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Abstract—Low-power circuits have been quickly increasing 0.9Vpp and Vo, is smaller than AVpp. This requirement
their importance due to the high cost in design of cooling systems guarantees the adder to be strong enough for driving its
with complex chip packaging techniques, and also due to the low 4qynstream loads in a complete computational system idistea
energy consumption requirement of portable devices powered by fonl luating the add | . itchi
a limited battery capacity. This paper presents the design of a ofonly evalualing ?? ergone using\oo gs a SW' ching
low-power 32-bit adder that is a basic functional unit in most threshold for determining logic 1 or O as seen in previouskwor
computational platforms. Its energy efficiency is highly achieved  For the same design, scaling supply voltage down would
while operating in the subthreshold regime. Simulation results make lower consumption but also increases the latencyginer
in 45-nm PTM CMOS show the adder consumes only 22 1J gissipation, that is product of the consumed power and ¢gten

per computation at 0.2 V with maximum operating frequency of . - s
3.8 MHz. While targeting an acceptable frequency of 100 MHz, is expected to be minimal at a point in the subthreshold

it consumes only 3.4uW or 34 fJ per computation at 0.37 V. At regime [2]. However, at this point, the circuit latency may
1.0 V, it can operate at up to 2.85 GHz while consuming only so high that does not satisfy the requirement of some appli-
735 uW or 257 fJ per computation. It also stably operates at cations. Therefore, design to achieve fast computatiqretd
only 0.1 V with throughput of 400 kHz and consumes 18 nW. ¢ offering acceptable throughputs even at the subthidsho
voltages is also an important requirement. In this work, we
. INTRODUCTION target a throughput of 100 million addition operations per
Iacond in the subthreshold region. At the 45-nm PTM CMOS,
he typical supply voltage is 1.0 V [4] with the assumed
reshold voltage is at around 0.4 V. Therefore, the target
omputation frequency is 100 MHz at 0.4 V; higher achievable
fequency is better.

The number of transistors integrated on a single chip st
dramatically increases with Moore’s Law. The chip temper
ture is becoming higher reaching a level that can even dest
the chip itself. High power dissipation per an area unit nsak
the design for chip cooling systems more complicated and ) . . ) .
pensive. Furthermore, portable devices require theiriare The rest of this paper is c_)rganlzed as .fOHOWS' Section |
to consume as low energy as possible in order for they B esenFs the _proposed .32'b't ad(_jer _archltecture. Section |
operate longer with a limited battery capacity. Therefde- shows in details the design of all circuit elements of theesdd

power circuit design has become more important or even be?ﬁnulatlon and analysis results are shown in Section IV; and

a mandatory requirement inally, Section V concludes this paper.
Many low-power digital circuit design techniques were
addressed by Chandrakasan in his classic paper [1]. For man
battery-based portable devices, however, energy-efficiem-
putation while offering acceptable throughputs is becami

Il. 32-BIT ADDERARCHITECTURE

X/Iany techniques for designing a fast adder can easily be
found in the literature [5], [6]. However, design for an adde

a popular research topic. A recent paper by Watgal. to operate at very-low subthreshold voltages comes withesom

reported a circuit design methodology for minimizing energcritical trade-offs_amon_g performance and_ power as Weltsas i
consumption by exploring its operation in the subthresholg@Pustness. In this section, we discuss which adder actbite
region [2]. At the 180-nm CMOS technology process, a FERe mo_stly suitable in coptext of simplicity with low-area (s
processor designed by those authors can operate at a very RRfENtially low power), high robustnes¥dy > 0.9Vpp and
voltage of only 0.18 V. VoL < 0.1Vpp) and acceptable speed at subthreshold voltages

In this paper, we report design of a 32-bit adder thdlarger th'an 100 MHz at 0.4 V) as Qescribed in Section I. .
is a basic element of most digital computational systems. "€ Ripple-Carry Adder (RCA) is very slow because in

The design methodology emphasizes the robust operationt%‘? worst-case the carry can propagate through all 32 Full

the adder at the subthreshold region in 45-nm PTM cMadders (FA) fromCip 1o Coy. It would be so difficult to get
node [3]. Robustness requirement is evaluated by measurffy 2dder meeting the throughput requirement of 100MHz at
its output voltages representing high logien and low logic around 0.4V. The Carry Look-Ahead Adder (CLA) has good

VoL while driving fan-out of 4 (FO4) equivalent loads. GivenSpeed; however, it requires high fan-in circuits for conpgit
a supply voltage/pp, the adder is robust ¥oy is larger than the gr(_)up-gene_rated ca_lrry’G_G) _and group-propagated carry
(PG) signals. High fan-in circuits should be avoided at sub-

978-1-4244-7057-0/10/$26.08)2010 IEEE threshold voltages due to their lol,/lof ratio [2]. If we
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Fig. 2. a) The mirror circuit to comput€o with sizing information; b) a
minimum size balanced inverter.

P* = P3P2P1P0 A P
o _____.4
B
Fig. 1. Block diagram of a 32-bit Carry-Skip Adder using dighbit blocks Ci S
size up transistors of these circuits to have gogdlo¢ ¢, their (a) (b)

capacitances go up and therefore consume more power. Fig. 3.
The Conditional Sum Adder and Carry-Select Adder require

two redundant subcircuits to compute the results corredpon

ing to Ciy, = 0 andCj, = 1 before choosing the correctand also the overall 32-bit adder circuit formed from these

result onceCi, is available. Their large circuit areas consumd-bit blocks.

high power. Some Prefix Adders such as Brent-Kung, Ladner-

Fischer, etc. require long interconnect wires betweenestagA. Design of a Full-Adder (FA)

In. advanced deep submicron CMOS processes, interconnecty, logic equations of a 1-bit FA with its carry-skip signal

wires are no longer scaled as well as transistors [7]; tegef are:

long wires can contribute much more power and latency to

a) Logic gates for P and S; b) the circuit of a XOR

the adder than CMOS gates themselves, especially at very low S = AeBe( 1)
subthreshold voltages. Co, = AB+Ci(A+B) 2
From analysis above, we choose the Carry-Skip Adder P - AeB 3)

(CSA) architecture because it has good performance compare
to a CLA adder with simple and regular design that has low BecauseC, will be an input of the next FA (in the worst-
area (also potentially has low power) and high robustnessdase, the carry would propagate through all FAs), so it ishen t
the subthreshold regime. The CSA adder can divided ingsitical path that is needed to be quickly computed. We adopt
many small blocks with carry-skip circuit inside each blockhe mirror circuit for computingC, [6] as shown in Fig. 2(a).
We use 4-bit fixed-size blocks and connect eight these blockBis circuit calculates the inverted valu&. Its transistors
to form a 32-bit adder as depicted in Fig. 1. Some techniqu@k sized to have the worst-case pullup and pulldown times
for speeding up CSA adders by using variable-size blocRguivalent to a minimume-size inverter with switching threkl
and/or inside-block carry skipping circuits were proposedt Q5Vpp as shown in Fig. 2(8) _
in [8], [9]; however, their complexity and non-modularity This mirror circuit is fast because the invert€glis available
would consume high power and, therefore, have high energ§ soon a#\, B andC; occur. Its delay is equal to only one
(in spite of low delay) at low voltages. minimum-size inverter. Besides that, the pullup and puwlido

In Fig. 1, each 4-bit CSA block is a sequence of four 1-bRetworks only have stack of two transistors that should give
Full Adders (FA). The critical path of each block is the carn@00dlon/lof ¢ ratio [2].
propagation path through all 4 FAs. Therefore, design toeget The logic circuits forS and P are shown in Fig. 3(a) using
fast carry-out bit for each FA is mostly important. The carrOR gates (Fig. 3(b)). Delay oP and S are one and two

is skipped if allP, = 1, wherei = 0..3 andP;, = XOR(A;, B). XOR gate delays, respectively. Since lodicis not on the
critical path, its delay is negligible in compared to theagel

of whole 32-bit adder (which is mainly determined by the
carry propagation path).

In this section, we describe the design and optimization of, _ _ ,
Minimum sizes of CMOS and NMOS transistors of the balanced in-

all elements ShO\_Nn in Fig. 1. Th(_ase el?mems ar(_a 1'pit quérter are obtained through simulation using 45-nm PTM CMé&snology
adders (FA), 4-bit CSA blocks with their carry-skip signalsard [3].

IIl. CIrRcuIT DESIGN
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Fig. 4. a)P* logic; b) 2-input NAND gate; c) 2-input NOR gate.
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Fig. 6. The 2-input MUX at output of each 4-bit CSA block
Fig. 5. A 4-bit CSA block connected from four FAs

Because keeping thign/los+ ratio high in the subthreshold inverter) at output as shown in Fig. 6. Benefit of the output
region is very important, all XOR gates are output bufferayg ( buffer here is two-fold. First, it makeSy, stronger at output
an inverter) as shown in Fig. 3(b). In our simulation restifts of each 4-bit CSA block. Second, it avoids the case when
without using these output buffers, at 0.2 V the outpubas Co can be skipped and travels through all eight 4-bit blocks
Von (logic 1) less than ®Vpp. Furthermore, without using Without any intermediate buffer. This will seriously dedea
buffers for XOR gates, the weak driving current also makdge final carry output signal due to weak driving current (so

the circuit become much slow. it will not meet the robustness requirement\&f; < 0.1Vpp
and Voy > 0.9Vpp even at high supply voltages), and also
B. 4-bit CSA Blocks slows down the overall speed of the adder.

However, with this output MUX buffer, the carry out of 4-bit
ock is inverted. Again, instead of using one more inverter
or inverting this carry out before connecting it to the next
éyock, we can build the next 4-bit block with inputs inverted
as depicted in Fig. 7. These two 4-bit CSA blocks form an 8-
bit adder block. The final 32-bit adder is formed by cascading
these four 8-bit blocks.

Each 4-bit CSA block is formed by cascading four FAs. A%I
shown in Fig. 2(a), the mirror circuit only produc€. So,
if we want to connect two FAs, we need to invert it back t
C,. However, this can slow down the whole circuit because
will add more inverters to the carry propagation path.

Fortunately, if we invert allA, B and C; signals, from the
equations (1, 2, 3), value d® does not change while values
of both S andC, are inverted. From this observation, the 4-bit
CSA block can be formed as depicted in Fig. 5. As shown in
the figure, no inverter is needed at the carry outputs of each IV. SIMULATION RESULTS
FA.

The worst-case delay of this 32-bit CSA adder (Fig. 1)
C. Carry-Sip Circuit occurs when the carrg;, propagates through the first 4-bit

The carry is skipped ifP* = P3P,P1Py = 1 (as shown block, then skips six intermediate blocks and propagatasmag
in Fig. 1). To avoid a high fan-in circuit that can make théhrough the last block [5]. This happens whég.o changes
lon/loff ratio low at subthreshold Vo|tages, the |ogR’j is from 0000 ... 0000’ to 0000 ... 0001’ Whi|831;0 moves from
formed from only 2-input NAND and NOR gates as showrf000 ... 0000’ to '0111 ... 1111".
in Fig. 4(a) (instead of an 4-input AND gates). The 2-input In order to measure the adder circuit on SPICE, we drive all
NAND and NOR gates are shown in Fig. 4(b) and (c) witinputs by inverters powered bypp (that is the same supply
transistor sizing in order that they have worst-case pudlng voltage for the adder), and all outputs are connected to FO4
pulldown times equivalent to a minimum size balanced imrertload inverters powered by a differeMcc source (to avoid
(which was shown in Fig. 2(b)). taking the load power into account). In simulation resuss,

The carry out of a 4-bit CSA block is gotten from a 2-inpubutputs meet the robustness requiremen¥gf < 0.1Vpp and
MUX. This MUX uses a transmission gate with buffer (by aoy > 0.9Vpp for all supply voltages from 0.1V to 1.0V.
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Fig. 7. Connection of two 4-bit CSA with carry out invertedftrm a 8-bit adder.
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Fig. 8. Worst-case delay vs. supply voltage Fig. 9. Power vs. supply voltage
300
A. Worst-case Delay versus SQupply Voltage
The maximum delay of the adder is measured from when 2501
the A rising edge reaches®/pp until the Sz; rising edge also
reaches ®Vpp under the worst-case input pattern described 2 200¢
above. The maximum delays of 32-bit adder corresponding to g
different supply voltage¥pp from 0.1V to 1.0 V are shown in & 1507
Fig. 8 (in log scale). At 1.0 V, the adder has maximum delay of
0.35 ns that allows it to compute at a throughput of 2.85 GHz. & 100} _
i X minimum energy point
The delay linearly increases as supply voltage reduces from
1.0 V to 0.6 V; however, it begins to exponentially increase 501
as supply voltage is below 0.5 V. This happens because the YT
adder is now operating in the subthreshold region, in which % 01 02 03 04 05 06 07 08 09 1 11
the transistor threshold voltage becomes large comparttkto Voo V)

supply voltage so that the circuit speed is much slow [10]. g 1. Average energy (PDP) vs. supply voltage
However, as shown in the figure, the adder has maximum

delay of 10 ns (or 100 MHz computational frequency) at

around 0.37 V that meets our speed requirement. At 0.4

the adder has maximum delay of 5.99 ns, so it can operate

to 167 MHz. At 0.1V, it still stably operates with delay of

2512 ns or at the frequency of 400 kHz.

%anumptlon corresponding to supply voltages is shown in
The power exponentially reduces as the supply voltage
reduces. Therefore, the average energy, that is calcutated
the Power Delay Production (PDP), also reduces when the
B. Average Power and Energy supply voltage downs as shown in Fig. 10. This is because
For mostly accurate evaluation of the power consumptioffle power reduction is much faster than the increase of the
random input patterns are used instead of the worst-case dtiecuit delay.
Since the delay depends on the supply voltafyg, so for However, interestingly, when supply voltage is less than
eachVpp we have to regenerate inputs corresponding to tie2 V, the average energy begins to increase. This happens
delay that was reported in Fig. 8. The number of random inphiecause at these very low voltages, the leakage power become
vectors used for simulation at eashp is 100. The power dominant that can be comparable with the dynamic power
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10 than the transistor threshold. Design and evaluation ofan 6
bit adder with minimum EDP point in the subthreshold region
10°} is our future work.
0
< 10° ACKNOWLEDGMENTS
9 The authors would like to thank professor R. Amirtharajah
f 10°h for useful comments on low-power and subthreshold circuit
a design methods. This work was supported in part by a VEF
s Fellowship, SRC GRC Grant 1971, and NSF Grant 0903549.
10°F
) REFERENCES
lO0 Ojl 0j2 0j3 0j4 0j5 0j6 0j7 0j8 0j9 1 1.1 [1] A.P.Chandrakasan, S. Sheng, and R. W. Brodersen, “Lawep&€MOS

VooW)

[2]
Fig. 11. Energy Delay Production (EDP) vs. supply voltage

[3]
itself. As a result, the minimum energy point occurs at atbun [4]
0.2 V that is about 22 fJ per addition. This result is attrati
for energy-efficient design of portable devices that reguir [5]
to dissipate low energy while operating with limited bayter (6]
sources.

C. Energy-Delay Product (EDP) [7]

Another important metric to evaluate the design efficiency8l
of a circuit is the product of its energy and delay (EDP). This
metric enables a flexible trade-off between energy and itircu
speed. Clearly, we want to run at low supply voltage to havé®]
small energy; however, the circuit is slow or has high delzyo]
that makes its EDP high. Therefore, a circuit with low ED
would be highly expected.

Fig. 11 shows the EDP of the adder over various supply
voltages. Due to its large delay at subthreshold voltages, a
less than 0.5 V the EDP increases near-exponentially wih th
decrease of supply voltage. However, whéjp is larger than
0.6 V, the EDP looks like unchanged and slightly goes up
beginning at 0.9 V. As a result, 0.6 V-0.9 V is the minimum
EDP range of the adder.

V. CONCLUSION

We have presented the design of a low-power and energy-
efficient 32-bit adder. The design is robust allowing it to
efficiently operate in the subthreshold regime with very low
supply voltages. The adder can achieve 167 MHz throughput
at 0.4 V with only 6.5uW and 39 fJ per computation. At
0.2 V, it achieves the minimum energy with only 22 fJ per
computation. The adder is also able to stably operate at the
voltage of only 0.1 V with 400 kHz throughput and 18 nW
power consumption.

Even though we only reported the design of a 32-bit adder,
the design methodology presented here should be applidd wel
to a higher precision such as 64-bit because the carry stifl o
propagates through maximum of only two 4-bit CSA blocks
under the worst-case pattern. The total circuit delay ghsly
added when the carry is skipped through more intermediate
blocks (which consists of only a 2-input MUX and an inverter
buffer as depicted in Fig. 7). However, as shown in Section IV
C, the adder will have minimum EDP point at a voltage higher

91

digital design,” JSSC, vol. 27, pp. 473-484, 1992.

A. Wang and A. P. Chandrakasan, “A 180-mv subthresholgrficessor
using a minimum energy design methodologfgEE JSSC, vol. 40, no.
1, pp. 310-319, 2005.

PTM, “Predictable technology model,” Online, http:fpasu.edu/.

W. Zhao and Y. Cao, “New generation of predictive tectogy model
for sub-45nm early design exploration EEE TED, vol. 53, pp. 2816—
2823, Nov. 2006.

I. Koren, Computer Arithmetic Algorithms, A K Peters Ltd., second
edition, 2002.

J. M. Rabaey, A. Chandrakasan, and B. NigpliDigital Integrated
Circuits:. A Design Perspective, Prentice-Hall, New Jersey, U.S.A,
second edition, 2003.

R. Ho, K. W. Mai, and M. A. Horowitz, “The future of wires,”
Proceedings of the IEEE, vol. 89, pp. 490-504, Apr. 2001.

P. K. Chan, M. D. F. Schlag, et al., “Delay optimization cdroy-
skip adders and block carry-look ahead adders using multictioeal
dynamic programming,1EEE Trans. on Computers, vol. 41, no. 8, pp.
920-930, 1992.

V. Kantabutra, “Designing optimum one-level carry-skigders,”|EEE
Trans. on Computers, vol. 42, no. 6, pp. 759-764, 1993.

A. Wang, B. H. Calhoun, and A. P. Chandrakas@uh-threshold Design
for Ultra Low-Power Systems, Springer Science, first edition, 2006.



