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Figure 8-42 interconnect architecture of the Xilinx XC40G0 series. The numbers
annotated on the diagram indicate the amount of each of the resources available.
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Figure 8-43 Programmable input/output Block of XC4000 series.

control provides variable drive strengths and aliows for a reduction in the rise—fall time for non-
critical signals.

Example 811 FPGA Complexity and Performance

To get an hmpression of what can be achieved with the volatile field-programmable com-
ponents, consider the Xilinx 4023, It contains approximately 1000 CLBs organized in a
32 % 32 array. This translates into a maximum eguivalent gate count of 25,000 gates. The
chip contains 422 Kbits of RAM, used mostly for programming. A single CLB is specified
to operate at 250 MHz. When taking into account the interconnect network and attempting
more complex logic configurations such as adders, clock speeds between 20 and 50 MHz
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Figure 8-44 Chip miicrophotograph of XC4025 volaiile FPGA {Courtesy of Xilinx, Inc.}.

are atrinable. To put the integration complexity in perspective, a 32-bit adder requires
approximately 62 CLBs. A chip microphotograph of the XC4023 part is shown in
Figure §-44, The horizontal and vertical routing channels are easily recognizable.

Prewired logic arrays have rapidly claimed a significant part of the logic component marker,
Their arrival has effectively ended the era of logic design using discrete components represented
by the TTL togic family. It is generally believed that the impact of these components is increas-
ing with a further scaling of the technelogy. To make this appreach successful, however,
advanced software support in terms of cell placement, signal routing, and synthesis are required.
Also, one should not ignore the overhead that flexibility brings with it. Programmable logic is at
least 10 times less efficient in terms of energy and performance with respect © ASIC solutions.
Hence, its scope has been mostly restricted to prototyping and smalf-volume applications so farn
Yet, flexibility and reuse are alluring. Field-programmable components are bound to see a sub-
stantial growth in the years tc come.

8.6 Perspective—The Implementation Platform of the Future

The designer of today’s advanced systems-on-a-chip is offered a broad range of implementation
choices. What approach is ultimately chosen is determined by a broad range of factors:
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» performance, power and cost constyaints

» design complexity

* testability

* timne to market, or more precisely, time to revenue

* nneertainty of the market, or late changes in the design
* application range tc be covered by the design

* prior experiences of the design team

A number of these factors seem to imply a trend towards more flexible, programmable compo-
nents that can be reused and that can be modified even after manufacturing, At the same time,
solations that offer the best “bang for the buck™ most often end up the winners. Too much flexi-
bility often results in ineffective and expensive solutions, which rapidly end up on the dust heap.
Finding the balance between the two extremes is the ultimate challenge of the chip archiiects of
today.

On the basis of these observations, it seems logical to assume that the implementation
platform of the future will be a combination of the strategies we have discussed in this chapter,
providing implementation efficiency and flexibility when and where needed. The system on a
chip is becoming a combination of embedded microprocessors with their memory subsystems,
DSPs, fixed ASIC-style hardware accelerators, parameterizable modules, and flexible logic
implemented in FPGA style. How these components are balanced is a function of the application
requirements and the intended market.

Example 8.12 Examples of Hybrid Implementation Platforms

Figure 8-45 shows two contrasting implementation platforms for wireless applications.
The first device, the Virtex-1I Pro from Xilinx [XilinxVirtex01] is centered around a large
FPGA array. A PowerPC microprocessor is embedded in the center of the array. The pro-
cessor provides an effective implementation approach for application-level functionality
and system-level control. To provide higher performance for signal processing applica-
tions, an array of embedded 18 x 18 multipliers is added. These dedicated components
offer a significant performance, power, and area advaniage over a pure FPGA implementa-
tion of the same function. Finally, a number of very fast 3.125-Gbps transceivers are pro-
vided, allowing for high-speed serial communication off chip.

A somewhat contrasting approach i3 offered in the design of Figure 8-45b
[Zhang(0]. The center of this device is an ARM-7 embedded microprocessor, acting as the
overall chip manager. Functions that need high performance and energy efficiency are off-
loaded to a configurable array of functiopal units such as multipliers, ALUs, memories,
and address generators. These components can be combined dynamically into application-
specific processors. The chip also provides an embedded FPGA array for functions that
need bit-level granularity.
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Figure 8-45 Examples of hybrid implementation piatforms.
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8.7 Summary

In this chapter, we have briefly scanned the complex world of design implementation strategies
for digital integrated circuits. New Implementation styles have rapidly emerged over the last few
decades, presenting the designer with a wide variety of options. These design techniques and the
accompanying tools are having a major impact on the way design is performed today, and make
possible the exciting and impressive processors and application-specific circuits to which we
have become so accustomed. We have touched on the following issues in this chapter:

» Custom design, where each transistor is individually handerafted, offers the implementa-
tion from an area and performance perspective. This approach has become prohibitively
expensive, and should be reserved for the design of the few critical modules in which
extreme performance is required, or for often-reused library cells.

» The semicustom approach, based on the standard-cell methodology, is the workhorse of
today’s digital design industry. The advantage is the high degree of automation, The chal-
lenge is to deal with the impact of deep-subinicron technologies.

* To deal with the increasing complexity of integrated circuits, designers increasingly rely
on the availability of large macrocells such as memories, multipliers, and microprocessars.
These modules are often provided by third-party vendors, and they have spumed a new
industry focused on “inrellectual property”

* Starting a new design for every new emerging application has become prohibitively
expensive. The majority of the semiconductar market now focuses on flexible solutions
that allow a single component to be used for a variety of applications, either through soft-
ware programming or recoahiguration. Configurable hardivare delays the time when the
required function is actuaily committed to the hardware. Different approaches toward late
binding atso have been discussed. Delaying the binding time comes with an efficiency
penaliy: The more flexibility that is provided, the larger the impact on performance and
power dissipaticn.

Undoubtedly, new design styles will come on the scene in the near futwre. Becoming familiar
with the available options is an essential part of the learning experience of the beginning digital
designer. We hope this chapter, although compressed, entices the reader to further explore the
numerous possibilities. One final observation is as follows: Even with the increasing antomation
of the digital circuit design process, new challenges are continuously emerging—challenges that
reguire the profound insight and intuition offered only by 2 human designer.

8.8 To Probe Further

The literature on design methodologies and auwtomation for digital integrated circuits has
exploded in the last few decades. Several reference works are worth mentioning:

* ASIC and FPGA design methodologies: [Smith97]
* FPGA architectures: [ Trimberger94], [George(1]
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*» Systen: on a Chip: {Chang99]
*» Design methodology and technology: [Bryant01}
*» Design synthesis: [DeMicheli%4]

State-of-the-art developments in the design automation domain are generally reported in the
IEEE Transactions on CAD, the [EEE Transactions on VLSI Systems, and the IEEE Design and
Test Magaozine. Premier conferences are, among others, the Design Automation Conference
(DAC) and the Internationai Conference on CAD (ICCAD). The web sites of the major Elec-
tronic Design Automation Companies (Cadence, Synopsys, Mentor, etc.) provide a treasure of
information as well.
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Exercises

For problems and exercises on design methodology, plense check hitpr/hwre.cecs.berkeley.cdu/IcBeok.
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DESIGN METHODOLOGY INSERT

E

Characterizing Logic
and Sequential Cells

The challenge of library characterization
Characterization metiiods for logie cells and registers

Cell parameters

The Importance and Challenge of Library Characterization
The quality of the results produced by a logic synthesis tool is a strong function of the leve!l of
detail and accuracy with which the individual cells were characterized. To estimate the delay of
acomplex module, a logic synthesis program must rely on higher level delay models of the indi-
vidual cells—falling back to a full circuit- or switch-leve!l timing model for each delay estima-
tion is simply not possible because it takes too much compute time. Hence, an important
component in the development process of a standard-cell library is the generation of the delay
models. In previous chapters, we learned that the delay of a complex gate is a function of the
fan-out (consisting of connected gates and wires), and the rise and fall times of the input signals.
Furthermore, the delay of a cell can vary between manufacturing runs as a result of process
variations.

In this insert, we first discuss the models and characierization methods that are commonly
used for logic cells. Segnential registers reguire extra timing parameters and thus deserve a sep-
arate discussion.

427
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Characterization of Logic Cells

Unfortunately, no conumon delay model for standard cells has been adopted. Every vendor has
his own favored methods of cell characterization. Even within a single tool, various delay mod-
els ofien can be used, trading off accuracy for performance. The basic concepts are, however,
guite similar, and they are closely related to the ones we introduced in Chapters 5 and 6. We
therefore opt to concentrate on a single set of models in this section—more precisely, those used
in the Synopsys Design Compiler {DesignCompiler(! ], one of the most popular synthesis tools.
Once 2 model has been adopted, it has to be adopted for all the cells in the block; in other words,
it cannot be changed from cell to cell.
The total delay consists of four components, as illustrated in Figure E-1:

D= D+ D+ D+ Dy (E.D)

D, represents the intrinsic delay, which is the delay with no cutput loading. D is the transition
component, or the part of the delay caused by the output load. Dy is the fraction of the delay due
to the input slope. Finally, D is the delay of the wire following the gate. All delays are charac-
terized for both rising and falling transitions.

The simplest model for the transition delay is the linear delay model of Chapter 5. We have

D = Rrir:'rer(zcgare + C\;ﬁfre}! (BZ)

where £C,,, is the sum of all input pin capacitances of gates connecled to the output of this
gate, and C,,,,, is the estimated wire capacitance. The slope delay Dy is approximated as a linear

function of the fransition delay D of the previous gate, written as
DS = SS DT}»‘&# (.53)
where Sy is the slope-sensirivity factor; and Dy, is the transition delay of the previous stage.

The characterization of a library cell must therefore provide the following components,
each of them for both nising and falling transitions, and with respect to each of the input pins:

D+ Siope deiay. Delay at D Connect delay. Time
input A causcd by the from state transition at C
transition delay at B. to state transition at D.

Ve N
A N
= -

{>° / D Transition delay.

Dy:Intrinsic delay Incurred ~ Caused by output pin
from cell input to cell output. ;ﬂ?d;“g and output pin
rive.

Figure E-1 Delay components of a combinational gate [DesignCompiler0il.
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* intrinsic delay

* input pin capacitance

* eguivalent cutput driving resistance
» slope sensitivity

In addition to the cell models, the synthesis tools also must have access to a wire model.
Since the length of the wires is unknown before the placement of the cells, estimates of C,;,, and
R, are made on the basis of the size of the block and the fan-out of the gate. The length of a
wire is most often proportional to the number of destinations it has o connect.

Example E.1 Three-Input NAND Gate Cell

The characterization of the three-input NAND standard cell gate, presented earlier in
Example 8.2, is given in Table E-1. The table characterizes the performance of the cellasa
function of the load capacitance and the input-rise {fall) thme for two different supply voli-
ages and operating temperatures. The cell is designed in a 0.18-um CMOS technology.

Table E-1 Delay characterization of g thres-input NAND gate {in ns)
as a function of the input node for two operafion corners (supply-
voltage—temperature pairs of 1.2 V~125°C, and 1.6 V~40°C}.

The parameters are the load capacitance € and the input rise {fall)
time T. (Courlesy ST Microelactronics.)

Path 1.2V-125°C 1.6 V-40°C
fnl—t 0.073 + 7.98C + 0.317T 0.020 + 2.73C + 02537
It 0.069 + 8.43C +0.364T 0.018 + 2.14C + 02927
21, 0.101 + 7.97C +0.3187 0.026 + 2.38C + 0.2557
12—t 0.007 + 8.42C +0.325T 0.023 + 2.14C + 0.269T
3—t,y 0.120 + 8.00C + 0.3187 0.031 +2.37C + 0.2587
I3ty 0.110 + 8.41C + 0.280T 0.027 + 2.15C + 02237

While linear delay models offer good first-order estimates, more precise models are often
used in synthesis, especially when the real wire lengths are back annotated onto the design.
Under those circumstances, noudinear models have to be adopted. The mest common approach
is to capiure the nonlinear relations as lookup tables for each of these parameters. To increase
computational efficiency and minimize storage and characterization requirements, only a lmited
set of loads and slopes are captured, and linear interpolation is used to determine the missing
values.
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Example E.2 Delay Models Using Lookup Tables

A (partial) characterization of a two-input AND cell {AND?2), designed in 2 0.25-tm
CMOS technology (Courtesy ST Microglectronics) follows. The delays are captured for
output capacitances of 7 fF, 35 fF, 70 fF, and 140 {F, and input slopes of 40 ps, 200 ps,
800 ps, and 1.6 ns, respectively.

celllAND) {
area : 36
pin(Z} {
direction : output ;
function : "A¥B™;
max_capacitance : 0.14000 ;

timing() {
reiated_pin : "A" ; /* delay between input pin A and output pin Z ¥/
cell_rise {
valuss{ "3 10810, 0.17304, 0.24763, 0.39554",\
"0.14881, 0.21326, 0.28778, 0.43607".
"0.25149, (.31643, (.39060, 0.533805",3
v0.35253, 0.42044, 0.49596, 0.64469" }; }
rise_transition {
values( "0.08068, 0.23844, 0.430235, 0.84497",\
"0.08447, 0.24008, 0.43926, 0.84814".%
"0.10291, 0.25230, 0.44753, 0.85182",1
"0.12614, 0.27258, 046551, 04.86338" 3}
cell_fafi(table_13 {
values{ "(L 11655, 0.18476, 026212, (0.41496" A
"0.15270, 0.22015, 0.29735, 0.45039"
"0,25893, 0.32845, 0.40535, 0.55701",
"0.36788, 0.44198, 0.52075, 0.67283" };}
fall_transition{table_1) {
values{ "0.06850, 0.18148, 0.32692, 0.62442" \
07183, 0.18247, 032693, 0.62443" %
“0.09608, 0.15935, 0.33744, 0.62677",3
¥0.12424, 0.22408, 0.35705, 0.63818" );}
intringic_rise : 0.13305 ; /* unioaded delays */
intrinsic_fall - 0.13536;
}
timing(; {
related_pin : "B" ; /* delay between input pin A and output pin 2 %/

Dell Ex. 1025
Page 319



Insert E « Characterizing Logic and Sequential Cells 431

intrinsic_rise : 0.12426;
intrinsic_fall : 0.14802 ;
}
}
pin(a) {
direction © input ;
capacitance : (,.00485 ; /% gate capacitance %/
}
pin(B) {
direction : input ;
capacitance : 0.00519 ;
}
}

Characterization of Registers

In Chapter 7, we identified the three important timing parameters of a register. The setup time
{#,,,} is the time that the data inputs (D input) must be valid before the clock ransition {in other
words, the 0 to 1 transition for a positive edge-triggered register). The hold time (t,,,,) is the time
the data input must remain valid after the clock edge. Finally, the propagation delay {r,_,) equals
the time it takes for the data to be copied to the @ output after a clock event, The latter parameter
is illustrated in Figure E-2a.

Latches have a bit more complex behavior, and thus requive an exwa timing parameter.
While 7o_,, corresponds to the delay of relaunching of data that arrived to a closed latch, 1.
o equals the delay between D and € terminals when the latch is in traosparent mode
(Figure E-2b).

The characterization of the io_, (f5_p) delay is fairly straightforward. It consists of a
delay measurement between the 50% {ransitions of Clk (D) and @, for different values of the
input slopes and the output loads, not unlike the case of combinational logic cells.

ID_Q
N
— B Qi— — 00—
—> Cik — Cik
{{'_.Q fc'_.,Q
{a} {b)

Figure E-2 Propagation delay definitions for sequential components:
{a) register; (b} latch.
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Figure E-3 Characterization of sequential elements: (a} determining the setup
time of & register; (b) definition of setup and hold times.

The characterization of setup and hold times is more elaborate, and depends on what is
defined as “valid” in the definitions of both setup and hold times. Consider the case of the setup
time. Narrowing the time interval between the arrival of the data at the D input and the Clk event
does not lead to instantaneous failure (as assumed in the first-order analysis in Chapter 7}, but
rather to a gradual degradation in the delay of the register. This is documented in Figure E-33,
which illustzates the behavior of a register when the data arrives close to the setup time. D
changes long before the clock edge, the 1o_, delay has a constant value. Moving the data transi-
tion closer to the ciock edge causes 7, to increase. Finally, if the data changes toe close to the
clock edge, the register fails to register the transition altogether.

Clearly, a more precise definition of the “setup time™ concept is necessary. An unambig-
uous specification can be obtained by plotting the 7o_,, delay against the data-to-clock offset,
as shown in Figure E-3b. The degradation of the delay for smaller values of the offset can be
observed. The actual definitien of the setup time is rather precarious, If it were defined as the
minimum D-Clk offset that causes the flip-flop to fail, the logic following the register would
suffer from excessive delay if the offset is close to, but larger than, that point of failure.
Another option is to place it at the operation point of the register that minimizes the sum of the
data-clock offset and the f_g delay. This point, which minimizes the overall flip-flop over-
head, is reached when the slope of the delay curve in Figure E-3b equais 45 degrees
[Stojanovic9d9].
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While custom design can take advantage of driving flip-flops close to their point of
fatlure—and take all the risk that comes with it—semicustem design must take a more conserva-
tive approach. For the characterization of registers in a standard cell library, both setup and hold
times are commenly defined as data-clock offsets that correspond to some fixed percentage
increase in#o_ . typically set at 5%, as indicated in Figure E-3b. Note that these curves are dif-
ferent for 0-1 and 1-0 transitions, resulting in different setup (an hold) times for § and 1 values.
As with clock-to-output delays. setup times also are dependent on clock and data slopes, and
they are represented as a two-dimensional table in nonlinear delay models. Identical definitions
hold for latches.

Exampie E.3 Register Setup and Hold Times

In this example, we examine setup and hold behavior of the transmission gate master-slave
register introduced in Chapter 7. (See Figure 7.18.) The register is loaded with a 100-fF
capacitor, and its setup and hold times are examined for clock and data slopes of 100 ps.
The simulation resulis are plotted in Figure E-4. When data settles a “long time” before
the clock edge, the clock-to-output delay equals 193 ps. Moving the data transition closer
to the clock edge causes the 1, delay to increase. This becomes noticeable at an offset
between data and clock of about 130 ps. The register completely fails to latch the data
when data precedes the clock by 77 ps. The sum of D-Q offset and the ¢, is minimal at
93 ps. A 5% increase in fo_ is observed at 125 ps, and this time is entered in the library
as the setup time for this particular slope of data and clock. This characterization of setup
time adds a margin to the design of about 30 ps. From these simulations, we also can
determine that this register has a hold time of -15 ps.

300

400 t

Mintmum D —C delay

10500 4

200

Clie-Qutput Delay {ps]
(93]
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Figure E-4 Characterization of the clock-to-cutput delay, setup and hold times
of a transmission-gate latch pair.
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F

Design Synthesis

Cirenit, Logic, and Architectural Syniftesis

One of the most enticing proposais one can make to a designer who has to gererate a circuit with
tough specifications in a short time is to offer him a tool that automatically translates his specifi-
cations into a working circuit that meets all the requirements. One of the main reasons that semi-
conductor circuits have reached the mind-boggling complexity they have today, is that such
synthesis tools actually exist—at least to a certain extent. Synthesis can be defined as the trans-
formation between two different design views. Typically, it represents a translation from a
behavioral specification of a design entity into a structira! description. In simple terms, it trans-
fates a description of the function a module should perform {the behavior} into a composition—
that is, an imterconnection of elements (the structure). Synthesis approaches can be defined at
each level of abstraction: circuit, logic, and architecture. An overview of the various synthesis
levels and their impact is given in Figure F-1. The synthesis procedures may differ depending on
the targeted implementation style. For example, logic synthesis translates a logic description
given by a set of Boolean equations into an interconnection of gates. The techniques involved in
this process strengly depend on the choice of either a two-level (PLA) or a multilevel (standard-
cell or gate-array) implementation style. We briefly describe the synthesis tasks at each of the
different modeling levels. Refer to [DeMicheli941 for more information and a deeper insight into
design synthesis.

435
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Figure F~1 A taxonomy of synthesis tasks.

Circuit Synthesis
The task of circuit synthesis is to translate a logic description of a civeuit into a network of tyan-
sistors that meets a set of timing constraints. This process can be divided into two stages:

1. Derivation of transistor schematics from the logic equations, This requires the selection
of a circuit style (complementary static, pass transisters, dynamic, DCVSL, etc.) and the
construction of the logic netweork. The former task is usually up to the designer, while the
Iatter depends upon the chosen style. For instance, the logic graph technique introduced in
Design Methodology Insert D can be nsed to derive the complementary pall-down and
pull-up networks of a static CMOS gate. Similarly, automated technigues have been devel-
oped to generate the pull-down trees for the DCVSL logic style so that the number of
required transistors is minimized [Cha8G].

2. Transistor sizing to meet performance consiraints. This has been a recurting subject
throughout this book. The choice of the transistor dimensions hasg a major impact on the
area, performance, and power dissipation of a circuit. We have also learned that this is a
subtie process. For instance, the performance of a gate is sensitive to a number of layout
parasitics, such as the size of the diffusion ares, fan-out, and wiring capacitances. Not-
withstanding these daunting challenges, some powerful transistor-sizing tools have been
developed [e.g., Fishburn85, AMPS94, NorthropD1]. The key to the suceess of these tools
is the accurate modeling of the performance of the circuit using RC equivalent circuits and
a detailed knowledge of the subsequent layout-generation process. The latter atlows for an
accurate estimation of the values of the parasitic capacitances.
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While circuit synthesis has proven to be a powerful tool, it has not penetrated the design world
as much as we might expect. One of the main reasons for this is that the quality of the cell library
has a sirong influence on the complete design, and designers are reluctant to pass this important
task to automatic tools that might produce inferior results. Yet, the need for ever-larger libraries
and the impact of transistor-sizing on circuit performance and power dissipation is providing a
strong push for a more pervasive introduction of circuit-synthesis tools.

Laogic Synthesis

Logic synthesis is the task of generating a structural view of a logic-level model. This model can
be specified in many different ways, such as state-transition diagrams, state charts, schematic
diagrams, Boolean equations, fruth tables, or HDL {(Hardware Description Language}
descriptions,

The synthesis techniques differ according to the nature of the circuit (combinational or
sequential} or the intended implementation architecture {multilevel logic, PLA, or FPGA} The
synthesis process consists of 2 sequence of optimization steps, the order and nature of which
depend on the chosen cost function—ares, speed, power, or a combination of these. Typically,
logic oplimization systemns divide the task into two stages:

1. A rechnology-independent phase, where the logic is optimized using a number of Beolean
or algebraic manipulation techniques.

2. A technology-mapping phase, which takes into account the peculiarities and properties of
the intended implementation architecture. The technology-independent description
resulting from the first phase is translated into a gate netlist or a PLA description.

The rwo-level minimization tools were the first logic-synthesis techniques to become widely
available., The EHspresso program developed at the University of California at Berkeley
[Braytongd] is an example of a popular iwo-level minimization program. For some time, the
wide availability of these tools made regular, array-based architectures like PLA¢ and PALs the
prime cheice for the implementation of random logic functions.

At the same time, the groundwork was laid for sequential or state-machine synthesis.
Tasks involved include the stare minimization that aims at reducing the number of machine
states, and the stafe encoding that assigns a binary encoding to the states of a finite state machine
{DeMicheli04],

The emergence of multilevel logic synthesis environments such as the Berkeley MIS tool
{Brayton&7] swung the pendulum fowards the standard-cell and FPGA implementations that
offer higher performance or integration density for a majority of random-logic functions.

The combination of these techniques with sequential synthesis has opened the road to com-
plete register-transter (RTL) synthesis environments that take as an input an HDL. description (in
VHDL or Verilog—see Design Methodology Insert C) of a sequential circuit and produce a gate
netlist [Carison®!, Kurapd7]. Saving the logic synthesis has fundamentally altered the digital cir-
cuit design landscape is by no means an understatement. It also is fair to say that the tool set that
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made this major paradigm change in design methodology ultimateiy happen is the Design Com-
piler environment from Synopsys. Even after being in place for almost two decades, Design Com-
piler continues to dominate the market and represents the synthesis tool of cheice for the majority
of the digital ASIC designers. Built arcund a core of Boolean optimization and technology map-
ping, Design Compiler incorporates advanced technigues such as timing, area and power oplimi-
zation, cell-based sizing, and test insertion {Kurup%7, DesignCompiler].

Example F.1  Logic Synthesis

To demonstrate the difference between two-level and multilevel legic synthesis, both
approaches were applied to the following full-adder equations, which will be treated in
substantial detail in Chapter 1£.

S=(A®R®C,

{F.1)
C,=A-B+A-C;+8B-C,;

The MIS-II logic synthesis environment was employed for both the two-level and
multitevel synthesis. The minimized truth table representing the PLA implementation is
shown in Table F-1. It can be verified that the resulting network corresponds to the preced-
ing full-adder equations. The PLA counts three inputs, seven product terms, and (wo out-
puts. Observe that no product terms can be shared between the sum and carry outputs. A
NOR-MNOR implemestation requires 26 transistors in the PLA array (17 and 9 in the OR
plane and AND planes, respectively}. This count does not include the input and output
baffers.

Table F-1  Minimized PLA truth table for full adder.
The dashes (-} mean that the corresponding input
does not appear in the product term.

A B C; s c,
i i H i -
L ] i 1 -
g | 0 1 -
i 0 0 i -
i 1 - - i
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Figure F-2 shows the muliileve! implementation as generated by MIS-II. In the technol-
ogy-mapping phase, a generic standard-cell library was targeted. Implementation of the adder
requires only six standard cells. This corresponds to 34 (!} wansistors in a static CMOS imple-
mentation.' Obsexve the usage of complex logic gates such as EXOR and OR-AND-INVERT.
For this case study, minimization of the area was selected as the prime optimization target, Other
implementations can be obtained by targeting performance instead. For instance, the critical fim-
ing path from C; to C, can be reduced by signal reerdering. This requires the designer to identify
this path as the most critical, a fact that is not obvious from a simple inspection of the full-adder
equations.

_ :Cell boundary

Figure F-2 Standard-cell implementation of fuil adder, as
generated by muliilevel logic synthesis,

Architeeture Synthesis

Architecture synthesis is the latest development in the synthesis area. It is also referred to as
behavioral or high-level synthesis. Its task is to generate a structural view of an architecture
design, given a behavioral description of the task to be executed, and a set of performance, area,
and/or power constraints. This corresponds to determining what architectural resources are
needed to perferm the task (execution units, memories, busses, and controllers}, binding the
behavioral operations to hardware resources, and determining the execution order of the opera-
tions on the produced architecture. In synthests jargon, these functions are called allocation,
assignment, and scheduling {Gajski92, DeMicheli94]. While these operations represent the core
of architecture synthesis, other steps can have a dramatic impact on the quality of the solution.
For example, optimizing transformations manipulate the initial behavioral description so that a
saperior solution can be obtained in terms of area or speed. Pipelining is a typical example of
such a wansformation. In 2 sense, this component of the synthesis process is simitar to the use of
optimizing transformations in software compilers.

'How to inplement 2 static complementary CMQS EXOR gate with only nine transistors is Ieft as an exercise for the
reatler.
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Example F.2  Architecture Synthesis

To itlustrate the concept and capabilities of architecture synthesis, consider the simple
computational flowgraph of Figure F-3. It describes a program that inputs three numbers
a, b, and ¢ from off-chip and produces their sum x at the output.

Two possible implementations, as generated by the HYPER synthesis system
([Rabaey213}, are shown in Figure F-4. The first instance requires four clock cycles and

input] C

input!

input|_ a_

input] e

b . ¢ B%m)")m R Ut

"/ % e(} i\* ; outpLi
i } e

input b MR

. i e

iput

Figure F-3 Simple program performing the sum of three numbers,
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Figure F-4 Two alternative architecturas implamenting the sum program.
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time-shares the input bus as well as the adder. The second architecture performs the pro-
gram in a single clock cycle, To achieve this performance, it was necessary to pipeline the
algorithm; that is, multiple iterations of the computation overtap. The increased speed
translates as expected to a higher hardware cost—one extra adder, exira registers, and a
more dedicated bus architecture, including three input posts. Both architectures were pro-
duced automatically, given the behavioral description and the clock-cycle constraint. This
includes the pipelining transformation.

While architecture compilers have been extensively researched in the academic commu-
nity {e.g., [DeManB6], [Rabaey91]), their overall impact has remained Hmited. Commercial
introductions have been largely unsuccessful. A number of reasons for this siow penetration can
be enumerated:

« Behavioral synthesis assumes the availability of an established synthesis approach at the
register-transfer level. This has only recently come to a widespread acceptance. In addi-
tion, the discussion about the appropriate input language at the behavioral level has cre-
ated a lot of confusion. The emergence of widely accepted input languages such as
SystemC can change the momentum.

» For a long time, architecture synthesis has concentrated on a limited aspect of the overail
design process. The impact of interconnect on the overall design cost, for example, was
fong ignored. Also, limitations on the architectural scope resalted in inferior solutions
apparent to every experienced designer.

« Most importantly, the revolutionary advent of the system-on-a-chip has outstripped the
eyolutionary progress of the synthesis world. The hybrid nature of embedded system
architectures that combine embedded processors with ASIC accelerators ultimately limits
the nsability of architectural synthesis. Current logic and sequential synthesis tools proba-
biy suffice for the accelerators, The challenge has shifted to the synthesis of the software
that runs on the ernbedded processors, chip-level cperation systems, driver generators,
interconnect network synthesis, and architectural exploration.

Notwithstanding these observations, architectural synthesis has proven tc be very successfulin a
number of application-specific areas. The design of high-performance accelerator units in areas
such as wireless communications, storage, imaging, and consumer clectronics has bencfited
greatly from compilers that transiate high-level algorithmic functions into hard-wired dedicated
selutions.

Example F3 Architectural Synthesis of Wireless-Communications Processor [Silva01]

An advanced baseband processor for a wireless modem is generated automatically from a
high-level description in the Simulink epvironment {([Mathworks(1]}). Simulink and
Mathlab are tools used extensively in the world of communications design. Capturing the
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Figure F-5 Architectural synthesis of wireless baseband processor from Simulink {a) to silicon
(b). The core area of the chip, which is pad limited, measures only 2 maé in a 0.18 um CMOS tech-
nology, and counts 600,000 iransistors. The high transistor density (0.3 transistorium®) demon-
strates the sffectiveness of today’s physical design tools.
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design specifications in that environment is a major help in bridging the chasm between
systems and implementation engineer, The translation process from Sinwdink to imple-
mentation is managed by the “Chip-in-a-day” design envivomment [Davis01]. This tool
manages the synthesis of the individual blocks from behavior to gate level, introduces the
chip Acorplan, performs the clock tree generation, and oversees the execution of the phys-
ical synthesis. The overall generation and verification process takes little more than 24
hours. A similar approach has also proven to be very successful in the mapping of high-
level signal-processing functions on rapid-prototyping plaiforms such as FPGAs. The Sys-
tem Generator tool from Xilinx, Inc, for instance, maps modules such as filters, modula-
tors, and correlators, described in the Mathworks Simulink envirommnent, directly onto an
FPGA meodule [SystemGenerator].

To Probe Further
Feor an in-depth overview of design synthesis, plense refer to {DeMicheli94].
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10.7.2 Optical Clock Distribution
10.7.3 Synchronous versus Asynchronous Design
10.8 Summary
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10.1 iIntroduction

All sequential circuits have one property in common—a well-defined ordering of the switching
events must be imposed if the circuit is to operate correctly. If this were not the case, wrong data
might be written into the memory elements, resulting in a functional failure. The synchronous
system approach, in which all memory elements in the system are simultaneously updated using
a globally distributed periodic synchronization signal {that is, a global clock signal), represents
an effective and popular way to enforce this ordering. Punctionality is ensured by imposing
some strict constraints on the generation of the clock signals and their distribution to the mem-
ory elements distributed over the chip; noncompliance often leads to malfunction.

This chapier starts with an overview of the different timing methodologies. The majority
of the text is devoted to the popular syachrorous approach. We analyze the impact of spatial
variations of the clock signal, called clock skew, and temporal variations of the clock signal,
called clock jitter, and introduce techniques to cope with both. These variations fundzmentally
limit the performance that can be achieved using a conventional design methodelogy.

At the other end of the specirum is an approach called asynchronous design, which avoids
the problem of clock uncertainty altogether by eliminating the need for globally distributed
clocks. After discussing the basics of asynchronous design approach, we analyze the associated
overhead and identify some practical applications. The important issue of syncihwonization
between different clock domains and interfacing between asynchronous and synchronous sys-
tems also deserve in-depth treatment. Finally, the fundamentals of on-chip clock generation
using feedback are introduced, along with trends in timing.

10.2 Timing Classification of Digital Systems

In digttal systems, signals can be classified depending on how they are related to a local clock
[Messerschmit903[Dally98). Signals that transition only at predetermined periods in time can
be classified as synchronous, mesochronous, or plesiochronous with respect to a system clock. A
signal that can transition at arbitrary times, on the other hand, is considered asyncitronous.

10.2.1 Synchronous Interconnect

A synchronous signal is one that has the exact same frequency as the local clock and maintains a
known fixed phase offset to that clock. In such a timing framework, the signal is “synchronized”
with the clock, and the data can be sampled directly without any uncertainty. In digital logic
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Figure 10-1 Synchronous interconnect methodology.

design, synchronous systems are the most straightforward type of interconnect. The flow of data
in such a cireuit preceeds in lockstep with the system clock, as iflustrated in Figure 10-1.

Here, the input data signal fz is sampled with register R, to produce signal €, which is
synchronous with the system clock, and then it is passed zlong to the combinational fogic block.
After a suitable setting period, the output C,,, becomes valid. Its value is sampled by R, which
synchronizes the output with the clock. In a sense, the certainty period of signal C,,—the
period during which data are valid—is synchronized with the system clock. This allows register
R, to sample the data with complete confidence. The length of the uncertainty period, or the
periad during which data are not valid, places an upper bound on how fast a synchrenous
system can be clocked.

10.2.2 {Mesochronous Interconnect

A mesochronous signal—neso s Greek for “middle”~--is a signat that not only has the same fre-
quency as the local clock, but also has an unknown phase offset with respect to that clock. For
example, if data are being passed between two different clock domains, the data signal transmit-
ted from the first module can have an unknown phase relationship o the clock of the receiving
module. In such a system, it is not possible 1o directly sample the ontput at the receiving module
hecause of the uncertainty in the phase offset, A (mesochronous} synchronizer can be used to
synchronize the data signal with the receiving clock, as shown in Figure 10.2. The synchronizer
serves 1o adjust the phase of the received signal to ensure proper sampling. :

In Figure 10-2, signal D, is synchronous with respect to Clk,. However, I3, and 12; are
mesochronous with Clk, because of the unknown phase difference between Clk, and Ciky and
the unknown interconnect delay in the path between Block A and Block B. The role of the syn-
chronizer is to adjust the variable delay line such that the data signal D; (a delayed version of
D,) is atigned properly with the system clock of Block B. In this example, the variable delay ele-
ment is adjusted by measuring the phase difference berween the received signal and the local
clock. Register R, samples the Incoming data during the certainty period, after which the signal
[ becomes synchronous with Clk,.

10.2.3 Piesiochronous Interconnect

A plesiochronous signal is one that has a frequency that is nominally the same as that of the local
clock, yet is slightly different. (In Greek, pfesio means “near’”) This causes the phase difference
to drift in time. This scenario can easily arise when two interacting modules have independent
clocks generated from separate crystal oscillators. Since the transmitted signal can arrive at the
receiving module at a different rate than the local clock, one needs to utilize a buffering scheme
toensure that all data are received. Typically, plesiochronous interconnect cceurs only indistributed
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Figure 10-3 Plesiochronous communications by using a FIFO.

systems that contain long-distance communications, since chip- or even board-level circuits typ-
icaily utilize a commeon osciltator to derive local clocks. A possible framework for plesiochronous
interconnect is shown in Figure 10-3.

In this digital communications framework, the originating module issues data at some
unknown rate C), which Is plesiochroncus with respect to C,. The timing recovery unit is
responsible for deriving clock C; from the data sequence and buffering the data in a FIFO. As a
result, C; will be synchroneus with the data at the input of the FIFO and wili be mesochronous
with C;. Since the clock frequencies from the originating and receiving modules are mis-
matched, data might have to be dropped if the transmit frequency is faster, or data can be dupli-
cated if the transmit frequency is slower than the receive frequency. However, by meking the
FIFO large enough, as well as periodically resetting the system whenever an overfiow condition
occurs, robust comimunication can be achieved.

10.2.4 Asynchreonous Interconnect

Asynchronous signals can transition arbitrarily at any time, and they are not slaved o any local
clock. As a result, it is not straightforward to map these arbitrary transitions into a synchronized
data stream. It is possible to synchronize asynchronous signals by detecting events and by intro-
ducing latencies into the data stream synchronized to a local clock. A more natural way to han-
dle asynchronous signals, however, is simply to eliminate the use of local clocks and utilize a
seH-timed asynchronous design approach. In such an approach, communication between med-
ules is controlled through a handshaking protocol that ensures the proper ordering of operations.

When a logic block complefes an operation (Figure 10-4), it wili generate a completion
signal DV to indicate that output data are valid. The handshaking signals then imitiate a data
transfer to the next block, which latches in the new data and begins a new computation by assert-
ing the initialization signal /. Asynchronous designs are advantageous because computations are
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pipeling interconneact.
performed at the native speed of the logic, and block computations occur whenever data become
available. There is no need to manage clock skew, and the design methodology leads to a very
modular approach in which interaction between blocks simply occurs through a handshaking
procedure, However, these protocels result in increased complexity and overhead in communi-
cation, which impacts performance.

10.3 Synchronous Design—An In-Depth Perspective

10.3.1 Synchronous Timing Basics

Yirtually ali systems designed today use a periodic synchronizarion signal or clock. The genera-
tion and distribution of 2 clock has a significant impact on the performanee and power dissipa-
tion of the system. For the time being, let us assume a positive edge-triggered system, in which
the rising edge of the clock denotes the beginning and completion of a clock eyele. In an ideal
world, the phase of the clock (i.e., the position of the clock edge relative to the reference)} at var-
ious points in the system iz exactly equal, assuming that the clock paths from the central distri-
bution point to each register are perfectly balanced. Figure 10-5 shows the basic structure of a
synchronous pipelined datapath. In the ideal scemario, the clocks at registers 1 and 2 have the
same period and transition at the exact same time,
Assume that the following liming parameters of the sequeniial circuit are available:

* The contamination or minimum delay {f, _, ., and the maximum propagation delay of the
register {7, _ ).

» The setup {#,,,) and hold times (1) for the registers.

* The contamination delay (., .,) and the maximum delay (7,,,;.) of the combinational logic.

* The positions of the rising edges of the clocks CLK and CLK, (¢, and ¢, respectively),

relative o a global reference,

In
e
CLE T feru, chagz
{c«; riag;‘c
i aed 4 ogic,od
f.s‘r{, Lhotd

Figure 180-5 Pipelined datapath circuit and timing parameters.

Dell Ex. 1025
Page 338



496 Chapter 10 = Timing Issues in Digital Circuits

Under the ideal condition that £, = f,4,, the minimum clock period required for this sequential
circuit is determined solely by the worst case propagation delays. The period mast be long
enough for the data to propagate through the registers and logic and to be set up at the destira-
tion register before the next rising edge of the clock. As we saw in Chapter 7, this consiraint is
given by the following expression:

T gH tapic Hen (10.1)

q

At the same time, the hold time of the destination register must be shorter than the minimom
propagation delay through the logic network:

Dpotd <1o_ i, od + t!ﬂgic, cd (1{)-2)

Unforiunately, the preceding 2nalysis is somewhat simplistic, since the clock s never ideal. The
different clock events turn outf to be neither perfectly periodic nor perfectly simultaneous. As a
result of process and environmental variations, the clock signal can have both spatiel and tempo-
ral variations, which lead to performance degradation and/or circuit malfunction.

Clock Skew

The spatial variation in arrival time of a clock transition on an integrated circuit is commonly
referred to as clock skew. The clock skew between two points 7 and jon an IC is given by 8 (i, /3 =
t; — t, where #; and t;are the positions of the fising edge of the clock with respect to the reference.
Consider the transfer of data between registers R1 and R2 in Figure 10-3. The clock skew can be
positive or negative depending upon the routing direction and position of the clock source. The
timing diagram for the case with positive skew is shown in Figure 10-6. As the figure illustrates,
the rising clock edge is delayed by a positive & at the second register,

Clock skew is caused by static mismatches in the clock paths and differences in the clock
load. By definition, skew is constant from cycle to cycle. That is, if in one cycle CLK; lagged
CLK, by &, then on the next cycle, it will lag it by the same amount. It is important {6 note that
clock skew does not result in clock period variation, but only in phase shift.

The clock-skew phenomenon has strong implications for both the performance and the func-
tionality of sequential systems. First, consider the impact of clock skew on performance, We can
see from Figure 10-6 that a new input /n sampled by R1 at edge @ wili propagate through the com-

j TCL i 3
Teix
CLK, @ 9
5
>
CLE, ay @
A

Figure 106 Timing diagram to study the impact of clock skew on performance
and functionality. in this sample timing diagram, 5 > 0.
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binational logic and be sampled by R2 on edge @. If the clock skew is positive, the time available
for a signal to propagate from R to R2 is increased by the skew & The output of the combinational
logic must be valid one setup time before the rising edge of CLK, (point @). The constraint on the
minimum clock period can then be derived as follows:

T+821,_ + e +ig, or Tzi, +1,-0 (10.3)

g + t#ng;’e st

This equation suggests that clock skew actually has the potential to improve the perfor-
mance of the circuit. That is, the minimum clock period required to operate the circuit reliably
reduces with increasing clock skew! This is indeed correct, but unfortunately, increasing skew
makes the circuit more susceptible to race conditions, which may harm the correct operation of
sequential systems,

This can be illustrated by the following example: Assume again that input /z is sampled on
the rising edge of CLK at edge @ into R1. The new value at the output of R1 propagates through
the combinational logic and should be valid before edge @ at CLK,. However, if the minimum
delay of the combinational logic block is small, the inputs to B2 may change before the clock
edge @, resulting in incorrect evaluation. To avoid races, we must ensure that the minimum
propagation delay through the register and logic is long enough that the inputs to B2 are valid for
a hold time after edge @. The constraint can be formally stated as

8+ Ihg!e? < fch—g,‘, cd) + f(i@gi’e,cd)

or {104)

&< I(c— o, o} + Z(fogir, cd} ™ Lhotd

Figure 10-7 shows the timing diagram for the case in which & < 0. For this case, the rising
edge of CLK, happens before the rising edge of CLK|. On the rising edge of CLK|, a new input
is sampled by R1. The new data propagate through the combinational logic, and they are sam-
pled by R2 on the rising edge of CLK,, which corresponds to edge @. As Figure 10-7 and Eq.
(10.3) clearly show, a negative skew adversely impacts the performance of a sequential system.
However, assuming .+ 8 <7, oty + fogic, cap & NEZative skew implies that the system never
fails, since edge @ happens before edge ®!

Teg+ 8
Torx i
cik, |@ @
cLk, @ -? @

Figure 10-7 Timing diagram for the case when § < 0. The sising edge
of CLK, arrives eattier than the edge of CLK,,.
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Figure 10-8 Positive and negative clock skew scenarios.

Example scenarios for positive and negative clock skew are shown in Figure 16-8.

* § > 0—This corresponds to a clock routed in the same direction as the flow of the data
through the pipeline (Figure 10-8a). In this case, the skew has to be strictly controlled and
satisfy Bq. . If the constraint is not met, the circnit maifunctions independently of the
clock period. Reducing the clock frequency of an edge-triggered circuit does not help get-
ting around skew problems! It is therefore necessary to satisfy the hold-time constraints at
design time. On the other hand, positive skew increases the through put of the circuit as
expressed by Eq. (10.3). The clock period can be shortened by 8. The extent of this
improvement is limited, as large values of & soon provoke violations of Eq. .

+ § < —When the clock is routed in the oppesite direction of the data (Figure 10-8b), the
skew is negative and provides significant immunity to races; if the hold time is zero or
negative, races are eliminated because Bq. is unconditionally met! The skew reduces the
time available for actual computation so that the clock period has to be increased by |8]. In
summary, routing the clock in the opposite direction of the data avoids disasters, but ham-
pers the circuit performance.

Unfortunately, since a general logic circuit can have data flowing in both directions (for
example, circuits with feedback), this solution to eliminate races dees not always work.
Figure 10-9 shows that the skew can assume both positive and negative values, depending on the
direction of the data transfer. Under these circumstances, the designer has to account for the
worst case skew condition. In general, routing the clock so that only negative skew occurs is not
feasible. Therefore, the design of a low-skew clock network is essential,
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Figure 10-8 Datapath structure with feedback,

Example 10.1 Propagation and Contamination Delay Estimation

Censider the logic network shown in Figure 10-10. Determine the contamination and
propagation delays of the network, given a worst case gate delay of z,,.,. We also assume
that the maximum and minimum delays of the gates are identical.

The contanunation delay is easily found; it equals 2., and is the delay through
(R, and O&,. On the other hand, computation of the worst case propagation delay is not
as stinple, At first glance, it would appear that the worst case corresponds to path ©, and
its delay is 5¢,,,. However, when analyzing the data dependencies, it becomes obvious
that path @ can never be exercised. Path @ is calied a false path. If A = 1, the critical path
goes through OR, and OR,. If A =0 and B = {, the critical path is through £, OR, and OR,
(corresponding to a delay of 3¢,,,). For the case in which A = 0 and B = |, the lengest path
goss through [}, OR,, AND; and OR,. In other words, for this simpie {but contrived) net-
work, the output does not even depend on inputs ¢ and D {that is, there is redundancy).
Therefore, the actual propagation delay is 41,,,,. Given the propagation and contamination
delay, the minimum and maximum allowable skew can be easily computed.

ath(@
A ; ‘:\\p |

_B I,:;] N OR; Sl ORZ Cil
z path D)
AND,
AND, A[N Dy
D

Figure 16-10  Logic network for computation of performance.
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WARNING: The computation of the worst case propagation delay for combinational logic, due
to the existence of false paths, cannot be ebtained simply by adding the propagation delays of
individual logic gates. The critical path is.sirongiy dependent on circuit topelogy and data
dependencies.

Clock Jitter

Clock jitter vefers 1o the temporal variation of the clock peried at a given point on the chip—that
is, the clock period can reduce or expand on a cycle-by-cycle basis. It is strictly a temporal
uncertainty measure, and it is often specified at a given point. Jitter can be measured and char-
acterized in a number of ways and is a zero-mean random variable. The absoluie jitter (1,
refers to the worst case variation (absolute value) of a clock edge at a given location with respect
to an ideally periodic reference clock edge. The cycle-to-cycle jitter (T, typically refers to the
time-varying deviations of a single clock period relative to an ideal reference clock. For a given
spatial location 7, it is given as T () = ' g oy — P — Topge Where £y, yand o represent
the arrival ime of the 7 + 1™ and the »" clock edges at node i, respectively, and Ty is the nom-
inal clock period. Under the worst case conditions, the magnitude of the cycle-to-cycle jitter
equals twice the absolute jitter (2r%,,).

Jitter directly impacts the performance of a sequential system. Figure 10-11 shows the
nominal clock period, as well as the variation in period. Ideally, the clock period starts at edge @
and ends at edge &, with a nominal clock period of 7, ;. However, the worst case scenario hap-
pens when the leading edge of the current clock period is delayed by jitter {edge ®), while jitter
causes the leading edge of the next clock period to cccur early (edge @). As a result, the total
time available to complete the operation is veduced by 2 in the worst case and is given by

{10.5}

Ijr’l‘zer
TC,{,K - 22‘}??!6!‘ = "z;'-q + {kgéc + i, 0r Tz Ic—q + Ifagic it ijfi;er'
Equation (10.5) illustrates that jitter directly reduces the performance of a sequential circuit,
Keeping it within strict bounds is essential if one is concerned about performance.
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Figure 10-11  Cireuit for studying the impact of jitter on perfarmance.
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The Combined Impact of Skew and Jitter
1n this section, the combined impact of skew and jitter is studied for conventional edge-triggered
clocking. Consider the sequential circuit shown in Figure 10-14,

Assume that as a result of the clock distribution, there is a static skew 8 between the clock
signals at the two registers (assume that & > 0). Furthermore, the two clocks experience a jitter of
finer- [0 determine the constraint on the minimum clock peried, we must look at the minimum
available time to perform the required computation. The worst case occurs when the leading
edge of the current clock period on CLK, happens late (edge @) and the leading edge of the next
cycle of CLK, happens early (edge @). This results in the following constraint:

TC,{.K + 8 o ?‘{;‘;‘rrm- 2 zc»-q + ff:sgic + ?;‘z{
or (10.6)
T20, el =D+ 21,

Ccoir Jitter

This equation iltustrates that positive skew can provide a performance advantage. On the other
hand, jifter always has a negative impact on the minimum clock period.

To formulate the minimuim delay consiraint, consider the case in which the leading edge of
the CLK| cycie amives early (edge @), and the leading edges the current ¢ycle of CLK,; awives
fate (edge @). The separation beiween edges @ and ® should be smaller than the minimum
delay through the network. This results in

6 + Eim{{f + 2{3{’!1{‘)' < j.{CA 4, cd¥ + al[loz;i{‘, o}
or (10.7)

d< ;{5 ~ g, i} + {{iogz‘c. cdd T Thetd — ijif.’c’r

0lo ®0

Terg
CLK, ) Fiier
OIG; ©®@
CLK, i Wi

0LO, ol
Figure 10-12 Segusnce circuit with a negative clock skew {6).
The skew is assumed to be larger than the jiter.

'This anatysix is definitely for the worst case. [t assemes that the jitter values at the souree and the destination nodes ase inde-
pendent satistical variables. In reality, the clock edges involved ik the hold-time analysis ave derived from the same clock
edge and are stalisticaily dependent. Taking this dependence ite account reduces the timing consfraints substantially.
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Figure 10-13 Skew and jitler sources in synchrenous clock distribution.

This relation indicates that the acceptable skew is reduced by the jitter of the two signals.
Now consider the case in which the skew is negative {8 < (), as shown in Figure 10-12.
Assume that 3] > tiner- 1t cant be verified that the worst case timing is exactly the same as in the

previous analysis, with 8 taking a negative value. That is, negative skew reduces performance.

10.3.2 Sources of Skew and Jitter

A perfect cfack is defined as a pericdic signal that simultaneonsly triggers various memory ele-
ments on the chip. However, due io a variety of process and environmental variations, clocks are
not ideal. To illustrate the scurces of skew and jitter, consider a simplistic view of a typical clock
generation and distribution netwerk, as shown in Figure 13-13. A high-frequency clock is either
provided from off chip or generated on chip. From a central point, the clock is distributed using
multiple mafched paths to low-level sequential elements. In this picture, two paths are shown,
The clock paths include the wiring and the associated distributed buffers required {o drive inter-
connect and loads. A key point to realize in clock distribution is that the abselute delay threugh
a clock distribution path is not important; what matters is the relative arrival time at the regis-
ter peoints at the end of each path. It is perfectly acceptable for the clock signal to take multiple
cycles to get from a central distribution point to a low-level register as jong zs all clocks arrive at
the same time at all the registers on the chip.

There are many reasons why the two parailel paths don’t result in exactly the same delay.
The sources of clock uncertainty can be classified in several ways. First, etrors can be divided
into two categories: svstematic and random. Systematic errors are nominally identical from chip
to chip and are predictable (for instance, variation in total Joad capacitance of each clock path).
In principle, such errors can be modeled and corrected at design time, given sufficiently good
models and simulators. Short of that, systematic errors can be deduced from measurements over
a set of chips, and the design can be adjusted to compensate. Randor errors are due to manufac-
turing variations that are difficult to model and eliminate (for instance, dopant fluctuations that
result in threshold variations).

Mismatches may also be characterized as stazic or time varying. In practice, a continuum
exists between changes that are slower than the time constant of interest and those that are faster.
For exampie, temperature gradients on a chip vary on a millisecond fime scale. A clock network

Dell Ex. 1025
Page 345



10.3 Synchronous Design—Aan In-Depth Perspective 503

P Ri Lo ; Rz
H F, i,
-5 0 O”’ggfg‘;i"’y—»D o>
4N AN
1‘ fcii, 1‘ ol o)
X6 OO
Teig 8 1o
Toig
CLK] ™ ‘rji s
OO, @
h]
CLK, =t lier
'@® OE

Figure 10-14 Seguential circuit to study the impact of skew and jitter
on edge-triggered systems. in this example, a positive skew {8} is assumed.

tuned by a one-time calibration is vulnerable to the time-varying mismatch caused by the vary-
ing thermal gradients. On the other hand, thermal changes appear essentially static (o a feedback
network with a bandwidth of several megahertz. Another example is fielded by power-supply
noise. The clock net is usually by far the largest signal net on the chip, and simultaneous transi-
tions on the clock drivers induce noise in the power supply. This high-speed effect does nol cre-
ate a time-varying mismatch, because it is the same at every clock cycle and affects each rising
clock edge the same way. Of course, this power-supply glitch may still cause static mismatch if
it is not the same throughout the chip. The various sources of skew and jitter introduced in
Figure 10-13 are described and characterized in detail in the sections that follow,

Clock-Signal Generatien (1)

The generation of the clock signal itsel{ causes jitter A typical on-chip clock generator, as
described at the end of this chapter, fakes a low-frequency reference clock signal and produces a
high-frequency global reference for the processor. The core of such a generator is a voliage-
contrafled oscillator (VCO). This is an analog circuit, sensitive to mirinsic device noise and
power-supply variations. A major problem: is the coupling from the surrounding noisy digital cir-
cuitry through the subsirate. This is especially a problem io modern fabrication processes that
use a lightly doped epitaxy on the heavily doped substrate {to combat lateh up). This causes sub-
sirate noise to travel over large distances on the chip [ManeatisO0]. These noise sources cause
temporal variations in the cloek signal that propagate unfiltered through the clock drivers to the
flip-flops, and result in eycle-to-cycle clock-period vaviations.

Manufacturing Deviee Variations (2)

Distributed buffers are integral components of the clock distribution networks. They are required
to drive both the register loads and the global and local interconnects. The matching of devices in
the buffers along multiple clock paths is critical to minimizing timing uncertainty. Unfortunately,
as aresult of process variations, device parameters in the buffers vary along different patis, result-
ing in static skew. There are many sources of variations that contribute, such as oxide variations
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{which affect the gain and threshold), dopant variations, and iateral dimension (width and length)
variations. The doping variations can affect the depth of junction and dopant profiles and cause
electrical parameters {such zs device threshold and parasitic capacitances) to vary.

The orientation of poiysilicon also can have some impact on the device parameters. Keep-
ing the orientation the same across the chip for the clock drivers is therefore critical. Variation in
the polysilicon critical dimension is particularly important, because it translates directly into
MOS transistor channel length, impacting the drive current and switching characteristics. Spatial
variation usuaily consists of a wafer-level (or within-wafer} variation and a die-level {or within-
die) variation. At least part of this variation is systematic and therefore can be modeled and com-
pensated for. The random variations, however, ultimately limit the matching and lower bound of
the skew that can be achieved.

Interconnect Variations (3}

Vertical and lateral dimension variations cause the interconnect capacitance and resisiance to
vary across a chip. Since this variation is static, it causes skew between different paths. One
important source of interconnect variation is the Inter-layer Dielectric {ILD} thickness variation,
It the formation of aluminum interconnect, layers of silicon dioxide are interposed between lay-
ers of patterned metallization. Oxide is deposited over a layer of patterned metal features, gener-
ally resulting in some remaining step height or surface topography. Chemicalonechanical
polistiing (CMP) is used to “planarize” the surface and remove the topography resulting from
deposition and etch (as described in Chapter 3 and shown in Figure 10-15a). While at the fea-
ture scale (i.e., over an individual metal line), CMP can achieve excellent planarity, there are
limitations on it over a global range. This is due primarily to variations in the polish rate, which
is & function of the circuit layout density and pattern effects. Figure 10-15b shows this effect.
the polish rate is higher for the lower-spatial-density region, resulting in a smaller dielectric
thickness and higher capacitance.

The assessment and control of variation is of critical importance in semiconductor process
development and manufacturing. Significant advances have been made to develop analytical
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Figure 10-15 Inter-lsvel Dielectric {ILD) thickness vasiation due o density
{Courtesy of Buane Boning.).
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models for estimating the ILD thickness variations, based on spatial density. Since this compo-
nent is often predictable from the layout, it is possible to actually correct for the systematic com-
ponent at design time (e.g., by adding appropriate delays or making the densiiy uniform by
adding “dummy fills”). Figure 10-16 shows the spatial pattern density and ILID thickness for a
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Figure 10-18 Pattern density and ILD thickness variation for a high-performance
microprocessor. {Courtesy of Duane Boning)
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high-performance microprocessor. The graphs show a clear correlation between the density and
the thickness of the dielectric. Hence, clock distribution networks must expioit such information
in order to reduce clock skew. -

Other interconnect variations include deviations in the width of the wires and line spacing,
which result frem photolithography and etch dependencies. At the lower levels of the metaliiza-
tion hierarchy, lithographic effects are more important, while etch effects that depend on width
and layout are dominant at the higher levels. The width is a critical parameter because it directly
impacts the resistance of the line, and the wire spacing affects the wire-to-wire capacitance. A
detailed review of device and interconnect variations is presented in [Boning00]. Recent proces-
SIS USE copper Interconnects, in which line thickness variations are also seen to be highly pat-
tern dependent due to CMP dishing and erosion effects {Park(0].

Environmental Variations (4 and 5)

Enwvironmental variations probably are the most significant contributors to skew and jitter. The
two major sources of environmental variations are tempeiraiure and power supply. Temperature
gradients across the chip result from variations in power dissipation across the die. These gradi-
ents can be quite large, as shown in Figure 15-17, which displays a snapshot of the surface tem-
perature of the DEC 21064 microprocessor. Temperature variation has become an important
issue with clock garing, where some parts of the chip may be idle, while other paris of the chip
are fully active. Clock gating has become popular in recent years as a means (o minimize power
dissipation in idle modules {as described i a later ssction). Shatting off parts of the chip leads to
large temperature variations. Since the device parameters (such as threshold and mobility)
depend strongly on temperature, the buffer delay for a clock distribution network can vary dras-
tically from path to path. More importantly, this component is time varying, since the tempera-
ture changes as the logic activity of the circuit varies, Hence, it is not sufficient to simulate the
clock networks at worst case corners of temperature; instead, the worst case variation in temper-
ature must be simulated. An interesting question is whether temperature variation contributes o
skew or to jitter, Clearly, the difference in temperature is time varying, but the changes are rela-

Figure 10-17 Tempsrature variation {snapshot} over DEC 21064 microprocessor.
The highest temperature occurs at the central clock driver [MHerrick00L
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tively slow {typical time conslants for temperatiwe changes are on the order of milliseconds).
Therefore, it is usually considered as a skew component and the worst case conditions are used.
Fortunately, by using feedback, it is possibie to calibrate the temperature and to compensate for
this effect.

Power-supply variations, on the other hand, are the major source of jitter in clock distribu-
tion networks. The delay through buffers is a very strong functicn of power supply, as it directly
affects the drive of the tansistors. As with temperature, the power-supply voltage is a strong
function of the switching activity. Therefore, the buffer delay varies strongly from path to path.
Power-supply variations can be classified into slow- (or static) and high-frequency variations.
Static power-supply variations may result from fixed currents drawn from various modules,
while high-frequency variations result from instantaneous IR drops along the power grid due to
fluctuations in swiiching activity. Inductive effects on the power supply also are a major concemn
since they cause voltage Buctuations. Again, clock gating has exacerbated this problem, because
the logic transitions between the idle and active states can cause major changes in current drawn
from the supply. Since the power supply can change rapidly, the period of the clock signal is
modulated on a cyele-by-cycle basis, resulting in jitter. The jitter on two different clock points
may be correlated or uncorrelated, depending on how the power network is configured and the
profile of switching patterns. Unfortunately, high-frequency power-supply changes are difficult
to compensate for, even with feedback techniques. Consequently, power-supply noise funda-
mentally limits the performance of clock networks. To minimize power-supply variations,
high-performance designs add decoupling capacitance around major clock drivers.

Capacitive Coupling (6 and 7)

Changes in capacitive load also contribute to timing uncertainty. There are two major sources of
capacitive-load variations: coupling between the clock lines and adjacent signal wires, and vari-
ation in gate capacitance. The clock network includes both the interconnect and the gate capaci-
tance of latches and registers. Any coupling between the clock wire and adiacent signal results in
timing uncertainty. Since the adiacent signal can transition in arbitvary directions and at arbitrary
times, the exact coupling o the clock network is not fixed from cycle to cycle, causing jitter.
Another major source of elock unceriainty is the variation in the gate capacitance contributed by
the connecting sequential elements. The load capacitance is highly nonlinear and depends on the
applied veltage. For many latches and registers, the clock lead is a function of the current state
of the latchiregister (i.e., the values stored on the internal nodes of the circuit), as well as the
next state. This causes the delay through the clock buffers to vary fiom evcle 1o cycle, which
causes jitter.

Example 10.2 Data-Dependent Clock Jitter

Consider the circuit shown in Figure 10-18, where a minimum-sized local clock buffer
drives a register. {Actually, each clock buffer drives four registers, thongh only one is
shown here.) The simulation shows CKb, the output of the first inverter for four possible

Dell Ex. 1025
Page 350

s



508 Chapter 10 = Timing Issues in Digital Circuits

CK CKb !
b b o 2 ‘
o
T T = b
CKb J'; cK 5 1
b
z
-
CKb 03
CLK CK | ;
-5
6 61 0z 03 04

time {as)

Figure 10-18 impact of data-dependent clock load on clock jitter for transmission-
gaie register.

transitions {0 = 0,0 -2 1, 1 —» G and I — 1). The jitter on the clock based on data-depen-
dent capacitance is illustrated. In general, the only way to deal with this problem is to use
registers that do not exhibit a large variation in load as a function of data—for example,
the differential sense-amplifier register shown in Chapter 7.

10.3.3 Clock-Distribution Techniques

It is clear from the previous discussion that clock skew and jitter are major issues in digital cir-
cuits, and can fundamentally limit the performance of a digital system. It is therefore necessary
to design a clock network that minimizes both. While designing that clock network, a close eye
should be kept on the associated power dissipation. In most high-speed digital processors, a
majority of the power is dissipated in the clock network. To reduce power dissipation, clock net-
works must support clock conditioning—that is, the ability to shut down paris of the clock net-
work, Unfortunately, clock gating results in additional clock uncertainty (as described earlier).

In this section, an overview of basic constructs in high-performance clock distribution
techniques is presented, along with 2 case study of clock distribution in the Alpha microproces-
sors. There are many degrees of freedom in the design of a clock network, including the type of
material used for wires, the basic topology and hierarchy, the sizing of wires and buffers, the rise
and fall times, and the partitioning of load capacitances.

Fabrics for Clocking

Clock networks typically include a network that is used to distribute a global reference to vari-
ous parts of the chip, and a final stage that is responsible for lecal distribution of the clock
while considering the local load variations. Most clack distribution schemes expleit the fact that
the absolute delay from a central clock source to the clocking elements is irrelevant—only the
relative phase between two clocking points is important. Therefore, one common approach to
distributing a clock is to use balanced paths {called trees).

Dell Ex. 1025
Page 351



10.3 Synchronous Design—An In-Depth Perspective 505

B

RAPARE
| R A

Figure 10-19 Example of an H-iree clock-distribution network for 15 leaf nodes.

The most comnmon type of clock distribution scheme is the H-tree network, which is illus-
trated in Figure 10-19 for a 4 X 4 proeessor array. The cleck is first routed to a central peint on
the chip. Balanced paths that include both maiched interconnect and buffers then distribute the
reference to the various leaf nodes. Ideally, if each path is perfectly balanced, the clock skew is
zero, Although it might take multiple clock cycles for a signal io propagate from the central
point to each leaf node, the arrival times are identical at every leaf node. However, in reality, pro-
cess and environmental variations cause clock skew and jitter to occur

The H-tree configuration is particularly useful for regular array networks in which all
elements are identical and the clock can be distributed as a binary tree {for example, arrays of
wdenticai tiled processors}. The cencept can be generalized 1o a more generic seiting. The more
general approach, referred to as marched RC frees, represents a floor plan that distributes the
clock signal so that the interconnections carrying the clock signals to the functional subblocks
are of equal lengzth. That is, the general approach does not rely on a regular physical structure.
An example of a matched RC is shown in Figure 10-2(1. The chip is partitioned into 10 bal-
anced load segments (tiles), The global clock driver distributes the clock to the tile drivers
Iocated at the dots in the figure. A lower level RC-matched free is used to drive 580 additional
drivers inside each tile. A 3D visualization of the clock defay in a tree network is shown in
Figure 10-21.

An alternative clock distribution approach is the grid structure of Figure 10-22 [Bailey0Q].
Grids typically are used in the final stage of a elock network to distribute the clock to the clock-
ing element loads. This approach is fundamentally different from the balanced RC approach.
The main difference is that the delay from the final driver to each load is not matched. Rather,
the absolute delay is minimized, assuming that the grid size is small. A major advantage of such
a prid structure is that it allows for late design changes, since the clock s easily accessible at var-
ious points on the die. Unfortunately, the penalty is a relatively large power dissipation since the
structure has a lot of “excess” interconnect. In addition to the schemes described earlier, other
approaches have been devised for clock distribution. The length-matched serpentine approach is
just one of them [Young97].
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Figure 10-20 An example RC-matched distribution for an IBM
microprocessor [Restlieds].

(2) )

Figure 10-21 Visualization of clock delay in a tree network driving different loads. The X- and Y-
axes represent the die, while the Zaxis represents the clock delay. The width of the fines is pro-
portional to the designed wire width. The unbalanced load creates a large skew, as is claar in {&).
By careful tuning of the wire widths, the load is balanced, minimizing the skew, as shown in (b}
[Restief1]. See also Coiorplate 9.
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Figure 18-22 Girld structures allow a low skew distribution and
physical design flexihility at the cost of power dissipation [Bailey00L

It is essential to consider clock distribution in the earlier phases of the design of a complex
cirenit, since it might influence the shape and form of the chip’s Acor plan. It is tempting for a
designer to ignore the clock network in the early phases of a project and consider it only at the
end of the design cvcle, when most of the chip Jayout is already frozen. This resulis in unwieldy
clock networks and muitiple timing constraints that hamper the performance and operation of
the final circuit. With carefisl planning, a designer can avoid many of these problems, and clock
distribution becomes a manageable operation.

In this section, the ¢lock distribution strategies for three generations of the Alpha microprocessor are dis-
cussed in detail. These processors have always been at the cutting edge of the technology and therefore rep-
resent an interesting perspective on ihe evolution of ciock distribution [HervickOU.

The Alpha 21064 Processor—The frst-generation Alpha microprocessor (21064 or EV4) from
Digital Eguipment Corporation used a single global clock driver [Dobberpuhi92}. The distribution of clock
load capacitance among various functional blocks is shown in Figure 10-23. The total ciock lead equals
3.25 nF! The procassor uses a single-phase clock methodology, and the 200-MHz clock is fed to 2 binary
tree with five levels of buffering. The inputs 1o the clock drivers are shorted o smooth out the asymmetry in
the incoming signals. The final output stage, residing ia the middle of the chip, drives the ciock net. The
clock driver and the associated pre-drivers account for 40% of the effective switched capacitance {12.3 aF,
resuiting in significant power dissipation, The overall width of the clock driver was on the order of 35 cm in
a 0.75-wn technoiogy. A detailed clock skew simulation with process variations indicates that z clock
uncertainty of less than 200 ps {< 10%} was achieved.

The Alpha 21164 Processor—The second-generation Alpha microprocessor (EV3) operates at a
clock frequency of 300 Mhz while using 9.3 million fransistors on a 16.5 mun. x 18,1 mm die in a 8.5-um
CMOS technology [Bowhillo3]. A single-phase clocking methodology was selected, and the design made
exiensive use of dynamic Iogic, resuliing in a substantiai clock lead of 3.75 nE The clock distribution sys-
tem conswmes 20'W, which is 40% of the totat dissipation of the processor.
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Figure 10-23 Distribution of clock load capacitance for the 21064 Alpha processor.

The incoming clock signal is first routed through a single six-stage buffer placed at the center of
the chip. The resulting signal is distributed in metal-3 to the left and right banks of final clock drivers,
positioned between the secondary cache memory and the outside edge of the execution unit {see
Figure 10-24a). The produced clock signal is driven onto a grid of metal-3 and metal-4 wires. The equiva-
lent transistor widih of the final driver inverler equals 38 cm! To ensure the integrity of the clock grid
across the chip, the grid was extracted from the layout, and the resulting RC-network was stmulated. A

Clock driver

Lietay

(b} Clack skew simulation.

{a) Chip microphotograph, showing position-
ing of clock drivers.

Figure 10-24 Clock disiribution and skew in a 300-MHz microprocessor.
{Courtesy of Digital Equipment Corporation.}
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three-dimensional representation of the simulation results is plotted in Figure 10-24b. As evident from the
plot, the skew is zero at the ouiput of the feft and right drivers, The maximum value of the absolute skew
ts smaller than 90 ps. The critical instruction and executton units all see the clock within 65 ps.

Clock skew and race problems were addressed using & “mix-and-match” approach. The clock skew
problems were eliminated by either routing the clock in the opposite direction of the data {at a smali cost in
terms of performance) or by ensuring that the data could not overtake the clock. A standardized library of
level-sensitive transmission-gate latches was used for the compiete chip. To avoid race-through cenditions,
the following design guidelines were used:

» Carefid sizing of the local clock buffers were carefully sized so that their skew was minimal.

* At least one gate had to be inserted between connecting latches. This gate, which can be part of the
logic function or just a simple inverter, easures was a minimum contamination delay. Special design
verification tools were developed to guarantee that this rule was obeyed over the complete chip.

To improve the interlayer dielectric uniformity, filler pelygons were inserted between widely spaced lines,
as shown in Figore 10-25. Though this may increase the capacitance to nearby signal lines, the improved
unitformity results in lower variation and clock uncertainiy. The dummy fills are antomatically inserted, and
tied to one of the power rails (Vp, or GND). Dammy insertion is required today to egualize the elch-away
of CMP (Chapter 3). This technique is used in many of today’s processes for conirelling the clock skew.

This example demonsirates that managing clock skew and clock distribution for [arge, high-perfor-
mance synchronous designs is a feasible task, However, making such a circuit work in a reliable way
requires careful planning and intensive analysis.

The Alpha 21264 Processor—A hierarchical elocking scheme is used in the 600-Mhz Alpha 21264
{EV0) processor {in 0.35-urmn CMOS}, shown in Figure 10-26 [Bailey981. The choice of a hierarchical
clocking scheme for this processor is 2 major departure from the preceding processors, which did not have

Figure 16-256 Dummy fills reduca the ILD variation and improve clock skew.
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Figure 10-26 Clock hierarchy for the Alpha 21264 Processor.

a hierarchy of clocks beyond the global clock grid. Using a hierarchical clocking approach enables trade-
offs between power and skew management. Power is reduced, because the elocking networks for individual
blocks can be gated. As seen in previous-generation microprocessors, the clock power contributes to a large
fraction of overall power consumption. Also, the dexibility of having locsl clocks provides the designers
with more freedom with respect to circuit styles at the module level. The drawback of using a hierarchical
clock network is that skew reduction becomes more difficult. Clocks to various local registers may go
through very different paths, which may contribuie fo the skew. However, by using timing verification
tools, the skew can be managed by tweaking of the clock drivers.

The clock hierarchy consists of a globai clock grid, called GCLK, that covers the entire die, Siate
elements and clocking points exist from zero to height levels past GCLK. The on-chip generated clock is
routed to the center of the die and distributed using tree structures to 16 distributed clock drivers (see Figure
10-27). The global clock distribution network utilizes & windowpane configuration, which achieves low
skew by dividing the clock into four regions, which reduces the distance from the drivers to the loads. Each
grid pane is driven from four sides, reducing the dependence on process variations. This also helps the
power sapply and thermal problems, as the drivers are distributed through the chip.

The use of a gridded clock has the advantage of reducing the clock skew, while providing universal
availability of the clock signals. The drawback is the inereased capacitance of GCLK, compared with a tree-
distribution approach. In addition to the GCLK, at the nexi level of clock hierarchy, there is a2 major clock
erid. The major clocks were introduced o reduce power: They have localized loads, and they can be sized
appropriatety to meet the skew and edge requirements for the local loading conditions at timing-critical
Biits.

The lowest level in this hierarchy is formed by the local clocks, which are generated as needed from
any other clock, Typically, they can be customized to meet local timing constrains. The local clocks pro-
vide great Hexibility in the design of the logic blocks, but at the same time make it significantly more diffi-
cult to manage skew. Farthermore, the local clocks are more susceptible to coupling from data lines,
because they are not shielded like the global gridded clocks. As a result, the local clock distribution is
highly dependent on its local imerconnection and thus has to be designed very carefuliy.
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Figure 10-27 Global clock distribution network in a windowpane structure,
Pane structure {a}; clock skew distribution over die {b}.
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From the preceding discussions, some useful guidelines for reducing ctock skew and jitter can be derived:

1.

To minimize skew, balance clock paths from a central distribution source to individual clecking ele-
ments, using H-tree structores or more generatly routed matched-tree structures. When using routed
clock trees, the effective clock ivad of each path that includes wiring as well as transistor loads must
he egualized.

. The use of focal cleck gridy {instead of routed trees) can reduce skew at the cost of increased capac-

itive toad and power dissipation.

. If data-dependent clock load variations cause significant jitter, differentiai registers that have a data-

independent clock load should be used. The vse of gated clocks to save power results in a data-
dependent clock load and increased jitter In clock networks where the fixed load is large (e.g.. in
clock grids), the data-dependent variation might not be significant.

. If data flow in one divection, route the data and the clock in opposite directions. This sliminates

races al the cost of performance.

. Avoid data-dependent noise by shielding clock wires from adjacent signal wires. By placing power

lines {Vy,, or GND) next to the clock wires, ceupling from neighboring signal nets can be minimized
or avoided.

Variations in interconnect capacitance due to interlayer dielectric thickness variation can be greatly
reduced through the use of drummy fills. Dummy fills are very common and reduce skew by increas-
ing uniformity. Systematic variations should be modeled and compensated for.

. Variation in chip temperature across the die causes variations in clock buffer delay. The use of feed-

back circuits based on delay-locked loops, discussed laier in this chapter, can compensale for tlem-
peratare variations.

. Power-supply variation is a significant component of jitter, as it impacts the cycle-to-cycle delay

thraugh clock buffers, High-frequency power-supply variation can be reduced by adding on-chip
decoupling capacitors. Unfortunately, decoupling capacitors require a significant amount of area,
and efficient packaging solutions must be leveraged in order to reduce chip area. B
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10.3.4 Laich-Based Clocking®

The use of registers in a sequential circuit translates into a robust, reliable design methodology.
Yet there are significant performance advantages to be made through the use of a latch-based
design style, in which combinational logic is separated by transparent latches. In an edge-trig-
gered system, the worst case logic path between two registers determines the minimum clock
period for the entire system. If a logie block finishes before the end cf the clock period, it has to
sit idle untit the next clock edge. The use of a latch-based methodology enables more flexible
timing by allowing one stage to pass slack or to borrow time from other stages. The added flexi-
bility also increases overall performance. Note that the latch-based methodology can be thought
of as adding logic between latches of master—siave flip-flops.

Consider the latch-based system of Figure 10-28, which uses a two-phase clocking
scheme. Assume that the clocks are ideal and that the two clocks are inverted versions of each
other (for the sake of simplicity). In this configuration, a stable input is available to the combina-
tional logic block A (CLB_A) on the falling edge of CLK, {at edge @). It has a maxiroum time
equal to the 7 /2 to evaluate—that is, the entire low phase of CLK,. On the falling edge of
CLK, {(at edge @), the output CLB_4 is latched, and the computation of CLK_B is launched.
CLB_B computes on the low phase of CLK,, and the output is avatlable on the falling edge of
CLK, {at edge @). Prom a timing perspective, this scenario appears {o be equivalent to an edge-
triggered sysiem, where CLE_A and CLB_E are cascaded between two edge-triggered registers
{see Figure 10-29). In both cases, it appears that the fime available to perform the combination
of CLB Aand CLB_Bis Ty,

However, there is an impartant performance-related difference. In a laich-based system, it
is possible for a logic block to wtitize time that is left over from the previous logic block. This
phenomenon, which resulis from the transparency of a latch during its on time, is referred o as
slack borrowing [Bernstein98]. It requires no explicit design changes, as the passing of slack

1 i3 Li I3
in A fciB Ay 5 fciBB C /cipcC

e | yre - [ L Y
o oG o) P e

B t } }

CLK, CLK, CLK, CLK,
Toik
5 LOHIPU ie
CLK, O %4 CLB_A & @
launch A lausnch C
C i [(2 /#’ CGI}?f)Ifo
tlamch B L__CLB.8

Figure 10-28 Laich-based design in which transparent laiches are separated by
combinational logic.
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Figure 1028 Edge-iriggerad pipeiine (back-to-back latches for edge-iriggered registers)
of the logic in Figure 10-28.

from one block to the next is automatic. The key advantage of slack borrowing is that it allows
logic between cycle boundaries to use more than one clock cycle while satisfying the overall
cycle time constraint. Stated in ancther way, if the sequential system works at a particular clock
rate, and the total logic delay for a complete cycle is larger than the clock period, then unused
time, or slack, has been implicitly borrowed from preceding stages. Formally stated, slack pass-
ing has taken place if Ty < £,y 4 + 1,9, 5. and the logic functions correctly (for simplicity, the
delay associated with latches are ignored). This implies that the clock rate can be higher than the
worst case critical path!

As mentioned earlier, slack passing resuits from the level-sensitive nature of the latches, In
Figure 10-28, the input to CLB_A must be valid by the falling edge of CLX, {edge @&}. What hap-
pens if the combinational logic block of the previous stage finishes early and las a valid input
data for CLB_A before edge &7 Since the laich is transparent during the entire high phase of the
clock, the input data for CLB_A are valid as soon as the previous stage has finished computing.
‘This implies that the maximum time available for CLB_A is its phase time (i.e., the low phase of
CLK) plus any time left from the previous computation.

Consider the latch-based systern of Figure 10-30. In this example, signal ¢ {input to
CLE_A} is valid weli before edge @. This implies that the previous block did not use its entire
allotment, prodocing siack time as denoted by the shaded area, By consiruction, CLB_A can start
computing as soon as signal g becomes valid. It uses this slack time to finish well before its allo-
cated time {edge @). Since L, is a transparent fatch, valid on the high phase of CLK,, CLE_B
starts to compute using the slack provided by CLB_A. Again, CLE_B completes before its allo-
cated time (edge @), and it passes a small amount of slack to the next cycle. As this picture indi-
cates, the total cycle delay—that is, the sum of the delay for CLE_A and CLB_B—is larger than
the clock period, Since the pipeline behaves coirectly, slack passing has taken place and a higher
through-put has been achieved.

An important question related to slack passing involves to the maximum possible siack
that can be passed across cycle boundaries. In Figure 10-30, it is easy to see that the earliest time
that CLB_A can start computing is &©. This happens if the previous logic block did not use any
of its aliocated time (CLK | high phase) or if it finished by using slack from previous stages.
Therefore, the maximum time that can be borrowed from the previcos stage is haif of a
cycle or Ty /2. Similarly, CLE_B must finish its operation by edge @. This impilies that
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Figure 10-3¢ Example of slack borrowing.

the maximum logic cycle delay is equal to 1.5 X T, ;. However, note that for an n-stage
pipeline, the overall logic delay cannot exceed the time available of n X Ty g

Example 10.3 Slack-Passing Example

First, consider the negative edge-triggered pipeline of Figure 10-31. Assume that the pri-
mary input fn is valid slightly after the rising edge of the clock. We can derive that the
minimum cleck period required is 125 ns. The latency is two clock cycles. (Actually, the
output is valid 2.5 cycles after the input settles.} Note that for the first pipeline stage, one-
half cycle is wasted, as the input data are available only to CL, after the falling edge of the
clock. This tirne can be exploited in a latch-based system.

Figure 10-32 shows a lafch-based version of the same circuit. As the timing indi-
cates, exactly the same timing can be achieved with a clock period of 100 ns. This is
enabled by slack borrowing between the logical partitions.

Chit
-

b g

A
!
CLK

Figure 10-31 Conventiona! edge-triggerad pipaline.
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Figure 10-32 Latch-based pipeline.

If slack passing or borrowing intrigues you, we refer you to [Bernstein98], which presents
an excellent quantitative analysis of this attractive, vet chalienging, approach.

10.4 Self-Timed Circuit Design*

10.4.1 Self-Timed Logic—An Asynchronous Technique

The synchronous design approach advocated in the previous sections assumes that all circuit
events are orchestrated by a central clock. Those clocks have a dual function:

» They ensure that the physical timing constraints are met. The next clock cycle can start
only when ail logic transitions have settled and the system has come to a steady state. This
ensures that only legal logical values are applied in the next round of computation. In
shott, clocks account for the worst case delays of logic gates, sequential logic elements,
and the wiring,

» Clock events serve as a logical ardering mechanism for the global system events. A clock
provides a time base that determines what will happen and when. On every clock transi-
tion, a number of operations are initiated that change the state of the sequential network.

Consider the pipelined datapath of Figure 10-33. In this circuit, the data transitions through
logic stages under the command of the clock. The important point is that the clock period is chosen
to be larger than the worst case delay of each pipeline stage, or 7> max (£, Lnass Fond + 5 seg-
This will ensure satisfaction of the physical constraint. At each clock transition, a new setof inputs
is sampled, and computation is started again. The throughput of the system—which is equivalent
t0 the number of data samples processed per second—is equivalent to the clock rate. The time at
which to sample a new input and the availability of an cutput depend upon the logical ordering of
the system events and clearly are orchestrated by the clock in this example,
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Figure 10-33 Pipelined, synchrenous datapath.

The synchronous design methodology has some clear advantages. It presents a structured,
deterministic approach to the problem of choreographing the myriad of events that take place in
digital designs. The approach taken is to equalize the delays of all operations by making them as
bad as the worst of the set. The approach is robust and easy te adhere to, which explains its enor-
mous popularity; however, it does have several pitfalls:

= It assumes that all clock events or timing references happen simuitaneously over the com-
plete circuit. This is not the case in reality, because of effects such as clock skew and jitter.

« As all the clocks in a circuit transition at the same time, significant current flows over a
very short period of time (due to the large capacitance load). This causes significant noise
problems due to package induciance and power-supply grid resistance.

*» The linking of physicai and logical constraints has some obvicus effects on the perfor-
mance. For instance, the throughput rate of the pipelined system of Figure 10-33 is
directly linked to the worst case delay of the slowest element in the pipeline. On average,
the delay of cach pipeline stage is smaller. The same pipeline could support an average
throughput rate that is substantiaily higher than the synchronous one. For example, the
prepagation gelay of a 16-bit adder is highly data dependent: Adding two 4-bit numbers
requires a much shorter time compared with adding two 16-bit numbers.

One way to avoid these problems is to opt for an asynclronous design approach and to
eliminate all the clocks. Designing a purely asynchronous circuit is 8 nontrivial and potentially
hazardous task. Ensuring a correct circuit operation that avoids sil potential race conditions
under any operation condition and input sequence requires a careful timing analysis of the net-
work. In fact, the legical ordering of the events is dictated by the structure of the transistor net-
work and the relative delays of the signals. Enforcing timing constraints by manipulating the
logic structure and the lengths of the signal paths requires an extensive use of CAD tools and is
recommended only when strictly necessary.

A more reliable and robust technique is the self-timed approach, which presents a loeal
solution 1o the timing problem [Seitz80]. Figure 10-34 uses a pipelined datapath to illustrate
how this can be accomplished. It is assumed that each combinational function has a means of
indicating that it has completed a computation for a particular piece of data. The computation of
a logic block is initiated by asserting a Start signal. The combinational logic block computes on
the input data, and in a data-dependent fashion (taking the physical constraints into account),
generates a Done fiag once the computation is finished. In addition, the operators must signal
each other that either they are ready to receive a nex{ input word or they have a legal data word at
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Figure 10-34 Self-timed, pipelined daiapath.

their outputs that is ready for consumption. This signaling ensures the logical ordering of the
avents and can be achieved with the aid of extra Ack{rowledge} and Req(uest) signals. In the
case of the pipelined datapath, the scenario could proceed as foliows:

1. An iaput word arrives, and a Reg{uest) to the block £1 is raised. If 71 15 inactive at the
time, it transfers the data and acknowledges this fact to the input buffer, which can go
ahead and fetch the next word.

2. Fl is enabled by raising the Srarr signal. After a cerfain amount of time, which is depen-
dent upon the data values and operating conditions, the Dore signal goes high, indicating
the compietion of the computation.

3. A Reg(nest) is issued to the F2 modnie, If this function is free, an Ack{nowledge} is raised,
the output value is transferred, and 71 can go ahead with its next computation.

The self-timed approach effectively separates the physical and logical ordering functions
implied in circuit timing. The completion signal Dene ensures that the physical timing con-
straints are met and that the circuit is in steady state before accepting a new imput. The logical
ordering of the operations is ensured by the acknowledge~request scheme, often called # hand-
shaking protocel. Both interested parties synchronize with each other by mutual agreement (or,
if you want, by “shaking hands™). The ordering protoco! described previously and implemented
in the medule HS is only one of many that are possible. The choice of protocel is important,
since it has a profound effect on the circuit performance and robustness.

When compared with the synchronous approach, self-timed circuits display some alluring
properiies:

« In contrast to the global centralized approach of the synchrenous methodology, timing sig-
nals are generated locally, which avoids all problems and overheads associated with dis-
rributing high-speed clocks.

* Separating the physical and logical ordering mechanisms results In a potential increase in
performance. In synchronous systems, the period of the clock has to be stretched to
accommeodate the slowest path over all possible input sequences. In self-timed systems, a
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completed data word does not have to wait for the arrival of the next clock edge in order to
proceed to the subsequent processing stages. Since circuit delays often are dependent on
the actual data value, a self-timed circuit proceeds at the average speed of the hardware, in
contrast 1o the sworst case model of synchronous logic. For a ripple-carry adder, the aver-
age length of carry propagation is O(log (W)}, This is a fact that can be exploited in self-
timed eircuits, while in a synchronous methodology, a worst case performance that varies
linearly with the number of bits {O(A)} must be assumed.

+ The automatic shutdown of blocks that are not in use can result in power savings. In addi-
tion, the power consumption overhead of generating and distributing high-speed clocks
can be partially avoided. As discussed earlier, this overhead can be substantial. The use of
gated clocks in synchronous design yields similar results.

= Self-timed circuils are, by natere, robust regarding variations in manufacturing and operat-
ing conditions such as temperature. Synchronous systems are limited by their performance
at the extremes of the operating conditions. The performance of a self-timed system is
determined by the actual operating conditions.

Unfortanately, these general properties are not without cost—they come at the expense of
a substantial circuit-level overhead, which is caused by the need to generate completion signals
and the need for handshaking logic that acts as a local traffic agent t¢ order the circuit events
(see block HS in Figure 10-34}. Both of these topics are treated in more detail in the subsequent
sections.

10.4.2 Completion-Signal Generation

A necessary component of self-timed logic is the circaitry to indicate when a particular piece of
circuitry has completed its operation for the current piece of data. There are two common and
reliable ways to generate the completion signal.

Dual-Rail Coding

One comimon approach to completion-signal generation is the use of dual-rail coding. It actually
requires the introduction of redundancy in the data representation in order to signal that a partic-
ular bit is in either a transition or a steady-staie mode. Cossider the redundant data model pre-
sented in Table 10-1. Two bits (B0 and B1} are used to represent a single data bit B. For the data

Table 10-1 Redundant signal representation
to include transition state.

B 80 81
in transilion {or reset} O G
0 ¢ I
1 i G
illegal i !
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Figure 10-35 Generation of a compietion signal in DCVYSL.

to be valid or the computation to be completed, the circeit must be inalegal 0 {80=0,8i=1)
or 1 (B0 =1, Bl =) state. The (B0 =0, Bl = ) condition signals that the data are nonvalid and
the circuit is in either a reset or 2 transition mode. The (B0 = 1, Bl = 1} state is illegal and should
ABVEr Gccur in an actual circuit.

A circuit that actually implements such a redundant representation is shown in
Figure 10-35, which is a dynamic version of the DCVSL logic style where the clock is
replaced by the Srarr signal [Heller84). DCVSL uses a redundant data representation by
nature of its differential dual-rail structure, When the Srart signal is low, the circuit is pre-
charged by the PMOS transistors, and the output {80, B1) goes in the Reset—Transition state
(G, 0). When the Start signal goes high, signaling the initiation of a computation, the NMOS
pull-down network evaluates, and one of the precharged nodes is lowered. Either BC or B1—
but never both—sgoes high, which raises Done and signals the completion of the computation.

DCVSL is more expensive in terras of area than a nonredundant circuit due o its differen-
tial nature. The completion generation is performed in series with the logic evaluation, and its
delay adds directly to the total delay of the logic block. The completion signals of all the individ-
ual bits must be combined to generate the completion for an N-bit data word. Completion gener-
ation thus comes at the expense of both area and speed. The benefits of the dynamic timing
generation often justify ¢his overhead.

Redundant signal representations other than the one presented in Table 10-1 can also be
envisioned, One essential element is the presence of a fransition state denoting that the circuit is
in evaluation mode and the output data are not valid.

Example 10.4  Self-Timed Adder Circuit

An efficient implementation of a self-timed adder circuit is shown in Figure 10-36
{Abnous93]. A Manchester-carry scheme is used to boost the circuit performance. The
proposed approach is based on the observation that the circuit delay of an adder is domi-
nated by the camry-propagation path. It is therefore sufficient to use the differential
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(2} Differentia! carry generation {b} Completion signal

Figure 10-36 Manchester-carry scheme with differential signal representation.

signaling in the carry path only (Figure 10-36a). The completion signal is efficiently
derived by combining the carry signals of the different stages (Figure 10-36b}. This safely
assumes that the sum generation, which depends upon the arrival of the carry signal, is
faster than the completion generation. The benefit of this approach is that the completion
generation starts earlier and proceeds in paraflel with sum generation, which reduces the
critical timing path. All other signals, such as P{ropagate), G{enerate), K{ill}, and S{um),
do not require completion generation and can be implemented in single-ended logic. As
shown in the circuit schematics, the differential carry paths are virtually identical. The
oaly difference is that the G(ererate) signal is replaced by a K{i). A simple logic analysis
demonstrates that this indeed results in an inverted carry signal and, hence, a differential
signating.

Replica Delay

While the dual-rail coding just described allows tracking of the signal statistics, it comes at the
cost of power dissipation. Every single gate must transition for every new input vector, regard-
less of the value of the data vector, A way to reduce the overhead of completion detection is
use a critical-patir replica configured as a delay element, as shown in Figure 10-37. To start a
computation, the Srart signal is raised and the computation of the logic nelwork is initiated. At
the same time, the start signal is fed into the replica delay line, which tracks the critical path of
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Figure 10-37 Completion-signal generation using delay module,

the logic network. It is important that the replica is structured such that ne glitching transitions
occur, When the output of the delay line makes a transition, it indicates that the logic is complete
as the delay line mimics the critical path. In general, it is important to add extra padding in the
delay line in order to compensate for possible random process variations,

The advantage of this approach 13 that the logic can be implemented using a standard non-
redundant circuit style, such as complementary CMGS. Also, if multiple logic units are comput-
ing in parallel, it is possible to amortize the overhead of the delay Ene over multiple blocks. Note
that this approach generates the completion signal afier a fime equal to the worst case delay
through the network. As a result, it does not exploit the statistical properties of the incoming
data. However, it can track the local effects of process variations and eavironmental variations
{e.g., temperature 01 power-supply variations). This approach is widely used 1o generate the
internal timing of semiconductor memories where self-timing is a commonly used technique.

Example 16,5 An Alternate Completion Detection Circuit Using Current Sensing

Ideally, logic should be huplemented using nonredundant CMOS (e.g., static CMOS), and
the completion signal circuitry should frack data dependencies. Figure 10-38 shows an
approach that attempis to realize this principle [Dean94], A current sensor is inserted in
series with the combinational logic, and it monitors the current flowing through the logic.
The current sensor cutpuis 2 low value when no current flows through the logic (i.e., the
fogic is idle) and a high value when the combinational logic is switching. This siznal

—
5 ¥on
2 - Star
&0
Inputs ——3 & T4 Static CMOS Logic |—— Output F— igetay
= A
E' GNDscme H -
Stare ol everip
! Current Sensor A B
T > _L"!MDG e
= are .
Dane E fpa-voR
————+| Min Delay Generator —' f
Owutpur t 7w gl

Figure 10-38 Complstion-signal generation using current sensing.
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effectively determines when the logic has completed its cycle. Note that this approach
tracks data-dependent computation times—if only the lower order bits of an adder switch,
current will stop flowing once the lower order bits switch to the final value. If the nput
data vector does not provoke any change in the Jogic from one cycle to the next, no current
is drawn from the supply for static CMOS logic. In this case, a delay element that {racks
the minimum delay through the logic and current sensor is used for signal completion, The
outputs of the eurrent sensor and minimum delay element are then combined.

This approach is interesting, but requires careful analog design. Ensuring reliability
while keeping the overhead circuitry small is the main challenge. These concerns have
kept the applicability of the approach very limited, despite its obvious potential.

10.4.3 Seli-Timed Signaling

Besides the generation of the completion signals, a self-timed approach also requires a hand-
shaking protocol to logicaily order the circuit events in order to avoid races and hazards. The
functionality of the signaling {or handshaking) logic is illustrated by the example of Figure 10-
39, which shows a sender module transmitting data to a rzcefver [Suthertand89]. The sender
places the data value on the data bus © and produces an event on the Reg control signal by
changing the polarity of the signal @. In some cases, the reguest event is a rising transition; at
other times, it is a falling one—the protocol described here does not distinguish between them,
Upon receiving the request, the receiver accepts the data when possible and produces an event
on the Ack signal to indicate that the data have been accepted @. If the receiver is busy or its
input buffer is full, no Ack event is generated, and the transmitter is stalled until the receiver
becomes available by, for instance, freeing space in the input buffer. Once the Ack event is pro-
duced, the transmitter goes ahead and produces the next data word @. The four evenis—duta
change, reguest, data acceptance, and acknowledge—proceed in a cyclic order. Successive
cycles may take different amounts of time, depending on the time it takes to preduce or consume
the data.

This is called the rwe-phase protocol, since only two phases of operation can be distin-
guished for each data transmission—the active cycle of the sender and the active cycle of the
receiver. Both phases are terminated by certain events. The Req event terminates the active cycle
of the sender, while the receiver’s cycle is completed by the Ack event. The sender is free to
change the data during its active cycle. Once the Reg event is generated, it bas to keep the data
constant as long as the receiver is active. The receiver can only accept data during its active cycle.

The correct operation of the sender—receiver system requires a strict ordering of the signal-
ing events, as indicated by the arrows in Figure 10-39. Imposing this order is the task of the
handshaking logic, which, in a sense, performs logic manipulations on events. An cssential com-
ponent of virtually any handshaking module is the Miulier C-element. This gate, whose sche-
matic symbol and truth table are given in Figure 10-40, performs an AND-operation on events.
The output of the C-element is a copy of its inputs when both inputs are identical. When the
inpuis differ, the output retains its previous value. Phrased in a different way, events must aceur

Dell Ex. 1025
Page 369



10.4 Self-Timed Circuit Design® 527
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{a} Sender—receiver configuration Data
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(b} Timing diagram

Figure 10-3% Two-phase handshaking proiocol.

A B | Fuy
A 0 0
B 1 0 | F,
1 1 i

{a) Schematic {b) Truth table

Figure 10-40 Muller C-glement.

A— s 0
B 7
{a} Logic

{b} Majority Functica

{c) Dynamic

Figure 10-41 Implementations of a Muller C-element.

at both inputs of a Muller C-element for its oufput to change state and to create an output event.
As Jong 28 this does not happen, the output remains unchanged and no output event is generated,
The implementation of a C-element is centered around 2 latch, which should not be a surprise,
given the similarities in their truth tables. Figure 10-41 presents a static and a dynamic circuit
realization of the function.
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Figure 10-42 A Mulier C-element implements a two-phase handshake protecel.
The eircle at the lower input of the Muller C-element stands for inversion.

Figure 10-42 shows how to use this component to enforce the two-phase handshaking pro-
tocol for the example of the sender—receiver. Assume that Reg, Ack, and Data Ready are initialiy
0. Whan the sender wants to transmit the next word, the Date Ready signal is set to 1, which trig-
gers the C-element, because both its inputs are at 1. Reg goes high—this is commonty denoted as
Req?. The sender now resides in the wait meode, and control is passed to the receiver. The C-
elament is blocked, and no new data are sent to the data bus (Req stays high) as long as the
transmitted data are not processed by the receiver. Once this happens, the Data accepted sig-
nal is raised. This can be the result of many different actions, possibly involving other C-ele-
ments communicating with subsequent blocks. An AckT ensues, which unblocks the C-
element and passes the conirol back to the sender. A Data readyl event, which might already
have happened before AckT, produces a Reql, and the cycle is repeated.

Problem 10.1  Two-Phase Self-Timed FIFO

Figure 10-43 shows a two-phase, self-timed implementation of a FIFO (first-in first-out) buffer with three
registers. Assunting that the registers accept a data word on both positive- and negative-going transitions of
the En signals, and that the Done signal is simply a delayed version of Fn, examine the operation of the
FIFC by plotting the timing behavior of all signals of interest. How can you observe that the FIFQ is com-
pletely empty? Fuil? (Hint: Determine the necessary conditions on the Ack and Reg signals.)

n Cur
o T $! > RZ » R3 —
Fn’ Done
Reg; Req,
Ack; | Ack,

&

Figure 10-43 Three-stage, self-timed FIFQ, using a two-phase signaling pratocol.
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The two-phase protocol has the advantage of being simple and fast. However, this protocol
requires the detection of transitions that may occur in either direction. Most logic devices in the
MOS technology tend to be sensitive to levels or to transitions in one particular direction. Event-
triggered logic, as required in the two-phase protocol, requires exira logic as well as state infor-
mation in the registers and the computational slements. Since the transition direction is impor-
tant, initializing ail the Muller C-elements in the appropriate state is essential. If this is not done,
the circuit might become deadlocked, which means that all elements are permanently blocked
and nothing will ever happen. A demiled study on how o implement event-iriggered logic can be
found in [Sutherland89], the defining text on micropipelines.

The only altemative is to adopt a different signaling approach, such as four-phase signal-
ing, or retwrn-to-zero {RTZ). This class of signaling requires that all controlling signals be
brought back o thelr initial values before the next cycle can be initiated. Once again, this is
illustrated with the example of the sender—receiver. The four-phase protocol for this example is
shown in Figure 10-44.

The protocol presented is initially the same as the two-phase one. Both the Reg and the
Ack are initially in the zero state, however. Once a new data word is put on the bus @, the Reg is
raised (RegT or @), and control is passed to the receiver. When ready, the receiver accepts the
data and raises Ack (AckT or @). So far, nething new. The protocol proceeds by bringing both
Req (Regd or @) and Ack (Ack) or ®) back to their initial state in sequence. Only when that
state is reached is the sender allowed to put new data on the bus & This protocal is called four-
phase signalling because four distinct time zones can be recognized per cycle: two for the
sender; two for the receiver. The frst two phases are ideniical ta the two-phase protocol, while
the last two are devoted lo resetting of the state. An implementation of the protocol, based on
Muller C-elements, is shown in Figure 10-45. It is interesting to note that the four-phase proto-
col requires two C-elements in series (since four states must be represented). The Data ready
and Data accepred signals must be puises instead of single transitions.

2 @ » Sender’s action
Reg N

== Receiver’s action

Arck

|

3
/
k®/

Cyele 1 E Cycle 2

Dara X @ /

Figure 10-44 Four-phase handshaking protocal.
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Figure 10-45 Implementation of four-phase handshake protocol using Muller C-elements.

Problem 10.2 Four-Phase Protocol

Derive the tming diagram for the signals shown in Figure 18-45. Assume that the Data Ready signal Is a
pulse and that the Dara Accepled signal is a delayed version of Reg.

The four-phase protocel has the disadvantage of being more complex and slower, since
two events on Reg and Ack are needed per transmission. On the other hand, it has the advantage
of being robust. The logic in the sender and receiver modules does not have to deal with transi-
tions, which can go either way; it has to consider only rising {or falling} transition events or sig-
nal fevels. This is readily accomplished with traditional logic circuits. For this reason, four-
phase handshakes are the preferred implementation approach for most of the current self-timed
circuits. The two-phase protocel is mainly selected when the sender and recetver are far apart
and the delays on the control wires (Ack and Reg) are substantial.

Example 10.6 The Pipelined Datapath—Reyvisited

We have introduced both the signaling conventions and the concepts of the completion-
signal generation. Now it is time to bring them all together. We de this with the example of
the pipelined datapath, which was presented earlier. A view of the self-timed datapath,
including the timing control, is offered in Figure 10-46. The logic functions F1 and /2 are
implemented using dual-rail, differential logic.

To understand the operation of this circuit, assume that all Reg and Ack signals,
including the internal ones, are set to 0, which means there is no activity in the data path.
All Srart signals are low so that all logic circuits are in precharge condition. An input
request {Reg,T) triggers the first C-element. The enable signal En of R1 is raised, effec-
tively latching the input data into the register, assuming a positive edge-triggered or a
level-sensitive implementation. Ack,T acknowledges the acceptance of the data. The sec-
ond C-element is triggered as well, since Ack,, is low. This raises the Starf signal and
starts the evaluation of F1. At its completion, the output data are placed on the bus, and a
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=t Ri R2
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En Stert i Done En Stare Bone
Reg; /\ Regy, Reg,,
" ,E\Cf A
Acl; Acky, Ack,

Figure 10-46 Self-timed pipelined datapath—compiete composition.

request is initiated to the second stage (Reg,, ), which acknowledges its acceptance by
raising Ack,,,.

At this point, stage 1 is stilt blocked for further computations. However, the input
buffer can respond to the Ack, T event by resetting Reg, to its zero state (Regpy). In turn, this
lowers En and Ack,. Upon receipt of Ack, T, Starr goes low, the precharge phase starts,
and F1 is ready for new data. Note that this sequence corresponds to the four-phase hand-
shake mechanisin described earlier. The dependencies among the events are presented in a
more pictorial fashion in the state fransition diagram (STG) shown in Figure 10-47. These
STGs can become very complex. Computer tools are often used fo derive STGs that

ensure proper operation and optimize the performance.

i =" Ceetement 1

-—@ ) C-glement 2

Figure 10-47 State transition diagram for pipeline stage 1. The nodes represent
the signaling events, while the arrows express dependencies. Arrows in dashed
lines express actions in gither the pregeding or the following stags.

10.4.4 Practical Examples of Self-Timed Logic

Self-timed circuits can provide a significant performance advantage. Unfortunately, the over-
head circuitry precludes a widespread application in general-purpose digital computing. Nevesr-
theless, the key concepts of self-iimed circuits are being exploited in a number of practical
applications. We present a few examples that illustrate the use of seif-timed concepts for either
power savings or performance enphancement.
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Figure 10-48 Application of self-timing for glitch reduction.

Glitch Reduction Using Self-Timing

A major source of unnecessary switched capacitance in large datapaths, such as bit-sliced adders
and multipliers, is due to spurious transitions caused by glitch propagation. Imbalances in 2
logic network cause inputs of  logic gate or block to arrive at different times, resulting in glitch-
ing transitions. In large combinational blocks such as multipliers, transitions happen in waves as
the primary input changes ripple through the logic. Enabling a logic block only when all the
inputs have settled helps reduce or eliminate the glitching transitions. One approach for doing so
is the use of a self-timed gating approach, which partitions each computational logic block into
smaller blocks and distinct phases. Tristate buffers are inserted between each of these phases in
order to prevent glitches from propagating through the datapath, as shown in Figure 10-48.
Assuming an arbitrary logic network, it is fair to assume that the outputs of logic block 1 will not
be synchronized. When the tristate buffers at the output of logic block 1 are enabled, the compu-
tation of logic block 2 is allowed to proceed, To reduce glitching transitions, the tristate buffer
should be enabled only when it is ensured that the outputs of logic block 1 are stable and valid.
The control of the tristate buffer can be performed through the use of a self-timed enable signal,
generated by passing the system clock through a delay chain that models the critical path of the
processor. The delay chain is then tapped at the points corresponding to the locations of the buff-
ers, and the resulting signals are distributed throughout the chip. This technique succeeds in sub-
stantially reducing the switching capacitance of combinational logic blocks such as multipliers,
even when taking into account the overhead of the delay chain, gating signal distribution, and
buffers [Goedman98].

Post-Charge Logic

An interesting form of self-timed logic is self-resetting CMOS. This structure uses a control
structure different from the conventional seif-timed pipeline. Instead of waiting for ali the logic
stages to complete their operation before transitioning to the reset stage, the idea is to precharge
a logic block as soon as it completes its operation. Since the precharge happens after the opera-
tion instead of before evaluation, it is often termed postcharge logic. A block diagram of post-
charge logic is shown in Figure 10-49 [Williars0C]. As can be seen from this block diagram, the
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Figure 10-50 Seif—rese%’img three-input OR.

precharging of L1 happens when its successor stage has completed and does not need its input
anymore. Ii is possible to precharge a block based on the completion of its own cutput, but care
must he taken to ensure that the stage that follows has properly evaluated and the input has
become cbsolete.

It should be noted that, unlike with other logic styles, the signals are represented as pulses
and are valid onlty for a limited duration. The pulse width must be shorter than the reset delay or
else there is a contention between the precharge device and the evaluate switches. While this
logic style offers potential speed advantages, special care must be taken to ensure correct timing.
Also, clreuitry that converts level signals to pulses, and vice versa is required. An example of
self-resetting logic is shown in Figure 10-30 [Bernstein®8]. Assume that all inputs are low and
that nf is initially precharged. Y A goes high, inf will fali, causing ous to go high. This causes the
gate to precharge. When the PMOS precharge device s active, the inpuls must be in a reset state
in order to avoid contention.

Clock-Delayed Domino

One interesting application of self-timed circuits that uses the delay-matching concept is clock-
delayed { CD)} domino [ YeeS06}| Bernstein(0]. This is a style of dynamic logic in which there is no
global clock signal. Instead, the clock for one stage is derived from that for the previous stage. A
simple example of a CDD domine stage is shown in Figure 10-51. The two inverter delays plus
the transmission gate along the ¢lock path emulate the worst-case delay through the dynamic
logic gate. The transmission gate is always turned on, and the delay of the clock path is adjusted
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Figure 10-51 Clock-delayed demino logic: a seli-clocked logic style.

.

through the sizing of the devices. Clock-delayed domino was used in IBM’s 1-GHz micro-
processor, and it is used widely in high-speed domino Jogic. Clock-delayed domino can provide
both inverting and noninverting functionality. This alleviates a major limitation of conventional
domino techniques, which are capable only of noninverting logic. The inverter after the puil-
down network is not essential because the clock arrives at the next stage only after the current
stage has evaluated. The clock-evaluation edge thus arrives only after the inputs are stable. On
the other hand, adding the inverier allows for the elimination of the foot switch (see Chapter 6.

10.5 Synchronizers and Arbiters®

10.5.1 Synchrenizers—Concept and implementation

Even though a complete system may be designed in a synchronous fashion, it must still commu-
nicate with the outside world, which is generally asynchrenous. An asynchronous input can
change value at any time related to the clock edges of the synchronous system, as is illustrated in
Figure 10-52.

Consider a typical personal computer. All operations within the system are strictly orches-
trated by a central clock that provides 2 time reference. This reference determines what happens
within the computer system at any point in time. This synchronous computer has to communicate
with a human through the mouse or the keyboard, even though the human does not have knowl-
edge of this time reference and may decide to press a keyboard key at any point in time. The way
a synchronous system deals with such an asynchronous signal is to sample or poll it at regular
intervals and to check its value. If the sampling rate is high enough, no transitions will be
missed—this is known as the Nyguist criterion in the communication community. However, it
might happen that the signal is polled in the middle of a transition. The resulting value is neither
low nor high, but undefined. At that point, it is not clear whether the key was pressed or not. Feed-
ing the undefined signal into the computer conld be the source of all kinds of trouble. especially
when it is routed to different functions or gates that might interpret it differently. For instance,
one function might decide that the key is pushed and start a certain actton, while another function
might lean the other way and issue & competing command. This results in a conflict and thus a
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Asynchronous
system

Synchronization

Figure 10-52 Asynchronous—synchronaus interface.

potential crash. Therefore, the undefined state must be resolved in one way or another before it is
interpreted further. It dees not really matier what decision is made, as long as a unique result is
available. For instance, i is either decided that the key is not yet pressed, a situation that will be
corrected in the next poll of the kevboard, or it is concluded that the key is already pressed.

Thus, an asynchronous signal must be resoived to be either in the high or low state before
it is fed iato the synchromous environment. A circuit that implements such 2 decision-making
function is called a synchronizer. Now comes the bad news: Building a perfect synchronizer
that always delivers a legal answer is impossible [Chaney73) [Glasser85]! A synchronizer
needs some time to come to a decision, and in certain cases this time might be arbitrarily long.
An asynchronous—synchronous interface is thus always proae te errors, known as synchroniza-
fion failures. The designer’s task is to ensure that the probability of such a fatlure is small
enoughl that it is not likely to disturb the normal system behavior. Typically, this probability can
be redueed in an exponential fashion by waiting longer before making a decision. This is not too
troublesome in the kevboard example, but in general. waiting affects system performance and
should be avoided as much as possible.

To illustrate why waiting helps reduce the failure rate of a synchronizer, consider a syn-
chronizer as shown in Figure 10-33. This circuit is a latch that is transparent during the low
phase of the clock and samples the input on the rising edge of the clock CLK. However, since
the sampled signal is not synchrenized to the clock signal, there is a finite probability that the
setup time or hold time of the latch is viclated. {The probability is a strong function of the
transition frequencies of the input and the clock.) As a result, once the clock goes high, there
is a chance that the output of the latch resides somewhere in the undefined fransition zone.
The sampled signal eventually evolves into a legal 0 or 1, even in the latter case, as the laich
has oniy two stable states.

CLK
ing h
D EI r o
T

&
CLE —o<}—i

Figure 10-63 A simple synchronizer.
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Example 14,7 Synchronizer Trajectories

Figure 10-54 shows the simulated trajectories of the output nodes of a cross-coupled static
CMOS inverter pair for an initial state close to the metastable point. The inverters are com-
posed of minimum-size devices.

I‘,t.'fl!

RN =

4.0 y
4 164G 200 300

Time, ps

Figure 10-54 Simulated trajectory for a simpie synchronizer,

If the input is sampled sach that the cross-coupled inverter pair starts at the metasta-
bie point, the voltage will remain at the metastable state forever in the absence of noise. If
the data are sampied with a small offset (positive or negative), the differential voltage will
evolve in an exponential way, with a time constant that is dependent on the strength of the
transistors as well as the parasitic capacitances. The time it takes to reach the acceptable
signal zones depends upon the initial distance of the sampled signal from the metastable
point.

In order to determine the required waiting period, let us build a mathematical model of the
behavior of the bistable element and use the results o determine the probability of synchroniza-
tion failure as a function of the waiting period [Veendrick8C].

The transient behavior around the metastable point of the cross-coupled inverter pair is
accurately modeled by a system with a single dominant pole. Under this assumption, the tran-
sient response of the bistable element after the sampling clock has been turned off can be
modeled as

v(#) = Vo + {v{0) = Vy5)e'® (10.8)

where V5 is the metastable voltage of the latch, v(0) is the initial voliage after the sampling
cloek is turned off, and 1 is the time constant of the system. Simulations indicate that this first-
order model is quite precise.
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Figure 10-55 Linear approximation of signal slope.

'The model can now be used io compute the range of values for v({0} that causes an ervor or
a voltage in the undefined range, after a waiting period 7. A signal is called undefined if its value
is situated betwesn ¥y, and Vi -

Vs = (Vs = Ve TS u(0) SV o + (Vi — Vigg)e™ T (10.9)

Equation {10.9) conveys an important message: The range of input voltages that cause a syn-
citronization error decreases exponentially with the waiting period T. Increasing the waiting
period from 21 to 41 decreases the intervai and the chances of an error by a factor of 7.4

Some information about the asynchronous signal is required in order to compute the prob-
ability of an error. Assume that V,, is a periodical waveform with an average period T,
between transitions and with identical rise and fall times ¢.. Assume also that the slopes of the
waveform in the undefined region can be approximated by a linear function, ss shown in
Figure 10-53. Using this model, we can estimate the probability P, ., that w(0), the value of V;_at

ingt I
the sampling time, resides in the urdefined region:

(Vm - VH_) .
V r

swing {1{} 1 0)

Pr’;ir’,’ = T

signal

The chances for a synchrenization error to occur depend upon the frequency of the syn-
chronizing clock, ¢. The greater the number of sampling events, the higher the chance of run-
ning into an error. This means that the average number of synchronization errors per second,
N,....(0), equals Eq. (10.11) if no synchronizer is used. Therefore, we can write

P, .
Nynel0) = —= (10.11)
§¥ T¢
where T, is the sampling period.
From Eq. {10.9), we learned that waiting a period 7 before observing the output reduces
exponentially the probability that the signal is still undefined:

P, e Tit Vo Ye-Ti .
SVS_\'HC{T} — dmi — ( 1H IL) .

Ty

{16.12)
szfn'g Ts.*'g;m{TQ)
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The robustness of an asynchronous—synchronous interface is thus determined by the fol-
lowing parameters: signal swiiching rate and rise time, sampling frequency, and waiting time 7.

Exzample 10.8 Synchronizers and Mean Time fo Failure

Consider the following design example: T, =5 ns, which corresponds to a 200-Mhz clock;
T=Ty=35ns: Ty = 50 ns; 7,=0.5 ns; and 7= 150 ps. From the VTC of a typical CMOS
inverter, it can be derived that ¥, — V,, approximately equals 0.5 V for a voltage swing of
2.5 V. Evaluation of Eq. {10.12) yields an eror probability of 1.38 x 107 errorsfs. The
inverse of N, is called the niean time to failre, or the MTF, and equals 7 X 1085, 0r 23

years. If no synchronizer were used, the MTF would have been only 2.5 ps!

When designing & synchronous—asynchrenous interface, we nust keep in mind the following observations:

+ The accepiabie failure rate of a system depends upon many economic and social factors and is &
strong funciion of the system’s application area.

+ The exponential relation in Eq. 10.12) makes the failure rate extremely sensitive to the value of T.
Defining a precise value of T is not easy in the first place, because T varies from chip to chipand is 2
function of temperature as well. The probability of an error occurring can thus fuctuate over large
ranges even for the same design. A worst case design scenario is definitely advoeated here. If the
worst case failure rate exceeds a certain criterion, it can be reduced by increasing the valee of T A
problem occurs when T exceeds the sampling period 7, This can be avoided by cascading {or pipe-
lining} 2 number of synchronizers, 25 shown in Figure 10-56. Each of those synchronizers hasa
waiting period equal to 7. Notice that this arrangement requires the ¢ pulse 1o be shott enough o
avoid race conditions. The global waiting period equals the sum of the Ts of ali the individual syn-
chronizers. The increase in MTF comes at the expense of an increased latency.

In Gy Oy Out
——3=  Sync »  Sync Sync —>»

s f i ]

Figure 10-56 Cascading {edge-triggered) synchronizers reduces
the main time to failure.

* Synchrontzation errors are very hard 1o trace, due to their random nature. Making the mean time to
failure very large does rot preclude errors. The number of synchronizers in a system should
therefore be severely restricted, A maximum of one or two par system is advocated. B

10.5.2 Arbiters

Finally, a sibling of the synchronizer called the arbiter, interlock element, or mutuai-exclusion
circuit, should be mentioned. An arbiter is an element that decides which of two events has
oceurred first. For example, such components allow multiple processors to access a single
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Figure 10-57 Muiual-exclusion element (or arbiter).

resource, such as a large shared memory. A synchronizer is actually a special case of an arbiter,
since it determines whether a signal transition happened before or after a clock event. A synchro-
nizer is thus an arbiter with one of its inputs tied to the clock,

An example of a mutnal-exclusion circuit is shown in Figore 10-57. It operates on two
input-request signals that operate on a four-phase signaling protocol; that is, the Regfuest) signal
has to go back to the reset state before a new Regfuest} can be issued. The output consists of two
Ack{nowledge) signals that shouid be mutually exclusive. While Requests may occur concur-
rently, only one of the Acknowledges is allowed to go high. The operation is most easily visual-
ized starting with both imputs low—mneither device issaing a request—nodes A and B high, and
both Acknowledges low. An event on one of the inputs (e.g., ReqlT) causes the flip-flop to
switch, node A to go low, and AcklT. Concurrent events on both inputs force the fip-flop into
the metastable state, and the signals A and B might be undefined for a while. The cross-coupled
outpul structure keeps the output values low uantil one of the NAND cutputs differs from the
other by more than a threshold value V. This approach eliminates glitches at the output.

10.6 Clock Synthesis and Synchronization Using a Phase-L.ocked Loop*

There are numerous digital applications that require the on-chip generation of a periodic signal.
Synchronous circuits need a global periodic clock reference to orchestrate the events. Current
microprocessors and high-performance digital cireuils require clock frequencies in the gipahertz
range. Crystal oscillators, by contrast, generate only accurate, low-jitter clocks over a frequency
range from 10's of MHz to approximately 200 MHz, To generate the higher freqguency required
by digital circuits, a phasz-locked loop (PLL) structure iypically is used. A PLL takes an exter-
nal low-frequency reference crystal frequency signal and maultiplies its frequency by a rational
number & (see the left side of Figure 10-38).
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Figure 10-58 Applications of phase locked ioops {PLL).

Another and equally important function of a PLL is to synchronize communications
between chips. As shown in Figure 10-38, a reference clock is sent along with the parallel data
being communicated. (In this example only the transmit path from chip 1 to chip 2 is shown.)
Since chip-to-chip communiecation most often vccurs at a lower rate than the on-chip clock rate,
the reference clock is divided, but kept in phase with the system clock. In chip 2, the reference
clock is used to synchronize all the input flip-fop, which can present a significant clock load in
the case of wide data busses. Unfortunately, implementing clock bulfers to deal with this prob-
lem introduces skew between the data and the sample clock. A PLL aligns (i.e., de-skews) the
output of the clock buffer with respect to the data. In addition, the PLL can multiply the fre-
quency of the incoming reference clock, allowing the core of the second chip to operate at 2
higher frequency than the input reference clock.

10.6.1 Basic Concept

A set of two or more periadic signals of the same frequency is well defined if we know one of
them and its phase with respect to the other signals, as shown in Figure 10-59, where &, and &,
represent the phases of the two signals. The relative phase is the difference between the two.

A PLL is a complex, nonlinear feedback circuit. Its basic operation is best understood with
the aid of Figure 10-60 [Jeong87]. The voltage-controiled oscillator (VCO) takes an analog con-
trol input and generates a clock signal of the desired frequency. In general, there is a nonlinear
relationship between the control voltage {v,,,,) and the output frequency. To synthesize a system
clock of a particular frequency, it is necessary to set the control voltage to the appropriate value.
This is a function of the rest of the blocks and the feedback loop in the PLL. The feedback loop
is critical to the tracking process and environmental variations. The feedback also allows for fre-
quency multiplication.

The reference clock is, in general, generated off chip from an accurate crystal refer-
ence. It is compared with a divided version of the system clock (i.e., the local clock), using a
phase detector, which determines the phase difference between the signals and produces an
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Figure 10-68 Relative and absolute phase of two periodic signals.
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Figure 10-68 Functional composition of a phase-locked loop {(PLL)

Up or Down signal when the local clock lags or leads the reference signal, It detects which
of the two input signals arrives earlier and produces the appropriate output signal. The Up
and Down signals are fed into a charge pump, which translates the digital encoded control
information into an analog voltage [Gardner80]. An Up signal increases the value of the con-
1ol voltage and speeds up the VCO, which causes the local signal to catch up with the refer-
ence clock. A Bown signal, on the other hand, slows down the oscillator and eliminates the
phase lead of the local clock.

Passing the output of the charge pump directly into the VCO creates a jittery clock signal.
The edge of the Iocal clack jumps back and forth instantaneously and oscillates around the tar-
geted position, As discussed eartier, clock jitter is highly undesirable, since it reduces the time
available for logic computation, and therefore should be kept within a given percentage of the
clock period, This is partially accomplished by the introduction of the leop filter. This low-pass
filter removes the high-frequency components from the VCO control voltage and smooths out its
response, which results in a reduction of the jitter. Note that the PLL stoucture is a feedback
structure. The addition of extra phase shifts, as introduced by a high-order filter, may resulf in
instability. Important properties of 2 PLL ate its fock range, the range of input frequencies over
which the loop can maintain functionality; the lock time, the time it takes for the PLL to lock
onto a given inpuf signal; and the jitter. When in lock, the system clock is A times the reference
clock frequency.
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A PLL is an analog circuit and is inherently sensitive to noise and interference. This is
especially true for the loop filter and VCO, for which induced noise has a direct effect on the
resulting clock jitter. A major source of interference is the noise coupling through the supply
rails and the substrate. This is a particular concern in digital environments, where noise is intro-
duced by a variety of sources. Analog circuits with a high supply rejection, such as differential
VCCs, are therefore desirable {Kim90]. In summary, integrating a highly sensitive component
into 2 hostile digital environment is nontrivial and requites expert analog design. More detailed
deseriptions of various comporents of a PLL are given in the following subsections.

10.6.2 Building Blocks of a PLL

Voltage Controlled Oscillator (VCO)

A VCO penerates a periodic signal with a frequency that is a linear function of the input control
voltage v, .. In other words, the VCO frequency can be expressed as

“cont

© = oyt Koo " Veans (10.13)

Since the phase is the time integral of the frequency, the output phase of the VCO block 1s
given by

!
é}ouz = @+ K:‘cv ’ J‘ 1*"0{).»!":"I {1054}

where K. is the gain of the VCO given in rad/s/V, o, is a fixed frequency offset, and v,
controls a frequency centered around ;. The output signal has the form
! 3
X1y = A- cos(mor-i-}(i,w-j Veoni! ) (10.15)

Various implementation strategies for VCOs were discussed in Chapter 7. Differential ring oscil-
lators are the method of choice af present.

Phase Detectors

The phase detector determines the relative phase difference between two incoming signals and
outputs a signal that is proportional to this phase difference. One of the inputs to the phase detec-
tor is a reference clock that typically is generated off chip, while the other clock input is a
divided version of the VCO. Two basic types of phase detectors are commonly used—the XOR
gate and the phase frequency detector (PFD).

XOR Phase Detector An XOR gate, the simplest of the two detectors, is useful as a phase
detector because of the following observation: the relative phase difference between the inputs is
refiected by the time over which the two inputs are different. Figure 10-61 shows the XOR-
function of two waveforms. Feeding this output in a low-pass filter results into a de-signal that is
preportional to the phase difference, as shown in Figure 10-61{c).
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Figure 10-61 (a} The XOR as a phass detacior; (b} its output before
low-pass filtering; and {c) transfer characteristics.

For this detector, a deviation in a positive or negative divection from the perfect in-phase
condition {i.e., a phase error of zero} produces the same change in duty factor, resulting in the
same average veltage. Thus the linear phase range is only 180 degrees. In steady state, a PLL
tocks inte a quadrature phase relationship {é cycle offset) between the two inputs.

Phase Frequency Detector The phase frequency detector {PFD) is the most commonly used
form of phase detector, and it solves several of the shortcomings of the detector discussed previ-
ously [Dally98]. As the name implies, the output of the PFD is dependent on both the phase and
frequency difference between the applied signals. Accordingly, it cannot lock t¢ an incorrect
multiple of the frequency. The PFD takes two clock inputs and produces two outputs, /P and
DN, as shown in Figure 10-62.

The PFD is a state machine with three states. Assume that both UZP and DN outputs are ini-
tially low. When input A leads B, the UP oulput is asserted on the rising edge of input A. The UP
signal remains in this state until a low-to-high transition occurs on input B, At that time, the DN
output is asserted, causing both fiip-flops to reset through the asynchronous reset signal. Notice
that there is a small pulse on the DN outpot, whose duration is equal to the delay through the
AND gate and register Reset-to-C delay. The pulse width of the UP pulse is equal to the phase
error between the two signals. The roles are reversed for {he case in which input A lags B. A
pulse proportional to the phase error is generated on the DN output. If the loop is in lock, short
pulses will be generated on the U/P and DN outputs.

The circuit also acts as a frequency detector, providing a measure of the frequency error
{see Figure 10-63}. For the case in which 4 is at a higher frequency than B, the PFD generaies a
lot more {/F pulses—with the average pulse proportional to the frequency dilference—while the
number of DN pulses are close to zero, on average. Exactly the opposite is true for the case in
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Figure 10-62 Phase frequency detector.
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Figure 10-63 Timing of the PFD measuring frequency error.

which # has a frequency larger than that of A—many more pulses are generated on the DN out-

put than on the UF output.
The phase characteristics of the phase detector ate shown in Figure 10-64. Notice that the

linear range has been expanded to 411

Charge Pump

The &P and DN pulses must be converted into an analog voltage that controls the VCO. One
possible implementation is shown in Figure 10-65. A pulse on the UP signal adds an amount of
charge to the capacitor proportional to the widih of the /P puise, while a pulse on the DV signal
removes charge proportional o the DN pulse width. If the width of the UP pulse is larger than
that of the DA pulse, there is a net increase in the control voltage. This effectively increases the

frequency of the VCO.
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Figure 10-65 Charge pump.

Example 10.9 Transient Behavior of Phase-Locked Loop

The settling time of a PLL is the time it takes to reach steady-state behavior. The
iength of the startup transient is strongly dependent on the bandwidth of the leop fil-
ter. Figure 10-66 shows a SPICE level simulation of a PLL implemented in a 0.25-um
CMOS. An ideal VCO is used to speed up the simulation. In this example, a refer-
ence frequency of 100 MHz is chosen, and the PLL multiplies this frequency by 8 10
800 MHz. The Figure 10-66a illustrates the transient response and the seitling process
of the control voltage inpur of the VCO. Once the control voltage reaches its final
value, the output frequency (the clock of the digital system) settles to steady state.
The simulation on the right shows the reference frequency, the ouiput of the divider,
and the output frequency in steady state. Figure 10-66b shows the PLL in lock at £,
= 8 X f,.. while Figure 10-66c shows the waveforms during the Jocking process when
the output is not in phase with the input, and the frequencies are not related vet by
the divide ratio.
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Figure 10-66 SPICE simulation of a PLL. The control voltage of the YCO is shown
along with the waveforms before lock and after fock.
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Summary

In a short span of time, phase-locked loops have become an essential component of any high-
performance digital design. Their design requires considerable skill, integrating analog circuitry
into 2 hostile digital environment. Yet experience has demonstrated that this combination is per-
fectly feasible, and it leads te new and better solutions.

10.7 Future Directions and Perspectives

This section highlights some of the trends in timing optimization for combining high perfor-
mance and low power dissipation,

10.7.1 Distributed Clocking Using DL.Ls

A recent trend in high-performance clocking is the use of delay locked loop (DLL}, a variation
of the PLL structure, The schematic of a DLL is shown in Figure 10-67a [Maneatis00]. The key
component of a DLL is a voltage-controlled delay line (VCDL). It consists of a cascade of
adjustable delay elements (for instance, a current-starved inverter). The idea is to delay the out-
put clock such that it lines up perfectly with the reference. Unlike the case of a VCO, there is
no clock generator. The reference frequency is fed into the input of the VCDL. Similar to the
case of a PLL structure, a phase detector compares the reference frequency with the output of
the delay line (Fp) and generates an UP—DN error signal. Note that only a phase and not a phase-
frequency detection, is required. When in lock, there is no error between the two clocks. The
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Figure 10-67 Delay-locked loop [Maneatis00]

function of the feedback is to adjust the delay through the YCDL such that the rising edge of the
input reference clock (fzep) and the output clock {f,) are aligned.

A qualitative sketch of the signals in the DLL is shown in Figure 10-67b and c. Iaitially,
the DLL is out of lock. Since the first edge of the ontput arrives before the reference edge, an /P
pulse of width equal to the error between the two signals occurs. The role of the charge pump is
to generate a charge packet proportional to the erroy, increasing the VCDL control voltage. This
eauses the edge of the cutput signal to be delayed in the next cycle. {This implementation of the
VCDL assumes that a larger voliage results in larger delay.) After many cycles, the phase error is
corrected, and the two signals are in lock. Note that a DLL does not alter the frequency of the
input reference, but rather adjusts its phase.

Figure 10-68 shows the utilization of a DLL structure in a clock distribution network. The
chip is partitioned into many small regions (or tiles}. A global clock is distributed to sach tile in
a low-skew manner; this could be done through the package or by using low-skew, on-chip rout-
ing schemes. For the purpose of simplicity, the figure shows a two-tile chip, but this is easily
extended to many regions. Inside each tile, the global clock is buffered before driving the digital
load. In tront of each buffer is a VCDIL. The goal of the clock network is 1o deliver a signal to the
digital circuit with close-to-zero skew and jitter. As we aobserved earlier, the static and dynamic
variations of the buffers cause the phase error between the buffered clocks to be nonzero and
time varying. The feedback inside each tile adjusts the control voliage of VCDL such that the
buffered output is locked in phase to the global input clock. The feedback loop compensates for
both static process variations and for slow dynamic variations (e.g., temperature), Such configu-
rations have become commion in high-performance digital microprocessors, as well as in media
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Figure 10-68 DLL approach to clock distribution.

processors. The preceding approach of clock distribution using multiple DLLs can be extended
to the use of multipie distributed FLLs on a chip [Guinik00]. Distributed PLLs offer potential
performance advantages, but careful system analysis is required for stable operation.

10.7.2 Optical Clock Distribution

By now, the reader should have become aware of the fact that future high-performance multi-
GHz systems face some fundamental synchronization problems. The performance of a digital
design is fundamentally limited by process and environmental variations. Even with aggressive
active clock management schemes, such as the use of DLLs and PLLs, the variations in power
supply and clock load result in unacceptable clock uncertainty. Researchers are furiously search-
ing for innovative solutions. An alternative approach that has received a lot of attention is the use
of optics for systemwide synchronization. An excellent review of the rationale and trade-offs in
optical interconnects versus electrical interconnects is given in [MillerdU}

The potential advantages of optical technology for clock distribution are that the delay of
optical signals is not sensitive to temperature and that the clock edges do not degrade over long
distances {ie., tens of meters). In fact, it is possible 1o deliver an optical clock signal with, at
most, 10-100 ps of uncertainty over tens of meters. Optical clocks can be distributed on-chip via
waveguides or through free space. Figure 10-69 shows the plot of an optical clock architecture,
using wavegnides, The offchip optical source is brought to the chip. distributed through
wavegnides, and convertect through receiver circuitry to a Jocal electrical clock distribution net-
work. The chip is divided into small sections (or tiles), and the global clock is distributed from
the photon source through waveguides with splitters and bends to each of the sections. Notice
that an H-tree is used in distributing the optical clock. At the end of the waveguide is a photode-
tector, which can be implemented using silicon or germanium. Upon reaching the detector in
each section, the optical pulses that represent the global clock are converted into current pulses,
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Figure 10-89 Architecturs for optical clock distribution {courtesy of Lionel Kimerling).

These have a very small magnitude (tens of pA}, and are fed into o amplifier that amplifies the
signal into voltage signals appropriate for digital processing. The electrical clock is then distrib-
uted to the locai load using conventional technigues [Kimerling001L

The optical approach has the advantage that the skew of the giobal clock to the photodec-
tors is virtually zero. There are some variations in the arrival time of the optical signal, but they
are minimal. For instance, variations at the waveguide bends may cause the energy losses to dif-
fer from path to path. Optics has the additional advantage that many of the difficulties associated
with electromagnetic wave propagation—such as cross talk and inductive coupling--are
avoided.

On the other hand, the challenge lies in the design of the optical receiver. To amplify and
fransform the small current pulses into reasonable voliage signais requires multiple amplifier
stages. These are susceptible to process and environmental variations, and thus also to skew. The
problem becomes very similar to the conventional electrical approach. The advantage, however,
is that the problem is confined to these receivers, which makes 1t more tractable.

Optical clocking may have an important future in high-performance systems. The chal-
lenges of dealing with process variations in the opto-elecironic circuiiry must be addressed first
for this to become & reality.

10.7.3 Synchronous versus Asynchronous Design

The self-timed approach offers a potential solution to the growing clock-distribution probiem. It
ransiates the giobal ciock signal into a number of local synchronization problems. Indepen-
dence from physical timing constraints is achieved with the aid of completion signals, Hand-
shaking fogic is needed to ensure the logical ordering of the circuit evenis and to avoid race
conditions. This requires adherence to a certain protocol, which normally consists of either two
or four phases.

Despite all its advantages, self-timing has oniy been used in a number of isolated cases.
Examples of self~timed circuits can be found in signal processing [Jacobs80], fast arithmetic
units (such as seif-timed dividers) [Williams87], simple microprocessors [Martin89} and mem-
ory (static RAM, FIFOs). In general, synchronous logic is both faster and simpler, since the
overhead of completion-signal generation and handshaking logic is avoided. The design of a
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foolproof network of handshaking units that is robust with respect to races, live lock, and dead
lock is nontrivial and requires the availability of dedicated design-automation tools.

On the other hand, distributing a clock at high speed becomes exceedingly difficult. Skew
management requires extensive modeling and analysis, as well as careful design. It will not be
easy to extend this methodology inte the next generation of designs. With the increasing timing
uncertainty in synchronous circuits, self-timing is bound to become more attractive in the years
to come [Sutherland(2)]. This observation is already reflected in the fact that the routing network
for the latest generation of massively parallel supercomputess is completely implemented using
seif-timing [Seitz92]. For self-timing to become a mainstream design technigue, however (if it
ever will), further innovations in circuit and signaling techniques and design methodologies are
needed.

Other alternative timing approaches might emerge as well. Possible candidates are fully
asynchronous designs or islands of synchronous units connected by an asynchronous network.
The latter method, called the globaliy-asynchronous locally—synchronous approach, is quite
attractive. It avoids the pitfalls of seli-timed design at the local circuit level, while eliminating
the need for strict phase synchronization between blocks that are quite distant from each other
on the die. In fact, the pure phase-synchronicity requirement between large modules in a system-
on-a-chip is most often too large a constraint. Mesochronous or plesicchronous communication
would work just as well. Bt is our conjecture that these styles of synchronization will become
much more common in the coming decade.

10.8 Summary

This chapter has explored the timing of sequential digital circuits:

*» An in-depth analysis of the synchronous digital circuits and clocking approaches was pre-
sented. Clock skew and jitter substantially impact the functionality and performance of a
system. Important parameters are the clocking scheme used and the nature of the clock
generation and distribution network.

+ Alternative timing approaches, such as self-rimed design, are becoming attractive for deal-
ing with clock distribution problems. Self-timed design uses completion signals and hand-
shaking logic to isolate physical timing constraints from event ordering.

» The connection of synchronous and asynchronous components introduces the 11sk of syn-
shronization failure. The intreduction of synchronizers helps to reduce that risk, but can
never eliminate it.

» Phase-locked leops are becoming an important element of the digital designer™s toolbox.
They are used to generate high-speed clock signals on a chip. The analog nature of the
P11 makes its design a real challenge.

= Important trend in clock distribution include the use of delay-locked loops 10 actively
adjust delays on a chip.

= The key message of this chapter is that synchronization and timing are among the most
intriguing chailenges facing the digital designer of the next decade.
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10.9 To Probe Further

While system timing is an important topic, a comprehensive reference work is nol available in
this area. One of the best discussions so far is the chapter by Chuck Seitz in [Mead80, Chapter 71,
Other in-depth overviews are given in [Bakoglu90)], [Johnson93, Chapter 11], [Bernstein98g,
Chapter 7}, and [ChandrakasanQG, Chapters {2 and 13). A collection of papers on clock distribu-
tion nelworks is presented in {Iriedman93]. Numerous other publications are available on this
topic in the leading journals, some of which are mentioned in the following list of references.
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Exercises and Design Problem

Visit the book’s web site hitp://bwrc.eecs.berkeley.edv/IcBook for challenging exercises and design problems.
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DESIGN METHODOLOGY INSERT

G

Design Verification

Simulation versus Verificaiion
Electrical and Timing Verifieation

Formal Verification

Up to this point, we have relied heavily on simulation as the preferred method for ensuring the
correctness of a design and for extracting critical parameters such as speed and power dissipa-
tion. Simulation is, however, only one of the technigues the designer has in his toolbox to
accomplish those objectives. In general, it is useful to differentiate between simulation and
verification.

In the simuiation approach, the value of a design parameter such as noise margin, propaga-
tion delay, or dissipated energy is determined by applying a set of excitation vectors to the cir-
cuit model of choice and extracting parameters from the obtained signal waveforms. While this
approach is very ficxible, it has the disadvantage that the resuits depend strengly upon the choice
of the excitations. For example, 2 charge-redistribution condition in a dynamic logic gate is not
detected by a simulation if the exact sequence of input patterns that causes the charge sharing is
not applied. Similarly, the delay of an adder varies widely depending on the input signal. Identi-
fication of the worst-case delay requires a careful choice of the excitation vector so that the com-
plete carry path is exercised. In other words, the designer must have a good understanding of the
intrinsics of the circuit moduie and its operation. Failing to do so produces meaningless resuits.

553
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Verification, on the other hand, attempts to extract the system parameters directly from the
circuit description. For instance, the critical path of an adder can be recognized from an inspec-
tion of the circuit diagram or a model of it. This approach has the advantage that the result is
independent of the choice of excitation vectors and is supposedly foolproof. On the other hand,
it relies on a number of implicit assumptions regarding design techniques and methodologies.
For the example of the adder, determination of the propagation delay requires an understanding
of the logic operation of the composing circnitry—for example, dynamic or static logic-and a
definition of the termy propagation delay. As a second example, it is necessary to identify the reg-
ister elements first before the maximum clock speed of a synchronous circuit can be determined.
The resulting tools are therefore restricted in scope and handle only a limited class of circuit
styles, such as single-phase synchronous design. In this insert, we analyze a number of the pop-
ular verification techniques.

Electrical Verification

Giiven the transistor schematics of a digital design, it is possible to verify whether a number of
basic rules are satisfied. Some examples of typical rules help illustrate this concept, and many
gthers can be derived from previous chapters:

* The number of inversions between two C*MOS gates should be even.

+ In a pseudo-NMOS gate, a well-defined ratio between the PMOS pull-up and NMOS puil-
down devices is necessary to goarantee a sufficient noise-margin low MM,

= To ensure that rise and fall times of the signal waveforms stay within limits, minimum
bounds can be set on the sizes of the driver transistors as a function of the fan-out.

= The maximum amount of charge sharing in a dynamic design should be such that the
noise-margin high is not viclated.

Pure common sense can help define a large set of rujes to which a design should always
achere. Applying them reqguires an in-depih understanding of the circuit structure. An electrical
verifier, therefore, starts with the identification of well-knows substructures in the overall circuit
schematic. Typical templates are simple logic gates, pass transistors, and registers. The verifier
traverses the resulting network on a rule-per-rule basis. Since electrical rules tend to be specific
to a particular design style, they should be able to be easily modified. For example, rude-based
expert systems allow for an easy updating of the rule base [DeMan85). The individual rules can
be complex and even invoke a circuit simulator for a small subsection of the network to verify
whether a given condition is met. In summary, electrical verification is a helpful tooi, and it can
dramatically reduce the risk of malfunction.

Fiming Verification
As circuits become more complex, it is increasingly difficult to define exactly which paths

through the network are critical with respect to timing. One solution is to run extensive SPICE
gimuslations that may take a long time to finish. Even then, this does not guarantee that the iden-
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L 4-bit adder >

Qut

? bypass
Figure G-1 Example of false path in timing verification.

tifted critical path is the worst case, since the delay path is a function of the applied signal pat-
terms. A timing verifier traverses the electrical network and rank-orders the various paths, based
on delay. This delay can be determined in a number of ways. One approach is to build an RC-
model of the network and compute bounds on the delay of the resulting passive network. To
obtain more accurate results, many timing verifiers first extract the details of the longest path(s),
based on the RC-model, and perform circuit simulation on the reduced cirenit in order to obtain
a better estimation. Examples of early timing verifiers are the Crystal {QOusterhout83] and TV
[Iouppi&4] systems.

One problem that hampered many earlier systems is that they identified false paths—ithat
is, critical paths that can never be exercised during normal circuit operation. For example, a false
path exists in the carry-bypass adder discussed in Chapter 11 (also shown in simplified form in
Figure G-1). From a simple analysis of only the circuit topology, one would surmise that the
critical path of the circuit passes through the adder and multiplexer modules as iliustrated by the
arrow. A closer leok at the circuit operation reveals that such a path is not feasible. All individual
adder bits must be in the propagate mode for Iif to propagate through the complete adder. How-
ever, the bypass signal is asserted under these conditions, and the bottom path through the multi-
plexer is selected instead. The actual critical path is thus shorter than what would be predicted
from the first-order analysis. Detecting lalse timing paths is not easy, since it requires an under-
standing of the logic functionality of the network. Newer timing verifiers are remarkably suc-
cessfid in accomplishing this and have become one of the more important design aids for the
high-performance circuit designer [Devadas9!].

Example G.1 Example of Timing Verification

The output of a static fiming verifier, the PathMill tool from Synopsys [PathMill], is
shown in Figure G-2, The input to the verification process is a transistor netlist, but gate-
and block-level models can be included as well. The analysis considers capacitive and
resistive parasitics that are obtained from the transistor schematic or layout extraction.
The output of the fiming analysis is an ordered list of critical timing paths. For the
example of Figure G-2, the longest path extends from node 8 {falling edge) to node ¥ {fali-
ing edge} over nodes 51, §2, and X2. The predicted delay is 1.14 ns. Other paths close to
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Figure G-2 Example of stalic timing verifier response as generated by the PathMill
tool (Courtesy of Synopsys, Inc). The resulis are displayed using the Cadence DFIf
tool. The eritical fiming path runs fram node 5o node Yvia nodes 871, 82, and X3.

the critical one are in order of decreasing delay: B (F) = Y (R) (1.1l ns), B{R) = ¥ {F
{1.04 ns), C (K — Z{K) (1.04 ns), and D (R) -» Y (R) {1.00 ns). Observe that the circuit
contains mukiiple chained pass transistors that make the analysis complicated and increase
the chances for false paths to accur. An example of the latter is the path A(F) = X1 — X3
— Z(R) for B = 0. For a low value on B, node Z can only make a falling transition.

Functional {or Formal) Verification

Each component (transistor, gate, or functional block) of a circuit can be described behaviorally
as a function of its inputs and internal state. By combining these component descriptions, an
overall circuit model! can be generated that symbaolically describes the behavior of the complete
circuit. Formal verification compares this derived behavior with the designer’s initial specifica-
tion. Although not identical, the two descriptions need to be mathematically equivalent for the
circuit to be correct.
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Formal verification is the designer’s ultimate dream of what design automation should be
able 1o accomplish—proof thar the circuit will work as specified. Unformmately, no general and
widely accepted verifier has yet been realized. The complexity of the problem is illustrated by
the foliowing argument: One way to prove that two circuit descriptions are identical is to com-
pare the outputs while enumerating all possible inpat patierns and sequences thereof. This is an
intractable approach with a computation time exponential in the number of inputs and states,

This does not mean that formal verification is a fantasy, however. Techniques have been
proposed and successfully implemented for certain classes of circuits. For instance, assuming
that a circuit is synchronous helps minimize the search space. Proving the equivalence between
state machines has been one of the main research targets and has led to some remarkable
advances {e.g.. [Coudert90y). In general, formal verification techniques falt into two major
classes:

¢ Equivalence Proving—Design oflen follows a refinement approach. An initial high-level
description is refined into a more detailed one in a step-by-step fashion. Equivalence-
proving tools establish that the obtained result is functionally equivalent to the original
description. As an example, such a tool could establish that the transistor schematic of an
N-input static CMOS NAND gate truly implements the intended NAND function.

s Property Proving-—A designer often wants to know if her creation possesses some well-
defined properties. A possible requirement could be, “My circuit should never experience
a vace condition.” A property-proving tool analyzes whether this goal is met; if it is not
met, the ool also analyzes the circumstances.

One of the prime necessities for formal verification to work is that the design is described in a
manner that is unambiguous and that has a clearly defined meaning (or semantics}. When these
conditions are met, formal-verification techniques have yielded some remarkable results and are
very effective. For instance, finite-state machines (FSMs) represent an area where formal verifi-
cation has made some major advances. The secret to the success is a well-defined mathematical
description model.

Summasary

Although not yet in the mainstream of the design-automation process, functional verification
might become one of the important assets in the designer’s toolbox. For this to happen, impor-
tant progress must be made in the fields of design specification and interpretation.
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11.8 Perspective: Design as a Trade-oif
11.8  Summary
11.10 To Probe Further

11.1 Introduction

After the in-depth siudy of the design and optimization of the basic digital gates, it is time to test
our acquired skills on a somewhat larger scale and put them in a more system-oricnted
perspective.

We will apply the techniques of the previous chapters to design a number of circuits often
used in the datapaths of microprocessors and signal processors. More specifically, we discuss
the design of a representative set of modules such as adders, multipliers, and shifters. The speed
and power of these elements often dominates the overall system performance. Hence, a careful
design optimization is required. It rapidly becomes obvious that the design task is not straight-
forward. For each module, multiple equivalent logic and circuit topologies exist, each of which
has its own positives and negatives in terms of ared, speed, or power,

Although far from complete, the analysis presented helps focus on the essential trade-offs
that must be made in the course of the digital design process. You will see that optimization at
only one design level—for instance, through transistor sizing only—leads to inferior designs. A
global picture is therefore of crucial importance. Digital designers focus their atiention on the
gates, circuits, or transistors that have the largest impact on their goai function. The noncritical
parts of the circuit can be developed routinely. We also may develop first-order performance
models that foster understanding of the fundamental behavior of a2 module. The discussion also
clarifies which computer aids can help to simplify and automate this phase of the design process.

Before analyzing the design of the anithmetic modules, a short discussion of the role of the
datapath in the digial-processor picture is appropriate. This not only highlights the specific
design requitements for the datapath, but also puts the rest of this book in perspective. Other
processor madules—the inputfouiput, contretler, and memory modules—have different require-
ments and were discussed in Chapter 8. After an analysis of the area-power-delay trade-offs in
the design of adders, multipliers, and shifters, we will use the same structures to illustrate some
of the power-minimization approaches introduced in Chapter 6. The chapter concludes with a
short perspective on datapath design and its trade-offs.

11.2 Datapaths in Digital Processor Architectures

We introduced the concept of a digital processor in Chapter 8. Its components consist of the
datapath, memory, control, and input/output blocks. The datapath is the core of the processor—
this is where all computations are performed. The other blocks in the processor are support units
that either store the resulis produced by the datapath or help to determine what will happen in
the next cycle. A typical datapath consists of an interconnection of basic combinational func-
tions, such as arithmetic operators (addition, multiplication, comparison, and shift} or logic
(AND, OR, and XOR). The design of the arithimetic operators is the topic of this chapter. The
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Figure 11-1 Bit-sliced datapath organization.

intended application seis constraints on the datapath design, In some cases, such as in personal
computers, processing speed is everything. In most other applications, there is a maximum
amount of power that is allowed to be dissipated, or there is maximum energy available for com-
putation while maintaining the desired throughput.

Datapaths often are arranged in a bif-sliced organization, as shown in Figure 11-1, Instead
of operating on single-bit digital signals, the data in a processor are arranged in & word-based
fashion. Typical microprocessor datapaths are 32 or 64 bits wide, while the dedicated signal pro-
cessing datapaths, such as those in DSL modems, magnetic disk drives, or compact-disc players
are of arbitrary width, typically 3 to 24 bits, For instance, a 32-bit processor operaies on data
words that are 32 bits wide. This is reflected in the organization of the datapath. Since the same
operation frequently has to be performed on each bit of the data word, the datapath consists of
32 bit shices, each operating on a single bit—hence the term bir sficed, Bit slices are either iden-
tical or resemble a similar structure for ali bits. The datapath designer can concentrate on the
design of a single slice that is repeated 32 times.

11.3 The Adder

Addition is the most commonly used arithmetic operation. It often is the speed-limiting element
as well. Therefore, careful optimization of the adder is of the utmost importance. This optimiza-
tion can proceed either at the logic or circait level. Typical logic-level optimizations try to rear-
range the Boolean equations so that a faster or smaller circuit is obtained. An example of such a
logic optimization is the carry lookahead adder discussed later in the chapter. Circiit optimiza-
tions, on the other hand, manipulate transistor sizes and circuit topology to optimize the speed.
Before considering both optimization processes, we provide a short summary of the basic defini-
ttons of an adder circuit {as defined in any book on logic design Je.g., Katz94]).

11.3.1 The Binary Adder: Definifions
Table i1.1 shows the truth table of a binary fulf adder. A and B are the adder inputs, C;is the
carry input, 5 is the sum output, and C, is the carry output. The Boolean expressions for § and C,
are given in BEq. {11.1}.
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Table 111  Truth table for full adder.

A B C; ) S c, Carry Status
0 0 o G 0 delete
G ] I i 0 delete
G H G i 0 propagale
G 1 1 0 1 propagate
1 0 0 1 0 propagate
i 0 i 1] | propagate
l i g G H generate/propagate
1 H i i i generate/propagaie
S=A@B®C,
= ABC;+ ABC;+ ABC;+ ABC, {1LD

C. = AB+BC. +AC,

It is often useful from an implementation perspective to define 5 and €, as functions of
some intermediate signals G (generate}, D {delete), and P (propagate}.‘ G=1(D=1)ensures
that a carry bit will be generared {deleted) at C, independent of C, while P = 1 guarantees that
an incoming carry will propagate to C,. Expressions for these signals can be derived from
inspection of the truth table:

G = AB
D = AB (1.2
P=A®SB

We can rewrite § and €, as functions of P and G (or D)
C,(G,P) = G+PC;
° (1.3
S(G,P) = P®C;

Notice that G and £ are only functions of 4 and B and are not dependent upon C;. In a simikar
way, we can also derive expressions for S(D, P) and C (D, P).

INate that the propagate signal sometimes is alsoe defined as the OR function of the inpats A and B-—this condition guai-
antess that the nput carry propagaies to the owtput when A = B= 1, too. We will provide appropriste waming whenever
this definition is used.
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Figure 11-2 Four-bit ripple-carry adder: topology.

An N-bit adder can be constructed by cascading N full-adder (FA) circuits in series, con-
necting C,;_, to C;, for k=1 to N—1, and the first carry-in ;, to 0 (Figure 11-2). This configu-
ration is calied a #pple-carry adder, since the carry bit “ripples” from one stage to the other. The
delay through the circuit depends upon the number of logic stages that must be traversed and is a
function of the applied input signals. For some input signals, no rippling effect ocours at all,
while for others, the carry has to ripple all the way from: the least significant bit {{sb) t0 the most
significant bit {msh). The propagation delay of such a structure (also called the cxitical path) is
defined as the worst case delay over all possible input patterns.

In the case of the ripple-carry adder, the worst case deiay happens when a carry generated
at the least significant bit position propagates all the way to the most significant bit position.
This carry is finally consumed in the last stage to produce the sum. The delay is then propor-
tional to the number of bits in the input words & and is approximated by

Ladder = (N = 1)1 (11.4)

SHFrY + '?.‘q‘[ii?i

where .., and f,,,,,

equal the propagation delays from C; to C, and §, respectively.?

Example 11.1 Propagation Delay of Ripple-Carry Adder

Deerive the values of A, and B, (k = 0...N — [} so that the worst case delay is obtained for
the ripple-camry adder.

The worst case condition requires that a carry be generated at the Isb position. Since
the input camry of the first full adder Cy is always O, this both A and By must equal 1. All
the other stages must be in propagate mode. Hence, either A; or B; must be high. Finally,
we would like to physically measure the delay of a transition on the ssh sum bit. Assum-
ing an initial value of O for §,,_;, we must arrange a 0 — I wansition. This is achieved by
setting both A, and By, to 0 {or 1), which yields a high sum bit given the incoming
carry of 1.

For example, the following values for A and B trigger the worst case delay for an 8-
bit addition:

A: 0000001; B: GL1LELEL

*Bquation {1 1.4) assumes that both the delay from the input signals 4, for Bg) 10 €, 5 for the #5b, and the Crto-C, delay

for all other bits equal to 1,
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To set-up the worst case delay transition, all the inputs can be kept constant with A,
undergoing a 0 — 1 transition.

The left-most bit represents the msb in this binary representation. Observe that this
is only one of the many worst case patterns. This case exercises the 0 — 1 delay of the
final sum. Derive several other cases that exercise the 0 — 1 and 1 - O transitions.

Twe important conclusions can be drawn from Eq. (11.4):

« The propagation delay of the ripple-carry adder is lineariy proportional to N. This property
becomes increasingly important when designing adders for the wide data paths
{N =16...128} that are desirable in carrent and future computers.
* When designing the full-adder cell for a fast ripple-carry adder, it is far more important to
optimize f,,,,, than 1, since the latter has only a minor influence on the total valus of 7,
Before starting an in-depth discussion on the circuit design of full-adder cells, the follow-
ing additional logic property of the full adder is worth mentioning:
Inverting all inputs to a full adder results in inverted values for all outputs.
This property, also called the inverting property, is expressed in the pair of equations
S(A,B.C)) = S(A, B, C)
__ _ (1L.5)
C(A4, B C)=C,ABC)

and will be extremely useful when optimizing the speed of the ripple-carry adder. It states that
the circuits of Figure 11-3 are identical.

11.3.2 The Full Adder: Circuit Design Considerations

Static Adder Circuit

One way o implement the full-adder circuit is to take the logic equations of Eq. {11.1) and
transiate them directly into complementary CMOS circuitry. Some logic manipulations can help
to reduce the transistor count. For instance, it is advantageous to share some logjc between the

A B A B
Vo o
Ci— FA |»C, = G4 EAs p»C,
! {

3 s

Figure 11-3 Inveriing property of the full adder.
The circles in the schematics represent inverters.
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Figure 11-4 Complementary static CMOS implementation of full adder.

sum- and carry-generation subcircuits, as long as this dees not slow down the carry generation,
which is the most critical part, as stated previously. The following is an example of such a reor-
ganized equation sef:

C, = AB+BC,+AC,
and {11.6)

S = ABC,+C {A+B+C)

The equivalence with the original equations is easily verified. The corresponding adder design,
using complementary static CMOS, is shown in Figure 11-4 and requires 28 transistors. In addi-
tion to consuming a large area, this circuit is slow:

= Tall PMOS transistor stacks are present in both carry- and sum-generation circuits.

* The imrinsic load capacitance of the €, signal is large and consists of two diffusion and
six gate capacitances, plus the wiring capacifance,

* The signal propagates through two inverting stages in the carry-generation circnit, As
mentioned earlier, minimizing the carry-path delay is the prime goal of the designer of
high-speed adder circunits. Given the small load (fan-out) at the output of the carry chain,
having two logic stages is too high a number, and leads to extra delay.

+ The sum generation requires one extra logic stage, but that is not that important, since a
factor appears only once in the propagation delay of the ripple-carry adder of Eq. (11.4),
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Figure 11-8 Inverter elimination in carry path. FA’ slands for a full
adder without the inverter in the carry path.

Although slow, the circuit includes some smart design tricks. Notice that the first gate of
the carry-generation circuit is designed with the C, signal on the smaller PMOS stack, lowering
its logical effort to 2. Also, the NMOS and PMOS transistors connected to C; are placed as close
as possible to the output of the gate. This is a direct application of a circuit-optimization tech-
nigue discussed in Section 4.2—transistors on the critical path should be placed as close as pos-
sible to the output of the gate. For instance, in stage & of the adder, signals A, and B, are available
and stable long before C,, (= C,,_,) arrives after rippling through the previous stages. In this
way, the capacitances of the internal nodes in the transistor chain are precharged or discharged in
advance. Og arrival of C, , only the capacitance of node X has to be (dis)jcharged. Putting the
C, ; transistors closer to Vi, and GND would require not only the (dis)charging of the capaci-
tance of node X, but also of the internal capacitances,

The speed of this circuit can now be improved graduatly by using some of the adder prap-
erties discussed in the previous section, First, the number of inverting stages in the carry path
can be reduced by exploiting the inverting property—inverting all the inputs of a full-adder ceill
also inverts all the outputs. This rule allows us to eliminate an inverter in a carry chain, as dem-
onstrated in Figure 11-5.

Mirror Adder Design

An improved adder circuit, also calfed the mirror adder, is shown in Figure 11-6 [Weste931. Its
operation is based on Eq. (11.3). The carry-generation circuitry is worth analyzing. First, the
carry-inverting gate is eliminated, as suggested in the previous section. Secondly, the PDN and
PUN networks of the gate are not dual. Instead, they form a clever implementation of the propa-
gatefgenerate/delete function—when either D or G is high, C, is set to ¥V, or GND, respec-
tively. When the conditions for a Propagute are valid (or P is 1) the incoming carry is
propagated (in inverted format} to C,. This results in a considerable reduction in both area and
delay. The analysis of the sum circuitry is left to the reader. The following observations are
worth considering:

« This full-adder cell requires only 24 transistors.

3The £ = 4 + B definition of the propagate signal is used here.
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Flgure 11-6 Mirror adder—circuit schematics.

« The NMOS and PMOS chains are completely symmetrical, which stili yields correct oper-
ation due to self-duality of both the sum and carry functions. As a resuit, a maximum of
two series transistors can be found in the carry-generation circuitry.

*» The transistors connected to C; are placed closest to the output of the gate.

» Only the transistors in the carry stage have to be optimized for speed. All transistors in the
sum stage can be of minimuom size, When laying out the cell, the most critical issue is the
minimization of the capacitance at node C,. Shared diffusions reduce the stack node
capacitances.

» In the adder cell of Figure 11-4, the inverter can be sized independently to drive the C,
input of the adder stage that follows. If the carry circuit in Figure 11-6 is symmetrically
sized, each of its inputs has a logical effort of 2. This means that the optimal fan-out, sized
for minimum delay, shouid be (4/2) = 2. However. the output of this stage drives (wo infer-
nal gate capacitances and six gate capacitances in the connecting adder cell. A clever solu-
tion to keep the transistor sizes the same in each stage is to increase the size of the canry
stage to about three o four times the size of the sum stage. This maiatains the optimal fan-
out of 2. The resulting transistor sizes are annotated on Figure 11-6, where a PMOS/
NMOS ratio of 2 is assumed.

Transmission-Gate-Based Adder

A full adder can be designed to use maltiplexers and XORs. While this is impractical in a2 com-
plementary CMOS implementation, it becomes atiractive when the multiplexers and XORs are
implemented as transmission gates. A full-adder implementation based on this approach is
shown in Figure 11-7 and uses 24 transistors. It is based on the propagate—generate model,
introduced in BEg. {11.3). The propagate signal, which is the XOR of inputs A and B, is used to
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Figure 11-7 Transmission-gate-based {ull-adder celt with sum and carry delays
of similar value (after {Waste83j).

select the true or complementary value of the input carry as the new sum cutput. Based on the
propagate signal, the output carry is either set to the input carry, or either one of inputs A or 8.
One of interesting features of such an adder is that it has similar delays for both sum and carry
outputs.

Manchester Carry-Chain Adder

The carry-propagation circuitry in Figure 11-7 can be simplified by adding generate and delete
signals, as shown in Figure 11-8a. The propagate path is unchanged, and it passes C; to the C,
output if the propagate signal { A; @ B,) is true. If the propagate condition is not satisfied, the out-
put is either pulled low by the D, signal or pulled up by G, The dynamic implementation
(Figure 11-8b), makes even further simplification possible. Since the fransitions in a dynamic
circuit are monotonic, the transmission gates can be replaced by NMOS-only pass transistors.
Precharging the output eliminates the need for the kill signal (for the case in which the carry
chain propagates the complementary values of the carry signals).

A Manchester carry-chain adder uses a cascade of pass transistors to implement the carry
chain [Kilburn60)]. An exampie, based on the dynamic circuit version introduced in Figure 11-8,
is shown in Figure 11-9. During the precharge phase ($ = 0}, all intermediate nodes of the pass-
transistor carry chain are precharged to Vip. During evaluation, the Ay node is discharged when
there is an incoming carry and the propagate signal 2, is high, or when the generate signal for
stage k (G} is high.

Figure 11-10 shows an example layout of the Manchester carry chain in stick-diagram for-
mat. The datapath layout consists of three rows of cells organized in bit-sliced style: The top row
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Figure 11-8 Manchester carnry gates. {a) Stalic, using propagate, generate,
and kill, {b) dynamic implementalion, using only propagate and generale signals.
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Figure 11-9 Manchester carry-chain adder in dynamic logic {four-bit sectionj.

of cells computes the prepagate and generate signals, the middle row propagates the carry from
left to right, and the bottom row generates the final sums.

The worst case delay of the carry chain of the adder in Figure 11-9 i modeled by the lin-
sarized RC network of Figore 11-11. As derived in Chapter 4, the propagation delay of such a
nelwork equals

N i
t, = 069 c{ZRJ}: 06922 g (11.7)

i=1

whenall ;= Cand R, = R.
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Figure 11-10 Stick diagram of two bits of a Manchester carry chain.
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Figure 11-11 Equivalent network to determine propagation delay of a carry chain.

Example 11.2  Sizing of Manchester Carry Chain

The capacitance per node on the carry chain equals four diffusion capacitances, one
inverter input capacitance, and the wiring capacitance propostional te the size of the cell.
The inverter and the PMOS precharging transistor can be kept at unit size. Together with
the wire capacitance, the fixed capacitance can be estimated as 15 fF {for our technology).
If a unit-sized transistor with width W, has a resistance of 10 kQ and a diffusion capaci-
tance of 2 fF, then the RC time constant for a chain of transistors of width Wis

RC = {6fF- 15 fF |- 10 kQ ¥
‘( ﬁf”’ ) W

Increasing the transistor width reduces this time constant, but it also loads the gates in the
previous stage. Therefore, the transistor size is limited by the input loading capacitance.

Unfortunately, the distributed RC-nature of the carry chain resulis in a propagation delay
that is quadratic in the number of bits N. To avoid this, it is necessary to insert signal-buffering
inverters. The optimum number of stages per buffer depends on the equivalent resistance of the
inverter and the resistance and capacitance of the pass transistors, as was discussed in Chapter 9.
In cur technelogy, and in most other practical cases, this number is between 3 and 4. Adding the
inverter makes the overall propagation delay a linear function of N, as is the case with ripple-
carry adders.
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11.3.3 The Binary Adder: Logic Design Considerations

The ripple-carry adder is only practical for the implementation of additions with a relatively
smaall word length. Most desktop computers use word lengihs of 32 bits, while servers require 64;
very fast computers, such as mainframes, supercomputers, or multimedia processors {(e.g., the
Sony PlayStation2) [Suzucki99l, require word lengths of up to 128 bits. The linear dependence of
the adder speed on the number of bits makes the asage of ripple adders rather impractical. Logic
optimizations are therefore necessary, resulting in adders with 4, < O(¥}). We briefly discuss a
atimber of those in the sections that follow. We concentrate on the circuit design implications,
since most of the presented structures ave well known from the traditional logic design literature.

The Carry-Bypass Adder
Consider the four-bit adder block of Figure 11-12a. Suppose that the values of A, and B, (k =
0...3) are such that all propagate signals 7 {k = 0...3) are high. An incoming carry C;p= 1 prop-
agates under those conditions through the complete adder chain and causes an cutgoing carry
C, 3= 1. In other words,
if (PoP 1 PyPy=1}thenC,; = Ciy
else either DELETE or GENERATE occurred

{11.8)

This infonmation can be used to speed up the operation of the adder, as shown in Figure 11-12b.
When BP = PyP PP, =1, the incoming carry is forwarded immediately to the next block
through the bypass transistor 8/, —hence the name cairy-bypass adder or carry-skip adder
{Lehman6?Z]. If this is not the case, the carry is obtained by way of the normal route.

Pn Gy 7 G Py Gy Py Gy
v ¥ ' ¥ Y ¥
Cr}\ﬂ szgi CU.Z Cv,.‘:
Cip—> FA > FA » FA > TA e
{a} Carry propagation
P(B GD P] Gl Pz Gz P:! GS BP = P.P.B.P
by v b by R
3 N 2
i FA o»— FA ﬂr FA \

H
(5]

Multiplexer

\

(b Adding a bypass
Figure 11-12 Canry-hypass structure—basic concept.
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Example 1L.3 Carry Bypass in Manchester Carry-Chain Adder

Figure 11-13 shows the possible carry-propagation paths when the full-adder circuit is
implemented in Manchester-carry style. This picture demonstrates how the bypass speeds
up the addition: The carry propagates either through the bypass path, or a carry is gener-
ated somewhere in the chain. In both cases, the delay is smaller than the normal ripple
configuration. The area overhead incurred by adding the bypass path is small and typicaily
ranges between 10 and 20%. However, adding the bypass path breaks the regular bit-slice
stracture (as was present in Figure 11-10).

Py BP
I o A
cmTl |GT I . [ ] : [ ] : 1 oo

T

BP
Figure 11-13 Manchester carry-chain implementation of bypass adder.

Let us now compute the delay of an N-bit adder. At frst, we assume that the total adder
is divided in (WM} equal-length bypass stages, each of which contains M bits. An approxi-
mating expression for the total propagation time can be derived from Figure 11-14a and is
given in Bqg. (11.9). Namely,

N
fp = fsemp + Mtearr}' + (H - }')fb_vpaxs + (ﬂf -1 }fcarr_? F o (l 19:}
Bit0-3 Bit 47 Bit 8-11 Bit 12-135

] s bd

Carry | Carry Carry .| Carry
! propagation propagation propagation |— propagation
/

Sum Sum Sum fsaur l Sum
3 bits

Figure t1-14 (N =16) carry-bypass adder: compesition. The worst case delay path
is shaded in gray.
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with the composing parameters defined as follows:

* Lipny- the fixed overhead time to create the generate and propagate signals.

® toany: the propagation delay through a single bit. The worst case carry-propagation delay
through a single stage of Af bits is approximately M times larger.

* Yyymass- the propagation delay through the bypass multiplexer of a single stage.

* ¢ .. the lime to generate the sum of the final stage.

The critical path is shaded in gray on the block diagram of Figure 11-14. From Eq. {11.9), it fol-
lows that 1, is still linear in the number of bits N, since in the worst case, the carry is generated at
the first bit position, ripples through the first block, skips around (N — 2) bypass stages, and is
consumed at the last bit position without generating an output carry. The optimal number of bits
per skip block is determined by technological parameters such as the exira delay of the bypass-
selecting multiplexer, the buffering requirements in the carry chain, and the ratio of the delay
throngh the ripple and the bypass paths.

Altbough still linear, the siope of the delay function increases in a more gradual fashion
than for the ripple-carry adder, as pictured in Figure 11-15. This difference is substantial for
farger adders. Notice that the ripple adder is actually faster for small values of N, for which the
overhead of the extra bypass multiplexer makes the bypass structure not interesting. The cross-
over pomnt depends upon technology considerations and is normally situated between four and
eight bits.

Preblem 11.1 Delay of Carry-Skip Adder
Determine an input pattern that triggers the worst case delay in a 16-bit (4 X 4) carry-bypass adder. Assam-

ing that £, = L = gy = Iy, = 1, determine the delay and compare it with that of 4 normal ripple
addes,
t e
//
" Ripple adder
e
P
”

Bypass adder

N

4.8

Figure 11-15 Propagation delay of ripple-carry versus carry-bypass adder.
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The Linear Carry-Select Adder

In a ripple-carry adder, every full-adder cell has to wait for the incoming carry before an outgo-
ing carry can be generated. One way to get around this linear dependency is to anticipate boh
possible values of the carry input and evaluate the result for both possibilities in advance. Once
the real value of the incoming carry is known, the correct result is easily selected with a simple
muitiplexer stage. An implementation of this idea, appropriately called the carry-select adder
[Bedrij62], is demonstrated in Figure 11-16. Consider the block of adders, which is adding bits &
to k + 3. Instead of waiting on the arrival of the output carry of bit k& — 1, both the 0 and 1 possi-
bilities are analvzed. From a circuit point of view, this means that two carry paths are imple-
mented. When C, _; finally settles, either the result of the 0 or the 1 path is selected by the
multiplexer, which can be performed with a minimal delay. As is evident from Figure 11-16, the
hardware overhead of the carry-select adder is restricted to an additional carry path and a multi-
plexer, and equals about 30% with respect to a ripple-carry structure,

A fuil carry-select adder is now constructed by chaining a number of equal-length adder
stages, as in the carry-bypass approach (see Figure 11-17). The critical path is shaded in gray.
From inspection of the circuit, we can derive a first-order model cf the worst case propagation
delay of the module, written as

N
fnn‘d = t.s'emp + Mtce:rry + (g—&f){nwx + lesum (1 110)

Where £, foyny 806 £, are fixed delays and ¥ and M represent the total number of bits, and the
number of bits per stage, respectively. 1,,,,, 18 the delay of the carry through a single full-adder
cell. The carry delay through a single block is proportional to the leagth of that stage or equals
My

The propagation delay of the adder is, again, linearly proportional to & (Eq. (11.10)). The
reason for this linear behavior is that the block-select signal that selects between the ( and |

solutions stitl has o ripple through all stages in the worst case.

Setup

[l epc JL

HES S 0 —Carry propagation

JL ||

1 1—Carry propagation
Copemt =L JL 7 Cosss
| Muttiplexer

,é L, Carry vector
| Sum Generation

Figure 11-16 Four-hit carry-setect moduie—iopology.
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Figure 11-17 Sixteen-bit, linear carry-select adder. The critical path is shaded in gray.

Problem 11.2 Lirear Carry-Select Delay

Detenmine the delay of a 16-bit linear carry-select adder by using ukit delays for all cells. Compare the
result with that of Problen: 11.1. Compare various block configurations as well.

The Square-Rooi Carry-Select Adder

The next structure illustrates how an alert designer can make a major impact. To optimize a
design, it is essential {0 locate the critical timing path first, Consider the case of a 16-bat linear
carry-select adder. To simplify the discussion, assume that the full-adder and multiplexer cells
have identical propagation delays equal to a normalized value of 1. The worst case arrival times
of the signals at the different network nodes with respect fo the time the input is applied are
marked and annotated on Figure 11-18a. This analysis demonstiates that the critical path of the
adder ripples through the multiplexer networks of the subsequent stages.

One striking opportunity is readily apparent. Consider the multiplexer gate in the last
adder stage. The inputs to this multiplexer are the two carry chains of the block and the block-
multiplexer signal from the previous stage. A major mismatch between the arrival times of the
signals can be observed. The results of the carry chains are stable long before the maltiplexer
signal arrives. It makes sense to equalize the delay through both paths. This can be achieved by
progressively adding more bits to the subsequent stages in the adder, requiring more time for the
generation of the carry signals. For example, the first stage can add 2 bits, the second contains 3,
the third has 4, and so forth, as demonstrated in Figure 11-18b. The annotated arrival times show
that this adder topology is faster than the linear organization, even though an extra siage is
needed. In fact, the same propagation delay is also valid for a 20-bit adder. Observe that the dis-
crepancy m arrival times at the multiplexer nodes has been eliminated.

In effect, the simple trick of making the adder stages progressively longer results in an
adder structure with sublinear delay characteristics. This is illustrated by the following analysis:
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Figure 11-18 Worst case signal arrival times in carry-select adders. The signal arrival

times are marked in parentheses.
Assume that an N-bit adder contains P stages, and the first stage adds M bits. An additional bit is
added to each subsequent stage. The following relation then hoids:

N=oM+M+ D+ (M+2)+ M+ + . +{M+FP-1)
- pypLp-n_ 2 ( 1) aL1n
= MP+ =5t PM 3

If M << Neg., M =2, and N = 64), the first term dominates, and Eq. (11.11) can be

simplified to

z
N:% (11.12)
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