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trends in memory technology 

Application‐specific memories [1‐4]
 low power memories for mobile devices and 
consumer products

 high speed memories for multimedia applications high‐speed memories for multimedia applications
 wide temperature memories for automotive
 high reliability memories for biomedical instruments high reliability memories for biomedical instruments
 radiation hardened memory for space applications
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trends in memory technology 

RAM‐logic integration
 several nonvolatile RAM types are emerging:  
ferroelectric RAM (FeRAM), magneto‐resistive RAM 
(MRAM), and varieties of phase change memory(MRAM), and varieties of phase change memory 
(PCM) [4‐6]

 the upcoming/new memories provide faster access 
and consume less power [4‐6]

 can be embedded directly into the structure of 
microprocessors or integrated in the functionalmicroprocessors or integrated in the functional 
elements of dedicated processors [7]
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trends in memory technology 

memory placement [7‐11]
 traditional concept of memory as a stand alone 
subsystem is getting changed

 it is embedded within the logic components it is embedded within the logic components
 processor has been moved to memory or memory has 
been moved to processorp

 the relocations result in higher bandwidth, lower power 
consumption and less access‐delay 
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memory-based computing ?

 a class of dedicated systems, where the computational 
functions are performed by lookup tables (LUTs)functions are performed by lookup tables (LUTs), 
instead of actual calculations

 close to human‐like computingp g
 simple to design, and more regular compared with the 
multiply‐accumulate structures

 have potential for high‐throughput and reduced‐
latency implementation 
i l l d i ti d t involves less dynamic power consumption due to 
minimization of switching activities
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memory-based computations: examples

 inner‐product computation using the distributed 
arithmetic (DA) [12]arithmetic (DA) [12]

 direct implementation of constant multiplications [13]
 ll it d f di it l filt i d th l well‐suited for digital filtering and orthogonal 
transformations for digital signal processing

 implementation of fixed and adaptive FIR filters andimplementation of fixed and adaptive FIR filters and 
transforms

 other applications: evaluation of trigonometric 
functions, sigmoid and other nonlinear function
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DA to calculate inner-product : example

X = [X0 X1 X2] T and A = [A0, A1, A2] T :  3-point vectors. A is constant

X [ (3) (2) (1) (0)]
X0 ,  X1 and X2 be 4-bit integers:

X0 = [ x0(3)  x0(2)  x0(1)  x0(0)] 
X1 = [ x1(3)  x1(2)  x1(1)  x1(0)]
X2 = [ x2(3)  x2(2)  x2(1)  x2(0)] 

inner-product of X and A :  A.X =A0X0 + A1X1+ A2X2

P0 P1 P2 P3

i d t f A X P + 2P + 4P + 8P
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inner-product of :  A.X = P0 + 2P1+ 4P2 + 8P3
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LUT for inner-product using DA [12]

x2(i) x1(i) x0(i) partial sum 0
A0

LUT

3 x (0)x (1)x (2)x (3)0 0 0 0
0 0 1 A0

0 1 0 A1
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 8 LIN
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D
EC

O
D

ERx2(0)x2(1)x2(2)x2(3)

1 1 0 A2 +A1

1 1 1 A2 +A1+A0

2 1 0

inner-product A.X +

2^N LUT words required  for N-point inner-product. For N=32, it exceeds 10^9 words!!

shift‐right
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For L-bit inputs, computation time = L cycles : Cycle time, T=TMEM + TADD + TFF
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LUT compaction for DA [12]

x2(i) x1(i) x0(i) conventional OBC LUT content

0 0 0 0 - (A2 +A1+A0)
0 0 1 A0 - ( A2 +A1-A0)
0 1 0 A1 - (A2 -A1+A0)
0 1 1 A1 +A0 - (A2 -A1-A0)
1 0 0 A2 (A2 -A1-A0)
1 0 1 A2 +A0 (A2 -A1+A0)

( )1 1 0 A2 +A1 ( A2 +A1-A0)
1 1 1 A2 +A1+A0 (A2 +A1+A0)

Desired partial sum of product = [OBC value + (A2 +A1+A0)]/2
half the number of LUT words are saved if OBC is used
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linear convolution/ FIR filtering [13]

N-tap FIR filter equation: address LUT content
0000 0
0001 h[0]y[n]=h[0] x[n]+ h[1] x[n-1] + . . . +

di t f FIR filt f N 4

0001 h[0]
0010 h[1]
0011 h[1]+h[0]
0100 h[2]

y[n] h[0].x[n]+ h[1].x[n 1]  + +
+ h[N-1].x[n-N+1] . . .

direct-form FIR filter for N=4.
x[n]

D D
x[n-1] x[n-2]

D
x[n-3]

0101 h[2]+h[0]
0110 h[2]+h[1]
0111 h[2]+h[1]+h[0]
1000 h[3]

X
h[0] h[1]



h[3]h[2]
X XX

1000 h[3]
1001 h[3]+h[0]
1010 h[3]+h[1]
1011 h[3] +h[1]+h[0] 1011 h[3] +h[1]+h[0]
1100 h[3] +h[2]
1101 h[3] +h[2]+h[0]
1110 h[3] +h[2]+h[1]

4‐point  inner‐product.
Weights are constant
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y[n] 1111 h[3] +h[2]+h[1]+h[0]
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DA-based adaptive filtering [14] 

example: 4‐tap FIR adaptive filter

x[n]
D D

x[n-1] x[n-2]
D

x[n-3]

h[3]
4‐point

X
h[0] h[1] h[3]h[2]

X X

p
inner‐product.
Weights are not 

constant

X

y[n]



constant.

y[n]

+ d[n]e[n]
weight-
update
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LUT for adaptive filter: example [14]

LUT values LUT valuesaddress address

bits of the same place values of the filter coefficients are used as addresses
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DA-based inner-product of long vectors
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large order FIR filter using DA [15]
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large order FIR filter: a 2-D design [15]
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circular Convolution using DA [16]

circular convolution of two N-point sequences {x(n)} and {h(n)} is :

i l l i f N 4circular convolution for N=4:
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cyclic convolution using DA: a 2-D design [16]
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computation of sinusoidal transforms [17-20]

N-point sinusoidal transforms like the DFT, DCT and DHT are given by 

where the transform kernel is defined as

– computation of N-point sinusoidal transforms involves multiplication ofcomputation of  N point sinusoidal transforms involves multiplication of 
an N x N kernel matrix with N-point  input vectors

– involves N number of  inner-products of N-point  input vector with the 
rows of kernel matrix 

– the matrix-vector product requires N inner-product computation units by 
the DA approach

– for prime values of N, the N x N kernel matrix is transformed to an (N-1)-
i t li l ti

1912/17/2010

point cyclic convolution.
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multiplication using look-up-table

address 
word X

product 
word

LUT to multiply a 4-bit word X with a constant A 

address 
word X

product 
word

multiplication of an 
L bi b X i h L

X

word, X word

0000 0

0001 A

word, X word

1000 8A

1001 9A

L-bit number X with 
constant A will 
require an LUT of  2L

words

L

LUT OF
2^L

0010 2A

0011 3A

0100 4A

1010 10A

1011 11A

1100 12A

words 

multiplication time = 
l

Words

0101 5A

0110 6A

0111 7A

1101 13A

1110 14A

1111 15A

memory latency
AX

LUT size increases exponentially with input size.
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optimization for constant multiplications

 odd‐multiple storage (OMS) scheme
 anti‐symmetric product coding (APC) scheme
 input coding (IC) scheme
 combined techniques
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odd-multiple storage scheme [21]

address 
word

product 
word

address 
word

product 
word

address 
word

product 
word

0000 0

0001 A

0010 2A

1000 8A

1001 9A

1010 10A

0001 A

0011 3A

0101 5A

0011 3A

0100 4A

0101 5A

0110 6A

1011 11A

1100 12A

1101 13A

1110 14A

0111 7A

1001 9A

1011 11A

1101 13A0110 6A

0111 7A

1110 14A

1111 15A

1101 13A

1111 15A

 Only odd multiple of the constant are to be stored in the LUT.
 Even multiples could be derived from the stored words.
 Only half the number of product words are to be saved
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Only half the number of product words are to be saved.
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odd-multiple storage scheme [21]

 memory‐unit of (2^L)/2 words of (W+L)‐bit width is used 
t t th dd lti l f t t Ato store the odd multiples of constant A.

 a barrel‐shifter for producing a maximum of (L-1) left‐
shifts is used to derive all the even multiples of A.

 the L‐bit input word is mapped  to (L-1)-bit address of 
the LUT by an encoder.

 the control‐bits for barrel‐shifter are derived by a control‐y
circuit to perform the necessary shifts of the LUT output. 

 RESET signal is generated by the same control circuit to 
reset the LUT output when the X=0reset the LUT output when the X 0.

 if only magnitude part could be used as address, LUT size 
is reduced to half.
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anti-symmetric product coding [22]

instead of 32 words we 
need only 17 words
to be stored in the LUT.

useful for high‐precision 
multiplication and inner‐
product computation.

u v
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high-precision LUT-multiplier [22]

When the width of input multiplicand X is large, direct 
implementation of LUT‐multiplier involves very large LUT. 
But, the input word X could be decomposed into certain number of 
segments or sub‐words X=(X1 X1, …, XT ) and fed to separate LUTs.
The partial products pertaining to different sub‐words could be readThe partial products pertaining to different sub words could be read 
from the LUTs and shift‐added to obtain the product values.
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Generalized Architecture for High-Precision LUT-based Multiplier for L = S(T − 1) + S’.
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input coding scheme: example [23]

X = (1 0 1 1 0 1 0 1 1 1 0 0 0 1 1 1). 
We can decompose it to four words as 

X (1 0 1 1) (0 1 0 1) (1 1 0 0) (0 1 1 1)X = (1 0 1 1)  (0 1 0 1)  (1 1 0 0) (0 1 1 1). 
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input coding scheme: basic concepts 
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input coding scheme: a case for L=5
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combining input coding with OMS
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combining input coding with OMS

multiplier for L=5
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combining input coding with OMS
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DA-LUT vs LUT-multiplier-based designs

 each output of an N‐tap FIR filter involves the 
i f N i i dcomputation of one N‐point inner‐product

 one sample could be processed by DA‐approach in each 
cycle using L LUTs of (2^N)-words and  (L-1) adders

 LUT‐multiplier‐based approach to have the same 
throughput requires N LUTs  of (2^L)-words each and  
(N-1) adders.( )

 for N=L and for the same throughput implementation, 
both the approaches have similar performances
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LUT-multiplier-based FIR filter [21]

segmented memory core for N multiplications using OMS and APC [FIR 2010

Latency chart of the DA-based andLatency chart of the DA based and 
LUT-multiplier-based FIR filter.

33

15% less area than DA-based design for the same throughput rate.
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LUT design for non-linear functions [24]

Example: sigmoid function

 For a range x of values of x one value of tanh(x) need to be 
dstored.

 The range x= 2where | is the maximum permissible 
value of error.
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LUT design for non-linear functions
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conclusions

 memory‐technology is growing quite fast and efficient 
memories for different applications are emerging over the 
years

 memory elements can be embedded directly into the 
structure of the microprocessor or integrated in the 
functional elements of dedicated processors.

 memory‐based approach could be used for computation‐
intensive frequently used DSP tools.q y

 the DA‐approach as well as the LUT‐based multiplication 
could be used for memory‐based implementation of digital 
filtersfilters
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conclusions

 both the approaches could be used for the computation of 
discrete sinusoidal transforms by transforming the kernel 

t i t li l ti fmatrix to cyclic convolution form.
 DA‐approach could be used for reduced hardware realization
 when hardware is not a major constraint LUT‐based 

multipliers could be used for a simple and straight‐forward 
implementation of FIR filters

 a new approach to reduction of LUT‐size for multiplication is pp p
proposed recently, where the memory‐size is reduced 
significantly 

 LUT could be designed for efficient evaluation of non‐linearLUT could be designed for efficient evaluation of non linear 
functions, like sinusoidal and hyperbolic functions, logarithms 
and multiple precision arithmetic.
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