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dynamic control of the threshold voltage of a device by exploiting the body effect of the transistor.
Use of this approach to control individoal devices requires a dual-well process (see Figure 2-2).

Clever circuit design can also help reduce the leakage current, which is a function of the
circuit topology and the value of the inputs applied to the gate. Since V5 depends on body bias
{Vys), the subthreshold ieakage of an MOS transistor depends not only on the gate drive (Vgae),
but also on the body hias. In an inverter with fn = (J, the subthreshold leakage of the inverter is
set by the NMOS transistor with its Vigg = Ve =0V, In more complex CMOS gates, such as the
two-input NAND gate of Figure 6-72, the leakage current depends on the input vector. The sub-
thresheld leakage current of this gate is the least when A = B = {3, Under these conditions, the
intermediate node X settles to

Ve=V,In{l+n) (6.47)

The leakage current of the gate is then determined by the topmost NMOS transistor with Voo =
Vps = —Vy. Clearly, the subthreshold leakage under this condition is smaller than that of the
inverter. This reduction due to stacked transistors is called the stack effect. The Table in
Figure 6-72 analyzes the leakage components for the two-inpuit NAND gate under different
input conditions.

The reality is even better. In short-channel MOS transistors, the subthreshold leakage cor-
rent depends not only on the gate drive (V) and the body bias { V), but also on the drain volt-
age (Vpg). The threshold voltage of a short-channel MOS transistor decreases with increasing
Vs due to drain-induced barrier lowering (DIBL). Typical values for DIBL can range from a
20- to a 150-m¥ change in V. per voltage change in V. Because of this, the impact of the stack
effect is even more significant for short-channel transistors. The intermediate voltage reduces the
drain—source voltage of the topmost device, increases its threshold, and thus lowers its leakage.

Example £.19 Stack Effect in Two-Input NAND Gate

Consider again the two-input NAND gate of Figure 6-72a, when both N jand N, aie off
{A = B =0). From the simulated load lines shown in Figure 6-72¢, we see that V), settles to
approximately 100 mV in steady state. The steady-state subthreshold leakage in the gate is
therefore due (o Vog= Vo = —100 mV and Vg =V, — 100 mV, which is 20 times smaller
than the leakage of a stand-alone NMOS transistor with Vo= Vpe = 0 mV and Vo= Vi
[Ye98).

In sum, the subthreshold leakage in complex stacked circinis can be significantly lower
than in individual devices. Gbserve that the maximum jeakage reduction occurs when all the
transistors in the stack are off, and the intermediate node voltage reaches its steady—state value.
Exploiting this effect requires a careful selection of the input signals to every gate during
standby or sleep mode.
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Figure 6-72 Subthreshold lsakage reduction in a two-input NAND gate
{a) due to stack effect for different input conditions (b). Figure (¢} plots the
simulated load fnes of the gate for A= 8= 0.

Problem 6.9 Computing Vy

Bquation (6.47) calculaies the intermediate node voltage for a two-input NAND with less than 10% error,
for A = B = (. Derive Eq. (6.47) assuming {1) Vpand I of ¥, and /¥, are approximately equal, {2} NMQS
trapsistors are identically sized, and 3y < 1.5,

6.5 Summary

In this chapter, we have extensively zanalyzed the behavior and performance of combinational
CMOS digital circuits with regard to ares, speed, and power. We summarize the major points as
follows:

+ Static complementary CMOS combines dual pull-down and pull-up networks, oniy one of
which is enabled at any time.
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*» The performance of a CMOS gate is a strong function of the fan-in. Techniques to deal
with fan-in include transistor sizing, input reordering, and partitioning. The speed is also a
linear function of the fan-cut. Extra buffering is needed for large fan-outs,

« The ratived logic style consists of an active pull-down (-up) network connected to a load
device. This results in a substantial reduction in gate complexity at the expense of static
power consumption and an asymmetrical response. Careful transistor sizing is necessary
te maintain sufficient noise margins. The most popular approaches in this class are the
pseudo-NMOS technigues and differential DCVSL, which require complementary
signals.

* Pass-transistor logic implements a logic gate as a simple switch network. This results in
very simple implementations for some logic functions. Long cascades of switches are to
be avoided due to a quadratic increase in delay with respect to the number of ¢lements in
the chain, NMOS-only pass-transistor logic produces even simpler structures, but might
suffer from static power consumption and reduced noise margins. This problem can be
addressed by adding a level-restoring transister.

» The operation of dynamic logic is based on the storage of charge on a capacitive node and
the conditional discharging of that node as a function of the inputs. This calls for a two-
phase scheme, consisting of a precharge followed by an evaluation step. Dynamic togic
trades off noise margin for performance. k is sensitive to parasitic effects such as leakage,
charge redistribution, and clock feedthrough. Cascading dynamic gates can cause prob-
lems and thus should be addressed carefully.

» The power conswmption of a logic network is strongly related to the switching activity of
the netwaork. This activity is a function of the input siatistics, the network topology, and the
logic style. Sources of power consumption such as glitches and short-circuit currents can
be minimized by careful circuit design and transistor sizing.

» Threshold voltage scaling is required for low-voltage operation. Leakage control is critical
for low-voltage operation.

6.6 To Probe Further

The topic of (CIMOS logic styles is treated extensively in the literature. Numerous texts have
been devoted to the issue. Some of the most comprehensive treatments can be found in
[Weste93] and [Chandrakasan0l]. Regarding the intricacies of high-performance design,
[Shojivs] and [Bernstein98] offer the most in-depth discussion of the eptimization and analysis
of digital MOS circuits. The topic of power minimization is relatively new, but comprehensive
reference works are available in [Chandrakasan95], [Rabaey95}], and [Pedram(2].

Innovations in the MOS logic area are typically published in the proceedings of the ISSCC
Conference and the VLSI circuits symposium, as well as the IEEE Journal of Solid Siate
Circuits (especially the November issue}.
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Exercises

For the latest problem sets and design challenges in CMOS digital fogic, log in 1o hitp/bwre.eecs.berkeleyedu/
IcBook.
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How to Simulate Complex
Logic Circuits

Timing- and Switch-Level Simulation
Logic and Functional Simulation
Behavioral Simulation

Register-Transfer Languages

While circuit simulation in the SPICE style proves to be an extremely valuable element of the
designers tool box, it has one major deficiency. By taking into account all the peculiarities and
second-order effects of the semiconductor devices, it tends to be time consuraing. It rapidiy
becomes unwieldy when designing complex circuits, unless one is willing to spend days of com-
puter time. Bven though computers are always getting faster and simulators are getting better,
circuits are getting complex even faster. The designer can address the complexity issue by giving
up modeling accuracy and resorting to higher representation levels. A discussion of the different
abstraction levels available to the designer and their impact on simulation accuracy is the topic
of this insert.

The best way of differentiating among the miyriad of simulation approaches and abstrac-
tion levels is to identify how the data and time variables are represented—as analog, continuous
variables, as discrete signals, or as abstract data models.

309
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C.1 Representing Digital Data as a Continuous Entity

Circuit Simulation and Derivatives

In Design Methodology Insert B, we established thai a circuit simulator is “digitallyagnostic,”
mearning that it is, in essence, an analog simalator. Voltage, current, and time are treated as ana-
log variables. This accurate modeling, combined with the nonlinearity of most of the devices
leads to a high overhead in simulation time.

Substantial effort has been invested to decrease the computation time at the expense of
generality. Consider an MOS digital cirenit. Due to the excellent isolation property of the MOS
gate, it is often possible to partition the circuit into a number of sections that have limited inter-
action. A possible approach is to solve each of these partiticns individually over a given period,
assuming that the inputs from other sections are known or constant, The resulting waveforms
can then be iteratively refined. This refaxaiien-based approach has the advantage of being com-
putaticnally more effective than the traditional technique by avoiding expensive matrix inver-
sions, but it is restricted to MOS circuits [WhiteB7]. When the circuit contains feedback paths,
the partitions can become large, and simulation performance degrades.

Another approach is to reduce the complexity of the transistor models used. For example,
linearization of the model leads to a dramatic reduction in the computational complexity. Yet
another approach is to employ a simplified table-lookup model. Whils this approach, by neces-
sity, leads to a decreased accuracy of the waveforms, it still allows for a good estimation of tim-
ing parameters such as propagation delay and rise and fall times. This explaing why these tools
often are calied timing sinutfators. The big advantage is in the execution speed, which can be one
or two orders of magnitude higher than that of SPICE-like tools. Another advantage is that, in
contrast to the tools that are discussed next, timing simulators still can incorporate second-order
effects such as leakage, threshold drops, and signal glitches. Examples of an offering in this
class is the NanoSim {formerly TimeMill/PowerMill) tool set from Synopsys [TimeMill]. Asa
point of reference, simuelators in this class typically give up 5 to 10% in accuracy on timing
parameters, with respect to full-blown circunit simulaters.

C.2 Representing Data as a Discrete Entity

In digital circuits, we generally are noi interested in the actual value of the voltage variable, but
only in the digital value it represents. Therefore, it is possible to envision a simulator in which
data signals are either in the 0 or 1 range. Signals that do no comply with either condition are
denoted as X, or undefined.

This tertiary representation {0, 1, X} is used extensively in simulators at both the device
and gate level. By avgmenting this set of allowable data values, we can obtain more detailed
information, while retaining the capability of handling complex designs. Possible extensions are
the Z-value for a tristate node in the high-impedance state, and R- and F-values for the rising and
falling wansients. Some commerciaily offered simulators provide as many as a dozen possible
signai states.
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Vi

H Iz f

Figure C-1 Discretizing the time variable.

While substantial performance Iimprovement is obtained by making the data representation
space discrete, similar benefits can be obiained by making time a discrete variable as well. Con-
sider the voltage waveform of Figure C-1, which represents the signal at the input of an inverter
with a switching threshold V. It is reasonable to assume that the inverter output changes iis
value one propagation delay after its input crossed V,,. When one is not strictly interested in the
exact shape of the signal waveforms, it is sufficient to evaiuate the circunit only at the interesting
time points, f; and £,

Similarly, the interesting points of the output waveform are situated at {; + 7,,; and
fy + L,r ;- A simulator that only evaluates a gate at the time an event happens at one of its inputs
is called an evenmi-driven simulator. The evaluation order is determined by putting projected
events on a time queue and processing them in a time-ordered fashion. Suppose that the wave-
form of Figure C-1 acts as the input waveform to a gate. An event is scheduled to ccour at
time #;. Upon processing that event, a new event is scheduled for the fan-out nodes at ) + 7,
and is pat on the time queue. This event-driven approach is evidently more efficient than the
time-step-driven approach of the circuit simulators. To take the impact of fan-out into account,
the propagation delay of a circuit can be expressed in terms of an intrinsic delay {7,,) and 2 load-
dependent factor (7)), and it can differ over edge transjtions:

forr = b+ L X € (C.1

The load C, can be entered in absolute terms {in pF) or as a function of the number of fan-out
gates. Observe how closely this equation tesembles the logical-effort model we introduced in the
preceding chapter.

While offering a substantial performance benefit, the preceding approach still has the dis-
advantage that events can happen any time. Another simplification could be to make the time
even more diserete and allow events to happen only at integer multiples of a unit rime variable.
An example of such an approach is the wnit-delay model, where each circuit has a single delay of
one unit. Finally, the simplest model is the zero-delay model, in which gates are assumed to be
free of delay. Under this paradizm, time proceeds from one clock event to the next, and alt
events are assumed to oceur instantancously upon arrival of a clocking event. These concepts
can be applied on a number of abstraction levels, resulting in the simulation approaches dis-
cussed next.
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Figure C-2 Switch-level model of CMOS inverter.

Switch-Level Simulation

The nonlinear nature of semiconductor devices is one of the major impediments to higher
simuiation speeds. The switch-level model [Bryant81] overcomes this hurdle by approximat-
ing the transistor behavior with a Hpear resistance whose value is a function of the operating
conditions. in the off-mode, the resistance ig set to infinity, while in the on-mode, it is set to
the average “on” resistance cf the device {Figure C-2). The resulting network is a time-vari-
ant, linear network of resistors and capacitors that can be more efficiently analyzed, Evaina-
tion of the resistor network determines the steady-state values of the signals and fypicaily
empioys a {0, 1, X} model. For instance, if the total resistance between a node and GND is
substantially smaller than the resistance to Vpp, the node is set to the O-state. The timing of
the events can be resolved by analyzing the RC network. Simpler timing models such as the
unit-delay model are also empioyed.

Example C.1 Switch versus Circuit-Level Simulation

A four-bit adder is simulated using the switch-level simulator IRSIM ([Saiz89%]). The sim-
ulation results are plotted in Figure C-3. Initially, all inputs (/%1 and 7¥2) and the carry-
input CIN are set to 0. After 10 nsec, all inputs INZ as well as C7¥ are set to 1. The display
window plots the input signals, the output vector ©GUT{0-3], and the most significant out-
put bits OUTI2] and GUTT3]. The output converges to the correct value 0000 after a transi-
tion period. Notice how the data assumes only 0 and 1 levels. The glitches in the output
signals go rail to rail, although in reality they might represent only partial excursions. Dur-
ing transients, the signal is marked X, which means “undefined.” To put this result in per-
spective, Figure C-3 plots the SPICE results for the same mput vectors, Notice the partial
glitches. Also, it shows that the IRSIM timing, which is based on an £C model, is rela-
tively accurate and sufficient to get a first-order impression.
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Figure C-3 Comparison between circuit and switch-level simulations,

Gate-Level (or Logic) Simulation

Gate-level simulators use the same signal values as the switch-level tools, but the simulation prim-
itives are gates instead of transistors. This approach enables the simulation of more complex cir-
cuits at the expense of detail and generality. For example, some common VL3I structures such as
tristate busses and pass transistors are hard to deal with at this level, Since gate level is the preferred
entry level for many designers, this simulation approach remained extremsly popular until the
introduction of logic synthesis tools, which moved the focus to the functional or bebavioral
abstraction layer. The interest in logic simulation was sc great that special and expensive hardware
accelerators were developed to expedite the simulation process (e.g., [Agrawal901}.

Functional Simulation

Functional simulation can be considered as a simple extension of logic simulation, The primi-
tive elements of the input description can be of an arbitrary complexity. For instance, a simu-
lation element can be a NAND gate, a multiplier, or an SRAM memory. The functionality of
one of these complex units can be described using a modern programming language or a dedi-
cated hardware description language. For instance, the THOR simulator uses the C program-
ming language to determine the output values of 2 module as a function of its inputs [Thor88].
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The SystenC language [SystemC] uses mosi of the syntax and semantics of C, but adds a
number of constructs and data types to deal with the peculiarities of hardware design—such as
the presence of concurrency. On the other hand, VHDL (VHSIC Hardware Description Lan-
guage) [VHDLB8] is a specially developed language for the description of hardware designs.

In the structiral mode, VHDL describes a design as a connection of functional mod-
ules. Such a description often is called a neffist. For example, Figure C-4 shows a description
of a 16-bit accumulator consisting of a register and adder.

The adder and register can in turn be described as a composition of components such as
fuli-adder or register cells. An alternative approach is to use the behavioral mode of the language
that describes the functionality of the module as a set of inputfoutput relations regardless of the
chosen implementation. As an example, Figare C-5 describes how the output of the adder 1s the
two's-compiement sum of its inputs.

entity accumuiator is
port { -- definition of input and owtput terminais
DI in bit_vector{15 downta 0) ~ a vecior of 16 bit wide
DO: inout bit_vector(15 downto 0
CLK: in bit
¥

end accuimulator;

architecture structure of accunulator is
component 1eg -- definition of register ports
port {
DI : in bit_vector{15 downto 0);
DG : out bit_vector{ 15 downto O);
CLEK :inbit
bX
end component;
component add -- definition of adder poris
port (
ING : in bit_vector{15 downto 0});
INT ; in bii_vector(15 downto O
OUTE - out hit_vector{ 13 downto ()
¥
end component;
-- definition of accunnifaior siructure
stgnai X : bit_vector{15 downto 0}
begin
add! : add
port map (D, DO, X)), -- defines port connectivity
regl ireg
port map (X, DO, CLK};
end structure;

Figure C-4 Functlional description of an accumulator in VHDL.,
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entity add is
port {
IKG « in bit_vector(13 downle Oh
i1 ¢ in bit_vector{15 downio O}
CUTO : cut bit_vector{ 15 downio 0}
%
end add;

architectwre behavior of add is
begin
process{INQ, INI}
variable C : bit_vector{ 16 downto 0);
variable S : bit_vector{15 downio 0);
begin
foopl:
foriin Oto 15 loop
S48 == INOKI) xor INL(E) xor C{i);
C{i+ = INO(E) and INHE) or C() and (INGG) or INL(
end loop loopi;
QUTO <=5;
2nd process;
end behavior,

Figure €-5 Behavioral description of 18-bit adder.

The signal levels of the functional simulator are similar to the switch and logic levels. A
variety of timing models can be used—for exampie, the designer can describe the delay between
input and cutput signals as part of the behavioral description of a2 module. Most often the zere-
delay model is emploved, since it yields the highest simulation speed.

C.3 Using Higher-Level Data Models

When conceiving a digital system such as a compact disk player or an embedded microcontrol-
ler, the designer ravely thinks in terms of bits. Instead, she envisions data moving over busses as
integer or floating-point words, and patierns transmitted over the mstruction bus as members of
an enumerated set of instruction words {such as {ACC, RD, WR, or CLR}). Modeling a discrete
design at this level of abstraction has the distinct advantage of being more understandable, and it
also results in a substantial benefit in simulation speed. Since & 64-bit bus is now handled as a
single object, analyzing its value requires only one action instead of the 64 evaluations it for-
merly took to determine the current state of the bus at the logic level. The disadvantage of this
approach is another sacrifice of timing accuracy. Since a bus is now considered to be a single
entity, only one global delay can be annotated to it, while the delay of bus elements can vary
from bit o bit at the logic level.

It also is common to distinguish between functional {or structural) and behavioral
descriptions. In a functional-level specification, the description mirrors the intended hardware
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structure. Behavioral-level specifications only mimic the input/output functionality of a design.
Hardware delay loses its meaning, and simulations are normally performed on a per clock-cycle
(or higher) basis. For instance, the behavioral models of a microprocessor that are used to verify
the completeness and the correctness of the instruction set are performed on a per instruction
basis.

The most popular languages at this level of abstraction are the VHDL and VERILOG
hardware-description languages. VHDL allows for the introduction of user-defined data types
such as 16-bit, two's-complement words or enumerated instruction sets. Many designers tend 1
use iraditional programming approaches such as C or C4+ for their first-order behavioral mod-
els. This approach has the advantage of offering more Hexibility, but it requires the user to define
all data types and fo essentially write the complete simulation scenario.

Example C.2 Behavioral-Level VHDL Description

To contrast the functional and behavioral description modes and the use of higher level
data models, consider again the example of the accumuiator (see Figure C-6). In this case,
we use a fully behavioral description that employs integer data types to describe the mod-
ule operation.

Figure C-7 shows the results of a simulation performed at this level of abstraction.
Even for this small example, the simulation performance in terms of CPU time is three
times better than what is obtained with the structural description of Figure C-4.

entity accumaiator is
port {
A :in integer;
DO : inouwt integer :=0;
CLK :inbit
k
end accumulator;

architeciure behavior of accumulator is

begin
process(CLK}
variable X : integer 1= 0; - bitermediaie variable
begin
i CLK =7]1"then
X <=D0O + D1i:
DO <= X,
end if;
end process;
end behavior:

Figure C-8 Accumulator for Example C.2.
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Figure C-7 Display of simulation rasulis for accumulator example as obtained
at the behavioral level. The WAVES dispiay ool {and VHDL simulaior} are pari
of the Synopsis YHDL tool suite (Courtesy of Synopsys.).
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Layout Techniques for Complex Gates

Weinberger and stendard-cell layout fechnigues

Euler graph approach

In Chapter 6, we discussed in detail how to construct the schematics of complex gates and how
to size the transistors. The last step in the design process is to derive a layout for the gate or cell;
in other words, we must determine the exact shape of the varions polygons composing the gate
layout. The composition of a layout is strongly influenced by the interconnect approach. How
does the cell fit in the overall chip layout, and how daes it commmunicate with neighboring cells?
Keeping these questions in mind from the start resuits in denser designs with less parasitic
capacitance.

Weinberger and Standard-Cell Layout Techniques

We now examine two important fayout approaches, although many others can be envisioned. In
the Weinberger approach [Weinberger67], the data wires (inputs and outputs) are routed (in
metal} parallel to the supply rails and perpendicular o the diffusion areas, as illustrated in
Figure D-1. Transistors are formed at the cress points of the polysilicon signal wirss {connected
to the horizontal metal wires) and the diffusion zones. The “over-the~cell” wiring approach
makes the Weinberger technique particutarly suited for bit-sliced datapaths. While it is still used
on an oceasional base, the Weinberger technique has lost its appeal over the years in favor of the
standard-cell style.

318
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Figure B-1 The Weinberger approach for complex gale layout
(using a single metal layer).

In the standard-cell technigue, signals are routed in polysilicon perpendicular to the
power distribution (Figure D-2). This approach tends to result in a dense layout for static
CMOS gates, as the vertical polysilicon wire can serve as the input to both the NMOS and the
PMOS transistors. An example of a cell implemented using the standard-celi approach is
shewn in Figure 6-12. Interconnections between cells generally are established in so-cailed
routing channels, as demonstrated in Figure D-2. The standazd-cell approach is very popular at
present due to its high degree of antomation. {(For a detailed description of the design automa-
tion tools supperting the standard-cell approach, see Chapter 8.)

Layout Planning using the Euler Path Approach

The common use of this layout strategy makes it worth analyzing how a complex Boolean fune-
tion can be mapped efficiently onto such a structure. For density reasons, it is desirable to realize
the NMOS and PMOS transistors as an unbroken row of devices with abutting source—drain con-

Metall

Routing channel

Signals Polysilicon

Figure D-2 The standard-cell approach for complex gate layout.
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P b c
{a} Input order {a ¢ &} {by Input order {a b ¢}

Figure D-3 Siick Diagram forx={a+ b} - C.

nections, and with the gate connections of the corresponding NMQOS and PMOS transistors
aligned. This approach requires only a single strip of diffusion in both wells. To achieve this
goal, a careful ordering of the input terminals is necessary. This is illustrated in Figure D-3,
where the logical function x = (g + b) - ¢ is implemented. In the first version, the order {a ¢ b} is
adopted. It can easily be seen that no sclution will be found using oaly a single diffusion strip. A
reordering of the terminals (for instance, using {a b c}}, generates a feasible solution, as shown
in Figure D-3b. Observe that the “layouts” in Figure D-3 do not represent actual mask geome-
tries, but are rather symbaolic diagrams of the gate topologies. Wires and transistors are repre-
septed as dimensionless cbjects, and positioning is relative, not absolute. Such conceptual
representations are called stick diagrams, and often ase used at the conception time of the gate,
before determining the actual dimensions. We use stick diagrams whenever we want to discuss
gate topologies or layout strategies.

Fortunately, a systematic approach has been developed to derive the permutation of the
input terminals so that complex functions can be realized by uninterrupted diffusion sirips that
minimize the area [Uehara81}. The systematic nature of the technique also has the advantage
that it is casily avtomated. It consists of the following two steps:

1. Construction of fogic graph. The logic graph of a transistor network (or a switching
function) is the graph of which the vertices are the nodes (signals) of the network, and the
edges represent the transistors, Each edge is named for the signal controiling the corre-
sponding transistor. Since the PUN and PDN networks of a static CMOS gate are dual,
their corresponding graphs are dual as well—that is, a parallel connection is replaced by a
series one and vice versa, This is demonstraied in Figure D-4, where the logic graphs for
the PDN and PUN networks of the Boolean function x = (a + b) - ¢ are overlaid (notice
that this approach can be used o derive dual networks).

. Identification of Enler paths. Anr Euler path in a graph is defined as a path through ail
nodes in the graph such that each edge in the graph is only visited once. Identification of
such a path is important, because an ordering of the inputs leading to an uninterrupted dif-
fusion strip of NMOS (PMOS) transistors is possible only if there exists an Euler path in

.
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oo

—|s
L

{a} Schematic diapram {b} Logic graphs for PDN {c} Consistent Euler paths
and PUN for PDIN and PUN

Figure D-4 Schematic diagram, logic graph, and Eulerpaths forx=(a+ b) - ¢.

the logic graph of the PDN (PUN) network. The reasoning behind this finding is as
follows:

To form an interrupted strip of diffusion, all transistors must be visited in sequence; that s,
the drain of one device is the source of the next one. This is equivalent to traversing the logic
graph along an Euler path. Be aware that Euler paths are not unique; many different solutions
may exist.

The sequence of edges in the Eunler path equals the ordering of the inpuis in the gate lay-
out. To obtain the same ordering in both the PUN and PDN networks, as is necessary if we want
to use a single poly sirip for every input signal, the Euler paths must be consiszent—that is, they
must have the same sequence.

Consistent Euler paths for the example of Figure D-4a are shown in Figure D-4c. The lay-
out associated with this solution is shown in Figure D-3b. An inspection of the logic diagram of
the function shows that {a ¢ 5} is an Buler path for the PUN, bot not for the PDN. A single-dif-
fusion-strip solution is, hence, nonexistent (Figure D-3a).

Example .1 Derivation of Layout Topelogy of Complex Logic Gate
As an example, et us derive the layout topology of the following logical function:
x=ab+cd
The logical function and one consistent Eunler path are shown in Figure D-5a and
Figure D-5b. The corresponding layout is shown in Figure D-5¢.
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GND GND
{b} Euler paths [a b c d}

a b P P
{c) Stick disgram for ordering la b ¢ '}

Figure D5 Deriving the layout topology for x = {ab + cd}.

The reader should be awars that the existence of consistent Euler paths depends on the
way the Boolean expressions (and the corresponding logic graphs) are constructed. For exam-
ple, no consistent Euler paths can be foundforx =a + &-¢ + d - e, but the functionx =k - c +
+ d - ¢ has a simple solation (confirm that this is frue by preserving the ordering of the function
when constructing the logic graphs). A restructuring of the function is sometimes necessary
before a set of consistent paths can be identified. This could lead to an exhaustive search over all
possible path combinations. Fortunately, a simple algorithm to avoid this plight has been pro-
posed [Uehara81]. A discussion of this is beyond our scope, however, and we refer the inter-
ested reader to that text.

Finally, it is worth mentioning that the layout sirategies presented are not the only possi-
bilities. For example, sometimes it might be more effective to provide multiple diffusion strips
stacked vertically. In this case, a single polysilicon input line can serve as the input for multiple
transistors. This might be beneficial for certain gate structures, such as the NXOR gate, and
therefore, case-by-case analysis is recommended.

To Probe Further

A good overview of cell-generation techniques can be found in [Rubin87, pp. 116~128]. Some
of the landmark papers in this area include the following:
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[Clem(] D. Clein, CMOS IC Layous, Mewnes, 2000,

[Rubin87] S. Rubin, Compurer Aids for VLSI Design, Addison-Wesley, 1987,

[Uehara81] T. Uehara and W, Van Cleemput, “Optimal Layout of CMOS Functional Arrays,” IEEE Trans. on Compui-
ers, vol. C-38, no. 3, pp. 305311, May 1981.

[Weinberger67] A. Weinherger, “Large Scale Integration of MOS Complex Logic: A Layout Methed.” IEEE Journal af
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7.6  Nonbistable Ssquential Circuits
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7.6.3 Astable Gircuits
7.7  Perspective: Choosing a Clocking Strategy
7.8  Summary

7.5  To Probe Further

7.1 Introduction

As described earlier, combinational logic circuits have the property that the outpat of a logic
block is onky a function of the current input values, assuming that emough time has elapsed for
the logic gates to settle, Stll, 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 memory.

Figure 7-1 shows a block diagram of a generic finfte-state machine (FSM} that consisis of
combinational logic and registers, which hold the system state. The system depicted hese
belongs to the class of synchronous sequential systems, in which all registers are ander control
of a single global clock. The outputs of the FSM are a function of the current fnputs and the Cer-
rent State. The Next State is determined based on the Current State and the current fppuis and is
fed to the inputs of registers. On the rising edge of the clock, the Next Srare bits are copied teo the
outputs of the registers (after some propagation delay}, and a new cycle begins. The register then
ignores changes in the input signals undil the next rising edge. In general, registers can be posi-
tive edge triggered {where the input data is copied on the rising edge of the clock) or negative
edge mriggered (where the input data is copied on the failing edge, as indicated by a small circle
at the clock input).

This chapter discusses the CMOS implementation of the most important sequential build-
ing blocks. A variety of cheoices in sequential primitives and clocking methodologies exist; male
ing the correct selection is getting increasingly important in modern digital circuits, and can

Inputy —————> = Duipris
» COMBINATHONAL

LOGIC
Current State : Next Stare

Registers

2 D=
AN
TCLK

Figure 7-1 Block diagram of a finile-stale machins, using
positive edge-friggered registers.
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have a great impact of performance, power, and/or design complexity. Before embarking on a
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 Circuits

There are three important timing parameters associated with a register. They are shown in
Figure 7-2. The setup fime (£,,) is the time that the data inputs (D) must be valid before the clock
transition (i.e., the 0 — I transition for a positive edge-triggered register), The hold time {1, 18
the time the data input must remain valid after the clock edge. Assuming that the setup and hold
times are met, the data at the I input is copied io the & output after a worst case propagation
delay (with reference to the clock edge} denoted by 7.

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 eveuots take place concurrenily in response
to a clock stimelus. Results of operations awaii the next clock transitions before progressing to
the next stage. In other words, the next 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 the logic equals 1,,,,. while its minimum delay—alsc
called the contamination delay—is ¢, The minimum clock period T required for proper opera-
tion of the sequential cireuit is given by

T2t F fptogic + tsn 7.1}

£ i

The hold rime of the register imposes an exira constraint for proper operation, namely

fcr!rc’gf.&'f{’r + fcd'fogfc 2 rl".'t'?n’ﬁ' {?2}
CLK
; ¢ Register
Lo o D Q
D /  para \
X STABLE >< ? Yer
o,
: :
[
e ; ’ DATA
STABLE '
Figure 7-2 Definition of sefup time, hold tme, and propagation deifay of a synchronous
register.
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328 Chapter 7 + Designing Sequential Logic Circuits
WHETe 2, ,cicre 1S the minimum propagation delay (or contamination delay) of the register. This
constraint ensures that the input data of the sequential elements is held long enough after the
clock edge and is not modified too soon by the new wave of data coming in.

As seen from Eg. (7.1}, it is important to minimize the values of the timing parameters
associated with the register, as these directly affect the rate at which a sequential circuit can be
clocked. In fact, medern high-performance systems are characterized by a very low logic depth,
and the register propagation delay and setup times account for a significant portion of the clock
period. For example, the DEC Alpha EV6 microprocessor {Gieseke97] has a maximum logic
depth of 12 gates, and the register overhead stands for approximately 15% of the clock peried. In
general, the requirement of Eq. (7.2} is not difficult to meet, although it becomes an issue when
there is little or no logic between registers.’

7.1.2 Classification of Memory Elements

Feoreground versus Background Memrory

At a high level, memeory is ¢lassified 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.

Statie versus Dynamic Memory

Memeories can be either static or dvnamic, Siatic memories preserve the state as long as the
power i3 turned on. They are built by using pesitive feedback or regeneration, where the circuit
topology consists of intentional connections hetween the output and the input of a combinational
circuit. Static memories are most useful when the register will not be updated for extended peri-
ods of time. Configuration data, loaded at power-up time, is a good example of static data. This
corlition alse holds for most processors that use conditional clocking (i.e., gated clocks) where
the clock is turned off for unused modules. In that case, there are no guaraniees on how fre-
quently the registers will be clocked, and static memories are needed to preserve the state infor-
mation. Memory based on positive feedback falls under the class of slemesnts called
multivibraror circuits. The bistable element is its most popular representative, but other elements
such as monostable and astable circuits also are frequently used.

Dynamic memories store data for a short period of time, perhaps milliseconds. They are
based on the principle of temporary charge storage on parasitic capacitors associated with MOS
devices. As with dynamic logic, discussed earlier, the capacitors have to be refreshed periodi-
cally to compensate for charge leakage. Dynamic memories tend to be simpler, resulting in sig-
nificantly higher performance and lower power dissipation. They are most useful in datapath

107 when the elocks at different registers are somewhat aut of phase due to clock skew. We discuss this topic in
Chapier 10.
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circuits that require high performance levels and are periodically clocked. It is possible to use
dynamic circultry even when circuits are conditionally clocked, if the state can be discarded
when a module goes inte idle mode.

Latches versus Registers

A latch is an essential component in the construction of an edge-triggered register. It 15 a level-
sensitive circuit that passes the I input o the 0 output when the clock signal is high. This latch
is said to be in fransparent 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 pesitive latch. Similarly, a
sregative fafch passes the D input 1o the © output when the clock signal is low. Positive and neg-
ative latches are also called rramsparent 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 laiches, edge-triggersd vegisters only sample the input on a
clock transition——that is, O ~» | for a positive edge-triggered register, and 1 — 0 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
tatch. Registers also can be conmstructed by using one-shot generators of the clock signal
{“ghitch” registers), or by using other specialized structures. Examples of these are shown later
in this chapter.

The literature on sequential ¢ircuits has been plagued by ambiguous definitions for the dif-
ferent types of storage elements {i.e., register, fiip-flop, and latch). To aveid confusion, we
achere sirictly to the following set of definitions in this book:

Positive Latch Negative Latch
in—D Q> Cur I —» D O Ow
G G
Terx $CLK
! ! i i ; i
i
clic | [ ! | clk I I

“wmm AOOO00 1 XGOBO000C0000G0000C
VAR A

Otef Om Out Ot
stable  follows In stable  follows in

Figure 7-3 Timing of positive and negative latches.
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s An edge-rriggered storage elernent is called a register;
e A larch is a level-sensitive device;
* and any bistable component, formed by the cross coupling of gates, is called a fiip-flop.”

7.2 Static Latches and Registers

7.2.1 The Bistability Principle

Static memories use positive feedback to create a bistable cireuit—a circuit having two stable
states that represent O and L. The basic idea is shown in Figure 7-4a, which shows two inverters
connected in cascade along with a voltage-trapsfer characteristic typical of such a circuit. Also
plotted are the VTCs of the first Inverter—that is, ¥, versus V;,—and the second inverter (¥,
versus V). The latter plot is rotated to accentvate that V, = V. Assume now that the output of
the second inverter ¥, is connected to the input of the first ¥,,, as shown by the dotted lines in
Figure 7-4a. The resulting circuit hag only three possible operation points (4, B, and C}, as dem-
onstrated on the combined YTC. It is easy to prove the validity of the following important
conjecture:

When the gain of the inverter in the transient region is larger than 1,4 and B are the
only stable operation points, and C is a metastable operation point.

Suppose that the cross-coupled inverter pair is biased at point C. A smal! deviation from
this bias point, possibly caused by noise, is amplified and regenerated around the circuit loop.

—

»° 5
i
:i‘_‘.
Vi >Cvol = Vi Dcyez _1

¥;

3
A
%
B
Vi=Va

(b)
Figure 7-4 Two cascaded inverters {a) and their VTCs (b).

yu2

P

Bt

£

Fapn
V=V,

2 An edge-triggered register is often referred to as a flip-flop as well. In this text, flip-fop is used to uniquely mean
bistable element.
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Fiqure 7-5 Metastable versus stable cperation points.

This is 2 result of the gain around the loop being larger than 1. The effect is demonstrated in
Figure 7-5a. A small deviation 8 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 peint moves away from C ontil one of the operation points A or B is reached. In
conclusion, C is an unstable operation point, Every deviation {even the smallest one) causes the
operation point to run away from is 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 mietastable.

On the other hand, A and B are stable operation points, as demonstrated in Figure 7-5b. In
these points, the loep 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 resulis in a bistable circuit—that is, a circuit
with two stable states, each corresponding to a logic state. The circuit serves as a memaory, stor-
ing either a 1 or a 0 (corresponding to positions A and 5.

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 & is smaller than wunity,
we can achieve this by making A {or B) temporarily unstable by increasing & t¢ 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; = 13. 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
circuit foop, which is twice the average propagation delay of the inverters.

In summary, a bistable cireuit has two stable states. in absence of any triggering, the cir-
ciit remains in a single state (assuming that the power supply remains applied to the circuit) and
thus remembers a value. Another commen name for a bistable circuit is fip-flop. A flip-flop is
useful only if there also exists a means to bring it from one state (o the other one. In general, two
different approaches may be used 1o accomplish the following:
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* Cutting the feedback loop. Once the feedback loop is open, a new value can easily be
written into Cur (or Q). Such a latch is called multiplexer based, as it realizes that the logic
expression for a synchronous latch is identieal to the multiplexer equation:

O =Clk-Q+Cik-in (7.3

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

Overpowering the feedback loop. By applying 2 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 net succeed in overruling a strong feedback loop. This
approach used i be in vogue in the earfier 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 intreduction will
be given later in the chapter.

L]

7.2.2 Multiplexer-Based Latches

The most robust and common technigue to build a latch involves the use of transmission-gate
multiplexers. Figure 7-6 shows an implementation of positive and negative static laiches based
on multiplexers. For a negative latch, input 0 of the maltiplexer is selected when the clock is iow,
and the [ input is passed to the output. When the clock signal is high, input 1 of the maltiplexer,
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 transistor-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 lateh is transparent—
that is, the D input is copied to the { 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 a
power perspective, because the clock has an activity factor of 1. This particular latch implemen-

Negalive tatch Positive latch
> 1 g > 0 4
D —— E{* D1
CLK CLK

Figure 7-6 Nagative and positive latches based on multiplaxers.
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Figure 7-7 Transistor-level implementation of & positive latch
built by using transmission gates.
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Figure 7-8 Multiplexer-based NMOS latch by using NMOS-oniy pass transistors
for multiplexers.

tation is not very efficient from this perspective: i presents a load of four transistors to the CLK
signal.

It is possible to reduce the clock lead fo two transistors by implementing multiplexers that
use as NMOS-cnly pass fransistors, as shown in Figure 7-8. When CLX is high, the latch sam-
ples the 2 input, while a low clock signal enables the feedback loop, and puts the latch in the
hold mede. While attractive for its simplicity, the use of NMOS-only pass transistors resulis in
the passing of a degraded high voltage of V5 — Vi, to the input of the first inverter. This impacts
both neise margin and the switching performance, especially in the case of low values of Vy,
and high values of V. It also causes static power dissipation in the first inverter, becavse the
maximum fnput voltage 0 the inverter equals V,n— Vi, and the PMOS device of the inverter is
never fully turned off.

7.2.3 Master—Slave Edge-Triggered Register

The most commeon approach for constructing an edge-rriggered register is to use a master—siave
configuration, as shown in Figure 7-9. The register consists of cascading a negative latch {master
stage} with a positive one (slave stage). A nwltiplexer-based latch is used in this particular
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Figure 7-9 Positive edge-triggared register based on a master—siave configuration.

implementation, although any laich 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, Q,,. 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 (O,
while the master stage remains in a hold mode. Since £2,, is constant during the high phase of the
clock, the cutput © makes only one transition per cycle. The value of @ 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 ransistor-level implementation of the master—slave positive edge-triggered
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 (CLX = 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, respectively.
The cross-coupled inverters (f5, 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 18 off and 7 is on, and
the cross-coupled inverters 7, and F, hold the state of 0, Also. T ison and T35 off, and Oy, is
copied to the output &,

s

-
T
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L

CLK | {>°

Figure 7-10 Master—slave positive edge-triggered register, using multiplexers,
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Problem 7.1 Optimization of the Master—Slave Register

1t is possible to remove the inverters /| and 7, 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—Siave Registers

Registers are characterized by three important thming parameters: the setup time, the hold time
and the propagation delay. It is important (o 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 f,, ;,., and the propagation delay of the transmission gate is #,; .. Also
assume that the contamination delay is 0, and that inverter, deriving CLK from CLK, has 2 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 simzlar {o asking the question, how long before the rising edge of the clock must
the I input be stable such that O,, samples the value reliably? For the transmission gate multi-
plexer-based register, the input 22 has to propagate through /,, T}, £, and 7, 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 /5 to settle to an
incorrect value. The setup time is therefore equal to 3 X £, 0 + 7,

The propagation deiay is the time it takes for the value of 10 propagate to the output .
Note that, since we included the delay of /; In the setup time, the output of [, is valid before the
rising edge of the clock. Therefore, the delay ¢._, is simply the delay through 75 and [ {#._, =
! B ax + ‘i;m’_s}nv)

The hold time represents the time that the input must be held stable after the rising adge of
the clock. In this case, the transmission gate T turns off when the clock goes high. Since both
the D imput and the CLK pass through inverters before reaching 7, 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 while using SPICE, we progressively skew the
input with respect o 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 [ is sampled (in this case, the O outpnt remains at the value of V). For a
skew of 200 ps, an incorrect value propagaies to the cutput, as the £ output transitions to
. Node (J,; starts o 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 T,
settie to the same value. This resulfs in an mcorrect value being written info 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 1o the clock signal until the circuit stops Tunctioning. For this design, the
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Figure 7-11  Seiup time simuiation.

hold time is O (i.e., the inputs can be changed on the clock edge}. Finally, for the propaga-
tion delay, the inputs transition at least one setup time before the rising edge of the clock,
and the delay is measured from the 50% point of the CZK edge to the 50% point of the ¢
output, From this simulation (Figure 7-12), £,_ ., was 160 ps, and #,_ 4, was 180 ps.

Yolts

fe~dhly

G 03 1 i3 2 25
TFime {ns)

Figure 7-12  Simulation of propagation delay of transmission gate regisier.

The drawback of the transmission-gate register is the high capacitive load presented to the clock
signal. The clock load per register is important, since it directly impacts the power dissipation of
the clock network. Ignoring the overhead required to invert the clock signal—since the inverter
overhead can be amortized over multiple register bits—each register has a clock load of eight
transistors. One approach to reduce the clock load at the cost of robustness is to make the circuit
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Figure 7-14 Reverse conduction possible in the transmission gate.

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 Ioad is an increased design complexity. The
transmission gate (7)) and ifs source driver must overpower the feedback inverter {J,) 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 thresheld in order to
make a iransition. If minimum-sized devices are to be used in the transmission gates, it is essen-
tial that the fransistors of inverter f; should be made even weaker. This can be accomplished by
making their channel lengths larger than minimum. Using minimum or close-to-minimum size
devices in the transmission gates is desirable to reduce the power dissipation in the latches and
the clock distribation network.

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 possibie for the combination
of T, and [, to influence the data stored in the I/, latch. As long as /, is 2 weak device, this for-
tunately not a maior problem.

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 zerc. Even if this were possible, this stifl would not be a good
assumption. Variaiions can exist in the wires used to route the two clock signals, or the load
capacitances can vary based on data stored in the connecting laiches. This effect, known as clock
skew, 15 a major problem, causing the two clock signals o overlap, as shown in Figure 7-15b.
Clock overlap can cause two types of failures, which we iHlustrate for the NMOS-only negative
master—slave register of Figure 7-15a.
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Figure 7-15 Master—slave register based on NMOS-oniy pass transistors.

1. When the clock goes high, the slave stage should stop sampling the master stage output

and go into 2 hold mede. However, since CLK and CLX are both high for a short peried of
time (the overlap period), both sampling pass transistors conduct, and there is a direct paih
from the D input to the O output. As a resuli, data at the output can change on the rising
edge of the clock, which is undesired for a negative edge-triggered 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 to a value determined by noise in the system.

. The primary advantage of the multiplexer-based register is that the feedback loop is open

during the sampling period, and therefote the sizing of the devices is not critical to func-
tionality. However, if there s clock overlap between CLK and CLK, node A can be driven
by both D and B, resulting in an undefined state.

These problems can be avoided by using two nonoverlapping clocks instead, PHI, and

PHI, (Figure 7-16), and by keeping the nonoverlap time £, .1, between the clocks large
enough so that no overlap occurs even in the presence of clock-routing delays. During the non-
overlap time, the FF is in the high-impedance state—the feedback loop is open, the loop gain is
zero, and the input is disconnected. Leakage will destroy the state if this condition holds for too
long—hence the name pseudostatic: The register employs a combination of static and dynamic
storage approaches, depending upon the state of the clock.
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Figure 7-16 Pseudosiatic two-phase D register.

Problem 7.2 Generating Nonoverlapping Clocks

Figure 7-17 shows one possible implementation of the clock generation circuitry for generating a two-
phase nonoverlapping clock. Assuming that each gate has 4 unit gate delay, derive the timing relationship
between the input clock and the two output clocks. What is the nonoverlap period? How can this period be
increased if needed?

PHIL,

CLK

PHI,

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

7.2.4 Low-Voliage Static Laiches

The scaling of supply voliages is critical for low-power operation. Unfortunately, certain laich
structures do not function at reduced supply voltages. For examptle, without the scaling of device
thresholds, NMOS-only pass transistors (e.g., Figure 7-16) don’t scale well with supply voltage
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due to its inherent threshold drop. At very low power supply voltages, the input to the inverter
cannot be raised above the switching thieshold, resulting in incorrect evaluation. Even with the
use of wansmisston gates, performance degrades significantly at reduced supply voltages.

Scaling to low supply voltages thus requires the use of reduced threshold devices. How-
ever, this has the negative effect of exponentially increasing the subthreshold leakage power (as
discussed in Chapter 6). When the registers are constantly accessed, the leakage energy typically
is insignificant 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 engrgy 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 Muliiple Threshold devices, as shown in Figure 7-18
[Mutoh93]. Only the negative latch is shown. The shaded inverters and transmission gates are
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 lateh 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 sieep) mode. Then, the high-threshold devices in series with the low-thresh-
old inverter ave turned off (the SLEEP signal is high), climinating leakage. It is assumed that clock

Voo

SLEEP igh V; - iEigil Ve

ot 0

Figure 7-18 Solving the leakage problem, using muliiple-threshold CMOS.
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is held high when the latch is in the sleep state. The feedback low-threshold transmission gate is
turned on and the cross-coupled high-threshold devices maimtain the state of the latch.

Problem 7.3 ‘Transistor Minimization in the MTCMOS Register

Unlike eombinational logic, both NMOS and PMOS high-threshold devices are required 10 eliminate the
leakage in low-threshold latches. Explain why this is the case,

Hint: Eliminate the high-V, NMOS or high-V, PMOS of the iow-threshofd inverter on the rght of
Figure 7-18, and investigate potential leakage paths.

7.2.5 Siatic SR Flip-Flops—Writing Data by Pure Force

The traditional way of causing a bistable element to change state is to overpower the feedback
loop. The simplest incarnation accomplishing this is the weli-known SR, or ser-reset, flip-fiop, an
immplementation of which is shown in Figure 7-19a. This circuit is similar to the cross-coupled
inverter pair with NOR gates replacing the inverters. The second input of the NOR gates is con-
nected to the trigger inputs (S and R) that make it possibie to force the outputs (J and Q to a given
state. These outputs are complimentary {except for the SR = 1| state). When both § and R are ),
the flip-flop is n a quiescent state and both outputs retain their values. (A NOR gate with one of
itg inputs being O looks like an inverter, and the structure looks like a cross-coupled inverter) If a
positive {or 1) pulse is applied to the § input, the Q output is forced into the 1 state {with O going
to () and vice versa: A 1-pulse on R resets the flip-flop, and the ¢ cutput goes to 0.

These results are summarized in the characteristic rable of the flip-flop, shown in
Figure 7-19¢. The characteristic table is the truth table of the gate and lsts the cutput staies as
functions of all possible input conditions. When both § and R are high, both Q and O are forced
to zero. Since this does not corzespond with our constraint that  and @ must be complementary,
this input mode is considered forbidden. An additional problem with this condition is that when
the input triggers return to their zero levels, the resulting state of the lateh is unpredictable, and
depends on whatever input is last to go low. Finally, Figure 7-19b shows the schematic symbol
of the SR flip-flop.

&) R 4] [7;
B o— 0 0 g 7]
R el 1 it 1 G
0 i G i
i H i o
. ]
Forbiddes State
(a) Schematic diagram {b} Logic symbol (c} Characteristic table
Figure 7-19 NOR-based SR fiip-fiop.
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Problem 7.4 SR Flip-Fiop, Using NAND Gates

An SR flip-flop can also be implemented by using a cross-coupted NAND structure, as shown in
Figure 7-20. Drerive the truth table for a such an implemesntation.

s 0

&

R —
Figure 7-20 NAND-based SR flip-fiop.

The SR flip-flop shown so far is purely asynchronous, which does not match well with the
synchronous design methodology, the preferred strategy for more than 99% of today’s integrated
cireuits. A clocked version of the latch is shown in Figure 7-21. It consists of a cross-coupled
inverter pair, plus four extra transistors to drive the flip-flop from one state to another, and to pro-
vide synchronization, In steady state, one inverter resides in the high state, while the other one is
low. No static paths between V,, and GND exist. Transistor sizing is, however, essential tc
ensure that the flip-flop can transition from one state to the other when requested.

Voo

L |

My | b | M

- 0

9

]

CLK —{ [M; 13_41— }_ _! PR — CLK

s i My iR

i

Figure 7-21 Raticed CMOS SA latch.

Example 7.2 Transistor Sizing of Clocked SR Latch

Consider the case in which € is high and an R pulse is applied. In order to make the
latch switch, we must succeed in bringing @ below the switching threshold of the
inverter M|—M,. Once this is achieved, the positive feedback causes the flip-flop to
invert states. This requirement forces us to increase the sizes of transistors My, Mg, M,
and Mg. The combination of transistors M, M, and M; forms a raticed inverter.
Assume that the cross-coupled inverter pair is designed such that the inverter threshold
V,, is located at Vp,/2. For a 0.25-um CMOS technology, the following transistor sizes
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were selected: (W/L),, = (W/ L}M = {05 umAD.25 umy, and W/ L)W = (W/L)y,
= (1.5 um/0.25 um). Assuming 0 = 0, we determine the minimum sizes of My, My, M,,
and M to make the device switchable.

To switch the latch from the O =0to the ¢ = | state, it is essential that the low level
of the ratioed, psendo-NMGS inverter (M- )—W, be below the switching threshold of
the tnverter M;—M that equals Vi,p/2. It is reasonable to assume that as long as Vg > V),
V¥, equals 0 and the gate of transistor M, is grounded. The boundary conditions on the
transistor sizes can be derived by equating the currents in the inverter for Vg = Vpp/2, as
given in Eq. (7.4} (this ignores channel-length modulation}. The currents are determined
by the saturation current, since Vg = Vpp = 2.5V and V), = 1.25 V. We assume that ¥, and
M have identical sizes and that W/L; ¢ is the effective ratio of the series-connected
devices. Under this condition, the puil-down netwoerk can be modeled by a single transis-
tor M._, whose tength is twice the length of the individual devices:

W V%SATH
k f;( L} ({ VDD - y?‘u) VﬁSA?’n - 2 )

(1.4}

W V3
—k ;;(sz(( VDE} |4 Tp)VBSATﬁ _2‘%/!—?3)

Using the parameters for the 8§.25-um process, Eq. (7.4} resuits in the constraint that
the effective (W/ L}, 2 2.26. This implies that the individual device ratio for M or Mg
rmust be larger than approximately 4.5. Figure 7-22a shows the DC piot of Vi as a function
of the individual device sizes of M, and M. We notice that the individual device ratio of
greater than 3 is sufficient fo bring the 0 voliage to the inverter switching threshold. The
difference between the manual anslysis and simulation arises from second-order effects

20 e 3y
15 -
26 0.5{.&\'&
-
T 10 4 E QGL&?{
2 S 7 W= 0.7um
=
1 2. ]
0.5 -~
0.8 : S 1) S S
20 2.3 34 33 4.8 ¢ 02040608 1 12141618 2
Wils ¢ Time (ns)
{a) &

Figure 7-22 Sizing issues for SR flip-flop. (g} DC output voltage versus pull-down device
size Mg (with WL, = 1.5 um/0.25 um). (b} Transient response showing that M; and M
must each have a WL larger than 3 to switch the SR flip-flop.
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such as chansel length modulation and DIBL. Figure 7-22b plots the transient respanse
for different device sizes and confirms that an individual W/L ratio of greater than 3 is
required to overpower the feedback and switch the state of the latch.

7.3 Dynamic Laiches and Registers

Storage in a static sequential circuit relies on the concept that a cross-coupled inverter pair pro-
duces a bistable element and can thus be used to memorize binary values. This approach has the
useful property that a stored value remains valid as Jong as the supply voltage is applied o the
circuit—hence the name static. The major disadvantage of the static gate, however, is its com-
plexity. When registers are used in computational structures that are constantly clocked {such as
a pipelined datapath), the requirement that the memory should hold state for extended periods of
time can be significantly relaxed.

This results in a class of circuits based on temporary storage of charge on parasitic capaci-
tors. The principle is exactly identical to the one used in dynamic logic—charge stored on a
capacitor can be used to represent 2 logic signal. The absence of charge denotes a 0, while its
presence stands for a stored I. No capacitor is ideal, unfortunately, and some charge leakage is
always present. A stoged vajue can thus only be kept for a limited amount of time, typically in
the range of milliseconds. If one wants to preserve signal integrity, a periodic refresh of the value
is necessary; hence, the name dynamic storage. Reading the value of the stored signal from a
capacitor without disrupting the charge requires the availability of a device with a high-input
impedance.

7.3.4 Dynamic Transmission-Gate Edge-Triggered Registers

A fully dynamic positive edge-triggered register based on the master—siave concept is shown in
Figure 7-23. When CLK = 0, the input data is sampled on storage node 1, which has an equiva-
lent capacitance of C,, consisting of the gate capacitance of [, the junction capacitance of 7y,
and the overlap gate capacitanee of 7. During this period, the slave stage is in a hold mode, with
node 2 in a high-impedance {fioating) state. On the rising edge of clock, the transmission gate 7,
turns on, and the value sampled on node I right before the rising edge propagates to the output @
(ncte that node 1 is stable during the high phase of the clock, since the first transmission gate is

CLK CLK

& 4

A B
p—rnf e [>e—o
i J_Cz 1 2 ,_i_(’:,, 3

T L T 1

CLE = Cik ~©

Figure 7-23 Dynamic edge-triggered register.
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turned off). Node 2 now stores the inverted version of node 1. This implementation of an edge-
triggered register is very efficient because it requires only eight transistors. The sampling
switches can be implemented using NMOS-only pass transistors, resulting in an even simpler
six transistor implementation. The reduced transistor count is attractive for high-performance
and low-power systems.

The setup time of this circuit is stmply the delay of the transmission gate, and it corre-
sponds to the time it takes node 1 to sample the D input. The hold time is approximately zero,
since the transmission gate is turned off on the clock edge and further inputs changes are
ignored. The propagation delay {z._ ) is equal to two inverter delays plus the delay of the trans-
mission gate 7.

Cne Important consideration for such a dynamic register is that the storage nodes {i.e., the
state) have to be refreshed at periodic intervals to prevent
losses due fo charge leakage, diode leakage, or subthreshold currents. In datapath circuits, the
refresh rate is not an issue, since the registers are periodically clocked, and the storage nodes are
constanily updated.

Clock overlap is an important concern for this register. Consider the clock waveforms
shown ia Figure 7-24. During the 0-0 overlap pericd, the NMOS of T, and the PMOS of 7, are
simultaneously on, creating a direct path for data to flow from the D input of the register to the &
output. In other words, a race cordition occurs. The output ¢ can change on the falling edge if
the overlap pericd is large—obviously an undesirable effect for a positive edge-triggered regis-
ter. The same is true for the 11 overlap region, where an input-output path exists through the
PMOS of T and the NMOS of 75. The latter case is taken care of by enforcing a sold time con-
steaint, That is, the data must be stable during the high-overlap period. The former situation (0-0
overlap} can be addressed by making sure that there is enough delay between the D input and
nede B, easuring that new data sampled by the master stage does not propagate through to the
slave stage. Generally, the buili-in single mverter delay should be sufficient. The overlap pericd
constraint is given by

—4

zoxferfap!3~§ Sty i iy (75)

Similarly, the constraint for the 1-1 overlap is given as:

Lrata 7 Lovertap1-1 (1.6)
rrsmmemmed 1{(3,(0) overiap
CLK N
{11} overiap
e
J— A
CLK

Figure 7-24 [mpact of nonoverlapping clocks.

Dell Ex. 1025
Page 234



348 Chapter 7 » Designing Sequential Logic Circuits

WARNING: The dynamic circuits shown in this section are very appealing from the perspec-
tive of compiexity, performance, and power. Unfortunately, robustness considerations limit their
use. In a fully dynamic circuit like that shown in Figure 7-23, a signal net that is capacitively
coupled to the internal storage node can inject significant noise and destroy the state. This is
especially important in ASIC flows, where there is little control over coupling between signal
nets and internal dynamic nodes. Leakage currents cause another problem: Most modern proces-
sors require that the clock can be slowed down or completely halted, to conserve power in low-
activity periods. Finally, the internal dynamic nodes do not track variations in power supply volt-
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 margins.
Most of these problems can be adequately addressed by adding a weak feedback inverter
and making the circuit pseudostatic {Figure 7-25). While this comes at a slight cost in delay, it
improves the noise fmmunity significantly. Unless registers are used in a highly-controlled envi-
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.

CLK

b

D _L-Ll>c-b“
71l
CIK

Figure 7-25 Making a dynamic latch pseudostatic.

7.3.2 C2MOS—A Clock-Skew Insensitive Approach

The C*MOS Register

Figure 7-26 shows an ingenious positive edge-triggered register that is based on a master-slave
concept insensitive to clock overlap. This circuit is called the C*MOS (Clocked CMOS) register
{Suzuki73], and operates in iwo phases:

1. CLK = 0 (CLE = 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 in
the evaluation mode, Meanwhile, the slave section is in a high-impedance mode, or in a
hold mode. Both transistors M, and M are off, decoupling the output from the input. The
cutput Q retains its previous value stored on the output capacitor Cp,.

2. The roles are reversed when CLK = 1: The master stage section is in hold mode (M;-M,
off), while the second section evaluates {M,—Mg on). The value stored on Cp; propagates
1o the cutput node through the slave stage, which acts as an inverter.

The overall circuit operates as a positive edge-triggered master—slave register very similar
tothe ransmission-gate-based register presented earlier. However, there isan important difference:
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Figure 7-26 C2MOS master—slave positive edge-triggered register.

A CPMOS register with CLE-CLK clocking is insensitive to overlap, as long as the
rise and fall fimes of the clock edges are sufficiently smaii.

T prove this statement, we examine both the (00} and (1-1} overlap cases (see Figure 7-24).
In the {3-0) overlap case, the circuit simplifies to the network shown in Figure 7-27a in which
both PMOS devices are on during this period. To operate correctly, none of the new data sam-
pled during the overlap window should propagate to the output @, since data should not change
on the negative edge of a positive edge-triggered register. Indeed, new data is sampled on node X
through the series PMOS devices M,—#,, and node X can make a 0-to-1 transition during the
overlap period. However, this data cannot propagate to the output since the NMOS device M is
turned off. At the end of the overlap period, CLK = | and both 3, and A, turn off, putting the
slave stage in the hold mode, Therefore, any new data sampled on the falling clock edge is not
seen at the slave output @, since the slave state is off till the next rising edge of the clock. As the
circuit consists of a cascade of inverters, signal propagation requires one pull-up followed by a
pull-down, or vice versa, which is not feasible in the situation presented.

The {1-1} overlap case where both NMOS devices A, and M, are turned on, is somewhat
more contenticus {see Figure 7-27b). The question is again if new data sampled during the over-
lap period {right after clock goes high) propagates to the Q output. A positive edge-triggered reg-
ister may only pass data that is presented at the input before the rising edge. I the D input
changes during the overlap period, node X can make a I-to-0 transition, but cannot propagate
further. However, as soon as the overlap period is over, the PMOS M, turns on and the O propa-
gates tooutput, which is not desirable. The problem is fixed by imposing a hold-time consiraint
on the input data, IJ; or, in other words, the data I should be stable during the overlap period.

In sum, it can be stated that the C2MOS latch is insensitive to clock overlaps because those
overlaps activate either the pull-up or the pull-down networks of the latches, but never both of
them simultanecusly. If the rise and fall times of the clock are sufficiently slow, however, there
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{b} (1-1) Qverlap

Figure 7-27 C2MOS O FF during overlap periods. No feasible signal path can exist
between /nand D, as illustrated by the arrows.

exists a time slot where both the NMOS and PMOS transistors are conducting. This creates a
path between input and output that can destroy the state of the circuit. Simulations have shown
that the circuit operates correctly as long as the clock rise time (or fall time) is smaller thaa
approximately five fimes the propagation delay of the register. This criterion is not too stringent,
and it is easily met in practical designs. The impact of the rise and fall times is illusirated in
Figure 7-28, which plots the simulated transient response of a C2MOS D FF for clock slopes of,
respectively, 0.1 and 3 ns. For slow clocks, the potential for a race condition exists.
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Figure 7-28 Transient response of C2MiOS FF for 0.1-ns
and 3-ns clock rise/fall times, assuming in=1.
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Pual-Edge Registers

So far, we have focused on edge-triggered registers that sammple the input data on enly one of the
clock edges (rising or falling). ¥t also is possible to design sequential circuits that sample
the input on both edges. The advantage of this scheme is that a lower frequency clock—half the
original rate—Iis distributed for the same functional throughput, resulting in power savings in the
clock distribution network. Figure 7-29 shows a modification of the C*MOS register enabling
sampling on both edges. It consists of two parallel master—slave edge-triggered registers, whose
outputs are multiplexed by using tristate drivers.

When clock is high, the pesitive latch composed of transistors M,-M, is sampling the
inverted I input on node X. Node Y is held stable, since devices M, and M, are turned off. On
the falling edge of the clock, the top slave latch Mc—M, turns on, and drives the inverted value of
X to the Q output. During the low phase, the bottom master latch (M, M,, M, M) is turned on,
sampling the inverted I input on node ¥, Note that the devices M, and M, are reused, reducing
the load on the D input. On the rising edge, the bottom slave Iatch conducts and drives the
inverted version of ¥ on node €. 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.

CLK—Ci My CLE Mz
CWLK—I M, CLE My

mo L[,

Figure 7-20 C®MOS-based dual-edge triggered register.
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Problem 7.5 Dual-Edge Registers

Determine how the adoption of dual-edge registers influences the power dissipation in the clock-
distribution network.

7.3.3 True Single-Phase Clocked Register (TSPCR})

In the two-phase clocking schemes described earlier, care must be taken in routing the two clock
signals to ensere that overlap is minimized, While the C*MOS provides a skew-tolerant solution,
it is possible to design registers that only use a single phase clock. The True Single-Phase
Clocked Register (TSPCRY), proposed by Yuan and Svensson, uses a single clock [Yuan89]. The
basic single-phase positive and negative latches are shown in Figure 7-30. For the positive latch,
when CLK is high, the latch is in the transparent mode and corresponds to two cascaded invert-
ers; the latch is noninverting, and propagates the input to the output. On the other hand, when
CLX =0, both inverters are disabled, and the latch is in hold mode. Only the pull-up networks
are still active, while the pull-down circuits are deactivated. As a result of the dual-stage
approach, no signal can ever propagate from the input of the latch to the output in this mode. A
register can be constructed by cascading positive and negative latches. The clock load is similar
to a conventional transmission gate register, or C2MOS register. The main advantage is the use
of a single clock phase. The disadvantage is the slight increase in the number of transistors—I12
transistors are now required.

As a reminder, note that a dynamic circuit in the style of Figure 7-30 must be used with
caution. When the clock is Tow (for the positive latch), the output node may be floating, and it is
exposed to coupling from other signals. Alse, charge sharing can occur if the output node drives
transmission gates. Dynamic nodes should be isolated with the aid of static inverters, or made
pseudostatic for improved noise inmumnity.

As with many other latch families, TSPC offers an additional advantage that we have not
explored so far: The possibility of embedding logic functionality into the latches. This reduces
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Figure 7-30 True Single-Phase Lalches.
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(a} Including logic into the latch {b) AND latch
Figure 7-31 Adding logic to the TSPC approach.

the delay overhead associated with the latches. Figure 7-31a outlines the basic approach for
embedding logic, while Figure 7-31b shows an example of a positive latch that implements the
AND of fnz; and /n, in addition 1o performing the laiching function. While the setup time of this
fatch has increased over the one shown in Figure 7-30, the overall performance of the digital cir-
cuit (that is, the clock peried of a sequential circuit) has improved: The increase in setup time
typicaily is smaller than the delay of an AND gate. This approach of embedding logic into
fatches has been used extensively in the design of the EV4 DEC Alpha microprocessor
[Dobberpuhi®2} and many other high-performance processors.

Example 7.3 Impact of Embedding Logic into Latches on Performance

Consider embedding an AND gate into the TSPC latch, as shown in Figure 7-31b. In a
0.25-m technology, the setup time of such a circuit, using minimum-size devices is 140
ps. A conventional approach, composed of an AND gate followed by a positive latch, has
an effective setup time of 600 ps (we treat the AND plus latch as a black box that performs
both funetions). The embedded logic approach thus results in significant performance
improvements.

The TSPC latch circuits can be further reduced in complexity, as illustrated in Figure 7-32,
where only the first inverter is controlied by the clock. Besides the reduced number of iransis-
tors, these circuits have the advantage that the clock load is reduced by half. On the other hand,
not all node voltages in the latch experience the full logic swing. For instance, the voliage at
node A {or V), = 0 V) for the positive latch maximally equals V,, — Vi, which results in a
reduced drive for the output NMOS transistor and a loss in performance. Similarly, the voltage
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{2} Positive latch (b} Negative katch
Figure 7-32 Simplified TSPC latch {also called split output}.

on node A (for V;, = V,,;) for the negative latch is only driven down to |V, This also limits the
amount of ¥y, scaling possible on the latch.

Figure 7-33 shows the design of a specialized single-phase edge-iriggered register. When
CLK = 0, the input inverter is sampling the inverted £ input on node X, The second (dynarnic)
inverter is in the precharge mode, with M, charging up node ¥ to Vp. The third inverter is in the
held mode, since M and M, are off. Therefore, during the low phase of the clock, the input to
the final (static) inverter is holding its previous value and the output @ is stable. On the rising
edge of the clock, the dynamic inverter M~} evaluates. If X is high on the rising edge, node ¥
discharges. The third inverter M,—~M, is on during the high phase, and the node value on ¥ is
passed to the output (. On the positive phase of the cleck, note that node X transitions to a low it
the D input transitions to a high level. Therefore, the input must be kept stable until the value on
node X before the rising edge of the clock propagates to Y. This represents the hold time of the
register {note that the hold time is less than I inverter delay, since it takes 1 delay for the input to
affect node X). The propagation delay of the register is essentially three inverters, because the

VYoo Voo Vop
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Figure 7-33 Posilive edge-triggered register in TSPC.
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vaiue on node X must propagate to the output {2, Finally, the setup time is the time for node X to
be valid, which is one inverter delay.

WARNING: Similar to the C?MOS latch, the TSPC latch malfunctions when the slope of the
clock is not sufficiently steep. Slow clocks cause both the NMOS and PMOS clocked transistors
to be on simuitaneously, resulting in undefined values of the states and race conditions. The
ciock slopes should therefore be carefully controlled. If necessary, local buffers must be intro-
duced to ensure the quality of the clock signals.

Example 7.4 TSPC Edge-Triggered Register

Transistor sizing is critical for achieving correct functionality in the TSPC register. With
improper sizing, glitches may occur at the output due to a race condition when the clock
transitions from low to high. Consider the case where D is low and 3 = [ (Q = 0). While
CLK is low, Y 1s precharged high turning on M. When CLX transitions froms low to high,
nodes Y and Q start to discharge simultaneously (through M,—M; and M —M,, respec-
tively). Once Y is sufficiently low, the trend on 0 is reversed and the node is pulled high
again through M, In a sense, this sequence of events is comparable to what happens when
we chatn dynamic logic gates. Figure 7-34 shows the transient response of the circuit of
Figure 7-33 for different sizes of devices in the final two stages.

This glitch may be the cause of fatal errors, because it may create unwanted events
{for instancs, when the cutput of the latch is used as a clock signal input to another regis-
ter}. It also reduces the contamination delay of the register. The problem can be corrected
by resizing the relative strengths of the pull-down paths through #~M; and M.—M,, so
that Y discharges much faster than ©. This is accomplished by reducing the strength of the
M —M; pull-down path, and by speeding up the M -3 pull-down path.
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Figure 7-34 Transistor sizing issues in TSPC (for the register of Figure 7-33}.
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7.4 Alternative Register Styles™®

7.4.1 Pulse Registers

Until now, we have used the master—slave configuration to create an edge-triggered register. A
fundamentally different approach for constructing a register uses piuise sigrals. The idea is to
construct a short pulse around the rising (or falling) edge of the clock. This pulse acts as the
clock input to a latch {for example, Figure 7-35a), sampling the input only in a short window.
Race conditions are thus avoided by keeping the opening time (i.e, the transparent period} of the
latch very shori. The combination of the glitch~generation circuitry and the latch results in a pos-
itive edge-triggered register.

Figure 7-35b shows an example circuit for constructing a short intentional glitch on each
rising edge of the clock {Kozu$96]. When CLK = 0, node X is charged up to Vp, (M is off since
CLXG 1s low). On the rising edge of the clock, there is a short period of time when both inpuis
of the AND gate are high, causing CLKG to go high. This in turn activates My, puliing X and
eventually CLKG low (Figure 7-35¢). The length of the pulse is controlled by the delay of the
AND gate and the two inverters. Note that there exists also a delay between the rising edges of
the input clock (CLK) and the glitch clock (CLKG), which also is egual to the delay of the AND
gate and the two investers. If every register on the chip uses the same clock generation mecha-
nism, this sampling delay does not matter. However, process variations and load variations may
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Figure 7-35 TSPC-based glitch latch-iiming generation and register.
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cause the delays through the glitch clock circuitry to be different. This must be taken into
account when performing timing verification and clock skew analysis (the topics of Chapter 10).

If the setup time and hold time are measured in reference to the rising edge of the glitch
clock, the setup time is essentially zero, the hold time is essentially equal to the length of the
pulse, and the propagation delay {r,_ ) equals two gate delays. The advantage of the approach is
the reduced clock load and the small number of transistors required. The glitch-generation
circuitry can be amortized over multiple register bits, The disadvantage is a substantial increase
in verification complexity. For this circuit to function properly, simulations must be performed
across all corners to ensure that the clock pulse always exists (1.e., that the glitch-generation cir-
cuit works reliably). Despite the increased complexity, such registers do provide an alternate
approach to conventional schemes, and they have been adopted in a number of high-perfor-
mance processors (e.g., [Kozu96]).

Another version of the pulsed register is shown in Figure 7-36 (as used in the AMD-K6
processor [Partovi®6]). When the clock is low, M; and 3, are off, and device P, is turned on.
Node X is precharged to ¥y, the output node (Q) is decoupled from X and is held at its previous
state. CLXD is a delay-inverted version of CLK, On the rising edge of the clock, Ay and 3, turn
on while devices M, and M, stay on for a short period, determined by the delay of the three
inverters. During this interval, the circuit is transparent and the input data D is sampled by the
latch. Once CLED goes low, node X is decoupled from the D input and is either held or starts to
precharge to Vp, through PMOS device P,. On the falling edge of the clock, nede X is held at
Vpp and the output is held stable by the cross-coupled inverters.

Note that this circuit also uses a puise generator, but it is integrated into the register. The
transpavency period also determines the hold time of the register. The window must be wide
enough for the input data to propagate to the Q output. In this particular circuit, the setup time
can be negative. This is the case if the transparency window is longer than the delay from imput
to output. This is atiractive, as data can arrive at the register even after the clock goes high,
which means that time is borrowed from the previous cycle.

CLK :|

Figure 7-38 Flow-through positive edge-triggered register,
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Example 7.5 Setup Time of Glitch Regisier

The glitch register of Figure 7-36 is transparent during the (1-1) overlap of CLK and
CLED. As a result, the input data can actually change after the rising edge of the clock,
resulting in a negative setup time (Figure 7-37). The D-input transitioas to low after the
rising edge of the clock, and transitions to high before the falling edge of CLKD {i.e., dui-
ing the transparency period). Observe how the output fellows the input. The output Q does
20 10 the correct value of Vip as long as the input D is set up cosrectly some time before
the failing edge of CLKD. When the negative setup time is exploited, there can be no guar-
antees on the monotonic behavior of thie cutput. That is, the cutput can have multiple tran-
sitions around the rising edge, and therefore, the output of the register should not be used
for driving dynamic logic or as a clock as a clock to other registers.
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Figure 7-37 Simulation showing & negative setup ime for the gliich register.

Problem 7.6 Converting a Glitch Register to a Conditional Glitch Register

Modify the circuit in Figare 7-36 so that it takes an additional Enable input. The goal is to convert the reg-
ister to a conditional register which latches only when the enable signal is asserted.

7.4.2 Sense-Amplifier-Based Registers

In addition to the master—skave and the glitch approaches to implement an edge-triggered regis-
ter, a third technigue based on sense amplifiers can be used, as introduced in Figure 7-38
[Montanaro96].> Sense-amplifier circuits accept small input signals and amplify them to gener-
ate rail-to-rail swings. They are used extensively in memory cores and in low-swing bus drivers
to either improve performance or reduce power dissipation. There are many techniques to con-
struct these amplifiers. A common approach is to use feedback—for instance, through a set of

3 a sense, these sense-amplifier-based registers are similar in operation to the glitch registers—that is, the first siage
generates the pulse, and the seeond lawches 3t
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Figure 7-38 Positive edge-iriggered register based on sense amplifier,

cross-coupled inverters. The circuit shown in Figure 7-38 uses a precharged front-end amplifier
that samples the differential input signal on the 1ising edge of the clock signal. The outputs of
front end are fed intc a NAND cross-coupled SR ffip-flop that holds the data and guarantees that
the differential outputs switch onty once per clock cycle. The differential inputs in this imple-
mentation don't have to have rail-to-rail swing.

Fhe core of the front end consists of a cross-coupled inverter (M —M}, whose outputs (1,
and L) are precharged by using devices M; and M, during the low phase of the clock. As a
result, PMOS transistors A4, and M, are turned off and the NAND flip-flop is holding its previ-
ous state, Transistor M| is similar to an evaluate switch in dynamic circuits and is turned off to
ensure that the differential inputs do not affect the output during the low phase of the clock. On
the rising edge of the clock, the evaluate transistor turns on and the differential input pair (M,
and M,) is enabled, and the difference between the input signals is amplified on the output nodes
on L, and L;. The cross-coupled inverter pair flips te one of its stable states based on the value of
the inputs. For example, if N is 1, L, is puiled to §, and £, remains at V,;,. Due to the amplifying
properties of the input stage, it is not necessary for the input to swing all the way up to Vp,
which enables the use of low-swing signaling on the input wires.

The shorting transistor, My, is used to provide a DC-leakage path from either node Ly, or L,
to ground. This is necessary to accommodate the case in which the inputs change their value after
the positive edge of CLK has occurred, resulting in either L; or L, being left in a high-impedance
state with a logical low-voltage level stored on the node. Without the leakage path, that node
would be susceptible to charging by leakage currents. The laich could ther actually change state
prior to the next rising edge of CLK1 This is best illustrated graphically, as in Figure 7-39.
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Figure 7-2¢ 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 datapaths in
digital processors. The concept is explained with the exampie of Figure 7-40a. The goal of the
presented circuit is to compute log{ja + b)), where both a and b represent streams of numbers
(i.c., the computation must be performed on a iarge set of input values). The minimal clock

period T, necessary to ensure correct evaluation is given as
Tnzi:s = rc—-{; + tp(i.fege’c Ly (??)
where 1, and f,, are the propagation delay and the setup time of the register, respectively. We

assume that the registers are edge-triggered D registers. The term 2,4, stands for the worst
case delay path through the combinational network, which consists of the adder, absolute value,
and logarithm functions. In conventional systems {that don’t push the edge of technology), the
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Figure 7-40 Datapath for the computation of log{la + 5|}

latter deiay is generally much larger than the delays associated with the registers and dominates
the circuil performance. Assume that each logic moduie 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) dusing 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 blacks, 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
Table 7-1. The result for the data set (4, &;) only appears at the output after three clock periods.

Table 7-1 Example of pipelined computations.

Clock Period Adder Absolute Value Logarithm
i a;+ b
2 a+ by |y + &4
3 a;+ by ey + &5 tag(la, + 5,1
4 ay+ by las+ &y logllay + &)
s as + bg lay + & iogllas + 54)
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At that time, the circuit has already performed parts of the computations for the next data sets,
{as, b;) and (a,, b3). The computation is performed in an assembly-line fashion—hence the name
pipeline. ’

The advantage of pipelined operation becomes apparent when examining the minimum
clock period of the modified circuit. The combinational circuit bleck has been partitioned into
three sections, each of which has a smaller propagation delay than the original function. This
effectively reduces the value of the munimum allowable clock period:

T =t + max (¢ Y+ i, (7.8:

nbn,ppe c—g ik adeds f pod by rp(f,f{}g

Suppose that all logic blocks have approximately the same propagation delay, and that the
register overhead is small with respect io the logic delays. The pipelined network outperforms
the original circuit by a factor of three under these assumptions (i.e., T,y pine= Tpe/3). The
increased performance comes at the relatively small cost of two additional registers and an
increased latency.* This explains why pipelining is popular in the implementation of very high-
performance datapaths.

7.5.1 Lafch- versus Register-Based Pipelines

Pipelined circuits can be constructed by using level-sensitive latches instead of edge-triggered
registers, Consider the pipelined circuit of Figure 7-41. The pipeline system is implemented
using pass-transistor-based positive and negative latches instead of edge-triggered registers. That
is, logic is introduced between the master and slave latches of a master—slave system. In the fol-
lowing discussion, we use the CLK-CLK notation to denote a two-phase clock system without
loss of generality. Laich-based systems give significantly more flexibility in implementing a
pipelined system, and they often offer higher performance. When the CLK and CLK clocks are
nonoverlapping, correct pipeline operation is obtained. Input data is sampled on C, at the nega-
tive edge of CLK and the computation of logic block ¥ starts; the result of the logic block F is
stored on C, on the falling edge of CLK, and the computation of logic block G starts. The non-
overlapping of the clocks ensures correct operation. The value stored on C, at the end of the
CLK low phase is the result of passing the previous input (stored on the falling edge of CLK on
C)) through the logic function F. When overiap exists between CLK and CLE, the next input is
already being applied to £ and its effect might propagate ta C, before CLK goes low {assuming
that the contamination delay of F is small). In other words, a race develops between the previous
inpat and the current one. Which value wins depends upon the logic and is often a function of
the applied inputs. The latter factor makes the detection and elimination of race conditions non-
trival in nature.

3 Latency is defined here as the number of cloek cycles it takes for the datn to propagmte from the input to the oulput. For
the example at hand, pipelining incieases the latency from 1 1o 3. Anincreased Intency is seneraliy acceptable, but it can
cayse o global performance degradation if not weared with care.
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Figure 7-41 Operation of two-phase pipelined circuit, using dynamic registers.
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Figure 7-42 Pipelined daiapath, using CPOS iatches.

7.5.2 NORA-CMOS—A Logic Style for Pipelined Structures

The latch-based pipeline circuit can also be implemented by using C?MOS latches, as shown in
Figure 7-42. The operation is similar to the one discussed in Section 7.5.1. This topology has
one additional important property:

A C*MOS-based pipelined circuit is race free as long as all the logic functions F
(implemented by using static logic) between the latches are noninverting,

The reasoning for the preceding argument is similar to the argument made in the con-
struction of a C*MOS register. During a (0-0) overlap between CLK and CLE, all C2MOS
latches simplify to pure pull-up networks (see Figure 7-27). The only way a signal can race
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Figure 7-43 Potential race condition during (0-0} overlap in C3M0OS-based design.

from stage to stage under this condition is when the logic function F is inverting, as illustrated
in Figure 7-43, where F is replaced by a single, static CMOS inverter. Similar considerations
are valid for the (1-1) overlap.

Based on this concept, a logic circuit style called NORA-CMOS was conceived
[Gongalves83]. It combines C*MOS pipeline registers and NORA dynamic logic function
blocks, Each moduie consists of a block of combinational logic that can be a mixtare of static
and dynamic logic, followed by a C2MOS latch. Logic and latch are clocked in such a way that
both are simultanecusly in either evaluation, or hold {precharge) mode. A block that is in evalua-
tion during CLX = | is called a CLK modute, while the inverse is called a CLK module. Exam-
ples of both classes are shown in Figure 7-44a and 7-44b, respectively. The operation modes of
the modules are summarized in Table 7-2.

A NORA datapath consists of a chain of alternating CLK and CLK modules. While one
class of modules is precharging with its cutput laich in hold mode, preserving the previous
output value, the other class is evaluating. Data is passed in 2 pipelined fashion from medule
to module. NORA offers designers a wide range of design choices. Dynamic and static logic

Tahle 7-2 Operation modes for NORA logic modules.

CLK block CLK block
Logic Latch Logic Latch
CLK=0 Precharge Hold Evalugte Evaluar
CLK=1 Evaiuate Evaluate Precharge Hold
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Figure 7-44 Examples of NORA-CMOS modules.

can be mixed freely, and both CLK), and CLK, dynamic blocks can be used in cascaded or in
pipelined form. Although this style of logic avoids the extra inverter required in domino
CMOS, there are many rules that must be followed to achieve reliable and race-free opera-
tion, As a result of this added complexity, the use of NORA has been limited w high-
performance applications.
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7.6 Nonhistable Sequential Circuils

In the preceding sections, we have focused on a single type of sequential element: the latch (and
its sibling, the register}. The most important property of such a circuit is that it has two stable
states—hence, the term bistable. The bistable element is not the only sequential circuit of inter-
est. Other regenerative circuits can be catalogued as astable and monostable. The former act as
oscillators and can, for instance, be used for on-chip clock generation. The latter serve as pulse
generators, also called one-shoi circrizs. Anotber interesting regenerative circuit is the Schmin
tiigger. This component has the useful property of showing hysteresis in its de characteristics—
its switching threshold is variable and depends upon the direction of the transition {low to high
or high to low). This peculiar feature can come 1n handy in noisy environments.

7.6.1 The Schmitt Trigger

Definition

A Schmin trigger [Schmitt38] is a device with two important properties:

1.  responds to a slowly changing input waveform with a fast transition time at the
outpat.

2. The voltage-transler characterisiic of the device displays different switching thresholds for
positive- aned regative-going inpul signals. This is demonstrated in Figure 7-45, where a
typical voltage-transfer characteristic of the Schmitt trigger is shown {and its schematics
symbol). The switching thresholds for the low-to-high and high-to-low transitions are
called Vy,, and V,, , respectively. The Aysteresis voltage is defined as the difference
between the two.

One of the main uses of the Schimitt trigger is to turn a noisy or slowly varying input signal into
a clean digital output signal. This is illustrated in Figure 7-46. Notice how the hysteresis sup-
presses the ringing on the signal. At the same time, the fast low-to-high (and high-to-low) transi-

yam s |74 o
in Tuf
Voo Vs Vi
{a} Voltage-iransier characteristic (b} Schematic symbol
Figure 7-45 Noninveriing Schmitt trigger.
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Figure 7-46 Noise suppression, using a Schmitt trigger.

tions of the output signal should be observed. Steep signal slopes are beneficial in general, for
instance for reducing power consumption by suppressing direct-path currents. The “secret”
behind the Schmitt trigger concept is the use of positive feedback.

CMOS Implementation

One possible CMOS implementation of the Schmitt trigger is shown in Figure 7-47. The idea
behind this cizeuit is that the switching threshold of a CMOS inverter is determined by the
(k) ratio between the PMOS and NMOS transistors. Increasing the ratio raises the thresh-
old, while decreasing it lowers V), Adapting the ratio depending upon the direction of the
transition results in a shift in the switching threshold and a hysteresis effect. This adaptation
is achieved with the aid of feedback.

Suppose that V,, is initially equal to 0, so that V,,, = 0 as well. The feedback loop biases the
PMOS wansistor M, in the conductive mode, while M, is off. The input signal effectively con-
nects 1o an inverter consisting of rwo PMOS transistors in parallel (M, and M) as a pull-up net-
work, and a single NMOS transistor (M)} in the puil-down chain. This modifies the effective
transistor ratio of the inverter to &,/ (k;, + &4}, which moves the switching threshold upwards.

Voo 5
M, (—4 M,
Vf” X VOII‘

Figure 7-47 CMOS Schmitt trigger.
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Once the inverter switches, the feedback loop turns off A, and the NMOS device M, is
activated. This extra puli-down device speeds up the transition and produces a clean output sig-
nal with steep slopes. '

A similar behavior can be observed for the high-to-low transition. In this case, the pull-
down network originally consists of A, and M, in parallel, while the puli-up network is formed
by M,. This reduces the value of the switching threshold to ¥,

Example 7.6 CMOS Schmitt Trigger

Consider the Schmitt trigger of Figure 7-47, with M, and M, sized at | ym/0.25 um, and
3 um/0.25 pm, respectively. The inverter is designed such that the switching threshold is
around Vpp/2 (= 1.25 V). Figure 7-48a shows the simulation of the Schmitt rigger assum-
ing that devices M, and M, are 0.5 pm/0.25 pm and 1.5 um/0.25 pm, respectively. As
apparent from the plot, the circuit exhibits hysteresis. The high-to-low switching peint
{(V,_= 0.9 V) is lower than Vp/2, while the low-to-high switching threshold {(Vy,, =
1.6 V) is larger than Vp,/2.

It is pessible to shift the switching point by changing the sizes of M; and M,. For
example, to modify the low-to-high transition, we need to vary the PMOS device.
The high-to-low threshold is kept constant by keeping the device width of M, at 0.5 pm.
The device width of M, is varied as & x 0.5 pm. Figure 7-48b demonstrates how the
switching threshold increases with raising values of £,

25 s ; 25 : ]
20 - 20+ —
— 15+ Vit 4 15 -
2 1 1 2 | ]
Tl Vi 4 > 1o 4 N _

k=11 Fa
3 b N " & k=3 -
05k - osi =2 -

k=4
(i) . H : ! : | N 0.0 - ] . | . . i
0.0 0.5 14 1.5 2.0 2.5 1.0 0.5 1.0 i.5 2.0 25
Vizz {V) Viu {V}

(a) Voltage-transfer characteristics with hysteresis. {1} The effect of varying the ratio of the

PMOS device A, The width is k< 8.5 um.

Figure 7-48 Schmitt trigger simulations.
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Problem 7.7 An Alternative CMOS Schmitt Trigger

Another CMOS Schmitt trigger is shown in Figure 7-49. Discuss the operation of the pate, and derive
expressions for Vi, and Vy,, .

VD.{)

T —

[ IT11l

Figure 7-4% Afternate CMOS Schmitt trigger.

7.6.2 Monostable Sequential Circuits

A monostable element is a circuit that generates a pulse of & predetermined width every time the
quiescent circuit is triggered by a pulse or transition event. It is called monostable because it has
only one stable state (the quiescent one). A trigger event, which is either a signal transition or a
pulse, causes the circuit to go temporarily into another quasi-stable state. This means that it
eventually returns to its original state after a time period determined by the circuit parameters.
This circuit, also called a one-shor, is useful in generating pulses of a known length. This func-
tionality is required in a wide range of applications, We have already seen the use of a one-shot
in the construction of glitch registers. Another well-known example is the address transition
detection (ATD) circuit, used for the timing generation in static memories. This circnit detects a
change in a signal or group of signals, such as the address or data bus, and produces a pulse to
initialize the subsequent circuiiry.

The most common approach to the implementation of one-shots is the use of a simple
delay element to control the duration of the pulse. The concept is illustrated in Figure 7-50. In
the quiescent state, both inputs to the XOR are identical, and the output is low. A transition on
the input causes the XOR inputs to differ temporarily and the output to go high. After a delay ¢,
{of the delay element), this disruption is removed, and the output goes low again. A pulse of
length 7, is created. The delay circuit can be realized in many different ways, such as an RC-
network or z chain of basic gates.

Dell Ex. 1025
Page 256



368

=

Chapter 7 = Designing Sequential Logic Circuits

i

DELAY
fy

=P

Figure 7-50 Transition-triggered one shot.

7.6.3 Astable Circuits
An astable circuit has no stable states. The output oscillates back and forth between two quasi-
stable states, with a period determined by the circuit topology and parameters (delay, power sup-
ply, etc.). One of the main applications of oscillators is the en-chip generation of clock signals,

(This application is discussed in detail in a later chapter on timing.}
The ring oscillator is a simple example of an astable circuit. It consists of an odd number

of inverters connected in a circular chain. Due to the odd number of inversions, no stable opera-
tion point exists, and the circuit oscillates with a period equal to 2 x 1, X N, where ¥V is the num-
her of inverters in the chain and 7, is the propagation delay of each inverter.

gy
PR W

Example 7.7 Ring Oscillator
The simulated response of a ring oscillator with five stages is shown in Figure 7-51 (all
gates use minimum-size devices). The observed oscillation period approximately eguals
0.5 ns, which corresponds to a gate propagation delay of 50 ps. By tapping the chain at
various points, different phases of the oscillating waveform are obtained. (Phases 1, 3, and
5 are displayed in the plot.} A wide range of clock signals with different duty-cyeles and
phases can be derived from those elementary signals, using simple logic operations.

Volts

Figure 7-51

e gy

e
"""‘“"-w-w.,...

0.5 1.0
Time {ns}

Simulated waveforms of five-stage ring osciliator.
The outputs of stages 1, 3, and 5 are shown.
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Figure 7-52 Voliage-controlied oscillalor based on current-starved inveriers.

The ring oscillator composed of cascaded inverters produces a waveform with a fixed
oscillating frequency determined by the delay of an inverter in the CMOS process. In many
applications, it is necessary to control the frequency of the oscillator. An example of such a cir-
cuit is the voltage-contrelled oscillator (VCO), whose oscillation frequency is a function (typi-
cally, nonlinear} of a control voliage. The standard ring oscillator can be modified into a VCO by
replacing the standard inverter with a current-starved inverter like the one shown in Figure 7-52
Feong87]. The mechanism for controlling the delay of each inverter is to limit the current avail-
able to discharge the load capacitance of the gate.

In this modified inverter circuit, the maximal discharge current of the inverter is limited by
adding an extra series device. Note that the low-to-high transition on the inverter can also be
contreiled by adding a PMOS device in series with M,. The added NMOS transistor M, is con-
trolled by an analog control voltage V., which determines the available discharge current.
Lowering V,,, reduces the discharge current and, hence, increases ,,,. The ability to aiter the
propagation delay per stage allows us to control the frequency of the ring structure. The control
veltage is generaily set by using feedback techniques. Under low-operating current levels, the
current-starved inverter suffers from slow fall times at its output. This can result in significant
shott-circuit current. We solve this problem by feeding its output into a CMOS inverter or, better
vet, a Schmitt trigger. An extra inverter is needed at the end to ensure that the structurs oscillates.

Example 7.8 Current-Starved Inverter Simulation

Figure 7-53 shows the simulated delay of the current-starved inverter as a function of the
control voltage V.. The delay of the inverter can be varied over a large range. When

the control voltage is smaller than the threshold, the device enters the subthreshold region.
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Figure 7-53 1, of current-starved inverter as a funciion of the control voltage.

This results in large variations of the propagation delay, as the drive corrent is exponen-
tially dependent on the drive voltage. When operating in this region, the delay is very sen-
sitive to variations in the control voltage and hence to noise.

Another approach to implement the delay cell is to use a differential element as shown in
Figure 7-54a. Since the delay cell provides both inverting and noninverting outputs, an oscillator
with an even nuntber of stages can be implemented. Figure 7-54b shows a two-stage differential
VCO, where the feedback loop provides 180° phase shift through two gate delays, one nowin-
verting and the other inverting, therefore forming an oscillation. The simulated waveforms of
this two-stage VCO are shown in Figure 7-54c. The in-phase and quadrature phase outputs are
available simultaneously. The differential-type YCO has better immunity to common mode noise
(for example, supply noise} compared with the common ring osciliator. However, it consumes
more power due to its increased complexity and its static current.

7.7 Perspective: Choosing a Clecking Strategy

A crucial decision that must be made in the earliest phases of chip design is to select the appro-
priate clocking methodology. The reliable synchronization of the various operations occurring in
a complex circuit is one of the most intriguing challenges facing the digital designer of the next
decade. Choosing the right clocking scheme affects the functionality, speed, and power of a
circait.

A number of widely used clocking schemes were introduced in this chapter. The most
robust and conceptually simple scheme is the two-phase master—slave design. The predominant
approach is to use the multiplexer-based register, and to generate the two clock phases locally by
simply inverting the clock. More exotic schemes such as the glitch register are also used in prac-
tice. However, these schemes require significant fine-tuning and must only be used in specific
situations. An example of sach is the need for a negative setup time to cope with clock skew.

The general trend in high-performance CMOS VLSI design is therefore to use simple
clocking schemes, even at the expense of performance. Most automated design methodologies
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Figure 7-584 Differential delay slement and VCO topology.

such as standard cell employ a single-phase, edge-triggered approach, basad on static flip-fops,
Nevertheless, the tendency towards simpler clocking approaches alse is apparent in high-
performance designs such as microprocessors, The use of latches between logic to improve cir-
cuit performance is common as well.

7.8 Summary

This chapter has explored the subject of sequential digital circuits. The following topics were
discussed:

*» The cross coupling of two inverters creates a bisiable circuit, also known as a flip-flop. A
third potential operation point tures out ko be metastable; that is, any diversion from this
bias point causes the flip-flop to converge t© one of the stable states.

*» A latch is a level-sensirive memory element that samples data on one phase and holds data
on the other phase. A register, on the other hand, samples the data on the rising or falling
edge. A register has three important parameters: the setup time, the hold time, and the
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propagation delay. These parameters must be carefully optimized, because they may
account for a significant portion of the clock period.

» Registers can be static or dynamic. A static register holds state as long as the power supply
is turned on. It is ideal for memory that is accessed infrequently {e.g., reconfiguration reg-
isters or control information). Static registers use either multiplexers or overpowering fo
enable the writing of data.

= Dynamic memory is based on temporary charge storage on capacitors. The primary advan-
tage is reduced complexity, higher performance, and lower power consumption. However,
charge on a dynamic node leaks away with time, and dynamic circuits thus have 2 mini-
mum clock frequency. Pure dynamic memory is hardly used anymore. Register circuits are
made pseudostatic to provide immunity against capacitive coupling and other souices of
eircuit induced noise.

» Registers can also be constructed by using the pufse or glitch concept. An intentional pulse
(using a one-shot circuit) is used to sample the input around an edge. Sense-amplifier-
based schemes also are used to construct registers; they should be used as well when high-
performance or low-signal-swing signaliing is required.

« Choice of clocking styie is an important consideration. Two-phase design can result in race
problems. Circuit techniques such as C?MOS can be used to eliminate race conditions in
rwo-phase clocking. Another option is to use true single-phase clocking. However, the rise
time of clocks must be carefully optimized to eliminate races.

» The combination of dynamic logic with dynamic latches can produce extremely fast com-
putational structures. An example of such an approach, the NORA logic style. is very
effective in pipelined datapaths,

» Monostable structures have only one stable state; thus, they are useful as pulse generators.

» Astable multivibrators, or oscillators, possess no stable state. The ring oscillator is the
best-known example of a circuit of this class.

= Schmirt triggers display hysteresis in their dc characteristic and fast transitions in their
wransient response. They are mainly used to suppress noise.

7.9 To Probe Further

The basic concepts of sequential gates can be found in many logic design textbooks {e.g.,
IMano82] and [Hill74]}. The design of sequential circuits is amply documented in most of the
traditional digital circuit handbooks. [PartoviG1] and [Bernstein98] provide in-depth overviews
of the issues and solutions in the design of high-performance sequential elements.
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PART

YArt, it seems to pie, should simplify. That, indeed, is very nearly the whole of the higher artistic
process; finding what conventions of form and what of detail one can do witheut and yet pre-

serve the spirit of the whale”
Willa Sibert Cather,

Qn the Art of Fiction (1920).
“Simplicity and repose are the gualities that measure the true value of any work of art”

Frank Lloyd Wright.
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8.1 Inireduction

The dramatic increase in complexity of contemporary integrated circuits poses an enormous
design challenge. Designing a multimillion-transistor circuit and ensuring that it operates cor-
rectly when the first silicon returns is a daunting task that is virtually impossible without the help
of computer aids and well-established design methodologies. In fact, it has often been suggested
that technology advancements might be outpacing the absorption bandwidth of the design com-
munity. This is articulated in Figure 8-1, which shows how IC complexity (in logic transistors) is
growing faster than the productivity of a design engineer, creating a “design gap.” One way to
address this gap is to increase steadily the size of the design teams working on a single project.
We observe this trend in the high-performance processor world, where teams of more than 500
people are no longer a surprise.

Obviously, this approach cannot be sustained in the long frerm—just imagine all the design
engineers in the world working on a single design. Fortunately, about once in a decade we wit-
ness the introduction of a nove! design methodology that creates a step function in design pro-
ductivity, helping to bridge the gap temporarily. Looking back over the past four decades, we
can identify a number of these productivity leaps. Pure custom design was the norm in the eatly
integrated circuits of the 1970s. Since then, programmable logic arrays (PLAs), standard cells,
macrocells, module compilers, gate arrays, and reconfigurable hardware have steadily helped to
ease the time and cost of mapping a function onto silicon. In this chapter, we provide a descrip-
ticn of some commonly used design implementation approaches. Due to the extensive nature of
the field, we cannot be comprehensive—doing so would require a textbook of its own. Instead,
we present a user perspective that provides a basic perception and insight into what is offered
and can be expected from the different design methedologies.

The preferred approach 1o mapping a function onto silicon depends largely upon the func-
tion itself. Consider, for instance, the simple digital processor of Figure 8-2Z. Such a processor
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Figure 8-1 The design productivity gap. Technolegy {in logic transistors/chip)
outpaces the design productivity {in transisiors designed by a single design

enginaser per month). Source: SIA [SIAQT]
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Figure 8-2 Composition of a generic digital processor. The arrows
represent the possible interconnections.

could be the brain of a personal computer (PC), or the heart of a2 compact-disc player or cellular
phone. It is compesed of a number of building blocks that occur in one form or ancther in almost
every digital processor:

» The datapath is the core of the processor; it is where all computations are performed, The
other blocks in the processor are support units that either store the resuits produced by the
datapath or help to determine what will happen in the next cycle. A typical datapath con-
sists of an interconnection of basic combinational funciions, such as logic (AND, OR,
EXOR) or arithmetic operators (addition, multiplication, comparison, shift}). Iatermediate
results are stored in registers. Different strategies exist for the implementation of data-
paths—structured custom cells versus automated standard cells, or fixed hard-wired versus
flexible field-programmable fabric. The choice of the implementation platform is mestly
influenced by the trade-off between different design metrics such as area, speed, enezgy,
design time, and reusability.

* The contrel module determines what actions happen in the processor at any given point
in time. A controller can be viewed as a finite state machine {FSM). It consisis of registers
and logic, and thus is a sequential circuit. The logic can be implemented in different
ways—either as ab interconnection of basic logic gates (standard cells), or in a more struc-
tured fashion using programmable logic arrays (PLAS) and instruction memories.

* The memory module serves as the centralized data storage area. A broad range of differ-
ent memory classes exist. The main difference between those classes is in the way data can
be accessed, such as “read only” versus “read—write,” sequential versus random access, or
single-ported versus multiported access. Another way of differentiating between memories
is related to their data-retention capabilitics. Dynamic memory structares mast be
refreshed periodically to keep their data, while static memaories keep their data as long as
the power source is furned on, Finally, nonvolatile memories such as flash memories con-
serve the stored data even when the supply voltage is removed. A single processor might
combine different memory classes. For example, random access memory can be used to
store data, and read-only memory may store instructions.
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» The interconnect network joins the different processor modules w one another, while the
input/output circuitry connects to the outside world. For a long time. interconnections
were an afterthought in the design process. Unfortunately, the wires composing the inter-
connect network are less than ideal and present a capacitive, 1esistive, and inductive load
to the driving circuitry. As die sizes grow larger, the length of the interconnect wires also
tends to grow, resulting in increasing values for these parasitics, Teday, automated or
structured design methodologies are being introduced that ease the deployment of these
inlerconnect struciures. Examples include on-chip busses, mesh interconnect structures,
and even complete nenhvorks on a chip. Some components of the interconnect network typ-
ically are absiracted away on schematic block diagrams, such as the one shown in
Figure 8-2, yet are of critical importance to the well-baing of the design. These include the
power- and clock-distribution networks. Early planning of these “‘service” networks can
20 a long way toward ensuring the correct operation of the integrated circuil.

The structure of Figure 8-2 may be repeated many times on a single die. Figure 8-3 shows

an example of a systent on a chip, which combines all the functions needed for the realization of
a complete high-defimition digital TV set. It combines two processors, memory units, specialized
accelerators for functions such as MPEG {dejcoding and data filtering, as well as a range of

I SDRAM/SGRAM i
Fan |

. I MAIN MEMORY INTERFACE }

- TRIMEDIA
VLW CPU

<>| MPEG-2 COPROCESSOR

*—*l HPVO

PIBUS
CVPIMEMORY BUS

_.,.l TSMDIII:;(:);-N {2} ;«-—-» —| aupioourg

|
|
_ H
*"*"l SD VIDEO OUT l—"'
r__
t_

.

DVDD ﬁ—-’ —*l SPDIF OUT >

**“*! PC %‘—* —‘—1 AUDIO IN (2) [-"—
l ST }*‘““"" _“""l PCUXIO INTERFACE ['*""

Figure 8-3 Tha “Nexperia” system on a chip [Phitips39]. This single chip combines a
general-purpose microprocessor corg, a VLIW {very large instruction word) signal
processer, a memory system, an MPEG coprocessor, multipie accelerator units,

and input/output perinherals, as well as two sysiem busses.
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peripheral units. Other applications such as wireless transceivers or hard-disk read/write units
may even include some sizable analog modules.

Choosing an effective implementation approach strongly depends upon the function of the
modutes under consideration. For cxample, memery units tend o be very regular and structured.
A module compiler that stacks cells in an arraylike fashion is thus the preferred implementation
approach. Controllers, on the other hand, tend to be unstructured, and other implementation
approaches are desirable. The choice of the implementation strategy can have a tremendous
effect on the quality of the finai product. The challenge for the designer is to pick the siyle that
meets the product specifications and constraints, What worles well for one design may well be a
disaster for another one.

Example 8.1 Trading Off Energy Efficiency and Flexibility

A design that embraces {lexibility {or programmability) is very attractive from an applica-
tion perspective. It allows for “late binding,” in which the application can still be changed
after the chip has gone to fabrication. Flexibility makes it possible to reuse 2 single design
for multiple applications, or to upgrade the firmware of a component in the field, reducing
the risk for the manufacturer. In contrast, a hard-wired component is totally fixed at manu-
facturing time and cannot be modified afterwards.

So, why not use flexible or programmable components for every possible design? As
atways, there is no free lunch. Flexibility comes at a price in both performance and energy
efficiency. Providing programmability means adding overhead to implementation. For
example, a programmable processor uses stored instructions and an instruction decoder to
make a single datapath perform multiple funciions. Most designers are not aware of the
large cost of flexibility. The impact is illustrated in Figure 8-4, which compares the energy

100-1680

10-140

T Application-specific processor

2 (e.g. DS
'*1-* Embedded micraprocessor

i

Energy Efficiency (in MOPS/mW)

None Somewhat Fuily Flexibility
fiexible flexible {or application scope}

Figure 8-4 Trading off flexibility versus ensrgy efliciency (in MOPS/mW or millions of op-
erations per mdJ of enargy] for different implementation styles. The numbers were collected
for a 0.25 pm CMOS process [Rabaey00].
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efficiency—the number of operations that can be performed for a given amount of
energy—of various implementation styles versus their fexibility—that is, the range of
applications that can be mapped onto them. A staggering three orders of magnitude in
variation can be observed. This clearly demonsirates that hard-wired or implementation
styles with limited flexibility (such as configurable or parameterizable modules) are pref-
erable when energy efficiency is a must.

In this and the following three chapters, we discuss, respectively, implementation tech-
nigues for random logic and controllers (this chapter), interconnect {Chapter 9, datapaths
{Chapter 11), and memories (Chapter 12). Observe that the choice of the implementation
approach can have a tremendous effect on the guality of the final product. Important aspects in
the design of complex systems consisting of multiple blocks and thus deserving special attention
are synchronization and timing (Chapter 1) and the power distribution network (Chapter 9).
The distribution of clock signals and supply current has become one of the dominant problems
in the design of state-of-the-art processors. A number of Design Methodelogy Insests, inter-
spersed between the chapters, address the design challenge posed by these complex components,
and introduce the advanced design automation tools that are available to the designer. Insexts F,
G, and H discuss design synthesis, verification, and test, respectively.

8.2 From Custom to Semicustom and Structured-Array
Design Approaches

The viability of a microelectronics design depends on a number of (often) conflicting factors,
such as performance in terms of speed or power consumption, cost, and production volume. For
exampie, to be competitive in the market, a microprocessor has to excel in performance at a low
cost to the customer. Achieving both goals simultanecusly is only possible through large sales
volumes. The high development cost associated with high-performance design is then amortized
over many parts. Applications such as supercomputing and seme defense applications present
another scenario. With ultimate performance as the primary design geal, high-performance cus-
tom destgn techniques often are desirable. The production velume is small, but the cost of elec-
tronic parts is only a fraction of the overal! system costs and thus not much of an issue. Finally,
reducing the system size through integration, not pesformance, is the major objective in most
consumer applications. Under these circumstances, the design cost can be reduced substantially
by using advanced design-muomation techniques, which compromise performance, but mini-
mize design time. As noted in Chapter 1, the cost of a semiconductor device is the sum of two
compenents:

s The nonrecurring expense (NRE}, which is incurred only once for a design and includes
the cost of designing the part.

» The production cost per part, which is a function of the process complexity, design area,
and process yield.
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Drigital Circuit Implementalion Approaches
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Figure 8-5 Overview of implementation approaches for digital
integrated circuits (after [DeMicheligd]).

These economic considerations have spurred the development of a nuimber of distinct implemen-
tation approaches ranging from high-performance, handerafted design to fully programmable,
medium-to-low performance designs. Figure 8-5 provides an overview of the different method-
ologies. In the sections that follow, we discuss first the custom design methodology, followed by
the semicustom and array-based approaches.

8.3 Custom Circuit Design

When performance or design density is of primary importance, handerafiing the cireuit topology
and physical design seems (0 be the only option. Indeed, this approach was the only option in the
early days of digital microelectronics, as is adequately demonstrated in the design of the Intel
4004 microproecessor {see Figure 8-5a). The labor-intensive nature of custom design translates
into a high cost and a long fime to marker. Therefore, it can only be justified economically under
the following conditions:

* The custom block can be reused many times {for example, as a library cell}.

+ The cost can be amortized over a large volume. Microprocessors and semiconductor mem-
ories are examples of applications in this ciass.

+ Cost is not the prime design criterion, as it is in supercomputers oF hypersupercomputers.

With continuocus progress in the design-automation arena, the share of custom design reduces
from year to year. Even in the most advanced high-perfoermance microprocessors, such as the
Intel Pentium® 4 processor (see Figure 8-6), virteally all portions are designed automatically
using semicustom design approaches. Only the most performance-critical modules such as the
phase locked-loops and the clock buffers are designed manually. In fact, library cell design is the
only area where custom design still thrives today.

The amount of design automation in the custom-design process is minimal, yet some
design tools have proven indispensable. In concert with a wide range of verification, simulation,
extraction and modeling tools, layoui editors, design-rule and electrical-rule checkers—as
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Figure 8-6 Chip microphotograph of Intel Pentium® 4 processor. It contains
42 million transistors, designed in a 8.18-um CMOS technology. Hs first
generation runs at a clock speed of 1.5 GHz {Courtesy Intel Corp.).

described earlier in Design Methodology Insert A—are at the core of every custom-design envi-
ronment. A excellent discussion of the opportunities and challenges of custem design can be
found in [GrundmanY7].

8.4 Cell-Based Design Methodology

Since the custom-design approach proves to be prohibitively expensive, a wide variety of design
approaches have been introduced over the years fo shorten and automate the design process.
This antomation comes at the price of reduced integration density and/or performance. The fol-
lowing rule tends o hold: the shorter the design time, the larger is the penalty incurred. In
this section, we discuss a number of design approaches that still require a full run through the
manufacturing process for every new design. The array-based design approach discussed in the
next section cuts the design time and cost even further by requiring only a limited set of extra
processing steps or by eliminating processing completely.

The idea behind cell-based design is to reduce the implementation effort by reusing a lim-
ited library of eells. The advantage of this approach is that the cells only need fo be designed and
verified once for a given technology, and they can be reused many times, thus amortizing the
design cost. The disadvantage is that the constrained nature of the library reduces the possibility
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of fine-tuning the design. Cell-based approaches can be partitioned into a number of classes
depending cn the granulasity of the library elements.

841 Standard Cell

The standard-cell approach standardizes the design eniry level at the logic gate. A library con-
taining a wide selection of logic gates over a range of fan-in and fan-out counts is provided.
Besides the basic logic functions, such as inverter, AND/NAND, OR/NOR, XOR/XNOR, and
flip-flops, a typical library alse contains more complex functions, such as AND-OR-INVERT,
MUX, full adder, comparator, counter, decoders, and encoders, A design is captured as a sche-
matic containing only cells available in the library, or is generated automatically from a higher
level description language. The layout is then automatically generated. This high degree of auto-
mation is made possible by placing strong restrictions on the lavout options. In the standard-cell
philosophy, celis are placed in rows that are separated by routing channels, as illustrated in
Figure 8-7. To be effective, this requires that all cells in the library have identical heights. The
width of the cell can vary to accommodate for the variation in complexity between the cells. As
illustrated in the drawing, the standard-cell technique can be intermixed with other layout
approaches to allow for the introduction of medules such as memories and multipliers that do
not adapt easily or efficiently to the logic-cell paradigm.

An example of z design implemented in an carly standard-cell desiga style is shown in
Figure 8-8a. A substantial fraction of the area is devoted to signal routing. The minimization of
the interconnect overhead is the most important goal of the standard-celf placement and routing
tools. One approach to minimizing the wire iength is to introduce feed-through ceils (Figure 8-7)
that make it possible to connect between celis in different rows without having to route around a
compiete row. A far more important reduction in wiring overhead is obtained by adding more

Fecdthrough cell Logic cel
!

\__/

s \\ 7
: i Routing
" ; channel
B |
e <
é
' Functiona!
module
{RAM,
L multiphier, ...}

Figure 8-7 Standard-cell layout methodology.
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Figure 8-8 The evolution of standard-cell design. (a} Design in a three-layer melal
tachnotogy. Wiring channels represent a substantial armount of the chip area.

{h) Design in & seven-iayer metal technology. Routing channels have virually
disappeared, and all interconnection is laid on top of the logic cells.

interconnect layers. The seven or more metal layers that are available in contemporary CMOS
processes make it possible to all but eliminate the need for routing channels. Virtually all signals
can be routed on top of the cells, creating a truly three-dimensional design. Figure 8-8b shows a
fraction of a standard-cell design, implemented by using seven metal tayers, The design achieves
more than 90% density, which means that virtually all of the chip area is covered by logic cells,
and that onty a limited amount of the area 1s wasted for interconnect.

The design of a standard-cell library is 2 time-intensive undertaking that, fortunately, can
be amortized over a large number of designs. Determining the composition of the library is a
nontrivial task. A pertinent question is, Are we better off with a small library in which most
cells have a limited fan-in, or is it more beneficial ro have a large library with many versions of
every gate {e.g., containing two-, three-, and four-input NAND gates, and different sizes for
each of these gates)? Since the fan-out and load capacitance due to wiring are net known in
advance, it used to be conmmon practice to ensure that each gate had large cureent-driving capa-
bilities, (i.e., employs large output transistors). While this simplifies the design procedure, it
has a detrimental effect on arca and power ¢onsumption. Today’s Hbraries employ many ver-
sions of each cell, sized for different driving strengths, as well as performance and power con-
sumption levels. It is left to the synthesis tool to select the comrect cells, given speed and area
reguirements.

To muake the library-based approach work, a detailed documentation of the cell library is
an absolute necessity. The information should not only contain the layout, a description of func-
tionality and terminal positioning, but it also must accurately characterize the delay and power
consumption of the cell as a fanction of load capacifance and the input rise and fall dmes. Gen-
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erating this information accounts for a large portion of the library generation effort. How to
characterize logic and sequential cells is the topic of “Design Methodology Insert B

Example 8.2 A Three-Input NAND-Gate Cell

Te illustrate some of the preceding observations, the design of a three-input NAND stan-
dard-cell gate, implemented in a (.18 um CMOS technology, is depicted in Figure 8-9.
The library actually contams five versions of the ceil, supporting capacitive loads from
0.18 pF up to 0.72 pF and ranging in area from 16.4 pm? to 32.8 um?. The cell shown rep-
resents the low-performance, energy-efficient design corner, and uses high-threshold tran-
sistors to reduce leakage. The NMOS and PMOS transistors in the pull-down (-up)
networks are both sized at a (W/L) ratio of approximately 8.

Figure 8- Thres-input NAND standard cell {Courtesy ST Microelectronics).

Observe how the layout strategy follows the approach outlined in Figure D-2. Sup-
ply lines are distributed horizontally and shared between celis in the same row. Input sig-
nais are wired vertically using polysilicon. The Inputfoutput terminals are located
througheut the cell body (as exemplified by the pin terminal in the layout drawing}, in line
with the over-the-cell wiring approach of today’s standard-cell methodology.
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The standard-cell approach has become immensely popular, and is used for the implemen-
tation of virtually all logic elements in today’s integrated circaits. The only exceptions are when
extreme high performance or low energy consumption is needed, or when the structure of the
targeted function is very regular (such as a memory or a multiplier). The success of the standard-
cell approach can be attributed to a number of developments, including the following:

+ The increased quality of the automatic cell placement and routing tools in conjunction
with the availability of multiple routing layers. In fact, it has been shown in & number of
studies that the antomated approach of today rivals if not surpasses manual design for
complex, irregular logic circuits. This is 4 major departure from a couple of yeats ago,
when automated layout carried a large overhead.

The advent of sophisticated logic-synrthesis tools. The logic-synthesis approach allows
for the design to be entered at a high level of abstraction using Boolean equations, state
machines, or register-transfer languages such as VHDL or Verilog. The synthesis tools
automatically transiate this specification into a gate netlist, minimizing & specific cost
function such as area, delay, or power. Early synthesis tools—such as those used in the
first half of the 1980s—focused maostly on twe-level logic minimization. While this
enabled automatic design mapping for the first time, it limited the area efficiency and the
performance of the generated circuits. It is only with the arrival of nudtitevel logic synihe-
sis in the late 1980s that automased design generation has really taken off. Today, virtually
no designer uses the standard-cell approach without resorting te automatic synthesis. A
more detailed description of the design synthesis process can be found in “Design Meth-
cdology Insert F° which follows this chapter.

»

In the early days of MOS integrated circunt design, logic design and optimization was 2 manual and labor-
intensive task. Karnaugh maps and Quine-McCluskey tables were the techniques of choice at that time. In
the late 1970s, a first approach toward automating the tedious process of designing logic circuits emerged,
triggered by two Important developments:

« Rather than using the ad hoc approach to laying out logic cireuits, 2 regular structured design
approach was adopied called the Progranumable Logic Array or PLA. This methodology enabled the
automatic layout generation of two-level logic ciresits, and, more importantly, it did se in a predict-
able fashion in terms of area and performance.

= The emergence of automated logic synthesis tools for two-level logic [Brayton84] made it possible
to transiaie any possible Boolean expression into an opiimized itwa-level {sum-of-products or prod-
nct-gi-sums) logic structure. Tools for the synthesis of sequential circuits followed shortly thereafter.

The idea of structured logic design gained 2 rapid footheld, and abeady in the mid-1980s it was
adopted by major microprocessor design compenies such as Intel and DEC. While PLAs are only sparingly
used in today’s semicustom logic design, the topic deserves some discussion {especially since PLAs might
be poised for a come-back).

The concept is best explained with the aid of an example. Consider the following logic functions, for
which we have transformed the equations into the sum-of-products format by using logic manipulations:
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Figure 8-10 Regular two-level implementation of Boolean functions.
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Cne important advaninge of this representation is that a regular realization is easily conceived, as
illustrated in Figare 8- 1. A first layer of gates implements the AND operations—also called prodisct terms
or mintenns—while a second layer realizes the OR functions, called the sunmiterins, Hence, a PLA is a rect-
angular macrocel!, consisting of an array of transistors aligned to form rows in correspondence with prod-
uct terms, and columing in correspondence with inputs and outputs. The input and eutput eolumns partitien
the array into two subarrays, called AND and OR planes, respectively.

The schematic of Figure 8- 10 is not directly realizable since single-layer logic functions in CMOS
are always inverting. With a few simple Boolean manripulations, Eq. (8.1} can be rewritten intc 2 NOR—
NOR format:

fo= (gtx)+n -

Fo= (g bagbx) 5 xp o (g + 1)

Problem 8.1 Two-Level Logic Representations

It is equally conceivable to represent Eq. (8.1} in a NAND-NAND format. In general, the NOR-NOR rep-
yesentation is preferred due to the prohibitively slow speed of large fim-in NAND gates. The NAND-
NAND eonfiguration is very dense, owever, and thus can help lo reduce power consumption. Derive the
NAND-NAND representation for the exampie of Eq. (8.2).

Translating a set of two-level logic functions into a physical design now boils down to a “programming”
task—that is, deciding where {0 place transistors in both the AND and the OR planes. This task is easily auto-
mated—ience, the early suceess of PLAs. An automatically generated PLLA implementation of the logic func-
tions described by Eq. (8.2} is shown in Figore 8-11. Unfortunately, the regular structure, while predictable,
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Figure 8-11 PLA layout implementing Eq. (8.2}
brings with it a lot of overhead in area and delay (asis quite visible in the layout), which wasits ultimate demise
in the semicustom design worktd. Those who are curious on how these AND and OR planes are actually imple-

mented must wait unti} we get to Chapter 12, where we discuss the transistor-level implementation of PLAs.
|

8.4.2 Compiled Cells

The cost of implementing and characterizing a library of cells should not be underestimated.
Today’s libraries contain from several hundred to more than a thousand cells. These cells have to
be redesigned with every migration fo a new technology. Moreover, changes happen during the
development of a single technology generation, For example, minimum metal widths or contact
rules often are changed to improve yield. As a result, the complete library has to be laid out and
characterized again. In addition, even an extensive library has the disadvantage of being discrete,
which means that the number of design eptions is limited, When targeting performance or
power, custornized cells with optimized transistor sizes are attractive. With the increased impact
of interconnect load, providing cells with adjusted driver sizes is an absolute necessity from both
a performance and a power perspective [Sylvester98[—hence, the quest for automated {or com-
piled} cell generation.

A number of automated approaches have been devised that generate cell layouts on the iy,
given the transistor netlists, but high-quality automatic cell layout has remained elusive. Earlier
approaches relied on fixed topologies. Later approaches allowed for more flexibility in the tran-
sistor placement (e.g., [Hill§51). Layout densities close to what can be accomplished by a human
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designer are now within reach, and a number of cell-generation tools are commercially avail-
able—for example [Cadabra0l, Prolific(]:

Example 8.3 Auntomatie Cell Generation

The flow of a typical cell-generation process 15 illustrated with the example of a simple
inverter (using the Abracad ool [Cadabra(31]).

« The cell schematics are developed first. The Spice netlist is the starting point for the
auntomatic layout generation. The generator examines the netlist and starts with tran-
sistor geonetries. In case of a CMOS inverter, the cell contains just two transistors
{see Figure 8-12a) .

* The tool proceeds along the same lines that a designer would follow. The transistors
are placed in a cell architecture with predefined topology rales {(Figare 8-12b). This
architecture is common for all the ceils in the Hbrary, including the cell height,
power rails, pin placements, routing and contact styles.

= The cell is routed symbolically (Figure 8-12¢).

« The routing is rearranged, and the cell is compacted to meet design rules and Iibrary
preferences {Figure 8-12d).

* The final step cleans the cell of any remaining design rule errors and produces the
final lavout (Figure 8-12¢).

() (b} (& (@)

Figure 8-12 Automatic cell layout (a) initial transistor geometries, {(b) placed transistors
with flylines indicating intended interconnsctions, {2} initially routed cell, and {d) compacted
cell, [e) finished cell.
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8.4.3 Macrocells, Megacells and Intellectual Property

Standardizing at the logic-gate level is attractive for randony logic functions, but it turns out to be
inefficient for more complex structures such as multipliers, data paths, memeories, and embedded
microprocessors and DSPs. By capturing the specific nature of these blocks, implementations
can be obtained that outperform the results of the standard ASIC design process by a wide mar-
gin. Cells that contain a complexily that surpasses what is found iu a typical standard-ceil library
are called maciocells (or, sometimes, megacetis). Two types of macrocells can be identified:

The Hard Macro represenis a module with & given functionality and a predetermined physical
design. The relative location of the transistors and the wiring within the meodule s fixed. In
essence, & hard macro represents a custom design of the requested function. In some cases, the
macro is parameterized, which means that versions with slightly different properties are avail-
able or can be generated. Multipliers and memories are examples: A hard multiplier macro may
not only generate a 32 X 16 multiplier, but aisc an 8 x 8 one.

The advantage of the hard macro is that it brings with it all the good properties of custom
design: dense layout, and optimized and predictable performance and power dissipation. By
encapsulating the function into a macromodule, #t can be reused over and over in different
designs. This reuse helps te offset the initial design cost. The disadvantage of the hard macre is
that it is hard to port the design to other technologies or to other manufacturers. For every new
technology, a major redesign of the block is necessary. For this reason, hard macres are used less
and less, and are employed mainly when the automated generation approach is far inferior or
even impossible. Embedded memories and microprocessors are good examples of hard macros,
They typicatly are provided by the IC manubacturer {who also provides the standard cell library),
or the semiconductor vendor who has a particilarly desirable functicn to offer (such as a stan-
durd microprocessor or DSP).

In the case of 2 macro that ean be parameterized, a generator called the module compiler is
used to create the actual physical lavout. Regular structures such as PLAs, memories, and muijti-
pliers are easily constructed by abutting predesigned leaf cells in a two-dimensional array topol-
ogy. All interconnections are made by abutment, and no or little extra routing is needed if the
cells are designed correctly, which minimizes the parasitic capacitance. The PLA of Figure 8-11
is an example of such a configuration. The whole array can be constructed with a minimal num-
ber of cells. The generator itself is a simple software program that determines the relative posi-
tioning of the various ieaf cells in the aray.

Example 8.4 A Memory Macromodule

Figure 8-13 shows an example of a “hard” memory macrocetl. The 256 % 32 SRAM block
is generated by a parameterizable module generator. Besides creating the layout, the gen-
erator also provides accurate timing and power information. Modern memory generators
also include an amount of redundancy to deat with defects.
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Figure 8-13 Parameterizable memory “hard” macrocell. This particular instance stores
258 x 32 (or 8192} bits. The decoders are located on the bottom. All eight address bits, as
well as the 32 data input and output ports are placed on the right side of the ¢ell. The total
area of the memory modute, implemented in a G.18-um CMOS technology, equals a mere
0.094 mm? {courtesy ST Microelectronics).

A Soft Macro  represents a module with a given functionality, but without a specific physical
implementation, The placement and the wiring of a soft macro may vary from instance to
instance, This mieans that the timing data can only be determined after the final synthesis and
placement and routing steps—in other words, the process is unpredictable. Yet, through intrinsic
knowledge of the internal structure of the module, and by imposing precise timing and place-
ment consirainis on the physical generation process, soft macros most often succeed in offering
well-defined timing guaraniees. While stepping away from the advantages of the custom design
process and relying on the semicustom physical design process, soft macros have the major
advantage that they can be ported over a wide range of technologies and processes. This amor-
tizes the design effort and cost over a wide set of designs.

Soft-macrocell generators come in different styles depending on the type of function they
target. Virtually all of them can be classified as structural generators: Given the desired function
and values for the requested parameters, the geaerator produces a netlist, which is an enumera-
tion of the standard cells used and their interconnections. It also provides a set of timing con-
straints that the placement and routing tools should meet. The advantage of this approach is that
the generator exploits its knowledge of the function under consideration ¢ come up with clever
structares that are more sfficient than what logic synthesis would produce. For example, the
design of fast and area-efficient multipliers has been the topic of decades of research.! The nul-
tiplier generator just incorporates the best of what the multiplier literature has to offer into an
automated generation tool.

"Multiplier design is explained more thorouzhly in Chapter 11, which discusses the design of arilunesic stfructares,
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Example 8.5 Multiplier Macromodule

Two instances of an 8 » 8 multiplier module with different aspect ratios are shown in
Figure 8-14. The modules are generated using the ModuleCompiler tool from Synopsys
{ModuleCompiler0l]. As can observed from the layout, a common standard-cell methed-
ology is used to generate the physical artwork. The contribution of the macrocell generator
is to wanslate the compact input description inte an optimized connection of standard celis
that meets the diming constraints. This “soft” approach has the advantage that modules
with different aspect ratios can easily be generated. Also, porting between different manu-
facturing technologies is relatively easy.

Figure 8-14 Muitiplier “soft” macro modules. Both layouls implement an 8 x 8 booth multiplier,
hut with different aspects ratios. The compadt input description ta the compiler is shown inthe gray
box ontop.

The availability of macromodules has substantially changed the semicustom design land-
scape in the 21 century. With the complexity of ICs going up exponentially, the idea of building
every new IC from scratch becomes an uneconomic and nonplausible proposition. More and more,
circuits are being built from reusable building blocks of increasing complexity and functionality.
Typically, these modules are acquired from third-party vendors, who make the functions available
through royalty or licensing agreements. Macromodels distributed in this style are called inrellec-
tual property {or IPY modules. This approach is somewhat comparable to the software world, where
a large programming project typically makes intensive use of reusable software libraries. Good
examples of commonly available inteliectual property modules are embedded microprocessors
and microconirollers, DSPF processors, bus interfaces such as PCI, and several special-purpose
functional modules such as FFT and filer modules for DSP applications, error-correction coders
for wireless communications, and MPEG decoding and encoding for video. Obviously, for an [P
module 1o be useful, it has to not only deliver the hardware, but it also has to eome with the appro-
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priate software tools (such as compilers and deboggers for embedded processors), prediction mod-
els, and test benches. The latter are quite important because they represent the only means for the
end user to verify that the module delivers the promised functionality and performance.

The design of a system on a chip is rapidly becoming an exercise in reuse at different lev-
els of granularity. At the lowest level, we have the standard cell library; at a level higher, we have
the functional modules sach as multiptiers, datapaths and memeries; next, we have the embed-
ded processors; and finally, the application-specific megacells. With more and more of the sys-
tem functicnality migrating onfo a single die, it is not surprising to see that a typical ASIC
cousists of a blend of design styles and modules, embedding a number of hard or soft macrocells
within a sea of standard cells.

Example 8.6 A Processor for Wireless Communications

Figure 8-13 shows an imtegrated circuit implementing the protocol stack for a wireless
indoor communication svstem [SilvaQil. The majority of the area is occupied by the
embedded microprocessor {the Tensilica Xtensa processor [Xtensa®G1l) and its memory
system. This processor allows for a flexible implementation of the higher levels of the pro-
tocol stack {Applicatdon/Network), and enables changes in the functionality of the chip,
even after fabrication. The memory modules are generated using module compilers pro-
vided by the process vendor. The processor core itself is antomatically generated from a
higher level description in Verilog, and uses standard cells for its physical implementation.
The advantage of using the “soft-core” approach is that the processor instruction set can be
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Figure B-15 Wireless communications processor—an example of a hybrid ASIC design
methodology. The processor combines an embedded microprocessor and its memory sys-
tem with dedlicated hardware accelerators and /O modules. Observe also the on-chip nat-
work modula [Silvalil.
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tailored to the application, and that the processor itself can easily be ported to different
technologies and fabrication processes.

Implementing the computation-intensive parts of the protocol (MAC/PHY) on the
microprocessor would require very high clock speeds and would unnecessarily increase the
power dissipation of the chip. Fortunately, these functions are fixed and typically do not
require a flexible implementation. Hence, they are implemented as an accelerator module in
standard cells. The hard-wired implementation accomplishes the task of implementing a
huge number of computations at a relatively low power level and clock frequency. The
designer of a system on a chip is continuously faced with the challenge of deciding what is
more desirable—after-the-fabrication flexibility versus higher performance at lower power
levels, Fortunately, tools are emerging that help the designer to explore the overall design
space and analyze the trade-offs in an informed fashion [Silva01]. Observe also that the chip
contains a set of /O interfaces, as well as an embedded network module, which helps o
orchestrate the traffic between processor and the various accelerator and YO modules.

The generation process of a macro madule depends on the hard or soft nature of the black,

as well as the level of design entry. In the following sections, we briefly discuss some com-
menly: used approaches.

8.4.4 Semicustom Design Flow

So far, we have defined the components that make up the celi-based design methodology. In this
section, we discuss how it all comes together, Figure 8-16 details the traditional sequence of
steps to design a semicustom circuit. The steps of what we call the design fow are enumerated
in the figure, with a brief description of each:

I

[¥5]

. Design Captore enters the design into the ASIC design system. A variety of methods can

be used to do s, including schematics and block diagrams; hardware dascription lan-
guages (HDLs) such as VHDL, Verileg, and, more recently, C-derivatives such as Sys-
temC; behavioral description languages followed by high-level synthesis; and imported
intellectual property modules.

. Logic Synthesis tools translate modules described using an HDL language into a retlisr,

Netlists of reused or generated macros can then be inserted to form the complete netlist of
the design.

. Prelayout Simulation and Verification. The design is checked for correctness. Perfor-

mance analysis is performed based on estimated parasitics and layout parameters. If the
design is found to be nonfunctional, extra iterations over the design capture or the logic
synthesis are necessaiy.

. Floor Planning. Based on estimated module sizes, the overall outlay of the chip is cre-

ated. The global-power and clock-distribution networks also are concetved at that time.
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Figure 8-16 The Semicustom {or ASIC) design fiow.

5. Placement. The precise positioning of the cells is decided.

6. Reuting. The interconnections between the cells and blocks arve wired.

7. Exfraction. A model of the chip is generated from the actual physical layout, including
the precise device sizes, devices parasitics, and the capacitance and resistance of the wires.

8. Postlayout Simulation and Verification. The functionality and performance of the chip is
verified in the presence of the layout parasitics. If the design is found to be lacking, itera-
tions on the floorplanning, placement, and routing might be necessary. Very often, this
might not solve the problem, and another round of the structural design phase might be
necessary.

9. Tape Out. Once the design is found to be meeting all design goals and functions, a binary
file is generated containing 2ll the information needed for mask generation. This file is
then sent ouf to the ASIC vendor or foundry. This imnportant moment in the life of a chip is
called tape out.

While the design flow just described has served us well for many years, it was found 1o be
severely lacking once technology reached the 0.25-um CMOS boundary. With design technol-
ogy proceeding into the deep submicron region, layout parasitics—especially from the intercon-
nect--are playing an increasingly important role. The prediction models used by the logic and
stractural synthesis tools have a hard time providing accurate estimates for these parasitics. The
chances that the generated design meets the timing constraints at the first try are thus very small
{Figure 8-17a). The designer (or design team) is then forced to go through a number of costly
iterations of syathesis followed by layout generation until an acceptable artwork that meets the
timing constraints is obtained (Figure 8-17b and ¢). Each of these iterations may take several
days—just routing a complex chip can take a week on the mest advanced computers! The
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{a) Initial design {b) Intermadiate design {c) Final design

Figure 8-17 The timing closure process. The white lines indicate nets with timing
violations. In each iteraticn of the design process, timing errors are removed by
optimizing the legic, by insertion of buffers, by constraining the placement, or by
streamlining the routing until an error-free design is obtained [Avanti0l].

nurmber of needed iterations continues to grow with the scaling of technology. This problem,
called timing closure, made it obvious that new solutions and a change in design methodology
were required.

The common answer is fo create a Hehter integration between the logical and physical
design processes. If the logic synthesis tool, for example, aisc performs some part of the place-
ment—or directs the placemeni—more precise estimates of the layout parameters can be
obtained. Figure 8-18 shows an example of a design environment that merges RTL synthesis
with first-order placement and routing. The resulting netlist is then fed into an optimization tool
that performs the detailed piacement and routing, while guaranteeing the timing constraints are
met. While this approach has shown to be quite successful in reducing the number of design iter-

RTL ({Timing} constraints

| /

L]

Physical synthesis

Macromodules
fixed netlists

=

- Place-and-roule
Optimization
i

Meiglist with
place-and-route info

; Artwaork

Figure 8-18 |niegrated synthesis place-and-roule reduces the number
of iterations to reach timing closure in deep submicron.
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ations, it throws guite a challenge at the design-tool developers. With the number of parasitic
effects mereasing with every round of technology scaling, the design optimization process that
must take all this into account becomes exponentiaily complex as well. As a result, other
approaches might be required as well. In the coming chapters, we will highlight “design solu-
tions” that can help to alleviaie some of these problems. An example is the use of regular and
predictable structures, both at the logical and the physical level,

8.5 Array-Based Impiementation Approaches

While design automation can help reduce the design time, it does not address the time spent in
the manufacturing process. All of the design methodologies discussed thus far require a com-
plete run through the fabrication process. This can take from three weeks to several months, and
it can substantially delay the introduction of a product. Additionally, with ever-increasing mask
costs, a dedicated process min is expensive, and product economics must determsine if this is a
viable route.

Consequently, a number of alternative implementation approaches have been devised that
de not require a complete run through the manufacturing process, or they avoid dedicated pro-
cessing completely. These approaches have the advantage of having a lower NRE (nonrecurring
expense} and are, therefors, more attractive for small series. This comes at the expense of lower
performance, lower integration density, or higher power dissipation.

8.5.1 Prediffused (or Mask-Programmable) Arrays

In this approach, batches of wafers containing arrays of primitive cells or transistors are manu-
factured by the vendors and stored. All the fabrication steps needed to make transistors are stan-
dardized and executed without regard to the final application.

To transform these uncommitted wafers into an acteal design, only the desired intercon-
nections have to be added, determining the overall function of the chip with only a few metalli-
zation steps. These layers can be designed and applied to the premanufactured wafers much
more rapidly, reducing the turnaround time to a week or less.

This approach is often called the gate-array or the sea-of-gates approach, depending on
the style of the prediffused wafer. To tllustrate the concept, consider the gate-array primitive cell
shown in Figure 8-19a. It comprises four NMOS and four PMOS transistors, polysilicon gate
connections, and a power and ground rail. There are two possible contact points per diffusion
area and two potential connection points for the polysilicon strips. We can turn this cell, which
does not implement any logic function so far, into a real circuit by adding some extra wires on
the metal layer and contact holes. This is iliustrated in Figure 8-195, where the cell is turned into
a four-input NOR gate.

The original gate-ariay approach” places the cells in rows separated by wiring channels, as
shown in Figure 8-20a. The overali look is similar to the traditional standard-cell technique, With
the advent of extra metallization jayers, the routing channels can be eliminated, and routing can

*This approach is often called the channeled pate iy,
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Figure 8-18 An example of the gate-array approach.
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Figure 8-20 Gate-array archilectures.

be performed on top of the primitive celis—occasionally leaving a cell unused. This channeliess
architecture, also calied sea of gates {Figure 8-20b), yields an increased density, and makes it pos-
sible 1o achieve integration levels of millions of gates on a single die. Another advantage of the
sea-of-gates approach is that it customizes the contact layer between metai-1 and diffusion and/
or polysilicon, in contrast to the standard gate-array approach where the contacts are predefined
(see Figure 8-19a). This extra flexibility leads to a further reduction in cell size.

The primary challenge when designing a gate-array (or sea-of-gates) template is o deter-
mine the composition of the primitive cell and the size of the individual transistors. A sufficient
number of wiring tracks must be provided to minimize the number of cells wasted to intercon-
nect. The cell should be chosen so that the prefabricated trassistors can be utilized to a maximal
extent over a wide range of designs. For example, the configuration of Figure 8-19 is well suited
for the realization of four-input gates, but wastes devices when implementing two-inpuit gates.
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Oxide isolation

PMOS
PMOS
NMOS
NMOS
NMOS
{2} Sea-of-gate cell using {b) Cell using the pate-isolation
oxide-isolation between approach and supporting
gates muitiple transistor sizes

Figure 8-21 Examples of sea-of-gates primitive cells (from [Veendrick82]).

Multipie cells are needed when implementing a fip-flop. A number of alternative cell structures
are pictured in Figure 8-21 in a simplified format. In one approach, each cell contains a limited
aumber of transistors {four to eight). The gates are isolated by means of oxide isolation (also
called geamnetry isolation}. The “dog-bone™ terminations on the poly gates allow for denser rout-
ing. A second approach provides long rows of transistors, all sharing the same diffusion area. In
this architecture, it is necessary to electrically turn off some devices to provide isolation between
neighboring gates by tying NMOS and PMOS transistors to GND and Vp,, respectively, This
technique is called gate isolntion. This approach wastes a number of transistors to provide the
isolation, but provides an overall higher fransistor density.

Figure 8-22 shows the base cell for a gate-isolated gate array (from [Smith97]). The cell is
one routing track wide, and contains one p-channel and one #-channel transistor. Also shown is a
base cell containing all possible contact positions. There is room for 21 contacts in the vertical
direction, which means that the cell has a height of 21 tracks.

It is wortht ohserving that the cell in Figure 8-21b provides two rows of smaller NMOS
transistors that can be connected in paraliel if needed. Smaller transistors come in handy when
implementing pass-transistor logic or memory cells. Sizing the transistors in the cells is a clear
challenge. Due to the interconnect-oriented nature of the array-based design methodology, the
propagation delay is generally dominatled by the interconnect capacitance. This seems to favor
larger device sizes that cause a larger area loss when unused. On the other hand, it is possible to
construct larger transistors by putting several smaller devices i parallel.

Mapping a logic design onto an array of cells is a largely automated process, involving
logic synthesis foliowed by placement and routing. The guality of these tools has an enormous
impact on the final deasity and performance of & sea-of-gates implementation. Utilization fac-
tors in sea-of-gates structures are a strong function of the type of application being implemented.
Utilization factors of nearly 100% can be obtained for regular structures such as memories. For

Dell Ex. 1025
Page 290



402

oy Y

IS

{

S e

Y

iy

T oo

T

Chapter 8 = implementation Strategies for Digital ICS

continuous
p-diff strip

continuous
#-diff strip

L eontact for
¢ isolater

!

i

123

e

,_,.
R

e

PR AR B )

 ara

EER, 7o s ,1 e

et

e

‘/ x

o

s (DO ORI o5 || £ At e |

1

i)
]
t
2R

A Yo

1t

o

=

=1 o e L P

.

N,

O R ]

o

s

_y_’pl*-!l\:.‘i\ R

3=

o

§

ot ek ek etk bk ek
-t TR I Y ]

1 n-well
£ p-weit
7] n-aafrt
K p-diff
[T poly
o
& omz

B contact

Figure 8-22 Base cell of gate-isolated gate array {from [Smiths7]}.
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Figure 8-23 Flip-flop implemented in a gate-isoiaied gate-array iibrary,
The base cefl is shown on the left {from [Smith973).

other applications, utilization facters can be substantially lower (< 75%), due largely to wiring
restrictions. Figure 8-23 shows an example of a flip-flop macrocell, implemented in a gate-
isolated, gate-array library.
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Similar to the scenarios unfolding in the standard-cell arena, designers of sea-of-gate
arrays discovered that a design with a large number of gates also has large memory needs.
Implementing these memory cells on top of the gate-array base-cells is possible, but not very
efficient. A more efficient approach is to set aside some area for dedicated memory modules.
The mixing of gate arrays with fixed macros is called the embedded gate-array approach. Other
modules such as microprocessor and microcontrollers are also ideal candidates for embedding.

Example 8.7 Sea-of-Gates

An example of a sea-of-gates implementation is shown in Figure 8-24. The array has a
maximum capacity of 300 K gates and is implemented in a 0.6-um CMOS technology.
The upper left part of the array implements a memory subsystem, which results in a regu-
lar modular layout. The rest of the array implements random logic.

Figure 8-24 Gate-array die microphotograph (LEA300K) (Courtesy of LSI Logic.)
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In the 1980z and 1990s, when the majority of the chips were less than 50,000 gates, design cycles oflen
could be measured in weeks or a few months. The two- or three-week savings in lursaround time for a gate-
array design was then a significant portion of the total design cycle, more than enough to offset the addi-
tional die size. With today’s deep-submicron processes and multimillion-gate complexities come longer
design times, and the small reduction in wraaround dime is no longer much of an issue. Furthermore, metal-
lization has become the most time-consuming and vield-impacting part of the semiconductor manufaciur-
ing process, reducing further the advantage that gate arrays had 1o offer. Consequently, gate arrays have lost
a lot of their luster. Another aiternative for rapid prototyping—ihe prewired arrays discussed in the next
section—has arisen, and it has taken a large portion out of the gate-array market.

Stitl, beware of dismissing the idea of the mask-programmable logic module as a thing of the past. A
regular and fixed layout style has the advantage that load factors, wiring parasitics, and cross-coupling
noise are easily and accurately estimaied. This is in conlrast to the standard-cell approach, where these val-
ues are ultirmately only known after placement, routing, and extraction. One may consider populating sec-
tions of a large chip with a regular logic array consisting of uncommiued (prediffused) logic cells
superimposed by a wiring grid, The actual programming of the module is performed by placing vias at pre-
defined positions, As shown in Figure 8-23, the use of a via-programmable cross-peint switch makes it pos-
sible to overlay a wide variety of wiring patterns on a regular repetitive wiring grid. It is the opinion of the
authors that prediffused arvays have quite some life left into them.

Via-programmable eress point

metals metal-6

via programmable

Figure 8-25 Via-programmable gate array. Vias are used to dedicate a generic
wiring grid to a specific wiring pattem, resulting in prediciable arrays [Pilegyi0z].

B.5.2 Prewired Arrays

While the prediffused arrays offer a fast road to implementation, it would be even more efficient
if dedicated manufacturing steps could be avoided altogether. This leads to the concept of the
preprocessed die that can be programmed in the field (i.¢., outside the semiconductor foundry) to
implement a set of given Boolean functions. Such a programmable, prewired array of cells is
called a field-programmable gate array (FPGA ). The advantage of this approach is that the mano-
ufacturing process is completely separated from the implementation phase and can be amortized
over a large number of desizns. The implementation itself can be performed at the user site with
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negligible turnaround fime. The major drawback of this technigne is a foss in performance and
design density, compared with the more customized approaches.

Two main issues have to be addressed when attempting to implement a set of Boolean
functions on top of a regular array of cells without requiring any processing steps:

1. How do we implement “programmable” logic-—that iz, logic that can committed 1o per-
form any possible Boolean fonction?

2, How and where do we store the program—also called the configuration—that dedicates
the programmabie array to a certain logic function?

The answer to the second question depends on the memory technology used. Since memory
technology 15 the topic of a later chapter, we limit ourselves here to a high-level overview, In
general, three ditferent techniques can be identified:

* The write-once or fuse-based FPGA. The logic array is committed to a particular func-
tion by biowing “fuses” or by short-circuiting “antifuses.” A fuse is a connection element
that is shori-circuited by default. A large current causes it to blow, and then it becomes an
open circuit. The antifuse has the opposite behavior. An example of an antifuse implemen-
tation is shown in Figure 8-26 [El-Ayat89]. The advantage of the write-once approach is
that the area overhead of the program memory (i.e., the fuses) is very small. But it has the
important disadvantage of being one-tine progranmmalle. Circuit corrections or exten-
sions are not possible, and new components are reguired for every design change,

* The nonvolatile FPGA. The program is stored in nonvolatile memory, which is memory
that retains its value even when the supply voltage is turned off, Examples include
EEPROM (Fiectrically Erasable Progranmmable Read-Only Memory) or Flash memories.
Once programmed, the logic remains functional and fixed until a new programming round.
The disadvantage of this approach is that noavolatile memories require special steps in the
manufacturing process, such as the deposition of ultzathin oxides. Also, high voltages

antifose poiysilicon ONG dielectric

n-+ antifuse diffusion
A |

ZA

Figure 8-26 Example of antifuse. A 10-nm-thin layer {< 10 nmj of ONO
{oxide—nitride—oxide} dielectric is deposited between conducting polysilicon
and diffusion layers. The circuit is open by default, unless a large programming
current is forced through it. This causes the dielectric to melt, and a permanent
sonnection with fixed resistance is formed {from [Smith37]).
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{> 10'V) are needed for the programming and erasure of the memory cells. Generating
these high voltages and distributing them through the logic array adds extra complexity to
the design. )

+ The Volatile or RAM-Based FPGA. This popular approach to programming the logic
array employs volatile static RAM (random-access memory) cells for the storage of the
program. Since these memories lose their stored contents when the FPGA is powered
down, a reloading of the configuration from an external permanent memory i§ necessary
every time the part is tumed on. To program the component at start-up time, programming
data is shifted serially into the part over a single line (or pin). For all practical purposes,
one can consider the FPGA RAM cells to be configured as a giant shift register during that
period. Once all memories are loaded, normal execution is started. The configuration time
is proportional to the number of programmable elements, This can become excessive for
today’s larger FPGAs, which often feature more than one miilion gates. Recent parts
therefore rely more and more on a parallel programming interface, allowing nultiple ceils
to be programmed at the same time,

In contrast to their nonvolatile counterparts, volatile FPGAs do not have special
manufacturing process requirements, and can be implemented in a regutar CMOS process.
In addition, designers can reuse chips during prototyping. Logic can be modified and
upgraded once deployed in the field—a customer can be sent a new configuration file to
upgrade the chip, instead of sending a new chip. In addition, logic can be dynamically
modified on the fly during execution. The latter approach is called reconfiguration, and it
became quite popular in the late 1990s. In some sense, this brings a paradigm that was
extremnely successful in the world of programming (as embodied by the microprocessor) to
the demain of logic design.

As for the first question, the answer is somewhat more extensive. Implementing a complex cir-
cuit in a programmable fashion requires that both the logic functions as well as the interconnect
between them are realized in a configurable fashion. In the coming sections, we first discuss dif-
ferent ways of implementing programmable logic, followed by an overview of programmable
interconnection. Finally, we detail a number of specific ways of putting the two together.

Programmable Logic

Similar to the situation in semicustom design, two fundamentally different approaches towards
programmable logic are currently in vogue: array based and cell based.

Array-Based Programmable Logic Earlier we discussed how a programmable logic array
(PLA) impiements arbitrary Boolean logic functions in a regular fashion (see page 388). A simi-
lar approach can be applied to field-programmable devices as weil. Consider, for example, the
logic structure of Figure 8-27. A circle (0) at an intersection indicates a programmable connec-
tion—that is, an interconnect point that is either enabled or not. An inspection of the diagram
reveals that it is equivalent to a PLA, where both the AND and OR planes can be programmed
by selectively enabling connections. This approach allows for the implementation of arbitrary
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Figure 8-27 Fuse-programmable logic array (PLA}.

logic functions in a two-level sum-of-products format. The AND plane creates the required min-
terms, while the OR plane takes the sum of a selected set of products to form the outpuis, To
include a given input variable (for instance, /) in a specific minterm, just close the switch at the
intersection of the input signal and the minterm. Similarfy, a2 minterm is included into an output
by closing the appropriate connection in the OR plane. The functionality of PLA is restricted by
the number of inputs, cutputs, aad minterms.

We can envision variations on this theme, some of which are represented in Figure 3-28.
The dot {*} at the intersection of two lines represents a nonfusible, hard-wired link. The first
structure represents the PROM architecture, in which the AND plane is fixed and enumerates all
possible minterms. The second structure, called a programmadle array logic device (PAL), is
focated at the other end of the spectrum, where the OR plane is fixed, and the AND plane is pro-
grammable. The PLA architecture is the most generic one for the implementation of arbitrary
togic functions. The PROM and PAL structures, on the other hand, trade off flexibility for den-
sity and performance. Which structure to select depends strongly on the nature of the Beolean
functions to be implemented. A}l these approaches are generally classified under the common
term of programmable logic devices (or PLDs).

The single-array architecture of the PLA, PROM, and PAL structures in Figure 8-27 and
Figure 8-28 becomes less aftractive in the era of higher integration density. First of all, imple-
menting very complex logic functions on a single, large array results in 2 loss of programming
density and performance. Secondly, the arrays shown implement only combinational logic. To
realize complete, sequential subdesigns, the presence of registers and/or flip-flops is an absolute
requirement. These deficiencies can be addressed as follows:
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Figure 8-28 Aliernative fuse-based pragrammable logic devices (or PLDs).

1. Partition the array into a number of smaller sections, often called macrocells.
2. Introduce flip-flops and provide a potential feedback from output signals to the inputs.

One example of how this car be accomplished is shown in Figure 8-29. The PAL consists of &
macrocells, each of which can select from / inputs and features, at most, j product terms. Each
macrocell contains a single register, which also is programmable—-it can be configured as a I, 7,
J-K, or a clocked 5-R flip-flop. The & output signals are fed back to the input bus, and thus form
a subset of the 7 input signals.

The PLA approach to configurable logic has two distinct advantages:

« The structure is very regular, which makes the estimation of the parasitics quite easy, and
enables accurate predictions of arex, speed, and power dissipation.

= It provides an efficient implementation for logic functions that map well into a two-level
logic description. Funcrions with a large fan-in fall into that eategory. Examples of such
are finite-state machines used in controliers and sequercers.

On the other hand, the array structure has the disadvantage of higher overhead. Every intermedi-
ate node has a sizable capacitance, which negatively affects performance and power. This is
especially true when parts of the array are underutilized—that is, if only some of the minterms
are actively used.
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Figure 8-29 GSchematic diagram of a PAL with finputs,
fminterms/macroeell and k macrocells (or outputs) [Smithg7],

409

Example 8.8 Example of Programmed Macrocell

Figure 8-30 shows an example of how to program a PROM module. The structure is pro-
grammed torealize the logical functions used earlier during the discussion on PLAs (Eq. (8.1));

XXy + Ko
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Fi = XgXyXp+ Xp + XXy
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Figure 8-3¢ Programming a PROM.

Dell Ex. 1025
Page 298



410 Chapter 8 » Implementation Strategies for Digital ICS

Observe that only a fraction of the array is used as the number of input {3) and out-
put (2) variables are smaller than the dimensions of the 4 X 4 array. Unased input variables
are tied either to 0 or 1. The lfarge dots in the cutput planes represent programmed nodes.
The reader is invited to repeat the exercise for the PLA and PAL modules presented in
Figure §-28 and Figure 8-28.

Celi-Based Programmabile Logic The sum-of-products approach results in regular structures,
and is very effective for logic functions that have a large fan-in such as finite-state machines. On
the other hand, it performs rather poorly for logic that features a large fan-out, or that benefits
from a mulilevel logic implementation. (Arithmetic operations such as addition and multiplica-
tion are an example of such). Other approaches can be conceived that are more in line with the
multilevel approach favored in the standard-cell and sea-of-gate approaches.

There are many ways o design a logic block that can be configured to perform a wide
range of logic functions. One approach is to use nudtiplexers as function generators. Consider
the two-input multiplexer of Figure 8-31, which implements the logic function F:

F=A-3+B-5 8.3

By carefully choosing ihe connections between the variables X and ¥ and the input ports 4, B,
and § of the muliiplexer, we can program it to perform ten useful logic operations on one or
more of those inputs {see Figure 8-31).

Configuration
A B S| F=
¢ o 0| 0
\ o ox 1| x
A G o ¥ LY
L.__F 0 ¥ X XY
a1 X o0 vy
; Y 0 X Xy
4/ y 1 X [X+Y
S i 8 X %
1 e v, ¥
1oL 1 1

(a} {b)

Figure 8-31 Using a two-input multiplexer {a) as a configurable logic block.
By properly connecting the inputs A,8, and S to the input variables Xor Y,
orto G or 1, 10 different logic functions can be obtained (b).
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SG
51

Figure 8-32 Logic cell as used in the Actel fuse-based FPGA.

A number of multiplexers can be combined to form more complex logic gates. Consider, for
example, the logic cell of Figure 8-32, which is used in the Actel ACT family of FPGAs. It consists
of three two-input multiplexers and a two-input NOR gate. The cell can be programmed to realize
any two- and three-input logic functions, some four-input Boolean functions, and a lateh,

Example 8.9 Programmable Logic Cell

Tt can be verified that the legic cell of Figure 8-32 acts as a two-input XOR under the pro-
gramming conditicns that follow. Assume the muitiplexers select the bottom input signal
when the control signal is high. We have the following:
A=0LB=0C=0D=1SA=8B=: 80 =81=in2
As an exercise, determine the programming required for the two-input XNOR funciion. A
three-input AND gate can be realized as follows:
A= B=ml;C=0D=0SA=Mm2;5B=0;50=5i = In3

Finally, the largest function that can be realized is the four-input multiplexer. A, 8, €, and
D act as inputs, while 5S4, $8, and (S0 + St} are control signals.

The “multiplexer-as-functional-block”™ approach provides configurability through pro-
grammable interconnections. The lookup table (LUT) method employs a vastly different strat-
egy. To configure a fully programmable module with fan-in of i for a specific function, a two-bit
large memaory, calied the lookup table, is programmed to capture the (ruth table of that function.
The input variables serve as control inputs to a multiplexer, which picks the appropriate value
from the memory. The idea is illusirated in Figure 8-33 for a two-imput cell. To implement an
EXOR function, the lookup table is loaded with the output column of the EXOR truth table, this
is “0 1 107, For an input value of “0 07, the multiplexer selects the first value in the table {“0™),
etc. With this approach, any logic function of two inputs can be realized by a simple (reipro-
gramiming of the memory.
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Figure 8-33 Configurable logic celt based on lookup table. {a} cell schematic;
(b) programming the cell to implement an EXOR function.

As in the case of the muitiplexer-based approach, more complex gates can be constructed.
This is accomplished by either combining a number of LUTs, or by increasing the LUT sizes, or
a combination of both. Additional functionality is provided by incorporating Hip-flops.

Example 8.10 LUT-Based Progranunable Logic Cell

Figure 8-34 shows the basic cell, called a Configurable Logic Block or CLB, used in the
Xilinx 4000 FPGA series [Xilinx40001. It combines two four-input LUTs feeding a three-
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Figure 8-34 Simplified biock diagram of XC4000 Series CLB (RAM and Carry-logic
functions not shown} [Xilinx4000].
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input LUT. The cell features two fip-flops, whose inputs can be any one of the LUT out-
puts £, G, or H, or an extra external input I, and whose outputs are available at the X0
and Y output pins. The X and ¥ outputs export the outputs of the LUTs and make it possi-
ble to build more complex combinational functions. The cell has four extra inputs
(C1...C4) that etther can be used as inpuis or as set/reset and clock-enable signals for the
fiip-flops.

Programmable Interconnect

So far, we have discussed in some depth how to make logic programmable. A compelling ques-
tion is how to make interconnections between those gates changeable or programmable as well.
To fully utilize the available logic cells, the interconnect network must be flexible and routing
bottlenecks must be avoided. Speed is another prerequisite, since interconnect delay tends to
dominate the performance in this style of design. At the same time, the reader shouid be aware
that programmable interconnect comes at a substantial cost in performance in area, perfor-
mance, and power. In fact, most of the power dissipation in field-programmable architectures is
attributable to the interconnect network [GeorzeQ1].

Once again, we can differentiate between mask-programmable, one-time programmable
and reprogrammable approaches. It also is worth differentiating between local cell-to-cell inter-
connections and global signals, such as clocks, that have te be distributed over the complete chip
with low delay. In the local-area class, programmable wiring can be classified into two major
groupings: array and switchbox routers.

Array-Based Programmable Wiring In this approach, wiring is grouped into routing chan-
nels, each of which contains a complete grid of horizontal and vertical wires. An interconnect
wire can then be programmed into the stracture by short-circuiting some of the intersections
between horizontal and vertical wires (see Figure 8-35). This can be accomplished by providing
a pass transistor at each of the cross points. Closing the interconnection means raising the con-
trol signal—by programming a “1” into the connected memory cell M (see Figure 8-36}. This
approach is prohibitive and expensive because it requires a large number of transistors and con-
trol signals. Also, the large number of transistors connected to each wire leads to a high fan-out,
translating into delay and power consumption. A fuse is a more effective programmable coanec-
tor. In this approach, each routing channel as a fully connected grid of horizontal and vertical
interconnect wires, and a fuse is blown whenever a connection is not needed. Unfortunately,
mterconnect networks tend to be sparsely populated, which requires the interruption of an exces-
sive number of switches and resulis in prohibitively long programming times.

To circumvent this problem, an antifuse can be used (as in Figure 8-26). Aatifuses only
need to be enabled when a connection is required in the routing channel. This represents a small
fraction of the overall grid. Notice in Figure 8-35 how only two antifuses are needed to set up a
connection, Be aware that this figure hides the programming circuitry. This operation is a one-
time event and canmot be undone. The array-based wiring approach has thus been most success-
ful in the write-once class of FPGAs. Circuit corrections or extensions are not possible, and new
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Figure 8-35 Array-based programmabile witing.

Figure 8-36 Programmable interconnect point. The memory ceil conirols the
interconnection. A stored 0 and 1 mean an open or a closed circuit, respectively.
The memaory cell can be nonvelatile (EEPROM]) or volatile (SRAM).

components are required for every design change. Providing true field (rejprogrammability
raquires a more efficient routing strategy.

Switch-Box-Based Programmable Wiring  It’s easy to imagine more efficient programmable-
routing approach once we realize that the fully connected wiring grid represents major overkill.
By restricting the number of routing resources and interconmect points, we can still manage to
wire the desired interconnections, while drastically reducing the overhead. The disadvantage of
this approach is that occasionally an interconnection cannot be routed. Most often, this can be
addressed by remapping the design—for instance, by choosing another group of logic cells for a
given function.

A large number of local interconnections can be accounted for by providing 2 mesh-like mter-
connection between neighboring cells. For instance, the outputs of each logic cell {L.C) can be distrib-
uted to its neighbots o the north, east, south, and west, To account for interconnections berween
disjoint cells or to provide global interconnections, routing channels are placed between the cells con-
taining a Axed number of uncommitted vertical and horizontal routing wires {Figure 8-37). At the
junctions of the horizontal and vertical wires, RAM-programmable switching matrices (S-boxes}) are

Dell Ex. 1025
Page 303



8.5 Array-Based Implementation Approaches 115

_é,_i__.,.l._ﬂi_‘ I A ;Eﬁ I I S I I
1 B ] i
= C 1§ T T ng LS 5
‘7_T__;r‘g__iJ’|_.___| ;___;I"T"""il T,
3 r 1 : K f
1c itcn e i n L jicr
o r » 1 - ¥ - :
i _H 3 oo Switch matrix (S-box}
eSS i wase iniass. gl
eyl e T I§G<> TE e 5
e HET Y ot
Lc | f_ Lc | ;— Le | “? - Connect matrix {C-box)
H —ux_a-:::‘ :!‘_ gl S L '—{_‘__t_ :“""X
: LGSO o c '[s \
! il T i Pregrammable interconnect point
| Tile t K ] 1 r
i 1w :“ el c r
Lo - 3 T bt

Figure 8-37 Programmable mesh-based interconnact network {Courtesy Andre Dehon
and John Wawrzyniek.}.

provided that direct the routing of the data. Cell inputs and outputs are connected to the global inter-
connect network by RAM-programmable interconnect points {C-box). Figure 8-38 provides a more
detailed view, showing the transistor implernentation of the switch and interconnect boxes. Be aware
that the single pass-transistor implementation of the switches comes with a threshoid-voltage drop.
While advantageous from a power perspective, this reduced signal swing has a negative impact on the
performance. Special design techniques such as zero-threshold devices, level restorers, or boosted
contro! signals might be required,

The mesh architecture provides a flexible and scalable means for coanecting a large num-
ber of componesnts. It is guite efficient for local connections, as the number of switches traversed
by a single interconneetion is small and the fan-out is small. However, the mesh network does
not lend itsell weli to global interconnections. The delay caused try the combination of the many

Figure 8-38 Transistor-level schematic diagram of
mesh-based programmable routing network (Courtesy
Andre Dehon and John Wawrzynisk.).
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Figure 8-39 Programmable mesh-based interconnect architecture
with overlaid 2 x 2 grid (Courtesy Andre Dehen and John Wawrzyniek.}.

switches and the large capacitive load becomes excessive. Most mesh-based FPGA architectures
therefore offer alternalive wiring resources that allow for effective global wiring. One appreach
for accomplishing this task is shown in Figure 8-39. In addition to the standard S-box-to-S-box
wiring, the network also includes wires connecting S-boxes that are two steps away from each
other. Eliminating one S-box from an interconnection decreases the resistance. Simifarly, we can
include long wires that connect every 4%, 8%, or 16" S-box. What we are creating, in fact, is a
number of overlaying meshes with different granularity (single pitch, double pitch, etc.}. Long
wires are, by preference, mapoed on the wiring meshes with the larger pitch.

Putting It All Together

A complete field-programmable gate array can now be assembled by joining logic-cell and inter-
conmect approaches. Many alternative architectures can be {and have been) conceived. The most
important decision to make at the start is the configuration siyle {write once, nonvelatile, vola-
tile). This puts some constraints on the types of cells and interconnects that can be used, Giving
a complete overview is out of the scope of this textbook, so we Hmit ourselves to two pepular
architectures, which are illustrative for the field. The interested reader can find more information
in [Trimberger94], [Smith97], [Betz99], and [GeorgeDI].

The Altera MAX Series [Altera0l] The MAX family of devices {Figure 8-40) belongs to the
class of nonvolatile FPGAs {oftenr called EPLDs, or Electrically Progranunable Logic Devices).
It uses a PAL module, {as introduced in Figure 8-29) as the basic logic module. The module
{called the Logic Array Block or LAB in Altera language) varies little over the members of the
family: a wide programmable AND array followed by a narrow fixed OR array and programma-
ble inversion. A LAB typically contains 16 macrocells.

The major differentiation lies in the interconnect architecture between the LABs. The
smaller devices (MAXS000, MAX7000) use an array-based routing architecture. The back-
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Figure 8-40 The Altera MAX Architecture. {8) Organization of logic and interconnect;
{b} LAB module; {c) a MAX family macrocell. The expanders increase the number of
products available by taking another pass through the logic array (from [SmithS7]).

bone of the routing channel is formed by the outputs of all the macrocells, complemented
with the direct chip inputs. These can be connected to the inputs of the LABs through pro-
grammable interconnect points. The advantage of this architecture, called the Progranmmable
Interconnect Array or PIA, is that it is simple, and the routing delay between the blocks ig
totally predictable and fixed (see Figure 8-41). The disadvantage is that it does not scale very
well, This is why the larger members of the series (MAX9000) have to resort to another
scheme. With the number of macrocells reaching up to 560, the single-channel approach runs
out of steam, and becomes slow. A mesh-based routing architecture has been opted for
instead. Individual macrocells can connect to both row and column channels, which are quite
wide (48 to 96 wires).

The EPLD approach delivers up to 15,000 logic gates, and typically is used when high
performance is a necessity, Other architectures become desirable when more complex functions
have to be implemented.
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Figure 8-41 Interconnect architectures used in the Altera MAX series. {a) Array-based
architecture used in MAX 3000-7000; (b} Mesh architecture of the MAXS0G0.

The Xifinx XC40xx Sertes This popular RAM-programmable device family combines the
lookup table approach for the implementation of the logic cells, with a mesh-based interconnect
network. The largest part in the series (XC4083) supports almost 100,000 gates using a 56 x 56
CLB array. The architecture of the CLB was shown in Figure 8-34. An interesting feature is that
the CLB can also be configured as an array of Read/Write memory cells, using the memory
lookup tables in the F* and G blocks. Depending on the selected mode, a single CLB can be
confignred as either 2 16 x 2, 32 X 1, or 16 % | bit array, This feature comes in handy, because it
is typical for large modules of lngic to need comparable amounts of storage.

The interconnect architecture is also quite rich, and combines a wide variety of wiring
resources, as shown in Figure 8-42. The overlaid meshes consist of wire segments of lengths
1,2, and 4. Some components also support direct connections, which link adjacent CLBs with-
out using general wiring resources. Signals routed on the direct interconnect experience mini-
mum wiring delay, as the fan-out is small. These Directs are especially effective in the
implementation of fast arithimetic modules, which feature many critical local connections. To
address global wiring, long Hnes are provided that form a grid of metal interconnect segiments
that run the entire length or width of the array. These are intended for high fan-out, ime-critical
signal nets, or nets that are distributed over long distances (such as buses). In addition, special
wires are provided for the routing of the clocks.

One topic we have ignored so far in our discussion of configurable array structures is the
input/output architecture. For maximum usability, it is crucial that the I/O pins of the component
are flexible, and that they provide a wide range of options in terms of direction, logic levels, and
drive strengths. One style of input/output block (I0B), used in the XC4000 series, is shown in
Figure 8-43. It can be programmed to act as an input, output, or bidirectional port. It includes a
fiip-fiop that can be programmed to be either edge triggered or level sensitive. The slew-rate
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