)

ansistor logic. Dymarni circuits refer to gates that have a clock input, especially
ogic. To complicate terminology, Sequencing elements themselves can be either
amic. A Sequencing element with srazi, storage employs some sort of feedback
output value indefinitely. An element with dynamic storage generally main-
ue as charge on 3 capacitor that will Jeak away if not refreshed for 4 long
ime. The choices of static or dynamic for gates and for sequencing elements
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This includes such aspects as cell libraries (Are the latch or flip-flop circuits and models
available?); tools such as timing analyzers (Can timing closure be achieved easily?); ang
automatic test generation (Can self-test elements be inserted easily?).

7.2 Sequencing Static Circuits

Recall from Section 1.4.9 that Jatches and fZip-flops are the two most commonly used
sequencing elements. Both have three terminals: data input (D), clock (¢/8), and data out-
put (@). The latch is transparent when the clock is high and opaque when the clock is low;
in other words, when the clock is high, D flows through to Q as if the latch were just a
buffer, but when the clock is low, the latch holds its present Q output even if D changes,
The flip-flop is an edge-triggered device that copies D to Q on the rising edge of the clock
and ignores D at all other times. These are illustrated in Figure 7.1. The unknown state of
Q) before the first rising clock edge is indicated by the pair of lines at both low and high

levels.
€=
[&)
D Q D—>

Flop {-Z

—»Q

BB 1aches and flip-flops

This section explores the three most widely used methods of sequencing static ci
with these elements: flip-flops, 2-phase transparent latches, and pulsed latches [Unge
An ideal sequencing methodology would introduce no sequencing overhead,
sequencing elements back-to-back with no logic in between, grant the designer flexi
in balancing the amount of logic in each clock cycle, tolerate moderate amounts of
skew without degrading performance, and consume zero area and power. We will cott
these methods and explore the tradeoffs they offer. We will also examine a numbe

T Y e N ity Lo P G e
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7.2.1 ] Sequencing Methods

Figure 7.2 illustrates three methods of sequencing blocks of combinationa] logic. In each
case, the clock waveforms, Sequencing elements, an combinationa] logic are shown, The
horizontal axis corresponds to the time at which a tokep reaches 3 point in the circuit. For
example, the token js captured in the firgt flip-flop on the firgt Tising edge of the clock. It
propagates through the combinational logic and reaches the second fip-flop on the second
rising edge of the clock. The dashed vertical [ines indicate the boundary between opne
clock cycle and the next, The clock period 87 . Ina 2-phase System, the phases may be
separated by Tnonoverap- I 2 pulsed system, the pulse widh i L

2

) e i
Logic Logic
: Half-Cycle 1 i Half-Cycle 1
!
| o b

Combinationaf Logic

d systems use one flip-Aop on each cycle boundary. Tokeng advance from
CXt on the rising edge. Tf 5 token arrives too early, it waits at the Ain-Ann
D <,

mimlT 1 . ~- = 3
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latches using c/4 and its complement, as shown in Figure 7.3. If we separate the latches, we
can divide the full cycle of combinational logic into two phases, sometimes called haif-
cycles. The two latch clocks are often called ¢, and ¢.. They may correspond to ¢/ and jtg
complement ¢/t or may be nonoverlapping (Zuonoverap > 0). At any given time, at least one
clock is low and the corresponding latch is opaque, preventing one token from catching up
with another. The two latches behave in much the same manner as two watertight gates iy
a canal lock [Mead80]. Pulsed latch systems eliminate one of the latches from each cyele
and apply a brief pulse to the remaining latch. If the pulse is shorter than the délay
through the combinational logic, we can still expect that a token will only advance through
one clock cycle on each pulse.

o \ =
/

Combinational Logic

Flip-Flop

Table 7.1 defines the delays and timing constraints of the combinational logic and
sequencing elements. These delays may differ significantly for rising and falling transitions
and can be distinguished with an 7 or /suffix. For brevity, we will use the overall maximum

and minimum.

Table7.1
Term ' Name
Ly Logic Propagation Delay

i
}

i Logic Contamination Delay
C % H
fyy  Latch/Flop Clock-to-Q Propagation Delay |
t.,  Latch/Flop Clock-to-Q Contamination Delay
by Latch D-to-Q Propagation Delay
G Latch D-to-Q Contamination Delay
tewp  Latch/Flop Setup Time
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Figure 7.4 illustrates these delays in a timing diagram. In a timing diagram, the hori-
zontal axis indicates time and the vertical axis indicates logic level. A single line indicates
that a signal is high or low at that time, A pair of lines indicates that a signal is stable but
that we don't care about its value. Criss-crossed lines indicate that the signal might change
at that time. A pair of lines with cross-hatching indicates that the signal may change once
or more over an interval of time.

Figure 7.4(a) shows the response of combinational logic to the input 4 changing from
one arbitrary value to another. The output ¥ cannot change instantancously. After the

different because of multiple paths_r_: b r

the response of a flip-flop. The dat input must be stable for some window around
sing edge of the flop if it is to be reliably sampled. Specifically, the input D must have
d by some setup time foerup before the rising edge of /% and should not change again
4 bold time 1.4 after the clock edge. The output begins to change after a c/och-zo- Q

mination delay Z., and completely settles after a c/och—zo- @] Ppropagation delay %, Figure

Ly and 2, Section 7.4.4 discusses how to measure the setup and hold times
agation delays in simulation,

e A tog
5 A Combmalflonal ¥
Logic
: Y e
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Max-Delay Constraints

Ideally, the entire clock cycle would be available for computations in the combinational
logic. Of course, the sequencing overhead of t':e latches or flip-flops cuts into this time, If
the combinational logic delay is too great, the receiving element will miss its setup time
and sample the wrong value. This is called a sefup time failure or max-delay failure. It can be
solved by redesigning the logic to be faster or by increasing the clock period. This section
computes the actual time available for logic and the sequencing overhead of each of oy
favorite sequencing elements: flip-flops, two-phase latches, and pulsed latches.

Figure 7.5 shows the max-delay timing constraints on a path from one flip-flop to the
next, assuming ideal clocks with no skew. The path begins with the rising edge of the
clock triggering /7. The data must propagate to the output of the flip-flop Q7 and
through the combinational logic to D2, setting up at /2 before the next rising clock edge,
This implies that the clock period must be at least

'I: Z ‘a"p.rq o fpd +‘fsetup (71)

- Alternatively, we can solve for the maximum allowable logic delay, which is simply the
cycle time less the sequencing overhead introduced by the propagation delay and setup

time of the flip-flop.

zpz!' = j; i (i‘setup ik tpcg)

sequencing overhead

clk clk
1 |

Qf = i D2
—» i = Combinational Logic St

T

c
b |

e o
b2 XX
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Logicals
Shifter
Sum

ALU1

$ ALU2

ALUB
Regfile

Bypass

Dcache1
Dcache2

Middle Lyl

Src2

/ Bypass ate
ALU#1 M Bﬁ)ass
ux
(6) Early
Bypass
Mux

A 11anium 2 ALU self bypass path. (a) © IEEE 2002,

m The critical path involves propagation delays through the adder (590 ps),
result mux (60 ps), middle bypass mux (80 ps), late bypass mux (70 ps), and two 22
mm wires (100 ps each), for a total of #,, = 1000 ps. According to EQ (7.1), the cycle

time 7 must be at least 90 + 1000 + 62 = 1152 ps.

Figure 7.7 shows the analogous constraints on a path using two-phase transpa
latches. Let us assume that data D7 arrives at L7 while the latch is transparent (g i
e e G R e et R ) e
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before the falling edge of ¢; and still be captured correctly by 3. To be fair, we will insjst

that D3 nominally arrive no more than one clock period after D7 because, in the long run,
it is impossible for every single~cycle path in 2 design to consume more than a full clock
period. Certain paths may take longer if other paths take less time; this technique is called
time borrowing and will be addressed in Section 7.2.4. Assuming the path takes no more
than a cycle, we see the cycle fime myst be

T2t + Pt T by + £, (7.3)

7d = Epgy + 25 ST, ‘(Zl}dg)

sequencing overhead

Combinational
Logic2

(7.4)
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If the pulse is wide enough, the max-delay constraint for pulsed latches is similar ¢
that of two-phase latches except that only one latch is in the critical path, as shown in Fig-
ure 7.8(a). However, if the pulse is narrower than the setup time, the data must set up
before the pulse rises, as shown in Figure 7.8(b). Combining these two cases gives

T; Z ms.x( fﬁa’g 3 '{z‘):il fprq 52 fpd + ‘;'Lsctup = Z})‘TJ_’) (7'5)

Solving for the maximum logic delay shows that the sequencing overhead is just one latch
delay if the pulse is wide enough to hide the setup time

I]D(f = Y_: = max(i’jmff) ‘P“Prg o fsetup = Z.}]w) (7 6)

sequencing overhead

D = : B2 o @2
Combinational Logic =5

het—
<

(lmp
=
—]
tndq
D2
| sl

[ tpccu

!
Q1 W\“_ Lo bop

(b) t,,<t =

setup /

| FIG 7.8 [ESSISSCRPton max-delay constraint

2 — ki

1

D
(a} tpw> tsetup Q

Min-delay Constraints
Ideally, sequencing elements can be placed back to back without intervening cormb
tional logic and still function correctly. For example, a pipeline can use back-to-back €
ters to sequence along an instruction opcode without modifving it. However, ifthC_I?
time is large and the contamination delay is small, data can incofrcct[y propagate throt
ﬁjnlmwfc_rsgi_v.eﬂelemems on one clock edge, corrupting the state of the system.



7.2

SEQUEN_C{NG STATIC CIRCUITS

1 a path from one flip-flop to the
skew. The path begins with the tising edge of the clock
to change at Q7 after a (fp-to- Q contamination delay,
gic contamination delay. However, it mugt not reach D2 unti] at
e hold time tholq after the clock edge, lest it corrupt the contents of /2, Hence we
t the minimum logic contamination delay:

Zg 2 lfhold = frcg

(7.7)

AN
Elip-flop latch min-delay constrait T ————
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In the ALU self-bypass example with flip-flops from Figure 7.6, the earliest input to

 the late bypass multiplexer is the i value coming from another flip-flop. Will this
path experience any hold time failures?

No. The late bypass mux has 7, = 45 ps. The flip-flops have #,,3 = ~10 ps
and #,, = 75 ps. Hence, EQ (7.7) is easily satisfied.

If the contamination delay through the flip-flop exceeds the hold time, you can safely
use back-to-back flip-flops. If not, you must explicitly add delay between the flip-flops
(e.g., with a buffer) or use special slow flip-flops with greater than normal contamination
delay on paths that require back-to-back flops. Scan chains are a common example of
paths with back-to-back flops.

Figure 7.10 shows the min-delay timing constraints on a path from one transparent
latch to the next. The path begins with data passing through 7.7 on the rising edge of §,. It
must not reach L2 until a hold time after the previous falling edge of ¢, because .2 should
have become safely opaque before L1 becomes transparent. As the edges are separated by

Fronoverlap: the minimum logic contamination delay through each phase of logic is

(7.9)

‘!-.11'1.1((1"2 = f]lo].d = 'fﬁ‘g = rnon()vcr\ap

(Note that our derivation found the minimum delay through the first half-cycle, but tha ;
the second half-cycle has the same constraint.)

This result shows that by making £,,novensp, Sufficiently large, hold time failure canb
avoided entirely. However, generating and distributing nonoverlapping clocks 1s very chal
lenging at high speeds. Therefore, most commercial transparent latch-based systems use
the clock and its complement. In this case, 7,1, = 0 and the contamination delay con- S8
straint is the same between the latches and flip-flops.

This leads to an apparent paradox: The contamination delay constraint applies to e
phase of logic for latch-based systems, but to the entire cycle of logic for flip-flops. Theress
fore, latches seem to require twice the overall logic contamination delay as compared t0
flip-flops. Yet flip-flops can be built from a pair of latches! The paradox is resolved
observing that a flip-flop has an internal race condition between the two latches. The fi
flop must be carcfully designed so that it always operates reliably. 5

Figure 7.11 shows the min-delay timing constraints on a path from one pulsed Late
to the next. Now data departs on the rising edge of the pulse but must hold until after
falling edge of the pulse. Therefore, the pulse width effectively increases the hold tim
the pulsed latch as compared to a flip-flop.

Lea 2 Chold — fc‘:‘g +fpcu
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If the ALU self-bypass path uses pulsed latches in place of flip-flops, will it have any
hold-time problems?

m Yes. The late bypass mux has 7, = 45 ps- The pulsed latches have L
150 ps, fhea = 5 ps, and %4y = 52 ps. Hence, EQ (7.9) is badly violated. §rc7 may
receive imm from the next instruction rather than the current instruction. The prob-
lem could be solved by adding buffers after the imm pulsed latch. The buffers would
need to add a minimum delay of fhold ~ Lieg + 23, — Lg = 58 ps. Alternatively, the i
pulsed latch could be replaced with a flip-flop without slowing the critical path, If
the flip-flop were designed with a very long (>110 ps) contamination delay, the race
would be avoided.

EEXI Time Borrowing
In a system using flip-flops, data departs the first flop on the rising edge of the clock and
must set up at the second flop before the next rising edge of the clock. If the data arrives
late, the circuit produces the wrong result. If the data arrives early, it is blocked until the
clock edge, and the remaining time goes unused. Therefore, we say the clock imposes a
hard edge because it sharply delineates the cycles.

In contrast, when a system uses transparent latches, the data can depart the first latch
on the rising edge of the clock, but does not have to set up until the falling edge of the
clock on the receiving latch. If one half-cycle or stage of a pipeline has too much logic, it
can borrow time into the next half-cycle or stage, as illustrated in Figure 7.12(a)
[Bernstein99|. Time borrewing can accumulate across multiple cycles. However, in systems.
with feedback, the long delays must be balanced by shorter delays so that the overall loop
completes in the time available. For example, Figure 7.12(b) shows a single-cycle se
bypass loop in which time borrowing occurs across half-cycles, but the entire path must
in one cycle. A typical example of a self-bypass loop is the execution stage of a pipelin
processor in which an ALU must complete an operation and bypass the result back for u
in the ALU on a dependent instruction. Most critical paths in digital systems occuri
self-bypass loops because otherwise latency does not matter.

Figure 7.13 illustrates the maximum amount of time that a two-phase latch-base
system can borrow (beyond the 77/2 — £y nominally available to each half-cycle of logid)
Because data does not have to set up until the talling edge of the receiving latch’s d
one phase can borrow up to half a cycle of time from the next (less setup time and o
overlap):
=

r!mrrow

e (Z‘semp gz tnunu\'cllap)
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]
Loops may borrow time internally byt must complete within the cycle

Combinationaf Logic

FIG7.13 Maximuym amount of time borrowing
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Example =
Suppose the ALU self-bypass path is modified to use two-phase transparent latches,
A mid-cycle ¢, latch is placed after the adder, as shown in Figure 7.14. The latches
have a setup time of 40 ps, a hold time of 5 ps, a c/k-to-Q propagation delay of 82 ps
and contamination delay of 52 ps, and a D-to-Q propagation delay of 82 ps. Com-
pute the minimum cycle time for the path. How much time is borrowed through the
mid-cycle latch at this cycle time? If the cycle time is increased to 2000 ps, how
much time is borrowed?

Logicals
Shifter
Sum

Bypass
; Dcache1
Dcache2
Middle imm

$ ALUZ

ALUS
Result Regiile

Adder Mux

Early
Bypass
Mux

AWAEY ALU self-bypass path with two-phase latches

ERIREEEN According to EQ_(7.3), the cycle time is 77 = 82 + 590 + 82 + 410 = 1164
ps. The first half of the cycle involves the latch and adder delays and consumes 82 +
590 = 672 ps. The nominal half-cycle time is 7,/2 = 582 ps. Hence, the path bor-
rows 90 ps from the second half-cycle. If the cycle time increases to 2000 ps and the
nominal half-cycle time becomes 1000 ps, time borrowing no longer occurs.

Pulsed latches can be viewed as transparent latches with a narrow pulse. If the pulse
wider than the setup time, pulsed latches are also capable of a small amount of time bUV
rowing from one cycle to the next.

< ey
fhurmw = {,’)cu !scrup

Time borrowing has two benefits for the system designer. The mast obvious is 1'711_‘
tional time borrowing, in which the designer can more easily balance logic betws
half-cycles and pipeline stages. This leads to potentially shorter design time becauses

_helancing can take nlace during circuit design rather than requirine changes to
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%‘pd s 7; = (étwg it 1‘serup +tskcw)
k—_-ﬁ,__*__‘,

(7.12)
sequencing overhead

‘tm’ 2 ‘r‘hold o frcg 3 fskew (7'13)
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GIEAHE Ciock skew and flip-flops

In the system using transparent latches, clock skew does not degrade performance
Figure 7.16 shows how the full cycle (less two latch delays) is available for computation
even when the clocks are skewed because the data can still arrive at the latches while thc?‘§
are transparent. Therefore, we say that transparent latch-based systems are Jé.eW-fﬂfﬂf.W%”’
However, skew still effectively increases the hold time in each half-cycle. It also cuts Jl'lf
the window available for time borrowing.

b ST~ ( 20y

sequencing OVCIhCﬂd



7.2

SEQUENCING STATIC CIRCUITS

7
horrow < ? = (t setup 7 nonoverlap T 7 slcew) (716)

Tc‘ Hma-X(z}:dgrr {ﬂcg +ts::tup i f‘t:'w+ tSkﬁ:W)

(7.17)
sequencing overhead

L) = ""hold i tpfw = fr:gr £ tsk::w (718)
fborrow = fp-w = ("fsetup+ rskcw) (719)

Y systems with hard edges (e.g., flip-flops) subtract clock ske
Tor usefy] computation. Svstems with softer el A o
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tage of the window of transparency to tolerate some clock skew without increasing the
sequencing overhead. Clock skew will be addressed further in Section 12.5. In particular,
different amounts of skew can be budgeted for min-delay and max-delay checks. More-
over, nearby sequential clements are likely to see less skew than elements on opposite cor-
ners of the chip. Current automated place & route tools spend considerable effort to
model clock delays and insert buffer elements to minimize clock skew, but skew is a grow-
ing problem for systems with aggressive cycle times.

7.3 Circuit Design of Latches and Flip-flops

Conventional CMOS latches are built using pass transistors or tristate buffers to pass the
data while the latch is transparent and feedback to hold the data while the latch is opaque.
We begin by exploring circuit designs for basic latches, then build on them to produce
flip-flops and pulsed latches. Many latches accept reset and/or enable inputs. It 1s also pos-
sible to build logic functions into the latches to reduce the sequencing overhead.

A number of alternative latch and flip-flop structures have been used in commercial
designs. The True Single Phase Clocking (TSPC) technique uses a single clock with no
inversions to simplify clock distribution. The Klass Semidynamic Flip-Flop (SDFF) isa I
fast flip-flop using a domino-style input stage. Differential flip-flops are good for certain
applications. Each of these alternatives are described and compared. :

Conventional CMOS Latches
Figure 7.17(a) shows a very simple transparent latch built from a single transistor. It1}
compact and fast but suffers four limitations. The output does not swing from rail-to-ra
(i.e., from GND to Vpp); it never rises above Vpp — V.. The output is also dynamic; i}
other words, the output floats when the latch is opaque. If it floats long enough, it can be;;g
disturbed by leakage (see Section 6.3.3). D drives the diffusion input of a pass transistory
directly, leading to potential noise 1ssues (see Section 6.3.9) and making the delay hard&%
to model with static timing analyzers. Finally, the state node is exposed, so noise on th%‘
output can corrupt the state. The remainder of the figures illustrate improved latches using%
more transistors to achieve more robust operation. i
Figure 7.17(b) uses a CMOS transmission gate in place of the single nMOS pas
transistor to offer rail-to-rail output swings. It requires a complementary clock , Whi
can be provided as an additional input or locally generated from ¢ through an invertd
Figure 7.17(c) adds an output inverter so that the state node X is isolated from noise 0
the output. Of course, this creates an inverting latch. Figure 7.17(d) also behaves 88
inverting latch with a buffered input but unbuffered output. As discussed in Sectionslg-
and 6.2.5.1, the inverter followed by transmission gate is essentially equivalent to 2 trs
inverter but has a slightly lower logical effort because the output is driven by both tra
- ~f+hae transmission gate in parallel. Both (c) and (d) are fast dynamic latches.
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In modern Processes, subthreshold leakage is large enough that dynamic nodes retain
their values for only a short time, especially at the high temperature and voltage encoun-
tered during burn-in test. Therefore, practical latches need to be staticized, adding feed-
back to prevent the output from floating, as shown in Figure 7.17(c). When the clock is
‘1, the input transmission gate is ON, the feedback tristate is OFE, and the latch is trans-
parent. When the clock is 0, the input transmission gate turns QFF. However, the feed-
back tristate turns ON, hoIdingX at the correct leye]. F igure 7.17(f) adds an input
inverter so the input is 2 transistor gate rather than unbuffered diffusion. Unforrunately,
Bo__th (¢) and (f) reintroduced Output noise sensitivity: A large noise spike on the output
can propagate backward through the feedback gates and corrupt the state node Figure

ggling D while the latch 18 Opaque can cause charge sharing noise
[Suzuki73].

CIRCUIT DESIGN OF LATCHES AND FLIP-FLOPS
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m%ps

ps usually take 4 single clock signal ¢ and locally generate its complement §, If

fall time js very slow; it is possible that both the clock and its complement
ously be gt intermediate voltages, making both latches transparent and
ﬂip-ﬁop hold time, Tn ASIC standard cell libraries (such as the Artisan
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library), the clock is both complemented and buffered in the flip-flop cell to sharpen u
the edge rates at the expense of more inverters and clock loading.

Recall that the flip-flop also has a potential internal race condition between the tw
latches. This race can be exacerbated by skew between the clock and its complemer
caused by the delay of the inverter. Figure 7.20(a) redraws Figure 7.19(a) with a buile-;
clock inverter. When ¢ falls, both the clock and its complement are momentarily low
shown in Figure 7.20(h), turning on the clocked pMOS transistors in both transmissio
gates. If the skew (i.e., inverter delay) is too large, the data can sneak through both latch
on the falling clock edge, leading to incorrect operation. Figure 7.20(c) shows a CIMO
dynamic flip-flop built using CEMOS latches rather than inverters and transmission gat
[Suzuki73]. Because each stage inverts, data passes through the aMOS stack of one latc
and the pMOS of the other, so skew that turns on both clocked pMOS transistors is not
hazard. However, the flip-flop is still susceptible to failure from very slow edge rates th
turn both transistors partially ON. The same skew advantages apply even when an eye
number of inverting logic stages are placed between the latches; this technique is somq
times called NO RAce (NORA) [Gonclaves83]. In practice, most flip-flop designs car
fully control the delay of the clock inverter so the transmission gate design is safe ar
slightly faster than C2MOS [Chao89].

2l
w]
i=]]

(c)

Both pMOS momentarily ON
because of clock inverter delay

(b)

GIWET 1rarsmission gate and NORA dynarmic flip-flops

All of these flip-flop designs still present potential min-delay problems between ﬂ.tg
flops, especially when there is little or no logic between flops and the clock skew is largsg
poorly analyzed. For VLSI class projects where careful clock skew analysis is too mie
work and performance is less important, a reasonable alternative is to use a pair of
phase nonoverlapping clocks instead of the clock and its complement, as shown in Fi
7.21. The flip-flop captures its input on the rising edge of ¢;. By making the nono
large enough, the circuit will work despite large skewys, However, the nonoverlap tif
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generator of Figure 7.22(p)
generator uses a fairly slow (weak) inverter to produce a pulse
nominal width of aboyt one-sixth of the cycle (125 ps for 1.2 GHz operation).
disabled, the internal node of the pulse generator foats high momentarily, but no
is required because the duration is short. Of course, the enable signal has setup and
quirements around the rising edge of the clock, as shown in Figure 7.22(c).

shows yet another pulse generator used op an NEC RISC Processor
¢ substantially longer pulses. Tt includes a built-in dynamic transmis-
event the enable from glitching during the pulse.

s consider short pulses tisky. The pulse generator should be carefully
across process corners and possible RC loads to ensure the pulse is not degraded
by process variation or routing, However, the Ttanium 2 team found that the

@ unless an extrs inverter is used to buffer the output,
Vi pulsed latch, Was used on the AMD K¢ and Athlon [Golden99], byt is
ver than g simple latch [Naffziger02]. It was originally called an Edge Triggered
), but strictly speaking is a pulsed latch because it has 4 brief window of

CIRCUIT DESIGN OF LATCHES AND FLIP-FLOPS
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FIG 7.22 BRIl generg-tors

[{[WFH partovi pulsed latch

Resettable Latches and Flip-flops

Most practical sequencing elements require a reset signal to enter a known initial state o
startup. Figure 7.24 shows latches and flip-flops with reset inputs. There are two types of
reset: synchronous and asynchronous. Asynchronous reset forces Q low immediately, wh
synchronous reset waits for the clock. Synchronous reset signals must be stable for a setd
and hold time around the clock edge while asynchronous reset is characterized by a prop
e ~atinn delav from reset to output. Synchronous reset simply requires ANDing thciiﬂpu‘t(
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FIG 7.25 [T
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EEH Enabled Latches and Flip-flops

Sequencing elements also often accept an enable input. When enable e is low, the ele-
ment retains its state independently of the clock. The enable can be performed with an
input multiplexer or clock gating, as shown in Figure 7.26. The input multiplexer feeds
back the old state when the element is disabled. The multiplexer adds area and delay,
Clock gating does not affect delay from the data input and the AND gate can be shared
among multiple clocked elements. Moreover, it significantly reduces power consumption
because the clock on the disabled element does not toggle. However, the AND gate delays
the clock, potentially introducing clock skew. Section 12.5.5 addresses techniques to min-
imize the skew by building the AND gate into the final buffer of the clock distribution
network. en must be stable while the clock is high to prevent glitches on the clock, as will
be discussed further in Section 7.4.3.

Symbol Multiplexer Design Clock Gating Design
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Incorporating Logic into Latches

Another way to reduce the sequencing overhead of latches is to replace some of the inver&
ers in the latch with gates that perform useful computation. Figure 7.27 shows two Wi
to do this in dynamic latches. The DEC Alpha 21164 used an assortment of latches bm}f‘
from a clocked transmission gate preceded and followed by inverting static CMOS g
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sponding select signals. Tt integrates the multiplexer function with nq extra delay from the
Dinputs to the Q outputs except the small amount of extry diffusion capacitance on the
state node. Note that the setup time on the select i

o >

14 ko o[-

mzng logic and latches

lass Semidynamic lip-flop (SD

s semidynamic fipflop (SDFF) [Klass99] shown in Figure 7.28 is a cross between
atch and a flip-flop. Like the Partovi pulsed latch, it operates on the principle of

ic NAND evaluates. If D 1s ‘0," X remains high and the top nMOS transistor
B IfDisVand X starts to fall low, the transistor remains ON to finish the tran-
15 allows for 4 very short pulse and short holg time. The weal cross-coupled
taticize the flip-flop and the final inverter buffers the output node.
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FIG 7.28 BGEeY semidynamic flip-flop

Differential Flip-flops

Differential flip—flops accept true and complementary inputs and produce true and comple-
mentary outputs. They are built from a clocked sense amplifier so they can rapidly respond
to small differential input voltages. While they are larger than an ordinary single-endec
flip-flop—having an extra inverter to produce the complementary output—they work wel
with low-swing inputs such as register file bitlines (Section 11.2.3) and low-swing busse
(Section 4.6.7).

Figure 7.29(a) shows a differential sense-amplifier flip—flop (SA-F/F) receiving differ
ential inputs and producing a differential output [Matsui94]. When the clock is low, th
internal nodes X and X precharge. When the clock rises, one of the two nodes is pulle
down, while the cross-coupled pMOS transistors act as a keeper for the other node, Th
SR latch formed by the cross-coupled NAND gates behaves as a slave stage, capturing t+
output and holding it through precharge. The flip-flop can amplify and respond to sme
differential input voltages, or it can use an inverter to derive the complementary inp
from D. This flip-flop was used in the Alpha 21264 [Gronowski98]. It has a small clo
load and avoids the need for an inverted clock. If the two input transistors are replaced |
true and complementary nMOS logic networks, the SA-F/F can also perform logic fun
tions at the expense of greater setup time [Klass99].

The original SA-F/F suffers from the possibility that one of the internal nodes w
float low if the inputs switch while the clock is high. The StrongArm 110 proces:
[Montanaro96] adds the weak nMOS transistor shown in Figure 7.29(a) to fully static
the flip-flop at the expense of a small amount more internal loading and delay.

Although the sense amplifier stage is fast, the propagation delay through the t
cross-coupled NAND gates hurts performance. The NAND gates serve as a slave
latch and are only necessary to convert the monotonically falling pulsed X signals to st
Q outputs; they can be replaced by Hl-skew inverters when 0 drives domino gates. Al
natively, Figure 7.29(b) shows how to build a faster slave latch to replace the cross-couf
NANDs at the expense of eight more transistors [Nikoli¢00]. When the X signal fal
turns on the pMOS transistor to immediately pull the Q output high. [t also drives on
the inverters high, which pulls down the Q output through the opposite nMOS transi
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The four blue transistors serve as small cross-coupled tristate keepers that hold the outputs
after the master stage precharges, but turn off to avoid contention when the outputs need
to switch. This slave latch sti]] involves two gate delays for the falling output, but the
delays are faster because the gates avoid crowbar current, have lower logical effort, and are
skewed to favor the critical edges.

The AMD K6 used another differential flip-flop shown in Figure 7.29(c) at the inter-

face from static to self-

, the flip

- ke ~flop produces pulsed outputs pri-
ﬁrily suitable for use in subsequent selfﬁﬁéée-tting domino gates (see Section 7.5 .2.4). The

~coupled pMOS transistors improve the noise immunity while the cross-coupled
verters staticize the internal nodes.
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Latches and Flip-flops

Conventional latches require both true and complementary clock signals. In moderq
CMOS systems, the complement is normally generated locally with an inverter in the
latch cell. In the late 1980s, some researchers worked to avoid the complementary signal,
The True Single-Phase-Clock (TSPC) latches and flip-flops replace the inverter-transmis-
sion gate or C*MOS stage with a pair of stages requiring only the clock, not its comple-
ment [ Ji-ren87, Yuan89]. Figure 7.30(a and b) show active high and low TSPC dynamic
latches. Figure 7.30(c) shows a TSPC dynamic flip-flop. Note that this flip-flop produces
a momentary glitch on Q after the rising clock edge when D is low for multiple cycles; this
increases the activity factor of downstream circuits and costs power. [Afghahi90] extends
the TSPC principle to handle domino, RAMs, and other precharged circuits.

d o a [ _C{ d i

D o _4 . ¢_4 - - ¢_ci Q
o —
(a) 7 (b) 7 (c) o

@’ True Single-phase-clock (TSPC)

AT 7573 fatches and fip-fops

The dynamic TSPC latches were used on the groundbreaking Alpha 21064 micro-
processor [Dobberpuhl92]. Logic can be built into the first stage of each latch. The latch
is not easy to staticize [Afghahi90]. In any case, the clock must also be reasonably sharp to
prevent races when both transistors are partially ON [Larsson94]. The Alpha 21164
reverted to conventional dynamic latches for an estimated 10% speed improvement-
[Bowhill95]. In summary, TSPC is primarily of historic interest.

7.4 Static Sequencing Element Meth@éiﬁology?

This section examines a number of issues designers must address when selecting 9~
sequencing element methodology. We begin with general issues, and then proceed t0
techniques specific to flip-flops, pulsed latches, and transparent latches.

Until the 0.5 or 0.35 um generation, leakage was relatively low and thus dynami@
latches held their state for acceptably long times. The DEC Alpha 21164 was one of
last major microprocessors to use a dynamic latching methodology in a 0.35 um process i
the mid-1990s. It required a minimum operating frequency of 1/10th full speed to retéil
state, even d}lring testing. Modern systems generally require static sequencing clements @

ik —. - = i ey g e R U -




is usually worst during burn-in testing at elevated temperature and voltage, where the chip
must still function correctly to ensure good toggle coverage. Static elements are larger and
somewhat slower than thejr dynamic counterparts,

Similarly, the growing difficulty and cost of debugging and testing has forced engi-
neers to build design-for-test (DFT) features into the Sequencing elements, The most
important feature ig Jean, a special mode in which the latches or ﬁip—ﬂops can be chained
together into a large shift register so that they can be read and written under external cop-
trol during testing. This technique is discussed further in Section 9, Scan has become par-
- tieularly important becayse chips have{s.}éf“"rnany metal layers that most internal signals

cannot be directly reached with, probesiMoreover, some Jip~chips are mounted upside
down, making physical access even more difficult. Scan cap dramatically decrease the time
ired to debug a chip and reduce the coStf testing, so most design methodologies dic-
hat all sequencing elements must be scannable despite the extra area this entails. The

ha 21264 did not support full scan and was very difficult to debug, leading to 2 later-
n-desired release, .

signals such as complementary clocks, pulses, and delayed clocks are generated
where they are needed, The clock edge rates mugt be relatively sharp to avoid races
ch both the master and slave latches are partially on simultaneously. The global

ay have slow edge rates after Propagating along long wires, so it is typically buff-
L ither i quencing element or ip 4 buffer cell serving a bank of cle-

ccause they are s simple. Nearly 4] engineers understand how flip-flops
nthesis tools and timing analyzers handle flip-flops much more gracefully

STATIC SEQUENCING ELEMENT METHODOLOGY
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7.4.1.2 Pulsed Latches Pulsed latches are faster than flip-flops and offer some time-
borrowing capability at the expense of greater hold times. They have fewer clocked tran-
sistors and hence lower power consumption. If intentional time borrowing is not neces-
sary, you can model a pulsed latch as a flip-flop triggered on the rising edge of the pulse
with a lower delay but a lengthy hold time. This makes pulsed latches relatively €asy to
integrate into flip-flop-based CAD flows. Moreover, the pulsed latches still offer opportu-
nistic time borrowing to compensate for modeling inaccuracies even if the intentional time
borrowing is not used. ‘

The long hold times make pulsed latches unsuitable for use in pipelines with no logic
between pipeline stages. One solution is to use ordinary flip-flops in place of the pulsed
latches in these circumstances where speed is not important. Unfortunately, some pulsed
latches fan out to multiple paths, some of which are short and others long. The Itanium 2
processor used the clocked deracer in conjunction with Naffziger pulsed latches, as shown in
Figure 7.31 [Naffziger02]. These were placed before the receiving latches on short paths
and block incoming paths while the receiving latch is transparent. They automatically
adapt to pulse with variation and hence have a shorter nominal propagation delay than
buffers, but also consume more power than buffers because of the clock loading [Rusu03].

. ﬂ = e =
= To receiving Ep __\_._./ L/_-

o Pulsed Latch 4 o,

Deracer

AIWEFR Clocked deracer

7.4.1.3 Transparent Latches Transparent latches also have lower sequencing overhea
than flip-flops and are attractive because they permit nearly half a cycle of time borrowing
One latch must be placed in each half-cycle. Data can arrive at the latch any time the latch
is transparent. A convenient design approach is to nominally place the latch at the begin
ning of each half-cycle. Then time borrowing occurs when the logic in one half-cycled
longer than nominal and data does not arrive at the next latch until some time into the
next half-cycle.

Figure 7.32 illustrates pipeline timing for short and long logic paths between latch
When the path is short (a), the data arrives at the second latch carly and is delayed unfs
the rising edge of ¢,. Therefore, it is natural to consider latches rcsi&ing at the beginnilZy
of their half-cycle because short paths automatically adjust to operate this way. When
path is longer (b), it borrows time from the first half-cycle into the second. Notice

{




7.4

est skewed rising edge.
ogic blocks involving multiple signals must ensuge that each signal path passes
h two latches in each cycle. Signals can be classified as phase 1 or phase 2 and logic

tion 6.5 can be used in common to create low-
- However, because flip-flops and latches are nog-
latch design and the clock distribution network
ow dynamic power. Keep device sizes small inside
r of clocked transistors, Pulsed latches are attrac-
sistors than two-phase latches or flip-flops. The

(see Chapter 9) used for testing increase the interng]
d. Unfortunately, there is a tradeoff between testability
consumption. The decision js normally toward testability.

£ating can be effectively used to turn off sections of circuitry that are not
Uring certain time intervals, When clock gaters are inserted, the relative delay
ocks must be carefully monitored to ensure that no clock races occur (see Sec-

STATIC SEQUENCING ELEMENT METHODOLOGY



CHAPTER 7  SEQUENTIAL CIRCUIT DESIGN

| Example g

Figure 7.33 shows a simplified block diagram of an IEEE 802,112 Wireless Local Area Network
receiver [Ryan01] . Being a packet-based system, the clocking takes advantage of the fact that the
clocks only have to be applied to modules when a packet arrives, The packet activity is monitored
by the packet detector, which is carefully designed to dissipate the least dynamic power as it is “lis-
tening” constantly. The rest of the circuitry is usually idle and all clocks to the remaining modules
are turned off. When a packet is detected, a control block issues a start of packet signal to the clock
gater that controls the synchronization module (Synch). The control block also figures the length
of the packet and thus, in conjunction with the pipeline delay through modules, knows how long to
turn the local clock to each module in the data pipe. The Fast Fourier Transform (FFT) and Vit-
erbi Decoder modules are similarly controlled. The Viterbi Decoder uses a register exchange tech-
nique, which has the ramification that it has a large number of registers (128 * 64 bits). During
clocking each register clocks constantly and so the decoder dissipates a significant portion of the
dynamic power in the signal processing chain. Fortunately, the decoder contains very little logic
between registers. Thus, it can be operated on a lower supply voltage to reduce dynamic power.

Vo= 1.2V Vo= 1.0V

IEEE 802.11a
Wireless Signal Packet

Detector

Data Out

Level
Translate

Viterbi

— h
=yie Decoder

Start of
Packet

Control
Packet Duration

GIEEEY wireless system with clock gating and variable power supply

Two-phase Timing Types .
As discussed in Section 7.2.3, latches with two-phase nonox-'erlapping clocks (¢, and )
are attractive for class projects because with an adequately long clock period and Suﬁ%
ciently great nonoverlap, they are guaranteed to be safe from both setup and hold prob
lems as long as they are used correctly. Logic must be divided into phases 1 and 2. Sigﬂ.??!
can only interact with other signals in the same phase. Passing through a latch changes th
——— ~baer afithe Sicaal. TS Situstion becomes slichtly more comblicated when cated clod
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and domino circuits are mixed with the latches. [Noice83] describes a method of timing
types that can be appended to signal names to keep track of which signals can be safely
combined at inputs to gates and latches.

In the two-phase timing discipline, a signal can belong to cither phase 1 or phase 2
and be of one of three classes: szable, valid, or qualified clock, A signal is said to be stable
during phase 1 (_s7) if it settles to a value before ¢, rises and remains constant until after
d; falls. It is said to be valid during phase 1 (_v7) if it settles to a value before ¢, falls and
remains at that value until after ¢, falls. It is said to be a phase 1 gated or qualified clock
(Lg?) if it either rises and falls [ike ¢; or rgz;ﬁiiins low for the entire cycle. By definition, 0

_isa_g1 signal. Phase 2 signals are analog6us. Figure 7.34 illustrates the timing of each of
t}jese types.
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§, is high (befo  not change 2gain until the next fime &, is high (after &
falls). A phase 2 latch requires 2 _s2or o2 input and produces a sl output. Qualified
J as the AND of 2 clock phase of another qualified Jock with a stable sig-

The qualifylng signa able to ensure there ate
als of latches or

clocks are forme
nal belonging to the same phase.
4 clocks are only used at the clock termin
{ logic requires that all inputs

no g]itches in the clock. Qualifie
dypnamic logic. A block of static CMOS combinationa
belong t© the same phase- 1f all inputs are stable, the output s also stable. 1f any are valid,
the output 18 valid. The phase of a domino gate i defined by the clock or qualified clock
driving its evaluation ¢ransistor. The precharge transistor accepts the complement of the
other phase. The inpufs must be stable of valid during the evaluation phase and the output
1 valid during that phase d of the phase and does not
£ these rules are illustrated

because it settles before the en
change antil precharge at the beginning of

the next phase- Allo
in Figure - 35 The definitions ~re based on the assumption that the propagation delays
are short compared t0 the cycle time 50 that no t

me borrowing takes place; however, the
ns contind even if ime borrowing doe
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[{[WEL] Flip-flops using two-phase nonoverlapping clocks

Even when conventional two-phase latches with 50% duty cycles are used, the timing
types are still convenient to track which signals can interact. Typically, one distributes a
single 50% duty cycle clock ¢/ and locally generates its complement ¢/Z. In such a case, o/t
plays the role of ¢4 and ¢, while ¢/% plays the role of §; and ¢,. This means that both the
precharge and evaluate transistors of dynamic gates receive the same signal. Because there
is no nonoverlap, you must analyze each path to ensure no hold problems exist. In particu-
lar, be careful to guarantee a stable enable signal for gated clocks.

Characterizing Sequencing Element Delays

Previous sections have derived sequencing element performance in terms of the setup and
hold times and propagation and contamination delays. These delays are interrelared and
are used for budgeting purposes. For example, a flip-flop might still capture its input prop-
erly if the data changes slightly less than a setup time before the clock edge. However, the
clock-to-Q delay might be quite long in this situation. If we call 75, the time that the data
actually sets up before the clock edge and 74, the actual delay from clock to Q; we could -
define /£, as the smallest value of 7 such that #.5 < #,,. Moreover, we could choose 4y, -
to minimize the sequencing overhead £, + ,,. In this section we will explore how to
characterize these delays through simulation.

Figure 7.39 shows the timing of a conventional static edge-triggered flip-flop from
Figure 7.19(b). Delays are normalized to a 75 ps FO4 inverter. The actual ¢/4-to-Q (tog)
and D-to-Q (#pg) delays for a rising input are plotted against the D-to-ci (zpc) delay 1.8,
how long the data arrived before the clock rises. If the data arrives long before the cloc
fcg is short and essentially independent of /¢ delay. /pg = #pc + 4, 50 it increases lincar
' as data arrives earlier because the data is blocked and waits for the clock before profifﬂ3
ing. As the data arrives closer to the clock, foo begins to rise. However, /pg initxal::
decreases and reaches a minimum when 7.4 has a slope of —1 (note the axes are not
scale). Therefore, let us define the setup time £, 45 #pc at which this minimuf?“ D
occurs and the propagation delay £, as 74 at this time. The contamination delay £ 18 th
minimum 7, that occurs when the input arrives carly.
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QR Flip-flop delay vs. data arrival time

- In general, the delays can differ for inputs of 0’ and ‘1.” Figure 7.40 plots 7¢ vs. #pc
the four combinations of rising and falling D and Q. The setup times Apgg and Apg
e times that D must fall or rise, respectively, before the clock so that the data is prop-
aptured with the least possible 5. Observe that this flip-flop has a longer setup time
horter propagation delay for low inputs than high inputs. The hold times #,,4, and
are the times that D must rise or fall, respectively, after the clock so that the old value
or ‘1 is captured instead of the new value. Observe that the hold times are typically
e. The contamination delay %4q0n1 again 1s the lowest possible 74, and occurs when
ut changes well before the clock edge. When only one delay is quoted for a flip-flop
parametet, it is customarily the worst of the ‘0’ and ‘1’ delays.

e aperture width 1, 1s the width of the window around the clock edge during which
must not transition if the flip-flop is to produce the correct output with a propa-
elay less than t,- The aperture times for rising and falling inputs are

L, =1 =7

ar setupl hold0
(7.20)

taf = Zetup0 + o141

- data transitions within the aperture, O can become metastable and take an
d amount of time to settle. Metastability is discussed further in Section 7.6.1,
a very short pulse, the flip-flop may fail to capture it even if D is stable during
d hold times around the tising clock edge. Similarly, if the clock pulse is too
p-flop may fail to capture stable data. Well-characterized libraries sometimes
mum pulse widths for the clock and/or data as well as setup and hold times.



i

D rises D fal
Q rises alls
&« Qfalls
3.5+
D rises
s L
m = B
w
i |
E). ]"\ ’I/ L}
8 g 25 - o \
>
£
Lo ==
Input = 1 UO‘:, =

tpe
(FO4 Inverter Delays)

HWET] Fiip-flop setup and hold times

Level-sensitive latches have somewhat different timing constraints because of their
transparency, as shown in Figure 7.41 for a conventional static latch from Figure 7.17(g)
using a pulse width of 4 FO4 inverter delays. As with an edge-triggered flip-flop, if the
data arrives before the clock rises (71, > 0), it must wait for the clock. Tn this region the.
clock-to-Q #4,5 delay is nearly constant and Ing increases as the data arrives earlier, If the-
data arrives after the clock rises while the latch is transparent, ?p; is essentially indepen
dent of the arrival time. The data must sct up before the falling ed,_g\'r: of the clock. The sec
ond set of labels on the X-axis indicates the D-to-c/% fall time fryey As the data arrives t00
close to the falling edge, tpq increases. Now to achieve low 75, we choose the setup tlmlﬁ
before the knee of the curve, e.g., 5% greater than its minimum value. The setup time 18
measured relative to the falling edge of the clock. If the data changes less than a hold tim
after the falling edge of the clock, Q may momentarily glitch, Thus, the hold time £, for
a latch is defined to be ~#pgrfor which Q displays a negligible glitch. :

Pulsed latches have setup and hold times measured around the falling edge of
clock. However, designers often wish to treat pulsed latches as edge-triggered flip-flo
from the perspective of timing analysis. Therefore, we can define “virtual” setup and h”,;
times relative to the rising clock edge [Stojanovic99]|. For example, the pulsed Jatch
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7.41 has Poetupmvirtuz] = bietup = Loy = —2.4 FO4 but L Vil = Lodg * (£, ~ Zierup) = 4.06
50 the total sequencing overhead of Bl = eyt Lpegvirtual 15 Unaffected by the
of reference or pulse width. The virtua hold time is now Fhold viceual = fogg + bhw=2.6
hich is positive as one should expect because the input must hold long after the ris-

e of the clock.

designer can trade off Setup time, hold time, and Propagation delay. Figure 7.42
e effects of adding delay Ly to the clock, D, or Q terminals of 3 ip-flop. Recall
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7.5 Sequencing Dynamic Circuits

Dynamic and domino circuits operate in two steps: precharge and evaluation. Ideally, the
delay of a path should be the sum of the evaluation delays of each gate along the path. This
requires some careful sequencing to hide the precharge time. Traditional domino circuits
discussed in Section 7.5.1 divide the cycle into two half-cycles. One phase evaluates while
the other precharges, then the other evaluates while the first precharges. Transparent
latches hold the result of each phase while it precharges. This scheme hides the precharge
time but introduces substantial sequencing overhead because of the latch delays and setu
time. A variety of skew-tolerant domino circuit schemes described in Section 7.5.2 us
overlapping clocks to eliminate the latches and the sequencing overhead. Section 7.5.
expands on skew-tolerant domino clocking for unfooted dynamic gates.

Recall that dynamic gates require that inputs be monotonically rising during evalua
tion. They produce monotonically falling outputs. Domino gates consist of dynamic gate
followed by inverting static gates to produce monotonically rising outputs. Because o
these two levels of inversion, domino gates can only compute noninverting logic functio
We have seen that dual-rail domino gets around this problem by accepting both true an
complementary inputs and producing both true and complementary outputs. Dual-s
domino is not always practical. For example, dynamic logic is very efficient for buildi
wide NOR structures because the logical effort is independent of the number of inp
However, the complementary structure is a tall NAND, which is quite inefficient. Wh
inverting functions are required, an alternative is to use a dynamic gate that PIO"-]_=
monotonically falling outputs, but delays the clock to the subsequent dynamic gate s0
the inputs are stable by the time the gate enters evaluation. Section 7.5.4 explores a 5¢
tion of these nonmonoronic techniques.
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[EEl Traditional Domino Circuits

Figure 7.43 (a) shows a traditional domino clocking scheme. While the clock is high, the
first half-cycle evaluates and the second precharges. While the clock is low, the second
evaluates and the first precharges. With this ping-pong approach, the precharge time does
not appear in the critical path. The inverting latches hold the result of one half-cycle while
that half-cycle precharges and the next evaluates. The data must arrive at the first half-

cle latch a setup time before the clock falls. It propagates through the latch, so the over-
head of each latch is the maximum of its setup time and D-to-Q propagation delay
[Harris97]. Assuming the propagation d}efay is longer, the time available for computation

_ in each cycle is

(7.21)
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Figure 7.43(b) shows the pipeline with clock skew. Data is launched into the first
dynamic gate of each cycle on the rising edge of the clock and must set up before the fall-
ing edge. Hence, clock skew cuts into the time available for computation in each half-
cycle. This is even worse than flip-flops, which pay clock skew once per cycle. Assuming
the skew and setup time are greater than the propagation delay, the time for computation
becomes

de = T; 47 zr.setup 2 21'Lskr.w (722)

Moreover, like flip-flops, traditional domino circuits suffer from imbalanced logic.
Gates cannot borrow time into the next half-cycle, so a fraction of a gate delay at the end
of each half-cycle may be wasted. This penalty is hard to quantify, but clearly the ability to
borrow time intentionally or opportunistical]y would help performance.

In summary, traditional domino circuits have high sequencing overhead from latch
delay, clock skew, and imbalanced logic. For heavily pipelined systems with short cycle
times, this overhead can be such alarge fraction of the cycle time that it wipes out the per-
formance advantage that domino was intended to bring. Therefore, many system designers
have developed skew-tolerant domino sequencing techniques with lower overhead. The
next section is devoted to these techniques.

EEF1 Skew-tolerant Domino Circuits

Traditional domino circuits have such high sequencing overhead because they have a hard
edge in each half-cycle: The first domino gate does not begin evaluating until the rising
edge of the clock, but the result must set up at the latch before the falling edge of the
clock. If we could remave the latch, we could soften the falling edge and cut the overhead.
The latch serves two functions: (1) to prevent nonmonotonic signals from entering the
next domino gate while it evaluates and (2) to hold the results of the half-cycle while it
precharges and the next half-cycle evaluates. Within domino pipelines, all the signals arc
monotonic, so the first function is unnecessary. Moreover, after the next half-cycle has had
sufficient time to evaluate using the results of the first half-cycle, the first half-cycle ca
precharge without impacting the output of the next.

Figure 7.44 illustrates the implications of eliminating the latch. Tn general, let logicb
divided into N phases rather than two half-cycles. Figure 7 44(a) shows the last doming’
gate in phasc 1 driving the first gate in phase 2. Figure 7.44(b) shows that the circuit fal
if the clocks are nonoverlapping. When ¢, falls, nodes a and 4 precharge high and lo¥
respectively. When ¢, rises, the input to the first domino gate in this phase has alread
fallen, so ¢ will never discharge and the circuit loses information. Figure 7.44(c) shaws th
the second dynamic gate receives the correct information if the clocks overlap. Now!
rises while & still holds its correct value. Therefore, the first phase 2 domino gate can &
uate using the results of phase 1. When ¢, falls and & precharges low, ¢ holds its ‘{f‘lu—
Without a keeper, ¢ can float cither high or low. Figure 7.45 shows a fill kecper consis
of weak cross-coupled inverters to hold the output either high or low. In summza
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latches can be eliminated at phase boundaries as long as the clocks overlap and the first
dynamic gate of each phase uses a full keeper.

No latch at
phase boundary

(b) «c (c)

(JL

Weak Full
Keeper
Transistors

FIG 7.45 B} keeper

neral, as long as the clock overlap is long enough that the second phase can eval-
¢ the first precharges, the latch between phases is unnecessary. Let us define Lo
ired overlap so that the second phase can evaluate before the first precharges. Tt
small negative number because the dynamic gate evaluation is fast, but pre-
low and must tipple through the static stage. The clocks must overlap enough
ey still overlap by #,,,4 even under worst-case clock skew!. The sequencing
€10 because data propagates from one domino gate to the next without wait-
Bquencing elements. Therefore, we use the generic name skew-folerant doming

;G this Tholg, the amount of time that the clocks must overlap in a skew-tolerant domino pipe-
190 a sequencing element, the time that the data must remain stable after the clock edge.
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for domino circuits with overlapping clocks that eliminate the latches between phases
[HarrisO1a]. Using more clock phases also helps spread the power consumption across the
cycle rather than drawing large noisy current spikes on the two clock edges.
Skew-tolerant domino circuits can also borrow time from one phase into the next, as
{llustrated in Figure 7.46. Nominally cach phase in this example occupies half the cycle.
However, a ¢; dynamic gate can borrow time into phase 2 if that is convenient because
both clocks are simultaneously high. If one phase overlaps the next by Zerap less any clock
skew, the maximum time that gates in one phase can borrow into time nominally allocated

for the next is

(7.23)

Thorrow = ‘foverlap = Fpold — Fskew

1 tovszr\ap 1

< >

I t t
——p

|
1
borrow_ , skew | |

= N/

[Williams91] observed that self-timed pipelines could use overlapping clocks to eliminate 3¢
latches, but such asynchronous design has not been widely adopted. The Alpha 211t 3
overlapped clocks in the ALU to eliminate the mid-cycle latch and improve performaﬂcff_
[Bowhill95]. Since then, most high-performance synchronous systems using domino ha"ti i
employed some form of skew-tolerant domino to avoid the high sequencing overhead (S
traditional domino.

There are many ways to produce overlapping clocks. In general, you can use N sep
rate clock phases. Each phase can use 50% duty-cycle waveforms or can stretch the 2
edge for even greater overlap. Generating multiple overlapping clocks with low skev 558
challenge. The remainder of this section describes a number of methods that have 8

used successtully.

7.5.2.1 Two-phase Skew-tolerant Domino and OTB Domino Figure 7.47 shofiS
clock generator for the two-phase <kew-tolerant domino system from Figure 74628
renerator uses clock chappers (also called clock stretchers) that delay the falling edge /8
vide the overlap. A potential problem with two-phase:systems is that if a phase 08
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has short contamination delay, the data can race through while both
clocks are high. e ¢
Opportunistic Time Borrowing (OTB) Domino addresses the race

problem by introducing two more clocks (c/& and /) with 50% duty

cycles that are used on the first gate of each half-cycle, as shown in E‘;ﬁ;’;ﬁ:‘;nt
Figure 7.48. These first gates block data that arrives too early so that it Generator
will not race ahead. The delayed clocks c/&d and c/kbd play the role of ¢, :
and ¢,. OTB domino was used on the Itanium processor [Rusu00]. IWET Two phase skew-tolerant
However, OTB domino has relatively shogt/overlap and time borrow- domino clock generator
mg capability set by the delay of the cloéic‘__féhopper. The next section
describes how to achieve better performance with four phases.
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Four-phase Skew-tolerant Domino Figure 7.49 shows a four-phase skew-
t domino system. Each of the phases has a 50% duty cycle and is spaced a quarter
ter the previous one, so the nominal overlap is a quarter cycle. The clocks are never
aneously high so race problems are solved unless skew approaches a quarter cycle.
g to EQ (7.23), the maximum time available for borrowing from one phase to the

Lborrow = T; (d= hold ~ Zskew - (724)

7.50(2) shows a local clock generator producing the four phases. ¢, and ¢, are
rectly from the global clock and its complement. ¢, and ¢, are delayed by buffers
al quarter cycle latency. By using both clock edges, each phase is guaranteed to
€ next phase independent of clock frequency. Variations in these buffer delays with
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process, voltage, and temperature can reduce the overlap and available time for borrow!

To avoid excessive pessimism, remember that in the fast corner where overlaps are sho
rest of the gates are also faster. The clock generator also includes a built-in enable.
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In general, clock choppers can be used to produce even greater overlap at the expense
of greater race concerns. The Itanium IT uses four-phase skew-tolerant domino with duty
cycles exceeding 50% [Naffziger02]. Figure 7.50(b) shows a four-phase clock generator
with clock choppers to provide longer duty cycles. [HarrisO1a] describes four-phase circuit
methodology in much more detail, including testability and a generalization of timing
types from Section 7.4.3.

7.5.2.3 N-phase Skew-tolerant Domino Another approach to domino clocking is to
~ use a chain of buffers to produce a uniqueiphase for each level of logic in a cycle. Figure

i

- 7.51 shows two ways of producing these phiases. In Figure 7.51(a), half the phases are gen-
 erated off the rising edge of the clock and half off the falling edge. In this way, each phase
guaranteed to overlap the next independént of cycle time. In Figure 7.51(b), all of the
ses are generated off the rising edge. If the clock period is long, the final phase must
clay its falling edge to guarantee it will still overlap the first phase of the next cycle. The
SR latch ensures that the last phase, d, will not rise until after /¢ falls (to avoid min-delay
blems) and will not fall until after c/& rises (to ensure overlap of ¢),).

A number of design teams have independently developed these techniques. The
roach of one phase for each level of logic has been called Delayed Reser (IBM
wka98]), Cascaded Reser (IBM [Silberman98]), and Delayed Clocking (Sun [Heald00]).
 phase generator for Cascaded Reset domino is well suited to driving footless dynamic
s and will be discussed further in Section 7.5.3.

.4 Self-resetting (Postcharge) Domino In the methods examined so far, the tim-
the precharge operation has been controlled by the clock generator. An alternative
roach, called Self-Reserting or Postcharge Domino, is to control the precharge based on
tput of the domino gate. Figure 7.52 shows a simple self-resetting domino gate.
the domino gate evaluates and the output rises, a timing chain produces a pre-
signal esef to precharge the dynamic stage (and possibly assist pulling the HI-skew
1 low, particularly if the inverter is highly skewed). Once the output has fallen, the
rge signal turns off the precharge transistors and the gate is ready to evaluate again,
iput must have fallen before the gate reenters evaluation so the gate does not repeat-
ulse on a steady input. Therefore, self-resetting gates accept input pulses and pro-
put pulses whose duration of five gate delays is determined by the delay of the
chain. As long as the first inverter in the timing chain is small compared to the rest
0ad on node V] its extra loading has negligible impact on performance.
Iesetting gates save power because they reduce the loading on the clock. More-
“only foggle the precharge signal when the gate evaluates low. In Section 11.2.2,
¢ that this is particularly useful for RAM decoders. Only one of many word lines
Lwill rise on each cycle, so a self-resetting decoder saves power by resetting only
Without applying precharge to the other word line drivers. For example, an IBM
appell91], the Intergraph Clipper cache [Heald93], and the Sun UltraSparc T
€ald98] use self-resetting gates?.

ly referred to as “delayed reset” by Sun in [Lev95, Heald98].
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mm:phase skew-tolerant domino

Self-resetting AND gates in these decoders often receive the address inputs as Sfaﬁl
levels rather than pulses. Predicased self-resetting AND gates [Amrutur01] wait for_ﬂ?
input to fall before precharging the output to stretch the pulse width and prevent multip
output pulses when the input is held high, as shown in Figure 7.53. The first inverter i
the timing chain is replaced by a generalized Muller C-element, shown in blue, whose o8
put does not rise until both ¥ and one of the inputs have fallen. This only works for fuﬂ.: .
tions such as AND or OR-AND where one of the inputs is in series with all of the othe
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Timing
Chain

"_E Resef Optioﬁal Reset
of Skewed Gate

[AEWEE] predicated self-resetting gate

roebsting91] applies self-resetting techniques to NORA gates for buffers and
decoders. Figure 7.54 shows an example of a postcharged buffer for a memory
pidly amplifies the chip select signal CS and provides a series of pulses that serve
for large (multi-pF) loads across the chip. The clock chopper produces a pulse to
e first stage of the Guffer. The buffer consists of alternating extremely HI- and
nverters with logical efforts of approximately 2/3 and 1/3, respectively. Each
s0 receives a postcharge signal from a subsequent stage to assist the weak device
the gate. The very small transistor serves as a keeper, so the gates can be
unfooted NTP dynamic nMOS and pMOS inverters. Forward moving pulses
I gate. Signals from four stages ahead feed back to postcharge the gate. The
ughly twice as fast as an ordinary chain of inverters because of the lower logical
50 avoids the need for an external clock to precharge the dynamic gates.



To Large Clocked Nodes

! I‘II
" MOstcharged puffer

IBM has developed an extensive methodology for self-resetting dominos

gates called SRCMOS {Haringg(v] that has been applied to circuits including &
register file [Hwang@‘)a], 64-bit adder [Hwang‘)?b], and the 5/390 G4 CRU
cache [Webb97}. SRCMOS gates are typically unfooted dynamic gates fol
lowed by highly skewed static IDVEITEIs, as shown in Figure 7.55. True an
complementary reset signals precharge t amic stage and help pull¢
output low. An additional weak stafic evali

i d to assist wit

into pscudo—rﬂ\’l 08 when the gl
g The inputs and outputs are P

and low-frequency debu
are generated from the gate outputs of from a global reset.
d timing constra

To avoid the overhead an
the reset signals can be derived from the output of t
1o reset subsequent gates. Figure

d from [Hwang‘)%]. The upper portion e

s of reset circuitry Of ol
he first gate in a pipelin
7.56 shows an example o
presents an absz

gate,
delayed through buffers

SRCMOS macro adapte
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datapath. None of the keepers or static evaluation devices are shown. The center is a tim-
ing chain that provides reset pulses to each gate. These pulses may be viewed as N-phase
skew-tolerant domino clocks. The bottom shows a pulse generator. In normal operation,
the power-on reset signal is low and the static evaluation signal se high. Assume that all of
the gates have been precharged. When the input pulse arrives at 4, the datapath will begin
evaluating. The first stage must use dual-rail (or in general, 1-of-N hot) encoding so that
¥,_h or ¥;_/ will rise when the stage has completed. This triggers the pulse generator,
which raises the done signal and initiates a reset. A wave of low-going reset pulses propa-
gates along the timing chain to prechargg.each gate. One of the reset pulses also pre-
 charges the pulse generator, terminating the reset operation. At this point, the datapath
can accept a new input pulse. If the data idles low, none of the nodes toggle and the circuit
. consumes no dynamic power. :

SRCMOS Datapath

TSRS

Reset Timing Chain

q =
Power-on
Reset b= %l Done

Reset

Pulse Generator

SRCMOS macro



CHAPTER 7 SEQUENTIAL CIRCUIT DESIGN

The power-on reset forces done and reset high to initialize the pipcline at startup.
When the static evaluation signal is asserted, the reset pulses are inhibited. In this mode,

I‘ the datapath gates behave as pseudo—nMOS rather than dynamic, permitting low-fre-

quency test and debug.
Self-resetting gates require Very careful design bec
static levels. Some of the timing checks include [Namyanan%]:

ause they act on pulses rather than

® Pulse overlap constraints

I { o Pulses arriving at series transistors must overlap so the dynamic gate can pull
It g
| down through all the transistors

it 5 .
b ® Pulse width constraints
| & Pulses must be wide enough for a gate to evaluate

Ii ® Collision avoidance constraints

il ¢ Pulses must not arrive at dynamic gates while the gates are being prechargcd

', The Pentium 4 uses yet another form of self-resetting domino called Globally-Reset
il Domino with Se!f—Termimfing Precharge (Global STP) to achieve very fast cycle times
[Hinton()l].Thc first design operated at 5 GHz in a 180 nm process (< 16 FO4 inverter
Il delays / cycle). More remarkably, the integer execution was double-pumped to 4 GHz
S using Global STP domino. Each cycle has time for only cight gate delays: four dynamic
ilJ. gates and four static gates.
il Figure 7.57 illustrates the Global STP circuits. A frequency doubler generates pulses
l off both edges of the clock to drive the datapath. Each stage of the datapath is a domino

gate with a keeper (%) and precharge transistor (p). The gates are shown using HI-ske

inverters but could use any HI-skew inverting static gate. The small NAND gates save
had evaluated low

;f:!‘“! power by only turning on the precharge transistor if the dynamic gate

i The first stage requires a foot to only sample the input while ¢, is high. The last stage also
i uses a foot, a full keeper, and more complex reset circuitry to stretch the width of the out
put pulse s0 that it is compatible with static logic. The reset timing chain must be careid
18 designed to produce precharge clocks properly aligned to the data. For example, ¢ should
be timed to rise close to the time Y, evaluates high to prevent contention between the
charge transistor and the pulldown network, Global STP circuit design can be a
labor-intensive process. IBM used a similar timing chain without the frequency double

cal 1 GHz PowerPC chip and called the method cascaded

on an experimen
i [Sﬂbermarx‘)g}

EEEX Unfosted Domino Gate Timing
Unfooted domino gates have a {ower logical effort than footed gates because they elimii8

L the clocked evaluation transistor. They also reduce clock loading, which can save P
r

However, at least one input in each series stack must he OFF during precharge top
crowbar current flowing fom Vop to. GND through the precharge device and O
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delayed too much in a system with a short clock period, the clock may not be low long
enough to fully precharge the gate. Figure 7.58(b) shows an OTB domino system that
delayed clock but allows every other domino gate to be footless. The delayed

uses only one
clocks can be produccd with clock choppers as Was shown in Figure 747

G Clocking domino pipelines w7ith unfooted gates

The precharge time on each of the delayed phases in Figure 7 58(a) becomes sho
1y fecessal’

because the falling edge 18 delayed but the rising edge 15 NOL. Tt is not strict
all the rising edges to coincide; some delay can be accepted so long as the delayed cloc
- evaluation by the time the inpu footed gate. Iligure 7 50 shows a e

¢ arrives at its un
precharge clock buffer [Colweﬂ‘)S] used on the Pentium I1. The delayed clocks até;
duced with skewed buffers that have

fast rising edges but slower falling edges-




Delayed precharge clock buffer

Self-resetting domino also works well with unfooted gates. The inputs are pulses
o than levels. As long as the pulses are only high while the gate is in evaluation, no
harge contention will occur. For example, Figure 7.54, Figure 7.56, and Figure 7.57
ate self-resetting circuits with unfooted gates in some or all of the stages.

he consequence of precharging an unfooted gate before its input has fully fallen low
€35 pOWer consumption rather than outright circuit failure. Therefore, delays can be

nominally avoid precharge contention, yet accept that, under worst-case clock skew,
stion may occur in a few places.

 Nonmonotonic Techniques

onotonicity requirement forces domino gates to perform only noninverting func-
Dual-rail domino accepts true and complementary inputs and produces true and
entary outputs. This works reasonably well for circuits such as XORs at the
of twice the hardware. However, domino is particularly poorly suited to wide
nctions. Figure 7.60 compares a dual-rail domino 4-input OR/NOR gate to 2 4-
namic NOR. The dual-rail design tends to be very slow because the complemen-
is a tall NAND with a logical effort of 5/3. On the other hand, a dynamic wide
very compact and has a logical effort of only 2/3. The problem is exacerbated for
5.

utput of a dynamic gate is monotonically falling so it cannot directly drive
lynamic gate controlled by the same clock, as was shown in Figure 6.27. However,
g edge of the clock for the second gate is delayed until the first gate has fully eval-
second gate sees a stable input and will work correctly, as shown by Figure 7.61.
tradeoff in such clock-blocked circuits is the amount of delay: If the delay is too
reuit will fail, but as the delay becomes longer, the circuit sacrifices the perfor-
ntages that dynamic logic was supposed to provide. This challenge is exacer-
ocess and environmental variations that require margins on the delay in the
¢ 50 that the circuit continues to operate correctly in the worst case.



Figure 7.61 also illustrates the precharge 14ce problem. When X precharges while Yis
fall, If ¢, falls toO late, Y will incorrectly glitch low. We

still in evaluation, V will start t0
ges of by delaying the falling edge

can alleviate this problem by latching v before X ptechar
of 1.

This section &
directly cascade dynamic ga

¢ techniques using delayed clocks to

ddresses 2 aumber of nonmonoton
d for matched delays.

tes and examines the mAargins require

&, precharge W Fvaluate = Precharge

% monotanically falls
during svaluation

# possible

v carrectly remains high
precharge race -

if % falls before {, N1SES
ﬂfm Cascading dynamic g'ates with a delayed clock

ments. The bu

tes providcs ¢

ching Figure 7.62 shows a number of simple delay ele
o

5. The buffer with transmission g2

and switched capacitance designs
grars

7.5.4.1 Delay Mat

delay can be set by adjusting gate width

delays.The currcnt—smrved inverter
ally. The digitally controlled curreat”

alog voltage t0 adjust delay:

bility for longer
ceference voltage to adjust the delay extern

inverter uses several digit?ﬂ signuls rather than an an
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Delay elements

Section 4.7.6 showed that the delay &Fgates can vary by as much as 30% relative to an
4 inverter across process, voltage, and temperature variations. Therefore, the delay line ;
hould provide some margin to guarantee it always is slower than the gate it must match. :
r example, [Yee00] uses a 20% margin. Many industrial designs use even more margin
ensure the circuit will have good yield in high-volume production. (Who wants to
olain to the big boss why he or she wasted millions of dollars for the sake of saving a few
-conds?) You should always make sure that the circuit works correctly in all process
savironmental corners because it is not obvious which corner will cause the worst-case
matches. Moreover, random device variations and inaccuracies in the parasitic extrac-
and device models cause further mismatch that cannot be captured through the
o corner files. Yet another problem is that matching differs from one process to
er, potentially requiring expensive redesign of circuits with matched delays when
re ported to the next process generation. Adjustable delay lines are attractive because
jargin can be set more aggressively and increased after fabrication (as was done in
102]); however, generating and distributing a low-noise reference voltage can be
ging.

¢ key to good matching is to make the delay circuit behave like the gate it should
as much as possible. A good technique is to use a dummy gate in the delay line, as
 Figure 7.63 for a 2:1 dynamic multiplexer. The dummy gate replicates the gate
atched so that to first order, process and environmental variations will affect both
y. The input pattern is selected for worst-case delay.

might be tempted to use longer-than-minimum length transistors to create long
ut this is not good because transistor length variations will affect the delay circuit
erently than the gate it matches.

site all of these difficulties, delay matching has been used for decades in special-
umstances that require wide NOR operation such as CAMs and PLAs (see Sec-
6 and 11.7). [Yee00] proposes wider use of delay matching in datapath
and names the practice Clock-Delayed (CD) Domino.

ck-delayed Domino In the simplest CD Domino scheme, logic is levelized
igure 7.64(a). The boxes represent domino gates annotated with their worst-
Delay elements produce clocks tuned to the slowest gate in each level. The
1 delay is the sum of the delays of each element, which may be longer than the
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wMatched Delay

To Next

Dynamic
S __‘ Gaie

s,
D, —IL_Ds

Datapath

[EEREGE Delay matching +7ith dummy gates

actual critical path through logic. An alternative scheme is 0 clock each gate ata time
matched to its latest input, as shown in Figure 7 64(b). This better matches the eritical
path at the expense of more delay clements and design effort. CD Domino is most effec-

tive for functions where high fan-in gates can be converted to wide dynamic NORs.

(D)

[ﬂm CD Domino timing

7.5.4.3 Race-based Nonmonotonic Logic The Jtanium 11 processor ses a Spﬁd"‘h
nonmonotonic structure called an annibilation gate for high fan-in AND functions s¥
a 6-input decoder [Naffziger02]. An ordinary high fan-in AND gate recuires Mty %
rgan’s Law, it can be converted to awide NOR with comp £

cransistors. Using DeMo
;on very P

tary inputs- The annihilation gate in Figure 7.65 performs this NOR funct
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while generating a monotonically rising output suitable as an input to subsequent domino
ates. 1t can be viewed as a dynamic NOR followed by a domino buffer with no clock
delay. This introduces a race condition, but the two stages are carefully sized so the NOR

will always win the race.

Dynaric NOR - Domino Buffer

P
A
X

W
Y

-

nitially, both X and W are precharged. The inputs must set up and hold around the
o edge of ¢. When ¢ rises and the gate evaluates, /¥ begins pulling down. If one or
f the inputs are asserted, X will also pull down, cutting off the transistor that was
ging IW. The keeper will restore ¥ back to a high level and the output Y will remain
all of the inputs are low, X will remain high, #/will discharge, and Y will monoton-
rise. The full keepers hold both X and W after evaluation. The gate has a built-in
Fmust fall quickly so that /¥ does not droop too much and cause a glitch on ¥. The
lation gate requires Very careful design and attention to noise sources, but is fast and

annihilation gate is a new incarnation of a long-lost circuit called Latched Domino
us86] shown in Figure 7.66. The Latched Domino gate adds a cross-coupled
transistor to help pull down node X. Tt also replaces the full keepers with ordinary

As long as the glitches on X and W are small enough, Y 4 and Y_/ are good

¢ dual-rail outputs.

;—%—C{E;Neak ! tbi g ] = Weak =

AL 5 L ‘HE D
Logic Function ¢_1E5

Latched domino gate
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Intel uses 2 similar gate called a Complementary Signal Generater (CSG) shown in Fig-
are 7.67 to produce Jual-rail outputs from single rail inputs n a5 GHz ALU [Vangal02).

¥ and W precharge and the inputs must set up before the rising edge of ¢.

Again, nodes
When ¢ rises, W begins to discharge. If any of the inputs are true, X also begins to dis-
hat X falls much faster

charge. The pulldown and keeper strengths must be chosen so
than W. Once one of these nodes £alls, it turns o0 the cross-coupled pMOS pull-ups to
restore the other node to full levels. These strong pull-ups also help fight Jeakage, permit-
ting wide fan-in logic functions. The CSG was designed so the glitch on J¥ would not
exceed 10% of Vpp- In 2 dual-V, process, Jow V, transistors Were used on all but the noise-
sensitive input {ransistors.

The CSG i1s very effective in circuits that can use sing‘m-raﬂ signals through most of
the path but that require dual-rail monotonic inputs to the last stage for functions such as 1
<OR. They can be puch faster and more compact than Jual-rail domino but suffer from ¥

the very delicate race. The clock does impose 2 hard edge before which the inputs mustset 3

up so that skew and delay mismatches on this clock appear as sequencing overhead.

Logic Function
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X
W

maom;pfgﬁéﬁta;y_sign_ai ge{l erator ]

7.5.4.4 Output Prediction Logic Clock-delayed and race-based dynamic logic represciis
fwo extremes 10 nonmonotonic logic. Both consist of two cascaded dynamic gates
Domino delays the clock to the <econd gate until the first has had time 0 Fully discha!
<o the second gate will not gliteh- Race-based logic such as annihilation gates and C9
do not delay the clock but use cransistor and keeper sizing 10 ENsure the glitch on the s
ond gate remains acceptably small. Qufput Prediction Logit (OPL) fits petween these’
extremes, delaying the clock by 2 moderate amount and accepting modest BIE
[NIcMurchieOO]. The delay is chosen 28 2 compromise between performance and &8

size.




Figurc 7.68 shows a basic OPL gate consisting of a Noise-Tolerant Pre-
charge dynamic stage that was discussed in Section 6.2.4.3. You can view it
either as 2 complementary CMOS structure with clocked evaluation and pre-
charge transistors or as a dynamic gate plus a complementary pMOS pullup
network. Like an ordinary dynamic gate, the output precharges high while
the clock is low, then evaluates low when the clock rises and the appropriate
inputs are asserted. However, like a static CMOS gate, the output can pull
pack high through the pMOS network to recover from output glitches.

- Figure 7.69 shows a chain of OPL 2-isiput NAND gates. Each receives a RS OPL gate

dock delayed from the previous stage. A the stages are inverting, it resem-

‘Hles 2 chain of CD Domino gates. The amount of delay is critical to the circuit operation.
uppose 4 is “1” and all the unnamed outér inputs are also ‘1’ so B, D, and F should pull
and C and E stay high. OPL precharges all the outputs to predict each output will
ain high. The gates can be very fast because only half of the outputs have to transition.
re 7.70 shows three cases of short (a), long (b), and medium (c) clock delays between
of OPL inverters. Simulating OPL is tricky because if all the gates are identical, the

tfputs will tend to settle at a metastable point momentarily, then diverge as the previous
« transitions. To break this misleading symmetr}, a small parasitic capacitance C, was

to node B.
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waveforms for various clock delays
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7.5 SEQUENCING DYNAMIC CIRCUITS

PseudoanOS or dynamic gates, as illustrated in Figure 7.72(a and b). Pseudo-nMOS

OPL is faster at evaluating because of the lower logical effort, but slower at recovery if
the glitch is large. Dynamic OPL gates evaluate even faster but cannot recover at all if the
glitch is farge enough to flip the keeper. Using a low-skew feedback inverter improves the
gﬁtch tolerance for the keeper. As the best delay between clocks is a function of both eval-
aation delay and glitch tolerance, pseudo-nMOS and dynamic OPL are comparable in

han pseudo-nMOS but may fail

erformance. Dynamic gates dissipate less power t
rely if the clock delay is too short. Figure 7.72(c) shows a differential OPL gate using

entl

__aoss—couplcd pMOS keepers that do notfight the {nitial transition and that can recover
from arbitrarily large glitches [Kio01). Tle inventors

of all, nearly five times faster than static CMOS.

found that this was the fastest family

e e e
34 Static-to-domino Interface

MOS gates require inputs that are levels and may pro
sutputs. Domino gates require inp
ulses on the outputs. Therefore,
nterface to avoid glitches an
ulses into levels.

duce nonmonotonic glitches
uts that are monotonic during evaluation and
interface circuitry is necessary at the static-to-
d circuitry at the domino-to-static interface to con-

terface Falling static inputs to domino gates must set up by

Static-to-domino In
the gate begins evaluation and should not change until evaluation is complete.

es a hard edge and the associated clock skew penalties, so the static-to-domino
relatively expensive. High-performance skew-tolerant domino pipelines build
id paying the skew at the static-to-domino interface.

ple solution to avoiding glitches at the interface is to latch the static signals as
gurc 7.73(a). The latch is opaque while the domino gates evaluate. Figure
s that the latch does not need to be placed at the end of the previous half-
tatic logic must be designed to set up before domino gates enter evaluation.
events the next token from arriving too early and upsetting the domino input.
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7.5 SEQUENCING DYNAMIC CIRCUITS
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{tWIVE] Monotonic flip-flop or pulsed latch at static to domine interface

{WHE] Pulsed domino flip-flop with integrated logic

7.76 shows a domino gate with a simple built-in output latch. The HI-skew
is replaced with a clocked inverter. The critical path still passes through only the
ansistor, so the latch is nearly as fast as a simple inverter. On the falling edge of
the latch locks out the precharge, holding the result of the domino gate until the
edge of the clock. A weak inverter staticizes the Y output. ¥ should typically be
fore driving long wires to prevent noise from backdriving the latch. Note that ¥
low shortly after the rising edge of the clock. The glitch can cause excess power
1n the static logic. Dual-rail domino outputs can avoid the glitch at the cost of
ay by using the SR latch shown in Figure 7.29(a or b).




SEQUENTIAL CIRCUIT DESIGN

4
To
; Static
Monotonically Logic
Rising
Inputs
o
X

ﬂm Domino gate with pulse—torlevel output conversion

(DLC) on the Jast domino gate in each

s a dynamic Jatch converter
half-cycle t© hold the output by delaying the precharge until the next rising clock edge.
This provides greater skew tolerance in domino paths nd allows the output © drive static
logic. An ordinary dynamic gate he same clock for the precharge (RCLK) and
evaluation (EGLK) transistors and has a weal pI\/lOS keepet. Figure 7 77 shows a DG
that is 2 “bolt-on” block consisting of 2 delayed clock generator and an extra aMOS keeper
to make a full keepet “The RECLK generatot produces 2 brief low-going precharge pulse on
the rising edge of the clock. Although the precharge and evaluate transistors may be on
momentarily, this is not a large concerh he DLC operates the last gate of the |
half-cycle so the inputs do not arrive un he clock edge. The
DLC also may include scan circuitry illustrate

The Ttanium 2 use

receives t

because t
til several gate delays after ¢
d in Section 9.6.5.

o RCLK et
Y
A
ECLK :
Etee e )
_ Bolt-on 1

D

eo ) >4
. -
- Y

Em Dynamic latch converter

an also be delayed 50

o, the reset pulse for the last gate €
are 7.57 showe su

1n self-resetting domin
For example, Fig

the domino output 18 compatible with static logic.
pu]se generator for Global STP domino.
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