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Abstract:

We propose a new design scheme for a Booth encoder based on clocked transmission gate adiabatic logic (CTGAL).

In the new design the structural complexity of the Booth encoder is reduced while the speed of the multiplier is improved. The
adiabatic two’s complement multiplier-accumulator (MAC) is furthermore a design based on the CTGAL. The computer simula-
tion results indicate that the designed circuit has the correct logic function and remarkably less energy consumption compared to
that of the MAC based on complementary metal oxide semiconductor (CMOS) logic.
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INTRODUCTION

In a digital system, the multiplier-accumulator
(MAC) composed of adders and multipliers plays an
important role in many digital signal processing sys-
tems and is also the primary contributor to power
dissipation (Suvakovic and Salama, 2003). Studying
the low-power MAC will bring some progress in the
design of a low-power integrated circuit. As tradi-
tional complementary metal oxide semiconductor
(CMOS) circuits adopt direct current (DC) power
supply, the energy is usually transformed from elec-
tric energy to heat in an irreversible manner during
charging or discharging of the node capacitances.
Instead of using a DC power supply, adiabatic CMOS
circuits are driven by alternating current (AC) power

" Project supported by the National Natural Science Foundation of
China (No. 60776022), the Science and Technology Fund of Zhejiang
Province (No. 2008C21166), the Key Scientific Research Fund of the
Department of Education of Zhejiang Province (No. 20061666), the
Professor Fund (No. JSL2007001), the Scientific Research Fund (No.
XK0610030) and the K. C. Wong Magna Fund in Ningbo University,
China

CLC number: TN79

supply (Pedram and Wu, 1999; Wu et al., 2000; Blotti
and Saletti, 2004; Li et al., 2007). In this way, the
resonant tank is formed by the inductor in the power
clock generator and the node capacitances in the
adiabatic circuit to facilitate energy transfer between
magnetic energy and electric energy. So the charge on
the node capacitances can be recycled to achieve
power recovery, and the irreversible energy conver-
sion from electric energy to heat caused by the dis-
sipative element, i.e., resistances, can be largely re-
duced or avoided (Arsalan and Shams, 2005; Park et
al., 2005).

Thus, according to the principle of adiabatic
computing (Wu and Hang, 2000; Fang et al., 2003), a
new design scheme for the Booth coder is proposed
based on the study of clocked transmission gate
adiabatic logic (CTGAL) and Booth arithmetic. An
adiabatic two’s complement MAC is furthermore
designed using the CTGAL. The computer simulation
result of a 4x4 adiabatic two’s complement MAC
verifies that the designed circuits have the correct
logic function and the notable characteristic of
low-power consumption.
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DESIGN OF CTGAL GATES

CTGAL circuit
A CTGAL circuit adopts two-phase power
clocks (Wang and Yu, 2006; 2007), as shown in

Figs.1a and 1b, where @ is the power clock and @ is

the clock-controlled clock. @ and & are a pair of
complement clocks.
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Fig.1 CTGAL circuit
(a) Scheme; (b) Symbol; (c) Simulation wave

One power clock is divided into six equal parts
T1~Ts, as shown by the simulation waveforms in
Fig.1c. The operation procedure of a CTGAL circuit
is divided into two steps: (1) The sampling phase

T,~Ta. The input signals in and in have the same

phase as the clock-controlled clock @. Two clocked
NMOS (N-channel metal oxide semiconductor) tran-

sistors N; and Ny, which are controlled by @, sample

the input signals. (2) The valuing, holding and re-
covery phase T4,~Te. During the period T4, when the
input signals and the clock-controlled clock are all at
low voltage, there must be one node floating on
high-voltage Vpp—V1n (V1 is the threshold voltage of
the NMOS transistor) between floating nodes x and y,

for example x. When & rises gradually, the output
node out is valued by the power clock. As N3 is turned
on at the beginning of the evaluation, the out is
charged by the @ completely. At the same time, due to
the parasitic capacitance between this floating
high-voltage node and @, the voltage of the floating
high-voltage node x can be bootstrapped to a higher
level than Vpp—Vn. Period Ts is the holding phase.
During the period Tg, @ decreases gradually, and the
voltage of the floating high-voltage node x finally
comes back to Vpp—V1n. When P4 and P, are turned
off, N3 or N4 is still turned on to ensure that the charge

on out or out can be completely recovered by @. So
the circuit has no non-adiabatic dissipation caused by
threshold value loss at the beginning of the evaluation
and the end of the recovery.

CTGAL gates

In order to implement the logic gates (such as the
AND ogate), firstly the clocked NMOS transistors
(such as Ny and N, in Fig.1a) are used to sample each
input signal. Then the complementary NMOS logic
blocks are used to replace the transistors N3 and Ny in
the CTGAL circuit. In this way the diverse gates can
be gained, such as two-input AND gate and the 2-to-1
data selector shown in Fig.2.

ADIABATIC TWO’S COMPLEMENT MAC

Adiabatic two’s complement MAC, as shown in
Fig.3, consists of a multiplier and an accumulator.
The multiplier is composed of a partial-product gen-
erator, a partial-product compressor and an adder
(Zheng et al., 2004). The accumulator is an adder with
feedback signals, which accumulates the results of the
multiplication. In order to improve the speed of the
multiplier, a new Booth encoder is proposed to gen-
erate firstly the partial-products, which can effec-
tively reduce the number of the partial-products. Then
the 4-2 compressor and Wallace tree are used to
compress the partial-products, so that the number of
additions can be reduced. Lastly, the Ladner-Fischer
parallel prefix adder, which has less delay compared
to the other parallel prefix adder, is used to obtain the
sum of the multiplication results.
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Fig.3 Block diagram of the adiabatic MAC

New Booth encoder

In the conventional multiplication operation,
only one bit of the multiplicator is checked to gener-
ate the partial-products. The conventional partial-
product generator has a short delay time but many
partial-products. For the n-bit multiplicator there will
be n partial-products in the conventional multiplica-
tion operation. As the k-bit of the multiplicator can be

checked in Booth arithmetic, only n/k partial-products
are generated. So the number of the partial-products is
reduced. The improved Booth arithmetic (k=2) can
implement the two’s complement multiplication. The
multiplicand and multiplicator are both in the form of
two’s complement. And the addition and subtraction
are used to obtain the partial-products. The process of
generating the partial-products is shown as follows:

Step 1: Initialize the product to ‘0’; the multipli-
cand A and multiplicator B are ready.

Step 2: Add ‘0’ at the right of the least significant
bit (LSB) of the multiplicator, so the length of the
multiplicator is (n+1)-bit.

Step 3: Three-bit data (Bj+1BiBi-1) of the
multiplicator are checked and one bit is overlapped
every time from the LSB to the most significant bit
(MSB).

Step 4: According to the different compounding
(000~111) of the three-bit data (Bi:+1BiBi-1), there are
five operations for the partial-products: “+07, “+A”,
“—A”, “+2A”, “—2A” (+0 denotes no operation, and
the partial-products remain unchanged; “+A” denotes
adding the multiplicand A to the partial-products;
“—A” denotes subtracting the multiplicand A from the
partial-products; the rest may be deduced by analogy),
as shown in Table 1. In particular, the operations “—A”
and “—2A” are accomplished through adding the two’s
complement of A and 2A, respectively.

Step 5: The multiplicand A is shifted right two
bits.

Step 6: Repeat Steps 3~5 n/2 times to obtain the
partial-products.

Table 1 Booth arithmetic

Input signals Operations  Select signals
Bi+1 Bi Bi-1
0 0 0 +0 Seo
0 0 1 +A se,
0 1 0 +A se;
0 1 1 +2A se,
1 0 0 —2A se,
1 0 1 -A se;
1 1 0 -A seq
1 1 1 +0 seg

The five operations in Step 4 are classified as
three kinds: “+0”, “+A”, “+£2A”. Three select signals
are needed: sep selects operation “+0”, se; selects
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operation “+A”, and se; selects operation “+2A”. The
select signals are shown as the following expressions
Egs.(1a)~(3b) by using the Karnaugh diagram:

se, =B,,BB_, +B,BB,,, (1a)
se, =B.,B_, +B,B +BB,, (1b)
se, =B ®B,, (2a)
se =B ®B,,, (2b)

-B,,BB_+B,BB.,, (3a)
? BB +B, B ,+BB (3b)

From Table 1, one select signal se; (or se,) cor-
responds to the addition or subtraction operation at
one time. If the signal se; (or sey) is valid, which
operation should be done poses a problem. According
to the result of exclusive-or operation between By
and the multiplicand, the appropriate operation can be
selected.

When B;,; equals ‘0’, the addition is selected; the
exclusive-or operation result of the multiplicand and
Bi:; is the same with the multiplicand. When Bi.y
equals ‘17, the subtraction is selected; the exclusive-or
operation result of the multiplicand and B;.; is the
multiplicand’s reverse code. According to this, the

circuit structure of Booth encoding, as shown in Fig.4,

can be obtained. The operation of adding ‘1’ in sub-
traction will be finished in the following steps:
partial-product compression and partial-product ad-
dition. Except for the generation circuit of the select
signals, only one 3-to-1 selector and one exclusive-or
gate are needed for each bit of the multiplicand. So
the delay of the Booth encode equals two-stage gate
delay, which is just one gate delay more than that of
the AND array. But the number of partial-products
generated by the Booth encode is just half that of the
AND array.
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Fig.4 New Booth encoder

Partial-product compressor

In order to improve the addition speed of the
partial-products, a 4-2 compressor is adopted to
compress the partial-products (Prasad and Parhi,
2001). The improved 4-2 compressor based on
CTGAL, as shown in Fig.5, has five input data (X, X»,
X3, Xs, and Cj,) and three output data (S, C, and Cyy).
The operation of the adiabatic 4-2 compressor in-
cludes three steps, and two-phase power clocks are
adopted. The output signal C,,; and the input signal
Cin have the same phase.

1st step @

2ndstep @

3rd step @

Fig.5 Improved 4-2 compressor

The 4-2 compressor shown in Fig.5 is used to
obtain the sum of four 1-bit data. So for four n-bit data,
n 4-2 compressors are used. The output signal Co; of
the current 4-2 compressor is directly connected to the
input signal Cj, of the near high-bit 4-2 compressor. In
the addition operation of four n-bit data, all the 4-2
compressors can start to work at the same time.

If there are more than four partial-products, a
Wallace tree structure is introduced to improve the
compression speed. A Wallace tree structure for eight
partial-products is shown in Fig.6. Each four partial-
products are compressed using a set of 4-2 compres-
sor. The output signals of two sets of 4-2 compressors,
which are independent, are the input signals of the
next 4-2 compressor. It just costs two 4-2 compressor
delay to compress the eight partial-products to two
data. The addition speed of the partial-products is
improved effectively by using the 4-2 compressors
and the Wallace tree structure.
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Fig.6 Structure of the Wallace tree

But the outputs of the last 4-2 compressor are not
the final product. For nxn bit multiplication, two
2n-bit data, Sj and C; (i=0, 1, ..., 2n—1), are generated
by using the Booth encoder and the partial-product
compressor. The sum of the two 2n-bit data is just the
final product.

Addition

A Ladner-Fischer parallel prefix adder needs to
obtain the sum of the two 2n-bit data, which are gen-
erated by the partial-product compressor (Choi and
Swartzlander, 2005). The Ladner-Fischer parallel
prefix adder is composed of some operator “O”. The
process of the operator “O” and an 8-bit adiabatic
Ladner-Fischer parallel prefix adder are shown in
Figs.7a and 7b, respectively. Some CTGAL buffers
are needed to modify the phase in the adiabatic
Ladner-Fischer parallel prefix adder.
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Fig.7 Ladner-Fischer adder
(a) Operator “O”; (b) “O” array of the Ladner-Fischer adder

Gou=0o+Po*g1
Pout=Po*P1

The generated signal g; and propagated signal p;
(i=0, 1, ..., 2n—1) can be obtained from the following

equations: gi=S;-Cj, pi=Si®C;. The carry signals ccy,
CCy, ..., CCp_1 are obtained from the array of operator
*O” shown in Fig.7b. The sum macy,-1...macy is
achieved by wusing the p; and cci: mace=po,
mac=p;®cci—; (i=1, 2, ..., 2n-1).

For the accumulator the only difference from the
ordinary adder is that the output signals of the accu-
mulator are feedback to the input ports of the accu-
mulator. These signals are also called the feedback
signals. The output signals and the input signals
should have the same phase for the correct logic
function. Thus some CTGAL buffers are needed to
modify the phase. In order to obtain the correct ac-
cumulating order, the input signal of the MAC should
repeat several clock periods consecutively to have the
same delay with the accumulator. Otherwise the new
product may not have been added up to the latest
accumulated value.

Amendment operation

When the operation “~A” or “—2A” is selected in
Booth arithmetic, the two’s complement of the mul-
tiplicand is needed. Since the Booth encoder only
generates and shifts the reverse code, the corre-
sponding partial-product needs amending. ‘1’ is
needed to add up to the LSB of the partial-products
for amending. From Table 1 we can know that, when
Bi+1BiBi-1 equals “101” or “110”, operation “—A” is
selected. So ‘1’ may be added to columns 0, 2, 4, 6 of
the partial-product array shown in Fig.8. When
Bi+1BiBi_1 equals “100”, operation “—2A” is selected.
As the shift operation has been finished by the Booth
encoder, ‘1’ may be added to columns 1, 3, 5and 7.

15 8 7 6 5 4 3 2 1 0
s« § s X X X X X X X
S X X X X X X X +ng+mg
S - X X X X X +n; +m
S -« X X X +n, +m,
+Nn3 +mMg3
C J )
vﬂv Y Y A A A \ 4
4-2 compressor Buffer
. J
A4 A4 ﬂ Y Y Y A

Adder

Fig.8 Implementation of operation adding ‘1’
X denotes the partial-product; S denotes the signal bit
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Considering the two cases, we can produce
amending numbers as follows: m=Bi.1(Bi®Bi-1),
n =B, BB, (i=0, 2, 4, 6). The m; is added to col-
umns 0, 2, 4, 6 respectively, while the n; is added to
columns 1, 3, 5, 7 respectively. The partial-product,
which needs to be amended, is corresponding to only
one operation, “—A” or “~2A”. Thus at most one of the
two amending numbers m; and n; is equal to “1’. When
the two amending numbers are both equal to ‘0’, the
operation may be “+A”, “+2A” or “+0”. So the cor-
responding partial-product does not need amending.

From columns 0 to 3, there are only one or two
items of data in each column. So the 4-2 compressor
is not needed in the four columns. The data in each
column are directly propagated to the adder of the
multiplier. The amendment operations in these col-
umns are also implemented in the adder. From the 4th
column to the most significant column, 4-2 com-
pressors are needed in each column. The 4th and 5th
columns both have three items of data, but the 4-2
compressor can compress four items of data. So the
amending numbers can be seen as one of the input
data of the 4-2 compressor in these two columns. The
6th and 7th columns both have four items of data, thus
the amendment operations in these two columns are
also implemented in the adder.

For the amendment operations in the adder,
columns 0 and 1 both have one item of data. The
amending numbers can be seen as one of the input
data of the adder in these two columns. But columns 2,
3, 6, 7 all have two data items in each column and no
input channel can be used in the adder. The generated
signal g; and the propagated signal p; need redesigning.
Let g denote the amending number, and the new g;, p;
can be obtained by using the Karnaugh diagram: gi=
SiCi+qCi+qS;, p, =S, ®C, ®q (i=2, 3, 6, 7; g=m;, ny).

From the above analysis, we can see that the
Booth encoder does not individually finish the sub-
traction operation, and that the structural complexity
of the Booth encoder is reduced. But the par-
tial-products need amending when doing subtraction
in the Booth encoder. In order to amend the partial-
products generated by the Booth encoder, we use the
empty input channels of the 4-2 compressor and the
adder. If there are no empty input channels, some of
the generated signal g; and the propagated signal p; in
the adder are redesigned to amend the partial-
products. Thereby, the adiabatic two’s complement
MAC based on CTGAL is achieved.

SIMULATION AND ANALYSIS

Using the parameters of a TSMC 0.25-um
CMOS device, a 4x4 adiabatic two’s complement
MAC with 16-bit accumulator is simulated as an
example by the computer. Let a negative number
A=1010 (-6 in decimal) and a positive number
B=0110 (6 in decimal) with the accumulation sum
macis~macy. The function simulation result is shown
in Fig.9a. The macys~macy are not shown because
they are at high voltage in 1.2 us. The product is in the
format of two’s complement. As the delay of the
16-bit accumulator is three clock periods, the input
signals repeat three clock periods. The simulation
result indicates that the designed circuit has the cor-
rect logic function.
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Fig.9 MAC simulation result
(2) Functional simulation wave; (b) Energy consumption
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The low-power characteristic of the designed
MAC was compared to that based on CMOS logic.
Fig.9b shows the curves of transient energy con-
sumption of the two circuits. When the accumulating
times are more than eight, the MAC based on CTGAL
attains an energy saving of about 65% compared with
the CMOS logic MAC. The more the accumulating
times, the greater the energy saving.

CONCLUSION

The CTGAL circuit has no threshold value loss
when charging and discharging the node capacitance
of the circuit by using the bootstrap effect of NMOS
transistors. So the power dissipation can be reduced
significantly. The adiabatic MAC based on CTGAL
has the obvious characteristic of energy recovery. The
new Booth encoder of the MAC has a simple structure
and short delay time. Some empty channels in the
MAC are adequately utilized to finish the Booth en-
coder operation. The proposed adiabatic MAC based
on CTGAL will influence the future study of
low-power operation circuits and low-power digital
processors.
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