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Abstract

The double-datapath organization of a floating-point
adder results in a reduced latency. One of the main
characteristics of this organization is the combination
of the addition/subtraction with the rounding into a
single Add/Round module, which is implemented as one
pipeline stage and might be responsible for the cycle
time. We propose the utilization of the most-significant
carry detector and the corresponding adder using the
reverse-carry approach to reduce the latency of this
Add/Round module. In addition, the particular organi-
zation of the reverse-carry adder is used to reduce the
contribution on the delay of the row of half adders that
is included in the FAR datapath to produce the sum plus
two. Estimates for a 64-bit Add/Round module show a
potential reduction of delay of about 15%.

1. Introduction

In contemporary processors, the latency of floating—
point addition/subtraction is of several cycles and
it affects the performance of important applications.
Consequently, several architectural improvements have
been included to reduce this latency: double datap-
ath organization, leading zero anticipator, compound
adder, fast calculation of the exponent difference,
among others, as summarized for instance in [1, 12, 14].
In particular, several processors implement a double
datapath organization [6, 10]. In this organization,
the addition/subtraction is combined with the round-
ing into a single Add/Round module, which is imple-
mented as one pipeline stage and might determine the
cycle time.

*This work was supported in part by the Secretaria Xeral
de Investigacion e Desenvolvemento de Galicia (Spain) under
contract PGIDT99-PXI120602B and by NSF grant MIP-9726244.

0-7695-1150-3/01 $10.00 © 2001 IEEE

Tomés Lang
Dept. Electrical and Computer Engineering
University of California at Irvine, USA
tlang@uci.edu

In this paper we propose the utilization of the most-
significant carry detector and of the corresponding
adder using the reverse-carry approach [2, 8], to reduce
the latency of the Add/Round module. In addition, we
utilize the particular organization of the reverse-carry
adder to reduce the contribution on the delay of the
row of half adders that is included in the Add/Round
module of the FAR datapath to produce the sum plus
two required in the directed rounding modes [11].

To estimate the potential improvement of this pro-
posal we estimate the delay using the characteris-
tics of a family of standard cells. In the estimation
we incorporate the effect of the load and of the de-
lay of the connections. We compare the delay with
an estimate for the traditional implementation of the
Add/Round module and conclude that the proposed
architecture has the potential of reducing the delay of
the Add/Round module by about 15%.

2. Double—datapath floating—point adder
and implementation of Add/Round

In the double-datapath floating-point adder the dat-
apath is split into two paths [5]: the CLOSE datapath
that computes the effective subtractions for an expo-
nent difference |d| < 1, and the FAR datapath that
computes all the effective additions and the effective
subtractions for an exponent difference |d| > 1. In this
way the full-length alignment shift and the full-length
normalization shift are mutually exclusive: the FAR
datapath requires a full alignment shift and the nor-
malization shift is, at most, of 1 bit (right shift for ef-
fective addition and left shift for effective subtraction);
whereas the CLOSE datapath requires a full normal-
ization shift and only a 1-bit alignment shift. For im-
plementation details and improvements see [12, 10, 14].

The latency of the floating—point addition is re-
duced by combining the rounding with the addi-
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Figure 1. Add/Round for the FAR datapath. a) Direct implementation. b) Using a MSC detector. ¢)

Time diagrams

tion/subtraction (Add/Round). In this way, the
rounding is performed before the normalization and
this fact has to be taken into account to determine the
rounding bits. The combined addition uses a compound
adder that computes simultaneously the sum and the
sum plus one. A simple implementation of this adder
corresponds to a prefix-tree adder plus an additional
level of OR gates. Then, the correct rounded result is
obtained by selecting one of the outputs according to
the requirements of the rounding. In the rounding to
+00 modes the sum plus two result is also required in
the FAR datapath but it can be computed using the
compound adder preceded by a row of half adders.

There are several alternatives for the pipelining of
the double-datapath floating—point adder depending
on the technology and clock frequency. The number
of stages can be either two [1, 14], three [6, 12] or four
[10]. However, in all cases, an important component in
the determination of the number of stages and/or the
stage delay is the Add/Round module in the FAR dat-
apath. This module is also important in the CLOSE
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datapath but due to the n—Lit HA (to compute the sum
plus two) and the rounding complexity the delay of the
FAR datapath is larger. Therefore we concentrate in
reducing the delay of the Add/Round module in the
FAR datapath, but similar reductions are possible in
the CLOSE datapath.

2.1. Add/Round in the FAR datapath

We discuss the implementation of the Add/Round
module in the FAR datapath since in the following sec-
tions we propose an alternative to reduce its delay. The
operands have normalized significands of n bits, being
bit 0 the most—significant bit and bit n — 1 the least~
significant bit. Figure 1(a) shows a direct implemen-
tation of the Add/Round module. We denote as X
and Y the inputs to the adder after alignment and bit—
inversion. Signal sub is set for effective subtraction and
UPoo indicates if the adder result has to be rounded-up
in the rounding to +oo and —oco modes®.

1For a complete description of the control signals see [3]



For the rounding it is necessary to produce either
X+Y,X+Y +1,0or X+Y + 2. For this purpose,
the combination of HAs and compound adder produce
Wp and Wpl which are either X +Y and X +Y +1 or
X +Y +1and X +Y +2 and then the correct result
is selected [11].

Note that in Figure 1 the selection logic has been
organized into two levels: a first level which uses the
signals that are obtained early in the FAR datapath
and a second level which uses the output of the first
level (@, b and ¢) and the C,y: and the MSB of the
addition?. The second level corresponds to

sel(Wpl) =a-Cout + Cout(b+¢c- MSB) (1)

Finally, the LSB of the addition/subtraction is ob-
tained as LSB(corrected) = sel(Spl) @ L. In this
way, the slowest path is the calculation of sel(Wpl).
Consequently, the delay of the Add/Round module is

2)

being ty 4 and tprsp the delay of the row of HAs and of
the calculation of the MSB, respectively, and 1, tf
and t,,, the delay of the selection, the buffer (for the
control signal of the wide multiplexer) and the multi-
plexer, respectively.

This delay is reduced if the C,; and the MSB are
calculated in parallel with the operation of the com-
pound adder using a Most Significant Carry (MSC)
detector, as shown in Figure 1(b). The MSC detec-
tor, implemented as a P,G tree, permits to know the
carry of an addition/subtraction before the result of
the addition. The MSC block generates Cjy, the carry
into position 0, which is used to compute the MSB and
C,ut. Note that its inputs are taken before the HAs; al-
though the HAs pre—adds a 1, this does not affect the
most-significant carry, since the 1 is pre-added only
when the least—significant bit is 0.

If the critical path is still the sel signal (and not
the compound adder), a further reduction can be ob-
tained with a conditional sel(Wpl) logic, as shown in
the dashed box of Figure 1(b). In this way

ta/r =itga +imss + tse + tbf + tma

tor = maz{(taa+tca), Emsc+tmz+tog)}+tmz (3)

where tca and tpyrsc are the delay of the compound
adder and the MSC block, respectively.

Figure 1(c) illustrates the delay of each of the im-
plementations discussed in this section. Note that the
critical path delay reduction obtained using a MSC de-
tector and conditional selection depends on the delay
of the compound adder and the MSC detector used.

Zthe expressions for signals a,b, and c are given in [3]. We
do not include them here because these signals are not in the
critical path
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3. Reverse Add/Round module

We now get to the main contribution of this pa-
per, namely, the use of the reverse-carry approach in
both the MSC and the compound adder and the incor-
poration of the HA array into the reverse compound
adder. The multilevel reverse—carry algorithm [8] is a
technique for early detection of the most—significant—
carry (MSC) of an addition/subtraction. This has been
then extended to implement a fast adder [2], called
reverse—carry adder, that reduces the delay of the addi-
tion/subtraction with respect to the traditional prefix
adders. We call this adder dual reverse adder. The in-
dicated modifications to the implementation of Figure
1(b) result in the implementation of Figure 2. It also
includes the combination of the half adders with the
reverse dual adder, as presented in the next section.

The utilization of the reverse—carry algorithm in the
MSC detector and the compound (or dual) adder in the
Add/Round module should produce a reduction in the
overall delay because these modules result in smaller
delays than those of the conventional implementation.
Its delay is given by the expression

toyr =maz{(tna +tpra), (tRMSC +tme +tof)} +tme

)
being tpra and trysc the delay of the dual reverse
adder and the reverse MSC, respectively. Note that
this equation is similar to equation (3), but replac-
ing the compound adder and the MSC detector by the
dual reverse adder (DRA) and reverse MSC detector
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Figure 3. Reverse Add/Round module with combined HA

(RMSC), respectively.
3.1. Eliminating the HAs from the critical path

If the critical path goes through the dual reverse
adder then the delay can be further reduced by elim-
inating the half adders from the critical path. This
can be achieved by the implementation of Figure 3 in
which the half adders and the dual reverse adder are
combined.

To explain this implementation we summarize the
pertinent characteristics of the reverse-carry adder [2].
The adder is divided into b-bit dual adder blocks, each
of which produces the block sum, V| and sum plus 1,
Vpl. Then the selection between V and Vpl1, to pro-
duce W and Wpl, is controlled by the carries into the
blocks, which are computed using the reverse-carry ap-
proach?.

3To achieve a dual adder, producing the sum and sum plus
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In this implementation the critical path goes
through the module that produces the block carries.
Consequently, the total delay of HA + dual adder is
reduced if the inputs to the block-carries module comes
directly from the operands X and Y, instead of from
the output of the half adders. Here we give a high-
level description of this combination, and in the next
subsection we go into more detail.

Each block operates as the complete HA + dual
adder in the implementation of Figure 2. Then, the
block produces either X? + Y® and X® + Y% + 1 or
Xt +Yb+1and X0+ Yt +2, being X? and Y b-bit
blocks of X and Y and L; the LSB of X®+Y?, so that
the three required block outputs can be generated by
suitably modifying the least-significant bit?.

1, the reverse-carry adder is modified as described in the report
mentioned together with [2] in the references

“The requirement of the block output X +Y + 2 is explained
below



Now, to produce the overall outputs, it is necessary
to use the block carries for selection. These carries are
C and C*1, which select ¥V or Vpl to produce W and
Wpl. However, now there is an additional complica-
tion because for the calculation of X +Y +2 there might
be two carries into a block®. However, there are two
carries into block i only when all bits of the previous
blocks of X and Y are 1. Consequently, we define a
variable T; to detect this situation and select the block
output X +Y + 2 for Wpl when T; = 1.

The delay of this implementation is:

ta/r = ma'-'l"{(tcomb)y (tRMSC + iz + tbf)} + tmg (5)

where t.omp is the delay of the combined HA and dual
reverse adder. In this way, the delay of the reverse FAR
Add/Round module is reduced if teomp < tHa +tDRA
(see equation (4)).

The architecture reduces the delay with respect to
a traditional implementation (n~bit HA followed by n-
bit dual adder) since the carries of the dual adder are
obtained from the input operands to the n-bit HA.
Note that the block carries obtained before the HAs
are the same as if the block carries were obtained af-
ter the HAs. In this way, considering that the carries
calculation is the critical path of the dual adder, the
n-bit HA are eliminated from the critical path.

Implementation

The combined HA and dual reverse adder (see Fig-
ure 3) provides two outputs (W, Wpl) which corre-
spond to (X+Y, X+Y+1)orto (X+Y+1, X+Y+2).
As said before, the combined HA and dual reverse
adder is split into blocks and the reverse—carry is used
only to compute the input carries to the blocks. Signal
T; is used to specify when X? +Y? +2 is needed as out-
put of the block dual adder. Actually, T; indicates that
two carries are propagated to block 4, and this only oc-
curs when the dual adder is computing X +Y + 2 and
zj+y; = 1for j =n —1 up the most significant bits of
block i — 1. Note that when T; = 1 then C; = Cj' = 1.

Table 1 summarizes the block output necessary for
the calculationof X +Y, X +Y +1and X +Y + 2.
Note that X +Y and X +Y + 1 only require X? +
Y? or X} + Y} + 1, depending on the input carries,
whereas X +Y +2 requires X? + Y +2 too. Although
the selection requires all three values, each block only
provides two outputs,(V, Vpl), which correspond to
(XP+YP, XP4+YP+1) or (X24+YP+1, XP+YP+2),

5This problem is solved by the set of half adders in the tra~
ditional approach; here it reappears because we use directly X
and Y to compute the block carries.

Table 1. Block output selection (X? + Y} or

X! +Y)+1or X!+ Y} +2)

T, C; CFf' X+Y X+Y+1 X+Y+2
0 0 0 X +Y? XP+Y? xP+YP
¢ 0 1 X +Y?  XP+YP4+1 XP+YE41
0 1 - [ XP+YP+1 XP4YP+1 XP4+YP41
1 - - | XP+YP41 XP4YP4+1 XP4VP 42

207

Table 2. Selection of W and Wpl in each block

T, C; CHTw Wyl LSB correction

0 0 0 1 1 Correct. in W and Wpl
0 0 1 v v No correction

0 1 - v |4 No correction

1 - - vV Vpl No correction
Since L; =0 (V, Vpl) = (X® +Y* +1, X +Y*+2)
Since L=0 (W, Wpl)=(X+Y+1, X+Y +2)

a)L=0and L; =0

T, Ci CM']| W Wpl LSB correction
0 0 0 \%4 1% No correction
0 0 1 Vpl Vpl No correction
0 1 - Vpl Vpl No correction
1 - - Vpl Vpl | Correction in Wpl

Since Ly = 1 (V, Vpl) = (X* +Y?, X0+ ¥t 4+1)
Since L=0(W, Wpl)=(X+4+Y +1, X+Y +2)

b)L=0and L; =1

T; C CHTW Wpl LSB correction

0 0 (] \4 \%4 Correct. in W and Wpl
0 0 1 \4 \% Correction in W

0 1 - \% v No correction

1 — _ — -

Since Li =0 (V, Vpl) = (X® +Y° +1, X° +Y®+2)
Since L=1 (W, Wpl)=(X+Y, X+Y +1)

c)L=1land L; =0

T, C; CF'] W Wpl]| LSB correction
0 0 0 |4 |4 No correction
0 0 1 V Vpl No correction
0 1 - Vpl Vpl No correction
1 — - - -

Since L; =1 (V, Vpl) =
Since L =1 (W, Wpl) =

(XP+Y% XP4+Y°+1)
(X+Y, X+Y +1)

dL=1land L; =1




depending on the value of L; = LSB(X?) ® LSB(Y}).
Namely,

X +Yh XP+YP+Y) ifL;=1
v, Vpl) = { XP+YP+1, XP+Y2+2) ifLi=0
In both cases, to obtain the third result, X} + Y + 2
when L; = 1 or X! +Y? when L; = 0, the least—
significant bit of the block output has to be corrected.
Therefore, the block W and Wpl are obtained from V'
and Vpl depending on L; and L. Table 2 summarizes
the selection for W and Wpl in each block of the com-
bined HA and dual reverse adder. From the Table, we
obtain:

Il

sel(Vp)V
sel(Vp1)/'?!

L'L17~Ci+I4~L,~~C;H
L T+ Li-CH

(6)

Figure 3 shows the implementation of the combined
HA and dual reverse-adder. The carries are calcu-
lated using the reverse—carry algorithm in parallel with
the b-bit dual adders and the calculation of the T;s.
Note that the implementation of equations (6) would
introduce an additional delay in the carries calculation
path, since these equations should be implemented af-
ter the calculation of the C; and Ci+ 1. To reduce the
delay, equation (6) has been implemented in two lev-
els, composed of a multiplexer each. The first level is
a conditional selection, with control signals .SV,-+1 and
8V;, whereas the carries are used as control signals in
the second-level multiplexer to complete the selection.
Moreover, those multiplexers implement the block LSB
correction, as indicated in Table 2; note that the correc-
tion, similarly to the selection, depends only on sV,.+1,
sV;, C; and CF.

With these considerations the critical path of the
combined HA and dual reverse adder is

teomb = ma:c{(t,;g +tc), (HA +EDAD T Emz) t FHlmz (7)

being t. the delay of the C; and C;* calculation and
tpap the delay of the b-bits dual adder.

4. Estimation of delay and comparison
with traditional implementation

In this section we estimate the delay of the pro-
posed reverse Add/Round architectures and compare
it with traditional implementations. There are several
implementation alternatives depending on the number
of bits (n), the block size (b), the type of gates and
cells, the technology, etc. Consequently, for a specific
set of requirements and constraints, the designer should
explore the design space for the best implementation.
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Here, to show the potential benefits of the approach,
we consider 64-bits adder® and use gates from a 0.5um
CMOS standard-cell library [9]. We have included the
load of gates and an estimate of the effect of the long
wires. It has to be pointed out that this is only an ap-
prozimate estimation, since the delay is heavily depen-
dent on the technology and considering other technol-
ogy and/or standard cells libraries the delay estimation
could be different.

We use as unit of delay the delay of a 2-input NAND
with a load of 2. As we are interested in obtaining only
an estimation of the delay, and not in exact delays fig-
ures, the results are approximated with one fractional
digit. The delay estimation is performed considering
the actual load of each gate, which consists of the load
produced by the gates connected to the corresponding
output plus the effect of the wires. Long wires can
introduce significant loads on the gates [7] and may
require the use of buffers and/or high output drive
strength gates. To obtain a rough estimate of the ef-
fect of the wires, we consider the delay evaluation of
prefix adders given in [7]. Following that evaluation
we estimate that the additional load of a connection
of length? 4 (called L, ) is equal to 3 [2]. However,
since the wire load is dependent on the technology, we
consider a range of wire loads, namely from Ly = 0
to Ly = 5. In the following we estimate the delay of
the Add/Round module for Ly = 0 and Ly = 3 and
summarize for Ly from 0 to 5.

4.1, Delay estimation

We estimate the delay of the reverse Add/Round
module (in the FAR datapath) without (¢*/°) and with
combined HA and dual reverse adder (¢¥). The delay
of both alternatives is given by equations (4) and (5),
respectively, in section 3:

tw/o = mam{(tHA +tDRA)’ (tRMSC +tmz +tbf)} +tme

v = mam{(twmb), (tRMSC +lmz + tbf)} + tmz

In both cases, the reverse MSC and the reverse dual
adder are important components of the critical path.
The delays of these two elements, for an implementa-
tion with 64 bits, have been estimated in [8] and [2]
and are summarized in Table 3 for different, wire loads.
The table also shows the delay of the traditional im-
plementations of the MSC detector and the compound
adder. Moreover, it shows the delay of the combined

6The IEEE double precision format uses 53 bits in the signif-
icand, but we have done the estimations with 64 bits since this
is the nearest power of two

"The length is measured as the number of bits positions be-
tween the beginning and the end of the line



Table 3. MSC detector and dual adder delays

Table 4. Add/Round module delay

L4 = 0 L4 =1 L4 = 3 L4 =5 Add/ROllIld mod. L4 =0 L4 =1 L4 = 3 L4 = 5
rev. MSC 8.0 9.5 10.2 11.2 reverse approach
trad. MSC 9.0 10.7 12.7 13.7 without comb. HA 16.7 18.0 20.0 22.3

dual rev. adder 12.7 14.0 16.0 17.5
compound adder 15.2 17.5 19.5 21.7

with comb. HA 16.8 17.0 19.4 22.3

Trad. (non-rev.) 19.2 21.5 23.5 25.7

combined HA and
dual rev. adder 14.8 15.0 16.0 17.5

HA and dual reverse adder (see Figure 3). For low wire
loads the critical path is composed of the HAs plus the
8-bits dual adder plus the multiplexers so that its de-
lay is larger than the delay of the dual reverse adder.
However, for large wire loads the critical path corre-
sponds to the carries calculation path, resulting in the
same delay as for the reverse dual adder.

With respect to the remaining components, mux and
buffers, the wire length only affects the load of the
buffer in the sel(Wpl) line. This buffer has to drive
a 64-bits multiplexer, with a gate load of 32, and a
wire load due to a connection of length 64. For Ly =0
the load of the buffer is 32; whereas for Ly = 3 the
load is L = 32 + Lgq4 = 80, being Lgy = 48 the load
introduced by the connection of length 64. With this
load, the delay of the buffer is too large (6.2 tng2q),
but this delay is reduced if two additional buffers are
placed to distribute the load. In this way the delay is
reduced to t{;7f = 5.2 tnaz,. The delays of the two
schemes are as follows:

¢ Reverse Add/Round module without combined
HA and dual reverse adder (t%/°, see equation (4))

FOI' L4 =0

maz{(tma +tpra)s (ERMSC + tme + 17 °2)} + bz =
maz{(2 +12.7), (8 + 2+ 2.5)} + 2 = 16.7 tnaza

For Ly =3

maz{{tua +tora), ERMSC + tme + 7 0)} + tms =
maz{(2 + 16.0), (10.2 + 2+ 5.2)} + 2 = 20.0 tpaza

o Reverse Add/Round module with combined HA
and dual reverse adder (%, see equation (5))

FOI‘ L4 =0

maz{(teomb), (FRMSC + tmz + t7 %)} + bz =
maz{(14.8), (8 + 2+ 2.5)} + 2 = 16.8 t,a2.

ForLy=3

maz{(tcomb), ERMSC + tmz + t{“fzso)} +tmg =
maz{(16.0), (10.2+ 2+ 5.2)} + 2 = 19.4 tnana

L, is the load of a connection of length 4

The estimation results for other wire loads are shown
in Table 4. The combined HA and dual adder con-
tributes to reduce the delay of the reverse Add/Round
module for intermediate wire loads (Ly = 1 and 3).
This improvement, with the technology considered, is
about 6%. Note that the differences between both ap-
proaches is that when the combined HA and dual re-
verse adder is used, the HAs are eliminated from the
critical path (carries calculation in the dual reverse
adder). Then, the maximum (ideal) delay improve-
ment is about 10% due to the elimination of the HAs
delay (2 tpa24) of the critical path delay.

For very large wire loads (L4 > 5) the delay of both
Add/Round implementations are equal, since the crit-
ical path is the calculation of the sel(Wpl) signal (re-
verse MSC plus mux plus buffers) instead of the path
through the dual reverse adder.

4.2. Comparison

We compare the reverse Add/Round FAR module
implementation with the traditional implementation
using a (non-reverse) MSC detector and conditional
selection® (see Figure 1(b)). The delay is given by
equation (3):

t =maz{(tma +1tca), EMsC + tmuz + touss)} + tmua

The last row in Table 4 shows the delay for different
wire loads. In our estimations, the critical path for this
implementation goes through the adder. This is not the
case for the implementation of Figure 1(a) nor for that
of Figure 1(b) without the conditional selection, which
justifies the implementation we chose for comparison.

For all wire loads, the delay is reduced by using the
reverse—carry approach. When wire loads are not con-
sidered the delay reduction is about 13%. But the de-
lay reduction is larger when wire loads are considered,
about 17% for intermediate loads and about 13% for
large wire loads, Ly > 5. This shows that although

8 Although the implementations we are aware of do not include
these improvements
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the delay is reduced, the actual reduction achieved is
technology dependent.

With respect to the hardware complexity, the esti-
mations done in [8] and [2] for the reverse—carry MSC
detector and the reverse dual adder, respectively, show
that the hardware requirements of both the reverse—
carry MSC and the reverse dual adder are quite similar
to their traditional (non-reverse) counterparts.

Therefore, the hardware complexity of the tradi-
tional and the reverse (without combined HA and dual
reverse adder) Add/Round implementations are simi-
lar. However, in the combined reverse implementation
the logic for the calculation of the the two sets of car-
ries, C; and C} ! is separated from the carries calcula-
tion of the b-bits block dual adders, resulting in some
hardware duplication. Moreover, the logic for the T;s
calculation has been added.

As a consequence, the hardware complexity is some-
what larger than in the other implementations consid-
ered.

5. Conclusions

In this paper we have proposed an architecture of
the Add/Round module for double-datapath floating-
point adders. This proposal is based on the utilization
of the multilevel reverse—carry algorithm in the imple-
mentation of the most-significant carry detector and of
the dual adder.

The multilevel reverse—carry approach permits to re-
duce the delay of the MSC detector and the dual adder
since they are split into levels and the operation of
consecutive levels can be overlapped. This approach
is used in both the CLOSE and the FAR datapaths.
Moreover, in the FAR datapath we eliminate the row
of half adders (HA) from the critical path by incorpo-
rating the HAs as part of the dual adder.

We have estimated the delay of the resulting archi-
tecture, the reverse Add/Round module for the FAR
datapath, using the characteristics of a family of stan-
dard cells and considering the load introduced by long
connections. The comparison with the traditional im-
plementation of this module shows that the proposed
architecture can reduce the delay by about 15%.

As mentioned by the reviewers, since the rounding
stage of floating-point multiplication also includes a
compound adder and a row of half adders [4, 13, 15],
the improvements presented in this paper might also
be beneficial in that situation.
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