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Figure 11-19 Propagation delay of square-root carry-select adder versus linear
fipple and select adders. The unit delay maodel is used to madel the cell delays.
or
P=_ 2N {11.133

Equation (11.13} can be used to express 7, as a function of N by rewriting Eq. (11.10x

Lo = !se:;:p + ﬂ‘f{carr_v + {“«‘ EN}IMH.E F e (3 L. 14)

The delay is proporiional to /N for large adders (W >> M), or £, = O(J/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 2 function of N. It can be observed that for
large values of &, ¢, 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 te carry-bypass adders. We saw ear-
Her that their delay is a linsar function of a number of bits. Can they be modified to achieve better than lin-
ear delay by using variable group sizes?

1t daes 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 ecarry-bypass adder in which the last stage is the largest: The carry signal
that propagates through that stage and gets consumed at the mish position {with no chance of bypassing ir) is
on the critical path for the sum generation. Increasing the size of the last group dees not help the problem.

Based on this discussion and assuming constant delays for carry and bypass gates, skeich the profile
of the carsy 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 Lookahead Adder When designing even faster adders, it is essential fo 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, MacSorley61]. As stated before, the following refation holds for each bit
position in an N-bit adder:

Cor = FlALBLC, . ) =G+ P, {11.15)
The dependency between C, , and C, ,_; can be eliminated by expanding C,;
Coy = G+ PG+ Py Cy g 2) (11.16}
In a fully expanded form,
Coi = Gp+ PGy + P (. + P{Gy+ PoCp ))) (11.i7)

with C; , typically equal to 0,

This expanded relationship can be used to implement an V-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 biock
diagram of the overall composition of a carty-lookahead adder is shown in Figure 11-20.

Such a high-level mode! contains some hidden dependencies. When we study the detailed
schematics of the adder, it becomes obvious that the constant addition time is wishful thinking
ard that the real delay is at least increasing linearly 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 camy-lockahead equation to
build a mirror structure, similar in style to the single-bit full adder of Figure 11-6.% The large
fan-in of the circuit makes it prohibitively slow for larger values of N. Implementing it with sim-
pler gates requires multiple logic levels. In both cases, the propagation delay increases, Further-

Ap By -%331 An-1: By
i L

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

4 Similar to the mirtor adder, this circuit reguizes that the Propagate signal be defined ss P= A + B.
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11.3 The Adder 579

Figure 11-21 Schematic diagram of mirror implementation
of four-bit icokahead adder {from [Weste85]).

mare, the fan-out on some of the signals tends to grow excessively, slowing 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 valuzes of ¥ (< 4}

The Logarithmic Lookahead Adder—Concept For a carry-lookahead group of N bits, the
transistor implementation has & + 1 parallel branches with up to N + ! transistors in the stack.
Since wide gates and large stacks display poor performanee, the carry-lookahead computation has
to 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 irees. A more effective implementa-
tion is obtained by hierarchically decomposing the carry propagation into subgroups of N bits:

Coo = Got Pyl
Cot = G+ PG+ PLPyCy = (G + PG + (P Pg)C 5 = Grg+ Pl
Co2 = Ga+ PGy + Pl Gy + PP PoC g = Go+ Py, | {11.18)
Cos = Ga+ P3G, + PiP,G, + P3P, PGy + PP P PLC,
= (G3-§P3G2}-§-(P3P2}Cﬂll = Gy + P00,
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580 Chapter 11 = Designing Arithmetic Building Blocks

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

Note that the format of the new expression for the carry 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 original carry equations, since G;= G;and P; =
P... Another generalization is possible by treating the generate and propagate functions as a pair
(G0 Py, rather than considering them as separate functions. A new Boolean operator, cakied
the der operator (), can be introduced. This operator on the pairs and allows for the combination
and manipulation of blocks of bits:

(G, P)-(G,P) = (G+ PG, PP} (1L19)

Using this operator we can now decompose (Gy., Pa.0) = (G, P3) - (Gy, Py). The dot operator
oheys the associative property, but if is niot commutative,

Example 11.4 Ripple-Carry Adder Expressed by Using the Dot Operator
With the dot operator, a four-bit rippie carry adder can be re-written as
(Cg,gs 0) = E(G?,: Pg)‘ ':sz Pz) - {Gls P;} ' {Ggp Pa}] ' (Cg{js 0)

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

(63:(:» Pa:u) = {(G3, P3) : (G2> Pz)] : {{‘Slo P;}‘ (Go’ PG)]
= (Ga: Pial- (Grp Prog)

By exploiting the associalive property of the dot operator, a tree can be constructed that effec-
tively computes the carries at all 21 positions (that is, [, 3, 7, 15, etc.) for i = 1...log,{NV). 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 logy{¥) 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 8, while, for a fogarithmic 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-
tion 15 is computed by combining the results of blocks (0:7) and (8:15). Each of these, in turn, is

Dell Ex. 1025
Page 423




11.3 The Adder 581

LO IR R B

5,
Ay

5

5

S S

<& Sy

-0 Sy

S

S1n

< Sy

O S

Sis

|

lll:lnns [
T S e G T A N T Y
2 idddE2EEd e

Figure 11-22: Schematic diagram for Kogge—Stone 16-bit lookahead logarithmic adder.

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

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

The combination of carry-lockahead (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 desizn of a
dynamic CLA.

The first module generates the propagate and generale signal, as shown in Figure 11-23, The addi-
tion of a separate inverler 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 allows for a quick disengagement of
the keeper after the iransition starts. The inverter that is driving successive logic gates, on the other hand, is
optimized to drive a fan-out of two (for G outputs) or three (for 7 outputs) NMOS pull-down networks.

Each of the biack dots in Figure 11-22 represents two gates that compute the block-level propagate
and generate signals, as shown in Figure 11-24. Since these gates are not located at the beginning of the
pipeline, the evaiuation transistor (2iso cailed the faor swirch) is optional, as discussed in Chapter 6. This
approach is comemonly used in dynamic datapaths. During the precharge phase, ail the outpuis of the dom-
ino gates are guaranteed (o be low, furning off any discharge path in the succeeding domino stages. Elimi-
nation of the foot switch in any stage other than the first lowers the logical effort of the gates and speeds up
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582 Chapter 11 = Designing Arithmetic Building Blocks

Voo

Voo

Figure 11-23 Dynamic Implementation of propagaie and generate signals.

the evaluation, Por 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 cament exists in all gates without 2 foot switch until their inputs get pre-
charged. To avoid the short-cireuit current, the clock at each stage Cik, is delayed from the previous stage.
This approach is called clock-delayed domino as was introduced in Chapter 10. Note that the clock is
detayed by the same amount for ali bit-slices per stage, thus simplif¥ing the implementation.

By putting together seven stages of logic in a bit-sliced fashion—P-C 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
built in domino logic. Static XOR gates could be used, but these produce nonmonotonic ransitions and thus
cannot be used to drive other domino gates. This might not be a probfem per se, since the sum generation typ-
ically is the final stage of the addition operation. However, the latch that tollows the sum generation cannot
be transparent, because this could cause a violation of the transition rule for the succeeding domino gates.

One way of implementing the sum in domine logic is through sum sefection, in which both care for
the sum are computed as 5v = 7, ® b, and §) = «,® b, . The dynamic gate of Figure 11-25 is then used to
select one of these possibilities, based on the incoming catry.

Von VDD_
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— * §>°—° | ' N
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i
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Figure 11-24 Implementation of the dot operator in dynamic logic: (&) propagate
and (b} generate logic at stage k and bit position i {see Figure 11-22).
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Figure 11-25 Sum select in dynamic logic.

The implementation of the multiplexer zate requires three logic levels, because no complementary
carry is available in domine 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 dynamie gates are eascaded without introducing an inverter. 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-riming edge—all the
inputs to the second gate must have fAnished their transition before the clock raises.

It should be emphasized that when a designer chooses to use these design techniques, circuit robust-
ness cannol be compromised. All clocks are subject to random skew, and the defayed 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 io the design. It can suppress the glitch at the out-
put of the second stage, in case the clock arrives early. The keeper must be sized large enough to minimize
this plitch, but not so large that it would compromise performance.

Another option is to implement the adder in differential domine logic, whare hoth signal polarities
arc available, and the inversion problem is avoided. However, the overall design would be quite power
hungry. B

Problem 114 Static Adder Tree Design

Design a 18-bit carry-lookahead adder tree in static complementary CMOS. Design the lookahead tree by
asing inveried 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 you size it for minimal delay?
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584 Chapter 11 = Designing Arithmetic Building Blocks

Logarithmic Lookahead Adder—Alternatives Designers of fast adders sometimes revert io
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 alternative structures.

The Kogge-Stone tree of Figure 11-22 has some interesting properties. First, its intercon-
nect structure is regular, which makes implementation quite easy. Furthermore, the fan-cut
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 compuies only the carries to the powers-of-two bit posi-
tions [Brent82], as iliustrated in Figare 11-26 for ¥ = 16.

The forward binary tree realizes the carry signals only at positions 2%~ I:

(C, 0 0) = (G Po) - (G 03

(C, 1.0) = (G, P (G Ppdl (€0, 0) = G0, Prg) {Ci 0. D)

{Co,30) = UGy P32} (G Prodl - (Cy 0 0 = (G Pyg)  (Ci0, 0) (11.20)
(C, 7 0) = [(Gqu Pog)  (Gagr Papd] - (Ci 0. 0 = (G Prg) - (Cr0: 0)

The forward binary-tree structure is not sufficient to generate the complete set of carry
bits. An inverse binary 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.
It is left for the reader to verify that this structure produces the correct expressions for all carry

= — ™ - s
¢ ¢ <& < & ? < ¢
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|
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Pape T
// // /’/ // 3
b o o o g o D o O o G o O
=T 2R D E R PR E®E P OT TR RAOBTOEE
S U S S R A N S e S
=3 — ] e b3 i =] = T =y - - + - r -
= R X X = = LT X = = = = = s = o
Figure 11-26 A 16-bit Brent-Kung tree. The reverse binary tree is colored gray.
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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. Especiatly the fan-out of the middle node (C, ;), which equals one sum
and five dot operations for this example, is of major concern. This observation makes the Brent—
Kaung adder rather unsuited for very large adders (> 32 bits).

An eption to reduce the depth of the tree is to combine four signals at a time at each lavel
of the hierarchy. The resulting tree is now of class radix-4, because it uses building blocks of
order 4 as shown m Figure 11-27. A 16-bit addition needs onky 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 3}.

Problem 11.5 Radix-4 Dot Operator in Dysamic Logic

Design the radix-4 dot operators in dynaméc 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, 2 lookahead adder is several times larger than a ripple adder, but has dramatic
speed advantages for larger operands. The logarithimic 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 strectures {Swartzlander90]. These adders require number-encoding and -
decoding steps, whose delay is a function of N. Therefore, they are only interesting when
embedded in Iarger structures such as multipliers or high-speed signal processors.

11.4 The Multiplier

Muitiplications are expensive and slow operations. The performance of many computational
probiems often is dominated by the speed at which a maultiplication operation can be executed.
This observation has, for instance, prompted the integration of complete multiplication units in
state-of-the-art digital signal processors 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 to optimize the performance (or the area) of complex cir-
cuit topologies. After a short discussion of the multiply cperation, we discuss the basic array
multiplier. We also discuss different approaches to partial product generation, accumulation and
their final summation.

11.4.1 The Multiplier: 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

M=

A1
= i — i
Xx=3yx2 ¥Y=3vp (11.21)
i=0 i=0

with X, Y‘; e {0, 1}. The muliiplication operation is then defined as follows:

MaeN-1
Xxy= 3y 22
k=0

(gxz](é YJ,Q*"} = Mz_z(hgx,yjz““)

=g Nj=0

z

!

(11.22)

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 muliiplication adds together 3 partial products. Each partial product is
generated by multiplying the multiplicand with a bit of the multipiier—which, essentially, is an
AND operation—and by shifting the result on the basis of the multiplier bit’s position.

A faster way to implement multiplication is to resort to an approach similar to manually
computing a multiplication. All the partial products are geperated at the same time and orge-
nized in an array. A multioperand addition is applied to compute the final product. The approach
is illustrated in Figure 11-28. This set of operations can be mapped directly into hardware. The
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Figure 11-28 RBinary multiplication—an example.

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

Problem 11.6 Maultiplication by a Constant

it is often necessary to implement multiplication of an operand by a constant. Deseribe how you would pro-
ceed with this task.

11.4.2 Partial-Product Generation

Partial products result from the logical AND of multiplicand X with a multiplier bit ¥, (see
Figure 11-29), Each row in the partial-product array Iz either a copy of the multiplicand or a
row of zeroes. Careful eptimization 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 2 multiplier consisting of all ones, all the partial products exist, while in the cage of all
zeros, there is none. This observation aflows us to reduce the number of generated partial prod-
ucts by half.

Assume, for example, an eight-bit maltiplier of the form 011111106, which produces six
nonzero partial-product rows. One can substantially reduce the number of nonzero rows by
recoding this number (27 + 2%+ 2° + 2* + 2% 42% into a2 different format, The reader can verify
that the form 10000010, with I a shorthand notation for —1, represents the same number. Using

X X X
P, PPy

P, PPy PP PP, PP, PP, PP,

Ay

s

=

X4 Xs

Figure 11-29 Partial-product generation iogic.
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588 Chapter 11 » Designing Arithmetic Building Blocks

this format, we have to add only ewo 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 products to, at most, one half. It ensures that for every two con-
secutive bits, at most one bit will be { or —1. Reducing the number of partial products is equiva-
lent to reducing the number of additions, which leads to a speedup as well as an area reduction.
Formally, this transformation is equivalent to formatting the multiplier word into a base-4
scheme, instead of the usual binary format:

{N-1)2
y= 3 v with(¥;e (-2-1,6,1,2}) (11.23)

i=0

Note that 1010...10 represents the worst case multiplier input because it generates the most par-
tial products {one 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 can be performed on the fiy and requires some simple logic gates.

Having a variable-size partial-product array is not practical for multiplier design, and 2
modified Booth’s recoding is most often used instead [MacSerley61l. 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 bits 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 Table

Multipiier Bits Recoded Bits

00¢ G

00 -+ Multiplicand
Mo + Multiplicand
(1 + 2% Muliiplicand
100 — 2 % Muliiplicand
101 — Multiplicand
110 — Multiplicand

it ¢
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11.4 The Multiplier 589

In simple terms, the modified Booth's recoding essentiatly examines the multiplier for strings of
ones from msh to Isb and replaces them with a leading I, and a — | at the end of the string. For
exampie, 011 is understood 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 01111110 shown earlier. This can be divided into
four overlapping groups of three bits, going from msb to fsh: 00 (13, 11 (12, 11 (13, 10 (0).
Recoding by using Table 11-2 yields: 10 (2 %), 00 {0 x), 00 (0 x), 10 {~=2 ), or, in com-
bined format, 1000000T0. This is equivalent to the result we obtained before.

Problem 11.7 Beoth’s Recoder

Design the combinational logic that implements a modified Booth’s recoding for a parallel muitiplier, using
Table 11-2. Compare its implementation in complementary and pass-transistor CMOS.

11.4.3 Partial-Product Accumulation

After the partial produéls are generated, they must be summed. This accumulation is essentially
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 nudtiplier. A more sophisti-
cated procedure performs the addition in a tree format.

The Array Multiplier

The composition of an amray multiplier is shown in Figure 11-30. There is a one-to-one topolog-
tcal comrespondence between this hardware structure and the manual muitiplication shown in
Figure 11-28. The generation of N partial products requires N % 3/ 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 N par-
tial products, which requires N — 1 A/-bit adders. The shifting of the partial products for their
proper alignment is performed by simple routing and dees not require any logie. 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 {im-
ing path be identified first. This turns out to be nontrivial. In fact, a large number of paths of
almost identical length can be identified. Two of those are highlighted in Figure 11-31. A closer

5This panticular implementation does not employ Booth's recoding, Adding recoding does not substamially chunge the
implementation. The number of adders is reduced by half, and the partiai-product generation is slightly more complex.
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Figure 11-30 A 4 x 4 bit-array muitiplier for unsigned numbers—composition. HA stands for a
half adder, or an adder cell with only two inpuls. The hardware for the generation and addition of
one partial product is shaded in gray.

lovk at those critical paths yields an approximate expression for the propagation delay (derived
here for critical path 2). We write this as

burr = (M~ 1)+ (N -2)1t FIN = 1Mt Lana (11.24;

crIryY

where 7, is the propagation delay between input and output carry, £y, 1 the delay between the
input carry and sum bit of the foll adder, and ¢, 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 carvy-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.,

AN 3 S 2 T

HA be—] FA fo—  FA f<--1HA] = ~°77C Critical Path 1
7 . e Critical Path 2
r¥ o ¥ vd o yd
FA |<—| FA [«— FA [<--1HA

2 I T S
FA j<--| FA [<--| FA [<-- HA

Figure 11-31 Ripple-carry based 4 x 4 multiplier {simplified diagram}. Two of the
possible critical paths are highlighted.

Dell Ex. 1025
Page 433



11.4 The Multiplier 531

and 7, In this case, it could be beneficial for ¢, t0 equal 7. This contrasts with the require-
ments for adder cells discussed before, where a minimal 7, was of prime importance. An

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

i) [«iany

Problem 11.8 Signed-Binary Multiplier

The multiplier presented tn Figure 11-30 only handles unsigned numbers. Adjust the structure se that
two's-complement sumbers are also accepled.

Carry-Save Multiplier

Due to the large number of alimost identical critical paths, increasing the performance of the
strocture 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
output 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 finsl
result. The resulting multiplier is called a carry-save multiplier [Wallace64], because 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 ¢ase critical path is shorter and uniquely defined, as highlighted in Figure 11-32 and is
expressed as

{mulr = 3‘{,m:.’

+{N -1} +1 {11.25)

carFy merge

still assuming that £, = £,

Vecior-merging adder

Figure 11-32 A 4 x 4 carry-save mulftiplier. The critical path is
highlighted In gray.
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582 Chapter 11 » Designing Arithmetic Building Blocks

Example 11.6 Carry-Save Multiplier

When mapping the carry-save multiplier 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 approximately
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 o automation.

X3 Xz Xi zY(}

I { £
) e Za, i; HA multiplier ceil

" “| FA muitiplier celt

Vector-merging cell

X and ¥ signals are
broadcast through the
complete array. (-}

Figure 11-33 Rectanguiar flcorplan of carry-save multiplier, Different celis
are differentiated by shades of gray. X and Y signals are AND’ed before being
added. The leftmost column of cells is redundant and can be efiminated.

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 coiumn 3 in the array has to add four
bits. All other columns are somewhat less complex. This is llustrated in Figure 11-34b, where
the original matrix of partial products is reorganized into a tree shape to visvally illustrate its
varying depth. The challenge is to realize the complete matrix with 2 minimum depth and 2 min-
imum number of adder elements. The first type of operator that can be used to cover the array is
a full adder, which takes three inputs and produces two outputs: the sum, located in the same
columnn and the carry, located in the next one. For this reason, the FA is called a 3-2 compressor.
It is denoted by a circle covering three bits. The other operator is the half-adder, which
takes two input bits in a colemn and produces two outputs. The HA is denoted by a circle cover-
ing two bits.
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Partial products First stage
o 0o o o G 0D 6 ¢ 0 & O
o ¢ o© o @ ¢ o
o o o 8 o
o o 0
{(a) B
Second stage Final adder
6 53 4 3 2 1 @ 6 5 4 3 2 1 4
o S ©) o
JOBE
HA
(d}

Figure 11-34 Transforming a partial-preduct tree {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 lteratively cover the tree with FAs and
HAs, starting from its densest part. In gz first siep, we introduce HAs in columns 4 and 3
{Figuze 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 Wollace rree mulriplier [Wallace64], and its imple-
mentation is shown in Figure [1-35. The tree multiplier realizes substantial hardware savings for
larger multipliers. The propagation delay is reduced as well. In fact, it can be shown that the
propagation delay through the tree is egual to Oflog; (/). While substantially faster than the
carry-save structure for large multiplier word iengths, 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 Tull adders are used as 3:2 com-
pressors, the number of partial producis is reduced by two-thirds per muliiplier stage. One can
even go a step further and devise a 4-2 {or higher order} compressor, such as in [Weinberger81,
Santore88]. In fact, many of today’s high-performance multiplers do just that.

11.4.4 Final Addition

The final step for completing the multiplication is 10 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 siructure of the accomulation array. A carry-lookahead adder is the preferable
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Figure 11-35 Wallace tree for four-bit multiplier.

option if all input bits to the adder arrive at the same time, ag it vields the smallest possible delay.
This is the case if a pipeline stage is placed right before the final addition. Pipelining is a tech-
nique frequently used in high-performance multipliers. In noapipelined 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 lookahead at a substantially reduced hardware cost
[Okiobdzija0l].

11.4.5 Multiplier Summary

All the presented technigues can be combined to yield multipliers with extremely high perfor-
mance. For instance, & 54 X 54 multiplier can achieve a propagation delay of only 4.4 ns ina
0.25-um CMOS techmology by combining Booth encoding with a Wallace tree by using 4-2
compression in pass-transistor implementation and by using a mixed caxry-select, carry-
lookahead topology for the final adder {Ohkubo95]. More information on these multipliers {and
others) can be found in the references [e.g., Swartzlander90, Gklobdzija01].

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
numbers, The latter can be implemented as a combination of add and shift operations. Shifting a
data word left 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 complex
and requires active circuilry. In essence, such a shifter is nothing less than an intricate multi-
piexer 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. Malt-
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
Lot
I 3

A ot TTL. DB;
Apq ow T L D—Bi—l

E—: Bit-slice §

Figure 11-36 Cne-bit (left-+ight) programmable shifter.
The data passes undisturbed under the nop condition,

approach is advisable. Next, we discuss two commonly used shifi structuses, the barrel shifter
and the fogarithmic shifter.

$1.5.1 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 maximom 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 theoreticaily
constant and independent of the shift value or shifter size. This is not true in reality, however,
because the capacitance at the input of the buffers rises linearly with the maximum shift width.

As ¥
t -
T i I I s > By —— :Data Wire
Sy | T T T T === : Contral Wire
A -= 1! E__g s
. .
a.l o | ' -
(S N Rl i >
Shy |Am-i A ;I_'] -
A, —— — — —
. - = B
SEGE TRk S T > *
Sty Jdeos B E- T
B —1 - A >’ B
I TR S W o ’
?__5 ?__' [ T
| I ! I
Sty Shy Sky $hy

Figure 11-37 Barrel shifier with a programmable shift width from zero to three
bits 10 the right. The structure supports automatic repetition of the sign bit {45, also
called sign-bit extension.
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An important property of this circuit is that the layout size is not dominated by the active
transistors as in the case of all other arithmetic circuits, 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 bamel
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 Shy: Sk, take on the value 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 substantiaily 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 latter represen-
tation 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 11.¢  Two’s Complement Shifter

Explain why the shifter shown in Figure | {-37 implements a two’s complement shift.

11.5.2 Logarithmic Shifter

While the barrel shifter implements the whole shifter as a single array of pass transistors, the
logarithinic shifter uses a staged approach. The total shift value is decomposed into shifts over
powers of two. A shifter with a maximum shift width of f consists of a log,M 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 Figure [1-38. For instance, to shift over five biis, the
first stage is set to shift mode, the second to pass mode, and the last stage again fo shift. Notice
that the control word for this shifler is already encoded, and no separate decoder is required.

The speed of the logarithmic shifter depends oxn 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 a barrel shifter is appropriate for smaller shifters. For larger
shift values, the logarithmic shifter becomes more effective, in terms of both area and speed.
Furthermore, the logarithmic shifter is easily parameterized, allowing for automatic generation.
The most important concept of this section is thal 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 2 subset of the large number of arithmetic circuits
required in the design of microprocessors and signal processors. Besides adders, multipliers, and
shifters, others operators such as comparators, dividers, counters, and goriometric 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 least significant bits are shown.)

this book. We refer the interested reader to some of the excellent references available on the

topic {e.g., [Swartzlander$0], [Oklobdzijali].

The reader should be aware that most of the design ideas introduced in this chapter apply
to these other operators as well. 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 muliiplier 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 hew a subtractor can be used to implement A 2 B.

Iy Ins Iy Im
1
C‘:‘g =1
Two'’s complement add [-— Two's complement add
Sat
IIT] - 5322
!
=,
{a) Subtractor {b) Comparater

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

Derive a Jogic diagram for a comparaior that implements the following logic functionsi 2, =, and <,

The core of ary microprocessor or microcontroller is the arithmetic-logie unit {or ALU). The ALU com-
hines 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 microprocessor is shown in Figure 11-40 [Mathew(1.]7 It con-
sists of two levels of wide muitiplexers, a 64-bit adder, a logic unit, an operator-merging multiplexer and
the write-back bus driver. The first pair of 91 mudtiplexers selects the from nine different input sources,
three of which are from register fles 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 to its own input, creating a single cycle loop that defines
the critical path. The second 5:1 maltiplexer on the A input performs a partiai shifting of the operand, while
the 2:1 multiplexer on the B input simply inverts the operand to implement sebtraction. The adder executes
two’s compiement addition or subtraction on the operands A and B. 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 smm-selection biogk not only implements the sum selection, but also merges the outputs of arithmetic
and logic units. Finally, a strong buffer drives the loop-back bus, which presents a lasge load to the ALUL
For example, for a six-issue Intel/HP Htanium processor [Fetzer(2], the bus has to connect to 2l six units,
translating into more than 2 mm of wite length in a 0.18-um technology. When added to the Joad from the
register file, it presents over C.3 pF of capacitive load.

An ALL represents a typical example of a bit-shced 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 1141,
Interceil 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 out in a combination of metal-3 and metai-4. For example, if the adder
is implemented as a radix-4 CLA, the longest wire after the second PG stage erosses 48 celis.

from ] —1 —
ALUs, =1 T =1 4 G
reg. file § - § w1 Cany ks
-] —] = Tree  |select
& N e
— I ﬁ .
A 1 sam F|m
_ —— 2 iocache
] &
g > 5 SUMGEN >
= 2 ! + Logical
= L{>°‘—> ol Unit g
1008 2m
Figure 11-40 A 64-bit arithmetic-logic unit.
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Figure 11-41 Floor plan of a 64-bit ALU.

Figure 11-42 Microphotograph of the Itanium processor, showing bit-sliced
design of six ALUs together with bypasses, register fiie, and control logic.
{Courtesy of Intel)

The loop-back wiring is routed in the top-level metal {e.g., melal-5). In case of a multiple-issue
microprocessor, these busses span across afll ALUs, as can be seen in Figure 11-42. The number of loop-
back busses frequently determines the bit-pitch in multiissue ALUs. In our example, nine 64-bit-wide hus-
ses have to crass back over the ALUL To avoid necding 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. Tn 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
ilfustration of the concepts advanced there.

Typical digital designs are either latency or throughpst constrained. A jatency-consirained
design has to finish computation by a given deadline. Interactive communication and ganing are
examples of such. Throughput-constrained designs, on the other hand, must maintain a required
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 parallefization, for instance, works effec-
tively for the throughput-constrained scenario, but it may not be applicable to the fatency-con-
strained case. For example, a throughput of 1 Gb/s over copper wires is achieved in Gigabit
Ethernet by processing four 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 surmmarized in Table 11-3. T
are classified as follows:

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

Table 11-3 Power minimization techniques.

Constant Throughput/Latency Variable Throughput/Latency
Design Time Sleep hode RunTime
Active Lower Vi, Multi-Vpp,, Clock gating Dynamic voltage scaling

Tramsistor Sizing
Logic Optimizations

Leakage Multi-Voy -+ Sleep transistors, Variable Vo, +
Active Techniques Variable Vi, Active Technigues
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*» Targeted Dissipation Source—Ancther 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 atiractive 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 Ieakage current. On the other hand,
increasing the threshold voltage mainly itmpacts the leakage component,

The sleep mode of operation deserves some special attention. If a digital biock still
receives a clock while in idle mede, its clock distribution network, together with the attached
fiip-flops, continues to consume energy, even while no computation is performed. Recalt that,
typically, one third of total energy of a digital system is consumed in clock distribution network.
A commeon method to reduce power in idle mode is the clock gating techrique introduced in
Chapter 10. In this approach, the main clock connection to a module is tumed 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 guadratic power savings and thus is the most attractive
approach. On the negative side, the delay of CMOS gaies increases inversely with supply volt-
age. At the datapath level, this Joss of performance can be compensated for by other means, such
as logical and architectural optimizations. For example, a ripple-carry adder can be replaced by a
faster structure, such as a lookahead adder. The latter implementation is farger 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 fower supply voltage for the same performance.

The trade-off between ripple and lookahead operates at the logical level. Similarly, and
even more effectively, architectural optimizations can be employed 1o compensate for the effect
of areduced Vpp, 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 a 2-pum CMOS technology [Chandrakasan92]. As shown in Figure 11-43, inputs A
and £ are added, and the result is compared with input C, Assume that the worst case
delay through the adder, comparator, and laich is approximately 25 ns at 2 supply volt-
age of 3V, At best, the system can be clocked with a clock period of T = 25 ns. When
required to tun at this maximum possible throughput, it is clear that the operating
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Figure 11-43 A simple datapath with corresponding layout.

voltage cannot be reduced any furiher because no extra delay can be folerated. 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

Pref = Cre_f VEef fref (1126)

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 distribation.

One way to maintain throughput while reducing the supply voltage is to utilize a
parallel architecture. As shown in Figure 11-44, two identical adder-comparator datapaths
connect in parallel, 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 235 ns to 50 ns, the voltage can be dropped from 5 V10 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. Unfort-
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

2 fre
Pgmr = Cpm'vzp{frfpar = (zijc;ef)(eﬁngf}'( 2

] ~036P, (127

The approach presented trades off area for power, as the resulting area 1 approxi-
mately 3.4 times larger than the original design. This technique is only applicable when
the design is not area constrained. Furthermore, paralielism 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 Paralisl 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 to achieve that geal. 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.

Problem 11.11 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
increases the capacitance by 15%. Obviously, an extra pipeline register is nesded on input € as well.
Determine how much power can be saved by this approach, given that the thronghput has e remain con-
stant compared with the reference datapath. Comment on the area overhead.

Using Multiple Supply Voltages

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 voitage. Multiple supply volt-
ages are already employed frequently in today’s ICs. A separate supply voltage is provided for
the 1O for compatibility reasons, where the IO ring is designed with transistors with thicker
gate oxides to sustain higher volitages. 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
two {or more) supply opticns. Even more exireme, multiple voltages can be assigned on a gate-
by-gate basis.

Module-Level Voliage Setection Consider, for instance, the digital system shown in
Figure 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 sopply voltage of 2.5 V. Also,
assume that the datapath block has a fixed latency and throughput and that no architectural trans-
formation can be applied to lower its supply. Siace the control block finishes early (in other
words, it has #ming slack), its supply voltage can be lowered. A reduction to Vg = 1 V
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 modales
(called the slack) to selectively lower the power consumption of the modules with the larger
slack.

When combining multiple supply voltages on a die, Jevel converters are required when-
ever 4 module at the lower supply has to drive a gate at the higher voltage, If 2 gate supplied by
Vg, drives a gate at ¥y, the PMOS transistor never turns off, resulting in static current and
reduced output swing as iltustrates in Figure 11-46. A level conversion performed at the bound-
aries of supply voltage domains prevents these problems. An asynchronows level converter,
based on the DVSIL. template (Chapter 6) and similar 1o the low-swing signalling gate of
Figure 3-32, is shown in Figure | 1-46. The cross-coupled PMOS transistors perform the level
conversion by using positive feedback. The delay of this level converter is quite sensitive to tran-
sistor-sizing and supply-voltage issues. The NMOS transisiors operate with a reduced overdrive,
Vopr— Vo compared with the PMOS devices. They have to be made large 10 be able o over-
power the positive feedback. For a low value of V5, the delay can become very long. Due to

data path
L, =10ns
Vdd =25V

control path
fpb=4mns
Vdd =25V

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

This nses the simplifying assumpticn that the propagation delay is inversely proportional 1o the supply voitage.
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Yoon

Figure 1i-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 1s, 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 laich 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 voltage for each cell inside a block [Usami9s,
HamadaQ[]. Examining the histogram of the critical-path delays for a typical digital block
reveals that only a few paths are critical or near critical 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 couid be lowered o the optimum level. Minimum energy
consuraption 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

AL |
L

ckb

ckb ck
elk - >o—>0— —D%— = C2MOS

Figure 11-47 Level-converting register. Shaded gates are
supplied from Vgp, [Usamids).
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> P
b >

Figure 11-48 Dual-supply design using clustered voltage scaling. Each path staris with a
high supply and switches o a low supply (gray logic gates) ¥ there is a delay slack.
Level conversion is perfermed in the registers.

distribute a wide range of supply voltages. A more practical implementation, employing only
two supplies, is shown in Figure 11-48. Using a clustered voitage-scaling technique, 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 level conversion is necessary only if the logic sec-
tion that follows cannot run entirely off the low supply.

The impact of this approach is illustrated in Figure 11-49, which plots the path-jength dis-
tribution of a typical logie block for single and dual supplies. When a single supply is used, a
large fraction of the paths is substantially shorter 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, erergy savings would be large. On the
other hand, if most of the paths inside a block 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 nwmber of
studies have shown that for typical path-delay distributions, adding more supplies only yields
marginal savings [Hamada(l, Augsburger02].

Similarly, one may ask whether this dual-supply technique yields z 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

4 Dual-supply delay  Target

distribution delayv
§

Original delay
distribution

Path count

£
H
£
£
H
£

Delay

Figure 11-49 Typicai path-delay diskibution before
and aiter applying the second supply.
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Figure 11-50 Layout of 3 dual-supply logic block where all
calls at different suppliss are placed in different rows.

end of the block, such 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 i is more advantageous to lower the supply voltage on its driver than that on
any 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 traditional place-and-route tools. As we saw many times
before, 2 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 layout, 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, vsing an internal DC-DC converter. Step-down switching DC-DC converters
have a conversion efficiency of well over 90% and yield only a minimal overhead. Stll the
Vpp distribution network has to meet all necessary design requirements, such as decoupling to
minimize the voltage variations and immunity to electromigration.

Using Multiple Device Thresholds

The use of devices with multiple thresholds offers another way of trading off speed for power,
Most sub-0.25—1um CMOS technologies offer two types of #- and p-type transistors, with thresh-
olds differing by about 100 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
& ~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 does 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 0 high threshold until the timing slack is completely consumed. A careful assignment
of the thresholds can reduce the leakage power by as much as 80%-90%.

While the multiple-threshold approach primarily addresses the leakage current, it yields a
small reduction in active power as an additional benefit. This is primarily due to 2 reduced gate-
channel capacitance in the off state and a small reduction in signal swing on the internal nodes of
a gate (Vpp—Vige)- Such a reduction is partially offset by increased source and drain junction
sidewall capacitances. The overall active power reduction turns out to be only about 4%,
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Figure 11-51 Use of dual-threshold gates. Gray-shaded gates use low
thresholds and are employed only in critical paths.

Reducing Switching Capacitance through Transistor Sizing

The input capacitance of a complementary CMOS gate is directly 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 410
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 its
neighbors:

5= S8 (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-
straints. One option is to reduce the number of stages and increase the tapering facter, as
suggested in Chapter 9. Even better, an analytical solution exists for this problem {MaB4], which
establishes that the optimal approach is to adjust the tapering factor at each stage according to
the following equation:

52 = Zixilict (11.29)
f+us,_,

The parameler | is a nonnegative number that depends on the amount of timing slack available
{with respect to the chain sized for the minimum delay). This soluticn 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 patbs 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 ques-
tien is how to 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 bif 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 11-32b 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 exiernal load.

nominal: D = d,;, sizing: E (—54%), d,,.= 10%

Figure 11-52 Energy profiles of a 64-bit adder: {a) 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 [Rabaey94] 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 11-33, which compares the power consumption of two counters running
simultaneously. In the first case, both counters run on separate hardware, white 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 nonmultiplexed case is always superior,
except when both counters run in a completely synchronous fashion, The multiplexing tends (o
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 negligibie 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 11-53 Mulfiplexing increases the switching activity.
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Figure 11-54  Glitching in the sum bits of a 16-bit ripple-carry adder.

Reducing Glitching through Path Balancing  Dynamic hazards, or glifehing, are a major con-
tribution to the dissipation in complex structures such as adders and multipliers. The wide dis-
crepancy in the lengths of the signal paths in some of those siroctures can be the cause of
spurious transients. This is demonstrated in Figure 11-54, which displays the simulated response
of a 16-bit ripple adder for al! inputs going simultancously 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. Unfortunately, a |
appears briefly at all of the outputs, since the carry takes a significant amoant of time to propa-
gate from the first bit to the last. Notice how the glitch becomes more pronounced as it travels
down the chain.

A dramatic reduction in glitching activity can be obtained by selecting structures with bal-
anced signal paths. The tree lookzhead 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,
eveil in the presence of a larger physical capacitance. An inspection of the lackahead 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 and 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 © be
used in portable applications, such as notebobks, electzonic organizers, and celiular phones. The
computational functions o be executed on such a processor fall into three maior categories:
compute-intensive tasks, low-speed functions, and idie-mode operation. Compute-intensive and
shoit-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
mere relazed completion deadlines and reqguire only a fraction of the maximum throughput of
the microprocessor. Thete 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 2 large
fraction of their time on idle, waiting for a user action or an external wake-up event. In smn, the
computational throughput and latency expected from a mobile processor vary drastically over
time.

Even compute-intensive operations, such as MPEG decoding, show vartable 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 illusirated in
Figare 11-35, 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 energy—every operation is still execuied at the high voltage level. How-
ever, if bath supply voltage and frequency are lowered simultancously, 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 technigue is called dynamnic voltage
scating (DVS), The concept is illustrated i Figure 11-56 {Burd00, Gutnik97]. It operates under
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Figure 11-55 Typical IDCT histogram for MPEG decoding.
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Figure 11-56 Energy/operation versus throughput (1/T)
for constant and variable supply voltage operation.

the puideline that a function should always be eperated 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 conditions. Figure 11-57 shows the delays of a number of repre-
sentative CMOS blocks (such as NAND gates, ring oscillators, register files, and SRAM), over a

supply voltage range from 1

V to 4 V [Burd00]. Excellent performance tracking can be

observed. Note that some circuit families, such as NMOS-only pass-transistor logic do not fol-

low this behavior over the compiete range of supplies.
A practical implementation of a dynamic-voltage scaling system now consists of the fol-

lowing components:

* a processor that can operate under a wide variety of supply voltages,
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Figure 11-57

Delay of representative CMOS funciicns as a

function of supply voltage for a 0.6-um CMOS technology.
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Figure 11-58 Block diagram of a dynamic voltage-scaled system.

» 3 supplv-regulation loop that sets the minimum voltage necessary for operation at a
desired frequency, and

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

One possible implementation is shown in Figure 11-38. The core of the DVS systemisaa
ring oscillator, whose oscillating frequency maiches the microprocessor critical path. When
included 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 (Fppo). The current value of ring oscillator frequency is measured and com-
pared with the desired frequency. The difference is used as a feedback ervor. By adjusting the
supply voltage, the supply-voltage foop 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 voliage) as a function of the combined computational requirements of al
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 1ate} or a desired execution frequency.
‘The voltage scheduler then estimates the number of processor cycles necessary for completing
each of the tasks and computes the optimal processor fiequency {Pering99]. In the case of a sin-
gle task with varying performance requirements, a gueue ¢an be used to determine the computa-
tional load and t© adjust the voltage accordingiy. This is illustrated in Figure 11-59, where the
depth of the input queue is used to set the supply voltage (and frequency) of a stream-based sig-
nal processor [Guinik97].

Dynamic Threshold Scaling (DTS)

In analogy to the dynamic variation of the supply voltage, it is attractive to adjust the threshold
voltage of the transistors dynamiczlly. For low-latency compuiation, the thresheld should be
lowered te its minimal value; for low speed computation, i can be increased; and in the standby
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Figure 11-5% Using a queue o determine the workload in a
signal processor [Guinikd7).

mode, it should be set to the highest possible value to minimize the leakage current. Substrate
bias is the control knob that allows us to vary the threshold voltages dynamically. In order to do
so, we have to operate the transistors as four-terminal devices. This is only possible in a triple-
well process, as independent control of all four terminals of both #- 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 granslarity of substrate biasing, however, has
a large layout 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 throttle the throughput of the circuit to lower 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

Voo T VYaa,

|
VSS . VBBJI

Figure 11-60 An inverter with body terminals used for threshoid control.
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Figure 11-81 Variabie threshold comtrol scheme
implemented with a leakage current monitor [Kurodage],

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

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

Iy = I/Wy W10 & (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,

Warock the total curtent scaling factor can be found:

v,

JTI.CM _ WLCM 10 5_ WLC’M W?_

= = - {11.32)
Iprock Warock Warock W,
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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 control 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 operaling 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 ionization in the circuit
will eventally raise the substrate bias voltage again, which activates the feedback loop new.
Since it does not have to provide large supply curents on a continuous basis, this scheme is sim-
pler to implemest than dynamic voltage scaling.

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

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
active 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 previcus section. A simpler power-down scheme utilizes large sleep
transistors to switch off the power supply rails when the cirenit 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 bei-
ter, on both supply and greund 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, atiributable 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 better leakage suppression can be
achieved. However, high-threshoid devices must be even larger to yield the same resistance as
low-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 Sleep transistors used (&} only on the supply rail, {&) on both
supply and ground.

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 to the nongated supply
rails, Vpy, and Vg, as discussed in Chapter 7 and shown in Figure 7-18. An aliernative 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 circuits makes it clear again that digital ciccuit 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 constrainis determine which factor is dominant.

The dic area has a strong impact on the cost of an integrated circuit. A larger chip size
means that 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 MICTOPrOGESSOr
sell, and the Jowest 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 o
play the wade-off game. One should be aware that all design constraints—speed, power, and
area—contribute 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 gware that these resulis are for a particelar implementation i a particular technology. Extrapolation to 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 A Based on resulis from [Vermassang8s].

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

2. Determine the crifical timing path through the circuit, and focus most of your optimization
efforts on that part of the circuit. 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 noneritical 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
factors such as wiring and the number 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 irregular and convoluted topology. Regularity and modularity are a designer’s
best friend.

3. Power and speed can be traded off through 2 choice of circuit sizing, supply voltages, and
transistor thresholds.

11.9 Summary

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

s A ripple-carry adder has a performance that is lirearly proportional to the nomber of bits.
Circuit optimizations concentrate on reducing the delay of the carry path. A number of cir-
cuit topologies were examined, showing how careful optimization of the circuil topology
and the transistor sizes helps to reduce the capacitance on the carry bit.

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

+ A multiplier is nothing more than a coliection of cascaded adders. Its criticat path is far
more complex, and performance optimizations proceed along vastly different routes. The
carry—save technique relies on a logic manipulation to turn the adder array into a regular
structure with a well-defined critical timing path that can easily be optimized. Booth
recoding and partial product accurnulation in a tree reduces the complexity and delay of
iarger multipiiers.

= The performance and area of 2 programmable shifter are dominated by the wiring, The
exploitation of regularity can help to minimize the impact of the interconnect wires. This
is exemplified in the barrel and the logarithmic shifter structures.

* Power consumption 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 1o
minimize the power consumption. At desiga time, power and delay can be traded off
through the choice of supply veltages and thresholds in addition to transistor sizing and
logic optimization. The use of paralielisim and pipelining can help to reduce the suppiy
voltage, while maintaining the same throughput. The effective capacitance can be reduced
by avoiding waste, as introduced by excessive multiplexing, for example.

» Some applications operate under variable throughput or latency conditions. Using vari-
able supplies and transistor thresholds can lower the active or leakage power in such sys-
tems. Minimization of the standby energy consumption is essential for portable battery-
operated devices.

11.10 To Probe Further

The lterature on arithmetic and computer elements is vast. Important sources for newer develop-
ments are the Proceedings of the IEEE Symposiunt on Computer Arithmetic, the IEEE Transac-
tions on Computers and the [EEE Jownal of Solid-State Circuits (for integrated circuit
implementation). An excellent collection of the most significant papers in the area cas be found
in some IEBE Press reprint volumes [Swartzlander90}. A number of other references, such as
[Omondi®4l, [KorendR8), and [Oklobdzijalil, are provided for further reading.
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For the latest problem sets, design challenges and design projects related to arithmetic modules, login o
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DESIGN METHODOLOGY INSERT

Validation and Test
of Manufactured Circuits

Manufacturing fest
Design for testability

Test pattern generation

H.1 Introduction

While designers tend to spend nuomerous hours on the analysis, optimization, and Iayout 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 deploved in a system, it is expensive to discover that it does
not work. The later 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
labor, Shipping a nenworking or partially functional device should be avoided if at all possible.

A correct design does not guarantee that the manufactured component will be operational.
A number of manufacturing defects can occur during fabrication, either due to faults in the base
material {for instance, impurities in the silicon crystal), or as a result of variations in the process,
such as misalignment, Other faults might be introduced during the stress tests that are perfermed
after the manufacturing. These tesis expose a part to cycies of temperature and mechanical stress
to ensure its operation over a wide range of working conditions. Typical faults include short cir-
cuits between wires or layers and broken intercosnections. This translates into network nodes
that are either shorted to each cther or to the supply rails, or that may be foating.

721
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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 af 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-
gutput pins. A complex component such as a microprocessor is composed of tens o hundreds of
millions of transistors and containg 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 Hmited bandwidth offered by the input-output pads.
Hardwate testing equipment tends to be very expensive and every second a part spends in the
tester adds 1o 115 price.

It is therefore advisable to consider the testing early in the design process. Some small
modifications in a circuit can help make it sasier 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 Lo concenirate 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 work! (Guaranteed)’ [Weste83]. ADFT
_ strategy contains two components:

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

2. Provide the necessary fest patterns {excitation vectors) to 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 faults.

In the subsequent sections, we briefly cover some of the most important 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

Manufacturing tests fall 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 to 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 manufactured
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 simpie and swift as possible.

* The parametric test checks on a number of nondiscrete parameters, such as noise mar-
ging, propagation deiays, and maximum clock frequencies, under a variety of working
conditions, such as temperature and supply voltage. This requires a different set-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 Joaded
into the tester that provides excitations to the device under test (DUT) and collecis the corre-
sponding responses. The test paiterns are defined I a rest program that describes the waveforms
te be applied, voliage 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
dig or package.

A new part is automatically fed into the tester. The tester execules the test program,
applies the sequence of input patterns to the DUT, and compares the obtained response with
the expected one, If differences are observed, the part is marked as fauity (e.g., with an ink
spot), and the prebes are automatically moved to the next die on the wafer, During the scrib-
ing process that divides the wafer into the individual dies, spotted parts will be automatically
discarded. For a packaged part, the tested component is removed from the test board and
placed in a good or faulty bin, depending upon the outcome of the test. The whole procedure
takes in the range of a few seconds per parf, making # possibie for a single tester to 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
skyroclet. Reducing the time that a die spends on the tester is the most effective way to reduce
the test eost. Unfortunately, with the increasing complexity of ICs, an opposite trend can be
ohserved. 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 astronomicai cost. Reducing the test time for a single component can heip increase the

Figure H-1 Automalic tester {Courtesy Shiumberger).
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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 patierns and observing the
responses. For an N-input circuit, this requires the application of 2% patterns. For N = 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-
sidering the sequential module of Figure H-2b. The output of the circuit depends not only upon
the inputs applied, but also upon the value of the state. To exhaustively test this finite state
machine (FSM) requires the application of 2*** input patterns, where M is the number of state
registers [Williams83, Weste93]. For a state machine of moderate size {e.g., M = 103, this
means that 1 billion patterns must be evaluated, which takes }6 minutes on our 1 psec/pattern
testing equipment, Modeling a modern microprocessor as a state machine translates into an
equivalent model with over 50 state registers. Exhaustive 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.

o 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 patterns.
Detection of that fauit requires only one of those patterns, while the other patterns are
superfinous.

« A substantial reduction in the number of patterns 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.

Dell Ex. 1025
Page 469




insert ¥ » Validation and Test of Manufactured Circuits 725

By eliminating redundancy and providing a reduced fault coverage, it is possible to test
most combinational legic blocks with z limited set of input vectors. This does not selve the
sequential problem, however. To test a given faclt in a state machine, it is not sufficient to apply
the correct input excitation; the engine must he brought to the desired state first. This requires
that a sequence of inputs be applied. Propagating the circuit response {o one of the output pins
might reguire another sequence of patterns. In other words, testing for a single fault in an FSM
requires a sequence of vectors. Once again, this might make the process prohibitively expensive.

One way to address the problem is to turn the sequential network into a combinational one
by breaking the feedback loop in the course of the test. This is one of the key concepts behind
the scan-test methodology described later. Another approach is to let the circuit test itself. Such
1 test does not require external vectors and can proceed at a higher speed. The concept of self
fest will be discussed in more detail later. When considering the testability of designs, two prop-
erties are of foremost importance:

1. Controllability, which measures the ease of bringing a circuit node to a given condition
using oniy the input pins. A node is easily controllable if it can be brought to any condition
with only a single input vector. A node (or circuit} with low controllability needs a long
sequence of vectors to be brought to a desired state. It should be clear that a high degree of
controllability is desirable in testable designs.

. Observahility, which measures the case of observing the value of a node at the output
pins. A node with a high observability can be monitored directly on the owput pins. A
nede with a low observability needs a pumber of cycles before its state appears on the ont-
puts. Given the complexity of a circuit and the limited number of output pins, a testable
circuit should have a high observability. This is exactly the purpose of the test techniques
discussed in the sections that follow.

[

Combinational circuits fall under the class of easily observable and controllable circuits, since
any node can be controlled and observed in a single cycle.

Design-for-test approaches for the seguential modeles can be classified in three categories:
ad hoe test, scan-based test, and self-est,

H.3.2 Ad Hoc Testing

As suggested by the title, ad hoc testing combines a collection of tricks and technigues that can
be used to increase the observability and controllability of a design and that are generally
applied in an application-dependent fashion.

An example of such a technique is illustrated in Figore H-3a, which shows a simple pro-
cessor with ies data memory. Under normal configuration, the memory is only accessible
through the processor. Writing and reading a data value into and out of z single memory position
requires & number of clock cycles. The controflability and observability of the memory can be
dramatically improved by adding multiplexers on the daia and address busses (Figure H-3b).
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(a) Design with low testability  (b) Adding a selector improves testability
Figure H-3 Improving testability by inserting muliipiexers.

During nermal operation mode, these selectors direct the memory ports to the processor. During
test, the data and address ports are connected directly to the I/O pins, and testing the memory
can proceed more efficiently. The example illustrates some important design-for-testability
* concepts.

* It is often worthwhile to introduce extra hardware that has no functionality except improv-
ing the testability. Designers are often willing to incur a small penalty in area and perfor-
mance if it makes the design substantially more observable or controllable.

+ Design-for-testability often means that extra I/0 pins must be provided besides the normal
functional /O pins. The test port in Figure H-3b is such an extra pin. To reduce the num-
ber of extra pads that would be required, one can multiplex test signals and functional sig-
nals on the same pads. For exampile, the I/0 bus in Figure H-3b serves as a data bus during
normal operation and provides and collects the test patterns during testing.

.

An extensive collection of ad hoc test approaches has been devised. Examples include the
partitioning of large state machines, addition of extra test points, provision of reset states, and
introduction of test busses. While very effective, the applicability of most of these techniques
depends upon the application and architecture at hand. Their insertion into a given design
requires expert knowledge and is difficult to automate, Structured and automatable approaches
are more desirable.

H.3.3 Scan-Based Test

QOne way to avoid the sequential-test problem is to turn all registers into externally loadable and
readable elements. This turns the circuit-under-test into a cornbinational entity. To control a
node, an appropriate vector is constructed, loaded into the registers and propagated through the
logic. The result of the excitation propagates to the registers and is latched, after which the con-
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Figure H-4 Serial-scan test.

tents are transferred to the external world. Connecting all the registers in a design to a test bus
regrettably introduces an unacceptable amount of overhead. A more elegant approach is offered
by the serial-scan approach illustrated in Figure H-4,

The registers have been modified to support two operation modes. In the normal mode,
they act as N-bit-wide clocked registers. During the test mode, the registers are chained together
as a single serial shift register. A test procedure now proceeds as foliows.

I. An excitation vector for logic module A (and/or B) is entered through pin Scan/n and
shifted into the registers under control of a test clock.

2. The excitation is applied to the logic and propagates to the cuiput of the logic module. The
resull is latched into the regisiers by issuing a single system-clock event.

3. The result is shifted out of the circuit through pin ScanOuwt and compared with the
expected data. A new excitation vector can be entered simuitaneously.

This approach incurs only & minimal overhead. The serial nature of the scan chain reduces the
routing overhead. Traditional registers are easily modified 10 support the scan technique, as dem-
onstrated in Figure H-3, which shows a 4-bit register extended with a scan chain. The only addi-
tion is an extra multiplexer at the input. When Zest is low, the circuit is in normal operation

Iy Iny Iy fng
Test
L 1 b— Test
Seanin ScanQut
L s
Latch Lach
o Q Q &
Quty Cut, Outs Gty
Figure H-5 Register exiended with serial-scan chain.
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mode. Setting Tes? high selects the Scann input and connects the registers into the scan chain.
The output of the register Our connects to the fan-out logic, but also doubles as the ScanOut pin
that connects 1o the Scanln of the neighboring register. The overhead in both area and perfor-
mance is small and can be limited to less than 5%.

Problem H.I Scan-Register Design

Modily the static, (wo-phase master-siave register of Figure 7-10 to support serial scan.

Figure H-6 depicts the timing sequence that would be employed for the circuit in
Figure H-4 under the assumption of a two-phase clocking approach. For a scan chain N registers
deep, the Test signal is raised, and N clock pulses are issued, loading the registers. Test is low-
ered, and a single clock sequence is issued, fatching the results from the combinational logic into
the registers under normal circuit-operation conditions. Finally, ¥V extra pulses (with Tess = 1)
transfer the obtained resuit to the sutput. Note again that the scan-oul can overlap with the enter-
ing of the next vector.

Many variants of the serial-scan approach can be envisioned. A very popular one, which
was actually the pioneering approach, was introduced by IBM and is called level-sensitive scan
design (LSSD) [Eichelberger78}. The basic building block of the LSSD approach is the shift-
register latch (SRL) shown in Figure H-7. It consists of two latches L} and L2, the latter being

Test

P I S |
S

2 U I ) S DO
Nceyeles I cycle A cyeles
scan-in evaluaiion scan-out

Figure H-6 Timing diagram of test-sequence. Nrepresents the number of registers
in the test chain.

Dy 0
[ G—
PR _
—— — SO
L2
B — — S0

Figure H-7 Shift-register latch.
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: t

Figure H-8 Pipelined datapath using partial scan. Only the
shaded registers are included in the chain.

QCat

COMPA}RATOR
\Y
w

present only for testing purposes. In normal circuit operation, signals D, & {Q), and C serve as
fatch input, outpat, and clock, The test clocks A and B are low in this mode. In scan mode, §7 and
SO serve as scan input and scan output. Clock C is low, and clocks A and B act as nonoverlap-
ping, two-phase test clocks.

The 1SS approach represents not only a test strategy, but also a complete clocking phi-
losophy. By strictly adhering to the rules implied by this methodology, it is possible 10 automate
to a large exient the test generation and the timing verification. This is why the use of LSSD was
cbligatory within IBM for 2 long time. The prime disadvaatage of the approach is the complex-
ity of the SRL latch,

1t is not always necessary to make all the registers in the design scannable. Consider the
pipelined datapath of Figure H-8. The pipeline registers in this design are only present for per-
formance reasons and do not strictly add to the state of the circuit. It is, therefore, meaningfui to
make only the input and output registers scannable. During test generation, the adder and com-
parator ¢an be considered together as a single combinational block. The only difference is that
during the test execution, two cycles of the clocks are needed to propagate the effects of an exci-
tation vector to the output register. This approach is called parsial scan and is often emploved
when performance is of prime interest. The disadvantage is that deciding which registers to
make scannable is not always obvious and may require interaction with the designer.

H.3.4 Boundary-Scan Design

Until recently, the test problem was most compelling at the integrated circuit level. Testing cir-
cuit boards was facilitated by the abundant availability of test points. The through-hole mounting
approach made every pin of a package observable at the back side of the board, For test, it was
sufficient to lower the board onto a set of test probes {called *bed-of-nails™) and apply and
observe the signals of interest. The picture changed with the introduction of advanced packaging
technigues such as surface-mount or multichip modules {Chapter 2). Controllability and observ-
ability are not as readily available anymore, because the number of probe points is dramatically
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Prinled-circuit board
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Figure H-9 The boundary-scan approach to board testing.

reduced. This problem can be addressed by extending the scan-based test approach to the com-
ponent and board levels.

The resulting approach is called boundary scan and has been standardized to ensure com-
patibility between different vendors ([IEEE11491}. In essence, it connects the input-output pins
of the components on a board into a serial scan chain, as shown in Figure H-9. During normal
operation, the boundary-scan pads act as normal input-output devices. In test mode, vectors can
be scanned in and out of the pads, providing controllability and observability at the boundary of
the components (hence, the name). The test operation proceeds along similar lines as described
in the previous paragraph. Various control modes atlow for testing the individual components as
well as the board interconnect, The overhead incurred includes slightly more complex input-out-
put pads and an extra on-chip test controller (an FSM with 16 states}. Boundary scan is now pro-
vided in most commodity components.

H.3.5 Built-in Self-Test {BIST)

An altemative and attractive approach to testability is having the circuit itself generate the test
patterns instead of requiring the application of external patierns [Wang86]. Even more appealing
is a technique where the circuit itself decides if the obtained results are correct. Depending upon
the nature of the circuit, this might require the addition of extra circuitry for the generation and
analysis of the patterns. Some of this hardware might already be available as part of the normal
operation, and the size overhead of the self-test can be small.

The general format of =z builtin self-test design is illustrated in Figare H-10
{([Kornegay92]). It contains a means for supplying test patterns to the device under test and a
means of comparing the device’s response to a known correct sequence.

There are many ways (0 generate stimuli. Most widely used are the exfiqustive and the ran-
dom approaches. In the exhaustive approach, the test length is 2% where N is the number of
inputs to the circuit, The exhaustive nature of the test means that all detectable faults will be
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{Subj}-circuit

Stimulus generator under Respouse analyzer
test

3

Test controller <

Figure H-1¢ General format of buii-in self-test structure.

detected, given the space of the available input signals. An N-bit counter is a good example of an
exhaustive pattern generator. For circuits with large values of &, the time 10 cycle through the
complete input space might be prohibitive. An alternative approach is 1o use randoem testing that
implies the application of a randomly chosen sub-set of 2V possible input patterns. This subset
should be selected so that a reasonable fault coverage is obtained. An example of a pseudoran-
dom pattern generator is the lrear-feedback shift register (or LFSR}, which is shown in
Figure H-11. h consists of a serial connection of 1-bit registers. Some of the outputs are XORd
and fed back to the input of the shift register. An N-bit LESR eycles through 2¥ — } states before
repeating the sequence, which produces a seemingly random pattern. Initialization of the regis-
ters to a given seed value (different from 0 for our example circuit) determines what will be
generated, subsequentiy.

The response analyzer could be implemented as a comparison between the generated
response and the expected response stored in an on-chip memaory, but this approach represents
wo much area overhead to be practical. A cheaper technique is to compress the responses before
comparing them. Storing the compressed response of the correct circuit requires only & minimal
amount of memory, especially when the compression ratio is high. The response analyzer then

=
e

Lo T e L ™ ]
L B sl R e B o]

Figure H-11 Three-bit linear-feedback shifi register
and its generated seguence.
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i
D—> Counter
[ R } j .

Figure H-12 Single bit-stream signature analysis.

consists of circuitry that dynamically compresses the output of the cireunit under test and a com-
parator. The compressed output is often called the signature of the circuit, and the overall
approach is dubbed signature analysis.

An example of a signature analyzer that compresses a single bit stream is shown
Figure H-12. Inspection reveals that this circuit simply counts the number of ¢ — 1 and 1 - 0
transitions in the input stream. This compression does not guarantee that the recetved sequence
is the corzect one: that is, there are many different sequences with the same number of transi-
fions. Since the chances of this happening are slim, it may be a risk worth taking if kept within
bounds.

Another technique is illustrated in Pigure H-13a. It represents a modification of the linear-
feedback shift register and has the advantage that the same hardware can be used for both pattern
generation and signature analysis. Each incoming data word is successively XOR'd with the
contents of the LFSR. At the end of the test sequence, the LFSR contains the signature, or syn-
drome, of the data sequence, which can be compared with the syndrome of the correct circuit.
The circuit not only implements a random-pattern generator and signature analyzer, but also can

Dy Dy o,
By Ej @' '
B, : 1 ' T
Scanin ~|x ScanCut
5 > & > R | >— R
So 5 33

{a} A 3-bit BILBO register

By By | Operation mode

Scandn 5‘3“’;_0“!

1 1 | Normal T :_ -
H Scan A Lo -
. Combinational Combinational] Onr
10 P_attem generation of Logic Logic
signature analysis
4 1 | Reset -
{b} BILBO modes {c) BILBQ application

Figure H-13 Built-in logic block cbservation, or BILBO.
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Figure H-14 Memory self-{est.

be used as a normal register and scan register, depending on the values of the control signals By
and B, (Figure H-13b). This test approuach, which combines all the different technigues, is
known as built-in fogic block observation, or BILBO [Koeneman79). Figure H-13¢ illustrates the
typical use of BILBO. Using the scan option, the seed is shifted into the BILBO register A while
BILBOG register B is initialized. Next, registers A and B are operated in the random patiern-gen-
eration and signature-analysis maodes, respectively. At the end of the test sequence, the signature
is read from B using the scan mode.

Finally, it is worth mentioning that self-test is extremely beneficial when testing regular
structures such as memories. It is not easy to ensure that a memory, which is a seguential circuit,
is fauit free. The task is complicated by the fact that the data value read from or written into a
cell can be influenced by the values stored in the neighboring cells because of cross coupling and
other parasitic effects. Memory tests, therefore, include the reading and writing of a number of
different patterns into and from the memory using alternating addressing sequences. Typical pat-
ierns can be all zeros or ones, or checkerboards of zeros and ones. Addressing schemes can
include the writing of the complete memory, foliowed by a complete read-out or various alter-
nating read-write sequences. With a minimai overhead compared with the size of 2 memory, this
test approach can be built into the integrated circuit itself, as illustrated in Figure H-14. This
approach significantly improves the testing time and minimizes the external control, Applying
self-test is bound to become more important with the increasing complexity of integrated com-
ponents and the growing popularity of embedded memories.

The advent of the systems-on-a-chip era does not make the test job any easier. A single IC may contain
micro- and signal processors, multiple embedded memories, ASIC modules, FPGAs and on-chip busses
and networks. Each of these modules bas its own preferred way of being tesied, and combining these into a
coherent sirategy is quite a challenge. Built-in self-test is really the only way out. A structored test-method-
ology for systems-on-a-chip, based on BIST is shown is Figere H-15, Each of the modules composing the
sysiem connects to the on-chip neiwaork through a “wrapper.” This is a customized interface between the
block and the network, supporting functions such as synchronization and commusnication. This wrapper can
be exiended to include a test support module. For instance, for an ASIC module that includes a scan chain,
the test support module provides the interface 10 the scan chain and a buffer for the test patterns. This buffer
can be directly written and read through the system bus, Similagly, o memory module can be equipped with
a pallern generator and signature analysis. All of this would stil] not suffice if there were no general test
orchestrator. Fortunately, most of these SOCs include a programmable processar which can be used at start-
up time ¢ direct the test and the verification of the other modules. Test patierns and signatures can be stored

Dell Ex. 1025
Page 478



734 insert H » Validation and Test of Manufactured Circuits

- i Memory.
f Test pregnm

! Rc&f.mzses

i Signatures ;

B

Bus ™

1 Businterlace :
Masler Wrappes Asbiler Master Wrapper g

Buslnteriace

~ External -
Testet

3 T amin %
o =t

Buslnterfuce /

Basinterface Busintorface l Giue Logic
Target Wrapper Target Wrapper zacrH] @
Bysem
Momory, Wrapper
P rore

Figure H-15  System-on-a-chip test methodoiogy.

in the main memory of the processor, and supplied to the module under test at test time. This approach has
the advantage that it uses the resources that are already available o1 the die. Furthermore, the BIST self-test
approach allows for Lhe tests 1o be performed under actual clock speeds, decreasing the test time. The
requirements for the external tesier are minimized, reducing the tester cost. The development of a struc-
twred approach to self-test, as pictured in Figure H-13, is a topic of active research {KrsticO1] ;-3

H.4 Test-Pattern Generation

In the preceding sections, we have discussed how to modify a design so that test patterns can be
effectively applied. What we have ignored so far is the complex task of determining what pat-
terns should be applied so that a good fault coverage is obtained. This process was extremely
problematic in the past, when the test engineer—a different person than the designer—had to
construct the test vectors after the design was completed. This invariably required a substantial
amount of wasteful reverse engineering that could have been avoided if testing had been consid-
erad early in the design flow. An increased sensitivity to design for testability and the emergence
of automatic test-pattern generation (ATPG) has substantially changed this picture,

Iir this section, we delve somewhat deeper into the ATPG issue and present technigues to
evaluate the quality of a test sequence. Before doing se, we must analyze the fault concept in
more detatl.

H.4.1 Fauli Models

Manufacturing faults can be of a wide variety and manifest themselves as short circuits between
signals, shert circuits to the supply rails, and floating nodes. In order to evaluate the effective-
ness of a test approach and the concept of a good or bad circuit, we must relate these faults to the
circuit model, or, in other words, derive & faiff model. The most popular approach is called the
stuck-at model. Most testing tools consider only the short circuits to the supplies. These are
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Figure H~16 Resistive-load gale, annotated with a number of
stuck-at-open {B} and stuck-at-short {c, v} faults.

calied the stuck-at-zero (sal) and stuck-ai-one (sal) fanlts for short circuits to GND and ¥,
respectively.

It can be argued that the sa0-sal model does not cover the complete range of faults that
can occur in a state-of-the-art integrated circuit, and that sruck-ar-apen and stuck-ai-short faulis
should also be introduced. However, adding these faults complicates the test pattern generation
process. Moreover, a large number of these faults are covered by the saf-sal model. To illustrate
this observation, consider the resistive-load MOS gate of Figure H-16. All shorts to the supplies
are modeled by the introduction of sal} and sal fauits at nodes A, B, C, Z, and X. The figure has
been annotated with some stuck-at-open (B) and stuck-at-short faults (o, ¥). It can be observed
that these faults are already covered by the 520 and sal fauits on the various nodes. For example,
fault o is covered by A, f is covered by A, or B, g, while vis equivalent to Z,,;.

Even so, shorts and open-circuit faults can cause some interesting artifacts to occur in
CMOS circuits that are not covered by the sal-sal mode! and are worth mentioning. Consider
the two-input NAND gate of Figure H-17, where a stuck-at-open faclt ¢ has occurved. The truth
table of the faulty circuit is shown in the figure as well. For the combination (A = 1, B = 0}, the
cutput node is floating and retains its previous value, while the correct value should be a 1.
Depending upon the previous excitation vector, this fault may or may not be detected. In fact, the
circuit behaves as a sequential nerwork. To detect this fault, two vectors must be applied in
sequence. The first one forces the output to § (or A = | and B = 1}, while the second applies the
A =1, B=0 paitern. Also stuck-at-short faults are troublesome in CMOS circuits since they can
cause dc currents to flow between the supply rails for certain input values, which produces unde-
fined output voltages.

Even though the sal-sal fault model is not perfect, its ease of use and relatively large cov-
erage of the fault space have made it the de facto standard model. It is often supplemented with
other techniques, such as functional test, /DDQ test—which measures the change in quiescent
cuirent of a CMQS circuit due to short circuits—and delay test, No single test model is com-
pletely foolproot, and a combination of several testing methods is often required [BhavsarQ1].
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Figure H-17 Two-input complementary CMOS NAND gate and its
truth table in the presence of a stuck-at-open faull.

H.4.2 Automatic Test-Pattern Generation (ATPG)

The task of the automatic test-pattern generation (ATPG) process is to determine a minimum set
of excitation vectors that cover a sufficient portion of the fault set as defined by the adopted fault
model. One possible approach is to start from a random set of test paiterns. Fault simulation then
determines how many of the potential faults are detected. With the obtained results as guidance,
extra vectors can be added or removed iteratively. An alternative and potentially more attractive
approach relies on the knowledge of the functionality of a Boolean network to derive a suitable
test vector for a given fault. To illustrate the concept, consider the example of Figure H-18. The
goal is to determine the input excitation that exposes an sa0 fault occurring at node U at the out-
put of the network Z. The first requirement of such an excitation is that it should force the fault
10 oceur {controflability, again). In this case, we look for a pattern that would set U to 1 under
normal circumstances. The only option here is A = I and B = 1. Next, the faulty signal has to
propagate to output node Z, so that it can be observed. This phase is called path sensitizing. For
any change in node U to propagate, it is necessary for node X to be setto 1 and node Eto (. The
{unique) test vector for Uy, can now be assembled: A=B=C=D=1 E=0.

B - '%z v ;
o
D — X |

E 1

Figure M-18  Simple logic network, with sa0 fault at node U
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This example is extremely simple, and the derivation of a minimum test-vector set for
more complex circuits 1s substantially more complex. A number of excellent approaches to
address this problem have been developed. Landmark efforts in this domain are the D [Roth66]
and PODEM algorithms [Goel81], which underlie many cwirent ATPG tools. It suffices to say
that ATPG is currently in the mainstream of design automation, and powerful tools are available
from many veadors.

H.£.3 Fault Simulation

A fault simulator measures the quality of a test program. It determines the fault coverage, which
15 defined as the total number of faults detected by the test sequence divided by two times the
number of nodes in the network—each node can give rise to an sa0 and sal fault. Naturally, the
obtained coverage number is only as good as the fault model employed. In an sa0-sal model,
some of the bridge and short faulis are not covered and will not appear in the coverage statistics.

The most commen approach to fault simulation is the parallel fault-simulation technique,
in which the correct circuit is simulated concurrently with a number of faulty ones, each of
which has a single fault injected. The results are compared, and a fanlt is labeled as detected for
a given test vector set if the outputs diverge. This description is overly simplistic, and most sim-
ulators employ a number of techniques, such as selecting the faults with a higher chance of
detection first, to expedite the simulation process. Hardware fault- simulation accelerators, based
on paralle} processing and providing a substantial speedup over pure software-based simulators,
are available as well [Agrawal88, pp. 159-240}.

H.5 To Probe Furfther

For an in-depth treatment of the Design-for-Testability topic, please refer to [Agrawal88] and
[Abramovic91]. A great overview of the testing challenges and solutions for high-performance
microprocessors can be found in [BhavsarQ1],
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