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Abstract - In this pape we introdue a mixed signd multiplier principle for the implementatio of analag mas-
sively paralld computatia arrays in a standad CMOS processThis principle is a powerfu methal to perform
simple preprocessig algorithns for highly paralld dag streamse.g, image datg ard is dedicate for compact
low powe implementatios of both the acquisitian and preprocessigunit. The processig of parallé datain their

origind paralld form avoids the high-powe consumiig serid processig commony used in digital computation
systemsUsing simple electricd relationshipslik e Kirchhoff's curren law, or the behavia of a single transistor
we are able to perform multiplication and summatio operatiorsin a highly paralld mannerfrequenty required
inimage processig algorithms To overcone the essentibdrawbadk of the lower accurayg of anal@ signd pro-

cessitg we preseha mixed signd multiplier principle Asan application exampk an architectue for performing
a 2D Discret Cosire Transfom isreported System simulatiors of thisarchitectue indicatad aPSNR bettea than
40dB in consideration of given process variations.
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1 Introduction

The increasiiyg neal for portabk devices forces the
developmenof signd processig systens with very

low powe consumptionlt is also driven by concerns
abou the growing relative coss of powe suppliesand
hea remova systems Besides the further improve-
mert of existing solutiorsit is necessarto investigate
new approaches with respect to low power
consumption.

Thenovd principle presentdin sectio 2, isappropri-
ate for processig paralld dat streamse.g, from an

image senso array, without daia serialization It per-

forms multiplication and summatia of digital values
with anal@ values in a highly parallé way with low

powe consumptio and thefeasibility of animplemen-

tation in a conventionh digitadak CMOS-process.

Frequenty usal image processig algorithns or trans-
formationse.g, filtering or DCT, are base on thistwo
mathematical operations.

Section 3 presend an appropria¢ architectue for a
comma implementatio of animage sensoard DCT
unit performing the data compression.

For the implementation describé in section 4, we
extensivey usel analag switche circuitry in the cur-
rert domain The clas of Switched-Curren (SI)
circuitry features ahigh accuray and acompatdesign

comparéd to continuows processig circuits The
achievel accuray is sufficiert for a wide range of

image processing applications.

System simulatiors of the reportel architectue exhibit

the applicability of anala@ circuitry for image process-
ing, as presented in section 5.

2 The mixed signal multiplier principle

Low levd processig algorithns for paralld dat usu-
ally require huge amouns of multiplicationrs and
summationsin mog case the produd¢ of an analog
value e.g, apixel datof animage sensorard adigital
value e.g, acoefficient is calculated and the results
of severd multiplicatiors are summed The conven-
tiond approab to manag@ this problam is depictel in
Fig. 1.
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Fig. 1: The conventional approach



The analog values are converted and exclusively praccumulate operations (‘*Zaccu), that can be done in
cessed in the digital domain, whereby the computatica very easy and effective way in the digital domain
is performed sequentially. This results in a high accwafter A/D conversion.

racy and also in a high power dissipation due to thHow the principle is applied to the 2D DCT. The trans-
huge number of transfer operations and high cloclormation can be written as:

rates. Avoiding this drawback, we present a new mixed

707

signal approach, depicted in Fig. 2. - - k —okO ., (4)

L7 22 Ayt G P
analog A/D | i=0j=0 | OO OO OO0

value N\ . = . .- -
\ - analog analog digital coefficients

' =V — output input

-
g
™~ g
|

*
Z giRl after rearranging we obtain:
dig?ital N 3 7 7
value N J _ k O kd .
| = %jz DEZ Z Xi. | EC”H

O to%tooooo

mixed signal parallel
computation

Fig. 2: The mixed signal parallel approach

digital domain analog domain

The analog values are processed in their original paral-
lel form. This avoids the transfer operations and results
in a compact design with low power consumption. The
essential drawback of limited accuracy due to the use
of analog circuits is overcome by the selection of an
appropriate circuit technique, that will be reported in
later sections.

The operation to be performed can be expressed as Eq. Y

(1). | A/D converter |
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The basic idea of the new approach is the sequential
multiplication of the analog value ‘X’ with only one bit |
‘Ck of the digital value at a time. For this purpose Eq. |
(1) is rearranged: Fig. 3: The mixed signal multiplier principle
_ k ky. ~k
I = Z“Z‘” E(z EECD) > co{oy @ One-bit multipliers are placed in an array, and all out-
/ | \ puts which have to be summed up are simply

connected by wires. At this point the A/D conversion
can be performed by a current mode A/D converter [2].
Hence, the multiplication can simply be performedrinally, shift and accumulate operations complete the
using a switch controlled by the value of‘[@{o,l}, one-bit multiplication to a full scale operation, as
resulting again in an analog value. In the following thiglready mentioned. For visualization see Fig. 3.
architecture is called one-bit multiplier. For summatiofequation (5) shows, that many simple image process-

accu shift Kirchhoff one-bit multiplier

we extensively use Kirchhoff’s current law: ing algorithms, e.g., filtering and transformations, are
Iy | dedicated for using the mixed signal multiplier
lowt = Sla + 2t (3) principle. N
n g The desired parallel processing is limited by the num-
" ber of one-bit multipliers that can be implemented.

supposing a current representation of the analog vakpwever, an implementation of a higher number of
ues, that is advantageous for the use of current moggitiplier cells is achievable due to the small required
circuitry. The multiplication is completed by shift andarea of about 5q@m? and the low power consumption



of less than 400nW for one cell, that will be discussetllow, the analog brightness value can sequentially be
in section 4. switched to a common summation line depending on
the binary value of the coefficient-bit“C
3 The Architecture The architecture, depicted in Fig. 4, works as follows:
The first eight rows of the sensor pixel matrix are read
1 --—-coumnsi _ out and written to an array of extended one-bit multi-
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one-bit
multiplier .

architecture are placed in columns of 64 elements.
Therefore, all 64 DCT-coefficients can be applied to all
one-bit multipliers at the same moment. For all coeffi-
cient-bits the output currents of the one-bit multipliers
are summed up per column, and the A/D conversion is
performed followed by appropriate shift and accumu-
late operations. This is done for all 64 DCT-
ij i+8,] / coefficients, and, accordingly, the 2D-DCT for eight
_ rows is performed. All steps described above are exe-

@1 _ 2 cuted for every block of eight rows until all image data
1+ ,h .

are processed.

1 n} N pliers. In contrast to Fig. 3 the one-bit multipliers of our
ij "X\Hs,j

Y CMOS sensor matrix
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4 Implementation

write control
coefficients: 1...64

(§§i+7,j+7‘ The main drawback of using analog circuitry for signal

’*’ — processing is the limited accuracy. To overcome this
- - o ---- - limitation we extensively used the Switched-Current
| technique (SI-technique) for the implementation of the
nversior algorithm described above. The Sl-technique is well
known and widely used for high accuracy analog signal

*K; processing applications, e.g., high precision A/D-
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Fig. 4: Architecture of sensor and 2D DCT unit I -+ t

The mixed signal multiplier principle is applicable to  Fig. 5: Switched-Current memory cell
performing image processing algorithms. In this sec- e o i
tion we describe an architecture (see Fig. 4) dedicat(tjagdtfj ﬁ&gfslrrgglrtng?\(t:aelsssﬁ&rﬁjrir?utr)lirc):i“fr?g%r\]/vlifcrhe;;-
for the 2D DCT of image sensor data, where the sens y g ’

(rjnatrix and the DCT unit will be implemented on Onengrztiedn;a:?semg% ﬁgwiggeiflﬁ?orsiiig.rlséllz\jl;gle(:ting all
Ir:e(;qn'[_rast to section 2 the functionality of the one-b!t Iout|T2 = lin 11 (6)

process o conton s (e ighcas Sy ot o beor st v
\;ilcuuensluﬁ{io?g\./?_';:: \ljviphscgrftsa;rtnglveeéﬂlofég;? J- clock-feedthrough or limited output resistancé,
to store the brightness value. Combined with a switch'€ 'éPorted in several publications [6]-[8]. For our SI-

we obtain the extended one-bit multiplier, see inset gFEMOTY cell design we used a clock-feedthrough com-
Fig. 4. pensation technique proposed by D. M. W. Leenaerts



etal. [5] and a simple cascode stage enhancing the oaell is designed to operate with a bias currgrt BOnA

put resistance, see Fig. 6. To handle positive arahd a signal current of 0...100nA. Under these condi-
negative coefficients two separate summation lines pgons the settling time ig, , < 5us

column have been implemented, one of these is also

used for writing input data. The application of gate i i R B
capacitors as storage devices is more area efficient thar::::
poly-poly capacitors and makes our circuit compatible 2| o
to modern standard digital technologies. :.:] o
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D 5 System simulations
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Fig. 6: Implemented Sl-memory cell image § DCT izati i
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Due to the goal of a low power application, subthresh-

old transistor operation is essential. Therefore, we have

. . error of the
to deal with currents of some ten nanoamps. This Sl-memory cell —
makes the design more sensitive to deviations due to image b |-a— (deal
technological variations, e.g., threshold voltage mis-

match. The Sl-technique is relatively insensible to
these kinds of deviations, another pro for choosing it.
The residual relative error of the output current i$\ fundamental aspect of interest is how the non-ideal
below 1%, including threshold voltage mismatch anéffects of the multiplier cells influence the behavior of
systematic errors, e.g., clock-feedthrough. the system. For this reason a system simulation has
In preparation for an implementation of the whole sysbeen performed, including the steps depicted in Fig. 8.
tem, comprising the sensor with preprocessing unit, Bo derive the necessary resolution ‘x’ of the A/D-con-
test structure containing three columns of 64 SI-menversion, this value has been parameterized. For all runs
ory cells has been implemented. We expect test resuk8bit quantized DCT-coefficients have been used.

by the mid of July. For visualization the layout view of To assess the image quality the PSNR (Peak Signal to
one cell is depicted in Fig. 7. In a standard 65 Noise Ratio) is applied:

CMOS process the cell is (24 19)um? in size. The

Fig. 8: Steps of the system simulation
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where | and b, are the original and the distorted image,
respectively.
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Fig. 9: Results of system simulation

For the simulation an image with 128128 pixels and
values between 0 and 255 have been used.The randonfig. 11: Simulation result with the typical
error in the one-bit multiplier array is assumed to be standard deviation ob = 1% and an A/C-
non-correlated among the cells. A Gaussian distributed converter resolution of 10bit

error is added to the summation result of each column,
whereby the distribution has a standard deviatign
relative to the summation result. Simulations of our SI-
memory cell indicated a standard deviatioroof 1%.

To assess the system’s behavior in case of higher cell
errors, system simulations with = 2% ando = 3%
have been accomplished. These results for different
resolution levels X’ are reported in Fig. 9.

Selected images of the simulation results are shown in
Fig. 11 to Fig. 13 to visualize image quality.

With respect to the error behavior of our SI-memory
cell the system simulation shows good results with the
typical error and even acceptable results with an
increased error. The achievable image quality mainly
depends on quantization, that can be adapted by choos-
ing an appropriate A/D-converter. For lower quality an Fig. 12: Simulation result with the increased
8bit A/D-converter would be sufficient, whereas 10bit Standard deviation ob = 2% and an A/C-
resolution is necessary for higher quality. converter resolution of 10bit

PSNR=38dB




Digital Converter suitable for Systems-on-Chip
PSNR=35dB Integration, accepted at théth International
Conference on Mixed Design of Integrated
Circuits and Systems (MIXDES'99une 1999
[3] C. Toumazou, J. B. Hughes, N. C. Battersby,
SWITCHED CURRENTS an analogue technique
for digital technology Peter Peregrinus, London,
1993
[4] C. Toumazou, F. I. Lidgey and D. G. Haigh,
Analogue IC Design: The Current Mode
Approach Peter Peregrinus, London, 1990,
Reprint 1993
[5] D.M.W. Leenaerts, G.R.M. Hamm, M.J. Rutten,
G.G. Persoon, High performance switched-current
memory cell,Proc. ECCTD'97 Budapest, 1997,
pp. 234-239
[6] G. Wegmann, E. A. Vittoz, F. Rahali, Charge
. Injection in Analog MOS SwitchedEEE Journal
6 Conclusion of Solid-State CircuitsVol. 22, No. 6, Dec. 1987,
In this paper the mixed signal multiplier principle was  pp. 1091-1097
introduced. This principle is appropriate for multiply-[7] G. Wegmann, E. A. Vittoz, Analysis and
ing analog and digital data in a highly parallel way. An Improvements of Accurate Dynamic Current
application of the principle was presented by reporting  \jirrors, IEEE Journal of Solid-State Circuits/ol
onan archltgqtgre for performlng a 2D DCT, where the 25, No. 3, June 1990, pp. 699-706
signal acqws_ltlon S.ySte”f‘ (an image sensor) gnd t J. Shieh, M. Patil, B. Sheu, Measurement and
DCT-pr_ocessmg unit are |n_1plemen.ted onone (_jle.Th Analysis of Charge Injection in MOS Analog
results in a very compact information processing sys- i _ o
Switches, IEEE Journal of Solid-State Circuits

tem with low power consumption — an appropriate )
solution for portable applications. A test implementa-  VOl- 22, No. 2, April 1987, pp. 277-281

tion of this architecture is under production.

The system behavior was investigated with respect to
process variations. System simulations of the architec-
ture showed good results, whereby a PSNR of 41dB
was achieved for the typical error of our one-bit multi-
plier. Hence, we can conclude that the mixed signal
multiplier principle as well as the chosen implementa-
tion are suitable to perform a 2D DCT in parallel.
Further research is currently being carried out for
implementing the whole system on a single chip and
adapting the principle to related applications, e.g.,
image filtering and other preprocessing algorithms.

Fig. 13: Simulation result with the increased
standard deviation ob = 3% and an A/C-
converter resolution of 10bit
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