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Registers In the Basic Computer

m Registers are basic building blocks in digital

systems.
» store information

» auxiliary circuits may modify stored information or “steer
It” to and from register

| AccumulatorXJ

X | Address Bus | 0000
PC IR IAR rACC Data Bus | 9901
' | &
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0007
0553
Program Instruction Indirect 000a
Counter Register & Address
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Program Counter Schematic (4 bit)
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Registers and Counters

m A register is a set of flip flops, often supplemented
by additional circuits to control input and output.
» can have parallel 1/0 or serial 1/0 or combination

m Usually, used to store a set of related bits.

» bits that collectively represent an integer value

» bits of an ASCII character code

» status bits for a device in a computer system (disk
controller)

m Counters are registers that store numeric values
along with circuits to increment/decrement the

stored value.
» Up-counters, down-counters, up-down counters

» generalized counters
—BCD counters, gray-code counters, ...
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Simple Parallel Load Register

m Four bit register.

FD

Dp———P ol »if LD is high when clock rises,
LD . new values are stored
CLON— » LD should drop only while
i CLK iIs high
DIp+—{o/ ¢ 1 . .
m Registers using gated
/ clocks can lead to timing

FD

YO\ D2

problems.

» increases clock skew

» may lead to violations of flip

Dapy B — Q3 flop setup, hold time specs

\ » extra care needed to ensure

correct operation

» safer to avoid clock gating
whenever possible
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Preferred Parallel Load Register

= Multiplexor for each
DO =] o - S
D@_D i1 oo Fegister bit.

c » new value loaded when LD
IS high
DB gg o b oLl pai » otherwise, old value stored
| c mNo gated clock,
s ) minimizing clock skew.
pop o] 1 Lpaz implifies checking of
Dt | | » simplifies checking of setup

and hold time specs.

o » can focus on delays
D~—0 o q DQ3 Y

DD—G1 i between connected flip
LDD__%)EL flops

m INncreases gate count by
about 30%.

5.6 - JST/WDR - 8/25/2006 @ Washington University in St.Louis




VHDL Specification for Register

library IEEE;
use IEEE.std logic 1164._all;

m Register stores new input
value when 1d is high.

m Otherwise, retains old
value.

entity reglv is
port
d: in STD_LOGIC_VECTOR{Z downto 8);
1d, clk: in STD_LOGIC;
q: out 5TD _LOGIC_VECTOR(3 downto @)
):

end regiu;

architecture regdv_arch of reghu is
signal req: STD_LOGIC VECTOR{Z downto 8);
begin
process{clk) begin
if clk event and clk = "1° then
if 1d = '1' then
regl <= d;
end if;
end if;
end process;
q <= req;
end reglu_ arch;

F4Dn5 ‘lEDns |lEDn5 ‘EDI
H|HIIIHIhIH HIJIHIIIH'HIIIH
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Shift Registers

m Shift when SHIFT is low. N

= = Do
= Shift registers support Do 3P e
1 SHIFTD 50 -
serial input and output. f’
» useful for communication

over serial channels 0= 0o| 5 a
= With parallel outputs, | s ||
can be used for serial-
to_—parallel conversion. oo [
m \With parallel inputs can | sobgm ||

be used for parallel-to-

serial conversion. e -
» requires 3 input muxes = s == DQ
and second control input C
CLKD>
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VHDL for Bidirectional Shift Register

library IEEE;

use IEEE.std logic_1164.all; B ld enables |Oading.

E"tiﬁﬂri”fg is » If sl asserted then left

d: in STD_LOGIC_VECTOR(3 downto 0); .
1d, s1, sr: in STD_LOGIC; shift

clk: in STD_LOGIC; » else If sr asserted then
g: out 53TD _LOGIC _VECTOR(Z downto @) =
right

» else parallel load

architecture sreq_arch of sreq is
signal reqg: STD_LOGIC VECTOR{Z downto B8);
begin
process{clk) begin
if clk'event and clk = "1° then

if 1d = "1 m fnsjdiv | LLLLI
if 51 = "1"' then

Zlns 40ns G0 S0ns l00n=s |lzOns |l40ns

| a.no |||||||||||||||||||||||||||||||||||||||||||||||||||||
req <= reg(2 dounto 6) & d(6); M EEr R R R -
elsif sr = "1' then D.......... Fil-

end if;
end process;

q <= reqg;
end sreq_arch;

req <= d(3) & reqg(2 downto 1}; SL....... ... Fil-

else SR F2L

req <= d; D3. ... .. Bl

end iF; D2........ .. B3

end 1,|:; .......... EEE
oo, Bif

O O O O H B B B H H- B
=
=
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Synchronous Ripple Carry Counter
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CLLJ—H}C?
KoHz2
Fo
D Q s 13
CLHD i ]
s 503

m Change in low order bit can affect
carry In all higher bits.
= No problem, so long as carry stable
by next rising clock edge.
m Can be too slow for counters with
many bits.
w | 1oz div EI| annT EJIIInT mnTg llIII::|'.Ls 1znz|15 13nz|15 14nz|15 15u1|15 161
| T‘]:I'LS TEEEERREEr et e brerrrreeebrrrrrreeebreretree e brrrete e brrrer et
1CLE. . ... .. CiF e e e e e e e
1EH.......... HeF
od . oo -
o0l ...... ...
o2 ... ...
o3, ... ...
oo, . ... ...
ofcl. .. ... ...
olc2. ...
olcd. ..
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Counter with Carry Look-ahead

e . Carries sent forward to eliminate

[ ] xﬂz carry propagation delay.
) o0 mIn large counters, carry logic becomes

[
ZONY

major part of counter complexity.

+o<0 mLarge fanout of carry signals limit

@)HE -
2 performance gains.
o +DO1

c |z m Scalable carry-lookahead incrementer
LH 1 better choice for large n.
_Gm C
E o | ins/div || E0ns  [Jms  |0ns  [90ns  [LOOns [LlOns |LZ0ns |130ns |[ld0nd |[160ns |L6C
] o] I—E>Q2 Eins ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| ||||||||||||
c L cLE. ... Ci] |-|-|-|-|-|-|-|-|-|-_,-_l-_|-|-|-|-|-|- --------- e e
B LH iEN. e
of@0. . ... ..
GL— | L2 o0l ...
I al02. ...
E Q —= 003 o3, ...
by IIICD ..........
CLID g 5 L& ot
olC2. ... ... ..
DO
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Up-down Counter with Parallel Load

library IEEE;
use JTEEE.std logic 1164.a3ll;
use IEEE.std logic unsigned.all;

, cnt, up, clk: in STD LOGIC;

):
end ud cntr;

architecture ud _cntr_arch of ud _cntr is

begin
process{clk) begin
if clk'event and clk
if 1d 1" then
reqg <= d;
elsif cnt 1" then
if up = "1 then
reqg <= req + “HE

= "1 then

= in STD_LOGIC VECTOR{3 downto 8);

: out S5TD_LOGIC_VUECTOR({Z downto @)

signal reqg: STD LOGIC VECTOR(3 downto @);

m Operations

» load (when Id high)

» count up (if Id low, cnt, up
high)

» count down (if Id low, cnt
high, up low)

m Synthesizer generates carry

logic.

ﬁ‘nnl....

» can optimize for either size
or speed

2 0ns 4 (=

50
IHIhIH

1Z0ns
HIJIHI

140ns

151n5
IHI|HIIIII|IIH

alns FDDnS
IHIhIH

else req <= reqg - ""HE
end if;
end if;
end if;
end process;
q <= req;
end ud cntr_arch;
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Non-Standard Counters

m Counters are sometimes defined that count in an
order other than standard numerical order.

m The state machine below is for a gray code
counter in which one bit changes at a time.

J190
>~ 000111 10
0/(1[1/0]|0
100|121 d:90
>~ 000111 10
qlch)o 011110 42 20 [(ig] H
a. 110 1
o0|@]1)1]
1/0/0/0]1
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VHDL for Gray Code Counter

library IEEE;
use IEEE.std logic 1164.all;

m Assighments Iin case directly
reflect the state diagram.

m By modifying assignments,
can produce any non-
standard counting order.

m Implementation uses mux
controlled by current value.

entity gray cnt is
port {
clr, cnt, clk: in STD LOGIC;
q: out STD_LOGIC_UVECTOR{Z downto H)

1:
end gray_cnt;

architecture gray cnt_arch of gray cnt is
signal reg: STD_LOGIC VECTOR(? downto 8);
begin
process(clk) begin
if clk'event and clk = "1"' then
if clr = '"1° then reg <= "006";
elsif cnt = 1" then
case reqg is

end gray_cnt_arch;
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when 806" => reg <= "001";
when 861" => reg <= "011";
when 811" => reg <= "018";
when 816" => reg <= "118";
when 116" => reg <= "111";
when 111" =3 reqg <= "181"; Zns/div | LU Fins  [40ns  |0ns  [B0ns  [|LOOns |LZ0ns |L40ns  |Lé0ns
when 161" =% reg <= "100"; R T A e I e ‘||||||||| nod oo
when 180" => reqg <= "008"; : m | »
when others =» reqg <= "0600";Q | ..
end case; Wt
end ifF; WM
end if;  WpERZ.. ... ...
end process; Wl
q <= reqg;
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Designing Complex Circuits

m Determine what the circuit must “remember.”

» may include data state
—stored in data registers

» may include control state
—defines steps in process implemented by the circuit
—stored in state register
m Define high level state diagram.
» State transitions defined among different control states
» conditions defined on data in registers may determine control

state transitions
—e.g. if count = limit and increment = 1 goto overflow_state

» State transitions may trigger actions affecting stored data
—e.g. clear count and set overflow error bit

m In VHDL can often develop code directly from state diagram.

m For schematic design, treat control state machine as
separate sequential circuit and define inputs and outputs for
required conditions and actions.
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Traffic Light Controller

r
1
sensorj‘i :

m T intersection.

m Default to green on main road.

m Sensor enables green for cross street.

m Delay switching for right-turn-on-red from cross street.
® Programmable delays.
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High Level State Machine

sSensor

m Stay in thruG state until
sensor is activated.

m Wait in pause state to see |If
sensor deactivates.
(right-turn-on-red)

m Then proceed through
seguence, waiting In each
state for specified time delay.

m In each state, provide
appropriate control signals
for lights.

m 5 states, so at least 3 flip
flops.
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Block Diagram

m Controller keeps track of state
and turns lights on/off.
»t.=1 means thruGreen on, etc.
» State assignment

controller
(sequential circuit)

THTT

z
9 T dII = 000 = thruG, 001 = pause,
== T l %CLK 010 = thruY, 011 = thruR,
100 = crossY
@ > = I & 3 mCounter used to regulate
— _ delays.
® S — le O » set to zero when not enabled
| c = Dials at left specify delays.
| 8 » note how clock frequency
> — I«
@ &) affects delay values and
——— counter size
o=
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Detailed State Diagram and State Table

00000 current state| inputs outputs next state
0 100 001 S»S1So Sd,;d,d;d,| TEN tst ty XXy Xg |NSoNS1NS,
Ixxxx/ 000 0O XXxX 0O 100 001 000
0 100 001 000 1 XXXX 0 100 001 001
001 0O XXXX O 100 001 000
10xxx/ 001 1 OxXX 1 100 001 001
1100 001 001 1 1xxX 0 100 001 010
010 X XOXX 1 010 001 010
010 X X1IXX O 010 001 011
011 X XX0X 1 001 100 011
S0, 011 X XX1x O 001 100 100
s 100 X XXX0 1 001 010 100
100 X Xxx1 O 001 010 000
XX1IXX/ =
0 010 001 m Output equations
XXXO0x/ g = s)'s)’ Ly = s8¢ ;= (tG + tY)'
1001 100 Xc = S1Sg Xy = S, Xp — (XG + XY)'

XXX1x/
0 001 100

TEN =s,'s,Sd,'+s;s,'d,’ +s,5,d5" +s.,d,’
m Next state equations
Xxxx0/ = + '
e NS, = s;s,d; + s,d,
NS; = s,'s,Sd; + s;54" +S;S,d5’
NSy = S,'S,'Sy’'S + 5,'5,Sd," +5,5,'d, +5,5,d5’

XXXX1/
0 001 010
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Schematic for Traffic Light Controller
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J r

: “ >
t d | ) i ¥
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Simulation of Traffic Light Controller

thruG

= |Z200ns
HIIIHIhIH

pause thruyY thruR crossY

= E0n |4EDns E00mn= &00ns |&50ns=
1l | 1l IHllHlllllJII H|IHI HIIhIIIIIIJ

Lln=
IHIhIH

100mn=
IHIhIH

O0ns  [350ns=
HIhIH

On= [?50ns  [200n
||h|u

000 o0& dooodofd o /™dve » oodkdied/e
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VHDL for Traffic Light Controller

entity trafficv 1Is
port (
reset, sensor, CLK: in STD LOGIC;
dl, d2, d3, d4: in unsigned(wordSize-1 downto 0);
tG, tY, tR, xG, xY, xXR: out STD LOGIC

);

end trafficv; unsigned type for

numeric values — subtype

architecture trafficv_arch of trafficv is of std_logic_vector
type state type i1s (thruG, pause, thruY, thruR, crossY);
signal state: state type;
signal timer: unsigned(wordSize-1 downto 0O);
begin
next state process:
process(clk) begin
iIT clk"event and clk = "1" then
iIT reset = "1" then
state <= thruG; timer <= (timer‘“range => “07);
else
case state 1s
when thruG =>
IT sensor = "1" then state <= pause; end if;

use of range attribute
makes assignment
independent of length
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VHDL for Traffic Light Controller

when pause =>
1T sensor = "0" then
state <= thruG; timer <= (timer“"range => “07);
else
it timer /= d1 then timer <= timer + "1';
else state <=thruY; timer<=(timer’range=>°07); end if;
end if;
when thruY =>
1T timer /= d2 then timer <= timer + "1';
else state <=thruR; timer<= (timer"range => “0’); end 1T;
when thruR =>
iIfT timer /= d3 then timer <= timer + "1";
else state <=crossY; timer <=(timer“range =>“07); end 1T;
when crossY =>
it timer /= d4 then timer <= timer + "1';
else state <=thruG; timer <=(timer"range => “0’); end 1T;
end case;
end 1f;
end 1f;
end process;
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VHDL for Traffic Light Controller

output process:
process (state) begin

tG <= "0"; tY <= "0°;
XG <= "0"; XY <= "0°;

case state 1s
when thruG =>
when pause =>
when thruyY =>
when thruR =>
when crossY =>
when others =>
end case;
end process;

end trafficv _arch;

tG
tG
tY
tR
tR
tG

<= "0%;
<= "0°%;

Lr
-1t
-1t
-1n
-1t
-1t

XR
XR
XR
XG
XY
XR

“1e-
‘1t
-1t
-1t
-1t
“1n
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Simulation of VHDL Version
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Data Queue

m A queue Is a data structure that stores a set of values so
they can be retrieved in the same order they were stored.
» operations are enqueue and dequeue
» separate dataln, dataOut ports allow simultaneous enqueue &
dequeue
» status signals: empty and full
» implement using an array of registers, pair of of pointers and

counter
array

0]

readPntr=1r—>1
2 occupied

cnt=4 3 words

4

writePntr=5—> 5
6
7
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VHDL Design

entity queue i1s Port (
clk, reset: 1In std logic;
eng, deq : 1n std logic;
dataln : in std logic vector(wordSize-1 downto 0);
dataOut : out std logic vector(wordSize-1 downto 0);
empty, full : out std logic);

end queue;

architecture Behavioral of queue is

array type
declaration for

constant gSize: integer := 16; storing data

constant IgQueueSize: iInteger := 4; _

type gStoreTyp is array(0O to gSize-1) pointers f';md]
of std logic vector(wordSize-1 downto 0); count register

signal gStore: gStoreTyp;

signal readPntr, writePntr: std logic vector(lgQueueSize-1 downto 0);
signal count: std logic vector(lgQueueSize downto 0);

function Int(d: std logic vector) return integer 1s

—-— Convert logic vector to integer. Handy for array indexing.

begin return conv_integer(unsigned(d)); end function int;

begin
process (clk) begin _
if clkevent and clk = "1" then type conversion
function j
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iIf reset = "1" then
readPntr <= (readPntr"range => "0%);
writePntr <= (writePntr"range => "0%);
count <= (count®"range => "0%);
else
iIf eng = "1 and deq = "1" then
iIf count = O then
gStore(int(writePntr)) <= dataln;
writePntr <= writePntr + "1"; count <= count + "1°;
else
gqStore(int(writePntr)) <= dataln;
readPntr <=readPntr + "1°; writePntr <= writePntr + "1°%;
endif;
elsit enqg = "1" and count < gSize then
gStore(int(writePntr)) <= dataln;
writePntr <= writePntr + "1"; count <= count + "1%;
elsift deq = "1° and count > 0 then
readPntr <= readPntr + "1"; count <= count - "1°;

simultaneous
enq, deq

end 1f;
end 1f; .
end if: deﬁrqng :]
end process; output signals

dataOut <= gStore(int(readPntr));

empty <= "1" when count = 0 else "07;

full <= "1" when count = gSize else "0°%;
end Behavioral;
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Simulation Results

Areset 1
Jdeq 0 a |
fenq 1 1 [ ] |
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AuutAwritepntr | 4 ! 5B 7 fa e aoiznamansin 0 F20E 7
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Priority Queue

m Priority queue stores (key, value) pairs and always makes

value with smallest key available.
» operations — reset, insert new pair, delete pair with smallest key
» inputs - clk, reset, insert, delete, key, value
» outputs — smallValue, empty, full, busy (when high, new inputs
ignored)
m Implement as two rows of cells.
» each row has data present bit (dp) plus (key, value) registers
» Kkeys in bottom row are sorted, keys in columns are sorted
» occupied cells to left, occupied top cell must have occupied cell below it

» to Insert, ] o] ] o]
— shift top to right key+value
— top-bottom swap e — — > > >
» to delete reset —» val
— shift bottom left Insert — F F z T
delete \ 4 A 4 \ 4 A 4
— top-bottom swap busy +— o] o] ] o]
empty “—
i “— « = «
smallvalie val val val val
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VHDL for Priority Queue

package commonConstants 1s
constant wordSize: iInteger := 4;
end package commonConstants;
library IEEE;
use IEEE.STD LOGIC 1164 _ALL;
use IEEE.STD LOGIC ARITH.ALL;
use IEEE.STD LOGIC_UNSIGNED.ALL;
use work.commonConstants.all;
entity priQueue 1Is
Port ( clk, reset : in std logic;
insert, delete : in std logic;
key, value : i1n std logic vector(wordSize-1 downto 0);
smallValue : out std logic vector(wordSize-1 downto 0O);
busy, empty, full : out std logic

end %riQueue;
architecture archl of priQueue 1s
constant rowSize: integer := 4;
type pgElement is record
dp: std logic;
key: std logic vector(wordSize-1 downto 0);
value: std logic vector(wordSize-1 downto 0);
end record pgElement;

record used to
group related
data items
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type rowTyp is array(0 to rowSize-1) of pqgElement;

signal top, bot: rowTyp; arrays of records
type state type i1s (ready, inserting, deleting); implement two rows
signhal state: state type;

begin
process(clk) begin
iIf clk"event and clk = "1" then

IT reset = "1" then

for 1 In O to rowSize-1 loop
top(1).dp <= "0"; bot(1).dp <= "0°%;

end loop;
state <= ready;

elsit state = ready and Insert = "1 then

if top(rowSize-1).dp /= "1° thenAﬁi::[:Shﬁttop:]
for 1 in 1 to rowSize-1 loop row right
top(i) <= top(i-1);
end loop;
top(0) <= ("1°,key,value);
state <= inserting;

end 1f;

make all slots
empty initially
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elsit state = ready and delete = "1" then
1T bot(0).dp /7= "0" then
for 1 in O to rowSize-2 loop

(shift bottomj

bot(i) <= bot(i+l); __row left
end loop;
bot(rowSize-1).dp <= "0"; state <= deleting;
end 1f;

elsifT state = iInserting or state = deleting then
for 1 In O to rowSize-1 loop
iIf top(1).dp = "1° and
(top(1) .key < bot(ir).key or bot(i).dp = "0") then
bot(1) <= top(i1); top(i1) <=_bot(i);

end if;
end loop;
state <= ready; compare and
end 1f; swap columns
end 1f;

end process;
smallValue <= bot(0).value when bot(0).dp = "1" else

(smallValue’range => "0%);
empty <= not bot(0).dp; output signal
full <= top(rowSize-1).dp; = definitions

— Zli—sc)rl]li: 1* when state /= ready else "0°; (all synchronous)
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Simulation of Priority Queue
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Metastability

m Most synchronous systems have asynchronous inputs.
» Keyboard input on a computer,
» sensor on a traffic light controller,
» card insertion on an ATM, etc.
m Asynchronous inputs change at unpredictable times.
» S0, can change during clock transition, causing
metastability
m Output of a metastable flip flop can oscillate or remain
at intermediate value causing unpredictable behavior In
other flip flops.
» metastability usually ends quickly, but no definite time
limit
» S0, circuit failures due to metastability are unavoidable
» however, systems can be designed to make failures rare
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Synchronizers

m Synchronizers are used to isolate metastable signals
until they are “probably safe.”

potentially
asvnchronous metastable
u I (11
) input D Q Sgaa D Ql— “probably
safe” signal
=>C >C
clk |—

m If the clock period is long enough, failure probability is

small and expected time between failures is large.
MTBF = Mean Time Between Failures ~ (aT/Ty)e'’"

where T is the clock period, o Is the average time
between asynchronous input changes, t and T, are
parameters of the flip flop being used.

mlfT=50ns,a=1ms,t=1ns, ,=1ns, MTBF =8
trillion years, if T = 10 ns, MTBF becomes 220 seconds!
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