5 — Sequential Logic

' 1996 Gaetano BorrielloSequential logic¥Sequential circuits—simple circuits with feedback—latches—edge-triggered flip-flops¥Timing methodologies—cascading flip-flops for proper operation—clock skew¥Asynchronous inputs—metastability and synchronization¥Basic registers—shift registers1

5 — Sequential Logic

' 1996 Gaetano BorrielloSequential circuits¥Circuits with feedback—outputs = f(inputs, past inputs, past outputs)—basis for building "memory" into logic circuits—door combination lock is an example of a sequential circuit¥state is memory¥state is an "output" and an "input" to combinational logic¥combination storage elements are also memory2

C1C2C3 comparator valueequalmultiplexer resetopen/closed newequalmux control clock comb. logicstate

5 — Sequential Logic

' 1996 Gaetano BorrielloCircuits with feedback3

X1X2¥¥¥XnswitchingnetworkZ1Z2¥¥¥Zn

¥How to control feedback?—what stops values from cycling around endlessly

5 — Sequential Logic

' 1996 Gaetano BorrielloSimplest circuits with feedback4¥Two inverters form a static memory cell—will hold value as long as it has power applied¥How to get a new value into the memory cell?—selectively break feedback path—load new value into cell

"remember""load""data""stored value"0""1""stored value"

5 — Sequential Logic

' 1996 Gaetano BorrielloMemory with cross-coupled gates¥Cross-coupled NOR gates—similar to inverter pair, with capability to force output to 0 (reset=1) or 1 (set=1)¥Cross-coupled NAND gates—similar to inverter pair, with capability to force output to 0 (reset=0) or 1 (set=0)5

RSQ’RSQR’S’Q

QQ’S’R’

5 — Sequential Logic

' 1996 Gaetano BorrielloTiming behavior6

5 — Sequential Logic

' 1996 Gaetano BorrielloState behavior or R-S latch7¥Truth table of R-S latch behaviorS R Q0 0 hold0 1 01 0 11 1 unstable

Q Q’0 1

Q Q’1 0Q Q’0 0Q Q’1 1

5 — Sequential Logic

' 1996 Gaetano BorrielloTheoretical R-S latch behavior8SR=01SR=01SR=11SR=10SR=00SR=01SR=00SR=10SR=00SR=00SR=11SR=11SR=10SR=01 Q Q’0 1Q Q’1 0Q Q’0 0Q Q’1 1SR=10SR=11

¥State diagram—states: possible values—transitions: changesbased on inputs¥Possible oscillationbetween states 00 and 11

5 — Sequential Logic

' 1996 Gaetano BorrielloObserved R-S latch behavior¥Very difficult to observe R-S latch in the 1-1 state—one of R or S usually changes first¥Ambiguously returns to state 0-1 or 1-0—a so-called "race condition"—or non-deterministic transition9SR=01SR=01SR=11SR=10SR=00SR=01SR=00SR=10SR=11Q Q’0 1Q Q’1 0Q Q’0 0SR=10SR=11

SR=00SR=00

5 — Sequential Logic

' 1996 Gaetano BorrielloR-S latch analysis10¥Break feedback path

ResetSetQ

Q(t+D)RSQ(t)

S R Q(t) Q(t+D)0 0 0 00 0 1 10 1 0 00 1 1 01 0 0 11 0 1 11 1 0 X1 1 1 X holdresetsetnot allowedcharacteristic equationQ(t+D) = S + R’Q(t)0 0 X 11 0 X 1

RSQ(t)

' 1996 Gaetano BorrielloGated R-S latch¥Control when R and S inputs matter—otherwise, the slightest glitch on R or S while enable is low could cause change in value stored11

5 — Sequential Logic

' 1996 Gaetano BorrielloClocks¥Used to keep time—wait long enough for inputs (R’ and S’) to settle—then allow to have effect on value stored¥Clocks are regular periodic signals—period (time between ticks)—duty-cycle (time clock is high between ticks - expressed as % of period)12 period duty cycle (in this case, 50%)

5 — Sequential Logic

' 1996 Gaetano BorrielloClocks (cont’d)¥Controlling an R-S latch with a clock—can’t let R and S change while clock is active (allowing R and S to pass)—only have half of clock period for signal changes to propagate—signals must be stable for the other half of clock period13 clockR’ and S’changingstable changingstablestableS’

Q’QR’RSclock’

5 — Sequential Logic

' 1996 Gaetano BorrielloCascading latches¥Connect output of one latch to input of another¥How to stop changes from racing through chain?—need to be able to control flow of data from one latch to the next—move one latch per clock period—have to worry about logic between latches (arrows) that is too fast14clock

RSQQ’ RS

5 — Sequential Logic

' 1996 Gaetano BorrielloMaster-slave structure¥Break flow by alternating clocks (like an air-lock)—use positive clock to latch inputs into one R-S latch—use negative clock to change outputs with another R-S latch¥View pair as one basic unit—master-slave flip-flop—twice as much logic—output changes a few gate delays after the falling edge of clock but does not affect any cascaded flip-flops15RSQQ’CLKmaster stageslave stage

RSQQ’ PP’

5 — Sequential Logic

' 1996 Gaetano BorrielloThe 1s catching problem16¥In first R-S stage of master-slave FF—0-1-0 glitch on R or S while clock is high is "caught" by master stage—leads to constraints on logic to be hazard-free

5 — Sequential Logic

' 1996 Gaetano BorrielloD flip-flop¥Make S and R complements of each other—eliminates 1s catching problem—can’t just hold previous value (must have new value ready every clock period)—value of D just before clock goes low is what is stored in flip-flop—can make R-S flip-flop by adding logic to make D = S + R’ Q17DQQ’CLKmaster stageslave stage

RSQQ’

PP’10 gates

5 — Sequential Logic

' 1996 Gaetano BorrielloEdge-triggered flip-flops¥More efficient solution—only 6 gates—sensitive to inputs only near edge of clock signal (not while high)18negative edge-triggered D flip-flop (D-FF)4-5 gate delaysmust respect setup and hold time constraints to successfullycapture inputcharacteristic equationQ(t+1) = D

QQ’DClk=1RS00D’D’holds D’ whenclock goes lowholds D whenclock goes lowD DQ

5 — Sequential Logic

' 1996 Gaetano BorrielloEdge-triggered flip-flops (cont’d)¥Step-by-step analysis19when clock goes high-to-lowdata is latchedwhen clock is lowdata is held

QQ’DClk=0RSD’DD’D’DD’

QQ’new DClk=0RSD’D00DD’new D „ old D

5 — Sequential Logic

' 1996 Gaetano BorrielloEdge-triggered flip-flops (cont’d)¥Positive edge-triggered—inputs sampled on rising edge; outputs change after rising edge¥Negative edge-triggered flip-flops—inputs sampled on falling edge; outputs change after falling edge20

5 — Sequential Logic

' 1996 Gaetano BorrielloComparison of latches and flip-flops23

Type

When inputs are sampled

When output is validunclocked always propagation delay from input changelatch level-sensitive clock high propagation delay from input changelatch (Tsu/Th around falling or clock edge (whichever is later) edge of clock)master-slave clock high propagation delay from falling edgeflip-flop (Tsu/Th around falling of clock edge of clock)negative clock hi-to-lo transition propagation delay from falling edgeedge-triggered (Tsu/Th around falling of clockflip-flop edge of clock)

5 — Sequential Logic

' 1996 Gaetano BorrielloComparison of latches and flip-flops (cont’d)24behavior is the same unless input changeswhile the clock is high D Q CLKpositiveedge-triggeredflip-flopD Q

GCLKtransparent(level-sensitive)latch

DCLKQedgeQlatch

5 — Sequential Logic

' 1996 Gaetano BorrielloTypical timing specifications¥Positive edge-triggered D flip-flop—setup and hold times—minimum clock width—propagation delays (low to high, high to low, max and typical)25all measurements are made from the clocking event that is, the rising edge of the clock

Th5nsTsu20nsTw25nsTplh25ns13nsTphl40ns25nsTh5nsTsu20ns

DCLKQ

5 — Sequential Logic

' 1996 Gaetano BorrielloTypical timing specifications (cont’d)¥Transparent latch—setup and hold times—minimum clock width—propagation delays: high to low, low to high, maximum, typical¥must consider both data-to-output and clock-to-output26measurements from falling clock edge or rising or falling data edgeCLKTh5nsTw20nsTplhD to Q27ns15nsTphlD to Q15ns7nsTsu20ns

DQTphlC to Q25ns14nsTplhC to Q27ns15nsTsu20ns

Th5ns

5 — Sequential Logic

' 1996 Gaetano BorrielloCascading edge-triggered flip-flops¥Shift register—new value goes into first stage—while previous value of first stage goes into second stage—consider setup/hold/propagation delays (prop must be > hold)27

INCLKQ0Q1DQDQ

5 — Sequential Logic

' 1996 Gaetano BorrielloCascading edge-triggered flip-flops (cont’d)¥Why this works—propagation delays far exceed hold times—clock width constraint exceeds setup time—this guarantees following stage will latch current valuebefore it is changes to new value28timing constraintsguarantee properoperation ofcascaded componentsassumes infinitely fast distribution of the clockInQ0Q1Clk

Tsu20nsTplh13nsTh5ns

Tsu20nsTh5ns

5 — Sequential Logic

' 1996 Gaetano Borriello

5 — Sequential Logic

' 1996 Gaetano BorrielloSummary of latches and flip-flops¥Development of D-FF—level-sensitive used in custom integrated circuits¥can be made with 4 switches—edge-triggered used in programmable logic devices—good choice for data storage register¥Historically J-K FF was popular but now never used—similar to R-S but with 1-1 being used to toggle output (complement state)—good in days of TTL/SSI (more complex input function: D = JQ’ + K’Q—not a good choice for PLDs as it requires 2 inputs—can always be implemented using D-FF¥Preset and clear inputs are highly desirable on flip-flops—used at start-up or to reset system to a known state30

5 — Sequential Logic

' 1996 Gaetano BorrielloMetastability and asynchronous inputs: terms and definitions¥Clocked synchronous circuits—inputs, state, and outputs sampled or changed in relation to acommon reference signal (called the clock)—e.g., master/slave, edge-triggered¥Asynchronous circuits—inputs, state, and outputs sampled or changed independently of acommon reference signal (glitches/hazards a major concern)—e.g., R-S latch¥Asynchronous inputs to synchronous circuits—inputs can change at any time, will not meet setup/hold times—dangerous, synchronous inputs are greatly preferred—cannot be avoided (e.g., reset signal, memory wait, user input)31

5 — Sequential Logic

' 1996 Gaetano BorrielloSynchronizer failure¥Occurs when FF input changes close to clock edge—the FF may enter a metastable state — neither a logic 0 nor 1 ——it may stay in this state an indefinite amount of time—this is not likely in practice but has some probability32

synchronous systemClk

Q0ClockClockQ1AsyncInput

DQDQ0ClockClockQ1AsyncInputD

Clocked SynchronousSystem

Synchronizer¥Never allow asynchronous inputs to fan-out to more than one flip-flop—synchronize as soon as possible and then treat as synchronous signal

0123

DQCLKCLEARQ[N-1](left)Q[N+1](right)Input[N]to N-1th cellto N+1th cell clear s0 s1 new value 1 — — 0 0 0 0 output 0 0 1 output value of FF to left (shift right) 0 1 0 output value of FF to right (shift left) 0 1 1 input

DQDQDQDQINOUT1

OUT2

OUT3

OUT4

CLKOUT

" 1 "

5 — Sequential Logic

' 1996 Gaetano BorrielloOffset counters¥Starting offset counters — use of synchronous load—e.g., 0110, 0111, 1000, 1001, 1010, 1011, 1100, 1101, 1111, 0110, . . .¥Ending offset counter — comparator for ending value—e.g., 0000, 0001, 0010, ..., 1100, 1101, 0000¥Combinations of the above (start and stop value)46ENDCBALOADCLKCLR

RCOQDQCQBQA

"1""0""0""0""0"

"0"ENDCBALOADCLKCLRRCOQDQCQBQA"1""0""1""1""0"

5 — Sequential Logic

' 1996 Gaetano BorrielloSequential logic summary¥Fundamental building block of circuits with state—latch and flip-flop—R-S latch, R-S master/slave, D master/slave, edge-triggered D flip-flop¥Timing methodologies—use of clocks—cascaded FFs work because propagation delays exceed hold times—beware of clock skew¥Asynchronous inputs and their dangers—synchronizer failure: what it is and how to minimize its impact¥Basic registers—shift registers—pattern detectors—counters47