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Correspondence._

A Recursive Carry-Lookahead/Carry-Select Hybrid Adder

Vitit Kantabutra

Abstract—We present & very fast adder for déable-precision mantissas,
which is an improvement on Lynch and Swartrdaoder’s Spanning Tree
Carry Lookahead Adder or Redemdant Cell Adder ( JEEE Trans. Comput.,
Aug. 1992 and IEEE ARITH10 Symp., 1991) which was impiemented in
AMD’s Am29050 microprocessor. Our adder is faster than theirs mainly
because we use Manchester carry chains of various lengths instead of
chains of all the same length.

Index Terms—Carry-lookahead, carry-select, computer arithmetic cir-

cuits, dynamic CMOS, double-precision mnantissas, dynamic CMOS, fast
adders.

_ L. INTRODUCTION

We present a very fast adder which is an improvement on Lynch
and Swartzlander’s Spanning Tree Carry Lookahead Adder (hence-
forth STCLA), also known as the Redundant Cell Adder [9], [10}.
When implemented in AMD’s 1-um dynamic CMOS, the STCLA
adds two 56-b operands in 3.2 ns, measured from the clock edge to the
slowest sum bits.' The STCLA adds numbers quickly by generating
carry-in signals for bit positions that are spaced 8 b apart. All such
signals are generated within a little less time than 3.2 ns, so that
the entire addition process takes 3.2 ns with the help of a carry-
select mechanism. in this correspondence, we will present a new,
completely laid out network that generates carry-in signals for bit
positions that are spaced approximately 16 b apart. According to
conservative simulation, this network generates the carry-in signals
fast cnough that an entire 56-b adder based on the network can add in
approximately 1.85 ns, provided that the rest of the adder can quickly
provide the conditional output bits to be selected by those carry-in
signals computed by the network., We also design (this time without a
complete layout) the rest of the adder which is likely to provide such
sum bits quickly enough. All of our simulation uses a MOSIS 1-pm
process at room temperature, with a rather short effective channel
length of approximately 0.712-0.766 pm. We also simulated Lynch
and Swartzlander’s STCLA using the same technology and transistor
sizes {mostly 7-pm drawn width) as the ones used for simuiating
our network, and found that the STCLA adds in 2.75 ns. Wire
capacitances are ignored in our simulation of the STCLA (but not
in the simulation of our own main network), and so actuaily the
STCLA would probably be slowcer than this when implemented in
the technology that we¢ have considered.

Before the STCLA, traditional carry-lookahead adders were com-
monly known as the fastest adders. A fast implementation of such
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'The STCLA was actually designed to accommodate 64-b operands, but
only 56 b are needed. Note also that the delay due to the computation of the
bit-level propagate and generate signals is not included in the timing of either
the STCLA or the adder to be presented in this correspondence because these
computations occur before the clock asserts.

an adder using especially fast circuit. techniques adds two 32-b
operands in 3.1 ns using 0.9 pm CMOS [5]. In another paper {11],
a slightly modified version of the carry-lookahead adders adds two
64-b numbers in 4.5 ns using 1:pm static CMOS, and can also
add two 96-b numbers in the same amount of time. The authors
of that paper also showed that a conventional carry-lookahead adder
would add two 64-b numbers in 5.4 ns. There was also a new adder
[13] that was claimed to be “20-28% faster than the fastest known
binary lookahead adder.” If we assume that the authors’ point of
reference of the “fastest known binary adder™ is the 3.1-ns 32-b 0.9-
pm CMOS adder of 5], then a 32-b version of their design might
run as much as 28% faster, i.e., with 2.2 ns of delay. Our 56-b 1-
pm CMOS adder would still be faster than théirs. Observe, however,
that their speed estimates were based on simple gate delay models
and not on simulated delay figures, and thus the comparison may
not hold.

Note that the idea of using Manchester carry chains of various
lengths may be applicable to designing adders of larger or smaller
operands than 56 b as well. The 56-b operand size is an ample
size for adding the 52-b mantissas of IEEE Standard-754 double-
precision floating-point numbers, with a few extra bits of peecision.
Note that we have also provided for a carry-out signal in our
design.

The STCLA, on which we improved, is a hybrid between a
carry-lookahead adder and a carry-select adder, and is significantly
faster than both classical carry-lookahead adders and classical carry-
select adders in dynamic CMOS. The STCLA uses a “tree” of
4-b Manchester carry-lookahead chains (which is not a tree in the
theoretical sense of the word) to generate the carries into bit positions
8, 16, 24, 32, 48, and 56, thus carning the STCLA its name. Two 8-b
ripple adders are used for generating the sum outputs for assumed
carry inputs of () and 1. Once the true carry-in to each 8-b block is
known, that carry-in is used to select the correct sum bits from the
ripple adders, In order to get the carry-in signals at 8-b intervals, the
STCLA needs as inputs to some cells the “propagate” and “generate”
signals of overlapping groups of bits, thus earning the STCLA its
older name, “Redundant Cell Adder.” In addition, the STCLA also
needs intermediate “propagate” and “generate” outputs from some of
the Manchester chains, making these chains rather heavy loads to the
input signals.

The main idea behind our improvement on the STCLA is to employ
Manchester chains of various lengths instead of using only 4-b chains.
Lynch and Swartzlander already suspected during the conference
presentation of their result [9] that this idea might give rise to a fastcr
adder. In their journal paper [10], they mentioned this again, and
also mentioned that using fixed-length Manchester chains of lengths
3 exclusively or 5§ exclusively would not yield faster adders.

The idea of varying the lengths of bit groups has been used to
speed up carry propagation, but enly in other types of adders than
the hybrid type considered in this correspondence. The techniques
nsed for varying the lengths of bit groups in those other adders
certainly do not seem to be applicable to the type of adders condidered
here. For example, many researchers, including the author of this
correspondence [2]-[4], [6]-[8], [12]. [14] used the idea to speed
up carry propagation in carry-skip adders. Turrini’s 32-b, near-
optimumn  multilevel carry-skip adder, implemented in late-1980°s
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Fig 1. T!lc main Mtwnrk of Mnnchester carry chains in the adder presented
in this' correspondénce; the disgram also includes the buffers for driving the
muktiplexces, 2t well 25 the block adders.

<$,

wclmolog added in 1.7 ns In [3]; [15], the idea of using
bit blocks of various lengths was used to speed up traditional block-
can‘y ~lookahead adders. However, no one before now has sped up
~loohhead{carry selcct—-hybnd adders by using bit groups of

vmous !engths

Il THE NEW ADDER

The adder pm:mued m this correspondence is a carry—select adder,
which for our adder means the. following: partition each 56-b operand
into several blocks of contiguous bit positions. (Both operands are
partitioned in the same way.) For each block, add together the parts of
the two operands thiat are in the block. In fact, there are two additions
to be done simultancously, one with an assumed carry-in of 0 and
the other with an assumed carry-in of 1. Simultaneously with these
additions, compute the true carry-in signal to the least significant bit
of each block. This signal wili be used to select the correct sum output
for each bit position in the block, as well as the carry out of the entire
adder (in case thie biock in question is the most significant one).

Clearly, thic speed of the erntire 56-b adder depends on the speed
of the adders for the bit blocks as well as the speed of the circuit for
computing the carry-in sngnals to the blocks. Our main contribution
is a very fast circuit for computing these carry-in signals. This
circoit, a network of dynamic Manchester Carry Chains, is shown
in Fig. 1. The laid out version is shown in Fig. 2. The size of the
layout is 930 x 240 um, and can be made smaller if necessary. The
network is simulated, and is found to be significantly faster than the
Manchester Carry .Chain network used for the STCLA ([10], Fig.
2, not shown in the present correspondence), even with the parts

2Turrini’s adder was static, and thus his timing included the computation
“of the bitwise “propaga(e” signals which are excluded from consideration in
our adder as well as in the STCLA because such computation (as well as the
computation of the bitwise “generate” mgnals) occurs before the clock asserts.
{Owr timing, like Lynch and Swartzlander's, is from clock edge 1o sum.) Also,
the timing of Turrini’s adder included the time to drive a 4 mm result bus.
Turrini’s 32-b adder was laid out in 2100 x 300 m, which may be smaller
than a 32-b adder with a design similar to ours.
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Fig. 2. The layout of the network of Manchester carry chains used in the
adder presented in this correspondence using two layers of metal.

pertaining to the most significant 8 b removed, and despite the fact
that each of our network’s outputs drives up to approximately twice as
many multiplexers as an output of the network used for the STCLA.
However, our network has the obvious disadvantage that the carmry-
in signals that it outputs are few and far between, thereby requiring
very fast (and large) adders for the large blocks of bit positions. These
“block adders,” shown in Fig. 3, are also of the carry-lookahead/carry-
select hybrid type, which explains the term “recursive” in the name
of our 56-b adder. The block adders will be explained in the next
section.

III. DETAILS ON THE COMPONENTS

We will now give details on the components of our adder. We
stari with the Manchester carry chains. In the network of Manchester
chains for generating the carry inputs to the blocks, we never need
intermediate outputs, and thus a 4-b chain in our circuit would be as
shown in Fig. 4, which is the same as [10, Fig. 4(c)]. Our transistors
are all 7 pm wide (drawn), except in the two inverters at the output
of the chain. Their sizes will be discussed later. A 2-, 3-, or 5-b
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Fig. 3. A block adder.

Manchester chain would baswally be the same circuit, but shortened
or efongated i ia the most obvious fashion. The chain with e input is
the same as in Lynch and Swarizlander’s journal correspondence’s
Fig. 4(d), but shortened by 1 b. Note that we did not optimize
the transistor sizes, but simply picked some reasonable sizes that
would yield a reasonably smafl layout area ind would still be large
enough pot to be excessively affected by wire capacitance. Careful
optimization would no- doubt yield faster operation. However, we
must note that there are many degrees of freedom involved in such
optimizition; and such opnmlmhon would be a substantial piece of
meuch in itself. o

Al %ha Manchester chams in our network for generating the block
carry-in’s have no intermediate oulputs, a fact that makes our network
faster and smaller than that of Lynch and Swartzlander's STCLA.
As-Siaied cartier, thie: Mvﬁttagc of our nefwork of Manchester
carvy chains is ‘thal it-oaly* gives carry-in signals at 16:b intervals
.(aphmimately) inshead B itervals. Tius drsadvantagc forces us
to. Wt fust and coaplex block adders. |
W pow examine the: umipcﬁcnts ‘of & bfock adder, which ‘once
agaitt. i shown n Fig. 3. 'I‘hécomponemsofablockaddera.rea

M‘% ‘Mianchester carty -chiain: with intermediate outputs, four

Mautichester chains withodt inmmahtc ‘outputs, 4- and 5-b ripple
addeis; Wnﬂhplem Wenowdlm the ripple adders. These are
Mofinemmngoddandmnr@lewﬂs as shiown in Fig. 5. The
traskiktors we tised for these cells aré ‘mostly Tum wide. (The cells
came fromh ‘a paper by Guyot ef al. -[4].) These ripple cells are used
because they propagate carry signals very quickly. According t6 our
simulation, a carry signal ripples through 2 b in.0.55 ns. See another
correspondence by this correspondence’s author [6] for simulation
details. - Notice-thiat we put the longest tipple chain (5 b long) in
a place where the sum bits do- not have to waste any time going
through multiplexers inside the block adder, The sum bits that must

be multiplexcd- inside- the block- adders are from - ripple chains that.

are.at most 4 b-long. Such a chain would entail only 1.1 ns of carry
propagation time, -and a very small amonnt of exira time to change
the sum bits. Note:that in the simulation of the ripple cells, no wire
length parasitics-are included since the part of the adder containing
these cells have 'not been laid out. Thus, we cannot say for sure that
the sum signals and. the carry-out will be ready for selection by the
multiplexers in time. However, we must note that since the ripple
cells are static, some or- all of the rippling can be done before the
clock asserts if it does not dlsrupt the operation of the system as a
whole.
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Fig. 4. (a) A Manchester carry chain with four inpuots and no intermediate
outputs. (b) A layout of the Manchester carry chain diagrammed in (a).

The multiplexers used in our adder are very simplé 2-to-1 multi-
plexers, which are quite standard in CMOS circuits.

IV. THE SMUWONS AND THEIR RESULTS

We start by simulating the main network of Manchester carry
chains shown in Figs. 1 and 2. We first made rough estimates of
each path’s delay by taking the sum of the squares of the lengths
of each Manchester chain in the path. For example, the path from
bit position-9 to upper right “generate” output before the buffei-s is
roughly 32 +4%42% = 29. Since this happens to be one of the longest
paths under this estimate, we will simulate it first. (In fact, the sizes
of the Manchester chains in the network were detérmined so as to
minimize the maximom signal defay under this estimate first, and
then fine-tuned after some actual signal delays had been determined
by simulation. This minimization involved balancing the various path
lengths so that they are approximately equal.)

The setup for the simulation of the path from bit position 9 all the
way to the most significant 16 b of the sum outputs, including the
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Fig. 5. The two types of fast ripple celis.
; R .
delays of the buffers and the multipiexers, is shown in Fig. 6.° Note
that all parts of the circuit are tealistically loaded, except the sum
output which is only loaded with an invertes (7pm PMOS, 4 pm
NMOS). Initially, we assume zeto-length wires. The effect of long
wires will be taken care of later, where we also change the sizes of
inverters to help alloviate the effect of wire parasitics. The inverters
at the output of cach Manchester chain will now be assumed to have
a PMOS width of 7pm md an NMOS wxdth of 4 pm. The large
inverters shown at the- nght hsnd ‘#nd of the nétwork of Manchester
carry chains are of siz¢ e and.¢? times the size of the regular inverters
found at the outputs of the- chnms The SPICE parameters of the
MOS transistors are those of the HP CMOS26B process (an n-well
triple metal process, 1.0 yn drawn features, although we did not take
advantage of the third level of metal), which can be obtained from
MOSIS. The simulated delay using PRECISE* between the point at
which the clock input reaches 2.5 V and the point at wlnch the sum
output bits reach 2.5 V is 1.58 ns.’

There is a path in the main network of Manchester carry chains

in which the rough estimate of the delay up to before the buffers is.

. 30, which is more than any other path’s estimated delay. This is the
path fromi bit position 19 to the upper right-hand “generate”™ output.
The delay through that path and all the way to the 16 sum output bits
40-55 tums out to be 1.7 ns, which will turn out to be the longest
path in the entire adder, just as préd_icted by the rough estimate.

31In the simulation without wm: capacltanocs, we did not include the mux
for selecting the carry output flom the cntire adder. Howevet, this mux was
inchudéd for all simutation in which wire capacitances were inclnded.

4 A fast circuit-level snnulatwn softwar: package by Elecmcal Engineering
Software based on SPICE2G.

5We used the curve tracing facility of PRECISE to ensure the zccuracy
of this reading. According to the curve v.racmg facility, the sum cutput bits
540-S55 reach 2.558 V at 3,077 ns, which is 1.577 ns or about 1 .58 ns after
the time at which the input clock has reached 2.5 V. The curve tracing facility
does not have a reading for the time at which the output was exactly 2.50000
V. Later, when we consider the wire parasitics and do the final simulation,
we will take two readings and iaterpolate. The two readings will be made just
before and just after the output voltage reaches exactly 2.5 V.

IEEE TRANSACTIONS ON COMPUTERS, VOL. 42, NO. 12, DECEMBER 1993

Fig. 6. The sctup for simulating the path from bit position 9 to the most
significant 16 sum output bits and the carryout of thc entire adder.
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Fig. 7. Table showing delays in the main Manchester carry chain network.

. The other paths simulated were the paths frum the following bit po-
sitions to the most significant 16 b of the sum: g, bit 5, bit 27, and bit
15. The simulation results-for all of the six paths in the network that
we simulated without wire parasitics are tabulated in Fig. 7, second
column. The other paths are either clearly subpaths of some simulated
paths, or are roughly estimated to be significantly shorter than 30.
Thus, we will not need to simulate them as long as wire lengths have
not been considered. For example, the paths from bits 16, 17, and
18 to the most significant 16 sum and the carry-out bits is shorter
than the path from bit 15 that we have tested. And the path from bit
position 35 to the most significant 16 sum and the carry-out bits is
shorter than the path from bit 19. Also, the path from each bit position
i to each of the lcast significant 40 b is shorter than the path from
the same bit i to the most significant 16 sum and the carry-out bits.

. As pointed out by a referee, our method of adding up the squares of
the lengths of Manchester chains is only an approximate method for
comparing path lengths. Thus, if we estimate py to be longer than pa
by only a small amount by this method, it does not necessarily mean
that p; has to be longer than p; at all, unless p; is truly a subpath of ;1
orps is exactly the same circuit as some subpath of p1 with exactly the
same load. As an example, the path from Cyp to the most significant
sum bits has an estimated length of 27, while the path from bit 5 has
an estimated length of 26. Yet, the former path has a simulated delay
of 1.64 ns, which is shorter than the 1.66 ns delay of the latter path.
These two paths may have similar loads, but neither is a subcircuit of
the other, and thus they are not comparable, except in the approximate
sense, that is, they arc approximately the same length.

Now, we deal with the wire parasitics in our main network of
Manchester carry chains. We laid out the network (see Fig. 2} so that
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Fig. 8. Simulstion results for the longest path-—the path from bit 35 to the
16 most significant sum outputs and the carry-out of the entire adder,

the longest path according to our wire-free simulation (the path from
bit 19) would have the shortest wires. In an attempt to deal with
long wires, we increase the widths of the output.inverters of cach
Manchester chain to 9 um (PMOS) and 5 ym (NMOS). Now, note
that even the longest wire is short enough to be modeled accurately
as a capacitance. To determine how much capacitance cach wire

should have, we note that an isolated, 1.5-um-wide metal-2 wire on.

substrate (each wire indeed lics almost entirely on substrate) would
have a capacitance of 0.111 fF. We assume quite conservatively
that the same wire in parallel with other wires in this technology
would have a capacitance no more than twice that much. Thus, we
assume the capacitance of a wire of length / to be 2 % 0.111 » [ fF.
Additionally, we assume that the carry signals that are output from
the two rightmost Manchester chains in Fig. 2 are fed into wires that
are up to 500 pm long (isolated). The results of this simulation are
tabulated in the third column of Fig. 7. The first thing we notice about
these new results is that the path from bit 19 is no longer the longest
path. Among the six paths originally simulated (the first six lines in
the table in Fig. 7), the paths from bit 5 and from Cp are now the
longest at 1.92 ns due to long wires. And we note that due to long
wires, the paths from bits 31 and 35 to the 16 most significant sum
and the carry output of the adder can no longer be assumed to be
shorter than any previously simulated paths. Thus, we must simulate
- them. By doing s0, we indeed found that the path from bit 35 is the
longest overall, at 1.97 ns.

In the final simulation step, we eliminate the inverters immediately
connected to the outputs of the rightmost two Manchester carry
chains, leaving only the large inverting buffers. This shortens the
longest path (the path from bit 35) to 1.85 ns. This new delay figure
is tabulated in the last column of the table in Fig. 7, and the simulation
graph appears in Fig. 8. The other paths are clearly shorter than this
since they all go through the same set of inverters which has just
been shortened. Thus, the adder delay is 1.85 ns, provided that the
conditional sum and carry outputs can be generated fast enough to
be selected by the output multiplexers.

Now, we test the 16-b block adders shown in Fig. 3. The 15-
and 9-b adders are obviously no slower than the 16-b ones. The two
critical paths from the time the clock asserts are clearly the paths
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from the input carry (which is the lowest “generate” input), and the
generate input at bit position 5. The delay from these two paths to
the sum outputs at positions 13-15 are found to be 1.4 and 1.22
ns, respectively. Thus, although these sum outputs are not loaded, it
seems likely that even when they are loaded by the wires and the
multiplexers of the main network of Manchester carry chains, they
would still provide their sxg;nals to those, multiplexers in ample time.
Thus, the only thing that could delay the entire adder beyond 1.85 ns
would be the static ripple chains which have fixed carry inputs and
have sum inputs that are ready before the clock asserts.

V. CONCLUSION

We have desngned end simulated a very fast 1-pm (drawn) dynamic
CMOS adder for double-precision mantissas. This adder is faster than
Lynch and Swartzlander’s Spanning Tree Carry-Lookahead Adder.
The main technique we used for obtaining the speedup was to use
various-sized Manchester carry chains in order to achieve a balance
among several worst-case carry path lengths.
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