6.2 Static CMOS Design - 237.

The complementary CMOS ‘circuit style falls under a broad class of logic circuits called
static circuits in which at every point in time, each gate output is connected to either V), or
Vs via a low-resistance path. Also, the outputs of the gates assume at all times the value of the
Boolean function implemented by the circuit (ignoring, the transient effects during switching
periods). This is in contrast to the dynamic circuit class, which relies on temporary storage of
signal values on the capacitance of high-impedance circuit nodes. The latter approach has the
advantage that the resulting gate is simpler and faster. Its design and operation are, however,
more involved and prone to failure because of increased sensitivity to noise.

In this section, we sequentially address the design of various static circuit flavors, includ-
ing complementary CMOS, ratioed logic (pseudo-NMOS and DCVSL), and pass-transistor

logic. We also deal with issues of scaling to lower power supply voltages and threshold
voltages. :

6.2.1 Complementary CMOS

Concept

A static CMOS gate isa combmauon of two networks—the pull-up nenwork (PUN) and the pull-
down network (PDN), as shown in Figure 6-2. The figure shows a generic N-input logic gate
where all inputs are distributed to both the pull-up and pull-down networks. The function of the
PUN is to provide a connection between the output and Vj,, anytime the output of the logic gate
is meant to be 1 (based on the inputs). Similarly, the function of the PDN is to connect the output
to ng when the outpﬁt of the logic gate is meant to be 0. The PUN and PDN networks are con-

structed in a mutually exclusive fashion such that one and only one of the networks is conduct-

ing in steady state. In this way, once the transients have settled, a path always exists between V,,

and the output F for a high output (“one™), or between Vg and F for a low output (“zero”). This
is equwalem to statmg that the output node is always a low-impedance node in steady state.

Voo

Pull-up: make a connection from VD p to Fwhen
F(Iny. Iny,...In;) =1

o F(Iny,Iny,...In,)

 Pull down ‘make a connectmn from Vpp to Vg when
F(Iny,Iny, ... In,) =

Vss

Flgure 6-2 Comptementary logic gate asa combmatuon of aPUN
(pull-up network) ‘and a PDN (pull- down network). -
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In constructing the PDN and PUN networks, the designer should keep the following

" observations in mind:

o A transistor can be thought of as a switch controlled by its gate signal. An NM.()S switch
is on when the controlling signal is high and is off when the controlling signal is low. A
PMOS transistor acts as an inverse switch that is on when the controlling signal is low and
off when the controlling signal is high.

« The PDN is constructed using NMOS devices, while PMOS transistors are used in the
PUN. The primary reason for this choice is that NMOS transistors produce “strong zeros,”
and PMOS devices generate “strong ones.” To illustrate this, consider the examples shown
in Figure 6-3. In Figure 6-3a, the output capacitance is initially charged to Vp,,. Two possi-
ble discharge scenarios are shown. An NMOS device pulls the output all the way down to
GND, while a PMOS lowers the output no further than ]Vrp]—the PMOS turns off at that
point and stops contributing discharge current. NMOS transistors are thus the preferred
devices in the PDN. Similarly, two alternative approaches to charging up a capacitor are
shown in Figure 6-3b, with the output initially at GND. A PMOS switch succeeds in
charging the output all the way to V), while the NMOS device fails to raise the output
above V), — Vr,,. This explains why PMOS transistors are preferentially used in a PUN.,

* A set of rules can be derived to construct logic functions (see Figure 6-4). NMOS devices
connected in series correspond to an AND function. With all the inputs high, the scﬁes
combination conducts and the value at one end of the chain is transferred to the other end.
Simila.r-ly, NMOS transistors connected in parallel represent an OR function. A conducting
p.atlf exists between the output and input terminal if at least one of the inputs is high. Using
similar arguments, construction rules for PMOS networks can be formulated. A series con-

(a) Pulling down a node by using NMOS and PMOS switches

Vop —'
0— VDD— VTu ___Eci 0> VDD

Out
Out

" T

(b) Pulling down a node by using NMOS and PMO-S- switches

Figure 6-3 Simple examples illy
: ' strate why an |
. _used as a pull-down, and a PMOS should bg useh:!hggg ;ﬂﬁudg 32vice
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‘B iA

Series combination __L _J_ : £ : M
conducts if A - B : A —| Farallel combination L3
-em conductsifA+ B e

(a) Series ' (b) Parallel . .
Figure 6-4 NMOS logic rules—series device . ¥
devices implement an OR. 9 ir.np!ement an AND, and parallel

[_'E‘E(_m of PMOS cogducts if both inputs are low, representing a NOR function (A
A + B), while PMOS transistors in parallel implement a NAND (A + B=1 - B).

* Using De Morgan’s theorems (A + B=A4 -Band A - B =A4 + B), it can be shown that the
pull-up and pull-down networks of a complementary CMOS structure are dual networks.
This means that a parallel connection of transistors in the pull-up network corresponds to a
series connection of the corresponding devices in the pull-down network, and vice versa. - _.
Therefore, to construct a CMOS gate, one of the networks (e.g., PDN) is implemented T
using combinations of series and parallel devices. The other network (i.e., PUN) is “
obtained using the duality principle by walking the hierarchy, replacing series subnets
with parallel subnets, and parallel subnets with series subnets. The complete CMOS gate
is constructed by combining the PDN with the PUN. ; :

* The -comp"lememary gate is naturally inverting, implementing only functlon.s such as
NAND, NOR, and XNOR, The realization of a noninverting Boolean function (such as I :
AND OR, or XOR) in a single stage is not possible, and requires the addition of an extra i

. g:r;?::;%tf transistors required to implement an N-input logic gate is 2N.

B b

Eho e

Example 6.1 Two-Input NAND Gate :
Figure 6-5 shows a two-input NAND gate (F =A - B). The PDN network constts of two
NI%IOS devices in series that conduct when both A and B are high. Thé PUN is the dual

F.I.I 6.5 Two-input NAND gate In complementary static CMOS style. st
gur Pt ' -
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arallel PMOS transistors. This means that Fis 1 if A=0
h table for the simple two input NAND
is always connected to either

network, and it consists of two paralicl I
or B = 0, which is equivalent to F =A - B. The trut
gate is given in Table 6-1. It can be verified that the output F
Vpp or GND, but never to both at the same time.

Table 6-1 Truth Table for two-Input NAND.

A B F
0 I 1 1
0% 1 1
1 0 1
1 1 0

Example 6.2 Synthesis of Complex CMOS Gate

. Figure 6-6 Complex complementary CMOS gate

Using complementary CMOS logic, consider the synthesis of a complex CMOS gate
whose functionis F=D +A - (B + (). The first step in the synthesis of the logic gate is to
derive the pull-down network as shown in Figure 6-6a by using the fact that NMOS
devices in series implements the AND function and parallel device implements the OR
function. The next step is to use duality to derive the PUN in a hierarchical fashion. The

_ : PDN network is broken into smai_ler nelwc_)rks (i.e., subset of the PDN) cailed subnets that
snnphfy the derivation of the PUN In Figure 6-6b, the subnets (SN) for the pull-down net-

Vop Vop

W ; ) C—CI
g SNE hE SN4 A-ql:
SN2 B—q

D _‘ D { SN3
5[ e o
= — = o= C et = - |
(2) Pull-down network E:gr];)rigréglgl llée pull-up network A _|
i y by ldenul'ymg. D_—| [
B—| ¢
(;) Complete gate
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Clidi T A""‘ﬁ L[_] m_tﬂ—w&

1l-‘l-c 1—B
foop X

(a) Parallel data transmission : (b) Serial data transmission

Figure 6-25 Parallel versus time-multiplexed data busses.

i— I
)

the bus lOg.gles.betw_een 0 and 1. Care must be taken in digital systems to avoid time-multiplexing
data streams with very distinct data characteristics. ,
4. Glitch Reduction by balancing signal paths The occurrence of glitching in a circuit is mainly
due to a mismatch m the path lengths in the network. If all input signals of a gate change simulta-
neously, no glitching occurs. On the other hand, if input signals change at different times, a dynamic
hazard m_ightldevelop. Such a mismatch in signal timing is typically the result of different path '
lengths with respect to the primary inputs of the network. This is illustrated in Figure 6-26. Assume
that the XOR gate has a unit delay. The first network (a) suffers from glitching as a result of the wide
disparity between the arrival times of the input signals for a gate. For example, for gate F,, one input
settles at time 0, while the second one only arrives at time 2. Redesigning the network so that all
arrival times are identical can dramatically reduce the number of superfluous transitions (network b).

R e . O R
0— 1 ‘ [
0 1._ Fz F F3
P i == 3
: 0. 1
R AL e 0 0 BN
. : 0 y

(a) Nétw'ork sensitive to glitching (b) Glitch-free network

Figure 626 Glitching is influenced by matching of signal path lengths.
The annotated numbers indicate the signal arrival times. ,

©+/  Summary _

The CMOS logic style describec
nology, but requires 2N transistors
tance is significant, since each gate
This has opened the door for alternative

i

|

ribed in the previous section is highly robust and scalable with tech- ,'
to implement an N-input logic gate. Also, the load capaci- 5

drives two devices (a PMOS and an NMOS) per fan-out. |
logic families that either are simpler or faster. a i
F

v~ .§.2.2 Ratioed Logic - - ;

11 ttempt to reduce the number of transistors required to implement a given

Ratioed logic is an-attem .
logic function, often at the cost of reduced robustness and extra power dissipation. The purpos€
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Vop DD
PMOS
load _£c1 load
¢—oOF F
Injo AR Iny o S8 .
Inyo—|{ . PDN L'Iz_o——-.s-._. PD_N'
Iny ORI Imy ] J— ol
(a) Generic (b) Pseudo-NMOS

Figure 6-27 Ratioed logic gate.

of the PUN in complementary CMOS is to provide a conditional path between Vp,, and the out-
put when the PDN is turned off. In ratioed logic, the entire PUN is repl_aced with a single uncon-
ditional load device that pulls up the output for a high output as in Figure 6-27a. Instead of a

combination of active pull-down and pull-up networks, such a gate consists of an NMOS pull-

down network that realizes the logic function, and a simple load device. Figure 6-27b shows an
example of ratioed logic, which uses a grounded PMOS load and is referred to as a pseudo-
NMOS gate. . ' _ '

The clear advantage of a pseudo-NMOS gate is the reduced number of transistors (N + 1,
versus 2N for complementary CMOS). The nominal high output voltage (V) for this gate is
Vpp since the pull-down devices are turned off when the output is pulled high (assuming that V,,
is below V7). On the other hand, the nominal low output voltage is not 0 V, since there is con-
tention between the devices in the PDN and the grounded PMOS load device. This results in
reduced noise margins and, more importantly, static power dissipation. The sizing of the load
device relative to the pull-down devices can be used to trade off parameters such as noise mar-
gin, propagation delay, and power dissipation. Since the voltage swing on the output and the
overall functionality of the gate depend on the ratio of the NMOS and PMOS sizes, the circuit is

called ratioed. This is in contrast to the ratioless logic styles, such as complementary CMOS,

where the low and high levels do not depend on transistor sizes.
Computing the de-transfer characteristic '

lar to those used for its complementary CM

equating the currents through the driver and load devic i

; . esforV, =V, .. At i int, i

IS reasonable to assume that the NMOS dey e s

ice resides in linear mode (since, ideall t
should be close to OV), while the PMOS load is saturated; . - : S Sl

OS counterpart. The value of Vo is obtained by

V2

Assuming that V,,, ; ; ' .
: . o 1s small relative to the : _
V.T"-’. In magnitude, Vo, can be approximated as gate drive (VDP — V1), and that V,, is equal to

V2
75) " Vsarp - D;ATP ) =0 (6.27)
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kp(Vop+Vr,) -V,

Vor=-E Tp DSATp MW p v
k,(Vpp=Ve,) W, DSATp (6.28)

In order to make V; as small as possible, the PMOS device should be sized much smaller
than the NMOS pull-down devices. Unfortunately, this has a negative impact on the propagation

delay for charging up the output node since the current provided by the PMOS device is limited.
A major disadvantage of the pseudo-NMOS gate is the static power that is dissipated when

the output is low through the direct current path that exists between Vp,;, and GND. The static
power consumption in the low-output mode is easily derived:

P!aw = VDDI!'aw VDD 9. (629)

V2
DSAT,
(( VDD VTp) Vpsarp— _‘p)

Example 6.7 Pseudo-NMOS Inverter

Consider a simple pseudo-NMOS inverter (whcre the PDN network in Fx gure 6-27 degen-
erates to a single transistor) with an NMOS size of 0.5 pm/0.25 um. In this example, we
study the effect of sizing the PMOS device to demonstrate the impact on various parame-
ters. The W-L ratio of the grounded PMOS is varied over values from 4,2,1,0.5 to 0.25.
Devices with a W-L < 1 are constructed by making the length greater than the width. The
voltage transfer curve for the different sizes is plotted in Figure 6-28.

Table 6-9 summarizes the nominal output voltage (V,,), static power dissipation,
and the low-to-high propagation delay. The low-to-high delay is measured as the time it
takes to reach 1.25V from V; (which is not OV for this inverter)—by definition. The
trade-off between the static and dynamic properties is apparent. A larger pull-up device
not only improvés performance, but also increases static power dissipation and lowers
noise margins by increasing V. '

~3.0 T T T
25
2,0

> 1.5
3

> 1.0

0.5

%0 05 10 15 20 25
| ViV

'Flgure 6-28 Voltage- “transfer curves of the pseudo-N MOS
‘inverter as a function of the PMOS size.
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Table 6-9 Performance of a pseudo-NMOS inverter.

Static Power

Size Vou Dissipation toin

4 0.693 V 564 uW 14 ps
2 0273V 298 W 56 ps
1. 0.133V 160 pW 123 ps
0.5 0.064 V 80 W 268 ps
0.25 0.031V 41 uW 569 ps

Notice that the simple first-order model to predict V,y, is quite effective. For a PMOS
W-L of 4, V,; is given by (30/115) (4) (0.63V) = 0.66V.

The static power dissipation of pseudo-NMOS limits its use. When area is most important
however, its reduced transistor count compared with complementary CMOS is quite attractive.
Pseudo-NMOS thus still finds occasional use in large fan-in circuits. Figure 6-29 shows the
schematics of pseudo-NMOS NOR and NAND gates.

Ljs
2 |~

Vop . T Out

g e g ]
S R TN
. ¥ . J

(aj—NOR I
In, _l

(b) NAND
NMOS NOR and NAND gates.

: Figure 6-29  Four-input Pseudo-
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oult ot
Vin V., —
e %
out

~

(a) Single ended | ~ (b) Differential
Figure 6-32 Advantage of over single-ended (a) differential (b) gate. i

6.2.3 Pass-Transistor Logic

. Pass-Transistor Basics 2y
A popular and widely used alternative to complementary CMOS is pass-transistor logic, which
attempts to reduce the number of transistors required to implement logic by allowing the pri-
mary inputs to drive gate terminals as well as source—drain terminals [Radh'alﬂ'ishnaHSS]. This is
in contrast to logic families that we have studied so far, which only allow primary inputs to drive
the gate terminals of MOSFETS.

Figure 6-33 shows an implementation of the AND function constructed that way, using
only NMOS transistors. In this gate, if the B input is high, the top transistor is turned on and cop-
ies the input A to the output F. When B is low, the bottom pass-transistor is turned on and passes
a 0. The switch driven by B seems to be redundant at first glance. Its presence is essential to
ensure that the gate is static—a low-impedance path must exist to the supply rails under all cir-
cumstances (in this partlcular case, when B is low).

The promise of this approach is that fewer transistors are required to implement a given
function. For example, the implementation of the AND gate in Figure 6-33 requires 4 transistors
(including the inverter required to invert B), while a complementary CMOS implementation
would require 6 transistors. The reduced number of devices has the additional advantage of

lower capacitance.

7
i
g JRU T

Figure 6-33 _Pass—transistof implementation of an AND gate.
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Obviously, the number of switches per segment grows with increasing values of _rbi‘f. .lf] current
' technologi,es m__typically equals 3 or 4. The presented analysis ignores that 1p;,, :ts-elt is a func-
s loéd no:p:f& more accurate analysis taking this factor into account is presented in Chapter 9,

Eﬁample 6.14 Transmission-Gate Chain

Consider the same 16-transmission-gate chain. The buffers shown in Figure 6.-51 'can be
implemented as inverters (instead of two cascaded inverters). In ‘some case§, it might be
necessary to add an extra inverter to produce the correct polarity. Assuming that each
inverter is sized such that the NMOS is 0.5 pm/0.25 um and PMOS is 0.5 ptm /0.25 pm,
Eq. (6.39) predicts that an inverter must be inserted every 3 transmission gates. The simu-
lated delay when placing an inverter every two transmission gates is 154 ps; for every
three transmission gates, the delay is 154 ps; and for four transmission gates, it is 164 ps.
The insertion of buffering inverters reduces the delay by a factor of almost 2.

CAUTION: Although many of the circuit styles discussed in the previous sections sound very
interesting, and might be superior to static CMOS in many respects, none has the robustness and
 ease of design of complementary CMOS. Therefore, use them sparingly and with caution. For

designs that have no extreme area, complexity, or speed constraints, complementary CMOS is
~ the recommended design style.

6.3 Dynamic CMOS Design

It was noted earlier that static CMOS logic with a fan-in of N requires 2N devices. A variety of

approaches were presented to reduce the number of transistors required to implement a given

logic function including pseudo-NMOS, pass-transistor logic, etc. The pseudo-NMOS logic

style requires only N + 1 transistors to implement an N input logic gate, but unfortunately it has

static power dissipation. In this section, an alternate logic style called dynamic logic is presented
*that obtains a similar result, while avoiding static power consumption. With the addition of a
: clock input, it uses a sequence of precharge and conditional evaluation phases.

631 Dynamic Logic: Basic Principles

The basic construction of an (n-type) dynamic logic gate is shown in Figure 6-52a. The PDN

- (pull-down network) is constructed exactly as in complementary CMOS. The operation of this

il'c R e . i ;
u:lt 's divided into two major phases—precharge and evaluation—with the mode of opera-
N determined by the clock signal CLK.

When CLK = i
4 K =0, the output node Out is precharged to

; : Vpp by ‘the PMOS transist . Duri
at time, the evalyate NMOS transistor M, is off, so ot el i

that the pull-down path is disabled. The
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|
|

_ (a) n-type network ' ; (b) Example
Figure 6-52 Basic concepts of a dynamic gate. et

eva]uaﬁon FET eliminates ahy static power_that would be consumed during the precharge period
(i.e., static current would flow between the supplies if both the pull-down and the precharge
device were turned on simultaneously). '

Evaluation ; : -
For CLK = 1, the precharge transistor M, is off, and the evaluation transistor M, is turned on. The
output is conditionally discharged based on the input values and the p ull-dawn topology. If he
inputs are such that the PDN conducts, then a low resistance path exists between Out and GND,
and the output is discharged to GND. If the PDN is turned off, the precharged value remains
stored on the output capacitance C, which is a combination of junction capﬂCita“‘_:es’ the wiring
capacitance, and the input capacitance of the fan-out gates. During the evaluation phase, the only
possible path between the output node and a supply rail is to GND. Consequently, once Out is
discharged, it cannot be charged again until the next precharge operation. The inputs to the gate
can thus make at most one transition during evaluation, Notice that the output can be in the .
Riohsimpidnse srite during the evaluation period if the pull-down network is turned off. This
behavior is fundamentally different from the static counterpart that always has a low resistance
Path between the output and one of the power rails.
" As an example, consider thé circuit shown in Figure 6-52b. During the precharge phase
(CLK = 0), the output is precharged to Vpp, regardless of the input values, because the evaluation
device is turned off, During evaluation (CLK = 1), a conducting path is created between Qur and
GND if (a_nd- only if) A - B + C is TRUE. Otherwise, the output remains at the precharged state of

Vop. The following function is thus rea}ize'd: ;

. Out = CLK +(A-B+C)- CLK ey
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igh. For a low input signal, no additional
low transition, on the other hand, requires
pull-down network. Therefore, L,y 1S pro-
f the pull-down network. The presence of
it presents an extra series resistance. Onmit-
may result in static power dissipation and

switching occurs. As a result, foery = 0! The high-to-
the discharging of the output capacitance through the
portional to C; and the current-sinking capabilities o
the evaluation transistor slows the gate somewhat, as
ting this transistor, while functionally not forbidden,
potentially a performance loss. | b

charge time on the switching speed of the gate. The precharge time is determined by the time it
takes to charge C; through the PMOS precharge transistor. During this time, the logic in the gate
cannot be utilized. Very often, however, the overall digital system can be designed in such a way
that the precharge time coincides with other system functions. For instance, the precharge of the
arithmetic unit in a microprocessor could coincide with the instruction decode. The designer has
to be aware of this “dead zone” in the use of dynamic logic and thus should carefully consider
the pros and cons of its usage, taking the overall system requirements into account.

The preceding analysis is somewhat unfair because it ignores the influence of the pre-

Example 6.15 A Four-Input Dynamic NAND Gate

Figure 6-53 s_hows.thé 'desi'g'n-of é'four—input NAND example des_igned using the dynamicf _
circuit style. Due to the dynamic nature of the gate, the derivation of the voltage-transfer

g@' | _ Py T ¥ l
CLK—CI 2 0 1
‘ 3 Out

My % 15
] £
[nz__l . >
0.5
tny

_ Y

Ing—ﬁ
CLK —

Flgure 6-53  Schematic and transient response of a four-input dynamic NAND Qate-
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characteristic diverges from the traditional approach. As discussed earlier, we assun?e- that
the switching threshold of the gate equals the threshold of the NMOS pull-down transistor.
This results in asymmelrical noise margins, as shown in Table 6-10.

Table 6-10 The dc and ac parameters of a four-input dynamic NAND.

Transistors  Voy Voo Vi NMy NM, tonL toLn tore

25V . OV' Vi  25-Vp Vo 110ps  Ops . . 83ps

6

The dynamic behavior of the gate is simulated with SPICE. It is assumed that a]l
inputs are set high when the clock goes high. On the rising edge of the clock, the output
node is discharged. The resulting transient response is plotted in Figure 6-53, and the
propagation delays are summarized in Table 6-10. The duration of the precharge cycle can
be adjusted by changing the size of the PMOS precharge transistor. Making the PMOS too
large should be avoided, however, as it both slows down the gate and increases the capaci-
tive load on the clock line. For large designs, the latter factor might become a major design
concern because the clock load can become excessive and hard to drive. {

_As mentioned earlier, the static gate parameters are time dependent. To illustrate
this, consider a four-input NAND gate with all the partial inputs tied together, and are
making a low-to-high transition. Figure 6-54 shows a transient simulation of the output .
voltage for three different input transitions—from 0 to 0.45 V, 0.5V and 0.55V, respec-
tively. In the preceding discussion, we have defined the switching threshold of the
-dynamic gate as the device threshold. However, notice that the amount by which the out-
put voltage drops is a strong function of the iput voltage. and the available evaluation
time. The noise voltage needed to corrupt the signal has to be larger if the evaluation time e
is short. In other words, the switching threshold is truly time dependent.

3.0

20

1.0

Volrage. V

0.0

oV e B RONEL RN S TON] SN
Time, ns

?Lgeu;z 1?a4 Effect of an input glitch on the output.
Alarger c Iiltn?\ threshold depends on the time for evaluation.
glitch is acceptable if the evaluation phase is shorter.
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Vop

Out

;ﬂ . CLK —| | M,
L | S L
(a) |

(b)
Figure 6-58 Static bleeders compensate for the charge leakage.

adding a bleeder transistor, as shown in Figure 6-58a. The only function of the bleeder—an
NMOS style pull-up device—is to compensate for the charge lost due to the pull-down leakage
paths. To avoid the ratio problems associated with this style of circuit and the associated static
power consumption, the bleeder resistance is made high (in other words, the device is kept
small). This allows the (strong) pull-down devices to lower the Out node substantially below the
switching threshold of the next gate. Often, the bleeder is implemented in a feedback configura-
tion to eliminate the static power dissipation altogether (Figure 6-58b).

Charge Sharing

Another important concern in dynamic logic is the impact of charge sharing. Consider the circuit
in Figure 6-59. During the precharge phase, the output node is precharged to V. Assume that all

'fnputs are set to O during precharge, and that the capacitance C, is discharged. Assume further that

input B remains at 0 during evaluation, while input A makes a

M, on. The charge stored originally on capacitor C, is redistributed over C, and C,. This causes

a drop in the output voltage, which cannot be recovered due to the dynamic nature of the circuit.
The influence on the output voltage is

) readily calculated, Under the assumptions given
Previously, the following initial conditions ar

e valid: V,,,(t = 0) = V,,, and Vy(t = 0) = 0. As a
result, two possible scenarios must be considered; 9 '
LAV, <V, . Inthis case, .

> the final value ¢ AN 3 i
. thenyiags | g ue éf Vx equals V?D Vi(Vy). Ch_grge conservation

0 — 1 transition, turning transistor

CiVop = CLVfinal) + C [V pp Vi (V)]
or .

our our ) DD) C" DD ﬂ( )
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Figure 6-59 Charge sharing in dynamic networks.
2.AV,, >Vy,. V,, and Vy then reach the same value:
s e il sifhs 6.44
AVour_ ___-._-VDD(CQ + CL) =i v ( A44)

We determine which of these scenarios is valid by the capacitance ratio. The boundary condition
between the two cases can be determined by setting AV, equal to V7, in Eq. (6.44), yielding

Ca = i Yl (6.45) .
; CL VDD w VTH \

Case 1 holds when the (C,/C,) ratio is smaller than the condition defined in Eq. (6.45). If not,

Eq. (6.44) is valid. Overall, it is desirable to keep the value of AV, below |[Vz,|. The output of |
% i

the dynamic gate might be connected to a static inverter, in which case the low-level of V,,
would cause static power consumption. One major concern is a circuit malfunction if the output

voltage is brought below the switching threshold of the gate it drives.

Example 6,18 Charge Sharing
Let us consider the impact of charge sharing on the dynamic logic gate shown in Figure 6-60,
which implements a three-input EXOR function y = A @ B @ C. The first question to be - -
resolved is what conditions cause the worst case voltage drop on node y. For simplicity, ignore
the load inverter, and assume that all inputs are low during the precharge operation and that all
isolated internal nodes (V,, V,, V,, and V,)) are initially at O V.
Inspection of the truth table for this particular logic function shows that the output'.
stays high for 4 out of 8 cases. The worst case change in output is obtained by exposing ﬂ
the‘ maximum amount of internal capacitance to the output node during the evaluation ) '
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to Vpp during precharge, charge sharing does not occur. This solution obviously comes at the
cost of increased area and capacitance.

Capacitive Coupling

The relatively high impedance of the o'utput node makes the circuit very sensitive to crosstalk
effects. A wire routed over or next to a dynamic node may couple capacitively and destroy the
state of the floating node. Another equally important form of capacitive coupling is backgate (or
output-to-input) coupling. Consider the circuit shown in Figure 6-62a, in which a dynamic two-
input NAND gate drives a static NAND gate. A transition in the input In of the static gate may
cause the output of the gate (Out,) to go low. This output transition couples capacitively to the
other input of the gate (the dynamic node Out,) through the gate—source and gate—drain capaci-
tances of transistor M,. A simulation of this effect is shown in Figure 6-62b. It demonstrates how
the coupling causes the output of the dynamic gate Qut, to drop significantly. This further causes
the output of the static NAND gate not to drop all the way down to 0 V and a small amount of
static power to be dissipated. If the voltage drop is large enough, the circuit can evaluate incor-
rectly, and the NAND output may not go low. When designing and laying out dynalmc circuits,
special care is needed to mlmrmze capacitive couplmg

Clock Feedthrough

A special case of capacitive coupling is clock feedthrough, an effect caused by the capacmve
coupling between the clock input of the precharge device and the dynamic output node. The cou-
pling capacitance consists of the gaté-to-drain capacitance of the precharge device, and includes
both the overlap and channel capacitances. This capacitive coupling causes the output of the

dynamic node to rise above Vpp, on the low-to-high transition of the clock, assuming that the -

pull-down network is turned off. Subsequently, the fast rising and falling edges of the clock cou-
ple onto the signal node, as is quite apparent in the simulation of Figure 6-62b.

The danger of clock feedthrough is that it may cause the normally reverse-biased junction
diodes of the precharge transistor to become forward biased. This causes electron injection into
the substrate, which can be collected by a nearby high-impedance node in the 1 state, eventually
resulting in faulty operation. CMOS latchup might be another result of this injection. For all pur-
poses, high-speed dynamic circuits should be carefully simulated to ensure that clock
feedthrough effects stay within bounds. i

All of the preceding considerations demonstrate that the design of dynamic circuits is
rather tricky and requires extreme care. It should therefore be attempted only when high perfor-
mance is required, or hlgh quality design-automation tools are available.

~6.3.4 Cascading Dynamic Gates

Besides the signal integrity issues, there is one major catch that complicates the design of
dynamic circuits; Straightforward cascading of dynamic gates to create multilevel logic struc-

tures does not work. The problem is best illustrated with two cascaded n-type dynamic
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Figure 6-62 Example demonstrating the effect of backgate coupling:
(a) circuit schematics; (b) simulation results.
inverters, shown in Figure 6-63a. During the precharge phase (i.e., CLK = 0), the outputs Cff
both inverters are precharged to Vpp,. Assume that the primary input In makes a 0 — 1 transl-
tion (Figure 6-63b). On the rising edge of the clock, output OQut, starts to discharge. The sec- -
: ond output should remain in the precharged state of Vpp as its expected value is 1 (Out
'] transitions to 0 during evaluation). However, there is a finite propagation delay for the input to
discharge Out, to GND. Therefore, the second output also starts (0 discharge. As long as Out,
“exceeds the switching threshold of the second gate, which approximately equals Vg, a con-
- ducting path exists between Out, and GND, and precious charge is lost at Out,. The conduct- "
. .ing path is only disabled once Out, reaches Viy, and turns off the NMOS pull-down transistor. :
' This leaves Out, at an intermediate voltage level. The correct level will not be recovered,
1 because dynamic gates rely on capacitiye storage, in contrast to static gates, which have dc res
: torgtion. The charge loss leads to reduced noise margins and potential malfunctioning.
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Figure 6-63 ' Cascade of dynamic n-type blocks.

The cascading problem arises because thc'ou_tputS of each gate—and thus the inputs to the
next stages—are precharged to 1. This may cause inadvertent discharge in the beginning of the
evaluation cycle. Setting all the inputs to 0 during precharge addresses that concern. When doing
s0, all transistors in the pull-down network are turned off after precharge, and no inadvertent dis-
charging of the storage capacitors can occur during evaluation. In other words, correct operation
is guaranteed as long as the inputs can only make a single 0 — 1 transition during the evalu-
ation period.’ Transistors are turned on only when needed—and at most, once per cycle. A
number of design styles complying with this rule have been conceived, but the two most impor-

tant ones are discussed next.

Domino Logic

Concept A domino logic module [Krambeck82] consists of an n-type dynamic logic block
followed by a static inverter (Figure 6-64). During precharge, the output of the n-type
dynamic gate is charged up to Vpp, and the output of the inverter is set to 0. During evalua-
tion, the dynamic gate conditionally discharges, and the output of the inverter makes a condi-
tional transition from 0 — 1. If one assumes that all the inputs of a domino gate are outputs
of other domino gates,® then it is ensured that all inputs are set to 0 at the end of the pre-
charge phase, and that the only transitions during evaluation are 0 — 1 transitions. Hence,
the formulated rule is obeyed. The introduction of the static inverter has the additional advan-
tage that the fan-out of the gate is driven by a static inverter with a low-impedance output,
which increases noise immunity. Also, the buffer reduces the capacitance of the dynamic out-
put node by separating internal and load capacitances. Finally, the inverter can be used to
drive a bleeder device to combat leakage and charge redistribution, as shown in the second
stage of Figure 6-64.

'

;I'hls 1gnores the impact of charge distribution and leakage effects, discussed earlier. )
tis required that all other inputs that do not fall under this c| 0“5“““
iy vaiiaiing . classification (for instance, prlmary mputs) stay c i
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Figure 6-64 Domino CMOS logic.

Consider now the operation of a chain of domino gates. During precharge, all inputs are
set to 0. During evaluation, the output of the first domino block either stays at O or makes a
0 — 1 transition, affecting the second gate. This effect might ripple through the whole chain,
one after the other, similar to a line of falling dominoes—hence the name. Domino CMOS has

the following properties:

* Since each dynamic gate has a static inverter, only noninverting lo gic can be impleme_nteﬂ.
Although there are ways to deal with this, as discussed in a subsequent section, this is a
major limiting factor, and pure domino design has thus become rare.

* Very high speeds can be achieved: only a rising edge delay exists, while 1,51 €quals zero.
The inverter can be sized to match the Jan-oii, which is already much smaller than in the
complimentary static CMOS case, as only a single gate capacitance has to be accounted

for per fan-out gate. :

3
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7.6 Nonbistable Sequentia] Circuits
7.6.1  The Schmitt Trigger .
7.6.2 Monostable Sequential Circuits
7.6.3 ' Astable Circuits

7.7  Perspective: Choosing a Clocking Strategy

7.8 Summary
7.9 To Probe Further

7.1 Introduction g
As described earlier, combinational logic circuits have the property that the output of a logic
block is only a function of the current input values, assuming that enough time has elapsed for
the logic gates to settle. Still, virtually all useful systems require storage of state information,
leading to another class of circuits called sequential logic circuits. In these circuits, the output
depends not only on the current values of the inputs, but also on preceding input values. In other
words, a sequential circuit remembers some of the past history of the system—it has mcmc)ry. :
Figure 7-1 shows a block diagram of a generic finite-state machine (FSM) that consists of
combinational logic and registers, which hold the system state: The system depicted here
belongs to the class of synchronous sequential sys_tems, in which all registers are under control
of a single global clock. The outputs of the ESM are a function of the current Inputs and the Cur-
rent State. The Next State is determined based on the Current State and the current Inputs and is
fed to the inputs of registers. On the rising edge of the clock, the Next State bits are copied to the
f)utputs of the registers (after some propagation delay), and a new cycle begins. The register then
ignores changes in the input signals until the next rising edge. In general, registers can be po.’s‘f-
n:e ed&fe triggered (wherc‘ the input data is copied on the rising edge of the clock) or negan‘ve'
Zt ﬁfergiiirie:pi\;here the input data is copied on the falling edge, as indicated by a small circle .
S o ot e e e e L
ing the correct selection is getting increaéingl l'm G f:lockmg metlh(?dolo.gles. s mak—
. ¥ important in modern digital circuits, and can

Inputs —— é
»| COMBINATIONAL gl
LOGIC
Current State
Registers Next State
% Q D
|
- CLK
gure 7-1 Block diagram .
-. . ) of a finite- ;
l . Positive edge-triggered registers"“'te state machine, using
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- have a great impact of performance, power, and/or design complexity. Before embarking on a

S detailed discussion of the various design options, a review of the relevant design metrics and a
~classification of the sequential elements is necessary.

7.1.1 / Timing Metrics for Sequential Clréuits

There are three important timing parameters associated with a register. They.are shown in

Figure 7-2. The setup time (t,) is the time that the data inputs (D) must be valid before the clock

transition (i.e., the 0 — 1 transition for a positive edge-triggered register). The hold time (thora) 18
 the time the data input must remain valid after the clock edge. Assurﬁing that the setup and hold

times are met, the data at the D input is copied to the Q output after a worst case propagation
 delay (with reference to the clock edge) denoted by tel '

Once we know the timing information for the registers and the combinational logic
blocks, we can derive the system-level timing constraints (see Figure 7-1 for a simple system
view). In synchronous sequential circuits, switching events take place concurrently in response
to a clock stimulus. Results of operations await the next clock transitions before progressing to

- the next stage. In other words, the ncxf_ cycle cannot begin unless all current computations have
~ completed and the system has come to rest. The clock period T, at which the sequential circuit
operates, must thus accommodate the longest delay of any stage in the network. Assume that
‘the worst case propagation delay of thé' logic equals ré,ogjc; while its minimum delay—also
called the contamination delay—is t.;. The minimum clock period T required for proper opera-

~ tion of the sequential circuit is given by - _ :

T2t +1

,c_.q p p.fogic.-*_- .tsu i (7.1) '

i i

R _ ‘The hold time of the register imposes an extra constraint for proper operation, namely

| ; i r::dregr'.'.‘i'er + tcd!'_ag:’c 2 rfwl_d ) (72)
X '_'_ ; : ELic _ e |
i ! ' ¢ Register
v A lsy Yhotd : ; D - {l |
‘ . | |
B DATA | iCLK |
STARLE : ¢ , !
- le-y¢ __’ F
Q g - DATA j
o : i STABLE ¢

Figure 7-2- Definition of selup time, hold time, and propagation delay of a synchronous
register. - o I _ bepetoi
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L8 the minimum propagation delay (or comaminatifm delay) of the regi§ter. I!]jg;
wicae tfdmgmerl that the input data of the sequential elements 1s held long enough afte_f'._t_ht.’-..i
constrra;nt CDS; I:Snot modified too soon by the new wave of data coming in. v 20 i
i oo from Eq. (7.1), it is important to minimize the values of the timing parameters
associjz?tzds fi:irih rt‘l)va regi.ster, as these directly affect the rate at W]’:liCh a sequential circu?t-can'b'e- .
clocked. In fact, modern high-performance systems are charactenz'ed.by- a very l.ow logic depth,
and the register propagation delay and setup times account for :‘1 significant portion ?f the cl_"‘fk- o
period. For example, the DEC Alpha EV6 microprocessor [Gleseke97] has a max1mun¥ logic -
depth of 12 gates, and the register overhead stands for approximately 1?% of the clocl-< period. In it
general, the requirement of Eq. (7.2) is not difficult to meet, although it becomes an issue when 2
there is little or no logic between registers." :

7.1.2 Classification of Memory Elements

Foreground versus Background Memory

At a high level, memory is classified into background and foreground memory. Memory that is
embedded into logic is foreground memory and is most often organized as individual registers or
register banks. Large amounts of centralized memory core are referred to as background mem-

ory. Background memory, discussed in Chapter 12, achieves higher area densities through effi- |

cient use of array structures and by trading off performance and robustness for size. In this
chapter, we focus on foreground memories. " ' :

Static versus Dynamic Memory

Memories can be either static or dyhami_c. Static memories preserve the state as long.. as the
power 1s rned on. They are built by usin .

topology consists of intentional connectio
circuit. Static memories are most useful
ods of time., Configuration data, loaded

g positive feedback or regeneration, where the circuit
ns between the output and the input of a combinational
when the register will not be updated for extended peri-

al power-up time, is a good example of static data. This
conditi “ 1 . RATEN:
on also holds for most processors that use conditional clocking (i.e., gated clocks) where .

dules. In that case, there are no guarantees on how fre- |

the clock is turned off for unused mo
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circuits that require high performance levels and are periodically clocked. It is possible to use
dynamic circuitry even when circuits are condmonully clocked, if the state can be discarded

when a module goes into idle mode.

Latches versus Registers
A latch is an essential component in the construction of an edge-triggered register. It is a level-

sensitive circuit that passes the D input to the Q output when the clock signal is high. This latch
is said to be in transparent mode. When the clock is low, the input data sampled on the falling
edge of the clock is held stable at the output for the entire phase, and the latch is in hold mode.
The inputs must be stable for a short period around the falling edge of the clock to meet setup
and hold requirements. A latch operating under these conditions is a positive latch. Similarly, a
negative latch passes the D input to the Q output when the clock signal is low. Positive and neg-
ative latches are also called transparent high or transparent low, respectively. The signal wave-
forms for a positive and negative latch are shown in Figure 7-3. A wide variety of static and
dynamic implementations exists for the realization of latches.

Contrary to level-sensitive latches, edge-triggered registers only sample the input on a
clock ‘ransition—that is, 0 — 1 for a positive edge-triggered register, and 1 — O for a negative
edge-triggered register. They are typically built- to use the latch primitives of Figure 7-3. An
often-recurring configuration is the master—slave structure, that cascades a positive and negative
latch. Registers also can be constructed by using one-shot generators of the clock signal
(“glitch” registers), or by using other speéializéd s'tructures..Ex;imples of these are shown later
in this chapter.

The literature on sequentlal circuits has been plagued by ambiguous definitions for the dif-
ferent types of storage elements (i.e., register, flip-flop, and latch). To avoid confusion, we

adhere strictly to the following set of definitions in this book:

Positive Latch Negative Latch
In =D 0 Out In—=D Q—P'.Our
G ' G
fCLK fCLK
|

clk [ ’ [ ek [ | e
X0 XXX

Out
L
Out Out

Our
stable foﬂows In , stable  follows In

Figure 7-3 Timing of positive and negative latches.
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« An edge-triggered SIOTAge element is called a register;

« A latch is a level-sensitive device; ; ' T il
« and any bistable component, formed by the cross coupling of gates, is called a ﬂlp-ﬂop.z_ e

7.% Static Latches and Registers

721 The Bistability Principle

Static memories use positive feedback to create a bistable circuit—a circuit haviqg two stable
states that represent 0 and 1. The basic idea is shown in Figure 7-4a, which shows two inverters
connected in cascade along with a voltage-transfer characteristic typical-of such a circuit. Also
plotted are the VTCs of the first inverter—that is, V,; versus V;;—and the second inverter (‘i{,2
versus V,,). The latter plot is rotated to accentuate that V;, = V,;. Assume now that the output of
the second inverter V., is connected to the input of the first V;;, as shown by the dotted lines in
Figure 7-4a. The resulting circuit has only three possible operation points (4, B, and C), as dem-
onstrated on the combined VTC. It is easy to prove the validity of the following important
conjecture: : o

When the gain of the inverter in the transient region is larger than 1,A and B are the
only stable operation points, and Cis a metastable operation point. S¥s

‘ Suppose that the Cross_-coupled inverter pair is biased at point C. A small deviation frofn :
this bias point, possibly caused by noise, is_amplified and regenerated around the circuit loop.

A \

<
S e

S

V& "

r__V“ D Youm ¥is {>°Vaz

e T p——

——

Vfl = Voz

Figu ' .
gure 7-4 .Two cascaded Inverters (a) and their VTCs (b)

; red repister i .
bistable element Bl 18 often referred to as a flip-flop as well, In thj bRl .
(o . J Skt i « AL LIS text ﬂlp—ﬂop is used t 3 Yo S
i o uniquely mean ./ .- ..

chnned With CaMS‘canner” o



7.2 Static Latches and Registers 331

Vi =V,
i

V}

®)

Figure 7-5 Metastable Versus stable operatlon points.

This is a result of the gain around the loop bemg largcr than 1. The effect is demonstrated in
Figure 7-5a. A small deviation § is applied to V;; (biased in C). This deviation is amplified by the
gain of the inverter. The enlarged divergence is applied to the second inverter and amplified once
more. The bias point moves away from C until one of the operation points A or B is reached. In
conclusion, C is an uastable operanon point. Every deviation (even the smallest one) causes the
operation point to run away from its original bias. The chance is indeed very small that the cross-
coupled inverter pair is biased at c and stays there. Operation points with this property are
termed metastable.

On the other hand, A and B are stable operatlon pomts as demonstrated in Figure 7-5b. In
these points, the loop gain is much smaller than unity. Even a rather large deviation from the
operation point reduces in sizesand disappears.

Hence, the cross coupling of two inverters results in a b:stable c1rcu1t—that is, a circuit
with two stable states, each correspondmg to a Ioglc state. The circuit serves as a memory, Stor-
ing either a 1 or a 0 (corresponding to positions A and B).

In order to change the stored value, we must be able to bring the circuit from state A to B
and vice versa. Since the precondition for stability is that the loop gain G is smaller than unity,
we can achieve this by making A (or B) temporarily unstable by increasing G to a value larger
than 1. This is generally done by applying a trigger pulse at V;; or V,,. For example, assume that
the system is in position A (V;, =0, V,, = 1). Forcing V; to 1 causes both inverters to be on simul-
- taneously for a short time and the loop gain G to be larger than 1. The positive feedback regener-
~ ates the effect of the trigger pulse, and the circuit moves to the other state (B, in this case). The

~ Width of the trigger pulse need be only a little larger than the total propagation delay around the
B circuit loop, which is twice the average propagation delay of the inverters.

3 In summary, a bistable circuit has two stable states. In absence of any triggering, the cir-
Cuit remains in a single state (assuming that the power supply remains applied to the circuit) and
thus remembers a value, Another common name for a bistable circuit is flip-flop. A flip-flop is
useful only if there also exists a means to bring it from one state to the other one. In general, two
dlfferent approaches may be used to accompllsh the following: :
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« Cutting the feedback loop. Once the feedback loop is open, a new value can easily be

written into Out (or Q). Such a latch is called multiplexer based, as it realizes that the logic- f

expression for a synchronous latch is identical to the multiplexer equation: s
0 = Clk-Q+Clk - In (73)

This approach is the most popular in today’s latches, and thus forms the bulk of this
section. . g

« Overpowering the feedback loop. By applying a trigger signal at the input of the flip-
flop, a new value is forced into the cell by overpowering the stored value. A careful sizing
of the transistors in the feedback loop and the input circuitry is necessary to make this pos--
sible. A weak trigger network may not succeed in overruling a strong feedback loop. This
approach used to be in vogue in the earlier days of digital design, but has gradually fallen
out of favor. It is, however, the dominant approach to the implementation of static back-
ground memories (which we discuss more fully in Chapter 12). A short introduction will
be given later in the chapter. ' i - 8 -

7.2.2 Y Multiplexer-Based Latches

The most robust and common technique to build a latch involves the use of transmission-gate
multiplexers. Figure 7-6 shows an implementation of positive and negative static latches based
on multiplexers. For a negative latch, input 0 of the multiplexer is selected when the clock is low,
and the D input is passed to the output. When the clock signal is high, input 1 of the multiplexer,
which connects to the output of the latch, is selected. The feedback ensures a stable output as .
long as the clock is high. Similarly.in the positive latch, the D input is selected when the clock
signal is high, and the output is held (using feedback) when the clock signal is low.

A ftransistor-level implementation of a positive latch based on multiplexers is shown in_
Figure 7-7. When CLK is high, the bottom transmission gate is on and the latch is transparent—
that is, the D input is copied to the Q output. During this phase, the feedback loop is open,' since:
the top transmission gate is off. Sizing of the transistors therefore is not critical for realizing cor- -
rect functionality. The number of transistors that the clock drives is an important metric from a5
power perspective, because the clock has an activity factor of 1. This particular latch irnplemeh* o

Negative latch Positive latch

’10

SRR TELRE
- Figure 7-6 Negative and positive latches

CLK

based on multiplexers.
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1> e

CLK

Figure 7-7 Tra-hsistor-IeVel implementation of a pbsitive latch
built by using transmission gates. - ) :

CLK e T
e { Ou Lk
% o Dc Ou |
- CLK
CLK
. (a) Schematic diagram . - (b) Non overlapping clocks

Figure 7-8 Multiplexer-based NMOS latch by using NMOS-only pass transistors
for multiplexers. : : :

tation is not very efficient from this persj:iectivc: It__"prcscnts a load of four transistors to the CLK
signal. : ' e

It is possible to reduce the clock load to two transistors by implementing multiplexers that
use as NMOS-only pass transistors, as shown in Figure 7-8, When CLK is high, the latch sam-
Ples the D input, while a low clock signal enables the feedback loop, and -puts the latch in the
hold mode. While attractive for its simplicity, the use of NMOS-only pass transistors results in
the passing of a degraded high voltage of Vp,,,— Vr, to the input of the first inverter. This impacts
both noise margin and the switching performance, especially in the case of low values of V,,

- and high values of Vy,. It also causes static power dissipation in the first inverter, because the
- maximum input voltage to the inverter equals Vpp— Vg, and the PMOS device of the inverter is
< never fully turned off.

/723 Master-Slave Edge-Triggered Register

;_:_The most common approach for constructing an edge-triggered register is to use a master—slave
.;_Ig-conﬁgurzftllon, as shown in Figure 7-9. The register consists of cascading a negative latch (master -
_stagg) Wwith a positive one (slave stage). A multiplexer-based latch is used in: this particular.
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CLK _
Figure 7-9 Positive edge-triggered register based on a master—slave configuration.

implementation, although any latch could be used. On the low phase of the clock, the master
stage is transparent, and the D input is passed to the master stage output, Qy,. During this period, :
the slave stage is in the hold mode, keeping its previous value by using feedback. On the rising
edge of the clock, the master stage stops sampling the input, and the slave stage starts sampling.
During the high phase of the clock, the slave stage samples the output of the master stage (Qy),
while the master stage remains in a hold mode. Since Q,, is constant during the high phase of the
clock, the output Q makes only one transition per cycle. The value of Q is the value of D right
before the rising edge of the clock, achieving the positive edge-triggered effect. A negative edge-
triggered register can be constructed by using the same principle by simply switching the order
of the positive and negative latches (i.e., placing the positive latch first). "
A complete transistor-level implementation of the master—slave positive edge-mggercd e
register is shown in Figure 7-10. The multiplexer is implemented by using transmission gates as -
discussed in the previous section. When the clock is low (CLK = 1), T, is on and T; is off, and
the D input is sampled onto node Q. During this period, T, and T, are off and on, respéctively.-_' .
The cross-coupled inverters (s, I) hold the state of the slave latch. When the clock goes high,
the master stage stops sampling the input and goes into a hold mode. T, is off and T; is on, and

the cross-coupled inverters , and I, hold the state of Q- Also, T; is on and T, is off, and QM is - |
copied to the output Q. ey

B3 - P
Tz % [5 T4
i
" - N —r—
D Ou / -
\‘ Sot T, >° =
CLK ) i - | e

Figure 7-10 Ma . t
o, _Sler—siave_posmve edge-triggered register, A S oo
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Problem 7.1  Optimization of the Master-Slave Register

It is possible to remove the invertets /, and 14 from Figure 7-10 without loss of functionality. Is there any
advantage to including these inverters in the implementation?

Timing Properties of Multiplexer-Based Master-Slave Re-gisters

Registers are characterized by three important timing parameters: the setup time, the hold time

and the propagation delay. It is important to understand the factors that affect these timing

parameters and develop the intuition to manually estimate them. Assume that the propagation

delay of each inverter is ¢ tyg_iny> and the ];iropagation delay of the transmission gate is 7, ,.. Also
assume that the contamination delay 1s 0, and that inverter, denvmg CLK from CLK, has a delay
of 0 as well. - :

The setup time is the time before the rising edge of the clock that the input data D must be -
valid. This is similar to asking the question, how long before the rising edge of the clock must
the D input be stable such that Q,, samples the value reliably? For the transmission gate multi-
plexer-based register, the input D has to propagate through 1» Ty, Iy, and I, before the rising edge
of the clock. This ensures that the node voltages on both terminals of the transmission gate T,
are at the same value. Otherwise, it is possible for the cross-coupled pair 7, and I, to settle to an
incorrect value. The setup time is therefore equal to 3 X 1 Uod vt Spd b

The propagation delay is the time it.takes for the value of Q,,to'propagate to the output 0.
Note that, since we included the delay of I, in the setup time, the output of /, is valid before the
rising edge of the clock. Therefore, the delay'z__, is Sim'ply the delay through T3__and Tl =
Lt o F Lid ) 7

The hold time represents the time that the input must be held stable after the rising edge of
the clock. In this case, the transmission gate 7, turns off when the clock goes high. Since both
the D input and the CLK pass through inverters before reachmg Ty, any changes in the input

after the clock goes high do not affect the output. Therefore the hold time is 0.

[

Example 7.1 Timing Analysis, Using SPICE

To obtain the setup time of the register whlle using SPICE we progressively skew the
input with respect to the clock edge until the circuit fails, Figure 7-11 shows the setup-
time simulation assuming a skew of 210 ps and 200 ps. For the 210 ps case, the correct
value of input D is sampled (in this case, the Q output'remains at the value of V,p). Fora
skew of 200 ps, an incorrect value propagates to the 6utput, as the Q output transitions to
0. Node Q,, starts to go high, and the output of , (the input to transmission gate T,) starts
to fall, However, the clock is enabled before the two nodes across the transmission gate 7,
settle to the same value, This results in an incorrect value being written into the master
latch. The setup time for this register is 210 ps. _

*In a similar fashion, the hold time can be simulated. The D-input edge is once again
skewed relative to the clock signal until the circuit stops functioning. For this design, the .
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Figure 7-13 Reduced load clock load static master-slave register.
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Figure 7-14 Reverse conduction possible in the transmission gate.

Al

ratioed. Figure 7-13 shows that the feedback transmission gate can be eliminated by directly
cross-coupling the inverters.

The penalty paid for the reducted in clock load is an increased design complexity. The
e transmission gate (T}) and its source driver must overpower the feedback inverter (/) to switch
: the state of the cross-coupled inverter. The sizing requirements for the transmission gates can be
derived by using an analysis similar to the one used for the sizing of the level-restoring device in
Chapter 6. The input to the inverter /; must be brought below its switching threshold in order to
make a transition. If minimum-sized devices are to be used in the transmission gates, it is essen-

e RS e kg L S B e

tial that the transistors of inverter I, should be made even weaker. This can be accomplished by
making their channel lengths larger than minimum. Using minimum or close-to-minimum size
4 devices in the transmission gates is desirable to reduce the power dissipation in the latches and
B the clock distribution network. '
{ 3 - Another problem with this scheme is reverse conduction—the second stage can affect the
; ' state of the first latch. When the slave stage is on (Figure 7-14), it is possible for the combination
E. : of T, and I, to influence the data stored in the I;—/, latch. As long as I, is a weak device, this for-
; tunately not a major problem.
|43 :
B Non-Ideal Clock Signals

So far, we have assumed that CLK is a perfect inversion of CLK, or in other words, that the delay
% of the generating inverter is zero. Even if this were possible, this still would not be a good
assumption. Variations can exist in the wires used to route the two clock signals, or the load
capacitances can vary based on data stored in the connectin g latches. This effect, known as clock
skew, is a major problem, causing the two clock signals to overlap, as shown in Figure 7-15b.

_ Clock overlap can cause two types of failures, which we illustrate for the NMOS- only negative
master-slave register of Figure 7—15a

Scanned with CaMS‘cannér




Chapter 7 * Designing Seque'ntial Logic c"CI.IItg
338

X ek
CLK _

9
e
~
2]
-
=

I (a) Schematic diagram

CLK |

e
h—l"x
Fi]

b
v B
2o

CLKJ

. (b) Overlapping clock pairs

Figure 7-15 Master—slave register 'based on NMOS-o_nIy pass transistors.

1. When the clock goes high, the slave stage should stop sampling the master stage output
and o into a hold mode. However, since CLK and CLK are both high for a short pe"riOdﬂqf sy
time (the overlap period), both sampling pass transistors conduct, and there is a direct palh
from the D input to the Q output. As a result, data at the output can change on the ﬁsiﬂgf'
edge of the clock, which is undesired for a negative edge-tri ggered register. This is known

as a race condition in which the value of the output Q is a function of whether the input D,
arrives at node X before or after the falling edge

of CLK. If node X is sampled in the meta
stable state, the output will switch 0 a value determined by noise in the system. 3
2. The primary advantage of the multiplexer-based register is that the feedback loop is open

during the sampling period, and therefore the sizing of the devices is not critical to func-

tionality. However, if there is clock overlap between CLK and CLK, node A can be dﬁﬁejn :

by both D and B, resulting in an undefined state, -

These problems cap be avoided by using two nonoverlapping clocks instead, PHI,Zﬁﬂ,
PHI, (Figure 7-16), and by keepi

enough so hat
overlap time, t
Zero, and the j

he FF is in the high-impedance state—the fe e
nput is disconnected, Leakage will destroy t

he name psendosiatic: The register employs a combination of static and dyﬂam‘
aches, depending upon the state of the clock, .l

Storage appro
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_ " (b) Two-phase nonoverlapping clocks”
Figure 7-16 ~ Pseudostatic two-phase D register. i

el el g

Problem 7.2 Generating Nonoverlapping Clocks

implementation of the clock generation circuitry for generating a two-
that each gate has a unit gate delay, derive the timing relationship
the nonoverlap period? How can this period be

Figure 7-17 shows one possible
phase nonoverlapping clock. Assuming
between the input clock and the two output clocks. What is
increased if needed? . . Dy

CLK— o

PHI,

Pt
Figure 7-17 Circuitry for generating a two-phase nonoverlapping clock.

'/ 724 Low-Voltage Static Latches

The scaling of supply voltages is critical for low-power operation. Unfortunately, certain latch__ _

ructures do not function at reduced supply voltages. For example, without the scaling of device : "
esholds, NMOS-only pass transistors (e.g., Figure 7-16) don’t scale well with_supply:\_folltage__ )

T

i 5t
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due to its inherent thresh :
cannot be raised above the switching threshold, resul

use of transmission gates, performance degrades significaritly at reduced supply voltages.

old drop. At very low power supply voltages, the input to the mVerter
ting in incorrect evaluation. Even with the =~

Scaling to low supply voltages thus requires the use of reduced threshold dévices. How- S

ever, this has the neg

ative effect of exponentially increasing the subthreshold leakage power (as. . .

discussed in Chapter 6). When the registers are constantly accessed, the leakage energy typically T

is insignifica

nt compared with the switching power. However, with the use of conditional clocks,

it is possible that registers are idle for extended periods, and the leakage energy expended by

registers can be quite significant.

Many solutions are being explored to address the problem of high leakage during idle peri-
ods. One approach involves the use of Multiple Threshold devices, as shown in Figure 7-18:
[Mutoh95]. Only the negative latch is shown. The shaded inverters and transmission gates are i .

implemented in low-threshold devices. The low-threshold inverters are gated by using high--

threshold devices to eliminate leakage.

During the normal mode of operation, the sleep devices are turned on. When the clock is

low, the D input is sampled and propagates to the output. The latch is in the hold mode when the

clock is high. The feedback transmission gate conducts and the cross-coupled feedback is

enabled. An extra inverter, in parallel with the low-threshold one, is added to store the state when

the latch is in idle (or sleep) mode. Then, the high-threshold devices in series with the low-thresh-
old inverter are turned off (the SLEEP signal is high), eliminating leakage. It is assumed that clpck.'- :

Vop

o Flgure 7-18  Solving the leakage problem, using multiple-threshold CMOS.
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such as channel length modulation and D_IBL. Figure 7-22b plots ;the transient W :
for-different device sizes and confirms that an individual WIL ratio of greater _'-h?“!':G'fibk‘?" _
fé?q:uired to overpower the feedback and switch the state of the latch: i

Storage in a static sequential circuit relies on the concept that a cross-coupled inverter pan'
duces a bistable element and can thus be used to memorize binary values. This approach has

circuit—hence the name static. The major disadvantage of the static gate, however, is its
plexity. When registers are used in computational structures that are constantly clocked (suchas
a pipelined datapath), the requirement that the memory should hold state for extended periods
time can be significantly relaxed. . - i
This results in a class of circuits based on temporary storage of charge on parasitic ca

presence stands for a stored 1. No capacitor is i{:lcal, unfortunately, and some charge leakage_l :
always present. A stored value can thus only be kept for a limited amount of time, typically.ir
the range of milliseconds. If one wants to preserve signal integrity, a periodic refresh of the val 1€
is necessary; hence, the name dynamic storage. Reading the value of the stored signal from
capacitor without disrupting the charge requires the availability of a device with a high-i
impedance. ‘ ,

7.3.1 Dynamic Transmission-Gate Edge-Triggered Registers _
A fully dynamic positive edge-triggered register based on the master—slave concept is shown i
Figure 7-23. When CLK = 0, the input data is sampled on storage node 1, which has an eq
lent capacitance of C,, consisting of the gate capacitance of /,, the junction capacitance.of T
and the overlap gate capacitance of T;. During this period, the slave stage is in a hold mode; with
node 2 in a high-impedance (floating) state. On the rising edge of clock, the transmission gﬁleg;
tums on, and the value sampled on node 1 right before the risin g edge propagates to the outp!
(note that node 1 is stable during the high phase of the clock, since the first umsmission-'gaw

. CLK CLK. .
' «3 e
PR Ac - i i [>o—o
! C
A T-.T

CLK . WOLK T
Figure 7-23 Dynamic edge-triggered register.

Scanned with CaMS‘cahner



346 Chaptér.T « Designing Sequential Logic Circuits

WARNING: The dynmmc circuits shown in this section are very appealing from the: perspec-
tive of complexity, performance, and power. Unfortunately, robustness considerations hmlt their ;
use. In a fully dynamic cireuit like that shown in Figure 7-23, a signal net that is capacnlnv:ly :
coupled to the internal storage node can inject significant noise and destroy the state. This i
especially important in ASIC flows, where there is little control over coupling between Slgna[ %
nets and internal dynamic nodes. Leakage currents cause another problem: Most modern proces_
ors require that the clock can be slowed down or completely halted, to conserve power in low._
acnvlty periods. Finally, the internal dynamic nodes do not track variations in power supply voltJ-
age. For example, when CLK is high for the circuit in Figure 7-23, node A holds its state, but it .
does not track variations in the power supply seen by /;. This results in reduced noise margms o
Most of these problems can be adequately addressed by addmg a weak feedback i mverter
and making the circuit pseudostatic (Figure 7-25). Whlle this comes at a slight cost in delay, u
improves the noise immunity significantly. Unless registers are used in a hlghly—conlrolled envl- i
ronment (for instance, a custom-designed high-performance datapath), they should be made
. pseudostatic or static. This holds for all latches and registers discussed in this section. by

- 'CLK : : i .
CIK.. < b T
Figure 7-25 Making a dynamic latch pseudostatit.

Sl

/ 732 C2MOS—A CIock—Skew Insensnwe Approach | 5 S
The C’MOS Register : : : T e q
Figure 7-26 shows an ingenious positive edge-tnggered register that is based on a mastcr—-slave

concept insensitive to clock overlap. This circuit is called the. C’MOS (Clocked CMOS) ?‘38‘-"“"
[Suzuki73], and operates in two phases: '

1. CLK =0 (CLK = 1): The first tristate driver is turned on, and the master stage acts as an - .
inverter sampling the inverted version of D on the internal node X. The master stage is m
the evaluation mode. Meanwhile, the slave section is in a high-impedance mode, or in a
hold mode. Both transistors M5 and My are off, decoupling the output from the mput. Th,e
output Q retains its previous value stored on the output capacitor ;.
2. The roles are reversed when CLK = 1; The master stage section is in hold mode (M;-M4
off), while the second section evaluates (M;—-M; on). The value stored on Cy, prOPagates
L ‘ - to the output node through the slave stage, which acts as an inverter.

rThe overall circuit operates as a positive edge-triggered master—slave register very  simil
to the transmission-gate-based register presented earlier. However, there is an 1mportantd1fferenc
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Vop Vv ' .
DD 174 D VDD . ._ 7

'_—dMZ ’4‘4‘”6

bo——4' - ] o) D ____‘
L I A
___I I

(a) (0-0) Overlap ' . (b)(1-1) Overlap _
Figure 7-27 C2MOS D FF during overlap periods. No teasible signal path can.exist. e

between /nand D, as illustrated by the arrows. ..
oth the NMOS and PMOS transistors are conducting. This creates a

tput that can destroy the state of the circuit. Simulations have shown
tly as long as the clock rise time (0r fall time) is smaller than
pagation delay of the register. This criterion is not (00 stringeb
gns. The impact of the rise and fall times i jllustrated 1
4 transient response of 2 C2MOS D FF for clock slopes o

otential on exists.

exists a time slot where b
path between input and ou
that the circuit operates COIecC
approximately five times the pro
and it is easily met in practical desi

Figure 7-28, which plots the simulate

respectively, 0.1 and 3 ns. For slow clocks, the p for a race conditl

3.0

Time (ns)

2n10S FF for 0.1-1%
t response of C M
nelent 1955 assuming /N = 1. .
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Dual-Edge Registers

clock distribution network. Figure 7-29 shows a modification of the C2MOS rogister enabling
sampling on both edges. It consists of two parallel masterslave edge-triggered registers, whose
outputs are multiplexed by using tristate drivers. o, .

When clock is high, the positive latch composed of transistors M,~M, is sampling the
inverted D input on node X. Node Y is held stable, since devices My and M, are turned off. On
the falling edge of the clock, the top slave latch Ms—My turns on, and drives the inverted value of
X to the O output. During the low phase, the bottom master latch (M,, My, My, M,,) is turned on,
sampling the inverted D input on node Y, Note that the devices M ; and M, are reused, reducing
the load on the D input: On the rising edge, the bottom slave latch conducts and drives the
inverted version of Y on node Q. Data thus changes on both edges. Note that the slave latches
operate in a complementary fashion—that is, only one of them is turned on during each phase of

the clock.

.I..-'.i.gt.l're 7;29 - C®*MOS-based dual-edge _t'rig'ggred register.
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impedance
IN -
1>0
wlo shorting . ' % iy T
device Inputs chaﬁge (CLK still high) i .
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L ‘b TR 3 L 4.
051 TG i _ e B
leakage path ‘_— _{ : : leakage path I_‘ I 4l
Y b : A 5 —_
L, 041 4 Ly §222
IN | e | |
L s isolated so charge aécumuléfé’s A : ~ The leakége current attempts td_, i
until Ly/L;change state, B ) charge L,/L,, but the DC path
causing L, to change state as well. - - ' ~ through the shorting transistor -
As a result, the flip-flop outputs change. ~ allowsit to leak away to ground.

Figure 7-39 The need for the shorting transistor M,.

/ 7.5 Pipelining: An Approach to Optimize Sequential Circuits .
Pipelining is a popular design technique often used to accelerate the operation of datapat
digital processors. The concept is explained with the example of Figure 7-40a. The
presented circuit is to compute log(la + b), where both a and b represent streams

(i.e., the computation must be performed on a large set of input values). The mir
period T,,;, necessary to ensure correct evaluation is given as s

Tmi'n = zc—q+ lpd.!'agic i

where 1, and 1, are the propagation delay and the Setup time of the register, rést:cc
assume that the registers are edge-triggered D registers. The term £ sta;1 4o forteh
cas;ldelay path through the combinational network, w Hidh el O?d'ti::;cadder absolu
. and logarithm functions. In conventional systems (th , absolut
i : ; at don’t ;

Vil _ Push the edge of technolo,

[IRE i
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CLK

o ;
CLK ? : I : ' > log Out
.
23] : ]
A

: (a) Reference circuit

8 log Out
g o
CLK CLK
(b) Pipelined version

Figure 7-40 Datapath for the computation of log(|a + bl):

arger than the delays associated with the registers and dominates
the circuit performance. Assume that each logic module has an equal propagation delay. We note
- that each logic module is then active for only one-third of the clock period (if the delay of the
register is ignored). For example, the adder unit is active during the first third of the period and
remains idle (no useful computation) during the other two-thirds of the period. Pipelining is a
technique to improve the resource utilization, and increase the functional through-put. Assume
that we introduce registers between the logic blocks, as shown in Figure 7-40b. This causes the
- computation for one set of input data to spread over a number of clock-periods, as shown in
| ,."-Tabic 7-1. The result for the data set (@;, b,) only appears at the output after three clock periods.

: Iattf:r delay is generally much 1

' ‘Table 7-1 Example of pipelined computations.
.- Clock Period Adder Absolute Value Logarithm
1 .i-_-._a1+b1
2 ay+ by a+ bl .
3 : as+ by la+ bl R _log(lai +by))
4 as+ by |as + by log(|a, + b,))
5 ~ag+ bs lay+ bdl log(|as + by))
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