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Objectives

After completing this chapter, you will be able to:

¢+ Describe basic structures of uP systems

¢+ Understand the basic operations of bus structures
“* Understand the essential operations of data transfer
¢+ Understand the design principles of GPI1Os

“* Understand the design principles of timers

¢+ Understand the design principles of UARTS

»+ Describe the design principles of CPUs
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A Basic pP System
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Bus Structures

“» A bus Is a set of wires used to transport information between
two or more devices in a digital system.

“* Types of buses:

= tristate bus
When realizing by using tristate buffers.

= multiplexer-based bus
When realizing by using multiplexers.

+¢» The tristate bus is often called bus for short.
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A Tristate Bus

+«» Tristate bus

= A bidirectional interface drives a signal T to the bus and
samples a signal on the bus onto an internal signal R.

= Only one module is allowed to transmit signal on the bus.

Module 1 Module 2 Module n
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A Tristate Bus Example

/[ a tristate bus example

module tristate_bus (data, enable, qout);
parameter N = 2; // define bus width
input enable;

input [N-1:0] data;

output [N-1:0] qout;

wire [N-1:0] qout;

| enable

data[1:0] :

// the body of tristate bus
assign gqout = enable ? data : {N{1'bz}}; qout_1[1]
endmodule
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A Bidirectional Bus Example
' —-—,\Im
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Ll data_from _bus[1:0]

Lol qout[1:0]

receive

/[ a bidirectional bus example

module bidirectional bus (data_to_bus, send, receive, data_from_bus, gout);
parameter N = 2; // define bus width

input send, receive;

input [N-1:0] data_to_bus;

output [N-1:0] data_from_bus;

inout [N-1:0] qout; // bidirectional bus

wire [N-1:0] gout, data_from_bus;

// the body of tristate bus

assign data_from_bus = receive ? qout : {N{1'bz}};
assign qout = send ? data_to_bus : {N{1'bz}};
endmodule
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A Multiplexer-Based Bus

s Multiplexer-based bus
= |t can avoid the large amount of capacitive load.

= |t has much less the propagation delay than the tristate
bus when the number of modules attached to it is large

enough.

Module 1 Module n
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Bus Arbitration

¢+ The operation that chooses one transmitter from multiple
ones attempting to transmits data on the bus is called a bus
arbitration.

“* The device used to perform the function of bus arbitration is
known as a bus arbiter.
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Daisy-Chain Arbitration
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Centralized arbitration
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Daisy-Chain Arbitration

0 8o
Fixed priority: composed of a priority {Z
encoder and a decoder
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(a) A bit cell (b) A 4-request daisy-chain arbiter

Figure 15.6: The logic diagram of a 4-request daisy-chain bus arbiter.
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Daisy-Chain Arbitration
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Figure 15.7: The logic diagram of a 4-request variable-priority bus arbiter.
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Round-Robin Arbitration
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Data Transfer Modes

¢ Data transfer modes:
= synchronous mode
= asynchronous mode

“* Regardless of data transfer modes, the actual data can be
transferred in:

= parallel: a bundle of signals in parallel
= serial: a stream of bits
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Synchronously Parallel Data Transfers

¢+ Each data transfer is in synchronism with clock signal.
= Bus master: A device generates address and command.

= Bus slave: A device receives the address and the
command from the bus.

“+ Synchronous bus transfers can be further divided into two

types:
= Single-clock bus cycle

= Multiple-clock bus cycle
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Synchronously Serial Data Transfers

¢ In synchronous serial data transfer, the clock signal is
sending along with the data.

= Explicitly clocking scheme
The clock signal is sent along with data explicitly as a separate
signal.

= Implicitly clocking scheme
The clock signal is encoded into the data stream.

The clock signal is then extracted at the receiver before sampling
the data.
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Synchronously Serial Data Transfers

“» Examples of synchronously serial data transfer

cock | v | v v v o v oy
Data (D0 D1 ) D2 Y D3 ) D4 ) D5 ) D6 ) D7 J

(a) Serial data transfer with explicitly clocking

1 1 1 1
‘ 0 0 0 0

(b) Serial data transfer with implicitly clocking (NRZ code)
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Asynchronous Data Transfers

¢+ Each data transfer occurs at random

*» The data transfer may be controlled by using:
= strobe scheme
= handshaking scheme

+ Both strobe and handshaking are used extensively on
numerous occasions that require the transfer of data between
two asynchronous devices.
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Strobe

“* Only one control signal known as strobe is needed.

“* The strobe signal is enabled by either the source device or
destination device, depending on the actual application.

Data bus Data bus
Source ) Destination Source P 1 Destination
Strobe Strobe

Data 4<\ Valid 3)— Data 4<¢ Valid; >7

. Request
Ready " Sample " Sample
Strobe ' Strobe '

—— :source'saction  seeeeeees » : destination's action

(a) Source-initiated transfer (b) Destination-initiated transfer

It presumes that the requested device is ready for transferring data
once it receives the request, which is not the case in reality.
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Handshaking

“* In the handshaking transfer, four events are proceeded in a
cycle order:

1. ready (request):
2. data valid:

3. data acceptance:
4, acknowledge:

Digital System Designs and Practices Using Verilog HDL and FPGAs @ 2008, John Wiley 15-22



Chapter 15: Design Examples

Source-initiated transfer

1. ready:

2. datavalid:

3. data acceptance:
4. acknowledge:
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Source-initiated transfer

“* In the handshaking transfer, four events are proceeded in a
cycle order:

1. ready: The destination device deasserts the acknowledge
signal and is ready to accept the next data.

2. data valid: The source device places the data onto the
data bus and asserts the valid signal to notify the
destination device that the data on the data bus is valid.

3. data acceptance: The destination device accepts (latches)
the data from the data bus and asserts the acknowledge
signal.

4, acknowledge: The source device invalidates data on the
data bus and deasserts the valid signal
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Destination-initiated transfer
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Destination-initiated transfer

< In the handshaking transfer, four events are proceeded in a
cycle order:

1. request: The destination device asserts the request signal
to request data from the source device.

2. data valid: The source device places the data on the data
bus and asserts the valid signal to notify the destination
device that the data is valid now.

3. data acceptance: The destination device accepts (latches)
the data from the data bus and asserts the request signal.

4. acknowledge: The source device invalidates data on the
data bus and deasserts the valid signal to notify the
destination device that it has removed the data from the
data bus
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Asynchronously Serial Data Transfers

¢ The clock signal is not sent with data.

“* The receiver generates its local clock that is then used to
capture the data being received.

“* When there is no data to be sent, the transmitter continuously

sends 1s In order to maintain a continuous communication

channel.
“* The receiver monitors the channel continuously until the
start bit 1s detected.
—» time
LSB MSB
1 (Mark) —— —_

0 (Space)

\ /
\'4

Start bit Data bits Stop bit
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Timers

“* Important applications:
= time-delay creation
= event counting
= time measurement
= period measurement
= pulse-width measurement
= time-of-day tracking
= waveform generation
= periodic interrupt generation
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Timers
The latch register stores the initial value to be
loaded into the timer for counting down.
data_bus {—> r-~2 1t 0
Mode M1 [ MO
«— clk
reset n——» Timer | 3 out 15 8 7 0
cs —» <«— gate Latch MSB LSB
rw ——p
Al1~A0 ﬁ?» Timer MSB LSB
(a) Hardware model (b) Programming model
cs | rw|Al A0 Function
0 @ ¢ ¢ | Chip unselected
1 1 0 O |Read Latch register
1 1 0 1 | Read timer register
1 0 0 O | Write Latch register
1 | 0 | 1 0 |Write mode register (c) Function table
15-30
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Basic Timer Operations

“» A counter iIs called a timer if it Is operated at a known clock
of fixed frequency.

¢ In practice, the timers used in most uC systems are counters
with programmable operation modes.

¢ The basic operation modes of a timer are as follows:
= terminal count (binary/BCD event counter)
= rate generation
= (digital) monostable (or called one-shot)
= square-wave generation
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Terminal Count

clk
5 4 3 2 1 0
gate Disable
Latch register =5
out
(a) A waveform example of terminal-count mode
wr Data bus S0 l
l latch_load l
l > Latch rd
- timer_load ¢ 0
timer_load e outand
generator )> timer timer_stop 1
generator
clk (timer_load <1 )
timer_enable —— out s1 l<—
gate timer_stop
] ] timer_load < 0
(b) Block diagram of terminal-count mode
0 1

(c) Generate one-cycle timer_load pulse
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Rate Generation

¢ The out terminal outputs one clock pulse for every N clock
pulses.

“* The gate input should be fixed at the logic 1 to enable the
timer.

“* Itis implemented by being reloaded the timer register from
latch register whenever the terminal count is reached.

clk

4 3 2 1 0(4) 3 2 1 0(4)

gate A 4 "\ Latch register = 4

out
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Retriggerable Monostable (One-Shot) Operation

clk
Latch T Retriggered
register = 5 o l 3 2 0
gate
out \ Start to count
(a) A waveform example of one-shot mode
Data bus
latch_load l
' >> Latch rd
timer_load
i . l J Q out
timer_load v
> . > CK
generator D timer
f > |
clk T \ <L
gate ti>ner_enab|e timeris 0

(b) Block diagram of one-shot mode
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UART

* Universal Asynchronous Receiver Transmitter
= Serial Data Transmission

Ul RxD | M Telephone M| RxD [y
- : -
A 0 line 0 A
Computer |p ——{ d [ P d [«———g | Computer
TxD TxD
T c € T
m m
8 data bits
~ = =
D
oOof1rj1o0f1rfo]11f{o011]0](|°71
/> ~~ ~ b N
Start bit 7-bit ASCII code Parity bit  Stop bit

LSB first (even)
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68HC11 Microcontroller

*» UART Registers

= RSR
= RDR
= TDR
= TSR
= SCCR
= SCSR
* UART Flags
= TDRE
= RDRF

Receive Shift Register

Receive Data Register

Transmit Data Register

Transmit Shift Register

Serial Communications Control Register
Serial Communications Status Register

Transmit Data Register Empty
Receive Data Register Full
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UART Block Diagram
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UARTS

“* UART is a device used to provide serial data ports used to
communicate with serial devices.

¢+ The hardware model includes
= the CPU interface
= the I/O interface
¢+ The software model consists of four registers:
= receiver data register (RDR)
= transmitter data register (TDR)
= status register (SR)
= control register (CR)
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UARTS
data_bus <{—— s | rw,| s Function
reset N ——» «——— RxD 0 ¢ ¢ | Chip unselected
clk ™ UART 1 1 0 Read SR
CS > L » TxD 1 0 0 Write CR
rw——>» 1 1 1 Read RDR
s > 1 0 1 Write TDR
(a) Hardware model (b) Function table
/7 6 543 210 /7 6 5 4 3 2 1 0
RDR SR |10|(0|0|FE|OE|PE|RF|TE
TDR CR [RIE[TIE[ 0 | 0 | 0 | baud-sel

(c) Programming model
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UARTS

¢ Design issues
= paud rate: 300 to 19200, or even more
= sampling clock frequency: RxC =n TxC (n=1,4,16,64)
= stop bits: 1, 1.5, 2 bits

= parity check
Even: the number of 1s of information and parity is even.
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Transmitter Operation

+* Microcontroller waits until TDRE ="'1"
= Loads data into TDR
= Clears TDRE

*» UART transfers data from TDR to TSR
= Sets TDRE

* UART outputs start bit ('0") then shifts TSR right eight times followed by
a stop bit ('1")
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Transmitter SM Chart
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A Transmitter of UARTS

¢ The essential component of the transmitter is a shift register.
¢ The transmitter is composed of

= a transmitter shift data register (TSDR)

= a TDR empty flag (TE)

= a transmitter control circuit

= a IDR T repr :
= parity generator L 0 [H—> TxD
' A .
TE - ¢
T Parity generator [«——¢
TxC —> Transmitter control |—» TDR
Data bus
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A Transmitter of UARTS

y

v

(

>

TE
il

Clear TE;

Write data into TDR;

y

(a) CPU operations

idle v

set TE < O;

v
( TE

i 0
TSDR < TDR;

set TE < 1;
BitCnt < 0;

)—1>( Shift TSDR: )

shift k

Shift TSDR;
set TE < 0O;
BitCnt <BitCnt +1;

1

v
—0< BitCnt < m-1 )

(b) TSDR operations
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UART transmitter

// an example of UART transmitter
PE:,. «T3EC - By

input.-clk
input. '720]). data. bus;
output! JEXD ;< BE;
// internal used registers
reg [7:0] TDR;
reg [M-1:0] TSDR;
reg [3:0] BitCrt:;
reg ps, ns, set_TE, TE;
localparam idle = 1"b0, shift = 1'bl;
// load TDR when load TDR is activated
always @ (posedge clk or negedge reset_n)
if (!reset_n) TDR <= 8'Db0;
else if (load_TDR) TDR <= data_bus;
// update TDR empty flag (TE)
always @ (posedge clk or negedge reset_n)
if (!reset_n) TE <= 1’'bl;
else TE <= (set_TE && !TE) || (!load_TDR && TE) ;
// load TSDR from TDR and perform data transmission
// step 1l: initialize and update state registers
always @ (posedge TxC or negedge reset_n)

module UART transmitter(clk, reset_n, load_ _TDR, data_bus,

parameter //the frame size excluding the bit
' =sec_n, TxC, load_TDR;
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UART transmitter

if

// step 2:
always @ (*)
case
idle:

endcase
// step 3:

('reset_n)
else ps <=
compute next state

shift:

always @ (posedge TxC or negedge reset_n)

ps <= idle;

ns;

(ps)

if (TE == 1) ns = idle;
else ns = shift;

if (BitCnt < M - 1) ns = shift;
else ns = idle;

execute RTL operations

(M{1°b1}}; even parity

if (!reset_n) begin TSDR <=
BitCnt <= 0; set_TE <= 1’'b0; end .
else case (ps) start bit
idle: begin set_TE <= 1’'Db0;
if (TE == 1) TSDR SOR[M-1:1113};
else begin
TSDR <= };
set_TE <= 1’bl;
BitCnt <= 0; end end
shift: begin
TSDR <= {1’'bl, TSDR[M-1:11};
set TE <= 1’'b0;
BitCnt <= BitCnt + 1; end
endcase
assign TxD = TSDR[0] & (ps == shift) | (ps == idle) ;
endmodule
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Recelver Operation

«» UART walits for start bit
= Shifts bits into RSR
* When all data bits and stop bit are received
= RSR loaded into RDR
= Set RDRF
*» Microcontroller waits until RDRF is set
= Read RDR
= Clear RDRF
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Sampling RxD

s TTTTTTTT T LTI T T

*Read data at these points
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—1 IDLE

Receiver SM Chart

<

clrl

}

Start detected

BelkX8 4
1

RXD

|
clrl Ctl=3 0 incl

Receive data

Shift RSR

inc2

-~
Stop bit ~

Set RDRF
clrl
clr2

Load RDR
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A Receiver of UARTS

“* The essential component of the receiver is also a shift
register.

¢ The receiver i1s composed of
= aRDR
= a receiver shift data register (RSDR)
= a status register
= a receiver control circuit

Data bus
RDR <—L FE | OE | PE| RF RcvSRi
RxD’Er 1|P RSR 0 |_> Receiver control <— RxC
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A Receiver of UARTS

At reset
BckCnt & n/2-1;
Y 0 BitCnt <0;
()
\ 1
Read data from RDR;
Clear RF;

A 4

(a) CPU operations

RDR < RSDR][7:0];
set FE < IRxD;
set PE < parity;
set RF < 1;
if (RcvSR[0] ==1)
set OE < 1;
BckCnt < n/2-1;
BitCnt <0;

idle

)

A
< RxD
0

(BckCnt <BckCnt -1; >

Assume that even parity, 1
stop, 8-bit data are used.
Oversampling rate

]

is n. The frame size
excluding the stop bitis m.

detected €

(BckCnt <BckCnt -1; )

y
1
( BckCnﬂ)—)(BckCnt <BckCnt -1; >
A 4 0
( BckCnt €~ n-1; )
shift ¢ 5
Shift RSDR;
if (BitCnt < m-1)
- A parity <—RxD " parity;
BitCnt <= m-1 BitCnt < BitCnt + 1;
vl BckCnt ¢~ n - 1;

—\ 0
< BckCnt!=0 )
1

(b) RSDR operations
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UART receiver

// an example of UART receiver -- RxC is 8 times TxC
// 1 stop, 8-bit data, and even parity are used
module UART receiver (clk, reset_n, read RDR, RDR, RcVSR,
R%C, RBR¥D)gs
parameter M = 10; // default frame size excluding the
// stop bit
parameter N = 8; // default sampling clock frequency
localparam K = 3; // K = log2 N
localparam Li = 4; // L = log2 M
input c¢lk, reset_n, read RDR, RxC, RxD;
output reg [3:0] RcvSR;
output reg [7:0] RDR; // receiver data register
// internal used registers
reg [M-1:0] RSDR; // receiver shift data register
reg [L-1:0] BitCnt; // number of bits received
reg [K 1:0] BckCnt; // number of TxC clocks elapsed
reg [1:0] ps, ns;
wire RcvSR_reset;
reg parity, set_FE, set_OE, set_ PE, set_RF, set RF 1lclk;
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‘ JART receiver

localparam idle = 2’'b00, detected = 2'b01, shift =
// update status register (RcvSR)
assign RcvSR_reset = !reset_n || read_RDR;
always @ (posedge clk or posedge RcvSR_reset)
if (RcvSR_reset) RcvSR <= 4’'b0000;
else 1f (set _RF lclk) RcvSR <= {set_FE, set_OE,
set_RF};
// generate set_RF_1lclk signal from set_RF
reg state;
localparam SO = 1'’b0, S1 = 17’7bl;
always @ (posedge clk or negedge reset_n)
if (!'reset_n) begin set_RF_1lclk <= 1'b0;
state <= S0; end
else case (state)
SO0: if (set_RF) begin state <= S1;
set. . RF _l1clk <= 1’bl; end
else state <= S0;
Sl: begin set_RF_1lclk <= 1’bO0O;

endcase
// receive data and load RSDR into RDR
// step 1l: initialize and update state registers
always @ (posedge RxC or negedge reset_n)
if (!reset_n) ps <= idle;
else ps <= ns;
// step 2: compute next state

2'bl10;

set_PE,;

if (set_RF) state <= Sl; else state <= S0; end
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UART receiver

always @(*)

case (ps)
idle: if (RxD == 1) ns = idle;
else ns = detected;
detected: if (BckCnt != 0) ns = detected;

else ns = shift;
shift: 1if (BitCnt <= M-1l) ns
else ns = idle;
default: ns = idle;
endcase
// step 3: execute RTL operations
always @ (posedge RxC or negedge reset_n)
if ('reset_n) begin RSDR <= {M{1'bO0}};
RDR <= 8’'b00000000;
BekCnt <= N/2-%; BitCnt <=10; setiFRRE <= 4] Th):
get OE <= 1'bl;"“seb PE <=l b0
get ‘RF <= 1'Db0; paritv<—"—0ssend
else case (ps)

shift:
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UART receiver

idle: begin set_ FE <= 1'b0; set_OE <= 1'b0;
set, PE <= 1*b0;
Set_ RF <= 1/b0j parity <= 1'b0:
if (RxD == 0) BckCnt <= BckCnt - 1; end
detected: if (BckCnt != 0) BekCnt <= BckCnt - 1;
elge BokOnt «="N ~ 43
shift: begin
if (BitCnt <=M - 1) begin shift
if (BckCnt != 0)
BckCnt <= BckCnt - 1;
else begin
RSDR <=<IRXD, RSDR[M-1:1]13>
if (BitCnt < M-1)
parity <= RxD °~ parity;
BitCnt <= Bitcnt 4+ 1
BckCnt <= N - 1; end end
else begin RDR <= RSDR[7:01];
set_FE <= !RxXD; set PE <= parity;
BckCnt <= N/2 - 1; set RF <= 1"bl:
if (RcvSR[0] == 1) set_OE <= 1’bl;
BitCnt <= 0; end

end
endcase
endmodule [ |
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Baud-Rate Generators

*» The baud-rate generator provides both clock sources: TxC
and RxC, for transmitter and receiver modules, respectively.

“* Two most widely used approaches to designing baud-rate
generators:

= Multiplexer-based approach
= timer-based approach
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Baud Rate Generator

Bclk X8

Clkdiv13

T Bclk
Divide by 8

J
Bclk X8
4_
MUX <+— Select
<_

[TTTTTTT

Select Bits BAUD Rate
000 38,462
001 19,231
010 9615
011 4808
100 2404
101 1202
110 601
111 300.5
S

300.5 x 8 x 256 x 13 =8000512

>

Divide by 256
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Baud-Rate Generators

RxC
(TxCxn) | Sel
TXC «— Modulon < / 8-to-1 MUX E elect
(baud_sel)
clk > Modulo M > Modulo 256
Prescale_counter Baud-rate counter
(a) Multiplexer-based baud-rate generator
Data bus
wr
| Load l
l D Baud_rate
Timer_load P > RxC
generator (TxCxn)
| Y
clk pBaud_rate_timer >  Modulon | TxC
Baud_rate_timer_load Baud_rate_timer_out

(b) Timer-based baud-rate generator
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Baud-rate generator

// an example of multiplexer-based baud-rate generator

module UART baud_rate(clk, reset n, baud sel, TxC, TxCx8);

parameter BD_STEPS = 8; // default number of baud-rate
// steps

input clk, reset_n;

input [2:0] baud_sel;

output TxC, TxCx8;

reg TxCx8;

integer 1i;

// internal used reg variables

wire prescale_out, TxC, TxCx8 clk;

reg [2:0] prescale_counter;

reg [BD_STEPS-1:0] baud_rate counter;
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Baud-rate generator

reg [2:0] mod8_counter;

// describe the prescale_counter, a presettable down
// counter

always @ (posedge clk or negedge reset_n)

if (!'reset_n) prescale_counter <= O0;
else prescale_counter <= prescale_counter + 1;
assign prescale_out = &prescale_counter;

// describe the a modulo-256 up counter
always @ (posedge clk or negedge reset_n)

if (!reset _n) baud rate_ counter <= 0;

else if (prescale_out)

baud rate counter <= baud=rate=counter + 1;

// describe the 8-to-1 multiplexers for selecting the
// required baud rate
always @ (baud_sel or baud_rate_counter) begin

TxCx8 = .02
for (i-= 03 1 < BD STEPS; i = i <+ 1)
if (baud _sel == 1) TxXCx8 = baud rate countexrl[i];
end
assign TxCx%B .clk = TxCx8;

// describe the modulo8_ counter
always @Q (posedge TxCx8_clk or negedge reset_n)

if (!reset_n) mod8_counter <= 0;

else mod8 counter <= mod8__counter + 1;
assign TxC = mod8 counter[2]:;
endmodule
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UART top

// 1nstantiate transmitter, receiver, and baud-rate
// generator modules

UART_transmitter my_transmitter (.clk(clk), .reset_n
(reset_n), .load TDR(load TDR), .data_bus(data_bus),
JIE(TE) , .IxC(TxC) .,  .TXD{(TxD)});

UART receiver my_receiver (.clk(clk), .reset_n(reset_n),
.read_RDR(read RDR), .RDR(RDR), .RcvSR (RcvSR),
RC{RxC), .RxXD(RxD) )2

UART_baud_rate my_baud_rate(.clk(clk), .reset_n(reset_n),

:paiud. gel (CR[2:0]1), . TxC (TxC) ;= . THCXB8{R%XC) )

// generate interface control signals

assign read UART = (c¢cs == 1) && (r_w == 1), cs | r_w rs Function
write UART = (cs == 1) && (r w == 0); 0 ¢ ¢ | Chip unselected

assign’ read RDR '= read UART && ' (rs ==-1&bl), 111 0 Read SR
load_TDR = write_UART && (rs == 1'bl), [ 1 | 0 | O Write CR
rvead 'SR = ‘read UART && [rs == 1"bl); 171 1 Read RDR
load_CR = write_UART && (rs == 1'b0); [t | 0 | 1 Write TDR

(b) Function table
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UART top

// read RDR or SR
assign data_bus = (read_RDR) ? RDR :
((read_SR) ? {3'b000, RcvSR, TE}: 8'bz);
// define the control register
always @(posedge clk or negedge reset_n)
if (!reset_n) CR <= 8'b0000_0000; // control register

else if (load CR) CR <= data bus;
—n/

1) && @evsR[D) == 1 ||
)|

(TE == 1)) IRQ <= 1'bl;

// irqg generation logic
always @(posedge clk or negedge
if (!reset_n) IRQ <=

endmodule
TIE
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CPU Basic Operations

\ 4 \ 4
Fetch an instruction Fetch an instruction

!

Decode the instruction

v

Fetch memory operand

v !

Execute the instruction Execute the instruction

v v

Store the result

'

(a) CPU basic operations (b) More detailed CPU operations
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The Software Model of CPU

¢ The software model of CPU:
= the programming model
= Instruction formats
= addressing modes
= Instruction set
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The Programming Mode

16-bit
operation ; 15 10
RO (PC) 1 7 RO (PC) 0
R1 (SP) @ 15 10
R2 (SR) Y RI1(SP) 0
A 15 9 8 7 3210
R4 [ R2(SR) Y, N[Z[C

General-purpose registers
R15
— Reg. As Constant Comments
Byte operation R2 00 Register mode
R2 01 0) Absolute address mode

R2 10 0x0004
R2 11 0x0008
R3 00 0x0000
R3 01 0x0001
R3 10 0x0010
R3 11 OXFFFF

+4, bit processing
+8, bit processing
0, word processing
+1, bit processing
+2, bit processing
-1, word processing
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Instruction Formats

“* Any Instruction is composed of two major parts:
= Opcode defines the operations of the instruction.

= Operand specifies the operands to be operated by the
Instruction.

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O
Opcode Rs Ad B/W| As Rd

(a) Double-operand instruction format

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O
Opcode B/W| Ad Rd/s

(b) Single-operand instruction format

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 O
Opcode Cond. 10-bit offset

(¢) Jump instruction format
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Addressing Modes

¢ Addressing modes are the ways that operands are fetched.

= register
= Indexed
= register indirect
= Immediate
As/Ad | Addressing mode Syntax Comments
00/0 | Register mode Rn Register contents are operand.
01/1 | Indexed mode X(Rn) (Rn+X) points to the operand.
Symbolic mode ADDR | (PC+X) points to the operand.
Absolute mode &ADDR | X(SR) points to the operand.
10/- | Register indirect mode @Rn Rn points to the operand.
Autoincrement mode @Rn+ Rn points to the operand and
increments 1 or 2.
11/- | Immediate mode #N @PC+.

Digital System Designs and Practices Using Verilog HDL and FPGAs @ 2008, John Wiley

15-67



Chapter 15: Design Examples

The Instruction Set

¢ Double-operand instruction set

Mnemonic Operation Op code
MOV(.B) src,dst | dst<— src OX4XXX
ADD(.B) src, dst dst < src + dst OX5xXX
ADDC(.B) src,dst |dst<— src+dst+C OX6XXX
SUB(.B) src, dst dst ¢ .not.src + dst + 1 OX8xXX
SUBC(.B) src,dst | dst< .not.src +dst + C OX7XXX
CMP(.B) src, dst dst - src 0X9XXX
DADD(.B) src, dst | dst< src + dst + C (decimal) OXAXXX
BIT(.B) src, dst dst .and. src OXBXxXx
BIC(.B) src, dst dst ¢~ .not.src .and. dst OXCxxXX
BIS(.B) src, dst dst < src .or. dst OXDxxx
XOR(.B) src, dst dst < src .xor. dst OXEXXX
AND(.B) src, dst dst < src .and. dst OXFXXX
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The Instruction Set

* Single-operand instruction set

Mnemonic Operation N Z V C | Opcode
RRA(.B) dst Arithmetic shift right, C < LSB, * * 0 * 0x110x
RRC(.B) dst Rotate right through carry *oox oxx 0x100x
PUSH(.B) src SP & SP -2, @SP ¢ src - - - - 0x120x
SWAPB Swap bytes - - - - 0x108x
CALL dst SP & SP -2, @SP<« PC + 2, - - - - 0x128x
PC < dst

RETI SR& TOS, SP« SP + 2, * ok *x % 1 (Ox130x
PC <« TOS, SP« SP + 2,

SXT dst dst[15:8] < dst[7] * * 0 * | 0x118x
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The Instruction Set

¢+ Jump Instruction set

Mnemonic Operation N Z V C| Opcode
JNE/INZ label | Jump to label if zero bit is reset - - - - 0x20xx
JEQ/JZ label | Jump to label if zero bit is set - - - - 0OXx24xx
JC label | Jump to label if carry bit is set - - - - 0x2Cxx
JNC label | Jump to label if carry bit is reset - - - - 0Xx28xX
JN label | Jump to label if negative bitisset | - - - - 0x30xx
JGE label | Jump to label if (N .xor. V) =0 - - - - 0x34xx
JL label | Jump to label if (N .xor. V) =1 - - - - 0x38xxX
JMP label | Jump to label unconditionally - - - - Ox3Cxx
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A Datapath Design

- dst )
% 0 Reg. file \
\ 4 s E? 1 > PC 0 B
o ; SP —p{ 1 —p>
— i > > 2
-/
Memory —e I — | | I
x
w
Q

< s > ALU (>
i X 2 _é_)o
: : — :
o | b (See text) ——p1
. == :
P Dol 3

— A

_,_)E /
10-bit offset | — i
al : 5 : (ToR2) :
0 | 1

-1 SrcR
|

4 4
MRW  DSRsrci oo i b 5 L v
: : SrcRload; Dregsrc RFdataWR i ALUAsrc Flags
MAsrc IRload DstRload RFWDsrc ALUBSsIc ALUFunc
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ALU Functions

: : Mode selection :

Instruction ALU function M3 m2 ml mo0 | B/W Mnemonic
MOV(.B) F& A 0 0 0 0 - | pass A
MOV(.B) F< B 0 0 0 1 - | passB
ADD(.B) A+B 0 0 1 0 0/1 | add(b/w)
ADDC(.B) A+B+C 0 0 1 1 0/1 | addc(b/w)
SUB(.B), CMP(.B) |A+notB +1 0 1 0 0 0/1 | sub(b/w)
SUBC(.B) A+notB +not C 0 1 0 1 0/1 | subc(b/w)
DADD(.B) A+6H, A+60H conditional 0 1 1 0 0/1 | dadd(b/w)
AND(.B), BIT(.B) |AandB 0 1 1 1 0/1 | and(b/w)
BIC(.B) not A and B 1 0 0 0 0/1 | bic(b/w)
BIS(.B) AorB 1 0 0 1 0/1 | or(b/w)
XOR(.B) A xor B 1 0 1 0 0/1 | xor(b/w)
RRA(.B) Arithmetic shift right into C 1 0 1 1 0/1 | asrc(b/w)
RRC(.B) Rotate right through C 1 1 0 0 0/1 | rotatec(b/w)
SWAP Swap byte 1 1 0 1 0 |swap
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A Control Unit

¢ The decoder-based approach

= An opcode decoder is used after the instruction fetch
phase.

= Each instruction is then executed accordingly.
= The resulting states required Is rather large.

Fetch l
IR < MI[PC]
PC«—PC+2
V4 \
4 Opcode )
MOV i i i i AND
Execute the operation Execute the operation
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A Control Unit

Fetch l

TO0 [IR « M[PC]
PC<PC+2

% Single-operand
Instruction Jump instructions <—O< Opcode == 1xxx >_O ,| Double-operand

l instructions
1

(» )
00 01 l 10 l 11 l

T1 | DstR < M[PC] DstR < M[Rn] DstR ¢« M[Rn]
PC < PC+2 MDO< 1 If(n==0)W=1,
MDO «1 Rn< Rn +2W
] MDO <1
T2 | DstR ¢ DstR+Rn

Y A \ 4 A 4

A Dbetter approach is to group { Opeode == 1x0x )
the instruction in accordance
with addressing modes and "3 7T* [ Execute instructions
the operations of instructions. !
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A Control Unit

¢ The operations of T3 and T4 are determined separately by

each Instruction.

RRA MDO =0
(0001_0001_00)

MDO =1
RRC MDO =0
(0001_0000_00)

MDO =1
PUSH MDO =0
(0001_0010_00)

MDO =1

T3

Rd < ARS(Rd)

T4

SrcR <~ M[DstR]

M[DstR] €<~ ARS(SrcR)

Rd < Rotate(Rd)

SrcR <~ M[DstR]

M[DstR] <~ Rotate(SrcR)

SP ¢~ SP -2

M[SP] <~ Rs

SP <SP -2
SrcR <~ M[DstR]

M[SP] < SrcR
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