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CHAPTER 1

INTRODUCTION AND MOTIVATION

1.1 Introduction

Digital signal processing (DSP) is widely used tpdadata compression, neural
networks, filtering and processing signals for camimation, audio, speech, video,
image, sonar, radar, seismic, sensor array anddamal applications [1]. Digital signal
processing has various advantages over analogl gigoeessing such as less noise
vulnerability, programmability and the ability teegporm sophisticated mathematical
operations which can be very difficult to perforsing analog components [1]. Digital
signals are transmitted as a sequence of sampbes &n analog-to-digital (A/D)
converter. Each sample is represented as a seqoérdigits arranged in a specific
format [2].

In order to reduce or enhance certain aspectddajital signal, a digital filter is
used. Digital filtering plays a significant role thgital signal processing applications
[3], virtual image synthesis [2], data transmissiand reception [2], database
management [2] and control applications [3]. A @bfilter is a system that performs
mathematical operations on the signal in whichdbgput is a function of present and

past inputs/outputs. The output is usually in anfasf a weighted sum produced by
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multiplying a window of samples by fixed coefficten Digital filters are generally

characterized by a difference equation represeagddllows:
y(n) =2 hx(n=k)+ > w,y(n-k) (1.1)
k=0 k=1

where,

n = sample number

y(n) = system output

x(n) = input sequence

hy,wi = pre-defined coefficients

A realization of the difference equation (Equatibd) is shown in Figure 1.1.
According to the Figure, the data flow of a digitidler mainly consists of a series of
multiplication and addition operations.

In the past, the designs of fast modules for didiliers were limited by two
factors [4]. First, the sampling rate is affectey the delay between successive
recurrence evaluations. Second, the handling ofimear oscillations without affecting
the sampling rate. Both limitations can be elin@adaby introducing online digit-serial
implementations for digital filters [4]. Since theput operands and the result of the
digital filter operation can be represented astdigctors, both the inputs and the output
may be delivered in a digit serial manner.

In serial operations, at every clock cycle one td@i each input operand is
entered and one digit of the output is deliverede @f the main reasons for having
serial input/output is to simplify the hardwareeriace and to reduce the number of

signal lines connecting modules. This results reduction in the overall area as well as
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the total power consumption. One mode of digitedetransmission is by most-
significant-digit first (MSDF). In MSDF operationbpth the input and output digits are
applied or received starting with the most-sigmifit digit. Arithmetic performed in this

mode is known as online arithmetic.

Xn d p——--------- » d

ho hi

"""""""" Yn

—p| J |- d

Figure 1.1 A Digital Filter Implementation

Online arithmetic architectures are highly attreetior digital filters because
their ability to allow early start of subsequentmputations, their compatibility with
A/D & DI/A converters, their shorter execution timesvariable precision operations,
and their simplified input/output interconnectigb$ Such benefits of online arithmetic

have prompted many researchers in developing difteonline architectures for digital
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filters [2] - [11]. Online arithmetic has also bedound useful for matrix-based
operations, DCT, FFT and CORDIC algorithms [12].

Despite the numerous research which targets inmpgawe throughput of DSP
applications using online arithmetic, to our knodge none has addressed the possible
integration of online arithmetic with adaptive éifs. Adaptive filters are digital filters in
which the filter characteristics are modified ardhpted to achieve desired objectives
without user intervention [13]. They provide elegasvolutions for non-stationary
environments or environments with unknown statsstitn modern communication
systems, adaptive filters play an importane rmm the fields of equalization, noise
cancellation, linear predication, system idendificn, and control systems [14]. They
are proven to be highly effective in achigyhigh efficiency, quality and reliability
in ubiquitous telecommunication environments [13].

The purpose of the adaptive filter is to mimic behavior of an unknown digital
filter. This is done by having the adaptive filtemefficientsﬁ(n) equal those of the

unknown filter, h(n)ithin a minimum number of samples. The outputhe adaptive
filter is subtracted from the output of the unknosystem that has been affected with
additive noise. Based on the result of the subtmagcthe filter coefficients are updated
for the next sampling period using some adaptikterfalgorithms. Figure 1.2 shows a
general outline for such adaptive systems [14].

However, unlike digital filters, the dominant opgoas of many adaptive filter
algorithms consist of a series of multiplicationedadivision operations. These

additional mathematical operations are neededderaio update the filter coefficients.
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Examples of such algorithms are: The Recursive tLésguare Filter [16], the

Normalized Least Mean Squares Filter [13] and theeldtNorm LMS-LMF filter [17].

The mathematical formulations of each of these w@dapfilter algorithms are

represented as follows:

1. The Recursive Least Square Filter:

h(n) =h(n-1) +k(n)d(n) +k (Nh(n-Dx" (n)

k(n) = P(n-1)x(n)
1+x" (N)P(n-1)x(n)

2. Normalized Least Mean Squares Filter:

e(n)x(n)
x|’

ﬁ(n+1) = ﬁ(n)+,u

3. Mixed-Norm LMS-LMF Filter:

A(n+1) = A(n) +[a,&(n) + 20- @, ) ] 2 )
(o

where,
ﬁ(n) : the adaptive filter coefficients
k(n): the gain factor
d(n): output of the unknown system
x(n): the input vector
e(n): error

|X(n)||: Euclidean norm of the vector X(n)

w: step size
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Figure 1.2 General Adaptive Filter System

For instance, the hardware architecture of thenddized Least Mean Squares
Filter is shown in Figure 1.3. Based on Figure 1% adaptive filter arithmetic
implementation mainly constitutes of multiplicatiaperations followed by a division
operation. The consecutive multiplication and doris operations can be merged
together into a single arithmetic unit called a tmplication-division operation.
Multiplication-division operations are independanthmetic units that computes
Q = A *B /D, where A is the multiplier input, B ithe multiplicand input, D is the

divisor input and Q is the quotient output.



Figure 1.3 Data flow path for the Normalized Least Mean Squareadaptive filter algorithm

An online implementation of such kind of adaptivikefs requires an onlin
implementation for a multiplicatic-division unit. To the best of our knowledge, th
have been no reports of algorithms or implementatior online multiplicatio-division
in any existing literature or patents. Although sefmraperations for onlin
multiplication and online division operations doigx implementing adaptive filte
using these single online multiplication and dietsbperations requires large amoun
unnecessary hardware and have long latencies. Suclenmeptations arinefficient
especially in today’s highly competitive markehere applications such as c
phones, hearing aids, and di¢ audio devices require an ever increasnumber of

constraints orarea, power and speed [14]. Therefore, in ordefficiently implement
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adaptive filters using online arithmetic architee) a high-performance online

multiplication-division algorithm is required.

1.2 Thesis Objectives and Organization

The purpose of this thesis is to devise an algoritbr an online multiplication-
division arithmetic operation. In this thesis wotikyo novel algorithms for online
multiplication-division are introduced. The firstgarithm, Online Multiplication-
Division with Parallel Divisor computes Q = A*B/D, given that the multiplicandl) (
the multiplier (B) and the quotient (Q) are onlimguts/outputs while the divisor (D)
input is received in parallel. The second algoritkully Online Multiplication-Division
based on Composite Algorithmomputes Q = A*B/D given that A, B, D and Q alle a
online inputs and outputs. Both algorithms delitrer remainder in parallel. Because the
first algorithm has a shorter latency and higheoughput compared to the latter, it is
useful for environments when the divisor is a cansbr is readily available before the
online operation begins. Since all online divisiand online multiplication-division
algorithms may require a correction stage at tlsé dbock cycle, a generic high-speed
correction stage algorithm is also proposed in thesis that can be consolidated with
either of the two algorithms.

The objectives of the thesis are: (1) to study remb online arithmetic
operations. (2) to devise an on-line algorithmrfaritiplication-division for both parallel
input divisors and online input divisors. (3) Prepdiardware implementations for both

algorithms. (4) Model and simulate the proposednenmultiplier-dividers using a
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Hardware Description Language (HDL) such as Veril@) Synthesize the HDL
models and evaluate both algorithms performandeieficy in terms of time and
hardware complexities. (6) Model and synthesize oafine multiplication-division
arithmetic operation, consisting of cascaded onfimdtiplication and online division
units as a reference implementation for performammaparison in terms of timing and
hardware costs.

The rest of the thesis is organized as followschapter-2, online arithmetic
background information is given. This chapter alsdudes literature survey of reported
online arithmetic operations, e.g. online additionyltiplication, division and on-the-fly
conversion. Chapter 3 provides a detailed discassinthe two proposed algorithms for
online multiplication-division together with thamathematical proofs. The chapter first
starts by describing the sequential modular mudtplon algorithm of Koc and Hung
[15] which is followed by a step by step explanatmf how to convert the Koc-Hung
Modular Multiplication into an online multiplicatmedivision algorithm. Chapter 3 also
includes a detailed description of a unified fudiyline multiplication-division algorithm
in which the divisor is an online input. The algbm is developed using composite
algorithms based on the conventional methods ofpedimg multiplication-division
operations. Later in the same chapter, a high-spegdction stage is proposed.

Chapter 4 presents the hardware implementatioheofwo proposed algorithms
compared to the conventional online multiplicatdimision implementation. Synthesis
results and discussion are also presented in Qhdpteonclusion and future work are

given in Chapter 5.



CHAPTER 2

BACKGROUND

2.1 Serial Arithmetic

In serial operations, at every clock cycle one td@i each input operand is
entered and one digit of the output is deliverede @f the main reasons for having
serial input/output is to simplify the hardwareeiriace and to reduce the number of
signal lines connecting modules. This results reduction in the overall area as well as
the total power dissipation.

There are two modes of digit-serial transmissidre teast-Significant Digit
First (LSDF) mode, and the Most Significant Digitdt (MSDF) mode. In the LSDF
mode, the digits of the operands are applied $ersthrting with the least-significant
digit (Figure 2.1A) and the digits of the resulegoroduced starting with the least
significant digit first as well. This mode is alknown as right-to-left mode. Conversely,
in the MSDF mode, both the input and output digits applied or received starting with
the most-significant digit (Figure 2.1B). Arithmefperformed in this mode is known as

online arithmetic, and the corresponding latendgniswn as the online delay [18].

10
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MSD LSD MSD LSD

MSD LSD

_

MSD LSD

MSD LSD

MSD LSD

(a) LSDF (a) MSDF

Figure 2.1 Data Flow during Digit Serial Operations

2.2 Online Arithmetic

On-line arithmetic, introduced by Ercegovac in 1979], has been considered
as an efficient solution to applications in comnuation and many signal processing
problems [6], [9], [12] and [21]. Online arithmetatgorithms reduce the computation
time of long sequences of arithmetic operationsabgwing overlapped executions
between sequential operations.

Generally, online schemes for digit-serial impletagions are favored over
LSDF schemes for several reasons. First, unlike E®pPerations, division and square-
root calculations only work in the MSDF directior22]. Second, most digital
communication systems operate on data obtained Apalogue to Digital Converters
(ADC). Low cost ADC's such as Successive Approxioms (SA) produce the result
one bit at a time starting with the most significhit first (MSBF) [22]. Third, in some
signal processing applications, results of arithenaperations need not be calculated in

full precision. Unlike LSDF, online arithmetic opdions allow truncation and rounding
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of the result with the least number of clock cyclésurth, online arithmetic eliminates
the time-consuming carry-propagation during addif@?].

An important characteristic of online arithmetictihe online delay or latendy
The online delay is the minimum number of operaigltsl required to be received
before the first digit of the output is generat€derefore, the”] digit of the output result
appears after receiving jétdigits of the input operands. Figure 2.2 illustsathe case of
an on-line delay o = 2. Although this overhead time may appear asadgantage for
implementing online arithmetic architectures, thelagl is usually compensated by

overlapping the execution of successive operations.

Input A: A B U By B
Input B: kb, by by bs bs by bs
Output Y: «0— V1 Y2 ¥3Ya Y5 Yo Y7 V8

Example of6 = 2

Figure 2.2 An Online delay of 2

As shown in Figure 2.3, parallelism can be achidvgdverlapping arithmetic
operations at the digit level [23]. A short deldteathe first digit of the result becomes
available for the next operation. The operationsctvtuse as input the result of the
preceding operations does not have to wait forpitevious ones to finish in order to
start execution. Accordingly, online arithmeticesffively overlaps arithmetic operations

with strong data dependencies [23].
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OP 1 |

OP 2
OP3

| OP 4

(a) Conventional Arithmetic

LLlloprif ]|
Ll loea] |||
LLllop3|]]]
Ll loralll]

PO 5 (8 8

(b) Online Arithmetic

Figure 2.3 Timing of sequential operations using conventi@l (a) and online arithmetic (b)

Another important characteristic of online arithioes the use of redundant
number representations. A given value may haverakvepresentations introducing
flexibility in computing output result digits on éhbasis of the available partial
information of the input operands. Redundancy alkows the possibility of limiting
carry propagation up to only one digit positioneifé are two commonly used types of

redundant number representations; signed digitamy-save [18]. Signed-digit number
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representations are more commonly used for onliitenaetic. Redundant signed-digit

number representation permits negative digit valdes example 2B can also be
represented as 267, i.e. 270 — 3 = 267. The oofputline arithmetic is represented in a
radix-r redundant number system with a symmetrigitdset {{, ..., p}, where
m<psr-1.

There are three main properties that generally adterize on-line arithmetic
algorithms [5]:

(1) Operands and results should be in a fractiomaline form such that the

values of inputs A, B and the output C at time pwddbe:

ito

Aj1=>ar" =ANj-1+a,,r
i=1

i+o . 4
B[j]=) br~ =B[j -1 +b,r 0+

i=1

i ) )
Clil=Ycr =Clj-1+c,

i=1
(2) A residual function, G, determines the interstake, W, of the operation:
w! =W, A j], B[jl,CLi])
(3) A selection function S that defines the outgidit ¢ which, in general,

depends on the internal state, the inputs andéopitévious outputs:
c; =SW'™, Alj], B[j],C[j -1])
For k-bit inputs/outputs, the online algorithm &tss for a total 06 + k clock
cycles. The input digits are introduced in thetfksclock cycles and are 0 afterwards.

On the other hand, the output digits are O in tin& 6 clock cycles. During each

iteration, the online algorithm evaluates a requesexpression and generates the next
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output digit by executing a digit selection functibased on the result of the recurrence
evaluation.

The following sections describe reported hardwalgordhms for on-line

addition/subtraction, on-line multiplication, omdi division and on-the-fly conversion.

2.3 Online Addition/Subtraction

The online addition algorithm performs serial aidfit of two signed-digit
operands in the most-to-least direction. Additienperformed through a carry-free
signed digit adder. Online addition for a radixsth r > 2 has an online delay &f= 1.
Assuming a balanced digit set[«] and a radix r > 2, the online addition algorithtas
compute Z = X+Y may be expressed using the follgwgquation [18],

Zi=G+t§
where ¢, and sare given by:

O X2+ Yiso) if |Xi+2 + yi+2| <a-1l
(Cia1rSu2) =9 @ Xip + Viupy =) if X.,+Yy.,2a
(L%, t Y, 1) if X, ty,,<-a

where r/2<o< r—1 and
i ranges from 0 to n-1

Figure 2.4 illustrates the physical implementatdma radix-r online adder.

Table 1, demonstrates a radix-4 online additiomgx{a with digit set [-3, 3] operands:
X =.123301 Y = .213322.

The result is Z = 1.01221



Xi+2 Yi+2
o
Digit Adder
carry S

Ci+1

Figure 2.4 Radix-r online adder (r = 2")

Table 2.1 Example of radix-4 online addition

| | Xi+2 | Yieo | Gi+1 | S+2 | Sw1 | Ziv1 | Zi
0 1 2 1| -1 0 110
1 21 -1 0 1) -1 -1 1
2| 3| 3| -1| -2 1 0]-1
3 3 3 1 2| -2 1|0
4 0 2 0 2 2 21-1
5 -1 2 0 1 2 2| 2
6 0 0 0 0 1 1| 2
8 0 0 0 0| O 0| 1
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2.4 Online Multiplication

Two types of online multiplication algorithms haveen proposed by Ercegovac.
The first algorithm is used only for non-redundhimtary inputs. The other algorithm is
used for inputs that can be represented in botharpirand signed-bit number

representation.

2.4.1 Online Multiplier for Normal-Digit Inputs

Ercegovac and Trivedi proposed the Online Multipfer Normal-Digit Inputs
algorithm in 1977 [20]. The n-digit input operandsand B are received serially with
most significant-digit first. The digit of the prodt C is produced serially after a delay
of 8 = 2. The output is represented in a radix-r reldum number system with a
symmetric digit set of {-p, ... , p}. The full prston of the output is generated after 2n +
2 clock cycles. The algorithm defines a residuaicfion WY which is computed

according to the following recurrence relation witianging from 1 to 2n + 2:

WO =rW9™? —c,_ )+ A jlb, +a,B[j -1] (2.1)
where W? = 0, A[0] = B[0] =0 and §= 0
A[j] and BJ[j] are vectors that are represented iy following equations:

Ail=Y 82", Bljl=Y b2

i=0

The digit serial output is based on the followingitdselection function:
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o= signw ) oW @[ +1/2 if WP < p
) sign(\N‘”)D\_W“)J otherwise

Exampleof radix-2 operation:
Assume that the inputs are: A =0.01011101, B021010101

The computed output is C = 0.0010100000011

C is then converted to conventional format: C 0001010000001

Table 2.2 Example of Ercegovac online multiplication fomormal digits

J Alj] B{-1] | & |b | Alilb+Bli-13 W] G | 2Wj]-)
1 ]0.0 0.0 0] O 0.0 0.0 O O

2 [0.01 0.0 1] 1 0.01 0.01 g 0.1

3 |0.010 0.01 0| 1 0.01 0.11 1 -01

4 |0.0101 0.011 1, 1 0.1011 0.0011 0 0.011

5 [0.01011 0.0111 1] 0 0.01110 0.11010 1 -0.0110
6 | 0.010111 0.01110 1 {1 0.110011 0.011012 0 0.11011
7 |0.0101110| 0.011101 g 0 00 0.11011 1 -0.0101
8 |0.010111010.0111020| 1| 1 0.110100013 0.10000001 | -0.1111111
9 |0.01011101 0.0111010340 | 0O | 0.0 -0.1111111 -1 0.000001
10| 0.010111010.011101030 [0 | 0.0 0.000001 0| 0.00001
11| 0.010111010.0111010330 |0 | 0.0 0.00001 0| 0.0001
12| 0.010111010.011101030 [0 | 0.0 0.0001 0| 0.001

13| 0.0101110710.0111010330 |0 | 0.0 0.001 0| 0.01

14| 0.01011101 0.011101030 [0 ] 0.0 0.01 0] 0.1

15| 0.010111010.0111010330 |0 | 0.0 0.1 1| -1

16| 0.01011101 0.0111010330 |0 | 0.0 -1 -11 0

2.4.2 Online Multiplier for signed-digit inputs

This second type of online multiplier was also megd by Ercegovac and
Lang [18]. The algorithm accepts inputs represente@ither binary or signed-digit
representations. The compatibility with signed-digiputs provides an advantage for

recursive applications where the signed-digit otgpean be used directly for further
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operations without conversion to binary represématHowever, this new approach
increases the on-line delay to= 3. The total number of clock cycles required to
compute the output in full precisionis T= 2n+ 3
The residual function is decomposed into the follmrmwo functions:

VO =20W8™ + 27 Ob, A j]+a,B[j -1])

wd =y —¢.

J

where W? = 0, B[0] =0, 1<j<2n+3.
The serial output depends on the product-digitctiele function:

1 if ysvW<7y
c,=10 if -p<svW<y
-1 if —2svW <=3

The hardware architecture of this type of onlineltiplication algorithm is
shown in Figure 2.5. A [4:2] compressor is usedpeed up the addition,
2WO + 23p,A[j] + 2733B[j-1]
Since the [4:2] compressor produces a sum in a tdrencarry-sum pair (VC, VS), a 4-
bit estimate of V is calculated by adding the 4 treagnificant bits of VS and VC. This
estimate is produced by thé block. TheM block then performs subtraction gfto
obtain W.

Examplefor radix-2 inputs:
A=0.10111110 B =0.1101011

Table 2.3 shows that the computed product (trudasec = 0.1001110 while

the true product in conventional form is ¢ = 0.0010110000010
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Table 2.3 Example of online multiplication for signed didgts

] a by All] B[j-1] Vi G WI]
1 1 1 A .0 00.0001 0 00.0001
2 0 1 .10 A 00.00110 0 00.00110
3 1 0 101 A1 00.011110 0 00.011110
4 -1 -1 .1001 110 00.1100011 1 11.1100011
5 -1 1 .10001 1011 11.10000111 0 11.10000111
6 1 0 .100011 10111 11.0010010J0 41  00.00100101
7 1 -1 .1000111| .101110 00.01001111@ | 00.0100111101
8 0 1 10001110 .1011011 | 00.10110000Q11 11.1011000001
9 0 0 .1000111¢.10110111 11.011000001| -1| 00.01100000f
10 [ O 0 .10001110.10110111f 00.11000001 1 11.11000001
11 [0 0 .10001110.10110111f 11.1000001 0 11.1000001

2.5 Online Division

An on-line division unit computes Q = N/D such thhe quotient digits are
generated at the same rate as the operand digiteeegived. The online division is

implemented using the following recurrence equali#j:

W =2WI™® -q_,D[j-1]) +n;,, 27" -d;,,Q[j -1]2" (2.2)
where,
Qo =Q[0] =0, W =N[0] andR=d=00k=n

The following conventions are used for the digittoes:
; & -i : & -i : j -i : j -i
N[i1=2"n2", D[j]=>"d;2" ,W[j]=> w2",andQ[j] =D g2
i=1 i=1 i=1 i=1
The quotient digit is produced by the selectionction:

1 ifW=1/4
g, =Selw)=:1 fw<-1/4
0 otherwise
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cr=1if bi<0

A A

c.=1if a<0

Figure2.5 Radix-2 Online Multiplier
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However, the input operands must satisfy thesectwalitions:

(i) N<D

(i) %<D«<1

The on-line delay of the above algorithmdis= 4 and accordingly, the recurrence
relation only works after the first four digits areceived. Thus the first 4 clock cycles
are labeled by the clock cycles -3 to 0. The resnge relation then starts from clock
cycle 0 to n. All operations are performed in fracs and the result is delivered in
signed-bit-representation.

Examplefor 6-bit radix-2 inputs:

N =0.010011
D =0.110110

Table 2.4 Example of a radix-2 online division
| n; d; N[ D] WIj] g Qli]
-3 0 1 0.0 0.1 0 0 0
-2 1 1 0.01 0.11 0 0 0
-1 0 0 0.010 0.110 0 0 0
0 0 1 0.0100 0.1101 00.010 0 0
1 1 1 0.01001| 0.11011 00.10012 1 0.1
2 1 0 0.0100110.11011 | 11.1001| 1 0.11
3 0 0 0.0100110.11011 | 00.1101} 1 0.111
4 0 0 0.0100110.11011 | 11.1111] O 0.111
5 0 0 0.0100110.11011 | 11.111 | © 0.111
6 0 0 0.0100110.11011 | 11.11 | © 0.111

From Table 2.4, the output result is Q =11000 = 0.011000 = 0.375 which is

the closest result equal to 0.351851851 that caexpeessed within a 6-bit number.
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According to [18] the online division algorithm cée efficiently implemented

in hardware by reducing the data dependenciesuatip 2.2, using carry-save adders,

and by merging the term$j+42‘4 with d,,,Q[ ] -1]2™* into a single unified number.

The data dependency in equation 2.2 can be reduceglitting the equation into two

recurrence functions:
vi=2w!+n,,2"~-d, Qj-12" (2.3)
Wit =V - g, D[ j]

with the selection function depending on V:

1 ifv=1/4
q, =Selv) =<1 if V<-1/4 (2.4)
0 otherwise

As a result, in each iteration the outppbgly depends on the calculation of V

i.e. the sum oW’ +n,,,2™* -d,,,Q[j -1]2* instead of the lengthy summation of W

j+4
as in equation 2.2. Due to the use of carry-saderadV and W are then represented as
n+6 bit carry-sum pairs defined as (VC, VS) and (WALS). The first 2 bits are integer

bits while the rest are fractional bits. The 2 g&ebits consist of a sign bit and the other

is for accommodating the left-shift of W in equati®.3. The four additional fractional
bits are for accommodating the multiplication pssef2™ a(n;., —d;.,Q[J -1]) .
Since the selection function depends on V in itsvemtional form, an estimate

of V, denoted a¥ is calculated from (VC, VS) . The estimation isfpemed using a 5-
bit carry-propagate adder which sums the 5 mostHgignt bits of VC, i.e. V& VC,.

VC_; VC.; VC_3 with the 5 most-significant bits of VS, i.e. Y8%. VS1 VS, VSs. The
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4 most significant bits of the estimate is then pared with £00.01 using the selection
function.

Furthermore, to reduce the number of input operdmdsarry-save addition, the

terms n].+42‘4 and d;,,Q[] -1]2* are merged together into a single value. Since
n;.,2" can be either (00.0001), (11.1111) or (0), ahdQ[j —1]2"can be either (0),

(00.0000QJj-1]) or (11.1212@[j —-1]), it is possible to unify the 6 most-significaritsb

using a combination ofia and ¢k4. This is done by using @-block that produces a
unified 6-bit value based on Table 2.5. The U-blixkhen concatenated witi'Q[j-1]

and passed as a single input to the carry-save &dealculating V.

Table 2.5 The U-Block Function

n d §] ‘ n d U

j*5 j*5 j+5 j*5
1 1 00.0000 |1 01 | 00.0001
0 1 111111 | O 01 | 00.0000
1 1 11.1110 1 01 |11.1111

The overall online division algorithm using cargve adders is summarized in

Algorithm 2.1.

Algorithm 2.1 Online Division Algorithm

l.[initialize]
D[0]=Q[0]=W °=0

for j=-4t0-1
D[] -~ CAD[-1d )
V =2W! +n ,,2*
wt o oVl

end for
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2. [Recurrence]
forj=0..k-1
Dl - CAD[-1d )
VI =2W 40 g 02 —d g oQ[-1] 27
V=VC,,+VS,,
g; = SELD( V)
W Vvi-q ;D
Ql -CAQI-1a ;)
Output q
end for

The corresponding hardware implementation for Atgon 2.1 is illustrated in
Figure 2.6. TheCA blocks are for converting the accumulated valded and gto 2's
complement representation using on-the-fly coneergexplained in Section 2.6). The
LN andLD blocks are single bit flip-flops. The two 6-bitroasave adders are for

calculating V — gDJ[j] and 2W’ +n,,,2™* -d,,,Q[j-1]2™. The twoMUX block are

multiplexers to compute;.@[j] and d.4*Q[j-1]. TheV block is a 5-bit carry-propagate
adder to determine the estimate de.\FinaIIy, theSelm block performs the selection

function to produce the output g

2.6 On-The-Fly Conversion

On-the-fly is a conversion algorithm developed bgdfjovac and Lang [25] to
convert binary signed digit online inputs into centional representation. The algorithm
receives a k-bit inputjgone bit at each clock cycle starting with the trsignificant bit.
After k iterations, the algorithm produces a kmitput QJ[j] in 2's complement format.

To avoid carry propagation, an intermediate resalled QM][j] is used. At each



26
iteration, both Q[j] and QM]Jj] are updated usingpepding operations based on the

following conditions:

(Q[11,0) if q; >0

QML +1]:{(QM[J],1+Q,») f g, <0

Qjlja,) ifa; 20

U+ ={(QM[J'],1) it q,<0

For example, the input 0.101101 can be converted to conventional representason
shown in Table 2.6. The solution is determinethatlast clock where QJj] =

0.01100101.

Table 2.6 On-the-fly Conversion Example

QMI] Q[

0.0 0.1
0.01 0.10
0.010 0.011
0.0110 0.0111

0.01100 0.01101
0.011000 0.011001

0.0110001| 0.011001(
0.01100100 0.01100101

~No| o] MW N RO
R OFRIFIRFIORKL
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q —> CA-Reg Q dj+s ; CA - Regﬂ
Qi | Qm Di+1] | Dfj+1]
Nj+5 Ak {k i k 1«
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Figure 2.6 Hardware Architecture for a Radix-2 Online Division



CHAPTER 3

ONLINE MULTIPLICATION-DIVISION

3.1 Koc-Hung Modular Multiplication

The modular multiplication algorithm proposed bydkand Hung [15] performs
modular multiplication by interleaving the shiftérsadd procedure for multiplying two
numbers with a customized modular reduction st&pe. modular reduction steps are
based on a sign estimation technique that estimdiessign of a given number
represented by a carry-sum pair produced by a-savg adder. Carry-save adders are
used to eliminate the problem of carry-propagateading to more efficient hardware
implementations [15].

In a modular reduction operation (X mod M), X ismqmared with some integer
multiple q of M. Hence, the result of the compamnise determined by calculating the
sign of (X - gM). For non-redundant numbers repnésd in 2’'s complement, the sign is
indicated by the most significant bit. However, whearry-save addition is used, the
sign of the resulting carry-sum pair may not bedilgaavailable and the precise
determination of the sign requires the computatibtine total sum. Computing the sum

may take O(n) time with a carry-propagate addectviignificantly increases the delay.

28
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Instead, the authors developed a sign estimaticdmigue for detecting the sign of the
carry-sum pair.

The sign estimation algorithm computes the sigraafumber only when the
number is large enough in magnitude. Given twalyimumbers C and S representing
the carry-sum components of an (n + 4)-bit 2’s clement number, the sign estimation
function ES(S,C) adds the 5 most significant bifstlee sum (S) and carry (C)
components of the number, i.e. ES(S,Cl=.81+ Ch+3:n-12. The sign estimation function
returns of the 3 possible results:

1. The sign is positive (+): if ES(S,E)1

2. The sign is negative (-): if ES(S,€)2

3. The signis unsure (£): if-2<ES(S,C)<1

Algorithm 3.1 computes P = AB mod M, where M is ik number. The most
significant bit of the modulus must be 1, &1 M < 2 The inputs A and B are
positive numbers that are less than M. The paptiatluct is represented in signed 2's
complement carry-save pair format (PC, PS) using kits, i.e. 4 additional bits are
needed. The left-most bits RSand P&,z are used as sign bits while the other three
bits are required to accommodate the scaling fauftif.

In line 1, the modulus is scaled by a factor of Bis ensures that the partial product
(PS, PC) stays within the rangélx (PS+PC)/8 <'¢! after the addition of 8 (lines
4, 5 and 6) in each iteration. Lines 2 to 8 perfaombined shift, add and modular
reduction operations. The iteration index i codndsn k-1 down to -3, thus A A, and
Az are defined to be 0. The three extra iteratiomspmmsate for the use of the scaled up

modulus. The assimilation of PS, PC and the camedtep are in lines 9 and 10. The
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correction step ensures that the generated remdiaddetween 0 and M, i.e.eH0,M).

Finally in line 11, the result is scaled back blyeBore being returned.

Algorithm 3.1 Koc-Hung Modular Multiplication Algor ithm

1. M:=8M,PS:=0,PC:=0

2. Fori=k-1,k-2,...,0,-1,-2,-3 do

3. begi n

4. |F ES(PS,PC) >1 then (PS,PC):=2PS+2PC+A B—M"
5. ELSEI FES(PS, PC) <-2 then (PS, PC):=2PS+2PC+A B+ M
6. ELSE (PS, PC):=2PS+2PC+A iB

7. ES(PS,PC):=PS ka1 T PCiuzka

8. End

9. P=PS+PC

10. IFP<O then P:=P+M

11. Return P/8.

The correctness of the modular multiplication aldpon can be proven by showing

throughout the for loop:

PS+ PCD[—Bﬂ,Mj (3.1)
4 8

The correction stage (lines 9-11) returns a fiealitt within the range [0,M)

In linel, PS and PC are initially set to 0, thus ¢ondition of equation 3.1 is true. To
show that equation 3.1 remains true after evematiten, the three cases of the sign
estimation need to be considered:

« ES (PS, PC) = (+): in this case PS + PE 2* > M'/8, and thus PS + PC is
within (M'/8, 7M’/8). After execution of line 4 iMlgorithm 3.1 by shifting
PC/PS, addition of 8 and the subtraction of M, PS + P([-3M /4, 7TM'/8).
Proof. Assume that (PC, PS) at the beginning of itemaiias equal to the

maximum theoretical value i.e. (PC + PS) = 7M'/&c8 the inputs A and B
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should be less than M, we can also take into cengitbn that at iteration i ;B
is equal to its maximum value M'/8 -1.
Hence, at line 4,
(PS + PC) =2*7TM"/8 +( M/8 -1) — M = (14M+M"-8NI8 — 1
=7TM/8-1<7M/8
On the other hand, by considering@A= 0 and (PC+PS) equals to its minimum
value, i.e. (PC+PS) = M'/8, the execution of linedults in:
(PS +PC) =2*M/8 + 0 — M = (2M'-8M")/8
=-6M/8 = -3M'/4
Thus the conditions for equation 3.1 remains tifter &xecuting line 4.
ES(PS, PC) = (-): in this case PS + PE€ -2¥ < -M'/8, and thus PS + PC is
within [-7M'/8, -M'/8). Once shifting, addition oA;B and the addition of M*
are done according to line 5, PS + BG-3M'/4, 7TM'/8).
Proof: Assume that PC, PS at the beginning of iteratiols equal to the
maximum theoretical value i.e. (PC + PS) = -M'/&1c8 the inputs A and B
should be less than M, we can also take into censin that at iteration ;8
is equal to its maximum value M'/8 -1. Hence theerpbounds of equation 3.1
are satisfied after executing line 5,
(PS +PC) =-2*M'/8 + (M/8 -1) + M = (-2M +M +8M/§ — 1
=7M/8-1<7M/8
On the other hand, by considering3A= 0 and (PC+PS) equals to its minimum
value, i.e. (PC+PS) = -7M/8, the execution of neesults in:

(PS+PC) =-2*7M/8+ 0 + M" = (-14M"+8M")/8
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=-6M/8 = -3M'/4
Thus the conditions for equation 3.1 remains tifter &xecuting line 5.

« ES(PS, PC) = (+): in this case, it is guaranteed that PS +P[E3-2%, 3.5
[-3M/8, 3M'/8). Once shifting and addition ofiB\ are done, PS + R{-
3M'/4, 7TM'/8).

Proof Assume that PC, PS at the beginning of iteraiios equal to the
maximum theoretical value i.e. (PC + PS) = 3M'/8c8 the inputs A and B
should be less than M, we can also take into censin that at iteration ;8
is equal to its maximum value M'/8 -1. Hence theerpbounds of equation 3.1
are satisfied after executing line 6 as follows,

(PS + PC) =2*3M'/8 + (M'/8 -1) = (6BM'+M")/8 — 1

=7M/8-1<7M/8

On the other hand, by considering3A= 0 and (PC+PS) equals to its minimum
value, i.e. (PC+PS) = -3M'/8, the execution of lghalso satisfies the lower
bounds of equation 3.1 as follows:

(PS + PC) =-2*3M'/8 + 0 = -6M'/8 = -3M /4
Thus the conditions for equation 3.1 remains tiftex &xecuting line 6.

After completing the for-loop, the sum PS + BQ-3M /4, 7M'/8) LI[-M", M").
The final summation and selection of lines 7 tmSuzes that the result produced is in
[0, M") =[0, 8M).

Example :

Assume that we need to compute 13 * 14 mod 15.
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Let, A = (13)0 = (1101), B = (14)0= (1110}, M = (15)0 = (1111}, k = 4 bits
Initialization: M" = 8M = 0111_1000, PS = 0000_00& = 0000_0000, ES = 00000
For loop from i = 3 to -3 is given in Table 3.1.
Assimilation: P = PS + PC = 1001_1000
Correction: P=P + M  =1001_1000 + 0111 1000 610@000

Result: P =P/8 =00 _0010 ={2)

Table 3.1 Example of Koc-Hung Modular Multiplication

i |AB ES(PS, PC) | PS, PC

3 | 0000_1110 | 0_0000 2PS:  0000_0000
2PC:  0000_0000
A B: 0000 1110
PS:  0000_1110
PC:  0000_0000
2 | 0000_1110 | 0_0001 2PS:  0001_1100
2PC:  0000_0000
-M':  1000_1000
A B: 0000 1110
PS:  1001_1010"
PC:  0001_1000
1 | 0000_0000 | 1_0110 2PS:  0011_0100
2PC:  0011_0000
+M":  0111_1000
A B: 0000 0000
PS:  0111_1100
PC:  0110_0000
0 | 0000 1110 | 1_1011 2PS: 1111 1000
2PC:  1100_0000
+M™: 0111_1000
A B: 0000 1110
PS:  1101_1110
PC:  0110_0000
-1 | 0000_0000 | 0_0111 2PS: 1011_1100
2PC:  1100_0000
-M’:  1000_1000

1 . . .
It is assumed that a 4:2 compressor is used t@2®8n+ 2PC + B8 + M
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A;B: 0000 0000
PS:  1111_0100
PC:  0001_0000

-2 | 0000_0000 | 0_0000 2PS: 1110_1000
2PC:  0010_0000
A;B: 0000 0000
PS:  1100_1000
PC:  0100_0000
-3 | 0000_0000 | 0_0001 2PS: 1001_0000
2PC:  1000_0000
-M": 1000_1000
A;B: 0000 0000
PS:  1001_1000
PC:  0000_0000

3.2 Multiplier-Divider based on Koc-Hung Modular

Multiplication

The modular multiplication algorithm presented I tfprevious section can be
slightly modified to also yield the quotient resudf from dividing (A*B) by M. As a
result the modified algorithm implements a mul@pidivider which computes (A-B/M)
producing both a quotient Q and a remainder R su@hA*B = Q*M + R. Since A and
B are less than M, the resultant Q will always ésslthan M. Hence, the maximum size
of Q is k-bit long and an overflow cannot possibigcur. Algorithm 3.2 shows the
pseudo-code of a multiplier-divider based on Koaglumodular multiplication

approach.

Algorithm 3.2 Multiplier-Divider Algorithm

1. M:=8M,RS:=0,RC:=0,ES:=0,Q:=0
2. Fori=k-1,k-2,...,0,-1, -2, -3 do
3. begin




4 ES(RS, RC) =RS k#3k1 T RCk+3:k—1

5 | F ES(RS, RC) 21 then

6 (RS,RC):=2RS +2RC + A iB—M
7. Q=20+1

8 ELSEI F ES(RS, RC) <-2 t hen

9

. (RS,RC):=2RS +2RC + A B+ M
10 Q:=2Q-1
11. ELSE
12. (RS, RC):=2RS + 2RC + A B
13. Q:=20Q
14. End

15. R=RS+RC

16. IFR<O t hen
17. R=R+M

18. Q:=0Q-1

19. ReturnR/8, Q.

Example

Assume we would like to compute: 15Q + R = 13*14/15
Let, A = (13)0 = (1101), B = (14)0= (1110}, M = (15)0 = (1111}, k = 4 bits
Initialization: M™ = 8M = 01111000, RS = 000000@&C = 00000000,

ES = 00000, Q = 0000

For loop fromi=3to -3,

Table 3.2 Example of Multiplication-Division Based on KoeHung Modular Multiplication

i [AB ES(RS, RC) | RS, RC Q

3 | 0000_1110 K 0_0000 2RS:  0000_0000 | 0000
2RC:  0000_0000
A.B: 0000 1110
RS:  0000_1110
RC:  0000_0000
2 | 0000_1110 | 0_0001 2RS: 0001_1100 | 0001
2RC:  0000_0000
-M":  1000_1000
AB: 0000 1110
RS:  1001_1010
RC:  0001_1000
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1 | 0000_0000 | 1_0110 2RS: 0011_0100 | 0001
2RC: 0011_0000
+M™: 0111_1000
A B: 0000 0000
RS: 0111_1100
RC: 0110_0000
0 [ 0000_1110|1_1011 2RS: 1111 1000 | 0001
2RC: 1100_0000
+M™: 0111_1000
A B: 0000 1110
RS: 1101_1110
RC: 0110_0000
-1 | 0000_0000 | 0_0111 2RS: 1011_1100 | 0011
2RC: 1100_0000
-M":  1000_1000
A B: 0000 0000
RS: 1111_0100
RC: 0001_0000
-2 | 0000_0000 | 0_0000 2RS: 1110_1000 | 0110
2RC: 0010_0000
A B: 0000 0000
RS: 1100_1000
RC: 0100_0000
-3 | 0000_0000 | 0_0001 2RS: 1001_0000 | 1101
2RC: 1000_0000
-M™:  1000_1000
A B: 0000 0000
RS: 1001_1000
RC: 0000_0000

Assimilation: R = RS + RC =1001_1000
Correction: R=R + M =1001_1000 + 0111 1000 80M000, Q =Q -1 =1100

Result: R = R/8 =00_0010 = (3) Q = 1100 = (12),

3.3 Online Multiplier-Divider with a Constant Divisor

The multiplier-divider based on the Koc-Hung modualtiplication presented in

the previous section can be converted to a singi#iphcation-division online module
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with online inputs A and B and an online quotientput (Q). However, the input divisor
D (output remainder R) is assumed to be receiveati(jred) in parallel. Converting the
Koc-Hung multiplier-divider to online is performea 3 stages:
1. Conversion of the multiplication procedure used Bypc-Hung modular
multiplication to the online form.
2. Modification of the sign-estimation technique tea@mmodate changes caused by
the online nature of the multiplication procedure.

3. Converting the quotient Q to produce the resuétrironline manner.

3.3.1 Converting the Multiplication Procedure to Online

The Koc-Hung modular multiplication uses a leftright serial-parallel
multiplication algorithm to multiply A*B, where Asithe serial multiplier and B is the
parallel multiplicand. By using this approachBAs added to the partial product and
then the partial product is shifted to the lefteimch clock cycle for k-1 iterations. The

final product P is achieved at thi iteration resulting in,

P=a 2" (2%, +2%b _, +---+b))+ ... +2,2(2b, +2" b, _, +---+b,)
+3a, (2k_lbk—1 +27? bk—2 Tt bo)

k-1 k-1

-3 Sap,2"

i=0 j=
where, gand b are the'f' bits of A and B respectively.

As already illustrated in Chapter 2, inputs to atine system are represented in
fraction format even though the actual inputs mayiriiegers. In this case, the input

operands, A and B are represented as:
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A:Zk:aiZ"‘,B:Zk:b,T ,
i=1 i=1

Accordingly, the final product of the serial-paehlinultiplication procedure becomes:
P =>3a2'*) b2’
i=1 j=1

=YY ap 2 (3.2)

K
i1 j-1

The serial-parallel multiplication scheme, howewgould not work when both
inputs are online since input B is no longer fidlyailable in each iteration. In order to
get a mathematical formulation for multiplying tvemline inputs we expand equation
3.2 in a visual hierarchy as illustrated in Fig3t&(a). The rows represent the partial
product AB for every iteration. Each bit of the 2k-bit pratlus determined by the sum
of all multiplicative pairs found within the samelemn and any carries generated from
prior sums. Figures 3.1-b to 3.1-e, demonstratectse for online inputs, where only
one bit from both inputs are available at a time.
Figure 3.1 (b): In the first iteration i.e. j =1nlg the most significant bits of the inputs
are received, i.e.;aand h. Accordingly, the only multiplicative pair that rcabe
processed isZb;.
Figure 3.1 (c): in the second iteration the pagiaduct becomes,
P=2* (ahp)+ 2° (8o but aiby) = 2° [a(2 bp+by)+ aiby]
Figure 3.1 (d): in the third iteration the parfmbduct becomes,
P =2 [ag(2? byt 2™ bytby)+ by(2'ao+ar)]

Figure 3.1 (e): in the fourth iteration the parpabduct becomes,
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Figure 3.1 Converting parallel-serial multiplication to online by observing available multiplicative

pairs during iterations 1-4
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P = 2° [au(2°bs+2” s+ 2" bytby) + y(27 gt 2 gt ay)]
In general, the partial product at iteration j bees:

P=2 [g(2h+ ... +2%,+ 2%+ b2 g1+ ... + 2%+ 2ay)]

. i . it .
:2'{aj2b, 27 +b Y a 2"} (3.3)
i=1 i=1
Since left-shifting is naturally inherent in the ltiplier-divider (Algorithm 3.2),
the factor 2 is dropped from equation 3.3. Thus the multiplieatadditive AB can be

converted to the following online form:
- J —i -1 —i . .
P=a, > b2"+b > a2" =a,B[jl+bAj-1]
i=1 i=1
and the recurrence relation for multiplication wathline inputs becomes:
PO =P +27 (a Bi] +b Al -1)) = 2P +aBli] +h Al 1]

where, i =1, 2, ... k and the final product P® fr inputs of size k-bits.

3.3.2 Modifying the Sign-Estimation Technique

Since online inputs are represented as fractidmes fibal product will also be in a

fractional form. With the patrtial produd@ having k+4 bits, the extra 4-bits which
include the sign bit are to the left of the binpnint. Thus, the partial remainder has the
form: rararire.raro...rx with rz being the sign bit. Accordingly, the sign estimate
procedure ES(RS,RC) of the partial remainder remtesl in carry-save forntz t, 1

fo.f-1. The pseudo-code of the sign estimate procedwieown in Algorithm 3.3.
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Algorithm 3.3 Pseudo-code for the Sign-Estimation &chnique

[D’ :=8D]
ES(RS,RC) ~RS3; +RCjs,
| FES(RS, RC) = (+) t hen

(RS,RC) ~2RS+2RC+ P -D7;
ELSEl F ES(RS, RC) = (-) t hen

(RS,RC) ~2RS+2RC+ P +D’
ELSE(+) then(RS,RC) ~2RS+2RC+ P

1. The sign is positive (+).To detect if ES(RS, RC) is positive, (RS+RG) 0.5.
This is almost the same condition as used in Atgori3.1, line 4. The difference
is that the least significant bit of estimate ESERS) is a fraction. Hence, the
condition that was used by Koc-Hung to determinestivér the sign of the
estimate is positive, is divided by 2. In this c&® + RC> 2* > D'/8, and thus
RS + RC is within (D'/8, 7D'/8). After shifting, ddiion of aBJi] + b;A[i-1] and
the subtraction of M, RS + RC (-3D*/4, 7D/8).

2. The sign is negative (-)With online inputs, the addition of the partiabduct can

yield a number that is greater than the modulushd exact, the maximum value

A

of P:

MAX(aiB[i]+biA[i-1]) = (D - 2) + [(D- 2%)-2] = 2D- 3.2
Notice that the modulus is represented as a fradhioce the inputs A and B are
also fractions. To ensure that the partial remaiftie+RC stays within the range
2% [-2! < (RS+RC)/8 < ¥Y after shifting, addition of MAX(B[i]+biA[i-1])

and the addition of D", a new set of conditionsegded to determine when the
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estimate ES(RC,RS) is negative. Let x be the vafu&kRS, RC) before the start
of Algorithm 3.3. If x is negative, the followingpadition should be met:

2x+ (2D -3-%) +8D <82 = 2x < -(# - 10D+ 3-25
= x <-2[10D - Z - 3-24 (3.4)
If we consider that the largest possible Modulugsed, then D = 1 —21n this
case, equation 3.4 yields:
X <-2410-2-13-2= x <-2'[6 - 13-2 (3.5)
Since the estimate ES(RC,RS) is based on the figst mignificant bits of
(RS,RC), equation 3.5 becomes:
X < -Z[(0110.0 +¢) - 13-24
where,c is the error of estimating RS+RC when using ohly% most significant
bits.
In the worst case, subtraction of Iﬁ-may result in a borrow from bit position
2'1. On the contrary, the estimate ereomay result in an estimate error of 2
Thus the estimate of equation 3.5 becomes:
X < -2%[(0110.0 + 0000.1) — 0000.1] = x < - 0011.0 = x0010.1
3. The sign is unsure (z)in this case, it is guaranteed that RS+[E2C[-3-2‘<'1,3-2<'1)
[0 [-3D/8, 3D/8). Once shifting and addition ofBf]+b;A[i-1] are done,

RS + RC [-3D /4, 7D'/8).

Based on the threshold values that we have sel¢otedtimate the sign of (RC,

RS), the value (RC + RS) will always be less th&io? equivalently 8D) at the end of
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each iteration. Thus, no overflow may occur if @stimate of (RC, RS) becomes a large
positive number, i.e. (RC, RS) > 0111.%k which may result in a sign change of (RC,
RS). To prove that (RC, RS) < 0111.1 at the enelgh iteration, we need to determine
the maximum value of (RC, RS) can be achieved aftdgting, addition of
aBJi] + bjA[i-1] and the addition of M. Let X be defined e maximum value of (RC,
RS) from the previous iteration. Since the additoériM only occurs if the estimate of
(RC, RS) from the previous iteration is negativieyst X equals -2.5, which is the
threshold value we calculated to determine when, (R®) is negative. Hence,

MAX(RC, RS) = 2X + D MAX(aiB[i]+biA[i-1])
=-5+8D+2D-3¥=-5+10D-3.7
Since, the maximum value of D=1 % 2
[0 MAX(RC, RS) =-5+ 10 — 10%- 3.2 =5-3.%
Therefore, MAX(RC, RS) < 0101.0, based on thet®esiimate of (RC, RS) at any

iteration.

3.3.3 Converting the Quotient to Online

In the multiplier-divider algorithm based on the d<dung modular
multiplication technique (Algorithm 3.2), the quamit is accumulated and produced in
parallel. In lines 6 and 9 of Algorithm 3.2, theotjent is accumulated in the form of
increments and decrements of Q. By adapting Bisagyed Digit (BSD) set for the
quotient, increments and decrements in each iteragf Algorithm 3.2, directly

translates to a quotient digit. Thus, Q+1 incremrestlts in g= +1, and a decrement of
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Q-1, yields g=1. This allows the quotient to be delivered in arirenform. The

quotient bit gis coded with two bits (f ¢,) according to Table 3.3.

Table 3.3 Signed bit representation of g

gi dp On
0(0 O
1(1 O
110 1

The signed-bit representation ensures a carrygoeemulation of the quotient.
Consequently, the quotient increments/decrementsnalo affect the quotient bits
generated from previous clock cycles. Accordinghge online delay i$ = 3 and the

total number of clock cycles = k + 3.

3.3.4 The Online Multiplier-Divider Algorithm for Constan t Divisors

By combining the results obtained from the 3 stagenverting the multiplier-
divider to online, we develop an overall online tipller-divider algorithm which is

represented in Algorithm 3.4.

Algorithm 3.4. Proposed Online Multiplier-Divider A lgorithm with 6 =3

(I') Initialization:
RS, RC <0, ES ~0O;D ~ 8D;
VS, VC < 0; AJO] < 0; BJ[O] ~0;

(I'l) Loop:
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Fori=1,2,..,k+3 do begin
a. Shift: RS ~2RS; RC  ~2RC; _
A ~A+a ;27;B <B+b ;:27";
b. Add: | FES(RS,RC) =05 t hen
(VS,VC) ca;i-Bll+b -Ali-1]+ D'; // k+4 CSA
VC 0o «1;
i <1
ELSEIF ES(RS,RC) <-25  then
(VS,VC) ~a;-B[li]+b i -A[i-1] + D’; Il k+4 CSA
i e 1;
ELSE then
(VS,VC) ~a;-B[li]+b i-Ali-1];  / k+4 CSA
q i <0
(RS,RC) ~VS+VC+RC+RS //[4:2] Compressor
ES(RS, RC) < RSyizk1  + RCyusi /1 5-bit CPA
c. Output: out(g ;)
| Fi=k+3 t hen
return (RS/8, RC/8)
End For
Example A*B/D

A = (53)0 = (110101}, B = (56)0 = (111000), D = (63)0 = (111111}, k = 6 bits
Initialization: D = 8D = 0111.111000, RS = 000(000, RC = 0000.000000,
ES = 0000.0,

For loop from i =1 to 9 is shown in Table 3.4.

Table 3.4 Example of the proposed online multiplier-diviéir algorithm for constant divisors

i |a b; A[i-1] B[]
1|1 1 0000.000000 0000.100000
ES(RS, RC) VS, VC RS, RC ai
0000.0 aBli]: 0000.100000 | 2RS: 0000.000000 | O
bAli-1]: 0000.000000 | 2RC: 0000.000000
0: 0000.000000 | VS:  0000.100000
VS: 0000.100000 | VC: _0000.000000
VC: 0000.000000 | RS:  0000.100000

RC:  0000.000000
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aj bi A[i'l] B[i]
1 1 0000.100000 0000.110000
ES(RS, RC) VS, VC RS, RC (Add) ai
0000.1 aBli]:  0000.110000 | 2RS: 0001.000000 |1
biA[i-1]: 0000.100000 | 2RC: 0000.000000
D : 1000.000111 VS: 1000.010111
VS: 1000.010111 | VC: 0000.000000
VC: 0001.000001 | RS:  1010.010100
RC:  0000.000100
aj bi A[i'l] B[i]
0 1 0000.110000 0000.111000
ES(RS, RC) VS, VC RS, RC ai
1010.0 aBli]: 0000.000000 2RS: 0100.101000 | 1
biA[i-1]: 0000.110000 2RC:  0000.001000
+D:  0111.111000 |VS: 0111.001000
VS: 0111.001000 | VC: 0001.100000
VC: 0001.100000 RS:  1001.011000
RC:  0100.000000
a; bi A[i'l] B[i]
1 0 0000.110000 0000.111000
ES(RS, RC) VS, VC RS, RC a;
1101.0 aB[il:  0000.000000 | 2RS: 0010.110000 | 7
biA[i-1]: 0000.111000 | 2RC: 1000.000000
+D': 0111.111000 | VS: 0111.000000
VS: 0111.000000 | VC: 0001.110000
VC: 0001.110000 | RS: 1011.100000
RC:  1000.000000
aj bi A[i'l] B[i]
0 0 0000.100000 0000.111000
ES(RS, RC) VS, VC RS, RC a;
0011.1 aBli]:  0000.000000 | 2RS: 0111.000000 |1
biA[i-1]: 0000.000000 | 2RC: 0000.000000
D : 1000.000111 VS: 1000.000111
VS: 1000.000111 | VC: 0000.000001
VC: 0000.000001 | RS:  1111.000100

RC:  0000.000100
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aj bi A[i'l] B[i]
1 0 0000.110000 0000.111000
ES(RS, RC) VS, VC RS, RC o
1111.0 a;B[i]: 0000.000000 2RS: 1110.001000 0
b:Ali-1]: 0000.111000 2RC: 0000.001000
0: 0000.000000 VS:  0000.111000
VS: 0000.111000 VC: 0000.000000
VC: 0000.000000 RS: 1110.101000
RC: 0000.100000
aj bi A[i'l] B[i]
0 0 0000.000000 0000.000000
ES(RS, RC) VS, VC RS, RC o
1111.0 aB[i]:  0000.000000 2RS: 1101.010000 0
b:A[i-1]: 0000.000000 2RC: 0001.000000
0: 0000.000000 VS:  0000.000000
VS: 0000.000000 VC: 0000.000000
VC: 0000.000000 RS: 1100.010000
RC: 0010.000000
a; bi A[i'l] B[i]
0 0 0000.000000 0000.000000
ES(RS, RC) VS, VC RS, RC o
1110.0 aB[i]:  0000.000000 2RS: 1000.100000 0
b/Afi-1]: 0000.000000 2RC: 0100.000000
0: 0000.000000 VS:  0000.000000
VS: 0000.000000 VC: 0000.000000
VC: 0000.000000 RS:  1100.100000
RC: 0000.000000
aj bi A[i'l] B[i]
0 0 0000.000000 0000.000000
ES(RS, RC) VS, VC RS, RC o
1100.1 aB[i]: 0000.000000 2RS: 1001.000000 1

biA[i-1]: 0000.000000
+D": 0111.111000
VS: 0111.111000
VC: 0000.000000

2RC: 0000.000000
VS:  0111.111000
VC:  0000.000000
RS:  1100.111000
RC:  0100.000000
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The resultant quotient becomes: QH1 000l = 10_1111 = (4%)
The remainder is obtained in parallel at iteratief3:

R = RS/8+RC/8 = 110 0111 + 010 0000 = 000_01(A)s

3.4 Online Multiplier-Divider Algorithm with an Online

Divisor Input

In the previous algorithm, we presented an onlickeme for performing
multiplication-division with online multiplier andnultiplicand inputs while the input
modulus is received in parallel. However, such bese may not be suitable for
applications with a fully online environment whehe divisor is received online rather
than in parallel. For such cases, a realizatiomno&lgorithm that performs Q = A*B/D is

needed, where all input operands A, B and D armeuuligit-serial inputs.

3.4.1 Cascaded Implementation of a Fully Online Multipliea-Divider

The conventional method for performing the fullylioa multiplier-divider
operation is by cascading single-operation onlinedates. Such a network would
consist of an online multiplication unit (sectiopfollowed by an online division unit
(section 2.5). The online multiplication unit contgsi a signed 2k-bit product after an
online delay o% = 2 clock cycles. Once the product bits are geadrahe product bits
are then delivered to the online division unit.c®irthe product bits are produced after 2

clock cycles, the divisor;ghould be delayed by two clock cycles such thatahline
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division unit receives properly synchronized pradaicd divisor input bits. The online
division then produces the quotient after a delay clock cycles. Overall, the online
latency for the entire multiplier-divider operatiad = 6 and the total number of clock
cycles to produce the quotient is k + 6 cycles. Taedware implementation for

performing conventional online multiplication-diws is shown in Figure 3.2.

a;j bi di
| |

Online

Multiplier
8=2

Online Division
5=4

qi

3.2 Architecture of the Conventional Fully Online Multiplier-Divider

3.4.2 Proposed Fully Online Multiplier-Divider Algorithm Based on

composite Algorithms

The conventional cascaded multiplier-divider, despis simplicity, requires a
large amount of hardware (detailed analysis ofidn@lware and timing performance are
presented in Chapter 4 and 5). In this sectionprgeent an alternative implementation
for a fully online multiplier-divider which reducebe amount of hardware required by

combining several operations used in the onlinetiplidation unit and the online
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division unit into a single composite unit. Thuse ywropose a composite online
multiplier-divider algorithm based on new online ltfplication-division recurrence
relation.

The recursive recurrence relation used by onlindtiptication (P = A*B)

described in Chapter 2 is:
W =2WU™ —p )+ A b +a,B[ | -1]
Similarly, the recurrence relation used by onlingsion (Q = N/D) is:
W = 2001 ~q D[} ~1]) +n,2* ~d Q[ j ~1]2"* (3.6)

Notice that, if the output result of the online tiplication unit is delivered to the
online division unit, then;nn equation 3.6 represents bit j of the 2k-bitduet P. To
produce p the online multiplication algorithm uses a sdtattfunction to find an
estimated signed-bit value from the partial resitifé. Instead of estimating the value
of the partial residue, the online multiplicaticglextion function can be dropped and the

entire value of the multiplicative partial produg. A j]b, +a;B[j -1] can be used to

replace p Thus, the recurrence relation used by online iplidation can be combined

with the online division recursive relation by raging i with the partial product. Since

shifting of the residue function is already inhér@m the online division recurrence
relation, the shifting of the previous state of trdine multiplication residue function

2W U™ s dropped and is not dded to n

Proof: Assume that we use the online multiplication resoce equation in parallel

which does not require estimating product biiging an estimating function. The online

multiplication recurrence becomes:
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WO =200 + Ao, +a, B[] -1]
At iteration,
j=1: W® = Aljb +a,B[0]
j=2: W@ =2A1]b, +2a,B[0] + A2]b, +a,B[1]
j=k:

W® = AKklo, +a, B[k -1]+2Ak -1]b,_, +a,, B[k 2] +... + 2" A1]b, + 2“"a,B[0]

- ézk-i (A jlb, +a,B[j -1]) (3.7)

By merging the online multiplication residue furctiwith the online division residue

function without the online multiplication shiftingperation we get:

W =2w ™ -2q, D[] -1]+27(b; A j]+a;B[j -1]) -d, Q[ j —1]2”*

Let, a']- = —ij_lD[j _1] _dJQ[J _1]2_4
Hence W becomes:
W =2w U™ + 27 (b, A j] +a,B[] -1]) +a,
At iteration,
j=1 W =27 (Allb, +2a,B[0]) +a,

j=2: W@ =27(A2]b, +a,B[1]) + 27 (2A1]b, +2a,B[0]) +a, + 24,
=k w® = Zk:a, 2K+ 2“‘{% 27(AjIb; +a,B[j —1])

=1

By substituting equation 3.7 into iteration k, wet:g
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wW® = zk:a, 2K+ 27 W

1=1
Therefore, the shifting operation &V ™ could be dropped and the dividend

bit n replaced byA jlb, +a;B[j-1] to convert the online division to an online

multiplication-division recurrence equation. Thesukant recurrence relation for an
online multiplier-divider is given by:

WO =W —q,D[j-1)) + 27 (b A j]+2a,B[j -1]) -d,Q[j -1]2*  (3.8)
Since the remainder (R) equals to W after theilasttion, equation 3.8 can be
represented as:

RY =2(RY™ -q;,D[j -1]) + 27 (b A j] + ;B[] -1]) -d,Q[j —1]2°*

where, R = &%)

The number of bits representing the residue funcB¥ and the online delay
remains the same as in online division and arefeciad by changes made to the
recurrence relation. Therefore, the online delaytla# fully online multiplication-
division algorithm is5 = 4 and the total number of clock cycles to corapghe quotient
is k + 4. Further, similar to online division, theost significant bit of the divisor must be
1, thus 0.5< D < 1. The corresponding algorithm for a fully ioll multiplier-divider
computing Q = A*B/D is given in Algorithm 3.5.

The residue function, the partial product and timernal variables are
represented as a k+6 bit carry-sum pairs in thm fof (RC, RS), (PC, PS) and (VC,

VS). Two of the (k+6)-bits are to the left of thm&ry point; one to account the left shift

operation and the other is a sign bit. When subirgc 2*d;- Q[i -1]from (PC, PS) we
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added an extra precondition when Q[i-1]! = O toidwm unnecessary addition of all 1's
by the carry-save adder. The addition of all 1’sewlQ=0 could result in producing
inaccurate results when the intended outcome shmu@such as 0.01*0.00/0.11.

When q= 1, g-DJi] is subtracted from (VC, VS) by adding the @mse of D[i]
Ie. D_[i]with (VC, VS) using a carry-save adder andtiset the least significant bit of
RC to 1. i.e. RG.4 = 1. This would avoid using extra hardware foirarerted on-the-fly
converter to determine (-D[i]) in 2's complementrfat as we accumulate new values
of d; in each clock cycle.

A 5-bit estimate of V calle¥ is produced by summing the 5 most-significant
bits of VC and VS. Based ovi, a selection function similar to online divisiaised to

produce ¢ Since the boundaries of the selection functienfeomV = (-2 to ¥4, only

4-bits of V is needed to select. At the end of the Add stage in Algorithm 3.5, we
store the quotient bits @ binary representation using an on-the-fly casim which is
denoted as CA. Finally, the remainder of the mlittgtion-division is determined by

delivering the contents of (RC, RS) at the lastkloycle.

Algorithm 3.5 Proposed Fully Online Multiplier-Divi der Algorithm with & =4

(1) Initialization:

RS, RC ~0; PS, PC ~0; VS, VC < 0;
D[0] ~0; A[0] ~0; B[0] <0;Q[0] -0
(1) Loop:
For i=1,2,.. k+4 do begin

a. Shift: RS <~ 2RS; RC <~ 2RC;
A <A+a (:27:B <B+b 27:D -D+d ;-27;:
b. Add: (PC,PS) «RS+RC+2 “a-Bli]+2 b Afi-1]
-- 4:2 Conpressor
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IFQ[i-l]] #0&&d ;#0 then

(VS,VC) <PS+PC+2 “d,-Q[i-1] -- k+6 bit CSA
VC a <1
ELSE (VS,VC) ~PS+PC

V =VS.; +VCys -- 5-bit CPA
IFi>4&8&  V,,>1/4 then
q i <1
ELSE IFi>4&&  V,,<-1/2 then
ELSE q ; -O0;
(RS, RC) ~VS+VC-q ;DI -- k+6 bit CSA
c. Output:

Q — CA(QJ[i-1],q i) -- on-the-fly conversion

out (q i)
End For

(1'1'1) Remai nder:
Return (RS, RC)

Example A*B/D

A = (53)0 = (110101}, B = (56)0 = (111000, D = (63)0 = (111111}, k = 6 bits
Initialization: RS = 0000.000000, RC = 0000.0000Q0= 0.000000,

The details of the For loop from i =1 to 10 iswinan Table 3.5

Table 3.5 Example of the proposed fully online multiplicéion-division algorithm using composite

online algorithms

i [a |[A[i-1] b; B[i] di | D[i] v q | Q[i]

1 |1 |0.000000 |1 0.100000 | 1 | 0.100000 00.000 | 0 | 0.000000
PS, PC VS, VC RS, RC
2RS: 00.0000000000 | PS: 00.0000100000 | VS:  00.0000100000
2RC: 00.0000000000 | PC: 00.0000000000 | VC:  00.0000000000
2*aB[i]: 00.0000100000 | -2°*dQli-1]: 00.0000000000 | -gD[il: 00.0000000000
2*bAfi-1]: 00.0000000000 | VS: 00.0000100000 | RS:  00.0000100000
PS: 00.0000100000 | VC: 00.0000000000 | RC  00.0000000000

PC: 00.0000000000
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a | A[i-1] b; B[i] di | DIi] V] q | Q[i]

1 0.100000 1 0.110000 | 1 0.110000 00.001 | O 0.000000
PS, PC VS, VC RS, RC

2RS: 00.0001000000 PS: 00.0000010000 VS: 00.0010010000
2RC: 00.0000000000 PC: 00.0010000000 VC: 00.0000000000
2'4aiB[i]: 00.0000110000 -2_4d1Q[i-1]Z 00.0000000000 -q;D[i]: 00.0000000000
2_4bjA[i-1]Z 00.0000100000 VS: 00.0010010000 RS: 00.0010010000
PS: 00.0000010000 VC: 00.0000000000 RC 00.0000000000
PC: 00.0010000000

a; | Ali-1] b; B[i] d; | DIi] V] q | Qlil

0 0.110000 1 0.111000 | 1 0.111000 00.010 | O 0.000000
PS, PC VS, VC RS, RC

2RS: 00.0100100000 | PS: 00.0101010000 VS: 00.0101010000
2RC: 00.0000000000 PC: 00.0000000000 VC: 00.0000000000
2'4aiB[i]: 00.0000000000 -2_4d10,“-1]2 00.0000000000 -q;D[i]: 00.0000000000
2_4bjA[i-1]Z 00.0000110000 | VSs: 00.0101010000 RS: 00.0101010000
PS: 00.0101010000 | VC: 00.0000000000 RC 00.0000000000
PC: 00.0000000000

a; | Ali-1] b; B[i] d; | DIi] \V; q | Qlil

1 0.110000 0 0.111000 | 1 0.111100 00.101 | O 0.000000
PS, PC VS, VC RS, RC

2RS: 00.1010100000 | PS: 00.1011011000 VS: 00.1011011000
2RC: 00.0000000000 PC: 00.0000000000 VC: 00.0000000000
2'4aiB[i]: 00.0000111000 -2_4d1Q[i-1]Z 00.0000000000 -q;D[i]: 00.0000000000
2_4bjA[i-1]Z 00.0000000000 | VS: 00.1011011000 RS: 00.1011011000
PS: 00.1011011000 | VC: 00.0000000000 RC 00.0000000000
PC: 00.0000000000

a; | A[i-1] b; B[i] d; | DIi] \V; q | Qli

0 0.110100 0 0.111000 | 1 0.111110 01.011 |1 0.100000
PS, PC VS, VC RS, RC

2RS: 00.1011011000 PS: 01.0110110000 VS: 01.0110110000
2RC: 00.0000000000 PC: 00.0000000000 VC: 00.0000000000
2"4aiB[i]: 00.0000000000 -2_4d1Q[i-1]: 00.0000000000 -g;D[i]: 11.0000011111
2—4biA[i-l]: 00.0000000000 VS: 01.0110110000 RS: 10.0110101111
PS: 01.0110110000 | VC: 00.0000000000 RC 10.0000100001
PC: 00.0000000000

~

a | A[i-1] b; B[i] di | DIi] \Vj a | Q[i]
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1 0.110100 0 0.111000 | 1 0.111111 00.111 |1 0.110000
PS, PC VS, VC RS, RC
2RS: 00.1101011110 PS: 00.1100010100 VS: 11.0000001111
2RC: 00.0001000010 PC: 00.0011000100 VC: 01.1110101001
2“aB[il: 00.0000111000 | -2“dQ[i-1]: 111111011111 | -gDIil: 11.0000001111
2—4biA[i-l]: 00.0000000000 VS: 11.0000001111 RS: 01.1110101001
PS: 00.1100010100 | VC: 01.1110101001 RC 10.0000011111
PC: 00.0011000100

7 |a | A[i-1] b; BI[i] di | D[i] \V; a | Qfil
0 0.110101 0 0.111000 | O 0.111111 11.110 | O 0.110000
PS, PC VS, VC RS, RC
2RS: 11.1101010010 PS: 11.1101101100 VS: 11.1101001000
2RC: 00.0000111110 PC: 00.0000100100 VC: 00.0001001000
2"4aiB[i]: 00.0000000000 -2_4d1Q[i-1]: 00.0000000000 -g;D[i]: 00.0000000000
2—4biA[i-l]: 00.0000000000 VS: 11.1101001000 RS: 11.1100000000
PS: 11.1101101100 | VC: 00.0001001000 RC 00.0010010000
PC: 00.0000100100

8 |a |A[i-1] b; B[i] di | DIi] V] q | Q[i]
0 0.110101 0 0.111000 | O 0.111111 11.110 | O 0.110000
PS, PC VS, VC RS, RC
2RS: 11.1000000000 PS: 11.1100100000 VS: 11.1100100000
2RC: 00.0100100000 PC: 00.0000000000 VC: 00.0000000000
2"4aiB[i]: 00.0000000000 -2_4d1Q[i-1]: 00.0000000000 -g;D[i]: 00.0000000000
2—4biA[i-l]: 00.0000000000 VS: 11.1100100000 RS: 11.1100100000
PS: 11.1100100000 | VC: 00.0000000000 RC 00.0000000000
PC: 00.0000000000

9 |a |A[i-1] b; B[i] di | DIi] V] q | Q[i]
0 0.110101 0 0.111000 | O 0.111111 11.100 :_|_ 0.101110
PS, PC VS, VC RS, RC
2RS: 11.1001000000 PS: 11.1001000000 VS: 11.1001000000
2RC: 00.0000000000 PC: 00.0000000000 VC: 00.0000000000
2'4aiB[i]: 00.0000000000 -2_4d1Q[i-1]Z 00.0000000000 -q;D[i]: 001111110000
2_4bjA[i-1]Z 00.0000000000 VS: 11.1001000000 RS: 11.0110110000
PS: 11.1001000000 | VC: 00.0000000000 RC 01.0010000000
PC: 00.0000000000

10 | a; | A[i-1] b; B[i] d; | DIi] V] a | Qlil

0 0.110101 0 0.111000 | O 0.111111 01.000 |1 | 0.101111
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PS, PC VS, VC RS, RC

2RS: 10.1101100000 | PS: 00.1001100000 VS: 00.0001100000
2RC: 10.0100000000 | PC: 00.1000000000 VC: 01.0000000000
2*aB[i]:  00.0000000000 -2'4de[i-1]: 00.0000000000 -q;D[i]: 11.0000001111
2'4biA[i-1]: 00.0000000000 | VS: 00.0001100000 RS: 10.0001101111
PS: 00.1001100000 | VC: 01.0000000000 RC 10.0000000001
PC: 00.1000000000

3.5 Correction Stage

So far we have presented three different technidae®nline multiplication-
division. The first technique performs multiplicatidivision provided that the Modulus
(Divisor) is available in parallel. The second teicjue performs a conventional fully
online multiplication-division using an online miplier followed by an online divider.
The third technique performs a fully online muligaition-division operation using
composite algorithms. All three algorithms produc@k-bit result that consists of a
combined quotient and reminder. The remainder eaeither delivered in parallel at the
last iteration as described in Algorithms 3.4 are] 8r produced as subsequent quotient
bits q using the selection function for an additionalléc& cycles. Such an approach is
however shadowed by two main problems:

1. It is possible that the remainder delivered atlést iteration is negative. Although
the remainder is within range — M < R < M, a negatemainder may not be desired
in certain applications.

2. The k-bit quotient Q is dependent on the remaindié¢ne remainder is negative, the
actual k-bit quotient is 2 less than the generated k-bit quotient. This bl

however, will not arise if the quotient and the esnder are delivered by gsing k
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additional clock cycles. For instance, if one oé thnline multiplication-division
algorithms produced a 10-bit quotieng, Q= 10010_(1010 using 5-bit inputs. If the

5-bit quotient Q is taken independently then Q 81®and R = 0010. Q in this
case would be incorrect since the actual Q is 10B0f since Q is dependent on R,
we can only get the correct 5-bit value of Q aftenverting Q.: from signed bit
representation to binary.

In order to produce a k-bit quotient Q that is ipeledent of the remainder and to
deliver the remainder within the range<OR < M, a correction step is needed. The
correction step may be used at the last clock dgelall online multiplication-division
implementations. A theoretical description of tleerection step algorithm is given in
lines 15 to 18 in Algorithm 3.2. To integrate therrection step with the online
algorithms, specifically Algorithms 3.4 and 3.5getfollowing challenges need to be
investigated:

1. Quotient correction by decrementing the quotientha last clock cycle if the
remainder is negative.

2. Accurately detecting the sign of the remainder emecting the remainder

3.5.1 Quotient Correction

In Algorithms 3.4 and 3.5, the quotient Q is proglign an online manner by
generating one quotient bit ¢ each iteration. In case of a correction stéphe

remainder is negative at the last iterationwgl then need to be decremented by 1

before being delivered to the output. However, #h then decrementing; guill result
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in a 2-bit value of2. Since we can only output a one bit value at & tiam intermediate

variable is needed to temporarily accumulate th&ueg of g We define this
intermediate value as the partial quotient denat@i to accumulate the increments and
decrements of Q during each iteration. The maximumber of bits ofAQ's determined
by the maximum number of quotient increments/deersthat may occur at any clock
cycle. This limitation holds true as long as théuea of the shifted out bits & ill

not be changed due to the quotient increments/dexTEs at any subsequent clock cycle.
Therefore, the size of @an be limited to 2 bits.

To ensure that no overflow may occur when accurmgatthe quotient

increments/decrements a secondary selection funitineeded. When iterating through

the for-loops of Algorithms 3.4 and 3.5, we shifta@d may either add 1 drand thus

overflow can never occur. However in the last tierg there is a possibility thatcould
be added téQIf the partial quotient from the previous iteoatiis Eg: 1, then after
shifting Qand adding2, an overflow occurs since &hould be only 2 bits. For that
reason, Whenevé}: aL, we changeAQo an equivalent representation ész 1.The
resulting selection function to determine the octied quotient bits@ ) becomes:

1 if O>1

G ={1 if Q<-1
0 otherwise
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q, is then subtracted frorﬁ) before passingA €@ the next iteration. Notice that by

having the size ofA@ 2-bits, an extra clock cycle is needed to outpetlast quotient

bit. As a result, the online delay of the onlineltiplier-divider algorithms increases by

1 due to the correction step.

3.5.2 Remainder Sign Detection and Correction

Based on the correction stage algorithm, assirofatif the carry-sum pair of R is
required to get the full precision of the remainded accurately determine the actual
sign of R. This addition may have a delay of or@¢n) if carry-propagation is used.
Since the speed of the online multiplier-dividegaithms depends heavily on the
constant delay of carry-save adders, the assiolati R will consequently have an
adverse effect on the critical path of the circ&t as to maintain a minimum delay
within all operations, the correction stage for thdine multiplier-divider algorithms
constitutes the following:

1. The remainder is corrected using a carry-save adddrdelivered at the last
iteration in carry-save representation without mgation. Thus the remainder
output remains in the form of RS and RC. For cotivaal and composite online
multiplication-division, if the remainder is negadiduring the last iteration, the
correction is performed by the following addition:

(RC,RS):=RC+RS+D
2. Instead of using a carry-propagate adder to deberrthie sign of (RC, RS), a

Brent-Kung Adder is used. The Brent-Kung Adder [26¢hnique is used to
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determine when a carry-out is generated if (RS, REare added together,
where L is the size of R depending upon the ontmatiplier-divider algorithm
used. The carry bit is then added to (R$ RC.1) by using an XOR gate to
determine the actual sign of (RC, RS). The BrentdAdder has a delay which
is of order O(logL). A detailed discussion of the Brent-Kung Addeltdws.

The Brent-Kung Adder:

The Brent- Kung adder is a type of carry-lookahadder that uses a generalized
technique to determine when a carry is generateowk asgeneratg, and when a carry
generated by a previous bit/block can be propagéftedwn aspropagatg [26]. A
generate signal, {&quals 1 when both inputs of a full adder stagand y are 1, i.e
Gi= x-y;. On the other hand, the propagateeduals 1 when;y = 01 or xy; = 10., i.e.
P, = x + V. Accordingly, the Boolean expression for the canay can be written as:

Cii=X¥+ Gxi+y)=G+GR (3.8)

Figure 3.3(a), shows the generate and propagataitcdiagram for the initial
adders input.

In 1982, Brent and Kung introduced a generalizeah G [27]:

1. A composite propagate, P is a carry that can propagate between stagesi
of the adder. If P = 1, then G1is propagated to d.e. G, = Gs.1 by propagating
through the adder stages that produge@g.s, ..., G, and B, Ps.q, ..., R The
composite propagate is defined as:

Pl =PePa ... B
2. A composite generate, 55: a carry generated between stageandp of the

adder. If G® = 1, then a carry was generated within a sequeheeder stages



62
that produce g Gg+q, ..., G, and B, P, ..., P, and propagated to the output.
The composite generate is defined as:

Gy’ = Gy+ Py Got”

X G

pJ L {H—1tps

(b)

Figure 3.3 a) G, P signals from initial adder inputs. (bYsenerate-Propagate Operator Unit

Figure 3.3(b), shows a Generate-Propagate Ope(&®B0) unit that merges
between two adjacent G and P pairs. By using than@ P signals produced by the
initial adder inputs combined with GPO units, abiBarchitecture of the Brent-Kung
carry-lookahead adder is shown in Figure 3.4.

The area complexity of the Brent-Kung Adder:
- Areaof the G B unit: 2 gates

- Area of the GPO unit: 3 gates



- Total Area for L-bit R = L¢(2) + (L-1)+(3) = 5L-3ae
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Figure 3.4 Brent-Kung Adder architecture for finding the carry-out when adding two numbers

For the sake of comparison, if a Carry-PropagatdeAdCPA) is used, the total area

becomes,

(Area of full-Adder) * L = 5L gates
The delay of the Brent-Kung adder:
- Delay of the G P, unit: 1 gate

- Delay of the GPO unit: 2 gate
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- Total Delay for L-bit R =1+ Zflog2 L—\ gate delays

In comparison, the delay of a CPA is: 2L gate delay

Example of generating the carry-out of 48-bit aiddit
- Delay of Brent-Kung Adder 2+ ﬂ_558—\ =13gate delay
- Delay of CPA adder = 2*48 = 96 gate delays

3.5.3 Correction Stage Algorithm

To conclude this section, the algorithm for therection step required for all of

the online multiplication-division implementatiorsssummarized in Algorithm 3.6.

Algorithm 3.6 Correction Stage Algorithm

(1) Initialization: Q —O0;
(1'1) Loop:
Fori=1,2, ..., k+ 5+1 do begin
a. Shift: Q « 2Q;
b. Add: Q « Q+q;; - 2-bit sign adder
IFi=k+ & then
carry ~RS 5o +RC_50 ; --(L-1)bit Brent-Kung Adder
sign < RS, O RC.; O carry; -- XOR gate
| Fsign=1 t hen
(RS,RC) —~ RS + RC + DJi]; -- L-bit CSA
Q - Q+1;
IF Q>1 then § 1
ELSE IF Q<-1 then § - 1
ELSE §;, - O
Q - Q-2q;;
c. Output:
out ( Qi);
IFi=k+ & then
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out (RC, RS);
End For

Thesign signal in Algorithm 3.6 is a single bit signal tiadicates if the
remainder is negative. Also, the loop of the cdroecstage iterates concurrently with
the internal loop of Algorithms 3.4 and 3.5 . Thios correction stage only uses one

additional clock cycle for the overall online mplication-division operation.
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CHAPTER 4

HARDWARE IMPLEMENTATION & SYNTHESIS

RESULTS

This chapter covers the hardware implementatiortiferonline multiplication-
division algorithm with constant divisors (Algonth 3.4), the conventional cascaded
online multiplication-division and the fully onlinenultiplication-division algorithm
based on composite algorithms (Algorithm 3.5). Tiaedware implementations were
modeled in the Verilog hardware description languakheoretical analysis of area and
delay costs are presented and compared to obtaymtiesis results. Details of the

hardware models and testbenches are given in Appénd

4.1 Theoretical Analysis

In order to perform a technology-independent casalysis of the online
multiplication-division algorithms an area and detast models are adapted [28]. The
area and timing costs of these basic componentgiaea in Table 4.1. The area and
costs are normalized to the area and delay costsmfie basic 2-input gates [28], e.g.
AND, NAND, OR or a NOR gate. The area and delaytscase assumed to be g gnd
respectively and other modules area and delay ewstgiven in terms of these basic

guantities (Table 4.1).
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To derive technology-independent area and delaynatts for the multiplier-
divider hardware implementation, the following asgtions are made:

* A 4-to-1 MUX has twice the area and delay of a 2-tdUX

e The delay of théJ-block = delay of an 8-to-1 MUX =6

e The area of an n-bit CPA/CSA consists of n Full-ad(FA)

* The delay of an n-bit CPA = (n-1)*(delay of 2 simmlates) + (delay of FA)

* The delay of an n-bit CSA = delay of a single RAdider

« The area of an n-bit optimized [4:2] compre$soR*(area of n-bit CSA)

* The delay of an n-bit optimized [4:2] compress@u=

* The delay of an on-the-fly (CA) unit = delay of 4d21 MUX = 1.5

Table 4.1 Area cost g (gate equivalent) and delgy of the basic components

component | Area (g) | Delay (p)

Simple gates 1 1
XOR/XNOR 2 2
2-to-1 MUX 1.5 2
Flip-Flop 4 2
Full Adder 7 4

! The optimized [4:2] compressor reported in [2% Hae same area as a normal [4:2] compressor but ha
a 25% shorter delay
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4.1.1 Online Multiplier-Divider with Constant Divisor (Al gorithm 3.4)

The data path of the online multiplication-divisiphigorithm 3.4) based on the
Koc-Hung modular multiplication algorithm is shown Figure 4.1. In total the
hardware implementation requires a k+4 carry-sadeea (CSA), a k+4 [4:2]
compressor, two 2-to-1 multiplexers, a 4-to-1 nplétker, two k-bit registers (Reg), two
k+4 bit register, a 5-bit carry-propagate adderAL&nd a sign estimation unit ES(RC,
RS) which can be implemented using an encoder. tWhek-bit registers are used to
accumulate the values received for the online mpatand k. The two 2-to-1
multiplexers are used for the multiplication ¢fBdi] and k-A[j-1]. Depending on the
sign estimation of ES(RC, RS), the 4-to-1 multigleselects the addition of ) or 0
to g-B[j] + bj-A[j-1]using the k+4 carry-save adder. The k+4 [&@mpressor then adds
(VC, VS) with the shifted values of (RC, RS). TheibCPA is used to compute RS-
1+ RGusk1. The ES(RS, RC) block decides whether the 5-bit $tom the CPA is
negative, positive or undecided. The ES(RS, RCxlblalso produces the ouptut
quotient bit ¢ (RC, RS) are finally stored in the k+4 —bit s#gis.

The area analysis of Algorithm 3.4 is calculategdabon Table 4.1 as follows:

- area of the two k-bit Reg: 8k g

- area of k+4 —bit Reg: (4k+16) g

- area of k+4 CSA: (7k+28) g

- area of k+4 [4:2] Adder: (14k+56) g

- area of the two 2-to-1 MUX (implemented as ANDOeagasince one input is 0):

2k g



69

_k Shift Reg «—77 aj | _kShift Reg [« b;
D 0 D k T o= R
111 l 0l0 0 ‘
wie Lo | i
10 00 01 0 1
ESJ-—\ MUX / MUX bj
Ik+4 Ok
Ly
k+4 CSA — 1
if ES;<0
k+4 k+4
¢ \ 4 \ 4 I
k+4 [4:2] Adder
5
5/
5-bit
CPA
k+4 k+4
5
ESw 1 ES(RC,RS)
ES, ai Reg RC Reg RS
k+4 2(RC, RS) k+4

Figure 4.1 Path of the radix-2 online multiplication divison with constant input divisor
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- area of k+4 bit 4-tol MUX: (3k+12) g
- area of 5-bit CPA: 359
- area of ES(RC, RS): 10g
Total area complexity = (38k + 157) g= 38k g
Delay Analysis of the above circuit can be caleddbased on Table 4.1:
- delay of 4-to-1 MUX: 41
- delay of k+4 bit CSA: 4
- delay of k+4 bit [4:2] Adder: &
- delay of 5-bit CPA: 12
- delay of ES(RC, RS) unit: 4
- delay of registers = delay of flip-flop:}2

Total path delay of Algorithm 3.4: 32 .

4.1.2 Cascaded Online Multiplier-Divider

There are two possible implementations for the eatienal online multiplier-
divider algorithm. The first implementation whiclas/represented earlier in Figure 3.2,
the online multiplication unit and the online dieis unit are used in sequence without
any intermediate delay. The second implementatgas @an extra single bit flip-flop for
pipelining the online multiplication unit and thalme division unit as shown in Figure

4.2.
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4.1.2.1Implementation 1

In this implementation the online product bits proed by the online
multiplication unit are sent directly to the onlidevision unit yielding an online delay of
& = 6. The critical path of such an implementatisrthie sum of the critical paths of the
online multiplication unit and the online divisionnit. In total, the hardware
implementation of the online multiplication unitdapnline division unit requires a k+4
bit [4:2] compressor, two 2k+2 bit CSA's, five keldi-to-1 MUX's, a k-bit 4-to-1 MUX,

a 6-bit 4-to-1 MUX (U block), two 1-bit 4-to-1 MUX' (¢ and g), five k-bit registers,
two k+4 bit registers, an 8-bit Reg (CA fg),rtwo 2k+2 bit registers, a 4-bit CPA, a
5-bit CPA and two selection function units.

Area analysis for implementation 1:

- area ofthe two 2k+2 CSA: (28k+28) g

- area of the k+4 bit [4:2] compressor: (14k+28) g

- area of the five k-bit Reg: 20k g

- area of five k-bit 2-to-1 MUX: 7.5k g

- area of three k-bit 2-to-1 MUX (implemented as [Pdgates since one input is

0): 3kg

- area of k bit 4-to-1 MUX: 3k g

- area of 6-bit 4-to-1 MUX: 18 g

- area of two 1-bit 4-to-1 MUX: 6 g

- area of two k+4 —bit Reg: 8k+32 g

- area of two 2k+2 —bit Reg: 16k+16 g
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- area of 8-bit Reqg: 32 g
- area of 5-bit CPA: 359
- area of 4-bit CPA: 28 ¢
- area ofSelm ~10g
- area ofSeld ~10g
Total area complexity = (99.5k + 243) g 99.5k g
Delay analysis for implementation 1:
- delay of 2-to-1 MUX (an AND gate is assumed taubed): 1u
- delay of k+6 bit [4:2] Compressor: 16
- delay of 4-bit CPA: 1
- delay ofSelmunit: 4
- delay of the divisiotJ-block: 6
- delay of 2k+2 bit CSA: 4
- delay of 5-bit CPA: 12
- delay of SELD unit: 4
- delay of the 4-to-1 MUX: 4
- delay of 2k+2 hit CSA: 4
- delay of the registers: |2

Total path delay: 57p

4.1.2.2Implementation 2

The critical path of conventional online multiplican-division can be reduced

by using an additional flip-flop to pipeline theages between the online multiplication
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and the online division. The flip-flop temporargyores the product bits produced by the
online multiplication unit for one clock cycle be#opassing the product to the online
division unit. Thus the critical path of the contien online multiplication-division
depends upon the delay of the online unit thatthasmaximum delay path. Since the
online division unit has a longer path, the cloekipd will be limited by the critical path
of the division unit. However, the addition of thig-flop between the single-operation
online units increases the latency by 1 clock cydlbus, the online delay of the
conventional online multiplication-division usingi¢ implementation becomeés= 7.

Besides the extra flip-flop, the area complexitmains the same as in implementation 1.

ai bi di
| | |

Online

Multiplier |
5=2

Online Division
5=4

di

Figure 4.2 Alternative implementation of the conventionatadix-2 fully online multiplication-

division.

Theoretical analysis of the path delay for impletagan 2 can be determined by
calculating the delay of an online division opeyatas follows:

- delay of the divisiotJ-block: 6
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- delay of 2k+2 bit CSA: 4
- delay of 5-bit CPA: 12
- delay of SELD unit: 4
- delay of the 4-to-1 MUX: 4
- delay of 2k+2 bit CSA: 4
- delay of the registers: |2

Total path delay: 36pn

4.1.3 Fully Online Multiplier-Divider Using Composite Alg orithms

The data-path implementation of the Fully Online Ifiilier-Divider Using
Composite Algorithms (Algorithm 3.5) is shown ingEre 4.3. Three k-bit registers are
needed to store the values of the online inputdfitsperands A, B and the divisor D.

Three 2-to-1 multiplexers are needed for the biirbgtor multiplication of aBl[j],

bj-Afj-1] and ¢-Q[j-1]. A k+6 bit [4:2] compressor and a k+6 carry-sadder is then

used to sum ;&B[j], bj-Afj-1] and qm with the values of (RC, RS) from the
previous iteration to produce (VC, VS). A 4-bitiesdte of (VC, VS) is then produced at
block V using a 5-bit carry-propagate adder. The 4-bitrege of (VC, VS) is then
passed to the selection function block labef®m to generate the online quotient
output g The q bits are stored in signed 2’s complement formatgia k-bit on-the-fly

converter CA). As for the binary signed bit multiplication ofi-Q[j], a 4-to-1

multiplexer is required to produce DIj], 0 @fjJdepending on g (VC, VS) is then
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added with -gDl[i] to produce (RC, RS) using a k+6 bit carry-sadder. In total, the
implementation of Algorithm 4 requires five k-bégisters (two k-bit registers for CA),
two k+6 bit registers, two k+6 bit CSA, a k+6 bit2] compressor, 5-bit CPA, four k-bit
2-to-1 MUX (two k-bit MUX'’s for CA), a k+6 bit 2-tdd MUX, a k+6 bit 4-to-1 MUX
and a selection function.

By using the area of a 2-input gate as a baseéitedcg, a theoretical analysis of
the area complexity of Algorithm 4 can be calculaas follows:

- area of the five k-bit Reg: 20k g

- area of two k+6 —bit Reg: (8k+48) g

- area ofthe two k+6 CSA: (14k+84) g

- area of k+6 [4:2] Adder: (14k+84) g

- area of two k-bit 2-to-1 MUX (can be implementasl AND-gates since one

inputis 0): 2k g

- area of two k-bit 2-to-1 MUX (fo€A): 3k g

- area of a k+6 bit 2-to-1 MUX (can be implementsd AND-gates since one

input is 0): (1k+6) g

- area of k+6 bit 4-to-1 MUX: (3k+18) g

- area of 5-bit CPA\(): 35 ¢

- area ofSelm ~10g
Total area complexity = (65k + 285) g= 65k g
A theoretical analysis of the critical path of Atgbm 3.5 can also be calculated in
terms of the 2-input gate delayas follows:

- delay of 2-to-1 MUX (an AND gate is assumed taubed): 1u
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- delay of k+6 bit [4:2] Compressor: 16
- delay of k+6 bit CSA: 4
- delay of 5-bit CPA: 12
- delay ofSelmunit: 4
- delay of 4-to-1 MUX: 41
- delay of k+6 bit CSA: 4
-delay of registers: g

Total path delay of Algorithm 3.5: 37

4.1.4 The Correction Stage

In Chapter 3, we presented an analysis and harddes®gn of the correction
stage. The main operation of the correction stag@oi determine the sign of the
remainder represented as a carry-sum pair by wsiBgent-Kung Adder. The latk)
binary-tree architecture (Figure 3.4) of the BrKnonhg Adder represented a challenge to
create a parameterized hardware model in VerilbgisTa C++ code was used to create
a verilog module called “signDetect.v” based onsartdefined input for the size of the
online multiplication-division operands. The C++deois attached in Appendix B with
instructions on using the compiled program.

To demonstrate the importance of the correctiop, ste modeled and simulated
the online multiplication-division algorithm withapallel modulus input (Algorithm 3.4)
using the correction stage algorithm (Algorithm )3iecorporated within the design.

Details of the Verilog model and testbench simaolafiles are given in Appendix A.
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Figure 4.3 Architecture of the radix-2 fully online multiplication division using composite

algorithms.
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4.2 Synthesis Results and Performance Comparison

The developed Verilog models of the online mulépidivider algorithm with
constant divisor (Algorithm 3.4), the conventior@scaded online multiplier-divider
approach and the fully online multiplier-dividering the composite recurrence relations
(Algorithm 3.5) were synthesized using Xilinx ISEL8onto a Virtex-4 XC4VSX35
FPGA. The synthesis area and delay results ofhites talgorithms at different operand
sizes (k) are shown in Table 4.2. The area comiylasi measured in terms of the
number of slices utilized by each algorithm. Thetkgsis report for the three algorithms

at k = 64 bit is given in Appendix C.

Table 4.2 Delay and area synthesis results of online migticaiton-division algorithms

Online Multiplier- Conventional Cascaded Online Multiplier-

Divider with constant| Online Multiplier-Divider Divider with Composite

divisor algorithms
Kk Delay Area Delay Delay Area | Delay Area

(slices) | (Impl. 1) | (Impl. 2) | (slices) (slices)

8 7.904ns 64 17.54ns | 9.590ns | 186 11.622ns 145
16 8.085ns 10317.657ng 9.676ns | 322 11.412ns 275
32 8.291ns 19518.672ng 10.408ns| 613 12.210ns 506
64 8.653ns 37920.014ng 11.339ns| 1199 12.976ns 771
128 | 10.690ns 74422.602ng 12.008ns| 2350 15.279ns 1530
256 | 11.230ns 147822.921ns 11.784ns| 4703 15.678ns 3008
512 | 11.660ns 294526.61ns | 15.036ns 9698 15.996ns 5852
1024| 11.949ns 5874 30.172 18.309ng 19538 17.561ng 12136

The total time and area required to complete a i64ofline multiplication-
division operation using the three algorithms isgarized in Table 4.3. The total time

indicates the time required to complete a 64-blinemultiplication-division operation.



Table 4.3 Summary of the total time and area for the onfie multiplication-division algorithms for

k = 64 bits
Algorithm Online Clock Total Time Area
Delay Period (slices)
Online Multiplier- 6=3 8.653ns 0.58 379
Divider
with constant divisor
Cascaded Online 0=6 20.014ns l4ds 1199

Multiplier-Divider
(Implementation 1)
Cascaded Online )
Multiplier-Divider
(Implementation 2)

Online Multiplier- )
Divider with Composite
algorithms

I
\l

11.339ns 0.80gs 1199

4 12.976ns 0.8f8s 771
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CHAPTER 5

CONCLUSION AND FUTURE WORK

One of the major contributions in this work is thevelopment of the first fully
online multiplication-division algorithm. This nolalgorithm computes Q = A*B/D
given that A, B, D and Q are all online inputs andputs. The algorithm consumes
about 40% less area compared to a conventionaloapprfor computing online
multiplication-division using a sequence of indegem online multiplication and
division operations. The proposed algorithm alse &assmaller online delay of = 4
compared to the conventional cascaded method whaphires an online delay of either
6 or 7 depending upon the type of hardware impleatem used.

For applications where the input divisor (D) is anstant, we have proposed a
second novel online multiplication-division algbint that computes Q=A*B/D, given
that A, B and Q are online inputs/outputs with theisor (D) being a constant or an
input which is available in parallel. This algonthhas an online delay of ondy= 3 and
requires approximately 70% less hardware compaoethé conventional cascaded
online multiplication-division algorithm. The algthrm also has at least 24% less total
path delay compared to the conventional method.

Since all online division and multiplication-divigi algorithms may require a

correction stage at the last clock cycle, we hage aroposed a generic high-speed

80
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correction stage that can be integrated with atipemlivision or multiplication-division
algorithm. For k-bit input operands, the proposetexction stage has a total path delay
which is O(logk). In contrast, conventional methods for implen@ntthe correction
stage usually have a total path delay of O(k).

To verify the correctness of the proposed algorghmve have modeled and
simulated the online multiplication-division based composite algorithm and the
online multiplication-division with constant divisalgorithm in Verilog. The algorithms
have worked flawlessly under exhaustive simulatiwhich covers all possible
combinations for A, B and D using k = 4, 6 and 8 ibputs. As for verifying the
correction stage, a separate Verilog model wasldped for the online multiplication-
division with constant divisor algorithm with thercection stage integrated. Successful
operation has also been proven through exhaustivelaion with k = 4, 6, 8 and 10
bits.

Performance comparisons between the proposed thlgsriand the conventional
method for online multiplication-division were penfned using both theoretical analysis
and by synthesizing the Verilog models using aexid Xilinx FPGA. The hardware
synthesis results are summarized in Table 4.2.

The following are some possible future directioos fiirther research related to
this work:

« The hardware costs of the proposed online mulagba-division algorithms

can be reduced by using bit-slice or systolic hamwarchitectures.
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« A formulation of a high-radix algorithm based uptive proposed online
multiplication-division algorithms is needed tothuer improve the total time
required to complete the online multiplication-diain operation.

» Possible improvements to the speed of the correstiage by pipelining the
addition unit as reported in [30].

e Using the proposed online multiplication-divisiofg@ithms for possible
online implementation of adaptive filters such fas Normalized Mean Least
Squares filter. The speed performance of the adagtiter can then be

evaluated and compared to conventional implememsitdf adaptive filters.



Appendix A

Verilog Code

A.1 Online Multiplication-Division with Constant Di visors

To efficiently model the algorithm, separate Vegilsub-modules were created
for both the CSA and the [4:2] compressor. The dgrfiles are attached in Appendix
A. Each of the Verilog files calls a common fildled ‘common.v’. This file specifies
the N parameter defining the size of the input.bifke main module is called
‘onlineKoc’. The test bench file called onlineKoc#Bcan be used for exhaustive
simulation by covering all possible input values Aoand B, or it can be used to test the
algorithm using single pre-defined inputs for A @&d

A.1.1 Synthesizable RTL Code

Listing 1: common.v

/Inumber of bits of the input operands and the modu lus
“define N 64

//INumber of bits for the clock counter

“define m 6
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Listing 2: csa.v

84

‘include “common.v”

/ICarry-Save Adder
module CSA(A,B,C,FS,FC,cin);

Jr** K*kkk *kkk

inputs and outputs of CSA

* A, B, C inputs operands of compressor

* cin carry-in bit input

* FS,FC output in carry-save representation
*/

input [[N+3:0] A, B, C;

output [[N+3:0] FS, FC;

input cin;

/linternal 84orrection84
reg [N+3:0] YS;
integer j;

reg [[N+4:0] YC;

/linternal assignment
assign FS = YS;
assign FC = YC['N+3:0];

llc,s = A+B+C

always@(A or B or C or cin)

begin

YC[0]=cin;

for(j=0;j<’N+4;j=j+1)
begin

{YCli+1].YS[=A[]+B[]+CI;

end

end

endmodule




Listing 3: compressor2.v
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‘include “common.v”

/IGeneric N+4 bit 4:2 compressor
module compressor(A,B,C,D,FS,FC, cin, cin2, cout);

Jr** K*kkk *kkk

inputs and outputs of 4:2 Compressor

* A, B, C, D inputs operands of compressor
* cin, cin2 are carry-in inputs

* FS,FC output in carry-save representation
* cout carry-out bit

*/

input [N+3:0] A, B, C, D;

output [[N+3:0] FS, FC;

output cout;

input cin, cin2;

/ldeclaration of intermediate values
reg [[N+3:0] YS, sum;

integer i,j;

reg [[N+4:0] carry, YC;

/linternal assignments

assign FS = YS;

assign FC = YC['N+3:0];

assign cout=carry[ N+4]"YC[ N+4];

/ladds D+c+s = C,S using CSA

always@(sum or D or carry or cin2)

begin

YC[0]=cin2;

for(i=0;i<’N+4;i=i+1)
begin

{YCI[i+1],YS[i]}=Dl[i]+carry[i]+sum[i];

end

end

/I add A+B+C = c¢,s using CSA

always@(A or B or C or cin)

begin

carry[O]=cin;

for(j=0;j<’N+4;j=j+1)
begin

{carry[j+1],sum[i]}=A[i]+B[i]+C[T;

end

end

endmodule
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Listing 4: onlinekoc.v

‘include “common.v”

module onlineKoc(clk, reset, x,y, n, q, g_n, RS, R

[FrHHK *% *kkkkkkkkkkkkk *% *kkkkkkkkkkk

inputs and outputs of the online modular 86orrectio

* X,y inputs operands

*n modulus

* reset is a reset or start signal to initialize fl
of operations

* RS,RC remainder output in carry-save representati

* ,d_n online output bits of Q
*/

input clk, reset;

input x,y;

input ['N-1:0] n;

output q,q_n;

output [ N+3:0] RS,RC;

[FrHHK *% *kkkkkkkk

internal declarations

/IVectors X[i] and Y[i] for accumulating X,y
reg [N-1:0] X, Y;

IIx*Y[i] and y*X[i-1]

wire ['N-1:0] xY, yX;

/lconverting inputs x,y to fractional inputs
wire ['N-1:0] 860rrection, 860rrection, 86orre;
reg [ N-1:0] shifter;

wire ['N-2:0] zeroes;

/Isign estimate

wire [4:0] ES;

reg [4:0] ES1;

/Iresidue function

wire [[N+3:0] PS, PC, VS, VC;

reg [N+3:0] PS1, PC1, add,;

/literation counter

reg [ m:0] counter;

/lintermediate variables

reg g,g_n;

wire negflagl, dummy;

//8M and -8M

wire [[N+3:0] n_p, n_n;

llcreating constants and shifting the modulus
assign zeroes =0;

assign n_p = {1'b0,n,3'b000};

assign n_n = {1'b1,~n,3'b111};

/lall registers and flip-flops used are assigned he
always@(posedge clk or posedge reset)
begin
IIreseting all flip-flops
if (reset) begin
PS1<=0;
PC1<=0;
counter<=1,

C);

*k%k

n86ion

i-flops and indicate start

on

re
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ES1<=0;
Y<=0;
X<=0;
shifter<={1'b1,zeroes};
end
else

begin

/Ishift the partial residue to the left for th
PS1<={PS['N+2:0],1'b0};
PC1<={PC['N+2:0],1’b0};

/lcounter to keep track the number of iteratio
counter<=counter+1;

//saving the estimate for the next clock cycle
ES1<=ES;

/Istoring all previous values of the input 870
register
Y<=87orre;
X<=X|87orrection;
shifter <= {1'b0,shifter[ N-1:11};
end
end

/Istoring the inputs in fractional format since all
done

/lin fractions

assign 87orrection = x? shifter:0;

assign 87orrection = y? shifter:0;

/Imultiplying x_i*Y[i] and y_i*X[i-1]
assign 87orre = Y|87orrection;
assign xY = x? 87orre: 0;

assign yX =y? X: 0;

/[The sign estimate procedure
always@(ES1 or n_n or n_p)
begin
if(ES1>=1 && ES1 <=15)
begin
add =n_n;
g=1;9_n=0;
end
else if(ES1>=16 && ES1<=27)
begin
add = n_p;
g=0;9_n=1;
end
else
begin
add = 0;
g =0;g_n=0;
end
end

assign negflagl = g;

//lsum xy+yX +/- M +PS+PC using a compressor and CSA

e next clock cycle

ns

rrecti X,Y in a shift

internal operations are
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CSA adder1(.A({4'b0000,xY}),.B({4'b0000,yX}),.C(add
.cin(negflagl));

compressor compressorl(.A(VC),.B(PS1),.C(VS),.D(PC1
.cin(1'b0), .cin2(1'b0), .cout(dummy));

/lfind the estimate of PS,PC
assign ES = PS['N+3:"N-1] + PC['N+3:"N-1];

/loutput the remainder after shifting back to the ¢
assign RS = PC;
assign RC = PS;

/loutput the quotient bits
assign q =g;
assigngq_n=g_n;

endmodule

),.FS(VS),.FC(VC),

),.FS(PS),.FC(PC),

orrect positions




A.1.2 Testbench

Listing 5: onlinekocTB.v

89

‘include “common.v”

/[Test Bench for online multiplication-division for
module onlinemultdividerTB;

reg clk,rst;

reg x.y;

reg [N-1:0] n;

wire g, q_n;

reg [ N+2:0] pos, neg;
reg [N-1:0] D;

wire [[N+3:0] RS, RC;
reg [2*'N-1:0] C;
integer i,j, error;

reg [[N+3:0] templ,temp2;
reg [5:0] m;

/Irecieve and store the values of g from the online
/Istoring the positive and negative values in seper
always@(posedge clk or posedge rst)
begin
if (rst) begin
pos <= 0; neg <=0; end
else
begin
pos<= {pos['N+1:0],q};
neg<= {neg[ N+1:0],g_n};
end
end

/Isimulate clock signal with period of 20 time step
always #10 clk<=~clk;

/linitialize all signals
initial begin

clk=0;

rst=0;

m = "N-1;

i=0;

n=131; // <- set modulus N here

(ON@]
noi
[=X=]

o< X
=T
oo

/****************

/[This section of the code is used for brute-force
/I De-comment this section when needed

initial begin

parallel input divisor

koc multiplier-divider
ate registers

testing
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for(i=0;i<=n-1;i=i+1)
begin
for(j=i;j<=n-1;j=j+1)
begin
C=j*;
D=C/n;
#10 rst=1;
@(posedge clk) x=i[7]; y=j[7]; #10; rst =0;
@ (posedge clk) x=i[6]; y=j[6]; // #10; rst =0;
@(posedge clk) x=i[5]; y=j[5]; /I #10; rst =0;
@ (posedge clk) x=i[4]; y=j[4]; /] #10; rst =0;
@ (posedge clk) x=i[3]; y=j[3]; // #10; rst =0;
@(posedge clk) x=i[2]; y=j[2];
@(posedge clk) x=i[1]; y=j[1];
@(posedge clk) x=i[0]; y=j[0];
@ (posedge clk) x=0; y=0;
#80; temp1=RS; temp2=RC;
if((D —(pos-neq))) begin
$display(“%d * %d /%d = %b, RS=%b, RC=%b",
neg), templ, temp2); //RS,RC);
error=error+1;
end
#10 rst=1;
#20 rst=0;
#100;
end
end
if(lerror) $display(“No errors. All 2°%d * 2"%d co
successful!”,m,m);

else $display(“Correction Stage Required! Number o
***-k*******/

¥/

/[Testing using selective numbers:

initial begin

#10 rst=1;

@(posedge clk) x=1; y=1; #10; rst =0;

#5; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi
$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.q_n);

@ (posedge clk) x=1; y=1;

#10; $display(“add=%b,VS=%b,VC=%b,

remainder=%b", multdivider.add,multdivider.VS,multdi
$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%b,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.g_n);

@ (posedge clk) x=1; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,

remainder=%b" multdivider.add,multdivider.VS,multdi
$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%b,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.g_n);

@ (posedge clk) x=0; y=1;
#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi

i['N-1:0],j['N-1:0],n,(pos-

mbinations are

f Errors = %d”, error);

vider.VC, (RS+RC));
ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
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$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.q_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,

remainder=%0b", multdivider.add,multdivider.VS,multdi
$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%b,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.g_n);

@ (posedge clk) x=0; y=1;

#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi
$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.q_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,

remainder=%b", multdivider.add,multdivider.VS,multdi
$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%b,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.g_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,

remainder=%0b”, multdivider.add,multdivider.VS,multdi
$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%b,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.g_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi
$display(“ES=%b,yX=%b,xY=%b",multdivider.ES,multdiv
$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS
g,multdivider.q_n);

#20; $display(“A:101110 * B:011010 / N:%b = Q:%b”",n
1**/

#200 $finish;
end

onlineKoc multdivider(.clk(clk), .reset(rst), .x(x)
.q_n(g_n), .RS(RS), .RC(RC));

endmodule

ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
ider.yX,multdivider.xY);

,multdivider.PC,multdivider.

/(pos-neg));

»-Y(y), -n(n), .q(a),
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A.2 Conventional Fully Online Multiplication-Divisi on Based on Single

Operation Online Algorithms

Implementation 1 was also modeled in hardware ugergjog. Separate Verilog
top modules were created for the online multipiaraunit and the online division unit.
The top module for the online multiplication is leal “onlineMult.v”. The top module
calls an instance of the sub-module called “comgmes” which implements a k+4 bit
[4:2] compressor. The online multiplication VerilGtes were tested using the testbench
file “multb.v”. On the other hand, the top modute the online division unit is called
“onlineDiv.v”. The top module calls instances oétsub-modules “Ublock.v”, “CSA.v",
“onthefly.v” and onthefly2.v’. The Ublock submoduig the Verilog model of thé-
block as in Figure 4.3. Two instances of the CSB-swodule are used to model the two
2k+2 bit carry-save adders. The onthefly modulefgoers on-the-fly conversion for
storing q in 2’'s complement format. The onthefly2 sub-modp&rforms on-the-fly
conversion for storing;nn 2’'s complement format. Finally, the online dian unit was

tested using the testbench file “onlineDivTB.v".

A.2.1 Online Multiplication

A.2.1.1 Synthesizable RTL Code

Listing 1: common.v

/IPlease type in the number of bits in the input op erands
“define N 64




Listing 2: compressor2.v
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‘include “common.v”

/I Generic 4:2 compressor
module compressor(A,B,C,D,FS,FC, cin, cin2, cout);

input [[N+3:0] A, B, C, D;
output [[N+3:0] FS, FC;
output [1:0] cout;

input cin, cin2;

reg [[N+3:0] YS, sum;
integer i,j;
reg [N+4:0] carry, YC;

assign FS = YS;
assign FC = YC['N+3:0];
assign cout=carry[ N+1]+YC['N+1];

/ladds S+C+D =C,S

always@(sum or D or carry or cin2)

begin

YC[0]=cin2;

for(i=0;i<’N+4;i=i+1)
begin

{YCI[i+1],YS[i]}=Dl[i]+carry[i]+sum[i];

end

end

/l add A+B+C =C,S

always@(A or B or C or cin)

begin

carry[O]=cin;

for(j=0;j<’N+4;j=j+1)
begin

{carry[j+1],sum[jJ}=A[j]+B[]+C[;

end

end

endmodule
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Listing 3: onlinemult.v

‘include “common.v”

module CsonlineMultiplier(clk, rst, x, y, z, z_n);

[FAHxx *% *kkk *k%k *kk *% *kkk *kk * *k%k

inputs and outputs of Online Multiplier using Carry -Save operations
* X,y input bit operands of multiplier

*rst signal to reset flip-flops and indicate sta rt of operation

* z,2_n product output in BSD representation

*/

input clk, rst, x, y;
output z, z_n;
wire X,y;

reg z, z_n;

//declaring internal variables
reg [N-1:0] X, Y;

wire ['N-1:0] xY, yX;

wire ['N-1:0] 94orrection, 94orrection, 94orre;
wire [[N+3:0] PS, PC;

reg [[N+3:0] PS1, PC1;

reg [1:0] W1, W1_n;

wire W;

wire [3:0] V;

wire [1:0] carry;

reg ['N-1:0] shifter;

/lconstants
wire ['N-2:0] zeroes;
assign zeroes =0;

/lassigning all registers and flip-flops
always@(posedge clk or posedge rst)
begin
if (rst) // reseting all flipl-flops and register S
begin
PS1 <=0;
PC1 <=0;
Y<=0;
X<=0;
shifter<={1'b1,zeroes};
end
else
begin
PS1 <= {W, V[1:0], PS['N-1:0],1'b0};
PC1 <= {3'b000, PC['N-1:0],1'b0};
Y<=94orre;
X<=X|94orrection;
shifter <= {1'b0,shifter[ N-1:1]};
end
end

/lcalculating y*X[i-1] and x*Y[i]
assign 94orrection = x? shifter:0;
assign 94orrection = y? shifter:0;
assign 94orre = Y|94orrection;
assign xY = x? 94orre: 0;

assign yX =y? X: 0;
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114:2 compressor to add xY+yX+PS1+PC1
compressor
compressorl(.A({4'b0000,xY}),.B(PS1),.C({4’b0000,yX
.cin(1’b0), .cin2(1'b0), .cout(carry));

/[Calculating the estimate V
assign V = PS['N+3:"N]+PC['N+3:"N];

/I performing the Ercegovac M-Block function to per
assign W = (z|z_n)"V[2];

//Selection Function to determine the online produc
always@(V[3:1])

begin

case(V[3:1)])

3'b000: begin z=0; z_n=0; end
3'b001: begin z=1; z_n=0; end
3'b010: begin z=1; z_n=0; end
3'b011: begin z=1; z_n=0; end
3'b100: begin z=0; z_n=1; end
3'b101: begin z=0; z_n=1; end
3'b110: begin z=0; z_n=1; end
3'b111: begin z=0; z_n=0; end
default: begin z=0; z_n=0; end
endcase

end

endmodule

},.D(PC1),.FS(PS),.FC(PC),

form (PS,PC)=V -z

t bit




A.2.1.2 TestBench

Listing 4: multTB.v

‘include “common.v”
// Online Multiplication Test-Bench
module multb;

//declaring variables
reg clk, a, b, rst;

wire z, z_n;

integer i,j, error;

reg [2*'N:0] pos, neg;

/lclock speed assignment
always #10 clk<=~clk;

/linitializing variables
initial begin

clk=0; a=0;

rst=0; b=0;

i=0; error=0; j=0;
end

/lreceiving ans storing the online output bits from
always@(posedge clk or posedge rst) begin
if (rst) begin
pos <= 0; neg <= 0; end
else
begin
pos<= {pos[2**N-1:0],z};
neg<= {neg[2*'N-1:0],z_n};
end
end

1**/
/ICode for exhaustive testing the online multiplier
combinations
/lcomment this code if exhaustive testing is not ne
/lcode will need to be modified according the size
initial begin
for(i=0;i<=255;i=i+1) begin
for(j=i;j<=255;j=j+1) begin
#10 rst<=1;
@(posedge clk) a<=i[7]; b<=j[7]; #10; rst <=0;
@(posedge clk) a<=i[6]; b<=j[6];
@ (posedge clk) a<=i[5]; b<=j[5];
@(posedge clk) a<=i[4]; b<=j[4];
@ (posedge clk) a<=i[3]; b<=j[3];
@ (posedge clk) a<=i[2]; b<=j[2];
@ (posedge clk) a<=i[1]; b<=j[1];
@(posedge clk) a<=i[0]; b<=j[0];
@(posedge clk) a<=0; b<=0;
#210 if((i*))!=(pos-neq)) begin
$display(“%d multiply by %d = %b”,i['N-1:0]
error=error+1;
end
#10 rst=1,

the online multiplier

covering all input

eded
of the operands

JN-1:0],(pos-neq));




97

#20 rst=0;

#50; end
end

if(ferror) $display(“No errors. All 2"%d * 2"%d combinations are
successful!”,"N,"N);

else $display(“Number of Errors = %d”, error);

#400 $finish;
end
[**/
/**
/[Testing the online multiplier using selective inp ut values
//IDe-comment this code if selective testing is requ ired
initial begin
#10 rst<=1;
@(posedge clk) a<=1; b<=1; #10; rst <=0;
$display(“inc=%b, PS=%b, PC=%b",CSOM.V, CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
@ (posedge clk) a<=1; b<=1; #10; $display(“inc=%b, PS=%b, PC=%b",CSOM.carry,

CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
@(posedge clk) a<=1; b<=1; #10; $display(“‘inc=%b, PS=%b, PC=%b",CSOM.carry,
CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
@(posedge clk) a<=1; b<=1; #10; $display(“‘inc=%b, PS=%b, PC=%b",CSOM.carry,
CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
@ (posedge clk) a<=1; b<=1; #10; $display(“inc=%b, PS=%b, PC=%b",CSOM.carry,
CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
@(posedge clk) a<=1; b<=1; #10; $display(“‘inc=%Db, PS=%b, PC=%b",CSOM.carry,
CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
@ (posedge clk) a<=1; b<=1; #10; $display(“inc=%b, PS=%b, PC=%b”",CSOM.carry,
CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
@(posedge clk) a<=1; b<=1; #10; $display(“‘inc=%b, PS=%b, PC=%b",CSOM.carry,
CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
@ (posedge clk) a<=0; b<=0; #10; $display(“inc=%b, PS=%b, PC=%b”",CSOM.carry,
CSOM.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
#20; $display(“inc=%b, PS=%b, PC=%b",CSOM.V, CSOM .PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
#20; $display(“inc=%b, PS=%b, PC=%b",CSOM.V, CSO M.PS, CSOM.PC);
$display(“W=%b, W_n=%b",CSOM.z, CSOM.z_n);
#160 S$display(“pos=%b, neg=%b, F=%b",pos, neg, (pos-neq));
#400 $finish;
end

**/

/linstantiating the online multiplier module
CsonlineMultiplier CSOM(.clk(clk),.rst(rst),.x(a), y(b), .2(2), .z_n(z_n));
endmodule




A.2.2 Online Division

A.2.2.1 Synthesizable RTL Code

Listing 1: common.v
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/Inumber of bits of the input operands and the modu
“define N 64

/INumber of bits for the clock counter

“definem 6

lus




Listing 2: csa.v
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‘include “common.v”

/IN+2 bit Carry-Save Adder
module CSA(A,B,C,FS,FC,cin);

Jr** K*kkk *kkk

inputs and outputs of CSA

* A, B, C inputs operands of compressor

* cin carry-in bit input

* FS,FC output in carry-save representation
*/

input [2*’N+1:0] A, B, C;

output [2*'N+1:0] FS, FC;

input cin;

/linternal declaration
reg [2*°'N+1:0] YS;
integer j;

reg [2*"N+2:0] YC;

/linternal assignment
assign FS = YS;
assign FC = YC[2*'N+1.:0];

llc,s = A+B+C

always@(A or B or C or cin)

begin

YC[0]=cin;

for(j=0;j<(2* N+2);j=j+1)
begin

{YCli+1].YS[=A[]+B[]+CI;

end

end

endmodule
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Listing 3: onthefly.v

‘include “common.v”

//On-the-fly conversion module for N bit variables
module ontheflyConversionN(clk, reset, q_p, g_n, Q );

[F** * * * * *k%k

inputs and outputs of the On-the-fly conversion

* (,0_n online input in signed-bit representation

* reset is a reset or start signal to initialize fl i-flops and indicate start
of operations

* Q parallel output in 2's complement format

*/

input q_p,q_n, clk, reset;

output ['N-1:0] Q;

/I Internal Declarations

wire ['N-1:0] 100orrection, normalizedQM;
reg [N-1:0] Q1, QM1;

wire ['N-1:0] A, B, fullQ, fullQM;

wire a,b;

reg [ N-1:0] shifter;

/lconstants
wire ['N-2:0] zeroes;
assign zeroes =0;

/lassigning variables for combinational logic
assign a = q_p|q_n;

assign b = ~a;

assign Q = Q1;

assign A = (q_n)? QM1 : Q1;

assign B = (g_p)? Q1 : QM1,;

/lassigning the registers
always@(posedge clk or posedge reset)

begin

if (reset) begin
Q1<=0;
QM1<=0;

shifter<={1'b1,zeroes};

end

else

begin

Q1<=fullQ;
QM1<=fullQM;
shifter <= {1'b0,shifter[ 'N-1:1]};
end

end

llrepresenting variables in fractional format
assign 100orrection = a*shifter;

assign normalizedQM = b*shifter;

assign fullQ = A|100orrection;

assign fullQM = B|normalizedQM,;

endmodule




Listing 4: onthefly2.v
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‘include “common.v”

//On-the-fly conversion module for 2N bit variables
module ontheflyConversion2N(clk,reset, g_p, 9_n,Q)

Jr** * Fkkkkk * Fkkkkk

inputs and outputs of the On-the-fly conversion
* (,0_n online input in signed-bit representation
* reset is a reset or start signal to initialize fl

of operations

* Q parallel output in 2's complement format

*/

input q_p,q_n, clk, reset;

output [2*'N-1:0] Q;

/I Internal Declarations

wire [2**N-1:0] 101orrection, normalizedQM;
reg [2*'N-1:0] Q1, QM1;

wire [2**N-1:0] A, B, fullQ, fullQM;

wire a,b;

reg [2*'N-1:0] shifter;

/lconstants
wire [2**N-2:0] zeroes;
assign zeroes =0;

/lassigning variables

assign a = q_p|q_n;

assign b = ~a;

assign Q = fullQ;

assign A = (q_n)? QM1 : Q1;
assign B = (g_p)? Q1 : QM1,;

/lassigning the registers
always@(posedge clk or posedge reset) begin
if (reset) begin //resetting the registers
Q1<=0;
QM1<=0;
shifter<={1'b1,zeroes};
end
else
begin
Q1<=fullQ;
QM1<=fullQM;
shifter <= {1'b0,shifter[2*’N-1:1]};
end
end

[Irepresenting variables in fractional format
assign 101orrection = a*shifter;

assign normalizedQM = b*shifter;

assign fullQ = A|101orrection;

assign fullQM = B|normalizedQM;

endmodule

i-flops and indicate start




Listing 5: Ublock.v
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//U-Block function to merge n*2”(-4) with —d*QJ[i-1]
module Ublock(

[FrHHK *% *kkkkkkkkkkkkk *% *kkkkkkkkkkk

inputs and outputs of the U-Block

* x,x_n online input in signed-bit representation r
dividend

* d online single bit input representing the diviso
* u 6-bit output

*/

/I Internal Declarations
input x,d;

input x_n;

output [5:0] u;

reg [5:0] U;

assign u =U;

[ltruth table covering all possible outputs of u
always @ (x or x_n or d) begin
case ({x_n,x,d})

4’h000: begin U=6'b000000; end
4'b001: begin U=6'b111111; end
4’'h010: begin U=6'b000001; end
4'b011: begin U=6'b000000; end
4’h100: begin U=6'b111111; end
4’b101: begin U=6'b111110; end
default: begin U=6"bxxxxxx; end
endcase

end

endmodule

epresenting the online

r
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Listing 6: onlineDiv.v

‘include “common.v”

module onlineDivision(clk, reset, n, n_n, d, g, q_n );

[FAHxx *% *kkk *k%k *kk *% *kkk *kk * *k%k

inputs and outputs of the online divisor

*n,n_n dividend input in signed-bit representation

* d divisor

* reset is a reset or start signal to initialize fl i-flops and indicate start
of operations

* ¢,g_n online output bits of Q

*/

input clk, reset;

input n,n_n, d;

output g,q_n;

/linternal declarations

wire ['N-1:0] Q, 103orrection, Dinv, D;
wire [2*'N-1:0] N;

wire [4:0] V;

wire [5:0] u, U;

wire [2*'N+1:0] WS, WC, VS, VC;
reg [ m:0] counter;

reg [2*'N+1:0] WS1, WC1, gD;
reg [N-1:0] D1;

regq, q_n;

reg negflagl, negflag2;

reg [2*'N-5:0] Qinv;

reg [ N-1:0] shifter;

wire ['N-2:0] zeroes;

wire ['N-2:0] ones;

wire n2, n_n, clk, reset, d, d2;

/lcreating constants and inverting the divisor
assign zeroes =0;

assign ones = ~zeroes;

assign Dinv = ~D;

/lall registers and flip-flops used are assigned he re
always@(posedge clk or posedge reset)
begin
if (reset) begin
WS1<=0;
WC1<=0;
counter<=1;
D1<=0;
shifter<={1'b1,zeroes};
end
else
begin
/Ishift the partial residue to the left for the next clock cycle
WS1<=(counter==4)? {1'b0,N,1'b0}:{WS[2**N:0],1'b0} ;
WC1<=(counter==4)? 0:{WC[2**N:0],1'b0};
D1<=D;
/lcounter to keep track the number of itera tions
counter<=counter+1;
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shifter <= {1'b0,shifter[ N-1:1]};
end
end

/Istoring the inputs in fractional format
assign 104orrection = d? shifter:0;
assign D = D1|104orrection;

/[Calculating Qinv = -d*Q[i-1]*2"(-4)
always@(Q or d2 or counter or ones)
begin
if(counter>4)
begin
Qinv = (d2)? {~Q,ones['N-5:0]}:0 ;
negflagl = d2;
end
else
begin
negflagl = 0;
Qinv =0;
end
end

/ICalculating qD = -g*D[i]
always@(D or Dinv or g or g_h or counter or zeroes
begin
if(counter>4)
begin
if(D>0) begin
case ({9,9_n})
4'b00: begin qD=0; negflag2=0; end
4’b01: begin qD={2'b00,D,zeroes,1’'b0}; negfla
4'b10: begin gD={2'b11,Dinv,ones,1'b1}; nedfl
default: begin gD=0; negflag2=0; end
endcase
end
else begin
gD=0;
negflag2 = 0;
end
end
else
begin
negflag2 = 0;
gb =0;
end
end

/ICSA adders to add Qinv + WS1 + WC1 + gD
CSA adder1(A({U,Qinv}),.B(WS1),.C(WC1),.FS(VS),.FC
CSA adder2(.A(VS),.B(VC),.C(qD),.FS(WS),.FC(WC), .c

/lcalculating the estimate V
assign V = VS[2*'N+1:2*'N-3]+VC[2*'N+1:2*'N-3];

/ISelection function to determine the online quotie
always@(V[4:1])
begin

case (V[4:1])

4’b0000: begin g=0; q_n=0; end

or ones)

g2=0; end
ag2=1; end

(VC), .cin(negflagl));
in(negflag2));

nt bit output
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4’b0001: begin g=1; q_n=0; end

4’b0010: begin g=1; q_n=0; end

4’b0011: begin g=1; q_n=0; end

4'b0100: begin g=1; q_n=0; end

4’b0101: begin g=1; q_n=0; end

4'n0110: begin g=1; q_n=0; end

4’b0111: begin g=1; q_n=0; end

4’b1000: begin g=0; g_n=1; end

4’p1001: begin g=0; q_n=1; end

4'n1010: begin g=0; q_n=1; end

4’p1011: begin g=0; q_n=1; end

4'n1100: begin g=0; q_n=1; end

4’p1101: begin g=0; q_n=1; end

4'p1110: begin g=0; q_n=1; end

4’p1111: begin g=0; q_n=0; end

default: begin q=0; q_n=0; end

endcase
end
assign d2 = (Q>0)? D:0;
assign U = (counter>4)? U:0;
assign n2 =n;
/lconverting online variables to 2's complement for mat
ontheflyConversionN onthefly1(.clk(clk),.reset(rese t),.0_p(q), .q_n(g_n),
Q(Q));
ontheflyConversion2N onthefly2(.clk(clk),.reset(res et),.q_p(n2), .q_n(n_n),
QMN));

/IThe U-block function determined here
Ublock Ublock1(.x(n), .x_n(n_n),.d(d2),.u(u));

endmodule




A.2.2.2 Testbench

Listing 8: onlineDivTB.v

" include “common.v”

/[Test Bench to simulate ercegovac online division
module onlineDividerTB;

reg clk,rst;

reg x.y;

reg n,n_n,d;

wire g, q_n;

reg [ 'N:0] pos, neg;
integer i,j, error;

/Irecieve and store the values of g from the online
//storing the positive and negative values in seper
always@(posedge clk or posedge rst)
begin
if (rst) begin
pos <= 0; neg <= 0; end
else
begin
pos<= {pos[ N-1:0],q};
neg<= {neg[ N-1:0],q_n};
end
end

/Isimulate clock signal with period of 20 time step
always #10 clk<=~clk;

/linitialize all signals
initial begin

clk=0;

rst=0;

n=0;

n_n=0;

d=0;

end

/[Testing using selective numbers:

initial begin

#10 rst=1;

@(posedge clk) n=0; n_n=0; d=1; #10 rst =0;
@ (posedge clk) n=0; n_n=0; d=1; #10
@(posedge clk) n=0; n_n=0; d=1; #10

@ (posedge clk) n=0; n_n=0; d=1; #10

@ (posedge clk) n=0; n_n=0; d=1; #10

$display(“WS:%b, WC:%b, VS:%b, VC:%b",divl.WS, divl

$display(“gD:%b, Qinv:%b, U:%b, V:%b",div1.qD, divl
$display(“D:%b, Q:%b, q:%b, g_n:%b",div1.D, divl

@ (posedge clk) n=0; n_n=0; d=1; #10

display(“WS:%b, WC:%b, VS:%b, VC:%b",divl.WS, divl.

$display(“qD:%b, Qinv:%b, U:%b, V:%b",div1.qD, divl

$display(“D:%b, Q:%b, q:%b, q_n:%b",div1.D, div1.Q,

koc multiplier-divider
ate registers

\WC, div1.VS, divl.VC);
.Qinv, div1.U, div1.V);
.Q, divl.q, divl.g_n);

WC, divl1.VS, divl.VC);
.Qinv, divl.U, div1.V);
divl.q, divl.q_n);
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@(posedge clk) n=0; n_n=0; d=0; #10 $display(“WS:%b
VC:%b",divl.WS, divli.WC, div1.VS, div1.VC);
$display(“qD:%b, Qinv:%b, U:%b, V:%b",div1.qD, divl
$display(“D:%b, Q:%b, q:%b, q_n:%b",div1.D, div1.Q,
@ (posedge clk) n=1; n_n=0; d=0; #10 $display(“WS:%b
VC:%b",divl.WS, divli.WC, div1.VS, div1.VC);
display(“gD:%b, Qinv:%b, U:%b, V:%b”,div1.qD, div1.
$display(“D:%b, Q:%b, q:%b, g_n:%b",div1.D, divl
@ (posedge clk) n=0; n_n=0; d=0; #10 $display(“WS:%b
VC:%b",divl.WS, divli.WC, div1.VS, div1.VC);
$display(“qD:%b, Qinv:%b, U:%b, V:%b",div1.qD, divl
$display(“D:%b, Q:%b, q:%b, q_n:%b",div1.D, div1.Q,
@ (posedge clk) n=0; n_n=0; d=0; #10 $display(“WS:%b
VC:%b",divl.WS, divl.WC, div1.VS, div1.VC);
$display(“qD:%b, Qinv:%b, U:%b, V:%b",div1.qD, divl
$display(“D:%b, Q:%b, q:%b, q_n:%b",div1.D, div1.Q,
@ (posedge clk) n=0; n_n=0; d=0; #10; $display(“Q:%b
@(posedge clk) n=0; n_n=

0; d=
@ (posedge clk) n=0; n_n=0; d=

0;
0

#200 $finish;
end

onlineDivision divl(.clk(clk), .reset(rst), .n(n),
.0_n(a_n));

endmodule

, WC:%b, VS:%b,

.Qinv, divl1.U, div1.V);
divl.q, divl.q_n);
, WC:%b, VS:%b,

Qinv, div1.U, divl.V);
.Q, divl.q, divl.g_n);
, WC:%b, VS:%b,

.Qinv, divl.U, div1.V);
divl.q, divl.q_n);
, WC:%b, VS:%b,

.Qinv, div1.U, div1.V);

divl.q, divli.g_n);
”,(pos-neg));

.n_n(n_n), .d(d), .q(a).
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A.3 Fully Online Multiplication-Division using Comp osite Algorithms

To efficiently model algorithm 3.5, separate Vegilsub-modules were created
for the k+6 bit CSA, the k+6 bit [4:2] compressaidahe k-bit on-the-fly converter for
Q. Each of the Verilog files calls a common fildled ‘common.v’. This contains a
changeable parameter to customize the size ohthé bits denoted as N. N is currently
set to 64 bits.The main module is called ‘hybrid@®@&MultDiv’. The test bench file
called onlineMultDivTB.v can be used to either &athaustive simulation by covering
all possible input values for A and B, or it canused to test the algorithm using single
pre-defined inputs for A and B.

A.3.1 Synthesizable RTL Code

Listing 1: common.v

/Inumber of bits of the input operands and the modu lus
“define N 64

/INumber of bits for the clock counter

“definem 6




Listing 2: compressor2.v
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‘include “common.v”

/I Generic N+6 bit 4:2 compressor
module compressor(A,B,C,D,FS,FC, cin, cin2, cout);

Jr** K*kkk *kkk

inputs and outputs of 4:2 Compressor

* A, B, C, D inputs operands of compressor
* cin, cin2 are carry-in inputs

* FS,FC output in carry-save representation
* cout carry-out bit

*/

input [[N+5:0] A, B, C, D;

output [ N+5:0] FS, FC;

output [1:0] cout;

input cin, cin2;

/ldeclaration of intermediate values
reg [[N+5:0] YS, sum;

integer i,j;

reg [N+6:0] carry, YC;

/linternal assignments

assign FS = YS;

assign FC = YC['N+5:0];

assign cout=carry[ N+1]+YC[ N+1];

/ladds D+c+s = C,S using CSA

always@(sum or D or carry or cin2)

begin

YC[0]=cin2;

for(i=0;i<’N+6;i=i+1)
begin

{YCI[i+1],YS[i]}=Dl[i]+carry[i]+sum[i];

end

end

// add A+B+C = c,s using CSA

always@(A or B or C or cin)

begin

carry[Q]=cin;

for(j=0;j<’N+6;j=j+1)
begin

{carry[j+1],sum[J}=A[j]+B[]+C[];

end

end

endmodule




Listing 3: csa.v
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‘include “common.v”

/IN+6 bit Carry-Save Adder
module CSA(A,B,C,FS,FC,cin);

Jr** K*kkk *kkk

inputs and outputs of CSA

* A, B, C inputs operands of compressor

* cin carry-in bit input

* FS,FC output in carry-save representation
*/

input [[N+5:0] A, B, C;

output ['[N+5:0] FS, FC;

input cin;

//declaring variables

reg [N+5:0] YS; //, sum;
integer j;

reg [N+6:0] YC;

/linternal assignment
assign FS = YS;
assign FC = YC['N+5:0];

llc,s = A+B+C

always@(A or B or C or cin)

begin

YC[0]=cin;

for(j=0;j<’N+6;j=j+1)
begin

{YCli+1].YS[=A[]+B[]+CI;

end

end

endmodule
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Listing 4: onthefly.v

‘include “common.v”
//On-the-fly conversion module for N+6 bit variable S
module ontheflyConversionN(
clk,
reset,
qa_p,
q_n,
Q
);
/ *k%k *% *kkk *k%k *k%k *% *kk*k *k%k * *k%
inputs and outputs of the On-the-fly conversion
* ,0_n online input in signed-bit representation
* reset is a reset or start signal to initialize fl i-flops and indicate start
of operations
* Q parallel output in 2's complement format
*/
input q_p,q_n, clk, reset;
output ['[N+5:0] Q;
/I Internal Declarations
wire ['N+5:0] 111orrection, normalizedQM,;
reg [N+5:0] Q1, QM1;
wire [[N+5:0] A, B, fullQ, fullQM;
wire a,b;
reg [ N+5:0] shifter;

/lconstants

wire ['N+2:0] zeroes;

assign zeroes =0;

/lassigning variables for combinational logic
assign a = q_p|q_n;

assign b = ~a;

assign Q = Q1;

assign A = (q_n)? QM1 : Q1;

assign B = (g_p)? Q1 : QM1,;

//ISequential Logic assignment
always@(posedge clk or posedge reset)

begin

if (reset) begin //reset registry
Q1<=0;
QM1<=0;

shifter<={3'b001,zeroes};

end

else

begin

Q1<=fullQ;
QM1<=fullQM;
shifter <= {1'b0,shifter[ N+4:1]};
end

end

[Irepresenting variables in fractional format
assign 111lorrection = a*shifter;

assign normalizedQM = b*shifter;

assign fullQ = A]111orrection;

assign fullQM = B|normalizedQM;
endmodule
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Listing 5: hybridOnlineMultDiv.v

‘include “common.v”

//Online Multiplier-Divider based on Composite Algo rithms

module hybridOnlineMultDiv(clk, reset, x, vy, d, z, z_n, RS, RC);

/ * * * * * *k%k

inputs and outputs of Online Multiplier using Carry -Save operations

* X,y online input operands

*d online divisor input

*rst  signal to reset flip-flops and indicate s tart of operation
*z,z_n product output in BSD representation

* RS, RC Remainder output in form carry-sum pair r epresentation
*/

input clk, reset, x, y, d;

output z, z_n;

output [ N+5:0] RS, RC;

regq, q_n;

wire clk, reset, d;

[FrHHK *% *kkkkkkkk

variable declarations

//d2 =d only if Q>0 — intermediate variable used later
wire d2;

/IVectors X[i] and Y[i] for accumulating X,y
reg [N-1:0] X, Y;

/IVector DIi]

reg ['N-1:0] D1;

wire ['N-1:0] D;

IIx*Y[i] and y*X[i-1]

wire ['N-1:0] xY, yX, correction;
/lconverting inputs x,y,d to fractional inputs
wire ['N-1:0] 112orrection, Dinv;

wire ['N-1:0] 112orrection, 112orrection, 112orre;
reg ['N-1:0] shifter;

/Iresidue function and vector Q(i], -Ql[i]
wire [[N+5:0] PS, PC, Q;

reg [[N+5:0] WS1, WC1, gD, Qinv;

wire [[N+5:0] WS, WC, VS, VC;

1/5-bit estimate of the residue function

wire [4:0] V;

/[dummy variable

wire [1:0] dummy;

/literation counter

reg [m:0] counter;

/lconstants

wire ['N-2:0] zeroes;

wire ['N-2:0] ones;

/lflag indicates if an input to an adder is negativ e
/lthis will set the least significant carry bit of the sumto 1
/land hence 2's complement addition can be performe d

reg negflagl, negflag2;
/[creating constants
assign zeroes =0;
assign ones = ~zeroes;

Ilinverse of DIi]
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assign Dinv = ~D;

/lassigning all registers and flip-flops
always@(posedge clk or posedge reset)
begin
if (reset) begin // reseting all flipl-flops and r
WS1 <=0;
WC1 <=0;
Y<=0;
X<=0;
D1<=0;
counter<=1,
shifter<={1'b1,zeroes};
end
else
begin
/Istoring the next state of recurrence relation
WS1 <= {WS['N+4:0],1'b0};
WC1 <= {WC['N+4:0],1'b0};

/Istorinig the vectors DIi], X[i], Y[i]
Y<=113orre;

X<=X|113orrection;

D1<=D;

/lcounter to keep track the number of iteration
counter<=counter+1,
shifter<= {1'b0,shifter[ N-1:1]};
end
end

/Istoring the online inputs in fractional format
assign 113orrection = d? shifter:0;

assign 113orrection = x? shifter:0;

assign 113orrection = y? shifter:0;

assign D = D1|113orrection;

/lcalculating x*Y[i] and y*X[i-1]
assign 113orre = Y|113orrection;
assign xY = x? 113orre: 0;
assign yX =y? X: 0;

/lcalculating Qinv = -d*Q][i-1] given that Q>0
always@(Q or d2)

begin
Qinv = (d2)? ~Q:0;
negflagl = d2;
end

/lcalculating gD = -g*d[i]
always@(D or Dinv or g or g_n)
begin
case ({9,9_n})
4'b00: begin qD=0; negflag2=0; end
4’b01: begin gD={2'b00,D,4’b0000}; negflag2=0
4'b10: begin gD={2'b11,Dinv,4’'b1111}; negflag
default: begin gD=0; negflag2=0; end
endcase
end

egisters

;end
2=1; end
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/[calculating the addition of W = Qinv + WS1 + WC1

1))

compressor
compressorl(.A({6'b000000,xY}),.B(WS1),.C({6’b00000
C), .cin(1'b0), .cin2(1’b0), .cout(dummy));

CSA adder1(.A(Qinv),.B(PS),.C(PC),.FS(VS),.FC(VC),
CSA adder2(.A(VS),.B(VC),.C(gD),.FS(WS),.FC(WC), .c

/lestimation of V
assign V = (counter<=4)? 0: (VS['N+5:"N+1]+VC[ N+5:

/Icheck if Q!=0
assign d2 = (Q>0)? D:0;

/lconverting the 114orrection114 quotient bits into
ontheflyConversionN onthefly1(.clk(clk),.reset(rese

Q(Q));

//selection function to produce the quotient output

always@(V[4:1])

begin
case (V[4:1])
4’b0000: begin q
4’'b0001: begin q
4'b0010: begin q
4’b0011: begin g
4'b0100: begin q
4’b0101: begin g
4'n0110: begin g
4’'b0111: begin g
4’b1000: begin q
4’h1001: begin g
4'n1010: begin g
4’b1011: begin g
4'n1100: begin g
4’'b1101: begin g
4'n1110: begin g

@
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4’'b1111: begin g=0; g_| ;end
default: begin g=0; q_n=0; end
endcase

end

/loutput the remainder only during the last iterati
assign RS = (counter=="N+4)? WS:0;
assign RC = (counter=="N+4)? WC:0;

/loutput the quotient
assignz =gq;
assign z_n=q_n;

endmodule

+qD + 2/-4*(x*Y[i] + y*X[i-

0,yX}),.D(WC1),.FS(PS),.FC(P

.cin(negflagl));

in(negflag2));

“N+1));

2's complement format
1),.a_p(d), .a_n(q_n),

on




A.3.2 TestBench

Listing 6: onlineMultDivTB.v
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‘include “common.v”

/[Test Bench to simulate online multiplication-divi
algorithms
module onlinemultdividerTB;

[Ivariable declaration

reg clk,rst;

reg xy;

reg ['N-1:0] n;

wire g, q_n;

reg [ 'N:0] pos, neg, quotient;
reg d;

wire [[N+5:0] RS, RC;

reg [N-1:0] D;

reg [2*'N-1:0] C;

integer i,j, error;

reg [ N+5:0] templ,temp2;
reg [m:0] m;

/Irecieve and store the values of g from the online
//storing the positive and negative values in seper
always@(posedge clk or posedge rst)
begin
if (rst) begin
pos <= 0; neg <= 0; end
else
begin
pos<= {pos[ N-1:0],a};
neg<= {neg[ N-1:0],q_n};
end
end

/Isimulate clock signal with period of 20 time step
always #10 clk<=~clk;

/linitialize all signals
initial begin

clk=0;

rst=0;

m = "N-1;

i=0;

i=0;

quotient=0;

error=0;

=63; // <- Adjust modulus here

gQ0>
e

Q< x
Qeoee

)
>

sion using composite

koc multiplier-divider
ate registers




116

/****************

/[This section of the code is used for brute-force
/I De-comment this section when needed
initial begin
for(i=0;i<=n-1;i=i+1)
begin
for(j=i;j<=n-1;j=j+1)
begin
C=j*;
D=C/n;
#10 rst=1;
Il @(posedge clk) x=i[7]; y=j[7]; #10; rst =0;
Il @(posedge clk) x=i[6]; y=j[6]; // #10; rst =0;
@ (posedge clk) x=i[5]; y=j[5]; d=n[5]; #10; rst =
@ (posedge clk) x=i[4]; y=j[4]; d=n[4]; /] #10; rs
@(posedge clk) x=i[3]; y=j[3]; d=n[3]; /] #10;r
@(posedge clk) x=i[2]; y=j[2]; d=n[2];
@(posedge clk) x=i[1]; y=j[1]; d=n[1];
@(posedge clk) x=i[0]; y=j[0]; d=n[0];
@(posedge clk) x=0; y=0; d=0;
#80; temp1=RS; temp2=RC;
#20; quotient=pos-neg;
if((D —quotient)) begin
$display(“%d * %d /%d = %b, WS=%b, WC=%b",
1:0],n,quotient, temp1, temp?2);
error=error+1;
end
#10 rst=1;
#20 rst=0;
#100;
end
end
if(ferror) $display(“No errors. All 2"%d * 2"%d co
successful!”,m,m);
else $display(“Correction Stage Required! Number of

***********/

[**/

/[Testing using selective numbers:

initial begin

#10 rst=1,;

@ (posedge clk) x=1; y=1; d=n[5]; #10; rst =0;

#5; $display(“qD=%b,PS=%b,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%b,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n",multdivider. WS
g,multdivider.g_n);

@(posedge clk) x=1; y=1; d=n[4];

#10; $display(“qD=%b,PS=%hb,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%b,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n",multdivider. WS
g,multdivider.g_n);

@(posedge clk) x=1; y=0; d=n[3];

#10; $display(“qD=%b,PS=%hb,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%Db,Qinv=%b",multdivider.VS,multd

testing

t=0;
st =0;

i['N-1:0],j['N-

mbinations are

Errors = %d”, error);

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider.WC,multdivider.

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider.WC,multdivider.

ider.PC, (RS+RCQC));
ivider.VC,multdivider.Qinv);
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$display(“WS=%b,WC=%b,q=%b,q_n=%b\n", multdivider. WS
g,multdivider.g_n);

@(posedge clk) x=0; y=1; d=n[2];

#10; $display(“gD=%b,PS=%b,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%Db,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n", multdivider. WS
g,multdivider.q_n);

@ (posedge clk) x=0; y=0; d=n[1];

#10; $display(“qD=%b,PS=%b,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%bh,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n",multdivider. WS
g,multdivider.g_n);

@(posedge clk) x=0; y=1; d=n[0];

#10; $display(“qD=%b,PS=%hb,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%Db,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n",multdivider. WS
g,multdivider.q_n);

@(posedge clk) x=0; y=0; d=0;

#20; $display(“qD=%b,PS=%hb,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%Db,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n", multdivider. WS
g,multdivider.q_n);

#20; $display(“gD=%b,PS=%b,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%Db,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n", multdivider. WS
g,multdivider.q_n);

#20; $display(“gD=%b,PS=%b,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%Db,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n",multdivider. WS
g,multdivider.q_n);

#20; $display(“gD=%b,PS=%b,PC=%b,
remainder=%b",multdivider.qD,multdivider.PS,multdiv
$display(“VS=%b,VC=%Db,Qinv=%b",multdivider.VS,multd
$display(“WS=%b,WC=%b,q=%b,q_n=%b\n",multdivider. WS
g,multdivider.q_n);

#20; $display(“A:10100 * B:10100 / D:%b = Q:%b , R=
1/

#200 $finish;

end

hybridOnlineMultDiv multdivider(.clk(clk), .reset(r
2(9), -z_n(g_n), .RS(RS), .RC(RC));

endmodule

,multdivider. WC,multdivider.

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider WC,multdivider.

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider.WC,multdivider.

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider WC,multdivider.

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider WC,multdivider.

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider WC,multdivider.

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider WC,multdivider.

ider.PC, (RS+RC));
ivider.VC,multdivider.Qinv);
,multdivider WC,multdivider.

%b”,n, (pos-neq),(RS+RC));

st), x(x), .y(y), .d(d),
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A.4 Online Multiplication-Division with Constant Divisor Integrated

with the Correction Stage Algorithm

The top Verilog module is called “onlineKoc.v’. &htop module creates
instances for the sub-modules “bitwiseGP.v", “GPfapa.v”’, “signDetect.v”,
“signedAdder.v”, “compressor.v’ and “CSA.v". The lsmodule bitwiseGP creates
generate and propagate signals for each of theimdera(PC, PS) bits. The sub-module
GPOperator implements a single generate-propagagaior unit as in Figure 3.3(b).
The sub-module signedAdder is a 2-bit binary sigrdidit (BSD) adder for
accumulating the partial quotient with. qthe compressor and CSA sub-modules
implements a k+4 bit [4:2] compressor and a k+4chitry-save adder as required by
Algorithm 3.4. The algorithm was exhaustively testasing all possible input
combinations with k = 4, 6, 8 and 10 using theltesth file “onlineKocTB.v". Due to
the incorporated correction stage, the online mplidation-division algorithm produced
the correct results for all input combinations witherrors.

A.4.1 Synthesizable RTL Code

Listing 1: common.v — generated by main.exe

/Inumber of bits of the input operands and the modu lus
“define N 8

/INumber of bits for the clock counter

“definem 3




Listing 2: csa.v
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‘include “common.v”

/IN+4 bit Carry-Save adder
module CSA(A,B,C,FS,FC,cin);

Jr** K*kkk *kkk

inputs and outputs of CSA

* A, B, C inputs operands of compressor

* cin carry-in bit input

* FS,FC output in carry-save representation
*/

input [[N+3:0] A, B, C;

output [[N+3:0] FS, FC;

input cin;

reg [N+3:0] YS;
integer j;
reg [N+4:0] YC;

assign FS = YS;
assign FC = YC['N+3:0];

llc,s = A+B+C

always@(A or B or C or cin)

begin

YC[0]=cin;

for(j=0;j<’N+4;j=j+1)
begin

{YCli+1].YS[=A[]+B[]+CI;

end

end

endmodule




Listing 3: compressor2.v
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‘include “common.v”

/I Generic N+4 bit 4:2 compressor
module compressor(A,B,C,D,FS,FC, cin, cin2, cout);

Jr** K*kkk *kkk

inputs and outputs of 4:2 Compressor

* A, B, C, D inputs operands of compressor
* cin, cin2 are carry-in inputs

* FS,FC output in carry-save representation
* cout carry-out bit

*/

input [N+3:0] A, B, C, D;

output [[N+3:0] FS, FC;

output cout;

input cin, cin2;

/ldeclaration of intermediate values
reg [[N+3:0] YS, sum;

integer i,j;

reg [[N+4:0] carry, YC;

/lgenerating the output

assign FS = YS;

assign FC = YC['N+3:0];

assign cout=carry[ N+4]"YC[ N+4];

/ladds D+c+s = C,S using CSA

always@(sum or D or carry or cin2)

begin

YC[0]=cin2;

for(i=0;i<’N+4;i=i+1)
begin

{YCI[i+1],YS[i]}=Dl[i]+carry[i]+sum[i];

end

end

// add A+B+C = c,s using CSA

always@(A or B or C or cin)

begin

carry[Q]=cin;

for(j=0;j<’N+4;j=j+1)
begin

{carry[j+1],sum[J}=A[j]+B[]+C[];

end

end

endmodule




Listing 3: signedAdder.v
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/IAdds 2-bit redundant BSD numbers
module signedAdder(A, A_n, B, B_n, S, S_n);

Jr** * Fkkkkk * Fkkkkk

inputs and outputs of the BSD adder
* A,A_n input operand in BSD form
* B,B_n input operand in BSD form
* S,S_n output sum in BSD form

*/

input [1:0] A, A_n, B;

input [1:0] B_n;

output [1:0] S, S_n;
wire [1:0] A, A_n, B, B_n;
wire [1:0] S, S_n;

/linternal variables

wire [2:0] AgB, AgB_n, BgA_n, BgA;
wire [2:0] C, C_n;

reg [1:0]t, t_n;

/ladd the two numbers
assign C=A+B;
assign C_n =A_n+B_n;

/Iselecton function that changes the Q bit if the s
[lthis function 121orrect that there is no overflow
assign S =({t,t_n}==4'b0001)? 2'b01 :t;

assign S_n = ({t,t_n}==4'b0001)? 2’b10 :t_n;

/lif A is greator than B
assign AgB = C+~C_n+1;
assign AgB_n =0;

/lif B is greator than A
assign BgA = 0;
assign BgA_n =~C+C_n+1;

always@(C or C_n or AgB or BgA_n)
begin
//detect the sign of the addition
if(C>=C_n) begin
t= AgB[1:0];
t_n=0;
end
else begin
t=0;
t_n=BgA_n[1:0];
end
end

endmodule

umis 0,-1to-1,1
ocurrs at last iteration




Listing 4: bitwiseGP.v
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‘include “common.v”

//Bitwise Generate and Propagate signals for the re
module GP(

PC,

PS,

P,

G
)i

Jr** K*kkk *kkk

inputs and outputs of the Bitwise G-P

* PC,PS inputs operands representing the remainder
* P N-bit propagate signals output

*G  N-bit generate signal ouput

*/

input ['N-2:0] PC, PS;

output [ N-2:0] P,G;

/I Internal Declarations
reg [N-2:0] p,g;
integer j;

/lproduce the 122orrec
assign P = p;
assign G=g;

/IGenerating Propagate and Generate signals for eac
always@(PS or PC)
begin
for(j=0;j<’N-1;j=j+1)
begin
p[li] = PS[]IPCLl;
gli] = PS[]&PC];
end
end

endmodule

mainder

h PS,Pc bit




Listing 5: Gpoperator.v
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/IGenerate-Propagate Operator
module GPO(

G1,

G2,

G3
)i

Jr** * Fkkkkk * Fkkkkk

inputs and outputs of the Generate-Propagate Operat
* G1,G2 2-bit input operands representing consecuti
*G3  2-bit Output representing the 123orrect G-P

*/

input [1:0] G1, G2;
output [1:0] G3;

/lgeneralized carry operator
/Imerges two adjacent G,P pairs
assign G3[1] = G1[1]&G2[1];

assign G3[0] = G1[0]|(G1[1]&G2[0]);

endmodule

*k%k

or
ve G-P signals
signals that covers G1, G2




Listing 6: example of signDetect.v — generated by ain.exe
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‘include “common.v”
module signDetector(PC,PS,Y);

/I Internal Declarations
input ['N-2:0] PS, PC;
output Y,

wire ['N-2:0] PS,PC,P,G;

wire Y,dummy;

wire [1:0] G1;

wire [1:0] G2;

wire [1:0] G3;

wire [1:0] G4;

wire [1:0] G5;

wire [1:0] G6;

GP GP1(.PS(PS),.PC(PC),.P(P),.G(G));

GPO GPO7(.G1({P[1],G[1]}),.G2({P[0],G[0]}),.G3(G1))
GPO GPOS8(.G1({P[3],G[3]}),-G2({P[2],G[2]}),-G3(G2))
GPO GPO9(.G1({P[5],G[5]}),.G2({P[4],G[4]}),.G3(G3))
GPO GP0O10(.G1(G2),.G2(G1),.G3(G4));

GPO GPO11(.G1({P[6],G[6]}),.G2(G3),.G3(G5));
GPO GP0O12(.G1(G5),.G2(G4),.G3({dummy,Y}));
endmodule
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Listing 7: onlinekoc.v

include "common.v"

//Online Multiplier-Divider with Correction stage f
module onlineKoc(clk, reset, x,y, n, d, q_n, RS, R

Jr** K*kkk *kkk

inputs and outputs of the online multiplicaiton-div
* X,y inputs operands

* n modulus

* reset is a reset or start signal to initialize fl

of operations

* RS,RC remainder output in carry-save representati
* ¢,g_n online output bits of Q

*/

input clk, reset, x,y;

input ['N-1:0] n;

output g,q_n;

output ['N-1:0] RS,RC;

[FrHHK *% *kkkkkkkk

internal declarations

/IVectors X[i] and Y[i] for accumulating X,y
reg [N-1:0] X, Y;

IIx*Y[i] and y*X[i-1]

wire ['N-1:0] xY, yX;

/lconverting inputs x,y to fractional inputs
wire ['N-1:0] normalizedx, normalizedy, fullY;
reg [ N-1:0] shifter;

wire ['N-2:0] zeroes;

/Isign estimate

wire [4:0] ES;

reg [4:0] ES1;

[Iresidue function and remainder

wire [[N+3:0] PS, PC, VS, VC, rs,rc;

reg [N+3:0] PS1, PC1, correction, add;
/literation counter

reg [ m:0] counter;

/lintermediate variables

regg.g_n;

wire dummy, carry;

/Ipartial quotient

reg [1:0] Q1,Q1_n;

wire [1:0] Q,Q_n;

/lquotient increments that are added to the partial
wire [1:0] increment, increment_n, tmp;

/lflag indicates if an input to an adder is negativ
/lthis will set the least significant carry bit of
/land hence 2's complement addition can be performe
reg negflag2;

wire negflagl;

//I8M and -8M

wire [[N+3:0] n_p, n_n;

/lcreating constants and shifting the modulus
assign zeroes =0;

assign n_p = {1'b0,n,3'b000};

assign n_n ={1'b1,~n,3'b111}

or parallel input divisor
C);

*k%k

ision module

i-flops and indicate start

on

quotient

e
thesumto 1
d
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/lall registers and flip-flops used are declared he
always@(posedge clk or posedge reset)
begin
[Ireseting all flip-flops
if (reset) begin
PS1<=0; PC1<=0;
counter<=1,
ES1<=0;
Y<=0;
X<=0;
Q1<=0; Q1_n<=0;
shifter<={1'b1,zeroes};
end
else
begin
//shift the partial residue to the left for the
PS1<={PS['N+2:0],1'b0}
PC1<={PC[ N+2:0],1'b0};

//shift the partial quotient to the left

Q1<={Q[0],1'b0};
Q1_n<={Q_n[0],1'b0};

/lcounter to keep track the number of iteration
counter<=counter+1;

//saving the estimate for the next clock cycle
ES1<=ES;

/Istoring all previous values of the input oper
Y<=fullY;
X<=X|normalizedx;
shifter <= {1'b0,shifter[' N-1:1]};
end
end

/Istoring the inputs in fractional format since all
// done in fractions

assign normalizedx = x? shifter:0;

assign normalizedy = y? shifter:0;

/Imultiplying x_i*Y[i] and y_i*X[i-1]
assign fullY = Y|normalizedy;
assign xY = x? fullY: O;

assign yxX =y? X: 0;

/IThe sign estimate procedure
always@(ES1 or n_n or n_p)

begin

if(ES1>=1 && ES1 <=15) begin
add =n_n;
g=1;9_n=0;

end

else if(ES1>=16 && ES1<=27) begin
add = n_p;
g=0;9_n=1;

end

else

begin

re

next clock cycle

nds X,Y in a shift register

internal operations are
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add =0;
g =0; g_n=0;
end
end

assign negflagl = g;

[lsum x*Y[i] + y*X[i] +/-M + PS + PC using a compre
CSA adder1(.A({4'b0000,xY}),.B({4'b0000,yX}),.C(add
.cin(negflagl));

compressor compressorl(.A(VC),.B(PS1),.C(VS),.D(PC1
.cin(1'b0), .cin2(1'b0), .cout(dummy));

//dtermine if a carry is generated from the k-1 bit
signDetector SD1(.PS(PS[ N-2:0]), .PC(PC['N-2:0]),

/lfind the estimate of PS,PC
assign ES = PS['N+3:"N-1] + PC['N+3:"N-1];

//dtermine if the sum PS+PC is a positive or a nega
always@(ES or carry) begin
if (ES[4]==0)
negflag2=0;
else if(ES == 31)
negflag2=!carry;
else negflag2=1;
end

/lcorrection stage

always@(counter or negflag2) begin

if(counter == "N+3) begin
correction = (negflag2)? n_p:0;
end

else correction =0; end

/lcorrect the remainder by adding correction value
CSA adder2(.A(PS),.B(PC),.C(correction),.FS(rs),.FC

/loutput the remainder after shifting back to the ¢
assign RS = rc[ N+2:3];
assign RC = rs['N+2:3];

/ffinding the partial quotient Q based on the addit
assign increment = (counter=="N+4)? 0:{1'b0,g};
assign tmp = (counter=="N+3)? (g_n + negflag2): {1'
assign increment_n = (counter=="N+4)? 0:tmp;

/lthe selection function is inherent in the signed
signedAdder signed2(.A(increment), .A_n(increment_n

$(Q), -.S_n(Q_n));

/loutput the quotient bits
assign g = Q[1];

assign q_n = Q_n[1];
endmodule

ssor and CSA
),.FS(VS),.FC(VC),

),-FS(PS),.FC(PC),
s of PS and PC

.Y(carry));

tive number

(rc), .cin(1'b0));

orrect positions

ions and subtractions of n

b0,g_n};

adder

), -B(Q1), .B_n(Q1_n),




A.4.2 Testbench

Listing 8: onlinekocTB.v
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‘include “common.v”

/[Test Bench for simulating the online multiplier-d
module onlinemultdividerTB;

reg clk,rst;

reg x.y;

reg [N-1:0] n;

wire g, q_n;

// pos,neg are used to accumulate the online quotie
BSD format

reg [ N+2:0] pos, neg;

reg [N-1:0] D;

wire ['N-1:0] RS, RC;

reg [2*'N-1:0] C;

integer i,j, error;

reg [ N-1:0] temp1,temp2;
reg [5:0] m;

/Irecieve and store the values of q from the online
/Istoring the positive and negative values in seper
always@(posedge clk or posedge rst)
begin
if (rst) begin
pos <= 0; neg <= 0; end
else
begin
pos<= {pos['N+1:0],q};
neg<= {neg[ N+1:0],g_n};
end
end

/Isimulate clock signal with period of 20 time step
always #10 clk<=~clk;

/linitialize all signals
initial begin

clk=0;

rst=0;

m = "N-1;

i=0;

j=0;

error=0;

n=131; // <- set modulus N here

o0
e

o< X
oo

n

/****************/

/[This section of the code is used for brute-force

ivider with correction stage

nt bits from the 128orrec in

koc multiplier-divider
ate registers

testing
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/I De-comment this section when needed
initial begin
for(i=0;i<=n-1;i=i+1)
begin
for(j=i;j<=n-1;j=j+1)
begin
C=j*i;
D=C/n;
#10 rst=1;
@(posedge clk) x=i[7]; y=j[7]; #10; rst =0;
@ (posedge clk) x=i[6]; y=j[6]; // #10; rst =0;
@(posedge clk) x=i[5]; y=j[5]; /| #10; rst =0;
@ (posedge clk) x=i[4]; y=j[4]; /] #10; rst =0;
@(posedge clk) x=i[3]; y=j[3]; // #10; rst =0;
@(posedge clk) x=i[2]; y=j[2];
@(posedge clk) x=i[1]; y=j[1];
@(posedge clk) x=i[0]; y=j[0];
@(posedge clk) x=0; y=0;
#80; temp1=RS; temp2=RC;
#20; if((D —(pos-neq))) begin
$display(“%d * %d /%d = %b, RS=%b, RC=%b",
neg), templ, temp2); //RS,RC);
error=error+1;
end
#10 rst=1;
#20 rst=0;
#100;
end
end
if(lerror) $display(“No errors. All 2°%d * 2"%d co
successful!”,m,m);

else $display(“Number of Errors = %d", error);
/***********/

/**

/[Testing using selective numbers:
initial begin

#10 rst=1;

@(posedge clk) x=1; y=1; #10; rst =0;

@(posedge clk) x=1; y=1;
#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi

$display(“ES=%b,tmp=%b,1290rrection=%b",multdivider

vider.correction);

$display(“PS=%b,PC=%b,q=%b,q_n=%b\n",multdivider.PS

Q.multdivider.Q_n);

@(posedge clk) x=1; y=1;
#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%0b", multdivider.add,multdivider.VS,multdi

$display(“ES=%b,tmp=%b,1290rrection=%b",multdivider

vider.correction);

$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS

Q.multdivider.Q_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi

$display(“ES=%b,tmp=%b,1290rrection=%b",multdivider

vider.correction);

i['N-1:0],j['N-1:0],n,(pos-

mbinations are

vider.VC, (RS+RC));
.ES,multdivider.carry,multdi

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
.ES,multdivider.carry,multdi

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
.ES,multdivider.carry,multdi
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$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS
Q,multdivider.Q_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi
$display(“ES=%b,tmp=%b,1300rrection=%b",multdivider
vider.correction);
$display(“PS=%b,PC=%b,q=%b,q_n=%b\n",multdivider.PS
Q,multdivider.Q_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi
$display(“ES=%b,tmp=%b,1300rrection=%b",multdivider
vider.correction);
$display(“PS=%b,PC=%b,q=%b,q_n=%b\n",multdivider.PS
Q,multdivider.Q_n);

@(posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,
remainder=%b",multdivider.add,multdivider.VS,multdi
$display(“ES=%b,tmp=%b,1300rrection=%b",multdivider
vider.correction);
$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS
Q.multdivider.Q_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,

remainder=%0b" multdivider.add,multdivider.VS,multdi
$display(“ES=%b,tmp=%b,1300rrection=%b",multdivider
vider.correction);
$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS
Q.multdivider.Q_n);

@ (posedge clk) x=0; y=0;

#10; $display(“add=%b,VS=%b,VC=%b,

remainder=%b”, multdivider.add,multdivider.VS,multdi
$display(“ES=%b,tmp=%b,1300rrection=%b",multdivider
vider.correction);
$display(“PS=%b,PC=%bh,q=%b,q_n=%b\n",multdivider.PS
Q.multdivider.Q_n);

@(posedge clk) // x=0; y=0;
#80; $display(“A:101110 * B:011010 / N:%b = Q:%b",n
*%

/

#200 $finish;
end

onlineKoc multdivider(.clk(clk), .reset(rst), .x(x)
.q_n(q_n), .RS(RS), .RC(RC));
endmodule

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
.ES,multdivider.carry,multdi

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
.ES,multdivider.carry,multdi

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
.ES,multdivider.carry,multdi

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
.ES,multdivider.carry,multdi

,multdivider.PC,multdivider.

vider.VC, (RS+RC));
.ES,multdivider.carry,multdi

,multdivider.PC,multdivider.

/(pos-neg));

»-Y(y), -n(n), .q(a),




Appendix B

C++ Code to Generate signDetect.v File for Implemeimg the

Brent-Kung Adder

Listing 1. main.cpp

#include<stdlib.h>
#include<stdio.h>
#include<fstream>
#include<iostream>
#include<string>
#include<math.h>
#include<vector>
using namespace std;

void welcome(void)

cout<<™n
UuULVULULLLULVULULUDULULULULULULULULUOUOULLIUITITITI®DUOUOLVOLVOVLVUUUNE
cout<<” Y
P\n";
cout<<” Y Copyright KOCH 2008, King Fahd Uni versity of Petroleum and
Minerals b\n”;
cout<<” Y Logarithmic Sign Detection File Crea tion for Online Multiplier-
Divider b\n”;
cout<<” Y
P\n";
cout<<”
RREARRRRRRRRFRARARRRRRAFRRARARRRARRRRABARRRARRRRRRRARRARRRARRARBRRARRRRRZRRARRRRRERR)RAR\N";
cout<<endl;

}
void pause (void)

system(“PAUSE");

main()

{
system(“IF EXIST signdetect.v rename signdetect .v signdetect.bak”);
ofstream sd(“signdetect.v”);
ofstream common(“common.v”);
if(sd.fail()) cout<<"ERRORN\n";
int N, depth, i,j, n, levelStart=0,temp, m;
vector<int> *levelNums;
int *nodes, *levelSize;
float numGPO;
welcome();

cout<<"Please enter the maximum number of bits used by the modulus:\n”;
couts<">>
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cin>>N;

numGPO= (float)N-1.0;

depth = ceil(log10(humGPO)/log10(2.0));
n=N-1;

sd<<"include \"common.v\"\n\n”;
sd<<’module signDetector(PC,PS,Y);\n\n";
sd<<"// Internal Declarations\n”;
sd<<”input ['N-2:0] PS, PC;\n";
sd<<"output Y;\n\n";

sd<<"wire ['N-2:0] PS,PC,P,G;\n";
sd<<"wire Y,dummy;\n”;

for(i=1;i<n;i++)
sd<<"wire [1:0] G"<<i<<";\n";

//getting bitwise g and p
sd<<"GP GP1(.PS(PS),.PC(PC),.P(P),.G(G));\n\n";

//Greating GPO tree

levelNums = new vector<int>[depth+1];
levelSize = new int[depth+1];

nodes = new int[depth+1];

levelStart=n;

levelSize[0]=n;

for(i=0;i<n;i++)
levelNums[0].push_back(i);

for(j=1;j<=depth;j++)

{

levelSize[j] = levelSize[j-1]/2;

nodes[j]= levelSize[j];

for(i=0;i<levelSize[j];i++) {

leveINums[j].push_back(i+levelStart); }

if(levelSize[j-1]%2)

{
temp= levelNums[j-1].back();
levelNums[j].push_back(temp);
levelStart=levelStart+levelSize[j];
levelSize[j]++;

else {
levelStart=levelStart+levelSize[j]; }
}

for(j=1;j<=depth;j++)
{
for(i=0;i<nodes|[j];i++)

sd<<"GPO GPO"<<levelNums[j][i]<<"(.G1(
if(levelNums[j-1][2*i+1]<n)
sd<<"{P[“<<levelNums[j-1][2*i+1]<< ",G["“<<levelNumsl[j-
1[2xi+1]<<"]}
else
sd<<"G"<<levelNums[j-1][2*i+1]+1-n
sd<<"),.G2(%
if(levelNums[j-1][2*i]<n)
sd<<"{P[‘<<levelNums[j-1][2*i]<<"] ,G[“<<levelNums[j-
1[2#i]<<"T}
else
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sd<<"G"<<levelNums[j-1][2*i]+1-n;
if(j==depth)
sd<<”),.G3({dummy,Y});\n”;
else
sd<<”),.G3(G"<<levelNums[j][i]+1-n<
}

sd<<"endmodule\n”;

sd.close();
cout<<"\nFile Created Successfully\n”;

/lcreating common file

common<<"//[number of bits of the input operands
common<<""define N “<<N<<endl;
common<<"//Number of bits for the clock counter
m = ceil(log10((float)N)/log10(2.0));
common<<"define m “<<m<<endlI;
common.close();

pause();

return O;

<P’

and the modulus\n”;

\n

”.
1
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Synthesis Reports for 64-bit Online Multiplication-Division

C.1 Online Multiplication-Division with Constant Divisors

Operations

HDL Synthesis Report

Macro Statistics
# ROMs
4x1-bit ROM
# Adders/subtractors
1-bit adder carry out
2-bit adder
5-bit adder
# Registers
5-bit register
64-bit register
68-bit register
# Comparators
5-bit comparator ?reatequa1
5-bit comparator lessequal
# Multiplexers
68-bit 4-to-1 multiplexer
# Xors
1-bit xor2

Advanced HDL Synthesis

RFRRRNNBNWROR

e

. 408

NN
oo
w A

WARNING:Xst:1710 - FF/Latch
block <onlineKoc>.

WARNING:Xst:1895 - Due to other FF/Latch trimming, FF/Latch

value) has a constant value of 0 in block <onTlineKoc>.

<PC1_0> (without init

<PS1_0> (without init value) has a constant value of 0 in

Advanced HDL Synthesis Report

Macro Statistics
# ROMs
4x1-bit ROM
# Adders/subtractors
1-bit adder carry out
2-bit adder
5-bit adder
# Registers
Fl1ip-Flops
# Comparators
5-bit comparator greatequal
5-bit comparator lessequal
# Multiplexers
68-bit 4-to-1 multiplexer
# Xors
1-bit xor2

Low Level Synthesis

Loading device for application Rf_Device from file *4vsx35.nph’ in environment

C:\Xilinx.



Optimizing unit <onlineKoc> ...
Optimizing unit <compressor> ...
Ooptimizing unit <CSA> ...

Mapping all equations...
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WARNING:Xst:1710 - FF/Latch <PCl_1> (without init value) has a constant value of 0 1in

block <onlineKoc>.

WARNING:Xst:1895 - Due to other FF/Latch trimming, FF/Latch <PCl_2> (without init
value) has a constant value of 0 in block <onlinekoc>.

Building and optimizing final netlist .

Found area constraint ratio of 100 (+ 5) on block onlineKkoc, actual ratio is 2.

* *

Final Report

Final ResuTts

RTL Top Level output File Name : onlineKoc.ngr
Top Level Output File Name : onlineKoc
output Format 1 NGC
Optimization Goal : Speed
Keep Hierarchy 1 NO
Design Statistics

# Ios 1 206
Cell Usage :

# BELS : 690

# GND HE e

# LUT2 Y

# LUT2_D Ha g

# LUT3 ;139

# LUT3_D 1 299

# LUT3_L 4

# LUT4 : 140

# LUT4_D : 80

# LUT4_L ;12

# MUXCY 4

# MUXF5 1

# XORCY 4

# FlipFlops/Latches : 329

# FDC ;328

# FDP HE g

# Clock Buffers 1

# BUFGP 1

# 10 Buffers 1 205

# IBUF 1 67

# OBUF ;138

Device utilization summary:

Selected Device : 4vsx35ff668-12

Number of Slices: 379 out of 15360 2%
Number of Slice Flip Flops: 329 out of 30720 1%
Number of 4 input LUTs: 680 out of 30720 2%
Number of bonded IOBs: 206 out of 448 45%
Number of GCLKs: 1 out of 32 3%

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESTIMATE.
FOR ACCURATE TIMING INFORMATION PLEASE REFER TO THE TRACE REPORT
GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

——————————————————————————————————— ey
Clock signal | Clock buffer(FF name) | Load
——————————————————————————————————— e Tttt
clk | BUFGP | 329
——————————————————————————————————— B it

Timing Summary:

Speed Grade: -12



Minimum period: 4.638ns (Maximum Frequency: 215.596MHZz)
Minimum input arrival time before clock: 6.316ns
Maximum output required time after clock: 7.947ns
Maximum combinational path delay: 8.653ns

Timing Detail:
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ATT vaTues dispTayed in nanoseconds (ns)

Timing constraint: DefauTlt period analysis for Clock "cTk’
Clock period: 4.638ns (frequency: 215.596MHZz)
Total number of paths / destination ports: 7994 / 328

DeTlay: 4.638ns (Levels of Logic = 9)
Source: ES1_4 (FF)
Destination: ES1_4 (FF)
Source Clock: clk rising

Destination Clock: clk rising

Data Path: ES1_4 to ES1_4

Gate Net
cell:in->out fanout Delay Delay Logical Name (Net Name)
FDC:C->Q 13 0.272 0.713 ES1_4 (ES1_4)
LUT4:10->0 1 0.147 0.451 add<62>1_swl (N463)
LUT4_D:12->0 2 0.147 0.417 add<62>1 (add<62>)
- 8I)_UT4_D:I3—>L0 1 0.147 0.157 adderl/mMadd__AuUX_63_Mxor_Result<l>_Resultl
N85
LUT3:12->0 4 0.147 0.580
compressorl/Madd__AuX_200_Mxor_Result<l>_Resultl (compressorl/carry<64>)
LUT3_D:10->0 1 0.147 0.394
compressorl/Madd__AuX_133_Mxor_Result<0>_Resultl (RC_64_OBUF)
MUXCY:DI->0 1 0.280 0.000 onlinekoc_ES<1l>cy (onlineKoc_ES<1>_cyo)
MUXCY:CI->0 1 0.034 0.000 onlineKoc_ES<2>cy (onlineKoc_ES<2>_cyo)
MUXCY:CI->0 0 0.034 0.000 onlineKoc_ES<3>cy (onlineKoc_ES<3>_cyo)
XORCY:CI->0 1 0.273 0.000 onlineKoc_ES<4>_xor (ES<4>)
FDC:D 0.297 ES1_4
Total 4.638ns (1.925ns logic, 2.713ns route)

(41.5% logic, 58.5% route)

Timing constraint: Default OFFSET IN BEFORE for Clock “cTk’
Total number of paths / destination ports: 2788 / 265

offset: 6.316ns (Levels of Logic = 10)
Source: y (PAD)
Destination: ES1_4 (FF)

Destination Clock: clk rising

Data Path: y to ES1_4

Gate Net
Cell:in->out fanout Delay Delay Logical Name (Net Name)

IBUF:I->0 263 0.754 1.784 y_IBUF (y_IBUF)

LUT4_D:10->LO 1 0.147 0.157 xY<63>1 (N495)

LUT3:I2->0 1 0.147 0.451 add<63>1_sw0 (N457)

LUT4:12->0 3 0.147 0.541 adderl/madd__Aux_64_mxor_Result<0>_Resultl
(VS<63>)

LUT3:I1->0 4 0.147 0.580
compressorl/Madd__AuUX_200_mxor_Result<l>_Resultl (compressorl/carry<64>)

LUT3_D:I0->0 1 0.147 0.39%

compressorl/Madd__Aux_133_mxor_Result<0>_Resultl (RC_64_OBUF)

MUXCY:DI->0 1 0.280 0.000 onlinekoc_ES<1l>cy (onlineKoc_ES<1l>_cyo)
MUXCY:CI->0 1 0.034 0.000 onlineKoc_ES<2>cy (onlineKoc_ES<2>_cyo)
MUXCY:CI->0 0 0.034 0.000 onlineKoc_ES<3>cy (onlineKoc_ES<3>_cyo)
XORCY:CI->0 1 0.273 0.000 onlineKoc_ES<4>_xor (ES<4>)
FDC:D 0.297 ES1_4
Total 6.316ns (2.407ns logic, 3.909ns route)

(38.1% logic, 61.9% route)

Timing constraint: Default OFFSET OUT AFTER for Clock ‘cTk’
Total number of paths / destination ports: 6048 / 136

Offset: 7.947ns (Levels of Logic = 7)
source: ES1_1 (FF)
Destination: RS<10> (PAD)

Source Clock: clk rising



Data Path: ES1_1 to RS<10>
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Delay Logical Name (Net Name)

0

.147

147

0.580 ES1_1 (ES1_1)

0.109 Ker3_swO (N855)

1.008 Ker3_3 (Ker3_2)

0.451 add<8>1 (add<8>)

0.543 adderl/mMadd__AUX_9_Mxor_Result<0>_Resultl
0

.451

1 .
compressorl/Madd__AuUX_145_mxor_Result<l>_Resultl (compressorl/carry<9>)

0.

147

0.394

compressorl/Madd__AUX_78_Mxor_Result<l>_Resultl (RS_10_OBUF)

RS_10_OBUF (RS<10>)

Cell:in->out fanout
FDC:C->Q 4
LUT2_D:I0->LO 1
LUT4:I3->0 58
LUT3_D:I2->0 1
LUT4:12->0 2

(vs<8>)
LUT3_D:I1->0
LUT3_D:12->0 1
OBUF:I->0
Total

7.947ns (4.409ns logic, 3.538ns route)

(55.5% logic, 44.5% route)

Timing constraint: Default path analysis
Total number of paths / destination ports: 2067 / 134

DeTlay: 8.653ns (Levels of Logic = 7)
Source: y (PAD)
Destination: RC<64> (PAD)
Data Path: y to RC<64>
Gate Net
Cell:in->out fanout Delay Delay Logical Name (Net Name)
IBUF:I->0 263 0.754 1.784 y_IBUF (y_IBUF)
LUT4_D:10->LO 1 0.147 0.157 xY<63>1 (N495)
LUT3:12->0 1 0.147 0.451 add<63>1_sw0 (N457)
( LU;4:IZ->O 3  0.147 0.541 adderl/madd__Aux_64_mxor_Result<0>_Resultl
VS<63>

LUT3:I1->0

0.

147

o

.580

4
compressorl/Madd__AuUX_200_mxor_Result<l>_Resultl (compressorl/carry<64>)
0.147
compressorl/Madd__AuX_133_Mxor_Result<0>_Resultl (RC_64_OBUF)

LUT3_D:I0->0

OBUF:I->0

0.394
RC_64_OBUF (RC<64>)

8.653ns (4.744ns logic, 3.909ns route)

(54.8% logic, 45.2% route)

CPU : 25.22 / 25.53 s | ETapsed :

26.00 / 26.00 s
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C.2 Fully Online Multiplication-Division using Composite Algorithms

HDL Synthesis Report

Macro Statistics

# ROMs
16x2-bit ROM
4x1-bit ROM

# Adders/subtractors
1-bit adder carry out
2-bit adder
5-bit adder
# Counters
8-bit up counter
# Registers
64-bit register
70-bit register
# Comparators
70-bit comparator greater
8-bit comparator Tessequal
# Multiplexers
70-bit 4-to-1 multiplexer

* Advanced HDL Synthesis

RPRRPRNURMORRRE

WARNING:Xst:1710 - FF/Latch
block <hybridonlineMultDiv>.

WARNING:Xst:1895 - Due to other FF/Latch trimming, FF/Latch

<WC1_0> (without init
value) has a constant value of 0 in block <hybridonlinemultDiv>.

<WS1_0> (without 1init value) has a constant value of 0 in

Advanced HDL Synthesis Report

Macro Statistics

# ROMs 2
16x2-bit ROM 1
4x1-bit ROM 1

# Adders/subtractors : 561
1-bit adder carry out ;281
2-bit adder 1 279
5-bit adder i1

# Counters s
8-bit up counter 1

# Registers : 604
Flip-Flops : 604

# Comparators : 2
70-bit comparator greater 1
8-bit comparator lessequal 1

# Multiplexers 1
70-bit 4-to-1 multiplexer 1

* Final Report

Final ResuTts

RTL Top Level output File Name : hybridonlineMultDiv.ngr

Top Level Output File Name
output Format

Optimization Goal

Keep Hierarchy

Design Statistics
# Tos

Cell Usage :
# BELS

BUF
GND
INV
LUT2
LUT2_D
LUT2_L
LUT3
LUT3_D

FHFHHHHR

: hybridonlinemultDiv
: NGC

: Speed

: NO

;147

: 1513
1

1
1
: 105
7
71
;262
;123



# LUT3_L ;341
# LUT4 : 303
# LUT4_D : 200
# LUT4_L : 56
# MUXCY 1 22
# MUXF5 ;15
# vCC 1

# XORCY 4

# FlipFlops/Latches : 546
# FDC ;544
# FDP 2

# Clock Buffers 1
# BUFGP Ha
# 10 Buffers . 146
# IBUF 4

# OBUF 1 142
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Device utilization summary:

Selected Device : 4vsx35ff668-12

Number of Slices: 771 out of 15360
Number of Slice Flip Flops: 546 out of 30720
Number of 4 dinput LUTs: 1468 out of 30720
Number of bonded IOBs: 147 out of 448
Number of GCLKs: 1 out of 32

5%
1%
4%
32%
3%

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESTIMATE.

FOR ACCURATE TIMING INFORMATION PLEASE REFER TO THE TRACE REPORT

GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

——————————————————————————————————— =
Clock signal | Clock buffer(FF name) | Load
——————————————————————————————————— e s S TP S
clk | BUFGP | 546 |
——————————————————————————————————— et i
Timing Summary:
Speed Grade: -12
Minimum period: 7.616ns (Maximum Frequency: 131.299MHz)
Minimum input arrival time before clock: 8.995ns
Maximum outht required time after clock: 11.597ns
Maximum combinational path delay: 12.976ns
Timing Detail:
ATT vaTues dispTayed in nanoseconds (ns)
Timing constraint: Default period analysis for Clock "cTk’
Clock period: 7.616ns (frequency: 131.299MHz)
Total number of paths / destination ports: 1911631 / 545
DeTay: 7.616ns (Levels of Logic = 27)
Source: ontheflyl/Q1_0 (FF)
Destination: ontheflyl/QM1_68 (FF)
Source Clock: clk rising
Destination Clock: clk rising
Data Path: ontheflyl/Ql_0 to ontheflyl/Qm1_68
Gate Net
Cell:in->out fanout Delay Delay Logical Name (Net Name)
FDC:C->Q 7 0.272 0.619 ontheflyl/Q1_0 (ontheflyl/Ql1_0)
LUT4_L:I0->LO 1 0.147 0.000 Mcompar__n0005_norlut (N7)
MUXCY:S->0 1 0.278 0.000 Mcompar__n0005_norcy
(Mcompar__n0005_nor_cyo)
MUXCY:CI->0 1 0.034 0.000 Mcompar__n0005_norcy_rn_0
(Mcompar__n0005_nor_cyol)
MUXCY:CI->0 1 0.034 0.000 Mcompar__n0005_norcy_rn_1
(Mcompar__n0005_nor_cyo2)
MUXCY:CI->0 1 0.034 0.000 Mcompar__n0005_norcy_rn_2

(Mcompar__n0005_nor_cyo3)



Mcompar__n0005_norcy_rn_3
Mcompar__n0005_norcy_rn_4
Mcompar__n0005_norcy_rn_5
Mcompar__n0005_norcy_rn_6
Mcompar__n0005_norcy_rn_7
Mcompar__n0005_norcy_rn_8
Mcompar__n0005_norcy_rn_9
Mcompar__n0005_norcy_rn_10
Mcompar__n0005_norcy_rn_11
Mcompar__n0005_norcy_rn_12
Mcompar__n0005_norcy_rn_13
Mcompar__n0005_norcy_rn_14
Mcompar__n0005_norcy_rn_15

Mcompar__n0005_norcy_rn_16

hybridonTinemMultDivlut (N26)
hybridonlinemMultDivcy

hybridonTineMultDiv__n0001<1>cy
hybridonlineMultDiv__n0001<2>_xor
Mrom_data_Mrom__n00071_sw0 (N1774)
Mrom_data_Mrom__n00071 (gD<0>)

ontheflyl/QM1_69_rstpot (N1485)
ontheflyl/QM1_69

MUXCY :CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyo4)

MUXCY:CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyo5)

MUXCY:CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyo6)

MUXCY :CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyo7)

MUXCY:CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyo8)

MUXCY:CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyo9)

MUXCY :CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyol0)

MUXCY:CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyoll)

MUXCY:CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyol2)

MUXCY :CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyol3)

MUXCY:CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyol4)

MUXCY:CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyol5)

MUXCY :CI->0 1 0.034 0.000
(Mcompar__n0005_nor_cyol6)

MUXCY:CI->0 17 0.280 0.638
(Mcompar__n0005_nor_cyol7)

LUT4:12->0 4 0.147 0.540
adderl/mMadd__Aux_207_mxor_Result<l>_Resultl (VC<65>)

LUT2_L:I1->L0 1 0.147 0.000

MUXCY:S->0 1 0.278 0.000
(hybridonlineMultDiv_cyo)

MUXCY :CI->0 1 0.034 0.000
(hybridonlinemMultDiv__n0001<1>_cyo)

XORCY:CI->0 30 0.273 1.036
(_n0001<2>)

LUT2_D:I0->0 18 0.147 0.601

LUT4_D:1I3->0 69 0.147 1.043

LUT3_L:I2->L0O 1 0.147 0.000

FDC:D 0.297

Total 7.616ns

(3.138ns Tlogic, 4.478ns route)
(41.2% logic, 58.8% route)
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Timing constraint: Default OFFSET OUT AFTER for Clock “cTk’
Total number of paths / destination ports: 836524 / 142

offset:
Source:
Destination:
Source Clock:

RS<67> (PAD)
clk rising

Data Path: ontheflyl/Ql_0 to RS<67>

Gate
Cell:in->out fanout Delay
FDC:C->Q 7 0.272
LUT4_L:10->LO 1 0.147
MUXCY:S->0 1 0.278
(Mcompar__n0005_nor_cyo)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyol)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyo2)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyo3)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyo4)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyo5)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyo6)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyo7)
MUXCY:CI->0 1 0.034

(Mcompar__n0005_nor_cyo8)

11.597ns (Levels of Logic
ontheflyl/Ql_0 (FF)

O O O O O O o o ooo
o
o
o

=29

Logical Name (Net Name)

ontheflyl/Q1_0 (ontheflyl/Ql1_0)
Mcompar__n0005_norlut (N7)
Mcompar__n0005_norcy
Mcompar__n0005_norcy_rn_0
Mcompar__n0005_norcy_rn_1
Mcompar__n0005_norcy_rn_2
Mcompar__n0005_norcy_rn_3
Mcompar__n0005_norcy_rn_4
Mcompar__n0005_norcy_rn_5

Mcompar__n0005_norcy_rn_6

Mcompar__n0005_norcy_rn_7



.000
.000
.000
.000
.000
.000
.000
.000

O O O O O o o o o

.638
540

0.000
0.000

=
o
w
()]

(o]
O
O
v
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Mcompar__n0005_norcy_rn_8

Mcompar__n0005_norcy_rn_9

Mcompar__n0005_norcy_rn_10
Mcompar__n0005_norcy_rn_11
Mcompar__n0005_norcy_rn_12
Mcompar__n0005_norcy_rn_13
Mcompar__n0005_norcy_rn_14
Mcompar__n0005_norcy_rn_15

Mcompar__n0005_norcy_rn_16

hybridonlineMultDiviut (N26)
hybridonTinemMultDivcy

hybridonlineMultDiv__n0001<1>cy
hybridonlineMultDiv__n0001<2>_xor

Mrom_data_Mrom__n00071_swO0 (N1774)
Mrom_data_Mrom__n00071 (gD<0>)

MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyo9)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyol0)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyoll)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyol2)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyol3)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyol4)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyol5)
MUXCY:CI->0 1 0.034
(Mcompar__n0005_nor_cyol6)
MUXCY:CI->0 17 0.280
(Mcompar__n0005_nor_cyol7)
LUT4:12->0 4 0.147
adderl/mMadd__AuxX_207_Mxor_Result<l>_ Resultl (vC<65>)
LUT2_L:I1->LO 0. 0.000
MUXCY:S->0 1 0.278
(hybridonlineMultDiv_cyo)
MUXCY:CI->0 1 0.034
(hybridonlineMultbiv__n0001<1>_cyo)
XORCY:CI->0 30 0.273
(_n0001<2>)
LUT2_D:I0->0 18 0.147
LUT4_D:1I3->0 69 0.147
LUT4_D:I3->0 1 0.147

adder2/madd__AuUX_195_Mxor_ResuTt<0>_| Resu1t1 (Ws<52>)

LUT2:I1->0 1 0.147

0.394

RS<52>1 (RS_52_OBUF)

OBUF:I->0 3.255 RS_52_0OBUF (RS<52>)
Total 11.597ns (6.243ns Tlogic, 5.354ns route)
(53.8% logic, 46.2% route)
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C.3 Online Multiplication

HDL Synthesis Report

Macro Statistics

# ROMs 1
8x2-bit ROM 1
# Adders/subtractors 1 273
1-bit adder carry out ;137
2-bit adder ;135
4-bit adder 1
# Registers 5
64-bit register : 3
68-bit register : 2
# Xors 1
1-bit xor2 1
* Advanced HDL Synthesis *
WARNING:Xst:2404 - FFs/Latches <PC1<67:65>> (without init value) have a constant value

of 0 in block <CsonlineMultipliers>.

WARNING:Xst:1710 - FF/Latch <PC1l_64> (without init value) has a constant value of 0 in
block <CsonTlinemultipliers>.

WARNING:Xst:1895 - Due to other FF/Latch trimming, FF/Latch <PS1_0> (without init
value) has a constant value of 0 in block <CsonTinemMultipliers>.

Advanced HDL Synthesis Report

Macro Statistics

# ROMs Ha
8x2-bit ROM 1
# Adders/subtractors 1 273
1-bit adder carry out ;137
2-bit adder : 135
4-bit adder 1
# Registers 1 323
Flip-Flops : 323
# Xors 1
1-bit xor2 1

* *

Low Level Synthesis

Loading device for application Rf_Device from file “4vsx35.nph” in environment
C:\Xilinx.

optimizing unit <CsonlineMultiplier> ...
Optimizing unit <compressor> ...

Mapping all equations...

WARNING:Xst:1710 - FF/Latch <PC1_63> (without init value) has a constant value of 0 1in
block <CsonTlinemultipliers>.

WARNING:Xst:1895 - Due to other FF/Latch trimming, FF/Latch <PC1_62> (without init
value) has a constant value of 0 in block <CsonlineMultipliers>.

Building and optimizing final netlist ...

Found area constraint ratio of 100 (+ 5) on block Csonlinemultiplier, actual ratio is 1.

* *

Final Report

Final ResuTts

RTL Top Level oOutput File Name : CsonlineMultiplier.ngr
Top Level Output File Name : CsonlineMultiplier
output Format 1 NGC

optimization Goal : Speed

Keep Hierarchy : NO

Design Statistics

# Ios )

cell Usage :

# BELS : 463

# GND HE g

# LUT2 : 3



# LUT2_L 03

# LUT3 ;130
# LUT3_L 1 122
# LUT4 ;69
# LUT4_D ;124
# LUT4_L : 10
# MUXF5 Ha
# FlipFlops/Latches ;321
# FDC 1 320
# FDP 1
# Clock Buffers 1
# BUFGP Ha
# I0 Buffers : 5

# IBUF 3

# OBUF 2
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Device utilization summary:

Selected Device : 4vsx35ff668-12

Number of Slices: 245 out of 15360
Number of Slice Flip Flops: 321 out of 30720
Number of 4 input LUTs: 461 out of 30720
Number of bonded IOBs: 6 out of 448
Number of GCLKs: 1 out of 32

1%
1%
1%
1%
3%

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESTIMATE.

FOR ACCURATE TIMING INFORMATION PLEASE REFER TO THE TRACE REPORT

GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

——————————————————————————————————— T TS
Clock signal | Clock buffer(FF name) Load
——————————————————————————————————— B it e
clk | BUFGP 321
——————————————————————————————————— B e it
Timing Summary:
Speed Grade: -12
Minimum period: 3.388ns (Maximum Frequency: 295.120MHZz)
Minimum input arrival time before clock: 5.017ns
Maximum output required time after clock: 7.046ns
Maximum combinational path delay: 8.675ns
Timing Detail:
ATT vaTues dispTayed in nanoseconds (ns)
Timing constraint: Default period analysis for Clock ‘cTk’
Clock period: 3.388ns (frequency: 295.120MHZz)
Total number of paths / destination ports: 1523 / 320
DeTlay: 3.388ns (Levels of Logic = 5)
source: x_rnm0_63 (FF)
Destination: PS1_67 (FF)
Source Clock: clk rising
Destination Clock: clk rising
Data Path: x_rnm0_63 to PS1_67
Gate Net
Cell:in->out fanout Delay Delay Logical Name (Net Name)
FDC:C->Q 3 0.272 0.581 x_rnm0_63 (x_rnm0_63)
LUT2:10->0 3 0.147 0.541 yX<63>1 (yX<63>)
LUT4_L:I1->L0 1 0.147 0.000
compressorl/Madd__AUX_66_Mxor_Result<l>_Resultl111_F (N395)
MUXF5:I0->0 4 0.291 0.414
compressorl/Madd__AUX_66_Mxor_Result<l>_Resultll1ll (PC<65>)
LUT4:13->0 1 0.147 0.403 Mxor_W_Resultl_sw0 (N387)
LUT4_L:I3->LO 1 0.147 0.000 Mxor_W_Resultl (w)

FDC:D 0.297 PS1_67

Total 3.388ns (1.448ns logic, 1.940ns route)
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(42.7% logic, 57.3% route)

Timing constraint: Default OFFSET IN BEFORE for Clock “cTk’
Total number of paths / destination ports: 918 / 257

Offset: 5.017ns (Levels of Logic = 6)
Source: y (PAD)
Destination: Ps1_67 (FF)

Destination Clock: clk rising

Data Path: y to PS1_67

Gate Net
cell:in->out fanout Delay Delay Logical Name (Net Name)
IBUF:I->0 258 0.754 1.728 vy_IBUF (y_IBUF)
LUT2:I1->0 3 0.147 0.541 yX<63>1 (yX<63>)
LUT4_L:I1->LO 1 0.147 0.000
compressorl/Madd__AUX_66_Mxor_Result<l>_Resultll1l1_F (N395)
MUXF5:I0->0 4 0.291 0.414
compressorl/Madd__AUX_66_Mxor_Result<l>_Resultl1l1ll (PC<65>)
LUT4:I3->0 1 0.147 0.403 Mxor_W_Resultl_swO (N387)
LUT4_L:I3->LO 1 0.147 0.000 Mxor_W_Resultl (W)
FDC:D 0.297 PS1_67
Total 5.017ns (1.930ns Tlogic, 3.087ns route)

(38.5% logic, 61.5% route)

Timing constraint: Default OFFSET OUT AFTER for Clock ‘cTk’
Total number of paths / destination ports: 108 / 2

Offset: 7.046ns (Levels of Logic = 6)
source: x_rnm0_63 (FF)
Destination: z_n (PAD)
Source Clock: clk rising
Data Path: x_rnm0_63 to z_n
Gate Net
Ccell:in->out fanout Delay Delay Logical Name (Net Name)
FDC:C->Q 3 0.272 0.581 x_rnm0_63 (x_rnm0_63)
LUT2:I0->0 3 0.147 0.541 yX<63>1 (yX<63>)
LUT4_L:I1->LO 1 0.147 0.000
compressorl/Madd__AUX_66_Mxor_Result<l>_Resultll1l1_F (N395)
MUXF5:I0->0 4 0.291 0.580
compressorl/Madd__AUX_66_Mxor_Result<l>_Resultl11ll (PC<65>)
LUT4:10->0 2 0.147 0.543 cCsonlineMultiplier_v<l>cyll
(csonlineMultiplier_v<l>_cyo)
LUT4:I1->0 1 0.147 0.394 Mrom_data_Mrom__n0001 (z_n_OBUF)
OBUF:I->0 3.255 Z_n_OBUF (z_n)
Total 7.046ns (4.406ns logic, 2.640ns route)

(62.5% logic, 37.5% route)

Timing constraint: DefauTlt path analysis
Total number of paths / destination ports: 52 / 2

DeTlay: 8.675ns (Levels of Logic = 7)
source: y (PAD)
Destination: z_n (PAD)
Data Path: y to z_n
Gate Net
Cell:in->out fanout Delay Delay Logical Name (Net Name)
IBUF:I->0 258 0.754 1.728 vy_IBUF (y_IBUF)
LUT2:I1->0 3 0.147 0.541 yX<63>1 (yX<63>)
LUT4_L:I1->LO 1 0.147 0.000
compressorl/Madd__AUX_66_Mxor_Result<l>_Resultll11_F (N395)
MUXF5:I0->0 4 0.291 0.580
compressorl/Madd__AUX_66_Mxor_Result<l>_Resultl11ll (PC<65>)
LUT4:10->0 2 0.147 0.543 cCsonlineMultiplier_v<l>cyll
(CsonlineMultiplier_v<l>_cyo)
LUT4:I1->0 1 0.147 0.394 Mrom_data_Mrom__n0001 (z_n_OBUF)
OBUF:I->0 3.255 Z_n_OBUF (z_n)
Total 8.675ns (4.888ns logic, 3.787ns route)

(56.3% logic, 43.7% route)
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HDL Synthesis Report

Macro Statistics
# ROMs
16x2-bit ROM
4x1-bit ROM
6x6-bit ROM
# Adders/subtractors
1-bit adder carry out
2-bit adder
5-bit adder
# Counters
8-bit up counter
# Registers
128-bit register
130-bit register
64-bit register
# Comparators
64-bit comparator greater
8-bit comparator greater
# Multiplexers
1-bit 4-to-1 multiplexer
124-bit 4-to-1 multiplexer
130-bit 4-to-1 multiplexer

* Advanced HDL Synthesis

NRERARNWANWE R R R

WARNING:Xst:1710 - FF/Latch
block <onlineDivision>.

WARNING:Xst:1895 - Due to other FF/Latch trimming, FF/Latch
value) has a constant value of 0 in block <onTineDivision>.

<WC1_0> (without init

<WS1_0> (without init value) has a constant value of 0 in

Advanced HDL Synthesis Report

Macro Statistics
# ROMs
16x2-bit ROM
4x1-bit ROM
6x6-bit ROM
# Adders/subtractors
1-bit adder carry out
2-bit adder
5-bit adder
# Counters
8-bit up counter
# Registers
Flip-Flops
# Comparators
64-bit comparator greater
8-bit comparator greater
# Multiplexers
1-bit 4-to-1 multiplexer
124-bit 4-to-1 multiplexer
130-bit 4-to-1 multiplexer

*

Final Report

Final ResuTts

RTL Top Level Output File Name

Top Level Output File Name
output Format

optimization Goal

Keep Hierarchy

Design Statistics
# Ios

cell Usage :
# BELS

# BUF
# GND

: NGC
: Speed
: NO

1813

: onlineDivision.ngr
: onlineDivision
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# INV Ha

# LUT2 : 206

# LUT2_D 4

# LUT2_L : 184

# LUT3 : 194

# LUT3_D 2

# LUT4 ;491

# LUT4_D : 263

# LUT4_L 1 425

# MUXCY : 36

# VCC Ha

# XORCY 4

# FlipFlops/Latches : 842

# FDC : 840

# FDP 2

# Clock Buffers 1

# BUFGP Ha

# 10 Buffers H )

# IBUF 4

# OBUF 2

Device utilization summary:

Selected Device : 4vsx35ff668-12
Number of Slices: 946 out of 15360 6%
Number of Slice Flip Flops: 842 out of 30720 2%
Number of 4 input LUTs: 1769 out of 30720 5%
Number of bonded IOBs: 7 out of 448 1%
Number of GCLKs: 1 out of 32 3%

TIMING REPORT

NOTE: THESE TIMING NUMBERS ARE ONLY A SYNTHESIS ESTIMATE.

FOR ACCURATE TIMING INFORMATION PLEASE REFER TO THE TRACE REPORT

GENERATED AFTER PLACE-and-ROUTE.

Clock Information:

——————————————————————————————————— o4
Clock Ssignal | Clock buffer(FF name) Load
——————————————————————————————————— e it 1
clk | BUFGP 842
——————————————————————————————————— B et T T LT
Timing Summary:

Speed Grade: -12

Minimum period: 7.339ns (Maximum Frequency: 136.257MHZz)
Minimum input arrival time before clock: 8.812ns
Maximum output required time after clock: 9.952ns

Maximum combinational path delay: 11.339ns

Timing

Detail:

ATT vaTues dispTayed in nanoseconds (ns)

Timing constraint: DefauTlt period analysis for Clock "cTk’

Clock period: 7.339ns (frequency: 136.257MHZz)

Total number of paths / destination ports: 1414485 / 841

DeTlay: 7.339ns (Levels of Logic = 25)
Source: ontheflyl/Q1_0 (FF)
Destination: wsl 6 (FF)

Source Clock: clk rising
Destination Clock: clk rising

Data Path: ontheflyl/Ql_0 to wS1_6

Gate
Delay

Cell:in->out fanout
FDC:C->Q 5
LUT4_L:I0->LO 1
MUXCY:S->0 1

(Mcompar__n0008_nor_cyo)
MUXCY:CI->O0 1

(Mcompar__n0008_nor_cyol)

Logical Name (Net Name)

ontheflyl/Q1_0 (ontheflyl/Q1_0)
Mcompar__n0008_norlut (N30)
Mcompar__n0008_norcy

Mcompar__n0008_norcy_rn_0



MUXCY :CI->0
(Mcompar__n0008_nor_cyo2)
MUXCY:CI->0
(Mcompar__n0008_nor_cyo3)
MUXCY:CI->0
(Mcompar__n0008_nor_cyo4)
MUXCY :CI->0
(Mcompar__n0008_nor_cyo5)
MUXCY:CI->0
(Mcompar__n0008_nor_cyo6)
MUXCY:CI->0
(Mcompar__n0008_nor_cyo7)
MUXCY :CI->0
(Mcompar__n0008_nor_cyo8)
MUXCY:CI->0
(Mcompar__n0008_nor_cyo9)
MUXCY:CI->0
(Mcompar__n0008_nor_cyol0)
MUXCY :CI->0
(Mcompar__n0008_nor_cyoll)
MUXCY:CI->0
(Mcompar__n0008_nor_cyol2)
MUXCY:CI->0
(Mcompar__n0008_nor_cyol3)
MUXCY :CI->0
(Mcompar__n0008_nor_cyol4)
MUXCY:CI->0
(Mcompar__n0008_nor_cyol5)
LUT4:10->0
adderl/mMadd__Aux_128_mxor_R
LUT2_D:I0->LO
MUXCY:S->0
MUXCY:CI->0
(onlineDivision_v<1l>_cyo)
XORCY:CI->0
LUT2_D:I0->0 1
LUT4_D:1I3->0
LUT4_L:I2->LO

i
HOWO RHHEREON N B H B B B B R B R R R R R

sul

0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.034 0.000
0.280 0.619
0.147 0.583
t

0.147 .
0.278 0.000
0.034 0.000
0.273 1.409
0.147 0.547
0.147 0.524
0.147 0.000
0.297

7.339ns

Mcompar__n0008_norcy_rn_1
Mcompar__n0008_norcy_rn_2
Mcompar__n0008_norcy_rn_3
Mcompar__n0008_norcy_rn_4
Mcompar__n0008_norcy_rn_5
Mcompar__n0008_norcy_rn_6
Mcompar__n0008_norcy_rn_7
Mcompar__n0008_norcy_rn_8
Mcompar__n0008_norcy_rn_9
Mcompar__n0008_norcy_rn_10
Mcompar__n0008_norcy_rn_11
Mcompar__n0008_norcy_rn_12
Mcompar__n0008_norcy_rn_13

Mcompar__n0008_norcy_rn_14

;0>_Resuit1 (vs<125>)
0.000

onlineDivisionTut (N2593)

onlinebivisioncy (onlineDivision_cyo)

onTlineDivision_v<l>cy

onlineDivision_Vv<2>_xor (V<2>)
Ker01l_sw0 (N1870)

Ker01l_1 (Ker01)

_n0001<26> (_n0001<26>)

ws1_26

(3.070ns Tlogic, 4.269ns route)
(41.8% logic, 58.2% route)
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Timing constraint: Default OFFSET OUT AFTER for Clock ‘cTk’
Total number of paths / destination ports: 4488 / 2

Offset: 9.952ns (Levels of Logic = 23)
Source: ontheflyl/Ql1_0 (FF)
Destination: q (PAD)

Source Clock:

clk rising

Data Path: ontheflyl/Ql1_0 to q

Gate
Delay

Cell:in->out fanout
FDC:C->Q 5
LUT4_L:10->LO 1
MUXCY:S->0 1

(Mcompar__n0008_nor_cyo)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyol)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyo2)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyo3)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyo4)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyo5)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyob6)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyo7)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyo8)
MUXCY:CI->0 1
(Mcompar__n0008_nor_cyo9)
MUXCY:CI->0 1

O O O O O O O O o o ooo
o
o
o

Logical Name (Net Name)

ontheflyl/Q1_0 (ontheflyl/Q1_0)

Mcompar__n0008_norlut (N30)
Mcompar__n0008_norcy

Mcompar__n0008_norcy_rn_0
Mcompar__n0008_norcy_rn_1
Mcompar__n0008_norcy_rn_2
Mcompar__n0008_norcy_rn_3
Mcompar__n0008_norcy_rn_4
Mcompar__n0008_norcy_rn_5
Mcompar__n0008_norcy_rn_6
Mcompar__n0008_norcy_rn_7
Mcompar__n0008_norcy_rn_8

Mcompar__n0008_norcy_rn_9



(Mcompar__n0008_nor_cyol0)
MUXCY:CI->0
(Mcompar__n0008_nor_cyoll)
MUXCY :CI->0
(Mcompar__n0008_nor_cyol2)
MUXCY:CI->0
(Mcompar__n0008_nor_cyol3)
MUXCY:CI->0
(Mcompar__n0008_nor_cyol4)
MUXCY :CI->0
(Mcompar__n0008_nor_cyol5)
LUT4_D:1I3->0
LUT4:13->0

© N R R R R

2
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0.034 0.000 Mcompar__n0008_norcy_rn_10
0.034 0.000 Mcompar__n0008_norcy_rn_11
0.034 0.000 Mcompar__n0008_norcy_rn_12
0.034 0.000 Mcompar__n0008_norcy_rn_13
0.280 0.453 Mcompar__n0008_norcy_rn_14
8.%1; 8.28; Mrom_data_ublockl/Mrom_u_rnm0l (N3)

adderl/Madd__AUX_lBO_Mxor_Risu1t;0>_Resuit1 (vs<127>)

_MUXCY:DI->0
(onlineDivision_v<2>_cyo)

0.280 0.000 onlinebivision_v<2>cy

0.273 1.332 onlineDivision_v<3>_xor (V<3>)
0.147 0.973 Mrom_data_Mrom__n00121 (g_OBUF)
3.255 q_OBUF (q)

XORCY:CI->0 159
LUT4:12->0 65
OBUF:I->0

Total

9.952ns (5.702ns logic, 4.250ns route)
(57.3% logic, 42.7% route)

CPU : 53.77 / 54.08 s | ETapsed :

54.00 / 54.00 s
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