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Abstract—In this paper a method for designing improved
adder-based modulo {2n ± k} Binary-to-RNS converters is pro-
posed. Efficient modulo {2n ± k} converters can be used to
support well balanced RNS moduli sets with large dynamic
ranges. Moreover, a novel selection method for the weights
associated to the inputs is also proposed. Experimental results
suggest that the obtained converters are at least 1.86 times
faster and require 1.84 times less circuit area on average when
compared with the modulo {2n ± k} Binary-to-RNS converters
known to date.

I. INTRODUCTION

Residue arithmetics, based on the Residue Number System
(RNS), has been in use in digital computing systems for many
years [1]. It is a carry-free arithmetic with modular charac-
teristics that offers the potential for high-speed and parallel
computation. Arithmetic operations, such as addition, subtrac-
tion, and multiplication, can be carried out independently and
concurrently in several residue channels more efficiently than
in the conventional two′s complement binary systems [1]. The
adoption of the RNS has provided significant efficiency for
different types of Digital Signal Processing (DSP) applications.

While the state-of-the-art is mainly focused on RNS based
on the moduli set {2n ± 1, 2n} and efficient converters exists
[2-6], the dynamic range (DR) is not enough for many appli-
cations. Therefore, different moduli sets have been adopted to
design RNS processors. They allow to increase the DR or to
reduce the width of RNS channels, as for example the moduli
sets {2n − 1, 2n, 2n + 1, 2n+1 ± 1, } [7], {2n ± 1, 2n ± 3}
[8], and {2n ± 1, 2k+n} [6], for a DR of m = 4 × n bits,
or {2n, 2n ± 1, 2n ± 2

(n+1)
2 + 1} [9], {22n ± 1, 2n} [10], and

{2n−1, 2n, 2n+1, 2n+1−1, 2n−1−1} [11] for DR = 5×n.

The choice of moduli set is of key importance in order
to obtain well balanced moduli sets with the dynamic ranges
required by the applications [12-13]. The capability to derive
efficient modulo {2n ± k} converters can be used to obtain
moduli sets with larger dynamic ranges. The choice of RNS
moduli sets with more moduli channels, can result in improved
circuit performance and area efficiency, given that each modulo
channel processes a smaller number of bits. Several research
papers, such as [11] and [14], suggest that some of the most
efficient reverse converters with large DRs are not in use due to
the lack of improved Binary-to-RNS converters using {2n±k}
in the moduli set. Therefore, one of the motivations to improve
Binary-to-RNS converters for generic moduli lays in the need
for more efficient structures, given that efficient structures have

already been designed for RNS-to-Binary using modulo {2n±
k} in the moduli set [8], [15], [16].

Modulo {2n ± k} Binary-to-RNS converters presented in
the related state of the art are mainly based on ROMs (Read-
Only-Memory). The Binary-to-RNS converters presented in
[17] exhibit the most efficient performance of the ROM-based
converters known to date. However, for larger values of n, the
circuit area and delay grows drastically. Memoryless converters
are presented in [18] and [19]. Despite not being ROM-
based, these structures are restricted to very small values of n,
using MUXs to select the residue values. Another memoryless
structure is proposed in [20] using a threshold logic approach.
This structure takes advantage on the fact that the powers of
two modulo {2n ± k} associated to the inputs are periodic
functions and so they can be implemented by using separate
threshold gates [21]. However, the fan-in of threshold gates are
limited to small values of weighted inputs. Given the above,
the structures presented in [18], [19] and [20] are not herein
considered, given their poor results for larger DRs. Finally
in [22], a memoryless structure for converters modulo {2n±k}
based on carry-save-adder (CSA) trees followed by a dedicated
circuit to correct the final result is proposed.

In this paper an improved method for designing modulo
{2n ± k} Binary-to-RNS converters is proposed. This method
is based on the use of a novel weight selection of the inputs
in order to improve the performance of the modulo {2n ±
k} converters. Moreover, the presented partitioning of these
weighted inputs can be applied without any hardware cost.

This paper is organized as follows. Section II introduces the
state-of-the-art on modulo {2n±k} Binary-to-RNS converters.
Section III details the proposed design method for adder-
based modulo {2n ± k} converters. Based on the obtained
experimental results a comparison with the related state-of-
the-art is presented in Section IV. Section V concludes this
paper with some final remarks.

II. MODULO {2n ± k} BINARY-TO-RNS CONVERTERS

The majority of modulo {2n±k} Binary-to-RNS converters
are based on weight selection [17] and only few support large
values of n [22]. The following describes the existing state-
of-the-art of the modulo {2n ± k} Binary-to-RNS converters.
A. Formulation of modulo {2n ± k} Binary-to-RNS con-
version

A modulo {2n±k} converter transforms an integer X with
m-bit inputs ({xm−1, ..., x1, x0}), into a residue word R of a-



bit outputs ({ra−1, ..., r1, r0}), with a = dlog2(2n ± k)e, i.e.
a = n and a = n + 1, for modulo {2n − k} and {2n + k},
respectively. The input value X is converted to:

〈X〉2n±k =

a−1∑
j=0

2j · rj =

〈
m−1∑
j=0

2j · xj

〉
2n±k

. (1)

A technique to avoid the use of a division operation to
compute the remainder was proposed in [1]:

〈X〉2n±k =

〈
m−1∑
j=0

〈2j〉2n±k · xj

〉
2n±k

. (2)

If the 〈2j〉2n±k terms, herein denoted as weight values
uj = 〈2j〉2n±k, associated to the inputs are directly available,
〈X〉2n±k can be computed by adding modulo 2n ± k these
weight terms 〈2j〉2n±k, for which xj = 1.

The weight selection of the inputs (xj), is of key impor-
tance in designing the modulo {2n±k} converters [17]. Based
on the periodic properties of 〈2j〉2n±k, adapted from [23],
two weight selection of the inputs for 0 ≤ j ≤ m − 1 can
be derived, namely the period and the half-period of the odd
modulo {2n ± k}, denoted as P (2n ± k) and HP (2n ± k)
respectively.

Definition 1: The period P (2n ± k) is the minimum
distance between two distinct 1’s in the array of m-residues of
〈2j〉2n±k, i.e. P (2n±k) = min{j|m > j > 0, 〈2j〉2n±k = 1}.
P (2n ± k) is simply called the period of {2n ± k}.

Definition 2: The half-period HP (2n±k) is the minimum
distance between a pair of subsequent 1 and −1 in the array of
m-residues of 〈2j〉2n±k (note that 〈2n ± k − 1〉2n±k = −1).
While P (2n±k) exists for any 2n±k, HP (2n±k) only exists
for some values of 2n±k. HP (2n±k) is called a half-period
because if it exists then P (2n ± k) = 2HP (2n ± k).

Definition 1 and 2 are used to derive the weights uj , asso-
ciated to the residue of the inputs (xj), which are comprised
between 0 ≤ uj ≤ 2n ± k− 1 if the weight selection is based
on P (2n ± k), or between −(2n ± k) + 3 ≤ uj ≤ 2n ± k − 3
if the weight selection is based on HP (2n ± k). To clarify,
the weight range when using the weight selection based on
HP (2n ± k) is explained as follows. First, the sequence of
weights {〈20〉2n±k, 〈21〉2n±k, ..., 〈2m−1〉2n±k} associated to
the input array {x0, x1, ..., xm−1} is derived. For an input
(xq), such that 〈2q〉2n±k = 2n ± k − 1 = −1, the sequence
of negative weights from the bit position q can be written as
{〈2q〉2n±k, 〈2q+1〉2n±k, 〈2q+2〉2n±k, ...} = {−1,−2,−4, ...},
covering all the negative powers of two. Consequently, the
associated positive weights {2n±k−1, 2n±k−2, 2n±k−4, ...}
cannot be chosen during the weight selection. Thus, the max-
imum (minimum) weight possible value by using this weight
selection is 2n± k− 3 (−2n∓ k− 3). However, for the latter
case, the output range of the residue converter needs to be set
to 0 ≤ |uj | ≤ 2n±k−3. This adjustment can be performed by
adding a correction term (COR): if the inputs with associated
negative weights are complemented, it is possible to chose a
COR value which sets the range to 0 ≤ |uj | ≤ 2n ± k − 3
[17]. Therefore, the correction term COR, is chosen as the
minimum value that satisfies:

〈 ∑
j∈uj>0

〈2j〉2n±k · xj + ... (3)

...+
∑

j∈uj<0

∣∣〈2j〉2n±k · xj∣∣+ COR

〉
2n±k

= 0.

The value of COR is computed by setting the inputs
{xm−1, ..., x1, x0} to 0 and choosing the minimum COR
value that sets (3).

In order to illustrate the concepts presented in this
section an example for obtaining the two different arrays
of weights for a 16-bits input word modulo 13 (n = 4
and −k = 3) is presented as follows. The array of weights
{u0, u1, ..., u16} associated to the set of input variables
{x0, x1, ..., x15} is {1, 2, 4, 8, 3, 6, 12, 11, 9, 5, 10, 7, 1, 2, 4, 8}
when applying the P (13) definition, and
{1, 2, 4, 8, 3, 6,−1,−2,−4,−8,−3,−6, 1, 2, 4, 8} when
applying the HP (13) definition. It is easy to see that
P (13) = 12, and HP (13) = 6.

B. State-of-the-art of modulo {2n ± k} Binary-to-RNS
converters

The converter proposed in [17] is derived as follows. First,
the weight selection of the m input bits of X is performed
using P (2n ± k) or HP (2n ± k). These weighted values are
added by a CSA with End-Around Carry (EAC) followed by
a carry-propagate-adder (CPA) with EAC, resulting in a word
with m′′ bits (m′′ = P (2n±k) or HP (2n±k)). Given that the
m′′ word is not within the range of a residue modulo {2n±k},
a Final Converter (FC) is required. In order to avoid the use
of a 2m

′′ × a bit ROM to perform the modulo reduction, a
FC is proposed in [17]. This FC partitions the m′′ bit input
into two words, X

′′

1 and X
′′

2 , with m′′− a+ 1 and a− 1 bits,
respectively. The m′′ − a + 1 input is feed into two ROMs
which provide 〈X ′′

1 〉2n±k − 2n ∓ k and 〈X ′′

1 〉2n±k. Each of
these values are then separately added with X

′′

2 . A final MUX
is used to select the value which is within the range of 2n±k.
It is important to emphasize that for large values of m

′′
this

FC requires the use of costly ROMs

In the related state-of-the-art, an alternative memoryless
conversion is proposed in [22]. This structure is based on the
weight selection of the inputs, followed by a modulo {2n±k}
CSA-tree and a special FC, which computes 〈X〉2n±k based
on comparisons. Unfortunately, it does not effectively exploit
the arithmetic properties of 〈X〉2n±k from the weight selection
of the inputs performed in the first stage. In this converter, the
inputs are partitioned and added in a modulo {2n ± k} CSA-
tree. Each modulo {2n ± k} CSA consists of two a-bit CSAs
and a 8-input a-bit MUX, connected in such a way that all
partial results are kept within the range [0, 2a).

The final carry (C) and save (S) vectors, each with a width
of a bits, are added by a FC. This FC adds these two values
modulo {2n ± k} by means of 3 CSA, 4 carry-lookahead
adders (CLAs), both operating in parallel, and a 4-input n-bits
MUX. The CSA/CLA stage computes the 4 possible values of
〈X〉2n±k = (2CF + SF ) − (i × (2n ± k)), with 0 ≤ i ≤ 3
by performing an equal number of subtractions. The 〈X〉2n±k
result is obtained by using the sign bits of these differences.



A more generic implementation of modulo {2n ± k}
converters, which uses ROMs of dimension (2n × a), can
be achieved by taking into account that an input integer
X = {xm−1, ..., x1, x0} with m-bit, where m = b×n, can be
represented in the 2n-ary notation as:

X =

m−1∑
j=0

2jxi = N(b−1)2
(b−1)n + ...+N12n +N0, (4)

where Ni = {x(i+1)n−1, ..., x(i)n+1, x(i)n} (0 ≤ i ≤ b − 1).
The residue 〈X〉2n±k is given by [1]:

〈X〉2n±k = 〈Nb−1〈2(b−1)n〉2n±k + ...

...∓N1〈2n〉2n±k +N0〉2n±k, (5)

where 〈2(b−1)n〉2n±k = k(b−1) if b is even and −k(b−1) if odd,
since:

〈2n〉2n±k = 〈∓k〉2n±k. (6)

For k = 1 these converters are implemented using im-
proved adders modulo {2n±1}, resulting in efficient memory-
less conversion structures [24]. However, large multiplications
(N(b−1)k(b−1)), are required when k >> 1, or large DRs
are used, leading to high cost solutions. The use of ROMs
rather than multipliers was also proposed in [17], in order to
minimize the cost of this generic residue converter.

III. PROPOSED METHOD FOR DESIGNING MODULO
{2n ± k} BINARY-TO-RNS CONVERTERS

In this section, a new method to design a memoryless
scheme for m-input modulo {2n ± k} converter is presented.
This scheme only requires Full Adders (FAs), logic operations
(XORs), and a MUX.

An important step to obtain more efficient implementations
of modulo {2n±k} Binary-to-RNS converters is the reduction
of the length of word at the FC input, and consequently its
complexity. This reduction can be achieved by applying the
technique presented in [25], which consist in the introduction
of iterative CSA and Carry-Propagate-Adder (CPA) modulo
{2n ± k} stages to minimize the word length at the input of
the FC. However, this structure imposes a significant increase
on the delay. Another way to reduce the word length at the
FC input can be derived by using the weight selection based
on HP (2n ± k), which reduces the weights associated to the
input by fitting them in the range 0 ≤ uj ≤ 2n ± k − 3.
However, even with this reduction, results a costly solution
for large values of n. Alternatively, the weight selection can be
performed by choosing the smaller of the two possible values
associated to the inputs, 〈2j〉2n±k or

∣∣〈2j〉2n±k − (2n ± k)
∣∣,

as presented in [20]. Essentially, if uj > 2n±k−1
2 , the chosen

weight is uj = 〈2j〉2n±k − (2n ± k), fitting the weights into
the range −(2

n±k)+1
2 ≤ uj ≤ 2n±k−1

2 as shown in Figure 1(a).
Applying the correction term, derived from (3), a positive
range of the weights |uj | is defined in the reduced range
0 ≤ |uj | ≤ 2n±k−1

2 (see Figure 1(b)). Thus, the use of this new
way of weight selection is suitable to area and delay reductions
on the proposed Binary-to-RNS converter since minimizes the
word length at the FC input.

Let us denote from now on the two ways of weight
selection which can be derived from the definitions detailed in
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Fig. 1: Range of the input weights using the weight selections herein
presented, (a) before and (b) after the application of the COR term.
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Fig. 2: New m-input memoryless modulo {2n ± k} converter.

Section II.A as case 1, for the one based on P (2n±k), and case
2, for the one based on HP (2n ± k). In addition, the weight
selection based on the minimum summation of contributions,
proposed in [20], is denoted as case 3.

The following describes the several steps needed to perform
the 〈X〉2n±k computation with the proposed converter, de-
picted in Figure 2. Along with this description, a case study is
also presented for a 20-bit modulo 37 Binary-to-RNS converter
(n = 5 and k = 5). Modulo 37 is chosen, given that it properly
illustrates all possible cases of weight partitioning. This case
study depicts how to obtain the main parameters that define the
performance of these converters. It is important to emphasize
that this technique can be generalized for any odd modulo
value by using another odd k, and n values.



TABLE I: Parameters for designing 20-bits residue converter modulo 37

COR Tmax τ ε

Case 1 0 402 9 10

Case 2 34 368 9 9

Case 3 3 177 8 4

Step 1: Since, by definition, the values of 〈2j〉2n±k are
always smaller than 2n ± k, the weights associated with
the primary inputs of the modulo {2n ± k} converter are
significantly reduced from j-bits, j ∈ [0,m − 1], to n + 1
or n-bits, when (2) is computed for {2n + k} or {2n − k},
respectively. So, the weights, uj , associated to the set of
input variables {xm−1, ..., x1, x0} are fitted into the range
0 ≤ uj ≤ 2n±k−1 in case 1, −2n∓k+3 ≤ uj ≤ 2n±k−3 in
case 2, and −2

n∓k+1
2 ≤ uj ≤ + 2n±k−1

2 in case 3 as illustrated
Figure 1(a).

For the particular case study with m = 20
bits, n = 5 and modulo 37, the array of weights
{u0, u1, ..., u19} = {〈20〉37, 〈21〉37, ..., 〈219〉37} associated
to the set of input variables {x0, x1, ..., x19} is
{1, 2, 4, 8, 16, 32, 27, 17, ..., 18, 36, 35} for case 1,
{1, 2, 4, 8, 16, 32, 27, 17, ..., 18,−1,−2} for case 2, and
{1, 2, 4, 8, 16,−5,−10, 17, ..., 18,−1,−2} for case 3. Note
that, the weight uj associated to each xj , 0 ≤ j ≤ m − 1,
may differs in each case. For example, in case 3 u5 = −5,
whereas in cases 1 and 2 is u5 = 32.

Step 2: In this step the COR value is calculated as
explained in Section II.A whenever case 2 and case 3 are
used to obtain the weight selection of the inputs; COR is not
necessary in case 1 given that the weights are always positive.
For case 2 and case 3, the obtained residue values need to
be set into the positive ranges 0 < |uj | ≤ 2n ± k − 3 and
0 ≤ |uj | ≤ 2n±k−1

2 , respectively, as shown in Figure 1(b).
This is performed by complementing the inputs with associated
negative weights.

Using (3), the COR values can be calculated for cases
2 and 3. Thus, for the presented case study 〈0 + | − 3| +
COR〉37 = 0 provides COR = 34 for case 2, whereas 〈0 +
| − 71| + COR〉37 = 0 provides COR = 3 for case 3, as
depicted in Table I.

Step 3: After obtaining the weights, |uj |, each input bit xq
with associated weight |uq| = |〈2q〉2n±k| is partitioned into
binary as:

|〈2q〉2n±k| =
ξ−1∑
l=0

2lzl, (7)

with zl ∈ [0, 1]. Note that the maximum amount of bits of
the partitioning value is ξ = dlog2(2j ± k − 1)e in case 1,
ξ = dlog2(2j±k−3)e in case 2 and ξ = dlog2((2j±k−1)/2)e
in case 3. This variation of ξ is due to different enclosing of
the weights |uj |, presented in step 1 and corrected in step 2
to obtain a positive range.

In the presented case study, x5 can be partitioning into z5
(7) for case 1 and case 2, whereas in case 3 x5 = z̄2 + z̄0 (7).
It is important to emphasize that the proposed partitioning of
the inputs has no hardware cost.

Step 4: The summation of the partitioned inputs is carried
out by means of a CSA followed by a CPA. Let us define this
summation as:

T =

m−1∑
j=0

∣∣〈2j〉2n±k∣∣xj + COR. (8)

Therefore, the summation given in (8) is maximum when
all inputs are one, providing the maximum value, (Tmax), at
the FC input. In this particular case (8) has a maximum bit
lenght of τ = dlog2(Tmax + 1)e.

With this scheme, a reduction from m to τ bits is achieved
after the CSA+CPA stage as depicted in Figure 2.

The three presented cases to derive the residues provide
different values of Tmax given by (8), which sets τ (case3) ≤
τ (case2) ≤ τ (case1). For the presented case study T

(case1)
max =∑19

j=0

∣∣〈2j〉37∣∣ + 0 = 402, T (case2)
max = 334 + 34 = 368, and

T
(case3)
max = 174 + 3 = 177 as depicted in Table I.

Step 5: The calculation of 〈T 〉2n±k is carried out by
a Final Converter (FC) implemented with subtracters and a
MUX as shown in Figure 2. The proposed FC consists of
a conditional corrective addition, by means of comparisons,
which improves the idea presented in [22]. The number of
required comparisons depends on the maximum value at the
FC input, Tmax, which is at most ε times the value of 2n±k,
since ε = dTmax

2n±k e. The comparisons are carried out by means
of ε (CSA+CPA)-subtracters, i.e 〈X〉2n±k = T−(i×(2n±k)),
with 0 ≤ i ≤ ε. The result is obtained by using the sign bit of
these differences. These sign bits are processed by an array of
(ε+ 1)-XORs, which selects the final a-bits MUX.

Regarding the case study, the number of comparisons, ε =
dTmax

37 e, provides the minimization of hardware cost of the
FC when using case 3 for the weight selection. In comparison
with the other two cases of weight selection, it minimizes the
Tmax, as depicted in Table I.
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converter, (a) using ROM as the FC and (b) using the FC presented in [17]



Fig. 4: Comparisons of residue converters for modulo 28 ± k, (a) area and
(b) delay.

In order to make a more extensive analysis of the proposed
structure and possible variants, two additional FCs are also
considered in order to replace the one depicted in Figure 2. The
first one is presented in Figure 3(a) and consists in replacing
the FC by a 2τ×a bit ROM. The second alternative is presented
in Figure 3(b) and consists in the use of the FC proposed in
[22], which reduces the hardware complexity for large values
of n when compared with the FC using the 2τ × a bit ROM
structure.

IV. EXPERIMENTAL RESULTS

In order to properly evaluate the performance of the
presented residue converters, the different converters were
described in VHDL and implemented in a 0.13µm Standard
Cell ASIC Technology from UMC [26].

The topologies compared are: i) the one herein proposed,
depicted in Figure 2, the topology that substitutes the FC by
a ROM presented in Figure 3(a) and (b), respectively; and the
memoryless structure presented in [22], from now on denoted
as Proposed-I, Proposed-II, and Proposed-III, respectively; ii)
the different schemes presented in [17]; iii) the topology
presented in [22]; and iv) the classic modulo {2n±1} structures
presented in [6]. The various topologies presented in [17]
were compared between them and the best implementation
was chosen. From the three cases of weight selection herein
presented, case 3 is used in our proposals, given its efficiency
regarding cases 1 and 2 used in the state-of-the-art (see for
example Table I).

Figure 4 show the experimental results for a DR of m =
4 × n with n = 8, DR = 32, in the k-range [1, 41]. The

Fig. 5: Average comparisons of residue converters for modulo 2n ± k for
n ∈ [4, 12], (a) area and (b) delay.

results presented in Figure 4 suggest that Proposed-I using
the novel method of weight selection is able to achieve an
average improvement of 3.09× and 1.86× in terms of area and
delay, respectively, in comparison with the corresponding best
solution proposed in the related state-of-the-art [17], [22]. Note
that there is no advantage for Proposed-I in the particular case
k = 1 when comparing with the topology presented in [6]. It
is important to note that the optimized results for the dedicated
topology presented in [6] for k = 1 cannot be generalized to
different values of k.

Figure 5 show the experimental results obtained for a DR
of m = 4×n with average values for n between 4 and 12 bits
are considered for each value of k, whereas k is inclosed in the
range [1, 2(n−1)+1], allowing for a maximum range of [1, 41].
Note that, the proposed method for designing modulo {2n±k}
Binary-to-RNS converters is valid for any odd k and n values.
Between the proposed topologies, the memoryless Proposed-I
achieves an average improvement of 33.3× and 1.7× in terms
of area and delay respectively, in comparison with the ROM-
based Proposed-II. Although the Proposed-I is significantly
faster regarding the topology Proposed-III, it only improves the
required circuit area by 1.09×. Experimental results suggest
that the topologies presented in [17] and [22] are significantly
less efficient regarding the memoryless Proposed-I converter.
Proposed-I can achieve an average improvement of 20.35× and
8.67× in terms of area-delay-product (ADP), in comparison
with [17] and [22], respectively. Although the proposal based
on ROM, Proposed-II, is faster than [17] and [22] it implies
larger hardware costs, which results in a worse ADP metric.
The usage of a single ROM supposes a large value of input
bits. Note that the better results for the topology presented
in [6] for k = 1 cannot be generalized to other values of k.



Fig. 6: Normalized values for circuit area and delay regarding the proposal.

Experimental results suggest that the variation of k do not
significantly influence the performance relation between the
presented topologies. On the other hand, a dependence of the
results with n exists, and becomes very significant for larger
values of n.

In order to better evaluate the scalability of the proposed
converters, area and delay experimental results are presented in
Figure 6 for the modulo {2n±k} converters, for average values
of k in the range [1, 41], and normalized to the Proposed-
I converter. These results suggest an improvement in the
processing delay of 1.86 to 2.27×, and an area reduction of
1.84 to 4.19× for the memoryless Proposed-I converter for
n > 4, when compared with [17], [22].

V. CONCLUSION

Herein new modulo {2n ± k} Binary-to-RNS converters
are proposed and compared with the related state-of-the-art.
Two of the proposed topologies are memoryless, in order to
obtain efficient implementations for larger values of n. A
novel selection of the weights associated to the inputs has
been applied to the proposed topologies. Experimental results
suggests that the proposed topologies using the novel method
of weight-selection are advantageous in terms of area and
delay. These results suggest that average improvements up to
2.27 and 4.19 times in delay and area, respectively, can be
achieved for k > 1 when compared with the existing related
state-of-the-art. The memoryless approaches also suggest that
the conversion structures are scalable and efficient structures
can be obtained for larger values of n.

ACKNOWLEDGMENT

This work was supported by national funds through FCT –
Fundação para a Ciência e a Tecnologia, under project PEst-
OE/EEI/LA0021/2013.

REFERENCES

[1] N.S. Szabo, and R.I. Tanaka, Residue arithmetic and its applications to
computer technology, McGraw-Hill, New York, 1967.

[2] R.O. Capocelli and R. Giancarlo, "Efficient VLSI networks for converting
an integer from binary system to residue number system and vice-versa",
IEEE Transactions on Circuits and Systems, Vol. 35, pp 1425-1430, 1988.

[3] P.V.A. Mohan, Efficient design of Binary to RNS converters, JCSC-9,
145-154, 1999.

[4] A. Mohan, Residue Number Systems, Kluwer Academic Publishers, 2002.

[5] Y. Wang, X. Song, M. Aboulhamid, and H.M. Shen, "Adder based
residue to binary number converters for {2n − 1, 2n, 2n + 1}", IEEE
Trans. Signal Process., vol. 50, no. 7, pp. 1772-1779, 2002.

[6] R. Chaves, and L. Sousa, "{2n − 1, 2n+k, 2n + 1}: A new RNS
moduli set extension", IEEE Euromicro Symp. on Digital System Design:
Architectures, Methods and Tools, pp. 210-217, 2004.

[7] P.A. Mohan, and A. Premkumar, "RNS-to-binary converters for two four-
moduli sets {2n − 1, 2n, 2n + 1, 2n+1 − 1} and {2n − 1, 2n, 2n +
1, 2n+1 + 1}", IEEE Trans. on Circuits and Systems I, vol. 54, no. 6,
pp. 1245-1254, 2007.

[8] M.-H. Sheu, S.-H, Lin, C. Chen, and S.-W. Yang, "An efficient VLSI
design for a residue to binary converter for general balance moduli {2n−
3, 2n + 1, 2n − 1, 2n + 3}", IEEE Trans. on Circuits and Systems II:
Express Briefs, vol. 51, no. 3, pp. 152-155, 2004.

[9] A.A. Hiasat, "VLSI implementation of new arithmetic residue to binary
decoders", IEEE Trans. on Very Large Scale Integration (VLSI) Systems,
vol.13, no.1, pp.153-158, 2005.

[10] A. Hariri, K. Navi, and R. Rastegar, "A new high dynamic range moduli
set with effective reverse converter", Computer and Mathematics with
Applications, vol. 55, no.4, pp. 660-668, 2008.

[11] B. Cao, C.-H. Chang, T. Srikanthan, "A Residue-to-Binary Converter
for a New Five-Moduli Set", Circuits and Systems I: Regular Papers,
IEEE Transactions on, vol.54, no.5, pp.1041-1049, 2007.

[12] Y. Liu, and E. M. -K. Lai, "Moduli set selection and cost estimation for
RNS-based FIR filter and filter bank design", Des. Aut. Embed. Systems,
vol.9, no.2, pp. 123-139, 2004.

[13] S.J. Piestrak, and K.S. Berezowski, "Design of residue multipliers-
accumulators using periodicity", IET Irish Sign. and Systems Conf., pp.
380-385, 2008.

[14] A.S. Molahosseini, K. Navi, C. Dadkhan, O. Kavehei, and S. Timarchi,
"Efficient Reverse Converter Designs for the New 4-Moduli Sets {2n−
1, 2n, 2n+1, 22n+1−1} and {2n−1, 2n, 2n+1, 22n+1+1} Based
on New CRTs", IEEE Transaction on Circuits and Systems-I, vol. 57,
no. 4, pp. 823-825, 2010.

[15] H. Pettenghi, R. Chaves, and L. Imbert, "RNS Reverse Converters
for Moduli Sets With Dynamic Ranges up to (8n+1)-bit", Circuits and
Systems I: Regular Papers, IEEE Transactions on, vol. 60, no 6, pp.
1487-1500, 2013.

[16] L.-S. Didier, and P.-Y. Rivaille, "A generalization of a fast RNS
conversion for a new 4-moduli base", IEEE Trans. Circuits and Syst.
II: Express Briefs, vol. 56, pp. 46-50, 2009.

[17] S.J. Piestrak, "Design of residue generators and multioperand adders
using carry-save adders", IEEE Trans. on Computers, vol. 43, pp. 68-
77, 1994.

[18] A. Premkumar, "A formal framework for conversion from binary to
residue numbers", IEEE Trans. Circuits and Syst. II, vol. 49, pp. 135-
144, 2002.

[19] A. Premkumar, E.L. Ang and E.M.-K Lai, "Improved memoryless RNS
forward converter based on periodicity of residues", IEEE Trans. Circuits
and Syst. II, vol. 53, pp. 133-137, 2006.

[20] H. Pettenghi, R. Chaves, L. Sousa, and M.J. Avedillo, "An improved
RNS generator {2n±k} based on threshold logic", 18th Conf. on VLSI-
soc, pp. 119-124, 2010.

[21] S. Cotofana, and S. Vassiliadis, "Periodic Symmetric Functions, Serial
addition, and multiplication with neural networks", IEEE Trans. on
Neural Networks, vol. 9, no.6, pp. 1118-1128, 1998.

[22] G. Alia, and E. Martinelli, "Designing multioperand modular adders",
Electronic Letters, vol. 32, no. 1, pp. 22-23, 1996.

[23] V. Piuri, M. Berzieri, A. Bishaschi, and A. Fabi, "Residue arithmetic
for a fault-tolerant multiplier: The choice of the best triple of bases",
Journal on Microproc. and Microprog., vol. 20, pp. 15-23, 1987.

[24] A. Omondi, and B. Premkumar, Eds., Residue Number Systems: Theory
and Implementation. London, UK Imperial College Press, 2007.

[25] T. Stouraitis, S.W Kim, A. Skavantzos, "Full-adder based arithmetic
units for finite integer rings", IEEE Transactions on Circuits and Systems,
Part II, Vol. 40, pp 740-745, 1993.

[26] Virtual Silicon Technology, Inc.: UMC high density standards cells
library −0.13µm CMOS process v2.3, December 1999.


