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Figure 18«19 Example of an H-tree clock-distribution network for 16 leaf nodes.

The most comrmon type of clock distribution scheme is the H-tree network, which is illus-
trated in Figure 10-19 for a2 4 x 4 processor array. The clock is first routed to a central point on
the chip. Balanced paths that include both maiched interconnect and buffers then distribute the
reference to the various leaf nodes. Ideally, if cach path is perfectly batanced, 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 vanations cause ¢lock skew and jitter to oceur

The H-tree configuration is particularly useful for regular array networks i which all
elements are identical and the clock can be distributed as a binary tree {for example, arrays of
wdentical tiled processors). The concept can be generalized to 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 length. That is, the general approach does not rely on a regular physical structure.
An example of a matched RC is shown in Figure 10-20. The chip is partitioned into 10 bal-
anced load segments f{tiles). The global clock driver distributes the clock to the tile drivers
Iocated at the dots in the figure. A lower level RC-matched tree is used to drive 580 additional
drivers inside each tile. A 3D visualization of the clock delay in a tree network is shown in
Figure 10-21.

An alternative clock distribution approach is the grid structure of Figure 10-22 [Bailey00].
Grids typically are used in the final stage of a clock network to distribute the cleck 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 grid structure is that it allows for late design changes, since the clock is easily accessible at var-
tous points on the die. Unfortunately, the penalty is a relatively large power dissipation since the
structure has a lof 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 exampie RC-maiched distribution for an 1BM
microprocessor [Restle88L.

(a) o)

Figure 10-21 Visualization of clock delay in a tree networlc driving different loads. The X- and Y-
axes represent the die, while the Zaxis represents the clock delay. The widih of the lines is pro-
portional to the designed wire width. The unbalanced load creates a large skew, as is clear in {a).
By carefut tuning of the wire widths, the lead is balanced, minimizing the skew, as shown i (b}
[Restle01]. See also Colorplate 9.
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Figure 10-22 Grid structures allow a low skew distribution and
physicat design flexibility at the cost of power dissipation [Bailey00].

1t is essential to consider clock distribution in the earlier phases of the design of a complex
circuit, since it might influence the shape and form of the chip’s Hoor 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 cycle, when most of the chip layout is already frozen. This results in unwieldy
clock networks and multiple timing constraints that hamper the performance and operation of
the final circuit. With careful planning, a designer can avoid many of these probiems, and clock
distribution becomes a manageable operation.

in this section, the clack 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 the evolution of clock distribution [HerrickOU.

The Alpha 21064 Processor—The first-gencration Alpha microprocessor {21064 or EV4) from
Digital Equipment Corporation used 2 single global ctock driver [Dobberpuhl92). The distribution of clock
load capacitance mnong various functional blocks is shown in Figure 10-23, The total clock lead eguals
3.25 nF1 The processor uses a single-phase clock methodology, and the 200-MHz clock is fed to a binary
tree with five levels of buffering. The inputs o the clock drivers are shorted to smooth out the asymienry in
the incoming signals. The final output stage, residing ia the middle of the chip, drives the clock net. The
clock driver and the associated pre-drivers account for 40% of the effective switched capacitance (12.5 al?),
resuiting in significant power dissipation. The overall width of the clock driver was on the order of 35 cm in
a 0.75-uum technology. A detailed clock skew simulation with process variations indicates that a clock
uncertainty of less than 200 ps {< 10%) was achieved.

The Alpha 21164 Processor—The second-generation Alpha microprocessor (EV5) operates at a
clock frequency of 300 Mhz while using 9.3 million fransistors on a 16.5 mm. x 18.1 mm die in a 8.5-pm
CMOS technology [Bowhili95]. A single-phase clocking methodology was selected, and the design made
extensive use of dynamic logic, resulting in a substantial clock load of 3.75 nR The clock distribution sys-
tem consumnes 20'W, which is 40% of the total dissipation of the processor,
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Figure 10-23 Distribution of clock toad capacitance for the 21064 Alpha processor.

The incoming clock signal is firse 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-
fent transistor width of the final driver inverter equals 58 cm! To ensure the integrity of the clock grid
across the chip, the grid was exteacted from the layout, and the resuiting RC-network was simulated. A

Cleck driver

Disiay

(a} Chip microphotograph, showing position-

ing of clock drivers.

{b} Clock skew simuiation.

Figure 10-24 Clock distribution and skew in a 300-MHz microprocessor,
{Courtesy of Digital Equipment Corpeoration.)
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10.3 Synchronous Design—An in-Bepth Perspective 513

three-dimensional representation of the simulation results is plotted in Figure 10-24b. As evident from the
plot, the skew is zero at the output of the left and right drivers. The maximum value of the absolute skew
is smaller than 90 ps. The critical instruction and executton ugits all see the clock within &5 ps.

Clack 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 small cost in
terms of performanee) or by ensuring that the data could not gvertake the clock. A standardized library of
level-sensitive transmission-gate latches was used for the complete chip. To aveid race-through conditions,
the following design guidelines were used:

» Careful sizing of the local clock buffers were carelully 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 2 simple inverter, easures was a minirmum contamination delay. Special design
verification tools were developed to guarantee that this rule was obeyed over the complete chip.

Fo improve the interlayer dielectric uniformity, filler polygons were inserted between widely spaced lines,
as shown in Figure 10-25. Though this may increase the capacitance to nearby signal lines, the improved
untfornuty results in lower variation and clock uncertainty. The dummy {ills are automatically inserted, and
tied to one of the power rails (Vpp, or GNDY). Damimy insertion is required today to equalize the etch-away
of CMP (Chapter 3}. This technique is used in many of today’s processes for controlling the clock skew,

This exampie demonstrates that managing clock skew and clock distribution for large, high-perfor-
mance synchronous designs is a feasible task. However, making such & circuit work in a reliable way
requires carefu] planning and intensive analysis.

The Alpha 21264 Processor—A hierarchical clocking scheme is used in the 600-Mhz Alpha 21264
(EV0) processor {in 0.35-pm CMOS], shown in Figure 10-26 [Bailey98]. The choice of a hierarchical
clocking scheme for this processer is a major departare from the preceding processors, which did not have

b

Figure 10-25 Dummy filis reduce the ILD variation and improve clock skew.
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Figure 16-26 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
biocks can be gated. As seen in previouvs-generation microprocessors, the clock power contributes to a large
fraction of overall power consumption. Also, the flexibility of having local clocks provides the designers
with more freedom with respect to cireuit styles at the module level. The drawback of using a hierarchical
clock network is that skew reduction becomes more difficult. Clocks te various local registers may go
through very different paths, which may contribute to 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 globaf clock grid, called GCLK, that covers the entire die, Siate
elements and clocking points exist from zero te height fevels past GCLK. The on-chip penerated clock is
routed to the center of the die and distributed using tree structures o 16 distributed clock drivers {see Figure
[0-27). The global cleck distribution network utilizes a 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 supply and thermal problems, as the drivers are distributed through the chip.

The use of a gridded clock has the advaatage of reducing the clock skew, while providing universal
availability of the clock signals. The drawback is the increased capacitance of GCLE, compared with a tree-
distribution approach. In addition to the GCLE, at the next level of ciock hierarchy, there is 2 major clock
grid. The major clocks were introduced to reduce power: They have localized loads, and they can be sized
appropriately 1o meet the skew and edge requirements for the local leading conditions at timing-critical
units.

The lowest level in this hierarchy is formed by the focal clocks, which are generated as needed From
any other clock. Typically, they can be customized to meet local timing constrains. The lecal clocks pro-
vide great Aexibility in the design of the logic blocks, but at the same time make it significandy more diffi-
culi to manage skew. Furthermore, the local clocks are more susceptible to coupling from data lines,
because they are not shielded like the global gridded clocks. As a resalt, the local clock distribution is
highly dependent on its local interconnection and thus has to be designed very carefully.
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Figure 10-27 Global clock distribution network in a windowpane structure.
Pane structure {a); clock skew distribution over die (b).

From the preceding discussions, some useful guidetines for reducing clock skew and jitter can be derived:

1. To minimize skew, afance clock paths from a central disiribution source 1o individual clocking ele-
ments, using H-tree structures or more generally routed matched-tree structures. When using routed
clock trees, the effective clock load of each path that includes wiring as well as transistor loads must
be egualized,

2. The use of local clock grids (instead of rotited trees) can reduce skew at the cost of increased capac-
itive load and power dissipation.

3. If data-dependent clock load variations cause significant jitter, differential registers that have a data-
independent clock load should be used. The use of gated clocks to save power results in & 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.

4. If data flow in one divection, route the data and the clock in opposite directions. This eliminates
races at the cost of performance.

5. Avoid data-dependent noise by shielding clock wires from adjacent signal wires. By placing power
lines {V,, or GND) next to the clock wires, coupling from neighboring signal nets can be minimized
or avoided.

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

7. Variation in chip temperatare across the die causes variations in clock buffer delay. The use of feed-
back circuits based on delay-locked foops, diseussed later in this chapter, can compensale for tem-
perature variations.

8. Power-supply variation is a significant component of jitter, as it impacts the cycle-te-cycle delay
through clock buffers. High-frequency power-supply variation can be reduced by adding en-cfiip
deconpling capacitors. Unfortunately, decoupling capacitors require a sigaificant amount of area,
and efficient packaging solutions must be leveraged in order to reduce chip area. B
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516 Chapter 10 « Timing issues in Digital Cireuits

10.3.4 Laich-Based Clocking”®

The use of registers in a sequential circuit translates into a robust, reliable design methodology.
Yet there are significam 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 cleck
period for the entire system. If a logic block finishes before the end of the clock period, it has to
sit idle untif the next elock edge. The use of a latch-based methedclogy enables more flexible
timing by allowing one stage to pass slack or to bosrow 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-slave 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-
tionat logic block A {CLB_A) on the falling edge of CLK, {at edge @). It has a maximum time
equal to the Ty ,/2 to evaluate—that is, the entire low phase of CLK;. On the falling edge of
CLK, (at edge @), the output CLB_A is latched, and the computation of CLK_B is launched.
CLB_B computes on the low phase of CLK,, and the output is available on the falling edge of
CLK, {at edge @). From a timing perspective, this scenario appears to be equivalent to an edge-
triggered system, where CLB_A and CLB_B are cascaded between two edge-triggered registers
(see Figure 10-29). In both cases, it appears that the time available to perform the combination
of CLB_A and CLB_Bis Tpy .

However, there is an important performance-related difference. In a latch-based system, it
is possible for a logic block to utifize 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 to as
slack borrowing [Bemstein98]. It reguires no explicit design changes, as the passing of slack

1| iz L1 I3
in | A Jerpa B fcip By Cleis e

e R l——-)— o se e
D Qi W D g i D ¢ WD a

KR t } i

CLK, CLK, CLK, CLK,
Tk
5 campute ;
CL, @ {“34 CLB_A © P %
lausch A lausch C

CLK, Al compue :
i—l EaunchBl______——CLB—B 3

Figure 10-28 Laich-based design in which transparent laiches are separated by
combinational logie.
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of the logic in Figure 10-28.

from cne 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 another 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 x < 1oy 4 + I,q p, and the logic functions correctly (for simplicity, the
delay associated with iatches are ignored). This implies that the clock rate can be higher than the
worst case critical path!

As mentioned earlier, slack passing results 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 combinationa! logic block of the previous stage finishes carly and has a valid input
data for CLB_A before edge @7 Since the latch is ransparent during the entire high phase of the
clock, the input data for CLB_A are valid as scon 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 computatiorn.

Consider the latch-based system of Figure 10-30. In this example, signal a {(input to
CLE_A) is valid well before edge ©. This implies that the previous block did not use its entire
allotment, producing slack time as denoted by the shaded area, By construction, CLB_A can stari
computing as soon as signal ¢ becomes valid. It uses this slack time to finish well before its allo-
cated time {edge @). Since L, is a transparent latch, valid on the high phase of CLK,, CLB_B
starts to compute using the slack provided by CLB_A. Again, CLB_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 tofal cycle delay—that is, the sum of the delay for CLB_A and CLB_B—is larger than
the clock period. Since the pipeline behaves correetly, 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 slack
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 comaputing is ®. This happens if the previous logic block did not use any
of its allocated time (CLK| high phase) or if it fnished by using slack from previous stages.
Therefore, the maximum time that can be borrowed from the previous stage is haif of a
cycle or Ty /2. Similarly, CLB_B must finish its operation by edge @. This implies that
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Figure 10-30 Example of slack borrowing.

the maximum logic ¢ycie 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 i 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 ioput /n is valid slightly after the rising edge of the clock. We can derive that the
minimum clock 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 time can be exploited in a latch-based system.

Figure 10-32 shows a latch-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 s
enabled by slack borrowing between the logical partitions.

In
—

Figure 10-31 Conventional edge-triggerad pipeline.
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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 amalysis of this attractive, yet challenging, 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 cireuit
events are orchestrated by a central clock. Those clocks have a dual function:

» They ensure that the pliysicad timing constraints are met. The next clock cycle can start
only when all 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.

» Clack evenis serve as a fogical ordering mechanism for the global system events. A clock
provides a time base that determines what will happen and when. On every clock tramsi-
tion, 2 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 1> max (fons Lo fars)d + Fo e
This will ensure satisfaction of the physical constraint. At each clock transition, a new set of 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 cutpet 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, synchronous datapath.

The synchronous design methodology has some clear advantages. It presents a structured,
deterministic approach to the problem of chereographing 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 to adhere to, which explains its enor-
nrous popularity; howsver, it does have several pitfalls:

« It assumes that all clock events or timing references happen simultaneously 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 overa
very short period of time (due to the large capacitance load). This causes significant noise
problems due to package indactance and power-supply grid resistance.

*» The linking of physical and legical constraints has some obvious effects on the perfor-
mance. For instance, the throughput rate of the pipelined system of Figure 10-33 is
direcely linked to the worst case delay of the slowest element in the pipeline. On average,
the delay of each pipeline stage is smaller. The same pipeline could support an average
throughput rate that is substantially higher than the synchronous one. For example, the
propagation delay 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 avold these problems is to opt for an asynchronous design approach and to
eliminate aH the clocks. Designing a purely asynchronous circuit is a nontrivial and potentially
hazardous task. Ensuring a correct circuit operation that avoids all potential race conditions
under any operation condition and input sequence requires a careful timing analysis of the pet-
work. In fact, the logical ordering of the events is dictated by the structure of the transistor net-
work and the relative delays of the signals. Enforeing 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 local
solution to the timing problem [Seirz80]. Figure 13-34 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 flag once the computation is finished. In addition, the operators must signal
each other that either they are ready 1o receive a next input word or they have a legal data word at
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Figure 10-34 Self-timed, pipelined daiapath.

their cutputs that is ready for consumption. This signaling ensures the logical ordering of the
events and can be achieved with the aid of extra Ack{nowledge} and Reg{uest) signals. In the
case of the pipelined datapath, the scenario could proceed as follows:

1. An inpui word arrives, and a Reqg{uest) to the block F| is raised. If F1 is 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. F1 is enabled by raising the Srarr signal. After a certain amount of time, which is depen-
dent upon the data values and operating conditions, the Dene signal goes high, indicating
the completion of the computation.

3. A Reg(uest) is issued to the F2 modunle. If this function is free, an Ackinowledge) is raised,
the output value is transferred, and F1 can go ahead with its next computation,

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

When comgpared with the synchronous approach, self-timed circuits display some alluring
propesties:

* In contrast to the global centralized approach of the synchrenous methodology, timing sig-
nals are generated locaily, which avoids all problems and overheads associated with dis-
tributing 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 o
acconunodate the slowest path over all possible input sequences, In self-timed systems, a
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522 Chapter 10 = Timing Issues in Digitai Circuits

completed data word does not have to wait for the arrival of the next clock edge in order 1o
proceed to the subsequent processing stages. Since circuit delays often are dependent on
the actual data value, a self-timed circuil proceeds at the average speed of the hardware, in
contrast 1o the worst case model of synchronous logic. For a ripple-carry adder, the aver-
age length of carry propagation is OClog (M)} This is a fact that can be exploited in self-
timed circuits, while in 2 synchronous methodology, a worst case performance that varies
linearly with the nwmber of bits {C()) 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 circuits are, by nature, robust regarding variations in manufaciuring 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 to order the circuif events
(see block HS in Figure 10-34}. Both of these 1opics are treated in more detail in the subsequent
sections.

10.4.2 Completion-Signal Generation

A necessary component of self-timed logic is the cirenitry 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 1o generate the completion signal.

Dual-Rail Coding

One common approach to completion-signal generation is the use of dual-rail coding. I actually
requires the introduction of redundancy in the data representation in order to signal that a partic-
ular bit s in either a transition or a steady-state mode. Consider the redundant data model pre-
sented in Table 10-1, Two hits (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.

8 B0 81
in transilion (or reset) ] G
0 ¢ f
1 1 G
illegal i 1
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Figure 10-35 {Generation of a completion signal in DCVSL.

to be valid or the computation te be completed, the circuit must be inalegal 0 (B0=0, 81 =1
or | (B0 =1, Bl =0) state. The (B0 = (3, 51 = 0 condition signals that the data are nonvalid and
the circnit is in either a reset or a transition mode. The (B0 = 1, Bl = 1) state is illegal and should
never 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 stvie where the clock is
replaced by the Skarf signal [Heller84], DCVSL uses a redundant data representation by
nature of its differential duab-rail structure. When the Srarr signal is low, the circuit is pre-
charged by the PMOS transistors, and the output (80, 81) goes in the Reser—Transition state
{0, 0). When the Srart signal goes high, signaling the initiation of a computation, the NMOS
pull-down network evaluates, and one of the precharged nodes is lowered. Either B0 or Bl—
but never both—goes high, which raises Done and signais the completion of the computation.

DCVSL is more expensive in terms of area than a nonredundant cireuit due to its diffaren-
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 ail 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 this overhead.

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

Example 10.4  Self-Timed Adder Circnit

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 carry-propagation path. It is therefore sufficient to use the differential
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(a} Differential carry generation {b} Completion sigaal

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 thal the completion
generation starts earlier and proceeds in parallel with sum generation, which reduces the
critical timing path. All other signals, such as Plropagare), G{enerate), K{il), 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
only difference is that the Gfenerate) signal is replaced by a K(ifl). A simple logic analysis
demonstrates that this indeed results in an inverted carry signal and, hence, a differential
signaling.

Replica Delay

While the dual-rail cading just described ailows 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 fo reduce the overhead of completion detection is
use a critical-pati replica configured as a delay element, as shown in Figure 10-37. To start a
computation, the Starr signal is raised and the computation of the logic network 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 s important to add extra padding in the
delay line in order to compensate for possible random process variations,

The advantage of this approach is that the logic ean be implemented using a standard non-
redundant circuit style, such as complementary CMOS. Also, if multiple logic units are comput-
ing in parallel, it is possible to amortize the overhead of the delay Hne over multiple blocks. Note
that this approach generates the completion signal after a ime equal io 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 environmental variations
{e.g., temperature or power-supply variations). This approach is widely used to generate the
internal timing of semiconductor memories where seif-timing is a commonty used technique.

Example 16.5 An Alternate Cempletion Detection Circuit Using Current Sensing

Ideally, logic should be implemented using nonredundant CMOS (¢.g., static CMOS}), and
the completion signal circuifry should track data dependencies. Figure 10-38 shows an
approach that atternpts 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 outputs a low value when no cusrent flows through the logic (ie., the
logic is idle} and a high value when the combinational logic is switching. This signal

]
& Voo Start
gﬂ ; _l_ £244
v — o . N

{nputs — - Static CMOS Logic |—— Quiput P fiieiny
= A \
E‘ | GNDS{’?:‘A(’

Start = Loverlap

Current Sensor

B
_/L"!MDG

Done Dane % boi-NOR =
-——->| Min Delay Generaior
Orntput R LR :X valid
Figure 10-38 Completion-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 input
data vector does not provoke any change in the logic from one ¢ycle to the next, no current
is drawn from the supply for static CMOS logic. In this case, a delay element that tracks
the minimum delay through the logic and current sensor is used for signal completion. The
outputs of the enrrent 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 SeH-Timed Signating

Besides the generation of the completion signals, a self-timed approach alsc requires a hand-
shaking protocol to logically order the circuit events in order to avoid races and hazards. The
funetionality of the signaling (or hardshaking} logic is illustrated by the example of Figure 10-
36, which shows a sender module transmitting data fo a receiver [Sutherland89]. 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 request event is a rising tansition; at
other times, it is & falling one—the protoco! 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 events—duta
change, request, daia accepiance, and acknowledge—proceed in a cyclic order. Successive
cycles may take different amounts of time, depending on the time it takes to produce or consume
the data.

This is called the tweo-phase protocol, since only two phases of operation caa be distin-
guished for each data iransmission—ibe 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 cycie. Once the Reyg event is generated, it has 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 essential com-
ponent of virtually any handshaking module is the Muller C-¢lement. 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
inputs differ, the output retains its previous value, Phrased in a different way, events must cceur

Dell Ex. 1025
Page 369



10.4 Self-Timed Circuit Design® 527

Req Req
Ack
SENDER Dais RECEIVER
£ Ack
vi >

{a) Sender—receiver eonfiguration Data }\ @ /‘ 5& @/

cycle 1 cycle 2 ;
— Sender’s action
———» Receiver’s action

{b) Timing diagram

Figure 10-38 Two-phase handshaking protocol.
A
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B

(a) Schematic {b) Truth table
Figure 16-40 Muller C-glement.

A— 5 0
B R
{a} Logic

(b} Majority Functicn

{c) Dynamic

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

at both inputs of a2 Multer C-clement for its output to change state and to create an output event.
As long as this does not happen, the output remains unchanged and no output event is generated,
The implementation of a C-element is centered around a 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.

Dell Ex. 1025
Page 370



528 Chapter 10 = Timing Issues in Digital Circuits

Sender D?Za Receiver

logic 4 logic

L];.)ata ready E Data accepted
I Req
i
I Ack
4
i

Handshake logic !

Figure 10-42 A Muller C-element implements a two-phase handshake protocol.
The circle at the lower input of the Muiler C-element stands for inversion.

Figure 10-42 shows how to use this component to enforce the two-phase handshaking pro-
toco! for the example of the sender—receiver. Assume that Reg, Ack, and Data Ready are initially
0. When the sender wants to transmit the next word, the Data Ready signal is set to 1, which trig-
gers the C-glement, because both its inpuis are at 1. Reg goes high—this is commenly denotec a3
ReqT. The sender now resides in the wait mode, and control is passed to the receiver. The C-
element is blocked, and no new data are sent to the data bus (Reg stays high} as long as the
transmitted data are not processed by the receiver. Once this happens, the Dafa accepted sig-
nal is raised. This can be the result of many different actions, possibly involving other C-ele-
ments communicating with subseguent blocks. An Ack™T 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 Regl, and the cycle is repeated.

Problent 16.1  Two-Phase Self-Timed FIFQ

Figure [0-43 shows a twa-phase, self-timed implementation of a FIFQ {first-in first-out} buffer with three
registers. Assuming that the registers aceept a daia word on both pesitive- and negative-going transitions of
the En signals, and that the Done signal is simply a delayed version of En, examine the operation of the
FIFO by plotiing the timing behavior of all sigrals of interest. How can you observe that the FIFQ is com-
pletely empty? Full? (Hint: Determine the necessary conditions on the Ack and Reg signals.)

Ot
I > R > R2Z ~ R3
Enf Done
Req; Req,
Ack; ] Ack,

=t

Figure 10-43 Three-stage, seif-timed FIFC, 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, reguires extra logic as well as state infor-
mation in the registers and the computational elements. Since the transition direction is impor-
tant, initializing all the Muller C-elements in the appropriate state is essential. If this is not done,
the circuit might become deadlocked, which means that all elemnents are permanently blocked
and nothing witl ever happen. A detailed study on how 1o implement event-triggered logic can be
found in [Sutherland89], the defining text on micropipelines.

The only alternative is to adopt a different signaling approach, such as four-phase signal-
ing, or return-to-zero (RTZ). This class of signaling requires that alt controlling signals be
brought back te their initial values before the next cycle can be initiated. Once again, this is
iffustrated 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 i the zero state, however. Once a new data word is put on the bus @, the Reg is
raised (ReqT or @), and control is passed to the receiver. When ready, the receiver accepis the
data and raises Ack (AckT or @). So far, nothing new. The protocol proceeds by bringing both
Reqg (Regl’ 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 protocs! is called four-
phase signalling because four distinct time zones can be recognized per cycle: two for the
sender; two for the receiver. The first two phases are identical to the two-phase protocol, while
the last two are devoted to resetting of the state, An implementation of the proiccol, 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 Daig ready
and Data accepred signals must be pulses instead of single transitions.

@ @ — Sender’s action
Reg

- = Reaceiver’s action

Ack

)

3
/
5&@/

Cycle 1 | Cyele 2

Data A @ /;

Figure 10-44 Four-phase handshaking protocol.
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Figure 10-45 |mpiementation of four-phase handshake protocol using Muller C-elements,

Problem 10.2 Four-Phase Profocol

Derive the timing diagram for the signals shown in Figure 106-45. Assume that the Data Ready signal is 2
pulse and that the Date Accepied signal is a delayed version of Reg.

The four-phase protocel has the disadvantage of being more complex and slower, since
two events on Req 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 levels. This is readily accomplished with maditional logic circuits. For this reason, four-
phase handshakes are the preferred implementation approach for most of the current self-timed
circuits. The two-phase protocol is mainly selected when the sender and receiver are far apart
and the defays on the control wires {Ack and Reg) are substantial.

Example 10.6 The Pipelined Datapath—Revisited

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 do 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 F2 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 Er of R 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 Srarf signal and
starts the evaluation of F1. At jts completion, the cutput data are placed on the bus, and a
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Figure 10-46 Self-timed pipelined datapath——complete composition,

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

At this point, stage | is still blocked for further computations. However, the input
buffer can respond to the Ack, T event by resetting Reg; to its zero state {Regq-). In turn, this
lowers En and Ack,. Upon receipt of Ack,, T, Start 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 diagrem (STG) shown in Figure 10-47, These
STGs can become very complex. Computer tools are often used to derive STGs that
ensure proper operation and optimize the performance.

} - C-glement 1

b

C

_—@—— ck,-,,,l )C—eﬁemenlz

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 exprass actions in either the preceding or the following stage.

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. Never-
theless, the key concepts of self~timed circuits are being exploited in a number of practical
applications, We present a fow examples that illustrate the use of self-timed concepts for either
power savings or performance enhancement.
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Figure 10-48 Application of self-timing for glitch reduction.
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Glitch Reduction Using Se-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 glirch propagation. Imbalances in a
logic network cause inputs of a logic gate or block to arrive at differeat 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 2 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, 2s 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 cutputs 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 te the locations of the buff-
ers, and the resulting signals are distributed throughout the chip. This technigue succeeds in sub-
stantially reducing the switching capacitance of combinational Jogic blocks such as muliipliers,
even when taking into account the overhead of the delay chain, gating signal distribution, and
buffers [Goodman98].

Post-Charge Logic

An interesting form of self-timed logic s self-resetting CMOS, This structure uses a control
structure different from the conventional self-timed pipeline. Instead of waiting for all 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 afier 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 [Williams00]. As can be seen from this block diagram, the
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Figure 10-50 Se!f—reseﬁmg three-input OR.

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

It should be noted that, unlike with other logic styles, the signals are represented as pulses
and are valid only 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, cireunitry that converts level signals to pulses, and vice versa is required. An example of
self-resetting logic is shown in Figure 10-50 [Bernstein98]. Assume that all inputs are low and
that int is initially precharged. If A goes high, inz will fali, causing ouf to go high. This causes the
gate to precharge. When the PMOS precharge device is active, the inputs 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 [ YeeS6} Bernstein0]. This is a style of dysamic logic in which there is no
global clock signal, Instead, the clock for one stage is derived from that for the previous sfage. A
simple example of a CD domino stage is shown in Figure 10-51. The two inverter delays plus
the transmission gate along the clock 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 domino logic: a seli-clocked logic style.

|

through the sizing of the devices. Clock-delayed dominc was used in IBM’s 1-GHz micro-
processor, and it is used widely in high-speed domino logic. Clock-delayed domino can provide
both inverting and noninverting functionality. This alleviates a major limitaticn of conventional
domino techniques, which are capable only of noninverting logic. The inverter after the puli-
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®

16.5.1 Synchronizers—Concept and implementation

Even though 2 complete systemn may be designed in a synchronous fashion, it must stiil commu-
nicate with the outside world, which is generally asynchronous. An asynchronous input can
change value at any time related to the clock edges of the synchronous system, as is iHustrated in
Figore 10-52.

Consider a typical personal computer. AH operations within the system are strictly orches-
trated by a central clock that provides a time reference. This refsrence 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 cnough, nc transitions will be
missed—this is known as the Nyquist 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-
ingr the undefined signal into the computer could be the source of all kinds of troubie, especially
when it is routed to different functions or gates that might interpret it differendy. For instance,
one functicn might decide that the key is pushed and start a certain action, while another function
might lean the other way and issue a competing command. This results in a conflict and thus a
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Asynchronous
system

Synchronization

Figure 10-52 Asynchronous—synchronous interface.

potential crash. Therefore, the undefined state must be resolved in one way or another before it is
interpreted further. It does not really matier what decision is made, as long as a unique result is
available. For instance, it is either decided that the key is not vet pressed, a situation thar will be
corrected in the next poll of the keyboard, or it is concluded thar 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 into the synchronous environment. A circuit that implements such a decision-making
function is called a synchronizer. Now comes the bad news: Building a perfect synchrenizer
that always delivers a Iegal answer is impossible [Chaney73] [Glasser85]! A synchronizer
needs some time to come to a decision, and in certain cases this ime might be arbitrarily long.
An asynchronous—synchronous interface is thus always prone to errors, known as synchroniza-
tien failures. The designer’s fask is to ensure that the probability of such a failure is small
enough that it is not likely to distirh the normal system behavior. Typically, this probability can
be reduced in an exponential fashion by waiting longer before making a decision. This is not too
troublesome in the keyboard example, but in general, waiting affects system performance and
should be avoided as much as pessible.

1o 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 synchronized 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 elock.) As a result, once the clock goes high, there
is a chance that the output of the latch resides somewhere in the undefined transition zone.
The sampled signal eventually evolves mto a legal 0 or 1, even in the latter case, as the latch
has only two stable states.

CLK
']"'T_A‘ int h
D t T @
T

Iz
CLE —o<}—!

Figure 10-53 A simple synchronizer.
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Example 19.7 Synchrenizer 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,

-

PN L
160G

PR

00
200 308
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¢
Time, ps

Figure 10-584 Simulated trajectory for a simple synchronizer.

If the input is sampled such that the cross-coupled inverter pair starts at the metasta-
bie point, the voliage will remain at the metastable state forever in the absence of noise. If
the data are sampled 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 apon 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 bistabie element and use the results io determine the probability of synchroniza-
tion failure as a function of the waiting period [Veendrick80].

The transient behavior around the metastable point of the cross-coupled inverter pair is
accurately modeled by 2 system with a single dominant pole. Under this assumption, the tran-
sient response of the bistable element after the sampling clock has been turmned off can be
modeled as

v(7) = Voo + (v{0) = Vyidelf® (10.8)

where V5 is the metastable voitage of the latch, v(0) is the initial voltage afier the sampling
clock is turned off, and T is the time constant of the system. Simulations indicate that this first-
order mode! is quite precise.
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Figure 10-55 Linear approximation of signal slope.

The model can now be used to compute the range of values for v(0) that causes an error of
a voltage in the undefined range, after a waiting period T A signal is called undefined if its value
is situated between V,, and Vy;:

Vs — (Vs — V,00e TS0 S Vo + (V1 — Vigys)e 1T {10.9;

Equaticn (10.9) conveys an important message: The range of input voltages that cause a syn-
chronization error decreases expanentiaily with the waiting period T. Increasing the waiting
period from 27 to 47 decreases the interval 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 ¥, 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 (he undefined region can be approximated by a lincar function, ss shown in
Figure 10-55. Using this model, we can estimate the probability 2, . that ¢{(), the value of ¥, at

it I
the sampling time, resides in the undefined region;

(Vm - VfL) ;
V.s'w:'.ug | (1& 1 0)

signal

£ i =

The chances for a synchronization error to occur depend upon the frequency of the syn-
chronizing clock, ¢. The greater the number of sampling events, the higher the chance of ran-
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. .
Noncl0) = == (16.11)
¢
where 7, 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:
Poge 't (Vig—Vy)e ™t 4,

N, (T) = -2 = 10.12
5-"“( } TB szing T !TQ) {0 )

siganea
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The robustness of an asynchrenous—synchronous interface is thus determined by the fol-
lowing parameters: signal switching rade and rise time, sampling frequency, and waiting time T.

Example 10.8 Synchronizers and Mean Time to Failure

Consider the following design example: Ty = 5 ns, which corresponds to a 200-Mhaz clock;
T=Ty=5n8; Ty = 30 ns; 2,=0.5 ns; and T = 150 ps. From the VICof a typical CMOS
inverter, it can be derived that Vyy, — ¥, approximately equals 0.5 V for 2 voltage swing of
2.5 V. Evaluation of Eq. (10.12) yields an error probability of 1.38 x 107 errorsfs. The
inverse of N, is cailed the mean time to failure, or the MTF, and equals 7 X 16%s, or 23
years. If no sﬁ-‘nchronizer were used, the MTF would bave been only 2.5 ps!

When designing a syachronous—asyachronous interface, we must keep in mind the following observations:

+ The acceplable ailure rate of a system depends upon many ceonomic and social factors and is &
strong function of the system’s application area.

+ The exponential relation in Bq. {10.12) makes the failure rate extremely sensitive fo 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 a
function of temperature as well. The probability of an error occurring can thus Juctuate over large
ranges even for the same design. A worst case design scenario is definitely advocated here. If the
worst case failure rate exceeds a ceriain criterion, it can be reduced by increasing the value of T A
problem occurs when 7 exceeds the sampling peried 7. This can be avoided by cascading {or pipe-
lining} a number of synchronizers, as shown in Figure 10-36. Bach of those synchronizers has a
waiting period equal to 7, Notice that this arrangement requires the ¢ pulse 10 be short enough to
avoid race conditions. The global waiting period equals the sum of the Ts of all the individual syn-
chronizers. The increase in MTF comes at the expense of an increased Iatency.

Iu G Oy Out
3= Sync »  Sync Sync —>

s 1 i 1

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

« Synchronization rrors are very hard 10 trace, due to their random nature. Making the mean time to
failure very large does not preclude errors. The number of synchronizers in a system should
therefore be severely restricted. A maximum of one or two per system is advocated. B

10.5.2 Arbilers

Finally, a sibling of the synchronizer called the arbiter; interiock clement, or mutual-exclusion
circuit, should be mentioned. An arbiter is an element that decides which of two events has
occurred first, For example, such components allow multiple processors 1o aceess 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 & clock event. A synchro-
nizer is thus an arbiter with one of its inputs tied to the clock.

An example of a mutual-exclusion circuit is shown in Figare 13-37. 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 & new Regfuest) can be issued, The output consists of two
Ack(nowledge} signals that should be mutually exclusive. While Requests may occur cencur-
rently, cnly ore of the Acknowledges is allowed to go high. The operation is most easily visual-
ized starting with both inputs bow—rneither device issuing a request—nodes A and B high, and
both Ackrowledges low. An event on one of the inputs (e.g., RegiT) causes the flip-flop to
switch, node A to go low, and AcklT. Concurrent events on both inpuis force the flip-flop into
the metastable state, and the signals A and B might be undefined for a while. The cross-coupled
output structure keeps the output values low until one of the NAND outputs 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-Locked Loop*

There are numerous digital applications that reguire 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 cirenits require clock frequencies in the gigsheriz
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 frequency required
by digital circuits, a phase-locked lpop (PLL) structure typically is used. A PLL takes an exter-
nal low-frequency reference crystal frequency signal and multiplies its frequency by a rational
number ¥ (see the left side of Figure 10-38).

Dell Ex. 1025
Page 382



540 Chapter 10 = Timing lssues in Digital Circuits
Chip 1 Chip 2
Data
- Digital
Dagisal
System System

reference
f.r,me;;; =NX fe!ymer s: — Divider clock »  pLL >
PLL Clock
; 1 Bufier

f;'r;;sm.' < 200 Mhz

Crystal
Oseillator

Figure 10-58 Applications of phase locked loops (PLL).

Another and egually important fanction of a PLL is to synchronize communications
between chips. As shown in Figure 10-38, a reference clock is sent along with the paraliel data
being communicated. (In this example only the transmit path from chip 1 to chip 2 is shown)
Since chip-to-chip commmunication most often occurs 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-flop, which can present a significant clock load in
the case of wide data busses. Unfortunately, implementing clock buffers to deal with this prob-
lem introduces skew between the data and the sample clock. A PLL aligns (ie., de-skews) the
output of the clock buffer with respect 1o the data. In addition, the PLL can multiply the fre-
quency of the incoming reference clock, aliowing the core of the second chip 10 operate at 2
higher frequency than the input reference clock.

10.6.1 Basic Concept

A set of two or more periodic 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 systent
clock of a particular frequency, it is necessary to set the control voltage to the appropriate vakue.
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.¢., the local clock), using a
phase detector, which determines the phase difference between the signals and produces an

Dell Ex. 1025
Page 383

= ll:.,-,\éd



10.6 Clock Synthesis and Synchronization Using a Phase-Locked Loop* 541

i .
Time

|
i
]
1
i 8,
1
T
i
H

H
b & Ad = -y
Figure 10-58 Relative and absolute phase of two periodic signals.
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Figure 10-60 Functional composition of a phase-locked leop (PLL)L.

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 preduces 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-
ol voltage and speeds up the VCO, which causes the local signal to catch up with the refer-
ence clock. A Down 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 local clock jumps back and forth instantaneously and oscillates around the tar-
geted position, As discussed earlier, 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 intreduction of the loop filter. This low-pass
filter removes the high-frequency components from the YCO control voltage and smooths out its
response, which results in a reduction of the jitter. Note that the PLL structure is a feedback
structure. The addition of extra phase shifts, as introduced by a high-order filter, may result in
instability. Important properties of 2 PLL are its fock range, the range of input frequencies over
which the loop can maintain functionality; the /ock time, the time it takes for the PLL to lock
onto a given input signal; and the jitter. When in lock, the system clock is & times the reference
clack 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 corcern in digital environments, where noise is intro-
duced by a varicty of sources. Analog circuits with a high supply rejection, such as differential
VCOs, are therefore desirable [Kim90). In summary, integrating a highly sensitive component
into & hostile digital enviroament is nontrivial and requires expert analog design. More detailed
deseriptions of various components of a PLL are given in the following subsections.

10.6.2 Building Blocks of a PLL

Voltage Contralled Oscillater (VCO)

A VCO generates a periodic signal with a frequency that is 2 linear function of the input control

voltage v, In other words, the VCO frequency can be expressed as

W=yt che *Veans (1013}

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

!
Qo = ol Koy | veputlt 10.14)

where K., is the gain of the VCO given in rad/s/V, ay is a fixed frequency offset, and v,
controls a frequency centered around ;. The output signal has the form
! !
x(t) = A- ccs(morﬂg,w- j’ Veuni ) (10.15)

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

Phase Detectors

The phase detector determines the relative phase difference between iwo 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 2
divided version of the VCO. Two basic types of phase detectors are commonly used—the XOR
pate 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 retative phase difference between the inputs is
reflected 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 phase detector; (b} its output before
low-pass filtering; and {c) transfer characteristics.

For this detector, a deviation in a positive or negative direction from the perfect in-phase
conditien {i.e., a phase arror of zero) produces the same change in duty factor, resulting in the
same average voltage. Thus the linear phase range is only 180 degrees. In steady state, a PLL
locks into a quadrature phase relationship (_l% 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 [Dally9%]. As the name implies, the cutput of the PFD is dependent on both the phase and
frequency difference between the applied signals. Accordingly, it cannot lock to an incorrect
multiple of the frequency. The PFD takes two clock inputs and produces two outputs, /P and
D, as shown in Figure 18-62.

The PFD is a state machine with three states. Assume that both UP and DN outputs are ini-
tially low. When input A leads B, the UP output 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 flip-flops to reset through the asynchronous reset signal. Notice
that there is a small pulse on the ON output, whose duration is equal to the delay through the
AND gate and register Reser-to-0 delay. The pulse width of the UP pulse is equal 1o the phase
error between the two signals. The roles are reversed for the case in whick input A lags 8. 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 /P and D¥ 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 A is at a higher frequency than B, the PFD generaies a
lot more {/F pulses—with the average pulse proportional to the frequency difference—while the
namber 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 B has a freguency larger than that of A—many more pulses are generated on the DV out-
put than on the UF ouiput.

The phase characteristics of the phase detector ate shown in Figure 14-64. Notice that the
linear range has been expanded to 417,

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 width of the UP pulse, while a pulse on the DNV signal
removes charge proportional © the DN pulse width. If the width of the UP pulse is larger than
that of the DN 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 Laop

The settling time of a PLL is the time it takes to reach steady-state behavior. The
fength of the startup transient is strongly dependent on the bandwidth of the loop fil-
ter. Figure 10-06 shows a SPICE level simulation of a PLL Implemented in a 0.25-yum
CMOS. An ideal VCO is used to speed up the simulation. In this exampie, a refer-
ence frequency of 100 MHz is chosen, and the PLL multiplies this frequency by 8 1o
800 MHz. The Figure 10-66a illustrates the transient response and the settling process
of the control voltage input of the VCO. Once the control veltage 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,,r. while Figure 18-60c shows the waveforms during the locking process when
the {)utp[xt is not in phase with the input, and the frequencies are not related vet by
the divide ratio.
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Summary

In a short span of time, phase-locked Ioops have become an essential component of any high-
performance digital design. Their design requires considerable skill, integrating analog circuitey
into a hostile digital environment. Yet experience has demonstrated that this combination is per-
fectly feasible, and it leads to 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 [ManeatisG0]. The key
component of a DLL is a voltage-contiolled 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 perfecily 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 cutput of
the delay line (F) and generates an U/P—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 ioop [Maneatis0GL
function of the feedback is to adjust the delay through the VCDL such that the rising edge of the
input reference clock (fep) and the output clock {f;} are aligned.

A gualitative sketch of the signals in the DLL is shown in Figore 10-67b and c. Initially,
the DLL is out of lock. Since the first edge of the output 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 error, increasing the VCDL control voltage. This
causes the edge of the cutput signal to be delayed in the next cycle. (This implementation of the
VCDL assumes that a larger voltage results in larger delay.} After many cycles, the phase error is
corrected, and the two signals are in tock. 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 segions (or tiles). A global clock is distributed to each 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 iz buffered before driving the digital
load. In front of each buffer is a VCDL. The goal of the clock network is to deliver a signal to the
digital circuit with close-to-zero skew and jitter. As we observed 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-
rafions have become common in high-performance digital microprocessors, as well as in media
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Figure 10-68 DLL appreach to clock distribution.

processors. The preceding approach of clock distribution using multiple DLLs can be extended
to the use of multiple disuibuted PLLs 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 muiti-
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 [MillerD0].

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 net degrade over long
distances {i.e., tens of meters}. In fact, it is possible to 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 waveguides. The off-chip optical source is brought to the chip, distributed through
waveguides, and converted through receiver circuitry to a local 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-teee is used in distributing the optical clock. At the end of the waveguide is a photode-
tectar, which can be implemented using silicon or germanium. Upon reaching the detector in
each section, the aptical pulses that represent the global clock are converted into current pulses,
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Figure 10-69 Architecture for optical clock distribution (courtesy of Lionel Kimerling}.

These have a very small magnitude (tens of A}, 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 local load using conventional technigues [Kimerling00L

The optical approach has the advantage that the skew of the global clock to the photodec-
tors is virtually zero. There are some variations in the arrival time of the optical siznal, 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
transform the small current pulses into reasonable voliage signals reqmires maltiple amplifier
stages. These are susceptible to process and environmentsl variations, and thus aiso (o skew. The
problem becomes very similar to the conventional electrical approach. The advantage, however.
is that the problem is confined 1o these receivers, which makes it more tractable.

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

10.7.3 Synchronous versus Asynchronous Design

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

Despite all its advantages, self-timing has only been used in a number of isolated cases.
Examples of self-timed circuits can be found in signal processing [Jacobs90], fast arithmetic
units (such as seli-timed dividers) [Williams87], simple microprocessors [Marting9] 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
managenient requires extensive modeling and analysis, as well as careful design. It will not be
easy to extend this methodology into the next generation of designs. With the increasing timing
uncertainty in synchronous circuits, self-timing is bound to become more atiractive in the years
to come [Sutherland02]. This observation is already reflected in the fact that the routing network
for the latest generation of massively parallel supercomputers is completely implemented using
self-timing [Seitz92]. For self-timing to become a mainstream design technigue, however (if it
ever will), further innovations in eircuit and signaling techniques and design methodelogies are
needed.

Other alternative timing approaches might emerge as well. Possible candidates are fully
asynchronous designs or islands of synchronous units connected by an asynchroncus network.
The latter method, called the globally-asyncironous locally—synchronous approach, is quite
attractive. It avoids the pitfalls of self-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 plesiochronous communication
would work just as well. Tt is our conjecture that these styles of synchronization will become
much more commaon 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
systemn. Important parameters are the clacking scheme used and the nature of the clock
generation and distribution network,

« Alternative timing approaches, such as self-fimed 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 componenis introduces the risk of syn-
chronization failure. The introduction of syrchronizers helps to reduce that risk, but can
never eliminate it.

» Phase-locked loops 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 challengea.

« Important trend in clock distribution include the use of delay-locked loops to 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 Furiher

While system timing is an impostant topic, a comprehensive reference work is not available in
this area. One of the best discussions so far is the chapter by Chuck Seitz in [Mead80, Chapter 7).
Other in-depth overviews are given in [Bakoglu%0], {Johnson93, Chapter 11], [Bernstein98,
Chapter 7], and [Chandrakasan(0, Chapters 12 and 13}. A collection of papers on clock distribu-
tion networks is presented in [Friedman95]. 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 http:/fbwrc.eecs herkeley.edw/IcBook for challenging exercises and design problems.
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G

Design Verification

Simulation versus Verification
Elecirical and Timing Verification

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 o
azccomplish those objectives. In general, it is useful to differentiate between simulation and
verification.

In the simulation 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 flexible, it has the disadvantage that the results depend strongly upon the choice
of the excitations. For example, a 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 module and its operation. Failing to do so produces meaningless results.

553
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Verification, on the other hand, attempts to extract the system parameters directly from the
circuit description. For instance, the ctitical 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 cireuitry—for example, dynamic or static logic—and a
definition of the term 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

Given 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
others 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 guarantee a sufficient noise-margin low VA,

« 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 violated.

Pure common sense can help define a large set of rules to which a design should always
adhere. Applying them requires an in-depth understanding of the circuit structure. An electrical
verifier, therefore, starts with the identification of well-known substructures in the overail 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
tc a particular design style, they should be able to be easily modified. For example, rufe-based
expert systems allow for an easy updating of the rule base [DeMan83). The individual rules can
be complex and even invoke a circuit simulator for a small subsection of the network to verily
whether a given condition is met. In summary, electrical verification is a helpful tool, and it can
dramatically reduce the risk of malfunction.

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

through the network are critical with respeet to timing. One solution is to run extensive SPICE
simulations that may take a long time to finish. Even then, this does not guarantee that the iden-
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In

4-bit adder

Cut

? bypass
Figure G-1 Exampie of faise path in timing verification.

tified critical path is the worst case, since the delay path is a function of the applied signal pat-
terns. 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 BC-
mode! of the network and compute bounds on the delay of the resulting passive network. To
obtain mote accurate results, many tming verifiers first extract the details of the longest path(s},
based on the RC-model, and perform circuit simulation on the reduced circuit in order 1o obtain
a better estimation. Examples of early timing verifiers are the Crystal [Ousterhout83] and TV
[TouppiB84] systems.

One problem that hampered many earlier systems is that they identified false paths—that
is, critical paths that cas never be exercised during normal circuit eperation. For example, 2 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 illustrated by the
arrow. A closer look at the circuit operation reveals that such a path is not feasible. All individual
adder bits must be in the propagate mode for I 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 {alse timing paths is not easy, since it requires an under-
standing of the logic functionality of the network., Newer timing verifiers are remarkably suc-
cessful in accomplishing this and have become one of the more important design aids for the
high-performance circuit designer {Devadas91].

Example G.1 Example of Timing Verification

The output of a static thuning verifier, the PathMill tool from Synopsys [PathMilll, is
shown in Figure G-2. The input to the verification process is a transistor netlist, but gate-
and block-ievel 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 timing analysis is an ordered list of critical timing paths. For the
example of Figure G-2, the longest path extends from node B {falling edge) io node ¥ (fall-
ing edge) over nodes S1, 82, and X3. The predicted delay is 1.14 ns. Other paths close to
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Figure G-2 Example of staiic timing verifier response as generated by the PathMili
ool (Courtesy of Synopsys, /nc.). The results are displayed using the Cadence DFI
tooi, The critical timing path runs from node B to node Y via nodes 87, §2, and X5

the critical one are in order of decreasing delay: B (F) = Y (R) (1.1l ns}, B{R) =2 Y ()
(1.04 ns), C(Ry = Z (K (1.04 ns), and £ (R) — Y (R) {1.00 ns). Observe that the circuit
contains muktiple chained pass transistors that make the analysis complicated and increase
the chances for false paths to aocur, An example of the latter is the path A(F) — X1 — X3
— Z{R) for B = 0. For 2 low value on B, node Z can only make a falling transition.

Functional {er 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 mode! can be generated that symbolically deseribes 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 to accomplish—proof ther the circuit will work as specified. Unfortunately, no general and
widely accepted verifier has yet been realized. The complexity of the preblem is tllustrated by
the following argument: One way to prove that two circuit deseriptions are identical is to com-
pare the outputs while enumerating all possible input patterns and sequences thereof. This is an
intractable approach with a2 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 synchrenous helps minimize the search space. Proving the equivalence between
state machines has been one of the main research targets 2nd has led to some remarkable
advances {e.g., [Coudert®0]). In general, formal verification techniques fall into two major
classes:

* Eguivalence Proving--Design often 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 schematie of an
N-input static CMOS NAND gate truly implements the intended NAND function,

° 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 race condition.” A property-proviag 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 upambiguous 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.

Summary

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 desiga specification and interpretation.
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11.8 Perspective: Design as a Trade-off
11.8  Summary
11.10 To Probe Further

11.1 Introduction

After the in-depth study 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-oriented
perspective.

We will apply the techniques of the previcus 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 everall 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 area, 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 attention on the
gates, circuits, or transistors that have the largest impact on their goal function. The nonciitical
parts of the circuit can be developed routinely. We also may develop first-order performance
models that foster understanding of the fundamental behavior of a 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 arithmetic modules, a short discussion of the yole of the
datapath in the digital-processor picture is appropriate. This not only highlights the specific
design requitements for the datapath, but also puts the rest of this book in perspeciive. Other
processor modules—the input/ouiput, contreller, 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 intreduced 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 digitul processor in Chapter 8. Its components consist of the
datapath, memory, contrel, and input/output biocks. The datapath is the core of the processor—
this is where all computations are performied. The other blocks in the processor are support units
that either store the results produced by the datapath or help to determine what will happen in
the next cycie. A typical datapath consists of an intercomnection of basic combinational func-
tions, such as arithmetic operators (addition, multiplication, comparison, and shifty or logic
(AND, OR, and XOR). The design of the arithmetic operators is the topic of this chapter. The

Dell Ex. 1025
Page 403




11.3 The Adder 561

Conlrol

Bit3
= s |Bit2 ]
= 5 . . £ <
= = 3] = k= . Z
et 5 3 = £ [Bitl =
— & < 7 E —
= Bitd

Figure 11-1 Bit-sliced datapath organization.

intended application sets constraints on the datapath design. In some cases. such as in personal
compuiers, 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 encrgy 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 a word-based
fashion. Typical microprocessor datapaths are 32 or 84 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 fo 24 bits, For instance, a 32-bit processor operates on data
words that are 32 bits wide. This is reflected in the organizaticn of the datapath. Since the same
operation frequently has to be performed on each hit of the data word, the datapath consists of
32 bit slices, each operating on a single bit—hence the term bir sliced. Bit slices are either iden-
tical or resemble a similar structure for all 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 circuit level. Typical logic-level optimizations iry to rear-
range the Boolean equations so that a faster or smaller circait is obtained. An example of such a
fogic optimization is the carry lookahead adder discussed later in the chapter. Circuit 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-
tions of an adder circuit {as defined in any book on logic design [e.g., Katz84]).

11.3.1 The Binary Adder: Definitions

Table 11.1 shows the truth table of a binary full adder. A and B are the adder imputs, C;is the
carry input, 5 is the sum output, and C,, is the carry output. The Boolean expressions for 5 and C,
are given in Bq. (J1.1}
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Table 11-1 Truih table for ull adder.

A B < - c, Carry Status
0 0 Y G 0 delete
Y ¢ 1 i 0 delete
G i Y H 0 propagate
G 1 1 0 1 propagate
i 0 0 1 0 propagace
i 0 i 0 1 propagate
1 i 0 G i generate/propagate
1 i i i i generate/propagate
S=zADB@®C,;
= ABC;+ABC;+ ABC,+ ABC,; {111

C, = AB+BC,+AC;

Ii is often useful from an implementation perspective to define S and C, as functions of
some intermediate signals G (generate), D {(delete}, and F (gropagate}.‘ G=1(D=1}cnsures
that a carry bit will be generared (deleted) at C, independent of C;, while P = | 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= AR (1.2)
P=A®F

We can rewrite § and C, as Tunctions of P and G (or D):
C,(G, Py = G+PC,

S(G,P) = P&C, (L3

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

"Nate that the propagate signal sometimes is also defined as the OR function of the inputs A and B—this condition guar-
amiees that the taput carry propagates to the output when A = B = 1, too. We will provide approprizte waming whenever
this definition is used.
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Figure 11-2 Four-bit ripple-carry adder: topology.

An A-bif adder can be constructed by cascading A full-adder (FA) circuits in series, con-
necting €, to ;, for k=1 to N-1, and the first carry-in C;, to O (Figure 11-2). This configu-
ration is called a ripple-carry adder; since the carry bit “ripples” from one stage to the other. The
delay throngh the circuit depends upon the number of logic stages that must be traversed and is a
function of the applied input signals. Per some input signals, ne rippling effect occurs at all,
while for others, the carry has to ripple all the way from the least significant bir {Ish) to the most
significant bit {msh). The propagation delay of such a structure (also called the critical path) is
defined as the worsr case delay over all possible input patterns.

In the case of the ripple-carry adder, the worst case delay 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 o produce the sum. The delay is then propor-
tional to the number of bits in the input words & and is approximated by

(N-1yt, .+t ‘ (11.4)

TETEY Srm

tme‘cier =

where 7, and 7., equal the propagaticn delays from C; to C, and §, respectively.?

CUrEy piizc

Example 11.1 Propagation Delay of Ripple-Carry Adder

Derive the values of A, and B, (k = {...N — |} so that the worst case delay is obtained for
the ripple-carry adder.

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

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

A: 0000001; B: 01111111

*Equation {11.4) assumes that both the delay from the irput signals Ay {or By} 10 C, 4 for the 75, and the Crto-C, delay

for ot other bits equal (o 4.
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To set-up the worst case delay transition, ali the inputs can be kept constant with A,
undergoing a 8 — | transition.

The left-most bit represents the mish 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 - G transitions.

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

» The propagation delay of the ripple-carry adder is linearly proportional to N, This property
becomes increasingly important when designing adders for the wide data paths
(N = 16...128) that are desirable in current and future computers.
*» When designing the full-adder cell for a fast ripple-carry adder, it is far more important o
optimize 1, than 7,,,,,. since the Jatter has only a minor influence on the total value of £,44.,-
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
5(A, B, C) = S(A, B C)
— o (11.5)
C (A B C)=CJlA B C)

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

11.3.2 The Fuil Adder: Circuit Design Considerations

Static Adder Circuit

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

A B A B
i Y
Ci— Fa |»C, = ¢+ Fa p»0C,
} {
5 Ky

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

sum- and carry-generation subcircuits, as long as this does 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 set:

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

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

It

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 intrinsic load capacitance of the €, signal is large and consists of two diffusion and
six gate capacitances, plus the wiring capacitance.

*+ The signal prapagates through two inverting stages in the carry-generation circuit, As
mentioned carlier, minimizing the camry-path delay is the prime goal of the designer of
high-speed adder circuits. 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 Eqg. (11.4).
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Even cell Odd cell
Ay By Ay By As By Ay By
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Figure 11-5 Inverter elimination in carry path. FA’ stands 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 Iogical 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. On arrival of C,,, only the capacitance of node X has to be (dis)charged. Putting the
C; ; transistors closer to ¥y, 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 circnit can now be improved gradually by using some of the adder prop-
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 cell
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 called the mirror adder, is shown in Figure 11-6 [Weste93]. 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-
gatefaenerate/delete function—when either D or G is high, T, is set to Yy or GND, respec-
tively. When the conditions for a Propagate 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.

The P = A + B definition of the propagate signal is used here.
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Figure 11-6 Mirror adder—circuit schematics.
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¢ The NMQS and PMOS chains are completely symmetrical, which still yields correct oper-
ation due to self-duality of both the swm 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 minimum 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 optima! fan-out, sized
for minimum delay, should be (4/2) = 2. However, the output of this stage drives two inter-
nal gate capacitances and six gate capacitances in the connecting adder cell. A clever solu-
tion 1 keep the transistor sizes the same in each stage is to increase the size of the carry
stage to about three to four times the size of the sum stage. This maintains 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 multiplexers and X0ORs. While this is impractical in a com-
plementary CMOS implementation, it becomes attractive when the multiplexers and XORs are
umplemented as transmission gaies. 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,
mtroduced in Eq. {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 full-adder cell with sum and carry delays
of similar value {after [WesteS3]}.

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

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 ever further simplification possible. Since the transitions in a dynamic
circuit are monotonic, the transmission gates can be replaced by NMOS-only pass transistors.
Precharging the cutput 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 enrry-chain adder uses a cascade of pass transistors to implement the carry
chain [Kilburn60)]. An example, based on the dynamie 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 Vpp. During evaluation, the A, node is discharged when
there is an incoming carry and the propagate signal P, is high. or when the generate signal for
stage & (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 carry gates. {a) Siatic, using prepagate, generate,
and ki, {b) dynamic implementation, using only propagate and generale signals.
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Figure 11-9 Manchaster carry-chain adder in dynamic logic {four-bit section].

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

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

- 06920[231 {369“”‘;”)36 (L7

i=1 =1

whenall C;=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 $1-11 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 proportional to 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 {F (for our technology).
If a unit-sized transistor with width %, 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 = (ﬁfFin+1§fF)-i€}kQ‘%
W, W

Increasing the transistor width reduces this e 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 nurmber of stages per buffer depends on the equivalent resistance of the
inverter and the resistance and capacitance of the pass tansistors, as was discussed in Chapier 9.
In cur technology, aad in most other practical cases, this number is between 3 and 4. Adding the
inverter makes the overall propagation delay a linear function of A, as is the case with ripple-
carry adders.
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11.3 The Adder 571

11.3.3 The Binary Adder: Logic Design Considerations

The ripple-carry adder is only practical for the implementation of additions with a relatively
small word length. Most desktop computers use word lengths of 32 bits, while servers require 64;
very fast computers, such as mainframes, supercomputers, or multimedia processors (e.g., the
Sony PlayStation2) [Suzaoki99}, require word lengths of up to 128 bits. The linear dependence of
the adder speed on the number of bits makes the usage of ripple adders rather impractical. Logic
optimizations are therefore necessary, resulting in adders with ¢, < O{¥). We briefly discuss a
aumber of those in the sections that follow. We concentrate on the circuit design implications,
since most of the presented structures are well known from the iraditional logic design literature.

The Carry-Bypass Adder

Consider the four-bit adder block of Figure 11-12a. Suppose that the values of 4, and B, (k =
0...3) are such that all propagate signals 2 {k = 0...3) are high. An incoming carry C;,= 1 prop-
agates under those conditions through the complete adder chain and causes an outgoing carry
C, 5= 1. In other words,

o
i (PoP PyPy=1)then C 5 = Ciy
else either DELETE or GENERATE occurred

(11.8)

This information can be used o speed up the operation of the adder, as shown in Figure 11-12b.
When BP = PP P,P; =1, the incoming carry is forwarded immediately to the next block
through the bypass transistor 3,—hence the name carry-bypass adder or carry-skip adder
{Lehman62]. If this is not the case, the carry is obtained by way of the normal route.

Py Gy 7y G Py Gy Py Gy
Y ¥ vy v ¥ ¥ ¥
C(z‘(l Cr}, H Co.l Co,.‘-a
Cr}ﬂ'_-» Fa FA al FA i FA
{a) Carry propagation
Py Gy 7 G Py Gy Py Gs BP = PP Py
Voo
Cod} Co‘z Ca.3 \
Cio FA > FA FA > FA >

O
™)

Multiplexer

\

(b} Adding a bypass
Figure 11-12 Cany-hypass structure—basic concept
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Example 1.3 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 styte. 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 typicalty
ranges between 10 and 20%. However, adding the bypass path breaks the regular bit-skice
strocture (as was present in Figuge 11-10).

P BP
I T I A A
cg,gT‘ |GT§ LT LT LT L, ol

5 G, 15 G

T

BF
Figure 11-13 Manchester canry-chain implementation of bypass adder.

Let us now compute the delay of an A-bit adder, At first, we assume that the total adder
is divided in {(N/M} equal-length bypass stages, each of which contains 8 bits. An approxi-
mating expression for the total propagation time can be derived from Figure 11-14a and is
given in Eq. {11.9). Namely,

N
{p = fsemp + Mfem'r}' + (ﬂ - i)‘!bypafs +(M-1 )Fcarr_v F L sum (1.9}
Bit -3 Bit4-7 Bit 8-11 Bif 12-15
* T FVpRASS T

' 7 ? 7

Carry |, Carry Carry o Casry
’ propagation propagation propagation |~ DropAgation
/

Sum Sum Sum tom 1 Sum
M bits

Figure 11-14 (¥ = 18) carry-bypass adder: composition. The worst case delay path
is shaded in gray.
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with the composing parameters defined as follows:

® Lyt the fixed overhead time to create the generate and propagate signals.

® turry- 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.

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

* fe the time to generate the sum of the final stage.
The critical path is shaded in gray on the block diagram of Figure 11-14. From Bq. (11.9}, it fol-
lows that 1, is still linear in the number of bits NV, 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 ouiput carry. The optimal number of bits
per skip block is determined by technological parameters such as the extra delay of the bypass-
selecting multiplexer, the buffering requirements in the carry chain, and the ratio of the delay
through the ripple and the bypass paths.

Although still linear, the slope of the delay function increases in a more gradual fashion
than for the ripple-carry adder, as pictured in Figure [1-15. This difference is substantial for
larger adders. Notice that the ripple adder is acteally faster for small values of N, for which the
averhead of the extra bypass multiplexer makes the bypass structure not interesting. The cross-
over point depends upon technology considerations and is normally siuated between four and
eight bifs,

Problem 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. Assum-

ing that £, = £ = Ly = Ly = 1, determine the delay and eompare it with that of 2 normal ripple
adder,
4 g
//
" Ripple adder
e
~
e

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 Tull-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 beth
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
multiplexer 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 apalyzed. 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 multii-
plexer, and equals about 30% with respect to a ripple-carry structure.

A full earry-select adder is now consiructed by chaining a number of equal-length adder
stages, as in the carry-bypass approach (see Figure 1117}, The critical path is shaded in gray.
From inspection of the circuit, we can derive a first-order model of the worst case propagation
delay of the module, written as

N
frm*d = t.s'emp + Mzce:rry + (ﬁ-_éf fmu.t + g‘:mm (I 1}33)
where £, I, 80d 4, ave fixed delays and ¥ and M represent the total numnber of bits, and the

number of bits per stage, respectively. 7., is the delay of the carry through a single full-adder
cell. The carry delay through a single block is proportional to the length 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 behavicr is that the block-sefect signal that selects between the O and 1

solutions still has to ripple through all stages in the worst case.

Setup
[ r6 JLT
0 —-)-l 0—Carry propagation
JL L
1 1—Carry propagation }
Cot-i <L SL 1 Cosss
——-—»I Multiplexer i

.gi L Carry vector
| Sum Generation

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

Problem 11.2 Linear Carry-Select Delay

Detenwine the delay of a 16-bit linear carry-select adder by using unit delays for all cells. Compare the
result with that of Problem: [1.1. Compare various block configorations as well.

The Sguare-Roeot Carry-Select Adder

The next structure illustrates how an slert designer can make a major impact. To optimize a
design, it is essential to locate the critical timing path first. Consider the case of a 16-bit linear
carry-select adder. To simplify the discussion, assume that the full-adder and multiplexer cells
have identical propagation delays equal o a normalized value of 1. The worst case arrival times
of the signals at the different network nodes with respect to the time the input is applied are
marked and annotated on Figure 11-18a. This analysis demonstrates 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 inpuis 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 cbserved. The results of the carry chains are stable long before the multiplexer
signal arrives. [t makes sense to equalize the delay through both paths. This car 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 in arrival imes 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 illusirated 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.
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Assume that an N-bit adder contains P stages, and the first stage adds A bits. An additional bi{ is
added to each subsequent stage. The following relation then holds:

N=M+(M+ D+ (M+2D)+{M+33+ . +{M+P-1)

o ppon P 1 A1
= wp+ FEZD. 2+P(M—§)

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

Nz o (11.12}
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£, (i unit delays)

Figure 11-19 Propagation delay of square-root carry-selsect adder versus linear
ripple and select adders. The unit delay madel is used to model the cell delays.
or
P= 2N {11.13}

Equation {11.13) can be used to express 7,4, as a function of ¥ by rewriting Eq. (11.10):

losd = Tsorup M:CW_V + {J?N}r,m S T {11.14)

The delay is proportional to /N for large adders (¥ >> M}, or £,,, = O(./N) . This square-root
relation has a major impact, which is illustrated in Figure 11-19, where the delays of both the
linear and square-root select adders are plotted as a function of M. It can be observed that for
iarge values of N, ¢, becomes almost a constant.

Problem 11.3  Unequal Bypass Groups in Carry-Bypass Adder

A careful reader might be interested in applying the previous technique to carry-bypass adders. We saw ear-
lier that their delay is a linear function of a number of bits. Can they be modified 1o achieve better than lin-
ear delay by using variable group sizes?

It does make sense to make the consecutive groups gradually larger. However, the technique used in
carry-select adders does not directly apply to this case, and a progressive increase in stage sizes eventually
increases the delay. Consider a carry-bypass adder in which the last stage is the largest: The carry signal
that propagates through that stage and gets consamed at the msé position {with no chance of bypassing it) is
on the critical path for the sum generation. Increasing the size of the last group does not help the problem.

Based on this discussion and assuming constant delays for carry and bypass gates, sketch the profile
of the carry bypass network that achieves a delay that is better than linear.
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578 Chapter 11 + Designing Arithmetic Building Blocks

The Carry-Lookahead Adder®

The Monolithic L.ockahead Adder When designing even faster adders, it is essential to get
around the rippling effect of the carry that is still present in one form or another in both the
carry-bypass and carry-select adders. The carry-lookahead principle offers a possible way to do
so [Weinberger56, MacSorley51]. As stated before, the following relation holds for each bit
position in an N-bit adder:

Cox = FlARBLCop i) = G+ PC, {11.15)
The dependency between C, ; and C, ., can be eliminated by expanding C, ;_;:
Cop= Gt PG+ P Ch s 2) (11.16)
In a fully expanded form,
Cor = Gt Pr(Gy_y+ Py (L + Pi(Gy+ PoC o)) (1L.17)

with ;o typically equal to 0.

This expanded relationship can be used to implement an N-bit adder. For every bit, the
carry and sum outputs are independent of the previous bits. The ripple effect has thus been effec-
tively eliminated, and the addition time should be independent of the number of bits. A block
diagram of the overall composition of a cartry-lookahead adder is shown in Figure 11-20.

Such a high-level model contains some hidden dependencies. When we study the detailed
schematics of the adder, it becomes obvious that the constant addition time is wishful thinking
and that the real delay is at least increasing lnearly with the number of bits. This is illustrated in
Figure 11-21, where a possible circuit implementation of Eq. (11.17) is shown for ¥ = 4. Note
that the circuit exploits the self-duality and the recursivity of the carmry-lockahead equation to
build a mirror structure, similar in style to the single-bit full adder of Figure | 1-6.% The large
fan-in of the eircuit makes it prohibitively slow for larger values of . Implementing it with sim-
pler gates requires multiple logic levels. In both cases, the propagation delay increases, Further-

Ag By A;,‘Bl Ap—ts B
! |

% S Sp1

Figure 11-20 Conceptual diagram of a carry-lookahead adder.

*Similar to the mirror adder, this circuit reqaires that the Propagate signal be defined ss P=A + B,
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Figure 11-21 Schematic diagram of mirror implementation
of four-bit lookahead adder (from [Weste85)).

maore, the fan-out on some of the signals tends to grow excessively, siowing down the adder even
more. For instance, the signals &, and P appear in the expression for every one of the subse-
quent bits. Hence, the capacitance on these lines is substantial. Finally, the area of the imple-
mentation grows progressively with N. Therefore, the lookahead structure suggested by Eq.
{11.16) is only useful for small valzes of & (< 4}

The Logarithmic Lookahead Adder—Concept For a carry-lookahead group of NV bits, the
transistor implementation has ¥ + | parallel branches with up to & + 1 transistors in the stack.
Since wide gates and large stacks display poor performance, the carry-lockahead eomputation has
10 be limited to up to two or four bits in practice, In order to build very fast adders, it is necessary
to organize carry propagation and generation into recursive trees. A more effective implementa-
tion is obtained by hierarchically decomposing the carry propagation into subgroups of N bits:

Coo = Gt Pl

Cot = O+ PG+ PiPyCrg = (G + PG +(PPYC o = Grg+ PrypCip

Co s = Gyt PyGy+ PP Gy + PyP PyC, = Gy + PoC (1118
Cos = Gi+ P3G, + PP, G+ Py PP Go + P3P P PC

(G3+P3G2}+(P3PZ}C0!1 = Gy +PyC,
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580 Chapter 11 = Designing Arithmetic Building Blocks

In Egq. (11.18), the carry-propagation process is decomposed into subgroups of two bits.
G;; and P;; denote the generate and propagate functions, respectively, for g group of bits (from
bit pesitions { to ). Therefore, we call them block generare and propagate signals. G, ;equals 1 if
the group generates a carry, independent of the incoming carry. The block propagate Py is true if
an incoming carry propagates through the complete group. This condition is equivalent to the
carry bypass, discussed earlier. For example, Gy, is equal to 1 when a carry either is generated at
bit position 3 or is generated at position 2 and propagated threugh position 3, or Gy = Gy +
P3G Py is frue when an incoming carry propagates through both bit positions, or Py; = P3P,

Note that the format of the new expression for the carey is equivalent to the original one,
except that the generate and propagate signals are replaced with block generate and propagate
signals. The notation G;; and P,; generalizes the criginal carry equations, since G;= G;and P; =
P, . Another generalization is possible by treating the generate and propagate functions as a pair
(G0 Pyj), rather than considering them as separate functions. A new Boolean operator, called
the dor operator (-), can be introduced. This operator on the pairs and allows for the combination
and manipulation of tlocks of bits:

(G, P)- (G, P = (G+ PG, PP (1119}

Using this operator we can now decompose {Gso, Ps,) = (Ga, Pi) - {G,, P;). The dot operator
obeys the associative property, but it is niot commutative.

Example 114 Ripple-Carry Adder Expressed by Using the Dot Operator
With the dot operator, a four-bit ripple carry adder can be re-written as
(Co3 0 = UG5, P3) - (Go, P) - (G, Py) - (G, Pg}] - (G0 B)

The associative property allows us to rewrite this function and express C, 5 as a function of
2 group carries:

{Ga0, Pyg) = LGy, P3) - (G, P2)]- LG, P - (G Pyl
= (G0 Pia}- (G Prog)

By exploiting the associative property of the dot operator, a tree can be constructed that effec-
tively computes the carries at all 2 — 1 positions (that is, 1, 3, 7, 15, etc.) for i = 1...log,(N). The
crucial advantage is that the computation of the carry at position 2° — | takes only log,(N) steps.
In other words, the output carry of an N-bit adder can be computed in log,(V) time. This is a
major improvement over the previously described adders, For example, for an adder of 64 bits,
the propagation delay of a linear adder is proportional to 64. For a square-root select adder, it is
reduced to §, while, for a jogarithmie adder, the proportionality constant is 6. This is illustrated
in Figure 11-22, which shows the block diagram of a 16-bit logarithmic adder. The carry at posi-
ticn 13 is computed by combining the results of blocks (0:7) and (8:15). Each of these, in turn, is
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Figure 11-22: Schematic diagram for Kogge—Stone 16-bit lookahead logarithmic adder.

composed hierarchically. For instance, (0:7) is the composition of (0:3) and (4:7), while {0:3}
consists of {0:1} and (2:3), etc.

Computing the carries at just the 2 — | positions is cbvicusly not sufficient. It is necessary
to derive the carry signals at the intermediate positions as well. One way {o accomplish this is by
replicating the tree at every bit position, as illustrated in Figure 11-22 for ¥ = 16, For instance,
the carry at position 6 is computed by combining the results of blocks (6:3) and (2:0). This com-
plete structure, which frequenily is referred to as a Kogge—Stone tree [Kogge73], is a member of
the radie-2 class of trees. Radix-2 means that the tree is binary: It combines two carry words at a
time at each level of hierarchy. The total adder requires 49 complex logic gates each to imple-
ment the dot operator. In addition, 16 logie modules are needed for the generation of the propa-
gate and generate signals at the first level (#; and G;), as well as 16 sum-generation gates.

The combination of carry-lookahead (CLA} techniques and dynamic logic seems to be ideal when very
high performance is the ultimate goal. It is therefore useful to walk through the complete design of a
dynamic CLA.

The first module generates the propagate and generate signal, as shown in Figure 11-23. The addi-
tion of a separats inverter to drive the keeper represents a small twist. This approach is beneficial in gates
that drive a sizable fan-out. By decoupling its driver from the Fan-out it ailows for a quick disengagement of
the keeper after the transitton starts. The inverter that is driving successive logic gates, on the other hand, is
optimized o drive a fan-out of two (for G outputs) or three (for P outputs) NMQOS pull-down networks.

Each of the black dots in Figure 11-22 represents two gates that compute the block-level prepagate
and generate signals, as shown in Figure 11-24. Since these gates are not located at the beginning of the
pipeline, the evaluation transistor {also cailed the faor swirch) is optional, as discussed in Chapter 6. This
approach is comumonly used in dynamic datapaths. During the precharge phase, all the outputs of the dom-
ino gates are guaranteed (o be low, turning off any discharge path in the succeeding domino stages. Elimi-
nation of the foot switch in any stage other than the frst lowers the logical effort of the gates and spesds up
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Voo

Figure 11-23 Dynamic Impiementation of propagate and generate signals.

the evaluation. For example, the propagate gate in Figure 11-24 has a logical effort of two-thirds instead of
unity (assuming that the inverter is symmetrical). However, there is a drawback to this method. During the
precharge phase, a short-circuit current exists in all gates withour a foot switch until their inputs get pre-
charged. To avoid the short-circuit curreat, the clock at each stage €k, is delayed from the previous stage.
This approach is called clock-delayed domino as was introduced in Chapter 10. Note that the clock is
delayed by the same amount for ail bit-stices per stage, thus simplifying the implementation.

By putting together seven stages of logic in a bit-sliced fashion—P-G generation, Followed by six dot
operators—a 64-bit adder can be constructed. The only logic stage that is missing to complete the dynamic
adder design is the final sum generation. The sum generation requires an XOR function, which is not easily
buitt in domine logic. Static XOR gates could be used, but these produce nonmonotonic transitions and thus
cannot be used to drive other domino gates. This might not be a problem per se, since the sum generation typ-
ically is the final stage of the addition operation. However, the latch that follows the sum generation cannot
be transpareni, because this could cause a viclation of the transition rule for the succeeding domino gates.

One way of implementing the sum in domino logic is through sum selection, in which both care for
the sum are computed as SC = 7, @5, and §! = a,® b,. The dynamic gate of Figure 11-25 is then used to
select one of these possibilities, based on the incoming carry.

g
I’Bf}

g P ik ?Cl‘[kk [:! Jj . ;: Gz':a' —2h+d

P °_|[I
[ a S

: &_—_I FAR S
Pi—k:;-m [; G pi=2kc1

(a} (v

Figure 11-24 Implementation of the dot operator in dynamic logic: (a) propagate
and {b) generate logic at stage & and bit position / {see Figure 11-22).
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Figure 11-25 Sum select in dynamic logic.

The implementation of the multiplexer gate requires three logic levels, because no complementary
carry is available in domino logic. As usual, keepers should be placed at all dynamic nodes, but the one
shown in the figure is absolutely critical. The first two dynamic stages {on top) violate the dynamic logic
design rules: two dynamic gales are eascaded without iniroducing an inverfer. A glitch might happen at the
output of the second gate if both gates are evaluated with the same clock. Delaying the clock of the second
gate (Clkd) helps to address this issue, although the delayed clock presents a hard-timing edge—all the
inputs to the second gate must bave finished their transition before the clock raises.

It should be emphasized that when a designer chooses to use these design techniques, circuit robust-
ftess cannot be compromised. All clocks are subject to random skew, and the delayed clock must have
enough margin to absorb the worst case skew. If Clkd arrives early, the adder will malfunction. However,
proper sizing of the keeper may add a kind of safety net to the design. It can suppress the glitch at the out-
put of the second stags, in case the clock arrtves early. The keeper must be sized large enoagh to minimize
this glitch, but not so large that it would compromise performance.

Another option is to implement the adder in differential domino logic, where both signal polasities
are available, and the inversion problem is avoided. However, the overall design would be quite power
hungry. ]

Problem 114 Static Adder Tree Design

Design a 16-bit carry-lookahead adder tree in static complementary CMOS, Design the lookahead tree by
asing inverted logic gates, avoiding the addition of inverters. Highlight the critical path of this adder. What
are the logical efforts of gates along the critical path? How would vou size it for minimal delay?

Dell Ex. 1025
Page 426



584 Chapter 11 = Designing Arithmetic Building Blocks

Logarithmic Lookahead Adder—Alternatives Designers of fast adders sometimes revert to
other styles of tree structures as they trade off for area, power, or performance. We briefly discuss
the Brent-Kung adder and the radix-4 adder, two of the more common aliernative structures.

The Kogge-Stone tree of Figure 11-22 has some interesting properties. First, its intercon-
nect structure is reguiar, which makes implementation quite easy. Furthermore, the fan-out
throughout the tree is fairly constant, especially on the critical paths. The task of sizing the tran-
sistors for optimal performance is therefore simplified. At the same time, however, the replica-
tion of the carry trees to generate the intermediate carries comes at a large cost in terms of both
area and power. Designers sometimes trade off some delay for area and power by choosing less
complex trees. A simpler tree structure computes only the carries to the powers-of-two bit posi-
tions {Brent®2], as ilustrated in Figure 11-26 for N = 16,

Fhe forward binary tree realizes the carry signals only at positions AR §

{Co0: 0 = (G, P} - {Ci 0 0}

(Cpo 1o 0) = (G, Py) - (G P11 (€6 0) = (G0 Pyp) - (G0 )

(Co30) = {G3g P3g)  (Grp Prol - (Ci 0o 0) = (G, Pag) - (T 6 0) (11.26)
(Cp7:0) = [{Gqu Pris)  (Gaggs Pand] (€6, 0) = (G Prg) - (Ci o 0)

The forward binary-free structure is not sufficient 1o generate the complete set of carry
bits. An inverse hinary tree is needed to realize the other carry bits {shown in gray lines in
Figure 11-26}. This structure combines intermediate resuits to produce the remaining carry bits.
Tt is left for the reader to verify that this structure produces the correct expressions for all carry
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Figure 11-26 A 16-bit Brent-Kung free. The reverse binary iree is colored gray.

Dell Ex. 1025

Page 427



11.3 The Adder 585

o
@

> 8,y

oF
o

08,
&8y
O 5

5 5
o8,
O S
@ Sy

NS WY
NN

W
N

i
\j
NI}

)

AN
N

B:;) L

{Ag Bg) O
(A, B))
{A,, By} 13
(A3, Ba) 1)
{A, By
(Ags Bys) O

Figure 11-27 Radix-4 Kogge-Stone tree for 16-bit operands.

bits. The resulting structure, commonly called the Brent—Kung adder, uses 27 dot gates, or
almost half of the 49 needed for a full radix-2 tree, and it needs fewer wires as well. The wiring
structure is less regular, however, and fan-out varies from gate to gate, making performance opti-
mization more difficult. Especially the fas-out of the middle node {C, 1), which equals one sum
and five dot operations for this example, is of major concern. This observation makes the Brent—
Kung adder rather unsuited for very large adders (> 32 bits).

An option to reduce the depth of the tree is to combine four signals at a time at cach level
of the hierarchy. The resulting tree is now of class radix-4, because it uses building blocks of
order 4 as shown in Figare 11-27. A 16-bit addition needs only two stages of carry logic. Be
aware that each gate is more complex and that having less logic stages may not always result in
faster operation {as we saw in Chapter 5}.

Problem 11.5 Radix-4 Det Operator in Dynamic Legic

Design the radix-4 doi operators in dynamidc logic. Use the radix-2 circuits as reference. How is the sum
select implemented for radix-4? Using the method of logical effort, compare the delays of radix-2 and
radix-4 designs for 16-bit adders. Which one is faster?

On average, a lookahead adder is several times larger than a ripple adder, but has dramatic
speed advantages for larger operands. The logarithmic behavior makes it preferable over bypass
or select adders for larger values of N. The exact value of the cross point depends heavily on
technology and circuit design factors.

The discussion of adders is by no means complete. Due to its impact on the performance
of computational structures, the design of fast adder circuits has been the subject of many publi-
cations. It is even possible to construct adder structures with a propagation delay that is indepen-
dent of the number of bits. Examples of those are the carry-save structures and the redundant
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586 Chapter 11 = Designing Arithmetic Building Blocks

binary arithmetic structures {Swartzlander9Q]. These adders require number-encoding and -
decading steps, whose delay is a function of N. Therefore, they are only interesting when
embedded in larger structures such as multipliers or high-speed signal processors.

11.4 The Multipiier

Multiplications are expensive and slow operations. The performance of many computational
problems often is dominated by the speed at which a multiplication operation can be executed.
This observation has, for instance, prompted the integration of complete multiplication units in
state-of-the-art digital signal processers and microprocessors.

Multipliers are, in effect, complex adder arrays. Therefore, the majority of the topics dis-
cussed in the preceding section are of value in this context as well. The analysis of the multiplier
gives us some further insight into how (o opiimize the performance (or the area) of complex <ir-
cuit topologies. After a short discussion of the multiply operation, we discuss the basic array
multiplier. We also discuss different approaches to partial product generation, accumulation and
their final summation.

11.4.1 The RKultiplier: Definitions

Consider two unsigned binary numbers X and Y that are & and N bits wide, respectively. To
introduce the multiplication operation, it is useful to express X and ¥ in the binary representation

A =1 N}
x=¥x2  v=3v7 (11.21)
i=0 i=0
with X, ¥ ;€ {0, 1}. The multiplication operation is then defined as follows:
Maen-]
z=xxy= 3y z2
k=0
M1 N1 . M-1/N-1 (1122
= (inz‘](z yjzf} = Z{foy_,z"”}
i=0 =t i=phj=0

The simplest way to perform a multiplication is to use a single two-input adder. For inputs
that are M and N bits wide, the multiplication takes A cycles, using an N-bit adder. This shiff-
and-add algorithm for multiplication adds together M partial products. Each partial product is
generated by multiplying the multipficand with a bit of the multipiier—which, essentially, is an
AND operation—and by shifting the result on the basis of the multiplier bif’s position.

A faster way to implement muitiplication is to resort to an approach similar to manually
computing a multiplication. All the partial products are generated at the same time and orga-
nized in an array. A multioperand addition is applied to compute the final product. The approach
is ilustrated in Figure 11-28. This set of operations can be mapped directly into hardware. The
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101010 Muliipiicand
% 1011 Multiplier
1010110
1010610
GO0 04a0 Partial producls

+ 1010114

111001118 Result
Figure 11-28 Binary multiplication—an example.

resulting structure is called an array mudtiplier and combines the following three functions:
partial-product generation, partial-product accimmulation, and fingl addition.

Problem 11,6 Multiplication by a Constant

1t is often necessary to implement multiplication of an operand by a constant. Deseribe how you would pro-
cecd with this task,

11.4.2 Pariial-Product Generation

Partial products result from the logical AND of multiplicand X with a multiplier bit ¥, (sce
Figure 11-29). Each row in the partial-product array is either a copy of the multiplicand or a
row of zeroes. Careful optimization of the partial-product generation can lead to some substan-
tial delay and area reductions, Note that in most cases the partial-product array has many zero
rows that have no impact on the result and thus represent a waste of effort when added. In the
case of a multiplier consisting of all ones, all the partial products exist, while i the case of all
zeros, there is none. This observation allows us to reduce the number of generated partial prod-
uets by half,

Assume, for example, an eight-bit multiplier of the form 01111118, which produces six
nanzero partial-product rows, One can substantially reduce the number of nonzero rows by
recoding this number (27 + 28 + 2° + 2% + 2% 422} into a different format. The reader can verify
that the form 10000010, with T a shorthand notation for —1, represents the same number. Using

X X X
P PR

P, PPy PPy PR, PP, PP, PPy

X; Xq A3

-

Figure 11-29 Partial-product generation logic.

Dell Ex. 1025
Page 430



588 Chapter 11 ¢ Designing Arithmetic Building Blocks

this format, we have to add only two partial products, but the final adder has to be able to per-
form subtraction as well. This type of transformation is called Booth's recoding [Booth31}], and
it reduces the number of partial preducts to, at most, one half. It ensures that for every two con-
secutive bits, at most one bit will be 1 or —1. Reducing the number of partial products Is equiva-
lent to reducing the nurnber of additions, which leads to a speedup as well 23 an area reduction.
Formally, this transformation is equivalent to formatting the pultiplier word into 2 base-4
scheme, instead of the usual binary format:

(N-1)/2
Y = Z Y& with (¥, € {-2~1,0,1,2}) (11.23)
i=0

Note that 1010...10 represents the worst case multipler input because i generates the most par-
tial products {oae half). While the multiplication with {0, 1} is equivalent to an AND operation,
multiplying with {-2, -1, 0, 1, 2} requires a combination of inversion and shift logic. The encod-
ing ¢an be performed on the fly and requires some simple logic gates.

Having a variable-size partial-product array is not practical for multiplier design, and 2
maodified Booth's recoding is most often used instead [MacSorley61]. The multiplier is parti-
tioned into three-bit groups that overlap by one bit. Each group of three is recoded, as shown in
Table 11-2, and forms one partial product. The resulting number of partial products equals half
of the multiplier width. The input bifs to the recoding process are the two current bits, combined
with the upper bit from the next group, moving from msb to Ish,

Table 11-2  Modified Booth's recading.

Partial Product Selection Tabkle

Multiptier Bits Recoded Bits

600 O

001 + Multiplicand
610 + Multiplicand
01t + 2 % Multiplicand
100 — 2 x Muliiplicand
101 — Multiplicand
110 — Multiplicand

1il ¢
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In simple terms, the modified Beoth's recoding essentiatly examines the multiplier for strings of
ones from msh 1o Isb and replaces them with a leading 1, and a — 1 at the end of the string. For
example, {11 is enderstood as the beginning of a string of ones and is therefore replaced by a
leading | {or 100}, while 110 is seen as the end of a string and is replaced by a — 1 at the least
significant position (or 010).

Example 11.5 Modified Booth’s Recoding

Consider the eight-bit binary number 01F11110 shown earlier. This can be divided into
four overlapping groups of three bits, going from msb to Isb: 00 (I3, 11 (1), 11 (1), 10 (0).
Recoding by using Table 11-2 yields: 10 (2 %), 00 (0 %), 00 (0 %), 10 {~2 >3, or, in com-
bined format, 1000000T0. This is equivalent to the result we obtained before.

Problem 11.7 Booth’s Recoder

Dresign the combinational logic that implements a modified Booth’s receding for z paralle! multiphier, using
Table 11-2. Compare its implementation in complementary and pass-transistor CMOS.

11.4.3 Partial-Product Accumulation

After the partial products are generated, they must be summed. This accumulation is essentiaily
a multioperand addition, A straightforward way to accumulate partial products is by using a
number of adders that will form an array—hence, the name, array mudtiplier. A more sophisti-
cated procedure performs the addition in a tree format.

The Array Muitiplier

The composition of an array multiplier is showa in Figure 11-30. There is a one-to-one topolog-
ical correspondence between this hardware stracture and the manual multiplication shown in
Figure 11-28, The generation of ¥ partial products requires N X M two-bit AND gates {in the
style of Figure 11-29).% Most of the area of the multiplier is devoted to the adding of the ¥ par-
tial products, which requires N — 1 A4-bit adders. The shifting of the partial products for their
proper alignment is performed by simple routing and does not require any logic. The overall
structure can easily be compacted into a rectangle, resulting in a very efficient layout.

Due to the array organization, determining the propagation delay of this circuit is not
straightforward. Consider the implementation of Figure 11-30. The partial sum adders are
implemented as ripple-carry structures. Performance optimization requires that the critical tim-
ing path be identified {irst. This turns out to be nontrivial. In fact, a large number of paths of
almost identicai length can be identified. Two of those are highlighted in Figure 11-31. A closer

>This particular implementation does not employ Booth's recoding. Adding recoding does aot substantiully change the
implementation, The number of adders is reduced by half, snd the partizl-product generation is slightty more comgiex.
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Figure 11-30 A 4 x 4 bit-array multiplier for unsigned numbers—composition. HA stands for a
half adder, or an adder cell with only two inputs. The hardware for the generation and addition of
ohe partial product is shaded in gray.

look at those critical paths yields an approximate expression for the propagation delay {derived
here for critical path 2}. We write this as

= (M 1) 4 N = 23V gy + O = D g Lana (11.24)

j‘nme’{

where 1., is the propagation delay between input and output carry, fg,, 1S the delay between the
input carry and sum bit of the full adder, and 1, , is the delay of the AND gate.

Since all critical paths have the same length, speeding up just one of them—for instance,
by replacing one adder by a faster one such as a carry-select adder—does not make much sense
from a design standpoint. All critical paths have to be attacked at the same time. From Eg.

(11.24}, it can be deduced that the minimization of ¢, requires the minimization of both 7.,

LA S A X

----- Critical Path 1

Hai— FA |+ FA (= -- HA

g : e Critical Path 2
ANEE S L A1
FA =] FA = FA -~ HA

] :
rl 5% ‘1 ?E,

FA |--| FA [<--| FA <--|HA

Figure 11-31 Ripple-carry based 4 x 4 multiplier {simplified diagram}. Two of the
possible critical paths are highfighted.
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11.4 The Multipiier 591

and 1, In this case, it could be beneficial for 1., to equal 7. This contrasts with the require-
ments for adder cells discussed before, where a minimal 2 was of prime importance. An

EOrry
exampie of a full-adder circuit with comparable ¢, and 7, delays was shown in Figure 11-7.

i 1 THRIVY

Problem 11.8  Signed-Binary Multiplier

The multiplier presented in Figure 11-30 orly handles unsigned numbers. Adjust the structure so that
two's-complement sumbers are also accepled.

Carry-Save Multiplier

Due to the large number of almost identical critical paths, Increasing the performance of the
structure of Figure 11-31 through transistor sizing yields marginal benefits. A more efficient
realization can be obtained by noticing that the multiplication result does not change when the
ouput carry bits are passed diagonally downwards instead of only to the right, as shown in
Figure 11-32. We include an extra adder called a vector-merging adder to generate the final
result. The resuiting multiplier is called a carry-save multiplier [Wallace64], becauge the carry
bits are not immediately added, but rather are “saved” for the next adder stage. In the final stage,
carries and sums are merged in a fast carry-propagate (e.g., carry-lockahead) adder stage. While
this structure has a slightly increased area cost {one extra adder), it has the advantage that its
worst case critical path is shorter and uaiquely defined, as highlighted in Figure 11-32 and is
expressed as

st = Pang T AN = Dy +1 {11.25)

CRrry merge

still assuming that 2, = £.o,,-

Vector-merging adder

Figure 11-32 A 4 x 4 carry-save muttiplier. The critical path is
highiighted in gray.
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Example 1.6 Carry-Save Multiplier

When mapping the carry-save multiptier of Figure 11-32 onto silicon, one has to take into
account some other topological considerations. To ease the integration of the multiplier
into the rest of the chip, it is advisable to make the outline of the module approximalely
rectangular, A floor plan for the carry-save multiplier that achieves this goal is shown in
Figure 11-33. Observe the regularity of the topology. This makes the generation of the
structure amenable to automation.

Xy X, X, X,

- FA mattiplier cell

. Vector-merging cell

X and ¥ signals arg
broadeast through the
complete array. (-~}

Figure 11-38 Rectanguiar floorplan of carry-save multiplier. Different celis
are differentiated by shades of gray. X and Y signals are AND’ed bafore being
added. The leftmost column of cells is redundant and can be eliminated.

The Tree Muliiplier

The partial-sum adders can also be rearranged in a treelike fashion, reducing both the critical
path and the number of adder cells needed. Consider the simple example of four partial products
each of which is four bits wide, as shown in Figure 11-34a. The number of full adders needed
for this operation can be reduced by observing that only column 3 in the array has to add four
Bbits. All other columns are somewhat less complex. This is illustrated in Figure 11-34b, where
the original matrix of partial products is eeorganized into 2 tree shape to visually illustrate its
varying depth. The challenge is to realize the complete matrix with a minimum depth and a min-
imum number of adder elements. The first type of operator that can be used o cover the array is
a full adder, which takes three inputs and produces {wo outpats: the sum, located in the same
colurnn and the carry, located in the next one. For this reason, the FA is called a 3-2 compresser.
It is denoted by a circle covering three bits. The other operator is the half-adder, which
takes two input bits in a column and produces two outputs. The HA is denoted by a circle cover-
ing two bifs.
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Partial products First stage
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&) 0;
E i
FA &

{c) {d

Figure 11-34 Transforming a partial-product free (a) into a Wallace tree {b,c,d),
using an iterafive covering process. The example shown is for a four-bit operand.

To arrive at the minimal implementation, we iteratively cover the tree with FAs and
HAgs, starting from its densest part. In g first step, we introduce HAs in columms 4 and 3
(Figure 11-34b). The reduced tree is shown in Figure 11-34c. A second round of reductions
creates a tree of depth 2 (Figure 11-34d). Only three FAs and three HAs are used for the
reduction process, compared with six FAs and six HAs in the carry-save multiplier of
Figure 11-32! The final stage consists of a simple two-input adder, for which any type of
adder can be used {as discussed in the next section, “Final Addition™).

The presented structure is called the Wallace rree multiplier [Wallace64], and its imple-
mentation is shown in Figure 11-35, The tree multiplier realizes substantial hardware savings for
farger multipliers. The propagation delay is reduced as well, In fact, it can be shown that the
propagation delay through the tree is equal to Oflog, (V). While substantially faster than the
carry-save strocture for large multiplier word lengths, the Wallace multiplier has the disadvan-
tage of being very irregular, which complicates the task of coming up with an efficient layout,
This irregularity is visible even in the four-bit implementation of Figure 11-35.

There are numerous other ways to accumulate the partial-product tree. A number of com-
pression circuits has been proposed in the literature, a detailed discussion of which is beyond the
scope of this book. They are all based on the concept that when full adders are used as 3:2 com-
pressors, the number of partial producis is reduced by two-thirds per multiplier stage. One can
even go a step further and devise a 4-2 {or higher order} compressor, such as in {Weinberger81,
Santorof9]. In fact, many of today’s high-performance multiptiers do just that.

11.4.4 Final Addition

The final step for completing the multiplication is to combine the result in the final adder. Perfor-
mance of this “vector-merging” operation is of key importance, The choice of the adder style
depends on the structure of the accumulation array. A carry-lockahead adder is the preferable
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Figure 11-35 Wallace tres for four-bit multiplier.

option if all input bits to the adder artive at the same thme, as it yields the smaliest possible delay.
This is the case if 2 pipeline stage is placed right before the final addition. Pipelining is a tech-
nique frequently used in high-performance multipliers. In nonpipelined multipliers, the arrival-
time profile of the inputs to the final adder is quite uneven due to the varying logic depths of the
multiplier tree. Under these circumstances, other adder topologies, such as carry select, often
yield performance numbers similar to lockahead at a substantially reduced hardware cost
[Ckicbdzijall].

11.4.5 Muliplier Summary

All the presented techniques can be combined to yield multipliers with extremely high perfor-
mance. For instance, a 54 x 54 multiplier can achieve a propagation delay of only 44 nsina
0.25-wm CMOS technology by combining Booth encoding with a Wallace tree by using 4-2
compression in pass-transistor implementation and by using a mixed carry-select, carry-
lockahead topology for the final adder [Ohkubo95]. More information on these multipliers {and
others) can be found in the references [e.g., Swartzlanderd0, Cklobdzija01].

11.5 The Shifter

The shift operation is another essential arithmetic operation that requires adequate hardware
support. It is used extensively in floating-point units, scalers, and multiplications by constant
rumbers, The latter can be implemented as a combination of add and shift operations. Shifting a
data word feft or right over a constant amount is a trivial hardware operation and is implemented
by the appropriate signal wiring. A programmable shifter, on the other hand, is more comgplex
and requires active circuilry. In essence, such a shifter is nothing less than an intricate multi-
plexer circuit. A simple one-bit left—right shifter is shown in Figure 11-36. Depending on the
control signals, the input word is either shifted left or right, or else it remains unchanged. Multi-
bit shifters can be built by cascading a number of these units. This approach rapidly becomes
complex, unwieldy, and ultimately too slow for larger shift values. Therefore, a more structured
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Right Nop Lelt

A ad TTL. D B,
Ay m L {> By

r Bit-slice i

Figure 11-38 OCne-bit (left—right) programmable shitter.
The data passes undisturbed under the nop condition,

approach is advisable. Next, we discuss two commonly used shift structures, the barrel shifrer
and the Iogarithmic shifter.

11.5.1 Barrel Shifter

The structure of a barrel shifter is shown in Figure 11-37. It consists of an array of transistors, in
which the number of rows equals the word length of the data, and the number of columns equals
the maximum shift width. In this case, both are set equal to four. The control wires are routed
diagonally through the array. A major advantage of this shifter is that the signal has to pass
through at most one transmission gate. In other words, the propagation delay is theoretically
constant and independent of the shift value or shifter size. This is not true in reality, however,
becanse the capacitance at the input of the buffers rises linearly with the maximum shift width.

i
LT L@ LT LT >33 —— :Data Wire
B Sk 1T 3.T J ;‘T ——=- : Contrci Wire
2 i L | —
Pl s = Pt
Shy |- Fe-: o
Ay —
: ! H B
gEESE SEE L CO i i > :
Shy oo (RS I E4T
S, i S — >3
ARl AR s R o ¢
T2 T e IT
| i ! |
S}ITG Ski 5‘!{22 S;’?_';

Figure 11-37 Barrel shifter with a programmable shift width from zero to three
bits to the right. The structure supports automatic repetition of the sign bit {4,), also
called sign-bit extension.
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An jmportant property of this circuit is that the Iayout size is not dominated by the active
transistors as in the case of all other arithmetic eircuits, but by the number of wires ruaning
through the cell. More specifically, the size of the cell is bounded by the pitch of the metal wires!

Another important consideration when selecting a shifter is the format in which the shift
value must be presented. From the schematic diagram of Figure 11-37, we see that the barrel
shifter needs a control wire for every shift bit. For example, a four-bit shifter needs four control
signals. To shift over three bits, the signals 5h;: Sk, take on the vaiue 1000. Only one of the sig-
nals is high. In a processor, the required shift value normally comes in an encoded binary format,
which is substantially more compact, For instance, the encoded control word needs only two
control signals and is represented as 11 for a shift over three bits. To translate the lateer represen-
lation into the former {with only one bit high), an extra module called a decoder is required.
(Decoders are treated in detail in Chapter 12.)

Problem 119 Two's Compleraent Shifter

Explain why the shifter shown in Figure | 1-37 implements 2 two’s compiement shift.

11.5.2 Logarithmic Shifler

While the barrel shifter implements the whele shifter as a single array of pass transistors, the
logarithmic shifter uses a staged approach. The total shift vaiue is decomposed into shifts over
powers of two, A shifter with a maximum shift width of M consists of a log,#/ stages, where the
ith stage either shifts over 2’ or passes the data unchanged. An example of a shifter with a maxi-
mum shift value of seven bits is shown in Pigure 11-38. For instance, to shift over five bits, the
first stage is set to shift mode, the second to pass mode, and the last stage again to shift. Notice
that the control word for this shifter is already encoded, and no separate decoder is required.

The speed of the logarithmic shifter depends on the shift width in a logarithmic way, since
an M-bit shifter requires log;M stages. Furthermore, the series connection of pass transistors
slows the shifter down for larger shift values, A careful introduction of intermediate buffers is
therefore necessary, as discussed in Chapter 6.

In general, we conclude that 2 barrel shifter is appropriate for smaller shifters. For larger
shift values, the logarithmic shifter becomes more effective, in terms of both area and speed.
Furthermaore, the logarithmic shilter is easily parameterized, allowing for avtomatic generation.
The most important concept of this section is that the exploitation of regularity in an arithmetic
operator can lead to dense and high-speed circuit implementations.

11.6 Other Arithmetic Operators

In the previous sections, we only discussed a subset of the large number of arithmetic circuits
reguired in the design of microprocessors and signal processors. Besides adders, multipiiers, and
shifters, others operators such as comparators, dividers, counters, and goniometric operators
{sine, cosine, tangent) are often needed. A full analysis of these circuits is beyond the scope of
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Figure 11-38 Logarithmic shifter with maximal shift width of seven bits to the right.
{Only the four {east significant bits are shown.)

this book. We refer the interested reader to some of the excellent references available on the
topic {e.g., [Swartzlander90], [Oklobdzijati].

The reader should be aware that most of the design ideas introduced in this chapter apply
to these other operators as weil, For instance, comparators can be devised with a linear, square
root, and logarithmic dependence on the number of bits. In fact, some operators are simple
derivatives of the adder or multiplier structures presented earlier. For example, Figure 11-39
shows how a two’s complement subtractor can be realized by combining a two’s complement
adder with an extra inversion stage, or how a subtractor can be used to implement 4 2 B,

iny Iz Iny Iy

1

Cefﬁ =1 Cx',f} =1
Two's complement add [~— Two's complement add e
! Sy-1
Iy~ Iny
!
Iny= I,
{a) Subtractor {b) Comparator

Figure 11-3% Arithmetic struciures derived from a full adder.
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Problem 11.1¢ Comparator

Drerive a logic diagram for a comparator that itaplements the following logic functions: 2, = and <,

The core of any microprocessor or ticeocontroller is the arithmetic-logie unit {or ALU). The ALU com-
bines addition and subtraction with other operations, such as shifting and bitwise logic operations {AND,
OR, and XOR).

An ALU taken from a 64-bit high-end microprocesser is shown in Figure 11-40 [Mathew(1.1 E con-
sists of two levels of wide muliiplexers, a 64-bit adder, 2 logic unit, an operator-merging muliiplexer and
the write-back bus driver. The first pair of 9:1 multiplexers selects the from nine different input sources,
three of which are from register files and caches. The other six are bypass paths that come directly from the
six ALUs—the microprocessor in question can issue six integer instructions in one cycle. One of the bypass
loops actually feeds the output of the ALU back o its own Input, creating a single eycle loop that defines
the critical path. The second 5:1 maltiplexer on the A input performs a partial shifting of the operand, while
the 2:1 multipleser on the B input simply inverts the operand to implement sabiraction. The adder executes
two's complement addition or subtraction on the operands A and 8. Two's complement subtraction is per-
formed by inverting all the bits of the operand B {using the 2:1 MUX) and by setting the carry-in to one.
The sum-selestion block not only implements the sum selection, but alse merges the outputs of arithmetic
and logic units. Finally, a strong buffer drives the loop-back bus, which presents a lasge load 1o the ALLL
For example, for a six-issue Intel/HP hanium processor [Fetzer02], the bus has to connect o ail six units,
transiating into more than 2 mm of wire length in a 0.18-m rechnology. When added to the load from the
register file, it presents over 0.5 pF of capacitive load.

An ALU represents a typical example of a bit-sliced design. Bach slice in each block is pitch
matched, which minimizes the vertical routing. A floor plan of the 64-bit ALU is shown in Figure 11-41.
Intercell routing is done horizontally in metal-3, except for the long horizontal wires between adder stages
1 and 2 and 2 and 3, which are laid ont in a combination of metal-3 and metal-4. For example, if the adder
is implemented as a radix-4 CL4, the longest wire after the second PG stage crosses 48 cells.

from N —— —
ALUs, :-f.' —_— = A G
reg. file § 4 § o} Cany e
il ] Tree  |select
o -] =~
L L d o
A1 osam sum
— s 3 to cache
R Sﬂ
S > 5 SUMGEN >
= l [ = > + Logical
F ) Unit T
1060 em
Figure 11-40 A B4-bit arithmetic-logic unit.
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Figure 11-41 Floor plan of 2 64-bit ALU.

S,
Figure 11-42 Microphotograph of the itanium processor, showing bit-sliced

design of six ALUs together with bypasses, register file, and control logic.
(Courtesy of intel.)

The loop-back wiring is routed in the top-level metal {e.g., metal-3). In case of a multipie-issue
microprocessor, these busses span across all ALUs, as ¢an be seen in Figure [1-42. The number of loop-
back busses frequently determines the bit-pitch in multiissue ALUs. In our example, nine 64-bit-wide bus-
ses have to cross back over the ALU. To avoid seeding ¢o add extra wiring space, the bit width is set to nine
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bus-wire pitches. Since these wires are long; they are designed with double width and at least double spac-
ing to reduce their resistance and capacitance. B

11.7 Power and Speed Trade-Offs in Datapath Structures*

In the preceding discussion on adders, multipliers, and shifters, we mainly explored the trade-off
between speed and area and ignored power considerations. In this section, we briefly analyze the
third dimension of the design exploration space. Since most of the approaches to minimize
power were already introduced in Chapter 6, the discussion that follows serves mostly as an
iTlustration of the concepts advanced there.

Typical digital designs are either latency or throughput constrained. A latency-constrained
design has to finish computation by a given deadline. Interactive communication and gaming are
examples of such. Throughput-constrained designs, on the other hand, must maintain a reguired
data throughput, A 1000BaseT Gigabit Ethernet connection has to maintain a constant through-
put of 1 Gigabit/s, The architectural optimization techniques that are available to the designer
differ based on the design constraints. Pipelining or parallelization, for instance, works effec-
tively for the throughput-constrained scenario, but it may not be applicable to the latency-con-
strained case. For example, a throughput of 1 Gb/s over copper wires is achieved in Gigabit
Ethernet by processing foar 250 Mb /s streams of data in parallel.

With a fixed architecture of the datapath, speed, area, and power can be traded off through
the choice of the supply voltage(s}, transistor thresholds, and device sizes. This opens the door
for a large variety of power minimization techniques, which are summarized in Table 11-3. F.
are classified as follows:

« Enable Time—Some design techniques are implemented (or enabled} at design fime.
Transistor widths and lengths, for instance, are fixed at the time of design. Supply voltage
and transistor threskolds, on the other hand, can be either assigned statically during the
design phase, or changed dynamically at rur time. Other techniques primarily address the
time that a function or module in a digital design is in idle mede (or standby}. It is only
logical to require that the power dissipation of 2 module in sleep mode should be abso-
lutely minimal.

Table 11-3  Power minimization techniques.

Constant ThroughputLatency Variable Throughput/Latency
Design Time Sleep Mode RunTime
Active Lower V5, Multi-Vp, Clock gating Dynamic voltage scaling

Tremsistor Sizing
Logic Optimizations

Leakage Multi-Vy, -+ Sleep transistors, Variable Vo, +
Active Techniques Variable Vi, Active Technigaes
Dell Ex. 1025
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» Targeted Dissipation Source—Another classification of the power-management tech-
niques concerns the source of power dissipation they address: active {dynamic) power or
leakage (static) power. Lowering the supply voltage, for example, is a very attractive tech-
nique: It not only reduces the energy consumed per transition in a quadratic way—albeit at
the expense of performance—but also reduces the leakage current. On the other hand,
increasing the threshold voltage mainly impacts the leakage component,

The sleep mode of operation deserves some special attention. If a disital block still
receives a clock while in idle mode, its clock distribution network, together with the attached
fip-flops, continues to consume energy, even while no computation is performed. Recall that,
typically, one third of total energy of a digital system is consumed in clock distribution network.
A common method to reduce power in idle mode is the clock gating technique introduced in
Chapter 10. In this approach, the main clock connection to a module is turned off (or gared)
whenever the block is idle. However, clock gating does not reduce the leakage power of the idle
block. More complicated schemes to lower the standby power have to be used, such as increas-
ing the transistor thresholds or switching off the power rails.

In the following sections, we discuss each of these design-time and run-time techniques
in detail.

11.7.1 Design-Time Power-Reduction Techniques

Reducing the Supply Voltage

A reduction in supply voltage results in quadratic power savings and thus is the most attractive
approach. On the negalive side, the delay of CMOS gates increases inversely with supply volt-
age. At the datapath level, this loss of performance can be compensated for by other means, such
as Jogical and architectural optimizations. For example, a ripple-carry adder can be replaced by a
faster structure, such as a lookahead adder. The latter implemestation is larger and more com-
plex, which translates into a larger physical and switching capacitance. This is more than offset
by the fact that the faster adder can run at a lower supply voltage for the same performance.

The trade-off between ripple and fookahead operates at the logical level. Similarly, and
even more effectively, architectural optimizations can be employed to compensate for the effect
of areduced Vi, as illustrated in Example 11.7.

Example 11.7  Minimizing the Power Consumption by Using Parallelism

To illustrate how architectural techniques can be used to compensate for reduced speed,
a simple eight-bit datapath consisting of an adder and a comparator is analyzed, assum-
ing 2 2-ym CMOS technology [Chandrakasan92]. As shown in Figure 11-43, inputs A
and B are added, and the result is compared with input C. Assume that the worst case
delay through the adder, comparator, and latch is approximately 25 ns at a supply volt-
age of 5V, At best, the system can be clocked with a clock period of T = 25 ns. When
required to run at this maximum possible throughput, it is clear that the operating
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Figure 11-43 A simple datapath with corresponding laycut.

voltage cannot be reduced any further because no extra delay can be tolerated. We use
this topology as the reference datapath for our study and present power improvement
numbers with respect to this reference. The average power consumed by the reference
datapath is given by

2
Pref = Cref Vref fref (11'26)

where C,,is the total effective capacitance being switched per clock cycle. The effective
capacitance can be determined by averaging the energy over a sequence of random input
patterns with a uniform distribution.

One way to maintain throughput while reducing the supply voltage is 10 utilize a
parallel architecture. As shown in Figure 11-44, two identical adder-comparator datapaths
connect in parailel, allowing each unit to work at half the original rate while maintaining
the original throughput. Since the speed requirements for the adder, comparator, and latch
have decreased from 25 ns fo 50 ns, the voltage can be dropped from 3V 10 2.9 V—the
voltage that doubles the delay. While the datapath capacitance has increased by a factor of
two, the operating frequency has correspondingly decreased by a factor of two. Unfortu-
nately, there also is a slight increase in the total effective capacitance due to the extra rout-
ing and data multiplexing. This results in an increased capacitance by a factor of 2.15. The
power for the parallel datapath is thus given by

f
Prar = CparVpurf par = (213,058, 775

} =036P,, (11.27)

The approach presented trades off area for power, as the resulting area is approxi-
mately 3.4 times larger than the original design. This technique is only applicable when
the design is not area constrained. Furthermore, parallelism introduces extra routing over-
head, which might cause additional dissipation. Careful optimization is needed to mini-
mize this overhead.

Parallelism is not the only way to compensate for the loss in performance. Other architec-

tural approaches, such as the use of pipelining, can accomplish the same goal. The most impor-
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Figure 11-44 Paralist implementation of the simple datapath.

tant message in the preceding analysis is that if power dissipation is the prime concern, dropping
the supply voltage is the most effective means o achieve that goal. The subsequent loss in per-
formance can be compensated for, if necessary, by an increase in area. Within certain bounds,
this is acceptable, since area is no longer the compelling issue it used to be due to the dramatic
increase in integration levels of the last decade.

Preblem 1111 Reducing the Supply Voltage, Using Pipelining

A pipeline stage is introduced between the adder and the comparator of the reference datapath of
Figure 11-44. You may assume that this roughly halves the propagation delay of the logic, while it
screases the capacitance by 13%. Obviously, an extra pipeline register is needed on input C as well,
Determine how much power can be saved by this approach, given that the throughput has to remain con-
stant compared with the reference datapath. Comment on the area overhead.

Using Multiple Supply Voliages

Reducing the supply voltage is fairly traightforward, but it may not be optimal. Reduced supply
evenly lowers the power dissipation of all logic gates, while evenly increasing their delay. A bet-
ter approach is to selectively decrease the supply voltage on some of the gates:

+ those which correspond to fast paths and finish the computation early, and
* those with gates that drive large capacitances, have the largest benefit for the same delay
increment.
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This approach, however requires the use of more than one supply voltage. Multiple supply volt-
ages are already employed frequently in today’s ICs. A separate supply voltage is provided for
the YO for compatibility reasons, where the /O ring is designed with transistors with thicker
gate oxides to sustain higher voliages. The logic core is powered from lower voltage supplies
and uses transistors with thinner oxides. This approach can be extended to lower the power dis-
sipation of a circuit. For instance, every module could select the most appropriate voltage from
twe {or more) supply opticns. Even more exireme, multiple voltages can be assigned on a gate-
by-gate basis.

Module-Level Voltage Selection Consider, for instance, the digital systemm shown in
Tigure 11-45, which consists of a datapath block with a critical path of 10 ns and a control block
with a much shorter critical path of 4 ns, operating from the same supply voltage of 2.5 V. Also,
assume that the datapath block has 2 fixed latency and throughput and that no architectural trans-
formation can be applied to lower its supply. Since the control block finishes early {in other
wards, it has timing slack}, its supply voltage can be lowered. A reduction to Vi, = 1V
increases its critical path delay to 10 ns, and lowers its power dissipation by more than five
times.® We effectively exploit the discrepancy in the critical-path length of the various modules
{called the siack) to selectively lower the power consumption of the modules with the larger
slack.

When combining multiple supply veltages on a die, level converters are required when-
ever a module at the lower supply has to drive a gate at the higher voltage. If a gate supplied by
Vypy drives a gate at Vppy, the PMOS trassistor never turns off, resulting in static current and
reduced cutpat swing as illustrates in Figure 11-46. A level conversion performed at the bound-
aries of supply voltage domains prevents these problems. An asynchronous level converter,
based on the DVSL template (Chapter €) and similar to the low-swing signalling gate of
Figure 9-32, is shown in Figure 11-46. The cross-coupled PMOS transistors perform the level
conversion by using positive feedback. The delay of this level converfer is quite sensitive to tran-
sistor-sizing and supply-voltage issues. The NMOS transistors operate with a reduced overdrive,
VooV compared with the PMOS devices. They have to be made large to be able to over-
power the positive feedback. Por a low value of V. the delay can beceme very long. Due to

data path
,=10ns
Vdd =25V

control path
Lh=4ns
Vdd =25V

Figure 11-45 Design with diverging critical-path lengths.

®This uses the simplifying assurnption that the propagation delay is inversely proportional to the supply voltage.
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Voo

Figure 11-46 Level converter.

the reduced overdrive, the circuit is also very sensitive to variations in the supply voltage. Note
that level converters are not needed for a step-down change in voltage.

The overhead of the level conversion can be somewhat mitigated by observing that most
conversions are performed at a register boundary. For instance, the control inputs to the datapath
block of Figure 11-45 are commonly sampled in a register. A practical way to perform the level
conversion is. then, to embed it inside the register. A level-converting register is shown in
Figure 11-47. It is a conventional transmission gate implementation of a master—siave latch pair,
where a cross-coupled PMOS pair is embedded in the slave latch to perform level conversion.

Multiple Supplies Inside a Block The same approach can be applied at much smaller granu-
larity by individually setting the supply veltage for each cell inside a block [Usami9s,
Hamada(1]. Examining the histogram of the critical-path delays for a typical digital block
reveals that only a few paths are critical or near eritical and that many paths have much shorter
delays. The shorter paths essentially waste energy, as there is no reward for finishing early. For
each of these paths, the supply voltage could be lowered to the optimum level. Minimum energy
consumption would be achieved if all paths become critical. However, this is not easily achiev-
able, as many logic gates are shared between different paths, and it is impractical to generate and

I~AC |,
XL

ckb

ckb  ck
clk —>o—>o— —D‘%— = CIMOS

Figure 11-47 Level-converting register. Shaded gates are
supplied from Vyp, [Usamifs).

Dell Ex. 1025
Page 448



606 Chapter 11 + Designing Arithmetic Building Blocks

AL

N

Figure 11-48 Dual-supply design using clusterad voltage scaling. Each path staris with a
high supply and switches to a low supply {gray logic gates) if there is a delay slack.
Level conversion is performed in the registars.

distribute 2 wide range of supply voltages. A more practical implementation, employing only
two supplies, is shown in Figure 11-48. Using a clustered voltage-scaling technigue, each path
starts with the high supply voltage and switches to the low supply when delay slack is available.
Level conversion is performed in the registers at the end of the paths, using circuits such as the
one introduced in Figure 11-47. Note that the ievel conversion is necessary only if the logic sec-
tion that follows capnot run entirely off the low supply.

The impact of this approach is illustrated in Figure 11-49, which plots the path-length dis-
tribution of a typical legic block for single and dual supplies. When a single supply is used, a
large fraction of the paths is substantially shoster than critical. Adding the second supply shifts
the delay distribution closer to the target delay, making many more paths critical. If the design
has very few critical paths and most of paths finish early, energy savings would be Jarge. On the
other hand, if most of the paths inside a biock are critical, introducing the second supply does
not yield any energy savings. You may wonder if adding a third or even a fourth supply voltage
may yield even greater benefits to equalize the larger delay spreads. Unfortunately, a number of
studies have shown that for typical path-delay distributions, adding more supplies only yields
marginal savings [Hamadal1, Augsburger2].

Similarly, one may ask whether this dual-supply technigue yields a larger benefit, com-
pared with a uniform reduction the supply. In using clustered voltage scaling, the dual-supply
approach is more effective when large switched capacitances are concentrated toward the

Dual-supply defay  Target
distribution delay
t

Original delay
disiribution

Path count

H
i
i
H
i

Delay

Figure 11-49 Typicai path-delay distribution before
and after applying the second supply.
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Ypou o
Yooy v

Figure 11-50 Layout of a dual-supply logic block where all
cells at different supplies are placed in different rows.

end of the block, suchi as in buffer chains {Stojanovic021, This observation is in accordance with
the concept of low-swing busses, introduced in Chapter 9. A bus typically presents the largest
capacitance, and it is more advantageous to lower the supply voliage on its driver than that on
amy other logic gate. Since it has the largest capacitance, the payoff in power savings is the larg-
est for the same increase in delay.

Distributing multiple supply voltages on a die complicates the design of the power-distri-
bution network and tends to tax the waditional place-and-route tools. As we saw many times
before, a structured approach can help to minimize the impact. One simple option is to place
cells with different supplies into different rows of a standard cell layoui, as shown in
Figure 11-50. The second supply can be brought in from outside the chip, or it can be gener-
ated on the die, using an internal DC-DC converter. Step-down switching DC-DC comverters
have a conversion efficiency of well over 90% and yield only a minimal overhead. Stll the
Vppr distribution network has o meet all necessary design requirements, such as decoupling to
minimize the voltage variations and immunity te electromigration.

Using Multiple Device Threshelds

The use of devices with multiple thresholds offers another way of trading off speed for power.
Most sub-0.25-pm CMOS technologies offer two types of A- and p-type transistors, with thresh-
olds differing by about 106 mV. This higher threshold device features a leakage current that is
about one order of magnitude lower than that of the lower threshold transistor, at the expense of
a ~30% reduction in active current. Therefore, the low-threshold devices are preferably used in
timing-critical paths, while the high thresholds are used anywhere else. The assignment can be
done on a per-cell basis, rather than per individual transistor [Wei99, Kato00]. Note that the use
of multiple thresholds dees not require level converters or any other special circuits, as shown
Figure 11-51. Clustering of the logic is not required either; as many gates as possible should be
converted to high thresheld unii] the timing slack is completely consumed. A careful assignment
of the thresholds can reduce the leakage power by 2s much as 80%-90%.

While the multiple-threshold approach primarily addresses the leakage current, it vields a
small reduction in active power as an additional benefit. This is primarily due to a reduced gate-
channel capacitance in the off state and a small reduction in signal swing on the internal nodes of
a gate (Vpp— Vgl Such a reduction is partially offset by increased source and drain junction
sidewall capacitances. The overall active power reduction turns out o be only about 4%.
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Figure 11-51 Use of dual-ttweshold gates. Gray-shaded gates use low
threshoids and are employed only in critical paths.

Reducing Switching Capacitance through Transistor Sizing

The input capacitance of a complementary CMOS gate is directiy proportional to its size and,
therefore, also to its speed. In Chapter 6, we examined the optimal sizing of gates and found that
each gate in a logic path should be sized to have an effective fan-out of approximately 4 to
achieve the minimum delay for that path. An interesting question is how to size a circuit for min-
imum energy when the allowable delay is longer than minimal?

We know that for an inverter chain with a given load and number of stages, the minimum
delay is achieved when the size of each inverter in the chain is the geometric mean of is
neighbors:

552 = S8y (11.28)

When the minimum delay that is achieved by this sizing is below the desired delay, an optimiza-
tion problem can be formulated that minimizes the switching capacitance under delay con-
siraints. One option is to reduce the number of stages and increase the tapering factor, as
suggested in Chapter 9. Even better, an analytical solution exists for this problem [Ma94], which
establishes that the optimal approach is to adjust the tapering factor at each stage according to
the following equation:

2 S

RS L N 11.29
k 1+y“gi—1 ( )

The parameter |L is a nonnegative number that depends on the amount of timing slack available
{with respect to the chain sized for the minimum delay). This solution is intuitively clear—the
last stages in the inverter chain are the largest; hence, they are the prime candidates for downsiz-
ing. Since downsizing any of the inverters in the chain by a given percentage causes the same
delay increment. Hence, we rather do it at the stage where we get the largest impact, which is the
largest one.

The same principle applies to a logic path. When it is optimized for minimum delay, the
delay of each stage is the same {while the intrinsic delays of gates may differ). Therefore,
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the delay of the largest energy consuming gates should be increased first. This idea can be
extrapolated to the energy—delay optimization of a general combinational logic block. However,
applying it in practice is not trivial. Downsizing one path affects the delay of all paths that share
logic gates with it, making it difficult to isolate and optimize one particular path. In addition,
many paths in a general combinational block are reconvergent.

Example 11.8§ Energy-Delay Trade-Offs in Adder Design

Let us examine the energy-delay optimization of the 64-bit Kogge—Stone tree adder. There
are many paths through an adder, and not all of these paths are balanced. A crucial gues-
tion is how t identify the paths for resizing or initial sizing. One option is to select all the
paths in the adder equal to the critical path. Since the paths through an adder roughly cor-
respond to different bit slices, we allocate each gate in the adder to a bit slice. There are 64
bit slices, and a total of nine stages of logic. This partition works well for Figure 11-52a
shows the resulting energy map for the minimum delay. It can be seen that the adder con-
sumes the largest energy along the longest carry paths. Figure 11-52b shows the energy
profile of the same adder, this time resized, allowing for a 10% delay increase. The energy
dissipation is reduced by 54%. In contrast, a dual-supply solution saves only 27%, while a
single reduced supply yields 22% savings [Stojanovic02]. In summary, sizing is an effec-
tive power-reduction method for datapaths, where the majority of energy is con-
sumed inside the block, rather than in driving the external load.

nominal D = d,,,, sizing: E (~54%), dy,.= 10%

energy

Figure 11-52 Energy profiles of a 64-bit adder: (&) sized for minimum delay,
{b) sized for 10% delay increment and minimized energy.
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Reducing Switching Capacitance through Logic and Architecture Optimizations

As the effective capacitance is the product of the physical capacitance and the switching activity,
minimization of both factors is recommended. A wide variety of logic and architectural optimi-
zations exist that reduce the activity at no expense in performance. Some of those were already
introduced in Chapter 6. For the sake of brevity, we only show a small number of representative
optimizations. (Refer to [Rabacy96] and [Chandrakasan98] for an in-depth overview.;

Reducing Switching Activity by Resource Allocation Multiplexing multiple operations on a
single hardware unit has a detrimental effect on the power consumption. Besides increasing the
physical capacitance, it can also increase the switching activity. This is iltustrated with a simple
experiment in Figure 11-53, which compares the power consumption of two counters runmng
simultaneously. In the first case, both counters run on separate hardware, while in the second
case, they are multiplexed on the same unit, Figure 11-53b plots the number of switching events
as a function of the skew between the two counters. The nommultiplexed case is always superior,
except when both counters run in a completely synchronous fashion. The multiplexing tends to
randomize the data signals presented to the operational unit, which results in increased switch-
ing activity. When power consumption is a concern, it is often beneficial to avoid the excessive
reuse of resources. Observe that CMOS hardware units consume only negligible amounts of
power when idle. Providing dedicated, specialized operators only presents an extra cost in area,
while being generally beneficial in terms of speed and power.
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Figure $1-53 Multiplexing increases the swilching activity.
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Figure 11-54 Glitching in the sum bits of a 16-bit ripple-carry adder.

Reducing Glitching through Path Balaneing Dynamic hazards, or glifching, are a major con-
fribution to the dissipation in coroplex structures such as adders and multipliers. The wide dis-
crepancy in the lengths of the signal paths in some of those structures can be the cause of
spurious fransients. This is demonstrated in Figure 11-54, which displays the simulated response
of a 16-bit ripple adder for all inputs going simultanecusly from 0 to 1. A number of the sum bits
are shown as a function of time. The sum signals should be zero for all bits. Unforunately, a |
appears briefly at all of the outputs, since the cairy takes a significant amount of time to propa-
gate from the first bit to the last. Notice how the glitch becomes more proncunced as it travels
down the chain.

A dramatic reduction in glitching activity can be obtained by selecting stractures with bal-
anced signal paths. The tree lookahead adder structures {such as Kogge-Stone) and the tree mul-
tipliers have this property; therefore, they should be more attractive from a power point of view,
even in the presence of a larger physical capacitance. An inspection of the lookahead structure of
Figure 11-22 reveals that the timing paths to the inputs of dot operators are of a similar length,
although some deviations may occur due to differences in loading 2nd fan-out.

11.7.2 Run-Time Power Management

Dynamic Supply Voltage Scaling (DVS)

A static reduction of the supply voltage, as discussed in the preceding paragraphs, lowers the
energy per operation and extends the battery life at the expense of performance. This perfor-
mance penalty is often not acceptable, especially in applications that are latency constrained.
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Substantial power reductions are still obtainable, based on the realization that the peak perfor-
mance is not continuously required. Consider, for instance, a general-purpose processor o be
used in portable applications, such as notebobks, electronic organizers, and cellular phones. The
computational functions © be executed on such a processor fall inte three major categories:
compute-intensive tasks, low-speed functions, and idle-mode operation. Compute-intensive and
short-latency tasks need the full computational throughput of the processor to achieve real-time
constraints. MPEG video and audic decompression are examples of such, Low-throughput and
long-latency tasks, such as text processing, data entry, and memory backups, operate under far
more relaxed completion deadlines and require only a fraction of the maximum throughput of
the microprocessor. There is no reward for finishing the computation early, and if a task is com-
pleted early, it can be considered a waste of energy. Finally, portable processors spend a large
fraction of their time on idle, waiting for a user action or an external wake-up event. In sum, the
computational throughput and latency expected from a mobile processor vary drastically over
time.

Even compute-intensive operations, such as MPEG decoding, show variable computa-
tional requirements while processing a typical stream of data, For example, the number of times
an MPEG decoder computes an inverse discrete cosine transform (IDCT) per video frame varies
widely, depending upon the amount of motion in the video scenes. This is iustrated in
Figure 11-55, which plots the distribution of the number of IDCTs/frame for a typical video
sequence. The processor that is executing this algorithm experiences a different computational
workload from frame to frame.

Lowering the clock frequency when executing the reduced workloads reduces the power,
but does not save on engrgy—every operation is still execuied at the high voltage level. How-
ever, if both supply voltage and freguency are Jowered simultaneously, the energy is reduced. In
order to maintain the required throughput for high workloads and minimize energy for low
workloads, both supply and frequency must be dynamically varied according to the require-
ments application that is currently being executed. This technique is called dyanic voliage
scaling (DVS). The concept is illustrated in Figure 11-36 [Burd00, Gutnik97]. It operates under

0.08
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Frequency of occurrence

0 500 1060 13500
Number of IDCTS per frame
Figure 11-55 Typical IDCT histegram for MPEG decoding.
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Figure 11-66 Energy/operation versus throughput (1/T}
for constant and variable supply voltage operation.

the guideline that a function should always be operated at the lowest supply voltage that
meets the timing consiraints,

The DVS concept is enabled by the observation that the delay of most CMOS circuits and
functions track each other well over a range of supply voltages, which is a necessity for system
operation under varying supply cenditions. Figure 11-57 shows the delays of a number of repre-
sentative CMOS blecks {such as NAND gates, ring osciliators, register files, and SRAM), overa
supply voltage ramge from 1 V to 4 V [Burd(0]. Excellent performance tracking can be
observed. Note thet some circuit families, such as NMOS-only pass-transistor Iogic do not fol-
low this behavior over the complete range of supplies.

A practical implementation of a dynamic-voltage scaling system now consists of the fol-
lowing componenis:

* a processor that can operate under & wide variety of supply voltages,
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Figure 11-57 Delay of representative CMOS functions as a
function of supply voltage for 2 0.6-um CMOS technology.
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Figure 11-58 Block diagram of a dynamic voltage-scaled system.

* a supply-regulation leop that sets the minimum voltage necessary for operation at a
desired frequency, and

« an operating system that calculates the required frequencies to meet requested throughpuis
and task completion deadlines.

One possible implementation is shown in Figure 11-58. The core of the DVS system is a a
ring osciliator, whose oscillating frequency matches the microprocessor critical path. When
incladed inside the power-supply contrel loop, this ring oscillator provides the translation
between the supply voltage and the clock frequency. The operating system digitally sets the
desired frequency (Fpgg). The current value of ring oscillator frequency is measured and com-
pared with the desired frequency. The difference is used as a feedback error. By adjusting the
supply voltage, the supply-voltage loop changes the ring oscillator frequency to set this error
value to 0.

The task of the scheduler {or real-time operating system) is to determine dynamically the
optimal frequency {or voltage) as a function of the combined computational requirements of all
active tasks in the system. In the more complex case of a general-purpose processor, each task
should supply a completion deadline (e.g., video frame rate} or a desired execution frequency.
The voltage scheduler then estimates the sumber of processor cycles necessary for completing
each of the tasks and computes the optimal processer frequency [Pering99]. In the case of a sin-
gle task with varying performance requirements, & queue can be used to determine the computa-
tional load and to adjust the voltage accordingly. This is illustrated in Figure 11-39, where the
depth of the input queue is used to set the supply voltage (and frequency) of a stream-based sig-
nal processor [Guinik97].

Dynamie Thresheld Scaling (DTS)

In analogy to the dynamic variation of the supply voltage, it is attractive to adjust the threshold
voltage of the transistors dynamically. For low-latency computation, the threshold should be
lowered to its minimal value; for low speed computation, it can be increased; and in the standby
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Figure 11-59 Using a queue to determine the workload in a
signat processor [Guinik97).

mode, it should be set to the highest possible value to minimize the leakage current. Substrate
bias is the controf knob that allows us to vary the threshold voltages dynamically. In order to do
$0, we have to operate the transistors as fow-terminal devices. This is only possible in a triple-
well process, as independent control of all four terminals of both n- and p-type devices is
required, as shown in Figure 11-60. Substrate biasing can be implemented for a complete chip,
on a block-by-block or a cell-by-cell basis. Per cell granularity of substrate biasing, however, has
a large layont cost,

Similar to dynamic supply-voltage scaling scheme, the variable threshold voltage scheme
is based on a feedback loop, which can be set to accomplish a variety of goals:

* It can lower the leakage in the standby mode

* It can compensate for threshold variations across the chip during normal operation of the
circuit

+ It can throtile the throughput of the circuit to Iower both the active and leakage power
based on performance requirements,

Since the current flow into the substrate is much smaller than into the supply lines, DTS
has a smaller circuit overhead than DVS. A feedback system, designed to contro! the leakage in
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W
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Figure 11-60 An inverter with body terminals used for threshold controt.
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Figure 11-81 Varjable threshold control scheme
impiementad with a leakage current monitor [Kurodags).

a digital module, is shown in Figure 11-61 [Kuroda%6 and Kuroda01i]. It consists of a leakage
control monitor and a subsirate bias charge pump, added to the digital block of interest.

The leakage current monitor is crucial for implementing this scheme. Transistors ), and
M, are biased to operate in the subthreshold region. When an NMOS transistor is in the sub-
threshold, its current is given by

Vgs/S

In=I/Wy W-10 (11.30)
where § is the subthreshold slope. The output of the bias generator V), equals
V, = §-log(W./ W) (11.31)

From the total transistor width of all transistors in the block that is to be monitored,
Wit ooy the total current scaling factor can be found:

v,

frew _ Wiew 105 = Wiew Wi

IBLOCX WBLOCK %VBLQCX W%

{11.32)
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To minimize the power penalty of the monitoring, the leakage monitor should be made as
small as possible. However, if it is too small, the overall leakage monitoring response gets
slower and the substrate biasing does not track variations closely. The optimal value can be set
very low, with the monitor transistor being as small as 0.001% of the total transistor width on
the chip.

A conventional charge pump siphons current in and out of the substrate. The conirol cir-
cuit monitors the leakage current. If it is above the preset value—corresponding to the mode of
operation, set externally by the user or the operating system—the charge pump increases the
negative back bias by pumping current out of the substrate. The charge pump shuts off when the
leakage current reaches the target value, Junction leakages and impact jonization in the circuit
will eventually raise the substrate bias voltage again, which activates the feedback toop new.
Since it does not have te provide large supply currents on a continuous basis, this scheme is sim-
pler te implement than dynamic voltage scaling.

Unfortunately, the effectiveness of adaptive body biasing is decreasing with further tech-
nology scaling. This is duc to inherently lower body-effect factors and increased junction leak-
age attributable to band-to-band tunneling.

11.7.3 Reducing the Power in Standby (or Sleep) Mode

The idle mode represents an extreme comer of the dynamic power-management space. As no
aclive switching occurs, all power dissipation is due to leakage—assuming that appropriate
clock and input gating is in place. One option to reduce the leakage during standby is the DTS
technique presented in the previous section. A simpler power-down scheme utilizes large sleep
transistors to switch off the power supply rails when the circuit is in the sleep mode. This
straightforward approach significantly reduces the leakage current, but increases the design
complexity. It can be implemented by using a power switch on the supply rail only, or, even bet-
ter, on beth supply and ground rails, as shown Figure 11-62.

In normal operation mode, the SLEEP signal is high, and the sleep transistors must present
as small a resistance as possible. The finite resistance of these transistors results in noise on sup-
ply rails, attributable to changes in supply current drawn by the logic. The sizing and the selec-
tion of the thresholds of the sleep transistors is subject to a trade-off process. To minimize
fluctuations in the supply voltage, the sleep transistors should have a very low on-resistance, and
therefore be very wide. However, increasing their size brings with it 2 major layout penalty.
When transistors with a higher threshold are available, a betier leakage suppression can be
achieved. However, high-threshold devices must be even larger to yield the same resistance as
tow-threshold devices. The principles of leakage reduction are a direct extension of principles
introduced in Section 6.4.2. Adding the sleep transistor effectively increases the transistor stack
height, resulting in leakage reductions of the order of tens {for low threshold switches) to a thou-
sand (for high threshold switches) times.

As opposed to simple clock gating, switching off the power supplies erases the state of the
registers inside the block. In some applications, this is acceptable, such as when a completely
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Figure 11-62 Sleap transistors used () enly on the supply rall, {b) on both
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new task is executed after the block wakes up again. However, additional effort is required when
the state needs to be preserved. One option is to connect all the registers (o the nongated supply
tails, Vi, and Vg, as discussed in Chapter 7 and shown in Figure 7-18. An alternative is to use
the operating system to save the state of all registers to a nonvolatile memory.

11.8 Perspective: Design as a Trade-off

The analysis of the adder and multiplier cireuits makes it clear again that digital circuit design is
a trade-off between area, speed, and power requirements. This is demonstrated in Figure 11-63,
which plots the normalized area and speed for some of the adders discussed earlier as a function
of the number of bits.” The overall project goals and constraints determine which factor is dominant.

The die area has a strong impact on the cost of an integrated circuit. A larger chip size
means fhat fewer parts fit on a single wafer as discussed in Chapter 1. Reducing the area can
help the viability of a product. Ultimate performance is what makes the newest microprocessor
sell, and the lowest possible power consumption is a great marketing argument for a cellular
phone. Understanding the market of a product is therefore essential when deciding on how to
play the trade-off game. One should be aware that all design consiraints—-speed, power, and
area—comiribute to the feasibility or market success of a design.

In this context, it is worth summarizing some of the important design concepts that have
been introduced in the course of this chapter:

*Be aware that these resulis are for a particular implementation in z particular technology. Extrapolation 1o other tech-
nologies should be done with care.
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Figure 11-63 Area and propagation delay of various adder structures as a function
of the number of bits N. Based on results from [Vermassengs].

1. The most important rule is to select the right stricture before starting an elaborate circuit
eptimization. Going for the optimal performance of a complex structure by rigorously
optimizing transistor sizes and topologies probably will not give you the best result. Opti-
mizations at higher levels of abstraction, such as the logic or architectural level, can often
generate more dramatic resuits. Simple first-order calculations can help give a global pic-
ture on the pros and cons of a proposed siructure.

2. Determine the critical timing path through the circuit, and focus most of your optimization
cfforts on that part of the cireuit. In addition to hand analysis, computer-aided design tools
are available to help determine the critical paths and size the transistors appropriately. Be
aware that some noncritical paths can be downsized to reduce power consumption,

3. Circuit size is not only determined by the number and size of transistors, but also by other
Ffactars such as wiring and the nmber of vias and contacts. These factors are becoming
even more important with shrinking dimensions or when extreme performance is a goal.

4. Although an obscure optimization can sometimes help to get a better result, be wary if this
results in an itregular and convoluted topology. Regularity and modularity are a designer’s
best friend.

3. Power and speed can be traded off through a choice of circuit sizing, supply voliages, and
transistor thresholds.

11.9 Summary

In this chapter, we have studied the implementation of arithmetic datapath operators from a per-
formance, ares, and power perspective. Special attention was devoted o the development of
first-arder performance models that allow for a fast analysis and comparison of various logic
structures before diving into the tedious transistor-level optimizations.
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s A datapath is best implemented in a bit-sliced fashion. A single layout slice is used repeti-
tively for every bit in the data word. This regular approach eases the design effort and
results in fast and dense layouts.

= A ripple-carry adder has a performance that is linearly propoertional to the number of bits.
Circuit optimizations concentrate on reducing the delay of the camry path. A number of cir-
cuit topologies were examined, showing how careful optimization of the circuit topology
and the transistor sizes helps to reduce the capacitance on the caury bit.

« Other adder siructures use logic optimizations to increase the performance. The perfor-
mance of carry-bypass, carry-setecr and carry-lookahend adders depends on the number
of bits in square root and logaritlunic fashion, respectively. This increase in performance
comes at a cost In area, however.

« A mudtiplier is nothing more than a collection of cascaded adders. Its eritical path is far
more complex, and performance optimizations proceed along vastly different routes. The
carry—save technique relies on a logic manipufation to turn the adder array inio a regular
structure with a well-defined critical timing path that can easily be optimized. Booth
recoding and partial product accumulation in a tree reduces the complexity and delay of
larger multipliers.

« The performance and area of a programmable shifter are dominated by the wiring. The
expleitation of regularity can help to minimize the impact of the interconnect wires. This
is exemplified in the barrel and the logarithmic shifter structures.

+ Power conswmption can be reduced substantially by the proper choice of circuit, logical, or
architectural structure. This might come at the expense of area, but area might not be that
critical in the age of submicron devices.

+ A wide range of design-time and run-time techniques are at the disposition of a designer to
minimize the power consumption. At design time, power and delay can be traded off
threugh the choice of supply voltages and thresholds in addition to transistor sizing and
logic optimization. The use of paralielism and pipelining can help to reduce the supply
voltage, while maintaining the same throughput. The effective capacitance can be reduced
by avoiding waste, as introduced by excessive multipiexing, for example.

= Some applicaiions operate under varigble throughput or latency conditions. Using vasi-
able supplies and transistor thresholds can lower the active or leakage power in such sys-
iems. Minimization of the standby energy consumption is essential for portable battery-
operated devices.

11.10 To Probe Further

The literature on arithmetic and computer elements is vast. Important sources for newer develop-
ments are the Proceedings of the IEEE Svimposium on Computer Arithmetic, the IEEE Transac-
tions on Computers and the [EEE Jourral of Solid-Stare Circuits (for integrated cireuit
implementation). An excellent collection of the most significant papers in the area can be found
in some IEEE Press reprint volumes [Swartzlander90)]. A number of other references, such as
[Cmondi®4], [Koren98), and [Oklobdzijali], are provided for further reading.
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Exercises

For the latest problem sets, design challenges and desiga projeets related to arithinetic modules, log in to
http:/fbwreeecs.berketeredu/TcBook.
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DESIGN METHODOLOGY INSERT

H

Validation and Test
of Manufactured Circuits

Manufacturing fest
Design for testability

Test pattern generation

H.1 Introduction

While designers tend to spend numerous hours on the analysis, optimization, and layout of their
circuits, one issue is often overlooked: When a component returns from the manufacturing plant,
how does one know if it actually works? Does it meet the functionality and performance specifi-
cations? The customer expects a delivered component to perform as described in the specifica-
tion sheets. Once a part is shipped or deployed in a system, it is expensive to discover that it does
not work. The Iater a fault is detected, the higher the cost of correction. For instance, replacing a
component in a sold television set means replacement of a complete board as well as the cost of
abor. Shipping a nonworking or partially functional device should be avoided if at all possible.

A correct design <oes nof goarantee that the manufactured component will be operational.
A number of manufacturing defects can occur during fabrication, either due to faults in the base
material (Tor instance, impurities in the silicon crystal}, or as a result of variations in the process,
such as misalignment, Other fanlts might be intreduced during the stress tests that are performed
after the manufacturing. These tests expose a part to cycles of temperature and mechanical stress
to ensure its operation over a wide rangs of working conditions. Typical faults inchude short cir-
caits between wires or layers amd broken interconnectiens. This wranslates into network nodes
that are either shorted to each other or to the supply rails, or that may be Hoating.

721

Dell Ex. 1025
Page 466



722 Insert ¥ » Validation and Test of Manufactured Circuils

Making sure a delivered part is operating correctly under all possible input conditions is
not as simple as it would seem at a first glance. When analyzing the circuit behavior during the
design phase. the designer has unlimited access to all the nodes in the network. He is free to
apply input patterns and observe the resulting response at any node he desires. This is not the
case once the part is manufactured. The only access one has to the circuit is through the input-
output pins. A complex component such as a microprocessor is composed of tens o hundreds of
millions of transistors and contains an uncountable number of possible states. It is a very lengthy
process—if it is possible at all—to bring such a component into a particular state and to observe
the resulting circuit response through the limited bandwidth offered by the input-output pads.
Hardware testing equipment tends o be very expensive and every second a part spends in the
tester adds to its price.

It is therefore advisable to consider the testing early in the design process. Some small
modifications in a circuit can help make it easier to validate the absence of faults. This approach
to design has been dubbed design for testability (DFT). While often despised by circuit design-
ers who prefer to concentrate on the exciting aspects of design, such as transistor optimization,
DFT is an integral and important part of the design process and should be considered as early as
possible in the design flow. “If you don’t test it, it won't werk! { Guainnteed)’ [Weste93], A DFT
. strategy contains two components:

1. Provide the necessary circuifry so that the test procedure can be swift and comprehensive.

2. Provide the necessary fest patterns {(excitation vectors) 1o be employed during the test pro-
cedure. For reasons of cost, it is desirable that the test sequence be as short as possible
while covering the majority of possible fauits.

In the subsequent sections, we briefly cover some of the most importent issues in each of these
domains. Before doing so, a short description of a typical test procedure helps to put things in
perspective.

H.2 Test Procedure

Manalacturing tests fal! into a number of categories depending upon the intended goal:

» The diagnostic test is used during the debugging of a chip or board and tries o accom-
plish the following: Given a failing part, identify and locate the offending fault.

« The Functional test (also called go/io go test) determines whether or not a manufaciured
component is functional. This problem is simpler than the diagnostic test since the only
answer expected is yes or no. As this test must be executed on every manufactured die and
has a direct impact on the cost, it should be as simple and swift as possible.

» The parametric test checks on a number of nondiscrete parameters, such as noise mar-
gins, propagation delays, and maximum clock frequencies, under a variety of working
conditions, such as temperature and supply voliage. This requires a different sel-up from

Dell Ex. 1025
Page 467



insert H + Validation and Test of Manufactured Circuits 723

the functional tests that only deal with O and [ signals. Parametric tests generally are sub-
divided into static {dc) and dynamic {ac) tests.

A typical manufacturing test proceeds as follows. The predefined test patterns are foaded
into the tester that provides excitations to the device under test (DUT) and collecis the corre-
sponding responses, The test patterns are defined in a rest program that describes the waveforms
te be applied, voltage levels, clock frequency, and expected response, A probe card, or DUT
board, is needed to connect the outputs and inputs of the tester to the corresponding pins on the
die or package.

A new part is automatically fed into the tester. The tester executes the test program,
applies the sequence of input patterns to the DUT, and compares the cbtained response with
the expected one. If differences are cbserved, the part is marked as faulty (e.g., with an ink
spot), and the probes are atomatically moved to the next die on the wafer, During the scrib-
ing process that divides the wafer into the individual dies, spotied parts will be automatically
discarded. For a packaged pait, the tested component is removed from the test hoard and
placed in 2 good or fauity bin, depending upon the outcome of the test. The whole procedure
takes in the range of a few seconds per part, making it possible for a single tester 1o handle
thousands of parts in an hour.

Figure H-1 shows a picture of a high-end tester for logic circuits. Automatic testers are
very expensive pieces of equipment. The increasing performance requirements, imposed by the
high-speed ICs of today, have aggravated the situation, causing the cost of the test equipment to
skyrocket. Reducing the time that a die spends on the tester is the most effective way to reduce
the test cost. Unfortunately, with the increasing complexity of ICs, an opposite trend can be
observed. Design approaches to reduce the test burden are thus very desirable.

H.3 Design for Testability

H.3.1 Issues in Design for Testability

As mentioned, a high-speed tester that can adequately handle state-of-the-art components comes
at an astronomical cost. Reducing the test time for a single component can help increase the

Figure H-1  Automatic tester (Courtesy Shiumberger).
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A inputs K outputs
Ninpuis & X outputs < Combinational :
7: . : '
M state regs
{a} Combinational function {b) Sequential engine

Figure H-2 Combinational and sequential devices under test.

throughput of the tester, and has an important impact on the testing cost. By considering testing
from the early phases of the design process, it is possible to simplify the whole validation pro-
cess. In this section, we describe some approaches that achieve that goal. Before detailing these
techniques, we should first understand some of the intricacies of the test problem.

Consider the combinational circuit block of Figure H-2a. The correctness of the circuit
can be validated by exhaustively applying all possible input patterns and observing the
responses. For an N-input circuit, this requires the application of 2% patterns. For & = 20, more
than | million patterns are needed. If the application and observation of a single pattern takes
1 usec, the total test of the module requires 1 sec. The situation gets more dramatic when con-
stdering the sequential module of Figure H-2b. The output of the circuit depends not only upon
the inputs appiied, but also upon the value of the state. To exhaustively iest this finite state
machine (FSM) requires the application of 2V*¥ input patterns, where M is the number of state
registers [Williams83, Weste93]. For a state machine of moderate size {e.g., # = 10}, this
means that 1 billion patterns must be evaluated, which takes 16 minutes on our 1 gsec/pattern
testing equipment. Modeling a modern microprocessor as a state machine translates into an
equivalent model with over 50 state registers. Exhanstive testing of such an engine would
require over a billion years!

Obviously, an altersative approach is required. A more feasible testing approach is based
on the following premises.

 An exhaustive enumeration of all possible input patterns contains a substantial amount of
redundancy; that is, a single fault in the circuit is covered by a number of input patierns.
Detection of that fault requires only one of those patierns, while the other patterns are
superfinous.

« A substantial reduction in the number of paiterns can be obtained by relaxing the condi-
tion that all faults must be detected. For instance, detecting the last single percentage of
possible faults might require an exorbitant number of extra patterns, and the cost of detect-
ing them might be larger than the eventual replacement cost. Typical test procedures only
attempt a 95-99% fault coverage.
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