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Abstract

This paper addresses a fast low-power implementation
of a shared division and sguare-root architecture. Two
approaches are considered in this paper; these include
the SRT (Swveeney, Robertson and Tocher) approach which
does not require prescaling and the GST (generalized Svo-
boda and Tung) approach which requires prescaling of
the operands. This paper makes two important contribu-
tions. Although SRT division and square-roct approaches
and GST division approach have been known for long time,
sguare-root architectures based on the GST approach have
not been proposed so far. This paper, for the first time, de-
velops a GST square-root architecture without requiring an
additional division by the scaling factor after the square-
root operation. Although various divider and square-root
architectures have been compared with respect to speed,
no tradeoffs with respect to power consumption of these
architectures have been studied so far. Quantitative com-
parison of speed and power consumption of GST and SRT
division/square-root units is the second main contribution
of the paper. Shared divider and sguare-root units are
designed based on the SRT and the GST approaches, in
both minimally and maximally redundant radix-4 repre-
sentations. Smulations demonstrate that the worst-case
overall latency of the minimally-redundant GST architec-
ture is 35% smaller compared to the SRT. Alternatively,
for a fixed latency, the minimally-redundant GST architec-
ture based division and square-root operations consume
42% and 20% less power, respectively, compared to the
maximally-redundant SRT approach.
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1 Introduction

Division and square-root are more challenging arith-
metic operations than addition and multiplication. Division
can be mathematically defined by the following expression:

X=Q Y+R, 1)

where X, Y, Q, and R, respectively, represent the dividend,
divisor, quotient and the remainder. If X and Y are repre-
sented in floating point and liein therange [1, 2) (according
to |IEEE-754 standard), then the quotient lies in the range
[1/2,2). Thisresult can be normalized by shifting the quo-
tient by onebit to the left whenever itisintherange[1/2,1)
and adjusting the exponent accordingly. In contrary to the
division, square-root operation has only one input operand.
The computation

X=Q Q+R, ()

computes the square-root quotient Q and the remainder R
for the input X. Typically, the remainder R is of no inter-
est. In |EEE-754 standard, the input operand is in the range
[0.25, 1) and the root quotient isin therange [0.5, 1).

There are two main classes of division algorithms, the
Multiplicative Algorithms (MA) and the Iterative Digit Re-
currence Algorithms (IDRA). MA is based on multiplying
the numerator and the denominator by constants, so that af-
ter each iteration the denominator converges closer to one
while the numerator approachesthe quotient, i.e.,

X_X~R0-R1-~~Rm71_>Q_ 3

Q:?_Y-RO-Rl---Rm_1 1

The number of iterations is proportiona to logs(word-
length). However, since every iteration doesn’t consist of
simple addition/subtraction operations, but on two multipli-
cations and one addition, very fast multipliers are needed
to obtain the same efficiency as the IDRA. The large area
requirement of this approach is a major drawback.



Iterative digit-recurrence division algorithms obtain the
guotient one digit at a time (one quotient digit per clock
cycle), most significant digit first. Thus, the number of it-
erations is directly proportional to the word-length of the
dividend divided by half the radix. The IDRA is similar to
the paper and pencil method [6], and is computed iteratively
using

Ris1=b-Ri—¢q;-Y, 4

where R represents the remainder, b the radix, q the quo-
tient digit and Y the divisor. The iterative algorithms can
be implemented either using the generalized Svoboda-Tung
(GST) approach [14, 17, 8, 9]) which requires prescaling
of the operands or the SRT approach (Sweeney, Robertson
and Tocher) [13, 16]) which does not require any prescal-
ing. Prescaling of the operand does not alter the quotient,
since ,
X X'k X
Q_Y_Y-k_Y" ©)
This paper, for the first time, develops a GST sguare-root
architecture without requiring an additional division by the
scaling factor after the square-root operation asin [7].

This paper is organized as follows. Section 2 presents a
brief overview of iterative digit recurrence algorithms. Sec-
tion 3 presents the mathematical background for GST di-
vision and GST sguare-root operations. Section 4 presents
the architecture of the GST divider/square-root unit and the
estimated power consumption of the SRT and GST square-
root architectures.

2 Iterative Digit Recurrence Algorithms

Both GST and SRT methods of iterative division and
sguare-root are based on the non-restoring approach. There-
fore, both approaches can take advantage of redundant num-
ber systems. Although radix-2 and radix-4 digit sets are
most commonly used, much higher radix sets have aso
been considered. Besides the advantage of carrying out fast
addition, the redundant digit sets have overlapping region,
which resultsin an easy selection of the next quotient digit.
This eliminates the need for a full length comparison of the
remainder and the divisor. The decision criteria are chosen
in such a way that only a few bits of the remainder and/or
the divisor have to be checked to predict the next quotient
digit. The SRT and the GST mainly differ with respect to
the allowable range of the divisor. This can be easily ex-
plained using the P-D diagram shown in Fig. 1. The divisor
is normalized according to the IEEE 754 standard to lie in
therange[1,2). The SRT selects the next quotient digit ac-
cording to thefirst few bits of the remainder and the divisor.
In case of a minimally redundant radix-4 implementation,
atotal of 14 bits, 10 bits of the remainder and 4 bits of the
divisor, have to be examined. The quotient digit selection

o} REMAINDER

DIVISOR
1000 1001 1010 1011 1100 1100 1110 11 10000

Figure 1. P-D diagram of a minimally redun-
dant radix-4 digit set

is normally implemented as a PLA. The GST prescales the
divisor and the dividend in such away that the next quotient
digit can be predi cted without examining any bit of the divi-
sor. Thevertical dashedlinein Fig. 1 showsthisrange. Due
to this prescaling, only the first two digits of the remainder
have to be checked to predict the next quotient digit. The
two digits in radix-4 correspond to 6 hits. The drawback
of the GST-divisionis caused by the additional clock cycles
needed for prescaling. This drawback can be eliminated by
realizing that the most significant quotient digit may be ei-
ther one or two (those two possible digits cover the entire
range [0.5,2)). Hence, the most significant quotient digit
can be predicted without examining the scaled dividend, at
the expense of afew additional gates.

3 Mathematical Background for the GST
Approach

3.1 Redundant Digit Representation

In the binary system, every word has only one distinct
representation. A binary word is coded as:

w = a0-20+a1-2_1+a2-2_2+a3-2_3+a4-2_4+a5-2_5...,
(6)
where a; belongsto the set (0,1).
In the signed-digit representation D < b, « >, the same
word w iswritten as:

w = co-b0+01~b*1+cz-b*2+03-b*3+04~b*4+c5-b*5...,
)



where b represents the radix and ¢; belongs to the set
(@,a—1..,0,...,a—1,a).

Therefore the decimal number 0.5, equivalent to binary
0.1, can be represented by either 0.1 or 1.1 in the radix-2
digit set. The main advantage of the redundant digit repre-
sentation is the possible execution of fast, carry-propagation
free, addition. Hence the critical path of an addition doesn’t
consist anymore on the word-length of the inputs but on the
radix size. Thus a radix-2 adder has a critical path of one
adder, while a minimally redundant radix-4 digit set has a
critical path of two full-adders[2, 12].

However, the drawback of the redundant digit represen-
tation are the additional hardware costs. In the worst case,
the consumed area is doubled compared to a binary imple-
mentation [15]. In the radix-2 case, there are three different
values (1,0, 1), so there is the need of having two bits for
coding. Generally, the number of bits needed for coding a
redundant digit set D < b, « > isequal to:

n = [log2(2-a+ 1)]. (8)

This leads to additional hardware wiring as well as an in-
crease in consumed area.

3.2 PreviousWork

Prescaling both operands does not ater the sought quo-
tient, since;
XXk

@ Y Y-k

(9)

3.2.1 TheArithmetic Condition

Every IDR algorithm has to fulfill certain arithmetic condi-
tions, which limitstheremainder into acertainrange. Let us
assume a symmetric redundant digit set D < b, @ >, where
b represents the radix and o the maximum absolute value
of the coefficients. Then, the maximum and minimum valid
remainders are given by:

mae = 0-aQ...q, (10)

ro .. = 0.ad...a. (12)
The latter two equations can be rewritten as:

S S R

b—-1 b—1' (12)

To obtain even an easier decision criteria, where the next
guotient digit is equal to the most significant digit of the
shifted remainder, the two MSDs have to be re-written in
some cases. Assuming a minimally redundant radix-4 digit
set, following cases have to be rewritten:

22 — 12,

12 — 02,

12 — 02,

22 — 12.
The re-write block avoids a possible overflow and guaran-
tees that the MSD of the new remainder is always zero.
However, the re-write block only consists of a few gates,
leading to alow latency and alow-power design.

3.2.2 Rangeof thedivisor

The range of the divisor can be computed mathematically
(besides the straightforward way by examining the P-D di-
agram). If the partial remainder b - R’ (= the next quotient
bit ¢;) is positive, then b - R? is maximal when all the dig-
its to the right of the decimal point have the greatest digit
magnitude, i.e.,

b- R

max

= g;.qaq...q. (13)

Thus,

b-R . <qi+ (14)

@
b—1"
Theminimal R? that could violate the arithmetic condition
arises when R’ assumes the format (remember, the remain-
der ¢;.aaa...a isrewritten as (¢; — 1).aaa...a, so the next
quotient bit isno longer ¢;).

b-R! . =q;.Baa..a, (15)
(3 being a positive integer such that 3 < a.. Hence,
) 8 a
"Rl . BN 1
By rewriting equation (4), we obtain:
ri-Y =b-R — R"L. (17)
Replacing the values of b - R}, and b - R, aswell as
R+l and RI+! | we obtain,
e e e B e
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(18)
Simplifying this equation and dividing by ¢; leadsto:
1§Y<1+a_ﬁ. (19)
b-gi

Thelarger ¢;, the smaller the fraction on theright hand side.
So ¢; may be replaced by o, which leads to:

1<y <1428 (20)

b«

For a negative partial remainder, the same equations can be
obtained. Assuming again a minimally redundant radix-4
digit set, D < 4,2 >, the range of the divisor is limited
between 1 and 9/8 [8].



3.3 The New Approach: GST Square-Root with
Prescaling

Prescaling the operand X and the divisor Q does not alter
the sought quotient, since:
X Xk
0= 0k (22)
Recall that the operand of the square-root is in the range
of [0.25,1) and the result in [0.5,1). By multiplying the
dividend by four and the divisor by two, we obtain a com-
parable equation to the division including the range of the
divisor. Theresult of the square-root has only to be divided
by two, which is equivalent to a simple shift operation. The
square-root algorithm is quite similar to the iterative digit
recurrence algorithm for division, and is given by

Rivi = b Ri—q;i-(2:Qi1+b7"q)
= b Ri—q 20, (22)

Q=

where R representsthe remainder, ¢; the quotient digit, b the
radix and Q the quotient computed up to the last iteration.
In order to apply the GST to the square-root, @} has to be
scaled. .
X Xk X

Ql - Ql k - Ql'
Since Q! changes every iteration, Q" has to be updated
accordingly (in this paper, scaled operands always have a
dash). Theresult sought after every iteration is obtained by:

Qi=Qi1 +b " q. (24)

Scaling equation (19) resultsin:

Q= (23)

Riy1 = b-Ri—qi-(2:Qimi+b " q) -k
= b-Ri—q;-2Q}. (29)
The goal of this section isto obtain an equation of Qzljrl de-

pending on Qzl' . Therefore, increasing i by 1in the equation
(22) resultsin:

Rits = b-Ripi—qip1- (2-Qi+b ) giyy) -k
= b-Rit1 — Qi1 'ZQ%JIA k. (26)

Recalling that in equation (19)
201 =2-Qi1+¢; b, (27)

and by comparing equations (19),(24) and (25), the sought
equation is obtained as:

205, = (2:Qi+ gy bk (28)
= (2°Qim1 424 b7 g - b7HY) -k
= 2.QV +qi b ki b UYLk

The next scaled divisor can now be obtained by just adding
the quantitiesg; - b - k and g, - b~ *t1) - k to the previous
scaled divisor. To avoid the possible overflow in the square-
root operation, asimilar rewrite condition is needed, which
has just the opposite functionality of the rewrite block for
thedivision.

3.3.1 Example

In this subsection, the effects of equation (28) are shown.
Assuming an operand X=0.0101100110011- (=0.3510) and
therefore a scaling factor of k=0.111,, X', the scaled
operand, is obtained to X'=0.01001110011001100115.
Writing X' as aminimally redundant radix-4 number, we
get X' = 0.1112121212. In Fig. 2, the divisor Q"'
is shown. Apparently, in every iteration, only the nine

iteration q.
i=0,

Q
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Figure 2. The change of the scaled square-
root divisor per iteration

least significant bits of the scaled square-root divisor may
change. Hence, there is no need for a full length addition.
Furthermore, the switching of these nine bits is caused by
two additions. In thefirst addition of ¢;-b—*-k at most seven
bits may switch. In the second addition of g;_; - b=+ - k,
thereisonly the need of having a carry-ripple adder (CRA)
of word-length five, because the last two significant bits are
added to two zero bits. Thus, the scaling of the divisor Q'
isrelatively alow-cost operation.

4 Design Descriptions
4.1 Top Level Description of the GST

The top level description of the folded GST for Divi-
sion and Square-Root is shown in Fig. 3. InFig. 2, thetop
level description of the GST is presented. Every iteration
is represented by a slice. The entire design only consists of
combinational logic and there is no feedback. Every dlice
consists of arewrite block, adecision criteria, multiplexers,
hybrid-adder and an on-the-fly converter.
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Figure 3. Top level description of the GST-
division architecture

411 Prescaling

The first five MSBs of the divisor, Y, are used to select the
constant K, by which the divisor and the dividend, X, are
multiplied (Fig. 3). Since there are maximally three possi-

Table 1. K-selection table

Rangeof Y K K in binary
1 <Y< 98 1 12+1/2
98 <Y < 19/16 | 09375 | Y2+ 1/2-1/16
19/16 <Y < b5/4 0875 | 1/2+1/4+18
54 <Y < 11/8 | 08125 | 1/2+1/4+1/16
1118 <Y < 32 0.75 1/2+14
32 <Y< 13/8 | 0.6875 | Y2+ 1/8+ 1/16
1318 <Y < 5732|0625 | 12+18
57/132 <Y < 2 0.5625 | 1/2+ 1/16

ble partial sums of the K-selector (Table 1), a Carry-Save-
Adder (CSA) structurein parallel isused to reduce the num-
ber of partial sumsto two. To obtain afast prescaling oper-

¥(22)-y(18)

U GO R
K -selector ];’?' TMUX -
# -~

[ Multiplexer-Adder }

‘l‘ 28bit

Figure 4. Structure for the prescaling block

X X/2 x/4 xI8 x/16 -x/16
0

ation, a multiplexer-adder [11] is employed to add the two
partial sums. The structure of this adder is shown in Fig.
4. The multiplexer adder consists of a preprocessing unit,

where the input operands are rewritten for certain cases (if
both input operands a; and b; are 1, then they are rewrit-
ten as zeros). In the post processing unit, the sum outputs
are selected according to the carries generated in the fast
carry generation block. The entire propagation delay of this
multiplexer adder is equal to six multiplexer delays and one
nand delay for the addition of two operands of the word-
length of 28.

4.1.2 Iteration Block

The rewrite block guarantees that the most significant digit
of the new remainder is always zero. The Decision Crite-
ria (DC) (see Fig. 5) selects the new quotient digit accord-
ing to the most significant digit of the output of the rewrite
block. According to the selected quotient digit, the Muxes

oo To1 Toz oo Tox To2

b by

XOR J AND

l l

neg value zero

Figure 5. Random Logic for the Decision Cri-
teria

choose the multiple of the divisor Y, which is subtracted
from the dividend. The structure of the Muxes and Hybrid-
adder are presented in Fig. 6. The hybrid-adder consists of
afull-adder and a plus-plus-minus adder, due to the coding

Figure 6. Possible multiplexer and adder
structure for the GST

of the minimally redundant radix-4 representation. There-
fore, the critical path in every dlice is equal to the delay
of two full-adders, three multiplexers and a certain amount



of small gates for decision criteria and rewrite block. The
guotient converter is implemented using an on-the-fly con-
verter. The structure of the converter is shown in Fig. 7.
The multiplexers choose between the quotient and the quo-

val

o =ned ¢,

Figure 7. The structure of the on-the-fly con-
verter

tient subtracted by one. ST is selected if the next quotient
digit is negative. The new two bits of the binary quotient
are computed according to the equation:

where b represents the radix and ¢; the quotient digit. If ¢;
issmaller than O, the signal neg is one, otherwise zero. The
shift operation can be obtained by hardwarewiring. The ex-
ponents of the divisor can be subtracted from the exponent
of the dividend in a simple carry-ripple adder. However,
since there is the possibility of obtaining a quotient in the
range of [1/2; 1), the quotient has to be normalized and a 1
has to be subtracted from the new exponent.

Q’\.z Q’I-l

\l‘ammx,% ~d,

7-bit Adder
5

6-bit Adder
add'111111°

1

sttt

Muxes g* K ~——
ql

= =0
q";jd g:'2<0 — Muxes

Figure 8. The structure of the scaled square-
root quotient

5 Low Power Design

Since the delay timeis proportional to 1/V4, the supply
voltage can be reduced to a certain value, so that the cho-
sen frequency matches with the longest critical path. The
propagation delay equation of a CMOS circuit is given by
[3l,

Cchargevdd

Tietay = =5 30
delay k(Vdd_‘/t)Z ( )

When the propagation delay is less than the clock period by
afactor M, we can reduce the supply voltage by a factor 3
such that 77y, is equal to T4, Hence,

M - Tyeray(Vaa) = Taetay (B - Vaa)
Ccharge . ﬂ : Vdd
= ) 31
k- (B Vaa —Vi)? s
The last two eguations can be simplified, so that the follow-
ing result may be obtained:

Tar =

M (BVga — Vi)? = B(Vag — V2)°. (32)
6 Simulation Results

All the necessary blocks have been designed using a 0.5
um CMOS technology. To obtain a better comparison be-
tween the different architectures, all n-channel transistors
have been implemented using the minimum width of 3,
while the p-channel transistors have been implemented us-
ing awidth of 6. Only drivers make use of a larger tran-
sistor width. The power estimations have been done by
HSPICE.

All multiplexers and adders are implemented using
transmission-gate based complementary pass transistor
logic [1]. This has the effect of minimizing the critical
path in the hybrid-adder and the multiplexers compared to
a static CMOS implementation. The random logic used in
the rewrite block and the decision criteria block is based
on static CMOS design. To perform fast multiplication, a
tree-based multiplexer adder (MXA) is utilized.

Simulation results have shown that the GST algorithm
has the shortest critical path (the critical path is equal to the
fastest possible clock period in which asingle quotient dig-
itsiscalculated) of 4ns. The maximally redundant SRT [10]
follows with a critical path of 6.2ns and the slowest imple-
mentation is the minimally redundant SRT architecture [4]
with 7.1ns.

Inthe Tables 2 - 4, the results of the power estimation are
shown for a frequency of 200 MHz. The tables are divided
into the power estimation for the divider architecture and
the additional hardware for the square-root implementation.
All elements are simulated separately. However, the load
capacity of the next stage and wiring capacity between the
two blocks are considered in the power simulations. Regis-
ters have been implemented after each iteration for pipelin-
ing. Thetotal power consumption of the three presented ar-
chitectures are Pgs7=141.4mW, Psgr,m,»=102.6mW and
Psrr mr=116.8mW, respectively, all at the frequency of
200MHz. The overal latency of the GST is 35% smaller
compared to the maximally redundant SRT implementa-
tion, and 44% smaller compared to the minimally redun-
dant SRT implementation. Alternatively, by fixing theitera-
tion latency to 6.2 nsand 7.1nsfor the minimally-redundant



Table 2. Power estimation of the minimally re-
dundant GST architecture

Table 3. Power estimation of the minimally re-
dundant SRT architecture

Minimally redundant GST architecture Minimally redundant SRT architecture
K-selector 0.3mW Converter 0.36ImW - 13 =4.7/mW
Full-adder 0.07mW - 14 - 2=2mW XOR 0.025mW - 8 - 13=2.6mW

Y-MXA 2.4mwW OR 0.015mwW - 6 -13 = 1.2mW
X-MXA 2.4mW PLA 0.1mW - 13=1.3mW
Register 0.04mW - 28 - 13 = 14.5mW Register 0.04mW - 28 - 13 = 14.5mW
Register 0.04mW - 42 - 13 =21.8mW Register 0.04mW - 42 - 13 =21.8mW
random logic for RW 0.1mw - 12 = 1.2mW Muxes,Hybrid-Adder | 0.325mW - 14 - 12 = 54.6mW
random logic for DC 0.2mw - 12 = 2.4mW On-the-fly converter 0.041mW - 13 = 0.5mwW
Muxes,Hybrid-Adder | 0.325mW - 14 - 12 = 54.6mW sub-total 101.2mwW
On-the-fly converter 0.041mW - 13=0.5mwW Muxes 0.014mW - 4 - 13=0.7mW
sub-total 102.1mW Muxes 0.014mW - 4 - 13=0.7mW
randomTogic for DC 0.2mwW - 12 =2.4mW total 102.6mW

Muxes 0.021mW - 24 = 0.5mwW

Muxes 0.021mW - 26 - 2 = 1.2mW

Muxes 0.021mwW - 28 - 3=1.8mW

Muxes 0.014mw - 8- 13 = 1.5mW : ; -

MUxes 0.0L4mW - 8- 13 = 1.5mW Table 4. Power est[matlon of the minimally re-

Muxes 0.014mW - 6 - 13 = 1.omW dundant SRT architecture

Register 0.04mW - 3- 13 = 1.5mW

Muxes 0.014mW - 6 - 13= 1.0mW T ally reduncent 77 architectire
5-bit CRA 0.425mW - 4 - 13 = 22.1mW ' ey el
7-bit MXA 0.592mW 13 = 7.7mW XOR 0.025mW - 7 13 = 2.3mw

e - TAL AW OR 0.015mW - 6 -13 = 1.2mwW

- NS 0.2mw - 13 = 2.6mwW

LS 0.1mW - 13 =1.3mW

DD 0.07mW - 13 = 0.9mW

Register 0.04mW - 24 - 13 = 12.5mW

Register 0.04mW - 48 - 13 = 25.0mW

Muxes 0.03mW - 24 - 13 =9.4mW

Adder 0.07mwW - 24 - 13 =21.8mW

Muxes 0.03mW - 24 - 13 = 9.4mW

Adder 0.07mW - 24 - 13 = 21.8mW

. ) . On-the-fly converter 0.041mW - 13=0.5mwW

and maximally-redundant SRT architecture, respectively, sub-total 115.4mW
the supply voltage of the GST architecture can be reduced Muxes 0.014mW - 4 - 13=0.7mW
to obtain a low power implementation. Assuming Vg = Muxes 0.014mW - 4. 13=0.7mW
3.3V, V; = 0.67V, %y = 0.5802 and f2¢p = 0.4977, total 116.8mwW

respectively, are obtained. The supply voltage may accord-
ingly bereduced to V4, s7=2.51V by comparing the GST
to the maximally redundant SRT and to V4. ¢s7=2.32V by
comparing the GST to the minimally redundant SRT archi-
tecture. Hence the total power consumption of the GST-
SQRT architecture with same latency as the maximally re-
dundant SRT-SQRT, is Pgs7=66mW, and Pgsr=47.6mW
compared to theminimally redundant SRT (see Tables5and
6). This corresponds to 20% and 40% less power, respec-
tively. Another way of showing the superiority of the GST
over the SRT isby calculating the Power-Delay and Energy-
Delay products of the circuits. Those results are also shown
in Tables 5 and 6, respectively. Many improvementsto the
divider implementations have been suggested in [5]. Since
these improvements are applicable to both SRT and GST
dividersin an identical way, so these don’t change the over-
all ratio between the GST and SRT behavior of speed and
power.

7 Conclusion

For the first time, the GST division algorithm has
been successfully applied to the square-root operation in a
hardware-efficient manner. The additiona hardware costs
increase the power consumption and the critical path only
dlightly, so that the benefits of the GST algorithm over the
SRT agorithm are maintained. Simulations have shown
that the overall latency of the GST is 35% smaller com-
pared to the SRT. Alternatively, by fixing the latency, the
GST division requires 42% less and the GST sguare-root
requires 20% less power compared to the SRT using a max-
imally redundant radix-4 digit set. To conclude, the GST
approach leads to a superior design for division, square-
root and shared division/square-root architectures for la



Table 5. Comparison between GST and

SRTy g Algorithm

GST SRTwvr

Latency 52ns 79.3ns
Powersg rra4ns 176.7mW -

& Division@4ns 127.6mwW -
PO\NerSQRT@ﬁ_QnS 114mwW 82.7mW

& Division@6.2ns a82mw 81.6mW
Powersqrr- Delay 7.1nJ 5.1nJ
POWEr Division: Delay 5.1nJ 5nJ
Energysqrr- Delay 284nJns  316nJns
EnergyDivision' Delay 204nJ ns 310nJns
B Powersgrras.2ns 66mwW  82.7mw
52- POWEY Division@6.2ns 47.6mw 81.6mwW

Latency 0.65 1

Powersqg rT@4.4ns 1 -
€ Division@4.4ns 1 -
PowersQRT@g,zns 1 0.72
PowerDivision@G.Qns 1 1
Powersgrr- Delay 1 0.72
PaNaDivision' Dela-y 1 1
EnergngRT- Delay 0.90 1
EnergyDivision' Delay 0.66 1
3% POWersQrr@6.2ns 0.80 1
62' PaNaDivision@ﬁ.Zns 0.58 1

Table 6. Comparison between GST and SRT},,
Algorithm

GST SRT,,,

Latency 52ns 92.3ns
Power s rra4ns 176.7mW -

& Division@4ns 127.6mwW -
POWEI’SQRT@7_1nS 99.5mwW 82.3mW

€ Division@7.1ns 71.9mW 81.3mW
Powersqrr- Delay 7.1nJ 5.8nJ
Power piyision* Delay 5.1nJ 5.8nJ
Energysqrr- Delay 284nJns  415nJns
Energy pivision Delay 204ndns  410nJdns
ﬂ2' POWerSQRT@?.lns 49.5mw 82.3mW
52- PO\NerDivision@Tlns 35.8mW 81.3mW
Latency 0.56 1
Powersgrrad.4ns 1 -

€ Division@4.4ns 1 -
Powersqrrar.7ns 1 0.83
POWerDivision@7.7ns 0.88 1
Powersqrr)- Delay 1 0.83
PaNaDivision' Dela-y 0.88 1
Energysqrr- Delay 0.68 1
EnergyDivision' Delay 0.51 1
B?- Powersorrar.7ns 0.60 1
ﬂ2' PowerDivision@7.7ns 044 1

tency and power critical applications.
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