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Abstract: Circuit design of 32-bit logarithmic skip adder (LSA) is introduced to implement high performance, low

power addition. ELM carry lookahead adder is included into groups of carry skip adder and the hybrid structure

costs 30% less hardware than ELM. At circuit level, a carry-incorporating structure to include the primary carry in—

put in carry chain and an #nd—or " structure to implement final sum logic in 32-bit LSA are designed for better op-

timization. For 5V, lum process, 32-bit LSA has a critical delay of 5.9ns and costs an area of 0. 62mm”’, power con—

sumption of 23mW at 100M Hz. For 2. 5V, 0. 25um process, critical delay of 0. 8ns, power dissipation of 5. 2mW at

100M Hz is simulated.
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1 Introduction

Addition is the basic operation of ALU (arith—
metic logic unit), MAC and address generation
components affecting total performance of micro-
processors. Portable application challenges design—
ers with compact, low power and high-speed de-

| . .
M is the choice for

signs. Dynamic implementation
high performance logic. Unfortunately, its compli-
cated clock distribution scheme and signal transi-
tion due to precharging cause high power consump-
tion'”. Some high performance dynamic adders'™"
are reported but the power dissipation is high'".
Static design can offer the advantages of low cost
and good performance if proper circuit techniques
are adopted.

The most cost-efficient parallel adder is carry

skip adder (CSA) adding only carry bypass logic
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on ripple carry adder. The fastest are logarithmic—

time adders such as carry lookahead adder
(CLA)"™ which spreads carry chain to achieve
O(logan) delay for n-bit wide addition. But in
CSA, carries ripple in groups and performance is
not satisfied. Logarithmic time adders such as con-
ditional sum, parallel-prefix CLA are fast and regu—
larly structured. But conditional sum adder needs
two sets of serial adder to be selected conditionally
by incoming carry and thus is not cost-efficient.
Parallel-prefix adders such as Kogge-Stone and
Lander<¥ischer need area and power overhead for
the spread carry chain. Also they suffer from expo-
nentially growing interconnection complexity'” and
fanout load. ELM, a tree structured CLA, is found
to have the best power-delay product among loga-
rithmictime adders'”. Here we show that perfor—
mance and power dissipation of 32-bit adder can be

further compromised by a hybrid structure of CSA
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and ELM, called logarithmic skip adder (LSA).
Static CM OS circuit design of LSA is elaborated on
in the paper. The design is targeted to low power,
compact 32-bit adder without sacrificing perfor—

mance.

2 LSA structure

Carry chain in adder is defined'” as
(gis viypis i) = (giv1,pis1)op(gi,pi)
(giv1+ pisagipisipi) (1)

ai® biare carry generation and

where gi= aibi,pi=
carry propagation signals in ith position. The op”
operator calculates carry from adjacent 2 bits or 2
groups. The carry propagation signal of a group of
bits can be calculated as:

(2)

Figure 1 is the schemcatic diagram of a 32-bit

Pii = pipi-17tp;

LSA architecture. It is a hybrid structure of CSA
and CLA.The binary tree-structured carry chain of
ELM adder is introduced to replace the serial chain
in the groups of CSA. As a result, carries can skip
longer distance and great speed advantage is
achieved over the conventional CSA. While com-
pared to ELM, carry chain in LSA does not fully
spread to 32-bit binary tree, thus area and power
cost are kept low. The structure is called logarith-

mic skip adder because the skip distance is 0

(logz2n) to the bits in groups.
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Fig. 1

32-bit logarithmic skip adder architecture

In Fig. 1, U8,U7,U6, and U4 are group adders
in ELM
MUX"” in Fig. 1, group carry propagation signals

structure. Through multiplexers, the

select the right carry signals in the same way as in
CSA.In Fig. 2 and Fig. 3 shown are the U4 and U8
group in Fig. 1. The groups are 4 and 8-bit ELM

adders as the other 7, 6-bit groups in Fig. 1. The

logic in units $7, £7, P”, €7, T ”in the figures
constructs binary tree and unit $” calculates sum

logic.

Fig.2 U4 group
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Fig.3 U8 group

More significant 4 sums'” of U8 group can be
derived:

Si= pf@ Ci- 1 = ps@ (g;-1 + pi- |C.‘—2}

pi® gi-1 @ picici-2= psi @ pi-1ae3(3)
wherei € [4,7],pi-1.4= pi-ipi-2***paand psiis the
partial sum in ith bit. For 8-bit ELM structure, the
more significant 4 partial sums, the psi in Eq. (3)
are local and can be processed in parallel with the
logic of less significant 4 bits. They are trans—

. “ »
formed to final sums by one level of ‘and—or” log-
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ic, namely the unit $”in Fig. 2.

The carry logic of group U7 can be derived as

follows:
(g1s,pras) = {[(gu,prs)op(gis,pis)]
X op[ (g2, pr2)op(gn.pn)]} X
op{[(g10.p10)op(g9.po) Jop[ (gs,ps)op(e) ]}
(4

cia= pus(guas+ piser) + praser (5)
where the ©p” operator is defined in Eq. (1) and
pias is the group carry propagation. The logic
depth from (ai, b)) (i €[ 8, 14]) to the group carry
(g5, pras) is four as shown in Eq. (4). Another
level of logic is added by the multiplexer shown in
Eq.(3) to get cus.

Based on the unit gate delay model, the worst—
case delay of 32-bit LSA can be obtained. T he criti-
cal path delay is 8 logic gates. While the 32-bit
CSA have a logic depth of 12" and the critical path
of 32-bit ELM adder is 7 logic gates delay'"". M ean—
while it is worth notifying that in Fig. 1 the 32-bit
LSA, which has no more than 8-bit ELM adders as
groups to be skipped, keeps fanouts within 5. While
32-hit ELM adder has one fanout load of 17 and
two other fanouts of 9. The large fanout in logic
design means multidevel buffers to be inserted in
critical path to improve driving capacity. Consider—
ing logic depth and fanout together, we can claim
that 32-bit LSA boasts the same performance as
ELM adder.

We treat units E7, §7, P7, €7, T7in
Figs. 2 and 3 as cost unit(CU), so the power dissi-
pation and area of 32-bit adders may be estimated.
The n-bit binary tree structure in ELM adder to-
tals i= logen+ 1 levels of leaves. The first level
calculates p. g signals and last level, the ith one,

calculates final sums. The number of cost units for
32-hit ELM adder is 32 X2+ 16X 3+ 8 X5+ 4X 9+

2X17+ 1X33= 255. As 32-bit LSA takes 8,7, 6, 4-
bit ELM as building blocks, we can reasonably
treat them as four 8-bit ELM blocks for simplicity
and it costs 4 X (8X 2+ 4X3+ 2X5+ 1 X5)+ 3=

175 (CU) to construct a 32-bit LSA. Thus the cost
improvement of 32-bit LSA over ELM is 30%.

Based on the above analysis we conclude that
LSA is suitable for low power and high perfor-

mance addition.

3 Circuit design of LSA

Circuit scheme at transistor level is designed
for better performance optimization. In general all
NMOS devices here are sized equivalently mini-
mum width, namely n-serial transistors are sized na
where A is minimum gate length. PMOS devices are
twice sized to compensate for hole’s reduced mo-
bility. Some transistors are oversized to balance
critical paths. Also, buffers are inserted to cut
down glitches although not able to eliminate all.
T hese measures are aimed to reduce energy by de-
creasing effective capacitances and switch activi-
ties.

Two parts of 32-bit adder will be explained in
detail: the carry-incorporating structure and the
sum logic. Circuits are simulated using two tech-
nology: Wuxi Huajing 5V, 1. Opm CMOS n-well,
single poly, dual metal and Dongbu 2.5V, 0. 25um
CMOS process, with the objective to observe cir—

cuit performance during process immigration.
3.1 Carry incorporating structure

Primary carry input to the least significant bit
of adder often needs an additional gate delay to be
included in carry chain. The process is shown as:

c3= gn+ u’-3z(g|+ u’-](gn+ toc-1)) (6)
where ti= ai+ bi, t2= tst2. Due to primary carry,
four—gate delay is needed from (ao, bo) to c3: one for
(go, to) and three for carry chain in Eq. (6). Here

0] .
we propose a new idea

using Ling’s algorithms''
called carry-incorporating structure which is shown
in less significant part of U8 in Fig. 3. In the four
less significant bits of the block, a pseudo-carry
called H 1 replaces ¢ito speed up carry propagation.

The structure is expressed as:

Hi= gi+ go+ toc- (7)
gn= g3+ lg: (8)
L = a2t (9)
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ca= gun+ bl (10)

And ¢3 is available after 3-gate delay, namely one
for (g.t).one for H1and another one for ¢3. Thus 1
gate delay is saved compared to the scheme in Eq.
(6) and there are 4 levels of gate delay from c-1
and (ao, bo) to ¢7the same as the path from (a7, b7)
to c7.

Then we designed carry-incorporating struc—
ture at transistor level for better optimization. E-
quation 7 is rewritten:

Hi= aibi+ abo+ (ao+ bo)c- (11)

Complementary CMOS structure can be used
to implement above logic function in 2-gate delay.
But it has 3 serial transistors in path and thus
causes exira delay. The circuit structure in Fig. 4
avoids such a time-consuming scheme using 20
transistors including necessary inverters. Circuit
simulation results using 1. Oum process parameters
showed that the proposed structure has a delay of
590ps while the complementary CMOS structure
has a delay of 670ps. So the (a0, bo) to H 1 path can
be realized in 2 gate delay and above analysis for

Eq. 7 is justified.

Fig. 4 Proposed carry-incorp structure

3.2 Sum logic of LSA

Sum logic in Eq. (2) shows that more signifi-
cant 4-bit sums of U8 are ready after ¢: from less
significant 4 bits passes an ‘and—=or” logic gate.
CM OS implementation of the logic (s= Ps® (p¢))
is shown in Fig. 5.

The structure utilizing pass transistor tech—

i@ ”
and=or " structure

Fig. 5

nique needs only 10 transistors. T here are 2 critical
paths. One is the path through MO and M1 when
signal ps is high. A weak 1”7 at node between MO
and M1 will charge the node $har” through M0
when the carry becomes high. The other is from

‘psbar 7 through M2/M3 to node

. . . . @ » .
when ps is high. The low-evel signal psbar” will

‘ ”
‘Shar

node
discharge node $bar” through a PMOS device. In
the two cases, the level restorers M4 and M5 will
act to restore voltage level at node $bar” and cut
static current through the transistors in inverter.
As the latch formed by inverter and level restorers
will fight during transition at node Shar”, careful
transistor sizing is needed to guarantee proper
work of the circuit.

Firstly, the 2 level restorers should be small e-
nough so as not to beat the signal passing through
the pass transistors during state transition at node

Shar”. Only in this way, can the circuit function be
correct. The M4 and M5 are thus inversely ratioed,
namely the width is shorter than their length. Yet
further drawing-up of the restoring devices increas—
es the capacitance at the node ‘Sbar”, slowing
down the transition of state at the node. Here the
sizes of 2 restorers are swept to determine the opti-
mal values. In Fig. 6 the sweeping waves of signals
at node Sbar” and §”are shown in the upper and
lower part of the figure. The information shows
that the voltage at node Sabr”is restored to Vi by
M4/MS5. In the case of W/L= lum/1um, the equiv-
alent on-resistance of M 3 is quite small and the sig—

nal through MO and M1 must fight against the
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strong current of M35, thus transition is slowed
down. When the W/L becomes 2/3 and 1/3, the
node $har” is easier to be charged/discharged and

the propagation delay to node £”is shortened.

v L=3um W=2um

cl=lpm Welpm S50 W=2um

Signal@s/V

< L=3um W=2um

v L=lpm W=lpm
5
>
2 3
1,
4 A A 5
26 M 42 50

ths

Fig. 6 Simulation waves of sum logic

Secondly, in LSA the carry will arrive after the
ps and p,so the critical path from ps through M1,
MO and inverter to node §” will never happen in
addition operation. Based on the assumption, carry
signal was put on the transistor MO close to node

Sbar 7 to speed up signal propagation. Also the
MO/M1 and M2/M3 should be large enough to
charge the capacitances of node $bar” but not be
over-enlarged to burden the loads of passing tran-—
sistors.

Finally, the transistors were sized by starting
without the level restorers. After the balanced ris-
ing and falling transition achieved, the sizes of
passing transistors and inverter were decided. T hen
the restorers were added and tuned to get optimal
result of the whole structure. As for power consid-
eration during transistor sizing, there were some
points where a small increase in speed caused a
large increase in the power consumed. Here the
gate widths were chosen at the point where the de—
lay curve was approaching its minimum. T his will
ensure an optimal circuit speed without sacrificing
power.

Figure 7 shows the layout in 1.0um CMOS

single poly, dual metal process. Simulation shows a

delay of 1. 2ns.

Fig. 7 Layout view of and—xor logic

4 Simulation results

The 32-bit LSA is simulated using 0.25um
and 1.0pm CMOS process parameters respective—
ly. The adder was laid-out for I.0um technology
and layout view is shown in Fig. 9 occupying an
area of 2490um X 250um and totaling 1390 transis—
tors. Fig. 8 shows the simulation result for 1. Oym,
5V technology. The critical path is in the case of
(00000000+ FFFFFFFF) with initial carry chang—
ing from 07 to 17. Simulation results of 32-bit
LSA are listed in T able 1 together with recently re—
ported outstanding adders.

o3 IS TN SOV
5.9ns

z b T . oo, S s
= 59ns

o il o, S S O
601 iS.Sm :

-ml - i J p—

Fig. 8 Simulation result of LSA32

Fig.9 Layout view of LSA32
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Table 1 Performance comparison of adders
Process Vaa Power Delay | Area
Adders ,
/um /v @ 100M Hz /ns | /mm?’
1.0 5.0 23ImW 5.9 0.62
LSA32
0.25 2.5 5. 2mW 0.8 —_
MCBA 0. 35 3.3 30uW@ IMHz 2.8 —
ppL'? 0.25 2.5 SmW @ 50M Hz 1.5 0.6
cmos! 34.3mW 2.33 | —
cpL!™ 0.6 3.3 34. 5mW 2.24 | —
Pt 27.5mW .98 | —
ALU 163! 0.6 3.3 | 54mW@200M Hz 5 0. 86

The CMOS, CPL, DPL structures are 32-hit
carry lookahead adders reported'” using CMOS,
complementary pass-transistor logic and double
pass-transistor logic. M CBA ( manchester carry-hy-
pass adder)'"" is a carry skip adder. ALU 16" is a
16-bit ALU whose adder uses ELM structure. In
the deep submicro range of 0.25 and 0. 35uym, LSA
shows less area and power cost over DPL'" whose
conditional sum architecture needs extra hardware.
The MCBA""" of CSA structure shows advantage
in power dissipation but much slower performance.
In the range of 0.6 and 1.0pym, LSA shows the
best power efficiency and its speed is not so slow
considering the process difference and the fact that
the circuit design of LSA in 1. Oum technology uti-
lizes mostly minimum-equivalently sized transis—
tors. The low—power, high performance property of
logarithmic skip adder is due to the structure de-
sign, circuit design and transistor sizing.

An ALU with the 32-bit LSA as arithmetic
component is included in an IP portfolio at Insti-
tute of Microelectronies, Peking University. The
test chip is being fabricated at Wuxi Microelectron—

ics Institute.

5 Conclusions

The 32-bit logarithmic skip adder is intro-
duced. Focus is on the circuit design of building
components of LSA at transistor level. Carry-incor—
porating structure to include the primary carry in—

put in carry chain is redesigned to reduce logic

depth of the adder. An ‘and—=xor” circuit to imple-
ment sum logic of LSA is elaborated on. Simulation
results show that high performance, low power and

compact static CMOS adder design can be realized.
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