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Overview
The C16 processoris a fully synthesizablesystem-on-chip(SOC) designedto be
implementedin a field-programmablegatearray(FPGA). It is written in VHDL, with a
top-level schematic that ties all of the system components together.

The C16 is targetedtowards the XESS XSA-100 developmentboard, which may be
obtained from: http://www.xess.com. This board has a Xilinx XC2S100 Spartan®
FPGA, including many other peripherals that are supported by this SOC.
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Architecture
The design features a von Neumann bus architecture, 16 bit instructions, and a 16 bit data
path to memory and the on-chip peripherals. There are 20 instructions, with each
instruction requiring 7 clocks. The design operates with a clock of 50MHz, which yields
a 7MHz instruction execution rate.

There exist eight 16-bit registers in the C16. There are five general-purpose registers, r0,
r1, r2, r3, and r4. The Status Register, sr, is used for accessing various core states such as
the truth flag. The Link Register, lr, holds the address of the next instruction to execute
following a return call. Finally, the Program Counter, pc, is directly available and
manipulable. 

C16 Processor Page 5 of 44
June 9, 2003



Register Type Symbol
Status Register RW sr

Bit Name Description

15:1 Reserved None

0 Truth write: None
read: truth of previous function
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7 6 5 4 3 2 1 0
reserved reserved reserved reserved reserved reserved reserved truth

0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



C16 Processor Page 7 of 44
June 9, 2003



C16 Peripheral Address Map
This section describes the addressing of the on-chip peripherals and system control
registers.  The peripherals are defined in the next section.

Address Description

0xF000 UART

0xF100 Timer

0xF200 Real Time Clock

0xF300 System Controller

0xF400 Interrupt Controller

0xF500 7-Segment LED Display

0xF600 Reset Controller
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C16 Vector Map
This section describes the vectors of the C16 system on-chip.

Address Description

0x0000 Reset Vector

0x0001 Interrupt Vector

0x0002 Illegal Instruction Vector
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C16 Peripheral Register Descriptions
This section describes the registers for the C16 SOC peripherals that can be accessed by
software. 
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UART
The on-chip universal asynchronous receiver transmitter (UART) is used to serially
communicate to off-chip peripherals.

TODO:
1) Add hardware flow control capability.

2) Add Receive logic.

3) Add standard control registers.

4) Add FIFO for Tx and Rx.

5) Interrupt on Tx/Rx fifos ½, ¾ full/enpty

6) Implement 16550-compatible registers

7) 5, 6, 7, 8 bit

8) Parity E, O, N

9) Stop bits: 1, 1.5, 2

10) Implement interrupt
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Address Name Type Symbol
0xF000 Data Register RW C16_UART_DATA

Bit Name Description

15:8 Reserved None

7:0 Data write: Transmit data
read: Receive data (not currently functioning)
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7 6 5 4 3 2 1 0
D7 D6 D5 D4 D3 D2 D1 D0
0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



Address Name Type Symbol
0xF001 Status Register R C16_UART_STATUS

Bit Name Description

15:1 Reserved None

0 Busy Transmitter status
1 = transmitter is busy
0 = transmitter is idle
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7 6 5 4 3 2 1 0
reserved reserved reserved reserved reserved reserved reserved busy

0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



Timer
The timer counts system clocks and keeps track of uS and mS.

TODO: 

1) Allow for data read and writes to this peripheral.  Currently reads 0.

2) Enable interrupt capability.

C16 Processor Page 14 of 44
June 9, 2003



Address Name Type Symbol
0xF100 Data Register R/W C16_TIMER_DATA

Bit Name Description

15:8 Reserved None

7:0 Data Register read: Get timer data (not yet implemented)
write: Set timer data (not yet implemented)
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7 6 5 4 3 2 1 0
D7 D6 D5 D4 D3 D2 D1 D0
0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



Real Time Clock
The RTC counts seconds which come from the timer unit. It keeps track of seconds,
minutes, hours, days, day of week, week of year, months, and years.

TODO:

1) Counters need to be made synchronous, not ripple.

2) Allow for data read and writes to this peripheral.  Currently reads only seconds.

3) Follow standard 7-byte format: sec, min, hr, day of wk, day, mo, yr.

4) Add alarm capability.

5) Leap year identification.

6) Enable interrupt capability.
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Address Name Type Symbol

0xF200 Seconds R/W C16_RTC_SECONDS

Bit Name Description

15:8 Reserved None

7:0 Seconds read: Get number of seconds
write: Set number of seconds (not yet implemented)
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7 6 5 4 3 2 1 0
D7 D6 D5 D4 D3 D2 D1 D0
0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



System Controller
The system controller sets up major core-level system-wide attributes, as well as enables
and/or disables functional clocks within the SOC. Hardware debugging is one such
option that may be enabled by the system controller.

TODO: 

1) Implement hardware debugging capability, via an additional UART.

2) Chip ID, revision

3) Boot config

4) Core frequency setting

5) Registers in this controller

6) Sleep

7) Power management
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Address Name Type Symbol
0xF300 Enable Register R/W C16_SYSCON_ENABLE

Bit Name Description

15:0 Reserved None
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7 6 5 4 3 2 1 0
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



Interrupt Controller
TheC16interruptsarevector-based.Thevectorfor all interruptsresidesat 0x0001. The
interrupt controller enables and/or disables interrupt sources within the SOC.

TODO: 

1) Allow for access to the registers in this controller.

2) Level 0, 1 or edge r, f selection
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Address Name Type Symbol
0xF400 Source Register R/W C16_INTERRUPT_SRC

Bit Name Description

15:0 Reserved None
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7 6 5 4 3 2 1 0
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



Address Name Type Symbol
0xF401 Enable Register R/W C16_INTERRUPT_EN

Bit Name Description

15:0 Reserved None
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7 6 5 4 3 2 1 0
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



7-Segment LED Display
The 7-segmentLED display is an output only device that is intendedfor debugging
purposes.

TODO: 

1) Ability to read current value of LED display
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Address Name Type Symbol
0xF500 Data Register W C16_LED_DATA

Bit Name Description

15:4 Reserved None

3:0 Data Register write: Data sent to LED display
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7 6 5 4 3 2 1 0
reserved reserved reserved reserved D3 D2 D1 D0

0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



Reset Controller
The resetcontroller is in chargeof disseminatingthe system-wideresetsignal to all of
the functional blocks, including the core itself. The reset controller contains a
programmable system watchdog that can be used to reset a subset of peripherals.

TODO: 

1) Implement watchdog

2) Implement access to the control registers herein.

3) How many bits in watchdog?

4) Reason for reset (WDT, warm, cold, etc.)
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Address Name Type Symbol
0xF600 Control Register R/W C16_RESET_CONTROL

Bit Name Description

15:0 Reserved None
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7 6 5 4 3 2 1 0
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0

15 14 13 12 11 10 9 8
reserved reserved reserved reserved reserved reserved reserved reserved

0 0 0 0 0 0 0 0



C16 Instruction Set
This section describes the instruction set for the C16 processor. A tool suite, which
includes an assembler, is available in the accompanying project files.

Mnemonic Instruction Type
ADD addition Arithmetic
AND logical AND Logic
B branch Control
BF branch if FALSE Control
BIC bit clear Register
BIS bit set Register
BIT bit test Comparison
BL branch with link Control
BLF branch with link if FALSE Control
BLT branch with link if TRUE Control
BT branch if TRUE Control
CE compare equal Comparison
CG compare greater than Comparison
CL compare less than Comparison
MOV move data Register / Memory
NOT logical NOT Logic
OR logical OR Logic
ROT rotate bits left Register
SWP swap bytes Register
XOR logical XOR Logic
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Instruction Function Type

ADD Addition Arithmetic Operation

The ADD instruction performs addition between two registers.

Bit Name Description

15:10 Opcode Addition opcode, always ''011000''

9 Indirect Destination addressing mode
0: direct
1: indirect

8:6 Destination Destination register
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc

5 Indirect Source addressing mode
0: direct
1: indirect

4:2 Source Source register
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc

1:0 Reserved None
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15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
0 1 1 0 0 0 I D D D X X X S S S



TODO: 

1) Implement this instruction.

2) Implement argument for number of bits to shift by.

3) What flags are affected?
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Instruction Function Type

B Branch Control Operation

The B instruction branches program execution.

Bit Name Description

15:10 Opcode Branch opcode, always ''000000''

9:0 Address Target address

TODO: 

1) Change the absolute address encoded in this instruction to a relative address.
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15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
0 0 0 0 0 0 A A A A A A A A A A



Instruction Function Type

BIT Bit Test Comparison Operation

The BIT instruction performs a bit test on a register. The truth flag in the status register
(sr) is set if TRUE, cleared if FALSE.

Bit Name Description

15:10 Opcode Bit Test opcode, always ''010010''

9 Mode Addressing mode
0: direct
1: indirect

8:6 Register Register to test
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc

5:4 Reserved None

3:0 Bit Number Bit number to test for

TODO: 

1) VHDL code for r0, r2, pc, sr.
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15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
0 1 0 0 1 0 M R R R X X N N N N



Instruction Function Type

BL Branch with Link Control Operation

The BL instruction branches program execution, and saves the return address in the link
register, lr. This instruction is used for calling functions. What would be the next
program counter value is stored in lr just before the branch is taken. This makes a return
from the subroutine easily performed by placing the contents of lr back into the program
counter at the end of the subroutine.

Bit Name Description

15:10 Opcode Branch with Link opcode, always ''000001''

9:0 Address Target address

TODO: 

1) Change the absolute address encoded in this instruction to a relative address.
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15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
0 0 0 0 0 1 A A A A A A A A A A



Instruction Function Type

BT Branch if True Control Operation

The BT instruction branches program execution if the truth flag in the status register (sr)
is set.

Bit Name Description

15:10 Opcode Branch with Link opcode, always ''000010''

9:0 Address Target address

TODO:  

1) Change the absolute address encoded in this instruction to a relative address.
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15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
0 0 0 0 1 0 A A A A A A A A A A



Instruction Function Type

MOV Move Register/Memory operation

The MOV instruction moves data between registers and memory.

Bit Name Description

15:14 Opcode Move opcode, always ''10''

13 Mode Destination Addressing mode for Destination
0: register direct
1: register indirect

12:10 Destination Register (is always a register)
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc

9:8 Mode Source Source type & addressing mode
00: register direct
01: register indirect
10: literal
11: address

7:0 Source May be a literal or a register
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc
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15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
1 0 MD D D D MS MS S S S S S S S S



TODO: 

1) Implement indirect mode.
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Instruction Function Type

OR Logical OR Logic operation

The OR instruction performs a bitwise OR of the values in two registers, placing the
result in the destination register.

Bit Name Description

15:10 Opcode OR opcode, always ''001001''

9 Mode Destination Destination addressing mode
0: direct
1: indirect

8:6 Destination Destination register
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc

5:4 Reserved None

3 Mode Source Source addressing mode
0: direct
1: indirect

2:0 Source Source register
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc
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0 0 1 0 0 1 MD D D D X X MS S S S



Instruction Function Type

ROT Rotate Bits Register operation

The ROT instruction rotates right the data in a register by a given number of bits.

Bit Name Description

15:10 Opcode Rotate Bits opcode, always ''001100''

9 Mode Destination addressing mode
0: register direct
1: register indirect

8:6 Register Target register
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc

5:4 Reserved None

3:0 Number Rotate this many bits right

TODO: 

1) Implement argument for number of bits to shift by.
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Instruction Function Type

SWP Swap Bytes Register operation

The SWP instruction swaps bytes in a given register.

Bit Name Description

15:10 Opcode Swap Bytes opcode, always ''001101''

9 Mode Addressing mode
0: direct
1: indirect

8:3 Reserved None

2:0 Register Target register
000: r0
001: r1
010: r2
011: r3
100: r4
101: sr
110: lr
111: pc

TODO: 

1) Implement this instruction.
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Software Tool Suite
This section describes the accompanying software tool suite which produces the machine
code that will run on the C16 SOC. These tools are supplied in Linux binary form, as
well as their corresponding C sources.

c16as
This is the assembler that will convert the assembly language text into machine code that
will run on the C16 SOC. It produces a binary output file, ending in “.o”. In addition, it
produces a complete listing output in a file ending in “.lst”. The listing file shows all
symbol definitions as well as addressing throughout the program.

Usage: c16as  <filename.asm>

bintovhdl
This utility converts a binary file into VHDL code for inclusion into the synthetic ROM
from which the C16 executes code. The output of this utility, which ends in “.vhdl”, is
intended to be cut-and-pasted into the rom.vhd module.

Usage: bintovhdl  <filename.bin>

TODO: 

1) Provide Windows binaries.

2) Add code to vhdl output in - - comments.
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Software Example
The following is an example of a simple program written in C16 assembly language:

; test.asm - C16 System On Chip test program
; Copyright (C) 2003 by Cole Design and Development all rights reserved

#include <c16.inc>
org 0

mov r3, #led_display_base
swp r3
mov r2, #led_display_data
or r3, r2
mov [r3], #1
mov r0, #'C'
bl putch
mov [r3], #2
mov r0, #'o'
bl putch
mov [r3], #3
mov r0, #'l'
bl putch
mov [r3], #4
mov r0, #'e'
bl putch
mov r1, #rtc_base
swp r1
mov r2, #rtc_data
or r1, r2

loop:
mov [r3], [r1]
b loop

putch:
mov r1, #uart_base
swp r1
mov r2, #uart_status
or r1, r2

putch_wait:
bit [r1], #uart_status_busy
bt putch_wait
mov r1, #uart_base
swp r1
mov r2, #uart_data
or r1, r2
mov [r1], r0
mov pc, lr
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The following is the listing output from the assembler for the above sample program:
Symbol definitions:
-------------------
uart_base = 0xf0
uart_data = 0x00
uart_status = 0x01
uart_status_busy = 0
timer_base = 0xf1
rtc_base = 0xf2
rtc_data = 0x00
system_ctl_base = 0xf3
irq_ctl_base = 0xf4
led_display_base = 0xf5
led_display_data = 0x00
reset_ctl_base = 0xf6
main = 0x0
loop = 0x14
putch = 0x16
putch_wait = 0x1a

Program Listing:
----------------

; test.asm - C16 System On Chip test program
; Copyright (C) 2003 by Cole Design and Development all rights 

#include <c16.inc>
org 0

00000000: 1000111011110101 mov r3, #led_display_base
00000001: 0011010000000011 swp r3
00000002: 1000101000000000 mov r2, #led_display_data
00000003: 0010010011000010 or r3, r2
00000004: 1010111000000001 mov [r3], #1
00000005: 1000001001000011 mov r0, #'C'
00000006: 0000010000010110 bl putch
00000007: 1010111000000010 mov [r3], #2
00000008: 1000001001101111 mov r0, #'o'
00000009: 0000010000010110 bl putch
0000000a: 1010111000000011 mov [r3], #3
0000000b: 1000001001101100 mov r0, #'l'
0000000c: 0000010000010110 bl putch
0000000d: 1010111000000100 mov [r3], #4
0000000e: 1000001001100101 mov r0, #'e'
0000000f: 0000010000010110 bl putch
00000010: 1000011011110010 mov r1, #rtc_base
00000011: 0011010000000001 swp r1
00000012: 1000101000000000 mov r2, #rtc_data
00000013: 0010010001000010 or r1, r2

loop:
00000014: 1010110100000001 mov [r3], [r1]
00000015: 0000000000010100 b loop

putch:
00000016: 1000011011110000 mov r1, #uart_base
00000017: 0011010000000001 swp r1
00000018: 1000101000000001 mov r2, #uart_status
00000019: 0010010001000010 or r1, r2
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putch_wait:
0000001a: 0100101001000000 bit [r1], #uart_status_busy
0000001b: 0000100000011010 bt putch_wait
0000001c: 1000011011110000 mov r1, #uart_base
0000001d: 0011010000000001 swp r1
0000001e: 1000101000000000 mov r2, #uart_data
0000001f: 0010010001000010 or r1, r2
00000020: 1010010000000000 mov [r1], r0
00000021: 1001110000000110 mov pc, lr
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Future Additions
Many additions and modifications are yet to be made to this system on chip design.

SOC Modifications and Additions
1) Debug address / link vector – address of instruction that caused the exception

2) Use enable, cs, and read lines on ROM

3) Boot ROM

4) Random number generator

5) PWM interface

6) Multiply instruction

7) MMU, page tables

8) Cache (icache & dcache)

9) Peripheral timing settings in bus controller

10) GPIO block

11) SDRAM ctrlr

12) PS/2 keyboard controller

13) I2C interface (100-400kHz)

14) uWire

15) USB Function

16) SPI

17) Internal SRAM

18) DMA controller

19) Audio generation

20) LCD controller

21) Debug module (debug uart, access regs, single step)

22) SD / MMC

Tool Suite Modifications and Additions
1) Implement #if / #endif

2) Branch instructions to use relative addresses and check for bounds

3) Math in pre-processor
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4) Macros: nop = add r0,0 ; sub add r, -n
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