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Abstract

This paper explores low-power reliable micro-
architectures for addition. Power, speed, and
reliability (both defect- and fault-tolerance) are
important metrics of system design, spanning device,
gate, block, and architectural levels. The analysis
considers the low power needs of future systems at
supply voltages comparable to threshold voltages (Vy,).
Theoretical analysis and simulations show a decline of
the speed advantages of parallel adders when
considering wire delays. These evaluations suggest
that serial adders might do better for (ultra) low-power
operation, with redundancy for enhancing reliability.
We analyze 32-bit multiplexed serial adders. The
robustness when using output-wired mirrored adder
(majority) gates is shown under faulty conditions.
Simulations (at 180nm, 120nm, and 70 nm) identify
the supply voltages where the power-delay- and
energy-delay-products are minimized. These show that
redundant serial adders are not only low-power and
reliable, but can trade speed for power in a wide range
(by varying Vpp both above and below V).

1. Introduction

Scaling of CMOS into the nanometer range raises
many challenges [1], e.g.: (i) increased (standby) power
dissipation, (ii) increased (interconnect) delays, (iif)
devices with lower driving capabilities (e.g., scaled
CMOS, or emerging devices). The development of
novel nanodevices brings promise for performance
improvements, but raises additional challenges, such as
the need for architectures that reduce the uncertainty
inherent to (nano)computations [2]-[4]. This new
reliability challenge has seen fault- and defect-tolerant
architectures start to receive revived attention within
the nanotechnology community [5]-[7]. One well-
known approach for developing fault-tolerant
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architectures in the face of uncertainties (both defects
and transient faults) is to incorporate spatial and/or
temporal redundancy. Among the redundant design
schemes, we should mention here: modular
redundancy, cascaded modular redundancy, multi-
plexing (including von Neumann multiplexing [8] and
parallel restitution [7]), as well as reconfigurability [9].
Reliable operation of a circuit can be achieved using
redundancy at many different levels: at the device level
[10], [11]; at the gate level [12], [13]; at the block
level; in time; and in communication (through encoding
[3]1-[7]). All of these have in common that improved
reliability is traded off for increased chip area and
higher connectivity, leading to higher power
consumptions, and/or slower computations.

In this paper the focus will be on (ultra) low-
power/voltage redundant designs for correct operation
in a large range of speeds (by varying the supply
voltage). Section 2 provides the theory behind parallel
and serial adder performance estimations, and suggests
how these are affected by wires. This reveals the
advantages of using a serial adder (ripple-carry adder,
RCA) over parallel ones when power, energy, and
reliability are to be optimized simultaneously. In
Section 3 we analyze the performance of a redundant
implementation of the elementary RCA building block
under different faulty/defective conditions. Section 4
discusses how dynamically varying Vpp from below
Vi, to above Vy, provides very interesting power-speed
trade-offs. A summary highlighting the significance of
the results and future directions of research are
provided in Section 5.

2. Theoretical analysis

Binary addition has been studied extensively,
starting with the RCA and going towards parallel
implementations [14]-[18]. It is commonly accepted
that RCA is the slowest, while Kogge-Stone [15] (KS)
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is, theoretically, the fastest, but requires about 5x more
transistors (larger area). A RCA and a KS have very
recently been analyzed [19] when operating in
subthreshold (Vpp<Vy) at 100nm and 70 nm. The
main conclusions were that: (i) the wires reduce the
speed advantage of KS over RCA from 4.5x to 2.2x;
(i) the speed of KS at a given Vpp can be matched by
the RCA at a 10% to 20% larger Vpp; (iii) at equal
speeds, the RCA still maintains its power and energy
advantage. Obviously, wires are playing an important
role in determining the delay, while they also strongly
affect the dynamic power. For getting rough estimates,
we have decided to analyze three different adders at the
block level. The three adders are: RCA, KS, and Han-
Carlson [18] (HC). The HC adder is considered a good
tradeoff between speed and power, as it has only one
layer more than KS, while the number of computing
blocks is halved. The adders have been characterized
by the number of layers, the number of nodes (i.e.,
blocks), and the length of their wires.

e The number of layers has been estimated as
Layersgca =n, Layersgs=2+logyn, respectively
Layersyc =3 +log,n (ceilings when appropriate).

e The number of nodes has been estimated as
Nodesgca =7, Nodesgs =n*Layersgs, respectively
Nodesyc =n/2*Layersyc. We mention here that
KS and HC have more complex nodes than RCA.

e Finally, the total length of the wires on the
critical path was estimated geometrically as
Lengthrca=n, Lengthgs=n+Layersgs, and
respectively Lengthyc =n + Layersyc.

Delay

Power-Delay—Product

As can be seen, the estimates for RCA are close,
while for KS and HC are underestimated. Based on
these estimates we have computed the Delay=(1-
a)*Layers + a*Length. In case a = 0, only the layers
(i.e., the nodes, hence the gates) are introducing a
delay, while the wires are not. By increasing a, the
wires (Length) start playing a more significant role. For
improving characterization, we have estimated Power
as the number of Nodes. This estimate accounts for the
leakage currents of all the nodes, a good approximation
in subthreshold. Such an approximation does not
estimate well the dynamic power, as it does not take
into account the longer wires of KS and HC (again,
underestimating in these two cases). Finally, the power-
delay-product (PDP) and the energy-delay-product
(EDP) have been estimated in a straightforward manner
as PDP =Nodes*Delay, and EDP = PDP*Delay.

The results of these rough estimates can be seen in
Fig. 1, where Delay, PDP, and EDP are shown for
a=0, and a=0.25. Obviously, by increasing o the
delay of the KS and HC adders increases, but KS and
HC are always going to be faster than RCA (as a<1).
The more interesting results are the ones showing PDP
and EDP. For a=0 (i.e., no delay on the wires), RCA
has a better PDP than KS or HC for n<22, and
competes with KS and HC for the best EDP for n<12.
For 0=0.25 the RCA gets the best PDP and EDP for
any n<32. These results should be even better, as
power for KS and HC was underestimated. These plots
support the claim that serial adders could achieve better
PDP and EDP than parallel adders, in particular when
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Figure 1. Estimates of the delay, the PDP, and the EDP, with and without wires for RCA (blue), KS
(red), and HC (green)
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