
EDITOR'S PROOF

U
N
C
O
R
R
EC

TED
PR

O
O
F

1 Journal of VLSI Signal Processing 2007

2 ) 2007 Springer Science + Business Media, LLC. Manufactured in The United States.

3 DOI: 10.1007/s11265-007-0128-8

4 Power-Aware Design of An 8-Bit Pipelining ANT-Based CLA Using Data

5 Transition Detection

6Q1 CHUA-CHIN WANG, GANG-NENG SUNG AND PAI-LI LIU

7 Department of Electrical Engineering, National Sun Yat-Sen University, Kaohsiung, 80424, Taiwan

9 Received: 1 February 2007; Revised: 00 Month 0000; Accepted: 10 July 2007

11 Abstract. A high speed and low-power 8-bit carry-lookahead adder (CLA) using two-phase all-N-transistor

12 (ANT) blocks which are arranged in a PLA design style with power-aware pipelining is presented. The pull-up

13 charging and pull-down discharging of the transistor arrays of the PLA are accelerated by inserting two

14 feedback MOS transistors between the evaluation NMOS blocks and the outputs. The analysis of the area

15 (transistor count) tradeoff is also provided in this work. The output of the addition of two 8-bit binary numbers is

16 done in two cycles. The proposed power-aware pipelining design methodology using a simple data transition

17 detection circuit takes advantage of shutting down the processing stages with identical inputs in two consecutive

18 cycles. The data transition detection circuit is used to monitor the state switching of input data. Not only is it

19 proved to be also suitable for long adders, the power consumption is drastically reduced by at most 50% at every

20 process corner.

21 Keywords: power-aware, ANT, data transition detection, CLA, pipeline

22 1. Introduction

23 Fast adders are key elements in digital circuits,

24 including multipliers [1], and DSP chips [2]. Many

25 efforts have been focused on the improvement of

26 adder designs [5, 7–9]. CMOS dynamic logic has

27 been recognized as one of the promising options to

28 challenge the GHz operations or even higher for the

29 adder design, [3–4]. Other logics suffer from a

30 variety of different difficulties which were addressed

31 in [7]. However, the major penalty of these prior

32 GHz logic circuits is the high power consumption

33 which is not a tolerable price to pay in recent mobile

34 technologies. These circuits also unavoidably con-

35 sume large power even if they are in a stand-by

36 condition. We, hence, propose a power-aware PLA-

37 like structure to improve our high-speed all-N-

38 transistor (ANT) function block [7, 9, 10]. An 8-bit

39 CLA using ANTs which are arranged in the power-

40aware PLA-like structure and asynchronously trig-

41gered is implemented to verify the power reduction

42as well as the preservation of high speed. A simple

43but effective data transition detection (DTD) circuit

44is proposed to resolve the power consumption

45problem. The major advantage of the power-aware

46design methodology is that it is robust regardless of

47long data words, e.g., 64-bit binary data.

48A physical 8-bit ANT-based CLA using the

49proposed power-aware DTD is fabricated on silicon.

50Physical measurements verify that the reduction of

51the power dissipation is far less than that of prior

52works.

532. Power-Aware High-Speed 8-bit CLA

54Although the N-block dynamic logic intrinsically

55possesses high speed [4], it is not good enough for
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56 the operation in the gigahertz range. The reasons are:

57 firstly, the slopes of the clock_s edges must be gentle,

58 and secondly, the number of stacks in the evaluation

59 N-block severely affects the size of all of the

60 transistors in the unit.

61 2.1. All-N-Transistor (ANT) Function Unit

62 Hence, a modified dynamic logic, ANT [10], has

63 been proposed as shown in Fig. 1. The feature of this

64 modification is the feedback transistor pair, P3 and

65 N3, between the evaluation block and the output.

66 1). When clk ¼ 0 , P1 is on and the gate of P2 is

67 precharged to be Vdd. Then, P2 is off and N4 is off.

68 This makes the output to stay at the previous state.

69 2). When clk ¼ 1 and the N-block is evaluated to be

70 Bpass^, the charge at node A should be ground

71 through the N-block and N1 theoretically. Note

72 that N4 is on and N2 is also on at the beginning.

73 If the previous state of output is high, then N3

74 will be turned on via N4. This means that N3

75 provides another fast discharging path for the

76 charge at node A. When the voltage at node A is

77 dropped below the threshold voltage of PMOS,

78 P2 and P3 start to be on. The output will then be

79 charged to Vdd via paths P2 and P3-N4.

803). When clk ¼ 1 and the previous state of the output

81is low and the N-block is evaluated to be Bpass,^
82the voltage at node A starts to drop. When VA �
83Vdd > Vtp , where Vtp is the threshold voltage of

84P3, P3 will be turned on such that the gate of N3

85will be charged to be Vdd. Not only the charge at

86node A will be discharged faster, but also the

87output will be charged to high via P2 and N4.

884). When clk ¼ 1 and the N-block is evaluated to be

89Bstop^, the charge at node A should be kept if the

90previous state of output is low. There will be no

91discharging path for node A because N3 will be

92off via N4. If the previous state is high, the

93output will be ground via N4 and N2 before the

94voltage at node A starts to drop.

96Summarized from 2 and 3 in the above, the output

97will be high when the N-block is evaluated Bpass^,

98i.e., B1^, during clk ¼ 1. By 4, the output will be low

99when the N-block is evaluated Bstop^, i.e., B0^,

100during clk ¼ 1 . The function of ANT logic block,

101thus, is conclusively correct and non-inverting.

102Restated, P3 and N3, respectively, provide an extra

103charging path and an extra discharging path such that

104the speed of the evaluation can be accelerated.

105In addition to the previous discharging path problem,

106one of the reasons why other high-speed logic cannot

107run correctly given clocks with short rise time or fall

108time is that the size of each transistor cannot be tuned

109properly. Both [3] and [4] intrinsically possess this

110shortcoming. The sizing problem of the transistors in

111the ANT besides those in the N-block drastically

112affect the speed. We have been proceeded several

113simulations to find out the best figure of merit for the

114sizing of each transistor in Fig. 1 using TSMC 0.25

115mm 1P5M CMOS technology.

1162.2. PLA-Styled 8-Bit CLA Design

117The formulation of a 8-bit CLA is represented by the

118following equations:

Si ¼ Ci�1 � Pi

Ci ¼ Gi�1 þ Pi�1Gi�2 þ Pi�1Pi�2Gi�3

þ. . .þ Pi�1Pi�2 . . . P1P0C0

ð1Þ

120where Ai;Bi; i ¼ 0:::7 , are inputs, and Pi;Gi are

121propagate and generate signals, respectively, Pi ¼
122Ai

L
Bi; Gi ¼ Ai � Bi.

123If the Pis and Gis are produced by combinatorial

124logic function blocks before they are fed into the

N-block
0.6/10

clk

clk

clk

Vdd

A

P1 0.6/20 P2 0.6/20

P3 0.6/6

N4 5/5

N1 0.6/15 N2 0.6/10

N3 0.6/3

Figure 1. ANT logic.
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Figure 2. PLA-styled CLA.
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125 function blocks for Sis and Cis, then Eq. (1) implies

126 that a two-level AND-OR logic function block is a

127 possible solution to achieve high speed operations.

128 Thus, the PLA-styled design is suitable for such a

129 function block. A conceptual PLA-styled design for

130 CLA is shown in Fig. 2. A typical PLA consists of an

131 AND array and an OR array. It is well known that

132 the series NMOS in the evaluation block of NAND

133 or AND gates will produce long discharging delays

134 which subsequently slow down the entire circuit. We

135 can take advantage of the non-inverting feature of

136 the ANT logic to utilize a NOT-OR-NOT-OR

137 configuration instead of the typical AND-OR style,

138 where the two OR planes are made of ANT logic

139 blocks. Meanwhile, it can also minimize the series

140 transistor count in the evaluation block. The OR

141 array is made of the ANT logic with a predefined

142evaluation block. The inputs to the first OR array is

143the inverted Pi s (propagate) and Gi s (generate)

144signals which are also produced by other ANT logic

145units as shown in Fig. 3. Note that we define the

146propagate signals in a different way from the

147traditional Pi ¼ Ai þ Bi because the Pi ¼ Ai

L
Bi

148can be reused to generate the sum term, i.e., Si.

1492.3. Speed and Area Analysis

150Speed The critical path of an adder resides on the

151generation of carry signals, i.e., C8 in the 8-bit adder.

152After the binary data are ready, the generation of Pis

153and Gis by using the ANT logic takes the high half of

154a full cycle. That is, the results of GP blocks will be

155ready when the clk is low. The inverted Pis and Gis

156will then be fed into the first OR plane of the ANT-
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Figure 4. Power-aware circuitry.
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Figure 5. Block diagram of the proposed CLA.
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Figure 6. Regulator in the power-aware circuitry.
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157 based PLA. The inverted outputs of the first OR

158 plane will be presented to the second OR at the high

159 half of the second cycle. The final Cis results then are

160 ready in the low half of the second cycle. Right after

161 the generation of every Cis, they are inverted and fed

162 into the Sis function blocks. Another half cycle then

163 is required to produce all of the Sis. The final result

164 will be latched after two cycles.

165 Area As for the transistor count of the PLA-styled

166 implementation for CLA using ANT logic, though an

167 analytic form has been derived in [10], the buffers

168 required for the system clock tree and the propaga-

169 tion of intermediate signals was ignored. The

170 analysis of the cost of the buffers is as follows.

171 Clock Tree and Buffers To avoid any degradation

172 resulted from signal propagation, buffers are re-
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Figure 7. Schematic of the proposed CLA.

Figure 8. Die photo of the proposed CLA.
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173 quired at the output of each Ciþ1 , Si , Gi , and Pi ,

174 8i ¼ 1; . . . ; n, and the clock tree for the system clock.

175 The total is Bt ¼ 12� 5n, since there are a total of

176 12 transistors in a single buffer.

178 In summary, the number of the total transistors

179 required to implement an n-bit CLA with PLA-styled

180 design using ANT logic is

TANT total nð Þ ¼ 1
6 nþ 1ð Þ nþ 2ð Þ nþ 3ð Þ
þ 5n nþ 1ð Þþ50nþ 3þ 60n

ð2Þ

1832.4. Data Transition Detection (DTD)

184A simple thought to improve the power efficiency is

185to Bdeny^ the current fed into those function units of

186which the input data are identical between two

187consecutive operation cycles. The dynamic power,

188hence, of CMOS logic elements will be drastically

189reduced. Take the ANT block shown in Fig. 1 as an

190example. Assume the N-block is composed of two

191cascaded NMOS transistors to constitute an AND

192gate. The probability of the data inputs of two

VDD

CLK

SUM0

SUM1

SUM2

SUM3

SUM4

SUM5

SUM6

SUM7

C8

A0
A1
A2
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A6
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B4
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(a) (b) (c) (d)

(a)

A     =  11111111
B     =  11111111
SUM= 11111110
C8(Cout) =1

A     =  00000000
B     =  11111111
SUM= 11111111
C8(Cout) =0

(b)

A     =  11111111
B     =  00000000
SUM= 11111111
C8(Cout) =0

(c)

A     =  00000000
B     =  00000000
SUM= 00000000
C8(Cout) =0

(d)

Figure 9. Post-layout simulation result.
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193 consecutive operation cycles is 25% which implies a

194 significant portion of power consumption. Hence, a

195 monitoring circuitry, called data transition detector

196 (DTD), as shown in Fig. 4 is proposed to resolve the

197 low power demand.

198 The DTD design is based on an important observa-

199 tion, which is that the state switching of either Ai or Bi

200 will cause a series of state switches with regard to Pj,

201Gj , and Cj , 8j � i . Hence, an early state transition

202detection of lower bits can be used to determine

203whether the computation of higher bits is required or

204not. It carries out the monitoring mechanism and

205triggers the addition operations asynchronously

206depending on the comparison of the previous

207operands and the current operands. The DTD is

208composed of three blocks: three stages of delay

A =  00000000
B =  00000000
SUM =  00000000
C8(Cout) =  0

A =  00000000
B =  11111111
SUM =  11111111
C8(Cout) =  0

Figure 10. Waveforms of physical measurement by Agilent 1660C.

t1.1 Table 1. Characteristics of the proposed power-aware 8-bit

adder.

Proposed CLAt1.2

Highest data rate 500 MHzt1.3

Area 1.360�1.180 mm2t1.4

Transistor count 3,988t1.5

t2.1Table 2. Power reduction by using the power-aware DTD

circuitry (given random input vectors, system clock=200 MHz).

Data rate

(MHz)

[10]

(mW)

Ours simulated

(mW)

Ours measured

(mW) t2.2

50 35 17.4 23.0 t2.3

20 35 9.7 10.5 t2.4

10 35 4.9 7.7 t2.5
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209 chains to generate phase-shifted data pulses, a two-

210 cycle generation circuitry, and a voltage regulator.

211 As shown in Fig. 4, the D0 is propagated through

212 three delay stages which individually comprises four

213 cascaded inverters to generate D1, D2, and D3. The

214 delay stages can be controlled by the control signals,

215 SEL1 and SEL2, to adjust the delay time of the delay

216 chains. Di , i ¼ 0; . . . ; 3, are inverted respectively to

217 generate Di, i ¼ 0; . . . ; 3. Since what the 8-bit PLA-

218 styled CLA needs to complete an addition operation

219 is 2 cycles, we conclude that ðD3D2D1D0Þ = 0001,

220 0111, 1110, 1000, are the states required to generate

221 two consecutive clock cycles for the required

222 addition. Hence, the individual two-cycle generation

223 circuitry for each ANT logic, e.g., CLK0 for C1 and

224 SUM0, is carried out as shown in Fig. 5.

225 However, the most critical part of the proposed

226 DTD is the sensitivity of the strobe duration with

227 respect to the power variation. One of the most

228 efficient approach to avoid the unstable power

229 supply is to employ step-down bandgap-referenced

230 voltage regulators to supply a temperature indepen-

231 dent reference voltage to the rest of the circuitry [6].

232 Referring to Fig. 6, the regulator is composed of

233 AMP, PM61, and a resistor string. The generated

234 internal voltage for the DTD is a very stable Vint ¼
235 Vdd � Vthp , where Vthp is the threshold voltage of

236 PM61.

237 Area Overhead A single DTD is composed of a

238 three-stage buffer (12 transistors), four four-input

239 AND gates (32 transistors), four inverters (eight

240 transistors), six transmission gates (24 transistors),

241 and an NOR gate (eight transistors). In brief, there

242 are a total of 84 transistors in a single DTD. For an n-

243 bit adder, we need 2n� 84 to carry out the DTDs.

244 Besides, in a two-cycle clock generation circuitry, a

245 total of n NAND gates and ðn� 1Þ OR gates are

246 required for the n -bit adder. 4nþ 6ðn� 1Þ MOSs,

247 thus, must be taken into account. Hence, the area

248 overhead caused by the proposed power-aware

249 design is concluded as follows.

TDTDðnÞ ¼ 168nþ 10n� 6kc05 ð3Þ

250 Notably, the cost ratio of the DTD is defined as

252 CRðnÞ ¼ TDTDðnÞ
TANT totalðnÞ. Hence,

lim
n�1

CR nð Þ ¼ lim
n�1

TDTD nð Þ
TANT total nð Þ ¼ 0; ð4Þ

254According to Eqs. (2) and (3), it implies that the

255proposed power-aware design is particularly suitable

256for long adders.

2583. Simulations and Measurement

259The block diagram of the proposed 8-bit power-

260aware PLA-styled ANT-based CLA has been shown

261in Fig. 5. By contrast, the detailed schematic and

262diephoto of the CLA implemented by TSMC 0.25 �m

2631P5M CMOS process are revealed in Figs. 7 and 8,

264respectively. An example of the output waveform of

2658-bit power-aware PLA-styled CLA using ANT

266logic is shown in Fig. 9 which illustrates that the

267result of an addition appears after two cycles given

268that the Vdd is coupled with a 1 MHz sine wave noise

269possessing 10% Vdd amplitude. Fig. 10 shows the

270output waveforms of the addition of B00000000^ and

271B00000000^, and the addition of B00000000^ and

272B11111111 ^, respectively. The measurement is

273carried out by using Agilent 1660CP logic analyzer.

274The characteristics of the proposed power-aware

275CLA is summarized in Table 1.

276To reveal the power-saving advantage of the

277proposed power-aware design, two 8-bit adders are,

278respectively, implemented by the approach of [10]

279and the proposed design using the same CMOS

280process. The power reduction of the power-aware

281design is summarized in Table 2, where random test

282vectors are used to test these circuits.

2834. Conclusion

284We propose a power-aware high speed PLA-styled

285ANT logic design for the adders_ implementation. A

286novel but simple DTD circuit is used to monitor the

287switching activity of input data such that the unnec-

288essary power consumption is avoided. Not only the

289correctness of the function given a fast clock is

290preserved, but also the power dissipation is reduced.
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