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1 Abstract

This report presents in detail how a Central Processing Unit has been built to meet certain
benchmarks and design goals. The CPU was based on an invented instruction set architecture
and took advantage of the Harvard Architecture philosophy, while building off the work done
with ARMish in term two. In this report, a clear explanation of the hardware implementation
has been done including analysis of how individual instructions control hardware. The report
also includes the optimisation process, where pipelining, latency/propagation delay and the

trade-off between speed, power, and area have been discussed.

2 Introduction
The CPU is the core of a computer and plays a paramount role in electronic engineering. The

primary objective was to build a CPU that could do the benchmarks (Calculating Fibonacci
numbers, pseudo-random integers with a linear congruential generator and traverse a linked
list), while remaining general (Turing complete). Hence research on different ISAs like AVR,
MIPS, SPARC, and ARM, as well as the Harvard Architecture was conducted. Some instructions
were specifically developed for the benchmarks like multiply, subroutines, and stacks. After
deciding upon a 12 instruction ISA to meet the benchmark requirements, the separate
hardware blocks were decided. The CPU’s hardware took inspiration from the ARMish CPU
builtin term two, as it had a register file and ALU to carry out calculations. Afterimplementing
all instructions with hardware, the CPU was optimised to maximise power, speed, and area.

This was done through pipelining, parallel computation, and analysis of different multipliers.

3 Project Planning and Management

Before starting the project, the Belbin Inventory had been completed to find out the different
roles of team members. There was an implementer who is practical, reliable, efficient, hard-
working, and methodical. It helped to have a shaper who is energetic, driven, and bold. The
final person was a resource investigator who is outgoing and a great motivator. The task was
split into three main tasks for each member, with all team members having a general

understanding of the CPU. One person implemented the hardware and tested instructions.
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The second person had done research on the multiplier and hardware components. The last
person helped write the test code for the benchmarks and implement the CPU. On 8th June,
all the general instructions with associated hardware had been completed and tested. On
10th June, all three benchmarks had been completed and tested. On 12th June, the CPU had
been optimised to achieve a better frequency. A regular meeting pattern had been used. All
team members met every day since 24th May at 10:00 BST on Microsoft Teams to discuss
progress and distribute tasks for the day. The TODO list website, Trello, and One Note were
used to make share notes throughout the project. Some screen shots of the meeting plans

and to do lists are in Appendix 3.

Snippet of team notes:

Date | Discussion Alex Peter Jason
26/6 » Discussed Jason's assembly Look at next Research Make
code for fib benchmark benchmarks and see | multiplication | assembly more
» Went over stacks what instructions we | methods efficient and
» Discussed number of registers | may need and think of
and instruction format convert to assembly register to use

o Decided it is best to
decide this once all
benchmarks have been
turned into assembly
and we know what
instructions will be

needed
27/5 » Went over assembly code for | Think of Continue Reduce
LCG and linked list implementation of multiplication | number of
benchmarks instructions (DECA method instructions
» Discussed multiplication oral as well) research used in fib
methods

» Made alist of instructions
using benchmarks
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4 Design Criteria
The CPU should be able to run the following three benchmarks.

Calculate Fibonacci numbers using recursion

int fib(const int n){

int y;
if (n <= 1) y = 1;
else {

y = fib(n-1)

y =y + fib(n-2);
return y;

}

Calculate pseudo-random integers with a linear congruential
generator (LCG)

int lcong(
const unsigned int a,
const unsigned int b,
const int n,
const unsigned int s)

{

unsigned int y = s;

unsigned int sum = 0;

for (int i =n; i > 0; i--){
y = y*a + b // calculate the new pseudo-random number
sum = sum + y // add it to the total

}

return sum;

}

Traverse a linked list to find an item

typedef struct item{
int value;
struct item *next;
} item_t;

item_t* find(const int x, item_t* head){
while (head->value != x){
head = head->next;
if (head == NULL) break;
return head; 5|Page



Software requirements specification:

Functional requirements:

- Benchmark tests:
o Fibonacci test and recursion
= Stack
= Stack pointer
o LCG
=  Multiplication
o Traverse linked list and find item
= |ndirect addressing
- Correctness
o Use benchmark algorithms to check using trial data
o Compare with hand-calculated results
- Speed - minimise geometric mean time (T1T2T3)* (%)
o Found by counting number of CPU cycles required for each benchmark and
how this changed with size of problem (e.g. size of list)
o Find max clock speed of design and minimum execution time
- Power consumed - minimise number of logic gates

o Number of logic gates and clock speed
Non-functional requirements:

- Greatest number of applications for least number of transistors
- 16-bit instruction word
- At least 2k words of instructions and 2k words of data

- Built and simulated using Quartus
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5 Qutline of technical problem
Technical Problem: Build a general CPU that can complete the given benchmarks.

The CPU was not a task to create a hyper specialised instruction set that only implements the
benchmarks in the most efficient way and does nothing else. It also required the CPU to be
Turing complete, which involve implementing indirect or register addressing of memory,
computed jump (jump with register value), and loading current value of PC into a register or
memory. Each benchmark also required specific instructions and hardware to be

implemented, including subroutines, multiplication, and the stack.

6 Design Process

6.1 Overview of design
Memory

The memory blocks took inspiration from the Harvard architecture philosophy1. This involved
separated the memory into an instruction ROM, where the main program was stored, and a
data RAM, where all the data was stored. The different memory types could then be
addressed differently. This was useful for implementing indirect addressing and a pointer to
the stack (a section in the data RAM), as the ALU can output the correct data address for each
cycle depending on the instruction. The instructions and data could also be accessed
simultaneously, which was very useful for pipelining, as the next instruction can be fetched

at the same time as reading or writing from the data memory.

The instruction memory could be either a ROM or RAM as the CPU never needs to write to
this memory block. The two types of memory both simulate pretty much identically in Quartus.
The ROM was used as it looked cleaner without all the extra write outputs for RAM (see

Appendix 9 for more detail on decision).

The size of both memory blocks were 4096 16-bit words. As the opcode was 4 bits, one
instruction (LDI) could use the rest of the bits to load a 12-bit constant that could be used as

an address for all 4096 locations in the memory blocks. This was useful for testing.

LScott Thornton,"What's the difference between Von-Neumann and Harvard architectures" March
8th 2018 [online]MICROCONTROLLERTIPS available at:
<https://www.microcontrollertips.com/difference-between-von-neumann-and-harvard-

architectures/>
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The register file included 8 registers. This required a 3-bit port addresses to select which
register to read from or write to. Using 16 registers would have required 4 bits, which would
take much more space in the instruction words, and many registers would not be used for the
benchmarks given. This register file took inspiration from the ARMish CPU register file built in

the second term, although register files are common for most CPUs.
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ALU with register file (file called ALU1)

portladdr2..0] qi[15..0]
Q2[15..0]
ROout[15..00

Riout[15..00
R2out[15..00
R3out[i5.00
Reout[15..00
REout[15..00
REout[i15..0)
Rrout[i5..00

Like ARMish, the ALU was able to read from two registers in the register file, addressed using
bits in the instruction word. The ALU implemented the decoder for all the signals and could
do calculations on the two registers that were read. It handled all the logic and was

implemented in Verilog (full ALU in Appendix 1).
State machine (unpipelined)

The synchronous state machine controlled what state the CPU was in.

—

c——

The unpipelined state machine just switched between the execute (EXEC1) cycle and the
FETCH cycle as a new instruction is fetched every second cycle. This made it easier to pipeline
the CPU as all logic was already carried out during EXEC1. The states were numbered as above,

so the next state was just the inverse of the current state.
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1 module state_machine
2 B

3 input s,

4 output NS,

5 output FETCH,
3] output EXEC1

7 N

B

g assign NS = ~5;
10

11 assign FETCH = ~5;
12 assign EXECl = 5;
13

14 endmodule

......................... - * {'pipeline_state_machine_block - - - - - - -

...................... ok e
=R CLK  FETCH

C o ————{rst  BXECt

p_SW_BLUCK

Decoder:

Originally, the decoder for control signals was separate from the ALU, although most logic
signals were in the ALU, so many output and inputs needed to be created to leave different
BSF files, which increased the time it took to test. This was simplified by moving the state

machine into the regfile_ ALU BDF and decoder logic was put into the ALU.
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Original decoder:

1 module decode

2

3 input [3:0] op,

4 input FETCH,

5 input EXECL,

6 output pc_sload,

7 output pc_cnt_en,

8 OUTpUT ram_wren,

9 output pc_in_sel,

L0 output ldi_sel,

11 output din_sel

12 )i

13 L

14 wire 1di, 1dr, str, mov, jmp, add, sub, mul, xsr, xs1, b1, stp;
L5 assign 1di =lop [ 2 ] & top [ 2 ] & top [ 1] & top [ O 1;
16 assign 1dr = 'op [ 2 ] & 'op [ 2 ] & 'op [ 1 ] &op [ O ];
L7 assignstr ='!'op [ 2 ] & 'op [ 2 ] &op [ 1] & 'op [0 ];
L8 assignmov = 'op [ 2 ] & 'op [ 2 J] &op [1 ] &op [O];
19 assign jmp = lop [ 2 ] &op [ 2 ] &'lop [ 1L ] & lop [ O 1;
20 assign add = !'op [ 2 ] &op [ 2 ] &tlop [ 1L ] &op [ O ]
21 assign sub ='!op [ 2 ] &op [ 2 ] &op [ 1] & top [ O ];
22 assignmul ='op [ 2 ] &op [ 2 ] &op [1 ] &op [0 ];

23 assign bl =op [ 2 ] & 'op [ 2] &'op [ 1] &'top [0 ];
24 assign ldmfd =op [ 3 ] & 'op [ 2 ] & top [1L ] &op [ O ]:
25 assign stmfd =op [ 2 ] & 'lop [ 2 ] &op [ 1L ] & lop [ O ];
26 assign stp=op [ 2 ] & 'op [ 2] &op[1] &op [0 ];

27

28

29 // Need to think of all decode signals and then implement Togic
30 assign pc_sload = execl & jmp;

31 assign pc_cnt_en = execl & ~(jmp | stp);

32 assign ram_wren = execl & (str | stmfd);

33 assign 1di_sel = ~1di;

34

35

36 endmodule

37

CPU block

5.
5.0
a1t
o_outf11.0] o
po_out]! I:r: 2 [EESEEREE fmefaie] - |-
o (P COUNTER »
Foout.0 e ] M
i ."E:l[us.uux o EX
Foute 0 = r\.aam =
FEOU15.0 = ;3
Foou{ 5. — il =
Rifouf 15.0) PRI el i % % - B
i E B o
E 2 i 11
FREREE. RS g: E B
E K] W L1
wr : R

This block made the connections between the regfile_alu block, the program counter and the
memory. The program counter (PC) addressed the instruction memory, while the address for
the data memory came from the ALU. The MUX at the data input of the PC switched between
loading the PC with the value of the second register that was read for jump instructions and
the least significant 12 bits of the instruction for branch instructions (discussed in the next

section).
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6.2 Instruction Set Architecture (ISA) choice explanation
The instructions were chosen to meet the requirements of the benchmarks and to create a

general CPU. Given the word length of 16 bits, there was a limitation to how many bit fields
could fit into the instruction. The register file contained 8 registers, which required a register
address of 3 bits to select one of them. Therefore, two-operand instructions were used as it
only took 6 bits of the instruction to select the two registers to read/write to. Three-operand
instructions would be too large as they would require 9 bits and only 7 bits would be left for

the opcode and other bit fields.

To decide upon the instructions required, the benchmark codes were first converted into a

first draft of assembly code, so that the required instructions could be found.

ISA:
LDI Load a 12-bit constant into RO
LDR Load value from memory into a register
STR Store value from register into memory
MoV Move shifted value of one register to another
JMP Jump to an address depending on a condition
ADD Add two register values
SUB Subtract two register values
MUL 16-bit multiplication of two register values stored in separate output registers
BL Branch and link

LDMFD | POP - Load value from stack and increase stack pointer
STMFD | PUSH - Store value into stack and decrease stack pointer

STP Stops the program

LDI: It was useful to load a 12-bit address into a register to be able to address all 4096

locations in memory. Due to the 16-bit word limit, LDl only worked for one instruction

LDR, STR: These instructions took inspiration from ARM, and were both used to implement

register addressing. This is needed for the “find in list” benchmark.
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MOV: Just like in ARM, the MOV instruction also carried out different shifts on the register
value. While this was not specifically required for the benchmarks to work, it is a very useful

function for general CPUs to have.

JMP: Jump was required for all benchmarks to implement loops in assembly code. The
benchmarks also required conditional jumps, which were implemented using a condition field

in the instruction that determines what condition needs to be met for the jump to work.
ADD, SUB: Based off ARMish.

MUL: Multiplication was required for the pseudo random number generator. This was
implemented with a separate multiplier block, which both allowed the team to work in
parallel, and for the ALU to carry out instructions at the same time as the multiplication is

occurring.

BL: Branch and link? implemented subroutines, and were based off ARM. This involved having
a link register (register 6) that stored the next address and then jumped to the address of the
subroutine in the instruction word. When this subroutine (like a function in a separate part of
the memory) was finished, it jumped to the value in the link register to return to where it left
off in the main program. This instruction was useful when implementing the recursive
Fibonacci benchmark test as it needed to call the Fibonacci function multiple times and

needed to return to where it left off.

LDMFD/STMFD (POP/PUSH): These instructions implement the stack that is required for the
Fibonacci benchmark. The stack was a section of the data memory addressed by a stack
pointer. The stack pointer (register 7) decreased for POPs and increased for PUSHes. This took
inspiration from the AVR ISA3. Each of these instructions needed to be called three times to
pop/push the value of the link register, and the two local variables (M for multiple). The FD
stands for full descending as the stack starts at the end of the data memory. This prevented
the need to initialise the stack pointer at a particular address and run the risk of it exceeding

OxFFFF. Instead, the stack starts at OxFFFF and descends when adding new items to the stack.

2 Clarke, T. Class Lecture, Topic "LEC9.pdf", Department Of Electrical & Electronic Engineering,
Imperial College London, UK,2020. Available at:
<https://intranet.ee.ic.ac.uk/t.clarke/arch/html16/lect16/lec9.pdf>

3 http://wwil.microchip.com/downloads/en/DeviceDoc/doc2503.pdf
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6.3 ISA format
The decided ISA format took some inspiration from the ARM Thumb ISA4, due to the 16-bit

word length. It helped make decisions on how many bits are needed for each field and how

to reduce the instruction set.

ISA Table:

o 0| O] O] O 12Bit constant LDI

i/ O] 0] O] 1iS OFFSET Rd Rs LDR

ol 0O 0] 1| OIS OFFSET Rd Rs STR

sl O O] 1] 1| CIN |cwen SHIFT Rd Rs MOV
4 0] 1| 0] 0|CondComparator| Rd Rs [imp
5 0 1 0 1 CIN CWEnN Rd RS ADD
b 0 1 1 0 CIN CWEn Rd RS SUB

J 0] 1] 1| 1 Rd Rs MUL
s 1/ 0/ 0/ O Address of the subroutine BL

of 1/ 0] O 1 Rd 1/ 1| 1(LDMFD
o 1/ 0] 1] 0 11/ 1 Rd  |STMFD
al 10 0 1) 1 STP
Note: Rd= destination register, Rs = source register
Descriptions:

O 0 0O 12Bit constant LDI

LDI would load a constant to Register 0. It would read the operand (12 bits) to store the
integer to the register. Being able to load a 12 bits constant would allow the CPU to load any
address number to the register, and thus it could jump to any address in the memory. The
opcode of LDI is 0000, so this helped address directly to RO by letting port address in the

register file read from the opcode.

4 ARM QRC 0006E, Thumb 16-bit Instruction Set Qucik Reference Card [online] available at:
<http://infocenter.arm.com/help/topic/com.arm.doc.qrc0006e/QRCO006 UAL16.pdf>
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O 0 0 1S OFFSET Rd Rs LDR

LDR would load a value stored in the memory to one of the registers. Rs bits [2:0] was the
address of the register which stored the address of the value to be loaded to another register.
Rd bits [5:3] was the address of the register where the value should be moved to. OFFSET bits
[10:6] would provide a positive or negative offset to the value in the Rs depending on the S
bit. Sign bit (S) [11] would define the direction of the offset: 0 would be positive offset, 1

would be negative offset.
In order to do that, the value stored in the memory first need to be loaded into RO using LDI.

The offset function helped the CPU implement register addressing for the “Finding in linked
list” benchmark, since it could load the next location of the value where the address of the

next item is stored.

The problem is that the LDR would require two cycles, one for the retrieving the data from
RAM, one for writing back the value to the register. This was solved using the same state
machine by allowing instructions to be completed in parallel (See Hardware descriptions in

next section).

0 010S OFFSET Rd Rs sTR

STR was implemented in the same way as LDR except instead of loading a register with a
memory address, STR stores the register value into the memory address given by mem|[Rs +

Offset]. This was not required for the benchmark but helped generalise the CPU.

0 0 1] 1/ CIN e [SHIFT| Rd | Rs |mov
MOV would move the value from Rs to Rd while also doing optionally shifting the value. Rs

bits [2:0] was the register which stored the value to be moved. Rd bits[5:3] was the register

where the value should be moved to.
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Shift type:

00: no shift

01: shift left

10: shift right

11: move multiply registers

CIN field:

00: cin=0

01:cin=1

10: cin = carrystatus (previous carry)

11: cin = CMSB (carry most significant bit of Rs)

The Move multiply registers option was added later with multiplication as the product is
stored in two separate registers from the register file, so these instructions were necessary
to move them to the register file. Only one MOV instruction was required after multiplying
for the LCG as only the least significant 16 bits are required. Although, general multiplication

with the full 32-bit product is possible.
: 0: 1: O: OZCond:Cofnpérator: Rd Rs :JMP

JMP would change the address in the program counter under different condition. Rs bits [2:0]
was the register which stored the address the program counter should jump to. Rd bits [5:3]
was the register which stored the value to be compared with the comparator. Comparator

bits [9:6] was the value to be compared with the value in Rd.
COND field [11:10]

00: JMP (always)

01: JEQ (jump if equal) Rd==comparator

10: JMI (jump if less than) Rd < comparator

11: JMB (jump if bigger than) Rd > comparator
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CIN

cwen

Rd

Rs

ADD

0

1

1

0

CIN

cwen

Rd

Rs

SUB

ADD/SUB would add/subtract the value in Rd and Rs and store the result back to Rd. Rs bits

[2:0] was the register which stored one of the number for addition. Rd bits [5:3] was the

register which stored one of the number for addition and the register the result would be

stored in. Bits [8:6] are reserved for future features. CWEN bit [9] would enable writing the

result to the carry register. CIN is added to the result. Note that normal subtraction required

CIN=1 as the conversion to 2’s complement of Rs required an inversion and addition of 1.

0

1

1

1

Rd

Rs

MUL

MUL carried out 16-bit multiplication between Rd and Rs and stored the product in 2 output

registers after the multiplier block.

1

0

0

1

Rd

1

1

1

LDMFD

LDMFD/POP would load the value stored in the stack area back to the register. Bits [2:0] was

the location of the stack register (R7). Rd bits [5:3] was the register where the value should

be restored to. Bits [11:6] were not needed.

The process of this instruction is

Rd = Mem(Stack Pointer]

Stack Pointer = Stack Pointer + 1

1

0

1

0

1

1

1

Rd

STMFD

STMFD would store the value in the register to the stack area. Rd bits [2:0] was the register

stored the value to be preserved. Bits [5:3] was the location of the stack register (R7). Bits

[11:6] were not used. The location of 111 was flipped as it made the logic easier.

The process of this instruction is:

Stack Pointer = Stack Pointer - 1
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Mem/(Stack Pointer] = Rd

The reason why stack pointer would decrement by one first is that the stack register would

initialise to be 0, and minus one would let it be OxFFFF which pointed to the end of the

memory.

1 0 1 1 STP

STP function would stop the whole program (prevent the program counter from counting).

6.4 Instruction Hardware Implementation

LDI, ADD, SUB, and STP were implemented like ARMish

Input to register file

Parameter Value Type
oo |LPM_CWALUE 110 Unsigned Binary
.. [CPW_wDTH

LR CONSTANT T - -
result])

e dataa

resuftl] -

BUSMUX

il datan

o MUK S i T

0

port1addr{2..0]

port2addr{2..0]

..... — wen

= ' EEEHEE———— clock
din[15..0]

""" R S BUSMUK
""" . datas e BUSMUX sl

.......... ; dataa =
n=i]iE 6 £

result

instr{z. 8]

215-9 gatap

a5

di_sel

The series of MUXes selected the input of portladdr[2:0] (to address the register to write to)
depending on the instruction. The possible inputs included instr[5:3] to address Rd, instr[2:0]
for selecting register 7 for the pop instruction, 3'b000 for LDI, 3'b110 (register 6) for writing

into the link register in BL, and write_next_status[2:0], which is used for LDR (described
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below). The MUXes at the input of din (data in of register file) also switched between either
data from the RAM (din[15:0]), the instruction word (instr[15:0]), or the output of the ALU

(aluout[15:0]). See appendix 1 for ALU logic for control signals.

Output of ALU

Lpi FF e el

q1[15..0]

data[]

all
enabe [ i

oy e - [mer |
Lpl-ﬂ FF ..........

data[]

all

enable

............... T_Bleck
XOR E
e o (] EXEETII R RN E R Rreesy EREeithl | SHTEH
S S S = R R EE R A S
...... g
LPW_FF Tmefiag o s
| ........................................ Foooo

The carry flip-flop bits carryout, carryen, and carrystatus were implemented using the ARMish

design. The other register is used for LDR instructions as explained below.
LDR hardware implementation

LDR required two cycles: one for reading a value from the RAM, and one for writing data out
of the RAM into the register file. This meant that data in (din) of the register file is only
updated one cycle after the LDR instruction, so portladdr needs to be correct one cycle
afterwards, as well as write enable (wen). A register called write_next was added at the ouput
of the ALU that stores “write_next_flag” (telling the next instruction that the data is now at
dout during the next cycle and can enable writing) and the address of Rd given by bits [5:3] of

the LDR instruction. This register was enabled every execute cycle.
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// Status FF bits:

// write_next tells next instruction that the data that is now at dout can be written into the Rs of the previous instruction (for load instructions)
// if write_next_flag is already 1, set to 0 (if it is not armthel 1dr), otherwise set to 1 if it is an 1dr or ldmfd instruction
ass‘lgn write_next_flag = (write_l next status[3] & (~1dr | Tdmfd)) 7 O : (1dr‘ | Tdmfd);

// write_next_en enables \I'It'll'lg to write_next reg'lstel - needs to update for ev /ery instruction dLll'Il'\g execl so that it returns to O
ass‘lgn write_next_en = execl;

// Output to write_next register
assign write_next_out = {write_next_flag, instr[5:31};

// write_next_stp stop PC from counting up so instruction can f'lmsh before next instruction
ass‘lgn write_next_stp = write_next_status[3] & ~(1dr | str | jmp | 1dmfd) | write_next_status[3] & ldmfd;

// carryen enables writing to carry register - writes when cwen is enabled for add, sub, and mov
assign carryen = execl & cwen & (add | sub | mov);

LhsSan Lot ryoit S Tnov & CCorie1ati) & FieTdlol | CFietati] & SFie1afo)>) 7 radavalo] : mlucouts « oo UEETOm

This implementation allowed other instructions to be carried out in parallel with this second
cycle for LDR, given that the following instruction does not write to the registers or read from
the register being written to by LDR (as it has not updated yet). To prevent the CPU from
bugging if the next instruction was a write instruction, the write_next_stp bit stops PC from
counting during this second LDR instruction to allow it to finish before the next instruction
executes. This acted like a delay to the system and allows the assembly to have any instruction
after LDR as the ALU decides if the PC waits for LDR to finish or if the next instruction can be
done in parallel. Note that LDR instructions could be executed after each other and be done
in parallel as the first cycle of LDR just involved the data RAM. An XOR gate between the write
enable out (wenout) of the ALU and the write_next_flag from the write_next register
determined if the register is written or not (as these two bits should not be on at the same

time).
LDR instructions after each other

Data memory:
0x0004
0x0002
O0x00AB

Instruction mem:
LDI Ox1 0001
LDROOR1RO |1008
LDROOR2RO |1010
LDROOR3R2 |101A

STP BOOO

Simulation:
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&= > daddr H 000 000 | % 001 002 000
% dout H 0000 {0 o004 o002 00AB 0004
% instr_ad... H 000 000 oo 00z 003 004

B nstr H 0000 i oot Y 1008 010 Y 1014 ) 5000
%4 > porttaddr B 00D 000 001 010 % 011 000
% isel  B1 ]

- wenout B0 J_| I

Y carryen  BO

Y carrysta... BO

F > write_n.. BO0000 0000 1001 % 1010 % 1011 0000
= > a H 0000 0000 Yooy Dona_Yonioniyiool oniy oAl 1001
©W o o H 0000 000 Y 00 0001
& 5 ROost  HO00O Fonan 'y, 0001

& > Riout H 0000 0000 b 002

&% > Rzout  HO00D 0000 4 0002

&% > Rsout  HO00D 0000 e 1048
&+ > Reout H 0000 0aoo

In the simulation multiple LDR instructions could be executed consecutively after each other

as the output of a register updated every EXEC1 clock edge.

Indirect addressing (LDR and STR)

// ALU output Calculations

assign alucout = alusum[16]; // carry bit
assign daddr = ldmfd 7 (a'lusum[lL 01-1) : alusum[11:0]; // offset address used for addressing data memory or stores R7 value for stack manipulation
assign aluout = alusum[15:0]; 16 bit sum
assign dmemin = stmfd ? rsdata : rddata; // input to data memory is g2 for stmfd, gl for str

/ determine alusum - need to change opcodes
].ﬂways @c*) begin
El case (op

4'h0001, 4'b0010 : alusum = sign 7 (rsdata - {11'b0,offset}) : (rsdata + {11'b0,offset}); // LDR and STR: calculate daddr

Indirect addressing was achieved by calculating the offset address into alusum and storing
this as the data address (daddr) as seen above. The offset address was calculated using the
parameters specified in the instruction word. This was used in both LDR and STR to specify

the address for the RAM.
MOV

The move instruction was implemented similarly to ARMish together with the shift

functionality inside the ALU using alusum.
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4'b0011 : begin

case (instr[7:6])
2'b00 : alusum = {1'b0,rsdata} + cin; // MOV
2'b0ol : alusum = {rsdata cin}; // LsL
2'b10 : alusum = {rsdata[l)] cin, rsdata[l5: 11};// mright_shift - cin determines LSR or ASR
2'b11 : alusum = instr[0] 7 ({1’ |JD MS prod}+{l |JD rddata}+c1n) : ({1°b0,Ls_prod}+{1'b0,rddata}+cin);
default : alusum = {1'h0, rsdata} + cin; // mov
endcase;
end S

The option of no shift also could add cin, so this was a quick way of moving a register and
adding one simultaneously. When instr[7:6]=11, the mov instruction output either the least
significant 16 bits (LS_prod) or the most significant 16 bits (MS_prod) of the multiplication
result depending on whether Rs is 0 (moves LS_prod) or 1 (moves MS_prod). LCG only used
the Rs=0 option, as only LS_prod is required. Alusum is directed back into the data in of the

register file to be written into the register specified by portladdr.
JMP:

On the other hand, jump was implemented with a wire, jmp_cond, that determined if the PC
should load the address of Rs depending on the conditions given in the opcode and by the

comparisons made (eq and mi). Jmp_cond enables PC loading and stops it from counting.

// conditional operators - compares Rd and comparator (in cond) - used for if jump should occur
w'lre eq = (rddata = cond); // Rd == comparator
wire mi = (rddata < cond); // rRd < comparator

'/ change jmp cond to determine if jmp will occur depending on comparison and jump condition in_instruction word
wire jmp_cond = jmp & ((~field[1] & ~field[0]) | (~Field[1] & field[0] & eq) | (field[1] & ~field[0] & mi) | (field[1] & field[0] & ~eq & ~mi));

I/ P and RaM control signals

assign pc_sload = execl & (jmp_cond | b1);

assign pc_cnt_en = execl & ~(jmp_cond | stp | b1 | write_next_stp);
assign ram_wren = execl & (str | stmfd);

MUL:

Refer to multiplication method research for information about the Booth Radix 4 multiplier

that was used.

Hardware in regfile_alu bdf:

LPM_FF menluﬂ;
Wn[Ra:X‘
data[l - A15..0] prod[31..0] LPM FF
QIJ—%I::': Bl15..9] finieh
enable e [ Start
RdB R
- R clk
- mul A Fadiad | Lol LR data[]
- LPM FF IO B - al
aiE R I enable
: Z :mu\reﬂ
» datal] LPM_FF
: all
enable
m data[]
e al
_P%_| enable
ul Q

LSRR R L e
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The left-hand registers were used to store the values read from the two registers in the
register file specified in the instruction word. This was necessary as these multiplicands
needed to be constant throughout the entire 9 cycles that it takes this multiplier to carry out
the multiplication. When the MUL instruction started, the mul_start control signal was
asserted, getting stored in a DFF, so that in the next cycle, the multiplication can start in the
multwithRadix4 block. When it was done, the mul_finish signal was activated, which enabled
writing to the output registers, where the 32-bit product was stored. As discussed previously,
the MOV instruction had an option to store this product into the register file. This could not
be done with the MUL instruction as there was no space in the instruction word to include

output registers.

2°b11_: alusum = instrio] ? ({1'60,ms_prodi+{1’'b0\rddatat+cin) : ({1'b0,Ls_prod}+{l bo,rddatal+cin);
In the alusum calculation, add and multiply was incorporated into this design, so that the
multiply product gets added onto what is already in the destination register. This allowed it
to first move “b” into the register in the LCG benchmark and then move the product into the

same register, where it automatically adds the “b”. Therefore, an additional ADD instruction

was not needed.
BL: Branch and Link

The link register was stored with “PC+1” and the portladdr selects 6 the MUX described at

the beginning of the section.

4'b1000 : alusum = {5'b00000,pc_out} + 1; // BL

When the MUX at the data in of PC was asserted, it selects the least significant 12 bits of the
instruction to be loaded into the PC. This carried out the jump from the instruction word

rather than from a register for JMP instructions.
LDMFD(POP)/STMFD(PUSH)

LDMFD (pop) writes the new value into the stack pointer (subtracted by 1) while using the old
value as the data address. STMFD (push) writes the new value into the stack pointer (added
by 1) while using the new value as the data address. This logic was reflected in the daddr wire
seen below. The stack pointer, R7 was selected at portladdr using a MUX (either from Rs or

Rd — refer to ISA table).
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4'h1001 : alusum
4'p1010 : alusum

{1'b0,rddata} + 1; // POP (LDMFD)
{1'b0,rddata} - 1; // PUsH (STMFD)

assign daddr = Tdmfd ? Calusum[11:0]-1) : alusum[11:0]; // offset addressed used for addressing data memory

All tests for instructions found in Appendix 13

6.5 Multiplication method research

Multipliers are important in CPU design, as they have long latency and consume relatively
considerable power. A system's performance largely depends on multipliers because the
multipliers are one of the slowest element within the system. In this section, a few ways of
implementing the multipliers have been introduced and the strength and drawback of each
implementation is discussed. In real life, the most important thing about multipliers is power,
the power consumption of multipliers need to be controlled as low as possible, and proper
cooling system need to be designed to remove the heat generate from the multiplier.
However, in this project, the improvement in fundamental arithmetic functionality and speed
of the multiplier can outweigh the increased power usage. Below is a table that shows

multiplication in math perspective.

Multiplication table

R
x By B, 5, kB,

/‘\ZBO Az%o Argﬁ AGBO
-PA(;F, Az B A LB, At?E\
A AR An g,
*45[;3 AZ% A8 AoBs

=
Multiplying A(N-bits) and B(M-bits) resulted in M*N bits
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Multiplier Type | : shift adding multiplier(Combinational Multiplier)

A shift and add multiplier architecture is demonstrated in Figure 3. The inputs include a start
signal, clock, and multiplicand. It used the shift and add method to output the result with a

stop signal.

Multiplicand

Add :
2\ < Shift and Add
4 n-bit Adder B Control Logic

|
Shift Right
N/ l ]
CH——ma,|A A | A, ——m{0,|Q Q | q
Multiplier

Figure 3°

These multipliers are simple and take up little area. Higher radix multipliers are quicker,

although there is a higher power usage due to the larger register use and more complicated

5 Deepak Bordiya, and Lalit Bandil, "Comparative Analysis Of Multipliers" International Journal of
Engineering Research & Technology. Volume 2 Issue 9, September - 2013, pp. 1437— 1441. Accessed
on: 8 June 2020. [Online]. Available at: <https://www.ijert.org/research/comparative-analysis-of-
multipliers-serial-and-parallel-with-radix-based-on-booth-algoritham-lJERTV21S90625.pdf>
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logic. Implementing the example above using Verilog, a time analysis could be run to find out
the propagation delay. If the multiplier with full-adder and logic gate was implemented, it
would contain many adders and logic gate. The logic is the same with the multiplication table,
each individual bit of the product came from multiple addition. The exact number of additions

depends on the bit number.

pp25 pp2.4 pp2.3 pp2.2 ppz.d pp2.0

16 15 pp1. 13 12 1.1 1.0
prn T r"ljzpﬂ L] pp0.5 pgpﬂﬂ pspﬂ 3 w;pﬂ 2 prwﬂ'l

pp0.0

PO

P15 P14 P13 Pz Pl (2l (2] Pg

Figuer 4 http://www.ellab.physics.upatras.gr/~bakalis/Eudoxus/CSAM.html

This image illustrates a hardware implementation for an 8 * 8-bit combinational multiplier, if

N is the bits of the multiplicand, the delay should be 2N times the delay of the full adder.
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The implementation could be done in Verilog, although this would be the function already

implemented in Figure 5.
wire [9:0] a,b;

wire [19:0] result = a*b; // unsigned multiplication!

If you want Verilog to treat your operands as signed
two’s complement numbers, add the keyword signed to
your wire or reg declaration:

wire signed [9:0] a,b;

wire signed [19:0] result = a*b; // signed multiplication!

Figure 56

Using the FPGA shown in Figure 6, the propagation delay would be around 10ns.
Hardware multiplier block: two 18-bit twos complement (signed) operands

Multiplier Block

A[17:0] ——~

MULT 18 x 18 e P[35:0]

B[17:0) —er

tpp # 10ns

Figure 6 6

6 Gim P. Hom, Joe Steinmyer, Class Lecture, Topic: “Arithmetic Circuits & Multipliers” 6.111
Introductory Digital Systems Laboratory, Massachusetts Institute of Technology, MA, Fall,
2017.Avaiable at: <http://web.mit.edu/6.111/www/f2017/handouts/L08.pdf>
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Multiplier Type Il Sequential Multiplier

Figure 7

After the combinational multiplier, the sequential multiplier (Figure 7) was also commonly
used in early hardware design. It only contains one full adder, four registers in total. A stored
a M-bits multiplier, B store a N-bits multiplicand, P is N bit register and Cis a single bit register.
P and C had initial value of 0. To illustrate the multiple process, an example of 11*11 has

been done in Figure 8.

5 1 B A

Figure 8
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It was doing implicit shifting and adding operation, where P/B are shifting registers, they
always shifted right by one each cycle. The mathematical explanation is shown in Figure 9.
The shifting operation is determined if shifting and adding both needed to be done or just
shifting. The addition step is added at the MSB side, which means adding multiplicand*22N,
N is the number of bits of the multiplier. However, at the end of the multiplication, the value

stored in P/B is shifted to right by N bits. The shifting cancels out the effect of adding to the

q@i/i? — £

-

MSB.

X+ 29 4+ 4 X

Jd = % =X-= Vh%(t’dgcmg(
Figure 9

Multiplier Type Ill: Multiplier with Radix 4 and Radix 8.

The radix determines the addition choices in this case. In radix 2 multiplier, the only choice of
addition was to add the multiplicand or not add the multiplicand. In radix 4, the choice for
addition was not only 1 or 0 but 2*multiplicand and 3*multiplicand. In radix 8 the choices are
even more. In radix 2 multiplier 16 additions need to be done for 16 bits multiplication, but
with radix 4, only 8 additions need to be done and with Radix 8 it is 4 addition. Normally each
addition takes one cycle, hence the number of cycles required could be reduced by increasing

the Radix.

For Radix 4 multiplier, Figure 10 in Appendix, the shifting and adding method has also been

used, the multiple of the multiplicand have been pre-computed before the additions. Instead
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of shifting one bit to the right per cycle, 2 bits were shifted in Radix4 multiplier. The product
of this 2 bits number and the multiplicand was added to with the product registers which is
the left side to the register B, however it was shifted to the LSB at the end of the multiplication.
So, the MSB partial product was not shifted because it is added at the end without any further
shifting. Comparing to the normal Radix 2 multiplier, the Radix 4 take 9 additions, one of them
was pre-computing the multiple of the multiplicand, it was more efficient than Radix2, the
detailed tests regard to latency and power have been discussed in the optimisation section.

In theory, higher radix multipliers have more power consumption and lower latency.

The waveform simulation has proved that the cycles required for multiplication have been
reduced. Figure 11.

e
Value at S
Name 0ps P
I S e R
S4 ck [BO 5208 B0(
- 0A HB208
a5 HEBSD FB8D 3Gl
T stat  BO = l
LS = I
% finish B1 /
; et |H 00000 (000000x0F B1323E468F:{0A 3([E 68/080A)3666/A799CF EXIOF B(B23EX68FH0A3NEG8:099A13666/A79C: AEEFE668
% > produ
Figure 11

Radix 8 multiplier has the similar structure, Figure 11, but instead of shifting 2 bits, 4 bits were

shifted. Therefore, the number of additions had been reduced further.

For the Radix 8 multiplier, more values needed to be pre-computed before the multiplication.
However, the multiplication itself only took 4 additions. From the waveform simulation,
Figure 12, the result would be available after 4 cycles, however the total number of additions
of the Radix8 multiplier were 15 additions in total including 11 pre-computing additions.
Clearly Radix 8 multipliers have larger propagation delay due to larger number of additions at

the start compared to Radix 4 multipliers.
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Figure 12
To conclude, higher radix multiplier meant less additions during the multiplication, but more
pre-computed values were required. In this case, radix 8 multiplier need to do 6 more
additions for one multiplication compared to radix 4 multiplier. For a 16bits or 32bits word,
Radix 4 multiplier would be efficient enough. The radix of the multiplier should be chosen
according to the bit length of operands. For the combinational multiplier, it used the most
adders but could compute the result with less cycles, and the propagation delay problem
could be solved by changing the intermediate adders to be carry save adders, so the carry
would be saved instead of added. This would reduce the propagation delay of adding the carry.
The final adding stage of the combinational multiplier would involve adding the carries. For
the sequential multiplier, it could not be improved and had to take 16 cycles, but it only

needed one full adder to do the multiplication.
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7 Benchmark tests

7.1 Benchmark: Fibonacci numbers using recursion

Assembly:
R5 is the return register

In Detail
RO=2
Rl=n=2
Call Fib(2)
Stop

RO=0
R2=0(y=0)

if (R1>1) JUMP to ELSE
RO=1
RZ=y=1

Jump to END

ELSE

Store all the current value

Rl1=R1-1
call Fib[1)

Restore the values form the
stack

R2=R5

R1=R1-2
call Fib(0)

R2=R2+R5
END
PC = Link Register

Explanation:
Phase One: Calling

R6 is the Link Register

LDI 2

MOV R1 RO

BL Address of FIB
STP

LDI O

MOV R2 RO

LDI ELSE's Address
IMPB 1R1RO

LDl 1

MOV OOOR2RO
LDI END's Address
IMPOORO
STMFD R6
STMFD R1
STMFD R2

LDI 1
SUBOOORL1RO
BL Address of FIB
LDMFD R2

LDMFD R1
LOMFD RE
MOV R2 RS
STMFD R6
STMFD R1
STMFD R2

LDI 2
SUBOOORLRO
BL Address of FIB
LDMFD R2
LDMFD R1
LOMFD RE
ADDOODOR2RS
MOV R5 R2
IMPDORBE

R7 is the Stack
register

Address

LY B R B+ R I - N N =

Rl Rl A e e =
(= I - T I S =]

19
20
21
22
23
24
25
26
27
28
L}
30
31
22
33

Opcode
0000
0011
1000
1011
0000
0011
0000
0100
0000
0011
0000
0100
1010
1010
1010
0000
0110
1000
1001

1001
1001
0011
1010
1010
1010
0000
0110
1000
1001
1001
1001
0101
0011
0100

Loading the parameter n in to R1, and call the Fibonacci function.

Oprand HEX value
000000000010 | D002
000000001000 3008
004 8004
BOOO
000000000000 0000
000000010000 | 3010
ELSE's Address | 000C
11 0001 001 000 4C48
000000000001 | DOOL
000000010000 | 3010
END's Address | 0020
000000000000 4000
000000111110  AO3E
000000111001 | AD3S
000000111010 | AD3A
000000000001 0001
010000001000 | 5403
FIB's Address 8004
000000010111 9017

000000001111 S00F
000000110111 | 5037
000000010101 3015
000000111110  AD3E
000000 111 001 | AD3S
000000 111 010 AD3A
000000000010 0002
010000001000 | 6403
FIB's Address 8004
000000010111 | 5017
0 Q0000 001 111 S00F
000000110111 | 5037
000000010101 | 5015
000000101010  302A
000000000110 | 4006
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Phase Two: Initializing variable y
Assigning local variable y to R2 by letting R2 = 0.
Phase Three: IF statement
Comparing whether n is bigger than one.
Phase Four: NOT Bigger
Assigning variable y to 1 by lettingR2 =1
Jump to the END phase
Phase Five: Bigger
Store all the values in this call to stack and call the Fibonacci (n-1)
Restore all the values and move the value in the return register(R5) to variable y (R2)
Store all the values in this call to stack again and call the Fibonacci (n-2)
Restore all the values and adding the values in the return register and variable y, and storing
the result back to variable y.
Jump to END phase
Phase Six: END
Move the value of variable y (R2) to the return register (R5)
Jump to the address stored in the link register

Testing:
Fib(2)
107 cycles
. vaueat ||0PS 3200ns B400ns 9600ns 128us  16us 192us 22éus 256us 28Bus 32us  352us 3B4us 41Bus 44Bus  48us  512us S4fus 576us  60Bus  Bdus 672
ame 0ps Ups
&  CLOocK  BO
W fetch B1
- exect B0
& daddr H 000 1k SR e o oy e 000
& oo dout H 0000 opog 0000 0000
&5 instr_ad.. HooO A G G ANV 003
& > porttaddr UD T OG0 e bR e ; 0
- idi_sel B1
- pop_sel  BO
W wenout BO
S wen B0
- carryen  BO
W camysta.. BO
S write_n... B0
% > wien. Boooo AT T 0 TN i 0000
%W writen.. BO nnn nnn
oo Hooo L
& > Roost  HOOOD 0020 D00 0020
% > Riot  Ho000 i opa2 o001 0d02 0000 ooz
% > Rzt Ho00O 00do nout aoooy poo1 Aoy oot 0002
& > Raout H 0000 0000
&= » Reout H 0000 0000
&' > Rsout  HO0000 0000 0001 0002
& > Rmeat  HoO00D E 0012 0003 001C 0003
% > Rt Hoo000 0000 FFFD 0 FFFD G 0000
% peenten BO |
r « lon neomoom nn n nn il

The final value of R5 (the return register) was 2, which was correct for fib(2)=2.
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First section of Fib(2)

20000

e | [0 s @om 2000 600ns 20000 24000
s oo mo
W ke Bt
W ewct B0
@ > e Ko

H 0000

& o s

HO00

H 0000

ettagdr U0

Wisel  B1

popsel B0

wenout B0

camystn B0

wreen_ 80
80000

wrien_ 80

WEOWE BE WE B B W B K K E E E E B
<

P e G G U S s
mema 0000 i P GRS G G s
o H 0000 ot Woooe ¥ oz ¥ oo X e X w0e
w2 H 0000 [ ) TR G TR ] 560
Blout K 0000 [ X [ o0
% 5 oo HOOO W X [ Y
# o oot 0000 0000
& > mot WO
@ > Redt  HO00D
- H 0000 [
- + 0000 g X 5005 4
- + 0000 o | SR SR I
% o 'l i L

- — '

The stack pointer R7 could clearly be seen decrementing as values are pushed into the stack

in the screenshot above. R6 also updates as the link register.

FIB(5)=8
12.23 us (using 20 ns period clock) = 611 cycles

See Appendix 10 for Fib simulations from fib(2) to fib(7).

Value at 0ps 5. 1I2 us 10, 2‘4 us 15.?:6 us 20 4‘3 us 25.? us 3072 us SS.SId us 40, 9‘6 us W.UIB us =l ?us 56.3:2 us

Name o o5
g_ CLOCK BO
Y fetch B1
S execl B0
B > daddr  HO0D U S i 3 00D
& > dout H 0000 oo I KR 1000
& > instrsd_ HDOO 003
= o st H 0000 BO0D
E3 portiaddr U0 EErnE) i |3 s 0
W% disel  BA | |
% popsel BO
%%  wenout BO
& wen B0
% camyen  BO
S carrysta... B0
S write_n.. B0
& wrte_n... B 0000
%% witen.. BO
& > rdn H 0000
& > dmemn  Hoooo
E3 ql H 0000
S Q2 H 0000
& > Roost  HoODO SN ) R ) R 0020
% R1out H 0000 ) AL | ) ey | 0005
&= > Raout H 0000 0000
& o Reout H 0000 0000
% RSout H 0000 0000 0020015005004 1000500 530 noos
& o meowt oo p 0012 RO e A 0003
& > Avout H 0000 CEEG I D gl v el o ) 4001 D 0000
S pc_cnt_en B0
P A THNTRTIRTIR TERT TR ITHT TR I
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Relationship between execution time (using 20 ns period clock) and parameter

Execution times for different fib parameters

40
= ac
= 35 .
= 25
— ) [ ]
= 1%
= L
= 1
- L

c
i ) [ ] g

0 1 2 4 5 6 7 3

Pararmeter for fib function

As the parameter was increased, the execution time increased exponentially. This was due to
the use of a recursive implementation of the Fibonacci function, which required even more
calls to itself as the parameter increases. This was an especially inefficient implementation of
the function, and it would be interesting to see how a different implementation could be used

to decrease execution time.
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7.2 Benchmark: Pseudo-random integers with LCG

Xn+1 = (ax, + b) mod 2V

Using linear congruential generator is one of the ways to generate pseudo- random integer,
it takes three parameters a,b,N and one seed value Xn to generate the next value. The
sequence generated by the generator is called a linear congruential sequence. The target of
this research is to choose the suitable parameters that generate the longest sequence without
repeating, so the sequence looks random. Figure LCG shows three examples with fixed
sequence cycle.

X ?8 O/@z ?8 0.;-‘_1-(:2) ?8 u_lz ?®§\U_ ' 510:1- ’ E-12 ?3 E)/@:

[ 3 G [

2 6 35'3 3 -
5 4 5 4 5 5 4 5 4 @4 5. 4

seed=1 ooutput 2 output4 output 8 output 7 outputS  output 1

m

i
w o n
o M

m=9 Ta 1 8 1 8 - J__’
a=2
=2, \® cr" L e
c =0 5 4
seed =3 output 6  output 3
© 0 0 0 0 0 0 0 o JSD
_ 8 1 8 8 1 8 1 8, 1 @ " 1 1 8 1 8 41 8 1
m=9, 27 U2 7 W22z M)z 780 2 f 2 R 2 e 7 ¥ Ly
a=4 f_ ) sl (18 MR W] % ¥ LA_;._' b
6 2 6 3 s 3 6170 6 T3 53 3 ~'3 g ES3 g3
c=1 5 4 5 4 @‘.I. 5. 4 5 ,&:l 5 4 4 5 4 5 4 5 4
seed=0  outputl  outputS output3 output 4  output 8 outpu output 7 output 2  output

Wikipedia diagram’
Firstly, the generator took a seed input which means the output is related with the input,

hence the largest possible length of the sequence is 22N. In this case, N was fixed at 16 as it

is the word length. Ideally the maximum length of the sequence is 65536.

The first case is b= 0, a is a primitive element of 2416, and assume 2”N is a prime number.
The length of the sequence without repeating would be 27216-1=65535. This special case is
called “Lehmer random number generator”. However, 2*N is not a prime number, so this is
not a possible case. When b=0, 2N is a power of 2, these parameters are commonly used
because it is convenient for binary representation. This form has maximum sequence length
of 2AN/4 when a=3 or a=5 and the initial seed input Xn is odd. The final case is when b does

not equal zero.

7 Wikipedia, Linear Congruential generator.[online] available at:
<https://en.wikipedia.org/wiki/Linear congruential generator>
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According to Hull-Dobell Theorems, if

1. b and 2N are relative prime,
2. a-1is divisible by all prime factor of 2AN

3.a-1is divisible by 4 if 22N is divisible by 4

The period of the sequence is equal to 2*N.

Therefore, for this implementation if b=1, a=2215+1=32769, N=16, in theory the sequence
would have a length of 65536, which is much too large for the execution time of the Quartus

simulation

Assembly:

Pseudo Random Integer

General Instruction OPCODE OPERAND Address Hex
R1=3a=25385 LDROORL RO 0001 000000001000 a 1008
R2=b=3 LDRO1R2 RO 0001 000001010000 1 1050
R3=n=8 LDRO 2 R3 RO 0001 000010011000 2 1058
Rd=s=0=y LDRO3 R4 RO 0001 000011100000 3 10ED
R5=sum=0 LDR O 3 RS RO 0001 000011101000 4 10E8
LOOP LDI END's address Qooo 012 5 o012
JEQOR3 RO 0100/ 010000011000 ] 4418
MUL B4 R1 0111 000000100001 7 7021
Wait for MUL to finish LDl O 0000 000000000000 8 0000
LDI O Q0000 000000000000 9 0000
LDl O 0000 000000000000 10 0000
LDl 1 0000 000000000001 11 0001
MOV OOORAR2 0011 000000100010 12 3022
Move LSB of product to MOVOOD3R40 0011 000011100000 13 30ED
R4 ADD R5 R4 0101 000000101100 14 502C
SUE R3 RO 0110 010000011000 15 6418
LDI Loop's address 0000 000000000005 16 0005
IMP RO 0100 000000000000 17 4000
END S5TP 1011 000000000000 18 BOOO
Data 4] 6328
1 0003
2 0008
3 0000

8 Linear Congruential Generator | section two, Cornell Department of Mathematics. [online]
available at:
<http://pi.math.cornell.edu/~mec/Winter2009/Luo/Linear%20Congruential%20Generator/linear%?2
Ocongruential%20genl.html|>
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The value stored in RO is initialised with 0. Firstly, load R1 with 25385 as the "a" value, load
R2 with 3 asthe "b" value, load R3 with 8 as the "n" value. R4 stores "y" value, R5 stores "sum"
value. "Y" and "sum" are initialised with 0 as well. Then write the stop address to RO, compare

ll ”

the value 0 and the value stores in R3, if they are equal, jump to the END ‘address

otherwise R4 multiplies with R1, the “y” and the “a” value. During the multiplication, write
value 1 to RO. Once the multiplication is done, the least significant 16 bits have been stored
in R4. Then the value stores in R5 is added with R4 which represent adding y value to the sum.
After that, the n value is subtracted by 1 and jump back to the start of the loop where the
comparison between n value and 0 has been done. The loop continues and at the end of each
loop n value is subtracted by 1. Once the n value is one, the conditional jump will jump to the

stop address and the test code for pseudo random integer has finished. The final random

integer is stored at R5.
Testing:

Using "typical" parameters in overview

A=25385=0x6329, b=3, n=8

213 cycles

Execution time: 4.27 us

Pattern: 0, 3, 10625, 34994, 47758, 51917, 49639, 25364, 39500 (does not seem to repeat)

value at 0ps 320008 640008 960.0 s 128us 16us 192us 224us 256us 288uUs 32us 352us 384us 4.16us 448us 4

tame Ops Ops

dout H 0000 b2 o0l 6329 0000 6329 0000 6329 9000 6328 4000 6329 i 0000 6329 CTTTR: 6320 (o000l 6329 (0000

instr_ad_ H 000 OOV ) RSN RN Ore SO YDA DGO GG DS BSORDEGADTOTHIT
nsr Howo
portiadr U0
pop_sel  BO

caryen  BO

carrysta... BO

e, 80000
wrte_n.. BO

wn Howo
anemn 0000

Rout uo

Riout uo 0

Rzout uo 0

Rlout uo [ 5 T 6 5 4 3 2 1

Rdout uo [] 3 10622 & 24389 8 12764 9 4159 3 63258 3 41261

Rsout uo 0 3 10625 34994 47758 51917 49539 25364

Réout uo

RTout vo

mul_res_1 U0 o 10619 24366 12761 4156 63255 41258

mul_res_2 U0 U 1 4114 9429 4944 1610 24502

st 0 Il 1l i il 1l 1l i Tl

WOuE 2 WE WE WE WE ME WE UE UE WE WE WE UE WE WE w2 WE 92 N2 N2 92 02 92 B2 WE WE UE WE

ram_wren B0

The outputs were changed to the radix unsigned integer to read the values more easily.
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Even when increasing the length of the loop, the integers never seemed to repeat due to the

small execution time of the Quartus simulation.

Execution time scaled linearly as the length of the for loop increased, as the for loop just
executed the corresponding number of times, where each loop required the same amount of

time.

7.3 Benchmark: Traverse linked list to find an item

Assembly:
Detail Instructions Opcode  Qprand Address  Hex
LDI value to be found LDI 007 0000 7 0 0007
Rl=x MOV R1 RO 0011 000000001000 1 3008
LDI address of LOOP LDI 007 0000 7 2 0007
R3 = address of LOOP MOV R3 RO 0011 000000011000 3 3018
LDI address of END LDI OOD 0000 D 4 000D
R4 = address of END MOV R4 RO 0011 000000100000 5 3020
RO = head LDI head 0000 1 6 0001
LOOP: R2 = value in the linked list LDR R2 RO 0001 000000010000 7 1010
R2=R2-x SUB R2 R1 0110 010000010001 8 6411
Checks if head->value == x JEQ OR2 R4 0100 010000010100 9 4414
Load the next address of node LDR RO [RO+1] 0001 000001000000 10 1040
Jumps if end of list reached JEQ O RO R4 0100 010000000100 11 4404
JMP R3 0100 000000000011 12 4003
END MOV R5 RO 0011 000000101000 13 3028
S5TP 1011 14 BOOO

Note that to change the x value (value being searched for in the list), the first instruction

needed to be changed to this x value. The above code looked for the number 7 in the list.

First the target value is loaded in RO and stored in R1 in the next instruction, then load RO with
the beginning address of the loop and stores the address in R3 in the next instruction. After
that load RO with the end address of the loop and store the end address in R4 in the next
instruction. After all the initialisation, RO is loaded with the head pointer which contain the
address of the first value, the value is compared with the target value by subtraction method.
If it is the target value, jump to the end address and stored the pointer in R5, the test is
finished. If it is not the target value, loading RO with pointer pointing to the next value in the
list and jump back to the beginning of the loop, this loop will stop when it iterates through

the whole list or when the target value has been found. NULL was defined as the memory
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address 0. The item was found if R5 (register 5) returns the address of the item with value x.

If it remains at 0, the item was not found in the list.

Data memory:

Data 0 NULL 23 A
11 24"19
273 25 B
37 26 1B
4% 27 C
50 28 1D
673 29D
7c 30 1F
EXO) 31 E
9% 32721

10F 33F
110 34723
12 35"0
139 36725
120 371
15 38727
1611 392
17'7 40729
18"13 41"3
198 42 28
20"5 43"4
217 140
22117

This test data was used for the simulations (the list continues on the right side). One item in
the linked list consisted of the value of the item and the value in the next memory address is
the memory address pointing to the next item in the linked list (each item’s value was
highlighted in the image). The memory location storing a memory address acted like a sort of
pointer. In this example, memory address 1 is the head item, which had a value of 1 and the
next item in the list is at the memory address 3 (as the value in memory address 1+1 is 3). The
length of this list was 20 items, although the actual length of the simulation depended on
what value was being searched for in the list, as once it was found, the simulation stopped.
The length was tested for 7, 10, 15, and 20 items (all simulation results for “find in list”

benchmark found in Appendix 12).
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Testing:

Length 10 (typical):

To test a length 10 linked list, the first instruction needed to be changed to 000A, as the linked list
values are in numerical order, and thus it would stop at 10 items when OxA or 10 is found as the
value in the tenth item.

149 cycles

2.99 us

Name
B clock
- fetch
- exect
& > daddr
% dout
% instr_ad
% instr
g port1addr
S Idi_sel
ELY pop_sel
- wenout
S wen
ETS carryen
- carrysta.
£ write_n...
% write_n...
- write_n
% rdin
% dmemin
& 0
0w
& > Roout
& > Riout
% RZout
& > R3out
& > Reout
=
& > Reout

Value at
Ops

BO

B1

BO

H 000

H 0000

H 000

H 0000

u

B

BO

BO

BO

BO

BO

BO

B 0000

BO

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

Ops 512 us 1024 us 15.36 us 2048 us 256 us 30.72us 3584 us 40.96 us 45.08 us 51.2us
b ps ' : ' : ' : : ' : '
o 000
i 0000
00E
B000
sk 0

I
L

0000

0017

0017

0017

Kt 0017

0004

0007

000D

0000 o7

oaoo
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Relationship between execution time and linked list size

ag
o

Length of search against execution cyc

Number of oy

Length of linked list search

Execution time seemed to increase linearly with linked list size as each item took up the same amount

of time. It would be interesting to investigate quicker search algorithms, possibly using binary search

trees.
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8 Optimisation

8.1 Basic CPU evaluation
The speed, power and area were measured using the full compilation on Quartus. This evaluation is

for the unpipelined CPU.

Fmax Restricted Fmax Clock Name
1 60.65 MHz 60.65 MHz clock

To find the geometric mean time, a parameter was fixed for each benchmark tests that obtained

similar execution times between each test. This allowed comparison between geometric mean times.

FIB(3) =3
191 cycles =3.149 us

LCG typical parameters A=25385=0x6329, b=3, n=8
213 cycles =3.512 us

Length 15 linked list:
219 cycles =3.611 us

Geometric mean time = 3.42 us
Analysis of CPU block:

Timing analysis:

Table of Contents na
E5 Flow Summary ~ Slack From Node To Node Launch Clock Latch Clock Relationship ClockSkew  Data Delay
ER Flow Settings 1 -0.437 instr_mem:instjalts...~porta_address_reg0 |data_meminst2jalt...porta_address reg0 clock clock 16.000 -0.060 16.475
ER Flow Non-Default Global Set 2 -0.470 instr_mem:instalts...~porta_address_reg0 | data_mem:inst2jalt...porta_address_reg0 clock clock 16.000 -0.058 16.460
S Flow Elapsed Tine 3 0215  instr_meminstiats ~porta_address_regll  data_meminstZjat porta_sddress_req0  clack clack 16.000 -0.056 16.207

4 0212 instr_meminstaks.. ~porta_address_regl  data_meminstZlalt porta_address_regD  clock clack 16.000 -0.057 16.203

& Flow 05 Summary 5 -0.209 instr_mem:instjalts...~porta_address_reg0 |data_meminst2jalt...porta_address reg0 clock clock 16.000 -0.060 16.197
E Flow Log 6 -0.201 instr_mem:instalts...~porta_address_reg0 | data_meminst2jalt...porta_address_reg0 clock clock 16.000 -0.056 16.193
Analysis & Synthesis 7 0198  inst_meminstiaits_~porta_address_regl | data_meminstZjait _porta_sddress_reg0  clack clock 16.000 0.054 16.192
Fitter 8  -0195 instr_meminsfaks.. ~porta_address_regl  data_meminstZlalt porta_address_regD  clock clack 16.000 -0.055 16188
Assembler 9 -0.192 instr_mem:instjalts...~porta_address_reg0 | data_meminst2jalt...porta_address_reg0 clock clock 16.000 -0.058 16.182

v TimeQuest Timing Analyzer 10 -0.184 instr_mem:instalts...~porta_address_reg0 | data_meminst2jalt...porta_address_reg0 clock clock 16.000 -0.054 16.178
B summary 1 0163  instr_meminstialts_~porta_address_regll | dsta_meminstZjalt porta_sddress_reg0  clock clack 16.000 -0.059 16.152
B Paraliel Compiation 12 0146  instr_meminstiakis...~porta_address regl  data_meminstZlalt...porta_address regd  clock clock 16.000 -0.057 16.137
FEF SDC File List 13 -0.135 instr_mem:instalts...~porta_address_reg0 | data_mem:inst2jalt...porta_address_reg0 clock clock 16.000 -0.066 16.117

14 -0.118 instr_mem:instalts...~porta_address_reg0 | data_meminst2jalt...porta_address_reg0 clock clock 16.000 -0.064 16.102

B Chocks 15 0143  instr_meminstialts._~porta_address_regd  data_meminstZlalt . porta_address_reg)  clock clock 16.000 -0.058 15.347

v Slow 1200m 85C Mode 16 0.160 instr_mem:instalts...~porta_address_reg0 data_meminst2jatt...porta_sddress_regd clock clock 16.000 -0.056 15.832
B Fmax summary 17 0.220 instr_mem:instatts...~porta_address_reg0  regfie_alu:regfile_a...lellpm_ff:ROdffS[13] clock clock 16.000 -0.379 15.416

[E| Timng Closure Rece. |18 0237 instr_meminstatis...~porta_address_req0  regfile_sluregfile_a.._leipm_{FROJGIS[13] clock clock 16.000 -0.377 15.401

B Setup Summary 19 0386  instr_meminstiakts._~porta_address_regl regfile_aluregfie_a._lelipm_ffREIdfs[11] clock clock 16.000 -0.045 15584

A Hold Summary 20 0.390 instr_mem:instalts...~porta_address_reg0 regfile_sluregfile_a...lejlpm_ff:R2Adffs[11] clock clock 16.000 -0.013 15612

@ Recovery Summary 21 0.403 instr_mem:instalts...~porta_address_reg0  regfile_sluregfile_a... leflpm_ff:REIdffs[11] clock clock 16.000 -0.043 15.569

= Removal Summary 22 0407  instr_meminstiats _~porta_address_regl regfile_sluregfile_a leflpm_ffR2jdff=[11] clock clock 16.000 -0.011 15,597

23 0414  instr_meminstiaks_. ~porta_address_regl regfile_aluregfile_a._leflpm_ffRSIdfs[11] clock clock 16.000 0017 15584

FA Minimum Pulse Widtt

24 0.428 instr_mem:instalts.
v ‘Worst-Case Timing |

porta_address_reg0 regfile_aluzregfile_a... leflpm_ff:REidffs[15] clock clock 16.000 -0.045 15.542

25 0.431 instr_mem:instalts...~porta_address_reg0  regfile_saluregfile_a... leflpm_ff:RSdffs[11] clock clock 16.000 -0.015 15.569

B Setup clock! 96 0445  inst_meminstjaits _~porta_address_reg0 regfile_slu-regfie_a_lefipm_if-REjdI=[15] clock clock 16.000 0.043 15,527

EH told: ‘clock’ 27 0455  instr_meminstiaks...~porta_address _reql  regfie_aluregfie_a...lelipm_ffRSIdfS[15] clock clock 16.000 -0.017 15.542

E Metastabilty Summa 28 0467 instr_mem:instatts...~porta_address_reg0  regfile_alu:regfile_a...ilellpm_ffROIFS[7] clock clock 16.000 -0.016 15.532

Slow 1200mV 0C WMode! 29 0.469 instr_mem:instalts...~porta_address_reg0  regfile_saluregfile_a...ieflpm_ffRGidffs[S] clock clock 16.000 -0.045 15.501

Fast 1200mV 0C Model 30 0473 instr_meminstals.__~porta_address_reg0 regfile_aluregfile_a...lellpm_ff-RSIdffs[15] clock clock 16.000 -0.015 15527

EE Mutticorner Timing Analy 31 0.424 instr_mem:instialts...~porta_address_reg0 regfie_aluregfile_a...iellpm_ffROS[7] clock clock 16.000 -0.014 15517

Advanced U Timing 32 0.486 instr_mem:instalts...~porta_address_reg0 regfile_sluregfile_a...ieflpm_ffRGIdffs[S] clock clock 16.000 -0.043 15.436

Clock Transfers 33 0489  instr_meminstishts _~porta_address_regl  regfile_sluregfie_a _ilefipm_fFRS|dffs[5] clock clock 16.000 0017 15499

34 0515 instr_meminstals.__~porta_address_reg0 regfile_aluregfile_a...iellpm_fFREdsE] clock clock 16.000 -0.045 15.455

% EEDD::S:;?! 35 0.516 instr_mem:instjalts...~porta_address_reg0 regfile_sluregfile_a...iefpm_ffRSdffs[S] clock clock 16.000 -0.015 15.424
epol

36 0.532 instr_mem:instalts...~porta_address_reg0 regfile_sluregfile_a...ieflpm_ffRGidffs[6] clock clock 16.000 -0.043 15.440

lnannatrainad Dathe S e —
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The largest propagation delay in the CPU_block bdf was between the instruction and data memories.

In the CPU, there is a large propagation delay due to the entire loop being completed in one cycle and

being required for the next cycle. One way to decrease this propagation delay is to add pipelining

stages. A register could be added at the output of the data RAM so that the output is ready at the next

cycle. This would involve changes to the state machine so that all the stages have a value in each

register, and then this could be pipelined so that each stage has a very log propagation delay, thus

increasing the max clock frequency (discussed further in Extension).

Power:

Total Thermal Power Dissipation

Core Dynamic Thermal Power Dissipation
Core Static Thermal Power Dissipation
VO Thermal Power Dissipation

Table of Contents

EB Flow Summary
EE Flow Settings

FF= Flow Elapsed Time

FE Flow 0S Summary

[E] Flow Log
Analysis & Synthesis
Fitter
Assembler
TimeQuest Timing Analyzer
EDA Netist Writer

v PowerPlay Power Analyzer

ES summary
R Settings

EE Flow Non-Default Global Setings

EFE Operating Condtions Used
B Thermal Power Dissipation by
B Thermal Power Dissipation by
EFE Thermal Power Dissipation by
8 Core Dynamic Thermal Power
Current Drawrn from Votage St

B Confidence Metric Details
EE signal Activities
@ Messages

@ Flow Messages

) Flow Suppressed Messages

23522 mW
19.63 mW
49.78 mW
165.81 mW

Thermal Power D by Hierarchy

Compilation Hierarchy Node

v [CPU_block

<

<

<

<

<

|hard_block auta_generated_inst

Jbusmux:bl_MUX

v llpm_mux:500000
Imux_psc:aute_generated

instr_meninst

v [altsyncramatisyncram_companent

Jaltsyncram_jda1:auto_generated

[data_mem:inst2
~ Jaltsyncram:atisyncram_component

laltsyncram_eeh1.auto_generated

llpm_counter:PC

|cntr_enh:auto_generated
Iregfile_aluregfiie_alu
Jalut:alu1_biock
llpm_ff:carry_reg
IousmupcdinUX
Vv [lpm_mue:S00000

|mux_tsc:auto_generated

Jousmuncinst

llpm_mux: 500000
JbusmucLDI_MUX

llpm_mux: 500000
Jbusmucink_MUX
~ llpm_mux:$00000

|mux_Src:auto_generated

llpm_ff:mul_A
llpm_ff:mul_§
ImutwithRadixd:mul_radied
lipm_ff:mul_res1
lipm_ff.mul_res2
Ibusmucpop_WMUX

llpm_mux: 500000
Irenisterfile renfile:

<

<

<

<

<

<

Total Thermal Power by Hierarchy (1)
184.84 miw (148.10 mw)
0.00 mi (0.00 mW)
0.02 i (0.00 mW)
0.02 i (0.00 mW)
0.02 miA¥ (0.02 mW)
4.40 miA¥ (0.00 mir)
4.40 mi¥ (0.00 mi)
4.40 MV (4.40 mi)
4.59 mV (0.00 mi)
4.59 mV (0.00 mi)
4.59 MV (4.59 mi)
0.35 miAf (0.00 mW)
0.35 i (0.35 mW)
7.38 MV (0.04 mi)
1.91 mi (1.81 m)
0.02 i (0.02 mW)
0.53 miA¥ (0.00 mW)
0.53 i (0.00 mW)
0.53 mi¥ (0.53 mW)
0.00 i (0.00 M)
0.00 miw (0.00 mW)
0.00 i (0.00 mW)
0.00 miA¥ (0.00 mW)
0.27 miAf (0.00 mW)
0.27 i (0.00 mW)
0.27 M (0.27 m)
0.14 miA (0.14 m)
0.08 miw (0.08 mW)
0.85 mi (0.85 mW)
0.20 i (0.20 mW)
017 miA¥ (0.7 mW)
0.00 miw (0.00 mW)
0.00 i (0.00 mW)
203 mA (0 00 mdy

Block Thermal Dynamic Power (1)
38.00 m (27 57 miN}
0.00 mWY (0.00 mW)
0.01 MW (0.00 mW)
0.01 MW (0.00 mW)
0.01 MY (0.01 mW)
420 mi (0.00 mw)
4.20 mW (0.00 mw)
420 MY (4.20 mW)
431 MW (0.00 mw)
431 MW (0.00 mw)
431 M (4.31 i)
0.04 m¥ (0.00 mW)
0.04 MWV (0.04 mW)
1.7 MY (0.02 M)
0.49 WY (0.49 mW)
0.01 MW (0.01 mW)
0.09 MY (0.00 mW)
0.08 M (0.00 mW)
0.08 MY (0.08 mW)
0.00 MY (0.00 M)
0.00 W (0.00 mW)
0.00 mW (0.00 mW)
0.00 MY (0.00 mW)
0.01 M (0.00 mW)
0.01 MWV (0.00 mW)
0.01 MY (0.01 M)
0.04 M (0.04 mW)
0.04 WY (0.04 mW)
0.47 MY (0.47 mW)
0.02 M (0.02 mW)
0.02 MWV (0.02 mW)
0.00 W (0.00 mW)
0.00 mW (0.00 mW)
N AR M (0 00 mAY

Block Thermal Static Power (1}(2)

117,64 mW (117.64 mil}

Routing Thermal Dynamic |
911 W (2.88 mit)
0.00 mW (0.00 m)
0.01 miw (0.00 mW)
0.01 mw (0.00 mW)
0.01 mW (0.01 mi)
0:21 mW (.00 m)
0:21 mW (0.00 miv)
0.21 MW (0.21 MW}
0.26 mW (0.00 mW)
0.26 mW (0.00 mW)
0.28 mW (0.28 mi)
0.31 mW (0.00 m)
0.31 mW (0.31 mi)
5.41 M (0.02 M)
1.42 mW (1.42 m)
0.01 mw (0.01 mW)
0.45 mW (0.00 mi)
0.45 mW (0.00 m)
0.45 mW (0.45 mW)
0.00 MW (0.00 m)
0.00 miw (0.00 mW)
0.00 miw (0.00 mW)
0.00 mw (0.00 mi)
0.26 mW (0.00 mi)
0.26 mW (0.00 m)
0.26 mW (0.26 M)
0.10 mW (0.10 mW)
0.04 mW (0.04 mi)
0.38 mW (0.38 mW)
0.1 mW (0.18 miv)
0.15 mW (.15 m)
0.00 miw (0.00 mW)
0.00 miw (0.00 mW)
236 mW 0000 mAy
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Area:

Table of Contents ne

B Flow Summary
B Flow Settings
FFH Flow Non-Default Global Setting
FFH Flow Elapsed Time
FFH Flow 0S5 Summary
E Flow Log
Analysis & Synthesgis
hd Fitter
ES sSummary
B Settings
Fre Parallel Compilation
FE 0 Assignment Warnings
Incremental Compilation Sec
& Pin-Out File

v Resource Section

E Resource Usage Summ
FFE Partition Statistics

ER Input Pins

FE Output Pins

F® Dual Purpose and Dedic
FE U0 Bank Usage

FFE All Package Pins

FFE Resource Utilization by
F Delay Chain Summary
FE Pad To Core Delay Chai
= Control Signals

FE Global & Other Fast Sig
FFE RAM Summary

Logical Memories

Logic and Routing Secti
O Rules Section
BH Device Options
FE Operating Settings and Con
) Messages

Power and area were more dif

account when choosing the multiplier to carry out multiplication.

8.2 Choosing the multiplier

Fitter Resource Usage Summary

- =

23

Resource

w  Total logic elements

— Combinational with no register
— Register only
— Combinational with a register

Logic element usage by number of LUT inputs

— 4 input functions
— 3 input functions
— ==2 input functions
— Register only

Logic elements by mode
— normal mode
— arithmetic mode

Total registers*®
— Dedicated logic registers
— 'O registers

Total LABs: partially or completely used
Virtual pins
'O pins

— Clock pins

— Dedicated input pins

Global signals

MSKs

Total block memory bits

Total block memory implementation bits
Embedded Multiplier 9-bit elements
PLLs

Global clocks

JTAGs

CRC blocks

ASMI blocks

Oscillator blocks

Usage
808/15408 (5% )
560
23
225

365
280
140
23

534
251

248/ 17,056 (1% )
248715408 (2% )
0/1548(0%)

53/963 (6% )
0

301 /344 {88 % )
1T (14%)
0/9(0%)

1
16/56 (29 %)
131,072 / 516,096 ( 25 %)
147 456 / 516,096 ( 28 %)
0/12(0%)
0/4(0%)
1/20(5%)

0/1(0%)

0/1(0%)

0/1(0%)

0/1(0%)

ficult to change than speed, although they were taken into

To maximise the clock frequency of the CPU, the propagation delay needed to be minimised.

Therefore, the power and latency analysis were done with the Radix 2 multiplier (Figure

analysis Radix 2 Appendix 8) and the Radix 4 multiplier(Figure analysis Radix 4 Appendix 7).

After running the full compilation with model Cyclone IV E, the TimeQuest Timing Analyzer

showed the time analysis.
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The set-up slack in time analysis means the difference between the data required time and
the data arrival time. For the radix 4 multiplier, the worst-case slack is 0.395, for the radix 2
multiplier is 0.677. The radix 4 had half the cycles, 0.395*2>0.677. The result showed that the
propagation delay for radix 4 multiplier was less compared to radix 2. The positive slack in
each simulation meant there were still some margin for both multipliers to increase the clock

frequency further.

The dynamic power is the power consumed when inputs are active, the static power is the
power consumption the inputs are kept constant, it is usually caused by DFF. For the Radix 2
multiplier, total power dissipation was 97.79mV, core dynamic thermal power dissipation was
6.19mW, and core static thermal power dissipation was 42.86mW. For Radix 4 multiplier,
total power dissipation was 102.71mW, core dynamic thermal power dissipation was 7.42mW,
and core static thermal power dissipation was 42.88mW. The result makes perfect sense as
the high dynamic power dissipation for radix 4 was because it shifted more bits in the same
amount of time. The similar static power was because the same number of additions had been
done in the same amount of time. Even the Radix 4 multiplier had a slightly larger total power
dissipation, however it could do double the work that radix could do with the same amount

of time. Hence, the radix 4 multiplier was the most efficient choice.

8.3 Pipelining
Pipelining? involved creating a state machine that fetched the next instruction and executed

the current instruction during the same cycle. This approximately halved the number of cycles

required as fetch and execl happen at the same time.

Pipelined state machine:

)
@

°Torsten Grust, Class Lecture, Topic "Pipelining" Database Systems and Modern CPU Architecture,
Eberhard Karls University of Tibingen, German, 2009. Available at: <https://db.inf.uni-
tuebingen.de/staticfiles/teaching/ss09/dbcpu/dbms-cpu-2.pdf>
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The new state machine executes FETCH only for the first cycle and then fetches the next

instruction while executing the current instruction during EXEC1.

1 module pipeline_state_machine
2 B(

3 input s,

4 outTput NS,

5 output FETCH,

6 output EXEC1

7 );

B

g assign N5 = 1;
10
11 assign FETCH = ~5;
12 assign EXECL = 5;
13
14 endmodule
15

A reset pin was required for the DFF, so that FETCH starts at 1 at the beginning.

Value at Ops  40.0ns 80.0 ns 120.0ns

Name 0ps 0ps

¥

U FETCH B1

200.0 ns 240.0 ns
1 1

CLK B0

L

EXEC1 B0

=

rat B0

Pipeline hardware (see Appendix 2):

To increase PC during the first cycle, an add_one block was used for all instructions (adds one

to output of PC). A MUX chose between PC+1 and PC depending on add_sel, so it should

always increase by 1 other than for stop instructions, where it should not increase again.

Otherwise, the PC would count above the STP instruction and skip it.
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Hardware:

BUSMUX

;21[1; 0l RRRRES datsal]

o i T couren P e

He.o E BUSHMUK ™~ Eamm v sbas = pipe x5! dataal]

Hs ol = [ sload E * | resui =
E g} @ | resul §’ add_one J 3 datab] £
[15.0] ™ . - poatab) 'se‘ app—t 1.0 Q1.0 ks

[15..01

wen
wenout
carryen
ext_en
ystatus

0]
tstp
di_sel
[15..01
feten
exscl
pe_sload
pe_cnt_en
ram_wren
bl_sel

itstr{11.07

Pipelined control signals logic

S/ PC and RAM control signals

assign pc_sload = execl & (jmp_cond | bl);

assign pc_cnt_en = execl & ~(jmp_cond | stp | bl | write_next_stp);
assign ram_wren = execl & (str | stmfd);

assign add_sel = execl & ~(stp | jmp_cond | bl | write_next_stp);

For pipelining, JMP and BL should not increase the PC, and they should not use PC+1, as this
skips the address being jumped to. Write_next_stp (the delay for write instructions after an
LDR) also had the same logic as it should stop the PC from counting during this cycle. BL also
required an additional MUX at the input of the instruction memory so that the jump address
updates during the same cycle as the BL instruction being executed, so that the next
instruction already executes the instruction that was jumped to as it should be available at

the memory output.
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Improved Multiple LDR instructions Test:

Pipelined:

Name Value at
0ps

B ok BO

% feteh B1

%  exect  BO

& > daddr H 000

& > dout H 0000

P pcout  HO0O

E instr_ad_. H 000

& o instr H 0000

& portladdr B 000

% uise  B1

% wenoust BO

% wen 80

% camyen  BO

% camysta. BO

%% witen. BO

P wrte_n._. B 0000

% witen. BO
T H 0000

S > dmemn  Ho0000

=3 qt H 0000

=3 q2 H 0000

&4 > Roout H 0000

& > Riout H 0000

& > Rzout H 0000

&+ > R3out H 0000

&+ > Reout H 0000

& > Rsout H 0000

& > Rsout H 0000

£ o u nnnn

Unpipelined:
® jcLock ‘B0
- FETCH B1
Y EXEC1 BO
& > dadar H 000
& > dout H 0000
& o instrad.. HOOD
= > instr H 0000
&4 > porttaddr B 00O
% Wisel  B1
Y wenout B0
Y wen B0
- carryen  BO
Y carrysta... BO
- write_n... BO
& > write_n_ B000D
& 5 a H 0000
- I H 0000
&4 > Roout H 0000
& > Riout H 0000
& > Rzout H 0000
& > Riout H 0000
£ > Réout H 0000

Ups

Dps  400ns 80.0ns 1200ns  180.0ns  200.0ns  2400ns  2800ns  3200ns  380.0ns  400.0ns  440.0ns  480.0ns  5200ns  S60.0ns  B00.0ns €

000 001 000
) 0004 0002 9004
04
004
h0Y 0001 | 100810101014 B000
000 001 | 010 ¥ o1 000
|
.
000 00Ty 10101011 0000

1

50 o001 Yooos) | oooz 0004
[ 0000 0001
[ 0000 0001
0000 0001 2001
0000 ooo1

000 0002
0000 0002
9000 004
0000
0000
0000

Annn

Uy U L L
L e L L L L L L L r
I S S IS S 6 I 6 I O [ O N B B e S S i B R pp RE R

000 Y | oot 000
il dood W onoz 0004

000 001 002 003 004
1 0001 1008 1010 X 101A BO0O
000 001 010 011 000

N
IS

e rerere e e et e e e e e L
0000 1010 0000

001

w00 | 000 0001

fona’y, 0001

0000 4 jo0z2

0000 h{ 0002

0000 00AB

ooog
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Clearly the pipelined version was able to execute the LDR instructions in one cycle rather than
two cycles for the unpipelined version. This test was already optimised due to the LDR
implementation allowing for LDR instructions to be carried out in parallel, but the pipelining

allowed for even better optimisation in terms of number of cycles.
Multiplication while pipelining

More instructions had to be added after MUL instruction so that 9 instructions or cycles pass
to give the multiplier time to obtain the output. This could not be decreased using pipelining,
which meant that the LCG benchmark (the one using multiplication) did not have as great an
improvement in execution time compared to the other benchmarks, as the majority of the
time was taken up by the multiplication. While the ability to carry out instructions in parallel
was possible, this could not be fully taken advantage of for this specific benchmark as not
many instructions could be executed in parallel that would actually lead to improved

efficiency.
Pipelined CPU benchmark tests (using fixed parameters for comparison)

Pipelined: FIB(3) =3
106 cycles

0ps sA2us 1024 us 1538 us 2048us BBus 30.72us 3534us 4096 us 46.08us 512us
Ops

fetch B1

Name Value at

¥

=

exec! B0

rst B0

daddr H 000 oo

dout H 0000 FFFF

instr_ad... H 000 003

instr H 0000 8000

portiaddr U0 0

idisel 81

pop_sel BO

L
1
wenout BO
wen B0 mm

carryen B0

carrysta.. 80

write_n, BO

write_n_.. B 0000 0000

wrte_n... B0

11}
rdin H 0000 FFFF
dmemin H 0000 0020
a1 H 0000 0020
q2 H 0000 0020
ROout H 0000 0020
Riout H 0000 0003

Gl

0003

R2out H 0000

R3out H 0000 0000

Raout H 0000 0000

EWE WE WE WE WE MR WE WE WE MR NE ME w2 MR 62 B 2 e W W et WE WR WE R R g

RSout  H 0000 e 0003
Réout  HO0DO e 0003
R7out  HO0000 me 0000
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Pipelined: LCG with typical parameters:
A=25385=0x6329, b=3, n=8
163 cycles

Value at 0 ps 320.0 ns 540.‘0 ns 960.|0 ns 1 2? us 1 Glus 1.9? us 2.2:! us 2.54;‘» us Z.SIS us 3.2I us 3'5.2 us
Name 0pe Ups
% dout H 0000 @ﬂ@ 8329 on 6329 o0l 6329 001, 6329 00, 6329 001 6329 20 6329, 20 8329, )
& 5 instrad . HO00 e i ! s
o oner oo
E portiaddr U0 aiha)
& Wisel 81
g pop_sel  BO
T wenout B0
i wen 80
=g carryen B0
% camysta. BO
G write_n... B0 |

o
S

write_n... B0

réin H 0000 (B _onoo ORKKEN R oooo Db oono kAN o000 TR EAE oooo ik oooo TEH B oooo MG oo NKAREY

dmemin  H 0000 0g09 mmn@m¢u+®mMm@mmn@mw@mmn@mmmmmu@o

al H 0000 3 i §
@ H 0000 0000 0000 a0y So0n aa i dooo ol oooo as i dono oo dooo Ao ooon AGaIN duo ANon)

Riout 0000 0000 10000 300037 0000 jan0dd:3n oono oodacidi{ tooa aoofidsn{ nooo 3bootadidi( ooon GooddaaT ouon jaaddnii 1000 yaooiy

W WE WE R ME MR WE MR WE WE MR R WE MR

Riout uo [}

RZout uo 0

R3out uo 0 B 7 B 5 4 3 z 1

Réout uo 0 3 10622 b 24369 12764 ! 4159 ) 63258 W 41261 h:d
uo [] 3 10625 34984 47758 51917 49639 25364

Réout uo

RTout uo

mul_res_1 U0 0 10619 24386 12761 4156 §3255 41258

mul_res 2 U0 ] 1 4114 9438 4544 1610 24502

o
5

4 poc_onten BO Il [ 1] L] 1] 1] [ L | EEREERS
% pesked B0 M M M M M M M mn
% ram_wren B0

51|Page



Pipelined: Length 15 linked list search:

126 cycles

Name

5

clock

¥

o

fetch

v

o

exec]
rst
daddr
dout
instr_ad

instr

UE WE WE WE WE V- gy

port1addr

o

i_sel

(]

o

pop_sel

(]

o

wenout

(]

o

wen

¥

o

carryen

¥

o

carrysta

¥

o

write_n

U3l

write_n

o

write_n...
rdin
dmemin
ql

a2
ROout
R1out
RzZout
Riout
Rdout
RSout

Réout

UEWE WE WE WE WE WE MR MR WE WE W

RTout

m

Value at
Gps

BO
B1
BO
B0
H 000
H 0000
H 000
H 0000
uo
B1
BO
B0
BO
BO
BO
BO
B 0000
BO
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000

H 0000

Ops

0ps

512us 10.24 us 1536 us 2048 us 256us 30.72us 35.84us 40.96 us 46.08 us 512us

000

0ooo

00E

8000

0000

0000

0021

0021

0021

0021

000F

S ENNNNEN [ [ NE[ TENEND

0000

0007

000D

oooo o021

0000

ogoo

ach of the tests were clearly executed in less cycles. It was approximately halved from the

unpipelined version, other than the LCG due to multiplication causing the same delay.

Pipelined compilation

Slow 1200mV 85C Model Fmax Summary

Restricted Frmax
63.31 MHz

Frmiax Clock Name Mote

1 §3.31 MHz clock

Fmax increased compared to the unpipelined CPU from 60 MHz to 63 MHz.
Geometric Mean Time (pipelined) = 2.047 microseconds

This was an increase from 3.42 microseconds. It is not exactly halved due to the long delay
that remains due to the multiplier block of 9 cycles. This took up the majority of the execution

time for the LCG benchmark.
Reg_Alu compilation :
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By compiling this bdf, the paths that have the greatest propagation delay could be found.

Table of Contents. a8
[ B Fowsummay A Slack From Node ToNode LaunchClock  LatchClock  Relatonship  ClockSkew  Data Delay
B Flow Settngs 1 251 lpm_fwrie_nexi_regdfis(3] registerfie:regfilelpm_ffR1dffs(3] clock clock 16.000 -0.088 13,396
B Flow Hon-Defout Giobal Settiy | |2 2535 IBm_ffwrke_next_ regidfisi2] registerfie:regfislpm_{rREdfs(3] cock elock 16.000 0095 12385
B Flow Elapsed Time 3 2538 lpm_wrte_next_regdris(3] regiterfie:regfielpm_ITRSIfsiz] cock clock 16.000 0,095 13382

4 2607 lpm_flwrite_nexi_regafis[3] regiterfie:regfielpm_TR7idfs(3] clock clock 18.000 0083 13320

E Flow 05 summary 5 2610 lpm_ffwrite_next_regidfis[3] registerfie:regfillom_fFR2idfTs14] clock clock 16.000 0061 13344
E Fow Loo 6 2611 lpm_flowrie_nexi_regdfis[3] registerfil regfillpm_fFRAdfrs(14] clock clock 16.000 -0.081 13343
Analysis & Synthesis 7 2626 Ipm_fiowrite_nexdt_regidffs[3] registerfile regfielpm_fFREIdfs(9] clock clock 16.000 -0.084 13.305
Fitter 8 2640 lpm_ffowrite_next_regiafis(3] registerfie:regfisipm_rRE(dfrs(e] clock clock 16.000 0,095 12.280
Assembler o 2653 lpm_flwrile_nexi_regafis[3] regiterfie:regfielpm_ITR2idfrs(] clock clock 18.000 0084 13278

~ P~ TimeGuestTiming Analyzer 10 2656 lpm_fhwrie_nexi_regdris[3] registerfie:regfielpm_ITROfTs(S] clock clock 16.000 0.084 13277
5 summary 11 2658 lpm_fhwrie_next_regdfis(3] registerfie:regfielpm_fFRSdfis{10] clock clock 16.000 0,095 13262
B Paralel Complation 12 2658 lpm_fwrie_nexi_regdfis(3] registerfil regfillpm_fFRdfrs(10] clock clock 16.000 0085 13.261
&5 soc Fie Lot 13 2659 lpm_frwrte_next_regafis(3] registerfie:regfieipm_fFRTIAs{10] cock clock 16.000 0,095 12281

14 2659 lpm_fwrite_next_regdfis(3] registerfie:regfilpm_{fRSIS(10] cock clock 16.000 0,095 13.261

B tlecks 15 2685 lpm_fhwrie_next_regdris[3] registerfie:regfielpm_ITR2{dfrs(0] clock clock 16.000 —0.061 13288

¥ I Slow 1200mV 85C Model 16 2676 lpm_ffwrite_next_regidfis[3] registerfie:regfillom_fFROGfTS14] clock clock 16.000 0084 13.255
B Fmax Summary 17 2679 lpm_ffwrie_next_regdfis(3] registerfie:regfillpm_ffR1fsi0] clock clock 16.000 -0.081 13275

[Z) Timing Closure Recomr || 2680 lom_ff:wre_neid_regidfisi] registerfie:regfislpm_{FREidfrs(0] clock clock 16.000 0085 13.240

B Setup Summary 19 2682 lpm_fwrte_next_regafis(3] regiterfie:regfielpm_fTREfsI0] cock clock 16.000 0,095 13,28

B Hold Summary 20 2725  Ipm_ff-write_next_regidfis[3] registerfile-regfilelipm_ff REidfis[14] clock clock 16.000 -0.008 12195

2 Recovery Summary 21 2726 lpm_flowrite_nexi_regafis[3] registerfie:regfielpm_iFRSdfs{14] clock clock 16.000 0.085 13184

) Removal Sunmary 22 2729 lpm_flowrite_next_regdfis[3] registerfilregfillpm_fFR2dfrs(10] clock clock 16.000 -0.084 13202

5 unmum pue wians |25 2729 b fwrie_next regdfi(s) registerfie:regfielpm_fFROfs{10] clock clock 16.000 0084 13202

. 24 2774 lpm_ffowrite_next_regiafts(3] registerfie:regfislpm_rRedfrs(z] cock clock 16.000 0,084 12157

v I WorstGaseTmnaPat | o 2635 lpm_ frawrte_next_regdfisis] regiterfie:regfielpm_ITR2ffsiz] clock clock 16.000 0,081 13118
B Selup:ciock) 26 2521 lpm e next_regorts[] regstertie egielpm_TRAGTS(0] cock cosk 16.000 o0 13,008

BB How: clock 27 2822 lpm_ff-write_next_regidffs[3] registerfile:regfiellpm_fFR7]dffs[14] clock clock 16.000 -0.088 12.898

[2) wetastavity Summary |28 2923 lpm_ffowrite_nexd_regdffs[3] registerfilregfillpm_fFRAdfrs(14] clock clock 16.000 0,095 12087

Siow 1200mY 0C Model 29 2927 lpm_flowrile_nexd_regidfis(3] registerfie:regfillpm_ffR4dffsi] clock clock 16.000 0,035 12983

Fast 1200mY 0C Model 30 2831 lpm_fhwrte_next_regafis(3] registerfie:regfislpm_rR1idfrs(e] clock clock 16.000 0.087 12007

B Muticomer Timing Analyss || 31 2939 lom_fTwrie next_regaiis(o] regiterfie:regfielpm_TR1jdfrs(3] clock clock 18.000 0.088 12988
Advanced YO Timing 2 2843 lpm_fhwrie_nexi_regdrisir] registerfie:regfielpm_ITRE(dfrs(3] clock clock 16.000 0.085 12977

Cock Transfers 33 2845 lpm_fhwrie_next_regdfisit] registerfie:regfielpm_ITRSfs3] clock clock 16.000 0,095 12974

3¢ 2860 lpm_fwrie_nexi_regdfis(3] registerfie regfislpm_{FREidffsi4] clock clock 16.000 0085 12860

B ReportTecs 35 3015 lpm_ffwre_next_regiffs(o] registerfie:regfielpm_fTR7idfts(3] clock clock 16.000 -0.088 12912

) Report Rsicu 36 3022 lpm_fhwrie_next_regiffs(3] registerfie:regfislpm_{FR4dfrs{11] clock clock 16.000 0,095 12898
Unconstrained Paths 37 3023 lpm frwrie_next_regdris[3] registerfie:regfielpm_{FR7Ids{11] clock clock 16.000 0.085 12887

© Messages 36 3028 lpm_fwrie_next_regdfis[3] registerfie:regfilelpm_TRéjdffsid] clock clock 16.000 -0.085 12882
EDA Netlist Writer U||39 3028 om frwrie_next regaristz registerfie:regfillpm_fR7Idffsid] clock clock 16.000 -0.088 12898
o 5 % 3028 m fwrie_next_regdfisia] registerfie regfislpm_{FREdffsi4] clock clock 16.000 0085 12881

The write_next register seemed to cause significant delay to get to the register file, due to the
large amount of combinational logic due to logic gates and MUXes. This was a bottleneck to
the maximum clock frequency. Pipeline stages could have been used to store the value at
intermediate stages in a register and change the state machine so that each stage or cycle
only involves little propagation delay. This would increase the maximum clock frequency, but
also increase the setup time is takes to fully take advantage of this pipeline. These pipeline
stage registers could be added at the output of the data RAM as this seemed to also introduce

significant slack, as well as between the register file and ALU.

9 Conclusion/Extension
Making the CPU was very interesting as it built off the work done during term 2 very well. One

could see the CPU becoming increasingly advanced as it incorporated instructions from
modern ISAs and computer architectures. The CPU met the benchmark tests that were
written in C++, so the link between programming and computer architecture could be
explored. Meeting the design goal of creating a general CPU was satisfying as there are many

different applications that can be tested.

There are several ways for the CPU to improve and to investigate further if there was more

time. Firstly, in terms of the memory blocks, a dual port RAM could be tested, as this would
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probably be very similar to the current setup, while also being more compact. To make the
CPU more general, a signed multiplier could be implemented with slightly more hardware to
multiply signed numbers. More complex implementations of a multiplier could also be
investigated to attempt to decrease the number of cycles it takes. Different implementations
of the Fibonacci benchmark could also be tested, as the results showed that recursion is very
inefficient execution time scales exponentially with the input parameter. An assembler for
the invented ISA could also be made to make it easier to convert from assembly to machine

code.

In terms of optimisation, pipeline stages would have been useful to limit the effect of
propagation delay on the max clock frequency. It would be interesting to investigate how
much the maximum clock frequency would improve due to the added intermediate stages
lowering the propagation delay and how this would improve the execution times of the

benchmarks.

10 Link to Github

https://github.com/alexpondaven/CPU

Send login to ap2619@ic.ac.uk for permission to Github.
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Appendix 1: Unpipelined ALU1

moduTe aTul

1

2 B¢

3 input [15:0] rddata, // destination register rd data

4 input [15:0] rsdata, // source register Rs data

5 input [15:0] instr, // instruction word from dout

[ input execl, // From sM - for timing

7 input carrystatus, // carry from carry flipflop

8 input [3:0] write_next_status, // write_next output from register

input [11:0] pc_out, // wvalue in PC - used for BL - storing PC+1 in link register RE6

10 input mul_finish,
11 input [15:0] LS_pr‘Dd,
12 input [15:0] ms_prod,
13
14 output [15:0] dmemin,
15 output [15:0] aluout, // output of ALU - written to Rd
16 output carryout,
17 output [3:0] write_next_out, // write_next_out[3] determines if address is written to register
18 output carryen, // enables writing to carry register
19 output write_next_en, // enables writing to write_next register

20 output wenout, // enables wr"it'ing

21 output [11:0] daddr, // address for data ram (either Rs +- offset for Toad/store or R7 for stack instructions)
22 output din_sel, // switches regfile din between aluout and 1di/ldr input

23 output write_next_stp, // when a write instruction is after LDR, the PC needs to wait so that LDR finishes writing to registers
24 output ldi_sel,

25 output bl_sel

26 output pop_sel,

27 ouTpUT mul_sTtart,

28

29 output pc_sload,

30 output pc_cnt_en,

31 output ram_wren

32

33 H

34 //Intermed'late values - need to determine instruction format

35 wire [3:0] op = instr[15:12];

36 wire sign = instr[11];

37 wire [4:0] offset = 'instr[LO:G];
38 wire [1:0] field = instr[11:10]; // used to determine shift type, IMP type and for cin field

39 wire [3:0] cond = instr[9:6]; // Determines number of shifts (can be used for other instructions)
40 wire cwen = instr[9];

41

42

43 I Opcodes

44 wire 1di [2]&top[2]&'top[1] &'op[0];

45 wire [3]&top[2]&t'op[1]&op [0O]:

46 wire [2]&'op[2]&op[1]&'op[0];

47 wire [2]&'op[2]&op[1]&opl[0D];

48 wire [32]&op[2]&'lop [1] &'top [0O1]:

49 wire plL2]&op[2]&'top[1l ]&opl[0];

50 wire ! [2]&op[2]&op[1]&top[0O]T;

51 wire 'lop [ 2] &op[2]&op[1]&op[0O1;

52 wire %1]&!op[2]&!op[L]&!op[O];

53 wire [3]&top[2]&'op[1]&op[O0];

54 wire [3]&'op[2] &op[1]&'op [0O];

55 wire 3]&!0p€2]&op%L]&op[0];

o . P P P P

57 // Status FF bits:

38

59 // write_next tells next instruction that the data that is now at dout can be written into the Rs of the previous instruction (for load instructions)
60 // if write_next_flag is already 1, set to 0 (if it_is not another 1dr), otherwise set to 1 if it is an 1dr or ldmfd instruction
61 assign write_next_flag = (write_next_status[3] & (~1dr | ldmfd)) 7 0 : (1dr | ldmfd);

62

63

64 // carryen enables writing to carry register - writes when cwen is enabled for add, sub, and mov

65 assign carryen = execl & cwen & (add | sub | mov);

66

67 // write_next_en enables writing to write_next register - needs to update for every instruction during execl so that it returns to 0
gg assign write_next_en = execl;

70 // carryout equal to alucout if not_a ote the special case_of rsdata[0] for LSR or_asr (Mov instruction)
71 assign carryout = (mov & ((~field[1] & f1e'|d[0]) | (field[1] & ~field[0]))) 7 rsdata[0] : alucout;

72

73 I output to write_next register

74 assign write_next_out = {write_next_flag, instr[5:3]};

75

76 // write_next_stp stop PC from counting up so instruction can finish before next instruction

;g assign write_next_stp = write_next_status[3] & ~(1dr | str | jmp | ldwfd | stp) | write_next_status[3] & ldmfd;
79

80

81

82

83 // pefinition of wires and regs

84 wire cin; // carry Tnput from instruction

85 wire shiftin; // shift in to MsB for XsR

gg wire alucout; // carry from alusum calculation

88 reg [16:0] alusum; // ALU sum needs extra bit for carry

89

90

91 // ALu output calculations

92 assign alucout = alusum[16]; // carry bit

93 assign daddr = ldmfd ? (alusum[11:0]-1) : alusum[11:0]; // offset address used for addressing data memory or stores R7 value for stack manipulation
94 assign aluout = alusum[15:0]; // 16 bit sum

93

96 assign dmemin = stmfd ? rsdata : rddata; // input to data memory is g2 for stmfd, ql for str

97

98

99 // wenout active for 1di, mov, add, sub, b1, Tdmfd, stmfd _(1dr not written during execl, written in next cycle)
100 assign wenout = execl & (1di | mov | add 1 sub | b1 | ldmfd | stmfd | stp & write_next. status[ 1N

101

102

103 //cin determined br n " field in instruction word
104 assign cin = (~fwe¥d[J.] & f1e¥d[0]) | (field[1] & ~field[0] & carrystatus) | (field[1] & field[0] & rsdatal[15]1);
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106 // din_sel should be on if writing back to registers from alu (mov, add, sub, b1, Tdmfd, stmfd)

107 // If 1dr is writing, din should not be changed yet

108 assign din_sel = (mov | add | sub | b1 | ldwfd | stmfd) & ~write_next_stp;

109

110 // Tells when_1di_dis on, want it to turn off is 1dr is still writing from previous instruction
111 assign 1di_sel = 1di & ~write_next_stp;

112

113 //b1_sel tells 'IkaV\Ux that it is a BL instruction and portladdr needs to be & to load PC+1
114 assign b1_sel = b1 & ~write_next_stp;

115

116 // pop_sel turns on for POP instruction when Rs needs to be written - Rs address at portladdr
117 assign pop_sel = ldmfd & write_next_flag;

118

119 // enables mul_start for the mult_instruction

120 assign mul_start = mul; // can be started even though write_next_stp is enabled (ldr is writing in this cycle)
121

122

123

124 // conditional operators - cumpares Rd and comparator (in cond) - used for if jump should occur
125 vﬂre eq (rddata == con == comparator

126 wire mi = (rddata < cond); // Rd < comparator

127

128 // change jmp cond to determine if jmp will occur depending on comparison and jump condition in instruction word

129 wire jmp_cond = jmp & ((~field[1] &]~f1e'\d[0]) | (~field[1] & field[0] & eq) | (field[1] & ~field[0] & mi) | (field[1] & field[0] & ~eq & ~mi));

131 // PC and RAM control signals

132 assign pc_sload = execl & (jmp_cond | b1)

133 assign pc_cnt_en execl & ~(jm ,cond | stp | b1 | write_next_stp);
134 assign ram_wren = execl & (str l|) mfd);

135

136

137 // determine alusum - need to change opcodes

138 Balways @(*) begin

139 @ case (op

140 4°b0001, 4°b0010 : alusum = sign ? (rsdata - {11°b0,offset}) : (rsdata + {11'b0,offset}); // LDR and STR: calculate daddr
141

142 @ 4°b0011 : begin

143 @ case (1nstr [7:6]1)

144 2'b00 alusum {1'b0,rsdata} + cin; // mov
145 z'b01  alusum {rsdata cin}; LSL

146 2'b10 : alusum = {rsdata[o], cin, rsdata[15:1]};// Right shift - cin determines LSR or
147 2'b11 : alusum = instr[0] 7 ({1'b0,Ms_prod}+{1l ho ,rddata}+cin) : ({1'b0,Ls_prod}+{1'b0 rddata}+(‘\n) // Mmultiply product (leas
148 default : alusum = {1'b0, rsdata} + cin; // Mov
149 - endcase;

150 - en:

151 4°h0101 : alusum = {1'b0,rddata} + {1 b0,rsdata} + cin;// ADD
152 4'p0110 : alusum = {1°b0,rddata} + {1 b0,~rsdata} + cin;// sue
153

154 4"'h1000 : alusum = {5'bh00000,pc_out} + 1; // BL

155

156 4'b1001 : alusum = {1'b0,rddata} + 1; // POP (LDMFD)

157 4'b1010 : alusum = {1'b0,rddata} - 1; // PUSH (STMFD)

158

159 default : alusum = 0;

160 3 endrase:

<

Appendix 2: Pipelined ALU1 differences

93 ALU output calcuTations

94 assign alucout = alusum[16]; // carry bit

95 assign daddr = 1dmfd ? (alusum[11:0]-1) : alusum[11:0]; // offset address used for addressing data memory or stores R7 value for stack manipulation
96 assign aluout = alusum[15:0]; // 16 bit sum

a7

98 assign dmemin = stmfd ? rsdata : rddata; // input to data memory is q2 for stmfd, gl for str

a9

Loo

Lo1 // wenout active for 1di, mov, add, sub, b1, 1dmfd, stmfd (1dr not written during execl, written in next cycle)

Loz assign wenout = execl & ~write_next_stp & ('\d‘\ | mov | add | sub | b1 | 1dmfd | stmfd | stp & write_next_status[3]);
Lo3

Lo4

LOS //cin determined by cin or * field in instruction word

i .
LO6 assign cin = (~f'ie¥d[1] & f'\e¥d[0] (field[1] & ~field[0] & carrystatus) | (field[1] & field[0] & rsdata[l5]);

Lo8 // din_sel should be on if writing back to registers from alu (mov, add, sub, b1, ldmfd, stmfd)
Lo9 /4 If 1dr is writing, din should not be c;lanm]?ed yet

110 assign din_sel = (mov | add | sub | bl d | stmfd) & ~write_next_stp;

111

112 // Tells when 1di_is on, want it te turn off is 1dr is sti11 writing from previous instruction
13 assign 1di_sel = 1di & ~write_next_stp;

114

115 /b _sel tells 1'ka«|ux that it is a BL instruction and portladdr needs to be 6 to Toad PC+1
116 assign bl_sel = bl & ~write_next_stp;

iz

118 // pop_sel turns on for POP instruction when Rs needs to be written - Rs address at portladdr
119 assign pop_sel = ldmfd & write_next_flag;

L20

21 // enables mul_start for the mult_instruction

122 assign mul_start = mul & ~write_next_stp; // can be started even though write_next_stp is enabled (ldr is writing in this cycle)
123

L24

L25

L26 // conditional operators - compares Rd and comparator (in cond) - used for if jump should occur
127 wire eq (rddata = cond); // Rd == comparator

128 wire mi = (rddata < cond); // rRd < comparator

L29

L30 // change jmp cond to determine if jmp will ﬂccur depending on comparison and jump condition in_instruction wor

] d
L31 wire jmp_cond = jmp & ((~field[1] & ~f1e'\d[0]) (~field[1] & field[0] & eq) | (field[1] & ~field[0] & mi) | (field[l] & field[0] & ~eq & ~mi));

L33 // pC and RAM control signals
L34 assign pc_sload = execl & (jmp_cond | b1);
L35 assign pc_cnt_en = execl & ~(jmp_cond | stp | bl | write_next_stp);
136 assign ram_wren execl & (str l|1 stlrrfd)
L37 assign add_sel = execl & ~(stp | jmp_ cnnd | b1 | write_next_stp);
L38
L39
L40 /{ determine alusum - need to change opcodes
L41 Ea"\ways @(*) begin
L42 case (op.
143 | 4" hOOOL 4'b0010 : alusum = sign ? (rsdata - {11'b0,offset}) : (rsdata + {11'b0,offset}); // LDR and STR: calculate daddr
L44
45 g 4'b0011 : begin
46 B case (instr
vaz T AThAA s o e T
. .

Appendix 3: Meeting notes

Date | Discussion Alex Peter Jason

25/5 » Discussed stack and shared
research on AVR and SPARC

» Went through fibonacci
benchmark

57| Page



26/6

27/5

29/5

31/5

5/6

Discussed Jason's assembly

code for fib benchmark

Went over stacks

Discussed number of

registers and instruction

format

o Decided it is best to

decide this once all
benchmarks have
been turned into
assembly and we
know what
instructions will be
needed

Went over assembly code
for LCG and linked list
benchmarks

Discussed multiplication
methods

Made a list of instructions
using benchmarks

Went through Jason's in
detail implementation of
stack instructions - may
need new instructions
Made plan of CPU - went
through each instruction to
determine how it may be
implemented - not sure
about branch (BL) and
LDMB, STMB instructions for
fib

Discussed LDMFD instruction
for loading and increasing
stack pointer - this could be
done with a bit in instruction
word specifying if stack
pointer should be changed
Discussed instruction word
format

Got stuck on trying to make
LDR one cycle - not sure if
this is possible

Discussed multiplication -
number of cycles
o Instruction or
subroutine?

Look at next

benchmarks and see

Research
multiplication

what instructions we | methods

may need and

convert to assembly

Think of
implementation of
instructions (DECA
oral as well)

Branch and link
hardware
implementation

Look at different
instruction formats
(e.g. Thumb) and
determine
instruction formats

Testing LDR

Continue
multiplication
method
research

Research
multiply
methods

Force block
and
multiplication
in ALU

Parallel
multiplier
research

Make assembly
more efficient
and think of
register to use

Reduce number
of instructions
used in fib

LDMB (POP)
implementation

LDR
implementation
in different ISAs

ISA table and
Branch logic
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6/6 » Discussed parallel multiplier
ideas
o Shift/add
o Parallel - only helps
with multiple
consecutive multiplies
» How will we store the 2
registers afterwards
o 2 registers only for
multiply result

7/6  » Github merging problems Fix github and finish | Implement Report structure

» Peter made progress on testing all synchronous | and revise
multiply report instructions multiplier hardware

» Discussed how we could split
up testing work later after
github is fixed

o Alex Pondaven added How will register file Alex Pondaven added Research different
look like - do arithmetic - can probably take instruciton formats to TO DO
inspiration from ARM to TO DO 29 May at 12:07

Alex Pondaven added Try to turn stack 26 May at 12:35

benchmark into assembly to For next

meeting Alex Pondaven added Turn all benchmarks
25 May at 12:12 into assembly to TO DO

Alex Pondaven archived Number of
instructions
27 May at 11:00

Alex Pondaven archived Turn all
benchmarks into assembly
27 May at 11:00

delay and maybe 1esUng. report Alex Pondaven added Number of
meeting

25 May at 12:11

instructions to TO DO
26 May at 12:34

Alex Pondaven added Make layout of CPU
- rough sketch to TO DO

27 May at 11:00

Alex Pondaven added Alex: Research
SPARC and ARM to For next meeting
25 May at 12:11

Alex Pondaven added |nstruction format to
TO DO

26 May at 12:34

Alex Pondaven archived How will register
file look like - do arithmetic - can probably
take inspiration from ARM

27 May at 11:00

Alex d added Jason: Research AVR ) )
and MIPS to For next meeting Alex Pondaven archived Research Different

25 May at 12:11 ISAs
26 May at 12:34

26 May at 12:34
° Alex Pondaven added Peter. propagation

° Alex Pondaven archived Discuss ideas
Alex Pondaven added Alex: TODO to For

24 May at 12:07 Alex Pondaven archived Belbin teamwark
survey next meeting
Alex Pondaven added Read Piazza to TO 26 May at 12:34 27 May at 10:58
DO
24 May at 12:07 Alex Pondaven archived Read Piazza Alex Pondaven archived Jason: Make
26 May at 12:34 assembly more efficient and think of
o Alex Pondaven added Belbin teamwork regjster to use
survye to TO DO Alex Pondaven added How many registers 27 May at 10:56
24 May w1205 to use? to TO DO
Yuliang Zhu added Jason: Benchmark tests
26 May at 12:34 YZ 9 e e
o Alex Pondaven added |SAs to Research assembly to For next meeting
24 May at 11:45 : P——
Y ° Alex Pond 1 archived Try to turn stack 27 May at 10:56
benchmark into assembly
o Alex Pondaven added Multiplication T Alex Pondaven archived Alex: Look at next
methods to Research Y -
24 May st 11:44 benchmarks and see what instructions we
pL  peter liu added Multiply Methods (Peter) may need and maybe try to convert to
Alex Pondaven added Stacks to Research to TO DO my
24 May at 11:44 26 May at 11:55 27 May at 10:56
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o Alex Pondaven added Think of how to
implement LDI (12 bits in instruction word
but also address the register needed) - LDI
may only work for one register - extra
cycles to TO DO
2 Junat 12:42

Alex Pondaven archived Delete test files in
github
1Jun at 22:52

o Alex Pondaven archived Jason: Stack
Register
1Jun at 22:52

Alex Pondaven added Delete test files in
github to TO DO
1Jun at 19:22

yz Yuliang Zhu added Jason: Stack Register to
For next meeting
31 May at 10:24

o Alex Pondaven archived Stacks/caches
30 May at 12:39

Alex Pondaven archived Make layout of
CPU - rough sketch
30 May at 12:39

o Alex Pondaven archived Multiply
Methods, Harvard (Peter)
30 May at 12:39

Alex Pondaven archived How many;,
registers to use?
30 May at 12:39

Alex Pondaven archived [nstruction format
30 May at 12:39

Alex Pondaven added Remov eq_and mi
from status register - not needed to TO DO
5Junat 15:31

Alex Pondaven added Make table to
summarise instruction formats to TO DO
4 Junat 17:32

Alex Pondaven added Update input to PC
from g2 to TO DO
4 Jun at 10:51

Alex Pondaven added Status register
needs to store the comparison between Rd
and Rs for JMP instructions to TO DO

4 Jun at 10:31

o Alex Pondaven added Read through stack
lecture to TO DO
3 Junat 19:14

o Alex Pondaven archived ALU
3 Jun at 18:04

o Alex Pondaven added ALU to TO DO
3 Junat 18:04

o Alex Pondaven moved Do we need to
reference ARMish design as we took
inspiration from there? from TO DO to
Questions
3 Jun at 18:04

o Alex Pondaven moved We basically have 2
decoders now in ALU and decoder outside
of this block. Could SM be put inside of
regfile alu and then make all control signals
come from this block? Would be more clear
from TO DO to Questions
3 Junat 18:04

Alex Pondaven archived Do we need
MUX1?
3 Jun at 11:34

Alex Pondaven archived Make a decoder
table to determine logic
3 Jun at 11:34

Alex Pondaven archived Separate stack
pointer
3 Jun at 11:34

Alex Pondaven archived Think about SM
3 Jun at 11:34

Alex Pondaven archived Find decoder
signals
3 Jun at 11:34

Alex Pondaven added Do we need MUX1?
to TO DO
2 Jun at 13:09

Alex Pondaven added Make a decoder
table to determine logic to TO DO
2 Jun at 13:04

Alex Pondaven added Find decoder signals
to TO DO
2 Jun at 13:04

Alex Pondaven added Think about SM to
TO DO
2 Jun at 13:03

Alex Pondaven added Separate stack
pointer to TO DO
2 Jun at 13:03

Alex Pondaven added Change instr. mem
to RAM to TO DO

9 Jun at 10:01

° Alex Pondaven archived Update input to
PC from g2
5:42

8 Junat1

° Alex Pondaven added Forgot a bit in MOV
code - need to update this to TO DO

8Junat 11:13

Alex Pondaven added Write tests for all
instructions to TO DO

8 Jun at 11:03

o Alex Pondaven archived Do we need to
reference ARMish design as we took
inspiration from there?

7 Jun at 17:01

° Alex Pondaven archived s there any way,
to do LDI for all registers?

7 Jun at 17:01

Alex Pondaven archived Make table to
summarise instruction formats (include
status register)

7 Jun at 17:01

Alex Pondaven archived Remov eq and mi
from status register - not needed
7 Jun at 17:01

Alex Pondaven archived Status register
needs to store the comparison between Rd
and Rs for JMP instructions

Figure 1

° Alex Pondaven moved What should the

last cin field be? CMSB (as in ARMish)_is not
very_useful now since shifts are being
implemented with MOV instruction from TO
DO to Questions

3 Jun at 18:03

Alex Pondaven moved [s there any way to
do LDI for all registers? from TO DO to
Questions

3 Jun at 18:03

Alex Pondaven added Questions to this
board
3 Jun at 18:03

Alex Pondaven added Do we need to
reference ARMish design as we took
inspiration from there? to TO DO

3 Jun at 18:02

Alex Pondaven added We basically have 2
decoders now in ALU and decoder outside
of this block. Could SM be put inside of
regfile alu and then make all control signals
come from this block? Would be more clear
to TO DO

3 Jun at 17:07

o Alex Pondaven added What should the last

cin field be? CMSB (as in ARMish)_is not
very useful now since shifts are being
implemented with MOV instruction to TO
DO

3 Junat 16:17

° Alex Pondaven added |s there any way to

do LDI for all registers? to TO DO
3 Jun at 15:57

Alex Pondaven added |mplement
multiplication block , adding_block, adding
output register, to TO DO

10 Jun at 11:55

Alex Pondaven added Test fibonnacci to
TO DO
10 Jun at 11:27

Alex Pondaven added Add LDMFD and
STMED to TO DO
10 Jun at 11:27

Alex Pondaven archived We basically have
2 decoders now in ALU and decoder
outside of this block. Could SM be put
inside of regfile alu and then make all
control signals come from this block?
Would be more clear

9 Jun at 20:45

Alex Pondaven archived What should the
last cin field be? CMSB (as in ARMish) is not
very_useful now since shifts are being
implemented with MOV instruction

9 Jun at 20:45

Alex Pondaven archived Forgot a bit in
MOV code - need to update this
9 Jun at 20:44

Alex Pondaven archived Write tests for all
instructions
9 Jun at 20:44

Alex Pondaven added Change STP opcode
10 A rather than B, as stack was combined
so A is empty now to TO DO

9 Jun at 20:44
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Appendix 5

Figure 2

module multwithRadix4(prod,finish,A,B,start,clk);

input [15:0]
input
output
output

reg [4:0]
wire

reg [32:0]
wire [31:0]

reg [17:0]

initial count

wire [17:0]
wire [17:0]
wire [17:0]

A, B;

start, clk;
prod;

finish;

count;

finish = !count;

product;
prod = product[31:0];

tmp;

= 0;

A_X_1 = {1'b0,A};
A_X_2 = {A,1'b0};
A_X_3 = A_X_2 + A_X_1;

aTways @( posedge clk )
= if( finish & start ) begin

count = 8;
product = { 16'd0, B };

end else if( count ) begin

= case ( {product[1:0]} )
2'b00: tmp = {2'b0, product[31:16] };
2'b01: tmp = {2'b0, product[31:16] }
2'b10: tmp = {2'b0, product[31:16] }
2'b1l1l: tmp = {2'b0, product[31:16] }
endcase
product = { tmp, product[15:2] };
count = count - 1;
end
endmodule

Figure 10
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Appendix 6

module muTtwithRadix8(prod,finish,A,B,start,c1k);

input [15:0] A, B;

input start, c
output prod;
output finish;
reg [2:0] count;
wire finish =

reg [32:0] product;
wire [31:0] prod = p

reg [19:0] tmp;

initial count = 0;

wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire

[19:
[19:
[19:
[19:
[19:
[19:
[19:
[19:
[19:
[19:
[19:
[19:
[19:
[19:
[19:

0] ALXl =
0] AX2-=
0] AX3-=
0] AX4-=
0l A5 =
0] AX6 =
0] AX_7 =
0] AXS8-=
0] AXD9 =
0] A_X_10 =
0] AX11 =
0] AX_12 =
0] AX 13 =
0] A_X_14 =
0] AX15 =

1k

lcount;

roduct[31:0];

{1'b0,A};

{A,1'b0};

A_X_2 + A_X_1;
{A,2'b0};

A_X_4 + A_X_1;
A_X_4 + A_X_2;
A_X_4 + A_X_3;
{A,3'b0};

A_X_8 + A_X_1;
A_X_2;
A_X_3;
A_X_4;
AX.S;
A_X_6;
A_X_7;

EE
++ 4+ ++

always @( posedge clk )

if( finish && start ) begin
count =4
product = { 16'd0, B };
end else if( count ) begin
case ( {product[3:0]} )
4'b0000: tmp = {4'b0, product[31:16]
4'b0001: tmp = {4'b0, product[31:16]
4'b0010: tmp = {4'b0, product[31:16]
4'b0011: tmp = {4'b0, product[31:16]
4'b0100: tmp = {4'b0, product[31:16]
4'b0101: tmp = {4'b0, product[31:16]
4'b0110: tmp = {4'b0, product[31:16]
4'b0111: tmp = {4'b0, product[31:16]
4'b1000: tmp = {4'b0, product[31:16]
4'b1001: tmp = {4'b0, product[31:16]
4'b1010: tmp = {4'b0, product[31:16]
4'b1011: tmp = {4'b0, product[31:16]
4'b1100: tmp = {4'b0, product[31:16]
4'b1101: tmp = {4'b0, product[31:16]
4'b1110: tmp = {4'b0, product[31:16]
4'b1111: tmp = {4'b0, product[31:16]
endcase
product = { tmp, product[15:4] };
count = count - 1;
end
endmodule

Figure 11
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Appendix 7

Restricted Fmax
250.0 MHz clk

Fmax Clock Hame Note

277.389 NHz

E8 Flow Summary
EH Flow Settings 1
EE Flow Non-Default Global Setting|
FH Flow Elapsed Time
EH Flow 0S5 Summary
@ Flow Log

Analysiz & Synthesis

Fitter

Assembler

limit due to minimum period restriction (max V'O toggle rate)

w TimeQuest Timing Analyzer

B8 Summary

EE Parallel Compilation

ER SDC File List

EH Clocks

w Slow 1200mV 85C Model

EE Fmax Summary
E Timing Closure Recomm
EE Setup Summary

Slow 1200mV 85C Model Setup:

Table of Contents

<

ER Flow Summary
= Flow Settings
B Flow Non-Default Global Set
8 Flow Elapsed Time
= Flow 0S Summary
E Flow Log
Analysis & Synthesis
Fitter
Assembler
TimeQuest Timing Analyzer
ES summary
E Farallel Compilation
EH SDC File List
ER Clocks
v Slowe 1200mV 85C Mode
EH Fmax Summary
@ Timing Closure Recc
EH Setup Summary
FH Hold Summary
E Recovery Summary
@ Removal Summary
FH Minimum Pulse Widtt
~ ‘Worst-Case Timing |
R Setup: ek’
B Hold: "ok’
E Metastabilty Summa
Slow 1200mV 0C Model
Fast 1200mV 0C Model
B Mutticorner Timing Analy
Advanced VO Timing
Clock Transfers
= ReportTCCS
[E| Report RsKM
Unconstrained Paths
@ Messages
EDA Netlist Writer
P

@~ @ o e ha =

Slack
0395
0.425
0.448
0.456
0483
0.498
0513
0514
0516
0551
0601
0612
06814
0619
0.630
0.635
0.640
0.640
0.642
0.647
0.653
0.661
0.665

ATET

From Node
multwithRadix4 instiproduct[17]
multwithRadix4 instiproduct[18]
multwithRadix4 instiproduct[23]
multwithRadix4 instiproduct[23]
multwithRadix4 instiproduct[17]
multwithRadibx instiproduct[19]
muttw ith Radix4 instiproduct[18]
muttwith Radix4 instiproduct[16]
muftwith Radix4 instiproduct[17]
muttwith Radix4 instiproduct[18]
muttw ith Radix4 instiproduct[20]
multwithRadix4:instiproduct[156]
muttwithRadix4:instiproduct[17]
multwithRadix4:instiproduct[21]
muttwithRadix4:instiproduct[18]
muttwithRadix4:instiproduct[17]
muttwithRadix4:instiproduct[22]
multwithRadix4:instiproduct[256]
multwithRadix4 instiproduct[17]
multwithRadix4 instiproduct[23]
multwithRadix4 instiproduct[17]
multwithRadix4 instiproduct[19]
multwithRadix4 instiproduct[16]
multwithRadix4 instiproduct[19]
multtw ithRadix4 instiproduct[19]
muttwith Radix4 instiproduct[18]
muftwith Radix4 instiproduct[17]
muttwith Radix4 instiproduct[17]
multtw ith Radix4: instiproduct[16]
muttwith Radix4 instiproduct[17]
multwithRadix4:instiproduct[23]
multwithRadix4:instiproduct[18]
muttwithRadix4:instiproduct[20]
multwithRadix4:instiproduct[18]
muttwithRadix4:instiproduct[18]
multwithRadix4:instiproduct[23]
multwithRadix4:instiproduct[18]
multwithRadix4 instiproduct[18]
multwithRadix4 instiproduct[20]
multwithRadix4 instiproduct[19]

R S

b4 T

To Node
multwithRadic4:instiproduct[22]
multwithRadic4:instiproduct[22]
multwithRadic4:instiproduct[25]
multwithRadic4:instiproduct{23]
multwithRadic4:instiproduct{18]
multwithRadix4-instproduct[21]
multwithRadic4:instiproduct]18]
multwithRadic4:instiproduct[21]
multwithRadic4:instiproduct{21]
multwithRadic4:instiproduct{25]
multwithRadic4:instiproduct{21]
multwithRadicd:instiproduct17]
multwithRadix4:instiproduct[17]
multwithRadix4:instiproduct21]
multwithRadix4:instiproduct{21]
multwithRadix4:instiproduct{25]
multwithRadix4:instiproduct{22]
multwithRadix4:instiproduct{25]
multwithRadic4:instiproduct{20]
multwithRadic4:instiproduct[24]
multwithRadic4:instiproduct[26]
multwithRadic4:instiproduct[25]
multwithRadic4:instiproduct[25]
multwithRadic4:instiproduct[22]
multwithRadic4:instiproduct{23]
multwithRadic4:instiproduct{20]
multwithRadic4:instiproduct{24]
multwithRadic4:instiproduct{23]
multwithRadic4:instiproduct{23]
multwithRadic4:instiproduct{30]
multwithRadix4:instiproduct22]
multwithRadix4:instiproduct{26]
multwithRadix4:instiproduct{22]
multwithRadix4:instiproduct[24]
multwithRadix4:instiproduct[30]
multwithRadix4:instiproduct21]
multwithRadix4:instiproduct27]
multwithRadic4:instiproduct{17]
multwithRadic4:instiproduct[25]
multwithRadic4:instiproduct]18]

[ S P-4

clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk

Launch Clock

Lateh Clock
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk
clk

Relationship
4.000
4.000
4.000
4.000
4.000
4.000
4000
4000
4000
4000
4000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4000
4000
4000
4000
4000
4000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000
4.000

annn

Clock Skew
-0.084
-0.084
-0.063
-0.063
-0.084
-0.063
-0.064
-0.064
-0.064
-0.067
-0.063
-0.064
-0.064
-0.063
-0.064
-0.067

Data Delay
3.556
3.526
3.504
3.496
3.468
3454
3438
3437
3.435
3.397
3.351
3.339
3.337
3333
3.3
333
331
2.946
3.308
3.307
3.646
3.288
3.283
3.284
3.280
3279
3278
3.264
3.263
3611
3.267
3.600
3.247
3.244
3.581
3.234
3.577
3.223
3.197
3.196

2 ana
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1aDI€ DT Lonients. B |
E Flow Summary Slack From Node To Node Launch Clock Latch Clock Relationship Clock Skew Data Delay
EH Flow Seftings 10357 IweithR 4] twithRadicd:instcount{4] ck clk 0.000 0.083 0.577
B Flow Non-Default Global Set 2 0.498 multwithRadix4:instjproduct[12] muttwithRadix4:instjproduct[10] clk clk 0.000 0.063 0.718
B Flow Elspsed Time 3 0.499 multw ithRadix4:instjproduct]4] muttwithRadix4:instjproduct[2] clk clk 0.000 0.063 0.719
4 0525 multw ithRadix4:instjcount[4] muttwithRadix4:instjproduct[27] clk clk 0.000 0429 1111
&= Flow 05 Summary 5 0525 multwithRadbcd:instcountid] muttwithRadbcdinstiproduct{26]  chk ck 0.000 0429 1411
[ Fow Log & 0558 hwithRadied:i 3 withRadicd:insticount[3] ck ck 0.000 0.063 0.778
Analysis & Synthesis 7 0572  mubwithRadixdinstiproduct(3]  muttwithRadixd:instproduct]1] ck clk 0.000 0.062 0792
Fitter 8 0.572 multwithRadixd:instproduct[11] multwithRadixd:instjproduct[3] ck clk 0.000 0.063 0.792
Assembler 9 0.573 multwithRadixd:instjproduct[9] multwithRadixd:instjproduct7] ck clk 0.000 0.083 0.793
TimeQuest Timing Analyzer 10 0574 multwithRadixd:instiproduct[7] multwithRadix4:instiproeduct[S] clk clk 0.000 0.063 0.794
E Summary 1" 0574 multwithRadixd:instiproduct[2] multwithRadix4:instiproduct[0] clk clk 0.000 0.063 0.794
EH Paraliel Compilation 12 0575 multwithRadix4:instiproduct[14] multwithRadix4:instiproeduct[12] clk clk 0.000 0.063 0.795
B 50C File List 13 0584 multwithRadix4:instiproduct[0] multwithRadix4:instiproduct[14] clk clk 0.000 0.063 0.804
14 0.586 multwithRadix4:instiproduct[10] multwithRadix4:instiproduct[3] clk clk 0.000 0.401 1.144
EH Ciocks 15 0625 multwithRadix4:instiproduct[13] multwithRadix4:instiproduct[11] clk clk 0.000 0.063 0.845
Stow 1200mV 85CMode | |15 ggap EwithRadbea 4] twithRadbed:insticou ok clk 0.000 0.063 0.850
= Fmax Summary 17 0631 IbwithR 4] ItwithR: sinsticount]2] ck clk 0.000 0.063 0.851
E Timing Closure Rect 18 0632 IbwithR 4] ItwithR: tinstiproduct{25] ck clk 0.000 0.063 0.852
=2 setup Summary 19 0632 Itwith R 4] ftwe ithR: ‘instiproduct[23] clk clk 0.000 0.063 0.852
F Hold Summary 20 0649 multw ithRadix4:instcount[4] muttwithRadix4:instjcount[1] clk clk 0.000 0.063 0.869
@ Recaovery Summary 21 0831 multwithRadix4:instiproduct[S] multw ithRadix4:instiproduct{3] ck ck 0.000 0.083 0911
E Removal Summary 22 0700 multw ithRadix4:instiproduct[s] muttw ithRadix4:instiproduct[4] clk clk 0.000 0.063 0.920
S Minimum Pulse Widtt 23 0.806 multw ithRadix4:instjcount[4] muttwithRadi4:instiproduct[31] clk clk 0.000 0.429 1.392
24 0.807 thwith R 4] thwith R ‘instiproduct[30] ck clk 0.000 0.429 1.393
v Worst-Case Timing ||| ,c 5 a15 Twith R instiproduct{30] ftwith finstiproduct(28]  chk clk 0.000 0.077 1.050
R Setup: ek 26 0823 IwithRt instiproduct{15] twithRadicé-instproduct[13]  clk clk 0.000 0262 0718
B Ho: el 27 0824  mutwithRadixd:instiproduct{8]  muttwithRadix4-instproduct]s] clk clk 0.000 -0.262 0719
E Wetastability Summa 28 0841 multw ithRadix4 insticount[4] multwithRadicd-instiproduct15]  ck clk 0.000 0397 1.385
Slow 1200mV 0C Model 29 0.847 multw ithRadix4:instjcount[4] muttwithRadix4:instjproduct[24] clk clk 0.000 0.065 1.069
Fast 1200mV 0C Model 30 0.848 multwithRadixd:instcount[2] multwithRadixd:instcount[3] ck clk 0.000 0.063 1.068
B Mutticorner Timing Analy ||31  0.849 withRadbed:i 1 fwithRadbcd:insticou ck ck 0.000 0.063 1.069
Advanced U0 Timing 32 085 IbwithR: 1] HwithR: sinsticount[2] ck clk 0.000 0.063 1.071
Clock Transfers 33 0854 IbwithRadix4:i 1] HweithR: sinstiproduct{23] ck clk 0.000 0.063 1.074
34 0856 IbwithRadix4:i 1] IbweithR: [instiproduct{25] ck clk 0.000 0.063 1.076
E Report TCCS 35 0.870 multwithRadixd:instiproduct[1] multwithRadix4:instiproduct[28] clk clk 0.000 0432 1.459
E] Report RSk 3 0915 EwithRadixsi 1 fwithRadixd:instproduct26]  ck clk 0.000 0.429 1501
Unconsirained Paths 7 0816 twithRadicd:i 1 twithRadicdinstiproduct{27]  ck ck 0.000 0.429 1.502
O Messages 38 0929 IbwithRadix4:i 11 IbweithR: sinsticount]4] clk clk 0.000 0.063 1.148
EDA Metlist Writer 3% 0841 Ibw ithRadix4:i 11 IbweithR: sinsticount[3] ck clk 0.000 0.063 1.181
a o~ e 5 v 40 0850 IbwithRadix4:i 11 IbweithR: sinsticount]1] ck clk 0.000 0.063 1170
Tableof Conterts 15

Successful - Thu Jun 11 10:44:32 2020
16.0.0 Build 211 04/27/2016 S Lite Edition

PowerPlay Power Analyzer Status
Quartus Prime \Wersion

ER Flow Summary
B Flow Settings

. Revision Name CPU
B Flow Non-Default Global Setting |-\ 1 e tie: Mame mulwithRadic4Testing
= Flow Elapsed Time Famity Cyclone W E
5 Flow 0S Summary Device EP4CEEF17C6
[E Flow Log Power Models Final
Analysis & Synthesis Total Thermal Power Dissipation 102,71 miV
Fitter Core Dynamic Thermal Power Dissipation 7.42 mW
Assembler Core Static Thermal Power Dissipation 42 88 mW
I¥'0 Thermal Power Dissipation 52.41 mW

TimeQuest Timing Analyzer

EDA Netiist Writer Power Estimation Confidence

Low: user provided insufficient toggle rate data

v PowerPlay Power Analyzer
EH summary
B settings
ER Indeterminate Toggle Rates
EE Operating Conditions Used
EE Thermal Power Dissipation
[ Thermal Power Dissipation
[ Thermal Power Dissipation
EE Core Dynamic Thermal Pow|
Current Drawn from Voltag

B Confidence Metric Details
B Signal Activities.
o Messages

ﬂ Flow Messages

o Flow Suppressed Messages

Figure analysis Radix 4
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Appendix 8

Table of Contents na Slow 1200mV 85C Model Fmax Summ
E Flow Summary Fmax Restricted Fmax Clock Name Mote
B Flow Settings 1 300.93 MHz 250.0 MHz clk limit due to minimum period restriction (max V'O toggle rate)

B Flow Mon-Defautt Global Setting|
EE Flow Elapsed Time
EH Flow 03 Summary
@ Flow Log
Analysis & Synthesis
Fitter
Assembler
v TimeCQuest Timing Analyzer
E5 Summary
R Parallel Compilation
= sDC File List
EH Clocks
e Slow 1200mV 85C Model
== Fmax Summary
@ Timing Closure Recomm|
ER setup Summary
= Hold Summary
@ Recovery Summary
@ Remowval Summary
EE Minimum Pulse Width S
Worst-Case Timing Path
[E| metastabiity Summary
Slow 1200mV 0C Model
Fast 1200mV 0C Model
[ Mutticorner Timing Analysis
Advanced I'0 Timing
Clock Transfers
E| reportTeCs
) report RsKN
Unconstrained Paths
0 Messages
EDA Netlist Writer

This panel reports FMAX for every clock in the design, regardless of the user-specified clock periods. FMAX is only computed for paths where the source and desti
clocks, including generated clocks, are ignored. For paths between a clock and its inversion, FMAX is computed as if the rising and faling edges are scaled along wi
Altera recommends that you always use clock constraints and other slack reports for sign-off analysis.

) Flow Messages
ﬂ Flow Suppressed Messages

Table of Contents. iRl Slow 1200mV 85C Model Setu 1K'

E Flow Summary Slack From Node To Node Launch Clock Latch Clock Relationship Clock Skew Data Delay

B Flow Settings 1 0877 muttwithclk:insB_copy[1] muttwithclk:instproduct[30] clk clk 4.000 -0.063 3.275%

FH Flow Non-Default Global Set 2 0.683 multwithclk:instB_copy[1] multwithclkinstiproduct{31] clk clk 4.000 -0.063 3.269

R Flow Elapsed Time 3 0.697 multwithclk:instB_copy[0] multwithclkinstiproduct{31] clk clk 4.000 -0.062 3.256

4 0.744 muftwithclk:instB_copy(2] multwithclkinstiproduct[31] clk clk 4.000 -0.063 3.208

&R Flow 05 Summary 5 0.782 muttwithclk:instB_copy([0] multwithclkinstiproduct{30] clk clk 4.000 -0.062 3171

Z] Flow Log 6 0788  multwithclkinstB_copy[3] muttwithclk-instproduct{30] clk clk 4.000 -0.063 3164

Analysis & Synthesis 7 0793  mutwithclkinstB_copy[1] multwithcliinstiproduct[28] clk clk 4.000 -0.063 3159

Fitter 8 0.794 multwithclk:instB_copy[3] multwithclkinstiproduct{31] clk clk 4.000 -0.063 3.158

Assembler 9 0.796 multwithclk:instB_copy[7] multwithclkinstiproduct{30] clk clk 4.000 -0.063 3.156

TimeQuest Timing Analyzer 10 0.799 muttwithclk:instiB_copy{1] multwithclk:instiproduct29] clk clk 4.000 -0.063 3.153

E Summary i 0.802 muttwithclk:instB_copy[7] multwithclkinstiproduct[31] clk clk 4.000 -0.063 3.150

E= Parallel Compilation 12 0812 muttwithclk:instjproduct{1] multwithclkinstiproduct[30] clk clk 4.000 -0.063 3140

S sDC File List 13 0.813 muttwithclk:insB_copy{0] muttwithclk:instproduct29] clk clk 4.000 -0.062 3.140

14 0.814 multwithclk:instiproduct[0] multwithclkinstiproduct{31] clk clk 4.000 -0.063 3138

FH Chocks 15 0.818 multwithclk:instiproduct[1] multwithclkinstiproduct{31] clk clk 4.000 -0.063 3134

Slow 1200mV ESCHMode || 15 0839 mutwinclkinstB_copyl2] multwitnclkinstiproduct{30] ck ck 4.000 -0.063 3113

B Fmax summary 17 0.860 muttwithelk-instB_copy[2] multwithclk instiproduct{28] clk clk 4000 -0.063 3092

E Timing Closure Recc 18 0.879 muttwithclk:instB_copy[5] multwithclkinstiproduct[30] clk clk 4.000 -0.063 3.073

B Setup Summary 19 0.885 muttwithclk:insB_copy[5] muttwithclk:instproduct[31] clk clk 4.000 -0.063 3.067

FH Hold Summary 20 0.895 multwithclk:instiproduct[0] multwithclkinstiproduct{30] clk clk 4.000 -0.063 3.057

E Recovery Summary pal 0.898 multwithclk:instB_copy[0] multwithclkinstiproduct{28] clk clk 4.000 -0.062 3.055

E Removal Summary 22 0.902 muftwithclk:instB_copy[4] multwithclkinstiproduct[31] clk clk 4.000 -0.063 3.050

B Minimum Pulse Widtt 23 0.904 muttwithclk:instB_copy[3] multwithclkinstiproduct[28] clk clk 4.000 -0.063 3.048

24 0.506 muttwithclk:instjacc]2) multwithclkinstiproduct[15] clk clk 4.000 -0.062 3.047

hd ‘Worst-Case Timing | ; . .

25 0.906 muttwithclk:insfacc]2] muttwithclk:instproduct[14] clk clk 4.000 -0.062 3.047

BB seup: ok 25 0906  mulwithclinstaccl2] multwithclkinstiproduct{13] ck ck 4.000 -0.062 3.047

B Hoid: ‘ol 27 0806  multwithclkinstiacci2] muttwithelinstiproduct[12] ck ck 4.000 -0.062 3.047

E Metastabilty Summa 23 0806 muttwithclk:instiacc[2] multwithclkinstproduct11] clk ck 4.000 -0.062 3.047

Slow 1200mV 0C Model 29 0.906 muttwithclk:instjacc[2) multwithclkinstiproduct[10] clk clk 4.000 -0.062 3.047

Fast 1200mV 0C Model 30 0.506 muttwithclk:instjacc]2) multwithclkinstiproduct{s] clk clk 4.000 -0.062 3.047

B Multicorner Timing Analy 3 0.906 muttwithclk:insfacc]2] multwithclk:instproduct[s] clk clk 4.000 -0.062 3.047

Advanced U0 Timing 32 0.906 multwithclk:instiacc]2) multwithclkinstiproduct{7] clk clk 4.000 -0.062 3.047

Clock Transfers 33 0.906 multwithclk:instiaccl2) multwithclkinstiproduct{8] clk clk 4.000 -0.062 3.047

34 0.906 muftwithclk:instiaccl2) multwithclkinstiproduct{S] clk clk 4.000 -0.062 3.047

E ReporiTees 35 0806  multwithclcinstace]2] multwithelkinstiproduct4] clk ck 4000 _0.062 3.047

] Report Rk 36 0806  mutwithclinstacc]?] muttwithclicinstiproduct[3] ck clk 4000 -0.062 3.047

Unconstrained Paths 37 0806  multwithclk:instacci2] multwithclicinstproduct[2] clk clk 4.000 -0.062 2.047

ﬂ Wlessages 38 0.906 multwithclk:instiacc]2) multwithclinstiproduct{1] clk clk 4.000 -0.062 3.047
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Table of Contants LI Y] Stow 1200mV 85C
% Flow Summary Slack From Node To Node Launch Clock Latch Clock Relationship Clock Skew Data Delay
EH Flow Settings 1 0.373 multwithclkinstis_copy[12] muttwithclk:instis_copy[11] clk clk 0.000 0.063 0.583
F= Flow Non-Defautt Global Set 2 0374 multwithclk:insts_copy[S] multwithclkinstiA_copy(4] clk clk 0.000 0.063 0.594
B Flow Elapsed Time 3 0.374 multwithclk instls,_copy[8] muttwithclk:instla_copy([7] clk clk 0.000 0.083 0.504
4 0.374 multwithclk:instis,_copy[S] multwithclk:insti&_copy[8] cle clk 0.000 0.063 0.594
B Flow 08 Summary § 0374 mutwihclinstia_copy10] muttwitncliinstia_copy{s] clk clk 0.000 0.063 0594
[E Fow Log 6 0374  multwithclcinstA_copy[13] multwithclkeinstiA_copy[12] clk clk 0.000 0.063 0594
Analysis & Synthesis 7 0374  mutwithclinsta_copy[14] multwithclkingtiA_copy[13] ck ck 0.000 0.063 0.584
Fitter 8 0375 multwithclk:insta_copy[4] multwithclkinstiA_copy(3] clk clk 0.000 0.063 0.595
Assembler 9 0.381 multwithclk:insiB_copy[28] muttwithclk:inst|B_copy[29] cle clk 0.000 0.083 0811
TimeQuest Timing Anatyzer 10 0.391 multwithclk:instiB_copy[23] multwithclk:instiB_copy[24] clk clk 0.000 0.063 0611
E Summary 11 0382 multwithclkinsiB_copy[5] muttwithclk:inst|B_copy[6] clk clk 0.000 0.063 0612
F= Parallel Compilation 12 0.393 multwithclk:instiB_copy[29] muttwithclk:instiB_copy[30] clk clk 0.000 0.063 0613
B s0C File List 13 0.393 multwithclk:instB_copy[27] multwithclk:instiB_copy[28] clk clk 0.000 0.063 0613
14 0.393 multwithclk:instiB_copy[26] muttwithclk:instiB_copy[27] cle clk 0.000 0.063 0613
B Ciocke 15 0.393 multwithclk:instiB_copy[25] multwithclk:instiB_copy[26] clk clk 0.000 0.063 0613
Slow 1200mV 85C Mode || 45 5393 mubwithclkeinstiB_copy[18] multwithch:instB_copy[20] ke ok 0.000 0.063 0613
R Fmax Summary 17 0393 multwithclk:instiB_copy[18] multwithclk:instiB_copy[19] clk clk 0.000 0.063 06813
| Timing Closure Rece |[12 0383 mutwithclkinstB_copylE] muitwithclk:instiB_copy(7] clk clk 0.000 0.063 0613
EE Setup Summary 19 0.384 multwithclk:insiB_copy[22] muttwithclk:inst|B_copy[23] clk clk 0.000 0.083 0614
EE Hold Summary 20 0.444 multwithclk:instiaccl4] multwithclkinstiA_copy(1] clk clk 0.000 0.063 0.664
E Recovery Summary 21 0.445 multwithclk insiaccld] muttwithclk:instia_copy[2] clk clk 0.000 0.063 0.665
I% Remaval Summary 22 0.447 multwithclk:instiaccld] muttwithclk:instiacc{d] cle clk 0.000 0.063 0.667
EE Minimum Pulse Witt 23 0.453 multwithclk:instaccl4] multwithclk:instiA_copy{0] clk clk 0.000 0.063 0673
24 0.453 multwithclk instiaccld] muttwithclk:instiacc{0] clk clk 0.000 0.063 0673
hd Worst-Case Timing | . - 4 :
25 0.454 multwithclk:instiaccl4] multwithclk:instiacc{3] clk clk 0.000 0.063 0674
FE setup: ok 26 0455 mukwithclkinstiaccl4] mutwithclinstiace(2] ok ck 0.000 0.063 0675
ER Hoid: el 27 0456  mulwithclkinstiaccld] multwithclk:instiace[1] clk clk 0.000 0.063 0676
| Wetastabiity Summa (|28 0479 mukwithclkinstia_copy[1] muitwithclk:instiA_copy(0] clk clk 0.000 0.063 0699
Slow 1200mV 0C Model 28 0.458 multwithclkinsiB_copy[16] muttwithclk:instiB_copy[17] clk clk 0.000 0.063 0718
Fast 1200m\ 0C Model 30 0514 multwithclkinstiB_copy[24] muttwithclk:instiB_copy[25] clk clk 0.000 0.063 0734
B Mutticorner Timing Analy N 0514 multwithclk:instB_copy[20] multwithclk:instiB_copy[21] clk clk 0.000 0.063 0.734
Advanced VO Timing 32 0.550 multwithclk:instis,_copy[11] muitwithclk:instia_copy[10] cle clk 0.000 0.063 0770
Clock Transfers 33 0.551 multwithclk:insta,_copy[E] multwithclk:instiA_copy(S] clk clk 0.000 0.063 0Tm
34 0.551 multwithclkinstis,_copy[7] muttwithclk:instl&_copy[6] clk clk 0.000 0.063 0771
E Report TCLS 35 0.551 multwithclk:insts_copy[15] multwithclk:instiA_copy[14] clk clk 0.000 0.063 07T
) Report RSkl 36 0568  mubtwithclinstiproduct 1] multwithclinstiproduct/15] clk clk 0.000 0.063 0788
Unconstrained Paths 37 0568 muktwithclkinstproduct[13] multwithclk:instiproduct{13] clk clk 0.000 0.063 0788
0 Messages 38 0.568 multwithclk:instiproduct[6] multwithclk:instiproduct[6] clk clk 0.000 0.063 0.788
EDA Netlist Writer 39 0.588 multwithclk: instiproduct{3] muttwithclk:instiproduct[3] clk clk 0.000 0.063 0788
TR

PowerPlay Power Analyz:

Table of Contents

Successful - Thu Jun 11 10:48:58 2020
16.0.0 Build 211 04/27/2016 5J Lite Edition

E Flow Summary PowerPlay Power Analyzer Status

FH Flow Settings Quartus Prime Version

|| Revision Name CPU
FE Flow Non-Defautt Global Setting| Top-level Entiy Name multesting3
B Flow Elapsed Time Famiy Cyclone M E
EE Flow 0S Summary Device EP4CEGF17CE
| Flow Log Power Models Final
Analysis & Synthesis Total Thermal Power Dissipation 9779 mv
Fitter Core Dynamic Thermal Power Dissipation 6.19 mW
Assembler Core Static Thermal Power Dizsipation 4286 mW
TimeQuest Timing Analyzer I'C Thermal Power Dissipation 4374 mW
EDA Netiist Writer Power Estimation Confidence Low: user provided insufficient toggle rate data
w PowerPlay Power Analyzer
B3 summary
B Settings

EH Indeterminate Toggle Rates
EH Operating Conditions Used
E Thermal Power Dissipation
B Thermal Power Dissipation
E Thermal Power Dissipation
EH Core Dynamic Thermal Pow
Current Drawn from Voltag

B Confidence Metric Details
B signal Activities
ﬂ Meszages

ﬂ Flow Messages

ﬂ Flow Suppressed Messages

Figure analysis Radix 2
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Appendix 9

The ROM implementation had a slightly higher Fmax than using RAM when testing the
unpipelined versions as seen below.

Instruction ROM implementation

Restricted Fmax
69.42 MHz

Fmax
1 69.42 MH=z

Clock Name MNote

clk

PowerPlay Power Analyzer Summary

Instruction RAM implementation:

PowerPlay Power Analyzer Status Successful - Thu Jun 11 17:35:15 2020
Quartus Prime Wersion 15.0.0 Build 211 04/27/2016 5J Lite Edition
Revision Name CPU

Top-level Entity Name CPU_block_timing

Famiby Cyclone M E

Device EP4CESEZ2CE

Power Models Final

Total Thermal Power Digzipation 125961 mvw

Core Dynamic Thermal Power Dissipation 50.57 mW

Core Static Thermal Power Dissipation 4301 mW

'O Thermal Power Dissipation 2603 mW

Powrer Estimation Confidence Low: user provided insufficient toggle rate data

Slow 1200mV 85C Model Fmax Summary

Frax

1 65.12 MHz

65.12 MHz

Fowerrlay Fower AnalyZzer aummary

Appendix 10: Fibonacci results

Fib(2) = 2

Restricted Fmax

Clock Mame Note

clk

PowerPlay Power Analyzer Status Successful - Thu Jun 11 18:06:48 2020
Quartus Prime Version 16.0.0 Build 211 04/27/2016 5J Lite Edition
Revision Name CPU

Top-level Entity Name CPU_block_timing

Famiby Cyclone M E

Device EP4CEBEZ2CE

Power Models Final

Total Thermal Power Diszipation 133.94 mw

Core Dynamic Thermal Pow er Dissipation 61.56 m\W

Core Static Thermal Power Dissipation 43.01 mW

I'0 Thermal Power Dissipation 2936 mW

Powser Estimation Confidence Low: user provided insufficient toggle rate data
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Hame,
aock 80
w81
w1 8o
wox  w
at

nstr_sa.

netr

poettaddr UG
o 81
T T

wenout B0
wan B0
aman B0

e B0

DWW WE WG OWE W W W W W W W e

Ve st 0 ! i i
ops

W e X 5 Y w Y MmOy w Y o ) o Y Y wie Y ae Y me Y e Y om X
0000 Y o001 Y 0000 0002 ¥ 0000 Y 0003 Y
N e ¥ ee Y om ) ) e e EE ¥ BE Y i O ) SR Y
I o0 X oo W e 028 ) =3 o7 )4 900F b %037 4 5015 GRS 006 4
(R G R { — ¥ s v 3 D S R SRR S S X 7 & ¥ 3 } GEEE R S
1 1
J 1 [
L1 1 1 | O e e B O e e P S S
| | I ] 1 [ 1

witen.. B0 . . . -/ ], -1 !, Tt 1 1.1 1
wrten.. 80000 W _oooo Y oo ¥ owe W omo Y em ) ST 4 o ¥ om1 ) ST SR SR i ) S X
wrten.. 80 ] 1 r 1 1
. CINEEEEED SRS S SN D L D v e Y e Y oo
dmerin T S SRR o R ) D SR A S o §
ql o W wee 001 X o 4 [ b Y Fro X 0001 - 4 PR Y owre Y ooe X
@ Heso ] o0 X o ) T Y P X, e ¥ 0000 Y]
i w0 X
o000 Y
b4 Tor X
A
e ; } . ; L$
—— - Y ——
L1 _r 1 | 1 | 1 1 1 1
- — ' — ' — i
«
Vausat ||0PS 3200ns B400ns 9600ns 12Bus  16us  192us 224us 2SBus 28Bus  32us  352us 384us 41Bus 448us  48us  Si2us 54dus 576us E0Bus  Bdus  B72
Name: e ps
L clock  BO
% fetch B1
% execl  BO
& > daddr H 000 000
& > dout H 0000 0000 Q»@Q@ 0060 );()()()(}( 0000
£ instr_ad... H 000 bl Gaea QRN TON) y %@@@W .
& o e i 0000 »momm»mmmm@ i federd B000
& portladdr U0 0
‘> idi_sel B1
‘- pop_sel  BO
£ wenout  BO
£ wen BO
£ carryen B0
£ carrysta.. B0
% witen.. BO
& > writen... B0000 GOt BAGA QD ¥ 0000
% witen.. BO
Eooen o 8RR G RN I R RPN iy 00
& o amemn ko000 A MO 0020
oa 1 0000 I R GG o2
o e 0000 A DR DT AT DR G 029
& > Rlot  HoOO0DO K030t n00C Do Xjuinc 0020 GRS 0020
& o Rt HO0DO I o002 0001 0002 0000 0002
& o reowt  HOODO 0000 00017% 0000'% 0001; )00CK  om1 000z
& > A3t H 0000 0000
E > Rdout H 0000 0000
& > Rsott  Ho000 0000 0001 oDz
% o Reout  HO000 00y oon3 0012 0003, oic 0003
% > RTott  HO00O 0000 FFFD SHERD0 FFED S 0000
%  pccnten BO
Mt e eea ma nomom nn n nn n

FIB(3) =

3

191 cycles

3.83us
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Dps 3200ns 6400ns 960.0ns 128us  16us 192us 224us 256us  288us  32us  352us  384us  416us  448us  48us 51208 544us  576us  6.08us

64us  672us T04us 736U

Hame Wlupe:t s ' '
g, ’CLDCK BO
'S fetch B1
'S exec! BO
= daddr H 000 n n ) 000
W&o dout H 0000 0000 4000 000 | Y 0000
B o nst_ad. Hono b b (el ab Rl ) BT BT 008
& > nstr H 0000 Juid) JE G EED 8000
& > porttaddr U0 o T T DA T AAATAARAARA B AMARAL B/ UUAAMARLAAMAMABLAL 0
% s w0 inn Tl ann
8 wenout B0
8 wen BO
W camyen B0
W camst. BO
% witen. B0
% write_n B 0000 {PRalsss el O RCETT 200G Jat JOLDG V7 Jin 000 ) o000
% e 20 nnn M i
W o dmemin  H 0000 B B A e o o Goz0
@ # 0000 ST D TR G 6 Bl Gt GE T SR RO DT R R pozo
& > ROout  HO0000 0020 (s 0020 oo 0020
% Riout H 0000 ) 0003 0002 0001 0002 0000 0002 0003 0001 0003
% R2out H 0000 0000 0001 X 0000 0001 200C 0001 100} 0000 0002 | ¥)00CK 0001 X 0002 0003
& > Roout H 0000 0000
& > Reout H 0000 0000
% RSout H 0000 0000 0001 0002 0001 0003
% REout H 0000 00, 0003 0012 oo1c 0012 0003 001C 0003
% R7out H 0000 0000 FFFD; FFFA CEEFFF) FFEA| CECELFFFDCRF{00 FFFD JRCE 0ooo
- pc_cnten B0
= mlom e e nm n nim n n nim m

FIB(4)=5
359 cycles
7.19 us

Nae
& ook
W deteh
B exect
-
& o ot
& > nss
& o nar
Frap——
%% disel
% popse
W wenout
% wen
% camyen
% camysa
%% witen
& 5 witen
% witen
& 5 o

& > amemn
o

8 e

& > root
& > R
.
& > R
& > Rt
& > oot
-
& > wo

¥

Ve at
ops

80
81
50
Ho0o
10000
Ho0o
H o000
uo
81
80
80
50
80
80
50
50000
80
#0000
H o000
#0000
#0000
H o000
#0000
#0000
H o000
#0000
40000
H o000

H 0000

pe_cnten BO

FIB(5)=8
611 cycles

12.23

us

0ps 3200ns B400ns %600ns 128us 1Bus 1%2us 224us 25Bus 28Bus  32us  3S2us 384us 41Bus 44Bus  48us Si2us S4dus ST6us BOBus Bdus B72us 704us 73us T8Bus BOus B832us BBius B

Ops

e o ik oo oo kR oo @ akE RCERAOere e K oo AR A S A o oo AR A oo 0 MNEH bobi 000
i ol {10000 o0 0 oomo 0omI om0 0 oo Em_omoo DM oooo 0ok _oooo_HX@oonifiix Bupo
D e T TR XA DT D D e DD DD DD e S DDA B DRI DR 003
B N RS0 R0 e G TNAS0 8000
B B D N A B TR B TR ORI ORI 0
LA LN LT LU
il UL Ut n UL
I
I
\
R @R D D T D A CRTe it R D I ARl o EXTRSRITNND POOH ) 2 [T
JULL UL UL UL JUUL U1 T

EC O A T D D o G A DS DB b AR B A0 GO AACH 0000
Do s A A O GO A i G020
Dol e A B K A R RO GO GO MGG 0020
0020
0000 a0 ouec) BORC_wx YRR o0 DG w2 Q BOR_oa | Yo@eE [
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.U ps 51|2 us 10%4 us 15.36 us 20 4‘3 us 256us 30 7‘2 us 35.SI4 us 40.96 us 46.0|S us 512us EB.BIZ us

Name Value at . : X 2
ops 0ps
&  cock  Bo
9L fetch 81
G exscl B0
& > daddr H 000 R g g i 1 i ey g 000
& > dout H 0000 Foono KRR S KD G000
S instr_ad... H 000 003
o st H 0000 5000
E porttaddr U0 g i | ) q
W& disel  BA | |
Y pop_sel B0
S wenout B0
W wen B D
%  camyen BO
% carysta. BO
% writen.. B0
E3 wrte_n... B 0000
out

write_n BO

rdin H 0000

dmemin H 0000

at H 0000
q2 H 0000

Roout  H 0000 W0 B BN (RN B 0020

Riout H 0000

R2out H 0000 ooan AR o O 1008

() 0005

R3out H 0000 0000
Réout H 0000 0000
RSout H 0000 0000 00 X)X 00:X:00 X% 0005%00 X0, 0008
Réout  H 0000 003

WE WE WE WE WE WE WE WE WE WE VR WE

R7out H 0000 0000

i pc_cnt_en B O
anr - n OV REIRT AR U RI IR DIV R TRY T E)

FIB(6)=13
1031 cycles
20.63 us
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Name Value at
0ps

& Clock  BO
S feteh B1
% execl  BO
& > daddr H 000
& > dout H 0000
=3 instr_ad... H 000
S o instr H 0000
=3 portladdr U0
% uWise  B1
%  popsel BO
% wenout BO
£ wen B0
% camyen  BO
% camysta BO
%W wrten.. BO
P write_n_.. B 0000
%W wrten.. BO
& > rdin H 0000
& > dmemin  H0000
& > H 0000
& 0w H 0000
S > Roout H 0000
S o Riout H 0000
& > Rzout H 0000
S > R3out H 0000
& 0 Reout H 0000
& > Rsot U
% > Réowt  HoOOO
& > Rfot  HoODD
E pe_cnt_en BO
[ N

FIB(7)=21
1703 cycles
34.07 us

Name Value at
Ops
& Clock  Bo
- fetch B1
- execl BO
S > dadar H 000
& > dout H 0000
=3 instr_ad.__ H 000
S o instr H 0000
& > portiaddr O
5 Idi_sel B1
5 pop_sel BO
% wenout BO
% wen BO
%  camyen  BO
%  camysta BO
% wrien. BO
& > wrte . Bo0D0
%W wrien. BO
& > rdn H 0000
& > dmemn  Ho0DO0
& o m H 0000
IR H 0000
& > Roout H 0000
& > Riout H 0000
E > Rzout H 0000
& > Raout H 0000
& > Reout H 0000
& > Rsout uo
& > Reout H 0000
& > Rrout H 0000
- pc_cnt_en BO

H[

‘ﬂ ps E1?us 102‘4us 15 3§us 20 4‘Bus ZEélius 30 7‘2us 35 E‘dus 40 9I6us %ﬂlsus 51?\15 563‘2 us 61 4Id
0ps
= FA SRR T T S A R TI R I AR EEE TSR 000
oot KA ICEREE KRR D 0400
! I £ 003
B000D
i) i ! i i i i ! (]
|
111 e i) 1] ] 0000
I I I 0000
0020
0020
(=] il =] i) il 0020
AV ) B 60 R )1 K ORI ' B 0020
SRRSO OO RO R DR OO 0006
IR ke ) e ETesth b R CTD e b R e 000D
0000
0000
0SS0 600 EN0C E0:: B
[ o0tz GGG 0RO g w003
A A DA e A A R 0d00
LT TN ROTRE T RN TR (T R IO TEN T
‘EI ps E1?us 1D2I4us WESIGUS 20 4‘Eus ZEGISUS 30 TIZUS 35 E‘4us 4EIBI6us 45[|IEIIS E1?us EGSIZUS 61 4ldus 565§us
Ops
I3 v e ) ey 1 ) e s 1 s e e 000
QLTI §: £) 0% #1010 80 %)) ei i @) HI0E 10t tiiide be B0 ok #) (el #) #11 0000
003
BO0O
] 1 1 o
| H |
J ] 1/ I 1] ] 1) 1/ N 0000
| ] 0000
| 0020,
0020
EREm e ] =] T R i} 0020
Ao 48 B ) R 4 OV ) B 16 ) TR 1)1 51 4B oER o ) RN 0020
i i i DA b b 0 e O BrCIOI Y 0007
0000 o oo i e mooa e ek 0015
0000
0000
21
0003
0000

Appendix 11: Pseudo-random integer generator simulations
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Using "typical" parameters in overview

A=25385=0x6329, b=3, n=8

213 cycles

Execution time: 4.27 us

Pattern: 0, 3, 10625, 34994, 47758, 51917, 49639, 25364, 39500 (does not seem to repeat)

0ps 32008 640.0ns 960.0 ns 128us 16us 192us 224us 256us 288us 32us 3s2us 38tus 416us 443us 4
Name vameat |} b i b : i i b ? ? d i ! R i
Ops 0ps
B > dowt H0000 V20000 eas 9000 6329 Q000 5328 9000 6320 9000 6329 o000 i 6328 (D000} 5328 {0000 [E=] (@00}
& > instr_ad.. HO00 B AT L ) AR O G A ) TN, VYRRV AR AN Ay YA WS IR ENAEDT
& > o wowo EAOEIOHCRlERRRITORER0REI00H T RRRECARREEuIEEE0RRI0HRRERRRRTTERENERREEI0 BRI RRRECHRRHER R EEC0RI:
& > porttadar U0 Q20000 RGN CATRCC NG SN &0 W CY . C AT OO € TR o O A - AT C.C 6 5 S 0 A CY = A = AN €)= AT
% disel  B1
% popsel BO
%W wen B0
£ carryen B0
£ carrysta... B0
£ write n._. BO
& > wnen somo A ED LTI D EV DM TR TG @G UCTE D GETR D L OO ST D AT LG SO DO GG EEDR DU )
NS write n._. BO
& > ran H 0000
&' > dmemin  H000D
& o uo
e uo
& > Roout uo
& > Riout uo o
% > Rt Uo 0
& > Raout U0 [ 8 7 3 2 3 7 1
& > Rt wo 0 3 10622 ) 24369 5 12764 5 4159 & 63258 3 41261 )
% > Rt wo 0 3 10625 34354 47758 51917 43639 25364
%= > Reout uo
& > Rrout uo
& > mures1 uo 0 1019 24365 12781 4156 6325 41258
& > mures2 vo 0 1 e 9438 aget 1810 24502
S pc_cnt_en BO
% pesbed BO i il Ml i i N Ml L
% ram_wren BO
0ps S512us 1024 us 1536 us 20.48 us 256 us 30.72us 3584us 40.96 us 4508 us S12us 56.32
Name Value at ! v ' ' | ' v ' | | v "
Ops 0 ps
B o dout H 0000 6229
B insir_gd... H 000
B o instr H 0000 0o0go
& > porttaddr U0 0
W ldisel Bt
s pop_sel B0
= wenout B O
- wen BO
i3 carryen B0
i3 carrysta... B0
i3 write_n... B0
& > write_n.. B000O 0000
- write_n... B0 I
& > rn H 0000 0000
& > dmemin  Ho000 0o0go
o a uo 0
& > Riout uo 25385
B o R2out w0 3
E > R3out vo Se e 0
B > Reout uo EEGH 428 14138
% > Rsout U0 ot EGaey 39500
& > Reout uo 0
& > Rrout uo [
=3 mul_res_1 U0 ()l 14133
= mul_res_2 U0 () 15982
% pcenten BO
% pesbad B LU
- ram_wren B0
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Using smaller values and longer loop, see if it repeats:

A=0x500, b=1, n=0x10

Doubled loop length, execution time doubled: 8.43 us

421 cycles
Name
iﬁ_ clock
‘o fetch
LT execl
& > dadar
g dout
% instr_ad...
% instr
% portiaddr
- Idi_sel
‘o pop_sel
LT wenout
BT wen
- carryen
‘- carrysta._ ..
LT write_n...
% write_n...
- wirite_n_..
% rdin
g dmemin
®
@
& > Roout
& > Riout
% RZout
S > R3out
& > Réout
& > Rsout
& > Rsout
& > Rout
g mul_res_1
.

Value at
0ps

BO
B1
B0
H 000
H 0000
H 000
H o000
uo
B1
B0
BO
B0
BO
B0
BO
B 0000
BO
H 0000
H 0000
uo
uo
uo
uo
uo
uo
uo
uo
uo
uo

uo

0ps 1.28 us 256 us 3.84 us 512 us 5.4 us 7.68 us 8.96 us
| ' ' ' | \ | '
0 ps

eoc oo Wik oo iikooo ik ooa il oo il noo ik noaiihooa iiknoo oo §k oo koo dikooo koo diooa il
D st 0ck 500k otk Misorsoni uisoci Misoty ot isorisock isoc Misonkisorithisotiisocy]

e A3 MO 000130000 MY IR A MDURVAOD 10 11 1) 1333

101 A0 00 1 0 0 G 1 G
B T T B 0 T o T B O ok T g T
) 1 T ]

TR LR O LR OO PR AL L AR AR TR
7 TR LA O I O LA AR LA . AR TR

e e A R i
I

PR VR I |10 A | ) | LR | PO 1 VR | DI | O | VRS | | | 1DV |
AR 6 ) 11 10 111 BT ) 8 T 1 )18 1 1L 1 I
T | grnﬂlwno|||en0|||sc-r¢|-9n0||9n¢||scn¢ B 1] B4 1L -ﬂ-u@ qallon g:uQul BRG]

Series still does not seem to repeat

Keeping big and longer loop:
0x6329, b=9, n=0x20

837 cycles

Execution time: 16.75 us
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0ps 128us 256us 384 us 512us 6.4us 768 us 8.96 us 1024 us. 11.52us 12.8us 14.08 us. 15.36 us 16,64 us

B clock 80

G feteh 81

- exect B0

W 5 daddr  HOOO ieisoc oo ik ooo:ikooc 4 oo ooo ik oo ik od koot ooo ik oon koo iboc koo i doo i o koo ik ooo ik bon koo i ooo ik oo ik booiikood fioon ik ooo i boo f o il oo s oo il oo i ooo i)
B o |GG R
% instr_ad H 000 DAL (VLY R AR DO 0 i) I R0 0l OO I R Y LR b i )
B o st H 0000 1000 1D Y1100 400 1 1 01 00001 ORS00 0 1 1 O e 8 T Y DR )
> porttagar U0 s D T b S D D T G D B o D A B D S Tl
- pop_sel BO

%  wenout BO

- wen B0

- carryen  BO

- carrysta_ B0

% write_n.. BO

> writen.. 80000 T N il
- write_n... B0 |

& 5 n H 0000 IERRGE VAR IR | )11 O 1 T R 1) | TV | VR 0 TV DR BT | [ 1 i W A | D0 T O | R S Y| 1D ) S R || [
=3 dmemin  H 0000 6000110 GBI 1o )88 D | 1) 0 1B G5 VAR ) B 1 | 1 W0 BT 0 D 1 0D | 18 8T SV i) 1 I8 1 1| M 0 T I )
& o oal uo 1181 15| )11t o by g i I VI EE Y AR 11 VAT BV | A48T Yy i By Gy i ] o) 0 O R R SR B G SR E B B
& > Roout uo

& > Riout uo

& o Raout uo

& > Raout uo

& > Reout uo

g\ RSout uo 0 9 X31875(39446)1. 17845; 1 1T 1053 3X52493) 5866 3Y36464;
& > Reout uo

& > Ryout uo

% mul_res_1 UQ 0 318571 7562 38283) 1 42399)32744; 426),32819)48540,(11885) 4238 (3002347568 44737) 7258 Y(54491(17540)33173%58308)(51167,(1 1704xE3205X 8298 ¥ 4995 ¥ 1777224253 14907¢;
ol e n un n E) JEEVE T VPP TR LT EEY Fca aAn: oAV ToT TVl asa i 0und i T8 R0 4 WA 1AW 2 FnT Wi AeE ARl g advRneal s EaE WAl se N 3 aEn W U AR 8V eeoT WV AT

Appendix 12: “Find value in list” Benchmark results
Length 7:

107 cycles

2.15us

vavear |[0PS 160.0ns 320008 480,008 84000 8000 ns 960.0 ns 112us 128us 144us 16us 176 us 198208 208us 2z
Name Ops 0ps

E o neas DT S G e 0 T G e T T D e D e T G G R e G G i e T e

T R o o el ) e ) s 0 el 0 ) o G e 2 0 G I ) o o O D B e D G )

% portaddr U0 0 10030 4X0 2 0 2 0 2 0 2 0 2 0 2 0 2 5

L ldi_sel B1

%%  popsel BO

% wenout B0

- wen B0

L5 carryen B0

- carrysta... B0

Ly write_n... BO

& > write_n.. B 0000

- wrte_n.. BO

F > ron H 0000

% dmemin H 0000 QORI 0007 Y000 ¥ O 00LXL 001 D001 XFFFA L 00X D003 | ¥FF FFFB)X 00} 0006 Y FFIX0003 )X FFFCX00(Y 000C % FFIX0004 XFFFD (D00 0009 X FFI{000S { FFFE X100 000F X FFI¥0006 ) FFFF 00X 0011 % FFI{0007 Y 0000

& o H 0000

% > Roout  Hoo00 % 0007 0000 0001 0003 0006 0D0C 0009 000F

& > Riost  Hoo0O 000

S > Raout  Ho000 0000 D001 FFFA ooz FFFE 0003, FFFC D004, FFFD 0005 FFFE D006 FFFF Doo7’

& > Raout H 0000 0000

% > Réout H 0000 0000

& > Rsout H 0000 0000

% > meout  Hoooo
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0ps 512us 1024 us 1536 us 2048 us 256 us 3072us 3584 us 40.96 us 4508 us 512us
1 v i ' ' ' : i v

Name Value at ' I
Ops 0ps

[ clock BO
B3 fetch B1
- exect B0
& > daddr H 000 1) 000
& > dout H 0000 1] )] 0000
& > instr_ad.. HO000 D0E
= o insir H 0000 B00O
& o portaddr UD 0
kY Idi_sel B1
k3 pop_sel B0
k3 wenout B0 I_IJI”I
- wen B0 -.
- carryen B0
k"3 carrysta... B0
k"3 write_n... B0
3 write_n__ B 0000 0000
W wien. B0 T
= > rdin H 0000 0000
& > dmemn  Ho00D 0011
=/ q H 0000 0011
FE I H 0000 0011
= > Roout H 0000 0011
= > Riout H 0000 0007
& o Rzt HO00O L g q000
= > Riout H 0000 0007
= > Rdout H 0000 000D
& > RSout  Hoo00 oo 0011
& > Reout  Hoooo 0000
& > Aot Hoooo 0009
& > mulres_1 Hoooo 0000
ut — eem o ianAa Annn

Length 10 (typical):
149 cycles
2.99 us
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Ops 512us 1024 us 15.36 us 2048 us 256us 30.72us 3584 us 40.96 us 4508 us 51.2us
| v i ' : i )

Name Value at A : ¥ 2
Ops 0ps

B clck B0
S fetch B1
- execi B0
& > dadar H 000 i 000
& o dout H 0000 | 0000
& > instr_ad.. HO00 00E
- B H 0000 B000
% portladdr U0 EIELEEIELY 3
ETS idi_sel B1

-» pop_sel BO

£ wenout B0 I_I_I_Il_l_l“l
- wen B0 -

- carryen B0
- carrysta... B0
- write_n... B0

-
& > wrte_n.. B 0000

E write_n... B0

-

& o mn H 0000 0000
& > dmemn  Ho0ODD 017
& > a H 0000 0017
F H 0000 0017
& 5 oot HoODO Ko 0017
&  Riout H 0000 0004,

& oo Rzowt  HOODO b)) 0000
& > Raout H 0000 0007

& > Reout H 0000 000D
=3 m H 0000 0000 0017
& > Reout  HO0000 0000

v vaweat | |°PS 512ue 10.24 us 15.36 us 20.48us 256us 30.72us 3584 us 40.96 us 4608 us 512us 56.32u
Ops Ops

fm_ 8o
% feteh B1
- execl B0
= > dadar H 000 T 000
& > dout H 0000 W 00go
= instr_ad... H 000 00E
B o st H 0000 8000
= portiaddr U0 0
"3 kdi_sel B1
% popsel  BO
- wenout  BO I.I.I.Il.l.ll.l.l.ll.l.l.l
- wen B0 m
%  camyen BO
- carrysta... B0
- write_n... B0
= write_n_.. B 0000

o

wirite_n. BO

-

& > rdn H 0000

& > dmemn  HO0000

= at H 0000

o] H 0000

& o Roout  HO000 | BRI 0021
& > Riout H 0000 000F

& o R2out  H0000 i 0000
& > Raout H 0000 0007

% > Réout H 0000 0000

& > Rsout H 0000 0poo 0021
% > Reout H 0000 0000

& > Rout H 0000 0000
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Length 20:
289 cycles
5.79 us

Name Vauest | |°P% s12us 1024 us 1536 us 20.48us 255us 0.72us 3884us 4096 us 46.08us s12us
Ops 0ps

i o
1Y fetch B1
3 execl B0
& > daddr H 000 Ty e o0
% dout H 0000 HIH I T 0000
E > instr_ad.. H000 o
&5 instr H 0000 o
& > portladdr U O 5
- 1d_sel B1
=g pop_sel B0
1Y wenout B0 I.I.lll.l.ll.l.l.ll.ull.l.lll
- carryen B0
- carrysta B O
=g write_n_. B0
& > write_n.. B 0000

o
5

witen. B0 (LRI

-

& o rn H 0000 0000
& > dmemin  H000D 0028
E H 0000 0028
] H 0000 0028
W, Rlout  HO000 | HEERIVERP R 0028
& > Riout H 0000 0014

W o R2out KOO0 i 0000
& > Raout H 0000 0007

& > Reout H 0000 000D

& > Rsout  HO0000 oodo 0028
& > Reout H 0000 0000

Appendix 13: Instruction testing process

LDI test

Instruction mem:
LDI 1 0001

STP BOOO

= daddr H 000 000

& > dout H 0000 oo

e EXECZ  BO

& o instr_ad.. Ho0O [l 001
B o st H 0000 (o001 Y BO00
& o stats  HOO 00

W disel  B1 ]

B oo oa H 0000 0000 Y 2001
= > e H 0000 0000 | ¥ 000
& 5 Roout  HD0OOD o000 Y, o001
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LDR

LDR (no offset) test:

Data memory:
0x0004
0x00AB

Instruction mem:

LDI Ox1 0001

LDROOR1 RO 1008

LDI 0x0 0000

STP BOOO
Note - does not work yet - implemented later

°

& CLOCK B0

&= > dador H 000 000

= > dout H 0000 o0 1004

%% FETCH  B1

- EXECT B0

% EXEC2 B0

& > instr_ad.. HOOO 000 001 102 003
B o st H 0000 a0Y 0001 1008 0000 B000
& > ostatis HOO 00 08

- idi_sel B1

% ql H 0000 0000 0001 1 0000 4 0004 ¥ 0001 0000
= e H 0000 0000 0001 0000
&' > Roowt  Ho0O0O 0000 0001 0000
= Riout H 0000 0000 0002

e Was loading 0x4 into R1

e Forgot that wen for register file needs to be off for execl of Idr instruction

registerfile Lol
o === portladdr[2..0] gl1[15..0] aluout[15..0]

— portZaddr{2..0] g2[15..0] carmyout
T | wen ROout[15..0]
- clock R1out[15..0]
=== din[15..0] RZout[15..0]
R3out[15..0]
Réout[15..0]
RSout[15..0]
REoUt[15..0]
RTout[15..0]

write_next bit in status bus is active even when wenout is off

Another issue:
e Daddrremains at0
e Daddr pin was not named
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% EXEC2 B

& > daddr  HOOD 000 Y 001 200

& > dout H 0000 i oona | ooms o004

& > instr_ad.. HO0 000 001 ¥ 062 Y 103
& > mstr H 0000 i o001y 1008y oooa D
& > stas  HOO D 4 08

% Wisel B | | |

& > a H 0000 1000 TS o4
= 0 a H 0000 0000 | ¥ | o001 | ¥ oo Y 0004
& > Roout H 0000 o000y || boot | | boog 0002
& > Riout H 0000 0000 b4 00AB

During STP, RO is written to since the initial values in memory is 0000, which is LDI 0000,
which loads RO with 0000

Need to add a STP bit in status register to say that the program has stopped and wenout in
ALU should be off

e After doing this, wenout was stuck at 0

e Thisis because stp_en is initialised to 1

e Should expect 0 as register is initialised to 0, so initial status[5] should be 0

Status register:
e Do we need to have separate registers so that | can individually enable writing to the
different bit fields - actually maybe not as it needs to be returned to 0 if it is done

& ook 8o nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnr
EY EXEC2  BO
& > daddr H 000 000
& > dout H 0000 i o004
& > instrad.. HO0O 000 001 ¥ 002 ¥ 003
E o instr H 0000 i 0001 1008 % oaoo Y, B000
& > staus  HOO w Y 03 b 0g
% Wisel  B1 | | |
- wenout B0
o aq H 0000 0000 :'K n00g Y 0004
= e H 0000 0000 b4 0004
& > Roout H 0000 1000 b 0004
& > Riout H 0000 0000 b 0004
& > Rzout H 0000 0004

e Could not see stp_en as bit size was not right in simulation

e ltisalwaysatl

Stp_en is actually not needed as instr stays ta BOOO, for some reason thought it went to 0000
e But wenout is off while RO is changing???
e Status[3]is on, which turns on wenout
e Need it to turn off one cycle afterwards
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e Don’t need stp_en stuff and we need to separate status register to cin register and
write_next register

LRl FF

datal)

enable

carryout

AL

LRl FF

write_nesct_owt{3..0]

carryen

write_next_en

write_nesct_status[3..0]

%

datal)

enable

wiite_next_reg

Pl

et status

Simulation again:

& > daddr H 000 o0 [ 000

E3 dout H 0000 0, 0004 0048 0002

3 instr_ad... HO000 000 001 002 003

o st H 0000 20X oon 1008 0000 BO0D
w  Wisel 81 \

S wenout B0 J_| | ,_‘ |

S wen B0

% camyen B0

- carrysta._. B0

W% wien. 80 |

& write_n__ B 0000 0000 1000

& > a H 0000 0000 ¥0001Y | 0000 0000 0004
E3 g2 H 0000 0000 0001 0000 0004
& > Roout H 0000 0000 0001 0000 1004
& 5 Rlout H 0000 0000 00AB

W o noms 4 nnan nnnn

e Same problem, wen is on with stp as write_next_out[3] is on and is not switched off after
loading in next cycle

Issue was that write_next_en was only on for Idi and Idmfd, when it should always be on during
execl, so that it can actually go back to 0

// write_next_en enables writing to write_next register - needs to update for every instruction during execl so that it returns to 0
assign write_next_en = execl;

Simulation working:
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& > dadar
% dout
% instr_ad. ..
% instr
By Idi_sel
ETY wenout
B wen
By carryen
- carrysta...
ETiY write_n...
% write_n...
o a
@
= > Roout
& > Riout
% RZout

[ ]

H 000

H 0000

H 000

H 0000

B1

BO

BO

BO

BO

BO

B 0000

H 0000

H 0000

H 0000

H ooon

H 0000

00 | ¥ o0t 000

T pone | W ooag ¥ 0004
£ 000 001 ¥ 0z ¥ 003
{0001 1008 Y, o0on ) BO00

L7
el T
AN SN AR RS

I8 S Sy S Uy I U A I [ S 6 [ SO [ B

£ 0000 % 0001 1000 % 0000
1000 0000
0000 ¥ Doo1 | ¥ 0000
F0000% | | DOD1 | | % o000
0000 b 0048
B000

Realised this doesn't work as it will be pipelined - can't actually LDI after LDR - can't write to

registers as there is a conflict for what to have as portladdr
Test STP right after LDR
Data memory:

0x0004
0x00AB

Instruction mem:

LDI Ox1

LDROOR1 RO
STP
Issue

fe ‘clock B0
% FETCH B
% EXEC!  BO
& > dagar  HOO0O
£ o dout H 0000
& instr_ad... H 000
& o instr H 0000
- Idi_sel B1
% wenout | BO
- wen B0
%  camyen BO
- carrysta... B0
- write_n... B0
E3 write_n... B 0000
E R H 0000
e H 0000
& > Roout  HoO0O
£ > Riout H 0000
& > Rzout H 0000

0001
1008
BOOO

oy Lt
[ S S D 0 S ) Ay S vy AN i O e
I O 0 B S

000 001 000

J0; 0004 00AB 0004
ooo ool ooz
20 o001 1008 B0OOO
1
I
I

I e B e e I S .

o000 001 1000 0000

9000 ¥0001Y | 0000 00AB

0000 0001 0048

d00f 0001 00AB
0000 0o0AB

oooo

e RO is changing since wen is enabled while daddr is 0 during STP execl

e Portladdr needs to come from status register, not instruction word - forgot to actually take
status register address and put it into portladdr -> enabled if status[3] is enabled

Added MUX:
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................................................. i req izterfile
................................................. S

Old simulation:

CLOCK
FETCH
EXEC1
daddr
dout
instr_ad...
instr
portladdr
Idi_sel
wenout
wWen
carryen
carrvsta. ..
write_n...
write_n...
ql

g2

ROout
R1out

RZout

B0

B 1

B0

H 00d

H 0000

H 0od

H 0000

B 000

B 1

B0

B0

B0

B0

B0

B 0000

H 0000

H 0000

H 0000

H 0000

H 0000

ool 0004 }( DOAB ){

000 % | 001 | X | o0z | ¥
ool 0001 b 1008 b 0000 H
D00 o001 ¥

0000 ¥ . 0001 | % 1000 | ¥
0000 ¥ 0001 ¥ 0000 ¥ 0001 ¥ 00AB X

0000 ¥ 0001 | ¥ 00DAB X
0000 ¥ 0001 ¥ 0088 ¥
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e Portladdris 1 during Idr instruction rather than one cycle after when dout has updated

- write_next_en BO |
& PRI 6 0000 | (0000 0001 ¥ 1000 X
e portl addr B 000 000 | X001

e Statusis not storing 1001
e Storing 1000 so it loads to RO (sees register address as 0)
e It was taking Rs into write_next rather than Rd address, corrected:

S/ output To write_next register
assign write_next_out = {write_next_flag, instr[5:3]1%};]

Working;
Name Value at 0ps 30.? ns 160'.0 ns 240'.0 ns 32D.IIJ ns 4DIJ.ID ns 4SD.ID ns E&D.ID ns
Ops 0 ps
n CLOCK .......... ,
% > dader  Hooo 000 | 001l 000
& > dout H 0000 il D004 4 0oAg ¥ 0004
W 5 instr_ad.. HO0O 000 001 002
& o instr H 0000 il 0001 % 1008 Bog0
% > porttaddr BoO0D 00 | ¥ oot | ¥ 000
% Wisel  B1 EEEER
- wenout B0 J_| |
- wen BO J_| | ,_|
- carryen B0
- carrysta... B0
& > writen.. BO00O 0000 | 001 0000
& > oal H 0000 0000 %00 D000 0001
8 e H 0000 0000 ¥ 0001
& 5 Roout  HOO0O 0000y, 1001
& > Rlout  Hoo0O 0000 b4 D0AB
& > Reout H 0000 0000
e Rl loaded with 0xO0AB or mem[1] and RO remains at 1

Test two LDR instructions after each other
e Works since the first cycle of the second LDR does not write to registers
Data memory:
0x0004
0x00AB

Instruction mem:
LDI Ox1 0001

LDROOR1 RO 1008
LDROOR2RO |1010
STP BOOO
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Issue:

Name Value at 0ps SD.ID ns 160.IIJ ns 24D.IEI ns 320'.0 ns 4DD.ID ns 4SD.ID ns EED.ID ns &
0ps 0 ps
& > daddr  Ho0O 000 | ¥ | o0 b4 000
F > dout H 0000 Ul bood W doag Y 1004
& > instr_ad.. H o000 000 Y 001y 00z Y 003
& o instr H 0000 iy ooty 008 1010 Y B000
& > portladdr B 000 000 | ¥ | 001 000
W disel B EBEER
Y wenout B0 J_| |
Y wen BO J_| | ’_|
g carryen B0
1Y carrysta... B 1
& > write_n.. B 000D oooo | ¥ 001 ¥ boro 0000
& > oal H 0000 0000 0001
= > a H 0000 0000 0001
& > Roout H 0000 o000y, 0001
& > Rlout  Ho000 0000 b4 00AB
& > Reout H 0000 0000
e If the next instruction is an LDR, need to make sure that it does not reset write_next_flag to

0 as seen above

// write_next tells next instruction that the data that is now at dout can be written into the Rs of the previous instruction (for load instructions)
if write_next_flag is already 1, set to 0 (if it_is not another load), otherwise set to 1 if it is an ldr or Tdmfd instruction
assign write_next_flag = (write_next_status[3] & ~(1dr|1dmfd)> 7 0 : (1dr | Tdmfd);

Working:
Name Value at Ops SD.ID ns 160.|D ns 240'.0 ns 320'.0 ns 4DD.ID ns 4SD.ID ns E&D.IU ns 64D.ID ns
Ops 0ps
. ot ilipigigiglipipiaiaisipiaiaiaiainininipipigigipipipipinipipipty!
& > daddr  HO0O o000 | o0 b 000
& o dout H 0000 i 0004w 00AR | A 0004
& > instr_ad.. HO000 000 (001 ¥ 002 003
% instr H nooo N 0001 1008 1010 BOOO
&% > porttaddr B 000 000 | 001y 1o % 000
% disel 81 EEEEE
iy wenout B0 J_| |
- carryen B0
- carrysta... B0
% > wrie_n.. BO000D T LT ST ¢ 0000
& > a H 0000 0001
& > e H 0000 0000 ¥, 0001
& 5 Roout  Ho00O 0000y, 0001
& > Riout H 0000 0000 b 00AB
& > Rz2out H 0000 0000 b 00AB
& > R3out H 0000 0000
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Test multiple LDR instructions
Data memory:

0x0004

0x0002

0x00AB

Instruction mem:
LDI Ox1 0001

LDROOR1 RO 1008
LDROOR2RO 1010
LDROOR3 R2 |101A

STP BOOO

0001 1008 1010 101A BOOO

Works:

b [oo e I i
& > daddr H 000 000 001 002 000
& o dout H 0000 i oo YT onoZ 0002
& > instr_ad.. Ho000 000 % (0011 ¥ 002/ Y 003 004
E o instr H 0000 i o001 Y 1008 Y A010 W 1014 E
& > porttagdr B 00O 000 001 o010y 011 000
W disel B4 EEEER

- wenout B0 J_| I

iy carryen  BO

k™Y carrysta... B0

& > write_n.. BO000O 0040 1010 0000
= > @ H 0000 0000 ¥ oot 0001
& o5 Roout  HO0DO 0000 ), 0001

&% > Riout  HO00D 0000 4 002

& > Rost  HO00O 0000 002

& > R3ost  HO00D 0000 4 1048
& > Reout H 0000 0000

Test positive offset LDR
Data memory:

0x0001

0x002

0x003

0x006

0x004

Instruction mem:
LDRO1R1RO (1048
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LDRO2R2 RO 1090
LDRO2R3R1 |1099

STP BOOO
Working
Name value at Ops SD.ID ns 160.ID ns 240'.0 ns 320.ID ns 4DD.ID ns 4SD.ID ns EGD.ID ns 64D.ID ns
0ps 0ps
& [aoo o pphhhhhhhhhGhhhhhhhhaiihii
& > dadar H 000 O 001, ¥ 002 ¥ (004 000
& > dout H 0000 fisooy o002 0004 1001
E > instr_ad.. HO000 000 1001 Y (002 003
& o instr H 0000 il 1048 ¥ 1000 B000
% portiaddr B 000 0 001 010 011 000
% disel  B1 B
- wenout B O |
- wen B0 J_,—|
Y carryen BO
- carrysta... B0
E > write_n.. B 0000 000’y 1001 % 1010 % 1014 4000
& H 0000 0000 | yjoni¢inoiyoo:¥jooiioo:: 1000
> e H 0000 0000 0000
& > Roout H 0000 0000
& > Riowt  HO000 0000 Y, 0002
& > Reout H 0000 0000 b 0003
& > Raout H 0000 0000 0004
= > Rdout H 0000 0000

Test negative offset LDR
Data memory:

0x0002

0x003

0x004

0x005

0x006

Instruction mem:

Instruction Machine code | Action
LDI 0x4 0004 RO = 0x0004
LDR11R1RO 1848 R1 = mem[RO-1] = 0x0005
LDR12R2RO |1890 R2 = mem[RO-2] = 0x0004
LDR12R3R1 1899 R3 = mem[R1-2] = 0x0005
STP BOOO
Working:
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& [ooo a0 iipiaigipiaigipiaiiaigipiaigigiziniaiaipiniaipipiainipigipiniplyl
& > daddr  HO0D 000 003, ¥ (002 ¥ 003 000
& o dout H 0000 i T pooz 0004 1002
S > instr_ad.. HO0D 000 % /001 003 002
B o instr H 0000 i 5000
&+ > portladdr B 00D 000 001 010, 01 000
% disel  B1 EERER

- wenout B0 J_| I

- wen B0 J_l_l_,—|

LY carryen B0

Y carrysta... B0

&% write_n.. B000D 0000 1010 1000
= > a H 000D 0000 /000000y Toifonizfoo:yDolxjoniy 0004
& > H 0000 o000 Y T oand 0004
& > Roout H 0000 0000 0004

¢ > Riout  HO00D 0000 005

&+ > Rzout H 0000 0000 4 0004

%+ > R3out H 0000 0000 b 0005
& > Rdout H 0000 0000

o

e Can't write register after LDR, can only LDR, STR, JMP, STMFD and STP
e  What if must write register after LDR, how to wait?
e Messy: Could have 2 separate registers for stack and link register to write at the same
time - may be more messy
e Hacky: have a JMP instruction to next PC value to basically do nothing or STR a value
in memory
e Best?: Have logic that says if when write_next_status[3] is on and the current
instruction is a write instruction, PC stays at the current instruction
= Can add input to decoder that stops pc_cnt_en just like stp
= | believe the current order of MUXes will make LDR writing to register take
priority over LDI for example
Implementation:
ALU:

// write_next_stp goes to decoder to stop PC
assign write_next_stp = write_next_status[3] & ~(1dr | str | jmp | stmfd | stp);

Decoder:

// Need to think of all decode signals and then implement
assign pc_sload = execl & jmp;

assign pc_cnt_en = execl & ~(jmp | stp | write_next_stp);
a55‘igr1 :Erlrl_wr"en =.,E).‘E‘:l & (str | stmfd);

e 4 ~aT

Test LDR and then LDI
Data memory:
0x0004

Ox00AB

Instruction mem:
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LDI Ox1

LDROOR1RO

LDI Ox0
STP

0001
1008
0000
BOOO

Issue:
% daddr H 000 000 o001 oog
% dout H 0000 J0; 0004 00AB 0004
% instr_ad H 000 000 L] 00z 003
% instr H 0000 J0; oot 1008 0000 BOCOD
% portiaddr B 000 000 001 poo
% disel B |
% caryen  BO
% camysta BO
% write_n B 0000 o000 1001 0000
W witen. BO 1
% al H 0000 Qooo 0001 0000 00AB, o001 0000
% qz H 0000 0000 0001 [
% ROout H 0000 Qooo 0001 0000
% Riout H 0000 0000 00AB, 0000
& > Rzout  Hooo0 0000
R1 loads 0

e When portladdr is still at 1, Idi has started already

e should make sure when write_next_stp is on, Idi_sel is off

e Also changed Idi_sel so it is in alu - makes more sense
Working:

Value at 0ps 40 ? ns 80 ? ns 1ZDID ns 150|ﬂ ns Zﬂﬂ‘ﬂ ns 240 ‘D ns ZEDIB ns EZDIB ns 360 ‘D ns 4DD‘D ns Mﬂlﬂ ns 4380 ‘D ns 520 ‘D ns Eéﬂlﬂ ns Gﬂﬂlﬂ ns
Name Ops Ops

e
@ oeet 5o e e e e e e e e
% daddr H 000 oo 001 000
% dout H 0000 30, 0004 00AB 0004
% instr_ad. H 000 000 001 002 003
% instr H 0000 30, 0001 1008 0000 B0OO0
% portiaddr B 000 000 001 oo
%W Wissl  B1 B EEEEEE !
W owen 50 Ny EE RN
%% camyen B0
%%  camysta. BO
W wien 50 I e S e e Y e Y v S v S o N e I e I
% write_n B 0000 0000 1001 0000
% witen.. B0 ]
% al H 0000 Qoog 0001 0oo0 Q0AB 0001 0o0g
% qz H 0000 0000 0001 Qooe
% ROout H 0000 0000 o001 o000
& > Riout H 0000 0000 0048
& > Rzout H 0000 0000
g N2 u nnnn annn

Test Mov after LDR

Data memory:

0x0004
0x00AB
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Instruction mem:

LDI Ox1

LDROOR1RO
MOVOOOR2RO |3010

STP

0001
1008

B0O0OO

Added register file din as output

Name
" e
% FETCH
W Bt
S > daddr
& > dout

= instr_ad
o instr

=3 portiaddr
W ldisel
% wenout
% wen

% camyen
% camysta
% witen.
= write_n
% writen
&
@

& > Roout
& > Riout
& > R2out
& > R3out
X Réout

Value at

0

BO

B1

BO

H 000

H 0000

H 000

H 0000

B 000

B1

BO

BO

BO

BO

BO

B 0000

BO

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

ps

Ops  400ns  80.0ns  1200ns  160.0ns  200.0ns  240.0ns  280.0ns  3200ns  360.0ns  400.0ns  440.0ns  480.0ns  5200ns  S60.0ns  600.0ns
Ups

000 001 0oo
30) 0004 00AB 0004
000 001 002 003
30) 0001 1008 3010 B000
000 001 010 0oo

0000 1001 0010 0000
1
0000 0001 ooon 00AB, 0000 oood
0000 0003
0000 0001
oooo 00AB, 0001
o000 oood
0000
0000

Need a way to de-activate the current instruction from changing the
Din should not be changed while portladdr is still at 1

Name
& cLock
w  FETCH
W EXECH
S > daddr
& > dout
=3 insir_address
& o st
I3 portiaddr
'S Idi_sel
ES wenout
- wen
%% camyen
% camystatus
- write_next_en
= write_next_status
- write_next_stp
= rdin
= > a
- @
& > Roout
& > Riout
& > Rzout
& > Rout

rabea ln ps  400ns  800ns  1200ns  1600ns  2000ns  2400ns  2600ns  3200ns  3600ns  4000ns  4400ns  4800ns  5200ns  500ns  6000ns 640
Ops |[0ps

SN ipliglipiigipigligigigigigigigligigigigligligigigligigigigigipigligligigiy
T3 align Bl pn Bl pn Bl pn Bl pn Bl g Bl pn Bl g i g Bl pn Bl e Sl pn il pn Bl pn Bl pn Bl
73| iggiigniiipn B Blipe Sipe Sips Bine BipeSipe s Bins Bl pn B pn Bline Bl na
H 000 oo | X 001 X 000
1 o000 | [0 0004 ¢ 00AB b 0004
H 000 000 001 | X 002 X 003
noooo | (390001 Y1008 X 3010 X 5000
8000 oo | X 001 X 010 X 000
o [T |

+
so |1 T 1
oo (LML T L
80 ¢

T
80O 1y
L | O P e e I O I I i U e B S o O I N e N
80000 0000 X100 Y 0010 X 0000
80 1
Hoooo | (36X 0001 XoooaooasX” T Y o001 0004
H 0000 0000 Xmasl( 0000 X 0001
H 0000 0000 X T 0001
H 0000 : 0001
H 0000 0000 ' Y- XY 0001
H 0000 0000 X 0001
H 0000 0000

Din_sel should still select from din even though mov has started if the write_next_stp is enabled
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// din_sel should be on if writing back to registers from alu (mov, add, sub, mul, bl)

S/ If 1dr is writing, din should not be changed yet

assign din_sel = (mov | add | sub | mul | b1) & ~write_next_stp;

Working:

Name Value at 0ps BD.ID ns 1GD.IEI ns 240.ID ns 32010 ns 4DD.ID ns 430.ID ns SED.ID ns 640

Ops 0ps

& > dout H 0000 i oond Y 00AB 0004
B¢ > instr_ad.. HO00 Fooo W oot W ooz Y 003
= o instr H 0000 i o001 ¥ 008y Boo Y BO0O
& > rporttaddr B 000 000 % 001 Mo 000
W disel  B1 EEEER
Y carryen B0
- carrysta... B0
= write_n... B 0000 0000 ¥ ropd T aotg 0000
EY write_n... B0 ,_|
& o rdin H 0000 i 0001 00AE ¥ | 0001 1004
= > af H 0000 0000 noog ¥ 0001
& 0 H 0000 0000 | % 0001
& o5 Roout  HOO0O o000y, 1001
& > Rfout  Ho000 0000 b4 00AB
& > Rzout  Ho000 0000 b4 0001
& > Rsout H 0000 0000

STR

STR (no offset) test:
Data mem:

0x0

0x2

Instruction mem:

Instruction Machine code |Action
LDI Ox1 0001 RO = 0x1
LDROOR1RO |1008

LDI 0x0 0000 RO = 0x0
STROOR1RO |2008

LDROOR2RO |1010

STP BOOO

- CANT LDI AFTER LDR

R1 = mem[RO] = 0x2

Mem[RO] = mem[0x0] = R1 = Ox2
R2 = mem[RO] = 0x2
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Issue
e Needto

Working:

add STR to also change daddr

vauest |[0PS  400ns  B00ns  1200ns  1600ns  2000ns  2400ne  2800ns  3200ns  3600ns  4000ns  4400ns  4800ns  S00ns  5600ns  6000ns  6400ns  6800ns
Name s ops

& > daddr H 000 000 001 000

% > dount H 0000 0000 0002 0000 0002

% instr_ad... H000 000 001 002 003 004 oos

& o st H 0000 30y o001 1008 0000 2008 1010 5000

% > portiadar B 000 000 001 000 001 010 000

% Wisel  B1 |

L carryen B0

%  camysta. BO

% werite_n.. B 0000 0000 1001 0000 o001 1010 0000

% wien. BO 1

& o ran H 0000 A0y o001 | {0000’ | o002 0000 0002

g o a H 0000 0000 00013 0000 ¥0002Y 0001 0000} | 0002 0000|0002 0000

[ ] H 0000 0000 0001 000

% > Rlout  HO00O 0000 0001 0000

& > Riout H 0000 o0y 0002

& > Raut o000 0000 0002

& > Rlout  HO00O 0000

% > Réout H 0000 0000

MOV

'/ carryen enables writing to carry register - writes when cwen is enabled for add, sub, and mov

assign carryen
e Needto
° ||N

= execl & cwen & (add | sub | mov);

actually write carry ff during all mov instructions
o shift" writes 0

e LSL writes MSB

e  Shift right writes LSB

3'b0011 : begin
always @(*) begin

e

2'b00 : alusum {1"ho,rsdata} + cin; // Mov
2'h0ol : alusum {rsdata,cin} // LsL
2'b10 @ alusum {rsdata[0], cin, rsdata[15:1]};// Right shift - cin determines LSR or ASR
default : alusum = alusum = {1'b0,rsdata} + cin;
endcase;

case (instr[8:7]

end

end

Test:
Data mem:
OxFFFO

Instruction me
Instruction

LDI OxFO
MOV O0O0OR1
MOV 110R2

m:
Machine code |Action
00F0 RO = OxFO
RO 3008 R1 = RO = OxOFO
RO 3610 R2=R0O+1=10xF1
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MOVO11R3RO |[3258 R3 = LSL RO = Ox1EOQ
MOV 111R4R0 |3660 R4 = 0x1E1
MOVO12R5R0 |[32A8 R5 = LSR RO = 0x78

LDIO

0000 R0O=0

LDROOR6 RO 1030 R6 = OxFFFO
MOV312R6R6 |[3EB6 R6 = ASR OxFFFO = OxFFF8

STP

00FO0
3EB6

BOOO

3008 3610 3258 3660 32A8 0000 1030
BOOO

Working:

Name
& ook
@ FETEH
% ExECt
& > dadar
& > dout
3 instr_ad
& > instr
3 portiaddr
% lisel
NS wenout
% wen
% camyen
NS carrysta
NS write_n.
& > wrten
g write_n.
= > ran

® ow
0w

% > Roout
& > Riout
& > Rzout
& > Rsout
& > Reéout
& > Rsout
& > Rreout
& > Riout

JMP

Value at

Ops  400ns  800ns  1200ns  1600ns  2000ns  2400ns  2000ns  3200ns  3600ns  4000ns  4400ns  4800ns  S200ns  S600ns  6000ns  6400ns  BA00ns  T200ns 7600
Ops

000 0F0 0F1 1E0 1E1 078, 000 FFg FFC 000
30} FFFO 0000 FFFO 0000 FFFD
000 001 002 003 004 005 006 007 008 003
30y 00F0 3008 3510 3258 3850 3288, 0000 1030 3EB6 5000
000 001 010 011 100 101 000 110 000

0000 0110 0001 0010 0011 0100 0101 0000 1110 0110 0000
1
50; 00F0 00F1 010 01t 0078 0000 FFFO FFF8 | )\FFFCY0000 FFFD
0000 00F0 Y0000 '00F0 0000} 00F 1 %0000’ 01E0 0000 O1E1 D000 ’(0078 {DOFD 0000 FFFO FFF8) 0000
0000 00F0 0000 FFFO FFF8) 0000
0000 00F0 0000
0000 00F0
0000 00F1
G000 [E]
0000 [IE]
0000 0078
0000 FFFO FFF8.
0000

As the conditions for jump need to determine if sload is loaded, the decision was made to put the
entire decoder in the ALU
e This makes it easier and less messy, so multiple signals do not need to leave each block and
result in longer time to compile and test

JMP ALU logic:
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// conditional operators - compares Rd and comparator (in cond) - used for if jump should occur

wire eq = (rddata == cond); // Rd == comparator
wire mi = (rddata < cond); // Rd < comparator
reg jmp_cond; // change jmp cond to determine if jmp will occur depending on comparison and jump condition in instruction word

// PC and RAM control signals

assign pc_sload = execl & jmp_cond;

assign pc_cnt_en = execl & ~(jmp_ cond | stp | write_next_stp);
assign ram_wren = execl & (str | stmfd);

' determine alusum - need to change opcodes

]a'lways @("‘)( egin
B ca: op
‘ 4'b0001, 4'b0010 : alusum = sign ? (rsdata - {11'b0,offset}) : (rsdata + {11'b0,offset}); // LDR and sSTR: calculate daddr
E| 4°b0100 : begin
3 case (field)

2'b00 : jmp_cond = 1; // IMP: Always jump

2'b0Ll : jmp_cond = eq; // JEQ: Jump if rd == comparator

2'bl0 : Imp_cond = mi; // IMI: Jump if Rd < comparator

2'b11 @ Jmp_cond = ~eq & ~mi; //IMB: Jump if Rd > comparator

endcase;

end

Did nbt Wdrk - pc_sload and pc_cnt_en were undefined during execl
JMP test

Instruction mem:

PC Instruction Machine code |Action

0 LDI Ox1 0001 RO=0x1

1 MOVOOOR1RO |3008 R1=R0O=0x1

2 LDI Ox5 0005 RO = 0x5

3 JMP 00 R1RO 4008 JMP 5 // set PC=5

4 LDI OxFFF OFFF RO=0xFFF // JMP not working
5 LDI Ox8 0008 RO = 0x8

6 JMP 11R1R0 4448 JEQ 8 // set PC=8

7 LDI OxFFF OFFF RO=0xFFF // JEQ not working
8 LDI OxB 000B RO=0xB

9 JMP 22 R1R0 4888 JMI 11 // Set PC=11

10 LDI OxFFF OFFF RO=0xFFF // JMI not working
11 LDI OxE 000E RO=0xE

12 JMP 30R1R0 4C08 JMB 14 // Set PC=14

13 LDI OxFFF OFFF RO = OxFFF // JMB not working
14 STP BOOO

0001 3008 0005 4008 OFFF 0008 4448 OFFF
000B 4888 OFFF 0OOE 4C08 OFFF BOOO

Working:
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2 W2 92 WE R WE WE WE ¥ 82

LN ER S e

9 OWE WE WE WE WE WE BE WE MR R WE

AL

Name Value at
lcloek B0

fetch 81

exect 80

daddr H 000

dout H 0000

instr_ad... HO000
instr H 0000
portiaddr B 000
idisel  B1

wenout B0

wen B0
carryen B0
carrysta. B0

witen. B0
wrie_n... B 0000

wrte_n.. B0

rdin H 0000
at H 0000
@ H 0000
Roout  HO00O
Riout  HO000
R2out  H OO0
Rout  HO000

Réout H 0000

RSout H 0000
Reout H 0000
Riout H 0000
pc_cnt_en B0
po_siad B0

ram_wren 80

0ps  400ns  BO.ONs  1200ns  160.0ns  2000ns  2400ns  2800ns  3200ns  3600ns  400.0ns  4400ns  4800ns  5200ns  S600ns  6000ns  6400ns  6800ns  7200ns 7600
Ops

000 001 000
50; 0004 0048 0004
] 001 002 003 005 006, 008, 009 008 ooc 00E
0% 0001 3008 0005 4008 0008 4448 0008 4388 000E 4008 5000
000 001 000 001 000 001 000 001 000 001 000

J J J |
| 1 1 1
1 | 1

I S e T L P e o e e S I e S I e e g

000 000 0000 [ 0000
a0; 0001 0005 0004 0008 0004 0008 0004 000E 0004
0000_¥0001'%0000% 0001 ¥000sY 0001 ¥000s0o0s_ 0001 ¥0008000BY 0001 ¥000BXDOOEY | 0007 000E
0000 000 0000 0005 0008 0000 0008 0000 0008
0000 0001 0005 0008 0008 000E
0000 001

0000

0000

0000

0000

0000

0000

ADD/SUB

Multi-register Add/Sub test (from ARMish testing)
Instruction mem:

Instruction
SUBO1R1R3
SUB 2 1 RO R2
ADD11R1R3
ADD 2 1 ROR2
LDI 0x1

MOV 0 0R3 RO
MOV 00 R2 RO
SUB11R1R3
SUB 2 1 RO R2
ADDO1R1R3
ADD 2 1 ROR2
STP

Working:

Machine code
620B
6A02
5608
5A02
0001
3018
3010
660B
6A02
5208
5A02
BOOO

Action

RO:R1:=RO:R1-R2:R3-1

RO:R1:=R0O:R1+R2:R3 +1

RO=0x1
R3=0x1
R2=0x1

RO:R1 := RO:R1 - R2:R3

RO:R1 := RO:R1 + R2:R3
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Name Value at
Ops

& ok so
8 feteh B1
S exec! BO
& > dador  HoO
& o dout H 0000
% > instrad.. HO0D
B o st H 0000
& portiaddr B 000
% disel B4
% wenow B0
8 wen BO
S camyen B0
%W camysta BO
% witen. BO
% > wrie_n.. B 000D
%W witen. BO
& > rdn H 0000
& a 0000
& e # 0000
& > Roout H 0000
& > Rlott  Hoooo
& > Reout  HoooD
& > R3out  Ho0OD
% > Reout  HOO0OD

MUL

Instruction
LDI 0x3
MOV R1 RO
LDI Ox4
MOV R2 RO
MUL R2 R1
LDI Ox0

LDI Ox0

LDI Ox0

LDI Ox0

LDI Ox0

LDI Ox0

LDI Ox0

LDI Ox0

LDI 0x0
STP

Ops  400ns  800ns  1200ns  160.0ns  2000ns  240.0ns  2800ns  3200ns  3600ns  400.0ns  440.0ns  4800ns  5200ns  560.0ns  600.0ns  6400ns  6800ns  7200ns  760.0ns |
Qps

‘0l FFF X FFE X FFF { FFE % 000 ¥ 001 X 000 X 001 000 001 FFF ¥ FFE X FFF % FFD ¥ 000 [ 003 000
0000
000 001 002 003 004 005 006 007 08 009 00A 008
a0y 6208 EAD2. 5608 5A12 0001 3018 3010 6608 BADZ 5208 5A02 B00D
ol oot 000 001 000 01 010 001 000 001 000

RN [

I o I O I e S I o I O R I L S S SN
0000 0001 0000 0001 0000 0011 0010 0001 0000 0001 000
S0FFFF Y FFFE XFFFF FFFE (0000 00010000 0001 FFFF)(FFFE (FFFF (FFFDY(0000_ | 0001 Y0003, Go0g
0000 YFFFFY0000Y | FFFF 0000 (FFFFY_ 0000 | 000100000001 0000 00010000 FFFF 0001 | FFFF. 0000 FFFF 0001

0000 0001
0000 FFFF 0000 0001 FFFF 0001
G009 FFFF 0000 FFFF G009
0000 0001
000 001
0000

Machine code |Action
0003
3008
0004
3010
7011

0000

B0OOO

Need to make sure regfile is not written during MUL

Working:
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Name Value at
ps

& ook BO

% feon B

% et BO

W 5 e Hooo

& > dout H 0000

W 5 msrad. HO0O

@ > omsr Moo

% > porttaddr B 00D

% oise  B1

% wenout  BO

W wen B0

% camyen  BO

%W camysta.. BO

% witen.. BO

& 5 witen. Boowo

wrte_n.. BO
rdin H 0000
dmemin 0000
a1 H 0000
@ H 0000
Roout  H0000
Riost  HO0000
Reout  H 0000
Rictt  HO0000
Réout  H 0000
RSout  HO0000
REout  HO0000
Riout  H0000
mul_res_1 H 0000

mulres 2 H 0000

2OME WE WE WE WE WE WE WE WE WE WE WE WE WE &

Ops  400ns  800ns  1200ns  1600ns  2000ns  2400ns  2800ns  3200ms  3600nms  400.0ns  4400ns  4800ns  5200ms  S600ns  6000ns  6400ns  680.0ns  7200ns  7600ns  B000ns &
ops

000 003 000 004 000
0000
000 001 002 003 004 005 008 007 008 009 004 008 00C 000 00E
535 0003 3008, 0004 3010 7011 0000 5000
000 001 000 010 000

0000 0001 0000 0010 0000
50) 0003 [ Go0D
000000030000y 00030004 Y0000 0004 0000
000000030000’y 000300040000, 0004, 0000
0000 0003, 0000 0004 00030004 0000
G000 0003, 0004 0000
0000 0003,
G000 0004,
0000
0000
0000
0000
0000
0000 0003 (0000 {Co0)(3000}{0C00 {0300 00C0 Y0030 000C
0000 0003’ 0000

—m /] /| /] /] /. 1 1~ i 3 |

Largest Multiplication:

Data RAM:
OXFFFF

Instruction

Machine code | Action

LDROOR1 RO 1008

MULR1R1
LDI 0x0
LDI 0x0
LDI 0x0
LDI 0x0
LDI 0x0
LDI 0x0
LDI 0x0
LDI 0x0
LDI 0x0
STP

7009
0000

BOOO
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Vabest |[0PS 40Ons  B00ms  1200ns  1800ns  2000ns  2400ns  2600ns  3200ns  3600ns  4000ns  4400ns  4B00ns  S200ns  S600ns  6000ns  6400ns  GBDOns  7T200ns  7RODT
Name F ops

& > dadar H 000 000

& > dout H 0000 10, FFFF

& > instad. HOOD 000 081 002 003 004 [ 06 007 008 009 00A 008

E o instr H 0000 30 1008 7003 0000 B00D

& > porttaddr B000 o} 001 000

%%  dise Bt |

" carryen B0

" carrysta... BO

& > writen.. 80000 0000 1001 0001 000

%G wrien.. B0 1

& 0 ran H 0000 50 0000 FFFE

& > dmemn  Ho0000 4000 i 0000

& owm H 0000 0000 FFFF 0000

0w H 0000 4000 FFFF 0000

& > Roout  Hoo000 0000

& > Riout H 0000 0000 FFFF

& o Rzout H 0000 0000

& > Raout H 0000 0000

& o Reout H 0000 0000

& > Rsout H 0000 0000

& > Reout H 0000 0000

& o Rrout H 0000 0000

& > mulres_1 HoO000 0000 FFFF X TFFF ¥ 1FFF }(07FF XD1FF {D07F {001F %0007, 0001

& > mu_res2 Ho000 0000 BFFF (EFFF { FBFF }FEFF J(FFBF {FFEF AFFFB, FFFE

%  posbad BO

" ram_wren B0

Storing MSB and LSB into regfile

Instruction

LDROOR1 RO
MULR1R1

LDI 0x0

LDI 0x0

LDI 0x0

LDI 0x0

LDI 0x0

LDI 0x0

LDI 0x0

LDI 0x0
MOVOO3R30
MOVOO3R41

STP

1008
0000

7009
0000

Machine code

1008
7009
0000

30D8
30E1

BOOO

0000
30D8

0000
30E1

Action

R1 *R1

R3 = LSBs of product
R4 = MSBs of product

0000
BOOO

0000 0000

0000
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Name
b ook
3 feteh
& exect
& > detar
& > dout
3 instr_ad
& o instr
& > porttaddr
% wisel
- weneut
& wen
& camyen
% camysa
% wiken
& write_n
% wien
& 5

& > dmemn
& > a
IR

& 5 oot
& 5 Rion
& > Rzout
& > R3out
& > Reout
& > Rsout
& > Reout
& > Riout
& 5 mires
=

Value st

H 000

H 0000

H 000

H 0000

B 000

81

50000

B0

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

mul_res 2 H 0000

Ops  400ns  800ns  1200ms  1600ns  2000ns  2400ns  2800ns  3200ns  3600ns  4000ns  4400ns  4800ns  5200ns  5600ns  6000ns  G400ns  6300ns  7200ns  7600ns 801
Ops

000 001 FFE 000

50) FFFF 0000 FFFF
000 001 002 003 004 005 08 007 008 008 00A 008 [

Jay_ 1008 7009 0000 3008 30E1 5000

ol 01 000 o1 100 000

0000 1001 0001 0000 001t 0100 0000
1
20) FFFF 0000 0001 FFFE__ #0000 FFFF
0000 FFFF 0000 00010000 X FFFE 0000
6000 FRFF 0000 000130000 {FFFE 000
0000 FRFF 0000 FFFF 0000
0000
0000 FFFE
0000
0000 0001
0000 FFFE
0000
0000
0000
G000 9001
0000 FFFE
—/ — /o — o/ /) /T

Testing add and multiply:

Instruction

Machine code |Action

LDROOR1 RO 1008

MUL R1 R1

LDI 0x1

MOV R3 RO

LDI Ox1

MOV R4 RO

LDI Ox0
LDI Ox0
LDI Ox0
LDI 0x0
MOVOO3R30 |30D8 R3 = LSBs of product+1

MOVOO3R41 |30E1 R4 = MSBs of product+2

STP

1008
0000

7009 R1*R1
0001
3018
0001
3020
0000

BOOO

7009 0001 3018 0001 3020 0000 0000
0000 30D8 30E1 BOOO
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(3

WE WE WE WE WE §E

e EE

WE WE WS WE WE WE WE WE ME WE WE WE UE WE 9

Name

clock

fetch
exect
daddr
dout
nstr_ad.

nstr

Value at
ops

B0
B1
B0
H 000
H 0000
H 000

H 0000

portiaddr B 000

oisel  B1
wenot  BO

wen B0

caryen B0

camysta.. BO

write_n... BO

wite_n... B 0000
wiite_n.. BO

rdin H 0000
dmemin  H 0000
at H 0000
2 10000
ROout  H 0000
Rlost  H 0000
Rzout  HOD0O
R3out W00
Riout  H 0000
RSout  H 0000
Reout  H 0000
RPout W 0000

mul_res_1 H 0000

mul_res_2 H 0000

BL

0ps  400ns  80.0ns  1200ms  160.0ns  2000ns  2400ne  2800ns  3200ns  360.0ns  400.0ms  4400ns  4800ns  S200ne  S600ns  600.0ns  6400ne  680.0ne  7200ns  780.0ns  800.0ns

ips

L L e L L L L L L L L L L L L L L L L L L LT
..o e e e e reri
e e e e e e e e e e e e e

000 001 000 01 000 002 ¥ 003 ¥ FFF X FFD 000

0 FFFF 0000 FFFF 0000 FFFF 0000 FFFF
000 001 002 003 004 005 006 007 008 005 004 008 o0C

00 1008 7009 0001 3018 0001 3020 0600 3008 30E1 B000

o 01 000 011 000 100 000 01 100 000

0000 1001 0001 0000 0011 0000 0100 0000 0011 0100 000
1
00 FFFF 0001 0600 0002 {0003 Y FFFF {FFFD Y0000 FFFF
0000 FRFF 000030001 0000 0001 0000)__ 0001 0000 000100020001 (FFFF. 0000
9000 FFFF 000030001 0000 0001 0000y o001 0000 000100020001 (FFFF. 9000
0000 FFFF 0001 FFFF 0001 0000 FFFF 0000
Goop 0001 G00p
0000 FFFF
0000
0000 0001 0002
[ 0001 FFFF
0000
0000
0000
[ 001
0000 FFFE
— 1 —r 3 1

Test if link register loading works
Instruction mem:

PC
0
1

Working:

Instruction | Machine code |Action
BL 2 8002 For now just sets R6=0x1
STP BOOO
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Name
% felch
- exect
& > dadar
& o dout
% instr_ad...
& o st
% port1addr
=g Idi_sel
e wenout
T wen
=g carryen
e carrysta
=g write_n...
% werite_n...
- werite_n
% rdin
0o
0 @
& > Roout
& > Riout
% RZout
& > Raout
& > Reout
& > Rsout
& > Reout
& > R7out
- pe_cnt_en
=g pc_sload
- ram_wren

Value at
Ops

Bo
B1
BO
Hooo
H o000
H 000
H 0000
B 000
B1
BoO
BO
Bo
BoO
BO
B 0000
BO
H 0000
R
H o000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H o000
BO
Bo

BO

0ps 400ns 30.0ns 1200 ns 160.0 ns. 2000 ns 2400 ns 2800ns 3200 ns 3600 ns 400.0 ns 4400 ns 4800 ns 5200 ns 560.0 n:
' i i ' ' P P i i i P P P P
0 ps

01y 001 ¥ 002 000
0000
000 001
20, 8002 B000
) 110 ooo

0000

04,0001 ¥ 0002 0000

0000 X 0001 0000

0000

0000

0000

0000

0000

0000

0000

0000 0001

0000

Test if full BL works

w N = | O

Working:

Instruction Machine code | Action

BL2
STP

8002 For now just sets R6=0x1
BOOO

LDI OXFFF OFFF RO=0xFFF
JMPOOROR6 |4006 PC=0x1
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Value at
Ops

BO
B1
BO
H 000
H 0000
H 000
H 0000
B 000
B1
B0
BO
BO
BO
BO
B 0000
BO
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000

H 0000

BO

Name
B ‘cLack
%% felcn
W exect
& > daddr
% dout
) instr_ad...
S o instr
= port! addr
% disel
e wenout
W wen
% camyen
% corysta
T
E) write_n.
e wirite_n....
F > rdn
& 0w
F R
& > Roout
& > Riout
$ > Roout
& > R3out
& > Réout
& > Rsout
& > Reout
& > Rout
%  bpcenten BO
%  pc_siad
% ram_wren BO

STACK

0ps 40 g ns 30 ? ns 120.‘0 ns 150.‘0 ns 200.‘0 ns 240.‘0 ns ZBUIU ns 320.‘0 ns BGUIU ns 400.‘0 ns 440.‘0 ns ‘IEUIO ns 520.‘0 ns SGUIU ns EUUIU ns
0ps

L e e e e e e e e A L L L P L L e T
[ S I S N O G A |
e e e e e e e e e e

oY 001 % 003 000
0000
000 002 003 004,
20 8002 OFFF 4006 B000
0 110 000

i 1
B
I .

I e e L 0 o OOy A e O S

0000 o1 0000

20X 0001 1 0003 OFFF 0000
0000 %0001 ¥ 0000 OFFF
0000 0001 OFFF
0000 OFFF
0000
0000
0000
0000
0000
oooo 0001
0000

j_
-

LDMFD and STMFD

Test:

Instruction

LDI Ox1

MOV R1 RO

LDI 0x3

MOV R6 RO

LDI 0x2

PUSH R1
PUSH RO
PUSH R6

POP R2
POP R3
POP R4

STP

0001
9017

3008
901F

Machine code |Action
0001

3008 R1=0x1
0003

3030 R6=0x3
0002 RO=0x2
AOOF / A039 PUSH 0x1
A007 / A038 PUSH 0x2
A037 / AO3E PUSH 0x3
9017 R2=0x3
901F R3=0x2
9027 R4=0x1

B0OOO

0003 3030 0002 A039 AO038 AO3E
9027 BOOO
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Issue:

Stack pointer is not changing

e Rdinisrd-1
e Also need to have wen during stmfd
We also need aluout to be selected for din
Thus, ldmfd instructions cannot be done in parallel like Idr as something is written every cycle

Now it is writing R6, instead of LDMFD and STMFD
Rdin should be

Name
B cLock
% feteh

3 exect
& > daddr
& > dout

3 instr_ad
E o st

=3 portiaddr
% ldisel
3 wenout
& wen

- carryen
13 carrysta.
3 wirite_n
=3 write_n...
& writen
& > rdin

& > dmemin
&>

= Q2

& > Roout
B > Riout
E > Rzout
B > Rlout
& > Reout
& > Rsout
& > Reout
& > Rrout
3 pc_cnt_en
- pc_sload

B

Value at
Ops

80
B1
80
H 000
H 0000
H 000
H 0000
8000
B1
80
B0
80
B0
80
80000
B0
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
H 0000
B0

80

Ops  400ns 800ns  1200ns  160.0ms  2000ns  2400ms  280.0ns  3200ns  380.0ns  4000ns  4400ns  4300ns  5200ns  S600ns  600.0ms  B400ns  680.0ms
0ps

000 001 000 003 000 FFF FFE FFD FFC 000
0000
000 001 002 003 004 005 006 007 008 009
0% o001 3008 0003 3030 0002 A039 AD38 AG3E 9017 901F
000 001 000 110 000 11 010 011

0000 0001 0000 0110 0000 0111 1010 1019
J
20 0001 0003 0002 | YOFFFY | OFFE OFFD | {OFFC 0000
0000 ¥0001%0000% 0001, ¥0003%0000X 0003 X0002% | 0001 0002 0003 0000
6000 ¥Doo100o0y 0001 Y0003 0000 0003 X0002)D000Y | OFFF OFFE | OFFD. 0000
0000 0001 0000 0003 0000 0001 0002 0003 OFFD.
6000 0001 0003 0002
0000 0001
0000
0000
0000
0000
0000 0003
0000 OFFF OFFE OFFD.

Stmfd works but not Idmfd
2 ldmfd instructions do not work after each other as write_next_stp is stuck at 1

Issue:
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Name
o docx
% feten

% et
& 5 e
& 5 oot

& wetra
& o e

W > porttagar
% uisel
W wenout
&% wen

% camyen
% camysta
% witen
@ > wien
% wien
> rin

& > dmemin
& >t
@

# > Roout
& s Rl
& s Roout
& o Ru
& Reont
& o Rsout
& > Reout
& mon
% poenten

Vale st

H 000

H 0000

H 000

H 0000

5000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

80

0ps  400ne  800ne  1200ns  1600ns  2000ne  240.0ns  2800ns  3200ns  3800ns  400.0ne  4400ne  4800ns  §200ne  5600ns  6000ns  640.0ns  6B00ns  7200ns  7600ns  8000ms  8400ns
ops

IR SIS ST ST ST G G SIS GO G0 0 00 Sl G0 €5 SLIN €D

[ w0z 0000 0003 o000 0003 o000
000 001 o0z [ o0 005 o6 o7 3 05 w0 o0
S8 onot 3008 0003 3030 [ Aws Y Ao Y AwE i SOTF s027 5000
o0 o0t o0 D o0 T w0 T ot T 0 o0o

0000 o001 0000 o110 0000 oit 1010 LLAR) 1011 0100 1100 0000
@ w01 w00 (o002 YorFrY_OFFE ) 0FF00FFC)(GFD)0003)(00s)_ 07FD)(000s)0uo)_ 0FF0 Y0003 )

5000 (0001 000m_ 0001 po0s@onoY_ wovs _Ypou2)_ oaot oou2 o003 YoFrD)(o000)000a_ 0FFD _)(oouoY@ous ) oFFD 00000003 o002
G000 (0001 (0000 0001 Y0003 a005Y_ 0005 00w )(p00s_ orF oFFE 07D )(oo00)(ao0){_ oFFD 000000z oFFD 00000003 [
om0 3] o000 0005 w0 [ [ o003 oD o002

[ oo 0005 0002
o000 (]
5000 003 5000
[ w03 00
0000 5003 o000
o000
3000 0003
0000 oFFF oFFE oD

STMF.DMworks but in LDMFD, stack pointer is not updating

Issue:

Name
& ook
W& et

B exect
B sater
B 5 dout

@ > nsta
FTRN—

B o porttaddr
% dise
% wenout
% wen

W camyen
& camysta
% wien
W witen
& wrten
& 5 rdin

& 5 amemin
Boa
e
&Aoo
& 5 Rlout
W@ s o
& o
& 5 Reout
[Ta—
[TR—
= 5 Rrout
W peerten
% pesoa

Value at
0ps

H 000
H 0000
1000
H 0000

8000

H 0000
1 0000
H 0000
1 0000
H 0000
H 0000
10000
H 0000
H 0000
10000
H 0000
H 0000
80

80

Ops  400ns  800ns  1200ms  1600ns  2000ns  2400ns  280.0ns  3200ns  360.0ns  4000ns  4400ns  480.0ns  520.0ns  5600ns  6000ns  6400ns  6800ns  7200ns  7600ns  800.0ns 8400
Ops

gligigigipigipiginigipigipigiaigipiginiginiginiginiginiginiginigisigipigipiginiginiy!

pilignilipeilipeSlipeilipeiine Slipe iy Blins Blins BipeSlipeSlien Sl pnilipe Slpe Sliny Bliny Bline Blne Sl

Iggiigpii el e Bl Bl e B el e Bl il e e e e Bl e Bl e B e S Bl e e Bl e
I ST ST SESE SER G Sl LA G () 00 0 SLAR G 02 Sl G0

0000 003)__ 0000 0002 0000 0001 G000
000 [ 002 003, 004 005 008 007 008 003 004 008
00} oot 3008 0003, 3030 0002 A3 AU AE s017. S01F 5027 5000
000 001 000 10 000 111 010 111 011 111 100 000

% w0 RN R A0 a3 L3330 RLaai G (3, (1) ) R () SRR ) w0

000000010000 000100030000} 0003 Yoooz | odot 0002 0003 (FFFDY0000)0003)_ FFFE_ Y0000000z) | FFFF 400000001 0002
9000000100007 0001 (0003 X0006)__ 0003 | )(0002D000Y | FFFF FFFE FFFD__ (00000003} FFFE_10000)0002)  FFFF__ 00000001 0002
0000 0001 0000 0003 0000 0001 0002 0003 Y(FFFD. FFFE FFFF 0000 0002

G000 0001 0003, 9002
0000 0001
9000 0003, G000
0000 000z 0000
[ D001 G000
0000
Go0p G003
0000 FRFF FRFE FFFD. FRFE FRFF 0000

e r e e 1 1

/o

Works but the registers are rewritten to 0 as rdin becomes 0
This is because dout changes to 0 for the instructions that need to wait when write_next_stp is
enabled

Daddr switches to 0 during fetch as aluout is reset

Saw that when write_next_flag is on, wen should be the inverse of wenout, so that it is not on in
that last cycle where 0 is written is at daddr, so could use an XOR gate to carry out selective
inversion

May cause problems when pipelining
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Added stp to wenout, this may cause problems for other instructions writing during stp - check

later

Working:

Name Value at
tps

& [cocxso
% feth  B1
W exect B0
&5 daddr H 000
& o oamt Moo
& o instrad.. HO00
W5 Hoooo
& > portfaddr B000
% dise 81
% wenot  BO
% wen B0
% camen  BO
% camyste. B0
G wien. BO
& o witen.. B0000
W wien. BO
& o rdn H 0000
W5 amemn  HoO00
& 0 a H o000
B o @ 10000
% > Roout H 0000
& oRion Moo
% o Reout H 0000
&5 oRsow Moo
W R HOOD
& o Rsow Moo
W omsow Mo
& > omow Moo
W peenten BO
% pesas B0

0ps

gligigigipigipigipigipigipigipigipiginigipiginiginiginiginigipigisiginigipigipiginiy

IgpiippiNpn N el e NN e N N e e e e B e e e B e B B e B e B e B e e e B e
I SN SIS SUOE S G SLAD S0 G 6 G0 € LA CD (2 Sl €D

G000

4000 800ns  1200ns  1600ns  2000ns  2400ne  280.0ne  3200ns  3600ns  4000ne  4400ns  4800ns  S200ns  S600ns  600.0ns  B40.0ns  €800ns  7200ns  760.0ns  B00.0ns  B4C

003 0000 0002 0000 0001

000 001 002 003 004 005 006 007 3 009 004 008 00C

50} oot 3008 0003 3030 0002 A139 A3 AT3E 9017 9017 9027 0000

000 001 000 110 000 1 010 111 011 11 100 000

0000 0001 0000 0110 0000 o1 1010 0011 1011 0100 1100 0000
\ \ ] \ | |
D RN G Giis O30 e T, G2 G (L () A 2 L) w
0000 0001 %0000 0001 0003 X 0000 0003 0002 Y0000 FFFF FFFE FFFD 00000003 FFFE 00000002 FFFF 0000 ¥ 0001 0002 0000
0000
0000 FFFF FFFE FFFD FFFE FFFF 0000

8 ) 0 LA B Iy B

Issue: loading 0 in because enabled stp in wrenout

assign wenout =

Added this

Working:

execl & (1di | mov | add | sub | mul | b1 | ldmfd | stmfd | stp & write_next_status[3]);

- may help - temporary solution - may be different when pipelining

e Vawe st
ops

& looo so
& fon 81
W exect  BO
E o dmar oo
& 5 oam  Hoow
S 5 mswad.. o0
& o omew Hoow
o poager 5000
% Wise 81
& wenot B0
& wen B0
% camyen  BO
W% camysta BO
% wien B0
@ 5 witen. 80000
% wien B0
& 5 on Hoow
& 5 amemn o000
gow Honon
e
@ 5 mow oo
& 5 mow oo
& o mow oo
E o mom oo
@ 5 meow oo
& o omsom oo
@ 5 meow oo
& o mom oo

pe_cnten B0

¥

pe_shad BO

L

iy o U L L L L L L L L LT
(5 S S ) 0 0 o Uy S vy IS IS I
I e e I I I O e O I S S S pSSpRSSEN

400ns  800ns  1200ns  1600ns  2000ns  2400ns  280.0ms  320.0ns  3600ns  4000ns  4400ns  480.0ns  §200ns  S600ns  600.0ns  6400ns  680.0ns  7200ms  760.0ns  8000ns  8400ns £

TR ST ST G G (5 SN GE G0 G0 €D G2 SN U0 € S €1,

EEER 1 i
0000 X 000130000 0001 0003 §0000 0003 0002 0001 0002 0003 FFFD 00000003 FFFE 0000} 0002 FFFF 0000 0001 0002
0000 o001 0000 0003 0000 0001 0002 0003 FFFD, FFFE FFFF 0000 0002
0000 0001

L e re e e r L rer

Test doing LDI after this to make sure it works after POP
Works with LDI

105|Page



v

L

WE WE WE WE WE &2

L

L

¥

L

£ 3

W0 WE WE WE WE WE WE WE WE WE WE W W ¢

cLocK
fetch
exect
daddr
dout
instr_ad
instr
portiadar
1di_sel
wenout
wen
carryen
carrysta
wiite_n
wiite_n
wiite_n
rdin
dmemin
at

@

ROout
Riout
R2out
R3out
Reout
Rsout
Reout
Riout
pe_cnt_en

po_sioad

80

B1

80

Ho00

H 0000

H 000

H 0000

5000

B1

B0

B0

B0

B0

B0

0000

80

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

H 0000

B0

80

Ll sl L L L L L L L
1y e I e s e T s s e A s A o AN s A s S s OO s I s O s N s I e B e AN
I G G S U (i S S G G G0 0D SN O 0 GLaR e

G000 003y 0000 0002 0000 0001 G000

000 001 002 003 002 005 006 007 008 009 00A 008 00C

00)_ o001 3008 0003, 3030 0002 A038 A0 ATZE 017, 901F 9027 0000 5000

000 001 000 110 000 111 010 n on 1 100 000

0000 0001 0000 o110 0000 0111 010 011 1011 0100 1100 9000

] \ ]
B o TR ST (i3 WL L O 20 i3 0 () WML (> L [

00003007 Ya0ou_ 000t o005 00uoY_ 0003 Ywooz ) ooot o002 0005 _YFFrD)0000 0003 Frre | Yuoooyaooz)_ Frre Yoouo)aontY_ o002 [
0000 3007 Y000u_ 0001 00030000y 0003 Ywooz)(monn_ Frre FFFE FFFD {0000)(oousy_ FrFeYouoo)(ooozy_ Frrr Yooooypoory_ ooo 5000
[ w01 o0 o003 [ oo o002 [ G FivE FRE G000 o002 [
5000 w01 o003 o002 [
0000 o001
0000 0003
0000 0002
w000 w001
o000
[ 0003
o000 FrrE FrE FrD FrrE i o000
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