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Abstract

This paper describes a fully static Complementary Metal-Oxide Semiconductor
(CMOS) implementation of a Ling type adder. The implementation described herein
saves up to one gate delay and always reduces the number of seria transistors in the
worst-case (critical) path over the conventional carry look-ahead (CLA) approach
with a negligible increase in hardware.
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1 Introduction

For high-speed addition, Ling type adders [1,2] have been demonstrated to have advantages over
conventional CLA adders in emitter-coupled logic (ECL) [3]. Ling's approach results in a drastic
load reduction in the input stage circuitry, thereby alowing direct generation of the group-
generate from input operands. Because this approach takes advantage of the dot-or capability
of ECL, it is not as suitable for CMOS adders. A straightforward application of Ling's scheme
to CMOS adders can lead to an increase in hardware or delay time, or both. Also, in fully
static CMOS (as opposed to ECL), the designers have to worry about both the N-channel and
the P-channel transistor networks. Optimizing on the N-channel transistor network aone is not
sufficient.

In this paper, we present an implementation of a fully static CMOS adder using a modified
Ling scheme. Our implementation saves up to one gate delay and always reduces the number
of serial transistors in the critica path over the conventiona CLA approach with a negligible
increase in hardware. In CMOS, because the speed of a gate is primarily limited by the number
of serid transistors connecting the output node to the power or the ground nodes, reducing the
number of seria transistors in the critica path, therefore, speeds up the adder.

In section 2, we show, by way of a design, how Ling's approach can be modified for CMOS
adders. In section 3, we compare the present adder with other adders reported in the literature.
Section 4 contains a summary. In this paper, AND is denoted by juxtaposition, OR by Vv,
EXCLUSIVE-OR by &, negation by overbar, and []i—; pi by p1—.. Index ¢ € (0,32) is used for
bits (carry-in is treasted as go and actual sums range from 1 to 32), index j € (0,10) for groups,
and index k € (0,2) for blocks, exclusively and respectively.

2 The Adder

The adder is divided into four blocks, of sizes 9-, 9-, 9-, and 6-bits, respectively. Since carry-
in is treated as go, block O actually has only eight bits. Each block is subdivided into three
3-bit groups, except for the last 6-bit block, which has only two 3-bit groups. Within each
group and each block, the local sum logic uses the conditional-sum agorithm. Figure 1 shows
the structure and numbering convention of the adder and Figure 2 depicts the globa carry
propagation process. In [2] and [3], the adders have 4-bit groups, owing to the limited fan-in
capability of fully static CMOS circuits, 3-bit groups are used in the present adder (Figure 1).
Some definitions:

gi = aib;
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In the definitions, a; and b; are the ith bits of the input operands. s; and S; are the ith bits

of the local and the final sum, respectively.

Global-Carry

For ease of discussion, we illustrate our approach on one group in a block (Figure 1) of the adder
(say, group 8 in block 2). The conventional group-generate equation for the group is [4]

Gs = 926 V 925P26 V 924P25P26 (1)

Using the identity g; = p;g; and extracting pse, We rewrite equation (1) as

Gs = p26(926 V 925 V g24P25)
= p26Gy

where
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Figure 2. Global Carry Generation Process.

Gg = 926V ga5 V ga4P2s (2)

The essence of Ling's approach is to propagate the G term only. To see the advantage of
his approach, G can be expanded as

Gg ageboe V azsbas V azebog(ags V bas)

az6ba6 V a25bys V a24ba4ags V az4basbys (3)

Equation (3) contains four terms and a total of ten literals, with the largest term having
three literals. This can be implemented in CMOS in one complex gate [5]. The conventional
group-generate equation (1), when expanded, contains seven terms and a total of 24 literals,
with the largest term containing four literals. In CMOS, the number of literals in a term
in a logic equation corresponds to the number of N-channel serial transistors;, equation (2) is
therefore preferable to equation (1) for direct generation of group-generate from input operands.
Generating group-generate saves one gate delay in the critica path because the g; and p; terms
are not implemented.

Readers experienced in CMOS circuit design may have redized that the implementation of
equation (3) in fully static CMOS has four P-channel transistors in series, severely limiting its
usefulness (Figure 3). A more careful examination of equation (2) suggests an dternative as the

relationship of p; and g; can again be put to use (g;p; = P;). The P-channel transistor network
implements the dual of equation (2), which is

Gy = G26925(T24V Pis)
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Figure 3: Typica CMOS Implementation of Group-Generate.

G26(F25924 V' Das)

(T2 V' 526)[(525 v 525)(524 v 324) v 525525] (4)

Figure 4 shows an improved implementation of equation (3) using equation (4); only three
P-channdl transistors are in series.

The equation for group-propagate in conventional CLA is

P = pas_ 3

Ling uses a modified group-propagate, Fg, defined as

Pg = pa3_

Note that G7 and P; are, respectively, the reduced and left-shifted versions of the con-

ventional G; and P;. To e the advantage of defining group-propagate this way, consider the
block-generate equation for block 2 (Figure 1)

Gby GgVG:Ps v GsP7P3

Ggpae V G7p23Ps V Ggpao Pr Py (5)
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Figure 4: Improved CMOS Implementation of Group-Generate.

Using the definition of P, we rewrite equation (5) as

Gby = GgpaeV G7p23paa— 2V GgpaoP21- 23P24-26
= p26(GgV G3paa_25 V Ggp2o—22P23—-25 )
= pe(GsV G1P§ Vv GgP; Fy)
p26Gb; (6)

Hence, the use of P} affords a more efficient implementation of block-generate; equation (6)

is easier to implement than equation (5) because ps¢ in equation (6) propagates further down
into the final-carry equation:

Cy

where

Gby V Gby Pby v GboPby Pby
Gb3pa6V Gbipr7pi1s—26 V Gbgpspe—26
P26(Gb3 V Gbip17-19P20-22P23-25 V Gbyps_10P11-13P14-16P17-19D20-22P23-25)
pas(Gb3 v GbY P2 P2 P3\ GbyP; PrP:PiPiPY)
pas(Gb3 v GbI Pb v Gb Pb: PBY)
p26C3 (7)

C3 = Gby v GbIPb v Gby Pb: Pby) (8)



The final-carry equations Cy, C1, and C,y: Can be derived similarly as

Co = psGbg (9)

Ci = p7(Gb} v PbiGbY)
= piCY (10)

Cout = p32(Gb§ \Y Gb;Pbg \Y; Gb{Pb;Pb; \% Gbng;Pb;Pb;)
- p32Chu (11)

The definitions of Gb; and Pbj in equations (7), (9), (10), and (11) follow those of the conven-
tional Gby and Pbx with a simple modification: the P; and G; terms are replaced by the P
and G} terms, respectively. For example,

Gbl = Gs \% G4P5 \Y% G3P4P5

Gb; = Gy v G3P; v G3P; P; (12)
and
Pby = P3_5
Pb; = P3_,

Ling's scheme calls for ether the implementation of Cy from Pb; and Gb; (equations (7),
(9), (10), and (11) ) or the modification of local sum logic to account for the fact that C ¥ is
propagated [2]. Neither options are attractive. The former fails to reduce the number of seria
transistors in the critica path and the latter adds complexity to the local sum logic, increasing
hardware and delay time.

In the present implementation, only the Cf, Pby, Gbg, Pr, and G terms are implemented in
the carry look-ahead circuitry without modifying the local sum logic. The p terms in equations
(7), (9), (10), and (11) are implemented in the loca group-carry equations, both of which are
non-critical paths. In the following section, we show that this is indeed possible and in fact
desirable because of reuse of the Py and G} terms. The ability to reuse the P} and Gy terms is
one of the sdlient features of the present adder.



Local Group-Carry

We can prove for the general case that the p terms in the final-carry equations (7), (9), (10),
and (11) can be implemented in the local group-carry equations for al blocks in the adder. For
ease of discussion, however, we show that this is possible for block 2. Equations for other blocks
in the adder can be derived in a similar fashion.

The final-sum equation for bit 24 in group 8 is (see Figure 1)

Soa = 8240 (G7V P:GgV PrPsCh)
324 ® (G7P23 V p21-23P20G§ V p21-23P18-20717C7)

524 @ [P23(G7 V p20-22GgV p20-22P17-19C1 )]
s24 ® [p23(G7 V P7GgV P; PgCY)]

Il

= s24 @ {pa3[G7V P7(GgV FgCY)]} (13)
Defining
gb, = p23(G7 vV P7Gg) (14)
and
pbr = pa3[G7 V Pr(Gg V Fg)] (15)

and expanding equation (13) in terms of C} using Shannon’s theorem [6], we get
S2a = C1(324 @ gb7) V C1(524 @ pb7)
or
S24 = C1(9b7524 V gb1324) V Cy(pby8a4 V pbr3ay)
Equations for S35 and Sze can be derived similarly and are given below:
S25= C71lgbs(s25D g24) V gbr(325 ® p2a)] VCi[Pb7(s25 B g24) V pb7(325 B pag))
and

S2e = Ci{gbsls26 @ (g5 v P25924)] V gbr[s26 @ (gas V paspas)]} v

Ci{pbr(s26 & (925 V P25g24)] V pbrlszs @ (925 V p2sp24)]} (16)
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Figure 5. Logic Diagram of Group 8.

Hence, only C} in equation (10) needs to be propagated globally to block 2. pi7 can be
accounted for locally in equations (14) and (15). Both equations (14) and (15) can be imple-
mented in two complex gate delays since P} and G} are available in one complex gate delay. In
the present implementation, all complex gates have at most 3 seria transistors and are roughly
of the same complexity as that shown in Figure 4. The only exception is the complex gate in the
non-critical path used to generate C,y:, Which has 4 serial transistors (Figure 6). One complex
gate delay is roughly equal to two and a half 2-input NAND gate delays. The Gg v Pg term
in equation (15) is actudly available from group 7 within the same block and can be reused at
a cost of one (complex) gate delay, increasing the number of (complex) gate delays of pbr from
two to three. Figure 5 shows an implementation of group 8.

In Figure 5, it is interesting to note that we have used s25( = a5 @ bes) as the local propagate



(globally, we used pi( = a; Vv b;)), allowing a more efficient implementation of (g25 v pe2sg24) and
(g25 V p2sp24) in equation (16). Because the present approach does not modify the local sum
logic, there is no increase in hardware in Figure 5 when compared with an implementation that
uses the conventional conditional-sum (CSA) algorithm.’

In terms of number of (complex) gate delays, S32 is no worse than S26. The equation for Ss,
is similar to equation (16):

Ss2 - Ca{gbg[Fa0(s32 ® g31) V gs0(s32 B p31)] V gbolFao(532 D ga1) V gao(sz2 B pa1)]} v
C3{pbo[Pao(332 D g31) V P3o(532 ® p31)] V pbo[Bao(s32 B g31) V pao(s32 ® pa1)]}  (17)

where
gbe = p29Gg
and
pbg = p29(Gg V Fy)

From the previous discussion, Py and G are available in one complex gate delay, Pbj and
Gby in two, and Cy in three. The fina sum selection multiplexor is counted as one gate delay.
Hence, the present adder has a total of four complex gate delays (three complex gates and a
multiplexor).

3 Comparison with Other Adders

Table 1 compares the present adder with the conventional CLA, conditional-sum, carry-select,
and the Multiple-Output Domino Logic (MODL) adders [7] in terms of complex gate delays and
number of seria transistors in the critical path. The present adder has fewer complex gate delays
than other adders. In the comparison, we have assumed that the CLA adder is implemented in
a complex gate oriented media (i.e, MOS LSl or VLSI) and the carry-select adder uses 4-bit
groups and conventional carry look-ahead to propagate the global carry. To be fair, we have
further assumed that the conditional-sum adder has a similar organization as the present adder
but without using the modified Ling approach as our adder did and that the MODL adder uses
conditional-sum logic localy.

‘Since we used CSA for the local sum logic, it is fair to compare our adder with CSA, knowing that CSA con-
sumes more hardware than CLA [4]. Also, by using si(= a: ®b;) as the local propagate, the present implementation
actually saves hardware.



Table 1: Comparison of CMOS Adders in Terms of Gate Delays and Number of Serial Transistors
in Critical Path.

Adders Gate Delay* Number of Serial Transistors
from ¢;,, to Sa2 from c;,, to Sag

CLA 6 21

Condition-Sum Adder 5 16

Carry-Select Adder 5 18

MODL Adder 5 18

Present Adder 4 14

* Complex gate delay. As explained in the text, this is not a good measure of adder speed.
Number of seria transistors is a better measure.

Because CLA, conditional-sum adder, and carry-select adder do not generate group-generute
directly, they have one more gate delay than the present adder. CLA requires another gate
delay to generate the local sum, increasing its total number of gate delays from 5 to 6. The
MODL adder though generates group-generate directly, it does so by using a small 2-bit group
[7], requiring more levels in the global carry generation process than the present adder.

Comparison of complex gate delays in CMOS adders can be mideading because they depend
on both fan-in and fan-out. A better measure is the number of serial transistors which a
signal must traverse in the critical path. This means that for fully static CMOS circuits, we
evaluate both P-channel and N-channel transistors for critica paths. For dynamic CMOS circuits
(8], which include DOMINO circuits, we only evaluate the N-channel transistors. Hence, this
comparison scheme is dightly biased against fully static CMOS circuits.

Admittedly, comparing CMOS adders in terms of serial transistors in the critical path is
crude but it does adlow us a quick way to evaluate the potential performance of an agorithm
for further study. A fair comparison scheme should consider area, power consumption, speed,
and design turnaround time; such an elaborate scheme is far more time consuming than can be
afforded during the algorithm selection phase of a study.

In counting the number of transistors, the discharge N-channel transistors in DOMINO logic
are not included. Inverters are counted as one transistor and XOR gates as two. The number
of seria transistor count for NAND, NOR, and complex gates is the number of transistors in
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the longest N-channel or P-channel chain for static and dynamic CMOS circuits. When there
are pass gates (8] involved, the situation is a little more complicated. The source-drain (input-
output) path of a pass gate is counted as 0.5 transistors and the gate-drain (control-output)
path as one transistor. By the same token, 2- multiplexors are counted as two transistors from
the selection-output path, but as 0.5 from the input-output path. A similar comparison scheme
has been suggested by Oklobdzija and Barnes [9], but the accounting details were not given.

From Table 1, the present adder has fewer number of seria transistors in the critica path
than others. To count the number of seria transistors in the critical path of the present adder,
equation (15) can be used. The input signad must traverse G in four transistors (Figure 4), Gbj
in another four transistors (eguation (12) plus an inverting buffer), and C'5 in yet another four
transistors (equation (8) plus an inverting buffer), giving a total of twelve transistors. All other
terms in equation (15) arrive sooner than C3 . The fina sum selection multiplexors contribute two
more transistors. Hence, the critical path from ¢;, to S32 in the adder has fourteen transistors,
as indicated in Table 1. The inverting output buffers in Figure 5 are not needed in the adder
and are therefore not counted as in the critica path.

The path from ¢;, to C,y has the same number of serial transistors as the path from ¢;, to
S32. Gb}, and Pbj are available in eight transistors, hence C},, is available in twelve transistors
and C,y; in fourteen from equation (7) (Figure 6). The path from ¢;, t0 C,y:, however, is not
the critical path in terms of actua delay because there is much less capacitive loading on this
path than on the path from ¢;, t0 S39.

We have laid out a 9-bit block of the adder in an advanced bipolar/fCMOS process with
1.0um drawn channel length. The block was laid out in a standard-cell fashion and occupied
roughly 700x450 um?2. No automatic compaction was performed on the layout. The delay of the
whole adder operated at 5 volts driving a 300fF load a room temperature is estimated using
SPICE to be around 3.0ns.

4 Summary

In summary, we have presented a fully static CMOS implementation of a Ling type adder. The
implementation has fewer number of complex gate delays and fewer number of serid transistors
in the critica path than other conventional adders (i.e.,, conditional-sum adder, CLA, carry-select
adder, and multiple-output domino logic adder). Compared with a conventiona conditional-sum
adder, the increase in hardware in the present implementation is negligible.

Two key ideas presented in this paper that alows Ling scheme to be used in CMOS are
(1) the identity g;p; = p; can be used on the P-channel transistor network (equation (4)) and
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Figure 6: CMOS Implementation of Carry-out.

(2) the factored p term in Ling's equation can be propagated locally (equations (14) and (15)).
Together, they adlow a reduction of seria transistors in the critica path without any hardware
increase. A minor observation is that by using s ;( = a; @ b;) as the loca propagate, the present
implementation saves hardware in the local sum logic over the conventional conditional-sum
adder (Figure 5).
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