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Abstract—In this paper, an adaptive approximation approach is proposed for the design of a divider and a square root (SQR) circuit. In
this design, the division/SQR is computed by using a reduced-width divider/SQR circuit and a shifter by adaptively pruning some
insignificant input bits. Specifically, for a 2n/n division, 2k and k (k < n) consecutive bits are selected starting from the most significant
‘1" in the dividend and divisor, respectively. At the same time, redundant least significant bits (LSBs) are truncated or if the number of
remaining bits after pruning is smaller than the number of bits to be kept, ‘0’s are appended to the LSBs of the inputs. To avoid
overflow, a 2(k+1)/(k+ 1) divider is used to compute the 2k/k division. Finally, an error correction circuit is proposed to recover the
error caused by the shifter using OR gates. For a 2n-bit approximate SQR circuit, similar pruning schemes are used to obtain a 2k-bit
radicand. A 2k-bit SQR circuit and a shifter are then utilized to compute the SQR. This adaptive operation leads to very small maximum
error distances of the approximate divider and SQR circuits, as shown by a theoretical error analysis. The proposed 16/8 approximate
divider using an 8/4 exact array divider is 2.5x as fast but only consumes 34.42% of the power of the accurate design. Compared to the
accurate 16-bit array SQR circuit, the approximate design with a 6-bit radicand is 3.9x as fast and consumes 20.66% of the power. The
approximate SQR circuit using a 6-bit lookup table-based SQR circuit consumes 7.15% of the power of its corresponding accurate
design. The proposed designs outperform other approximate designs in image processing applications including change detection (for

the divider), envelope detection (for the SQR circuit) and image reconstruction (for both designs).

Index Terms—Adaptive approximation, divider, SQR circuit, overflow, low-power, image processing.

1 INTRODUCTION

OMPARED with multiplication and addition, division and
C square root (SQR) computation are less frequently used
arithmetic operations [1]; however, their long latencies determine
the speed of an application once they are utilized. Several schemes
have been proposed to improve the performance of division/SQR,
such as those using a high-radix design [2], [3], [4] or a car-
ry/borrow lookahead circuit in an array divider/SQR circuit [5].
Nevertheless, the improvement in performance is usually obtained
at the expense of a high power dissipation and a large area due to
the complexity of its intrinsic structure.

On the other hand, precise computing is not required for many
applications such as image processing, clustering and recognition
due to their inherent error tolerance. As a result, there has been
a wide interest in the investigation into the emerging paradigm
of approximate or inexact computing [6]. A large number of
approximate designs have been proposed for arithmetic circuits for
pursuing improvements in speed, power dissipation and/or circuit
complexity [7].

However, most designs are either hardware-efficient with a low
accuracy or very accurate with a limited hardware saving, mostly
due to the use of a static approximation. In this paper, an adaptive
approximation strategy is proposed for unsigned divider and SQR
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circuit designs. The adaptive approximation leads to low-power
and high-performance operations. In these designs, input pruning
and error correction work synergistically to ensure a high accuracy
with a very low maximum error distance (ED).

Specifically, by adaptively selecting some significant bits in
the input operands, a reduced-width divider and SQR circuit are
respectively utilized to approximately compute a division and
SQR. The alterable circuit size and accuracy of the approximate
designs are determined by the number of bits to be selected
(i.e., 2k bits for the dividend and radicand, and k bits for the
divisor). Compared with the exact 16/8 array divider, the adap-
tively approximate divider (denoted as AAXD) achieves a speedup
and power reduction by 27%-61% and 34%-66%, respectively,
when k varies from 5 to 3. For the 16-bit array SQR circuit, it
achieves improvements in power-delay product (PDP) and area-
delay product (ADP) by more than 90% when k = 3, while the
PDP is reduced by more than 45% when k = 6. A more significant
power reduction is achieved when the adaptive approximation
is applied to the lookup table (LUT)-based SQR circuit. It also
achieves a high accuracy in an envelope detection application.
When used in image reconstruction, the proposed approximate
32/16 divider and 32-bit SQR circuit are significantly faster and
more power-efficient than the other approximate designs to obtain
a similar quality to an accurate design.

Some preliminary results have been reported in [8]. This
paper presents the following novel contributions: Similar to the
approximate divider, an approximate SQR circuit is designed
using pruning and shift operation. The upper bounds of the ED for
the divider and SQR circuit are analytically found. These analyses
show that the proposed approximation strategy results in a very
small maximum ED. Moreover, the proposed design approach



is further applied for sequential divider and SQR circuits. The
quality of the approximate SQR circuit is assessed by using it in
envelope detection. Finally, to evaluate the accuracy and hardware
improvements, both the approximate divider and SQR circuit are
applied to an image reconstruction application.

The rest of the paper is organized as follows. Section 2
introduces the exact designs of then divider and SQR circuit,
and reviews current approximate divider designs. The approximate
unsigned divider and SQR circuit are proposed in Section 3.
The errors of the approximate designs are analyzed in Section
IV. Section 5 shows the error and circuit characteristics of the
approximate divider and SQR circuit. In Section 6, the approxi-
mate designs are applied to three image processing applications to
assess their accuracy. Finally, the paper is concluded in Section 7.

2 RELATED WORK

An unsigned integer division A/B can be formulated as A =
BQO + R, where Q is the quotient, and R is the remainder. In
the pencil-and-paper algorithm, the quotient of a 2n/n binary
division is calculated by finding the final remainder, i.e., iteratively
subtracting the product of a bit of the quotient and the n-bit divisor
(B) from the 2n-bit dividend (A). Starting with the most significant
bit (MSB), each iteration generates one bit of the quotient. Thus,
i bits of the quotient (referred to as the partial quotient) are
generated after i iterations, denoted as Q; = 25-:1 Gn— j2”_j , where
n is the width of the quotient (due to the input range constraint [1])
and g; is the i least significant bit (LSB) of Q, i =1,2,--- ,n. The
partial remainder of the " iteration is then given by R; = A — BQ,.
In the (i+ 1) iteration, the partial remainder R;y| = A — BQ;, 1,
where Q;y] = ):;ill qn,jZ”’j = Q; + gn_i_12"""!. Therefore,
Riy1t =A—BQ;— Bgyi 12" """ = Ri — Bgu—i 12"\, gu_iy
is the bit of the quotient generated by the (i 4 1) iteration. It
is 1 (and Ri1; = R; — B2"~""1) if R; — B2"~"! > 0; otherwise
gqn—i—1 =0 (and R;11 = R;). In hardware, g,_;_1 is obtained by
inverting the borrow output of R; — B2"~~! that is implemented
by a shift subtration.

Similarly, an integer SQR /A can be formulated as A =
0% + R, where Q is the SQR result, and R is the remainder.
In the pencil-and-paper algorithm for binary SQR, the 2n-bit
radicand (A) is first divided into n groups of two, and two
bits of the radicand are processed in each iteration to gener-
ate one bit in the SQR. The SQR is calculated starting with
the MSB. Assume that the partial SQR after i iterations is
0= Z;-:l qn,j2"*j, where n is the width of Q and g; is the i"
LSB of 0, i=1,2,--- ,n. The partial remainder of the i iteration
is given by R; =A — 07, while itis Riy1 =A— Q7| =A— (Q;i +
Gn-i—12"772 = Ri — (20i + gn—i—12""" 1) gp_i—12" 7" for the
(i+ 1) iteration. In the binary format, 2Q; + g, ; 12" ! =
(zf[:1 Gn—j277"2 + g,_i-1)2" ! is obtained by left shifting
(le:1 qn*j2i7j+2 +4n-i-1) = (@n-1qn-2 "+ Gn-i0Gn—i-1)2 for (n—
i — 1) bits. Thus, g,—;—1 is determined by the sign of R; —
(L1 gn- 27712+ 1)227D_ That is, g, ;1 =1 (and Ry =
Ri — (Tjmy g2 712+ 1220 ED) i Ry — (Ko gu- 2772+
1)220n=1=1) > 0; otherwise g,_;_; =0 (and R = R;).

Following the pencil-and-paper algorithms, the division and
SQR can be implemented in sequential and combinational circuits.
Sequential division/SQR is usually implemented by using the
digit recurrent algorithm [9] or the functional iterative algorithm
[10]. Its latency is significantly longer than a combinational di-
vider/SQR circuit due to the recurrent/iterative nature of the oper-
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ation. A combinational division/SQR is implemented by shift and
subtraction operations. An 8/4 unsigned restoring array divider
and an 8-bit restoring array SQR circuit are shown in Fig. 1. In
Fig. 1(a), an OR gate with an inverted input is used to generate one
bit of the quotient that is the inverted borrow output from the left-
most subtractor (when the currently most significant subtrahend
bit is 0). In general, n*> subtractor cells are required in a 2n/n
array divider and n® 4+ n subtractor cells are needed for a 2n-bit
SQR circuit. Due to the borrow ripples in each row, the critical
paths for the array divider and SQR circuit are in O(n?), while it
is in O(n) for an n x n array multiplier. Thus, an array divider/SQR
circuit incurs a higher hardware consumption and a lower speed
than an array multiplier.

(b) An 8-bit restoring array square root circuit

b a
bon || Subtract(ﬁ bin
(a-b)
s
q 1 0
|

(c) Subtractor cell

Fig. 1. (a) An 8/4 unsigned restoring array divider and (b) 8-
bit restoring array square root circuit with (c) the constituent
subtractor cell [1].

Denoted as AXDr, the approximate dividers in [11] and [12]
use inexact subtractors to replace the accurate ones at the less
significant positions in an array divider. AXDr produces very
small errors because only its less significant part is approximated.
For the same reason, the critical path delay of this design is not
significantly reduced. Furthermore, the improvements in power
dissipation and area are relatively small. On the other hand, a
dynamic approximate divider (DAXD) [13] shows a substantial
improvement in speed, area and power consumption compared
with AXDr. However, the accuracy of DAXD is much lower due



to the overflow problem caused by truncation. In addition to array
dividers, a rounding-based approximate division is implemented
by a rounding block, a look-up table, a reduced-width multiplier,
adders and a shifter, referred to as SEERAD [14]. Without using
a traditional division structure, SEERAD is fast, but it incurs a
substantial power dissipation and a large area due to the use of the
look-up table.

Compared to the divider, design effort has been made on the re-
current addition/subtraction algorithm for an SQR operation [15].
However, the study of an approximate SQR circuit has not been
found in the literature.

3 PROPOSED APPROXIMATE DIVIDER/SQR CIR-
CuIT
3.1

For approximations in an adder or a multiplier, truncation is an
efficient approach to reducing hardware and energy consumption
[7], [16]. Improvements in power dissipation and critical path
delay can also be obtained for an approximate divider/SQR circuit
design; however, the approximation using static truncation on the
LSBs of the input operands results in large relative errors, espe-
cially for small input operands. Thus, adaptive approximation is
investigated in this paper by selectively pruning some insignificant
bits of the input operands; then, a reduced-width divider/SQR
circuit is used to process the remaining bits.

Motivation

3.2 Approximate Divider

Different from multiplication and addition, the inputs for division
have a strict range requirement. In a 2n/n divider, the n MSBs of
the dividend A must be smaller than the divisor B to guarantee that
no overflow occurs [1].

3.2.1 Design

The basic structure of the proposed approximate unsigned divider
is shown in Fig. 2. In this design, 2k (or k) MSBs of the dividend
(or divisor) are adaptively chosen from the 2n (or n)-bit input using
leading one position detectors (LOPDs) and pruning circuits (here,
k < n), according to the pruning schemes. An exact 2(k+1)/(k+
1) divider is then used to compute the division of the selected
bits. The (k4 1)-bit quotient is shifted by a shifter for a number
of bits calculated by a subtractor, which results in an (n+ 1)-
bit intermediate result. Finally, the n-bit approximate quotient is
obtained by correcting the (n+ 1)-bit intermediate result using an
error correction circuit. The detailed structure of each circuit in
Fig. 2 is discussed next.

3.2.2 Input Pruning

Fig. 3 shows a straightforward pruning scheme for a 2n-bit
unsigned dividend A = Z?ﬁalaﬂi = (a—1a29—2-aiap)2. To
obtain a 2k-bit dividend, ‘O’s at the bit positions higher than
the most significant ‘1’ are truncated; the redundant LSBs are
pruned if the number of remaining LSBs is larger than 2k.
Similarly, a k-bit number is determined from the n-bit divisor
B= Z:l:_ol bizi = (bn—lbn—Z o 'blb0)2'

Let the bit positions of the most significant ‘1’, known as the
leading ‘1’ positions, for A and B be I4 and Ip, respectively. The
input operands of a division can be determined as in Fig. 3 when
l4 and Ip are larger than or equal to 2k — 1 and k — 1, respectively.
A different pruning scheme is required for the input operands

A B
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N Pruning Pruning
circuit circuit
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k+1
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o

Fig. 2. The proposed adaptively approximate divider (AAXD).
LOPD: leading one position detector.

bit position  2n-1 Iy 12k 0
2n-bitbinary number[ 0] - o[ 1] 4o - |a,
2kbit T truncated bits|

Fig. 3. Pruning scheme for a 2n-bit unsigned number A when
I >2k—1[13].

when Iy < 2k—1 or lp < k—1, as shown in Fig. 4. The details of
the pruning schemes are discussed in four scenarios for different
values of /4 and /g [8], as summarized as follows.

When Iy > 2k—1 and Ip > k— 1, the pruning scheme
in Fig. 3 is used. The pruned dividend is given by
Ap _ (lalA—l . 'alA72k+1)2 — 22%-1 + Zgi;l_2k+1 aizif(/A*ZkJrl)’
and the pruned divisor is B, = (1bj,_1--bjy_ri1)2 = 2871 +
):5‘; ;Bl, 1 b2t~ B=k+1) To avoid overflow for the largest possible
quotient of A, /B, a 2(k+1)/(k+ 1) divider is used to compute
the division. The 2k-bit pruned dividend is expanded to (2k+2)-
bit by adding two ‘O’s at the most significant two bit positions; a
‘0’ is added to the (k4 1)™ bit position of the pruned divisor. No
overflow occurs because (001a;, 1 ---a;,_r42)2 is always smaller
than (Olb/B,1 .. 'blB*k+1)2'

The inputs A and B are approximated as A, and
BPZIB ~k+1 after pruning, respectively. Thus, A/B is approximately
given by

ola—2k+1

A 2[A72k+1Ap

~ AP Ia—Ip—k
B~ g, ~ g2 M

The result of (1) is the quotient obtained by the 2(k+1)/(k+1)
divider multiplied by 24=3—*, The multiplication is implemented
by left shifting L';—ﬁj for Iy — Ig — k bits.



bit position  n-1 Iy o lppended bits |
n-bit binary number l 0 [ [ 0|1 (b, [b(, 0 [ [ 0
k-bit ’

Fig. 4. Pruning scheme for an n-bit unsigned number B when
lp <k—1.

When Iy > 2k—1and lg <k—1, A, is obtained using the prun-
ing scheme in Fig. 3, and B, is obtained using the scheme in Fig. 4,
i.e., Ap = (lazA_] ---alA_2k+1)2, and Bp = (1bk_| ~~-b00---0)2.
Then, a 2(k+1)/(k+ 1) divider is used to compute A,/B,. The
approximation of A/B is also given by (1).

Similarly, the pruning schemes in Figs. 4 and 3 are respectively
used to prune A and B when Iy < 2k—1 and lp > k— 1. The same
approximate division is then given by (1). When the dividend A
is zero, l4 is set to zero, which has the same leading one position
as number (00---01),. Because Ap = (ag0---0), (i.e., ap is kept)
when /4 = 0, the quotient is always correct no matter ag is ‘0’ or
‘1’. When Iy < 2k—1 and Ip < k— 1, both the input operands are
pruned using the scheme in Fig. 4, and an accurate 2n/n division
is performed by using a 2(k+1)/(k+ 1) divider.

3.2.3 Circuit

As shown in Fig. 2, a leading one position detector (LOPD) is
used to detect the bit position of the most significant ‘1’ in each
input. It is implemented by a priority encoder.

The leading one positions (/4 and /) are then used to deter-
mine the 2k-bit A, and the k-bit B}, from the 2n-bit dividend and
the n-bit divisor, respectively. The pruning circuits are used to
implement the pruning schemes in Figs. 3 and 4; they select A,
and B, starting from the most significant ‘1’. A, and B), are then
processed by using an exact 2(k+1)/(k+ 1) divider. Note that the
structure of the 2(k+1)/(k+ 1) divider can be different according
to specific application requirements, e.g., an array divider, a
sequential divider or a high-radix divider. Meanwhile, the shifting
direction and number of bits are computed by subtracting the
two leading one positions using a ([logz(2n)] + 1)-bit subtractor.
Subsequently, a shifter is used to shift the (k+ 1)-bit output of
the reduced-width divider for |l4 — Ip — k| bits (left shifting if
I4 —Ip —k > 0, and right shifting if Iy — Ip —k < 0), which results
in (n+ 1)-bit intermediate result Q. Finally, the error correction
circuit uses n OR gates to perform ¢; = gs;V¢qs,,i=0,1,---,n—1,
where ¢; and ¢s; are the " LSBs of Q and Q;, respectively. This
circuit corrects the erroneous results that are larger than 2" — 1
(when gs, =1)t0 2" —1(gsi=1fori=0, 1, ---, n— 1), which
ensures that an n-bit approximate quotient is obtained.

The most significant circuit of the proposed approximate
divider is the 2(k+1)/(k+ 1) divider, whereas other compo-
nents (LOPD, pruning circuit, subtractor and shifter) are rela-
tively small. Moreover, the subtractor works in parallel with the
2(k+1)/(k+ 1) divider. Thus, the circuit complexity and critical
path of the approximate divider are close to O((k+ 1)?) when a
2(k+1)/(k+1) array divider is used. This is significantly smaller
compared with that of the exact array divider (O(n?)), especially
for a small k.

3.3 Approximate SQR Circuit

As shown in Fig. 1, an SQR circuit is implemented by shifts and
subtractions. We propose an approximate SQR circuit (AXSR) by

A
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A 4
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[log, 2]
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Pruning
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2k-bit
SQR Circuit

R
v y *

| Shifter |

{n

R

Fig. 5. The proposed adaptively approximate SQR circuit (AASR).

replacing the exact subtractors in the lower k bit positions with the
approximate subtractor cells in [11]. The adaptive approximation
strategy is also applicable to the design of SQR circuit (AASR),
as shown in Fig. 5.

Using the same pruning schemes as in Figs. 3 and 4, the
radicand A of a 2mn-bit SQR circuit can be approximated by a
scaled 2k-bit number A, i.e.,

Ar Ay )

where k < n, and l4 indicates the leading one position of A. Thus,
the SQR of A is approximately generated by a 2k-bit SQR circuit
3)

due to .
VA= |\/A,]2"
Iy —2k+1

As W is a fractional number when Iy —2k+1is odd, 272
cannot be computed by a shift operation. To use shifting, I4 —2k+
1 must be an even number. Therefore, /4 is limited to odd numbers
in this design. This is ensured by setting an even I4 to I4 + 1. In
the circuit design, it is implemented by setting the LSB of I4 to
‘1’ (not shown in Fig. 5). Note that the 2k-bit SQR circuit can be
any existing combinational or sequential SQR circuit.

As shown in Fig. 5, no adder/subtractor is required in the
approximate SQR circuit. Hence, the hardware overhead of the
auxiliary circuits is lower than that in the approximate divider.
Moreover, (n?> +n — k* — k) subtractor cells are saved in the
approximate SQR circuit, a larger saving by (n+ k) cells compared
to the approximate divider with a saving of (n> — (k+ 1)?) cells.
Therefore, the proposed adaptive approximation strategy is more
efficient for an SQR circuit design.

2k+1
2.

4 ERROR ANALYSIS

4.1 Approximate Divider

The error of the approximate divider is measured by comparing
the approximate results with the accurate quotient in integer as the

divider is designed for unsigned integers. As the quotient of the
approximate unsigned divider is given by (1), the incurred error is

_ Al Ig—Ip—k __ é
E=| G212t 5, @



where the dividend A = A 2’A “2+1 1+ Ay, and the divisor B =
B2kl B A = Zl Ao ka2 and B, = ZfB Okb 2/ denote the
truncated LSBs in A and B, respectively. A, = 0 when [y < 2k,
and By = 0 when Ig < k. The truncated LSBs represented by
Ar and By, determine the error E to be positive or negative. To
evaluate the proposed design, the upper bound of the ED (i.e.,
the absolute value for the difference between the approximate and
accurate results) is analyzed for the worst case scenario. To this
end, the positive and negative errors are respectively discussed in
the following.

Expanding (4) and neglecting the floor operation, the error can
be simplified to

AB2==k A/ B,

E, B =
nr (szlB—k+1+BL)Bp

&)

As A,, By, Ar and By, are positive, (5) indicates that one condition

for generating the largest positive error is Ay = (00---0), = 0.
Then, (5) becomes
A 2ZA7137k
Ey = r (©6)

(Bp/BL2l~ K1 +1)B,,

Thus, the largest positive error is produced when B takes the

largest possible value (i.e., By = (11---1), = 257%+1 1), The
largest positive error is then given by
Iy —2k+1
Epmae — |22 ptatok | ___Ap2" |
pmax Bp B 2lp—k+1 +213—k+l —1
Ap I —lg—k . ()
_ LﬁleA*lgfk _ L BPZ J
- B 1 1— zkle—l
p + I

—i ensures the positive error to be the

ASLJ_ LJ—
AP

largest. Let L J =5 =
A” and L J by Cy, (7) becomes

C, (C, is a positive integer), substitute

C ZIA—ZB—k
la—Ip—k q
Epmax = Cg24 70 — L1+ 1-2k—lp~1
Bp
C 2lA—]B—k
Ia—Ip—k q
< [quA Bt — 1 |_ok—lg—1 —‘ ()
+ B,
qulAle*k
= z,
1+ 1 2k113 T

As per (1), C,,ZIA’ZB”‘ is the output of the approximate divider;
thus, C,2!4~/8=k < 2" 1 that is restricted by the error correction
unit (discussed in Section 3.2). To reach the maximal positive
error, CqZIA”B’k and [p should be their largest possible values,
and B, should be the smallest. Therefore, CqZIA’lB’k =2"—1,
Ip=n—1and B, = (10---0), = 2¥~!. The upper bound of the
positive error for the approximate divider is given by

(2" —1)(2" k1)
on—1 + 2n— —k_1

Also, the smallest negative error is determined to show the

maximal negative deviation of the approximate result. As per (5),

the smallest negative error occurs when B; = (00---0); = 0 and
Ap = (11---1)y =24=2k+1 _ 1 Then, (4) becomes

]. €))

Epmax > (

14 —2k+1 Iy —2k+1
Enmin = I_ﬂleA_lB_k - I_ApzA ;rzkA 1 !
B, sz B—k+

]. @0

The absolute value of E,,;;,, is given by

21A—ZB—/< 2k—13—]

_ |- LﬂjzlA*lB*k_
B, B, B,

an
Assume L;}—Zj = C, (C, is a positive integer), then A, must be in
the range of [B,C,,B,C,+ B, — 1]. Thus, the largest difference
between g—z and LZ—ZJ occurs when Ap = B,C, + B, — 1. Then,
(11) becomes

A
|Enmin| = LlZ[A?IB?k +
B,

o 2](—13—1
|Enmin‘ = LZZA Ik _ 7J

B, 12)

To reach the max1ma1 Value for |E, — Ilg must be n (because
Ia—Ig <n), and 2 must be the smallest (ie.,B,= =2f_1and

lB:n—l becauseB <2 _1and Iz <n—1). Thus, szli -
2” = < 1 (for n > k), and we obtain

n_

|Enmin| = 2n—k -1 (13)
As the right hand side of (9) is always larger than ok _q,

the ED of the proposed approximate unsigned divider is s-

n—k n—k
maller than or equal to [271 e 1] As [271 e w:

ok o on—1yon—k_| on—lon—k_1
[%] < 2m=k+1 _2 alooser upper bound of the ED
for the approximate divider is given by
EDpyg=2""*" -2, (14)

where the larger n and k are, the closer (14) to (9).

4.2 Approximate SQR Circuit

As the approximate SQR of the radicand A is computed by (3), the
error of the approximate 2n-bit SQR circuit using a 2k-bit exact
SQR circuit is given by

=[VA,)2 ~[VA]

= VAT~ [yfagah A )

where A, is the 2k-bit pruned radicand, and A, = ):lAO a;2!
denotes the truncated LSBs. (15) shows that the error of the
SQR circuit is always smaller than or equal to zero because
Ar, > 0. The smallest negative error occurs when Az, = (11--- 1), =

=2krl

15)

Iy —2k+1 2k+

2/a=2k+1 _ 1. Assuming a positive integer R, = [\/A,], then
R% <A, < (R,+1)?>—1. Thus, the 2k-bit SQR circuit generates

the largest ED when A, = (R, + 1)? — 1. Then, the largest ED of
the proposed SQR circuit is given by

EDyp = L\/[ Ry +1)2 — 1]2a-2k+1 4 2la=2k+1 _ 1 |

R, 21A72k+|
14 —2k+1
= [\/(Ry+ 1220241 1| —R,2* T (16)
—2k+1 1y —2k+1
= (R, +1)2" 7 —1-R2" 7
Iy —2k+1
ke

As the largest possible value of /4 is 2n— 1, the EDyp is given
by

EDyg=2""*—1. 17

This result implies that the maximum ED occurs when the n —k
LSBs in the accurate SQR are all ‘1’s but they are ignored due
to the use of a 2k-bit SQR circuit and resulting k-bit approximate
result.
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TABLE 1. Error characteristics of the approximate 16-bit SQR

circuits.
ER NMED MRED EDpax EDyp
SQR  Parameter (%) (%) (%) (simulation) (analysis)
AXSR3 14 7452  3.17 5.78 47 -
AXSR3 13 71.77  1.49 2.89 24 -
AXSR3 12 66.54  1.03 2.29 24 -
AXSR3 11 57.34  0.49 1.13 12 -
AASR 6 9571  5.33 7.98 31 31
AASR 8 91.14 2.53 3.80 15 15
AASR 10 8230 1.16 1.72 7 7
AASR 12 65.82  0.48 0.69 3 3

Note: The parameter value for AXSR3 indicates the replacement
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Fig. 6. Error characteristics of approximate 16/8 dividers. Note:
The parameter value indicates the replacement depth and the
accuracy level for AXDrs and SEERAD, respectively. It is the
bit width of the pruned dividend in DAXD and AAXD.

5 SIMULATION RESULTS

To assess the error and circuit characteristics, the proposed ap-
proximate divider and SQR circuits are implemented in MATLAB
and VHDL. The other approximate dividers, AXDr, DAXD and
SEERAD, are also considered for comparison. Note that the error
and circuit characteristics of the considered dividers and SQR
circuits are measured for a commonly used width (2n = 16) in
the simulation. However, n can take a larger value as required by
the application.

5.1

The error rate (ER), normalized mean error distance (NMED),
mean relative error distance (MRED) and the maximum error
distance (EDy,y) are considered to evaluate the accuracy of
16/8 approximate dividers and 16-bit approximate SQR circuits.
The NMED is defined as the mean value of the error distances
normalized by the maximum possible accurate output. The MRED
is the mean value of the relative error distance that is the ratio
between the ED and the accurate output.

Error Characteristics

5.1.1 Approximate Divider

All valid combinations in the range of [0,65535] and (0,255] are
considered as the input dividends and divisors. They are carefully
selected to meet the no overflow condition of an accurate 16/8
divider. The simulation results are shown in Fig. 6, in which
AXDrl, AXDr2, and AXDr3 are the approximate restoring array
dividers with triangle replacement using approximate subtractor 1,
2, and 3, respectively [12].

Fig. 6 shows that the proposed AAXD has a similar ER as
DAXD. The NMED and MRED of AAXD are in the medium
domain among the considered designs. AAXD has the smallest
ED,,., that is very close to the upper bound analyzed in Section
4.1. The looser upper bound of ED for AAXD is closer to the

depth. It is the bit-width of the pruned radicand in AASR.

ED,;4y for a larger parameter. For the SEERAD, only SEERAD-3
(for accuracy level 3) and SEERAD-4 (for accuracy level 4) have
an accuracy that is comparable with the proposed design. AXDrl
and AXDr3 show very small values of ER, NMED and MRED;
however, their circuit measurements are relatively high, as shown
next. The accuracy of DAXD is lower than other designs due to
the possible overflow.

5.1.2 Approximate SQR Circuit

Among the approximate dividers using approximate subtractors,
AXDr3 is the most accurate with the smallest ER, NMED and
MRED (Fig. 6). Also, the circuit of AXDr3 is the smallest
among AXDrs (shown later). This indicates that the approximate
subtractor cell 3 in [12] is very efficient in the divider design.
Thus, the approximate subtractor cell 3 is used in the approximate
SQR circuit design, which is denoted as AXSR3.

Similarly, all unsigned numbers in [0,65535] are considered as
inputs to measure the accuracy of the adaptively approximate 16-
bit SQR circuit and AXSR3. The simulation results in Table 1
show that AXSR3 has a smaller ER than AASR, whereas its
EDyyy is much larger. The ED,,,, of AASR approximately de-
creases by half with a 2-bit increase in the bit width of the pruned
radicand, which is consistent with the error analysis result in (17).
For using a 12-bit SQR circuit, the small ED,,,, indicates that
the computed results are very close to the accurate ones. AXSR3-
11 has a similar NMED as AASR-12, but its MRED and ED,,,
are much larger. Compared to the proposed approximate divider,
AASR has smaller values of ED,,,, but larger ERs and NMEDs,
for the same value of k.

5.2 Circuit Characteristics
5.2.1 Approximate Divider

To obtain the circuit measurements, the approximate 16/8 dividers
and the exact unsigned restoring array divider (EXDr) are imple-
mented in VHDL and synthesized in ST’s 28 nm CMOS process
using the Synopsys Design Compiler with the same voltage, tem-
perature and frequency. The supply voltage is 1 V, the simulation
temperature is 25°C, and the frequency used for power estimation
is 200 MHz. The critical path delay and area are reported by the
Synopsys Design Compiler. The power dissipation is estimated
by using the PrimeTime-PX tool for 5 million random input
combinations. For ease of comparison, the same array structure
and subtractor cells are used in the accurate part of AXDrs, DAXD
and AAXD. To be consistent with the other designs, AXDrl,
AXDr2 and AXDr3 are implemented at the gate level rather than



TABLE 2. Circuit measurements of the exact and approximate
16-bit SQR circuits.

Delay Area Power PDP ADP
SQR- Parameter " () @W)  (FD (s )

ESRr_A - 432 2224 9382 40530  961.0
AXSR3 14 404 1683 5331 21537  679.8
AXSR3 13 407 1754 5857 23838 7140
AXSR3 12 409 1828 62.58 25595 7476
AXSR3 11 413 1895 6734 278.11 7825
AASR_A 6 110 765 1938 21.32 84.2
AASR_A 8 170 1147 3172 5392 1950
AASR_A 10 243 1544 4655 113.12 3752
AASR_A 12 334 2004 6497 217.00  669.4
ESRr_T - 0.58 613.6 189.0 109.62  355.9
AASR_T 6 067 6038 1352  9.06 40.46
AASR_T 8 081 8731 2079 1684  70.72
AASR_T 10 101 1232 3201 3233 1244
AASR_T 12 131 2174 6959 91.16  284.8
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Fig. 7. Circuit measurements of the 16/8 dividers. Note: EXDr
refers to the exact array divider, and the X-axis is not applicable
for it.

at the transistor level in [12]. As additional figures of merit, the
power-delay product (PDP) and area-delay product (ADP) are
calculated from the measured values. The results are shown in
Fig. 7.

With a 6-bit pruned dividend, the proposed 16/8 AAXD
achieves reductions in delay, area and power dissipation by
60.51%, 38.63% and 65.88% respectively, compared to EXDr.
For the AAXD using a 12/6 exact divider (with a 10-bit pruned
divided), it is 26.54% faster and consumes 34.13% less power than
EXDr, albeit with a slightly larger area. As a result, the PDP and
ADP of the proposed design are decreased by 51.61%-86.53%,
and 24.18%-75.76%, respectively.

Among the approximate designs, SEERAD is the fastest;
however, the power dissipation and area are relatively large for
SEERAD-3 and SEERAD-4. With the lowest accuracy, DAXD
have slightly higher values of all circuit measurements than
AAXD, using a same sized accurate divider. Compared with
AXDrs, AAXD outperforms AXDrl and AXDr2 in delay, area
and power dissipation. Also, it shows a shorter delay and a similar
power dissipation and therefore, smaller values of PDP and ADP
(except for AAXD-10) compared with AXDr3.

5.2.2 Approximate SQR Circuit

Other than the array structure shown in Fig. 1(b), a small SQR
circuit can be efficiently implemented by LUTs. In a LUT-based
circuit, the SQR of an input is obtained by reading a LUT that
stores the precomputed SQR results. Thus, the critical path delay
is very small. For a 2n-bit integer SQR circuit, the size of the
required LUT is 22", where each input corresponds to a LUT
cell. The size of the LUT will be very large for a large n; thus,
interpolation is usually used for a large SQR circuit to reduce the
size of the LUT. As the proposed approximation scheme uses a
reduced-width exact SQR circuit (2k-bit) for a 2n-bit SQR, the
hardware of the LUT-based design is significantly reduced. In
our simulation, both the array and LUT-based SQR circuits are

considered for comparison. Using the same synthesis tool and
technology library as for the dividers, the 16-bit exact restoring
array and LUT-based SQR circuits (referred to as ESRr_A and
ESRr_T, respectively), AXSR3, AASR_A (for which the 2k-bit
SQR circuit is implemented by an array structure) and AASR_T
(for which the 2k-bit SQR circuit is based on LUT without using
interpolation) are synthesized at a frequency of 200 MHz.

Table 2 reports the circuit measurements of the considered
designs. Among the array-based designs, AASR_A has a higher
performance and consumes significantly smaller area and power
than the accurate design. Specifically, AASR_A with a 6-bit
pruned radicand is 74.54% faster and saves 65.60% in area and
79.34% in power compared with the accurate design. Accordingly,
its improvements in PDP and ADP are 94.74% and 91.24%,
respectively. For the design using a 12-bit exact array SQR circuit,
it achieves 46.46% reduction in PDP and 30.34% reduction in
ADP. Compared to the approximate divider, the approximate
SQR circuit achieves more significant improvements in power
dissipation and area because no additional subtractor is used.
AXSR3 is slightly faster than ESRr_A. AXSR3-14 saves up to
24% in area and 47% in power dissipation compared to ESRr_A.
AASR_A outperforms AXSR3 in all the circuit measurements
except for 2k = 12.

Compared with ESRr_A, ESRr_T is significantly faster, but
it consumes 2.8x area and 2x power. Although AASR_T has a
larger delay than ESRr_T due to the auxiliary circuits, AASR_T
achieves 63% to 92% reductions in area and power dissipation
when 2k varies from 12 to 6. Therefore, the savings in PDP and
ADP are 17%-92% and 20%-89%, respectively. For the same £,
AASR_T shows smaller values of critical path delay, area and
power dissipation than AASR_A when 2k is less than 12. As
a result, the AASR_T is more efficient than AASR_A at small
values of k.

5.3 Discussion
5.3.1 Combinational Designs

For a further comparison of approximate dividers and SQR cir-
cuits, the error and circuit measures are jointly considered. The
metrics MRED and PDP are selected as representatives to show
the error and circuit characteristics. As shown in Fig. 8(a), the
proposed AAXD has a much smaller value of MRED than the
other approximate designs when a similar PDP is considered.
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TABLE 3. Circuit measurements of 16/8 sequential dividers and
16-bit sequential SQR circuits.
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Fig. 8. A comparison of (a) approximate dividers and (b) SQR
circuits in PDP and MRED. The replacement depths of AXDrl,
AXDr2 and AXDr3 are from 8§ to 11 from right to left. The
accuracy levels of SEERAD are from 1 to 4 from left to right.
The pruned dividend width is from 8 to 12 for DAXD, and it is
from 6 to 10 for AAXD from left to right. The replacement depth
for AXSR3 is from 11 to 14 from right to left. The pruned radicand
widths for AASR_A and AASR_T are from 6 to 12 from left to
right.

AXDr3 also shows a good tradeoff in MRED and PDP with a
higher accuracy, however its delay is very long. Although some
configurations of AXDrl and AXDr2 show small MREDs, their
PDPs are generally high. On the contrary, DAXD has a very low
PDP but a significantly large MRED. The MRED and PDP are
moderate for SEERAD, and they vary with the accuracy level.
Overall, the proposed AAXD shows the best tradeoff among the
considered approximate dividers.

As for the approximate SQR circuits (Fig. 8(b)), AASR_T is
the most efficient design in terms of MRED and PDP. It requires a
significantly lower PDP than AASR_A and AXSR3 for achieving
a similar MRED. For the array-based designs, AASR_A is more
efficient than AASR3.

5.3.2 Sequential Designs

As shown in Figs. 2 and 5, the main module of the proposed ap-
proximate divider/SQR circuit is the reduced-width divider/SQR
circuit that can be implemented by an existing structure. Thus, an
approximate design is built by adding the auxiliary circuits to a
traditional divider/SQR circuit. In this section, the sequential di-
vider and SQR circuits are further assessed; they are implemented

TPA

- . Delay Area Power EPO .
Circuit Design 2k . By (ops
(ns) (um) (uW) = (pJ lop) /(s um?)

EXDr_S - 1.57 5438 941 10 4.71 11,713
Divider AAXD_S 6 1.57 5214 9566 6 2.87 33,932
AAXD_S 8 1.57 5745 1045 7 3.66 22,628
AAXD_S 10 1.57 6259 1142 8 4.57 15,901
ESRr_S - 157 5774 101.7 10 5.09 11,031
AASR_S 6 1.57 4245 6379 5 1.59 60,021

SQR AASR_S 8 1.57 4769 72.66 6 2.18 37,102
AASR_S 10 1.57 529.6 80.55 7 2.82 24,545
AASR_S 12 1.57 5795 87.85 8 3.51 17,173

by using a multibit subtractor, a shifter and a control unit based
on the pencil-and-paper algorithms introduced in Section 2. The
synthesis results are shown in Table 3, in which the same tools,
technology and clock frequency (200 MHz) are used as for the
dividers in Section 5.2.

For an exact 2n/n divider (or a 2n-bit SQR circuit), the
number of clock cycles required to complete one division (or SQR)
operation is given by N =n+ 2, i.e., one cycle for preparation, n
cycles for shifted subtraction, and one cycle for outputting the
result. As an exact 2(k+1)/(k+ 1) divider (or a 2k-bit SQR
circuit) is used in an approximate design, the values of N for the
approximate designs are reduced linearly with k. This indicates
that, in the sequential design, the main benefit for the approximate
designs is that fewer iterations are required to complete a division
(or SQR) than the exact designs.

Instead of PDP and ADP, the energy per operation (EPO)
and throughput per area (TPA) are considered to evaluate the
sequential designs. The EPO is defined as the energy consumed
to complete one operation, and the TPA is the number of oper-
ations that are completed per unit time per unit area. They are
respectively given by

EPO=NxT xP, (18)

and

TPA = 1/(N x D x S), (19)

where T and N are the clock period and the required number
of clock cycles to complete one operation, P is the total power
dissipation including the dynamic and leakage powers, D is the
critical path delay, and S is the area of the circuit.

In Table 3, EXDr_S and ESRr_S denote the exact sequential
16/8 divider and 16-bit SQR circuit, respectively. AAXD_S and
AASR_S are the proposed approximate 16/8 divider and 16-
bit SQR circuit, in which the reduced-width divider and SQR
circuit are sequentially implemented. This table shows that the
approximation does not change the critical path delay of the
sequential 16/8 divider or 16-bit SQR circuit. This occurs be-
cause the approximation strategy only decreases the sizes of the
subtractor and shifter in the sequential divider and SQR circuit;
they are relatively small compared to the control unit and the
auxiliary circuits used for the approximation. For the same reason,
AAXD_S incurs a larger area and power dissipation than EXDr_S;
the improvements in area and power dissipation for AASR_S are
not as significant as the combinational designs. As the values of N
of AAXD_S and AASR_S are reduced linearly with k, AAXD_S-
6 achieves a reduction in EPO by 39.07% with 1.9x increase in



TABLE 4. PSNRs of change detection results (dB).

Image AXDrl AXDr2 AXDr3 SEERAD DAXD AAXD
-10 -10 -9 -4 -12 -10
tools 32.14 18.39  39.27 36.61 23.56  40.16
canoe 31.66  24.07 36.23 39.20 2342 4503
Sfountain 3332 2695 3949 41.60 2459 45779
pedestrians  35.59 2573  40.12 43.50 24776 47.07
office 31.19  23.13 3329 39.29 19.60  45.54
average 32.78  23.65 37.68 40.00 23.18 4471

TPA compared with EXDr_S. The improvements in EPO and TPA
for AASR_S-6 are 68.76% and 4.4x compared to ESRr_S.

6 IMAGE PROCESSING APPLICATION

As a common application of dividers, change detection is con-
sidered to further assess the accuracy of approximate dividers.
Likewise, an envelope detector is implemented by the proposed
approximate SQR circuits. Finally, image reconstruction using
both dividers and SQR circuits are used to evaluate the efficiency
of these approximate designs.

6.1 Change Detection

Change detection in image processing can be implemented by
computing the ratio of two pixel values using a divider. The
designs with similar values of PDP (about 300 fJ) are selected
to implement change detection, including AXDr3-9, DAXD-12
and AAXD-10 (see Fig. 8). For the other designs, configurations
with PDPs close to 300 fJ are selected, including AXDrl-10,
AXDr2-10 and SEERAD-4. Table 4 shows the peak signal-to-
noise ratios (PSNRs) of five output images and the average
PSNRs. It shows that AAXD-10 achieves the highest PSNRs,
followed by SEERAD-4 and AXDr3. The PSNRs for AXDr2-
10 and DAXD-12 are significantly lower. AXDr1 has a moderate
PSNR.

6.2 Envelope Detection in Ultrasound Imaging

As a medical tool, ultrasound imaging has widely been used
in diagnostics and therapeutics; it uses high-frequency waves to
produce visual images of the internal body tissue [17]. In an
ultrasound imaging system, a transducer consisting of an array
of small piezoelectric elements generates and transmits a pulse
along a scan line. The echoes that are generated by the reflection
or scattering of the pulses from tissues are received by the same
transducer. As each echo carries the information about the relative
position of a point at the tissue boundaries, a visual image of echo-
producing features is obtained for a field of view when a large
number of pulses are used. The B-mode (or brightness mode) is
the most well-known imaging method to generate visual images,
in which the amplitude of the echo envelope is mapped to the
brightness of the image pixel.

Fig. 9 shows a block diagram of a B-mode ultrasound imaging
system [18]. Specifically, the received echo signals are amplified,
digitized and combined by a beamformer, resulting in radiofre-
quency (RF) signals. As echoes from deeper targets attenuated
more than those from the similar targets close to the transducer,
time-gain compensation (TGC) is performed to compensate the
attenuation of farther echoes. This ensures that the brightness
of a B-mode image relates only to the reflection effect of each
target regardless of its depth. The envelopes of the compensated
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Fig. 10. Ultrasound imaging results by different SQR circuits.

TABLE 5. PSNRs of the ultrasound imaging results (dB).

Image  AXSR3 AXSR3 AXSR3  AASR AASR  AASR
-16 -14 -12 2 -4 6
fetus 3427 3426 3426 2791 3736  39.60
kidney 3269 3269 3271 2804 3549  37.88
liver 3406 3661 3667 2522 3153 37.00
average 33.89 3519 3523 27.14 3495 3837

RF signals are then detected by the demodulation and SQR
operations. The amplitude obtained by the envelope detection
shows the strength of the reflection at each target. Finally, the scan
conversion is performed to map the compressed amplitude (by the
logarithmic compression) to its corresponding 2-D position, which
results in a gray-scale image.

In this work, the approximate SQR circuits are used to imple-
ment the SQR operation in the envelope detection of ultrasound
imaging, while the other arithmetic operations remain accurate.
In the simulation, the Field II simulation toolbox [19], [20] is
utilized to mimic an ultrasound imaging system (i.e., generating
the phantom data, RF signals and demodulated signals for fetus,
kidney and liver). The sum of squared values I?(t) + Q?(¢) are then
quantized as 16-bit integers that are square rooted by approximate
SQR circuits to calculate the envelope of the demodulated signals.
8-bit gray-scale images are finally obtained after the logarithmic
compression and scan conversion. Fig. 10(b-f) show the imaging
results for the artificial fetus imaged in Fig. 10(a) using the
accurate and approximate 16-bit SQR circuits. The PSNRs of the
output images and the average PSNRs over the three outputs are
listed in Table 5. It shows that AASR-4 performs similarly as
AXSR-14 in envelope detection; however, the PDP of AXSR-14
is more than 10x higher than that of AASR-4 (estimated from
Table 2). The PSNRs for the images obtained by AASR-6 are
generally higher than those processed by other approximate SQR
circuits. Moreover, the PSNR increases more significantly for the
image processed by the AASR than that by the AXSR3 when
increasing the accuracy of the circuit.

6.3 QR Decomposition in Image Reconstruction

Matrix inversion is a useful operation in many applications, such
as the multi-input multi-output receiver [21], computer graphics
[22] and solving the linear least square problems [23]. To lower
the computational complexity and latency, the inverse of a matrix
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Fig. 9. The block diagram of a B-mode ultrasound imaging system.

LPF: low-pass filter.

is usually obtained by using matrix decomposition, e.g., QR
decomposition (QRD) [24], LU decomposition [25] and Cholesky
decomposition [26]. Due to the ease of implementation and
parallelization, QRD is considered here as an application to assess
the accuracy of both the proposed approximate divider and SQR
circuits. In QRD, a matrix C is decomposed into matrices Q and
R (i.e., C = QR), where Q is an orthogonal matrix and R is
an upper triangular matrix. Then, the inverse of C is given by
cl= R’IQT, where R™! can be easily obtained since it is an
upper triangular matrix.

A popular algorithm to obtain a stable and accurate QRD result
is the modified Gram-Schmidt algorithm [21]. Let the original

n x n matrix C, decomposed matrices Q and R be C = [y, - - , ¢p],
Q=1[q1,-,qn] and R = [ry,---,rp], where ¢;, q; and 1r; (i =
1,---,n) are the column vectors in C, Q and R, respectively. Then,

Q and R are computed by using Algorithm 1 [21], where rj; is the
element in row j and column i in R, (qj, ;) is the inner product of
vectors q; and e;, and ||e;||> = o1 e?i is the norm of the vector
e (ej; is the j* element in ;). As division and SQR are more
complex and time consuming than addition and multiplication,
they are the performance bottlenecks for the algorithm.

Algorithm 1 Modified Gram-Schmidt Algorithm [21]

Input: ¢; - the column vector in C.
Output: q; - the column vector in Q.
rji - the element in row j and column i in R.
fori=1tondo
€ = ¢
for j=1toi—1do
rji = (gj i)
€ = € — I'jiqj
end for
qi = :.71H2
rij =
end for

1:
2
3
4
S:
6
7
8 ein
9:

Hence, approximate dividers and SQR circuits are applied in
the QRD to lower the hardware consumption for image reconstruc-
tion. Specifically, images are compressed in the frequency domain
using compressive sensing techniques; the Orthogonal Matching
Pursuit (OMP) algorithm is then used to reconstruct the images
[27]. To speed up the reconstruction, QRD is utilized for solving
the least square problem in OMP [28]. Due to the wide range of
the division input in Algorithm 1, 32/16 unsigned dividers and
32-bit SQR circuits are used for computing q; and r;;. For signed
division, the absolute quotient is calculated by an unsigned divider,
and an XOR gate is used to obtain the sign.

ADC: analog-to-digital converter; TGC: time-gain compensation;

To compare the accuracy, the approximate dividers and SQR
circuits with different configurations are tested. For the AXDrs,
the two more efficient designs, AXDrl and AXDr3, are considered
(see Fig. 8). Three images (lena, foreman and boats), each with
256 x 256 pixels, are simulated for the image compression and
reconstruction. The average PSNRs of the reconstructed images
are shown in Table 6 for the combined use of approximate divider
and SQR circuits.

The accuracy of approximate dividers and SQR circuits varies
with the parameter used in the approximation schemes. In AXDr1,
AXDr2, AXDr3 and ASR3, the parameter is the replacement
depth of the approximate subtractors. The parameter for DAXD
and AAXD is the width of the pruned dividend, whereas it is
the width of the pruned radicand in AASR. For SEERAD, the
parameter indicates the accuracy level. Therefore, a threshold
parameter k; is defined to indicate that the reconstructed images
using the divider or SQR circuit with k; have a similar quality as
the accurate results and that the quality of the reconstructed image
does not significantly change when the accuracy of the divider or
SQR circuit is improved by increasing (or decreasing for AXDrl,
AXDr3 and AXSR3) the parameter value. The simulation results
show that these threshold values are 10, 10, 22, 14 and 6 for
AXDrl, AXDr3, AAXD, AXSR3 and AASR, respectively. For
SEERAD and DAXD, such a threshold value is not found due to
their low accuracy.

Table 6 show that by using the approximate dividers and
SQR circuits with their respective threshold parameter values the
reconstructed images are as good as the accurate result, whereas
the quality of the images reconstructed by using SEERAD and
DAXD is very low. It is worth noting that the threshold parameter
value of the proposed SQR circuit AASR is much lower than that
of the proposed divider AAXD. It indicates that the SQR circuit in
this application can tolerate more errors than the divider. However,
the threshold parameter value of AXSR3 is not much higher than
those of AXDrl and AXDr3. It occurs because the relative error
of AXSR3 is very large when the inputs are very small due to
its approximation structure (i.e., k LSBs are approximated for
AXSR3-k).

To compare the hardware overhead, the accurate and approxi-
mate 32/16 dividers and 32-bit SQR circuits with the identified
threshold parameters are implemented in VHDL. Their circuit
measurements are then obtained by using the same tools and
technique as those used for evaluating the 16/8 dividers. As
the critical path delay of the accurate array-based 32/16 divider
is close to 20 ns, the clock frequency for power estimation
is 50 MHz. The synthesis results for the combinational and
sequential implementations are shown in Tables 7 and 8, respec-
tively. Compared to the accurate implementations, the proposed



TABLE 6. Average PSNRs of three reconstructed images using
different approximate dividers and SQR circuits (dB).

Design Accurate AXSR3-16 AXSR3-14 AASR-4 AASR-6

Accurate 27.29 27.29 27.29 27.29 27.29
AXDrl-12 2335 11.50 21.83 25.02 27.29
AXDrl1-10  27.29 11.30 27.29 25.05 27.29
AXDr3-12 2536 11.29 24.15 25.73 26.96
AXDr3-10  27.29 11.20 27.29 25.39 27.29
SEERAD-3  15.26 15.26 15.26 15.26 15.26
SEERAD-4  12.49 12.49 12.49 12.49 12.49
DAXD-26 10.27 10.21 10.21 10.24 10.25
DAXD-28 10.21 10.26 10.19 10.26 10.25
AAXD-18 25.92 9.47 25.16 25.61 24.73
AAXD-20 27.29 9.53 27.29 25.66 27.29

TABLE 7. Circuit measurements of the combinational 32/16
dividers and 32-bit SQR circuits.

Circuit Desien Delay Area  Power PDP ADP

£ ) wmd) @W) (D (sepm?)

EXDr 18.49 1,218.0 136.80 2,529.43 22,520.1

Divider AXDrl-10 18.03 1,212.1 132.80 2,394.38 21,853.9

AXDr3-10 17.88 11,1429 118.30 2,115.20 20,434.9

AAXD-20 10.16 966.1 67.94  690.27 9,816.0

ESRr_A 1696 968.9 99.00 1,679.04 16,432.9

SQR AXSR3-14 1675 907.6 8459 1,416.88 15,201.5
AASR_A-6 130 137.7 6.17 8.02 179.1
AASR_T-6  0.89 122.2 4.99 4.44 108.8

approximate divider and SQR circuit achieve significantly larger
improvements in delay and power consumption than the other
approximate designs. Specifically, AAXD-20 achieves a 45.05%
speed up and 50.34% reduction in power consumption, as well
as 72.71% and 56.41% decrease in PDP and ADP, respectively.
AASR_A-6 is approximately 12x faster and consumes 7.29% of
the power of the accurate 32-bit SQR circuit. AASR_T-6 is more
efficient than AASR_A-6 in all measurements due to the small
k. The hardware savings for AXDrl, AXDr3 and AXSR3 are
relatively small because only a small number of subtractors are
approximated in these designs. Table 8 shows that the AAXD_S-
20 achieves 32.39% reduction in EPO and 2x TPA compared with
EXDr_S. AASR_S-6 consumes 88.79% less power than ESRr_S
with 88x TPA. Moreover, Tables 7 and 8 show that the proposed
approximation strategy is more efficient for larger sizes of divider
and SQR circuits, especially for sequential designs.

7 CONCLUSION

This paper proposes a design strategy using adaptive approxima-
tion for unsigned dividers and SQR circuits. A novel pruning
scheme and error correction circuits are utilized for the divider
to attain a high accuracy. The use of a reduced-width divider/SQR

TABLE 8. Circuit measurements of the sequential 32/16 dividers
and 32-bit SQR circuits.

Circuit Design Delay Area Power EPO ’(1:;?
ns 2 w J /o
Divider EXDr_S 236 844.1 38.06 18 13.71 1,549
AAXD_S-20 1.76 1,088.2 35.65 13 9.27 3,089
SQR ESRr_S 198 919.0 40.15 18 1445 1,696
AASR_S-6 056 479.6 16.19 5 1.62 148,920
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circuit and a shifter leads to a high-performance and low-power
operation. As per the synthesis results in ST’s 28 nm CMOS
process, the proposed approximate divider achieves improvements
by more than 60% in speed and power dissipation compared with
an accurate design. The proposed divider is more accurate than
the other approximate dividers when a similar PDP is considered.
The change detection results further illustrate the accuracy and
hardware efficiency of the proposed design.

Using a similar approximation strategy, the 16-bit approximate
array-based SQR circuit is from 22.69% to 74.54% faster, and
saves from 30.75% to 79.34% in power compared with the
accurate design, depending on the size of the exact SQR circuit
used. By using the LUT-based SQR circuit, the proposed approx-
imate design obtains 60%-90% improvements in area and power
consumption compared to its corresponding accurate design. In
the application of envelope detection, the proposed SQR circuit
generates results of a similar quality as the accurate design.

To assess the accuracy of the approximate divider and SQR
circuit in a single application, they are both used to implement the
QRD in an image reconstruction algorithm. The simulation results
show that the proposed approximate divider achieves 45.05%
and 50.34% reductions in delay and power, while reductions
of more than 90% are achieved for the proposed approximate
SQR circuit compared to the accurate array-based designs for
obtaining a similar image reconstruction accuracy. Finally, the
proposed design approach is applicable to sequential divider and
SQR circuits. Its efficacy is supported by the simulation results.
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