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Abstract : A novel energy recovery logic style ERCCL (energy recovery capacitance coupling logic) ,which has good

energy performance compared to the conventional CMOS logic and other advanced energy recovery logic , is pro2
posed. ERCCL uses capacitance coupling to perform a logic function , so it can energy2efficiently implement a high

fan2in complex logic in a single gate. ERCCL is also a type of threshold logic. The gate count of a system based on

ERCCL can be significantly reduced ,which ,in turn ,will decrease the energy loss. A threshold logic synthesis meth2
odology for ERCCL is also presented. MCNC benchmarks are run through the proposed synthesis methodology. The

result s indicate that about an 80 % reduction in gate count can be obtained when compared with the synthesis result s

of SIS.
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1 　Introduction

Power consumption has been a critical parame2
ter in digital design since t he early 1990s. Met hods

for power reduction based on energy recovery tech2
niques have been reported recently[1 ] . Numerous

energy recovery logic styles have been pro2
posed[2～4 ] ,assuming t hat an energy recovery sys2
tem can be designed by replacing conventional logic

gates wit h t heir energy recovery counterpart s. The

disadvantage of t his approach is t hat it result s in an

ext remely large pipeline dept h , requiring a large

number of delay matching latches t hat increase

non2adiabatic dissipation[5 ] . In t his paper , a novel

energy recovery system design approach is p resen2
ted , which firstly t ransforms a conventional logic

network into a t hreshold logic network t hen re2
places each threshold gate wit h a novel energy re2
covery logic gate ERCCL [ 6 ] (energy recovery capac2
itance coupling logic) . Threshold logic is at t ractive

as it has bot h reduced logic depth and gate count

when compared to conventional logic[7 ] . ERCCL

uses capacitance coupling , rat her t han a CMOS

switches network , to perform a logic f unction.

Thus ERCCL can energy2efficiently implement a

complex logic with a high fan2in in a single gate.

The previously p ropo sed energy recovery logics

cannot energy2efficiently implement high complex

logic in a single gate because the energy of t he in2
ternal node in complex switched network cannot be

efficiently recovered[ 5 ] . ERCCL implement s thresh2
old logic by capacitance coupling used. The p ro2
posed design approach based on ERCCL can mini2
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mize the total non2adiabatic loss by minimizing the

number of logic gates. For maximally reducing gate

count of a logic network ,a t hreshold logic synt he2
sis met hodology for ERCCL is developed ,which re2
duce gates count significantly compared to the con2
ventional logic synt hesis met hodology.

2 　ERCCL

Figure 1 shows a basic ERCCL gate and it s

four2p hase of power2clock. The ideal power clocks

and auxiliary clocks are shown in Fig. 2. Power

clocksφi have four p hases ,i . e. evaluate ,hold , (en2
ergy) recovery ,and wait . The auxiliary clock C Ki is

held high during the wait p hase of φi to avoid the

nodes L ,R ,L1 and R1 floating all t he time.

Fig. 1 　ERCCL gate and it s four2phase power2clock

Fig. 2 　Power2clocks and auxiliary clocks

A t hreshold logic gate has n binary inp ut s X1 ,

X2 , ⋯, X n and a binary outp ut y . The gate is speci2
fied by t he t hreshold T and a group of weight s w1 ,

w2 , ⋯, w n . If ∑
n

i = 1
w i X i ≥ T , y = 1 ;ot herwise y = 0

. ERCCL implement s t hreshold logic f unction using

t he capacitance coupling technique.

The operation of ERCCL is described in Ref .

[6 ] . The non2adiabatic loss of an ERCCL gate in

t he worst case is 1/ 2 CL1 (R1 ) V
2
tn + CY( Yb) V

2
tp + 1/

2 Ca (b) (V dd - V tn ) 2 + 4 Cg V
2
CK

[6 ] . CL1 ( R1 ) is t he capaci2
tance of node L 1 ( R1 ) , CY( Yb) is t he capacitance of

node Y( Yb ) , Ca (b) is t he capacitance of node a ( b) ,

and Cg is t he gate capacitance of t ransistors n7 ～

n10 . V tn and V tp are t he t hreshold voltage of nMOS

and pMOS ,respectively. V CK is t he voltage swing of

t he auxiliary clocks. Thus t he non2adiabatic loss of

an ERCCL gate is independent of t he logic com2
plexity and load ,t herefore depends only on t he to2
tal gate count .

Additionally ERCCL reduces adiabatic loss in

t he circuit level as it implement s logic through ca2
pacitance coupling rat her than a switches network ,

which leads to less turn2on resistance[ 6 ] , ERCCL

can greatly reduce dissipation in the architect ure

level wit h less gate count by implementing high

fan2in complex threshold logic energy2efficiently in

a single gate.

To demonst rate t he energy efficiency of ER2
CCL ,a 4bit adder of ERCCL ,a conventional CMOS

and a ECRL [4 ] , and a N ERL [3 ] are designed and

compared. The conventional CMOS adder , ECRL

adder ,N ERL adder all take CL A (carry2lookahead

adder) architect ure[ 4 ] ,while ERCCL takes thresh2
old logic adder architect ure[6 ] . HSPICE simulation

based on CSMC 016μm DPDM technology parame2
ters are performed. The supply voltage is 5V ,and

t he voltage of t he ERCCL auxiliary clocks is 1V.

Each primary outp ut is connected to a 100f F load.

The simulation result s are listed in Table 1.

Table 1 　Power loss and area cost s for various 42bit

adders

CMOS ERCCL ECRL N ERL

20M Hz 237μW 63μW 130μW 104μW

50M Hz 595μW 247μW 407μW 330μW

100M Hz 1183μW 712μW 1090μW 913μW

Gate count 27 27 47 47

Transistor count 140 372 242 490

Compared to t he ECRL , N ERL , and conven2
tional CMOS , ERCCL has lower power loss. At 20

～100M Hz , the ERCCL achieves a power savings

of 74 % ～ 40 % compared to t he conventional
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CMOS ,52 %～ 35 % compared to t he ECRL , and

40 %～23 % compared to t he N ERL . However ,ER2
CCL pays more area cost . Including t he area cost of

coupling capacitors , t he ERCCL adder cost s about

3 times more area than the conventional CMOS and

cost s about 60 % more t han the ECRL . The area

cost of the ERCCL is less t han t hat of t he N ERL .

The t ransistor count s of various adders is listed in

Table 1.

ERCCL , ECRL , and N ERL all use t he same

four2p hase power clock. Power clock loss is not

considered in simulation. The energy efficiency of

t he four2p hase power clock can reach about

80 %[ 8 ] . If power clock loss is added , t he ERCCL

can achieve a power saving of 68 %～ 25 % com2
pared to t he conventional CMOS at 20～100M Hz.

Alt hough t he ERCCL adder needs less gate

count and less circuit level , it s latency is a lit tle

more t han t he N ERL adder and ECRL adder ,since

it s gate needs 3 power clocks to work. The latency

of t he ERCCL adder is 115 cycles while t hat of

N ERL and ECRL is 1125 cycles. In addition , as

coupling capacitors can filter some noise and

glitch ,t he robust ness of ERCCL is bet ter t han t hat

of ECRL and N ERL .

3 　Threshold logic synthesis for ER2
CCL

　　Because maximally reducing gate count in an

ERCCL circuit can greatly reduce power loss , a

high efficiency threshold logic synt hesis met hodol2
ogy is important for ERCCL . In t his section , a

t hreshold logic synt hesis met hodology is devel2
oped.

3. 1 　Background

In t his section ,a concept and a t heorem ,which

are important for t hreshold logic synt hesis , are

p resented.

Binate f unction : If t here exist s a disjunctive or

conjunctive expression of f ( x1 , x2 , ⋯, x m ) in

which x i appears only in uncomplemented (comple2

mented) form , f is said to be unate in x i . A f unc2
tion ,which is unate in all variables ,is called a unate

f unction ;ot herwise , it is called a binate f unction.

Binate f unctions are important for t hreshold logic

as every binate f unction is not a t hreshold f unc2
tion[7 ] .

Theorem 1 : Given an irredundant sum2of2
product s (SOP) exp ression for f unction f ( x1 , x2 ,

⋯, x n ) ( in which no cube includes any ot her

cube) ,if t here exist s two cubes a and b which bot h

are composed of more than two variables and have

no common variable ,f is not a t hreshold f unction.

Proof :Assume a = x i1 x i2 ⋯x im , ( x i1 , x i2 , ⋯, x im

∈{ x1 , x2 , ⋯, x n} ) , b = x j1 x j2 ⋯x jk , ( x j1 , x j2 , ⋯, x jk

∈{ x1 , x2 , ⋯, x n } ) , { x i1 , x i2 , ⋯, x im } ∩{ x j1 , x j2 ,

⋯, x jk } =φ. If f is a threshold f unction , t here ex2
ist s a set { w1 , w2 , ⋯, w n , T} satisfying Eqs. ( 1)

and (2) .

∑
n

i = 1
w i x i ≥ T , 　f = 1 (1)

∑
n

i = 1

w i x i < T , 　f = 0 (2)

Assume x i1 = 1 , x j1 = 1 ,ot her variables of f are 0 ,

in t his case f = 0 ,we have

w i1 + w j1 < T (3)

Assume x i2 = ⋯= x im = 1 , x j2 = ⋯= x jk = 1 ,ot her

variables of f are 0 ,in t his case f = 0 ,we have

w i2 + ⋯+ w im + w j2 + ⋯w jk < T (4)

From Eqs. (3) and (4) ,we have

w i1 + w i2 + ⋯+ w im + w j1 + w j2 + ⋯w jk < 2 T

(5)

Assume x i1 = x i2 = ⋯= x im = 1 ,ot her variables of f

are 0 ,in t his case , f = 1 ,we have

w i1 + w i2 + ⋯+ w im ≥ T (6)

Similarly ,we have

w j1 + w j2 + ⋯+ w jk ≥ T (7)

From Eqs. (6) and (7) ,we obtain

w i1 + w i2 + ⋯+ w im + w j1 + w j2 + ⋯w jk ≥2 T

(8)

Equations (5) and (8) are cont radictory. Therefore

f is not a threshold f unction.

3. 2 　Algorithms

Figure 3 gives a high2level overview of t he
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main step s of the p roposed met hodology. The inp ut

to t he p roposed met hodology is a multi2outp ut

combinational logic f unction ; t he outp ut is a f unc2
tionally equivalent t hreshold network. The weigh2
ted2sum rest riction can be specified during t hresh2
old network synthesis.

For clarification of description , some defini2
tions are defined as follows. A t hreshold node is a

node which is a threshold f unction and also meet s

t he weighted2sum rest riction. A non2t hreshold

node is a node which is not t hreshold node. A theo2
rem 1 node is any node satisfying t heorem 1. A bi2
nate node is a node which is a binate f unction. A

node ,which is neit her a binate node nor a theorem

1 node ,is called an ordinary node. A t hreshold ker2
nel is a kernel which is a t hreshold f unction.

Fig. 3 　High2level overview of the proposed methodolo2
gy

The key idea of t he met hodology is firstly to

split each binate node or t heorem 1 node n into

multiple small nodes { n1 , n2 , ⋯nk } using efficient

heuristics , because binate nodes and t heorem 1

nodes must be non2t hreshold nodes. Secondly ,form

an OR gate wit h t hese split nodes ( n = n1 + n2 + ⋯

nk ) . Af ter t he split ,decompo se each non2t hreshold

node wit h t hreshold kernels ( if it exist s) . Then

split t he rest of t he non2t hreshold nodes into small

nodes and form an OR gate wit h the split nodes

until all nodes of the network are t hreshold nodes.

After threshold logic synt hesis , every t hreshold

gate is mapped to a ERCCL gate and latches are

added to accommodate gate level pipelining int ro2
duced by t he use of energy recovery logic gates. We

describe each node split algorit hm and decomposi2
tion algorit hm in detail (in p seudo C2code) in t he

following. Variable W ,which is used in t he follow2
ing algorit hms ,is t he weighted2sum rest riction on a

t hreshold gate.

Decomposition algorit hm :

f is one non2t hreshold node

Decomposition ( f ) {

g ←find best kernel ( f )

if g =φ t hen

　　ret urn f

else

　　( q , r) = weak div ( f , g)

　　return ( decomposition ( q) g + decompo

sition ( r) )

}

Decomposition ,which relies on kernels ,is t he

p rocess of deriving an optimal factored form of a

given logic f unction[9 ] . The p roposed algorit hm is

described in recursive form. Firstly ,we comp ute all

of t he t hreshold kernels of f utilizing rectangle

covering algorit hms , which is bot h fast and effec2
tive[9 ] . Procedure find best kernel chooses one

t hreshold kernel wit h t he most variables as t he di2
visor g. If t here does not exist any threshold ker2
nels of f , f is not decomposed. Ot herwise ,quotient

q and remainder r are generated by a fast weak di2
vision algorit hm (implemented by p rocedure weak

div) [9 ] . q and r are recursively decomposed wit h

t he same decomposition algorit hms. Finally ,we ob2
tain an optimal factored form of f .

Binate node split ting algorit hm :

k ←1

n is one binate node

while k < W and n is binate node do

{L , R} = binate split two ( n)
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nk ←L

k ←k + 1

nk ←R

n ←nk

Procedure binate split two split s n into two

nodes ,L and R. L is a unate node ,which does not

satisfy t heorem 1 and has as many cubes of n as

possible. R includes all t he rest cubes of n exclu2
ding t he cubes of L . The process stop s until all of

t he split nodes are unate nodes or the number of

t he split nodes exceeds W .

Theorem 1 node split ting algorit hm :

k ←1

n is one theorem 1 node

while k < W and n is t heorem 1 node do

{L , R} = theorem1 split two ( n)

nk ←L

k ←k + 1

nk ←R

n ←nk

Procedure theorem1 split two split s n into

two nodes , L and R. L does not satisfy t heorem 1

and has as many cubes of n as possible. R includes

all t he rest cubes of n , excluding t he cubes of L .

The process stop s until all of t he split nodes are

not t heorem 1 nodes or t he number of t he split

nodes exceeds W .

Ordinary node split ting algorit hm :

n is one non2t hreshold node

k ←1

nk ←n

while k < W and n1 , n2 , ⋯, nk are not all

t hreshold node do

　　for i = 1 to k do

　　　　if ni is not t hreshold node t hen

　　　　　　{ L , R} = t hreshold split two

(n i )

ni ←L

k ←k + 1

nk ←R

Procedure threshold split two split s ni into

two nodes L and R , using the most f requently ap2
pearing variable (excluding t he variables appearing

in all t he cubes) . For example ,given ni = x1 x2 x3 +

x1 x2 x4 + x1 x5 x6 ,we split on x2 to get L = x1 x2 x3 +

x1 x2 x4 , R = x1 x5 x6 . We do not split on x1 in the a2
bove example ,because x1 appears in all t he cubes.

This split met hod is based on t he following : t he

likelihood of a f unction being t hreshold is greater

with fewer variables[10 ] .

3. 3 　ILP problem and threshold function

One key issue of t he above methodology is to

determine whet her a f unction is t hreshold or not .

This p roblem is solved by casting it in an IL P (in2
teger linear p rogramming) formulation. The meth2
od of Ref . [ 10 ] is used to formulate t he IL P prob2
lem. After formulation ,an existing linear p rogram2
ming tool called L P SOL V E[10 ] is used to solve

t he problem.

3. 4 　Experiment results

We ran t he benchmarks in t he MCNC bench2
mark suite with t he proposed threshold synt hesis

met hodology. Some of t he result s are listed in Ta2
ble 2. Conventional synt hesis result s are obtained

by : firstly replacing each gate in t he optimized

Boolean network with an ERCCL gate ,t hen adding

t he latches to accommodate gate level pipelining.

The optimized Boolean network is obtained by run2
ning t he script . boolean script in SIS[11 ] (an existing

boolean logic synt hesis tool) .

It can be seen f rom t he result s that up to 85 %

reduction in gate count is possible ,with average re2
duction being 78 %.

Table 2 　Threshold synthesis result s compared with

conventional synthesis

Benchmark
Conventional synt hesis Threshold synt hesis

Gate Level Gate Level

cm85a 165 8 37 2

cmb 100 7 36 3

term1 1790 12 378 4

pm1 117 5 17 2

x1 1053 10 298 4

cm152a 49 4 9 2

4 　Conclusion

A novel energy recovery logic style ERCCL is
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presented in t his paper . Compared to t he conven2
tional CMOS logic and other competing energy re2
covery logics ,ERCCL has energy performance. ER2
CCL can energy2efficiently implement a complex

logic wit h high fan2in in a single gate and a t hresh2
old logic. A novel energy recovery system design

approach based on ERCCL , which minimizes the

total non2adiabatic loss by minimizing t he number

of logic gates ,is p ropo sed. A t hreshold logic syn2
t hesis met hodology for ERCCL ,which reduces gate

count significantly compared to the synt hesis re2
sult s of SIS ,is also p resented.
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能量回收电容耦合逻辑及其综合方法 3

杨 　骞 　周润德

(清华大学微电子学研究所 , 北京　100084)

摘要 : 提出了一种新型能量回收电路 ERCCL (能量回收电容耦合逻辑) ,该电路的能耗低于传统 CMOS 电路及其

他能量回收电路. ERCCL 利用电容耦合进行逻辑求值 ,因此可以在一个门中低能耗地实现高扇入、高复杂度的逻

辑.同时 ERCCL 是一种阈值逻辑. 所以一个基于 ERCCL 的系统可以大大减少逻辑门数 ,从而降低系统能耗. 针对

ERCCL 提出了一种阈值逻辑综合方法. 用基准电路集 MCNC 做了相应的实验. 与 SIS 的综合结果相比 ,该方法大

约减少 80 %的逻辑门.
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