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Abstract

This thesis presents a power simulation of a MIPS MicroAptiv UP Core implemented as
a virtual ASIC prototype using Taiwan Semiconductor Manufacturing Company(TSMC)
65 nm CMOS technology. Based on the MIPS instruction set program data is generated
and introduced in the simulation by means of initialization files. Before the simulation,
technology specific SRAM modules are integrated into the MIPS core. Two different pro-
grams are used for power characterization. The first program performs frequent memory
accesses by means of load/store word instructions, while the second program is a loop
which operates on registers only and mainly increments addresses. The simulation is
based on a virtual prototype which is generated by synthesis and place & route includ-
ing post-layout parasitic extractions. The stimuli for the power extraction is generated
via gate-level simulation and forwarded to the power calculation engine. The effect of X-
propagation on gate-level simulations is avoided by modifying the address-related state-
ments in the execution data path module, which use another form of 2 to 1 multiplexer,
setting the output to zero for all input signals even with an initial value of 'x’ without
changing the functionality. Finally, the consumed power is provided by reports gener-
ated by the power simulation engine. The memory-centric program consumes 35.39mW
of internal power using instructions, which is 0.73mW less than the internal power of the
register-centric program, and the overall average power is also lower by almost 0.7mW.

Keywords—Power Simulation; TSMC 65nm CMOS; X-propagation; MIPS
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1 INTRODUCTION

The MIPS32® microAptivi™ UP core is a high-performance, low-power, 32-bit MIPS RISC
processor core intended for custom system-on-silicon applications. The core is designed for
semiconductor manufacturing companies, ASIC developers, and system OEMs who want to
rapidly integrate their custom logic and peripherals with a high-performance RISC proces-
sor. The microAptiv UP core is fully synthesizable to allow maximum exibility. It is highly
portable across processes and can easily be integrated into full system-on-silicon designs.
The microAptiv UP core implements the MIPS Architecture in a 5-stage pipeline. It includes
support for the micro-MIPS™ [SA, an Instruction Set Architecture with optimized MIPS32
16-bit and 32-hit instructions that provide a signi cant reduction in code size with a perfor-
mance equivalent to MIPS32.

In this thesis, the primary modules, their basic function, register set, and instruction set are
introduced in the second chapter. The reason for describing these modules in this text is to
help the reader to understand the architecture and operation mode of the MIPS core. In ad-
dition the given information is also applied in exemplary assembly programs. Some other
modules not mentioned in this text can be found in [1]. As an additional note, the gures
in this chapter are captured from the Vivado software, while in chapters 5 and 6 Cadence
software is used. In the third chapter, three different algorithms for the virtual-to-physical
translation are presented. This includes the "translation of the unmapped segment," LTB,
and FMT approach. Chapter 4 shows the exact process for the translation of the unmapped
segment. In addition, the ve relevant stages for the execution of the  Iw instruction are also
explained. The two different processes for the translation between data virtual address and
instruction virtual address, and the process of read/write data are described in this chap-
ter which is also useful for nding unde ned signals during gate-level-simulation in chapter

6. The next chapter focuses on replacing generic memory modules with technology speci ¢
memories from TSMC and how to generate the program les to be loaded into the memory
cells during simulation. The RTL or functional simulation results before synthesis, oorplan,
and P&R process are brie y described. The instructions for de ning timing constraints criti-
cal to the clock tree and the content of the constraints le are also presented in the synthesis
section. The last chapter introduces the basic setup of the gate-level-simulation. It also de-
scribes problems and results encountered during this simulation. Finally a comparison and
analysis of the results for the two cases of power simulation is given.

2 ARCHITECTURE OF THE MIPS

This chapter introduces the core, the register set, the instruction set, and the special microar-
chitecture of the MIPS processor. The remainder of this chapter introduces all components
of the MIPS model as well as the function of these components.



2.1 BLOCK DIAGRAM OF THE CORE

The MIPSfpga core is freely available and has a MIPS32 microAptiv UP architecture. The main
parts of the MIPSfpga core are shown in the following block diagram illustrated in Figure 2.1.
The microAptiv UP core is designed with a 5-stage instruction pipeline. It includes support

Figure 2.1: Block diagram of MIPS32 microAptiv UP core [2]

for the microMIPS ISA, which is an instruction set architecture with optimized 16-bit and
32-bit instructions. The Instruction Decoder gets the actual instruction from the instruction
cache, which acts as a buffer memory between external memory and the core processor, and
is an additional hierarchy level of memory to access instructions faster. The Instruction De-
coder generates signals that interact with the Execution Unit to trigger the execution of the
decoded operation. The Execution Unit has a load/store architecture and is equipped with
a single-cycle ALU to perform logical, shift, and mathematical operations. In addition, it has
an autonomous multiply/divide unit. It also includes an Address Unit, which determines the
next Program Counter (PC) value by controlling address selections muxes and reacting on the
branch condition as well as the trap condition comparator. The 32-bit General Purpose Regis-
ters (GPR) are used for integer operations and address calculations. To minimize the context



switching overhead during interrupt or exception processing one, three, seven or fteen ad-
ditional shadow registers les can be added. The System Coprocessor unit provides system
interface signals, such as the system clock and reset. The MMU (Memory Management Unit),
which is connected to the instruction-, and data cache controller (I-Cache and D-Cache) and
also the Bus Interface Unit performs virtual-to-physical address translation and takes the in-
structions or data from the main memory when these data is not available in the caches. The
Bus Interface Unit to which the MMU is connected to allows the user to access memories and
memory-mapped I/O through an AHBLite bus. The Multiply & Divide Unit (MDU) performs
multiply/divide operations.

The MIPS architecture offers up to four different coprocessors (CP0-CP3). However, only the
CPO coprocessor is mandatory, while the others are optional. In this thesis, only the CPO (sys-
tem coprocessor) is used, which translates virtual addresses into physical addresses, manages
exceptions, and handles switches between kernel supervisor and users states. Furthermore,
the CPO controls the cache subsystem and provides diagnostic control and error recovery
facilities. The CP1-CP3 coprocessor slots are usually reserved for the oating-point calcula-
tions.

2.2 PIPELINE MICROARCHITECTURE

Pipelining is used to improve sequential logic by splitting combinational logic blocks into
several smaller segments. In between the segments, registers are placed which store the seg-
ment outputs with every clock cycle and feed the inputs of the subsequent segment. By this
means the stability and the consistency of the logic operation can be secured and ef ciency
and the processing speed can be increased. A ve-stage instruction pipeline is applied in
the case of the MIPS microprocessor core. As shown in Table 2.1, the ve stages are Fetch,
Decode, Execute, Memory and Writeback. The processor reads the instructions from the in-
struction memory during the Fetch stage. During the Decode phase, the fetched instruction

is decoded to de ne the sources of the operands in the register le and to produce control sig-
nals for the subsequent execution of the decoded instruction. While in the Execution phase,
the processor performs a computation using the resources available in its ALU. Data mem-
ory can be read or written by the processor in the Memory stage. The operation result can be
written by the processor to the register le in the Writeback stage.

IF ID EXE MEM wB
IF ID EXE MEM WB
IF ID EXE MEM WB

Table 2.1: Pipeline processor

In each stage the next instruction is taken over as soon as the processing of the current in-
struction is nished. Registers are required between each pipeline stage to hold the result of
the executed instruction. The results stored in these registers are used for processing the next
pipeline stage.



2.3 MEMORY MAP

The microAptiv UP core provides a 32-bit address space and three modes of operation, namely
User mode, Kernel mode, and Debug mode. The processing mode in uences translation of
virtual addresses to physical addresses, which the MMU performs. The translation process

happens before a request is sent to the cache controllers and the bus interface unit for exter-
nal memory access.

Figure 2.2: Memory map [1]

» User mode is applied during the execution of application programs.

» Kernel-mode is used for handling exceptions and operating system kernel functions,
including CP0 management and I/O device access.

» Debug mode is used during system bring-up and software development.

When a reset or another exception is accepted, the core uses Kernel mode, in which the soft-
ware can operate in the entire address space, and also the CPO register. In User mode, only
part of the virtual address space from 0x0000_0000to Ox7FFFF_FFFFis available. In the op-
posite to Kernel-mode, the CPO functions can not be accessed. The remaining address space
from 0x8000_0000to OXFFFF_FFFFis only accessible to exceptions.



Debug mode is entered by triggering the debug exception. In Debug mode, the same address
space and the CPO registers are available as in Kernel mode. In segment kseg3, the core has
an additional segment dseg, which can be turned on or off.

2.4 AHB-LITE Bus

As shown in Figure 2.3, the available AHB-Lite interface consists of a 50MHz system clock
HCLK, a write enable signal HWRITE (“1"write,“0"read), an address signal bus HADDR [31:0],
and two separate read and write data buses HRDATA[31:0]and HWDATA[31:0]. The memories
and all peripherals are connected to the core through the AHB-Lite interface.

Figure 2.3: AHB-Lite Bus

The MIPSfpga processor core is the only MASTER connected to the AHB-Lite Bus. In addition,
three slaves RAMO, RAM1 and GPIOs are connected to the MASTER. Memory block RAMO
contains the boot code while memory block RAM1 contains the user code and application
data. During FPGA prototype the GPIO modules implement the connections to the LEDs,
switches, pushbuttons and the 7-segmemt displays available on the used Nexys4 DDR board.
For ASIC implementation, the RAMO and RAM1 modules have to be adapted to the SRAM
modules provided by TSMC before functional simulation which is described in chapter 5.

In addition to the three slaves, an address decoder and a data multiplexer are also available
to generate the selection signals HSEL[2:0] based on the HADDR address and decide which
of the three slaves the read data bus HRDATA by means of a 3:1 multiplexer.

The corresponding virtual address of the RAMO block holding the boot load is ~ Oxbfc0O_0000-
Oxbfcl_fffc while the physical address is 0x1fcO_0000-1fcl_fffc As for the RAM1, which con-
tains the user code, the virtual address and physical address is respectively 0x8000_0000-



Virtual address Physical address Signal name Nexys4 DDR
0xbf80_0000 0x1f80_0000 IO_LEDR LEDs
0xbf80_0008 0x1f80_0008 I0_SW switches
0xbf80_000c 0x1f80_000c I0_PB U, D, L, R, C push buttons
0xbf80_0010 0x1f80_0010 SEGEN_NJ7:0] AN[7:0]
0xbf80_0014 0x1f80_0014 SEGO_NJ[3:0] Digit 0 value
0xbf80_0018 0x1f80_0018 SEG1 N[3:0] Digit 1 value
0xbf80_001c 0x1f80_001c SEG2_N[3:0] Digit 2 value
0xbf80_0020 0x1f80_0020 SEG3_N[3:0] Digit 3 value
0xbf80_0024 0x1f80_0024 SEG4_N[3:0] Digit 4 value
0xbf80_0028 0x1f80_0028 SEG5_N[3:0] Digit 5 value
0xbf80_002c 0x1f80_002c SEG6_N[3:0] Digit 6 value
0xbf80_0030 0x1f80_0030 SEG7_N[3:0] Digit 7 value

Table 2.2: Memory addresses used during FPGA prototype on the Nexys4 DDR FPGA board

0x8003_fffcand 0x0000_0000-0003_fffc The LEDs, switches, pushbuttons, the 7-segment dis-
plays, and enable signals for each digit are mapped to virtual memory addresses  0xbf80_0000-
0xbf80_0030, as shown in Table 2.2. The MMU on the MIPSfpga translates virtual addresses
used by the processor core into physical addresses, received by the AHB-Lite Bus.

2.4.1 CONNECTION BETWEEN EACH COMPONENT OF THE AHB-L ITE BusS

The implementation schematic of the AHB-Lite bus components is shown in Figure 2.4. The
address register adrreg sends the address from the address signal bus HADDR [31:0] to the
ahbdecoder and to the memory block RAMO and RAM1. The component writes data to the
register writereg and forwards the write enable signal from HWRITE to the slaves.

Figure 2.4: AHB components
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module ahb_decoder

(
input [31:0] HADDR,
output [ 2:0] HSEL

assign HSEL[0] = (HADDR[28:22] =="H_RAM_RESET_ADDR_Match);
assign HSEL[1] = (HADDR[28] == '"H_RAM_ADDR_Match);
assign HSEL[?] = (HADDR[28: == '"H_LEDR_ADDR_Match);

endmodule

Listing 1: Verilog Code for AHB Decoder

As shown in Listing 1, the bits of the selection signal HSEL [2], HSEL [0] depend on the bits
in HADDR [28:22] and HSEL [1] is derived from the HADDR [28] bit. The output HRDATA
[31:0] from the component GPIO contains the data from the peripheral, which is named

as HRDATA2 [31:0] in the Verilog module mipsfpga_ahb.v and is selected when the signal
HSEL [2:0]equals 3'b100. The HRDATA [31:0]from RAMO contains the machine codes, which

is named as HRDATAO [31:0] in the Verilog module mipsfpga_ahb.v and is selected when
HSEL[O] equals 1'b1. The read data bus HRDATA [31:0] and the signals HREADY, and HRESP
of the AHB-Lite bus block are fed to the block top, which corresponds to the Verilog module
m14k_top.v. The other outputs of the AHB-Lite bus block are used as outputs of the top-level
hierarchy module mipsfpga_sys.v, as shown in the following Figure 2.5.

Figure 2.5: Connection between the block AHB-Lite and Top



2.5 REQUIRED LOGIC BLOCKS

The microAptiv™™ UP core consists of both required and optional blocks. As shown in the
block diagram in Figure 2.6, the frames shown in white of the block diagram are mandatory
blocks and are always used for the proper execution of instructions. The areas shown in grey
of the block diagram are optional blocks. The use of these blocks relies on the needs of the
speci ¢ implementation targeting a respective application. The following subsections intro-
duce the mandatory blocks of the microAptiv UP processor core and their function.

Figure 2.6: Mandatory and optional blocks in microAptiv UP core [1]

2.5.1 BUSINTERFACEUNIT

The bus interface unit m14k_biu acts as the interface between the microAptiv UP processor
core and the outside blocks. Read/write requests from the cache controller are transmitted
to the BIU. The requests are arbitrated and transformed to bus transactions according to the
AMBA-3 AHB-lite protocol [1].

2.5.2 CACHE CONTROLLER

The caches sizes, organizations, and set-associativity depends on the microAptiv UP core
con guration and the deployed data controllers. For example, the size of the data cache can
be 2 Kbytes, and the set-associative of the data cache is de ned as 2-way, whereas the size
of the instruction cache can be 8 Kbytes and the set-associative of the instruction cache is
de ned as 4-way. The CPU core can reach each cache in a single processor cycle. Also, each
cache has its 32-bit data path, and the core can access both caches in the same pipeline clock
cycle. A one-line Il buffer is included in each cache controller and managed accordingly.
The Il buffer collects the data to be written to the cache and can be accessed in parallel to



the cache. The data can be bypassed and written back to the core [1]. After the virtual-to-
physical translation in the m14k_mmu module, the most signi cant bits [31:10] of the in-
struction physical address is merged with parts of the offset [9:2], originating from the exe-
cution module m14k_edp, in the instruction cache controller m14k icc, and the addressed
instructions are read from the AHB module and transmitted through the cache control mod-

ule. In the data cache controller m14k_dcc, the physical data address from the instructions
like lw or sw is processed in the same way. However, the offset is de ned by another sig-
nal which also originates from the m14k _edp module. Addressed data is transferred from the
memory block RAMO through the data cache controller module to the core. The exact process
for both modules is introduced in chapter 4.

2.5.3 MASTERPIPELINE CONTROL

The master pipeline control module  m14k_mpc receives the machine code from the instruc-
tion cache controller and sends it to the block decoder ml14k_mpc_dec in the MPC. This
block decodes the instructions and extracts the register addresses of the operands, and for-
wards them to the general-purpose-register (GPR) module. The block m14k_mpc_ctl gen-
erates most of the control signals which are used during the execution stage in the module
MPC.

2.5.4 EXECUTION DATA PATH

The execution data path ( m14k_edp) module is the execution unit of the CPU. On reset, the
processor begins in kernel mode and jumps to the reset vector at address  0xbfc00000which
is the rst generated virtual address after reset in the execution data path module. In this
module the virtual address which points to the next instruction to be fetched is also calcu-
lated. Basically, the module executes the instructions which have been received from the
m214k_mpc module. It receives the data for load instructions asserted on the read data signal
HRDATA of the AHB-Lite bus interface. It also generates the data for the store instructions,
which is set to the write data signal HWDATA. The function of the implemented modules like
the ALU is described as a set of several assignments in the Verilog code.

2.5.5 MEMORY MANAGEMENT UNIT

The MMU in the microAptiv UP processor core translates virtual addresses to physical ad-
dresses before request are sent to the cache controllers for tag comparison or to the bus
interface unit for an external memory reference. This translation is a feature for operating
systems which manage the physical memory in a way that it accommodates multiple tasks
active in the same memory, so that they operate on the same virtual address space but in
different locations in physical memory. Other features handled by the MMU are protected



memory areas and the de nition of cache protocols [1]. The MMU is translation lookaside
buffer (TLB) based by default and has three address translation buffers:

* 16 or 32 dual-entry full associate Joint TLB(JTLB)
 4-entry fully associate Instruction micro TLB(ITLB)
 4-entry fully associate Data micro TLB(DTLB)

In the following, these three buffers are introduced one after another. A 16 or 32 dual- entry,
fully associative Joint TLB, implemented by the microAptiv UP processor core, maps 32 or 64
virtual pages to their corresponding physical addresses. The upper bits of the virtual address
are compared with each of the entries in the tag portion of the JTLB structure to translate
virtual addresses and the corresponding Address Space Identi er (ASID) into physical ad-
dresses. Since both instruction and data virtual addresses are translated in the same way the
structure is called "Joint" TLB.

In order to reduce the overall size, the JTLB is formed in page entry pairs. Two correspond-
ing physical data entries of each virtual tag form the even odd page entry. The highest order
virtual address bit is used for the selection of the two data entries. Because of the page size,
the page-pair basis is variable. The bit for the even/odd selection and the address bit for the
comparison are not the same during TLB lookup. Figure 2.7 shows the contents of one of

Figure 2.7: JTLB Entry (tag and data ) [1]

the dual-entries in the JTLB. The tag entry consists of the Virtual Page Number divided by
2 (VPN2). Bits 31:25 are always included in the TLB lookup comparison. Bit 24:13 are set
by the page mask value, which de nes the page size by masking the proper VPN2 bits. The
page mask value also decides which bits determine the selection of the even-odd page frame
number(PFNO-PFN1). As for the 4KB page size, the virtual address bit [12] determines the
page choice. The second part of this entry is the global bit. The entry is global to the whole
processor when G is set. Furthermore, it also means that the ASID is not included in the com-
parison. The last 8 bits form the AISD. The address-space for each process is associated with
the TLB entries through ASID. PENO and PFN1 are the upper bits of the physical address. The
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Name Number Use
$0 0 the constant value 0
$at 1 assumbly temporary
$v0-$v1 2-3 procedure return values
$a0-$a3 4-7 procedure arguments
$t0-$t7 8-15 temporary variables
$s0-$s7 16-23 saved variables
$t8-$t9 24-25 temporary variables
$k0-$k1 26-27 operating system (OS) temporaries
$gpl 28 global pointer
$sp 29 stack pointer
$fp 30 frame pointer
$ra 31 procedure return address

Table 2.3: MIPS register set

remaining data entries are not described in detail. The ITLB performs the memory address
translation for the instruction. When the ITLB cannot translate the address, the JTLB tries to
nish translating of the address in the following clock cycle. The translated address is copied
into the ITLB after successful execution, and the ITLB can resume operation again [1]. Un-
like the ITLB, the DTLB applies a faster translation for Load/Store addresses which works in
parallel to the JTLB. A DTLB miss and a JTLB hit effects a DTLB reload in the same cycle. The
process of the virtual-to-physical address translaion is described in more detail in chapter 3.

2.6 REGISTERSET

The MIPS architecture contains 32 registers ( $0, $1,..., $3J), the program counter (pc), and
two special registers Hi and Lo to store the result of multiplications and divisions. These two
special registers cannot be used directly, but they are only accessible through two instructions
mfhi (move from Hi) and mo (move from Lo). The results of multiplications and divisions
can be longer than 32 bits. With multiplications the most signi cant bits are placed in the Hi
register, and the least signi cant bits are placed inthe Lo register. Division operations put the
guotientinthe Lo and the remainderinthe Hi register.

The rst register $0 contains the constant value 0. Since this register is read-only, it should
be used only as a source operand and is ineffective as the destination operand. The return
address of a function or service routine should be stored in the last register  $ra. The other 30
registers and the convention regarding their usage are listed in Table 2.3.
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2.7 INSTRUCTION SET

The Instruction set of the MIPS architecture follows the RISC (Reduced Instruction Set Com-
puter) principle. RISC computer use only simple instruction with fewer cycles per instruction
(CPI) than a CISC (Complex Instruction Set Computer). In this section, the function and the
format of the instruction set is explained.

2.7.1 FUNCTIONAL INSTRUCTIONS

Instructions have four different kinds of functional groups:
» CPU Load & Store Instructions.
* Arithmetic Logic Operation (add, sub, and, or...).

* Jump & Branch.

2.7.1.1 CPU Load and Store Instructions

All instructions have a width of 32 bits. Data is organized in words of 4 Bytes (32 Bit), half-
words of 2 Bytes (16 Bit), and bytes (8 Bit) which can be stored from registers to memory or
oppositely be loaded from memory to registers. Memory is accessible through dedicated load
and store instructions, such as Iw, sw. The address consists of two parts. The rst part of the
address is stored in a source register “ rs”, the second part is given as constant offset in the
instruction. The addressed data will be stored in a destination register“  rd”. For example, the
LHU/LH instruction loads a half-word either unsigned by lling the most signi cant bits with
zeros or sign-extended by lling the most signi cant bits with the respective sign bits. A list

of load store instructions is given in Table 2.4.

Mnemonic Instruction Function
Ibrd, of (rs) Load Byte rd=mem|[rs+of]
Ibu rd, of (rs) Load Byte Unsigned rd=mem][rs+of]
Ihrd, of (rs) Load Halfword rd= mem[rs+of]
lhu rd, of (rs) Load Halfword Unsigned rd= mem[rs+of]
Iw rd, of (rs) Load Word rd= mem[rs+of]
sbrs, of (rt) Store Byte mem|[rt+of] = rs[7:0]
shrs, of (rt) Store Halfword mem([rt+of] = rs[15:0]
sw rs, of (rt) Store Word mem[rt+of] =rs

Table 2.4: Load and Store instructions
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2.7.1.2 Arithmetic and Logic Operations

The MIPS architecture has different kinds of arithmetic instructions, including add, sub, div,
mult . Some instructions come with an“ i” or an “ u” are at the end of the mnemonic code to
indicate special modes. “ i” means that the respective instruction is used with an immediate
which is a 16-bit constant operator in combination with data stored in the source register “ rs”
“u” indicates an unsigned instruction. The rest of the instructions use the operator rt (reg-
ister target) and rs (register source), which can be dynamically changed in the program. The
results are stored in the destination register ( rd) after the execution of every instruction. At-
tention should be paid to division and multiplication instructions, which use speci c register

lo and hi to store the results as mentioned above.

Mnemonic Instruction Function
adds two registers and
addrd, rs, rt . 9 . rd=rs+rt
store resultin a register
adds a register and a
. . sign-extended immedi- .
addird, rs, im 9 rd=rs+im

ate and store result in a
register

adds two registers and
addurd, rs, rt stores the result in a reg- rd=rs+rt
ister unsigned

divides rs by rt and stores

. o lo=rs/rt
divrs,rt the quotientin lo and the .
. o hi=rs%ort
remainder in hi
substrates two registers
subrd, rs, rt and stores resultin a reg- rd=rs-rt

ister

substrates two registers
suburd, rs, rt and stores resultin a reg- rd=rs-rt
ister unsigned

multiplies rs by rt and hi=(rs*rt)[63:32]

mult rs, rt .
stores the result in lo lo=(rs*rt)[31:0]

Table 2.5: Load and Store instructions

Logical operation like “and”, “or”, “xor”, and “nor” operate bit-by-bit on two source registers.

The result is written in the destination register “ rd”. However, a “Not” instruction does not
exist. Instead, the “Not” instruction is implemented by using a “Nor” instruction in combina-

tion with the zero register $0. As shown in Table 2.5, logical operations can also be operated
on immediates using instructions “ andi”, “ ori”, “ xori”.
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Mnemonic Instruction Function

Ands bitwise two regis-
andrd,rs, rt ters and stores the result rd=rs & rt
in a register

ands bitwise a register
. . and an immediate value .
andird, rs, im . rd=rs & im

and stores the result in a

register

Ors two registers bitwise
orrd, rs, rt logical and stores the re- rd=rs j rt
sultin a register

Ors a register and an
immediate value bitwise

orird, rs,im : rd=rsjim
and stores the result in a
register
Exclusive or of two regis-

xorrd, rs, rt ters. Results are stored in rd=rs " rt
aregister

Bitwise exclusive or of a
register and an imme-
diate value. Results is
stored in a register

xorird, rs, im rd=rs ™ im

Table 2.6: Logical operations

Shift Instructions can move each digit in a register left or right by the amount of bits given in
the parameter “ shamt”. Normal shift instructions are “  slI” (shift left logical), “ srl” (shift right
logical), and “ sra” (shift right arithmetic). Shift right arithmetic*  sra” means that the most sig-
ni cant bits are not lled with zero but with the sign bit of the initial value. A mnemonic code

that ends on “v”, such as “ sllv” (shift left logical variable), “ srlv” (shift right logical variable),
“srav” (shift right arithmetic variable) means that the amount of bit positions to be shifted is

de ned dynamically in a register.
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Mnemonic

Instruction

Function

slird, rs, a

Shifts a register value left by
the amount of bits de ned
in the instruction and stores
the result in register rd

rd =rs «a

slivrd, rs, rt

Shifts a register value left by
the amount of bits de ned
in the register rt and stores
the result in register rd

rd =rs «rt

srard, rs, a

Shifts a register value right
by the amount of bits de-
ned in the instruction and
stores the result in register
rd

rd =rs »a

sravrd, rs, rt

Shifts a register value right
by the amounts of bits de-
ned in the register rt and

stores the result in register
rd

rd =rs »rt

srlrd, rs, a

Shifts a register value right
by the amount of bits de-
ned in the instruction and

stores the value in register rd

rd =rs »a

srlvrd, rs, rt

Shifts a register value right
by the amount of bits de-

ned in register rt and stores

the value in register rd

rd =rs »rt

Table 2.7: Shift operations

2.7.1.3 Jump and Branch Instructions

The PC (Program Counter) is the pointer holding the memory address of the present instruc-
tion and is updated to point to the next sequential instruction to execute. Conditional Control
Instructions (branch) change the PC based on the evaluation of conditions. Unconditional
Control Instructions (jump) always change the PC. The eld in the branch instructions that
speci es the new instruction address is 16 bits wide and is given relative to the next (PC+4)
and not the current instruction address (PC) when the branch instruction is executed. In
jump instructions the size of the offset eld is 26 bits. The offset is shifted left by two bits and

lled up with the four most signi cant bits of the PC.
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Mnemonic Instruction Function

beqrs, rt, of branch on equal pc = pc + (of «2)

bners, rt, of branch on not equal pc = pc + (of »2)

bgez rs, of branch on greater than be = pe + (of «2)
or equal zero

bgezal rs, of branch on greater t-han pc = pc + (of «2)
or equal to zero and link $ra=pc+8

bgtz s, of branch on greater than bC = pe + (0f »2)
zero

h I h

blez rs, of branch on less than or pc =pc + (of »2)
equal to zero

bltz rs, of branch on less than zero pc =pc+ (of »2)
branch on less than zero pc = pc + ( of

bitzalrs, of and link »2), $ra= pc + 8

. . pc=pc[31:30] &

jad Jump (ad «2)

pc=pc[31:30] &
jalad jump and link (ad «2), $ra=pc
+8
jalrrd, rs jump and link register 208: rs, $ra= pc

Table 2.8: Shift operations

2.7.2 INSTRUCTIONS FORMAT

Instructions are written in binary code format and consist of a string of 1 sandO0 s. Toidentify
the instructions, the 32-bit binary code is divided into several elds to represent different
pieces of information. There are three different instruction formats: R-Type, I-Type, and J-

Type.

2.7.2.1 R-Type Instruction

R-Type instructions are short for register type and operate on three registers.  rsand rt repre-
sent the source register and rd is the destination register. Table 2.9 shows the R-Type machine
instruction format.

The op eld of R-Type-instructions is always lled with zeros, while the funct eld determines
the operation. The shamt eldis used in shift instruction to de ne the amount of bits to shift.
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For example, the add instruction is de ned by the code 32 (100000 ;) and 0 (000000,) in the

opcode and the funct elds, respectively.

funct
6 bits

shamt
5 bits

rd
5 bits

op rs rt
6 bits 5 bits 5 bits

Table 2.9: R-Type

rs, rt are source registers, rd is the destination register. The register numbers can be found in

Table 2.1. Table 2.10 shows the machine code for the R-type instructions add and sub.

Assembly Code Field Values
op rs rt rd shamt funct
add $s0, $s1, $s2 0 17 18 16 0 32
sub $t0, $t3, $t5 0 11 13 8 0 34
Machine Code
000000 10001 10010 10000 00000 100000
000000 01011 01101 01000 00000 100010

Table 2.10: R-Type examples

2.7.2.2 1-Type Instruction

The I-Type is short for immediate-type, and consists of two register operands and a 16-bit
“immediate” value. The naming of the instruction format indicates that it is much faster to
access constants given in the instruction than other available data sources. The 32-bit in-
struction has four elds: op,rs, rt, and imm . Table 2.11 shows the I-Type machine instruction
format.

The opcode determines the operation of I-Type. rs and imm are used as source operands.
For some instructions ( addi and Iw) rt is used as the destination, while for others instruc-
tions it is used as another source register. Table 2.12 shows the machine code for the I-Type
instructions addi and sw.

imm
16 bits

op rs rt
6 bits 5 bits 5 bits

Table 2.11: I-Type
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Assembly Code Field Values
op rs rt imm
addi $s0, $s1, 5 8 17 16 5
sw $s1, 4($t1) 43 9 17 4
Machine Code
001000 10001 10000 0000000000000101
101011 01001 10001 0000000000000100

Table 2.12: I-Type examples

2.7.2.3 J-Type Instruction

J-Type is short for jump-type and is only used with jump instructions. This instruction con-
sists of an opcodeand the 26-bit address operand, addr. Table 2.13 shows the J-Type machine
instruction format.

op addr
6 bits 26bits

Table 2.13: J-Type

3 VIRTUAL-TO-PHYSICAL ADDRESSTRANSLATION IN MMU

The translation from a virtual address to a physical address happens inthe MMU, an interface
between the execution unit and the cache controller. The microAptiv UP core contains a
Translation Lookaside Buffer (TLB) or a simple Fixed Mapping Translation (FMT) style MMU
[1]. In this chapter, both approaches are described. In addition, one more special translation
method exists for unmapped segments.

3.1 VIRTUAL-TO-PHYSICAL ADDRESSTRANSLATION FOR UNMAPPED SEGMENTS

In this thesis, all physical addresses stay in the unmapped segment ksegl. Because the core
enters Kernel mode both at reset and when an exception is recognized, an unmapped seg-
ment does not use the TLB or the FMT approach for the virtual-to-physical address transla-
tion. Especially after reset, the availability of unmapped memory segments is essential be-
cause the TLB is not yet programmed to perform the translation[1]. The processor operates

in Kernel mode whenthe DM bit in the Debug register is 0, and one or more of the following
three bits in the Status register are set as follows UM =0, ERL=1, EXL=1. When a non-debug
exception is detected, EXLor ERL s set, and the processor enters Kernel mode.

In Kernel mode, when the most-signi cant three bits of the 32-bit virtual address is 0xb101,
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the 32-bit kseg1 virtual address space is selected. kseg1 is the 22° byte (32-MByte) kernel vir-
tual address space located at address 0xA000_0000 - OxBFFF_FFFFReferences to ksegl are
unmapped, the selected physical address is de ned by subtracting  0xA000_0000from the
virtual address. In addition the caches are disabled for accesses to these addresses, and the
physical memory (or memory-mapped I/O device registers) are accessed directly [1].

The algorithmic translation process in the Verilog code is different from the subtraction men-
tioned above and is described in the next chapter. As mentioned before the virtual addresses
are 0xBFCO_0000or OxBFCO0_0008 The binary code for the hexadecimal number Bis 4'b1011,
and the upper three bits are identical to the condition. Figure 3.1 shows three important bits

for the determination of the kernel mode.

Figure 3.1: Bit ERL,EXL,DM

3.2 VIRTUAL-TO-PHYSICAL ADDRESSTRANSLATION IN TLB BASED MMU

In this subsection, the translation in TLB based memory management is discussed. Memory
translation happens in the MMU module of the micorAptiv UP processor core, the virtual-
to-physical address translation is implemented by the method introduced in the rst section

of this chapter. Except for kseg0 and kseg1 for all other segments that are mapped or cached
TLB can be used.

When the translation process is activated, the virtual address from the processor can be the
same or different in comparison with the virtual address in the TLB. The situation where both
addresses are identical is called match or hit, and the rst condition is that the VPN of the
address is the same as the VPN eld of the entry. In addition, the two following conditions
are checked.

» The Global bit of both the even and odd pages of the TLB entry is set.
» The ASID eld of the virtual address is the same as the ASID eld of the TLB entry.

If all these conditions are not matched, the processor starts a TLB miss exception, and the
software re lls the TLB from a page table of virtual/physical addresses in memory. As shown
in Figure 3.2, the page frame number (PFN) of the physical address comes from the PFN in
the TLB, if the virtual address is matched in the TLB. The offset does not pass through the TLB
and is connected with the PFN to form the physical address.

3.3 VIRTUAL-TO-PHYSICAL ADDRESSTRANSLATION IN FMT BASED MMU

An optional unit for the microAptiv UP core is the Fixed Mapping memory management unit
that is smaller than a full TLB and synthesized with less hardware effort. Unmapped memory
segments in a TLB implementation (kseg0 and ksegl) are translated identically by the FMT
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Figure 3.2: Virtual-to-Physical address translation in TLB base MMU

MMU, and the translation result could be explained by using the same method as mentioned
in the rst section for FMT. However, the applied process of both methods is not the same
[1]. With the FMT approach, a bitwise AND of the virtual address space with a xed number
of OXx1FFF_FFFFis performed which means that the translated result of the virtual address
0xBF80_0004is the physical address 0x1F80_0004][3].

4 EXECUTION PROCESS OFTHE MICROAPTIV™M U P PROCESSORCORE

This chapter describes the execution process of the microAptiv up processor core. The rst
section starts with a brief description of how mnemonic MIPS assembly code is translated
to machine code, on which the simulation results in this section are based. The simulation
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results generated by Modelsim are used to analyze the core's operational logic. This section
also introduces the requirements of the following two chapters with respect to functional
and power simulations. In addition, the generation of the rst physical address and the in-
crement of the addresses are described. One method for virtual to physical address transla-
tion through different processes in Verilog code is xed simple translation, which has already
been analyzed in section 3.1. The pipeline stage for the Iw instruction will be introduced in
the third section. Because of the different transformation steps from virtual to physical ad-
dresses during the execution of Iw and sw instructions, both processes are introduced in the
fourth section. The last section will describe the Write signal HWDATA and the Read data
process from the AHB bus to the processor core. All connections of the following signals
can be found in the Verilog code. In each diagram and simulation results, the main signals
are shown. The following provides a detailed understanding of how addresses and data are
propagated within the processor, which is particularly essential for the veri cation process
described in Chapter 6 to detect unde ned signals generated during the gate-level simula-
tion and to x the issues causing them.

4.1 TEXTFILE CREATION FOR THE INITIALIZATION OF MIPSFPGAMEMORIES

The CodeScape MIPS SDK Essentials is available for software programming in C and Assem-
bly. The CodeScape package includes an installation of the OpenOCD software for on-chip
debugging. For compilation or assembly, the assembly programs and the Make le from the
directory Codescape\ExamplePrograms\Assembly of the MIPSfpga project should be copied
to the directory in which the compile or assemble le main.c or main.s can be found. For the
compilation, the command make is used. By this means the le FPGA_ Ram.elf in ELF (Ex-
ecutable and Link) format is generated. The text les which initialize the MIPSfpga memo-
ries are called ram_reset_init.txt and ram_program_init.txt . These memory initialization les
should be created to run a program during simulation with Modelsim and Xcelium. For this
purpose, the command shell cmd.exeis opened, and the user has to change to the respective
directory.

cd C:\..\MIPSfpga\Codescape\ExamplePrograms\Scripts

Then, the memory les are generated by typing the following command into the command
prompt:

createMemfiles.bat ...\Examplefolder

The generated text les ram_reset_init.txt and ram_program_init.txt contain the machine
instructions based on the compiled code in the Example folder in a format that allows the
block RAM initialization ( i.e, Codescape\ExamplePrograms\Examplefolder ). Moreover, a
MemoryFiles folder is created that contains the memory initialization les. In order to enable
simulation, the machine code, which start at @1D7 and contains the same amount of lines
as the initial program, needs to be copied from the initial text le ram_program_init.txt to
the le ram_reset_init.txt . These les can be used in Modelsim to simulate and study the
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processor execution process. However, this initial data does not match the format in TSMC
memory, which is described in detail in Chapter 5.

© ® N o o A~ W N R

» Assembly Program
The following program is used for generating the initial machine code le. The pur-
pose of this code is to allow a clear analysis of how the store/load instructions ( sw, Iw)
are processed in the core, to understand the operating principle of the entire system.
The program rst writes the addresses of the switches and pushbuttons into registers.
By using the lw instruction the data is read from the switches into registers. Through
the sw instruction the data is stored into the virtual address where the led register is
located. Finally, this process is looped through the  beqinstruction.

Figure 4.1: Assemble Program for the lw and sw instructions

« Initial Files

The following is the initial machine code which corresponds to the program shown
above and is used in the simulation. In order to verify that the machine code and the
MIPS assembly program are identical, the instruction like Iw can be checked through
the I-type instruction format as is shown in table 4.1. The table below is the machine
code for the rst Iw instructions.

3¢c08 bf80
250c 0004
250d 0008
250e 000c
8daa 0000
8dcb 0000
ad0a 0000
ad8b 0000
1000 fffb

Listing 2: Initial machine code
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Assembly Code Field Values
op rs rt imm
Iw $10, 0($13) 35 13 10 0
Machine Code
\ 100011 01101 01010 0000000000000000

Table 4.1: Machine code for rst lw instruction

4.2 INITIALIZATION OF THE PROCESSORCORE

Figure 4.2 illustrates the generation process of the signal edp_cacheiva_i. In each rectangular
frame, there are short descriptions of the primary signal transmission process. In the module
some signals and parameters de ned inthe m14k_const.vh le are used in this initialization
process.

Figure 4.2: Diagram illustrating the calculation of the rst physical address 32'hbfc00000

As shown in Figure 4.3, after reset, the signal au_reset_regin module m14k _mpc_exeis setto
1. After two clock cycles, the signal cpz_bev (bootstrap exception vector) is setto 1. Then,
the processor works in kernel mode, which is unmapped and uncached. Both signals are
derived from the control signal mpc_evecsel=8'bx0x1010xvhich is an input signal of module
m14k_edp, and an output signal of the module m14k_mpc.

As shown in Figure 4.2, the signal preiva_p is assigned the value 32'hbfc00000 through the
10-to-1 multiplexer in the execution module  m14k_edp based on the signal evec_eafter one
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clock cycle, which is controlled by the signal mpc_evecseland mainly consists of the de ned
expression 'M14K_RESET_BASE=12'hbfcAfter one cycle the signal edp_cacheiva_ireceives
the data 32'hbfc00000 from the signal preiva_p.

Figure 4.3: Simulation of the signal edp_cacheiva_i

assign utlb_pah [ ] =
{PAHW{utlb_bypass}} & pre_pah |
{PAHW{~utlb_bypass & utlb0_match}} & utlb0_pah |
{PAHW{~utlb_bypass & utlbl _match}} & utlbl pah |
{PAHW{~utlb_bypass & utlb2_match}} & utlb2_pah |
{PAHW{~utlb_bypass & utlb3_match}} & utlb3_pah;

Listing 3: Multiplexer for utlb_pah

As shown in Figure 4.4, the signal edp_cacheiva_i=32'hbfc00000is transformed into the 22 bit
kseg virtual to physical mapping signal i_kseg_addr=22'h07f000through the control module
m14k_mmuc in the MMU module.

signal HeXB'”ary 31.30| 29 26 | 26.22 | 21 18| 17 14| 13_10
edp_cacheiva i | 2ff000 10 | 1111 | 1111 | 0000 | 0000 | 0000
cacheiva_trans 2ff000 10 1111 | 1111 | 0000 | 0000 | OO0OO
i_kseg_addr 07000 00 | 0111 | 1111 | 0000 | 0000 | 0000

Table 4.2: Transformation from edp_cacheiva_itoi_kseg_addr

Table 4.2 shows thatthe signal i_kseg_addr[31:29]is transformed from 3'b101 to 3'b000, while

the other bits do not change. The transformed data is sent to the signal  pre_ipah [31:10],
and it is connected with the input port  pre_pah [31:10] of module m14k_ tlb_itlb . There are
four entry blocks in this module with the same structure, but the output utlb_pah of the four
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blocks is not selected.

As shown in Listing 3, the signal PHAW, short for PAH width is 22, and the signal  utlb_bypassis
1. PAHW{utlb_bypass}=22'h2FFFFis bitwise ANDed with the signal pre_pah to get the same
result stored in the signal pre_pah. The output mmu_ipah [31:10] receives the data from

pre_pah [31:10]. As shown in Figure 4.5, miss_tag_mx [31:10]getssdf the data from mmu_ipah

Figure 4.4: Diagram of the signal mmu_ipah[31:10]

[31:10]. It depends on the control signals Id_mtag and icop_active_m according to the sim-
ulation result in Figure 4.6. Table 4.3 shows that miss_tag_mx [31:10] and miss_idx_mx [9:2]
are the two components of the icc_exaddr [31:2] signal. The signal miss_tag_mx [31:10] cor-
responds to the upper bits of the physical address, and the signal miss_idx_mx [9:2], which
originates from the signal ival_i[9:2] = edp_ival_p [9:2] which is the offset of the physical ad-
dress.

signal HeXB'nary 31.30| 29 26| 26 22| 21 18| 17 14| 13.10| 9.6 | 5.2
miss_tag_mx | 07f000 00 | OL1l | 1111 | 0000 | 0000 | 0000
miss_idx_mx 00 0000 | 0000
icc_exaddr | 07f00000 | 00 | 0111 | 1111 | 0000 | 0000 | 0000 | 0000 | 0000

Table 4.3: icc_exaddr[31:2]={mixx_tag_mx[31:10],mixx_idx_mx[9:2]}

As shown in Figure 4.7, iaddr[31:4] gets parts of the virtual instruction address from icc_exaddr
[31:2], and the virtual address changes to 28'h1fcO0_000Q The combination of iaddr[31:4] and
iword_nxt [1:0] is the main part of the signal HADDR [31:2], which depends on the rising
edge of the signal ireq. Another parts of the signal HADDR [1:0] is be_nxt_address [1:0] At last
HADDR [31:0] gets the rst physical address 32'h1fc00000. The generation of the next address
depends on the rising edge of the signal incsum_e_cond and on the increment of incsum_e.
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Figure 4.5: Diagram of the signal icc_exaddr[31:2]

Figure 4.6: Simulation of the signal HADDR

4.3 PIPELINE STAGES

The execution pipeline consists of ve stages:
» Fetch
» Decode
» Execute
* Memory
» Write back

This section presents the implementation of each stage in the microAptiv up processor core.
As shown in Figure 4.8, the ve stages and their main signals are described.

Each instruction follows a different process in these ve stages.
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Figure 4.7: Diagram of the signal HADDR[31:0]

4.3.1 PIPELINE STAGES FOR LWINSTRUCTION

The last section describes the generation process of the rst physical instruction address,
which is sent to the mipsfpga_ahb module. The decoder in the ahb_decodermodule and the
multiplexer ahb_mux module select the respective slaves.

The Verilog code below shows the selection of each slave. When HADDR [28:22] equals to
H_RAM_RESET_ADDR_Match = 7'h7f = 7'b111_1111nd the other two conditions are not
true, then HSEL [2:0] equals to 3'b001. Based on HADDR [16:2] applied to the mipsfpga_ahb
_ram_reset block, the instructions are fetched sequentially and sent to the bus interface unit
module m14k_biu.

module ahb_mux

(

input [ 2:0] HSEL,

input [31:0] HRDATA2, HRDATA1, HRDATAO,
output reg [321:0] HRDATA

);

always @ (*)

casez (HSEL)

3'b??1: HRDATA = HRDATAO;
3'b?10: HRDATA = HRDATA1L;
3'b100: HRDATA = HRDATAZ2;
default: HRDATA = HRDATA1,
endcase

endmodule

Listing 4: Verilog Code for AHB Selector

As shown in Figure 4.9, HRDATA [31:0] contains the instruction and is transmitted after one
cycle clock through the multiplexer in module  m14k_biu. The instruction cache controller
module m14k_icc gets the output signal biu_datain [31:0] from the bus interface unit and
transmits it through several blocks like m14k_icc_umips_stub and other multiplexers. The
result of the process, as mentioned earlier, is icc_idata_i [31:0]. Next, the decode procedure
is described. The decoding process is implemented in the module master pipeline control
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Figure 4.8: Diagram of the pipeline [4]

ml4k _mpc. The rs eld of the instruction is icc_idata_i [25:21] which is kept in the signal
mpc_rega_i [8:0] after the selection of a multiplexer. The same process is implemented si-
multaneously in the rt eld, and the result is kept in the signal mpc_regb_i [8:0]. For the Iw
instruction the rt eld is used. Both signals are sent to the register le module  m14k_rf. The
rs eld signal mpc_rega i[4:0]is sent to the wire signal src_a_reg [4:0]after one cycle clock in
the module m14_rf. The register le outputs the register value onto the signal  rf_adt. Another
output signal is rf_bdt, which is not used for this Iw instruction, but for R-type or the swin-
structions. The signal mpc_ir_e [31:0] gets the instruction data from icc_idata_i[31:0]. Part of
the signal mpc_ir_e [15:0] is the immediate eld of the instruction, and the required offset for

the Iw instruction is asserted to the signal dva_offset_e The target register operand for the Iw
instruction is stored in mpc_ir_e [20:16]. For R_type instructions, the destination operand is
stored in mpc_ir_e [15:11]. After the decode stage, the decoded instruction is executed. The
signal rf_adt is sent to the signal edp_abus_e The signal aop_e gets the base address from
edp_abus_ethrough a multiplexer. The base address is added to the offset in dva_offset e
to create the virtual address signal edp_dva_ewhich is subsequently translated to the phys-
ical address from which the memory is read. In the module = m14k mpc_ctl the destination
register signal dest_egets the operand from mpc_ir_e [20:16]. In the memory stage, the vir-
tual address signal edp_dva_eis transformed inthe m14k_mmu module to generate the xed
physical address mmu_dpah which is transmitted as the signal dcc_exaddr through the mod-
ule m14k_dcc to the module m14k_biu. In this module, the signal daddr gets the physical
address for the Iw instruction, and the wtaddr signals get the physical address for the sw
instruction. At last, the signal HADDR receives the physical address for the Iw instruction
from the signal daddr. Through this physical address, the signal dcc_data_m in the module
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Figure 4.9: Simulation for the lw instruction

m14k_dcc receives the data from the input signals of the mipsfpga_ahb module and sends it
to edp_ldcpdata_w. At the same time, the signal dest_w gets the destination operand from
dest_e At last, in the writeback stage, the signal mpc_dcba_w decides that edp_lacpdata_w is
the source signal for the writeback signal edp_wrdata_w. The store process of the swinstruc-
tion is introduced in the fourth section.

4.4 GENERATION PROCESS OFPHYSICAL ADDRESS FOR THE LW AND SW
INSTRUCTIONS

This section describes the generation process of the physical address for the Iw and sw in-
structions. For the Ilw instruction, this process is only used when the data is taken from the
hardware input. If the data comes from the software input, it will be directly fetched at the be-
ginning. As shown in Figure 4.10, the signal edp_abus_egets the instruction from the module
mipsfpga_ahb as described in the last section and is sent to the signal aop_e, which contains
the base address. The signal edp_dva_egets the virtual address after addition to the address
offset, which is stored in dva_offset_e The module m14k_mmu implements the transforma-
tion from the virtual address to the physical address. Table 4.3 lists the main signals that are
updated during the signal conversion. The subcomponent m214k _mmuc and subcomponent
m14k_dtlb are instances inside the m14k_mmu module. The input signal edp_dva e [31:0]is
sentto the signal mmu_dva_e [31:0]. Through an instantiation, the output signal mmu_dva_e
from the subcomponent m14k _mmuc is connected with the input signal dva_trans. But this
input signal only accepts the bit from 31 to 10, and dva_trans [28:10] is used during the as-
signment of the output signal pre_dpah [31:10]. The remaining bits of pre_dpah [31:29] are
de ned by the signal dva_trans_mapped [31:29], which originally connected to the signal
edp_dva_mapped_e In the additional subcomponent m14k_dtlb, which is connected with
the next level subcomponent m14k_dtlb_utlb , the output signal mmu_dpah [31:10] receives
the translated address from pre_dpah, which results from an 5 inputs or-gate. The trans-
lated signal mmu_dpah[31:10] is transmitted to the module m14k_dcc and is combined with
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Figure 4.10: Diagram for Iw and sw instructions

signal HexBlnary 31.28|27 24|2320|19 16|15 12| 11.8 | 74 | 3.0
edp_dva_e bf800008 | 1011 | 1111 | 1000 | 0000 | 0000 | 0000 | 0000 | 0000
mmu_dva_e bf800008 | 1011 | 1111 | 1000 | 0000 | 0000 | 0000 | 0000 | 0000

signal HeXB'”ary 31.30| 29 26 | 26 22| 21_18 | 17_14 | 13 10
dva_trans 2f€000 10 | 1111 | 1110 | 0000 | 0000 | 0000

dva_trans_mapped 0 00 Oxxx

pre_dpah 07€000 00 | OL1l | 1110 | 0000 | 0000 | 0000
mmu_dpah 07€000 00 | OLLl | 1110 | 0000 | 0000 | 0000

Table 4.4: Transform from edp_dva_e to mmu_dpah
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