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ABSTRACT 

The DCï' block transfomi is used every day in the compression of images, video and 

audio for the transmission of television signals, multimedia graphies, audio and video aU 

over the world. 

Image compression is the efficient coding of digital images to reduce the number of bits 

required, to represent an image, while maintaining a qudity image. Daia compression is 

the transmission of data over communication channels in an effective rnanner that uses as 

few bits as possible to minimize the bandwidth required, while maintaining distortions 

within limits. 

The efficient implementation of the DCT block in sub-micron CMOS continues to be 

dependent on the degree of regularity of the chip's architecture. Whereas the chip's 

required speed is dependent on the degm of parallelism of the DCT transform algorithm- 

architecture. That is, the speed of the block DCT chip is dependent on the subband 

signals maintaining a parallel FIR filter bank form. The block DCT transform is 

efficientiy implemented when di the multiplication operations are removed from the 

architecture, thus minimiung the size of the chip. 

This thesis deals with the VLSI implementation of a multiply f'ree approximate D<=T 

architecture. The approximate DCI' has the capability of mapping integers to integers in 

sub-micron CMOS with near perfect reconstniction. The approximate DCT is based on 

the algorithm-architecture found in [I l ] ,  the binDCT. The forward binDCT chip and 

inverse binDCT chip designs assume the use of image data as their input. The use of an 

image as the input signal places the constraint that the chip is to be designed to 

implement unsigmd binary &thmetic. 
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Chpter 1 

Introduction 

1.1 VLSI Design ConsCraints 

For VLSI implementation, the discrete cosine transfomi (DCT) block must meet the 

necessary perfocmaace speed specified by the input-sarnpling rate, at a minimal cost to its 

fabrication. The perfonnance of the final chip is based on the real-tirne constraints of the 

input data signal. Thus a floating-point algorithm needs to be developed efficiently and 

implemented accordingiy. 

From a general standpoint al1 of the algorith-architecture techniques used in past DCT 

block transfomi designs, for VLSI implementation have consider the following 

constraints: the speed of the chip, minimizing the chip area, the regulariiy of the 

algorithm structure, and the size of the block to be processed, N. The degree of regularity 

of the architecture is highly dependent on the structure of the algorithm. whereas, the 

speed of the chip is highly dependent on the degree of parallelism of the final 

architecture. 

1.2 A Review of Literature 

Over the past two decades, the DCT block has been implemented in VLSI by using fast 

convolution algorithm techniques to reduce the number of multiplication operations. 

Aigorithrnic strength reduction transformations have dso been used to implement the 

DCT block in VLSI by reducing the amount of silicon ana used or the amount power 

consumed by the chip. 

The fast convolution algonthms such as Winograd's short coavolution algorithm. the 

Iterated convolution algorithm and Cyclic convolution algorithm al1 reduce the number of 



multiplication operations, while increasing the nurnber of addition operations [l], [8]- 

[lm 

The algorithmic strength reduction transformations for parailel FIR filten increase the 

effective throughput of the original fdter by decomposing the FIR fdter into its polyphase 

components. The strength reduction transformations also reduce the original fdters' 

power consumption. 

The combination of fast short-lenath convolution algorithms applied to smdl block sized 

parailel FTR fdters have been shown to generate a new class of fast FIR filtering 

algorithms (FFAs), that are used to develop large block sized parallel FIR filters [Il. 

In [2]-[7], al1 of the two-dimensionai DCT transfomis were based on the rowtoluma 

decomposition technique that uses the separability property of two-dimensional 

orthogonal transforms as a bais to design a 2-D DCT chip that consists of M O  1-D 

DCTs. 

The reduction of the two-dimensional DCT transform into two one-dimensional DCT 

transforms is s h o w  below as a proof. 

ProoE If we represent the digital picture as an M x N matrix, [g], and the two- 

dimensional orthogonal trausform of the ma& [g] as [G], then the two-dimensional 

msform cm be implemented by a series of one-dimensional traasforms, 

where [TM ] is an M x M and [T, ] is an N x N na1 transformation matrices. Let [G] be 

the two-dimensional DCT of [g], then 

M-l N-1 

2e(u)e(v) cz (n,n) cas 
(2m + 1)ux (2n + 1)vz 

G(u,v) = COS 
2M 2N 

(1 =), JMN d, 



(1, othenvise 

Using the separability property, the resulting two-dimensional DCT is 

w here u=O,, . . &i- 1, v=O, . . . ,N- 1 , 

The inner summation represents an N-point one-dimensional DCT of the rows of [g], 

and the outer summation represents an M-point one-dimensional DCT of the colurnns of 

the semi-msformed ma& [18]. 

The row-column decomposition implementation of the 2-D M3T requires an efficient 

algorithm-architecture for the 1-D DCT, for the VLSI implementation to be effective. 

The ID DCT must have a minimum number of multiplication operatioas, while keeping 

a regular architecture stnicture for VLSI implementation. 



The efficient design of the l-D DCT block lies in the algorithm-architecture approach 

one chooses to use. The most efficient method would be a multiplication-free algorithm, 

implemented using: 

1) an algorithm for encoding of algebraic integers [2] using the Feig-Winograd 

algorithm utilizing systolic arrays; or, 

2) direct method implementing a fast-foward a i g o r i  [3]; or, 

3) or an algorithm-architecture based on cyclic convolutions [4]; or, 

4) On the other hand, skewcircular convolution techniques utilizing parallel filters and 

the folding transformation [SI. 

Several other l-D DCT algorithm approaches have also been developed in the pst,  that 

only reduce the number of multiplication operations, while increasing the number of 

addition operations. These approaches maintain a regular architecture structure. The use 

of polyphase decomposition to reduce the complexity of the 1-D DCT algorithm and 

increase the throughput was illustrated in [6], where the number of multiplication 

operations was reduced significantly from 64 to 12. The use of the direct rnethod to 

design a cost-effective 8x8 2-D DCT/IDCT architecture is illustrated in [7]. By using a 

combination of polyphase decomposition and the folding transformation to reduce the 

size of chip, a the-muitiplexed 2-D DCT architecture is implemented using a minimum 

number of registers, two I D  DCT architectures and a control circuit. 

1.3 Thesis Overview 

The goal of this thesis is to design an efficient DCT block in VLSI, that could possibly 

be applied to video processing. Since the JPEG and MPEG stmdards are al l  based on 

the M3T transform for compression. an areaefficient, low power. high-tbroughput 



implementation is highly desired. The biiiDCT architecture is multiply fne, area- 

efficient, and consumes less power than the traditional fast forward floatiog-point DCT 

architecture. The binDCT is basicaily an Integer DCT transfonn, that maps integen to 

integen with almost perfect numencal reconstruction (Le. a scaie version of the original 

data is obtained). 

n i e  forward and inverse binDCT transforms are impiemented in 0 . 3 5 ~  CMOS using 

the biack box ce11 libraries for a full digital design. Based on the 0 . 3 5 ~  CMOS 

technology statistics an estimated die size of 2.154 mm x 1.3 14 mm for the forward 

binDClT transform is calculated, and an estimated die size of 1.8 18 mm x 1.8 1 8 mm for 

the inverse transfonn is calculated. 

1.4 Thesis Organization 

Starting with a bnef introduction of the algorithrn-architecture transformation techniques 

for any general transform, an aigorithrn-architecture transformation is applied to the one- 

dimensional DCT transform to derive an 8-point one-dimensional DCT architecture. 

The 8-point one-dimensional M=T architecture derived has undergone a significant 

decrease in the number of mu1 tiplication operations, from 56 to 13. The new 

architecture is then reduced M e r  by the application of cascaded dyadic shears or 

dyadic lifting steps to replace the rotation angles within the butteffly pairs. The resulting 

architecture is multiply fiee. 

The VLSI implementation of the one-dimensional binDCT architecture starts with the 

system-level approach, then the design of the Register Transfer Level (RTL) hardware 

description modules for the implementation of one-dimensional binDCT architecture is 

done. Verilog is used to model, aualyze and simulate the RTL descxiption of the chip 



written in the HDL language. Synopsys Design Analyzer is used to synthesize the RTL 

description into a gate-level netlist. Cadence's Design Planner is used to plan the chip's 

floor plan, place the standard cells, power stripes and rings. The CTGEN clock 

generator twl is used CO generate the dock tree for the chip's main clock. Silicon 

Ensemble is used to route the power, and the nets of the chip. Cadence's Design 

Frarnework is used to perfom the fmal chip testing pnor to fabrication, such as (LVS) 

layout venus schematic check to ensure the final chip matches the golden netlist, and the 

(DRC) design nile check to ensure the final chip does not violate any design des.  



Algorithm-Architecture Techniques for DSP Transform 

2.1 Fast Convolution Algorithms 

Since an adder consumes less area on a chip, and its computation Ume is much smaller 

than a multiplier, a reduction in the nurnber of multiplication operations is pre-requisite 

for VLSI implementation. The fast convolution algorithm reduce the algorithm- 

architecture cornplexity by reducing the number of multiplication operations. There are 

several fast convolution algorithms, the Winograd short convolution algorithm, the 

Iterated convolution algorithm and the cyclic convolution algorithm. 

2.1.1 Winograd Algorithm 

The Winograd short convolution aigorithm is based on the Chinese Remainder Theorem 

(CRT) over a polynomial ring. First, the CRT theorem for polynomials is stated as: 

Given 

di' ( P) = Rm,,,(,,,[c(p)l * 

for i=O, i ,...Jc, where m'yp) are rdatively prime, then, 

k 

c( p)  = di' ( p )  N "' ( p )  M "' ( p )  mod M ( p )  (2.1.1.1), 
i=O 

where, 

M "' ( p )  = M ( P )  
( p) ' 

and N U ) ( p )  is the solution of 



N") ( p ) M  ( p )  + di) (p)m'"p) = GCD(M ( p ) ,  m"' (p)) = 1 (2.1.1.2), 

provided that degree of c(p) is less than the degree of M(p). To solve (2.1.1.2) for 

n"' (p) and N"' (p) , use the Euclidean greatest common divisor (GCD) algorithm for 

polynomials. Consider the computatioo of 

s(p) = h(p)x(p)modm(p) (2.1.13, 

where, m ( p )  = m'O' (p)m"' (p)..m'k) ( p) and m"' ( p )  , are pair-wise relatively prime. 

for i=O.l .. .k. As long as, deg s(p) < deg m(p) , the polynomial s(p) can be uniquely 

Note that when deg h(p)x(p) c deg m(p) , 

The structure of the Winograd convolution algorithm is summarized as follows: 

1) Choose a polynornial m (p) with a degree higher than the degree of h (p) x(p) 

and factor it into k+l relatively prime polynomials with real coefficients, Le. 

m(p)  = m'O' (p)m(' )  (p)..m") ( p )  . 

2) Let 

use the Euclidean GCD algorithm to solve (2.1.1.2) for N ( p) . 

3) Compute 



h"'(p) = h(p)modm"'(p), 
(2.1.1.6) 

x"' ( p )  = x(p )  mod m "' ( p )  , 

for i=O, 1.. . k. 

4) Compute 

s(i)( p )  = h"' (p)x"' ( p)  mod"' ( p )  , (2.1.1 3, 

for I=O, 1 ,. . .,k. Note that the shon convolutions, represented as h"' (p)x''' (p) , 

require multiplication. 

5) Compute s(p) using (2.1.1.4). 

The number of multiplication operations, in the Winograd algorithm is dependent 

on the degree of each mL" (p) . Thus, the degree of m(p) should be as smdl as 

possible [ 1) [2]. 

2.1.2 Itemted Convolution Algorithm 

The iterated convolution algorithm uses efficient short-length convolution algorithms 

iteratively to build longer convolutions. Resulting in an architecture structure that 

possesses a good balance between multiplication complexity and addition complexity. 

The procedure for the iterated convolution is summarized as: 

1) Decompose the long convolution into several levels of short convolutions. 

2) Consuuct fast convolution algorithms for the short convolutions. 

3) Use the short convolution algorithms to hierarchically impiement the long 

convolution. Staning with the lower order shoa convolutions. and proceeding 

to the next order shon convolution. [8] [9] 



2.13 Cyciic Convolution 

Cyclic convolution is also known as circular convolution. Let h = {ho, h, ,..., h,-, } be the 

tilter coefficients and x = {xo , x, ,.... xn-, ) be the data sequence. Then cyclic convolution 

can be expressed as 

s ( ~ )  = h 0 ,  x = h(p)x(p)m~d(p" - l), (2.1.3.1) 

and the output samples are given by 

for i d ,  1, . . . , n- 1. The cyclic convolution can also be computed as a Iinear convolution 

reduced by modulo pn - 1, or the cyclic convolution can be computed using the CRT 

with m ( p )  = pn - 1 . which is simpler.[l][3] 

2.2 Algorithmie Strength Reduction Techniques for Parallel FIR Filten 

Algorithmic strength reduction leads to a reduction in the complexity of the architecture 

used by exploiting the presence of substrucnire sharing. The algorithmic suene@ 

reduction uansformation can lead to a reduction in silicon area and power consumption in 

the VLSI implementation. 

Since the FIR filter is one of the main processing elements in any DSP system, it is used 

in applications such as image and video processing, etc. In video processing, the FR 

filter is required to operate at high fiequencies. Block processing techniques are applied 

to the digital F R  filters to increase its throughput, or reduce its power consumption. 

Since traditional applications of block processing to a FIR nIter, increases the circuit size 

linearly by a factor, L, the block size of the parallel FIR filters. The circuit area for L- 

pardel FIR filters becomes: L-parullel FIRfiZters area = L x original FIRjilter area. 



Due to fabrication costs, and size limits for VLSI implementation the traditional 

approach is deferred. Instead parallel FIR Ntering architectures that consume less area 

are chosen. The algorithmic strength reduction techniques employ several fast fdtenng 

algorithms for smaiier block sizes to design parailel FIR filters for larger block sizes. 

2.2.1 Block processing using Polyphase Decomposition 

Using the poIyphase decomposition technique used in rnultirate signai processing the 

parallel FIR fdters can be formulated. An N-tap FIR filter c m  be expressed in the tirne 

where (x(n)) is an infinite length input sequence and the sequence (h(n) ] contains FIR 

filter coefficients of length N. or in the z-domain as 

The input sequence ( ~ ( 0 ) .  x(l), x(2), . . . } cm be decomposed into an even-numbered 

part, and an odd-numbered part as follows, 

where X ,  (r2) and X (z2 ) are the z-transforms of x(2k) and x(Zk+l), respectively. In 

(2.2.1.2), X(z) is decomposed into two polyphases. The length-H filter coefficients H(z), 

cm be simi3arly decomposed as 

H (z) = H, (2') + z-' H, (2 ' )  , (2.2.1.3), 



N where H, (i?*) and H, (2') are of the length and are referred to as the even sub-filter 

and the odd sub-fdter, respectively. The even-numbered output sequence y(2k) and the 

odd numbered output sequence y(2k+l) for O 5 k L 00 ,  cm be computed as, 

that is, 

Wbere Y, ( z  ' ) and Y, ( z  ' )correspond to the y(2k) and y(2k+l) in the time domain. 

respectively. The filtering operations in (2.2.1.5) process the two inputs x(2k) and 

x(2k+l) and geaerate the two outputs y(2k) and y(2k+l) during every itention, it is 

referred to as the 2-parallel FIR filter. In m a t e  form, it is written as, 

The 2-parallel FIR filter implementation is shown in Figure 1. The resulting >paralle1 

FIR filtering structure. requires 2N multiplication operations and 2(N-1) addition 

operations. 



Figure 1. Traditional 2-parallel FI R filter implementation 

23.2 Fast FIR Algorithms 

The fast FIR algorithm (FFAs) are based on Winograd's work to produce. reduced- 

complexity parailel filtering sinictures. Based on Winograd's work, two polynomials of 

degree L-l can be multiplied using only 2L-1 product t e m .  The reduction in the number 

of multiplication operations resulü in the increase of the number of additions required for 

implementation. Because the product tems in the polynomial formdation of the FIR 

filter are equivalent to filtering operations in the block formulation. this implies that the 

N 
parallei FIR filten can be realized using approximately 2L-1 FIR filters of length - . 

L 

Using this approach, the Lparailel FiR fdter can be implemented using approximately 

N 
(2L-1) FiR Wtering operations of length - . Thus deriving an efficient VLSI 

L 

implementation for pardel F R  fiiters based on FFAs. 



2.2.2. J Low Cornplexity 2-Parauel Fasî FIR FiIter 

The polyphase decomposed 2-parallel FIR fdter from (2.2.1.5) cm be rewritten as: 

This 2-parallei fast F R  filter contains 5 sub-fiken. The two ternis H, ( z  ' )x, ( r  ' ) and 

H, ( z 2 ) X ,  (2') are common and cm be shared for the computation of Y, (2') and Y, ( 2 ' )  . 

The reduced-complexity 2-parailel F R  fdter implementation is depicted is Figure 2. 

figure 2. Reduced-complexity Fparallel FIR filter implernentation. 
1 

HO 
Wk)  

- 

HO+H1 
~(2k+l)  

L 

* 

x(2k+l) 

The low-complexity 2-parailel fdter structure cornputes a block of two outputs using 

hi 
three distinct sub-füten of length - and four prelpost-processing addition operations. 

2 

3N 
Requîring - multiplication operations and + 4 addition operations, as 

2 

opposed to 2N multiplication operations and 2(N-1) addition operations in the traditional 

parailel fdter derived fiom polyphase decomposition. 

The 2-parallel filter in (2.2.2.1.1) can be wrinen in matrix form as 



Q, . is the post-processing rnatrix that determines the rnanner in which the filter outputs 

should be combined to correctly produce the pardel outputs. P, . is the pre-processing 

matrix that detemiines the maMer in which the inputs should be combined. The envies 

on the diagonal of HL. are the sub-fdters required in this parallel FIR filter. [ 11 [8] 

2.2.2.2 Parullel Filiering Algorithms from Linear Con volution 

Any L x L convolution algorithm c m  be used to derive an L-parallel fast filter suuctwe. 

Starting with an optimal linear convolution, take the optimal linear convolution's 

transpose to generate the paralle1 filtering algorithm. For example, the transpose of the 

matrix in a 2x2 lhear convolution algorithm is given by, 

It can be used to obtain the 2-pardiel F R  filter, 

To generate the 2-parallel FIR filter using 2x2 fast convolution, consider the following 

optimal 2x2 iinear convolution written in matrix form, 

s = c m ,  



Taking the transpose of this aigorithm and the proper substitution of the si 's, hi 's and 

xi's we have: 

Y = (CHA)' x = QHPX 

The resulting '>-paralle 

n 
1 FIR fdter architecture is depicted in Figure 3. 

Figure 3. Block diagrarn of the transposition of the linear convolution 
reduced-complexity 2-parallel FIR filter. 

This method can be applied to any FFA to generate an equivalent parallel filtering 

2.2.23 Fast Parailel FIR Algorithm for Large Block Sizes 

Paraliel FIR filters with large block sizes can be designed by cascading smaller length 

fast parallel FIR filters. When cascading the FFAs, it is important to apply the srnidiest 

parallel FIR filter first, thus leading to the lowest implementation cost. It is extrernely 

important to keep track of the number of multiplication operaiions and the number of 

additions required for the filtering structure. 

The number of nquind multiplication is givcn as 



In [l] the number of additions is aven as 

Given an L-paralle1 filter with L = L, 4 ..L, , where r is the number of fast FIR 

algorithms (FFAs) used. Li is the block size of the FFA at step-i. M i  is the number of 

filten that result from the application of the i-th P A .  N is the length of the filter. A, is 

the number of prelpost-processing adden required by the i-th FFA. 

2 3  Numerical Strength Roduction Techniques 

The numencal strength reduction transformations are based on sub-expression 

elimination to restructure the transfonn algorithm-architecture in such a manner that the 

performance in t e m  of speed, power and area are improved. This type of strength 

reduction reduces the total capacitance of the chip. Therefore, reducing the overall power 

consumption of the chip. 

The presence of constant multiplication operations that operate on a common variable in 

a DSP algorithm presents the possibility of using dedicated shift-and-add multiplien. 

Subutpression elimination is applied to a set of constant multiplication operations that 

have the same constant mdtiplicand. The method begins by examining the dedicated 

SM-and-add implementations of constant multiplication operations to find redundant 

operations that can be performed once and shmd amongst the constant multiplication 

operatioas. Sub-expression elimination is a numencal tmnsformation of the constant 



multiplication operations that can lead to efficient hardware Unplementations in terms of 

area, power and speed [1][10]. 

2.4 Algorlthm-Architecture Trandorm of the 1-D DCT 

The DCT is a fiequency transfomi used in the compression of images and video. The 

DCT is applied over fured-size blocks, each eight-points by eight-points (i.e. 8 x 8) in 

size, to keep the correlation between pixels to a maximum. The spatial redundancy within 

the image is used to reduce the number of required bits needed to represent the image. 

The forward N-point DCT of the data sequences x(n) for n=0,1,2, . . ., N- 1 is X(k) for 

k=0,1,2,. . . ,N4, given by 

N - 1  (2n i l ) k ~  
X (k) = e ( k ) x  x(n) cos 

2N 
, (2-4- 11, 

na0 

where, 

The inverse N-point DCT (IDCT) of the sequences X(k) for ka, 1.2, . . ., N- 1 is x(n) for 

2 N-t (2n + 1 ) k ~  
x(n) = - e ( k ) z  X (k) cos (2 A.2). 

t=o 2N 

Note, that the inverse transformation ma& is a scaled version of the transposed forward 

transformation ma&. 

Directly implementing (2.4.1) or (2.4.2) requins N(N-1) multiplication operatioas, which 

results in a large amount of silicon being used for VLSI fabrication. To reduce the 



amount of silicon used, the algorithm-architecture transformation is used. If we consider 

the 8-point DCT, where N=8. the forward 8-point DCT can be written in matrix form as 

in 
where ci = cos - are the DCT transfomi coefficients. Step 1, using tngonornetric 

16 

properties, the 8-point DCT can be reduced into a simpler fom, such as 

The 8-point DCT can then be rewritten in parailel form as 

where 



Resulting in 22 multiplication operations according to (2.4.4) and (2.4.5). The resuliing 

architecture is illustrated in Figure 4. 

Figure 4. Stop 1 of the &peint DCT iruchrn, 

To generate a block diagram group of the structure depicted in Figure 4, buuedy pairs in 

F i p  4 are grouped into diffennt hctional units, using the functional units descriid 



in Figure S. 

Figure 5. Çunctional units represented in the final block diagram. 

The block depicted in Figure Sa was found to be reaiized using 3 multiplication 

operations and 3 addition operations. instead of using 4 multiplication operations and 2 

addition operations. If we define the block in Figure Sa, with a = sin(@ and b = cos(8), 

reverse the outputs, the butterfly addition block can be convexted into a rotator block that 

cornputes, 

[;:] = ["'O sin e 

The final step of the algorithm-architecture transformation exploits the reduced- 

complexity implementation of the buttuny block that contains the D(JT coefficients as 

the multiplication factors b and a as in Fi- Sa The fmial implementation structure is 



depicted in Figure 6, where only 13 multiplication operations are required. 

Figure 6. Final 8-point DCT structure for implementation. 

2.5 Summary 

The long convolution algorithms are derived using several fast short-length convolutions. 

The short-length convolution algorithms can be based on the linear convolution 

algorithms, or the Winograd algorithms, or the cyciic convolution algorithms. The short- 

length convolution algorithms form the basis for the design of fast parallel F R  

algorithms. 

The algorithm-architecture transformations adapt a given transform to an algorîthm that 

reduces the complexity of the architecture, or changes the algorithm's description in a 

systematic way, reduciag the total number of multiplication operations in the final 

architecture. In the case of the 1-D DCT, the application of the algorithm-architecture 

transformations showed a large reduction in the numkr of multiplication operations h m  

56 to 13. 



Chapter 3 

One - Dimensional binDCT Algorithm 

3.1 Introduction 

A novel block transfom is introduced in 11 1][13][14] that possesses integer-mapping 

capabilities. The coefficients have a dyadic rational form that leads to an architecture 

implementation utilizing oniy shift-and-add operations. The binDCT substitutes the 

rotation blocks in the architecture with cascading shear transformations. Borrowing from 

linear aigebra[l2], the rotation in a plane is a linear transformation, that is, 

T (1,O) = (cos 0, sin 8) 

T(0,1)= cos O+- sin O+-; =(-sin&cos0) [ ( ;} f 

cos 8 
sin 8  COS^ 

cos0 -sin8 x 
= [sin 8 cor 8 ] [ y .  

Linear algebra [12] states that a shear is a linear transformation that transfomis a h e  

segment in one direction. A shear in the x-direction is 



A shear in the y-direction is 

Resulting in a mdtiply free block transform that approximates the DCT closely for 

efficient VLSI implementation in terms of the amount of silicon used and power 

consumed. 

3.2 Surnmary of the Algorithm 

Staning with the filter-bank approach as in [17][15] of paralle1 FIR fdters, the original 

signai is decomposed into eight subband sipals to realize an 8-paralle1 FIR filter bank. 

The 8-pardel FIR nIter analysis section of the filter bank represents the forward 

transform architecture of the floating-point DCT. The algorithniic strength reduction 

techniques are applied to the resulting 8-parailel F R  fiiter architecture to reduce the 

complexîty of the architecture. The resulting architecture is show in Figure 7, which 



requires 13 multiplication operations and 29 addition operations for the floating-point 

DCT. 

Where Ci=impi/l 6 and Si=i'pi/l6. 

The next sep nmoves the multiplication operations, that is the rotation angles. The 

rotation angles are performed using two cascaded shears (lifüng steps). The €inal &point 



architecture is shown in Figure 8 [11][13][14][16] 

The approximated DCT, binDCT version B is computed using oniy 14 bit shifis and 3 1 

addition operatiom. Resulting in a significant reduction in the arnount of silicon used for 

implemen tation. 

3.3 Lifting Seps 

The lifting step is chosen to be dyadic, that is, a rational that can be written in the form of 

k 
-, k,m é 2. For perfect reconstruction of integea, that is integers mapping to integers, 
2" 



[ I l ]  a floor operator is included in each Ming step, as indicated below in Figure 9. 

Figure 9. The lifting step incorporating the floor operator 
integer to integer mapping. 
~(0) , N O )  

It is incorporated into the division by using simple binary bit shifting to the right by m 

places. The numerator of the dyadic rational lifüng step, k, is implemented by using 

simple bit shift-and-add operations, as illustrated in Figure 10. 

Figure 10. Lifting step using binary bit shifting to perform division and flooring. 
N O )  N O )  

To constnict the mdtiplierless DCT approximation, each rotation angle must be 

approximated using cascading dyadic lifting steps or dyadic shears. Starting with the fast 

one-dimensional 8-point DCT algorithm that requks as linle as, nine multiplication 



operations and 29 addition operations for the implementation of the five rotation angles 

----- { x  3n 7z 3Z and eight buttedy pairs. 
- 4 ' 4  ' 4 ' 1 6 ' 1 6  

Each rotation angle (or block) cm be viewed as a plane rotation, such that according to 

[ 121 [16], the plane rotation can be performed by three shears, 

where 

and p = sin O .  For VLSI implementation, u and p are approximated as dyadic rational. to 

exploit binary arithrnetic. 

For an efficient solution, Tran [11][12][13] tries to eliminate the dependency between 

Lifting coefficients. By limiting the factorhtion of each rotation angle into no more than 

two dyadic Lifting steps, the dependency between Lifting coefficients c m  still be 

considered. 

The following lifting choices were determined by Tran to yield a tmsforrn with high 

coding gain for the symmetnc basis hinctions of the fdter bank: 

Rotation 

The mti-symmetric basis functions lifüng step choices for the filter bank are: 



Resulting in the binDCT version B transform architecnire depicted in Figure 8 that 

computes eight subband signals in 14 shift operations and 3 1 addition operations. 

3.4 Matlab Simulation Results 

An m-hinction called the l.if&ep is created in Matiab that simulates the integer to integer 

mapping capabilities of the dyadic lifüng step. The hinction utilizes the binary bit shift 

built-in hinction in Matlab to perfom the binary division of 2". 

Function [ y]=liftstep(x,k?m) 
Xproduct=x*k; 76 compute the numerator product. 
Y=bitshift(xproduct,-m); % the negative sign, indicates right binary shift 
by rn positions. 

The fonvard and inverse binDCT-B m-huiciions are located in Appendut A. 

The one-dimensional DCT transform is applied to the clown picture found in MATLAB. 

The reconstruction of the clown image is accomplished by using the one-dimeasional 

inverse IXT transfom. The one-dimensional approximate DCT uansfonn, the binDCT 

is aiso applied to the clown picture found in MATLAB. The reconstruction of the clown 

image is accomplished by using the one-dimensionai inverse binDCT transform. The 

forward binDCT traosfonn and inverse binDCT transform maps the integer almost 

perfect, such that the human eye d a s  not detect a difference while Iooking at the final 



output matrix coefficients there is a slight difference n u d c a ü y .  The floating point 

fonvard and inverse DCT transform, fails to nconstruct the clown image with perfect 

visual reconstruction. The MATLAB results are shown in Figure 1 1. 

Figure 1 1. The MATLAB 
results for the compression of 
the clown and its reconstruction 
using the floating-point DCT 
eransform and the binDCT 
transfàm. 

3.5 Summary 

The binDCT architecture is efficient for VLSI implementation because it removes the 

multiplication operations of the rotation angles, leaving a transfonn that is completely 

multiply fiee and easily implemented in binary. For the application of video processing 

and image processing the binDCT possesses the abiüty to perform an integer 

transformation on a digital image to obtain an integer output The floating-point DCT 



possesses the ability to perform a floating-point transformation of a digitai image to 

obtain a floating-point output. 



Chapter 4 

VLSI Implementation of the One - Dimensional binDCT 

4.1 System Levd Design 

The system level block diagram is fmt devised in order for the preliminary word-length 

calculations to be completed, such that input and output word size can be determined. 

The system-level design also gives the necessary information for the floor planning of the 

chip, where the power pads are to be placed. 

The main assurnption behind the choice for the length of input word was that the input 

data signal would be video or images. Thus, the input word is an 8-bit unsigned integer 

to represent 256 levels of color. The resulting output data is an 1 1-bit unsigned integer. 

The system level design of the 1-D 8-point DCT is shown below in Figure 12. 

Figure 12. Systern-Level design of the 1-0 8-point binDCT chip. 
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The overail chip design consists of three main parts. The fmt part consists of the serial to 

parallel transmission circuitry, to reduce the number of pins on the final chip design. The 

second part corisists of the 1-D binDCT transform architecture, which can be fwtbered 
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sub-divided into four parts. the pre-processing stage, the first lifting step stage, the mid- 

processing stage and fmaily the lifting processing stage. The third part of the overall 1-D 

binDCT chip consists of the parallel to seriai transmission circuitry. A more detailed 

look inside the system-level design is depicted in Figure 13, show below. 

Figure 13. lnside the System -Level design of the t -O binDCT chip 

1 Timing Controls 1 

The fast forward binDCT block implementation in Figure 8 is shown again below. 

I 1 

Figure 8. Block Diagram of the Fast Fornard binDCT-8 transtorm 
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4.2 Addition 

The addea use the assumption that the inputs are unsigned integers. Accordingly then, 

given NO inputs, x md y of 8-bits, their summation will yield an 8-bit sum with a 1-bit 

carryout. Since many adders are used, the 1-bit carryout is attached to the MSB of the 

sum register, to avoid an incorrect result from occming [19][20]. Thus, for an 8-bit adder 

a 9-bit output is generated. 

To increase the speed of the adder, a dedicated adder can be designed by creating a 

technology specific logic library that considen the size of the p-mos and n-rnos 

transistors for the generai logic cells. The new logic cells would then require testing to 

determine the intemal capacitance and delay of the new cells using HSPICE. For the 

portability of the final design across technologies. the adders are designed using a 

Register Transfer Level (RTL) description that can be synthesized to the gate-level using 

any technology in Synopsys' Design Analyzer. 

The RTL description of the 8-bit adder using Verilog HDL is as follows: 

module add8 (x,y,reset,sum); 
input [7:0] x, y; 
input reset; 
output [&O] sum; 
reg [8:0] su; 

always @ (x or y or reset ) begin 
if (!=set) begin 
sum=O; 

end 
else begin 

swn=x+y; 
end 
end 
endmodule 



This 8-bit adder can be implemented in any technology using Synopsys' Design Analyzer 

and Compiler to geaerate the gate-level netlist. 

4 3  Subtraction 

The subtraction operations are implemented using adders. The minuend is binary two's 

complemented and added to the subtrahend. The input word size is equal to the output 

word size, because the output carry becomes insignificant, in unsigned binary subtraction. 

Ovemow does not occur because the output is always positive, like the input [19][20]. 

4.4 Dedicated Lifting Steps 

The lifting steps are implemented using individual dedicated logic units. The individual 

dedicated lifting steps are written in HDL using the RTL description language. The 

5 
lifting step - is implemented using two shift operations and one addition operation, as 

8 

depicted below in Figure 14, 

Figure 14. The Y8 Sing step is implemented using Wo shifts and one adClon. 

Thus. depending on the order of implementing the multiplication and division, the Lifting 

5 step - can be performed on an 8-bit unsigned binary word utilizing two shift operations 
8 

and one addition operation. To yield an &bit output, f h t  divide the input word by eight, 



and then multiply by five. However, if the multiplication precedes the division the output 

word becomes 11  bits long. 

The division of the word x by 2" is accompiished in binary arithmetic by shifting the 

word, x to the right m places (e.g. x>m) .  In binary arithmetic, multiplication is 

accomplished using a combination of shift and add operatioas. The shift operations are 

5 accomplished using shift registers. The RTL code for the lifting step - is as follows, 
8 

module liftstep-5-8 (x,reset,lift); 
input [7:0] x; 
input reset; 
output [7:0] lift; 
reg [7:0] lift; 
~g yl,  y2; 
dways @ (x or reset) begin 
if (!reset) begin 
lifta; 
end 
else begin 
yl=x»l; 
y2=x»3; 
lift=y 1 + y 5  
end 
endmodule 

The above RTL description inputs an 8-bit word and ouiputs an 8-bit word. An altemate 

RTL description is given below for the same lifting step. 

module liftstep-5-8 (x,reset,lifi); 
input [7:0] x; 
input reset; 
output [10:0] lift; 
reg [10:0] Mt; 
reg [9:0] y1 ; 
reg [10:0] sum; 
always @ (x or met) begin 
if (!=set) begin 
Iift*, 
end 
else begin 



y1 =x<Q; 
sum=x+y 1 ; 
lift=sum»3 ; 
end 
endmodule 

The altemate RTL description results in an 1 I -bit output for an 8-bit input word. The 

choice of implementation effects the output word size and the amount of silicoa used. 

4.5 Seriai to Parallel Input Transmission 

To obtain a core-bounded chip the number of pads on the chip are reduced, resulting in a 

cost-effective chip design. The input data is serially read onto the chip, and then 

transrnitted to the binDCT hinctional unit parallel-wise. The serial to parailel input 

module consists of an 8-bit register, 1:8 multiplexor, and an 8x8-bit memory array, 

shown in Figure 15. 

Figure 15. Serial-to-parallet Input Transmission. 

8x8-bit rnemory ngister 

memory address 

The RTL description of the seriai to parailel input module is described as: 

module s-p-in(data-ins2,s 1 ,sO, &te-enable,pardIel-clock. serial-clock, xO, x 1, 
x2, x3, x4, x5, x6, x7) 
input [7:0] data-in; 
input s2, s 1, sO, read-enable, parallel-clock, serial-clock; 
output [7:0] x0, xl,  x2. x3, x4, x5, x6, x7; 

reg [7:0] memory;? [0:7]; 



reg [7:0] x0, xl, x2, x3, x4, x5, x6, x7; 

always @ (data-in or read-enable or s2 or sl  or sO or senal-dock) 
begin 
if (write-enable= 1 b 1) begin 
if (seri&clock=l b 1) memory2[(s2,s I .sO) ]=data-in; 
end 
end 

always @ (posedge paraliel-clock) begin 
if (parallel-dock= l 'b 1) begin 
memory 1 [3 'ciO]=xO: 
memory 1 [3'd l]=x 1; 
memory 1 [3 'd2]=x2; 
memory 1 [3 'd3]=x3; 
memory 1 [3 'd4]=x4; 
memory 1 [3 'dS]=xS ; 
memory l[3 'd6]=x6; 
memory 1 [3 'd7]=x7: end 
end 
endmodule 

4.6 Parailel to Seriai Output Transmission 

To keep the silicon area to a minimum and the cost of fabricating the chip reasonable, 

paralle1 output from the binDCT hinctional unit is transmitted seridy off of the chip. 

The paralle1 to serial output module consists of an 8x 1 1-bit memory array, an 8: 1 

dernultipiexor and an 1 1-bit register, shown in Figure 16. 

Figure 16. ParaIlel-to-serial output transmission. 

the 



The RTL description of the parallel-to-serial output module follows, 

module p-s-out(y0,y 1 ,yZ,y3,y4,yS,y6,y7,~2,s 1 ,sO~ead-enable,pardIel-clock. 
seriai-cloc k, data-out) 
input V:OI yO, yl ,  y2. y3, y4, y5, y6, y7; 
input s2, s 1,  sO, read-enable, parallel-clock, serial-clock; 
output [7:0] data-out; 

reg [7:0] memoryl [0:7]; 
reg [7:0] data-out; 

always @ (yû or y1 or y2 or y3 or y4  or y5 or y6 or y7 or s2 or s 1 or sO or 
parailel-clock) 

if (parallel-clock = 1 b 1) begin 
memory 1 [3 'do] =yO; 
memory 1 [3'dl]=yl; 
memory 1 [3'dî]=y2; 
memory 1 [3 'd3]=y3; 
memory 1 [3 'ci41 =y4; 
memory 1 [3 'd5]=y5; 
memory 1 [3'd6]=y6; 
memory 1 [3 'd7]=y7; end 
end 

always @ (read-enable or s2 or s L or sO or serial-clock) begin 
if (read-enable = 1 'b 1 ) begin 
if (seriai-dock= 1 b 1) data-out=mernory I [ (s2,s l ,sO } ] ; 
end 

endmodule 

4.7 Constraints for Gate-Level Syntbesis 

Once the RTL description of the design is written in Vedog HDL, and verifed to work 

correctly using Verilog-XL. The RTL description is synthesized to gate-level using 

Synopsys's Design Anaiyzer and Compiler. An initial estimate of the size of the design is 

determined using a RTL Veriiog HDL description that only contains the biaDCT chip 

architecture without the input and output pads king initiaiized. The RTL description is 

synthesized without constraints using Synopsys' Design Compiler, to generate a staning 



point for establishing design coasaaints for the final gate-level synthesis. The ma, 

timing and power values generated dong with the cntical path's time are reported. (Sec 

Appendix H). 

The individuai bindct8 module is compiled using a multiplexed flip-flop scan style and 

scan circuitry is inserted, the final fault coverage of the compiled bindct8 module is 

cdcuiated by Synopsys Design ha lyzer  to bel00 O. But when the overd chip is 

compiled using the multiplexed flip-flop scan style and a scan test check is done to test 

the designs' ability to insert a scan. The test fails due to the presence of inferred memory 

devices and latches in the serial-to-parallel and parallel-to-serial modules. The presence 

of two inferred mernories arrays in the RTL description utilizing a latch, to pass parallel 

data ont0 and off the binDCT module of the chip. The serial-to-parallel and parallel-to- 

serial modules memory devices cannot be substituted with scan based equivalent f l i p  

flops. Therefore, no Design for Testability (Dm technique is implemented in the 

synthesis of the fmal gate-level description of the binDCT chip. 

The initial and final constraints used for gate-level synthesis are found in Appendix H. 

The net slew violation that occurs in the serial-to-parallel module is assumed to be 

resolved during the placement and routing of the design. 

The main clock of the binDCT chip had to be increased significandy to avoid any racing 

conditions fiom occurring between the serial-to-parallel module and the binDCT module 

data transmission during gate-level synthesis. Due to the use of the black-box cell 

library's intemal gate delays, affect the timing of the data arriva1 for the serial-to-parallel 

module's timing analysis. To avoid this problem, the binDCT clock was increased 

signifcanly to accommodate the input dock for serial data entering the chip and the 



parailel data king latched to the binDCT chip using the binDCT clock even as it is 

triggered. If then were no pin limitations on the bonding pad, parallel loading of the 

binDCT chip could occur, reducing the clock period constraint for gate-level synthesis 

fiom 200ns to 40ns. 

4.8 Floor-pianning, Routing, and LVS 

The forward binDCT chip has an estimated size of 2.154 mm x 1.3 14 mm. while the 

inverse binDCT chip has an estimated size of 1.8 18 mm x 1.8 18 mm from initial 

calculations based on the 0.35,~ CMOS technology specifications for estimated pad sizes. 

For the power constraints to be met, four pairs of con pads and two pairs of ring pads are 

used for both the fonuard and inverse one-dimensional binDCT chip designs. To avoid 

any open spaces around the pad ring when floor-planning, an extra VSS-ring pad is 

included 



Figure 17a. The forward binDCT chip after 
floor planning is complete. The power pads 
have been added. The UO pads and standard 
cells have been placed. The power saipes an 
rings have also been placed. The binDCT clc 
tree has been generated at this point and the 
design re-routed. 



The binDCT clock is the oniy clock generated using the clock tree generator in the 

Design Planner. The bhDCT clock me is generated to synchronize the clocb and 

minimize the skew effcct that is propagated throughout the chip. The final clock tree 

results are located in Appendix F. The input and output clocks are dependent on the rate 

the user inputs the data onto the chip and reads the data off of the chip. 

Once the power is routed on the design chip, the chip undergoes it's final rouhg in 

Silicon Easemble. A timing analysis is performed ushg Pearl, the full results are located 



in Appendix D. The Pearl analysis of the forward b i m  chip deiennined that the 

insertion delay between I/0 pad to leaf-cell was in the range between 1.136ns to 1.163ns 

for a maximum clock skew of O.027ns. The inverse binDCT chip insertion delay range 

from 1.231~1~ to I . 3 0 8 ~  for a maximum clock skew of O . W h .  The wont timing paths 

were determined to be located in the serial-to-parallel module between the memory 

register array and the iatch for both the fonvard and inverse chip. There is ody one net 

in the foward binMSr chip that violates the black box celi library's maximum net 

transition rate of 1.5m The net is calculated to have a maximum slew rate of 1.59ns, 

which can be assumed to be negligible. 





I Figure 19. nie invase binDCT chip aftw powu is routed and the standard cclls arc 
routed in Silicon Ensemble. 

The Layout venus Schematic (LVS) check in the DFII indicates a netlist match for both 

the forward and inverse binDCT chips. The LVS results cm be found in Appendix E. 

The Design Rule Check @RC) in Cadence's Design Framework resulted in zero errors or 

violations for both the forward and inverse binDCT chips. The CMC DRC check results 

stated that polyl was under used in both designs and needed to satisfy a coverage of 14 4b 

of the chip's COR. The inverse binDCT chip had two antema rule violations revealed by 

the CMC DRC check. All of the violations were eady comcted. 



Figure 20. nie final faward b i m  chip 
in DFII pria to filling. 



L 

Figure 21. nie finai inversc binDCT chip in DFII prior to filling. 

4.9 Summary 

The forward and inverse binDCï chips RTL descriptions are implemented using the 

0.35~ CMOS standard digital ce11 libraries. Resulting in area-efficient chips that 

consume linle power. According to Appendix H, where the gate-level power analysis 

calculations were completed, the final gate-level designs consume power in the low to 

medium mW (e.g. milliwatts) range. The fmd forward binDCT chip has a layout 

dimension of 1794~3434pn. The fiai inverse binDCT chip has a layout dimension of 

2778~2778pn. 



Chapter 5 

Conclusions and Future Work 

Sel Conclusions 

The resuits fkom the MATLAB simulations indicate that the binDCT transfonn is better 

than the fîoating-point DCT transform for the compression and reconstruction of images. 

Thus, the binDCT transform cm replace the floating-point M-T transform in the JPEG 

and MPEG standards for video processing and image processing applications. 

The binary-fiiendly architecture of the binDCT transform enables its implementation in 

VLSI. The final VLSI design is cost-effective because the chip size is relatively smaii 

due to its rnultiply free architecture. The power consumption of the chip is estimated to 

be relatively low at the gate-level. The 0.35~ CMOS binDCT chip speed is slow as 

compared to the speed of floating-point DCT chips. The speed can be increased by 

implementing a hill custom VLSI version of the binDCï architecture. 

5.2 Future Work 

Future work can be done in the implementation of the two-dimensional binDCT 

transform in VLSI. As stated in the introduction of the thesis, the two-dimensional DCT 

transform is separable. Since the 2-D DCT can be implemented using two 1-D DCT 

transforms, one to perform the row-wise transform, and the second to perfom the column 

wise transform. The 2-D bUiM3T transforrn can aiso be implemented utiliwig row- 

column decomposition. F i p  22 depicts the row-column decomposition of the 2-D 

binDCT. 



Figure 22, Block diagram of the row-column approach for 2-D binDCT. 

Timing Contml 

row-wise coiumn-wise 

The timing control circuiüy is designed using the folding transformation [l 1. 

5.2.1 The use of the folàing transformation in 2-D ortbogond transform 

algorit hms 

For VLSI implementation, a 2-D transform must keep the chip area to a minimum by 

reducing the number of multipliers, adders, registea, multiplexes and interconnecting 

wires. The folding transformation provides a systematic technique for designining the 

timing control and other control circuits for hardware, where several algorithmic 

operations (e.g. addition operations) are time-multiplexed to a single functional unit (e.g. 

a pipeline adder). A reduction in chip ana occurs during VLSI implementation when 

multiple algorithm operations are executed on a single functionai unit, thus reducing the 

number of functional uni& used. The one side effect of the folding technique is that the 

new architecture uses a large number of registen that consume excessively much chip 

area. Register minimization techniques can be used to compute a minimum number of 

registen required to implement the folded 2-D aansform architecture. [Il  
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AppendU: A 

MATLAB Code 

A.1 Lifting Steps 

The lif'ting step is generated by fmt multiplying the numerator, m and then dividing by 

the denominator, 2' . For perfect reconsûuction of integers a Boor operator is placed on 

the lifting step. The m-function Liftstep can calculate the general dyadic lifting step of a 

signai, given the numerator, rn and the denominator. k and binary bit-wise shifting. 

There are sever al dedicated lifting functions also defmed utiliwig binary bit-wise shifting 

and addition. 

% This function gcneratcs the result of a lifting sep, 
% using bit-wise shifi and add operaton. 
% To perform a dyadic lifting step of nQAk on x. 
% where m is basically a simple multiplication chat 
% can be accomplished by bit-wise shifting 
% to the right and adding. 
5% The division by 2Ak is accompiished by a simple left 
$6 bit-wise shift by k positions. 
8 y=floor(~*rn12~k). 
function y=liftstcp(x,m,k); 
xproduct=x*m; 
y=bitshifi(x,-k); 

96 Lifting step 1/2 
function [y]=liftstep l,2(x) 
y=bits hi ft(x,- 1 ); 

% Lifting step 1/8 
function [y]=liftstep l,8(x) 
y=bitshifi(x,-3); 

% Lifting sep 314 
function [y]=liftstcp34(x) 
y=bitshift(x,-2) + bitshifi(x,- 1); 

% Lifting step 318 
function [y]=liftstep3,8(x) 
y=bitshifi(x,3) + bitshift(x,-2); 

96 Lifiing stcp 518 
fitnction [y]=liftstep5,8(x) 
y=bitshifi(x,-3) + bitshift(x.4); 



A.2 The f o w r d  and inverse binDCT m-functions using deàicated lifting steps 

The dedicated lifting steps am included in the modified m-huictions for the fast forward 

and inverse binDCI' version B architecnires. 

% Created by: Tracy Franklin 
% Fast Implcmentation of 8-point binDCï version B, Integer D C î  
% using dyadic lifting steps. Modified version. 
% based Trac D. Tran algorithm 
% Set also plus, minus, lihstep. 
function [yl=bindct(zx) 
[rn,n]=size(ur); 
y=zeros(size(zx)); 
x=double(w); 
for i= 1 :m 

for j=l:8:n 

8 Perform data strcam assignment into subband signals 
xCl=x(i j); 
x l=x(i.j+ 1); 
x2=x(i j+2); 
x3=x(i j+3); 
x4=x(i9j+4); 
x5=x(i j4); 
x6=x(i J 4 ) ;  
x7=x(i j+7); 

96 First rotation stage is impIemcnt using dyadic Ming steps 
% rotation of pi14 foiiows 
b&-pIus(Iiftst~p3,8(aS)~a6); 
bS-+nus(iiftstep5,8(b6),~; 

% Sccondary addition stage 
cO=plus(aO,a3); 
c l=plus(al,a2); 
cî==nus(ai ~ 2 ) ;  
c3=dnus(aO,a3); 
c&'plus(a4, b5); 
c5=minus(a4, b5); 
c6=minus(a?,b6); 
c7=plus(a7,b6); 

% Second rotation stage is implemented using dyadic lifting stcps 
dû=plus(d),c 1); 



9% Third mtation stage is implemented using dyadic lifting steps 
d2=minus(c2,(liftstep3,8(~3))); 
d3=pIus((liftstep3-8(d2)),~3); 

% Founh rotation stage is implemented using dyadic lifting steps 
d4=rninus(c4,(liftstep 1 -8(c7))); 
d7=c7; 

% F i f i  rotation stage is implemented using dyadic lifting steps 
d5=plus(c5,(liftstep 1-2(rninus(c6,(liftst(cS)))))); 
d6=minus(minus(c6,f liftstep3j(c5))),(lilbtep IJ(d5 j)); 

y(i JWO; 
y(i j+l)=d7; 
y(iVj+2)=d3; 
y (i j+3)=d6; 
y(i j -tcl)=d 1 ; 
y(i j+5)=d5; 
y(i j+6)=d2; 
y (i,j+7)=d4; 
end 

end 

% Created by: Tracy Franklin 
8 Fast Irnplerneniation of the Inverse binDCT vcrsion B 
5% Modificd version. 
8 Inverse Intcger ûCî by on Trac D. T m  algorithm 

function [z]=imbindct(x) 
[n,m] =size(x); 
z=zeros(size(x)); 
y=double(rr); 
for i= 1 :n 

for j=l:8:m 

4b Fim rotation stage is implemcntcd using dyadic lifting steps 
kliftstep 1_2(aO)- a4; 
bû= a0 - b4; 

96 Second rotation stage is implemcnted using dyadic lifting sieps 
b2=a2 - liftstcp3,8(a6); 
b6=a6 + lihstep3,8(b2); 

% ThUd rotation stage is implemcnted using dyadic lifting steps 



% Fourth rotation stage is implernented using dyadic lifting steps 
b5 = a5 - (liftstep 1_2(a3+(lihstep 1,8(aZ)))); 
b3 = a3 + liftstep 1-B(a5) + Iifistep3,4(b5); 

5% Fit additiodsubtraction stage 
cO=bû+b2; 
c4=b4+b6; 
~6=b4-b6; 
c2=bO-b2; 
ç7=b7+ b5; 
~5=b7-b5; 
~3=bl-b3;  
cl=bl+b3; 

% Fifth rotation stage is irnplemented using dyadic lifting sieps 
dS=liftstcp5,8(~3) - CS; 
d3=c3 - liftstep3_8(d5); 

% Second additiodsubtraction stage 
cO=cO+cl; 
e4 = c4 + d3; 
e6 = c6 + d5; 
e2 = c2 + c7; 
e7 = c2 - c7; 
e5=c6-dS; 
e3 = c4 - d3; 
e l  =CO -cl; 

% Rcposition output in the inverse transfonn matrix 
z(i j)=birshift(eO,-2); 
z(i j +  l)=bitshift(e4,-2);; 
z(i j+2)=bitshift(e6,-2); 
z(i j+3)=bi tshift(e2,-3,); 
z(i jA)=bitshift(e7,-2); 
z(i j+s)=bits hift(6,-2); 
z(i j+6)=bitshifi(e3,-2); 
z(i j+7)=bitshift(el,-2); 

end 
end 

A3 The floating point D m  

The original DCT architecture that is approximated by the binDCT architecture is given 

below . 

8 Original DCI' algorihm that is altcr for the bindct 
fiinction [y]=fdct(xz); 
[m,n]=size(xz); 
y=zeros(m,n) ; 
x=âouble(xt); 
for i=C:m 



for j= l:8:n 
x b x ( i  j); 
xl=x(i j+l); 
x2=x(i j+2); 
x3=x(i j+3); 
x4=x(i j+4); 
x5=x(i j+5); 
x6=x(i j+6); 
x7=x(i j+7); 

y (i &=do; 
y(iW)=dl;  
y(iJ+2)42; 
y(iJ+6)=d3 ; 
y(i j + l  kd4; 
y ( i J 4 5 W ;  
y(i J+3)=d3; 
y(ij+7)==7; 

end 
end 



A.4 The fornad and inverse b W C T  m-functions that use the genenl üftlng step 

The fast forward and inverse binDCT m-hnctions, that utilize the generai lifting step m- 

func tion. 

% Crcatcd b y: Tracy Franklin 
8 Fat Implernentation of the Inverse binDCT version B 
% Un-nonnalized version. 
% Inverse Integer DCT by on Trac D. Tran algorithm 

fùnction [z)=ibindct(x) 
[n,m]=size(x); 
z=zeros(size(x)); 
y=double(x); 
for i= 1 :n 

for j=l:8:m 

aû=y(i j); 
al=y(i,j+l); 
a2=y(i j+2); 
a3=y(i j+3); 
a4=y(i j+4); 
a5=y(i9j+5); 
a6==(i j+6); 
a7=y(i9j+7); 

9% Fmt rotation stage is implemtnted using dyadic lifting steps 
b4=liftstep(aO, 1,l)- a4; 
bO= a0 - b4; 

8 Second rotation stage is implemented using dydic lifting stcps 
b 2 4  - lifutep(a6,3,3); 
M=a6 + liftstep(b2,3,3); 

8 Third rotation stage is implemented using dyadic lifting stcps 
bl=al; 
b7a7 + liftstep(a l,l,3); 

8 Fourth rocation stagc is implemented using dyadic lifting steps 
bS = a5 - (liftstep((a3+(lifrstep(&, 1,3))), 1.1)); 
b3 = a3 + lifistep(a5.1.3) + lifistcp(b53.3); 

% First additionlsubuaction stagc 
cû==bû+b2; 
c4=b4+b6; 
c6=W-M; 
c2=b@b2; 
cl =b?+ b5; 
cSsb7-bS; 
c3=b l-b3; 
cl=bl+b3; 

% Fifth rotation stage is implenunted ushg dyadic lifting steps 
#=lifiStcp(c3,5,3) - Cs; 



% Second additiodsubtraction stage 
eO=cO+cl; 
e4 = c4 + d3; 
e6 = c6 + d5; 
e2 = c2 + c7; 
e7 = c2 - c7; 
e5 = c6 - d5: 
e3 = c4 - d3; 
el =CO -cl;  

% Reposition output in the inverse transfom m n i x  
z(i j)=bitshift(eO,-2); 
z(i Ji l)=biuhift(e4,-2);; 
z(i ji2)=bitshift(e6,-2); 
z(i j+3)=bitshift(e2,-2); 
z(i j+4)=bitshift(e7,-2); 
z(i j+S)=bitshift(e5,-2); 
z(i j+6)=bitshift(e3,-2); 
z(ij+'l)=bitshift(e 1 ,-2); 

end 
end 

% Creatcd by: Tracy Franklin 
5% Fast Impltmentation of 8-point binDCT version 8, Integer DCT 
5% using dyadic lifting steps. Un-nomdized version. 
% based Trac DI Tran aigorithm 
5% Set aiso plus, minus, liftstep. 

function [yJ=bindct(ac) 
[m,n J=size(w); 
y=zeros(size(ur)); 
x=double(zx); 
for i= 1 :m 

for j=l:S:n 

% Perfonn data Stream assignrncnt into subband signals 
xkx( i  J) ; 
x 1 =x(ij+ 1 ); 
xZ=x(i j+2); 
x3=x(i j+3); 
x4=x(i j 4 ) ;  
x5=x(i j+S); 
x6=x(i j+6); 
x7=x(i9j+7); 

% Re-addition stage 
aO=plus(xO,x7); 
a 1 =plus(x 1.~6); 
a2==lWx2sr5); 
a3=plus(x3,x4); 
a4====nus(x3 ~ 4 ) ;  
aS=minus(x2,xS); 
a&minus(xl,x6); 
a7=1ninus(xO,x7); 



% First rotation stage is implcmtnt using dyadic lifting steps 
% rotation of pi14 folIows 
b6~lu(liftstep3,8(~),a6); 
b5=minus(lifts tepS_8(b6),a5); 

% Secondary addition stage 
cO=plus(aO,a3); 
c 1 =plus(a 1 ,a2); 
c2=minus(a 1 ,a2); 
c3=minus(aO,a3); 
c4=plus(a4,b5); 
c5=minus(;i.l,b5); 
c6=rninus(a7, b6); 
c7=plus(a7,b6); 

% Second rotation stagc is implemented using dyadic lifting stcps 
dO=plus(cO,c I ); 
d I=minus((liftstep 1,2(dO)),c 1); 

% Thkd rotation stage is implementcd using dyadic lifting steps 
~minus(c2,(1iftstep3,8(~3))); 
d3=ph1s((Iiftstep3,8(d2)),~3); 

% Fourch rotation stagc is implemcnted using dyadic lifting steps 
d4=rninus(c4,(liftstep 1 -8(c7))); 
d7=c7; 

% Fifth rotation stagc is implcmented using dyadic lifting stcps 
d5=plus(c5,(liftstcp 1-3(minus(c6,(liftstep34(cJ)))))); 
d6=minus(minus(c6,(liftstcp34(cS))),(liftp 1,8(dS))); 

y(i &=do; 
y(i j+l)=d7; 
y(i ,j+î)=d3; 
y(i j+3)=d6; 
y(i j+4)=dl; 
y(i j + S W ;  
y(i j+6)=d2, 
y(i j+7)=d4; 
end 

end 

A S  The forward and inverse binDCT m-functions derived €mm Real number 

The fast forward and inverse binDCT m-hinctions utilUe the floating-point arithmetic to 

implemeat the lifting steps, then round the fmal value d o m  toward zero. 

% Created by: Tracy Frankiin 
8 Fast hplemeatation of binDCT version B. Inicgcr DCï 
96 bascd Trac D. T'an algorithm 



firnction [y]=bindctb(w) 
[m,n)=size(w); 
y=zeros(size(w)); 
x=doubie(w) ; 
for i= 1 :m 

for j=l:8:n 

% Perforrn data Stream assignmenc into subband signals 
xû=x(i j); 
xl=x(i j+l) ;  
x2=x(i j+2); 
x3=x(i &3); 
x4=x(i 44); 
x5=x(i j+S); 
x6=x(i j+6); 
x7=x(i j+7); 

% Re-addition stage 
aO=xO+x7; 
al=x 1 +x6: 
;r2=x2+x5: 
a3=Jd+x4; 
a4=x3-x4; 
aS=x2-x5; 
ad=% 1 -x6; 
a7=xGx7; 

8 Fint rocauon stage is implcment using dyadic lifting $teps 
% rotation of pi14 follows 
b6=(round((aS43)18)) + a6: 
b5=(round((b6*5)/8)) - as; 

% Secondary addition stage 
cû=aû+a3; 
c l=al+a2; 
c2=a 1 42; 
c3=aû-a3; 
c4=a4+b5 ; 
c5=a4bS; 
ctka7-b6; 
c7=a7+ b6; 

55 Second rotation siagc is implemented wing dyadic lifting sttps 
dO=cO+d; 
d 1 =(round(d0/2)) - c 1 ; 

% lhkd roiation stage is implementd using dyadic lifting steps 
d2=c2 - (round((c39)/8)); 
d3=(round((d2*3)/8)) + c3; 

% Fourth rotation stage is implemented using dyadic lifting steps 
d-4 - (mund(c7I8)); 
d7=c7; 

% Fihh rotation stage is implemcnted using dyadic lifting steps 



y(i &=do; 
y(ij+ 1 )=d7; 
y(i j+?)=d3; 
y(i j+3)=~I6; 
y(iJA)=d 1 ; 
y(i j+5)=d5; 
y(ij+6)=d2; 
y(i j+7)=d4; 
end 

end 

% Created by: Tracy Franklin 
% Fast Implemcntation of the Inverse binDCT version B 
% Inverse Integer DCT by on Trac D. Tran algorithm 

function [z]=ibindctb(y) 
[n.m]=size(y); 
zszeros(size(y)); 

for i= 1 :n 
for j=l:8:m 

% First rotation stagc is implemented k ing  dyadic lifting steps 
W=(round(aOl2)) - a4; 
bO= a0 - b4; 
% Second rotation stage is implemented using dyadic lifting steps 
bW - (round((a6*3r/8)); 
b6=a6 + (round((b2*3)/ 8)); 

% ThUd rotation stage is implemcnted using dyadic lifting stcps 
bl=al; 
b7=a7 + (round(a 118)); 

% Fourth rotation stage is hplcmentcd using dyadic lifting steps 
bS = a5 - (round((a3 + (round(a5/8)))/2)); 
b3 = a3 + (round(aS/8)) + (round((bSII)/S)); 



% Fifth rotation stage is implementcd using dyadic lifiing steps 
dS=(round((c3*5)/8)) - CS; 
d3=c3 - (round((d5*3)/8)); 

Ç i  Second additionlsubtraction stage 
eO =cO+cf; 
e4 = c4 + d3; 
e6 = c6 +fi; 
e2 = c2  + c7; 
e7 = c2 - c7; 
e5 =c6 -d5; 
e3 = c4 - 63; 
el =CO -cl: 

% Rcposition output in the inverse transfonn mauix 
z(i j)=roound(e0/4): 
z(i j+ I )=round(e4/4); 
z(i j+2)=round(e6/4); 
z(i j+3)=round(e2/4); 
z(i j+4)=round(e7/4); 
z(i j+5)=xound(c5/4); 
z(i j+6)=round(e3/4); 
z(i j+7)=round(c 114); 

end 
end 



Appendix B 

RTL design description in Verilog HDL 

B.l One-Dimensional Sqwiat binDCT 

II One-dimensional Forward Integer binDCT 
// Uses dyadic lifting steps to accomplish the rotation function 
II In the fast forward implementation of the Dismete 
Il Cosine transforms 
// Created by: Tracy Franklin 

'timescde 1 nd tops 

module forwarddct (x, in-select, inwe, in-clock, bindct-clock, reset, out-select, outre, out-clock. y); 

input [7:0] x; 
input [2:0] in-select, out,sclect; 
input inwc,ourtt: 
input in-clock, out,clock 
input bindct-clock,resct; 
// output [10:0] tO, zl, 22,23,24, r5, ~ 6 . ~ 7 ;  // for submodulc tcsting 
output [10:0] y: 

wire [7:0] x0, xl, x3, x3, x4, .S, x6, x7; 
wire [lO:Oj 20, zl,  22,23,24, ts, 26.27; 

s-p-in8 s-p-in8 (x, in-select, inwc, in-ctock, bindct-clock, xO, xl, x2, x3, x4, fi, x6, x7); 

p-s-out1 1 p-s,outll (20, zl,  22,~3,24,zS, 26.27, out,select, outre, bindct-clock, out-cIock. y); 

endmodule 

I/ The output circuitry to resoive the cight paraIlel outpuu 
l/ into one serial output. 
mûdule p-s-out1 1 (z0,21,22,23,z4,~5,26,27, select-out, read-enable, parallel-clock, seriai-clock, 
zout); 

input [10:0] zo, t î ,  22,23,24, fi, 26.27; 
input [2:0] stlcct,out; 
input senal,clock, parallef,clock, read-enable; 
output [10:0] zout; 

reg [IO:O] zout; 
reg [ 10:0] outputmem [0:7]; 



outputmem[3li3]=z3; 
outputmem[3'd4]=z4; 
outpuunem[3'dS]d; 
outputmem[3'd6]=z6; 
outputmem[3'd7]=z7; 

end 
end 

aiways @ (read-enabie or selectout or senal-clock) begin 
if (read-enable = 1 b 1) begin 

if (serial-clock = 1 à 1 ) 
zout= outputmem[select-out] ; 

end 
end 
endmodule 

// Note inpclock has a period cight times the size of the insclock. 
If Input circuitry to the 1-D DCT chip to reduce the number of pads 
module s-p-in8 (x, select, write-enable, secid-clock, paralJel,clock, xO, xi ,  x2, x3, x4, x5, x6, x7); 

input [7:0] x; 
input [?:O] select: 
input write-enablc; 
input serial-dock, parallei,clock; 
output [7:0] xO, XI, x3, x3, x4, fi, x6. x7: 

reg [7:0] x0, XI, x2, x3, x3, x5, x6, x7; 
reg [7:0] inpuuncm [0:7]; 

always @ (serial-dock or select or x or write-cnable) begin 
if (write-enablt = 1 b 1) begin 

if (seciai-dock = 1 bl) 
inpuuncm[sclect]= x; 

end 
end 

always @ (posc 
xO=inputmem 
x 1 =inpuuncm 
x2-inputmem 
x3=inputmem 
x4=inputmem 
xS=inputmem 
x6=inputmem 
x7=inputmcm 

end 
endmodule 

dge parallcl-clock) begin 
:3'dO]; 
:3'd 11; 
13 321; 
:3 'd3]; 
13 'd4]; 
:3 'a]; 
:3'd6]; 
[3 'd7j; 

Il HDL description of the 8x8 1-D binDCï-B 
/J normalized version 
lI Creatcd by: Tracy Franklin 

module bindct8 (xO, xl, x2, x3, x4, x5, x6, x7, clk, mt, 20, zl, z2, t3,24,zS, 26,27); 
input j7:0] xO~cl,~c2,x3,x4,x5,~c6,x7; 
input clk, met;  



output [ IO:O] ~0.~1 .z2,23,24,25,26,z7; 

wire (8:0] aO,a l,a2,a3; 
wire [7:0] a4,a5,a6,a7; 
wire [8:0] b5,b6; 
wire [9:0] c0,c 1 ,c4,c7; 
wire [8:0] c2,c3,c5,~6; 
wire [10:0] do; 
wire [%O] d4.d 1 ,d7,cU,d2; 
wire [8:0] d3,d6; 
wùe [10:0] eO,e I ,e2,e3,e4,eS.e6,e7; 
reg [10:0] z0.~1,z2.~,z~,~,z6,~7; 

preadd fl (xO. x 1. x2. x3, x4. x5. x6. x7. reseg aO, al, a2. a3. a4. d, a6. a7); 
prelift f2 (a5, a6. mec, b5, b6); 
midaâd f3 (aO. al. a2. a3. a4. b5. b6. a7. r e m  CO. cl. c2. c3. c4. CS. c6. c7); 
postlifi f4 (CO, cl. c2. c3. c4. c5. c6. c7. resei. do. d l ,  d2. d3. d4. dS. d6. d7): 
rearrange f5 (do. d 1. d2, d3. d4. d5. d6. d7. met, eO. el, e2. c3, e4. es. e6, e7); 

always @ (posedge clk or negedge resei) begin 
if (!rcsct) begin 
zk0; 
z i =O; 
22a; 
Z3a; 
z4=0; 
zfa; 
zb-0; 
z7d; 

end 
else begîn 

2keO; 
tl=ei; 

zî=e2; 
z3=e3; 
z k 4 ;  
fi&: 
z&6; 
z7=el; 

end 
end 
endmodulc 

mxhk prcadd (~0, XI, x2. x3. x4. x5. x6. x7. rcset, aO, al. a2. a3. a4, as, a6, a7); 
input (7:0] x0,x 1 ,x2.x3,~4,~5,~6,~7; 
input met; 
output [&O] aQ,a 1 ,a2,a3; 
output [7:0] a4,aS,a6,a7; 



sub8 ra8 (xO.x7,reset,a7); 
endmodule 

module prelift (a5, a6, reset, bS, b6); 
input [7:0] a5,a6; 
input reset; 
output [8:0] b5,b6; 

wire [6:0] temp 1 ; 
wire [8:0] temp2; 
wire [&O] b6; 

endmodule 

module midadd (aO. al. a2. a3, a4. bS. b6, a7, rejet, CO, cl. c2. c3. c4. CS. ~ 6 ,  ~7): 
input [8:0] a0,al .a2.a3,bS.b6; 
input [7:0] a4,a7; 
input reset; 
output [9:0] c0.c 1 ,c4,c7; 
output [8:0) c2,c3,c5,c6; 

add9 ma 1 (aO,a3,reset,cO); 
add9 ma2 (a 1 ,a2,rcsct,c 1 ); 
sub9 ma3 (a 1 ,a2,resetc2); 
sub9 ma4 (aO,a3,reset.c3); 
add9 ma5 ( ( 1 bO,a4[7:0] } .bS.reset.c4); 
sub9 ma6 (( 1 bO,a4[7:0]) ,bS,reset,cS); 
sub9 ma7 (( 1 bO,a7[7:0] } ,b6,resct,c6); 
add9 ma8 (( 1 bO,a7 [IO] } ,b6,rcset,c7); 
endmodule 

module postlift (CO, cl. c2. c3, c4, CS. c6. c7.resct. do, dl. d2. d3. d4. CE. d6. d7); 
input [9:0] c0,c 1 ,c4,c7; 
input [8:0] c2,c3,c5,c6; 
input resct; 
output [ 1 O:O] do; 
output [9:0] d4,d l,d7,d5,d2; 
output (8:0] d3,d6; 

wire [9:0] temp3; 
wire [8:0] temp5.temp6; 
wirc [f :O] temp7,icmp9,ternpIO; 
wire [6:0] temp4~emp8; 

add IO O 1 (c0.c 1 ,rcset,dO); 
Ir 12 1 1 02 (dO,reset, temp3); 
sub 10 03  (temp3,cl ,rcset,d4); 
191 8 10 04 (c7,rcset,tcmp4); 
wb 10 05 (c4, {3W00,tempt[6:0]) ,rcsct,d7); 
ls349 06 (d,ritsct,tcmp5); 
sub9 07 (c6,iemp5,reset~emp6); 



1s 129 08 (temp6,rcset,temp7); 
add9 09 (CS, { 1 bO, temp7 [7:O] ) ,reset,d5); 
ls1810 010 (d5,rcsct,temp8); 
sub9 o 1 1 (tcrnp6, (2bOO,temp8[6:0] ) ,reset,d3); 
1~389 O 12 (c3,reset,temp9); 
sub9 O 13 (c2, ( 1 bO,temp9[7:0] ) ,resefd6); 
ls389 O 14 (d6,rese~temp 10); 
add9 015 (c3,{ 1 b0,temp 1 O[7:O] ) ~eset,d2); 
assign dl= c7; 
endmodule 

module reamgt (do, d 1, d2, d3, d4, d5, d6, d7. reset, CO, e l ,  e2. e3, e4, es, e6, e7); 
input [ 10:0] do; 
input [9:0j d l,d2,d4,dS,d7; 
input [8:0] d3,dd; 
input reset; 
output [10:0] c0.e 1 .e2,e3,e4,eS,e6,e7; 

reg [10:0] e0,e 1 ,e2,e3,e4,eS,e6,e7; 

always @ (do or d 1 or d2 or d3 or d4 or d5 or d6 or d7 or reset) begin 
if (!reset) kg in  

&=O; 
e 1 =O: 
e2d;  
e3=0; 
e4=0; 
e 5 d ;  
e 6 4 ;  
e 7 d ;  

end 
clse begin 
cû=dO; 
el={ l bO,dl[9:0)); 
e2={ 1 W),d2[9:0]) ; 
e3= { 2'bûO,d3 [8 :O] ) ; 
e4={ 1 W,d4[9:0] } ; 
CS=( 1 'bû,dSf9:0] ) ; 
e6=(2MH),d6[8:0] } ; 
e7= ( 1 M,d7 [%O] } ; 

end 
end 
endmodule 

module add8 (x,y,rcsct+sum); 
input [7:0] x,y; 
input restt; 
output [&O] sum; 

reg [&O] sum; 

dways @ (x or y or =et) bcgin 
if (!rtset) kgin 
sumd; 

end 
else kg in  



sum=x+y; 
end 

end 
endmodule 

~ o d u l e  sub8 (x,y,reset,diff); 
input [7:0] x,y; 
input m e t ;  
output [7:0] diff; 

reg [7:0) diff; 

dways @ (x or y or reser) begin 
if (!rem) begin 

difh0; 
end 
else begin 

diff=x-y ; 
end 

end 
endmodule 

module Is3 88 (x,reset,lifi); 
input [7:0] x; 
input rescr; 
output [6:0] lift; 

wire [8:0] shiftx; 
wire [9:0] sumx; 

mg [6:0j lifi; 

assign shiftx = (( 1 bO,x))«l; 
add9 u l (shiftx,( 1 box) ,rcse~sumx); 

always 8 (sum or reset) begin 
if (!rcsct) begin 

lifi=O; 
end 
else begin 

lifi=(sumx»3); 
end 

end 
endmodule 

module id89 (x,rcsetJift); 
input [&O] x; 
input rcsct; 
output [8:0) lifi; 

Wirc [lO:O] shiftx; 
wire [ 1 1 :O] sumx; 

assign shiftx = ({ZKiû,~))<d; 



always Q (sumx or met)  begin 
if (!reset) bcgin 

li ft=O; 
end 
else begin 

lift=(sumx>>3); 
end 

end 
endmodule 

module add9 (x, y , m e  f mm); 
input [8:0] x,y; 
input reset; 
output [9:0] sum; 

reg [9:0] sum; 

always @ (x or y or met) begin 
if (!met) begin 
suma; 

end 
eise begin 
sum=x+ y; 

end 
end 

endmodule 

module sub9 (x,y,reset,diff); 
input [8:O] %,y; 
input reset; 
output [&O] diff; 

reg [&O] diff; 

always @ (x or y or met) begin 
if (!reset) begin 

diff=O; 
end 
else begin 
diff=x-y ; 

end 
end 
endmodule 

module add 10 (x,y.reset,sum); 
input [9:0] x,y; 
input teset; 
output [10:0] sum; 

reg [10:0] sum; 

aiway s @ (x or y or met) bcgin 
if (lrcsct) begin 



suma;  
end 
else begin 
sum=x+y ; 

end 
end 
endmodule 

module sub 10 (x,y,reset.diff); 
input [9:0] x,y; 
input reset; 
output [9:0] diff; 

reg [9:0] diR 

always @ (x or y or reset) begin 
if (!reset) begin 
diff=O; 

end 
else begin 

diff=x-y; 
end 

end 
endmodulc 

module add 1 1 (x,yjeset, sum); 
input [10:0] x,y; 
input reset; 
output [1 l:0] sum; 

reg [ 1 1 :O] sum; 

aiways @ (x or y or resct) bcgin 
if (!reset) begin 
sum=O; 

end 
else begin 
sum=x+y; 

end 
end 
endmodulc 

module 1s 12 1 1 (x,resci,lift); 
input [10:0] x; 
input met;  
output [9:0] lift; 

reg [9:0] lift; 

always @ (x or reset) begin 
if (!=set) begîn 
lifi=O; 

end 
clse begin 

üft = (X » 1); 
end 



end 
endmodule 

module 1s 129 (x,rcset,lift); 
input [8:0] x; 
input reset; 
output [7:0] lift; 

reg [7:0] lift; 

always @ (x or reset) begin 
if (!reset) begin 
lifi=O; 

end 
clsc begin 

lifi = (x » 1); 
end 

end 
endmodule 

moduIe Is 18 10 (x,reset,lift): 
input [9:0] x; 
input resct; 
output [6:0] Iift; 

reg [6:0] Mt; 

always @ (x or met) bcgin 
if (!reset) begin 

Iift=O; 
end 
else bepin 
lift=(x»3); 

end 
end 
endmoduk 

module ls349 (x,resefIift); 
input [&O] x; 
input rcset; 
output [8:0] lift; 

wire [90] shiftx; 
wire [10:0] sumx; 

assign shiftx=(( 1 W,x})<cl; 
add 10 u3 (shiftx,{ 1 W,x) ,rcsec+sumx); 

always @ (sunuc or rcset) begin 
if (!rcset) begin 
l i f t a  

end 
clse begin 

liff=(sumx cc 2); 



end 
end 
endmodule 

module ls389 (x,resct,lift); 
input [8:0j x; 
input reset; 
output [7:0] lift; 

wire [9:0] shiftx; 
wire [10:0] sumx; 

reg [7:0] lift; 

assign shiftx= (( 1 'b0.x) Ml; 
add 10 u4 (shiftx, { 1 'b0,x } ,resebsumx); 

always @ (sumx or reset) begin 
if (!reset) begin 
lift4; 

end 
else begin 

lift= ( sum >> 3); 
end 

end 
endmodule 

B.2 One-Dimensional 8-point binDCT RTL description including y0 pads for 

0.35~ CMOS technology 

// HDL description of the 8-point forward binDCT-0 chip 
// Created by: Tracy A. Frankiin 

'timescde 1 ns/lO ps 
moduk forwardbindctchip (x. in-select, inwe. in-clock. bindct-clock. noet. out-select. outre. out-clock, 
Y) ; 
input [7:0] x; 
input [2:0] in-select; 
input inwe; 
input in-clock; 
input bindct-cloc k; 
input resct; 
input (201 out-select; 
input outre; 
input out,cIock; 
output [10:0] y; 

wire [7:0] x-top; 
wirc [2:0] in-select-top; 
wirt inwe-top; 
wire in-clock,top; 
w h  bindct,clock,top; 
wire reset-top; 



wire [2:0] out~sclect,top; 
wire outre,top; 
wire out-clock-top; 
wire [10:0] y-top; 

forwarddct forwardct (x-top, in-select-top, inwe-top, in-dock-top, bindct-dock-top, reset-top, 
out-selecttop, outre-top, out-clock-top, y-top); 

// Onecdimensional Forward Integer binDCT 
// Uses dyadic lifting seps to accomplish the rotation function 
// in the fast forward implcmentation of the Discrete 
// Cosine transfocm 
// Created by: Tracy Franklin 

module forwarddct (x, in-select, inwe, in-clock, bindct-clock, rcset, out-select, outre, out,clock, y); 

input [?:O] x; 
input [2:0] in-select, out-select; 
input inwe,outre; 
input in-ciock, out-clock; 
input bindct,cloc~set; 
output [10:0] y; 



wire [7:0] x0, xl, x2, x3, x4, x5, x6, x7; 
wire [10:0) 20,21,23,23,24,25,26,27; 

s - p h 8  rp-in8 (x. in-select. inwe. in-clock. bindct-dock. xO. xl, x2. x3. x4. xS. x6, x7); 

endmodule 

//The output circuitry to nsolve the eight parallel outputs 
// into one serial output. 
module p-s-oucl 1 (20. zl. ~2.23. z4.z5.26.z7, select-out. nad-enable. paraIlel-clock serial-dock 
zout); 

input [10:0] 20, zl ,  22, z3,24,zS, 26.27: 
input 1201 select-out; 
input serial-clock, paraIlel-dock, rcad-enablt; 
output [l0:0] zout; 

reg [IO:O] zout: 
reg [ 10:0] outputmcm [O:7]; 

always @(parallel-dock or z0 or zl or 22 or 23 or 24 or z5 or 26 or 27) begin 
if (paralltl,cIock = 1 b l )  begin 
outputmem [3 'dO]=zO; 
outputmem(3'd f 1-r 1 ; 
outputrnem[3'd2]=~2; 
outputmem[3*d3]=~3; 
outputmem[3'd4]=z4; 
outputmem[3W]=z5; 
outputmem[3'd6]=z6; 
ourputmem[3'd7]=z7: 

end 
end 

aiways @ &ad-enable or select-out or seriai-dock) begin 
if (read-enable = 1 b 1 ) begin 
if (senal-ciock == I b 1) 
zout= outpumcm[sclcct,out]; 

end 
end 
endmodule 

/I Note inpclock has a pcriod eight times the size of the insclack. 
// Input circuits, to the 1-D DCT chip to reditce the number of pads 
module s-p-in8 (x, select, write-enable. secial_clock, parailel-dock, xO. xl. x2. x3. x4. n5, x6. IL?); 

input [TOI x; 
input [2:0] select; 
input wite,cnabIe; 
input scrial,clock, parallel-clock; 
output [7:0] xO, XI, fi, x3, x4, x5. x6, x7; 



always @ (srrial-dock or select or x or wcite-enable) begin 
if (write-enable = 1 b 1) begin 
if (serial-dock = 1 b 1 ) 
inputmem[select]= x; 

end 
end 

aiways @ (posedge parallel-dock) begin 
xû=inputrnem[3 'do]; 
x t =inputmem[3'd 13; 
x2=inputmem[3 'd2J; 
x3=inputmem(3'd3]; 
xkinputmem[3 'd4]; 
xS=inputmern[3 'd5]; 
x6=inpuunem[3 'd6]; 
x7=inputmem[3 U7]; 

end 
endmodule 

// HDL description of the 8x8 1-D binDCT-B 
// normalized version 
// Created by: Tracy Franklin 

wire [&O] a0,a 1 ,a2,a3; 
wire [7:0] a4,sr5,a6,a7; 
wire [8:0] bS,b6; 
wire (9:0] c0,c 1 ,c4,c7; 
wire [8:0] c2,c3,cS,c6; 
wire [ 1 O:O] do; 
wire [9:0] d4,d 1 ,d7,d5,d2; 
wire [&O] d3,d6: 
wirc [10:0] e0,e f ,e2,e3,c4,eS,c6,e7; 
reg [10:01 zO,zl,z2,t3,~4.tS,z6,~7: 

aiways @ (poredgc cik or negedge rem) kgin 
if (!rem) begîn 
z w ;  
z14;  
t2=0; 
2%); 

z w ;  
zS=O; 



&=-O; 
27d; 

end 
clse begin 
2-0; 
zl=el; 
22=e2; 
z3=e3; 
z4=e4; 
zs=eS; 
z k 6 ;  
z7=e7; 

end 
end 
endmodule 

module preadd (xO, XI, x2, x3, x4, x5, x6, x7, resct, aO, al. a2. a3. a4, a5, a6, a7); 
input [7:0] x0,xl ,x2,x3,~4,x5,~6,x7; 
input reset; 
output [8:0] aO,a1 ,;i3a3; 
output [7:0] a4,aS,ad,a7; 

add8 ral (xO,x7,rtset,aO); 
add8 ra2 (x 1 ,x6,reset,a 1 ); 
add8 ra3 (x2,xS,rcset,a2); 
add8 ra4 (x3,x4,reset,a3); 
sub8 ras (x3,~4,reset,a4); 
sub8 ra6 (x2,x%reset,a5); 
sub8 ra7 (x l ,x6,resct,a6); 
sub8 ra8 (xO,x7,reset,a7); 
endmodule 

module prdift (as, a6, rcset. b5, b6); 
input [7:0] &ad; 
input reset; 
output [8:0] bS,b6; 

wire [&O] tcmp 1 ; 
wire [&O] temp2; 
wire [8:0] b6; 

module midadd (aO, al, a2, a3, a4, bS, b6, a7, met, cû, cl, c2, c3, c4, CS, c6, c7); 
input [$:O] a0,al ,a2,a3,bS,b6; 
input [7:0] a4,a7; 
input rcsct; 
output [9:0] c0,cl ,c4.c7; 
output [8:0] c2,c3,c5,c6; 

add9 mal (aO,a3,resct,cû); 



add9 ma2 (a 1 ,aZ,reset,c 1); 
sub9 nia3 (al ,a2,resetc2); 
sub9 ma4 (aO,a3 ,reset,c3); 
add9 ma5 I( 1 W,a4[7:0] ) ,bS,reset,c4); 
sub9 ma6 (( 1 bO,a4[7:0] ) ,bS.reset&); 
sub9 ma7 ( ( 1 bO,a7[7:0] 1 ,M,reset,cb); 
add9 ma8 ( ( 1 M),a7[7:0] ) , b6,reset,c7); 
cndmodule 

m c h k  posdift (CO. cl. c2. c3. c4. c5. c6. c7.rcset. do, d 1. d2. d3. d4. d.5, d6. d7); 
input [9:0] cO,cl,c4,c7; 
input [&O] c2,c3,c5,c6; 
input reset; 
output [10:0] do: 
output [9:0] d4,dl ,d7,#,d2; 
output [8:0] d3,dd; 

wire [9:O] temp3; 
wire [8:0] tcmp5.temp6; 
wire [7:0] temp7,temp9,temp IO: 
wirc (6:0] tcrnprl.ternp8; 

add 1 O O L (c0,c 1 ,rcsctdO); 
1s 12 1 1 02 (dO,rtset,ternp3); 
sub 10 03 (temp3,cl ,reset,d4); 
lsl8 10 04 (c7~cset.temp4); 
sub 10 05 (c4,{3 bOOO,temp4[6:0] ) ,rcset,d7); 
1~349 06 (c5,rese~~ernpS); 
sub9 07 (c6.tempS.resc~temp6); 
1s 129 08 (tcmp6,reset,temp7); 
add9 09 (CS, ( 1 'bû,temp7[7:0] } ,rcset,d5); 
1s 1 8 1 0 O 1 0 (dS,reset,temp8); 
sub9 0 1 1 (temp6, {2b00,temp8[6:0] ) ,reset.d3); 
Is389 O 12 (c3,reset,temp9); 
sub9 o 13 (c2, { 1 bO,temp9[7:0] } ,rcset,d6); 
ls389 O 14 (d6,resettemp 10); 
add9 O 15 (c3, ( 1 M).temp l0[7:0] } ~csefd2); 
assign d f = c7; 
endmodule 

always @ (do or dl  or d2 or d3 or d4 or dS or d6 or d7 or reset) begh 
if (!met) begin 
CM; 
el*; 
e2a;  
e3d; 
e W ;  



64; 
e6==; 
e 7 4 ;  

end 
else begin 
eO=dO; 
el=[ lW),d1[9:0)); 
c2=( 1 W,d2[9:0] ) ; 
e3=(2'bûû,d3[8:0] ) ; 
e4=( l bO,d4[9:0] ) ; 
CS=( 1 lbO,d5[9:0)); 
e6=(2'b00,d6[8:0] }; 
e7= ( l bO,d7[9 ;O] } ; 

end 
end 
endmodule 

module add8 (x,y,reset,sum); 
input [7:0] %y; 
input reset; 
output [8:01 sum; 

reg [8:0] sum; 

aiways @ (x or y or met) bcgin 
if ( !reset) begin 

sum=O; 
end 
else begin 

sum=x+y ; 
end 

end 
endmodule 

module sub8 (x,y,reset,diff); 
input [7:0] x,y; 
input reset; 
output [7:0] diff; 

reg [7:0] diff; 

always 8 (x or y or rcset) begin 
if (!met) bcgin 
di f fa;  

end 
else begin 

diff=x-y ; 
end 

end 
endmodule 

module is388 (x,reset,Lift); 
input [7:0] x; 
input met; 
output 1601 lifi; 



wire [&O] shiftx; 
wire [9:0] sumx; 

reg [6:0] lift; 

assign shiftx = ({ 1 t10,x))e 1 ; 
add9 u l (shiftx, { l Mis) ,reset,sumx); 

al ways @ (sumx or reset) begin 
if ( !reset) begin 
liftd; 

end 
else kgin 

lift=(sumx»3): 
end 
end 
endmodule 

module ls589 (x,rcstt+lift); 
input [&O] x; 
input reset: 
output [&O] lift; 

wire [IO:O] shiftx; 
wire [ 1 1 :O] sumx; 

reg [8:0] fifi; 

assign shiftx = ({ 2b00.x ))cd; 
add t 1 u2 (shiftx, (2b00,x) ,rcsct,sumx); 

always @ (sumx or reset) begin 
if ( !reset) kgin 

l i f t d ;  
end 
else begin 

lift=(sumx»3); 
end 
end 
endmodule 

module add9 (~,y,rcset,sum); 
input [8:0] &y; 
input met; 
output [9:0j sum; 

reg [9:0] sum; 

always 8 (x or y or reset) begin 
if ( !met)  begin 
sum=0; 

end 
else bcgin 
sum=x+y ; 

end 
end 



endmodule 

module sub9 (x,y,reset,diff); 
input [8:0] x,y; 
input reset; 
output [8:O] diff; 

reg [8:0] diff; 

always O (x or y or reset) begin 
if (!reset) begin 

diff=O; 
end 
else begin 

di ff=x- y; 
end 

end 
endmodule 

module add 10 (x,y,reset,sum); 
input [9:0] x,y; 
input rem; 
output [10:0j sum: 

reg [ l0:0] sum; 

always @ (x or y or r a t )  begin 
if (!resct) begin 

sum=û: 
end 
else begin 

sum=x+y : 
end 

end 
endmodule 

module sub IO (x,y,reset,diff); 
input [9:0] &y; 
input reset; 
output [9:0] diff; 

reg [9:0] diff; 

always Q (x or y or reset) begin 
if (!resct) begin 
diffa; 

end 
tlse bcgin 

di ff=x-y ; 
end 

end 
endmodule 

module add 1 1 ~x,y,rcsec,sum); 
input [10:0] %y; 



input reset; 
output 11 1 :O] sum; 

reg [ I l  :O] sum; 

always @ (x or y or met) begin 
if (!reset) begin 
sum-i); 

end 
else begin 

sum=x+y ; 
end 

end 
endmodule 

module ls 12 1 1 (x,restt,l ift); 
input [ 10:O) x; 
input rcset; 
output [9:0] lift; 

reg [9:0) lia: 
always @ (x or reset) begin 
if (!met) bcgin 

l i f t d ;  
end 
else begin 

lift = (X » 1); 
end 

end 
endmodule 

module 1s 129 (x,reset,iifi); 
input [8:0] x; 
input rtsct; 
output [7:0] tift; 

reg [7:0] lift; 

always @ (x or m e t )  begin 
if (!met) begin 

Ii fi=O; 
end 
else begin 

lift = (x » 1); 
end 

end 
endmodule 

module 1s 1 810 (x,rext,lifi); 
input [9:0] x; 
input rem; 
output [6:0] lift; 

tcg [6:0] Iift; 



always @ (x or reset) begin 
if (!rem) begin 
LiM: 

end 
clse begin 

lift=(x>>3); 
end 

end 
endmodule 

module 1~349 (x,reset,lift); 
input (!%:O] x; 
input met :  
output [8:0j lift; 

wirc [9:0] shiftx; 
wire [10:0] sumx; 

reg [8:0] Iift; 

assign shiftx=({ 1 bO,x))«l; 
add 1 0 u3 (shi ftx, { 1 bO,x } ,reset,sumx); 

al ways @ (sumx or resct) begin 
if (!resct) begin 

lifta; 
end 
else begin 

lift=(sumx cc 2); 
end 

end 
endmodule 

module ls389 (x,reset,Ii ft) ; 
input [!%:O] x; 
input met; 
output [7:0] Iift; 

wire [9:0] shiftx; 
wire [10:0] sumx; 

reg [7:0] lift; 

assign Shi&= ({ 1 b0.x) Ml; 
add t O u4 (shiftx,{ 1 W,x) ,reset,sumx); 

dways @ (sumx or met) begin 
if (!met) begin 

I i M ;  
end 
else begin 

lift= (mm >> 3); 
end 

end 
endmodule 



B.3 Stimulus for the one-dimensional lorward binDCT RTL description 

Il stimuIus,forwarddct_rtl.v 
Il Testbench for forward dct module 
II Crcated by: Tracy Franklin 
'timescak 1 ns/ l0ps 
module stimulus,forwarddct; 

reg in-write-enable, out-read-enable, rcset; 
reg in-clock, bindct-dock, out-clock; 
reg [2:0] in-select, out-select; 
reg [7:0] x; 
wire [ 10:Ol y0, y 1, y2, y3, y4, y5, y6, y7; 
//wire [ 10:0] y;  

// rtl-level 
forwarddct rtl-test (x, in-selcct, in,write,enable, in-clock, bindct-dock, reset, ouc,select, 
out-read-enable, out-clock, yO, yl,  y2, y3. y3, y5, y6, y7); 

initiai 
bcgin 
// Initial conditions 

in,clock=O; 
bindct,clock=O; 
out-clockd: 
out-read-enable= 1 b 1 ; 
in-write-cnabIe=l b 1 ; 
Mû0 %finish; 

end 

always 112 in-clock= -in,cIock; 
always MO bindct-dock = -bindct-dock; 
always #2 out-dock= -out-dock; 

initial bcgin 
rcsct=l %O; 
#3 rcset=l bl; 

end 

initial 
begin 



end 

// monitor the outputs 

ini rial 
begin 
$dispIay("Time\t", "x\tW, "yO\t y l\t y2it y3h y4\t y5\t y6\t y7\t\nU); 

end 

aiways @ (posedge in-dock) begin 
$monitor("%Od\t %b\t %b\t %b\t %b\t 6bh %b\t %b\t %b\t %b\t\nW, $tirne, x, yO, yl ,  y2, y3, y4, y5, y6, 

y7); 
end 

/* 
always @ (posedge bindct-dock) begin 
wait (out-read,enable) out,selcct=3'd7; $display("%Od\t select=%d, y=%bl',$time, out-select, y); 
end 
*/ 

B.4 Stimulus for onedimensional fomard binDCT cbip RTL description 

// stimuius,forward binddctchip-rt1.v 
If Testbench for forward dct module 
// Created by: Tracy Franklin 
'timtscale 1 nsll0ps 
module stimulus,forwardbindctchip; 

reg in-write-enable; 
reg out,reaâ,enable; 



reg met; 
reg in-clock; 
reg bindct-clock; 
reg out-clock; 
reg [2:O] in-select; 
reg [2:O] out-select; 
reg [7:0] x; 
wire [ 10:0] y; 

11 ni-level 
fotwardbindctchip rtl-test (x, in-select, in-write-enable, in-dock, bindct-dock, reset, out-select, 
out-mad-enable, out-dock, y): 

initial 
begin 
// Initiai conditions 

in-cloc k=O; 
bindct,clock=O; 
out,clock=O; 
out,rcad,enabie= 1 b 1 ; 
in-write-enable= 1 b 1 ; 
MO $finish; 

end 

always #2 in,clock= -in-cfock; 
aiways #O bindct-dock = -bindct,clock; 
always #2 out-dock= -out,cIock; 

initial begin 
rcsc t= 1 bO; 
#3 reset=l b 1 ; 

end 

initial 
begin 



end 

// monitor the outputs 
always @ (posedge bindct-dock) begin 
wait (out-read-enable) out-select=3'dû: $display("%Od\l select=%d. ~%d".Stime. out-select y): 
end 

endmodule 

B.5 One-dimensional 8-point inverse binDCT RTL description 

// One-dimensional Inverse Integer binDCT 
// Uses dyadic Iifiing stcps to accomplish the rotation function 
// in the fast inverse implemcntation of the Discrete 
// Cosine transform 
// Created by: Tracy Franklin 

module invenedct (x. in-select, inwe. in-clock. bindct-dock. reset, out-select, outre. out-clock. 20, z 1. S. 
23.24. z5, z6.27); 

input [10:0] x; 
input [2:O] in-select, out-select; 
input inwe,oum; 
input in,clocic,out,clock; 
input bindct,ciock,rcsct; 
output [12:0] 20, zl, z2,23,24,z5,26,27; 
// output [12:0] y; 

s-p-hl1 s-p-in11 (x. in-select, inwe, in-clock. bindct-clock, xO, XI. x2, x3. ~ 4 . ~ 5 .  x6, x7); 

ibindcti 1 ibindcti 1 (xO, r l ,  x2. x3. x4, x5. x6, x7. bindct-dock, =set , rO. zi. d. r3,z4, r5.26.27); 

endmodule 



// The output circuitry to rtsolvt the cight parallel outputs 
// into one serial output. 
module p-s-out 13 (z0, zl, 2.23, z4,z5,26,27, selcct,out. read-enable, parallel-dock, serial-dock, 
zout); 

input [12:0] 20, zl ,  22,23,24,z5,z6,27; 
input [2:0] select-out; 
input serial,clockread,enable,parallel,clock; 
output [12:0] zout; 

reg [I2:0] zout; 
reg [ 12:0] outputmem (0:7]; 

always @ (paralle1,clock or zO or zl or 22 or 23 or 24 or zS or 26 or 27 or select-out) begin 
if (paralle1,clock = 1 bi) kgin 
outputmcm[3'dO]= 20; 
outputmem[3 'd i ]= z 1 ; 
outpuunem[3'd2]= 22; 
outpuunem(3'd3]= 23; 
outputmem[3'd4]= z4; 
outputmcm[3 US]= 25; 

outputmcm(3'd6]= 26; 
outputmtm[3 'd7]= 27; 
end 
end 

dways Q (read-cnablc or scltcc-out or scrial,clock) begin 
if (=ad-enablt = i b 1 ) begin 
if (serial,ciodr = 1 bl) zout=outputmcm[xlect~out]; 

end 
end 
endmodule 

//Note inpclock has a period eight times the site of the insclock. 
// Input circuitry to the I-D DCT chip to reduct the number of pads 
module s-p-inl l (x, select, write-enable, serial-clock, pacaileI,cIock, xO, XI, x2, x3, x4, x5, x6, x7); 

input [10:0] x; 
input [2:0] select; 
input write-cnable; 
input serial,clock, parallel-dock; 
output [Io:O] x0, XI, x2, x3, x4,x5, x6, x7; 

reg [10:0] xO,xl,xî,x3, x4, x5,x6,x7; 
reg [10:0] inputmcrn [0:7]; 

always @ (scriai,clock or select or x or writt-enable) begin 
if (write-enablt = 1 bl) begin 
if (serial,clocb 1 b 1) 
inpuunem[select]= x; 

end 
end 

always @ (posedge patalitl,clock) begin 
xOtinputmtm[3W]; 



xl=inputmern[3'dl]; 
x2=inputmcm[3 'd2]; 
x3=inputrncm[3 'd33; 
x4=inputmcm[3 Ml; 
x5=inputmem[3 *dS] ; 
x6=inputmem[3 'd61; 
x7=inputmem[3 'd71; 

end 
endmodule 

// ibindct-rtLv 
// A Configurable vector size of Lhe inputs 
// HDL description of the 8-point 1-D Inverse binDCT-B 
// A normalized version, using a scaie of sqrt(2/N), where N=8. 
// Creared by : Tracy Franklin 

wire [10:0] a0,al ,a2,a4,aS; 
wire [Il :O] a6,a7; 
wire [12:0] a3; 
wire [10:0] b2; 
wire [Il :O] bûVb5,b6; 
wirc [12:0] b4,b7,b3; 
wire [13:0] b I  ; 
wire [ 1201 c5,c3; 
wire [10:0] d6,dSVd4; 
wire [I  1 :O] d7,dl ,d2,d3; 
wire [12:0] do; 
wire [ l2:0] eO,e l ,e&e3,e4,eS,c6,e7; 

preliftaûd i l (zO+z 1 ,~t3,~4,fi,z6,~7,rese~aO,al ,&!,a3,a4,a5,a6,a7); 
midaddsub i2 (aO,al,a2,a3,a4,a5,a6,a7,fcset,M,b 1,b2,b3,b4,bSvb6,b7); 
midlift i3 (b3,bS,reset,c3,cS); 
postadd i4  (bû,bl,b2,~3,b4,ÉS,b6,b7,rcsct,dO,dl,d2,d3,d4,dS,d6,d7); 
reaiign i5 (dO,dl,d2,d3,d4,~,d6,d7~etc0,el,e2,e3,e4,6,c6,e7); 

always @ (poscdge clk or negedge rcsct) bcgin 
if (!rcsct) begin 
x w ;  
x1=0; 
X2d; 
x34; 
x4-0; 
x5* 
xb=O; 
x7* 

end 
else begin 

x w ;  



xl=el; 
x2=e2; 
~ 3 x 3 ;  
x4=e4; 
x5=e5; 
x6=e6; 
x7=e7; 

end 
end 

endmodule 

mduIe prdiftadd ( ~ 0 . ~ 1  ,r2,zjtz4,LS,~6,z7,reset,aO,ai,a2,d,a?,a5,a6,a7); 
input [l0:0] zO,z 1 ,z2 ,~3 ,~4 ,~5 ,~6 ,~7;  
input met; 
output [10:0] a0,al ,a2,a4,aS; 
output [ 1 1 :O] a6,a7; 
output [ l2:0] a3; 

wire [7:0] temp4,temp5; 
wire [9:0] temp 1 ,tcmp2,temp3; 
wire [10:0] a4,a2,temp7,temp8; 
wire [11:0] temp6; 

1s 12 1 1 11 (zO,rcset,tcmp l ); 
sub 1 1 12 ({  1 M),temp 1 ) ,z4,nsct,a4); 
sub 1 1 13 (zO,a4,restt,aO); 
ls38 1 1 14 (z6,met,temp2); 
sub 1 1 15 (22,{ 1 bO,temp2} ,reset,a2); 
Is38 1 1 16 (d,reset,temp3); 
add 1 1 17 (( 1 b0,tempî ) ,z6,reset,a6); 
1s 18 1 1 18 (z 1 ,rtsec,temp4); 
1s 18 1 1 19 (zS,reset,temp5); 
add 1 1 Il0 ({3MMO,tcmp4) ,z7,reset,a7); 
add 1 1 Il 1 ((3 'bûoO,rempS} ,23 ~eset,temp6): 
1s 12 12 112 (ternp6seset~emp7); 
sub i l  1 1 3 (z5,~np7,met,a5); 
ls34 1 1 114 (a5,rcsct,temp8); 
add 12 115 ({ 1 Mi,temp8) ,temp6,nset,a3); 
assign al=zl; 
endmodulc 

module mkkidsub ( a b  1 ,aZ.a3.a4.aS.a6.a7.rwet,bO,bl ,b2,b3.b4.b5.b6,b7); 
input [10:0] a0,al ,a2,a4,a5; 
input [ I l  :O) a6,a7; 
input [12:0] a3; 
input resct; 
output [10:0] b2; 
output (1 1:0] bO,bS,b6; 
output [12:0] b4,b7,b3; 
output [13:0] bl ; 

add 1 1 ml (aO,a2,reset,bO); 
sub 1 1 rn2 (aO,a2,resc&b2); 
add 12 m3 ({ 1 W,a4} ,a6~esct,M); 
sub 12 m4 ({ 1 W,a4) ,a6,reset,M); 



addl 2 niS (a7, ( 1 b0,aS) ,rcset, b7); 
sub 12 m6 (a7, ( 1 bO.a5 ) ,reset,b5); 
add 13 m7 ((2b00,aI ),a3,reset,bl); 
subl3 m8 ((2M)O,aI ),a3,reset,b3); 
endmodule 

module rnidlift (b3,b5,reset,c3,~5); 
input [12:0] b3; 
input [ 1 1 :O] b5; 
input met; 
output [ 12:0] cs,c3; 

wire [ i 2:0] (ernp9,cS; 
wire [ 1 1 :O] temp 10; 

fs58 13 Il (b3,reset,temp9); 
sub 13 12 (temp9, ( 1 bO,b5) ,resecd); 
ls38 13 13 (c5,reset.temp 10); 
sub 13 14 (b3,( 1 W),templO),resct,c3); 
endmodule 

module postadd (b0.b 1 ,b2.c3.W,cS,b6.b7,reser,dO,d 1 .d2,d3.d4.dS,d6.d7); 
input [ 10:Oj b2; 
input [ 1 1 :O] bû,b6; 
input [ 12:Oj c3,b4,cS,b7; 
input [ 13:0] b 1 ; 
input reset; 
output [IO:O] d6,d5,d4; 
output [ 1 1  :O] d7.d3 ,d2,d 1 ; 
output [12:0] do; 

wise [12:0] tcmp 16,temp 15,temp 14; 
wire [13:0J temp 17,temp 11 .ternp 12,templf; 
wire [ I4:Oj temp 10; 

add 14 al ({2W0,bû).b l,reset,temp10); 
subl4 a2 ({2'b00,W).bl.rese~templ7): 
add 13 a3 (b4,c3,resct,temp 1 1 ); 
subl3 a4 (W,d,resc&tempI 6); 
pdd 13 a5 ( ( 1 W,b6 } ,c5,reset,ternp 12); 
sub 13 a6 ({ 1 W,b6},eS,rcset,temp 15); 
add 13 a7 ({2MX),b2) ,b7,reset,tempi 3); 
sub13 a8 ((2'bûû,b2) .b7x~t,temp14); 

scale-4- 15 s 1 (temp 1 O,resct,dO); 
scale-4-14 s2 (temp l7,reset,d7); 
scaie-4- 14 s3 (temp 1 l ~esebd 1); 
scale-4- 13 s4 (temp 16,reset,d6); 
scale-4- 14 sS (temp 12,rescgd2); 
scaleJJ3 s6 (tempI5,rcsct,dS); 
scale-4- 14 s7 (temp l3,reset,d3); 
scaie-4-13 s8 (temp 14~csct,d4); 

module realign (d0.d 1 .d2.d3.d4,&.d6,d7~t,tOIe 1 ,eZ,e3,e4,eS,e6,7); 



input [10:0] d4,dS,d6; 
input [ll:O) d l  ,d2,d3,d7; 
input 11201 do; 
input resct; 
output [ 12:Oj e0,e 1 ,e2,e3,e4,eS,e6,e7; 

reg [ 12:0] eO,e 1 ,eî,e3 ,e4,eS,e6,e7; 

always @ (do or d l  or d2 or d3 or d4 or dS or d6 or d7 or reset) begin 
if (!rem) begin 
CO; 
e 1 =O; 
t 2 d ;  
e3=& 
e4-0; 
e5-I); 
e6==; 
e 7 S ;  

end 
else begin 
eU=(dO); 
el=(lbO,dl); 
e2={ 1 M),d2); 
e3={ 1 W,d3) ; 
e4={2WKl,d4) ; 
eS= {2bOO,d5 } ; 
e6= (2'bOO,d6) ; 
c7=( 1 bO,d7}; 

end 
end 
endmodule 

module sale-4, I3(x,reset,y); 
input [12:0] x; 
input rem; 
output [10:0] y; 
reg [10:0] y; 

always @ (x or reset) begin 
if (!reset) begin 
ro: 

end 
clse begin 

y=(x»>2); 
end 

end 
endmodule 

module scaie,4,14(x,reset,y); 
input [13:01 x; 
input met; 
output [11:01 y; 
reg [l l:O] y; 

always @ (x or rtsct) kgin 
if (!met) begin 



y=o; 
end 
else begin 

y=(x»2); 
end 

end 
endmodule 

module scale-4- 15(x,reset,y); 
input [l4:0] x; 
input reset: 
output [12:0] y; 
reg [ 1 S:O] y; 

always @ (x or reset) begin 
if (!met) begin 

y=O; 
end 
else begin 

y=(x»W; 
end 

end 
endmoduie 

module 1s 12 1 1 (x,reset,lift); 
input [IO:O] x; 
input rtset; 
output [9:0] lift; 

reg [9:0] lift; 

al ways @ (x or reser) begin 
if (!rcset) bepin 
lift=O; 

end 
else begin 

Iift=(x>> 1 ); 
end 

end 
endmodule 

module sub 14 (x,y,reset,diff); 
input (1 3:OJ x,y; 
input met; 
output [13:0] d i e  

reg [13:0] di% 

always Q (x or y or met) begin 
if (!rcsct) begin 
diff=O; 

end 
else begin 
difkx-y ; 

end 



end 
endmodule 

module ls38 1 1 (x,reset,lift); 
input [10:0j x; 
input reset; 
output [9:0] lifi; 

reg [ 1 1 :O] shiftx; 
wire [12:0] sumx: 
reg [9:0] fifi; 

aiways @ (x or resttj begin 
shi ftx=(( 1 M , x  } )cc 1 ; 

end 

always @ (sumx or met) begin 
if (!mec) begin 

lift=O: 
end 
else begin 

lift=(sumx>>3); 
end 

end 
endmodule 

module add 12 (x,y,reset,sum); 
input [ll:OJ x,y: 
input reset; 
output [12:0] sum; 

reg [ 120) sum; 

always @ (x or y or reset) begin 
if (!met) begin 

suma; 
end 
else begin 

sum=x+y; 
end 

end 
endmodule 

module add 15 (x,y,rese t,sum); 
input [14:0] x,y; 
input reset; 
output [lS:O] sum; 

reg [15:0] sum; 

al ways @ (x or y or reset) begin 
if (keset) begin 
s u e  

end 



else begin 
sum=x+y ; 

end 
end 
endmodule 

module 1s 1 8 1 1 (x,reset,Iift); 
input [ 10:0] x; 
input reset; 
output [7:0] lift; 

reg [7:01 lift; 

always @ (x or rcsct) begin 
if (!met) begin 

li ft=O; 
end 
else begin 
lift=(x»3); 

end 
end 
endmodulc 

module 1s 12 12 (x,reset.lift); 
input [1  l:0] x; 
input rem; 
output [IO:O] lift; 

reg (1  O:O] lift; 

always @ (x or rem) begin 
if (!met) begin 
lift4; 

end 
cbe begin 

lift=(x>> 1 ); 
end 

end 
cndmodule 

module ls34 1 1 (x,reset,lift); 
input [10:0] x; 
input resct; 
output [10:0] lift; 

reg [I l  :O] shiftx; 
wire [12:0] sumx; 
reg [ 1O:Ol lift; 

aiways @ (x or rtsct) begin 
shifix=(( 1 M),x))«l; 

end 

add 12 u2 (shiftx, ( 1 W,x ) ,mcc,sumx); 

always @ (sumx or reset) begin 



if (!ceset) begin 
lift=O; 

end 
clse begin 

lift=(sumx»2); 
end 

end 
endmodule 

moduk add 1 1 (x,y,reset,surn); 
input [ 10:0] x,y; 
input rtset: 
output [11 :O] sum; 

reg [ 1 1 :O] sum; 

always @ (x or y or rem) begin 
if (!met) begin 
sum=O; 

end 
else begin 
sum=x-ty: 

end 
end 
endmodule 

module sub 12 (x,y,reset,diff); 
input [1 1:Oj x,y; 
input reset; 
output [ 1 1 :O] diff; 

reg [ 1 1 :O] diff; 

always @ (x or y or reset) begin 
if (!met) begin 

diff=O; 
end 
else bcgin 

diff=x-y; 
end 

end 
endmodule 

module sub 1 l (x,y,rcset,diff); 
input [10:0] x,y; 
input restt; 
output [10:0] diff; 

always @ (x or y or reset) begin 
if (!rcset) begin 
d i f f a  

end 
clse begin 
diex-y ; 



end 
end 
endmodulc 

module IsS8 13 (x,reset,lift); 
input [l2:0] x: 
input reset; 
output [12:0] lift; 

reg [14:0] shiftx; 
wirc [ l5:O] sumx; 
reg [12:0] lift; 

aiways @ (x or reset) begin 
shiftx=((Zb00,x) k2; 

end 

add 15 u3 (shiftx, {2bûû,x} ,resct,sumx); 

aiways @ (surnx or reset) bcgin 
if (!met) begin 
lift4; 

end 
else begin 
liFt=(sumx»3); 

end 
end 
endmodule 

module add 14 (x,y,reset,sum); 
input [ l3:0] x,y; 
input rcsct: 
output [14:0] sum; 

reg [I4:0] sum; 

aiways @ (x or y or met) bcgin 
if (!met) bcgin 
suma; 

end 
else begin 

sum=x+ y; 
end 

end 
endmodule 

module ls38 13 (x,reset,lift); 
input [ 12:0] x; 
input reset; 
output [l 1 :O] Lift; 

reg [13:0] shiftx; 
wirc [14:0] sum; 
h g  [11:0] lift; 



shifix=(( 1 W,x)}«l; 
end 

add 14 u4 (shiftx,( t b0,x) ,reset,sumx); 

aiways @ (sumx or ceset) begin 
if (!met) begin 
lifi=O; 

end 
else begin 

t ift=(sumx»3); 
end 

end 
cndmoduit 

module add 13 (x,y,rtset,sum); 
input [ 1 20)  x,y; 
input met; 
output [l3:0] sum; 

reg [ 13:0] sum; 

always @ (x or y or reset) begin 
if (!rcset) begin 
sum=O; 

end 
else begin 

sum=x+y ; 
end 

end 
endmodule 

module sub 13 (x,y,rtset,diff); 
input [ 12:03 x,y; 
input met ;  
output [12:0] diff; 

reg [12:0] diff; 

always @ (x or y or m e t )  begin 
if (!reset) begin 
d i f f a :  

end 
clse begin 

di ff=x-y ; 
end 

end 
endmodule 



B.6 One-dimensional 8-point inverse binDCT RTL description with the 

0 . 3 5 ~  CMOS technology pads included 

// HDL description of the 8-point inverse binDCT-B chip 
// Created by: Tracy A. Franklin 
'tirnescale 1 n d l O  ps 
module inversebindctchip (x, in-select, inwe, in-clock, bindct-clock, reset, out-select, outre, out-ciock, y); 

input [ 10:0] x; 
input [2:0) in-select; 
input inwe; 
input in-clock; 
input bindct-clock: 
input reset; 
input [2:0] out-select; 
input outre: 
input out-dock; 
output (1201 y; 

wire [10:0] x-top; 
wire [2:0] in,scfect,top; 
wire inwc-top; 
wirc in-clock-top; 
wire bindct-dock-top; 
wire restt-top; 
wire [2:0] out-select-top; 
wire outre-top; 
wire out,clock,t~p; 
wire [12:0] y-top; 

PD1 pxO ( .C(x-top[O]), .PAD(x[O]) ); 
PD1 pxl ( .C(x,top[l]), .PAD(x(l]) ); 
PD1 px2 ( .C(~top[21), PAD(x[2]) ): 
PD1 px3 ( .C(x,top[31), .Prn(x[3]) ); 
PD1 px4 ( .C(x,top[41), J-'rn(x[4]) ); 
PD1 p d  ( .C(x,top[Sl), .PAD(x[Sl) ); 
PD1 px6 ( .C(x,top[6]), .PAD(x[6]) ); 
PDf px7 ( *C(x,toplfl), .PAD(x[7]) ); 
PD1 px8 ( .C(x,top[8]), .PAD(x[8]) ); 
PD1 px9 ( .C(x,top[91)* .PAD(x[9]) ); 
PD1 px 10 ( .C(x,top[lO]), .PAD(x[ IO]) ); 
PD1 pin-seIect0 (.C(in,seIect,top[O]), .PAD(in-seiect[O]) ); 
PD1 pin-sclect 1 (.C(in,sclect,top[ 11). .PAD(in,select[l]) ) ; 
PD1 pin-seicct2 (.C(in,select,top[Z]), .FAD(in,select[2]) ); 
PD1 pinwe (.C(inwe-top), .PAD(inwe) ); 
PD1 pin-dock (.C(in,clock,top), .PAD(in,clock) ): 
PD1 pbindc t-clock (.C(bindct-cloc k-top), .PAD(bindct-dock) ); 
PD1 preset (.C(resct,top), .PAD(rcset) ); 
PD1 pout,seIcctO (.C(out,sciect,top[O]), S~D(out,sclect[O]) ); 
PD1 put-select 1 (.C(out,sclect,top[l]), PAD(out-selcct [Il) ); 



// One-dimensional Inverse Integer binDCï 
// Uses dyadic lifting steps to accomplish the rotation function 
// in the fast inverse impiementation of the Discrete 
// Cosine transform 
// Crcated by: Tracy Franklin 

module inversedct (x, in-select, inwe, in-dock bindcr-ciock, met, out-select, outre, out-clock, y); 

input (10:0] x; 
input [2:0] in-select, out,seItct; 
input inwe,ourre; 
input in~clock,ou~,clock; 
input bindct,cIockreset: 
outpui [ 12:0] y; 

wire [IOO] x0, X I ,  x2, x3, x4, x5, x6, x7; 
wire [l2:0] 20, zl. 22,23,24, z5,26,27; 

s - p h 1  1 s-p-inIl (x, in-select, inwe, in-clock, bindct-clock, xO, xl, x2, x3, ~ 4 ~ x 5 ,  x6, x7); 

ibindct 1 1 ibindct 1 1 (xO, xl, x2, x3, x4,xS, x6, x7, bindct-clock, resct , zO,tl, z2, z3,z4,z5,z6, t7); 

p-s-outl3 p-s-outi3 (20, zl, r2, t3, z4,5,26,27, out,select, outre, bindct-dock, out,clock. y); 

end module 

// Tht output circuiiry to resolve the eight parallel outputs 
// into one scrid output. 
rnoduie p-s-out13 (tO, zl, z2, ~ 3 . ~ 4 ,  t5,26,27, select-out, rad-enable, paralIeI_clock, scrial_clock, 
zout); 

input [12:0] zO,zï, 22,23,24,zS, ~ 6 ~ 2 7 ;  
input [2:0] select-out; 
input serial-~lockftad~e~ble,parallel,clock; 
output [12:0] zout; 

reg [12:0] zout; 
reg [12:0] outputmem [0:7]; 



always 8 (parailel-clock or ZO or zl or 22 or z3 or 24 or d or 26 or 27 or select-out) begin 
if (paralle1,clock = 1 b 1) kg in  
outputmem[3 'do]= 20; 
outputmem[3 'ci 1 ]= zl ; 
outputmem[3rd2]= z3; 
outputmem[3 'd3]= 23; 
outputmem[3 'd4]= 24; 
outputmern[3'dS]= t5: 
outputmem[3rd6]= 26; 
outpumem[3 'd7]= 27; 
end 
end 

always @ (=ad-enable or select-out or serial-clock ) begin 
if (read-cnable = 1 b l  ) begin 
if (seriai-dock = I b 1) zout=outputrnemfselect~out]; 

end 
end 
endmodule 

// Note inpciock has a period eight times the size of the insclock. 
// Input circuiuy to the 1-D DCf chip to reduce the numkr of pads 
module s-p-in 1 t (x, select, dte-enable, serial-clock, parallel-ciock, xO, X I ,  x2, x3, x4, xS, x6, x7); 

input [10:0) x; 
input [2:0] select; 
input write-enable; 
input serial-clock, paralId-dock; 
output [10:0] xO, xl, x2, x3, x4, x5, x6, x7; 

reg [10:03 x0, xl, x2, x3, ~ 3 ,  fi, x6, x7; 
reg [ 10:0] inputmcm [0:7]; 

always @ (serial,clock or select or x or write-enable) begin 
if (write-enable = 1 b l )  begin 
if (seriai,clock= 1 b l )  
inputmem[seIect]= x; 

end 
end 

al way s @ (posedge paral lel-dock) begin 
xO=inputmem[3 'do]; 
xl=inputmcm[3'dl]; 
x2=inputmem[3 'd21; 
x3=inputmcm[3 'd3]; 
x4=inputmcm(3 'd4]; 
x5=inpuunern[3'd5]; 
xb=inputmem[3'd6] ; 
x7=inpuunem[3 871; 

end 
endmodule 



// A Configurable vcctor size of the inputs 
// HDL description of the 8-point 1-D Invcrsc binDCT-8 
// A normalized version, using a scale of sqn(2/N), where N=8. 
// Created by: Tracy Franklin 

module ibindct 1 1 ~zO,zl,z2,~3~4,~5.~6,~7,clkreset~,x 1 ,x2,~3,~4.~5,~6,~7); 
input (1 0:0] z0,zi ,22,t3,~4,~5,26,~7; 
input clk,reset: 
output [ 12:0] x0,x 1 ,x2,~3,~4.~5,~6,~7; 

wire [l O:O] 
wire [ 1 1 :O] 
wire [ 1201 
wire [10:0] 
wire [11:0] 
wirc (1 2:0] 
wire [13:0] 
wire [12:0] 
wire [10:0] 
Wise [ 1 1 :O] 
wire [12:0] 
wire [ 1 2:O) 

reg ( 12:OJ n0,xl ,x2,x3,~4,xS,x6~17; 

always 8 (posedge clk or negedge rcset) begin 
if (!rcset) begin 

xO=O; 
x 1 4 ;  
x2a:  
X3d; 
x 4 d ;  
x5=0; 
x6=0; 
x74; 

end 
else bcgin 

x-O; 
xl=el; 
xî=e2; 
x3*3 ; 
x-4; 
xS=e5; 
xh6; 
x7=e7; 

end 
end 

endmodule 



module preliftadd (z0,z1,22,z3,z4,25,z6,z7,re~et,aO,a i .-); 
input 11 0:0] zO,z l,z2,~3,~4,25,~6,~7; 
input met; 
output [ l0:0] a0,al ,aS,&,aS; 
output [ 1 1 :O] a6,a7; 
output [12:0] a3; 

wire [7:0] temp4,tempS; 
wire [9:0] temp 1 ,iemp2,temp3; 
wire [ iû:O] a4.a2,temp7, temp8; 
wire [ I l  :O] temp6; 

ls1211 11 (zû,reset,ternpl); 
sub 1 1 12 ({ 1 b0,templ) ,z4,reseta4); 
sub 1 1 13 (zO,a4,reset,aO); 
Is38 1 1 14 (z6,reset,tcmp2); 
sub 1 1 15 (22J 1 bO.temp2) ,reset,a2); 
k38 1 1 16 (a2,resct,temp3); 
add 1 I 17 ({ 1 bO,temp3 ) ,z6,reset,a6); 
1s i 8 1 1 18 (2  1 ,reset,tcmp4): 
1s 1 8 1 1 19 (z5,reset,ternp5); 
addl 1 110 ({3bOûû,temp4) ,z7,resetVa7); 
d d  1 1 11 1 ((3b000,tempS } ,z3,reset+ttmpb); 
ls 12 12 1 12 (tcmp6,rescr, temp7); 
subI1 113 (zS,temp7,reset,a5); 
ls34 1 1 114 (a5,resetttemp8); 
add 12 115 (( 1 'bû,temp8 ) ,ttmp6,reset,a3); 
assign a i=z 1 ; 
endmodulc 

module midaddsub (a0,al .a2,a3,a4.aS.a6,a7,reset,bO,b 1 .b?.b3, b4.bS,b6.b7): 
input [lO:O] a0,al ,a2,a4,a5; 
input [ 1 1 :O] a6,a7; 
input [12:0] a3; 
input met; 
output [lO:O] b2; 
output [Il  :O] bO,b5,b6; 
output [12:0] b4,b7,b3; 
output 11 3:0] bl ; 

add 1 1 ml  (aO,a2,rcset,bû); 
sub 1 1 m2 (aO,a2,reset, b2); 
add 1 2 m3 ( ( 1 bO,a4 ) ,a6,rtset, b4); 
sub12 m4 (( 1 bO,a4),a6,reset,b6); 
addl2 mS (a7,{ 1 'bû,a5) met,b7); 
sub 12 m6 (a7, { 1 W,aS ) ,rtset,bS); 
add 13 m7 ({2Wû,al ),a3,rese~b 1); 
subI3 m8 ((2b00,aI ),a33tstt,b3); 
endmodulc 

module midli fi (b3, bS+reset+c3,c5); 
input [12:0] b3; 
input [l l:0] bS; 
input met; 
output [12:0] ~ 5 . ~ 3 ;  



wire [12:0] ternp9,cS; 
wire [ t 1 :O] temp 10; 

l S 8  13 ml1 (b3,resct,temp9); 
sub 13 ni12 (temp9, ( 1 W), bS ) ,rese t,cS); 
ls38 13 ml3 (cS,reset,temp 10); 
sub 13 mJ4 (b3, ( J b0,temp IO) ,reset,c3); 
endmodule 

module postadd (b0.b 1 ,b2,~3,bQ,cS,b6,b7,resetd0,d 1 ,dS1d3,d4,d5,d6,d7); 
input [10:0] b2; 
input [ 1 1:0] bO,b6; 
input [ 12:0] c3,M,dlb7; 
input [13:0] bl ; 
input reset; 
output [ 10:0] d6,dS,d4; 
output [ 1 1 :O] d7,d3,d2,dl; 
output [1?:0] do; 

wire [l2:0] temp 16,tcmp 15,temp 14; 
wire [13:0] temp17,temp 1 lttemp12,ttmp13; 
wire [ 1 4:O] temp 10; 

addl4 al ({2W)O,bO],bl,reset,templO); 
subl4 a2 ((2MH),bOJ,bl,resct,templ7); 
add 1 3 a3 (b4,c3,reset,tcmp 1 1 ) ; 
sub 13 a4 (b4,c3,resct,ternp 16): 
addl3 a5 (( 1 'bû,b6) ,cS,rcsetternp 12); 
sub13 a6 (( 1 Mi,b6),~5,reset,ternpIS); 
addI3 a7 ({2b00,b2],b7,rcset,templ3); 
sub 13 a8 ( (2W,b2)  ,b7,rcseftemp 14); 

scaie-4-15 s 1 (ternp 1 O,reset,dO); 
sale-4-14 s2 (ternp 17,rcset,d7); 
scale-4- 1 4 s3 (temp 1 1 ,reset,d 1 ); 
scale-4- 1 3 s4 (ternp 1 6,reset,d6); 
scale-4-14 s5 (rcmp 1 Zresetd2); 
scaIe-4-13 s6 (temp 1 S,reset,dS); 
scaie-4- 14 s7 (temp 1 3 ,resct+d3); 
scalc-4-13 s8 (tcmp 14,reset,d4); 

endmodule 

modde d i g n  (d0.d 1 ,d2,d3,d4,dS,dd,d7,reset,eO,e 1 ,eS,t3,e4,e5,e6,e7); 
input [10:0] d4,d5,d6; 
input [ 1 l:0] d 19d2,d3,d7; 
input [12:0] do; 
input met; 
output [l2:0] c0,el ,e2,e3,e4,eS,e6,e7; 

reg [12:0] cO,el,e2,e3,e4,eS,e6,e7; 



e2=0; 
e3=0; 
e4=0; 
es*; 
e6=0; 
e7=0: 

end 
else begin 
eO=(dO); 
el={ 1 b0,dl); 
e2={ l 'bO,d2) ; 
c3=( 1 bO,d3 ) ; 
e4={2bûû,d4 ) ; 
e5={2bOO,dS ) ; 
e6=(2bOO,d6 } ; 
e7={ 1 W,d7 ) ; 

end 
end 
endmodule 

module scaIe-4- 1 3(x,rese t, y) ; 
input [l2:0] x; 
input r a t ;  
output [10:0] y; 
reg [10:0] y; 

always @ (x or met) begin 
if (!rtset) begin 

y=o: 
end 
else begin 

y=(x»2); 
end 

end 
cndmoduie 

module scale-4-14(x,rese~y); 
input [13:0] x; 
input resct; 
output [1 l:0] y; 
reg [1 1 :O] y; 

dways @ (x or met) begin 
if (!met) begin 

y=O: 
end 
clse begin 

y=(x»2); 
end 

end 
endmodule 

module scale,4,15(x,tcstt,y); 
input [14:0] x; 
input ceset; 
output [12:0] y; 



reg [ 12:0] y: 

always 8 (x or reset) kgin 
if ( !reset) kgin 

y=O; 
end 
clse begin 

y=(x>>2); 
end 

end 
endmodule 

module 1s 13 1 I (x,rcsct,lift); 
input [ lO:O] x; 
input reset; 
output [9:0] lift; 

reg (9:0] Iift; 

aiways @ (x or rcsct) kgin 
if (!reset) begin 

Ii ft=O: 
end 
clse begin 

lift=(x» 1): 
end 

end 
endmodule 

module sub 14 (x,y,rcset,diff): 
input [13:0] ~ , y ;  
input reset: 
output [13:0] diff; 

reg [13:0] diff; 

aiways @ (x or y or reset) begin 
if (!reset) begin 

dif fa;  
end 
else begin 

di ff=x-y ; 
end 

end 
endmodule 

module ls38 1 1 (x,reset,lift); 
input [10:0] x; 
input rcset; 
output [9:0] lift; 

reg [l l:O] shiftx; 
wlrc [12:0] sum;  
reg [9:0] iift; 



always @ (x or resct) kgin 
shiftx=(( 1 bO,x))« 1 ; 

end 

always @ (sumx or reset) begin 
if ( !resct) begin 

l i M ;  
end 
elsc bcgin 
lift=(sumx»3); 

cnd 
end 
endmodule 

module add 12 (x,y,resct,sum); 
input [ 1 1 :O] x,y; 
input reset; 
output [l2:0] sum; 

reg [12:0j sum; 

aiways @ (x or y or reset) begin 
if ( !resct) begin 

surnd; 
end 
else begin 

sum=x+y ; 
end 

end 
endmodule 

module add 15 (x,y,rcsct,surn); 
input [ 14:0] x,y; 
input reset; 
output [15:0] sum; 

reg [15:0] sum; 

always @ (x or y or reset) begin 
if (!reset) begin 
surna; 

end 
else begin 
surn=x+ y; 

end 
end 
endmodule 

module !si 8 1 1 (x-klift); 
input [10:0] K; 
input met; 
output [7:0] lift; 

reg [TOI lift; 



always @ (x or met)  begin 
if ( !reset) begin 
lift=O; 

end 
else begin 

lift=(x»3); 
end 

end 
endmodule 

module 1s 12 12 (x,reset,lift): 
input [ 1 1 :O] x; 
input reset: 
output [10:0] lift; 

reg [10:0] lift; 

always @ (x or resct) begin 
if ( !reset) begin 

lift=O; 
end 
else begin 

lift=(x>> 1); 
end 

end 
endmodule 

module ls34 1 1 (x,reset,lift); 
input [IO:Oj x; 
input reset; 
output [IO:O) lifC 

reg [I l :O] shiftx; 
wire (1 2:0] sumx; 
reg [10:0] Ii ft; 

always @ (x or resei) begin 
shiftx=(( 1 M,x)  )« 1 ; 

end 

add12 u2 (shiftx, ( 1 b0,x) ,rcstt,sumx); 

always @ (sumx or reset) begin 
if (ireset) begin 

i ift=O; 
end 
clsc begin 
lifi=(sumx»2); 

end 
end 
endmodule 

module addl 1 (x,y,reset,sum); 
input [10:0] x,y; 
input rcset; 



output [ l 1 :O] sum; 

reg [ 1 1 :O] sum; 

dways @ (x or y or m e t )  begin 
if ( !rem) begin 

sum=û; 
end 
eise begin 

sum=x+y ; 
end 

end 
endmodule 

module sub 12 (x,y,resefdiff); 
input [ 1 1 :O] x,y; 
input reset; 
output [ l  l:0] diff; 

reg [ 1 1 :O] diff; 

dways @ (x or y or rtsct) begin 
if ( !resct) begin 

d i W ;  
end 
else begin 

diff=x-y; 
end 

end 
endmodule 

module sub 1 1 (x,y,reset,difT); 
input [10:0] x,y; 
input reset; 
output [10:0] diff; 

reg [ 10:0] diff; 

aiways @ (x or y or m e t )  begin 
if (!reset) begin 
di ff=0; 

end 
eisc bc@n 

di ff=x- y; 
end 

end 
endmodule 

module Id8 13 (x,met,lift); 
input [12:0] x; 
input met; 
output [12:0] lift; 

reg [ M:O] shifur; 
wire [lS:O] sum; 
reg [12:0] lifi; 



al ways @ (x or reset) begin 
shiftx=({2bûû,x))«Q; 

end 

add 15 u3 (shiftx, (2b00,x ) ,reset,sumx): 

always @ (sumx or teset) begin 
if (!met) begin 

lift=O; 
end 
else begin 

lifi=(sumx»3); 
end 

end 
endmodule 

module add 14 (x,y,resct,sum); 
input [13:0] x,y; 
input restt; 
output [t4:0] sum; 

reg [14:0] sum; 

always 63 (x or y or rcset) begin 
if (!reset) bcgin 

sum=O; 
end 
elsc begin 

sum=x+y ; 
end 

end 
cndmodule 

module ls38 13 (x,resetlift); 
input [12:0] x; 
input met ;  
output [ l  l:0] lift; 

reg [13:0] shiftx; 
wire [14:0] sumx; 
reg [1 l:O] lift; 

always @ (x or reset) begin 
shiftx=(( 1 bO,x))<~ 1 ; 

end 

add 14 u4 (shifuc. ( 1 W,x ) ,resetsumx); 

al ways @ (SUU or reset) bcgin 
if  (!=set) bcgin 

l i f i d ;  
end 
else begin 

lifi=(s11m~>3); 
end 



end 
endmodule 

module add 13 (x,y,reset,sum); 
input [12:0] x,y; 
input ceset; 
output [13:0] sum; 

reg (1 3:0 J sum; 

always @ (x or y or met) kgin 
if (!teset) begin 

sum=O; 
end 
else bcgin 

surn=x+y ; 
end 

end 
endmodule 

module sut, 13 (x,y,reset,diff): 
input [ I2:0] %,y; 
input resct; 
output [12:0] diff; 

reg [ 1201 diff; 

dways @ (x or y or resct) kgin 
if ( !reset) bcgin 
difi=O; 

end 
else begin 

d i s x - y ;  
end 

end 
endmodule 

B.7 Stimulus for one-dimensional $-point inverse binDCT RTL description 

// stimuIus,inversedct,rtl.v 
II Testbench for inverse dct module 
// Crtated by : Tracy Fmklin 
'timescaie 1 ns/lOps 
module stimulus,inverscdct; 

reg in-write-enable, out-read-enable, reset; 
reg in-clock, bindct-cIock, out,dock; 
reg [2:0] in-select, out_stlect; 
reg [ t O:O] 
wirc [12:01 yOr yL y2, y3, y% y% y 6  y7; 
l/wVc [12:0] y; 

Il ttl-level 
inversedct rtl-test (x, in-selcct, in-unite-enable, in-dock, bindct-ciock, rtsct, out-select, out-read-enable, 
out,clock, yO+ yl, y2, y3, y4. YS, y6, y7); 



initiai 
begin 
Il Initial conditions 

in,cIock=û; 
bindct,clock=O; 
out,clock=û; 
in-write-enable1 bI ; 
out-rcad,enable=I 'b 1 ; 
#O0 $finish; 

end 

always #2 in,clock= -in,clock; 
always #40 bindct-dock = -bindct,clock; 
always #2 outclock= -out,clock; 

initial begin 
reset= 1 'bO: 
#3 resct=l bl; 

end 

initial 
begin 
/* 
#4 in,select=3 b000: x= i O'd 1 ; 
#4 in,select=3b00 1 ; x= l O'd 1 ; 
#4 in-sclect=3b010; x=lO'dl; 
554 in,selcct=3bOll; x=LO'dl; 
#l4 in,select=3 b 100; x= 1 O'dO; 
#4 in,sclcct=3 b 10 1; x= 1 O'd0; 
#4 in,stlect=3b 1 10; x=lO'dO; 
#Q in,select=3 b 1 1 1 ; x-IO'd0; 



end 

// monitor the outputs 

initial 
begin 
$display("Time\t", "W. "yO\t y l k  y2\t y3k y4k y5\t y6k y7\t\nW); 

end 

dways @ (posedge in-dock) begin 
Smonitor("4b0dk %b\t %bit %b\t %b\t %b\t %b\r %b\t %b\t %b\t\nW, $tirne, x, yO, y 1, y2, y3, y4, y5, y6, 

y7): 
end 

/* 
always @ (poscdge bindct-clock) begin 
wait (out,rcad,cnable) out-seIect=3'dO; $display("%Od\t select=%d, y=%bW,$time, out-select, y); 

end 
*/ 
endmodule 

B.8 Stimulus for one-dimensional8-point inverse binDCT chip RTL description 

// stirnu1us~inversebindctchip~rti.v 
l/ Testknch for inverse binDCT moduIe 
II Crcatcd by: Tracy Fmklin 
' timescale 1 nd10ps 

module stimulus-invcrsebindctchip; 

reg in-write-enable; 
reg out-read-enable; 
reg reset; 
reg in-clock; 
reg bindct-dock; 
reg out-CI OC^ 
reg [2:0] in-select; 
reg [2:0] out-select; 
reg [ 10:0] x; 
wire [12:0] y; 

II rtl-level 
invcrscbindctchip rtl-test (x, in-select, in-write-enable, in-dock bindct-clock, met, out-select, 
out-=ad-enable, out-clock, y); 

initial 



begin 
// Initial conditions 

in-clock4; 
bindct,clock=O; 
out,clock=o; 
in,write,enable= 1 b 1 ; 
out-read-enable-1 b 1 ; 
#400 $finish; 

end 

always #2 in-dock= -in-clock; 
always #40 bindct-dock = -bindct-dock; 
always #2 out-dock= -out-dock; 

initial begin 
rese t= 1 b0; 
#3 reset= 1 b 1 ; 

end 

initial 
begin 
#4 in_seIect=3ùûûû; x= 1 O'dl ; 
ü4 in,select=3 b00 1 ; x= 1 O'd 1 ; 
#4 in_select=3 b010; x=l O'd 1 ; 
#î in,select=3bO 1 1; x=lO'd 1 ; 
#4 in,select=3 b 100; x= 1 O'dO; 
#4 in,select=3 b 10 1 ; x= 1 O'dO; 
#4 in,select=3bllO; x= 1 O'd0; 
#4 in,sclect=3 b 1 1 1; x=10'd0; 

MO in-select=3'bm x=lO'd8; 
114 in-setect=3bO01;x=lO'dO; 
#4 in,select=3 b0 10; x= 1 O'd0; 
#4 in,select=3ûû 1 1 ; x=1 O'd0; 
#l4 in_select=3 b 100; x= 1 O'd0; 
#4 in-selcc t=3 b 10 1 ; x= 10 'do; 
#4 in-selcc t=3 b 1 1 0; x= 1 O'd0; 
#4 in,select=3 b l  1 1; x=lO'dO; 

#52 in,selcct=3 'MHX); x= 1 OW; 
ü4 in_select=3 WO I ; x=10'd2; 
#4 in,select=3M 10; x=10'd0; 
#4 in,selcct=3boll; x=lO'd458; 
#4 in,selcct=3 b 100; x= 1 O'd0; 
#4 in,select=3 b 10 1 ; x= 1 O'd246; 
#4 in,seIect=3 b 1 10; x= 10tl0; 
#4 in-se Iect=3 b 1 l 1 ; x= 1 0'dS t 2; 
end 

// monitor the outputs 
always @ (posedge bindct-dock) bcgin 
wait (out-&-enable) out_select=3'd7; Sdisplay("%ûd\t select=%d, y=%d",$tirne, out,select, y); 

end 



Appendix C 

Verilog-XL Simulation Results 

C.l The Verilog-XL simulation results for fomarddct-rt1.v design. 

C.2 The Vedog-XL rosults of the inverseàct_rtl.v design. 

C3 The Verüog-XL results of the fomardbindctchip-d.v design 
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C.4 The Verilog -XI, results of the inversebindctchip-rtLv design 
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CS The Verilog-XL results of the fomardbindctchip_gatos.v design 
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C.6 The Verilog-XL nsults of the inversebindctchip~i~ates~1~3.v design 

C.8 The Verilog-XI, results of the inversebindctchip_gddl.v design 
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C.7 The Verüog-XL results of the fonvatàbindctchip_goIdl.v design 
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C.9 The Verilog-XL results of the bindct2d-tt1.v design 
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Pearl Analysis Results 

= ven The Pearl timing results for the forward and inverse 1-D binDCT chip designs are 

below. 

D.l Pearl Analysis Result from Design Planner for the 1 9  Fornord binDCT 

forwardbindctchip,comp.cmb FindSDFPathConstraints 
1: SDF rnax path slack O.17ns forwardct-s-p-in8-inpu~em-~g2,1,ID v 
2: SDF max path slack O. 1711s forwardct,s,p,in8~inpuunemmreg44001D v 
3: SDF max path slack 0.1711s forwardct-s-p,in8,inpuimcm-reg-6 4 ID v 
4: SDF max path slack 0.17ns forwardct,s,p,in8,inputmem,tegO 6 ID v 
5: SDF max path siack 0.1711s forwardct-sspPin8,inpu~m,reg35-ID v 
6: SDF rnax path slack O. l7ns forwardct~s~p,in8,inputmcmmrtg5 7 ,ID v 
7: SDF rnax path slack 0.17ns forwardct~~~p~in8,inputmcrn~regO~5~1D v 
8: SDF max path slack O. 17ns forwardct,s,p,in8,inpu~ncm~regl3ID v 
9: SDF rnax path slack 0.1711s forwardct,s,p,in8,inputmem,reg,1~2~ID v 
10: SDF rnax path slack 0.17ns forwardct,s,p,in8-inp~trnem~reg4-3~ID v 
forwardbindctc hi p,comp.cmd> il end of DPPearl-created commands 

cmd> findpathsfkom in-dock 
1 : 14.43ns Path to forwardct,s,p,in8,inputmem,re~2-4-U31B 1 v 
2: 14.43ns Path to forwardct,s-p-in8,inputrnem~eg2-4,U41A2 v 
3: 14.431s Path to Forwardct,s,p~in8,inputmern,rcg2,6U41A2 v 
4: 14.43ns Path to fowdct-~-pjn8jnputrnem,ng2,6U31B 1 v 
5: 14.43ns Path to forwardct,s,p,in8,inputmem-reg2,7U31B 1 v 
6: 14.4311s Path to forwardc t-s-p-in8-i npuunern~eg2,7,U4iA2 v 
7: 13.8911s Path to forwardct,s,p-in8,x2,re~4-ID v 
8: 13.89ns Path to forward~t,s,p,in8~x2,reg611) v 
9: 13.89ns Path to forwafdct,s,p,in8,x2,reg7jD v 
10: 13.60ns Path to fotwardct-s,p-in8,inputmcm,rcg2-4IR v 

cmd> findpathsfrorn out-cl 
1: 12.83ns Path to focwar( 
2: 12.8311s Path to forwan 
3: 1 2 . 8 3 ~  Path to forwan 
4: 12.83ns Path to forwat( 
5: 12.8311s Path to forwar4 
6: 12.831~ Path to fotwan 
7: 12.8211s Path io forwari 
8: 12.82ns Path to forwari 
9: 12.82~ Path to forwar~ 
10: 12.82ns Path to fonivai 

cmd> findpaihsfrom bindct-clock 
1: 100.74ns Path to forwardct,bindctS-zl,re~l,lCP v 
2: 100.74ns Path to forwardct~pPsSoutl ~ , o u ~ u U n e r n ~ r e g î , l ~ ~  v 
3: 100.74ns Path to f0rwardct-p-S-out1 i ,ou~utmern,reg~2tE v 
4: 100.7411s Path to forwdct,bindct8,zl-f~g2~ICP v 
5: 100.7411s Paih to forwardct-~-p~in8~xOfe4(CP v 



6: 100.74ns Path to fowardct-s-p-in8-xOOre6ICP v 
7: 1ûû.74ns Path to forwardct,s-p,in8-x7,re4ICP v 
8: 100.74ns Path to forwardct-s-p-in8-~7,reg7-ICP v 
9: 100.74ns Path to fonuardct,s,p,in8,x7~rc~6~lCP v 
10: 100.74ns Path to forwardct,s,p-in8,~4~eg5~ICP v 

cmd> checklirnits 
No limit violations were found 
cmd> timingverifi 
1 : Setup constraint slack 8.93ns forwardct-p-s-out 1 1-zout-regl, (LEI 1 N D v -> E v) 
2: Sctup constraint s k k  8.96ns forwardct,p,s,outll-zout-reg2- (LH 1N D v -> E v) 
3: Setup constraint slack 9.1 lns forwardct-p-s-outli-mut-reg-3, (LHIN D v -> E v) 
4: Setup constraint slack 9.12ns forwardct,p,s,outll,zout,reg7, (LHlN D v -> E v) 
5: Setup constraint slack 9.13ns forwardct,p,s,out 1 I,zout,ttg6, (LH1N D v -> E v) 
6: Setup consuaint slack 9.13ns forwarâct~p~s~outll~zout,reg4, ( W I N  D v -> E v) 
7: Setup constraint slack 9. Mns forwardct-p-s-out 1 l,zout,tcg8, (LHlN D v -> E v) 
8: Setup constraint slack 9.14ns forwardct,p~s,outll~zout,reg,9, (LHlN D v -> E v) 
9: Setup constraint slack 9.1 Sns forwardct-p-s-out 1 l,tout,rcgl, (LH 1 N D A -> E v) 
10: Setup constraint slack 9.16ns forwardct,p,s,outl l,zout,re~lO, (LHIN D v -> E v) 
1 1 : Hold constra.int violation O. 1 Ons forwardct-s-p,in8-inputmcm,rtg36 (NRL 1 S v -> R v) 
12: HoId consmht violation O. 1 Ons forwardctL~Sp~in8,inputmtmmrcg2244 (NRL 1 S v -> R v) 
13: HoId constraint violation 0.lOns forwardct,s-p,in8,inpu~nem~re2-7- (NRLI S v -> R v) 
14: Hold consuaint slack 
15: Hold constraint slack 
16: Hold constraint slack 
17: Hold constraint sIack 
18: Hold constraint slack 
19: Hold constraint slack 
20: Hold constraint slack 
21 : Width constraint sIack 
22: Width constraint slack 
23: Width constraint slack 
24: Width constraint slack 
25: Width constraint slack 
26: Width constraint slack 
27: Width constraint slack 
28: Width constraint slack 
29: Width constraint slack 
30: W~dth constraint slack 
3 1 : Gatcd clock consthnt vio 
32: Gated clock consuaint vio 
33: Gated clock consuaint via 
34: Gated clock consuaïnt vio 
35: Gated clock consmint via 
36: Gated clock constraint vio 
37: Gated dock consmint vio 
38: Gatcd clock consuaint Ma 
39: Gatcd clock constraint via 
40: Gatcd clock consua.int via 

O. lûns forwardct,s,p,in8,inpuun~m~reg,2~7~ (NRLl R v -> S v) 
O. Ions forwardct,s,p,in8,inp~tmtrn~reg2~4~ (NRL1 R v -> S v) 
O. 10ns forwardct,s,p,in8,inpuunem,reg_2,6- (NRL1 R v -> S v) 
05211s forwardct,s,p,in8,~0-reg4~ (DFF1 N D v -> CP ") 
0.53ns forwardct-~-p,in8,xO~tg6, (DFFIN D v -> CP ") 
OS3ns forwardct,s,p,in8,~4,rtg3~ ( D E 1  N D v -> CP ") 
053ns forwardct,s,p,in8,~7,reg,7~ (DFFIN D v -> CP ") 
i 1.5311s forwardct,s,p,in8,inpuuncmmrtg0 6 (LH2Q E high) 
1 1 S3ns fonwudct,s,p,in8,inputmcm,regO 4 (LH2Q E high) 
1 1 53ns forwardct-s,p,in8,inputmem,reg43, (LH2Q E high) 
1 1 S3ns fonvardct-s-p,in8,inpuunem,reg 3 5 (LH2Q E high) 
1 1 S3ns forwardct,sSpPin8-inpu tmem-reg4-5- (W2Q E hie h) 
1 1 5311s forwardct~s~p~in8~inputmemmre~7 7 (LHîQ E high) 
1 1 S3ns forwardct,s,p,in8,inpu~nem~reg7~6- (LH2Q E high) 
1 1.53~1~ forwardct,s,p,in8,inpuunemmrcg7-4 (LH2Q E high) 
1 153ns forwardct~~~p~in8~inputrnem~re&-O 7 (LH2Q E high) 
1 1 S3ns forwardc~s~p,in8~inpu~cm~rcg7~~ (LH2Q E high) 
ation 
ation 
ation 
,aiion 
lation 
:ation 
lation 
[ation 
l ation 
lation 



D.2 Pearl Andysis Result from Design Planner for the 1-D Inverse binDCT 

inversebindctchip,comp.cmcb FindSDFPathConst~ints 
1 : SDF max path slack 0.2%~ inversedct-s-p-in 1 1 linpuunem-re4-9ID v 
2: SDF max path slack 0.26ns inversedct-s-p-in11 linputmtm,re_o67JD v 
3: SDF max path sIack 0.26115 inverscdct-s-p-in1 llinputmemmre4-O-lD v 
4: SDF rnax path slack 0.26ns inversedct-s-p-in 1 1 linputmemIILre510,1D v 
5: SDF rnax path slack 0.26ns inverscdct-s-p-in1 l linputmcm,reg,S7lD v 
6: SDF max path slack 0.36ns inverscdct-s-p-in1 llinputmem-reg2-1-iD v 
7: SDF max path slack 0.26ns inversedct-s-p-in1 llinputmem-reg_3-4-ID v 
8: SDF rnax path slack 0.26ns inverscdct-s-p-in1 1 linputmem-reg2-3,lD v 
9: SDF max path slack 0.26ns inverseda-s-p-in1 1 Iinputmcm,rep410-ID v 
10: SDF max path slack 0.2611s inversedct-s-p-in 1 1 linputrnem-regO8,ID v 
inversebindctchip,comp.cm& # end of DPPtarl-creatcd comrnands 

cm& findpathsfrom out-clock 
1 : 5.1 3ns Path to invcrscdct-p-s-out 13Izout,reg12,iEN A 

2: 5.13ns Path to invcrsedct,p,s,out l3Izout-reg Io-IEN A 

3: 5.13ns Path to inverscdct-p-s-out 13lzout,reg,lI,IEN A 

4: 5. i3ns Path to inversedct-p-s-out 13Izout,rcg-3,1EN A 

5: S. 1311s Path to invcrsedct~p~s~outl3Izout~reg2~IEN A 

6: 5.1311s Path to inverscdct~p~s,outl3lzout~regO~iEN A 

7: 5.13ns Path to inverscdct-p-s-out 13 Izout~eg9~iEN A 

8: 5.1 3ns Path to inverscdct-p-s-out 13 1 t o u t ~ c ~ 7 ~ I E N  A 

9: 5. I3ns Path to invtrstdct,p,s,outl3lzout~rcg8,IEN A 

10: 5.1 3ns Path to inverscdct-p-s-out 1 3 k o u t ~ e ~ S J E N  A 

cmd> findpathsfrom in-dock 
1 : 6.43ns Path to in~crscdct~s-p-in 1 1 linputrncm,rcg5-9-u3IB 1 v 
2: 6.43ns Path to invenedct-s-p-in 1 1 linputmem-regs-9U4k2 v 
3: 6.43ns Path to inversedct-s-p-in 1 1 l i n p ~ t m e m - r e 7 ~ 0 U 3 1 B  1 v 
4: 6.43ns Path to invcrsedct-s-p-in 1 1 linputmem-rep7-OU4iA.2 v 
5: 6.43 ns Path to inversedct-s-p-in 1 1 l i n p u u n e r n ~ e ~ l 6 U 4 i A î  v 
6: 6.43ns Path to inversedct-s-p-in 1 1 linpuunem-regl-6-U3IB 1 v 
7: 6.43ns Path to invencdct,s,p-in 1 1 l i n p u t m c r n ~ r c ~ 8 U 3 1 B  1 v 
8: 6.431~ Path to inversedct-s-p-in 1 1 linputrnem,reg4-8U4iA2 v 
9: 6.4311s Path to inversedct-s-p-in 1 1 linputmem~egl,2U3iB 1 v 
10: 6.43ns Path to inversedct-s-p-in1 l l inpuuncm-re~l2U41AZ v 

cm& chtcklimits 
No Iimit violations were found 

D.3 Pearl Anaiysis Result from Silicon Ensemble for the 1 9  Fomsrd binDCT 

pearI.tmpcmd> checktiming 

pearl.mipcmd> c heckLimi ts 
1: New violation 0.09ns (error) fowardctJJ425iZN A 

pearl.tmpcmd> TingVerifL çheck 
s e n i p , h o l d , g a r e d c I ~ ~ k ~ ~ c o v ~ r y , r e r n o v d , n ~  -max,slacic O 
1: Hold conmaint violation 0-lOns forward~t~s~p~in8~inputmern~reg2~6~ (NRLl S v -> R v) 
2: Hold constraint vioIation O-1Ons forwardct-~~-in8-inpu~~1em-reg2-4~ (NRL1 S v -> R v) 



3: Hold constraint violation 0.09ns for~ardct~s,p,in8~inputmem~reg2~7~ (NRLI S v -> R v) 
4: Gated dock constraint violation 1.6811s fonvardct,~~p,in8,input1n~m~re~2~6~U3 
5: Gated dock constraint vioration 1.681s forwardct-s-p,in8,inputmcmmre26U4 
6: Gated clwk constraint vioIation 1.68ns forwardct-s-p-in8-inputmcm,rcg 2 4-U4 
7: Gated dock constraint violation 1.6811s forwardct-s-p,in8,inputmem-reg2,4-U3 
8: Gated dock constraint violation 1.67ns forwardct-s,p,in8,inputmem-re~2-7-U3 
9: Gated clock constraint violation 1.66ns forwardct-~-p,in8,inputrnem,re~2~7~U4 
IO: Gated clock constraint violation 
1 1: Gated dock consmint violation 
12: Gated dock constraint violation 
13: Gated dock constraint violation 
14: Gated dock conseraint violation 
15: Gated dock conscraint violation 

,27115 forwardc t,s-p,in8-inputmem-reg2,6-U3 
.27ns forwardc t-~-~n8,inputmem_reg2~6U4 
-27- forwardct-s-p-in8,inpuunem,reg2,4U4 
,2711s forwardct-s-p-in8,inp~tmern~re~2~4U3 
.26ns forwardct-s-p, in8- inpu~n~m~reg27U3 
.26ns forwardct-s-p,in8,inputmem-reg2,7U3 

1 : 26.68ns Path to fomardct-bindct8-z3-rcg8JD v 
2: 26.66ns Path to foiwardct-bindct8-23-reg8JD A 

3: 26.26ns Path to forwardct-bindct8,z3,re7JD v 
4: 26.0411s Path to fotwardct,bindct8-t3,ct7JD A 

5: 9.60ns Path to fotwardct-bindct8-~3,reg-6JEN v 
6: 25.58ns Path to fowdct-bindct8,&rc6/EN A 

7: 25.3 1 ns Path to forwardct-bindct8-&reSJD A 

8: 25.lOns Path to forwardct,bindct8,~3~re~S~/D v 
9: 23.9 1 ns Path to fo~ardct,bindct8-t3-reg4~/D A 

10: 23.7 1 ns Path to forwardct,bindct8-~3~fc~4JD v 

cm& findpaths from out-clock A 

1 : 4.08 ns Path to y-9- A 

2: 3.96ns Paih to y-10, A 

3: 3.94ns Path to y-1- A 

4: 3.94ns Path to y-O, A 

5: 3.9211s Path to y-8, A 

6: 3.92ns Path to y-7, A 

7: 3.82ns Path to y-2- A 

8: 3.70ns Path CO y-3, A 

9: 3.70ns Path to y-9, v 
10: 3.69ns Path to y-6- A 

cmd> findpathsfrorn in-cloc k 
1 : I4.59ns Path to forwardct-s-p-in8,inpu tmem,re&2-4-U3/B 1 v 
2: 1459ns Path to fonivard~t,s,p,in8jnpuunern,reg,2~4U4/A2 v 
3: 14.5911s Path to forwardct,s,p,in8,inputmem,re&3,6-U3/B 1 v 
4: 1459ns Path to forwardc t,s,p,in8jnpumcm,rcg2,6,U4/A2 v 
5: 14.57ns Path to forwardct,s,p,in8,inputrnern~eg,2~7-U3/B 1 v 
6: 1457ns Path to fo~vardct,s,p,in8-inputmem~~g,2~7-U4IA2 v 
7: 14.04ns Path to fo~ardct,s,p,in8,x2~reg4~ v 
8: 14.0411s Path to forwardct-s-p-in8-x2,re&6~ v 
9: 14.03ns Path to for~ardct,s,p,in8-x2~reg,7~/D v 
10: 13.74~ Path to forwardct,s-p-in8-inp~uncm,reg2~4JR v 

cmd> cbecklimit 
1: Siew violation 0.û9ns (emr) forwardct,U425/ZN A 

cuxb ShowPossibility 1 
Possibility 1 : 
Slew violation 0.#ns (enor) forwardct-U425/ZN A 



Slew: 1591s: 1.59ns: 15911s 
TLF limit (emr): 1 Sons: 1 Sons: 1 Sons 

Possibility 1 : 
Slew violation 0.0911s (error) forwardct,U4251ZN A 

Slew: 159ns: 159ns: 159ns 
TLF limit (error): 1 Sons: 1 Sons: 1 Sons 

D.4 Pearl Analysis Result from Süicon Ensemble for the 1-D Inverse binDCT 

pearI.ûnpcmd> checklimits 
No limit violations were found 
pearl.trnpcmd> TimingVerify -check 
setup,hold,gatedcloc~recovery,removal,nochmgesetup,n0~hangeho1d,penod~width,loop -rnax-slack O 
1 : Hold constraint violation O. lOns inverscdct,s,p,in 1 l/inputrnem,reg 1 2  (NRLl S v -> R v) 
2: Hold conscraint violation 0.lOns invcrsedct-s-p-in1 l / i n p ~ t m e m , r e g 7 ~ 0  (NRLI S v -> R v) 
3: Hold consrraint violation O. lOns inverscdct,s,p-in 1 l/inputmem-reg 5 9 (NRLI S v -> R v) 
4: Hold constraint violation 0-Ions inversedct-s,p-in1 llinputmem,rep4 8 (NRLl S v -> R v) 
5: Hold constraint violation O. lOns inversedct,s,p,inl I f i n p u t m e m ~ r c g l 6  (NRLI S v -> R v) 
6: Gated clock consaaint violation 1.691~ inverscdct-s-p-in 1 lfinputmem,rep7-OU3 
7: Gated dock constrain? violation 1.69ns invcrsedct-s-p-in 1 l/inpuunem,rep7-OU4 
8: Gated clock constraint violation 1 . 6 9 ~  inversedct,s-p-in 1 l / i npu tmem, reg l2U3  
9: Gated clock constraint violation 1 . 6 9 ~  invcrsedct,s,p,inI l f inputmem-rcg59U3 
10: Gatcd clock constraint violation 1.69ns inversedct,s,p,in 1 lTinputmem,reg5,9U4 
1 1 : Gated clock constraint violation 1.69ns inversedct-s-p-in 1 l / inputmern,rep48U4 
12: Gatcd clock constraint violation 1 - 6 9 ~  inversedct-s-p-in 1 I/inputmem,re&48U3 
13: Gated dock constraint violation 1.69ns inversedct-s-p-in 1 llinputmem-reg l 2 - U 4  
14: Gated dock constraint violation 1 . 6 8 ~  inversedct-s-p-in 1 l / i npu tmtm, reg l6U4  
15: Gated clock constraint violation 1.68ns inversedct-s-p-in 1 l/inputmcm,reg,l6U3 
16: Gated clock constraint violation 1.27ns invcrsedct-s-p-in 1 l / i n p u t m e m , r e ~ 7 ~ O U 3  
17: Gated dock consuaint violation 1.27ns invcrscdct-s-p-in 1 l/inputmcm,re~7-OU4 
18: Gated dock constraint violation 1 27ns inverscdct-s-p-in 1 l f inputmem-rep48U4 
19: Gated dock consuaint violation 1.27ns inversedct-s-p-in I l / inputmcm,rep48U3 
20: Gated dock consmint violation 1.2711s inversedct-s-p-in 1 l/inputmcm,regS,9,U3 
21 : Gated clock constraint violation 1.27ns inverscdct-s-p-in l lrinputmem-regs-9U4 
22: Gated clock consuaint violation 1.27ns inversedct-s-p-in 1 l / i npu tmem, reg l2U3  
23: Gatcd clock constraint violation 1.2711s inversedct-s-p-in 1 l / i npu tmem, rcg l6U4  
24: Gatcd clock constraint violation 1.26ns invcrscdct-s-p-in 1 lhputmem-reg- l 6 U 3  
25: Gated clodc constraint violation 1.26ns invetsedct-s-p-in1 l / i npu tmem, reg l2U4  

cm& findpathsfrom in-dock 
1 : 7.15ns Path to inversedct-s-p-in 1 1 /inputmem,rcg7,0,U3/B 1 v 
2: 7.15ns Path to inverscdct,s,p,inl Ifinputmem-rcp7-OU4lA2 v 
3: 7,lSns Path to invcrscdct,s,p,inl l/input1nem,reg5~9JJ3/Bl v 
4: 7.15ns Path to invetscdct-s-p-in 1 l/inp~tniern,rc~5~9~U4/A2 v 
5: 7.13ns Path to inversedct-s-p-in 1 I/inputmcm,regl-6U4/A2 v 
6: 7.13ns Path to invemdct-s-p-in1 l/inputmemmre~ l6-U3/B 1 v 
7: 7.1211s Path to invcrscdct,s,p,in 1 l/inputmtm,rcp48,U3/B 1 v 
8: 7.12~s Path to invetsedct-s-p-in1 I / inputmem_rcp48U4/A2 v 
9: 7.1 t ns Paîh to inversedct-s-p-in 1 Ifinputmcm,rcgl-2-U3/B 1 v 
10: 7.1 1ns Path to inversedct-s~p-in 1 llinputmtm,rt~l-2-U4/A2 v 

cm& findpathsfiom bindct-dock 
1 : lOl.64ns Path to invcrsedct-ibindct 1 Ilx l - r t~8JCP v 
2: 101.64ns Path to inversed~t~~-p,inll/xO~ceg9 JCP v 



3: 101.64ns Path to inversedct-ibindct 1 lIx2-reg2JCP v 
4: 101 -64ns Path to inversedct-s-p-in t Ilx2,rreg9JCP v 
5: 101.64ns Path to invenedct,s,p,inl lIx4-re~4JCP v 
6: 10 1.64ns Path to inversedct-s-p-in 1 lIx6~eg7JCP v 
7: 101.64ns Path to inversedct,s,p~inlI/xO~rcp8JCP v 
8: 101 -6411s Path to inversedct-s-p-in1 IlxO,re~4JCP v 
9: 101.64ns Path to inversedct-ibindctl l/x6_regl2,1CP v 
10: 10 I . 6hs  Path to inversedct,s,p,in lllx6-reg9JCP v 

cm& findpath 
1 : 52511s Pat 
2: 52Sns Pai 
3: 5 3 n s  Pat 
4: 52511s Pa1 
5: 53ns Pai 
6: 5 .2%~ Pai 
7: 5 . 2 5 s  Pa1 
8: 5.2% Pal 
9: 5 .2%~ Pal 
10: 5.2511s Pa 

a n d ,  checklimit 
No limit violations werc found 



LVS Results 

E.l LVS result For the fomard oneaimensional binDCT chip 

Begin nedist: May 24 2O:4l :O2 2000 
view name list = ("auLvsW "rnacrolvs" "extracted" "netlist" "schematic") 
stop narnc list = ("auLvsm "macrolvs") 
library narne = " fdesign" 
ce11 name = " forwardbindctchip" 
vie w name = "extfacted3" 
globals lib = "basic" 

Running Artist Fiat Netlisting ... 
End netlist: May 24 20:42:27 2000 

Moving original netlist to extNetlist 
Removing parasitic components fiom netlist 

presistors removed: O 
pcapaciton removed: O 
pinductors removed: O 
pdiodes removed: O 
tram lines rernoved: O 
1801 nodes merged into 1801 nodes 

Begin netlist: May 24 20:42:32 2000 
view name list = ("auLvsN "macrolvs" "netiist" "schematicw "extracted") 
stop name list = ("auLvsW "macrolvs") 
library name = "fdesign" 
ce11 name = " forwardbindctchip" 
view name = "schtmatic'l 
globais lib = "basic" 

Running Artkt Rat Nctlisting ... 
End netlist: May 24 20:4253 2000 

Moving original netlist to extNetlist 
Rtmoving parasitic components fiom netlist 

prcsistors removed: O 
pcapacitors rcmoved: O 
pinductors removed: O 
pdiodes rernovcd: O 
trans lints removed: O 
1795 nodcs mcrgcd into 1795 nodcs 

Running neciist comparison program: LVS 
Begin comparison: May 24 20:4254 2000 
@(#)$CDS: LVS version 4.4.3 08/25/1999 22:lO (cds230) S 

The net-lists match. 



un-matched 
rewired 
size enors 
pruned 
active 
total 

un-matched 
mcrgcd 
pruned 
active 
total 

layout schematic 
instances 
O 
O 
O 
O 
1559 
1559 

nets 
O 
O 
O 
1793 
1793 

terminais 
un-matched O O 
matchcd but 
diffcrent type O O 
total O 33 

End cornparison: May 24 20:43:00 2000 

Cornparison program compleied successfull y. 





E.2 LVS mult for the inverse oaedimemioiiai binDCT cbip 

Begin netlist: May2420:14:38 2000 
view name list = ("auLvs" "macrolvs" "txtracted" "netiist" "schematic") 
stop name list = ("auLvsN "macrolvs") 
library name = "idesign" 
cell namt = "inversebindctchip*' 
vicw name = "cxtracted 1 " 
globds lib = "basic" 

Running Artist Rat Netlisting ... 
End nedist: May 24 20: l6:33 2000 

Moving original netlist to extNetlist 
Removing parasitic componcnts from netlist 

presistors removcd: O 
pcapacitors removcd: O 
pinductors removed: O 
pdiodes removed: O 
trans lines removed: O 
2874 nodes mergai into 2874 nodes 

Begin netiist: May 24 20: l6:4l 2000 
view name list = ("auLvsW "macrolvs" "netlist" "schematic" "extracted") 
stop naxm list = ("auLvsW "macrolvs") 
library name = "idesign" 
ceIl name = "inversebindctcfiip" 
view name = I'schematicR 
globals lib = "basic" 

Running Artist Fiat Netlisting ... 
End netlist: May 24 20:17:14 2000 

Moving original netlist to extNetlist 
Rernoving parasitic componcnts from netlist 

presistors rcrnovcd: O 
pcapacitors removed: O 
pinductors removed: O 
pdiodcs removed: O 
trans lines removed: O 
2868 nodes merged into 2868 nodes 

Running netlist cornparison program: LVS 
Begin cornparison: May 24 20:17:16 2000 
@(#)$CDS: LVS version 4.43 O8LWI999 22: 10 (cds230) $ 

The net-lists match. 



layout schematic 
instances 

un-matched O O 
rewked O O 
size mors O O 
pruned O O 
active 2507 2507 
total 2507 2507 

un-matched 
merged 
pruned 
active 
total 

nets 
O O 
O O 
O O 
2866 2866 
2866 2866 

tcnninals 
un-matc hed O O 
matchcd but 
different type O O 
total O 38 

End comparison: May 24 20: 1722 2000 

Cornparison program complcted successfuIly. 



Figure 21. The inverse one-dimensional bulMlT chip. 



The binDCT Clock Tree Generation Results from Design Planer 

F.1 Fomard one-dimensionai binDCT chip clak tree initial onalysis 

Report: hpt/initial.analysis 
Design: forwardbindctchip 

Clock m e  root: pbindct-clock C 

Min path 

Root Ievel: PD1 
Component input: pbindct-clock C (x = 364550. y = 784.200) 
Component output: pbindct-clock C (x = 364550, y = 784.200) 
Next input: forwardct-p-s-out 1 1-outputmem-re~7-4, E (x = 686.700, y = 1 39 1,350) 

Delay fiom root to next input: 0.318 ns 
Dclay from componcnt input to next input: 0.3 18 ns 
Delay from cornpontnt input to component output: 0.000 ns 
Delay from component output to next input: 0.3 18 ns 
Transition tirne at next input: 0.679 ns 
Total load at component output: 3.037 pF 

" 

Max path 

Root levcl: PD1 
Component input: pbindct-clock C (x = 364.550, y = 784.200) 
Cornponent output: pbindct-clock C (x = 364550, y = 784.200) 
Next input forwardctbindct8-z 1-regl, CF (x = 774.900, y = 1773.750) 

Delay fkom root to next input: 0.845 ns 
Delay from component input to next input: 0.845 ns 
Delay from component input to component output: 0.000 ns 
Delay from component output to next input: 0.845 ns 
Transition time at next input: 1.875 ns 
Total load at component output: 3.037 pF 

R2 Forward one-dimensionai binDCT chip clock tne initiai timing 

Report: Jrpt/initiaî.timing 
Dtsign: forwardbindctc hip 

Clock me mot: pbindct-clock C 
Timing stan pin: pbindct-dock C 
Max, transition time at leaf pins: 1.875 ns 
Min. insertion delay to Ieaf pins: 0.3 18 ns 
M a  insertion delay to leaf pins: 0.895 ns 
M a  skew bctwcen leaf pins: 0527 ns 



F.3 FomZltd one~ensional  binDCT chip dock tree fmal andysis 

Report: Jcpr/finaLanaîysis 
Design: forwardbindctchip 

Clock trce root: pbindct-clock C 

Min path 

Root Icvel: PD1 
Componcnt input: pbindct-dock C (x = 364.550, y = 784200) 
Cornpontnt output: pbindct-clock C (x = 364.550, y = 784.200) 
Next input: pbindct,clock,Ll-11 I (x = 9 12.100, y = MOl.2SO) 

Delay from root to next input: 0.058 ns 
Delay from cornponent input to ncxt input: 0.058 ns 
Delay from componcnt input to component output: 0 . 0  ns 
Delay from componcnt output to ncxt input: 0.058 ns 
Transition time at next input: 0.232 ns 
Total Joad at componcnt output: 0.369 pF 

Levcl 1 : B U E  
Component input: pbindct,clock,ll,Il 1 (x = 9 12.100, y = l401,ZO) 
Component output: pbindct,cloc~L1,11 Z (x = 917.700, y = 1402.500) 
Next input: p bindct-clockJ2-12 1 (x = 797.300, y = 140 1.250) 

Delay fiom root to next input: 0.457 ns 
Delay from component input to next input: 0.399 ns 
Delay fiom component input to component output: 0.398 ns 
Delay fiom componcnt output to next input: 0.001 ns 
Transition time at next input: 0.109 ns 
Total load at component output: 0.121 pF 

Levcl2: BUF6 
Component input: pbindct,clock,l2,I2 I (x = 797.300, y = 1401.250) 
Componcnt output: pbindct-clock-l2J2 Z (x = 791.700, y = 1402500) 
Next input: pbindct,clock,l3,I11 1 (x = 786.100, y = 1415.000) 

Delay fiom root to ncxt input: 0.847 ns 
Delay fiom component input to next input: 0.390 ns 
Delay fiom componcnt input to component output: 0.389 ns 
Delay from component output to ncxt input: 0,001 ns 
Transition time at next input: 0.133 ns 
Total load at componcnt output: 0.187 pF 

Level3: BUF6 
Component input: pbindct,clockJ3-Ill 1 (x = 786.100, y = 14 l5.OOO) 
Componcnt output: pbindct,clock,l3,111 2 (x = 79 1-7ûû, y = 1416250) 
Next input: forwardct,bindct8-~6~regO~ CP (x = 805.700, y = 1428.750) 

Delay fiom root to next input: 1,176 ns 
Delay h m  component input to next input: 0330 ns 
Delay fiom component input to component output: 0.330 ns 



Delay fiom component output to next input: 0.000 ns 
Transition time at next input: 0.064 ns 
Total load at component output: 0.009 pF 

Max path 

Root level: PD1 
Component input: pbindct-dock C (x = 364.550, y = 784200) 
Component output: pbindct-dock C (x = 364.550, y = 784.200) 
Next input: pbindct-clock-Ll-15 C (x = 910.000, y = 1457500) 

Delay fiom root to ncxt input: 0.060 ns 
Delay from component input to next input: 0.060 ns 
Delay fiom cornponcnt input to cornponent output: 0.000 ns 
Dclay from component output to next input: 0.060 ns 
Transition time at next input: 0.234 ns 
Total load at component output: 0.369 pF 

Level 1: m l  
Component input: pbindct-clock-L 1-i.5 C (x = 910.000, y = 1457 300) 
Component output: pbindct,clock,Ll-15 CZ (x = 896.700, y = 1457500) 
Next input: pbindct-clock,L2Jl7 1 (x = 893.900, y = 1456.250) 

Dciay frorn root to ntxt input: 0.601 ns 
Delay from cornpontnt input to next input: 0541 ns 
Delay from component input to componcnt output: 0541 ns 
Delay from componcnt output to next input: 0.000 ns 
Transition timc at next input: 0.158 ns 
Total load at componcnt output: 0.078 pF 

Level2: NV4 
Componcnt input: pbindct,clock,Lî,I 17 1 (x = 893.900, y = 1456.250) 
Cornponent output: pbindct,cIock,l2_117 SN (x = 890.400, y = 1456.875) 
Next input: pbindct,clock,L3,I136 1 (x = 910.700, y = 1703.750) 

Delay fiom root to next input: 1.044 ns 
Delay from component input to next input: 0.444 ns 
Delay from component input to component output: 0.43 1 ns 
Delay from component output to next input: 0.013 ns 
Transition time at ncxt input: 0.461 ns 
Total load at component output: 0.687 pF 

Level3: INV4 
Componcnt input: pbindct-dock-I-3-1136 I (x = 910.700, y = 1703.750) 
Component output: pbindct,clock,WJ136 ZN (x = 914.200, y = 1704.375) 
Next input: focwardct~p~s~outl l-o~tputmcrn-reg4~6~ E (x = 1019.900, y = 1648-750) 

Delay fkom root to ncxt input: 1.198 ns 
Delay fiom componcnt input to next input: 0.153 ns 
Delay fiom component input to component output: 0,149 ns 
Delay fiom componcnt output to next input 0.W ns 
Transition time at ncxt input: 0.143 ns 
Total load at componcnt output: 0.145 pF 



F.4 Forward one-dimensionpl blnDCT chip dock tree final üming 

Report: Jrpt/final.timing 
Design: forwardbindctchip 

Clock me root: pbindct-clock C 
Timing start pin: pbindct-dock C 
Max. transition time at leaf pins: 0.146 ns 
Min. insertion delay to leaf pins: 1.136 ns 
Max. insertion delay to leaf pins: 1.198 ns 
Max. skew bctween leaf pins: 0.021 ns 

F.5 inverse one-dimensional binDCT chip cloek tree initial anaiysis 

Report: Jrptlinitial.analysis 
Design: invtrsebindctchip 

Clock trce root: pbindct-ctock C 

Min path 

Root levcl: PD1 
Component input: pbindct-clock C ( x  = 364.550, y = 2096.200) 
Componcnt output: pbindct-clack C (x = 364550, y = 2096.200) 
Next input: inversedct-ibindctl llx3,regJ 1, CP (x = 1040.900, y = 1733.750) 

Delay fiom mot to next input: 0530 ns 
Delay from componcnt input to next input: 0.530 ns 
M a y  from component input to componcnt output: 0.000 ns 
Delay Crom componcnt output to next input: 0530 ns 
Transition time at next input: 1.144 ns 
Total Ioad at component output: 4.173 pF 

Root Ievel: PD1 
Component input: pbindct-dock C (x = 364.550, y = 2096.200) 
Componcnt output: pbindct-dock C (x = 364550, y = 2096.200) 
Ncxt input: inverstdct-s-p-in 1 l l x O ~ e g 4 -  CP (x = 1766.100, y = 1376.250) 

Delay from root to next input: 1.252 ns 
Delay fiom componcnt input to ncxt input: 1.252 ns 
Delay from componcnt input to component output: 0.000 ns 
Delay fiom componcnt output to next input: 1.252 ns 
Transition time at next input: 2.824 ns 
Total load at componcnt output: 4.173 pF 



F.6 Inverse one-dimensional binDCT clock tree initiai timing 

Report: Jrpt/initiaI.timing 
Design: inversebindctchip 

Clock tree root: pbindct-clock C 
T i n g  start pin: pbindct-dock C 

Max. transition time at leaf pins: 2.824 ns 
Min. insertion delay to leaf pins: 0530 ns 
Max. insertion delay to lcaf pins: 1.252 ns 
Max, skew bctween leaf pins: 0.722 ns 

F.7 Inverse one-dheiisional binDCT chip final dock tree analysis 

Report: Jrpt/fïnal.analysis 
Design: inversebindctchip 

CIock trce root: pbindct-clock C 

Min path 

Root level: PD1 
Component input: pbindct-clock C (x = 364.550, y = 2096.200) 
Component output: pbindct-dock C (x = 364550, y = 2096.200) 
Ncxt input: pbindct-clock,ll,I2 1 (x = 1483.300. y = 1458.750) 

Delay fiom root to next input: 0.058 ns 
Delay fiom compontnt input to next input: 0.058 ns 
Delay fiom component input to component output: 0.000 ns 
Delay from component output to ncxt input: 0.058 ns 
Transition time at next input: 0.232 ns 
Total Ioad at component output: 0.324 pF 

ievel 1 : BUF4 
Componcnt input: pbindct-clock,Ll,I2 1 (x = 1483.300, y = 1458.750) 
Component output: pbindctcclock,Ll,12 Z (x = 1487.500, y = 1460.000) 
Next input: pbindct,~lockJ2~14 1 (x = 1409.100, y = 1458.750) 

Delay fiom mot to next input: 0.419 ns 
Delay fiom compontnt input to ntxt input: 0.361 ns 
Delay h m  component input to component output: 0.360 ns 
Delay from component output to ncxt input: 0.001 ns 
Transition time at ncxt input: 0.136 ns 
Total load at compontnt output: 0.149 pF 

Lcvel2: BUF4 
Component input: pbindct,cIo~k-L2~14 1 (x = 1409.100, y = 1458.750) 
Cornponent output: pbind~t-cIoc~L2~14 Z (x = 1413300, y = 1460.000) 
Next input: pbindct-clock,l3,U 1 (x = INB.lOO, y = 15 13.750) 

Delay fiom root to next input: 0.712 ns 
Delay h m  compontnt input to next input 0.293 ns 



Delay from cornponent input to componcnt output: 0.292 ns 
Delay from component output to next input: 0.001 ns 
Transition tirne at next input: 0.088 ns 
Total load at component output: 0.068 pF 

Level3: BUF4 
Component input: pbindct,clock,L3,13 I (x = I4Og.lOû. y = I5 13.750) 
Component output: pbindct-dock-L3-13 Z (x = 14 13-30. y = 15 15.000) 
Next input: pbind~t-clock-L4~15 1 (x = 14 13.300. y = 1472500) 

Delay from root to next input: 0.984 ns 
Delay from component input to next input: 0.271 ns 
Delay h m  componenr input to component output: 0.271 ns 
Delay from component output to next input: 0.000 ns 
Transition time at next input: 0.078 ns 
Total load at component output: 0.052 pF 

Level4: BüF4 
Component input: pbindct,clock,L4-15 1 (x = 14 13.300, y = l472.Sûû) 
Component output: pbindct,clock,L4,I5 Z (x = 1417500, y = 1473.750) 
Next input: inverscdct-ibindct 1 1 Ix7-reg5- CP (x = 1427.300, y = 1472500) 

DeIay fiom root to next input: 1.337 ns 
Delay from compontnt input to ncxt input: 0.353 ns 
Delay from component input to compontnt output: 0.353 ns 
Delay fiom cornponent output to next input: 0.000 ns 
Transition time at next input: 0.171 ns 
Total load at componcnt output: 0.21 1 pF 

Root level: PD1 
Component input: pbindct-dock C (x = 364.550, y = 2096.200) 
Componcnt output: pbindct-dock C (x = 364.550, y = 2096.200) 
Next input: pbindct,dock,Ll,I2 I (x = 1483.300, y = 1458.750) 

Delay from root to ncxt input: 0.058 ns 
Delay from component input to next input: 0.058 ns 
Delay fiom component input to componcnt output: 0.000 ns 
Delay fiom component output to next input: 0.058 ns 
Transition time at next input: 0.232 ns 
Total load at component output: 0.324 pF 

Level 1 : BUF4 
Component input: pbindct,clock,ll,I2 1 (x = 1483.300, y = 1458.750) 
Component output: pbindct-clock-Ll-12 Z (x = 1487500, y = 1460.000) 
Next input: pbindct,clock,L2,I3 1 (x = 1 159.900, y = t 458.750) 

Delay hom root to next input: 0.421 ns 
Delay fiom componcnt input to next input: 0.362 ns 
Delay from component input to componcnt output: 0.360 ns 
Delay korn componcnt output to next input- 0.002 ns 
Transition tirne at next input: 0.136 ns 
Toiai load at component output 0.149 pF 



Level2: BUF4 
Component input: pbindct,cloc~12,13 1 (x = 1 159.900, y = 1458.750) 
Componcnt output: pbindct-clockJ2J3 Z (x = 1 164.100, y = 1460,000) 
Next input: pbindct-clockJ3,12 1 (x = 1234.100, y = 1637.500) 

Delay from root to next input: 0.725 ns 
Delay fiom cornponent input to next input: 0.305 ns 
Delay fiom component input to component output: 0.302 ns 
Delay from component output to next input: 0.003 ns 
Transition time at next input: 0.099 ns 
Total load at componcnt output: 0.086 pF 

Level3: BUF4 
Component input: pbindct-cloc413,12 I (x = 1234.100, y = 1637500) 
Component output: pbindct-dock-L.3-12 Z (x = 1238.300. y = 1638.750) 
Ncxt input: pbindct,clock,lA-13 1 (x = 12%. 100. y = 1582.500) 

Delay from root to next input: 1.003 ns 
Delay from component input to next input: 0.277 ns 
Delay from component input to component output: 0.277 ns 
Delay fiom component output to ntxt input: 0.000 ns 
Transition time at next input: 0.082 ns 
Total load at componcnt output: 0.057 pF 

Levcl4: BUF4 
Component input: pbindct,cIock,l4,13 1 (x = 1234.100, y = 1582500) 
Component output: pbindct,clock,L4J3 Z (x = 1238.300, y = 1583.750) 
Next input: inverscdct-ibindct 1 llx0,rcg 12- CP (x = 1221 500, y = 1500.000) 

Delay from root to next input: 1.350 ns 
Delay fiom compontnt input to next input: 0.348 ns 
Delay fiom component input to compontnt output: 0.345 ns 
ûelay fiom cornponcnr output to next input: 0.003 ns 
Transition time at next input: 0.161 ns 
Total load at component output: 0.193 pF 

F.8 inverse one-dimensionai binDCT chip dock tree final timing 

Report: Jtptl£înai,timing 
Design: inversebindctchip 

Clock trcc root: pbindct,clock C 
Timing Hart pin: pbindct-clock C 
Max. transition timc at Icaf pins: 0.830 ns 
Min. insertion delay to Ieaf pins: 1.337 ns 
Max. insertion delay to leaf pins: 1.350 ns 
Man skew between leaf pins: 0.013 ns 



Appendix G 

The two - Dimensionai binDCT RTL description 

6 1  The 8x8 two-diiensional binDCT chip RTL description 

This RTL description is a starting point for the realization of a 2-D binDCï chip prior to folding 

transformation being implementcd. 

// HDL description of the 8x8 2-D binDCT-B 
// A nonnalized version, using a scde of sqrt('JN), where N=8. 
II Created by: Tracy Franklin 

'timescalt 1 ns/lOps 
module dct2dchip (data-in, row-addrcss, column,address, data-input-enable, s~rial~clock, 
paraIlel-ciock, bindct-clock, uanspose,clock, out,cIock, data-out); 

input [7 :O] data-in; 
input [2:0] row-address, column,addrcss; 
input data-input-cnable; 
input serial-dock, parailel-dock, bindct-clock, transpose-dock, out-clock; output [11:0] data-out; 

wirc [7:0] data-in-top; 
wire [20] row,addrcss,top, column,address,top: 
wire data,input,cnablc,top; 
wire scria1,cloc k-top, paraIlel-ctoc k-top, bindc t,clock,top, transposc,cloc k-top, out-clock-top; 
wire [ l 1 :O] data-out-top; 

bindct-2d dct2 (data-in-top, row-address-top, column,addrcss,top, data-input-enablc-top, 
serial-dock-top, parallel-clock-top, bindct,clock,top, üanspose,clock,top, out-dock-top, 
data-out-top); 

PD1 Nin0 ( .C(data,in,top[O]), .PAD(data,in[O])); 
PD1 pdin 1 ( .C(datajn-top[l]), .PAD(data-in[ l ])); 
PD1 pdin2 ( .C(dara,in-top[Z]), .PAD(dataJn[2])); 
PD1 pdin3 ( .C(data,in,top[3]), .PAD(data,in[3])); 
PD1 @in4 ( .C(data,in,top[4]), .PAD(dataJn[4])); 
PD1 @in5 ( .C(data,in,top[S]), .PAD(data,in[S])); 
PD1 pdin6 ( .C(damjn,top[6]), .PAD(data,in[6])); 
PD1 @in7 ( .C(daia,in,top(7]), .PAD(data,in[7])); 
PD1 prao ( .C(row,address,top[O]), PAD(row-address[O])); 
PD1 pral ( .C(row,addrtss~op[l]), .PAD(row,addrcss[l])); 
PD1 pra2 ( .C(ro w,addrtss,top[2 J), .PAD(row_address[2])); 
PD1 pca0 ( .C(column,address,top[O]), .PAD(column,address[O])); 
PD1 pcal ( -C(column,addressesstop[l]), SAD(column,addnss[l])); 
PD1 pca2 ( .C(column,addrcss,top(2]), P~(columnCaddress[2])); 
PD1 pwe ( .C(data,input-enablc,iop), .PAD(data,input-enabk)); 
PD1 psc ( -C(serial,clock,top), .PAD(scrial,clock)); 
PDI ppc ( .C(parallcl,clock,top), .PAD(paraüel,clock)); 
PD1 pbc ( .C(bindct,clack,top), .PAD(bindct,cIock)); 
PD1 ptc ( .C(transpose-ciockrop), SAD(transp0se~clock)); 
PD1 poc ( .C(out,clock,top), .PAD(out,clock)); 



out0 ( .PAD(data,out(O 
,out 1 ( .PAD(data_out(l 
&out2 ( .PAD(data-out [2 
iout3 ( .PAD(data_out[3 
lout4 ( .PAD(dat;i_out[4 
oud ( .PAD(data_out[S 
out6 ( .P AD(data_out[6 
out7 ( .PAD(data_out[7 
out8 ( .PAD(data_out[8 
out9 ( .PAD(data,out[9 
out 10 ( .PAD(data,out[ 
out 1 1 ( .PAD(data-out[ 

module bindct-2d (data-in, row-address, colurnn,addrcss, data-input-enable, serial-dock, 
parallel-clock, bindc t-clock, transpose,cIock, out-dock, data-out) ; 

input [7:0] data-in; 
input [2:0] row-address, column-address; 
input data-input-enable; 
input serid-clock parallel,clock, bindct-clock, transpose-dock, out,clock: output [11:0] data-out: 

wire bindct,cnablc= l b 1 ; 
wire transpose-enabie= 1 b 1 ; 
wire output-enable= 1 b 1 ; 

// 64 x 8 input block 
wire [7:0] x0, xl, xî, x3, x4, x5, x6, x7; 
wire [7:0] x8, x9, x10, XI 1, xl2, x13, x14, x15; 
wire [7:0) x16, x 17, x18, x19, x20, x21, x22, x23; 
wire [7:0] x24, x25, x26, x27, x28, x29, x30, x3 1; 
wire [7:0] x32, x33, x34, x35, x36, x37, x38, x39; 
wire [7:0] x40, x41, x42, x43, x44, x45, x46, x47; 
wire [7:0] x48, x49, x50,x51, x52, x53, x54, x55; 
wire [7:0] x56, x57, xS8, x59, x60, x61, x62, x63; 

// 64 x 10 ro w-wise tram formcd bloc k 
wirc [9:0] y0, yl, y2, y3, y4, y5, y6, y7; 
wirc [%O] y8, y9, y10, y1 1, y12, y13, y14, ylS; 
wirc [9:0] y16, y17, y18, y19, y20, y21, y22, y23; 
wirt [9:0] y24, y25, y26, y27, yZ8, y29, y30, y3 1 ; 
wirt [9:0] y32, y33, y34, y35, y36, y37, y38, y39; 
wire [9:0] y40, y4 1, y42, y43, y44, y45, y46, y47; 
wire [%O] y48, y49, y50, y5 1, y52, y53, yS4, y55; 
w k  [9:0] y56, y57, y58, y59, y60, y61, y62, y63; 

wire 
wirt 
wirt 
wirt 
wirc 
wire 
wirc 
wire 

[9:0] wû, wl, w2, w3, w4, w5, w6, w7; 
[9:0] w8, w9, w10, wll, w12, w13, w14, wlS; 
[9:0] w16, w17, w18, w19, w20, w21, w22, w23; 
[9:0] w24, w25, w26, w27, w28, w29, w30, w31; 
f90] w32, w33, w34, w35, w36, w37, w38, w39; 
[9:0] w40, w41, w42, w43, w44, w45, w46, w47; 
[9:0] w48, w49, w50, d l ,  w52, w53, w54, w55; 
[9:0] w56, w57, w58, w59, w60, d l ,  w62,w63; 

11 64 x 12 column-wisc m o r m c d  block 



wire (1 1:0] zO,zl, 22,23,24,zS, 26.27; 
wire [ll:O] 28, B, z10,211,212,213,z14, 215; 
wire (1 1:0] zl6,zl7,tl8,zl9,22O, 221,222,223; 
wire (1 1:OJ z 2 4 , ~ 2 5 , ~ 2 6 , ~ 2 7 , ~ 2 8 ,  z29,230,23 1 ; 
wirt [l l:O] 232,233,234, z3S ,z36 ,~37 ,~38 ,~39 ;  
wire [1 l:o] ~40,~4I,z42,~43,~44,~45,~46,~47; 
wire [1 l:O] 248,249, z50, tS 1,252,253,254, z5S; 
wire f 11:0] 256, i57, z58,259,260,261,262,263; 

/ /64  x 12 
wire [11:0 
wirc [ I l  :O 
wire [11:O 
wire [11:0 
wire 11 1 :O 
W h  [1 l:O 
wire [1 1:O 
wire [1 1:O 

wire [2:0] rowadd0, rowaddl, rowadd2, rowadd3, rowadd4, rowadd5, rowadd6, rowadd7; 

wirt [2:0] coladdo, coladd 1, coladd2, coladd3, coladd4, coladd5, coladd6, coladd7; 

Il Input the 64 &bits data serially, 
Il thcn transmit in parallei f o m  to 8 bindct blocks 
S-p-input spin0 (dakin,  row-addnss, column,address, dala,input,tnable, serial-clock. parailel-clock, 
rowadd0, rowadd 1, rowadd2, rowdd3, rowadd4, rowadd5, rowadd6, rowadd7, xO, x 1, .x2, x3, x4, x5. x6, 
x7, x8, x9, x10, XII ,  x12A3 ,  x14, xl5, x16, x17, x18, x19, xî0, x21, x22, x23, x24, x25, x26, x27, x28, 
x29, x30, x31, x32, x33, ~ 3 4 . ~ 3 5 ,  x36, x37, x38, x39, x40. x41, x42, x43, x44, x45, x46, x47, x48, x49, 
x50, f i l ,  x52, x53, x54, x55, x56, x57, x58, x59, x60, x61, x62, x63); 

// row-wise transfomi of 8 x 8 block 
bindct8 binO (xO, xl. x2, x3, x4, x5, x6, x7,bindct,clock, , bindct-cnable, yO, yl ,  y2, y3, y4, y5, y6, y7); 
bindct8 binl (x8, x9, x10, XI 1, x12, x13, x14, xl5,bindct,clock, , bindct_cnable,y8, y9, y10, y1 1, y12. 
y13. y14, y l 9 ;  
bindct8 bin2 (x16, x17, x18, x19, x20, QI, x22, x23,bindct,clock, , bindct-enable, y 16, y17, y18, y19. 
y20, y21, y22, ~ 2 3 ) ;  
bindct8 bin3 (x24. x25, x26, x27, x28, x29, x30, x3l,bindct~clock, , bindct-enable, y24, y Z ,  y26, y27, 
y28, y29, y30, y3 1 ); 
bindct8 bin4 ( 6 2 ,  x33, x34, x35, x36, x37, x38, x39,bindct,clock, , bindct-enable, y32, y33, y34, y35  
y36 y37, y38, y39); 
bindct8 bin5 (x40, x41, x42, x43, x44, x45, x46, x47,bindct,clock, , bindct-enable, y40, y41, y42, y43, 
y 4 4  y45, y46, y47); 
bindct8 bin6 ( ~ 4 8 ,  x49, x50, xS 1. x52, x53, x54, x55,bindct-clock, , bindc-nable, y48, y49, ySO, y5 1, 
y529 yS3, y54, y53; 
bindct8 bin7 ( ~ 6 6 ,  ~ 5 7 ,  x58, x59, xdO, x61, x62, x63,bindct-clock, , bindct-enable, y56, y57, y58, y59, 
y60, y61, y62, ~63); 



y62, y63, transpose-enable, bindct-clock, transpose,clock, rowadd0, rowadd 1, rowaddZ rowadd3, 
rowadd4, rowadd5, rowadd6, rowadd7, coladdo, coladdl, coladd2, coiadd3, coladd4, coladd5, coladd6, 
coladd7, wO, wl, w2, w3, w4, w5, w6, w7, w8, w9, w10, wlt ,  w12, w13, wl4, wlS, w16, w17, wi8, ~ 1 9 ,  
w20, a l ,  w22, w23, w24, w25, w26, w27, w28, w29, w30, w31, w32, w33, w34, w35, ~ 3 6 ,  ~ 3 7 ,  ~ 3 8 ,  
~39, w40, w41, w42, w43, w44, ~ 4 5 ,  ~ 4 6 ,  ~ 4 7 ,  ~ 4 8 ,  ~ 4 9 ,  ~ 5 0 ,  ws1, W52, ~ 5 3 ,  W54, ~ 5 5 ,  d6, ~ 5 7 ,  
w58,w59, w60, w6 1, w63, ~ 6 3 ) ;  

// column-wise transforrn of 8 x 8 block 
bindctl0 bin8 (wO, w 1, w2, w3, w4, w5, w6, w7,bindctclock, , bindct-enablc, 20, z 1, t2, t3,z4, z5,26, 
z7) ; 
bindctl0 bin9 (w8, w9, wlO, wl 1, w12, w13, w14, wl5,bindct-clock , bindct-enable. 28, ~9,210,  211, 
z12,213,~14,zlS); 
bindctl0 bin1O (w16, w 17, wi 8, w 19, w20, w21, w22, w23,bindct,clock , bbindct-ensiblc, z16,z17,zlS, 
zi9,220,221,222,fl); 
bindctlO binl 1 (w24, w25, w26, w27, w28, w29, w30. w3l,bindct,clock, , bindct-enable, 224,225,226, 
z27,~28,229,~30,~31);  
bindctl0 binl2 ( w32, w33, w34, w35, w36, w37, w38, w39,bindct-cIock. , bindct-enable, 232,233,234, 
235,236,237,238,239); 
bindctlO bin 13 ( w40, w41, w42, w43, w44, w45, w46, w47,bindct,cIock, . bindct-enable, z40,z4 1,242, 
243, z44 ,~45 ,~46 ,~47) ;  
bindctlO binl4 (w48, w49, w50, w51, w52, w53, w54, w55,bindct,clock, , bindct-enable, 248,249. zSO, 
u'l,z52,z53,254, z55); 
bindctlO bin1S (w56, w57, w58, w59, w60, w61, w62, w63,bindct,ciock , bindct-enable, 256,257,258, 
z59,260,26 1,262,263); 

endmodule 

// serial-CO-parailcl input the data 
module S-p-input (data, row,addrcss, colurnn,sddrcss, write-enable, serial-clk, parailel-clic, rowadd0, 
rowaddl, rowadd2, rowadd3, rowadd4, rowadd5, rowadd6, rowadd7, xO, XI, x2, x3, x4, xS, x6, x7, x8, x9, 
x10, x l l ,  x12, x13, x14, xlS, x16, x17, x18, x19, x20, x21, x22, x23, x24, x25, x26, x27, x28, x29, x30, 
x31, x32, x33, x34, x35, x36, x37, x38, x39, x40, x41, x42, x43, x44, x45, x46, x47, x48, x49, xSO,xSl, 
x52, x53, x54, x55,x56, x57, x58, ~ 5 9 ,  x60, x61, x62, x63); 

input [?:O] dam; 
input [2:0] row-address, column,addmss; 
input write-enablc, serial-clk, parallel-clk; 
output [2:0) rowaddo, rowadd 1, ro wadâ2, mwadd3, rowadd4, rowadd5, rowadd6, to wadd7; 
output [7:0) xO, xl, x2,lt3, x4, x5, x6, x7; 
output [TOI x8, x9, xlO, xll, x12, x13, xl4, xl5; 



output [7:0] 
output [7:0] 
output [7:0] 
output [7:0] 
output [7:0] 
output [7:0] 

reg [%O] mem-address; 
reg [7:0] memblkl [O:63 J; 
reg [2:01 rowadd0. rowaddl. rowaddl, mwadd3. rowadd4, rowdd5, rowadd6, rowadd7; 
reg [7:0] x0, xl, x2, x3, x4, x5, x6, x7; 
reg [7:0] x8, x9, x10, xl l ,  x12, x13, xl4, xIS; 
reg [7:0] x16, xi7, xl8, x19, x20, d l ,  xt2, d 3 ;  
reg [7:0] x24, fi, xî6, x27, x28, x29, x30, x3 1 ; 
reg [f :O] x32, x33, x34, x35, x36, x37, x38, x.39; 
reg [7:0] x40, x4 1, x42, x43, x44, x45, x46, x47; 
reg [7:0] x48, x49, xS0, f i l ,  x52, x53, x54, x55; 
reg [7:0] x56, x57, x58, x59, x60, x61, x62, x63; 
wg [7:0] xO_teg, xl-reg. x2-reg. x3_reg, x4-reg, &reg, x6-reg. x7-reg; 
reg [7:01 &reg. x9-reg. x 10-reg. xl 1-reg. xl2-reg. x l 3 ~ e g .  x l 4 ~ e g .  xl5-reg; 
ng W l  x l6-reg. x 17,reg, x 1 Lreg, x 19-reg. x20-~g, x2 1 -reg, x22-reg. x23-reg; 
reg W I  x 2 4 ~ e g .  *-reg. x26-reg. x27_reg, x28-reg, x29-reg, x30-reg. x3 1-reg; 
reg 17:01 x32~egt x33-reg. ~34-reg. x35_reg, x36_rcg, x37-reg. x38-reg. x39~eg ;  
rcg [7:0] x40-reg. x4 1-reg. x42-reg. x43,reg, x44-reg, x45~eg.  x46-reg. x47-reg: 
mg [?O] ~48-reg. ~49-reg. do-reg. x5 l-reg, x5treg. x53-reg. x54~eg .  d5-reg; 
reg [7:01 x 5 6 ~ e g .  x57-reg. x58-reg. x 5 9 ~ e g .  x60-reg. x6 1-reg. x62_rcg, x63-reg; 
reg data-out-enable-l , wconuol; 

a h y s  @ (data or writc-enable or row-address or column-addrezs or serial-clk) begin 
if ( w - t ~ e n a b l e  = 1 II 1 ) kgin 
mem-addrcss = (row-address, column,address}; 
membl k 1 [rnem,address]=data; 
wconuol= -write,enable; 

end 
end 
always @ (posedge serial-clk) begin 
if (wconuol = 1 'bO) begin 
data,out,enablt,l =l b 1 ; 
xO,reg=rncmbikl [6'dO]; 
xl,reg=memblkl[6'dl]; 
x2~tg=mem blk 1 [6 'd21; 
x3,rqprnernblk 1 [6*d3]; 
~4~rcg=rnemblk1[6 'd41; 
x5~cg=mernblkl[6*dS]; 
x6,rcg=mcrnblkl[6'd6j; 
x7-reg=memblkl[6'd7]; 
x8,regrmcmbikl[6'd8']; 
x9-rcg=memblkl[6 'dg]; 
xlO,reg=mtrnblkl[6'df O]; 
xl l,rtg=memblkl[6'dll]; 
xl2,rtg=memblkl [d'd 121; 
xl3,reg=rnemblkI [6'd 131; 
xl4,reg=mcmblkl[6'd14]; 
xl5,rcg=mcmblkl[6'dl5]; 
xl6,reg=memblkl[6'd 161; 
xl7,rtg=memblkl[6'd17]; 



x 18~cg=memblk 1 [6'd 181; 
xl9,rcg=memblkl[6'd 191; 
x20,rrg=mcmbl k 1 [6'd2O]; 
x2 l,reg=mtmblkl[6'd2 11; 
x22,rcg=memblk 1 [6'd22]; 
x23-rcg=memblk 1 [6'd23]; 
x24-reg=memblk 1[6 '6241; 
x25x25reg=memblk1[6'd25]; 
x26-reg=membl k1[6 '6261; 
x27-reg=memblk 1[6 'd271; 
x28,reg=memblkl[6 'd281; 
x29,reg=memblkl[6 'd291; 
x3U~eg=memblk l[6 830 1; 
x3 1 ,reg=memblkl[6'd31]; 
x32,reg=memblk1[6'd32]; 
x33,rcg=memblkI [6 'd33J; 
x34~cg=mem blk 1 [6 'ci341 ; 
x35,rtg=memblkl[6'd35]; 
x36,rcg=memblkl[6'd36]; 
x37,reg=mcmblkl[6'd37]; 
x38,reg=memblkl[6'd38]; 
x39-reg=memblkl[6'd39]; 
x40,rcg=membl k 1 [6 WC)]; 
x41~eg=mcmblkl[6'd41); 
x42,rcg=mtmblkl(6'd42]; 
x43,reg=membI kI [6'd43]; 
x4444reg=rncmblkl f 6'd44j; 
x4S,reg=memblkl[6'd45]; 
x46,reg=memblk1[6'd46l; 
x47,reg=rncm bl k 1 [6'd47); 
x48,reg=membIk 1 [6'd48]; 
x49,reg=memblk 1 [6'd49]; 
XSO-reg=memblk 1 [6'd50]; 
x5 l,rcg=memblkl[6'd5 1); 
x52,rcg=memblk1(6'd52]; 
x53,rtg=memblkl[6'dS3]; 
x54-reg=membik 1 [6'd54]; 
xSS,reg=memblkl[6'#5]; 
x56,reg=mcmblk l[6'd56] ; 
xS7,reg=memblk 1 [6'd57]; 
x58,reg=memblkl[6'd58]; 
x59,reg=memblk 1 [6'd!59]; 
x6û60ttg=memblkl[6'd6û]; 
x6l,reg=mcrnblkl[6'd61]; 
~62,reg=mcmblkl[6 'd621; 
x63~eg=mcmblkl[6'd63]; 

end 
end 





xS2=x52,reg; 
x53=Jc53,rcg; 
xS4=x54-rcg; 
x55=x55,reg; 
x56=x56,reg; 
x57=x57,reg; 
xS8=x5 8,reg; 
xS9sx59-reg; 
x6(E=x6O,reg; 
x6 I=x6 1 -reg; 
x62=x62,re g ; 
x63=x63,reg; 

end 
end 
endmodule 

input [9:0] yO, y 1, y2, y3, y4, y% y 6  y7; 
input [9:0] y8, y9, y10, y1 1, y12, y13, y14 y15; 
input [9:0] y16, y17, y18, y 19, y20, y21, y22, y23; 
input [9:0] y24, y25, y26, y27, y28, y29, y30, y3 1; 
input [9:0] y32, y33, y34, y35, y36, y37, y38, y39; 
input [9:0] y40. y41, y42, y43, y44 y45, y46. y47; 
input [9:0] y48, y49, y50, y51, yS2, y53, y54 y55; 
input [9:0] yS6, yS7, y58, y59, y60, y6 1, y 6 2  y63; 
input data-in-enable, wtranspose-clk, ruanspose-clk; 
input [2:0] rowadd0, mwaddl, mwadd2, rowndd3, rowadd4. rowadd5. rowadd6. mwadd7; 
output [2:0] coladdo. coladdl, coladd2. coladdf. coladd4. coladd5, coladd6, colaW7; 
output [9:0] wû, wl, w2, w3, w4, w5, w6, w7; 
output (9:0] w8, w9, w10, wl 1, w12, w13, w14, wlS; 
output [9:0] w16, w17, wl8, w19, w20, w21. w22, w23; 
output [9:0] w24, w25, w26, WU, w28, w29, w30, w31; 
output [9:0] w32, w33, w34, w35, w36, w37, w38, w39; 
output [9:0] w40, w41, w42, w43, w44, w45, w46, w47; 
output [9:0] w48, w49, w50, w5 1, w52, w53, w54, ~ 5 5 ;  
output [9:0] w56, w57, w58, w59, w60, w61, w62, w63; 

reg data-out-enable-2; 
reg [2:0] ccoladd0. coladdl, coladd2. coIadd3, coladd4. coladd5. coladd6, coladd7; 
reg [9:0] wû, wl, w2, w3, ~ 4 ,  wS, w6, w7; 
reg [9:0] w8, w9, w10, wl l ,  w12, w13, w14, wf5; 
reg [9:0] w16, w17, w18, w19, w20, w21, w22, w23; 
reg [9:0] w24, w25, w26, w27, w28, w29, w30, w3 1 ; 
reg (9:0] w32, w33, w34, w35, w36, w37, w38, w39; 



always @ (data-in-enable or wtrmspose-clk or rowaddO or rowadd 1 or rowaddl or rowadd3 or rowadd4 
or rowaddS or rowadd6 or mwadd7 or y0 or y L or y2 or y3 or y4 or y5 or y6 or y7 or y8 or y9 or y 10 or 
y1 1 or y12 or y13 or y14 or y15 or y16 or y17 or y18 or y19 or y20 or y21 or y22 or y23 or y24 or y25 or 
y26 or y27 or y28 or y29 or y30 or y3 1 or y32 or y33 or y34 or y35 or y36 or y37 or y38 or y39 or y40 or 
y4 1 or y42 or y43 or y44 or y45 or y46 or y47 or y48 or y49 or y50 or y5 1 or y52 or y53 or y51 or y55 or 
y56 or y57 or y58 or y59 or y60 or y61 or y62 or y63) 
begin 
if (data,in,enablc=l b 1) kgin 

mernblk2[(rowaddOd bûûû) 190; 
memblk2[{rowadd0,3 bOû1 }]=y I; 
memblk2[{rowadd0,3 b0 10)]=y2; 
memblk2[{rowadd0,3 bO 1 1 } ]=y3: 
mcmblk2[(ro~addO$b 100}]=y4; 
memblk2[{rowadd0,3 b 10 1 }]=y5; 
mcmblU[(rowadd0,3 bl10)]=y6; 
mtmblk2[{ rowadd0,3 b 1 1 1 } ]=y7; 
memblk2[{ rowadd 1,3 b000)]=y8; 
mtmblk2[(rowadd i ,3 bOO1 }]=y9; 
memblk2[(rowaddl,3b010}]=y10; 
rnemblU[(rowadd1,3bO11 )]=y1 1; 
memblk2[{rowaddl,3bl00)1=yl2; 
memblkl[{ rowadd l,3 b 10 1 }]=y 13; 
memblk2[(rowadd 1,3b 1 10}]=y14; 
memblU[(rowaddl,3 b 1 1 1 }]=y 15; 
memb/k2[{rowadd2,3 WOo) ]=y 16; 
memblk2[{rowadd2,3'W01 }]=y 17; 
mcmblk2[{rowadd2,3W)lO}]=yL 8; 
memblkî[{rowadd2,3Wl1 }]=y19; 
memblk2[{rowadd2,3'b100)]=y20; 
memblk2[{rowadd2,3blO 1 )]=y21; 
memblk2[{rowadd2,3 b 1 10)]=y22; 
memblk2[{rowadd2,3 b 1 1 1 )]=y23; 
mcmblk2[(rowadd3,3 'bûûO}]=y24; 
memblk2[(rowadd3,3 W)O 1 } ]--y2S; 
memblk2[{rowadd3,3 W 10)]=y26; 
memblk2[(rowadd3,3b011 )]=y27; 
mcmblk2[(rowadd3,3'blOO}]=y28; 
memblk2[(rowadd3$ bl0 1 } ]=yZ9; 
memblKl[(rowadd3,3bl10}]=y30; 
memblk2[(rowadd3,3blll }]=y31; 
memblk2((mwadd4,3WXW1)]-y32; 
memblKl[{rowadd4,3'bOOl )]=y33; 



membIk2[{ro wadd4,3W 10 
memblk2[{rowadd4,3 bol1 ) 
memblk2[{rowadd4,3 b 100) 
memblk2[{rowadd4,3 b iûl ) 
mernblk2[(rowadd4,3 b l 1 O} 
memblk;)[{rowadd4,3'b 1 1 1 ) 
mernblk2[(rowaddS.3 'MXK)) 
memblk2[{rowadd5,3bOO 1 } 
mernblkS((rowadd5~3W 10) 
rnemblU[{rowaddS,3'bO11) 
mernblk2[{rowadd5,3b~OO) 
memblk2[{rowaddS,3b 10 1 ) 
mtmblk2[(rowadd5,3bi 10) 
mcmblk2[{rowaddS,3 b 1 1 1 ) 
rnemblkS[(rowadd6,3W)OO} 
memblk2[(rowadd6,3bOO I ) 
rnemblk2[(rowadd6,3WlO) 
memblk2[(rowadd6,3M) 1 I ) 
memblk2[{rowadd6,3 b 100) 
mcmblk2[{rowadd6,3 510 1 ) 
membIk2[{rowadd6,3 b 1 10) 
membIk2[{rowadd6,3 b 1 1 1 } 
memblk2[{rowadd7,3'b000) 
memblkS((rowadd7,3MW) 1 ) 
memblk2f (rowadd7.3 b0 10) 
memblk2[(rowadd7,3M)11} 
memblk2[{rowadd7,3b 100) 
mtmblk2[(rowadd7.3 bl0I ) 
memblk2[(rowadd7,3 b t 10) 
memblk2[{rowadd7,3b1I1) 

data,out,tnableJ= 1 'b0; 
wcontroI=-datajn-enablc; 

end 
end 

always 8 (posedge wtranspose-clk) begin 
if (wcontrol = I b0)begin 
data,out,enable,2= 1 b 1 ; 

wû-reg = memblk2[{rowadd0,3M300)]; 
wl-reg = membk2[(rowadd 1 ,Ybo)1; 
w2-reg = memblk2[(rowadd3,3W100)]; 
w3,reg = memblk2[(rowadd3,3b000)]; 
w4,rtg = rncmblk2[(rowadd4,3 W) 1; 
w5,reg = mernblk2[(rowadd5,3 'WOO ) 1; 
w6-reg = mcmblk2[{rowaddb3WOO}]; 
w7-reg = memblk2[(rowadd7,3Wl00)]; 
w8,reg = memblkS[[rowadd0,3 W)O I 1); 
w9,reg = memblk2({rowaddl,3WOi )]; 
w lO,reg= memblk2[{rowadd2,3Wûl}]; 
wl 1 ,reg= memblk2[(rowadd3,3 Wû 1 ) 1; 
w 12-reg= memblk2[{rowadd4,3 M)0I )]; 
wl3,ttg= memblKZ[{rowaddS,3WOl)]; 
wl4-reg= mcmblk2[[rowadd6,3MW)1)1; 
wfS-reg= mcmbik2[[rowadd73Wl)]; 
wl6,reg= memb1E[(mwadd0,3bOlO}~; 
wl7,reg= mcmblKL[(rowaddl,3üû10) 1; 



w 1 8,rcg= mcmblk2[{rowadd2,3 b0 10) ] ; 
w l9,reg= memblk2[{rowadd3,3 b0 10) 1; 
w20,rcg= rnernblk2[{rowadd4,3 bol O} 1; 
w2l,reg= memblk2[{rowadd5,3%0lO) J; 
w22_reg= membIk2[{rowadd6,3b010)j; 
w23,reg= memblk2[{rowadd7,3 %O 10) 1; 
w24,rcg= memblk2[{rowadd0,3'bO11}]; 
w25,reg= memblk2[{rowadd l,3W 1 1 ) 1; 
w26,reg= memblk2[{rowadd2,3 MI 1 } 1; 
w27_reg= memblk2[{rowadd3,3 bol 1 )]; 
w28_reg= memblk2[(rowadd4,3 'b0 1 1 } 1: 
w29_reg= memblk2[{rowadd5,3 b0 1 1 ) 1; 
w30_rtg= mcmbik2[(rowadd6,3 bO I I 1); 
w3 1-reg= memblk2[{rowadd7,3bOI 1 ) 1; 
w32_rcg= rnemblkS[(rowadd0,3 'b 1 OO)]; 
w33,rcg= memblU[(rowaddl,3 b100)]; 
w34-reg= mcmblk2[[ rowadd2,3 b 100)]; 
w35_reg= mcmblkS[(rowadd3,3 b 100}]; 
w36,reg= memblk2[(rowadd4,3 b 100) 1; 
w37_ttg= memblk2[(rowadd5,3 b l00)1; 
w38,reg- memblk2[(rowadd6,3 b l00)1; 
w39,reg= memblk2[(rowadd7,3b 100)J; 
w40-reg= memblk2[(rowadd0,3 b 101 ) 1; 
w4l,rcg= memblk2[{rowadd1,3 b 101 ) 1; 
w42,reg= memblk2[(rowadd2,3 b 101 ) 1; 
w43,reg= memblk2[(rowadd3,3 b 101 ) j; 
w44,reg= mernblk2[{rowadd4,3 b 101 13; 
w4S,rcg= memblkî[{rowadd53b 10 1 )]; 
w46,reg= mcmblU[{rowadd6,3 b 10 1 )]; 
w47,reg= mtmblk2[{rowadd7,3 b 10 1 } j; 
w48,reg= memblk2[{rowadd0,3 b 1 1 O)]; 
w49,rcg= memblk2[{rowadd 1,3 b 1 1 O)]; 
w50,reg= membIkî[{rowaddZ3 b 1 10) 1; 
wS I,reg= membIk2[(rowadd3,3b J 10)]; 
w52,rcg= mernbIkî[{rowadd4,3 b I 10)); 
w53,reg= rnemblk2[(rowadd5,3 b 1 IO)]; 
w54,reg= mcmblk2[(rowadd6,3 'b1 IO)]; 
wSS,reg= memblk2[{rowadd7,3bl10) 1; 
w56-reg= mcmblk2[{rowadd0,3 b 1 1 1 ) 1; 
w57,reg= memblk2[{rowadd1,3 b 1 1 1 )]; 
wSS,reg= memblk2[{rowadd2,3b111)]; 
w59,rcg= mernblk2[{rowaûd3,3 b 1 1 1 )]; 
w60-reg= memblk2[(rowadd4,3 bl 1 1 )]; 
w6l,reg= mtmblk2[{rowaddS,3'b 1 1 f 11; 
w62,rcg= memblk2[(rowadd6,3'bI 1 1 )]; 
w63,reg= memblk2[{rowadd7,3 bl11) 1; 

end 
end 

always @ (posedge rtranspose-clk) begin 
if ( data-out-enable-2 = I b 1) begin 
coladdo = 3 W00; 
coladdl = 3 W 1 ;  
coladd2 = 3 Ml O; 
coladd3 = 3W11; 
coladd4 = 3 b 100; 





w53 = w53,reg; 
w54 = w 5 4 ~ e g ;  
w55 = w 5 5 ~ e g ;  
w56 = w56-reg; 
wS7 = w57-reg; 
w58 = w58-reg; 
w59 = w59-reg; 
~ 6 0  = w60,reg; 
w61 = w61,reg; 
w62 = w 6 2 ~ e g ;  
w63 = w63-reg; 

end 
end 
endmodule 

// Transpose module to convert the final 64 dam poinu 
11 back ta row-wise direction. 
// Write in 64 data points, asigning to a 64x12-bit memory iuray row-wisc 
// Read out 64 data points, column-wise from the 64x12-bit memory array. 
modulctransposell (yO,yl,yZy3,y4,y5,y6,y7.y8,y9, y 1 0 T y 1 1 , y 1 2 T ~ 1 3 , ~ 1 4 , ~ 1 5 v ~ 1 6 , ~ 1 7 v ~ 1 8 T  
y19, y20, y21, y22, y23, y24 $5, ~ 2 6 ,  ~ 2 7 ,  ~ 2 8 ,  ~ 2 9 ,  ~ 3 0 ,  ~ 3 1 ,  ~ 3 2 ,  ~ 3 %  y34  ~ 3 5 ,  y36 ~ 3 7 ,  ~ 3 8 ,  ~ 3 9 ,  
y40, y41, y42, y43, y 4 4  y45, y46, y47, y48, y49, y50, y% y%, y53, ~ 5 4 ,  ~ 5 %  ~ 5 6 ,  ~ 5 7 ,  Y% ~ 5 9 ,  YM, 
y6 1, y62, y63, data-in-enable, wtranspose-clk, ruanspose,clk, rowadd0, r~wadd 1. rowadd2, rowadd3, 
rowadd4, rowadd5, rowadd6, rowadd7, coladdo, coladdl, coladd2, coladd3, cotadd4, coIadd5, coIadd6, 
coiadd7, wO, wl, w2, w3, w4, wS, w6, w7, w8, w9, wlO, w l l ,  w12, w13, w14, wIS, w16, w17, w18, w19, 
w20, w21, w22, w23, w24, WB, w26, w27, w28, w29, w30, ~ 3 1 ,  w32, ~ 3 %  ~ 3 4 ,  ~ 3 %  ~ 3 6 .  ~37, ~ 3 8 ,  
~ 3 9 ,  w40, w41, w42, w43, w44, w45, w46, w47, w48, w49, wSO, w51, w52, ~ 5 3 ,  ~ 5 4 ,  ~ 5 5 ,  Ws6, ~ 5 7 ,  
w58, w59, w60, w61, w62, ~ 6 3 ) ;  

input [ 1 1:0] yO, yl, y2, y3, y4, y5, y6, y7; 
input [ l  l:0] y8, y9, y10, y1 1. y12, y13, y14, y15; 
input [1 l:0] yl6, y17, y18, y19, y20, y21, y22, y23; 
input [ll:O] y24, y25, y26, y27, y28, y29, y30, y3 1; 
input [I  l:0] y32, y33, y34, y35, y36, y37, y38, y39; 
input [ l  1:Oj y40, y41, y42, y43, y44, y45, y46, y47; 
input (1 1:Oj y48, y49, y50, y5 1, y52, y53, y54, y55; 
input [l l:O] y56, y57, y58, yS9, y60, y61, y62, y63; 
input data-in-enable, wuanspose-clk, rtranspose-clk; 
input [2:0] rowadd0, rowadd 1, rowztdd2, rowadd3, rowadd4, rowaddS, rowadd6, rowadd7; 
output [2:03 coladdo, coladdl, coladd2, coladd3, coladd4, coladd5, coladd6, coladd7; 
output [ t  1:0] wû, wl, w2, w3, w4,wS, w6, w7; 
output (1 l:O] w8, w9, w10, wl1, w12, wi3, w14, w15; 
output [l  l:0] w16, w17, w18, w19, w20, w2 1, w22, w23; 
output [l  l:0] w24, WB, w26, w27, w28, w29, w30, w31; 
output [1 1:Oj w32, w33, w34, w35, w36, w37, w38, w39; 
output [11:0j w40, w41, w42, w43, w44, w45, w46, w47; 
output [11:0] w48, w49, w50, wS1, w52, w53, w54, wS5; 
output [11:0] w56, w57, wS8, w59, w60, w6 1, w62, w63; 

reg data,out,cnable-5; 
reg [2:0] coladdo, coladdl, coladd2, coladd3, coladd4. coladdS, coladdb, coladd7; 
reg [11:0] WO, wl, w2, w3, w4, w5, wd, w7; 
reg [Il:O] w8, w9, w10, w l l ,  w12, w13, w14, w15; 
reg [11:0] w16, w17, w18, w19, w20, w21, w2î, w23; 
rcg [11:0] w24, w25, w26, w27, w28, w29, w30, w31; 





membIk4[(rowadd4,3M)11] ]=y35; 
rnemblk4[(rowadd4,3 b 100) j=y36; 
memblk4[(rowadd4,3 b 101 } ]=y37; 
memblk4[{rowadd4,3 b 1 10)]=y38; 
memblk4[{rowadd4,3b 1 1 1 }]=y39; 
mtmblk4[(rowaddS,3 bûûû)]=y40; 
rnemblk4[(rowadd5,3b001 )]=y41; 
memblk4[(rowaddS,3 bO 10)]=y42; 
mcmbIk4[[ rowaddS,3 b0I 1 )]=y43; 
mcmblk4I: {rowaddS,3 b 100} ]=y#; 
membik4[{rowaddS,3 b1 O1 ) ]=y45; 
memblk4[{rowaddS,3 bl IO) j=y46; 
membl&4[{rowadd5,3 b i 1 t j f+7; 
memblk4f (rowadd6,3 bOûû)]=y48; 
membIk4[(rowadd6,3 bûû 1 ]]=y49; 
mcmblk4[{rowadd6,3bO iO) J=ySO; 
membIk4[(rowadd6,3b011} ]=y51; 
memblk4[(rowadd6,3b100}]=y52; 
membik4[(rowadd6$b 101 }]=y53; 
memblk4[{rowadd6,3 b 1 IO} J=y54; 
memblk4[{rowadd6,3bl11 }]=YS% 
mcrnblk4[(rowadd7,3b000)]=y56; 
mcmblk4[(rowadd7,3ùûO 1 } ]=y57; 
rncmblk4[(rowadd7,3b01O}]=y58; 
mtmblk4[{rowadd7,3W) 1 1 )]=yS9; 
mcmblk4[(rowadd7,3 b 100)]=y60; 
memblk4[(rowadd7,3 b 10 I ) ]=y6 f ; 
memblk4[(rowadd7,3 b i 10) ]=y62; 
memblk4[{rowadd7,3 b 1 1 1 )]=y63; 

data-out-ena ble,5= l 'M); 
wcontroI=-data-in-enable: 

end 

always @(posedge wtranspose-c1k) begin 
if (wcontroi = 1 'b0)btgin 
data,out,enable,5=1 b 1; 

w0-reg = mtmblk4[{rowadd0,3bOOO}]; 
wl-reg = mtmblk4[{rowadd 1.3 bûûO}]; 
w2-reg = rncm bl k4[ { rowadd2,3 bûOû} 1; 
w3-reg = membik4[{ rowadd3,3 'bOOû} 1; 
w4,reg = memblk4[{rowadd4,3 b0ûû) J ; 
w5-reg = memblk4[{rowaddS,3MX)O)]; 
w6-reg = mcmblk4E (rowadd6.3 bûûû 1 1; 
w'f-reg = membIk4[(rowadd7,3bOOO) 1; 
w8,rcg = memblk4[(rowadd0,3WO~}]; 
*-reg = memblk4[{rowadd l,3 b00 1 ) 1; 
wl0-reg= memblk4[{rowaddS$'MH)1)]; 
wl l,rcg= mmblk4[{rowadd3,3b001)]; 
w12,rcg= mmblk4[(i.owadd4,3 MiO 1 )]; 
wl3,reg= rnemblk4[(rowaâd53b001}]; 
wl4,rcg = memb!k4[{rowadd6,3 WO 1 } 1; 
wl5-reg = nicmblk4 [(rod7,3 W101) 1: 
wl6,reg= mcmblk4[(rowadd0,3bO10} 1: 
wl7,rtg= mcmblk4[(rowadd l,3M)lO)]; 
w l 8 ~ e g =  nicmblk4[{rowaddZ3WlO)]; 
wl9,reg= mcmblk4[{rowadd3,3WlO} 1; 



w20,reg= membik4[{ rowadd4,3M) 1 O)]; 
w2l,rcg= memblk4[{rowadd5,3bOlO)]; 
w22_reg= mcrnblk4[{mwadd6,3 bol O}]; 
w23,reg= memblk4[{rowadd7,3 b0 10) 1; 
w24_reg= mcmblk4[{rowadd0,3bO 1 1 ) 1; 
w2S_teg= memblk4[{rowaddl,3b011)]; 
w26_reg= membIk4[{rowadd2,3bûi 1 )]; 
w27,reg= mcmblk4E (rowadd3.3bO 1 1 )]; 
w28,reg= rnemblk4[{rowadd4,3b011) 1; 
w29,reg= rnemblk4[ (rowadd5.3 W 1 1 ) 1; 
w30,reg= memblk4[(rowadd6,3 b0 1 1 ) 1; 
w3 1-reg= memblk4[{rowadd7,3 b0 1 1 )]; 
w32_reg= rnemblk3({rowadd0,3 8 t 00) 1; 
w33,rcg= memblk4[{rowadd 1-3 b lûû}]; 
w34,reg= memblk4[{rowadd2,3 b 100)]; 
w35,reg= mcmbtk4[{rowadd3,3 b LOO}]; 
w36_reg= memblk4[{rowadd4$ b 100)]; 
w37,reg= mcmblk4[{rowadd5,3 b 100 )]; 
w38_reg= rnemblk4[{rowadd63b IOO)]; 
w39,reg= memblk4[{rowadd7,3b 100)]; 
w40,reg= memblk4[ {rowadd0,3 b 10 1 ) 1; 
w4l,reg= mcmblk4[{rowadd1,3bl01)]; 
w42_reg= memblk4[{rowadd23'blOl}]; 
w43,reg= mernblk4[(rowadd3,3 b101) 1; 
w44,reg= mcmblk4[{rowadd4,3 b 101  ) 1; 
w4S,reg= mcmblk4[{rowadd5,3b101}]; 
w46,reg= memblk4((rowadd6,3 b 10 1 ) 1; 
w47_rcg= memblk4[{ rowadd7,3 b 10 1 ) 1; 
w48,reg= mcmblk4[(rowadd0,3bl10)]; 
w49,reg= memblk4[(rowadd~,3bI 10) 1; 
w50,reg= memblk4[{rowadd2,3b 110) 1; 
w5 l,reg= memblk4[{rowadd3,3bl IO} 1; 
w52_reg= memblk4[{rowadd4,3 b 1 IO)]; 
w53,reg= memblk4[{rowadd5,3 b 1 1 O)]; 
w54,rep= mtrnblk4[{rowadd6,3'b110} J; 
w55,reg= memblk4[{rowadd7,3b 1 1 0 )  1; 
w56,reg- memblk4[{rowadd0,3 b 1 1 1 ) 1; 
wS7,reg= mcrnblk4[{rowaddl,3 bI 1 1 ) 1; 
w58_reg= mcmblk4[{rowadd23 bl11 } 1; 
w59,tcg= memblk4[(rowadd3,3bl11}]; 
wb0,reg= memblk4[{rowadd4$ bl 1 1 }]; 
w6 l,reg= mcmblk4[(rowaddS,3blll}]; 
w62-reg= mernblk4[{rowadd6,3 b 1 1 1 } 1; 
w63-reg= mcmblk4[{ rowadd7,3 b 1 1 1 } 1; 

end 
end 
al ways @ (posedgc rtranspose-cl k) bcgin 
if (data-out-cnablc-5=1 b 1) bcgin 
coladdo = 3 Wûû; 
coladdl = 3Wûl; 
coladd2 = 3W10; 
coladd3 = 3Wll; 
coladd4 = 3 b 100; 
coladdS = 3b101; 
coladd6 = 3 b 1 IO; 
coladd7 = 3bl11; 





w56 = w56-reg; 
w57 = w57-reg; 
w5 8 = w58-reg; 
w59 = w59-reg; 
w6û = w60-reg; 
w6 1 = w6 1 -reg; 
w62 = w62~eg ;  
w63 = w63-reg; 

end 
end 
endmodule 

// Prvallel to serial output module 
module p-s-output (zO,zl, z2,23,24, t5,26,27,z8,29,2lO. 211,212,~13,~14,z15, ~16,217, z18, z19, 
220,221, 2S2, t33, t24, ~25,236,227, z 2 8 . ~ 2 9 , ~ 3 0 , ~ 3 1 ,  z32,233,234,235,236,237,238,239,240,241, 
z 4 2 , ~ 4 3 , ~ 4 4 , ~ 4 5 , ~ 4 6 , ~ 4 7 , ~ 4 8 , ~ 4 9 ,  z50, zSI,z52,z53, z54, ~55,256,257, z58,z59,zbO, 261,262,263, 
row-address, column-address, data-in-enable, paralltl-clk, serial-clk, data-out); 

input [l I:0] z0, zl, 22,23,24, zS,z6,27; 
input [1 l:0] z8,z9,z10, zl l,z12,z13,214, zl5; 
input [l  t:0] ~16,217, zl8,~19,22O,~Zl,tSS,t33; 
input [ t i :O] 224,~25,2î6,227,228,z29,230,23 1 ; 
input [11:0] z32,z33,z34,z35,z36,t37,z38,z39; 
input [11:0] z40,~41,~42,~43,z44,~45,  ~46,247; 
input (1 l:0] 248,249,z50, zS1,252,253,254,z55; 
input [ 1 1:Oj 256,257,258,z59,260,~61,262, 263; 
input 1201 row-address, coIumn-address; 
input data-in-enable; 
input serial-clk, parallel,clk; 
output [ 1 1 :O] data-out; 

reg [ 1 1 :O] data-out, 2; 

integer select-out: 

flalways @ (z0or  zl orz2orz3 or24 o n 5  or26 or 27 or28 or29 or z10or 21 1 or 212 or213 or 214 or 
215 or  216 or 217 or 218 or 219 or 220 or 221 or 222 or 223 or 224 or # or 226 or 227 or 228 or 229 or 230 
or 23 1 or 232 or 233 or 234 or 235 or 236 or 237 or 238 or 239 or z40 or 24 1 or 242 or 243 or 244 or 245 or 
246 or 247 or 248 or 249 or zSO or fi 1 or 252 or 253 or 254 or 255 or 256 or 257 or 258 or 2.59 or 240 or 261 
or 262 or 263 or serial-clk) begin 
always begin 
selec t,out=7 'do; 
whilt (select-out < 7'd64) begin 
case (select,out) 
7 'do : bcgin @(posedgc serial-clk); data,out= 20; end 
7'd 1 : bcgin @(posedge serial-ctk); data,out= z 1 ; end 
7 'd2 : kgin B(posedge serial-clk); data,out= 22; end 
7'd3 : begin @(posedge seriai-clk); data,out= 23; end 
7'd4 : begin @(posedge serial-clk); datataout= 24; end 
7 *dS : bcgin B (posedge serial-cl k); data,out= 25; end 
7'd6 : begin @(posedge serial-clk); data,out= 26; end 
7'd7 : kgin  @(poscdgt senal-clk); data-out= 27; end 
7 '68 : bcgin @(poscdge seriai-clk); data,out= 28; end 
7'd9 : begin @(posedge saialalclk); data,out= 29; end 



begin @(poscdge scrial,clk); data,out= z 10; end 
begin @(posedge stria1,clk); data-out= z11; end 
begin @(posedge seriai-clk); data,out= 212; end 
begin @ (posedge serial-clk); daia_out= z 13; end 
begin 64 (posedgc serial-clk); data-out= z 14; end 
begin @(posedge seriai,cik); data,out= 215; end 
begin @(poscdge secial-clk); data-out= 216; end 
begin @ (posedge seria1,clk); datadout= xi 7; end 
begin @(poscdge serial-clk); data,out= z 18; end 
begin @(posedge serial-clk); data-out= z 19; end 

begin @(pose( 
k g i n  @(posa 
begin @(pose( 
begin @ (posec 
begin @(pose( 
begin @(posec 
begin @(posa 
kgin @(pose( 
bcgin @ (posec 
begin @(poscc 

ge seria 
ge seria 
ge seria 
ge seria 
ge scria 
ge scna 
g t  seria 
Ige seria 
ge scria 
igc seria 

k); data,out= z20; end 
k); data_ùut= 22 1 ; end 
k); data,out= 222; end 
k); data,out= 223; end 
k); data,out= 224; end 
k); data-out= 225; end 
k); data,out= 226: end 
k); data_out= 227; end 
k); data,out= 228; end 
k); data,out= 229; end 

begin @ (posedge seria1,clk); dara_out= 230; end 
begin @(posedge serial-cik); data,out= 23 1 ; end 
begin @(posedgc serial-clk); data,oui= 232; end 
begin @(poscdgt seriai-clk); data_out= 233; end 
begin @(poscdge seria1,clk); data,out= 234; end 
begin B(posedge serial-clk); data,out= 235; end 
btgin @(posedge serial-clk); data,out= z36; end 
begin @(posedge serial-clk); data,out= 237; end 
begin @(posedge serial-clk); data,out= 238; end 
begin @(postdge serial-clk); d a t u u t =  239; end 

begin @(poscdge serial-clk); data,out= 240; end 
begin @(posedge serial-clk); data_out= 24 1 ; end 
bcgin @(posedge serial-clk); data,out= 242; end 
begin @(posedge serial-cl k); data,out= 243; end 
begin @(posedge sen'a1,clk); data,out= 244; end 
begin @(posedgt scrial,clk); data_oui= 245; end 
begin @(poscdgc serial-cl k); data,aut= 246; end 
begin @(posedge seria1,clk); data-out= 247; end 
begin @ (posedge serial-clk); data,out= 248; end 
bcgin @(poscdge striai-clk); data,out= 249; end 

begin B (postdge serial-clk); dara,out= 250; end 
begin @(poscdge striai-clk); data,out= z5 1 ; end 
bcgin @(poscdge scria1,clk); data-out= 252; end 
begin @(posedge seriai-clk); data,out= 253; end 
bcgin @(posedgc seriai-clk); data,out= 254: end 
begin @(posedge scria1,clk); data,out= 255; end 
kgùi @(poscdge senai-clk); data-out= 256; end 
begin Q(posedgt seria1,clk); data,out= 257; end 

begin @(posedgt serial-clk); daia,aut= 258; end 
bcgin O (poscdgc serial-clk); data,out= 259; end 

bcgin @(poscdgt serial-clk); datp,out= 260; end 



7'661 : begin @(posedge serial-clk); data_out= 26 1; end 
7'd62 : begin @(posedge serial-clk); data,out= 262; end 
7d63 : begin @(posedge serial-clk); data,out= 263; end 

endcase 
seiect,out=select~out + 73 1 ; 

end 
end 

endmodule 

// HDL description of the 8x8 1-D binDCï-B 
// normaiized "ersion 
II Created by: Tracy Franklin 
module bindct8 (xO, xl. fi, x3. x4, x5, x6, x7, clk, reset, datajn-enable. 20, zl, L2.23,24, t5, z6, t 7 ) ;  
input [7:0] x0,xl ,x2,~3,~4,x5,~6,x7; 
input clkrcset; 
input datajn-enable; 
output [9:0] ~0,zl,22,~.3,~4,~5,~6,~7; 

wire [&O 
wire [7:0 
wire [&O 
wire (9:O 
wire [8:0 
wire (9:O 
wirc (8:O 
wire [7:0 
wire [9:0 
reg [9:0] 
reg [7:0] 

always @ (data-in-enable or xO or xl or x2 or x3 or x4 or x5 or x6 or x7 or clk) begin 
if (data-in-enable = 1 b 1) begin 
xO,in=xO; 
xl,in=xl; 
x2,in=x2; 
x3_in=x3; 
x4_in=x4; 
xS,in=xS; 
xd_in=x6; 
x7_in=x7; 
end 
end 

preadd fl (xO,in. L i n .  a n ,  x3,in, x4,in, &in, x6-in, x7-in. clk, restr, aO, al, a2, a3, a4, as. a6, a7); 
prelift f2 (a5, a6, clk. reset, b5, b6); 
midadd f3 (aO, al, a2, a3, a4, b5, b6, a7, cik, resct, CO. cl, CS, c3, ~ 4 ~ 1 5 ,  c6, ~ 7 ) ;  
postlift f4 (CO, cl ,  c2, c3, cd, CS, c6, c7, clk met, do, dl,  d2,63. d4, d5, d6, d7); 
m g e  f5 (do, dl, d2. d3, d4, d5, d6, d?, ck rcsct, CO, el ,  e2, e3, e4, e5, e6, e7); 

always @ (postdge clk or ncgedgc met) bcgin 
if (!rrset) begin 



z l d ;  
22=0; 
234; 
244:  
254; 
26=0; 
~ 7 d ;  

end 
eIse begin 

2-0; 
zI=el; 
22=e2; 
z3=e3; 
z4=e4; 
zS=c5; 
z6=e6: 
27x7; 

end 
end 
endrnodulc 

module prelift (15. a6. clk, r e ~ t .  b5, b6); 
input [7:0] a5,aii; 
input clkrtstt; 
ouput [&O] bS,b6; 

wire [6:0] templ; 
w k  @:O] temp2; 
wire [8:0] b6; 



input [IO] a4,a7; 
input clk,reset; 
output [9:01 c0,cl ,c4,c7; 
output [8:0] c2,c3 ,c.S,cd; 

add9 m 1 (aO,a3,~1k,rcset,cO); 
add9 m2 (al ,a2,clk,reset,cl); 
sub9 m3 (al ,a2,clk,rese~c2); 
sub9 m4 (aO,a3,clk,reset,c3); 
add9 m5 ({ 1 bO,a4) ,bS,clk,reset,c4); 
sub9 m6 ( {  1 'bO,a4) ,b5,clk~eset,c5); 
sub9 m7 ( { 1 'bO,a7) ,b6,clk,reset,c6); 
add9 m8 ({ 1 M),a7) ,bdclLresec,c7); 
endmodule 

module postlift (CO, cl,  c2, c3, c4, c5, c6, c7, clkresct, do, dl ,  d2, d3, d4, d5, d6, d7); 
input [9:0] cO,c l ,c4,c7; 
input [8:0j c2,c3,cS,c6; 
input clkreset: 
output [9:0] do; 
output [8:01 d4.d l,d7,dS.d2; 
output [7:0] d3,d6; 

wire [9:0] temp3; 
wirt [8:0] temp5,temp6; 
wire [7:0] ttmp7,temp9,temp 10; 
wire [&O] temp4,ttmpS; 

wire [10:0] temp20; 
wire [9:0] tcrnp2 i, tempS2, temp24, temp25, tcmp27; 
wire [8:0] temp23, temp26; 

add 10 O 1 (c0,c 1 ,clk,rescttemp20); 
1s 12 1 1 02 (temp20,clkresebtemp3); 
sub 10 03 (temp3.c 1 ,clk,rcset,tempS4); 
1s 18 1 O 04 (c7,clk,reset,temp4); 
sub IO 05 (c4,{3M)OO,temp4) ,clk+rcsct,tcmp27); 
ls349 06 (c5,clkmet,iemp5); 
sub9 07 (c6,tcmp5,clk,rcsettemp6); 
1s 1 29 08 (temp6,clk,rtset~emp7); 
add9 09 (CS, ( 1 M),temp7 1 ,clk,resetternp25); 
1s 18 10 O 10 (temp2S,clk,rtsct,tcmp8); 
sub9 O 1 1 (temp6,(2WO,temp8 } ,cIk,resct,tcmp23); 
ls389 O 12 (c3,clk,reset,temp9); 
sut19 O 13 (c2, ( 1 W,temp9) ,cl~set,tcmp26); 
ls389 O 14 (cemp26,clk,met,temp 10); 
add9 O 15 (c3, ( 1 'bû,temp 10) ,c~k,rcset,temp22); 
assign temp2 1 = c7; 



scakby-2-9 k8 (temp27,rtset.,d7); 
endmodule 

module (do. dl ,  d2, d3, d4, dS, d6, d7, clk, reset, eO, el .  e2, e3, c4, es, e6, e7); 
input [9:0] do; 
input [&O] dl ,d2,d4,dSVd7; 
input [7:0] d3,d6; 
input clkreset; 
output [9:0] e0,e 1 ,e2,e3,e4,d,e6,~7; 

dways 8 (do or d l  or d2 or d3 or d3 or d5 or d6 or d7 or rem) k g i n  
if (!reset) begin 
e W :  
e l a ;  
e2=0; 
e3=0; 
e 4 d ;  
e S d  ; 
e&=; 
e 7 4 ;  

end 
else begin 
ekd0; 
el={ 1 b0,dl); 
e2={ 1 bO,d2) ; 
e3=(2bûû,d3); 
e4=( 1 %O,d4 ) ; 
e5= { 1 bO,d5 ) ; 
e6=(2'bCKl,d6) ; 
e7= ( 1 bO,d7 ) ; 

end 
end 
endmodule 

module scale-by-2-8 (x,resec,y); 
input [8:0] x; 
input tcset; 
output [7:0] y; 

always @ (x or met) begin 
if (!rcsct) bcgin 
w; 

end 
eisc begin 
y=(x»U; 

end 
end 
endmodule 

module scale-by-2-9 (x,rescky); 
input [9:0] x; 



input reset; 
output [&O] y; 

reg [8:0] y; 

always @ (x or resct) begin 
if (!reset) begin 

y=O; 
end 
else begin 
y=(- 1); 

end 
end 
endmodule 

module scale-by-2- 10 (x,rcset,y); 
input f 10:0] x; 
input reset: 
output [9:0] y: 

reg f9:O) y; 

always @ (x or met) begin 
if (!reset) begin 

y = a  
end 
else begin 

y=(x>> 1 ); 
end 

end 
endmodule 

module add8 (x,y,clk,rcsct,surn); 
input [7:0] x,y; 
input dicireset; 
output [&O] sum; 

reg [8:0] sum; 

aiways @ (x or y or rcset) begin 
if ( !restt) begin 
sum=O; 

end 
else begin 

sum=x+y ; 
end 

end 
endmdule 

module sub8 (x,y,clk,rcsct,diff); 
input [7:0] &y; 
input clk,rcset; 
output [7:0] diff; 



always O (x or y or reset) begin 
if ( !reset) begin 

difM); 
end 
else begin 
diff=x-y ; 

end 
end 
endmodule 

module Is388 (x,cl)weset,lift); 
inpui [7:0j x; 
input clk,reset: 
output [6:0] lift; 

wire [8:0] shiftx; 
wirc (9:Oj sumx; 

reg [6:0] lift; 

assign shifw = (( 1 bO,x))<<l; 
add9 u 1 (shiftx. ( 1 W,x) ,dk,reset,sumx); 

always @ (sumx or rcset) begin 
if (!met) begin 
liftd; 

end 
else begin 
lift=(sumx»3); 

end 
end 
endmodule 

module ls589 (x,clk,rcsct,lift); 
input [&O1 x; 
input clk,rcstt; 
output [8:0] lift; 

wire [ 1001 shiftx; 
wire [ 1 1 :O] sumx; 

reg [8:0] lift; 

assign shifix = ({2WO,x))«d; 
addl 1 u2 (shiftx, (2Wû,x} ,clk,ceset,sumx): 

always 63 (sumx or rcset) begin 
if (!reset) begin 
lifi=O, 

end 
else kgin 
lifi=(sumx»3); 

end 
end 



endmodule 

module add9 (x,y,cl~sefsum); 
input [8:0] x,y; 
input clk,rcsct; 
output [9:0j surn; 

reg [9:0] sum; 

always @ (x or y or reset) begin 
if (!reset) begin 
suma; 

end 
else begin 

sum=x+y ; 
end 

end 

endmodule 

module sub9 (x,y,clicsset,diff): 
input [&O] x,y; 
input clk,restt; 
output [&O] diff; 

reg [8:0] d i e  

always @ (x or y or reset) begin 
if (!met) begin 
diff=O: 

end 
else begin 

di ff=x-y ; 
end 

end 
endmodule 

module add 10 (x,y,clk+reset,sum); 
input [9:0j x,y; 
input clIc,rcsct; 
output [IO:O] surn; 

reg [10:0] sum; 

- dways @ (xoryorrtsct)bcgin 
if (!rem) begin 

s u m a  
end 
tlsc begin 
sum=x+y ; 

end 
end 
endmodule 

module sub 1 O (x,y,cUrJcsct,diff); 
input [9:0) &y; 



input clk,reset; 
output [9:0] d i e  

reg [9:0] diff; 

always @ (x or y or reset) begin 
if (!reset) begin 

d i f fd ;  
end 
else begin 

diff=x-y; 
end 

end 
endmodule 

module add 1 1 (x,y,clk,reset,surn); 
input [ LO:Oj x,y; 
input cik,reset; 
output [ l 1 :O] sum; 

reg [ 1 l:0) surn; 

always Q (x or y or m e t )  kgin 
if (!reset) bcgin 

sum=O; 
end 
clse begin 

sum=x+y ; 
end 

end 
endmodule 

module Is 12 1 1 (x,clk,rescc.lift); 
input [ 10:0] x; 
input clk,rcsct; 
output [9:0] Iift; 

reg [9:0] Iift; 

always @ (K or met) k g i n  
if (!rem) begin 

Iift=O; 
end 
else k g i n  

Iift = (X » 1); 
end 

end 
endmodule 

module 1s 129 (x,clk,rescgli ft); 
input [&O] x; 
input cl&,mset; 
output [IO] lifi; 

reg [7:0] lift; 



always @ (x or nsec) begin 
if (!met) begin 

lifl=O; 
end 
else begin 

Iift = (X » 1); 
end 

end 
endmodule 

module 1s 18 10 (x.clk.nset,lifi); 
input [9:0] x; 
input ctkreset; 
output [6:0] lift; 

reg [6:0] Iift; 

always 8 (x or met) begin 
if (!reset) begin 

iiftdl; 
end 
else begin 

lift=(x>>3); 
end 

end 
endmodule 

module 1~349 (x,clk,rcsct,Iift); 
input [8:0] x; 
input clk,reset; 
output @:O] Lift; 

wire [9:0] shiftx; 
wirt [ 10:Ol sum; 

reg [8:0] lift; 

assign shifur=(( 1 bO,x})«l; 
add 1 O u3 (shiftx. ( 1 W,x ) .clk.rcxt.sumx); 

aiways @ (sumx or m e t )  begin 
if (!met) begin 
lift=O; 

end 
else bcgin 
Iift=(sumx qc 2); 

end 
end 
endmodule 

module 19389 (x,~lk,reset,Iifi); 
input [8:0] x; 
input cik~csct; 
output [7:0] Mt; 

wire [9:0] shiftx; 



wire [10:0] sumx; 

reg (7:0] lift; 

assign shiftx= (( 1 bO,x})« 1 ; 
add 10 u4 (shiftx, ( l W,x) ,clk,reset,surnx); 

dways @ (sumx or reset) begin 
if (!reset) begin 

lifi=û; 
end 
else begin 

lift= (sumx » 3): 
end 

end 
endmodule 

// HDL description of the 8x8 1-D binDCT-8 
// normalized version 
// Creatcd by: Tracy Frankiin 

module bindctlO (xO, xl, x2, x3, x4, x5, x6, x7, cik, reset, data-in-enable, z0, zl, 22, z3,z4,z5,26,27): 
input [9:0] x0,x 1 , x 2 ~ 3 , ~ 4 , ~ 5 , ~ 6 , ~ 7 ;  
input clk, met; 
input data-in-enable; 
output [l 1 :O] zO,zl,22,23,24,25,z6,27; 

wire [ f O:O] a0,al ,a2.a3; 
wire [9:0] a4,aS,a6,a7; 
wire [10:0] b5,b6; 
wire [11 :O] c0,c 1 ,c4,c7; 
wire [10:0] c2,c3,cS,c6; 
wire [ 1 1 :O] do; 
wire [10:0] d4,d t ,d7,dS,d2; 
wire (9:0] d3,d6; 
wire [1 l:0] eO,el,c2,e3,c4,eS,e6,t7; 
reg [ 1 1 :O] zO,z l ,z2,z3,~4,zS,z6,z7; 
reg [9:0] xO,in, xl-in, x2-in, x3-in, x4_in, x5-in, x6-in, x7-in; 
reg data-out-enable; 

aiways @ (data-in-enabIe or clk or xO or xl or x2 or x3 or x4 or x5 or x6 or x7) begin 
if (data,in,enablc==l 'b 1) begin 
xO,in=xO; 
xl,in=xl; 
x2,in=xî; 
x3 jn=x3 ;  
x4,in=x4; 
xS,in=xS; 
x6,in=x6; 
x7,in=x7 ; 
end 
end 



preadd 1 fl 1 (xO-in, xl-in, x2-in. xxin .  x4-in, x5-in. x6-in. xi-in, clk, rmt ,  aO, al. a2, a3. a4, a5, ab, 
a7); 
preliftl f21 (a5, a6, clk, reset, bS, b6); 
midaddl 0 1 (aO. al. a2, a3, a4, b5, b6, a7. clk, nset, CO. cl. c2. c3. c4. CS, c6. c7); 
postliftl f41 (CO, cl, c2, c3. c4, CS, c6, c7. clk resct, do, dl, d2, d3, d4, d5, d6, d7); 
rearrangel f5 I  (do, d 1, d2, d3, d4, d5. d6, d7, clk resct, eO, el. eZ e3, e4, es, e6, e7); 

always @ (posedge clk or negedge ceset) k g i n  
if (!=set) begin 
z0=0; 
z1d ;  
22=0; 
z3=0; 
z4=0: 
d=O;  
z6=0; 
z7=0; 

end 
else begin 
zO=eO; 
21=el; 
zî=e2; 
z3=e3; 
z4=c4; 
w'=e5: 
z6=e6; 
z7=t7; 

end 
end 
endmodule 

module preaddl @O, XI, ~ 2 ,  x3, x4, ~ 5 ,  ~ 6 ,  x7, clk. met, aO, al. a2, a3, a4, 6, ad, a7); 
input [9:0] x0,x 1 ,x2,~3,x4,~5;r6,~7: 
input clk,resct; 
output [IO:OJ a0,aI ,a2,a3; 
output [9:0] a4,aS,ad,a7; 

add8 1 re l (xO,x7,clk,reset,a0); 
add8 1 rc2 (x 1 ,x6,clk,resct.al); 
add8 1 rc3 (x2,x5,clk,resct,a2); 
add8 1 rc4 (x3,~4,clk,rcseta3); 
sub8 1 re5 (x3,x4,clk,restt,a4); 
sub8 1 re6 (x2,~.5,clk,reset,aS); 
sub8 1 rd (x 1 ,xd,cIk,reset,a6); 
sub8 1 rt8 (x0,x7,clk,rcstt,a7); 
endmodule 

module prelifi l (as, ad, clk, met, b5, b6); 
input [9:0] a5,ab; 
input cIQeset; 
output [10:0] b5.M; 

wire [8:0] temp 1; 
wire [1 &O] temp2; 
wite [lO:O] b6; 



endmodule 

module midaddl (aO, al, a2, a3, a4, bS, b6, a7, clic. reset, CO, cl, c2, c3, c4, CS, c6, c7); 
input [ 10:0] aO,a 1 ,a2,a3,bS,bb; 
input [9:0] a4,a7: 
input clkjcset; 
output f 1 1 :O] cO,c 1 ,c4,~7; 
output [ 10:0] c2,c3,cS,c6; 

add9 1 ma 1 (aO,a3,cik,reset,cO); 
add9 1 ma2 (al ,a2,clkreset,c 1); 
sub9 1 ma3 (al ,a2,clk,reset,c3); 
sub9 1 ma4 (aO,a3,clk,reset.,c3); 
add9 1 ma5 ({  1 M),a4),bS,clk,rcset,c4); 
sub9 1 ma6 ( {  1 W,a4},b5,cik,reset,c5); 
sub9 1 ma7 ( {  1 bO,a7} ,b6,clk,reset,c6); 
add9 1 ma8 ({  1 M,a7},b6,clk,rcset,c7); 
end module 

module postliftl (CO, cl ,  c2, c3, c4, CS, c6, cf, clkrcset, do, dl, 0, d3, d4, d5,d6, d7); 
input [1 1 :O] cO,cl,c4,c7; 
input [10:0] c2,c3,cS,c6; 
input clk,reset; 
output [ l  1 :O] do; 
output [lCkO] d4,d l ,d7,dS,d2; 
output [9:0] d3,d6; 

wire 11 1 :O] temp3; 
wirc [10:0] tcmp5,tempd; 
wire [9:0) temp7,temp9,temp 10; 
wire [&O] temp4~emp8; 

wire [120] ump20; 
wire [ I l  :O] temp21, temp22, temp24, temp25, tcmp27; 
wire [ 10:0] temp23, tcmp26; 

add 101 01 1 (cO+cl ,cllc,tcscc,tcmp20); 
ls 12 1 1 1 012 (temp20,clk~esct,temp3); 
sub 101 013 (temp3,c 1 ,cik,resc~tcrnp24); 
h l8  101 014 (c7,cl~sct,tcmp4); 
sub 10 l 015 (c4, (3M)OO,ternp4 ,clk,resct,temp27); 
Is349 1 016 (cS,clk,reset,tempS); 
sub9 1 017 (c6,icmp5,clk~eset,temp6); 
1s 129 1 018 (iemp6,cl~et~emp7);  
add9 1 019 (d,{ 1 W),temp7 1 ,clkresc&tcmp25); 
is18 10 1 0110 (~rnpSS,cUr,reset,temp8); 
sub9 1 01 I l  (te@, {2WO,itmp8 ) ,clk,nset,tcmp23); 
ls3891 01 12 (c3,cl~set,tcmp9); 
sub9 t 01 13 (a[ 1 M),tcmp9) ,clk,rcsct,temp26); 
k389 1 01 14 ( t c m p 2 6 , c ~ t , t c m p i  O); 
add9 1 0115 (c3,{ 1 M),tcmp 10) ,cîk,reset,temp22); 



scale-by-2-10 1 ks 1 (tempZO,reset,dO); 
scale-by-2-9 1 ks2 (temp2 1 ,reset,d 1); 
scale-by-2-9 1 ks3 (tcmp22,reset,d2); 
scale-by-2-8 1 ks4 (temp23,reset,d3); 
scale-b y-2-9 1 ks5 (temp24,reset,d4); 
scaie-b y-2-9 1 ks6 (temp25,reset,dS); 
scaie-by-2-8 1 ks7 (temp26,reset,d6); 
scak-by-2-9 1 ks8 (temp27,reset,d7); 
endmodule 

module rearrangel (do, d l ,  dZd3 ,  d4, dS, 36, d7, ctk, reset, eO, el, e2, e3, e4, es, e6, e7); 
input [ 1 1 :O] do; 
input [ 10:0] d l,dS,d4,d5,d7; 
input [9:0] d3,d6; 
input clkresct; 
output [ 1 l :O] e0.e 1 ,e2,e3,e4,e5,e6,e7; 

dways @ (do or dl  or d2 or d3 or d4 or dS or d6 or d7 or reset) begin 
if (!met) begin 

eO=O: 
e 1 =û; 
e2=0; 
e3=0; 
e 4 d ;  
cS=O; 
e6-3; 
e7=0; 

end 
else begin 
eû=dO; 
cl={ 1 'b0,dl); 
e2={ 1 W,d2) ; 
e3={2Wû,d3 } ; 
c4={ 1 M),d4); 
es={ 1 bO,d5}; 
c6={2 bOO,d6) ; 
e7= ( 1 W,d7 ) ; 

end 
end 
endmodule 

module scale-b y-2-8 1 (x,rtset,y); 
input [20:0] x; 
input rem; 
output [9:0] y; 

aiways @ (x or rem) bcgin 
if ( b t )  begin 
y=o; 

end 



else begin 
y=(x»l); 

end 
end 
endmodule 

module scde-by-2-9 1 (x,reset,y); 
input [ l  l:0] x; 
input reset; 
output [10:0] y; 

reg [ 10:0] y; 

always @ (x or reset) begin 
if (!reset) begin 
y=O; 

end 
else begin 

y=(- 1 ); 
end 

end 
endmodule 

module scale-b y-2-10 1 (x,reset,y); 
input [12:0] x; 
input reset; 
output [ l  l:0] y; 

reg [ll:Oj y; 

dways @ (x or reset) begin 
if (!reset) begin 

y=O; 
end 
else begin 
y=(- 1); 

end 
end 
cndmodule 

module add8 1 (x,y,clkreset,swn); 
input [9:0] x,y; 
input clk,rtsct; 
output [ 10:0] sum; 

reg [100] mm: 

always @ (x or y or met)  bcgin 
if (keset) begin 
sum=û; 

end 
tlsc begin 
sum=x+y ; 

end 



end 
endmodule 

module sub8 1 (x,y,clk,resct,diff); 
input [9:0] x,y; 
input cIlreset: 
output [9:0) diR 

reg [9:0] diff; 

always @ (x or y or met) begin 
if (!reset) bcgin 
d i f fd ;  

end 
else begin 

diff=x-y ; 
end 

end 
endmodule 

module 1~388 1 (x,clk,reset,lift); 
input [9:0) x; 
input clkreset; 
ouiput [8:0] Iift; 

wirc [ 1 O:0] shiftx; 
wire [ 1 1 :O] sumx; 

reg [&O] Iift; 
reg [ 1 1 :O] temp; 

assign shiftx = ({ 1 'bO,x))<<I; 
add9 l u 1 (shiftx,{ 1 M ) , K ) , c ~ ~ , ~ c s ~ ~ , s u ~ ) ;  

always @ (surnx or nscr) begin 
if (!met) begin 
lift=O; 

end 
else begin 
temp=(surnx»3); 
lift=temp[8:0]; 

end 
end 
endmodule 

modul c lsS89 1 (x,cik,reset,lifi); 
input [10:0] x; 
input clkrcset; 
output [100] lifi; 

wire [12:0] shiftx; 
wire [13:0] sumx; 

reg [ 1 O:O] Iifi; 
reg [13:0] tcmp; 



assign shifw = ({2'b00,~))«2; 
add 1 11 u2 (shifu<,{2bOO,x) ,clkrese~sumx); 

always @ (sumx or rcsct) begin 
if (!=set) begin 
lift=O; 

end 
else begin 
temp=(sumx»3); 
lifi= temp[10:0]; 

end 
end 
endmoduie 

module add9 1 (x,y,cl)Gresec,sum); 
input [10:0] x,y; 
input clk,reset; 
output [ 1 1 :O] sum; 

reg [ 1 1 :O] sum; 

always @ (x or y or reset) begin 
if (!reset) begin 
s u m a ;  

end 
else begin 
sum=x+y; 

end 
end 

endmodule 

module sub9 1 (x,y,clk,resct,diff); 
input f 10:O) x,y; 
input clk,resct; 
output [10:0] diff; 

reg [10:0] diff; 

always @ (x or y or rtstt)  begin 
if (!ceset) begin 
difM); 

end 
else begin 
dikx-y; 

end 
end 
endmodule 

module add 10 1 ( x , y , c l ~ ~ ) ;  
input [ 1 1 :O] x,y; 
input clk~~set; 
output [12:0] mm; 

reg [12:0] sum; 



always @ (x or y or rcset) begin 
if (!met) begin 
sum-i); 

end 
else begin 

sum=x+y ; 
end 

end 
endmodule 

module sub 10 1 (x,y,clk,reset,diff); 
input [ 1 !:O] x,y; 
input clk,reset; 
output [ 1 1 :O] di& 

reg [ 1 1 :O] diff; 

always @ (x or y or m e t )  begin 
if ('nsct) bcgin 

di ff=O; 
end 
elsc bcgin 

di ff=x- y; 
end 

end 
endmodule 

module addl 1 1 (x,y,clk,reset,surn); 
input [ IZ:O] x,y; 
input clk,rtsct; 
output [ l3:0] sum; 

reg [13:0] sum; 

always @ (x or y or reset) begin 
if (!rem) begin 

sum=û; 
end 
else begin 

sum=x+y ; 
end 

end 
endmodule 

module ls12111 (x,clk,rcset,lifi); 
input [12:0] x; 
input clk,rescr; 
output [ 1 1:O) lifi; 

reg [l I :O] lifi; 
reg [12:0] temp; 

aiways @ (x or rtsct) kgin  
if ( b t )  begin 
li W; 

end 



else begin 
temp = (x » 1); 
lift = temp[Il:O]; 

end 
end 
endmodule 

module Is 129 1 (x,clk,reset,lift); 
input [10:0] x: 
input clk,reset; 
output [9:0] lift; 
reg [10:0] temp; 
reg [9:0j lifi; 

aiways @ (x or r a t )  bcgin 
if (!reset) begin 

I i M ;  
end 
cise begin 

tcmp = (x >> I ); 
lift = tcrnp[9:0]; 

end 
end 
endmodule 

module 1s 181 0 1 (x,clk,reset,lift); 
input [ 1 1 :O] x; 
input cik,reset; 
output [8:0] lift; 
reg [ 1 1 :O] temp; 
reg [&O] Iift; 

always @ (x or m e t )  begin 
if (!reset) bcgin 

li fi=& 
end 
else begin 

temp=(x»3); 
lifi=ternp[8:0]; 

end 
end 
endmodule 

module ls349 1 (x,clk,resct,lifi); 
input [10:0) x; 
input clk,reset; 
output [lO:O) lift; 

wire [11:0] shif'tx; 
wirc [12:0] s u m ;  

reg [ 1201 temp; 
reg [IO:O] Iifk 



aiways @ (sumx or reset) begin 
if (!reset) begin 

lifi=O; 
end 
else begin 
temp=(surnx « 2); 
lift=ttmp[10:0]; 

end 
end 
endmodule 

module 1~389 1 (x,clk,reset,lift); 
input [IO:O] x; 
input clk,rcset; 
output [9:0] lift; 

wire [ 1 1 :O] shiftx; 
wire [ 12:0] sumx; 

reg (1201 ternp; 
reg [9:0] lift; 

assign shiftx= ({ 1 ùû,x))« 1 ; 
add 101 u4 (shiftx, ( 1 b0.x) ,c~k+rwetsumx): 

aIways @ (sumx or resct) begin 
if (!reset) begin 
lifta: 

end 
clst begin 
temp= (sumx » 3); 
Iift=temp[9:0]; 

end 
end 
endmodule 

6.2 The test bcnch for the 2-D binDCT chip 

'timcscalt 1 ns/lOps 
module stimulus,bindct-2d 0; 
reg [7:0] data-in; 
reg [2:0] row-addrcss; 
reg [2:0] column-address; 
rcg data-input-enable; 
reg serial,clock; 
reg bindct-clock; 
reg paraIlel-dock; 
reg transpose-clock; 
mg out,dock: 
wire [ 1 1 :O] data-out; 

// RTL -1cv~l 
dcddchip testctl (dam-in, row-address, coiumn-address, data-input-enable, serial-clock, parallel,clock, 
bindct,cIock, transpose-clock, out-clock, dakout); 



// Gate -level 
I/ dct2dchip tester2 (data_in[O], data,in[I 1, data,in[2], data_in[3], data,in[4], data-in[S], datatain[6], 
data,in[7], row,address[O], row,address[l], row,address[2], column,address[0], column,address[l], 
column-address[2], data-input-enable, serial,clock, parailel-dock. bindct-clock, uanspose,clock, 
out-clock, data-out[O], data,out[l], data,out[2], data,out[3], data-out[4], dat;r,out[5], data,out[6], 
datri_out[7], data-our[B], data_out[9], data-out[lO], data,out[ll]); 

initiai 
begin 

seriai,cIock = 0; 
bindct-clock = 0; 
parailei-dock = 0; 
transpose-clock = 0; 
out-clock = 0; 

#16500 $finish; 
end 

always #IO serial-clock = -serial,clock; 
always #1500 bindct-dock = -bindct,clock; 
always # lSû0 parailel,clock = -parallel,clock; 
always # 1500 tmspost,c~ock = -transpose-clock; 
always # 1 out,clock = -out,clock; 

initial begin 
#20 data-input,enabk=i b 1 ; 
#20 row_addrcss=3'dO; column,address=3'dO; data,in=8'dS55; 

$20 row,addrcss=3'dû; colurnn,address=3'd 1 ; data_in=S'd255; 
#20 row,address=3 'do; coIumn,address=3'd3; data,in=S'd255; 
#20 ro w_addrcss=3 'do; coIumn,address=3 'd3; data,in=S 'd255; 
#20 row,addrcss=3'dO; column,address=3 W; data,in=8'd255; 
#20 row-address=3'dO; colmn,address=3*dS; dal;r,in=8'd255; 
#20 row,addrcs.-3'dO; column,address=3 'd6; data,in=8 'd2SS; 
#20 row_address=3 'do; column,address=3 'd7; dataJn=S ' d X S ;  
#20 row,address=3'd l ; column,address=3 'do; data,in=8 'dîSS; 
#20 row,addrcss=3 'ci 1 ; colmn,addrtss=3'd 1 ; data,in=8 'do; 
#20 ro w_address=3 'd 1 ; column,address=3 'd2; data,in=8 'd255; 
#20 row_address=3 'ci 1 ; column,address=3 'd3; data,in=8'dO; 
a 0  row,address=3 'd 1 ; column,address-3W; data_in=8'd255; 
#20 row,addrcs.-3 'd 1; column,addrtss=3'd5; data,in=8'dO; 
n20 rowaddress-3 'd 1; column,addrtss=3'd6; data,in=8'd255; 
#20 row,address=3 'd 1 ; coIurnn,address=3 'd7; data,in=8 'do; 
#20 row,addrtss=3'd2; column,address=3'dû; data,in=8'dO; 
#2û row,address=3'd2; column,addrcss=3 'dl ; data,in=8 'dîSS; 
n20 row-addresc-3 'd2; column,addrcss=3 'd2; datajn-8 'do; 
#20 row,addrcss=3 'd2; column,address=3'd3; data-h=8 'd2SS; 
#20 row,address=3 'd2; column,addrcss=3'd4; data,in=8 'do; 
U20 row_address=3 'd2; column,addrcss=3*d5; data,in=S'd255; 
#20 row,addresç=3 'd2; column,address=3'd6; data,in=8'd0; 
#20 row,addms=3 'd2; column,addrcss=3 'd7; data,in=8 'd2.55; 
#20 row,addttss=3 'd3; cotumn,addrtss=3 'do; data,in=8*d255; 
#20 row-address=3 U3; column,addrtss=3'd 1; dara,in=8'd255; 
#!20 row,addm~=3'd3; coiumn-addrcss=3'd2; data,in=8 'd255; 
#20 row~ddress=?'d3; column,addrcss=3 'â3; data,in=% 'd2SS; 
#ZO row,add1zss=3'd3; columiladdfe~~=3 'd4; dataein=8'd0; 
WLO rowWaddress=3'd3; column,addres=3'd5; data,in=S'dû; 





#20 row,addrcss=3'd2; column-address=3'd!5; data9in=8'd255; 
#20 row-address3 'd2; column,address=3'd6; datajn=8 'd25S; 
JnO row-address3 'd2; column-address=3'd7; data_in=8 'd255; 
#ZO row,address=3 'd3; colurnn-address=3'dO; datajn=8 'd25S; 
#ZO row-address3U3; column,address=3'd 1 ; datajn=8 'd2S5; 
#20 ro w-address=3 'd3; column-addr-3 'd2; data,in=8 'd2SS: 
#20 row,address=3 'd3; colurnn,address=3'43; data,in=8 'd2S; 
#20 row-address=3 33; column,address=3 'd4; data_in=8 'd255; 
#20 ro w-addrcss3 13;  colwnn-address=3 'd5; data_in=8 'd2S5; 
#20 row_address=3 'd3; column_address=3'd6; data,in=8 'd255; 
#2O row,address=3'd3; column,address=3'd7; data,in=8'd255; 
#20 row,address=3'd4; column-address3 'do; daca_in=8 'd2SS; 
#20 row,address=3'd4; column-address=3'd 1; data,in=8 ? E S ;  
#20 row,address=3'd4; column-address=3'd2; data_in=8'd255; 
#20 row,address=334; column-address=3'd3; data,in=8'd255; 
#20 ro w-address=3 'd4; column-address=3 'd4; data,in=8 'd2SS; 
#20 ro w-addrcss=3'd4; colunui-addrcss=3 '6; data,in=S'd255; 
#20 row,address=3 'd4; column-address=3 'd6; data_in=8 'd2SS; 
#20 row,address=3 'd4; column-addrcss=3 'd7; data,in=S 'd255; 
#20 row-address3 'dS; column-ad&--3 'do; data_in=8 'd2SS; 
#20 row,address=3 'dS; column,address=3 'd 1 ; data,in=B 'dW5; 
#20 row,address=3 *a; coIumn-address=3'd2; data,in=S 'd255; 
#20 row,address=3'd5; column,addrcss=3*d3; datatain=8'd25S; 
IC20 row_addrcss=3 'd5; column-addrtss=3'd4; data,in=8 'd2SS; 
#20 row,address=3*d5; coIumn_address=3'dS; data_in=8'd255; 
#20 row,address=3 'd5; coIumn,address=3'd6; data,in=8 'd2SS; 
#20 row,address=3 'd5; coiumn-addrcss=3 'd7; data,in=8 'dîS5; 
lt20 row_address=3 16; column-address~3'dO; datatain=8 'd2SS; 
#20 row,addrcss=3'd6; column,address=3'd t ; data,in=8 'd2SS; 
#20 row,address=3 'de; colurnn,address=3 'd2: data_in=8 'd255; 
#20 row,address=3 'd6; column-address=3 'd3; data,in=8 '425% 
#20 tow,address=3 'd6; column-addrtss=3 'd4; darri,in=8 'd255; 
tt20 row,addrcsç=3 'd6; column,address=3 85; data,in=8 'd2SS; 
#20 row,addrcss=3'd6; column,address=3'd6; data_in=8'd255; 
#20 row,address=3 'd7; column-address=3 'do; data,in=8 'd255; 
#20 row-address=3 'd7; column,address=3'd 1 ; dara,in=8'd255; 
U20 row,addrcss=3 'd7; coiumn,address=3'd2; data_in=8 'dZSS; 
#20 row,address=3 'd7; column,addrcss=3'd3; data,in=8 'd2.55; 
lt20 row,addrcss=3 'd7; colurnn,addrtss=3'd4; data,in=8 'dî5S; 
#20 row_address=3 'd7; column,address=3'dS; data,in=8'd2SS; 
#20 row,address=3'd7; column,addrcss=3'd6; dataJn=8'd255; 
#20 row,address=3 ki7; column,address=3'd7; data,in=8 'd2SS; 
end 

al way s @(posedgc out-clock) bcgin 
%monitor(*'ïïmc is %d, the output data is %d\n".$time, data-out); 
//$monitor("Time is %id, the output data is %dk %d\t %ch %dit %dk %dit %dit %dLi %dit %dit %d\t 
%d\t %d\t %dk %d\t %d\n %d\t %dit %d\t %d\t %dk %dk %dk %d\n %d\t %d\t %d\t %d\t %dk %dit 
%d\t Bdin %d\t %d\t %d\t %d\l %d\t Sbd\t %dk %d\n %d\t %dk %d\t %d\t %d\t %dû %dit % d b  %d\t 
%d\t %d\t %dk %dk %d\t %d\t %db 96dk %d\t %dk %& %d\t %d\t %d\t %d\nM,!§time, x0, xi, x2, x3, 
x4, x5, x6, x7, x8, x9, x10, xl l ,  x12, x13, x14, xlS, xl6, x17, x18, x19, x20, x21, x22, x23, x24, fi, x26, 
x27, x28, x29, ~ ~ 3 0 ,  f i l ,  x32, x33, x34, x35, x36, x37, x38, x39, x40, x41, x42, x43, x44, x45, x46, x47, 
x48, x49,x50, x51, x52, x53, x54, x55. x56, x57, xS8, x59, x60, x61, x62, x63); 
end 
endmodule 



Appendix H 

The results for the gate-level constrrunts for 

The design of the binDCT chips 

H.1 Initial no gate-level constraint r e d t s  for the fomard binDCT 

Report: area 
Design: forwarddct 
Version: 1998.02 
Date: Wed May 24 14:49:46 2000 
**************************************** 

Library(s) Used: 

tcb773pwc (File: /CMUtools/synopsys. 1998.OUcmc/crnosp35/syn/tcb773pwc.db) 

Number of ports: 31 
Number of nets: 183 
Number of cells: 3 
Number of re ferences: 3 

Combinationril ma:  162 155.000000 
Noncombinational area: 74585.000000 
Net interconncct area: undefined (Wirc load has zero net area) 

Totai ceil area: 236740.000000 
Total area: undefincd 

Pcrfonning power anaiysis rhrough design. (Iow effort) 
Waniing: There is no defined dock in the design. (PWR-80) 
Warning: There arc sequential cells with no output activit. annotation. (PWR-96) 

Report : power 
-analysis,effoct Io w 

Design : forwacddct 
Version: 1998.02 
Date : Wcd May 24 14:s 15 1 2000 
**************************************** 

tcb773pwc (File: /CMC/tools/synopsys. 1998.02/cmclcmosp35/synltcb773p~~.db) 

Operathg Conditions: WCCOM Library; tcb773pwc 
Witt Loading M d c l  Made: segmentcd 

Design WiiLoadingModtl Library 



forwarddct TSMC8K-Conservative 
tcb773pwc 

s-p-in8 TSMCSIC-Conservative 
tcb773pwc 

bindct8 TSMC8 K-Conservative 
cc b773p WC 

preadd TSMCSK-Conservative 
tcb773pwc 

add8-4 TSMC8K-Conservative 
tcb773pwc 

add8-4-DWO i -add9-0 t5mc8 K-Conservative 
tcb773pwc 

sub8-3 TSMC8K-Conservative 
tc b773p WC 

sub8-3-DWO i -sub-8-0 TSMC8KConservative 
tcb773pwc 

sub8-2 TSMC8K-Conservative 
tcb773pwc 

sub8-2-DWO 1-sub-8-0 TSMCBK-Consemtive 
tcb773pwc 

add8-3 TSMC8LConsewative 
tcb773pwc 

add8-3-DWOl-add-9-0 TSMCSK-Consetvative 
tcb773pwc 

add8-2 TSMCSK-Conservative 
tcb773pwc 

addS-2-DWOl-add-9-0 TSMC8K-Conservative 
tcb773pwc 

sub8-1 TSMCSK-Conservative 
tcb773pwc 

sub8-1-DW01-sub-8-0 TSMClK-Conservative 
tcb773pwc 

add8-1 TSMCSK-Conservative 
tcb773pwc 

add8-1 -DWO 1-add-9-0 t5mc8 K-Consemative 
tc b773pwc 

sub8-O TSMCSK-Conscrvative 
tcb773pwc 

sub8-0-DWO 1 -sub-8-0 TSMCI iC-Conservative 
tcb773pwc 

prclift TSMCSiC-Conservative 
tcb773pwc 

ls388 TSMCSK-Conservative 
tcb773pwc 

add9-6 TSMCSK-Conse~ative 
tcb773pwc 

add9-6-DWO 1 -addJO-O TSMC8K-Conserv~ive 
tcb773pwc 

add8-O TSMC8K-Conservative 
tcb773pwc 

adda-O-DWO 1 ~dd-9-0 TSMC8iC-Conse fvative 
tcbî73pwc 

1689 TSMC8K-Conserrative 
tcb773pwc 

addl 1 TSMCSIçConservative 



tcb773pwc 
add l 1-DWO 1-add-12-0 TSMCSK-Conservacive 

tcb773pwc 
sub9-7 TSMC8IC-Conservative 

tcb773pwc 
su b9-7,DWO 1 -sub-9-0 TSMC8K-Conservative 

tcb773pwc 
midadd TSMCSK-Conscwative 

tcb773pwc 
add9-5 TSMC8K-Conservativc 

tcb773pwc 
add9-5,DWO 1-add-10-0 TSMCSK-Conscrvative 

tcb773pwc 
su b9-6 TSMC8K-Conservacive 

tc b773pwc 
sub9-6-DWOl -sub,9,0 TSMCSK-Conservative 

tcb773pwc 
add9-4 TSMCSK-Conservative 

tcb773pwc 
add9-4,DWO 1-add, 10-0 TSMC8K-Conservarive 

tcb773pwc 
add9-3 TSMC8K-Conscrvative 

tcb773pwc 
add9-3,DWOl -add, 10-0 TSMC8K-Consecvative 

tcb773pwc 
sub9-5 TSMC8 K-Conscwative 

tcb773pwc 
sub9-5,DWO 1 -sub,9,0 TSMCSK-Conservativc 

tcb773pwc 
add9-2 TSMC8K-Conservative 

tcb773pwc 
add9-2,DWO 1 ,add,I 0-0 TSMC8K-Conscrvative 

tcb773pwc 
sub9-4 TSMCSK-Conservativt 

tcb773pwc 
su b9-4,DWO 1-sub-9-0 TSMC8 K-Conscrvative 

tcb773pwc 
sub9-3 TSMC8 K-Conservative 

tcb773pwc 
sub9-3,DWO 1 -sub,9,0 TSMCS~Conservativt 

tcb773pwc 
postlifi TSMCSK-Conservative 

tcb773pwc 
add 10-3 TSMC8K-Conscrvativc 

tcb773pwc 
add IO-3,DWO l,add,lI,O TSMC8K,Conservativc 

tcb773pwc 
h l21  1 TSMC8 K-Consc~ative 

tcb773pwc 
sub 10-1 TSMCSK-Conservative 

tcb773pwc 
sub10,1,DWOl,sub,10~0 TSMCSK-Conservative 

tcb773pwc 
ls1810,L TSMC8KTSMCSK,ConservauvtConservative 

tcb773pwc 
subl0-O TSMC8K-Conservative 



tcb773pwc 
sub 1 O-O-DWO 1-sub, 10-0 TSMCSK-Conservative 

tcb773pwc 
1~389-1 TSMCSK-Conservative 

tcb773pwc 
add 10-2 TSMC8K-Consenative 

tcb773pwc 
add IO-2-DWO 1 -add, 1 1-0 TSMCSK-Conservative 

tcb773pwc 
add9-1 TSMC8K-Corservative 

tcb773pwc 
add9,1,DWOl,add,10,0 TSMCSK-Conservative 

tcb773pwc 
sub9-2 TSMCSK-Conservative 

tcb773pwc 
sub9-2,DWO I ,sub,9,0 TSMC8 K-Conservative 

tcb773pwc 
1~389-O TSMCSK-Conservative 

tcb773pwc 
add 10-1 TSMC8K,Conservative 

tcb773pwc 
add 10-1-DW0 1 -add,11,0 TSMCSK-Conservativc 

tcb773pwc 
1s 129 TSMC8K-Conservative 

tcb773pwc 
1~349 TSMC8 K-Conscrvative 

tcb773pwc 
add 10-0 TSMC8K-Conservative 

tcb773pwc 
add l O-O-DWOl ,add,ll,O TSMCSK-Constrvative 

tcb773pwc 
sub9-1 TSMC8K-Conscrvative 

tcb773pwc 
sub9-1 -DWO l ,sub,9,0 TSMCSK-Conservative 

tcb773pwc 
sub9-0 TSMCSK-Constrvative 

tcb773pwc 
sub9-0-DWO 1-sub-9-0 TSMCSK-Conservative 

tcb773pwc 
add9-0 TSMC8K-Conscrvativt 

tcb773pwc 
add9-0-DWO l,add,10,0 TSMCS fCConservative 

tcb773pwc 
lsl810,O TSMCSK-Conserva tive 

tcb773pwc 
m g =  TSMCSK-Conscrvative 

tcb773pwc 
p-s-out 1 1 TSMCSK-Conservative 

tcb773pwc 

Global Opcrau'ng Voltage = 3 
Power-speciiïc unit information : 

Voltage Uniis = 1V 
Capcitance b i t s  = 1 .ûûûûûûpf 
Ti Uni&= lns 



Dynamic Power Units = 1mW (derived from V,C,T units) 
Leakage Power Units = IpW 

Cel! Intemal Power = 83.8404 m W  (49%) 
Net Switching Power = 87.8458 rnW (51 %) ---- 

Total Dynamic Pawcr = 17 1.6862 m W  (100%) 

Ce11 Lcakage Power = 1.5630 nW 

Report : timing 
-path full 
-delay max 
-rnax,paths 1 

Design : forwarddct 
Version: t 998.02 
Date : Wed May 24 145 1 5 2  2000 
*********************************** 

Optrating Conditions: WCCOM Library: tcb773pwc 
Wire Loading Model Mode: segmcnted 

Design Wire Loading Model Library 
1______----UI_--- 

forwarddc t TSMC8K-Conservativt 
tcb773pwc 

s-p-in8 TSMC8K,Conservative 
tcb773pwc 

bindct8 TSMC8K-Conservative 
tcb773p WC 

preadd TSMC8K-Constrvative 
tcb773pwc 

add8-4 TSMC8 K-Consecvative 
tcbT73pwc 

add8-4,DWO 1 ,add-9-0 TSMC8K-Conscrvative 
tc b773pwc 

sub8-3 TSMC8K-Conservative 
tcb773pwc 

sub8-3,DWO 1-sub-8-0 TSMC8K-Constwative 
tcb773pwc 

sub8-2 TSMC8K.-conservative 
tcb773pwc 

sub8-2,DWO 1-sub-8-0 TSMC8K,Conscrvativc 
tcb773pwc 

add8-3 TSMCSK-Consetvativc 
tcb773pwc 

add8-3,DWO 1 ,add,9,0 TSMC8 K-Conservative 
tcb773pwc 

add8-2 TSMC8K-Conservative 
tcb773pwc 

add8,2-DWOl,add-9-0 TSMC8ICConscwative 
tcb773pwc 



sub8-1 TSMC8 K-Conscrvative 
rcb773pwc 

sub8- 1 -DWO 1-sub-8-0 TSMCS K-Conservative 
tcb773pwc 

add8-1 TSMC8~onscrvative 
tcb773pwc 

add8-1 -DWO 1-add-9-0 TSMCSK-Consemative 
tcb773pwc 

sub8-0 TSMC8K-Cornervative 
tcb773pwc 

sub8-0-DWO 1 ~ub-8-0 TSMCSK-Conservaiive 
tcb773pwc 

prelift TSMCSK-Conservative 
tcb773pwc 

ls388 TSMC8 K-Consetvative 
tcb773pwc 

add9-6 TSMC8K-Constrvative 
tcb773pwc 

add9-6-DWO 1 -add- 10-0 TSMCSK-Conservative 
tcb773pwc 

add8-0 TSMC8K-Conservative 
tcb773pwc 

add8-0-DWO 1-add-9-0 t5mc8 K-Consenrative 
tc b773pwc 

1~589 TSMCSK-Conscrvative 
tcb773pwc 

add 1 1 TSMCSK-Consemative 
ccb773 pwc 

add 1 1-DWO 1 _add-l2-0 TSMCIK-Conservative 
icb773pwc 

sub9-7 TSMCSK-Conservaiive 
tcb773pwc 

sub9-7-DWO 1 ~ub-9-0 t5mc8 K-Conservative 
tcb773pwc 

midadd TSMC8~Conscrva~ve 
tcb773pwc 

add9-5 TSMC8K-Constrvative 
tcb773pwc 

add9-5-DWO t -add-10-0 TSMC8K-Consc~vative 
tcb773pwc 

sub9-6 TSMCSK-Consetvative 
tcb773pwc 

sub9-6-D WO 1-sub-9-0 TSMC8~Consmative 
tcb773pwc 

add9-4 TSMC8KJ2onservativc 
tcb773pwc 

add9-4-DWOl-add-10-0 TSMCSK-Conscivative 
tcb773pwc 

dd9-3 TSMC8 K-Conservativc 
tcb773pwc 

add9-3-DWOl-ah1_10-0 TSMC8I.C-Conx~ative 
tcb773pwc 

sub9-5 TSMC8~onsetvative 
tcb773pwc 

wb9-5-DWO 1 -subS_O TSMCBIC-Consefvativt 
tcb773pwc 



add9-2 TSMC8KJ2onscrvative 
tcb773pwc 

add9922DWOl-add-10-0 TSMCSK-Conservativc 
tcb773pwc 

sub9-1 TSMC8 K-Conservalive 
tcb773pwc 

su b9-4-D WO 1-su b-9-0 t5mc8 K-Conservative 
tcb773pwc 

sub9-3 TSMC8 K-Conservativc 
tcb773pwc 

sub9-3-DW0 1-sub-9-0 TSMC8lLConsewative 
tcb773pwc 

postlift TSMCS K-Conservaiive 
tcb773pwc 

add 10-3 TSMC8K-Conservative 
tcb773pwc 

add l O-3-D WO 1 -adde 1 1-0 TSMC8K-Consemative 
tcb773pwc 

ls1211 TSMC8K-Conservative 
tcb773pwc 

sub 10-1 TSMC8K-Conservative 
tcb773pwc 

s u b t 0 ~ 1 ~ D W O l ~ s u b ~ 1 0 ~ 0  TSMCBK-Conservative 
tcb773pwc 

Is18 10-1 TSMC8 K-Conservative 
tcb773pwc 

su b 1 0-0 TSMCSK-Constrvative 
tcb773pwc 

sub 10-O-DWO 1 -sub-10-0 TSMC8KConservative 
tcb773pwc 

ls389-1 TSMC8 K-Consewative 
tcb773pwc 

add 10-2 TSMC8K-Conservative 
tcb773pwc 

addlO-2-DWOl-add-11-0 TSMCBK-Conselvative 
tcb773pwc 

add9-1 TSMC8K-Conservativc 
tcb77Spwc 

aâd9- 1-DWO 1-add- 10-0 TSMCBKConservativc 
tcb773pwc 

sub9-2 TSMCSKJ3nservative 
tcb773pwc 

sub9-2-DWO l -sub-9-0 t5mc8 KConservativc 
tcb773pwc 

ls389-0 TSMC8K-Consewative 
tcb773pwc 

add 10-1 TSMCSK-Conservative 
tcb773pwc 

add l O-1-DWO 1 -adddl 1-0 TSMC8K-Conservative 
tcb773pwc 

M29 TSMCSK-ConseNative 
tcb773pwc 

ls349 TSMCSK,Corisetvative 
tcbTI3pwc 

addl0-O TSMCSK-Conservative 
tcb773pwc 



add 1 O-O-DWO 1 ,add, 1 1-0 TSMC8IC-Conservative 
tcb773pwc 

sub9-1 TSMC8K-Conservative 
tcb773pwc 

sub9-1,DWO 1-sub-9-0 TSMCSK-Conservative 
tcb773pwc 

sub9-0 TSMC8K-Conservative 
tcb773pwc 

su b9-0,DWO 1-sub-9-0 TSMC8K-Conservativt 
tcb773pwc 

add9-0 TSMC8K-Conservative 
tcb773pwc 

add9-0,DWO 1-dd- 10-0 TSMCSK-Conservative 
tcb773pwc 

1s 18 10-0 TSMC8K-Conservative 
tcb773pwc 

rearrange TSMC8K-Conservative 
tcb773pwc 

p-s-out l l TSMC8K-Conservative 
tcb773pwc 

Startpoint: p-s-out 1 Vzout-reglO, 
(positive Ievel-sensitive Iatch) 

Endpoint: y, 10, (output port) 
Path Group: (none) 
Pa* Type: max 

Point Incr Paih 

p,s,outll/zout,re~l0,/E(LH1N) 0.00 0.00r 
p-s-out 1 l/zout-reg lOJQN (LH 1 N) 0.92 0.92 f 
p-s-out 1 1 /ü6WZN ( N O )  0.23 1.I5r 
p-s-out1 I/zout-lO, (p-s-out 1 1) 0.00 L15r 
y-1 0, (out) 0.00 l.1Sr 
data arriva1 time 1.15 

(Path is unconstrained) 

H.2 Initiai no gate-level constraint results for the inverse bliiDCT chip 

Report : arca 
Design : invcrsedct 
Version: 1998.02 
Date : Wed May 24 lS:37:2l 2000 

Library(s) Uscd: 

Nwnbcr of ports: 36 
Number of nets: 228 
Number of cclls: 3 



Number of references: 3 

Combinational ma :  228 147.500000 
Noncombinational area: 93555.000000 
Net Interconnect area: undefincd (Wire load has zero net area) 

Total ce11 area: 321702500000 
Total area: undcfined 

Performing power analysis through design. (low effort) 
Waming: The= is no defintd dock in the design. (PWR-80) 
Warning: There are scquential cells with no output activity annotation. (PWR-96) 

Report : power 
-analysis,effon low 

Design : inverscdct 
Version: 1998.02 
Date : Wcd May 24 15:43:53 2000 
****************a*********************** 

tcb773pw (File: /CMUtools/synopsys. 1998.02/cmclcmosp35/syn/tcb773pwcCdb) 

Opcrating Conditions: WCCOM Library: tcb773pwc 
Wirc Loading Modci Mode: segmentcd 

Design Wire Loading Modtl Libtary 

inversedct TSMC8K-Conscrvati v t  
tcb773pwc 

s-p-in1 1 TSMC8KJZonscrvative 
tc b773pwc 

ibindcti i TSMC8K-Conservative 
tcb773pwc 

prcliftadd TSMC8K-Conservaiive 
tcb773pwc 

ls1211 TSMCSKLConsewative 
tcb773pwc 

addl 1-3 TSMCSK-Conservati ve 
tcb773pwc 

add 1 1-3,DWO 1-add-12-0 TSMCHK-Conscrvativt 
tcb773pwc 

add 1 1-2 TSMC8K,Conservative 
tcb773pwc 

add 1 1,2,DWOl,add,12,0 TSMCSK-Cornervative 
tcb773pwc 

Id81 1-1 TSMCSIC,Conservative 
tcb773pwc 

Id81 1-0 TSMCSK-Conservative 
tcb773pwc 

subll-4 TSMC8K,Conservativt 
tcb773pwc 



s u b l l ~ 4 ~ D W O l ~ s u b ~ l 1 ~ 0  TSMCSK-Conservative 
tcb773pwc 

sub 1 1-3 TSMC8 K-Conservative 
tcb773pwc 

sub 1 1-3,DWO 1 ~ u b -  1 1-0 TSMC8K-Conservative 
tcb773pwc 

ls3811,l TSMCSK-Conservative 
tcb773pwc 

add 12-5 TSMCSK-Conservative 
tcb773pwc 

add l2-5,DWO 1 ,add,13,0 TSMC8K-Conscrvative 
tcb773pwc 

is38 1 1-0 TSMC8K-Conscrvative 
tcb773pwc 

add 12-4 TSMC8K-Conservativc 
tcb773pwc 

add 1 2-4,DWO 1 ,add, 1 3-0 TSMCSK-Conservative 
tcb773pwc 

addl 1-1 TSMCSK-Conservativc 
tcb773pwc 

add 1 1- 1,DWO 1-add-12-0 TSMC8K-Conservative 
tcb773pwc 

subll-2 TSMC8K-Conscnrativc 
tcb773pwc 

sub 1 1 -2,DWO 1 ,sub, 1 1-0 TSMC8K,Conscrvativc 
tcb773pwc 

fs34I 1 TSMC8~onservative 
tcb773pwc 

add 12-3 TSMCSK-Conservative 
tcb773pwc 

add 12-3,DWO I ,add, 13-0 TSMCBK-Conservativc 
tcb773pwc 

add 12-2 TSMCSK-Conservative 
tcb773pwc 

add 1 2-2,DWO 1 ,add, 1 3-0 TSMCB K-Conscrvativc 
tcb773pwc 

subll-1 TSMC8K-Conservative 
tcb773pwc 

subl~,l~DWOl~sub,ll~O TSMCSK-Consecvative 
tc b773pwc 

ls1212 TSMC8~Constrvative 
tcb773pwc 

midaddsub TSMCSICConservativc 
tcb773pwc 

add 1 1-0 TSMCS K-Conservative 
tcb773pwc 

add 1 1-0-DWO 1-add-12-0 t5mc8 K-Consecvative 
tcb773pwc 

mbll-O TSMC8K,Conscrvative 
tcb773pwc 

sub 1 l,O,DWOl,sub,lI-O TSMC8 K-Conservative 
tc b773pwc 

add 12-1 TSMC8 K,Conscrvativt 
tcb773pwc 

add 12-1 ,DWO 1 , a l  3-0 TSMCSK-Conservative 
tcb773pwc 



add 12-0 TSMC8K-Consetvative 
tcb773pwc 

add 12-O-DWO 1-add-13-0 TSMC8lLConstrvative 
tcb773pwc 

subl2-i TSMC8 K-Conservative 
tcb773pwc 

sub 12-1-DWO lsub-12-O TSMCSK-Conservative 
tcb773pwc 

su& 12-0 TSMCSK-Consewative 
tcb773pwc 

sut, 1 -_O-DWO 1-sub-12-0 TSMC8K_Conservative 
tcb773pwc 

add 13-3 TSMCSK-Conservati ve 
tcb773pwc 

add 13-3-DWO 1 -add- 14-0 TSMCSK-Conservative 
tcb773pwc 

sub 13-5 TSMCSK-Conservative 
tcb773pwc 

sub13-5-DW01-sub-13-0 TSMC8K-Conservative 
tcb773pwc 

rcalign TSMCSK-Conscrvativc 
tcb773pwc 

midlift TSMC8K-Conservative 
tcb773pwc 

1~5813 TSMC8K-Consemative 
tcb773pwc 

add 15 TSMC8K-Conservative 
tcb773pwc 

add 15-DWO 1 -add- 16-0 TSMC8K-Conservative 
tcb373pwc 

sub 1 3 4  TSMC8K-Conservative 
tcb773pwc 

sub 1 3-4-DWOlesub,13-O TSMC8K-Consewative 
tcb773pwc 

ls38 13 TSMCSK-Conservative 
tcb773pwc 

add 14-1 TSMCSK-Consewative 
tcb773pwc 

add 14-l-DWOl,add,lS,O TSMC8K-Conscrvative 
tcb773p WC 

sub 13-3 TSMCSIC-Conservativt 
tcb773pwc 

sub 1 3-3-DWO 1-sub-13-0 TSMCt KConservative 
tcb773pwc 

postadd TSMC8K-Consewative 
tcb773pwc 

de-4-1  3-2 TSMCBK-Conscfvative 
tcb773pwc 

add 14-0 TSMC8K-Conservative 
tcb773pwc 

add 14-0-DWOl,add_l5-0 TSMCIK-Conxrvative 
tcb773pwc 

add 13-2 TSMCSK-Conserva tivc 
tcb773pwc 

add 13-2pWOl -add-14-0 TSMc8~Conservaave 
tcb773pwc 



s c a l ~ ~ 4 ~  15 TSMC8K-Conservative 
tcb773pwc 

=ale-4- 1 3-1 TSMC8K-Conservative 
tcb773pwc 

subl4 TSMC8K-Conservative 
tcb773pwc 

s~bl4~DWOI-sub,l4,0 TSMC8K-Conservative 
tcb773pwc 

add13.1 TSMC8 K-Conservative 
tcb773pwc 

add 13.1 -DWO 1-add, 14-0 TSMC8~onservativc 
tcb773pwc 

sub 13-2 TSMC8K-Conservat i ve 
tcb773pwc 

sub 13-2-DWOl-sub,13,0 TSMCSK-Conscrvative 
tcb773pwc 

subl3-1 TSMC8K-Conservative 
tcb773pwc 

sub 13-1-DWO l,sub,13,0 TSMCSK-Conservaiive 
tcb773pwc 

sub 1 3-0 TSMC8K-Consemauve 
tcb773pwc 

sub 1 3-O-DWO l ,sub,13-O TSMCSK-Conservative 
tcb773pwc 

scale-4- 14-3 TSMC8K-Conservat ive 
tcb773pwc 

scale,4,14-2 TSMCSK-Conservative 
tcb773pwc 

scde-4,14-1 TSMC8K-Conservative 
tcb773pwc 

add 1 3.0 TSMC8K-Conscrvative 
tcb773pwc 

addl 3-û-DWO 1-add-14-0 TSMCSK-Conservative 
tcb773pwc 

scde,4,14,0 TSMCSK-Conscrvative 
tcb773pwc 

scale4,13,0 TSMC8K-Consemative 
tcb773pwc 

p-s-out 13 TSMC8 K-Conscrvative 
tcb773pwc 

Global Operating Voltage = 3 
Power-spccific unit information : 

Voltage Units = IV 
Capcitance Units = 1.000000pf 
Time Units = lns 
DynaMc Power Units = 1mW (denvcd fiom V,C,T units) 
Leakage Power Units = 1 pW 

Ce11 Interna1 Power = 2093900 mW (57%) 
Nct Switching Powcr = 156.3230 m W  (43%) 

Totai Dpmic Powcr = 365.9 130 mW (100%) 



CeIl Ltakage Power = 2.1300 nW 

1 
design-analy z e n  
**************************************** 
Report : timing 

-path full 
-delay max 
-nworst 3 
-max,paths 8 

Design : invcrsedct 
Version: 1998.02 
Date : Wed May 23 15:33:57 2000 
******************************a********* 

Opcrating Conditions: WCCOM Library: tcb773pwc 
Wire Loading Model Mode: segmcnted 

Design Wire Loading Mode1 Library 
c--m--- 

invcrsedc t TSMCS K-Conservauve 
tcb773pwc 

s-p-in 1 1 TSMCS K-Consewative 
tc b773pwc 

ibindct 1 1 TSMC8K-Conservativt 
tcb773pwc 

preliftadd TSMCSK-Conservative 
tcb773pwc 

hl21 1 TSMC8 K-Conservative 
tcb773pwc 

add 1 1-3 TSMCS K-Conservativc 
tcb773pwc 

add 1 1-3-DWOl,add,l2,0 TSMC8K-Conservative 
tcb773pwc 

addl 1-2 TSMCSK-Constrvative 
tcb773pwc 

add 1 1-2,DWO 1-add-12-0 TSMCSK-Consemative 
tcb773pwc 

ls18 11-1 TSMC8K-Conscwative 
tcb773pwc 

lsl811,O TSMCSK-Conservaave 
tcb773pwc 

çub11-4 TSMCS K-Conscrvative 
tcb773pwc 

sub 1 1 -4-DWO 1 -sub, 1 1 ,O TSMCSK-Conservative 
tcb773pwc 

sub 1 1-3 TSMCSK-Consewative 
tcb773pwc 

mblI,3,DWOl,sub,t 1-0 TSMCS~onservative 
tcb773pwc 

Id8  1 1-1 TSMC8~onsewat ive  
tcb773pwc 

add 12-5 TSMCB~Conservative 
tcb773pwc 

add 12-5-DWO 1-idd,13,0 TSMCSK,Conscrvative 
tcb773pwc 



ls38 1 1-0 TSMCSK-Conservative 
tcb773pwc 

add 1 2-4 TSMC8K-Conservative 
tcb773pwc 

add l2-4-DWO 1 -add,13,0 TSMC8K-Conservative 
tcb773pwc 

addl 1-1 TSMC8K-Conservative 
tcb773pwc 

add 1 1 -1-DWO 1 ,add,12,0 TSMCSK-Consemative 
tcb773pwc 

subll-2 TSMCSK-Conscrvativc 
rcb773pwc 

sub 1 t -2,DWO 1 -sub, 1 1-0 TSMCSK-Consemative 
tcb773pwc 

ls34 1 1 TSMCSK-Conservative 
tcb773pwc 

add 12-3 TSMC8K-Cornervative 
tcb773pwc 

add 12-3,DWO 1 ,add,13,0 TSMC8K-Conservative 
1cb773pwc 

add 12-2 TSMC8K-Conscrvative 
tcb773pwc 

add 12-2,DWO 1 ,add, 13-0 TSMC8K-Conservaiive 
tcb773pwc 

sub 1 1-1 TSMCSK-Conscrvative 
tcb773pwc 

subl l,l,DWOl,sub,l1,0 TSMC8KXonservative 
tcb773pwc 

ls1312 TSMC8 K-Conservacive 
tcb773pwc 

midaddsub TSMCSK-Consewative 
tcb773pwc 

add 1 1-0 TSMC8K-Conservative 
tcb773pwc 

add 1 1 -0-DW0 1 ,add,l2-O TSMCSIC-Conscrvative 
tcb773pwc 

sub 1 1-0 TSMC8K-Cowcrvative 
tcb773pwc 

sub 1 1-0-DWOl,sub,ll-O TSMCSK-Conservative 
tcb773pwc 

add 12-1 TSMC8K-Conscrvative 
tcb773pwc 

add 12-1-DWO 1-add-13-0 TSMC8K-Conservative 
tcb773pwc 

add 12-0 TSMCSK-Conscrvative 
tcb773pwc 

add 12-O-DWO 1-add-13-0 TSMCSIC-Conscrvative 
tcb773pwc 

sub 12-1 TSMC8 K-Conservativc 
tcb773pwc 

sub 12-1 ,DWO 1-sub-12-0 TSMC8 K,Conservative 
tcb773pwc 

sub 12-0 TSMC8 K-Conscrvative 
tcb773pwc 

sub12~OODWOl,sub,12,0 TSMCSK,Constrvative 
tcb773pwc 



add 1 3-3 TSMCBK-Constrvative 
tcb773pwc 

add 13-3,DWO 1-add-14-0 TSMC8K-Conservative 
tcb773pwc 

sub 13-5 TSMC8K-Consewative 
tcb773pwc 

sub 13-5-DWO l ,sub,l3,O TSMC8K-Conservative 
tcb773pwc 

realign TSMCSuonservative 
tcb773pwc 

midlift TSMC8K-Conscrvative 
1cb773pwc 

16813 TSblC8K-Conservative 
tcb773pwc 

add 15 TSMCS K-Consetvative 
tcb773pwc 

add 15-DWO 1-add, 16-0 TSMCBK,Consewativc 
tcb773pwc 

sub 1 3-4 TSMC8K-Conservativt 
tcb773pwc 

sub 1 3-4,DWO 1 ,sub, 13-0 TSMC8K-Conservativt 
tcb773pwc 

Is38 13 TSMC8 K-Conservati ve 
tcb773pwc 

addl4-1 TSMC8K-Conservative 
tcb773pwc 

addl4-1-DWOl,add,lS,O TSMCSK-Conseirative 
tcb773pwc 

sub 1 3-3 TSMC8K-Constrvative 
tcb773pwc 

sub l3-3-DWO 1 ,sub, 13-0 TSMC8K-Conscrvative 
tc b773pwc 

postadd TSMCSIC-Conservative 
tcb773pwc 

scaie-4-1 3-2 TSMCSK-Conscwative 
tcb773pwc 

add 14-0 TSMCS K-ConscrvaY ve 
tcb773pwc 

add 14-O-DWO 1 ,add,15,0 TSMC8 K-Conservati ve 
tcb773pwc 

add 13-2 TSMCBK-Conscrvative 
tcb773pwc 

add 13-2,DWO 1-add-14-0 TSMC8lLConscrvative 
tcb773pwc 

de-4-15 TSMCSK-Conservativt 
tcb773pwc 

scaic,4,13,1 TSMC8K-Consewativc 
tcb773pwc 

subl4 TSMCSK-Conservauve 
tcb773pwc 

subl4,DWOl,sub,l4,0 TSMCSK,Constrvative 
tcb773pwc 

add 13-1 TSMCBK-Consemitive 
tc b773pwc 

add 13-1-DWOl ,add,l4-O TSMCSKSomrvativt 
tcb773pwc 



sub 13-2 TSMCSK-Consemative 
tcb773pwc 

sub 13-2-DWOl-sub-13-0 TSMC8 K-Conservative 
tcb773pwc 

sub 13-1 TSMC8 K-Conservativt 
tcb773pwc 

sub 13-1-DWO 1-sub-13-0 TSMCSK-Conservative 
tcb773pwc 

sub 13-0 TSMC8K-Conservativc 
tcb773pwc 

sub 13-O-DWO1-sub-13-0 TSMCSK-Consecvative 
tcb773pwc 

scale-4- 13-3 TSMC8K-Consenative 
tcb773pwc 

scale-4-14-2 TSMCSK-Conservative 
tcb773pwc 

scale,4,14,1 TSMC8 K-Conscrvative 
tcb773pwc 

add 1 3-0 TSMC8 K-Conservacive 
tcb773pwc 

add 13-0-DWO 1-add, 14-0 TSMCSK-Consmative 
tcb773pwc 

scale-4, i 4-0 TSMC8K-Conservative 
tcb773pwc 

scale,4,13,0 TSMCSK-Conscrvative 
tcb773pwc 

p-s-out 13 TSMC8K-Conservative 
tcb773pwc 

S tartpoint: p-s-out 1 3/zout,regS, 
(positive levci-sensitive latch) 

Endpoint: y-5- (output port) 
Pah Group: (none) 
Path Type: max 

Point Incr Path 
- - - - - - - - - - - - . .. - . - - - - . . - 

p-s-out 13/zout-reg-SJE (LH 1 N) 0.00 0-00 r 
p-s-out 1 3izout-reg5JQN (LHl N) 0.93 0.93 f 
p-s-out 13N59/2N (INVO) 0.23 1.17 r 
p-s-out 13fzout-5, (p-s-out 13) 0.00 1.17r 
y-5, (out) 0.00 1.17 r 
data amival tirne 1.17 

(Path is unconstrained) 

Startpoint: p,s,out 1 3 l z0u t~ reg6~  
(positive level-sensitive latch) 

Endpoint: y-6- (output port) 
Path Group: (none) 
Path Type: max 

Point Incr Path 



p-s-ou t 1 3/zout-ftg6JE (LI3 1 N) 0.00 0.00 r 
p-s-out 1 3/zout~eg6JQN (LH 1 N) 0.93 0.93 f 
p-s-out 1 3/U6O/ZN (INVO) 0.23 1.17r 
p-s-ou t 1 3/zout-6, (p-s-ou t 1 3) 0.00 1.17 r 
Y-6- (out) 0.00 1.17r 
data arriva1 time 1.17 
UI_----u 

(Path is unconstraincd) 

Startpoint: p-s-out l3/zout,reg-7- 
(positive level-sensitive latch) 

Endpoint: y-7, (output pon) 
Path Group: (none) 
Path Type: max 

Point Incr Path 
UUU_---U___--- 

p-s-out l3/zou t-rep7JE (LH I N) 0.0 0.00 r 
p-s-out 13/zout,reg7JQN (LH 1 N) 0.93 0.93 f 
p-s-out l 3 N 6  1 /ZN ( N O )  0.23 1.17r 
p-s-out 1 3/zout,7, (p-s-out 13) 0.00 1.17r 
y-7, (out) 0.00 1.17 r 
data amival tirne 1.17 

(Path is unconstrained) 

Startpoint: p-$,out 1 3kout-rcg8, 
(positive Itvel-sensitive latch) 

Endpoint: y-8, (output port) 
Path Group: (none) 
Path Type: max 

Point Incr Path ------ 
p-s-out 1 3fzout~eg8JE (LH 1 N) 0.00 0.00 r 
p-s-out 13/zout-regJ3JQN (LEI IN) 0.93 0.93 f 
p-s-out 13N6uZN ( I W O )  0.23 1.17t 
p-s-out 1 3/zout-8, (p-s-out 13) 0.00 1.17 r 
Y-8- (out) 0.00 1.17 r 
data arrival time 1.17 

(P ath is unconstrained) 

Startpoint: p-s-out 1 3jzout-rep9- 
(positive levtl-sensitive latch) 

Endpoint; y-9- (output port) 
Path Group: (none) 
Path Type: max 

Point Incr Paih 



p-s-out 13N63tZN ( N O )  0.23 1.17 r 
p-s-ou t 1 3/zou t-9- (p-s-out 1 3) 0.00 1.17 r 
Y-9- (out) 0.00 1.17 r 
data arriva1 lime 1.17 

(Path is unconsrnined) 

Startpoint: p~s~outl3/zout~rcgl0, 
(positive level-sensitive latch) 

Endpoint: y-1 0, (output port) 
Path Group: (none) 
Path Type: max 

Point Incr Path 

p-s-out 1 3Izout-reg 1 O J E  (LH 1 N) 0.00 0.00 r 
p,s,out13/zout,reg,10,/QN(LW~N) 0.93 0.93f 
p-s-out 1 3NW2N (INVO) 033 1.17 r 
p~s,outl3/zout,lO (p-s-out 13) 0.00 1.17 r 
Y-10, (ou[) 0.00 1.17r 
data arriva1 tirne 1.17 

(Path is unconstrained) 

Startpoint: p-s-out 13/zout,reg,ll, 
(positive Icvel-sensitive latch) 

Endpoint: y-11, (output port) 
Path Group: (none) 
Path Type: max 

Point Incr Path 

p-s-out 1 3/zout_reg_ 11-/E (LH 1 N) 0.00 0.00 r 
p,s,outl3/zout,rcgl1~/QN (LHlN) 0.93 0.93 1 
p-s-out 1 3N65/2N (INVO) 0.23 1J?r 
p-s-out 13/zout,I 1, (p-s-outl3) 0.00 1.17 r 
y-1 1, (out) 0.00 1.17r 
data arriva1 time 1.17 

(Path is unconstrained) 

Siartpoint: p,s,outl3/zout-regl2, 
(positive ievel-sensitive latch) 

Endpoint: y-12- (output port) 
Path Group: (nonc) 
Path Type: max 

Point Incr Path 



i---pc 

(Path is unconstrained) 

H.3 Final results for the gate-level coiistrnined design of the fomard binDCT chip 

Report : area 
Design : fomdbindctchip 
Version: 1998.02 
Date : Wed May 24 20:42:17 2000 
************************************* 

tpd773pnwc (File: /CMUtooldsynopsys. 1998.02/cmdcmosp35/sydtpd773pnwc.db) 
tcb773pwc (File: /CMUtools/synopsys. 1998.02/cmdcmosp35/syn/tcb773pwc~db) 

Number of ports: 3 1 
Numbcr of nets: 1704 
Numbcr of cells: 1393 
Number of references: 45 

Combinational arca: 1 O986~O.OOOûûo 
Noncombinational ma: 8 l97O.OOûûûû 
Net Interconnect arca: undefined (Wirc load has zero net m a )  

Report : constraint 
Design : forwardbindctchip 
Version: 1998.02 
Date : Wed May 24 2W2: 1 8 2000 
*************************************** 

Weighted 
Group (max-delay/sttup) Cost Weight Cost 

bindct-cloc k 0.00 1.00 0.00 
in-clock 1 1.00 1.15 
out-dock 0.00 1.00 0.00 
default 0.00 1.00 0.00 

Totai Neg Critical 
Group (critical-range) Slack Endpoints Cost 

bind~t~cIoc k 0.00 O 0.00 
in-clock 69.27 53 60.70 



out-clock 0.00 O 0.00 
de fault 0.00 O 0.00 

critical-range 60.70 

Weightcd 
Group (min,deIay/hold) Cost Weight Cost 

bindct-dock (no fix-hold) 
0.00 1.00 0.00 

in-clock (no fix-hold) 0.00 1 .O0 0.00 
out,clock (no fix-hotd) 0.00 1 .O0 0.00 
dtfault 0.00 1.00 0.00 

Constrain t Cost ---- 
ma~-transition 954 (VIOLATED) 
max-fanout 0.00 (MET) 
max-dela y/setup 1.15 (VIOLATED) 
critical-range 60.70 (VIOLATED) 

Test Constraint Cost 

min-faul t-coverage None (UNKNOWN) 

1 
design-anaiyzer> Waniing: In design 'forwardbindctchip', there are 3 nets with connection class violations. 
(LLNT-30) 

Information: Use the 'check-design' command for 
more information about warnings. (LINT-99) 

Pcrfonnîng powcr analysis through design. (low effort) 
Warning: There art sequemiai cells wiih no output activity annotation. (PWR-96) 

Report : power 
-analysis-e ffort Io w 

Design : forwardbindctchip 
Version: 1998 ,O2 
Date : Wed May 24 20:4356 2000 
**************************************** 

tpû773pnwc (File: /CMCItools/synopsys. 1998,02lcmc/cmosp3Slsyn/tpd773pnwc.db) 
tcb773pwc (File: lCMC/tooIs/synopsys.1998.02/cmc/cmosp35/syn/tcb773pwc.db) 

Operating Conditions: WCCOM Library: tcb773pwc 
Wu2 Loading Mode1 Mode: segrneniai 



Design Wire Loading Mode1 Library 
..---CI---- 

forwardbindctchip TSMC32K-Conservative 
tcb773pwc 

Global Operating Voltage = 3 
Power-specific unit information : 

Voltage Units = 1 V 
Capacitance Units = 1 .ûûûûûûpf 
Time Units = Ins 
Dynamic Power Units = ImW (derivtd from V,C,T units) 
Lcakage Power Units = 1 pW 

Ce11 Interna1 Powcr = 7.3758 m W  (22%) 
Net Switching Power = 25.7522 m W  (78%) 

1UI-- 

TotaI Dynamic Powcr = 33.1280 mW (100%) 

Ctll Leakage Power = 1.3930 nW 

Report : timing 
-path full 
-delay max 
-nwont 3 
-rnax,paths 8 

Design : forwardbindctchip 
Version: 1998.02 
Date : Wcd May 24 20:43;57 2000 

Operating Conditions: WCCOM Library : tc b773pwc 
Wire Loading Modei Mode: segmented 

Design Wire Loading Modcl Library - 
fowardbindctchip TSMC32K-Consecvative 

tcb773pwc 

Startpoint: fo1wardct,bindct8~zO~eg,O~ 
(rising cdgc-triggtred flip-flop clockcd by bindct-clock) 

Endpoin t: forwardc t-p-s-out 1 1 ,outpuimcm_reg,O O 
(positive Ievel-sensitive latch clockcd by bindct-dock) 

Path Group: bindct-clock 
Path Type: max 

Point Incr Path 

dock bindct-clock (rise edge) 0.00 0.00 
clock network delay (propagattd) 1-25 1.25 



forwardct,bindct8,zO-~~JCf (DFCNEI Q) 0.00 1.25r 
forwardct-bindct8-20-reOJQ (DFCNE IQ) 1.39 2.64 f 
forwardctp,s,out 1 I ,outputmem,regO,OJD (LH 1 N) 0.00 2.64 f 
data arriva1 time 2.64 

dock bindct-dock (rise edge) 0.00 0.00 
dock network delay (propagated) 1.25 1.25 
forwardct,p,s,out 1 1 ,outputmem-re~O-OJE (LH 1 N) 0.00 1.25 r 
time borrowed from endpoint 1.39 2.64 
data rcquired tirne 2.64 

data requircd time 
data anival cime 

- -  - -  

slac k (MET) 0.00 

Time Borrowing Information 

bindct-clock pulse width 100.00 
library setup time -0.04 
dock unctrtainty -0.50 
-C-.--i-i- 

max rime bonow 99.46 
actuai timc borrow 1.39 ---- 

Startpoint: forwardc t-bindct8,zO-reg IV 
(rising edge-triggcred flip-fiop clocked by bindct-dock) 

Endpoint: forwardc t-p-s-out t I -outputmcm,rcgtO,l, 
(positive level-sensitive latch clockcd by bindct-dock) 

Path Group: bindct-dock 
Path Type: max 

Point Incr Path 

clock bindct-dock (rise edgc) 0.00 0.00 
ciock nctwotk delay (propagated) 1.25 1 25 
forwardct-bindct 8,z0,regJt/CP (DFCNE 1 Q) 0.00 1 Z r  
forwardct-bindct8-zooreg 1JQ (DFCNE 1 Q) 1.39 2.64 f 
forwardct-p-s-out1 I,outpumtm,reg O 1 JD (LHlN) 0.00 2.64 f 
data anival time 2.64 

clock bindct-clock (rise edgc) 0.00 0.00 
clock nctwork delay (propagated) 1.25 1.25 
forwardct-p-s-out 1 1 ,ourpuunern,regO, I J E  (LH 1 N) 0.00 1.25 r 
Ume borrowcd fiom cndpoint 139 2-64 
data requircd time 2.64 

data requircd time 
daca arrivai timc 

- - -  

skk (MET) 0.00 

Ti Bonowing Information 



bindct-clock pulse width 100.00 
library setup tirne -0.04 
clock uncertainty -0.50 --- 
max time bonow 99.46 
actuai time borrow 1.39 

S tartpoint: forwardct,bindct8-~O,reg,2- 
(rising edge-triggercd fl ip-flop clocked by bindct-clock) 

Endpoin t: forwardct-p-s-out 1 1 -outputmcm,rcg0,2, 
(positive lcvel-sensitive latch clockcd by bindct-cIocki 

Path Group: bindct-clock 
Path Type: max 

Point Incr Path 
--UIIU--- 

dock bindct-dock (rise edge) 0.00 0.00 
dock network dclay (propagatcd) 1.25 1.25 
forwardct-bindc (8-20-reg-2 JCP (DFCNE 1 Q) 0.00 1.25 r 
foiwardct,bindct8,z0,reg2JQ (DFCNEI Q) 1.39 2.64 f 
forwardct-p-s-out 1 1-0utputmern,reg,O~2~/D (LH LN) 0.00 2.64 f 
data arriva1 time 2.64 

dock bindct-dock (rise tdge) 0.00 0.00 
clock network delay (propagated) 1.25 1.25 
forwardct-p-s-out 1 1 -ourputmem,reg,OO2JE (LH 1 N) 0.00 1 2 5  r 
time borrowed from endpoint 1.39 2.64 
data rcquircd time 2.64 

data rcquircd tirne 
data arriva1 time - 
slack (MET) 0.00 

Timc Borrowing Information 

bindct-clock pulse width 100.00 
library setup time -0.04 
clock unctrtainty -050 

max time borrow 
actual tirne borrow 

Startpoint: forwardct-bindct 8 - z O - f ~ g 3 ~  
(rising edge-triggercd flip-flop clocked by bindct-clock) 

Endpoint: f o r~a rdc t -p~s~ou t  1 1 ,outpuimcmIIIre~O 3 
(positive levcl-sensitive laich clockcd by bindct-dock) 

Path Group: bindct-clock 
Path Typc: max 

Point Incr Path 



clock bindct-clock (nse edge) 0.00 0.00 
dock network delay (propagated) 1.25 1.25 
forw~ct,bindct8,zO~eg,3 JCP (DFCNEI Q) 0.00 1 2 5 r  
forwardc t,bindci8,zOOtcg3 JQ (DFCNE 1 Q) 1.39 2.64 f 
forwardct,p,s,out 1 t ~outpuunem,rt&O3JD (LH I N) 0.00 2.64 f 
data arriva1 cime 2.64 

dock bindct-clock (rise edgc) 0.00 0.00 
dock network delay (propagatcd) 1.25 1.25 
forwardct,p,s,out 1 l~outpu?mem,repO3JE (LH IN) 0.00 1 .3  r 
time bonowed from cndpoint 1.39 2.64 
data required time 2.64 
-m__U___II-- W~..  . 

data required time 2.64 
data arriva1 tirne -2.64 

Time Borrowing Information 
- 

bindct-dock pulse width 100.00 
Iibrary setup timc -0.04 
dock uncertainty -050 
UU------p- 

rnax time borrow 99.46 
actual timc bomow 1.39 

S tanpoint: fonvardct,bindct8,zO-reg,4, 
(rising edge-uiggercd flip-flop cIocked by bindct-dock) 

Endpoint: forwardct-p-s-out 1 1 ,output rn~rn , re~O~4~ 
(positive level-sensitive latch dockcd by bindct-dock) 

Path Group: bindct-dock 
Path Type: max 

Point Incr Path 

dock bindct-dock (nse cdge) 0.00 0.00 
dock network delay (propagatcd) 1.25 1.25 
fo~latdct-bindct8-zO~reg,4/CP (DFCNE 1 Q) 0.00 1.25 r 
forwardct-bindct8-20-re4 JQ (DFCNE 1 Q) 1.39 2.64 f 
forwardct-p-s-ou tl l ,outputmem~egO~4JD (LH IN) 0.00 2.64 f 
data arriva1 time 2.64 

dock bindct-dock (n'se edge) 0.00 0.00 
dock network delay (propagatcd) 1.25 1.25 
fotwardct-p-s-out 1 I ,outpuuntm,regJQJE (LH 1N) 0.00 1 25 r 
tirne borrowed fiom endpoint 139 2.64 
data required t h e  2.64 

slack (MET) 0.00 



Time Borrowing Information 
- P r - - -  

bindct-dock pulse width 100.00 
library setup time -0.04 
clock uncertainty -050 --- 
max time borrow 99.46 
actual tirne borrow 1.39 

S tartpoint: forwardct,bindct3,zO,reg5, 
(rising edge-triggered flip-flop clocked by bindct-dock) 

Endpoint: forwardct-p-s-out1 l,outpuuncm,regO-5- 
(positive level-sensitive latch clockcd by bindct-clock) 

Path Group: bindct-dock 
Path Type: max 

Point Incr Path 

clock bindct-clock (rise edge) 0.00 0.00 
dock network delay (propagated) 1.25 1.25 
forwardct-bindct8-20-ctg-5 JCP (DFCNElQ) 0.00 1.25 r 
fonvardct~bindct8~~O~teg5~1Q (DFCNE 1 Q) 1.39 2.64 f 
forwardct,p,s,out 1 lputputmem,re~O05 JD &Hl N) 0.00 2.64 f 
data arriva1 time 2.64 

clock bindct-dock (nse edge) 0.00 0.00 
cfock network delay (propagated) 1.25 1.25 
forwardct-p-s-out 1 1 -outputmem,regO,SJE (LH 1 N) 0.00 1 2 5  r 
tirne borrowed fiom endpoint 139 2.64 
data rcquired time 2.64 - 
data rcquired time 2.64 
data an ivd  time -2.64 

slack (MET) 0.00 

Time Borrowing Information 

bindct-clock pulse width 100.00 
library setup time -0.04 
dock uncertainty -0.50 

rnax tirne borrow 99.46 
actual tirne b r r o w  1.39 

Startpoint: for~adct-bindct8-20~~~g6~ 
(rising cdgc-triggcrcâ flipHop clockcd by bindct-clock) 

Endpoint: forwardct-p-s-out1 l ~ o u t p u t m e m ~ e g O ~ 6 ~  
(positive Ievel-sensitive latch clochd by bindct-dock) 

Path Group: bindct-dock 
Path Type: max 



Point Incr Path 
P 

clock bindct-clock (rise edge) 0.00 0.00 
dock network delay (propagatcd) 1.25 1.25 
forwardct-bindct8-20-re6JCP (DFCNE IQ) 0.00 1.25 r 
forwardc t-bindc t 8_zO-ceg,6-/Q (DFCNE 1 Q) 1.39 2.64 f 
forwardct~p,s,outll~outputmem~reg0,6JD (LH 1N) 0.00 2.64 f 
data arrivd time 2.64 

dock bindct-dock (rise edge) 0.00 0.00 
cloc k ne twork dclay (propagated) 1.25 1-25 
forwardct-p-s-out 1 1-outputmtm,reg-O-6JE (LH IN) 0.00 1.25 r 
time borrowcd from endpoint 1.39 2.64 
data required time 2.64 --- ---- 
data required time 2.64 
data arriva1 tirne -2.64 

Time Borrowing Information 
LI1- 

bindct-clock pulse width 100.00 
Iibrary setup time -0.04 
clock unceminty -0.50 -~ ---__1u 

max tirne borrow 99.46 
actuai time bonow 1.39 
--UI-UI--C--..-*----- 

Startpoint: forwardct,bind~t8,zO,reg7~ 
(rising cdge-uiggercd flip-flop clocktd by bindct-dock) 

Endpoint: forwardct-p-s-out 1 1 -outpuuntm,rt~0-7, 
(positive level-sensitive Iatch clocked by bindct-dock) 

Path Group: bindct-clock 
Path Type: max 

Point Incr Path 

dock bindct-dock (risc cdgc) 0.00 0.00 
clock network dtlay (propagated) 1.25 1-25 
forwardct-bindct8-zOOregJ3/CP (DFCNE 1 Q) 0.00 1.25 r 
forwardct,bindctB,zO,rca7 JQ (DFCNE 1Q) 1.39 2.64 f 
fotwardct-p-s-out 1 lputputmem,reg0,7JD (LH 1 N) 0.00 2.64 f 
data arriva1 t h e  2.64 

dock bindct-clock (risc cdge) 0.00 0.00 
clock nctwork dclay (propagated) 1.25 1.25 
forwardct-p-s-out 1 l,outputmem,reg0,7JE (LEIIN) 0.00 1 2 5  r 
time bonowed fiom endpoint 1.39 2.44 
data rcquired tirne 2.64 

data required time 
data arriva1 time 



slack (MET) 

Time Borrowing Information 

rnax time borrow 99.46 
actual time bomow 1.39 --- 

Startpoint: forwardct,s,p,in8,inputmem~re~OOO0 
(positive Itvel-sensitive latch clocked by in-dock) 

Endpoint: fowardct,s~p~in8,inputmem,reg,0~O0 
(positive level-sensitive latch clocked by in-dock) 

Path Group: in-clock 
Path Type: max 

Point Incr Path 
-c- 

dock in-dock (rise edge) 0.00 0.00 
dock network deIay (propagated) 1.21 1.21 
time given to startpoint 0.34 1-55 
forwafdct,s-p-in8-i nputmem-reg0-OJD (LH2Q) 0.00 155 f 
forwardct~s,p,in80inputm~mmrtgO~OJQ (LH2Q) 0.57 2.12 f 
forwardctJ72UZ (MUX2D2) 0.58 2.69 f 
folwardct_s_p,in8,i npu tmcmmregJl-0/D (LHZQ) 0.00 2.69 f 
data amival time 2.69 

clock in-dock (rise edge) 0.00 0.00 
clock network delay (propagatcd) 1.21 1.21 
forwardct,s,pjn8,inputmcmmrc~OOOJE (LH2Q) 0.00 121r 
cime bonowed from cndpoint 0.34 1.55 
data required time 1 55 
---II- 

data rcquired cime 1.55 
data arriva1 time -2.69 

slack (VIOLA'ED) -1.15 

Time Bonowing Information 

in-clock pulse width 12.21 
library setup timt -0.50 
dock uncertainty 450 

max timc bonow 11.21 
actual timc b m w  034 -- 

Siartpoint forwardct-s-p,in8-inputmeni,f~~O~2~ 
(positive level-sensitive latch clockcd by in-dock) 

Endpoin t: fow ardc t~~-p~in8,inpuuncm~re~O~2~ 



(positive ievel-sensitive latch clocked by in-clock) 
Path Group: in-dock 
Path Type: max 

Point incr Path 
- - 

dock in-dock (risc edge) 0.00 0.00 
dock network delay (propagated) 1.21 1.21 
time given to startpoint 0.34 1.55 
for~ardct-s,p-in8-inputrnem-reg0~2~n> (LH2Q) 0.00 
forwardc t,s,p,in8,inpuunemmregO02 JQ (LHZQ) 0.57 
f01wardctJJï20/2 (MüX2D2) 058 2.69 f 
fo~dct,s,p~in8~inputmtmmcegOO2JD (LHZQ) 0.00 
data arriva1 time 2.69 

dock in-dock (rise edge) 0.00 0.00 
dock nerwork dtlay (propagated) 1 3 1  1.31 
forwardct-s-p-in8-inputmem-reg,002JE (LH2Q) 0.00 
tirne bonowcd from endpoint 0.34 1.55 
data rcquired tirne 155 

data required time 
data amival timc 

Time Borrowing Information 
P m *  

in-dock pulse width 12.2 1 
library setup tirne -0.50 
clock unceminty -0.50 

Siart point: forwardct,s,p,in8,inpuunern-r~ go-3- 
(positive Icvcl-sensitive latch clocked by in-clock) 

Endpoint: forwardct,s,p,in8,inp~tmem~re~O-3, 
(positive level-sensitive latch clocked by in-dock) 

Path Group: in-dock 
Path Type: max 

Point Incr Path 

dock in-dock (risc edge) 0.00 0.00 
clock network delay (propagated) 1.21 1.21 
tirne given to startpoint 0.34 1 5 5  
forwardct,s,p,in8,inp~trnem~reg0~3JD (LH2Q) 0.00 
forwardct-S-pPin8-inputmemmrt03JQ (LHZQ) 057 
forwardct,U7 19E (MüXîD2) 0 5 8  2.69 f 
forwardct~~-p_ui8, înpu~ncm~~tgO3/D WQ) 0.00 
data arrivai tirnc 2.69 

dock in-dock (rise edge) 0.00 0.00 



cloc k nctwork delay (propagatcd) 1.21 1.21 
forwardc t~s~p~ in8~ inputmem,re~~3JE (LH2Q) 0.00 121 r 
time borrowed fiorn endpoint 0.34 155 
data required time 1.55 

-CU-- -  

data rcquired time 1.55 
data amival time -2.69 -- -- 
slack (WOLATED) -1.15 

Time Borrowing Information 

in-dock pulse width 
l i b v  setup time 
dock uncertainty 
- - - - - - - 

max tirne borrow 11.21 
actual time borrow 0.34 

..c- -- 

S tartpoint: forwardct,s-p,in8,inputmem-~g0,4, 
(positive level-sensitive latch ctocked by in-dock) 

Endpoint: forwardct~s~p~in8,inputmtm,re~OOII 
(positive level-sensitive latch clocked by in-dock) 

Path Group: in-dock 
Path Type: rnax 

Point Incr Path 

clock in-dock (rise edge) 0.00 0.00 
dock network dtlay (propagatcd) 1.21 1.21 
Ume given to startpoint 0.34 155 
forwardct-~-p-in8jnputmtm,re&-O~4~/D (LH2Q) 0.00 155 f 
forwardct~s~p~in8~inp~tmem~regO~4~/Q (LH2Q) 0.57 2.12 f 
forwardctJJ7 1 81Z (MUX2D2) 0.58 2.69 f 
fof~ardct_s,p,in8,inpumem~re~O~4~/D (LH2Q) 0.00 2.69 f 
data anival tirne 2.69 

clock in-clodc (rise edge) 0.00 0.00 
clock network dclay (propagatcd) 121 1.21 
forwardct,s,p,in8,inpu~nern~~t~O~4JE (LH2Q) 0.00 1 2 1 r 
time borrowcd fiom endpoint 0.34 1.55 
data rcquircd timt 155 

data rcquired time 
data arriva1 time 

slack (VIOLATED) -1.15 

Timc Borrowing Information 
P~ - ~ 

in-dock pulse width 1221 
library sttup time -0.50 
dock uncertainty 4.50 - 



max time borrow 11.21 
actual rime borrow 0.34 
- r - - -  

Startpoint: forwardct,sg,in8,inputmem,regO05~ 
(positive level-sensitive latch clocked by in-dock) 

End point: forwardc t~~~p~in8,inputmtm~regO~5~ 
(positive lcvel-sensitive fatch clocked by in-dock) 

Path Group: in-dock 
Path Type: rnax 

Point Incr Path 

dock in-dock (rise edge) 0.00 0.00 
dock nctwork delay (propagatcd) 1.21 131 
time given to startpoint 0.34 1.55 
f o r w a r d c t ~ s ~ p ~ i n 8 ~ i n p u ~ ~ 1 e r n ~ c e g O ~ 5 ~ ~  (LHZQ) 0.00 1 55 f 
fo~iardct,s,p,in8-inputmem-rc~,SJQ (LH2Q) 0.57 2.1 2 f 
forwardct-U7 1712 (MUX2D2) 058 2.69 f 
fonvardc t-s-p-in8-inpumemmrcg,OO5JD U 2 Q )  0.00 2.69 f 
data arriva1 tirne 2.69 

dock in-dock (rise edge) 0.00 0.00 
dock network delay (propagatcd) 1.21 1.21 
fowardct~s~p,in8~inputmemmregO05~ (LH2Q) 0.00 1.21 r 
time borrowcd from endpoint 0.34 155 
data required time 1 5 5  

data required tirne 
data amval time 

slack (WOLATED) 

Time Borrowing Information 
- - - - - - - - - - - - - 

in-dock pulse width 12.2 1 
library setup time -0 J O  
dock unccrtainty -050 - -C-UI ---LI 

max timt bomw 11.21 
actual time borrow 0.34 

Startpoint: forwardct~~~p~in8~inputmern~regO~6~ 
(positive level-sensitive latch clocked by in-dock) 

End point: fof~ardct_s,p,in8-inputmcm~~gO 6 
(positive level-sensitive latch clocked by in-clock) 

Path Group: in-clock 
Path Type: miut 

Point Incr Path 
I__ 

dock in-dock (rise cdge) 0.00 0.00 
clodc network dclay (propagated) 1.21 121 



time given to startpoint 0.34 155 
fonivardct~s~p,in8~inputmem,re~O6JD (LH2Q) 0.00 1.55 f 
forwardct-s-p-in8-input mem,regJ-6JQ (LH2Q) 0.57 2.12 f 
fomdct-U7 1 612 (MUX2D2) 0.58 2.69 f 
forwardc t-s-p-in8,inpu t m e r n ~ e O 6 J D  (LH2Q) 0.00 2.69 f 
data arrival urne 2.69 

dock in-clock (rise edge) 0.00 0.00 
dock network deiay (propagated) 1.21 1-21 
fotwardct-s,p,in8,inputmem-re~6/E (LW2Q) 0.00 1.21 r 
time borrowed front endpoint 0.34 155 
data required time 155 

data required tirne 1.55 
data arriva1 time -2.69 -- - 
slack (VIOLATED) -1.15 

Time Bonowing Information 
- - - - - U I u I - - . . - - U _ U U _ U _ U U _ U _ U U _ U _ U U _ U _ U U _ -  

in-dock pulse width 123 1 
library sctup time -0.50 
dock uncertainty -0.50 

max time borrow 11.21 
actual timt borrow 0.34 
P U U I - - U - - - - - - - U I U I - - - P  

Startpoint: forwardct-s-p-in8-inputmem,reg0,7- 
(positive level-sensitive latch clockcd by in-clock) 

Endpoint: forwardct-~,p,in8,inputmcm,reg,0,7, 
(positive Ievel-sensitive Iatch clockcd by in-dock) 

Path Group: in-dock 
Path Type: max 

Point Incr Path ---- u- 

dock in-dock (rise edge) 0.00 0.00 
dock network delay (propagated) 1.21 1.21 
time given to startpoint 0.34 1.55 
forwatdct-s-p-in8-inpuu1~em-re~-7,D (LH2Q) 0.00 1.55 f 
forwarctc t-s-p-in8,inpu t rnem-r tO7JQ (LHZQ) 0.57 2.12 f 
forwardct,U7 1 S/Z (MWUD2) 0.58 2.69 f 
forwardct~sSpPin8~inpuuncrnmre~~7JD (LH2Q) 0.00 2.69 f 
data arriva1 timc 2.69 

ciock in-dock (rise edge) 0.00 0.00 
dock nctwork deiay (propagated) 1.21 1.21 
forwardct~sSp~in8~inputmem~rc~O~7JE (LH2Q) 0.00 1 2 1 r  
time borrowcd fiom endpoint 034 155 
data rcquircd time 155 

data requircd time 1.55 
data airival time -2.69 



slack (VIOLATED) 

Time Bonowing Information 
p-p- -- 
in-dock pulse width 12.2 1 
library setup time -050 
clock uncertainty -050 

max time borrow 11.21 
actual time borrow 0.34 
----- - 

Siartpoint: forwardct-s-p-in 8,inpuunemmreg t - 1 - 
(positive Ievel-sensitive tatch clocked by in-dock) 

Endpoint: forwiirdct~s,p,in8,inputmtm~reg1111 
(positive level-sensitive tatch cIocked by in-clock) 

Path Group: in-dock 
Parh Type: max 

Point Incr Path ------ 
dock in-dock (rise edgc) 0.00 0.00 
dock network delay (propagated) 1.21 1.21 
timc given to startpoint 0.34 1.55 
forwardct,s,p,in8,inpuunemmreg, 1-1 JD (LH2Q) 0.00 1 55  f 
forwardct,s,p,in8,inpuunem-reg 1- IJQ (LH2Q) 057 2.12f 
forwardct-U7 13E (MUX2D2) 0.58 2.69 f 
forwardct,s,p,in8,inputmem~eg 1-1 JD (LHZQ) 0.00 2.69 f 
data mival time 2.69 

dock in-dock (risc edge) 0.00 0.00 
ctock nctwork deiay (propagated) 1.21 1.21 
forwardct,s,p,in8,inpu~nern~reg 1 - 1 3  (LH2Q) 0.0 1.21 r 
tirne borrowcd fiom endpoint 0.34 155 
data required tirne 155 

data required tirne 
data arriva1 tirne 
--UUU-CUUIUI- 

slack (VIOLATED) -1.15 

Time Borro wing Information 

in-dock pulse width 1221 
library setup time -0.50 
clock uncertainty -050 

max timc bonow 
actual time bonow 

Stanpoint: forwardctg,s,outl i , o u ~ u t m e m J C ~ 1 ,  
(positive level-sensitive latch ciockeâ by bindct-dock) 

End po int: forwardct~p,s,outll ,zout~cg- 1, 



(positive Ievel-sensitive latc h clocked by out-clock) 
Path Group: out-clock 
Path Type: max 

Point Incr Path 
C---CCI--UII-- 

clock bindct-dock (nse edge) 0.00 0.00 
clock network delay (propagated) 1.25 1.25 
tirne given to supo in t  1.39 2.64 
forwardct,p,s,out 1 I,outputmern_reg_4_ 1 JD (LH 1 N) 0.00 364 f 
forwardct-p-s-out 1 1 ,outputrnem,reg_4-1 JQN (LH 1 N) 0.69 3.34 r 
forwardctJJ20 1/ZN (INVO) 0.37 3.70 f 
forwardct,U729R;N (A012 1 D I K) 0.32 4.03 r 
forwardctJJ6 I9fZN (ND4D 1 ) 0.31 4.34f 
forwardct-p-s-out1 1-zout-reg 1 JD (LH 1 N) 0.00 4.34 f 
data &val time 4.34 

clock out-cloc k (rise edge) 0.00 0.00 
dock network delay (propagated) 0.43 0.43 
forwardct,p,s,out 1 1-zout-reg,J,/E (LH 1 N) 0.00 0.43 r 
time borrowed from endpoint 3.91 4.34 
data required time 4.34 
--ICU---.-i-.i--i------ - 
data rcquired time 4.34 
data arrivai time 4.34 

slack (MET) 

Time Borrowing Information 

out-clock pulse width 12.46 
library setup tirne -0.43 
dock uncertainty -0.50 
WU-------- 

max Wmc borrow 1153 
actud time borrow 3.9 1 
_________________.-- 

Startpoint: forwardct-p-s-out 1 I,outputmem,ttg4-2- 
(positive level-sensitive latch clocked by bindct-dock) 

Endpoint: forwardct-p-S-out 1 I,zout-reg,2_ 
(positive levcl-sensitive latch clocked by out-clock) 

Path Group: out-dock 
Path Type: max 

Point Incr Path 
- -  - - . - -  

dock bindct-dock ( r i s~  edge) 0.00 0.00 
dock network dclay (propagated) 125  1.25 
t h e  givcn to startpoint 139 2.64 
forwacàct,p~s~outlI,ou~~tmcrn,reg4~2JD (LHIN) 0.00 
forwatdct-p-s-out 1 l,outpu~mern,rt~4~2 JQN (LH 1 N) 0.69 
fonivardct-U204/ZN ( INVO) 0.37 3.70 f 
forwardct,U733/ZN (AOf2 1 D 1 H) 0.32 4.03 r 
forwardct-U6 181ZN (ND4D 1) 0.31 4.34 C 



forwardct-p-s-out 1 1 ,zout_reg_2JD (LH I N) 0.00 4.34 f 
data arrivai time 4.34 

dock out-dock (rise edge) 0.00 0.00 
clock nctwork delay (propagated) 0.43 0.43 
forwardct-p-s-out 1 1 ,zout,reg2JE (LH 1 N) 0.00 0.43 r 
time bonowed fiom endpoint 3.9 1 4.34 
data requircd time 4.34 

data requircd time 4.34 
data arriva1 time -4.34 

slack (MET) 

Tirne Borrowing Information 

out-dock pulse width 
library setup timc 
clock unccrtainty 

Startpoint: forwardct-p-s-out 1 I -outputrncm-reg-7 10, 
(positive Ievtl-sensitive latch clocked by bindct-dock) 

Endpoint: forwadct-p-s-out 1 1-zout-reg 1 O, 
(positive levcl-sensitive latch clockcd by out-ciock) 

Psith Group: out-dock 
Path Type: max 

Point Incr Path 

dock bindct-dock (rise edge) 0.00 0.00 
dock network delay (propagated) 1.25 1.25 
time given to startpoint 1.16 2.41 
forwardct,p,s,out 1 1 -0utput rnem~ep7lOJD (LW 1 N) 0.00 2.4 t r 
forwardct,p,s,out 1 1,outputmem-rtg7lOJQN (LHIN) 0.65 3.06 f 
forwardct,U84/ZN (NR2DO) 0.65 3.71 r 
forwardctU763EN (A0121 D 1 H) 0.33 4.M f 
fonvardctU6 10JZN (MMD 1) 0.29 4.34 r 
forwardct-p-s-out 1 1 -zout,re&lOJD (LH 1 N) 0.00 434 r 
data arriva1 time 4.34 

clock out-dock (risc edge) 0.00 0.00 
dock network delay (propagatcd) 0.43 0.43 
forwardct-p-s-out 1 1 zout-reg 1 OJE (LI4 1 N) 0.00 0.43 r 
time borrowcd fiom endpoint 3.91 434 
data requircd tirne 4.34 

data requircd time 
data arrival time 

slack 0.00 



T ï e  Borrowing Information 
---c 

out-dock pulse width 12-44 
Iibrary setup timt -0.3 1 
clock uncertainty -0.50 
------- 
max time borrow 1 1.65 
actual time borrow 3.9 1 --- 

Stanpoint: forwardct-p-s-out 1 1 -outpuunern,regOOOO 
(positive levti-sensitive latch clocked by bindct-ciack) 

Endpoint: forwardct-p-s-out 1 1 ,zout,rcgO, 
(positive levcl-sensitive iatch clocked by out,clock) 

Path Group: out-clock 
Path Type: rnax 

Point Incr Path 
--------m_P---U___ 

clock bindct-clock (rise edge) 0.00 0.00 
dock nerwork dctay (propagated) 1 1 .25 
tirne &en to startpoint 1.39 2.64 
forwardct-p-s-out 1 1 -outpuunem-reg-0-O-/D (LH 1 N) 0.00 2.64 f 
fonuardct-p-s-out 1 1-outpuunem-reg-O-O JQN (LHI N) 0.69 3.34 r 
forwardct-U 197iZN (INVO) 0.37 3.70 f 
fonvardct,U726LZN (A012 1 D 1 H) 032 4.Mr 
forwardct-U620ZN (ND4D 1 ) 0.31 4.34 f 
forwardct-p-s-out 1 t -zout_regOJD (LH IN) 0.00 3.34 f 
data arriva1 tirne 4.34 

dock out-clock (rise edgc) 0.00 0.00 
dock nctwork dclay (pGpagated) 0.43 0.43 
forwardct-p-s-out 1 1-tout-reg0JE (LH 1 N) 0.00 0.43 r 
time borrowed fiom cndpoint 3.91 4.34 
data rcquired time 4.34 

data required timc 
data arrival time -- -., 

slack (MET) 0.00 

Timc Borrowing Information 

out,cIoc k pulse width 12.46 
library setup time -0.43 
clock uncertainty -050 - 
max time borrow 1153 
actual time borrow 3.9 1 

Startpoint fodct-pPsSoutl 1-outputmem-reg0 1 
(positive Ievel-scmllSltive latch clockd by bindct-dock) 

Endpoint: fodct-p-s-out 1 I ,zout ,ngl ,  



(positive level-sensitive latch clocked by out-clock) 
Path Group: out,clock 
Path Type: max 

Point hc r  Pat h 

dock bindct-clock (rise edge) 0.00 0.00 
clock network delay (propagated) 1.25 1.25 
time given to startpoint 1.39 2.64 
forwardc t-p-s-out l I putpuunem-reg-O- 1 JD (LH 1 N) 0.00 2.64 f 
forwardct-p-s-out 1 1 ,outpuunem,regO- 1 JQN (LH 1 N) 0.69 3 34 r 
forwardc t-U200/ZN ( W O )  0.37 3.70 f 
forwardct-b730/ZN (A012 l D 1 H) 0.52 4.02 r 
forwardctU6 19/ZN (ND4D 1 ) 0.31 4-34 f 
forwacdct~p~s~outll,zout~rcglJD (LHlN) 0.00 1.34 f 
data anivd time 4.34 

clock out-dock (rise edge) 0.00 0.00 
clock network delay (propagated) 0.43 0.43 
fonvardc t-p-s-out l 1 ,zou t-reg 1 JE (LH 1 N) 0.00 0.43 r 
timc borrowed from endpoint 3.91 4.34 
data required cime 4.34 

data rcquired time 
data arriva1 tirne - 
slack (MET) 0.00 

Timc Borrowing Information 

out-clock pulse width 12.46 
library setup tirne -0.43 
dock uncertainty -050 
-h-m - 
max time borrow 1153 
actual time bonow 3.9 1 

Startpin t: forwardct-p-s-out 1 l pufputmtm-reg-O-2, 
(positive level-sensitive latch ciockcd by bindct-clock) 

Endpoint: forwardct-p-s-out 1 1-zout-reg2, 
(positive IcveLsensitive latch clockcd by ou t-ciock) 

Path Group: out-dock 
Path Type: m m  

Point Incr Path 

clock bindct-dock (rise edge) 0.00 0.00 
dock network delay (propagatcd) 1.25 1.25 
tirne given to startpoint 1.39 2.64 
forwardct-pPsSout 1 l,outpumttmI)reg,002JD (MN) 0 . 0  2.64 f 
forwardct-pPsSout 1 1,outpuinitmSrcgOO2 JQN (LH1 N) 0.69 3.34 r 
forwardct-W 2 0 3 m  (IMTO) 0.37 3.70 f 
forwardct,U734/2N (A012 ID 1 H) 032 4.02 r 
forwatdctJJ6 l s/ZN (ND4D 1) 0.31 434f 



forwardct-pPsSout 1 l - z o u t ~ ~ g 2 J D  (LH 1 N) 0.00 4.34f 
data arriva1 time 4.34 

dock out,clock (rise edge) 0.00 0.00 
dock network delay (propagated) 0.43 0.43 
forwardct-p-s-out 1 1 ,zout-rep12JE (LH 1 N) 0.00 0.43 r 
time borrowed fiom endpoint 3.91 4.34 
data required time 4-34 
Pm_- -U I__  

data required time 4.34 
data arriva1 time -4.34 

slack 0.00 

Time Borrowing Information 
-- 
out-dock pulse width 12.36 
Iibrary setup time -0.43 
dock uncertainty -0.50 

max time borrow 1 1.53 
mua1 time bonow 3.9 1 

S tartpoint: forwardct-p-s-out 1 1 -outputmem-reg-0-3, 
(positive Icvel-sensitive latch clocked by bindct-dock) 

Endpoint: forwardct-p-s-out 1 l,zout,reg3, 
(positive level-sensitive iatch clocked by out-dock) 

Path Group: out-dock 
Path Type: max 

Point Incr Path 
-HI - 
clock bindct,clock (rise cdgt) 0.00 0.00 
dock network delay (propagated) 1.25 1.25 
time givcn to startpoint 1.39 2.64 
forwardct-p-s-out 1 1-ourpuuncmmreg0_3 JD (LHIN) 0.00 364 f 
fomdct~p~s~outll,oucpuuncm,reg0,3,/QN(LH1N) 0.69 3.34r 
forwardct,U206iZN ( N O )  037 3.70 f 
forwardct-ü738/ZN (A012 1 D 1 H) 0.32 4.02 r 
forwardct-U6 1 7RN (ND4D 1 ) 0.3 t 4.34 f 
forwardct-p_s,out 1 l-zout-reg-3JD (LH 1 N) 0.00 4.34 f 
data arrivd time 4.34 

clock out,clock (rise edge) 0.00 0.00 
clock network deIay (propagated) 0.43 0.43 
fomdct-pPsSout 1 1 ,zout-reg_3JE (LH IN) 0.00 043 r 
time bonowcd h m  endpoint 3.91 434 
data required time 4.34 

data rcquued time 434 
data arriva1 time 434 

___L 

slack (MET) 0.00 



Time Bonowing Information 

out-clock pulse width 12.46 
library setup time -0.43 
cIock uncertainty -0.50 - 
m m  time borrow 1 1.53 
sictual time borrow 3.9 1 

S tartpoint : forwardct-p-s-out 1 1 ,outputmcm,reg-O-4, 
(positive level-sensitive latch clwked by bindc t-dock) 

Endpoint: forwardct-p-s-out 1 l,zout,rtg4, 
(positive level-sensitive latch clocked by out-dock) 

Path Group: out-clock 
Path Type: max 

Point Incr Path 

clock bindct-clock (risc cdge) 0.00 0.00 
clock network delay (propagatcd) 1.25 125 
time given to startpoint 1.39 2.64 
forwardct-p-s-out 1 I,outputmcm,re~O~4JD (LH 1 N) 0.00 2.64 f 
forwardct~p~s~outll,outputmem~reg,004 JQN (LHIN) 0.69 3.34 r 
forwardct,U208/2N ( N O )  0.37 3.70 f 
forwardc t-U742/ZN (A012 1 D 1 H) 0.32 4.02 r 
forwardct,U6 16EN (ND4D 1 ) 0.31 4.34 f 
forwardct,p,s,out l l-zout-reg,4JD (LH IN) 0.00 4.34 f 
data arriva1 time 4.34 

clock out-dock (rise edge) 0.00 0,OO 
dock network dclay (propagated) 0.43 0.43 
forwardct-p-s-out 1 1 ,zout,reg4,/E (LH 1 N) 0.00 0.43 r 
time borrowed from endpoint 3.91 4.34 
data required timc 4.34 

data required time 4.34 
data arriva1 time -4.34 - 
slack (m 0.00 

Time B orrowing Information 

out-clock pulse width 12.46 
library setup the -0.43 
dock uncertainty -050 

max time borrow 
acnial time borrow 



HA. Final results for the gate-level constrained design of the Inverse binDCT chip 

Report : area 
Design : inverscbindctchip 
Version: 1998.02 
Date : Wed May 24 21 :22: 13 2000 
*ab************************************** 

Ipdnipnwc (File: lCMUtooIs/synopsys. 1998.OZ/crnc/cmosp35/syn/tpd773pnwc.db) 
tcb773pwc (File: /CMC/tools/synopsys. 1998.02/cmc/cmosp351syn/tcb773pwc.db) 

Number of ports: 36 
Number of nets: 277 
Number of ctlls: 52 
Number of references: 6 

Combinational ma: 1370 I27Sûûûûû 
Noncombinationai area: 95952500000 
Net Interconnect areri: undefined (Wire load has zero net ana) 

Total cc11 area: 1464080.000000 
Total area: undefined 
1 
design-mal yzem 
**************************************a* 

Report : consuain t 
Design : inversebindctchip 
Version: 1998.02 
Date : Wcd May 24 2 1 22: 14 2 0  
****************************************** 

Weighted 
Group (max,delay/setup) Cost Weight Cost 
- - - - - - - - - - - - - 

bindct-clock 0.00 1.00 0.00 
in-cloc k 1.11 1.00 1.11 
out,clock 0.00 1.00 0.00 
default 0.00 1.00 0.00 

max-deiayfsetup 1-11 

Total Neg Critical 
Group (criticalalrange) Slack Endpoints Con 
P 

bindct-clock 0.00 O 0.00 
in-dock 91.85 82 90.77 
out-clock 0 . 0  O 0.00 
default 0.00 O 0.00 



critical-range 9O.n 

Weighted 
Group (min-delayhold) Cost Weight Cost 
--*- U-u-UI 

bindct-dock (no fix-hoid) 
0.00 1.00 0.00 

in-clock (no fix-hold) 0.00 1.00 0.00 
out-dock (no fix-hoId) 0.00 1.00 0.00 
default 0.00 1-00 0.00 
--Ch --- 
min-dela yhold 0.00 

Constraint Cost - -U__-_3_ 

mu-transi tion 1 1.30 (VIOLATED) 
max-fanout 0.00 (MET) 
max,delay/se tup 1.1 1 (VIOLATED) 
critical-range 90.77 (VIOLATED) 

Perfonning power analysis through design. (low effort) 
Waming: There arc sequentiai cells with no output activity annotation. (Pm-96) 

Report : power 
-andysis-effort low 

Design : inversebindctchip 
Version: 1998.03 
Date : Wed May 24 21 :NA3 2000 
**************************************** 

Library(s) Used: 

tpd773pnwc (File: /CMUtools/synopsys. 1998.û2/cmc/cmosp35/synltpd773pnwc.db) 
tcb773pwc (File: /CMC/tools/s ynops ys. 1998.02/cmc/cmosp3S/syn/tcb773pwc.db) 

Operating Conditions: WCCOM Library : tcb773pwc 
W i  LoaOing Mode1 Mode: scgmented 

Design Wire Loading Mode1 Library 

inversebindctchip TSMC32K-Conscrvative 
tcb773pwc 

s-p-in1 1 TSMCSK-Consexvative 
tcb773pwc 

ibindctl 1 TSMCSK,Conscrvative 
tcb773pwc 

prcliftadd TSMCSK,Conscrvative 



tcb773pwc 
Is1211 TSMC8K-Consevative 

tcb773pwc 
add 1 1-3 TSMC8 K-Conservative 

tcb773pwc 
addl 1-3-DWO i-add-12-0 TSMC8K-Conscwative 

tcb773pwc 
add 1 1-2 TSMC8 K-Conservative 

tcb773pwc 
add 1 1-2-DWO I -add, 12-0 TSMCSK-Conseniative 

tcb773pwc 
Isl8I 1-1 TSMC8 K-Conservative 

tcb773pwc 
Is1811,O TSMCSK-Conservative 

tcb773pwc 
subll-4 TSMCSK-Conservative 

tcb773pwc 
sub 1 l-4-DWOl,sub,ll-O TSMCSK-Conservativc 

tcb773pwc 
subll-3 TSMC8K-Conscrvative 

tcb773pwc 
sub 1 1 -3-DWOl-sub-11-O TSMC8K_ConstrvaUve 

tcb773pwc 
ls38 1 1-1 TSMCS K,Conscrvative 

tcb773pwc 
add 12-5 TSMC8K-Conservative 

tcb773pwc 
add 12-5,DWOl-add,I 3-0 TSMC8K-Consewative 

tcb773pwc 
ls3811-O TSMC8K,Conscrvativc 

tcb773pwc 
add 1 2-4 TSMCSK-Consemative 

tcb773pwc 
add 12-4-DWO l ,add, 13-0 TSMCSK-Conscrvative 

tc b773pwc 
add 1 f -1 TSMC8iC-Conservativc 

tcb773pwc 
add 1 1-1-DWO l-add-12-O TSMCSK_Conse~ative 

tcb773pwc 
sub11-2 TSMC8 K-Conservative 

tcb773pwc 
sub 1 1-2-DWO 1 -sub, 1 1-0 TSMC8K-Conserv;itivt 

tcb773pwc 
ls34ll TSMCS K-Conservativc 

tcb773pwc 
add 1 2-3 TSMCSK-Conservative 

tcb773pwc 
addl2-3,DWO 1-Ad-13-0 TSMC8K-Conscrvative 

tcb773pwc 
add 12-2 TSMCSK-Consemative 

tcb773pwc 
add 1 2-2-DWO 1 -add,l3-O TSMCBK,Conscrvativc 

tcb373pwc 
subll-1 TSMC8K-Conservative 

tcb773pwc 
sub 1 1-1-DWOl-sub-11-0 TSMCB~Collscfvativc 



tcb773pwc 
hl212 TSMCBK-Conscrvative 

tcb773pwc 
midaddsub TSMC8K-Conservative 

tcb773pwc 
add1l-0 TSMCS K-Consemative 

tcb773pwc 
add I 1-O-DWO 1-add-12-0 TSMC8K-Conservative 

tcb773pwc 
subl1,O TSMC8K-Conservative 

tcb773pwc 
sub 1 1-0,WO 1 -sub,ll,O TSMC8K-Conservative 

tcb773pwc 
add 12-1 TSMCSK-Consemative 

tcb773pwc 
add 12- 1 - D W O  1 -add- 13-0 TSMCSK-Conscrvative 

tcb773pwc 
add 12-0 TSMC8 K-Conservative 

tcb773pwc 
add 12-O-DWO 1 ,add,l3,O TSMC8K-Conservative 

tcb773pwc 
subl2-1 TSMCSK-Conscrvative 

tcb773pwc 
sub 12-1,DWO 1 ,sub,I 2-0 TSMCSK-Conservarive 

tcb773pwc 
subl2-O TSMCSK-Conservative 

tcb773pwc 
sub 12-O-DWO 1-sub, 12-0 TSMCSKJZonscrvativc 

tcb773pwc 
add 13-3 TSMC8 K-Conscrvativc 

tcb773pwc 
add13-3-DWOl,add,14,0 TSMCSK-Conservative 

tcb773pwc 
sub 13-5 TSMCSK-Conscrvative 

tcb773pwc 
sub 13-5-DWO lsub,I3,O TSMC8K-Conservative 

tcb773pwc 
rcalign TSMC8K-Conservative 

tcb773pwc 
midlift TSMCSK-Conservative 

tcb773pwc 
lsS8 13 TSMC8 LConscrvative 

cc b773p WC 

add 15 TSMC8K-Conservative 
rcb773pwc 

add 15,DWO 1-add-16-0 TSMCSK-Conservative 
tcb773pwc 

sub13-4 TSMC8K-Consecvative 
tc b773pwc 

sub l3-4-DWO 1-sub-13-0 t5mc8 K-Consemative 
tcb773pwc 

hi3813 TSMC8K-Conservative 
tcb773pwc 

add 14-1 TSMC8K,Cowrvative 
tcb7ï3pwc 

add 14-1,DWO 1-add-15-O TSMCSK-Conscrvative 



tcb773pwc 
sub 13-3 TSMCSK-Consecvative 

tcb773pwc 
sub 13-3-DWO 1 s u b -  1 3-0 TSMCBKConservative 

tcb773pwc 
postadd TSMC8K-Consemative 

tcb373pwc 
scaIe-4- 1 3-2 TSMCSK-Conservative 

tcb773pwc 
add 14-0 TSMCSK-Consemative 

tcb773pwc 
add14-0-DWO 1-add-15-0 TSMC8K-Conservative 

tcb773psc 
add 13-2 TSMCS K-Conservative 

tcb773pwc 
odd l3-2-DWO 1-add-14-0 TSMCIKCoonservauve 

tcb773pwc 
scale-4-15 TSMC8K-Conservative 

tcb773pwc 
scale-4-13-1 TSMCSK-Conservalive 

tcb773pwc 
sub 14 TSMCSK-Conservative 

tcb773pwc 
sub 14-DWO 1 -sub- 14-0 TSMCBK-Conservanvc 

tcb773pwc 
addl3-1 TSMCSK-Consrvative 

tcb773pwc 
addl 3-1-DWO 1-add-14-0 TSMC8KConnsewative 

tcb773pwc 
sub 1 3 2  TSMC8K,Conservative 

tcb773pwc 
sub 13-2-DWOl-sub-13-0 TSMCSK-Conservative 

tcb773pwc 
subl3-1 TSMC8K-Constrvative 

tcb773pwc 
sub 13-1-DWO 13ub-13-0 TSMC8KdConwrvative 

tcb773pwc 
subl3-O TSMCSK-Consewative 

tcb773pwc 
sub 13-0-DWO l_sub-l3-O TSMCIK-Conxrvative 

tcb773pwc 
scale-4-14-3 TSMCS IC-Conscrvative 

tcb773pwc 
scale-4- 14-2 TSMC8IC-Consewative 

tcb773pwc 
de-4-14-1 TSMC8KJ2onservativc 

tcb773pwc 
add 13-0 TSMCSK-Conservativc 

tcb773pwc 
add 13~OODWOl~add~14~0 TSMCSK-Consmativc 

tcbTI3pwc 
d e - 4 -  14-0 TSMC8~Consewative 

tcb773pwc 
s~iûe~4~l3-O TSMC8K-Cori~wative 

rcb773pwc 
p-s-out13 TSMCS K-Conservative 



Global Opcrating Voltage = 3 
Power-spccific unit information : 

Voltage Units = IV 
Capacitance Units = 1.000ûûûpf 
Tirne Units = 1 ns 
Dynamic Powtr Units = ImW (derived from V,C,T units) 
Leakage Power Units = 1pW 

CeIl Internai Powcr = 44.7173 m W  (35%) 
Net Switching Powcr = 84.8133 rnW (65%) 

CclJ Leakage Power = 2.4670 nW 

Report : timing 
-path full 
-delay max 
-nworst 3 
-max,paths 8 

Design : invcrsebindctchip 
Version: 1998.02 
Date : Wed May 24 21 :24:45 2000 
************+*************************** 

Opcrating Conditions: WCCOM Library: tcb773pwc 
Wire Loading Mode1 Mode: segmented 

Design Wire Loading Mode1 Library 

invcrsebindctchip TSMC32IC-Consefvative 
tcb773pwc 

s-p-in 1 1 TSMC8IC-Conservative 
tcb773pwc 

ibindct 1 1 TSMCSK-Conservative 
tcb773pwc 

prtliftadd TSMC8K-Conservative 
tcb773pwc 

isl2I 1 TSMC8K-Conscrvative 
tcb773pwc 

addl 1-3 TSMC8K-Conservaiive 
tcb773pwc 

add 1 1-3-DWO l,add,l2,0 TSMC8K-Consmative 
tcb773pwc 

addl 1-2 TSMCS K-Conservative 
tcb773pwc 

addl 1-2,DWOl,add-12,0 TSMCSK-Conscrvative 
tcb773pwc 

ls18 11-1 TSMC8K-Conserva tive 



tcb773pwc 
1~1811-O TSMC8K-Conservative 

tcb773pwc 
sublI-4 TSMCS K-Conservati ve 

tcb773pwc 
sub11,4~DWOl~sub~l1,0 TSMCSK-Conservative 

tcb773pwc 
subll-3 TSMC8K-Conservative 

tcb773pwc 
sub 1 1-3-DWO 1 -sub-11-0 TSMCSK-Consenative 

tcb773pwc 
ls381 1-1 TSMC8K-Conservative 

tcb773pwc 
add 12-5 TSMCSK-Consetvative 

tcb773pwc 
add l2-S-DWO 1-add-13-0 TSMCSK-Consevative 

tcb773pwc 
ls38 1 1-0 TSMC8K-Conservative 

tcb773pwc 
add 1 2-4 TSMC8K-Conservative 

tcb773pwc 
add 12-4-DWO l,add,13,0 TSMCSK-Consewativc 

tcb773pwc 
addl 1-1 TSMC8K-Conservaiive 

tcb773pwc 
add 1 1 -1-DWO 1-add-i 2-0 TSMC8K-Conservarive 

tcb773pwc 
sub 1 1-2 TSMC8K-Conservative 

tcb773pwc 
subl l-2_DWOl,sub,I 1-0 TSMC8K-Conservativc 

tcb773pwc 
ls3411 TSMC8K-Conservative 

tcb773pwc 
add 12-3 TSMC8 K-Conservative 

tc b773pwc 
add l2-3-DWO 1 ,add, 13-0 TSMC8K-Conservative 

tcb773pwc 
add 12-2 TSMC8 K,Conservative 

tcb773pwc 
add l2-2-DWO 1-add-13-0 TSMCSK-Conscrvative 

tcb773pwc 
subl 1-1 TSMC8K-Consecvative 

tcb773pwc 
sub 1 1-1-DWOl-sub-11-O TSMCSK-Conservativt 

tcb773pwc 
Is1212 TSMCSK-Conservative 

tcb773pwc 
midaddsub TSMCSK-Conservaiive 

tcb773pwc 
addl 1-0 TSMCSK-Conscwative 

tcb773pwc 
add 11-0-DWO 1 ~dd-12-O TSMC8K-Conservaiive 

tcb773pwc 
subll-0 TSMC%K,Conscrvativt 

tcb773pwc 
a b  1 1,O,DWOl,sub~l~,O TSMCSiC-Conservative 



tcb773pwc 
add 12-1 TSMCSK-Conservative 

tcb773pwc 
add 12-1-DW01-add- 13-0 TSMCSK-Consecvative 

tcb773pwc 
add 12-0 TSMCSK-Conservative 

tcb773pwc 
add 12-O-DWO 1 -add-13-0 TSMCSK-Conservative 

tcb773pwc 
subl2-1 TSMCSK-Consetvative 

tcb773pwc 
sub 12-1-DWO 1-sub- 12-0 TSMCSK-Conscmative 

tcb773pwc 
sub 12-0 TSMCSK,Conscrvative 

tcb773pwc 
sub 12-0,DWO 1-sub, 12-0 TSMCSK-Consemative 

tcb773pwc 
add 13-3 TSMCSK-Conservative 

tcb773pwc 
add 1 3-3-DWO 1 -add,14,0 TSMC8 K-Conscrvative 

tcb773pwc 
sub 13-5 TSMCSK-Consetvative 

tcb773pwc 
sub 13-5,DWO 1 ,sub, 1 3-0 TSMC8 K-Consetvative 

tcb773pwc 
rtalign TSMC8K-Conscwative 

tcb773pwc 
midlift TSMCSK-Conservative 

tcb773pwc 
15813 TSMCSK-Conservative 

tcb773pwc 
add f 5 TSMC8 K-Conservative 

tcb773pwc 
add 1 5,DWO 1-add, 1 6-0 TSMCS K-Conservative 

tcb773pwc 
sub 1 3 4  TSMCS K-Conservative 

tcb773pwc 
sub 1 3-4-DWO 1 -sub,l3,O TSMCSK-Constrvative 

tcb773pwc 
1s38 13 TSMCSK-Conservati ve 

tcb773pwc 
addl4-1 TSMCSK-Conservative 

tcb773pwc 
add 14-1 ,DWO 1 -add,15-O TSMCSiC-Conservative 

tcb773pwc 
sub 1 3-3 TSMC8 K-Conservative 

tc b773pwc 
sub13,3,DWOl,sub,l3,0 TSMC8K-conservative 

tcb773pwc 
postadd TSMC8K,Consmrative 

tcb773pwc 
scale-4-13-2 TSMCSK-Conservative 

tcb773pwc 
add 14-0 TSMCSK-Conservaiive 

tcb773pwc 
add 14-O-DWOl,add,l 5-0 TSMCSK-Conservative 



tcb773pwc 
add 13-2 TSMC8K-Conservative 

tcb773pwc 
add 13-2,DWOl ,add,l4-0 TSMC8K-Conscrvative 

tcb773pwc 
scale-4-15 TSMCSK-Conservative 

tcb773pwc 
scale-4-13-1 TSMC8K-Conservative 

tcb773pwc 
sub 14 TSMCSK-Conservative 

tcb773pwc 
sub 14-DWO 1-sub, 14-0 TSMCS K-Conservativc 

tcb773pwc 
add 13- 1 TSMC8 K-Conservative 

tcb773pwc 
add 13-1-DW0 1-add, 14-0 TSMC8K,Conservative 

tcb773pwc 
sub 13-2 TSMC8K-Conservative 

tcb773pwc 
sub 1 3-2,DWO 1-sub- 13-0 TSMCSK-Consecvative 

tcb773pwc 
sub 13-1 TSMC8K-Conservative 

tcb773pwc 
sub13,1~DWOl,sub~l3~0 TSMC8K-Consetvative 

tcb773pwc 
sub 13-0 TSMC8 K-Conservacive 

tcb773pwc 
sub I 3-O-DWO 1 ,sub, 1 3-0 TSMC8 K-Conservative 

tcb773pwc 
scde,4,14,3 TSMC8 K-Conservati ve 

tc b773pwc 
scale-4-14-2 TSMC8K,Conservative 

tcb773pwc 
scale-4-14-1 TSMCSK-Conscrvative 

tcb773pwc 
add 1 3-0 TSMCS K-Conservative 

tcb773pwc 
add 1 3-0-D WO 1 -add- 1 4-0 TSMCS K-Conservativt 

tcb773pwc 
scale-4-14-0 TSMC8K,Conservative 

tcb773pwc 
scaIe-4-13-0 TSMC8iC-Conservativc 

tcb773pwc 
p-s-out 13 TSMCSK-Conscrvative 

tcb773pwc 

Startpoint: inversedct-ibindct 1 11xO-reg0, 
(rising cdge-uiggercd flipflop clocked by bindct-clock) 

Endpoint: invcncdc t-pPsSoutl 3/ou~utmem,rc&O~o~ 
(positive Ievel-sensitive latch clockcd by bindct-clock) 

Path Group: bindct-clock 
Path Type: max 

Point lncr Path 



clock bindct-clock (rise edge) 0.00 0.00 
clock network delay (propagatcd) 1.34 1-34 
inversedc t-ibindct 1 1/x0-regOJCP (DFCN2N) 0.00 1.34 r 
invcrscdct-ibindct 1 1/x0-regOJQN (DFCN2N) 1.35 2.69 r 
inversedct-ibindct 1 1/LJ257/ZN (INV3) 0.12 2.8If 
inversedctjbindct 1 VxO-O- (ibindct 1 1) 0.00 2.81 f 
inversedc t-p-s-out 1 3 1 ~ 0 ~ 0 ~  (p-s-out 1 3) 0.00 2.81 f 
inversedct-p-s-out 13/ouipuaem~repO~0_/0 (WIN) 0.00 2.8 1 f 
data arriva1 time 2.8 1 

dock bindct-cIock (rise cdge) 0.00 0.00 
clock ne twork delay (propagated) 1.34 1.34 
inversedct-p-s-out 1 3/outpuunem,re~O_OJE (LH t N) 0.00 1 .X r 
time borrowed from cndpoint 1.47 2.81 
data required time 2.8 1 

data required time 2.8 1 
data arriva1 timc -2.8 1 - 
slack (MET) 0.00 

Time Borrowing Information 
---HH-LI-p-*- 

bindct-dock pulse width 100.00 
library setup time 0.02 
clock uncertainty -0.50 
---LI--- 

max time borrow 99.53 
actual time borrow 1.47 -- 

Smpoint: invcrsedct,ibindct 1 l/xO-reg,J, 
(nsing edge-triggcred flipflop cloc ked by bindct-dock) 

Endpoint: invcrsedct-p-s-out 13/outputmem_reg 0 1 
(positive level-sensitive latch clocked by bindct-clock) 

Path Group: bindct-clock 
Path Type: max 

Point Incr Path - ---- 
clock bindct-clock (risc cdge) 0.00 0.00 
clock network delay (propagated) 1.34 1.34 
invcrscdct-i bindct 1 1 /x0-reg f JCP (DFCN2N) 0.00 1.34 r 
inversedct-ibindct 1 llx0,rtglJQN (DFCNSN) 135 2.69 r 
inverstdct-ibindct 1 l/ü2!56/ZN (IM/3) 0.12 2.81f 
invcrscdct-ibindct 1 1/x0-1, (ibindct i 1) 0.00 2.81 f 
inverscdc t-p-s-out l3/zO- 1, (p-s-out 13) 0.00 2.81 f 
inversedct-p-s-out 1 ~ / o u Q u u ~ c ~ ~ E ~ , ~ ~ ~ ~  (LH IN) 0.00 2.8 1 f 
data arriva1 ame 2.8 1 

clock bindct-dock (rise cdge) 0 . 0  0.00 
clock network dtlay (propagated) 1.34 1.34 
inverscdct~p~s~out 13/outpurmtm,rcpO1JE (LH IN) 0.00 134 r 
time bonowcd fiom endpoint 1.47 281 
data rcquUtd rime 2.8 I 



a--- C- - 

data required timc 2.8 1 
data arriva1 tirne -2.8 1 

Time Borrowing Information 

bindct-clock pulse width 100.00 
Iibrary setup time 0.02 
clock uncertainty -0.50 

max time borrow 
actuai timc borrow 

Startpoint: inversedct-ibindct 1 1 /xO-reg-2, 
(rising edge-uiggered flip-flop clocked by bindct-clock) 

Endpoint: invcrscdct,p,s-out 1 3 / o u t p ~ t m t m , r e g O ~ 2 ~  
(positive Ievel-sensitive latch clocked by bindct-dock) 

Palh Group: bindct-dock 
Path Type: max 

Point Incr Path ---- 
dock bindct-clock (rise edge) 0.00 0.00 
dock network dclay (propagated) 1.34 134 
inversedct-ibindct 1 l/xO,reg2,lCP (DFCN2N) 0.00 1 3 4 r  
invenedct-i bindct 1 l/xO,reg-2-lQN (DFCNZN) 1.35 2.69 r 
inversedct-ibindct 1 lNîSS/ZN (INV3) 0.12 2.81f 
inversedct-ibindctl Vx0-2- (ibindctl 1) 0.00 2.81f 
inverscdct-p-s-out 1 3iz0-2- (p-s-out 13) 0.00 2.81 f 
invtrsedct,p,s,outl3/ou~utmern,reg0~2~ (LHIN) 0.00 2.8 1 f 
dam arriva1 time 2.8 1 

clock bindct-clock (rise edge) 0.00 0.00 
clock nctwork delay (propagated) 1.34 1 -34 
inversedct,p,s,out 13/outpuunern,reg0-2JE (LH 1 N) 0.00 1 34 r 
time borrowcd fiom endpoint 1.47 2.81 
data requircd timc 2.8 1 

data q u i r e d  time 
data arrivai tirne 

slack (MET) 0.00 

Tirnc Borrowing Information 

bindct-dock pulse width 100.00 
library sctup time 0.02 
clock unctrtainty -0.50 

max time b n o w  9953 
actuai tirne borrow 1.47 



Startpoint: inverseda-ibindct 1 11x0-reg3, 
(rising edge-triggered flip-flop clocked by bindctclock) 

Endpoint: inversedct-p-s-out 13/outputmcrn,repO3- 
(positive level-sensitive latch clocked by bindct-dock) 

Path Group: bindct-clock 
Path Type: max 

Point Incr Path 
- - - - -  - 

dock bindct-dock (rise edgc) 0.00 0.00 
ciock network dtlay (propagated) 1.34 1 .X 
invcrsedct-ibindct 1 llxO-reg_3JCf (DFCN2N) 0.00 1.34 r 
inversedctjbindct 1 11x0-reg3JQN (DFCN2N) 1.35 2.69 r 
inversedctjbindct 1 lN2541ZN (W3) 0.12 2.81 f 
invcrscdct,ibindctl 11x0-3, (ibindct 1 1) 0.00 2.81 f 
inversedct,p,s,out 1 3120-3, (p-s-out 13) 0.00 2.81 f 
inversedct-p-s-out l3loutputmern-repO-3JD (LH 1 N) 0 . 0  2.8 1 f 
data arrivai time 3.8 1 

dock bindct-dock (rise cdge) 0.00 0.00 
clock nctwork dclay (propagated) 1.34 134 
inversedct,p,s,out 13foutputmcm~epO-3JE (LH 1 PJ) 0.00 1.34 r 
time borrowed fiom endpoint 1.47 2.81 
data requircd tirne 2.8 1 
-U---..l)- -- 
data required time 2.8 1 
data arriva1 timc -2.8 1 --- 
slack (MET) 0.00 

Tirnt Borrowing Information - 
bindct-clock pulse width 100.00 
library setup timc 0.02 
clock unccrtainty -050 

max time bonow 99.53 
actual tirnt borrow 1.47 

Startpoint inversedct-ibindct 1 l / x 0 - ~ 4 -  
(nsing cdge-triggcrcd flipfi op clocked by bindct-dock) 

Endpoint: inverscdct-p-s-out 1 3/0utputmcm-regQ~4~ 
(positive level-sensitive iatch clockcd by bindct-ciock) 

Path Group: bindct-dock 
Path Type: max 

Point lncr Path 

ciock bindct-dock (rise edge) 0.00 0.00 
dock network delay (propagated) 1.34 134 
invedct-ibindc t 1 11x0-ftg4JCP @FCN2N) 0.00 1.34 r 
inverscdct-ibindct 1 I/xOotcp4JQN (DFCNZN) 1.35 2.69 r 



inversedctj bindct 1 t NZ3/ZN ( W 3 )  0.12 2.81 f 
inversedct-ibindct 1 11x0-4- (ibindct l 1 ) 0.00 2.81 f 
i n v e n e d ~ t ~ p ~ s ~ o u t  1 3 1 ~ 0 ~ 4 ~  (p-s-out 13) 0.00 2.81 f 
inversedct-p-s-out 1 3 / o u t p u t m c m ~ r e ~ 0 ~ 4 / D  (LH IN) 0.00 2.8 1 f 
data arriva1 time 2.8 1 

clock bindct-clock (rise edge) 0.00 0.00 
dock network delay (propagattd) 1.34 1.34 
inversedct,p,s,out I3/0utputmern,reg,O~4~/E (LH 1 N) 0.00 1.34 r 
time borrowed from cndpoint 1.47 2.81 
data required time 2.8 1 

data rcquircd time 2.8 1 
data arrivai tirne -3.8 1 

slack (MET) 0.00 

Time Borrowing Information 
---- 
bindct-dock pulse width 100.00 
library setup tirne 0.02 
clock uncertainty -050 

max time borrow 9953 
actual time bonow 1.17 - 

Startpoint: invenedct-ibindct 1 l/xO,reg_S- 
(nsing edge-triggtrcd flip-flop clocked by bindct-clock) 

End point: inverscdc t-p-s-out I3/outputmem~rcg0,5, 
(positive level-sensitive latch clocked by bindct-clock) 

Path Group: bindct-clock 
Path Type: max 

Point Incr Path - 
clock bindctclock (rise edge) 0.00 0.00 
clock networb delay (propagated) 1.34 1.34 
inversedctibindct l l l xO~eg5JCP (DFCN2N) 0.00 134 r 
invtrscdct-ibindct 1 1 lxOOrcgS,lQN (DFCN2N) 1.35 2.69 r 
inversedct-ibindct 1 lN252/ZN (iNV3) 0.12 2.81 f 
inversedct-ibindct l I/~0-5- (i bindct 1 1) 0.00 2.81 f 
inverscdctg,s,out 13/z0-5- (p-s-out 13) 0.00 2.81 f 
inver~cdct~p-s-out 1 3/outputmem-repO-5/D (LI4 LN) 0.00 2.8 1 f 
data arriva1 time 2 8  1 

clock bindct-dock (rise dge) 0.00 0.00 
clock network delay (propagatcd) 1.34 1-34 
invcrscdct-pPsSout l 3 f o u t p ~ t m t r n ~ ~ t ~ O ~ S J E  (LHI N) 0.00 1 34 r 
time bonowcd fiom cndpoint 1.47 2.81 
data rquired timt 2.8 1 - 
data rcquired time 2.8 1 
data anival tirne -2.8 1 



slack (MET) 

Time Borrowing Information -- 
bindct-clock pulse width 100.00 
Iibrary sctup timc 0.02 
dock uncertainty -050 

rnax time borrow 9953 
actual time borrow 1.47 

Startpoint: invcrsedct-ibindct 1 1 1x0-re~6, 
(rising edge-triggercd flipflop clockcd by bindct-dock) 

End point: invcrsedc t-p-s-out 1 31outp~tmern~regO~6~ 
(positive level-sensitive latch clocked by bindct-dock) 

Paih Group: bindct-clock 
Path Type: max 

Point Incr Path 

clock bindct-ciock (rise edge) 0.00 0.00 
clock network delay (propagatcd) 1.34 1.34 
invcrsedct-ibindct 1 l/xO,reg6JCP (DFCN2N) 0.00 1.34 r 
invcrsedct-i bindct 1 l l~O~rep6JQN (DFCNSN) 1.35 2.69 r 
inversedct-ibindct 1 1 N25 I/ZN (INV3) 0.12 2.81f 
inverscdct,ibindctll/xO,6, (ibindct 1 1) 0.00 3.81 f 
inversedct-p-s-out 131~0-6, (p-s-out 13) 0.00 2.81 f 
invcrsedct,p,sput 13loutpuunem,reg0,6JD (LH 1 N) 0.00 3.8 1 f 
data adval time 2.8 1 

dock bindct-dock (rise edge) 0.00 0.00 
cIock network delay (propagated) 1.34 1.34 
inverscdct,p,s,out 1 3/outputmem,repO6JE (L.H 1 N) 0.00 1.34 r 
timc borrowed from endpoint 1.47 2-81 
data rcquired time 2.8 1 

data requircd time 
data arriva1 time - 
slack (MET) 0.00 

T i  Borrowing Information 

bindct,clock pulse width 100.00 
libriuy setup time 0.02 
clock uncertainty -050 

max time bonow 9953 
actuai timc bonow I -47 

Startpoinc inverscdct,ibindct 1 11x0-reg.7- 
(rising dgc-triggercd flipflop clocked by bindct-ctock) 



Endpoint: inversedc t-p-s-out 1 3/outputmem,regO7- 
(positive level-sensitive latch clocked by bindct-clock) 

Path Group: bindct-clock 
Path Type: max 

Point incr Path ----- -- 
dock bindct-dock (rise edge) 0.00 0.00 
dock network delay (propagated) 1.34 1.34 
inversedct-ibindct 1 IlxO-reg7JCP (DFCN2N) 0.00 1.34 r 
inversedct-ibindct 1 l/xO-reg7JQN (DFCN2N) 1.35 2.69r 
inversedct-ibindct 1 1/U250n;N (INV3) 0.12 2.81f 
inverscdct-ibindctf f /x0-7- (ibindct i 1) 0.00 2.81 F 
inverscdct-p-s-out 1 3/z0-7, (p-s-out 1 3) 0.00 2.81 f 
inversedct-p-s-out 13/ou~utmem,reg,0-7JD (LHlN) 0.00 2.8 1 f 
data arrival time 2.8 1 

dock bindct-dock (rise edge) 0-00 0.00 
dock network delay (propagated) 1.34 1.34 
inversedct-p-s-out 1 3/outputmem,rcg,007JE (LH 1 N) 0.00 1 -34 r 
tirne borrowed fiom endpoint 1.47 2.81 
data requircd time 2.8 1 

Time Borrowing Information 
U P  UI--- 

bindct-dock pulse width 100.00 
Iibrary setup time 0.02 
dock unccrtainty -0.50 
UIHUIUI--UIW-UII- 

rnax timc borrow 99.53 
actud time borrow 1 -47 

Strurpoint: inversedct-s-p-in 1 Ihnputmem-reg-0-0- 
(positive level-sensitive Iatch clockcd by in-clock) 

Endpoint: Uiverscdct-s-p-in 1 l/inputmem-reg0-0- 
(positive level-sensitive latch clockcd by in-clock) 

Path Group: in-dock 
Path Type: max 

Point Incr Path 

clock in-clock (rise cdge) 0.00 0.00 
clock network dciay (propagatcd) 1.21 1.21 
timt givcn to startpoint 034 135 
invcrscdct-s-p-in 1 Ilinputmem,rcpO-OJD (LHI Q) 0.00 1 55 f 
invedct-s-p-in 1 I/inputmem,repOO/Q (LH IQ) 053 2.09 f 
inverscdct-s-p-in 1 l/W223/2 (MUX2D2) 057 266f 
inversodct-s-p-in 1 l / i i p u t m c m , r t ~ O ~ O / D  (LHIQ) 0.00 2.66 f 
data arriva1 time 2.66 



dock in-dock (rise edgc) 0.00 0.00 
dock network delay (propagated) 1.21 1.21 
inversedct,s,p,inl Ilinputmcm~eg-O-OJE (LH 1 Q) 0.00 1 2 1 r 
timc borrowed from endpoint 0.34 1.55 
data rcquired tirne 1.55 

data requùed time 
data anivd timc 

slack (VIOLATED) 

Tirne Bonowing Information 

in-clock pulse width 4.7 1 
library setup timc -0.44 
dock uncertainty -050 

--- 
max time borrow 3.77 
actual time borrow 0.34 

Startpoin t: inversedct-s-p-in 1 I /inputmem,reg0,2, 
(positive level-sensitive latch clocktd by in-clock) 

Endpoint: inverscdc t-s-p-in 1 l/inputmtm~reg-,O-2, 
(positive level-sensitive latch clockcd by in-clock) 

Path Group: in-dock 
Path Type: max 

Point Incr Path 

clock in-dock (rise edge) 0.00 0.00 
clock network delay (propagatcd) 1.21 131  
time given to startpoint 0.34 155 
inverscdct-s-p-in 1 1 rinputmem-repO2JD (LH 1 Q) 0.00 155  f 
invcrsedct-s-p-in 1 Ifinpu~mem-repO2JQ (LH 1Q) 0.53 2.09 f 
inverscdct-s-p-in 1 1/11220/2 (MUX2D2) 0.57 2.66 f 
inversedct-s-p-in 1 l ~ n p u t m e m ~ r c ~ O 0 2 J D  (LH 1Q) 0.00 2.66 f 
data arrivai time 2.66 

clock in-dock (risc edge) 0.00 0.00 
clock nctwork delay (propagatcd) 1.21 1.21 
invcrstdct,s,p,in 1 llinpuunem-rcg0-2JE (LH 1Q) 0.00 1.2 1 r 
tirnt borrowed from endpoint 0.34 155 
data rcquired time 155 

Time Bonowing Information 

in-clock pulse width 4.7 1 
Iibtary sctup timc 4-44 



clock uncertainty -050 -- -*---- -- 
max tirne borrow 3.77 
actual time borrow 0.34 

Startpoint: inversedct-s-p-in 1 I/inputmem,reg O 3, 
(positive Ievcl-sensitive latch clocked by in-dock) 

Endpoint: invcrsedct-s-p-in 1 llinputrnem-reg-0-3, 
(positive level-sensitive latch clocked by in-dock) 

Path Group: in-clock 
Path Type: max 

Point Incr Path 
- .  

dock in-dock (rise edgc) 0.00 0.00 
clock network dtlay (propagated) 1.21 1.21 
timc givcn to stanpoint 0.34 155 
inverscdct-s-p-in 1 1 linputmcm,rc p O  3 /D (LH 1 Q) 0.00 1 5 5  f 
invcrsedct,s,p,in 1 ~ l i n p u t m e m ~ c p O 3 J Q  (LE? 1 Q) 053 2.09 f 
inventdct-s-pjn I 1N2 19/2 (MUX2D2) 0.57 2.66 f 
inversedct-s-p-in 1 l/inputmem,rc~O3JD (LH 1 B) 0.00 2.66 f 
data arriva1 time 2.66 

clock in-dock (risc edge) 0.00 0.00 
clock nctwork dclay (propagated) 1.21 121 
inverscdct-s-p-in 1 I/inputmem,regO 3 /E (LH 1Q) 0.00 1 .X r 
time borrowed from endpoint 0.34 155 
data required timt 1.55 

data rcquired time 
data arrival timc 

slack (VIOLATED) 

Time Borrowing Information 

in-clodc pulse width 
library setup time 
dock uncertainty 

max timc borrow 
actual timc borrow 

S tartpoint: invtntdct-s-p-in 1 llinpuumm,rcg0,4, 
(positive level-sensitive Iatch clockcd by in-dock) 

End point: inversedct~sSpPin 1 1 / i n p ~ t m e m , r e g O ~ 4 ~  
(positive Icvcl-sensitive latch clockcd by in-dock) 

Path Group: in-dock 
Path Type: max 

Point hcr Path 



clock in-clock (risc edgt) 0.00 0.00 
clock nctwork delay (propagatcd) 1.21 1.21 
time given to startpoint 0.34 1.55 
inversedct-s-p-in 1 lfinputmem,regO,4-/D (LH 1Q) 0.00 155 f 
invenedct-s-p-in 1 lrinputmem-reg0-4JQ (LH 1Q) 053 2.09 f 
inversedct-s-p-in 1 IN2 1 8/2 (MUX2D2) 0.57 2.66 f 
invcrsedct-s-p-in 1 1 f i n p u t r n e m ~ e ~ O ~ 4 ~ D  (LH 1 Q) 0.00 2.66 f 
data arriva1 time 2.66 

dock in-clock (rise edge) 0.00 0.00 
dock network delay (propaga~ed) 1.21 1-21 
inversedct,s,p,in 1 Ifinputmtm-reg 0 4 3  (LH IQ)  0.00 1.2 1 r 
timç borrowed fiom endpoint 0.34 155 
data required time 1.55 - 
data required tirne 1.55 
data arriva1 tirne -2.66 

P.. 

slack (VIOLATED) -1.1 1 

Timc Borrowing Information 
. - - . . . . . . . . . . . 

in-clock pulse width 
library sttup tirne 
dock unccrtainty ----- 
max Ume borrow 3.77 
actual time bonow 0.34 

S tartpoint: inversecfct,s,p,in 1 l/inputmcm,regO5, 
(positive level-sensitive Iatch clocktd by in-dock) 

Endpoint: inversedct-s-p-in 1 1 /inputmem,repO5- 
(positive lcvel-sensitive latch clocked by in-clock) 

Path Group: in-clock 
Path Type: max 

Point Incr Paih 

dock in-dock (rise edge) 0.00 0.00 
ciock nctwork delay (propagated) 1.21 1.21 
time given to startpoint 0.34 155 
invcrsedct~s~p,inll/inputmem~reg0,5JD(LHIQ) 0.W ISSf 
inversedct-s-p-in1 l / inpu tmcm~eg0 ,5JQ (LHlQ) 053 2.09 f 
invcrsedct-s-p-in 1 lN2 17IZ (MWUD2) 057 266f 
inversedct-s-p-in 1 l/inputmem,reg 0 Sm (CH 1 Q) 0.00 2.66 f 
data anivd tirne 2.66 

clock in-clock (rise cdge) 0.00 0.00 
cIock network dtlay (propagatcd) 121 1.21 
invcrsedct-s-p-in 1 lfinput1nem,teg0,SJE (LH IQ) 0.00 1 21 r 
timc borrowcd h m  endpoint 0.34 155 
data rquired time 1.55 

data rcquircd tùae 1.55 



data amival tirne -2.66 

slack (VIOLATED) -1.11 

Time Borrowing Information -------- 
inclock pulse width 4.7 1 
library setup urne -0.44 
clock uncertainty -0.50 

max timc borrow 3.77 
actuai tirne borrow 0.34 
-- - 

Startpoint: inversedct-s-p-in 1 liinputmem-reg O 6- 
(positive Icvel-sensitive latch clocked by in-dock) 

Endpoint: inversedct-s-p-in 1 l/inputmern,reg0,6, 
(positive Ievel-sensitive latch clocked by in-clock) 

Path Group: in-dock 
Path Type: max 

Point Incr Path 

clock in-clock (rise edgc) 0.00 0.00 
dock nttwork delay (propagated) 1.21 1.21 
tirne given to startpdnt 0.34 155 
inversedct-s-p-in 1 l/inputmem,ttg0,6JD (LH 1Q) 0.00 1.55 f 
inverscdct,s,p,in 1 llinputmem,rcg,006 JQ (LH 1Q) 0.53 2.09 f 
inversedct,s,p,in 1 I N 2  16/2 (MUX2D2) 0.57 2-66 C 
inversedct-s-p-in 1 lfinpumem,reg,006JD (LH 1Q) 0.00 2.66 f 
dam arriva1 time 2.66 

dock in-dock (rise cdge) 0.00 0.00 
dock network delay (propagated) 1.21 1.21 
inverscdct-s-p-in 1 I/inputmem,reg0,6JE (LH 1 Q) 0.00 1 2 1 r 
time bonowed frorn cndpoint 0.34 155 
data required timc 155 

data required time 
data arrival time 

slack (VIOLATED) 

Time Borrowing Information 

in-dock pulse width 4.7 1 
library senip tirne -0.44 
cfock unctrtainty -030 
_U 

max tirne borrow 3.77 
actuai time borrow 034 

Startpoint: invcrsedct-s-p-in 1 Ifinpuümm~cgO-7- 

234 



(positive Icvel-sensitive iatch clocked by in-clock) 
Endpoint: inversedct-s-p-in1 Ihnputmem~epO-7- 

(positive level-sensitive latch clocked by in-clock) 
Path Group: in-clack 
Path Type: max 

Point Incr Path 

clock in-clock (rise edge) 0.00 0.00 
dock network delay (propagated) 1.21 1.21 
time givcn to startpoint 0.34 1.55 
invcrsedct-s-p-in 1 l l inputmem~eg,O~7JD (LHl Q) 0.00 135 f 
inversedct-s-p-in 1 Ilinputmern-reg0-7JQ (MI Q) 053 2.09 f 
inversedct-s-p-in 1 IN2 151Z ( M W D 3 )  057 2.66 f 
inversedct-s-p-in 1 llinputmem,reg,0,7JD (LH 1 Q) 0.00 2.66 f 
data arriva1 time 2.66 

clock in-dock (rise edge) 0.00 0.00 
dock network delay (propagatcd) 1.31 1.21 
inversedct-s-p-in 1 l/inputmem-reg0-7JE (LHlQ) 0.00 1 3  1 r 
tirne borrowed from cndpoint 0.34 155 
data rcquired timc 155 
-irri----iir------- 

data requircd cime 155 
data anival time -2.66 ------- 
slack (VTOLATED) -1.1 1 

Time Borrowinp Information 
. _I-c----- 

in-dock pulse width 4.7 1 
library setup tirne -0.44 
clock uncertainty -0.50 -- 
max time bomw 3.77 
actual time borrow 0.34 

Startpoint: inverscdct-s-p-in 1 I / inpuuncm~rc~0 8 
(positive levcl-sensitive latcb clocked by in-dock) 

Endpoint: inversedct-s-p-in 1 l/inpuunem,rtpO8- 
(positive level-sensitive latch clocked by in-dock) 

Path Group: in-clock 
Path Type: m m  

Point Incr Path - - 
clock in-clock (rise edge) 0.00 0.00 
dock network dtlay (propagaied) 1.21 1.21 
Unie given to starpoint 0.34 t 5 5  
invcrsedct-s-p-in 1 l / i n p u t r n e m ~ e ~ O 8 J D  (LH 1Q) 0.00 1.55 f 
invcrsedct-s-p-in 1 Z/inp~imcm,reg,O-8~/Q (LEI 1Q) 053 209 f 
inversedct-s-p-in 1 1 îU2 14/2 (MUX2D2) 057 266f 
inversedct-s-p-in 1 llinpumem,reg0,8JD (LH 1Q) 0 . 0  2.66 f 
data anival tirne 2.66 



clock in-dock (rise cdge) 0.00 0.00 
clodc network delay (propagated) 1.21 1.21 
inversedct-s-p-in 1 l finputmem-reg,0,8JE (LH1 Q) 0.00 1.2 1 r 
time borrowed From endpoint 0.34 155 
data requircd time 1.55 

data required time 155 
data arriva1 time -2.66 
----------- 
sIack (WOLATED) -1.1 1 

Time Bonowing Information 
P U _ -  --- 
in-dock pulse width 4.7 1 
iibrary sctup time -0.44 
dock uncenainty -0.50 

- -UuI- . - -c  - 
max time borrow 3.77 
actual time borrow 0.34 

Startpoint: inversedct,p,s,out l3/outpumem,reg 7 1 
(positive Ievcl-sensitive latch clockcd by bindct-cIock) 

Endpoint: invcrsedct,p,s,outl3Izout~reg1, 
(ncgative level-sensitive latch clocktd by out,clock') 

Path Group: out-dock 
Path Type: max 

Point Incr Path -- 
dock bindct-dock (rise edge) 0.00 0.00 
clock nctwork deiay (propagated) f .34 1.34 
time given to startpoint 1.45 2.79 
invenedct,p,s,out 1 3/outputmcmmre71JD (LH2N) 0.00 2-79 r 
inversedct,p,s,out 1 3 / o u t p u u n c m ~ c p 7  1JQN (LHZN) 0.62 3.42 f 
inverscdct,p,s-out l3N48/ZN (NR2D 1) 035 3.77 r 
invcrsedct,p,s,out 1 3 N  1 WZN (A012 1 D 1 H) 0.26 4.03 f 
i nversedct,p,s,out 13AJ I43/ZN (ND4D 1) 0.36 439 r 
invtrsedct~p,s,outl3/zout,rcglJD (LNIN) 0.00 4.39 t 
data arriva1 tirne 4.39 

clock ~ ~ t , ~ i ~ ~ k ' ( f i û l  t d p )  0.00 0.00 
clock network dclay (propagaicd) 032 032 
invecseâct,p_s,out 13/zout-re&lJEN (LNIN) 0.00 0.32 f 
time borrowed from endpoint 4.07 439 
data required tirne 4.39 

data required time 
data arriva1 time 

slack @¶EX) 0.00 

Time Bomwing Information - 



out-dock' puIse width 
library setup timt 
clock uncertainty 

max time bonow 
actual tirne borrow 

Startpoint: inversedct-p-s-out 13/outputmem-reg7_2 
(positive Ievel-sensitive latch clocked by bindct-dock) 

Endpoint: inversedct-p-s-out 13/zout-reg2, 
(negativc levcl-sensitive latch clocked by out-clock') 

Pach Group: out-dock 
Path Type: max 

Point Incr f ath 

clock bindct-dock (rise edge) 0.00 0.00 
dock nctwork delay (propagated) 1.34 1.34 
tirne givcn to startpoint 1.45 3.79 
invemdct,p,s,out 13/ouiputmem-rcp72JD (LH2N) 0.00 2-79 r 
inversedct-p-s-out 13/outputrncm~rep72JQN (LH2N) 0.62 3.42 f 
invcnedct-p-s-out 13N4SIZN (NR2D 1 ) 0.35 3.n r 
inverscdc~p,s,out 13N 168TZN (AOi2 1 D 1 H) 0.26 4.03 f 
invcrsedct-p-s,outl3/U 142/ZN (ND4D 1) 0.36 4.39 r 
inversedct-p-s-out 1 3/zout,reg2JD (LN 1 N) 0.00 4.39 r 
data arriva1 time 4.39 

clock out-clock' (fdl edge) 0.00 0.00 
clock network delay (propagated) 0.32 0.32 
inversedct-p-s-out 13/zout,reg2JEN (LN IN) 0.00 0.32 f 
time borrowcd fiom endpoint 4.07 4.39 
data rcquircd timc 4.39 

data rcquircd timc 4.39 
data arrivai time -4.39 

slack (MET) 0.0 

Time Borrowing Information 
-UU)UIUUWIII--UI 

out,cioc k' pulse wid t h 4.97 
library setup time -0.38 
dock unccnainty -0150 

rnax time bomw 
actual time bonow 

Startpoint: inversedct-p-s-out 1 3/outputmcm~eg7,3, 
(positive levcl-sensitive latch clockcd by bindct-ciock) 

Endpoint: inversedct-p-S-out 13Iz0u t~reg3~  
(negative level-sensitive latch clocked by out-clock') 

Path Group: out,clock 



Path Type: rnax 

Point Incr Path 

dock bindct-dock (cise edge) 0.00 0.00 
dock nttwork dclay (propagated) 1.34 1.34 
time givcn to startpoint 1.45 2.79 
inversedct,p,s,out 13loutpuunem-reg-73JD (LH2N) 0.00 2.79 r 
inversedct,p,s,out l 3/outputmemmre~73JQN (LH2N) 0.62 3.42 f 
inversedct-p-s-out l3N4UZN (NRSD 1 ) 0.35 3.77 r 
inversedct-p-s-out l3N17UZN (A0121 D LH) 0.26 4.03 f 
inversedct-p-s-out 1 3 N  14 1/ZN (ND4D 1) 0.36 4.39 r 
invcrscdct-p-s-out 1 3/zout~eg3JD (LN 1 N) 0.00 4.39 r 
data arriva1 time 4.39 

clock out-clock' (fall edge) 0.00 0.00 
dock nctwork delay (propagated) 0.32 0.32 
inversedct-p-s-out 1 3/zout,reg_3JEN (LN1 N) 0.00 0.32 f 
time borrowcd from endpoint 4.07 439 
data nqUcd time 4.39 

*- - 
data requircd tirne 4.39 
data arriva1 timc -4.39 

Time Borrowing f nfurmation 
& u--U_ 

out-clock' pulse width 4.97 
library sttup time -0.38 
clock uncertainry -050 --- 
max timt borrow 4.09 
actual time borrow 4.07 

S tartpoint: invcrscdct-p-s-out 1 310utputmcm,n~7~4~ 
(positive Ievcl-sensitive latch clocked by bindct-clock) 

Endpoint: inversedct,p,s,outl3/zout,rcp4- 
(negative level-sensitive latch clocktd by out-clock') 

Path Group: out-clock 
Path Type: rnax 

Point hcr Path 

cloc k bindct-dock (rise edge) 0.00 0.00 
dock neiwork dtlay (propagatcd) 1.34 134 
tirne given to startpoint 1.45 2.79 
inverscdct-p-s-out 1 3/ou~utmem,rcp7-4/D (LH2N) 0.00 2.79 r 
inversedc tj-s-out l3/outpuimcm~e7-4JQN (LH2N) 0.62 3 -42 f 
inversedc tj-s-out l3/U39/ZN (NR2D 1) 035 3.77 r 
invctsedc t-p-s-out 1 3lU t 76ZN (A012 1 D 1H) 0.26 4.03 f 
inver~edct-p~s~out l3/U 14O/ZN (ND4D 1) 0.36 439 r 
invcdct-p-S-out l3/zou t ~ e g 4 J D  (WIN) 0.00 439r  
data arrivai timc 439 



clock out-clock' (fa11 tdge) 0.00 0.00 
clock network dclay (propagated) 0.32 0.32 
inversedct-p-s-out 1 3 lzou t~cp4JEN (LN 1 N) 0.00 0.32 f 
tirne borrowed from endpoint 4.07 4.39 
data required rime 4.39 
-----. 

data required time 439 
data arriva1 time -4.39 

slack (MET) 0.00 

Tirne Borrowing Information --- 
out-clock' pulse width 4.97 
library sctup tirne -0.38 
dock uncertainty -050 
--- 
max time borrow 4.09 
actual tirne bortow 4.07 

Startpoint: inverscdct-p-s-out13Ioutputmern-regl,1, 
(positive Ievel-sensitive latch clocked by bindct-dock) 

Endpoint: invcrscdct-p-s-out l31zout-reg 1- 
(negativc level-sensitive latch clocked by out-clock') 

Path Group: out-clock 
Path Type: max 

Point lnct Path 

clock bindct-dock (rise edge) 0.00 0.00 
clock network delay (propagated) 1.34 1.34 
tirnt givtn to startpoint 1.47 2.81 
invcrsedct,p,s,out 13Ioutpuuncm,regJlJD (LH 1 N) 0.00 2.8 1 f 
inversedct,p,s,out 13/outpuunem,reg- 1 - 1JQN (Ml N) 0.63 3.44 r 
inverscdc t-p-s-out 1 3N89/ZN (INVO) 0.34 3,78f 
inverscdct-p-s-out 1 3/ü 165/ZN (AOC! 1 D 1 H) 0.30 4.08r 
invcrscdct,p,s~out 1 3/Wi43/ZN (ND4D 1) 0.29 4.37f 
inverscdct-p-s-out 13kout-reg_lJD (LN IN) 0.00 4.37 f 
data amval time 4.37 

clock out,clock' (fa11 edge) 0.00 0.00 
clock nttwork dtlay (propagatcd) 032 0.32 
inverscdct-p-s-out 1 3/zout,regl ,/EN (LN1 N) 0.00 0.32 f 
time bonowed fiom endpoint 4.04 437 
data required time 4.37 



out-clock'pulse width 4.97 
library setup time -0.25 
clock unctrtainty -0.50 
- - - - - W - - - ~ - - - - - w - - - - - - - - - - - - - - . I c - - u u c U U C  

rnax time borrow 4.22 
actuai time borrow 4.04 
-W---iN-----mUIu 

Startpoint: inversedct-p-s-out 13/outputmem,reg_ 1 2 
(positive level-sensitive latch clocked by bindct-clock) 

Endpoint: invenedc t-p-s-out 1 3/zout,reg2- 
(negative level-ssnsitive latch clocked by out-dock') 

Path Group: out-clock 
Path Type: rnax 

Point Incr Path 
--U--____C- 

clock bindct-clock (rise edgc) 0.00 0.00 
dock network delay (propagated) 1.34 1.34 
time givcn to startpoint 1.47 2.81 
inversedct,p,s,out 1 3loutputmcm~eg 1 2 J D  ( M l  N) 0.00 2.8 1 f 
inversedct-p-s-out 1 3loutpuunem-reg 1 2 J Q N  (LH 1 N) 0.63 3.44 r 
inversedct,p,s,out 1 3N86/ZN (INVO) 0.34 3.78 f 
invcrscdct,p,s,out l3N169/ZN (AOI2 1D 1H) 0.30 4.08 r 
invenedct-p-s-out 1 3 N  142/ZN (ND4D 1 ) 0.29 4.37 f 
inversedct-p-s-out 13/zout~eg2JD (LN1 N) 0.00 1.37 f 
&ta arriva1 time 4.37 

dock out,clockr (fd 1 edge) 0.00 0.00 
dock network delay (propagattd) 0.32 0.32 
inverscdct-p-s-out 1 3/zout,reg,2JEN (LN 1 N) 0.0 0.32 f 
time borrowtd from endpoint 4.04 437 
data required time 4.37 

data required time 
data arriva1 timc 

slack (MET) 

Time Borrowing Information 

out-clock' pulse width 
Iibrary setup time 
dock uncertainty 

max thne borrow 
actual tirne borrow 

Startpoint: invcrsedct,p,s,out 1 3/outpuunem,ng 1 3 
(positive Ievel-sensitive lacch clocked by bindct-cl&) 

Endpoint: invc~edct-p~s-out 13/zout,rcg3, 
(ncgativc Itvcl-sensitive latch cloclrtd by out,clock') 

Path Group: out-dock 



Path Type: max 

Point Incr Path 
. . - . . . . - - - - - - -. . . . . - - - - - - - - - - - - -. . - - 

dock bindct-cloc k (rise edge) 0.00 0.00 
dock network delay (propagated) 1.34 1-34 
time given to startpoint 1.47 2.81 
inversedct,p,s,out 13 /ou tpu tmem~reg l3JD (LH 1 N) 0.0 2.8 1 f 
inversedct,p,s,out 13/outputmern~eg_ 1 3 J Q N  (LH 1 N) 0.63 3.44 r 
inversedct-p-s-out l3/U83/ZN (INVO) 0.34 3.78 f 
inversedct,p,s,out l3/ül73/ZN (A012 1 D 1 H) 0.30 4.08 r 
inversedct-p-s-outl3/U 14 1/ZN (ND4D 1) 0.29 437 f 
inverscdct-p-s-out 13/zout~eg3JD (LN LN) 0.00 4.37 C 
data arrivai time 4.37 

dock out,clock' (fall edge) 0.00 0.00 
dock network delay (propagated) 0.32 0.32 
inversedct,p,s,out 13/zout-rcg-3,/EN (LN IN) 0.00 0.32 f 
tirne borrowed from endpoint 4.05 4.37 
data required time 4.37 
P --- 
data rtquired time 4.37 
data arrival time -4.37 
U--U-U-UU-UIUUU- 

slack (MEî") 0.00 

Time Borrowing Information ------------- 
out,clock' puise width 4.97 
Iibmy setup tirne -0.25 
clock uncertainty -050 - - 
max tirne borrow 4.22 
actual time borrow 4.04 
H H  

Startpoint: invenedct,p,s,out I3 /ou~uunem~eg_l  4 
(positive level-sensitive latch clocked by bindct-dock) 

Endpoint: invtrsedct-p-s-out l 3 / z o u t ~ e 4 ,  
(negative level-sensitive latch clocked by out-ciock? 

Path Group: out-dock 
Path Type: max 

Point Incr Path 
L 

dock bindct-clock (rise edge) 0.00 0.00 
clock network delay (propagated) 1.34 134 
time givcn to startpoint 1.47 2.81 
invcrsedct-pPsSout I3loutpuunem,rt~1-4/D (LEI 1 N) 0.00 2.8 1 f 
inversedct,pPs-out 1 3loutputmcm,tegl 4 /QN (LHlN) 0.63 3.44 r 
inverscdct-p-s-out l3N8O/ZN (INVO} 0.34 3.78f 
inversedct-p-S-out 13N 1 77/ZN (AOIZID 1)i) 0.30 4.08 r 
inver~edct-p~s~out 13AJ l40/ZN (ND4D 1) 0.29 437 f 
inversedct-p-s-out 1 3/zoutSrtg4JD (LN 1 N) 0.00 437 f 
data arrivai tîmc 4.37 



dock out,clock'(fdI edge) 0.00 0.00 
dock network delay (propagated) 0.32 0.32 
inversedct-p-s-out 1 3/zout-reg,4JEN (LN 1 N) 0.00 0.32 f 
time borrowed h m  endpoint 4.04 437 
data requircd t h e  4.37 

data required tirne 
data arrivai time 

slack (MET) 0.00 

Time Bormwing Lnformation 

out-dock' pulse width 
library setup time 
clock uncertainty 
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