

      0F7 : 00000000;    

      0F8 : 00000000;    

      0F9 : 00000000;    

      0FA : 00000000;    

      0FB : 00000000;    

      0FC : 00000000;    

      0FD : 00000000;    

      0FE : 00000000;    

      0FF : 00000000;    

END;
Appendix B

By Bobby Dixon
TestBench.vhd:
LIBRARY IEEE;              -- LOAD THE IEEE 1164 LIBRARY

USE IEEE.STD_LOGIC_1164.ALL;  -- MAKE THE PACKAGE 'VISIBLE'

USE IEEE.STD_LOGIC_ARITH.ALL;

-- THE TOP LEVEL ENTITY OF THE TEST BENCH HAS NO PORTS...

ENTITY TESTBENCH IS


GENERIC (K:INTEGER:=8;



W: INTEGER:=8);


port(error: out std_logic);

END TESTBENCH;

ARCHITECTURE STIMULUS2 OF TESTBENCH IS

-- FIRST, DECLARE THE LOWER-LEVEL ENTITY...

COMPONENT RAM 


--GENERIC (K:INTEGER:=8;


--
W: INTEGER:=8);


PORT (RAM_WR: IN STD_LOGIC;



RAM_ADDR: IN STD_LOGIC_VECTOR (W-1 DOWNTO 0);



RAM_IN: IN STD_LOGIC_VECTOR (K-1 DOWNTO 0);



RAM_OUT: OUT STD_LOGIC_VECTOR (K-1 DOWNTO 0);



CLK: IN STD_LOGIC);


END COMPONENT;

SIGNAL RAM_WR: STD_LOGIC;

SIGNAL RAM_ADDR: STD_LOGIC_VECTOR (W-1 DOWNTO 0);

SIGNAL RAM_IN: STD_LOGIC_VECTOR (K-1 DOWNTO 0);

SIGNAL RAM_OUT: STD_LOGIC_VECTOR (K-1 DOWNTO 0);

SIGNAL CLK: STD_LOGIC := '0'; 

BEGIN

U1: RAM PORT MAP(RAM_WR => RAM_WR,RAM_ADDR=>RAM_ADDR, RAM_IN=>RAM_IN,RAM_OUT=>RAM_OUT,CLK=>CLK);

CLK <= NOT CLK AFTER 5 ns;     -- 10 NS PERIOD

PROCESS 

BEGIN

for i in 0 to 2**w-1 loop

wait until clk='1';

ram_wr<='1';

ram_in<=conv_std_logic_vector(i,k);

ram_addr<=conv_std_logic_vector(i,k);

--intend to insert an error

if i=2 then

ram_in<=conv_std_logic_vector(0,k);

end if;

--intend to insert an error

end loop;

for i in 0 to 2**w-1 loop

wait until clk='1';

ram_wr<='0';

ram_addr<=conv_std_logic_vector(i,k);

wait until clk='1';

if (ram_out=conv_std_logic_vector(i,k)) then

error<='0';

else

error<='1';

end if;

ram_wr<='1';

ram_addr<=conv_std_logic_vector(i,k);

ram_in<= not conv_std_logic_vector(i,k);

end loop;

for i in 2**w-1 downto 0 loop

wait until clk='1';

ram_wr<='0';

ram_addr<=conv_std_logic_vector(i,k);

wait until clk='1';

if (ram_out = not conv_std_logic_vector(i,k)) then

error<='0';

else

error<='1';

end if;

end loop;

END PROCESS;  

end stimulus2;

Appendix C

By Lee Lerner
Netlist areaOpt Area Report:

*******************************************************

Cell: CPU    View: Behavior    Library: work

*******************************************************

 Cell       Library  References     Total Area

and02       tsmc018_typ    98 x      1    123 gates

and03       tsmc018_typ     3 x      2      4 gates

and04       tsmc018_typ     3 x      2      5 gates

ao22        tsmc018_typ     3 x      2      5 gates

ao221       tsmc018_typ    11 x      2     27 gates

ao32        tsmc018_typ     1 x      2      2 gates

aoi21       tsmc018_typ    50 x      1     62 gates

aoi22       tsmc018_typ  1607 x      1   2386 gates

aoi221      tsmc018_typ    22 x      2     43 gates

aoi222      tsmc018_typ    59 x      2    132 gates

aoi32       tsmc018_typ     3 x      2      5 gates

aoi321      tsmc018_typ     1 x      2      2 gates

aoi322      tsmc018_typ     1 x      2      2 gates

aoi33       tsmc018_typ     1 x      2      2 gates

aoi43       tsmc018_typ     2 x      2      4 gates

buf02       tsmc018_typ    55 x      1     56 gates

dff         tsmc018_typ   102 x      4    451 gates

dffr        tsmc018_typ  1117 x      5   5873 gates

dffs_ni     tsmc018_typ   127 x      6    724 gates

inv01       tsmc018_typ   560 x      1    424 gates

latchr      tsmc018_typ   162 x      3    417 gates

mux21       tsmc018_typ   776 x      2   1258 gates

mux21_ni    tsmc018_typ   543 x      2   1020 gates

nand02      tsmc018_typ   253 x      1    253 gates

nand03      tsmc018_typ    94 x      1    117 gates

nand04      tsmc018_typ   408 x      1    606 gates

nor02       tsmc018_typ   320 x      1    320 gates

nor02ii     tsmc018_typ   370 x      1    460 gates

nor03       tsmc018_typ    57 x      1     71 gates

nor04       tsmc018_typ   171 x      1    254 gates

oai21       tsmc018_typ    69 x      1     86 gates

oai22       tsmc018_typ    62 x      1     92 gates

oai221      tsmc018_typ    38 x      2     75 gates

oai222      tsmc018_typ   104 x      2    230 gates

oai32       tsmc018_typ    29 x      2     50 gates

oai321      tsmc018_typ     8 x      2     18 gates

or02        tsmc018_typ    28 x      1     35 gates

or03        tsmc018_typ     2 x      1      3 gates

xnor2       tsmc018_typ   163 x      2    311 gates

xor2        tsmc018_typ   118 x      2    254 gates

 Number of ports :                     111

 Number of nets :                     8249

 Number of instances :                7601

 Number of references to this view :     0

Total accumulated area : 

 Number of accumulated instances :    7601

 Number of gates :                   16264

Netlist areaOpt Delay Report:

       Clock Frequency Report


Clock                : Frequency

      ------------------------------------


Clock                : 54.9 MHz


IRorREG              : N/A

                        Critical Path Report

Critical path #1, (unconstrained path)

NAME                                        GATE              ARRIVAL              LOAD

---------------------------------------------------------------------------------------

Memory_Output(19)/                                      0.00  0.00 up             0.07

lat_Address(19)_rep_5_u1/QB                 latchr      0.17  0.17 dn             0.01

lat_Address(19)_rep_5_u2/Y                  inv01       0.28  0.44 up             0.07

ix13075/Y                                   nor03       0.19  0.64 dn             0.04

ix69935/Y                                   and02       0.22  0.86 dn             0.04

ix58972/Y                                   aoi22       0.12  0.98 up             0.01

ix20669/Y                                   nand04      0.13  1.10 dn             0.03

ix58914/Y                                   nor04       0.26  1.37 up             0.04

ix60952/Y                                   nor02ii     0.22  1.58 up             0.03

ix13569/Y                                   inv01       0.05  1.63 dn             0.01

ix60947/Y                                   aoi21       0.22  1.86 up             0.03

ix60945/Y                                   nor02ii     0.12  1.98 up             0.01

ix14049/Y                                   oai22       0.12  2.10 dn             0.03

ix14255/Y                                   or02        0.12  2.23 dn             0.01

ix61214/Y                                   aoi22       0.16  2.39 up             0.03

ix61474/Y                                   nor02ii     0.12  2.51 up             0.01

ix14479/Y                                   oai22       0.12  2.64 dn             0.03

ix14687/Y                                   or02        0.13  2.77 dn             0.01

ix61731/Y                                   aoi22       0.16  2.93 up             0.03

ix61991/Y                                   nor02ii     0.12  3.06 up             0.01

ix14909/Y                                   oai22       0.12  3.18 dn             0.03

ix15115/Y                                   or02        0.13  3.31 dn             0.01

ix62248/Y                                   aoi22       0.16  3.48 up             0.03

ix62508/Y                                   nor02ii     0.12  3.60 up             0.01

ix15339/Y                                   oai22       0.12  3.72 dn             0.03

ix15547/Y                                   or02        0.13  3.86 dn             0.01

ix62765/Y                                   aoi22       0.16  4.02 up             0.03

ix63025/Y                                   nor02ii     0.12  4.14 up             0.01

ix15769/Y                                   oai22       0.12  4.27 dn             0.03

ix15975/Y                                   or02        0.13  4.40 dn             0.01

ix63282/Y                                   aoi22       0.16  4.56 up             0.03

ix63542/Y                                   nor02ii     0.12  4.69 up             0.01

ix16199/Y                                   oai22       0.12  4.81 dn             0.03

ix16407/Y                                   or02        0.13  4.94 dn             0.01

ix63799/Y                                   aoi22       0.16  5.10 up             0.03

ix64083/Y                                   nor02ii     0.12  5.23 up             0.01

ix16629/Y                                   oai22       0.12  5.35 dn             0.03

ix16847/Y                                   or02        0.13  5.48 dn             0.01

ix64349/Y                                   aoi22       0.16  5.64 up             0.03

ix64611/Y                                   nor02ii     0.12  5.77 up             0.01

ix17063/Y                                   oai22       0.12  5.89 dn             0.03

ix17267/Y                                   or02        0.12  6.02 dn             0.01

ix64867/Y                                   aoi22       0.16  6.18 up             0.03

ix65131/Y                                   nor02ii     0.12  6.30 up             0.01

ix17483/Y                                   oai22       0.12  6.43 dn             0.03

ix17687/Y                                   or02        0.12  6.55 dn             0.01

ix65387/Y                                   aoi22       0.16  6.71 up             0.03

ix65651/Y                                   nor02ii     0.12  6.84 up             0.01

ix17903/Y                                   oai22       0.12  6.96 dn             0.03

ix18107/Y                                   or02        0.12  7.08 dn             0.01

ix65907/Y                                   aoi22       0.16  7.25 up             0.03

ix66171/Y                                   nor02ii     0.12  7.37 up             0.01

ix18323/Y                                   oai22       0.12  7.49 dn             0.03

ix18527/Y                                   or02        0.12  7.62 dn             0.01

ix66427/Y                                   aoi22       0.16  7.78 up             0.03

ix66691/Y                                   nor02ii     0.12  7.90 up             0.01

ix18743/Y                                   oai22       0.12  8.03 dn             0.03

ix18947/Y                                   or02        0.12  8.15 dn             0.01

ix66947/Y                                   aoi22       0.16  8.32 up             0.03

ix67211/Y                                   nor02ii     0.12  8.44 up             0.01

ix19163/Y                                   oai22       0.12  8.56 dn             0.03

ix19367/Y                                   or02        0.12  8.69 dn             0.01

ix67467/Y                                   aoi22       0.16  8.85 up             0.03

ix67577/Y                                   nor02ii     0.12  8.97 up             0.01

ix19583/Y                                   oai22       0.12  9.10 dn             0.03

ix19787/Y                                   or02        0.12  9.22 dn             0.01

ix67834/Y                                   aoi22       0.16  9.38 up             0.03

ix67879/Y                                   nor02ii     0.12  9.51 up             0.01

ix8219/Y                                    oai22       0.14  9.65 dn             0.04

ix59755/Y                                   xnor2       0.09  9.74 up             0.01

ix8227/Y                                    mux21       0.07  9.81 dn             0.01

ix59752/Y                                   aoi32       0.28  10.09 up             0.05

ix72282/Y                                   oai321      0.21  10.30 dn             0.04

ix58990/Y                                   inv01       0.14  10.43 up             0.02

ix12747/Y                                   oai221      0.15  10.58 dn             0.02

ix58909/Y                                   nand02      0.16  10.73 up             0.03

ix12757/Y                                   inv01       0.05  10.78 dn             0.01

ix59578/Y                                   aoi22       0.18  10.95 up             0.03

ix12767/Y                                   nand02      0.05  11.01 dn             0.01

ix60283/Y                                   aoi22       0.18  11.19 up             0.03

ix12775/Y                                   nand02      0.05  11.24 dn             0.01

ix60261/Y                                   aoi22       0.18  11.42 up             0.03

ix12783/Y                                   nand02      0.05  11.47 dn             0.01

ix60239/Y                                   aoi22       0.18  11.65 up             0.03

ix12791/Y                                   nand02      0.05  11.71 dn             0.01

ix60217/Y                                   aoi22       0.18  11.88 up             0.03

ix12799/Y                                   nand02      0.05  11.94 dn             0.01

ix60195/Y                                   aoi22       0.18  12.12 up             0.03

ix12807/Y                                   nand02      0.05  12.17 dn             0.01

ix60173/Y                                   aoi22       0.18  12.35 up             0.03

ix12815/Y                                   nand02      0.05  12.40 dn             0.01

ix60151/Y                                   aoi22       0.18  12.58 up             0.03

ix12823/Y                                   nand02      0.05  12.64 dn             0.01

ix60129/Y                                   aoi22       0.18  12.82 up             0.03

ix12831/Y                                   nand02      0.05  12.87 dn             0.01

ix60107/Y                                   aoi22       0.18  13.05 up             0.03

ix12839/Y                                   nand02      0.05  13.10 dn             0.01

ix60087/Y                                   aoi22       0.18  13.28 up             0.03

ix12847/Y                                   nand02      0.05  13.33 dn             0.01

ix60067/Y                                   aoi22       0.18  13.51 up             0.03

ix12855/Y                                   nand02      0.05  13.57 dn             0.01

ix60047/Y                                   aoi22       0.18  13.75 up             0.03

ix12863/Y                                   nand02      0.05  13.80 dn             0.01

ix60027/Y                                   aoi22       0.18  13.98 up             0.03

ix12871/Y                                   nand02      0.05  14.03 dn             0.01

ix60010/Y                                   aoi22       0.18  14.21 up             0.03

ix12879/Y                                   nand02      0.05  14.26 dn             0.01

ix59993/Y                                   aoi22       0.18  14.44 up             0.03

ix12887/Y                                   nand02      0.05  14.50 dn             0.01

ix59976/Y                                   aoi22       0.18  14.67 up             0.03

ix12895/Y                                   nand02      0.05  14.73 dn             0.01

ix59959/Y                                   aoi22       0.18  14.91 up             0.03

ix12903/Y                                   nand02      0.05  14.96 dn             0.01

ix59942/Y                                   aoi22       0.18  15.14 up             0.03

ix12911/Y                                   nand02      0.05  15.19 dn             0.01

ix59925/Y                                   aoi22       0.18  15.37 up             0.03

ix12919/Y                                   nand02      0.05  15.42 dn             0.01

ix59908/Y                                   aoi22       0.18  15.60 up             0.03

ix12927/Y                                   nand02      0.05  15.66 dn             0.01

ix59891/Y                                   aoi22       0.18  15.83 up             0.03

ix12935/Y                                   nand02      0.05  15.89 dn             0.01

ix59874/Y                                   aoi22       0.18  16.07 up             0.03

ix12943/Y                                   nand02      0.05  16.12 dn             0.01

ix59857/Y                                   aoi22       0.18  16.30 up             0.03

ix12951/Y                                   nand02      0.05  16.35 dn             0.01

ix59840/Y                                   aoi22       0.18  16.53 up             0.03

ix12959/Y                                   nand02      0.05  16.58 dn             0.01

ix59823/Y                                   aoi22       0.18  16.76 up             0.03

ix12967/Y                                   nand02      0.05  16.82 dn             0.01

ix59806/Y                                   aoi22       0.18  16.99 up             0.03

ix12975/Y                                   nand02      0.05  17.05 dn             0.01

ix59789/Y                                   aoi22       0.18  17.23 up             0.03

ix12983/Y                                   nand02      0.05  17.28 dn             0.01

ix59772/Y                                   aoi22       0.18  17.46 up             0.03

ix12991/Y                                   nand02      0.05  17.51 dn             0.01

ix68376/Y                                   aoi22       0.14  17.66 up             0.02

ix13013/Y                                   xnor2       0.09  17.75 dn             0.01

ix59005/Y                                   aoi322      0.09  17.84 up             0.01

ix57808/Y                                   mux21       0.22  18.06 dn             0.06

reg_ALUOut(31)_rep_3/D                      dffs_ni     0.00  18.06 dn             0.00

data arrival time                                             18.06

data required time                                         not specified

---------------------------------------------------------------------------------------

data required time                                         not specified

data arrival time                                             18.06

                                                           ----------

                                                        unconstrained path
Netlist delayOpt Area Report:
*******************************************************

Cell: CPU    View: Behavior    Library: work

*******************************************************

 Cell       Library  References     Total Area

and02       tsmc018_typ    97 x      1    122 gates

and03       tsmc018_typ    10 x      2     15 gates

and04       tsmc018_typ    36 x      2     63 gates

aoi21       tsmc018_typ    50 x      1     62 gates

aoi22       tsmc018_typ  1607 x      1   2386 gates

aoi221      tsmc018_typ    22 x      2     43 gates

aoi222      tsmc018_typ    59 x      2    132 gates

aoi32       tsmc018_typ     3 x      2      5 gates

aoi321      tsmc018_typ     1 x      2      2 gates

aoi322      tsmc018_typ     1 x      2      2 gates

aoi33       tsmc018_typ     1 x      2      2 gates

aoi43       tsmc018_typ     2 x      2      4 gates

buf02       tsmc018_typ    57 x      1     58 gates

dff         tsmc018_typ   102 x      4    451 gates

dffr        tsmc018_typ  1117 x      5   5873 gates

dffs_ni     tsmc018_typ   127 x      6    724 gates

inv01       tsmc018_typ   653 x      1    495 gates

latchr      tsmc018_typ   162 x      3    417 gates

mux21       tsmc018_typ   887 x      2   1438 gates

mux21_ni    tsmc018_typ   432 x      2    812 gates

nand02      tsmc018_typ   264 x      1    264 gates

nand03      tsmc018_typ    96 x      1    119 gates

nand04      tsmc018_typ   408 x      1    606 gates

nor02       tsmc018_typ   352 x      1    352 gates

nor02ii     tsmc018_typ   340 x      1    422 gates

nor03       tsmc018_typ    50 x      1     62 gates

nor04       tsmc018_typ   138 x      1    205 gates

oai21       tsmc018_typ    69 x      1     86 gates

oai22       tsmc018_typ    65 x      1     97 gates

oai221      tsmc018_typ    49 x      2     97 gates

oai222      tsmc018_typ   104 x      2    230 gates

oai32       tsmc018_typ    30 x      2     52 gates

oai321      tsmc018_typ     8 x      2     18 gates

or02        tsmc018_typ    16 x      1     20 gates

xnor2       tsmc018_typ   250 x      2    477 gates

xor2        tsmc018_typ    31 x      2     67 gates

 Number of ports :                     111

 Number of nets :                     8343

 Number of instances :                7696

 Number of references to this view :     0

Total accumulated area : 

 Number of gates :                   16280

 Number of accumulated instances :    7696

Netlist delayOpt Delay Report:

                        Clock Frequency Report


Clock                : Frequency

      ------------------------------------


Clock                : 54.4 MHz


IRorREG              : N/A

                        Critical Path Report

Critical path #1, (unconstrained path)

NAME                                        GATE              ARRIVAL              LOAD

---------------------------------------------------------------------------------------

Memory_Output(19)/                                      0.00  0.00 up             0.07

lat_Address(19)_rep_7_u1/QB                 latchr      0.20  0.20 up             0.02

lat_Address(19)_rep_7_u2/Y                  inv01       0.17  0.39 up             0.04

ix72198/Y                                   nor03       0.15  0.54 dn             0.03

ix70095/Y                                   nor02ii     0.20  0.74 dn             0.04

ix60742/Y                                   aoi22       0.15  0.88 up             0.01

ix13789/Y                                   nand04      0.10  0.98 dn             0.01

ix58890/Y                                   nor04       0.45  1.44 up             0.06

ix72176/Y                                   inv01       0.23  1.66 dn             0.04

ix70555/Y                                   inv01       0.14  1.80 up             0.02

ix13829/Y                                   aoi21       0.06  1.86 dn             0.01

ix60947/Y                                   aoi21       0.15  2.01 up             0.03

ix60945/Y                                   nor02ii     0.12  2.13 up             0.01

ix14049/Y                                   oai22       0.12  2.26 dn             0.03

ix14255/Y                                   or02        0.12  2.38 dn             0.01

ix61214/Y                                   aoi22       0.16  2.54 up             0.03

ix61474/Y                                   nor02ii     0.12  2.67 up             0.01

ix14479/Y                                   oai22       0.12  2.79 dn             0.03

ix14687/Y                                   or02        0.13  2.92 dn             0.01

ix61731/Y                                   aoi22       0.16  3.09 up             0.03

ix61991/Y                                   nor02ii     0.12  3.21 up             0.01

ix14909/Y                                   oai22       0.12  3.33 dn             0.03

ix15115/Y                                   or02        0.13  3.47 dn             0.01

ix62248/Y                                   aoi22       0.16  3.63 up             0.03

ix62508/Y                                   nor02ii     0.12  3.75 up             0.01

ix15339/Y                                   oai22       0.12  3.88 dn             0.03

ix15547/Y                                   or02        0.13  4.01 dn             0.01

ix62765/Y                                   aoi22       0.16  4.17 up             0.03

ix63025/Y                                   nor02ii     0.12  4.30 up             0.01

ix15769/Y                                   oai22       0.12  4.42 dn             0.03

ix15975/Y                                   or02        0.13  4.55 dn             0.01

ix63282/Y                                   aoi22       0.16  4.72 up             0.03

ix63542/Y                                   nor02ii     0.12  4.84 up             0.01

ix16199/Y                                   oai22       0.12  4.96 dn             0.03

ix16407/Y                                   or02        0.13  5.10 dn             0.01

ix63799/Y                                   aoi22       0.16  5.26 up             0.03

ix64083/Y                                   nor02ii     0.12  5.38 up             0.01

ix16629/Y                                   oai22       0.12  5.51 dn             0.03

ix16847/Y                                   or02        0.13  5.64 dn             0.01

ix64349/Y                                   aoi22       0.16  5.80 up             0.03

ix64611/Y                                   nor02ii     0.12  5.92 up             0.01

ix17063/Y                                   oai22       0.12  6.05 dn             0.03

ix17267/Y                                   or02        0.12  6.17 dn             0.01

ix64867/Y                                   aoi22       0.16  6.33 up             0.03

ix65131/Y                                   nor02ii     0.12  6.46 up             0.01

ix17483/Y                                   oai22       0.12  6.58 dn             0.03

ix17687/Y                                   or02        0.12  6.70 dn             0.01

ix65387/Y                                   aoi22       0.16  6.87 up             0.03

ix65651/Y                                   nor02ii     0.12  6.99 up             0.01

ix17903/Y                                   oai22       0.12  7.11 dn             0.03

ix18107/Y                                   or02        0.12  7.24 dn             0.01

ix65907/Y                                   aoi22       0.16  7.40 up             0.03

ix66171/Y                                   nor02ii     0.12  7.52 up             0.01

ix18323/Y                                   oai22       0.12  7.65 dn             0.03

ix18527/Y                                   or02        0.12  7.77 dn             0.01

ix66427/Y                                   aoi22       0.16  7.94 up             0.03

ix66691/Y                                   nor02ii     0.12  8.06 up             0.01

ix18743/Y                                   oai22       0.12  8.18 dn             0.03

ix18947/Y                                   or02        0.12  8.31 dn             0.01

ix66947/Y                                   aoi22       0.16  8.47 up             0.03

ix67211/Y                                   nor02ii     0.12  8.59 up             0.01

ix19163/Y                                   oai22       0.12  8.72 dn             0.03

ix19367/Y                                   or02        0.12  8.84 dn             0.01

ix67467/Y                                   aoi22       0.16  9.00 up             0.03

ix67577/Y                                   nor02ii     0.12  9.13 up             0.01

ix19583/Y                                   oai22       0.12  9.25 dn             0.03

ix19787/Y                                   or02        0.12  9.38 dn             0.01

ix67834/Y                                   aoi22       0.16  9.54 up             0.03

ix67879/Y                                   nor02ii     0.12  9.66 up             0.01

ix8219/Y                                    oai22       0.14  9.80 dn             0.04

ix59755/Y                                   xnor2       0.09  9.89 up             0.01

ix8227/Y                                    mux21       0.08  9.97 dn             0.01

ix59752/Y                                   aoi32       0.28  10.24 up             0.05

ix72282/Y                                   oai321      0.21  10.45 dn             0.04

ix58990/Y                                   inv01       0.14  10.59 up             0.02

ix12747/Y                                   oai221      0.15  10.73 dn             0.02

ix58909/Y                                   nand02      0.16  10.89 up             0.03

ix12757/Y                                   inv01       0.05  10.94 dn             0.01

ix59578/Y                                   aoi22       0.18  11.11 up             0.03

ix12767/Y                                   nand02      0.05  11.16 dn             0.01

ix60283/Y                                   aoi22       0.18  11.34 up             0.03

ix12775/Y                                   nand02      0.05  11.40 dn             0.01

ix60261/Y                                   aoi22       0.18  11.58 up             0.03

ix12783/Y                                   nand02      0.05  11.63 dn             0.01

ix60239/Y                                   aoi22       0.18  11.81 up             0.03

ix12791/Y                                   nand02      0.05  11.86 dn             0.01

ix60217/Y                                   aoi22       0.18  12.04 up             0.03

ix12799/Y                                   nand02      0.05  12.10 dn             0.01

ix60195/Y                                   aoi22       0.18  12.27 up             0.03

ix12807/Y                                   nand02      0.05  12.33 dn             0.01

ix60173/Y                                   aoi22       0.18  12.51 up             0.03

ix12815/Y                                   nand02      0.05  12.56 dn             0.01

ix60151/Y                                   aoi22       0.18  12.74 up             0.03

ix12823/Y                                   nand02      0.05  12.79 dn             0.01

ix60129/Y                                   aoi22       0.18  12.97 up             0.03

ix12831/Y                                   nand02      0.05  13.03 dn             0.01

ix60107/Y                                   aoi22       0.18  13.21 up             0.03

ix12839/Y                                   nand02      0.05  13.26 dn             0.01

ix60087/Y                                   aoi22       0.18  13.44 up             0.03

ix12847/Y                                   nand02      0.05  13.49 dn             0.01

ix60067/Y                                   aoi22       0.18  13.67 up             0.03

ix12855/Y                                   nand02      0.05  13.72 dn             0.01

ix60047/Y                                   aoi22       0.18  13.90 up             0.03

ix12863/Y                                   nand02      0.05  13.96 dn             0.01

ix60027/Y                                   aoi22       0.18  14.14 up             0.03

ix12871/Y                                   nand02      0.05  14.19 dn             0.01

ix60010/Y                                   aoi22       0.18  14.37 up             0.03

ix12879/Y                                   nand02      0.05  14.42 dn             0.01

ix59993/Y                                   aoi22       0.18  14.60 up             0.03

ix12887/Y                                   nand02      0.05  14.65 dn             0.01

ix59976/Y                                   aoi22       0.18  14.83 up             0.03

ix12895/Y                                   nand02      0.05  14.89 dn             0.01

ix59959/Y                                   aoi22       0.18  15.06 up             0.03

ix12903/Y                                   nand02      0.05  15.12 dn             0.01

ix59942/Y                                   aoi22       0.18  15.30 up             0.03

ix12911/Y                                   nand02      0.05  15.35 dn             0.01

ix59925/Y                                   aoi22       0.18  15.53 up             0.03

ix12919/Y                                   nand02      0.05  15.58 dn             0.01

ix59908/Y                                   aoi22       0.18  15.76 up             0.03

ix12927/Y                                   nand02      0.05  15.81 dn             0.01

ix59891/Y                                   aoi22       0.18  15.99 up             0.03

ix12935/Y                                   nand02      0.05  16.05 dn             0.01

ix59874/Y                                   aoi22       0.18  16.22 up             0.03

ix12943/Y                                   nand02      0.05  16.28 dn             0.01

ix59857/Y                                   aoi22       0.18  16.46 up             0.03

ix12951/Y                                   nand02      0.05  16.51 dn             0.01

ix59840/Y                                   aoi22       0.18  16.69 up             0.03

ix12959/Y                                   nand02      0.05  16.74 dn             0.01

ix59823/Y                                   aoi22       0.18  16.92 up             0.03

ix12967/Y                                   nand02      0.05  16.97 dn             0.01

ix59806/Y                                   aoi22       0.18  17.15 up             0.03

ix12975/Y                                   nand02      0.05  17.21 dn             0.01

ix59789/Y                                   aoi22       0.18  17.38 up             0.03

ix12983/Y                                   nand02      0.05  17.44 dn             0.01

ix59772/Y                                   aoi22       0.18  17.62 up             0.03

ix12991/Y                                   nand02      0.05  17.67 dn             0.01

ix68376/Y                                   aoi22       0.14  17.81 up             0.02

ix13013/Y                                   xnor2       0.09  17.91 dn             0.01

ix59005/Y                                   aoi322      0.09  18.00 up             0.01

ix57808/Y                                   mux21       0.22  18.22 dn             0.06

reg_ALUOut(31)/D                            dffs_ni     0.00  18.22 dn             0.00

data arrival time                                             18.22

data required time                                         not specified

---------------------------------------------------------------------------------------

data required time                                         not specified

data arrival time                                             18.22

                                                           ----------

                                                        unconstrained path

---------------------------------------------------------------------------------------
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