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Abstract In this paper, residue number system (RNS) to binary number system con-
version using core function is compared with techniques using Chinese remainder
theorem (CRT) and mixed radix conversion (MRC). The cause of inaccuracy of core
function for comparison, sign detection and scaling is analyzed. In spite of the inac-
curacy in estimating the exact core, the application of core function for RNS to binary
conversion is shown to be accurate. Since not much attention has been given to the use
of core function in designing reverse converters, reverse converters using core function
has been explored for some moduli sets for which other techniques such as CRT and
MRC also have been found to lead to complicated designs. Reverse converters for two
three-moduli sets {2", 2" — 1, ontl_q }and {2m —1, 2m, 2m+ 1} using core function
and for one four-moduli set {2" —3, 2" —1, 2" 41, 2"+ 3} are presented and compared
with earlier available designs using other techniques regarding hardware requirement
and conversion time trade-offs. State-of-the-art models for ROM and combinational
logic have been used to perform realistic estimate of area and conversion time. It has
been shown that designs using core function may be preferable over other designs in
some cases.
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1 Introduction

Several techniques have been described in the literature for residue number system
(RNS) to binary number system conversion [6,29,35,37] which are based on Chinese
remainder theorem (CRT) [37], mixed radix conversion (MRC) [37], core function
[1,2,4,5,15,16,23,24,27,28,43], new Chinese remainder theorems I, I (new CRTSs)
[40], mixed radix CRT [14], quotient function [20] and more recent diagonal function
[9,18,19,31]. The performance of other operations needed in a RNS-based processor
such as scaling, sign detection, comparison and error correction is also dependent on
the efficiency of RNS to binary conversion.

Akushkii et al. [4] have introduced the core function whose purpose is to obtain
positional information from a residue encoded number (i.e., the position in the dynamic
range). Application of core function for residue to binary conversion, scaling and
sign detection has been studied by several researchers [1,2,5,15,16,23,24,27,28,43].
Hardware implementations also have been described in the literature [27,43]. However,
the application of core function for residue to binary conversion has not received much
attention as compared to application of other residue to binary conversion techniques.

In this paper, we will revisit the concept of core function and derive the relationship
between the reverse conversion techniques based on core function, CRT and MRC.
We show that core function can be used for exact residue to binary conversion even
though it is not accurate for scaling, sign detection and comparison. We provide an
insight into the reasons for inaccuracy of the core function for being used for residue
number comparison, sign detection and scaling in RNS. In addition, the design of
reverse converters using core function for two three-moduli sets {2", 2" — 1, ntl_ 1y
[81, {2m + 1,2m, 2m — 1} [3,21,22,32,33] and one four-moduli set {2" — 1,2" + 1,
2" —3,2"43}1[7,11,26,34] is investigated in order to bring out the trade-offs involved
in hardware requirements and conversion time.

In Sect. 2, we review the concepts of the core function and RNS to binary conversion
using core function. We compare the core function-based RNS to binary conversion
with CRT and MRC in Sect. 3. The reverse conversion architectures using core function
for two three-moduli sets {2",2" — 1, ont+l 1} [8], {2m,2m — 1,2m + 1} [3,21,
22,32,33] and one four-moduli set {2" — 1,2" + 1,2" — 3,2" + 3} [7,11,26,34]
are presented in Sect. 4. In Sect. 5, the proposed converters are compared regarding
hardware requirements and conversion time with other reverse converters proposed in
the literature for the moduli sets considered in this paper. Since some of the converters
proposed in this paper and other converters described in the literature have used ROMs
together with combinational logic, we use state-of-the-art models for ROMs as well
as combinational logic for evaluation of various converters. Section 6 concludes the
brief.

2 Core Function and RNS to Binary Conversion
Consider the RNS using the moduli set {m1, mo, ms, ..., m;} with a dynamic range

M = ]_[f: 1 m; and given residues (r, r2, 13, ..., rr). The residues r; corresponding
to a given number X such that 0 < X < (M — 1) are defined as X mod m; and are
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also represented as (X),,,. We need to choose first a constant C (M) as the core. It can
be the largest modulus in the RNS or product of two or more moduli. As in the case

of CRT, we define various B;as
B = M, ! (1)
i = i Mi .

where M; = M /m; and ML) is the multiplicative inverse of M; mod m; satisfying
L ml

VS

the requirement that (( )m ) mod (m;) = 1. We next need to compute weights

w; = ((ML,)m C(M)) mod ,,, (2a)

The weights also need to satisfy the condition

X~

w; defined as

k
con =3 M% (2b)

thereby necessitating that some weights be negative. The weights are next used to
compute the core function C(X) of a given number X as

K
C(X) = (x% - ﬂri) mod C(M) 3)
M m;

i=1

Note that the core values C(B;) corresponding to the input B; can be seen from (3) to
be
B;C(M) wj
CB)=——"—— 4
(Bi) i m 4)

since the residue r; corresponding to B; mod m; is 1 and residues of B; corresponding
to all other moduli are zero. Note that various C(B;) values are constants for a chosen
moduli set. From (2) and (4), it can be seen that C(B;) < C(M) since B; < M.

The residue to binary conversion corresponding to residues (r, 2,73, ..., ') 1S
carried out by first determining the core function C (X) of the given number X as

k k
C(X) = (Z riC(Bi)) mod C(M) = Y riC(B;) — aC(M) )
i=1 i=1

where « is known as the rank function defined by CRT. Note that (5) is known as CRT
for core function. Next X can be computed by rewriting (3) as

(C(M)( (X >+Z—r,))M (6)
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The important property of C(X) is that the term X % in (3) monotonically increases
with X with some furriness due to the second term in (3) [15]. In general, for choice
of C(M) typically of same value as one modulus, the range of C(X) for0 < X < M
gets smaller and the second term in (3) causes significant errors and hence, accurate
comparison of two numbers using core function or sign detection is difficult.

The main advantage claimed for using the core function is that the constants C (B;)
involved in computing the core function following (5) are small since they are less
than C(M). However, in order to simplify or avoid the cumbersome division by C (M)
needed in (6), it has been suggested that C (M) be chosen as a power of two or one
modulus or product of two or more moduli.

The following example illustrates the procedure of computing core and reverse
conversion using core function.

Example 1 Consider the moduli set {3, 5, 7, 11}. Let us choose C(M) = 11. Then,
M = 1155, My = 385, My = 231, My = 165 and My = 105. The values of (4} )

i) m;

are 1, 1,2, 2. Thus, B = M; () are 385, 231, 330, 210. The w; can be found
1 m;

from (2a) as —1, 1, 1, 0. It can be verified that (2b) is satisfied:

CM) = —1 x385+1 x 231 + 1 x 165 = 11. Next, we find following (4),
C(B1) =4,C(By) =2,C(B3) = 3 and C(B4) = 2. Consider the residues (1, 2, 3,
8). Then, we find from (5), C(X) = (1 x44+2x2+4+3x3+8 x2)mod 11 = 0.
Next, X can be found from (6) as X = (105 (0 + % + % + 3%1))“55 = 52.

3 Comparison with CRT, MRC and Mixed Radix CRT

Itis interesting to note from (3) that the value of the core function C (X) corresponding
to a given number X for a chosen C (M) actually represents the approximate quotient
resulting from the division of that number X by M /C(M). We use CRT to explain this
point and show the relationship between core function, mixed radix digit computation
and CRT. The use of CRT yields the binary number corresponding to the given residues
as

X=rBi+rnB+rBs+- - +rBy—aM @)

where B; is given by (1). Multiplying both sides of (7) with C(M)/M, we have

C'(X) = x &4 _ cin)
M M

(r1B1+rBy+r3Bs+ -+ +riBy) —aC(M) (8)

Substituting (4) in (5) and the resulting C (X)) value in (6), we obtain

k
_ M (BCOn _w) riwy
X‘C(M)(Z(”( ) mecn) + 3 I-)

i=1 i=1

k
= > (riB)) —aM ©)
i=1
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Note that any choice of w; will yield correct decoding. However, since W

can be a mixed fraction for all moduli except the one chosen as C(M), choice of
2 suitably will yield an integer value for the terms r; (% — %) Note that

mi

C'(X) = (Z{‘(:I (W))C(m will give the correct quotient X EUD  \whereas

C(X) computed from (5) gives an approximate quotient. Thus, using C (X) computed
from (5) for comparison of two numbers by comparing core function values, for sign
detection and scaling, leads to inaccuracies. If C (M) is chosen as one modulus (i.e.,
C(M) = m;), then X % corresponds to the highest mixed radix digit. We con-
sider the following example given by Burgess [15] in order to illustrate the difference
between core function and mixed radix digit in the case of choosing one modulus as
core function.

Example 2 The residues given are (7, 4, 2,22, 16) in the moduli set { 13,17, 19,29,31}
corresponding to the number 3,004,567. We consider C(M) = 31. The multiplicative

inverses (ML,) are (3, 16, 14, 12, 21), respectively. From (8) and (1), we have

m;

(X#)am ({Zk: C(M)rl(M’) fJ)aM)

i=1

7x72 14 %292 125220 420w 1222 16 x 21
= X [— X _— X —_— X —_— X

13 17 19 29 3
= (1830.67391]);, = 24

The use of core function yields C (M) = 27 for all the three methods given by Burgess
[15]. The reason is that it estimates the sum of rounded weighted values (7 x 7 + 4 x
29 +2x23+22x 13416 x 21) mod 31 = 833 mod 31 = 27.

Core function yields approximate mixed radix digit when C (M) is chosen as one
modulus. Conventional mixed radix conversion can give the exact value of all mixed
radix digits which is sequential in computation. Bi and Gross technique [14] termed
as mixed radix CRT facilitates exact parallel computation of mixed radix digits but
involves cumbersome division operations. Sign detection and comparison involve
sequential comparison of mixed radix digits starting from the highest digit. It is inter-
esting to note that direct highest mixed radix digit computation was described for the
moduli set {2" — 1,2",2" 4+ 1,2"*! — 1} in [38].

4 Implementation Architectures for Reverse Converters Using Core
Function

The implementation of the reverse converter using core function follows (5) and (6).
It can be seen that the maximum value of C(X) is C(M) — 1. The magnitudes of
the terms “”1’1 Yili are always less than w; since 0 < r; < (m; — 1). Some of the w;

values may be negative. Considering in the worst case all w; values are positive, the
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Table 1 Core function computation for few three-moduli sets

Moduli set CM) w; C(By) Cc(X)

{27, 2"—1,2"+1} n 0,1 —2n=ton=lon o=l on=l @ — 1)+
[12,17,30,39, @14 1) +
411 M1 32"~ 1) mod 2"

(n,2n—q,2ntl_qy  on 0,1, -2 1,1,2"-2 (ri+r+Q" -
[8] M2 2)r3) mod 2"

", 2" — 2" 0,-2,1 =l om - @1+ 1+
1,2n=1 1y 2,21 41 (" —2) +
[10,25] M3 r32" 1+ 1))

mod 2"

{2m + 2m m, 0, (1 —m) m,2m—1,m+1 (mr; + 2m —
1,2m,2m — 1} Dry + (m +
[3,21,22,32,33] 1r3) mod (2m)
M4

maximum possible value of X in (6) can be %M) (C(M) -1+ Zf'(:l |w,~|) [15].
Thus, depending on the w; values of the chosen moduli set, the range of X before
reduction mod M needs to be estimated (which can be larger than that of M) so that
the needed modulo M reduction can be carried out to obtain the decoded X value.

The values of C(M), w; C(B;) and expression for C(X) for four powers-of-two-
related three-moduli sets M1 {2",2" — 1,2" 4+ 1} [12,17,30,39,41], M2 {2",2" —
12"+ — 1) [8], M3 {27, 2" — 1,271 — 1} [10,25] M4 {2m,2m — 1,2m + 1} [3,
21,22,32,33] are presented in Table 1 for illustration. We consider reverse conversion
using core function for moduli sets M2 and M4 in detail next.

4.1 Moduli Set M2 {2",2" —1, 2"+l _ 1}
In the case of the moduli set {m 1, mo, m3} = {2",2"—1, 2"+1—1},choosing cC(M,) =

2" where M, =2"(2" — 1)(2”“ — 1), the decoded number following (6) and using
the expressions for C(B;) from Table 1 is given as

M
X = (—C(X) + woroms + wgrgmz) mod M,

c(M)
=[e -1 (' - 1) con+n (2 -1)
— 22" — 1)] mod (2"(2" —Hert! - 1)) (10)

The core function C(X) can be computed from Table 1 as
C(X) = (nC(B1) +rC(B2) +r3C(B3))yn = (r1 +r2 —2r3)pm (11

Note that (11) can be computed using a 4-input n-bit adder and ignoring the carry
bit. As an illustration for the n = 5 case, the four 5-bit words to be added are
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r14r13F12F11710, 124723722121120, 1337321317301, 00001. Note that the —2r3 term is real-
ized by left shifting 3 by one bit and one’s complementing the n LSBs and ignoring
the MSB due to mod(2") reduction and adding ‘1’. Next these four words need to be
added, and carry can be ignored to obtain C(X) (denoted as C,, hereafter). This needs
one CSA stage of n full-adders followed by a n-bit CPA as shown in Fig. 1a. Next, the
computation in (10) (before modular reduction) can be carried out by the addition of
the words in the bit matrix for the case n = 5 shown in Fig. 2 where the bars indicate
inverted bits (the top row indicates the bit position).

We have considered —2"C (X), —2"t1C(X), —ry, —2"1r3, respectively, as 2"
Q" —1—C(X)), 2" 2" — 1 — C(X)), (2" — 1 — rp) and 2711 2" — 1 — 1)
needing a correction term to be added. The overall correction term Z that needs to be
addedis Z = M —2"(2"—1)—2"t1 (2" — 1) — (2" — 1) =271 (2"*t1 —1). Note that in
effect M has been added so that the result is always positive. Note that the maximum
and minimum values of (10) are (22" — 2" — 1)(2"*! — 1) and -(2"t2 — 4)(2" — 1).
However, one mod M subtraction will be required if the result of addition of all words
such as those in Fig. 2 in the general n case exceeds M,. The complete architecture is
presented in Fig. 1a. The carry-save-adder tree for adding the various bits in the five
words in Fig. 1 needs (5n 4+ 2)FA + (2n — 1)HA, and the CPA following it needs
(3n+1)FA and (3n+ 1)-bit Aj.; mux Where FA, HA and A».1 mux stand for full-adder,
half-adder and 2:1 multiplexer, respectively. The computation time for this stage is
(4 4+ 23n + 1))tps where try is delay of a full-adder. The overall hardware and
conversion time requirements are (10n + 3)FA + (2n — 1)HA + (3n + 1)A2.1 MUx
and (7n + 7)tFra.

4.2 Moduli Set M4 {2m+1, 2m, 2m-1}

We next consider reverse conversion for the moduli set {m, my, m3} = {2m +
1,2m,2m — 1} using core function. We select C(Mjp) = 2m in this case where
the dynamic range of this RNS is Mj, = 2m(4m?* — 1). The decoded number can be
written following (6) and using C(B;) values from Table 1, as

X = [(4m2 — D(mry — 1y + (m + Dr3)a, +mQm — Dry
+ (1 =m)2m + Dr3] mod 2m(4m> — 1)) (12)

An architecture for computation of (12) is presented in Fig. 1b. Note that (mr|+mr3)
mod (2m) is realized by enabling m when (r19 exorr3p) is ‘1’ where rjo and r3g are
the least significant bits of r| and r3, respectively. Note also that m(2m — 1)r; + (1 —
m)(2m + D)r3 is realized as (r; — r3) 2m?% — m) + r3. Denoting g = log,(2m + 1),
this architecture needs one multiplier (g — bit x2q— bit), one (¢ + 1)-bit subtractor,
one mod (2m) adder (g-bit) and one mod (2m(4m? — 1)) adder (3¢-bit) in the critical
path. One g-bit subtractor and a (¢ 4 1)-bit x (2g — 1)-bit multiplier are in a parallel
path. Note that the maximum and minimum values of X in (12) before reduction are
(6m? — 1)2m — 1) and (4m? — 2m — 2)(1 — m), respectively, and hence, one mod
My,(= 2m(4m? — 1)) addition or subtraction needs to be carried out.
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ntl f
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FLE
A 4
Mod 2" Adder
L Ly r3
C 1 n+l
W T, ¢ ni
Bit Mapping
3ntl A & 3ntl

Carry Save adder tree (3n+1)-bit

In+l ic sf 30+l

Mod (2"(2"-1)(2""'-1))Adder

i 3nt+l
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(a)
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| |
| 1 1 + - | + -
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| |
| |
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| |
| ' 2
| | 2m--m
| : 2¢-1
L~ Exor
q gate

| Mod (2m(4m*-1)) adder |

% Multiplier
3q

X
(b)

Fig. 1 RNS to binary converters using core function. a for the moduli set {2",2" — 1, on+l _ 1}, b for
the moduli set {2m, 2m — 1,2m + 1}
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bis b bis b bu bio by b by bs bs by by by by bo
Cn4 Cn3 Cn2 Cni Cno :4 Cna T T ;1 ; Cn4 Cn3 Cn2 Cni Cno
Zis Z14 i3 Zp Fas | T4 e | em | om P [ 73 31 30 0
Zn 734 r23 r22 T2 20 Zs 724 ; 722 721 E
210 ; 72 71 ;o Z4 Z3 22 21 20
Z9 g Z7 I35
Z6

Fig. 2 Bit matrix for the final adder for reverse converter for the moduli set {2, 2" — 1, ontl oy

4.3 Moduli Set M5 {2" — 1,2" 4+ 1,2" —3,2" + 3}

We consider the three cases of choosing Cy(M,) = 2"—1, Co(M:) = 2"—-1)(2"+1)
and C3(M.) = (2" — 1)(2%" — 9) where the dynamic range of this RNS is M, =
(22" — 1)(2** — 9). The first two choices permit easy reduction in the respective
core values C1(X) mod C1(M.) and C»(X) mod C>(M,). The third choice involves
difficult reduction in C3(X) mod C3(M,) but simplifies the computation of the final
decoded word. Defining m; = 2" — 1, mpy = 2" 4+ 1, m3 =2" —3 and myq = 2" 4 3,
the various multiplicative inverses needed in (1) for this moduli set are as follows:

(), =G = () = (%)
M, m 16 2n—1 M> my 16 241

1 1 k2" -3 1
—on 41— 2"*4, ( _) = (—) = —( )+ (133.)
M3 m3 48 omn_3 48

where k = 11 for n even and k = 43 for n odd,

1 1 Km4+3) -1
(_) _ (__) _kK@+3y -1 (13b)
M4 ma 48 2n43 48

where k' = 43 for n even and k' = 11 for n odd.
We denote the three cases of choosing cores as (2" — 1), (22* — 1) and (2" —
(¥ —9), respectively, as Case 1, Case Il and Case III.

4.3.1 Case 1

Choosing C{(M) = 2" — 1, in this case, the various w; and C;(B;) values can be
found for the case n even as follows:

40 — 13 x 2" 52"+3)+1
w] = 0’ w2 = 271—3’ w3 = (—X) s 4 = &

24 12
112" =3)+1
Ci(B) = Ci(By) =2"=2""* 1, Cy(B3) = (4—8” +1,
43(2" 4+ 3) — 193
Ci(By) = = (14)

) Birkhduser
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For the case n odd, we have

S i Cit) R W G
’ 24 ’ 2

432" — 3) + 97
Ci(B)) =Ci1(By) =2"—-2""*—_1, C/|(B3) = BEI-H+T

48 ’
112" +3) — 49
Ci1(By) = BT E— (15)

For reverse conversion following (6), we need to compute
X = [C] (X) (22'1 — 9) (2" + 1) + womizmary + wimomyrs

+ w4m2m3r4] mod ((22n — 1) (22n — 9)) (16)

after computing C1(X) from (5) using the C (B;) values from (14) and (15) for n even
and odd, respectively. Note that the maximum positive value of X before reduction
mod M, in (16) can be >M . or negative thus needing one addition or subtraction of
M. for performing modulo reduction in (16).

The typical C1(B;) and w; values in the case C{(M,) = 2" — 1 forn = 5,6,7
and 8 are presented in Table 2. Since the C;(B;) and w; values cannot be expressed as
simple sum of terms of the form 2%, it is preferable to use read-only memory (ROM) to
obtain (r;C1(B;)) mod Cj(M,) as showninFig. 3a. The ROM1 and ROM3 are of size
2" % n bits, and ROM2 and ROM4 are of size 2! x n bits. Next, the output words of
ROM1, ROM2, ROM3 and ROM4 need to be added mod (2" — 1) using two n-bit CSA
stages with end-around-carry (EAC) (CSA1 and CSA2) followed by a n-bit CPA with
EAC (CPA1) as shown in Fig. 3a (note that C and S stand for carry and sum vectors).
Next, corresponding to given r2, r3 and r4 using ROMs ROMS, ROM6 and ROM7,
the 4n-bit values u = wymsmary, v = wimymary, w = w4mymsry can be obtained
as shown in Fig. 3a. These ROMs are of size 2"t x (3n),2" x (4n), 2"*T! x (4n),
respectively. Note that the bit width of the ROM 5 is less since the multiplier w» is
273 and can be obtained by appending n-3 zero bits as LSBs to the word read from
the ROMS. The weighting of C(X) with (22" — 9)(2" + 1) and addition with the
three terms obtained from ROMs ROMS, ROM6 and ROM7 can be carried out by
mapping the bits of C;(X) denoted as cy,; and the three ROM outputs as shown in
the bit matrix in Fig. 3b. The bit mapping 1 block in Fig. 3a performs this function.
Note that dashes (') indicate inverted bits. The addition is performed using a four-level
CSA tree 1 needing (10n — 2)FA + (4n + 1) XNOR/OR +4HA. The CSA tree 1 is
followed by a mod M, adder 1 using two cascaded 4n-bit CPAs each needing 4nFA.
The second CPA stage performs optional addition or subtraction of M..

4.3.2 Case Il

In this case, the C»(B;) values will be bounded by the chosen C(M,) = 22" —1.The
various w; and C,(B;) values for the case n even are as follows:
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Table 2 C;(B;), C2(B;) and w; values for both cases C;(M.) = 2" — 1 and Cr(M,) = 221 _ 1 for
moduli set M5

Case 1: C{ (M) =2" — 1

n C1(By) C1(B2) C1(B3) C1(By) wi wy w3 wy
5 29 29 28 7 0 —6 3
6 59 59 15 56 0 8 —33 28
7 119 119 114 29 0 16 —-26 11
8 239 239 59 228 0 32 —137 108

Case 2: Co(M.) = 22" — 1)

n Co (By) Cr(B2) C2(B3) Cy(By) wi w) w3 wy
5 957 961 917 234 0 0 5 —6
6 3835 3843 940 3667 0 0 —-10 11
7 15,351 15,367 14,679 3752 0 0 21 —22
8 61,423 61,455 15,024 58,703 0 0 —42 43

Case 2: C3 (M¢) = 22" —9)(2" — 1)

n C3 (By) C3(B2) C3(B3) C3(By) wi w2 w3 wy
5 29,435 28,210 29,558 7192 0 1 0 0
6 241,133 59,094 241,636 230,580 0 1 0 0
7 1,948,625 1,863,344 1,950,656 476,250 0 1 0 0
8 15,660,953 3,830,610 15,669,112 14,967,480 0 1 0 0

—2"4+4 2" 42
w1:0,w2:O,w3:(—+),w4: +

6 6

C2(B1) = (2" = 2"+ — Q2" + 1), Ca(By) = 2" = 2" + (2" - 1),
R 112" =3)+1

C2(B3) = (2" +3) (T) +2,

432" 4+ 3) — 1) 47

48 17

C2(By) = (2" =3) (

For the case n odd, we have

L) 244
w; =0, wy =0, w3 = g we=- 5

C2(B1) = (2” — 2"t - 1) 2"+ 1),Ca(By) = (2" —onh gy 1) @" -1,
432 ;83) + 1) .

112" +3) -1
%)4’_2

C2(By) = (2" +3) (
Co(By) = (2" —3) ( (18)
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Fig. 3 Reverse conversion method I for moduli set MS. a architecture, and b bit matrix corresponding to
computation of X (primes indicate inverted bits.) (LSBs are shown in the fop figure, and MSBs are shown
in the bottom figure)
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For reverse conversion following (6), we need to compute
X = [C2(X) (22" - 9) + wymars + w4m3r4] mod M, (19)

after computing C» (X) from (5) using C»(B;) values from (17) and (18) for n even and
odd, respectively. Note that in this case also, the maximum positive value of X before
reduction mod M, in (19) is >M . and can be negative also thus needing one addition
or subtraction of M. The typical C>(B;) and w; values in the case Ca(M,) = 22 _ |
forn =5, 6,7 and 8 are also presented in Table 2. Since the C>(B;) and w; values
cannot be expressed as simple sum of terms of the form 2%, it is preferable to use
read-only memory (ROM) to obtain (r;C2(B;)) mod Ca(M,) values from ROMS,
ROM9, ROM10 and ROM11. The ROMs ROMS8 and ROM10 are of size 2" x 2n bits
and ROM9 and ROM11 are of size 2"*! x (2n) bits. Next, the ROM output words
need to be added mod (22" — 1) using two 2n-bit CSA stages with EAC (CSA3 and
CSA4) followed by a 2n-bit CPA with end-around-carry (CPA2) as shown in Fig. 4a.
Next, corresponding to given r3 and r4 using ROMs ROM12 and ROM 13, the values
s = w3amar3, t = wam3r4 can be obtained as shown in Fig. 4a. These are of size 2" x
(3n) and 2"+ x (3n), respectively. The weighting of C, (X) with (22" —9) and addition
with the two terms obtained from ROMs ROM12 and ROM13 can be carried out by
mapping the bits of C>(X) denoted as c; ; and the outputs of ROM12 and ROM13 as
shown in the bit matrix in Fig. 4b. The bit mapping block 2 in Fig. 4a performs this
function. Note that dashes (") indicate inverted bits. The addition is performed using a
three-level CSA tree 2 needing (57 4+ 1)FA 4+ (2n — 2)XNOR/OR + (2n — 2)HA. The
CSA tree 2 is followed by a mod M, adder 2 using two cascaded 4n-bit CPAs needing
each 4nFA. The second stage performs optional addition or subtraction of M.

4.3.3 Case 111

We next consider the case with core chosen as product of all moduli except m,. Thus,
we choose C3(M) = (2" — 1)(2" — 3)(2" + 3). In this case, note that only wy exists.
Using the core value C3(M), we can find w4 from (2a) as 1:

i = : n__ 2n __ n _
W= (((2" — DX — 9))2n+1(2 D@2 9)) mod (2" +1)=1 (20)

The remaining w; for i = 1, 2,3 are zero. The various C(B;) values can be next
obtained as

k2" =3)+1
C3(B1) = (2" _ 2"—4 _ 1)(22n — 9)’ C3(Bz) = %(2n _ 1)(2}1 + 3)’
C3(B3) =15 x 234 _ 7 % 22n—=3 _ 137 x on—4 +8,
K" +3)—1
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Fig. 4 Reverse conversion method II for moduli set M5. a architecture, and b bit matrix corresponding to
computation of X (primes indicate inverted bits.) (LSBs are shown in the fop figure, and MSBs are shown
in the bottom figure)
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Table 3 Hardware requirement and conversion time of various converters for three-moduli sets

Design Moduli set ~ Hardware requirements Delay

D1 Converter I (MRC) [8] M2 (4n+3)FA+nAND/OR+ (6n + 5)TpA
nXOR/XNOR

D2 Converter II (CRT) [8] M2 (14n +21)FA + 2n + 2n + 7 tpp
3)HA+ (2n+ 1)3:
IMUX

D3 Converter III (CRT) [8] M2 (12n + 19)FA + 2p + Q2n + 7 tpp

2)HA + 102n +
HROM + (2n + 1)2 :

IMUX

D4 New converter (core function) M2 (10n+4)FA+(n+1)HA+ (Tn + T)tpp
(Bn+ 1H)MUX2: 1

D5 New converter (core function) M4 (4n2 +6n+1)FA+ (4n2 + (11n +2)Tpp

2n — 1)AND + 2nHA +
(4n +2)2 : IMUX*

D6 Converter [22] (CRT) M4 (3n2+6n+8)FA+(3n>+  (9n +9)tpp
n)AND + (n +2)5 + 5. MUX
IMUX* + 4(n +
2)COMP

*n =logy(2m + 1)

where k and &’ for n even and odd are as defined in (13). Next from (21), the core can
be found from (5) as

C3(X) = (rnC3(B1) + r2C3(B2) + r3C3(B3) + raC3(Ba)) on_1yo2n—gy  (22)
and the decoded number is obtained as
X=CGX)Q"+1)+nr (23)

Note that no final mod M reduction is needed in this case. The typical C3(B;) and w;
values in the case C3(M,) = (2" — 1)(2** —9) forn = 5, 6, 7 and 8 are presented in
Table 3. The reverse converter following (22) and (23) is presented in Fig. 5a. Note
that ROM 14, ROM15, ROM16 and ROM 17 can be used to obtain, respectively, the
four 3n-bit words r; x C3(B;) fori = 1,2,3 and 4. Note that the ROMs 14 and
ROM 15 are 2" x 3n bits and ROMs 16 and 17 are 2"*! x 3n bits. The output words
of the ROMs are added using 3n-bit CSAs CSAS and CSA6 followed by a modulo
(27" — 9)(2" — 1)) adder using a (3n + 2)-bit CPA and a (3n + 2)-bit 2:1 MUX to
obtain C3(X). Note that an addition followed by two consecutive subtractions may
be needed for the modulo reduction to obtain C3(X). Next, X can be computed using
(23) by adding the three 3n-bit words shown in Fig. 5b.

Note that C3(X) is the 3n-bit word ¢3 3,—1¢3,3,—2, - . ., 3,1, €3,0. The addition of
these words using a CSA7 followed by CPA3 needs (3n + 1) FAs and (3n — 1) HAs
after simplification due to the reason that several bits are zero.
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Fig.5 Reverse conversion method III. a Architecture and b bit matrix corresponding to computation of X
(primes indicate inverted bits)

It is interesting to note that most reverse converter implementations based on CRT
obtained by subtracting one residue from the CRT sum and dividing by the corre-
sponding modulus or those reverse converters based on new CRT I compute X similar
to (23). The decoded number in new CRT I [40] can be obtained as

X =ry +ma((x3 — x2)a + m3b(xs4 — x3) + m3mac(x) — X4))M2 (24a)

where

1 1 1
a = (—) , b= ( ) and ¢ = (—) (24b)
M2 ) mim3my mams3 J i imy momsms /.,

) Birkhiuser
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Note that a, b and ¢ can be obtained as

a = 23"—4 _ 22n—3 _ 7 % 2”—4 + 1’

22 — @) (2" — (2" +3) — 1
p=_ ) 2n+2)( Tl o= 1 (40

where « is such that b is an integer. For n = 8, « = 171. Substituting these a, b and ¢
values in (24a) and collecting terms of ry, r2, 3 and r4, the multiplier of m; in (24a)
can be seen to be C3(X). Thus, if we choose core C(M) as the product of all moduli

except one modulus, e.g., m,, denoting the decoded number as X = d (m%) + rg,
the core value C(X) is the MRC digit d. For all other choices of C(M), C(X), it is
approximate value of X (%)

4.4 Additional Remarks

We wish to point out that the values of w; and C(B;) can be easily obtained from the
CRT expansion itself. This can be seen by dividing the CRT expansion by M/C (M)
and observing the coefficients of ; which are mixed fractions. These can be rounded
or truncated depending on the fractional part being greater than 0.5 or less than 0.5.
This yields the C(B;) values and w; values since C(B;) 4+ w; has to be same as the
coefficient of r; in ‘scaled” CRT expansion given in (8).

Consider the four-moduli set M5 = {2" — 1,2" + 1,2" — 3,2" + 3} =
{255, 257, 253,259} for n = 8. Let the core chosen be C(M) = 255. Note that

the (ML) values are 239, 241, 58 and 232, respectively, fori = 1, 2, 3 and 4 from
1 m’
(13a). The CRT expansion yields after division by M./ C1(M.) = 257 x 253 x 259,

X 2397, + 2392 1y 4+ 5800, 4+ 208128
o o = 239r —r —r —
257 x 253 x 259 ! 257 2 253 ° 2594

Note that truncation or rounding of the coefficients of r,, r3 and r4 can be performed.
The numerators of the fractions are the various w; values. One or more of these can be
chosen as (m; — w;) and corresponding integer part of the weight of m; be incremented
by 1 so as to meet the condition (2b). Thus, we have C(B1) = C(B2) = 239, C(B3) =
59, C(Bg) = 228 and w1 = 0, wy = 32, w3 = —137, ws = 108. It may be verified
that (2b) is satisfied: 32 x 255 x 253 x 259 — 137 x 255 x 257 x 259 + 108 x 255 x
257 x 253 = 255. Considering the given residues {1, 2, 3, 4}, the core value can be
obtained as 21 and the decoded number is X = 21 x 257 x 253 x 259 4+ 2 x 32 x
253 x 259 — 3 x 137 x 257 x 259 4+ 4 x 108 x 257 x 253 = 358,574,626.

5 Comparison with Earlier Designs

In this section, hardware requirements as well as conversion times of the proposed
converters for the two three-moduli sets M2 and M4 and four-moduli set M5 are
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evaluated. The total resource requirements of proposed converter in terms of full-
adders, half-adders, gates such as exclusive ORs and the conversion time in terms
of full-adder delay are presented in Table 3 as entry D4 for moduli set M2. The
corresponding resource requirement and conversion time for designs reported in the
literature in [8] for moduli set M2 are also presented in Table 3 as entries D1-D3. The
technique used for reverse conversion in each of these converters is also given in Table
3. The design converter I (entry D1) is based on mixed radix conversion, whereas the
converters II (D2) and III (D3) designs are based on CRT. The design D3 uses ROM,
whereas the converters D1 and D2 need only combinational logic.

The recently described converter D6 [22] for the three-moduli set M4 based on a
modification of CRT has been shown to be area-efficient over the previous designs
[3] and [21]. Note, however, that the authors in [22] did not give the area in terms of
basic logic elements and described only an FPGA implementation. We consider the
use of array multipliers for both 2n x n multiplier as well as n x n multiplier where
n = log, (2m + 1). We also consider that 5:1 MUX is realized as a three-level cascade
of 2:1 multiplexers (MUX) (first level containing two 2:1 MUXes, second level 2:1
MUX combining the outputs of these two MUXes and a third level combining the
fifth input with the output of the second level 2:1 MUX). The total hardware and
conversion time requirements thus computed are presented as entry D6 in Table 3 for
this converter, whereas the corresponding requirements for the proposed converter are
presented in entry D5 in Table 3.

We have also considered state-of-the-art models for gates in terms of transistors
[13] for more realistic estimate of the performance. The transistors needed for various
gates and arithmetic cells are 20, 10, 8, 6, 4 and 2 for a full-adder, half-adder and
2:1 multiplexer/XOR/NOR logic elements, AND/OR, NAND/NOR and NOT gates,
respectively. Note that two-input gates have been considered in the above estimation.
Since some of the converters (converter III (entry D3) for moduli set M2 and converters
entries 4-7, 9, 10 for moduli set M5) need ROM, we need to estimate the number of
transistors needed for ROM. We use the model used by earlier authors [36] and [42].
Denoting the ROM requirements as & x y bits implying 6 = 2" locations each y
bit-wide, the number of transistors Arom required for implementing the ROM and
access time Droy are given as

AroM =0 Xy +2% @+ D)+ 22 +2)y + 2P + Dy (252)

and
Drom = (1 +2logya + 2log, (b + 1) + b) A, (25b)

where Ay is the delay of a simple 2-input gate, a = [log,07 and b = [log,0]. Note
that design entry 3 of Table 3 needs 10(2n + 1) ROM bits, whereas we have considered
16(2n+ 1) bits thus implying & = 16, a = 4, b = 4 and y = 2n+ 1. Thus, the number
of transistors needed can be obtained from (24a) as 10 2n + 1) + 16 x 4+ 1) +
16 x(@4+2)x 2n+1)+ (164+1) x 2n+ 1) or 246n 4+ 203. The ROM access time
for various a and b values obtained from (24b) is presented in Table 4. The delays
of various logic elements in terms of A, (a two-input gate delay) are, respectively,
[26] for full-adder, half-adder, 2:1 MUX/XOR/XNOR, AND/OR, NAND/NOR and
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Table 4 ROM access time for different memory address ranges (2%)

o a b ROM delay Ag o a b ROM delay Ag
3 3 3 12 7 7 7 20
4 4 4 15 8 8 8 23
5 5 5 18 12 12 12 29
6 6 6 19 16 16 16 35

Table 5 Hardware requirements (number of transistors) and Conversion time of three-moduli converters

Design Moduli set Hardware Requirements Delay (in units of Ag)
(number of transistors)

D1 Converter I [8] (MRC) M2 94n + 60 24n + 20
D2 Converter IT [8] (CRT) M2 332n + 466 8n + 28
D3 Converter I1I [8] (CRT) M2 276n + 408 + 246n + 203 8n +43
D4 New converter (core function) M2 234n 4+ 98 28n + 28
D5 New converter (core function) M4* 10452 + 184n + 30 44n + 8

D6 Converter [22] (CRT) M4 78n2 4 180n + 288 36n + 42

*n =logy(2m + 1)

NOT as 4, 2, 2, 1, 1 and 0. The total number of transistors and the conversion time
needed for all the three-moduli set converters using the models for ROM and various
gates obtained from Table 3 are presented in Table 5. The area in terms of number of
transistors for all the three-moduli converters for n = 3-32 is presented in Table 6.
The plots showing the area in number of transistors and conversion times for all the
designs for Moduli set M2 are presented in Fig. 6a, b and for moduli set M4 in Fig. 6c,
d, respectively.

Table 6 shows that among the converters for the moduli set M2, converter D1 using
MRC needs the lowest number of transistors, whereas the proposed design D4 based
on core function needs less area than the converters D2 and D3 based on CRT and
more area than the converter D1 using MRC. The conversion time of the proposed
converter design 4 is more than that of D1. The converters D2 and D3 need much
lower conversion time than the converter I using MRC. It can be concluded that the
D1 using MRC is preferable for low area and low conversion time than the proposed
design. Considering the two converters for the moduli set M4 in Table 6, it can be seen
that the converter based on core function D5 needs more area and conversion time
than converter D6 for n >3. For n increasing from 5 to 32, the area increases from 2
to 28 % and the conversion time increases from 8§ to 18 %.

We next consider the reverse converters for the four-moduli set M5. The converter
proposed in [34] uses new CRT II by considering pairs of moduli {2" — 3,2" + 1}
and {2" — 1,2" + 3} in first level using MRC to obtain two intermediate numbers
followed by a second level also using MRC to obtain the final number. This design
uses large size ROMs together with combinational logic. The ROM model needs a =
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Table 6 Area (number of transistors) for three-moduli sets

n D1 M2 D2 M2 D3 M2 D4 M2 D5 M4 D6 M4
3 348 1462 2177 800 1518 1592
4 444 1794 2699 1034 2430 2360
5 540 2126 3221 1268 3550 3284
6 636 2458 3743 1502 4878 4364
7 732 2790 4265 1736 6414 5600
8 828 3122 4787 1970 8158 6992
9 924 3454 5309 2204 10,110 8540

10 1020 3786 5831 2438 12,270 10,244

11 1116 4118 6353 2672 14,638 12,104

12 1212 4450 6875 2906 17,214 14,120

16 1596 5778 8963 3842 29,598 23,744

24 2364 8434 13,139 5714 64,350 50,480

32 3132 11,090 17,315 7586 112,414 87,200
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Fig. 6 a Transistor requirement for moduli set M2, b conversion time of designs for moduli et M2, ¢
transistor requirement, d conversion time for moduli set M4 for three-moduli reverse converters or various
values of n
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Table 7 Hardware and conversion time comparison of converters for four-moduli set M5

Design

Hardware requirements

Conversion time T

D1

D2

D3

D4

D5

D6

D7

D8

[34] (two-level MRC)

ROM less CE [11] (two-level MRC)

CIHS [11] ROM less (two-level MRC)

C2 CE [11] (MRC with ROM)

C2 HS [11] (MRC with ROM)

C3 CE [11] (CRT with ROM)

C3 HS [11] (CRT with ROM)

Converter [26] (two-level MRC)

(26n + 8)FA 4 (2"+5 4+
32)nROM

(25.5n+ 12+
(5n2/2))FA + 5nHA +
3nEXNOR + 3n0R

(37.5n + 28 +
(5n%/2))FA + 5nHA +
3nEXNOR + 3nOR

(20n 4+ 17)FA + (3n —
4)HA+2"(5n+2)ROM

(42n + 61)FA + (3n —
4)HA+2"(5n+2)ROM

(23n + 11)FA + (2n —
2)HA+ (6n+4)2"ROM

(35n + 17)FA + 2n —
2)HA + (61 +4)2"ROM

(4n? +4n — (n/3) —

7)FA+(2n+11)HA+

(20n + o6n(logn) +

(Tn +8)tFa + 2TROM

(18n +23)tFp

(12n + 15)TpA

3trRoM + (131 + 22) 14
3tRoM + (Tn + 10)TF 4
(16n 4+ 14)tp 4 + TROM
(4n +T)tFrA + TROM

(6n+2)tps +
A +tmux + 7+
2(logn))tG + Trable2

(8n + 2)INV + 2n3 :
IMUX

(21n — 2)FA + 4HA +
(4n + 1)XNOR/OR +
(26n)2"ROM

(19n + 1)FA + (2n —
2)HA + (21 —
2)XNOR/OR +
(21n)2"ROM

(12n + 3)FA + 3n —
DHA +3n2 :

IMUX + (187)2"ROM

D9 New method I (core function) (10n + 6)TFA + TROM

D10 New method II (core function) (12n + 5)Tpa + TROM

D11 New method II (core function) (13n + 8)TFA + TROM

Mog, (2"** + 16)] and b = [log, (2"** + 16) | [26]. The hardware and conversion
time requirements in terms of basic components are presented in entry D1 in Table 7.
Converters for this moduli set using two-level MRC (same as new CRT II for four-
moduli RNS) and CRT are described in [11] which can be realized as cost-effective or
high-speed versions. Note that the high-speed designs realize modulo addition (A + B)
mod m; by computing A + B and A + B — m; using two adders in parallel and based
on the sign bit of the result of the computation of (A + B — m;), the correct output
among A + B and A + B — m; is selected. The two-level MRC-based designs use
same pairs of moduli as in [34] but use Montgomery algorithm to implement two-
moduli MRC algorithm using combinational logic. The cost-effective and high-speed
versions of these converters are presented as entries D2 and D3 in Table 7. The designs
using conventional MRC using ROM for both high-speed and cost-effective versions
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Table 8 Hardware requirements (number of transistors) and conversion times of converters for moduli set

Design Hardware requirement Conversion time (units of Ag)

1 [34] two-level MRC 552n+160+2"15n 4 24n + 17 + 2(logon) + 8n — 36
2@+ 1)+ 2P0 +
Dn+ 2P+ 1)n+160*

2 CIROM less 50n2 + 6021 + 240 72n + 92

two-level MRC CE
[11]

3 CIROM less HS 50n2 + 842n + 560 48n + 60
two-level MRC [11]

4 C2 CE [11] MRC 430n 4300 4+ 2" (5n%2 +29n +17)  52n+88 +3(1 +n + 4logyn)
with ROM

5 C2HS [11] MRC 870n + 1180 4 2" (5n% 4 29n 4+ 17)  28n + 40 + 3(1 + n + 4logyn)
with ROM

6 C3 CE[11] CRT with  480n + 200 + 2" (6n% + 38n +40)  64n + 56+ (1 +n + 4logyn)
ROM

7 C3 HS [11]CRT with 7201 + 320 + 2" (6n% +38n +40)  16n +28 + (1 +n + 4logyn)
ROM

8 Converter [11] 80n2 +228n + 36n [logyn] — 26 32n — 17 + 2logyn

9 New method I (core 478n + 8 4 2" (26n2 + 1057 + 1) 40n + 24 + (1 + n + 4logyn)
function)

10 New method II (core ~ 437n — 16 + 2" (21n2 +85n+1) 48n + 20 + (1 + n + 4logyn)
function)

11 New method III (core  312n + 50 + 2”[18112 +73n + 1] 52n + 32 4 (1 4 4logypn)
function)

*a = [logy (2" 4+ 16)7, b = [log, (25 + 16)]

are presented as entries D4 and D5 in Table 7. In both these designs, three levels of
table look-up are needed. The hardware and conversion time requirements of CRT-
based implementation using ROM for both high-speed and cost-effective versions are
presented as entries D6 and D7 in Table 7. Note that the designs 4—7 need 2" locations
for each ROM thus needing a = b = n. In the designs using CRT (entry 6 and entry 7),
only one level of table look-up is needed. The recent design of Jaberipur and Ahmadifar
[26] uses combinational logic only and uses different pairing of moduli in the first level
{2" — 1,2" + 1} and {2" — 3, 2" 4 3} from that in [34] and [11]. The hardware and
conversion time of this converter are presented as entry D8 in Table 7. Finally, the
hardware and conversion time of the three converters based on core function using
Ci(M.) =2"—1,Cy(M,) =2 —1and C3(M.) = (2" — 1)(2** — 9) are presented
as entries D9-D11 in Table 7. The corresponding count of the number of transistors
needed taking into account the component and ROM models described before for all
the eleven designs for various values of n are presented in Table 8 for moduli set
M5 together with the corresponding conversion times. The plots showing the area
in number of transistors and the conversion times for all the eleven converters are
presented in Fig. 7a, b.
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Fig. 7 a Transistor requirement for all designs and b conversion times for reverse converters for moduli
set M5 for various values of n

Figure 7a and Tables 7 and 8 show that among the converters based on core function,
the choice of core as one modulus (D9) leads to lower conversion time, whereas the
choice of core as product of three moduli (D11) leads to less area. The converter D8
[26] using two-level MRC needs lower hardware requirements and conversion times
than the proposed three converters based on core function. The designs D2 and D3
need less area than all the other converters. It can be concluded that the converter
D8 exhibits the best performance—Ilow area and low conversion time. The proposed
converters D9-D11 need less conversion time than the designs D2, D3 and D5 using
MRC and 6 using CRT. Among these, for n values below 16, the converter 8 needs
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least area. The conventional MRC-based designs D4 and D5, CRT-based designs D6
and D7, and core function-based designs D9—D11 exhibit fast increase in hardware
requirements with increase in . This results because of the large ROM requirement
due to the complicated structure of the various multiplicative inverses.

It is relevant to assess the various RNS to binary conversion methods. The MRC-
based converters need (k — 1) steps for a k-moduli RNS. Each step needs several
modulo subtractions followed by modulo multiplication with multiplicative inverses.
In the case of moduli of the type 2* — 1, the modulo subtraction can be simplified using
adders with EAC. In the case of general moduli (2° % a), the modulo subtractions
need cost-effective or high-speed modulo adders. In the case of moduli sets needing
simple multiplicative inverses having only few “’1” bits (many bits may be zero), the
multiplications mod m; when m; is 2*¥ — 1, the partial products are obtained by circular
left shift which can be added using CSA tree followed by a CPA with EAC. In the
case of modulus 2* + a, other techniques need to be used where the MSB bits of the
partial products (bits beyond x bits) need to be reduced and added with LSB bits of
all partial products leading to increase in hardware as well as computation time. In the
case of general moduli, the modulo multiplication with the multiplicative inverses may
need ROMs. Next parallel multiplications of the MRC digits d; with constants such
asmy, mymy, mymoms, ..., mymoms ...mi_1 and final addition of all the products
needs to be carried out for evaluating the final decoded number:

X =dy+dmi +domimy +dsmimoyms +---+d,_1mimoms...m,_q
(26)

In case of powers-of-two-related moduli sets, the weighting with these various con-
stants (products of moduli) can be carried out by having few partial product terms.
Using multiple level CSA and CPA, the addition of all these terms can be obtained. In
the case of general moduli sets, multipliers of various operand bit lengths (since word
lengths of the various constants are different) will be required to multiply the constants
with the MRC digits obtained and final addition needs to be performed using a CSA
tree and CPA to obtain X. The advantage of MRC is that final modulo reduction is not
needed.

All other techniques of RNS to binary conversion CRT, new CRT II and core
function use some form of CRT. We consider CRT for three different cases. In the
first case where no modulus of the form 2F is present, the various M;r;(1/M;) mod
m; can be computed in parallel and the sum S of these is reduced modulo M. This
technique, however, needs mod M reduction in a large number S. Alternatively, the
various M;(r;(1/M;) mod m;)mod m; can be computed and the results added in a
modulo M adder. For a kK moduli RNS, in the first case the sum of the various terms S
needs subtraction of a large multiple of M and the latter case needs subtraction of at
most (k — 1) M. Thus, the reduction in result modulo M is area- and time-consuming
even if the simpler latter option is chosen. In the second technique, subtracting one
of the residues r; corresponding to one modulus 7 ; from the CRT summation and
dividing by m j, the modulo reduction is simplified to a smaller size word M /m ;. The
result X y needs final multiplication with m ; and addition of r; in a final adder. In case
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one modulus is of the form 2%, the final result can be obtained by concatenating the
result and 7; without needing additional hardware. In some moduli sets, M /2% of the
form (2% — 1), so that the modulo M /2* reduction can be easily carried out using end-
around-carry operations to obtain the MSBs X g of the decoded word. This advantage
is enjoyed by the moduli sets {2",2" 4+ 1,2" — 1}, {2",2" — 1,2" + 1, 22 4 1},
(27,27 — 1,20 41,20 —2n 12 g on g on /2 1y, (27, 227 — 1,22 4 1). In the
third case, e.g., moduli sets M2, M3 having one modulus of the type 2* but with the
product of the other moduli not of the form (2% — 1), e.g., moduli set M2, M3 and
M4, we need the difficult reduction modulo a large number M /2*. This increases the
conversion time and needs more hardware. In the general case like moduli set M5,
new CRT II can be used needing only modulo (M /m,) reduction where m,, is any one
modulus in the moduli set. In this case, reduction modulo M /m, needs to be carried
out, but a final adder following (23) will be needed.

The use of core function for RNS to binary conversion aims to reduce the magnitude
of CRT summation <(k — 1)M so that the multiple of M that needs to be subtracted to
perform reduction mod M can be reduced. The sum consists of two parts [see (6)] a first
part dependent on the core C(X) and the second part dependent on some of the given
residues r; and weights w; and moduli m;. The choice of core of the form 2* — 1 or 2¢
will simplify modulo reduction to obtain the core C(X) from (5). The various C(B;)
are less than C' (M), and if they are in simple form, multiplication with residues x; can
be carried out by shifting/complementing operations and reduction modulo C (M) can
be simplified. However, if the core C (M) is not of the two forms, the computation of
C(X) needs reduction modulo C (M) which leads to more hardware and conversion
time. The computation of the second part in (6) needs multipliers. Since one of the
weights is negative, the final result can be negative as well in which case, the modulo
reduction to obtain X needs addition of M. The core function-based reverse conversion
needs invariably a final modulo M adder irrespective of whether one modulus is of
the form 2* or not. The choice of C(M) as one modulus or product of more moduli
leads to requirement of different size multipliers and adders in the two parallel paths
leading to area/conversion time trade-offs.

Thus, the choice of a particular technique MRC, CRT, new CRT II or core function
depends on the structure of the moduli, the simplicity of multiplicative inverses, the
simplicity of products of all moduli and/or simplicity of C(B;) values. For general
moduli sets where all the advantages of easy modular operations exist, CRT-based
methods or variations such as new CRT II and core function may be attractive as
evidenced by several interesting solutions. The choice of MRC is preferable in cases
where the area and conversion time needed for final reduction mod M or mod M /2%
needed in CRT or simplified CRT or core function-based conversion is compensated
by the sequential computation of the mixed radix digits and weighted summation of
the MRC digits. MRC facilitates comparison of numbers based on mixed radix digits
without needing final conversion, though in a sequential manner. In the case of general
moduli sets, all the techniques of reverse conversion need to be explored to arrive at
an acceptable solution.
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6 Conclusion

It has been shown that core function can be derived from CRT and is an approximate
version of CRT scaled by one modulus or product of several moduli. In the case of
choice of one modulus as ore, it has been shown that core function evaluates the mixed
radix digit approximately. It has been shown that the reverse conversion using core
function is exact and leads to new architectural options which need to be explored
for possible area—time trade-offs for any moduli set chosen. Three-moduli sets for
which RNS to binary conversion is more difficult than for the popular three-moduli set
{2"—1, 2", 2" +1} are considered for evaluation of the efficiency of reverse conversion
using core function. The possible area (number of transistors) and conversion times
trade-offs have been discussed taking into account realistic models for various logic
gates as well as ROM. The choice of core as one modulus or product of two and three
moduli is also studied for the four-moduli set M5 to bring out the trade-offs between
area and conversion time. Just as the computation of mixed radix digit alone cannot
give the exact location of the given RNS number in the dynamic range of the RNS
to facilitate comparison or sign detection, core value alone cannot be accurately used
for comparison or sign detection except in the case when core is product of all but
one moduli. Accurate comparison and sign detection can be performed after reverse
conversion only.

Acknowledgements The author wishes to thank the reviewers for their incisive comments which helped
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