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Abstract:

In digital circuits that have a high number of transistors, energy dissipation is still a challenge. New techniques like
approximate computing are somehow helpful for challenge solving. Therefore, three new single-bit subtractors are
presented based on the approximate computing and gate diffusion input (GDI) technique. Compared to the literature,
proposed circuits 1-3 with different truth tables have 10, 8, and 6 transistors, respectively, which causes a significant
reduction in power consumption. The simulation results based on the carbon nanotube field effect transistor (CNTFET)
technology with a channel length of 32 nm confirmed the superiority of the circuits. The proposed circuit 3 with no
inverter has the best circuitry performance. However, due to the presence of 4 errors in this circuit, its error rate is higher
compared to other circuits. Examining the effects of changes in the voltage source, the fan-outs, and the process-voltage-
temperature (PVT) variations showed a superior energy performance of the proposed circuit 3. Also, by embedding the
proposed circuits in the 8-bit divider structure, the superiority of the proposed circuit 3 in terms of various figures of
merits was observable by at least 50%.
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9 Dividers

10 Gate Diffusion Input (GDI)

11 Approximate computing (AC)
12 Trade-offs

13 Specific applications

14 Power consumption

15 Multimedia
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1 Scaling

2 Channel length

3 Moore Law

4 metal-oxide-semiconductor field-effect transistor
5 Carbon nanotube field-effect transistor (CNTFET)
6 Leakage current

7 Arithmetic circuits

8 Subtractors
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XYBin | BouDit | BouDit | BouDitt | BouDit | BouDir | BouDit | BouDit | BouwDit | BouDit | BouDir | BouDit | BouDir | BowDit | BoutDitr | BowDist | BowDirr
000 00 00 00 00 11 00 00 00 00 00 11 11 00 00 11 01
001 11 11 11 11 11 11 1 10 00 11 11 11 01 11 11 11
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3 Mean Relative Error Distance (MRED)
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2 Normalized Mean Error Distance (NMED)
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4 Timing and Performance
5 Robustness and Reliability
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0.6V (VR°AY 12V
Designs Power (UW) | Delay (ns) | PDP (fj) | Power (uW) | Delay (ns) | PDP (fj) | Power (uW) | Delay (ns) | PDP (fj)
AXSC1 0.3963 5.1034 2.0226 1.4575 5.1025 7.4369 2.7383 5.1026 14.205
AXSC2 0.2321 1.0044 2.3322 0.6827 0.9942 0.6788 1.7 0.9932 1.6886
AXSC3 0.4959 3.1314 1.553 1.4763 3.1242 4.6122 3.298 3.1041 10.237
AXS1 1.166 2.0042 2.337 4.8134 2.009 9.6701 11.209 2.0072 22.499
AXS2 1.011 1.0134 3.04 3.2617 1.0102 3.2951 7.5539 1.0128 7.6508
AXS3 0.5567 3.0072 1.6741 1.7238 3.0059 5.1814 4.2613 3.0058 12.809
Apps 1.5853 3.0189 4.7848 5.3623 3.0174 16.18 1.2793 3.0167 38.592
SAPSC3 0.5193 3.0013 1.5588 1.909 3.0077 5.7417 4.4969 3.0063 13.519
SAPSC4 2.0089 1.0057 2.0203 7.173 1.0023 7.1895 1.7235 1.003 17.286
Proposed-1 1.876 1.014 1.332 5.465 1.033 5.447 12.220 1.066 12.304
Proposed-2 0.996 1.036 1.041 3.887 1.068 3.852 9.001 1.056 9.012
Proposed-3 0.059 3.556 2.432 0.146 3.203 0.407 0.124 3.253 0.778
7 AXSC1 WAXSC2 ]lAXE(J AXS1 .-U(S(.'l‘r ®AXSC2 mAXSC3 i AXS1
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[PDP (f]) x Delay(ns)]
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EDPPOT = Ny b GESle il gl Jsbo plad Sl 4y 585 looass 5 )
Number of tubes X Number of Transistors ) - - .
il o LBl (50l oael Cussy (gl ol )l ST a4y SO anslie
bl b gllae EDPPOT oL b (Sl jlne 5 a8l ol ol
liso 61 ()T b (s A S i 50 (GOl S50 (i1 (F) Jgur
VR
Designs Power (LW) Delay (us) PDP (pJ) Area PDAP PDAPPOT
Proposed-1 73.429(19.621%)  0.2356(46.74%) 18.713(55.14%) 184 344319  3.443(14.85%)
Proposed-2 43.296(52.6%0) 0.3628(17.99%) 15.707(61.13%) 168 2638.77 3.298(18.56%)
Proposed-3 52.398(42.64%)  0.1987(55.08%)  10.411(74.23%) 152 1582.47 2.637(34.9%)
AXSC1 89.357 (2.19%) 0.3135 (29.14%)  28.0134 (30.69%) 168 4706.25 2.80 (30.69%)
AXSC2 56.165 (38.52%) 0.3165 (28.46%)  17.7765 (56.02%) 168 2986.45 1.78 (55.94%)
AXSC3 75.398 (17.47%) 0.3622 (18.13%)  27.3091 (32.43%) 200 5461.82 2.73 (32.42%)
AXS1 218.52 (failed) 0.4007 (9%) 87.5609 (failed) 216  18913.15 8.76 (failed)
AXS2 143.76 (failed) 0.4399 (1%) 63.24 (failed) 216 13659.84 6.32 (failed)
AXS3 69.514 (23.91%) 0.3597 (18.69%)  25.0041 (38.13%) 200 5000.82 2.50 (38.11%)
Apps 76.417 (16.35%) 0.4014 (9.27%) 30.6737 (24.10%) 280 8588.64 3.07 (24%)
SAPSC3 79.412 (13.07%) 0.4225 (4.49%) 33.552 (16.98%) 216 7247.23 3.36 (16.83%)
SAPSC4 89.057 (2.51%) 0.4018 (9.17%) 35.783 (11.46%) 248 8874.18 3.58 (11.38%)
HR
Designs Power (UW) Delay (us) PDP (pJ) Area PDAP PDAPPOT
Proposed-1 81.230(11.082%) 0.112(74.96%0) 18.713(55.14%) 184 3443.192 3.43(15.09%)
Proposed-2 39.994(56.22%) 0.1654(62.61%) 6.615(83.63%) 168 1111.32  1.389(65.84%)
Proposed-3 39.470(56.79%)  0.1988(55.06%) 7.846(80.58%) 152 119259  1.987(50.81%)
AXSC1 83.618 (8.47%) 0.5975 (failed) 49.9961 (failed) 168 8399.34 5.00 (failed)
AXSC2 75.368 (17.5%) 0.3067 (30.67%) 23.1153 (42.81%) 168 3883.37 2.31 (42.82%)
AXSC3 91.954 (failed) 0.3173 (28.28%) 29.1770 (27.81%) 200 5835.40 2.92 (27.72%)
AXS1 316.93 (failed) 0.3014 (32%) 95.5227 (failed) 216 20632.90 9.55 (failed)
AXS2 200.62 (failed) 0.3169 (28%) 63.5764 (failed) 216 1373250 6.36 (failed)
AXS3 73.130 (19.95%)  0.3741 (15.44%)  27.3579(32.31%) 200 547158 2.74 (32.17%)
Apps 76.95 (15.77%) 0.4057 (8.3%) 31.2186 (22.75%) 280  8741.21 3.12 (22.77%)
SAPSC3 86.950 (4.82%) 0.3671 (17.02%) 31.919 (21.02%) 216 6894.50 3.19 (21.03%)
SAPSC4 90.214 (1.24%) 0.3471 (21.54%)  31.313 (22.52%) 248  7765.62 3.13 (22.52%)
SR
Designs Power (LW) Delay (us) PDP (pJ) Area PDAP PDAPPOT
Proposed-1 76.842(15.88%)  0.1876(57.59%) 14.41(64.34%) 192 2766.72  2.766(31.68%)
Proposed-2 58.632(35.81%) 0.258(41.68%) 15.127(62.98%) 184  2783.36 3.47(14.1%)
Proposed-3 49.645(45.65%0) 0.267(39.64%) 13.25(67.21%) 176 2332 3.886(3.81%)
AXSC1 75.254 (17.62%) 0.3166 (28.44%) 23.8254 (41.05%) 184 4383.87 2.38 (41.08%)
AXSC2 69.133 (24.32%) 0.3047 (31.13%) 21.064 (47.88%) 184 3875.78 2.11 (47.77%)
AXSC3 71.992 (21.19%) 0.7618 (failed) 54,8435 (failed) 200  10968.70 5.48 (failed)
AXS1 140.14 (failed) 0.3162 (29%) 44,3122 (failed) 208  9216.94 4.43 (failed)
AXS2 105.46 (failed) 0.3717 (16%) 39.1994 (3%) 208 8153.48 3.92 (2.97%)
AXS3 61.528 (32.65%) 0.3600 (18.63%)  22.1500 (45.19%) 200 4430.00 2.22 (45.04%)
Apps 71720 (21.49%)  0.3171 (28.32%)  22.7424 (43.73%) 240  5458.18 2.27 (43.81%)
SAPSC3 71.7254 (21.48%) 0.4721 (failed) 33.862 (16.21%) 208 7043.30 3.39 (16.08%)
SAPSC4 81.247 (11.06%) 0.4068 (8.04%) 33.051 (18.22%) 224 7403.42 3.31 (18.06%)

1 Energy-Delay-Product-Per-Of-Tubes
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TR-1
Designs Power (UW) Delay (us) PDP (pJ) Area PDAP PDAPPOT
Proposed-1 74.096(18.89%) 0.315(28.75%) 23.34(42.53%) 190 4434.6 4.43(12.72%)
Proposed-2 63.451(30.54%) 0.1564(64.64%) 9.923(75.44%) 184 1825.8 2.282(43.56%)
Proposed-3 66.331(27.39%) 0.423(4.58%) 28.05(30.59%) 178 1295.5 2.159(46.78%)
AXSC1 70.371 (22.97%) 0.6332 (failed) 36.4381 (9.84%) 184 6704.61 3.64 (9.9%)
AXSC2 66.787 (26.89%) 0.3162 (28.53%) 21.118 (47.75%) 184 3885.71 2.11 (47.77%)
AXSC3 69.412 (24.02%) 0.3154 (28.71%)  21.8925 (45.83%) 196 4290.93 2.19 (45.79%)
AXS1 115.31 (failed) 0.4271 (3%) 49.2489 (failed) 202 9948.28 4.92 (failed)
AXS2 97.912 (failed) 0.5147 (failed) 50.3953 (failed) 202 10179.85 5.04 (failed)
AXS3 62.296 (31.81%) 0.3705 (16.25%)  23.0806 (42.89%) 196 4523.80 2.31 (42.82%)
Apps 93.260 (failed) 0.3075 (30.49%)  28.6774 (29.04%) 226 6481.09 2.87 (28.96%)
SAPSC3 83.260 (8.86%) 0.3618 (18.22%) 30.123 (25.47%) 202 6084.85 3.01 (25.49%)
SAPSC4 85.854 (6.02%) 0.4257 (3.77%) 36.548 (9.57%) 214 7821.27 3.65 (9.65%)
TR-2
Designs Power (UW) Delay (us) PDP (pJ) Area PDAP PDAPPOT
Proposed-1 45.286(50.42%) 0.147(66.77%) 6.657(82.87%) 180 1198.26 1.198(70.34%)
Proposed-2 32.033(64.93%) 0.202(54.33%) 3.267(83.00%) 160 522.72 0.69(82.92%)
Proposed-3 10.286(88.36%0) 0.158(46.12%) 1.625(95.96%) 140 2275 0.3791(90.61%)
AXSC1 99.214 (failed) 0.2133 (51.79%) 21.162 (47.64%) 160 3385.92 2.12 (47.52%)
AXSC2 67.231 (26.41%) 0.3653 (17.43%) 24.559 (39.23%) 160 3929.44 2.46 (39.1%)
AXSC3 91.070 (0.31%) 0.4330 (2.12%) 39.433 (2.43%) 200 7886.60 3.94 (2.47%)
AXS1 319.88 (failed) 0.1946 (56.01%) 62.249 (failed) 220 13694.78 6.22 (failed)
AXS2 200.55 (failed) 0.3402 (23.1%) 68.227 (failed) 220 15009.94 6.82 (failed)
AXS3 35.531 (61.11%) 0.2803 (36.64%) 9.959 (75.36%) 200 1991.80 1 (75.24%)
Apps 75.144 (17.74%) 0.2460 (44.39%) 18.485 (54.26%) 300 5545.50 1.85 (54.2%)
SAPSC3 81.364 (10.94%) 0.3624 (18.08%) 29.486 (27.04%) 220 6486.92 2.95 (26.98%)
SAPSC4 366.49 (failed) 0.1916 (56.69%) 70.219 (failed) 260 18256.94 7.02 (failed)
TR-3
Designs Power (UW) Delay (us) PDP (pJ) Area PDAP PDAPPOT
Proposed-1 83.606(8.48%) 0.222(49.81%) 18.56(54.07%) 190 3526.4 3.526(12.72%)
Proposed-2 54.750(40.06%6) 0.154(65.18%) 8.4315(79.13%) 178 1500.8 1.876(53.71%)
Proposed-3 60.55(33.72%) 0.198(55.24%) 11.98(70.35%) 166 1998.68 3.144 (17.97%)
AXSC1 80.654(11.71%) 0.354(19.98%) 28.551(29.35%) 178 5082.07 4.235(failed)
AXSC2 63.274(30.73%) 0.4157(6.035%) 26.303(34.91%) 178 4681.93 3.344(17.33%)
AXSC3 82.954(2.19%) 0.254(42.58%) 21.07(47.87%) 202 4256.14 3.547(12.37%)
AXS1 181.452(failed) 0.214(51.17%) 38.83(3.94%) 214 8309.62 5.93(failed)
AXS2 126.274(failed) 0.65(failed) 82.07(failed) 214 17562.98 14.635(failed)
AXS3 62.332(31.76%) 0.742(failed) 46.25(failed) 202 9342.5 7.785(failed)
Apps 71.024(22.25%) 0.654(failed) 46.44(failed) 262 12167.2 5.530(failed)
SAPSC3 78.242(14.35%) 0.325(26.53%) 25.428(37.07%) 214 5441.59 3.886(3.96%)
SAPSC4 86.32(5.51%) 0.412(6.87%) 35.563(12.0%) 238 8463.99 4.7022(failed)
Exact with GDI F2 91.354 0.4424 40.4150 200 8083.00 4.04

* 9% are the results saving compared to their exact counterparts and bold numbers mean better results. Failed results mean no better results

compared to the exact result. Also blue and Red colors mean best and worst results, respectively

Rl W310 5 853,18 Jgb 4o bdylae FOM gNMED guls .(£) Jgua

TR-2

Designs NMED EDPPOT/1-NMED
Proposed-1 0.4175 2.057
Proposed-2 0.4207 1.191
Proposed-3 0.4057 0.638
AXSC1 0.2657 2.887
AXSC2 0.2719 3.379
AXSC3 0.2559 5.295
AXS1 0.2457 8.246
AXS2 0.2687 9.326
AXS3 0.2690 1.368
Apps 0.4687 3.482
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